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ITPEJUCJIOBHUE

CaMo Ha3BaHHE TUCHUTUINHBL « MaTepuanbl M 9ACMEHTHI ACKTPOH-
HOW TeXHUKU» OOYCJIOBIAMBACT JIEICHHNE KHUTM Ha JBE OTHOCUTEIILHO
CaMOCTOSITC/IBHBIC YACTH: MATEPHUAIbl U DAEMEHTHI, NIPY 3TOM SIBHBIH
NIpUOPUTET B pacnpenenenuu obsema (10 u3 15 mias) otnaercsa mare-
pUaaM, MOCKOJIbKY IMOCHEIHHUE SIBASIOTCS KII0YEBBIM 3BEHOM B LICTIH
HayYHO-TEXHUYECKOTO IMPOrpecca, ONpeaeasOIlUM YCIIeX MHOTUX UH-
>KEHEPHBIX pellieHUI NpHU CO3AaHUM CIOXKHEHIIEH 2IEKTPOHHOHN ania-
patypsl. Beerna co3nanmne HOBBIX MATEPHAIOB M OTKPBITUE B HUX HOBBIX
dusnyeckux 3¢ppeKToB U SIBJICHUI MPUBOINIO K CO3AAHMUIO HOBBIX IpHU-
OOpOB U YCTPOMCTB, B KOTOPBIX UCIIOJB30BAIUCH 3THU SIBJCHUSIL.

C yuetoM oOLLETpUHATON KilacCU(DUKAUIUU MAaTepUATIOB B NIEPBOM
ToOMe yuyeOHMKA BBUIEISIOTCS pa3iesibl, MTOCBSIUEHHbIE KlaccaM Ipo-
BOIHUKOBBIX, TTOJIYIIPOBOIHUKOBBIX U TUINEKTPUYECKHUX MATEPHATIOB.
WM npeniecTByeT BBOAHAs IJ1aBa, HAMTpaBjieHHAsi B OCHOBHOM Ha U3y-
YEHUE BUIOB XMMUYECKOH CBA3M, OCOOEHHOCTEH CTPOCHHUS PA3IMYHBIX
MaTepUaIOB U SHEPreTHUECKOro CIIEKTPa MEKTPOHHBIX COCTOSHUMA Kak
B OTAEJbHBIX aTOMaxX, TaK ¥ B BELICCTBAX C PEIYSIDHOM KPUCTaLIU-
yecKoi pereTkoil. Ocoboe BHUMaHUE K KPUCTALIMYECKUM BELIECTBAM
00YC/IOBJICHO UX ONpeNeNsIolieit pojblo Ha COBPEMEHHOM JTamne pas-
BUTUS DJIEKTPOHUKHU.

[MpunaTas B yyeGHUKE TOCIEAOBATEILHOCTD U3YYEHUS PA3TUUHBIX
KJIaCCOB MAaTepHajoB, MO MHEHUIO aBTOPOB, MO3BOISICT JYYIIE BbICT-
POUTH CUCTEMY JIOTUYECKUX CBSI3eil, BBEACHUE M OGOCHOBAHHUE HOBbIX
NMOHATHIA, TEPMUHOB M onpeenacHuil. 3HAKOMCTBO C KaXAbIM HOBBIM
KJIACCOM MaTepHAJIOB HAYMHAETCS C PACKPLITUSA PU3UYECKON CYIHO-
CTU MPOLECCOB M SIBACHMI, NMPOUCXOASINMX B BELIECTBAX MO Jeii-
CTBMEM BHEIIIHEro IoJs, a 3aTeM Ha 0aze chopMUpPOBAHHOrO (GU3M-
4ecKOro (hyHIaMeHTa IMPOBOMUTCS AHAIM3 XapaKTePHBIX CBOUCTB Ma-
TEPUAJIOB U PACCMATPHUBAIOTCS HauboJsIee BaxXHble 001aCTH UX NIPAKTH -
YECKOTO MIPMMEHEHMS B NPUOOpax U YCTPOHCTBAX 3JCKTPOHHOIT Tex-
HUKH. be3 npeaBapuTenbHOrO M3N0XEHUS (PU3UKM SBACHMH HEBO3-
MOXHO Hay4YHuTb OyIylllerc HHXXeHepa aieKBaTHO OLUEHUBATh CBOMCTBA
MaTepHUANOB U NPABUWIBHO NIPUMCHSTb UX B KOHKPETHBIX YCIOBUSIX IK-
CILTyaTatuH.

Bo BTOpOM TOME yyeOHHUKA PACCMATPUBAIOTCA aKTUBHbIE TU3IEKT-
PUKM, MAarHUTHBIC MATCPHAIbl Y DJEMEHTbl BJEKTPOHHOM TEXHUKM:



4 IIpeducnosue

PE3UCTOPBI, KOHIEHCATOPbI, KaTYIIKY MHIYKTUBHOCTH, a TAKXE CO-
€IMHUTENbHbIE H KOMMYTAlTHOHHBIE 3/1eMeHThl. HeobX0MMMO OTMETUTD,
YTO B y4eOHOI TUTEPATYPE MO JIEKTPOHUKE MMePEYUCTCHHBIM MTACCUB~
HBIM 3JIEMEHTaM yIeJIeHO HeolNpaBlaHHO Majioe BHUMaHue. M3naHue
NpeIaraeMoro yyeOHMKa No3BOJMT B 0OJiblUEH CTEMNEHH 3alI0JHUTh
CYLLIECTBYIOLIYIO HULIY.,

B yyeOHUKe 60NblIOE BHUMAaHUE YIEIEHO PACCMOTPEHHIO KOHTAKT-
HBIX CBOMCTB METAUIOB, ONTUYECKUX CBOMCTB MOMYNPOBOAHUKOB, B~
JIeHHi nipoGost B pa3sUYHbBIX NUJIEKTPUKAX, AHAJIM3Y CBOMCTB KpeM-
Hus, coenmnenuit AMBY, AU'BV!| nzoBaneHTHbIX TBEpABIX pPaCTBOPOB
Ha X OCHOBE. B 00/NbIIOM 00bEME MpEeACTaBICHBI CBEACHHUS T10 CTEK-
JIaM, K€paMHUKe, aKTUBHBIM IUDJIEKTPUKAM M MAarHUTOTBEPAbIM Mare-
puanam. B oTaesbHBIHM IIONpa3aes BblIeIeHbl ONTHISCKHU aKTUBHBIE CPEIbl.
C yyeToM JOCTUXKEHUH MOCHEIHMX JIET B y4eOHUK BKIIIOUEHBI pasie-
JIbl, IOCBSILEHHBIE MaTeprajiaM BbICOKOTEMIIEPATYPHOIl CBEPXIIPOBO-
IUMOCTH, ¢yuiepeHaM, aMOpGHBIM MeTaUIMUEeCKUM CrjiaBaMm, Ui-
POTEHU3UPOBAHHOMY aMOP(PHOMY KPEMHUIO, MOMYNPOBOIHUKOBLIM
CBepXpeLIeTKaM U 1p.

ABTOPCKMI KOJUIEKTUB MPUHOCUT UCKPEHHIOIO 61aroqapHocTh npod.
. ®.I'muHcKOMY 3a LIEHHBIE COBETBI M KOHCYJIBTALMU 10 HEKOTOPHIM
BoripocaM ¢U3UKH TBEPAOTO Tela.
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K — XoHcTaHTa MarHUTHOH AHU30TPONHH, KOOPAUHALIMOHHOC YUCIIO

— KO3()(MUUMEHT peBepCUBHON HETMHEHHOCTU

— ko3thPpuureHT 3 DEKTHBHON HETMHEHHOCTH

— KO3 GUUUEHT MAarHUTHOM YYBCTBUTEIbHOCTM MarHUTOPE3UCTOPA
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my

— Macca; MarHUTHOE KBAaHTOBOE YUCIIO
— addekTHBHAsA Macca JIEKTPOHA

— a¢dexkTBHAsA Macca JbIPKH

— Macca cBOGOIHOrO IEKTPOHa

N — yucno yacTHIL; KOHUEHTpaUUs NpuMeceit; addeKTUBHAs MIOTHOCTH
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n
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COCTOSIHMI; YMCIIO BUTKOB
— 4HCa0 ABOraapo
— KOHLIEHTpALMs 3JIEKTPOHOB; MTOKA3ATENb NPEJIOMIEHHUS; NIABHOE KBAHTO-
BOE YHCJIO; CTeleHb NonuMepH3atuy; koadduimeHT tpanchopMaumu
— paBHOBECHasi KOHLUEHTPAaLUs 3JIEKTPOHOB
— cobcTBeHHasi KOHLIEHTPALMs HOCHUTENEH 3apana

P — nonsipu30BaHHOCTD; KOHLIEHTPALIUSA NMPUMECEii; MOLIHOCTD; UMITYJIEC

Po
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Q
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(KOJNIMYECTBO JBHKEHHUS)

— aKTMBHasi MOLLHOCTb

— AUBNEKTPUYECKUE MOTEPU

— TIOTEPH Ha TUCTEPE3UC

— TNOTepU Ha BUXPEBbie TOKU

— HOMUHAJIbHAA MOILLHOCTH 3JIEMEHTA

— pCaKTHUBHAS MOLUHOCTb
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R — axktuBHOE CONPOTHUBJICHHUE, YHHBEpCaJibHasl razoBasi NOCTOAHHAA;

Ry,
RHOM

Rs

K03 PULHEHT OTpaKeHMs
— COTIPOTHBJIICHUE M3OISILIMU
— KOHTAKTHOE COTNPOTHUBJICHHUE
— HOMMHAQIbHOE COIMPOTUBICHUE PE3UCTOpA
— KPHTHUYECKAas CKOPOCTh OXJIAXICHUS
— MOBEPXHOCTHOE CONPOTUBIICHUE
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Rn — conpoTHBeHUe KBaapaTa MOBCPXHOCTH
r — aKTHBHOE COIPOTHUBJIEHHE; CKOPOCTH PEKOMOMHALINY; PallHyC; pac-
CTOSIHUE; 3JIEKTpoONTHYECKHME KOI(hDULMEHTHI
S — mollanb; ce4eHUE paccesHUsl HOCUTENEH 3apsiaa
§ — CMHMHOBOE KBAaHTOBOE YMCIIO
T — temneparypa
Tx — Temneparypa Kiopu
T, — TEMIICpPaTypa KpUCTA/LUTU3ALUMU
wm — TeMIlepaTypa IUlaBaeHust
T, — TeMIiepaTypa CTEKJIOBaHUS
T.s — KpHUTHYECKas! TEMIIEPATypa fepexoaa B COCTOSIHUE CBEPXITPOBOAMMOCTH
t — BpeMsl; LIar CIIUpaTH
U — pa3sHOCTh MOTEHIIMANOB; 3IEKTPUYCCKOE HAIPSKEHUE
U,ou — HOMUHAJIBHOC HAMPSXKCHHUE 3JICMEHTA
U,, — Hanpsixenue npobos
U, 2 — NONyBOHOBOC HANpPsSXECHUE
U — CKOPOCTb TEIUIOBOTO ABMXEHMS YaCTHIl; MTHOBEHHOE 3HAYEHUE Ha-
TIPSIKCHUS
V — ob6bem
v — CKOPOCTh Apeida; CKOPOCTb ABUKEHHUS 3JCKTPOHA 110 OpOUTE; CKO-
POCThb ABUXEHHUS JOMEHHBIX IPAHHMIL
¥;s — CKOPOCTb JBMXCHUS 3BYKOBOM BOJTHBI
W — YHCJIO BUTKOB
X — MOJIbHast (aTOMHasi) Ol KOMIIOHEHTa
X¢ — EMKOCTHOE COTPOTUBICHME 3JIEeMEHTA
X; — WHAYKTUBHOE COTIPOTUBIICHUC BJIEMCHTA
Z — TIONIHOE CONPOTHBAeHUE (MMIEJaHC) ey (3JIEMEHTa); OTHOCUTENh-
HBIA 3apsa siapa
0. — MOKA3aTeJib ONTHYECKOrO MOMIOUICHHUS; TEMIEpaTypHblil Ko3dhdu-
UMeHT; KoadduuueHt ynenpHoit TepmModJC; nonsipu3yeMocTs aTo-
MOB (MOJIeKyN); TeMIepaTypHblii KoaddunueHT noreps
o, — Ko3bduumeHT yrapHoi HOHU3ALKHU
B — xosdduumeHT uMnynbca; KOIOOUIMEHT HEIUHEHHOCTH BOJIBT-aM-
NEPHOI1 XapaKTEPUCTUKHU
Y — yaejlbHas MpOBOAUMOCTh
A — rmyOMHa MPOHUKHOBEHUS DJCKTPOMATHUTHOIO TOJIA B MaTepyat
Aa — aMIIMTYya TENIOBBIX KOjaeOaHUil aTOMOB
AH_ — mtpuHa TMHUK HEPPOMArHUTHOTO PE30HAHCA
An — M30OBITOYHAS] KOHLUCHTPALMUS DJIEKTPOHOB
Ap — U30BITOYHAS KOHLEHTPAUMS IbIPOK
Ay — oTONpOBOIUMOCTD
AD — HIMpUHA 3aNpPeIeHHON 30HBI
A, — BHeprusi HOHU3AIMU aKIENTOPOB
A3, — pa3pblB BAJICHTHON 30HBI
AD, — 5Heprusi MOHU3aLUUKU JOHOPOB
AD, — pa3pbIB 30HBI POBOIMMOCTH
2A9,, — 2HEpreTUyecKas 1eab B CBEPXITPOBOAHMKAX
& — yron AM3eKTPUYECKMX NMOTEPh; TOMILUUHA; OTHOCUTENIbHAS fehopMaLIuis
S,, — YroJl MarHuTHBIX MOTEPH
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€ — OTHOCUTENbHAs XU3AEKTPHUYECKas MTPOHULAEMOCTD
€, — PEBEPCUBHAas AM3EKTPHUYECKAs NPOHULIAEMOCTh
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€y — DJIEKTpUYECKas MOCTOSIHHAs
§ — KOMIUIEKCHAasl AUBJICKTPUYECKAs. TPOHULIAEMOCTh
€” — KO3(OHUUMEHT IUIITEKTPHUIYECKUX MTOTEPD
N — KBAHTOBBII BBIXOJ; KO3(O)UIMEHT BBITYKIOCTH KPHUBOI pa3MarHu-
yuBanusl; KoadpduuueHT nonesHoro aeiicraust, KITJ
0 — oObeMHas [0Js; XapaKTepUCTUUECKash TeMIIepaTypa
8, — Temneparypa Jlebas
0y — yron apaneeBCKOro BpauleHUs
6, — napamarHuTHas Touka Kiopu
A — JMHA 3BYKOBOU BOJIHEI
A — JUTMHA BOJIHBI; UHTEHCUBHOCTb OTKAa30B
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A; — KOHCTaHTa& MarHUTOCTPUKLIMHU
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Mg — MarHeToH bopa
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vV — YacroTa
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© — MEXaHMYEeCKOe HarpsikKeHUe; Ko3OHUUMEHT Teruionepenayu; JeK-
TPONPOBOJHOCTD
7 — BpeMs peslakCallid; BpeMs XH3HU HEepaBHOBECHBIX HOCUTENCH 3a-
psilla; XapaKTepUCTHYECKOE BpeMs
T, — BPEMSl XHU3HH 3JIEKTPOHOB
T, — BpeMs XU3HH ABIPOK
Ty — BpeMsi CBOOORXHOro npobera 3J1eKTPOHOB
¢ — MarHMTHBIA NOTOK; paboTa BLIXOJA JIEKTPOHORB
@y — KBaHT MarHMTHOro noroka (¢okconn)
¢ — noTeHUMan; yroa casura (as; yrjioBoe nepeMelieHHe KOHTaKTa
Y — Mar{HUTOONTUYECKas JOOPOTHOCTh; yroi $a3oBoro 3anasablBaHUs
¥ — IUBNEKTpHUYECKast BOCTIPMMMYHMBOCTbD; 3JIEKTPOHHOE CPOACTBO; BJICK-
TPOOTPHULIATEBHOCTD
® — yrjaoBasl yactora
3 — 3Heprus
Oy — BHEprusi MarHUTHOM KpucTaLorpaduuecKoil aHU30TPONUHU
3, — yIenbHas 3HEPrusl B 3a30pe MarHura
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— sHeprust (ypoBeHb) Pepmu



BBEJEHUE

CoBpeMeHHBIH 3Tan pa3sBUTHsI OOLIECTBA XapaKTepU3yeTcs Bce 60-
Jiee BO3pacCTAlOIUMM TPOHUKHOBEHHMEM 3JJIEKTPOHUKH BO BCe cepbl
XHW3HU U JEATEJbHOCTH 4enoBeKa. JIoCTHXeHUs B 00JIaCTH 3NIEKTPO-
HUKM B 3HAYMUTENbHOH Mepe CHOCOOCTBYIOT YCIELWIHOMY PELIeHUIO
CJIOXHEHWIIMX Hay4YHO-TEXHUYECKMX IMpo0aeM, NMOBhbIlLIeHUIO 3¢ dek-
TUBHOCTHM HAY4YHbBIX UCCACAOBAHUIA, CO3MAHKIO HOBbIX BUIOB MALIMH K
obopynoBanus. Tonpko 61aroaapst Ka4eCTBEHHBIM MpeoOpa3oBaHUAM
3JIEKTPOHHBIX CPEICTB CTATO BO3MOXHBIM pelUeHUE TPOoGIeMbl IJIO-
OanbHOM MH(MOPMATHU3ALIMU YETIOBEYECKOTO OBITUS, T. €. MACCOBOE MPO-
U3BOACTBO KOMILIOTEPOB, IMMOBCEMECTHOE MCIIOJb30BaHUE MH(POpMa-
LIMOHHBIX TEXHOJIOTHI M YIIPABNAIOLIUX CUCTEM, a TAKXKE CeTel Ha uX
OCHOBE.

BaxxHoil cocrapisiowieid UHGOpMATU3AUMKM CTATU TEJIEKOMMYHH-
KallM{, T.€. TEXHUYECKHE CPElICTBA JUISA JIOKAJIBLHOU, perMoHaJIbHOMR
WIX BCEMUPHOM rnepenaun uHgopMmauuy. Hapsiny ¢ gJaBHO cyllecTBy-
IOIIMMHU PagUOCBS3bI0 M TENEBUIEHUEM MOSBIJINCH KOMITBIOTEPHEIE
CUCTEMBI aKTMBHOI'O MaccoBOro obMeHa uHdopmauueit. Cpeau Takux
CHCTEM HAUOOJIBIIYI0O M3BECTHOCTb M IMPU3HAHHUE IOJIYYHJIa BCEMUP-
Has ceTb UHTepHeT.

HduckpetHblit (1MPOBOIL) MPUHIUIT NIPEACTABIEHUSE HH(POPMALIUH,
MPUHATHIA B MUH(POPMALIMOHHBIX TEXHOJIOTHSX, LIMPOKO BHEAPSETCS B
OBITOBYIO 2JIEKTPOHUKY (LMGMPOBLIE TEIEBU30OPbI, BULEOKaMephl, (o-
TOAINMnapaThl U T.I1.), 00eCIIeYMBaIOLIYI0 MHOTME XU3HEHHbIE MOTPED-
HOCTH 4ejoBeka. PaiukKanbHO M3MEHUAACH MTPOMBILIJIEHHASI M TPaHC-
MOPTHAs 3NIEKTPOHHMKA, [TOSBWIUCL ABTOHOMHBIE CUCTEMbl HABUTAHHUH,
a TaKKe CUCTEMBI YNPaBAEHUS TTOABUXHBIMH OOBEKTAMM U TEXHOJO-
rMYecKuMH npoueccamu. CTpEMHUTEIBHO pa3BUBAIOTCS HAyYHOE U Me-
JNULIMHCKOE MPUOOPOCTPOCHHUE, TEXHUKA BOEHHOTO M KOCMUYECKOTO
Ha3HaYCHHUH.

OCHOBHbIMH TPOOJEMaMU B Pa3BUTHM BCEX HAIMPABACHUI DICKT-
POHMKM NPOROJIKAIOT OCTABATLCS AaJIbHEM1Aas] MUHHATIOpU3ALIUS U3-
NIEJINi, TIOBBILHIEHUWE UX ObICTPONEHCTBHSI, YMEHbUIEHUE IHEPrONOT-
pebieHHs], MOBBIIEHUE KauyeCTBa M HaIeXKHOCTH 3JIEKTPOHHOro 06o-
PYAOBaHUS, CHUXEHHE CTOUMOCTH. Bee 3Tt mpobiemsl Haubonee a¢-
(heXTHBHO pellaloTCsl B paMKaX MUKPO3JEKTPOHUKM, KOTOpas 3a Mo-
cneguue 40 ner mpoiuia MyTh OT NMPOCTEHIIUX TMOPHUIHBIX 0 MOHO-
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JIMTHBIX YIBTPabOJIbIIMX MHTEIPATBHBIX CXeM, coaepxkaiumx 10 10° ame-
MEHTOB. 37€Cb BaXHO OTMETUTh, YTO MUKPOMHHHATIOPU3ALIUS HE SB-
JISETCS LEJIbI0 MUKPOJICKTPOHUKH, a B AeHICTBUTEIBHOCTH MpPEACTaB-
JisieT OO0 EAMHCTBEHHYIO BO3MOXHOCTbL CO3JaHMst CIOXHOM 3¢ dek-
TUBHO JIeHCTBYIOMIEH DIEKTPOHHON anrapartypsl, coaepxatiieh 00/b-
HIOE YHCJIO DJIEMEHTOB.

XapakTepHOit 0COOEHHOCTBIO TEXHOJIOTHN U3TOTOBJICHUS UHTETpaib-
HbIX cxeM (MC) siBasieTCss UCHOb30BaHUE ONIpeAe/IeHHOH MOC/eaoBa-
TEJIbHOCTU TPYNMNOBBIX METOIOB, pa3peliaollas CrocOOHOCTh KOTO-
pbIX OOYCJIOBIMBAET MpeaejibHbIe BO3MOXHOCTH HHTETPAllMU DJIEMEH-
TOB B cXxeMe. CIIOXHOCTh U MPEIIM3UOHHOCTD TAKUX TIPOLIECCOB TUKTYET
UCKJTIIOUEHME YYACTHS YeJIOBEKA BO BCEX BAXKHEWIIMX CTAIHUAX MPOEK-
THUPOBAHUS U MPOU3BOACTBA U3ACAUHU, IlIe OH MOXET CTaTh UCTOUHM-
KOM CNy4yaiHbiX OlIMOOK ¥ BHOCUMBIX 3arpsisHeHMI. B HacTosiiee Bpe-
M1 Ha MOBECTKE AHS CTOMUT BOMPOC O CO3MaHUU BJEKTPOHHBIX CUCTEM
HUCKYCCTBEHHOTO UHTE/IeKTa 1 DBM BBICOKOro YpOBHS CIOXHOCTH,
MPCAHAZHAUYCHHBIX JUISI pELICHUS F00aNbHbIX 3a1a4y: MPOrHO3UpOBa-
HUSI TIOTOAbI, NMPEACKAa3aHUsl 3€MHBIX KAaTaKIM3MOB, 3KOJOTHYECKOTO
MOHHUTOPHHTA, PAlMOHANBHOIO MCIIOJB30BAHUS PECYpPCOB IIJIAHETHI,
pacyeTa KOCMMYECKHMX CUCTEM H Jip. MCIOIb30BaHUE TAKMX CUCTEM O3-
HavyaeT nepexon oT o6pabGoTKu OOJbIIMX MAcCMBOB MHGOpMalLMU K
MPOM3BOACTBY U BOCIIPHUATHIO HOBBIX 3HAHHMIA.

Cpeny CTPEMUTENbHO PAa3BUBAIOLIMXCS HANPABICHUM SIIEKTPOHU-
K4 CJleayeT 0co00 BBIISIUTDH ONTOIEKTPpOHUKY. Ilocnenusiss obbenu-
HSET UIMPOKUI KjIace QYHKLIMOHABHBIX 3JEKTPOHHBIX YCTPOMCTB, Y
KOTOPBIX B TPaKTe Nepesayy CUTHAJIOB MMEETCS ONTHYECKOe 3BEHO.
OnTuyeckas cBsi3b XapaKTepU3YETCsl BBICOKOH MHOOPMALIMOHHOM eM-
KOCTbIO, MOMEXO03AIMIIEHHOCTBIO, OMHOHAMIPABICHHOCTBIO, 4 TAKXKe
BBICOKO# U30HPATE/IbHOCThIO. biiaroiaps 3T0My ¢ HOMOIbLIO ONTHYE-
CKOI'0 KaHaJia CBSI3U MOXHO KOHIIEHTPUPOBAHHO U C MaJIBIMU ITOTEepS~
MU NepeaaBaTh 2JIeKTPOMAarHUTHYIO SHEPIUIO HAa O0JIbLINE PACCTOSTHUS
B 3aJIaHHY10 00JaCTh NMpocTpaHcTBa. Mcnomp3oBaHue ONTUUECKOTO 3BeHA
obecreynBaeT MOJHYIO ralbBaHUYECKYIO Pa3Bs3KY YIPABJISIONINX LE-
nei OT MCIOJHMUTEIBHBIX MPU COXPAHEHWH CUJIBHON (PYHKUMOHAIb-
HOM CBA3U Mexny HUMM. HOBbIH 5Tanm B pa3BUTHH ONTOSNCKTPOHUKH
CBSI3aH C OCBOCHHMEM TEXHOJOTHYECKUX TTPUEMOB (OPMUPOBAHMS I10~
JIYIIPOBOJIHMKOBBIX CBEPXPCILIETOK U I'€TEPOCTPYKTYP C KBAHTOBO-pa3-
MEpPHBIMH 3¢ heKTamu.

Pa3zBuTHE 31CKTPOHMKH OKA3AJI0 3HAYUTEALHOE BIUSHHUE Ha CO-
CTOSTHUE DHepreTUKU. B HacTog1ee BpeMs: KpeMHUEBbIE NPUOOPHI CH~
JIGBOI 371IEKTPOHUKM HAXOHSIT MACCOBOE NPUMEHEHME B DHEProeMKHUX
METAUTYPrUYECKUX M XMMHYECKHUX MPOMU3BOACTBAX, HA TPAHCIIOpPTE, B
CHCTEMAaX 3JEKTPOIIPUBOIA U SHEProNMUTAHUSA, a TAKXKe MPH fepenade
3JICKTPOIHEPruU Ha Oosibuive paccTosinusa. C KaXIbiM FOAOM PAacilu-
pSIETCS HOMEHKIATYpa TakKUX NpuOopos. K MOLIHBIM AXOAaM U TUPU-
cropam J1o0aBuiach LIMPOKasi rAMMa MOLIHBIX TPAH3UCTOPOB M Pa3HO-~
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00Opa3HBIX CHJIOBBIX MHTETPAAbHBIX CXeM. OLEHKM CIELIHMATHCTOR MTOKa-
3bIBAIOT, YTO ONTUMANBHOE HACBhILIEHHUE JHEPTETUKM CPEACTBAMHU I10-
JIYTIPOBOJJHUKOBON CUJIOBOM 3EKTPOHHUKHU IO3BOJUT COKOHOMUTH HE
MeHee 10 % Bceil MpOU3BOAMMON B MUPE 3JIEKTPOIHEPTHH.

MaTepuaibHbLIM BOIUIOLLICHUEM JTIO00H MACH 3JEKTPOHUKM SIBISA-~
IOTCSL M3JICAUST ¥ YCTPOMCTBA 3JEKTPOHHONH TeXHUKHU. JIroGoi Takoi
npubop WIN YCTPOUCTBO COCTOUT U3 3JIEMEHTOB, T. €. OTACAbHbBIX JeTa~
JIel, BBIMONHSIIOLMX OnpeiesieHHbIe (PYHKIIMU 10 OTHOIIEHUIO K 3J1eK-
TPUYECKOMY CUTHAIY WJIM 3HEpruu. B anmaparype oTAeNbHbIE 3JIeMEH-
TBl KOHCTPYKTUBHO M 3JICKTPUUYECKM OOBEAMHEHBI ApPYr C APYTOM B
€IUHbIM Y371 B COOTBETCTBUH C MPUHHUTNTAAILHOR SJICKTPUYECKONR Cxe-
MO, Ha KOTOPO#M KaXIbli THN IJAEMEHTa MMEET YCIIOBHOE CXEMHOE
u3o0paxkeHue.

PaznnualoT macCUBHbIE M AKTUBHbBIC 3JIEMCHTBI 9JIEKTPOHHOMN Tex-
HUKU. [laccusnvie snemenmyl CIYXAT LISk IEPEPACTIPEICACHUS] TOKOB,
HANOpsDKEHUU M SHEPTUM MEXAY OTAC/IbHBIMU YYaCTKaMM 3JIEKTpUYC-
ckux ueneit. K HUIM OTHOCATCS pa3HOro pojaa Pe3UCTOpPhl, KOHACHCA-
TOPHI, KATYUIKYM UHBAYKTUBHOCTH, & TaKXKE COCAMHHUTECIbHBIC M KOM-
MYTallMOHHBIE 3JIEMEHTHI.

AxmugHbte snemenmpl TIpeAHA3HAYCHBI, TIPEXAE BCEro, JUIS TIpeos-
Pa30BaHUS BJICKTPUUCCKUX CUTHAIOB WU SHEPruu. B KauecTBe aKTUB-
HBIX JIEMEHTOB [IPUMEHSIIOTCS Pa3JIMYHbIe SAEKTPOHHbLIC JaMIIbl, KK~
HECKOIMbI, YMHOXHUTEIU TOKa, POTOIAEMEHThI, NOJYIPOBOAHUKOBbIEC
JUOABI, TPAH3UCTOPDbI, ONTORNEKTPOHHBIE IPUOODPHI, MbE30O3NEMEH-
Thl, SYEUKH CETHETOICKTPUUECKON U MATHUTHON MAMSITH, CBEPXIIPO-
BOJSIILME KPUOTPOHBI, NTUPOIICKTPUUECKHE Mpeodpa3oBaTeau, dJIeK-
TPETHl, XHUAKOKPUCTULIUYECKME UHIUKATOPHI, CEHCOPHBIE 3JIEMEHTHI
U Ip.

MHorue 31eMEeHTHl TBEPAOTEIbHON 3JIEKTPOHUKU MOTYT OBITH U3-
TOTOBJIEHBl KaK B QUCKpemHOM, TaK ¥ B UHMEZPAAbHOM WCIIOTHEHUM.
JIMcKpeTHBIE 371eMeHTHl HaKTMUECKH MOXXHO PaCCMaTPUBAaTb KaK KOM-
[TOHEHTHI 3JICKTPOHHOU anmnapartypsl. Haubonee pacnpocTpaHeHHbIMU
U3 TAKUX KOMIIOHEHTOB SIBJASAIOTCS MHTETPAIbHBIE MUKDPOCXEMbI, OT-
HOCSIIMECS K U3AEMSIM MHKPO3JIEKTPOHUKHU. HanpuMmep, mieHoyHbie
UC comepxar, Kak NpaBUao, TOILKO IACCUBHbIE 3JIEMEHTHI U Ipek-
CTapAAIOT cobOi yallle Bcero ruieHouHsle RC-3A€KTpUYECKHE LICTIH,
HCIOIb3yeMble B KayecTBe QUIbTPOB M PE3UCTHUBHBIX JEJUTENEH Ha-
MPSXKEHHUS.

B MOHOAUTHBIX 101yNpoBOAHUKOBBIX M C BCe akTUBHBIE U IACCHB-
Hbl€ 3JIeMEHTBl (POPMUPYIOT B TOHKOM (5... 10 MKM) IIPHIIOBEPXHOCT-
HOM CJIO€ MOJIYIIPOBOAHUKOBOW muacTuHbl. Hanbosnee yacTto B Kaye-
CTB€ AaKTHUBHbIX 3JIeMCHTOB B Takux MC HCNONB3YIOTCS IIaHAPHbIE OH-
MOJISIPHBIE TPAH3MCTOPbI U YHUIIONSIPHBIE TPAH3UCTOPHI CO CTPYKTY-
PO¥ MeTaJU1 — IUIEKTPUK — noaynposoaHuk (MJIIT).

DNEeKTPUYECKUE U IKCIUTYaTALUOHHbIC NIapaMETPhI 2J1EMEHTOB 3JIeK-
TPOHHOM TEXHUKH U ANNAPATYPHI B 1IEJIOM BO MHOIOM OMPEAE/ISIOTCS
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CBOMCTBAaMH MaTepHAJIOB, U3 KOTOPKIX OHY M3TOTOBJICHLL. | 1aBHast 0co-
OSHHOCTh MAaTepUaJiOB, UCIOAb3YEMBIX B 3JCKTPOHUKE, 3aKII0YACTCS
B TOM, UTO HX 3JIEKTpPUUECKHE CBOWMCTBA OYEHDb YYBCTBUTEbHBI K [IPU-
pone XMMHUUYECKON CBSI3U, K aTOMHON M 3JEKTPOHHOH CTPYKTypam,
HAIMYUIO TIPUMECEeH M CTPYKTYPHBIX 1e(deKTOB, OIHOPOJHOCTU MX
pacnpeeneHMs BIUIOTh IO OYeHb JIOKaJIbHBIX 00beMOB. Posib MaTtepu-
aJioB B 3JIEKTPOHUKE BEJIMKA, KAK HA B KAKOH APYTON OONACTU TEXHUKH.
He ciayyaitHO, YTO HMEHHO MaTepUayibl YacTO UCHOJb3YIOTCS B Kaye-
CTBe KJ1accU(pUKALMOHHOTO NIPU3HaKa IpU OnpeieIcHUM MHOTHUX BaX-
HBIX HAllpaBJieHU 3JEKTPOHUKHU. B 3TOH CBA3M MOXHO Ha3BaTh MOIY-
MPOBOJHHKOBYIO 3JIEKTPOHUKY, TUIJIEKTPUYECKYIO DJIEKTPOHUKY, Mar-
HHUTOSJIEKTPOHHUKY, CBEPXIIPOBOISLUYIO JJEKTPOHUKY, IBE30TEXHUKY
U JAp.

HM3yyenue pusuveckoi NMpUpPOALI CBOHUCTB MaTrepuanoB, MOKCK
NMPUHLUANHKAILHBIX ITyTEH YNPAaBAECHUS TUMHU CBOMCTBAMM, a TaKXe
ONTHUMM3aLUs COCTaBa U CTPYKTYPbl MATEPUAIOB B LIEJISAX JOCTHXEHHS
HaWJIy4Yllero COYETAHUS CBOKMCTB COCTABMSAIOT HAYYHYIO CYLIHOCTD JI10-
00ro MaTepUMaIOBEACHHMS, B TOM YUCIIE U SJEKTPOHHOIO.



T'ymasa 1
OCHOBHBLIE CBEJEHHAA O CTPOEHUU BEIIECTB

1.1. KIACCU®UKAIINA MATEPHUAJIOB

Marepuaisl, HCTIOIB3yeMbIE B 371€KTpOHHON TexHUuKe (MIT), Mox-
HO MOJpPa3nejuTh Ha (DYHKIMOHANLHBIE U KOHCTPYKLMOHHBbIe. [lon
gyuryuonanvisimuy MOT cienyeT HOHUMATh MAaTEPHATBI, KOTOPLIE 00ec-
MEYUBAIOT PEATU3ALINIO ONIPeIeIeHHBIX (PYHKIMI B 2JIEMEHTAaX DJICKT-
poHHOM anmapatypsl. [Ipy UCTONB30BAHUM TAKUX MATEPHAIOB B PH-
0opax v yCTpOHCTBaxX 3MEKTPOHUKH, B HIEPBYIO OUEPE/lb, TPUHUMAIOT-
¢S BO BHUMAaHHUE MX 3JIEKTpUUeckue cBoiicTa. B KauecTBe nmpuMepos
GYHKIHOHATLHBIX MBT MOXHO Ha3BaTh PE3UCTUBHBIE, KOHIAEHCATOP-
Hble U 3JIEKTPOU3ONSILIMOHHBIE MaTepuasbl, BBICOKOIMPOBOISILUME U
CBEPXMPOBOSALINE BEIIECTBA, MATCPUANBl I XpaHEHUS W 3alUCH
“HbOpMAIIMK, MAaTepHaATbl C HETHHEHHBIMU 3JICKTPUUYECKMMHU CBOI-
CTBaMM, MaTepHabl /I aKTUBHBIX 3JICMEHTOB IOJYIIPOBOIHHUKOBOI
3JIEKTPOHUKHM, TAKUX KaK JTUOIbI, TPAH3UCTOPHI, Ja3epsl, GOTOAETEK-
TOPHI U JIp.

KoncmpykyuonnbimMy Ha3bIBAIOTCSI MaTepHasbl, MpelHa3HAYeHHBIE
JUIS MU3TOTOBJICHUSI KOPITYCOB M IETAICH PA3IUYHBIX MPUOOPOB U YCT-
POUCTB 2JIEKTPOHHOM TeXHUKH. KaK nmpaBuio, 3TH MaTepHalibl BbIIOJ-
HSIIOT BCIIOMOTaTeabHbie QYHKIIMU, HpUYEM KOpIyca npubopoB U ae-
TaJIM KOHCTPYKIIUI XapaKTepU3YIOTCa OONBIIMM pasHooOpasueM ¢hopM
M pa3MepoB. K HUM IpeabsBASIOTCS MPEXIe BCErO XeCTKUE DKCILTY-
aTallMOHHBIE, TEXHOJOIMYECKHE M SKOHOMMYECKHE TPEOOBAHMUA.

Ilo peakiuuu Ha BHelIHee 3JeKTpUUEcKoe MNoje (GYyHKIHMOHAIb-
Hble MOT npuHsSTO TOApPa3AeNsaTh HA NMPOBOAHUKU, MONY-
NPOBOMHUKH U AXUINEKTPUKU. OOBEKTUBHBIM KPUTEPHUEM,
10 KOTOPOMY OHpPEAeIsAIOT HIPUHAMICKHOCTbh MaTepHaa K TOM HWIN
HHOU TPYINIIE, ABJSIETCH yOeabHOe 3AeKmputecKoe CONpomuesienue p
B HOPMAJIBHEIX YCJIOBUSIX 9KcITyaTauuu. GopManbHO K MPOBOAHU-
KaM OTHOCATCSA MaTEPUAIBI ¢ YIETbHBIM 3JIEKTPHUECKHM COMPOTUB-
nerueM p < 107° OM-M, a K AUIJIEKTPUKAM — MATEPUAILI, Y KOTO-
pbix p > 108 OM M. Ilpu 3TOM BaXHO MMETb B BUIY, YTO YAENbHOE
COMPOTHUBJIEHYE XOPOIHIUX IPOBOAHUKOB JIEKTPUUECKOTO TOKA MOXET
cocTaBaath Beero auib 1078 OM-M, a y JIyqlIuX IU3JEKTPUKOB OHO
npeBocxXoaMT 3HaueHust 10'C Om-M. YieabHOe CONpPOTUBIEHHE MOMY-
TIPOBOJHMKOB B 3aBUCMMOCTH OT CTPOEHHMSA M COCTaBa MaTepUasioB, a
TaKXe OT YCJIOBMI UX BKCIIYAaTAlIMU MOXET U3MCHSATLCS B OUYEHbD K-~
pokux npegenax — ot 107> 1o 108 Om-m.
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Ha mpakTHke MHOTHE MaTepHabl YacTO MOABEPraloTCsS OMHOBpE-
MEHHOMY BO3IEHCTBUIO KaK 3JEKTPUYECKOTO, TAK 1 MATHUTHOTO ITO-
nieti. [To nmoBeneHU0 B MAarHUTHOM 1ioJie GyHKIHOHaIbHbIe MOT Kiac-
cuULUHUPYIOTCS Ha CTAGOMAarHUTHBIE U CUJIBHOMArHUTHBIE BELLIECTBA
(puc. 1.1). ITocnegHue uHOrAa Ha3bIBAIOT MarHeTHKaMHu. [Toxasnasitoniee
GONBIIMHCTBO GPYHKUMOHAIBHBIX MATEPUATIOB 3JIEKTPOHUKHN OTHOCHUT-
¢s1 K cmaboMarHMTHBIM BellecTBaMm. Cpell MarHeTUKOB TAKKE MOXHO
BBLACJNMThL BELIECTBA, XOPOIIO IPOBOASIIUE DIEKTPUIECKUH TOK, Ha-
psLy C MaTepHalaMH, COBCEM HENPOBOISIIMMHU. B 3aBUCHMOCTH OT
yIAEAbHONH TPOBOAMMOCTU Pa3IMUYHBIM OKa3bIBA€TCS YACTOTHBIM AHaA-
Ma30H MCITOAb30BAHMSI MArHETHUKOB.

XOpOWIMMH TIPOBOJHUKAMH JICKTPUUECKOTO TOKA SIBISIIOTCS MeE-
Tajuibl. Y3 105 XMMHUYeCKMX 3JIEMEHTOB JIMLID 24 SBISAIOTCS HEMETaLIa-
MM, npuyeM 12 37eMEHTOB MOIYT HNPOSBISATH IOJYIIPOBOIHUKOBLIC
cBoiicTBa. Ho KpoMe a/1eMEHTapHbBIX BEIIECTB CYLIECTBYIOT THICSIYM XU-
MUYECKHMX COSIWHEHUI, CIUIABOB MJIM KOMIIO3ULHUMA, NPOSBISIOUIUX
CBOIICTBA NIPOBOIHUKOB, MOJIYIIPOBOAHUKOB WIM AUSICKTPUKOB. Pe3-
KYIO TPaHMIY MEXAY 3HaYCHUSMHU YACABHOTO CONPOTUBJICHUS MaTe-
PpUAIOB, OTHOCSUIMMCS K Pa3jIMYHbIM KJIACCU(DUKAUMOHHBIM IpynnaM,
MPOBECTH JOCTATOYHO CIOXKHO. YKa3aHHBIE paHee KPUTEPUHU B 3HAYM~
TEJLHON Mepe yCIOoBHBI. OMHU U T€ Xe BELUCCTBA B PA3HBIX CUTYALIMSX
MOTYT HpPOSIBJIATL pasIMYHbIE JMeKTpUYEeCKHe cBoiicTBa. Hampumep,
IMPOBOANMOCTD NOJYIIPOBOAHUKOB CHUILHO 3aBUCHUT OT COACPXKAHUS MPH-
Meceil, TUTIa U KOHLEHTPAIMH CTPYKTYPHBIX AedekToB. [ToaTomMy un-

MaTtepuansl SNEKTPOHHOM TEXHUKK

l
! !

DYHKIHOHATBHBIE KoHcTpyKuMoHHbIE

I
{ i

CnaboMarHUTHBIE CHIbHOMarHUTHEIE

i
|
|
i

HposoxHUKH
IonynpoBoIHUKY
JuanekTpukn
[IpoBonsimue
HomynpoBoasiye
Henposogsiuue
MeTtannsl ¥ CILIABHI
Kepamuxka
Crexna
TTonmepst
KoMIto3unoHHEIE
MaTepHANHI

Puc. 1.1. Kimaccudbukauus MaTepuanoB 3JIEKTPOHHON TEXHUKH
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CThlE KPUCTAIBI aiMas3a SBAAIOTCH NMPEKPACHBIMU IUJIEKTPUKAMU C
BeCbMa BBICOKMM YIEJIbHBLIM cONpoTuBicHUeM. Ho nipu BBeneHuu B
TaKHWe KPUCTAJLILE ONPEAETIEHHBIX [IPUMECEN OHU IIPUOOPETAIOT I10JTy-~
IPOBOJAHMKOBLIC CBOMCTBA.

MHorue noayrnpoBOJAHUKHU MPU HU3KUX TeMIlepaTypax BeayT cebs
MogoOHO AW3JIeKTpUKaM. B To e BpeMsa OUJIEKTPUKU MPU CUJIIBHOM
HarpeBaHWHU MOTYT HPOSIBJISITH CBOMCTBA IOMYIIPOBOAHUKOB. KauecTpeH-
HO€ pa3Jinuyue MEXIy MaTepHaJlaMHU COCTOUT B TOM, UTO ISl METAJUIOB
MPOBOASLIEE COCTOSSHUE SBJISIETCS OCHOBHBIM, a JUISl NIOJYIIPOBOIHU-
KOB M JUIJIEKTPUKOB — BO30YXKICHHBIM.

PasBuTHe pagMoTeXHUKH NOTpeOOBaIo CO3MAHMS TUJIEKTPUKOB, B
KOTOPBIX CIeUU(PHUIECKME BHICOKOYACTOTHBIE CBOIMCTBA COYETAIOTCS C
HEOOXOAUMBIMM TETIIOPU3NIECKMMU U (PU3NKO-MEXaHUYECKUMU Xa-
PaKTEPUCTUKAMHU, A TAKXKE C BBICOKMM YIACIBHBIM COIPOTHUBICHHUEM.
Takue Marepranbl MOJYYMJIM Ha3BaHME BBLICOKOYACTOTHHIX AUDJIEKT-
pukoB. Kpome Toro, B 3aBUCUMOCTH OT (PYHKIMI, BBINMOJHAEMBIX M-
MeKTpUKaAMHU B SACKTPOHHOM arraparype, OHM NOAPA3AC/ISIOTCS Ha
AKTUBHBIE U NAacCUBHbIE MaTepUalibl. C IMOMOIBI0 AKTUBHBIX IUDJIEKT-
PHMKOB OCYILIECTBIISIETCS NpeoOpa3oBaHUe PasAUYHBIX CUTHAIOB U YII-
paBJIcHHE ITapaMeTpaMH dJeKTpuueckKux Herneil. K maccuBHBIM OTHO-
CATCH 3JIEKTPOU3OIAUMOHHLIE U KOHAEHCATOPHBIE MaTepHaJIbI.

Kpyr KOHCTpYKLIMOHHbBIX MATEPUANIOB, IIPUMEHSEMBIX B 3JIEKTPO-
HHKE, TAKXKe JOCTATOYHO IIMPOK. DTH MaTepUaTIbl MOXHO Klaccugpu-
LIMPOBATh 110 Pa3HBIM IpU3HAKaM. B 4aCTHOCTH, UX NMPUHSATO MOAPA3-
JENSATh Ha KOHCTPYKIIMOHHBIE MaTepuaibl 00ILero Ha3HaYeHUs (YHU-
BEpCAJIbHbIE) YU KOHCTPYKLIMOHHbIE MaTepUalbl CO CIeHUaIbHBIMU
cBolicTBaMH (crnieuuanu3npoBaHHbie). Ha puc. 1.1 npuBeaeHa ogHa U3
BO3MOXHBIX KJaccugukauuii KOHCTpYKIIMOHHBIX MAOT no cocraBy u
0COOEHHOCTSIM TEXHOJOTMYECKOTO LIMKJIA.

OCHOBHBIE 3KCIUIyaTAllMOHHLIE TPEOOBAHUA K KOHCTPYKHMOHHBIM
MaTepualaM CBOAATCA K JOCTUXEHMUIO BLICOKON KOHCTPYKUIMOHHOM
MPOYHOCTHU M3FOTOBJISIEMBIX IETAIEH U Y3JIOB, 4 TaKXKe obecleyeHUIO
YCTOMYMBOIO MMMYHMTETA K BO3IEMCTBHIO BHELIHe#H cpenbl. [Toa KoH-
CTPYKUMOHHONH TPOYHOCTHIO NMOHUMAIOT KOMIIJIEKC MEXaHMUYECKHX
CBOMCTB, TAPAHTHUPYIOLIMX HANACKHYIO U JUTUTEAbHYIO 3KCIIyaTaLuio
MaTepuasa B 3aIaHHBIX YCIOBHUSX.

1.2. CTPOEHHE ATOMOB

HNMeloTCsl MHOTOYMCICHHBIE M YOeIUTENbHbIE JOKA3ATEILCTBA, UTO
aTOMBI J1I000ro BEHUIECTBA COCTOAT U3 MOJOXUTEIBHO 3apsKEHHOrO sapa
U OKPYXAIOLUMX €ro 3JICKTPOHOB. B CBOIO ovepenb, SIAPO COCTOUT U3
NMPOTOHOB U HeHTPOHOB. HeHTpOHD! SABIAIOTCS HEHTPATBHBIMU YaCTH-
LlaMH, TIO3TOMY 3apsill SApa OINpenessieTcsl YMC/IOM COAEPXKAIUXCS B
HeM NpoTOHOB. Macca ajiektpoHa B 1 836 pa3 MeHbllle MacChl IPOTOHA
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U HeWTpOoHA. DTO 03HAYAET, YTO MPAKTUYECKH BCS MAcca aToMa cocpe-
JIIOTOYeHA B siipe. BMecTe ¢ TeM pa3Mep siapa oYeHb Majl U COIOCTABUM
C pa3MepoM 3neKTpoHa. Ecnu simpo mpeacTaBuTh B BUAE LIAPUKA, TO
€ro pagnuyc, M, MOXHO JIOBOJIbHO TOYHO OLEHUTH MO dopmyie

r=13-10"154',

rae A — MacCoOBOE YUCJIO JIEMEHTa, T.€. CYMMAapHOE YKCJIO HYKIOHOB
B sfpe.

DJIeKTPOHBI 3AMOJHSIIOT 000JOUKY aTOMA, KOMIIEHCUPYS TTOJIOXKM-
TeJbHBIN 3apsi NPOTOHOB. ATOM B LIEJIOM SIBJISIETCS HEUTpaIbHBIM 00-
paszoBaHueM. YHCI0 3JIEKTPOHOB U NIPOTOHOB B aTOME OIpeaeIsieTcst
MOPSIAKOBBIM HOMEPOM XUMUUYECKOTO 31eMeHTa B [lepuonuyeckoii cu-
creMe aneMeHToB 1. Y. MeHnesneesa.

B npocreitineit nnanetrapHONW MOAEIM aTOMa, TPELIOXEHHOMU
3. PesepdopnoM, 31eKTpOHBI BPaIIAIOTCS IO KPYrOBBIM OpOMTaM
OTHOCHTENBHO sapa (puc. 1.2, a). YCI0oBHIO cCOXpaHEeHUS paauyca r
OpOUTHI OTBEYAET paBHOBeCHE MEXIY LEHTPOOeXHONH CHJIOH, OT-
OpacebiBalonieit 3JeKTPOH OT SIApa, U CUJIOM KYJTOHOBCKOIO IPUTS-
KEHUS:

muv? Ze?

ro dmggr?’ (1.1
re m — Macca 3JIeKTPOHA; v — CKOPOCTh ABUXeHHUs DJIEKTPOHA TI0
opOHUTe; Z — aTOMHBI HOMEp; e — 3apsil JIEKTpoHa; Ze — 3apsil
Apa; € — JJCKTPUYECKasl MOCTOsHHAA, & = 8,85 10712 d/m.

[Tonnas sHeprus 3JeKTPOHA D B aTOME CKJIaAbIBAETCS U3 KHUHETHU-
YeCcKOil IHEPTUHU ABUXKEHUS N0 opbute D, U MOTCHIIMATLHON SHEPTHUU
3, 06YCIOBIEHHOM MONeM ITPOTOHOB:

2
D= lmv2 _ 2 }
2 4neyr

(1.2)

XapakrtepHasi 0cOOeHHOCTh MOTEHIMANBHON KPpUBOH D (r) 3aKiio-
YaeTcsA B CWJILHOM YBEJIUYEHUHU €€ KPYTH3HBI 110 MEpe YMEHBIIEHHUS 7.
CosMecTtHoe peuienue ¢opmya (1.1) n (1.2) nmo3BosnsieT Mokasarhb,
YTO TMPU ABUXEHUM 3JIEKTPOHA B TOJIE LICHTPAJbHBIX CUJI IIOJIHAA U
KUHETUYECKAs DHEPruyd OJWHAKOBBI MO BEJIMYMHE, HO MPOTHBOIO-
JIOXKHEBI 110 3HAKY, NMpMYeM Kaxmas U3 HUX paBHA IMOJOBHUHE MMOTEHIIM-
QJILHOW 3HEPTUMH.

OCHOBHOI1 HeOOCTaTOK IUIaHeTapHOM Monenu Pesepdopaa zak-
JIIOYAETCS B €€ MPOTUBOPEUYUBOCTU. C ee MOMOILBIO HE yIanoch 00bsIC-
HUTb CTAOMIBLHOCTL AaTOMHOI CTPYKTYphI. CoracHo 3aKOHaM KJ1acCH-
YECKOM DJIEKTPOAMHAMUKU TIEPUOIUYECKOE NBMKCHHE JIEKTPOHA C
LEHTPOCTPEMUTEILHBIM YCKOPEHHEM JTOJDKHO COMNPOBOXAATHCS U3-
JIYYEHUEM DJICKTPOMATHUTHBHIX BOJIH, MPUYEM 4YacTOTa ITOTO
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a 6 8

Puc. 1.2. Crpykrypa aToMa 4 MOJIEKYJIBI BOJIOPOAA:

a — TpocTeilluas ITaHeTapHas MOAe/b aTOMa BoJopoza (IIYHKTUPOM IoKa3aHa paspe-

LIeHHast OpOUTA 3JIeKTPOHA B BO3OYXACHHOM COCTOSHUM); 6, 8 — KBAaHTOBO-MEXaHHU-

qyecKast MOLEADb 3CKTPOHHOM CTPYKTYPHI ABYX YeIWHEHHBIX AaTOMOB BOZOpOIA U MoOJie-
KYABI BOZOPOIA COOTBETCTBCHHO

MOHOXPOMAaTHYECKOTO U3AYyYEHHUs JOJIKHA COOTBETCTBOBATh YaCTOTE
BpailleHUs. Pe3y/IbTaToM U3JIyYeHUs AO/DKHO OBITh YMEHbIICHUE 3HEP-
MUY 3JIEKTPOHA U MPEBPalICHHE KPYTOBOM TPAGKTOPUH ABIKCHUSA B
cnupanb. KOHeYHBIM MTOroM TaKOro mnpoliecca SIBISICTCH MalcHNe
3JeKTPOHA Ha SIIPO.

YT0o0Bl YCTpPaHHTh MPOTHBOPEUHS IUIaHeTapHON Momenu, H.Bop
MOCTYIHPOBaJ KBAHTOBBIE YCIOBUS JUISt ABHXXCHUS 3JIEKTPOHOB B aTo~
Me. B cooTBeTCTBUM C nocTyaaToM bopa cTaGHIbHBI TOJIBKO TaKHeE KPY-
FOBBIC OPOMTHI, JUISE KOTOPBIX MOMEHT KOJMYECTBA JABUKEHHUS OKa3bi-
BAeTCS KPATHBIM NOCTOSAHHOMN ITnaHka:

muyr = nh,

r1e n — [JIaBHOE KBAaHTOBOE uuciao, n =1, 2, 3, ..; A= h/(2n) —
nocrostiHast [Inanka; h=6,62- 1072 Ix - c.

Hcxonst u3 3T0r0 ycnoBusi,IETKO ONPENEINTh Te IHepreTUYeCKUe
VPOBHH M PAUyChl CTALIMOHAPHBIX OPOUT, KOTOPHIE MOXET MMETD /1K~
TPOH B aTOMe:

’nZze4 1 s 80’12
8ean? n2’ " wmZe? . (1.3)

U3 dopmynwn (1.3) cneayer, 4To SHEPIUA SJAEKTPOHOB B aToMax
JOJXHA ObITh KBAHTOBAHHOM, T.€. 3JIEKTPOHBI MOTYT 3aHHMATh JIMIUL
BIOJIHE OMpPEACICHHBIE YHEPreTUYECKUE YPOBHU, HAXOMACh HA KOTO-
PBIX OHM HE U3JIy4aloT M HE MOIVIOLIAIOT 3HEPTUH. Bee npolecch u3iy-
YeHUSA W TOIICIIEHUSI 3HEPTrUM aTOMOM CBSI3aHBI C IMepexogaMu
3JIEKTPOHOB C OIHOIC pa3pellicHHOTO YPOBHsI HAa APYyroil, ¢ omxHOH
CTallMOHAPHOU OpOUTH! Ha Apyryio. JHUCKPETHBIN XapaKrep sHepreTu-
YECKHUX COCTOSIHMM 3JIEKTPOHOB B aTOMax MOATBEPKAACTCA MHOTCYH-
CJAEHHBIMU DKCIIEPUMEHTAMU [0 MU3YYCHUIO CIEKTPOB UINTY4deHUS U
MIOTJIOLUEHUSI CBETA Pa3IMYHBIMM Ta3aMM, HaXOMSILIUMUCA B aToOMap-
HOM COCTOSIHHHU.
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BeiiegcTBre CTYMEHYATHIX IEPEXOAOB 2IEKTPOHOB € YPOBHS Ha ypo-
BEHb OITUYECKUE CIIEKTPhI YEAUHCHHBIX aTOMOB OKa3bIBAIOTCS JIMHEH -
YaTBIMHU, T. €. IPEACTABIAI0T COO0i HAGOP Y3KMX CMIEKTPAILHBIX TMHHUIA.
DaKTHYECKM KaXIbIil TAKOW CIEKTP SIBJISIETCS «IIACIIOPTOM» aTOMOB,
¢ MOMOUIBIO KOTOPOTO MOXHO OTJIMYUTh OJUH XUMUUYCCKUI 3j1€MEHT
oT gpyroro. Ha 3ToM mpuHIIMIIE OCHOBAaHO OIpedeieHde COCTaBa Be-
LIECTB METOAOM 3MUCCUOHHOMN ONTUYECKON CHEKTPOCKOIIUH.

Ha puc. 1.3 B KauecTBe npuMepa MpUBEAcHA CXeMa IHEPTeTUYECKUX
ypoBHe# aroma Boaopoaa. IonoxeHue ypoBHeH Ha SHEpreTUYecKoi
LIKAJIE IOTIONIHEHO HX CIIEKTPOCKOMTUYECKUMHU 0003HaYeHUAMU. 3ace-
JICHHOCTb TPEThEro SHEPreTHYECKOro YPOBHSI COOTBETCTBYET BO3GYX-~
JNEHHOMY COCTOSIHUIO aToMa. Bo3BpallleHue 3JIeKTpOHAa B OCHOBHOE CO-
CTOSIHME MOXET NMPOU3ONTH JMOO OAHUM CKAYKOM, JUOO0 MyTeM Mo-
CJeIOBATENbHBIX TIEPEXOAOB C 33JEPXKKON HA MPOMEXYTOYHBIX YPOB-
Hsx (06a cnyyas nmokaszass! Ha puc. 1.3). Ilpu nepexonax uznyyaiorcst
(OTOHBI C 3HEpruei, onpeaensieMoil pasHOCThHIO B IIOJAOXEHUU COOT-
BETCTBYIOILUX YPOBHEH.

ITo Mepe Bo3pacTaHus ITABHOro KBAaHTOBOTO YMCJA 1 YBEIUYHBA-
€TCs1 TUIOTHOCTb PacIlOIOXEHUSI YPOBHEH Ha 3HEPreTUUYECKOU HIKame.
COOTBETCTBEHHO YMEHBLIAETCSI TUCKPETHOCTh SHEPrul U INOBEASHHUE
3JIEKTPOHA TIPUOIMKACTCH K KJIACCUYECKOMY. 3HAYCHUE # = oo OTIpeJie-
JISeT IPaHULY MEXAY CIUIOUIHBIMU M JUCKPETHHIMU COCTOSIHUSIMU.
Ilepexon anekTpoHa B 06JaCTh COCTOSIHUH CO CIUTOMIHBIM SHEPTeTH-
YECKUM CIEKTPOM O3HAYaeT €rc OTPHIB OT aTOMa C HEKOTOPOW KHUHe-
TUYCCKON 3HEprueil, T.¢. HMOHU3AHMIO aTOMa. DHEPTUsl HOHU3ALNH OIl-
peaenseTcst rIyoMHON 3aneraHuss OCHOBHOTO COCTOSIHUSI OTHOCHTENb-
HO CIUIOIIHOTrO cnekTpa. Kak BuaHo u3 puc. 1.3, st atToMa Bogopoaa
3, =-13,6 3B. DTOMY COCTOSIHHIO COOTBETCTBYET PAAMNYC JIEKTPOHHOMR
opbuthl gy = 0,53 107! M, KoTOpHIA B (PU3MKE NPUHATO HA3bIBATDL
b6oposckum paduycom.

OTKpbITHE BOJHOBBIX CBOHCTB Y B€MEHTAPHBIX YaCTHIL M CO3MaHHE
KBaHTOBOI MeXaHMKHM MOBJIEKIM 32 COO00H M3MEHEeHUEe NTPeACTaBIeHUN
O JBWXXEHUM 3JIEKTPOHOB. IIpM KBaHTOBO-MEXaHUYECKOM OIMMCAHUU

D=0
Qe T -----------------
-5F 4S’ 4p
3s, 3p, 3d

“10k- 2s, 2p

-15F c

@
3, aB Paccrosne

7

Puc. 1.3. BHepreTuyeckre ypoBHU aTOMa BOJOPOIa
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TIOBEACHUA 3JICKTPOHA B aTOME OTMEPUPYIOT C OTPULIATENILHBIM 3aps-
oM, TU(dhdy3HO pacmpencieHHLIM B IMPOCTPAHCTBE, T.€. «pa3Ma3aH-
HbIM» BOKDYT Sapa, KakK ItokasaHo Ha puc. 1.2, 6. [Toustie opOUTHI
3aMeHSIeTCS B KBAHTOBOM MeXaHUKe BOJTHOBOH DyHKUHMEH cTaioHap-
HOTo coctossiHuA. KBagpaT momynst BOIHOBOH (DYHKUMM OIpeaensier
YCpeRHEHHYIO IO BpeMEHH BEPOSITHOCTb OGHAPYXEH M YaCTHLIbI B pa3-
JIMYHBIX TOYKaX NPOCTpaHCTBA. Micxonst u3 BOMTHOBOMH NPHUPOIBI MUKPO-
YaCTHUIL MOXHO HENOCPEACTBEHHO MPHATH K BBIBOLY O JUCKPETHOCTH
SHEPTreTHYECKOro CIIEKTpa 3JIEKTPOHOB B aToMax 0e3 Kakux-jinbo 1o-
MOJIHUTENBHBIX TIOCTYJIATOB M YCAOBUH. B yacTHOCTH, peleHue ypas-
Henust Ulpenunrepa juls ABMXEHHS 3JEKTPOHA B LUEHTPAILHOM TIOJIE
TIPUBOAMT K TEM Xe COOCTBEHHBIM 3HAUSCHUSIM 3HEPTUU 3IEKTPOHOB B
aToOME BOJOPOJa, KaKue ObITHM MOJIYYEHBI HA OCHOBE NocTyaaroB bopa
(cM. bopmyny (1.3)). YuursiBast BOJTHOBBIE CBOHCTBA YaCTHIL PU OLIEH-
Ke CTabMJIbHOCTU 3IEKTPOHHBIX COCTOSHUIM B aTOMax, NOCTyaaT bopa
MOXHO TnepedOpMyIUpOBaTh CAEAYIOIMM O0pa3oM: 8 amome paspe-
WEeHHPIMU SGAAIOMCS AUULb Me INCKMPOHHbIe OPOUmMDbL, Ha OAUHE KOMOPbIX
YKAAObI8aemcs ueaoe 4ucao 0aun eoan oe bpoiins (A = h/(mv)).
3aceneHue 3JEKTPOHHBIX COCTOSIHUNA B aTOMax HAUYMHAETCH C ca-
MBIX HM3KMX DHEPIeTMYEeCKHMX YpPOBHEH, 3aTeM 3arojiHAKTCA Oojiee
BBICOKME, 4 BEPXHUE YPOBHHU OCTaIOTCS CBOOOIHBIMU U COOTBETCTBY-
10T BO30OYXACHHOMY COCTOSTHHIO aTOMa. B KBaHTOBOI TeOpUM aToMa
KaXKJI0€ 3/1eKTPOHHOE COCTOSTHHE OIIMCHIBAETCS HAOOPOM YeThIpeX KBaH-
TOBBIX yuced. Kak yxxe 0oTMeYaioch, INTABHOE KBAHTOBOE YMCIO M OIl-
pelnesnsieT 3Hepruio aaekTpoHa. COBOKYMHOCTD 3€KTPOHOB, o0naaa-
IOLMX ONMHAKOBBIM 3HAUCHHUEM [JIABHOI'O KBAHTOBOIO UMCIIa, HA3bI-
BaIOT 3JEeKTPOHHOM 060;104Koi. COCTOSTHMSIM C KBAHTOBBLIMH YHCJIa-
mMun=1,2, 3, 4,5, 6, 7 npucBoensl OykBeHHble 0603HaueHus K, L,
M, N, O, P, Q. B cBo1o ouepens, 000710YKHY MOAPA3NEISIOTCS Ha Noa000-
JIOUKH, OTJIMYAIOLINECS 3HAYeHHEM a3MMYTAIBHOTO KBAHTOBOIO Uy~
cna /. ITocnennee onpenaenseT opOUTAILHEBINA (BpallaTeIbHbIi) MOMEHT
KOJMYECTBA JBMXEHHS 3JIEKTPOHA B COOTBETCTBUM ¢ popMyIoit

L=nJI+1).

KBaHTOBOE UMCIIO / MOXET MPUHUMATH OAHO U3 CAEAYIOIUX 3HAYe-
HUH:
[1=0,1,2,3, ..., (n-1.
B atomHOIl ¢$u3NKe MPUMEHSIIOTCS 3aMMCTBOBAaHHBIE U3 CHEKTPO-

ckonuu OyKBeHHBIe O0O3HAYEHHUsI KBAHTOBBIX COCTOSIHMH C pa3iu-
YHbIMU [:

Do 0 1 2 3 4 5
CocTrosHuE .......... s J/ d I g h

B CIICKTPOCKOIMHUUYCCKHUX 0003HaYCHUAX SJICKTPOHHbIX COCTOSIHUI B
aToOME neppast un(bpa BCCTrJa YKa3blBACT ITIABHOC KBAHTOBOC YUCIO.



20 T'nasa 1

ITocxosbKy a3MMyTaIbHOE YUCIO [ BCErIa MEHbIE /#, BO3MOXHa Clie-
JIyIO111asi TIOCJ/I¢IOBATEILHOCTh COCTOSIHUM 3JIEKTPOHOB:

s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f v T.10.

Eciin aTOM HaxoAMTCS B MATHUTHOM I10JI€, HATIPaB/IEHUE KOTOPOIO
COBITaJiAET C OChbIO Z, TO MPOEKLUS MOMEHTA KOAMYECTBA ABUXEHUS
HA 3Ty oCb L, TOXe MPUHUMAET JUCKPETHbIE 3HAYEHH, XapaKTepU3y-
eMBbI¢ MATHUTHBIM KBaHTOBBIM YUCIOM M.

LZ = hm.

TTocKobKy NpOoeKUHS HE MOXET ObITh OOJbIIE BEMIUYUHBI CAMOTO
MOMeHTa L, MOJXHO BBIMOJHSITbCA YCiaoBue |m| < I, T.e. MarHUTHOE
KBaHTOBOE YMCJIO MOXET IIpUHMMATh 3HaueHus 0, +1, 2, £3, ... +/

Hapsiny ¢ asuMyTajabHBIM BpallleHUEM 3JIEKTPOH BpalllaeTcs BO-
Kpyr cobcTBenHol ocu. [Ipencrapienue 3eKTpoOHA B BUIE BOTYKA Ge-
3YCJIOBHO SIBJISIETCSI OrpyOJIeHHBEIM, HO OHO TO3BOJIsIeT HauGoee n0-
CTYNHBIM CIOCOOOM HHTEPNPETHPOBATH CMBICA YETBEPTOTO KBAHTOBO~
ro yKcia. CoOCTBEHHbBIIT MOMEHT KOJIUUECTBA IBMXKCHUS 2IMEKTPOHA Lg
U ero npoexuus L, Ha 3aJaHHOE HalpaBlieHUEe Z TaKKe OKAa3bIBaIOT-
Csl KBAHTOBaHHBIMM BeIHYMHAMM. TIpoeKuMS CriMHa MOXET MPUHH-
MaTb 3HA4YEHUA, OTIIMYAIOLUECH APYT OT Apyra Ha BEJIUYNHY ITOCTOSH-
Hoii ITnanka:

LSZ = hs,

rle § — CMUHOBOE KBAHTOBOE HHUCIO, § = +1/2,

Yucno 31eKTPOHOB Z B KaXKIOH MOTHOCTBIO 3aMOIHEHHOMH 060104~
K€ OTNpeessieTcs] BhIpaXeHHueM

I=n-1
2= Y, 2QI+1)=2n2
1=0

JI711 TIONHOCTBIO 3aMOIHEHHOM 00OJIOYKU XapaKTePHO PAaBEHCTBO
CYMMApHOTO OpOUTAJILHOIO U CYMMapHOIO CIIMHOBOTO MOMEHTOB.

[ToBeneHue yacTHl] € MOJMYLETBIM CITMHOBBIM KBAHTOBBIM YHCIIOM,
KakUMH SIBJISIIOTCS 3JeKTPOHbBI, nopduHsercs npunyuny Ilayau (npa-
BUIO 3anpera). CornacHoO 3TOMy MPUHLIMIY B aToMe (MU B KaKOi-
nubOo Opyroit KBAaHTOBOM CUCTEME) HE MOXET OBITh NaXe NBYX JJIeKT-
POHOB, 00JIafalOLIMX OOUHAKOBOM COBOKYITHOCTBIO YETHIPEX KBAHTO-
BbIX yucen. HBIMHU CIOBaMU, B OJJHOM 3IHEPTETHYECKOM COCTOSIHIU
MOXET HaXOMUThCS TONBKO OJUH 3JIeKTpOH. B 061iem ciyyae Ha 3Hep-
TeTUYECKOM YPOBHE MOTYT HaXOJIWUTLCA JBa DJIEKTPOHA, HO 3TH 2K~
TPOHBI OYAYT pa3nNyYaThCs HANPABICHUEM MPOEKIMH CIIMHOBOTO MO-
MeHTa. [IpuHuun [Maynu naet oObsCHEHHE NIEPUOINUECKOM MOBTOPSI-
€MOCTH CBOICTB aTOMOB, OTHOCSAINMXCS K PA3MUUYHBIM XMMHUUYECKUM
3JIEMEHTaM,

XuMHYeCcKHe CBOMCTBA aTOMOB OMNPEAENSIOTCS B MEPBYIO OYepenb
YHCJIOM JIEKTPOHOB BHEUIHEW OOOIOYKH U 3HEPTUEH HX CBSI3U C aTo-
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MOM. DJIEKTPOHBI, HaXOAs1IMeCs] BO BHelIHel 000/104YKe, Ha3bIBAIOTCS
BANCHMHbIMU.

1.3. OCHOBHBIE BA/IbIl XUMUYECKOH CBA3H

Ecaun npu yMeHbIUGHHUH PACCTOSIHUS MEXNY aTOMaMU JHEPrus cu-
CTEMBI TTOHUXACTCS 10 CPABHCHUIO C CYMMAapHOI DHEPrueil H3oaupo-
BaHHBIX aTOMOB, TO MEXAY aTOMaMU BO3HHMKAeT CWIa MPHUTSKCHUS.
YcToitunBas CTPYKTypa o0pasyeTcsl B TOM CJiyyae, KOraa CHIIbl IIPUTS-
KEHHUS YPaBHOBEIINBAIOTCA CHJIAMM OTTANKMBaHMsA. IIpy 5TOM CiUIbl
MIPUTSIKEHUS IPEISITCTBYIOT YAAACHUIO YACTHULL APYT OT ApYra, a CUJB
OTTJIKMUBAHUS MIPOTUBOACUCTBYIOT UX CAUSHMIO. [IpUTsDKEeHHE MEeXAyY
YACTHHAMH COTMPOBOXIAETCS YMCHbUICHUEM MTOTCHUUALHON! SHEPrUU
NPUTSDKEHHS CUCTEMBI Oy, [IpU MaUTbIX pacCTOAHUAX MPE00IaIatoT CHJIbE
OTTAIKUBAHUSI MEXAY OJHOMMEHHBIMU 3apsIaMM COCEAHHUX aTOMOB.
Cuwibl OTTaJKWMBAaHUS, OOYCIOBJACHHBIE B3aUMOACICTBUEM SOEp, WUI-
PalOT OCHOBHYIO POJIb P COMMXKEHUM JETKKX aTOMOB, s1ipa KOTOPbIX
CPaBHUTENBHO C1ab0 SKpaHUPOBAHBI JIEKTPOHHBLIMM 0007I04KaMu. Bo
BCEX APYTUX CIy4Yasix NMpeobaasact OTTANIKUBAHUE BJIEKTPOHOB COCEl -
HUX aTOMOB, NIPUYEM NTPUPOA 3TOTO OTTAUIKUBAHUS CBA3aHA HE CTOJIBKO
C KYJIOHOBCKMM B3aMMOACICTBUEM, CKOJBKO C NMPUHIIMIIOM 3arpeTa
TTaynu. JleficTBUTENLHO, NIEPEKPHITHE SMEKTPOHHBIX 00JIAKOB ABYX OJIN3-
KO PACMONOXEHHBIX aTOMOB IPUBEACT K TOMY, YTO YHUCJIO 3JIEKTPOHOB
B KaX/0#l U3 B3aUMOACIHCTBYIOILMX O0ONOYEK MPEBBICUT JOMYCTUMYIO
KBOTY, omnpeaeisieMyio npuHuunoMm Ilaynu. [TostoMy Takoii npouecc
MOXET MPOUCXOAMTH B TOM CIy4ae, €CIM U3OBLITOYHBIC BJIEKTPOHBI 3aii-
MYT CBOOONHBIC COCTOSIHUS C Oosiee BHICOKOM 3Heprueid. B pesynvrarte
YBEJIMUMUBACTCS ITOJIHASL SHEPIUsl CUCTEMBI, YTO 3KBUBAJICHTHO IOSB-
JIEHUIO CHJI OTTAJIKUBAHMS.

3a Hy/leBO YpOBEHb OTCUETA IOTEHUHMAJILHOM SHEPTUM TIPUHHUMA-
10T YeAMHEHHOE COCTOSIHME aTOMOB, KOrJa OHU O€CKOHEYHO yaaie-
HbI JpYT OT Apyra. B 3ToM ciy4yae npu cONMXEHUH aTOMOB ITOTEHLIU -
aJbHAast SHEPIUSl OTTAIKUBAHUS I, OKa3bIBaeTCS NMOJ0XUTENbHOU. Ha
puc. 1.4 nokasaH xapakrTep U3MEHEHUS NOTCHIUAIBHON 3HEPTUM IIpU
CcOMXEeHUM ABYX B3aUMOAeHCTBYIOUIMX aToOMOB. Bo3pacTtanue 3Hep-
TMU OTTAJIKUBAHMA MPH YMEHBUIEHUU PACCTOSHHS MEXIy aTOMaMu
NMPUOJIMXKEHHO MOXHO OMNUCATh CTENEeHHOH (QYHKHUEH CIeayIOLIEro
BMJA:

307= b/rm,

rae b — HekoTopasi KOHCTaHTa, 6 < m < 12.

PesynbTupylomias ¢byHKUus O(r), onpeneisieMasi CyMMoii obeux
COCTaBJAOLIMUX MOTEHLUHUAIBHON SHEPIHH, NPOSBISET OTYESTIMBBII
MUHHUMYM IIPU ¥ = Iy, KOTOPHIA COOTBETCTBYET YCTOHYMBOM aTOMHOM
KoHpurypauuu. [ybuHa 3TOro MUHMMyMa 3, XapaKTEPU3YET IHEP-
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Puc. 1.4. 3aBUCHUMOCTL HEPTHH B3aUMOJE-
CTBUST IBYX aTOMOB OT PaCCTOSIHUA MEXAY
HUMH:

Bp — TNOTEHUMANbHAs JHEPTHS MNPUTAXEHUS,
307 — NOTCHUIUANBHAA JHEPIUA OTTATKHMBAHUS,

D, — MOJHas NMOTeHUMATbHAs SHEPTHUS B3aUMO-
HeHCTBUS JBYX aTOMOB, By = Dy + Jgr

THIO CBSI3H B3aMMOICHCTBYIOIMX ATOMOB. B TOUKe r= r, paBHONENHCTBY-
I01LAs BCEX CUJI paBHA HYJIIO.

DHeprus ¥ TN XMMUYECKOW CBSI3HM 3aBUCST OT CTPOCHUS BaJIeHT-
HBIX 000JI04€eK, MOJHOTHI 3aCEJIEHHOCTH MX BJICHTHBIMM 3JIEKTpOHA-
MH. B obmieM ciyyae BaJICHTHBIMM MOTYT OBITh 3JIEKTPOHBI HE TOJIBKO
BHEeUIHEeH, HO U MpedilecTBYIOUIeH 000J04KU. BMECTE ¢ TEM IEKTPO-
HBI BHYTPEHHUX MOJTHOCTBIO 3aMOJIHEHHBIX 000104YeK MPOYHO CBA3AHEL
C SIIpOM M B 00pa3oBaHUM XUMHYECKUX CBSI3€il HE YYacCTBYIOT.

B anemMeHTapHBIX BELHECTBAX PA3IHMYAIOT TPH OCHOBHBIX BU/Ia XUMU-
YECKOM CBSA3U: KOBAJICHTHYIO (TOMEOIOJISIPHYIO), METAUTHYECKYI0 U
MOJIEKYJISIpPHYIO (CBsI3b BaH-aep-Baanbca). B XUMUYECKUX COeIMHEHUSX
M pacTBOpax (KMAKMX M TBEPAbIX) YaCTO peanu3yeTcss UOHHas (reTe-
pOTOJIApHas) CBA3b.

KoBanenrnas cBa3b. JTa CBsA3b 00pa3yeTCs IyTEM CHapUBaHMS Ba-
JIEHTHBIX 3JIEKTPOHOB COCEIHUX aTOMOB IPH MEPEKPBITUHN 3NEKTPOH-
HbIX 000710ueK. O606ILECTBACHHBIE 3JIEKTPOHBI 3aITONHSIOT BHEIHIOI
3JIEKTPOHHYIO O00CJICUKY KaXKIIOro U3 B3aMMOAEIHCTBYIOIIUX aTOMOB C
00pa3oBaHUEM YCTOMYMBOM 3JIEKTPOHHOM KOHGUrypaluu, KoTopas
MoI00Ha 2JIEKTPOHHOM CTPYKTYpe aTOMOB MHEPTHBIX ra3oB. [TosTomy
YHMCNIO CBsI3eit, 0Opa3yeMbIX KaXKIbIM aTOMOM, OTpeaeaseTcs aeuuu-
TOM 3JIEKTPOHOB BO BHeIlIHEH 000J10YKe, HeOOXOMUMBIX Ui ee I107-
Horo 3acenenusi. Haubonee spKuM npuMepoM KOBAJIEHTHOM CBSI3U SIB-
JiseTcs o0beIMHEHUE B MOJIEKY/TY ABYX aTOMOB Bogopoja. CxemMa Takoi
MOJIEKYJbl IOKa3aHa Ha puc. 1.2, 6.

CreagyeT OTMETUTD, UTO TIEPEKPBITHE IAEKTPOHHBIX 001aKOB, MPHU-
BOIAILIEe K OOOOLIECTBIEHUIO JIEKTPOHOB, HE CBOAUTCS K IIPOCTOMY
HAJIOXEHMIO APYT Ha JIpyra ABYX JEKTPOHHBIX OpOUTaeii, a compo-
BOXIAeTCS CYLIECTBEHHBIM TMepepacrpeleiicHUeM IUIOTHOCTU 3JIEKT-
POHHOTO 3apsiia U COOTBETCTBYIOLIMM U3MEHEHHEM SHEPTUU CUCTEMBL.
B yacTHOCTH, IIpH 0GOOIIECTBICHUHU 3JIEKTPOHOB MPOUCXOAMUT BTSATU-
BaHHE 3JIEKTPOHHBIX 00JIaKOB B MPOCTPAHCTBO MexXay sapamu. [loss-
JIEHHE COCTOSIHUS C MTOBBILICHHON IJIOTHOCTBIO 3JIEKTPOHHOTO 3apsiaa
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B MEXBIAEPHOM MPOCTPAHCTBE U MPUBOIUT K MOABICHUIO CUJT IPUTS -
JKEHHSI.

B ocHOBE KOBaJIEHTHOMH CBSI3H JIEXKUT OOMEHHOE 3JICKTPOHHOE B3au-
MOJIECHCTBHE, KOTOPOE MMEEST YMUCTO KBAHTOBYIO Npupoay. Yem Gonbliiie
CTeleHb NMEePEKPbITHUSI 3JIEKTPOHHBIX 000/04eK, TeM OOAbLUE 3HEPrHUs
00OMEHHOro B3aMMONEHCTBYS, TEM CHJIBHEE XUMHYECKasH CBSA3b. Xapak-
Tep 0OMEHHOr0 B3aUMOJEHUCTBUS CYIIECTBEHHO 3aBHCUT OT HArlpaBie-
HMSI CIIMHOB 3JIEKTPOHOB, YYAaCTBYIOLIMX B OOpa30BaHUU CBA3U MEXIY
aToMaMy. YCTOHYHUBOE COCTOSIHUE CUCTEMbI PEATA3YETCS JIUILD [IPU aH-
TUNAPAUICBHOU OPUCHTALMY CIIMHOB CMAPUBAEMbBIX HJIEKTPOHOB.

KoBaneHTHas CBA3b BO3HMKACT HE TOJIBKO MEXIY OAWHAKOBBIMU
aToOMaMH, HO M MEXIY aTOMaMHM Pa3INYHbIX 3JeMEHTOB. MoeKybl ¢
KOBAJIEHTHBIMU CBSI3SIMU TOAPA3AELISIIOTCS Ha TOASIPHbIE U HENONSAp-
HbI€, KOTOpHIE MMO-Pa3HOMY BEYT ceOsi B 3JIEKTPUYECKOM Tojie. B 06-
1eM ciayyae clieflyeT OTIMYaTh MOJSIPHOCThL MOJEKYAHl B LEIOM OT
TIOJISIPHOCTH COJIEpXKailuxcs B Hell cpsizeil. JIns nByxaToMHBIX MoJie-
KyJ 3T MIOHSITUSA COBIMAAKOT, IpHUYEM [TPH B3aUMOAEHCTBUU IBYX aTO-
MOB pasjIMYHON NPHUPOABbl KOBAJIEHTHBHIE CBA3M NMPAKTHUYECKH BCErna
no/sIpHBL. B 3TOM cilyyae MaKCHMYM IUIOTHOCTH JICKTPOHHOTO 3apsia
CMEILAETCS B CTOPOHY 00Jiee METALIOMIHOIO aToMa.

HenonsipHsle MONeKyIbl O0aAa1I0T LEHTPOM CHMMETPHH, U O1aro-
Jlapsd CUMMETPpUYHOMY PACIpEAcACHUIO 3apsJOB ¥ HUX OTCYTCTBYET
3JIEKTPUYECKUH MOMEHT IPH OTCYTCTBUM BHEHIHEro moJjis. IIpu sTom
HETIOASIPHAsA MOJIEKYJa MOXET OBbIThb IIOCTPOCHA HCKIIIOUHTEIbHO C
MOMOIUBIO MOJISSPHBIX CBsI3el. B MONSIpHBIX MOJIeKynaxX, Ha3biBaeMbIX
IUITONSAMHU, LEHTPBI MPOTUBOIOIO0XHBIX [0 3HAKY 3apSA0B HAXOIATCH
Ha HEKOTOPOM PACCTOSIHMU [ IPYT OT Apyra. OTo paccTossHUe Ha3biBa-
IOT IUJIEYOM JUMONst. BaxHeleit XxapakTepUCTHKON MONSPHON MoJie-
KYJIBL SIBJISIETCS. IMTONbHBIN (2JIEKTPUYECKUI) MOMEHT, O KOTOPBIM
IMMOHUMAIOT NPOU3BEACHUE 3apsiAa Ha Meyo:

p=ql

B TUNM4HBIX Cyyasx AUTIONBHBIH MOMEHT MOJEKYJ UMeeT 3Haye-
Hue 10-°...2-10-% K - m.

Ecnu B 06pa3oBaHMyU KOBAIEHTHOM CBSI3M YYACTBYIOT TOJBKO 3JI€K-
TPOHBI B S-COCTOSIHMH, TO BCE HANPABICHUS CBSI3U OKa3biBAIOTCS PaB-
HOLIEHHBIMH BCJIEACTBUE CHepUUECKON CUMMETPHH 3IEKTPOHHBIX 00-
snakoB. OQHAKO CHUTyalMsi HM3MEHSIETCS, KOrAa CBsI3H 00pasyloTcs C
TIOMOLLBIO 3JIEKTPOHOB p- WIM d-COCTOsIHMIA. B 3TOM Ciiyyae pacripene-
JIeHHe SAEKTPOHHOM IUIOTHOCTHM MMEET BUJ BBHITSHYTBIX OpOuTajielt
raHTeNeBUAHON (GOPMBI, T.€. CUJIBHO 3aBUCHUT OT HanpasieHus. Spko
BBIPAXEHHYIO HANPaBIEHHOCTb NMPUOOPETAIOT U KOBAJICHTHBIE CBI3HU.
OHH peaTM3yIOTCs B TeX HANPAaBJICHUSIX, KOTOpble 00CCIeYUBAIOT HAU-
OoJbiliee NEPEKPHITUE ITEKTPOHHBIX 00IaKOB.

HanpaBneHHOCTh KOBJIEHTHBIX CBsI3eil XapaKTepu3yeTcsl BAJICHT-
HBIMH YTJIAMU, TIPH 3TOM DeUb MIET O CPEHUX YIaX MEXIY CBA3SIMHU,
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TaK Kak aTOMbl B MOJIEKYJIE HAXOISATCS B HENPEpPbIBHOM JIBHXEHUH,
cosepuias npumepHo 1013 konebanuii B cexynay. [103TOMY B KaXIblit
MOMEHT BPEMEHM UCTUHHBIA YFOJI MOXET ObIThb PaziUyHbIM, HANPH-
MEp Y MOJIEKYJl BOAH CpEeOHUIN BaJIEHTHHIN yroa pased 104,5°,

s MOJIEKYJNT ¢ TeTpasapHYeCKOH CUMMETpUEH XapaKTepHbIM SB-
ssiercsi yroa cesizu 109,5°. SIpkuM npuMepoM Takoil CTPYKTYpPbl MOXET
CIYXUTb MosieKyna Metana CH,, B KOTOpoil aToM yriiepona obpa3yeT
YyeThlpe KOBAICHTHBIE CBSI3H C BOJOPOIHBIM OKpyxXeHHeM (puc. 1.5).
BMecre ¢ TeM B MICXOTHOM COCTOSIHUU ATOM YIJIEPOAA UMEET JUIUL IBa
HecllapeHHBIX 3JIEKTPOHA BO BHELIHEH p-06010uke (puc. 1.6, a). OnHa-
KO CAEAYCT YYUTBIBATh, UTO MpPU 0Opa30BAHUM MOJIEKYJIbl ATOMbL MO-
TYT BO3OYXIaTh APYr ApPyra u MpOU3BOAMTH «pacliapMBaHue» HEKOTO-
PBIX 2JIEKTPOHOB. B 4aCTHOCTH, B pacCMaTpMBaeMoOM cilyyae npH obpa-
30BaHUU MoneKyibl CH, o1MH U3 2JIeKTPOHOB aTOMa yIJiepoAa BCea-
CTBUE BO30YXIECHHsSI TEepexOAUT U3 25-COCTOSSHUS B CBOOOIHYIO 2p-
siueliKy, KaK 110Ka3aHo Ha pMc. 1.6, 6. B pe3ynbraTe TaKoro nepexona B
aTOMe yIJiepojia BO3HHUKAET YEThIPE MEKTPOHA C HECKOMIIEHCUPOBAH-
HbIMHM CIIMHAMU, KOTOpbl€ CIIOCOOHBI Y4aCTBOBAThL B 00pa30BaHUHU Ye-
ThIpEX Sp°-TUOPUAHBIX KOBAJIEHTHBIX CBA3EH.

'ubpuan3zatus BaJICHTHBIX 9JIEKTPOHOB YIJIEPOXHOTO aTOMa COMpo-
BOXIIAeTCs UCKAXEHHEM MX 3JIeKTPOHHBIX 061aKoB. BMecTo koHbury-
paluii, CBOMCTBEHHbBIX S- U p-COCTOSIHUSIM, 00J1aKa KaXXI0ro 3J1EKTPO-
Ha IIpH sp°-ruOpUIM3aLIMM TPUOBPETAIOT PE3KO ACUMMETPHYHYIO (Op-
MY, BBITSIHYTYIO B OJHY CTOPOHY OT fiApa aroMa U OJMHAKOBYIO ISl
BCEX YeThbIpeX BJEKTPOHOB (CM. puc. 1.5). AHanormyHas KapThHa Ha-
O101aeTCs B KPUCTAUIMYECKHX BELLECTBAX C TETPAdIPUIYECKON KOOp-
MUHanuen atomoB. K ux ydcily OTHOCATCS anMa3, KpeMHMil, repma-
Huit 1 kapoun kpemuust SiC. CTpyKTypa anMasa rmokaszaHa Ha puc. 1.7,
K3 KOTOPOTO BUAHO, KAKUM 06pa3oM KaxAblit aTOM o6pa3yeT 4YeThblpe
CBSI3H CO CBOMMMH OMXaH1UMMHU coceasiMy. KoBajleHTHas CBSI3b XapaK-
TEPHA JJISi MHOTUX OPraHMYECKUX MOJMMEPOB, OCHOBY KOTODbIX CO-
CTaBJSIOT LEMOYKH U3 ATOMOB YIJIEpoaa.

KoBajieHTHas CBS3b XapaKTepU3yeTCs
BBICOKO! MPOYHOCTBIO, YTO NOATBEPXKIA-
€TCSl BBICOKOH TBEPIAOCTHIO U BBLICOKOH
TEMIIEPATypOi MIABICHHUS TAKUX BELLECTB,
KaK anMma3 ¥ KapOounx kpeMmnus. BHyTpu-
MOJIEKYJISIPHBIC CBSI3U B OPTAaHUYCCKUX MO-
JieKyJiax TakXe JIOCTATOYHO MpOYHBI, a
HHU3KHE TEMIIEPaTypsl IUTABACHUS U HU3-

Puc. 1.5. Monekysa MeTaHa ¢ TeTpasApU4ECKOil

KOOpAMHALIMENH KOBAJIEHTHLIX CBs3el (yKa3aH

CpelHUI YToJl MEXAy HarnpaBleHHBIMU CBSI-
39MH)
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Puc. 1.6. PacnipesieaeHue SIEKTPOHOB 10 SHEPTETUYECKHUM COCTOSIHUSM B aTo-
Max yrieposa:

@ — YeAUHEHHbI aTOM B OCHOBHOM COCTOSIHUM; 6 — TMGPUAHbIE OPOUTAIN B CTPYK-
Typax ¢ TETPadIpUYECKOl KOOpAMHALIMEH

Kasi MeXaHUYeCKasi MPOYHOCTh OPraHUYECKHUX ITOJIMMEDPOB SIBISIIOTCS
CEACTBHEM MEXMOJIEKYISPHBIX CHII, KOTOPHIE HE SABJISIIOTCS KOBAJICHT-
HBIMH.

Hounas ceg3b. D12 CBsAI3b BOZHUKAET BCIICACTBUE IIEPEXOAA BAJICHT-
HbIX 3JIEKTPOHOB OT METAJUIMYECKOTO ATOMA K METAJUIOUTHOMY U DJIEK-
TPOCTATHYECKOTO MTPUTKEHUS PASHOUMEHHO 3apSKEHHBIX HOHOB APYT
K APYIy. DTOT BUX XUMHUYECKOI CBSI3M HanOoee XapakTepeH 1Sl MOH-
HbIX KPUCTAIIOB. B HOHHOM KpHCTasule KOMOHHALIMU NPOTHBOIIONO0X-
HO 3apsSDKEHHBIX MOHOB HEJIb3s OTOXAECTBJIATh C UHAUBUIYATbHBIMU
MOJIEKYJIAMU BCJIEACTBUE PETYASPHOIO YEPEAOBAHUSA B y3/1aX PELLETKH
MOHOB pa3auyHoro copra. [IpaBuibHee paccMaTpUBaTh BECh MOHOKPH-
CTaJl/l MOHHOTO COEAMHEHHS KaK ONHY T'MTaHTCKYIO MOJEKYIy, B KO-
TOpPO# KaXIblii UOH UCIILITHIBAET CUJIbLHOE BO3JEHCTBUE CO CTOPOHBI
BCEX COCEJHMX MOHOB.

Crioco6HOCTh aTOMOB 3aXBaThIBATh WJIH OTAABaTh 3JIEKTPOH MpHU
00pa30BaHMY XMMHUYECKHX CBSI3eM XapaKTepu3yeTcsl UX 91eKmpoompu-
HamenvHocmbio. 3a MPUOIMKEHHYIO Mepy 3JIEKTPOOTPHUIATENLHOCTH
aTOMa ¥ MPUHHUMAIOT TMOJYCYMMY 3HEPIMM MOHM3aUUU O, U SHEPrun
CPOZICTBA K 3JIEKTPOHY D, T.€.

x=Ou+3)/2.

[1pyu 3TOM 3HEprueit cporcTBa K JJIeK-
TPOHY Ha3bIBAIOT TO KOJIMUYECTBO SHEPTHH,
KOTOPOE BLIIENSETCS B ClIydae pUCOenu-
HEHUS 3JICKTPOHA K HEMTpajibHOMY aTo-
My. HaumeHnblieit 31eKTpoOTpULIATEIbHO-
CThIO XapaKTEPU3YIOTCS aTOMBI HIEOUHBIX
METAJIOB, KOTOPBIE JIETKO OTAAIOT 3JieK-
TpoH (Manasi 3,) 1 B TO Xe BpeMsI UMEIOT
MaJjloe 3JIeKTpoHHOEe cpoacTBo. HaobGoporT,
Haubonblliel y 00JaJal0T aTOMBI rajgore- : a
HOB, KOTOpbIE JIETKO MPUHUMAIOT 3MEKT-

POH [Uls 3aBeplICHMS] BHeUWIHeH 060si0u-
Kku. UeMm Gosblie pa3HOCTb 3JIEKTPOOTPU-  Puc. 1.7. CtpykTypa anmasa
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LATeJIbHOCTEM aTOMOB, YYacTBYIOLIMX B OOpa30BaHUM XMMHUECKOH
CBSA3U, TeM OONblLE CTereHb HOHHOCTH COeMHEHUS.

B pe3ysibTate nepenayyd ¥ NpUCOSIUHEHUS DIEKTPOHOB KaXIbIi K3
B3aUMOJENCTBYIOLINX UOHOB CO3/1aeT 0DOJOYKY C YCTOMUYMBOM 2JIEKT-
POHHOM KOHMUIypauuei, KoTopast COOTBETCTBYET CTPYKTYpe 00010~
YKM aTOMa MHEPTHOIO ra3a, Giuxaiiiero no pacnoioxeHuio B Ilepu-
oaudeckoit cucreme anteMmeHToB 1. U. MeHneneeBa.

ATOMBI MHEPTHBIX TA30B UMEIOT 3aMKHYTHIE 3JIeKTPOHHEIE 000104~
KM M paclipeiesieHHe 3apslia B HUX Xapakrepusyercs chepuyeckoit
cumMeTtpueil. [103ToMy KaTHOHBI ¥ AaHMOHBI TOXE MOXHO paccMaTpu-
BaTh KakK [IpaBUJIbHBIC cdephbl Pa3HBLIX Pa3MepoB, MPUUYEM KATHOHBI,
OTAAIOLIME JIEKTPOHbI, KaK IpaBHio, 00MaJaloT MEHBUIMMH pa3Me-
paMM M pacIioylaraloTcs B MEXIOV3JIUsIX, 00pa30BaHHBIX MPU MJIOTHOM
VIaKoBKe 00jlee KPYITHBIX 1IapoB — aHHOHOB. Chepuyeckasi CHMMET-
pHst BEKTPOCTATHUYECKOro MOJst O0YCIOBIMBAaeT OTCYTCTBHE HAaMpaB-
JIEHHOCTH MOHHO# CBSI3U.

Yucno 6avxailumx cocenei, OKPYXaloUUX JaHHBIA UOH B KpH-
CTANTMYECKOM pellieTKe, Ha3bIBAIOT K0opouHayuonHbim yuciom K. B ciy-
yae KyJOHOBCKOTO B3aMMOMIENHCTBUSA KAXIbIA KATUOH CTPEMUTCH OK-
PYXUTH ce0s1 MAKCHMAaTbHBIM YMC/IOM aHMOHOB, T. €. 00pa3oBaTh CTPYK-
TYpY € BO3MOXHO 60Jiee BLICOKMM KOOPAMHAUMOHHBIM YHCIOM. B aTOM
NpOSIBASAETCH HEHACHILIEHHOCT, UOHHOM CBSI3U M €€ MPUHIHUIUATIBHOE
OT/IIMYME OT KOBateHTHOM. CTPYKTYpa UOHHBIX KPUCTAILIOB, a CJICHAC-
BaTeJIbHO, ¥ 3HAYEHUS] KOOPIMHAIIMOHHBIX YMCEN 3aBUCAT OT COOTHO~
LLEHHS pa3sMEPOB KAaTHOHA F, U AHMOHA F,. YCJIOBHIO YCTOMYMBOCTH
CTPYKTYPBI COOTBETCTBYET TAKOE COOTHOLIIEHUE PAAUYCOB YaCTULL F,/ 7,
MIPH KOTOPOM KAaXIbIii MOH COIPUKACcaeTCss ¢ MOHAMM IPOTUBOIIO-
JioxHoro 3Haka. KoopayHanumonHoe yucino K Bo3pacraer ¢ yBejinye-
HMEM pa3Mepa KaTHOHA, T. €. [0 MePEe MPHOIMKEHNSI COOTHOUICHUSL £y / 7y
K exuHMlLe. I KpUCTAITHYECKUX CTPYKTYP C ONpeAeIeHHbIM 3Haye~
HHeM K cylIeCTBYIOT NpeAeabl YCTOWUYMBOCTH, ONPEaeIsieMbIE TeOMET-
puyeckuM ¢axktopoM. [lpenenbHbiM SIBASETCS TAKOE COOTHOLUICHHE
HMOHHBIX PAaIMyCOB, ITPH KOTOPOM COIPHUKACAIOTCS MEXTY COOOH HE TOJb-
KO pa3sHOMMEHHBIE MOHBLI, HO M MOHBI C OMMHAKOBBLIM 3apsanoM. Jlaiee
YKa3aHbl JOMYCTUMBIE TUANA30HBI M3MEHEHUS OTHOLUGHUS Fy/F, U
MOHHBIX KPUCTAJLIOB C Pa3iUYHbIM KOOPIMHALIMOHHBLIM YHCIOM:

K 4 6 8 12
r/r 0,225...0,414 0,414...0,732  0,732...1,0 1,0

Ilpu onMHAKOBBIX pa3Mepax MOHOB KOODAWHALMOHHOE YUCIO MO-
KET MOCTUTaTh [2, KAK 3TO MMEET MECTO Y METAIIOB, KPUCTAJIU3Y-
IOLMUXCS B CTPYKTYpax IUIOTHOH KyOMUYeCKOU WJIM reKCcaroHaJbHOMH
YITaKOBKH.

MeTtamindeckas CBA3b. JTa CBSA3b CYLIECTBYET B CUCTEMAX, TTOCTPO-
€HHBIX U3 MOJOXUTEIbHBIX AaTOMHBIX OCTOBOB, HAXOASILUXCA B Cpele
CBOOOJIHBIX KOJIJIEKTUBM3HPOBAHHBIX 3JIEKTPOHOB (puc. 1.8). IMputsxe-
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Puc. 1.8. CxeMa BHYTpEHHETO CTPOEHUS Me- PYIC * o o o
TaJJIOB: .@.o® @.@.@
o o
1 — aToMHBIE OCTOBBI; 2 — CBOGOAHBIC JIEKT- L]
POHBI .69.06 L GD. . ? .@.
°
© 9°9, 0,0,
1 2

HUE MEXIY NOJOXUTEIbHBIMU aTOMHBIMH OCTOBAaMH W 3JEKTPOHAMM
00yCJIOBIMBAET LEIOCTHOCTh METAJLIA.

MeTa/IM4ecKyIo CBsI3b MOXHO paCCMAaTpHBaTh 10 HEKOTOPOIL cTene-
HM KaK KOBAJICHTHYIO CBSI3b, IIOCKOJIBKY B OCHOBE 3THUX CBSI3€H JICXKHUT
0000IIECTBIIEHUE BHELTHUX BAJEHTHHIX 3JIeKTPOHOB. Cneuuduka me-
TUIKMYECKOHN CBSI3M COCTOMT B TOM, YTO B OOOGIIECTBICHHUH 2JIEKTPO-
HOB YYacTBYIOT BCE aTOMBbI KPUCTAJIa U 0O0OLUECTBAEHHBIE DEKTPOHBI
HE JIOKJIM3YIOTCS BOJIM3M CBOMX ATOMOB, a CBODOMHO IEpeMeHiaroTCs
BHYTPH BCeit peLieTKH, oOpa3sys anekTporHoe obnako. [lociennee oka-
3bIBACT «LICMEHTUPYIOLLIEE» JEHCTBUE Ha KPUCTAI1, OOBEAMHSIS B €U~
HYIO CUCTEMY BCIO COBOKYIHOCTb CIHOUMEHHO 3apsiKeHHBIX UOHOB.

ITon BnusiHMEM ABYX TIPOTUBOIIOIOXHBIX CHJL: «CTSTHUBAIOILETO» Oeii-
CTBUSI KOJUICKTUBU3UPOBAHHBIX DJICKTPOHOB M CHJI OTTAIKMBAHMS MEXAY
MOHAMU — IMNOCJHCAHUE (PUKCHPYIOTCS Ha HEKOTOPOM PaBHOBECHOM
DAcCTOSIHUM IpYT OT ApYra, COOTBETCTBYIOLIEM MUHHUMYMY IOTCHIIU-
AJbHOM 3HEPTUU CUCTEMBL.

MeTtann4yeckue CBA3U SIBJISIOTCS HEHACBHILIEHHBIMU KW HEHANpaB-
JeHHbIMU. OTCYTCTBHE HAMpPABJICHHOCTH CBSI3€i DKCIEPHUMCHTAIBHO
NOATBEPXKAAETCSI PABHOMEPHBIM paclipelejicHuEM 3apsiia BATCHTHBIX
3JIEKTPOHOB MO 00bEMY METALIMYECKUX KpUCTAIOB. 06 OTCYTCTBUU
HACBIICHUS CBsI3Ci B METaJLIe CBUIETENLCTBYET TOT (PAKT, YTO YUCIIO
CBSI3EH Y KAXKIOrO aToMa CYIIECTBEHHO MPEBLIIAET YMCIO BATCHTHBIX
aJieKTpoHOB. KpoMe Toro, aToMbl METAJIOB 00J1a1aI0T CIIOCOOHOCTHIO
00pa30BbiBATh TBEPAbIC PACTBOPHI OOJIbIIOH KOHUEHTPAUUHU C DNIEMEH-
TaAMH CaMoOit pa3jIMuUHON BAJICHTHOCTH.

B cucTemax ¢ HEHACBILUEHHBIMM CBSI3SIMM MPOSABISICTCS TCHACHLIUS
K (POpPMUPOBAHHIO CTPYKTYp C MaKCHUMaJIbHO BBICOKMMM KOOpIMHA-
LIMOHHBIMY YMCIaMU. JeACTBUTENBHO, GONBIIMHCTBO YUCTBIX METAJI-
JIOB UMEIOT CTPYKTYPY, COOTBETCTBYIOLLYIO HAaUOOIEe MIOTHON HIapo-
BOH yMaKOBKe KyOHYECKOTO WIN reKcaroHaipHoro tumna (K= 12), iubo
OMMXKalyl0 K HUM MO IJIOTHOCTH CTPYKTYpPY OOBEMHO-LIEHTPHUPO-
BaHHOTrO Kyba (K = 8).

M3-3a 60JbIIKMX MEXATOMHBIX PAcCTOSHMN METAUIHYECKasl CBSI3b
XapaKTepU3yeTCs MEHbIIEH 3HEPrUueii B CPABHEHUH C KOBUICHTHOU U
MOHHOU cBsi3siMUu. He nMmest 1oKaM30BaHHbBIX CBA3EH, METANTHYCCKHE
KPUCTAJUIBI HE pa3pylualoTcs Mpu U3MEHEHWH ITOJIOXKEHUIN aTOMOB,
T.€. UM CBOHCTBEHHA IUIACTUYHOCTb (KOBKOCTb) NpHU AedopMailvsx.
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Braromapsi HAaTMUYUIO CBOOOIHBIX 3MEKTPOHOB METa/IJIbI 0OJIANAIOT BbI-
COKOH 3JIEKTPO- U TEILIONPOBOAHOCTLIO.

Monekynsipaas ca3b (cBa3b Ban-nep-Baannca). DTa cBa3b HAGMI0-
JIAeTCS1 Y Psifia BELIECTB MEXIY MOJIEKY/IAMM C KOBJICHTHBIM XapaKTe-
POM BHYTPUMOJIEKYISIpPHOro B3auMoaeicTBusi. CylecTBOBAHHE MEX-
MOJIEKYJISIDHOTO NPHUTSKEHUS B 3TOM CJiydyae OOBSCHSIETCS COIJIACO-
BaHHBIM JIBUXEHHUEM BAJICHTHBIX 3JIEKTPOHOB B COCEIHHUX MOJEKYJIaX,
Oaromapsi KOTOpOMY BO3HUKAeT YIIOPSIOYEHHAsl CUCTEMA MTHOBEH-
HBIX 3JIEKTPHUYECKUX MOMEHTOB (Iurosneil). BaaumoneicTeue Mexuy
HHMMH CITOCOOCTBYET NOHKEHUIO MOTEHIIMATBHON 2HEPTUH MOJIEKYJI.
B n11000#t MOMEHT BpEMEHU 3NIEKTPOHBI JOKHBI OBITH MAKCUMAJIBHO
yAQJIEeHbI IPYT OT APYra ¥ MakCUMAaJIbHO MPUOIMKEHBI K MTOJIOXUTENb-
HBIM 3apsifaMm (szxpam). Toraa CHITBI IPUTSDKEHUS BAJIGHTHBIX 3JIEKTPO-
HOB SIIPOM COCEIHEH MOJIEKYAbl OKa3bIBAlOTCS CHJIbHEE B3aMMHOIO
OTTaJIKUBAHMSI DJIEKTPOHHBIX 060/1049€eK 3THX MOJIeKyI (puc. 1.9, a). [To-
IOOHOE MPUTSKCHUE MEXAY GIYKTYHPYIOLIUMU AUIIOASIMHU MTOJTYYUIIO
Ha3BaHHUE JUCHEPCUOHHO20 83AUMOOelicmaus.

Ecnu Monekynbl 00/1afal0T MMOCTOSIHHBIM DJIEKTPUYECKUM MOMEH-
TOM, T.€. SABIAIOTCA ANNOJSIMHU OT TIPHPObI, TO MEXIY HUMU BO3HHU-
KaeT 2JIEKTPOCTATHYECKOE B3aMMOACHCTBHE, CTpeMslueecsl pacIoso-
>KUTh MOJIEKYJIBI B CTporoM nopsiake (puc. 1.9, 6), KoTopomy cOOTBET-
CTBYeT MUHHUMYM ITOTEHLIUATBLHON SHEPrUM CUCTEMBI. Takoil THI B3a-
MMOIEUCTBHA TOJAPHBIX MOJIEKYJ, 3aBUCSALIMM OT MX OPHUEHTALIMH,
HAa3bIBAIOT OPUEHMAUUOHHBIM.

Cpsi3b Ban-nep-Baanbca siBisieTcss Hanboliee yHUBepCaTbHOM cpe-
Au Bcex BUOOB cBsizeil. OHa BO3HHUKACT MEXAY JIOOBIMH YAaCTHLAMH,
HO 3T0 Haubosee cmabasi CBsI3b, €€ SHEPIUA IPUMEPHO Ha JIBA MOPSI-
Ka MeHbllIe 9HEPTUM MOHHOU M KOBaJeHTHOH cBs3eil (Tab. 1.1). B no-
JABJISIOIEM GONTBIIMHCTBE CIYJYaeB Ha MOJIEKY/ISIPHYIO CBSI3b HaKJIa-
JBIBAIOTCS APYrue, 6osiee CUIbHBIE BUABI B3aUMOJEHCTBUSA YaCTHULI.

B siBHOM Bue cBA3b BaH-aep-Baanbca 06HapyXKHBaeTCst B MOJIEKY-
JISIPHBIX KPUCTaLJIax, 00pa3yeMbIX MOJIEKYJIAMH C HACBILUEHHBIMHU CBSI-
3amu. [puMepaMu TakMX BEILIECTB MOTLYT CIAYXHTbh KPUCTa/UIbl Ipe-
neabHbix yraesogoponos (CH,, C,Hg, CgHyy 1 T.11.). MonekynsipHast

Puc. 1.9. Cxema 06pa3oBaHHSI MOJIEKYISIDHOM CBSI3U:
a — AUCIIEPpCHOEC B3aHMOﬂCﬁCTBMC; 6 — OPUEHTALUNOHHOC B3aUMOIEUCTBUE
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CBS3b JIETKO Pa3pyuwIaeTcs TEIUIOBBIM JBHXEHMEeM vacTul. [loatomy
MOJIEKYASIPHBIE KPUCTAJUIbI 001a4a10T HU3KUMU TeMIEpaTypaMH IJ1aB-
Jienus (HampuMmep, y napacduna cocraBa CgHy, TeMneparypa roiasse-
aua T, = 50°C).

IIpy nvcnepcHOHHOM B3aHMONEHCTBUM OTCYTCTBYIOT Kakue-1ubo
orpaHMYeHMs Ha HarpapieHus cBasei. JIst MOJIEKYJISIDHBIX KPUCTas-
JIOB C TAKUM BMIOM CBSI3¢it XapaKTepHbl IVIOTHOYNIAKOBAHHBIE CTPYKTY-
Pl ¢ MAKCUMAJILHO BO3MOXHEIM YMCIOM Omkaitimx coceneit (z = 12)
BOKPYT KaX/I0M CTPYKTYPHOU eIMHMIIBI (AaTOMa WM MOJIEKybl). Hau-
0oJjiee SIPKUMHU NPUMEPAMU BEIIECTB, B KOTOPHIX JUCITEPCUOHHOE B3a-
MMOJCUCTBUE OKAa3bIBAETCSl ONPEIESAIOIINM, ABIAIOTCA KPHUCTA/UIbL
uHepTHHIX ra3oB (Ne, Ar, Kr, Xe u ap.). [Ins aToMoB C LEJIUKOM
3aMOJHEHHBIMM 3JIEKTPOHHLIMMY 000I0UKAMM MCKTIOHAETCS CaMa BO3-
MOXHOCTb CYIIECTBOBAHUSA APYTHX MEXAHU3MOB CBSI3H.

1.4. OCOBEHHOCTH CTPOEHH{ TBEPJbIX TE/I

BonbmIMHCTBO MaTEPHAIOB, IPUMEHSIEMbBIX B 3JIEKTPOHHUKE, B HOP-
MaJTBHBIX YC/IOBUSIX HAXOMSATCS B TBEPAOM arperarHoM COCTOSIHMH. TBep-
Ibie TeNa TIOAPA3NeNSIOT HA KPUCTAUIMYeCKHEe ¥ amop(dHble, cylie-
CTBEHHO pa3jHyarolivecs MO BHYTPEHHEMY CTPOCHHIO U CBOHCTBaM.
MHorue BelecTBa B 3aBUCMMOCTH OT YCJIOBHH MX TOJYYEHUSI MOTYT
HaXOIUTHCS KaK B KPUCTALIUYECKOM, TaK U B aMOpP(HOM COCTOSTHHUSIX.
Kpucrannuyeckue BelUecTBa, KakK mpaBuwiIo, Gojee yrnpaBasieMbl U
NPEACKA3yeMbl O (DU3NYECKUM CBOHCTBAM.

Bce OCHOBHBIE YCIIEXH TBEPAOTEILHOMN 2JIEKTPOHMKN U MUKPODJIEK-
TPOHHUKH CBSI3aHH C IPUMEHEHHUEM Pa3IMYHBIX KPUCTAJUTMUECKHX Ma-
TepUAJIOB H, TIPEXAE BCEro, IMOJYNPOBOAHUKOBBLIX MOHOKPUCTAJLIOB,
OCBOEHMC KOTOPBIX MMPUBEJIO K KAY€CTBEHHOMY MPEOOpa30BaHUIO 3/1e-
MEHTHOM 0a3bl 371eKTPOHHON TeXHUKHU.

Kpucramisl. AHH30TPONMUA B CUMMETPHA (PU3UYECCKUX CBOMCTB SIB-
JISIIOTCs HauboJiee XapaKTepHBIMU OCODEHHOCTSIMU KPHCTAJIOB, 00YC-
JIOBJIEHHBIMU CUMMETPHEH UX BHYTPeHHero cTpoeHus. [Ipu onucanuu
BHYTpPEHHEH CTPYKTYpPbl KPUCTAJUIOB OOBIYHO TOJIb3YIOTCSl TIOHIATUEM
Kpucmanau4eckou peuemru.

TTocnenusist npeacrapiser coboi peryisipHyl0 NpOCTPAHCTBEHHYIO
CETKY, y31aM KOTOpPO# COOTBETCTBYIOT ATOMbI, HOHBI MU MONCKYJIbI,
obpazyouiue Kpuctania. B mepuonuyeckoif pellieTke BCEraa MOXHO
BBIJIEJIUTH 3JIEMEHTAPHYIO STUeHKY, TPAHCAMPYS KOTOPYIO B ITPOCTpaH-
CTBE JIETKO MMOJIYYHUTDb TIPEIACTABICHUE O CTPYKTYpPE BCETO MaTepuaa.

B aHu30TpONHON KpUCTALINYECKON cpeae YIOOHO OpUEHTUPOBATD-
Cs1 C TIOMOLLBIO TPEXMEPHOM CUCTEMbl KOOPAMHAT, BHIOMPAeMOM B CO-
OTBETCTBUM C CMMMeTpueil Kpucraiia. B oblueM ciyyae 310 KOCO-
YrOJbHbIE KOOPAMHATH C HEOAWHAKOBBIMH MacIUTaOHBIMU OTPE3KaMH
noocaM: a#b#c; o= pB=y=90°.
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Hanpasnenusi kpuctajiorpaMuecKux oceil KOOpAUHAT COOTBET-
CTBYIOT HAmpaBjieHUSIM pebep 3/IeMEHTapHOM sSTUeiKH, a MaclITaOHbIE
OTPE3KHU IO OCSIM — JUIMHaM STHX pebep. Pelrerka, mocrpoeHHas my-
TEM MapaUIeJbHOIO NnepeHoca (TPaHCHSIUMH) KaKoro-iubo yana o
TpEM HAMpPaBJCHUSIM, Ha3blBAECTCA MPUHCAAYUOHHOU DelemKol.

IIpumMeHsieMbie B 2JIEKTPOHUKE KPUCTAUIMYECKUE MaTepUallbl MO-
TYT CYIIECTBOBAaTh KaK B (popMe KPYITHLIX MOHOKPHCTAIIOB MIIU JIO-
CTATOYHO TOHKHMX MOHOKPUCTAUTMYECKHUX CIOEB, HAHECEHHBIX Ha MO/~
JIOXKY, TaK U B BUAC IOJMKPUCTAIIMYECKUX BELIECTB, TIPEICTaBJIsi-
IOHIUX COOOH COBOKYITHOCTDL GOJIBILIOrO YMCiIa CPOCHIUXCS APYT C Ipy-
TOM CPaBHUTEALHO MEJKHX KPUCTAUIMYECKUX 3epeH (KPUCTAIMTOR).
IIpu aTOM nox moroKpucmaniom MOHUMAIOT OHOPOAHOE TBEPIOE TEJIO
NIEPUOIMYECKOrO CTPOEHUSI 0€3 SIBHBIX MaKpoAeheKTOB CTPYKTYPHI, Bbi-
3BIBAIOLIMX HApYyLICHHUE JAJILHETO MOPSIKA B PACIIONOXEHHH aTOMOB,
HOHOB Wi Monekya. B cayyae nosuxpucmansa B npenenax Kaxiaoro
3epHa TAKXKE COXPAHSIETCH YIMOPSAOYCHHOCTh CTPYKTYPbI, OJHAKO pe-
TYJSIPHOE PACMOJIOXKEHHE YaCTHIl HapyllaeTcsd Ha IPaHMIAX pasjiena,
TNIPU NIEPEXOE OT ONHOTO 3ePHA K Apyromy. PakTHUeCK! FPaHULIA MEXIY
3epHaMM IpecTaBiIsieT cOO0H NepexXoaHOM CION TOMUUHOM 1...5 HM.
BeaenctBrue Xxa0THYECKOM OPHEHTAIIMY 3€PEH B MOJUKPUCTATUIMYECKHUX
BELLIECTBaX OTCYTCTBYET AHU30TPONUs (PU3NUECKUX CBOUCTB. BMecTe ¢
TEM C MOMOIIBIO CTIEHMATbHBIX METOA0B 00paboTKM (NpoKaTKa, Mpo-
TSKKA, BO3ACHCTBUEC BHEIIHUX IMOJIEH U Ap.) MOTYT OBITh MOJYYCHbI
TEKCTYpOBaHHbIE MaTepHalbl ¢ OPUEHTHPOBAHHBIM PACIIONOXKEHUEM
KPUCTAJIIMTOB.

Ilpu onucaHUM aHU3OTPOMHBLIX CBONCTB MOHOKPHCTAIOB U IPHU
CTPYKTYPHOM aHAJIM3€ BO3HUKAET HEOOXOMIUMOCTh MHAULIKPOBATH KPH-
crayutorpaduyeckue THIOCKOCTH M HampapieHus. HauGoinee yacTo mist
3TOW LICJIM UCTIONb3YETCA CHCTeMa MHIEKCOB Mwiepa.

Wunexecm Mumepa. Mcnonb3oBaHUE STUX HHIESKCOB MO3BOJISAET pe-
aJIM30BaTh YHUBEPCAJIbHBII TTOAX0/ P UHAMUIMPOBAHUYU ILIOCKOCTEH
JIIOObIX KPUCTALIMYECKHUX MHOTOTPAHHHUKOB U CTPYKTYP HE3aBUCUMO
OT UX CUMMETPUH. BpibepeM CHUCTEMY KOODAMHAT, OCH KOTOPOH CO-
BIIAJAIOT C HaIlpaBJIeHUEM pebep aj1eMeHTapHoi sueiiku. [lycts Mac-
WITabHbIe €AMHULBI HA OCAX COOTBETCTBYIOT JUIMHE MEPHOIOB TpaHC-
JAUMM @, b U ¢, T.e. WinHe pebep siueiiku. [TonoxeHue 110060 N1ocKo-
CTH B IPOCTPAHCTBE ONpeleseTcss TpeMs TouKaMu. B BbIOpaHHOM CU-
CTeMe KOOpAMHAT YI00HO B KAaYECTBE TPEX OTNIOPHBIX Y3/10B B3SITh TOU-
KU TEPECeYEHMUst 3aJaHHON IUIOCKOCTU ¢ ocaMU X, Y, Z (puc. 1.10).
0O603HayuM otpesku OA, OB u OC (BbIpaXeHHBIC B SAUHULIAX [IEPUO-
JIOB TpaHcasuuu) yepe3 H, Ku L, a obpaTHble UM BEIMUMHBI — Yyepe3
Hy, Ky n L,. HauMeHblIKe LieJible YUCTIA C TEMU XKe COOTHOLUEHUSIMHU,
41O U Mexay H,, Ky, L, npuHATO 0003HAYaTh CUMBOJIAMU A, k, [. Ux u
Ha3bIBAOT uHdexcamu Muasepa. TTOCKOJIbKY MO BCEM OCAM IIEPHOJIbI
TPaHCHSILUY TIPUHSTHL 33 €IMHHUILY, aTOMHbIE IUIOCKOCTH OIpe/eisi-
J0TCSI COBOKYITHOCTBIO LebiX ynucen. Ecnu 3Havenus H, K, L paBHbI,
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Puc. 1.10. Onpenenenve uHaeKcoB Muiiepa

Hanpumep, ynuciaam 1, 4 1 2 COOTBETCTBEHHO, TO OOpaTHRIE UM BelU-
yuHbl H,, K,, Ly coctaBar 1, 1/4 u 1/2. Takum 00pa3oM, MHACKCH
Musnepa and naHHON Kpuctauiorpaduyeckol IJOCKOCTU CIEAyeT
NpeACcTaBiIaThk B Buae (412).

B ciyyae Korga uHAMIMpPYeMast TUTOCKOCTD MapajuieTbHa KaKo-1100
U3 KOOPAUHATHBIX OCeil, MHIEKC, COOTBETCTBYIOUIMI 3TOI ocH, oOpa-
aeTcs B Hylb. Tak, B KyOMUeCKMX KpHCTaIax miockocts (011) ma-
pamtenbHa ocu X, a twiockocTh (100) omHOBpeMeHHO MapasuieNibHa
ocaM Y u Z. Tlpu oTpuLaTeIbHBIX KOOPAUHATAX Y3JOBBIX TOUueK A, B
unu C OTBeYaIolIMe UM MHASKCH MHumepa Takxke CTaHOBSTCSA OTPHU-
LaTeJIbHBIMHM, OIHAKO 3HAK «MUHYC» CTaBAT HE BIEPEAM MHAEKCA, a
Han HuM. Hanpumep, rpaHu ky6a (100) u (100) opueHTHpOBaHb
napajiejbHO APYT APYTY, HO PacnojIOXEHHB! MO pa3Hbie CTOPOHEBI OT-
HOCHTEJIbHO TUIOCKOCTH YZ.

st omucanus KpyctauiorpaduuecKux HanpapieH!UH MPUMEHSIOTCS
MHIEKCHl B BUJE HAa0Opa HAUMEHBIUUX IIEJIBIX YUCES, OTHOCSILIUXCS
MeXay co00i Kak MPOCKUMU BEKTOpPa, NapajlIeIbHOro AAHHOMY Ha-
npapjieHuIo. B orinyue ot 0003HAYEHUH MIOCKOCTEN MHACKCH HANIPaB-
JICHUH 3aKJ1I04Al0TCs B KBaJApaTHble CKOOKH. B KyGHu4ecKuX KpUcTaLiax
HalpaBJeHUs] U TJIOCKOCTH C OJMHAKOBbIMHU WHIEKCAMH B3aUMHO-
TIePIIEHANKY/ISIPHBI APYT Apyry. HanpuMmep, NojaoXuTe1bHOE Hanpas-
JieHHe ocU X MHAUIUPYI0T Kak {100}, oHO sIBNeTCs HOPMAaJbIO K TIJ10-
ckocTH (100). ITosoxurenbHOE HanpaBaeHUe ocH Y 0603HAYaKOT CUM-
BojioM [010], orpuuarenbHoe HampaBiaeHue ocu Z — [001], nuaro-
Haib Kyba — [111] u T.4. TIpuMepsl MHIMIIMPOBAHUSI KPUCTAJLIOrpa-
(pUUECKUX TUIOCKOCTEH Y HAIpaBIeHUI B KyOMYeCKOM peleTKe Crpyri-
nupoBaHbl Ha puc. 1.11. B kpucramnax 6onee HU3KOH CUMMETPUM OpPTO-
FOHAILHOCTD TIJIOCKOCTE M HanpaBieHUN ¢ OOWHAKOBBIMM MHIEKCA-
MM, KaK TIpaBwio, He COOMIOIAeTCs.
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Puc. 1.11. ITpumepsl MHAMLIMPOBAHUS KPUCTALUIOrpadMUYCCKUX TUIOCKOCTEH
Y HanpaB/ieHUI B KYOMYECKOM penieTKe ¢ IMOMOIIBIO MHIEKCOB Mumiepa

HexkoTopble MIOCKOCTH, pasiuyaroliecs Mo uHaekcam Mustepa,
OKa3bIBAIOTCA SKBUBAJICHTHBIMM B KpHUCTajTorpadpuyeckoM U dusu-
YECKOM CMBIC/IAX B COOTBETCTBUU C CUMMETpHeEN Kpuctamna. Hamnpu-
Mep, B KyOMUECKMX PELIETKAX IKBUBAIEHTHLIMU ABJIAIOTCA Tpanu (100),
(010), (001), (100), (010) u (001). CemelicTBO 3KBUBAJIEHTHBIX IO~
CKOCTEH NMPUHATO 0003HAYATh CUMBOJIOM, 3aKJTIOYEHHBIM B QUTYpHbIE
cko6ku, HanpuMep {100} unu {111}. [TocnenHee ceMeiCTBO BKIIIOYA-
€T B ce0sl BOCEMb IIOCKOCTEi, 0Opa3yloiliuX Npy NepeceyeHu ! mnpa-
BWIBHBIH OKTasap. IIOCKOCTH ¢ OoabliMMU MHAeKCaMu Muinepa
XapaKTCPU3YIOTCS MEHbLIEH IMJIOTHOCTBLIO 3aceJeHMs] aToMaMu (pe-
TUKYJISIDHOH TUIOTHOCTBIO) M MEHBLIHMMM MEXITJIOCKOCTHBIMU pac-
CTOSTHUSIMU.

HedexTsl B cTpoeHMH TBepAbIX Tesl. KpUCTa/LIbI C UACANBHO Npa-
BUJIbHBIM CTPOCHHMEM B IIPUPOJE HE CYLIECTBYIOT. B peabHBIX CTPYKTY-
pax Bceraa HaOMIOAAIOTCS T€ WIM WHbIE OTKJIOHEHMSI OT PEryJIsspHOTO
pacrnosioXeHus: yacTull. Takue OTKIOHEHHUS IPUHATO Ha3bIBaTh Aedek-
TaMH CTPYKTYPHI.

UneanvHast MepuOAUYHOCTb CTPYKTYPBI KPUCTALJIA HApyllaeTcs
MpEXIe BCEro TEILUIOBBIMHU KosebaHUsIMM aToMOB. TTocnenHue npuHsi-
TO paccMaTpUBaTh KaK CHCTEMY B3aUMHO CBSI3aHHBIX BUOPATOPOB CO
CNEKTPOM KOJIeOAHMI OT aKYCTHMUECKMX A0 MH(pPaKpacHBIX YacTOT.
AMIUIMTYJa KOsieOaHUt yacTUll TeM OOofbllie, YeM CUJIbHee pa3orper
kpuctawt. [Ipu TeMnepaTypax, OJIM3KUX K TOUKE IUIABJIEHUS, aMIUIU-
TyAbl Kosebauuii MoryT nocturath 10... 12 % oT MeXaTOMHBIX paccTo-
STHU M.
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ITo ananoruu ¢ (POTOHOM KBAaHT IHEPruy TEMJIOBBIX KoieGaHUi
KPUCTA/UIMYECKOM pellleTKH Ha3bIBaIOT goHoHOM. B oTianuue oT ¢oro-
HOB, 3JIEKTPOHOB Y MPOTOHOB (DOHOHBI OTHOCATCS K KATETOPUHU KBa-
3WYACTHII, T.€. OHM HE MOIYT CYLIIECTBOBATh CaMHU 1o cebe, HarnpuMep
B BaKyyMme, a o0sI3aTe/IbHO TPeOYIOT HAJIMYMS MaTepHUabHON Cpembl,
HOCHUTEJSAMU IBHXEHUSI B KOTOPOM oHU siBjsitorcsd. C xoneGaHUAMHU
4TOMOB KPUCTAUIMYECKOW pelIeTKH CBsi3aHbl MHOTHE (H3MYECKUE
SIBJIEHUS B TBEPIBIX TeJIaX: TEPMUUYECKOE paclliipeHHe, TeIUIONPOBOI-
HOCTb, SJEKTPONPOBOJHOCTD, TeMIIEpaTypHble M3MEHEHUs TeIlJIOeM-
KOCTH M YIPYIMX CBOHCTB KPUCTA/IOB, OCOGEHHOCTH OINTHUYECKOro
MIOIJIOHIEHUS, PEKOMOMHALMOHHOTO U3JIYYEHUSI U Ap.

Ecnu ¢oHOHBI TPaKTOBaTh KaK AMHAMUYECKHUE, T.€. U3MEHSIOHIM-
€Csl BO BpPEMEHM HapylIeHHS NePUOIMYHOCTH KPUCTAJUIMYECKOH pe-
LIETKH, TO BCE MPOYHUE HEPETYIAPHOCTH CTPYKTYPBl MOXKHO OTHECTH K
pa3psily CTaTHYECKHUX Ae¢eKToB. B 3aBHCUMOCTH OT MacuITaboB Hepe-
I'VASAPHOCTU CTATHYECKHE je(eKThl NOAPAa3aeNsIIOTCa Ha TOYEYHblE U
rpotsikeHHbie. K moveunsim depexmam OTHOCSITCS BAKAHCHH, T.€. He-
3aHSTBIE Y3/1bl PELIECTKH, aTOMbI B MEXHAOY3E/IbHBIX MO3UIIUSIX U TTPU-
MeCHbIe aToMBbI (puc. 1.12). BakaHcu# MOTYT BO3HUKATh [PU MEPEXO/IE
aTOMOB M3 Y3JIOB pelUeTKH b0 Ha NOBEPXHOCTh KpUCTalLIa, MO0 B
MEXI0Y3eJIbHOE NIPOCTpaHCcTB0. KOMOHMHAUMIO BAKAHCHUS — MEXIOY3€/Tb-
HBII aToM HasbiBalT pedekToM 1o dpenkeno. BakaHcum, obpasy-
eMble MPU YYacCTHH TMOBEPXHOCTH KPUCTANIA, HA3BIBAIOT Ae(eKTaMHU
o Hlorrku. Toueuynsie nedeKTbl, He CBsI3aHHbIC ¢ HATHUMEM IIPUME-
ceil, Ha3bIBaIOT COOCTBEHHBIMU. PaBHOBECHAS] KOHUEHTPAIMsI COOCTBEH-
HBIX TOUeYHBIX AeheKTOB BO3pacTaeT Py HarpeBaHUM, TaK KAk C Mo-
BBILIIEHUEM TEMIIEPATYPHl YBEJIUYMBAETCS BEPOATHOCTD TEIUIOBOIO OC-
BOOOXIECHHUSI aTOMOB U3 Y3JIOB PELUETKH.

ITpumecu MoryT AUGO 3aMelIATh aTOMBI OCHOBBI B y3/1aX KpUCTas-
JIMYECKOM pelieTKH, JIMOO BHENAPATHCA B Mexnoy3nus. [1pu zamelie-
HMUM BRXHYIO POJb UIPAIOT GJIM30CTh Pa3MEPOB B3aUMO3aMELIAEMbIX
aTOMOB U CTeIleHb COOTBETCTBUS MX 3MEKTPOHHBIX 060104eK. CoBpe-
MEHHbIE METObI OUMCTKHU IO3BOJISIIOT TTONYYaTh MaTEPHaNbl C COIEp-
XaHHeM npumecu Ha yposHe 107°%, 4To COOTBETCTBYET KOHLEHTpPa-
U1K npuMecHslx atomMoB 107 m~>. Ytobbl 00pa3sHo rpeicTaButh cebe
CTereHb YUCTOTHI TAKOrO BEUIECTBA, OTMETUM, UTO OHA SKBUBAJIEHTHA
3arps3HEHMIO 4 ThIC. T MIIEHUIIbI OAHUM 3€PHOM SIUMEHS.

B KpHCTAUIMYECKON pelIeTKe XUMHUYECKUX COCAUHEHUN Tuna AB
BBUIE/IAIOT €11 OAUH BHI JIOKAJbHOTO Pa3yIopsAOUeHUS — aHTUCTPYK-
TypHBIe JedeKThl («<AHTUCANUTHI» ). B 3TOM cllyyae HEKOTOpOe YHUCIIO aTo-
MOB A 3aHMMAIOT MO3MUMHK aTOMOB B, win HaoGoport. [loBeneHue Ta-
KHUX 1ebeKTOB 9KBUBAJIEHTHO ITOBEXEHHIO TIpUMeceii, TOCKOAbKY CO0-
CTBEHHBII aTOM PEUISTKU OKA3bIBAETCS B «UYXOM» y3JIe.

HecMOTpst Ha TO YTO OTHOCUTENbHAS KOHIUEHTPAIMA TOYEUHBIX Je-
(beKTOB B peanbHBLIX KPUCTAIAX, KAK MPABHATO, HEBEJIUKA, UX BIH-
sSHMe Ha (PU3MYECKHE CBOMCTBA MAaTepUAJIOB OKa3bIBAETCS BEChMA CYy-
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Puc. 1.12. Toueunbie nedeKThbl CTPYK-
TYPbl KPUCTAJUIMYECKOU pELICTKH:
a — cBOOOJHBIN y3eJ pelieTK! (BaKaH-
cus); 6 — COGCTBEHHDBIN aTOM B MEXI0-
Y3IUU; 8 — YYXEPOAHBIA aTOM B y3ne
peleTKu (aTOM MPUMECH)

1IeCTBEHHLIM. HampuMep, coaepxaHue HEKOTOPLIX IpUMeceii B KOJTH-
YeCTBE THICSIYHBIX J10JIEH aTOMHOTO NMPOLICHTa MOXET BbI3BAaTh U3MEHE-
HUE YIEJIbHOrO CONMPOTUBAEHUS MOAYIIPOBOAHUKOBBIX KPUCTAIOB B
10°...10% pa3. XKene3o, TIATEILHO OYMILEHHOE OT MPUMeECEH, CTAHO-
BUTCSI XMMHYECKU MHEPTHBIM BELICCTBOM M HE ITOABEPraeTcs Koppo-
31U JaXe B YCIOBUSIX TPOIIMYECKON BIaXKHOCTH. P MeTamioB, TaKUX
Kak BoOJibhpaM, MOMUOACH, XpOM, TUTAH M JApYyrue, rnocjie riyboxoit
OYMCTKH MPHUOOPETAIOT BHICOKYIO IIaCTUYHOCTD, Oyaronaps 4emy Me-
Ta/UThl MOXHO pacKaTblBaTh B TOHKYIO (bOJIbIY Jaxe NMpU KOMHATHOM
TeMIepaType.

K npomsoxcennvim Oeghpexmam CTPYKTYPHI OTHOCATCS TUCIOKALINH,
rpaHUIIbl 3€peH, TPEIUMHBI, TOPbI, MUKPOBKIIOUEHUS APYroi ¢assbl.
Iox nucaoxanusaMy IMTOHUMAIOT OCOOBIN BUI TMHEHHBIX HECOBEPLUSHCTB
B KPHUCTA/UIMYECKOH peIIETKE, HapyllalolMX MPaBUWIbHOE YepeloBa-
HUe aTOMHBIX TuiockocTeil. ClIoBO «IMCIOKALMSI» B [TEPEBOIE Ha pycC-
CKUH A3BIK O3HAUAET «CMelleHHe». Takue NpoTsikeHHbIe Ae(eKThl BO3-
HUMKAIOT B KpUCTaJUle B pe3ysbTaTte nedopMauuy casura. Pasnuuaior
KpaeBble 1 BUHTOBBIE TUCIIOKAIIUY, TTOKA3aHHbIe Ha puc. 1.13. s kpa-
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esoli ducnroxauuu XapakKTepHO HATMUYME <«JIHLIHEH» IMOJYIUIOCKOCTH,
Ha3bIBaeMoOH 3KcTparuiockocThio. Kpall 3Toi nonymiocKocTu sBseT-
Cs1 OCbIO AMCIIOKaUMK. BOIM3K ocH HAOMIOMAI0TCA HAaUOOIbLINE YIIPY-
rMe MCKAXEHMUsl KpUcTauinyeckoi peitneTku. Och KpaeBoOil TUCIOKa-
IIUU BCerJa NepreHInKyIsipHa HallpaBJIeHUIO CIBHUTIA.

B cnyyae eurmogoii ducaokayuy KXpUCTAIUT COCTOMT U3 aTOMHBIX IL10-
CKOCTEH, 3aKpyYEHHBIX BOKPYI €IWHOI OCM, U HAIOMMHAET BUHTO-
BYIO JieCTHHILY. [1pu 3TOM LIar BUHTOBOM CITMPATN PABEH MEXITJIOCKO-
CTHOMY PACCTOSIHHIO, & OCh JUCIOKAUMM MapasuieibHa HampaBieHUIO
caBura. BUHTOBbIE IMCIIOKALIMM UTPAIOT BaXXHYIO POJib B IIpoLEcce po-
cTa KPUCTAUJIOB, OIpeiesisid OXWH U3 MEXaHU3MOB 3apOXISHUS KpUC-
TAJTN3ALIVH.

KpaeBble OyCIOKalUMU OKAa3bIBAIOT CHJILHOE BIMSIHUE HA MEXaHU-
YeCKMe CBOMCTBA KpUCTALOB. OLEHKM MOKAa3bIBAIOT, YTO B PEAIbHBIX
KPHCTAJUIaX KPUTHYECKHUE CKATBIBAIOLIME HAMPSDKEHUS, OTIPEACTISIONINE
MIPOYHOCTb MaTepHana K neopMalusM CIBUIa, OOBIYHO HA TPU-UYEThI-
pe NopsIIKA HKE PACYETHOM IMIPOYHOCTH UAEATBHBIX KpHUCTAIOB, Ta-
KO€ CHMXXEHME IIPOYHOCTH OOBACHACTCA ABUXCHUEM IUCIOKAIMH IO
IJIOCKOCTAM CKOJIbXeHHUsI. CKObXEeHUE OCYLUECTRISIETCS MyTeM nepe-
KJIIOYEHHST XMMHUECKMX CBSI3el MEXIY COCEIHUMH aTOMaMHU Moj Aeii-
CTBHEM OTHOCHUTEJBHO CTaboH BHEUIHEH Harpys3KHu.

JIng yBeanyeHHsI ITPOYHOCTH KPUCTA/UIOB MCITIONB3YIOTCS JBa IyTH. [Tep-
BbIi M3 HUX CBSI3aH C MojyyeHueM 6e3nedekTHhIX KpucTaioB. C noMo-
HIBIO COELMANBHBIX TEXHONOTHYECKHUX METOMOB YAAETCS BbIpalllMBaTh
0e3MUCIOKALMOHHBIE KPUCTAJUTBLI PA3IMYHBIX BEILECTB B (pOpMe «yCOB»
guameTpom jo 0,1 MM u jutHoi no 10 mMm. [lpu orcyrcTBUM aucno-
KalMii B HUTEBUIHBIX KPUCTAJNIAX CTAHOBUTCS HEBO3MOXHBIM UX pas-
pyilleHHe 3a CYeT TUTACTUYECKOTO caBura. Pa3paboTaHbl BEICOKOHPO-
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Puc. 1.13. IporsixerHbie AedeKThl CTPYKTYPHl KPUCTANITMYECKOMN PELIETKU:

a — NEPCIEKTUBHOE M306pax<eune pacnoJIoKE€HHUA aToOMOB BOIU3U KpaeBOMi AUCIIOKa-
LIMHU B Kyﬁuqecxoﬁ PELICTKE, 6 — MoJenb BUHTOBOH JUCIOKaUUK
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YHblE KOMIO3ULIMOHHBIE MaTepUAIbl, COCTOSIIME M3 MAaTpULbl, Ha-
MOJHEHHOH HUTEBUIHBIMU KPUCTALIAMM.

Bropoii nyTs ynpouHeHUs peaiM3yeTcsl MyTeM reHepaluy pa3ing-
HbIX Ne(EKTOB, 3aTPYAHSIONUX CKOMbLXKeHUe AUCIoKaiui. s sToi
LEJIM UCTIONb3YIOT BBEACHUE NMPUMECel, 3aKaNKy 00pa3LoB, CUIbHYIO
TJIACTHYECKYIO Jie(hopMalMIO B XOJIOJHOM COCTOSIHUU (Hakien). Oco-
6eHHO CUJBLHOE TOpMO3sillee MeiCTBUE Ha AUCIOKALMHU OKa3bIBAIOT
rpaHMLbl OJIOKOB U MUKPOBKJTIIOUEHUS NMOOOYHBIX (pa3. Takum croco-
OOM yaaeTcs MOBBICUTDH Tpee’ NMPOYHOCTU Pa3IMUHBIX METALIOB U
crnaeoB B 6 — 8 pas. Haobopot, ryGokasi o4McTKa KpUCTAJUIOB OT IpH-
Meceil U CTadUIM3aLMs UX PABHOBECHOM CTPYKTYPbI C TUITMYHOM IUIOT-
HOCTBIO aucnokauuit 10°... 10° cM~2 NpMBOJAT K CYLIECTBEHHOMY YBE-
JIMYEHHUIO MOJABMXHOCTH 3TUX AC(MEKTOB, COMPOBOXAAIOIEMYCST PE3-
KHM BO3pacTaHUEM TJIaCTUYHOCTHA MaTepuanoB. MMeHHO Takas 3aKo-
HOMEPHOCTD ObljIa OTCIeXKEeHA B OTHOLIEHUH BOJib(paMa, MOJIMOICHA,
TUTAHA U psiia APYTUX META/IOB, O YEM YIIOMUHAJIOCH pPaHee.

I'paHuLBI MEXY 3epHAMM CITIOCOOCTBYIOT YCKOpeHHOH nuddysun
COGCTBEHHLIX M MTPUMECHBIX aTOMOB B TBEpIOM Tene. B nonynpoBoaHu-
KOBBIX NOMHUKPUCTATINYECKHX BELECTBAX MEXK3EPEHHbIC MPAHUIIBI, KaK
NPaBUJIO, UIPAIOT POJIb IOTCHUUAIBHBIX 0apbePOB, OrPaHUYUBAIOLLIUX
IBUXeHHe HocHTesel 3apsiga. I1oaToMy OHM CHJIBHO BIIMAIOT Ha YIE/b-
HOE CONPOTHUBAECHUE MOJUKPHUCTULTUYECKUX NOIYIIPOBOAHMKOB. B ciy-
yae MeTaU10B 2JIEKTPUYECKHE CBOMCTBA C/1a00 3aBUCST OT ITOBEPXHOCT-
HbIX Ae(EKTOB, OMHAKO NPU 3TOM MOTYT CYWECTBEHHO U3MEHSITHCS
MEXaHMYECKHE CBOWCTBA MaTepuaiioB. B yacTHOCTH, NIpU yMEHBIIEHUHN
pa3sMepOB KPUCTA/UIUTOB HAOMI0JAI0TCS YBEIMUEHHUE TIpeesa TeKyye-
CTH ¥ BO3pacTaHMe BI3KOCTH METAIOB, 61aroaaps 4eMy YMEHbBLIAET-
Csl OMACHOCTb UX XPYNKOTO pa3pyllieHus1 Mo AeHCTBUEM TpelenbHbIX
Harpy3ok.

TToanmopdusm. Hekotoprie TBepable BelecTBa 001a1al0T CIOCO0-
HOCTbIO O0pa30BbIBATh HE OJHY, a ABE K 060J1ee KPUCTAUIMYECKUE CTPYK-
TYpbl, YCTOMUYUBBIC PU PA3IUYHBIX TEMNIEPATYPax U AaBJICHUSIX. Takoe
CBOMCTBO MAaTepHaJIOB HA3bIBAETCA MOJUMOP(PU3IMOM, a OTBeYalroUiue
UM KPUCTAUIMYECKHME CTPYKTYPhI Ha3bIBAIOTCH noaumopdHbiMu dop-
MaMmH WM aJUIOTPOITHBIMM MOIUdUKALMAMU BewuecTBa. Moaudukanuio,
YCTOMYMBYIO NIPY HOPMAJIbHOM M 60J€e HU3KOI TeMnepaType, NPUHSITO
o6o3HayaTh OYKBOM ¢f; MOAM(DUKALIMK, YCTOMYUBLIE MPU GoJiee BBICO-
KMX TeMIiepaTypax, 0003HayaloTcsi COOTBETCTBEHHO OyKBaMH f3, Y U T. 1.

TTonumMopd UM HIMPOKO PACIIPOCTPAHEH CPEAY TEXHUUECKUX MaTe-
PUAJIOB U UMEET BAXHOE 3HAYCHUE U1l UX 00pabOTKHU U DKCIUTyaTalluH.
KnaccuueckuM nprumepoM noaumopdusMa sSIBASIeTCsi HU3KOTEMITIEpa-
TypHOe npeBpalleHue Gesoro onosa (B-Sn) B cepoe (a-Sn), U3BeCT-
HOE B TEXHMUKE KaK «OJIOBSIHHAsI YyMa».

IIpakTuueckuii HHTEpEC MpeacTaBaseT NoIMMopdU3M yriepoga —
CYLIIECTBOBAHKUE €r0 B BUAE anMasa Uiau rpadura. B oGbIUHbBIX YCIOBUAX
rpaduT aBasieTcs Gonee ycroiuuBoit monudukanveit, yem anmas. Ox-
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HAKO MPU NOBLIIUEHUHY JABAEHUS YCTOMUYNBOCTD aIMasa pacTeT, a rpa-
¢uTa namaer, ¥ MpH AOCTATOYHO BLICOKHMX JABMCHUSAX ajMa3 CTaHO-
BUTCA Gojiee ycTOMYMBBIM. ECIM Npu 3TOM IOBBICUTH TEMIIEPATYPY,
4YTOObI YBEJUYMTD MTOABUXHOCTL aTOMOB, TO I'padUT MOXHO IMepeBe-
CTU B anMa3. Ha 3ToM npHHIUIIE OCHOBAHO MOJIYYCHME UCKYCCTBEH-
HbIX a7IMa308. B Hallreil cTpade UX NpOMBILIICHHOE TPOU3BOJACTBO Ha-
yasnoch B 1961 r. CUHTE3 NPOBOAMTCA MO AaBjieHueM nopsaka 10 ITa
npu Temneparype Ha ypoeHe 2000 °C. ITorywyaemble TaKMM 06pa3zoM
HMCKYCCTBEHHBIE aIMa3bl UMEIOT 60sice BBICOKYIO NMPOYHOCTb U TBeEp-
JIOCTh, YEM MPUPOAHBIE KPUCTAIBL,

Crekna u apyrue amopdueie Tena. He Bce TBepabie Tejla MMEKOT
KPUCTAJUIMUECKYIO CTPYKTYDY, XOTS KPHCTATIHIECKOE COCTOSTHHE GOJTb-
IIUHCTBA TBEPABIX TN SBISIETCA €CTECTBEHHBIM, MOTOMY YTO CBOOOM-
Hasl 3HEPTrus MpU YHOPSAOYEHHOM PaCIONOXEHUU aTOMOB MeEHblIIe,
4yeM B Cyyae UX HeperyJIsipHOro pacroyioXeHHus, a Jobas cuctema
CTPEMUTCS NEPENTH B COCTOSAHUE C MUHUMAIBHON CBOOOAHOM 2HEpP-
riueid. OAHaKO aTOMBI HE BCETrJa UMEIOT 61aroNpUsITHYIO BO3MOXHOCTD
pacnoaraTbCs YIopsaoueHHO B IIpoLecce OTBEPKACHUS. [IpensTcTBHeM
3TOMY MOXET ObITh Pe3K0€ YMEHbLIeHUE CKOPOCTH Auddy3un aTOMOB
TIpY OXJIAXKISHUM Cpelbl. TBepible Tesa, KOTOPhIE XapaKTepu3yloTCs
CAy4YalHBIM XaOTMUYHBIM PACIOJIOXEHNHEM YaCTHUII, HA3bIBAIOT aMopd-
HbIMU. B oTiiune OT KpUCTALIOB aMOp(dHbIe Tela U3OTPOIHHI 10 CBOM-
CTBaM, HE UMEIOT OMpEAEeNCHHON TeMIepaTyphl TIaBIeHUss U XapaK-
TEPUIYIOTCS NOCTATOYHO HIMPOKUM TeMIEepaTypPHbIM MHTEPBAIOM
pa3MsirdeHusl. HarmssnHbIM mpuMepoM aMopgHbBIX BEIUECTB MOTYT CITy-
XKWTh CTeKJIa M MHOTHE TIACTUKU. B CTexiax Impu OTCYTCTBUHM IEPUO-
OAYHOCTH B CTPOEHMH MOXHO HaOMIOAATH OMNpPEACHACHHBINA GAuMCHUL
nopadok, T.e. 3aKOHOMEPHOE PaCITONICXKEeHUEe OIMXKaMIIIMX coceaeit oT-
HOCUTEIBHO KaXIOTO aToOMa.

Baxneiinumu dakTopaMu, CrioCoOCTBYIOHIMMH CTEKJIOOOpa3oBa-
HUIO, SBJISIIOTCS HATMYME CPAaBHUTEILHO IMPOYHBIX CBA3EH MEXIY MO-
JIEKYJIaMM WJIM MOHaMM BElIECTBA B XHAKOM COCTOSHUM M HH3Kas
CUMMETPHS KPUCTALIA ¥ CAMUX YACTUL, 00pasyioluX Kpuctami. Yem
0oJiee CUMMETPUYHO PACTIOIOXKEHBI YACTUIIBI B KPUCTAJLIMUecKoi dase,
TeM OOJblIee YUCTO CIIOCOOOB OTHOCHUTENBHOIO PACMOJIOXEHUS 3THX
YACTUII B OTBEPXKIAIOLIEHCS XKMAKOCTH OTBEYAET UX PACIIONOXEHUIO B
Kpucrawie. KpoMe Toro, BIuseT 1 CUMMETPHS caMux yactuu. B meran-
Jlax, HarmpuMep, UOHBlI O0NajaloT IIApOBOH CUMMETpHEi, NOITOMY
(akTop OpHUEHTALIMH YACTHIL TPH (ha30BOM ITepeXo/Ie COBCEM He Urpa-
eT poau. Kpucraumsauuss MeTaUIOB CO CTPYKTYPaMU TUIOTHEHIIHX
YIIAKOBOK MPOTCKAET OYEHb JIETKO M MEPEeBOA MX B CTEKJIO0OpasHoOe
COCTOSIHHE ITPAKTUYECKN HEBO3MOXEH. B OTJIMYME OT METAIOB OKCU-
bl KpeMHHUsI ¥ Oopa o0pa3yloT HU3KOCHMMETPHYHbIE KPHUCTAJUTHI,
[IC3TOMY B pacIlaBax YHCAO paBHOLIEHHBIX OTHOCHUTEIbHBIX MOJIOXE-
HUI UOHOB, OTBEUAICIIIUX CTPYKTYPE KPUCTAJLIA, CPABHUTEIBHO MaJIO.
CoOTBETCTBEHHO KMHETHKA KPUCTAIUIM3alMH OKa3bIBaeTCH 3aMelNIeH-
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HOH, M BEPOSITHOCTh 0OpAa30BaHUs CTEKJIA MMPU OXJIAXKIEHUM PAcIiaBa
CYILIIECTBEHHO BO3pacTacT.

Crexi1000pa3Hoe COCTOSIHHE MOXHO paccMaTpUBATh KaK COCTOSIHUE
CWJIBHO NEPEOXIIAXKIACHHON XUAKOCTH, T.€. XXKUIKOCTH C OYEHb BHICO-
KO BI3KOCThI0. UMEHHO BbICOKAsl BA3KOCTh OrpaHUuMBaeT AU by3u-
OHHYK AKTUBHOCTbH aTOMOB M MpPENATCTBYET OOpPa3OBaHWIO KpH-~
crainyeckoi (aspl. OOHAKO TAKOE COCTOSIHME TePMOIMHAMUYECKH
HeyCToYMBO. [103TOMY IIpU OTXMIEe MOXET MIPOUCXOAUTh «PACCTEKIIO-
BbIBAHHUE» MaTepHaja, T.¢. Iepexo] B Goyee yCTOMUMBOE KPUCTAILIU-
YeCKOEe COCTOSTHUE.

1.5. 9JIEMEHTBI 30HHOM TEOPUU TBEPJIOTO TEJA

30HHas TEOpHUs ABISECTCSI OCHOBOM COBPEMEHHEBIX IPEACTABICHUM O
MEXaHU3MAaX PA3TUYHBIX QU3HUECKUX SIBICHUI, MPOUCXOIALLUX B TBEP-
JbIX KDUCTAJUIMYECKUX BELLIECTBAX [TPH BO3ACUCTBUY HA HUX JIEKTPO-
MarHUTHOrO Nojis. 30HHAs1 meopus TBEPIOTO Teja — TO TEOPHS BaIEH-
THBIX 2JIEKTPOHOB, IABMXYIIMXCS B MEPUOAMYECKOM MOTEHIMATIBHOM
M0JIC¢ KPUCTAIIUYECKOM pelleTKH.

DJIeKTPOHBI B IEPHOAMYECKOM HoJie. B KBAHTOBOI MeXaHMKE JIBHXE~
HME MUKDPOYACTHIL B IT0Jie TOTEHIIMAJIbHBIX CUJI OHUCHIBACTCS C IOMO-
1bI0 ypasnenus Ulpedunzepa. IloTeHunanbHast 3Heprus aiekrpoHa U(r),
JBMXYIIETOCsS B UAeaJbHOM KPUCTANIMYECKOM pellleTKe, paccMaTpu-
BaeTCs Kak nepuoanyeckas QyHKUMA, KoTopas o6amaeT TpaHCAsIIH-~
OHHOt cumMeTpueil. CyliecTByeT ABa MOAX0a [PU PELICHUU 3a1a4u O
JABMXKCHUM 3JIEKTPOHA B TEPHOIUUYECKOM MOTCHIMAILHOM MOJe. DTH
MOAXO/Ibl PAa3IUYAIOTCs BbIOOPOM HYJIEBOIrO MPUOTHUKEHMUS.

B onHOM U3 HUX, Ha3bIBACMOM HpubauxcerHuem caabol ceszu, B Ka-
YECTBE HYJICBOTO NPUOJIMXKXEHUS BEIOMPAIOT BOJTHOBBIE (DYHKIIMH, OMHU-~
CBIBAIOLUME COCTOSIHUSI CBOOOAHOrO 2MeKTpoHa. IIpu TOM noTeHLu-
ajnbHas aHeprus peuietky U(r) paccMaTpuBaeTcs KakK BO3MYILAKOLLKHI
dakTop. Mozenblo c1aboil CBSI3U MOXHO ONUCATh MOBENEHKE JIEKTPO-
HOB, SHEPIUsl KOTOPBIX MPEBbILLIAET BLICOTY MOTEHIIMATbHBIX 6apbepoB,
pa3nessioluX coceqHue aToMBl. Takoil sHeprued MoryT obsnanarh,
HanpuMep, BaJIeHTHBbIE 3JIEKTPOHBI, BKJIIOYASA 3JEKTPOHLI MPOBOIU-
MOCTH B METaJLlax.

Pewtenue ypasuenus llpenuarepa nis BOMHOBbIX GYHKUMIA cha-
OOCBSI3aHHBIX JAEKTPOHOB, ABMXYILIMXCS B CpEJe CO CTPOroit TpaHC-
JISUMOHHOM CUMMeTpHMeH, MoKa3bIiBaeT, YTO BO3MYHICHUs], BHOCH-
MbI€ B ITIOBEICHUE CUCTEMBI MEPUOTUYECKUM TTOTCHIIMAIOM KPUCTa-
JIMYECKOM pelIeTKH, NMPUBOIAT K CYLIECTBEHHOM TpaHchHOpMaLuu
CMEeKTPa CTALMOHAPHBIX JIEKTPOHHBIX COCTOSAHHI. DTO BbIpaXKaeTcsi B
MPEBPAILEHUU CIJIOIIHOIO SHEPreTHYECKOro CIeKTpa, XapaKTepHo-
ro JUist CBOOOIHBIX JIEKTPOHOB, B COBOKYITHOCTD YePeayIOLIUXCS pa3-
PEINEHHBIX M 3allpelieHHbIX I10JI0C 3Hepruu. IlocjieaHue NpUHSTO
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Ha3bIBaTh SHEPTCTUUECCKUMHM 30HAMU. 3HAYCHHUS SHEPTUU, IPUHALIC-
Kallye 3anpelieHHbBIM 30HaM, He MOTYT ObITb peajin30BaHBl B TBEp-
JIOM Tese. BIusHue nepuoauyecKoro NoTeHIMaIa pelleTKY 3aBUCHT
KaK OT BBICOTHI MOTEHLIMATbHBIX 6apbepPOB, TAK M OT SHEPTUH DJIEKT-
poHoB. IIpu yBeauyeHUN 3HEPTUH 3JIEKTPOHOB Pa3pellieHHEIE TTOJ0-
Chbl HEPIrUU DPACLUUPSIIOTCSI, a 3arpelleHHble [10J0Ch, HAa00OpOT,
cyXaloTcsi. B npenesie npy yMeHbBIIEHUU CTEIIEHU CBSI3U 3JIEKTPOHOB
HX 3HEPreTUYECKMIl CIIEKTP CTAaHOBUTCS HEIIPEPHIBHBIM. YCHJICHHUE
MOTEHUMATBHOIO T0Ji PEHIETKH MPUBOANT K YBEJIUYESHUIO BHICOTHI
3anpelleHHbIX 30H. PU3NYeCKON NMPUYMHOM NOSIBJIEHUsI Pa3spbiBOB
SHEPIUHU B CIIEKTPE SJMESKTPOHHBIX COCTOAHUMN ABIIETCA MHTEPPEpPEH-
1M DJAEKTPOHHBIX BOJIH, NIOA0OHAS UHTepdhepeHUMY PEHTIeHOBCKUX
JIlydeil B KpucTasiax.

KayecTBeHHO K TAKOMY XK€ BBIBOIY O 30HHOM XapaKTepe 3HEPTeTH-
YECKOTO CMEKTPa TBEPHOTO TeNa MOXHO NPUNATH KUCXOIAS U3 COBEp-
HIEHHO JPYroi, Oojiee HarIIHON Moneau. B 3Toil Moaenu, Ha3blBa-
MO npubauxceHuem CUAbHOU 8431, 32 BOJIHOBYIO (DYHKHHUIO HYJIEBOIO
[IPUOAMXEHHUST BbIOUPAIOT DYHKIMIO, COOTBETCTBYIOLYIO COCTOSIHUIO
3JIEKTPOHOB B U3OJIMPOBAHHBIX, T.€. HEB3aUMOIEHCTBYIOILMX aTOMAaX,
M3 KOTOPBIX MOCTPOCHA KPUCTALIMYECKAs perieTKa. Bo3mylaionmm
(haxTOpOM SIBASIETCS] B3AUMONEHCTBUE COCETHUX ATOMOB IPU UX CONH-
xeHud. C NoMOLIBbIO TAKOH MOIENM YAAETCs NPABUIBHO OITUCATh ITOBE~
JIEHHE 3JICKTPOHOB, 3HEPIUsl KOTOPBIX MEHBLIE BBICOTH [MOTEHIIUAJIb-
HBIX 6apbepOB MEXIY aTOMaMH.

IToxa aTOMBI yAOajJeHBl APYT OT APYra, OHU O0NamaroT JUCKPETHEI-
MM 3HEPreTHYEeCKHMM CIIEKTpaMH, KOTOpHIe, €CTECTBEHHO, OyayT
TOXAECTBEHHBI, €CJIM B CUCTEMY BXOISIT aTOMbI OIHO nipupoakbl. [Ipu
COMMXEHUM aTOMOB AC paccTosiHMit nopsaaka 107'° M (yTo cooTseT-
CTBYET MEXATOMHBIM PACCTOSHUSIM B KPUCTALIE) IPOUCXOMUT Mepe-
KPbITUE BOJHOBBIX (DYHKIIUH BaXEHTHBIX JIEKTPOHOB (2JIEKTPOHHBIX
06osioueK), Gnarogaps yeMy BajJCHTHBIC JICKTPOHBI IOJYYaloT BO3-
MOXHOCTDb MEPEXOIUTh OT OJHOTO aTOMa K JApyromy 0e3 U3MeHCHUS
SHEPTUH, T.€. [I0 MEXaHU3MY KBAHTOBO-MEXaHMUECKOro TYHHEIHPO-
BaHMs. B KBaHTOBOH MeXaHHKe TOKA3bIBAETCS, YTO MPU KOHECUHOH Iy-
OMHE M LUMPpUHE NMOTEHUUAIBHON SIMbI CYLLIECTBYET KOHEYHas (T.e. OT-
JNUYHAs OT HYJISI) BEPOSITHOCTh OOHAPYXEHMS JIEKTPOHA B 00J1aCTH
fapbepa, OKpYXKalolero MoTeHIUAIbHYIO SsMy. YeM MeHblile paccTo-
SIHUST MEX/IY aTOMaMU M YeM MeHbllie TIyOMHa 3ajeraHust SHepreTu-
YECKOI'0 YPOBHSI, XapaKTEPU3YIOLIETC COCTOSTHUE INIEKTPOHA, TeM 060JIb-
1Ie TYHHEe/IbHas NTPO3pPavyHOCTh 0aphepPOB, PA3AEISIOUINX COCEHUE aTO-
MBI

DuHepreTniecKue 30HbL. B M301MPOBAaHHOM aTOME 3JICKTPOH HPeGbi-
BaeT Ha CTALLMOHAPHOM YPOBHE 3, CKOJIb YTOIHO Hoiaro. [1pu TyHHEe b-
HOM «IIPOCAaYMBAHUM» JICKTPOHOB OT OJHOTO aToOMa K JIPYroMy Ipo-
UCXOIUT paclleI/IeHHe TUCKPETHOIO SHEPTeTUYECKOro YPOBHSA B IIO-
JIOCY pa3pellleHHbIX 3HaYeHUH 3HeprHil LiupuHoM AD y (puc. 1.14), Ko-
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Puc. 1.14. Cxema pacrosoXeHHUs] SHEPIeTUYECKUX YPOBHEH:
a — YCAMHCHHOrO aroMa, § — HEeMeTaI/INYECKOro TBEPAOIro TEaa

TOpas CBsA3aHa C BpEMCHEM Hpe6bIBaHI/IH QJCKTpPOHAa T BOJU3U TAHHO-
ro y3jga peeTKH COOTHOMICHHEM HCONPCICACHHOCTH

ASNT = Fl.

Yem Jierye TYHHETUPYIOT SJEKTPOHB! CKBO3b 0apbep, TEM LIUpE
[10JI0Ca pa3pelieHHBIX dHeprui. TakuM o6pa3oM, BEPOSITHOCTb TYH-
HEJBHBIX [IEPEXON0B JJEKTPOHOB U CTeMeHb PACHIEIIeHUsT TUCKPET-
HBIX YPOBHEI B SHEPreTUYECKHE 30HbBI OKA3bIBAKOTCS TECHO CBSI3aHHbI-
MU Mexy co0oil, ITOCKOJBKY ONPelde/IAIOTCS OIHUM U TeM Xe daKTo-
POM — CTEIEHbIO TIEPEKPHITHSI BOAHOBBIX (DYHKLUH 2JEKTPOHOB CO-
CeiHUX aTOMOB.

B npubamxeHun CUIBHON CBSA3U KaXIYIO pa3peleHHYIO 30HY Cle-
IyeT cyuTaTh CHOPMUPOBAHHON U3 ITHMCKPETHBIX YPOBHEH H30JIMpO-
BAHHBIX aTOMOB. DJIEKTPOHBI BHYTPEHHHUX aTOMHBIX OGOJIOUEK, KaK
[IPaBUJIO, HE UTPAIOT AKTMBHOM POU B 3MEKTPUUYECKHUX, ONTUYSCKUX
Y MarHUTHBIX SIBACHUSX, MPOUCXOMSIIUX B TBEpAbIX TeaX. DHEPTUs
CBSI3HM TAKHX 3JIEKTPOHOB C SIAPOM OOBIYHO COCTaBIAET ACCATKU DJICK-
TPOH-BOJBT. DTO MHOIO OOJIbIIE 3HEPTUM B3aUMOICHCTBHUS 3JIEKTPO-
HOB C [IEPUOAMYECKUM I10JIEM PELUeTKH U C BHELIHUMMU MOJsiMH. TTo-
CKOJIbKY BHYTpEHHME 0DOJIOUKHU CHIbHO JIOKaJM30BaHbl BOKPYT sipa,
CTEMEHb MX B3aUMHOIO NEPEeKPLITUS OKa3biBaeTcs C1aboi, 371eKTPOH-
HBIt OOMEH MeXIy COCeIHMMHM aTOMaMH CHJIBHO 3atopmoxeH. Cren-
CTBHEM PACCMOTPEHHBIX NMPUYUH SIBIACTCH BEChbMa HE3HAUMUTENBbHOE
«pa3MBbITHE» YPOBHEN BHYTPEHHHUX JIEKTPOHHBIX 000/104eK 1py 00be-
OMHEHMH aTOMOB B TBEPIOE TEJIO.

PaciuernieHu0 B 30HY [IOJBEPXEHb! HE TOJILKO YPOBHH CTALIMOHAP-
HbIX OpOHT, 3aHSTHIE JCKTPOHAMU B HOPMAIbHBIX YCIOBHUSX, HO U
YPOBHM, COOTBETCTBYIOLIUE BO30YXIEHHBIM COCTOSIHHUAM aTOMOB.
HnpyuHa 06pa3yOIIMXC SHEPreTUYECKHUX 30H HE 3aBUCHUT OT pa3me-
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POB TBEPAOTO TeJIa ¥ YKC/Ia aTOMOB, 3aKTIOUEHHBIX B HeM. OHaKo OHa
BO3pAacTaeT C YBEIUYESHUEM SHEPTUH 3JICKTPOHHOTO YPOBHSA. DTO OCO-
OEHHO OTPAXaEeTCs1 HA YPOBHSX BO3OYXKIEHHBIX COCTOSIHUM, pacller-
JIEHUE KOTOpbIX ObIBA€T CTOJb 3HAYUTEJIbHBIM, UTO COIIPOBOXIAETCSH
MePEKPHITUEM 30H, T.€. pas3le/Aoline UX 3a30Phl 3alpElIeHHbIX 3Ha-
YeHUH DHEPruU O0pAILAOTCSA B HYb.

TIpu MaJTbIX MEXXATOMHBIX PACCTOSTHUSIX, KOTOPEIE PEATU3YIOTCS B KPU-
CTALIMYECKOM pellieTKe, DNeKTPOHHbIE 000JOUKH B3aUMOICHCTRYIOT He
TOJBKO CO «CBOMM», HO ¥ C COCEIHUMH aTOMHBIMH OCTOBaMHU. B yacTHO-
CTU, NPUTSDKCHHE 3JIEKTPOHOB OHOIO aTOMa SIIPOM COCEHErO NOHU-
3KaeT BBICOTY MOTEHIIMATILHOTO Gapbepa, pa3measiolero 3JIeKTPOHbl B
yeIWHEHHBIX aToMax. KpoMme Toro, Takoe KyJOHOBCKOC MPUTSIKEHUE
YMEHbUIACT NOTCHUUAIBHYIO SHEPrHI0 3JCKTPOHOB, T.€. BBI3LIBACT
CMEIlCHHME BCEX JIEKTPOHHBIX YPOBHEH, KaK MOKas3aHo Ha puc. 1.14.
OTMeueHHOe 00CTOSITENBCTBO CBUACTENBCTBYET O TOM, YTO OOBEIUHE-
HHUE ATOMOB B KPUCTAJUJI SHEPIreTUYECKHU BBITOMHO.

Kaxnasi paszpeluenHasi 30Ha COCTOMT M3 MHOXECTBa DHEpreTuye-
CKMX YPOBHEMN, ONpelesiseMOTO YHCIOM aTOMOB, COCTaBIISIIOLIMX TBEP-
JIO€ TeJO, T.€. KAXIbIA aTOM UMEET CBOE «IIPEACTABUTENLCTBO» B KaX-~
ol sHepreTuueckoit 3oHe. OTCIona Clelyer, YTO B KPUCTALIE KOHe-
YHBIX PA3MEPOB PACCTOSAHUE MEXIY YPOBHIMU OOPATHO MPOIMOPLIKO-
HaJIbHO YHCJIYy aTOMOB, T.€. 3aBUCUT OT pa3MepoB TBEPAOTO Tena. B kpu-
crajuie o6beMoM B 1 cm? comepxutes 1022... 102 atomoB. DKcnepuMeH-
TajbHbIC JAHHBIC MTOKA3bIBAIOT, UTO JHEPreTUYeCcKas NPOTSKCHHOCTD
30HBI BAUICHTHBIX 3JIEKTPOHOB HE NPEBbILLIAET €AUHMLL 57IEKTPOH-BOJBT.
TaxkuM 00pa3oM, SHEPreTHYECKHUI 3a30p MEXIY YPOBHSIMH B 30HE CO-
craBnsieT BeauuuHy nopsaka 10722...10-3 5B, T.e. paspellueHHbIE 30HbI
XapaKTePpHU3YIOTCSt KBa3UHEIPEPHIBHBIM CNIEKTPOM. 0CTaTOuHO HUY-
TOXHO MajOro SHEPreTUHYECKOro BO3AEHCTBUS, YTOOb! BHI3BATh MEpe-
XOI 3JCEKTPOHOB C OJHOrO YpOBHS Ha JAPYrof, €CiId TaM HMEIOTCS
cBoGONHBIE cOCTOsHUS. CaMbiif HUXKHMIT M cCaMbIi BEpXHUI 3HEPreTH-
YeCKHe YPOBHM B MOJICCE pa3pellieHHbIX 3HAYEHU MPUHSITO Ha3blBaTh
COOTBETCTBEHHO OHOM W HOMOAKOM SHEPreTHYECKON 30HBHL.

B pe3yibTaTe MOXHO CHEJIATh BBIBOA O TOM, YTO MPHUOMMKEHHE CHUIb-
HOM CBSI3U, KaK ¥ MOZeb CNab0CBA3aHHbIX 3JICKTPOHOB, Ka4€CTBEHHO
MPUBOJIUT K OIHOMY M TOMY X€ Pe3yJbTaTy, a UMEHHO: K TIOSIBJICHUIO
pa3pellieHHbIX U 3aNpelIeHHbBIX 30H B 9HEPTETUYECKOM CIIEKTPE 3JIeK-
TPOHOB B KPHUCTAJLIE.

PacnpenesieHne 31eKTpoHOB. B COOTBETCTBUM C nMpuHIMNIoM ITaynu
Ha KaX/J0M SHECPreTUYCCKOM YPOBHE MOXET HAXOAUTLCA He 0oJiee IBYyX
3JIEKTPOHOB, TMpPHUYEM C NPOTHBOIOJOXHBIM HAMNPABACHUEM CIIUHO-
BOrO MarHUTHOro MoMeHTa. [103TOMY UMCIIO 3MEKTPOHHBIX COCTOSSHUM
B 30HE OKa3bIBae€TCSl KOHCUHBIM U PABHBIM YHMCIY COOTBETCTBYIOIIUX
aTOMHBIX cOCTOSIHUN. KOHEUHBIM OKa3blBaeTCs ¥ YMCIO 3JEKTPOHOB,
3aAIMOJHSOWINX JaHHYIO 3HEPIeTUUYECKYIO 30HY, YTO MIPAET BaXHYIO
poJib B GOPMUPOBAHUHU IHEPIETUYECCKOTO CIIEKTpa KpUCTaLIa.
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ITogo6HO 3HEPreTUMECKUM YPOBHSIM B M30IMPOBAHHBIX ATOMaxX 3HEp-
TeTHUYECKHUE 30HbI MOTYT ObITh MTOJHOCTBIO 3aMOJTHEHHbIMU, YACTUYHO
3aMOJIHEHHBIMU U CBOOOAHBIMHU. BHyTpeHHUE OGOJIOUKU B H30JHUPO-
BAHHbIX ATOMaX 3aITOJIHEHBI, TIO3TOMY COOTBETCTBYIOLIME UM 30HbI TaK-
Ke OKa3bIBAIOTCS 3alOJHEHHBIMHU.

Camy1o BEpXHIOIO U3 3aIlOJIHCHHBIX 30H Ha3bIBAIOT 8Q/I€HMHOU 30HOI.
3Ta 30HA COOTBETCTBYET DHEPIeTUYECKUM YPOBHSM DJIEKTPOHOB BHELII -
Heil 000JIOYKM B M30JMPOBAHHBIX aTroMax. binxaiiyio K Hel cBobos-
HYIO, HE3AMOJHEHHYIO WJIK YACTHUHO 3aMOTHEHHYIO 3JIEKTPOHAMMU 30HY
HAa3bIBAIOT 30HOU nposodumocmy. B3auMHOe IMOJOXEHHE 3TUX JBYX 30H
onpezesieT OOJIbILIMHCTBO NMPOLECCOB, MPOUCXOASLINX B TBEPAOM TEJIe.

Boioapl 3omHOM TeopHH. XapaKTep DHEPreTUYECKOro CIEKTpa y
METUUIMYECKUX TPOBOJHUKOR, MOJYNPOBOZHMKOB M JIUIJIEKTPUKOB
CYLLIECTBEHHO pa3inyeH. B META/UIMIECKUX ITPOBOAHMKAX BAICHTHAS 30HA
3aMOJHEHa HE IOJIHOCTHIO MJIM MEPEKPhIBAETCS ¢ 30HON MPOBOAUMO-
cTU. B moaynpoBogHUKAX U AU3AEKTPUKAX 30HA TIPOBOAUMOCTH M Ba-
JIGHTHAsI 30Ha Pa3lieJIeHbl HEKOTOPBIM DHEPreTUYECKMM 3a30POM, Ha-
3bIBAEMBIM 3anpeujerrol 30xoi. @opMajbHO K ITOJYNPOBOIHUKAM OT-
HOCSATCSI BELIECTBA, Y KOTOPHIX LIIMPUHA 3arpellieHHON 30HbI MeHee 3 3B.
BelecTsa ¢ 6osee HIMPOKOM 3anpeileHHON 30HOM OTHOCSATCS K AMD-
JIEKTPUKAM. Y peabHBIX IUDIEKTPUKOB LIMPUHA 3aMPELICHHON 30HbI
MoxeT gocturath 10 3B. Paznuuns B MonoXeHUU SHEPreTUYECKHUX 30H
y IMINEKTPUKOB, MOJYIPOBOIHMKOB U METALITHYECKHX TIPOBOTHUKOB
IMoKa3aHbl Ha puc. 1.15.

CorfacHO 30HHOW TeOpUU 3JIEKTPOHbI BaJIEHTHOW 30HBI MMEIOT
MPaKTUYECKU OIMHAKOBYIO CBOOOIY ABUXKEHUS BO BCEX TBEPABIX TeIax
HE3aBUCUMO OT TOTO, ABASIOTCS JIM OHU METAJUIAMHM WJIH JU3JIEKTPU-
KaMU. JIBMDKeHHME OCYIeCTBISIETCSt MYTEM TYHHEeNbHOTO Nepexoaa 3JieK-
TPOHOB OT aToMa K aroMy. JLIsi 06bSICHEeHUS pa3nyUil B 31€KTpUYE-

2

DHeprust 3MeKTPOHa

DHeprus 3J1eKTpoHa
ADy
DHEPrus JIeKTPOHA
N

AD,

3

a 7] €

Puc. 1.15. IonoxeHue 3HEPreTMYECKUX 30H Y AUBIEKTPUKOB (@), MONYIIPO-
BOAHUKOB (6) U META/UIUYECKIMX MPOBOAHHUKOB (8):
1 — BajeHTHas 30Ha; 2 — 30HA MPOBOIUMOCTH; 3 — 3allpellleHHas 30Ha; AD; —
HIUPpHUHA 38Hp€UICHHOl7[ 30HBI JU3JICKTPUKA, A32 — LIMpHHA 3anpemeHHoﬁ 30HBI 11O~
JIyNIpOBOJAHMKA
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CKMX CBOMCTBAX MaTEpUaJIOB HAAO NMPUHATL BO BHUMAHUE PA3IHUHYIO
PeaKkIMIO Ha BHELIHEE DIEKTPHYECKOE MO 3aM0JHEHHOM 1 He3ano-
HEHHOU 30H. BHelliHee 2/1eKTpHiecKoe MoJjie CTPEMUTCS HAPYLLMTh CHM-
METPHIO B paclpee/IeHUU JICKTPOHOB 10 CKOPOCTAM, YCKOPSIst DJIEK~
TPOHBI, IBHXYILIHECS B HAMpPaBICHUM NEUCTBYIOLIUX 3JIEKTPUUECKUX
CHJI, ¥ 3aMeISAsl YACTHULEBI C MPOTUBOIOJIOXHO HAMpAaBJeHHBIM UM-
nyabcoM. OIHAKO MOXOOHbBIE YCKOPEHHUE U 3aMe/UIeHUE CBSI3aHbl C U3-
MEHEHHUEM IHEPIUH IJIEKTPOHORB, YTO JOJIKHO COMPOBOXIATLCA TNepe-
XOJI0OM MX B HOBBIE KBAHTOBBIE COCTOSAHUS. O4YEeBUIHO, TAKUE MEPEXO0-
Jibl MOTYT OCYLLUECTBIIATBCA JIMILbL B TOM CJIy4yae, eCJIv B 3HepreTHUeCKOoMi
30HE UMEKTCS CBOOOJHbBIE YPOBHU. B TMIMUHBIX Ciiyyasix 1oGaBoOYHast
9Heprud, mpuobpeTaeMas JIEKTPOHAMHU Ha JUIMHE CBOGOIHOTO fipobera
NOA AEHCTBUEM 3JIEKTpUUECKOro mos, coctasuser 10-8... 10~ 5B, T.e.
HAMHOTIO MPEeBOCXOIUT PACCTOSTHUE MEXIY MOAYPOBHSAMU B 30HE.

B MeTannax, rae 30Ha He MOJHOCTHIO YKOMIUIEKTOBAHA 3JIEKTPOHA-
MM, Jaxe cjaboe mose CHOCOOHO COOONUIMTB 3NIEKTPOHaM JOCTaTo-
YHBIH UMITYJIBC, YTOOBI BRI3BATh UX MEPeXOI Ha Oi1u3nexalnne cBooo1-
Hble YpoBHH. 1o 9TOM nMpuyunHe MeTa/UIbl ABISIOTCS XOPOIIMMMU MPO-
BOJHUKAMMU BJEKTPUYECKOIrO TOKA.

B nonynpoBoaHUKAax U AU3JIEKTPUKAX NIpH TeMmIrepaTtype okojo 0 K
BCE€ 2JIEKTPOHBI HAXONSTCS B BAJICHTHOI 30HE, a 30Ha NMPOBOAUMOCTU
abCcoMIOTHO CBOOOAHA, DIEKTPOHBI IIOJIHOCTHIO 3AMOJIHEHHON 30HbI HE
MOIYT NPUHHUMATh YYaCTUSI B CO3MAHMH 3JIEKTPUYECKOro Toka. s
TIOSIBJICHUSA 3JIEKTPOMPOBOJAHOCTH HEOOXOIMMO YaCTh 3JIEKTPOHOB Ne-
pPEBECTH M3 BAJICHTHOM 30HBI B 30HY HPOBOAUMOCTH. DHEPTUHU DNEKT-
PUYECKOTO TMOJISE HEAOCTATOUHO JUIS OCYLUECTBICHHUS TAKOTO TEepPexXo-
nia, TpedyeTcst 6oJiee CUILHOE DHEPreTUUeCKOe BO3IeHCTBUE, HAMpU-
Mep HarpeBaHHe TBEPIOTo Teja.

CpenHsist KMHETHYECKAs DSHEPrus TeIUIOBLIX KOJIeOaHUil aTOMOB B
KPUCTA/UTMYECKOI peuieTke mpudausuTenbHo pasHa (3/2)kT. [1pu KoM-
HATHOM TeMIlepaType 3Ta BeJIMUMHa cocTanasieT okojo 0,04 5B, uto B
0o01IeM Clyyae MHOTO MEHBIIE IMPHHBI 3anpelieHHO 30451 AD. On-
HaKoO CJeAyeT UMETb B BUIY, YTO TEILIOBAsl SHEPTUSI HEPABHOMEPHO
pacrnpenensieTcs MexIy yactuiamMu. B Kkaxibiit MOMEHT BPEMEHH UMe-
€TCsi HeOOJIbLIOE YUCIO ATOMOB, Y KOTODBIX AMIUIMTYNAa M JHEPrHUs
TEMJOBBIX KOJIeOaHUH 3HAYMTEIBLHO MPEBLIIAIOT CPEAHEE 3HAUCHHUE.
B nipourecce TernioBbix KoaeO6aHUH AaTOMbI B3aUMOIEHCTBYIOT HE TOJIBKO
JIpYT ¢ APYrOM, HO M C 3JCKTPOHAMM, TepeaaBasi UM YacThb TEIJIOBOM
3Hepruy. UMeHHO B pe3y/bTaTe TaKUX TEIIOBBIX (PIYKTYallHni HEKOTO-
pble U3 DIIEKTPOHOB MOTIYT MEPENTH U3 BAIEHTHOM 30HBI B 30HY MpPO-
BonumocTH. OYeBUAHO, YeM BbIlIe TeMIIepaTypa M YeM MeHblle 3a1l-
pelleHHast 30Ha, TeM BBILUE HHTEHCHBHOCTH MEX30HHBIX NEPEXOI0B.
Y AN2JEeKTPUKOB 3anpelieHHas 30Ha MOXET ObITh HACTOJLKO BeJIMKA,
YTO 3IEKTPOHHAS JIEKTPOITPOBONHOCTb HE UIPAET OIpeHe/IToeit posu.

D¢ dexTuBHAL Macca HOCHTENEH 3apana. DAEKTPOHbI, HAXOISIIHE~
Csl B 30HE TIPOBOJAMMOCTH, HEMb3s CUUTATh aOCOIIOTHO CBOOOIHBIMHU,
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MOCKOJMbKY OHM B3aMMOJACHCTBYIOT C MEPUOAMYECKHUM [MMOTCHIUATb-
HbIM T0JIEM KpUCTa/UIM4ecKoi pewieTkd. Ilpu MaTeMaTuyeckoM onu-
CAHHUM TMOBENEeHUS JIEKTPOHOB B 30HE NMPOBOIMMOCTH MOJb3YIOTCS
noHsTueM 3¢h¢heKTUBHONK Maccel m,. pdeKTUBHAsE Macca He ornpene-
JISIET HU MHEPUMOHHBIX, HU TPAaBUTALIMOHHBIX CBOICTB 3JICKTPOHA.
OnHaxo, BBOAsS MOHsTHE 3G(PEKTUBHOH MACChl, MOXHO NBUXCHHE
pPEeTbHOTO JIEKTPOHA B KPUCTANLIE C MAacCOM M, pacCMaTpUBaTh KakK
JBYXKEeHUE abCOIIOTHO CBOOOIHOTO 3eKTpoHa. MHBIMU ciioBaMu, 3¢dh-
deKTHBHAS Macca YUMTHLIBAET B HESIBHOM BHUIAE BIUSIHUC TIepUOIUYE-
CKOT'0 MOTCHIMAIA PEeIIeTKH Ha XapaKTep IBUXECHHS JIEKTPOHA TOJ
JIEeUCTBUEM BHeUIHMX cil. C ee MOMOIIBIO YIAETCs MPOCTEeHIIMM 0Opa-
30M OMNMCATh MPOUECCH MEPEHOCa 3apsiia U SHEPIrMU B TBEPAOM Tele.
3HauyeHue m, MOXET BO MHOTO pa3 OTJIMYATLCSI OT MacChl CBOOOAHOTO
3neKTpoHa m,. CyILUEeCTBYET psii 9KCHIEPUMEHTAIBHBIX METOJOB OMpe-
aeneHus 3¢ GeKTUBHONR MacChl, Cpeau KOTOPbIX HaMOObLIEH HAJdeXK-
HOCTbIO OTJIMYAETCS METOJ UMKIOTPOHHOIO Pe30HAHCA.

DddexkTuBHag Macca m, 3aBUCHUT OT CTETICHM INMEPEKPLITUS aTOM-
HbIX BOJIHOBBIX QYHKIIMIA. OHa CUJIBHO BO3PACTaeT MO MEpe yBelIH4Ye-
HUS [JIyOUHBI NOTEHUMATLHON sIMBL. YeM MeHbllIe MepeKpPhITHE 3J1eKT~
POHHBIX 000JI04eK, TeM cnabee B3auMOACHCTBME MeXIy COCCAHUMU
aTOMaMHU, TEM TPYIHEE YCKOPSIOTCA 3JIEKTPOHBI BHEUITHUM TOJIEM, T. €.
yBeIMUUBaeTCsl X 3¢ GheKTUBHAs Macca.

O¢pdexTrBHA Macca JIEKTPOHOB 3aBUCHT TAKXKE OT TIOJOXEHUSI
SHEPTeTUUYECKUX YpPOBHeit B 30He. Kak mpaBWJIOo, OHAa MaKCHMAaibHa
JUISL COCTOSIHUI, ONTM3KUX K CepeIMHE Pa3pelIeHHbIX UHTEPBAIOB SHEP-
rud. BOmu3M noTosika 3HepreTMYecKUX 30H M, B YaCTHOCTH, BOIU3HU
MOTOJIKA BAJIEHTHOM 30HBI, 3¢ (eKTUBHAA Macca 3NeKTPOHOB MPUHU-
MaeT oTpULAaTeNbHOe 3HaueHue. Eciu m, < 0, To yCcKopeHHe 2JeKTpo-
Ha NPOROJAMMOCTH HAIpaBjleHOo MPOTUB NeHCTBYIOIIMX HAa Hero cul. Ho
3TO OOCTOSITENBCTBO HE CBUACTEIbLCTBYET O HAPYLIEHUH 3aKoHa Hulo-
TOHA, MOCKOJIbKY B YPaBHEHMSIX IBUXEHMSI YIYUTHIBAIOT TOJIbKO BHEIII-
HME CWIbI, AeHCTBYIOIINE HA 3MEKTPOH, U HE MPUHUMAIOT BO BHUMa-
HUE CHJIBI, NEHCTBYIONIME CO CTOPOHBI NEPUOAUUECKOTO IO KPHUC-
Taja.

BNeKTPOHBI BAJICHTHOH 30HBI MOTYT YYACTBOBATh B IPOLIECCE I/1EK-
TPOMPOBOAHOCTH AULIL IPY HATMYUH SHEPreTUYECKUX BAKAHCUI B HEil.
Taxkue BaKAHCHU BO3HUKAIOT NPU KaXXAOM aKTE Nepexoaa IeKTPOHOB
B 30HY NNPOBOAMMOCTH. B ciyyae He IONMHOCTBIO 3ar0HEHHOM BAJIEHT-
HOIi 30HbBI €€ peaKkuusl Ha BHELIHEE ACKTpUYECKoe ose OyAeT Buipa-
KaTbCSl B HANpPaBASHHBIX 3CTA(ETHBIX NEPeX0aax MEKTPOHOB C OTHO-
rO YpOBHS Ha JIpYroil BHYTpY KBasuHenpepsiBHOTO crniekrpa. [Ipu ma-
TEMaTHYECKOM OINUCAHUHM 3TOTO TIPOHECCa CIOXHOE KOJIEKTUBHOE
NIOBEJICHUE BAJICHTHBIX JMCKTPOHOB C OTPHUATEILHON 3¢ dekTUBHO!
MAaccoi yIoOHO MpeACTaBISTh SKBUBAICHTHBIM IIOTOKOM IMOJIOXUTEILHO
3apsDKEHHBIX YACTUI € ITOIOXUTENbHOM 3¢ dekTrBHON Maccoi. Takue
KBa3UYACTHIIbI ITPUHSITO HA3bIBATh JbIpKaMU.
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Yucno AbIPOK PABHO YHCIIY BaKaHCHI B pacnpeleleHUH MIOTHO-
CTH COCTOSHMI I 3MEKTPOHOB BaJEHTHOM 30HBI. ITo3aToMy yacto B
LEJISIX YITPOLUEHUSA TpelcTaBiIeHHi 0 MexaHu3Max 3AeKTPONPOBOIHO-
CTH TTOJYIIPOBOTHUKOB CBOOOAHBIE 3JIEKTPOHHBIE COCTOSIHUS BOIU3U
MOTOJIKA BAJCHTHOI 30HBI OTOXIECTBISIOT ¢ AbIpKaMu. OIHAKO mpu
6onee TIyOOKOM pacCMOTPEHUMU SIBJICHUI MOA JbIPKAMHU CleayeT Io-
HUMATh KBa3UYACTUIIbI, JMHAMHYECKHE CBOMCTBA KOTOPBIX TOXIAECTBEH-
Hbl JUHAMWYECKUM CBOHCTBAM COBOKYITHOCTH 3JIEKTPOHOB C OTpULA-
TeabHOH 3¢ dexTUBHOI Maccoii. BMecTe ¢ TeM ciielyeT MUMETh B BULLY,
YTO AHAJOTHIO MEXAY 2JIEKTPOHAMHU M JbIPKaMH, KaK HOCUTEIAMH
3apsiia B TBEPIAOM Telle, MOXHO PacClpOCTPaHSATh A0 ONpeAeeHHBIX
npeaenos. Jleso B TOM, UTO 34eKmpoHbl, KaK DJIEMEHTAPHBIE YaCTHIIbI
C OTPHIUATEIBHBIM 3apSIOM, MOTYT CYLLIECTBOBATh CaMM IO cebe, Ha-
NpUMEP, B BaKyyMe, a TIPEACTABICHUS O JbIpKaX JIMIIAIOTCS BCSIKOTO
CMBICNIA, €CIM OTCYTCTBYIOT 3JIEKTPOHBI, IBMXYIIUECS B MEPUOANYIC-
CKOM I10JIe KPUCTA/LIMYECKON pellIeTKH.

Tabnuua 1.2

3naueHus npuBenenHoi 3¢ heKTHBHONH MacChl HOCHTe e 3apsaa
IUIS PAJa METAIOR H NOJYINPOBOXHHKOB

Merann m,/my HonynpoBoiHUK m,/my m,/mg
Li 1,40 Si 1,06 0,56
Na 0,98 Ge 0,55 0,39
K 0,94 AlP 1,40 0,70
Cs 0,83 GaP 0,82 0,60
Rb 0,87 InP 0,50 0,64
Ag 0,992 AlAs 0,78 0,80
Au 0,994 GaAs 0,067 0,48
Cu 1,012 InAs 0,023 0,43
Al 1,6 AlSb 0,39 0,98
Fe 12 GaShb 0,042 0,44
Co 14 InSb 0,0145 0,43
Ni 28 ZnSe 0,16 0,65

IIpuMeyaHue. /g NoaynpoBOIHMKOB NpPUBEIEHHI JaHHble 110 3¢ddeKTUBHOMI
Macce IUIOTHOCTH COCTOSTHMIA.
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HbIpKH ¢ MMHUMAILHOM SHEpPrueil pacnosaraloTcsi y noTojaKa Ba-
JICHTHOH 30HBI ¥ YBEJUYUBAIOT CBOIO DHEPTUIO, TIEpPEeMEIasiCh B ITIy-
OUHY BaJIeHTHOH 30HBI. UHBIMM CIIOBAMM, ISl ABIPOK U 3JICKTPOHOB
OTCYUET 3HEPIUU MIET B MPOTUBOMONOXHBIX HarpaBiaeHUsxX. [Tockomnb-
Ky 3HepreTuyeckas NpOTSKEHHOCTb 30HBI MPOBOAMMOCTH OOMbILE
IUMPUHBl BAJIEHTHOW 30HBI, >(PEKTUBHAA Macca OBIPOK m, Y G0ib-
WUMHCTBA MOJAYIIPOBOAHMKOB O0jiblie 3hpeKTUBHONR MaCChl DAEKTPO-
HOB m,. B kayecTBe npumepa B Tabia. 1.2 mpuBeneHsl cBeACHUS 06 3¢~
(eKTUBHBIX Maccax HOCHUTEJIEH 3apsaa psaa MeTalIOB U MOJIYNIPOBOLI--
HUKOB.

ATOMbBI METAJIOB NIEPEXOIHON TpYMIbl COACPXAT HE3aMOJIHEHHBIC
BHYTPEHHME 21€KTPOHHBIE O0CI0UKH, TO3TOMY COOTBETCTBYIOIIME UM
SHEPreTHYECKHE 30HBI TAKXKE He 3amojiHeHbl. OgHAKO CTeNeHb Iepe-
KPbITUSI BHYTPEHHHUX 0000YEK OTHOCHUTEIBHO HEBEJNHKa, B CBSI3M C
yeM 3QPEKTUBHBIE MACCHI 3JIEKTPOHOB U151 3THUX METAJ/UIOB OKa3blBa-
I0TCS OYCHB CONBIIUMU.

VYnpolileHHas auarpaMma, u3o0paxeHHast Ha puc. 1.14, He yuuThI-
BacT TO OOCTOSITE/IbCTBO, YTG COCTOSIHUS BHYTPH SHEPTETHUECKOM 30HbI
pacnpenessifoTcss HepaBHOMepHO. M3 30HHOM TeOpHH CJIeAyeT, 4TO
TUIOTHOCTh COCTOSTHMIT N(D) mojpKHa ObITh HAMGONbINEH B OKPECTHO-
CTHU CepeNuHbl PHEPreTUYeCKOM 30HbI. I1py 3TOM NOA MIOTHOCTHIO CO-
CTOSIHMM MOHMUMAIOT UX YUCIO B €IUHULIE 00beMa B pacyeTe Ha eIH-
HMYHBbIA MHTEpBal 3Hepruu. BOAM3M HMXKHEro Kpas KaxaoW 30HbI
TJIOTHOCTh COCTOSTHUII BO3PACTaeT C YBEIMYEHHEM DHEPrUU 110 KOp-
HEBOI 3aBUCHMOCTH B COOTBETCTBHUH C BBIpAXKCHHEM

N®) = %(2m,,)3/291/2. (1.4)

[To aHanorvyHoit popMyae MOXHO pacCYUTATh IUIOTHOCTb COCTO-
SHUH JUIS IbIPOK BAICHTHOM 30HbI N *(3), ecnu m, 3aMeHUTb Ha m,, a
SHEPIrUI0 OTCYUTHIBATH OT BEPXHErO Kpasl B [N1yOb BAJICHTHOMH 30HBI.

Taxum 06pa3oM, 30HHAS TEOPUS CBA3LIBAET JIEKTPOMPOBOIHOCTD
TBEP/ABIX TC/ C HAUIMUUEM YACTUYHO 3aMOJHCHHBIX 3JICKTPOHAMU 3HEP-
FeTHYeCKUX 30H. BICKTPOHbI B LCJIMKOM 3alOJIHEHHOH 30HE MOTYT
OOMEHHUBATLCSI COCTOSIHUSIMU, HO 3TOT OOMEH HE IPUBOIMT K Iepe-
HOCY 3apsifa, TaK KaK 3JCKTPOHBI HepasIMYMMBbL. B auaneKTpuKax
Kaxkiasi 30Ha JUOO0 MOJHOCTBIO 3aMojHeHa, JU00 abCOMIOTHO MyCTa.
DAEKTPONPOBOAHOCTh B IOUYTH MYCTOH 30HE OCYIIECTBISIETCA MEKT-
pOHaMM ¢ ofnpeaeSeHHONH 3(p¢deKTUBHOU Maccoil, YUYUTHIBAIOUIEH
BJIMSIHME TIEPUOINYECKOre NoTeHUMaNa peuetky. [1posonasiime cBoii-
CTBAa NOYTH 3allOJTHCHHOM 30HBI ONPEACASIOTCS ABHXCHUEM ABIPOK,
KaXnasi U3 KOTOPBIX XapaKTEPU3YETCs IMOJOXUTEIbHBIM 3apsiioM U
MOJOXUTENbHOU (P HEeKTUBHON Maccoit. DIeKTPUYECKUH TOK B IMO-
JNYIIPOBOAHHMKAX B OOLIEM Cilyyae UMECT ICKTPOHHYIO M JBIPOYHYIO
KOMITOHCHTBHI.
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Paznuune MexXny JI€KTPONPOBOAMMOCTSIMU METAJUIOB M HEMETAJI-
JIOB BO3pACTaeT 110 Mepe oxiaxaeHusl MarepuanoB. HaobGopor, pasnu-
YHe B 3JCKTPUYECKUX CBOWMCTBAX ABYX KIACCOB HEMETAUIOB — I10JIY-
MPOBOAHUKOB U JUBJEKTPUKOB — IOCTEIIEHHO CIVIAXXKMBAETCS 10 MEpPe
CTpEeMJICHUST TeMIEepaTypbl K adCOMOTHOMY Hynto. BooGie pasaene-
HHEC TBEPIbIX TCJA HA IOJAYNPOBOAHHUKHU U AHUIJICKTPUKHM HOCHUT B 3HaA-
YUTEJIbHOM Mepe ycioBHBIH xapakTep. I1o Mepe Toro, Kak B KauecTse
ITOJIYIIPOBOAHUKOB HAYMHAIOT UCIIONIB30BaTh MAaTEPHAIBI CO BCe Goiee
LUIMPOKOII 3ampelieHHON 30HOH, AejJCHKUE BEUIECTB Ha NMOJYINPOBOI-
HUKM W JU3JIEKTPUKU TMOCTENEHHO YTPauMBaeT CBOU M3HAYaJIbHBIN
CMBICI.

KoHTpoasHbIE BOIPOCHI

1. KakuM 06pa3oM KIacCHOUIMPYIOTCS MATEPHABL 3JICKTPOHHOMN TCXHHU-
KH T10 3JICKTPUYECKUM ¥ MarHUTHLIM cBoitcTBaM? [IpuBennTe mpuMepsl KOH-
CTPYKIMOHHBIX MOT o01ero HazHAYCHHUS.

2. Kakue 3KCNepUMEHTHI MOATBEPXIAIOT TUCKPETHBIA Xapakrep dHepre-
THYECKOTO CIIEKTPA BJIEKTPOHOB B M30JMPOBAHHBIX aTroMax?

3. B xakoM COOTHOLUEHMH HaXOASITCS MEXKAY COO0M KMHETUUYECKAs U MO-
TeHUHUaTbHAas SHEPTUM SJNEKTPOHA, JBHXYIUETOCS B 110Je UEHTPaJIbHBIX CUA?

4. Kakue cuCTEMBI 4acTUIl MOAYMHAIOTCA npuHuMny [Taynu?

5. Kakue ¢akTopsl ONpeensioT CUIbl OTTATKUBAHUS TPU COMMKEHUM aTO-
MOB?

6. KakoB MexaHU3M IPUTSXCHUS aTOMOB B CJIyYae KOBaJICHTHOM CBS3K?
YeM ob6yciioBIeHa HanpaBIeHHOCTb KOBATEHTHEIX CBA3¢it?

7. [Touemy HMOHHAs! CBsI3b OKA3bIBACTCA HCHACHIIIICHHOM?

8. Kakasi B3aMMOCBSI3b CYIUECTBYET MEXIY KOOPAMHAUMOHHBIM YUCIIOM
pelIeTKH HOHHOIO KPUCTAIA M COOTHOUICHHEM Pa3MEpOB aHHMOHA M KaTHO-
Ha?

9. Kakasg xoopauHaluus MOHOB XapakTepHa [ KPUCTALIUYSCKUX PELIe-
TOK METAJUIOB U modyemMy?

10. OObsicHUTE MEXaHU3M JUCIICPCHMOHHOTO B3aHMOJACHCTBUSR MpH 00b-
€JIMHCHHU aTOMOB B MOJIEKYIY.

11. Kak BAUSIIOT AUCIOKALUUN Ha KDUTHYECKUE HANIPSKEHHUST CABUTA B KPH-
craymax? HasoBure ¢crocoObl MOBBIUEHUS MEXaHUYECKON MPOYHOCTH KPU-
CTaJLIOB.

12. Yem ominyaercsa nonumopduam ot uzoMopdpusma? Ipusenurte npu-
Mepbl NOAUMOPGHBIX U U30OMODQHBIX BELIECTB.

13. HazoBuTe OCHOBHBIC OTJIMUMS B CTPOCHUM M CBONUCTBaX KpUCTALIAYE-
CKUX 1 aMOpdhHBIX MATEPUATIOB.

14. Kakue BelecTa ¥ 1o4YeMy JIErKo NEPEXOaaT B CTEKI006pa3Hoe COCTO-
sHue?

15. Kakum obpa3oM mpoucxoauT oO0OOIIECTBICHHE BATEHTHBIX BJIEKTPO-
HOB B Kpuctamie?

16. Tlouemy r1pu 06pa30BAHMY TBEPIOTO TeNa IHEPTETHUECKUE YPOBHU aTO-
MOB DaCIUEIUISIOTCS] B DHEPIeTUYECKUE 30HBI?
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17. Ot yero 3aBUCAT LWIKMPUHA PA3PEIICHHON 30HLI U YUCIO YPOBHEH B
Heil? Kak 3aBUCHUT IIMPHHA 3aNpellieHHOW 30Hbl OT CTENeHH CBSI3X 3EKTPO-
Ha ¢ siapoM?

18. HeM ominyaioTcs SHEPreTMYEeCKUe IUarpamMmbl IMOJMYIIPOBOLHUKOB U
MeTaUIOB?

19. O6bsacHUTe PUMUECKUI CMBICT NOHATUS «3(ddEeKTHBHAA Macca ek~
TpoHa». Kakue 37eKTpOHBLI B KPUCTAUIE XapaKTepU3YIOTCS OTpULATENBHON
abdexTHBHON Maccoit?

20. OOpsicHMTE Ha OCHOBE MPEACTABJICHUN 30HHOW TCOpUH, MOYEMY AM-
SJIEKTPUKU He MPOBOJST 3JEKTPUUYECKUN TOK.
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OUSUYECKRHUE ITPOIIECCHI U ABJIEHUS
B ITPOBOJHHUKOBBIX MATEPHUAJIAX

2.1. OBIIYE CBEJEHHUA O ITPOBOJHUKAX

IpoBomHUKAMH 3MEKTPUYECKOTO TOKa MOTYT CIYKUTh TBepIAbIe Tea,
KUIKOCTH, a TIPYA COOTBETCTBYIOLIMX YCIIOBHUSIX U Ta3hl.

Teepdvimu nposodruKamu SBASTIOTCS. METAUTBL, METAJUTHYECKHE CTIA-
BBl M HEKOTOphIe MOoANGUKALIMY YIIepOIa.

K mMeTasutaM oTHOCSITCS ITACTUYHbBIC BEILECTBA C XapaKTepPHbIM VIS
HUX 0JI€CKOM, KOTOPbIE XOPOLIIO [IPOBOIAT 3JIEKTPUUYECCKHIT TOK U Teli-
soty. Cpeay MaTepyUaioB SJIEKTPOHHOM TEXHUKU METaJUIbl 3aHUMAIOT
OZHO U3 BaXXHEUIIUX MECT.

K scudkum nposodrurxam oTHOCITCS paciUIaBlIeHHBIC METAJUIBI U pa3-
JIMYHBIE 3NIEKTPONUTHL. Kak IpaBmiio, TeMIlepaTypa IJIaBJIeHUS MeTad-
JIOB BBICOKA, 332 UCKITIOUEHHEM PTYTH, Y KOTOPO# oHa coctapisieT ~39 °C.
ITosTOoMYy IpH HOpMaMbHOI TeMIIEpaType B KAYECTBE XUIAKOTO METasl-
JIMYECKOro MPOBOJHHMKA MOXET ObITh IPUMEHEHA TOJBLKO PTYTh. TeM-
nepaTypy IjaBlieHUs, OJIM3KyI0 K HopmaibHoM (29,8 °C), umeeT
ellle ¥ rayuiuit. JIpyrue MeTaUIbl SABASIOTCS XKUAKUMHU MTPOBOAHUKAMU
JIMILB [TPY HOBBILIEHHBIX WM BHICOKHUX TEMIIEpaTypax.

MexaHu3M MPOXOXKACHHUS 3JIEKTPUYECKOro TOKAa [10 MeTallaM B
TBEPIOM M XHIKOM COCTOSIHUSIX OOYCJIOBJIEH JABMXEHUEM CBOOOIHBIX
3JICKTPOHOB, BCJEACTBUE YErO WX HA3BIBAIOT MPOBOCHUKAMU C INeKm~
POHHOU 31eKmMponposooHOCHbI0, WK IIPOBOTHMUKAMHU TIEPBOTro poja.

Inexmporumamu, WK INPOBOJIHMKAMU BTODOTrO pPOJA, SIBIASIOTCSE
pPacTBOPHI (B OCHOBHOM BOIHbIE) KMCJIOT, LIEJIOUEl U Cojieit, a TaKKe
pacIuiaBbl MOHHBIX coennHeHUI. TIpoxoxneHue ToKa depe3 Takue Nnpo-
BOJIHUKH CBSI3AHO C MIEPEHOCOM BMECTE C DJIEKTPUYSCKUMU 3apsIaMu
yacTeil Monexkysl (MOHOB), B pe3yNbTaTe 4Yero COCTaB B3AEKTPOIUTA
MOCTENEHHO U3MEHSIETCS, 4 Ha 3JEKTPOHaX BBIIEIAIOTCS MPOIYKTHI
3JIEKTPOJIN3A.

Bce 2asst 1 napsi, B TOM 4YHCIE W TNapbl METALIOB, NPU HU3KHX
HarnpsHKeHHOCTSIX 3JEKTPUYECKOTO M0JIsI He SIBJISIIOTCST IPOBOXHHUKAMH.
OnHaxko ec/iy HaNpsiKeHHOCTD TOJISI BhIIIe HEKOTOPOTO KPUTUYECKOTO
3HAYCHUs, 00eCTIeUMBAIOIIET0 HAYAIO YAAPHOM MOHM3aLMH U (OTO-
WOHM3AUMU, TO ra3 MOXET CTaTh MPOBOAHUKOM, OOMAAIOHIUM 3IeKT~
DOHHOH M MOHHOM 3JeKTPONpPOBOAHOCTAMU. CHUIBHO MOHM3UPOBAH-
HBIH ra3 MpY paBeHCTBE YKCIA 3JIEKTPOHOB U MOJCXUTEIbHBIX MOHOB
B elIMHHUIie 00beMa MpeACTaBNasieT coboil 0CoOYI0 PABHOBECHYIO NMpPO-
BOJISILYIO Cpelly, Ha3biBAEMYIO HAA3MOUL.
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2.2. DUSNYECKRAA ITPUPOJTA
SJEKTPOITPOBOJHOCTH METAJIJIOB

DKcnepuMeHTAIbHbIE 3aKOHBI M 3JIEKTPOHHAA Teopus. B ocHOBe Kiac-
CUYECKOU 2JIEKTPOHHOIt TeopuM MeTasioB, paszsutoit I1.Jlpyne u
X.A.JlopeHUOM, JEXUT TIpEACTABICHNE 00 31eKmMPOHHOM 2a3e, COCTO-
SIEeM M3 cBOGOAHBIX (KOJUIEKTUBUZUPOBAHHbBIX) 3JIEKTPOHOB. DIIEKT-
POHHOMY Ta3y IPUITMCHIBAIOTCSI CBONCTBA UAeaNbHOIO rasa, T.e. IBU-
>KEHME 3NICKTPOHOB TTIOAYMHSIECTCST 3aKOHAM KJIACCUYECKOM CTaTUCTUKH.
Ecau cuuTars, YTO aTOMbl B METaJJIe HOHU3UPOBAHBLI OJHOKPATHO, TO
KOHUEHTPALIMsI CBOOOIHBIX 3JEKTPOHOB OyIeT paBHA KOHLIEHTPalluy
aTOMOB M MOXET ObITh paccyMTaHa I10 (popMmyie

d
n=—— No,
A
raie d — IUIOTHOCTD Marepuaia, A — aroMmHas Macca, N() — YHUCJIO

Asoranpo.

B cOOTBETCTBMM C aTOMHO-KUHETUYECKOM Teopneﬁ UACAIbHBIX Ta-
30B CpCAHAA KHMHETHUYECKAasA OHEPruda SJICKTPOHOB, HAXOAAWMXCA B
COCTOSAHUU HCIIPEPBIBHOI'C XaOTHYECKOIO ABUXCHMS, JUHEHHO BO3-
pacTaeTr ¢ TeMIlepaTypoi:

772
Ml 3y, 2.1)
2 2

TIe 4 — CpemHsisi CKOPOCTb TCIUIOBOIO JABUXKEHUS; K — IOCTOSTHHAsI
bonbsumara. Temneparype 300 K cooTBETCTBYeT CpeAHSIS CKOPOCTb
nopsanka 10° m/c.

ITpunoxeHnue BHEITHETO HAMPSKEHMS TIPUBOAUT K YBACUCHUIO TEK-
TPOHOB B HAMPaBACHUHU ASHCTBYIOIUMX CUII MOJIA, T.€. 3JACKTPOHBI 10~
JIy4ar0T HEKOTOPYIO 100aBOUYHYIO CKOPOCTh HAMPaBACHHOTO ABHUXECHUS,
Oraroniapst 4eMy M BO3HMKAET JEKTPUYECKUH TOK. I110THOCTh TOKA B
MIPOBOAHUKE ONPEACISCTCS BhIpaXKEHUEM

J =env, 2.2)

T1e ¥ — CPEAHSISl CKOPOCTh HaNpaBJIeHHOTO IBUXEHMSI HOCUTENEH 3a-
psina (cKopocTh apeiida).

B MeaHOM NpOBOAHMKE IIOTHOCTM Toka 10% A/M? cooTBeTCTBYET
CKOpOCTh apeiida 31eKTpoHOB nopsiaxa 107 M/c, T.€. MOXHO CYMTATh,
YTO B PCAJIbHBIX YCIOBHUSX BbITIOJHSETCS HEPABEHCTBO ¥ <K i.

B npoMexxyTkax Mexay CTOIKHOBEHHSIMHU C Y31aMU PELISTKH 3/1eK-
TPOHBI IPU ACHACTBUU 3ACKTPHUUYECKOTO TIOJS ABUXKYTCS C YCKOpEHUEM

a=eE /m,.
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MakcuManbsHas CKOpocTh apeiida, npuodperacMasi 31€KTPOHOM K
KOHLYy ¢BOGOIHOro npobera,

Vmax = @70,
TJe T, — BpeMsi CBOOOMHOTO npobera.

Tocne cTonkHOBeHUs i OGOIBIIMHCTBA DJIEKTPOHOB CKOPOCTD Ha-~
NPaBACHHOTO ABUXEHUS MajgaeT A0 Hys, T.€. HAKOIJIeHHas KUHETH-
yeckasi 3Heprus rnepejaercs aromam pelueTku. [1o3ToMy cpenHee 3Ha-
YeHUe CKOpOCTH Ipeiida 3a BpeMsi cBOOOAHOrO npobera paBHO MOJIO-
BHUHE MaKCUMAJIBbHOIO!

_ eF .
UV =—"T5.
2my

ITockonbKy v <« i, TO MPU pacyeTe BpeMeHU CBOOOAHOrO npobera
A00aBKy CKOPOCTH U MOXHO HE YUMTBIBATb:

tO = l—/ L-l,
rae | — cpenHsis JuHa CBoOOAHOro nmpobera 3j1eKTPOHOB.

IToacraHoBKa MOJAYYEHHBIX COOTHOLIeHUH B (opmyny (2.2) wia
IUIOTHOCTU TOKA IPUBOIAUT K CAEAYIOLIEMY PE3YIIbTATY:

L -
J = ; "g-yE, (2.3)

myl

T.¢. IJVIOCTHOCTH TOKa MPONOPUHMOHATbHA HANIPSIKEHHOCTH 3JIEKTpUYE-
CKOTO I10Ji51, @ 3TO €CTh aHAJIMTUYECKOE BhIpaXXeHHUe 3aKoHa OMa.

BeiBoa dopmyabt (2.3) Heab3d cuUTaThb abCOMIOTHO CTPOTMM, TakK
KaK MPUHUMAJIOCh BO BHUMaHME JABMXEHUE JIKIUB OJHOTO 3JIEKTPOHA,
a BBIBOJIbI PACTIPOCTPAHSIMChL Ha BCe CBOOOIHBIE 2JEKTPOHBI. bonee
MpaBWIbHBIM ObLIO OBl PACCMOTPETH NENCTBUE 3JEKTPUUECCKOTO TMOJIS
Ha BCIO COBOKYMHOCTh CBOGOIHBIX 3/IEKTPOHOB, Y KOTOPBIX CyMMap-
HbIA MMIIYIBC U3MEHAECTCA KakK IO AeHCTBUEM IOJIS, TaK U NOA AeH-
CTBUEM COYAAPECHUI € y3/1aMM KPUCTALTMUYECKOM pelleTKU. Takoit ana-
JIU3 MPUBOAUT K TOMY, UTO CpelHsia ApeioBas CKOPOCTh 371€KTPOHOB
OKa3bIBaeTCs BIBOE GOJblIE, YeM onpeaeneHo paHee. C yuyeToM 3Toi
MOTNIPaBKM BbIpaXkeHUe ISl yAeAbHON IIPOBOJAUMOCTH NPUHUMAET Clie-
AYVIOWUN BUI:

e (2.4)

TIpencrassieHns 0 CBOOOJHBIX NEKTPOHAX MTO3BOJISIOT JIEFKO MPUii-
TH K 9KCIIEPUMEHTATBHOMY 3aKOHY Buaemana — ®panua, ycTaHaBIK-
BalOLIEMY CBSI3b MEXIY 2JIEKTPOIPOBOJAHOCTHIO U TEILIONPOBOIHOC-
TBIO METa/1a. DJIEKTPOHBI B META/UIE MIEPEHOCHT HE TOJBKO 3JMEKTPHU-
yecKuii 3apsjl, HO M BbIPABHMBAIOT B HEM TeMIIEpaTypy, odecniednpas
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BBICOKYIO TEIUIONIPOBOAHOCTh. biaronapsi BHICOKON KOHIIEHTPAUUU CBO-
OOMHBIX NEKTPOHOB JEKTPOHHAS COCTABNSAIONIAs TEIUIONPOBOIHOCTH
npeobagaeT Hal APYTMMHU MEXaHU3MaMU [iepeHoca TeIvioThl. Toraa B
COOTBETCTBUM C aTOMHO-KMHETHYECKOH TEOpHMEH WIea]bHOIC rasa
yleJbHas TEIUIONPOBOIHOCT MOXET ObITh 3a11MCAHA B BUJE

Ay = %knm‘. (2.5)

INoaenus BeipaxeHue (2.5) Ha yAETbHYIO IIPOBOJIMMOCTD, HallleH-

Hy10 U3 ¢opMyasl (2.4), ¢ ydyeTom Gopmynsl (2.1) nmoayaum

7\'1" _ 3k2 =27

<L =3k’e~T = LT,

Y
T.€. OTHOUICHHUE YAEIbHOH TEIJIONPOBOIHOCTH K YIEIbHON MPOBOIH-
MOCTH METaJIa NMpH JAaHHON TeMIlepaType €CTh BEJIW4YMHA IOCTOSH-
Hasl, He 3aBUCSIIAs OT NPUPOAbI IPOBoAHUKA. OTCIONa, B YaCTHOCTH,
CJIEIYET, YTO XOPOUINE MPOBOAHUKHU BJIEKTPUYECKOTO TOKA ABISIOTCS
U XOPOIIUMU IPOBOAHMKamMK Ternotel. KoHcTanTta Ly = 3k%e~2 nony-
yuia Ha3BaHUe yucia Jlopenua. bosee cTporuit aHan3, OCHOBaHHBIH
Ha KBAaHTOBOHM CTAaTUCTUKE JICKTPOHOB, IAaeT HECKOABKO MHOE Bblpa-
XeHue Ui yMcia JlopeHua, XoTs YHUCIEHHOE 3HauYeHHUE €ro cylle-
CTBEHHO HE U3MEHSETCH:

Ay w ) SR -2
L=2 =T (k /ey =2,45.10-B2K2,
yI' 3

DKcrnepuMeHTabHBIe 3HaYeHUs1 yucna JIopeHa npu KOMHATHOM
TeMIepaType Uit NMOAABASIONIEro OONBLUIMHCTBA METAJUIOB XOpOHIO
COTJIACYIOTCS C TEOPETUYECKUM 3HAUYCHUEM.

OnHako KpoMe yIauHO pa3pelli€HHBIX BOIPOCOB C TOYKU 3PECHUS
KJIACCUYECKON SJEKTPOHHOM TEOPUH METAUIOB HMOSABWIMCH M IIPOTH-
BOpEYUS C ONBITHBIMU JaHHBIMM. B YaCcTHOCTH, KJIaccHYecKas TEOpUst
HE cMoMIa 0OBSICHUTh HU3KYIO TEIIOEMKOCTh 3JIEKTPOHHOTrO raza. Mo-
JISIpHAst TETUIOEMKOCTh KPUCTALIMYECKONA PeLIeTKH JI000ro TBEpAOro
Tejia, KOTOpOE MOXHO paccMaTpuBaTh KaK CUCTEMY FapMOHHYECKM
KOJIEOMIOLIMXCS OCHWIISTOPOB, cocTaBusieT 3R (R — yHHMBepcaibHast
ra3oBasi NIOCTOSIHHAS). DTOT Pe3yIbTaT U3BECTeH B (PU3UKE IO HA3BA-
HUeM 3akoHa JlionmoHra— I1TH, KOTOPBIN BBLIMIOJHAETCS JJIST TBEPIBIX
TEJI IIPU BbICOKOHR TeMIleparype.

B MeTannax B npouecce NOMIOIUEHUS 3HEPTUM JODKHBI MPUHUMATh
y4acTHe He TOJbKO KOJIeOMIoIHecss aTOMbI, HO U CBOOOIHBIE 3JIEKTPO-
Hbl. C 3TOM TOYKM 3peHMst TEIUVIOEMKOCTE MeTaslia JOKHA OBbITh Cyliie-
CTBEHHO 60Jbllle, YeM TEIUIOEMKOCTb AUDIEKTPHUKOB, KOTOPHIE HE CO-
JepxKaT CBOOOMHBIX MEKTPOHOB. [IpUHMMAsE, YTO YMCHAO CBOOOIHBIX
3JIEKTPOHOB B METAJUIC PABHO YMUCIY aTOMOB, U YYUTBIBasi, UTO DJICK-
TPOHBI KaK YacTHLbI WICAJIBHOrO ra3a MMEIOT CPEeAHIO TeIUIOBYIO
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sHepruio (3/2)kT, wist MONSIPHON TEIUTOEMKOCTH MeTauioB C Iony-
IUM

3 9

C=Cpp+C, =3R+2kN, = 2R,
2 2

pewt
e Chey — TEIUIOEMKOCTH KPHCTALTMUYECKOIt peerky; C, — TeIo-
€MKOCTb 3JIEKTPOHHOTO Ia3a.

OnHAaKo B JeHCTBUTENLHOCTH TEIUIOEMKOCTh META/UIOB IIPU BBICO-
KHX TEMIIEpATypax Majo OTIUYAETCS OT TEIUIOEMKOCTH KPUCTAINYE-
CKUX AM3JIEKTPUKOB. DTO CBUAETENLCTBYET O TOM, YTO DJIEKTPOHHBI
ras MpakTU4YeCKU He IOIVIOLIAET TeIUIOTH IPYU HAarpeBaHUU MeTalIM-
YeCKOTo MPOBOIHUKA, YTO MPOTHBOPEUMT NPEICTABIEHUAM KIACCH-
4eCKOH 31eKTPOHHON Teopuu. OTMEUEHHOE MPOTUBOPEUNE SABJIAETCS
[JIABHBIM, HO HE €AMHCTBEHHBIM BO3PAXEHUEM TPOTUB KJIACCUYECKOM
Teopun. UMEIOTCA SKCIEPUMEHTATBHBIE J0KA3aTEILCTBA, YTO CPENHSIs
JUIMHA CBOOOAHOrO MpoOera 3J1eKTPOHOB B META/UIAX BHICOKOM 1POBO-
JIMMOCTH COCTAaBASIET B HOPMAJIbHBIX yeaoBuax 10%...10% A, a npu uus-
KMX TEMIIEPATYPAX — CYLUECTBEHHO Gonblie. [Ipyu comocTaBieHuu 310-
rO 3HAYEHUs] C MEXATOMHBLIMU PACCTOSHUAMM B pELIETKE, COCTABIIA-
IOIIUMH €IMHUIBI AHICTPEM, TIPUXOIUTCS NIPU3HATD, YTO BIEKTPOHBI
IBUXYTCA 6€3 CTOJKHOBEHMH HA PACCTOAHMU TOPSIKA COTEH NMEPUO-
JIOB PELIETKH.

TMepeuncieHHbIE TPYIHOCTH YAAIOCH IPEOJONETE C TOMOLIBIO KBAaH-
TOBO¥ TEOPUM METAIIOB, OCHOBBI KOTOPOi GbUIN pa3paboTanbl COBET-
ckuM yueHbiM SI. V. @Ppenkenem U HemMelKUM (U3NKOM A.30MMep-
deapioMm.

KBanToBas CTATHCTHKA 3JE€KTPOHOB B MeTamie. OCHOBHbIE HENO-
CTATKH KJIACCUYECKOM TEOPUU UCXOISAT HE CTONBKO M3 TPEICTaBIeHHIA
O CYIIECTBOBAHMUH B META/LIAX CBOGOAHBIX 3MEKTPOHOB, CKOJILKO OT
NPUMEHEHHMS K HUM 3aKOHOB KJIACCHYECKON CTATUCTUKM (CTATUCTUKM
MaxkcBenna — Bo/ibliMaHa), COIIaCHO KOTOPOM PAacNpencieHue dJeK-
TPOHOB 110 YHEPreTUYECKUM COCTOSIHUSAM ONMMCHIBAETCS DKCITOHEHIIU-
anbHON (yHKLIMEH BUIA

F)= Aexp[—%} (2.6)

IIpn 3TOM B KaXIOM 3HEPreTMYECKOM COCTOSHMHM MOXET Haxo-
IUTBCA J11000€ YUCITO 31eKTPOoHOB. KBaHTOBAsI CTATUCTUKA Ha3UpyeTCst
Ha npunyune Ilayau, COTIACHO KOTOPOMY B KaXIOM SHEPreTHYCCKOM
COCTOSTHUM MOXET HAXOMUTLCS TOTBKO OAUH 3/1eKTpoH. OTclona cpasy
BBITEKAET pPa3iMyue KJIACCHMYECKOI0 M KBAHTOBOIO paclipeaeieHHi
3JeKTPOHOB 1O 3HeprusiM. C KIacCUYECKOH TOYKU 3pEeHUs] IHEPrusi
BCEX 3IEKTPOHOB MpPH TeMIIEpaType abCOMIOTHOIO HYJsSl HOMXKHA PaB-
HSTLCS HYJO0. A 110 npuHuuny Iaynn gaxe npu aGCoMOTHOM HYJIE YHUC-
JIO BJIEKTPOHOB Ha KAXIOM YPOBHE HE MOXET IIpeBBILLATh ABYX. U ecan
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obuIee YUCA0 CBOOOAHBIX 3EKTPOHOB B KPUCTALIE PABHO A, TO TMPU
0 K onu 3atimyT n/2 Haubonee HU3KHUX SHEPreTUIECKUX YPOBHEH.

B KBaHTOBOH TEOPHU BEPOSTHOCTb 3AMOJHEHMS DHEPTETHUECKUX
COCTOSIHUI 3J€KTpOHaMU omnpenensercsa dyHkuueinr Pepmu:

-1
F(3) = [1 + exp(—g—';c;—a]] , 2.7

rae O — PHEprusl ypoBHs, BEPOSTHOCTH 3aMOJTHEHHUsI KOTOPOTro OIpe-
JleTIsieTcsl.

Ilpu T=0 K dpyukuus Pepmu o6aalaeT CAeAyIOMIMME CBOMCTBAMMU:
FO)=1ecmu 3 <A u D) =0, ecmtt D > B (Op — sHeprus
XapaKTepUCTUYECKOTO YPOBHS, OTHOCUTEIHLHO KOTOPOTO KPUBAsi BEPO-
SITHOCTU CUMMETPHYHA).

Taxum 00pa3oM, BeTUUMHA I ONpeaesieT MAKCUMaIbHOe 3HAYE-
HUE DHEPTUM, KOTOPYIO MOXET MMETh DJIEKTPOH B METAJLIe TIPU TEM-
neparype abCoMIOTHOrO HYJISl. DTY XapaKTePUCTUYECKYIO PHEPTUIO Ha-
36IBalOT 3Heprueit @epmu uiu yposuem Depmu. COOTBETCTBYIOILUM €if
NOTEHUHAN @f = Dr/e Ha3bIBAIOT IAeKMPOXUMUHECKUM NOMEHUUANOM.
CrienlyeT OTMETUTD, YTO SHEPTUs Dy He 3aBUCHUT OT 0ObeMa KpHCTAI-
Jia, a OnpeneNsieTCsl TONbKO KOHIEHTpaled CBOOOAHBIX DJICKTPOHOB,
YTO HEMOCPEeNCTBEHHO BhiTeKaeT u3 mpuHuuna [laynu. [Tockombky
KOHUEHTpalMsl CBOOOMHBIX 3JEKTPOHOB B METa/l/Ie BECbMa BEJIMKa,
sHeprus PepMu TaKxKe OKA3bIBACTCS BHICOKONU M B TUITMYHBIX CIYYasiX
coctanisieT or 3 1o 10 3B (Tabn. 2.1).

Ilpu HarpeBaHMHU KpHUCTaJlla eMy cOOOILLAETCS TEIUIOBas dHEPrus
nopsinka £7T. 3a cueT 3TOro BO30YXKIACHUS HEKOTOPBIC 3JIeKTPOHBI, Ha-
xonasuiyecs BOu3M yposHsa PepMy, HAUMHAIOT 3aII0HATh COCTOSTHUS
¢ Oonee BbICOKOM aHeprueit: rpadux QyHKLUMU pacrpefesieHus CTa-
HOBUTCSI HECKOJNBKO MOJIOTUM (puc. 2.1). OqHako U30LITOK SHEPTHUH,
MOJy4aeMO# BJIEKTPOHAMHU 34 CUET TETJIOBOIO JIBHXCHMS, OYEHb HE-
3HAYMUTEJIEH MO CPaBHEHUIO C Dy M COCTABISIET BCETO HECKOMBKO CO-
TBHIX OJIEH EKTPOHBONBTA. [103TOMY XapakTep pacripeleneHus 3eK-
TPOHOB [0 SHEPrUsIM TAKXKE U3MEHSICTCS OU€Hb HE3HAUUTEIBHO: Cpell-

Taonuwa 2.1

Hu3zkoremneparyphbie 3nauyeHus 3Hepruy OepMH U KOHUEHTPAUMHA
CBOOO/IHBIX 3JEKTPOHOB JiA PAIa METAJLUIOB

Merain1 | Na| Cs | Cu| Ag | Au| Be | Mg| Zn Al In | Pb | Sn
By 9B 3,231 1,58] 7,0 15,48|5,51|14,14|7,1319,39] 11,63} 8,6 |9,37| 10,03
n-1028,12,65/0,9118.45]5,85/5,90| 24,2 |8,60|13,1| 18,06| 11,5( 13,2| 14,5

M3
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DHEPrHA JMEKTPOHOB

F=0 F=12 F=1
a 6

|

Puc. 2.1. Pacnipenenerue 3IeKTPOHOB B YACTHYHO 3ar0IHEHHOM 30HE (@) U PYHK-
LIVSI BEPOSITHOCTH 3arOJIHEHUSE DJIEKTPOHAMU SHEPIeTUYCCKHUX YpOBHEH (6 ):

I — ypoBHM, moutu 3anonHeHHble; II — uHTepBan pasmeiBanus; 1II — ypoBuHu,
MOYTH MOJHOCTHIO CBOGOIHbIE

HSIS1 DHEPIHS JIEKTPOHOB MPAKTUYECKM OCTAeTCS 6e3 M3MEHEHHS. A He-
3HAYUTEJIbHOEe U3MEHEHUE CPeIHEH DHEPTUHM OT TeMIlepaTyphl 03Haya-
€T MaJIyIO TeIUIOEMKOCTb 3JISKTPOHHOIO ra3a, 3HauyeHMe KOTOpOM Mo
cratucTuke PepMu — Jlpaka npu oOBIYHBIX TEMITEPATYPaxX MOTYy4aeT-
csi B 50—70 pa3 MeHbuie, 4YeM 10 KJIaCCMYECKOH Teopuu. B aTom 3a-
KIIOYEHO pa3pelleHue POTHBOPEYUS] MEXIY MAION TEIIO0EMKOCTBIO
Y BBICOKOH IMPOBOAMMOCTBIO 2JIEKTPOHHOTO raza B MeTajUiax.

Uz popMmynst (2.7) 1erko ycTaHOBUTb, YTO NPH JIOOOH TeMriepa-
Type Mg YPOBHS C DHeprueil O = Dp BEPOSTHOCTH 3aIIOIHEHUs] €ro
a5eKTpoHaMu paBHa 0,5. Bce ypoBHH, pacnoiiokeHHBIC HHXe YPOBHSA
®epMu, ¢ BeposITHOCTHIO Gonee 0,5 3anonHeHs! 371eKTpoHaMu. Haobo-
pPOT, BCe YPOBHH, Jiexalllie Bblllie YPOBHS (PepMH, C BEPOSTHOCTHIO
6onee 0,5 cBOGOIHBI OT 2JIEKTPOHOB.

PacrnipeneneHMe 3JIeKTPOHOB 110 SHEPTUSM OIpPEAcIACTCs] He TOJb-
KO BEPOSATHOCTBIO 3aINIONHEHUS YPOBHEH, HO U ILIOTHOCTBIO KBAHTO-
BBIX COCTOSIHMIA B 30HE:

dn(3)= N(D)F(D)dd,
rae dn — 4YMCHO BJAEKTPOHOB, NMPUXOASIIMXCS HAa 3HEpPreTUYeCcKUi
HHTEpBAI OT B 10 3 + d3; N(D) — IJIOTHOCTh pa3pelieHHbIX COCTO-
SIHUM B 30HE, T.€. YUCJIO COCTOSHUMI, NPUXOSILUXCI HA eAMHUYHBIN
MHTEPBAJl SHEPrMu B eIUHHLE oObeMa.

C yuetoM dopmyinl (1.4) pacripenesieHyie JEKTPOHOB IO SHEPIH-
SIM B METaJIJie MOXKHO IMPEJACTAaBUTh NMapaboJIUYecKoi 3aBUCHMOCTDIO,



58 TI'nasa 2

1M300pakeHHON Ha puc. 2.2. DNEKTPOHBI, pACTIONOXEHHbIE B TIyOUHE
oT ypoBHst PepMu, He MOryT OOMEHUBATBCS SHEPIUER C KPUCTALIHN -
YeCKOH pelteTKOM’, TaK KaK /Ui HUX Bce OIMXKaiiline SHepreTHYeCKue
COCTOSTHUSL 3aHSITHI.

OO611YI0 KOHLEHTPALMIO DJIEKTPOHOB B METAIIE MOXHO HAUTH MMy-
TEM UHTErpMpPOBAHUS ITO BCEM 3aMOJHEHHBIM COCTOSSHUAM. [1pu Tem-
nepatype 0 K 3T0 npuBOIMT K CAEAYIOUIEMY PE3YAbTATY:

oF 8n(2m, \'?
n= | N®)F()dD =—( n j 932, (2.8)
) 31 A2

CucreMbl MUKpPOYACTHIIL, [OBEIEHUE KOTOPBIX OMMCHIBACTCS CTaTU-
ctukoit Pepmu — JIupaka, Ha3bIBAIOTCS GbipoxcOeHHbimu. B cocTOIHUM
BBIPOXIEHMUST CPEeIHSSI SHEPTUST DIEKTPOHHOTO raza NMpakKTHYeCKH He
3aBMCUT OT TeMIEpaTyphl.

BenencrBue BuIpOXIESHUS B IIPOLIECCE DEKTPONPOBOAHOCTH MOTYT
NMPUHUMATL YYaCTUE He BCe CBOOOAHBIE DJIEKTPOHBI, & TOJBKO HEOOb-
1as1 YacTb UX, UMEIOLLIast SHepruio, 01u3Kylo K sHeprun Mepmu. Tonsko
5TH 3JCKTPOHBI CLIOCOOHBI UBMEHSITh CBOM COCTOSIHHUS TIOJ JEHUCTBUEM
MOJsA. DASKTPUUECKNN TOK, BOZHUKAOIIUNA B METaJIe MO BIUSTHHEM
Pa3HOCTH NOTEHIIUAIOB, OTPAXaeT U3MEHEHMS B pacTIipeIeACHUH dIIeK-
TPOHOB IO CKOPOCTSM. B COOTBETCTBMM ¢ KBAHTOBOM CTATUCTUKOM 3TO
pacnpenesieHue SIBJIsIeTCs IIPOM3BOAHBIM OT pacHpeneeHus Mo dHep-
rusiM (cM. puc. 2.1) ¥ CUMMETPUYHO B OTCYTCTBUE BHENIHEro MOJis.
IMpoekuus pacnpeneyieHUst MO0 CKOPOCTAM Ha BbIOpAHHOE Harpasjie-
HMe T0Ka3aHa CIUIOLIHOM aMHuel Ha puc. 2.3. [lon neiicTBUEM 3JeK-
TPUYECKOTO MOJIS MPOUCXOIUT PACCESIHUE BJIEKTPOHOB Mo 60JibILK-
MM yIJIaMM B NIPOLECCE UX YIIPYTHX CTOJIKHOBEHMI C y3J1aMH pelieT-
KH. B pe3yapTare 3TOro BO3HUKAIOT M3OBLITOK OBICTPhIX JIEKTPOHOR,
JBMXKYIIUXCS MTPOTUB MOJSA, U AeDULMT OBICTPLIX SJIEKTPOHOB C MPO-
TMBOTOJIOXXHBIM HarpaBieHHeM CKOpOCTH. Takoit nepebpoc 31eKTpo-
HOB M3 OIHOIC COCTOSIHMSA B Apyroe nokasaH (cM. puc. 2.3) Ha auar-
paMMe pacnpelaejieHusl Mo CKOPOCTAM cTpenkoil I— 1°. Yckopssich
MnoJjieM Ha JUTMHE CBOOOJHOTO Mpodera, 3TH 3JeKTPOHbI NPpHoOpeTaloT
I06aBOYHYIO CKOPOCTb HAIIPABJIEHHOTO ABUXECHHUA:

n(d)

Puc. 2.2. PacrnipeneneHue 3JeKTPOHOB I10 SHEPTHAM B METAILIC:
1—T=0K,2—-T=0K
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Puc. 2.3. PacripesienieHue 91eKTPOHOB B METAJLIE 10 CKOPOCTSIM:
a — B OTCYTCTBUC INICKTPHUUYCCKOTO [10J14, 6 — npu BO3ACHUCTBUM 1OJISt

vp=Eq Bl 2.9)
my, m, Ur

rae Tr — BpeMs CBOGOIHOro NMpolera; iy — TEIIOBask CKOPOCTh ObICT-
PbiX 3JIEKTPOHOB, 00JIafaoluX SHeprueil, GIM3KOM K SHEPrun Of.

OcHOBHast Macca JIEKTPOHOB HE U3MEHSET CBOEI0 3HEPreTHUECKO-
TO COCTOSIHUS TIpH HaJOXeHUH mosisi. OmHAKo B LieJIOM BCS KapTUHA
pacripelie/ieHUst CKOPOCTell cMellaeTcst MPOTUB MO (TaK KaK 3leKT-
POHBI UMCIOT OTPULIATEIBHBIN 3apsa) HAa 3HAYEHUE CKOpOCTU apeitda
vr. OTae/bHbBIE 27IEKTPOHBI HEOTIMYMMBI APYT OT Apyra. [ToatoMy, KOH-
CTaTUpPys JIMIb KOHEUHBIHM pe3y/IbTaT, MOXHO CYHUTATh, UTO MOJ Aci-
CTBUEM IIOJISI BCSI COBOKYITHOCTH CBOOOAHBIX 3JICKTPOHOB B MeETajLIe
(OBICTPBIX M MEJICHHBIX) ¢ KOHLEHTpalueil »n npuobperaer nodaso-
YHYIO CKOPOCTH HAMPAaBJIEHHOTO IBUXXEHUS, PaBHYIO vx C yUeTOM 3TO-
ro OOCTOSITENLCTBA BBIPAXEHUS JUIS TUIOTHOCTH TOKa (2.2) M ymesnb-
HO# 1poBoauMocTd (2.4) IpUHUMAIOT BUA:

J = envyg;
- 2.10
e’nl (2.10)
Y= .
mnuF

U3 ¢opmyast (2.8) Haxoaum

m,,u}__9 (3 B g
2 F=l8n ) 2m,

Bripaxast m,ur 4yepe3 KOHLEHTPAUMIO JEKTPOHOB U MOLCTABIISIA
MOJIyYeHHBIHM pe3yabTaT B opmyny (2.10), moaydum

2,237 (8 1/3
y=£_”h__(?"] , @.11)
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ITpu uzMeHeHUH Temnepatypsl s3Heprust Pepmu D (a COOTBETCTBEH-
HO, W Uf) U3MEHSIETCH HE3HAYHTENBHO, YTO SIBISIETCS Creln(pUKOn
BBIPOXIIEHHOTO COCTOSIHUS JIEKTPOHHOro rasza. Hanpumep, npu Ha-
rpesaHuu cepebpa ot 0 10 1 000 K 3Heprusi ®epMu y Hero ymMeHbla-
etcs auunb Ha 0,2 %. CTosib MaJibie K3MEHEHHUS B TAKOM ILIMPOKOM TEM-
NepaTypHOM JMara3oHe MOXHO HE YYUTBIBATh. DTO JAeT OCHOBAHHUS
yIBEepXAaTh, uTo (opmyna (2.11) crnpaBemiupa npu joboit Temmnepa-
TypE.

B HekoTOpBIX METaIaX CTENEeHDb 3aM0JTHEHUS 30HBI IPOBOAUMOCTH
9JIEKTPOHAMM OKAa3bIBAETCSl CTOJIb OOJbUION, YTO CBOGOIHBIE COCTO-
SIHMSI OCTAIOTCS JINLb BOJIM3U BepXHETo Kpast 30Hbl. IMEHHO 3TH co-
CTOSIHUS, HA3bIBaeMBbIC ILIPKAMU, ¥ OYIYT ONpenessaTh 3MEKTPUIECKUE
CBOMCTBA MOAOGHBIX MeTaIOB. [IpH1 3TOM IBIPKM, KaK KBa3UYACTHULIHI,
XapaKTEPHU3YIOTCS TOJOXUTEIBHBIM 3apsiIoM U IOJIOXUTENBbHOM 3¢-
dextuBHON Maccoi. [IpeacTapieHUs O IBIPOYHOM 3JI€KTPONPOBOIHO-
CTH METAJIOB TO3BOJISIIOT OOBACHUTD PSII SKCIEPUMEHTAIbHBIX aHO-
MaJIMi, CBSI3aHHbIX CO 3HAKOM KO3 duLmeHTa XouUia U NMOJSIPHOCTHIO
tepMoD/IC. TIpumMepamMu MeTaIOB C ObIPOYHOM 3JIEKTPOIPOBOAHOC-
THIO MOT'YT CIY>KMTb X€J1€30, MarHUM, KAAMHUi, XpOM, MOJTUOIEH, TUTAH
U Ap.

IIpy NOBBIIUIEHUH TEMIIEPATYPHI MPOUCXOIUT HEKOTOPOE Pa3MbITHE
pacnpeaeneHusi 3AeKTPOHOB O 3HEPTUSAM (CM. puc. 2.2), OTHAKO UX
o0l1ee YHUCIO COXPaHSIeTCs MPaKTUIECKU Heu3MeHHBIM. [1o3TOMY TeM-
nepaTypHOe U3MEHEHUE YAEJIBLHOrO COINPOTHUBICHUS METAUIOB 00OyC-
JIOBJIEHO, IJIaBHbIM 00pa3oM, U3MEHEHUEM CpeldHeH IMHBI CBOOOMI-
Horo npobera 271eKTpoHOB. sl 0OBSICHEHHS 3TOM 3aBUCUMOCTH Hallo
MPUHUMATh BO BHUMaHUE BOJIHOBbIE CBOICTBA 3JIEKTPOHOB.

2.3. TEMIIEPATYPHAS SABUCHMOCTD YAEJBHOI'O
COITPOTHUBJIEHU S METAJJINYECKUX ITPOBOJHUKOB

W3 hu3MKM U3BECTHO, YTO 3JIEMEHTAPHBIE YACTULIbI (B TOM YMCIE
U 3JIEKTPOHBI) 061aAI0T CBOWCTBOM KOPHIYCKYIAPHO-BOJHOBOIO AY-
anuaMma. [Toaromy nIBUXEHUE CBOOOAHBIX SJIEKTPOHOB B METAJLIE MOX-
HO paccMaTpuBaTh KaK pacrpoCTpaHeHHE TVIOCKMX 3JIEKTPOHHBIX BOJIH,
JUIMHA KOTOPBIX OfpelensieTcsi COOTHoleHueM ae bpoitas:

h h
)\, = me— T e |
P (2.12)

Takas rutockas 3JeKTPOHHAsA BOJHA B CTPOTO NEPUOIUIYECKOM I10-
TEHIIMAJIbHOM I10JI€ pacrpocTpaHsieTcss 6e3 paccesiHus sHeprum (6e3
3aTyxaHus), T.e. HIeanbHasi, He CONEPXalllas UCKaXEHW KPUCTaJIJIU -
yeckasl pellleTka TBEPIOro Teja HE OKa3blBAE€T PacCEeUBAIOLIEro BIM-
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STHUSI Ha TTOTOK 3JEKTPOHOB. DTO O3HAYyaeT, YTO B UALAJIbHOM KpPMUC-
Tajule JUIMHA CBOGOAHOrO mnpodera 2JIeKTPOHOB CTPEMUTCST K OeCKo-
HEYHOCTH, a CONMPOTHURICHUE DJIEKTPUYECKOMY TOKY NpUOIUXaeTCs K
Hy10. [ToaTrBepxxaeHHEM JaHHOTO HIOJIOXKEHHS SIBIsIeTCs TOT (hakT, YTo
COMPOTHUBJIEHUE YHUCTBIX OTOXKEHHBIX META/VIOB CTPEMUTCS K HYJIO,
KOTraa TeMmIeparypa npubinxaercs K abcomoTHoMy Hyio. CBOHCTBO
3JIEKTPOHA CBOOOJHO MEPEMEILIATHCH B UNCAUTBHONW KPUCTALIUUECKON
pelleTKe HE MMEeT aHajora B KJIAaCCM4YeCKOil MexaHuke. PaccesiHue,
NMpUBOJslEe K MOSIBICHUK CONMPOTUBIEHUS, BOZHUKAET B TEX CIAyYa-
sIX, KOTAA B pelleTKEe MMEIOTCS Pa3IMYHOIO BUAA HAPYIUCHUS €€ Mpa-
BWJILHOTO cTpoeHHUs. Kak otMeyanock, neeKThl CTPYKTYpPhl MOTYT OBIThH
JUHAMHUYECKUMMH M CTATMUECKUMHM, aTOMHBIMU (TOUYEUHBIMU) U TPO-
TSXKCHHBIMM.

TeopeTnyecku noKa3zaHo, uYTO 3 GEKTUBHOE paccesiHue BOIH Mpo-
HCXOIMT B TOM CJIyYae, KOTa pa3Mep pacCeuBaIOLIMX LIEHTPOB (Je-
(EKTOB) MpPEBbILLACT YETBEPTh [UIMHBI BOJIHBL. B MeTa/u1ax 3Heprusl 3/1eK-
TPOHOB NMPOBOJAMMOCTH cOCTaBAeT 3... 15 3B. DT0i1 sHeprun cooTBeT-
cTByeT AiuHa BonHbl 3...7 A (cm. dopmyny (2.12)). ITostomy nto0bie
MMKPOHEOJHOPOIHOCTH CTPYKTYPHI IPEMSATCTBYIOT pAaCIpOCTPAHEHHIO
3JIeKTPOHHBIX BOJIH, BbI3bIBAIOT POCT YAEIBLHOTO CONMPOTHUBICHUSI Ma-
Tepuana.

B 4MCThIX MeTaJlIaX COBEPLIEHHON CTPYKTYpPhl € IMHCTBCHHOM TIpH-
YUHOM, OrpaHUYUBAIOLICH JUIMHY CBOOOIHOIO MpoOera 3JeKTPOHOB,
SIBJISIETCS TEIUTOBOE KoyieOaHUEe aTOMOB B y3/1aX KpUCTAJLUTUUYECKOH pe-
IIETKU. YIeabHOe COMpOTHUBIEHUE MeTaia, obyCIIOBAEHHOE TErUIo-
BbIM (haKTOpPOM, 0003HAUUM yepe3 p,. COBEPILEHHO OUEBUIHO, YTO C
POCTOM TEMMOEpaTyphl YBEJIMUHMBAIOTCS aMILUTMTYAbI TEIUIOBLIX Kojaeba-
HUi aTOMOB U CBSI3aHHBIE ¢ HUMH (DITYKTYALMK NMEPUOIUYECKOTO MOJIst
PELUETKU. A 3TO, B CBOIO OuYepelb, YCHIIHUBAECT PACCESIHUE JICKTPOHOB
Y BbI3BIBAET BO3PACTAHUE YACIBbHOTO CONPOTUBIICHHUSI.

YT06B!I KaYECTBEHHO YCTAHOBUTH XapakKTep TCMICPAaTypHOl 3aBU-
CUMOCTH YIE€AbHOTO COMPOTUBIIEHUS, BOCIIONB3YEMCSI CJIeIyIOILEH yIT-
POLIEHHON Monenbio. ByneMm nonarath, YTO HHTEHCUBHOCTb PACCesSTHUS
NIPSAMO NMPOHOPUUOHATBHA TOTNIEPEYHOMY CEYEHUIO ChepruuecKoro obb-
€Ma, KOTOpbIi 3aHUMAET Koaeonomuics atoM. ECIM MOTOK 21€KTpo-
HOB NMaJaeT Ha TJIOCKYIO NMOBEPXHOCTH IUIOLIAABIO Sy, TO BEPOSTHOCTH
Fy paccestHUsI OIHOTO 3JIEKTPOHA ONHMM KONEOIIOIMMCST USHTPOM OyaeT
OTIPEACSITLCSI COOTHOLIEHHEM

Fb = R(AG)Z/SO,

rae Aa — aMIUIUTY/a TEMJIOBLIX KOIeGaHuit aTOMOB.

IMponBuxeHue MOTOKA Ha MIyOMHY L, CONMPOBOXIAETCS YBEJIMYE-
HMEM BEPOSITHOCTH PACCESIHUS DJIEKTPOHA NMPOIOPLMOHAJILHO YUCTY
aTOMOB, 3aKJIIOUEHHBIX B pACCMATPUBaeMblil OOBEM:

FL = F()NS()L(),
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rae N — 4yucio aTOMOB B eIMHHUILE 06beMa MaTepUANBLHON paccerBa-
IOLLEN Cpelbl.

YyuTbIBasi, UTO CPeAHSsl JIMHA CBOOOAHOTO Mpobera 3jeKTPOHOB
[ 0GpaTHO MPOMOPLMOHAIBHA BEPOSATHOCTH UX PACCESHHMS Ha eiu-
HMIIE NyTHU F}, MOJyYuM

R U B
" K FNS, mAa)’N’

(2.13)

IToTeHLUMAaNbHASE IHEPTHUS ATOMA, OTKJIOHEHHOTO Ha Ad OT y3J1a pe-
LIETKHU, ONpeAessieTcs] BhIpaKeHHEM

1 2
Oymp = ’ikynp (Aa),

tae ky, — KO3(hGUUMEHT YIPYroi CBA3M, KOTOpAas CTPEMHUTCS BEp-
HYTb aTOM B ITOJIOXXCHUE PAaBHOBECHSI.
CorjlacHO KJ1aCCUYECKOM CTATHCTUKE CPEeIHASA SHEPIUst OMHOMEPHO-
IO rapMOHMYECKOTO ocLLsiTopa (Kosnebtolerocs aroMa) paBHa k7.
Ha »ToM oCHOBaHMH 3aIMIIEM CIEIYIOLIEe PABEHCTBO:

%ky“p (Aa)’ = kT. (2.14)

C nomotusio popmyn (2.13) u (2.14) nerko mokasaTh, YTO JUIMHA
cB0o0OnHOrO npobera 3JIeKTPOHOB 0OpaTHO NMPOHOPIIMOHANILHA TEMIIE-

paType:

-k
[ = 2.15
T = 2nNKT 2.15)

Heo6xonMMo OTMETHTB, YTO TIONYYEHHOE OTHOIUECHHWE HE BBINOJI-
HSIETCS NP HU3KHX TeMmriepaTtypax. Jlelo B TOM, 4TO € MOHMXEHHEM
TeMIEpPaTypbl MOIYT YMEHBLUATHCS HE TOJALKO AMIUIMUTYABLI TEILJIOBBIX
KonebaHUi aTOMOB, HO M 4acTOTH KonebaHuit. IToatoMy B obGnactu
HHM3KHX TEMIIEpaTyp PACCEesSIHUE 2JIEKTPOHOB TEIUIOBBIMHU KOJieGaHUsS-
MU Y3JIOB PELUETKH CTAaHOBUTCS Hed(deKTUBHBIM. B3anmmomeiicTBue
3JIEKTPOHA C KOJAeOII0IUUMCS aTOMOM JIMIIL HE3HAYUTEIbHO U3MEHS -
€T UMNYJIbC 3JIEKTPOHA. B TeopuM KojnebaHUl aTOMOB PELIETKH TEM-
NepaTypy OLIEHUBAIOT OTHOCUTEILHO HEKOTOPOI XapaKTepUCTHUECKOH
TEMITepaTypHl, KOTOPYIO Ha3bIBAalOT TeMiiepatypoit Hebas O ).

Temmneparypa Jlebas onpenensieT MaKCUMaJlbHYIO YaCTOTY TEILIO-
BBIX KoJieGaHUif, KOTOPbIE MOTYT BO30YXIAThCsl B KPUCTAJLIE:

hv max

0, =
Tk
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DTa TeMIepaTypa 3aBHCUT OT CHJI CBA3M MEXIY y37aMu KpUcTai-
JIMYECKOI PEUISTKH M SIBJIACTCS BaXKHBIM MapaMeTpOM TBEPAOTO Tea.

Iocne noactaHoBKU BhipaxeHus (2.15) B BeipaxkeHHH (2.10) MOXHO
TIPMITH K BBIBOJY O TOM, YTO NpU 7T > O yaenbHOE COMNPOTUBICHUE
METAJLJIOB M3MEHSIeTCS JIMHEITHO C TeMIIepaTypoOif:

1 _ 2um,k
o, =_=—“;’I’€n “FT = BT, (2.16)

2rm, kup
2
e’kyp

Kak 1moka3blBaeT 3KCNEPUMEHT, JHUHEHHAs anmpoKCUMalus TeM-
riepaTypHoit 3aBMcuMocTH p,(T') cripaBemsiMBa U 10 TeMIIEPaTyp, 6au3-
KuX K (2/3)0), rae owmnbka He npesbiwiaer 10 %. st GonbIIMHCTBA
METAUIOB XapakKTepUCTHUECKass Temriepatypa JleGas He mpeBbilaeT
400...450 K. T[TosTomy nuHeiiHoe NpUGIILKeHHEe OOBIMHO CITPABE/UTUBO
MpH TeMIlepaTypax OT KOMHATHOM U Bblllie. B HU3KOTEMIIepaTypHOl
obnactu (T « ©p), rae cnal yaeabHOro COMPOTUBICHUS OOYCIOBICH
MOCTENEHHBIM UCKJTIOUEHHUEM BCE HOBBIX M HOBBIX YAaCTOT TEIUIOBBIX
KoneGaHuil ¢OHOHOB, TEOPHS NPEACKA3BIBAET CTENEHHYIO 3aBUCUMOCTb
pr ~ T°. B ¢u3MKe 3TO COOTHOLIEHNE M3BECTHO KaK 3aKOH biioxa—
I'pronaiizena. TeMnepaTyprm UHTEPBAI, B KOTOPOM HaoOAoaaeTcd
pe3kasi cTerneHHast 3aBUCMMOCTD p(7"), 06bIYHO GbIBAET JOBOJIBLHO HE-
OOJIBIINM, MpPUYEM DKCIMEPUMEHTAIbHBIE 3HAUYCHHUS MOKa3aTeNs CTe-
MEHHU JIeKaT B Nnpeaeiax ot 4 no 6.

Tunu4yHas KpUBasi U3MEHEHUs YAEJILHOIO COMPOTHUBICHUS METas-
JIMYECKOTO IMPOBOAHUKA B 3aBUCMMOCTH OT TEMIIEPATYPHI IIPEACTaBIE-

.
4

|
IL/ 8
I II 11T IV \Y

 commamsnrreey

0 Tes T=0p Tan T T, K

Puc. 2.4. 3aBUcHMOCTD YACITBHOTO COTIPOTUBIICHHUA MCTAJUTMYECKOTO MMPOBOA -
HHUKa OT TEMMEPATyphbl B INMPOKOM AMANa3oHe TCMIIEpaTyp:

rne B =

p

a, 6, €6 — BAapHUAHTbI U3MECHCHUS YACIBHOIO CONPOTUBJICHNUSA PA3IMYHBIX paclllaBJICH -
HLIX METAJJIOB
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Ha Ha puc. 2.4. B y3koit obnacru I, B6aM3u aGCOMIOTHOrO HYJIs1, Y psiia
METaJVIOB MOXET HACTYIIUTb COCTOSTHHE CBEPXIIPOBOIUMOCTH (MTOAPOOG-
Hee Janee), ¥ Ha puc. 2.4 BUICH CKAYOK YIAEILHOTO COMPOTHBICHUS
npy temreparype T.,. Y YHUCTBIX METALIOB COBEPLUCHHON CTPYKTYpPHI
Mpu cTpeMiienuu Temrnepatyphbl K 0 K yaenbHoe conpoTUBiIeHUE TaK-
Ke crpeMutcs K 0 (MyHKTHpHAs KpUBasi), a [IJIMHA CBOOOJHOIO IIpO-
Oera ycrpeMisieTcs B 6eCKOHeYHOCTb. Jlaxe 1pu oObIYHBIX TeMIIEpaTy-
pax WiMHA cBOGOTHOTO Mpobera 2JeKTPOHOB B METaUTaX B COTHH pa3
IpeBBILIAET PACCTOSIHUE MEXy aToMaMu (Tabna. 2.2).

B npenenax nepexoxHoit obnactu Il HabmomaeTcs OBICTPLIA poCT
YAENbHOTO COMPOTUBICHUS p ~ 1", £Ie n MOXET ObITh 0O 5, HO O~
CTENEHHO YObIBAET C POCTOM TeMIIEpaTyphl U MPUOIMUKAETCS K 3Haye-
HUSIM, OIM3KUM K enuHuLe npu T = Op. JIuHedHbIl yyacTok (0b6aacth
III) B TemnieparypHoil 3aBucUMOCTH p(7) y OONMBLUIMHCTBA METAIIOB
JIOCTHUTAET TeMITepaTyp, OJIU3KMX K TOYKe TutaBaeHust. MckioyeHue u3
3TOro MPaBUJIA COCTABISIOT (heppOMArHUTHbHIE METAIbl, B KOTOPHIX
UMEET MECTO JOTMOJHUTENIBHOE paccessHUE DJIEKTPOHOB Ha HapyLieHH -
sIX CTIMHOBOTO MOpsiiKa. BOMU3M TOYKH IIaBIeHus, T. €. B obactu IV,
Havyajgo KOTOpOH OTMeueHo Ha puc. 2.4 temmneparypoit T,,, U B 0ObIg-
HBIX METaIaX MOXET HaOMIoZaTbCs HEKOTOPOE OTCTYIIJIEHUE OT JIU-
HEWHOUN 3aBUCHUMOCTH.

Ilpu niepexoae U3 TBEPHOI0 COCTOSIHUA B XHUIKOC y OOJbUIMHCTBA
META/IOB HAaOMI0JAETCSl YBEJIMYEHUE YACIBHOIO CONPOTUBACHUS ITPU-
6nusuTenbHo B 1,5—2 pasa, XOTA MMEIOTCS U HEOOBIUHBIC Cllyyau: y
BELIECTB CO CJIOXHOW KPUCTALIMYECKOH CTPYKTYPOil, NOAOOHBIX BUC-
MYTY U FaJUIMIO, KOT/a [UTABJIEHUE COMPOBOXAAECTCS YMEHBLISHUEM p.

DKCNEPUMEHT BBISIBIIACT CISAYIOIIYIO 3aKOHOMEPHOCTD: €CJIM [IaB-
JIEHHE MeTajlja CONpPOBOXIACTCS YBEJIMUCHUEM OOBEMA, TO YIAEIBHOE
CONMPOTUBJICHUE CKAYKOOOPA3HO BO3PACTAET; Y METANJIOB C YMEHbIIIE-
HUEM 00BbEMa NPOUCXOAUT foHMXKeHHue p. [Ipu MIaBIeHUN HE NPOKUC-
XOAUT CYLICCTBEHHOIO U3MEHEHHUSI HH B YMCJIE CBOOOMHBIX BJIEKTPO-
HOB, HM B XapakTepe MX B3aUMOACUCTBUSA ¢ HOHAMU. Pelnaoliee Biau-
SJHHME HA U3MEHCHUE P OKAa3bIBAIOT MPOLIECCHl pa3ylnopsiAOueHusl, Ha-
pPYLICHUS AANbHEr0 MOpPSAKA B PACIICNOXEHUU aTOMOB. AHOMAJIUH,
HabJloaeMbIe B TOBENeHHMM HeKOoTOphbix MetauioB (Ga, Bi), Moryt
ObITh OOBSICHEHB! YBEJIMUYEHUEM MOAYJS CXXUMAEeMOCTU TMpU [LUIaBje-
HUH 3THX BELIECTB, YTO JOJKHO COMPOBOXIATHCI YMEHBUICHUEM aM-
IJIMTYAB] TEIJIOBBIX KOeOaHUIl aTOMOB.

Ta6nauuma 2.2

Cpennsas namna csoboHoro npodera 3aekTpoHos npu 0 °C
i PAAA METANI0B

Mertann Li Na K Ni Cu Ag Au Fe
I- 10, m 110 350 370 133 420 570 410 220




DusuuecKue npoyeccyl U ABAEHUSL 6 NPOBOOHUKOBLLY MAMEPUALAX 65

OTHOCUTENILHOE U3MEHEHUE YAEIbHOTO COTPOTUBIIEHUS TIPU U3Me-
HEHMM TeMIIepaTypbl Ha OJWH KeJIbBUH HA3bIBAIOT MeMNnepamypHsim
Ko3ghpuyueHmom yodeabHo2o CONPOMuUBAEHUS:

1 dp
0, SdT (2.17)
[MomoxuTeNbHBIN 3HAK O, COOTBETCTBYET CJIy4alo, KOTa yAeNbHOe
COMPOTHUBJIIEHUE B OKPECTHOCTH AAHHOM TOYKH BO3PACTAET MPHU MOBHI-
IIEHUH TeMnepaTtyphl. BenuynHa o, Takxe apasgerca QyHKUMENR TeM-
nepatypbl. B o6nacTi 1MHeiHOH 3aBucuMocTH p(T') CripaBeUIMBO BbI-
paxeHue:

p=po[l+a,(T-Tp)],
e p — YAelIbHOE CONPOTHBIECHUE NpH Temmeparype T py U o, —
COOTBETCTBEHHO YII€JIbHOE COIPOTHUBJICHHE M TeMIIEpaTypHbI KO3(d-
(DUUMEHT YAeJIbHOIO COMPOTUBIICHHUS, OTHECEHHBIE K Hayaly TEMIie-
paTypHOro IMana3oHa, T.e. Temneparype 7.

U3 dopmyn (2.16) u (2.17) cnenyeT, 4yTO 3HAaYEHHE O, YUCTHIX
METAJUTOB IOJKHO ObITh OM3KMUM K 1/ 7. CorjlacHO 3KCIEpUMEHTAb-
HbIM J2HHBIM GOJILLIMHCTBO METQJUIOB UMEIOT MPpYU KOMHATHOM TEM-
neparype o, = 0,004 K-'. Heckonbko GONbIIMM 0, XapaKTepU3yIOTCst
(heppoMarHUTHbIE METAIIIIBI.

Ha npakTuke npy H3MEPEHUH o, YACTO ObIBACT MOJIE3HOM Cleay-
o1as popmyia;

Oy = Olg + Oy,
TIe O — TeMnepaTypHbid KO3 ULUHEHT CONpOTUBAEHUS! TAHHOIO
NPOBOIHUKA; O; — TEMITEPaTYPHbIA KO3 DUUMEHT TMHEHHOTO pac-
IIMPEHUsT MaTepraia. ¥ YUCTBIX METAJIOB O, >> 0O, IOITOMY Y HUX
o, = Og. OMHAKO U TEPMOCTAOMIBHBIX META/IIMYECKUX CIUIABOB Ta-
KO€ NMPHUOJMXEHNE OKAa3blBAaETCsl HECTIPABEITUBBIM.

2.4. BINSAHUE IPUMECEA U APYTUX CTPYKTYPHBIX
JEO®ERTOB HA YAEJBHOE COITPOTUBJIEHUE METAJIJIOB

ITprnynHaMU paccessHusT SMEKTPOHHBIX BOJH B METAILJIE SIBJISIIOTCS HE
TOJIBKO TEIUIOBBie KOJIEOAHMS Y3JI0B PELeTKU, HO M CTaTHUUECKHE Jie-
(beKTBI CTPYKTYPBI, KOTOPbIE TAKXKE HAPYILAIOT NEPUOTUIHOCTD MOTEH-
HHANILHOTO IO/ KpUcTajuia. PaccesHue Ha CTaTMYEeCKMX Ae(eKTax CTPyK-
TYphl He 3aBUCUT OT Temmeparypbl. [ToaToMy 1o mMepe mpubGIMKEHUs
TeMriepaTyphbl K abCOMIOTHOMY HYJIIO COMPOTUBIICHUE PEATbHBIX METa-
JIOB CTPEMUTCH K HEKOTOPOMY MOCTOAHHOMY 3HAYEHHMIO, Ha3bIBAEMOMY
OCTATOYHBIM CONPOTUBIIEHUEM (CM. puc. 2.4). OTCIona BEITEKAET Npasuio
Mammuccerna 06 agIUTUBHOCTH YIEIbHOIO CONPOTUBIICHUS:
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P = Pr+ Pocrs

TI¢ P, — YASNbHOE COMPOTUBRIIEHUE, OOYCIOBICHHOE PACCESTHUEM DIIeK-
TPOHOB Ha TEIUIOBLIX KOJeOAHUSIX Y3/I0B KPUCTAUIMYECKOM peIEeTKH;
Pocr — YAENBHOE OCTATOYHOE COHPOTUBJICHHUE, OOYCIOBAEHHOE pac-
CesTHUEM DJIEKTPOHOB Ha CTATUYECKMX NedeKTaxX CTPYKTYPHI.

HckitioueHue M3 3TOro 1paBujia COCTABISIOT CBEPXITPOBOISILUE
METaJUIbl, B KOTOPBIX COMPOTUBIEHUE UCUE3aeT HHXKE HEKOTOPOI KpH-
THYECKON TeMIIepaTypBhl.

Haubonee cyuiecTBeHHbIM BKJal B OCTATOUHOE COTIPOTUBJICHHUE
BHOCHT paccesHue Ha npumecsx, KOTOPbIe BCErIa MPUCYTCTBYIOT B pe-
aJbHOM TIPOBOJHUKE JUOO B BUIE 3aTPS3HEHHUS, TUO0O B BUIE JIETHPY-
I01Lero (IpeaHaMepeHHO BBOAUMOro) ajieMmeHTa. CileayeT 3aMeTHUTD,
yTo Mobas npuMecHas Ao6aBKa NMPUBOAUT K HOBBIILIEHHIO p, Jaxe
eCJIM OHa 00J1a1aeT MOBLIIEHHON 3JIEKTPONPOBOJHOCTbIO 10 CPaBHE-
HMIO C OCHOBHBIM METIJIOM. Tak, BBeAEHHE B MEAHbIH MPOBOAHUK
0,01 at. nonu npumMecH cepelpa BbI3bIBAET YBEJINYEHUE YAECNABHOIO CO-
npotuBneHus Meau Ha 0,002 MkOM - M.

DKCNEePpUMEHTAbHC YCTAHOBJIEHO, YTO IPH MAJIOM COJCPXKaHUU
npyUMecei yaeabHOe COIPOTUBIIEHHUE BO3PACTaeT MPONOPIHUOHATILHO
KOHIIEHTPAIMU PUMECHBIX AaTOMOB. 3TO OIMBITHONH 3aKOHOMEPHOCTH
MOXeT OBITh HAHO cieayiollee obbsicHeHue. IIpuMecHoe paccesiHue
OrpaHUYUBAET JUIMHY CBOOOIHOTO MNpobera 3JeKTPOHOB, KOTOpas B
peanbHOM MPOBOAHMKE OIPEAEISAETCS COOTHOLCHHUEM

N" —

+%n (2.18)

a'\ll p—

rae I u [, — paccesiHME HA TEIUIOBBIX KOJEGAHMSAX U HA NIPHUMECSX
COOTBETCTBEHHO.

PaccMatpuBasi mpuUMeCHBIN aToM B BUIe Cephl ¢ HEKOTOPBIM I10-
NepeuHbIM CeYeHNeM paccesiHus Sy, Ul JUIMHBI CBOOOHOrO npobera
|, OTPaHMYEHHOM paccessTHHEM TOMLKO Ha MPUMECAX, 10 AHATOTHH C
dopmyoit (2.13) 3anuiem

1
Iy
rae N, — 4YUC/IO NIpUMECHBIX aTOMOB B eIUHHUIIE 0ObeMa.

YuuteiBasg oba BHIA pacCesiHUs, 11 YOCJIBHOI'O COIIPOTHBICHUSA
NPOBOAHHKA IMOJYUYUM

= NnSna

myr mUr
=S F = Pr+ 5
e‘nl e‘n

p SN, (2.19)

Wnnmoctpauueit npapwia MarTucceHa siBAsieTcs puc. 2.5, U3 KOTOo-
pOro BUAHO, YTO TeMIIepaTypHble 3aBUCHMOCTH YAEIBHOIO COTIPOTUB-
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Puc. 2.5. TeMnepaTypHble 3aBUCIMOCTH YAEJIHLHOTO CONPOTHBIICHUS CIIJIaBOB
MEIN THIA TBEPABIX PACTBOPOB, WMIOCTPUPYIOILKE NpaBWiac MartTucceHa:
1 — yucrag Cu; 2 — Cu—1In (1,03 at. %); 3 — Cu—Ni (1,12 ar. %); 4 — Cu—Sb
(0,40 ar. %); 5 — Cu—Sn (0,89 ar. %); 6 — Cu—Ni (2,16 at. %); 7 — Cu—Mn
(1,20 at. %); & — Cu—Fe (0,61 at.%); 9 — Cu—Ni (3,32 at. %); 10 — Cu—Fe
(0,87 ar. %); 11 — Cu—Sb (1,13 ar. %); 12 — Cu—As (1,01 ar. %)

JIEHWs YUCTOM MEAU U €€ CIUIABOB C MATBIM KOJMYECTBOM (TIpUOIn3u-
TeJNbHO 10 4 ar. %) WUHAWSI, CYPbMBbI, OJIOBA, MBIIbLSIKA B3AUMHO Ia-
PaJUIENIbHBI; IS CIIJIABOB C MEPEXOAHbIMM METALIAaMU HAOMI0Ia0TCs
HEKOTOPbI€ OTKJIIOHEHMS OT 3TOro Ipasuia. OnHa U3 TIPUYUH OTKIIO-
HEHUH OT mnpaBwia MarTucceHa MOXET ObITh CBSI3aHA C BAUSIHUEM
npuMeceid Ha YIIpYrue CBOMCTBA METa/L1a, YTO COMPOBOXAAETCS U3ME-
HEeHUEM KosiebaTeIbHOrO CEeKTPpa KPUCTAUINYECKOR peneTkul. Pasnu-
YHBIE [IPUMECU ITO-PA3HOMY BIUSIIOT H3 OCTATOUYHOE CONPOTUBICHHE
METAUIMYECKUX NTPOBOAHMKOB. DPHEKTUBHOCT MPUMECHOTO PACCESTHUS
OMpEACIISIETCS] BO3MYLLAIOUIMM MOTSHIUAIIOM B DELIETKE, 3HAYCHHUE
KOTOpPOIO TE€M BBIILIE, YeM CHJIbHEE PA3IUYAIOTCS BaJCHTHOCTH IMpPU-
MECHBIX aTOMOB ¥ METaJlJla-pacTBOPUTE/ISE (OCHOBBI).

Jns1 ONHOBaJIEeHTHBIX METAJJIOB M3MEHEHUE YACIBHOIO OCTATOYHO-
ro CONpoTUBIeHUs Ha 1 at. % npumecu («IIpUMECHBIH» KoaddUuLHeHT
COMNPOTHUBJIEHNS) MOTYMHSIETCS CAeAyIOLEH 3aKOHOMEPHOCTH:

Apoer =a+b(AZ), (2.20)
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LIe d ¥ b — KOHCTAHThl, 3aBUCALIME OT MPUPOALI MeTa/lIa U MEPUO/A,
KOTOpbIii 3aHuMaeT B Ilepuoanyeckoit cucreme anementon . M. MeH-
JeJieeBa NMpUMMECHBIH aToM; AZ — pPa3HOCTb BAJICHTHOCTEH MeTasia-
pacTBOPHUTENISA U MPUMECHOTO aToMa.

CootHotueHue (2.20) usBecTHO B GU3MKE Kak npapuio JInHae. U3
HEro CJedyeT, YTO BAMSIHUE META/UIOMAHBIX NPUMECeil Ha CHIXEHUE
NPOBOAMMOCTH CKa3bIBAETCS CHJIbHEE, YeM BIMSTHUE MPUMecei MeTai-
JIMYECKHUX 3y1eMeHTOB. TTonrBepxaeHneM 3TOM 3aKOHOMEPHOCTH MOTYT
CITYXKUTD SKCIIEPUMEHTATbHBIE JaHHbIE, IPeICTaBIeHHbIe Ha pHUC. 2.6.

TlomuMmo npuMeceil Ha yIieJbHOE OCTATOYHOE CONIPOTUBICHHUE BIIH-
SIIOT cOOCTBeHHbBIe JeheKThl CTPYKTYPBl: BaKaHCHU, aTOMbl BHEIpe-
HUs, JUCTOKALIMY, TPaHULIbI 3epeH. KOHILIeHTpaust ToOUeYHbIX AcheK~
TOB 3KCITOHEHIIMAILHO BO3pACTAET C TEMIMEpPaTypoit U MOXET JOCTHU-
TaTh BHICOKMX 3HAYECHUH BOIM3M TOUKM MnasieHusi. Kpome toro, Ba-
KaHCHHU U MEXI0Y3eJbHbIE aTOMBI JIEFTKO BO3HUKAIOT B MaTEpHaie Mpu
ero oGJiyyeHUH YacTHULIAMU BBICOKOW PHEPTHUM, HAIIpUMEP HEHTpoHa-
MH 13 PeaKTopa Ui HoOHaMH U3 ycKopuTes. [To usMepeHHOMY 3Haue-
HUIO COTIPOTUBIEHUS MOXHO CYIUTh O CTeTNeHHM PagualMOHHOTO IO-
BpeXAEeHUS peuieTKH. TakuM Xe 00pa3oM MOXHO IpOCIESIUTh U 3a
BOCCTaHOBJIEHHEM (OTXUIOM) 0OnyYeHHOro obpasua.

H3MeHeHHEe yAEBHOIO OCTATOYHOIO COTPOTHUBICHUS MEAU Ha
1 aT. % ToueyHsIX AeheKTOB COCTABNsAET: B ciayvae BakaHcuit 0,010...
0,015 MmxOM-M; B cyyae aromoB BHeaperus 0,005...0,010 MxOM - M.

Cu Zn Ga Ge

a

> o
I
N~

/

6 7/

5 /Y
4

3 ;W(
: J

0 1 2 3 4 AZ
Cu Cd In Sn Sb Te

Puc. 2.6. OctaTouHoe ConpoTUBiIeHNe Meau Ha 1 aT. % KOHUEHTpaLUy MPHUMECH:

| — BEePXHUIt pAd 3AEMEHTOB; 2 — HUXKHUIL DSl 2NEMEHTOB; a — Ap., = 0,4(AZ)%; 6 —
Apoer = 0,32(AZ)?
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YienbHOE OCTATOUHOE COMPOTUBJICHUE MPEACTABJsACT COO0H BECh-
Ma YYBCTBHTENBHYIO XapaKTEPUCTUKY XMMHUYECKOH YUCTOTHI M CTPYK-
TYpHOTO CoBeplueHCcTBa MeTa/utoB. Ha npakTuke mpu pabore ¢ MeTai-
JlaMHU 0CO0O0 BBICOKOI UMCTOTBI ISl OLEHKU COACPXAHUS NpUMecei
M3MEPSIIOT OTHOLUEHHE YIEIbHbIX CONMPOTUBACHMI IIPU KOMHATHOH TEM-
nepaType U TEMIEPATYPE XKUIKOTO TeIUs:

B = p300/ P4y

Yem yuine MeTaui, TeM Oojblie 3HayeHHe . B Hanbonee yuCThIX
MeTaiax, MojJyd4aeMbIX B HACTOSLIEE BpeMs (CO CTEMEHBIO YMCTOTHI
99,99999 %), napameTp P MMeeT 3HaYeHUe mopsanka 10°.

Bojiblioe BAXSHUE HA YACNBHOE CONPOTUBRIICHUE METAJLIIOB M CIUIa-
BOB OKa3bIBAIOT UCKAXEHHS, BbI3bIBaEMbIC HATIPSDKEHHBIM COCTOSHU-
eMm. OZHAKO CTereHb 3TOr0 BIMSHUS ONPEIC/ISETCS] XapaKTepoM Ha-
NPSDKEHUI.

Hanpumep, NMpy BCECTOPOHHEM CXaTHU Y GONBIIMHCTBA METALIIOB
YAEIbHOE COMPOTUBJICHHME YMEHBLUAETCS. DTO OOBSICHICTCS COMMXe-
HMEM aTOMOB M YMEHbIIEHHEM aMILTUTYABI TEIIOBbIX KOJIeGaHUil aTo-
MOB B pellieTKe.

IIpn ynpyroM pacTsiKeHMM U KPYYEHHH MEXATOMHBIE PacCTOSIHUS
YBEJIHYUBAIOTCSI. 3TO CONMPOBOXKIAETCS YCWICHUEM PACCeSTHUS DJIEKT-
POHOB UM BO3pacTaHUEM p. BiMsiHMe YIIPYroro pacTsKeHUsT WITH CKATHS
TIpY YCJIOBUH MPOITYCKAHUS TOKA BIOJb ACHCTBYIOIIEH CUNBI YYUTHIBA-
etcs (hopmysoi

p =po (1= 90), (2.21)
raic ¢ — KOS(I)(I)I/ILIHCHT YACJABHOIO COINPOTHUBICHUA IO JABJICHHIO,
Idp.
= —a, 0 — MCXaHHMYCCKOC HAIpPAXCHUC B CCUCHUH 06pa3ua.
p

3HaK «+» B BbipaxeHuUM (2.21) cooTBeTCTBYET AeopMaLtMu Mpu
PacTSXKCHUM, a 3HAK «—» ~— MpU cXaThUU. OObIYHO KO3(DDULUUECHT ¢
cocrtasnser (1...5)107 TTa™!,

IThacmuueckas degpopmayusa N Hakaen (YIIpOYHEHUE MpH AeDOPMU-
pPOBaHMM) BCErIa IMOBBILIAIOT YAEJIbHOE CONMPOTUBJIEHUE METAIOB U
CTUIABOB, YTO OOYCIIOBJNICHO TMOBBILLICHHEM IUIOTHOCTH AUCIOKALUMIT U
JPYTUX CTPYKTYPHBIX AedekToB. OGHAKO 3TO NMOBBILICHUE JaXe MpPU
3HAYUTEBHOM HAKJIere YUCThIX METAJUIOB COCTABSET eIMHUIIBI PO~
LIEHTOB.

TepMmuyeckas 3aKkajiKa MPUBOAMT K TMOBBIIIEHHUIO P, YTO CBSA3AHO C
HCKAXEHUSIMUM PEILIETKH, MOSIBJICHHEM BHYTPEHHHUX HanpspkeHui. [1pn
PEKPUCTA/UIM3AINHY NYTEM TEPMUUECKON 00paboTKM (OTXUIa) yaenb-
HO€ CONPOTHBJIEHHE MOXET ObITh CHUXKEHO IO EPBOHAYATBHOTO 3HA-
YEHUSI, MTOCKOJIbKY MPOUCXOMUT «3AJIEUMBaHUEe» Ne(DEKTOB U CHSITHE
BHYTPEHHUX HaIpPSKEHHN.
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2.5. DJIEKTPUYECKUE CBOVICTBA
METAJIJINYECKHUX CIIJ-IABOB

B TexHHMKEe LIMPOKO NPUMEHSIOTCS METALIMYECKHUE CILIABbI, HME-
I01LHE CTPYKTYDY HeynopsadoueHHoz2o mgepdoeo pacmsopa. [1pu ob6paszo-
BaHMM TBEPAOrO PacTBOPa COXPAaHSETCS KPHUCTAUIMYECKas pelleTka
MeTaJlJIa-pacTBOPUTENsI, UBMEHSIETCS JULIDb e¢ Tiepuoa. MHorue Me-
TaJUJIBI, UMEIOILMEe OJMHAKOBBIA TUI KPUCTAIIMUECKON CTPYKTYPHI,
CMEIIMBAIOTCS B JIOOBIX MPONOPUMSIX, T.€. 00pa3yIOT HENPEPLIBHBIN
PSI TBEPOBIX PAacTBOPOB. BMmecTe ¢ TeM CYLIECTBYET HEMAJIO METal-
JIMYECKUX CHUCTEM, KOMMOHEHTHI KOTOPHIX 00Jafa0T OrpaHUyeHHOH
B3aUMHOM PacCTBOPUMOCTHIO MJIM BOOOLIE HE PACTBOPUMBL B TBEPAOU
daze.

CTaTHCTHUYECKOE paciipesie/ieHre aTOMOB Pa3HbIX COPTOB M0 y3JIaM
KPUCTULTMYECKON pelIeTKM BHi3bIBA€T 3HAUYMUTEAbHBIE (DAYKTyauuu
NMEpUOANUYECKOTO MOTEHIIUAIBHOTO 10JIs1 KPUCTaL1a, YTo, B CBOIO OYe-
peab, MPUBOAUT K CHILHOMY PAacCesTHUIO 31¢KTPOHOB. Kak U B ciyuae
METAJUIOB, TIOJHOE CONPOTHUBJICHMUE CILUIABA P.p; MOXKHO BBIDA3UTh B
BUIE CYMMBI JIBYX C/1araeMblX:

Pern = Pr + Pocers : (222)

I1e p; — CONPOTHBICHUE, 0OYCIOBIEHHOE PACCEIHUEM 3IEKTPOHOB
Ha TEITIOBBbIX KOMEOAHHUAX PEIUeTKH; Py, — A00aBOUHOE (OCTATOYHOE)
COTIPOTUBIIEHHE, CBS3aHHOE C PACCESIHUEM JIEKTPOHOB Ha HEOAHO-
POIHOCTSAX CTPYKTYPHI CIUIABA.

Cneunduka TBEpIbIX PACTBOPOB COCTOUT B TOM, HYTO Py MOXET
CYILIECTBEHHO (BO MHOTO pa3) HpeBbIlIaTh TEIUIOBYIO COCTABISIOLIYIO.

111 MHOTUX JBYXKOMIIOHEHTHBIX CIUIABOB U3MEHEHMUE Py B 3aBU-
CHMOCTH OT COCTaBa XOPOLIO OMUCBHIBAETCS NMapadoauyecKoil 3aBucu-
MOCTBIO BUfA

Pocr= Cxpxg= Cxp(1 — Xp), (2.23)

rae C — KOHCTaHTAa, 3aBUCSLUASL OT IIPUPOIBI CILIABA; Xs U Xg — aTOM-
Hble JOJH KOMIIOKEHTOB B CILIaBe.

CootHouteHue (2.23) nonyyuno HasBaHMe 3akona Hopoeeiima. V3
HEro CJIedyeT, YTO B OMHAPHBIX TBEpAbIX pactBopax A — B ocrarouHoe
COIPOTHBJICHUE YBEIUUMBACTCS KaK Npu Jo0aBieHuu atoMoB B K Me-
Ta1y A, Tak ¥ nipu J06aBJIeHUU aTOMOB A K MeTauty B, rpuyeM 310
M3MEHEHHE XapaKTepH3yeTCss CHMMETPHYHON KpHBOIi. B HenpepblBHOM
PSILY TBEPIBIX PACTBOPOB YAEAbHOE COMPOTHUBICHUE TEM OOJbLIE, YEM
Janblie Mo CBOEMY COCTABY CILIAB OTCTOMT OT YMCTBIX KOMITOHEHTOB.
OcCTaTo4yHOE COINPOTUBICHUE AOCTUIaeT CBOETO MAaKCHMAJILHOTO 3Ha-
YeHUS IIpU PAaBHOM COACPXAHMU KOMIIOHEHTOB (X, = x5 = 0,5).

3akoH HopareiiMa 1OBONBHO TOYHO ONMMCHIBAET U3MEHEHUE YETb-
HOTO COMPOTHBICHUSI HEMPEPLIBHBIX TBEPABIX PACTBOPOB B TOM Cly-
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yae, ec/Y MpU U3MEHEHHHM COCTaBa He HabnonaeTcs pa3oBbIX nepexo-
JIOB U HU OXMH U3 KOMITOHEHTOB He TMPUHAIICKUT K YHUCAY MEPEXOa-
HBIX HJIM PelIKO3eMEIbHbBIX 3J1eMeHTOB. [IpuMepoM NoJoOGHbBIX CHCTEM
MOTYT CIYXXUTh ciuiaBbl Au—Ag, Cu—Ag, Cu—Au, W—Mo u np.

Heckonbko MHaye BeAyT ceOst TBepbie pacTBOPbl, KOMIIOHEHTAMH
KOTOPBIX SBJASIOTCS METAUTBI TIepexoaHon rpymnnst (puc. 2.7). B atom
cJiyyae NpHU BBICOKMX KOHIIEHTpALMSIX KOMIIOHEHTOB HabMoaaeTcs cy-
HIECTBEHHO OOablIasi BEJIUYUHA OCTATOYHOIrO COMPOTHUBICHUS, YTO
CBSI3aHO C TIEPEXOAOM YACTH BaJIEHTHBIX 3JIEKTPOHOB HAa BHYTpPEHHME
He3amnoJIHeHHbIe d-000J04YKH aTOMOB MEPeXoIHbIX MeTawioB. KpoMe
TOro, B MOAOOHBIX CIUIaBaX MAaKCHMAaJbHOE CONPOTUBJICHHUE P YACTO
COOTBETCTBYET KOHLIEHTpauusiM, oTIM4YHbIM oT 50 %. Yem Oonbiue
VAENbHOE CONPOTUB/IEHUE CILIaBa, TEM MEHBIIE €70 (L, ITO BHITEKAET
M3 TOTO, YTO B TBEPIABIX PACTBOPAX P, KAK MpPABUIO, CYLECTBEHHO
MPEBBIUACT P, M HE 3aBUCUT OT TEMIEPATYPhl. B COOTBETCTBUU C olpe-
JeAeHUeM TeMIlepaTypHoro K03 ULKEHTa yASIbHOI0O CONpPOTHURIE-
Hus

PSR S S S Y (2.24)
P ar +p, 4T~ )
pCI’UI pOCT pT
YuuthbiBas, YTO o, YUCTHIX METAIOB HE3HAYMTEIBHO OTIUYAIOTCH
JIpYT OT Ipyra, BeipaxeHnue (2.24) jerko npeobpa3oBarh K Cleiyiolle-
MYy BHUAY:

0,7 6
0,6 / 5
0,5 //‘\ s

: N/

3 04 / \ 3 M

M N

= . 1 =

3\ NN

0-0,2 /\/ \1

0 20 40 60 80 100%Ni
100 80 60 40 20 0%Cu

Puc. 2.7. 3aBUCHMOCTb YAEABHOTO CONPOTUBIEHUS ( /) M TEMIIEPATYPHOIO KO-
a3hbuLMeHTa YASALHOTO CONPOTUBIeHUS (2) MEIHO-HUKEICBBIX CIUIaBOB OT
colepXaHHsI KOMIIOHEHTOB
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g = L Ldpr 0 (2.25)

P |4 Poct pr AT Poer
Pr Pr

B KOHIEHTPHUPOBAHHBIX TBEPIBIX PACTBOPAX Poer OOBIYHO HA MOPSI-
IOK ¥ Gojiee MpeBLILUAET ;. [T03TOMY 005™ MOXET OBITH 3HAYUTENLHO
HMXE O, YMCTOro MeTaa. Ha aTom 0CcHOBaHO nmosTyueHHe TEPMOCTa-
OMJIBLHBIX TPOBOASIIUX MaTepHaToB. Bo MHOIUX ciryyasix TeMITeparyp-
Hasl 3aBUCUMOCTh YJEJIbHOTO COIIPOTUBJICHUS CIUIAaBOB OKAa3bIBAETCS
foJiee CIOXHOM, YeM Ta, KOTOpasi BBITEKACT U3 MPOCTON aLIUTUBHON
3aKOHOMepHocTH (2.22). TeMnepaTypHbiid KO3(PPULHUEHT yAEIbHOTO
COIIPOTUBJIEHUS CIUIABOB MOXET OBITh CYLIECTBEHHO MEHBIIE, YeM
TIpeACKa3bIBaeT CoOTHOLIEHHE (2.25). OTMeYeHHBIE AaHOMATMHU OTYET-
JIMBO TIPOSIBJIIOTCS: B MEIHO-HUKEIEBBIX CIUIaBax (cM. puc. 2.7). B Heko-
TOPBIX CITJIABAX MPU ONMPEIAETIEHHbBIX COOTHOLIEHUSIX KOMITOHEHTOB Ha-
OI0aETCH OTPULIATENbHBIN 0.

Takoe mameHeHMe p M 0, OT NPOLEHTHOIO COAEPXKAHMS KOMIIO-
HEHTOB CIIJIaBa, MTO-BUAUMOMY, MOXHO OOBSICHUTBL TE€M, UTO IpU 00-
Jiee CJIOXKHBIX COCTaBaX M CTPYKTYpax IO CPaBHEHHIO C YUCTHIMU Me-
TaJUTaMHU CIJIABBl HEJIb3s PACCMATPUBATh KAK KJIACCHYECKUE METAJUIBL,
T.€. U3BMEHEHHUE IIPOBOAMMOCTH UX ODOYCIOBAMBACTCS HE TOJBKO U3ME-
HEHUEM JTUHBI CBOOOAHOIO MpOOEra 3JIEKTPOHOB, HO B HEKOTOPBIX
cIy4yasiXx M 4YaCTUYHBIM BO3pAacTaHUEM KOHIIEHTpallMKU HOCUTEJEeH 3a-
psiia MpU MOBLILIEHUH TemmepaTyphl. CIUIaB, y KOTOPOro yMeHblle-
HHE JUIMHBI CBOOOAHOro npobera ¢ yBeJIUYEHHEM TeEMIIEpATyphl KOM-
MEHCUPYETCS BO3pACTAHUEM KOHIIEHTpALIMKM HOCHTEJICH 3apsiaa, UMe-
€T HYJIEeBOM TeMIepaTtypHbIi Ko3¢h(ULIMEHT YIeAbHOIO COMpPOTHBIE-
HUS.

B pazbaBiaeHHBIX pacTBOPAX, KOTAa OAWMH U3 KOMITIOHEHTOB (HAMpH-
Mep, KOMITOHeHT B) XxapakTepuayeTcsa oueHb HU3KON KOHUEHTpallueh
M ero MOXHO paccCMaTpuBaThb Kak Ipumech, B ¢opmyie (2.23) 06e3
yiiep6a Wi TOUHOCTH MOXHO MOoJoxXuTh (1 — xg) = 1. Toraa npuxo-
JIUM K JIMHEHHOM 3aBUCUMOCTH MEXIY OCTATOYHBIM CONIPOTUBJICHUEM
M KOHLIEHTpaluel MPUMECHBIX aTOMOB B MeTajuie (CM. moapasn. 2.4):

Pocr = CXB,

rae koHcTaHTa C XapakTepu3yeT U3MEeHEHUS] OCTATOUHOrO COMPOTHB-
JICHUSE Apye; Ha 1 ar. % npumecu.

B ToM ciyyae xoraa KOMIOHEHTbI OUHAPHOI CUCTEeMbl HE 061a1a10T
B3aUMHOIH pacTBOPUMOCTBIO B TBEPAOM COCTOSIHUM, CTPYKTypa 3ac-
TBIBLIETO IMOCJE KPUCTALIMU3ALMHU CIUIaBa NPEACTaBIsieT coboil cMech
nByx $a3. YaeabHoe CONMpOTHUBIEHHE TaAKUX retepodasHbiX CIJIaBOB B
repBoM NMPUOTUXKECHUN JIMHEHHO U3MEHSETCSl C M3MEHEHHUEM COCTaBa,
T.€. BO3PACTAET MPONOPLUHOHANBHO COAEPKAHMIO METAIUTA C OONBIINM
3HaveHueM p. OIHAKO B CUIIY 3HAYUTETBHOM CTPYKTYPHOH YYBCTBU-
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TEJbHOCTH. JICKTPUYECKHX CBOMCTB HEOJHOPOILHBIX MaTEPUATIOB BO3-
MOXHBI 3aMeTHBIE OTKJIOHEHMs] OT NpPOCTOH afIUTUBHOCTH, BbI3BaH-
HBIE pa3MepaMu 4acTHUll, ux GOopMOoH, pacrnpee/ieHMeM B MaTepuare.
HanpuMep, ecau onHa U3 a3 o6pasyeT HenmpepbIBHO CBA3aHHYIO MaT-
PUYHYIO OCHOBY, B KOTOPYIO BKPaIIeHBl HECOMNPUKACAIOUIMECS MEXILY
coboi yacTuipl Apyroi ¢asbl, TO YASIbHYIO IPOBOIAUMOCTb CMECH
CJIelyeT PacCUMTHIBATD 110 hopMyJie

‘Y = -}- e ’YO [ ey }’
p (1-0y)/3+Y /(=)
TIE Y, Y1 — NMPOBOJUMOCTE MAaTPHYHONU OCHOBBI U BKJIIOUEHUH BTOPOH
¢a3bl COOTBETCTBEHHO; @) — 00BEMHAs A0JISI BKIIOUCHUI.

2.6. COITPOTUBJIEHHE ITPOBOJHUKOB
HA BBICOKHX YACTOTAX

Ha BeicOoKMX yacToTax HabMonaeTcsl HePaBHOMEPHOE paclpeese-
HHE MEKTPUYECKOTO TOKA IO CEUCHUIO IIPOBOAHUKOB; IUIOTHOCTH TOKA
MaKCHMaJIbHa Ha NMOBEPXHOCTH M yOBIBAET [0 MEpe IIPOHUKHOBEHHS B
I1yOb MPOBOMHUKA. 3TO SIBJIEHUE TTOJYYUIIO HA3BAHUE HOBEPXHOCMHO20
agpgpexma (cxun-agpgpexma).

HepaBHoMepHOe pacrpeeneHre TOKa OOBICHsSIETCSl NeHCTBUEM
MarduTHOTO MOJIs TOTO Xe NpoBogHuKa. CUEeNIeHHBIH ¢ MPOBOIOM
MAarHUTHBIN MOTOK IIPOMOPHUOHANEH TOKY:

D = L,

rae L — WHIYKTUBHOCTH POBOOHHUKA.
HM3MeHeHHe MAarHUTHOTO IIOTOKA BhI3bIBaeT nosniaeHne D34 C caMo-
WHIYKHUHU
di
eL = —L _
dr
Ecnu ToK u3MeHsieTcs IO CUHYCOUIATRHOMY 3aKOHY, TO MHAYLH-
pyeMasa O/1C nponopLUOHANbHA YACTOTE:

i = I,sinot; e; =—wl,cosot.

3J1C caMOMHIYKLMY UMeeT HaripaBleHUEe, IIPOTUBOITONIOXHOE TOKY
B MPOBOAE, U TOPMO3UT €T0 M3MEHEHHE B COOTBETCTBHM C 3aKOHOM
JNenua. [Ipu npoxoxaeHny NNepeMEHHOro TOKa NnepeMeHHOoe MarHuT-
HO€ I0JIe BO3HHKAET KaK BHE NMPOBOIHUKA, TAK M BHYTPH HeEro, Mpu-
YeM [0 OTHOIIEHHUIO K 3TOMY ITOJII0 pa3iMYHbIE YUaCTKH CEUSHHUS MPO-
BOJAa HaxOUATCS B HEOIMHAKOBBIX YCIOBUsIX. JIefiCTBUTENBHO, IOTO-
KOCUEIUIEHHEe MaKCUMAaJIbHO [UIS BHYTPEHHEH LEHTPaJbHOM 4acTd U
MUHHMAJIBHO U1 TOBEPXHOCTHBIX CJIOEB IpoBoAHKMKA. [TosTomy BC
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CaMOMHAYKLIMH MaKCUMaJIbHA B [IEHTpe MPOBOIHMKKA U 3aTyXaeT B Ha-
NpaBJIeHUH K MOBepXHOCTH. COOTBETCTBEHHO Y IJIOTHOCTH TOKA Hau-
fonee CUIBHO OCNAGNSIETCS B LUEHTPAIBHBIX YACTAX MPOBOJHUKA U B
MeHblIeH CTeNeHU y moBepXHOCTH. C pOCTOM YaCTOThl «BHITECHEHUE»
TOKa K IMOBEPXHOCTH MPOBOIHUKA MPOSIBJISIETCS CHIbHEE, Tak Kak 3 C
CaMOMHIYKIIMH MPOITOPLHOHATBHA YacToTe. EC/in pannyc KpHMBH3HBL
TIOBePXHOCTH NMPOBOAHUKA BEJIUK ITO CPABHEHUIO C TJIyOMHOH, HA KO-
TOPO# COCPENOTOYEeHA OCHOBHAS YaCTh TOKa, TO €r0 MOXHO paccMar-
pUBaTh KaK 6ECKOHEYHOE MOJIYIIPOCTPAHCTRO, 3aMOJIHEHHOE BEILECTBOM.
ITpuHAB 1S IPOBOASIIETO TOJYIIPOCTPAHCTBA HAIPABICHHE TOKA
3a OCbh X, HOpMaJIb K IIOBEPXHOCTU — 3a OCh Z ¥ CUUTAsI, YTO pacrpe-
JIEJICHUE OCTAeTCs HEH3MEHHBIM BAOJb OCH X, MOJYUUM CIeAyioliee
ypaBHEHUE pacIpenc/icHHU TOKa MO0 CEYSHUIO MPOBOJHMKA!

JHZ) = Joexp(-z/4),

rae Jy — MIOTHOCTh TOKA Ha MOBEPXHOCTHU; A -~ IIyOUHA POHUKHO-
BEHUS TIOJIS B MPOBOJHHUK; Z -~ TEKYILAsd KOOpAUHATA.

[T10THOCTh TOKA U3MECHSETCA MO TOMY Xe 3aKOHY, YTO M Hapsi-
KEHHOCTb 3JIEKTPHUECKOro Mnojs, Tak Kak J = yE.

I1ybuHa NPOHMKHOBEHHMSI IONS A YMCIEHHO paBHA PAaCCTOSIHUIO,
HA KOTOPOM aMIUIMTYJA HAMPSKEHHOCTH IOSI, a CIEAOBATENLHO, U
IJIOTHOCTHU TOKA, YMEHBLIAIOTCS B € pa3 (10 OTHOLUEHHIO K CBOEMY
3HAYEHMIO Ha TNOBEPXHOCTH MPOBOJAHHUKA. 1o Mepe ynaneHUs OT mo-
BEPXHOCTH M3MEHSIETCI He TOJNBLKO aMIUTUTYA MOMs, HO U ¢a3a djIeK-
TPOMATHUTHBIX KOJEGAHHIA HA —Z/A, T.€. BHYTPH NPOBOISILICH Cpelibl
KoneGaHusa 3ama3nbiBaioT Mo ¢ase Mo OTHOUICHHUIO K KojeGaHUsIM Ha
MOBEPXHOCTH.

Pe3KoCTh MposIBIeHUS] MOBEPXHOCTHOrO 3(hheKTa YCUIUBACTCS HE
TOJILKO NPH YBEJUYEHHH YACTOTHI, HO U MPHU YBEJUUEHUH MATHUTHOM
MPOHULAEMOCTH [ M YAETbHOM NPOBOAMMOCTH Y MaTepuana. 9To o6bsc-
HSIETCA TeM, UTO YBEJIMUEHHE |1 BHI3BIBAET YBEJIUYCHUE NOTOKA BHYTPU
IIPOBOJA, T.€. MPUBOIUT K BO3PACTAHHMIO MHAYKTUBHOCTH MPOBOJIHUKA
L, a ypenuueHue y ycunusaeT sausinue 3J1C camounnykiuu. CBsa3b
TJIyOMHBI IPOHUKHOBEHUS MO ¢ QU3MYECKUMH XapaKTePUCTHUKAMU
BELIECTBa OIPEREIAETCS BhIpAKEHUEM

A:\/ 2 =\/ ! , (2.26)
oyt VR o

ri€e [y — MarHUTHas MOCTOSiHHadA, [l = 4n- 107 TH/M; ® — yrioBas
4acToTa, ® = 27f.

B ciydae cMabHO BBIDAXEHHOTO MOBEPXHOCTHOrO adeKTa 3Ha4e-
HME TOKA PACCUMTHIBAETCSA MO hopmyne

I =TI[ Joe~/4dz = JoTIA, (2.27)
0
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Puc. 2.8. XapaKTepUCTHKH TTOBEPXHOCTHOIO 3(h¢eKTa IS INTOCKUX TPOBOTHU-
KOB:
MacluTaOHas CeTKa BBITOJHACTCS UL HMKHEH LIKaJbl 4acToT, IIPU UCIIONB30BAHUH

BepXHeit Kbl YACTOT HEOBXOMMMO OTCUMTHIBAEMBIE 3HAUEHUS Rg pa3fe/uTh, a 3Ha-
YEHUA A YMHOXUTH Ha 10?

rae [1 — nepumeTp CeyeHMs NMPOBOIHHUKA (IS IIPOBOAA KPYIJIOFO ce-
yenus Il = nd).

IIpu BBICOKMX YACTOTaxX MJIOTHOCTb TOKA BO BCEX YACTIX CEYEHHUS,
3a UCKII0YeHHeM HeOONBIIOro HOBEPXHOCTHOTO CJIOSI, TIPAKTUYECKHU
paBHa Hym1o0. [ToaToMy pacliMpeHue NpenesioB HHTeTPUPOBaHus B Hop-
Mmyne (2.27) 10 e He MOXET CYLUECTBEHHO ITOBJIMSITH Ha pe3ybTaThl
pacueta. @opmyna (2.27) MoKa3bIBAET, YTO SKCIIOHEHUMAIbHOE pac-
MpefeneHUue MIIOTHOCTU NEPEeMEHHOTO TOKA MO CEYEHUI0 PEajbHOTO
MPOBOJHMUKA IKBUBAICHTHO OJHOPOIHOMY paCIpeAeeHUIO C IUIOT-
HOCTBIO Jj B Mpejlenax TOHKOrO ¢ios TOIMHOM A. Ha ocHoBauuu 37o0-
ro BBEAEM MOHATHE IKBUBAICHTHOHM IUIOIIAZH CEYSHMS MPOBOAHUKA
S§,, 3aHATON TOKOM IIpH BO3IEHCTBHU BBHICOKOYACTOTHOIO ITOJIS:

S, =TIA = ndA.

ITockonbKy LIEHTpadbHAasE 4acTh CEYEHMS NTPOBONHHUKA IMOYTH HE
UCMONAL3YETCS, aKTUBHOE COMPOTURIICHUE NMTPOBOAa R NIpU MPOXOXAe-
HUU 10 HEMY MEPEMEHHOIo TOKa 6Oblie, YEM €ro aKTUBHOE COIpO-
TUBJICHHE MPU MOCTOSIHHOM Toke R,;. KosdhduiimeHT yBeauyeHUus co-
TIPOTUBEHHUS kg HMITUHIAPUYECKOTO TIPOBOA KPYIJIOTO CeYeHUs Sy pac-
CUYMTBIBAIOT MO (OpMYyJIe

_nd2/4_i
ndA  4A°

kg = (2.28)

&

R
Ry
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®opmyna (2.28) crpasemntuBa npu A < d. B panvorexHuke s
IUTIOCKMX TIPOBOJXHUKOB UCIIOIb3YETCS CIIEIMAIbHAS XapaKTePUCTUKA —
MTOBEPXHOCTHOE compoTuBaeHUEe R, OM, onpenesisieMoe U3 BbIpaxe-
HUS

RS =p/A’

KOTOpO€ MOKa3bIBAET, YTO AKTUBHOE COMPOTUBIEHUE IUIOCKOTO IIPO-
BOAHUKA DECKOHEYHOH TONMILUUHBI B CJIydae NOBEPXHOCTHOrO adhdexTa
PaBHO COTNPOTHBJICHUIO MIOCKOTO MPOBOAHUKA TOMIIUHOM A JUIS TIO-
CTOSTHHOTO TOKa.

3HayeHus Rg M DIyOMHA MPOHMKHOBEHUS A JUIA HEKOTOPBIX BaX-
HeHIIMX METAIIOB U CIUIABOB B 3aBUCHMOCTU OT YAacTOTHI MOKa3aHbI
Ha puc. 2.8.

2.7. COIIPOTUBJIEHHE TOHEKHUX METAJJINYECKHUX
ITJIEHOK. PASMEPHBIE 9®®ERTDHI

MerTannuyeckue IICHKH LIMPOKO NPUMEHSIOTCS B MUKPOIJIEKTPO-
HMKE B KAYECTBE MEXINIEMEHTHBIX COeAMHEHUI, KOHTaKTHBIX IUIOIA-
JIOK, 00K/IalOoK KOHIEHCATOPOB, MarHUTHBIX U PE3UCTUBHBIX JJIEMEH-
TOB MHTETPAIbHBIX CXeM. DJIEKTPUYECKHUE CBOICTBA TOHKUX IUIEHOK
METAUIOB ¥ CIUIABOB MOI'YT 3HAUMUTEJIBHO OTIIMYATBCS OT CBOHCTB OOBEM-
HBIX 00Pa3LOB UCXOIHBIX MPOBOIHUKOBLIX MaTepuanoB. OIHOM U3 rpu-
YUH TAaKOI'O OTJHYHUS SABIACTCA pa3zHOOOpa3ue CTPYKTYPHBIX XapakKTe-
PUCTHK TOHKHMX ILIEHOK, MOJYYaeMbIX METONOM KOHIEHCAUU MOJIe-
KYJISPHBIX [TyYKOB B BBICOKOM BakyyMme. [Ipu BappbUpOBaHUU YCIOBUIT
KOHAEHCALUH CTPYKTYpa 0Opa3yoniuxcs MIEHOK MOXET U3MEHSTbCS
OT NpedejbHO HEYINOpPSAOYEHHOTI0 MEJKOAUCHIEPCHOTO COCTOSTHHUS
(aMopdHBIT KOHAEHCAT) J0 CTPYKTYPhl BeCbMa COBEPLIEHHOTO MOHO-
KPUCTA/UIHYECKOTO CJI0s (3NMUTaKCHANIbHBIE TUICHKH). Jpyras npuyuHa
U3MEHEHMS CBOMCTB MaTepuaja B IJICHOUHOM COCTOSHUM CBS3aHa C
NIpOSBNEHUEM pa3MepHbIX 3¢ (EKTOB, T.€. C BO3PACTAIOILCH POAbIO
MTOBEPXHOCTHBIX MTPOLECCOB IT0 CPABHEHUIO C 060beMHBIMYU. B yacTHO-
CTH, B 3JIEKTPOTIPOBOIHOCTU pa3MmepHblil 3(PPeKT BO3ZHUKAET B TOM
cayyae, KOTIIa TOMIIUHA MJIEHKHU OKa3bIBaeTCsl COU3MEPUMON CO cpell-
Hell WIMHOI cBOGOIHOTO NMpobera 3JIeKTpOoHOB. B 3Tux ycnoBusx mony-
LIEHWE O HE3aBUCUMOCTU YAEIBHOrO CONPOTHUBJIEHMS] MaTepuajia OT
reoMeTPUUYECKUX pa3MepoB 00pasiia CTAHOBUTCS HECIIPABEUIMBBIM.

CTpyKTypa IUJIEHOK IpeTepIieBacT CYLIECTBEHHbIE U3MEHEHMS Ha
Pa3IMYHbIX CTAAUSIX UX KOHAeHcauuu. Ha puc. 2.9 npuBeaeHb! TUIINY-
HbIE€ 3aBUCHUMOCTH YAEILHOTO COMPOTHUBJICHUS Py M TEMIIEPATYPHOIO
KO3(hOULHEHTA YIENBHOTO CONPOTUBICHUSA Xys OT TONLUMHBI TUIEHKH.
ITyHKTMpOM MOKa3aHbl 3HAYEHUSA p U O, HId oObeMHOTo obpasua
MPOBOMHUKA. Y GONBIIMHCTBA MIEHOK B QYHKIMOHATBHON 3aBUCUMO-
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Puc. 2.9. 3aBUCHUMOCTH YAEIBLHOTO COMPOTHUBICHUS (@) U TEMIIEPATypHOTO
K03 duULIMeHTa YACIBHOTO COMPOTUBNIEHUS (6 ) TOHKOMH METAIUTUYECKOM TUIEH-
KU OT €€ TOJIIIMHEI

ctu p(8) HabmonaloTcs TpH pasnuyuHbie obiaactu. Obsacts I cooTset-
CTBYET TOJNILMHE TIIeHKU 0KoJj10 0,1 MKM M BhIlle. B 3T0i 0Gnactu yaens-
HO€ COMpPOTUBJIEHME OJIM3KO K COMPOTUBICHUIO MACCUBHOIO 00pasLia.
O6nacts 11 oxsaTbiBaeT nuana3oH usmeHeHusa § ot 1071 po 1072 Mxm.
Ha sToM y4yacTke yieJabHOe CONMPOTUBASHHE TNICHKU YXKe CYILeCTBEH-
HO G0JIbLIE CONPOTUBIEHHSI MACCUBHOIO 06pasia, a o,; NpUOIMKaeT-
cs K Hymo. Qomacts 111, cooTseTcTByIONAA TOJIUIMHE MUIEHKU MOPSAKE
1073 MKM, XapakTepM3yeTcs O4YE€Hb BBICOKMM YIEJbHBIM COMPOTHUBIIE-
HUEM M OTPHUATEILHBIM TEMITEPATYPHBIM KO3DOHUIIMEHTOM YAEIbHO-
ro COMPOTHBIEHUSI.

J1s1 06bsiIcCHeHUS MOKAa3aHHO 3aBUCHMOCTH HAO MPUHSATh BO BHU-
MaHHe, YTO TOHKME MIEHKH Ha PAHHUX CTaAUAX KOHISHCAIMT UMEIOT
OCMPOBKOBYIO CHIPYKMYpPY, T.€. IPH MAJIOM KOJHUYECTBE OCAXKIEHHOTO
MeTa/UIa €ro YacTUIbI PACcoaaraloTcs Ha JUDNICKTPUYECKOH MOMLTOX-
K€ B BUAE OTAEIbHbBIX Pa3pO3HEHHBIX 3€PeH — OCTPOBKOB. DJIEKTPO-
MIPOBOIHOCTD IJIEHKH BO3HUKAET MPH HEKOTOPOM MHHHUMAJIBLHOM KO-
JIMYECTBE OCAXICHHOTO META/UIA elle 10 00pa30BaHMS COCAUHUTEb-
HBIX MOCTUKOB MEXIY OCTPOBKAaMH MeTaiuia. IIpu nmpuioxeHuu saeK-
TpUYECKOTO mnojsi (B IUIOCKOCTH IUIEHKHM) MPOUCXOAUT MEPEXOLd
3JIEKTPOHOB Uepe3 y3KHUe OUDJIEKTPUUYECKHUE 3a30pbl MEXIY COCECIHU-
MM OCTpOBKaMH. MexaHu3MaMU, OTBETCTBEHHBIMHU 3a MEPEHOC 3apsi-
J1a, SBJISIIOTCSA TEPMODJIEKTPOHHAS SMUCCHUS M TYHHEUPOBAHHUE; B Ya-
CTHOCTH, TYHHEJIMPOBATb MOTYT 3JIEKTPOHBI, PACIIONOXEHHEIE BBILIE
ypoBHs Pepmu. [Tepexon 35eKTPOHOB 06JIEr4aeTcsl MPH MOBBIILICHUH
teMmrieparypsl. KpoMe TOro, COmnpoTHB/IeHUE IJIEHKU OCTPOBKOBOIt
CTPYKTYPBI BO MHOTOM OIPEAE/ISIECTCS NOBEPXHOCTHLIM COMPOTHUBC-
HHEM YYaCTKOB IOUTOXKH, Ha KOTOPBIX HET 3epeH MeTaia. A moBep-
XHOCTHOE CONPOTUBJIEHHE TUDJIEKTPUKOB C YBEJIUYESHUEM TeMITepaTy-
pbI 1ajaeT. DTH NPUYUHEL U 00YCAOBIUBAIOT OTPUUATEIbHBIN O, IUIE-
HOK MaJIOW TOJILI{MHBLI.
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Ilpu yBenMyeHUM KOJMYECTBA OCAXKICHHOIO METasUla BEIMUMHA 33-
30pOB MEXIY OCTPOBKAMH YMEHBIIIAETCS, SNEKTPONPOBOIHOCTb IUVIEHOK
PacTeT, OTPMUATEIBHbIN ¢, CTAHOBUTCSA MEHbLIE MO MOMYJI0, a 3aTeM
MEHSIET 3HaK. 3HayeHMe TOJLIMHBI MJIEHKH, PU KOTOPOH MPOUCXOIUT
CMEHa 3HAKa 0, 3aBUCUT OT pOla MeTajlla, YCJIOBUH (HOPMUPOBAHUA
TUIEHKH, KOHUEHTPaUHUY NIpHUMeceil, COCTOSTHUS MOBEPXHOCTH MOUIOX-
K{ U B PEUTbHBIX CIy4yasiX COCTaB/IsieT HECKOJIbKO HAHOMETPOB.

B npouecce nanbHeille KOHIAEHCAUMM BEIIECTBA Ha IOMIOXKKE
MPOUCXOAUT CJIMSIHUE OCTPOBKOB M O0Opa3oBaHME CHayajaa MpOBOAsS-
HIMX [IENIOYEK M KaHAJIOB, a 3aTeM — CIUIOHUIHOIO OXHOPOJHOTO CJIOM.
Ho u B crnujioiiHOM [iIeHKE YAEAbHOE COMPOTUBIEHUE OOMNblie, YeM
YAEIBHOE CONPOTUBICHUE UCXOHOIO MPOBOAHMKA, YTO SIBASICTCS CC-
CTBMEM BBICOKOM KOHLIEHTpauuu HedeKTOB: BAKAHCUH, AUCIOKAlU,
IpaHMIL 3epeH, 00pa3yIOLIUXCS IPU CPACTAHUH OCTPOBKOB. boJiblioce
BIMsHHME HA CBOMCTBA IJIEHOK OKa3blBAIOT MPUMECH, MOIJIOLIAeMbIe
M3 OCTaTOYHbIX Ta30B. IIpUMeCHbBIE aTOMBbI, 3aXBAYEHHBIC B IICHKY BO
BpEMSI €€ OCAKACHMSI, MOTYT BIIOCACIACTBUM MUTPUPOBATh K TPAHULAM
3epeH, IAe uMeeTcsl 6oJblliasi BEPOSITHOCTh BBIMANCHUS UX B OTAE/b-
Hylo ¢asy. Xopollo M3BeCTHO, 4TO Aucdy3us Mo rpaHUiaM 3epeH
MpPOTEeKaeT Ha HECKOJILKO MOPSIIKOB ObICTpee, UeM 110 00beMY TIEHKH.
IInenku, noaseprimecs OKUCACHHUIO TIO TPAaHMUIIAM 3€pPEeH, HE SIBAs-
JOTCS1 QIIEKTPUUYECKN HENIPEPHIBHBIMU, JaXe eCT (DU3MUECKH OHU OKa-
3pIBAIOTCS CIUIOWIHBIMU. OKMCIIEHHBIE FPaHULIbI 3epEH YBEIUYUBAIOT
OTPHLATEILHBIN TeMIEpaTypPHbIi KO(PPUIIMEHT COTPOTUBICHHUS TO-
YTH TaK Xe, KaK 3TO MPOUCXOIUT B OCTPOBKOBLIX TUIEHKAX.

YBeJMUYEHUIO YIETBHOTO CONPOTHBICHUS TJIEHKH CIIOCOOCTBYET U
pasmepHblil 3ghghexm, T. €. COKpallgHHE UTHHbLI CBOGOIHOrO npobera 3/1eK-
TPOHOB BCJIEACTBHE HX OTPAXEHHS OT MOBEPXHOCTH obOpasua. Ionaras
(ocHOBBIBasICh Ha mpaBuie MarrTucceHa), YTO MPOLECCH PacCesHUs
3JIEKTPOHOB B 00beMe U Ha MOBEPXHOCTH CTAaTUCTHYCCKH HE3aBUCU-

Mbl, aJUIMTUBHbBI, LISl JUTHHBI CBOOOMHOrO mpobera /s 371eKTPOHOB B
MJIeHKE MOXHO 3arnucaTh

1/ =1/T+1/1, (2.29)

rae [ u [, — INMHB CBOGOIHOTO Mpobera 3J1eKTPOHOB NPU paccesi-
HMH B OOBEME U HA MTOBEPXHOCTU COOTBETCTBEHHO.

[Monaras B rpy6oM NpubauxeHuu [, = §, ¢ yuetoM dopmyist (2.19)
TOJIy4UM

(2.30)

e p — yaeJbHOE COIIPOTHBJICHUE MarepUaia.
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IIpu KxoMHaTHOH TeMIlepaType HNOBEPXHOCTHOE paccesHMe BNEKT-
POHOB OKa3bIBAET 3HAYMTENbHOE BIUSIHUE Ha ps OONbilEH YacTu Iie-
HOK M3 YHMCTBIX METAJUIOB B TOM CJlyuyae, €CI¥ HUX TONIIMHA MEHee
200...300 A. OgHako IpyM HU3KUX TEMIlEpATypax, KOria JAJIMHA CBO-
6omHOro npobera 3JEKTPOHOB B 00beMe MaTepHaia CyIIeCTBEHHO BO3-
pacTaeTr, BIMSAHKE pa3MepHBIX 3G (HeKTOB MPOSIBISIETCA MPH rOpasno
6OBILINX TOMIUHAX TUIEHOK.

OrpaHuueHns JUIMHLI CBOOOIHOTO IPoOeTa BhI3bIBAIOT JIMLUIbL TE CTOJ-
KHOBEHHUS C MOBEPXHOCTBIO ITUICHKM, KOTOPBIE HOCAT HEYNpPYrHit xa-
paKkTep, ABJIAIOTCA He3epKAIbHBIMHU. [IpU TakOM OTpaXXeHUM HANpaB-
JIEHME, B KOTOPOM IBMXKETCS 3JIEKTPOH IOCJIE CTOJIKHOBEHMS, HE 3a-
BHCHT OT €0 NMEePBOHAYAILHON TPACKTOPUH.

Teopust 21eKTPONTPOBOAHOCTH JAET 00Jiee TOUHBIE 110 CPABHEHUIO C
dopmyioit (2.30) BeipaxeHUs I YIETLHOIO CONPOTHUBICHUS, YUH-
ThIBAlOILIME pa3MepHBIe S PEKTHI:

pa=pp+§ﬂ—fné}zmﬂ 8/T>1;

1

41 d-F) 1nl_+o,423 wis §f1< 1,

Ps=PI35a<E) 5

rae F, — mapaMeTp 3€pKaIbHOCTH, XapaAKTEPUIYIOLUMMA OO 3MEKT-
POHOB, YIIPYI'O OTPaXeHHbIX OT NNOBEPXHOCTH.

ITocKONIBKY XapakTep 3apOXICHMSI U POCTa IUIEHOK 3aBUCUT OT
MHOXeCTBA CJIYYaifHBIX (haKTOpOB, HA MPAKTUKE TPYAHO HOMYYUTh TOY-
HOE COBMAJeHUE 3HAUEHMI pj JUSL MJICHOK OJMHAKOBOUM TONILUHBL.
TToatomy 1A CPAaBHUTEIBHON OLIEHKU ITPOBOJSIIIMX CBOHCTB TOHKHX
TUICHOK IIOJIB3YIOTCS [apaMeTpoM conpomuenerue keadpama Ro, niau
YIEJIEHBIM [TOBEPXHOCTHBIM COIPOTUBICHUEM, YUCIEHHO PAaBHLIM CO-
NPOTUBACHHUIO YJACTKa IUIEHKH, JUIMHA KOTOPOro paBHA ero UIMpuHE
MPH NPOXOXKASHUH TOKA Yepes IBE €ro MPOTHBOIMONOXHBIE TPAHU Na-
PAIIENIBHO MOBEPXHOCTH IOIJIOXKKU:

Ro=ps/9. (2.31)

IToaGopoM TONIMHBI INIEHKU MOXHO U3MEHATH KR HE3aBUCHUMO OT
YAENBLHOTO COMpPOTUBIEeHUs. BMecTe ¢ TeM mis onpeneneHus R He
TpeOyeTcs U3MepeHUEe TOJIIUHBI IIEHKU.

BBy TOro 4T0 R HE 3aBHUCHUT OT pa3Mepa KBaJpara, COMPOTUBJIC-
HME TOHKOIUIEHOYHOIO Pe3UCTOpa JIETKO PacCYMuTaTh 1Mo hopmysie

R = RDIO/dO: (232)

rae ly — IUTMHA Pe3UCTOpa B HAIMPABJICHHUH IPOXOXIECHUS TOKA; dy —
UIMPUHA TIEHKH.
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Hu1st M3roToBIeHHS TOHKOIUIEHOYHbBIX PE3UCTOPOB OOBIMHO TPEOYIOT-
¢S TUIEHKM C COMNPOTUBICHUEM KBaaparta Ry = 500...1 000 Om. B kaye-
CTBE PE3MCTHUBHBIX MAaTEpHUAJIOB HAaMOOAEE YACTO MCIOJL3YIOT TYromn-
JNIaBKHE MeTalnbl (BoMb(dpaM, MOMUOOECH, TaHTaJ, peHUIl, XpoM) U
CILIaBbl HUKENS ¢ XpoMOoM. T1eHOoUHEIE PEe3UCTOPBI U3 YUCTLIX METANI-
JIOB MMEIOT TO IPEUMYLIECTBO, YTO OHHU IMOCTOSIHHBI IO COCTAaBY H
T103TOMY Jierde 00ecieYMBaETCsI OMHOPOIHOCTh HX CTPYKTYpPHI. A 9TO, B
CBOIO O4Yepelb, IIPUBOIUT K MOBBILICHHON CTaGMIBHOCTH DJISKTpHYe-
CKHX ITapaMeTpoB.

2.8. KOHTAKTHBIE ABJEHUA
" TEPMOSJERTPOABHKYIIAS CUJIA

YTto0Ob! EpEeBECTH 3JEKTPOH M3 TBEPIAOIC Tesa B BAKyyM, HeoOXo-
JIUMO 3aTPATUTh HEKOTOPYIO 3HEPTrui10. B MeTannax COCTOSIHMIO TIOKOS
CBOOOIHOrO 2JIEKTPOHA COOTBETCTBYET JTHO 30HBI NPOBOAUMOCTH. Co-
CTOSIHME MOKOS 3JIEKTPOHA B BaKyyMe OOBLIYHO MPUHUMAETCS 3a Hyse-
BOH ypOBeHBb OTCUeTa 3HEpruu. PaboTy, KOTOpyio TpedyeTcs COBEp-
LINTh, YTOOBI IIEPEBECTU IEKTPOH CO JHA 30HBI IIPOBOAUMOCTH B CO-
CTOSHHE [TOKOSI B BAKYYME, Ha3bIBAIOT 31€KMPOHHbIM CPOOCMEOM Y, UIH
UCTUHHOI paboroit Brixoga. Ee ciaeayeT oTaMyaTh OT TEPMOAUHAMU-
yeckoit paGothl Beixona @. IocnenHsis xapakTepu3yeTcs sHEpreTHIe-
CKHMM 3230pOM MexXay ypoBHeM (DepMHU U HYJIEBBIM YPOBHEM BaKyyMa.
Beanuuna y onpenesisieT rTyOMHY NOTEHUMAILHON SIMBI, T.€. NIOTCH-
HHAIBHYIO SHEPTHIO JIEKTPOHOB B MeTauie. KMHeTUUeCcKas SHEpTUst
SJIEKTPOHOB, HAXOMSIIMUXCSl HA HMXXHEM YPOBHE 30HBI IPOBOAMMOC-
TH, paBHA HYJI10. MakCUMIbHOM KMHETHYECKON 3HEeprueit obaagamoT
3JIEKTPOHBI, 3aHUMAIOIIUE COCTOSHHUS BOMU3M ypoBHSI DepMmu.,

I1ycTe B M30IMPOBAHHOM COCTOSIHUHU 3JIEKTPOHHBII ra3 B MeTa/lIax
A u B xapaktepusyerca sHeprusmMu Pepmu Bp U Dpp, OTCUHTHIBA-
e€MBIMH OT JIHA 30HBI MpoBoAUMOCTH (puc. 2.10, a). Kak BuaHo u3 puc.
2.10, a, 3nexTpoHH B MeTawie B umeror 60jiee BHICOKYIO KMHETHYEC-
KYIO DHEpruio, 4eMm B MeTa/uie A. Eciiv aBa MeTania PUBECTH B He-
[IOCPEACTBEHHBII KOHTAKT, TO HAYHETCS OOMEH JIEKTPOHAMHU MEXITY
HUMM, KOTOPBIH OYAET NMPOAOIXKATbCS A0 YCTAHOBJIEHUS! TCPMOAUHA-
MMUYECKOTO paBHOBECHSI B cUCcTeMe. IIpy 3TOM MMeeT MECTO MpeUuMy-
LIECTBEHHBIN TIepeXol SACKTPOHOB U3 METALIA C MEHbLIEH paboToi
Bbixoga (MPg), T.e. ¢ Gosiee BHICOKUM MoOJIOXeHUeM ypoBHA Depmu, B
METaJLI, Y KOTOpOoro pabora Brixona Gonsbiite (P,). Takoit nepexolr aek-
TPOHOB TIPUBOAMT K YMEHBILUCHUIO CYMMAapHO! CBOOOJHON SHEPrUM
CHUCTEMBI. YCTAHOBIEHHE PABHOBECHSI CONMPOBOXIAETCSI BHIpABHMUBAHU -
eM MOoJIOXeHUM ypopHei DepMu B MeTaJIax ¥ 3HAYCHUH TepMOIMHA-
MHUECKHUX paboT BBIXOIA 3AEKTPOHOB. B pesynbrare nepepacnpeneie-
HUS IMEKTPOHOB METAUT A 3apsiKacTCsl OTPULATEABHO, €ro DHEPreTH -
YyecKue YpoBHM noauuMarpTcs Ha el/;, a Metasn B 3apsixaercs nono-
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Puc. 2.10. DHepreTuyeckas nuarpaMma KOHTaKTa ABYX METAUIOB:

a — UCXOOHOEC COCTOAHUE METAJIIIOB, 6 — KOHTAaKT B COCTOSIHUU TEPMOJIMHAMHUYECKOTO
PaBHOBECHA

XKMTEJIBHO, COOTBETCTBEHHO €r0 3HEPreTUYECKUE YPOBHM OMYCKAIOTCS
Ha BennuuHy el),. braronaps nepepacrpeneleH!Io 3apsiia Il BHIpaB-
HUBaHUA ypoBHel Pepmu TpebyeTcs nepexol OTHOCUTENBHO HeGOIb-
LIOrO YMCJIA 3JIEKTPOHOB.

3apsan B METAIEC JIOKAJNU3YeTCsl BOJM3M TMOBEPXHOCTH B TOHKOM
cnoe TomuuHo nopsinka 0,02...0,05 HM (Tak HasbiBaemas MyOHMHa
akpanupoBanust Tomaca— @epmiut). ITockoabKy HOCUTENH 3apsiia B Me-
TajUle TOABMXHBI, IIPOMCXCAUT BLIPABHHBAHUE NEKTPOHHOMN IUIOT-
HOCTH IO NOBEPXHOCTSIM O0OHX NMPOBOAHMKOB. IIpH OTCYTCTBHM TOKA
yepe3 MeTALTMYECKMI MPOBOIHUK €ro IMMOBEPXHOCTh OKA3bIBAETCS IK-
BUITOTEHIUAJILHOI.

DHepreTMyecKas JuarpaMMa KOHTaKTa JBYX METAIOB B COCTOSTHHU
TePMOAVMHAMHUYECKOr0 paBHOBECHUS MoKa3aHa Ha puc. 2.10, 6. ITyHk-
THPHBIE JIMHUM HA IHATPAMME XapaKTePHU3YIOT COCTOSHUS JIEKTPOHOB
B BaKyyMme BOJMM3U 3apsiKeHHON MOBEPXHOCTU METALIOB. UTOOHI npu-
OJIM3UTE BJEKTPOH OT 6ECKOHEUHO YIAICHHOM TOYKH K OTPHULIATENILHO
3apPSLKEHHON MTOBEPXHOCTH MeTauia A, HAaJO COBEpPLINTL paboTy npo-
TUB CWJI KYIOHOBCKOIO OTTaJKMBaHU, papHyio elU;. OTclona cuenyeT,
YTO MOTEHUMATbHAS DHEPTHs 3JIEKTPOHA Y MOBEPXHOCTH MeTamia A
BbILlIE, YEM 3HEPIrus HYJIEBOro ypoBHs B Bakyyme. HaoGopot, npu
MOJIOXHUTETBHOM 3apsiic TOBEPXHOCTH JUIsl YIAJeHHUs 3JIEKTPOHA OT
MeTata Tpedyercsi COBepILUIUTE paboTy el/, MPOTUB CUIT KYJIOHOBCKOTO
MPUTSXKEHUS. DTO 03HAYAET, YTO NOTCHUHUATBbHAS SHEPTUS IJIEKTPOHA
y MOBEPXHOCTH MeTana B MeHbllIe, YeM SHepTrHUs B BAKyyMe BAATH OT
CUCTEMBI.

PazHocTh noreHuuanos U, Mexay JIOOLIMU IBYMSI TOYKaMu M; u
M,, pacrnooXXeHHbIMU B HETIOCPEACTBEHHOI OJIM30CTH OT MOBEPXHO-
CTH NPOBOJIHUKOB, HO HAaXOASIIIIMMUCS BHE 3THUX TeJl, Ha3bIBAIOT 8Heul-
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Hell konmakmuou pasHocmuio nomenyuanoe (puc. 2.11). U3 snepretu-
YeCcKOo# nuarpaMmmbl, U3o0paxeHHoi Ha puc. 2.10, 6, ciaeayer, uTo

eli= @y ~ Py,

T.€. BHELIHSS KOHTAaKTHAas pasHOCTb MOTeHLHANoB U, onpenenseTcs
pPa3sHOCTbIO TEPMOIUHAMHUYECKUX PabOT BBIXOAA IJEKTPOHOB Y KOH-
TaKTUPYIOIUX METAJIOB B UCXOIHOM COCTOSTHUM. Bennunna e U, pen-
cTaBjsieT coboil aHepreTMYeckuil 6aprep, obecneunuBaloUIMi IKBHBA-
JICHTHOCTDb MEPEXOI0B JIEKTPOHOB B BAKYYM M3 MeTALIOB A U B mpu
KX KOHTAKTUPOBAHUU. DTOT BBIBOJ BBITEKACT HEMOCPEACTBEHHO U3 33~
KOHA COXPaHCHUA 3Hepruu. YucneHHble 3HaYeHus1 paboT BLIXOAA BJIEK-
TPOHOB Y pa3/IMYHBIX METALIOB cocTapisaioT oT 1,93 3B — gna Cs no
5,32 3B — nmnsa Pt (em. Tpunoxenue 1). PasHocTh moTeHuHanoB U,
MOXHO M3MEPUTh DKCIEepUMEHTATBHO. CaM (akT ee CyIeCTBOBAHMS
BiepBbie ObL1 YCTAaHOBJIEH UTAJbIHCKMM (GuszukoM A.Bonbra ele B
1797 r.

Ha camoM KoHTakTe MexX1y MeTalaMd B COCTOSIHUM TePMOIWHA-
MMUECKOTI0 paBHOBECHS TaKXKe (POPMHUPYETCS IHEPreTUUECKHUit Dapbep
1 o0YCIOBICHHOE UM BJIEKTpUYecKoe Tose. D1o noie E; HazeiBaeTcs
KOHTaKTHBIM, & COOTBETCTBYIOIIASA €My pasHOCTb INMoTeHUUanos U; —
sHympennel Konmakmrou paznocmsto nomenyuanos. 3 puc. 2.10, 6 Bun-
HO, YTO JUTSI IEPEeBOJIA 3JIEKTPOHA C HyJIeBOH KUHETHUECKOM 3Heprueit
u3 MeTajia B B Metamt A 6e3 coob1eHUs] CKOPOCTH HEOOXOIUMO CO-
BEpLUUThL paboTy, paBHYIO Pa3HOCTU B dHeprusax MGepMM, OTCUMTHIBA-
€MbIX OTHOCUTENILHO JHA 30Hbl MPOBOAMMOCTHM, IUISI METAIOB B MC-
XOIHOM COCTOSIHUHM

el; = O — s

BHyTpeHHAs1 KOHTaKTHasi pa3HOCTb IMOTEHLUMANIOB ObGecreynBaeT
BbIDABHUBAHUE TIOJHOM SHEPIUM 3JIEKTPOHOB, HAXONSLUUXCS B Me-
Tauiax A M B. Ecau anekTpoHbl nepexodsaT U3 MeTaia A B MeTaut B,
TO, KaK BUAHO U3 puc. 2.10, 6, uxX MoTeHUMANbHASI 3HEPTUS YMEHbIIIA-
ercsl, a KMHEeTHJYECKas DHeprus Bo3pacTaeT. Takas TpaHchopMmalus
SHEPTUHM MPOUCXOAMT 32 CUET YCKOPSIIOLIEro BO3NEHUCTBUS Ha DJIEKT-
POHBI CO CTOPOHBI KOHTAKTHOIO MOJIS IIPU MX Iepexoe uepe3 rpaHu-
1y pazjena. BHyTpeHHUI CKayoK noTeHLMana o0yc/ioBaeH U3MEHEHU -
€M XapakKTepa B3aUMOAECHCTBUS 3JIEKTPOHA C MEPUOAUYECKHUM MOTEH-
LIMAIbHBIM TOMEM KPHCTAUIMYECKUX PELeTOK, HaXOASLIMXCS TI0 pas-
HbIC CTOPOHBI OT FeTEPOrpaHulbl. DTOT CKaYOK HUKAK HE CBSI3aH C
BHEILIHE! KOHTAaKTHOW Pa3HOCTBHIO MOTEeHIMANOB U, MOCKOJBKY OT-
CYTCTBYET B3aMMOCBSI3b MEXIY paboTOH BbIXOJA 3JIEKTPOHA U SHEPTU-
eit Mepmu.

TepMo31eMEHT, COCTaBIEHHbIN U3 ABYX PAa3JIMYHbIX [IPOBOJHUKOB,
00pa3ylollnx 3aMKHYTYIO LieNb, Ha3bIBaeTCsi TepMonapoi (puc. 2.12).
B Takoifl uenu BHYTPEHHSSI pazHoCTh MoTeHuuaioB U; BOZHHKaeT Ha
KaXIOM U3 KOHTAaKTOB, IpUYEM BHYTPEHHEE I10J1€ B 00OMX KOHTAKTaX
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Puc. 2.11. Cxema pacnipenene- Puc. 2.12. CxeMa BKIIIOYECHHUS TCPMOTIAPHI
HM4 3apsI0B B 061aCTH KOH- B U3MEPUTEIBHYIO LIETIb:
TaKTa IByX METALNOB a — NpH pa3pbiBe TEPMOIEKTPOAa; 6 — IpU

pas3pbiBE cnas

HaIpaBIcHO OT MeTamla ¢ Oonbliueil aHeprueit OepMU K MeETALIY ¢
MEHBIUMM 3HaYEeHUEM 3. OTO 3HAUYHUT, YTO IIpHU 00X0e 10 3AMKHYTO-
MY KOHTYpY BHyTpeHHUEe DJIC UMEIOT BCTPEYHYIO MOISAPHOCTb U KOM-
MEHCUPYIOT ApYT ApyTa.

[py pasnuyHOi TeMmeparype KOHTAKTOB B 3aMKHYTOH LieNH BO3-
HUKAeT TOK, HA3bIBaeMblil TepMoajieKTpuueckuM. Eciu 1ens pazop-
BATb B IIPOU3BOJILHOM MECTE, TO Ha KOHIIAX PAa3OMKHYTOI LEnu Io-
SABUTCS Pa3HOCTh TOTEHIIMANIOB, HA3BIBAEMAS MEPMOINCKMPOOBUNCYIUeL]
cunoti (Tepmo3/1C). 1o mMeHHN NEPBOOTKPHIBATENS ITO ABJICHUE TTONY-
YUJIO Ha3BaHMe sgighexma 3eebeka.

Kax nokasplBaeT ObIT, B OTHOCUTEIbHO HEOOJBILIOM TEMIIEPATYP-
HOM UHTepBajie TepMo3/IC nmponopUroHaNbHa Pa3HOCTH TEMIIEPATYD
KOHTAKTOB (CITaeB):

Unp = 0ap(T~ TY),

TIE 0ag — KOIGDOUIHEHT MPONOPLMOHAIBHOCTH OTHOCHTENLHOM ANQ-
(epeHUMATbHOM WM yaeabHo# TepMoDC. 3HaueHUE Gpg 3aBUCHT OT
MPUPOIBL! COTIPUKACAIOLIUXCS TIPOBOAHUKOB U TEMIEPATyPhl.

TepMo3IC B KOHTYpe CKIAABIBACTCS U3 TpeX cocTapisiiomux. Iep-
Basi U3 HHUX O0YCNOBJIEHA TEMIIEpaTyPHOH 3aBUCUMOCTHIO BHYTPEHHEH
KOHTaKTHOH pasHocTH noreHumanoB U, xoropas, B CBOIO OYepenb,
CBSI3aHA C TeMITEPATYPHBIM U3MEHECHHUEM IOJIOXEHU YpoBHs Pepmu.
B MmeTtamnax ¢ yBeqMyeHMEM TeMIIepaTypbl ypoBeHb DepMu, XOTd M
¢n1ab0, HO CMEUIAeTCs BHMU3 IO SHEPreTHYECKOH IIKane B COOTBET-
CTBUM C BBIpAXKECHUEM
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Bp(T) = Bp(0){1 ~ n?[kT/Dx(0)]*/12}.

IToaTomy Ha Gosiee XOJIOMHOM KOHIIe MPOBOIHMKA OH JOMXKEH pac-
[ojIaraThCsl HECKOJBLKO BHILLIE, YeM Ha Ooyiee HarpeToM. Crneacreuem
cMeliteHus: ypoBHA PepMU U SIBIAETCS BOZHUKHOBEHHE KOHTAKTHOIM
cocrasisnoineit TepMo3C.

Bropas cocrapasiioniasg tepmMo3/IC, HasbiBaemasa 0ObeMHOI, 00y~
ciaosaeHa nuddysueit HocuTenell 3apsna OT TOPSIIUX CIaeB K XOJOd~
HeIM. CpelHasg KUHETHYECKAsl SHEPTUS 3JIeKTPOHOB B MeTaJlle TaKXKe
HECKOJIBKO U3MEHSIeTCsI C TeMIlepaTypoi

Bep(T) = (3/5)Bp(0)1 + 5 *[kT/Dr(0)]/12}.

Otcroza ciaenyer, yTo 3JIeKTPOHBI, COCpeNoTOYEHHbIE Ha OoJiee ropsi-
4eM KOHLE, 00/1aJal0T HECKOJIbKO O0ibIIeH KUHETHYECKON SHEpruc
¥ O0JpILICH CKOPOCTbIO TEIJIOBOrO ABUXEHBUS 10 CPABHEHUIO C HOCH-
TEJISIMU 3apsiia XOJOAHOTO KOHIA. I103ToMy OHM B 60JbLIEM KOTHYE-
crBe AUGGYHAUPYIOT B HANPABICHUM TEMIIEPATYPHOrO IpaaueHTa,
HexXeU B 06paTHYIO cTOopoHy. Juddy3noHHBIH NOTOK, NepeHOCs 3a-
PsI U3 TOPSTYETO KOHLA B XOJOIHBINA, CO3MAET MEXIY HUMH Pa3HOCTD
MOTEHIIUAJIOB.,

Tpetbst cocrapasiowas TepmMoOC BOZHUKAET B KOHTYpe BCAEICTBHE
YBJIEUEHHS 2JIEKTPOHOB KBAHTAMM TEIUIOBOM 3Hepruu (¢poHoHamu). Mx
MOTOK TaKKe PaclpOCTPAHSIETCA K XOJIOTHOMY cnalo («(pOHOHHBIN Be-
Tep»). Bee cocrapisionue Tepmo 31 C onpenensiorcst HeOONMbIIO KOH-
LEHTpalKeH 3/1IeKTPOHOB, PACIIONIOXKEHHBIX HA S3HEPreTUMEeCKUX YPOB-
HSIX, OJAM3KUX K YpoBHIO PepMU, U OTCTOSILIMX OT HErO Ha BEIMUHHY
nopsinka kT. IToatomy yaenbHasi TepMoDJIC 1 METAJLIOB OKa3blBaeT-
cs1 04eHb HeOOJbILIOH.

HeobxonuMo OTMETUTH, YTO M B OJHOPOOHOM IPOBOIHHKE, T.€.
M3TOTOBJIEHHOM M3 OJHOTO METajllla, IPU HAUTHYMH Tepernana TeMIie-
paTyp Ha KOHIIAX €ro TaKXKe BO3SHUKAET Pa3HOCTh MOTEHLHAIOB B CHITY
pPacCMOTPEHHBIX Bblllie MPUYMH. Ee 3HaUeHHe, OTHECEHHOE K €AUHUY -
HOM Pa3HOCTH TeMIEpaTyp, Ha3blBaeTCsl abCOMIOTHON yaenbHOI Tep-
M0DJIC. MoXHO 10Ka3aTh, YTO B TEPMOIIAPHOM KOHTYPE OTHOCHTEIb-
Has yaenbpHas TepmMod/IC npencrapnsieT cob0M pa3HOCThL AGCOMIOTHBIX
yaenbHbIX TepMOD I C cOCTaBISAIOIMX ITPOBOAHHUKOB:

Cap = Op — Op, (233)

TIoe o, ¥ o — abcomoTHbie yaeabHbie TepMODIC KOHTAKTUPYIOIIMX
MeTaios A u B.

ITpu aTOoM Kaxnast u3 abcontoTHbIX TepMoBJ1C BKTIOYaeT B ce0s1 KOH-
TAKTHYIO ¥ 00BEMHYIO cocTapsitotrie. KBaHTOBasi TEOpHs TBEPAOTO Tejia
JlaeT ciedylollee BeIpaXkeHue s yaeabHoi TepMoI1C MeTaJu1oB:

n? k kT

A IS e ———

3 e
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[Ipu KOMHATHOU Temmeparype oTHOlLIeHUe kT/Dr nuMeeT 3Haye-
Hue nopsiaka 1073, TTo3TOMY o4 IOKHA COCTABAATH HECKOIBKO MKB/K.
DTO cOrnacyercst ¢ 3KCNepMMEHTalbHBIMU JAHHBIMM, IIPUBEIEHHBI-
MU B Ilpunoxenuun I. Takoro xe nopsiika q0xHa 6bITb U OTHOCH-
teabHaa TepMoI3JC o,p. Ee 3HaueHue, 01HAKO, MOXET OBITh Cylle-
CTBEHHO YBEJIUYEHO, €CAM MCITOJIb30BaTh B KAYECTBE BETBeH TEpMO-
rapsl NMPOBOOTHUKHU M3 METALIMYECKHX CIUIABOB, KOTOpbIe Oonblie
pasINyaoTcs MeXIy coboil Mo 3JIEKTPUUYSCKUM CBONCTBAM, HEXEIU
YUCTHIE METAJUIBI.

BaxxHo nonyepkHyTh, YTO 3HauYeHUs] abcontoTHbix TepMoDIC He
MOTYT OBITh ONpEAeNIEHbl B PE3Y/IbTaTe NMPSMBIX U3MEPEHUH, Hanpu-
Mep TYTeM TOJCOeNMHEHUS] UYYBCTBUTEILHOIO BOJBTMETPA K KOHLAM
MPOBOJHUKA. B 3TOM ciyvae moABOAsIIME MPOBOIA BOJBTMETPA OBICT-
PO NPUAYT B TEPMUUECKOE PABHOBECHE C KOHUAMHM TPOBOJOKH. Ilo-
9TOMY pe3yJIbTaTOM M3MEpPeHUs OyaeT oTHocHTebHas TepMoDJIC, Tak
KaK BO3HMKaeT BeTpeyHass 3/IC cOeNMHUTENBHBIX MPOBOAOB.

M3 coornowenust (2.33) cnemyer, 4YTO €CIM U3BECTHO 3HAYCHUE
abcomoTtHO# TepMo31C omHOro Marepuana, MPUHATOr0 B KayecTBe
9TaJIOHA, TO IJIA JIIOOOTO NPYroro Marepuaia STOT IapaMmeTp JIeTKO
HaWTH NyTeM U3MEPEeHUM Oy OTHOCUTEIIBHO 3TOTrO aTanoHa. s onpe-
JeneHusl abcomoTHBIX TepMoDJC B KauecTBe 3TAAOHA MCIOIL3YIOT
CBUHELL, Y KOTOPOI'O TEPMO3NEKTPUIECKUE CBOMCTRBA BhIpAXEHHI OUEHb
cn1abo, WM TJIATHHY, KOTOpas B YMCTOM BUAC OTJIMYAETCS BBICOKOMA
CTaOWILHOCTBIO CBOMCTB. IIpM HM3KUX TeMmIlepaTypax HauIy4LUHMM
STAJIOHAMM SIBIISIIOTCS CBEPXIIPOBOIHUKM, TOCKOJILKY Y TOCIEIHUX
abconroTHas yaensbHas Tepmo3C Bcerna paBHa HyAK. 3HAK TEPMO-
BJIC cunraeTca oTpuMUAaTeNbHBIM, €CJIM TOPSYMl KOHEH NMPOBOAHUKAE
3apsKAETCS TIOJIOXUTENBHO, YTO XapaKTePHO JUISI MHOFMX TPOCTBHIX
MeTaJoB. B ob1ueM ciyuae adconoTHas TepMoI 1 C CIbHO 3aBUCUT OT
COCTaBa MPOBOIHUKA M TEMIIEPATyphl U JaXe MOXKET U3MEHSTh CBOit
3HaK B Mpoliecce HarpeBaHus (Kak, Hanpumep, v Pt u Fe).

MeTainueckue TepMOTaphl IWHMPOKO MCTIONB3YIOTCS T TOYHOTO
M3MepeHus TeMiepatypsi. [Ipubop mis uamepenus BosHukatouieir 34C
BKJIIOUYAIOT MO0 B pa3phblB OAHOWM M3 BETBEi, MO0 B pa3pblB OXHOTO
M3 CIaeB TePMOMNAphl, KaK MoKa3aHo Ha puc. 2.12. B npouecce uaMepe-
HUH HEoOXOIMMO CTAOMIM3UPOBATh TEMIMEPATypy OXHOro M3 CriacB
TepMOIapsi (Hanpumep, ¢ MOMOIIBIO TAIOLIEro ibaa). TOYHOCTh U3Me-
peHus TeMnepaTypsl o6buHO coctapnsieT 0,1...1,0 K, a nnana3oH us-
MepSIEMbIX TEMITEPATYp 3aBHCUT OT MAaTEPHUATIOB TEPMOIAPDI.

2.9. DMHUCCUOHHBIE CBOMCTBA METAJIJIOB

ITpu HarpeBaHWW METAIOB 10 OTHOCUTENIBHO BBICOKMX TeMIIEpa-
TYP HEKOTOpasi YacTb DJMEKTPOHOB MOJYYAET IHEPTHUIO, HOCTATOUHYIO
JUISL TIPEOMOJIEHUS] [TIOBEPXHOCTHOTO SHEPTETUYECKOIO Gapbepa U Bbi-
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XO[1a 3 KPUCTUUINYECKOM pelieTKy B BakyyM. SIBjeHMe UCITyCKaHUS
3JIEKTPOHOB C MOBEPXHOCTH TBEPAOTO TeJia MoJ AeHCTBUEM TEIUTOBON
SHEPrUU HA3BIBAIOT MepMOIAeKMPOHHOU IMUccueli. DTO siBJIeHUe 1LHUPO-
KO UCMOJNb3YETCA B JIEKTPOBAKYYMHBIX nipubopax. BoicoTa noreHuu-
AbHOTO Hapbepa, NPENITCTBYIOLETO SMUCCUHU 3ICKTPOHOB, XapaKTe-
pusyercs TepMoAMHaMuyecKoil pabotoit Beixona @;. Kak BumHO U3 puc,
2.10, a, nag y4acTust B TEPMOBIJICKTPOHHOM 3MHUCCHU BEKTPOH HOJI-
XeH 00J1alaTh KHHETUUECKON 3Hepruei He MeHblieil, ueM (D p, + Dy).
CoCTOSIHUSA C TaKUMU OOJBLUMMY SHEPTrUsIMU 3aOHEHBI OUYCHDb Clia-
60, TIO9TOMY TOK SMUCCHH NPYU HU3KUX TEMIIEpATypax MCUe3alolle MaJl.

CyllecTBOBaHKE MOBEPXHOCTHOIO IHEPTETUUECKOTO Dapbhepa 00bsic-
HsieTCs AByMs ¢aktopamy. Bo-NepBhiX, NpH BbIXOAE W3 MPOBOAHMKA
HEKOTOPbIE U3 3JCKTPOHOB MOJHOCTHIO TEPSAIOT CBOIO KMHETUUYECKYIO
SHEPTUIO M 00Pa3yIoT ¢ HECKOMITICHCUPOBAHHBIMU MOJOXHUTEABHO 3a-
POKEHHBIMU MOHAMM OBOUWHOMN 3jeKTpuueckuid ciaoit (puc. 2.13, a).
DNEeKTPUUYECKOE MOJIE 3TOrO C0S OKAa3bIBAET TOPMO3sillce ACHCTBUE
Ha 9AEKTPOHBI, BhIXOAsIUME W3 KpucTauia., [lageHue noTeHumana B
IBOMHOM cjoe OOYCJIOBAUBAECT DUIIOJABHYK COCTABSIOLLYI0 PabOThI
BBIXOAa. BO-BTOPBIX, 3JIEKTPOHBI, BHILIECAIINE U3 ITPOBOAHUKA U JIBU-
XKYIIHECsl OT TMOBEPXHOCTH, HHAYLMPYIOT B MeTalie 3apsiibl IPOTU-
BOIMOJIOXHOIO 3HaKa. MexXy 3MeKTPOHOM M MHAYLIMPOBAHHBIM 3apsi-
JIOM BO3HHUKAET CHJIA KYJIOHOBCKOTO IIPUTSDKEHUS (TaK Ha3bIBagMas Cijia
3epKATbHOIO OTOOPaXKCHUS ). DTa CHIA, HAMPABJICHHASA K IPOBOIHUKY,
TaKXe MPEMSITCTBYeT CBOOOMHOMY ABIDKEHHIO 3J1eKTpoHa (puc. 2.13, 6).

C NoBBILLICHUEM TEMITIEPATYPHI BO3PACTACT CTENICHD «Pa3MbITHUSI» pac-
HpeaeacHus 2AeKTPOHOB 10 3HeprusaM (pacrnpeaeneHue OGepmu — Ju-
paka), COOTBETCTBEHHO 6O/plUee KOJUYECTBO HOCUTENCH 3apsna mnpe-
OJI0JICBAeT TOTEHIMAIBHBIN Oapbep. TepMO3NEKTPOHHYIO 3MHCCHIO
MOXHO paccMaTpHBaTh KaK «MCIapeHUe» 3J1eKTPOHOB NpPHU UX TeIUIO-

Honsl DIeKTpOHb!
S
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Puc. 2.13. SIpnenust Ha rpaHulie pas3ziesia MeTajLl — BaKyyM:
a — TOPMOXCHHE B JUNIOJIBHOM CJI0€, 6 — NPUTAXKCHNHEC UHAYHMPOBAHHBIM 3apsaoM



dusuueckue npoyeccol U S6JeHUS 8 NPOBOOHUKOBbLY MAMEPUALAX 87

BOM BO30YXI€HUU. DMUTHPOBAHHDLIC SIEKTPOHBI UMEIOT MAKCBE/JIOB-
CKOe pacripe/ie/ieHUe HauyaJIbHbIX CKOPOCTEH, COOTBETCTBYIOIIEE TEM-
riepaType MUCIyCKalouero ux Teja.

JIJ1sT YMCTBIX METAUIOB TEMIIEpaTypHask 3aBUCHMOCTD IUIOTHOCTH TOKa
HachlleHUs J;, TEpMO3JEKTPOHHOU BMHUCCUM ornipenessieTca dopmy-
noit Puyapacona — JIaimMana:

J,= AT *exp(-D,/ kT),

rae A — yHUBepCalIbHAs MOCTOAHHAsA, A = dnemyk?/ h.

KoHcTaHTa A B COOTBETCTBHM C IJEKTPOHHOM TEOpUEH METAIOB
HE JOJXHA 3aBUCETb OT MpHpoabl MaTepuana. OnHaAKO 3KCIEPHMEH-
TaJbHBIE AAHHBIE TIO KOHCTAHTE A JUISl pa3HbIX METAJUIOB XapaKTepU3y-
IOTCSl CYLECTBEHHBIM Pa3dpoCOM OTHOCHUTENLHO €€ TeOPEeTHUECKOro
3HaueHust (4=1,2-10% A-m2- K-2). OnHa U3 IPMYMH HEKOTOPOTO pac-
XOXIEHUSI TEOPUH C IKCIEPUMEHTOM CBA3aHA C CHJIBHOU 3aBUCHMO-
CTbI0 2PPEKTUBHOCTH TEPMOIIEKTPOHHOH SMUCCHUH OT pabOThI BBIXO-
Ia 3jeKTpoHoB. Hanpumep, usameHenue @, = 5 3B Bcero Ha 1 % Bbi-
3bIBaeT mpu Temneparype 1 000 K ypennuenue toka amuccuu Ha 80 %.
B cBolo ouepennb, paboTa BHIXOAA OYEHb YYBCTBUTE/NbHA K IPUCYTCTBUIO
Ha MOBEPXHOCTH aACOPOUPOBAHHBIX Ia30B, IPUMECHBIX ATOMOB U T0-
KPBITHI, a TAKXe JTOKATH30BAaHHBIX COCTOSIHUI, 0OYCTOBIEHHbBIX Ha-
pYILIEHUEM NIEPHOJWYHOCTH pelIeTKH. MOHOATOMHBII CJION aacopOu-
pPYEMOro BelIeCTBA MOXET KapAWHAILHO MOBIUATEL Ha paGoTy BBIXOAA
3JIEKTPOHOB U3 MeTajuia. DTOT 9Pp(heKT HAXOIUT BaXXKHOE NPaKTHIECKOE
NPUMEHEHUE MPH CO3IAaHUH BBICOKOA((PEKTUBHBIX KATOJIOB JIEKTPOH-
HBIX JIAMII.

HecMOTpst Ha TO YTO HEKOTOPBIE META/UThl HMEIOT Majylo paboTy
BBIXOJA, UCIIOJIB30BAaTh UX B YHCTOM BHIE TS MOJYYCHUS] 3HAYUTEb-
HO#H 3JIEKTPOHHOM 3MHCCHH TIPAKTHYECKH HEBO3MOXHO M3-32 HU3KOI
TEMITEPATYPHI TIaBNeHUA. CUTYallMI0O MOXHO HCIPABUTh, €CIHH TOH-
KHUH CJIOH TAaKOro BELIECTBA HAHECTH Ha IOBEPXHOCTH TYTOILUIABKOTO
MeTtaina. Tak, NpyM HAHECEHUH TUIEHKHU TOPHUS Ha ITOBEPXHOCTD BOJb(-
paMa paboTy BbIXOJA yIAeTCsl MOHM3UTb A0 3Ha4YyeHus 2,63 3B, B To
BpeMS KaK y YHCTOTO BOJIb(ppaMa oHa cocTaBnseT 4,54 3B, a y yucroro
topust — 3,36 5B. Takoii TopuposaHHbL BoabdpaM 3pdekTUBHO pa-
f6otaet npu Temneparypax 6osnee 1900 K, 4To HEAZOCTHXKUMO TSI YU-
cToro topusi. Hapsizy ¢ TopueM ISl MOKPBHITUS TOBEPXHOCTU TYTo-
TJIaBKMX MCTAJIOB NPUMEHSIIOTCS BGapuil M 1e3uil, a TaKke OKCHIbI
HIEJIOYHO3EMETbHBIX METAJIOB: Oapusl, CTPOHLIUSI, KaJIbLUs.

ITpaxTHyeckoe UCTIONIB3IOBAHUE TEPMOIJIEKTPOHHONH SMHUCCHH BCE-
IJa CBSI3aHO C JEMCTBUEM BHEUIHErO 3JIEKTPHUYECKOTO MOJ, KOTOpOe
HECKOJIBKO U3MEHSIET (PopMy SHepreTUYecKoro 6apbepa. 3T1o, B YacT-
HOCTH, NMPOSIBIAETCS B YMEHBIIEHUM €ro BBICOTBI HA HEKOTOPYIO BeE-
JuynHy A®, KoTopas 3aBUCHT OT HAINPsXXeHHOCTH Mojd (puc. 2.14).
TepMOa1eKTPOHHYIO 3MUCCHIO BO BHELIHEM 3JIEKTPHYECKOM ITOJIE Ya-
cTO Ha3wIBAIOT aMuccueil LllorTku.
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Puc. 2.14. DHepretnyeckuil 6apbep y MOBEPXHOCTH MeETAUIa MpU HATHYUH
3JICKTPUYECKOTO I10JIs1

Ecn HanpsokeHHOCTD ekTpuyeckoro nons E npesbuuaer 108 B/m,
TO MEXaHU3M 3JIEKTPOHHOH 3MUCCHM M3 META/UIa NMPUHIMUIIHATBHO
U3MEHSIETCS:. JIEKTPOHBI HE «IEPEBAIIMBAIOT» Uepe3 ITOTeHIIMANbHBIH
0apbep, a MPOCAYUBAIOTCSE CKBO3b HETO C [TOMOIILIO H3BECTHOTO B BOJI-
HOBOM MeXaHUKe TYHHEJbHOTO 3¢derra. KBaHTOBO-MeXaHUYECKOE
TYHHEJIMPOBAHUE MPOUCXOIUT 63 UBMEHSHHUS IHEPIUH 3JIEKTPOHOB U
NPaKTUYCCKU HE 3aBUCUT OT TeMIrepaTtypbl. Takoil MeXaHU3M MCITyCKa-
HUS 3JIEKTPOHOB U3 KaTOAA TTOTYYNI HA3BAHUE AGMOINEKMPOHHOU, YWIH
X0/100HOI IMUCCHUH.

BeposTHOCTh TYHHENIMPOBAHUS JTOCTATOYHO BEAWKA, €CIM LIHPHU-
Ha 3HepreTUYeckoro 6apeepa He npesoinaer 1,0 um. B cnyyae aBro-
S7IEKTPOHHON DMUCCUU TEPMHUYECKAsT aKTUBALWS Hal NOTEHUHAIbHBIM
0apbepOM MEPECTAET UTPATh OTIPEACHSIOLIYIO POb. SIBjIeHUE aBTOIEK-
TPOHHOM SMUCCUU UCTIOAB3YETCS JUISI CO3MaHUs AEKTPOHHBIX ITyYKOB
00IbLION UHTCHCUBHOCTH.

HcnyckaHue 37eKTPOHOB U3 METaIa MOXET NPOUCXOOUTH M MHOJ
JNEUCTBUEM 3JICKTPOMArHUTHOIO M3JYYCHHUsI. BTO SIBJCHUE ObLIO OT-
KpbITO B 1887 r. HemeukuM ¢usukoM [ I'epiieM ¥ BIOCIEACTBUH BO-
11O B (pU3MKY MMOJ Ha3BaHUEM (YOMOINeKMPOHHOL 3MUCCUU, VUITU 8HeW -
Heeo gomoaghpexma. DKCIEPHMEHTATbHBIE HCCACTOBAHUS, TIPOBEICH-
Hble B 1888 1. oreyecTBeHHBIM (PU3UKOM A. . CTO/NETOBBIM, TTO3BOJIH-
JI1 YCTAaHOBUTD, UTO MPHU HEUBMEHHOM CHEKTPAILHOM COCTaBE U3NY-
YEHUSI TUNTIOTHOCTh TOKa (POTORJIEKTPOHHOM 3MUCCHUM MPOHOPLHOHATH-
Ha [ajaiolieMy Ha MOBEPXHOCTh CBETOBOMY IOTOKY (3akoH Crosero-
Ba). OTCI0a HEMOCPEACTBEHHO BHITEKAET MPSAMO MpPONOpUMOHATLHAS
3aBUCHMOCTDb MEXY YHMCJIOM 3MUTUPYEMBIX JIEKTPOHOB My, U MOLJIO-
IHEHHBIX POTOHOB Ny

ng = NNy,
[I€ 1| — KBAaHTOBbIH BbIXOJA BHeulHero (orosdgekra.
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3HauyeHUE 1| 3aBUCUT OT CBOMCTB MaTepuaia, COCTOSIHUS TOBEpPX-
HOCTH ¥ 3Hepruu HoToHOB. s MCITyCKaHUs 3JIeKTPOHOB Npu poTo-
BO30YXKIEHUH 3HEpTusi POTOHOB IOKHA MPEBHILLATL HEKOTOPOE MO-
pOropoe 3HayeHWe, OMPENENsieMOe U3 YCIOBUA Avy,, = P, CooTer-
CTBYIOLIAS 3TOM 3HEPTUHM JUIMHA BOJTHbI UBIYYEHHUS Ay, = €/ Vpq, HA3BI-
BaeTCs IMHHOBOJHOBBIM HoporoM doroaddexra. B ciyyae BHeuiHero
¢oToaddexra aHeprus nornouaeMbix GOTOHOB pacxoAyeTcsl Ha Ipe-
OJ0JIEHHE DJEKTPOHAMM [TOBEPXHOCTHOIO MTOTEHUMAIBHOTO Oapbepa U
CcOODLICHHUE UM HEKOTOPOI KMHEeTHUECKOH sHepruu. CorjiacHO 3aKOHY
A.DiHMTeiHa, MAKCUMabHasd KWHETUYECKAs] SHEPTUs SMUTUPYEMBIX
3JIEKTPOHOB ONpeAesIseTcsl COOTHOUIEHUEM

hV = ®,+ BKMH’

Kak BuaHo Ha puc. 2.14, npu HEM3MEHHOM COCTAaBE U3JYUYCHHUS U
OTHOCUTENBbHO HEBLICOKUX TeMIIepaTypax MaKCHMAaJIbHOH KUHETHYC-
CKOM 3Hepruei, a COOTBETCTBEHHO U MAaKCHMAJIbHOH CKOPOCTBIO JBU-
JKeHMs OyayT obJamaTh 2JIeKTPOHBI, UCIIyCKaeMble ¢ ypoBHa PepMu.
CyliecTBEHHO NOTYEPKHYTh, YTC MAKCUMAJIBHAS 3HEPTHS U CKOPOCTh
UCIYCKaEMbIX 3JICKTPOHOB HE 3aBUCST OT MHTCHCUBHOCTU CBETa, A
3aBUCHAT TOJBKO OT €0 YacTOThI.

DoTo3IeKTPOHHASA SMUCCHUS LLIMPOKO UCIIOIB3YETCS B YCTPOHUCTBAX
U3MEPUTEIBHOU TEXHUKMA M aBTOMATHUKM, BKJIIOYAsl BaKyyMHBIC (HOTO-
nuonsl, GoroszneMeHThl, GHOTORAEKTPOHHBIE YMHOXHUTEAM, 4 TaKXKeE
SJIEKTPOHHO-OITHYECKUE MpeoOpa3oBaTenu, (HPOTOIIEKTPOHHBIC YCU-
nuTenu u3obpaxenus u ap. OHa apiasiercs 3¢ ¢dEeKTUBHBIM CPEICTBOM
JU1S UCCNIEIOBAHUS CIEKTPA 3JCKTPOHHBIX COCTOSIHME TBEPAOro Teaa.
B obmactu Manbix aHepruil GoToHOB HeoOxoauMasi POTOUYBCTBUTENb-
HOCTb JOCTUIAETCS MyTEM MCIOABL30BAHUS LE3USI WIM APYTUX MATEPU-
aJIOB ¢ HU3KOI pabOTOM BLIX0JA B KAUECTBE TOHKOrO MOBEPXHOCTHOTO
KaTOJHOTO IMOKPBITHSI.

DMHUCCHS DJeKTPOHOB HAOMIOZAeTCsl TaKKe Ipu OoMOapAupoBKe
MOBEPXHOCTH METANIOB 3JeKTPOHAMM WIM UOHAMM M3 BHEIIHETO MC-
TOYHHUKA. DTO SIBICHUE «BbIOMBAHUS» 3JIEKTPOHOB U3 KAaTO/Ia Ha3biBa-
10T emopuyHol snekmponnol amuccueld. OCHOBHBIM IapaMeTpoOM, Xa-
paKkTepU3YIOLINM 3(h{PeKTUBHOCTL TAKOTO TIpoliecca, SIBISIETCS KO3(h-
(ULIMEHT BTOPUYHONH DMMCCUHM G, TOJ KOTOPBIM ITOHUMAETCsl OTHO-
IIEHUE YHUCIIa BBIOMBAEMbIX U3 META/UIa BTOPUYHBIX 3JIEKTPOHOB K YMCITY
TIEPBUYHBIX YACTHI, MAaJalolUX Ha MOBEPXHOCTh KaTona (MJIM OTHO-
IIEHNE TOKA BTOPHUYHON 3MUCCHUU K TOKY MEPBUUHBIX 3JIEKTPOHOB).
3HayeHUEe G 3aBUCUT KaK OT CBOHCTB MaTepuana, Tak U OT CKOPOCTHU
MEepBUYHBIX 3J1eKTpoHOB. I1pu onpeneieHHON SHEPrUM NMaJal0LIUX Ya-
CTU1L KO3(DGULIMEHT O JOCTUTaeT MaKCUMAaJIbHOTO 3HaueHus. JLis 6oib-
LHMHCTBA METAJUIOB Gy < 2. CYIIIECTBEHHOIO YBEJIMYEHMS BBIXOAA BTO-
PUYHBIX 3JIEKTPOHOB YAaeTcs JOOUTHCS MPH HAHECEHHU Ha MOBepX-
HOCTb METAJJIa TOHKOTO CIOSl HEMETAUTMYECKOTO BellecTa. Karonnl,
UCTOJIb3YEMbIE B KAYECTBE 3MUTTEPOB BTOPUYHBIX 3JIEKTPOHOB, Ha3bI-
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Puc. 2.15. CxeMa hOTO3JIEKTPOHHOTO YMHOXUTEIS:
F — napawoowmii cBeToBoit rnotok; K — dorokaton; D — auHonsl; A — aHOX

BaIOTCS JMHOAAMU. [ CO3MaHUs aKTUBUPYIOUIMX MTOKPBITHH MTPUME-
HSIIOT IIMPOKHUI KPYr MAaTepUAaJIOB, CPEIH KOTOPHIX MOXHO BBIACIUTH
AHTMMOHMIBI M XaJIbKOTEHU/IBI LIIEJIOYHBIX METAIOB, Takue Kak Cs;Sb,
Rb;Sb, Cs,Te, okcuanble coemuHeHuss Ag,0, Cs,O, okcuaupopaH-
HBIE METATMYECKUE CIUIABBbI, 4 TAKXe CHJIbHOJETHPOBAHHBIE MOJY-
npoBorHUkH GaAs u GaP.

BropuyHas 3/1eKTpOHHAST 3MUCCUSI UCIIONB3YETCS B Pa3/IMUHBIX 3JIEK-
TPOBAKYYMHBIX IIpHOOpaXx ISl YCUJIEHUS 3IEKTPOHHBIX MOTOKOB. Cpe-
JM 3TOM rpynIsl NPpUOOpOB HAMOONBILIMN MHTEPEC NMPEACTABIAIOT o-
TO2JIEKTPOHHBIe YMHOXHUTeU (DPIY), B KoTOphIx obecrneynBaeTcs
BHYTpeHHee yCuIieH!e (DOTOTOKA C TIOMOIBIO AMHOTHOM YMHOXKHUTEIb-
Hoit cuctembl (puc. 2.15). Bakyymuasa xon6a ®DY comepXuT KaTon
(K), sMUTHpYIOLLKXI 3JEKTPOHBI NMOJ NEHCTBUEM PETUCTPUPYEMOrO
M3JIyYeHUs], KacKad TUHOAOB (D), KaXablif U3 KOTOPbIX SIBJISIETCSI UC-
TOYHUKOM BTOPHYHBIX 3JIEKTPOHOB, U aHOH (A), HampaBIgIOWNN yM-
HOXEHHBIH IMOTOK 3JIEKTPOHOB B BBIXOIHYIO Lielib. MeXiy cCOoCeaHH-
MM SMUTTEPAMHU CO3IAETCA PA3HOCTD MOTEHIIUATIOB B HECKOJIBLKO COTEH
BOJILT JUISl YCKOpPEHMsT 0CcBOOOXIaeMbIX 31eKTpoHoB. KoadduuueHT
YCUJIEHMS JTUHOMHOM CUCTEMBI, KaK MpaBuio, coctasasieT oT 10* xo
108. TToaTomy ¢ nmomolnbio DY MOXHO AETEKTUPOBATL OYEHb Cllabbie
curHasiel. HeHHbIM cBoficTBOM DIY sBAsieTCS HU3KUIA YPOBEHB COO-
CTBEHHBIX 1IyMOB. B Hacrostiiee Bpemss POY Haluny IIMPOKOE ApUMeE-
HEHHE B sIepHOIl (PU3HKE B KAYECTBE DJIEMEHTOB CLIMHTHILISILIUOHHBIX
CYETYUKOB, B aCTPODHU3UKE IUTSt pErMCTPaLiU CIa00TO CBEUEHUS 3BE3I,
B YCTPOMCTBAX TEJICBU3MOHHOM U JTa3epHON TEXHUKHU U JIPYrux obnac-
TAX.

KoHTpoabsHbIE BOMPOCHI

1. Kakue oCHOBHBIC BUIBI TPOBOJHUKOB 3JIEKTPUYECKOrO TOKA BaM U3BE-
CTHBI?

2. B kakoM COOTHOLUEHUH JAPYT K APYTy HaXOXSATCS CKOPOCTb apeiida u
TEILIOBAasA CKOPOCTh JBHXXEHMUS 3JIEKTPOHOB B METAJlJIe B HOPMAaJIbHBIX YCIOBU-
ax?
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3. O6bacHuTe Pusnyeckuil cMbici ypoBHs PepMu. KakoBa B3aUMOCBS3b
MEXIY MoJoXeHUeM YpoBHA PepMH M KOHLICHTpALME CBOOOAHBIX 3MIEKTPO-
HOB B MeTauie?

4. KakuMy cBOHCTBaMHU 00JIaZacT JMEKTPOHHBIH ra3 B COCTOSIHUU BBIPOXK-
nenus?

5. Kak Bnusier TeMrepaTypa Ha CPeIHIOI0 CKOPOCTh TEIUIOBOI'O IBUXKEHUS
97EKTPOHOB B MeTauie?

6. ToyeMy yae/lbHOE COMPOTHUBACHMEC METALIOB PACTET € IMOBBIUCHUEM
TeMIiepatypbi?

7. Hafite onpeneneHue TeMIepaTypHOro Koag@uuueHTa yaeabHOro co-
MPOTUBICHUA. SIBNseTCd 1M OH KOHCTAHTOM JUTS JaHHOTrO MeTtaya?

8. Kak BnusitoT npuMecH Ha yaejibHoe conpoTusacHue Metawios? Chop-
MYJIUpYiiTe npaBuio MarrucceHa.

9. TToueMy NpUMeCH METAUIIOMIHBIX JIEMEHTOB CUJIbHEE BJIUSIIOT HA YACHAb-
HOE COMPOTHBICHUE METAUIOB, YeM MPUMECH METALIMYCCKUX aTOMOB?

10. Kak oOBSICHUTE, YTO NPU TEPMUUECKON 3aKalKe YAEAbHOE CONMPOTHUB-
JICHME META/UIOB BO3DACTACT, & NPH TEPMUYECKOM OTKUTE — YMECHBLILIAETCS?

11. TToyeMy METAUTMYECKHE CIUIaBbl THUIA TBEPILIX PACTBOPOB 00JIAHAIOT
fosice BLICOKMM YIEJIBHBIM COIPOTUBIIEHNEM, YEM YMCThIC KOMITOHEHTHI, 00-
pasyiourue crnap?

12. B cBsi3u ¢ YeM BO3DPACTACT YACIBHOE CONPOTUBIEHUE METAJUIOB HA BbI-
cokux yacrotax? Kak pacnpeaensercsi MIOTHOCTh TOKA MO CEHEHUIO UMAHHA-
PHYECKOTo NPOBOJHMKA NPH BO3ACHCTBUM HA HETO HAMPSXKCHUS BBICOKOH
4acTOThI?

13. Kak 3aBUCHT yIeJbHOE COTIPOTHBICHUE TOHKHUX METAJUIMYECKUX ILIe-
HOK OT MX TOJILMHBI U MOYeMy?

14. Kakosa ¢u3uyeckas Npupoaa KIacCHYECKOro pasmMepHoro agdekra B
METANIMYECKUX MNIeHKax?

15. N306pazute TeMIepaTypHyIo 3aBUCUMOCTb MIOBEPXHOCTHOTO YAEAbHO-
IO COMPOTUBIICHUS JUISl IVICHOK C OCTPOBKOBOM CTPYKTYDPOI.

16. YT0 NOHUMAIOT MOJ UCTUHHOMN U TEPMOIMHAMMUYECKO paboTaMH BbI-
XOa NEKTPOHOB U3 MeTauia?

17. Ob6mbsicuuTe PU3NYECKUNA CMBIC] BHEILHER M BHYTPEHHEH KOHTAKTHbIX
Pa3HOCTEH MOTCHUWAIOB, BOZHUKAIOUIMX B CIA¢ IBYX METaJUIOB.

18. B Kakyx ycIoBHsAX BO3MOXHO rniosgsieHUe TepMoIIC B 3aMKHYTO# Lieru?
HazoBute OCHOBHBIE MEXaHM3Mbl, OTBETCTBCHHBIC 3a BO3HMKHOBEHUE TEp-
MoDJIC.

19. Kak cBsizaHbl Mexny coboil abcooTHasE U OTHOCUTENbHAA YACIbHbIE
1epM0BJIC KOHTaKTHOI naps1?

20. TIpuBeaure npuMepbl NPaAKTHYECKOrO UCITONb30BaHMs aBjIeHHUIl (OTO-
3NEKTPOHHOM M BTOPUYHOMN SJICKTPOHHOM 3MHUCCUIA U3 METAJUIOB.
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OCHOBHBIE CBOUCTBA U IIPUMEHEHHE

ITPOBOJHUKOBBLIX MATEPHUAJIOB

3.1. KIACCH®URALINASA ITPOBOJHUKOBBIX MATEPHUAJIOB

B Hacrosiiee BpeMsi He CyLLIECTBYeT 001LenpuHATON Kiaccuduka-

LIMM MPOBOJHUKOBBIX MaTepuaioB. B ¢pu3uKe, XUMUU M TEXHUKE IPO-

BOAALINE MATEPHAJIbI KJIaCCI/ICbI/U_II/Ip}’}OTCH O PA3JUYHBIM IIPU3HAKaM.
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Puc. 3.1. Kraccndukaimsa npoBOIHMKOBBIX MATEPUANIOB



OcHogHble c80UCMEA U NPUMeHeHUe NPOBOOHUK0BbLX MAMEPUAIO8 93

OnHa M3 BO3MOXHBIX CXEM KJIACCH(UKAHUUU ITPOBOIHUKOB 10 COCTA-
BY, CBOICTBAM M TEXHUYECKOMY Ha3HAYE€HHIO TOKa3aHa Ha puc. 3.1.

Kak BUAHO U3 KJIACCU(UKAIMOHHOMN CXEMBI, BCE MPOBOISIIMNE Ma-
TEpUAIbl 110 XUMHUYECKOMY COCTABY IMOAPA3ACIISIIOTCA Ha METAJUIBI Y
HeMeTamnbl, T1o yaenbHOMY CONpPOTHBIIEHHUIO METAJUIMYECKHE CILIABbI
3aHUMAIOT NIPOMEXYTOYHOE MOJOXEHUE MEXIY YUCTHIMH METALIaMH
M HEMETA/UIMYECKUMU HNPOBOMSIIUMHU cpeaaMu. Cpeau MeTaLuIoB U
CTIJIABOB BbUICSAIOT MaTepUasibl OOLIEr0 U CHEeLMAIM3UPOBAHHOIO Ha-
3HavyeHHus. K marepuanam o6llero Ha3HaueHUs] OTHOCSTCH METaJUIbl
BBICOKOM NMPOBOIMMOCTH M CILIABBI BHICOKOTO compoTtusicHus. Cre-
uMbuyeckue NPUMEHEeHNs B JIEKTPOHUKE HAXOAAT TYrOTlJIaBKUE Me-
TaJUIbl X 3JIEKTPOBAKYYMHBIE CILIABBI, IPUIIOM MU KOHTAKTHBIC MATe-
PHABI, METAJUTH C MATHUTHBIM YIIOPSIIOYEHUEM U CIUIABBI JUIS Tep-
monap. Ocobyio rpyniny MaTepuanos 06pa3yioT CBEPXIPOBOIHUKH, B
KOTOPbIX IIPOSIBJISIOTCS aHOMAIUM SJIEKTPUMECKHUX CBOMCTB OPU MOHU-
>KEHHBIX TeMMepaTypax. B cocrosiHie CBEPXIIPOBOAMMOCTH MOTYT Iiepe-
XOIMTb HEe TOJbKO METaJlIbl U CIUJIABbl, HO M LEJblil Psl OKCHAHBIX
coelMHeHHd. IMEHHO OKCHAHBIE COeTHHEHHUS, XOPOLLUO MPOBOISILINE
SAEKTPUYECKUH TOK B HOPMAJIbHBIX YCJIOBUSIX, CIIOCOOHBI COXpaHSTh
CBEPXTIPOBOJSINEE COCTOSIHUE MTPU PEKOPAHO BHICOKMX TEMIIEparypax,
IPEBBILAIOLIMX TEMIIEPATYPY KMIIEHMS XHMIKOTO a30Ta, SABISIOLUEIOCS
HauOoJiee PacIpOCTPAHEHHBIM XJIaTareHTOM.

3.2. MATEPHAJIBI BBICOKOH ITPOBOJTUMOCTH

K aToit rpynne mMaTepuanoB OTHOCSTCS [MPOBOAHUKHU C YAECABHBIM
3JIEKTPUYECKMM COMPOTUBJICHUEM B HOPMAJBHLIX YCIOBUSAX He GoJiee
0,1 MmxOwm - M. Hauborsnee pacripocTpaHEeHHBIMU CPey 3TUX MaTepua-
JIOB SIBISIIOTCA MeIb M amoMuHuil (cMm. [lpunoxexne 1).

Meas. IIpermylecTsa Menu, odecreyMBarolMe eil IHPOKoe Npu-
MEHEHHME B KaueCTBE IMPOBOJHMKOBOIO MaTepHasa, Cleaylolue:

« MaJIOE YEAbHOE CONPOTHBRIEHUE (13 BCEX METAIOB TOJLKO ceped-
PO UMEET HECKOJIbKO MEHbILEE YACTbHOE CONPOTUBICHUE, YEM MEIb);

» JOCTATOYHO BBLICOKAs MEXaHUUECKas MPOYHOCTS;

* VIOBIECTBOPUTENbHAS B OOJIBIUMHCTBE CJIy4yaeB CTOMKOCTb K KOp-
PO3MH; JAaXe B YCIOBHSIX BBICOKOH BJIAXHOCTM MeIb OKHUCJISIETCS Ha
BO3llyXe 3HAYUTEJbHO MEJICHHee, YeM, HampuMep, XeJe30; WHTEH-
CUBHOE OKUCIICHUE MEU MPOUCXOIUT TOJBKO MPU MOBLIIUIEHHBIX TEM-
nepatypax (puc. 3.2);

« XOpollas 06padbaThIBAEMOCTh: MEIb MPOKATHIBAETCS B JIUCTBI, IEHTHI
Y TIPOTATUBAETCH B TIPOBOIOKY, TOMIIIMHA KOTOPO MOXeT ObITh JI0Be-
JIEHa JI0 THICSYHBIX JI0J1eii MUJUTUMETPA;

« OTHOCHTEJIbHASA JIETKOCTDb MadKU U CBAPKH.

[ToayueHue meau. Meab nony4yaloT myteM repepaboTKu CyIb-
bunHbIX pyn, yaie ApYruX BCTpevarouxcs B npupone. Ilocne psna
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v, Mr/(vc) Puc. 3.2. 3aBUCUMOCTB CKOPOCTH OKHUCIEHHS OT
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YalT TBEPAYID (TBEPAOTSHYTYIO) MEIb
(mMapxupyetrcsi MT), koropas Onaroxaps
BJIUSHUIO HAKJICITa MMeEET BBICOKMH Mpe-
JIeN TIPOYHOCTH IIPU PACTHXKEHHUM H MaJOe OTHOCHTENBHOE YIJIHHE-
HME, a TAKXKE TBEPIOCTb U YIIPYrOCTh NPH U3rube; IpoBOJIOKA U3 TBEP-
0N MeXM HECKOJIBKO IPYXHHUT.

Eciu Xe Menb NMOABEepPTHYTh OTXKMIY, T.€. HarpeBy A0 HECKOJILKHX
COTEH I'PallyCOB C IOCJIEAYIOLINM OXIaXIEHHEM, TO ITOJIYYHTCS MArKast
(oTOXCKEHHas) Menb (Mapkupyercss MM), KoTopast CpaBHHUTEILHO IUTA-
CTUYHaA, 00IagaeT Majloi TBEPAOCTLIO U HEOOMBIION MPOUYHOCTBIO, HO
BeCbMa GOJbILIYM OTHOCHTENLHBIM YIJTUHEHUEM TIPU pa3phiBe U (B CO-
OTBETCTBUHU C PACCMOTPEHHBIMU OOIIMMM 3aKOHOMEPHOCTSIMHU) OoJiee
BBICOKO#M YIeNbHOM TPOBOAUMOCTBIO. OTXUT MeAU NMPOU3BOIAT B CIie-
LUAIbHBIX Nevyax 6e3 J0CTyna Bo3ayxa, YTOObl M30eXXaTh OKUCIIEHHS.

CrannapTHast Melb, TI0 OTHOILIEHUIO K KOTOPOl BBIPAXAIOT B MPO-
LIeHTaX yaeJbHbIe IPOBOAUMOCTH METANIOB U CIUIABOB B OTOXKEHHOM
cocrossHuM 1ipu 20 °C, nMeeT yaeabHYIO NpOBOIUMOCTh 58 MCM/M,
T.€. p=0,0172 MKOM - M.

Mapku Meau. M3 BeIyCKaeMBbIX B CTpaHe MapoOK CTaHAapTHOM
MEIHU B KayeCTBe NPOBOAHHUKOBOIO MaTepHUalia UCIOJIb3YIOTCS Meab Ml
u MO. MapkupoBka NMpou3BeJieHa MO COAepXaHUIO TTpUMeCeit B oc-
HOBHOM Metasute. Tak, mens MI comepxur 99,90 % Cu, a B o61uemM
yucne npuMeceit (0,10 %) kuciopoaa AomxHo ObITh He 60mee 0,08 %.
Kucnopon singercss omHo#M M3 HauboJiee BpeAHBIX TIpUMeceil B Meu.
IIpy MOBBILIEHHOM €ro COmepXaHHU 3aMETHO YXYMILAIOTCA MEXaHH-
YECKHE M TEXHOJOTMUECKHME CBOMCTBA MEIU, a TakXKe 3aTpYAHSETCs
naiika u nyxenue. Menb, cogepxaias 6onee 0,1 % kucnopona, 1erko
paspyliiaeTcs npu ropsiueit 06paboTKe faBieHHEM, T. e. 0bJaJaeT Kpac-
HOJIOMKOCTBIO. JIyqiIMMU MeXaHMYEeCKUMU CBOMCTBAMH 00JIafiacT MElb
MO (99,95 % Cu), B cocTtaBe KOTOpOI# comepxurcst He Gonee 0,05 %
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npuMecei, B ToM uucie He cBuie 0,02 % kucinopona. Takyo menb
MOJIYYAalOT TIyTEM CMEMATBLHOTO pexXuMa rutaBkd. M3 menu MO moxet
OBITh U3rOTOBNIEHA HAMDOOJIee TOHKAS IIPOBOJIOKA.

CneuuanbHble cOpTa MeJaHu. BanekTpoBakyyMHON TEXHUKE
MIPUMEHSIOTCS COpTa MEIM, He coaepxXallue Kuciaopoaa. Mx monyvaior
K3 DJIEKTPOJIMTUUECKONH MeIM, IeperuiaBIcHHOM B 3alllUTHON aTMoO-
cepe BoccTraHoBUTENbHOTO raza CO. Beliensiiolniics py HarpeBaHU v
MU KHMCJIOPOA BCTYMAaeT B peakIlMIO C 3aKHUCBIO yIiepoaa U yaaisdeT-
CS1 B BUIE YIJICKUCIIOro rasa. Jlyqiass 6ecKUCIOpOaHas MeIb COLEPXKUT
99,97 % Cu. Eite 60iee YMCTHIM METAINIOM SIBISIETCS BaKyyMHAas MeAb,
BBIIUIABNIEHHAS! B BAKYYMHBIX MWHAYKUMOHHBIX Me4axX B rpacUTOBBIX
THMIJIAX TIPYU OCTATOYHOM JaBjeHMH Ta3a nopsaaka 1073 ITa. OHa MOXeT
conepxath 99,99 % Cu. CBoGogHAs OT KMCJIOpOoaAa MeAb 110 MexaHHue-
CKOH TIPOYHOCTH M JIEKTPUUECKONH MPOBOIUMOCTH MaJO0 OTIHMYAETCS
OT MEKTPOIUTHUECKOH MeIM, TIEPETUIABICHHON OOBIYHBIM CTIOCOOOM.
Ee cyiiecTBe HHBIM NPeuMYILIECTBOM SIBJISIETCS] BHICOKAS THIACTUYHOCTb.

CBoiicTBa MeaAu. YaenbHas NPOBOAUMOCTh MEIU BECbMa UyB-
CTBHUTEJIbHA K HAMUYMIO npumMeceit (cM. rmoapasa. 2.4, puc. 2.6). Tak,
npu conepxanuu B Menu 0,5 % npumecu Zn, Cd unu Ag ymenbHasi
NPOBOIMMOCTE €€ CHiKaeTcs Ha 5 %. I1pu ToM xe counepxanuy Ni, Sn
wiu Al ynenbHas IpoBOAMMOCTb MeIW yMeHbaeTcst Ha 25...40 %. Eue
OoJsiee CHJILHOE BAMSIHME OKaspIBaloT npumecu Be, As, Fe, Si min P,
CHUXAIOIIMUE ee YIeJIbHYIO ITPOBOJUMOCTD Ha 55 % u Gojee. B To xe
BpeMsl NMPUCAAKN MHOTHX METAJUIOB MOBLILIAIOT MEXaHUYECKYIO ITPOY-
HOCTb M TBEPAOCTb MEAM KaK B XOJOIHOTSIHYTOM, TAK Y OTOXKEHHOM
COCTOSTHHSIX.

HenocratkoM Meny ABISETCS €€ NOJBEPXKEHHOCTh arMocgepHoi
KOpPPO3UHU ¢ 00pa3soBaHUEM OKCHIHBIX M CYyJbPUIHBIX TIeHOK. CKo-
pOCTh OKMCJIEHHSI OBICTPO BO3pPACTAET MPU HarpeBaHUU (CM. puc. 3.2),
OHAKO MPOYHOCTb CUESIUICHUSI OKCUIHOM TIJIEHKM C METALIOM HeBe-
JiMKa. BenenacTBrue OKMC/IEHNUS Meab HEMPUTOIHA ISl C1ab0TOYHBIX KOH-
TakTOB. [1pH BLICOKOI TeMIepaType B 3JIEKTPHUUYECKOM yTe OKCHI MEIU
JUCCOLIMUPYET, OOHAXKAST METAJIMYECKYIO MOBEPXHOCTL. MeTtauye-
CKO€ OTCJIauBaHUE U TEPMHYCCKOE PA3TIOXKEHNE OKCHIHOM TUIEHKHU BhI-
3pIBACT MOBBIIIEHHBIH U3HOC MEIHBIX KOHTAKTOR IIPU CUJILHBIX TOKAaX.

3HauUTeNbHOE BIMSHUE Ha MeXaHUYeCKHe CBOHCTBA MEIM OKAa3bi-
BaeT Bopopond. [locne BOZOPORHOIO OTXUIa TBEPHOCTH MEIU MOXET
YMEHBILMTBLCA B HECKOJBKO pa3. PazpyuintenbHoe neiicrBue Bojopoaa
CKa3blBAETCSA OCOOEHHO CUJLHO MPU HATMYMM KHCIOpOAd, MPUCYT-
CTBYIOUIErO B TeXHUUECKON Mean B Bune okcuaa Cu,O. Bogopon, ner-
KO NPOHMKasI B INyOb MeTajljla IpU MOBBILUIEHHBIX TEMITEpATYpax, BCTY-
Maer B peaximio:

CUZO + H2 =2Cu + H20

[aBnenue oOpa3yolIerocs B METaJIC BOASHOIO ITapa U3-3a He3Ha-
YUTENBHOM cKopocTU HUpDy3uu ero MOXET AOCTUIATh HECKOJIbKUX
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TBICSIY aTMOochep. DTO MPUBOAUT K 06pPa30BAHHUIO MUKPOTPELLMH, Ha-
PYLIAIOLIMX BAKYYMHYIO IUIOTHOCTh MaTepUAsIa U NMPUAAIOUINX EMY XPYII-
KOCTb U JIOMKOCTb. B ITpOM3BOICTBE 3TO SIBJICHHE Ha3bIBAIOT «BOJOPOI-
HOI 0O0JIE3HbIO».

B menn, comepxaineit Menee 0,001 % xucnopona, «BOIXOPOIHOM
GOJIe3HU» MPAKTUYECKU HeT, OIHAKO U B OECKUCIOPOAHON MeIu To-
cJie TepMOoOoGPaBOTKU B BOZOPO/IE MOXeT HAOMIONATLCS YXYALICHUE TUTa-
CTUYHOCTHM MPU MHOBBILIEHHBIX TemmnepaTtypax (300...800°C). /Ieno B
TOM, YTO NPH HarpeBaHMHM MPOMCXOIWUT pacnaji TBEpIOro pacTBOpa
BOIOPOJA B MeIM. Briaensiomumiics ra3, Haxoasich o OOAbLIMM JaB-
JICHMEM, pa3pblBaeT METaJUl U CKaIIMBAETCH IJIABHBIM 0Opa3oM I10
rpaHuiaM 3epeH. Ilpy pacTsIKEHHUHM 3TH MECTa CTAHOBSITCS CIa0bIMU
Y4YacTKaMH.

IIpuMmenenune Menan. Menb NpUMEHSETICS B 3JIEKTPOTEXHUKE
JJ1s1 U3TOTOBJICHUST IPOBOJIOB, Kabenel, LNH pacipeaeUTeIbHbIX YC-
TPOMCTB, OOMOTOK TPaHC(HOPMATOPOB, MEKTPUUECKUX MAILIMH, TOKO-
BEOYLUUX AeTaleld MpUOOPOB U anmnapaTroB, aHOAOB B FJIbBAHOCTETUU
Y rajibBaHOMNIacTUKE. MenHbIe IEHTbI UCIIOJIB3YIOTCS B KaYeCTBE 9Kpa-
HOB Kabeneil. TBepaast Menb ynorpebiaserca B TeX ciyyasx, Korna He-
00X0IMMO 00ecneYuTh OCOOEHHO BHICOKYIO MEXaHUYECKYIO IPOYHOCTD,
TBEPAOCTb U CONPOTHBIISIEMOCTh UCTUPAHUIO, HATTPUMED LTSI U3TOTOB-
JIEHUSI HEU30JIMPOBaHHbIX MpoBOAOB. Ecin ke TpedyeTcst xopoluas rub-
KOCTb U ITUJIACTUYHOCTD, a Npedes MPOYHOCTU Ha PACTSKEHUE HE UMe-
€T CYLLIECTBEHHOTO 3HAUYEHHUS, TO MPEATIOYTHTEIbHEE MSITKAst Meb (Ha-
MpUMEP, JUISI MOHTAXHbIX MPOBOAOB M 1IHYPOB). M3 crieumanbHbIX 371eK-
TPOBAKYYMHBIX COPTOB MEAW U3TOTOBJISIOT NE€TATU KJIUCTPOHOB, Mar-
HETPOHOB, aHOIbl MOLUHBIX F€HEPATOPHBIX JIaMIl, BBIBOABI 3HEPTUHU
CBY-nipubopoB, HEKOTOPbIE THIThl BOJJHOBOAOB M pe30HaTopoB. Kpo-
M€ TOro, Meib MUCIOJb3YeTCS IS M3rOTOBJAEHMUS (POJIBIUMPOBAHHOIO
reTUHAKCA U TIPUMEHSIETCS B MUKPOAJIEKTPOHUKE B BUIIE OCAXIECHHBIX
Ha MOIJIOXKKH TUICHOK, UTPAIOLHUX POJIb MPOBOISILMUX COCAMHEHUI MEX-
1y (PYHKUMOHAIbHBIMU JIEMEHTAMU CXEMBI.

Hecmotps Ha Gonbiuoi KoaghGUIIMEeHT TMHEHHOTO pacluMPEeHUs 110
CPaBHEHMIO C KO3DDULUMEHTOM paCUIMPEHHUSA CTEKOI MeIb NMPUMEHSI-
eTcsl IUIS CIaeB CO CTeKJIaMu, MOCKOJIbKY OHa 0DjamaeT psiioM 3aMme-
4aTeJIbHbIX CBOMCTB: HU3KUM TMPEAEIOM TEKYUYECTU, MSITKOCTBIO U Bbi-
COKOH TeIUIONPOBOMHOCTbIO. [11s1 BHaUBaHUS B CTEKIIA MEAHOMY 3JIEK-
Tpoay Mpuaaercs crneunanbias popMa B BUAE TOHKOTO paHTHKa, OJia-
rogaps 4yemy Takue crau Ha3blBalOTCSl PAHTOBBIMU.

Amomunuid. BTopbIM 110 3HaYeHUIO (II0CJIE MEAM) MPOBOAHUKOBBIM
MaTepuaioM SIBJIETCS ATIOMMHUIM — MeTa/u1 cepedpucTo-06eoro use-
Ta, BaXXHEHILIMI U3 TaK Ha3bIBaeMbIX Jierkux MeTauioB (cM. I1punoxe-
Hue 1). YaenbHoe conpoTHBIEHHUE ATIOMUHUS B 1,6 pa3a Gonblle yaeab-
HOTO CONpPOTHUBJICHHUSI MEIM, HO aJlOMUHMIt B 3,5 pa3a jerye Meau.
Biiaronaps Masioit IioTHOCTH obecrieynBaeTcst 60bLIAst TPOBOAUMOCTD
Ha €AMHULY MAacCChl, T.€. IPY OAMHAKOBOM CONPOTUBJIEHUHU U OAMHA-
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KOBOU ITMHE aTIOMHHUEBBIE TPOBOJA B 2 pasa Jierye MeJHbIX HECMOT-
psi Ha Oosbliee MMornepedyHoe cedeHue. K TOMy ke Mo CpaBHEHUIO C
MEIbIO ATIOMUHMI HAMHOTO 6OJbIIIE PACNIPOCTPAHEH B IIPUPOAE U Xa-
PaKTEePU3YETCS MEHBIIEH CTOUMOCTbIO. OTMeUeHHbIE O0CTOATENLCTBA
OOYCIOBIMBAIOT LIMPOKOES MPUMEHEHHE AUTIOMUHHUS B SJIEKTPOTEXHU-
Ke.

HenocTaTkoM aTioMUHUS SIB/ISIETCH €ro HU3Kash MEXaHMYECKast 1IpoY-
HOCTb. OTOXCKEHHBINM aTIOMUHUI B 3 pa3a MeHee IPOYEH Ha pasphiB,
YeM OTOXOKEHHAsS MEb.

AJTIOMUHHI NONYYaIOT IEKTPOIU30M IMUHOo3eMa Al,O; B paciiase
kpuonuta NasAlF, npu Temneparype 950 °C.

MapKH anioMUHHUI. 1t 3JIeKTPOTEXHHYECKUX Lieiei UCMOb-
3yeTcsl AUTIOMUHUEI TeXHNUYecKoil uyucToTht AE, comepxauuit He Oonee
0,5 % npumeceii. U3rotopnennas u3 amoMuHus AE ¥ 0ToXCKeHHas TIpU
temneparype (350 + 20) °C npososoka obnanaer npu 20 °C yuenpbHbIM
comnpotuBieHueM He bonee 0,0280 MKOM - M. ATIOMUHU I BBICOKOH Yn-
crothl A97 (e Gonee 0,03 % npuMeceil) NpUMEHSIETCs VI U3TOTOBJIE-
HUSI ATIOMUHHUEBOM (DONBTH, 3JIEKTPOJOB U KOPITYCOB 3NIEKTPOIUTHYE-
CKHX KOHIIEHCATOPOB. Y AIIOMUHMS 0CO00H YUCTOTH A999 coaepKaHue
npumeceii He npesbliuaer 0,001 %. YUCTOTY ero KOHTPOMUPYIOT [0 3HA-
YEHHUI0 OCTATOYHOTO YAEIbHOIC COMIPOTHBIICHUS IIPH TEMIIEPATYPE KU1~
KOTO TeNiisl, KOTOpOe He AOJDKHO NpeBbiath 4 - 1078 MKOM - M.

Pa3Hple puMecH B pa3lUYHON CTENEHU CHUXKAIOT VIENBHYIO MpO-
BOIMMOCTD aIIOMUHHUA. JJOOaBKY TAKHX NPpUMECEil, KaK HUKEb, KPEM-
HMH, LMHK, XEJe€30, MBIIUbIK, CYpbMa, CBUHELl M BUCMYT, B KOJHYe-
ctBe 0,5 % CHUXAIOT YAEIbHYIO NPOBOAMMOCTD AIIOMUHHSE B OTOXKEH-
HOM COCTOsSIHUM He Gonee yeM Ha 2...3 %. Bosee 3ameTHOe aeiicTBue
Ha YASNBbHYIO MPOBOAMMOCTbL OKAa3bIBAIOT MPUMECH MEIM, cepebpa u
MarHus, CHUXarolye ee Ha 5... 10 % 1Ipu TOM Xe IMPOLEHTHOM CoIep-
XaHUM 1o Macce. OYyeHb CHJIBHO CHUXAIOT YASABHYIO MPOBOAUMOCTD
ATIOMUHUS JOGABKM BaHAAMS, TUTAHA U MapraHua. MoOXHO CKa3arh,
YTO MPUMECH, HE OOpa3yIollle TBEPABIX PACTBOPOB C AIIOMHHUEM,
MaJIO BAMSIOT HA €r0 3JeKTPHMYECKYIO MPOBOIAUMOCTb, B OTJIMYHE OT
3aMETHO €€ CHIDKAIOLUX NTpUMeceit, 00pa3yIolnX ¢ AIIOMIUHUEM TBEp-
Jble PacTBOPBI; HCKITIOYEHHUEM SBISETCS UMHK. 3aKajiKa YBEIMUMUBACT
COTIPOTUBJICHUE AJIOMUHUSA B MPUCYTCTBUHM TeX NPUMECEH, KOTOpPhie
YBEJIMUMBAIOT CBOIO PaCTBOPUMOCTD IIPU HarpeBaHuUM. B TexHUuecKoM
ATIOMUHMH [JIABHBIMY IIPUMECSIMH SBJISIIOTCS KPEMHHM U XeJ1e30.

TIpoKkaTKy, IPOTKKY M OTKUT aNOMUHUS [TPOU3BOIST aHAJIOTHY-
HO COOTBETCTBYIOLIMM OIEpauusM Ui Meau. V3 adioMUHUS nyTeM
MPOKAaTKH MOXKHO I10JIy4aThb O4eHb TOHKYIO (6...7 MKM) GoJIbly, NpHU-
MEHSIEMYIO B KaueCTBe OOKJIAAOK B KOHIEHCATOpPAax, WM ILUIACTHHBI
KOHJEHCATOPOB [EPEMEHHOM eMKOCTH.

CpoiicTBa MOBEPXHOCTH ajJI0OMHHU A AJIOMUHUN AKTUB-
HO OKHMCJISAETCS. M TIOKPBbIBACTCS TOHKOM IUIEHKOM OKCHAA ¢ GOMBLINM
3JIEKTPUYECKUM COMPOTHURICHUEM. TakKas IUIeHKA IIPeIOXpaHseT alko-
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MUHHUI OT KOppO3uH, HO co31aeT OOJbILOE NMEPEXOTHOE COMPOTUBIIE~
HUE B MECTaX KOHTAKTa aJlOMUHHEBbIX IIPOBOIOB, YTO NEJaeT HEBO3-
MOXHBIM NMaKy aTIOMUHHUA OOBIMHBIMU MeToaaMu. [losToMy mist naii-
KU QTIOMHUHUS MIPUMECHSIIOTCS] CMIeIMAIbHbBIE MACTBI-NIPUITOU WK MC-
NOJIL3YIOTCA YNbTPa3BYKOBbBIC MASILHUKY. bojee ToACTLIM cnoit oKcH-
Jla, KOTOPBIF CO3JaeT HANEXKHYIO DJIEKTPHUYECKYIO U30JISLIMIO HA CpaB-
HUTEJILHO BBICOKUE HAMPSKEHUS, MONYYAIOT C TOMOLIBIO 3JIEKTPOXH-
MUYECKOM 0OpabOTKH aTIOMUHUS.

OxkcunHas M30asIUMs TIPOYHA MEXaHMYEeCKM U HarpeBOCTOMKA; OHa
MOXET ObITh CPaBHMTEJBbHO TOHKOM (CJoi okcuaa TomuuHoi 0,03 MM
uMmeeT NnNpobuBHoe HanpskeHUe nopsika 100 B, a tommuHoi 0,04 mm —
okoino 250 B).

M3 OKCHAMPOBAHHOTO ATIOMMUHMS M3TOTOBJISIOT PA3IMYHbBIE KATYLIKK
0€3 JONOJHUTEIbHON MEXBHTKOBON WJIM MEXIYCTOHHON U3OMAINHU.
HenoctaTkaMM OXCHAHOW M30ASILIMK POBOJOB SBJISIOTCS €€ OrpaHu-
yeHHas rMOKocTh (0COOEHHO MPU OOJIBIUIOH TOJNLIMHE CIIOS OKCHAA) U
3aMeTHasi TMIPOCKOMMYHOCTD (B TeX CiIy4yasix, Koraa He Tpebyercs 607b-
1IOA HAarpeBOCTOMKOCTH OKCUAHON U3OJISILIMU, €€ IIOKPHIBAIOT JIJAKOM).

Haubonee mupokoe MpuMeHEHNE OKCUIHAS H30JISILMs [I0JIyYnsia B
KOHJEHCATOpax; €€ UCIIOJb3YIOT TAKXKE B HEKOTOPBIX TUIAX BbIIPSIMU-
TenaeH U pa3psaIHUKOB.

Ha npakTrke BaxHOe 3HaUYEHUE UMEET BOMPOC 3alUThI OT rajibBa-
HUYECKOH KOPPO3MH B MECTaX KOHTAKTa AMOMUHUS U Meau. Eciu 06-
JJaCTh KOHTaKTa MOABEpraeTcs BO3ACHCTBUIO BIATU, TO BO3HUKAET Me-
CTHasl rajlbBAHUUECKAS Mapa ¢ JOBOJLHO BBICOKHMM 3HaueHuem IJ1C,
NpUYEM TMOJISIPHOCTb 3TOM Naphbl TAKOBA, YTO HA BHEHIHEU MOBEPXHO-
CTHM KOHTAKTa TOK HaIpPaBJICH OT AJIIOMUHUS K MEIU, BCIEACTBUE YEro
ATIOMUHUEBBIA MPOBOAHUK MOXET OBITh CHIILHO pa3pylleH KOppo3ueii.
[ToaTOMy MecTa coeaMHEHUS] MEAHBIX NMPOBOAHMKOB C AJIIOMHHHUEBHI-
MU JI0JIKHbBI ObITh TLIATENABHO 3aLMIIEeHbl OT YBJIaXHEHUS (MX MOKpPHI-
BAaIOT JIAKAMHU U T.IL.).

ITneHKM anIOMUHUS LIUPOKO MCIOJB3YIOTCSI B HHTErpaIbHbIX MUK-
pocxeMax B Ka4eCTBE KOHTAaKTOB U MexcoeauHenuit. [Tocneanue obec-
NEYMBAIOT CBSI3b MEX]Y OTAEJbHBIMU BJIEMEHTAMU CXEMbl M BHEIIHUE
npucoenuHeHus. HaneceHMe rieHOK Ha KpeMHHEBBIE TUTACTHHKH OOBIYHO
NPOU3BOAMTCS METOIOM HCIAPEHUSI U KOHIEHCAUMU B BakyyMe. Tpelby-
€MbIil PUCYHOK MEXCOEAUHEHUI CO3IAETCH € MOMOILBIO (DOTONUTOTPa-
¢un. IlpeumyiecTa AMIOMUHNS KaK KOHTAKTHOIC MaTepUasla COCTOAT
B TOM, UTO 3TOT MaTepUaI JIEFKO KOHAEHCUPYETCSl Ha MOUTOXKY, 0baa-
JIAeT XOpouieil anare3neil K KpEMHHIO U TUTEHOYHOH U30Jsun u3 SiO,,
LIMPOKO UCIIONb3YEMOH B NTONYIIPOBOJAHUKOBBIX MHTEIPATTbHBIX CXEMaX,
obecnieurBaeT xopolilee paspelicHue rpu potoaurorpadpuu. K romy xe
ATIOMHMHHUIA 00pa3yeT XOpolllMe KOHTAKThl C KPEMHUEM.

HenoctatkoM alloMUHUS SIBJISIETCS 3HAYNTENbHAS MOABEPXKEHHOCTh
3JIEKTPOMUTPALIM K, YTO NIPUBOAUT K YBEJIMYEHUIO CONIPOTUBIICHUS WU
Jaxe pa3pblBY MEXCOCIUHEHMA.
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3.3. CBEPXIIPOBOJAIIMNE METAJIJIbI M CILIJIABBI

SIBjeHne CBEpXNPOBOAMMOCTH. Y MHOTUX META/JIOB M CIUIABOB MPU
TeMmIiepaTypax, OJIM3KMX K a0CONIOTHOMY HYJI0, HaGJIIOHAETCS pe3Koe
YMEHbUIEHHE YIOEABHOIO COIMPOTUBICHUS IMOCTOSHHOMY 3JIEKTpUYE-
CKOMY TOKY. DTO SIBIeHHE MOJYyYUJIO Ha3BaHHE CBEPXITPOBOAUMOCTH, a
TeMnepartypy 1.,, IpH KOTOPOil MPOHNCXOINT IIEPEXON B C8ePXNPOBOOs-
wee cocmosiHie, Ha3bIBAIOT Kpumuteckoli memnepamypoli nepexona. Briep-
BBIE CBEPXNPOBOAMMOCTh Oblia obHapyxeHa y ptytH (T, = 4,2 K)
roytaHackuM ¢pusukom Xeike Kamepauur-OnHecom euie B 1911 T.

Ecnu B xonwie u3 ceepxnpoBoguuka (CII) MHIyuuMpoBaTh 2AEKT-
pyYecKuil TOK (HampuMep, ¢ IOMOIIbK MarHUTHOTO I0JIf), TO OH HE
OyneT 3aTyXaTh B TCYEHUE JIUTEILHOTO BpeMeHU. [1o ckopocTu yMeHb-
LLIEHUSI MATHUTHOTO T0JISl HABSJEHHOIO TOKA B KOJIbLIe ObLTa IIPOU3BE-
JIeHa OlLIeHKa YIEeAbHOI'O COMPOTHBIIEHUS MAaTEPHUAIOB B CBEPXIIPOBO-
AsLIeM cocTogHuu. Ero 3HaueHue coctaBuiio 0koio 102 OM - m, uto B
10'7 pa3 MeHbLIE CONMPOTUBIECHUA MEAU TIPM KOMHATHOM TEMITEPATYPE.

IIpu R = 0 pa3HOCTb MOTEHIIMATIOB Ha JI0OOM OTpe3Ke CBEPXITPO-
BOIHMKA paBHa HYJII0. DTO 03HAYAET, YTO INMEKTPUUECKOE T10JIe BHYTPHU
CBEPXIIPOBOAALIETO MaTepHasa OTCYTCTBYET. DICKTPOHEI, CO3AI0IINE
TOK, B 3TOM CJIy4ae ABUXYTCS C MOCTOSIHHOM CKOPOCTHIO, HE pacCcen-
BasiCh Ha TETJIOBBIX KOJEOAHHUAX aTOMOB PEHIETKHU U €¢ HEOMHOPOAHO-
cTsix. YTOOHI cO31aTh CBEPXMTPOBOISLINIA TOK, HY>XXHO 3aTPATUTh JIMIIb
HAYaAJTBHYIO DHEPIUIO, YCKOPS 3JIEKTPOHBI 10 OTPEICACHHON CKOpo-
CTH Jpeiida.

Cutyalusi MEHSETCS, €CAH K CBEPXIPOBOIHUKY IMPUKIAIBIBACTCS
NepeMEHHOE JIEKTPHUECKOE TT0JIe. B TeueHUe KaxXaoro nepdoaa co3aa-
BaeMBblil TOK M3MEHSIET CBOE HampamjieHue. CIea0BaTeNIbHO, B CBEPX-
MPOBOJAHMKE JOJKHO CYIHECTBOBATb 3JIEKTPUUECKOE I0JIe, KOTOpOe
MEPUOJMUYECKHN 3aMEISET SMEKTPOHBI U YCKOPSIET MX B HPOTHBOIO-
JIOXXHOM HamnpapJieHUH. Tak Kak Ha 3TO pacXOAyeTCsl SHEPIUsl OT BHEIl-
HEro UCTOYHMKA MUTAHUS, SJEKTPUUYECKOE COMPOTUBIECHHUE HA Iepe-
MEHHOM HAaIPSLKEHUH B CBEPXIIPOBOISIILIEM COCTOSIHUU HE PABHO HYJHO.
OmHakKo ITOCKONBKY Macca 3JIeKTPOHOB Masa, 3aTpaTbl HEPruyd Ha
yactorax meHee 10'° I npakTMYeCKM HUYTOXHEL.

Ilepexon BeliecTBa B CBEPXIPOBOASLIEC COCTOSIHUE TIPH €ro OX-
JIAXIEHUM MIPOMCXOIUT B OYEHDb Y3KOM MHTEPBaJIE TeMIepaTyp (COThie
JI0JiU rpagyca). HeomHOpOOHOCTH CTPYKTYphI, CO3IaBaeMble [IPUMECs -
MM, UCKAKEHUSIMU pelIeTKU, TpaHULIAMU 3epeH, ITACTUYCCKON Je-
opmaumeii, He NMPUBOASIT K YHUUYTOXCHUIO CBEPXIIPOBOAMMOCTH, a
BBI3LIBAIOT JIMLIL PaCIIMPEeHUE TEMIIEPAaTypPHOTrO MHTEpBaja Mepexona
K3 OIHOTO COCTOSIHUS B apyroe (puc. 3.3).

®n3uveckas NpUPoOJIA CBEPXNPOBOAMMOCTH. SIBjIEHUE CBEPXITPOBO-
JUMOCTH MOXHO MOHATh U 060CHOBATh TOJAbKO C MOMOLUBIO KBaHTO-
BbIX NpeAcTaBiaenuii. [ToyTn nonxseka ¢ MOMEHTA OTKPBITUS CYIHOCTb
3TOTO SBJCHUSI OCTaBaJaCh HepasralaHHOM M3-3a TOrO, YTO METOALI
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p/Pocrs 0-€. Puc. 3.3. U3ameHeHue yaensHOro CONPOTHB~
1.0 - JICHUS OJIOBA BOJIU3M TeMIepaTyphl Mepe-
’ XO[a B COCTOSIHUE CBEPXMPOBOAUMOCTH:

I — MoHokpuctaimn; 2 — noaukpucTtamt; 3 —
] 2 3 MONIMKPUCTAN C MIPUMECIMHU

0 //

3,70 3,72 3,74 3,76 T, K

KBaHTOBOH MEXaHMKHU €lli¢ HE B MOJHON Mepe UCTIOIb30BAIUCE B HH-
3MKE TBEPAOro Tejaa. MUKPOCKONMYECKass TEOPUS CBEPXIIPOBOAMMO-
CTH, OOBSCHAIONIASI MHOTOYMCIIEHHbIE ONbITHBIE JaHHbBIE, ObLIA Tpe-
JioxeHa B 1957 r. amepukancKumMM yyeHbIMU JIX. BapaunbiM, JI. Kyne-
poM u JIx. lIpuddepom (teopust BKII). 3HauuTEIbHBIN BKJIAJ B pas-
BUTHUE TEOPUHU CBEPXTIPOBOAUMOCTU BHECIU PabOTH aKaaeMHKa
H. H. Boromo6oga.

CoracHO YCTaHOBUBLIMMCS TIPEICTABICHUSIM SIBJIEHUE CBEPXIIPO-
BOAMMOCTHM BO3HHKAeT B TOM CJiyyae, KOraa SJIEKTPOHbI B MeTajie
MPUTITUBAIOTCS APYT K ApYry ¥ o6pa3yioT TaK Ha3bIBACMBIE KYHepos-
cKUe napsl, KOTOPBIE IIPU IBUXXEHUHU B KPUCTAIUIE HE PACCEUBAIOTCS Ha
JedeKTax CTPYKTYphI, T. €. 6Jarogapsi CliapuBaHUIO 3JIEKTPOHOB UCKIIIO-
yaloTcst GakTophl, OrpaHUYMUBAIONINE JUIMHY MX CBOOOAHOTO npobera.
Heo6xoauMo Mom4epKHyTh, UTO IIPUTSDKEHHE MEXIY 37IeKTPOHAMU BO3-
MOXHO TOJIbKO B Cpelle, COmepXallleit INMOJIOKUTEIbHO 3apsiKeHHbIE
MOHBI, 110/ KOTOPBIX 0CAabSIET KYJJOHOBCKOE OTTAIKUBAaHUE OJWHA-
KOBO 3apSiXEHHBIX YACTHL.

B 00pa3oBaHuy KyNepoBCKUX MTAp ONPENeASIOUIYIO POJIb UTPAET B3a-
HMMOJEICTBHE 3NEKTPOHOB C KPUCTAINYECKOI pelleTKoi. B ympouieH-
HOM BUJE CIapMBaHUE JIEKTPCHOB MILUTIOCTPUpPYET cxeMa Ha puc. 3.4.
DJIEKTPOH, ABMXKYIIMACS CPely MOJOXUTENIHHO 3aPSKCHHBIX MOHOB,
MOJISIPU3YET KPUCTAUTMYECKYIO PEHICTKY, T.€. 3JIEKTPOCTATUYECKUMHU
CMJIAaMHM NPUTATUBAET K cebe Onmmxaiiuve HOHBL. biarogaps TakoMy
CMEILEHUIO MOHOB M3 IMOJOXEHUI paBHOBECHUS] B «KWJIbBaTepe» JBU-
KEHUS NIEKTPOHA JIOKATTLHO BO3pacTaeT oO0beMHast IIOTHOCTh I10JI0-
KUTEIBHOTO 3apsna. Tak Kak MOHbI HAMHOTIO TSIKeJee 9JIeKTPOHOB, TO
BO3HHUKIIEE «00JIaKO» MOJIOXUTENBHOIO 3apsiia paccachlBaeTCsl OTHO-
cuTenbHO MeteHHO. K 3Toi 061acTU MOXeT TNPUTATUBATLCS IPYroi
3JIEKTPOH, MpUYEM B3aUMOAECHCTBHE IPOUCXOIUT MOYTH TaKXKe, KaK C
HEMOJBIKHBIM 3apsSKEHHBIM OOBEKTOM. B pesynbTaTe 3a CYET B3aUMO-
NEWCTBHUSI ¢ pelleTKON MexXay a/eKTpoHaMu I 1 2 BO3HUKaET 3(ddex-
TUBHOE MPUTKEHUE, KOTOPOE MPEBOCXOIUT CUITBI KYJTOHOBCKOIO OT-
TaJIKMBaHHUS. BTOpO# 371eKTPOH CTAHOBUTCSA MAPTHEPOM NEPBOTO, IBU-~
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KEHUE DTUX YaCTHII YK€ HeJIb3s1 PaCCMaTPUBaTh HE3aBUCUMBIM JIPYT OT
Ipyra — o0pa3syeTcsi KynepoBcKas rnapa.

CBA3BIBATLCS B Tapbl MOIYT JIMIIb T€ JIEKTPOHBI, KOTOpLIE CITO-
COOHBI U3MEHATH CBOIO HEPTUI0. TAaKOBBIMM SBJSIIOTCSE 3/MEKTPOHBDI,
pacnonoxeHHble BOIM3u ypoBHst Mepmu. ['pydast oLieHKa NMOKa3bIBaeT,
YTO MX YMCJIO COCTaBisieT npuMepHo 107 ot obiuero uncna snekTpo-
HOB B 30He MPOBOAMMOCTH. [IpH 3TOM B KyNepOBCKHUE 1aphl, KaK Mpa-
BUJIO, OOBENMHSIOTCS 3JIEKTPOHBI, UMEIOLINUE IPOTHUBOIOIOXHO Ha-
MpaBjieHHble UMIYIbChL (CM. puc. 3.4). Kpome Toro, pacuer noxassi-
BacT, YTO BHEPrusl napbl OKa3bIBACTCS MEHbIlIE, €C/IU B3aUMOAECTBY-
I01LME 3JIEKTPOHBI 00IaIal0T aHTUITapAUIETBbHBIMU ClTHHaMU. OTcIona
CJIenyeT, YTO KYIEepOBCKas Iapa XapaKTepH3yeTcsl He TOAbKO HYyJe-
BBIM CYMMAapHbBIM MMITYJIbCOM, HO U HYJEBBIM CIIMHOM.

PacctosHue &, Ha KOTOPOM B3aMMOACUCTBYIOT iBa 3JIEKTPOHA, IPH-
HSATO Ha3blBaTh 0auHol kKoeepenmuocmu. DakTryecku napamerp & onpe-
JeJIsIeT pasMep BACKTPOHHOH napbl. ITOCKONBKY CHIIBI MPUTSKEHUS
HEBEJIMKH, CIIAPEHHBIC 3JIEKTPOHBI ¢1a00 JOKAJIU30BAHbI B TPOCTpPaH-
cTBe. DdheKTUBHBIA OUaMeTp KYIEPOBCKOH Mapbl UMEET MOpPsIcK
1077 M, T.€. OXBATHIBAET COTHM MJIX JAXE THICAYM MEXATOMHBIX pac-
crogHuit. IloaTtoMy Takue napHble 06pa3oBaHHA HEIb3S pPacCMaTpH-
BaTh KaK HEKME MTPOCTPAHCTBEHHO PA3ASIEHHBIE «KBAa3UMOJIEKYIbI».
B neficTBUTENBHOCTH OHU TEPEKPHIBAIOT APYT APyTra, HENMPEPLIBHO pac-
NanaloTCs, NPOXUB O4eHb KOpoTkoe Bpems (~10713 c), u cosnalorcs
BHOBb. [ IpOMCXOAUT NOCTOSIHHAS CMEHA MTAapTHEPOB, HO MPH 3TOM IO~
JIepXKUBACTCST HEKOTOpasl paBHOBECHAs1 KOHIICHTpAIMS IMap, KOTopas
3aBHCHUT OT TeMIIEpaTyphl.

CBsI3pIBaHUE BJIEKTPOHOB B Maphl YMEHbIIACT WX KMHETHYECKYIO
3HEPruio, YTO OTPAXKAETCS HA CIIEKTPE 3IeKTPOHHBIX COCTOSHHMIA: BOIU-
3u yposHs DepMu BOBHUKAET IHepeemu4eckKas wens, T.€. 00NacThb 3al-
pelLIeHHbIX 3HaUeHUH 3Hepruit (puc. 3.5). @akruyecKy HWIKPHHA LIETH
2A3,, XapaKTepu3yeT 3HEPTUIO CBI3U 3JIEKTPOHOB B Hape (1o AD,, Ha

3 O6aK0 M36BITOYHOTO

O A

Puc. 3.4. Cxema 06pa3oBaHus IEKTPOHHBIX I1ap B CBEPXIIPOBOASILEM METAILTE
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n(3) Puc. 3.5. PacnpenesieHue 3AEKTPOHOB MO
SHEpPruM B MeTa/lIe B COCTOSIHMY CBEPXIIPO-
BOAUMOCTH
e
|
{
I
I
Or 92

249,

KaXIBIA 371eKTpoH). CriapeHHbIe 2JeKTPOHBI PAaCIoNaraloTcsl Ha THE
IHEPreTUYECKOM iLeAU. DIEKTPOHB!I B COCTOSIHMSIX Hal SHEPreTHyc-
CKOM 1iejIblo BeayT ce0s1 Kak OObIUHbIE HOCHUTEHU 3apsiaa, T.¢. obiana-
I0T KOHEYHO! UTMHOU cBOGOAHOro npobera, yMeHblIAOWENHCS € T10-
BBILLICHUEM TEMIIEPATYPHI.

[IpuHUMNHATbHOE OTJIMYUE CIIAPEHHBIX M HECMAPEHHBIX DJEKTPO-
HOB COCTOMUT B TOM, YTO MX TNOBEAEHUE B pelleTKe MOAYUHACTCH pa3-
JHYHBIM KBAaHTOBBLIM 3aKoHaM. HecrnapeHHbie 3J1eKTPOHBI UMEIOT To-
JIyLEeABlii CITIMH, M UX pacnpeneieHue 10 DHEPTUHU OMUCHIBASTCS CTa-
tHcTUKOM Pepmu — JIupaka (cM. moapasn. 2.3). [loatoMy Takue yacTu-
LibI HA3BIBAIOTCS hepmuonamu. X pacceneHue 1o SHepreTHUEeCKUM YPOB-
HSIM MPOUCXOAMT B COOTBETCTBMH C MpHHLUIIOM [Taynu. B nmpoTuBomno-
JIOKHOCTh 3TOMY MOBEAEHHE YACTHLL C LICIOUMCACHHBIM CITMHOM aJeK-
BAaTHO OIMCLIBAETCA KBAaHTOBOM CTAaTUCTUKOM bo3e-— DHHIITEHHA,
BCJIEICTBHME YETO OHHM MOJIYUWIN Ha3BaHUE 6030H06. Ha HUX He pacmpo-
cTpaHseTca npuHUMn ITayau, T.e. Ha KaXIO0M DHEPreTUYeCKOM YpPOB-
HE MOXET HaXOAUTHCS J11000€ KOJIUUECTBO OO30HOB.

¥ Kaxaoit KynepoBCKOM Mapbl CYMMapHBIil CIIMHOBBII MOMEHT pa-
BeH Hymo. [ToaToMy Takue nmapHbie 00pa3oBaHUS SBASIOTCSA 0030HA-
MM, 00pa3yiolMMM KOHIEHCAT Ha JHE SHepreTHYecKoi wweau. Pazmep
caMmoit 1Eean 3aBUCHUT oT TeMIIepaTypsl
JMIOCTUTas MAaKCUMAJIbHOTO 3HAYEHUS TP aOCOMIOTHOM HYJ€ U MOJIHO-
ctbio ucuesast npu T = T,,. Teopus BKII maer ciaemyolllyio CB4I3b
LUMPHHDBI 11EHU C KPUTHUECKON TEMIIepaTypol repexoaa:

2A3,,(0) = 3,52kT,,. (3.1)

®opmyna (3.1) 1OCTATOYHO XOPOLIO MOATBEPXKIAETCS SKCHEPHMEH -
TaNbHBIMU AAaHHBLIMH. 17151 GONBUIMHCTBA CBEPXITPOBOAHUKOB SHEPre-
THueckas 1wenb cocrasaser 1074...1073 3B.

Kak ObLIo MOKa3aHo, IMEKTPUUECKOE COIMPOTHUBICHHUE META/IOB
00YCIOBNIEHO paccesiHUeM BJIEKTPOHOB Ha TEIJIOBBIX KOJIEOAHUSX pe-
LIETKU U Ha nipuMecax. OQHAKO NPy HATMYHUU DHEPTeTUYECKOM LIeAu
JUTs1 Tiepexo/ia 3JIeKTPOHOB U3 OCHOBHOIO COCTOSIHUSI B BO30YXAESHHOE
TpebyeTcss AOCTATOYHAsA NMOPLMS TEIJIOBOH 3HEPTUHU, KOTOPYIO NPU
HU3KHMX TeMIlepaTypax JMEKTPOHBI He MOTYT TMOJYYUTh OT PELISTKH,
MOCKOJIBKY 3HEprus TEIUIOBBIX KOJeOaHUIl MeHblile UIMPUHBL LIETH.
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HVMeHHO MO3TOMY CllapeHHBIE 3JIEKTPOHBI HE PACCeMBAIOTCS Ha Je-
dekTax cTpyKTYpHl. PaccessHue CBSI3aHO C U3MEHEHHEM DHEPruu U He
MOXET IPOU30UTHU Oe3 pa3pblBa CaMOU Mapsl.

Oco0eHHOCTbIO KYIEPOBCKUX NAp SBISAETCS X UMITYJIbCHAS yIOpSI-
JOYEHHOCTh, MPOSIBISIIONIASACA B TOM, YTO BCE OHM MMEIOT OIMHAKO-
Bbli UMITYJILC ¥ HE MOTYT U3MEHSTh CBOM COCTOSIHMS HE3aBUCHUMO JPYT
oT apyra. UMeHHO TaKol «KOJUIEKTUBU3M» B TIOBEISHHUU OO30HOB pa-
JUKIBHO OTJIIMYAET UX OT (PEPMHUOHOB, NEMOHCTPHUPYIOLIMX BO BCEX
TIPOSIBJIEHUAX CBOIO «MCKJIIOUUTEILHYIO WHINBUAYATLHOCTb>. DJIEKT-
pOHHBIE BOJIHBI, ONUCHIBAIOLIUE IBUXEHHUE Tap, XapaKTepU3YITCs
OIMHAKOBO!N JUTMHON M ¢azoil. PaKTHUECKHU ABUXEHHUE BCEX DJIEKT-
POHHBIX ITAp MOXHO PacCMaTpPUBAaTh KaK paClpOCTPaHEHHWE OJHOMN 2/eK-
TPOHHOW BOJIHBI, KOTOpasi HE PaccEeMBAETCsl PEUICTKOH, «0OTeKaeT»
Ie(hEeKThl CTPYKTYPHL.

IIpu aGCoMOTHOM HyJie TEMIIEPATyphbl BCE JIEKTPOHBI, PACIIONO-
KeHHbIC BOMMU3U ypoBHS (PepMu, CBs3aHbl B napul. C MOBBILLIEHHEM
TEMIIEPATYPHI 34 CUET TEIUIOBONH SHEPTrUU NMPOUCXOIUT Pa3phiB HEKO-
TOPOM YAaCTH 3JIEKTPOHHBIX Map, BCIASACTBUME YeTO YMEHBIIAETCS M-
puHa e, JByKeHue HeCmapeHHBIX 3JIEKTPOHOB, MEPEXONsIUX C
OCHOBHOIO YpOBHA (IHa 1iejiM) Ha BO30YXIEHHbIE COCTOSHUS (Han
LIEABIO), 3aTPYAHSIETCS paccessHUeM UX Ha AedekTax cTpykTyphl. [1pu
Temnepatype 7 = T, NPOUCXOAUT MOJHBIN pa3pbiB BCeX Map, LIMPHUHA
1eJIM O0palaeTest B HyJIb, CBEPXNIPOBOXUMOCTD UCUE3AET

OOGDBIACHSS IPUPOJLY CBEPXITPOBOIUMOCTH B MeTasiax, Teopust BKIII,
K COXaJICHUIO, HE MOXET OTBETUTh Ha BOIPOC, MOYEMY HE BCE METaI-
JIBI SIBJISIIOTCSI CBEPXTTPOBOJHUKAMHU, HE MOXET IPEACKAa3aTh CBEPXIIPO-
BOJSIILIME CBOMCTBA TOTO WJM MHOTO MaTepuasna, €ro KpUTHYECKYIO
TeMIlepaTypy NEpPexoia B COCTOSHUE CBEPXITPOBOAUMOCTH. BepxHsisi
OLIEHKa KPUTHYECKOH TeMiepaTyphl st MeTaios rno teopun BKIII
JaeT BeJIMUMHY 0K0J10 25 K, 4TO XOpOIlOo COracyercsl ¢ 3KCIepUMeH-
TabHBIMU 3HAYEHUSMU T, Y JYYLIMX CBEPXIIPOBOASIIKX CIUIABOB.

MarHdTHBIE CBOHCTBA CBEPXNPOBOIHMKOB. BaxkHei111as 0cODEHHOCTD
CBEpPXIIPOBOJHMKOB COCTOMT B TOM, YTO BHCILHEE MArHUTHOC II0JIC
COBEPIIEHHO He IPOHKMKAET B TONLLy obpa3siia, 3aTyXasl B TOHYaHIEM
cnoe. CuoBble IUHMY MAarHMTHOTO M0J1s1 OrM0aloT CBEPXNPOBOAHUK.
D710 sABJNEHUE, TTONYYUBLIee Ha3BaHue aghgexma Meiiccrepa, 00yCIOB-
JIEHO TeM, YTO B IIOBEPXHOCTHOM CJIO€ CBEPXIIPOBOIHHMKA IMPU €ro
BHECEHUM B MArHUTHOE T10JIe BO3HWKAET KPYTOBOM HE3aTyXalolui TOK,
KOTOPBIH NOJHOCTBIO KOMITIEHCUPYET BHELIHEE [10JIe B ToJlle obpa3ua.
I'nybuHa, Ha KOTOPYIO NMPOHUKAET MArHUTHOE MMOJI¢, OOLIYHO COCTaB-
asiet 1078... 1077 M. Takum 06pa3oM, CBEPXIIPOBOIHMUKM M0 MATHUTHBIM
CBOMCTBAM SBJISIIOTCS UOeanbHbIMY QUAMACHEMUKAMYU C MATHUTHOM TIPO-
uunaemocTslo U = 0. Kak BcsikMe TUaMarHeTHKH, CBEPXIIPOBOIHUKHU
BBITAJIKMBAIOTCA U3 MarHUTHoro nons. [1pu sTom agdekT BhTaNKKUBA-
HMS1 BBIPAXEH HACTOJBKO CHJIBbHO, YTO OTKPBIBAIOTCS BO3MOXHOCTH
VAEPXXUBATh IPY3 B MPOCTPAHCTBE C IOMOIILBIO MATHUTHOTO MOJIst. AHa-
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JIOTMYHBIM 00pa3oM MOXHO 3aCTaBUTh BUCETh MOCTOSIHHBIM MAarHuT
HaJa KOJIbLIOM M3 CBEPXIPOBOASILLEIO MaTepuaga, B KOTOPOM LMPKY-
JIMPYIOT UHAYUMPOBAaHHBIE MArHUTOM HE3aTyXaloIue TOKH (OIBIT
B.K.Apkansena).

CoCTOSTHHME CBEPXIIPOBOAMMOCTH MOXET OBITh Pa3pyllieHo, ec/id Ha-
MPSDKEHHOCTb MATHUTHOTO MOJIst IPEBLICUT HEKOTOPOE KPUTHUECKOE 3HA-
yenne H_,. Ilo xapakrtepy nepexoma MaTepHaia U3 CBEpXIIPOBOASLIETO
COCTOSIHMSI B COCTOSIHUE OOBIMHOU 3JICKTPOIIPOBOJHOCTH MOA ACHCTBUEM
MAarHMTHOIO MO Pa3jHu4yaloT CBEPXIIPOBOAHUKU 1-TO U 2-To poaa.
Y ceepxnpogodnurxos I-eo poda 3TOT Mepexod MPOUCXOIUT CKaYKooOpas-
HO, KaK TOJIbKO HanpsiKeHHOCTD TTOJA IOCTUTHET KPUTHYECKOTO 3HAYe-
Hus1. KpyuBasg HaMarHM4mMBaHMs TaKMX MATEPHUANOB NOKA3aHa Ha puc. 3.6.

Ceepxnpoeodnuku 2-20 poda NepexonsT U3 OTHOTO COCTOSIHUS B ApY-
roe IMOCTENEHHO; MUl HUX pasiuyaloT HIXHIOW H; U BepxHIO H )
KpUTUYECKUE HATIPSDKEHHOCTH ToJisl. B uHTepBaie MexXny HUMU MaTepu-
a7 HaXOOUTCA B MPOMEXYTOYHOM IeTepOr€eHHOM COCTOSHMHU, B KOTO-
pOM COCYILIECTBYIOT HOpMaJlbHas ¥ ceepxmpooasiuas ¢a3sl. COOTHO-
LHIEHHE MeXIy UX 0ObeMaMM 3aBUCHUT OT HampspkeHHocTH nojis H. Ta-
KMM 00Gpa3oM, MarHUTHOE T0Jie MOCTENEHHO MPOHUKAET B CBEPXITPO-
BOAHMUK 2-10 poaa (cM. puc. 3.6). OmHaKO MaTepUas COXPaHsIeT HylIeBOoe
CONPOTHURJIEHUE BIUIOTh 10 BEPXHEH KPUTHUECKON HAMPSDKEHHOCTH MO,

Kputnueckas HaNpsoKEHHOCTh MATHUTHOTO TOJISI 3aBUCUT OT TEM-
nepatypsl. [Ipu T = T, oHa obpaiiaercsa B Hyjlb, HO MOHOTOHHO BO3-
pacTaeT npHu cTpemiieHuHu TeMmiepatypsl K 0 K. It cBepXnpoBoaHU-
KOB 1-ro pona reMneparypHasl 3aBUCUMOCTb 1, B XOpolIeM MpuoIu-
SKEHUH OTIACHIBACTCS BBIPAXKEHUEM

Hoo(T) = He(O)[1 - (T/ T, (3.2)

rne H(0) — kpuTuueckas HanpsKeHHOCTb IMOJISI TIPH TeMIepaType
abCoOJIIOTHOrO HYJA.

HNnmocrtpaiumeit 3apucumocty (3.2) cayxar KpuBble Ha puc. 3.7, a.
Pa3nnuus B CBOMCTBAX CBEPXIIPOBOIHMKOR 1-r0 M 2-T0O poaa nomuep-
KUBalOT (Pa30BbIe AUATPAMMBI, MTOKa3aHHble Ha puc. 3.7, 6, 6. ObnacTb
MPOMEXYTOUHOTrO (CMELIAHHOTO) COCTOSHUS, CYIIECTBYIOLIAS Y CBEPX-
MPOBOIHUKOB 2-TO poja, PAcLIMpSeTCs NPU MOHUXKXEHUH TeMIIepaTy-
pbl. OTnnune H_,, ot H,,» MOXET COCTaBNISITL COTHH Pas.

Kputnueckas HanpsiKeHHOCTh MAarHMTHOLO MOJSI Uil CBEPXIIPO-
BOIHUKOB 1-T0 pona cocrasasgeT npubausutensHo 10° A/m, a 'y cBepx-

B

: Puc. 3.6. 3aBUCHUMOCTH U3MEHEHUS MATHUTHOMI
I UHAYKLUY BHYTPU CBEPXTIPOBOIHUKA OT HaIps-
: KEHHOCTH BHEIUHEr0 MarHUTHOTO IOJIS:

| a — CBEpXIpPOBOAHUK 1-ro poaa; 6 — CBEpXNPOBOA-
Hpy He Hp H HUK 2-TO poja
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Puc. 3.7. TemnepaTypHbie 3aBUCUMOCTH KPUTHYECKON HATIPSKEHHOCTH TMOJIS
Jnst cBUHIZ U Genoro onoBa (a); Ka4eCTBEHHBIC (Pa30BbIC AHArpPaMMbl IS
CBEPXMNPOBOAHUKOB I-ro (6) U 2-ro (8) pona:

CB — cBepxnposogsiuiee cocrosiHue; CM — cMeltanHoe coctosiime; [Ip — nposons-
1i¢€ HOPMalabHOEC COCTOSHUPC

MPOBONHUKOB 2-TO POJa 3HAYCHHUE BEPXHEN KPUTUUCCKOU HAMPSIKCH-
HOCTM MOXeT Tpesbiars 107 A/m.

CBepXIIpOBOAMMOCTb MOXET OBITh pa3pylleHa He TOJIbKO BHEILHUM
MarHUTHBIM TIOJIEM, HO B TOKOM, HMPOXOISIIUM ITO CBEPXITPOBOIHU-~
KY, €CJIM OH TIPEBERINIACT HEKOTOPOEe KPUTHUECKOE 3HaueHue I ;.

Jis cBepXnpoBOIHUKOB 1-ro pojia npeaenbHasi CHjla TOKa OTpaHu-
YUBAETCSI JOCTHXEHHEM Ha MOBEPXHOCTH 06pa3siia KpUTHYECKOM Ha-
NPsDKEeHHOCTH MarHuTHOTO rons (mpasuio ©. Cunscbu). B cnyvae minH-
HOU NPAMOJIMHEIHON MPOBOJIOKM KPYIJNIOrO CEYEHU paauyca r mnpe-
JETBLHBIA TOK onpenensiercs ¢hopMymoi

I, = 2nrH.(T). (3.3)

Ecmu npunats H, = 5-10* A/M, a r= 1,0 MM, TO COIJIACHO TpaBH-
ny CuibcOu KpUTHYECKHMI TOK cocTaBuT 315 A. B cocrossHumM cBepx-
MPOBOIMMOCTH TOK JIOKAIU3YETCSI B TOHKOM IOBEPXHOCTHOM CJIOE TOJI~
HO#N A. HampuMep, 1u1s1 CBUHIIA TOJILKHA TOKOBOIO ¢Jos (T. €. riy-
OMHA NPOHMKHOBEHUSI MATHUTHOTO TOJIsI B CBEPXITPOBOIHMK) COCTAB-
JsieT Bcero auib 40 HM. Mcxoasi M3 9TUX NaHHbBIX MOXHO OUEHHUTh
KPUTHYECKYIO TIJIOTHOCTb TOKA JUISI CBEPXITPOBOAHMUKOB 1-ro pona:

J=I,/QnrrA) = H,/A = 1012 A/M%.

st cBepXMpPOBOAHUKOB 2-r0 poja npapwio CWibcOU HE BBIION-
HsleTCs U CBsI3b Mexny I, u H_, HocuT 6oJjiee CIoXHBIH XapakTep. Kpu-
THYECKHUH TOK B 9TOM CJiyyae HEOOBIYAMHO UyBCTBUTENIEH K CTPYKTYpE
o0pa3tia U y OZHOIO M TOIO X€ MaTepuajia MOXET M3MEHSThCS Ha
HECKOJIBKO TOPSIIKOB.
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Buxpn AbpukocoBa. Y CBEepXITPOBOAHMKOR 2-TO poja MpPU Hamps-
KEHHOCTH MAarHUTHOro nosst 6osee H, CpelHsIs MarHUTHasi UHAYK-
LIMST BHYTPH CBEPXIIPOBOJHUKA OTIMYAETCS OT HYJISI K MOHOTOHHO BO3-
pacTaeT ¢ yBeJnYeHueM HanpsbkeHHocTy nosst H (cm. puc. 3.6). Joka-
33aHO, YTO B CJIy4yae CMEIUAHHOTO COCTOSIHUSI CBEPXMPOBOJHMKA Mar-
HUTHOE NoJIe NMPOHUKAET B TOJLULY 00pas3la B BUAE TOHKUX BUXPEBbIX
HUTeH, NOAYYMBIIUX Ha3BaHUE «BUXpeit AGpuKocoBa». CTBOJbBI BUX-
peli OpUEHTUPOBAHBI B HANPABACHUM CUTOBLIX JUHUN BHEIIHETO Mar-
HUTHOTO TIONA M 00pa3ylioT CUMMETPHYHYIO TPEYTONLHYIO PelleTKY,
KakK [oKa3zaHo Ha puc. 3.8. Boxkpyr ocu BUXps B CJIO€ TOJLIMHON A
(rybMHa NMPOHUKHOBEHUS MAarHUTHOIOC IOJI B BELIECTBO) LUPKYJIH-
DPYET CBEPXIIPOBOASLIMI TOK «IMAapaMarHUTHOTO» HAIlpaBjJ€HUs, T.e.
MAarHUTHOE MoJIe, CO3AaBaeMoe STHUM TOKOM, MO HAIpaBjiCHUIO CO-
BMAJacT C BHELIHUM TOJIEM.

CKOpOCTh BpallleHMsl BJIEKTPOHOB, a COOTBETCTBCHHO, M Hamps-
>KEHHOCTb MAarHUTHOTO MOJIsI, BO3PACTAIOT MO Mepe MpUOIMXKEHUS K
OCH BHUXPSI, U Ha HEKOTOPOM PACCTOSIHUM OT HEE IIPOMCXOAMUT «CpbIB»
CBepXNMpoBOAUMOCTU. CTBOI BUXPS AMAMETPOM 2 HaxXOAMUTCS B HOP-
MaJIbHOM (pEe3HCTHBHOM) COCTOSIHMU. B 1ieHTpe CTBOJIA HANPSDKEHHOCTD
MAarHUTHOTO MOJs HOCTUraeT 3HaueHus 2 H.,,. Kaxawiil BUXpb nporry-
CKAeT OAMH KBAHT MarHUTHOTO notoka Pj, Ha3bIBaeMblit garokcoudom
(Dy = h/(2e) =2- 1075 B6). C yueTOM 3TOr0 MarHUTHass UHAYKLUMS B
obpa3slie onpenaeseTcd mo hopMmyJie

B = NKDCDO’
rae Nj — 4MCIO BUXpEH HA eOMHMLE IUIOLIALU CBEPXIIPOBOIHUKA.

CTpyKTypa KBaHTOBOW HUTH MAarHUTHOIO MOTOKAa ITOKa3aHa Ha
puc. 3.9. B cTBOJIe BUXPSI KOHUSHTPAUMS KYIMEPOBCKHUX IMap paBHa
HYJT10. B MpocTpaHCTBE MeXAy BUXPSIMU MaTepHUal COXPaHAET CBEPX-
MPOBOISALME CBOMCTBA, MMO3TOMY B 3THUX obnactsax B = 0. Takum obpa-
30M, B CMEIIaHHOM cocTosiHuU B obpasuax CIT 2-ro poma cosmaetcs
CJIOXHasi CTPYKTYpa, COCTOSIIasi M3 YEPEAYIOLIMXCS CBEPXIIPOBOIS-
HIKMX Y Pe3MCTUBHBIX OONacTe.

B none ¢ HanpsokeHHocThio H; B CIT nosiBngioTcst nepeble KBaH-
TOBaHHBIE HUTH MAarHUTHOro notoka. C ysenuyeHueM H yucio puxpeit
¢0 ~ e \@/

// \\ i \\ B

1 - | S e
1 ~, I ,
9 | O
1 [
t P ~ { e N
S { e N 1 e
Puc. 3.8. PerynspHas BUXpeBas pelieTKa B CMEIUaHHOM COCTOSIHUH CBEPXIIPO-

BOJHUKA 2-TO pofa MpY BO3AECUCTBUM BHEIIHETO MATHUTHOTO TOJIA ¢ UHAYK-
uueit B
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Puc. 3.9. Ctpykrypa BUXpEBBIX HUTCI B CBEPXIIPOBOIHUKAX 2-T0O poOJa:

N, — KOHIEHTpallUst KYNEepOBCKUX Map; J — IMJIOTHOCTh BUXPEBOTO TOKA; & — JJIMHA
KOT€PEHTHOCTH; A — TIyGHMHA IIPOHMKHOBEHUS MAarHUTHOTO TOJS

BO3pPAcTaeT, PACCTOSTHUE MEXNY HUMM yMeHbluaetcs. Ilpu H = H,p,,
KOI/a PACCTOSHME MEXIY HUTSAMHU CTaHOBUTCA MeHee 107 M, nmpouc-
XOIUT NePeKPhITUE CTBOOB BHUXPEBBIX 00JacTeif. BTO 0O3HAYaeT, YTo
BeCh 00beM 00pa3la 3aroNHsIeTCsl PE3UCTUBHON $a3oif, CBEpXIIpOBO-
JUMOCTb HCUE3aeT.

D dexrn Axo3epcona. B 1962 r. anmmiickum dpusuxkom b. 1. Ixo-
3e(hCOHOM OBbUIM IpeacKazaHbl HEOObIYHbIE KBAHTOBBIE 3((eKThl B
TYHHEJIbHOM KOHTAaKT€ MEXIY IBYMSI CBEPXITPOBOZHUKAMU, KOTOPhIE
BITOCJICACTBUU ITONYYMIH IKCIEPUMEHTAILHOE HOATBEPXICHUE U CIIO-
COOCTBOBAIM CYLUECTBEHHOMY PacUIMPCHUIO BO3MOXHOCTEH MpPaKTU-
YEeCKOI'0 MCIOIb30BAHUS ABJICHUS CBEPXIIPOBOAUMOCTH.

PasnuyaroT cralMoHapHblit U HecTauMOHapHbi addexTs Ixo3ed-
coHa. CylHOCTh MEPBOTO U3 HUX 3AKJIIOYAETCS B TOM, YTO KyIepOB-
CKHE Mapbl MOTYT JIETKO TYHHEIHPOBATh CKBO3b CJIOH AMAICKTPHUKA,
pa3nesIolero ABa CBEPXIIPOBOIHMKA, €CAU TOMILMHA 3TOTO CJIOA 10~
CTAaTOYHO Majia (MeHbHIE WIM NTOPSAKaE JUIMHB KOTePeHTHOCTH). Bax-
HO OTMETUTD, YTO TYHHEJbHBIA TOK NPOXOAUT uepe3 3azop 6e3 naae-
HHSl HANpPsDKEHMS, €CJIM erc IIOTHOCTh He TpPEeBBILIAeT HEKOTOPOit
KPUTHYECKOHN BETMUMHBI, KOTOPasl SIBJSCTCA XapaKTepUCTUKON TyH-
HEJLHOTO KOHTaKTa. CBEpXIIPOBOISIHIMN TOK OUYeHb UYBCTBUTEJIEH K
HAIUYUIO J1I000T0 MArHUTHOTO TMOJIST M O0palllaeTCsl B HY/Ib BCAKUH
pa3, KOrga TOJHBI MarHUTHBIH MOTOK B AUIJEKTPHUECKOM 3a30pe
paBeH 1ieJIoMy YUy GQIIIOKCOUA0B. DTO CBOMCTBO KOHTAKTA MCITONb3Y-
€TCS1 JUIs1 CO3JaHUSI CBEPXIIPOBOISILIIMX KBAHTOBBIX UHTEP(EPOMETPOB
(CKBHWoB), npeaHa3zHaYeHHBIX IS U3MEepPEeHUsI OYeHb CAabbix Mar-
HUTHBIX DOJEH.
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CuTyallus U3MEHSIETCS, €ClIM CUJIa TOKA 4Yepe3 3a30p MPEBbILIAET
KPUTHUYECKOE 3HaYeHue. B 3ToM ciiydyae Ha TYHHENTbHOM KOHTAKTE BO3-
HUKaeT MOCTOSIHHASI Pa3HOCTh MOTCHIUMANIOB ¥ HAYMHAET IIPOTEKaTh
riepeMeHHbII BBICOKOYACTOTHLIN TOK. [1ogobHO TOKY B KoyeGarenb-
HOM KOHTYpe IepeMeHHBbI TOK Yepe3 TYHHENbHBIM KOHTAKT U3Iy4yaeT
SNIEKTPOMATHUTHDIC BOJAHBL. TakoBa CYUIHOCTh HeCTALlMHOHApHOro 3¢-
dekra [dxo3edcoHa.

YacroTa M3MYyYEHUS] V CBsi3aHa C HampsbkeHueM U Ha KOHTAaKTe
MPOCTBbIM COOTHOLLUEHHEM

v =2el.

Wznyyenue o0ycnoBiaeHO TeM, YTO OObeAMHEHHDIE B KYTIEPOBCKUE
Mapbl 37EKTPOHBI IIPU NEPeXoae Yepe3 KOHTAKT MpuobpeTaloT u30bl-
TOYHYIO BHEPruio 2el/ 10 OTHOIISHHUIO K UX OCHOBHOMY COCTOSIHHMIO
(YABOEHHBIN 3apsil 3JEKTPOHA COOTBETCTBYET 3apsly KyIepoOBCKOM
napbl). O6¢ 0OKIanKK CBEPXIPOBOAHUKA 00Pa3yIOT CAUHYIO JIEKTPOH-
HYIO CMCTEMY C OJMHAKOBOU 3HEpPrucil OCHOBHOIO COCTOSIHMA. Ilpu
POTEKAHUHU CBEPXMPOBOASLIErO TOKA HE TpeOyeTcs: 3aTpaT DHEpruu,
MO3TOMY YCKOPEHHDbIE TIONEM Taphl HE MOFYT OT/ATh U30LITOUHYIO 3HEP-
THIO KPUCTAUIMYECKOI pellieTKe B BUIE TeIIOThl. EAMHCTBEHHAsT BO3-
MOXHOCTb I HUX BBIPOBHSITH CBOIO DHEPTUIO C APYTHUMU 3JIeKTPOH-
HBIMM ITApaMM ¥ BO3BPATUTLCS B OCHOBHOE COCTOSIHME CBSI3aHA C MC-
MyCKAHUEM KBaHTa 3JIEKTPOMArHUTHOMN 3HepTuU. PaccMOTpeHHBbIH He-
CTaIMOHapHBIH 3ddekT [Ixo3edcona MCMOAL3YETCS WIST CO3MAHHUS
MEPBUYHDIX STAIOHOB HATIPSHKEHUSE, OTJNYAIOLMXCS OOblIeit CTabub-
HOCTBIO B CPABHCHUM C TPAAMIIMOHHBLIMU TaIbBAHUUCCKUMU 3JIEMEH-
TaMH, KOTOPBIE CTAPEIOT C TEUCHHUEM BpPEMEHU.

CaepxnpoBoJsiMe MaTepUaNbl. S BIeHUe CBEPXNPOBOIMMOCTH IIPH
KPHOTEHHBIX TeMIIepaTypax HOCTAaTOYHO UIMPOKO PACIPOCTPAHEHO B
npupoae. CBepXnpoBOAUMOCTbIO 061anat0T 26 MeTa/1oB. BosbuinH-
CTBO M3 HUX SIBISIOTCS CBEPXIIPOBOAHUKAMMU 1-T0 poaa ¢ KPUTHYECKH -
MHU TeMmIepatypaMu nepexona Huxe 4,2 K. B atom 3aknouaercs onHa
U3 NPUUUH TOTO, YTO OOJIBIIMHCTBO CBEPXIIPOBOASIIUX METAJIOB IUIsT
SAEKTPOTEXHUUYESCKUX Heiel NPUMEHUTDh He yaaetcsa. Eue 13 anemeH-
TOB NPOSIBJISIIOT CBEPXITPOBOISILIME CBONUCTBA ITPH BLICOKUX IABJICHHSIX.
Cpenu HMX TakMe ITOJIYIIPOBOZHMKHM, KaK KpeMHMIH, repMaHui, ce-
JIEH, TEJUTYD, CypbMa M Ap. M3 Bcex 37eMeHTapHBIX BELECTB HAUBBIC-
el TemMneparypoii rnmepexona K CBepXNpOBOAMMOCTH 001agaeT HUO-
ouit (T,, = 9,2 K). Crenyer 3aMeTUTh, 4TO CBEPXIPOBOAUMOCTBLIO HE
001a1al10T METAUIbl, SBJSIOLIMECS HAWIYYIIMMHU MPOBOAHUKAMU B
HOPMAJTbHBIX YCAOBUAX. K HUM OTHOCSITCSL 30JI0TO, MeEllb, Cepebpo.
Majioe CONMpPOTHUBIICHUE ITUX MATEPHAIOB YKa3bIBaeT Ha caaboe B3au-
MOJICiCTBHE BIEKTPOHOB C pelleTKoi. Takoe ci1aboe B3auMOaeiCcTBHE
He co31aeT BOJM3U abCOMIOTHOIO HYJS JOCTATOYHOIO MEXIIEKTPOH-
HOTO MPUTSIKEHUSI, CIOCOOHOTO MPEOAONETh KYJOHOBCKOC OTTUIKU-
BaHue. IlosToMy M He MPOMUCXOIUT UX MEPEXO] B CBEPXIIPOBOASIIECE
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COCTOSIHME. Y OJHOBANCHTHBIX 1LIEIOYHBIX ¥ 0JarOPOIHBIX METAJJIOB HE
ObI10 OOHAPYXEHO KaKUX-JIMO0 IIPH3BAKOB CBEPXTIPOBOAMMOCTH AAXKe
ripu Temrieparypax Huxe 0,1 K.

KpoMe YMCThIX METALIOB CBEPXITPOBOIUMOCTBIO OO3AAI0T MHOTHE
MHTEPMETAIMYECKHUE COSAUHEHUS U crulaBbl. O0lIee YHC/io HAMMEHO-
BAHUI M3BECTHBIX B HACTOSILLEE BPEMSI CBEPXIIPOBOIHUKOB COCTABJISIET
okono 2 000. Cpeay HMX CaMbIMM BBICOKMMH KPUTHYECKUMH FapaMeT-
paMu 006JIanaroT CIJIaBb M coeAnHeHHs HHoOus (Tab. 3.1). Hekoroprie
M3 HUX TIO3BOJISIOT UCTIONB30BATh JUISl NOCTHXEHUS CBEPXITPOBOISIe-
ro COCTOSHKS BMECTO XHAKOIO rejusd 0ojiee NeueBbiil X1afareHT —
KUIKMI BOLOPOIL.

Bce uHTEpMeTa/UIMYECKME COCAHMHEHUS M CIUIABBl OTHOCSTCS K
CBEPXIPOBOAHMKAM 2-T0 pora. OFHAKO JeNeH’e BeHIECTB 110 UX CBepX-
ApPOBOASIIMM CBOMCTBaM Ha JIBa BUA HE ABIACTCS aO6COMOTHBIM. Jl10-
601 CBEPXIIPOBOAHMK 1-TO pOaa MOXHO NIPEBPAaTUTh B CBEPXITPOBOX-
HMK 2-rO poja, €clii CO3[1aTh B HEM AOCTATOYHYIO KOHIUEHTPALUIo
JedhekToB KpUCTaNIM4YecKoi penieTky. Hampumep, y YACTOro onoBa
H., = 3,7 K, HO ec/ii BbI3BaTh B OJIOBE PE3KO HEOAHOPOAHYIO MEXaHUYEC-
Ky1o nedopMalHio, ToO KpHTUYeCKas TeMileparypa Bo3pacteT A0 9 K, a
KPUTHYECKAs] HANPSXKEHHOCTh MATHUTHOTO TI0JIA yBeauuuTes B 70 pas.

CBepXxIIpoBOAUMOCTh HUKOTAA He HabMIogaeTcs B CHCTeMax, B KO-
TODPBIX CYILECTBYET (peppo- uiu aHntugeppoMarHeTu3Mm. OOpazoBaHUIO

Ta6baunga 3.1

OcHoBHble CBOHCTBZ CBCPXNPOBOAAININX CILUIABOB

HoH i (0), | woH(0), | J(0)- 107, OTnnyuTeIbHBIE

Marepuan T K Tx Tn A/M? 0COBEHHOCTH

V;Ga 14,8 0,60 21,0 1,6 YaoBneTBopu-
TeNbHbIE MeXa-
HAYECKUE
CBOMCTBA

V,Si 17,0 0,62 23,4 2,0 To xe

Nb;Sn 18,3 0,54 24.5 2,4 Bricokasi mior-
HOCTh TOKa, TeX-
HOJIOTHYHOCTD

Nb,Ga 20,3 — 34,0 — Bbicokast TeM-
nepaTypa fiepe-
X0[d, TEXHO-
JIOTUYHOCTh

Nb;Ge | 21...24,3 — 37,0 1,0 Haubosee Bbi-
coKas TeMIepa-
Typa nepexoaa
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CBEPXIIPOBOISIIETO COCTOSIHUS B MOJYIIPOBOAHUKAX M IU3JICKTPUKAX
NpensITCTBYET Majlast KOHIEHTPalMs CBOOOMHBIX 3/1eKTpoHOB. ONHAKO
B MaTepMasiax ¢ GONBIIOI AU3JIEKTPUYECKOH ITPOHULIAEMOCTBIO CUJIBI
KYJIOHOBCKOTO OTTAJIKUBAHUS MEXITY SJEKTPOHAMH B 3HAUMTEIbHOM
Mepe ocnabnensl. [103ToMy HEKOTOpBIE M3 HUX TAKXKE MTPOSIBILIIOT CBOM-
CTBa CBEPXIMPOBOAHMKOB MPH HU3KMUX TemnepaTypax. [IpuMepom Mo-
KT CIYXUTb TUTaHAT cTpoHUMS SrTi0;, OTHOCAIUMIACA K IPYIHIE cer-
HETO3JIEKTPUKOB. Psi MOJTyNpOBOAHUKOB YAAETCS IIEPEBECTH B CBEPX-
NpoBoAsiiliee COCTOSTHUE N0OABKOY OONMBIION KOHIUEHTPALUU JIETUPY-
romux napumeceit (GeTe, SnTe, CuS u np.).

B HacTosiiee BpeMsl NPOMBILLIEHHOCTb BBIIIYCKaeT LIMPOKMIT ac-
COPTHMMEHT CBEPXIIPOBOSIIIMX TPOBOJIOK M JIEHT JUISL CAMbIX Pa3jiny-
HBbIX LieJie. MI3roTopneHue TakKux MpOBOJHMKOB CBI3aHO € DObLIMMU
TEXHOJIOTHYECKHMU TPpyAHOCTIMH. OHM O00YCIOBIEHb! TUIOXHMHU MeXa-
HUYEeCKUMM CBOHCTBAMH MHOTUX CBEPXITPOBOIHUKOB, UX HHU3KOI TeI-
JIOTIPOBOIHOCTLIO M CIIOXKHOMN CTPYKTYPOH MpoBoaoB. OCOGEHHO 60Jb-
IHON XPYNKOCTBI) OTJMYAIOTCA HHTEPMETAUIMYECKHUE COCAUHEHMS C
BBLICOKUMHM KPHUTHYECKUMU mapaMerpaMu. [To3ToMy BMECTO MpOCThIX
MPOBOJIOK U JIEHT TMIPUXOAUTCS CO3JaBaTh KOMITO3ULIMU U3 ABYX (0ObI-
YHO CBCPXIPOBOAHUK C MEIBIO) U JAXE HECKOABKMUX METAIOB. JList
MOJAYYeHUST MHOTOXIIBHEIX TTPOBOXOB M3 XPYIMKHMX UHTEPMETAUIHIOB
0CODEHHO MepCcrekKTUBEH OPOH30BLINM MeToN (MJIM METON TBepAodas-
Hoit Auddy3un), 0OCBOSHHBIN POMEBILIIEHHOCTHIO. o aTOMY MeTOIy
MPECCOBAHUEM U BOJIOYEHUEM CO3IaETCSI KOMIO3ULIUS U3 TOHKHUX HU-
Tell HUOOMsI B MaTpUIIC U3 OJOBAHHOI OpoH3bl. I1pu Harpese 0J10BO U3
6poH3bl AU PyHIUpyeT B HHOOUH, 06pa3yst Ha ero OBEpXHOCTH TOH-
KYIO CBEpXMPOBOASLIYIO TUIEHKY CTaHHUAA HUoOUs Nb,;Sn. Takoit xryT
MOXET M3rubaThCsi, HO TJIEHKHM OCTAIOTCS LEJIbIMU.

YCTaHOBNIEHO, YTO TOHKHME IUIEHKH LENOFO PANA CBEPXIIPOBOIS-
LIMX METAJUIOB M CIUIABOB UMEIOT Gojiee BLICOKME KPUTHYECKHUE rapa-
METPbI, HeXenu oObeMHbIe 00pa3ibl. s co3naHus TYHHEIBHBIX KOH-
takToB JIxo3edcoHa Hauboee YacTo TIPUMEHSIIOT TUIEHKU HHOOMS,
CBHMHIIA, a Takxe cruiaBoB Pb— Bi, Pb—In— Au u np. B kauecTBe pas-
JETTUTEIbHBIX MATEPUANOB HCIIONB3YIOTCA JM00 OKCHAHBIE TUICHKH ca-
MHX CBEPXMPOBOJHUKOB, MO0 MPOCIOHKU MOTYTPOBOTHUKOBBIX Ma-~
TEPHAIOB WM METALIOB B PE3UCTUBHOM COCTOSTHMH. HecMmoTps Ha -
POKYIO HOMECHKJIATYPY CBEPXIIPOBOISILIMX CIUIABOB M COCAMHEHUM, HU-
OOMEBbIE IUIEHKH MOCTENEHHO BBITECHAIOT APYTHEe MATEPHUALI B TUie-
HOYHBIX MPUOOpax KPHUOIJEKTPOHUKU. DTO OOYCIOBIEHO YCIeXaMu
TEXHOJIOTHM H3TOTOBJIECHUSI TOHKOIUIEHOYHBIX CTPYKTYP U3 HHOOMS,
UMEIOILMX CTaOWIIbHbIE BOCTIPOM3BOAUMBIE XapaKTEPUCTUKHU TIPU Ha-
HECEHUM UX Ha pa3IMUHbIE TUDIEKTPUICCKHUE U MTOIYTIPOBOIHUKOBBIC
MOIOXKKH.

IlpumMenenne cBepXnpoBoAHHKOB. CBEPXIMPOBOASIINE DJIEMCHTH U
YCTpOMCTBA HAaxoHsIT Bee Oosiee HIMPOKOE NMPUMEHCHUE B CaMBIX pa3-
JIMYHBIX 00J1acTSIX HAYKM M TeXHUKHU. PazpaboraHbl KpynmHoMacuTad-
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HbI€ IOJI'OCPOYHBIE NPOTPaMMbl MPOMBILIJIEHHOIO MCIOJIB30BAHMS
CWIBHOTOUHOI CBEPXITPOBOJAMMOCTH.

OnHO M3 rMaBHbIX MPUMEHEHUIN CBEPXITPOBOAHMKOB CBI3aHO C MO-
JIyYEHHMEM CBEPXCIIIBHBIX MATHUTHBIX 110J1eil. CRepXnpoBOMsIiMe CoJie~
HOM/J1bI MO3BOJIAIOT MOJY4YaTh OHOPOAHBIE MATHHTHBIE TTOJTS HAMPSDKEH -
HOCTBIO cBbliie 107 A/M B 10CTAaTOMHO OOJIBIIOI OGAACTH MPOCTpaH-
CTBa, B TO BpeMs KaK IMPEACIOM OOBIYHBIX 3JCKTPOMATHHTOB C XeJie3-
HbIMHU CEpAEYHUKAMU ABJISIOTCS HATIPSXKEHHOCTH nopsaka 106 A/M.
K ToMy Xe B CBEpXIMPOBOASILIMX MAarHUTHBIX CHUCTEMax LUPKYIHUPYET
HE3aTyXalolMil TOK, 03TOMY He TpeOyeTcsl BHELIHEeTO UCTOUHUKA MK -
TaHUs. CHILHBIE MATHUTHBIC MOJIST HEOOXOAUMBI IPU MIPOBEICHUH Ha-
VUHBIX HccenoBaHnit. CBEpXITPOBOISUIME COJIEHOUIbI TTO3BOSAIOT B 3HA-
YUTEJBHOU Mepe YMCHBIUMTbL FabapUTHBIE pa3Mephl M MOTpebieHue
SHEPrUM B CUHXPO(}a30TPOHAX U APYIMX YCKOPUTENSAX DJIEMEHTapHbIX
yacTuLl. ITepCrneKTHBHO UCIIONb30BAHUE CBEPXITPOBOASILMX MATHUTHBIX
CUCTEM JUISl yICpKaHUA IUIa3Mbl B pEakTOpax YIpaBIsieMOro TEPMO-
SIIEPHOTO CUHTE3a, B MarHUTOrMapoamHamuyeckux (MI'1) npeobpa-
30BaTEASIX TCIUIOBOM SHEPIUM B DJICKTPUUYECKYIO, B Ka4eCTBE MHAYK-
TUBHbBIX HAKOMUTEJIEH SHEPTUH ISI MOKPHITHS IMKOBBIX MOLIIHOCTEH B
MacluTabax KpynHbIX SHEPTOCHUCTEM.

Illupokoe pazBUTHE MONYUYAIOT Pa3pabOTKU INEKTPUUECKUX MALITUH
CO CBEPXITPOBOSILLIMMY 0OMOTKaMUK BO30yxneHus. [TpuMeHeHue cBepx-
[POBOJHMKOB MO3BOJISET UCKIIIOUUTD U3 MAILMH CEPASUHUKH U3 3JICK-
TPOTEXHUYECKOH cTanu, 6aromapsa yeMy B 5— 7 pa3 YMEHBIIAIOTCS X
Macca ¥ rabapuUTHBIC pasMephl IPU COXPAHECHUH MOLLHOCTH. DKOHO-
MMUYECKHM 060CHOBAHO CO3aHHME CBEPXIPOBOASIIUX TPAHC(HOPMATOPOB,
PaCCUUTAHHBIX HA BLICOKUI YPOBEHb MOLIIHOCTH (AECATKU — COTHU Me-
raBaTT). 3HAUMTEJBHOE BHUMAaHME B pa3HbIX CTpaHax yaeseTcs paspa-
0OTKe CBEPXMPOBOISIUIMX JUHUN 3JEKTpoIepeaay Ha NMOCTOSHHOM U
MEePEeMEHHOM TOKax. Pa3paboTaHbl OMBITHBIE 00pasiibl UMITYJILCHBIX
CBEPXIPOBOMSIIIMX KATYLIEK JUIS MUTAaHUSA MJIa3MEHHBIX MylIeK W CH-
CTEM HAKayK¥ TBEepAOTEJbHBLIX Ja3epoB. B paaMoOTeXHMKe HauMHAIOT
MCIIOIB30BATLCS CBEPXIPOBOASIIINE 00BEMHbBIE PE30OHATOPHI, 00Jaa-
olKe 61aroaapsi HUYTOXHO MaJIOMY 3JCKTPUYECKOMY COMNpPOTHUBIIC-
HUIO OY€Hb BBICOKO# nobpoTHocTbio (Q > 10%). IpuHuMn MexaHuye-
CKOFO BBITAJIKUBAHUSI CBEPXITPOBOAHUKOB M3 MAaTHUTHOTO MOJIs1 [10J10-
’K€H B OCHOBY CO3/1aHUs1 CBEPXCKOPOCTHOFO XEAe3HOAOPOXKHOIO TPaHC-
[IOPTAa HA «MarHUTHOM IOIYLIKE».

Hapyienue cBepXIpoBOIUMOCTH MaTepHaia BHEIUHHM MarHHUTHBIM
MOJIEM MCHOJIL3YETCS B KOHCTPYKLIMU TpUOOpa, KOTOPHI Ha3blBaIOT
KPUOTPOHOM.

Ha ocHOBe KpUOTPOHOB MOTYT ObITh BHITOTHEHBI ObLICTPOIEHCTBY-
IOLKE DJEMEHTHI JIOTUKK U naMaTd OBM. B stoMm ciyuae enmHuua
nHdopManum (OUT) NPeACTABISIETCS DJEKTPUYSCKUM TOKOM, HUPKY-
JIUPYIOUIMM B CBEPXIIPOBOASLIEM KOHTYpe. Hamnyyiuume nmapaMmerpbl
KPUOTPOHA YJAeTCHd peaiu30BaTh MPU UCIOAL30BAHUM TYHHEIbHBIX
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KOHTakTOB J>x03e(hcoHa, 00J1aJa01IMX MAKCUMAILHOM YYBCTBUTENb-
HOCTbIO K MAarHUTHOMY MOJIIO.

CxeMaruyeckoe M300paXkeHHe TUIEHOYHON CBEPXIPGBOIHUKOBOMR
6a30BOH SYEHKHU UISI KPUOBJIEKTPOHHBIX LIUGPOBLIX MUKPOCXEM TIPEI-
ctapjieHo Ha puc. 3.10. leiicTBUe siueiKM OCHOBAHO Ha U3MEHEHUU KpU-
THYECKOI CHJIBI TOKA Yepe3 TYHHENbHBIA KOHTAKT C MOMOIILIO MaTHUT-
HOTO IOJIsI, CO3MABaéMOI0 TOKOM 4epe3 YIpaBNsiolnii snekrpod. [1pu
OTCYTCTBMM YIpPaBIAIOLIEr0 CHTHAJA CWJIA TOKA B BEHTWILHOM 1IHHE
MCHbBIIE KPUTUYECKOTO 3HAUCHUSI, Onaromapsi ueMy TYHHeJIbHbI# KOH-
TAKT COXpaHseT OTKPHITOE COCTOSIHUE. B 3TOM citydae uHpopMaLust Ko-
JIUPYETCST HATMYUEM HMJIM OTCYTCTBMEM KBAHTOB MarHMTHOTO MOTOKA B
CBEpXIpPOBOIsIILIEM KOJIbLe. JIX03e(hCOHOBCKNE KOHTAKTHI MO3BOJSIOT
co31aBaTh s4YENKM ITaMATH C SHeprueil nepekmodyeHus meHee 1076 x
U BpemeHeM cpabatbiBaHusi MeHee 0,1 Hc. braromapst MajbIM pasMepam
TUICHOYHOrO KPMOTPOHA M HU3KOH TETUIOBOM Harpy3ke MOXHO obecre-
YUTb MJIOTHOCTb YIAKOBKHU 371€MEHTOB 10 10% cM2.

OnHuM U3 HauboJiee NepcneKTUBHLIX NpUMeHeHUH 3¢ dekTa JIXo-
3ecoHa SBIAETCI ASTEKTHPOBAaHME U IpeoOpa3oBaHUe IIeKTpoMar-
HHUTHBIX KOJiIeOaHUiH, 0COOEHHO B MMJUTMUMETPOBOM M CYOMMIITUMET-
POBOM jAuarnaszoHax crnekrpa. Ha ocHoBe cBepXTIpOBOTHUKOB peaiu30-
BaH UEJbIH psil Ipyrux NpUOOpPOB, OTHOcSIUXCS K TexHuke CBY,
Cpen¥ KOTOPBLIX MOXHO OTMETHThH NMapaMeTpUUYeCKHUe YCHJIMTENH, Te-
HepaTopHbIE W CMEeCUTEIbHbBIE YCTpOHCTBA, ¢azoBpaluaten, Gpuibr-
Dbl ¥ JIMHUM 33JEPXKKH, a TAKXKE 3JIEMEHTHl aHTEHHO-(UASPHBIX YCT-
POYCTB.

Iillvpokoii 061acTbi0 NMPUMEHEHUS CBEPXIIPOBOAHUKOB SIBISIETCS
M3MepUTeIbHAas TeXHUKaA. [IpakTnyeckoe 0CBOEHME CBEPXITPOBOISIIINX
KBAHTOBBLIX MHTep(HEepOMETPOB MPUBEIO K CO3JAHUI0 HOBOT'O MOKOJIE-
HHSI METPOJIOTHYECKUX CPENCTB, KOTOPLIE IO CBOMM BO3MOXHOCTSIM
CYUIECTBEHHO IOMOJHSIOT MMEIOLIMECS HU3MEPHTE/IbHbIE MPUOOPHL.

Puc. 3.10. CxeMa rieHOYHOro KpUOTPOHA C BEHTHJIEM HA OCHOBE TYHHEIbHO-
ro KoHTtakra J>xko3edcoHa:

1 — xonTakT JIx03edcoHa; 2 — BeHTWIbHas 1IMHA; 3 — YIpaBISIOWNA 3anexTpon; 4 —
06BOOHOE CBEPXIIPOBOAALLEE KOJIBLO
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HauGonbiiee pacnpocrpanenne CKBWU b noayuunu B ¢pusuke, mMe-
JULKHE U AedeKTocKonuu. C MOMOLUBIO PA3TUYHBIX BXOTHBIX KOHTY-
poB, TpaHCGHOPMATOPOB MarHMTHOIO ITOTOKA yAaeTcsA Mpeodpa3oBaTh
u3MepsieMble pU3NUECKHE BEIMYHNHbI B U3MEHEHUE MATHUTHOTO TOTO-
ka. Ha sToM npuHuune paGoTaloT MHIHKATOPH! CBEPXMAJIbIX HATIpsIXe-
HUI C MOPOroM YYBCTBUTENbHOCTH 10716 B, BBICOKOUYBCTBUTENbHbIE
aMIIEPMETPHI Uisl u3MepeHMs TokoB 10 107! A, usmepuTenn MarHut-
HOI BOCIIPUUMYMBOCTH U Ip. Kpyr Takux npuGOpoB HeTpephIBHO pac-
HIUPSETCS.

3.4. MATEPHUAJIbI BBICOKOTEMIIEPATYPHOM
CBEPXIIPOBOIUMOCTH

O0mue csenedns. BricokoTeMIepaTypHBIMM CBEPXIIPOBOIHUKAMYU
HAa3bIBAIOTCSI MaTepHasIbl, Y KOTOPBIX KPUTHYECKAs TeMITEpaTypa nepe-
X0Jla B COCTOSIHHUE CBEPXIPOBOIUMOCTH T, MTPEBHIIUAET TEMIIEPATYPY
KuneHus xuakoro azora (77 K). bonbuasi rpynna Takux MaTepUalioB
612 oTKpbiTa B 1987 1. TonukoMm K KpynHOMaciTaOHbIM KCCIEN0Ba-
HUAM BBICOKOTeMNEpaTypHO#i csepxnposoaumoctu (BTCIT) nocay-
KUIT0 coobleHue Beitnapckux dusukos Y. I'. bennopua u K. A. Mion-
Jiepa O CYIIECTBOBAHWM CBEPXNPOBOMAAIIETO COCTOSHHS B OKCHIHOMN
KepaMMKe Ha ocHoBe cucteMbl La— Ba— Cu— O npu temiiepaTypax
Huxe 35 K. B TeueHue KOpOTKOro repuoia BpeMEHM B HayUHbIX 1a00-
paTOPHSIX 11eJIOTO psiia CTPaH ObUTO CHHTE3UPOBAHO 0oJjiee ABYX 1ecsT-
KOB MAaTepHAJIOB, Y KOTOPHIX KpUTHYECKass TeMIieparypa 7T, MpeBbi-
wana 90 K, npu 3ToM CBEPXIPOBOJSIIME CBOMCTBA OOHAPYXUBATUCH
HE TOJIBKO B KepaMHYeCKHX 00pasliax, HO TAKKE B TOHKHUX FUIEHKAaX U
00BeMHBIX MOHOKpHUCTaTaX. B Tab1. 3.2 ykasaH cocTaB CBEPXIPOBOIS-
LIMX MaTepUaioB, OTHOCSIUMXCS K Pa3IMYHBIM XUMUYECKHMM CHCTE-
MaM M objagalomux Hanbosee BHICOKUMUY KPUTUYECKUMU TTapaMeTpa-
MH.

Crpoenue u cBoiicTBa. Bce ykazanHbie B Tabs. 3.2 MaTepyaibl UMe-
IOT CJIOXHYIO MEePOBCKUTOIMOAOOHYIO CTPYKTYPY C OPTOPOMOMUECKOMH
WIH TETPArOHAJIbHON CHUMMETPHEH, MX CBOMCTBA CUABHO 3ABUCST OT
colepXaHuA Kucaopoaa. OCHMMH 2JIEMEHTAMH CTPYKTYPBl 9THUX OK-
CHIHBIX COeIMHEHMN SIBAA0TCA KynpatHble ciion CuQ,, KOTOphIE Ur-
paoT BaXHY1O poiab B Bo3HMKHOBeHUH BTCII. OHut npuCYTCTBYIOT BO
BCEX CBEPXITPOBOASIINX KyIpaTax v ONpeIessiioT HX KPUTHYECCKUE MMa-
paMeTpyl. DTa OCOOEHHOCTh MONTBEPXAACTCH, B YaCTHOCTH, POCTOM
T, mo Mepe yBennueHuss uncaa cinoeB CuO, B coeanHenusx BTCII,
CoAepXalUX PTYTh, TAJUTUH WIH BUCMYT.

Kak nokasplBalOT MCCEIOBAHMUSA, KPUCTAUIMYECKAs CTPYKTypa
CBEPXITPOBOASALIMX OKCHIOB HE U3MEHSETCS [IPH MEPeXole yepe3 Kpu-
THYECKYIO TeMIepaTypy 7g,. B HOPMAJIBHBIX YCIOBHUSIX YAEABHOE CONIPO-
TUBJIEHME TAKMX MAaTEPUAJIOB CYIIECTBEHHO OOJbliie YAEILHOIO COMpO-
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Tabnunpa 3.2
Kpurtnueckue temuepatrypnl T, /Ui psiia OKCHIHBIX CBEPXNPOBOSIIAX
MaTepuajioB
CoenuueHne T K
YBa,Cu;0;_; 98
SmBa,Cu;0; _; 94
GdBa,Cu;0;_; 95
ErBa,Cu;0,_; 94
Bi,Sr,Ca,Cu;04 . 5 110
T1,CaBa,Cu,04., 4 100
T1,Ca,Ba,Cu;0y 5 125
TiCa,Ba,Cu;04 _; 105
HgBa,CuOy, s 94
HgBa,Ca,Cu;04, ; 135

I pUMedHaHue. 8 — OTKJIOHEHME OT CTEXUOMETPUHECKOIG COCTaBa.

TUBJICHUS METALIMYECKMX NMPOBOZHMKOB M, KaK IPABMUIIO, JICKUT B
auanasone 107¢... 10 Om - M. Onnako npu 7> T, HabmoaeTcs Bo3pa-
CTAHHME p NPH HarpeBaHUM, YTO CBUAELTEILCTBYET O META/LIMYECKOM
XapaxTepe MPOBOAMMOCTH MPOBOASIIUX OKCHIOB.

IIpeononenue no mkane T, orMeTku 77 K IBUTOCH MOUIHBIM TIPO-
pLIBOM Ha MYTH MPaKTUYECKOIO OCBOCHUSA CBEPXIPOBOAUMOCTH, TMO-
CKOJILKY OTKPBITUCH peajibHbIe BO3MOXHOCTU PE3KOTO CHUXEHMS 3aT-
par Ha KpuoobecrieueHue pa3paboTok 6aroaapsi nepexony Ha Xui-
KHUIi a30T — OAMH U3 CAMBbIX JCLIEBbIX M JOCTYMHBIX XJIaAOHOCUTEIEH.
ToKCHYHOCTb COSAMHEHU, COAepKAIMX TAUTUI U PTYTh, CYLIECTBEHHO
OrpaHUYMBACT NPOSBASEMBI K HUM MHTEPEC HECMOTPS Ha BBLICOKHE
KPUTHYECKUE ITapaMeTpHI.

OIHUM U3 CaMbIX U3YYEHHBIX U TIepcreKTUBHBIX MaTepuaios BTCII
SIBNIIETCSl UTTpUi-6apueBbiit kynpaT YBa,Cu;0;_ 5, 171 KOTOPOro Tex-
HOJIOTUS NOJNIYYEHUS OTpaboTaHa JOCTATOYHO XOpollo. OTKIOHEHUS
OT CTEXMOMETPHUECKOIO COCTaBa, XapaKTEPU3yeMbIe NapaMeTpoM &,
OTIpEACSIONIMM 00pa30M BAMSIIOT HA 3IEKTPODU3NYECKUE CBOHCTBA
dopmupyeMoit okcuaHoit daspl. B kpucramnax YBa,Cu;0,, T.e. npu =0,
CYMMAapHBIH 3apsii METAUTIHYECKHUX HOHOB He COTaHCHPOBAH 3apsaoM
IBYXBJIECHTHBIX WOHOB KUCJIOPOAa. DJIEKTpUUECKasT HEHTPaJIbHOCTD
KpHcTajuia obecrnieynBaeTcs 0j1aroxaps MOsIBACHUIO JbIPOK, NMPU 3TOM
B KauyeCTBe aKLENTOPOB, MOCTABJSIOLIMX IBIPKH B BAJCHTHYIO 30HY,
BBICTYIIAIOT M30LITOYHBIE MOHBI KUCIOPOIA.
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Kpucramnnyeckas peuieTka okcuaHo# dassl YBa,Cu;04 _ 5 obna-
JaeT OPTOPOMOMYECKOM CUMMETPHEHl U XapaKTepU3yeTcs napaMerpa-
mu a = 0,3824 um, b = 0,3894 umM, ¢ = 1,1682 um. Kak BuaHO U3 puc,
3.11 smeMeHTapHYIO IYEeHKY UTTPUI-0apHeBOro Kymnpara MOXHO MpeI-
CTaBUTh NOCJIeI0OBATEIbHON KOMOMHALME! BAOIb OCH € TPEX NCKAXKEH-
HBIX siueeK Tulia nepockuta ABQ;, U3 KOTOPHIX CPEAHSIS LIEHTPUPO-
BaHa aTOMaMM UTTPHUs, a IBE KpaifHHe — aToMaMu Gapust. B Heil ocra-
I0TCS CBOOOIHBIMH ITO3UIMK KUCTOPOA B TUIOCKOCTSIX, IIPOXOASIINX
yepe3 aTOMbI UTTPHsL. JIETKO 3aMETUTDb YepEAOBaHME KYIIPATHBIX CJIOEB
CuO,, napasuienbHbix 0a3UCHON IIOCKOCTH ab, ¢ uenoukamu CuO,
OPUEHTUPOBAHHBIMU BIOJL pebep b aneMeHTapHOH stueiiku. Ciouctoe
ctpoeHHe okcuna YBa,Cu;O; _ 5 NpUBOIUT K CUJIIBHON aHU3OTPOIMUHU
€ro 3JIeKTPUYECKUX CBOMCTB — IIPOBOIUMOCTD BAOJIb OCH ¢ OKA3bIBAET-
€51 HAMHOTO MEHBblIIe, YeM B NepIeHAUKY/ISIPHOM HaIlpaBjieHUH, T.€. B
IIOCKOCTH ab. MOXHO noJsiaraTh, YTO HOCHTEIM 3apsaa JIOKaJIN30Ba-
Hbl B cnosix Cu— O ¥ ¢ TpyAoM apeidyioT BAOIb OCHU C.

Hsmepenus npoBoauMOCTU U 3¢dekTa XoIa yKa3blBaloT Ha TO,
4yTO B coeauHeHUH YBa,Cu;0; OCHOBHBIMU HOCHTEISIMHU 3apsiia sB-
JIAIOTCSA ABIPKHU, TIPU 3TOM aKUENTOpaMHU ClyXar HoHbl O*, pacro-
JIOXKEHHBIE B 06a3UCHBIX IIOCKOCTAX. M3 puc. 3.11 caeayer, 4To Ha
OIHY DJEMEHTAPHYIO STYEHKY NMPUXOAATCS OAUH aroM axkmerropa, a
CIEeIOBATENLHO, U OHA AbipKa. C yyeToM
3TOro KOHUEHTpPaLMIO IBIPOK JIErKO pac-
CYMTATh U3 COOTHOLIEHUS p = (abc)™L. Pac-
yer AaetT 3HauyeHHue p=5- 107 M7, T.e. daza
YBa,Cu;0,; B HOpMaIBHBIX YCIIOBUSX MPEA-
cTaBisieT OO0 BRIPOXACHHBIA ABIPOYHBIN
MIOJ1YTIPOBOAHHUK, CBOICTBA KOTOPOTO O/113-
KU K 3JIEKTPHYECKUM CBOICTBAM METAIUIOB.

KoHlieHTpauys ALIPOK YMEHbILAETCS IO
Mepe Bo3pacTaHus nedulUTa KUCIopoaa
B KPUCTA/UTMYECKOH pelICTKE COSAUHEHUS,
T. €. IpY YBeJIUYCHUH MapaMeTpa d. B yact-
HOCTH, IIpH O = | OKCHA NEPEXOIUT B TET-
paroHaabHYI0 a3y U NpuobpeTaeT AUIICK-
TpUUYECKUE CBOIMCTBA. LISt MOAyYeHUs TeT-
paroHaAbHOM CTPYKTYDPHl COEIUHEHUS
YBa,Cu;04 HEOOXOAUMO YIAIUTh U3 3Je-
MEHTApHON A4eHKU MOHBI Kucjaopona O¥,
HaxonstuiMecss B 6a3MCHBIX TUIOCKOCTSX, U
NMoAOXUTh a = b. Puc. 3.12 winoctpupyet
BJIMSTHUE COJEpXaHUS KUCIOpOAa B MT-

Puc. 3.11. DnemeHTapHas s;ueika KpUCTAUIA-
yecko# okcumHoit dasst YBa,Cu;0,
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TpUi-0apUeBOM KyIipaTe Ha KpPUTHYECKYIO TeMIepaTypy nepexona B
COCTOsIHUE CcBepXxnpoBoauMocTu. Kak BuaHo u3 puc. 3.12, naubosee
BBICOKOW TemrmepaTypoil mepexona 7T, = 95 K obnamaroT oKcuabl ¢
aeduumMtoM Kuciopona 6 <0,2. B To xe Bpems npu 6 > 0,64 matepuan
TepsIeT CBePXIIPOBOJISIIIIME CBOMCTBA U CTAHOBUTCS IU3IEKTPUKOM. 3a-
MEHa MOHA UTTPUS Ha PEIKO3EMEJIbHBINA dJIEMEHT cnabo BIMSET Ha
3JIEKTPUYECKUE CBOMCTBA KynpaTa M Ha ero KpUTHYECKYIO TeMIlepaTy-
Py T

I'lo xapakrepy MCUE3HOBEHMSI CBEPXITPOBOMUMOCTH B MATHUTHOM TTOJIE
Marepuaisl BTCIIT oTHOCSTCS K CBEPXMPOBOAHMKAM 2-TO pomaa, Mpu-
YeM B HEKOTOPBIX M3 HUX BEPXHSS KPUTHYECKAsl HAMPSDKEHHOCTh Mar-
HUTHOTO M0JIs1 IOCTUIAeT PEKOPAHO BLICOKUX 3HaueHMit (6onee 107 A/m).
Kak 1 B MeTamluMyecKHMx CBEpXNMpoBoaHuKax, y marepuanoB BTCII
Ha0J10aaeTCsl KBAHTOBAHUE MarHMTHOTO MOTOKA. MarHUTHBLIM MOTOK
yepes OTBEPCTUE B CBEPXIIPOBOAHUKE OKA3bIBAETCS TOUHO PABHBLIM Lie-
oMy yucay dpmoxcounos Oy = 4/ (2e). D10 00CTOATENBCTBO AAET OC-
HOBAHMS 1Ojarath, YTO B CO3MAHMM CBEPXIPOBOISALLEIO TOKAa IMpH-
HMMAIOT Y4acTHE YacTHULbI C 3apsiioM 2e, T.€. aHAIOIU KYIEPOBCKUX
nap. ITo-suaumomy, B Marepuanax BTCII Takue KynepoBCKMUE Napbi
00pa3yIoTCst ABIPKAMH.

ITepexon K cocTosiHUIO ¢ HyAeBbIM p B Matepuanax BTCII ocyiue-
cTByIsIETCA B OONee IIMPOKOM MHTepBajie Temnepatyp AT, YeM B HU3-
KOTEMITepaTypHbIX CBEPXTIPOBOJHMKAX, TIPH 3TOM 3HaueHHe AT, 3a-
BUCUT OT criocoba npurotoBieHus okcujor BTCII. Hanpumep, nyy-
mwue ek YBa,Cu;O;_;, momy4eHHBIE METOAOM MAarHeTPOHHOTO
pacnbuienusi, umeroT AT,,=0,5... 1,5 K. B To xxe BpeMsi B KepaMHUYECKUX
oOpa3uax 3HayeHue AT, MoxeT npesbliiath 10 K, 1 cTonb cuabHYyIO
Pa3MBITOCTh CBEPXTIPOBOISNIETO NMEPEXOJA CBA3BIBAIOT ¢ HAIMYUEM B
kepamuke BTCII kpucramnyeckux $has ¢ pa3nuyalomuMUACT KPUTH-
YECKUMMU TeMIiepaTtypaMu T,.

IIIupyHa CBEpXIPOBOASILUETO MEpexoa Mo WKajae TeMIepaTyp cy-
LIECTBEHHO BO3PacTaeT MPH NPUIOKEHNH BHEIIHEr0 MarHMTHOTO TOJS.
Y MeTaUTMYECKUX CBEPXMPOBOJHUKOB MarHUTHOE IOJie IIPUBOIUT K

TCB) K
100 =
80 \\
60 -
40 -\\
\ Puc. 3.12. 3aBUCUMOCTb KPUTHUYECKOHI
20 \ TEMIIEpaTyphl 1epexoaa B COCTOsIHME
CBEPXITPOBOAMMOCTH OT COJAEpXKaHUs
0 0204 06081053 KUCJIOPOa B UTTPUii-6apueBOM KyII-

YBa; Cu3 07 YBa; Cu; Og pate YBa,Cu;0; _;
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CABUTY KPUTUYECKOH TeMnepaTyps! 1., B CTOPOHY Gojiee HU3KMX 3Ha-
yeHuit, a B Matepuasiax BTCII Bmecto caBura Ha 3aBucuMoctd p(7T)
NOSBJISIETCS] IUMPOKUH TeMIlepaTypHbIi LneHd.

MeToan noayyenns. CiaoxHoOCTh cuHTe3a maTepuasoB BTCII cs-
3dHa C UX MHOTOKOMIOHeHTHOCTHI0. Hanbosee npocToil M AoCTynHOM
SIBJISIETCS KepaMUUecKasl TeXHOaorus. [TonyyaeMble MpH 9TOM o0pasiibl
MIPEACTABJSAIOT COOOH COBOKYITHOCTD 3ePEH, OTHOCUTEIBHO €jiabo CBSI-
3aHHBIX APYT C APYI'OM, M OTIMYAIOTCS XPYNMKOCTHIO M 3aMETHOH ITO-
pUCTOCTBIO. OTKIOHEHUST OT CTEXHOMETPUIECKOTO COCTaBA MO KMCIO-
pony & JIETKO PEeryJupyloTcsl peXXHMOM OTXKUra, T.€. TeMIIEpaTypol U
COCTaBOM CpENbl, [UIMTETLHOCTBIO OTXKMra, a TakXe CKOpPOCThbIO Ha-
rpeBa ¥ OXJTAXACHUS. BOABLIYIO pOIh UTPAIOT MEX3EPEHHBIC I'PAHUIIBL,
KOTOpbBIE MIPEACTABIISIIOT CO00M pe3UCTUBHYIO (haszy. OOBIUHO O nepexo-
ne B Cll-cocroanue cymar no addexkty MeliccHepa, Korna Kaxaoe
3¢pHO AaBTOHOMHO PearupyeT Ha MAarHUTHOE TOJIE M CBOMCTBA KOHTAK-
TOB MEXIY 3¢pHAMM He BIMSIOT Ha 3(PdeKT BhITanKUBaHUS 00pasLa.
OnHaKo MeX3epeHHbIe IPAHULIBI UTPAIOT CYLIECTBEHHYIO POJb B (hop-
MHPOBAHUH TPAHCTIOPTHLIX CBOICTB, T.€. OKA3bIBAIOT BIMSIHUE Ha Xa-
pakTep nporekaHus Toka. [1o3ToMy HYXHO ITogoupaTh TEXHOJIOrH4eC-
KUE PEXUMBI, 00ECNCUMBAIOLIME MaNblif 00beM PE3UCTUBHOI ¢asbl.
OnvH U3 BAPUAHTOB PEUICHUS NMPOOJIEMBI CBA3aH C UCMONB3OBAHUEM
pacruiaBHoi texHonoruu st nmonydeHus: BTCIT-kepamuku. Peanuza-
LIMst 3TOTO BaPUAHTA HE BBI3bIBAET TEXHUUECKUX TPYAHOCTEH Onarona-
ps1 JIETKOIIaBKOCTH CBEPXIIPOBOISIINX KYIIPATOB.

J1st TpUMeHEeHHMs B IpUOOpax M YCTPOUCTBAX AEKTPOHMKM Haubo-
naee nepcriekTuBHBbI wieHKU BTCIT. Cpeau 6onblioro pazHooOpasus
METOAOB HAHECEHWS] TOHKMX IUICHOK I (DOPMHUPOBAHHS CTPYKTYD
BTCIT Haubonspliiee pacnpocTpaHeHUe MOJYYMIUM METOMAB! Ja3epHOro
M MarHeTpOHHOro pacnbUieHUs. TTOMTOXKAMY TSI OCAXKIAEMBIX TUIe-
HOK CJyXaT MoHokpuctauisl MgO, AlLO;, ZrO,, LaAlO;. lupoxoe
pacnpocTpaHeHHUE METOAA MarHeTPOHHOTO PacblICHUSI 00YCIOBICHO
€ro MpPOCTOTOM, XOpOollIeH yIIpaBisieMOCThIO IIPOLECCOM POCTa, a TaK-
K€ IOCTATOYHO BBICOKOH BOCITPOU3BOAMMOCTBIO PE3YILTATOB.

IIpumMenenue. BO3MOXHOCTH ITPaKTUYECKOTO MPUMEHEHUST MATEpH-
anoB BTCII Bo MHOroM OrpaHW4YMBAIOTCS HEBBLICOKOH IMJIOTHOCTBHIO
KPUTHUYECKOI'O TOKa, CWIBHOM €ro 3aBUCMMOCTbIO OT HANPSLKEHHOCTH
MarHUTHOTO MOJISI, & TAKKE XPYIKOCTbIO MAaTEPUATIOB M pa3BUBAIOILIM-
MHMCS B HUX IIPOLIECCAMM YCKOPEHHOM Aerpaianuy, 1. €. HeoOpaTHMOro
VXYILIEHUS 2eKTpodusnyeckux cBoictB. OnHa U3 NPUYMH NOSBIE-
HUSl YKa3aHHBbIX HEJOCTATKOB CBSI3aHAa C TIPAHYJISPHONH CTPYKTYpOH
marepuanos BTCII. CamonpoussoibHoe GopMUPOBAHUE TPAHYASIPHOI
CTPYKTYpPbI COIPOBOXIAETCA 00pa30BaHUEM MUKPOTPEILIMH BCIeICTBUE
aHU3OTPOMHOIO TEIIOBOTO paciiupeHusi. Cnabble CBSI3M MEXAy rpaHy-
JIaMU MPEAOHPEACTSIIOT MAIYIO MEXaHMYECKYIO IIPOYHOCTh U XPYIKOCTh
BTCII-kepamuxu. dns pacluvpeHUst BOZMOXHOCTE! TIPaKTUYECKOTO
ucnosb3oBanusi BTCIT cuHTE3MpPYIOT KOMITO3ULIMOHHBIE MATEPUATEI B
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¢opmMe neHT U NMpoBoAOB. OOUH U3 HanboJIee MPOCTHIX CITOCOO0B U3ro-
TOBJICHHS TIPOBOAOB MPEAIOJIAraeT HaMoJHEHHE METATUIMYECKUX TPY-
ook mopouikom BTCII u nocnenymolune cTaguu TepMooOpaboTKH,
BOJIOYEHHUS WIH MPOKATKH.

J1a 3alMTH pa3IM4YHBIX KPUOTEHHBIX MPUOOPOB OT BO3IAEHCTBUS
BHEIIIHMX MAarHUTHBIX IMOJei, BKITIOYAsi CTATHUECKUE, MOTYT € YCIe-
XOM MCIIOIB30BaThCS CBEPXITPOBOASIIIME SKpaHbl 3 kepaMuku BTCII.
B sToM cnydae Gnarogaps addekty MeliccHepa IporuCcXOanUT BHITECHE-
HUE MarHuMTHOro noJisi M3 odbema cBepxmnpoBoaHMKa. Haubosbliee
pacnpoCTpaHEeHUE MOJYYUIN UWIMHAPUUECKHE ONHOCIOUHBIE 3Kpa-
HBL JJ15 JOCTHXEHHS BLICOKOM 9KpaHUPYIOLIeH CrTOCOOHOCTH TOJLIM -
Ha CIT-0001049KH J0KHA MMPeBbILATh IIYOUHY IIPOHUKHOBEHUS JIEK-
TPOMArHUTHOTO TOJSl B BelIECTBO. IIpH MCIONB30OBAHMHM B 3KpaHax
kepaMuku Y Ba,Cu;0;_ s MUHAMATbHAS TOJIIMHA 3aLUUTHOTO C/I0s1 IPH
77 K cocraBisieT necaTsie J0JAU MUKPOMETPA.

Cpeny CrienuanucTOB CIOXIIOCh YCTOUYMBOE MHEHUE, YTO LIS
NpUMEHEHHUS B YCTPOMCTBAX MUKPOIJIEKTPOHUKH 60Jiee IepPCITeKTUB-
Hel ek BTCII. B yactHOCTH, TaKHe IIEHKY C YCIIEXOM MCITOJIb3Y-~
IOTCSI B KaUeCTBE aKTUBHBIX 3MEMEHTOB CBEPXIIPOBOAHUKOBBLIX 60J0-
METPOB — TEIJIOBBIX IIPUEMHUKOB U3NIYUECHHUS, OTIMYAIOLIUXCSA HECe-
JIEKTUBHOCTBIO ¥ TJIAAKOCTBIO CIIEKTPATIBLHOM XapaKTEePUCTUKH B IITH-
pokoM auanasoHe yacrot. brictponeficteue BTCII-6onomeTpos yaa-
eTcst gosectu 10 T ~ 10710 ¢c. YTo6BI MONYYUTh MAKCUMAIBHYIO (OTO-
YYBCTBUTEIBbHOCTb, HEOOXOOUMO paboyylo TemIepaTrypy npubopa co-
BMECTHTD C TEMIIEPATYPOI, KOTOpas COOTBETCTBYeT MakcuMymy dR/dT.
DTO coBMellleHHe obecrneynBaeTCs MyTeM IMOMELEHHs DOJIoMeTpa BO
BHEIUHEE MarHUTHOE Ioje. Jaxe He3HAYMTENILHOE MOBBIIIEHUE TEM-
repaTypbl aKTUBHOTO 3JIEeMEHTa NPU MNOIJICUICHUU B HEM ONTHYECKOTO
U3Y4YECHUS BBI3BIBACT PE3KUI POCT DJEKTPHUYECKOTO CONPOTHBICHUA
BTCII-nnenku. ITo u3amMeHEHHIO NPOTEKAIOHIETO TOKA MOXHO CYIUTh O
MOHIHOCTH IMaIaloliero U3MydeHHs.

Hanyyenue

Puc. 3.13. Cxema meHoyHoro CIT-kiioya ¢ 1a3epHbIM YIIpaBIeHUEM:
1 — cBeroson; 2 — BTCII-nnenka; 3 — noanoxka
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TTpuMepoM co3aHUsT KOMMYTALIMOHHBIX 3ieMeHToB Ha BTCII-ruten-
KaX MOXET CJIYKUTh KJOU C JIa3¢PHBIM YIIPaBNA€HUEM, [TOKA3aHHbII Ha
puc. 3.13. ITpu nojaye 1o BOJIOKOHHOMY CBETOBOAY Ha aKTUBHBIH 3J1e-
MEHT OIITHYECKOro M3IyueHMs Jaxe Hebonbiuoit mowHoctn BTCII-
MJIEHKA MCIBITLIBAET MEPEXO B PE3UCTHBHOE COCTOSIHME, T.C. €€ CO-
MPOTUBIEHHE PE3KO BO3PACTAET, UTO OrPAHUYMBACT BEIUUUHY IIPOTe-
Kalollero Toka. Bpemsa cpabaThiBaHKs TAKOTO KJTIOYA HAXOMAUTCS B Iipe-
gemax 1073... 107" ¢. OH MoXeT GbITh MCMOJB30OBAH Ul YIPABICHUS
paboToii rpoueccopa.

Ha ocHoBe BTCII-nieHOK peasin30BaHbl pa3TUyHbIE TACCUBHBIE U
akTuBHbIe 3neMeHThl CBU-snektpoHuku. Kak ¥ B MeTaLIMYeCKUX
cBepxmpoBoaHuKax, B Matepuanax BTCII nabmonanoce mxo3sedco-
HOBCKOE TYHHEJIMPOBAaHUE HOCUTENICH 3apsiia yepe3 TOHKHUI cnoil nu-
anekTtpuka. Hanpumep, ¢ nomouisio CKBHUoB yaaercss uaMepsTh
MarHUTHOE TI0JIe YeIOBEYECKOro Ceplia HanpsKEHHOCTBIO BCETO JIKIb
10-7 A/m. Takue BO3MOXHOCTH PETU30BaHbl B MEIMIIMHCKOM CBEPX-
YyBCTBUTENbHOM ammaparype, NpeiHa3HAaYeHHOU LISl CheMKHU IACKT-
posHledanorpamMm. MamepeHue ci1abblx B3MEHECHU MATHUTHOIO MO
3eMJIK UCIIONb3YETC B reoPU3NUECKUX MpUOopax npu Noucke HedTs-
HbIX U MUHEPATLHBIX MECTOPOXACHUM.

CreyeT NOTYEPKHYTh, YTO HOBbIE CBEPXIIPOBO/ISILNE OKCHIHbIE Ma-
TEPHATBI CMOCOOCTBYIOT HE CTOJILKO pa3paboTKe MPHHUMITMAIBHO HOBBIX
NpUOOPOB WK YAYUILLICHHUIO TapaMeTpoB cyiiectBytounx ClT-ycTpoiicTs,
CKOJIBKO YACLICBISTIOT KPUOOOECICUeHUE UCIIONb3YyEMbIX pa3paboToK.

3.5. CIINIABBI BLICOROI'O COITPOTHUBJIEHUA
H CIIJIABBI AJ1 TEPMOIIAP

Cunnasbl BHICOKOro conpotuBieHns. CrilaBaMy BHICOKOTO COITPOTHBIC-
HMS Ha3bIBAIOTCS TIPOBOAHUKOBBIE MATEPUAIIBI, ¥ KOTOPBIX 3HAYEHUS P
B HOPMAJILHBIX YCIOBUAX COCTaBIsOT He MeHee 0,3 MKOM - M. OHHU nipu-
MEHSIOTCS TIPU U3TOTOBJCHHUHM SNIEKTPOU3MEPUTENBHBIX NpUOOPOB,
00Opa3IOBBIX PE3UCTOPOB, PEOCTATOB M 3EKTPOHATPEBATENbHBIX YCT-
poiicTs. Ilpy HCTONB30BaHUH CIUIABOB B DIEKTPOU3MEPUTEIIbHOU TEX-
HUKE OT HHUX TpeOyeTCs He TOJMbKO BBICOKOE VIENLHOE COTIPOTHBIE-
HME, HO U BO3MOXHO MEHbILEE 3HAYEHHUE O, a TAKXKE Manas TepMO-
3OC otHOCUTENPHO Meu. [ IpOBOTHUKOBbBIE MaTEPHAIBI B 3AEKTPOHA-
rpeBaTeNbHBIX PUOOPaX TOKHBI JUTMTENILHO paboTaTh HA BO3AYXE MPH
temrieparypax nopsinka 1000 °C. Cpenu 60Jb1LIOTO YUCTIA MATEPHATIOB
IUISL yKa3aHHbBIX Lenel Haubosiee paclipoCTpaHEHHBIMU B MTPAKTUKE $IB-
JISIOTCS CITIaBbl HA MEIHOM OCHOBE — MAaHFaHMH M KOHCTAaHTaH, a
TAKXKE XPOMOHUKEJIEBBIE U XKEAC30XPOMOATIOMUHHUEBBIC CIUIABBI.

Maneanun — OCHOBHON CIUTaB HA MEIHOH OCHOBE IS 3JIEKTPOMU3-
MEPUTENBHBIX MPUOOPOB U 0OPa3UOBBIX PE3UCTOPOB, COCTAB U CBOM-
CTBa €ro npuBeneHs B Ta6J. 3.3.
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Tabnuma 3.3
OCHOBHBIE CBOHCTBA CHJIABOB BLICOKOTO CONPOTHBJICHHS
Vienboe TemnepaTypHbiit TepmoB/IC Ipenens-
xoabPULHEHT p Hasi pabo-
Crinas conpo- YAEABLHOTO OTHOCHTENL- yas
TKBJ:)CH{&e, COTIPOTUB/EHHS, HO rvg?/nlg ’ TeMiiepa-
MKOM * M o, 106, K- MK Typa, °C
Manxranut 0,42...0,48 5...30 1..2 100...200
(86 % Cu,
12% Mn, 2 % Ni)
Koxcranran 0,48...0,52 —(5...25) 40...50 450...500
(60 % Cu,
40 % Ni)
XpOoMOHHKEIEBBIE
CILJIaBbI:
X15H60 1,0...1,2 100...200 — 1 000
(55...61 % Ni,
15...18% Cr,
15 % Mn,
octaspHOE — Fe)
X20H80 1,0...1,1 100...200 — 1100
(75...78 % Ni,
20...23 % Cr,
1,5% Mn,
ocransHoe — Fe)

Jisi mony4eHus MaJioro o, U BbICOKON CTaOMIbHOCTH COTPOTHUBIIE-
HMS BO BPEMCHM MaHTaHUWH IIOABEPraloT ClelUanbHOH TepMUUECKOM
obpabotke — oTxury nipu 350...550°C B BakyyMe C NOCICOYIOLIUM
MEUTEHHBIM OXJIAXACHUEM U JOTIONHUTEIbLHON JUTMUTEJbHON BhlAEPXK-
KOU TIPU KOMHATHO! TEMIIEpaType.

Koncmanman — criiaB Meau v HUKens (cM. Tabn. 3.3). ConepxaHue
HHUKEJISA B CIIaBe MPUMEPHO COOTBETCTBYET MAaKCUMYMY O M MUHUMY-
My o, st crutaBoB Cu— Ni (cm. puc. 2.7). KoHcTaHnTa Xopouio nojajia-
eTcsi 00paboTKe, ero MOXHO IPOTITHMBATh B IIPOBOJIOKY M MPOKATHI-
BaTb B TOHKYIO JIEHTY. 3HaYeHHUe 0, KOHCTAHTaHa OIM3KO K HYJIO U
OOBIYHO MMEET OTPULIATENbHbIA 3HAK.

KoHcTaHTaH NPUMEHSIETCS JUTSL MU3TOTOBJICHHUS PEOCTATOR U INMEKT-
pOHarpeBaTe/IbHbIX JIEMEHTOB B TE€X CAyyasx, Koraa pabodyasi TeMie-
patypa He npesbiiaet 400...450 °C.

IIpu Harpese 10 1OCTATOUHO BHICOKON TEMIIEPATYPh! HA MTOBEPXHO-
CTH KOHCTaHTaHa o0pa3yeTcst IUIEHKa OKCUIA, KOTOpast 00J1alaeT 3JIeK-
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TPOU3OMSLIMOHHBIMYM CBOMCTBAMM (OKCUIHASA u3onsAnus). ITokpeITyio
TAaKO# M3OJSLUEA KOHCTAHTAHOBYIO IIPOBOJIOKY MOXHO HAaMaTbiBaTb
IUIOTHO, BUTOK K BUTKY, 03 0COO0H U3OJISIMY MEXIY BUTKAMU, €CITH
TOJBKO HAIPSDKEHUE MEXIY COCEIHUMH BUTKAMH He Tipesbiinaet | B.
Taxkum o0pa3oM, Hampumep, U3TOTOBJISIIOT PEOCTATHL.

KoHcTanTaH B rape ¢ MEIbIO WM XeJIe30M NpUodpeTaeT OONbIIYIO
tepMoB/IC, M03TOMY OH C YCIIEXOM NPHUMEHSETCS JUIsl U3TOTOBICHUS
TEPMOTIap, KOTOPbIE CIYXAT JUIS U3MEPEHUS TEMIIEPATYPhl, €CNU OC-
JISIHSISE He TIPEBbILIAET HECKOJBKHX COTEH I'PalyCoB.

Xpomonurenegvle cnaasvl (HUXPOMbL) UCTIONB3YIOTCS U U3FOTOBJIE-
HUsI HATPEBATEJIbHBIX 3ICMEHTOB 3JCKTPHUYESCKUX TeUel, IVIUTOK, Ma-
SUTLHUKOB U T.[I.

CTOIKOCTb XpPOMOHMKENEBBIX CIUIABOB IIPY BHICOKOI TeMIepaType
Ha Bo3ayxe (CM. Tabi. 3.3) obbsicHsieTcs OJIM3KMMU 3HAYEHUSIMM TEM-
riepaTtypHbIX Ko3¢hGUIIMEHTOB JUHEHHOrO paCcIlMPEHUS CIIAaBOB U UX
OKCHUAHBIX MieHOK. [To3ToMy mocnenaHue He pacTPECKMBAIOTCS M HE
OTHEJISIOTCSI OT MPOBOJIOKHU TIPU €€ HarpeBaHWM M TEPMHUYECKOM pac-
mupeHun. OIHAKO XOTSA TeMIlepaTypHble KOG PHULUMEHTH pacLimpe-
HUS CIUIaBa M OKCHJOB XpOMa Y HUKEJS OJU3KM, OHM HE OAMHAKOBBI,
BertencTBue 3TOro Npy pe3kux U3MEHEHUSIX TEMIIEPATYPhl MOXKET TPO-
HUCXOOUTb PACTPECKMBAHUE CJIOS OKCHUOOB, IIPU IOCICAYIOLIEM Harpe-
B€ KHMCJIOPOJI MPOHUKAET B TPEUIMHBI U IPOU3BOAUT JIOMONHUTENBHOE
okucienue ciutapa. CneaoBaTebHO, TPY MHOTOKPaTHOM KpaTKOBpe-
MEHHOM BKJIIOUYEHHUH 3JICKTPOHATPEBATEIbHBIH 3JIEMEHT U3 XPOMOHUKE-
JIEBOTO CIUIABA MOXET MEPErOpeTh CKopee, YeM B CJIydae HelpepbIBHOTO
peXuMa Harpera (TeMIlepaTypa Harpesa OHa U Ta XXe B 00OUX CPDaBHHBA-
€MBIX CJTyyasx, a CPOK CIIYyXOB MOXeT omindareea B 20— 30 pa3s).

CpokK ¢ty X0bl HarpeBaTeIbHbIX 3JIEMEHTOB MOXHO YBETHUUTD, €CITH
3aM1eJIaTh CIIUPAIY B TBEPAYIO MHEPTHYIO cpely (IJIMHA — HIaMOT), Iipe-
JIOXPAHSIIOINYIO UX OT MEXaHHMUYECKHUX BO3AEHCTBUIL M 3aTPYIHSIOUIYIO
JOCTYII KUCIOpOAa.

CpoK ciyX0bi XpOMOHHMKENEBBIX CIIABOB XapaKTepuayeT puc. 3.14.
OkcuiHble IUIEHKH Ha MOBEPXHOCTH HUXPOMAa MMEIOT HeOOJbIINE U
CTa0WJIbHBIE B HLIMPOKOM HMHTEPBAJIC TEMNEPATYP KOHTAKTHBIE CONPO-
TUBJICHUS JaX€ IPU MajlblX KOHTAKTHBIX ycwiusix. braromaps stoMy
TOHKast TUTACTHYHAS HUXPOMOBAS POBOJIOKA UCIIONB3YETCS A1 U3ro-
TOBJIGHUS MMHMATIOPHBIX BHICOKOOMHBIX NEPEMEHHBIX PE3UCTOPOB C
XOPOULIMMH TEXHUYECKUMHU XapaKTepUCTUKAMH.

Toukue rieHKY u3 HUXpoma X20HS80, nmomyyaeMele METOIOM Tep-
MHYECKOIo MCTIapeHUs M KOHACHCALMM B BaKyyMe, LIMPOKOC MpUMeE-
HSIIOTCSE JUTSL M3TOTOBACHUST TOHKOIUIEHOYHBIX Pe3HCTOPOB, B YACTHOCTH
PE3UCTOPOB HHTErPATLHBIX MHKpOCXeM. U1 5THX 1iefeit 06bI4HO hOopMH-
PYIOTCS TUICHKU C TIOBEPXHOCTHBIM CONMpOoTURIeHUEM R = 50...300 Om
Y 0, U3MEHAWNMCS B npenenax ot —3- 1074 go +2- 10 K-!. Takue
IUICHKHY 00J1a1al0T AOCTATOYHO XOpolleH aare3ueil K AUDIEKTpHYE-
CKHUM TIOJUTOXKAM U BLICOKOI CTaOHIbHOCTBIO CBOHCTB.
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Ciuiasbl At TepMonap. XoTs MHOIME METa/IOUIbI (B IIEPBYIO o4ye-
pelb, TOJYNPOBOAHUKM) MMEIOT GONBIIME MOTeHIIMATIbLHBIE BO3MOX-
HOCTU JJisl YCTIEUTHOrO MPUMEHEHUS B TEPMODJIEKTPHUECKON TepMO-
METPHHM, TEXHOJOTUSI UX U3FOTOBJICHUS SIBISIETCS HEAOCTATOYHO CO-
BepiueHHoi. [loaToMy nonagJisitolliee GOJILLIMHCTBO TEpMONap U3ro-
TOBJISIIOT M3 META/UIMYEeCKUX KOoMNoHeHToB. Haubonee yacro npume-
HSIOTCS CJIEAYIOLUME CILIABbL;

« komeinb (56 % Cu u 44 % Ni);

« anmoMensb (95 % Ni, ocranbHble — Al, Si 1 Mn);

« xpoMenb (90 % Niu 10 % Cr);

« tutatuHopoauit (90 % Pt u 10 % Rh).

Ha puc. 3.15 npusenetinl 3aBucuMoctH TepmMo3J1C 0T pa3HOCTH TeEM-
NepaTyp ropsyero M XOJOIHOrO CIaeB Ijisi Haubojee yrnoTpeOuTeib-
HBIX TEpMOITap.

HeGouibliive U3MEHEHHUsI COCTABa CIUIAaBa MOTYT IMPHBECTH K 3HAYH -
TeJbHbIM M3MeHeHUsiM TepMoDIC. OgHako 3TO He BIUSIET HA TOY-
HOCTb U3MEPEHMIA, eCJIH TOJILKO TepMOoTlapa He UCIIoNb3yeTcs 6e3 npe-
BapUTEJIbHON I'PAAYHPOBKH.

TepMomapbl MOXHO TIPUMEHSTD JJIsI U3MEPEHUS CIAEAVIOIUUX TEM-
neparTyp:

e [IATUHOPOAUI — r1aTHA o 1 600 °C;

» MeJlb— KOHCTAHTaH U Meab— Konenb 10 350 °C;

e XXEJ1€30 — KOHCTAHTaH, XeJe30 — KOIe/lb U XpoMejlb— KOIIEJb 10
600 °C;

« XpoMeJib— atoMens 1o 900...1 000 °C.
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Puc. 3.14. 3aBucrMocTh CpoKa C1yXObl MPOBOIIOKH U3 XDOMOHHUKENEBBIX CILTa-
BoB auamMeTpoM 0,4 MM OT TeMIlepaTypbl HarpeBsa npu MpepbIBUCTHIX UCIIBITA-
HUSX
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Puc. 3.15. 3asucumMoctsb TepMoD I C OT pasHOCTU TEMIIEPATyp ropsiuyero v Xo-
JIODHOTO CIIaeB Ul pacnpoOCTpaHeHHBIX TepMOTIap:
1 — xpoMenb—kormeb;, 2 — Xene3o—KOHCTaHtaH; 3 — Melb— KOHCTaHTaH; 4 —
XpoMmenb—anioMenb; 5 — W3Re—W25Re; 6 — BoabdpaM —peHuit; 7 — IUIaTHHO-
ponuit(Pt10Rh) — nmnatuna

U3 npuMeHseMBbIX B IPAKTUKE TepMOIIap Haubomblayo TepMoI4C
MIpU JAHHOW Pa3HOCTHU TEMIIEpATyp MMeEET TEPMOIapa XpoMesb— KO-
nesb. 3HaK TepMoIC y npuBeAcHHBIX Ha puc. 3.15 TepMonap Takos,
YTO B XOJAOAHOM CITae TOK HamnpasieH OT NEPBOTO Ha3BAHHOTO B Nape
Marepuaia Ko BTOPOMY (T.€. OT XpOMeJs K KOMNETO, OT MeIu K KOH-
CTaHTaHy U T.J.), a B IropgyeM crae — B 0OpaTHOM HaIpaBIeHUH.

bBosiblIMHCTBO TepMonap yCTOMUMBO paboTaeT JIUiib B OKUCIUTE/b-
HOI1 cpene. B npouecce WIHTEIbHOM SKCIUTyaTalluM MOXET HabnoaaTh-
Cs MOCTENeHHOe U3MeHeHue yaenbHoil TepmMoIC. IIpuunHamu He-
CTaOMJILHOCTU SIBASIOTCS 3arPSA3HCHUS MPUMECSIMHU U3 OKpyXaloilei
atMocdepst, JIETY4eCTh KOMIIOHEHTOB, OKUC/IEHUE NMPOBOJIOK, PE3KUE
neperu6sl ¥ aedopManiu, KOTOphle BHOCST BHYTPEHHHUE HaNpsikKe-
HUSI U CO3AAI0T (PUBHUYECKYIO HEOAHOPOIHOCTD.

Haubonee BbICOKOIl TOYHOCTHIO, CTAOMJIBHOCTBIO M BOCIIPOU3BO-
IVMMOCTBIO 00aaI0T TEPMOIApPh! IIaTHHA — JIATHHOPOUH HECMOT-
psl Ha MX Manylo yaeabHylo Tepmo3C. OTU KayecTBa OOBSCHSIOTCS
XUMHUYECKOH HHEPTHOCTHIO UCITOIB3YEMBIX MATEPHATIOB M BO3MOXHO-
CTBIO TOJIY4YaTh UX C BBICOKO# CTeneHbio YUCTOTh. ConepkaHue poaus
B CIUIABAaX MOXeT U3MEHSThCs B npenenax ot 10 xo 30 at. %. I1pu oueHb
BBICOKHUX TEMIIEpaTypax B OKUCIUTEIbLHBIX aTMOCc(hepax MaaTHHA Mel-
JIEHHO NpeBpalliaeTCs B JSTYUM OKCUII, YTO MPUBOIUT K U3HOCY Tep-
MoaJeKTpoaa. IlnarnHopoaueBbie TepMOIapel HaMOoIee HaleXKHbI NPU
paboTe B BaKyyMe U B HEHTpaJIbHBIX aTMocgepax.

Xpomens— aiioMesieBasi TEpMOapa UMEET CaMblil LIMPOKUH Auana-
30H paboyux TeMIlepaTyp CpeiM BCeX TepMomap U3 HeOnaropoiHbIX
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METJLIOB, OTINYAETCS NOCTOSHCTBOM yaeabHol TepMo31C sonue 0 °C,
HO OYeHb YYBCTBUTEJIbHA K 1e(hOPMALIUSIM M HEOJHOPOTHOCTSM, & TAKKE
[IOABEPKEHA Aerpajalyy B cpeje, CoAepXalueil yriaepou.

3.6. AMOP®HBIE METAJJIMYECKHE CIIJIABDBI

Oomue ceegenns. AMopdHble MeTaTMyeckue cruiasbl (AMC) npen-
CTaBISIOT coO0i HeynopsaoUYeHHbIC HEPABHOBECHBIE CUCTEMBI, 00MIa-
JIAIOLINe YHUKATBHBIM COUETaHUEeM JIEKTPUYSCKUX, MATHUTHBIX, Me-
XaHWYECKUX M XUMUYECKUX CBOUCTB. OHM OTHOCSITCS K CPAaBHUTEIBHO
HOBOM IpyIiie MaTepuajoB, UHTEHCUBHASA pa3paboTKa KOTOPBIX Haya-
nack ¢ 1970-x rr.

Hnst nzrorosnenuss AMC ucnonb3yloTes pa3IMuHbIe TEXHOIOTHYE-
CKHE€ METOJIbI, B OCHOBE KOTOPBIX JIEXKUT OBICTPHIN MEPEXOI KOMIIO-
HEHTOB CIUTaBA M3 XUIKOIO MM ra3000pa3HOIO COCTOSIHWH B TBEp-
JIoe, XapakTepu3yeMoe OTCYTCTBHEM IEePHUOAMYHOCTU B PACIOJIOXKE-
HuM aToMOB. [Ipu ouyeHb OBICTPOM OXJIAXICHUM pacIllaBa MIM KOH-
JieHcaTa 0b6pa3oBaHUe KPUCTALTUYECKUX 3apOAbIILeH OKa3bIBaeTCA 3aT-
PYIHEHHBIM N0 YUCTO KMHETUYECKUM MPUYMHAM.

CKOpPOCTHOE OXJIAXIEHHE paciliaBa MO3BOJISAET PeaIu30BaTh Henpe-
PBIBHBII MPOLIECC MONYYEHUA TOHKON aMOp®dHOI TeHTH WK IPOBO-
oK. AMopdHbIe cIIaBbl, (GOpMUpYeMbIe 3aKaJIKOi pacruiaBa, 4acTo
Ha3bIBAIOTCSI METAUTHYECKUMHU CTEKJIaMH, WIH HEKPUCTALUIMYECKUMU
MeTasiamu. [To BHelIHeMY BUAY OHM HE OTIMYAIOTCS OT METAUIOB B
KPUCTA/UIMYECKOM COCTOSIHHHU, HO MO BHYTPEHHEMY CTPOCHUIO U IO
paAny (GU3UKO-XUMUYECKUX CBOMCTB MMEIOT CXOACTBO C TPAAULIMOH-
HBIMH CTEKJIaMM M3 IM3JICKTPUKOB. biaroaaps 6bICTpOMY 3aTBepaeBa-
HU10 AMC BO MHOTOM HACJIEeAyIOT CTPYKTYPY XUAKOTO COCTOSHUSI.

Crioco6HOCTb METAJLIOB U CIUIABOB K aMOpPGdU3aLUUU 3aBUCUT OT UX
XUMHUYECKOro coctapa. OueHb TPYAHO TIEPEeBECTH B aMopdHOe COCTOSI-
HHME YMUCTblE METALIbl U UHTePMETALIUYECKUE COCIMHEHUS CTEXUO-
METPUYECKOTro cocTasa. B crutaBax amopdHbie $asbl yaaeTcst noaydaTb
JIMILIB B OTIPEAEIEHHOM MHTEpBaie CocTapoB. Cpelr OUHAPHBIX CUCTEM
HauboJee CKJIOHHBI K CTEKJIOBAHUIC PACIUIaBbl, COCTAB KOTOPLIX O/1H-
30K K 9BTEKTUYECKOMY. PoJIb aKTHBHBIX aMOpGhH3aTOPOB UTPAIOT JIETH-
pyonue 100aBKH METaNIOMAHBIX KOMITIOHEHTOB.

Knaccudguganns u cocras. Bcio COBOKYMHOCTb NMpUMEHsSEeMbIX Ha
rmpakTuke AMC MOXHO ITOEpa3AeNuTh Ha ABe OoJbline rpynibl. Iep-
BYIO TPYTIIY COCTaBASIOT cruaBbl nepexoaHbix MeTamioB (Fe, Co, Ni,
Mo, Pd, Zr, Ti u ap.) ¢ Metrauouaamu (B, P,C, Si, Ge), npuuem
CYMMAapHOE COiepXXaHHe METAIONIOB 00bIuHO cocTamiseT 15...30 ar. %.
Bo BTOpYIO rpyIy BXOAAT CIIJIABbI MEPEXOAHBIX META/LIOB JIPYF C APY-
roM (Nb—Ni, Ti— Ni, Fe—Zr u ap.), nepexoaHbiX METAJIOB C pell-
KO3eMEeJIbHBIMHU JIEMEHTaMHU, MpeuMyliecTBeHHO TskeabiMu (Gd, Tb,
Dy, Ho, Yb u ap.), cniiaBsl ABYXBaJleHTHbIX MeTaioB (Mg—Zn,
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Mg—Cu), a Takxe ABYXBAJICHTHbIX METALIOB C nepexoaHbmMu (Cu—
Zr, Ti—Be u ap.).

Kpome 6unapubix AMC n3BecTHO 60JbLIOE UMCIO MHOTOKOMIIO-
HETHBIX CUCTEM, CIIOCOOHBIX 0Opa30BbIBAThL CTEKIIO(A3y.

3akounomeprnoctu amopduzanuu. CTek1006pa3HOMY COCTOSTHUIO CO-
OTBETCTBYET Cpefla C KWHEMATHYIECKOM BA3KOCTbIO 1 = 102 []a - ¢. Tem-
neparypy obpasoBaHusi Takoit cpeabl T, IpUHATO Ha3bIBaTh TeMIIepa-
Typoit ctexsioBaHus. Eciu uHTEpBan TeMIIepaTyp MeXIy TOYKOM TUiaB-
nenusi T,; M TeMnepaTypou cTeKJoBaHUst T, HeBEJIMK, TO aMop¢pu3a-
L{sI TAKOTO BEILIECTBA MPOUCXOAUT CPABHUTEIbHO JIETKO.

DopMUpPOBaHUI0 aMOPGPHOIO COCTOAHHUS CIIOCOGCTBYET CHIIbHAS
TEMIIepaTypHasi 3aBUCUMOCTD BSI3KOCTU. ITocaenHsist uaMeHsieTcs: 06-
paTHO MPOMOPUUOHATBHO KO3Q(PHUMEHTY AUDGPY3UN aTOMOB U He-
NIPEPBIBHO BO3PACTAET C MOHIDKEHUEM TEMITEPATYPhL. Y METAIIOB, KaK
NMpaBuJIo, BI3KOCTh PACIIaBa HEBEJIMKA, a €€ TeMIIepaTypHas 3aBUCH-
MOCTb BbipaxeHa c¢i1abo. [Toatomy, 4TOOB MUCKITIOUHTH KPUCTALIN3A-
M0 PacCIUIABIEHHOTO METajlla, CKOPOCTb €r0 OXIAXKACHUSA MOJLKHA
OBITH JOCTATOYHO BEJIMKA.

MMHUMAIBHYIO CKOPOCTb OXJIAXIEHUS R,, HEOOXOAUMYIO ISl aMOp-
¢uU3aLMU MaTepHrana, Ha3blBaIOT KPUTHUECKOHR. 3HaueHue R, TeM BBILIE,
yeM crabee TeMniepaTypHast 3aBUCUMOCTD BSI3KOCTH 1 YeM OOJIbIIE CKPbI-
Tas TersioTa TUIaBJIeHUs BeulecTra. JJisi YMCTHIX MeTa/LUioB R, BecbMa
Beauka (10191012 K/c), Becnenctsue yero ux amopdusauusi TPYIHO
peanusyeMa. CruiaBbl TUIIA META/UI — METAUIOM]T B ITOJABISIOIIEM 6OJTb-
LIMHCTBE Cy4aeB CIIOCOOHBI MEPEXOAUTDL B CTEKIIO00pa3HOE COCTOsI-
HUE IpU CKOPOCTAX oxnaxiaeHus meHee 10° K/c.

Kpurnueckas ckopocTh oxnaxnenus aas psaa AMC (R, K/c)

Nl .............. 7 '1010 Pd825i13 .......... 5 " 104 CO'ISSiISBIO ......... 3 * 105
Fegopzo ....... 8- 104 F630P13C7 ....... 6- 104 Ni40Pd40P3g ......... 6- 102
FCX:;B” ....... 106 FegoB[3P7 ....... 8-10* degCUGSiIG ........ 6-10?

Cnunnunropande pacmiasa. Cpedd MHOTOYMUCIEHHBIX CIOCOOOB
dopmuposanus AMC Hanbobliee TpaKTUYECKOe TIpUMEHEHHE T10-
JIVYWI METOJ 3aKajJKW M3 pacliulaBa, OTIMYAIOUIMICS MPOCTOTOH M
BBICOKO#1 POU3BOAMTEIBHOCTLIO. B 9TOM MeToAe CTpys XKHIKOrO Me-
Ta/lIa NOA AABJCHUEM Tra3a BLLIABAMBAETCS Yepe3 OTBEPCTHE B TUIIE
Ha OXJIaXAAeMy10 ObICTPO ABMXKYHIYIOCS MOBEPXHOCTH MOAJOXKU —
TeIJIONpUEeMHMKA, KaK 110Ka3aHo Ha puc. 3.16, a, 6. B xadecTBe noa-
JIOXKKHU OOBIYHO MCIIONB3YETCsl BHYTPEHHSIS UM HapyxKHas MOBEPX-
HOCTL BPALIAIOLIEIOCs HMAMHAPA, 2 TAKXKE BBINTYKJIasl WIM BOTHYTas
MOBEPXHOCTH AMckKa. [TogoOHas cxema OopraHM3alMy TEXHOJOTHYE-
CKOTo Ipoliecca MoJyymnia Ha3BaHUE «CIIMHHUHTOBAHWE pacruiaBar.
Jlyxuua u3 XuaKoro MeTaia, o6pasyioliascss Ha MMOBEPXHOCTH MO~
JIOKKHM M HETNPEPLIBHO MONOJHSeMAast U3 TUINSA, CIAYXKUT JTOKATbHbBIM
pe3epByapoM, M3 KOTOPOTC HETPEpLIBHO o0pasyercsl TOHKas 3aKa-
JIeHHasl JIeHTa.
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Puc. 3.16. Crioco0s! nosydeHus ToHKOM ieHTel AMC IyTeM 3aKaiky pacIulaBa;
a — LUEeHTpoOeXHAad 3aKaIKa; 6 — 3aKajika Ha JIMCKe; ¢ — 3aKajika B BajlKax (IIPOKaTKa)

CKOpOCTh OXJIXACHUS paciviaBa U opMa JEHTHI 3aBUCAT OT Ieo-
METPUH JIYKUIILL, ECM oHa poBHAs M CTalMOHApHAs B TeUeHHUE BCETO
MIpollecca, TO B Pe3y/AbTaTe MOJYYaeTCs JIEHTA ¢ POBHOH KPOMKOH M
[J1aIKOH NMOBEPXHOCTHI0. TOYHOCTD MOAIepKAHUA ITUPUHBI JISHTHI MO-
KEeT MOCTUraTh 3 MKM., TUNMUYHAS CKOPOCTh OXJIAXIEHHS MPU CIIUH-
HUHIOBAHMHU paciuiaBa cocTasiaseT okono 10 K/c, a MakcumasbHas
TOJIIUMHE AEHThl O0bIYHO He npeBbimaeT 100 MKM.

ToJILUMHOM pacIIaBJIeHHOIO CHOS Ha ABUXYLICHCA MOBEPXHOCTH
TIOUIOXKKU MOXKHO YIIpaBiIsiTh CKOPOCTBIO BpallleHHs IIWITHHApA (MU
JIMCKa) ¥ CKOPOCTHIO UCTEUEHHS KUAKOH asbl. B cBolo ouepens, cko-
POCTb MTOAAYM BELISCTBA 3aBUCUT OT AMAMETPA COIUIA M JaBJICHUS Ha
pacmiaB. [Ipu nonyueHUU TOHKO# JIEHTBI JOCTHXUMA [TPOU3BOAUTEb-
Hoctb Oonee 2 000 M/MuH.

CKOpOCTh OXJaXIAeHUsI, peasu3yeMast Py 3aKaJKe paciiaBa, o6-
paTHO MPOMOPLUOHANIbHA TOMLUIUHE JEHTHL. DTO O6CTOATETBCTBO OTpa-
HUYMUBAET BO3MOXHOCTH amopdu3aiiuu 00beMHBIX MACCHBHBIX 00pa3-
noB. Eciu pacniiaB oxjiaXxIaeTcsl O CKOPOCThIO HUXKE KPHTHYECKOM
R, TO monyyaeMslii MaTepuanT OKa3bpIBAeTCS XPYNKUM, CONEPKHUT He-
KOTOpOEe KOJTUYECTBO KpUCTAUIMUecKoil ¢aspl. Ilo cyTu mpoleccos,
TPOUCXOAAIMX NPH GOPMHPOBAHUM aMOP(DHOHN JIEHTH, K METOLY CITMH~-
HMHIOBaHHUS paciulaBa OYeHb OJM30K METON 3aKaAKU 6 8ankax (pHcC.
3.16, ¢). B manHOM cily4yae 3aTBEpAEBaHHE CTPYM PACIUIaBa IPOUCXOIUT
[oCJIe ee 3axBaTa BaJIKaMU, MO3TOMY hopMHUpyeMasi amMmopdHas JeHTa
He AepopMHUpYETCa B OTIHYHKE OT OOBIYHOIO JIMCTOBOI'O NPOKATA TBEP-
JIbIX METAJLJIOB.

Brnaromapss MHTEHCUBHOMY TEIUIOOTBOAY C OOEMX CTOPOH JIEHTBI
0bpasupl nojay4aTcs 6oJiee paBHOMEPHBIMM IO TomuMHe. OaHaKo
KOPOTKO€ BpeMsI KOHTAKTa JICHTBI C MOIOXKOH MPHUBOIUT K PE3KOMY
MaJIeHUIO CKOPOCTH €€ OXJIAXIAEHUS MTOCIe OTACNICHHS OT BAJIKOB. JTO
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00CTOSTENBCTBO MPUBOAUT K YMEHBIIEHUIO TIPENEABHON TOJILIUHLE
rnosyyaeMoil amop(HON JIEHTHI MO CPaBHEHUIO C BO3MOXHOCTAMH
METOoAa CNMHHHMHIOBAHHUS HECMOTPSI Ha 00Jiee BBEICOKYIO HayalbHYIO
CKOPOCTh OXJIaXKICHUS paciijaBa.

Jlazepuana amopdusamus. Kpyr AMC ynaercst 3HaYUTENbHO pacHIu-
pUTB, €CIU MCIOMb30BaTh APYyrue METOAbl aMopdusainuu BellecTsa.
Cpeu HUX MOXHO BBLIEIUTH METOABI HOHHO-TIJIa3MEHHOTO paciblie-
HUS, JIA3ePHOTO O0JYYeHUST U HOHHOTO MMIUIAHTUPOBAHMS, DTH METO-
Jibl HIMPOKO NPHUMEHSIOTCS B IMOJYNPOBOTHUKOBOH TCXHOJIOTUU T1pU
MPOM3BOACTBE MHTETPATLHBIX MUKPOCXeM. B cityuae nasepHoro obnyde-
HHUSI OCYLIECTBIISICTCS MTPOTUIABJIEHUE TOHKOTO CJIOA HA MOBEPXHOCTH
o0pa3siia, OCHOBHAs Macca KOTOPOTO OCTAeTCsl He HarpeTo BCIEIACTBUE
KPAaTKOBPEMEHHOCTH IEMCTBUS ONTHYECKOTO M3nydyeHus. braromaps
TaKOMYy pacipeaeIeHUIO TeMIIepaTyphl YAAETCA JOCTUTHYTh CKOPOCTEH
OXJaXIEHUs B npoliecce amopdu3anuu matepuana go 108 K/c. Ecte-
CTBEHHO, YTO CKOPOCTh OXJIAXIEHMS BO3pAcTaeT MpU YMEHBIUEHUH
[71yOUMHBI NporniaBieHust. Mcrnonb3ys 3TOT METOM, MOXHO aMOphU3U-
pOBaTh NOBEPXHOCTHBIE CICU OOBEMHBIX 00PA3LIOB JI00BIX PA3MEPOB U
¢opmbl (METOI «Ia3epHOro riazypupoBaHusi»). Haubonee yacto mis
OCYLLIECTBJICHUS TAKOH MOIUGMUKAUUU METAUIMYCCKUX CIUIABOB MpPU-
MCHSIIOT MOIIHBIE ra30BbIC JIa3ephbl HENMPEPLIBHOTO AEHCTBHS HA OCHO-
Be CO,, usnyyawluue B MH(ppakpacHOM 00JaCcTH CIeKTpa.

CrpykrypHas peaakcamusa. MeTaTTHYeCKOe CTEKIIO MOXKHO paccMar-
pPUBaTh KaK TBEPAOC TEJO CO CTPYKTYPOIl 3aMOpPOXECHHOIC DAcIiaga,
KOTOPOE HE MMeeT TPeXMEPHOH aTtoMHOM nepuoguyHoctu. Pakruye-
cku aMopdHOE COCTOSIHUE COOTBETCTBYET MpPEIeIbHOMY CIIYYalo Tep-
MOJIMHAMUYECKON HECTAOMIIBHOCTY METAUIMUECKHX cucTeM. M3-3a oT-
CYTCTBHSI BHYTPEHHETO PAaBHOBECUST TaKUE CUCTEMbI MPU HarpeBaHUHU
HEU30EXHO IOJDKHB! CTPYKTYPHO PEaKCHUpPOBATh B KPUCTALIMUECKOE
COCTOSIHUE, €ClIU aToMbl OyayT oOnamarb nocTtaToYyHOU auddy3noH-
HOM MOABMXHOCTHIO. [IpH 9TOM CTpYKTYpHas NepecTpoiKa MaTeprana
JIOJIKHA COTIPOBOXIATHCS CYIICCTBEHHBIM U3MEHCHUEM MHOTUX (hU3U-
YECKUX M XMUMHUUYECKHX CBOMCTB. Takmm o0pa3om, TEMIEpaTypy KpHc-
TAUIM3aIUK Ty, CrleyeT pacCMaTpuBaTh KaK MaKCHUMAIbHO JOMYCTH-
MYI0 TeMrepaTypy 3kcruiyatTauuu AMC.

Jlns GonbluuHCTBa aMopdHbIX c1iaBoB T, cocrasnser (0,4...0,6) T,
1o abcooTHON 1Kane TeMneparyp. CiaegoBaTenbHO, OHA MOXET KO-
J1e6aThCs OT CTOJIb HU3KHMX 3HaueHui, kak 100 °C — 11g HeKoTOpbIX
npocthix AMC, no temnieparyp 6onee 1000 °C — pns criiaBoB Ha oc-
HOBE TYrOIUIaBKMX METALIOB. 3HaueHusi T, NOBBIIAIOTCS IO MEPE YBe-
JIMYEHUSI CKOPOCTU HarpeBaHus. YcroitunBoctb AMC K (pa3oBbIM Ipe-
BpAIlleHUSIM 3aBUCHUT OT COCTaBa JierMpyouux 106aBok. Tak, B cucre-
Me Fe— B 3zamena 5 at. % Xene3a aneMeHTAMM NMEPEXOIHBIX METAUIOB
CYLIECTBEHHO MOBHIIUAET TeMIICPATYPy KPUCTAUIU3AIUY STHUX CIUIaBOB.

Hccnenopanus rmoxkassiBaloT, YTo cBoiicTBa AMC MOTYT CyILIECTBEH-
HO M3MCHSITBCSl B MPOLECCE MOCIEAYIOUIEro OTXXKUIa MAM IIacThYe-
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ckoit medopmani. Takas M3MEHYUBOCTb CBOMCTB 3THX MaTepHUaIOB
o0yCIOBIeHAa HEKOTOPOH CTPYKTYPHOI penakcauueif B paMKax aMop-
(bHOro cocTosiHuS, a He Pa30BBLIM MEPEXOAOM B KPUCTAUIMUECKOE CO-
crostHue. CTPYKTYpHAas pesiakcalusl HeoOpaTUMa M MPOUCXOIUT NTyTeM
HeOOJIBUINX ATOMHBIX CMEHICHUH, MPUBOMSIINX K U3MEHEHHWIO KOMITO-
3ULIMOHHOIO GIMXKHErO IMopsaka (T.e. COCTaBy NMEpPBOM KOOPIMHAIIU-
OHHO# cepbl) M YMEHbIIEHHIO U30BITOYHOrO CBOGOAHOTO 0ObeMa.

DaekTpuiecKne CBoicTBa. [10 CBOMM 3JEKTPpUYECKUM CBOUCTBaM
AMC 61u3KH K XUAKUM MeTaiaM. HecMoTpst Ha BBICOKYIO KOHLEHT-
palMIo CBOBOIHBIX 3eKTPOHOB (~10%% M~>) yaenbHbIE CONPOTUBIEHUS
aMOpGHBIX U KPUCTALIMYECKHX CIUIABOB CYHIECTBEHHO Pa3jIMyaloTCs.
Bcnencreue BHICOKOI CTENMEHH pasylnopsIOYEHHOCTH CTPYKTYPhI JUIMHA
¢BobomHOro npobera 3JIeKTPOHOB B 3THX MaTepHagax OYeHb Maja —
Bcero 0,3...0,5 HM, T.¢. O1M3Ka K MEXKATOMHBIM pacCTOSAHUAM. Pacue-
ThI, BBITOJHEHHBIE B MMPUOIMXKEHUM K CTAHAAPTHON TCOPUHU DJEKTPO-
NepeHoca B XXKMAKUX METaJlJIaX, MOKA3aIM, YTO VTSI CUCTEMBI DJIEKTPO-
HOB C JUIMHOH cBOOOAHOIO npodera, paBHOM MeXaTOMHOMY paccTosi-
HUIO, YIEIBHOE ITEKTPUYECKOE COIPOTUBICHUE p* JOKHO UMETh 3Ha-
yeHue, 61u3Koe K 2,0 MkOM - M. Benuuuny p* NpUHATO Ha3bIBaTh CO-
NIPOTUBJIEHUEM HacbilieHHst. O0J1acTh HACHIIIECHUS YIEIBHOro CONpo-
TUBJICHHST HA0AI0AaETCS B TEMIEPATYPHOH 3aBUCUMOCTH p( 1) MHOIMX
AMC. JIns crUTaBoB IepeXoaHBIX METAJUIOB C METAJUTOMAAMHU Hanbosiee
TUIMYHbIC 3HaYeHus p JexaTt B auanaszone 1,0...3,0 MxOm - M, npu
3TOM TEMIIEPATYPHBIN KOIPHULMEHT ¢, MOXET IPUHUMATD KaK MOJI0-
JKHUTENIbHBIE, TAK M OTpULATEIbHbIE 3HAYCHUS.

Ha puc. 3.17 nokaszaHa B3aMMOCBS3b MEXY 3HAYECHUAMH P U L,
ycraHosieHHas Ix. Mywmku nyreM o6paboTKH 3KCIepUMEHTANBHBIX
JIAHHBIX IO GOJIBIIIOMY YUCITY KPUCTAUIHYECKNX U aMOp@HBIX CIJIABOB
pasJuyHOro cocrasa. OTpuLiaTesIbHbINM TeMIEpaTypHblil KO3hGULIMEHT
YIEJIBHOTO COMPOTUBICHHMS XapaKTePeH [Uisl CILTaBOB ¢ p > 1,0 MKOM - M,
B 6GuHapHBIX CIUTABAX MEePEeXOMHbIH MeTaul — META/LTONI CMeHa 3HakKa
o, HAOJIOAETCSA NPU KOHLEHTPaUMAX MeTa/utonna 24... 25 at. %. Y Tpoit-
Horo amopdHoro crnasa NiggSijoB,, 3HaueHne o, 61U3KO K HYNIO B
uHTepBaie Temieparyp ot 100 K no temrnepaTyphl KpUCTAIIU3ALUN
(650 K). ITogo6GHble CrjiaBbl MOXHO IPHUMEHSITD UTSI CO3MAHUA STATOH-
HBIX CONPOTHBJICHUIA.

o, K'i\ r
200 o
100 \\ \\\ ‘
0 | Puc. 3.17. Koppenauua Myumxu Mexny
\ VAETBHBIM CONPOTUBICHNEM U TEMIIEPATYD-
-100 ‘\ \\ HBIM KO3 IUIIMEHTOM YICILHOIO COMpOo-
200 N N TUBJICHWS JUTS KPUCTAUIMYECKUX 1 aMopd-
0 1,0 20 3,0 HBIX META/UTNYECKHMX CIUIABOB (IJIEHOYHBIX

p, MKOM-M 1 06BEMHBIX 00pa3IIOB)
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Puc. 3.18. TeMneparypHast 3aBUCMMOCTD YACJIBHOIO COMPOTUBICHUS] META/LINA-
yeckoro crutaBa Fe;;NizCry,P2Bg:

1 — nipu HarpeBaHuM (amop¢HOe COCTOSIHUE); 2 — NPHU OXNAKACHUU (KpPUCTALINYE-
CKOE COCTOSTHHE)

Teopus MOKa3bIBAET, YTO B HEYNOPSAOYCHHBIX CHCTEMAX C BO3pPac-
TaHHEM POJIU PACCEHBAIOIIMX (DAKTOPOB B pACHPENCIEHUH ITOTHOCTH
3JIEKTPOHHBIX COCTOSIHUH HauMHAeT HOPMUPOBATHCS IHEPreTUIECKAS
wens. Y ecin yposenb @epMu nomanaet BHYTPb 3TOM LIEAH, TO MaTe-
puaj MPUOOPETAET OTPULIATENBHBIN O, TMOCKOJbKY KOHLEHTpaLUs
9JIEKTPOHOB NMPOBOAMMOCTH CTAaHOBHUTCA TEMIIEPATYPHO 3aBUCSILIMM
apaMeTpoM.

B kauecTBe npumMepa Ha puc. 3.18 nokazaHa TeMiiepaTypHasi 3aBUCH-
MOCTBh YIETTBHOIO COMPOTHURIIEHUS OHOI'O W3 MHOTOKOMITOHEHTHBIX aMOp-
usix cruiasos. B unrepsate temreparyp 100...600 K usmereHHe p amop-
dHoI daszel He npesbiiaet 0,5 %. CkayoK yaeqbpHOTO CONMPOTURICHHUS,
Ha6MoNaeMBbIi B 00JIACTH MOBBILLIEHHBIX TEMIIEPATYP, CBSI3aH C pa3BUBa-
IOLLIAMUCS IPOLECCAMU KPUCTAIUTU3AINH, YTO PHUBOIUT K HEOOPaTHMO-
MY U3MEHEHHIO CBOHCTB (3aBUcUMMOocTh 1 Ha puc. 3.18). Ipoliecc kpucran-
JI3ALUM TIPOTEKAET IMOCPENCTBOM 3aPOXICHUS U POCTa HEHTPOB HOBOM
¢a3pl aHATOTUYHO TOMY, KaK 3TO MPOUCXOJMUT B XXMIKOCTH UYTh HIDKE
TOYKM TUTABJIEHUs. B OONBIIMHCTBE CTyYaeB KpUCTAIUTU3AIUS 9BTEKTHYE-
ckux AMC npencTapiseT co06oi CIOXKHBIA MHOTOITAIIHBEA MPOLIECC, CO-
MPOBOXNALLIHCA (POPMHUPOBAHNEM ITPOMEXKYTOUYHBIX METACTAOUTHHBIX
(as. PazmMyHBIM 3Taram KPUCTALTH3aLUH COOTBETCTBYIOT Pa3/IMUHBIC CTY-
MEHBKU Ha TeMITepaTypHou 3asucumoctu p( 7).

Ecnmn AMC 6bu1 Harpet 10 TeMneparypel Bbilie 7,, TO €ro nocjue-
JIYIOILee OXJIaXKIeHUE He IMPUBENET K BOCCTAHOBICHUIO MEPBOHAYAIIb-
HBIX 3HAYE€HMIA YIEIBHOTO COMPOTHRICHUs (KpuBas 2 Ha puc. 3.18). B pac-
CMaTpMBAaeMOM TpHUMepe NpHM KOMHATHOM TeMIlepaType OTHOLIeHHE
CONPOTUBJICHUH aMOP(HOI ¥ KPUCTAILTUYECKON (DA3 Payopy/ Prprcr = 1,8.
DTO COOTHOILIEHHUE XapaKTepPU3YET POJIb NMEPUOANYHOCTU CTPYKTYPHI B
SIBJICHUSX JIEKTPOTIEpeHOCa.

Koppo3uonnas croiikocts. B aMmop¢HBIX MaTepuaiax OTCYTCTBYIOT
JeeKThl, XapaKTepHBIE JUIsi KpMCTAUTHYECKUX CIUTABOB. B HUX HeT rpa-
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HMII 3epeH, AMCIIoKaluMii, nedeKToB ynakoBKU. BricTpas 3akajika BO
BpeMs u3rotopiaeHuss AMC npensiTcTByeT npoueccy amd@y3uu B TBEp-
ot daze. ITosTtomy AMC cBOGOAHBI M OT TakuX n1eheKTOB, KaK BTO-
pHUYHbIE MUKPOBBIIEJICHUSI, CerperallMOHHbBIE HEOMHOPOIHOCTU, KO-
TOpbie OOBLIYHO (POPMHUPYIOTCS 3a cyeT AU(dY3UU BO BpeMsl MEIJICH-
HOIO OXJIaXJAEHUS WM TepMUUeCcKOil 0bpaboTku. MHbIMM clioBaMHU, B
amMopdHbIX CIUIAaBaX OTCYTCTBYIOT OOJACTHU, CWIIBHO pa3iMyaloluecs
10 ATOMHOMY CTPOEHMIO M XMMHYECKOMY COCTaBY, OHH XapaKTepHU3y-
I0TCS MaeaJIbHOM (ha30BOH OJXHOPOIHOCTHIO.

BaxxHoil 0COGEHHOCTBIO METALUTMYECKUX CTEKOJI SIBASIOTCS MX BbI-
COKHeE MPOYHOCTH U TBepAOCTh. Hanpumep, y criaBoB Ha OCHOBE Me-
tayoB noarpynmsl xenesa (Fe, Co, Ni) 1 MeTa/JuIOMAOB TBEPAOCTh
MoxeT npeBbiiath 10 I'Tla, a mpouHocTh Ha pa3pwiB nocturaer 4 ['Tla.
DTO 3HaUYeHME MOYTH Ha AOPSAOK IMPEBbILAET Mpeac NPOYHOCTH XO-
JIONHOKATAHHOM MeIyu M 3JIeKTPOTEXHUYECKO! CTaJd U OYeHBb ONM3KO
K Opeaeny MpoYHOCTH HUTEBUIHBIX META/UIMYECKMX KpUCTaioB. Jdaxe
caMoe NMpOYHOE U3 CTATbHBIX U3ACIUI — pOsIbHASI MPOBOJOKA — YC-
tynaet 20... 30 % nexoropbeiM AMC 10 nipeaeny NpoYHOCTH Ha pacTs-
KEHUE.

CiiemcTBMEM aTOMHO-CTPYKTYPHOU U $a30B0i OTHOPOIHOCTH aMOP-
(HEBIX CTUTABOB SABJISIETCS MX BLICOKAsI CTOMKOCTB K KOppo3uH. I1pu aTom
HauboJjiee BLICOKON KOPPO3HOHHOM YCTOHYMBOCTLIO oOnanaioTr AMC ¢
JI06aBKaMHM XpoMa. YPOBEHb CTOMKOCTH K KOPPO3UHU Y BTHX CILIABOB
3HAYMTEJbHO BBILIC, YEM Y JIYULIMX KOPPO3UOHHO-CTOUKUX KPUCTAT-
audyecknx MaTtepuaioB. Takas ocobeHHocTh cBoiicTB AMC Ttuma me-
TaJu1— METAMIOUI ¢ A0GAaBKaMU XpOMa ODYCIIOBJIEHA CIOCOGHOCTHIO
5TUX CIUIABOB K CaMOIIaCCUMBALIMU JaXe B CTOJIb arpeCCUBHBIX Cpeaax,
KaK ropsiyMif KOHIEHTPUPOBAHHBIA paCTBOP COJISIHOM KMCIOThI. Obpa-
3YIOLIASICS Ha MMOBEPXHOCTH CITJIaBa MACCUBUPYIOLIAsE [TJIEHKA COCTOUT
B OCHOBHOM M3 THIAPATUPOBAHHOTO OKCHAA-THAPOOKCHUIA XpoMa
CrO,(OH); _ 5, #H,0. bonbliyio posib UIrpaeT OQHOPOAHOCTD 3AIUUT-
HOM MJICHKM. YCTaHOBJIEGHO, YTO KOPPO3UOHHASI CTOMKOCTh MCHe3aeT
IIpH TepMoobpaboTKe, CONPOBOXIAIoUIeiica Kpuctauiu3auueit AMC.

IIpumenenna AMC. PaspabGoTaHbl aMmOpdHBIE CIUIABbI, KOTOPHIE 10
KOPPO3MOHHON CTOMKOCTU B MOPCKOI BOAC MpH BHEUIHEM AHOLHOM
TOKE IOYTH HE YCTYMAIOT IUIATUHE M MOTYT OBLIThb MCMOJb30BAaHLL B
KauyeCcTBe MajJopacTBOPUMBIX AHOJOB st KATOAHOW 3aLUMUTBI TMIAPO-
TEXHUYECKHUX COOPYXeHMH oT Koppo3uu (crutaBbl Ni— Nb, Zr—Fe,
Zr—Ti—Ni u op.).

¥ HekoTopbix AMC Ha ocHOBe Xefe3a oOHapyKeH MHBapHbId 3d-
(EKT, T.e. OUSHb MAJIBII TEMMNePaTypHbIH KO2(QUUMEHT JUHEHHOTO
paciumpenus Matepuaia (o ~ 10° K-') B IuMpoKoM aMana3oHe TeM-
nepatyp. D10 cBoiicTBo AMC UCITOIb3yeTCsl B TEPMOJATUMKAX U Tep-
MOBecax.

IIpu coennHEHUU CIOXHBIX METAIMUeCKuX npoduieit, a taxke
MpYU CO3MAHUU OOJErYeHHBIX TOHKOCTEHHBIX KOHCTPYKLUM MOJOXU-



OcHogHble c80licmea U npumeHeHue NPoBOJHUKO0BbLY MAMEPUAL08 131

TENbHO 3apeKOMeHI0Baiu cebs1 amopdHble npunou. Obiaagast BbICO-
KOif TIPOYHOCTBIO M TUIACTUYHOCTBIO, OHU O0ECIEeUMBAIOT MMOBBILLEH-
HOE KAueCTBO M HAAEXHOCTh MAasHOTO LIBa. DBTEKTHYECKUH COCTaB
CIJIABOB TIPEJOIpe/ensieT HU3KYIO TeMIeparypy IUiaBjieHus, [H03BO-
JisieT TOOUTHCST XOPOlero pacTeKaHHs paciuiaba 1o wsam. Tor ¢akr,
yTo aMopdHas Gonbra KPUCTAIM3YETCS BO BPEeMsI ITAKKH, HE SIBJISAET-
Csl HEIOCTAaTKOM, TaK KakK B TOT MOMEHT CIUIaB CMELIMBAETCS C CO-
ESAMHAEMbIMU MeTaJaMU. BO3MOXHOCTb MOJIYYeHHUs IIPUITOST B BUOE
TOHKOU JIEHTbI TIO3BOJIIET MCKIIOYUTL CBSI3KY M ODJIETYMTh MOHTaX
CJIOXHBIX KOHCTPYKIUMA.

braronapsi BHICOKOI FOMOFEHHOCTH M OTCYTICTBMIO ae(eKTOB, Xa-
PaKTEPHBIX JUISI KPUCTALITAYECKUX MAaTepUaoB, aMOpPdHbIE MeTasulbl
OTJIMYAIOTCS OUYEHb HU3KOI CKOpOCThIo idysuu. [Tosromy ruteHku AMC
MOXHO MCIIOJIb30BaTh B KAYeCTBE OapbepHBIX CJ0EB, OJIOKHPYIOLLUX He-
XenarenbHyio n1ud@y3uio npuMecHbIX aToMoB. Hanpumep, koagduiu-
eHThl anddy3un 3o1m0Ta, cepebpa u docdopa B aMOpGHBIX CITABaX
Pd—Si, Ni—Nb, Ni—Mo, Mo—Si, W—Si Haxonmarca B mpeneiax
1072... 1072 wm%/c. Ecnn koapduument muddysun D = 102 mP/c, To
notpebyercst okosno 300 ner, 4ToObl AMbGYHAMPYIOLIME aTOMBI IIPO-
HUKJIM Ha IMyOMHY OKOJIO | MKM.

OcHoBHble HegocTaTKi AMC 3aKII04alOTCsl B UX HEBBICOKOM Tep-
MMYECKOIN YCTOMYMBOCTH, HEZOCTATOYHON CTaGUIBLHOCTH BO BpeMeE-
HH, a TAKXX€ B HEBO3MOXHOCTH (P)OPMHUPOBAHHUS CBAPHEBIX COEIMHEHUIH.
K astomy cnenyer n1o6aBUTb OTHOCHTENbHO MAIYIO LUMPUHY TIOJIy4Ya-
eMbix JieHT. CrienoBatenbHo, AMC HenpurogHb! Uisi CO3NAHUSI KPYIi-
HOrabapUTHBIX KOHCTPYKUMM, MX HEBO3MOXHO HCIIOJIb30BaTh B Kaue-
CTBE BBICOKOTEMIIEPATYPHBIX MaTepUaioB. HanGonblInii pakTHUECKHit
HMHTEpEC NMPEACTABASIOT MAarHUTHbIE CBOMCTBA aMOP(HBIX CIIJIABOB Ha
OCHOBe MeTa10B. Bo3dMoxHbie npuMmeHeHust AMC B KauecTBe MarHu-
TOMSITKMX MaTepuajioB pacCMOTPEHHI B 1. 10.

3.7. ®YJJIEPEHHI, ®YJJIEPUBI, TPA®UT
U JPYTUE MOJUO®HUKAIINU YTJEPOJA

Hapsiny ¢ MetaiiaMy U METAJUIMYECKUMU CIUTAaBaMH B KayecTBE pe-
3UCTUBHBIX, KOHTAKTHBIX, TOKONPOBOISAIUMX U HArpeBaTe/JIbHBIX 3Je-
MEHTOB JAOCTATOYHO IUUPOKOE NIPUMEHEHME HAXOAAT pas3IMyHble MaTe-
puaibl Ha ocHOBe yriiepona. Cpeit HUX MOXHO BBLIEIUTh TpaduT, nu-
POSJIEKTPUYECKHMH YIJIEpOs, CTEKIOYINEpOd M MOJIEKYISIPHBIE YIiepo-
AvcThle MOAM(HUKALUU, MPOM3BOAHLIE OT dynepeHoB. Bonblioi Hayy-
HBII U MPaKTUYECKUIA MHTEpeC MPEeACTaB/ISIOT TaKXe YIIepOJHble Ha-
HOTPYOKM. OIHAaKO 3TH CYOMUKPOCKOIMHYECKHE OOBEKTHI MOFYT NPOSIB-
JISITh KaK CBOMCTBa NMPOBOAHMKOB, TAK U CBOMCTBA IMOJIyPOBOJHUKOB.

I'padmr. [Ipeacrasnsier coboit OAHY M3 XOPOUIO U3YYEHHBIX AJUIOT-
ponHbIX hopM yucToro yriepoma. Kpucrauimyeckasl CTpyKTypa rpa-



132 TI'nasa 3

¢uTa XapaKTepU3yeTcs CIOUCTHIM CTPOSHMEM, KaK MOKA3aHO Ha pUC.
3.19. Kaxnblii cjioit cloXeH U3 NPaBUIbHBIX LIECTHYTOJbHUKOB, 00-
Pa3yoIMX IUIOCKYIO FeKCaroHaIbHYIO CETKY. B IJIOCKOCTH coeB cocen-
HME aTOMBI YTJIEPOIa HaXOASTCa APYT OT Apyra Ha paccTostHuu 0,142 um.
ITonoxeHue ux GUKCUPYETCS XKECTKMMHU KOBUICHTHBIMU CBs3sIMU. ba-
3UCHBIE MJIOCKOCTH pacIiofaraloTcsi 3KBUAMCTaHTHO ¢ wiaroM 0,335 M.
DTOT 3a30p B IBA C JTUMIHUM Pa3a MPEBLILIAET MEXATOMHbBIE PACCTOS -
HMSI B TUIOCKOCTH CETKHM. ATOMBI COCEIHHX CIOEB PACIIONIOXEHBl He
JIPYT HaJ IPYroM, a CMELIeHbl Ha MOJOBUHY MEPUOIA PEHIETKN B Ga-
3UCHOM MJIOCKOCTH.

B oGpazoBanuu cBsizei Mexiay 6a3UCHBIMM IJIOCKOCTSIMU yYaCTBY-
10T JIUIIL cabbie cunbl Ban-nep-Baanbca. Takas ocoGeHHOCTL XUMU-
YECKUX CBA3EH B KpUcTauiax rpadura o0yCcnoOBIUBAET CILHYIO aHU-
30TPOINTHIO UX (PUBUYECKUX CBOMCTB U BBHICOKYIO IUIaCTMUHOCTD. [Tocnen-
HSi OOBACHSIETCA JIETKOCTBIO CKOJIBXKEHUS CJIOEB APYr OTHOCUTENIBHO
JpyTa IMPU MEXaHUYECKUX BO31eHCTBUAX Ha KpucTaul. Hekotopoe npex-
cTapjieHHe 006 aHU30TPOIMHU CBOMCTB KPUCTAIUTMUECKOro rpaduta MOX-
HO IMOJYYUTH M3 Tab. 3.4.

ITpu npuUnoXeHUH NMEKTPUYECKOTIO I0Jisi BAOJb OA3UCHBIX MJIOCKO-
cTefl KpuUcTaLIbl rpadgura BedyT ceOs MoaoOHO MeTaljiaM: YACTbHOE
COMPOTHUBICHHE MATO MO BEIMYHMHE U HE3HAYUTEIBHO BO3PACTaeT MNPH
HarpeBaHMU. B neprneHauKyIsspHOM HallpaBaeHUUH NMPOBOAUMOCTb KpH-
CTAJUIOB HAa HECKOJBLKO MOPSAKOB XYXXe, a TeMIIepaTypHblil ko3¢ du-
IIMEHT YACIbHOTO CONPOTUBIECHHUS OTpulaTesieH. B aToM ciyvae rpa-
(YT MO 3NEKTPUUECKUM CBOMACTBAM NMPUOIMKAETCS K [TOJYITPOBOIHU-
KaM.

1,42A

C0/2

Puc. 3.19. Kpuctajummyeckas CTpyKTypa rpahura;
Co — MEPUOA TPAHCASUMU
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Tabnuua 3.4
CgoiicTa rpaduTa ¥ MUPOJUTHICCKOTO Yriaepoaa
VYiensHoe TeMl}ep atyp- Tem}ep aTyp-
HBIH K03¢d- HBIH KO-
comnpo-
M [TroTHOCTS, buumeHT GULMEHT
aTepuan 3’ | TUBIEHHE, .
d, Mr/m yaeJabHOro JIMHENHOTO
MK(‘));‘ M COMpPOTUBIE- paclipeHus,
Hug, o, 108, K| oy 108, K
MoHokpucTani
rpacdura:
BIOJIb CJIOEB 2,24 0,3...0,5 9,0 6,6
fIONEPEK CJIOEB — 100 -400 26
Tlonukpucraniu- 2,26 8.0 -10,0 7,5
yeckuii rpadur
Muponntnyeckni 2,1 10...20 -2,0 6,5..7,0
yIJIepon

IIpon3BoacTBO GONMBUIMHCTBA YTOJbHBIX U3ACHUN 3aKITIOYAETCA B
HU3MEBYEHUHU YIJIEPOAUCTOTO ChIphst (AaHTPALIMTA) B MOPOILUOK, CME-
LICHUM €ro CO CBSI3YIOLIMMM BewiecTBamu, (OpMOBaHUM U OOXWTe,
T10CJIE KOTOPOro M3AENUs MPUOOPETAIOT TOCTATOUHYIO MEXaHUYECKYIO
NMPOYHOCTb U TBEPAOCTh, NONYCKAIOT MEXaHHYECKYIO 006pabotky. Ilpu
BBICOKMX TemriepaTtypax obxura (~2200°C) ymiepon MCKYyCCTBEHHO
nepeBoauTca B (opMy rpacduTa, BCAEACTBUEC YEro TaKas OINepalus
Ha3bIBaeTCs rpadpuTupoBaHueM. CBONCTBA NMOMTYyYaEMOT0O MOJUKPHCTAN-
JYecKoro rpadura yCpeaHsoTCs o 00heMY U 3aBUCAT OT MNOTHOCTH
MatepMaja U pa3MepoB KPUCTUIIMYECKHUX 3epeH.

Hapsiny ¢ MaiapIM yaenbHBIM CONPOTUBIEHHEM LICHHBIMH CBOHCTBA-
MU rpaduTa SBISIOTCS 3HAYUTENBHAS TeIUICIIPOBOJHOCTb, CTOMKOCTD
KO MHOTMM XMMUUYECKU arpeCCUBHBIM CpElaM, BbICOKAsI HATPEBOCTOM -
KocTh. TemInepatypa niasiieHus1 rpacdurta cocrabasieT okoso 3 900 °C,
OIHAKO €r0 MHTEHCUBHOC UCTIAPEHME B BAKYYME WU 3aLLUMTHOMH razo-
BOW cpene HauMHaeTcs yxe npu temneparype 2 500 °C. Ilpu cBobon-
HOM JIOCTYINE€ KMCJAOPOJa OKUCAEHHE rpaUTa NPOUCXOMUT NIPU TEM-
nepatype cBbiie 500 °C ¢ o6pasosanneM razoobpasHeix okcunos CO
u CO,. bonee nioTHBIE COpTa XapaKTEPU3YIOTCS MEHBILEH CKOPOCTLIO
OKUCJICHUSI.

I'padhuT HIMPOKO UCNONBL3YETCH B TEXHOJOTUM TIOJIYMPOBOIHUKO~
BBIX MaTepPHANIOB JUIS M3TOTOBJCHUS PA3HOTO pola Harpepareieil u
3KPaHOB, JIOJ0YEK, TUIJIEH, MbeAeCTAIOB, KacceT H T.M. Ocobyio Mo-
IuduKauuio rpaduTa NPeACTaBIsICT cmeKkaoyeaepod, TIONy4aeMblil T10-
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JUMepHU3alrel OpraHuYeCKMX CMOJ THIIa-GakenuT (CM. moapasi. 7.4),
MPOBOAUMOI B aTMOC(hepe HEHTPAJILHBIX Ia30B B TeYEHUE JUIUTENbHO-
ro BpeMeHu. M3rotorssieMble U3IEIUS UMEIOT OJIECTSILYIO IOBEPXHOCTD,
CTEKIONONOOHBIA BUI U paKOBUCTHIH M3710M. CTEKIOYIIepOa OTAUYA-
€TCA OT O6BIMHOTO rpaduTa NOBBILIEHHONH XUMHUYECKON CTOMKOCTLIO.

OTHocuTenbHO cnabast CBA3b MEXAY CJIOSIMU TO3BOJISIET LIUPOKO
UCNIONb30BaTh 'padUT B KAUeCTBE CKOJBL3SAILIMX KOHTAKTOB 3JIEKTPU-
YECKUX MALIMH, JejaeT rpacUT yIOGHBIM TBEPABIM CMa30YHbIM MaTe-
DHAJIOM [Tl HArPETHIX YacTei YCTAHOBOK M ABUrarteneil. ['padur rakxe
UIKPOKO WCMOJBL3YIOT B XMMUYECKOH NMPOMBILIUIEHHOCTH KakK HamoJ-
HUTETb PA3HOIO POJIa KOMITO3UITMOHHBIX IUTACTMACC, U3 HEI'O U3TOTaB-
JIUBAIOT 3JICKTPOIbl CAMOr0 PasjIMYHOrO Ha3HAYCHHUS.

Beneactaue 60bIUIMX MEXITTIOCKOCTHBIX PACCTOSIHUI Y Mol aHep-
UK CBSI3U MEXAY CIOSIMU TpadUTa MOTYT BHEAPSITHCS aTOMbl, MOHBI
MW JAXE MOJIEKYJIbl APYTUX BEIUCCTB (HAIIPUMED, aTOMbI IaJIOreHOB,
HIOHBI LIEJIOYHBIX U LUETOYHO3EMEIBHBIX METALIOB, MojieKyasl FeCls,
AsF;, PtFg). B pesynbrate o0pasyloTcsi CoeIMHEHUS C rpaduToM —
CeLi, CgK, KCiH,, CyBr, CFg, C,ICl u op. Takue coeguHeHUs Ha-
3BIBAKOTCS UHMEPKAAAMAMU, UITH CIIOUCTBIMM coeHEeHUsAMH. [Ipotiecc
BXOX/IEHUS aTOMOB WMJIM MOJIEKYJI B PEUIETKY TpaduTa Ha3bIBAIOT UH~
mepkaaupoganuem. TOCTEBBIC aTOMb! PACliONaraioTcsl B pelieTKe rpa-
duTa CA0AMHU, B ONpPENCITEHHOM MOPSIKE.

ITpu MHTEPKATUPOBAHUH U3MCHSIIOTCSI MEXIUIOCKOCTHBIE pacCcTos -
HHSA B CTPYKTYpPE U CBOICTBA rpaduTa. DIEeKTPOIIPOBOIHOCTh HEKOTO-
PbIX HHTepKAIATOB (HanpuMep, Takux Kak C,SbF; unu C,AsF;) mnpe-
BOCXOIMT HPOBOAMMOCTb JIYUIIMX METAJLIOB, BKIIOUast cepebpo, Melb
1 amoMmuuuit. UHTepKansaTel rpadura HaXoasIT NPpUMEHEHUE IS PO~
BOJIOB, 4 COEIMHEHHUS CO (PTOPOM U JIUTHEM UCIIONB3YIOTCS B KAYECTBE
3JIEKTPOJAOB HOBBIX SHEPTOEMKUX XUMUUYECKUX UCTOYHUKOB ToKa. Oc-
HOBHOM HEIOCTAaTOK 3TUX COCAMHEHMUH CBSI3aH C HEIOCTATOYHOM CTa-
OMJIBHOCTBIO UX CBOMCTB BO BpEMEHHU.

IInposmrnyeckuii yriepoa. Ero osay4yaior rmyreM TepMHYECKOTO pas-
JIOXEHMST MapoB YINCBOAOPOAOB B BaKyyMe WIM B Cpelle MHEPTHOTO
rasza (nmuponu3). B KauecTBe BELIECTB, MOABEPraeMbIX IIUPOJIU3Y, OOBIY-
HO BBLIOMpAIOT COEIMHEHMS METaHOBOro psiza. Hampumep, B oreye-
CTBEHHOM IpaKTUKE yallle BCero UCIoNb3yrTcs maphl rentada C,H .
s monyyeHMsl NIOTHOM CTPYKTYPBI TpeOyeTcs TeMIepaTypa IMHpo-
Jsm3a He MeHee 900 °C. OcobeHHOCTBIO CTPYKTYPhl MUPOIUTHYIECKOTO
yIJieposa siBJISIETCSl OTCYTCTBME CTPOrod YIMOpAIOYEeHHOCTH B pacIo-
JIOKEHUM aTOMOB YIJIEpOAa B IVIOCKOCTH CETOK MPU COXPAHEHUH Tia-
PALIEIBHOCTH MEXAY CTPYKTYPOOOpasyoUMMU cnossMu. [TneHku nu-
POJIMTHYECKOTO YITIEPOAa WUPOKO MPUMEHSIOTCS IS MOJIYYeHUS JIH~
HEMHBIX Pe3UCTOPOB MOBEPXHOCTHOTO THIIA.

Yraepoansie HaHOTPYOKH. B 1991 r. 61110 06GHApYXEHO, YTO MPH pac-
NbUIeHUM rpaduTa B 2JEKTPUHECKOM ayre Ha KaTone obpasyeTcsi oca-
JIOK, COCTOSILIMI M3 MUKPOCKOIMUYECKHUX HUTEHN U BOJOKOH. Mceneno-
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BaHUs, BBLIMOJHEHHBIE C [TOMOLUBIO 3JIEKTPOHHOTO MHKpPOCKOMa, Mo-
3BOJU/IM YCTAHOBUTh, YTO AHMAMETP TAKHUX HUTEl HE IpeBbILIAET He-
CKOJILKUX HaHOMCTPOB, a4 MX [UIMHA MOXET AOXOJUThH A0 HECSITKOB
MuKpoMeTpoB. Kaxnas HuThk npeacTaBisieT OO0 NOMbIN HWIMHAP WIK
CBUTOK, 00pa30BaHHBIC CBEPTHIBAHMEM TOHKOIO IpaHUTOBOIrO CJOS.
Brarogapsi xapakTepHO# reOMETPHM MOTyYdeMble MPOTSDKEHHbIE CTPYK-
TYPbl HA3BIBAIOT yerepoousimu Hanompybramu. OTHOCUTETLHOE COIEP-
XaHue HaHOTPYOOK B rpapMTOBOMN caxe Jaxe MPHU ONTUMAIBHBIX YC-
JIOBUAX KOHIEHCAUMU OOLIYHO HE MPEBBLIIAET HECKOMBbKHX MPOIIEH-
TOB.

TTockoJIbKY HAHOTPYOKH BO3SHHUKAIOT NIPU CKPYUMBAHUM NPOTSDKEH-
HBbIX (pparMeHTOB rpaduTa, MHOTHE OCOOEHHOCTH CTPYKTYPHI Fpaduta
COXPaHSIOTCSA B CTPYKTYype HaHOTpYOKU. TpaHCIAIIMOHHYIO CUMMET-
PHIO TpaUTOBOIO CJI0S ONpPeNe/sieT PEeryaspHas reKCaroHaIbHas CeT-
Ka, copMMpOBaHHAs U3 MPABUJBHBIX LIECTHYTOJBHUKOB, B BEPUI-
Hax KOTOPbIX paclojioXeHbl aToMbl yriepoaa (puc. 3.20). B 6oablinH-
CTBE CJIyJyaeB HAHOTPYOKHM COCTOST M3 HECKOJIbKUX LIMJIMHIPOB, KOaK-
CHAJIbHO BJIOXEHHBIX ApYT B aApyra (puc. 3.21). I1pu aToM paccTosHHe
MEXIY CIOAMM NpaKTHUYecKH Bcerma coctapnsieT 0,34 HM, YTO COOT-
BETCTBYET MEXIUTOCKOCTHOMY PACCTOSTHUIO B KPUCTAJUTMUECKOM peiiieTKe
rpacdurta. OGpa30BaHUIO OMHOCIOMHBIX HAHOTPYOOK B IYTOBOM pa3psi-
Jie crocobeTByeT nobapieHue B rpad®UTOBBIH aHOA, HEGOIBIIOTO KOJIH-
4YeCcTBa MpUMeceil MEeTaJIOB IIEPEXOXHON IPYIIIbL.

CBepThIBaHUE IIOCKOH MeKCaroHaabHOM CETKH B LIWIMHAPHYECKYIO
TpYOKYy CO3MaeT yipyrue HarpspKeHMSI B ILECTUYTOJBHBIX 3JIEMEHTax

Puc. 3.20. ITpuMepsl 0OHHOCTOHBIX HAHOTPYOOK:
a, 6 — 1npsaMble; 6 — CIIUpanIbHas
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Puc. 3.21. MHorocnoitHas HaHOTpYyOKa, UMelouiasi CTPYKTYPY «pyCCKOi mMaT-
PECLIKH»

CTPYKTYpPhI, KOTOPBIE BIIUAIOT Ha 3NeKTpodusuyeckue croiicrsa. Yem
MEHbIIIE AMaMeTp HAaHOTPYOKH, TeM GOJbiliee HAMPSKEHUE CO3AAETCS
IpU ee 0Opa30OBAHUH.

C 060ux TOpLIOB HAHOTPYOKH, KaK NPaBWIO, 3aKPhITHI ronaychepu-
YEeCKMMM ToyIoBKaMU. CTPYKTYpHAs CETKa 3THX TOJIOBOK COAEPXKUT Ha-
PSIIY € WECTUYTONBHUKAMM TaKXe NMPaBUIILHBIE NATUYTOJNBHUKH. YC-
TAHORJIEHO, YTO ATOMBI YIJIEPOJA, HAXOAAILINUECH B NATUYTOJBHBIX 3BE-
HbsIX, 00JIaNaloT NMOBBIILICHHONH XUMHYECKOH AKTHBHOCTHIO. BTa 0CO-
GEHHOCTD UCTIONB3YETCS IS YAATSHUS TOPLEBBIX KPBILIEK MyTEM OKHUC-
JIEHUs1 B MOTOKE yriekucnoro raza. [lpu remneparype 850 °C aToMbl
yrjIepoga BCTYHAIOT B XMMHYecKylo peakimio ¢ CO, U nepexousit B
rasopyio ¢asy. ITocKoNbKyY MATHYTONBHBIE 3B€HbS] HAXOISTCS Ha KOH-
11aX HAHOTPYOKM, 3TOT MPOLIECC NMPHBOANT K yAAIEHHIO TOpHOB. s
pPacKphITUs TPYOOK, a TaxKe JJIsi YIaJCHUS BHEITHUX CJIOEB HapsSILy C
ra3o06pa3HbIMM MOXHO HMCIONIb30BaTh Xuakue okucautenud. Cpenu
MOC/IeIHUX MPEINOYTeHUE OTXAETCS KOHIICHTPUPOBAHHON a30THOM
KHUCJIOTE.

HaHoTpyOKH ¢ OTKPBITBIM KOHIIOM MPOSIBISIOT KalWUISAPHBIA 3¢-
(hexT ¥ criocobHbl BTArMBaTh B cebs pacIUIaBieHHbIE METAJLIBI U IPY-
rve XWIKUe BeulecTBa. McIonbp30BaHue 3TOTO CBOMCTBA HAHOTPYOOK
MO3BOJISAET CO3HABATH MPOBOASHIVNE HUTH PEKOPAHO MAJIOTO TUaMeTpa.

CyllecTBYET MHOTO BapMAHTOB CBEPTHIBAHUS I'Ppa(pUTOBOro CNOS B
TPYOUaTYIO CTPYKTYPY. [IpocTpaHCcTBEHHAS OpUEHTAIUS TeKCArOHAb-
HOW CETKM OTHOCHTEJIBHO MPOAOJIBHON OCH HAHOTPYOKH OrpenessieT
€e BaXHEHILIYI0 CTPYKTYPHYIO XapakKTEpPUCTHKY, KOTOpasd IOJIyduia
Ha3BaHUE Xupaisiocmi. B 3aBUCUMOCTH OT XHPaJIbHOCTHU (3aKpyUeHHO~
CTH) HAaHOTPYOKM 06NafaioT JUO0 CBOMCTBAMU MOJIYMETAUIOB C YAEb-
HbIM conporusieHneM MeHee 107 Om - M, Ju60 CBONCTBaMM HOJNY-
MPOBOJIHMKA C LIMPHUHOMN 3amnpellleHHOR 30HBI B npenenax or 0,01 mo
0,7 3B.

YCTaHOBEHO, YTO UIUPUHA 3aMpPelleHHONH 30HBI HAXOAUTCS B 00-
pPaTHO MPONOPUMOHANBHON 3aBUCUMOCTH OT paauyca HaHOTPYOKH.
MuHNMATBHOE 3HAYCHUE YIAeNAbHOTO CONMPOTUBIIEHUS, 3a)MKCUPOBaH -
HOE U HAaHOTpyOOK, MOYTH Ha JBa MOPSIKA MEHbIIIE YAEIbHOIO CO-
NPOTUBJIEHUA TpauTa, U3MEPEHHOIO BAOJb IJIOCKOCTH CJIOEB.

TeMnepaTypHbie 3aBUCUMOCTH YIEIbHOIO COIPOTHUBIECHUS HAHO-
TPYOOK OTIMYAIOTCS 3HAYUTETbHBIM pa3HOOOpa3ueM U BO MHOIOM OIl-
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pPEeNeNsIoTCs YCIOBUAMU TOJYYeHUS 00pa3ioB, UX pazMepaMu, Xu-
PaJIbHOCTBIO, a TAKXKE YUCIOM ciioeB. KpoMe Toro, npyu aHanmuse daeK-
TPUYECKUX CBOICTB HAHOTPYOOK HEOOXOAMMO MPUHMMATh BO BHUMA-
HHUE KBAaHTOBbIE pazMepHbie 3(dekThl, nposiBisioluecs B 00pazoBa-
HUH JUCKPETHBIX 3HEPTeTUYSCKUX COCTOSIHUMI BCIISACTBUE CUIIBHOM JIO-
KaJIM3aLMi DJIEKTPOHOB. YIEJIbHOE COMPOTUBICHUE YITICPOAHBIX Ha-
HOTPYOOK MOXET U3MEHSITLCA HAa HECKOIBKO MOPSIKOB MPU UX Jerd-
pOBaHUM (MHTEPKAIMPOBAHWHN) MHOBAJICHTHBIMU MTPUMECIMM.

CoenHeHuEe ABYX HAHOTPYOOK, MMEIOLLIHUX Pa3IUYHYIO XUPATbHOCTD,
a CJEIOBATEJIbHO, U PAa3IMYHBIC 3ICKTPOHHBIE XapaKTEPHUCTUKH, IO-
3BONIsIET CHOPMHUPOBATDL reTePOTIepexo/] IO TUIY ITOJIYINPOBOAHUK —
TIONYIMPOBOAHMK UM METAJLT — MOJIYIIPOBOAHUK. biarogapst aToMy OT-
KpPbIBaIOTCSl BO3MOXHOCTH CO3MAHMS TMOAHBIX U TPAH3UCTOPHBIX CTPYK-
TYp HaHOBJIEKTPOHUKH.

1 U3MEHEHUS! XUPaJIbHOCTH OJAHOCIONHON YINIEpOAHOU TpyOKu
U COOTBETCTBYIOUIETO MPeoOpa3oBaHUs €€ 2JIEKTPOHHBIX CBOHUCTB J0-
CTATOYHO BHEAPUTHL B I€KCATOHAJIBHYIO CETKY CTPYKTYPHBIH Ac(hEKT B
BHJEC Naphl NATHYTOJbHUK — CEMUYTIONbHUK. B ciyyae ycneuwiHoro pe-
LUECHUS 3TOH TEXHONOTMYECKOH 3a1ayy YIJIEPOAHbIE HAHOTPYOKHU MO-
I'YT CTaTh ONHUMM M3 CAMBIX IIPUBJIECKATEIbHBIX OOBEKTOB OLICTPO pa3-
BUBAIOLICHCS MONYNIPOBOIHUKOBONH HAHO3JIEKTPOHHMKH.

IIpu npunoXeHNU BHEUIHETC HANIPSKEHUS] B HAHOTpYOKax Habao-
naercs a¢gpdekT yeuneHus noja. CylHOCTh ero 3aKioyaeTcs B TOM,
YTO HANPSKEHHOCTb IMOJIA BOAU3M BEpUIMHBI HAHOTPYOKM MOXET B
COTHM pa3 NpeBbILLIATL CPeHEe 110 00beMy 3HaUeHHUE. B pe3yabTare Bo3-
NEeCTBUST TAaKOTO NHOAS HAHOTPYOKM 00J1a1al0T BHICOKOH 3(deKTUuB-
HOCTbIO 3MUCCUHM 371eKTpoHOB. Ilpu Hanpsxenun oxkosno 500 B mrot-
HOCTH TOKA aBTOJIEKTPOHHOM 3MHUCCHH TP KOMHATHON TeMIieparype
JOCTUTAET BeIUUMHbBI nopsaaxa 0,1 A/cm?. DTH AaHHbIE TO3BOJISIIOT pac-
CMaTpUBAaTh YIJICPOJIHBIE HAHOTPYOKY KaK IEPCIEKTUBHbBIC 3JIEMEHTHI
JUISE aBTOSMUCCHOHHBIX KaTOIOB.

braromgapss MajIbIM pasMepaM M HM3KOH KOHUEHTpauuu nedeKToB
HAaHOTPYOKH OTJMYAIOTCS BBICOKHUM TMPEJEIOM MEXaHMYEeCKOH IMpo-
yHoCcTH. Hanpumep, MOLy b YIPYTOCTH BIOJB MPOJOIBHON OCH HAHO-
Tpy6ku cocrasasieT okono 7000 I'Tla, Torna Kax y 30HAOB M3 CTAIH
3Ta BeJWYMHA He npesbliiaeT 3HauyeHUs: 200 ['Tla. Beicokas mexaHU-
yeckasi IPOYHOCTb B COYETAHUU C TPOBOSIIIMMU 3JEKTPHUYECKUMU
CBOWMCTBaMH I1I03BOJISIIOT UCTIOAB30BATh YIJIEPOAHbIE HAHOTPYOKY B Ka-
YeCTBE HaJCXKHbIX 30HAOB B CKAHUPYIOIUUX 3JIEKTPOHHBIX MHKPOCKO-
nax, ApelHa3HAaYCHHBIX JUISl UCCACIOBAHUS MeNbUalIMX IOBEPXHOCT-
HBIX HEOMHOPOIHOCTEH.

®ysnepennt. B 1985 r. axcnepuMeHTAIbHBIM IyTeM ObUIM BbISIBJICHEI
MOJIEKY/ISipHBIE (POPMBI YIJIEPOA, KOTOPBIE BIOCIEICTBUY TIOIYYMUIU
Ha3BaHUE )yiiepeHoé B 4eCTb aMEPUKAHCKOTO M300peTaTesis | apXu-
texTopa P.b. ®ynnepa. Kak okasanocs, cpeiy 60bIIOT0 YUCIA YIJIe-
POIHBIX MOJIEKY/ISIPHBIX KJIACTEPOB, COAEPKAIIMX PazINnYHOE YMCIO aTo-
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MOB, Haubosee cTabUNbHBIMU KoMInieKkcaMu aBasioTest Ce v Cqp, T. €.
MOJIEKYJIbl, OOBEANHSIONINE COOTBETCTBEHHO 60 1 70 aTOMOB yrjiepo-
na. B Takux MoJ1eKynax aToMbl YIJIEpOaa, pacrosarasch N0 BepIHUHaM
MMATH- U LIECTUYTOJBbHUKOB, 0Opa3yioT 3aMKHYTYIO TMOBEPXHOCTb B
¢opmMe cepsl unu chepounna (puc. 3.22). B yactHocTu, Monekyna Cg,
HarnoMuHaeT NOKpbIUKY (pyTOobHOrO Mstua ntramMeTpoM 0,72 HM, CHIU-
Ty10o u3 20 WeCTUYrOAbHUKOB U 12 naTuyronabHuKoB. ChenyeT 3aMme-
THTb, YTO chepuvecKast MOBEPXHOCTh HE MOXET ObITh MOCTPOEHA TOJILKO
U3 OJHUX IIECTUYIOJILHUKOB.

Kaxneiii atoMm yriepona B Mmosekyie Cgy MMEET IBe OJMHApHBIC U
OIHY IBONHYIO CBSI3b, YTO COOTBETCTBYET T'MOPUAM3ALIMU ATOMHBIX
opbGuTaneit no TMIy sp?, Kak m y rpadura. [IBoiiHas CBA3b ABISETCS
o0liel CTOPOHOM ABYX LIECTUYTOJbHUKOB Ha CepHUyecKoil IoBepX-
HOCTHU MOJIEKYJSIPHOTO KJIacTepa, a OAMHApHAs CBS3b CJAYXXUT COSIU-
HUTEJNbHBIM 3BEHOM MEXIY MHOTOYTOJIBHMKAMU C MATHIO U UIECTHIO
BeptIMHaMU. KoOpAMHAUMOHHOE YUCIIO JUISl aTOMOB YIepoaa B MoJie-
KyJax QymiepeHoB paBHsETCs TpeM. Mosiekybl GyiepeHOB, B KOTO-
PbIX aTOMBI YIJIEPO/A CBA3AHBI MEXIY COOOHM KaK OJMHApPHBIMHU, TaK U
JMBOWHBIMU CBSI3SIMU, SBJISIIOTCA TPEXMEPHBIMU aHAJIOraMu apoMaTH-
YECKHUX CTPYKTYP.

Monekyna C,,00nanaet 6ojee HU3KOH cCUMMeETpUei, Y4eM MOJIEKY-
na Cg. Ee chepounanbHas opma XapaKTepu3yeTcsl NEpPeTSXKOH B
5KBAaTOPUATBHOM TIJIOCKOCTH.

s nonyyenus dynnepeHoB Hauboee 4YaCTo UCTIONB3YeTCs AYTO-
BOH paspsll MeXOy rpadUTOBBIMHU 37EKTPOAaMH B aTMocdepe resius
WIU IPYTUX MHEPTHHIX Ta30B. McmapseMslit rpacduT He pasaraercst Ha
OTAEJIbHBIE aTOMBI, @ 00pa3yeT MPOLYKTHI pacnana, CoXpaHsiolue 1ie-
CTUYTOMbHbIE KOHOUTYpALUY CTPYKTYpHO# ceTku. M3 atux pparmen-
TOB I'paUTOBBIX CIOEB U MPOUCXOIUT HOPMUPOBAHUE MOJEKYT DyII-
JiepeHoB. OTaeeHUe NTOCASIHUX OT rpadUTOBOM CaxXM OCYILECTBIACT-
Cs1 TIyTeM pPacTBOPEHMs 00pa3yIolerocsi 0Cajaka B NMOAXOASIIINX PacT-

Puc. 3.22. Crpykrypbl Mojiekyn dynaepeHoB Cg 1t Cyq
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BOPUTEIIAX C MOCNIEIYIOLIEH SKCTPAKLIMEH METOAOM XUAKOCTHOM XpO-
MaTorpacduu. B kauecTBe pacTBopHTesiei HCITONb3YIOTCS TOAYON, 6eH-
30J1, AUXJIOPOEH30 U APYyTHUe HEeNOMSIPHbIE XUIKOCTH.

Bricokasi Heprusi CBSI3M aTOMOB YIJIepOa B MOJIEKYJIax QyJuiepe-
HOB M CBOMCTBA CUMMETPUM ITHUX MOJIEKYT OMPEACSIOT UX RHOMAJb-
HO BBICOKYIO TepMHUUecKylo cTabuwnbHOCTh. HanmpuMep, Momnekynbl Ceg
COXPaHSIOT CBOIO CTPYKTYpY npu TeMmmepatypax ao 1 700 K. OaHako
HarpeBaHWe B MPUCYTCTBUHU KUCJIOpPOAA NMPUBOIXUT K MHTCHCHUBHOMY
OKHMCJIEHUIO U pa3pylLIeHUIO MOJIEKYIBI (hyJuIepeHa yxe NpH TeMrepa-
type 500 K.

Brarogapsi 10¢TaTouHO 60JIBLUIOMY CPOJICTBY K 2JIEKTPOHY MOJIEKY-
JIBI QYJIIEPEHOB B XMMHUUECKHUX peaKIUsIX TPOSBISIOT cebsl KaK ciadbie
okucnutenu. Hanpumep, NpooyKToM peakLiMH FMAPOreHU3aluu yi-
nepeHa Cg, siBsieTcs: MoJieKysia coenuHeHus CqoHsg, B KOTOPOIT HEKO-
TOpble M3 ABOHHBLIX CBA3CH MeXIy aToMaMHM yIjiepoia ocTaloTcs 6e3
BOAOPOAA.

TepMuyeckoe ucnapeHue rpa@uTOBBIX CTEPXHEN, COAepKALIUX
METAINYECKHE BKJIIOYCHHUSI WIM OKCHUJbl METAUIOB, MOXET COMpO-
BOXAATbCA (POPMHUPOBAHMEM TaK Ha3bIBAEMBIX IHO0IOPAALHYIX KOMN-
Jaexcos. B 3TOM ciiyyae aToM METaljia OKa3blBaeTCS BCTPOSCHHBIM BHYTPH
MOJICKYJISIpHOM 060104KM (ysuiepeHa. [TonobHbIe MOEKYISIPHBIC CTPYK-
Typhl TIPUHATO 0003HAYaTh CUMBOJIOM Me@C,, rie Me — BHenpeH-
HBIIl aTOM METajj1a, # — YUCJIO AaTOMOB yriepoda B obojouke ¢ysie-
peHa.

Kpyr MeTanioB, crnocoOHbIX 00Pa30oBbIBATh SHA0APATBHBIE KOMIT-
JIEKChI, TOCTATOYHO MIMPOK. B yacTHOCTU, B HEro BXoAST METALTHL 11 u
HI rpynn Iepuonnueckoit cucremsl snemeHToB . Y. MeHneseeBa u
peaxo3eMeJibHbIe 3JIeMEeHTHI, obpa3syrolie MoJekyiabl Tuna Ca@Cy,,
La@Cy, La@Cy,, Y@Cy,, SM@Cyy 1 T. 11. CTAOUIBHOCTb HI03APATIL-
HBIX KOMIUIEKCOB PacTeT ¢ YBeJIMUSHHUEM pa3Mepa dymiepeHoBoi 000-
Jouky. CoBeplLIEHCTBOBAHUE TEXHOJOTHH MOJYYEHHUS SHI03IPATIbHBIX
MOJIEKYJT OTKPBIBAET MYTU K CUHTE3Y HOBBIX UCKYCCTBEHHBIX MaTepHa-
JIOB ¢ BeCbMa HEOOBIYHBIMH CBOMCTBAMU.

IIpu onpeneneHHbIX YCAOBUSIX MOJEKY/BI (QYANEPEHOB MOTYT YIIO-
PSAOOYUBATLCS U OOPA30BBIBAThL PETYASIPHYIO KPUCTALTUYECKYIO PELIETKY.
Teepmoe cOCTOTHUE CBSI3AHHBIX MOJIEKYJT (by/uiepeHa NPUHATO Ha3bi-
BaTh (hyasepumom. TaKOH MOJICKYJSAPHBIA KPUCTALT 10 CYTH CBOEH SIB-
JIeTCS CBSI3YIOLIMM 3BECHOM MEXIY OPraHUYECKON U HEOpraHU4eCcKoit
Marepueil. B dyurepuTax CBA3BIBAHUE MOJIEKY/T OCYILECTRIISIETCS 33 CUET
cun Ban-gep-Baanbca, KoTopbhle HaMHOro ciabee CWI KOBaJICHTHOM
CBSI3M MEXIy aTOMaMH YIJiepoJa BHYTPH MOJEKYJ (yjuiepeHa.

Ilpu koMHaTHO# Temnepartype st QyiepuTos Cq TEpPMOAUHAMU -
YecKU CTabWILHOM SBIAETCS KPUCTALIMYECKAs] pelleTKa IpaHEeleHT-
pUpOBaHHOro Kyba ¢ miuHoil pebpa a = 1,42 uM. Haxonsicy B y3max
KPUCTAULIMYECKOMN pelleTKH, MoaeKyabl Cg, HCIBITHIBAIOT OBICTpOE
BpallieHue ¢ 4yactotoil nopsiaka 102 ¢!, [Ipu HM3KOI TeMmepaType
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(menee 260 K) Bpauienune npekpauaeTcss U CTAHOBHTCH CYLIECTBEH-
HOM AHMU3OTPOIUST MEXMOJIEKYASIPHOTO B3aUMOACHCTBUS, MPUBOIS-
1ass K HeGONBIUIOMY CMELIEHHUIO Y3I0B U TMOHIKEHUID CUMMETPUM
KPUCTAJUTMYECKON peHIeTKHU.

Ilo cBOMM 3JIEKTpUYECKHUM CBOMCTBAM (DYJINIEPUTHI OTHOCSITCS K MO~
JIYTMIPOBOAHMKOBBIM MaTepHaslaM C 1LUMPHHON 3amnpelleHHON 30HBI OT
0,5 mo 1,95 3B B 3aBUCHMOCTH OT COCTaBa MoJsieKyn dyuiepeHa. Hanpu-
Mep, MOHOKpUCTabl Cg, 001a1a10T 3anpeleHHOoN 30HoiH AD = 1,5 3B.
DNeKTpUYECKOe COMpOTUBAeHHNE (DY/UIEpUTOB YMEHbILIAETCS NP Ha-
IPEBAHUH U MpPU MOBBLIIIEHHU BHELIHEro 'MAPOCTATHYECKOrO JaBjie-
Hust. Cpeny MOJIEKYJISIPHBIX KPUCTAUIOB (hyJUIepUTHI 001a1al0T Haubo-
Jiee BBICOKOUM (hOTONMPOBOAMMOCTBHIO.

@yunepuasl. [Ipu BHeApeHUH (MHTEPKAJTMPOBAHUN) UOHOB 1IIEIOY-
HBIX METAJUIOB B MPOCTPAHCTBEHHYIO CTPYKTYPY TBEPAOro dyJiepeHa
MPOUCXOIUT O0OpPa30OBaHME MaTepHaa ¢ METAJIOTIOAOOHBIMU CBOICTBA-
MH. MHTepKaMpoBaHHbIE COSAMHEHMS MOAOOHOTO THUMA TMOIYYUIIH
Ha3BaHUe @ya1epudos. braronaps BLICOKOM 3JIEKTPOOTPULIATETLHOCTH
MOJIeKy/1 (yJUIEpeHOB B KpUCTALIAX (Y/UIEPUIOB peaiu3yeTcss UOH-
Hasi XUMHUYECKas CBsI3b, XOTSA BAEKTPONPOBOJHOCThL OCYILIECTBISIETCS
3a CYET CBOOOIHBIX 3JICKTPOHOB. YIEJIbHOE JIEKTPUUECKOE COMPOTUB-
JieHue dyNIepuaoB YMEHBUIAETCS TI0 MEPE YBETUYEHUS] KOHUEHTpa-
UMM MOHOB METANIa U TIPHHUMAET MUHUMAIbHbIE 3HAYEHUS B COEIU-
HEHUSX CTexuoMeTpuueckoro cocrapa Me;Cegy (Me — UOH 111eIOYHOTo
Metaia). B Takux Matepuanax JulUb ITOJIOBMHA COCTOSIHUIN 30HBI ITPO-
BOAMMOCTHM 3aMONHEHA 3JIEKTPOHAMM.

Dynepuasl HIETOYHBIX METALIOB, UMeOLLHe cocTaB Me;Cg, pu
HU3KMX TeMIlepaTypax NMepexoisiT B COCTOSIHUE CBEPXITPOBOIUMOCTH,
MpUYeM KpUTUUECKHE TeMIepaTypbl ¢azoBoro nepexona 7., OKa3bi-
BalOTCSl CAMBIMM BBICOKMMU CPEAU BCEX MOJEKYISIPHBIX CBEPXIPO-
BOAHMKOB. CBEpPXIpPOBOASILIMMU CBONMCTBAMH OO0JIAAAIOT M CMEllaH-
Hble @yanepudst — Metajuiodpymnepuabl — Tina Na,KCgp, K; sRb; sCq,
B KOTOPBIX 00111251 KOHLIEHTPAlis aTOMOB 1LEJOYHbBIX METAJLIIOB COOT-
BETCTBYET YKA3aHHOMY Bblllle CTEXHOMETPUYECKOMY COOTHOLIEHMIO.
YCTaHOBJIEHO, YTO KPUTHUUYECKAS TEMIIEpaTypa Mepexoia K CBepXIipo-
BOAUMOCTHU T, NPAKTUYECKU JIMHEHHO BO3pACTAET B 3ABUCUMOCTU OT
MepUONa KPUCTAINIMUECKOH pelieTku g MeTauiodymuiepuaa. Coorser-
CTBYIOIIIAsI KOppEAsSUMs MoKa3aHa Ha puc. 3.23. U3MeHeHue nepuona
peleTkyu oOYCHOBJIIEHO MU3MEHEHUEM pa3MEpOB U COAEPXaHUS MH-
TePKATUPYEMbIX aTOMOB 1LETOYHbIX MeTAUIOB. [T006HO YUCTHIM Gy~
JIEpUTaM, METAJLTOMYIIEPUIbI LIETOYHbIX METAUIOB KPUCTALTU3YIOTCS
B CTPYKTYpE rpaHeleHTpUPOBAHHOIO Ky0a. s cpaBHEHUsI OTMETUM,
4TO y rpaduTa, MHTEPKAIMPOBAHHOIO KajueMm, TemmepaTypa 7., cO-
crasysier Bcero auib 0,55 K, torna xak y coenuuenust K;Cgy oHa no-
cturaet 19 K. ¥V metarnodynnepunos cioxHoro cocraBa Rb—Tl— Cg,
rnepexol B CBEPXIIPOBOASILIEe COCTOSTHUE HaOMI0HaeTcsl MpU TeMiie-
paTtype Bolie 40 K.
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Puc. 3.23. 3aBUCHMOCTb TEMITEpaTyphl CBEPXITpOBOAsiiero ¢ha3oBoro nepexona
Gynnepunos A,Cgq OT NepHUoaa KPUCTAULUIUYECKON PEeIIETKH:

1— KXC&; 2 — RbXC(,Q; 3 — CSXCGO

TeopeTnyeckue OUCHKM ITO3BOJISAIOT NPEANOJararh, 4YT0 METaLIo-
(ymtepuanl Ha OCHOBE BBICIIKMX (DY/UIEPEHOB (T. €. C YUCIOM aTOMOB B
MoJiekyse 6ojiee 70) JOJKHBI IPOSABIATL CBEPXTIPOBOISLINE CBONCTBA
Jlaxe TIpY TeMIepaTypax BhlLE TOYKU KUIeHUs Xuakoro azora (77 K).
DKCHEPUMEHTAIbHOE TMOATBEPXKICHUE BBIBOJIOB O BO3MOXHOCTH BbI-
COKOTEMIIepaTypHOH CBEpPXMPOBOAUMOCTH B YKa3aHHBIX MarepHaiax
3aTPYIHSETCS OTCYTCTBMEM HAMECXHBIX METOAMK IOJYYCHMS BBICLIUX
(ynnepeHOB BHICOKOI YMCTOTHI B JOCTATOYHBIX KOJIMYECTBAX.

IIpumenenne. B HacTosiee Bpemsi QyuiepeHBl HaxOOAT peaibHOE
MPaKTUYECKOE TIPUMEHEHUE NIPU [IPOU3BOJACTBE aKKYMYJISITOPHBIX Oa-
Taped, IPUHILUI AeHCTBUA KOTOPBIX OCHOBAaH HA PEaKIUM IPUCOETH-
HeHUs Bogopoaa. OHH OTIMYAIOTCS MAJOH Maccoii, MaibIMu rabapur-
HBIMH pa3sMepaMu, BLICOKOH 3KOJOTMYECKOM UM caHMTApHOM Oe3omac-
HOCTBIO U B CPaBHEHMH C aHAJIOFMYHBIMH HUKEJIEBBIMUY aKKYMYJISITO-
paMu o01aAaroT B ISITh pa3 OoJbliieif eMKOCTHIO.

MHoroobpasue CTpyKTYpHBIX QOpM, XMMUUYECKHUX, MEXaHUYECKUX,
OINTUYECKUX U DJIEKTPUUYESCKHUX CBOUCTB (YINePEHOB OTKPBIBAET MEPC-
MEKTUBBI CO3/JaHMsl HA UX OCHOBE BeChMa LUMPOKOro Kpyra npubopos
M MpernapaToB CaMOro pasiMYHOro HasHayeHuA. Hanpumep, adbdekr
HeJMHEeHOW npo3pauHocT Gy/iepeHCoAepXallluX PacTBOPOB U CO-
eIMHEHUH MTO3BOJISET UCITONB30BATh UX B KAYECTBE ONTHYECKUX 3aTBO-
POB, 3aLIUIIAIOHIMX YCTPOHCTBA M OOBEKTHI OT MHTEHCUBHOIO OITH-
YeCKOTo M3IydeHus. MceaeayroTcss BO3BMOXHOCTH MPUMEHEHUS 3HI0-
sapanbHbIX (hopM DyrnepeHOB I co3naHUs (P PEKTUBHBIX TBEPAO-
TEJAbHBIX JIAa3€POB Ha MX OCHOBE. DHIACIIPATBHBIC YIJIEPOIHbIE KOMIT-
JIEKCBI, CONEPXKAINUE PeAKO3EMEIbHbBIE 3JEMEHThI, MOTYT IOCIYXHUTD
OCHOBOH Uit GOPMUPOBAHUS 3aIIOMHHAIOLIENR CPe/lbl CO CBEPXBBICO-
KOif IJIOTHOCTBIO 3amucu uHdopmauun. Hocurenem undopManu B
TakOH cpejie ABNSETCS MarHUTOAKTUBHBIA MOH, 3aKJIIOYeHHBINA BHYT-
pu MoJekyJbl dymiepeHa, y KOTOPOro OPUEHTALIMIO MarHUTHOTO MO-
MEHTAa MOXHO (PMKCHPOBATh C IIOMOLLIBIO BHEIIHErG MArHUTHOTO I1OJISL.
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CMazka Ha OCHOBe (y/UIepEHOBOM IIEHKH 00eCIeYMBAET AHOMATBHO
HU3KUH KO3DGUUACHT TPEHUS MEXAY NMOBEPXHOCTIMM TBEDAbIX TEJ.

Onpenensst nojoxeHue QYLISPEHOB B COBPEMEHHON Hepapxuu
MaTepUanoB, OLEHUBAS UX POJIb B HAYYHO-TEXHUYECKOM Hporpecce,
HEOOXOAMMO OTMETUTDb, YTO (YJJIEPEHBl U MPOU3BOAHBIC OT HUX SIB-
JISIOTCSl BEChbMa MNpPHBICKATeIbHBIMUM OOBEKTaMU (DyHIAMEHTANbHOMK
Hayku. X u3yqyeHue cylleCTBEHHO yIy0sIsieT YCTAaHOBUBUIMECS TIPei-
CTaBNeHUst 0 hopMax CyLUIECTBOBAHUSI OPraHUUYECKON U HEOpraHUye-
CKOH MAaTepuu.

3a oTtkpniTHe dymiepeHoB aMepukaHuwl I'. Kporo, P.Cmomm u
P.Kepn 6oinu yaocroenn Hobenesckoit npeMuu o xuMuu 3a 1996 r.

3.8. KOMIIOSMIIMOHHBIE 1 OKCHIHDBIE
ITPOBOJAIINE MATEPHUAJIbI

Komnosunnonnsie MaTepuaibl. OHM NPeACTABASIOT COO0H MEXaHU-
YECKYIO CMECh TTPOBOAALLIETO HANOIHUTESA C AUDJIEKTPUUECKON CBA3-
Koit. [1yTeM M3MEHEHHMs COCTaBa U XapaKTepa pacrpeleseHUsI KOMITO-
HEHTOB MOXHO B JOCTATOYHO IIMPOKHUX IIpeiesax YIpaBJsiTh 3IeKTpH-
YeCKMMU CBONWCTBaMy TAKMX MaTepHaoB. OCOOGEHHOCTSIMU BCEX KOM-
MO3ULIMOHHBIX MAaTEPUAJIOB AB/ISIOTCS YACTOTHASA 3aBUCUMOCTD ITPOBO-
JUMOCTH M CTapeHMe MpHU UIMTENbHON Harpy3ke. B psiie ciyyaes 3a-
METHO BbIpaXXeHa HETMHEMHOCTb NEKTPUYECKUX CBOMCTB.

B kauecTBe KOMIOHEHTOB NPOBOASIEH (a3bl UCMIONB3YIOTCA Me-
TaJubl, rpaduT, caxa, HeKOTOpble OKCHABI U Kapouasl. PyHKUHUH CBSI-
3YIOIIEro BELeCTBA MOTYT BBINOJHATH KaK OPTAHUYECKHE, TAK U He-
OpPraHUYECKHUE AUDIEKTPUKH.

Cpeau MHOroo0dpaznsi KOMOMHUPOBAHHBIX MPOBOASIIMUX MaTepHUa-
JIOB HauOOJIbILIETO BHUMAHUS 3aCAYXUBAIOT KOHTAKTOAbI U KEPMETHI.

Koumarxmonst, NICTIONB3yeMbIE B KA4YECTBE TOKOIMPOBOJSIINX KII€eB,
KpacoK, MOKPBLITHI ¥ 3Majieit, IIPeACTABASIOT CO00I ManoBsI3Kue AU60
MacTo00pasHbIe MOJIMMEpPHBIE KOMITO3ULIMHY. CBS3YIOLIMMH BElIleCTBa-
MM B HUX CAYXaT pa3jIMdHbIe CHHTETUYECKHUE CMOJIBbI: SMOKCUAHLIC,
dopmMmaspieruaHble, KpeMHUHAOPTraHUYEeCKHE (CM. TIoapasa. 7.4), a To-
KOIPOBOASIIMM HAIOJHMUTEEM SIBASETCS METKOIUCIIEPCHBINH TIOpO-
HIOK MeTa/uia (cepebpa, HHKes, najinagus, meaun). Heobxommmas
BI3KOCTb KOHTAaKTOJIOB Ilepell MX HaHeCEeHMeM Ha CKJIeUBaeMble I10-
BEPXHOCTU 00ECIeunBaeTCst BBEACHUEM PAaCTBOPHUTENiel (alIETOH, CIIUPT
u ap.). OTBepXAcHNE KOHTAKTOJIOB, KaK MPaBHIIO, TIPOMCXOIUT B TIPO-
LEeCCe HArpeBaHUs UX JO ONpeAeNeHHON TeMITepaTyphi.

Bonbuiyio pons B poOpMUPOBAHUM KOHTAKTOB MEXAY YacTHUIIAMHU
METAUIOB B KOMITO3UIIMY MIPAIOT BHYTPEHHUE HANpPsDKEHUS, BO3HM-
KalolKe NMPU OTBEPKACHUM B PE3YJIbTaTe YCAAKU U3-32 YAECTyUUBAHUS
pacTBOPUTEJISl M MOJMMEPU3ALIMH CBA3YIOLIETO BelllecTBa. [1o cpaBHe-
HMIO C MATKMMM NPUIIOAMM KOHTAKTONbI 00JafaoT 6osee BRICOKOM
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MPOYHOCTBIO, 3JACTUYHOCTHIO, XOPOIUMMU AIre3HOHHBIMM M AHTH-
KOPPO3UOHHBIMU cBOicTBaMU. OJHAKO UX OO BEMHOE YAENIBHOE IJIEKT-
pHYECKOe CONMPOTHBICHUE MPUMEPHO Ha MOPSIAOK BBIIIIE, YEM Y TIDH-
noes. Haubonee BbICOKOI MPOBOAMMOCTBIO M CTAOUILHOCTBIO CBOKMCTB
NIpH PasJIUYHbIX KJIMMATHUYECKUX BO3IEHCTBUIX OTIMYAIOTCS KOHTAK-
TOJIBI, conepxalue cepedbpo. Hanboee neieBbIMU SIBSIOTCS IPOBO-
IsTilMe Kjie Ha OCHOBE rpaUTOBOTO HANOMHUTEJSI.

KOHTaKTO/Mbl MPUMEHSIOTCS [UISt CO3MAHUSI KOHTAKTOB MEXIY ME-
TajylaMy, MeTalIaMU | ITOJIYNPOBOAHUKAMU, METAUIAMU B TpaUTOM
WJIM 3JIEKTPONIPOBOASILIEN PE3NHOM, IUISl CO3AAHUS BNECKTPOIOB HJIU
TOKOMPOBOASIMX KOMMYHUKALIMHA Ha ANUSJCKTPUUECKUX TOMTOXKKAX.
OHM UCIONB3YIOTCS MPHU MOHTAXE TMOPUAHBIX MHTETPAIBHBIX MHKDPO-
CXEM, W3rOTOBJEHMH 3JCKTPOAOB K KEpaMHUYECKHM KOHACHCATOPAM,
MpYU COCNMHEHUM KBApLIEBLIX SJIEMEHTOB IbE30JATYMKOB, NP IKpa-
HUPOBAHUY NOMEUICHUIT U TPUOOPOB OT MOMEX, B TMHOKUX BOJIHOBOAAX
U JIPYTUX U3ICTUSIX 3JIEKTPOHHOM TEXHUKH.

Kepmemamu Ha3bIBAIOTCA METAUIOAUIIEKTPUUECKHE KOMMO3ULIUU
C HEOPTaHWYECKUM CBA3YIOIHUM. OHU NpeaHa3HaAYeHb! 11T U3TOTOBJIC-
HUS1 TOHKOIJICHOYHBIX Pe3UCcTOpOB. CylieCTBEHHBIM MTPEUMYLIECTBOM
KEPMETHBIX TUIEHOK SBASETCS BO3MOXHOCTh BAPBUPOBAHUS UX YIENb-
HBIM CONIPOTUBIEHKEM B LIMPOKUX npenenax. HanGonburee pacrpoct-
paHeHUe NoAyYrua MUKpoKoMMNo3uLus Cr— SiO, ToHKUe [JIEHKU KO-
TOPOId U3TOTOBISIOT METOIOM TEPMUUYECKOTO UCIAPEHUS U KOHICHCA~
MK B BAKYYME C MOCACAYIOLIEH TepMooOpaboTKOM st cTabuIu3a-
uuu cBoicTB. [Ipu TepMoobGpaboTKe 3a cueT B3aUMOJIEUCTBHS KOMIIO-
HEHTOB NMPOUCXOAUT BBHITECHEHHE OKCHUIHOH MPOCIOMKU MEXIy 3€p-
Hamu ¢ ob6paszoBanueM ¢asnbl Cr;Si. B pe3ynbraTe COMpOTHBIEHKE H30~
JISLIMOHHBIX MPOCIOEK MEXIY 3€pPHaMU 3aMEHSIETCSI CONPOTUBIEHUEM
KOHTAaKTHpPOBaHUS.

B TONCTOMIEHOYHBIX MUKPOCXEMAX UCTIONB3YIOTCS PE3UCTOPHI, MO-
JlyyagMble HA OCHOBE KOMITO3ULIMU CTEKJIA C MALIAAUEM U cepeOpoM.
Jns 970 LemU CTEKJIO pa3sMaNibIBAIOT B IOPOILOK IO pa3Mepa 3epeH
3...5 MKM, CMEUIMBAIOT C IOPOIIKOM cepebpa ¥ najiaaus, BCroMora-
TeAbHOM OpraHn4eckoif CBA3KOM u pacTBoputeneM. Ilonyyaemylo nac-
Ty HAaHOCSIT HAa KePaMHUYECKYIO TOMIOXKY U CIIEKAT B OOBIYHOI aT-
Mocdepe. YaenbHoe COMPOTURIEHUE TUIEHOK 3aBUCHT OT NMPOLEHTHOIO
COAEPKaHUs [NPOBOJSILUMX KOMIIOHCHTOB M PEXXUMa CTIEKAHHUS.

IIpoBoasmue MaTepHaIbLl HA OCHOBE OKCHIOB. [TonaBiisolnee 60Mb-
HIMHCTBO YUCTBIX OKCUAOB METAJIOB B HOPMANbLHbBIX YCIOBUSX SIB-
JISIIOTCSL XOPOLIMMHM AUJIeKTpUKaMU. OmXHAKO NMPU HEMOJHOM OKUC-
JieHUH (TIpU HAPYIIEHUHU CTEXUOMETPHUUIECKOTO COCTaBa 3a cueT obpa-
30BaHUS KHUCJOPOJHBIX BAKAHCHIT), a TAKXKe MPU BBEJIEHUH HEKOTO-
pbIX pUMeEceil MPOBOAMMOCTb OKCUIOB PE3KO IOBbILIAECTCH. Takue
MaTepHalbl MOXHO UCMOJIB30BATh B KAUECTBE KOHTAKTHBIX U pe3uc-
TUBHBIX cj10eB. HauGonblinit mpakKTUYeCKUH HHTEPEC B 3TOM ILIaHE
NpeACTaBAsIET TMOKCUII OJIOBA. B pannosneKTpOHUKE OH HCMOJB3YeT-
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Puc. 3.24. CrieKTpaibHbIe XapaKTEPUCTHKH ONTHYECKOTO MPOIYCKAHUS TOH-
KHX CJIOCB IMOKCHJA OJIOBA ¢ PasiMYHON MPOBOIMMOCTHIO:

1 —h=035MM, y=1,5-10 Cm-mY; 2 — b= 0,35 MM, y=1,2-10* Cm - M7

¢l MPEUMYILLIECTBEHHO B BHJIE TOHKHUX IJIeHOK. Takue IVIEHKHU MOoay-
YaloTCH pa3IUUYHBIMU CIIOCOOAMM: TEPMHYECKUM BAKYYMHBIM HCIIA-
peHHEM U KOHIEHCALIMEH ¢ IOCIEAYIOHIMM OTXUIOM Ha BO3IYXE;
OKHCJICHHEM ITJIEHOK METaJJIMYECKOTO OJIOBa, OCaXACHHOIO Ha IH-
3JIEKTPHUYECKYIO MOMLTOXKY; PCAKTUBHBIM KaTOIHBIM WIN MOHHO-TLIA3-
MEHHBIM pacnbUieHHeM U Ap. OxkcunHbie TieHkKu SnO, oTIMYaloTcs
O4YE€Hb CWIbHBIM CLUEILIEHUEM C KEPAMUUECKOM WU CTEKASSHHOM Mofa-
noxxkoit. IlpouHocTs cuemneHus gocturaer 20 MlIla, yTo HaMHOTrO
Oospllie, YEM Y METAUIMYECKUX IUIEHOK. YIEIbHOE COMPOTUBICHUE
IJIEHOK 3aBUCHUT OT CTENEHU HAPYIUEHUS] CTEXUOMETPUUECKOIO COCTA-
Ba 1 MoxeT cocTasnsATh 108 OM - M. Harpes mieHok SnO, Boiwie 240 °C
MPUBOJAUT K HEOOPAaTUMOMY U3MECHEHUIO CONPOTUBJIEHUS B PE3YJib-
Tate GoJiee NONMHOTO OKMCIEHUs. BMecTe ¢ TeM IUVICHKYM YCTONYMBBL
KO MHOTUM XMMHYECKHUM CpeAaM, pa3pyuIaloTcsl TOJNBbKO IIAaBUKOBOMH
KUCJIOTOH M KUIAILEH IEeTOYbIO.

ToHKHe CIOM TMOKCHUAA OJ0Ba 00J7amaloT LHEeHHbIM ONTHYECKUM
CBOICTBOM — BBICOKOH MpO3pavHOCTbIO B BUAUMON M MHpakpac-
HoIf obnactax criekrpa (puc. 3.24). CoGcTBeHHOE NOTJIOLICHUE T1Te-
HOK SnO, TOTIMHOM 10 2 MKM B BUAMMOUN YaCTH CIIEKTPa He MPEBbI-
waeT 3 %.

CoueTaHHe BBICOKOM ONTHYECKOH MPO3PavyHOCTH M IOBBILIEHHOH
3JIEKTPUYECKO TIPOBOIMMOCTH IIEHOK AMOKCHAA OJI0BA O0YCIIOBIH-
BaeT IPUMEHEHHUE UX B KAYeCTBE IIPOBOASILIUX TOKPLITHIA HA BHYTPEH-
HHMX CTEHKax CTEKISHHBIX Oa/UIOHOB 3JEKTPOBAKYYMHBIX NMPUOCPOB,
9JIEKTPOAOB 3JEKTPOJIOMUHECHIEHTHBIX KOHIEHCATOPOB U XHUIAKOKPU-
CTAUTMYECKUX MHAUKATOPOB, TEpeHalolIUNX TeJCBU3UOHHBIX TPYOOK,
npeobpa3oBareici U YCUUTENEH U300paxXeHUs U Ap.

Kpome nuokcuia 0710Ba, BRICOKOM 3JEKTPHUUYECKON NMPOBOIUMO-
CTBIO U TMPO3PaYHOCTHIO B BHAMUMOMNH 06JacTH crieKTpa obaanaioTr
TJieHKY okcuaa uHaus In,0O;, KOTOpble MMEIOT aHAJOTMYHOE MPU-
MEHEHUeE.
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ROHTpOJIBHBIe BOIIPOCHI

1. Kak M0oXHO KnaccudhuLMpoBaTh NPOBOIHUKOBLIE MaTepHabl?

2. Kakue cBoitcTBa MeIu 0OYCIOBIMUBAIOT €¢ IUMPOKOE ITPUMEHEHHE B 3JI€K-
TpoHHOIT TexHUKe? YUTo Takoe BoxopoaHas 60Ae3Hb Meau?

3. I[Toyemy Msrkas Meab obsanaet 6osee BLICOKOR 3JIEKTPONPOBOAHOCTEIO,
yeM TBepaasi (TBEPAOTSHYTas) MEIb?

4. KakoBBI MPeUMYIECTBA U HEJOCTATKY [10 CPABHEHHIO C MEIbIO aTIOMU-
HHS KaK NpOBOJHUKOBOro Marepuana? UeM oOYyCIOBIECHO ILMPOKOE NPUME-
HEHUE ATIOMUHHUS B [TOJYIIPOBOAHUKOBBIX MHTETPABHBIX CXEMax TP cO31a-
HNU KOHTAKTOB M TOKOBEAYIIUX 3MEMEHTOB?

5. Kaxue MeTamibl M B KaKUX YCAOBUSIX MOTYT NMEPEXOAUTh B COCTOSIHUE
cBepxrpoBonuMocT? KakoB MexaHU3M oOpa3oBaHUs KYNEPOBCKUX nap?

6. Kak BIMSET MATHUTHOE [10Jie Ha KPHTHYECKYIO TEMIIEPATYPY NepPexoaa B
COCTOSIHHME CBEPXIIPOBOAUMOCTU? YeM OTINYAIOTCS CBEPXNPOBOJHUKY 1-TO U
2-ro poga? N3o6paszute 3aBUCUMOCTb HAMAarHMYCHHOCTH OT HANPSAXEHHOCTHU
BHELIHErO MAarHUTHOTO MOJS ISl CBEPXTIPOBOAHUKOB [-TO M 2-ro poja.

7. Chopmyaupyitre npasuiio CUILCOM U YKAXHTE, LTSI KAKUX CBEPXIIPO-
BOAHHKOB OHO BBITIONTHSETCS.

8. M306pa3ute CTpyKTYpPY «BUXpS AOPUKOCOBa». B KaKHX YCAOBUSIX IPOUC-
XOZUT 00pa3oBaHUE BUXPEBBIX IOTOKOB?

9. B yeM 3aK1104aeTCs CYIUHOCTh HECTAIIMOHAPHOIC U CTALIMOHAPHOTO 3¢~
¢exrToB dxo3edcona? IlpuBeauTe npuMep KpUOTPpoHA, paboTalouerc Ha oc-
HOBe HectanumoHapHoro addekTa IxozedcoHa.

10. Kakue MaTtepuansl OTHOCSTCS K IPYIIIE BHICOKOTEMIEPATYPHBIX CBEPX-
npoBoAHUKOB? KakoBbl 0COGEHHOCTU UX KPUCTALIMYECKOIO CTPOCHUSI?

11. HazoBute ocHOBHBIE MeToab! cuHTe3a MaTepuaioB BTCII. KakuM 06-
pa3oM YIIPaBJSIIOT JEKTPUYECKMMH CBOMCTBAaMU CHHTE3UPYEMBIX ¢$a3?

12. Kakne MeTULIMYECKUE CIUIaBbl BLICOKOT'O CONPOTUBJICHUS U JUTSI KAKHX
Leseil IpUMEHSIIOTCS B 3JIEKTPOHHOMR TexHuKe?

13. HazoBuTE OCHOBHBIE IPYITIBI aMOP(HBIX META/UTMYECKUX CILTaBoB. Ka-
KMe (aKTOpbl OrpaHUYUBAIOT MAKCUMAIBHYIO TEMIIEpaTypy 3KCIUTyaTauUu
AMC?

14. TToueMy YUCTBIE METALIBI TPYAHO NEPEBECTH B aMopdHoe cocTosHue?
Kakue crioco6nr popmupoBanus AMC Halmu HanbGoJblIee NPaKTHYECKOES
puMeHeHue?

15. Kakue AMC uMeoT OTpULATENbHBIH TeMIIEPAaTYPHBIA KO3hhULIMEHT
VIEABHOIO cONpoTUBIeHUS? YeM 06yCIOBICHBI BHICOKHE KOPPO3NOHHAS CTOM-
KOCTh M MeXaHn4ecKasi mpoyHocts AMC?

16. OGBSICHHUTE aHU3O0TPOHHIO (DU3NYECKUX CBOMCTB KPHUCTA/UIOB rpadura.

17. KakuM criocoGoM MOAy4YarT U3ACUA U3 CTeKIoyrepoaa?

18. KakuMmu 3/1eKTpUYecKMU CBONUCTBAMH OOJIANAIOT YIJIEPOMHbBIC HAHO-
TPYOKM M Kakue HaKTopsl ONpeaesioT 3TH CBoicTBa?

19. Kakoe crpoeHre UMeIOT 3HAO3ApaIbHbIE QyIUIepeHbl? YKaXUTe BO3-
MOXHBIE ODJIACTH MX MPHUMEHEHUS.

20. Ha3zoBuUTE KOMMO3UIIMOHHBIC HEMETALUITMYECKHUE TPOBOIHUKOBBIC Ma-
TepUasbl U MPUBEAUTE MPUMEPHI UX NIPUMEHEHUS B JIEKTPOHHOM TEXHUKE.



T'sasa 4

OUSUYECKRHUE ITPOIIECCHI U ABJIEHUS
B ITIOJYITPOBOJHHKROBBIX MATEPUAJAX

4.1. OBIIME CBEAEHUA O IIOJYIIPOBOJHUKAX

K rmonynpoBogHUKaM OTHOCUTCSI GOJIBIIIOE YMCIIO BEILLECTB C 3JIeK~
TPOHHOM 3JIEKTPONPOBOIHOCTHIO, YAECIbHOE CONPOTUBJIEHUE KOTOPBIX
MPY HOPMAJILHOM TEMIIEPATYPE HAXOAUTCS MEXIY 3HAYCHHUSIMU YIEIIb-
HOTO CONPOTUBIIEHUS] IPOBOAHUKOB U TU3JIEKTPUKOB. OCHOBHOM 0OCO-
OEHHOCTBIO TOJIYIIPOBOIHUKOB SIBISETCS UX CIIOCOOHOCTD U3MEHSITh CBOU
CBOICTBA IOJ1 BAMSIHUEM PA3IMYHBIX BHELIHUX BO3ACHCTBUI (M3MEHe-
HHUE TeMIIepaTypbl U OCBELUEHUSI, TPHIOXKEHHE DIIEKTPUIYECKOro U
MAarHMTHOTO ITOJIeii, BHEILIHEFO TaBJIeHUs ¥ T.1.). B oTuuue ot MeTtan-
JIOB NONYNPOBOAHUKHA UMEIOT B HLIMPOKOM MHTEPBAJIE TEMNEpaTyp OT-
pULIaTENbHBIA TeMINepaTypHblit KO3MGULIMEHT YAEJIbHOTO COMPOTUB-
neHust. PakT yMEeHbLICHHUS YAEILHOTO CONPOTUBIICHUS TIPH Harpesa-
HUU TBEPAbIX TeJ BIiepBble Obl1 ycTaHoBIeH M. Papaneem eiue B 1833 r.
TIPU MCCIIETOBAHUM CBOMCTB cepHUCTOTO cepebpa. [Toaromy M. Dapa-
JIes] MOXHO CUMTaTb MEPBOOTKPBIBATENEM Kiacca IMOJYNMPOBOTHUKO-
BBIX MaTepUasoB.

CpoliicTBa MOAYNPOBOAHUKOB OYEHb CWIBHO 3aBUCST OT COAEpXKa-
HUS1 IpUMecel, Aaxe B MATBIX KOJIMYECTBAX TIPHUCYTCTBYIOIMX B KPH-
crasuie. Ilpy BBEACHMM NMPUMECH U3MEHSIIOTCA HE TOJbKO 3HAYEHUE
MIPOBOIMMOCTH, HO U XapaKTep ee TeMIepaTypHOM 3aBUCUMOCTHU. B 3TOM
TaKXe COCTOUT KaYeCTBEHHOE OTIMYUE MOJYIMPOBOIHUKOB OT METal-
JIOB, B KOTOPbIX IIPMMECH HE3aBUCUMO OT UX IMPUPOIHI BCErAa CHUXA-
10T IPOBOAMMOCTDb, HE OKa3blBasl CYLLIECTBEHHOIO BIIMSIHUS Ha Xapak-
Tep TeMIlepaTypHOi 3aBUCUMOCTU. UTOOBI CBOMCTBAMH MOJYNPOBO/I-
HHMKOB MOXHO ObLJIO YNPaBAsITh, UX HEOOXOOAUMO TOABepraTh riy6o-
KOH OYUCTKE OT BCEX NOCTOPOHHUX aTOMOB, a 3aTeM BBOIUTbL Tpebye-
Mbie TIPUMECHU B 3alaHHONM KOHUeHTpauuu. [Ipouecc LeneHanpapieH-
HOrO BBEJIEHUS NMpPUMECeil B MaTepuan Ha3blBaeTCs Aecupoganuem. Jle-
TMPOBAHUE MOXET MPOU3BOAMTLCS KAaK B XOIE€ BbIpALIMBAHUS IMOJY-
MPOBOAHMKOBOTO KPUCTAIA MM OCAXIEHHUS TOHKOIO CJI0sl, TaK U Ha
MMOCJEAYIOUX CTAAUSAX MOAUMMDHULIMPOBAHUSI MaTepUasa, Halpumep B
npouecce AUPDY3NU UIM MOHHONH MMIUIAHTALIMY.

Bricoxasi «4yBCTBUTEJILHOCTb» IOJYINPOBOAHUKOB K IPUMECSM,
TpeOGoBaHMe BHICOKOW CTEMEHH YMCTOTHl M CTPYKTYPHOTO COBEPUIECH-
CTBa KPUCTAIOB SIBUNUCH OJHOM M3 IJIABHBIX MPUUHMH TOTO, YTO JUTH-
TenbHOe BpeMst (Oosiee 100 neT) noTeHIMaAbHbiE BO3MOXHOCTH HOJY-
MPOBOIHUKOB HE MCITOJB30BATHCH. TONBKO 3HAYUTENBHBIN TPpOrpecc B
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TEXHOJIOTUU TOJYYEHHUSI CBEPXUMUCTHIX BELIECTB U BbIPALLMBAHUS MO-
HOKPUCTALIOB MO3BOJUA YCTPAHUTh NMPUHUMOHAILHEIE Oaphepbl Ha
MYTH LEAEHANPABAEHHOTO U3YUYeHUs CeLMPUIECKUX CBOMCTB MONy-
NIPOBOAHMKOB ¥ UX HIMPOKOTO MPAKTUYECKOro npuMeHeHUsl. OcoOeH-
HO CTPEMUTENLHOE PA3BUTHUE MEPEXUBAET NMOJYITPOBOIHUKOBAA JICK-
TPOHMKA B TEYCHHE TMOCIEAHUX MATHIAECATH JeT. M300peTeHue TpaH-
3ucropa B 1948 r. 03HaMeHOBAJIO HOBYIO 3Py B DJIEKTPOHMKE, CIOCO0-
CTBOBAJIO PasBUTUIO GPYHAAMEHTANBHBIX HCCICIOBAHNI B 0OnacTu ou-
3UKH MOJIYMPOBOAHUKOB U MOJIYIPOBOTHUKOBLIX IPpUOOPORB. MaccoBoe
NMPUMEHEHHUE MOJIYNPOBOAHUKOB BbI3BAJIO KOPEHHOE NMpeobpa3oBaHue
B PaIMOTEXHUKE U CPEACTBAaX CBSI3H, B U3MEPUTEIBHOU U BBIYMCIIU-
TEJbHOW TEXHWKE, aBTOMAaTHKE M ACTPOHOMMUM, B OBITOBOM M TpaHC-
MOPTHOM 37EKTPOHUKE, CPEACTBAX MEAULIMHCKON THUArHOCTUKUA U BO
MHOTUX Apyrux obnactsax. CoBepIIEHCTBOBAHUE MOJYIPOBOAHUKOBON
TEXHOJIOTUM TO3BOJIWIO PELIXTH 3aAa4yy MUKPOMUHHATIOPU3ALIMY Y UH-
Terpauuu 2MCKTPOHHOR anmnaparypbl, CYLIECTBCHHO MOBLICUTH €€ Ha-
JIEXHOCTb M OBICTpOACHCTBHUE.

B nacrosuiee BpeMs TEOpHUS MOXYNPOBOIHHUKOB MOCTHUI/A TAKOTO
YPOBHSI, TIPY KOTOPOM MOXHO CO3HATEJIbHO YIPaBJATb CBOMCTBAMH
MaTtepuajgoB ¥ NpubOpOB Ha MX OCHOBE, 3apaHee IpeldcKa3blBaTb MX
MOBEJCHUE B KOHKPETHBIX YCIOBUSIX SKCITyaTALIMH.

4.2. COBCTBEHHBIE U ITPUMECHBIE II0JYITPOBOJHHUKN.
OCHOBHBIE 1 HEOCHOBHBIE
HOCHUTEJNA 3APATA

Kak 1 B MeTajutax, 3JeKTPHYECKHI TOK B MOJYMPOBOAHUKAX CBS-
3aH ¢ apeidoM Hocureneit 3apsipa. Eciau B MeTaiax Hainuue cBoboa-
HBIX 3JICKTPOHOB OOYCIOBJEHO CaMOM NPHPOION METAJLTUYECKOHN CBSI-
34, TO MOSIBJICHUE HOCHUTEJICH 3apsiia B MOAYIIPOBOAHUKAX ONMpPEesisi-
eTcsl psaaoM (GaKTopoB, BaXHEHIIMMHU U3 KOTOPBIX SIBIASIOTCS XMMHU-
yecKasi YUCTOTA MaTepuaa 1 Temieparypa. B 3aBUCUMOCTH OT CTENICHH
YUCTOTHI TIOJYNPOBOAHUKH TOAPA3ACISIOTCA HA COOCTBEHHbIE U ITpU-
MECHBIE.

Cobcmeennbili — 3TO TAKOW MOJYIPOBOAHMK, B KOTOPOM MOXHO
npeHedbpeyb BIUAHUEM NpUMeceii TpH JaHHOH Temmeparype. Cornac-
HO 30HHO#M TEOPHHU TBEPIOTO Tena (CM. noapasa. 1.5) mis noaynpoBox-
HUKOB XapaKTepHO HAJIMYNE HE OYEHBb IIMPOKON 3arpellieHHOM 30HbI
Ha SHEPreTHYecKoi auarpamme. B coGCTBEHHOM MONYNIPOBOAHMKE TIPH
TeMIiepaType aGCONIIOTHOTO HYJIS BaJIeHTHAsi 30HA MOJHOCTHIO 3aI0J-
HEHa JIEKTPOHAMH, a 30Ha ITPOBOAUMOCTH abCOMI0THO CBOOOAHA. M 3-
3a OJIOKMPYIOILETO NeHCTBUS 3anpenieHHOM 30HbBI COGCTBEHHBII TI0ITY-
npoeogHUK npu 0 K He oGnamaer 3j1eKTpONpPOBOAHOCTBIO, T.€. BEACT
ce0s MoI0OHO UACATIHLHOMY IU3JIEKTPHKY.
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Tlpu TtemmepaTypax, OTIIMYHBIX OT a0COJIOTHOIO HYJsSl, UMEETCA
KOHEYHasi BEPOSITHOCTb TOTO, YTO HEKOTOPbi€ M3 3JIEKTPOHOB 33 CUeT
TEIUIOBLIX (GIyKTyauuit (HEpaBHOMEPHOTIO pachpeaesicHUs! TelU1oBO
SHEPrUM MEXIy YacTHUIAMM) MPEOAOJICIOT NMOTEeHIUMANILHbBIN 0apbep U
OKaXyTCsl B 30HE NPOBOAUMOCTU. B COOCTBEHHOM MOJYNPOBOIHUKE
KaXIbiii NEPEXOR IEKTPOHA B 30HY MPOBOAMMOCTH COMPOBOXIACTCSA
o0pa3oBaHKeM ObIPKH B BAICHTHON 30He. biaronapsi n1blpKaMm 9JeKT-
pOHbl BaJIEHTHOW 30HbI TAKXe NMPUHUMAKIOT y4yacTue B Ipoliecce
3JIEKTPONPOBOJHOCTH 3a CUET 3CTaeTHBIX MEPEXOJOB IOA IeHCTBUEM
SAEKTPUYECKOTO 110JIsi Ha 00Jiee BLICOKME OCBOOOIMBLIMECS DHEPIreTH -
yecKue ypoBHU. COBOKYITHOE TIOBEAEHUE JIEKTPOHOB BAJICHTHOM 30HbI
MOXHO TpPEeACTaBUTb KakK JBHXXEHHE JbIpOK, 00JajalommX MOJ10XH-
TEJbHBIM 3apsIIOM M HEKOTOpOM 3¢hMEeKTUBHON MacCoil.

UeM BBILLIC TEMIEPATypa U MEHbLIC HIMPHHA 3aNpeHIeHHOM 30HbI,
TEM BBILIC CKOPOCTh TCIUIOBOU reHEpallMM HOCUTENCH 3apsaaa (3/1eKT-
POHOB U IbIpOK). ONHOBPEMEHHO C IeHepauuel B MOAyIpOBOIHUKE
HENPEPHIBHO MACT U OOpaTHBI Mpouecc: peKOMOMHAlMs HOCHTENet
3apsia, T.€. BO3BpalleHUE 2JEKTPOHOB B BAJIEHTHYIO 30HY C MCUE3HO-
BEHMEM Mapbl HOCUTENEH 3apsaaa. B pe3ynbsTare NMPOTEKaHUs ABYX KOH-
KYPUPYIOLMX TPOLECCOB B MOJIYNPOBOAHMKE MpU 110001 Temrepary-
pe YCTaHaBJIMBAETCsi HEKOTOPasi paBHOBECHAs! KOHLEHTPaUUsl DJIEKT-
POHOB Hg MU ABIPOK py. Creuucuka cOOCTBEHHOTO IOAYNPOBOIHUKA
COCTOMT B TOM, YTO B HEM PaBHOBECHAsI KOHUSHTpaLMsI BJIEKTPOHOB H;
paBHa PaBHOBECHOM KOHUEHTpALMH ALIPOK p;:

n;=p; n;+ p;=2n; 4.1)

MHaexc i TpOUCXOAUT OT axe. intrinsic — COOCTBEHHbA.

Kak yxe oTMeuanocs, pacnpeaeicHUe 3JCKTPOHOB 1O DHEPrUSIM B
TBEPIOM Tejie B ODLIEM CiIyyae MONUMHSIETCS cTaTucTuke Pepmu—
Hupaka. I1py 3TOM BepOsITHOCTh HAXOXAECHUS 3JIEKTPOHA HA YPOBHE C
sHeprueil 3 onpenensiercs @yukuuein (2.7). Jhroboi sHepreTnyecKuit
YPOBCHb MOXET JTUOO OBITh 3aHST SJICKTPOHOM, JTUOO OCTaBATLCS CBO-
OOMHBIM (3aHSIT AbIpKOH). CyMMa BepOSITHOCTEH 3THUX ABYX COOBITHM
JOJKHA OBITH paBHA €AUHULIE:

F() + F,9) = L

Toraa BepOSTHOCTD 3aNOJHEHUS] SHEPIreTUUECKOr0O YPOBHSI ABIPKOH

exp[~———~3 mics )
kT 1
F,0)= =

I +exp[%] 1+exp[¥)

rae 3y — yposeHb PepMmu.
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DHepruss —

Puc. 4.1. DHepreTudeckas auarpaMma (@) U QyHKIUS BEPOATHOCTH 3al0JiHe-
Husl F 9HepreTHUECKMX YpoBHE# (6 ) JUIst COBCTBEHHOTO IMOJYNPOBOAHUKA:

N(3) u N*¥(D) — pacnpeaesieHHe NMJIOTHOCTU COCTOSTHUM ISl DJIEKTPOHOB M ABIPOK
COOTBETCTBEHHO

N3 dopmynsl (4.2) cnenyer, 4T0 QPYHKUMST BEPOSTHOCTH IS JbI-
POK COBEPIIEHHO aHAIOTMYHA DYHKIUYU BEPOSATHOCTH [UI 2JAEKTPO-
HOB (cM. popmyny 2.7). Paznuuyue COCTOUT JIMILb B TOM, UTO JUIST IbI-
POK DHeprus BO3pacTaeT BHU3 OT ypOBHA PepMu, T.e. yeM «miybxe»
HaXOIUTCH IbIPKA, TeM OONbUIC €¢ SHEPrus.

OOBIYHO B TTONYNMPOBOIHUKAX 3JCKTPOHBI ¥ ABIPKH UMEIOT SHEPIHUIO,
3HAYUTESILHO OTIMYAOLLYIOCA OT 3Heprun Pepmu. PazHocTs D — B, Kak
MpaBuiio, OoJsiee YeM B TpU pasa rnpeBblllaeT 3HaueHue kT. [Toatomy B
3HaMeHatenaax dopmyn (2.7) u (4.2) eauHULICH MOXHO IpeHeOpeyb:

- CrASC)
F,(9) exp( T ) F,(3) = exp[ T ]

CrenaHHoe IOTMYIHIEHUE O3HAYAET MEPEXON OT K8AHMO08020 pacnpe-
denenus Pepmu— Jupaxa x kaaccuueckol cmamucmuke Maxceeana—
boavymana. B otinune oT METaNI0B 3JEKTPOHHBIHA raz y 601bUIMHCTBA
OIyMPOBONHUKOB SIBJISIETCS HegblpoycoeHHbiM. BeposiTHOCTD 3aIl0IHe -
HMSI SHEPreTUYECKHX YPOBHEM 3JIEKTPOHAMH M JBIpKaMu B COOCTBEH-
HOM TONYIIPOBOAHUKE MTOKa3aHa Ha puc. 4.1.

Jnst onpenejieHus] KOHLIEHTPALINY 3JIEKTPOHOB B MTOJNYIPOBOIHUKE
HaJ0 MPOUHTErPUPOBATh MO IHEPTUU Ipou3BelleHHe (MYHKLHUU pac-
npefeyieH!s TOTHOCTH DHEPreTHYECKUX YPOBHEH B 30HE IMPOBOAM-
MocTH (cM. popmyny 1.4) U BEpOSTHOCTH 3ANOJHEHHUS STUX YPOBHEH
ajeKkTpoHaMu. MHTerpupoBaHue HYXKHO [IPOBOIUTh OT HUXHEro 3, 10
C4AMOro BEPXHErO YPOBHS 30HBI [MPOBOAUMOCTH. Eciu xe yuyects
HUUYTOXHO MANYI0 BEPOATHOCTDb 3aMOMHEHUS YPOBHEH, yIaTeHHBIX OT
HMXKHETO Kpasi («iHa») 30Hbl MPOBOIUMOCTH, TO MOXHO BEpPXHHMH
rpefie)l MHTErpUPOBAHUS CUUTATh PABHBIM OECKOHEYHOCTH, T.E€.
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t = | N(3)F,(3)d9 = N, exp[——a—“-k:Tgf—], (4.3)
R

rae N, — 3 dexTuBHas MIOTHOCTL COCTOSIHUM /UL 3JIEKTPOHOB B 30HE
MMPOBOJAUMOCTH, SHEPTUSI KOTOPBIX COOTBETCTBYET «/HY» 30HBI.

[Tapamerp N, c1abo 3aBUCUT OT TEMIIEpaTyphl U MOXET ObITh pac-
CYUTaH no popmyne

3/2
2Tcm,,kT) . @.4)

Ne= 2[77—

AHajoruyHbie BbIpaXXK€HHA MOXHO HallUCaThb IJIA paBHOBCCHOfI KOH-
HEHTPAUMU JBIPOK B HEBBIPOXIACHHOM ITOJIYIIPOBOJIHHKE!

=] N*()F,@)dd3=N, exp[ﬁ%ﬁ—“), “5)
3

rae N, — 3bdeKTUBHAS IVIOTHOCTh COCTOSSHUI JUIsT ABIPOK B BAICHT-
HO# 30HE.
ITapametp N, MOXeT GBITH PACCUMUTAH 1O PopMyIIe

3/2
]VB = (MJ . (46)

IIpu onpeneaeHUN p, UHTETPUPOBATE CIEAYET IO BCEM COCTOSIHH-
SIM BaJIEHTHOM 30HHBI, T.€. OT BEPXHETO ee Kpasi 10 caMoro «iHa». Ho
TaK KaK 3HEPTHS JbIPOK BO3PACTAET TPH «IIOTpYXeHUH» YPOBHEH B
[1yOb 30HBI, TO BCE OHW KOHUEHTPUPYIOTCS BOJM3M BEpXHErc Kpas.
TlosTOoMY pe3yabTaT BRIYHCICHHI HE U3MEHUTCS, €CIM BEPXHUIT Tpe-
JieJl HHTETPUPOBAHMST PACUIUPHUTE A0 —oo.

Ucnonb3ysa gaHHbie Taba. 1.3, JErko Moay4YuTh KOJIHMYECTBEHHBIE
BBIpaXXeHUs JUISt ofpenesieHUs 3¢ ¢heKTUBHBIX TUIOTHOCTEH COCTOSIHUM
B 06€UX 30HAX B KPEMHUU TMPH Pa3JIMYHbIX TEMIIEPATypax, M

N, = 2,69 105(T/300)*2; N, = 1,05- 1055(T/300)2,

C yuetom dopmynnt (4.1) mis COGCTBEHHOTO MOJYINPOBOAHUKA

UMeeM
CAENC CPRC

N e MF |- _IF s |

Cexp( 7 ] NBexp( 7 )

Otciona myTeM Jorapu@MypoBaHus IETKO HANTH NONOXEHHE YPOBHS
®epMH OTHOCUTENIBHO KPaeB 3aMpelileHHOM 30HBI:
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®,+3, kT . N,
e Bt WL PEAT Y

)
d 2 2 N,

4.7

YuuthiBast 61U30CTh 3HaYeHUN N, U N,, TPUXOAUM K BHIBOAY O
TOM, 4TO B COGCTBEHHOM ITOJIYIIPOBOAHUKE ypoBeHb PepMHU pacrosio-
JKeH NMPUOIN3UTENBHO ocepeauHe 3anpellie HHOM 30HbI (CM. puc. 4.1):

Op= (O, +3y)/2 =0,

IMocne noncranosku ¢opmyasl (4.7) B dopmyny (4.3) HeTpyaHo
NOJYYUTh BbipaXeHue IS COOCTBEHHON KOHIEHTpALMKU HOCUTENEH
3apsaa

AD
no=p = ,/NCNB exp(—m} 4.8)

3/2
rae N N, =2[27Z_1§7;) (m,m, )3/ *. AD — mpuHa sanpeleHHO

30HBI NOJIYNIPOBOIHUKAE, AD = 3, — 3.
s rpachuyeckoro H300paKeHUsl TEMIIEPAaTYPHOI 3aBUCHMOCTH #;
BhIpaxeHue (4.8) ynoGHO NMpeaCTaBUTh B BUIE

AD 1
Inn =In NN, - ——.
nn =InyNNy - =

QOyukuus InyN.N, cnabo U3MEHSIETCS IPU U3MEHEHUH TeMIIepa-

TYpbl, TOTOMY 3aBHCHMOCTbD Jiorapudma KOHUEHTpaluyu HOCUTENIEH
3apsiia OT 00paTHOM TeMInepaTypbl OIM3Ka K JIMHEMHOM, MpHUYEM HaK-
JIOH OpsAMO#M XapakTepu3yeT IMPUHY 3anpelieHHO# 30Hbl HOJYNpO-
BOoAHUKA. 1 npuMepa Ha puc. 4.2 1oKazaHo TeMIIepaTypHOe U3MEHe-
HME COOCTBEHHOM KOHLIEHTpallUM HOCH-

Tefel 3apsaaa B KpEMHUM U FepMaHMU.

Mexanu3M COGCTBEHHOMN 2AEKTPONPO- -3
1
BOJHOCTU KOBaJIEHTHBIX [TOJIYTIPOBOJIHHUKORB 2 \
noscHsier puc. 4.3, Ha xotopoMm B Buge 10 \\
IJI0CKO# MoAen U H3o6paxeHa KPUCTAIUIN - 103 A\
qeckas pelieTka KpeMHus1. KpeMHuit u rep- - \ \ Ge
MaHMi, SBJISASICh deMeHTaMy IV rpynribl 10 SL\
1021
10% \
1019
Puc. 4.2. TemnepaTypHas 3aBUCUMOCTH COO- 1018 \
CTBEHHOM KOHIIEHTPAllM¥ HOCUTENCH 3apsiia B 0 1 2 3 4

KpPEMHUU U repMaHUuu 103/T, K1
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Puc. 4.3. CxemaTuyeckoe NpeAcTaBIeHHE COOCTBEHHON 3JICKTPONPOBOIHOCTH
MOJYNPOBOIHUKA

Ilepuonnueckoit cucremsl 3aeMedToB . 1. MeHaeneepa, KpucTaLIH-
3YIOTCS B CTPYKTYpe aiMa3a. B 3Tol CTpyKType KaxXIblit aTOM HaXOZUT-
Cs B TETPA3APHUUYECKOM OKPYKEHUHM 4eTbipeX OnmkallliMx coceaeil, ¢
KOTOPbIMM B3aHMOJCHCTBYET CHJIAMM KOBICHTHBIX CBsizeil. YeTwipe
BaJICHTHBIX JICKTPOHA JII0OOTO aTOMa MAYT Ha 00pa30BaHHE YETbIpEX
KOBAJICHTHBIX CBsi3ed. Bce XUMuUyecKHe CBSI3U OKA3BIBAIOTCA 3aMKHY-
TBHIMU ¥ TIOJIHOCTBIO HACHIIIEHHBIMH. COCTOSTHUSM CBSI3aHHBIX 3JIEKT-
POHOB COOTBETCTBYIOT DHEPreTHUECKWE YPOBHU B BAJICHTHOW 30HE.
daxkTHyecKH IUIOCKasl ceTKa Ha puc. 4.3 SABIsSeTCS MPOEKIMEH KpH-
CTAJUIMYECKOM pelieTKU Ha rockocTs (100).

BasieHTHbI€ 3JIEKTPOHBI, OCYIHECTBISIOIINE XUMUYECKUE CBA3H, HE
MOIYT OTOPBAaThCHA OT CBOUX aTOMOB 0€3 3HAUMTEIBHBIX 3aTPaT JHEP-
WM. DHEePreTHUECKUE 3aTPATHI Ha pa3pbiB CBSA3M M OCBOOOXIEHHUE INEK-
TPOHA KOJIMUECTBEHHO BBIPAXKAIOTCS IIHMPUHOMN 3anpelieHHOH 30HBI.
ATOMBI, MOTEPSIBUIME 3JICKTPOHBI, NMPEBPALUAIOTCS B IOJOXHUTEJIbHO
3apsDKEHHBbIE HOHBI, 4 HE3aMOTHEHHAS BAJIEHTHASI CBSI3b COAEPXUT 3HEp-
reTUYECKYIO BAKAHCHUIO [IJIS1 3JIEKTPOHOB, T. €. IIPOSBIICT Ce0s KaK AbIpKa.
TlonoxuTensHO 3apsiKEeHHbI MOH MOXET 3aMMCTBOBATH JIEKTPOH OT
JII0GOrO COCETHEro aToMa, YTO NPHUBEIET K MepeMelleHUIO TLIPKH IO
Kpucrauty. O6pa3oBaBIIHECS JITEKTPOHHI U IBIPKH IIPOBOIUMOCTH Oec-
NOPSIIIOYHO OJIYXIAIOT 0 PeleTKe IO TE€X HOp, MOKA HE PeKOMOMHU-
DYIOT IIPH BCTpeue.,

IToa aeiicTBHMEM BHELIHETO 3JIEKTPUYECKOTO OIS ABUXEHHUE HOCH-
Teselt 3apsna npuobpeTaeT HanpaBaeHHbIN xapakTep. I1pu 3TOM nepe-
MellIEHHE IbIPKH K OTPULIATENBHOMY ITOJIIOCY UICTOYHUKA MOXHO Mpea-
CTaBUTh KaK 3CTa(ETHBIN Mepexo BAICHTHBIX JIEKTPOHOB OT OJHOTO
aToMa K JPYyroMy B HamnpaBJICHUHU IPOTUB ITOJIS.
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PaccMoTpeHHBIN ciyyait CoOBCTBEHHOM 2JIEKTPONIPOBOAHOCTH TIpEa-
CTaB/ISIET TEOPETUUECKUN HMHTEepec, MOCKOJIbKY IO3BOJSIET OLEHMTH
NOTeHIMATbHBIE BO3MOXHOCTH MaTepuana. Pabora GoNbLIMHCTEA I10-
JIYIIPOBOJAHUKOBBIX ITPHOOPOB HAPYLUAETCS NMPH NOSABICHUHN COOCTBEH-
HO¥ 2JIEKTPOIIPOBOIHOCTHU.

Ilpumecnoili — 3TO TaKOH MOJYNPOBOAHMK, DIEKTPOPHUINUECKUE
CBOMCTBa KOTOPOTO B OCHOBHOM OIIPEAEIIAIOTCS puMecsiMu. Kak npa-
BWIO, HIPUMECH CO3MAIOT OTIICIVICHHBIC YPOBHU B 3aIlpelUeHHOMN 30HE
NOJYNPOBONHUKA. [Ipy Manol KOHUEHTpAIlHU IpuMeceit pacCTOsHHE
MEXIYy MPUMECHBIMM aTOMAaMHU BEJIMKO, MX 3JCKTPOHHbIE O0OJOUKH
HE B3aMMOIEHCTBYIOT APYT C ApyroM. Bcieacrsue 3Toro mpHMecHBIS
3HEPTeTUYECKUE YPOBHU ABISIOTCS AMCKPETHBIMH, T.€. HE pacLIEIsi-
IOTCSl B 30HY, KaK 3TO UMEET MECTO JUISI YpOBHEH OCHOBHBIX aTOMOB
KPUCTANIMYECKON PEIIETKH.

Ecnmu npuMecHBIe aTOMBI HaxXOmSTCS B y3laX KPUCTAUIMYECKOH
pPEIUETKH, TO UX HA3BIBAIOT HpUMECIMU 3aMeulerusi, eCIU B MEXI0Y3-
JIMSIX — npuMecsimu gHedperus.

Poxb npuMeceit MOTYT UTPaTh ¥ BCEBO3MOXHBIE AS(DEKTHI CTPYKTY-
pbi. K unciy Takux nedexToB OTHOCSITCS, B IIEPBYIO OYEpEAb, BaKaH-
CUH U MEXIOY3eJIbHBIE aTOMBI.

JoHops u akuenTopsl. [Ipy MaIol KOHUEHTPALUU TpUMeceil Bepo-
SITHOCTb HEMOCPEICTBEHHOIO IMEpexofa 3MeKTPOHOB OT OTHOIrO MHpu-
MECHOrO aToMa K JpYroMy HHUUYTOXHO Mana. OIHAKO NPUMECH MOTYT
JIMBO MOCTaBJIATEH 3MEKTPOHB B 30HY MPOBOAHMOCTH TOAYIIPOBOIHH-
Ka, 1M00 NPUHMMATh UX C YpPOBHeH ero BaieHTHOM 30HBL. Ha puc. 4.4
MOKa3aHbl 3TH JIBa Ciay4asi, UMEIOUIUe HauboJblilee MPaKTHYECKOE
3HAYCHHE.

n 14
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Puc. 4.4. DHepreTuyueckue AMarpaMmBbl MOJYIIPOBOIHUKOB 3JIEKTPOHHOTO (4) U
JnblpoyHoro (6) tunos npu T > 0:

AD,; — 3Heprus UOHU3ALUN TOHOPOB; AD, — IHEPTUS HOHU3ALUMN aKUENTOPOB; X —
MPOCTPAHCTBEHHAs KOOPAMHATa
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1. [IpumecHbie YPOBHU, 3aIONHEHHBIE HICKTPOHAMU NPH OTCYT-
CTBMH BHEIIHUX DHEPreTUYECKHUX BO3ACUCTBUIA, pacITONOXEHHI B 3ari-
pelUEHHON 30He BOJM3U HUXHErO Kpasi 30HBI NMpoBoauMocTd. I1pu
BHEIIIHEM BO30YXACHUM JEKTPOHBI ¢ TIPUMECHBIX YPOBHEM MOTIYT JIEFKO
MEPEXOUTh B CBOOOIHYIO 30HY U YUacTBOBAaTb B MPOIECCE IEKTPO-
MPOBOJHOCTU. DHEPIrusl, HEOOXOIUMAS JIIS TAKUX NEePeXoJoB, 3HAYU-
TEJIbHO MEHbIIIE SHEPrUM MOHU3ALIMN COOCTBEHHBIX AaTOMOB MOJYIPO-
BOAHMKA, T. €. LLUPUHBI 3aMpeLLeHHON 30HbI. [IpuMecH, oCTaBsIoN1e
3JICKTPOHBI B 30HY MPOBOAUMOCTHU MOJYNPOBOJHMKA, HA3BIBAIOTCSA 00~
Hopamu. TIpu OTHOCUTENIEHO HEBBICOKMX TEMITEPATYPaX MepexOIbl SeK-
TPOHOB U3 BAJIEHTHOM 30HBI B 30HY MPOBOJMMOCTHU HE UIPAIOT Cylle-
CTBEHHOM ponu. B Takux MaTepuanax KOHLEHTPALUS 3JEKTPOHOB Ipe-
BBILIAET KOHLIEHTPALUIO ABIPOK, BCJIEACTBME YEro OHM MOJYYMIIM Ha-
3BaHHUE MOJYINPOBOJHUKOB H-THMA. MUHUMAIbHYIO SHEPrHIO0, KOTO-
PYIO HEOOXOIMMO COOBIIUTD 3JICKTPOHY JUISI IIEPEBOA €ro ¢ JOHOPHO~
ro YpOBHSl B 30HY NMPOBOAMMOCTH, Ha3bIBAalOT 3HEpPrueil MOHU3ALMHU
JoHopa AJ, (puc. 4.4, a).

2. B npoTHBOIOI0XHOM C/lydyae NPUMECh MOXET BHECTH HE3aro-
HEHHbIC YPOBHM, pPacIIONaraloliMecs B 3a0pelleHHONR 30He BOJIU3U OT
BEpXHETO Kpasi («MOTOJIKa») BaIEHTHOW 30HbI. bnarogapst TerjnoBomy
BO30YXIEHHUIO 2JIEKTPOHBI U3 BAJICHTHOM 30HBI MONYIPOBOAHUKA 3a06-
pachIBaIOTCS Ha 3TH CBOOOJHbIE MPHMECHbIE YPOBHU. BBuay pa3o6-
LUIEHHOCTH aTOMOB TNPUMECH 3JIEKTPOHBI, 3a0pOlleHHbIE Ha NMPUMeC-
Hbl€ YPOBHM, HE YYAaCTBYIOT B 3JIEKTpUUECKOM ToKe. IToaynpoBogHuK
C TaKO¥ NMPUMECHIO UMEET KOHUEHTPALIUIO AbIPOK GOIBILIYIO, YEM KOH-
LIEHTPAUHUS 3JIEKTPOHOB, IepellellIuX U3 BAIEHTHON 30HBI B 30HY
MIPOBOAUMOCTH, U €0 Ha3bIBAIOT MOJYNPOBOAHUKOM p-THIA, a TIPU-
MEeCH, 3aXBaTbIBAIOLIME DJIEKTPOHBI U3 BAJICHTHOH 30HBI MOJYIPOBOI-
HUKA, — aKyenmopamu.

MUHUMATBHYIO DHEPTHIO, KOTOPYIO HEOOXOMUMO COOOILMUTD 3JIEK-
TPOHY BaJIEHTHOI 30HBI, YTOOBI MIEPEBECTH €TI0 HA aKLIENTOPHLIN ypo-
BE€Hb, HA3bIBAIOT DHEPrUel MOHM3AUMM aklenTopa AD, (puc. 4.4, 6).

PaccMoTpuM, Kak BAUSIET BAICHTHOCTbL MPUMECHBIX aTOMOB 3aMe-
LIEHUSI HA XapaKTep MX MOBEACHUS B KOBAJICHTHBIX MOJYITPOBOIHMUKAX
TUIIA KPEMHUS U repMaHusi. TIpeanogoxuM, 4To B KpUCTULINIECKOH
pelIeTKE KPEeMHUS YacTh OCHOBHBIX aTOMOB 3aMellieHa aTOMaMU MBI~
wbsika (aneMeHTta V rpynnbl Ileproanueckoil CUCTEMBI 3JIEMEHTOB
.. MeHzeneesa), y KOTOPOTrO Ha BHEHIHENH 000JI0UKE paCIIOIOXEHO
[SITh BAJICHTHBIX 3JIEKTPOHOB. BCTpauBasich B y3€J1 pelleTKH, aTOM MbI-
LWIbSIKA OTAAET YEThIpE DJIEKTPOHA Ha 0Opa3oBaHUe CBsizeil ¢ OMxaii-
LIMMH COCEASIMH, a MSThIA DJEKTPOH OKAa3bIBACTCS JUIIHUM, T.€. He
yYacTBYeT B CO3aHUU KOBAIEHTHbIX CBsi3eil. M3-3a Bonbloii nuanex-
TPUYECKOH NMPOHHMUAEMOCTU Cpelibl (TIONYIPOBOMHUKA) KYJIOHOBCKOE
NIPUTSXKEHKE TOrO JIULIHETO NEKTPOHA SIAPOM B 3HAYUTENBHON Mepe
ocjnabneno. IloaToMy paguyc 3J1eKTPOHHOM OpOUTBI OKa3bIBAETCS 00JIb-
1IMM, OXBaThIBAe€T HECKOJILKO MEXATOMHBIX paccTosiHuit (puc. 4.5). J1o-
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Puc. 4.5. CxeMatnyeckoe n3obpaxeHue JOHOPHON IPUMECH B KOBAJICHTHOM
NoAYyNpoBoAHMKe (] — M3OBITOYHBIH 3/IEKTPOH IIPUMECHOTO aToMa)

CTaTOYHO HEOOJMBIIOIO TEIIOBOTO BO30YXIeHUsI, YTOOBI OTOPBATh U3~
OBITOYHBIIN 3MEKTPOH OT MPUMECHOTO aToMa. [IJist 3Toro HeobXoauMo
3aTpaTUTh 3HEPIHUIO, PaBHYIO AD;. ATOM NPUMECH, MTOTEPSBLININ 3JIeK-
TPOH, NMPEBPAILAETCS B MOJOXKHUTENIBHO 3aPsKEHHYIO 4acTHILY, HEOI-
BHXXHO 3aKpeIIeHHYIO B JAHHOM MECTE PEILETKH.

Takum 06pa3oM, IPUMECH 3aMEILEHNS, BATCHTHOCTh KOTOPBIX Mpe-
BBILIAET BAJ€HTHOCTh OCHOBHBIX aTOMOB PEILLUETKH, MPOSIBIISIIOT CBOM-
ctBa 10HOPOB. KpoMe MbIIbsIKA THITHYHBIMY JOHOPAMHU B KPEMHUHU U
repmaHuy saBasnoTcs gocdop u cypbMa.

[MockonbKy U3GLITOUHBINA 3IEKTPOH NPUMECHOTO aTOMA JBHKETCS
10 KPYyroBoil opOUTe B KYJIOHOBCKOM IT0JI€ OJHOKPATHO 3aPsiKeHHOIo
MOJIOXUTENBLHOrO HOHA, JOHOP MOXHO PACCMAaTPUBATh Kak BOAOPOIO-
nonOoOHBIN aroM, MOMELICHHBIN B Cpelay C JUINEKTPUUECKOH 1po-
HHIAEMOCTBIO €. TT03TOMY JUIst OLIEeHKH SHEepruyd MOHU3ALUY JOHOPOB
ucnons3yeM dopmyity, aHasoruynyio gopmyne (1.3), nosoxus Z = 1:

e*m
AD, = — L .
2" geleh? (4.9)

W3 cpaBuenus ¢opmyn (4.9) u (1.3) nerko npuiity K cienymolie-
MY PE3YJILTATY:

1 {m,
A9ﬂ=908—2 '—’n; 5

rae Dy, — HEprusi HOHU3ALMM aToMa BOJopoaa, Dy = 13,6 oaB.
HOns repmanus € = 16, 11t XpeMHUS € = 12, TIO3TOMY DHEPrusi
MOHM3ALIMU NPUMECH B HUAX COOTBETCTBEHHO B 256 u 144 pa3 MeHblile



156 T'nasa 4

3HEepPruM MOHM3ALMM aToMa Boaopoaa. ITockonbKy m ,/m, HECKOJBLKO
MEHbLIE eIMHMLbI, TO MOXHO 3aKJIIOYUTh, YTO DHEPTUS MOHHU3ALHUHU
IOHOPOB B repMaHuu cocrasisger meHee 0,05 3B, a B KpeMHUH —
menee 0,10 3B.

Tenepb MpeanojioXXuM, YTO B KPUCTAJUIMUYECKYIO PELIETKY Kpem-
HHA BBEICHBI MPHMECH KaKOro-HUOyIb TPEeXBAJIEHTHOTO 3JIEMEHTa,
HanmpuMep amioOMUHUA. 171 yCTaHOBAEHHA XMMUUYECKHX CBsI3eil ¢ ye-
THIDbMS COCEIHHMMH aTOMaMHM PEIEeTKH Y MPUMECHOIo aToMa He XBa-
TaeT OIHOIO BJEKTPOHA, BCACACTBME YEro OJHA KOBaJieHTHas CBsI3b
OKa3bIBACTCSI HEHACKIEeHHOM. [1oTpeGHOCTD B YCTAHOBIGHUH YEThIpEX
XUMHUUYECKHX CBSA3CH MPUBOAUT K TOMY, UTO AaTOM TIOMUHHMS MOXET
3aXBAaTUTh HEMOCTAIOLUUNA 3JEKTPOH Yy OJHOrO U3 COCEIHMX AaTOMOB
KpeMHus. B pe3ynabTrare B KpUCTALIMYECKOH pelueTKe o0pa3yeTcst SHep-
reTMyecKasi BakaHcus, T. €. He3aBeplIeHHAsd XUMHYecKas cBa3b. M3me-
HEHUE TIOJIOXKEHMST DTOM He3aBEPIIEHHON CBSI3M MOXHO NIPEJCTABUTh
KaK OpOMTAIBHOE NBUXEHUE «CBS3aHHOI IBIPKM» BOKPYT aKLIENTOP-
HOTO LIEHTPA, C KOTOPHIM OHA B3aUMOMACHCTBYET CHJIAMH KYJIOHOBCKO-
ro nputskeHus (puc. 4.6). Kak M B ciaydae «JIMIIHETO 3JCKTPOHA»,
panvyc UUPKY/ISIUU CBA3AHHOM IBIPKH (HE3aBepIICHHON CBA3H) OX-
BaTbIBAET MHOI'O MEXATOMHBIX pacCTOSTHUH. UTOOBI MOJIHOCTBIO OCBO-
00IUTh OBIPKY, T.€. OTOPBAaTh €¢ OT MPUMECHOro aToMma, Halo 3aTpa-
TUTb DHEPIUIO, PaBHYIO DHEPTMM HOHM3ALMM aklienTopa AD,. B pe-
3y7bTaTe TAKOTO pa3pbiBa aKUCNTOPHBIN aTOM TIpeBpalllaeTcsl B OTpU-
LATEJIbHO 3apPSXKeHHBIM MOH, a ABIpKA 3aHMMAET COCTOSTHUE B BAJIECHT-
_Hoi1 30He. [peiihoBoe nBUXEHHE CBOOOAHBIX IbIPOK MO JACHCTBUEM
3JIEKTPUYECKOrO I10J1s1 Ha IUIOCKOW auarpamme yaoOHO M306paxaThb
KaK HalpaBleHHOe 3cTaeTHOe INepeMellleHue BaJIeHTHBIX DJIEKTPO-
HOB.

Puc. 4.6. CxemaTnyeckoe N306pakeHHE aKLEMTTOPHOro LeHTpa (LIUMPKYIALUS
JABIPKU BOKDPYT TIPUMECHOTO aTOMa € U3OBITOYHBIM OTPULIATEJIBHBIM 3aPsIOM;
BOJTHUCTAsA CTPEJKA COOTBETCTBYET MOHM3ALMM aKIIECNITOPA)
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Taxum obpazoMm, npUMecH 3aMEUICHUs, UMEIOUIME BaJCHTHOCTb
MEHbLIE BaJIEHTHOCTH OCHOBHBIX aTOMOB PEILIETKHM, B KOBAJIECHTHBIX
NOJYNPOBOMHUKAX SIBASIOTCS akuenropaMu. [ToMUMO aliOMUHUSE aK-
LICNITOpHbIE CBOMCTBA B KPEMHHUM M TepMaHMHU MPOSIBISIOT 60p, raji-
S, MHAMK. DHeprusi MOHMU3ALMH aKlEeNTOPOB B 3THX MaTepHaiax
61M3Ka K 9HEPruu MOHU3ALUH JOHOPOB,

OcHoOBHBIE H HEOCHOBHBIC HOCHTEJH 3apaia. I1py u3aMeHeHUn TUIa
M KOHUEHTPALMU 3JeKTPUUSCKHM aKTUBHBIX MMPUMECEH B TIOAYIPOBOI-
HMKE [IPOMCXOAMT CMellleHUe ypoBHS (DPepMH, 4TO, B CBOIO OuYEpe/b,
NPUBOIMT K U3MEHEHMIO KOHLIEHTPAlLMM HOCUTeJeH 3apsiga oOoMx
3HAKOB, T. €. DJICKTPOHOB U ALIPOK. B YacTHOCTH, IpH BBEACHUU HOHOD-
HBIX npuMeceit yposeHb DepMH cMeLaeTCsl BBEPX OTHOCUTEIBHO Ce-
pPEeAMHBI 3aTpellieHHON 30HH 3; (cM. noapasz. 4.2). [TostoMy paBHOBEC-
Hasl KOHLEHTpaLUsi DJIEKTPOHOB My CTAHOBUTCS BbIllle COOCTBEHHOH H;
MpY JaHHOH TeMIleparype. ECIU Xe MoNynpoBOAHUK JIETUPYETCS aK-
LIEIITOPHBIMU MPUMECSIMH, TO ypoBeHb PepMu mpubIHXKaeTcs K Ba-
JIEHTHOW 30He, Onarofapst Yemy BBIINIOJIHSIETCS HEPABEHCTBO Ay < H;.
BaxHo noguepkHyTh, 4YTo (popmynsl (4.3) u (4.5) monydeHb! UCXOAS
U3 CaMblX OOLIUX MPEINOChUIOK 03 KaKoH-TM060 MPUBA3KK K KOHK-
pPETHOMY HOJIOXEHHIO YpoBHS PepMH, T. €. OHU CIPABEIUBHI [UIS1 T10-
00r0 HEBBLIPOXACHHOTO MOJYIIPOBOAHUKA, HE3ABUCUMO OT XapakTepa
nerupoBanus. [Tepemuoxas dopmyisl (4.3) u (4.5), NPUXOIUM K Clie-
JOYIOLIEMY Pe3yJbTaTy:

Tarkum o6pazom, 6 HeBbIPOICOCHHOM NOAYAPOGOOHUKE NPoU3Geder e KOH-
YeHmpayuli 31eKmpoH08 U ObIPOK 8 YCA08UAX MePMOOUHAMUYECK020 Dag-
Hogecus npu 3a0aHHOT memMnepamype ecmb 8eAUMUHA NOCMOAHHAA, He 34~
BUCAULAA OM COOEPHCAHUSA npumecel.

Hocwutenu 3apsana, KOHLIEHTpaUUsi KOTOPBHIX OKa3blBaeTCA NPeod-
JIAJAIoNIei, HAa3bIBAIOT OCHOBHbIMU, 3 HOCUTENIU 3apsiia NPOTHUBOIMO-
JIOXKHOTO 3HaKa, T.€. C MEHblUel KOHLEeHTpaluuen, MPUHATO Ha3bl-
BaTh HeocHosHbiMu. HanipuMep, B NOJYNPOBOAHUKE H-THIIA OCHOBHbBI-
MH HOCMTEJISIMM 3apsiia SBJISIOTCH 3JICKTPOHBI, 3 HEOCHOBHBIMU —
IBIpKU. Eciin B TaKOM MOJTYTIPOBOMHHUKE YBEJIMUUBATH KOHLUEHTPALIUIO
JIOHOPOB, TO OYAET BO3pPaCTaTbh YMCIO JICKTPOHOB, MEPEXOASUIUX B
SAMHUILY BPEMEHH C IPUMECHBIX YPOBHEH B 30HY npoBoaumoctu. On-
HAaKO I10 Mepe yBeJIMYSHUS] CKOPOCTH TEIIOBOUM reHepalMy 3NEKTPO-
HOB ¥ MX HAKOIUICHUS B CBOOOJTHON 30HE HAYHET BO3pacTaTh U CKO-
pPOCTh BCTPEUHOTO Ipolecca — pekoMOMHalMKU HOCUTENEH 3apsiaa,
4yTO OymeT HPpUBOIMTh K YMEHBIIEHUIO PABHOBECHOM KOHIEHTPAUNHU
JBIPOK.

Bripaxenue

nopo = nj (4.10)
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YaCTO HA3bIBAIOT COOMHOWEHUEM «OeliCMEYIOUWUX MACC» ISl HOCUTENe
sapsaa. [To cyTv cBoeit OHO aHAJIOTMYHO YPaBHCHUIO PABHOBECUS XM-
MUUYECKOI peakiiy, HallpUMep peakLHH JUCCOLMAUU OMHAPHOTO
coelMHeHHUs MPY B3aUMOIEHCTBIH ¢ ra3oBoil dazoit. M3aMeHeHHe KOH-
UEHTPAIMKN OTHOI'O M3 PEarcHTOB BEI3LIBAET HAPYIIEHUE XUMUYECKOTO
PAaBHOBECHUSA M CTUMYJIMPYET MAacCOMEPEeHOC yepe3 MexX(da3Hylo rpaHu-
11y, KOTOPBIi NpopopKaeTcsl A0 TeX IOop, MOKa IPON3BEACHUE TaBJie-
HUH pearupyoiux BeUIEeCTB He JOCTUIHET PABHOBECHOTO 3HAYEHMSI.
CootHoutenue (4.10) ouyeHb MOJE3HO yX€ NOTOMY, YTO C €r0 NOMO-
B0 JIETKO MOXHO HailTM KOHLIEHTPAlMIO HEOCHOBHBIX HOCHUTENEH
3apsa, eCciy U3BECTHA KOHUEHTPAaUs OCHOBHBIX.

4.3. TEMIIEPATYPHAS 3ABUCUMOCTD
RKOHIEHTPAIINA HOCUTEJIEU 3APATA

DJIEMEHTHI CTATHCTHKH 3JeKTpoHOB. IIpH nmoctpoeHnu 0603HaUYEH-
HBIX TEMIIEPATYPHBIX 3aBUCUMOCTEH BaXXHOE 3HaUYeHUE UMEET BhIOOD
KOOpAMHATHOM cucTeMbl. PU3NYECKHE 3aKOHOMEPHOCTU MPOSIBISIOT-
cs 60J1ee OTYETIMBO, eC rpadUKH NPEACTABIATS B MONYI0rapUbMu-
4yecKOM Maciiutabe, BEIOMpast B KA4eCTBE aprymeHTa o0paTHylo abco-
JIIOTHYIO TemrepaTypy. Llenecoo6pasHOCTb TAKOTO MOAXCAA OTYACTH
ONpeaeIsIeTCsi CBOMCTBAaMHU COOCTBEHHOTO MOJIYNMPOBOIHUKA (CM. hop-
Mmyay (4.8)). BMmecre ¢ Tem o6l Bua rpacduka B CYLIECTBEHHOH Mepe
J1eOPMUPYETCS. NIPU U3MEHEHUM COAESPXAHMS DMEKTPUYECKH AKTHB-
HbIX npuMeceil. Ha puc. 4.7 npeiactaBieHbl HauboIee TUITUYHBIC Ba-
PHAHTBI TEMIIEPATYPHBIX 3aBUCUMOCTENH KOHILIEHTPALIMY 3JIEKTPOHOB B
MOJYTIPOBOAHUKe n-THUNa. [logoOHbIE 3aBUCUMOCTH MOXHO IOJIYyYUTh
[IPY UCCAESIOBAHUM ITPAKTUUYECKH JIOO0r0o MOJTYNPOBOIHUKOBOIO Ma-
Tepuayia C OrpelieJIeHHBIM TUIIOM TIpUMECEH, eclii U3MEpeHHst Tpo-

Inn
9
8 =
AD3 = 0 3 N
7 5
AD 6 ADm2 7 ; Ne
ASHIBMH
T /T

Puc. 4.7. TUrtmuyHbie 3aBUCUMOCTH KOHLUEHTpalUlMK HOCUTENEN 3apsia B IOy~
MIPOBOAHHUKE OT TEMIIEPATYPBl MPU PA3TMYHBIX KOHLIEHTPALUSIX [TOHOPHOMN
mpumecn: Ny < Ny < Ny
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BOAMTH B LIMPOKOM TeMIEpaTypHOM JHara3zoHe. AHaJIOrMYHast KapTu-
Ha HaOJI01aeTCa ¥ UL IBIPOK B TIOJIYIPOBOJHMKAX, JErMPOBaHHBIX
aKLENTOPaMH.

Paccmorpum 6osiee noapoOHO MpoHecchl, MPOMCXOAsINe B TT0-
JIyIPOBOJHUKE n-THMa. ITycTh Npy KOHIEHTpalluu JOHOPOB N, pac-
CTOSIHUSI MEXHY NPUMECHBIMM aTOMaMHU CTOJb BEJIMKM, UYTO Mepe-
KphITHE 000JI0YEK BANEHTHBLIX DJEKTPOHOB, CBSI3aHHLIX C JOHOPHBI-
MM LEHTPaMM, ITOJHOCTbIO OTCYTCTBYET. IIpM HOCTATOYHO LIMPOKOK
3aMpelIeHHON 30HEe U MaJoil DHEepruu MOHMU3ALUM JOHOPOB B 0bja-
CTU HU3KMX TEMIEPATYP MEXK3OHHBIMU NIEPEX0AaMU 3JIEKTPOHOB MOX-
HO NpeHeOpeyb. B 3TOM ciyyae aiekTpruyecKass HEUTpaIbHOCTb KPHUC-
Tajqna obecneyuBaeTcst 6aarogapst paBeHCTBY KOHLEHTpAalMii MOHK-
30BAHHBIX TOHOPOB N,i M 2JIEKTPOHOB, 3a0pOIIEHHbIX B 30HY I1POBO-
IMMOCTH C IPUMECHBIX YpoBHENH. CTeIeHb MOHU3ALMU JIOHOPOB BO3-
pacTaeT no Mepe HarpeBaHus NoaynpoBoaHMKa. COOTBETCTBEHHO 3TO-
MY YBEIUUMBACTCS ¥ KOHLIEHTpAaLMst HOCUTE/IeH 3apsiaa (yuyacToK rpa-
duka 1—4).

IIpy onMcaHUM CTATUCTHUYECKOTO PACIPEACTICHUS 3JICKTPOHOB IO
3HEPTETUYECKHUM COCTOSIHUSIM KaXIbld MOHU30BAHHBIA JOHOP MOXHO
paccMarpuBarbh Kak LEHTP, 3aXBaTUBLIMU IbIPKY, MOApPa3syMeBas MoOA
JIBIDKOI B TaHHOM CJIy4ae He KBa3HYacCTHILy, a IPOCTO BAKAHTHOE CO-
CTOStHME JUISt 91eKTpoHAa. KOHLEHTpalus Takux IbIPOK p,, JTOKATU30-
BAHHBIX HA JOHOPHBIX COCTOSHUSIX, C yuyeToM opmMyist (4.2) MoXeT
ObITh HaliJIeHa N0 BbIPAaXEHUIO

+ 1 9111 - 9F

Pp =Ny :ENL(I €xXp T 5 “.11)

rae B — craTUcTUYecKas MorpaBKa K (YHKUMM paclipeneeHus 3JeK-
TPOHOB IO IPHUMECHBIM COCTOSIHMSIM; O — IOJIOXEHHE JOHOPHOTO
VPOBHSI Ha SHEPreTUUECKOM 1IKae.

Ha npuMecHbIX ypOBHAX HE MOXET HAXOAUTHCs 00JIee OMHOTO IEK-
TpOHa. JTUM OHM OTIIHYAIOTCS OT TUCKPETHBIX SHEPreTUYECKUX YPOB-
Hell B pa3pelleHHON 30He, KOTOPbIe CITOCOOHBI MPUHUMATD J1BA dJIeK-
TPOHA C NPOTHUBOITOJIOKHBIM HallpasieHueM ciuHa. Beiencreue orme-
YeHHOH 0COOeHHOCTH (GyHKUHI PepMM He MOXET ObITh HEMOCpeI-
CTBCHHO MCIOJIb30BAHA JUISL ONpEAeAeHUST BEPOSTHOCTH 3aMOJIHEHUS
3JIEKTPOHAMHU JIOKATU30BAHHBIX IPUMECHBIX cocTosHuMIA. [TonpaBounbiit
Ko3bduuMeHT B noayuua HazeaHue GaxKTopa BbIPOXIEHHUsI IpHMeE-
CHOTO COCTOSIHMSI. B 4acTHOCTH, [UISI HOHOPHBIX YPOBHEH [ = 2.

YuursiBag, uto p, = ny, nociae nepemHoxeHus: (opmyn (4.3) u
(4.11) nmonyyum

1 D, -9 9,-9
Patly = 13 =§NCNZ11 exp —-—”’kT £ exp[————kT £ )
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Orcloga HENOCPEACTBEHHO CileyeT, YTO PABHOBECHAss KOHLIEHT-
paLusl 3JIEKTPOHOB B YCJIOBUSIX €1ab0oil HOHM3ALMM JOHOPOB, KOTIa
Nt <« Ny, U3MEHSIETCSl C TeMIIepaTypoi MO 3KCIMOHEHLMAIBHOMY
3aKOHY B COOTBETCTBHH C BbIPaXXKECHHEM

_ NcNul _A9n1
no—,/ 5 eXp[ 55T (4.12)

Tac ABM = 36— 3}11.

BribpaHHble a1 mocTpoeHUsl rpacduka nosyjorapupMuueckue
KOOpPIAMHATHI TMO3BOJSIOT NPUIATh 3aBUCHMOCTH (4.12) JIUHEHHBIN
XapakTep, NpUYeM HaKJIOH MpsMoif Ha yuactke /—4 (cM. puc. 4.7)
ONpeeisIeT SHEPTUIO HOHU3AIMY TIpIMecH. B mpoliecce panpHelero
HarpeBaHus MOJYIIPOBOAHUKA NPU HEKOTOpod T, COOTBETCTBYIOUICH
TOYKE 4, BCE 2JIEKTPOHBI C NMPUMECHBIX YPOBHEH OKa3biBAIOTCA Tepe-
OpOLUEHHBIMH B 30HY TIPOBOAUMOCTH. OIHAKO BEPOSTHOCTH MOHHU3A-
LMY COOCTBEHHBIX ATOMOB KPUCTAIHYECKOI PEIIETKU B 3THUX YCJIOBHU-
sIX elne KpaiiHe Mana. BeneacTBue ykazaHHOI NMPHYMHBE B JOCTATOYHO
IIHPOKOM TeMIIEpaTypHOM aMarnasoHe (y4acToK 4— 6, cM. puc. 4.7)
KOHIICHTpalIMsl HOCUTeNeH 3apsiia OCTaeTcsl NPaKTHUYECKM MOCTOSH-
HOM M paBHOI KOHLIEHTpaLMM IOHOPOB. PaccMaTpuBaeMblil y4acToK
TEMIIEPATYPHOMN 3aBUCUMOCTU TIPHHSTO HA3bIBaTh 001aCMbl) UCHouje-
HUA npumecell.

IIpu eine GoJsee BBHICOKUX TeMiiepaTypax (y4acTok rpaduka 6—9,
cM. puc. 4.7) TOMHHUPYIOLIYIO POJIb HAUMHAIOT UIPaTh IepebpOCHl JTEK-
TPOHOB Yepe3 3aMpelleHHYIO 30HY, BIUSHUE MpUMeceii Ha KOHLEHT-
pauMIc HOCUTeNEH 3apsiia B 3HAUUTEIIbHOM Mepe ocnabeBaeT. DTO 03-
HA4yaeT, YTO MPOUCXOIUT IEepeXod B ofaacmes cOOCMEeHHOU 3AeKmpo-
npogodHocmuy, TIe KOHUEHTPALUs 3JIEKTPOHOB YPAaBHUBAETCSI C KOH-
HeHTpaluell JbIPpOK, a KPYTU3HA TeMIEpaTypHOH 3aBUCHMOCTH OIIpe-
JeNIsieTC IMPUHOM 3aIipelleHHONW 30HBI TIOJYIIPOBOAHUKA M, €CTe-
CTBEHHO, HE 3aBHCHUT OT COACPXAHUS IMpUMeEcei.

s 6oMbLIMHCTRBA MPUMECHBIX TIOJYIIPOBOIHMKOB TeMmnepatypa T;
epexo/ia K COOCTBEHHON 31€KTPONPOBOAHOCTH CYILECTBEHHO NPEeBbI-
luaeT KOMHaTHY10. Tak, Wi repMaHus #-THITA ¢ KOHUEHTpalluen Io-
HopoB N, = 102 M~ Temneparypa T; npuGiusurensHo pasHa 450 K.
Hcnonb3ys B KauecTBE KpUTEPHUs TIEpeXona OT OOHOMH 00acTu rpadu-
Ka K ApYroil paBeHCTBO KOHLEHTPaUUii #;~ N,, C TOMOMIBIO BBIpaxe-
Hus (4.8) nerko Mmoay4yuth Ciaeayollyo GopMyy:

T2 (4.13)

f NN
kl e 8
n NI%

Ouenku Ha ocHOBe ¢opmyinl (4.13) 1OKa3BIBAIOT, YTO MPU YPOB-
He jieruposanust N, = 1022 M3 coGeTBEHHAS 3IEKTPOMTPOBOIHOCTD IPU
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KOMHATHOH TeMIepaType MOXET HabJIoAaThCsl JIMLb B [OJIYIIPOBO/-
HMKax C LIMpHUHOM 3amnpeleHHoM 30HbI MeHee 0,20 3B. Ilpumepom
TAKOTO Y3KO30HHOTO HOJYIPOBOAHUKA SIBJISICTCS AaHTUMOHWA WHAUS
InSb. B npoTHBOMNONI0XHOCTb 3TOMY OJIYIIPOBOIHUKOBOE COSIMHEHUE
GaP, y xoToporo AD = 2,27 3B, npu Toll Xe cTeneHU JCTHUPOBAHUS
umeet T; = 1 100 K.

C yBeqMYeHHEM KOHUEHTPAUUM JOHOPOB YYacTKU rpadukos, co-
OTBETCTBYIOILHE TIPMMECHOM 3/IEKTPOITPOBOAHOCTH, CMELIAIOTCS BBEPX.
TlpwuuAy 3TOro CMEUICHHS AETKO HOHATD C TOMOIbIo hopmyset (4.12):
yem 00JIBbLIIE TOHOPOR, TeM 0OJIblIE MEKTPOHORB MTOCTABISETCS B 30HY
MPOBOAMMOCTH TIPU NPOYUX PABHBIX YCIOBUSX. OHAKO HaJ0 NPUHSTH
BO BHUMAaHME elle OJHO OOCTOSITEILCTBO: C YBCAUYECHUEM KOHLIEHTPA-
MU TIPUMECHBIX ATOMOB YMEHBIUAIOTCS PACCTOSIHUS MEXIY HUMH, YTO
TIPUBOAUT K TIEPEKPBITHIO 3ACKTPOHHBIX O00J04YeK NOHOPHBIX LICHT-
POB M pACILEIUIEHUIO JUCKPETHBIX SHEPreTHUECKUX YPOBHEM B NMPH-
MecHbie 30Hbl. COOTBETCTBEHHO YMCHBUIAETCS DHEPrUsi MOHU3AL UM
npumeceil, HoaToMy AD,; > AD,, > AD 5. YeM 6obuIe KOHUEHTPAaLMA
TpuMeceil, TeM Bbillle TEMNEPATYpa UX UCTOLLCHUSL.

ITpu noctaToyHO GOMBILON KOHLEHTPAMHU AOHOPOB N3 UX 9HEp-
rusi MOHM3AIUK OOpaliaeTCsa B HYJb, TaK KaK oOpa30BaBLIAsICS NPU-
MECHast 30Ha MEePeKPhIBAETCSA 30HOM MPOBOAMMOCTH. Tako# monaynpo-
BOJHUK SIBJISIETCSI 6bipoXcOeHHboiM. TeMIepaTypHas 3aBUCUMOCTb KOH-
HEHTPAIIMY HOCHTEIIEH 3apsiia B 3TOM CIIyyae XapaKTepH3yeTCs JioMa-
HOM JTMHUEH ¢ IBYMS NPIMOJIMHEAHBIMH yYacTKaMM 3— & u §— 9 (cM.
puc. 4.7). KoHlUeHTpalus 3JeKTPOHOB B BIPOXISHHOM [ORYIIPOBOI-
HUKE n-TUIIA NMOCTOSIHHA BO BCEM TEMIIEPATYPHOM AMAlla3oHE NpU-
MeCHOH 37IeKTPONPOBOAHOCTH. BhIpoXaeHHEIA MOAYNPOBOAHUK CITO-
COGCH MPOBOAUTD 3JIEKTPHUYECKUI TOK AaXe MPU OYECHb HU3KHX TEM-
neparypax. OTMeueHHbIE OCOOEHHOCTH CBOUCTB O0BEAMHSIOT BbIPOXK-
IeHHbIe TONTYNPOBOAHUKY ¢ MeTauiaMu. [1o3TOMY MX MHOTIA Ha3blBa-
10T MOJyMeTaIIaMiu. MUHUMAaNbHOE COAEPXKAHUE TIPUMECE, IIPU KO-
TOPOM HACTYITAET BBIPOXIACHUE TTOAYIPOBOAHUKA, TEM HMXE, 4YeM
MeHble 3¢ dekTHBHAS Macca HocuTeneH 3apsiza. Ha puc. 4.8 mokazaHo
U3MEHEHME SHEPTUM MOHM3ALUM JOHOPHBIX aTOMOB MBILILSIKA B Iep-
MaHWY B 3aBUCHMOCTH OT HX KOHUEHTpauuu. DKCHepUMEHTAIbHEBIC
JaHHBIE XOPOILLO ONMUCHIBAIOTCSA PYHKIMEH BUAA

AD, = A3y [1—(Nn/ Neo)’ 3], (4.14)

rae N,, — KOHIEHTpauus AOHOPOB, NMPU KOTOPOH NMpUMECHAs 30HA
CMBIK3eTCsl ¢ 30HOI NMPOBOAMMOCTH.
CyLIeCTBEHHO OTMETHTb, YTO BeinyuHa (N,)? obpatHo mpomnop-
HMOHAJIbHA CPEHEMY PACCTOSAHUIO MEXIY JOHOPHBIMU ATOMaMHU.
PaccMoTperHble 3aKOHOMEPHOCTH B MOJHOM Mepe NPOSIBASIOTCS U
B MOJIYTIPOBOAHMKAX p-THUIIA. B YACTHOCTH, NP HU3KUX TeMIepaTypax
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Puc. 4.8. 3MeHeHMe 3HEPTUH MOHN3aLMH JOHOPHBIX aTOMOB MBILUIBSKA B rep-
MaHHUH B 3aBUCHUMOCTH OT UX KOHLICHTpAIIUU:

I — pacyet o dopmyne (4.14) ¢ Ny = 2108 M3 u ADy= 12,5 MaB

B 00J1acTH cJ1aboii MOHM3ALMY NIPUMECEil, Ha3bIBaeMOM MHOTIa 00J1a-~
CTbIO @LIMOPAXCUEAHUSA HOCUTENEN 3apsijia, KOHIIEHTPALUs IbIPOK CBSI-
3aHa C KOHUEHTpalUued aklUenTopoB ypaBHEHHEM

AD,
P = JBNLN, exp{~—k7}

rae p — dakTop BHIPOXKIEHUS aKLETOPHOTO COCTOSIHUS (JUTSI aTMa30-
MOoAOGHBIX MTOJYITPOBOAHUKOB ¢ KYOMYECKOM CUMMETpUEH, UMEIOIINX
CXOIHOE CTPOEHHWE BAEHTHOM 30HHI, B = !/4); AD, = 3, — B,.

DHeprus HOHU3ALUM aKIIETITOPOB TAKXKE YMEHBLIAETCS C YBEeJIHYe-
HHMEM KX COIEePKaHUS B IOJYIPOBOAHUKE,

TIpu sKcIuTyaTaiuy nojiyripoBOIHUKOBBIX MAaTEPHAJIOB B PeaJIbHBIX
npubopax, Kak IpaBWIO, UX TEMITEPATYPHBIN PEXHUM COOTBETCTBYET
COCTOSIHUIO MCTOLLUEHMS TTpuMeceid. IT03ToMy MpM OTHOCUTENLHO He-
OOJTBIINX U3MEHEHHUSAX TEMITEPATYPhl KOHLIEHTPALUSI OCHOBHBIX HOCH-
TeJIeH 3apsna ocTaeTcs HeM3MeHHOH. OIHAKO NOBEACHUE HEOCHOBHBIX
HOCHUTEJIEH 3apsAna NOAUUHSIETCS COBEPLIEHHO HHBbIM 3aKOHOMEpPHO-
cTsiM. HanpuMep, KOHLEHTPALMS ABIPOK B HEBBIPOXIEHHOM MONYIMPO-
BOJHUKE A-THUIIA HA YYaCTKe UCTOLUEHMSI IPUMECEi OMPENeIsIeTCs Co-
OTHOILICHHEM

—n_iz———NcNBex _E
Po ., N, p xT |

Takum o6Gpa3oM, BIMSIHHE TEMIIEPATypbl Ha KOHIEHTPAIUIO He-
OCHOBHbBIX HOCUTEJIEH 3apsia OKa3bIBaeTcs 6ojiee CUTBHBIM, YeM BJIH-
ssHHe Ha COOCTBEHHYK KOHUEHTpaluio. K 3ToMy cielyeT 100aBUTh,
YTO HEOCHOBHBIE HOCUTENH 3apsifia, HECMOTPS Ha OTHOCUTENIbHYIO Ma-~
JIOCTb MX KOHLEHTPALIMK, UTPAIOT BAXXKHYIO POJib B paboTe LENoro psina
NONIYIIPOBOZHUKOBBIX MpUGOopoB. Hanpumep, OT UX KOHUEHTPALMHU 33~
BUCHUT OOPATHBIA TOK IMOJYIIPOBOIHUKOBOIO ITHOMA.
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B nepexonHoit 061acTH TeMIIEpaTYPHOI 3aBUCUMOCTH (BOJIM3N TeM-
repatypbl 7;) TOUHBIE 3HAYCHUS] KOHICHTPALMI SACSKTPOHOB M [IbI-
POK MOTYT OBITh HaliieHbI U3 COBMECTHOIO PELLUEHMS YPABHEHHS 3JIEK-
TPHUYECKON HEUTPATbHOCTH KPUCTANIA M COOTHOIIEHUS ASHCTBYIOIINX
Macc (cM. dopmyny (4.10)). Taxk, nis noayrnpoBOAHUKA p-TUIA € Of-
HUM BHJIOM aKLEITOPOB YpaBHEHUE INEKTPOHEUTPATIbHOCTH NPUHU-
MaeT BUI

Po =ny + Ng, (4.15)

rae N,” — KOHLEHTpallus MOHMU30BaHHBIX aKLIENTOPOB, 3aXBATHBIIMX
3NIEKTPOHBI M3 BAJCHTHOM 30HBI, N;” = N,.

Uckmoyas u3 ypaBHeHus (4.15) KOHLUEHTPALUIO 3TEKTPOHOB C MO~
Molbio ypaBHeHMs (4.10), g KOHIEeHTpalld OCHOBHBIX HOCUTENEH
3apsia JETKO NOJIYYUTh CIeAYIOUIee pelleHHE:

n?.

Do = N, + Ng +
) = Za
2 4

ITosoxenne yposus Pepmu. YpopeHb DepMu ABISIETCS OTJHUM U3
OCHOBHBIX N1aPaMETPOB, XapaKTePU3YIOLUX IEKTPOHHBIN ra3 B MOJy-
NpPOBOIHUKaX. Ero rmonoxeHue B HEBBIPOXKIEHHOM IOIYNPOBOIHUKE
n-TUIA IIPY HU3KUX TeMIepaTypax (B 00JaCTH BBIMOPaXUBAHHST HOCH -
Telieit 3apsiia) MOXHO HAWTH ITyTeM JIOTapU(pMUPOBaHUsI ypaBHEHUM
(4.3) u (4.11):

N, D -D CIC)
lnpﬂ=1n7’1+-“k—TF=1nn0=lnNc——7F£.
Orcrwomaa CJIeayeT, 4To
3.+3, kT, N,
Dp=_t_"2 ] = .
F 3 + 5 n2NC (4.16)

B cootrsercTBuy ¢ dopmynoit (4.16) BGausu temmeparypsl 0 K ypo-
BeHb DepMU EXAT NOCEPEAUHE MEXITY «THOM» 30HBI IIPOBOLUMOCTH
M IOHOPHBIM YpoBHEM. B 061aCTH HCTOIEHUS JOHOPOB 3Hepruto Pep-
MU JIETKO ONPEACIUTDb C MOMOLIbIO BblpaxeHUs (4.3), NOJ0XUB B HEM
ny = NII:

N,
C—)F=8C—kTInF°. 4.17)

a

Eciu 3a TeMnepaTypy UCTOLLEHUS JOHOPOB NIPUHATh TaKYIO TEMITE-
partypy T, Ipu KOoTopoit yposeHb DepMu COBITAET C JOHOPHBIM YPOB-
HeM, To u3 ¢dopmynsl (4.17) Haitnem



164 T'nasa 4

T oA (4.18)
k1n &

a

IMonyuyeHHOE COOTHOLIEHUE IMOKa3bIBAET, YTO C yBEJIUYEHHNEM CO-
IepXaHUus MpUMecel TeMIepaTypa UCTOIICHUS TaKXe Bo3pacraer. Dto
CBSAI3aHO C ocjiabieHueM 3aBUCUMOCTH Dp(T) npu Oosee CUILHOM
JierTMpoBaHuHU. [Ipu Mano#i 3HeprUU WOHM3ALMH HPUMECEH U Cia-
0OOM JIerMpOBaHMHM HACBHILIEHUE HACTYMAET NMPU BeCbMa HU3KHMX TEM-
neparypax. HanpuMmep, y repMaHils n-TUNa, JETUPOBAHHOIO CYpb-
Mot (A3, = 0,01 3B) 10 konuentpauuu N; = 10?2 M3, TeMneparypa
ucrtolleHus cocrapisieT Bcero 32 K. B 1o xe BpeMs B ciiydyae dochuaa
rayuiusl ¢ nobaskamu cepbi (AD; = 0,104 3B) B Konauuectse N, =
= 3-10% M~ ucTouieHUe NOHOPOB HAOJIONAETCS IIPM TEMMEpAType,
OJIM3KOM K KOMHATHOIA.

IIpu gocTaToYHO BHICOKUX TEMITEpaTypax ypoBeHb Pepmu yCTpeM-
JIAETCs K CepeliMHe 3allpelleHHOM 30HbBI, a [OJYIPOBOIHUK I10 CBOI-
CTBaM NIpUOJIMXKAETCS K COOCTBEHHOMY. B BBIpOXIEHHOM MOJYITPOBO-
HHUKEe n-TUMAa ypoBeHb PEPMU pacriosaraeTcs B 30HE MPOBOIUMOCTH,
MpUYeM YCIOBHEM TMOIHOTO BHIPOXKIEHMS 3JEKTPOHHOIO ra3a siBjiseT-
Csl BBITTOJIHEHME HEpaBeHCTBA Dy — 3, > 5 kT.

B HeBBIPOXIEHHOM MOJYIPOBOAHUKE p-TUIA BOIU3H aOCOTIOTHOTO
HyJig ypoBeHb (DepMU HAaXOMMUTCS TIOCEPEIUHEe MeXIy MOTOJIKOM Ba-
JIEHTHOM 30HBI M YPOBHEM aklienTopoB. Ha yuacTke MCTOLUEHUS MpU-
Meceil 10 Mepe HarpeBaHus MatepHuaia sHeprus ®OepMu BO3pacTaeT B
COOTBETCTBUM C BBIpaXKCHUEM

D=3, +kT In Ny i
N,

B BBIPOXACHHOM TNMOJIYNIPOBOAHHKE p-TUNA ypoBeHb PepMu omyc-
KAaeTcsl HUXE TIOTOJIKA BaJIGHTHOM 30HbI, IPUYEM €T0 IOJOXEHHUE BO
BCell 00J1aCTH TIPUMECHON 3JIEKTPONPOBOJHOCTH MPAKTUYECKH HE 3a-
BHUCUT OT TeMIepaTypbl. KpUTepueM MOJHOrO BBHIPOXACHHUS SIBISETCS
COOMIONCHNE HEPAaBEHCTBA D, — D> SkT.

4.4. MEXAHHU3MbI PACCEIHHUA U ITOJABUKRHOCTD
HOCHUTEJIEHN 3APSJA B IIOJYIIPOBOJHHKAX

Onpenenenne noasuxuocTu. [lon neficTBueM BHELIHETO 3JIEKTPU-
4YeCKOro MoJisi HOCUTEH 3apsjia NMpUoOpeTaloT HEKOTOPYIO CKOpPOCThb
HanpasJIE€HHOIO ABUXECHUS (CKOPOCTh Apeida) U co3MaA0T 3NEKTPH-
yeckuit ToK. OTHOlIUEHKE CpeiHeil YCTAHOBMBLICHCS CKOPOCTH HaIpas-
JIEHHOTO JIBMXKE€HUS K HAIPSKEHHOCTH 3JIEKTPHUUECKOTO IOl Ha3bl-
BalOT MNMOABUXHOCTbLIO HOCUTENEHN 3apsiaa:
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u= v/ E.
B moaynpoBOAHHMKAX CEMYET PA3IUyYaTh IOABHXHOCTh 3J1EKTPOHOB

WU, U TIOABMXXHOCTB ABIPOK W,. C yueTOM ABYX TUIIOB HOCUTEJIEN 3apana
BbipaxXeHMe (2.2) aisd IJOTHOCTHA TOKA NMPUHUMAET BUI

J =emu, E +epyu , E, 4.19)

TA€ Hy U py — PABHOBECHBIE KOHUEHTPAUUM 3JICKTPOHOB M IIbIPOK B
MOJIYITPOBOTHMKE.

C nomousio 3akoHa OMa u3 dopmyinst (4.19) rerko noayyuts dop-
MYJTy JUISl yAENbHOM MPOBOAMMOCTH IMOJTYNPOBOAHHKA

Y = engll, +epoll . (4.20)

B npuMecHBIX MOAYNpOBOIHUKAX, KAK NMPABUIO, OMHUM U3 cjara-
eMBIX B BhIpaxXeHuu (4.20) MoxHo npeHebpeub. Hampumep, npu no-
CTaTOYHO GOJBINION KOHIIEHTPALIY NOHOPOB B MOJTYMPOBOIHUKE BKJIA
JBIPOK B 3JICKTPONPOBOAHOCTh HUYTOXHO Ma. B 60NbIIMHCTBE CIyda-
€B TIOJBMXXHOCTD JILIPOK MEHbIIIE NOIBUXKHOCTH DJIEKTPOHOB.

®akTopbl, onpeaeadomne NOABHKHOCTb. COIIACHO IKCIIEPUMEH-
TaJbHBIM JJAHHBIM Y HEKOTOPHIX MOIYMPOBOJHUKOB M JaXe IUIJIEKT-
PHUKOB — BEILECTB CO 3HAYUTEJIbHO MEHbIUEH YAETbHO! MTPOBOIUMOC-
THIO, YEM Y METAJIJIOB, — TOJBUXXHOCTh HOCUTENIEH 3apsiia MOXeT ObITh
Ha HECKOJIBKO MOPSAAKOB 0O0NbIIIE, T.€. JEKTPOHBI B IJIOXO MPOBOJS-
LIMX KPUCTALJIaX MOTYT JIBUTAaThCsA 6oJiee CBOGOIHO, YeM B MeTajUIax.

Kak 6bu10 moka3aHo B nmoapasn. 2.2, npeidopas CKOpoCTb, a 3Ha-
YUT, U TTOABUXKHOCTH HOCUTEJNICH 3apsiia TECHO CBS3aHBI ¢ UX JUTMHOM
CBOOOJHOIO MMpoGera B KpUCTAILIE:

p=-g =L (4.21)

e m* — s¢gdeKTUBHAA Macca HocuTeneil 3apana; [ — JIMHa cBoGOI-
HOTO IpoGera; ¥ — CPeAHsil CKOPOCTh TEIJIOBOTO ABUKEHHUS YACTHLL.

Bonbluas moABMXHOCTL MOXET ObITH 00YCIOBIEHa Maoit addex-
TUBHOW Maccoil HOCHTENS 3apsiaa m™* M OONbLUIMM 3HAYSCHHEM BpeMe-
HU CBOOOHOTO NMpodera Uitk TOUHEe BPEMEHU pelakCcalluu Ty B nomay-
NPOBOAHWKAX 3¢hpeKTUBHAA MACCA HOCUTEJNICH 3apsiIa MOXET ObiTh KAaK
Oonblie, TAK U MEHBIE MACChl CBOOOIHOTO 3J€KTPOHA.

BpeMs penakcanuu 1, XxapakTepusyioiiee YMeHbIIeHHUE TOKA [MOC-
JIe CHATHSA TOJIST, ONpeesieTCd NPOLIECCAMM PACCesTHUMS TBUXKYLIUXCS
B ITOJIYTIPOBOIHMKAX 9JIEKTPOHOB. UeM Ooblie 4YacTOTa CTONKHOBEHH
M YeM OHU MHTEHCHUBHEE, TEM MEHbIIE BpeMsl peslaKCaluu, a CIeao-
BATEJIbHO, U MOABUXHOCTD.

ITpy KOMHATHOI TeMIlepaType CPEeIHsIsl CKOPOCTh TEMJIOBOrO ABU-
KE€HHS CBOOOIHBIX 3JIEKTPOHOB ¥ B HEBLIPOXICHHOM IOJYIIPOBOIHM-
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KE M JM3NEKTPUKE (€C/IM OHU B HEM MMetoTes1) okosto 10° m/c. Corna-
CHO BbIpaxeHuio (2.12) 3KBUBaJIEHTHasl JJIMHA BOJIHBI 3JIeKTPOHA CO-
cTaBUT oKoso 70 A, Torma Kak B METaJUTax OHa COCTaB/IsUIa OKOJIO 5 A.

Taxum 06pazoM, BCaeACTBUE OONBLIEH JTMHBI BOJHBI 3IEKTPOHA B
MOJYNPOBOAHUKE U JUBJIEKTPHUKE MO CPABHEHUIO C META/UIOM He-
OIHOPOIHOCTH MOPSIAKA aTOMHBIX Pa3sMepoB MajIo BJIMSAIOT Ha pacce-
SIHWE DJIEKTPOHOB. Y HEKOTOPBIX YUCTHIX TIOJIYIIPOBOAHNKOB MOIBHX-
HOCTH O4Y€Hb BEJIMKM U Aaxe Ipesbimant 10 M2/(B - c).

TIpuunHaMy paccessHUS HOCUTENEH 3apsAma B IIOJYIIPOBOIHUKAX,
110-pa3HOMY BIMSIIOIIMMH Ha TEMIIEPATYPHYIO 3aBUCUMOCTH MOIBUXK-
HOCTHU, SIBJISIIOTCS:

« TEIUIOBbIE KOJIeOaHNsI ATOMOB WJIH HOHOB KPUCTALTHYECKOH pe-
UIETKH;

+ IPUMECH B MOHU3UPOBAHHOM WJIM B HEUTPATBHOM COCTOSTHUM;

« NeheKThl PEeLIeTKH (ITYCThIE Y3IIbl, MCKaXXEHUsI, BbI3BAHHbIE aTOMA-
MU BHEIPEeHHs, TUCIOKALIMU, TPELUIMHDI, [PAHUIIBI KDUCTAJUIOB U T.11.).

B3anMHbBIM paccesiHHMEM 3JIEKTPOHOB M3-32 MaJIOW KOHLEHTpallUuK
3JIEKTPOHHOTO rasza B TEOPHH IOJIYIMPOBOAHUKOB NPeHeOperaoT.

IloaBuKHOCTE HOCHTEJEH B IOJIYNPOBOJHUKAX € ATOMHOM pelieTKOM.
B nonynpoBoAHUKax ¢ aTOMHOMN pelIeTKO#! paccesiHue HOCUTENeH 3a-
psia NPOUCXOAUT B OCHOBHOM Ha TEIUIOBLIX KOJEOAHUSAX PELIETKH U
Ha MOHU3KPOBAHHBIX IPUMECSIX. DTH ABA MEXaHU3MA PACCESIHUS IIPU-
BOHST K IOSIBJIEHUIO JBYX XapaKTePHBIX YUaCTKOB TEMIIEPATYpPHOIl 3a-
BUCHMOCTH IMOABMXHOCTH. QOO3HAYUM yepes (L, MOABUXHOCTb, Orpa-
HUYEHHYIO paccesiHUEeM HOCUTENEH 3apsia TOJAbKO Ha TEIIOBBIX KOJie-
GaHusAX y310B pewleTku. [Ipy TakoM MexaHM3Me pacCessHUA JUTMHA CBO-
6omHoro ripobera / oJMHAKOBa 1Sl HOCUTEJIEH 3apsiia C pa3TuYHbIMU
CKOPOCTSIMUM ¥ OOPATHO MPONOPLUOHANbHA a0CONIOTHOM TeMIepaType
TIOJIYIIPOBOJAHUKA. DTO CAEAYEeT U3 TOro, UTO pAcCCesiHUE HOCUTEeit
3apsia AOJKHO OBbITh MPSAMO MPONOPHUOHATLHO ITONEPEYHOMY ceue-
HHIO TOro 00beMa, B KOTOPOM KOJEONETCS aroM, a2 OHO NMPOMOPLIHO-
HaJIbHO KBaapaTy aMIUIMTyAbl KoJeOaHUs aTOMa, ONpeAciasiioleMy
JHEPruIO PeLIETKH, KOTOpasi PACTET, KaK U3BECTHO, C POCTOM TeMIle-
paTtypbi Mo JuHeHHOMY 3akoHy (cM. dopmyiay (2.13)). B ominyue or
METAJUTIOB, 3A€KTPOHHBIN ra3 B NOJYINPOBOAHUKE SIBISIETCSI HEBBIPOX-
JNEHHBIM, [T03TOMY B COOTBETCTBUM C KJIACCUYECKOM CTATUCTHUKOMR st
TEIUIOBOM CKOPOCTH HOCHUTEJICH 3apsaaa UMeeM

i = 3kT[m*.

N3 dopmynsl (4.21) crepyert, 4T0 pp ~ — ~ yr

T

BHXXHOCTb HOCHUTEJIEH 3apsiia YMEHBIIAETCS C POCTOM TEMIIEPATYPHI.
PaccesiHve Ha TEIUIOBBIX KOJIeGaHUAX PELIETKU MIPAET JOMUHUDPY-

IOLIYIO POJIb MPK MOBBILLIEHHBIX TeMNepaTypax. B obiactu HU3KMX TeM-

IepaTyp OCHOBHOE 3HAUCHHME MMEET PacCesiHMe Ha MOHU3UPOBAHHBIX

=T-32, T1.e. nox-

NI
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MPUMECHBIX aTOMax. 3TOT MEXaHU3M PacCEesTHUS YacTO Ha3bIBAIOT pe-
3ephOpAOBCKHUM, MOCKONbKY IO CBOEMY CYLIECTBY OH UICHTHUYEH U3-
BECTHOMY U3 (DPU3MKH PACCESTHUIO O-YACTHIL Ha sApaX XUMUYECKUX 3Jie-
MEHTOB, KOTOpoe BnepBbie u3yuua 3.Pesepdopa. O0603HaUuM noa-
BUXXHOCTb HOCUTEJIEN 3apsiia, OTPAaHUYSHHYIO PACCesSIHUEM TOJbKO Ha
MOHU3UPOBAHHBIX MPUMECSX, CUMBOJIOM L,

M3-3a Mas1oii 3Hepruy MOHU3ALMU GOJbLIAS YACTh MPUMECHBIX aTO-
MOB HaXOAMTCSA B MIOHU3HPOBAHHOM COCTOSTHUM J1aXe NMPU JOCTATOYHO
HU3KOM TeMIepatype. Kaxiplit MOHM3UPOBAHHBIA aTOM CO3[aeT BOK-
pyr cebs KYJIOHOBCKOE MOJjie, OCHableHHOe 110 CPaBHEHMIO C BaKy-
YMOM B € pas.

JBHKYIIMECSE HOCUTENU 3apsiia, Nonagas B 061acTb AeHCTBUSI 3TO-
IO TIOJISI, UCTILITBIBAIOT KYJIOHOBCKOE IIPUTSIKEHUE WK OTTUIKUBaHHE,
BCJEACTBUEC YE€TO HCKPUBJISIOT CBOIC [IEPBOHAYANIBHYIO TPACKTOPHIO (PHUC.
4.9). Pesynprupyiloniass opOurta Kak B Cay4ae IPUTSXKCHUSI, TaK U B
cllyyae OTTAJIKMBAHUS NMPUHUMAET TMIEpPOOIUYEcKyo GhopMy, UIEH-
THYHYIO TOH, KOTOpPYIO UcMoJip3oBanl 3. Pesepdopa B cBoeil Moaenu
paccessHMST Oi-4aCTUL ATOMHBIMU SIIPAMH.

YeMm Oosblie cyMMapHasi CKOpPOCTb ABUXKCHMSI HOCHUTENS 3apsia,
TeM MEHbLIE BpPEeMEHHM OH MpeObiBacT BOMM3M 3apsSKCHHOTO aToMa,
TeM HuXe 3(h@ekTUBHOCTL paccesHus. nuHa cBoGoaHOro mpodera
HOCHUTENEH pacTeT ¢ YBEJIMUCHUEM CKOPOCTH UX IBUKEHUS MO 3aKOHY

[, ~ut.

CyliecTBeHHOE BAMSHME Ha paccestHMe OKa3hiBaeT W KOHLEHTpa-
LIMST 3apPSKEHHBIX puMeceil. YeM Gobliie YMCIO HOHOB, TEM MEHBLIE
PACCTOSIHME MEXIY HUMH U TeM OJIMXKe JOKEH HMPOXOIUTh DEKTPOH
WJIU IIbIPKA OTHOCUTEIBHO 3apsKeHHOTro 1eHTpa. [1loatomy uiHa cBo-
GoaHoro npobera 0OPaTHO MPOIIOPLUMOHAIbHA KOHLIEHTPALUK IPUMe-
ceit. C y4eTOM U3NIOXEHHBIX COOOpaXkeHU TS ITOABUXKHOCTH HOCUTE-
Jiell 3apsina nojyvyaeM

Wy ~ L /7 ~7* J(N,@)~T*'?/ N,

rae N, — KOHUCHTpaLUsg HOHU3UPOBAHHBIX IPUMECEH.
Takum obpazom, B ciayyae npeobnama-
HUSl paccesiHUS HocuTelied 3apsga Ha
MOHU3UPOBAHHBIX MPUMECSIX MTOABUXHOCTh
BO3pacTaeT C pOCTOM TeMIIepaTyphl. @
Eciu B paccessHMM HOCUTeNeit 3apsiia
y4acTBYIOT 00a MeXaHU3Ma, TO PE3YJbTHU- )
pyolasi NMOJABUXHOCTb IO aHAJOTUU C
¢opmynoit (2.18) Moxer ObITh HaiieHa C /\e\
MOMOLbIO COOTHOLIEHUST 1 /= 1/ + 1 /W,
Ee TemmnepaTypHasi 3aBUCHMOCTb BbIPAXa-  Pyc. 4.9. Mexanusm paccesi-

€TCA KpV[BOﬁ C OTHCTIIMBO BBLIPAKCHHBIM  gug 3JICKTPOHOB Ha WOHU-
MaKCHUMYMOM, KaK IMIOKa3aHO Ha pucC. 4. 10, 3UPOBAHHBIX TIPUMECSX
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Puc. 4.10. TemnepaTypHble 3aBUCUMOCTH IMOJABUXKHOCTH HOCHUTENCH 3apsia [UIs
HEBBIPOXICHHOTO MOJIYIPOBOIHUKA MPU Pa3TMYHBIX KOHUEHTPALUAX IIPUMECH

JUISL pa3IMYHbIX KOHIEHTPALUH TPpUMECHBIX aTOMOB. C yBeIMUEHHEM
KOHUEHTpPAUUM MPUMeceil MAKCUMYM HOABMXHOCTH YMEHBLIAETCH U
CMELLAETCS B CTOPOHY GoJiee BLICOKUX TeMIIEpaTyp. ‘

ITpu oueHb HU3KMX TeMIlepaTypax, KOrna MpuMecH crabo HOHU3U-
pPOBAaHEI, PacCesiHNE HOCHUTENEH 3apsaa HPOUCXOIUT Ha HEUTPaTIbHBIX
aToMax IpuMecH. I1py HAIMYKMM TOJBKO 3TOTO MEXaHMU3Ma PaCCesTHUSI
IMOABUKHOCTh HE 3aBUCHT OT TeMIIEPaTyphl, a OMPEIENSIeTCS TOJBKO
KOHUEHTpalHel MpUMECH.

IMoaBUXHOCTE HOCUTENCH 3apsiia MOXET CWIBHO OTIUYAThCS OT
obpasua K o0pasily B 3aBUCMMOCTH OT €ro COCTaBa M COBEPLICHCTBA
KPUCTAUIMYECKOH CTPYKTYph!. [IpMBOAMMEBIC B CIIPABOYHHUKAX 3HAYE-
HMS1 HOIBMXXHOCTH HOCUTEJIeH 3apsiia JUId KOHKPETHBIX MOJIYIIPOBOMI-
HHMKOB OOBIYHO OTHOCSITCSI K Hau00Jiee YUCTHIM U COBEPUIEHHBIM MO-
HOKPMCTaJUIaM.

IoaBHAKHOCTL HOCHTEJICH B HOHHBIX KpHCTA/LIAX. B3aumMoaeiicTeue
HOCUTEJIeH 3apsiia ¢ KOaeOIoIMMKUCSI MOHAMH B HOHHBIX KPUCTAJLIaX
ropasiao CWIbHEE, YeM MX B3dMMOACHCTBUE C HEUTpalbHBIMU aTOMa-
MM B MaTepuajax ¢ aTOMHOM peleTkoi. [ToaToMy paccesiHue HOCUTeE-
Jieit 3apsia B pe3ysibTaTe TEIIOBBIX KOJeOaHUM MOHOB ropa3ao UHTEH-
CHBHEE, ¥ NOABUXHOCTh Y 3TOM IPYIIIBI IOJYIPOBOIHUKOB B OOJIb-
LIMHCTBE CJIYYAEB HECKOJBKO HUXE.

KauecTBeHHasi XapakTepUCTHKA TEMIIEPATYPHOI 3aBUCUMOCTH MO -
BMXKHOCTH 2JEKTPOHOB U ABIPOK B MOHHBIX KPUCTA/LIaX TAKad Xe, KaK
¥ B aTOMHBIX KPHCTAJUIAX.

4.5. TEMIIEPATYPHAS 3ABUCUMOCTH YIEJILHONI
ITPOBOJHUMOCTH ITIOJYITPOBOJHUKOB

PaccMoTpeB BIusiHMe TeMIepaTyphbl Ha KOHLICHTPAIIMIO U TTOIBHX-
HOCTb HOCHTeJIeH 3apsiia, MOXHO IpeICTaBUTh U 001U XOI U3MEHe-
HUS YAEIbHOU MPOBOAUMOCTH IIPU U3MEHEHUH TeMIepaTyphl. B mosy-
MPOBOJHHMKAX C ATOMHON peuieTKoi (a TakKXe B MOHHbBIX IIPH I1OBbI-
IIEHHBIX TeMIIepaTvpax) MOIBUXHOCTh MEHSETCS TDU U3MEHEHHU
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TeMIiepaTypbl CPaBHUTECABHO €1ab0 (MO CTEMEHHOMY 3aKOHY), a KOH-
HEHTPAIIMS OYSHBb CHUIBHO (TI0 SKCITOHEHLMATBbHOMY 3aKOHY). [ToaTomy
TeMIrepaTypHasi 3aBUCUMOCTD Y€JIbHON IPOBOAMMOCTH IIOX0XAa HAa TEM-
nepaTypHYIO 3aBUCUMOCTh KOHLEHTPpaUMK HOCHTeNeH 3apsina (puc. 4.11).

B amamaszoHe TeMIteparyp, COOTBETCTBYIOMIMX UCTOLUCHUIO TPUME-
ceif, KOTZa KOHLEHTpAalHs OCHOBHBLIX HOCHUTENICH 3apsila ocTaercs
MPaKTUYECKU HEU3MEHHOH, TeMINEepaTypHbie U3MCHCHMA YACTbHOI
TIPOBOAMMOCTH OOYCIIOBJIEHBI TEMITEPATYPHOM 3aBUCUMOCTBIO NIOJBIK-
HocTH. CHIDKEHUE YAEAbHOM NTPOBOAMMOCTU B OOJIACTH HU3KUX TEMIIE-
paTyp CBSI3aHO, ¢ OJHOI CTOPOHBI, C YMEHBLICHUEM KOHUEHTpalUUHU
HOCHUTENeH 3apsafa, MOCTaBIsIeMbiX IPUMECHBIMU aToMaMHu (IoHOpa-
MM WM aKLENTopaMu), a C APYroil — YMEHBLIECHUEM TMOABUXHOCTH
3a CYET YCWIMBAIOLIETOCS PACCESIHUSL HA MOHU3UPOBAHHBIX IIPUMECSHX.
Peskoe Bo3pacTaHue yaeabHON MPOBOJAUMOCTH MPHU ITOBBILIEHHbBIX TEM-
reparypax COOTBCTCTBYET 00JacTH COOCTBEHHOM DJEKTPONPOBOLHO-
CTH, KOTOPAsl XapaKTepu3yeTCsl paBCHCTBOM KOHLECHTpaUuUit 31eKTpo-
HOB Y JbIpoK. Jnst aTO# 00nactu

Vi = en; (un + }’Lp)

ITo Hax/IOHY NMPAMOI Ha YYacTKe COOCTBEHHOMN 3JIEKTPONPOBOIHO-
CTH MOXHO OIPEACIUTD IHMPUHY 3alPELeHHOM 30HbI TOYITPOBOIHMKA.

Ha puc. 4.11 npupeneHbl KpUBbIE JUIS PA3NUYHBIX 3HAYCHUH KOH-
UEeHTpaLMK IPUMeceii, BIUIOTb 10 BRIPOXICHMS IIOAYIpoBogHuKa. Yem
GoJblie KOHHSHTPALUS JOHOPOB, TeM 00JIbIlIE S1EKTPOHOB TOCTABIS-
€TCs! B 30HY NPOBOAMMOCTH NPU AAHHOH TeMIleparype, TeM BhIIUE 3Ha-
YeHUe YAEAbHON NpoBoauMocTu. C U3MEHEHUEM COAEPXKAHUS IIpUMe-
cell cMellaeTCst M TeMIlepaTypa mepexoia K COOCTBEHHOH 3JIEKTpPO-
nposogHocTy. TToBbiliiast creneHb YUCTOTH MaTepraia, MOXHO 10GHTHCS
HACTYIUIEHMS COOCTBEHHON 3jIeKTPOIPOBOAHOCTH HaXKe NPU KOMHAT-
Ho#M TeMmneparype. s 2Toro comepKaHue IMEKTPHUYECKH aKTUBHBIX
NpUMECEH A0JDKHO YAOBIETBOPAThL HEPABEHCTBY Ny, < 1; (300 K). Vka-
3aHHBIA KPpUTEPUI MPAKTUYECKU MOXET OBITh PeasIi30BaH JMUIb B OT-
HOLIEHUH Y3KO30HHEBIX MOJIYIPOBOAHUKOB, TaKUX Kak InSb, InAs, Ge,
y KOTOPBIX COGCTBeHHAs] KOHLIEHTpALUs HOCUTe e 3apsiza NMPU KOM-
HatHOM Temrepatype #; (300 K) nocrarouno Benuka. B 1o e BpeMsi y

lgy
N3
N2
Puc. 4.11. TemrepaTypHbie 3aBUCUMOCTH AD N
YIETBHOW NMPOBOAUMMOCTH MOJYNPOBOIHU- G

Ka [IPY Pa3In4HOM KOHUEHTPALMKU IpUMe-
ceit (N < Np< Ny) T yr
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apcenuna rama GaAs n; (300 K) = 2- 102 Mm%, mostomy HMKakue,
JIaXe caMble COBPEMEHHBIE METOABl OYUCTKH HE MO3BOJISAT UCKIIOUUTH
BJIMSIHUE IIpUMeECeil Ha JIEKTPUYECKHE CBOHCTBA MaTepyasia Ipu KOM-
HATHOH TeMIieparype.

Y BBIPOXAEHHOTO MMOJIYIIPOBOAHMKA KOHLEHTPALUMsI HOCUTENEH 3a-
psina N, He 3aBUCUT OT TEMIIEpATyphl, a TEMIIEPAaTYpPHasi 3aBUCUMOCTh
yAENbHOM MPOBOAUMOCTH B OOJIACTH IIPUMECHOM 3J1€KTPONPOBOIHO-
CTH KA4e€CTBEHHO ITofo0HA TEMIIepaTYPHOMY HM3MEHEHMIO YIEJIBbHOMN
MPOBOTUMOCTH METAJUIOB.

¥ peanbHbIX MOJYIPOBOAHUKOB TeMIEPATYPHOE U3MEHEHHUE IPO-
BOAMMOCTH MOXET 3HAYMTEJIbHO OTKJIOHSTBLCS OT PACCMOTPEHHBIX 3a-
BUCUMOCTEH BCJIEACTBHE psaa nNpuyuH. OZHA U3 HUX CBSI3aHA C TEM,
YTO HA MPAKTHUKE B MAaTEPHUAIaX UMEETCSA HE OIMH, 3 HECKOIHKO BUIOB
TIPUMECHBIX Ae(EKTOB, Y KOTOPBIX YHEPTUM UOHMU3ALINU MOTYT OBITh
pa3sAMyYHBIMU. [pyras npuyuHa NMOSBICHUS HEKOTOPLIX aHOMAJMH B
TEMIIEPATYPHOH 3aBUCHUMOCTU MPOBOIMMOCTU MOXET ObITh OOYCIOB-
JIEHA PA3THYHeM TOABHXHOCTEN 3JIEKTPOHOB U IBIPOK.

Ecnu 310 pasnuyue BEIHKO, TO 3HaueHHWE COOCTBEHHON MPOBOIU-
MOCTH HE OTBEYAET MUHUMYMY NPOBOAMMOCTH MONYTIPOBOAHHUKOBOTO
MaTepuaja npy JaHHOU TeMmreparype. MeHblleil IIpOBOAMMOCTBIO MO-
XeT 00janaTh NMPUMECHBIA TOJYIIPOBONIHUK B OGNACTH CMEIIaHHOM
3JIEKTPONPOBOAHOCTH. Tak, B o6pa3nax p-TUna MpH A0CTATOYHO HU3-
KUX TeMIlepaTypax BKJIAIOM 3JeKTPOHHOW COCTaBAOLIe IPOBOIU-
mMocTu B hopmyite (4.20) MoxHO npeHeOpeys. C NOBBIUIEHUEM TEMIIE-
paTypbl KOHLIEHTPALMsl IbIPOK OCTAeTCs HEM3MEHHOM (Y4acTOK HUCTO-
HIEHUsT), @ UX MOABUXHOCTb HECKOJIBKO NMAAAET, YTO MPUBOIUT K CHHU-
KEHHIO IbIPOYHO# MpoBoauMocTH. ITo Mepe mpubIKeHUs K COOCTBEH-
HOH 37eKTPOINPOBOAHOCTH PE3KO BO3PACTaeT KOHLUEHTPALIMS JIEKTPO-
HOB, U €CJIM UX IMOABMXHOCTD CYILECTBEHHO NPEBBIIACT IHOABIKHOCTD
JIbIPOK, TO MpPU HEKOTOpPOoil Temrieparype 7 (puc. 4.12) GyaeT BBITION-
HSTBCS YCIOBUE

Y, Cm-m~!
10° n
\ .,
n
\ 14
10 \ N 7
Ax 3 Puc. 4.12. TemnepaTypHble 3aBUCUMOCTHU
3 RN » YAEALHO IPOBOAUMOCTH JUIst AHTUMOHM~
10 N T 12 14 MHIAMS C 3JIEKTPOTPOBOIHOCTHIO pas-
! JINYHBIX TUIOB:
|
102 Ty ! 1 — co6ersenHsblit InSb;

123456728910 2—N3=2,2'1022M_3;3—Na=2'1023M_3'
10¥T, K 4— Np=1,3- 102 M3 5 — Ny= 102 a3
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Hallg= pro,

IIpM 3TOM, B OTJIMYME OT COOCTBEHHOIO ITOJNYIIPOBOAHUKA, Hy < Py.
Temnepartypa 7| COOTBETCTBYET MUHUMYMY IIPOBOJIUMOCTH, MOCKOJIb-
KY C POCTOM TEMITEPATYPHI 2JICKTPOHHAs COCTABAAIONIAsA TOKA pacTerT,
a IpIpoyHass — Mangaer.

MuHUMaNbHOE 3HAYeHHUE ITPOBOJIMMOCTH

Ymin = €Ml + €Dk, = 2€polt .
C yueroM dopmynsl (4.10) Haxonum

Vi _ eni(un +up) _ \/m(un-*-up) _ un_*_up

Ymin zepollp 2P0Hp 2\/Lln}lp

B antuMonuae nunaug [,/ w, = 100. 3T0My OTHOLIEHUIO TTOABUXHO-
CTeil COOTBETCTBYET OTHOIUEHUE Y,/ Yoy = 5 (cM. puc. 4.12). [Tpu kom-
HATHOI TeMIiepaType MUHUMaJbHOI MPOBOJUMOCTH OTBEYAET KOHUEH-
TpauMs OBIPOK po = 2 - 102 M~3. Takum o6pa3zoM, npoBoguMocTs InSb
p-THIIA TIPU OINpeleIeHHOM YPOBHE JETMPOBAHUS MOXET OBbITh Cylle-
CTBEHHO MEHBIIE NPOBOAMMOCTH COOCTBEHHOTO TOMYNIPOBOAHMKA.

B KpeMHHWU ¥ TepMaHKU OTHOLLEHUE TIOABUKHOCTEHN MIEKTPOHOB U
IBIPOK HAMHOIO MeHblIe, YeM B aHTUMOHMAe HHAMA. [To3ToMy pasnu-
YUE MEXIY Y; U Ymin COCTABIISAET eIMHHULIBI IIPOLEHTOB,

4.6. HEPABHOBECHBIE HOCUTEJIN 3APSAJA
U MEXAHU3MbBI PEKOMBHHAIIUHN

O6mme csegenun. [Tpu moOolt TeMneparype, OTIMUYHONW OT abco-
JIIOTHOTO HYJIS, B IMOJIYMPOBOJHHUKE 32 CUET TEIJIOBOTO BO3OYXICHUS
[IPOUCXOJUT FeHepauMsl CBOOOJHBIX DJIEKTPOHOB M AbIPOK. Ecin Obl
3TOT Tpolecc GbUT eMMHCTBEHHBIM, TO KOHLIEHTPALIUSI HOCUTEJIEH 3a-
psiia HENpepbiBHO BO3pactana Obl ¢ TEUEHUEM BpPEMEHH BILUIOTH HO
MOJIHOM MOHU3ALMH aTOMOB. OJTHaKO BMECTE € IIPOLIECCOM T€HEepalluK
BCEraa NpoTeKaeT BCTPEYHBbIN MpolleCC — peKOMOUHALUS HOCUTeNeH
3apsifa. Mexny aTuMu AByMst TIPOLICCCAaMHU YCTAHABIMBAETCS paBHOBE~
CHE, KOTOPOMY COOTBETCTBYIOT PAaBHOBECHbBIC KOHLCHTPALUU SJIEKT-
POHOB My U IBIPOK py. TOMBKO K PABHOBECHBIM KOHLEHTpALMSIM IpHU-
MEHHM 33aKOH «IEHCTBYIOILUX Macc» IS HOCUTe el 3apsana (cM. dop-
myny (4.10)).

HomMuMO TemIoBOI reHepanMyd BO3MOXHBLI M APYruUe MeXaHHU3MBI
MOSIBJICHUST HOCUTENeH 3apsiaa:; Ipu OOJIYyYeHUM CBETOM, IPU BO3AEH-
CTBUM CUJIBHOIO 3JISKTPUUYECKOTO IOJsI, TIPH MHXEKIUM Yepe3 KOH-
TakKT # Ap. HeiicTBue Takux pakTOpOB NPUBOAUT K MNOSIBASHUIO JOMO-
HUTEJILHBIX, HEPAaBHOBECHBIX HOcUTeNed 3apsiaa. X KOHIEHTpauus
SIBJIAETCS U3OBITOMHOM IO OTHOUICHUIO K PABHOBECHOIA:
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An=n—ny Ap=p - p,,

TJ€ 1 ¥ p — TIO/IHbIC (HEPAaBHOBECHBIE) KOHLEHTPALMY 3JIEKTPOHOB U
ABIPOK, BO3HHUKAIOUWIMX ITOA ACHCTBUEM TEIUIOTH M APYTHX (PaKTOpPOB.

Tlocne npekpanieHUs HETETUTOBOTO BO30YXIESHUS MOAYNPOBOIHUK
BO3BpALIAETCS B PABHOBECHOE COCTOSIHUE, TIPU 3TOM M30LITOUHAS] KOH-
LEeHTpalMsg HOCUTENEN 3apsia BCIAENCTBUE MPOLECCA PEKOMOHHAUMH
crnanaer 1o HyJs.

Ecnu reHepanus MpOUCXOIUT NyTeM oOpa3oBaHUsI HOCHUTeNIEH 3a-
psaa ABYX TUIOB, TO TAKO# IMPOUECC Ha3bIBAIOT OMITONISIPHOU reHepa-
nueil. B ciiyyae OMTIONSIPHOM CBETOBOM IeHepaliny MOT/IOIIEeHUE KBaH-
Ta CBETa COTMPOBOXAAETCSH Pa3pPbLIBOM KOBAJIEGHTHBIX CBA3EH U YHUCIIO
00pa3yoMXcs HEPaBHOBECHLIX 3JIEKTPOHOB U ILIPOK OIMHAKOBO, T.¢€.
An = Ap (puc. 4.13, a). B npuMecHbIX MOJYIPOBOIHMKAX TeHepaIus
HEPaBHOBECHBIX HOCHUTENEH 3apsiia MOXeT MPOUCXOIUTD 32 CUET B3aK-
MOZICHCTBUS BHELUHETO U3NTYYEHHS C MMPUMECHBIMM YPOBHSAMH. Hanpu-
Mep, 00JiydyeHHe MOJIYNPOBOIHUKA #-TUTIA, B KOTOPOM MMEIOTCS DIy-
0OKME HE MOJHOCTHIO MOHU3UPOBAHHBIE TOHOPHI, MPUBOIUT K Iepe-
Bpocy 2/MEKTPOHOB C 3TUX HIOHOPHBIX YPOBHEH B 30HY MPOBOAUMOCTH
(puc. 4.13, 6). Taxyio reHepaiuio Ha3bpIBalOT MOHOIIOJIIPHOM, TOCKOJIBKY
OHa ornMyaercsa 00pa3oBaHMEM HOCHUTEJIEH 3apsifia OJHOro 3HaKa.

Ilpouecc reHepalldu HOCUTENEH XapaKTepU3yeTCsl CKOPOCTBIO re-
HEpalUHU g, BRIpaXalouieil Ynucio Hocuteaei (MW YMCIO ap HOCUTe-
JIei), eXeceKyYHIHO BO30YXIaeMbIX B €IUHULIE 0ObeMa MOJYIIPOBOA-~
HUKA.

ITpouecc peKOMOMHALMU XapaKTepPU3YIOT CKOPOCThIO peKOMOGHHA~
LMK F, PABHOH YMCNy HocuTeneil (rap HocuTeneit), exXeceKyHIHO pe-
KOMOMHMPYIOILMX B €AMHULE 00beMa NMONYIIPOBOAHUKA:

r, =—dnfdr =—d(An)/dr. (4.22)

- it

1 2

Puc. 4.13. Cxema reHepauMu M peKOMOWMHALMU HOCUTEIEH 3apsiaa;

a — OGunonsipHas reHepauus; 6 — reHepauus INEKTPOHOB; ¢ — TeHEpaLUs ALIPOK;
1 — renepaums; 2 — MeX30HHAas M3NyyaTeNbHasd peKoMOUHaLMs
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PaznuyaioT HECKOIBKO MEXAaHU3MOB peKOMOUHALMY. Cpeny HX MHO-
roo6pa3usl BbIASIMM JIBA HAaKOOJIee YaCTO BCTPEYAIOLIMXCS TIPOLIECCa:
MEX30HHYIO PEKOMOMHALIMIO U PEKOMOMHAIUIO C YIACTHEM JIOBYILIEK.
Uzb6biTOUHAs 3HEPrUs, KOTopasi 0CBOOOXIAETCS PU peKOMOUHALIUM
31eKTPOHOB M IOBIPOK, 00 M3ny4yaeTcs B BuAe ¢HOTOHA, JIMOO Oe3bI3-
JIydaTebHbIM IIyTCM IIepenacTcsi KpUCTAUINYECKOH pellleTKe B BUIE
3JIEMEHTAPHBIX [TOPLIMIA TeTUTOBOM 3HEpTrHH (pOoHOHOB). COOTBETCTBEHHO
PasNIUYaIOT U3AYHAMENbHYI0 U 6e3bi31yHamenbHyr0 PEKOMOUHALIVMH.

Mex3oHHas peKOMOHHAIMA. DTa pEKOMOWHALIMS OCYILIECTBIIACTCS
TIpY TIepexoae CBOOOIHOTO 3IEKTPOHA U3 30HBI IPOBOIMMOCTH Ha CBO-
0OTHOE DHEPreTUUECKOE COCTOSIHUE BAJCHTHOU 30HBI, UTO NPUBOIUT
K YHUYTOXEHHIO TTapbl HOCUTENEH 3apsaia pasHOMMEHHOTO 3HaKa (CM.
puc. 4.13, a). Kak npaBwio, MexX30HHAasI peKOMOMHAIIMS HOCHUT U3y~
YyaTeJIbHBIN XapakTep. DHeprus BhlIeAsIomerocs: GoToHa ONpenensieT-
Cst LLIMPUHOM 3anpelueHHONH 30Hbl. [1pn peKoMOMHAIIMY JOKHBI BhI-
MTOJTHATHCS 3aKOHBl COXPAaHCHUSI SHEPTUHN 1 UMITYJIbca. MMIyane anek-
TpOHA MOXHO BBIPa3UTh 4epe3 BOJTHOBOM BeKTOp k ¢ MOMOILBIO ITPO-
CTOrO COOTHOLIEHUS

P = ik

BOJTHOBOM BEKTOP SABASIETCS OJHON M3 BaXKHEHIMX XapaKTEPUCTUK
106010 BOJTHOBOTIO TMPOIECCa, BKITIOYAsl paClIpOCTPAHEHUE JICKTPOH-
HOW BOJIHBI, T.€. IBUXEHHE IJIEKTPOHA B KPUCTALUIMUECKOM PELIETKE.
Moy/Tb BOJTHOBOTO BEKTOpA, Ha3biBAEMBIH BOJTHOBLIM YHCIOM, TECHO
CBA3aH C [UIMHOH pacHpocTpaHsoleiics BOMHLL Kk = 21t/A, a HanpaB-
JIeHue BekTopa k CoBmamaeT ¢ HampaBieHUEM ABUXEHMS SJIEKTPOHOB.

IToCKOJIBKY HMOYJIBC M3IYy4aeMOro (POTOHAa HHUYTOXHO Mai, TO
HETIOCPEACTBEHHO U3 3aKOHA COXPAHEHUS UMIYJIbCA BLITEKAET CAEAY-
foulee «IpaBuiio oTbopa» st Hocutenei 3apsina: AP = 0. MHpIMH cto-
BaMM, B peKOMOMHALMM MOIYT Y4acTBOBATb JIMilib T€ JEKTPOHBI U
JIBIPKM, KOTOPbIE UMEIOT BHAYajle OJAMHAKOBBIE 10 BeJIMYUHE, HO MPO-
THBONOOXHO HAaNpaBIeHHbIE UMITYJILCHI.

D heKTUBHOCTH MEX3OHHOH M3Jy4aTeIbHOM peKOMOWHALIMY B pe-
LI1a101Led Mepe 3aBUCHT OT 30HHOH CTPYKTYPb! NOMYyNpoBOoAHHKA. [Tox
30HHOM CTPYKTYPOU IMOHUMAIOT 3aBUCUMOCTh 3HEPTUHU 3JIEKTPOHOB OT
BOJTHOBOTC BEeKTOpa (MMITyJnbca). 3aBUCUMOCTH 3(k) HEe OIMHAKOBBI
JUIS Pa3HbiX Kpuctasorpaduueckux HanpasiaeHuit. Haubonsmiuit -
Tepec MPeACTaBISIOT HANPABAEHUS ¢ HAUBBICHIEH CUMMETPHEH, BIOJIb
KOTOPBIX HAOMIONAIOTCS IKCTPEMYMBI SHEPI'HU JIEKTPOHOB BAJIEHTHOH
30HBI U 30HBI MPOBOIMMOCTH. B Ciyuae KpUCTaJiOB CO CTPYKTYpOIf
anMasa ¥ chaneputa Haubosnee HHGOPMAaTUBHBIMU SBJISIIOTCS HANpaB-
jgeHus [100], [110] u [111]. MUHUMYMBI 30HBI TIPOBOJUMOCTH 4acTO
HAa3bIBAIOT IHEPeeMUYeCKUMU 00AUHAMY. DIIEKTPOHBI IIPOBOIUMOCTH 3a-
CEJISIOT TOMMHBI C HAUMEHBIIEH 3Heprueii.

I1o B3aMHOMY MOJOXEHUIO 3KCTPEMYMOB BaJIEHTHOM 30HBI M 30HbI
MIPOBOJUMOCTH TIOTYNPOBOAHUKH HEJIAT Ha ABe rpyniibl. K neppoil u3
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HMX OTHOCSIT MaTe€pHUaJIbl, Y KOTOPBIX ITIABHBII MUHHMYM 30HBI IIPOBO-
MMMOCTU ¥ [MAaBHBIA MAaKCUMYM BaJICHTHOHN 30HBI HAXOISTCS B OTHOM
M TOH Xe TOUKe K-TIpocTpaHCcTBa (06BI9HO B TouKe k = (), KaK rmokasa-
HO Ha puc. 4.14, a. OHM TONYYUIH Ha3BaHHUE NPAMO30OHHBIX MOAYIIPO-
BOAHHUKOB, T.€. 00/1a1aI0HMX IPSAMOit 30HHOM CTPYKTYpoil. B KauecTBe
MPUMEPOB TAKMX MaTepHaIOB MOXHO YKa3aTh JOCTATOUHO HOMYASIp-
Hble TIOaYNPOBOAHUKOBbIE coequHeHUst AIN, GaN, GaAs, InAs, InSb,
ZnS, ZnSe u ap. Bropyio rpynmny oGpa3yloT HeNpSIMO30HHBIE MOJIY-
MIPOBOIHMKH, ¥ KOTOPBIX IJIABHBIE 3KCTPEMYMbl BRJICHTHOH 30HBI U
30HBI TPOBOAMMOCTH PACIIONATAIOTCA B PA3IMYHBIX TOYKAX K-ITPOCTpaH-
CTBa (MJIY TIPOCTPAHCTBA UMITY/IBCOB), KAK 3TO MOKa3aHO Ha puc. 4.14, 6.
K yuciy HempsAMO30HHBIX MOJYPOBOIHUKOB, HApsy ¢ KDEMHUEM U
FepMaHHEM, OTHOCATCSI TAKXKE MHOTHE COSAMHEHMSs, CPEAU KOTODPBIX
MoxHo BeiaenuTh SiC, GaP, AlAs, AISb u ap.

U3 puc. 4.14 BUAHO, YTO TOJNBKO B MPSIMO3OHHBIX MTOJYIIPOBOIHU-
KaxX BO3MOXHBI «BEpPTUKIbHBLIE» ONTHUYECKME MEePeXOibl, pa3pelleH-
Hble paBriiaMK oT6opa. braronaps Takoi 0co6eHHOCTH 30HHOH CTPYK-
TYPBI CO3AAI0TCS IPEANOChUIKU U ToNy4eHHus: 3G ¢GEeKTUBHOIO pe-
KOMOMHAIIMOHHOIO U3JYYCHHUS B 9TUX MaTepranax. B HeNpsIMO30OHHBIX
[IOJIYIIPOBOAHUKAX TAKXKEe MOTYT HAaOMIOAATHCA MEX3OHHBIE ONTHYE-
CKUe€ I1epexoIbl, KOTOPBIE, OJHAKO, He pa3pelieHBl NpaBuiaMy 0TOO-
pa Hocureneit 3apsiia. IIpH TakuX HENMPSIMBIX TTepeXoax 3aKOH coxpa-
HEHMSI UMITYJIbCA BHITIONHACTCS JIUIIbL B TOM CIy4yae, €CJIM B KaXIOM
aKTe peKOMOMHAIMU Hapsiay C 3JEKTPOHOM M JBIPKON NpUHUMAET
yJacTHe TpeThs «4acTHila» — (hoHoH. [TocneqHuil Kak pa3 4 KOMIEH-
CHUPYET Pa3HOCTb 3HAYCHHUIT UMITYJIbCA 3JICKTPOHA B HAYAJIBHOM M KO-
HEYHOM COCTOsTHUSIX. HeoOxonuMocTh NpUBICUEHUS TPEX «y4aCTHU-
KOB» JUTSl peajiM3aliii HEMPSMOro MEX30HHOIO fiepexoia NMPUBOINT K
PE3KOMY CHWXEHHIO BEpOSITHOCTH NOA06GHOr0 npouecca. Hanmpumep, B

IC]
IC]
0 k 0 k
a 6

Puc. 4.14. 3aBMCUMOCTb 3HEPTUH OT BOJIHOBOTO BEKTOPA JUISl MONXYITPOBOIHU-
KOB C NpsiMoit (a) 1 HenpsiMoi (6) 30HHBIMU CTPYKTYpaMu:

I v 2 — npsiMOil ¥ HEMpPSMOIt U3NTydaTe/ibHbIE TepeX0abl
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p-THII

Puc. 4.15. Cxema pexoMOUHALIMK HOCUTENEH 3apsina ¢ y4acTHEM PeKOMOMHA-
LIMOHHBIX JIOBYLHEK:

a — PJI cBobogHbpl B MCXOOHOM cOCTOSIHMM; 6 — PJI 3amofnHeHB! 37€KTPOHaMH B
UCXOAHOM COCTOSIHMM; [, 2 — 3Tanbl peKOMOMHALMOHHOIO Npolecca

repManuy U3 10 ThiC. pexoMOWHaMil UL OJHA IPOUCXOAUT B pe-
3yNbTaTe MPSAMOrO B3aUMOJIEHCTBUS BIEKTPOHA U JBIPKU.

B npsaMo30HHBIX MONYIPOBOIHUKAX HOBBILIEHUIO 5 OECKTUBHOCTH
PEKOMOUHALIMOHHOTO U3IYYEHHUS CIOCOOCTBYIOT HOCTHKEHHE BBHICO-
KOTO CTPYKTYPHOTrO COBEPIISHCTBA KPUCTALIOB, CHUXeHUE POoHa oc-
TATOYHBIX NMpHUMeceit, YBETHYEHUE U30BITOUHON KOHIEHTPALIMH HOCH -
Teseit 3apsiaa. B TOHKMX 3MTUTAKCHANIBHBIX CIOSIX apCEHUIA Ta/UTHS NpH
ONTUMAILHBIX YCIOBHUSX BO3OYXXICHUSI BHYTPEHHUI KBAHTOBBLIA BbI-
XOA Ty; U3IYYaTeLHOTO NPOLECCa MOXET JOCTUTaTh 3HAYCHUH, OYEHb
6nu3kux K 100 %. T1pu aTOM TIOA 1); MTOHUMAIOT AOJIO U3MYYATEIbHBIX
[epeXooB OT OOIUEr0o YMCIa aKTOB peKOMOHHaUMY. Ha siBneHnu Mex-
30HHOK M3Jly4yaredbHON peKOMOMHAIIMM OCHOBaHa paboTra Mmojyrnpo-
BOIHHMKOBBIX JIazepoB U Haubonee 3(PGhHEeKTUBHBIX CBETOUIIYYAIOIMX
JIMOHOB.

PekoMOHHAIHA € YYACTHEM JIOBYHIEK. DTOT NPOLECC B MOAABISIIOLIEM
OOJIBLIMHCTBE CJIy4aeB MPOUCXOAUT Oe3bI3TyYaTeNbHBIM TIyTeM. B aToM
clayyae TMepexol 3MeKTPOHOB M3 30HBbI IIPOBOAUMMOCTH B BaJICHTHYIO
30HY OCYIHECTBIISIETCS ABYMSI IOCACAOBATCAbHBIMU aKTAMH, KOTOPbBIE
MOTYT OBITH pa3aeIeHbl OTHOCUTEABHO DOIBLUIMMHU MIPOMEXYTKAMU Bpe-
MeHU. Pexombunayuonnvimu noeywrxamu (PJ1) snstorca npumecu u
nedeKThl CTPYKTYPHI, CO3RAIOLINE B 3aMPELIEHHON 30HE SHEepreTHye-
CKHE YpPOBHM, AOCTATOYHO yIaJeHHbIC OT ¢¢ KpaeB. Kak npaswio, B
ucxonHoM cocrogHuu PJI anektpuyecku HelTpanbHbl. MexaHusMm pe-
KOMOUHALINY ITOSICHSIET pUc. 4.15.

Ecau usHavansHO ypoBeHb PJI OKa3bIBaeTCsl HE3aMOIHEHHBIM, TO
MepBBIM ITANTOM PEKOMOMHALINK SABJISIETCS 3aXBaT JEKTPOHA U3 30HBI
npoBoaumocTy (riepexoa [ Ha puc. 4.15, a). B pe3yabrarte Takoro nepe-
X0Ja JIOBYLIKa NpHoOpeTaeT OTPULIATCIbHBIN 3apsii ¥ AaIbHONEHCTBY-
IOIIMMHU KYJTOHOBCKMMU CHJTAMM TIPUTSATHBAET K ce0e HOCUTEb 3apsiaa
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MPOTHBOIOJIOXKHOrO 3Haka. Beuay toro uto yposeHb PJI mocTarouHo
[J1yOOKMii, BEpOSATHOCTh OCBODOXICHUST 3aXBAaUCHHOTO 3JIEKTPOHA 3a
CYET TeIJIOBOM BHepruu oyeHp Maja. I1o3ToMy J1oByllKa OyIeT Haxo-
JIUTBCSI B 3apsSDKEHHOM COCTOSIHMH JI0 TeX IOp, NMOKa K Hell He IoaoM-
JietT ppipka. Toraa Npou3oHaeT BTOPOH 3Tan peKOMOMHAUUM — 3AEKT-
poH ¢ ypoBHs PJI nepeilzer B BaIeHTHYIO 30HY, YTO MOXHO TPaKTO-
BaTh KaK 3aXBaT JILIDKU OTPHLIATEIbHO 3apSKCHHBIM LIEHTPOM M3 Ba-
JIeHTHOM 30HHI (Tiepexon 2 Ha puc. 4.15, a). TlocnexoBaTenbHbIH 32XBaT
3JIEKTPOHA Y ABIPKU MPUBOINT K aHHUTWIALNU (YHUYTOXEHHUIO) Taph
3apsKEHHBIX YacTull, a PJI mpuUXoauT B HCXOQHOE COCTOSIHUE U TOTOBA
MIPUHATL HOBbIC HOCHUTEIHU 3aps/a.

B mpoTUBOMOIOXKHOM CiTyyae, KOrlla YPOBEHb JIOBYILIKHA H3HAYATb-
HO 3aHAT 3JEKTPOHOM, MEPBBIM 3TAIOM PeKOMOMHAIIMHM OyIeT 3aXBat
JIBIPKY M3 BAJIEHTHON 30HbBI, YTO SKBUBAJEHTHO MEPEXOAY DJIEKTPOHA
¢ ypoBHs PJI Ha cBoGonHOe COCTOsIHUE BATEHTHOH 30HbI (puc. 4.15, 6).
Ha BTopoM sTame pexoMOMHAlLIMU JIOBYLIKA, OYIYYU MOJOXUTEILHO
3apsDKEHHON, MPUHUMAET HOCHUTENDb 3apsiia IIPOTUBOIOIOXHOrO 3Ha-
Ka, T.€. 3JIeKTPOH U3 30Hbl MPOBOIYMOCTH.

HauGonpluit BKJIag B peKOMOMHAIIMOHHBINA TIpoLecC Jal0T TaKue
JIOKaJIbHbIC LICHTPBI, 3HEPTeTUYECKUE YPOBHHU KOTOPBIX PACIOI0XEHBI
B CpelHeil yacTH 3ampellieHHOW 30HbI. CyIeCTBOBAHHE JBYX 3TallOB
PEKOMOMHALIMH, PA3EICHHBIX «[1€PHOJIOM OXHUAAHUSA», B 3HAYUTEIb-
HOM Mepe YBEIMYMBAET BEPOATHOCTb BCTPEUM BNEKTPOHOB U JIBIPOK.
Kpome Toro, JoByIlIKa IPUHUMAET Ha ce0st B3OBITOUHOE KOJHUYECTBO
IBWXEHUSI, HCOOX0AUMOE IS COOIIONEHUS 3aKOHA COXPAHEHUST UM-
nyJibca, M DHEPrUIo, OCBODOXIAeMYIO NpH peKOMOHHaIMK. MexaHU3M
0e3bI3nyyaTesibHON peKOMOUHALIMY Yepe3 JIOBYLIKY MOXET UrpaTh Cy-
LIECTBEHHYIO POJIb 1aXXe B TOM CJIydae, Koriga KoHueHtpauusa PJl oka-
spiBaeTcst MeHble 101 M~3. Y ToNbKO B IPSAIMO30HHbIX NONYIIPOBOIHH-
Kax C COBEpIUEHHON KPUCTAUTUYECKON PEUISTKOM MPU BHICOKOH U3-
OLITOYHOM KOHLEHTPAUUH HOCHTENEH 3apsana BIWSHUE 2TOr0 KaHana
PEeKOMOUHALIMH YAAETCSA MPAKTUYECKHU TTOAABUTh HHTEHCHBHBIMU MEX-
30HHBLIMHU U3JIYYATEIbHBIMH [EPEXOJAMHU.

PekxoMOMHALIMOHHBIMHU JIOBYLIKAMU MOTYT OBITH J1100bI¢ HECOBEp-
LIEHCTBA B KPUCTALAX: NMPUMECHBIE aTOMbl WJIM HMOHbI, pPa3iWyHbIC
MMKPOBKJIIOUCHHSI, HE3ANIOJIHEHHBIC Y3/Ibl B pelieTKe, AedeKThl yna-
KOBKH, TpCILUMHBI, OOOPBAaHHbIE CBS3U, aACOPOUMPOBAHHBIE ATOMbI U
apyrue nedexTsl B 00beMe WM Ha ITOBEPXHOCTH. B CB3M ¢ TeM 4yTo Ha
MIOBEPXHOCTU KpUCTAIUIA NEPEUUCTEHHBIX Ae(heKTOB 3HAYUTENBHO 0OJIb-
e, yeM B oObeMe, MPoLEecC PeKOMOMHALIMU Ha MOBEPXHOCTH OJ-
JKEH MPOUCKXOANTDL 3HAYUTENbHO HHTeHCHBHee. OOBIYHO €ro OlieHUBA-
IOT OTHEIbHO, CUMTAsl MOBEPXHOCTHYIO PEKOMOMHALIMIO Pa3HOBUIHO-
CThIO PeKOMOMHALMHU C YYACTHEM JIOBYLICK.

Jlosymikn 3axsara. Kpome yposHeii PJI B 3anpellieHHO# 30He MoJy-
TIPOBOAHMKA CYIIECTBYIOT YPOBHH, Ha KOTOPBIE MOTYT 3aXBaThIBATHCS
HOCHUTEJIY 3apsiia TOJIbKO OJHOTO Kakoro-nubo tumna. JIokaibHbie HeH-
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TPBI C TAKMMHM CBOMCTBAMM Ha3blBaIOT aAogyuikamu 3axeama (J13). Ho-
CUTeNU 3apsiaa, Haxomsiuuecs Ha yposHsix JI3, yepe3 HekoTopoe Bpe-
Msi OCBOOOXIAIOTCS Oaromaps TeIIOBOMY BO3AEHCTBUIO U MOTYT CHO-
Ba Yy4aCTBOBATh B 2JIEKTPONPOBOAHOCTU (pHC. 4.16). [TogoOHBIC aKThI
nepe3axBaTa MOBTOPSIOTCS MHOTOKPATHO, MPUUYEM C YMEHbLIEHUEM
BpPEMEHU <«[PUJIMIMAHUSI» HOCUTEJS 3apsia K JIOKAJbHOMY LEHTPY
YMEHBLIIAeTCS BEPOSTHOCTh €r0 BCTPEUM C HOCHUTENIeM 3apsiia ipoTH-
BOIIOJIOXHOTO 3HaKa. TakuM 06pa3oM, A7 JIOBYLIEK 3aXBaTa, MHaue
HAa3bIBAEMbIX YeHmMpamu RPUAURAHUA, TIPOLIECC TEILIOBOTO OCBOOOXAE-
HMSI 3aXBaYEHHbIX HOcUTeJsied 3apsiza 0ojiee BEpPOSATEH, YEM MPOLIECC
PeKOMOMHALIUU.

JloBylikamMy 3axBaTa IBASIOTCS Pa3HOTO pojaa NpUMeECH U Ie(hEKThI
CTPYKTYpPBI, CO3AalolIMe MeJIKWe YPOBHM B 3aNpelicHHOM 30He. Xa-
pakTepHasi 0COGEHHOCTL JI3 COCTOMT B TOM, UTO OHHM B3aUMOACIHCTBY-
I0T TOJBKO C OJHOM 30HOW — 30HOH MPOBOAUMOCTH WJIM BAJTCHTHOM
30HOM. Hanpumep, eciu sHepreTHYECKUil YpOBEHD JOBYIIEK Pacnoiio-
KeH OJIM3KO KO JHY 30HbI [IPOBOAMMOCTH, TO Takue JI3 Haxomsarcs B
COCTOSIHMM HENpepblBHOTO OOMEHa 3JICKTPOHAMM € 30HOM MPOBOAU-
MOCTH.

HepaBHOBeCHBIE HOCHTENH 3apsiia, NEPEXOASIIIME HA YDOBHHU MEJ-
KHX JIOBYIII€K, HA HEKOTOPOE BpeMs BbIOBIBAIOT M3 MpOLIECCAa PEKOM-
ouHaumu. [ToatoMy npucyrcteue JI3 3aTaruBaeT CKOpOCTh peKOMOHHa-
LMK, TaK KaK YMEHbLIIAETCS MHTEHCUBHOCTb IE€PEXOJOB HOCHTEIEH
3apsiia Ha YPOBHM LIECHTPOB peKOMOUHALIMH.

Ponb omHUX U TeX XXe JIOBYLIEK MOXET U3MEHSITLCS B 3aBUCHUMOCTHU
OT BHEIIHMX YCJIOBUIA, B YACTHOCTH OT TEMIIEPATyphl U YPOBHS HETel -
JIOBOTO BO30YXIeHUS MONYNPOBOIHUKA. C pOCTOM TEMIIEpaTyphl BO3-
pacTaeT BEPOSATHOCTb TEIUIOBOrO OCBOOOXICHMSI HOCHUTENEH 3apsi-
J1a, TIO3TOMY YacTh peKOMOUHALMOHHBIX JIOBYLUIEK MOXET NPEeBPaTUTh-
¢s1 B JIOBYIIKH 3axBara. HaoGopoT, npu Bo3pacTaHHUU U3OBITOYHOM KOH-
LIEHTpAallMM HOCUTeJIeH 3apsijia, HalipMMep, 3a CYET YBEJIHYEHUS yPOB-

p-THIT n-THII
T W ey 3 0000090000000 00
— — — 113
- m— - JI3
35 K 35 ‘--—-;-—--] |

Puc. 4.16. Moaenp noIynpoBoIHHUKA € JIOBYIIKAMH 3aXBaTa QJICKTPOHOB (@) U
JIBIpOK (6)
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Hsl MHXEKUUHM YMEHbBLIAETCS BEPOATHOCTbL MOHU3ALUU MEJKUX JIOBY-
WIEK ¥ YaCTh U3 HUX NpeBpallaeTcs B UEHTPBl pEKOMOMHAIIMH.

OCHOBHBIMHU XapaKTepUCTUKaMM Ipoliecca peKOMOMHALMK SIBJISI-
I0TCSl BpEMSI XXU3HU M IU(PPY3UOHHASA ITMHA HEPABHOBECHBIX HOCUTE-
JIeH 3apsna.

Bpems xu3uu. BpeMeHeM XXU3HU HEPaBHOBECHBIX HOCUTEJIEH 3apsi-
J1a Ha3bIBAIOT OTHOLUEHME H3OBITOUHONM KOHLEHTpauuu (An wiu Ap)
HEPABHOBECHbBIX HOCUTENEH 3apsia K CKOPOCTH U3MEHEHUS 3TOM KOH-
LIEHTPALMU BCIAEACTBUE PEKOMOUHALIMM:

___lon

___ Il
T, = [d (An)/dtl ; T, = l 4.23)

d(ap)/di|

PaccMoTrpuMm Hanbosee NpoCcTOi M YacTO BCTpEYAIOHIMICS ciyvai,
KOIJ1a KOHLUEHTPALMS HOCUTENEH 3aps/1a OHOTO 3HAKa [TOCTOSIHHA, DTOT
cayvyail peanu3yeTcs B IMOJYNMPOBOAHMKAX C SIBHO BBIPAXEHHOH IMpH-
MECHO 3JIEKTPOINPOBOIHOCTBIO NIPY BO30YXKICHWU B HUX HEOOJIbUION
M30LITOYHONM KOHIEHTPALUMK HEOCHOBHBIX HOCHUTe el 3apsiaa. [Tossne-
HM1E HEPaBHOBECHbIX HOCUTENEH 3apsifia He BbI3bIBAET CYIIECTBEHHOTO
HM3MEHEHUs] KOHIICHTPAIIMH OCHOBHBIX HOCUTEIEH 3apsa. B aTux ycio-
BHSIX CKOPOCTb peKOMOMHALUMHU NPONOPIHNOHANbHA U30BITOUHOI KOH-
LEHTPAaUUH HEOCHOBHBIX HOCUTENEi, a BpeMs XKHU3HH OKa3blBaeTCs
NMOCTOSHHBIM. Takylo peKoMOWHAUMIO Ha3biBaIOT AuHelinod. 3 dop-
My (4.22) u (4.23) cneayer, uTO

r, = ~d(An)/dt = An/x, (4.24)

[Ipeobpa3yst U MHTErpUpyst BbipaxeHHs (4.24), 1erkKo HAWTU claemy-
Iolllee pellleHue, ONpeaensiollee U3SMEHEHUE U30bITOYHONH KOHIIEHT-
paliuy HOCHUTENIeH 3apsila nmocjie OTKIIOUEHUS UCTOYHHMKa BO30yXae-
HUSL:

An = Angexp(—t/1,), (4.25)

rie Any — HavyaJbHas U30bITOYHAS KOHHEHTpaUUsl HOCUTENAEH 3apsiaa
(B MOMEHT BpeMeHH ¢ = ().

W3 BelpaxeHus (4.25) BHAHO, YTO BpeMs XHU3HH — 3TO XapakTe-
PUCTUYECKOE BpeMs, IIC UCTEYEHUU KOTOPOTO U3OBITOYHASE KOHILIEHT-
pauus HocUTelNei 3apsaa NMpy JUHEHHOW peKOMOMHALMY YMEHbIIAET-
co B e pa3. PakTHYeCKU T MPEACTABISAET OO0 cpeliHee BpeMs Cyliie-
CTBOBaHUS U3OBITOUHON KOHIUEHTPALIUH.

BpeMst XU3HHM ONpeaessieTcs YUCIOM U THUIIOM peKOMOWMHALMOH-
HBIX JIOBYLIEK. [T03TOMY OHO ABISIETCS YYBCTBUTEJBHOMN XapaKTepuc-
THUKOM XMMHYECKOH YMCTOTBHI M CTPYKTYPHOIO COBEpILEHCTBA IMOMY-
NIPOBOAHMUKOBOIO Matepuaya. BpeMsi XU3HU HEPAaBHOBECHbBIX HOCUTE-
JieH 3apsiia MAaKCUMAaJIbHO B COOCTBEHHOM nonynpoBoaHuke. Hockonbky
pOJib JIOBYHIEK B Npoliecce peKOMOVHALMH 3aBUCUT OT Psiia BHEHIHUX
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($aKTOPOB, TO 3TH Xe& (aKTOPbI BIUSIOT U HA BPEMSI XKU3HHU HEPaBHO-
BECHBIX HOCHUTeENEH 3apsana. B yacTHOCTH, BpeMst XKHU3HU T 3aBUCUT OT
TeMneparypbl. C NOBLILLIEHUEM TEMIIEPATYPbI 3aTPYAHSIETCS 3aXBaT HO-
CUTeNeH 3apsiia Ha YPOBHM JIOBYIIEK, ITOSTOMY BPEMs XKH3HU pacTeT.

B peanpHBIX MONYIPOBOIHUKAX BPEMS XXU3HU HEPABHOBECHBIX HO-
cuTejIei 3apsjga MOXeT cocTaBisATh T= 1072... 10712 c.

B snerupoBaHHBLIX NOJYNMPOBOTHMKAX NMPU OTHOCHUTEJILHO CJaboM
BO30YXXIEHUHM BpeMsI XKU3HMU HEPABHOBECHBIX HOCUTEIIEH 3apsaaa onpe-
JeJISIeTCsT BpeMeHeM XHU3HM HEOCHOBHBIX Hocureneil. Hampumep, B
TTOJIYTIPOBOTHUKE p-TUHA HEOCHOBHBIMM HOCHUTEISIMU 3apsiaia sIBJISIIOT-
CsI NIEKTPOHEL, U TIO3TOMY T = T,. B TaKoM Marepuasie Bce peKoMOHnHa-
LIMOHHbIEC JIOBYLIKM B HCXOAHOM COCTOSIHMU CBOOOINHbBI, M KaxAbii
2JIEKTPOH, 3axBaueHHbIH PJI, HeMeMIeHHO PeKOMOMHUpPYET C AbIp-
KOH, IOCKOJNBKY YHCIAO MOCJEIHUX B BaJCHTHON 30HE OYEHb BEIUKO
(puc. 4.15, a). Takum obpa3oM, CyMMapHas CKOpPOCTb peKOMOUHALIMU
OyleT onpenessaTbCsl BEPOSITHOCTBIO 3aXBATA HEOCHOBHBIX HOCUTENCH
3apsia Ha YpPOBEHb JIOBYIIKH, 8 TAKXe KOHLECHTpauMuei caMux JOBy-
LLICK.

Ecau reHepauusi HEpaBHOBECHBLIX HOCUTENECH 3apsiia NPOUCXOIUT
HE BO BCeM O0BbEME, & TOJNbKO B HEKOTOPOM YACTHU ITONYIIPOBOMHUKA,
TO oOpa3yercsi JioKajdbHas 00JIacThb C MOBBLIIUEHHONW KOHLEHTpaLuel
HOCUTEJICIA 3apsiia, YTO BHI3BIBAECT MOsBIEHUE AP DY3UOHHOIO TOKA.
JAuddy3uMoHHBIH TOK CYHIECTBYET Jaxe IPH OTCYTCTBMH BHELUHETO
3JIEKTPHYECKOTO MOJIsSi U 00YCIOBJIEH IPalMEHTOM KOHLICHTPALUU HO-
cutened 3apsina. B npouecce nuddy3un HEpaBHOBECHbBIE HOCUTENH 3a-
psna peKoMOMHUPYIOT. I1oaTOMY M30BITOYHASI KOHLEHTPALUs yObIBAaeT
ApU YAAJICHUU OT UCTOYHMKA BO3OyxXneHMs. B yCloBHSIX KOrja KOH-
LICHTPAalMsI HEpaBHOBECHBIX HEOCHOBHBIX HOCHUTEJIECH 3apsiia Maja I10
CPaBHEHHIO C KOHLIEHTPALIMEil OCHOBHBIX HOCUTENEi, criaf M30bITOY-
HOM KOHUEHTPALMU IPOUCKOAUT I10 IKCIIOHEHLUMAIBHOMY 3aKOHY B
COOTBETCTBUM C BBIpAXEHUEM

An = Angexp(-z/Lp),
rae Any — U30BITOYHASI KOHIICHTPallMsi Ha MOBEPXHOCTU BO30OYyXIe-
HMS, 7 — yAaneHue oT obnacTH Bo30yxnaeHus; L, — nudody3noHHas
JUIMHA HEOCHOBHBIX HOCHTEJNel 3apsina.

Augdysuonnasn dauna — 310 paccTossHUE, HA KOTOPOM B OAHOPOX-
HOM [OJYTIIPOBOJHHUKE NPU OJHOMEpHON auddy3uu npu OTCYTCTBUHM
BHEILIHUX 3JIEKTPUUYECKUX U MATHUTHBIX M0JIeif U30BITOUHAsE KOHLEHT-
pauMs HOCHUTEJIeH 3apsia YMEHbLIAETCS BCISACTBUE PEKOMOUHAUUM B
e pas, T.e. 3TO CpellHEe PacCTOsIHUE, HA KoTopoe AuddyHIupyeT Ho-
CHUTeNb 3apsa/ia 32 BpeMs XXKU3HH. Peuias ypaBHeHue auddy3nm, MOXHO
MOJyYUTh Clelylollee BbIpaKeHHE, cBsidbiBaiollee IHGPDY3NOHHYIO
IUIMHY C BPEMEHEM XU3HU:

L, = Ds,; L, =/D,1,,
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rae D, u D, — xospduumnentsl anbdy3un HEOCHOBHBIX HOCUTENEN
3apsiga COOTBETCTBYIOLIETO THUTIA.

Benuuuna koaddunvenTa auddy3un TeCHO CBSi3aHa C NMOABUX-
HOCTbIO HOCHUTEJIeH 3apsiia U MOXET ObITb PACCYMTAHA C IOMOILLBIO
COOTHOLUCHUS DHHIITeHA

Diuw=kTl/e.

B xpucramiax KpeMHHUsI MpU KOMHAaTHo#l Temmepartype D, =
=37,5-10* M*/c; D, = 13- 10™* m*/c. BpeMsi XM3HU HePaBHOBECHBIX
HOCHTEJIEH 3apsifia B 3aBUCKUMOCTH OT KOHIEHTPALIMHU IPUMECH MOXET
npuHUMaTh 3Hauenus ot 1071° 1o 10~ ¢. DTum napameTpam COOTBETCTBYET
Judpdy3sMoHHas JUIMHA 3AeKTPOHOB U 1bipoK L, = 0,0003...0,6 MM.
YeMm MeHblIe NpuMeceil U J1eeKTOB CTPYKTYpPHI B ITONYNPOBOAHHUKE,
TeMm OOJble BpeMsi XKU3HM U, COOTBETCTBEHHO, Anddy3roHHas JUTMHA
HEOCHOBHBIX HOCUTEeN 3apsiaa. TakuM obpa3oM, BpeMsi XKU3HU U JUd-
(y3MOHHas [UIMHA HEOCHOBHBIX HOCHUTENEH 3apsiia sBJISIIOTCS KOCBEH-
HBIMHU, HO BeChbMa OOBEKTUBHBIMHU XapaKTePUCTHKaMH XMMHUECKOMH UM~
CTOTB! ¥ CTPYKTYPHOI'O COBEPIIIEHCTRA MOTYTIPOBOTHUKOBOIO MaTepHaa.

4.7. OIITUYECKHUE U ®O0TOJ3JIEKTPUIECKUE
SABJEHHUS B ITOJYIIPOBOJHUKAX

IToraomenue cBera. CBeT, MPOHUKAS B ITOJYIIPOBOJHUK, BCTYHAET
€ KPUCTAJUIMYECKON pelleTKoN BO B3aMMOIECHCTBUE, CBSI3aHHOE € 00-
MEHOM 3Hepruit. O603HaYMM yepe3 [ UHTEHCUBHOCTb CBETA, T. €. KOJIHU-
YECTBO CBETOBOI 3HEPIUM, NMPOXOASILICH B €AMHHUILY BPEMEHH 4epe3
HOPMaJIBHOE K CBETOBOMY IOTOKY €AMHMYHOE CEYCHUE TOJYHPOBOMd-
HUKa. HacTh CBETOBOIO MOTOKA OTPaXXaeTcsi OT IPAHMLBI pazaena. Jons
OTPAXEHHOM DHEPIUH XapaKTeprU3yeTcsi KO3hGUIUESHTOM OTPaXCHUS
R=1;/I,(puc. 4.17).

MHTEHCHBHOCTb CBETA, NPOXOISALICTO Yepe3 MOJYNPOBOIHUK, OC-
JabnseTcs BCIeACTBYE Tpoliecca nontouieHus. OcnadaeHre HHTEHCUB-
HOCTH O3Ha4aeT YMEHbIUIECHHE Yucia POTOHOB B CBETOBOM MyUKe.

BblienuM Ha miyOMHE X OT MOBEPXHOCTU TIONYIIPOBOIHUKA BecKOo-
HEeYHO TOHKHUI1 cioit dx. KoauyecTBo cBeToBoil sHepruu df, morio-
LIEHHOE CJoeM dx, NMpONOPUUOHATBHO UHTCHCUBHOCTH CBETa, Hala-
IOLIIero Ha 3TOT CJIOH, U ero ToJiluHe (cM. puc. 4.17):

d/ = —oddx, (4.26)

rae o — Ko3(hGUUMEHT MPONOPIHUOHATBLHOCTH.

B Beipaxenuu (4.26) 3HAK MUHYC YKa3blBaeT Ha yObUIb 3HEPTHH,
Ko23hPULIMEHT NPONOPLUMOHAIBHOCTH ¢, HA3bIBACTCSI HOKA3amenem no-
enouenus. OH XxapakTepusyeT OTHOCHTENbHOEe U3MEHEHUE UHTEHCHUB-
HOCTH M3JIyUEHMS Ha eAUHULIE IIHMHBL. MHTerpupys seipaxeHue (4.26),
MIONYIUM
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I

| Viz=Rl, I
3 I )
| 1-ar
Puc. 4.17. TlornouieHue cBETA B NOJYNPOBOJIHUKE
I(x)= 1, exp(-ox), 4.27)

rae /; — UHTEHCUBHOCTb CBETA, BXOMSILUETO Yepe3 NOBEPXHOCTh 0Opas-
ua, I] = 10(1 - R).

®opmyna (4.27) uzsectHa B Pu3MKe KaK 3akoH byrepa — Jlambep-
Ta. I3 Hee caeayer, 4TO BEJIMYMHA, OOpaTHAast 1IOKA3aTeNio MOrolle-
HusA o', YUCIEHHO paBHA TOJLUMHE CJIOSi, HA KOTOPOM MHTEHCHUB-
HOCTb TIPOXOAALIErO CBeTa yMeHbIaeTcs B e pa3. Takum obpasoM, Io-
Ka3aTeNb MOIVIOLLEHUS UMeET Pa3MEPHOCTb, OOPATHYIO [UIMHE, T.€. M.
BeanuuHy o} 4acTo Ha3bIBAIOT 22YOUHOU NOAOUEHUS U3AYHEHUS VUTU
cpelHel WIMHOHI cBoBOAHOTO Npobera OTOHOB B BEILIECTBE.

ITpu HOpManbHOM MAaXeHUM CBETOBBIX JNy4ei Uist cjabo nomioLa-
oKX cpel KoahDUIUeHT OTPaKeHUsI MOXET OBITh PACCUUTAH 110 U3-
BECTHOU (opmyre:

R=(n- 1% (n+1)?

Ie n — II0KA3aTedb NMPENOMIICHUS, YUCICHHOE 3HAaYeHUE KOTOPOro
3aBUCUT OT YaCTOThI U3IYUCHUSI.

B oGsactit MMHMMAJILHOTO TIOJIOILEHMS U1t OOJIBIIMHCTBA NIOJIYIIPO-
BOIHHUKOB # = 3...4. TakuM nokKaszaTejisaM NpeiOMICHUS] COOTBETCTBYIOT
koaduumenTsl oTpaxeHus R =25...36 %.

3aBUCHMOCTD IOKa3aTeslsl NOIJMIOILECHHUS O OT AJIMHBI BOJIHBI U3J1yye-
HUS WIK OT 3Hepruu (pOTOHOB HA3BIBAIOT CIIEKTPOM ONTUYECKOrO I0-
rouieHus BelecTra. [lornoineHue ceeta B NOIYMPOBOIHUKAX MOXET
GBITH CBSA3AHO C U3MEHEHUEM COCTOSIHUS KaK CBOOOIHBIX, TaK U CBA-
3aHHBIX 2/MEKTPOHOB, a TAKXKE ¢ MU3MEHEHHEM KoiebaTenbHOH 2HEpP-
MM ATOMOB PELLETKU. B CBSI3M ¢ 3TUM pa3inyaoT HECKOAbLKO MEXaHU3-
MOB noromeHus. KaxaoMy U3 HUX COOTBETCTBYET OfNpe/ieieHHast 00-
JIaCTh CTIeKTpa.

Cobcreennoe norjomenne cBera. OHO ODYCJIOBICHO NEpexolaMu
3JIEKTPOHOB U3 BAJIEHTHOM 30HBI B 30HY NPOBOAUMOCTH, T.€. SHEPIHs
(OTOHOB B 3TOM CjIy4ae HIECT Ha MOHU3ALMIO COOCTBEHHBIX aTOMOB
nostynpooaHuka (puc. 4.18). CobcTBeHHOE NOMIOLEHNE BO3MOXHO B
TOM CJIy4ae, KOIa 3Heprysi GOTOHOB NPEBbILAET UIMPUHY 3alpelleH-
HOM 30Hbl. B 3aBHCUMOCTH OT ILMPUHBI 3aNIPEHICHHOH 30HB! OHO PO~
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Puc. 4.18. CxeMa 37¢KTPOHHBIX [TEPEXO0B IPYU PAa3NUYHbIX MEXaHU3MAaX O TH-~
YECKOTO IOITIOLEHUS:
1 — cobcTBeHHOE nornouleHue; 2 — GhOTOUOHMU3AUUS HOHOPOB; J — (HOTOUOHU3ALHUA
akuentopos; 4 — GoToHeHTpanu3auus AOHOPOB; 5 — GOTOHENTpaTU3ALUS aKIENTO-
pOB; 6 — MOIJIOILUCHUE CBOGOIHBIMU 3MCKTPOHAMM;, 7 — MOIJIOUICHUE AbIpKaMU; & —
MEXIIPUMECHOE TMOTJIOLEeH e, TYHKTUPHBIE TMHUY XapaKTepU3YIOT BO30OYXKIEHHOE CO-
CTOSTHUE TIPUMECHBIX aTOMOB

SIBASIETCST B UHGPAKpaCHOM, BUAUMMOM WM Jjaxe B yabTpadonIeTOBOH
001acTsAX CeKTpa.

Kak yxe otmeyasioch B nonpasi. 4.5, pu ONTHYECKUX Mepexoaax
3JICKTPOHOB U3 OJHOTO COCTOSIHUS B APYroe CYILUECTBYIOT OIpeae/ieH-
Hbie NMpaBWwia oTbéopa, 00YCIOBIEHHbIE 3aKOHAMM COXPAHEHUS] IHEp-
THUU U UMITyJIbCa. Pa3pelicHHBIMU SBASAIOTCS AULLD BePTHUKAJIBbHBIC OIl-
TUYECKHE MEePEXOAbl, TpoUCXosdliiue 6e3 UBMEHEHUS BOJIHOBOIO BEK-
TOpa 3JEKTpOHA. XapaKTep ONTUUYECKUX MEPEXOA0B, & COOTBETCTBEH-
HO, U GOpMa CHeKTpa ONpPEaeasSIOTCS 30HHONW CTPYKTYpOH MOJyIpO-
BoaHuKa. O6GAacTh CrieKTpa BOJHM3HM Av = AD Ha3bIBAIOT KpaeM co6-
cTBeHHOro norjounicHust. Ha puc. 4.19 nokasanst B CpaBHEHUH CTIEKT-
pbl COOCTBEHHOIO MMOIJIOWEHUST YUCTBIX MOJYIPOBOAHUKOBBIX MaTe-
pUaioB, 00NANAIOLINX PA3JIMUHON 30HHONH CTPYKTYPOH.

B kpucraniax ¢ npsiMoil CTPYKTypOl SHEPTETUUECKUX 30H (Hampu-
Mep, GaAs) Kpait coBCTBEHHOTO IMOrNouIeHHsT GOpMUPYETCS NPAMBbI-
MM ONTUUECKUMU NMEPEXONAMU DIEKTPOHOR U3 BaJC€HTHOMU 30Hb! B 30HY
MpoBOAUMOCTH. [ToKa3aTeb MOrIOIECHUS B 5TOM Cllyyae O4eHb Pe3KOo
BO3pacTaeT C YBCIAMUYEHUEM 3SHEPruM (HOTOHOB. 3TO OOBACHSETCA
YBEJIMUCHUEM TUJIOTHOCTU HAYaIbHBIX U KOHEUHBIX COCTOSIHUIT 3JIeKT-
DOHOB, JUISI KOTOPBIX BBIIOJHSIIOTCS MpaBuia otoopa. Kak BUIHO u3
puc. 4.19, npu GoaBIIMX IHEPTUSIX QOTCHOB NOKA3aTeab NOMIOILCHUS
JOCTUTA€eT BECbMa BbICOKMX 3HauyeHuit — nopsaxa 108 m~1. B atux ycno-
BUSIX BECh CBETOBOM ITOTOK MOIJIOLIAETCS B OYEHb TOHKOM IIOBEPXHOCT-
HOM CJIO€ MOJYNPOBOJHUKA TOJILIMHON MeHee OTIHOTO MUKpPOMETpA.

B nosyrnpoBonHUKax ¢ HENPSIMON CTPYKTYpOIl 30H Kpait COOCTBEH-
HOTO NOMIOLLIEHUS XapaKTepU3yeTCst 00jiee NMOJIOrol 3aBUCUMMOCTBIO OT
3Hepru¥ (HOTOHOB, MOCKOJBKY OIpPEASNsSIeTCS HEeNpsSIMbIMU OITHYE-
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ckumu niepexogamu (Ge u Si Ha puc. 4.19). B 3Tom ciiyqae BbionHEHUE
3aKOHA COXpPaHEHUS UMITyJbca obecrieurBaercsl Graronapsi y4actuio
(bOHOHOB, IpUYEM ITPH HU3KUX TeMIIEpaTypax MeX30HHbIE IIepexo/ibl
MIPOMCXOIAT JAUILD ITyTEM UCITYCKaHUs KBAHTOB TeIUIoBO# sHepruu. Kax
OTMEUaJIOCh paHee, HEMpsIMbIE ONTUYECKUE TIEPEXOABl B CPABHEHUHU C
MIPAMBIMY OTJIMYAIOTCS CYLIECTBEHHO MEHBILIENH HHTEHCUBHOCTHIO, TaK
KaK JUISl UX peaiu3alli HeoOXOIMMO yyaCTUe He JBYX, a TPeX <«Jac-
THL» — IEeKTpOHA, ¢oToHA U poHOHA. [IoaTOMY B HENPSIMO30HHBIX
MartepHaiax ¢ yBeJn4eHueM oHepruu (HOTOHOB BOJIKM3M OPOTa MOTIo-
HICHUSI CHAY&Ia TIPOSBIISIETCS 00JIaCTh OTHOCUTENBHO HEOOIBLINX 3Ha-
YeHH , a 3aTeM HaO/I01aeTCs YBEJIUYEHUE KPYTU3HBI CIIEKTPA B CBA3U
C BOBJIEYEHUEM B MPOIIECC MPSAMBIX ONTHYECKUX MEPEXOJOB INEKTPO-
HOB U3 BUICHTHOU 30HBI B 60Jiee BHICOKO PACITONOXEHHBIH MUHUMYM
30HBI IPOBOAVMOCTH.

ITo kpar cOOCTBEHHOTO MOITIOLICHUS MOXHO ONPEAEIUTD IUUPUHY
3amnpellieHHON 30Hb! MOIYNPOBOIHUKA, dB:

c 1,24

xnop ;Vnop

AD = vy, = h , (4.28)

TIE Vyop U Apop — HOPOTOBBIE IO OTHOLIEHHIO K MEX30HHBIM IEPEXO-
JaM 3HAaYeHMs YacTOThl M JUIMHBI BOJIHBI HaJaloIEro MOHOXPOMATH-
YEeCKOTO UBIYYEHUS] COOTBETCTBEHHO; ¢ —— CKOPOCTh CBETA B BAKYYMe.

s TOYHOTO onpene/ieHus] MPUHBE 3afpellieHHO| 30HbI 110 ON-
TUYECKUM CIIEKTPAM HEOOXOIMMO YUUTHIBATh KOHKYPUPYIOIIHE IPO-

-1

o, M
108 ‘/ ———
/)
107 2
Ge /,’//
106 A /
V/ I" é/
i i
[ 1 / Si
10° 3 /
i 7
104 +H
; / | Gaas
! TH=
10° / ! K
h i H
102 /;'ll,"
04 060,81 2 3 4 567 hv,oB

Puc. 4.19. CriekTpbl cOBCTBEHHOIO MOTNIOIIEHUA YUCTHIX KPUCTALIOB rep-
MaHHs, KPeMHHKs ¥ apceHuaa rauins (CIUIOIUHBIC JIMHUM COOTBETCTBYIOT
T = 300 K, nyuktupneie — T = 77 K)



184 T'nasa 4

11eCChl MOTJIOLIEHUS. DTUM OOYCII0BIeHa T1OBOJILHO CIOXHAS ITPOLEIY-
pa BBIYUCIECHHUH.

IllupuHa 3arpetieHHON 30HBI 3aBUCUT OT TEMIIepaTyphl. Y MOAaB-
JISTIOLIETO GOJIBIIMHCTBA MOTYIIPOBOAHHUKOB AD IMPHU HarpeBaHWU YMEHb-
miaercs. CneAacTBUEM TeMIEpaTypHOro U3MEHEHUS IHMPHHBI 3aIpeLleH-
HOM 30HBI SIBJISIETCS CMelIeHHUe Kpasi COOCTBEHHOTO MONIOLIEHHSE, KaK
MMOKa3aHo Ha puc. 4.19.

DKcHTOHHOE noraoinenne. [Tox neiicTBHEM CBETA B MOJTYIIPOBOIHH -
K€ MOIYT BO3HHUKAaTh HepaBHOBECHBIE BYXYACTHYHBIE OOpa3oBaHUS,
COCTOSIILIME M3 DNEKTPOHA U JABIPKH, B3aUMOCBS3aHHBIX COOCTBEHHBI-
MU 3JEKTPOCTATUYECKUMHU MONAMH. Takue BO30YKACHHbIE COCTOSSHUS
B ITOJIYIIPOBOAHUKE TONYYUIU Ha3BAHUE 3KCUMOHOGE8. DKCUTOH MOXHO
paccMaTpuBaTh Kak KBazUyacTUIly, TOJOOHYIO aTOMY BOAOpPOAa, C TOM
JIMUIb TIPWHUMIMUANBHON Pa3sHHUIICH, YTO KYJOHOBCKOE HNPUTSLKEHHUE
MEXIy IMOJIOXKUTETBHBIM M OTPULATE/IBHBIM 3apSAaMH OCYHICCTBIISIET-
Csd B cpelie C JOCTATOYHO BBICOKOW IMANAEKTPUYECKON NMPOHHULIAEMO-
crelo. ITonsipusanms cpeibl IPUBOINT K CYIIECTBEHHOMY OCIabIe HUIO
KYJIOHOBCKOTIO B3auMoneHcTBUs. [ToaToMy painyc 3KCUTOHA OKa3bIBa-
eTCA JOCTATOYHO OOJBUIMM M OXBATBIBAET MHOIO MEXATOMHBIX pac-
CTOSIHUIA, & ero SHeprusi HOHM3alUUU (3HEPIus paspbiBa [apbl) BECh-
Ma He3HAYUTEeTbHA U ITO MOPSAKY BeAWYKHBI 6u3ka K 10 MaB. Dkecu-
TOH MOXeT CBODOIHO MepeMelaThCs TT0 KPUCTAUTY, OXHAKO, SIBISISICh
B 1LI€JIOM HEUTpaJIbHBIM 00pa3oBaHUEM, OH HE NMPUHUMAET yYacTHs B
CO3MaHUH DIEKTPUIECKOro TOKA.

JBIDKEHME HEHTpa MacChl SKCUTOHA OMNPEAC/SIET er0 KUMHETUUYECKYIO
SHEPruio. BHyTpeHHSIS SHEPrust 5KCUTOHA, 00YCIOBIeHHAs! KYJIOHOBCKHUM
B3aHMO/ICICTBUEM 3MIEKTPOHA U JBIPKH, KaK U B CJTy4ae aToMa BOIOpo/Ia
MOXET ITPUHUMATD DS TUCKPETHBIX 3HadeHHi. HenpepbiBHOMY clieKTpy
SHEPIrM COOTBETCTBYET MOHU30BAHHOE COCTOSIHUE DKCUTOHA.

MuHUMabHas 9Heprus, HeoOxonumasi Uit 00pa3oBaHUs DKCUTO-
Ha, HA3bIBACTCS 3KCUTOHHOMN MIMPUHON 3anmpelieHHol 30HbI AD,,. Ee
3HaYeHHE HECKOIBKO MEHBIIE PEalIbHOM IHTUPUHBI 3aNPEIHEHHON 30HbI
MTOJIYMPOBOMAHUKA A3D, MOCKOJIbKY TOCJENHSAS] BBIPAXaeT 3HEPruio,
TpebyeMyIo WISt CO3AaHUS pa3neAeHHON 3J1eKTPOHHO-AbIPOUHOH MMaphl.
bynyuu HepaBHOBECHO! KBa3u4acTHLIEH, SKCUTOH MOXET UCUE3HYTh,
HampuMep, B pe3yibTaTe TePMUYECKON HOHU3ALIMH, COMPOBOXIacMOM
POXIESHHUEM Mapbl HOCUTENEH 3apsiia, Uau B pe3yibTaTe peKoMOUHa-
vu. IlocnegHsss MOXET MPOMCXOAUTh KaK C MCIyCKaHHeM ¢(OTOHA,
TaK U OE3bI3NyYaTeAbHbIM MYTEM C OTAAYEH SHEPrUM KPUCTULIMYCC-
KoOit pellieTKe B BUJEC TCILIOTHI.

DKCUTOHBI He 00pa3yioTcs B IOJYIIPOBOAHMUKAX ¢ GONBUION KOH-
LieHTpaLKel HOoCuTeNel 3apsiia, TaK Kak B JOCTATOYHO MPOBOASINEH
cpelie DKPaHMUPYETCS KYJIOHOBCKOE B3aUMOIEHCTBHE MEXIY 3/1EKTpPO-
HaMHU U ABIpKaAMH.

DKCUTOHHBIE 2(D(EKTHI CYLIECTBEHHO BIAUSIOT Ha opMy Kpast cob-
CTBEHHOTO MOTIJIOIICHUSI HE TONBKO MPU HU3KHUX, HO JaXe MMPU KOM-
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HaTHO TeMIepaTypax. B cmexTpe NOoroleHys NoayIIpOBOAHMKA BOTM3H
IIOpOroBoOil 3Hepruu (GOTOHOB CEAYET OXHMIATD NMOSIBASHUS CEPUH Y3-
KUX THMKOB, COOTBETCTBYIOIIUX NEPEXoJaM B CBSI3aHHOC COCTOSIHUE
9KCUTOHA. DKCUTOHHEIE Nepexoapl B GaAs 0OBIYHO TAIOT TOJILKO OXUH
MK, & OCTAJbHbIE JUHUMU AUCKPETHOrC CIIEKTPa CIMBAIOTCS C KpaeM
coGerBenHoOro nomouieHust. Ho gaxe B 0651acTi HeNMpepbIBHOTO CIIEK-
Tpa rokKasare)ib MOMJIOLICHHS ¢ OKa3bIBAETCS CYLIECTBEHHO BBILIE TEX
3HaYeHUM, KOTOpbIE PACCYUTAHB! H6€3 yyeTa SKCUTOHOB. I1pu KoMHAT-
HO# TeMIlepaType 3KCUTOHHBIM MUK TIOJHOCThIO CTUpAETCs (CM. PHC.
4.19), MOCKOJIBKY DHEPTUS TEILUIOBOrO BO3AEHCTBUS OMM3Ka K DHEPTUU
MOHHU3alUK 3KCUTOHA.

ITornomenne cBeTa HOCHTEAAMH 3apaia. 3TOT MEXAaHU3M TOMJIOLLE-
HUsA 00YCIOB/ICH MEPEXoJaMH JIEKTPOHOB U ABIPOK C OJHOTO YPOBHS
Ha ApYro¥ Nox BIMSIHUEM KBAHTOB CBETa BHYTPU SHEPTeTUYECKUX 30H
(COOTBETCTBEHHO, 30HBI IIPOBOJAMMOCTH M BAaJICHTHON 30HBHI).

ITon neficTBUEM 3JIEKTPUUECKOTO OIS CBETOBOI BOJIHBI HOCUTCIU
3apsifla cOBEPINAIOT KoyeOaTeIbHOE ABUXEHUE CHHXPOHHO C MOICM.
Yckopsiacs noieM Ha JIMHE CBOOOAHOro mpobera, 3JeKTPOHBI NPU
CTOJIKHOBEHHSIX C Y3TaMU PEUICTKH OTAAIOT HAKOIUIEHHYIO KUHETH-
YeCKy10 SHepruio. B pe3ynsTaTre 3HEpTHS CBETOBOH BOJIHBI TipeBpaila-
€TCs B TEIUIOBYIO DHEPrulo Kpuctayuia. Takoil BUI ONTHYECKOro Io-
[JIOHICHUS 3aBUCHUT OT MEXaHM3Ma paccesiHUsl HOCHUTENed 3apsaa
CYHLIECTBEHEH TOTHEa, KOIIa BpeMs CBOOOMHOro mpobera 3jJ€KTPOHOB
(MM IIBIPOK) HAMHOTO MEHble MepHo/a 37eKTPOMAarHUTHBIX Kojieba-
HUii. B IpOTHBHOM cliy4ae HOCHUTE/b 3apsiia BO3BpAllaeT 3IeKTpoMar-
HMTHOM BOJIHE HAKOTUIEHHYIO 3Heprulo. [103ToMy MHTEHCUBHOCTB MO-
[JIONIEHUS PACTET C YBEJIMUEHUEM JUIMHBI BOJIHBI MAJIAIOILETO CBETA.

CrexTp norjouieHus, o0yCACBIEHHBIH y4aCTUEM CBOOOJHBIX HO-
CUTeNIeH 3apsina, UMEeT HEeINpPepHIBHBIM XapakTep U MOXeT ObITh all-
MPOKCUMUPOBAH CTeNEeHHON (PyHKLMEH BUAA o ~ HAY, TIe n — KOH-
LIEHTpAIUS HOCUTEIel 3apsifa, a MoKa3aTeab CTeNeHu ¢ > 1 U 3aBUCUT
OT MEXaHM3Ma paccesHUs HocuTeslell 3apsoa. OnTudeckas Npo3pay-
HOCTb NOJIYIPOBOAHUKA B 00NACTH JIUH BOJIH, JieXalleld 3a KpacM
COOCTBEHHOTO TOTJIOIEHUSI, IIPOSIBASIETCS TN B 0Opasliax, B 1oCTa-
TOYHO# CTENMEeHU OYMIHECHHBIX OT MPUMECE, KOTAa NOMIOLIEHUE CBETA
HOCHUTEISIMU 3apsiia CTAHOBUTCS HE3AMETHHIM Ha (pOHE COOCTBEHHOTO
nortoweHus. Ipu GUKCMPOBAaHHON A MOKA3aTeNlb MOMIOILECHHUS TEM
Oosibiile, YEM MEHblE YAEeNbHOE CONPOTUBICHUE MaTepuana.

IlpumecHoe ONTHYECKOE HOIJIOMIEHHE, DTO IOIIOIEHUE O0YCIOBIE-
HO TepexofaMy HOCUTENICH 3apsiia C JOKAIM30BAHHBIX JIEKTPOHHBIX
COCTOSIHUII B OIHY M3 pa3pelieHHbIX 30H WIH B APYTroe JOKaJIU30BaH-
HOe cocTosiHKe. Cpeny 3TUX MPOLIECCOB, B NEPBYIO OUEPEAb, CIAELYET
BBIAEIUTS (POTOMOHU3ALIMIO IPUMECHBIX LeHTPOB. Ilpu dhoToHOHU3A-
IIMM DHEPrysi MOTJIOIAEMBIX KBAHTOB MU3JIYUYEHHUS PACXOAyeTcs OO
Ha NIepEeXO/L JIEKTPOHOB C TOHOPHBIX YPOBHEH B 30HY IPOBOAMMOCTH,
160 Ha 3a6poC ABIPOK C YPOBHEH aKIENTOPOB B BAIGHTHYIO 30HY (CM.
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puc. 4.18). 1 B TOM U B ApYrom ciay4ae NMPUMECHBIE aTOMBI IO B3aMO-
neiicTBUs ¢ (POTOHOM HAXONsATCs B HEHTpaTbHOM CoCcTOsIHMU. PoTono-
HU3aLUsA NpUMeceil COMPOBOXIAECTCS IeHepaluell HepaBHOBECHBIX
HOCHUTENCH 3apsia Kakoro-aubo OIHOTo 3HaKa.

BBuoy TOro 4Tto SHEPrusi MOHM3ALMHU JOHOPOB U aKIIEITOPOB
o6b1yHO MeHee 0,1 3B, onTHueckoe IOMIOIUECHUE € MX YYacTHEM
CMEILIeHO OT Kpasl COOCTBEHHOTO MorioiteHus B ganexkyio UK-06-
nactb (A = 10...200 MKM) K 3KCITepUMEHTAJIbHO MOXET HabMI0AaThCs
NpU HU3KUX TeMIlepaTypax, KOrda NMPOMUCXOAUT <«BBIMOpaXMBaHUE»
HOCHTeJIel 3apsiia Ha YPOBHHU BJIEKTPUYESCKU AKTUBHBIX IMTPUMECEH.

TTokazaresp MTOMIOIEHHUSA C YYacTUEM MPUMeCeit HAMHOTO MECHBLLIE
110Ka3aTessi COOCTBEHHOIO MOMIOLICHHUS, TaK KaK MJIOTHOCTh [IPUMEC-
HBIX COCTOSIHUM ropas3no MeHblle TJIOTHOCTH COCTOSIHUM B pa3peileH-
HBIX 30HaX.

Ecau onTHyeckue repexoabl MPOUCXOAST MeXIy BAICHTHOH 30HON
Y MOHHU3HUPOBAHHBIM MEJIKUM JOHOPOM HIAN MEXIY HOHU3UPOBAHHBIM
MEJIKHUM aKIENTOPOM U 30HOM IMPOBOAMMOCTH, TO PHEPTUS MOTJIOoLIA-
©€MBIX KBAHTOB CBeTa OJIM3KA K IHMPHUHE 3aNpelieHHOI 30HbI (CM. pHC.
4.18). Takue nmponecchl MOIyYWIM Ha3BaHUE (QOTOHEHTPAUTU3ALUH, 10~
CKOJILKY PE3yNbTATOM UX SIBJISIETCS NPEeBpallcHUe NPUMECHBIX MOHOB B
HeHUTpasbHbIe aTOMBI. CHEKTpb! (POTOHEUTPATU3ALMH OOBIYHO ClIUBa-
IOTCS CO CIIEKTPOM COOCTBEHHOTO MOIJIOMICHUSI U MOTYT MPOSIBISITHCS
JIMIIbL B BUIAE JOTOJHUTEALHON CTYNMEHbKHM Ha Kpai OCHOBHOIO IO-
[JICLICHMUS.

IToraomenne cBeTa KPHCTALIMYECKOH pemeTKoil. DTOT mpolecc
TIPOMCXOIUT B PE3Y/IbTATEC B3aMMOICIHCTBUSI 3MEKTPOMATrHUTHOIO ITOJIS
C IBUXYWHMHUCS (KOJEOMIOUIMMHCS) 3apsiiaMU Y3JIOB KpUCTALIUYe-
ckoif pemieTkr. PellleTouHoe MoriolieHue yBeIUUMBaeT Konebaresib-
HYIO 3HEPruio aTomMoB. MHBIMU CIOBaMHU, NOIA0LIeHUE (POTOHA MpU-
BOAUT K POXACHHUIO (POHOHOB. OHO NpPOSBISIETCS B JANEKOH UHPpa-
KpacHoOM 00JIaCTH CIIEKTpa U HAKJIAbIBACTCSI HA IPUMECHOE NIOFIoUIe-
HUE Y NOIJOIICHUE HOCUTE/ISIMU 3apsiaa.

Haubonee cunbHOE NOMIOLIECHHUE PEIIETKONR HAOMIOAAEeTCsl B MOMY-
ITPOBOXHUKOBBIX COSAUHEHUSIX C JOCTATOUHO 0OABUICH 10JIeH HOHHOWM
cBsi3u. IlonepeyHble NpoTuBoga3HbIe CMEUICHUSI COCEAHMX aTOMOB B
3TOM Cliyyae TMPUBOIAT K 0Opa30BaHUIO JICKTPUUYECKUX OUTMOJIEH, C
KOTOPLIMM M B3aUMOIEHCTBYET ITOJIC CBETOBOH BOJIHBI, IIPUYEM B3a-
MMOIEHCTBUE OKAa3bIBACTCA HamboJee CHIbHBIM, €CIM YacToTa U3Jy-
YyeHUsI COBITAIAET C YaCTOTOM KoneGaHUit ANTOoasl. B KOBAIGHTHBIX MO-
JynposoaHukax (Si, Ge) aumnoau He obOpasyloTcsi, MO3TOMY peule-
TOYHOE MOIJIOLICHHME OKA3bIBACTCSt CAa0bIM.

Ponb pa3iuyHbIX MEXaHU3MOB B (DOPMUPOBAHUU CICKTPA IOIJIO-
1IEHUS TTOIYIIPOBOIHUKA CXeMaTHYHO Moka3aHa Ha puc. 4.20. [Toka3sa-
TeJIb IMOTJIOLIEHUS ¢ KPYTO NaJaeT C YBEJUUYCHUEM JUTHHBI BOJHSHI A 3a
JUIMHHOBOJTHOBBIM ITOPOTrOM COGCTBEHHOTO MOTNOLIeHUS. 3HAYeHUE O B
MUHUMYME TIOTJIOLIEHUsT BOJIM3M Kpask OCHOBHOM INOJIOCH OMpeaessi-
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Puc. 4.20. 3aBucHMOCTD MTOKa3aTest TIONIOIEHUS OT JUTMHBI BOJIHBI NafaloNie-
ro M3JIy4YeHUs:

1 — cobcTBeHHOE NOTJIOUICHHUE, 2 — 3KCUTOHHOE TIOTJICUICHUE; 3 — norsnoueHue
CBE€TAa HOCUTCISIMY 3apsiia, 4 — NPpUMECHOEC TIOIIOLIEHUE

€TCSI KOHIEHTPAIMENH HOCUTeIeH 3apsaa 1, T.€. 3aBUCUT OT KOHILIEHT-
palMy NMPpUMECH M OT TeMIepaTypbl. THN U KOHLEHTpAIilUs npuMeceit
U 1edeKTOB CTPYKTYPBI OOYCIOBIMBAIOT BEIUYHMHY M CIIEKTPaIbHOE
MOJOXEHHE MAKCUMYMOB TIPUMECHOTO MOITIOLUICHHUS.

M3 Bcex pacCMOTpEHHBIX MEXaHU3MOB ONTHYECKOTO IOIJIONICHUS
JIMIIb COOCTBEHHOE U MPUMECHOE IOIJIOIEHUS COMPOBOXIAIOTCS T'e-
Hepauueil 106aBOYHBIX HOCUTENIEH 3apsiia. 3a cUeT ONTUYECCKOM reHe-
pauuy U30LITOYHON KOHLICHTPALIMU HOCHTENISH 3apsiia JODKHBL U3Me-
HATHCS ONITHYECKHE CBOMCTBA IMOJIYIIPOBOJIHHUKA IPU €TI0 OCBEILICHUH,
TTosToMy ZiBa BBIIEIEHHBIX MEXaHU3Ma ITOMTOLIEHUS HA3bIBAOTC (o-
TOaKTUBHBIMH.

ChekTpaibHas 06/1acTh MEXIy COOCTBEHHBIM M pEeHIeTOYHBIM [10-
TJICHICHUSMY Y OOJIbIIMHCTBA OJYIPOBOAHUKOB C MJIOH KOHIIEHT-
pauuei nmpuMeceil 1 CTPYKTYPHBIX AehEKTOB XapaKTePHU3YeTCsI OTHO-
CHUTENLHO BBHICOKOIT MPO3PavyHOCThIO, YTO MO3BOJISIET UCTIONB30BATh UX
B KaUeCTBe ONTUYECKUX OKOH M CBETOMMWIBTPOB.

®oronposoanmMocTb. M3aMeHeHUE 3/1eKTPUUSCKOM IPOBOIMMOCTH K
YAEJILHOTO COMpPOTUBJICHUS BELUECTBA IOA BO3AEHCTBUMEM 3JieKTpoMar-
HUTHOTC U3TYYEHUS] HA3BIBAIOT ghomonposodumocmoio ((pOTOPE3UCTUBHBIM
adexTom). Tlpu GHOTONPOBOAUMOCTH MEPBUYHBLIM SBISIETCSI APOLIECC
norIolieHUs: (poToHOB. ECTH HeT MomToIeH s, TO HET U (DOTOTIPOBOAU-
MocTi. OmHako oOpaTHOE YTBEPXKIEHHUE HECTIPABEUTUBO, TAK KaK HE JTI0-
6oe, a TOAbKO (DOTOAKTMBHOE IOIJIOLLIEHHUE CBETa BLI3bIBAET M3MEHEHUE
VAEABHOTO COnpoTUBIEHUsT. DOTONMPOBOAMMOCTS AY paBHa PA3HOCTH IIPO-
BOIUMOCTE TIOTYNIPOBOTHHKA HA CBETY Y, U B TEMHOTE ;!

AY =Y. — Y, = eAny, + eAPH,;,
rIe An U Ap — KOHUEHTpalMM HepaBHOBECHLIX HOCUTENCIH 3apsiaa,
BO3HMKIIUX BCISACTBUE ONTUYECKOIM reHEpaLHu.
Ecayu pasmep nojiynpoBogHuKa ¢ B HaIpaBJeHWUM PacIllpoOCTpaHe-
HUS CBETa Y/JOBJETBOPSET YCIOBUIO d <« 1/¢t, TO CKOpPOCTH ONTHYE-
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CKO¥ TeHepalMM HOCUTeIel 3apsina g, MOXHO CUMUTATh NPAKTUYECKH
OIHOPOJHOI BO BceM 00beMe obOpasna. 3HaueHUue g, OyaeT JIMHEHHO
BO3PAcTaTb C YBEJIUYEHHUEM MHTEHCUBHOCTH NAJalOLIErO U3JNYYEHUS:

8o = NoOt, (4.29)

rne 1y — KBAaHTOBbIH BHIXON BHYTpeHHero goroaddekra; I, — mior-
HOCTb MOTOKA (DOTOHOB, T.€. UHCIO KBAHTOB M3JIYYEHUs!, MAJaOLIUX
Ha eJMHULY NIOBEPXHOCTU B €IMHULY BpEMEHH, Iy = I/hv.

Keanmoebim gvixodom eHympeHHez2o homoagpgexma Ha3bIBAETCA OT-
HOLIEHME YMCIa HEPABHOBECHBIX HOCUTEIeH 3apsiia (MM pa3sHOMMEH-
HO 3apsiXeHHbIX Nap) K YUCIY MorinoueHHbIX GoToHoB. B poToanekT-
PUYECKH aKTUBHOI 0011aCTH BIEKTPOMATrHUTHOTIO CITEKTPa KBAHTOBBIM
BBIXOJ Yallle BCEro PaBeH €IMHULIE, T.€. KAXKIbli MMOMOIIEHHBIH ¢do-
TOH CO3MAET NP BO3OYXKICHUU PelIeTKH OIHY Napy HOCHTENel 3aps-
2. DKCIMEPUMEHTANbHO 3TO MOATBEPXKIACTCS, HAMPUMED, IJIs1 repMa-
HMSI, B KOTOPOM KaxIblii (POTOH C JAJIMHON BOMHHL OT 1 10 1,8 MKM
00pa3yeT OJIHY NHapy 3JEKTPOH — IbIpKa.

Penakcauusa ¢oronpoBoguMocTu. M3meHeHHe 371EKTPUUECKUX
CBOMCTB IMOJIYIIPOBOAHUKOB IIOJ BJIMSIHUEM 3JIEKTPOMATHUTHOIO H3-
JIy4YeHUs HOCUT BpeMeHHEBIN xapakTep. [Tocne npexpaieHus: obiyde-
HUS MPOBOIMMOCTD 00Jiee HWIM MeHee OLICTPO BO3BpALLAETCS K TOMY
3HAYEeHHUIO, KOTOPOE OHAa MMeJa J10 OO IyJyeHUs1. Y OIHHUX MOJIYNPOBOI-
HHUKOB 3TO JUTUTCS MEHee OMHOH MUKPOCEKYHIIbI, Y APYTUX U3MEPsSIeT-
Cst MUHYTAMU M Jaxe yacaMM. 3HaHHWE UHEPITHOHHOCTH (HOTOIPOBOIU-
MOCTH Pa3JIMYHBIX MOJYNPOBOJHHKOBEIX BEIIECTB BaXXHO MpPH paspa-
00TKe, HanmpuMmep, (POTOPE3UCTOPOB, K KOTOPBIM TMPEABABISIOTCA
BBHICOKHE TPeOOBAHMS B OTHOLUEHMUU UX OLICTPOACHCTBUS.

PaccMOTpUM npouecchbl, MPOUCXOASILUHE B MONYNPOBOIHUKE IPU
BO3IACHCTBUM HA HEro IPsSIMOYTOJIbHOIO umIyjbsca csera (puc. 4.21).
Y06bUIb WK HAKOIUIEHHE HEPaBHOBECHBIX HOCUTEJIEH 3apsia onpeae-
JITeTCS Pa3HOCTBIO CKOPOCTEH reHepaldu M peKOMOUHAIUM HOCHTE-
Jied

d(An)/dt =g, -An/t, (4.30)

T1e T — BpeMs XH3HM HEpPaBHOBECHBIX HOCUTENCH 3apsiaa.

HUnrerpupysa (4.28) ¢ ucronb3oBaHMeM HavyajbHOro yciaoBusi An =0
npu ¢ = (0, HaliieM 3aKOH HapacTaHWS U3OBITOYHOM KOHIIEHTPAlvu
HOCUTENEH 3apsiaa NpyU BKIOYCHUHM OCBEIIEHUS:

An = Ang, [1-exp(-1/7)], 4.31)
e Ang = Tg,.

ITo TakoMy Xe 3aKOHY ITPOMCXOJAMUT W HapacTaHue (hOTOIIPOBOIH-
MOCTH;

AY = AY, [1 — exp (—t/’c)].
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Puc. 4.21. Penakcauust poTornpoBoAuMOCTH I
'pU BO30YXICHUH MONAYNPOBOAHMKA MpSsi-
MOYTOJbHBIM MMITYJILCOM CBETa

An,

N

|
1:[ T t

TIpu OTKITIOUEHUH CBEeTa U3MEHEHHE MTPOBOIUMOCTHU OMpPeNEseTCs
TOJILKO CKOPOCTBIO peKoMOuHaLuy. PellleHHeM KHHETUUECKOro ypas-
HeHUs siBjgeTrcsl BhipaxeHue (4.25), U3 KOTOPOTo CAEAYET, UTO AY=
= Ay exp(-t/7).

Taxkum o6pa3zoM, KpyTH3HA (PPOHTOB HapacTaHus U cnaja $oro-
MIPOBOJMMOCTH HAXOIUTCSI B TECHON B3aUMOCBSI3U C BPEMEHEM XKU3HU
HEPABHOBECHBIX HOCHTEEl 3apsifa.

3asucuMocTs (JOTONPOBOAUMOCTH OT HHTEHCHBHOCTH oOydenns. [Tpu
BO3IeMCTBUM HA IOJIYIIPOBOIHUK CBETOBOIO MyyKa HEM3MEHHOH UH-
TEHCUBHOCTH B HEM 10 UCTEUEHHH HEKOTGPOTO BPEMEHM YCTaHABIIH-
BaeTcs CTaMOHApHOE 3HAYeHHE U30LITOYHOI KOHIECHTPALMU HOCUTE -
Jsieit 3apsana u doronposogumocty. M3 ypasHennii (4.29) u (4.31) nna
06J1aCTU COBCTBEHHOTO MOTIOLIEHHSI B Clyyae PaBHOMEPHOM OITTH-
YEeCKOM reHepaluy TOJNyInM:

An = Ap = m0ly;

Ay = ﬂnoa[cb(un + up)

Ecnu mornouieHye CBETa NMPOUCXOAUT HEOIHOPOIHO, TO BAXHYIO
PpOJib HAYMHAIOT MIparh Npoilecchl AMMOY3NH HEPABHOBECHBIX HOCH-
Tesel 3apsaaa OT MOBEPXHOCTH B 00bEM INOJYITPOBOIHUKA. Takast CUTY-
auus HabmoxaeTcs, HanpuMep, NIpU CUAbHOM MOTJICLUEHUU B JOCTa-
TOYHO TOJICTHIX oOpasnax. B 3ToM ciyuae U3MEHEHUE 3JIEKTPUYECKUX
CBOMCTB (DOTOPE3MCTOPA B 1I€JIOM MOXHO XapaKTepHU30BaTh IUIOTHO-
CTbIO NOTOKA (POTOHOB Iy, WM CYyMMApHON (HOTONIPOBOAUMOCTBIO AY,
KaK M30BbITOYHOU Haj TEMHOBOW.

HesaBUCHMMO OT XapakTepa MOMIOLEeHUs! (CHIILHOTO MIIM Ciaboro)
GOTONPOBOAMMOCTS ONpEAE/SieTCA, B MEPBYI0 OYepedb, BPEMEHEM
SKM3HM HEpPABHOBECHBIX HOCHUTENEH 3apsiia T U IUIOTHOCTBIO MOTOKA
uanydyenus Iy HYem Gonblie BPEMs XHU3HU T, TEM MEHbLIE CKOPOCTH
pexoMbuHauuy 1 60JblIe (GOTONPOBOAMMOCTL. OTCI0AA CACAYET, UTO
OTOUYBCTBUTENHLHOCTb U OBLICTPOAEHCTBUE MOAYNPOBOIHUKOBBIX IIPH-
€MHHUKOB M3JIYYEHHs1 CBSI3aHBI MeXIy cOOOI depe3 MapaMmeTp T. uem
Gonble GOTOYYBCTBUTEIBHOCTb, TEM HMUXE ObICTpOACHCTBUE, U HA-
obopor.

IIpu cnabbIx CBETOBBIX IMOTOKAX BPEMSI KU3HU T MOXHO CUUTATH
BEJIMYMHOH TOCTOSSHHOM, He 3aBUCHIIEH OT YPOBHS BO30YXICHHSA
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(cnyyait nuHeitHo#t pekoMOuHauuu). IToaTomy 3aBUcCUMOCTh GOTO-
MPOBOJAMMOCTH OT MHTEHCUBHOCTH 0OJyUEeHMsI HOCUT JIMHEHHBIN Xa-
pakTep. C yBeIMYeHUEM HHTEHCMBHOCTH CBETA YacCTh JIOBYIIIEK 3axXBaTa
HayHeT MNpeBPallaTbCsd B PEKOMOMHALIMOHHBIE LEHTPHI, YTO TOJDKHO
TIPUBECTH K YBEJIMYEHUIO CKOPOCTH PEKOMOWHALIMY U YMEHBIUEHUIO T
(cM. nonpasi. 4.5). Tlpu 3ToM HapylliaeTcs JUHeHHAS 3aBUCMMOCTb MEX-
-ty hOTONPOBOANMMOCTBIO AY U MHTCHCUBHOCTBIO 00nyueHus I (puc. 4.22).

CnexkTpanbHas 3aBUCHMOCTD (poTonposBoaumocTi. OHA COOTBETCTBYET
CIIEKTpPaM OINTHYECKOrO TOTJIOIeHUS IOJYNpoBOAHMKA (puc. 4.23).
[TpuMecHOMY MOTJOUIEHHIO B IJIMHHOBOJHOBOM YacTH CIIEKTpa OT-
BeuyaeT npumMecHas ¢orornposoaumocTs (I1). [To 0obe cTopoHbI OT Mak-
cumyma I poTOnpoBOAMMOCTE MOXET OBITH paBHA HYJI0. OTCYTCTBUE
$OTONPOBOAUMOCTU Ay B 00JaCTH OOJBLIMX AJIMH BOJH A OTpa)kaeT
TOT (PAKT, YTO PHEPTUH (POTOHOB HENOCTATOYHO ISl MOHU3ALMU MPH-
MecHbIX aTOMOB. CITax NpUMeCcHOH POTOMPOBOAUMOCTH CO CTOPOHBI
bosee KOPOTKHUX JUTMH BOJIH OOyCNOBACH M30MUpATEAbHBIM XapaKTe-
pPOM MPUMECHOTO ONTHYECKOTO MOTNOMIEHHUsI (CM. KpuBas 4 Ha puc.
4.20). [TonoxeHue rpaHulibl cobcTBeHHOM GoTonposoaumMoct (C)
COOTBETCTBYET TPaHHUIIE COOCTBEHHOIO MOIOMIEHHUS An,,. OMHAKO C
yBeJIMYeHUEM DHEPIMU (DOTOHOB CNEKTPATbHAS KPUBAs BHYTPEHHETO
doroacddekra NpoXoaUT Yepe3d MAaKCUMYM M CHajgaeT B 00J1acTH Ma-
JIBIX IJIMH BOJIH HECMOTPS Ha CUJILHOE MTOTJIOLEHHE CBETA. JTOT CHAJ
0OBACHIETCS TeM, YTO IpU OOJIBIINX SHEPTUSIX (POTOHOB MOIAOLIEC-
HME IIPOMCXOAUT B TOHKOM IMOBEPXHOCTHOM CJIO€, IJe 00pasyercs
OCHOBHOE UMCJIO HepaBHOBECHBIX HocHUTelel 3apsana. CKoOpocTb No-
BEpXHOCTHOH pPeKOMOMHALMU CYLLECTBEHHO OOsbiie, YeM B 00bEME
MOAYTNPOBOAHMKA (cM. moapa3sz. 4.5). [Toatomy Bo30YXIEHHBIE CBETOM
HOCHUTEJIH 3apsiia peKOMOUHUPYIOT Y ITOBEPXHOCTU paHBblIIe, YeM yC-
NeBalOT TIPOHUKHYTH B 06beM nonynpoBogHuka. C yMeHBLIEHUEM A
YMEHbIIAeTCs IIyOMHA MPOHMKHOBEHHUS CBeTa M YCMJIMBAETCs POJib
MTOBEPXHOCTHOU peKoMOuHaUMU. HeM 6oJblie CKOPOCTh TOBEPXHOCT-
HOU peKOMOWHALIMH, TEM OCTPEE CEKTPATbHbIH MAKCUMYM COOCTBEH-
HOH ($OTONPOBOIAHUMOCTH.

B Mexanusme cob6¢TBeHHONH (OTONPOBOAUMOCTU MMPUMECHBIE aTO-
MbI TaKXe MOTYT UIpPaTh CYILIECTBEHHYIO POJib, MIOCKOIBKY OT MPUPO-
bl U KOHLEHTpAUM TIpUMecel 3aBUCHT BpeMs XU3HU HEepaBHOBEC-
HbIX HOCHUTEJIEH 3apsiia, KOTopoe onpeaesseT GOTOUYBCTBUTEIBHOCTD
1 CKOpOCTh GOTOOTBETAa. BaxeH He TOABKO JOHOPHBINA WX aKLENTOp-
HbII XapaKTep NPUMECHBIX aTOMOB, HO U MPUHAIEXHOCTh UX K LEH-
TpaM peKOMOUHALUM WIH JIOBYLIKaM 3axBara. BeeneHueM crieniuaib-
HBIX TIPUMECEH, TAK Ha3bIBACMBbIX UEHMPOE CeHCUOUAU3AYUY, MOXHO CYILe-
CTBEHHO YCHUJIUTBL COOCTBEHHYIO (DOTONPOBOAMMOCTb. Takue mpuMecu
IIOJIXHBI JIETKO 3aXBaTbIBATh HEOCHOBHBIC HOCUTEU 3apsiia U ropasno
TpyAHee — OCHOBHBIC. B pe3ynbTare pe3Ko BO3pacTaeT BpeMs XU3HH
OCHOBHbIX HOCHTEJIEi 3apsia, UTO CIOCOOCTBYET MX HAKOIUICHHUIO MPHU
(hoTOBO3OYXACHUU.
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Puc. 4.22. 3aBucumocTts HoTOIpo- Puc. 4.23. CriektpasibHas 3aBUCHMOCTb
BOAMMOCTU MOJIYNPOBOJHHUKA OT (HOTONPOBOIMMOCTH MOMYTIPOBOTHHKA:
MHTCHCUBHOCTH OOJIyYCHMS C — coBerBeHHast; 11 — npuMecHas

[TonoxeHne CHNEKTPaJIBHOIO MaKCMMyMa COOCTBEHHOU ¢oTronpo-
BOJMMOCTH OMNpPEASNSCTCS IUMPHHON 3aMpellieHHON 30HbI MOIYIpo-
BOAHMKA. [ N3roToBiaeHUs coOCTBEHHBIX (POTOPE3NCTOPOB UCTIONb-
3YIOT XajbKoreHuns! sneMentoB [ u IV rpynn [Hepuonuueckoit cu-
cremel 3neMeHToB 1. 1. Menneneesa. Cpeay HUX CELyeT BLUIEAUTH
cyabsdua CdS u cenenna CdSe xaaMus (YyBCTBUTEIbHBI K BUIUMOMY
U3Ty4eHUIO), cynbdua cBuHIa PbS u TBepasie pactBopsl Pb, _ Sn,Te,
Hg, _,Cd,Te (0obacTh CeKTpaJIbHOM YyBCTBUTEIBHOCTH OT 1 10 15 MKM).
Bricokoit uyBcTBUTENbHOCTBIO B MK -061acTu criekTpa obiajzaior Tak-
Xe y3K030HHbBle nonynposoauuku AMBY — apcenunn InAs u anTHMO-
uua InSb unnus.

JIomunecuennmsa. Jromunecyenyueli Ha3bIBaeTCs SNEKTPOMArHUTHOE
HETEIUIOBOE UIydeHHe, o0Manaliee IIUTEIbHOCTBIO, 3HAYNUTEAbHO
MpeBLIIAIOLIEH NepHO CBETOBLIX KoiebaHUil. DTO onpenejeHue oT-
JIeJISeT JIOMHHECHEHLUIO OT TEMJIOBOTO PABHOBECHOTO U3TYUECHUS Ha-
TPETHIX TeJ, OT TPOLECCOB PACCESHUS M OTPAXKEHUS CBETa, TOPMO3HO-
ro U3NydyeHUs, u3nyyeHus Basumopa-— Yepenkora u 1.1. IToCKOABKY
JIIOMUHECLIEHUMST OTHOCUTCS K pa3psyly HEPaBHOBECHBIX SIBJICHUHN, TO
IUTst ee HaOMIONCHUS BEUIECTBO HEOOXOOMMO BBIBECTH U3 COCTOSHMSA
TEPMOAMHAMHUYECKOTO PABHOBECHS, T. €. BO30OYAuTh. [Ipu nomuHecueH-
LM MPOLECChl BO3OYKICHUS U U3IYUCHHUs CBETa paslieicHbl BO Bpe-
MEHM (2 MHOIIA M B MPOCTPAHCTBE) NPOMEXYTOUHBIMHU MIPOIIECCaMH,
4yTO OOYCIOBAMBAET OTHOCUTEILHO [UTMTEIBHOE BpEeMsi CYILECTBOBA-
HMSI CBEUEHHSA BELUECTBA II0C/Ie MpeKpalieHUs] BO3OYXICHMA.

BeuiecTBa, criocobHbIe JIOMUHECHUPOBATL, HA3LIBAIOTCS JHOMUHO-
gopamu. Kpuctanmuyeckue HeOpraHM4eCKHe MOMUHODOpPHI MHOIAA
HasbIBAlOTCS KpUcTtannodocdopaMu. Cpeaut HUX Haubosiee MHOTOYMC~-
JIEHHYIO TPYIy o6pa3yioT NOJIYNPOBOAHUKHY C JOCTATOYHO LUIMPOKOH
3anpeileHHON 30HOM.

B 3aBUCHUMOCTH OT BHAA BO3OYXKIEHMST JIOMUHOGMOpA pasinyaroT
oronroMuReCLEHIINIO (BO3OYXKIEHME CBETOM), KaTONOMIOMMHECLIEH-
M0 {BO30YXXAEHUE 3JAEKTPOHHBIM JIYYOM) U 3JCKTPOJIOMUHECLECH-
HMIO (CBeYeHHUe MO AeHCTBUEM 3MEKTPUUECKOTO TTOJist).
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B o01ueM ciayyae TIOMHUHECLUEHIIUS MOXET HOCUTh BHYTPHLICHTPO-
BbIM MJIM peKOMOWHALMOHHbIK xapakTep. I[Ipu BHYTpULIEHTPOBOIA JItO-
MMHECILIEHIIMM BCE ITPOLIECCHl INOMIOIIEHUS IHEPrUM U UCITyCKaHUS
(bOTOHOB IMPOUCXONAT BHYTPU MOHOB-aKTUBATOPOB, a KPHUCTAJUIMYE-
CKasl pelieTKa Urpaet MacCUBHYIO poib (poib MaTpulibl). B aToM cnydae
BO30YXIEHHUE TIOMUHOGMOPa HE COMPOBOXIAETC HOHU3ALUWEH LeHTpa
CBEUCHUS, MOCKOJIbKY U OCHOBHOMY, U BO30YXIECHHOMY COCTOSHHIO
aKTUBHOTO UOHA COOTBETCTBYIOT JIOKAJIbHbIE YPOBHH, JIeXKAlIUE BHYT-
pH 3anpelieHHON 30Hbl. Takol MeXxaHM3M JIIOMUHECLEHIIMH XapaKTe-
peH U MarepuajioB ¢ LIMPOKOM 3alpeiieHHOW 30HOH. B KauecTse
npuMepa MOXHO ykazaTh ZnS(Mn), Al,O;(Cr), Y;Al;0,,(Nd) u ap.

B nonynpoBoaHuKax JIOMUHECLEHLIMS B OOJBLIMHCTBE CIyvyaeB obyc-
JIOBJICHA PEKOMOMHALMeil HepaBHOBECHBIX HOCHUTENEH 3apsifia, M IO
3TOM NMPUYKHE €€ 4acTO OTOXAECTBASIOT C PeKOMOUHALIMOHHBIM U3-
JydyeHueM. HemocpencrBeHHO Mpolieccy peKOMOMHALIMU MOTYT IIPeI-
1IECTBOBATH NU(GY3Ust HOCUTEIEH 3apsaaa, YCKOPEHUE UX TIOJIEM, 3axX-
BaT Ha JIOBYLIKH, 0OpazoBaHWE IKCUTOHOB U Ap. UznyuyeHue KBaHTOB
CBETA U3 TMOJIYIPOBOJHHUKA MOXET INMPOMUCXOAUTHb B PE3YJbTaTe MEX-
30HHOI peKOMOUHAIHMHU, T. €. IIPU NIEpeXoie SEKTPOHOB U3 30HbI NIPO-
BOJAMMOCTHU Ha CBOOONHOE COCTOSIHME BaJICHTHOH 30HBI, pEKOMOHHA-
UMY SKCUTOHOB MJIM APU peKOMOMHALMU C yyacTHEM PEKOMOUHALIM-
OHHBIX TOBYLICK.

Haneko He mo60i M3 aKTOB peKOMOHMHAIIMY BHOCHT BKJIan B JIIO-
MMHECLICHLIMIO, TaK KaK HE KaXAblA MPUMECHBIA aTOM WIH AeekT
CTPYKTYpBI SIBJISIETCS LIEHTPOM M3JIyyaTesIbHOM peKoMOUHauuu. B 6015-
HIMHCTBE CJlyyaeB B NOJAYNPOBOJAHMKAX NpeobaanaeT 6e3bi3nyqyaTesb-
Hasl peKOMOMHALUS, NIPU KOTOPOH OCBOOOXIaeMasi SHeprusi B BUIE
TETUJIOTH! MIEPENAETCH KPUCTANIJIMUECKON pelleTKe.

st 1oCTHXEHUSI BBICOKOH 3(P(PEeKTUBHOCTH JTIOMUHECLIEHIIUHA HE-
00X0AMMO YIpaBIsITh MEXaHU3MaMU PEKOMOMHAIIMM, YTO IpEeACTaB-
JsieT coboit BeCbMa CIOXHYI0 (QU3HUECKYIO U TEXHOJOTUYECKYEO 3a1a-
yy. I'eHepanysi BUIMMOTO U3JTyYeHHS BO3MOXHA JIUILb B MOJYIPOBOI-
HHMKax ¢ IHMPUHOM 3anpellleHHO#H 30HbI Oonee 1,7 3B. Hekoropeie u3
LIMPOKO3OHHLIX [TOTYIPOBOAHUKOB MMEIOT HACTOJIBKO BBICOKOE Y b-
HOC CONPOTHUBJICHHUE, YTO (HOPMAJIbHO MX MOXHO OTHECTM K Kiaccy
JUIIEKTPHUKOB.

U3nyyaTenbHble KBAHTOBBIE MEPEXOABI MOTYT IIPOUCXOAUTD CIIOH-
TAHHO (CaMOIPOU3BOJILHO) M BbIHYXiIEeHHO. [IpM CriOHTaHHBIX Hepe-
X0Aax ucnyckanue (GoTOHOB He 3aBUCUT OT BHELIHUX BO3ACHUCTBUIA Ha
cucTeMy. AKThI CIOHTAHHOTO U3JIYYEHUS IPOUCXOIST HE3aBUCUMO APYT
OT Jipyra B pa3Hble MOMEHTbI BpeMeHU. IloaTOMy cnowmanHoe uzny4e-
Hue SIBJISIETCSA HEKOTEPEHTHBIM. BBIHYXIEHHbBIE KBAHTOBbBIC MECPEXObI
MPOUCXOIAT MO ACHCTBUEM BHELIHETO 3JEeKTPOMArHUTHOIO I10Jis1 O~
pene/IeHHOM YacTOThl, COOTBETCTBYIOLIEH YaCTOTe BO30YXAAEMOI0 U3-
myueHUs1. OCOOEHHOCTD 8bIHYHCOEHHO20, W CUMYAUPOBAHHOZ0 U3/YHe-
HUs COCTOUT B TOM, YTO MCITyCKaeMble (DOTOHBI MMEIOT TY XK€ YacTOTy,
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NoJIsIipU3aluio ¥ (aszy, 4To M (DOTOHBI BLIHYXXAAIOLIECTO U3JYYCHMUS;
COBMNANAIOT M HAIlpaBJCHMs pacnpocTpaHeHust GoToHOB. Takum obpa-
30M, BBIHYXICHHOE U3IYUYeHUE SBISCTCS KOTE€PEHTHBIM.

PasnuyHble BUIABI JIOMHHECIIEHLIMU HAXOASAT Pa3HOOOGpas3Hbie
MpaKkTH4IecKue npuMeHeHus. C MoMOIIbIO JTIOMHUHOMOPOB MOXHO Ipe-
06pa3oBaTh HEBUAMMOE U3TyUYeHHE B BULUMBII cBeT. Hanpumep, B Tak
Ha3bIBaEMBIX JIAMITaX JHEBHOIO CBETA HEBUIUMOE IJ1a30M YiabTpaduro-
JIETOBOE U3TYYEHHUE DJICKTPUYECKOTO pa3psaia B rapax pTyTyd npeobpa-
3yeTCA B BUAUMBII CBET, CIICKTPAJIbHBINA COCTAB KOTOPOr0 MOXHO M3~
MEHSATh I0J00POM TIOMUHOGOPA, MOKPHIBAIOUIETO CTEHKH JIaMIThl (¢o-
ToMOMUHeceHIUs ). CBeueHue MOMUHODOPOB 1ipu 6oMOapaupoBKe
UX IIOTOKOM OBICTPBIX 3J1€KTPOHOB UCIIOAB3YETCS B BJIEKTPOHHO-IyYe-
BBIX TPYOKaX M B IJCKTPOHHBLIX MMKDPOCKOITIax (KaTOMOJTIOMHHECIEH-
1ust). OgHako HanOOJBIINI NPAKTHYECKUH WHTEpEC BBI3LIBACT SIBJIE-
HUE 34eKmposioMuHecyeHyuy, YT0 B HEMaJIOH CTelneHu OOYyCIOBICHO
OBICTPBIM Pa3BUTUEM OMNTORACKTPOHUKHU.

Paznuualor ABa OCHOBHBIX BUA 3JEKTPOJTIOMUHECIEHUIM U HHXKEK-
IHOHHYIO U NpearnpoOoiny10. HHMCeKYUOHHAA FN1eKMPONIOMUHECUEHIUS
HabI0MaeTCsl TIPU BKJIIOUEHUM p— H-TIEpEXola B IIPSIMOM Hanpasie-
Hun. OHa JeXUT B OCHOBE HPUHLMIA ASHCTBUSI CBETOIMOAOB U MOJIY-
IPOBOAHMKOBLIX J1a3¢pOB. MHXXEKUMOHHAS 3ACKTPONIOMUHECIICH LU
6buta oTKpbiTa O.JIoceBsiM B 1923 1. 1py U3yYeHUH KPUCTAJLIMYECKHUX
JIETEKTOPOB Ha OCHOBE KapOuaa KpeMHHUS.

HHxeKHOHHBINA Ja3ep. DTOT ja3ep MO CBOEH CYTH IPEICTaBasieT
o001 OOBIYHBIN MTOJYIPOBOIHUKOBBIN U0, KOTOPBIN CITOCOOEH re-
HEPUPOBATH KOTEPEHTHOE M3YUYEHUE MIPU Tofayde IPSIMOTO CMElIEeHHS.
T'eHepauus GpOTOHOB APOUCXOAUT B MPOLECCE MEXKIOHHON peKOMOU-
HallMK{ HOCHUTEJeH 3apsla, WHXKEKTUPOBAHHLIX yepe3 p— n-nepexol.
B03MOXHOCTb CO30aHUs Na3epOB ¢ MHXEKUMOHHOM HAaKayKoil Bnep-
BhI¢ ObLIa MpeacKa3aHa COBETCKMM yueHbIM akaaemMukom H.T. baco-
BBIM eule B 1961 r. [IpakTHueckas peanmsaums 3TOH MIen OblIa OCy-
HiecTieHa B 1962 r. amepukaHckuM pusrkom P. Xomtom.

[TepBbIf HHXXEKIIMOHHBINM J1azep ObLI CO3/1aH HAa OCHOBE apCeHuaa
rauinsa GaAs. KOHCTpyKUHst TaKOTo ja3zepa CXeMaTUYHO MOKa3aHa Ha
puc. 4.24, a. TTonynpoBoAHUKOBAsI CTPYKTYypa € p— #-NIEpexoioM 3 3aK-
perjiecHa Ha MAacCHUBHOM KpHUCTaLIoAepXareye S5 sl obecrieyeHus
a¢gdekTUBHOrO TEILICOTBOAA. V3nyyaTenbHass peKOMOUHAUKST NPOUC-
XOIWUT B Y3KON aKTUBHOM 00j1acTU, HaxXolsuleiicsi B HEMOCPEACTBEH-
HOM O1M30CTH OT Nepexona. st JoCTHXEHHUS 1azepHoro addekra ak-
TUBHYIO O0JACTb 3aKJIIOYAIOT MEXAY ABYMS IUIOCKOOAPAIEIbHBIMU
OTPAKAIOWIMMU TMOBEPXHOCTAMU 2 U 4, KOTOpbIE BHITOIHSIOT (QYHK-
UMM pe3oHaTopa. baarogapsi MHOTOKPAaTHOMY OTPa’X€HUIO OT CTEHOK
pe30HATOpa B aKTUBHOMH 06;7acTH (hOpMUPYETCSI MOILIHbBIN ITOTOK HH-
JNyLUMPOBAHHOIO U3JIYYCHHUS, KOTOPOE BBIXOAMT M3 jiazepa B BUIE y4a
¢ MaJiot yrIoBoH pacxomuMocTblo. OTpaxarteabHast CoCOOHOCTh Ipa-
Hel pe3oHaTopa TOCTAaTOYHO BEJIMKA M [UISI reHepallMy BBIHYXXACHHOTO
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U3yYeHUS] He 00s13aTe/IbHO HAHOCUTh OTpaxalollMe MeTaUIMvyecKue
NOKPBLITHSA. Takue rpaHu OObIYHO TIONIYYAlOT IYTEM CKOJ1a MO IJIOCKO-
CTSIM CNIAaWHOCTHU KPUCTAILIA.

s co3nanms a3epoB MOTYT ObITh MCIO/IL30BAHbI NOJYIPOBOAHM -
KM TOJBKO C MPAMOI 30HHOH CTPYKTYpPOH. SHEPTHS H3J1ydaeMbIx (o-
TOHOB 6JIM3Ka K LIMPHHE 3aMPELIeHHOI 30Hb. BeposaTHOCTb M3myya-
TEJbHON peKOMOMHALMHU BO3DPACTACT C YBEIMYSCHHEM KOHUEHTpAIUU
HepaBHOBECHBIX HOCUTEIEH 3apsiaa. ['eHepanus BoIHYKACHHOTO U3ITY-
YeHUsT BO3MOXHA JIMIIb B YCIOBUSX, KOIHA KOHIEHTPALUS SIEKTPO-
HOB y JiHa 30HBI IPOBOJAMMOCTH TIPEBBIINAET UX KOHLUEHTPALHIO Y T10-
TOJIKA BAJICHTHO! 30HBI, T.€. KOTa JOCTUTAETCSI COCTOSIHUE C MUHBEPC-
HOW HaceNeHHOCTBIO SHEPIeTUYECKUX YPOBHEN. B mpocTeiiuiux cTpyK-
Typax ¢ p— n-TIEPEXOJOM TaKO€ COCTOSIHME YAAETCS MOJy4aTh TOILKO
MIpY CUABHOM BBIPOXACHHUU P- M H-00/1aCTEH MO, T. €. PU UX CHUJTb-
HOM JIETUPOBAHUH.

Y100B1 00eCICYUTh YCUIICHUE 3ICKTPOMArHUTHOU BOJIHBL, TPOXO/IsI-
e Yyepes pe3oHaTop, U NPEB3OMTH ONTUYECKUE NOTEPU, HEOOXOTUMO
TIPONYCKAaTh TOK BBIIIE HEKOTOPOTO IMOPOroBOro 3HaueHust. [loporopas
TUIOTHOCTb TOKA BO3PACTAET C MIOBBIILIEHUEM TeMmepaTypbl. [1pu Manbix
TOKaX JAUON BeleT cebsi KaK MCTOYHMK HEKOTePEHTHOIO CIIOHTAHHOTO
usnyyenusi. Ilpn 1ocTHKeHUMH nopora reHepaluy HabIonaeTcs pe3koe
CyXeHMEe CIEKTPATBHOMN NMOJIOCH usnydeHus (puc. 4.24, 6).

ViHxeKmoHHBIN nasep siBasieTcss Haubosee 3(pHEeKTMBHBIM UCTO-
YHHKOM KOTepPEHTHOIO M3JIyUYEHHs, TTO3BOJISIOLUIUM OCYILIECTBUTh HeE-
MIOCPEICTBEHHOE Mpeobpa3oBaHUe ITEKTPUYECKON DHEPIrUM B CBETO-
Byio. OH xapakrepusyercs BbicokuM KIIJI, npocroToit Momyasauuu
U3AYYEHHUS B IIUPOKOM AUANA30HE YaCTOT, BHLICOKUM OBICTPOAEICTBU -

T=7TK

| J>Jnop

0,83 084 08 08 087
Hanyuyenue nasepa A, MKM

a 6

Puc. 4.24. CxeMa KOHCTPYKLIUM MHXEKLMOHHOTO Ja3zepa (a) ¥ CIeKTp U3y-
YeHUs1 JazepHoro auonaa u3 GaAs Npu pa3THMYHbBIX IUIOTHOCTSX TOKa BO3OYX-
nenust (6):

1 — TtoxonoxBomAlMUit 3neKTpoa; 2 U 4 — METUIMYECKUE KOHTAaKTHbIE C/lou; 3 —
MOJIYIIPOBOAHHKOBBI KPUCTAJUT C p— n-NIEPEXONOM; 5 — KpUCTATOIepXKaTe/b
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€M, TPOCTOTON KOHCTPYKIMU U MAJBIMM rabapMTHBIMH pa3MepaMi.
OCHOBHOM HEZOCTATOK NPOCTEHIIMX JTA3EPOB C P — H-TIEPEXOAAMMU CBSi-
3aH C BHICOKOIl MOPOroBO#i IIOTHOCTHIO TOKa (6onee 10* A/cM?), Ko-
TOpasi 0OYCIOBAUBACT UX HUBKYK AOATOBEYHOCTh. UTOOBI UCKIIOYUTD
CHJIbHBIM pa3orpes, TaKue ja3ephi SKCIUTyaTUPYIOT JULUb B UMITYJIbC-
HOoM pexume. I1pobriembl CyllleCTBEHHOYO MOBBIUeHUS 3¢ PeKTUBHO-
CTH M3JIYYE€HHS] U CPOKA CNYXOb NMpubOpOB yIANOCh MPUHUMUITHATHHO
peiinTh nyreM GOpMUPOBAHMUS JIA3EPHBIX CTPYKTYP Ha OCHOBE TeTepo-
TepexoJoB. B KauecTBe 3MUTTEPHBIX Y aKTUBHBIX O0JIacTel J1a3epHBIX
reTePOCTPYKTYP MCITOAB3YIOTCS KaK GMHAPHbIE COSAWHEHMS, TaK U [HO-
JIYIIPOBOAHMKOBbIE TBEPIbIE PACTROPbI H30BAICHTHOTO 3aMEIICHHS (CM.
mmoapasy. 5.6).

Ipednpoboiinas anexkmpoaromurecyeryus BOSHUKAET B CUIbHBIX 3/€K-
TPUUECKHX TIONAX, OIU3KUX K TEM, IIPH KOTOPLIX o0pa3yeTcst mpoboii.
ITon neficTBreM CWIILHOTO MOJIsl pa3BUBAIOTCS MIPOLIECCH YIAPHOI HOHU~
3alIMM, MPUBONALIEH K YBEIMUCHUIO KOHUEHTPALMU HEPaBHOBECHBIX
Hocutenel 3apsina. [IpeanpoGoiiHas 31eKTPOIIOMUHECTISHIINS MOXET
HaOJII0aThCS KaK B MEPEeMEHHOM, TaK U B MOCTOSIHHOM 3JIEKTpHYE-
CKOM T10Jie. B 4acTHOCTH, OHA XapaKTepHa U MOPOLIKOOOPa3HbIX JII0-
MUHOGOPOB, BBEICHHBIX B AU3JICKTPUK M ITOMEIIEHHBIX MeXIy 00-
KJIaJiKaMy KOHIEHCAaTopa B CUIbHOE 3xaekTpuyeckoe rnone. IIpu Bo3-
OYXKICHUM JIOMMHECUEHLIMHY [IEPEMEHHBIM 3JIEKTPUYECKUM IOJIEM He
TpeOyeTcss CKBO3HOIO MPOTEKaHUS HOCUTENIEH 3apsiia yepe3 JIOMUHO-
(op: MEKTPOTIOMHUHECHEHTHAS sueiiKa paboTaeT B EMKOCTHOM PEXKMME.

4.8. JIERTPOITPOBOAHOCTD IIOJYIIPOBOJHUKROB
B CHJIBHOM 9JEKTPHYECKOM IIOJIE

Haksion snepreTHIecKHX 30H B 3J1eKTpuieckom noje. Ecimu x nony-
MPOBOIHUKY MPWIOXKUTh BHELIHEE JIEKTPUUECKOE T10JIE, TO N3MEHMT-
¢ MOTEHUHaIbHAash 3HEPrusi 3JIeKTPOHA: OHa OyneT BO3pacTaTh IIPH
CMEIleHUU K OTPUUATETBLHOMY TOJIOCY UCTOYHUKA M YOBLIBATH IPH
nepeMelieHMY B TIPOTHBOITON0XHOM HAMPABAEHUH, T. €. IPOTUB DMK~
TpuyecKoro nojs. Ha sHepreTMuyeckoit auarpaMMe BIMSTHUE MOCTOSTH-
HOTO OTHOPOIHOTO IEKTPUUECKOTO MOJIsI OTPAXKAETCH HAKIOHOM BHEP-
reTMYECKHX 30H, KaK MMOKa3aHo Ha puc. 4.25. VIaMeHeHHe NMOTEHUUATb-
HOH 3HEPTUM 3JIEKTPOHAa AD, ITPU €ro NEPeMEeIIEHHH B IPOCTPAHCTBE
ONpPeAEaACTCH BhIPAKCHUEM

A9, = —eAU = —eFEAx,

13 KOTOPOTO CHeNyeT, YTO HAKIOH 3HEPreTHYeCKUX 30H MPONOPLHO-
HAJICH HAMpPSDKEHHOCTH 3MEKTPUYecKoro nojisi E.

IIpu OBMKEeHUM 3eKTPOHA B 110Jie BHELIHMX CHJI H3MEHSETCS He
TOJILKO €ro NOTeHIINANbHAsS, HO ¥ KUHEeTHYeCKas sHeprust. CYIecTBeH-
HO OTMETHMTb, YTO YMEHbUIEHHUE MOTEHIIUANLHON SHEPTUH 3IEKTPOHA
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Ha BeJTIMUMHY —e U KOMIIEHCUPYETCS HAKOTUIEHUEM KMHETUYECKOI 3Hep-
I'MH, KaK 3TO BUIHO Ha puc. 4.25. TToyHasi aHeprus 3/1eKTpoHa BO BHEll-
HEM T10JIe OCTaeTcs Heu3MeHHOW. BospacTaHue KUHETHYECKOH SHEp-
T'MM BBIPAXAETCS TMIEPEX0JIOM 3JIEKTPOHOB Ha 0oJjiee BbICOKHE 3HEpre-
THYECKME YPOBHU. HaKOIUIEHHYI0O KHHETHYECKYIO SHEPTHIO 3JIEKTPOH
1 MOXET TOTEPSITh TIPH PACCEHUN ¥ BO3BPATHTBLCA Ha 00Jjiee HUBKHI
YPOBEHb.

YBeNUYeHUEe KMHETHUYECKOH DHEPrun 3JIEKTPOHOB MO ACHCTBUEM
CWILHOTI'O BHELIIHErO MOJisl 9KBUBAJICHTHO MOBBILIEHHIO 3¢(h¢heKTUBHON
TEMIIepaTyphl JIEKTPOHHOrO ra3a, KOTOpas OKa3bIBAETCS BBIILE TEM-
reparyphl pelieTKi. PazorpeB 371eKTpOHHOIo ra3a o0ycIoBJIeH 3aMe/I-
JICHHOCTBIO Mpoliecca oOMeHa DHEPruei Mexny YCKOPEHHbIMH HOCH-
TEASIMU 3apsAfa v OMMXAHLIMM OKPYXEHUEM PElIeTKU. DJEKTPOHBI, Y
KOTOPBIX CpEIHSSI DHEPTUsT MPEBLIILAET TEPMOXMHAMUYECKU PABHO-
BECHOE 3HAUeHME, MOJYYWIN HA3BAHUE 20pA4UX HOCumenel 3apsaoa.

Orcryniienns ot 3akona Oma. B CWITBHBIX 3IEKTPUYECKUX TOJISIX Ha-
pyuiaeTcs IporopLUMOHATBHOCTS MEXY TUIOTHOCTHIO TOKA B MOJTYITPO-
BOOHUKE U HANPSKEHHOCTBIO BHELUIHEIO 3JEKTPUUYECKOro Mo (CM.
dbopmyny (2.3)). Do siBngeTcs caeacTBueM (QU3MUECKUX MPOLECCOB,
BBI3bIBAIOLIUX U3MEHEHUE YIeIbHON NPOBOAUMMOCTH MOJIYIPOBOIHHKA.
HanpsxXeHHOCTD 1Mo, KOTOPYIO MOXHO YCJIOBHO IIPHHSTH 33 TPAHU-
1y Mexny obnacthio cabsix [ v cwibHbIX [ nosieit, Ha3bIBAIOT KPUTH -
yeckoit E, (puc. 4.26). Ota rpaHuLa He sBAsieTCA Pe3KOH U onpene-
JIEHHOW U 3aBMCUT OT TPUPOALI TOJYNPOBOIHUKA, KOHIEHTpAaIUK
MpUMeECENd U TEMIEPATYPhl OKpYXalollei cpeabl. J1ns BeIsICHEHUS (hu-
3WKH SIBJICHUS] MI3MEHEHHUSs yIeTbHON TIPOBOAUMOCTH MOJYINPOBOIHM-
Ka OT HaNpsKEHHOCTU MO PACCMOTPHUM IIPEIBAPUTENBHO BIUSHHUE
MOJIS OTAENBHO Ha MTOABMXXHOCTH M KOHIICHTPALIMIO HOCUTENEH 3apsaaa
B 00beMe TIOYITPOBOIHUKA.

y
T2 > Tl
/43
7
™ 1
= | II
g U
I
E X Ep E
Puc. 4.25. HakJioH 3HepreTMyecKux Puc. 4.26. 3aBUCHMOCTE YACIBHOM PO~
30H B JIEKTPUYECKOM [10JI€: BOIUMOCTH MOJYIPOBOAHUKA OT Ha-

TIPSKEHHOCTH 3JIEKTPUUECKOrO IO
TIpY Pa3snMYHBIX TEMIIEPATYPax

1 — 3nekTpoH
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Bingnue HANPSXKEeHHOCTH N0JiA HA NOJABMKHOCTD HOCHTE el 3apaaa.
Hnsa cobmoaeHus 3akoHa OMa HeoOXOIMMO, YTOOB! MOIABHXKHOCTD
HOCHTEJIeH 3apsiaa U UX KOHLEHTPALUsS He 3aBUCENU OT HATPSXKEHHO-
CTH IJICKTPHUUIECCKOrO IOJIA.

He3aBuCHMOCTE MOABMKHOCTU OMpPEAENseTCs MpeHeOpeKuMo Ma-
JibIM U3MEHEHUEM TEIJIOBLIX CKOPOCTEH u HOCUTENEH 3apsana B MONy-
ITPOBOZHMKE, HAXOIAIIEMCS B DJCKTPHUYECKOM IOJIe, OT HANPSXKEeH-
HocTH noJist. CKOpOCTh HOCUTENEH 3apsaaa — BENHUMHA BEKTOPHAS U B
3JIEKTPUYECKOM MOJIE MOTYT M3MEHATHCA KaK ee a0COMI0THOE 3Haue-
HHE U;, TaK U HalpaBIeHUE:

Uy=u-+Yy,
TJle V — BEKTOp CKOPOCTH Apeiida.

B o6Gnactu cnabbix mojei, Kkoraa crpapesiuB 3aKoH OMa, BIUSTHHE
TI0JI1 B OCHOBHOM CBOAMTCS K M3MCHEHMIO TOJIBKO HAMPaBACHUS CKO-
pocteit HocuTeneit 3apsima. Ilpy 10CcTaTOYHO GONBINMX HAMPSIXKEHHO-
CTAX MpUpallieHue abCOMOTHOIO 3HaYEHUSI CKOPOCTH, MOJIyYaeMoe Ha
JUTUHE CBOOOMHOrO MpoGera HOCUTENEH 3apsiia, CTaHeT CPAaBHUMO C
Ha4yaJIbHBIM 3HAY€HUEM TETUTOBOM CKOPOCTH, T.€. ¥ = U,

B cooTBeTCTBUM C BhIpaxXeHueM (4.21), 9TO AOIKHO IIPUBECTH K
YMEHBIIEHNIO BPEMEHU CBOOOTHOro nmpobera ¥ U3MEHEHUIO MOBUX-
HOCTU HOcUTeseH 3apsiga. TakuM o6pa3oM, KpuTepueM cnaboro mosst
SIBJIAETCS BEITIOJTHEHUE HEPABEHCTBA v << U.

JobaBoyHasi KMHETHYECKasl IHEPrus, npuodperacMasi HOCUTENS-
MH 3aps/1a NOJ JeHCTBUEM JIEKTPHUECKOTO M0JIs1, OHpeaensieTcs npo-
HU3BEASHUEM

B, = elE,
rae [ — cpeaHsisl JUIMHA cBOGOIHOro npobera.
VcioBre €1a60ro rojis MOXHO 3amucaTh B BUAE COMOCTaBAECHHUS
D06 C PHEPrUEH TEIUIOBOTO IBUXKEHMS YACTHIL:

elE < %kT.

IIpupaBHuBast 06e COCTABNLIOLIME IHEPTUM, OLICHUM KPUTHYECKYIO
HANPSOKEHHOCTD 10151, [IPM KOTOPOH BO3MOXHBI CYLLIECTBEHHbIE OT-
KJIOHeHHUsT OoT 3akoHa Oma:

_3kT
2l

[punnmas [ = 10® M u T=300 K, Haitzem E,, = 10° B/M. Bausinue
CUJILHOTO TIOJIS HAa UIBMECHEHUE MOABMXKHOCTH HOCUTENEH 3apsaa 3aB1-
CHUT OT MEXaHU3Ma paccesiHUA. B ciryyae paccesiHus Ha TEIUIOBBIX KOJIE-
GaHMsX Y3JI0B pelleTKU | He 3aBUCHT OT CKOPOCTH HOCUTENEH 3apsiia.
[Hoatomy | ~ 1/uy(E), T.e. MOABMXKHOCTL HOCUTENEH OyIeT namars
yBEeJTMYEHMEM HanpsaXeHHOCTH nos. IIpu paccessHUM Ha MOHU3UPO-
BAHHBIX NpUMecHX [ ~ ug; oTciona cieayer, uto p ~ ug(E).
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Takum o6pa3oM, B 06JaCTH CUIBLHBIX [10JIEH TOABUXHOCTh HOCUTE-
Jiell 3apsiia MOXET KakK yObIBaTh, TaK M BO3PAcTaTh C YBEJIMUEHHEM
HanpsDKeHHOCTH 2IeKTpUUecKoro nojs E.

XapaxTep TeMIIEpaTypHOH 3aBUCUMOCTH E,, OIIpeNeNIseTcs JOMMU-
HUPYIOLHMM MEXaHU3MOM paccesHUS HoCUTenel 3apsna. Ecnau rias-
HBIM SIBJISIETCS pacCesiHUe Ha TeIUIOBBIX KONeOaHMAX PELIETKH, TO C
ITOHMXXEHUEM TeMITlepaTyphl /| BO3pacTaeT, a CpeHsis TeIUIOBasi DHep-
rua E,, ymenpwaercs. IToaToMy KpuTuyecKas HANpsKEHHOCTD MO/
TIpY OXJIXKIEHUY MOJYIIPOBOAHMKA OYAET 1OCTATOUHO PE3KO YOBIBATD.
Hanpumep, B uucTtoM repmaHuu npu 1'= 77 K OTKIIOHEHHS OT 3aKOHA
OMa MpOoSIBIAIOTCA YK€ NP HamNpsKeHHOCTH mong 2 - 104 B/m.

Ha puc. 4.27 nokazanbl 3aBUCUMOCTH CKOPOCTH Apeiida v oT Ha-
NPSKeHHOCTH Iong E, u3MepeHHbIe IIpYM KOMHATHOH! TeMIlepaTtype
T =300 K, a1 psiaa noaynpoBOIHMKOBBIX MaTepHanoB. Kak BUAHO U3
puc. 4.27, B KpeMHHU U TepMaHUU CKOPOCTb Apeiida v IOCTUIacT HaCchl-
ICHUS, T. €. nepecTaeT 3aBuceTh 0T E. [TpK 3TOM CKOpPOCTh HACKILLEHUS
v, B KpeMHUM OJiM3Ka K 3HayeHuio 10° M/c, a B repMaHuM oHa He-
ckoabko MeHble. B GaAs HabmogaeTcs JOBOIBHO MPOTSKCHHBIA yya-
CTOK C OTpUIATENbHBIM JU(depeHIINAaTBPHBIM COTIPOTUBIEHUEM (TIpU
E>3-10° B/m). Ero nossiaenune o6ycioBieHO 0COOEHHOCTAMU CTPOE-
HHS 30HBI MPOBOIUMOCTH 3TOTO MaTepHaia (CM. aaiee). B 6onee cuib-
HBIX 3JEKTPUYECKUX TIOJSIX B APCEHUIE TaJUTUS TAKXKE IPOSBASETCS
a¢dekT apeitdhonoro HaceieHus. TBepabie pactBopbl GalnAs maxe
no cpaBHeHHIO ¢ GaAs XapaKTepu3yloTcs 0osiee IUMPOKUM IMAriaso-
HOM M3MEHEHMS v ¥ MO3TOMY 0065afatoT 6ojee LIMPOKUMM BO3MOX-
HOCTSIMM LTS CO3MaHus ObICTPOREHCTBYIOIUX NIPUOOPOB.

HaceplieHue ckopocTd apeiida COMpoBOXAACTCSI HACHILICHUEM
IUIOTHOCTH TOKA, MPOIYyCKaeMoro yepes oopasell. PesynbratoM Hackl-
HICHUS ABASICTCS HEAMHEHHOCTD BONILT-aMIIEPHON XapaKTCPUCTUKHU [1O-
JIYIPOBOIHMKA.

v-107, M/c 3 i
GalnAs T
—-\<1P
2 £
/\ \
W fende
(( l
Ge Si
0 5 10 20 30 E-107° B/m

Puc. 4.27. ViameHeHMe cKOpocTHy Apeiida 3/IeKTPOHOB B CHJIBHBIX dJIEKTpHYe-
CKHX IMOJIIX B pasIMYHBIX nTonynpoBogHuKax npu 7= 300 K
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Ha npaxTuke, oHaKO, 1ajJeKo He BCErIa YAaeTcsi HabmonaTh yMeHb-
HIEHHE TTPOBOIUMOCTH TOTYIIPOBOJAHUKOB B CUIIBHOM BJIEKTPUUECKOM
MoJe BCASACTBUE CHIDKEHHsA IMOABMXHOCTH HOCHUTEAeH 3apsana. OTo
OOBICHSIETCS TeM, YTO B OOJBLIMHCTBE CJAY4YacB BO3PACTAHUE HAIps-
KCHHOCTH TIOJIs MPUBOJAUT K 3HAYUTEILHOMY YBEJIMUYCHUIO KOHLUECHT-
panuu HOCHUTENIeH 3apsiaa.

Bausiise HAUPAKEHHOCTH HOAA HA KOHIEHTPAUMIO HOCHTENEH 3apsi-
Aa. [pK HanpsAXeHHOCTH 3eKTpUYECKoTo nois 6ojee 10° B/M B rio-
JIYIPOBOIHUKE HAYMHAIOT MOSBASITHCS U30LITOUHBIC HOCUTENH 3apsiia
U yAeJIbHAas MPOBOANUMOCTD €ro Bo3pacTaeT. PaznnyaloT HECKOIbKO Me-
XaHM3MOB YBEJIMYEeHUs KOHLEHTPaUUM HOCUTENE.

TepmoanexTpOHHAasT MOHU3aU M BHeuHee ajieKTpUye-
CKO€ TIOJIC U3MEHSIET BHA MOTEHUHATBHBIX OApbePOB MEXIY aTOMaMHU
KPHCTAUTMYECKON peileTku. Eciau BHellHee 1oJjie OTCYTCTBYET, TO B
KPUCTAaJIe MEXAY aTOMaMHU ACHCTBYET HePUOINYECKOE IOJIE, BUX KO-
TOpOTO JUISi OAHOM SYeHKH TMOKa3aH NYHKTUPHOM runepdoMuyecKoin
KpuBoi Ha puc. 4.28. ITon nefCTBUEM CHILHOTO I10Jis1 HECKOJIBKO YMEHb-
LIAETCS BBICOTA MOTEHIMANBHOTC Gapbepa i SJEKTPOHOB B HAIpas-
JICHHUM, IPOTUBOIIOAO0XKHOM HanpapieHHIo nonast. Ecau paccMmaTtpuBae-
MbIH 6apbep OTHOCUTCS K IIPUMECHOMY aTOMY, HapUMEp AOHOPY, TO
YMEHBIICHUE DHEPIUH MOHU3ALMU Ha BEIMYUHY OO TIPUBEIET K yBe-
JIMMEHUIO KOHUEHTPALUHU 3J1€KTPOHOB B 30HC HPOBOAUMOCTH:

_[NeN. [ A9,-83)_ (8D
N2 P TP e )

HesHauuTe bHble U3MEHEHMS 3O BBI3BIBAIOT CYLIECTBEHHbBIE H3ME-
HEHUSI KOHUEHTpallMK HOCHTENeH 3apsiaa.

PaccmoTtpeHHbiR 3¢ ¢eKT NMPosSBISIETCs MIPU HANIPSKEHHOCTSIX MOJIS
okosio 10 B/M M AULIbL B TOM TEMIEPATYPHOM IMAIla30He, B KOTOPOM
ellle He BCE aTOMBI NpUMeceil MOHU3UPOBAHBI 32 CUET TEPMUUECKOIO
BO30yXiecHUs. Ero Teopus Brepsbie ObLIa
pazsuta S. 1. @penkenem.

Ynapnasa wnoHu3sauus Cpobdon- ° —eFx
HBIH 37I€KTPOH, YCKOPSSICH MO ACHCTBU - 55 /
€M BOoJbIION HalNpPsSXKEHHOCTH 3ICKTpUYe- =23 J Cida
CKOrO I0Ji Ha JUIMHE CBOOOAHOrO Mpo- -y ]
0era, MOXeT HaKOIMUTh DHEPTUIo, A0CTa- o)
TOYHYIO JUISi MOHM3ALMK TNPHUMECH WIM  (AB;-53) ] <
COOCTBEHHOTO aToMa IOJYIIPOBOAHHUKA. 11l
HloHM3auMI0 MOTYT BbI3BATH U AbIPKH, TAK 5

KaK ABHXXCHHUC IBbIPOK SABJIACTCA JIHIUDb
CIIOCOOOM OITMCAaHUs IBUKEHUS COBOKYII- Puc. 4.28. Cxema, nosicHsI-
Ynap}{aﬂ HOHHN3alHA CONPOBOXIACTCHA TPOHHOM HOHM3ALMHU
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DA3MHOXEHUEM HOCUTENEH 3apsijia, MOCKOJBKY BHOBb POXIAEMBbIE DJICK-
TPOHBI M OBIPKU TOXE YCKOPSIOTCS IIOJIEM.

YpaBHOBELIMBAHKE ITPOLECCOB BO3OYXICHHS U PEKOMOWHALMU
MPUBOIUT K YCTAHOBJICHUIO HEKOTOPOI CTAIMOHAPHOM TMOBBILIEHHOH
KOHLICHTpAlIUM HOCUTEJCH 3apsiia, BO3pacTalolleil ¢ YBEIMUCHHEM
HAaMPSDKEHHOCTU DIEKTPUIECKOTO TOJISI.

CrnocoGHOCTb HOCUTEIS 3apsifa 00pa30oBLIBATh JIEKTPOHHO-IBIPO-
YHBIE T1aphl XapaKTePU3YeTCs Kodghdhuyuenmom yOaproi UOHU3AUUY, KO-
TOPBII OMpeaessieTcsl KaK YUCAO 3JIEKTPOHHO-IALIPOYHBIX Map, oopa-
3yeMbIX HOCHUTEJIEM 3apsiia Ha eauHule nyti. KoadbdbuumneHts yaap-
HOM MOHM3ALMH HE ONWHAKOBBI VISl BJICKTPOHOB U ABIPOK M 3aBHCSIT
OT HAINPSDKEHHOCTH 3JIEKTPHYECKOro T0jsd, OT TeMIlepaTyphl U TMpHU-
ponbl Matepuana. HanpuMep, B KpeMHHH IMPH KOMHATHOM TeMIepaTy-
pe T=300 K u HanpsxeHHocty o E=5-107 B/M ko3ppULmeHTh
MOHM3AUUU [UTS1 2JEKTPOHOB M ABIPOK OYeHb OJIM3KU JAPYr JAPYyry M
cocTapsioT 0koj1o 107 M7, C noHMXeHHMEM TeMIepaTyphl UX 3HAYEHHUE
BO3pACTacT, TaK KaK YBEJIMYMBAETCS CPeaHss JIMHA CBOOOIHOTO Mpo-
6era a7eKTPOHOB.

SIBneHue ynapHOM MOHHU3ALIMM JISKUT B OCHOBE IPUHIIMIIA O~
CTBUS psiia NIOJYNPOBOJIHUKOBBIX MPUOOPOB (CTAOMIUTPOHBI, JIABUH-
HO-TIPOJIETHBIE INOMbI, JIABUHHBIE POTONMO/BI), a TaKXKe 0OYCIOBAU-
BAeT JIABUHHBINA NPO0OOIl JUOAOB U KOJUIEKTOPHOIO Nepexoaa TpaH3U-
CTOPOB.

TyHHenbHBH 23pdeKT (3NEKTPpOCTATUYECKASA UOHHU-
3a1u s1). CWIBHOMY 3JeKTPUYECKOMY MOJIIO B MOJYNPOBOIHHKE COOT-
BETCTBYET GOJBLIION HAKIIOH BHEPreTHUEeCKMX 30H (puc. 4.29). B atux
YCIOBHSIX DJEKTPOHBI MOTYT HMPOXOAMUTH CKBO3b Y3KHI MOTEHLIMATh-
HbII Oapbep (TONIMHON Ax) 6€3 U3MEHEHMsI CBOSH 3HEPruu: TYHHE-
JIMpOBaTh Oyaromaps CBOUM KBAHTOBO-MEXaHUYECKUM CBOMCTBaM. SB-
JIeHHWEe TYHHEJIMPOBaHHUSA IO HEKOTOpPOH CTENeHM aHAJIOTHYHO XONOMI-
HOM MUCCHUM 3JIEKTPOHOB U3 METAJUIOB.

Hanpsixke HHOCTH 2J1EKTPHUYECKOTO MO, IIPH KOTOPBIX MPOSABIISET-
Csl TYHHeJIbHbIN 9 ¢eKT, pa3iuyHbl U Pa3HBIX MAaTEPHUAJIOB, TaK KaK
TOJIUUHA NOTEHLUHUANILHOIO Oapbepa AX 3aBUCUT OT HIMPHHBI 3aripe-
LeHHOM 30HBI. OLIEHKH TTOKA3BIBAIOT, UTO IpH AD = 1,0 5B npolecc

C]

Puc. 4.29. TyHHeaupoBaHUE SNEKTPOHOB U3
BAJICHTHOHW 30HBl B 30HY ITPOBOIMMOCTH
MO ACHCTBHEM CHUJIBHOTO 107151
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3JIEKTPOCTATUYECKON MOHMU3AIIMY MHTEHCHBHO Pa3BUBAeTCS HauMHasl
¢ E=10° B/m. Co3narh Takue I0Js B OXHOPOAHOM IOJIYIIPOBOIHMKE
ype3BblYaifHO TpyaHO. OnHAKO TYHHEeAbHbIH 3¢hdexT 6e3 Tpyaa MOXHO
Haba0aTh B p — n-nepexonax, COpMUPOBAHHBIX TPU CHIIBHOM JIeTH-
POBaHMU 00enx 00JIacTe.

Heob6xoamMMo OTMETUTDb, YTO MO AaHAJIOTMYHOMY MEXaHU3MY MOTYT
TYHHEJUPOBATh U 3IEKTPOHBI C IMTPUMECHBIX YPOBHEH, PAaCITOIOXEH-
HBIX B 3aMpCILICHHOM 30HE, TIpPUYEM IS 3TOro TpeOyIoTCs MeHblIHe
HAINPSKEHHOCTH TMOJIA.

W3 M3/10XEHHOTO SICHO, YTO BCAEICTBUE MHOroo0pasus SIBJIEHUIA,
BO3HMKAIOIUUX B CHJIBHBIX TMOJSIX U NPUBOMISIIMX K M3MEHEHUIO KakK
MOABUXHOCTH, TaK U KOHUEHTPAUMXA HOCUTENIEH 3apsiad, 3aBUCUMOCTD
MIPOBOIMMOCTH OT HAITPSKEHHOCTH MOJISI MOXET OBITh OYEHB CIIOXHOM
U HEONWHAKOBOH JUIS pa3sHbIX MAaTEPUAJIOB M Pa3HbIX YCIOBUI MX HC-
MOJIb30BaHUS.

Addekr I'anna. K sddexram cUIbHOTO Moasi, 0O0YCIOBACHHBIM
HM3MEHEHHUEM TIOJBHXKHOCTU HOCUTENEH 3apsiia, OTHOCUTCS Takxke 3¢-
ekt 'aHHa, OTKpBITHIN B 1963 r. CyLIHOCTB €10 3aKJI104aeTcsl B IOSIB-
JICHUU BBICOKOYACTOTHBIX KOJieOaHUI DIIEKTPUYECKOTO TOKA IIPH BO3-
JNEUCTBUU Ha IOJYIPOBOAHUK NOCTOSIHHOTO 3JICKTPUYECKOro MOJs
BBICOKO# HamnpsixxeHHOCTH. Briepsbie addexr 'aHna Habnonancd Ha
obpasuax u3 apcenuna rauust GaAs u pochuna unnust InP ¢ snexr-
POTIPOBOAHOCTHIO n-THHA. [loporoBast HanpskeHHOCTD Nofst it GaAs
cocrasiasier 0,32 MB/M, a ma InP — oxonoc 1,0 MB/m.

st oObsicHeHus1 3¢dexra ['aHHA HEOOXOAUMO Y4eCTh OCOOEHHO-
CTH 30HHOI CTPYKTYPB! paCCMaTPHBAEMBIX ITOJYNTPOBOAHUKOB. Hamom-
HMM, YTO TOJX 30HHOM CTPYKTYpPO# ITOHUMAETCS 3aBUCUMOCTh 3HEp-
TMU 3JICKTPOHOB OT BoJIHOBOro BekTopa k (cM. noapasn. 4.6). DTu 3aBu-

c}
X
L
m,=0,067m,
AD,
m,=0,32m, r
| AD =1,424 5B
% 0 k

{111 {100]

Puc. 4.30. YpolueHHas 30HHast CTPYKTYpa KPUCTALIOB apCeHNAA TaUIHs:

I' — uenTtp 30HBI BpusutiosHa; X u L — rpaHuubl 30Hb BpunmosHa B HanmpasiaeHUsIX
[100] u [111] cooTBEeTCTBEHHO
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CHMOCTH UMEIOT aHU3O0TpONHEI xapakrep. M dochun unaus, u apce-
HU TULIHST OTHOCSITCS K YHCTY MPSAMO3CHHBIX MTOIYTIPOBOIHUKOB. 30H-
Hasi CTPYKTYpa apCeHuaa rauiMsi CXeMaTUIHO MoKa3aHa Ha puc. 4.30,
B 30He MpOBOAMMOCTH MOMHUMO OCHOBHOTO MUHUMYMa I (1IeHTpa 30HbI
Bpunniosna), pacnonoxeHHoro npu k = 0, HabAIOAAIOTCS HECKOJIBKO
3HepreTHYECKUX I0JAMH X U L B KpucTayutorpadyecKuX HarpaBIeHU-
six [100] u [111] cooTBercTBeHHO. IO 1IKaTe 3HEPrUuu Oauxaniei K
OCHOBHOMY MMHHUMYMY OKa3blBaeTCsl GOKOBas IONIMHA L, Haxoasasics
B L-TouKe k-npoCTpaHCTRa, T.e. B HarnpasieHuu [111]. OHa otaeneHa ot
JIHa 30HbI ITPOBOAMMOCTH SHEPIeTUUECKUM 3a30poM A3, = (0,28 3B. B
dochune uHINSA, UMEIOLLEM CXOIHYIO 30HHYIO CTPYKTYPY, 3TOT 3a30p
cocrasinseT noutH 0,7 3B.

B ueHTpasbHOM MUHUMYME MpH k = 0 371eKTPOHBI 001aAa10T Cylle-
CTBEHHO MeHbllel 3¢ deKTHBHON Maccoil U 3HAYUTENBHO OOnbUICH
MIOABUXHOCTBIO, HEXEJIM B BHILIE PACNONOXCHHBIX OOKOBBIX AOIUHAX.
Ilpu BO3AEHCTBUM CIIA0Or0 MO 3JEKTPOHBI 3aCESIOT HUXKHIOK 10-
JIMHY, TTOCKOJIbKY UX Ipei(OBbIE CKOPOCTH M KBA3UUMITYJIbChI MAJIHI.
B CHJIBHBIX 2/IEKTPHYECKHUX TOJAX, MPEBBIIAIIIAX HEKOTOPOE T10POo-
rOBO€ 3HAYeHHUE, OONBIINHCTBO 3IEKTPOHOB MPUOOPETAIOT 100ABOYHYIO
SHEPTUIO, OOJBIIYIO YeM AD;, U NIepEXOasiT B GOKOBYIO JOANHY. Takoi
IIEPEXOI COMPOBOX/IAETCS YMEHbIIEHHEM ITOJBIKHOCTU HOCHUTENEH
3apsana, a MOCKOJABKY TUIOTHOCTD TOKa MPONOPLMOHANIbHA TOJBHXHO-
CTH, TO Ha BOJNIbT-aMIIEpHOM XapakTepucTuke (puc. 4.31) nosiBasercs
YYaCTOK OTpHLATEAbHON muddepeHunaIbHON MPOBOAMMOCTH (ydac-
TOK AB). Haninuue 3TOrc yyactka U oOyClIOBIMBAET FeHEPALUIO BBICO-
KOYaCTOTHBIX 3JIEKTPOMArHUTHBIX KOjIeOaHU M.

M3-3a HEOTHOPOAHOCTH 06pa3iia IOPOroBasl HAMPSIKEHHOCTD MO,
IIpH KOTOPOU NMPOUCXOAUT NePexoi] 3ICKTPOHOB U3 HUXHETO MUHHU-
MyMa B BEPXHMH, JOCTHIAeTCs HE MO BCeMy 00BEeMY IMOJYITPOBOAHU-
Ka, a B JIOKAJIbHO! O0JIACTH C TOBBILICHHBLIM CONMPOTUBICHUEM. B pe-
3yJbTaTe B O0JACTH HEOAHOPOJHOCTH OOPa3yeTCs 30HA <TSIKEIbIX»
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Puc. 4.31. 3aBUCMMOCTb MIOTHOCTH Puc. 4.32. PacnipeneneHue 31neKTpo-
TOKa 4yepe3 MOMYNPOBOIAHUK C MHO- HOB B OKPECTHOCTH 3JIEKTPUYECKO-
FOJONIMHHON CTPYKTYPOH 30HBI I1pO- ro JIoMeHa

BOOUMOCTH OT HANPsS2KCHHOCTHU NNOJA
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3JIEKTPOHOB, KOTOpas IO ACUCTBUEM IJIEKTPUYCCKOTO MOJsT HAYMHA-
€T TepeMellaThes K aHony. CripaBa M ¢JieBa OT 3TOIM 30HBI JBIKYTCS
«JIETKHE» DNIEKTPOHBI, objanaioiue doaplieid npeitpoBoil CKOPOCTHIO.
3a cyer yxoma GBICTPBIX 2JIEKTPOHOB BOJIM3HM MaKeTa MEIJIEHHO TBUXY-
UIMXCS BJIEKTPOHOB CO CTOPOHBI aHoJa 00pasyerca neduunT oTpulia-
TeabHOTO 3apsna. Haobopot, co cTOpoHBI KaTona BOJIXU3HM 3TOr0 HakeTa
BO3HUKACT U30OBITOK OTPULIATENLHOIO 3apsiia, MOCKOMBKY «JIETKUE»
2JIEKTPOHBI HATOHSIOT «TAXeEJIbIe» B CBOEM JIBWXEHUM K aHomy. B pe-
3ylbTaTe NepepacnpelciieHuss DJeKTPOHOB B MEXIIEKTPOIHOM MpO-
CTpaHCTBE (hopMHUpYETCsI C0i 00BEMHOTrO 3apsiia, KOTOPBIA MPUHATO
Ha3bIBaTh d1ekmpuyeckum oomerom (puc. 4.32).

dopma ToMeHAa 3aBUCUT OT KOHLIEHTPAIMU JIETUPYIOLLEH ITPUMECH.
BpeMsi ABMXKEHHST IOMEHA OT MECTa €ro 3apOoXAEHUS 10 aHOHa OIpe-
JensieT nepuol KojaeGaHui. [Ipy M3roToBIeHUM SIEKTPOAOB MpeaHa-
MEPEHHO CO3Aal0T HEOTHOPOIHOCTh B 00/IaCTH KaToja, O1aroaaps yemMy
3apoXACHUE JOMEHa MPOUCXOIUT B OIHOM ¥ TOM XE MECTE.

Korna noMeH moctvraeTt aHoAa, OH pa3pyliaeTcs, TOK BO BHEIIHEH
LIeNM BO3PACTacT, a BACKTPUUYECKOE TOJIE INepepacrpenensiercs: Tak,
4YTO 0Opa3yeTcst HOBBIN JoMeH. CKOpPOCTh ABMXKEHHUS TOMEHA He 3aBH-
CHUT OT HATIPSKEHHOCTH BHENIHETO MOJIS U paBHA apeiidoBoil CKopo-
ctu HaceleHus (B GaAs v, = 10° mM/c). OTcrona cieayer, 4To 4acToTa
reHepaluH 3a1aeTcs TOMHIMHON obpasua. HampumMep, IpH TONILMHE
KPUCTAJUIOB apceHuaa raiaus A = 100 MKM 4dacTtoTa KojebGaHmii co-
crapiseT npuMepHo 1 T mpu moporoBoM HaNpsDKEHUU B HECKOJIBKO
JICCSITKOB BOJIbT. BeIM4YMHA MOPOroBOro MOJISI B MHOTOAOJHHHBIX TTO-
JIYIIPOBOMHUKAX ONPENEISIETCS 3a30poM AD,.

TunuvyHast KOHIEHTPAHHMs AOHOPHBIX NMpUMECEH COCTaBIAET
10%°...102 M3, a TONMIUMHA MOJYNPOBOIHUKOBBLIX ILTACTUH — OT He-
CKOJIBKMX MHKPOMETpPOB 10 coTeH MUKpomeTrpoB. KIIJI nponerHoro
peXyMa MakcHMaseH, Koraa npousseneHue nh ~ 10 m~2. Ha ocHose
addekrta ['aHHa pazpaboTaHbl TPUOOPLI, TEHEPHUPYIOLINE B AUAIA30-
HE 4acToT A0 COTeH rurarepu. IIpy 3TOM MOIIHOCTb B HENIPEPHIBHOM
pEXUME TeHEePallMM COCTARISIET OT HECKOJIBKUX MUWUIMBATT 0 HECKONb-
kux BatT ¢ KIT/ Ha ypoBHe 15...20 %. B UMNyILCHOM peXuMe BbIXOI-
Hasl MOLLIHOCTb MOXET IOCTUTaTh HECKOJIBKHUX KHIOBATT.

KonTpoasHbIe BOIPOCHI

1. Yro Takoe coOcTBeHHBIM monynpoBogHuk? Kakumu cBOHCTBaMM OH
o6siagaer? MoXeT M NpUMECHBIH MOAYNPOBOAHUK 061a1aTh COOCTBEHHOM
3JIEKTPOINPOBOIHOCTHIO?

2. Kakue npumecHu B KOBJIEHTHBIX IOJYIIPOBOOHUKAX SBIAIOTCS HJOHODA-
MH, a KaKue — akuernropaMmu?

3. Kak onpesennts HIMPUHY 3alIPeiCHHOM 30HBI IOMYNIPOBOIXHHMKA IO TEM-
NePaTyYPHOI 3aBUCHMOCTH KOHIICHTPALMM HOCUTENel 3apsina?

4. KakuM COOTHOLUCHHUEM CBSI3aHBI MEXIy CO60i1 paBHOBECHBIC KOHLICHT-
paLuy 3EKTPOHOB U IBIPOK B HEBBIPOXKIECHHOM MONYIIPOBOIHUKE?
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5. TTocTpoiiTe 1 0OBICHUTE TEMIIEPATYPHBIE 3aBUCUMOCTH KOHUEHTPALUU
HOCUTENEH 3apsaaa B MOJYNPOBOAHMKE IPU PA3IUYHBIX CTEIEHSX JErupoBa-
HUSL.

6. [ToueMy sHEPrust HOHM3ALMH IPUMECEH YMEHBIIACTCS NIPY YBEIMYeHUH
CTETICHH JIETMPOBAHUS MOAYIMPOBOAHUKA?

7. Kakue oCHOBHbIE MEXaHU3MBI PACCESTHUST HOCUTEIEH 3apsiia orpaHUYH-
BAIOT UX ITOABIXKHOCTb B KOBAICHTHBIX ITONYIPOBOAHUKAX?

8. Kak Bauset KOHUEHTpaLusl TIpUMeceii Ha BETUUUHY U TTOJIOXEHHME MaK-
CHUMyMa B TEMIIEPATYPHOH 3aBUCUMOCTH MOABMXHOCTH HOCHUTENEH 3apsna?

9. MOXET 1 MPOBOAUMOCTD MOJYNPOBOIHUKOB YMCHBIUATHCS MPH TOBBI-
LUCHHUH TeMIIepaTypbl?

10. B 4yeM cocTrouT pasnuuyue peKOMOMHAIIMOHHBIX JIOBYLUEK U JIOBYILUEK
3axBara?

11. Ot Kakux ¢aKTOpOB 3aBHUCAT BpeMs XU3HU U audby3noHHas JTMHA
HEpaBHOBECHBIX HOCUTeNEH 3apsaa?

12. HazoBuTe OCHOBHBIC MEXaHU3MBI TOTJIOLUCHUST CBETA B MOJYIPOBOJI-
HuKax. Kakue u3 HUX ABASIOTCS POTOAKTUBHBIMU?

13. Kak BIMSET BpeMs XU3HU HEPaBHOBECHBIX HOCHTENCH 3apsiia Ha ¢o-
TONPOBOAUMOCTb MOJTYNPOBOAHNUKOB?

14. Kakue npuuuHbl 0GYCIOBIMBAIOT HEIMHEITHOE N3MeHEeHNE (HOTOMNpPO-
BOOMMOCTH B 3aBUCHMOCTH OT UHTEHCUBHOCTH O0JIyUeHUs?

15. O6baAcHUTE MOSIBAEHUE MAKCUMYMa B CIIEKTpe cobcTBeHHOH dhoTornpo-
BOAMMOCTH MOJYNpoBOAHUKOB. Kakue (hakTopbl onpenensiioT BHICOTY U UIM-
PHHY 3TOrO CHEKTPAILHOIO MakCcCuMyma?

16. HazoBute ocHOBHBIE CITOCOOBI BO30OYXICHHUS JTIOMUHECLEHLIUH 10y~
NIPOBOAHUKOBBIX KPUCTALIOB.

17. TosicHUTEe MEXaHU3M MHXEKIIMOHHOM U NMpeanpoboiHOM 31eKTpoIo-
MUHECUCHIIMY KPUCTAILIOB.

18. Kakue dusnyeckue dakropbl 00yCHOBIMUBAIOT HapyllieHHs 3akoHa OMa
B OJIYIPOBOJHUKAX NIPU BO3ICHCTBMH HAa HUX CHJIBHOTO 2JEKTPUYECKOro Moss?

19. TlosicHATE CYIUHOCTD SIBNEHUS JEKTPOCTATUYECKON MOHU3ALUM aTO-
MOB B MOJynpoBoAgHKuKe. Kakue HanpskKeHHOCTH OIS HEOOXONUMBI JUTsl Ha-
OJII0/IEHUST 3TOTO SIBJIEHHSI?

20. B xakux rnoaynpoBogHUKax MOXHO HabmogaTs 3ddekT [anua? IMosc-
HUTe GUIMYECKYIO NTPUpOaY 3Toro addekra.



T';maBa b

OCHOBHBIE CBOMCTBA, OCOBEHHOCTH TEXHOJIOTHUHA
N ITPUMEHEHHUE ITIOJYITPOBOJHUKOBBIX
MATEPHAJIOB

5.1. KTIACCHOURANNAA ITOJYITPOBOIHUKROBBIX MATEPHAJIOB

TloaynpoBoaHUKY HPENCTABASIOT CO00I BeChMa MHOTOYHCICHHBIH
KJIacC MaTepHayios. B Hero BXOmsT COTHM CaMbIX pasHOOOPa3HBIX Be-
LeCTB: KaK 2JEMEHTOB, TaK M XMMMUYECKUX coeanHeHUH. [loaynpo-
BOJHUKOBBIMU CBOCTBAMU MOI'YT 001aNaTh KaK HEOpraHU4YeCKHe, TaK
M OpraHu4YecKHe BEIEeCTBa, KPUCTANIMYECKUEe U aMOopdHbIe, TBEPbIE
M XKUIKHME, HEMarHUTHbIE U MarHuTHbIe. HecMOTpst Ha cylecTBeHHBIE
pasnuyus B CTPOCHUHU U XUMHUYECKOM COCTaBE MaTepuaibl 3TOro Kiiac-
Ca POIHUT OJHO 3aMeYaTeIbHOE KayeCTBO — CIOCOOHOCTh CHJIBHO U3-
MEHSITh CBOM 3JCKTPHYECKHE CBOMCTBA TMOJ BAMSAHHEM HeOOJbIIMX
BHEIIHUX 3HEPTeTUYECKUX BO3ACHCTBUIA.

OnHa M3 BO3MOXHEBIX CXeM KiaccubHUKalUK [MONTyIPOBOIHUKOBBIX
MaTtepHayoB NpHBeaeHa Ha puc. 5.1.

HomynipoBogHUKHU
|
| ]
Heopramieckue Oprarnyeckue
I
] |
AmopdHrie
Kpreramrieckue (cTexnoobpa3HEeIe)
]
I ]
HemaruutHbie MarxurtHsie
|
| | 1
XuMugeckue Tsepanie
DIIEMEHTHL COEIMHEHMSE DACTBOPHI
|
[ ] I I ]
E] =
x = ] > > 2]
SEE| |B]|R]||2]||2]|| ¢
o & = = = o
= =3 < <
2 Z = < < =

Puc. 5.1. Kinaccudukauus mosyrnpoBOJHUKOBBIX MarepHaloB M0 COCTaBY U
CBOMCTBAM
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OCHOBY COBPEMEHHOMN 3JIEKTPOHMKHU COCTABJSIIOT HEOPTaHUYECKHE
KPUCTATUTMYECKUE MONYIIPOBONHMKU. [10MyIIpOBOAHUKOBBIE CBOHCTBA
TNPOSIBNSIIOT 12 XMMHUYECKUX 3JEMEHTOB, HAXOISIIUXCSl B CpeAHel ya-
ctu Ilepuonuyeckoii cucremnl 3nemeHToB . . Menneneena. 3Haue-
HUA UIMPHHEI 3aMPELICHHOM 30HBI 2JIEMEHTAPHBIX MOJYIPOBOIHUKOB
yKazaHbl B Ta6I. 5.1. PacmonoXuB 37eMeHTHI B IIOPSAIKE UX CIEAOBAHUS
B ITepuonuyeckoii cucreme aneMenToB . Y. MenaeneeBa, MOXHO Bbl-
SIBUTh HEKOTOPbIE 3aKOHOMEPHOCTH B U3SMEHEHUH HIMPHHBI 3apelleH~
HOI 30HBI: OHa BO3pacTaeT NPH MEepeXcle OT IEMeHTa K INEMEHTY
cJieBa HarpaBo, HO YMEHBIUAETCS B KaXIOH IpyNIie NpHU ABUXECHHUU
CBEepXy BHM3. 3HadeHUSA AD XOPOLIO KOPPEIHPYIOT C TEMIepaTypoit
TIJIaBJIEHUsI MAaTEPUAJIOB, MTOCKOABKY 00€ 3TH BEJIMYMUHBI ONpPEACNSIOT-
Csl BHEpTrUel CBI3M aTOMOB B KPUCTAJVIMYECKOM pelIeTKe.

M3 tabn. 5.1 BUAHO, YTO NMOJAYNPOBOAHUKOBLIMU CBOMCTBaMU 061a-
JIal0T M HEKOTOpble MOAM(pHMKALMHU 0JToBa U yrneponaa. [Tocaequuii cy-
LIECTBYET B IBYX &/UIOTPONHBIX opmax: anMas M rpacdut. I'padur o
2JIEKTPUYECKUM CBOMCTBAM GJM30K K mpoBoaHuKaM (AD < 0,1 3B), a
YUCTBIC aJIMa3bl SBJISIOTCA AU3IeKTpuKaMu. OIHAKO MCKYCCTBEHHBIE
aJMa3bl MO BIMSHUEM BBOAUMBIX IpUMeECEH ITpUOGPETAIOT CBOHCTBA
MOJYITPOBOIHUKOB.

OJ10B0 B HOPMATbHBIX YCIOBUSIX SBJSIETCSA XOPOLUUM IIPOBOIHUKOM
(6enoe onoBo, win B-moaudUKALMI), HO MPU TEeMIepaType HUXE
13,2 °C oHO NepexoauT B MOJYNPOBOIHUKOBYIO 0i-MOAM(pUKaLHUIO {ce-
poe 0JIOBO), 0GJIaNarolyI0 CTPYKTYPOH aiMasa.

Cpenu Bcex 2JIEMEHTAPHBIX BEIECTB JOCTOMHOE MECTO B IOIYIIPO-
BOIHHUKOBOI TEXHMKE 3aHUMAIOT JIMIIb KpeMHUI U repManunil. BmecTe
C TEM DJIEMEHTHI, YKa3aHHBIE B Ta0a. 5.1, BeCbMa HIMPOKO UCITOJIb3Y-
IOTCS B KAa4yeCTBE JIEFUPYIOLIMX NMPUMeceid ¥ KOMIOHEHTOB IONYIpo-
BOAHHUKOBBIX COSTUHEHHUIA.

Tabauua 5.1

[ITupuna 3anpemeHHOl 30HBI 3JJEMEHTAPHBIX NOJyNpoBoAHHKOB (npu 300 K)
OneMeHT AD, 3B DAeMEeHT AD, 3B

bop 1,58 MBpHbIK 1,2
Anmas 5,3 CypbpMa 0,12
Kpemuuit 1,12 Cepa 2.4
T'epManuit 0,665 Cenen 1,8
OnoBo («-Sn) 0,08 Tennyp 0,36
Pocdop (xpacHbIit) 1,5 Hon 1,25
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HonyrnpoBOAHUKOBbIE HEOPTAHUUECKUE COEANHEHUSI MOTYT COCTO-
SITh U3 IBYX, TPEX U OOJIbLIET0 YHUCIA JIEMEHTOB. B KauecTBe npuMmepa
TaKMX coeauHeHUI MoXHO npuBecTH InSb, Bi,Te;, ZnSiAs,, CuGe,P;.
Kpucrannuyeckast CTpYKTYpa MHOTHX COeIMHEHHUM XapaKTepU3YyeTcs
TETPadApUYECKON KOOPAMHALIMEH aTOMOB, KaK 3TO MUMCET MECTO B
peuieTKe anMasa. Takue nonyrnpoBCIHUKOBbIE COSTUHEHUS MOAYINIIH
Ha3BaHUE aaMa30n0000HbIX NOAYNPO8OOHUK08. Cpelu HUX HauOONMbIINM
Hay4YHBII M MPaKTUYECKUIl HHTEPEC NPEACTABIAIOT OUHAPHBIE COCAU-
nenus tuna AUBY, AUBYI u AIVBY kotopble B HacTosiliee BpeMs
SIBIISIIOTCS BAXXHEHMIIIMMY MaTepHalaMM TOJYNPOBOTHUKOBOH OITO-
9JIEKTPOHHUKH.

BonblIMHCTBO aTMa30n0106HBIX MOJYNPOBOIHUKOB C POICTBEH-
HBIMM CBOHCTBaMM 00pa3yloT MexXny co00if M30BIEHTHHIE TBEPIbIE
pacTBophbl. B TBepawIx pacTBOpax NMyTeM M3MEHEHHUS COCTaBa MOXHO
IUIAaBHO M B AOCTATOYHO IHMPOKHX TpeAcaax YIpapisaTh BaXXHEHIUUMU
CBOMCTBAMM ITOJIYIIPOBOAHUKOB, B YACTHOCTH LUMPHUHON 3ampelucH-
HOY 30HBI U IOJBUXHOCTBIO HOCHUTEJIEH 3apsiga. BTO OTKPbIBAET AO-
MTOJTHUTEIbHbIE BO3MOXHOCTH [UISl ONTHMU3ALMUM NapaMeTpPOB IONY-
ITPOBOXHHMKOBBIX NPHUOOPOB, MO3BOJSET HOOUTHCS JIYYILUErO COTIaco-
BaHUS QU3UYECKUX XapAKTEPUCTHUK PA3IUYHLIX KOMIIOHEHTOB 3JIEKT-
POHHOW anmaparyphbl.

715t U3roTOBJEHUS OJYITIPOBOIHUKOBBIX IPUOOPOB UCIIOAB3YIOTCS
KaK MOHOKPHUCTAJIMYECKHE, TAK U TIOJIMKPUCTULIMYECKHE MaTEepU-
abl. MOHOKpHCTAUIMYECKUE MTPEACTABIAIOT cOO0M Gosee MpocThie CH-
CTeMbl, ¢ 00Jice COBEPIICHHBIM CTPOCHUEM, YEM MOJUKPUCTULIHYE-
cxue Matepuanbl. OHM Haubosee ry0OKO H3YyYeHBbl, (PUIUUECKUE SIB-
JIEHYS B HUX JIy4llle NONJAl0TCS MaTeMaTHYeCKOMY MOIEIUPOBAHUIO,
Y OHM 06eCIIeYuBaoT GONBUIYIO HALEXHOCTh U WICHTUYHOCTb Mapa-
METPOB IMOJIYNTPOBOAHHKOBLIX TPUOOPOB.

CpolictBa amMOp(HbBIX, OPTAHUYECKUX M MATHUTHLIX IOJYIIPOBOI-
HUKOB U3y4eHBI IT0KA HEJOCTATOYHO, XOTS NPaKTUYECKasi 3HAYUMOCTDb
STHX BELLIECTB HETIPEPHIBHO BO3pacTaeT. AMOp(dHbIE MOIYTPOBOIHUKY
OTHOCSTCS K KJIACCY HEYTOpAZOUEHHBIX cUcTeM. ITo crnocolby momyye-
HUST UX TIPUHSITO MMOAPa3aessiTh Ha IBE IPYIIIHL.

ITepByo rpyriny coCTaBasiioT aMOp(HbIe NCIYIPOBOAHUKY C KOBa-
JIGHTHBIMH CBSI3SIMU, TIPUYEM 3TO MOTYT ObITh KaK 3JICMCHTAapHbBIE Be-
mectBa (amMopdHbIE KPEeMHUI, TepMaHUIL, TENNyp, CEAeH U Ap.), TaK
U mpocTeifiine OGMHapHbBle Komno3uuuu (Hampumep, SiC, GaAs, CdS
1 T.11.). Kak mpaBuio, UX Mojay4aroT IIyTeM HepaBHOBECHOM KOHAEHCa~
UMM U3 ra3oBoil ¢asbl. be3yclioBHBIM JIMIECPOM CPEAU ITOH TPYIIIBI
MaTepUaIioB SIBNSIETCS TMAPOTeHNU3UPOBAHHBIA aMOpPMHBIA KpeMHMUIA,
UHTEpEC K KOTOPOMY OOYCIOBIEH OPEXAe BCETO BO3MOXHOCTIIMU CO-
3MaHHS HA €70 OCHOBE CaMbIX AeiiieBbIX (POTOITIEKTPUIECKHUX ITpeodpa-
30Bartesieil COMHEYHOR 3HepruM (CONMHEUHbIX OaTtapei).

Bropyio rpynmny npeacTaBiasioOT CTEKI000pasHble MOAYNPOBOIHU-
KU, IOJIydyaeMble NepeoxiaxieHueM pacriapa. MIx noapasaensior Ha
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XaJbKOTeHUIHBbIE ¥ OKCUIHBIE MaTepuasbl. XaJbKOIC¢HUIHBIE CTEKIIA
CUHTE3UPYIOT CILIaBJACHUEM XIbKOIeHOB ¢ aneMeHTamu III, IVu V
rpynn IHepuonuyeckoil cucteMbl aneMeHToB . M. MeHneneesa (Ha-
npuMep, AsySe¢, GeS,, ThSe u np.). OkcuaHble NOJYIPOBOJHUKO-
BBIC CTEKJIA UMEIOT CJIOXHBIA MHOIO3JIEMEHTHBIM COCTAB, KOTOPBIM
MOHO BbIpa3uTh 0000111eHHON dopmysiont Buaa V,05—P,0;— MeO,,
rae Me — metasun ... IV rpynn Tlepuoauyeckoil cMCTEMbI 3JIEMEHTOB
JI. . Menneneena.

[TonynpoBOAHHUKOBBIE CTekKJa OONagaioT PSAAOM HHTEPECHBIX
CBOMCTB, ONpeaeNsIoUMX UX NTPaKTUYECKoe NMMpUMeHeHHe. B yacTHO-
CTH, OHM MOTYT IEPEXOAUTbh U3 BHICOKOOMHOTC COCTOSTHUSI B HHU3KO-
OMHOE IO BIUSHUEM 3JIEKTPUUECKOTO 1101 (3 GHEKT IeKTPUIECKO-
ro NepeKsIIOYeHUS), UTO MO3BOSIET UCIIONB30BATh UX B KAUeCTBE MO-
POTOBBIX IEPEKITIOYATENIEH M DJIEMEHTOB NaMSITH. XaTbKOT¢HHIHBIE CTEK-
J1a 06nanaroT Xopouuel npo3payHocTthio mig MK-usnyyenns, obnana-
10T BHYTpCHHUM (oToadderToM. IToaToMy X IpUMEHSIIOT Kak GOTo-
YYBCTBUTEJBHYIO Cpely Ul ONTHYECKOH 3anucu uHPOpMaLMy M KaK
Marepuain JAJisl CBETOBOAOB U MHUIICHEH BUAUKOHOB (TeNEeBU3UOHHBIMH
Nepefaoni 3IeKTPOHHO-y4eBOi pubop). OKCHIHbBIE CTEKI000pas-
HBIE MOJTYIMPOBOIHUKU UCTIOAB3YIOTCS TIPH CO3AAHUM NATYMKOB TEM-
nepaTypbl ¥ AaBACHMS.

B MexaHU3Me 3/1EKTPONPOBOJHOCTH aMOP(HBIX HEOPraHHYeCKHUX U
KPUCTAUIMYECKHUX OPraHUYECKUX TIOJIYIIPOBOJHHMKOB BEHIABIEH psl 00-
X 3aKOHOMepHocTel. MHTepec K opraHMyeckKuM IMOAyTipoOBOIHNKAM
OTYACTH BbI3BAH TEM, YTO B HEKOTOPHIX M3 HUX HOJYPOBOIHHKOBLIE
CBOJICTBA COYETAIOTCS € 3JIACTUYHOCTBIO, KOTOpas NO3BOJSIET U3rOTOB~
JIATh pabovKe 37€MEHThI B BUIE TUOKHX JIGHT ¥ BOJIOKOH. B mpotuBorio-
JIOXXHOCTb aMOP(HBIM ITOTYIPOBOAHUKAM MHOTHE OPraHHYECKHUE ITOJTy-
MPOBOHUKH UMEIOT CIIOUCTYIO CTPYKTYpY. Hanbosee nccieaoBaHHbBIMHU
OPraHUYECKUMH [OIYTIPOBOTHUKAMU SBITIOTCS apOMAaTUYECKUE YIjIe-
BOAOPO/IbI, TAKME KaK HapTaIMH, aHTpalleH, TeTpalieH u ap. OHH npea-
CTABJISIIOT OO0 MPOU3BOAHLIE DEH3071a ¥ MOTYT ObITh ITOJYYEHEI B BUIE
MOHOKPHCTAILJIOB, KOTOPbIE OTIMYAIOTCS HU3KOU CUMMETpHUE.

5.2. KPEMHUI

Obmue creaenus. 110 COBOKYITHOCTH 3J1eKTPOPHU3INUECKUX CBOMCTB,
OTpabOTaHHOCTH TEXHOJIOTHYECKHUX TIPOLIECCOB, YUCITY U HOMEHKJIATy-
pe BBINIYCKAEMbIX MPUOOPOB KPEMHHM 3aHMMAET JOMUHUPYIOLLEE T10-
JIOXKeHUe CpellM BceX NMOJIYIPOBOIHUKOBLIX MaTtepuanos. Cpeay rias-
HBIX (haKTOPOB, OMPEISISIOIIMNX HCKIIOUYUTEILHOE MECTO KPEMHUS B
9JeKTPOHHON! TeXHHKE, ClledyeT BbUICIUTH ClEAyIOILHE:

« IIMPOKAs! PACIIPOCTPAHEHHOCTh KPEMHHMS B IIPUPOJE, JOCTYITHOCTD
U JelleBU3Ha UCXOTHOIO ChIPh;

+ BBICOKAS] XMMHYECKas CTa0MIbHOCTD;
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¢ IOCTATOYHO LIMPOKAs 3arlpeliieHHas 30Ha U BBICOKAsl TEMIIEpaTy-
pa ILIaBJICHUS;

¢ BBICOKasl TEXHOJOTMYHOCTh MaTepHaya, BOZMOXHOCTb €ro IMoay-
YeHHsI KaK B BUIE KPYIHBIX MOHOKPHCTA/UIOB, TaK U B BHJE TOHKMX
SMUTAKCHATBHBIX CI0EB COBEPLIEHHOM CTPYKTYPBI U BEICOKOI YMCTOTHI;

e JIETKOCTh MHBEPCUM THIIA JIEKTPOIIPOBOIHOCTH;

 BBICOKASI PACTBOPUMOCTD JIETUPYIOLIMX IPUMECEH KaK IOHOPHO-
ro, TaK M aKUEITOPHOIO THIIOB;

¢ OTCYTCTBHE TOKCUYHOCTH CAMOTO KPDEMHHS M OONBLIMHCTBA XH-
MMYECKUX COSIUHEHUN C HUM;

e CPABHMTE/ILHO BBICOKAS [TOABUXHOCTH HOCUTENEH 3apsina;

¢ OTHOCHUTEJILHO BBICOKAs! TEIJIONIPOBOIHOCTD, ITPEBBILIAIOLIAS TeTl-
JIOIIPOBOAHOCTh MHOTHX METAJIIOB;

« HAIMYME CTAOWILHOTO, IJIOTHOTO COOCTBEHHOI'O OKCHAA, obna-
JAIOLIETO MTACCUBUBUPYIOLIIUMH, MACKMPYIOLIUMHE U 3a1LIUTHBIMHU CBOM~
CTBaMH.

Hwu ogyH U3 Apyrux NOJynpoOBOAHUKOBEIX MATEPHAJIOB He o0NagaeT
CTOJIb LIEHHBIM COYETaHUEM CBOMCTB.

B cBOGOAHOM COCTOSTHUM KPEMHMIA B IIPUPOJIE HE BCTpevaeTcs. B ane-
MEHTapPHOM BMJE OH BIEPBble ObLT IOJIYYEH MU3BECTHBIM IUBEACKUM
xumukoM U. 4. BepuemuycoM ete B 1824 r., omHAaKO KakK MaTepual
IOJIYIIPOBOAHHUKOBOM 3JEKTPOHUKHM OKAa3aJICsl BOCTpeOOBAaHHBIM JIMIIEL
BO BTOpOIf nosioBuHe XX B. noce pa3paboTku 3¢hGHEeKTUBHBIX METOAOB
€ro OYMCTKH.

CojepxaHne KpeMHHUS B 3eMHOI1 Kope cocTaBisaeT 29,5 % (no mac-
ce). ITo pacnpocTpaHEHHOCTH B MPUPOIE OH 3aHUMAET CPEIU INEMEH-
TOB BTOpPOE MECTO HOCJE KUC/Iopoaa. MHOTOUUCICHHbIE COEIMHEHMSI
KPEMHHUS BXOIAT B 0OJIbIIMHCTBO TOPHBIX MOPOI U MUHEpatoB. [Tecok
U IJIMHA, o6pa3yolliue MUHEPAJIbHYIO YacTh MOYBbI, TAKXE MPEACTaB-
JIAI0T coOOH coeanHeHus1 KpeMHHs. Haubonee pacnpocTpaHeHHBIM
COEIMHEHHEM 3TOTO 3JeMeHTa ABnAeTca quokcun SiO, (KkpemHesem).
Cpo0GOnHBIN THOKCH KPEMHHUS BCTPEYAETCS B OCHOBHOM B BUAE MHU-
Hepaja KBaplia. B psne MeCTOpPOXIEHUN YUCTOTA KBaplUEeBOTO MecKa
pocturaet 99,9 %. IMeHHO TaKoil MECOK M CIIYKUT UCXOMHBIM ChIPheM
MIPH MOJYYEHUH ITOJYIPOBOIHUKOBOTO KPEMHHSI.

DU3NKO-XHMHYECKHE H 3JIEKTPHUeCKHe CBOMCTBA. KpeMHUit Kpu-
CTAJIU3YeTCA B CTPYKTYpe ajMa3sa, 2JeMEHTapHasl sueiflka KOTOpO#
COACPXUT BoCceEMb aTOMOB (cM. puc. 1.7). Kpucraminuyeckyio peueTky
THUIA PEUIETKH ajJiMa3a MOXHO paccMaTpUBaTh KaK HAJOXEHHUE JIBYX
KyOMYECKHX TPaHEIICHTPUPOBAHHBIX PEIIETOK, CIBUHYTHIX IPYT OTHO-
CUTEJIbHO Apyra B HampaBjieHUM GOJbLION AuaroHalu Kyba Ha 4eT-
BepTh €€ JUIMHBI. KaXIbiif aTOM HaXOAMTCSA B TETPAAPUYECKOM OKDPY-
KEHMH YeThIpex OJIMXaiIuX cocenei, ¢ KOTOPBIMH B3aUMOIEHCTBYET
SP3-TUGPUIHBIMY CBA3AMMU.

KpeMHHUit OTHOCHTCS K IMOJYHPOBOIHUKAM C HETPSMON CTPYKTY-
poil PHepreTHYeCKUX 30H, IPHUYEM IIABHBIA MUHHUMYM 30HBI [POBO-
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IMMOCTH PacIIoiaraeTcsl B KaxkIOM M3 KPUCTALIOTpadUUECKUX HATIPaB-
jienuit cemeiicrea <100>. Takux 3KBUBAIEHTHbIX HANPABICHUI 11ECTh.
CoOTBETCTBEHHO TpHU pacueTe 3GGOEKTUBHON MIOTHOCTH COCTOSSHUMN
30HbI NIPOBOAMMOCTHU NV, HEOOXOIMMO YYUTHIBATh BKIIAJ OT KAXIOH U3
1ecT A0auH. OTCYTCTBHE MPSIMONA 30HHOUN CTPYKTYDBI SIBISIETCS OX-
HUM U3 HEMHOTHMX HEIOCTAaTKOB KPEMHHUSI, IOCKONbKY B 3TOM Clly4yae
HCKJTIOYAETCS BO3ZMOXHOCTb CO31aHUsI 3(hDEKTUBHBIX UCTOYHUKOB pe-
KOMOMHAUMOHHOTO M3JIYYEHUS, T. €. U3JTYyYaloLMX AMOAOB U JIa3ePOB.

Ha puc. 5.2 nokazaHo U3MEHEHME LUMPUHBI 3arpelIeHHON 30HBI
KPEMHHS B 3aBUCUMOCTH OT TeMmepatyphl. Boie 250 K cripaBeuinso
JIMHeHHoe npubiamxeHue, 3B,

AD=1,205-2,84-10"T. 5.1

DKcTpanoanpoBaHHoOe 3HaYeHne AD, = 1,205 3B He cienyeTr oToX-
JECTBIIATh C IUMPUHON 3arpelieHHON 30HbI MPHU aOCOMIOTHOM HYIIE,
MOCKOJBKY IPY HU3KHUX TEMIIEpaTypax HapylaeTcss TMHEHHOCTh 3aBU-
cumocTd AD(T). B 210i#i CBSI3M HEOOXOAMMO OTMETHUTh, YTO LUMPUHA
3alpelieHHOM 30HbI ONpeaeIsieT HaKJIOH TeMNEPaTYpPHOU 3aBUCUMO-
CTU COOCTBEHHOH KOHUEHTpALMU HOCUTEICH 3apsiia B KOOpAUHATAX
Inn; = f(1/T) (cMm. dopmyny (4.6)). TpeGyeTcsi, OZHAKO, YTOYHUTD, K
KakoH TeMIepaType OTHOCHTCS XapaKTepUCTHYECKOEe 3HAueHHUE AD.
ITocne moncraHoBku Gopmyiant (5.1) B ¢popmyny (4.8) jerko npuittu
K BBIBONY O TOM, TAaHTE€HC yIjla HAaKJIOHA 3aBUCUMOCTEH, INpencraB-
JIEHHBIX Ha puc. 4.2, XapaKTepHU3yeT HE HCTUHHYIO WUPHUHY 3allpeLICH-
HOM 30HBI MOJYTPOBOAHUKA, a ec 3G IEKTUBHOE 3HAUCHUE ADy, MO-
JlyyaeMoe 3KCTparonsaiiyeil TMHeHHOTo cooTHoweHus (5.1) K TeMIte-
patype T=0 K.

B HOpMaJIbHBIX YCJIOBUSX MOPOTYy COOCTBEHHOTO ONMTUYECKOTO MO-
[JIOLIEHUSI COOTBETCTBYET JUTMHA BOJMHBbE 1,1 MKM.

OcHOBHBIE (U3NYECKUE MTapaMeTPbl KPEMHUsE NIPUBEACHBL B TabJI.
IMpunoxenus 2. Ilo yrouHeHHBIM AAHHBIM €r0 COOCTBEHHOE YAETLHOE
COMPOTUBIIEHUE MTPU KOMHATHOM TeMriepaType cocTanisieT 3,16 KOM - M,

NpHYeM B YUCTOM MaTepUaie NOABIKHOCTE

A, sB— 1205 i T=0K  IEKTPOHOB MPUMEPHO B TPH pasa mpe-
\i BbILIAET MOABHXHOCTD IbIPOK. OAHAKO MpH
1,16 \ MOBBILIEHUYU TEMIIEPATYPhI 3TO COOTHOLLIE-
\ HUe He OCTaeTcd HeU3MeHHBbIM. 1 moc-
1,14 \ THXXEHHSI COOCTBEHHOM 3/1€KTPOMPOBOAHO-
CTH B HOPMAJIbHBIX YCJIOBUSX CONEPIKAHUE
OCTATOYHBIX IPUMECEN B KDEMHUU HE 0JI-
1,12 o npesbimats 10'6 M3, TToka naxe ca-
Mble COBEpLIEHHbIE METOJBI OYUCTKH TO-

1,10 \
1,08 Puc. 5.2. 3aBUCMMOCTb LUIMPUHBL 3ANPEILEHHON

0 100 200 3007, K 30HBI KPEMHHS OT TEMIEPATYPhI
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JIYIIPOBOIHKMKOB HE MO3BOJISAIOT IOOUTHCS CTONb BRICOKOH CTEIIEHU UM~
CTOTHI.

J1na M3roToBIeHU MOAYIPOBOIHUKOBBIX NPUOOPOB, 3JIEMEHTOB U
CTPYKTYD NIPUMEHSIETCS MaTepUa ¢ OTNIpeACAeHHBIMU 100aBKaMu BJIeK-
TPUYECKHM AKTMBHBIX MpuMeceil. B kayecTse HTOHOPOB M AKLEHNTOPOB
OOBIYHO UCIONIB3YIOTCSI COOTBETCTBEHHO 3eMeHThl V U III rpynn Ile-
pUOANYECKON cucTembl saeMeHTOB . M. MeHneneepa. 3Ty NpUMecH
OTJIMYAIOTCS CIOCOOHOCTHIO 0OPA30BBIBATH IPOYHBIE KOBAJIEHTHBIE CBsI-
34 C OCHOBHBIMM aTOMaMM KPHCTAJUTMYECKOM peuieTKH KpeMHUs. MM
COOTBETCTBYIOT MEJIKHE YPOBHH B 3aTPELIEHHOI 30HE C SHEPTHUed MOHU~
3auuu, onuskoi K 0,05 3B. OueHky ¢ nomoliubio popmyisl (4.18) mo-
Ka3bIBAIOT, YTO IaXe MpH AOCTATOYHO BBICOKOH CTENMEHM JICTHPOBAHUS
(nopsizka 10%* M~%) MenKue TOHOPH M aKUENTOpbl B KPEMHUU TIPAKTH-
YeCKH MOTHOCTHIO MOHM3UPOBAHHI NpH Temreparype Boiiie 250 K. IToato-
MYy B HOPMAJIBHBLIX YCJAOBUSX KOHLIEHTpalMsl HOCUTENEH 3apsiaa B He-
KOMIEHCHPOBAHHOM MOMYTIPOBOTHUKE PABHA KOHIIEHTPAIUH TTPUMECH.

Bonee CHOXHBIM MOBEACHUEM OTJIMYAIOTCS TIPUMECH 37eMEHTOB I,
1, VI, VII rpyrmn u VIIA noarpynnel [lepuoanyeckoil CHCTEMBI 2Jie-
MeHToB 1. 1. Menneneera. I1pu BXOXIEHHUU B KPUCTALIUYECKYIO pe-
HIETKY KPEMHHUS aTOMbl MHOTMX M3 3THX 3JIEMEHTOB TIPOSIBJISIOT CBOM-
CTBa MHOT03apsA0BbIX IIEHTPOB, T.€. MOTYT OTAABaTh WJIM MPUHUMATH
Ha cebs1 Gosee OAHOro 3MEKTPOHA. BO3MOXHOCTD IOSIBIEHUS! TAKMX
COCTOSIHUI 0OYCIOBJIeHA 3HAYUTENBHBIMHU Pa3IMYUSIMU B BAJICHTHOC-
TsIX aTOMOB MpuMeceil ¥ OCHOBBI. Kak npaBuiio, B 3TUX ClIydasiX IIpH-
MECHBIM COCTOSTHUSIM OTBEYAET HECKOIBbKO NIYOOKHMX SHEPTETUYECKUX
YPOBHEH B 3alpelleHHON 30He MOJIynpoBoaHMKA. Hanpumep, mpu-
MECHBIE aTOMBI MEIIM CO3/IaI0T B KPEMHHH TPH aKIEMTOPHBIX YPOBHS C
sHeprussMu onuzanuu 0,24, 0,40 u 0,53 3B, a npu BXOXIeHHUH ato-
MOB XeJle3a 00pa3yeTcs TpU JOHOPHBIX YPOBHS C ITYOHHOM 3a/leraHus
OTHOCHUTENIBHO «JIHa» 30HH npoBoaumoctu 0,14, 0,51 u 0,72 3B.

Ilpumecu, coszpaloive ryOOKHE YPOBHH, OTHOCHTEILHO Cjabo
BJIMSIIOT Ha 3/eKTPONPOBOIHOCTbh MaTepraia, OAHAKO OHM CHIJILHO Or-
PaHMYUBAIOT BpeMsl XKM3HU HEPaBHOBECHBIX HOCUTEIE 3apsia, a ciie-
JIOBaTebHO, MOTYT UTPaTh BaXHYIO POJIb B IIPOHECCaX peKOMOMHALINHI
U (pOTONPOBOAUMOCTH.

Bce MHOBajeHTHBIE NPUMECH, UCHOJIb3YeMble IUIS JETMPOBaHHUS
KpeMHUst, 00pa3yloT ¢ HUM TBEP/AbIE PACTBOPHI C BeChbMa OIpaHHYEH-
HO# pacTBOPUMOCTBIO (I0IM aTOMHOTO NpOLIeHTa). XapakTep TeMIie-
paTypHbBIX 3aBUCUMOCTEH PAaCTBOPUMOCTH MPUMECHBIX KOMIIOHEHTOB
WOCTpUpyeT puc. 5.3. Bce KpuBble MOAOOHB M MOKA3BLIBAIOT, YTO
MaKCUMAaJIbHOUM pacTBOPUMOCTH COOTBETCTBYIOT TeMItepaTypsl 1 200...
1300 °C. Takoif BUA pacTBOPUMOCTH, KOTAA MaKCUMYM €€ COOTBET-
CTBYeT TEMITEpaType, NpeBhIIAIOIICH TeMIIepaTypy 3BTEKTHYECKUX TIpe-
BpallleHUH, HA3bIBAIOT pempozpadHoli pacmeopumocmsro. PeTporpaaHas
pacTBOPUMOCTD XapakKTepHa IS IMOJYNPOBCOAHMUKOBBIX (a3 M peako
BCTPEYAETCH B META/UIMUECKUX TBEPIbIX pacTBOpax.
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YMeHblleHHe PaCTBOPUMOCTH C MOHUXKEHUEM TeMIEpaTypbl MO-
KET MPHUBECTHU B CJIy4ae CUJIbHOIO JIETUPOBAHUSI K 0Opa30BAHUIO Mepe-
CHILIEHHOTO TBEPAOrO PacTBOPA U €ro MOCISAYIONIEMY paciaay ¢ Bbi-
JeJIeHHeM U30bLITOYHO PACTBOPEHHOTO BELUECTBA B BUIE MUKPOBKIIIO-
yeHUt HOBOM ¢azbl. Pacran HauMHaeTCs ¢ mepexoga YacTH aTOMOB
MPUMECU U3 Y3JI0B B MEXIOY3JHs, T.€. B 3JIEKTPUUYESCKM HEaKTHBHOE
COCTOSTHHE, Y NTPOIOIXKAESTCS ITyTeM KOHIEHCALMH MEXI0Y3eIbHBIX ATO-
MOB B MpUMECHBIE Knactepbl. M3 puc. 5.3 BUOHO, YTO Ye€M MEHbIIE
KOHLICHTPALIMA pacTBOPSeMOH puMecH N, TeM CHIIbHEE IIPOSIBIISIETCS
pETpOrpaiHbli Xapakrep pacTBOpMMOCTU. [IpenennHoe coaepxaHue
NPUMECHOTO KOMIIOHEHTA B TBEPIOM DACTBOpPE 3aBUCHUT OT CTEMEHU
COOTBETCTBUS KOBAIEHTHBIX PAIUYCOB U BAJICHTHOCTEW aTOMOB B3aM-
MO3aMeLIaeMbIX 3JIEMEeHTOB. M3-3a CHIILHOrO pa3nuyus BAIEHTHOCTEH
110 CPABHEHUIO C KPEMHHUEM PAacTBOPHMOCTH TIpHMeceit, 06pasyIonnx
ryboKHe YPOBHHU, CYLIECTBEHHO MEHbIIIE PACTBOPHUMOCTH MPOCTHIX (T. €.
OIHO3apSIAHbIX) JTOHOPOB M akiuenTopoB. Cpeau MpOCTBIX JOHOPOB
MBILIBSIK U PochHop UMEIOT KOBAIEHTHbIE PaaAMyChl, HauboIee OaU3-
KHE K paguycaMm aTroMoB KpeMHHUS. [103ToMy NpH BXOXIASHUH 3THX NPHU-
Mecei B KPUCTAJUT SHEPTUsl YIPYTrUX UCKaXKEeHWH pellieTKH OKa3bIBaeTCs
MUHUMATIBHOM’, YTO ¥ O0YCOBIUBAET X NOBBIICHHYIO PACTBOPHMOCTD.

IIpakTuyeckuii MHTEepeC NpeacTaBiIsieT cO00H 3aBUCHMOCTh Yaelb-
HOTO COIPOTUBAEHHUS MONYIIPOBOIHUKA OT KOHUEHTpPALUU INpUMeC-
HbIX aTOMOB (JIOHOPOB WIH aKIIENTOPOB). Takue 3aBUCUMOCTH LIS KpeM-
HUS U TEPMAaHUs C pa3HbIM TUIIOM 3JEKTPOIIPOBOAHOCTH ITPUBEICHBI
Ha puc. 5.4. OHHM UCNOAB3YIOTCA NPU pacueTax KOJHYECTBA JETUPYIO-
WeH NpUMecH, HeOOXOAUMOrO IS NTOYYeHUsT MOHOKPHCTALIA C Tpe-
OyeMBbIM YAENbHBIM COMpPOTHBICHHEM. BBUIY TOro YTO MpHU KOMHAT-
HO! TeMIepaType MEJKHUE JOHOPHI H AKUENTOPH! MOJTHOCTbIO HOHHU3H~
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Puc. 5.3. TeMmneparypHble 3aBUCUMOCTH PAaCTBOPUMOCTH MPUMECEil B KDEMHHUU



OcHo8HbLe c80licmBa U npumMeHeHUe NOLYNPOBOOHUKOBbLY MAMEPUALO8 213

p, OM-M

2
10 \——p

1072 R
n—(}e/\ \\
/X\
104 25271 NN
a-UN \&
\ N
P N

0
101 10% 102 102 10% N, M3

Puc. 5.4. 3aBUCUMOCTb YI€IbHOTO CONPOTUBICHHUS KPEMHUS ¥ TEPMaHUs OT
KOHLIEHTpaLUX NipuMecH nipu temreparype 20 °C:

a— Ny < 1072 »73

pPOBaHBI, /IS YACIIBHOTO COTIPOTUBIICHUS B 00JIaCTH NIPUMECHOM 3JIeK-
TPOINPOBOJHOCTH CIPaBEUIMBO BhipaxeHue p = 1/(eNyu), rae Ny, —
KOHIEHTPALMS TIPUMECHBIX aTOMOB (TOHOPOB WIM aKIIEIITOPOB).

KoHueHTpaMOHHbIE 3aBUCUMOCTH IMOABMXXHOCTH JIEKTPOHOB U
IBIPOK, MOJIYYEHHBIE SKCIIEPUMEHTATBHBIM ITyTEM, IIOKa3aHbl Ha PHUC.
5.5. EciM KOHLIEHTpaLys NPUMECHBIX aTOMOB TnpeBbiaet 102 M3, to
paccessHHe Ha MOHW3UPOBAHHBIX MPUMECSIX HAUYMHAET UIPaTh CylUe-
CTBEHHYIO POJIb JaXe IIPH KOMHATHOI TeMrepatype. [1pu onnHakoBoit
CTEMEeHHU JIETUPOBAHUS MOABUXHOCTD ABIPOK B MaTepUasle p-TUTIA BCETAA
MeHbllle MOABMXHOCTU 2JIEKTPOHOB B KpUCTa/lax n-Tumna. [Toatomy
3aBUCHMOCTD YIEJIbHOIO CONMPOTUBICHUSE OT KOHHEHTPAaUUHU JIETUPYIO-
LUX TTPUMeEcel ISl MOTYNPOBOJHUKOB p-TUIA NTPOXOIUT BBILLE, YeM
aHaJIOrMyHasi 3aBUCUMOCTbD 1 KPUCTALIOB H-THIIA.

Hwu3skas HoABHXXHOCTb HOCUTEESH 3apsifa Npu CUIBHOM JIETHpOBa-
HHUHU 1 OrpaHUYECHHAs PACTBOPUMOCTb NPUMECEH 3aTPYIHSIOT MOJy4e-

b M/(B-)
2
B — , M°/(B-c)
0,2 I~ o M7
0,08 0,04 S
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Puc. 5.5. 3aBUCHMOCTDL NMOABUXHOCTH HOCUTENCH 3apsiia B KPEMHHH OT KOH-
LIEHTpaLUHX 3JIeKTPOHOB (@) u abipoK (6) npu temnepatype 20°C
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HUE MOHOKDPHUCTAJ/LUIOB KPEMHMUS € YAEJIbHBIM COMIPOTUBJICHUEM MEHEe
1073 Om - M. Tlpu conepXaHuu MPUMECHBIX aToMOB 6osee 102 M~ B 110-
JIYIIPOBOAHMUKE BO3MOXHO 00pa3oBaHHUE pasjiMYHBIX KOMIUIEKCOB M
MHKPOBBIIETCHUI BTOpOil (ha3bl, YTO COMPOBOXAAETCS U3MEHEHHEM
9JIeKTPUYECKOH aKTUBHOCTH MPUMECEii. DTO BhIpaXaeTcsl B HECOOTBET-
CTBMU KOHUEHTpPAaUMM HOCUTeNel 3apsga CONEpXaHMIO BBEICHHBIX
JIOHOPOB MJIU aKHEINTOPOB.

B raHapHOW TEXHOJIOTHH KPEeMHHEBBLIX MPUOOPOB OMHHUM M3 OC-
HOBHBIX METOIOB JerHpOBaHMS 10JYNPOBOIHUKOBBIX IUIACTHH U CO-
3MAHUSL p— H-TIEPEXOJOB C 3aJaHHOI reomerpueil siasiercs auddy-
3UsA EKTPUYECKH aKTUBHBIX NpuMeceit. I ynpasinenus npoduieM
pacnpeneseHus! IpUMECH 10 ITyOuHe WIACTUHBI HaJao0 3HATh Ko3dhdu-
uueHT nuddysun D nerupyrouiero 31eMeHTa, KOTOPbIi U OflpeIeasieT
CKOpOCTh MaccolepeHoca. YncieHHoe 3HaueHue KoahduuueHToB aud-
(hy3uu B TBepaoi (ase CHIBHO 3aBUCHT OT TeMIteparypsl. Ha puc. 5.6
NpeNCTaBICHbl AaHHbIE 0 KOadpuiimeHTax 1udbdy3uu B KpEMHUH Hau-
60oJ1ee pacnpoCTpaHeHHBIX JISTUPYIOLIMX U COMYTCTBYIOLIUX MTpUMeCEi.
Jlerko 3aMeTHTb, UTO CKOPOCTh MG PY3UM METKHMX TOHOPOB U aKLET-
TOPOB Ha 5...8 MOPSAKOB HUXE CKOPOCTH IUpDy3um rnpumeceit, co-
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Puc. 5.6. TemnepaTypHbie 3aBUCUMOCTU KO3dpuumeHToB auddy3unn D npu-
Meceil B KDEMHHUM:

a — MeUleHHO auddyHIupyolue npuMecu; 6 — 6uictpo fudbGyHAPYIOLIME IPUMECH
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3MAI0UIUX TIyOOKME YPOBHU B 3alpelIeHHOMN 30He. YCcKopeHHast nud-
¢hy3usi HEKOTOPLIX HEKOHTPOJIMPYEMBIX TIpUMecell, TAKMX KaK MEIb,
MOXET NPUBOAUTH K HEOOPATUMBIM M3MEHCHUSIM XapaKTEPUCTUK MO-
JIYIIPOBOJHMKOBLIX MIPUGOPOB B MPOLIECCE UX DKCILTYaTalUU.

CyluecTByeT olpeaeieHHasi B3auMOCBSI3b Mexay KoaddulmeHTa-
MU 1ucdy3ur NpUuMeceil ¥ UX pacTBOPUMOCTBIO B TBEpIOH dase: yeM
GOMNbLIE PACTBOPUMOCTD (YeM LIMPE 06acTh CYyLIECTBOBAHUS TBEPIOTO
pacTBOpa NONYNPOBOZHUK — ITPUMECH), TeM MeHblie KOd(pOHULIHEHT
Iuddysun. Pusndeckas CyIHOCTb TAKOH KOPPEISILUM BHITEKACT U3
KUHETHUKHM TEIUJIOBOTO JBIKCHUS Je(DeKTOB B KpUcTaLiax. Yem MeHee
YCTOMYMBO COCTOSIHUE, TEM Bhillle CKOpoCTh nuddy3un. B ciayyae BI-
COKOH pacTBOPUMOCTU MPUMECHBIC aTOMBI [IPOHUKAIOT B KPUCTALIHN-
YECKYIO PELIETKY B OCHOBHOM IO BakaHCUsIM. Eciu Xxe aToMbI pacTBO-
pSIEMOro 3JEMEHTA HE MOTYT 3aMelUaTh y3/Ibl PCUIETKH WIXM HE MOIYT
VAEPXAaThCsk TaM BCACACTBUE CTAabON XMMHUYECKOH CBsi3H, TO AU Dy-
3US MNPOXOAMUT II0 MEXKIOY3MUSIM. DTOT MEXaHU3M XapaKTepU3yeTcst
0OIBHION CKOPOCThIO MUTPpallMM aTOMOB. B TO Xe BpeMsl B MEXIIOY3€/b-
HOM TNPOCTPAHCTBE MOXET PA3MECTUTLCS HEOGONbLIOE YUCIO aTOMOB,
YTO 00YCIOBIMBAET MAIYIO PACTBOPUMOCTD.

ITockonbky mone3unie npumecu I1I u V rpynn [lepuoanueckoit
cucteMebl aneMeHToB . . MenaeneeBa, cneuraibHO BBOOUMBIE B MO-
JYAPOBOIHUK IS MPUOAHHS €My HEOOXOHUMBIX 3JECKTPUYECCKHX
CBOICTB, U PYHIUPYIOT OYCHb MEUICHHO, 4 HEKOTOPbIE HEXCna-
TeJbHbIC NpUMeECH (OCOGEHHO Mellb, XejIe30, 1UETOYHBIE METALIbI)
IUGOYHIUPYIOT GBICTPO, TO IPKU TepMOOOpaboTKe TpeOyeTCs TIHATENb-
Hasl 3aI[MTa ITOBEPXHOCTH MONYIIPOBOAHUKOBBIX CTPYKTYP OT BO3MOX-
HbIX UICTOUHUKOB 3arpsi3HEHUS.

Benencreue HU3kUX Ko3dduumenTos aug@Ppy3un OCHOBHBIX JIETH-
pylommx npuMeceit aud@y3noHHOE JIETUPOBAHUE KPEMHUsI OGBIYHO
MPOBOAAT MpPU JOCTATOYHO BRICOKMX TeMmnepartypax (1 100...1350°C)
B TEYCHHUE JUIMTENLHOTO BpeMeHU. [1pu mnddy3noHHOM JerupoBaHUHU
BO3HMKAIOT TPYJAHOCTH B MOJYYCHHUHU TOHKHX JICTHPOBAHHBIX CJI0€B {1011
MHMKDPOMETPA) U Pe3KUX p— n-1epexoaoB. CleayeT OTMETHTh, YTO B
KPEMHHH BCe MeJIKHe JOHOPH, 33 HUCKIIoYeHHeM ¢ochopa, anbdyH-
JUPYIOT 3HAYUTEBHO MEUICHHEE MEJKHUX aKLUENTOPOB.

IInaBneHue KpeMHUS COMPOBOXAACTCS HEKOTOPHIM YBEIMYCHUEM
€ro MmiIoTHocTH (npumepHo Ha 10 %) u CKaukooOpa3HBIM YMEHbIIIe-
HHEM YIeJIbHOro conpotunieHus (npumepHo B 30 pasz). B pacruiasnen-
HOM COCTOSIHUM KPEeMHMII UMeeT VACIbHOE COMPOTUBICHUE MOpSIIKA
10~ OM - M ¥ BezieT ce6s1 MOA06HO XUAKMM METALIAM, T. €. XapaKTepu-
3yeTCsl MATOH MOABUXXHOCTHIO M BRICOKON KOHLEHTPAUEN HOCUTENEH
3apsina. braromapst MaToMy COTIPOTUBICHUIO paciulaBa obneryaeTcst MH-
AYKIMOHHBIA pa3orpeB Marepuaia IIpH MpOBEACHUHU IIpoliecca 30H-
HOM IUJIaBKH.

O6s1amast HOCTaTOYHO BLICOKOM TemmepaTypoii rwiasieHus (1414 °C),
KpeMHHUI XUMHUYECKH OYE€Hb aKTHBEH B PacIUIaBI€HHOM COCTOSIHUU.
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IloaToMy BO3HMKAIOT TPYAHOCTH ¢ 1MOAOOPOM TUTENBHOIO MaTepuasia
MpH BLIpALIMBAaHUU MOHOKpHUCTALI0B. Haubostee pacripocTpaHeHHbIC
TEPMOCTOMKHE MaTepHaibl — KBapIl U rpaduT, U3 KOTOPBIX OOBIYHO
M3TOTOBJISIIOT JIOAOUYKHU UM TUIJIM, IIPU BLICOKMX TEMIIEpaTypax B3auMo-
JeHCTBYIOT C KpeMHUEM. B pe3ysibTaTe peakiluu KpeMHHUS C YIIepoIoM
obpasyercs kapoun kpemHusi SiC — oyeHb YCTOHYHMBOE XMMHYECKOE
COeIMHEHHE C MONYNPOBOIHUKOBBIMU CBOMCTBAMU.

B HOpMaJTBHBIX YCIOBUSAX, T. €. IPU KOMHATHOM TeMIlepaType, KpH-
CTAJUVIMYECKUU KPEMHUM B XMMUYECKOM OTHOILEHUH SIBJISETCS JOCTA-
TOYHO MHEPTHHIM BelllecTBoM. OH He pacTBOPUM B BOJIE, HE pearupyer
€O MHOTMMH KHCJIOTAMU B JTIOOOH KOHIIEHTpalluy. XOpOLIO pacTBOPSi-
€TCSt JIMlb B CMECHM a30THOM M IJIABUKOBOM KHCJIOT M B KHIAILIMX
1HeJIouax.

KpeMmHuii ycroituns Ha Bo3nyxe npu Harpesanuu a0 900 °C. Beiiue
9TOH TeMIepaTyphbl OH HAYMHAET UHTEHCHBHO OKHUCISATLCA ¢ 0Opa3o-
BaHueM auokcuaa SiO,. [Ipu HarpeBaHUM KpEMHUI JIETKO B3aMMO/ACH -
CTBYET C raJioreHamu, a ripu Temneparypax I 100...1 300 °C crocoben
HEeIOCPENCTBEHHO COEIMHATBCS C a30TOM ¢ 00pa30BaHUEM HUTpUIA
Si;Ny4. KpeMHuMit xopolo pacCTBOpUM BO MHOTHX PACIUIABIIEHHBIX Mée-
tamnax (Al, Ga, Sn, Au, Ag u ap.). C psaaom metamioB (Cr, Mo, Fe,
Cu, Mg u 1p.) oH obpasyeT yCTOHYUBBIE XHMHYECKHE COCTUHEHUS —
CHJTULIMIBI.

IMoayyenue kpemuua. MicxonHBIM ChIPEEM IPH MOJYIEHNH KPEeMHUS
SIBJISIETCS] NPUPOAHBIN nuoKcha Si0, (KpeMHe3eM), U3 KOTOPOro KpeM-
HHM{ BOCCTaHABJIMBAIOT YIJICPOAOCOAEPXKAIINM MATEPUATIOM B JIEKT-
PHUYECKMX Ieyax Npu Temmnepatype okoso 2 000 °C:

Si0, + 2C — Si + 2CO

Texunyeckuil KpeMHUMI MpeAcTaBisieT co00il MeTKOKpHUCTAJUIMYE-
CKHii criek, comepxaiuuii okono 1 % npumeceii.

TexHonorus nojyyyeHmss KPEMHHUSI MONYNPOBOAHUKOBOM YMCTOTHI
BKJIIOYaeT B ce0sl Cleayloliue ONnepalyu:

1) mpeBpallleHMe TEXHUYECKOTO KPEMHMSI B JIETKOJNETYyYEE COEOU-
HEHUE, KOTOPOe IMOCAE OYMCTKM MOXET OBITh JIETKO BOCCTAHOBJICHO;

2) OYKCTKA COSMUHEHUS (PUBMIECKUMU M XUMHUYECKUMH METOAAMH;

3) BOCCTaHOBJIGHME COCIMHEHUS C BBIAEJIEHHEM YHCTOrO KpeM-
HUS,;

4) OKOHYaTe/NbHAasl KPUCTA/UIM3ALMOHHASN OYMCTKA U BhIpallUBa-
HHE MOHOKPUCTAJLIOB.

B nosyripoBoAHMKOBOM NMPOU3BOACTBE HAMOOJbLIEE PacCipOCTPaHE-
HME TMOJIYYW]I METOJ BOIOPOAHOTO BOCCTAHOBJICHHUS TPUXJIOPCUIAHA
SiHCl;. Iocaeanuii nonydaoT 06paboTKOH U3MEIBUEHHOro TEXHHYE-
CKOTO KPEMHHUS CYXHUM XJIOPUCTBIM BoJopoaoM pu temmepatype 300...
400°C:

Si + 3HCI — SiHC, + H,
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Tpuxyopcuiad TpeAcTaBiIsieT co00i XUIAKOCTb ¢ TeMMEpaTypoit
kuneHust 32 °C.

IloaTOMY OH JIETKO OYMUIAETCS METOJAMM SKCTPAaKUIHH, ancopb-
MU U PEKTU(DUKALINH.

IIpouecc BOMOPOAHOrO BOCCTAHOBJIEHHUST KPEMHHS OCYLLIECTBIISIET-
¢s o cxeMe, n300pakeHHOH Ha puc. 5.7. [lap ounieHHOro XJI0pCuna-
Ha TOTOKOM BOJOPOAA JOCTABJISIOT OT UCIAPUTENS] B KAMEPY BOCCTa-
HOBJICHHsI, B KOTOPOi Ha CNeUUAJIbHBIX TOKOTIPOBOAX PACIIONOXEHBI
TOHKHE CTEPXHHU-3aTPABKH U3 YUCTOrO KPEMHHS. DTU CTEPXKHU Harpe-
BalOTCS ITPH NPOITYCKAHUH 10 HUM 3JIEKTPUUYECKOTO TOKA JO TeMIIepa-
Typel 1200...1 300 °C. OcaxneHue BbIAENSIONIErOoCcsl KpEMHUSA HaA 3aT-
paBKax [MO3BOJISIET MOJIYYaTh MOJUKPUCTAULIHYECKHE CTEPXKHU HEOOXO0-
JUMOTO JIMaMETpa C COAePXKaHUEM OCTATOUYHBIX MpUMECE HAa YPOBHE
1077...107% %. AnbTepHAaTUBHBINA BApUAHT IOJYYEHUs YMCTOrO IMOJHU-
KPUCTAUIMYECKOTO TPOAYKTA CBSI3aH C TEPMHUUYECKUM pa3ioXeHHEM
moHocunaHa SiH, Beicokoit yuctoThl. IIpu 3TOM o6las cxema Ipo-
1ecca ocracrTcs 6€3 U3MEHEHM.

BoipamuBanue MOHOKpHCTALIOB. KpymHble 00beMHbBIE MOHOKpH-
CTAJJIBI KPEMHHUS! BBIPAUIMBAIOT METOJAaMHU BBITATHBAHMS U3 pacIliaBa
1 GeCTUreIbHOM 30HHOM TNIaBKU. MeToa BHITTUBAaHUS MOHOKPUCTAI-
Jla 43 pacillaBa Ha OPUEHTUPOBAHHYIO 3aTPABKY MOJYYMIT HIMPOKYIO
M3BECTHOCTH KakK mMemod Yoxpaasvckoeo. Ero HCTIONB3YIOT IUIST BHIPALLM-
BaHHUsSI MOHOKPHUCTAJJIOB CaMbIX Pa3fIMYHBIX BEUIECCTB, HE TOJLKO IO-
JIyIpOBOAHUKOBKIX. Bnarogaps cBo6oaHOI HanpaBJIeHHOM KPUCTAUIH-
3alIMU STOT MeTOA obecrneynBaeT Haubosee BHICOKOE CTPYKTYPHOE CO-

3 4 5
SiHCl,
2
, ]
5 Bribpoc

Puc. 5.7. Cxema npouecca nojay4eHus MOJUKPUCTA/UTNYECKUX CIUTKOB KpeM-
HUsI BOTOPOIHBIM BOCCTAHOBICHUEM TPUXJIOPCUIIAHA:
1 — ycnaputens-cMecuTeNns; 2 — 103aTop; 3 — €MKOCTh C YMCTHIM TPUXJIOPCHIIZHOM;
4 — BOﬂOOXIla)Kl]aCMBIﬁ TOKOIIPOBOA, 5 — KPEMHUEBLIC CTCPXHU-3aTPABKU; 6 — Ka-
MEpa BOCCTAHOBJICHHUA
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BEPLLEHCTBO MOJTYYaeMbIX CIUTKOB. bosnee 70 % MOHOKPHUCTAIIHYECKOTO
KPEMHMUS TIPOU3BOIAT N0 MEeToAy YoxpaibcKoro.

OCHOBHbIE Y3/Ibl YCTAHOBKH, INPEIHA3HAYEHHOM [T BHITSITUBAHUS
KPHCTALJIOB M3 pacruiaBa, CXeMaTUYHO NOKa3aHbl Ha puc. 5.8. Pabouum
00BEMOM CITY>KUT TepMETHYHAs BOJOOXJIaXaAaeMasl CTajlbHas KaMepa,
BHYTPM KOTODOIt co3gaeTcsa Bakyym nopsaka 10~* Ila wnu 3aiuTHas
razoBas cpena. [lonukpucraminyecKuii KpeMHHWM, MPOLIeani nper-
BApUTEJIbHYIO OUMCTKY, NOMELLAIOT B TUTe/b U3 OITHYECKOro KBapue-
BOTO CTeKJIa. Pa3orpeB TUISL OCYLIECTBASIETCS HHAYKLIMOHHBIM ITyTeEM
WM C TIOMOHIbIO PE3UCTUBHBIX rpaduTOBBIX Harpepareneit. IlocneaHue
UMEIOT (HOpMY pas3pe3HOro TOHKOCTEHHOro nuiauHapa. CucreMa rpa-
(PUTOBBIX 3KPAHOB OOECTIeUNBAET 3aAAHHOE paclpe/ieieHUe TeMIepa-
TYpBI B 30HE KpUCTa/LIU3alMU. YToOb u3bexaTs AedopMaluu TULIS,
BBI3bIBAEMOM PA3MSITYEHUEM KBApUEBOrO CTEKJA, €ro IOMELIAoT B
rpauTOBLIN CTaKaH, KOTOPHIH OJHOBPEMEHHO CITOCOOCTBYET BhipaB-
HMBAHUIO TETIOBOTO MOJIA.

[Tocne onmyckaHus WUTOKA M TMOAIJIABACHUS 3aTPaBKU MPOU3BOIST
paspalllMBaHue KpUCTa/UTa A0 TpebyeMoro guameTpa. BroipaiinBaHue
UMJIMHAPHUIECKON YaCTU KPUCTAJIIA OCYHIECTBIISIOT B aBTOMATUYECKOM
pexuMe co CKOpOoCThio 1...2 MM/MUH. Jlerupyioliye NpuMecH B CTPOTo
KOHTPOJIMPYEMBIX KOJIUUYECTBAX BBOAAT HEMOCPEACTBEHHO B pacIlUIaB.
Bpalenue Kpucrajsia U THIJIS CO3AAET PEXUM BBIHYXAEHHOW KOH-
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Puc. 5.8. CxeMa yCcTaHOBKM JJI BBITATHBAHUS MOHOKPUCTAIIIOB M3 pacIliaBa:

1 — pabGouass kamepa; 2 — CMOTPOBOE OKHO; 3 — pPE3UCTHUBHBIH HarpeBaTenb WJIU

BBICOKOYACTOTHBIN MHIYKTOP; 4 — TETUIOBbIE 9KpaHbl; 5 — LUTOK BpallaTes TUIS; 6 —

rpaUTOBBIA TUreb; 7 — KBapleBblil BKJIaablll; & — pacruias; 9 — pacTyILUl MOHO-
kpuctann; [0 — 3atpaBka; /] — WITOK aepxXaTensl 3aTpaBKU
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BeK1IMH, o0ecnieymBalolleil paBHOMEPHOE paclpeaeaeHUE IPUMECH IO
BCEMY OOBEMY XMIKOU (ha3bl.

st nerupoBalusi Haubosiee YacTo UCHOAb3YIOTCS (hocdop U 60p,
061a1a10HIMe BLICOKOH pacTBOPHUMOCTBIO B KpeMHHU. Takue KpUcTa-
JIbl 3JIEKTPOHHOIO U IbIPOYHOTO TUIIOB MAPKUPYIOTCS cuMBosiaMu KOD
u KJIb cooTtBeTcTBeHHO. Kak npaeusio, Metoa YoxpanbCKOro npume-
HSIETCSI TSl BhIpALlMBAaHUSI MOHOKPUCTAJUIOB ¢ OTHOCHTENIbLHO HEBBI-
COKMM YJEeNbHbIM CONMpoTUBIeHUEeM (MeHee 2,5 OM * M). ITpoMbliiieH-
Hbl€ YCTAHOBKU I103BOJISIIOT BBITATMBATh MOHOKPUCTAJUIbLI JUAMETPOM
cBoitiie 200 MM M JUTHHOM 10 1,5 M ¢ HIMPOKUM AUANIa30HOM HOMHUHA-
JIOB YIEIBHOTO COTIpoTHRieHus1. [TonydeHne KpUcTauioB O0IbIIOTO I~
aMeTpa OYeHb BaXXHO IPH CO3MAHUH OOJILIINUX U CBePXOOJIbILINX UHTET-
paIbHBIX CXeM. B TeXHOJOTUM KPEeMHHMEBBIX MHTETPAJbHBIX CXEM 35TH
MOHOKPHMCTAJIBI B OCHOBHOM MCIIOJB3YIOTCSI B KaueCTBE MOMIOXKEK
JUis TIOCTIENYIOLUETO OCAXKIASHUS HAa HUX BITUTAKCUAIBbHBIX CJIOEB.

I'naBHBIM HemocTaTKOM MeToAa YoxpanbCKOTo SBJISIETCSl 3arpA3He-
HHME KPUCTAULIOB KUCI0poaoM. MCTOYHMKOM KHCIOPOAA CYXUT KBap-
LIEBbIil TUTEb, KOTOPbIH B3aMMONEHCTBYET C pAaCIIaBOM B COOTBET-
CTBUU C peaklMeH

8102 (1B) + Sl(x) - 2Sio(ra3)

CKopocCTh pacTBOPEHMST KBaplia 3aBUCUT OT CKOPOCTU MCIIAPEHUs
JieTyyero MoHookcuaa SiO ¢ moBepxHOCTH paciuiasa. PacTBopeHue
KBaplia B >KHAKOM KPEMHHM BBI3BIBAET HE TOJILKO HACLILIEHHUE pac-
I1J1aBa KMCJIOPOIAOM, HO M BBOIUT NMPUMECH, IIPUCYTCTBYIOLIUE B KBAp-
1eBOM cTekjie. Kak nmpaBuio, KpUCTAUILI KPEMHHMS, MOMYyYEHHEIE Bbl-
TSITMBAHUEM M3 pacIulaBa, COAEpKAaT KHUCJIOPOA B KOHUEHTpPAalUU
103...10% M3,

PacnpocTpaHeHHBIM BHAOM Ae(EKTOB B MOHOKPUCTALIAX SBJSIOT-
csi aucaokauvu. ITpuuyMHaAMM UX TOSIBIEHMS, KaK MPaBWIO, CIYXaT
TEPMUUCCKUE HANIPSIKEHHUsI, 00YCIOBJICHHbIE HEOMHOPOAHBIM pacnpe-
JIeJEHUEM TeMIIepaTyphl B CIMTKE. B peabHBIX YCIOBUSIX BbIpal[UBa-
HUSl MOHOKPUCTAJUIOB HampsikeHUs coctasisior 105...10% ITa, npu-
4YeM MaKCUMAalbLHOFO 3HAYeHUSI OHU HOCTUTAIOT Y MOBEPXHOCTH CIIUT-
ka. O6pa3zoBaHue AMCHOKALMHA TTPOMCXOIUT B YCIOBUSIX, KOIIa TEPMU-
YEeCKUe HarpsiKeHHUs MPEeBOCXOAST HEKOTOPOE MOPOroBoe 3HAUYCHME.
DKCepUMEHTAIbHbIE TAHHBIE CBUACTEILCTBYIOT O TOM, YTO B KpEM-
HUM KPUTMYECKUE HAMPSKEHUSA 00pa3oBaHMa JUCIOKaUUii Oy, 1paK-
THYECKH Ha MOPSIOK BbIlIE, YEM B APYTHUX IOJYIPOBOIHUKOBBIX. Ma-
TepUanax. 31o obseryaet noydyeHue MOHOKPUCTALIOB KPEMHMUSI C HU3-
KOH TUIOTHOCTBIO TUCIOKALMWA.

Kpurudeckne HanpsiKenus oGpasosanus auciokauuii (o, 10, Ia)
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KosiebaHus TeMIiepaTyphl paciuiaBa U ero KOHBEKTUBHOE TepeMe-
IIMBAHUE BbI3BIBAIOT CAOUCTYIO HEOZHOPOAHOCTH B DPACNpeAcieHUU
npumeceil. DGPEKTUBHBIM METOIOM VCTPAHEHMS CJIOUCTOH HEOMHO-
POMHOCTH SBJSETCS HAJOXEHUE HA pacIUlaB TOCTOSHHOTO MarHUTHO-
ro nojist (puc. 5.9). MarHUTOrMAPOIMHAMUYECKOE BO3IEHCTBUE CHUXA-
€T UHTEHCUBHOCTb HEPEryJISIPHOTO KOHBEKTHBHOTO IepeMelluBaHUs,
YTO TIPUBOAUT K MOJABIEHUIO KOJIeOaHUI TeMIieparypsl y HGpOHTa KpH-
CTAJIN3ALUU.

Merton becmueeabHol 30HHOU NAABKYU UCTIONB3YETCs LISl BbIpallBa-
HMSI MOHOKPHUCTAJLIOB C MaJIbIM COIEpPXaHHeM KUCITIOpoaa U O60abIIUM
BpPEMEHEM XXU3HU HEOCHOBHBIX HOCHTEJIe 3apsiia (10 HECKOJIBKUX MU~
JIUCEKYHN). B 3TOM ciyyae UCXOAHBIN MOTUKPUCTAILTUYECKUIN CTEPXKEHD
HEOOXOAUMOro THaMeTpa YKPEIUIseTCs B BEPTUKATLHOM ITOJTOXKEHUU
€ MTOMOLLIbIO CIIEUATbHBIX LIAHTOBBIX NIAaTpOHOB. [10 WiKHe c1uTKa Co-
3[a10T CPABHUTEABHO Y3KYIO PACIIABIEHHYIO 30HY, KOTOpas YAEpXHU-
BaeTCs MEXAY TBEPAbIMHM YacTSIMM CJIMUTKA CHJIAMM TOBEPXHOCTHOTO
HaTsxenust (puc. 5.10). Manasa niotHocTh 1 60abLICH KO3hDULIMEHT
NOBEPXHOCTHOIO HATSDKEHHUS XHUIKOTO KpeMHUsI 00eCIIeYMBaIOT YCTOM-
YUBOCTb PACILIABIEHHOH 30HBI TpeOyeMOH BBICOTBHI, IIpH KOTOPOU
¢opma (poHTa KpUCTATIM3AUNY OM3Ka K TocKoil. Ha crabunbsHoCTh
30HBI OKAa3bIBAET BAUSIHUE M HAIPaBACHNE € ABMXEHUS OTHOCHUTEb-
HO NpPOIUIABASIeMON 3aroTOBKU. YCTaHOBJIEHO, 4YTO HaubGoJjbliasi yc-
TONYUBOCTb XHIKOW 30HBI O0ECHEUMBACTCA TPU €€ IBMXEHHUU IO
KPUCTAaAy CHU3Y BBepX. PacniiaBiaeHUE CAUTKOB OCYLIECTBIAIOT C I0-
MOILbIO BLICOKOYACTOTHOTO MHAYKTOpa. Ilo psanmy coobpaxeHuit mwist
WHIYKIIMOHHOTO HarpeBa MCMOJB3YIOT FeHEepaTophl, paboTamlire Ha
yactote 5,28 MI'1l. BoICOKOYAaCTOTHBIA HAarpeB MO3BOJISIET IIPOBOIUTD
MpOLECC BEPTUKAIBHON OECTUTeNIbHOW 30HHON IJIaBKM KaK B Bakyy-
Mg, TaK ¥ B arMoc(epe 3alIUTHBIX Fa30B.

Puc. 5.9. Cxema BHITATHBAHUA MOHOKPUCTAJ/IA B MATHUTHOM [10JIE:
1 — MoHoKpucTam; 2 — TUreNb; 3 — Harpeparteib; 4 — pacIliaB
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Puc. 5.10. Cxema 6ecTure/IbHOM 30HHOI TU1aB-
E )

KH:

1 — MoHoKpHcTa;, 2 — paclilaBjieHHast 30Ha;
3 — BBICOKOYACTOTHbII MHAYKTOP; 4 — MOJIUKPH-
CTAJUVTMYECKUI CTEPXKEHD e

I1pu rmiaBke B BakyyMme Hapsay ¢ 3 HeKToM KPpUCTAUIU3AIMOHHOM
OYMCTKH, CBSI3aHHOM C OTTeCHEHHEM NpUMecei B XXUAKYIO a3y, Npo-
HCXOIUT UX UCHapeHue u3 pacmiapa. IToaToMy 3¢ heKTHBHAS OUUCTKA
OT KMCJIOpOJAa B BaKyyMe JDOCTMTAeTCs Haxe IOCae OJHOTO TpOXoaa
>KMIKOM 30HbI. [1naBKa B BOLZOpOJE UCMOIL3YETCS B TEX CAy4asix, KOraa
TIPOBOAMUTCS JETMPOBAHUE U3 Ta30BOM (a3bl (BOAOPOI CAYKHUT ra3oM-
HocHTesieM). B TeueHue Bcero rpoliecca MepeKprucTaljin3aluy BepXHSIst
M HYDKHSSE YACTU CTEPXHS BPAaLIAIOTCH B MPOTHBOMOJIOXHBIE CTOPOHBI
€0 CKopocThio 0KoJo 30 06/MuH. [Ipy BhipaliMBaHMK MOHOKPHUCTAJLIA
HaYaJIbHYIO 30HY PAcIUlaBa CO3MAIOT HA CTHIKE MCXOJHOrO CTEPXKHS C
3aTpaBkoil. [locnenHo yCTaHABIMBAIOT B HUXKHEE KPEMEXHOe YCT-
POMCTBO.

MeronoM GecTurenbHOI 30HHOMN IUTABKHU NMOIYYAIOT MOHOKPHCTA-
Jibl KPEMHHUS AMaMETPOM 10 125 MM Y JUTMHOM OoJiee OXHOro MeTpa, ¢
yaensHbIM conpoTuieHueM 1o 1 000 Om - M. OHM HUMEIOT HU3KOE CO-
aepxanue kucaopoga 10... 10" cM~3, Ho ycTynaroT KpUcTaniaM, Bbl-
paileHHBIM MeTOAOM YOXpanbCKOro, Mo OAHOPOTHOCTH CBOMCTB H
YUCHY CTPYKTYPHBIX 1e(EeKTOB.

JlernpoBanne Kpemuns. JlerupoBaHHe MOXET OBITb OCYIIIECTBICHO
KaK B’ Mpoliecce BhIpalllMBaHUs MOHOKPHCTA/Ia, TAK M HA HOCHACIY-
IOIIMX CTaausIX 00paboTKy MaTepuana. bombLIMMH BO3MOXHOCTSMU 10~
JIyYeHUSI MOHOKPHUCTAJIJIOB C OJHOPOMHBIM paclipeAesieHueM MpUMe-
ceil 00s1a1aeT METON PAAMALIMOHHOIO (TPAHCMYTALIMOHHOTO) JIETHPO-
BaHHUs. B ero 0CHOBe JIeXar simepHble PeaKIMU, POTEKAIOLLIMe MO Jei~
CTBHUEM TEIIOBBIX HEHTPOHOB. Bynyyu He3apsKeHHBIMM YacTULIAMH,
HeUTpoHbl 001ana10T OOJbILION NPOHUKAWWEH criocobHocThIO. ITpu
00JlydeHUM KPUCTAJIIa TOTOKOM HEHTPOHOB aTOMbI OCHOBHOFO M30TO-
na 33Si npeBpalaloTCs B HEYCTOMYMBLINA paIMOAKTUBHBIN M30TOI 14Si.
Hocneauuii, uMes mepuoa nojypacrnana Bcero JUIIb 2,6 4, UCOyCcKa-
€T ONpeleeHHOE YUCIO Y- U B-4acTUIl M HEPEXOIUT B YCTOMUMBBIM
uzoron ¢ocdopa iLP. B pesynbrare AnepHON peakiuy IPOUCXOAUT Jie-
rupoBaHue noHopaMu. IlosHas KOHUEHTpal1s JOHOPOB MPOINOPLUOo-
HaJIbHA MJIOTHOCTH HEUTPOHHOIO MOTOKA M JUIMTEJIBHOCTU O0JIyYeHUSI.
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Pazmep paBHOMEpHO JIErMpOBaHHON 061aCTH JOCTUTAET B KpUCTaIax
KPEeMHHs1 AeCATKOB CAHTUMETPOB. Pa3bpoc yneabHOTo CONpOTUBICHUS
o o6beMY CIIMTKOB He NMpeBbllacT 00bHO 5 %. Obpasylouuecs npu
HEHUTPOHHOM OOJIyYEHHH PaAUAllMOHHBIE AeEKTHl YCTPAHSIOT IOCe-
AYIOILUM BBICOKOTEMIIEPATYPHBIM OTXKUTOM.

MeTon paaUalMOHHOrO JIETUPOBAHUS MPUMEHSETCS B OCHOBHOM
JUIS TIONYyYEeHUS] BLICOKOOMHBIX KPUCTLIOB KpeMHHUs. B KkauecTBe uc-
XOTHOTO MaTrepuayia NMpH 5TOM BbIOMpAIOT Haubojiee YUCTblE MOHO-
KPUCTAJUIBI, MOJYYCHHbIC OECTUTEIbHOM 30HHOM 11aBKoH. bazosbiMu
LIEHTpaMU JUTS PAAHALIMOHHOrO JISTUPOBAHUS SIBISIIOTCS] AaTOMHBIE 3J1EK-
TPOCTAHLMHU, IJIe ObICTpble HEHTPOHBI 00PA3YIOTCS B SIAEPHBIX pEaKTO-
pax B pe3yJbTare ACNCHUA siAep paluOakKTUBHOIO TOIUIMBA. MeToq no-
3BOJISIET MPOU3BOAMNTD JIETUPOBAHHbBIM MaTepUal B GONbUIMX 0ObEMaX.
I'maBHBIM MOTPEOUTENICM TaKMX BHICOKOOMHBIX KPUCTALIOB SIBASIETCS
MPOU3BOACTBO CHUJIOBBIX MOJYIIPOBOAHUKOBBIX TPUOOPOB.

IIpu cozganuu NMpUOOPHBIX CTPYKTYP € p— N-NEPEXOJaMU HapsiLy
¢ 1updysueit npumMecei HKPOKO NPUMEHSIETCS METOJ MOHHOIO JIETH -
poBaHUs (MOHHOI UMILIAHTALIMM). B 3TOM ciiyyae nmpuMeCHbIE aTOMBI
BBOJSATCS B MPHUIIOBEPXHOCTHBIN CJI0# KpHCTaia myTeM ero Gomobap-
JUPOBKH COOTBETCTBYIOIIMMM MOHAMM BBICOKOH 3HEpruu. JOCTOMH-
CTBaMHY MOHHOM MMIUIAHTAIUH SIBASIOTCS HM3KME pabouyue Temmepa-
TYPBI, LIMPOKUH CIEKTP UCMTONAB3YEMBbIX IPUMECEN, ITMPOKHUE BO3MOXK-
HOCTH TMOKOTO yIIpaBJICHMS KOHUCHTpalMeil u npoguieM pacnpeme-
JIEHUS JIETUPYIOLIMX TpuMeceil. OHaKo B MPOLIECCEe UOHHOTIO JIETHPO-
BaHMSl TEHEPUPYIOTCS COOCTBEHHbBIE TOYEUHbIE AS(DEKTbl CTPYKTYDBHI,
BO3HUKAIOT 06JIaCTH Pa3yITOPSAOUYECHHS PelIeTKH, a NIpU OOJbUINX A0-
3ax BO3MOXHa amopduzauusa ciaoes. [1o3ToMy HEOOXOMUM MocCaesy-
FOLMI OTKUT IS 3a/ICUMBAHUS AeDEKTOB U CTAOWIN3ALUYU CTPYKTYPHI.

DOuTaKcHaA KpeMans. B rutaHapHON TEXHOMOTMY KPEMHHUEBBIX TIPH-
0OPOB M MHTEIPajbHbIX MUKPOCXEM BaXHYIO POJib UIPAlOT MPOLECCH
SNUTAKCUAILHOIO OCaXIEHUSI TOHKMX CJOEB. TCPMHH <«2HUMAKCUS»
O3HavyaeT OPUEHTUPOBAHHOE HApAlIUBAHUE OJTHOTO KPUCTAIIMYECKO-
ro BElIEeCTBA HAa TIOBEPXHOCTU APYTOro KPUCTALIA, CIYXAIUEro Moj-
noxxoit. HauGonee pacrpocTpaHeHHbI BApUAHT MPOMBILUICHHOH Tex-
HOJIOTUM NOMYUSHHUS KPEMHMEBBIX SIUTAKCUATIbHBIX CI0eB 0a3npyercsa
Ha MPOLECCe BOAOPOAHOIO BOCCTAHOBICHUS TETPAXJIOPUIA KPEMHUSI B
COOTBETCTBUM C peaklUUeH

S1C14 (ra3) T 2H2 (ras) < Si(TB) + 4HC1(ra3) (52)

Peakuusi rnporekaeT B KBapIIEBbIX peakTopax MMpH TeMIIepaTypax
nopsiaka 1 200 °C. TTomroxXkaMu Ciy>KaT MOHOKPHUCTALTUYECKHUE TLIaC-
TUHBI KPEMHHsI, BbIpE3aeMble U3 CIAUTKOB U NOIABEpPraeMble MeXaHM-
YyecKol M XUMHUYecKoH nmoaupoBke. [TomIoXKH pa3smMeHialoTest Ha rpa-
dbuToBO# MoOACTaBKe, HAarpeBaeMOH TOKaMU BBICOKOM 4acTOTHI (pHUC.
5.11). Ilepen HayaIOM OCaXXACHMSs MOMLIOXKH MOABEPTAIOTCS FA30BOMY
TPaBI€HMIO HEMOCPENCTBEHHO B peaKkTope ITyTeM I00aBJICHHUS TapoB
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Beixon
naporazoBo# L
cMecH

Puc. 5.11. Cxema peakropa Ui SMUTAKCHATBHOTO BEIPAIIMBAHUS KPEMHHUS:

1 — xopryc peakTopa; 2 — Nomnoxxky; 3 — rpaduToRas NMOACTaBKA; 4 — BBICOKOYa-
CTOTHBIA MHIYKTOP

HCI B noTtok raza-Hocutensi. TpaBieHUe, MTPOUCXOIsIILEE o obpaTu-
Mo peakiny (5.2), MO3BOJISIET MOAYYATh YUCTYIO HEOKUCIEHHYIO I10-
BEPXHOCTD MOJYNpoBoaHUKa. CKOPOCTh pOCTa PErYIUPYETCsI COOTHO-
LIIEeHUEM Ta30BbIX TOTOKOB PEareHTOB M TeMIiepaTtypoi. B onTtumais-
HbIX pexXuMax oHa coctapageT 15... 20 HM/c. Ha npakTHke UCHONB3YIOT
cnou ToriuHo#i ot 2 Ao 20 MxM. JlernpoBaHHe CI0EB OCYIISCTBISIIOT
M3 MApOB COENMHEHHUN, COMepXanluxX MPUMECHBIC BIEMEHTHI (HallpU-
mep, PCl;, BBr;, AsH, u 1.1.).

OTHOCHUTENBPHO HEBBLICOKHE paboyue TeEMNEPATyphl X Majble CKOPO-
CTU KPUCTAIIU3ALUH OCYCIOBIMBAIOT BEICOKYIO UUCTOTY U CTPYKTYp-
HOE COBEPLICHCTBO OCAXIAEMBbIX SITUTAKCHABHBIX CJIOCB.

B psine ciiydaeB nIpy M3roTOBJISHUM UHTETPATBHBIX MUKPOCXEM 3ITH-
TaKCHWIbHBIE CJIOM KPEMHHS OCaXJAlT Ha MOHOKPUCTAIUYECKUE
IUBIEKTpUYeCcKHe NMOWIOXKHU. B kayecTBe MaTeprana Takux IoUIOXEK
UCIOJB3YIOTCA pasauyHble BellecTtBa: camndup Al,O;, mmuHE b
MgO - AL,Os, okenn 6epwmust BeO, ksapiy SiO; v ap. 3nuTakcus KpeM-
HUSI Ha AMDJIEKTPUYECKUX ITOTOXKKAX OTKPbIBA€T BO3MOXHOCTU CO-
3MaHHUSI UHTETPAJIbHBIX MHKPOCXEM € MPAKTHYECKU MICATbHONH U305~
LMeil 3JIEeMEHTOB.

ITosepxHocTh Kpemuus. [JoBepXHOCTh NOJYNPOBOAHUKA, HE 3aLUU-
LileHHas: TOJXKHBIM 00pa3oM OT BHELWIHHMX BO3ACUCTBUI, OOBIUYHO UME-
€T HecTabwiIbHbBIE CBoMCTBA. Hayuue oGopBaHHBIX CBSA3EH M aacopO-
UM pa3IMYHBIX NIpUMeECce Ha MOBEPXHOCTU CONPOBOXAAIOTCSI 0bpa-
30BaHMEM JOMOJHUTEIbHBIX SHEPTeTUUECKUX YPOBHECH B 3ampelieH-
HOI1 30He nmoaynpoBogHuKa. [TepepacnpenenesHue HocuTeNlel 3apsaaa
MeXAY OOBEMHBIMU U MOBEPXHOCTHLIMU COCTOSIHUSIMM MOXET CYLIE-
CTBEHHO MNOBJHUSTL Ha 3JIEKTPUYECKUE CBOMCTBA NPUMNOBEPXHOCTHOMH
obsacTu (BIUIOTh 10 0Opa3oBaHUs CJ10s C IEKTPONPOBOIHOCTHIO MIPO-
TUBOIOJIOXHOIO TUMNA). [TOBEpXHOCTD KPEeMHMUSI ITOCHE 1000 OUMCTKH
MpU HEPOJOKUTELHOM KOHTAaKTe C BO3JLYXOM MOKPBHIBACTCS IJICH-
KOI IMOKCHIA, TOJUIMHA KOTOPOro Kojebdiercsa B npeaecaax 1...5 HM.
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O06pa3oBaHMe TOHKOH OKCHIHOM IUICHKU elle 6oyiee YCIOXHSET Kap-
TUHY DHEPreTUYECKUX YpOBHEM, MOCKOJBKY IMOBEPXHOCTHBIE COCTO-
SIHUSL MOTYT HaXOIUTbCs He TOABKO B IOJYIIPOBOIHUKE, HO M B OKCH-
ne. Bo MHOTHX cay4asix IOBEPXHOCTHBIE SIBJICHHUS OKAa3bIBAIOT Ha Xa-
PaKTepUCTUKU MPUOOPOB Oojiee CHIbHOE BIMSAHUE, YeM (pu3nuyecKue
CBoiicTBa 00BbEMa NOJIYIIPOBONHUKA. DTO OOYCIOBIHBAET IPUMEHEHUE
Pa3TUYHBIX TACCHBUPYIOUINX MOKPHITHM, 3alIMLIAIOIIUX TOBEPXHOCTh
MOJIYNPOBOAHUKA U COOPMUPOBAHHBIE B HEM p— H-TIEPEXOIbI OT BO3-
ne#icTBUS OKpyXalollieh cpenbl. B KpeMHMeBBIX TpuGopax B KayecTBe
NacCUBHUPYIOIIEro MOKPHITUS HanboJice NMHUPOKO UCIOIbL3YIOTCS TUIEH-
ku SiO,. JIns HamexXHOot 3allMTHI MOBEPXHOCTH MONYIIPOBOIHUKA TPe-
OYIOTCSl TOCTATOYHO TOJICTBIE OKCUAHBIE CIOH, GOPMUPYEMEIE B CIIE-
LHaJIbHOM nipoliecce. OAHOBPEMEHHO TaKU€E CJIOHU BBLIMOTHSIOT (PyHK-
UMY MaCKUPYIOLIUX MOKPBITUH TIPU U3TrOTOBIEHUHU TIAHAPHBIX TpaH-
3UCTOPOB M UHTETPAJIBHBIX MUKPOCXEM METOIaMH (poToauTorpaduu u
u3buparenbHoOl Auddy3un rnpuMecei.

Haubonee 4yacTo OKCHUAHBIE IUIEHKM Ha MOBEPXHOCTH KpeMHMUS
dopmupyOT MeTOZOM TepMHYecKoro okucieHus. IIpouecc oxucie-
HUs npoBoadaT npu temnepatype 1 100...1 300 °C B atMocdepe uucTo-
ro KMCJIOpoaa Wi napoB Bonbl. [Ipu temmepatypax Huxe 850 °C cko-
pOCTb OKUCJIEHMSI HUUTOXHO Maiia. Ha puc. 5.12 npuBeseHbl 3aBUCH-
MOCTH TOJIIMHbBI 00pa3yIOLIErocs Cos JXOKCUAA OT BPEMEHHU JJist pas3-
JIMYHBIX YCJIOBUIU TEPMHUUECKOrO OKMCICeHUS KpeMHUsA. Kak BUOIHO U3
rpadMKoB, IPH GOMBLIMX JUTUTENBHOCTSIX POLIECCa BHIMOAHSIETCA Tapa-
GONNYECKUIA 3aKOH OKMCIeHUs h? ~ f. JIMOKCHI, TONTYYeHHBIA B aTMO-
chepe YUCTOro OCYLICHHOIo KUC/IOpOaa, MMeeT 60os1ee COBEPILCHHYIO CTPYK-
Typy. Ha npaktuke BoipalliuBaioT cjiou toaiuHoi 0,2...1,2 MxM. Bonee
TOJICTBIE CJIOM, KaK NPaBWJIO, UMEIOT TpelIMHbl. HelocTaTkoM MeTona
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Puc. 5.12. 3aBucrMOCTb TONIUMHBI ¢10s1 oKcuaa Si0O, oT BpeMeHHU OKUCTICHHUs
KPEMHMS BOISIHBIM NMapoM (@) M YMCTBIM KUCTIOPOAOM (6) MPH PasIMUHBIX
TeMIlepaTypax
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TEPMHUYECKOTO OKMCJICHUS SIBIASICTCS. OTHOCUTEJBHO BbICOKAs TeMIle-
paTypa npolecca, YTo CO34aeT ONAaCHOCTL MPOHUKHOBEHUS B MaTepu-
aJ1 BPEAHBbIX IpUMeceil. AJbTepHATHBHBIC HU3KOTEMIIEPATYPHLIE METO-
JIbI HAHECEHUA JUOKCH/IA HA MOBEPXHOCTh KPEMHUEBBIX IJIACTHH OC-
HOBaHBl Ha XMMHYECKUX PEaKILUsIX B ra3oBoil ¢dasze M He CBA3aHBI C
NOTpebAcHUEM MaTepyana HOMT0XKY. Kak npaBuio, OHU pealu3yioT-
Cst B YCTAHOBKAX /IS SMHTAKCUATILHOTO OCAXICHUS KpeMHHUs. B Kaye-
CTBE MpUMEPA MOXHO Ha3BaTh METOJ MUPOJIU3a KPEMHUIOpTraHU4eC-
KHX COeAWHEHMH, MeTol OKUCHeHusa cuinaHa SiH,, Metom rumponmnsa
tetpadTopuna SiF, u ap.

Crnon, nojsyyaeMbie TEPMUYECKUM OKHCJICHUEM, XapaKTEPU3YIOTCS
CTEKI000Pa3HBIM COCTOSIHUEM M IO CBOMM CBOMCTBAM OUY€HbB OJIU3KHU K
IJIaBICHOMY KBapily. OHHU JIETKO MOAIAIOTCS TPABAESHHIO B BOJHBIX pa-
CTBOpax IUIABUKOBOW KHCJIOTHI.

Cnoit TepMHUYECKOro OKCHia 006JafaeT CIOCOOHOCThIO 3alMIIATD
MOJIYTIPOBOAHUK OT AUPEPY3MOHHOTO NMPOHUKHOBEHUS U3 BHELIHEH
cpenpbl psla MEKTPUUECKH aKTHBHBIX TIpUMeceil. Mackupyouye cBoii-
crBa anokcuaa SiO, UCIOIb3YIOTCS NPU MPOBEACHUH TIPOLIECCOB JIO-
KalbHOH nuddy3un npuMeceit B 3a1aHHYI0 00J1aCTh MOHOKPHCTAUIHN -
YeCKOH IIaCTMHBI KPEMHHUS Yepe3 CICLHaTIbHbIC OKHA, BCKPhIBAEMbIE
B cioe oxceuaa. Eciu npumecu cpaBHUTENBbHO cBOOOAHO auddyHaIupy-
10T 4epe3 cinoit SiO,, TO IO OTHOWIEHUIO K 3TUM IPHUMECSM JTHOKCHIT
KpeMHHUSA OyaeT o01azaTh IUIOXOH MacKUpyiolluei criocobHocThio. U3
TIPOCTHIX aKIEHTOPOB TONBKO OOp MMeEEeT OTHOCHUTEIBHO MaJblif KO-
3¢ dunneHT 1uddy3ud B OKCUAHOMI mieHKe. C 3TUM CBI3aHO Ipak-
THYECKHU HCKITIOUMTENILHOE HCIIONb30BaHUE Oopa IpU CO3MaHUU 00-
JlacTe#l p-TUINa B KPEMHHUEBBIX IUTaHApHBIX Npubopax. lamiuit nud-
¢yaaupyeT B okcuae npumepHo B 400 pa3 ObicTpee, 4eM B KPEMHUMH.
Euie GuicTpee MpOHUKAET CKBO3b Si0, alIOMUHHMIA.

[Ipocthie noHOpbl (pochop, MBILIbLIK, CypbMa) MEAIEHHO AU(-
dyHaupyoT yepes cioit Si0,, 1 OKCUIHOE TOKPBITHE MOXET 3ddex-
THUBHO MAacKHUpPOBaThb KPEMHUH OT MPOHHKHOBEHUS OTHUX IpUMECei.
Haubonee 1mMpoko B MIaHApHON TEXHOJOTHU UCINONbL3YIOT docdop.
3T0 OOBSICHSIETCS TEM, UTO OH MMEET B KPeMHHUH 60Jiee BHICOKUI KO-
ahduuneHT IUQ@Y3UH, YeM MbIIIbIK U CypbMa, a TaKxKe 00Jiee Bbl-
COKYIO, YEM Y CYpPbMBI, IIPEACIbHYIO PACTBOPUMOCTb. MBILIBSIK TOXe
JOCTATOYHO 1IMPOKO NPUMEHSIETCS B IUIRHAPHON TEXHOJIOTUM IIPU CO-
31aHUM OYEHb TOHKUX CHJIBHOJIETMPOBAHHBIX 3MHUTTEPHBIX objiacTeit
CBY-TpaH3UCcTOpOB.

Ha puc. 5.13 npuBeneHs! JaHHEBIE O CITOCOOHOCTH Auokcuaa SiO,
3¢hdeKTHBHO MacKUpOBaTh KpeMHuuit oT auddysun docdopa u Gopa.
U3 puc. 5.13, a BuaHo, uro npu auddysuu docdopa cnoit SiO, ton-
uHoi Beero 0,6 MKM MOXeT 3(p(GeKTUBHO 3alIMUIATh KPEMHHUMA MpH
1 100 °C B TeueHue npumepHo 1 4, a npu auddy3un Gopa Aas 3TOro
JIOCTATOYHO CJIOI OKCHUIA TOJIIMHOM HeCKoabKo Gonblue 0,1 Mxm. He-
00XOOIUMO OTMETUTh, OJHAKO, YTO 3HAYeHHUs Ko3(DPUIIKEeHTOB nUd-
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Puc. 5.13. 3aBUCUMOCTD TOMILMHBL c1os Auokcuaa Si0,, HeobXoauMoro as
MacKUpPOBaHUs KpeMHHUSI, OT BpeMeHH auddysun docdopa (a) u nuddy3uu
6opa (6) g pasaudHBIX TeMIepaTyp

dy3un npumeceit B SiO, CYIIECTBEHHO 3aBHUCAT OT YCIOBHII mojyyye-
HUS OKCUIHOIO MOKPBITUSI, OT CTEIIEHM €ro YUCTOTHI, OT HAJIMYUS B
HeM aedeKToB CTPYKTYphl. JJaHHbIC, MpUBEACHHbIE Ha puc. 5.13, cre-
JIyeT pacCMaTpUBaTh KaK yCpeaHEHHbIE.

Ele jgy4ymimMM 3allMTHBIMM Y IU3JAEKTPUYECKUMU CBOHCTBAMU
06a1al0T TIIEHKU HUTpUaa kpeMHus Si;Ny. [laxe oueHb TOHKUE CHOU
HUTPUAA KpeMHMS TommHoH mopsinka 0,1 MKM Tipu Temmeparypax
1100...1200 °C HenpoHMILIaeMbl IS OOJBUIMHCTBA JOHOPHBIX U aK-
LIENTOPHBIX NIpUMeced, UCIIOAb3yeMbIX MpH AU(PEPY3HOHHOM Jerupo-
BaHUH KpeMHus. [IpUrosHble [UIs1 MpaKTUUECKOTO UCTIOIb30BAHUS CIIOU
Si;N, yanle BCcero ocakKaaloT ¢ TOMOILIbIO PEaKIIMU a30TUPOBAHUS CH-
JlaHa aMMHaKoM Tipu Temiieparypax 700...1 100 °C:

3SiH, + 4NH; — Si;N, + 12H,

HaubGosee npocToit METOI MOJyYeHUsI HUTPUIA TyTeM HETOCPeI-
CTBCHHOM peakUMH a30Ta ¢ KPEMHHEM B OTIMYUE OT TEPMUYECKOro
OKHUCJIEHUsI HE Hallle] NPaKTUYECKOro IIPUMEHEHHUS U3-3a OYeHb HU3-
KO CKOPOCTH peaKIlUM HUTPUPOBAHUS M BBLICOKHMX pabouMX TeMrie-
patyp.

Jns ucnonb30BaHUS B TEXHOJIOTMHU IUIAHAPHBIX MPUGOPOB U UHTE-
IpajibHbIX MUKPOCXEM XeJaTeAbHO IMoJy4aTh aMopdHbIe TTOKPITHS,
TaK Kak 3TO CHOCOOCTBYET YMEHBUICHUIO MEXaHHYECKUX HAMpsikKe-
HMi1 Ha rpaHUlie pa3aena ¢ MOUIOXKOH U CHUXAET BEPOSATHOCTD MO~
sBleHus nedeKToB THNA lesieil U TpeuinH, oOpa3yiolMXcs Ha rpa-
HHLAX pasjefia MEeXIy 3epHAMM B CJIOE, UMEIONIEM KPUCTALIHYEC-
Kyio CTpyKTypy. Ilpy nojlydeHHMHM HUTpUIA CIOU Bceraa amMopdHbI,
eCJIi TeMIlepaTypa KPEMHHUEBO#M TOJUIOXKK He mpepbitraer 900 °C.
DNeKTPHUYECKAs ITPOYHOCTD CI0EB HUTPHIA KPEMHUS MOXET JOCTH-
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ratb 10° B/M, a AM3/IEKTpUYECKAS IPOHULAEMOCTDb B 3aBUCMMOCTH OT
YCJIOBHI MOJIYYeHUs NIpUHHUMaeT 3HayeHus1 or 7 po 10, 4ro xapak-
TEPHO IUIS TUTTMYHOTO MOHHOro auajiekrpuka. Kak u B caydae SiO,,
Wwist TpasieHus: SizN, MOXET MCIONIb30BaThCsI KOHLCHTPUPOBAHHAS
MJIABUKOBAasA KUCIOTA.

Iomukpucranmnyeckuii Kkpemunid. [1py U3roToBjIEHNHN OOABIUMX UH~
TErpaibHBIX MMKPOCXeM Bce GOJibiliee pacipoCcTpaHeHHe TOJIyvaet
METOJ1, OCHOBAHHBII Ha UCTIOJIL30BAHUY TIOJIMKPUCTAJLTUUECKOTO KPEM-
HusA. OCoOeHHOCTh METOAA 3aKJII0YAETCs B TOM, YTO Ha IMOBEPXHOCTD
KPEMHMEBBIX IJIACTHH, MOKPBITBIX OIUIAECKTPUUYECKON TUIeHKOH Si0O,,
0OCAXIAETCS CIOH MOJIMKPUCTAIUIMYECKOTO KPEMHUsI, KOTOPBI B WUH-
TErpajbHbIX MHUKDPOCXEMaX MOXET BBINMOTHATH YHKUMU PE3UCTOPA,
MEXCOEIUHEHUMN, a TaKKe KOHTAKTHBIX 00J1acTeit K SMUTTEPY U KOJI-
JIeKTOpY TpaH3ucTopa. IIpuMeHeHHe TOTUKPUCTAUIMYECKOTO KPeMHUS
B Ka4yeCTBE 3aTBOpA B MOJIEBLIX TPAH3UCTOPaX OOECNeYnBAET CHUXKECHUE
€MKOCTH 3aTBOpa U 6oyee HU3KUE NOPOroBhiE HATIPSKEHUs npubopa
M0 CPAaBHEHMIO ¢ METAUIMYECKUM 3aTBOpOM. Pe3ucTopbl Ha OCHOBE
MTOJTUKPUCTAUTHYECKUX CJIOEB KPEMHHUSI UMEIOT MEHbLUUE pasMephl U
9HEPTOEMKOCTD IO CPABHEHUIO C TPAAULIMOHHBIMHM U151 UHTETPATIBHBIX
cxeM anddy3MoHHBIMU pe3ucTopaMu. K TOMY Xe UX CONpOTUBAEHUE
HE 3aBHCHT OT BEeJIMUMHBI NMPUIOXKEHHOTO HampsbkeHUs. JloctarouHo
LIMPOKO HCIIONb3YIOTCS BBICOKOOMHBIE TOJHKPUCTALTUYECKHE CIIOH
KPEMHHS JUISL U30JISIIMH aKTHBHBIX 3JIEMEHTOB HHTETPAJIBHLIX CXEM.
TIoaMKpUCTAUIMYECKHE CJIOM KPEMHHS TPEACTABISIIOT MHTEPEC IS
NpUMEHEHUSI B Ka4eCTBE JEHICBBLIX COJHEYHBIX OaTapeil Ha3eMHOro
npumeHeHus1. CoznaBaeMble Ha JAELICBBIX MTOMIOXKAX NOJTHKPUCTAIUTH-
yeckue npeobpazoBareny conHedHoit sHeprun umerotr KITJL Ha ypos-
ue 10...12 %.

Jns MOMMKPUCTAUTMYECKUX KPEMHHUEBBIX CIOEB OOBIYHO MCIIOJb-
3YIOT TPAIULIMOHHbIE METO/Ibl KPUCTAIUIM3ALUH M3 Ta30BOM (haznl. Yaiie
BCEro ocaxiieH1e TOHKHUX CJI0eB MPOBOASAT I10 CIOCO0Y TEPMUYECKOTO
pasnoxeHust ciaHa SiH,. CuraHoBbIH cOCOO MO3BOJSET NMOJYUYHUTH
MEJIKO3EPHUCTYIO CTPYKTYPY CJIOS ITPH OTHOCHUTENBHO HEBLICOKUX TEM-
nepatypax (700... 1000 °C). C noBbllIeHUEM TEMIIEPATYPHI MTpolecca
ot 620 mo 1250 °C pasmep 3epeH Bo3pacTaeT NpuOIU3UTeabHO ot 0,4
1o 4 mxM. Kak mpaBuio, 3epHa pacTyT 10 HAIPaBJIEHUIO HOPMalu K
MOTOXKE U MPUHUMAIOT CTOI0UaTyIo (popmy. UeM Brillle TeMITepaTypa
OCaXJICHUs U YyeM OOJIbllie TOMIMHA CIIOEB, TEM CHIbHEE MPOSIBIISICTCS
HX TEKCTYPUPOBAHHOCTb. [TONUKpHCTAIIHYECKHE CIOU OOJIBUION TOM-
IUMHBI (COTHM MHKPOMETPOB) OOBIYHO NOJIyYalOT IyTeM BOAOPOIHOIO
BOCCTAHOBNEHHMS xyopcuianos. [Ipu HCNONB30BAaHUM B KauyecTBe MOM-
JIOXEK MOJINOIEHOBBIX JIEHT YIAeTCs peaIU30BaTh IIPOLECC OCANKIECHUSE
B HETIPEPLIBHOM pPEXHME NPHU MepeMEeHICHUH JICHTHI Yepe3 peakTop.

HenerupoBaHHsie MIeHKU NOJUKPUCTALTUIECKOTO KPEMHUS O0BIYHO
XapaKTEPU3YIOTCS COAEPXKAHMEM OCTaTOYHBIX npuMeceit 10%8... 102 m~3 u
yaenbHbIM conpoTusaeHueM 10%... 10 OM - M, YTO Ha HECKOJBKO IIO-
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PSIIKOB NPEBOCXOAUT YAC/IbHOE CONPOTUBICHHUE HEJIETUPOBAHHOTO
MOHOKPUCTALIMYECKOTO KpeMHUsA. bojee BbICOKOE CONMPOTUBIICHUE
MOJTHUKPUCTAUVIMYECKOrO MaTepuayia 0OYCIOBICHO BIMSHUEM TPaHMIL
MEXIY OTAEIbHBIMK 3ePHAMH.

YrpagyieHUe 3JIeKTPUYECKUMU CBOMCTBAMU CIOEB OCYLIECTBASETCS
MyTeM JIETUPOBAHMS JIIEKTPUUECKM aKTUBHBIMU MpUMecsiMU. Jlernpo-
BaHMe IPOBOAAT JIMGO HEITOCPENCTBEHHO B ITPOIIECCe OCAXKIEHUS CIIO-
eB, 100aBsisl B UCXOAHYIO Fa30Bylo cMech apcuH AsH;, dochun PH,
win gubopan B,Hg, 1160 B mpouecce nocaeaywomeit nudey3un wiu
MOHHON MMIUIaHTauMu. VIMIIaHTUpyloT MoHbl P, As, Sb uau B npu
sHeprusix 30...60 x3B ¢ nocneayommM o0S3aTeIbHBIM OTKUTOM TIPH
Temnepatype ropsaaka 1000 °C. B 601p1UMHCTBE C/iydyaeB KOHILIEHTpa-
LIMSL HOCUTEJIEH 3apsaa B MOJUKPUCTAUIMYECKHUX TIEHKaX CYLIECTBEH-
HO HMX€ KOHLIEHTPALUH JIETUPYIOLLeH npuMecH, TIpUYeM COOTHOIIIE-
HHME BTUX KOHLEHTpaUMil, B MEpBYIO OUYEpECIb, 3aBUCUT OT pasMepa
3epeH. Takast 0COGEHHOCTD B MTOBEICHUHU JIETMPYIOLLIUX IpUMeceii 00y-
CJIOBJIEHA UX cerperauueii (HakorUieHMeM) Ha rpaHuiax 3epeH. Ot pas-
Mepa 3epeH 3aBUCST TAKXKE BpeMsl XXKMU3HHU M MOABUXKHOCTb HOCUTENCH
3apsiaa. YCTaHOBJIEHO, YTO CONPOTURIICHUE MEX3EPEHHBIX TPAaHULL PE3KO
BO3pacTaeT NpU JEeTMpOBAaHUM KUCJIOPOAOM M OCOOEHHO (TopoM (B
250 pa3).

BLICOKOOMHBIH NMONMKPUCTAUIMUCCKMIA KPEMHUII B COYETAHUHU C
OKCHJAHBIM cJioeM U3 SiO, MCHoAb3yeTcst Ui CO3MaHUST HAJEXKHOMN
JU3JIEKTPUHIECKOM UBOJISLIMH MEXY 3JIEMEHTAMHU HHTErPAIbHBIX MUK-
pocxem (MUM). B cTpyKType, moKa3zaHHOH Ha puc. 5.14, 6, oTnenbHbie
001aCTH MOHOKPHUCTAIIRYECKOTO KPEMHHUS BCTPOCHBI B MOJTIUKPHCTAT~
JIMYECKYIO OCHOBY M OTACJAEHB! APYT OT Apyra IVICHKoM anokcuaa. ITo-
JOOHbBIC TJIaHapHbie CTPYKTYphl UM dhopMHUpPYIOT HA MOHOKPUCTAIIM -
yeckolt rnojioxke (puc. 5.14, a), KOTOpylO BNOCACACTBUM YIAISIOT
MyTeM COUUTU(OBKU.

st co3naHMsl TOKONMPOBOASIIMX TUIGHOUHBIX UIMH M IUIEHOYHbBIX
PE3UCTOPOB UCTTIOJB3YIOTCS IETUPOBAHHBIE CIOU MONUKPUCTAUTAYECKOTO
KPEMHHS C YAeTbHBIM MOBEPXHOCTHBIM CONMPOTHBICHUEM Ry = 20...

Si0, $i0,

EY

n

Ji Si n-Tuma

a

Puc. 5.14. BapuanTtbl H30JSLIUM 3IEMEHTOB UHTETPAIBHONA MUKPOCXEMBI (4, 6)
¢ MOMOILBIO MOJUKPUCTAUIMYECKOTO KPEMHHUS:

1 — ucxopHas MOHOKPpUCTAUIMYECKAsA MMOMTOXKE, 2 — nonmxpncmnnnqecmﬁ croit
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60 OM. B oTiMume OT MOHOKPHUCTAIJIOB KPEMHUSA NOJUKPUCTAIIUYEC-
KHe CJIOM B HOPMATbHBIX YCIOBUSIX XapaKTepU3YIOTCS OTPULIATETBHBIM
TEMITEPATYPHBIM KO3 (DHLUIMEHTOM YIeIbHOro conpoTuieHus. [Ipu us-
rOTOBJIEHUM OOJBIINX MHTErPATBHBIX MUKPOCXEM MEXCOCIMHEHUS U3
NOJUKPUCTATHYECKOTO KPEeMHHUS ODOECTIeUNBAIOT PSII TEXHOJOTHYE-
CKMX MPEUMYILUECTB MO CPAaBHEHHUIO ¢ MeTALTU3alMeil IMOBEpPXHOCTHU
amoMuHneM. Mx peannsanys no3BoJisieT pe3KO MOBBICUTH INIOTHOCTh
pa3MelleHHs NEMEHTOB U OBICTpOACHCTBHE GONMBIHUX UHTEIPATBHBIX
CXeM.

IIpumenenue Kpemuus. B Hacrosiiee BpeMs 10 90 % Bcex nosynpo-
BOAHUKOBBIX TPUOOPOB CO3AIOT HA OCHOBE KpeMHHUs. Ero npumeHsior
B BJIEKTPOHHOM anmnapaType CaMOoro pasiMyHOTo Ha3HauYeHMs: B Mep-
COHAJBHBIX KOMITBIOTEPaX U MOOUJIBLHEIX Tene(hOHAX, B TEJICBHICHUN H
TEJIEMETPYM, B HABUTALIMOHHBIX CUCTEMAaX ¥ MEAMIIMHCKOM 000pyIo-
BaHUH, B YCTpOWCTBaX OBITOBOH M TPAHCMOPTHOH 3JIEKTPOHUKHU, B
M3MEPUTEIBHON TEXHUKE M MpUOOpax U HAYYHBIX HUCCICNOBAHMIA.
KpeMHuii siBisieTcsi 6a30BHIM MaTepPHAIOM TIPH HU3TOTOBJIECHHWM TMJia-
HapHBIX TPAH3UCTOPOB U MHTerpaabHbIX MUKpocxeM (UMC). Tlox un-
TEerpajbHOH MUKPOCXEMOI TMOHUMAIOT KOHCTPYKTUBHO 3aKOHUYEHHOE
U3AeNue 3JEKTPOHHOM TEXHHKHM, COAEpXKalllee COBOKYITHOCTb 3JIEKT-
PUYECKHU CBSI3AHHBIX MEXIY cO00# TPaH3UCTOPOB, JUOIOB, KOHIEH-
CaTOPOB, PE3UCTOPOB U APYTHUX 3JEMEHTOB, M3TOTOBACHHBIX B €IMHOM
TEXHOJIOTHYECKOM LHUKIIE.

B nonynpoBOAHMKOBOI MHTETPAJILHOM CXeME BCE AKTHBHBIE M T1ac-
CHUBHBIC DJIEMEHTH (POPMHUPYIOT B TOHKOM MNPUIIOBEPXHOCTHOM CJOE
(tomuuHOK 5...10 MKM) MOJMPOBAHHON TUTACTMHBI IOJIYIIPOBOIHM-
KOBOIo MOHOKpucTasia. OCBOCHHUE IJIAHAPHOM TEXHONOIHU KPEMHHE-
BBIX TIPUOOPOB BBI3BAJIO KAYECTBEHHBIH CKAYOK B MOJYMPOBOIHHUKO-
BOM Ipou3BoJCTBe. B npotiecce npoussoacTea cospemeHHoit UMC kpu-
cTa/UTMYecKas TJIACTUHA NPOoXoauT 6oee 250 BHIOB pasIMYHBIX 0Opa-
GOTOK.

Yucno snemeHToB B UMC xapakTepu3yeT CTeNeHb €¢ UHTETPalvu.
B Gonbliiyx u cBEpXOOJbLIMX MHTEIPATBHAIX CXeMaX CTeNeHb HHTErpa-
uuu goxoaut ao 10* u 107 cootsercTBeHHO. HTErpasibHBIE MUKPOCXE-
Mbl (PaKTHUECKU 0DOpa3yloT 3JIeMeHTHYI0 0a3y OONBLIMHCTBA CPeACTB
3JIEKTPOHHON TEXHUKHU, KOTOPHhIE BBINOJHSIOT (PYHKIMHU ITpeodpa3o-
BaHUsl, 0O6paboOTKU K XpaHeHUs1 UHPopMaluy. YHUCIIO CTPYKTYPHbIX pa3-
HosuaHoctelt UMC ucumncnsercs TeicsiuaMu. M3 HUX TPYIHO BbIIEIUTD
Jlaxke camble OCHOBHBIE. OIHAKO MO THIY CUTHAIOB Bce UMC MoxHO
NMOApa3aeauTh Ha iBa OOJBIIMX KJ1acca: aHAJIOTOBbIE U [IU(pOBbIE. AHa-
norosblec UMC npenHa3HayeHbl Ul 00pabOTKH CUTHAIOB, U3MEHSIO-
1H{UXCS O 3aKOHY HENpepbIBHON ¢(pyHKUUM. OHHU MPUMEHSIOTCS B OC-
HOBHOM B NIpHEMHO-YCHINTEJIbHOH amnmnapaType, paboTarolleit Ha pas-
JIMYHBIX YacToTax, Bkiodas auana3zod CBY. Hudposbie UMC npen-
Ha3HauYeHbl Ui Npeobpa3zoBaHus (0O6pabOTKHU) CUTHAIOB, U3MEHSI-
IOUXCA TI0 3aKOHY AMCKpeTHO! GyHKuMH (cTynmeHuyaTo). Liudposbie
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HUMC obnaaarot 60Jee BLICOKOH CTeNeHbl0 HHTerpauuu. K HUM oTHO-
CSATCS PasHOTrO poia 3aMOMHHAIOIIME YCTPOMCTBA, CYyMMATOpbl, AE-
indpaTophl, YCTPOICTBA BRIOOPKH, MUKPOIPOLECCOPH! U IP.

B kauecTBe akTUBHBIX 37IeMeHTOB B UMC MCnonb3yloTcsl NpeuMy-
LIIECTBEHHO MO0 YHUIIONAPHBIE (IT0JIEBbIE) TPAH3UCTOPBI CO CTPYKTY-
poit MAIT (MeTann — AN3JIeKTPUK — MOAYPOBOIHUK ), 1160 GUmosip-
Hbl€ TPAH3UCTOPDI B IUIAHAPHOM UCIIONHEHUU. B xayecTBe npuMepa Ha
puc. 5.15 nokaszax gparmeHT UMC Ha 6UIONSIPHBIX TPAH3UCTOPAX, BbI-
MOJHEHHOW MO IMJIAHAPHO-3MUTAKCHAJILHOM TEXHOJOTUHM ¢ OOKOBOI
M3OJIALMER «KapMAaHOB» ¢ MOMOILBIO TOMOJIHUTENbHBIX p— H-TIepexo-
0B, opMUpyeMbIX AU dy3ueii aKUSNTOPOB B SNMIUTAKCHATbHBIN CAOMI
JIO CMBIKAHHUS PasAesiiolnX obacTe ¢ momnoXKon. Takoit BUX U30-
JISUMK OTAeNbHBIX aneMenToB UMC apyr ot jgpyra TeXHOIOTMYECKH
peaymsyeTcs Hanbosnee npocto. CKPhITHIM BbICOKOJIETMPOBAHHBIN CITOM,
PacMoJIOXKEHHbI MOJ «KapMaHOM», CIIOCOOCTBYET YMEHBILUCHUIO CO-
MPOTUBJIEHUS KOJIEKTOPHON 00JaCTH TPaH3UCTOPA.

Hnsa usrorosnernusi UMC tpebyioTcst MOMIOXKM C YACAbHBIM CO-
nporusneHueM ot 10 1o 107! Om - M tomumuOoi 300 MxkM. Bonbioe
3HAYEHHE UMEET BICOKOE KaYeCTBO MTOBEPXHOCTH {HEPOBHOCTU MEHEE
0,25 MKM) ¥ COBEPIIEHCTBO KPUCTALTMYECKON CTPYKTYPHI (IUIOTHOCTD
aucnokauuit menee 102 cm2).

Bcero Ha omHoit nounoxxke muamerpom 150...200 MM B exuMHOM
TEXHOJIOTUYECKOM LIUKJIIE GOPMUPYIOT HecKONbKO coreH UMC, mocne
Yyero IUTACTMHY pa3pe3aloT Ha OTAEeNbHbIC KPHUCTAJUIbI (YHMbI), KaX-
JIbHT U3 KOTOPBIX coaepXUT onHy MMC. TexHonorust KpeMHHUEBBIX OU-~
noysipbix UMC nipu crerieHy MHTerpauuy nopsaxa 10° snemMeHToB Ha
KpUCTAUT obecieynBaeT OpicTpoaetictane Ha ypoBHe 0,1... 1,0 Hc. B UMC
Ha ocHoBe M/ II-TpaH3ucTopoB yaaeTcss JOCTUTHYTh CTENIEHM WHTEr-
pauuu cebiue 107 npu ymepenunom (1...10 Hc) ObICTPOZEHCTBUU U
MaJIoil NOTped/AsieMOA MOILIHOCTH.

Puc. 5.15. CtpykTypa GUITONSIPHOTO IMJIaHAPHOrO TPAaH3UCTOpPa B UHTErPaib-
HO# MHKpPOCXEME:
O — aMmutrep; b — 6asza; K — konnexkrop; I — ucxoaHasi Moioxka p-Si; 2 — CKpbi-
ThI BHICOKOJIEMMPOBAHHBIN CN0il; 3 — anuTakcUaibHblit cioit n-tuna; 4 — audbysu-
OHHBIE pa3AcNNTeNbHbIE 061acTH; 5 — 061aCTh KOJJIEKTOPHOFO KOHTaKTa; 6 — OKCHI-
Has mieHka Si0,
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HecMoTps Ha 1iKMpoKoe pa3BUTHE UHTETPAILHON MUKPOIIEKTPO-
HHMKM B 001l1eM 00BbeME BBINYCKA MOJYNPOBOJHUKOBBIX U3IETHIH 3HA-
YUTEJILHYIO AOJIIO COCTABASAIOT KPEMHHEBLIE NUCKPETHDBIE MPUOOpEL. M3
KPEMHHUS M3TOTOBJSIOT BLIIPSIMUTEAbHBIE, UMITYIbCHBIE U CBY-amo-
Iibl, HU3KOYACTOTHHIE U BBICOKOYACTOTHBIE, MOILIHBIE U MaJIOMOIIHEIS
OHUIIOISIPHBIE TPAH3UCTOPHI, IOJIEBbIE TPAH3UCTOPHI M ITPMOOPHI ¢ 3a-
psiaoBO#i CBsA3bI0. Paboure 4acTOTH MIAHAPHBIX TPAH3UCTOPOB NOCTH-
raiot 10 I'Tu. Ha ocHOBe KpeMHMst CO3AI0T AYYIUHE CTAOUTUTPOHBI K
TUpUCTOPLL. KpeMHHEBbIE CTAGMIMTPOHBI B 3aBUCUMOCTH OT CTENEHU
JISTUPOBAHUS MaTepraia UMEIOT HAMPSOKEHUsT CTabWIM3aluu oT 3 1o
400 B.

HauGonee MaciutabHoit 06J1aCThi0 IPUMEHEHUSI KDEMHUEBbIX IUC-
KPETHBIX MPUOOPOB SIBISETCS CUJIOBAsl 3JEKTPOHMKA U CUIIOBasl Ipe-
obpa3zoBaTtenbHas TEXHUKA (BEHTHWIH, YITPaBAsAeMble TUPUCTOPBI, MO -
HbIE€ TPAH3UCTOPHI). MOUIHBIE KpEMHUEBBIE TIPUOOPHI MOTYT paboTaTh
TpY HanpsbkeHusx 10 10 KB 1 nporyckaTs TOK B NPSIMOM Harpasie-
aun a0 7 000 A, cyluiecTBeHHO TIPEBOCXO MO 5TUM IapaMeTpaM U3-
JeTYs U3 APYTUX MOJYNPOBOIHUKOBBIX MaTepHAIOB. TeXHOOTHSI ITpo-
M3BOJCTBA TPAAUIIMOHHBIX MOIUHBIX KPEMHMEBBIX NMPUOOPOB XOpOLIO
orpaboTaHa. DKOHOMHYECKHE (DAKTOPBI TAKXKE 00ECNEeYMBAIOT KPEM-
HHMIO HECOMHEHHEBIE MpeUMylecTBa. MOLIHBIE CHIOBbIE KPEMHUEBbIE
NpuOOPHI LIMPOKO UCITOJIL3YIOTCSI B CUCTEMAX U YCTPOMCTBAX npeobpa-
30BaHUA 3JIEKTPUYECKO SHEPTUM, B ABTOMOOWIISIX, B MICTOUHMKAX BTO-
PUYHOro NMUTaHUS ¢ GecTpaHCchOPMATOPHBIM BXOAOM, B po0OTax, CBa-
POYHBIX ABTOMATAaX, 3eKTPOTPAHCIIOPTE, YCTPOCTBaX ObITOBOM 3JIeK-
TPOHUKH H [Ip.

KpemHuuesbie GoTOUYBCTBUTEIbHBIE ITPUOOPH], 0COOEHHO HOTOIHU-
OZlbl, OTIMYAIOLINECS] BBICOKUM ObICTPOJEHCTBUEM, HAUUTA MMPUMEHE-
HUe B pa3HbIX 001acTAX TeXHUKU. ClieKTp (POTOIYBCTBUTENBHOCTH KpeM-
HueBbIx potonerekropos (0,3... 1,1 MKM) XOpOLLIO COracyercs co CneK-
TPOM H3JIyYeHHUST MHOTUX ITOJYIIPOBOTHUKOBBIX KCTOUHUKOB CBeTa (Ha-
TIpUMep, reTeposa3epoB Ha ocHOBE cucTeMbl AlGaAs— GaAs). Kpem-
HUEBbIE (POTOINEMEHTHI, CIYKAILME U1 IPEeoOpa3oBaHusl COTHEUHOMN
SHEPTUH B BJIEKTPUYECKYIO, MOJIYYWIN Ha3BaHME COJIHEUHbIX OaTapeid.
OHM KCIIOJIB3YIOTCHA B CUCTEMAX 3HEProcHaOXeHUSI KOCMUYECKHUX aIl-
naparoB ¥ craHuuit. IIpuHuMn n1eiicTBUS TAKUX (POTO3IEMEHTOB OCHO-
BaH Ha reHepallM¥ HepaBHOBECHBLIX HOCHTENEH 3apsaa MpU Norjolie-
HUHU (POTOHOB M NOCIENYIOUIEM MX pa3leJeHUHM BHYTPEHHUM T10JIEM
p— n-nepexona. Crnexrp usnydeHus: CoyiHIa OJIM30K K CIEKTPY U3ITY-
YyeHHUs1 abCOJIIOTHO YepHoro Tena, Harperoro 1o T = 5800 K. Dddek-
THUBHOCTbH (POTOINEKTPUYECKOTO NMPEeoOPa30BaHUS 3aBUCUT OT LIIMPUHBI
3anpeLeHHO| 30HbI MOJIYIPOBOIHUKA. B 1LIMPOKO30HHBIX TOJIYIIPOBOI-
HMKaX 3HAUYMTEJbHAs YacTb (DOTOHOB MPOXOAUT 63 MOMIOLICHUS, a B
Y3KO30HHBIX MOJNYMPOBOAHUKAX OOJblIAs I0JS COJHEUHOM 3HEPruu
ripeobpasyeTtcs B Temiory. MakcuMmansHoMy KIT naeann3snpoBaHHO-
ro (poTo3JIeMEeHTa OTBEYAET LIIMPHHA 3ANPELIIEHHOM 30HbI B IUAMNa30He
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n, % Puc. 5.16. Pacuernsle 3nauenust KITJ une-
ATBHOTO COJIHEYHOrO JIEMEHTA B 3aBUCH-
2\/(-‘\ 300K MOCTH OT ILUMPHHBI 3alIPEILECHHON 30HBI
30 HOJIYIIPOBOAHMKA IIPH PA3TUYHBIX YCIOBU-
Iﬁ SIX 33CBETKM:
20 I — HazeMHble ycii0BUs ocsellueHuUs; 2 — 1 000-
/ ﬁ 1 KpaTHas KOHLEHTPALMs COJHEYHOTO U3NYIeHUs
10 // e SiG \
N

ot 1,0 mo 1,5 2B (puc. 5.16). B stor auanason nomaagaiot Si, GaAs u InP.
Db heKTUBHOCTE Npeodpa3’oBaHMsl PacTeT C YBEIWYECHUEM KPAaTHOCTHU
U3JIYUCHHUS, TTPUYEM B HA3€MHBIX YCIIOBUSX OHA BBIHIE, YEM B KOCMO-
ce, TaK KaK YMEHBIIAETCS A0S O€CIMOIE3HOro JNIMHHOBOJIHOBOIO U3-
ayueHust. KoapGUUueHT nojae3Horo AeHCTBUs pealbHBIX KPEMHHEBBIX
(horoznemeHToB 00b14HO cocTaniuseT 10...12 %.

braronaps ToMy 4TO KpeMHUH MMeeT 60Jice HIMPOKYIO 3alpelleH-
HYIO 30HY, 4eM TepMaHHUI, KPEMHHEBbIE TMOJIYIIPOBOTHUKOBBLIE NIPH-
60pbI MOTYT paboTaTh NpH GoJiee BHICOKMX TEMIIepaTypax, YeM repma-
HueBble. BepxHuil TeMnepaTypHbIil npeaen paboThl KPEMHHUEBBIX TTPH-
oopos gocturaeT 180...200 °C.

IToao6HO repMaHMIo, KpeMHHH MCIIOIL3YETCS UISl M3TOTOBICHUS
JIETCKTOPOB SIAEPHbIX U3AYUYCHUM, 1aTYMKOB XO0JU1a U TEH30JaTYHKOB.
IIpuH1Mn paBGoThI MOCIEAHMX OCHOBAH HA CHJIBHOM 3aBUCUMOCTH YAE/Ib-
HOT'O COTIPOTUBIIEHMS IIPOBOIHMKA OT MeXaHndecKuxX aeopmanuii. Gu-
3MYECKOIl mpuyuHON TeH303ddeKTa SIBASETCSs U3MEHEHUE 30HHOI
CTPYKTYPHI TOJYIIPOBOAHUKA TON BAMSIHMEM YIPYIMX HaIpsKeHWIt,
4TO B OOIUEM Cllyyae NPUBOAMT K UBMEHEHHUIO KaK KOHUESHTPAIIMU HO-
cuTeneit 3apsana, TaK M UX IMOJBUXHOCTH.

KpeMHUIT B MOHOKPUCTAUTMYECKOM COCTOSTHUM SIBJSICTCS JIOCTa-
TOYHO IIPOYHBIM M KECTKUM MATEPUATIOM. DTO 06CTOATEILCTBO MO3BO-
JISIET U3TOTOBJSATH HA €r0 OCHOBE METOZAMU IUJIAHAPHOM TEXHOJOIUU
BECbMA YYBCTBUTEIbHBIC MPELM3UOHHBIC JAaTYHKU B BUAE KOHCONCH K
MeMOpaH oYyeHb MaTOM TOMUMHEI (1 ... 3 MKM) caMoro pa3nuyHoro QpyH-
KUMOHAIBHOIO Ha3HAayeHUs. TakuM Xe CIocOOOM MOXHO CO3IAaBaTh C
BBICOKOH TOYHOCTBIO Pa3HOro poja MUKpPOMEXaHM3MBbI, KOTOpble 0Opa-
3YI0T 3JIEMEHTHYIO 043y HOBOI'O TEXHMYECKOTO HalpaBleHUs] — MUKPO-
MEXaHUKH.

5.3. TEPMAHUN

Obmue ceeaenus. CylIecTBOBAHHE U OCHOBHBIE CBOHCTBA repma-
Hug npeackasar B 1870 r. JI. 1. MeHenees, Ha3BaB ero SKaCHIMLAEM.
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Jlvuws criyera 16 set, B 1886 r.,Hemenkuit xumuk K. Bunkiep o6Hapy-
XKUJT B MUHEPAJILHOM CBhIpb€ HOBBIM 2JIEeMEHT, KOTOPbIH Ha3Bajl rep-
MaHueM. ['epMaHMit OKa3aJICs TOXIECTBEHHBIM 3KacuInlui. Ero or-
KpPBITHE SIBUJIOCH TOpXecTBoM Ilepuonuyeckoro 3akona [. . Menae-
Jieena.,

lepMaHUif OTHOCHUTCS K YMCIY CHJIBHO PACCESIHHBIX 2JIEMEHTOB,
T.€. YaCTO BCTPEYAEeTCA B IPUPOAE, HO IIPUCYTCTBYET B Pa3TMYHBIX MU-
Hepajiax B OUCHb HeGONBIIUX KOMNYecTBax. Ero cogepxaHue B 3eMHOM
Kope cocTaBisieT 0Kos10 7 107 %, 4yTo NpMMEPHO paBHO NPUPOAHBIM
3armacaM TakuX pacHpOCTpPaHeHHbIX METAJIJIOB, KaK OJIOBO U CBUHEI, U
CYIIECTBEHHO MPEBLIIAET KOJUYECTBO cepebpa, KamMus, pTyTH, Cypb-
MBI U pSiia APYTUX JIeMeHTOB. TeMm He MeHee MoJIyYeHHe I'epMaHus B
3JIeMeHTapHOM BHUJE BBI3bIBAcT OOJIbLINE 3aTPYAHEeHUs. MUHepaisl ¢
0O0JIB1IOM KOHIICHTpaLMel repMaHus BCTPEUAIOTCS] OUEHDb PEIKO U He
MOTYT CIIYXUTb ChIpbeM [UISl IIPOU3BOJCTBA 3TOTO HOJAYNMPOBOIHHUKA.

DOu3NKO-XHMHIECKHE H JIEKTpHYecKue cBoiicTBa. [lomobHO KpeM-
HMIO TePMAaHUA KPUCTALIU3YETCS B CTPYKTYPE ajiMa3a, OJHAKO OO0/b-
UIKMH pasMep ero aTOMOB MO CPaBHEHHIO ¢ aTOMaMM KpeMmHHUs obyc-
JIOBJIMBAET YBEJIMUEHUE MEXKATOMHBIX PACCTOSIHUI U CBSI3AHHOE C 9TUM
ocnabnenne sp-rubpUIHbIX KOBAIEHTHBIX CBA3eit. OTpaxeHneM Takon
LIETIOYKM 3aKOHOMEPHOCTEH SIBJISIOTCS HEBBICOKAS TEMIIEpaTypa I1aB-
JeHus repMaups (936 °C) M OTHOCHTENIBHO y3Kad 3alpelieHHas 30Ha.
B HOpMasIbHBIX YCIOBHSX €€ 3HaueHue cocrannsget 0,665 3B.

Kak m kpeMHuUii, repMaHuil OTHOCHTCA K ITOJYINPOBOIHUKAM C
HENPSIMON CTPYKTYPOI 3HEPreTUYECKUX 30H, HO B OTIIMUUE OT KPEeM-
HUA [J1aBHBIC MUHUMYMBI 30HbI TIPOBOAMMOCTH Y HETO HaO/I10Aa10TCs
B KpUcTaLIorpadpuuecKux HanpapiaeHusix cemeiictea <111>. YucTeid
repMaHMi po3payveH VISt JIEKTPOMATHUTHOTO U3JIYYCHUs C JUIMHOMN
BosiHbI Gonee 1,8 mxM. IIpyu KoMHaTHO# TeMmniepaType NOABUXHOCTb
3/EKTPOHOB MPHUMEPHO B JIBa pa3a MPEBBIIIAET MOABUXHOCTD IbIPOK,
NpUYeM TMOABMXHOCTD TEX U JIPYTUX HOCHUTENEH 3apsiia CylUIeCTBEHHO
BHILLE, 4eM y Kpemuus (cM. [Ipunoxenue 2).

M3-3a MOBBILUEHHON IU3JEKTPHUYECKON ITPOHULAEMOCTH (€ = 16),
00YCIOBNIEHHOH BBICOKOMH NOASPU3YEMOCTHIO MHOTO3JIEKTPOHHOTO aTo-
Ma Ge, HabmomaeTcsl CWJIBHOE 3KPaHMPOBAHUE KYJIOHOBCKOTO B3a-
MMOIEMCTBUS sIIpa CO CNa0OCBA3AHHBIMHU /IeKTpoHaMuU. [ToaTomy aHep-
TUSI MOHU3ALMKA MENKHUX JOHOPOB M aKLIENTOPOB OKAa3bIBACTCS GUYEHb
MaJsioit 1 cocraBisieT BequuuHy nopsiaka 0,01 3B (em. dopmyny (4.9)).
ITpu KOMHATHOU TeMIIepaType Takye MPUMECH MTOJTHOCTHIO MOHH30BA-
Hbl. Kak ¥ B IpyTux MOMYyNIpOBOAHUKAX, PACTBOPUMOCTS IIpUMECeit UMeeT
PETPOrpaaHbIil XapakTep, MpUIeM MaKCUMyM PaCTBOPHUMOCTH MPHXO-
aurcst Ha obsacth TeMmnepatyp 800 ... 875 °C (puc. 5.17). [To cpaBHeHHIO
¢ KpeMHHeM repMmaHuii xapakrepusyeTcsi 6ojiee BHICOKON pacTBOPH-
MOCTBIO MEJIKHMX aKLENTOPOB U MEHbIIEH PAaCTBOPUMOCTBIO JOHOPOB.
Haubosnee yacTo misi NerMpoBaHUs MPUMEHSIOT TUUTHH, CYpBMY M
MBIIIBSIK, KOTOPhIE 06/1aIaI0T BEICOKOH Tpe/Ie/IbHOM PaCTBOPUMOCTHIO,
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Puc. 5.17. TemneparypHble 3aBUCMMOCTH PAaCTBOPUMOCTH TIpHUMeceit B repMaHuu

ITpumecu merannos I, 11 u nepexonnoit rpynn Ilepuoanyeckoit cu-
cteMb! anemeHTOB . V. MenaeneeBa co3Mal0T B repMaHUU IIyOOKHE
YPOBHHM M, KaK MPaBWIO, UFPAIOT BPEIHYIO POJib, CHJIBHO OIpaHHYH-
Bast 1M Gby3UOHHYIO JUIMHY ¥ BpeMsl XXU3HM HOCUTE el 3apsiaa.

Ha puc. 5.18 npuBeneHbl 3aBUCUMOCTH YAEJbHON IPOBOAUMOCTHU
FEPMAaHUs #-TUIIA OT TEMIIEPATYPHI IIPY PATUYHOM COAEPXKAHUY MPU-
MecH MEBIbsgka. Ha puc. 5.18 xopolno BHIHB 00JIACTH TEMITEPATYP, B
KOTOPBIX NPOSIBASIIOTCS COOCTBEHHAs U NMPHUMECHAS 3JeKTPOIPOBOI-
HOCTHU repMmaHus. B cnabonernpoBaHHbIX KpUcTailiax (KpuBble I, 2) B
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Puc. 5.18. 3aBUCUMOCTH YACIbHOU NMPOBOJAUMOCTH IepMaHUs H-TUNA OT TEM-
NepaTypsl NMPH PA3TUYHOM COACPXKAHUU MTPUMECH MBIILBAKA!
1—8-10%m3% 2—~8-109m% 3 —7-102m3; 4 — 8108
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JIIOCTATOYHO LIMPOKOM JHATIA30HE TEMIIEPATyp HAOII0IaeTCS TOJIOXKH-
TEbHBIN TeMIIEpATYPHbIM KO3DMUIIMEHT YAEIbHOIO CONPOTUBICHUS,
T.€. YMEHblIEHUE 3JIEKTPONPOBONHOCTH NPU HArpeBaHUM, 4TO 00ycC-
JIOBJICHO CHHUXEHUEM MOIBHXHOCTU HOCUTENEH 3apsia BCJICACTBUE
YCUIMBAKOIUETOCs pACCesiHUS MX Ha TeIUIOBBIX KOJIeOaHUSIX Y3/I0B pe-
wetky. ITpu GonpiioM comepxXaHuu rpuMeceit (Kpupasi 4) roayyaer-
€51 BBIPOXAEHHBIN MOJIYIPOBOJHUK.

TeMnepatypa, npy KOTOPO HauMHaeT JOMHUHMPOBATH COOCTBEH-
Hasl 2JeKTPONPOBOAHOCTb, 3aBUCUT OT KOHLEHTPAUMU JIETUpYIOLICit
npumecH. Tak Npu coepXaHuy Mblubaka 8 - 101° M~ (xpusas 2) nepe-
XOI K COOCTBEHHOM 2JIEKTPOITPOBOIHOCTH HAOMIONAETCS TIpU TeMIlepa-
type T;=50°C, a ecii KOHIEHTpALMsI JOHOPOB coctapigeT 7 - 102! m~3
(xpupas 3), TO WJIS1 NOSIBAEHUSI COOCTBEHHO 2JIEKTPOIIPOBOJHOCTH B
SIBHOM BHJe repMaHuii Heobxomumo Harpets Boitie 200 °C (cMm. dhopmy-
ay (4.13)). UToOBI 31€KTPONPOBOAHOCTD F'eépMaHMst ObLTa COOCTBEHHOMN
IIp{ KOMHATHOM TeMIepaType, ero CiaeayeT OYUCTHTh 10 COIEpXaHUS
npumeceit MeHee 2- 10 M3, Bro o3Hayaer, 4TO Ha 2 MJPI aTOMOB
OCHOBHOTO BEHIECTBA B KPUCTAJIMYECKOM pelIeTKe JOMIKHO OBITh He
Bonee onHoro aroma npumecu (B 1 M~ 9MCTOro repMaHus COAEPKUTCS
4,42 - 102 atromoB).

BnusiHne KOHIECHTPAIMK 2JSKTPUYSCKN aKTUBHBIX NMpPHUMeECeH Ha
yAeJbHOE CONPOTUBJIEHUE U NOINBMUKHOCTh HOCUTEIEH 3apsia WIIIOCT-
pupyioT puc. 5.4 1 5.19. Kak ¥ B KpeMHUH, paccessHUe HOCHTeNeH 3a-
psida HA MOHU3UPOBAHHBIX IIPUMECSX UTPAET CYLIECTBCHHYIO POJb ITPU
KOMHAaTHOM TeMIieparype, eClM CoAepXKaHHe JIeTHPYIOLeil NMpUMecH
npesocxoauT 1022 M3, YMeHblieHHE MOABMXHOCTY HOCHUTENIEH 3apsiaa
[IpY{ BO3PAaCTAaHUM CTEINEeHU JNETHPOBAHUS KPHUCTA/UIOB SIBJSETCS MPU-
YUHON HEIWHCHHOW 3aBUCUMOCTH YAECJABHOU MPOBOAUMOCTU OT KOH-
LIEHTpaL UK JAEIUPYIONIMX TIpuMeceii (JiHeHAasi 3aBUCHMOCTh OTMeYe-
Ha Ha pHUC. 5.4 NyHKTUPHOM JUHUCH a).
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Puc. 5.19. 3aBucHUMOCTb NOABMXHOCTY HOCUTENEH 3apsiia B e pMAaHUM OT KOH-
LCHTPALIMH JICTUPYIOIIMX NTpuMeceit
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[Ipu 11aBrAeHUMM TEpMAHUS IPOMCXOOUT PE3KOE M3MEHEHME €ro
SIEKTPUYECKHMX CBONUCTB. B pacIuiarieHHOM COCTOSIHMM I'epMaHMit UMeeT
yaenpbHOe conporusieHue (py = 6,5- 1077 Om - M), 6aM3KO€e K YAETb-
HOMY COTIPOTHBJICHHIO PTYTH. DTa 0COOEHHOCTD HIPAET OYEHDb BAXKHYIO
pOJib NPH MHAYKIIMOHHOM pa30rpeBe PacrUiaBieHHON 30HBI B CiIydyae
NPOBEAEHMNST KPUCTAIM3ALIMOHHON OUUCTKU TePMaHUsI.

Kpucrauimyeckuil repMaHuil XMMUYECKH YCTOMYMB HAa BO3IYyXE
TIpY KOMHaTHOIt Temniepatype. [Tpy HarpeBaHUM Ha BO3NMyXe IO TeM-
nepatyp Bbite 650 °C repMaHmnii oKucaseTcs ¢ 00pa3oBaHUEM JTUOK-
cuaga GeO,. B GonplIMHCTBE CTyyaeB 06pasyoUMics IMOKCH repMa-
HHUA NpeACTaBasieT co6oi cMeCh KPUCTAIMYECKON reKcaroHaabHO
u amopdHOH MOoIHdUKAIIUIL, KOTOpble 001anal0T 3aMETHOM pacTBO-
pPUMOCTHIO B Bozie. M3-3a HecTaOUILHOCTU CBOMCTB COOCTBEHHbIN OKCHIL
Ha MOBEPXHOCTH repMaHus, B OTJIMYUE OT COOCTBEHHOIC OKCHIA KpeM-
HUS, HE MOXET CIYXHUTb HaZeXXHOM 3allMTON MaTepuana rpu NnpoBe-
JIEHUM TIPOLIECCOB IUIAaHAPHOH TexHoMornM (dotonurorpacuu U jao-
KaJabHOI nupdy3un).

TIpu KOMHaTHOI TeMIiepaType repMaHuil He pacTBOPSIETCS B BOJE,
COJISIHOM M pa30aBIecHHON CEpHON KUCIOTaX. AKTUBHBIMY PaCTBOPHUTE-
JISIMU TEpPMAaHUSI B HOPMAJIbHBIX YCIOBUSIX SIBISIIOTCSI CMECh a30THON M
MJIABUKOBOI# KHCJIOT, PacTBOpP IMEPOKCHIA BOAOPOIA U TPABUTEIH,
coepXKalllie B CBOEM COCTaBe OKUCISIOIUE peareHThl. I1pu Harpepa-
HUM TEPMAHUI UHTCHCUBHO B3aMMOJEUCTBYET C raJIOr¢HamMu, Cepou
U CEPHUCTBIMHM COEIMHEHUAMH,

Jlaxe B pacIUIaBIEeHHOM COCTOSIHMY BOJIM3M TEMIIEpaTyphl 1jlaBie-
HUS repMaHuit 06agaeT HUITOXHO MaJTbIM IaBACHUEM HACBILIEHHOTO
napa. OTMeYeHHOE OOCTOSITEILCTBO B COUETAHUH C HEBLICOKOM TEMIIe-
paTypoii IUIaBIeHUSI CYIIECTBEHHO YMPOILAET TEXHUKY KpHUCTALIU3a-
IIMOHHOH OYMCTKM M BHIPAIIMBAHUSI MOHOKpHUCTAMNOB. KUakuit rep-
MaHUH NMPakKTUYECKU HE B3aUMOACHCTBYET € IpadMTOM M KBaplIEBbIM
CTCKJIOM, YTO MO3BOJISIET HCHOJb30BaTh UX B KaYeCTBE TUIMICH U 1010~
YeK MPH NMPOBEICHUY METALTYPTUYECKUX MPOLECCOB.

IIonyyenne repmanua. OCHOBHBIMU UCTOUHUKAMU FepMaHUS NpH
€ro MPOMBILLICHHOM TOJIYYeHU U SABASIOTCS NOOOYHbIE ITPOAYKTHI IMH-
KOBOrO NMPOM3BOACTBA, KOKCOBAaHMS YIJIed, a TakKxke repMaHHUeBbIe
KOHIIEHTPAaTbl, OJy4aeMble 13 MeIHO-CBMHIOBO-LIMHKOBLIX pyil. B pe-
3yAbTaTe XUMHYECKOI NepepaboTKM UCXOAHOTO Chipbsa 00pa3yeTcs Te-
tpaxinopun repmaHusa GeCly, KOTOPBIN nipeAcTaBIsieT COO0H XUAKOCTD
¢ HeBbicokoil (83 °C) Temmneparypoit kuneuusi. ZKUAKOCTh NOIBEPraioT
[J1yOOKO O4YUCTKE, UCMOJb3Ysl METOObl 3KCTPAKIMU U peKTUdUKa-
MU, TIOCJIE YEero OYMIHECHHBIM TeTPaXJIOpUA MyTeM THIPOIMU3a Tiepe-
BOJSIT B IUOKCH/L COIJIaCHO PeaKIIUH

GeCl, + 2H,0 — GeO, + 4HCI

SHCMCHTaprIﬂ FepMaHHﬁ I10J1y4ar0T BOCCTAHOBJACHHUECM JHUOKCHIA
YUCTbIM BOAOPOAOM:
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G602 + 2H2 — Ge + 2H20

IMpoitecc BOOAOPOIHOTC BOCCTAHOBICHUS MPOBOAAT B 3JEKTpUYE-
CKHMX Neyax npu Temmeparype 650...700 °C ¢ ucrionb3oBaHueM rpadpu-
Ta B KAQUECTBE TUIEJIbHOIO MaTepuana. 3aklIoUUTebHas CTagus BOC-
CTAHOBUTEIBHOIO TPOLECCa COBMEIIAETCS C IUIaBJIeHHEM 00pasylo-
ILEroCs MOPOIIKA repMaHHUs Y HallpaBIeHHOM KpUCTa/UIn3aiueil pac-
rw1aBa. M3rorosieHHbBle TAKMM CIIOCOGOM ITOTUKPUCTAUIMIECKUE CITUTKH
B AQJIbHeHIIeM MOABEPraioT 30HHO! MJIABKE IS MOMYUCHUS TepMaHUs
0CO00M YUMCTOTH! UM UCTIOAB3YIOT B KaUYECTBE MCXOMHOTO Marepuasna
IIPY BLIpALUMBAHUH JIETHPOBAHHLIX MOHOKPUCTAJIIIOB METOIOM BBITS-
TMBaHUs U3 paciviasa.

OuncTKka ¥ BBIpAHIMBAHME MOHOKPHCTAJLIOB. BOCNpOM3BOAMMOCTD
XapaKTEePHCTUK TOIYIPOBOIHMKOBBIX NIPHOOPOB BO MHOIOM 3aBUCHUT
OT CTPYKTYPHOTO COBEPUIEHCTBA MCXOAHBIX KPHUCTAJIOB M coaepXa-
HHUs B HUX IIOCTOPOHHUX NMpuMeceil. MaTepuasl, MpolLieaiie XuMmu-
YECKYIO OUMCTKY JQJIEKO He BCEerAa YIOBIETBOPSIOT TPEOOBAHUSIM IO~
JYIPOBOIHUKOBOTO NpubopoctpoeHus. s Nony4yeHUss KpUCTALIOB C
MHUHUMAJIBHBIM KOJIMYECTBOM OCTATOYHBIX MPUMECE MCMOMb3YIOTCA
pazJInUHbIe METOIbI KPUCTAIUIU3ALMOHHON OUYHCTKU. Cpeay HUX Hau-
6oree 3(pPeKTUBHBIM SABJISAETCH METOM 30HHOU NAGGKU.

- KpucraumsalimoHHast OYXCTKa OCHOBAHA Ha SIBJICHUU Cerperaiuu
npuMecei, T.e. UX HEOAMHAKOBOW PaCTBOPUMOCTH B KUIKON U TBEP-
noit dazax, HaxonsIuxcs B papHoBecuU. OTHOLIEHHE KOHUEHTpaUHit
MPUMECH B KOHTAKTHPYIOLINX TBepAOoH Ny, U Xkunkoit N, daszax Ha3bI-
BaeTcs KO3GhPUIHMEHTOM pacnpeaeaceHus ky = N/ Ny.

UucneHHoe 3HAYeHHE ky ONpeAeNsseTcs] AMarpaMMOM COCTOSTHUS
MOJIYIIPOBONHUK — MpUMech. [Ipu 3TOM ecnmu BBeOgHWE NPUMECHOTO
KOMITOHEHTA TMOHMXAET TEMMEePAaTypy IUIaBIeHUS] YHUCTOrO BEUISCTBA,
10 KO3(QGUIMEHT paclipeleiieHUs] NMPUMECH MEHblIe ennHUUb. Ha
IIpakTUKe MoAOOHBIM cilyyait Hanbosee pacnpocTpaHeH. B yacTHocTH,
B repMaHuM ¥ KPEMHMH NOJABAIONICe OONBUIMHCTBO TpUMeceit nMe-
10T K03 pHLMeHTh! pacnpeaeaeHUsT HAMHOIO MeHblle eTuHHULBL. [ToaTo-
My B IIpouecce HaNpaBAeHHOW KpUCTAUIM3ALMM OHH 3(HGIEKTUBHO
OTTECHSIOTCS MexGa3HoH rpaHuleil B 06beM pacIuiaBsa.

[lpouecc 30HHOII OYUCTKH repMaHUA TPOBCOIUTCS B aTMocdepe
BO0POJA, HHEPTHBIX I'a30B UM CMECH BOJOPOAA U MHEPTHBIX TA30B.
Cxema MeTona nokaszaHa Ha puc. 5.20. [ToapepraemMslit OUMCTKE CIM-
TOK MTOMEIIAIOT B rPadUTOBYIO TOIOUYKY, 3aKIIOYEHHYIO B KBapLIEBYIO
TpyOy, I10 KOTOPOH HeNpephIBHO NMPOXOIMT 3aIMUTHBIN ra3. C nomo-
IO MHJYKTOpA, MUTAaEMOTO OT BBICOKOYACTOTHOTO TeHEpPaTopa,
MOJIYYAIOT Y3KYIO PacIUIaBACHHYIO 30HY 1MpHHOHR 40... 50 MM, KOoTO-
PYIO C MTOMOUIBIO MOABUKHOM KapeTKH MEIEHHO MEPEMENaloT BIOIb
o6pasua {co ckopocTbio 3...6 MM/MHUH). JJIMHA CIMTKOB JOXOXUT 10
1 000 MM u Gonee. TpeGyemas cTeneHb YUCTOTHI JOCTUTAETCA MOC/E
5...8 mocnenoBaTesbHBIX MPOXOJAOB PacIUIaBIEHHON 30HBI B CIHOM
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Puc. 5.20. CxeMa ycTpoiicTBa /sl 30HHOM IUTaBKU:

1 — xBapuesas 1py6a; 2 — BUTKM KOHTypa BBICOKOYACTOTHOIO reHeparopa; 3 — Cliu-
TOK OYULLAEMOI0 repMaHus; 4 — rpaduToBas JONOUKA; 5 — 30HBI IINABJACHUS (3aTEM-
HEHbI); 6 — KapeTKa ¢ 3akpelvieHHBIMU BUTKaMu BY-reneparopa

HanpasiaeHuHU. Ilpy GonblieM YHClie NPOXOAOB YAYYLIEHUS] OYUCTKHU
He HabniogaeTcs, Tak Kak 3(heKT oTTeCHEHHST TpUMeCceH TepeKphI-
BaeTCs MOCTYIUIEHHEM HX B PacIljiaB U3 JOJOYKM U OKpYXalouei aT-
Mocgepbl B KOJMYECTBAX, BO3pacTalOIUX MPONOPUUOHANBHO BpeMe-
HM KOHTaKkTa. [{7s1 ycKopeHus rpoilecca OUUCTKH M0 JUIMHE CIIUTKA
CO371AI0T He O/IHY, A Cpa3y HECKOJBLKO pacIUIaBJICHHBIX 30H. B 3TOM
cjydyae OAVH IPOXOJ HATPEBATENsl SKBUBAIEHTEH Cpa3y HECKOABKUM
LHUKJIAM OYMCTKH.

B xone 30HHOI MJIaBKM BCe INMPUMECH, UMeEIoLUe KOIPPULHUEHT
pacrpenesaeHusl MEHbIlE €AUHUIBL, TPEUMYILECTBCHHO 3aXBaTHIBAIOT-
€Sl XXMIKOi 30HOM U BMECTC C HEl YHOCSTCSI B XBOCTOBYIO YaCTh CIMT-
Ka, KoTopasi o0pe3aercs 1o OKOHYaHUM npouecca OUMCTKU. KOHTpob
Ka4yecTBa CAUTKOB HOC/IE 30HHOM TUIABKU OCYLIECTBIISICTCS U3MEPEHU -
€M YIENHHOTO CONPOTUBICHHUS MaTeprana (CM. puc. 5.4).

Haubosnee coBeplicHHbIC MOHOKPUCTA/UTBI FEéPMaHMs BBITATUBAIOT
13 paciuiasa rmo meroay HYoxpanbckoro. st pacIutaBieHHs: UCTIONb3Y-
10T TepMaHU#, MPOLUEAUINI KPUCTAIIU3ALMOHHYIO OUMCTKY. B TexHo-
JIOrMYECKOM OTHOUIEHMH FepMaHUil 0Ka3biBacTCs 00Jiee MPOCTHIM Ma-
TEpUAJIOM, HEXENU KpeMHMH, Npexae Bcero Oiaromapst 6osiee HU3-
KO TeMmIepatype IUIaBACHUS U MEHBIUCH XMMHUYECKOH aKTHBHOCTHU
MaTepuasa B pacTuIaBAEHHOM COCTOSTHUM. YTOOBI NONTYYUTH MOHOKDH -
CTaJUTBl FIOCTOSIHHOTO IMaMeTpa 110 BCeH JUIMHE, TeMIIepaTypa A0JXHA
MOJIEPKUBATLCS MMOCTOSTHHOM Y (DpOHTA KPUCTAUIM3ALUMU C TOUHO-
CTBIO 10 JAEeCAThIX AOJEeH rpaayca. MeToasl jja3epHo# okanuu obecne-
YMBAIOT ABTOMATHYeCKOe PEryIUpoBaHue nuaMerpa ciurtka. [lo meto-
1y YoxpasibCKOro BHITATMBAIOT MOHOKPUCTAJUIbI TEPMAHMA TUAMETPOM
1o 300 MM.
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Ilpumenenne repmanus. Ha ocHoBe repMaHusl BBIITYCKaeTCs IOCTa-
TOYHO LIMPOKAsi HOMCHKJATypa NMpUOOPOB PA3IMYHOIO HA3ZHAUYCHUS
¥, B MEPBYIO OYepenb, AHOIOB U TpaH3ucTopoB. Cpenu Hux Gonee
LLIMPOKOE paCMpOCTPaHEHHE MOTYUWIN BLINMPSIMUTEIbHbBIE TNIOCKOCTHbIE
JMOJbl M CIUIABHbIE OUIIONAPHBIE TPAH3UCTOPHI. BBITIpSIMHTENbHbIE
TUTOCKOCTHBIE IUOJbI pacCUMTaHbl Ha npsiMble Toku oT 0,3 po 1000 A
NpU NMageHUU HanpsikeHus He 6osee 0,5 B. HegocrarkoM repmanue-
BBIX TMOJIOB SIBJISIIOTCSt HEBBICOKME JIOMYCTUMBIE OOpaTHbIE HaIMpPSIXKe-
Hus. ['epMaHueBbIE TPAH3UCTOPBI MOTYT OBITh HU3KOYACTOTHBIMH U
BBICOKOYACTOTHBIMU, MOLIHBIMU U MaJIOMOUIHbIMU. OJHAKO Yy repma-
HHSl OTCYTCTBYET COOCTBEHHBIN OKCHI C MaCCUBUPYIOIUMMH M MACKH-
pYIOIIMMU cBOMCTBAMHU. K TOMY Xe M3-32 HU3KOH TeMIepaTyphl TaB-
JIEHUS HEBO3MOXHO PEATTM30BaTh TEIUIOBOH pexXuM, 00eCeunBaloMit
JIOCTATOYHO BBICOKYIO CKOPOCTDb IM(MDY3NOHHONH MUTPAIIMU OCHOBHBIX
JIETUPYIOMUX TIpuMeceii. TakuMm 00pa3oM, repMaHUi He YIAeTCH «BITU-
cath» B MPOM3BOACTBEHHBIM HMKII TyaHapHOM TexHoioruu. OH oKa-
3aJICS HEMPUTOAHBIM U1 MaccoBoro npousBoacTea UMC u «yuen B
TE€Hb» KPEMHUS, XOTsI UMEHHO Ha repMaHMHu ObLTM CO3/[aHBbI MEPBBIE
TPAH3MCTOPBI, COBEPIUUBIINE PEBOTIOLIMOHHBLIN NMEpEBOPOT B IJIEKT-
POHHOH TexHUKE. BaXXHO TakxXe OTMETUTb, UTO YV repMaHuUsl CpaBHU-
TEJABHO Y3Kasl 3anpelleHHas 30Ha, KOTopasi OrPaHUYMBAECT MAKCUMAJIb-
Hble pabouue TeMIIepaTypbl MOJIYIPOBOIHUKOBLIX MPUOOPOB 3HAYeE-
Huamu 70...80 °C, yTo 3HAYUTENbHO HMXKE B CPABHEHHUM C KpeMHUE-
BBIMH MPHUOOpaMHU.

HecMoTps Ha yKa3aHHbIE HEAOCTATKH reépMaHUil TIpUMEHIETCS IS
CO3AaHUA JIJABUHHO-TIPONETHLIX ¥ TYHHEJNbHEIX TUOAOB (€M MEHbIIE
3anpelleHHAas 30HA, TEM Bbille TYHHENbHAs MPO3pavyHOCTh BHEpTe-
THYECKHUX 6apbepoB), BAPHUKAIIOB, TOUEUHBIX BHICOKOYACTOTHBIX, MM~
nyabcHbIX U CBY-nuonoB. B “MNYJIbCHBIX IMOAAX ISl TOCTUXCHUS
BBICOKOM CKOPOCTH MEPEeKIoUeHUss TpeOyeTcss MaTepuan ¢ MasbiM
BpPEMEHEM XH3HU HepaBHOBECHBIX HOCHUTENEH 3apsiaa. 3ToMy Tpebo-
BaHUIO XOPOLIO YAOBIETBOPSIET F€pMAaHUM, JETUPOBAHHBINA 30J0TOM.
ATOMBI 30JI0Ta CO3AAI0T B repMaHUU 3(PPeKTUBHbIE LEHTPbI PEKOM-
OMHALIUM.

bnarogapst OTHOCUTENBbHO BbICOKOI MOJABUXHOCTH HOCUTEJIEH 3a-
psija repMaHui NPUMEHSIIOT ISl MU3rOTOBMEHUST JaTYMKOB Xojla U
JAPYT¥X MAarHMUTOYYBCTBUTENbHBIX MPUOGOPOB. [10AB3YIOTCS CIIPOCOM
repMaHHeBbIE JETEKTOPHI SIAEPHBIX U3NyueHMil. OUeHb BaXXHBIM 110~
TpeOUTENEeM KPUCTA/UIOB IrepMaHUs OOJBIIOIO AUAMETPa SIBASETCS
UH(ppakpacHas onTUKa. M3 HUX U3TOTOBISAIOT ONTUUYECKHUE JTUH3BI C
GONBUION CBETOCHIOH A CUCTEM TECMJIOBUACHMAS M IUCTAHIIMOH-
HOTO M3MEpPCHMS TEMITepaTypbl, a TAKXe ONTUYECKHUE (DUIBTPHI U
Monynsitopsl UK-uznyuenus. Onruyeckue CBOMCTBA repMaHUs MO-
3BOJISIIOT €r0 MCI0JIL30BaTh ISl U3roTOBJIeHUST GOTOAMON0B U GO-
TOTPAH3UCTOPOB, PACCYMUTAHHBIX AN paboThl B 6mxHeM MK-an-
ana3oHe CIEeKTpa.
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5.4. KAPBU]J, KPEMHU

Kap6ua kpemuus SiC aBiisieTcs eIMHCTBEHHBIM OMHAPHBIM COEAU-
HeHueM, 00pa3yeMbIM IOJYIPOBONHUKOBBIMM dfieMeHTaMu [V rpyn-
nel [Tepuonuyeckoit Tabnuusl aneMeHToB . Y. Menneneesa. B npupo-
JI¢ 5TOT MaTepHas BCTpedaeTcs KpaifHe peaKo U B OUYEHb OrpaHHYCH-
HBIX KOJIMYECTBAX.

ITo Ty XUMUUECKOU CBSI3M KapOUI KPeMHHSI OTHOCHTCS K KOBa-
JIEHTHBIM KpucTtaiaM. J1oJisi HOHHOIM CBA3U, 00YC/IOBIEHHAA HEKOTO-
PBIM Pa3jiMyMeM B JIEKTPOOTPULIATENbHOCTIX aToMOB Si u C, He npe-
Belnaer 10... 12 %. DHeprust KOBAJICHTHOI CBSI3M MEXIY aTOMaMM KpeM-
HHUA M yriepoaa B Kpuctaminax SiC niouTH B TP pa3a NpeBbIlIaeT SHep-
THIO CBSA3M MEXIYy aTOMaMM B KpUCTa/LTax KpeMHMs (cM. Tab. 1.1). bra-
rogapsi CUIbLHbBIM XUMHUYECKMM CBS3SIM KapOWA KPEMHMUS BBIAEISETCS
CpeAU JPYruX MaTepuasioB BLICOKOM XWMMYECKOM M paguallMOHHOH
CTOMKOCTBIO, TEMITEPATYPHOIl CTAOMIBHOCTBIO (PU3UUYECKUX CBOMCTB,
00BIION MEXAaHUYECKON MPOYHOCTHIO U BBHICOKOM TBEPIOCTHIO.

TexHu4eckuil KapOMI KpeMHHS M3TOTOBJSIOT B 3JEKTPHUYECKUX
reyax IIpy BOCCTAHOBAICHHUHU ITMOKCHIA KpeMHMUs (KBApIEBOTO TeCKa)
YIIEPOJAOM:

Si0; + 3C — SiC + 2CO

Ho Temneparypst 2 000 °C o6pasyetcs kyouueckas B-Moaudukauus
SiC, a npu Gonee BHICOKOI TeMIIepaType BOCCTAHOBICHHUS — reKcaro-
HaibHas ¢-MOIM(MUKALIMS IPUMEPHO C TEMH XK€ MeXaTOMHBIMM pac-
CTOStHUSIMH B KpUCTa/UIMyeckoi peutetke. [Ipu Temnieparype CBhIlLe
2600...2 700 °C HabmomaeTcs BO3rOHKA KapOuaa KpeMHUSL.

B neuyu 06pasyioTcs cpocuivecs Mmakersl KpuctamioB SiC, Ha3bIBa-
€Mble py3aMH. BOJIBIIMHCTBO KPHCTAUIOB B 1py3aX UMEET HE3HAYU-
TEJILHBIE Pa3Mephl, OHAKO BCTPEYAIOTCHA KPUCTALIBI, UMEIOLIHE TLIO-
mank 10 1,5...2 cm? U3 apy3 nyrem npoGliieHusl MOIy4aroT NOPOLIOK
KapOuma kpeMHHs1. MOHOKpPUCTALIbI NMOJYNPOBOAHUKOBOH YUCTOTHI
MOTYYAIOT METOAOM CYOJIMMALIMM B DJIEKTPUYECKHUX TIeYax ¢ rpaduTo-
Bo¥ apMmatypoil. Kiaccuueckue MeTobI BHITSIMBAaHUSI U3 paciuiaBa Ui
KapOuaa KpeMHHUsI HeIPUMEHUMBI U3-3a CAMIIKOM BBICOKO TeMITepa-
Typhl MaaBleHud (7o pacuyeTHbIM oueHkaMm 7T, = 4320 K) u oyeHp
BBICOKHMX TpeOYEeMBIX JaBICHUIX COOCTBEHHBIX KOMITOHEHTOB.

Kpucrannusaius u3 ra3oBoi ¢a3bl MOXeT ObITh peaIn30BaHa KakK B
YCJIOBUAX CITIOHTAHHOIO 00pa3oBaHUs 3apOABILIEH (MAacCOBAsk KPUCTAT-
JIN3auMs), TaKk M NyTeM KOHAECHCAllMH Iapa Ha OpMEHTUPOBAHHOMN MO-
HOKPHCTUTMYECKOH 3aTpaBKe (yripasisseMast Kpucrauimzauust). B nep-
BOM CJIy4ae IMoay4aroT 0OJIblioe KOMUYECTRO JeHAPUTHBIX TIACTHHYA-
ThIX KPUCTA/UIOB HeGOJIBLIOTO pa3Mepa C HEOJHOPOIHEIM JIETHPOBaHU~
eM. Bropoit MeToa no3BOJSET MOIydaTh JOCTATOUHO KPYIMHbIE 00bEM-
Hble MOHOKPHUCTAJUTbI, MPUIOAHbIC Ui HUCIOJIL30BAaHMSA B KauyecTBe
BBICOKOKAYeCTBeHHBIX IOUIOXEK NP CO3AaHUU PA3TMYHBIX ITOJIYIIPO-
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BOIHUKOBBIX IPUOOPOB Ha OCHOBE KapOuaa KpeMHUs. EcTecTBeHHO,
MpeAIOYTeHUE OTHACTCI HATIPAaBAeHHOW KPUCTAIU3AIUHI, XOTSI OHA U
okasbiBaeTcsa Gojee TpyaoeMKoil. CxeMa pocTOBOU siYeiKu, U3rOTOB-
nsieMoli M3 rpaduTa, roKaszaHa Ha puc. 5.21. B Bepxueit yactu pabouero
00beMa YKpeIUIsieTCs: MOHOKpHUCTaInYeckasi 3arpaska. Dopma nono-
CTHM pOCTa OIlpeaessieT Npoduib U pasMep 00pasyIolierocst Kpuctauria.
Hcnonp30BaHue KOHHYECKUX IMOJIOCTeH (KaK MMOKa3aHO Ha cxXeMe)
M03BOJISIET MPOU3BOAUTS pa3palliMBaHKe KpUcTannoB. HuxHsia yacTh
paboyero oGbeMa 3aMOMHASTCS. HCXOHBIM BElLIECTBOM-UCTOYHHKOM.

B xauecTBe UCXOIHOIO CHIPhS MPUMEHSIIOT ITOPOHIKCOOPA3HBI Kap-
Oua KpeMHUsl, IIpeABapUTe]IbHO CUHTE3UPOBAHHBIA U3 KPEMHUA U
yriepona ocoboit YMCTOThl. BrlpalinBaHHE KPUCTA/UIOB IIPOBOIST TUOO
B Bakyyme, 1u00 B MHEPTHOI cpeae (aproH, rejuil), MHoraa ¢ 1o6as-
KaMH Boaopoaa, npu temmeparype 2 000...2 600 °C. Turesp HarpeBaroT
B IWJTMHAPUYECKHUX eYax ¢ TIOMOINBIO PE3UCTUBHOTO rpadpuTOBOTO Ha-
rpeBaTeisi WIK TOKAMH BbICOKOH YacToThl. Bronb ocu pabouero obpema
CO3MIAIOT HEOOBILION IPAAMEHT TeMITepaTyphl. JlarieHHeM HHEPTHOTO Taza
PETYIMPYIOT CKOPOCTh MaccoIepeHoca yepes3 razopyio ¢asy, a CooTBET-
CTBEHHO, Y CKOPOCTh POCTa, KOTOpasi MOXKeT AocTurarh 10 mm/4. Macco-
MEePEHOC OCYLICCTRISAETCA ITOTOKaMU COOCTBEHHBIX KOMIIOHEHTOB,
0o0pasyouxcs Npu pa3lokeHNWU BelecTpa-ucroynuka (Si, Si,C, SiC,
u ap.). OCBOEHO KOMMEPYECKOE IIPOMU3BOACTBO KPUCTAILIOB B IMAMET-
pe 10 75 mM 1 20...25 MM B JJIHRHY.

CreneHb JIETUPOBAHUS KPUCTALIOB PEryIUPYIOT U3MEHEHHEM CO-
JIepXKaHUs IpUMeceil B MICXOTHOM HIMXTe WiK B ra3oBoit dasze. Haubo-
Jiee YacTo B KAYECTBE JOHOPOB H aKUEHTOPOB MCIOJIb3YIOT a30T U aJIIo-
MMHUI COOTBeTCTBEHHO. OCHOBHBIMU BUIAMHU Ae(DEKTOB B OOBEMHBIX
MoHOKpHcTawiax SiC aBAsIIOTCA MUKPOIOPDI, MUKPOBKITFOUEHHS, JTUC-
JIOKAUUX Y AeeKThl YNaKOBKU. YIIpyrue HalpspKeHUs], SBISIONINECs
IepBONPUINHOMN MOSIBIEHUS TMCIOKALUN U Ae(eKTOB yakOBKH, BO3-
pacTaloT Mpy ABMXEHMH OT LieHTpa K nepudepun ciurka. Heiaerupo-
Balz{zl{blg KPMCT/UIBl UMEIOT (DOH OCTAaTOYHBIX IpUMeceil Ha ypOBHE
104 M.

12
-3
Puc. 5.21. Cxema pabouero obpema s
BbIpallBaHUs OGBEMHBIX MOHOKPUCTAT- i
JIOB Kapbuia KPEMHHUS! 5
1 — TemnoBo#l 3kpaH; 2 — 3aTpaBKa; 3 — 4
AR

pPacTYUIU# MOHOKPUCTA/T, 4 — HCXORHAsA 6
- L

WMXTa; 5 — rpadUTOBHIA THTENb; 6 — LM~

JIMHIOPUYECKUI rpadUTOBBI Harpesartenb = ]
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HecMmoTpst Ha GoJibliMe pa3Mepsl MOJy4aeMbIX ITOATOXEK TIIOLIANb
peasbHO CO3JaBaeMbIX NPUOOPOB OOBIYHO OrPAHUYMBAIOT BETHIUMHOM
3 x 3 Mm%, TIpUYKMHOI TOMY SABAAIOTCS MUKDOIIOPHI, ITPEACTABAIONINE
co0oit CKBO3HbIE OTBEPCTHUsI AuaMeTpoMm oT 0,1 1o 5 MKM, KOTOpbie
MOTYT TIpOpacTaTh Yepe3 BeCh CMUTOK. ITIOTHOCTE TakMX AeheKTOB KO~
nebnercst B npenenax 1...100 cM~2. YCTaHOBIEHO, YTO MUKPOIIOPHI HE
«3AICYUBAIOTCS» JaXe Ha CTAAWM MOCJAEAYIOLIEH STTUTAKCHUH.

SBMUTAKCHUS SIBISETCS OCHOBHBIM METOAOM (DOpMUPOBaHUS MpUOOp-
HbIX CTPYKTYp Ha noutoxkax SiC. Ee npoBoaAT XMMHUYECKUM OCAXIe-
HUeM M3 Ta30Boii dassl pu Temrieparype 1 500... 1 600 °C ¢ ucnonbzo-
BaHMEM CHJIaHa M YIJIEepOoAcCOoAepXaliero rasa (HalpuMep, NpornaHa
C;H;) B xayecTBe MCXOAHBIX peareHTOB. 110 CyHIHOCTU MPOTEKAIOLIUX
MPOLIECCOB OHA NMOAOOHA 3NMUTAKCUU KpeMHuUs. Hapsiny ¢ 3anuTakcuei
Juish GOPMUPOBAHHSE JISTUPOBAHHBIX O0IaCTeH NPUMEHSIIOT HOHHYIO UM~
IUIAHTALMIO IPUMECEi HEMOCPEACTBEHHO B MOMIOXKY C MOCIEAYIOLIUM
TEPMUUYECKUM OTKUTOM. BBICOKAS CIOXHOCTb M TPYAOEMKOCTh POCTO-
BBIX TIPOLIECCOB OMNPEACSIIOT BBHICOKYIO CTOMMOCTh MOHOKPHCTAJLIM-
yeckUux noatoxek SiC ¥ MHOTOCTOWHBIX CTPYKTYP Ha HX OCHOBE.

OaHa U3 UHTEPECHBIX OCOOEHHOCTEN KapOuaa KpeMHUS 3aKiliova-
€TCsA B 06pa30BaHUH GOJIBIIOTO YUCIA €70 KPUCTAUTUYECKUX MOTubu-
KauuMit — noaumunog, yCTOMUMBO COCYIHECTBYIOIIMX B IIMPOKOM HH-
TepBanie TeMmeparyp. CTpykrypa joboro noauruna SiC MOXeT GbITh
NpeACTaBIeHa TPaHCASIILMeH onpeneNeHHOro Habopa CI0eB IUIOTHE -
el 1apoBoO YIMaKOBKH, PUYEM B PACCMATPUBAEMOMN CXeMe TOJ «IIa-
pOM» CIIEAyeT IMTOHUMATh CTPYKTYPHYIO €IMHULLY, COCTOSIIYIO U3 OJI-
HOTO aToMa KpeMHHUsI M ofHoro aroma yriaepona (Si—C). Bo B3aum-
HOM DAacCIONOXEHUU CIOEB MPU TUJIOTHON YIMakoOBKE HIAPOB B O0LIEM
CIy4ae MOXHO BBUICIMTb TPU HEIKBHUBAJIECHTHBIX IMOJOXEHUS, KOTO-
pbie 0603HauuM cumBonamu A, Bu C. [Tonurunsl pazanyaloTcs nopsia-
KOM uepeloBaHUs M uuciIoM ciioeB A, B, C B «Habope». Hanpumep,
niocnenosateibHocTb ABCABC... XapaKTepH3yeT CTPYKTYPY KyOHUeCKOro
kapbuna kpeMHus (B-SiC), a uepenosanue ABABAB... OTpaxaeT CTpyK-
TYpy BlopuMTa. B nociennem ciiyyae paclonoXeHUE «L1apOB» IIOAYK-~
HSIETCSA CcXeMe IUIOTHEMHIIel rekcaroHajbHOM YIaKOBKU C TEPHUOIOM
yepeJOBaHHUs, PABHLIM BCETO JIMILL IBYM CJIOSIM.

B cUMBOJIMYECKOH 3aMMCH MOMUTUIT XapaKTePU3YeTCsI YUCIAOM CJIO-
€B B Ha0ope H CUMBOJIOM CUMMeTpUHM pewieTku. Hanpumep, B 0603Ha-
yeHusx nonautunos 3C, 2H, 6 H, 15R, 21R 6yksnl C, H u R yka3biBa-
IOT COOTBETCTBEHHO Ha KYOMYECKYIO, FeKCAroHAJILHYIO U poMO0o3apH-
YeCKYI0 CUMMETPUIO KPUCTALTHYECKOH pelieTKi. OTHOCHTEIBHOE YUCII0
[eKCAaroHaJbHBIX YEPEIOBAHUI CI0EB B CTPYKTYPE MOJMTUIIA HA3bIBA-
IOT CTETMIEHBIO €ro TeKcaroHanbHOCTH. Tak, B nonuturie 4 H, [wist KoTo-
pOro xapaKTepHa MoCaea0BaTEIbHOCTS ctoeB o Tuny ABAC... (hchc...),
OTHOCUTEJIBHOE YMCIIO IeKCaroHanbHbIX YyepenoBanuii cocrapisieT 50 %.

Bce moauduxkauuu SiC MUMEOT OAMHAKOBYIO KOH(MUIYPALUIC MU
OIMHAKOBLIH COCTAaB MEPBOH 1 BTOPOit KOHPUTYypallMOHHBIX cep. Kax-
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OBl aTOM pelLIeTKM TEeTPa’ApPUUECKHA OKPYXKEH UeTBhIpbMs aTOMaMu
IPYroro polia, a BTOPYIO0 KOOPAMHALMOHHYIO cdepy cocTapisioT 12 aro-
MOB TOFO Xe BHJA.

Cocras Gonee gajleKHX KOOPANHAIIMOHHBIX cep 3aBUCUT OT CTPYK-
TYpbI MOAUTUIIA. B HacTosiee BpeMsT u3BecTHO cBoiiile 150 moauTumn-
HbIX GhopM Kapbuaa kpeMHus. OIHAKO B IeACTBUTENBHOCTU UX YHCHO,
[I0-BUIMMOMY, He orpaHuyeHo. [1o Mepe COBEpPILIEHCTBOBAHUS METO-
JUKHM CTPYKTYPHOI'O aHanu3a OyayT BBISIBJSATHCS BCE HOBBIE M HOBbBIC
Moaudukaum SiC, omnyalommecs Kak YUCIOM CIOeB, TaK U NOPsill-
KOM UX YKJIaIKHU B 3jleMEHTapHOH sueiike. DneKTpodu3niecKue cBon-
crBa Haubosiee pacIpoOCTpaHEHHBIX ITOJUTHITOB KapOuia KpeMHHUSI CHU-
CTeMaTU3UPOBaHbl B Ilpuioxenun 2.

Bce mMommdpukanuu Kapbuga KpeMHMsT XapaKTEepU3YIOTCSI HEMNpsi-
MOUW CTPYKTYpPOH 3HEPreTMYCCKMX 30H, BBICOKHMM 3HAYEHHEM HACHI-
LIEHHOW ckopocTy apeitda (6onee 10° M/c) u BeCbMa BBHICOKOI 31eK-
TPUYECKOI IPOYHOCTBIO (10 5 + 108 B/M). 3oHHas c1pykTypa B-SiC o4eHb
HAMOMMHAET 30HHYIO CTPYKTYpPY anMasa. IIpakTHyecKu BaXXHOMN SIBJIsI-
€TCsl 3aaya yIIpaBjieHUs CTPYKTYpo# nonurtuna. BocnpousseaeHue Toro
WJIM MHOTO ITOJIMTUIA 3aBUCHT OT MHOTHX (DaKTOPOB U, B IEPBYIO OYe-
peib, OT TEMIIEPaTyphl U CKOPOCTU POCTa, COCTaBa KPUCTALIU3ALIU-
OHHO¥ cpenbl, TUIIA JeTMPYIOUIMX IpUuMeceid U Ip. 3agaga yrpasicHUs
nosntUIM3MoM SiC IOAHOCTBIO HE pellieHa, OMHAKO AOCTUIHYThI 3Ha-
YUTEILHBIC YCIIEXH B BOCIIPOU3BOAMMOM BbIpAIIMBAHUM KPUCTAIOB
BaxHeux monutunos 3C, 6 H u 4H. [1o 31eXTpOHHBIM CBOWCTBAM
Haubosnee nepcnekTuBHa Moaudukauusa 4H. Ilpu GonpoN LIMpHHE
3anpeieHHON 30HB! KPUCTALIBI 3TOTO HOJMMTHIIA HMEIOT MAJIYIO H30T-
ponHyo 3¢hdeKTUBHYIO Maccy 3neKTpoHoB (m, = 0,2 m,), HAUMEHB-
LIYI0 HEPrUI0 MOHM3aUuu IOHOpoB (A3, = 0,035 3B) n BeIcOKyIO
TIOABUXHOCTH 3JIEKTPOHOB.

B npoTHBOMONIOXHOCTB 3JIEKTPOPHUIUUECKHUM CBOMCTBaM, GPU3HUKO-
MeXaHUYeCKHe ¥ XUMHYECKHUEe CBOMCTBA KPUCTA/UIOB KapOuaa KpeM-
HUA ¢nabo 3aBUCAT OT CTPYKTYphI omutuna. Kapoua KkpeMHUs sBs-
€TCsI OHUM U3 HauGoJIee TBEPABIX BELIECTB (TBEPAOCTb O MUHEPATO-
ruyecKoit lkasne cocrasisieT 9,5). OH yCTOHYMB ITPOTHUB OKUCJIEHMS 10
temnepatyp cBhinie 1400°C. Ilpy KOMHATHOH TeMmnepaType Kapoun
KPEeMHHUSI HE B3aUMOACHCTBYET HM ¢ KAaKUMHU KucnotaMu. [Ipu Harpe-
BaHMM OH PACTBOPSIETCSI B pacillaBax lUEJOUEi, a TAKXKE pearupyer ¢
oprodocdopuoit kuciaoroit u cmecslo (HNO; + HF). Oxcunupopanue
MouokpuctanoB SiC He TpebyeT pa3paboTKu ClIEeLUaNbHON TEXHOJO-
TMH U MOXET ObITh IIPOBEIECHO IO KPEMHUEBOI TEXHOJMOTUH, HO IPHU
foJiee BLICOKHX TeMMeparypax. BaxXHo noa4epKHYTh, YTO B pE3YAbTATE
OKMCJIEHHS Ha [OBEPXHOCTH KPHUCTAJUIOB oOpasyeTcsi TUIOTHAS TU3-
JekTpuyeckas mueHka Si0,. Ipeaen MexaHM4YeCcKOH NMPOYHOCTH Mac-
CUBHbBIX MOHOKpHUCTaII0B o-SiC cocrasnsier okono 10° Ila, a 1i1s Hu-
TEBUIHBIX KPHCTAJUIOB C BBICOKUM CTPYKTYPHBIM COBEPUICHCTBOM 3TO
3HayeHue pocruraet 20 I'Tla.
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B HOpMasIbHBIX yCa0BUSIX BCe KpucTasibl SiC 00/1a1a10T MPpUMECHOM
5JEKTPONPOBONHOCTHIO. COOCTBeHHAs KOHIIEHTPALNs HOCUTENeH 3a-
psiia IpyM KOMHATHOM TeMIIepaType JUIsl Pa3HbIX TOJIUTUIIOB COCTaBIsI-
er ot 0,1 1o 10° M3, 4TO Ha MHOIO NOPSAAKOB MEHbLIE COAEPXKAHUSA
OCTATOYHBIX NpUMecei. TUIT 371 KTPONIPOBOTHOCTH M OKpacKa KpUCTal~
JIOB Kapbuaa KpeMHUs 3aBUCAT OT BBOAMMBIX MpuUMeceil MM orpene-
JIAI0TCS M30BITKOM aTOMOB Si WK C HaJl CTEXHOMETPUIECKUM COCTABOM.
YucTelit KapObua KpeMHUST CTEXHOMETPUUYECKOTO COCTaBa HECLIBETEH.

ITpumecu anemeHToB V rpynnst (N, P, As, Sb, Bi) u xenesa npuaa-
10T KapOUIy KPEMHUS 3€JIEHYI0 OKPACKY Y 3JIeKTPONPOBOIHOCTD A-THIA,
a astemeHTh 11 (Ca, Mg) n Il rpynm (B, Al, Ga, In) Ilepuonnuec-
Koil cuctemnl aemMeHTOB . M. MeHnenecera — roay6yioo U ¢uonero-
BYIO OKPacky (B TOJICTBIX CJIOSIX — YEPHYI0) U 3JIEKTPONPOBOIHOCTh
p-tuna. M30bITOK KpeMHUsI NMPUBOAUT K JIEKTPOHHOM 3JEKTPOMNpO-
BonHocTH SiC, a M30LITOK yriepoaa — K Abpo4yHON. CobCTBEHHYIO
3NeKTPOTIPOBOTHOCTh KapOuaa KpeMHUS MOXHO Habo#aTh HaylHas
¢ temnepatyp 1400...1500°C.

3ameuatenbHON OCOOEHHOCTHIO KapOHIa KpeMHUS SIBJSIETCSA €0 CII0-
COOHOCTb N'e HEpHPOBaTh UTyICHHE B BUIMMOH 001acTH criekTpa. IMeHHO
¢ KapOuIOM KpeMHUS CBSI3AHO OTKPBHITHE SIBICHHUS DJIEKTPOIIOMUHEC-
teHuyy O.JloceBbiM B 1923 1. (cM. nojpaza. 4.6). Vcrionb3ysa pasinuHbie
MOAUTUIBI, & TAKXE UBMEHSIST TIPUMECHBINA COCTAaB MOHOKPUCTAJLIOB, B
KapOune KpeMmHMsl, B TPUHLUIE, MOXHO BO30YXAaThb JIOMUHECLECH-
HUIO ¢ JIIOOBIM LBETOM CBEYEHMUS — OT KPacHOro X0 (pHoIeTOBOro. 310
cBoiicTBo SiC MCMONb3YETCst ISl CO3MAHUS CBETOU3IYYAIOLIUX IHONOB.
Haunbonplumit MHTEPEC TIPEACTABAIOT TOAYObie CBETOM3IIyYalolIUe I~
OlIbl, TIONIyYaeMble MIPU JIeTUpOBaHUM KpUCTALIOB SiC alioMUHHEM.

YHUKQIbHOE COYETAHUE B3IEKTPUYECKHX M (PU3MKO-XHMMHUYECKHX
CBOMCTB Kapbuga KpeMHHUsI 00eCIIEYMBACT MY ILMPOKUE MEPCIeKTH-
Bbl MPUMEHEHUS B CHIIOBOH M 3KCTPEMANIBHON 3JIEKTPOHUKE. 3HAUU-
TeJIbHbIE YCEXU B MOJYYEHUU 0ObEMHBIX MOHOKpUCTANIOB SiC U BhI-
COKOK3YeCTBEHHBIX TOHKUX SMUTAKCHATIBHBIX CJIOEB TTO3BOJIMIN HE TOJIBKO
[TOKa3aTb MHOTHE MIPEUMYILIECTBA DTOrO MaTepHasia B IPUOOPHBIX IPH-
MEHEHMSX, HO U PETbHO MPUCTYITUTh K CO3aHUIO HOBOI 3JIeMEHTHOM
0a3bl, BKIOYAIOHIEH B ce0S LIMPOKUH CIEKTp MpubOpOB, CIIOCOOHBIX
paboTath B yCIOBUSIX BLICOKUX TEMIIEPATYpP, CUIILHOIO BO3NEUCTBUS pa-
JMalMU M B XMMHMUYCCKH arpeccuBHbIX cpenax. IIpumeHenuio kapbuaa
KPEMHMS B MOILIHBIX CHJIOBBIX IIPUOOpaxX CriocOOCTBYIOT HE TOJIbKO Bbl-
COKasl 3JIEKTPUYECKasl MPOYHOCTH U LIMPOKas 3afpellleHHast 30Ha, HO
Y BBICOKAs YiejibHas TeIIONpOBOAHOCTD A, = 500 Bt/(M - K), KoTopast
B HECKOJIBKO pa3 BbILIE TEIJIONPOBOJHOCTH KPEMHMUS U apCeHUAA Taj-
Jusi. biaronaps TaKoMy COYeTaHUIO CBOHCTB BEpXHMI TIpeet pabounx
temneparyp npubopos Ha ocHoBe SiC ynaercs nosectu a0 600...700 °C
MIPU COXPAHEGHUM MaiblX TOKOB YTCUKH.

K HacrosuiemMy BpeMEHH B MUPOBO# NMpPaKTHUKE OPTaHU30BAHO KOM~
MEPUECKHU NOCTYITHOE ONBITHOE MPOM3BOACTBO [ICUTH BCEeX KJIaCCHUE-
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CKMX TOJYIIPOBOIHUKOBLIX NMpHGOPOB Ha KapOuie KpeMHHUS: MOLI-
HbIX BBHIPSMUTENBHBIX AU0A0B, AnonoB [oTTkH, Tupucropos, 6u-
TIONISIPHBIX U MTOJIEBBIX TPAH3UCTOPOB. ONbITHHIE 06pa3Libl TAKUX TIPU-
6OpOB MPEBOCXOAAT CBOM KPEMHUEBBIC aHAJIOTU ITO BCEM MapaMer-
paM, BKJIIOYas ObICTPOAEHCTBUE, KPOME OJHOIC — IMOAHOIO paGovyero
TOKa. [IpUYnHOM 3TOr0 SIBISAETCSI HEIOCTATOUHOE CTPYKTYPHOE COBEP-
HIeHCcTBO nojuioxek SiC, n3-3a yero paboyas ruiouiaas npudbopos 6071b-
me 3x 3 MM? OKa3bIBAeTCA MOKA HepealbHOM. [ cpaBHEHUs OTMeE-
TUM, YTO HanboJIee MOIHbIE KPEMHHEBBIE TUPUCTOPLI UMEIOT pabo-
ynit guaMetp ceblite 120 mMm. CaepxupBaolluM (GakTOpOM SIBASETCS
TaKXe BbICOKAsh CTOUMOCTb nowioxek SiC, onHako MaciliTadbl MpoOBO-
JMMBIX MCCAENOBAHMI ITO3BOJSIOT HAACSATLCS, YTO 3TH NPENSITCTBUS
JIOCTAaTOUHO OBICTPO OyayT npeonoacHbl. Co3naHue 2AEMEHTHOMN 0a3bl
CWJIOBOM 3JIEKTPOHMKHU Ha KapOuae KpeMHMSI MOXET NPUBECTH K pe-
BOJTIOLIMOHHBIM M3MEHEHMSIM B OOJIACTH CHJIOBOM mpeobpasoBaTenb-
HOM ¥ MMNyNbCHOM TeXHUKHU. ITpoNeMOHCTPUPOBAHBI BO3MOXHOCTH
yeneurHoro npuMeHeHnst SiC mwist npudopoB CBY-21eKTpOHUKH, Ae-
TEKTOPOB Y/bTPa®HONAETOBOro U3NY4YEHHUSI, CUCTUUKOB YaCTHLl BBICO-
KOt 3HEPTHUU, TEPMOPE3UCTOPOB, paboTaroliux 1o temmeparyp 1 500 °C,
a TaxKe MOHHO-CENIEKTUBHBIX NAaTUMKOB, CIIOCOOHBIX paboTarh B ar-
peccuBHbIX cpenax. [Tpuboper Ha ocHoBe SiC yKe BocTpeOOBaHbI aBUa-
LIMOHHOM M KOCMMYECKO! TeXHMKOU, HedTexuMueid U reousukoi,
OHM HeoOXOOMMBI MU KOHTPOJsSE OKpyXaloleil cpeasl. Kpome toro,
Kapbua KpeMHUS NMPUMEHSETCs TIPU U3rOoTOBACHUU 3epKall Ja3epos,
M3IyYaloUMX Ha JUiMHe BoaHbl 10,6 MKM, a TaKKe 3epKaj CHHXpPO-
TPOHHOTO M3JIyYCHUS.

Ha ocHoBe mopomkooGpa3sHoro kapduma KpeMHUsl, CKPEIUIEHHOTO
CBAI3YIOUIMM MAaTepUaaoM, UITOTOBJSIOT BApUCTOPbI (HEAUHEHHBIE
MOJIYIIPOBOAHUKOBLIE PE3UCTOPHI), BLICOKOTEMIIEpATypHbIE Harpesa-
TeJU, BOJTHOBOJHbIE NTOrJIOTUTEAN. BapuCTOpbI IPUMEHSIIOTCS B CUCTE-
Max aBTOMAaTHUKM, BBIUUCIUTEIbHON TEXHUKHU, BJACKTPONPUOOPOCTPO-
€HUHU I8 CTabUAU3aALMU TOKOB U HAIIPSIKCHUN, 3a1LUATHI CXEM OT Ie-
peHAIpSDKEHUs1, PeryJiMpoBaHus U NpeoOpa3oBaHus curHanos. biaro-
JapsA BbICOKOH TBEPIOCTH IMOPOLIOK KApOHUAA KPEMHMSI MCIOAb3YIOT
Ut abpa3uBHOIT 00paboTKM pa3IMUHBIX MaTepualoB. [IpakTuueckui
MHTEPEC MpEACTaBAseT M KepaMMKa Ha OCHOBC KapOHMAa KpeMHHUs,
obnafaioliasi He TOJILKO BBICOKOM HarpeBOCTOMKOCTBLIO, HO U XUMHU-
YeCKOIt yCTOMYMBOCTBIO K TAa30BBIM KUCIOPOIOCONEPXKALIMM CpeJaM.
Takyo KepaMHKY MOJYy4aloT CIIeKAHHEM MHUKPOHHBIX M CYOMHMKpPOH-
HbIX 1opoilikoB SiC ¢ HeGonpuIMMHU N00ABKAMU JIETKUX DJIEMEHTOB
(B, Be, Al, C) npu temnepatypax 2000...2 200°C. U3meHsis1 cocTas
LIMUXTBI M YCJIOBHSI CIIEKAHUSI, MOXHO PETyJIUPOBATH YACABHOE COMpPO-
TUBJIEHUE KEPaMUKH B ripeaeiax oT 107 1o 10°Om - M. Tpu ontumMans-
HBIX pexumax o0XHura yaaercs Nnojay4yaTb MaTepuail ¢ HUYTOXHO Ma-
J10#1 HOPUCTOCTHIO, T.€. C TUIOTHOCTBIO, Oan3koit K 100 % ot peHtre-
HOBCKOH.
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5.5. IIOJIYIIPOBOJHHKOBBIE COEUHEHUS TUIIA AMBY

Kpuncrannmueckas CTPYKTYpa M XuMHYecKasas cBa3b. CoequHEHUs
AYBY gBngioTca O1MXAHIIMMHU 2JIEKTPOHHBIMM aHAJIOTAMU KPEMHUS
U repMaHus. OHM 06pa3yIOTCs B pe3yJIbTAaTe B3aUMOAENCTBUS 3IeMEH-
toB I1I-6 noarpynmnsl TTepuoanueckoit cuctemsl suemeHToB . Y. MeH-
neseepa (6opa, aTIOMMHMS, TAUTHS, UHINSA) C 3IEMEHTaMHU V-6 Noma-
rpynmesl (a3otoM, hochopoM, MBIILBIKOM U CypbMOil). BUCMYT U Taj-
Uit He 06pa3yioT COeAuHeHNHN paccMaTpuBaeMoro psina. CoeauHeHust
AUBY npunaTo kiaccupUUUPOBATH 10 METAUIOMIHOMY 3JIEMEHTY.
Pazmuyalor uurpunsl, ¢ochuabl, apceHNAB U aHTUMOHUALL. [Tony-
NPOBOJHUKOBbLIE CBOVicTBa coeaunennit A'BY snepsple 6GuutM npes-
CKa3aHbl OTe4yeCTBeHHBLIMU y4yeHbIMKM H.A.ToproHoBoit u A.P.Pere-
JieM B Hayane 1950-x rr.

Kak yxe oTMeyasoch B noapasa. 5.1, paccMaTpUBaeMbIe COeIUHE-
HMSI OTHOCITCS K TPYIIe aIMa30Ioa00HbBIX MOIYIIPOBOAHUKOB. Bee oHH,
32 UCKJITIOYCHUEM HUTPUIOB MHAUA, TFJUIUS U aJIOMUHUS, KPUCTAI-
JIM3YIOTCS B PEIETKE HMHKOBOM OOMaHKM KyOHYEeCKOro THIIA — cgha-
JAepuma, 3NeMeHTapHas si4eiika KOTopo# IokasaHa Ha puc. 5.22, a. Jlna
HHUTPHIOB XapaKTepHa CTPYKTYpa reKCaroHaJdbHOIO TUIIA — GrIpUUmMa
(puc. 5.22, 6). B pellieTke TOro ¥ Ipyroro TUIIOB KAXAbIN aTOM JIeMeH~
ta IIl rpynnbl HaxooUTCS B TETPA3JAPHUYECKOM OKPYXKEHHUH UYEThIpeX
aTOMOB 371eMeHTa V rpynnbt, ¥ HaobopoT. O6e CTPYKTYPHI XapaKTepu-
3YIOTCS OTCYTCTBUEM IEHTPA CUMMETPUH.

st coenunernit ABY xapakrepeH 0co6bIi TUI XMMMYECKO CBS-
34, Ha3bIBAEMOI JOHOPHO-aKIENTOPHOM. M3 YeTbIpex KOBaJIEHTHbBIX
sp>-CBs3eii, KOTOPBIMM KaXIblil aTOM BCTPaMBaeTCs B PELUETKY, TPH
06pasyTcs 00001LECTBIEHUEM BAIEHTHBIX 3JeKTPOHOB aToMoB Alll i
BY, a yeTBepTas CBSI3b OCYHIECTB/ISETCS HEMOAENEHHOM Mapoil BajleH-
THBIX 371eKTpoHOB aToMoB BY. Ha puc. 5.23 takue 31eKTpoHbI H300pa-
JKEHb! KPYITHBIMM TOYKaMu. O6pa3oBaHHUE 3TOH CBS3M COOTBETCTBYET

a 6

Puc. 5.22. Kpucraanugeckue cTpyKTypsl THna chanepura (a) u Biopuunta (6)
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Puc. 5.23. CxeMa xXMMHYECKUX CBsI3eil B coeau- +q -q +q
nenusix AY'BY na npumepe dochusa rannus .@.
° @
Y

o0 g o0 g

SHEPreTUYECKU BBITOTHOMY NEPEXONY IMEK- @: . @
TPOHOB OT aToMa BY B 9HepreTUUECKOE CO- oo

crosiuue, obiuee A1 aoHopa (atoma BY) u ——
akuenropa (atoma A, B xaxzioii KoBaseH- ° &

THOM CBSI3U MAaKCUMYM BAEKTPOHHOH IJIOT- . @ .
HOCTU CMEILUEH B CTOPOHY aToMa ¢ GoJiee

BBICOKOM 3JIEKTPOOTPHLATENILHOCTBIO, T. €. 3JEKTPOHHbIE 00J1aKa CTA-
HYTBI K y3J1aM PeIlEeTKM, Tae Haxomarcs atrombl BY. Braromapsa takoii
nonspusauuu cesaseil atomsl Al nprobpeTaloT HekoTOpBIN 3dPeK-
THBHBIH TTOJIOXUTEIbHBIN 3apsi, a atoMbl BY — oTpuuaTensHblii. Be-
JIMYKHA 3TOTro 3((HEeKTUBHOTO HOHHOTO 3apsina (tg) OonpeacnsicT cre-
[IEHb MOHHOCTH COEAHUHEHMSI, KOTOopas 3aKOHOMEPHO H3MEHSIeTCH IIPH
Iepexojie OT ONHOTO COSAMHEHUS K IPYroMy B COOTBETCTBHHU C IOJO-
KEHMEM XUMUYECKHUX 31eMeHTOB B [lepHonnyeckoil CUCTEME IJIEMEeH -
toB 1. . Menneneena.

DOu3NKo-XUMHYECKHE M dJIeKTpHueckue csoiicTBa. [loyrpoBoaHN-
koBble coeauHenuss A'BY 06pasyroT romonoruueckuil pag, B KOTO-
poM HaOolaeTcsi 3aKOHOMEPHOE M3MEHEHUE MHOTMX CBOMCTB IPU
U3MEHEHUU aTOMHBIX HOMEPOB KOMITOHEHTOB. OTH 3aKOHOMEPHOCTH
MOXHO JIETKO MpPOCHIEIUTb C MOMOUIBIO JaHHBIX, ITPEACTABICHHBIX B
TIpunoxeHun 2.

B kaxpoi 6unapnoii cucteme Al BY cymiectByer Juiib OTHO yC-
TOMYMBOE XMMHUYECKOE COeIMHE HMe SKBHATOMHOrO coctara. Kax rnpa-
BWIO, nIoJuMop@du3Ma He HabMogaeTcs BIVIOTE IO TOYKH ILIaBJICHHUS.
JAunarpaMMbl COCTOSTHMSI UMEIOT OMHOTUITHBIN JUCTEKTUYECKUI XapaK-
Tep (puc. 5.24). B GonbIIMHCTBE CllydyaeB OHA U3 IBTEKTHK BLIPOXKIEHA
B CTOPOHY JIEFKOILIABKOTO METaUIMYeCKOro KomrnoHeHra. biaronaps
3TOMY 00pa3yeTcsl UIMPOKOE TeMITepaTypHOE U KOHLieHTPaLHOHHOE
roJie NMepBUYHOM KpucTawm3auun coenuHenuss AMBY, uyro wmmpoko
HCTIONb3YETCS UL BhIpALIMBAHUS MOHOKPHUCTAJIOB U SIIMTAKCHATb-
HBIX CJIOEB PAaCCMaTPMBAEMBIX MATEPHAJTIOB U3 XUIKOM (da3bl. Touku
TUJIABJIEHHUS] TTOJYITPOBOJHMKOBBIX COSAUHEHHUH JiexXaT BbIILE COOTBET-
CTBYIOLIMX TEMIEPATYD TIABICHUS UCXOMHBIX KOMIIOHEHTOB. Mckio-
YEHME COCTABJIAECT AHTUMOHUI UHAMS, TEMITepaTypa IUIaBJIeHUs] KOTO-
poro 525 °C iexXUT MeXIy TeMIiepatypoii rasieHus cypbMbl 630 °C u
uuaus 157 °C.

OKCIepUMEHTAIbHbIC TaHHBIC M TCOPETHUECKUE pacyeThl CBUIAEC-
TEJILCTBYIOT O BO3MOXHOCTU JOCTATOYHO 3aMETHBIX OTKJIOHEHHH OT
CTEXHOMETPHMYECKOro COCTaBa ATUX coenuHeHuit. Ha puc. 5.25 nokasa-
Hbl JIMHUM COJNIMAYCa IS psiia 6udHapHbiX cucrem AN —BY. Kak Bum-
HO, PAaCTBOPUMOCTh COOCTBEHHBIX KOMIIOHEHTOB B KPUCTAUIM3YEMOM
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Puc. 5.24. [lnarpaMma COCTOSTHHSI CHCTEMBl MHIN I — MBITUBSK

COSAMHEHUM HOCUT peTporpaiHblil xapaktep. OCHOBHBIMM BUIAMH
HECTEXUOMETPUYECKUX Ie(PeKTOB CTPYKTYPHI SIBJISIIOTCSI BAKAHCHH B 00e-
MX MOJPEIIETKAX, a TAKXKE U3OBITOYHBIE aTOMBI B MEXIOY3€JIbHBIX IO-
3ULUSIX. B HEKOTOPBIX CyvyasiX CYIIECTBEHHYIO POJib MOTYT UTpaTh aH-
TUCTPYKTYpHBIE NedeKThl, Koraa cOOCTBEHHbBIM aToOM BHEAPSETCS B
«YYXXOW» Y3€JI PELICTKH.

T,°C

GaP
1400 TN

GaAs

pd

1000 InP A\ /

InAs -
800 /
600 Ws6siTok atomon Alll Ua6srTok aTomos BY
40 20 0 20 40 60

H36HITOK aTOMOB X 10‘24, M
Puc. 5.25. O6nactt rOMOreHHOCTH psiia TBepAbIX pa3 GMHAPHBIX COCIUHEHMIT

tuna AHBY
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Kak npasuno, Toyeutble gedeKTs B MOJYNIPOBOIHUKOBBIX KpPHC-
Tajiiax obafgaloT IJAeKTPUUECKOM aKTUBHOCTBIO M MOIYT BAMUSTH Ha
TUIT ACKTPONPOBOJHOCTY M KOHLUEHTPALMIO HocuTened 3apsiga. Ha-
NpUMepP, BAKAHCUUK B METAUTMYECKOH MOAPEIICTKE B GONBIIMHCTBE
ciyyaeB BelyT ceOs MogoOHO aKUEHTOPHBIM IIPUMECSIM, 4 AHTUCTPYK-
TypHblid aedexkt Asy, B petietke GaAs HIpaeT poJib ABYX3apsSAHOIO
noHopa. OTaenbHBIE TOYEYHBbIC NedEeKThl MOTLYT B3aUMOIEHCTBOBATH
MeXIy coOol U 00pa30BBIBATEL 00JIee CIOXKHBIE KOMILIEKCHI. Tak, Ha-
IpUMEP, HeMerupoBaHHbIe KpUCTALIB (GaSb, BrIpallleHHBIE METOIOM
YoxpallbCKOro, BCErAa MPOSIBIAIOT 2JIEKTPOTIPOBOIHOCTD p-THITA, IPH-
YyeM B KaYeCTBE MEJIKHX aKLIENITOPOB BBICTYNAIOT KOMIUIEKCH! Vi, Gagy,
KOHUEHTPAIUA KOTOPLIX MOXET Npesbiiiath 1023 M3,

IIpoTspKeHHOCTh 006J1aCTH TOMOT€HHOCTH TIOMYTIPOBOTHMKOBOM (Pasbl
YMEHbUIAETCS MPY NOHWXKEHUHU TeMIiepaTyphl. Bocripousseienme crexm-
OMETPUYECKOTO COCTaBa KPUCTAUIOB HC O3HAYAET YHUUTOXEHUE TOUE-
YHBIX Ae(EKTOB CTPYKTYPHI, a CBUACTENbCTBYET 1L O pABEHCTBE YHUCIa
METAUIMYECKUX ¥ MCTA/UTOMAHBIX aTOMOB B peleTke. 1 KapaAnHaIbHO-
rO VIYYILICHUS! CTPYKTYPHOIO COBEPLUCHCTBA KPUCTA/UIOB HEOOXORUMO
MTOHIDKATh TEMIIEPATYPY CUHTE3a COSAUHEHMIT. DTUM OOBACHAETCS 1UUPO-
KO€ pacIpOoCTpaHEHUE 3MUTAKCHAJILHBIX METONOB KPUCTALTH3ALUN.

3a MCKITIOYEHUEM AHTUMOHUIOB Bce coenuuenust ATBY pasnara-
I0TCS TIPY HArpeBaHUM, TIPUUYEM pa3IoXeHHe TIPOHUCXOIUT MO cXeMe

1
AlBl) = Ay +3 Bl

PasHOBeCHOe maBjieHNE HACHILIEHHOTO Mapa, COCTOSILIETO MPaKTH-
YeCKH U3 MOJIeKYJ KommnoHeHTa BY, pacrer ¢ nosslieHneM TeMuepa-
Typbl M B TOUKE IUIaBJIeHUs JocturaeT 3HadeHmit 10%... 10° [1a widg ap-
cenunoB u 10°...107 IMa s dochunos.

BonbluMHCTBO coennHeHuit AMBY UMEIOT IIpsMyIo CTPYKTYpy 2Hep-
TeTHYECKUX 30H, T.€. MOJOXCHUE DIABHBIX IKCTPEMYMOB BAJICHTHOM
30HBI ¥ 30HB! IPOBOAMMOCTH B HMX COOTBeTCTBYeT Touke k = 0 (cMm.
noapasa. 4.6). K yuciy npsMO30HHBIX MOJYIPOBOJIHUKOB OTHOCSITCS
HUuTpuAb 35nemeHToB 111 rpynnsl Tlepuoauyeckoit cucteMbl aaeMeH-
ToB JI. 1. Menneneepa, BCe COSAMHEHHUSI C MHIWEM, & TAKXe apCeHU
Y AaHTUMOHHKA rautvsl. UMeHHO B TaKHUX COSAMHEHUSIX TOCTUTAETCS MaK~
cuMasibHas 3G ¢heKTUBHOCTh PEKOMOMHALIMOHHOIO U3YYECHHSI, UTO UC~
MOJIB3YETCS TIPU CO3MAHUU MHXEKIIMOHHBIX JIa3¢pOB M CBETOM3Iy4a-
IOLLMX TUOAOB.

BHyTpM KaxXaoi rpynnsl CoeIMHEHUH-aHAIOrOB HAGMIOHaeTCa MO-
HOTOHHOE YMEHBIUCHHE HIMPUHBI 3aMpPEIeHHOM 30HBI C POCTOM CyM-
MapHOro aTOMHOIrO HOMepa U cpemaHeil aroMHo# Maccel (cM. TIpuio-
xeHue 2). Takyo 3aKOHOMEPHOCTh MOXHO OOBSICHUTH YBEJIMYEHUEM
MEXXAaTOMHbBIX PACCTOSIHMI B pelLIETKE M COOTBETCTBYIOLIMM ocnabje-
HUEM KOBAJIEHTHBIX XUMHUECKHUX CBI3EH MPH nepexone K bojee Tsxe-
JIBIM aTOMaM. YMeHbIIeHHUE 3HEPTUH XUMHYECKHX CBS3edl COIIPOBOX-
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JaeTCs TakKe MOHUXEHHEM TeMIepaTyphl IJIaBJIeHUs, peaeia Mexa-
HUYECKOU MPOYHOCTU U TBEPAOCTH MaTepuana. I1onynpoBOIHUKOBLIE
COeIMHEHHUS, OOpPa3OBaHHBIC TSKEJIBIMU 3JIEMEHTAMH, [0 CBOUM Me-
XaHUYECKHUM CBOMCTBAM MPHUOIHKAIOTCA K METAIAM.

TemnepaTypHoe U3MEHEHUE ILIMPUHBI 3aNPEIieHHON 30HbI KaK Mpsi-
MO30HHBIX, TaK ¥ HEMPSIMO30HHbBIX COeIMHEHU KayeCTBEHHO MOH06~
HO 3aBUCUMOCTH AD(T') mwng KpeMHUS U repmaHus. C 10CTATOYHO Bbi-
COKOU TOUHOCTBIO €€ MOXHO aNlpOKCUMHpPOBaTh oblel (opmynoi
BUIa

2
A3(T) = a3 (0)- 21,
e0+7T

rae A9(0) — wMpHHA 3anpellleHHOM 30HBI MPU TeMIlepaType abco-
JIIOTHOTO HyJ$1; b 1 © — XapaKTepUCTUYECKUE KOHCTaHThI, OIpeaessi-
€Mble IPUPOAOH MarepHaa.

YucneHHbIE 3HAYEHUST SMIUPHUYECKUX KOHCTAHT s psAa IOay-
npoBogHukos AY'BY nipencrasnenst B Tabn. 5.2.

IIpsiMO30HHbBIE COETUHEHHUS OTJIMYAIOTCS CYILIECTBEHHO 0oJiee Bbl-
COKOif NOJBUXHOCTBIO IEKTPOHOB, YTO SBISETCS CICACTBUEM MaJloi

Ta6bnuua 5.2

XapaKkTepHCTAYECKHE KOHCTAHTHI, OMACHIBAIONME TEMICPATYPHOE HIMEHEHHE
WHPHHBI 3ANpelleHHoi 30HbI B coenunennax AMBY

CoeanneHue AD(0), 5B b-10%, 3B/K 0, K
AIN 6,230 17,99 1462
GaN 3,507 9,09 830
InN 1,994 2,45 624
AlP 2,52 3,18 588
GaP 2,35 5,77 372
InP 1,4236 3,63 162
AlAs 2,24 7,0 530
GaAs 1,519 5,405 204
InAs 0,417 2,76 93
AlSb 1,696 3,9 140

GaSb 0,812 4,17 140
InSb 0,235 3,2 170
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3¢ deKTHBHOI MacChl NOCIeAHMX. PEKOPIHO BHICOKOI MOJBUXHOCTBIO
anexTpoHoB (7,8 M2/(B - ¢)) npM KOMHATHOl Temiiepatype objagaer
AHTHMOHWI UHAUS.

OcHOBHBIM (HaKTOPOM, OrpPAaHUYMBAIOIIAM TMOABUXHOCTL HOCUTE-
Jied 3apsa B HOPMaJIBHBIX YCIOBMSIX, SIBIISICTCS MX paccesiHUE Ha OIl-
TUYECKUX TETUIOBBIX KOJIeOAHMSIX PELUETKM, TMOJ KOTOPBIMH ClIeAyeT
MMOHUMATh MPOTHBOdA3HOE CMEIIEHHE COCETHNX aToMOB. [10CKOIBKY
atrombl A"y BY 06:1aa10T HEKOTOPBIM MOHHBIM 3apsiIOM, TO MX IIPO-
TUBO(a3ZHOE CMEIECHHE NPHBOANT K MOSBJIEHHIO JUIOJIbHOTO MOMEH-
Ta, Asasiowerocs 3¢ ¢eKTUBHIM HEHTPOM PACcCESHUST 3JIEKTPOHOB U
Ibipok, Yem Gosibiiie pa3HOCTH 9JEKTPOOTPUUATENBHOCTE N 3NEMEHTOB,
00pa3yIoLlMX CoOeJHHeHKe, TeM CHIbHEE BRIpaXeHa NOHHAsI COCTaBJIs-
01Uast XMMHUYECKOM CBA3U. COOTBETCTBEHHO BO3PACTAET PACCCIHHUE HA
ONTHYECKUX KOJIeOAHUSIX PELIETKH H YMEHBUIAETCS ITOABHXXHOCTD HO-
CUTEJICH 3apsiaa.

B psiny KOBajieHTHBIX NOJIYNPOBOIHMKOB IMOIBIKHOCTb 3JIEKTPOHOB
MOBBIIIAETCS TIPH TIEPEXOAe OT aiMa3a K KpeMHHIO U Jajiee K repMa-
HHIO, T.€. IIPUOTIXEHHO MOXHO CUHTATh, YTO MOABHXHOCTh HOCUTE-
Jiedt 3apsiia YBEJIMYUBAETCS C POCTOM aTOMHOM Macchl. AHAJIOTHYHAS
3aBHUCUMOCTb, 00JIe€ OTYETIMBO BLIPAXEHHAs I 3JIEKTPOHOB, YeM
JUI IBIPOK, MMEET MeCTo U B coenuHeHusax A'BY.

BeneactBue GONBLIOTO pa3inuvs B 3HAYEHHUAX MO/IBUXKHOCTEH DJIEK-
TPOHOB M AbIpoK B InSb, InAs, InP n GaAs ux co6CTBEeHHOE YACJIBHOE
COTIPOTHBIICHHE TIPAKTUYECKH IMOJIHOCTBIO OMPEIe/seTCa ABUXEHHUEM
3/1eKTpoHOB. [Ipn GUKCHpOBaHHOMN TeMIepaType MUHUMAaNbHAS YIeb-
Hasi MPOBOJUMOCTH 3TUX MaTepHAaJIOB HaboAaeTCs y 00pasLoB p-TUla
B 00J1aCTH CMEIIAHHO 3JIEKTPOINPOBOAHOCTH {CM. pucC. 4.12).

TIpumecu n aedexTol cTpykTYpHl. ITOBEnEHME MpuMeceii B coeanHe-
Huax AMBY B Le1oM NMOTYMHAETCS TEM XK€ 3aKOHOMEPHOCTSAM, KOTO-
pble XapakTepHBI Ui KPEMHUS U FepMaHUsi, a HMEHHO; TIPUMECH 3a-
MELUEHHS ¢ BJICHTHOCTBIO, OOJBIIEl BAJIGHTHOCTH 3aMELLIAEMbIX aTO-
MOB PElLETKH, SBISIOTCS JOHOPAaMH, a C MEHbILEH BAJIEHTHOCTHIO —
akiientopamMu. OIHaKo B OMHAPHBIX COSTMHEHUSX CYLIECTBYET ABA TUIIA
y3J10B, ITO3TOMY BO3HHMKAET BOIPOC O xapakTepe 3amellcHust. Mccne-
JOBaHUS TOKa3bIBalOT, YTO BCTpaMBaHUE NMPUMeEcCENH B KpUCTaIMye-
cKylo peteTky coennHennit AVBY npoucxoaut Takum o6pazom, YTo-
Obl IPU 3aMELIEHHUH HE BO3HUKAJIO LEHTPOB C OONbIIMM JIOKATbHBIM
3apsinoM. B yacthHocTu, npuMecu anemenTos 11 rpynnet (Be, Mg, Zn u
Cd), obpasyiotiiue TBepAbie pacTBOPHI 3aMellieHUs, — BCEraa 3aHUMa-
IOT Y3JIbI METATMUECKOTO KOMITOHEHTA U TIPH 9TOM SIBJISIOTCS aKHET-
TopaMu Giarojgaps MeHbIIEH BJIEHTHOCTH MO CPAaBHEHMIO C BAJIEHT-
HOCTBIO BbITECHSIEMBIX aTOMOB (puc. 5.26). B To Xe BpeMsi nmpumecHu
anementos VI rpynnm (S, Se, Te) Bcerna pacrionaraiotcsa B ysnax BY
¥ UrParoT POJb JOHOPOB.

bonee cnoxHBIM XapaKTepoM OTIMYAETCS IMOBeAeHUEe TIpuMeceit
ssieMeHTOB IV rpynmnel. ITockojibKy B 3TOM Cilyyae INpM 3aMElICHUH
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(8i, Ge)

Puc. 5.26. CxeMa nopeaeHust IpuMeceil B IOJYTIPOBOAHUKOBBIX COCIMHEHUSX
tuna ABY

aTOMOB OJIHOM U3 JBYX IOIPELIETOK MMEETCS U3OBITOK WIM HEN0CTAa-
TOK JIMIIb OJHOTO BAaJIE€HTHOTO 2JIEKTPOHA, TO aTOMbl mpuMeceit IV
TPYIIIBI MOTYT 3aHUMATh Kak y3ibl Al tak u yanel BY, npossisisa npu
5TOM JOHOPHBIE MJIM AKLENTOPHLIE CBOMCTBA COOTBETCTBEHHO. 3ame-
LIEHHME JOJKHO CONpPOBOXIATLCA HaMMeHbLIEH aedopManen Kpuc-
TAIMYECKOM peieTKy. [T03TOMy OAHMM U3 KPUTEPUEB JOHOPHOTO WIK
aKUENTOPHOTO AEHCTBUA IPUMECEN MOXET CIIYKHUTh COOTBETCTBUE Pa3-
MEPOB 3aMELIAIOLIErO U 3aMELIAEMOIC ATOMOB.

B GOAbLIMHCTBE cayvyaeB aTOMbI NpuMeceil ajeMeHToB IV rpymibl
JIOKQJIM3YIOTCA B OHOM M3 noapeweToK. Tak, aToMbl yriepoaa, OT/au-
YaIOIMEC MAJILIMU Pa3MepaMM, TTPAKTUYECKH BCErIa MPOSBISIOT aK-
uenTopHble cBoiicTsa. Cpeny a1eMeHTOB [V IPYIIbI YIJIEpoa XapakTe-
PM3yeTCd HaUMEHbLIEH PacTBOPUMOCTBIO B coeauHenusx A'BY, Ha-
060pOT, aTOMbl OJIOBA MMEIOT JOCTATOYHO OOJIbILONH KOBAIEHTHBIM
palMyC M 3aMeLIaloT 00ee CBOOONHbBIE METAIUYECKHUE Y3IIbl B KPUC-
TAJUTMYECKOM pELIETKE, CO3JaBas MPU 3TOM MEJKHUE JOHOPHEIE YPOB-
HU B 3alIpellleHHOM 30He MojynpoBoaHuka. KpeMHUit 1 repMaHuit 3a-
MELIAOT B aHTUMOHMIE MHAMS TOJBKO aTOMbI CYpbMBbI, 4 B apCEHUIE
MHINSA — TOJbKO MHAMI. OIHAKO B HEKOTOPHIX COEAUHEHUAX HABMIO-
naetcs ampoTepHOe IOBeIeHUe ITUX ITpuMeceii. Tak, Npu Jeruposa-
HUM apcenuna U docduma rauimsg IPOUCXOAUT MAPHOE BXOXAEHHE
aTOMOB KPEMHH U FePMaHKs B KPUCTA/UIMYECKYIO PELUETKY COEIUHE-
HUS C OJHOBpeMeHHbIM 3aMmeleHueM y3ioB Alllu BY, B 3asucumoctu
OT CTEeNEHH JETMPOBAHUSA, TEMIIEPATYPhI POCTA U COCTABa KPUCTAIU-
3aLMOHHO}1 Cpe/ibl UMEET MECTO IIPEUMYILECTBEHHOE BXOXICHHUE STHUX
npUMeceil B Ty WM MHYIO moapeluerky. [Ipu aeruposanuu amdorep-
HbIMU TIPUMECSIMU TTOJIYTPOBOJHKK OOLIYHO OKA3bIBAETCA KOMIIEHCH-
POBaHHBIM, T.€. KOHLIEHTpalls HOCUTENENH 3apsaaa B HEM CyLIECTBEH-
HO MeHbILe KOHLEHTPAlMK BBOAMMbIX IIPUMECENA.
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BonbinHceTBo coeauneruit A'BY oTHocUTENBHO MPOCTHL IO Me-
XaHU3MY JerupoBaHus. [lox 3TUM noapa3yMmeBaeTcsl, YTO TUII SJIEKT-
PONPOBOAHOCTH NOJYIPOBOAHUKA U KOHLEHTPALHUs HOCUTENACH 3apsi-
A B HEM JOCTATOYHO JIETKO YIIPABISIOTCS MU3MEHECHUEM COAEPKAHMSI
JIETHpYIOLIUX MpuMeceil. Kak npasuiio, BBeaeHUe U3OBITKA OJIHOTO U3
KOMITOHEHTOB B Cpelly KpUCTALIU3ALUU He NPUBOIUT K PAIUKAJILHO-
MYy U3MEHEHHIO 3JIeKTpO(PU3MIECKUX CBOMCTB MaTepraia. TaKylo 0co-
OEHHOCTb B MOBEISCHUU HECTEXMOMETPUYECKUX He(hEeKTOB CTPYKTYPhI
MOXHO OOBSICHUTb Y3KOUl 001aCTbI0 TOMOTE€HHOCTH CHHTE3UPYEMBIX
COCAMHEHHUH MIPU TUIMMYHBIX TEMITEPATYPaX SMUTAKCUATIBLHOTO [TpoLIecca.
HckmoueHye U3 TTpaBUIa COCTABISAIOT HUTpUALL. Hampumep, HUTpUI
rajuiusi TIpH JIEFMPOBaHUH TPAIUIIMOHHBIMH METOJIAMHU HE HUHBEPTUPY-
€TCSI B MaTepHall ¢ 3JeKTPOIIPOBOIHOCTHIO p-TUIIA, YTO OOYCIIOBIEHO
JIOCTAaTOYHO BLICOKONW KOHIIEHTpallMeil BaKaHCHMI a30Ta, CO3MAIOLIUX
MEJIKHME JIOHOPHBIE YPOBRHU. JIMUIb peain3alusi HU3KOTEMIIEPAaTYPHbIX
PEXMMOB 3IMUTAKCUM, UCTTOJIb30BAHKE AKTUBHBIX HICTOYHUKOB aTOMap-
HOTO a30Ta, IPUMEHEHHE TOMOJHUTENbHON OYUCTKU UCXOAHBIX pea-
TEHTOB IMO3BOJAIOT NPY JIETUPOBAHUHM MarHUEM M TOCAEAYIOILIEM OT-
KMre B a3oTe npu teMneparype okono 700 °C moayyaTb CIOM ¢ KOH-
HeHTpauueii apipox nopaaka 102 m~3. B ommume ot GaN kpucrauibl
HUTPHIA TIOMUHUSA Jaxe IIPU BBEJCHUH JIETUPYIOIHUX TIpUMeCel Ipo-
SIBJIAIOT MOJYU30JIUPYIOIIME CBONCTBA, TaK KaK JOHOPHI K AKUETMTOPEI
CO3IAIOT MyOOKHME YPOBHU B 3allpEllIeHHOM 30HE.

DnemenTsl I rpynnbl B HekoTopbix coeauHeHusx A'BY o6pasyior
TBepAbIC PacTBOPH BHeAPeHUs. OHU UMEIOT OJUH BANEHTHBIN 2JIEKT-
POH Y NPH BHEIPEHUM B MEXI0Y3JIME JIETKO TEPAIOT €ro, T.€. MPOSB-
JISIIOT CBOMCTBA JOHOPOB. ECIM Xe 3TH aTOMbl pa3MelIaoTCsl B y3/1ax
pEeLIeTKH, TO OHHU BEXYT ceOsi KaK MHOro3apsiiOBbIE aKIIENTOPbl, CO-
31aBasi HECKOILKO YHEPTETUUECKUX YPOBHEH B 3aNpell¢HHO N 30He Mo-
JIYIIPOBOJIHUKA.

ITpumecu mepexomnbix Metamwios (Fe, Ni, Co), a takke Cr u Mn
CO3AI0T IIIyOOKONeXalIMe IHePreTHIECKHe YPOBHM aKIISITOPHOIO TUIA
1 IBAAI0TCS 3(beKTUBHLIMM pEKOMOMHAIIMOHHBIMM JIOBYLIKaMH. Harpu-
Mep, JIETUPOBAHUE apceHuna U Gochuaa rajuiis XpOMOM HCIONB3YETCS
UISL TTOJTy4eHYsI KPUCTAUIOB C TTOJIYM30IMPYIOIMMHU CBOMCTBAMH. biaro-
J1apsd KOMIIEHCAUMH TIOMYNPOBOIHUKA TITyOOKMMU NMPUMECIMH YIAETCA
NIOJTyYaTh MATEPUAT € YAEABHBIM CONPOTUBIeHHEM cBbiiie 107 OM - M.

AToMbI npuMeceit V rpynnel [lepuoau4eckoit CUCTEMBI 3JICMEHTOB
J. . MeHneneepa 3aMealoT y3ibl B METAUIOMAHONH NOApELETKE CO-
eIMHEeHHUs1, 00pasys HeiTpajbHble LEHTPbI, NU30BAICHTHBIE OCHOBHBIM
atoMaM. Ecnm ke aToMbl, yUacTBYIOLIME B 3aMEIIEHUM, CYLIECTBEHHO
pas3INYyaloOTCs MO 3MEKTPOOTPULIATEIBHOCTH U KOBUICHTHOMY Pamuycy,
TO B pe3ybTaTe JIeTMpOBaHUs 00pa3yloTCsl TUCKPETHbBIE YPOBHH B 3al-
PEeLIEHHOM 30He, KOTOPLIE CMIOCOOHBI 3aXBaThiBaTh HOCUTE/IU 3apsifa.

ITpumecu snementoB Il rpynnel Iepuonuyeckoit cucTeMsl 3se-
MeHTOB . 1. MeHneneeBa BXOIAT KaK U30BAJICHTHBIE aTOMbI B MeTas-
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auyeckylo noapewerky A'BY. DxcnepuMeHTanbHble JAHHbIE YKA3bi-
BaIOT Ha OTCYTCTBUE JIOKAJILHBIX COCTOSIHMIA B 3allpellieHHOM 30He Mo~
aynpoeoasuka. I[Tpu BzaumosamelueHuu Al, Ga u In oTCyTCTBYIOT Or-
PaHUYESHMST HA PACTBOPUMOCTh METALIMYECKMX KOMIIOHEHTOB B COOT-
BETCTBYIOLIEH TTOAPEIIETKE.

HMMeroTcss MHOTOYHCIEHHBIE CBHACTEIbLCTBA KOCBEHHOIO BIHUSIHUS
M30BAJICHTHBLIX IpUMeECcell Ha DJIEKTPUYECKHE CBONHCTBa KPHCTULIOB.
MexaHHU3M 3TOTO BAMSHHS MOXET ObITh pazjMuyHbIM. Hanpumep, B
pe3yJibTaTe U30BAJIEHTHOTO JIETUPOBAHHUS MOXET U3MEHSTLCS (POH oc-
TATOYHBIX MMPUMECEH WU XKe NMTPOMCXOAUTh UX NepepacrpeneeHue o
y3jaM METADIMYECKON M MeTaJUIOMAHON monpenieTok. Kpome toro,
3JIEKTPUYECKHE CBOMCTBA MOTYT M3MEHSATBCS BCJIEACTBUE 00pa3oBaHus
MaJIONOABUMXKHBIX aCCOLIMATOB, BKJIIOYAIOIIMX B ceOs Hapsily ¢ M30Ba-
JIEHTHBIMM LHEHTPaM#y COOCTBEHHBIC TOYEUHbIE 1e(EKThl CTPYKTYPbI WK
aTOMBI 3JIEKTPMYECKH aKTHMBHBIX NpuMecei. Tak, nerupoBaHue ¢oc-
(brna rasuTHs a30TOM BBI3BIBACT YBEJIUYECHME €0 YASIBLHOTO COTIPOTURIE-
HMS1 Ha HECKOJIBKO TIOPSIIIKOB, YTO SIB/ISIETCS CAEACTBUEM Oojiee CUIBHOM
KOMIIEHCALIUY NOJyNpOBOAHMKA. B CBOIO ouepeanb, BO3pacTaHue CTeIeH!
KOMIICHCAIIMH fIPH U30BAIEHTHOM JIETUPOBAHMH O0YCITOBNIEHO YaCTUYHBIM
TIEPECEICHUEM OCTATOUHBIX AaTOMOB KPEMHMS M3 Y3JI0B FaJUIUsI B METalI-
JIOHITHYIO MOAPEIETKY. Takoe nepepacnpeneieHue amoTepHON NpUMe-
CH CIIOCOOCTBYET YMEHBILIEHHUIO YITPYTHUX HCKAXEHHUH CTPYKTYPHI, [IOPOX-
JIAEMbIX BCTPAHBAHUEM B PEILLETKY aTOMOB a30Ta. AHAAOMMYHBIM 00pa3oM
BeleT cebsi BUCMYT B KpUCTa/UIaX apCeHMIa rajuinsl.

IToayyenne MOHOKPMCTAJIOB W 3NUTAKCHANBHBIX CJI0€B. TexHOO0-
IUs NOJYYEHMST NOJYITPOBOAHUKOBDBIX COEIMHEHUH OTJIUYAETCS OT TeX-
HOJIOTUM TIOJYYEHUST SJIEMEHTAPHBIX TNOJYIMPOBOXHUKOB HAJIUYHEM
onepaumMu cuHTe3a. [Ipu nonyyeHUHM HepaznaraiolMxcs COeRNHeHuH
A"BY (aHTUMOHHUIOB) CHMHTE3 OCYLUECTBSIOT HENOCPEACTBEHHBIM
CIUIaBJICHUEM MCXOAHBIX KOMIIOHEHTOB, HANIPUMEDP UHIUS M CYPbMBI.
JlanbHenmne TeXHOJIorM4ecKue ornepauny (KpUCTALTU3aLUOHHAs OYH-
CTKa, JICTHPOBAHME, BhIpAliMBaHKUE MOHOKPUCTALIOB) NPUHLIMINATb-
HO HE OTJIMYAIOTCSl OT MPUMEHSIEMbIX B TEXHOJOTHHU MOJYyYEHUS Iep-
MaHHusl.

Tlpu noayyeHMM KpUCTAIIOB pa3/iaraloiUXCsi COEAMHEHUM TEXHO-
JIOrMYecKoe o00pyAOBaHUE yCIOXHsieTcsl. s nmpenoTBpallleHUs HUc-
MapeHust JeTy4ero KOMIIOHEHTa CUHTE3 M KPUCTA/UIM3AIHUI0 HEOOXOo-
JHUMO TMIPOBOJIUTDL B 3aMKHYTOM HarpeBaeMoM oobeMe. CHHTE3 apCeHu-
0B 1 PocdUnos B OOMBLIMHCTBE CIYYaeB OCYIIECTBISIIOT ABYXTEM-
NepaTypHbIM METOIOM, CXeMa KOTOPOro MmokasaHa Ha puc. 5.27. C no-
MOLIbI0O HU3KOTEMITEPaTYPHOIM 30HBI Hajl paclllaBOM CO3JaI0T JaBie-
HHE Mapa JICTyyero KOMIoHeHTa (Mbliibska win docdopa), paBHOE
JIaBJICHUIO TMCCOLIMALIMM COCIUHEHMSI B TOYKe IaBneHus. Ilpouecc
CHHTE3a 3aKJIloyaeTcs B paCTBOPEHUHU MMapoB Mbllibsika Wik docdopa
B pPacIlIaB€ UCXOJHOI0 METAJIa ¢ MOCISAYIOIIMM 3TANOM HanpaBJeH-
HOM KPUCTAUIU3ALMMU.
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Puc. 5.27. Cxema MeTOaa ABYXTEMIEPATYPHOTO CHHTE3a PA3Iaraloluxcs co-
€IUHEHU:

1 — HarpeBatenbHBIN GNI0K; 2 — KOHTelHEep ¢ pacrnaBoM; 3 — KOHJACHCAT JIETYYero
KOMIIOHEHTa; 4 — KBapleBas aMiyna

HauGonee 3 GexTUBHBIM METOAOM BBIpAIIUBAHUS MOHOKPUCTI-
JIOB pa3aralolliMXcs COCAMHEHUM SIBASETCS BBITATHUBAHUC U3 PACIIIAB2
U3-110 ¢J10s1 HHepTHOTro ¢mtoca. Cioit XKuAKoro npospayHoro ¢uoca,
Haxo4slerocsl Moj JaBJleHUeM MHEPTHOFO rasa, obecreyuBaeT MmoJj-
HYIO TEpPMETU3ALIMIO TUIJISA U MOAABJISET UCTIAPEHUE JIETYYEro KOMITO-
HEHTa U3 pacruiasa (puc. 5.28). B kauecTBe repMeTU3UPYIOIIEN XUAKO-
CTU MCITOJIb3YIOT paciias 0opHoro anruapuaa B,0;, obnagawlero
HU3KOM XMMHUUYECKOH aKTUBHOCTLIO M HEBBICOKOH TeMIEepaTypoil pas-
MsryeHus. TonmuHa cios Gioca 00bIMHO COCTABISIET OKONO 1 CM.

Puc. 5.28. Cxema BBIpalllMBaHUI MO-
HOKPHUCTAJUIOB pa3faraloluxcs co-
€IMHCHU METOLOM BBITSITHUBAHUSA
M3-T0J1 CJI01 MHEPTHOTO ¢hitoca:
1 — BbITATMBaEMBIil MOHOKpUCTALT; 2 —
repMETU3UPYIOLLINIT cnoit uHepTHOTO umto-
ca; 3 — TUTeNb ¢ pacIulaBoM; 4 — Harpe-
BaTeNb C 3KPAaHOM
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MoHoKpUCTA/UTBI, TIONYYEHHBIE BBITITMBAHUEM H3 pacIulaBa, 00-
J1aflal0T HEAOCTAaTOUYHO BLICOKOM XUMHUUYECKON YUCTOTOM, cComepxar
3HAYMTELHOE KOJUYECTBO TOUEYHBIX Ae(PEKTOB CTPYKTYpPhI, KOTOpPbIE
ABISI0TCS 9D GEKTUBHBIMU PEKOMOUHALIMOHHBIMH JIOBYILIKAMHU U 00yC-
JIOBJIMBAIOT Majioe BpeMsl XKM3HU HEPaBHOBECHBIX HOCHUTEIEH 3apsia.
ITosTOMYy OONBIIMHCTBO TOJIYTIPOBOIHUKOBLIX TIPUOOPOB M3TOTOBS-
10T Ha OCHOBE 3MHUTAKCHATIBHBIX CJIOEB, OCAXIAEMBIX U3 XUIKOH MM
ra3oBoH ¢a3bl. B KagecTBe MOUTOXEK UCIOIB3YIOTCS TIACTUHDI, BBIpE-
3aHHbIe U3 MOHOKPUCTAJUIMYECKUX CIAMTKOB B 33aAaHHOM KPUCTANIO-
rpaduyeCcKOM HallpaBJieHUMU.

ITpu npoBeneHNU TIpOLIECCOB XUAKO(hA3HON 3MUTAKCUN Haubosee
UIMPOKOE PACHpOCTPaHEHUE TOMYYMUI METOJ MHOFOKaMEpHBIX JIONO-
yek. Ha puc. 5.29 nokazaHa o1Ha U3 BO3MOXHBIX KOHCTPYKIHA JIOAO-
YKW — KacceTa NMeHaJIbHOro TUMa. OObIYHO KACCEThl U3TOTORISIOT U3
rpaduTa. B sueiikax kacceThbl (pOPMUPYIOT HACHIIIEHHbIE PACTBOPBI-pac-
mnasbl (HanpuMep, Ga—As) ¢ JeTHPYIOUIMMU TIPUMECSIMH pas3iM-
YHbIX TUIIOB. KOHTaKTHpOBaHUe NOMIOXEK C XUIKoN da3oil obecne-
YHBAIOT OEepEeMEIICHUEM IpacUTOBOrO BKAaAblia. OcaXacHUE CIOEB
IPOUCXOAUT IIPH MELUTEHHOM OXJIAXIEHUHN PACTBOPOB-PACILIABOB B OI-
peneieHHOM MHTepBajie TeMnepatyp. Bo uzbexaHue OKUCAEHUS pea-
TeHTOB IIPOLIECC NIPOBOASIT B MOTOKE OYMUILIEHHOTO Bogopoaa. Haubo-
jlee YUCTBIM BOAOpOA nojydyaroT nuddysveit nom naBleHUEM yepe3
TOHKYIO NMajnaaueByio MemOpany. IToBenmeHue Bogopona B MajuTaauu
XapaKTepU3yeTCsl BBICOKOM MpOoHHKalIed crocodHocThio. Kpucran-
Jingeckas peuietka Pd daktuuecku urpaer posib QUIbTpa, KOTOPbIN
33epKUBAET BCEC MPUMECHBIE aTOMBI, HO JIETKO TIPOIIYCKAeT aTOMBI
BOJOpOAa Onaroaaps UX MajibiM pa3Mepam.

IMocnenoBaTenbHOE NepeMelieHUe MOMIOXKUA OT OAHOH pacTBOp-
HOM SYeUKM K ApYroi nmo3poiisieT copMUPOBATH MHOTOCIOHHYIO CTPYK-
Typy. OOHAKO A TIOJYYEHHUA CIOXHBIX MHOTOCIOMHBIX CTPYKTYP, CO-
JepXalllMX CBEPXPEUIETKH WIM KBAaHTOBBLIE SIMBI, UCITONb3YIOT OoJiee
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Puc. 5.29. CxeMa yCTAHOBKM [UIS SMMMTAKCHATBHOTO HapalldBaHUs CJIOECB U3
KUJAKOH (ha3bl:

1 — narpesatenb; 2 — KBaplLeBbiil peakTop; 3 — rpaduToBas KacceTa; 4 — UCXOIHbIE
pacTBOPBI-pacIiaBbl; 5 — rpaUTOBBIN chaiifep; 6 — MOMIOXKKA
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Puc. 5.30. XumMudeckoe ocaxIeHUEe DMUTAKCHAILHBIX CJIOEB U3 NapOB METaI-
JIOOPraHUYeCKMX COCANHEHUI:

yAsH3+H2

1 — BakyyMHBIe KpaHbl; 2 — KBapleBblil peakTop; 3 — BBHICOKOYACTOTHBII MHAYKTOP;
4 — npepectan; 5 — Gap6orepst ¢ ankunamu Ga(CH,); unu PH;

yIipaBisieMble METOIBI IIMUTAKCUH, CBSI3aHHBIC ¢ KOHAeHCAlUCH Be-
LIIECTB U3 Ta30BOH ¢a3bl. TAKOBBHIMH SIBJSIOTCS MOJIEKYJISIPHO-MYYKO-
Bas anurakcusa (MII3) u xuMuyeckoe ocaxmeHHe U3 MApOB METaji-
JIOOPTAaHMYECKUX COeIMHEHU . B mocieaHeM ciyyae B KAUeCTBE UCXOA-
HbIX peareHToB ciyxaT ajnkuibl MeTauioB III rpynnbt Ilepuonuue-
CKoi cucteMsl 371eMeHTOB . M. MeHaeneeBa B coueTaHUM C TMJIpUIa-
MH MbllIbsIKa win (ocgopa. Monekynsl 3THX JETYYUX COeIMHEHUH
JIOCTaBJISIIOTCS B PEAaKUMOHHYIO 30HY ITOTOKOM OYHMILIEHHOTO BOIOPO-
Ja, KaK nokaszaHo Ha puc. 5.30. OTcyTcTBHE KOHIEHCHPOBAHHOIO MC-
TOYHMKA B PEAKTOpE IO3BOJSACT OPraHM30BATL IMPOLIECC OCAXKICHUS
CJIOEB B TOJIHOW a@HAJIOTMHM C MPOMBILUICHHBIM METOIOM MOIyYeHUs
KPEMHMEBBIX TUICHOK (CM. moapasa. 5.2).

XUMHYECKOE OCAXKIEHUE MPOBOAMTCA TIpH TeMrepatype 550... 800 °C.
B peakuiMOHHOMN 30HE NMPOUCXOAUT ITUPOJUTUUCCKOE PA3TIOKECHHUE MO~
CTYNMAIOWNX peareHToB, U ocBoboXnaemsble ameMeHTHI 111 1 V rpynn
Ilepuonnyeckoii cucreMsl anemMeHToB [. . MeHmeneeBa, B3auMoIeii-
CTBYsl MEXIY CO00i, KOHAEHCHPYIOTC Ha noanoxke. CyMMapHBIe pe-
aKLMH CUHTE3a MOXHO NPEACTABUTh CASAYIOLUIUMH YPABHCHHUSIMU:

Ga(CHs); + AsH; — GaAs + 3CH,
In(C2H5)3 + PH_'; — InP + 3C2H6

H3MeHsa ycnoBUsT SITUTAKCUU, MOXHO PEryJMpoBaTh CKOPOCTh PO-
cta B ipenenax ot 0,01 mo 0,5 Mmxm/MUH. BEICOKOE CTPYKTYpPHOE COBEP-
LIEHCTBO CJIOEB YIAETCS IIOJIYYMTh JIMIHDb B TEX PEXUMAX STIMTAKCHH, B
KOTOPBIX CYMMAapHOe JaBJIeHHe THAPHAOB Ha BXOJE peakTopa o Kpaw-
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HCH Mepe Ha MOpsIOK BEIUYUHBI MPEBHILIAET NAaBIEHUE AJKWIOB CO-
OTBETCTBYIOLIMX METALIOB. JIeTyuue anKuwibHble U TUAPUIHBIE COSIU-
HEHUS NIPUMEHSIOT U MPHU JIETHPOBAHWUM STIMTAKCHANBHBIX CJ10eB (Ha-
NpUMep, TUITUILIMHK, TETPAMETUIOIOBO, CHJIaH, CEPOBOAOPOA U JIp.).

BaxXHO OTMETHUTh, UTO BCE THAPHUALI U ANKWIBI OTTUYAIOTCSI XUMU-
YeCKOl MHEPTHOCTBIO IO OTHOWIEHUIO K OCHOBHBIM KOHCTPYKIIMOH-
HbIM MaTtepuanaM. K TOMy e OHM JIeTKO MOTYT OBITb ITOJYYEeHBI B
yycroM Buzae. OnHako apcuH AsH; n dochun PH; siBasioTcs oyeHb
SITOBUTBIMHU I'a3aMH, a aTKWIbI METALIOB JIETKO CaMOBO3TapaloTcs Ha
BO3MyXe U CO B3PbIBOM pearupyioT ¢ Boaoil. [TosToMy snuTakcHaib-
Hble YCTAHOBKHU JOJKHBI ObITh CHaOXEHBI HaAEXHBIMU DKCTpaKTOpa-
MU M HERTPAIU3ATOPAMHU.

MonekyasipHO-TIY4KOBasi 3MMTAKCUs 10 CBoel (pusnyeckoit cyiu-
HOCTHU MpeacTapiasieT coboit 0OBIMHBIA METOI UCTIAPEHUST M KOHACHCA-
UMY B Bakyyme, HO OTJIHMYAIOUIUICSA BBICOKOMN MPEUM3NOHHOCTBIO U
YUCTOTOM. )il AOCTHXXEHHUS BLICOKOM YMCTOTHI TpeOYyeTCsl BaKyyM He
Huxe 107® TTa. Kak npasuio, MCIOIBL3YIOT TEXHOJOTMYECKUE PEXH-
Mbl, 00ECIIEYUBAIOIIUE OYEHb HM3KHE CKOPOCTH KOHJEHCAlIMM Beule-
cTBa (IIOpsIKa OAHOTO aTOMHOTO CJIOS B CeKyHIly). biaromaps BeicOKO-
MY BaKyyMy, HU3KOI CKOPOCTH POCTa U OTKPBITOM MOBEPXHOCTH KOH-
JCHCALUU CO3AAI0TCH YHUKATBHBIE BO3MOXHOCTY OCYLIECTBAEHMS IH -
arHOCTHUKH CJIOEB HEMMOCPEACTBEHHO B IPOoLecce ocaXneHus. s 3Tux
LefIci pocToBasi KaMepa CHabXaeTcsl CreliMalbHON METPOJIOTHYECKOH
anrnaparypou.

YnpolueHHast cxeMa yctaHoBKHY 11 MII3 nmokaszana Ha puc. 5.31.
BHyTpH BakyyMHOI paboueif kamepbl I pa3MelUaIOTCSI MCIIAPUTEIb-
HbIE SIUEHKM 6, TTOITOXKKA C JAepXareaeM 4, CpPeICTBa TEXHOJIOrHYe-
CKOT'0 KOHTPOJISI U KDHUOHAHENU 3, OXTAXAAEMbIE XXKUIKUM a30ToM. Kpu-
ofnaHenu 3 no3BOMSIIOT YMEHBLINTD Fa30BbIIC/ICHUE OT CTEHOK BaKyyM-
Hol xaMmepsl 1. JIJist BOCTUXKEHUS ¥ OAREPXKAHUS CBEPXBBICOKOTO Ba-
KyyMa ycraHoBKM MIID ocHailawTcss BhICOKONPOU3BOAUTEIbHBIMU

Puc. 5.31. Cxema MeToza MOJIEKYISIPHO-
MIYYKOBO# 2MUTAKCUH:

1 — BaxyyMHasi Kamepa; 2 — MOHM3aUMOHHBIN

natyuk; 3 — kpuonaHenu; 4 — TOMLIOXKKA C

AepxarejieM; 5 — dayopecueHTHbI! 3KpaH; 6 —

UCTIapUTE/IbHBIE SIYEHKU C 3acIOHKamu; 7 —

3JIEKTPOHHAA TYLIKa; & — HarpeBaTe/lb MOMLIO0-
XKeK; 9 — Macc-CNeKTPOMETp

L= L T - L
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0e3MacagHbIMU CPE/ICTBAMU OTKAykH (COpOLIMOHHBIMH, TypOoMoe-
KYJISIPHBIMH, CyOTUMAllMOHHBIMH ¥ MATHUTOPA3PSIAHBIMUA HACOCAMU).

B BBICOKOM BaKyyMe pacipOCTpaHEHHE MOIEKY/ISIPHBIX MTyYKOB IPO-
HCXOUT IO NPSIMOJIMHEHHBIM TPAeKTOPUSM (TTOI0OHO CBETOBBIM JIy-
yaM). MTHTEeHCUBHOCTb HCIAapeHUs] PETyIUPYETCsl TEMIIEPaTypOi Harpe-
Bartelieil B MCIapuTesIbHbIX stueiikaX. C ITOMONIbIO 3aCIOHOK, YITPaBJIsi-
€MbIX THEBMATHUYECKUM IIPUBOJIOM, MOXHO MPAKTHYECKH MTHOBEHHO
MEPEKPHITh MOJIEKYJISIPHbIE IIOTOKH U MPEKPATUTh [IOCTYIUIEHUE Bellie-
CTBa Ha NOJUIOXKY. BO3MOXHOCTH YCTAHOBOK NO3BOJISIIOT BOCIIPOU3BO~
JHMO (DOPMHPOBATh KOHIEHCAT C SKBUBAJICHTHOR TOJNLUIMHON MeHee
oxHoro aroMHoro cios. ITnenku coequnenuit A'BY o6b1vn0 ocaxnaa-
10T B YCJIOBUAX HEKOTOPOTO M3OBITKA METAINIOUWIHOIO KOMIIOHEHTA B
ra3oBoii (aze. [Iist merupoBaHus ¢j10eB Hauboee YaCcTo UCTIONb3YIOTCH
npumecu Be, Mg, Ge u Si. IlpenenabHble TeMmepaTypbl SMHUTAKCUHU
OTrpPaHUYMBAIOTCSI BO3MOXHbBIM IIEpeMCIIapeHUEM BELLIECTBA C MTOUTOXKHU.

MOHOKpUCTATUIIMYECKHE TOUIOKKU 4 YKPEIUIAIOTCS Ha MOIuOae-
HOBOM JIepKaTeJie, BHYTPU KOTOPOro BCTPauBacTCsl Pe3NCTUBHBINM Ha-
rpesaTelib & ¢ TepPMOIIAPOi Uik KOHTPOJISt TeMIiepaTyphl pocta. Cucre-
Ma MaHUNYASTOPOB H KaMepa Iepe3apsiKy MO3BOJISIOT IPOU3BOANUTD
CMeHy 00pa3LoB 6e3 HapylIeHUsl BaKyyMa B paboueM o6beMe. Tunuy-
HBIE TIJIOTHOCTU MOTOKOB KOHJICHCALIUU UCTIAPSIEMBIX JIEMEHTOB CO-
crapasior 10'8...10% m~2- ¢!, mpuyeM CKOPOCTH POCTA CIOEB ONpee-
JITETCA CKOPOCTBIO TIOCTYIUICHHST Ha TNOJIOXKY aTOMOB 3jieMeHTOoB 111
rpynisl [lepuoanyeckoit cucremnl anemenrtos J. M. Mengeneesa. M3-
OBITOK JIETYYEro MeTAJUIOMIHOIO KOMIIOHEHTA OTPaXaeTcsl OT MeX-
dba3HoIt rpaHuLEl, 61raronapst 4eMy CaMOINPOM3BOJILHO O0ECIeYBAET-
Csl CTEXUOMETPUYHOCTh KOHACHCUPYEMOii (a3hl.

Ipumenenne noaynpoBOAHKKOBBIX coexunennii Tuna ABY. Muo-
rooGpasue CBOMCTB NMoaynposoaHUKoB Thiia A''BY o6ycnosiauBaeT ux
LIMPOKOE HPUMEHEHHE B NTPpUOOpax ¥ YCTPOICTBAX Pa3IMYHOIO TEXHH~
yeckoro HasHauyeHHUs. Ocobblit MHTEpEC K 9TOH IpyIie MaTepuaioB
ObUI BBI3BAaH, IpEXIE BCEro, MOTPeOGHOCTSMHU ONTO3JIEKTPOHHUKH B
OBICTPOIEHCTBYIOIINX UCTOMHMKAX U NIPUEMHHKAX U3TydeHUust. MHxXeK-
LIMOHHBIE JIa3ephl U CBETOUINTYYAIOIIME AUONLI HA OCHOBE IIOJYIPO-
BoauukoB AMBY xapaktepusyrotcs Hanbosee BHICOKOM 3P PEKTUBHO-
CThIO Npe0oOpa3OBaHUS NEKTPUUECKOH SHEPIUHU B JIEKTPOMATHUTHOE
usnyyeHue. CyleCTBEHHBIMH JOCTOMHCTBAMM TAKUX MPUOOPOB SIBJISI-
IOTCS KOMMAKTHOCTh M KOHCTPYKTHBHASI IIPOCTOTA, COBMECTUMOCTD C
3JIEMEHTAMU MHTETPAIBbHBIX MHKPOCXEM M0 pabouMM ImapameTpaM U
TEXHOJIOTHYECKUM OIEpaLUsIM.

ApPCEHMIT TAJITUS SIBWICSL NTEPBBIM IOJYIPOBOJHMKOM, Ha KOTO-
pom B 1962 r. ObI1 CO3MaH UHXXEKUHOHHBIH JIasep, T.€. OCYIIECTBIEHA
TeHepalMs KOTePEHTHOIO U3JIyYeHUS C [IOMOLLBIO p— A-fiepexoaa (CM.
nioapasn. 4.7). JlazepHblit 3¢ ¢deKT BOZHUKAET JIMILb B NMPAMO30HHBIX
MOJIYIIPOBOAHUKAX U B YCIOBUSIX, MIPU KOTOPHIX IVIOTHOCTH TOKA Ye-
pe3 p— R-TIEPEXO]] TIPEBLIIIAET HEKOTOPOE NOPOroBoe 3HAYeHHE.
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ITonynpoBOAHMKOBLIE J1a3€pPbl ¥ CBETOU3IYYAIOLIME JUOILI € yCIe-
XOM HCHOJIB3YIOTCS B BLIYMCAMTEALHOM, MHGMOPMALIMOHHO-U3MEPH-
TeJIbHOU U 000POHHOM TEXHUKE, B KOCMOHABTUKE M TEXHUKE CBS3H, a
TaKKe B OBITOBOH 2JIEKTPOHHOI annaparype. ConocrasieHue 3¢ gek-
TMBHOCTH JIIOMUHECHICHLIIMU PAa3JIMYHBIX MOJYIIPOBOIHUKOBBIX Mare-
PHAIOB NMOKA3bIBAET, YUTO KBAHTOBBIN BBIXOJ BO3PACTAET C YBEIUYEHU-
eM JJIMHBI BOJIHBI peKOMOMHAIIMOHHOTO u3nydeHus. IToatoMmy, ecnu
3PUTENBHOE BOCIPUATHE HHGMOPMALIUM HE SIBIISIETCST 06s3aTe/IbHbIM, B
YCTPOWCTBAX OMTO3JIEKTPOHUKHU MCITONBL3YIOTCA, KaK MPaBWIO, UCTO-
YyHMKHU u3nydyeHus onmxHero MK-aguanaszoHa cnekrpa. Bmecte ¢ tem
MpY YMEHBIIEHUH UIMHBI BOJHBI U3IYYEHHUS BO3PACTaeT IUIOTHOCTH
ONTHYECKOM 3aMMUCH UHGOPMALIMU, UTO BaXKHO JUIS YBETHUCHUS O0bE-
Ma MaMsITH JIa3¢PHBIX KOMIAKT-TUCKOB. OTMEUEHHOE 0BCTOTENBCTBO
CTUMYJIMPYET TIOBBIIIEHHBIA MHTEPEC K MCTOYHHUKAM M3MYYeHHUs Ha
OCHOBE HUTPHUAA AN, CIIOCOOHBIM F¢HEPUPOBATH (POTOHBI C IHEP-
ruef, COOTBETCTBYIOLLEH ronyboil 061acTH CreKTpa.

B uanyvaromux Anogax BHEUIHUHA KBaHTOBBIN BbIXOX OOBIYHO Ha-
MHOr0 MeHblI¢ BHYTPEHHETO, MOCKOJIBLKY M3-3a BLICOKOFO MOKa3aTes
npenoMiIeHUs nonynpopoguuka (cMm. Ilpunoxenue 2) 3HaUYUTEAbHAS
JIOJISl CBETOBOI'O MOTOKA MCITBITLIBAET HA MTOBEPXHOCTH KPUCTAJLIA MO~
HOE BHYTpeHHee oTpaxeHue. JLtst 60pbObl C HUM U3JIYYaIOULYIO CTPYK-
TYpY KaICYJIUpPYIOT NMpo3padyHoit 060104Koit B (hopMme nosnychepsl Wiu
yceueHHOM cdephl. I1pu BbIBOIEC BUAMMOIO H3YUYE€HUS B KAUeCTBE Ma-
TEPUATIOB TAKUX COTNIACYIOLINX Cpell MPUMEHSIOT OpraHUYeCKHUe II1acT-
MaccChbl WIH SMOKCHUAHBIE KOMMAYHIBI.

JI1s reHepallMM BUAMMOTIO U3JIyYEeHHS IUMPUHA 3aMpPEelICHHON 30HbI
NOJYIPOBOJIHMKA JIOJKHA npeBbilaTh 1,7 3B. Y3 6MHapHBIX coeHe-~
Huit ABY, 0CBOEHHBIX B TEXHOJOTMYECKOM OTHOILEHWH, 3TOMY YC-
nopuro nomuMo GaN ynosneTrBopsiet dochun raummsa GaP. [Tockosnb-
KY ¢dochun ranust obaanaer HENPsAMO CTPYKTYpOi 30H, 3 ¢heKTUB-
Hasl JTIOMUHECLICHIIMA B HEM BO3HMKAET JIMIIL PU BBEICHUM CICLU-
AJILHBIX TPYMECEH, KOTOpble CO3MAI0T M303JIEKTPOHHBIE JIOBYLUKH.
Hanpumep, peKOMOMHALIMS HOCHTENEH 3apsiia yepe3 HU303JCKTPOH-
Hble JIOBYUIKHM a30Ta COINPOBOXAAETCS 3ENECHOW MIOMUHECUEHUIMEH
dochuna rannug. B To e BpeMst coBMecTHOe ierupoBanue GaP nuu-
KOM ¥ KHCJIOPOIOM IIPUBOJIUT K OOpPa30BaHUIO0 HEUTPaAIbHBIX KOMII-
JlekcoB Zn— O, OTBETCTBEHHBIX 34 UHTEHCUBHOE U3JIyYeHHUE B Kpac-
Ho# o6acTu cnekTpa. O6pa3oBaHHEe U303JEKTPOHHON JIOBYLLIKY HPO-
UCXOIUT B TOM cCJIyyae, KOTJa ATOM IIUHKA (MEJIKUH aKUenTop) U
aToM Kuciopoaa (rmy0oKHil AOHOp) 3aHUMAIOT OMXKalilIMe CocelHNe
y37bl B KpUCTa/LIMYecKoi pewtetke GaP.

Bonbiioit HaGop 3HAYEHUH LIMPHHBI 3aNpelleHHO 30HbI Y MONY-
nposoaHukos A'BY nospossier co3znaBaTh Ha UX OCHOBE pPA3NUYHbIE
BUJIBI (DOTOITPUEMHMKOB, NEPEKPHIBAIOIINX LIUPOKUI THaNa30H CIeK-
tpa. Cpeaut HUX HaubobILEe PACHIPOCTPaHEeHUE NTOAYYMIM (HOTOIUOAB!
1 $OTO3NEMEHTDI, NPUHLMI ACHCTBUS KOTOPbIX OCHOBAH Ha pasiejie-
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HUU TeHEPUPYEMBIX CBETOM HOCHUTENEH 3apsiia BHYTPCHHUM TNOJIEM
p— n-nepexoaa. Dotoauoasl paboTaloT B pexKMMe 00paTHOTO BKIIIOYE-
HUS ¥ OTIMYAIOTCS MAILIM BpeMeHeM GopMupoBaHUs GoTooTBeTa. s
LOCTHXXEHUSI MAKCUMANTLHON (POTOUYBCTBUTEIBHOCTU U BHICOKOTO ObI-
CTpONEHUCTBUSI HEOOXOAUMO, YTOOBI IIyOMHA ONTUYECKOIO IOIIOLIE-
HUS NIPUMEPHO COOTBETCTBOBAJA TJIYOMHE 3a/IeTaHusl p— H-TIepexoa,
T.€. UYTOOBI OTJIOUICHUE MPOMCXOAUIO B 06j1aCTH 0OBEMHOTO 3apsijia.
IIpyn onTHMaIbHBIX KOHCTPYKTMBHO-TEXHOJOIHYECKHUX MapaMeTpax
npubopoB yaaercs 0e3 0cobbix npodieM nojayyatb QOTOAETEKTOPHI C
ObicTpOAEHCTBHEM B CYOHAHOCEKYHIHOM JIMAINa3oHe.

Ilo npunuuny neictBus Kk QporoamonaM odeHb OAU3KU (HOTO-
3JICKTPUYECKHUE NMPeodPa3oBaTe/IM CONHEUHON SHEPru. ApCeHU] Tal-
JIUSL SIBJISICTCS ONHUM M3 JYYIUMX NOJYNPOBOAHUKOBBIX MAaTEpPUANIOB
JUIS IPUMEHEHUS B COTHEUHbIX OaTapesix, 0OCOOEHHO B YCIOBHUSIX KOC-
Moca. [1o cpasHeHHIO ¢ KpeMHUeM apceHun rawins GaAs obnamaer
Gonee BLICOKOH TEPMUYECKON U PATUAlMOHHOM cTabunpHOCThIO. Han-
Gosbliast 3¢pheKTUBHOCTD (POTONEKTPUUECKOTIO Npeodpa3oBaHUs COM-
HeyHOTro uaayuyeHus (27 %) mnonyyeHa C MOMOILIBIO TETEPOCTPYKTYD
AlGaAs/GaAs npu aKKyMyJUpOBaHHUM KOHIEHTPUPOBAHHOIO CBETO-
BOro notoka. IlpornopiunoHajibHO CTENEHN KOHIEHTPALMHK U3TYyYEHUS
YMEHBILIACTCS CTOUMOCTh UCTIONB3YEMbIX MATEPUATOB U CTPYKTYP.

Bo3MoxHOCTH nanbHe#ero nmosbilieHusi 3hdekTuBHOCTH (PoTo-
3JICKTPUYECKOTO MTpeobpa30BaHusl SHEPIrUU CBI3BLIBAIOT C pa3paboTKOR
KacKa/IHBIX 3JIEMEHTOB, CO3IAaBacMbIX Ha OCHOBE TIOJIYTIPOBOIHUKOBBIX
MaTEepUAJIOB C PA3TMYAIOLIMMUCS 3aNPEeLCHHBIMHY 30HaMU. B KacKanHbix
¢hoTosEMEHTAX Y3KO30HHDIN MOJYIIPOBOAHUK IIpeodpa3yeT B 3JEKT-
PUYECKYIO DHEPTUI0 TY YACTb ONTUYECKOTO H3JIYUYEHHUSI, KOTOpasl He
MOMIOLAETCS HAapYXXHbIM, 00Jiee 1IUPOKO3OHHBIM MarepuanioMm. On-
HOI1 U3 HauboJiee NepcrneKTUBHBIX MOIUGMUKALIMI NyalbHOIO KacKana
ABJIAETC TAHAEM M3 apCeHMAA MU aHTUMOHMIA FaJulusl.

IToBbimieHHbIi uHTEPEeC K GaSh 06yCNoBAEH TAKXKE BO3ZMOXHOCTSI~
MM €ro YCIEIHOro IpUMeHEHU B TEpMODOTORNEKTPUYECKUX TeHepa-
TOpax, UCIOJIb3YeMbIX B KaUeCTBe aBTOHOMHBIX MCTOYHUKOB 3JIEKTPO-~
sHepruu. llIupuHa 3anpeiieHHOM 30861 aHTUMOHUIA rayuust 0,726 5B
B HauOoibUIeH Mepe COOTBETCTBYET CHEKTDPY M3MYUCHHUS] METAUIHYE-
CKHMX 3MUTTCPOB, Pa3orpeBaeMbIX TOIJIMBHON TOpPEIKON 4O 3KOJIOTH-
yecky 6e3onacHbIX TeMmepartyp 1200...1400°C.

PazHOBUAHOCTBIO (DOTOHHBIX NPUEMHUKOB H3IYYEHHUS SBIASIOTCS
(POTORIEKTPOHHBIE YMHOXUTENU, padoTaloliue Ha OCHOBE BHEIIHETO
doroaddekra (cM. noapasn. 2.9). IMonynposonuuku A'BY nossonsaior
co3napaTh 3¢ (heKTHBHBIE (POTOKATOAB! H DMUTTEPHI BTOPUYHBIX 2JIEK~
TpOHOB (AMHOAB!). Hanpumep, GOTOKATOAB! U3 CUIBHOJIETHPOBAHHOTO
apCeHUAA TALIUS C BJIEKTPOINPOBOAHOCTBIO pP-THUIIA, MTOBEPXHOCTD KO-
TOPOTO aKTUBMpPOBaHA MIeHKoH Cs,O w1 cCHMXeHUsT paboTHI BRIXONA
3JIEKTPOHOB, 00/1alat0T KBAHTOBBIM BBIXOJAOM B OiMxHeit uH(bpakpac-
HOM 00;1aCTH CIIEKTpa Ha HECKOJILKO MOPSIAKOB Bbille, 4eM (POTOKATO-
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ZIbl U3 TPAIULIMOHHBIX MaTepUaIoB. Bricokue KO3 GHULIMEHTB! BTOPHY-
HON 3MHCCHUM 3JIEKTPOHOB TIOJIYYEHBI NP UCHOJb30BaHUM p-GaP B
KavyecTBe MaTepuasia JUHOJOB.

IIporpecc B TEXHOJOTHM apCeHMIA TaJUIMsI, TOCTUTHYTHINA 3a 110-
ciaenqHMe 25 eT, OTKPbUT O0TaThie BO3MOXHOCTH MPHUMEHEHHS 3TOro
Matepuata Npu CO3MaHUU TIOJEBLIX TPAH3UCTOPOB, OoMbuX (1o 10*
371EMEHTOB) U cBepX6onbluuX (10 106 371eMEHTOB) HHTETPAIbHBIX CXEM.
ITo cpaBHeHMIO C KpEMHHEM apCEeHU rayliug ABJsieTcs Gosiee CloX-
HbIM B TEXHOJIOTMYECKOM IUIaHe MaTtepuaioM. Ha HeM TpyaHO BwIpa-
CTUTbL CTaOMWIbHBIA COOCTBeHHBINH okcua. PopMmupyemast OKCHAHAS
IUIEHKA XapaKTepU3YeTCss HU3KUM KauyeCTBOM M BBICOKON IJIOTHO-
CTBIO MOBEPXHOCTHBIX COCTOSHUI, UTO 3aTpyaHsieT cozganue MJIII-
TpaH3uCcTOpoB. KpoMe Toro, Anst apceHUaa TajUins XapakTepHa HeBbl-
COKasi paCTBOPHUMOCTb JOHOPHBIX MPUMECE, TIPAKTHYECKU MCKJIIO-
YeHa BO3MOXHOCTb UX IM(PDY3HOHHOrO BBEACHHS B KpUCTaLI. Pas-
noxeHue GaAs npu BLICOKUX TEMIMEPAaTypax CO34aeT MOMOJHUTE b~
HbIC TPYIHOCTH TIPHU IIPOBEASHUM oNepannit orxxura. O1HaKo coBep-
1IEHCTBOBAHHE TEXHUKU 3MHUTAKCHUH, OCBOSHHE TEXHOJOIMU MOHHO-
I'C JIEFMPOBAHMSsI, JIA3€PHOrO OTXKHUra, 3NEKTPOHHO-JIYYEBOIl JHUTOr-
paduu, a Takxke paspaboTKa HOBBIX METOAOB OCaXAEHHUS 3alIUTHBIX
CII0EB MO3BOJISIIOT PEAIM30BaTh BO3MOXHOCTH apCeHUIa Taivsl B
MOBBIILIEHUM GbICTPOACIHCTBUSA UHTEIPUTBHBIX CXEM IIPH OMHOBPEMEH-
HOM CHMXEHHUH NOTpedaAsIeMOi HMH MOILIHOCTH. DTOMY CIOCOOCTBY-
10T BBICOKAs MOABHXHOCTh 3JIEKTPOHOB U GJIarONpHsITHBIE TETLIOMU-
3UYECKUE XapAKTEPUCTHUKH.

Cpenu Ipyrux MarepuanoB, NMEPCNEKTUBHBIX IS NPUMEHEHHUS B
MHTErpaibHON MUKPO3IJAEKTPOHUKE, HEOOXOAUMO BBIAEIUTh (pochun
UHAUSE. B cuiibHBIX 251eKTpuyecKuX nonsix InP xapakrepusyercs 6osnee
BBICOKOH CKOpOCTbIO Apeiida 31exTpoHoB, Hexenn GaAs. bnaronapst
3TOMY TMOSIBASETCS BO3MOXHOCTh OCBOEHMSI YAaCTOTHOIrO AUarna3oHa
pabotel npubopos CBY u ceepx6ricTponaeiicTyioux UC BILIOTH 10
100 I'Tu.

K BaxXHBIM JOCTOMHCTBAM apCeHMAA rULTUs U hochUIa MHIUS TPU
MX UCITOJIb30BAaHUU B KAU€CTBE MaTepHasa sl CyOMUKPOHHBIX ObICT-
pONeHCTBYIOIINX NPUOOPOB CENYET OTHECTH M OTHOCHUTEILHYIO IIPO-
CTOTY U3TOTOBJIEHUS HAa MX OCHOBE MMOJIYH3OJUPYIOUIMX IOMITOXEK.
ITpuMeHeHHEe TaKUX MOMIOXEK MO3BOJISIET UCKIIOUUTh M3O0ASLHUIO C
MIOMOUIBIO p — H-TIEpeXoJa, KOTopas UCIONb3yeTcst B KpeMHueBbix UC,
U TEM CaMbIM YMEHBIUIHTH NAPA3UTHBIE EMKOCTH.

ITo MacuiTabam NMPUMEHEHUSI 1 HOMEHKIATYPE CO31aBacMbIX NIPHU-
OOpPOB apCeHUI LK IPOYHO 3aHUMAeT BTOPOE MECTO IMOCIE KpeM-
HMsI CpellM BCEX MATEPUAIOB IOIYNPOBOAHUKOBOM 3/1eKTpoHMKH. U3
Ipyrux npuMeHeHuil GaAs ciieyeT OTMETUTD BHICOKOTEMIIEpaTypHbIe
BBITIPSIMUTEJIBHBIE AUOMBI, JETEKTOPHI SACPHBIX HM3TYyYeHMH, JaBUH-
HO-TIpOJIETHbIC ANONBbL. TOKOBast HEYCTOMYMBOCTh B CWIBHBIX 3JIEKTPH -
YecKUX MOJsIX, OOYCAOBAEHHAS MEXIOMUHHBIMU MEPEXOAaMHU 3JIeKT-
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POHOB, MCIIONB3YyeTCSA IS co3aaHus reHepatopoB CBU-koneGanuit
(reHeparopos 'anna), paboraromux B auanaszoue yacror 10°... 101 ',
Kpome apceHuna rainus NOIXCOAIIMMH MaTepuaJaMi IS 3THUX Lie-
et aensiorcsa InP, InAs u TBepable pacTBOpbI Ha UX OCHOBE.

ApPCEHHI rAUTUSE U AHTUMOHUA UHIUS MIPUMEHSIOTCS JUISI U3TOTOB-
JIEHUs TYHHEJIbHBIX 1H0oA0B. [To cpaBHEHMIO C repMaHUeBBIMH THOIA -
MU nIpudopbl U3 GaAs xapakTepu3yroTcs 6osee BLICOKOI paboueii TeM-
neparypoit, a anoas! u3 InSb oTIMyaoTCs AYUIIMMU YaCTOTHBIMU CBO#-
CTBaMU NPU HU3KUX TeMIIEpaTypax.

Ha ocHose y3ko3onHbix noaymnposoaHukos AMBY (InAs, InSb),
006121101 KX BHICOKON IMOABUXHOCTBIO DACKTPOHOB, W3TOTOBJISIOT
MaTrHUTOPE3UCTOPBl U JaTYUKU XOJ1a. AHTUMOHUI UHIUS ITPUMEHSI-
10T TAKX€ Uit co3aaHus npueMHUKoB MK-usnyuenus, nmpospasiommnx
(OTOUYBCTBUTEILHOCTD BIUIOTh A0 A = 7 MKM. IlnactuHsl ¢pochuna
WHAUS HAXOISAT MacCOBOE IPUMEHEHHE B KauyecCTBE ITOMIOXKEK IpPH
(OpMUPOBAHHUH SMMTAKCHANIBHDIX JIA3EPHBIX B CBETOAMOIHBIX TeTepO-
CTPYKTYp, U3JIy4YalOIUX B 00JACTH MaKCUMaJIbHOIN ONTHYECKOH mIpo-
3payHOCTH KBapLIEBOrO BOJIOKHA.

5.6. TBEPJIBIE PACTBOPHI HA OCHOBE COETUHEHHUI A'BY

TBepable pacTBOPBI MO3BOJSIIOT CYLIECTBEHHO PACUIMPHUTD IO CpaB-
HEHMIO € 3JIEMEHTApHBIMUA TOJYNIPOBOAHUKAMU U IOIYIIPOBOJHUKO-
BBIMM COCIMHEHUSIMU HA0OD JIEKTPOPUINUECKUX ITapaMeTPOB, OIpe-
JEeJSIOLIUX BO3MOXHOCTH MPUMEHEHHS MaTepUaIOB B KOHKPETHBIX
MOJYNMPOBOIHUKOBBIX ITPpUOOpax.

OcobennocTy BRYTpeHHero crpoenns. Cpeau aiMa3cnoIo0HbIX [T0-
JIyTIPOBOJHUMKOB, B TOM uKcie coequHenuit tuna ABY, pacnpoctpa-
HEHBI maepdble pacmeopst 3ameiuerus. HeoOXoAUMBIMU YCIOBUAMHU 00-
pa30BaHUst TBEPABIX PACTBOPOB SIBJISIOTCS KPUCTALIOXUMHUYECKOE NO-
To0Me KPUCTA/UTMYECKUX PEHIETOK COeAMHEHUI-KOMITOHEHTOB U OJT1-
30CTh Pa3MEPOB B3auMo3aMellaeMbix aToMOB. Hanbonee xopoliio usyye-
Hbl TPOMHBIE TBEP/blE PACTBOPBI, B KOTOPBIX 3aMEILEHHE NPOUCXOAUT
MO y3/1aM JIMLIb OJHOHW U3 NMOApeneTOK OMHAPHOrO COeAUHEHUS (Me-
TUIMYECKON MM MetautonaHoi). CocTaR TaKMX TBEpPABIX pacCTBOPOB
TIPUHATO XapakTepusosath cumBoiamu AB, _,Cu AC,D,_,, rne Au B
o6o3HayvatoT a1eMeHTH I rpynnel, a C u D — ajeMeHTH! V rpynisl
TTepuonunueckoit cuctems! 3nemextos M. M. Mennencesa. B dopmyne
A,B, _,C nHaekc x onpeaesnsieT MONBHYIO JOJII0 coeIMHeHUst AB B TBep-
IloM pactBope. Ecnu TBepabie pacTBOPHI CYIECTBYIOT BO BCEM JAHana-
30HE KOHLIEHTpallMil, TO X MOXET U3MeHsaThes oT O 10 1.

IIpu TepMOIMHAMHUYECKOM OMMCAHMM TaKUX TBEPJBIX PACTBOPOB
yAOOHO B KayeCTBE HE3aBUCHUMbBIX KOMIOHEHTOB pacCMaTpUBAaTh JBa
OHMHAPHBIX COSTUHEHMS, UMEIOLINX OOLINI 31eMeHT. PaKTHYECKH TPOi-
HOIl TBepAblil PacTBOpP NpEIACTaBASeT co00il KBAa3MOUHAPHYIO CUCTE-
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My, B KOTOPOil B3aUMO3aMELLacMble aTOMbl CTATUCTUUCCKH HEYMOPSi-
JIOUEHHO PACTIpeNIesISIIOTCS M0 y3/IaM COOTBETCTRYIONUICH MOAPELISTKH.
Kputepuii HenpepbIBHOM pacTBOPHMOCTH KOMIIOHEHTOB B 3TOM CJy-
4yae CBOAMUTCS K COOTBETCTBUIO NEPHOL0B PELIETOK COCAUHEHUH-NIApT-
HEpPOB, 06pa3ylollMX TBEPAbIH pacTBOp.

HecMoTpsi Ha OTCYTCTBME CTPOTOi TPAaHCISILIMOHHONW CUMMETPUH
TBEpJIbIE PACTBOPHI BO MHOTHX aCNeKTax MoAoOHbI KPUCTAUTUYECKUM
BELIECTBAM: UM TAKXKe NPUCYIIA AHU3OTPOMNHUS DUZHYECKUX CBOICTB,
PEHTTEHOBCKAaA NU(PAKIIUS BBISBIAECT B HX CTPYKTYpE OTpeAcICHHYIO
2JIEMEHTAPHYIO YKy ¢ HEeKOTOPBIMHM YCPEIHEHHBIMU TMapaMeTpaMu,
JUTSL HUX XapaKTepeH 30HHbIH XapakKTep PHEPreTHUECKOro CIIeKTpa SMeK-
TPOHOB, T. €. K HUM ITPUMEHUMbI OCHOBHLIC MIPEACTARJICHUS 30HHOM TeO-
pyd TBepIoro Tena. Takum 06pa3oM, B H30BAIEHTHBIX TBEPILIX PACTBOPAX
37IEMEHTBl CTPYKTYPHOTO Oecnopsiika BbIpaXXeHBI OTHOCHUTEILHO €1abo.
Kak u B OMHapHBIX COSIMHEHHUSX, MEXIYy aTOMaMM YCTaHABIMBAIOTCS
CMELIAHHbIE KOBAIEHTHO-UOHHBIE Sp>-TMOPUIHBIE CBS3H, TMOCKOJIbLKY B
CpeIHEM COXPAHSIETCS YEThIPE BAJICHTHBIX JICKTPOHA HA ATOM.

ITo cBOeMy BHYTpEHHEMY CTPOCHHUIO M CBOHCTBAM 3TH MaTepHasbl
3aHMMAIOT NPOMEXYTOYHOE ITOJIOXKEHHUE MEXIY YIOPSIOYEHHBIMHU K
HeynopsuioyeHHbIMU azaMu. brarogapst KECTKMM KOBIEHTHBIM CBSI-
35M B HUX He HAOJIOZAeTCS 3HAYUTEILHBIX OTKJIOHEHHMH OT CTeXHO-
MCTPHUUYECKOIO COCTaBa, €CJIM MO CTEXUOMETPUEH NMOHUMATh paBeH-
CTBO MEXIY BCEH COBOKYITHOCTBIO METALIMYECKHX aTOMOB PELIETKH U
CYMMAapHBIM YMCJIOM aTOMOB METAUIOUIHBIX IJEMEHTOB.

ITono6HO GMHAPHBIM COECIMHEHHUSIM, TBEPAbIC PACTBOPBI OTHOCH-
T€JILHO MPOCTHI MO MEXAaHHM3MY JIETHPOBAHMS, JHOMYCKAIOT HHBEPCHUIO
TUIIA DACKTPOINIPOBOAHOCTH, YTO OTKPbIBAET BOZMOXHOCTH (DOPMHUPO-
BaHHs B HUX 3JIEKTPOHHO-IBIPOUHBIX MEepexonoB. Pa3znuyus B KoBa-
JICHTHBIX paauycax B3aUMO3aMelllaeMbiX aTOMOB SIBJISHIOTCSE IPUUMHOM
negopMaly paBHOBECHBIX IJIUH CBA3CH U BaJIEHTHBIX YIJIOB. DHEPIrUs
BHYTPEHHHUX YIPYTHX UCKAXEHUW PEIUeTKH HAKJIAIbIBACT OrpaHUye-
HMSI Ha B3aMMHYIO paCTBOPMMOCTL KOMIIOHEHTOB M ONPEIEIISiCT Tep-
MOAUHAMUUECKYIO YCTOMYMBOCTL TBEPAOTro pacTBopa. M3-3a cuibHOTO
pa3iMuyusg pasMepoB METAUIOMAHBIX aTOMOB TBEpIAbie PACTBOPHI He
obpasyrotcs Mexay Hutpuaamu A"'BY, ¢ onHoit croponsl, u gocou-
JaMH, apCEHUIAMU WM aHTUMOHUIAMU — C APYroil (3a MCKIOYEHU~
eM objiacTell KpaliHe HUM3KON KOHIEHTPAlUH pacTBOPSIEMOro KOMITO-
HeHTa). HaobopoT, 61M30CTh KOBaJEHTHBIX PAAUYCOB ATOMOB aJIIOMMU-
HUS ¥ TALIUSA o0ecTiednBaeT 06pa3oBaHUe HEMPEPbIBHBIX TBEPIBIX pa-
c¢TBOpOB B cuctemax Al,Ga, _,As, Al, Ga, _,P u Al,Ga, _,Sb Bo Bcem
JAYaTa3oHe KOHUEHTpaUMid.

B roMoreHHbIX TBepPIbIX paCTBOpaXx ¢/1ab0 BbIpaXeHbl 3(PdexThi, CBsI-
3aHHBIE C Pa3MBITHEM CIIEKTpPa JNEKTPOHHBIX cocTosgsHuit. [TloaToMy y
MPSIMO3OHHBIX MOJIYIIPOBOIHHUKOB COXPAHSIOTCS JOCTATOYHO pPE3KHit
Kpail COGCTBEHHOTO MOIJIOUICHUS M CPaBHUTEILHO Y3KHE JIMHUM B
CIIEKTPEC PeKOMOUHALMOHHOTO U3nydeHusi. OTMeueHHbIe 00CTOATENb-
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CTBa MTO3BOJISIOT pACCMATPUBATh M30BANICHTHBIE TBEPABIC PACTBOPHI KaK
BaXXHellIMe MaTepuasibl ONTOEKTpOHUKHU. K aTOMY cieayer moba-
BUTh, YTO TEMIIEPATYPHBIE U3MEHEHHS 3ICKTPOPUUYSCKUX NTapaAMET-
POB TAKXe ITPUHUUITHUATILHO HE OTIMYAIOTCS OT COOTBETCTBYIOLIMX 3a-
BUCHMOCTEMH Uit OMHAPHBIX COSAUHECHUA.

- 3aBHCHMOCTB CBOMCTB OT cOCTaBa. MHOIMe CBOICTBA TBEpALIX pa-
CTBOPOB ABISIOTCS aJIUTUBHEIMU (QYHKIIMSAMU cocTaBa. [1oaTomy mis
pacyera PU3NYECKHX TAPAMETPOB MaTepHaia IIHUPOKO UCIIOAb3YIOTCH
METOIBI TUHEHHOM HUHTEPITOIAUNH. 316Ch YMECTHO BBIICIUTD HPAgUI0
Beeapda, ycTaHaBIMBaIoIee TMHEHHYIO 3aBUCHMOCTbD NIEPUONA PEILIETKU
OT COCTaBa KBasMOMHAPHOT'O TBEPAOTO pacTsopa. Ionb3ysacek 3TM npa-
BWJIOM, MOXHO HAAeXHO OMPEAcAsATh COCTAB TBEPABIX PAacTBOPOB MO
H3MEPEHUAM MEePHOIA PELICTKH C MOMOIIbIO PEHTTEHOBCKMX METOJO0B
IUGpaKuuH.

Oco0bIit MHTEpPEC K TBEPABIM pPacTBOpaM OOYCJIOBIEH BO3MOXHO-
CTBIO IIABHOTO YIIPAaBJASHUS IIMPUHON 3anpeiieHHO 30HbI TTONYIPO-
BOAHUKOB IYTEM M3MEHEHHS MX KOMIICHEHTHOIO cocTaBa. Bo3Mox-
HbIe BAPHUAHTHI 3TUX 3aBUCUMOCTE#H MoKa3aHbl Ha puc. 5.32. Kak BuaHO
M3 pucC. 5.32, 3aBUCUMOCTD LIMPUHBI 3aNIPEIIEHHOM 30HbI OT COCTaBa B
HEKOTOPBIX cucTeMax TBepAbix pacTBopoB (Ga,In;_,As; InP,As;_))

A3, 3B A3, 3B
) /
Ga,In;_,As
1,2 x A1 —x 7/ 2,2 Gahs. P /,/
1-yby L~
1,0 >; 2.0 Bﬁ/
V // \\
0,8 // InP-As 1.8 1 AlL,Ga;_,As
3 // INryASi—y , /
0,6 // // 1,6 /)
//Gaxlnl,x‘Sb/ /
0,4( 1’4
InAs,Sb; _,
R e 1,2
\l
0 1,0
0 02 04 06 08 1O0xy 0 02 04 06 08 10xy
a 6

Puc. 5.32. I3MeHeHHsT IUMPUHBI 3aNPELICHHOM 30HBI B 3aBUCUMOCTH OT CO-
cTaBa KBa3WOMHAPHBIX TBEPABIX PACTBOPOB Ha OCHOBE coennHenuit AIBY
(T = 300 K):

a — COCAMHEHUsI-TIAapTHEPHI UMEIOT OJMHAKOBYIO 30HHYIO CTPYKTYpY; 6 — COeAMHE-
HHUSI-MTAPTHEPH! MMEIOT Pa3INYHYIO 30HHYIO CTPYKTYPY
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O4YeHb OIM3Ka K JIMHEHHOM, HO MOXET U CYIIECTBEHHO OTIHMYATHCSA OT
HEe, NPOSBISA SKCTPEMYM HJIM M3JIOM MpU ONpPEnceHHOM COOTHO-
LIEHHHU MEXIY COHEPXAaHUEM KOMMOHEHTOB. KOHKpPETHBIA Xapakrep
3aBUCUMOCTM BO MHOIOM OIpEnesisieTcsl THIIOM 30HHOW CTPYKTYpPbI
COeTUHEHUM-TTAPTHEPOB, T. €. MOJIOXEHHEM UX SHEPreTUYECKUX TOTUH
B TIPOCTPAHCTBE KBa3UUMINYJIbCOB (K-npocTtpaHcTie) (cM. noapasi. 4.6).
B yacTHOCTH, M3JIOM 3aBUCUMOCTH AD (x) Hab/II00aeTCs B TEX CUCTE-
Max TBEpIbIX PACTBOPOB, B KOTOPHIX UCXOAHbIE OMHAPHBIE COEAUHE-
HUSI UMEIOT 30HHbIE CTPYKTYPhI Pa3IMUHbIX THUIIOB, T.€. pa3JIMYHOE pac-
TIOJIOXKEHUE IVIABHBIX SHEPreTUYECKUX MUHUMYMOB 30Hbl [IPOBOIMMO-
cTH B k-nipocTpaHcTBE.

Ilpu mocTMXEeHMH cOCTaBa, COOTBETCTBYIOLIETO TOYKE M3JIOMA,
MPOMCXOJUT «IepeCesIeHHE» 3JEKTPOHOB M3 OJAHOM SHEPreTUYECKOH
JOJUHBI B Apyryio. IlepecTpoiika 30HHOH CTPYKTYpPhl COMPOBOXAACTCS
KapAWHAJIbHBIM U3MEHCHUEM PEKOMOMHAIMOHHBIX CBOMCTB HONYNPO-
BOAHMKA U 3 PeKTUBHOM Macchl 371eKTpoHOB. C nameHeHueM addek-
THBHOI MacChl U3MEHSIETCS MOJABUXXHOCTb HOCUTENEH 3apsiaa.

Ecnu coeaMHeHUSI-NIapTHEPBI UMEIOT 30HHYIO CTPYKTYPY OMMHAKO-
BOrO TUIA, TO 3aBHCUMOCTb AD(X) ONMUCHIBAETCS IUIABHOW KPHUBOM
napabosnuyeckoro tina. I1py 9ToM OTKJIOHEHHUS OT JIMHEHHOro 3aKoHa
TEM 3HAYUTE/IbHEE, YeM CWIbHEE BHYTPEHHUE JIOKATbHBIE MCKAXKECHUS
CTPYKTYpHI, OOYCIOBJICHHBIE Pa3jIMuMeM B pa3Mepax YacTHL, y4acTBY-
ouux B 3amelleHun. B cucremax Ga,In; _,Sb, GaAs,Sb, _,, InAs,Sb, _,
BHYTpPeHHHUE yrpyrue mnedopMaldU CTONbL BEJIMKH, YTO OOYCIIOBIEH-
Hasi UMM HEJIMHEHHOCTb 3aBUCUMOCTH AD OT COCTaBa MPUBOAUT K ITOSIB-
JICHHIO MUHMMYMa, KOTOPBIH MOXHO JIETKO 3aMETUTh Ha puc. 5.32, a.

ITonBuXXHOCTb HOCUTEJIEH 3apsiia B MOMYIIPOBOJHUKOBBIX TBEPIbIX
pacTBOpax B OCHOBHOM OTPAHUYMBAETCS TEMH Xe (haKTOpaMH, YTO U B
6UHAPHBIX coetMHeHUsX. TToaTBepXAeHUEM 9TOMY MOTYT CIYXHTh 3a-
BHUCHMMOCTH, MOKa3aHHbie Ha puc. 5.33. OTCYTCTBUE DKCTPEMYMA B XOAE

KPUBBIX YKa3biBa€T Ha TO, YTO B O0LUEM
iy M/(B-C) MEXaHM3ME pacCesiHUSI HOCUTEEH 3apsiaa
JIOJI paccesitHusl Ha CTaTUCTHYECKHMX He-
OIHOPOIHOCTSIX CTPYKTYpHl MaTepuasia OT-

7
\ HOCHUTENILHO Majia. B mpotuBHOM ciyyae 1o~
6 XeH Obl1 Obl HabIIOAATHCA MUHUMYM IO~
\ Ga,In;_.3b BMXKHOCTH JUISI TBEPABIX PACTBOPOB C COCTA-

BOM, 6;u3kuM K x = 0,5. OTMeueHHast 3aK0-
HOMEpPHOCTb B IOBEJICHUH HOCUTEE 3apsi-

—F

\ InP, Asy !,

2

\ Puc. 5.33. VIaMeHeHUSs MOABUXHOCTH 3JIEKTPO-
1 \\:§ HOB B TBEPIBIX PacTBOpax
Ga,In, _,Sb u InP,As, _, B 3aBUCUMOCTH OT
0 02 04 06 038 x,y coctasa (7= 300 K)
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Jla OTJIMYAET MOJYIPOBOJIHUKOBBIE TBEPBIE PACTBOPHI OT METAJIINYEC-
KHX CIIIABOB, B KOTOPBIX PAacCesiHUE JEKTPOHOB Ha CTAaTUCTUYECKHUX
HEOJHOPOAHOCTSIX CTPYKTYPhI UTPAET BEChMA CYLUECTBEHHYIO POJIb (CM.
nogpasa. 2.5).

BmecTe ¢ TeM, KaK ¥ B MeTALIMYECKHUX cIUIaBaX, 3PMEeKTh CTaTH-
CTUYECKOrO Pa3yropsiloueHUsi B KPUCTAUIMYECKOM pellleTke OKa3bi-
BaIOT CUNbHOE BJUSIHME HAa YIEJIbHYIO TEIUIONPOBOJHOCTL TIOJYIPO-
BOJHHMKOB, KOTOPasl ¥ TBEP/BIX PACTBOPOB OKA3BIBAETCSI 3aMETHO HUXE,
yeM y OMHApHBIX coeluHeHMil. Hanpumep, y TBEpAbLIX pacTBOPOB
GaAsysPys u AlysGag sAs 3HaueHue yaeJIbHOH TEIJIONPOBOIHOCTH
MIPUMEPHO Ha IMOPANOK MEHbIIIE, YEM Y UMCTHIX KpUCTALIOB (GaAs.

M3MeHeHWe LIMPUHBI 3aMpeleHHONR 30Hbl Y TBEPAbIX PAacTBOPOB
COMPOBOXAACTCS COOTBETCTBYIOIIUM CMELIEHUEM CIEKTPOB OITHYE-
CKOTO TIOTJIOUIEHMST M INPONYCKaHMs, JIOMHHECHEHIUH U (OTOUYB-
cTBUTENBHOCTH. C H3MEHEHHEM COCTaBa TBEPAOro pacTBOPA U3MEHSI-
I0TCSI 3HAYCHMST TMDJIEKTPUIECKOH MPOHUIIAEMOCTH Y ITOKa3aTeJisl ape-
JIOMJICHUSI, TIPOUCXOAUT CMELLICHUE NTPUMECHBIX PHEPreTH4eCKUX YpOB-
Hell. B psime cucteM Npu onpeaeieHHOM COOTHOLIEHUM MEXIY KOH-
LIEHTpaLMSIMH KOMITOHEHTOB MOXHO MOJYYUTh KAYECTBEHHO HOBOE CO-
yeTaHue CBOMCTB. Tak, B TBepabix pactBopax GaP,As; _,uAl,Ga;_,As
0 ¢ x mu y B amamasone 0,3...0,4 codyeTaloTCsl TOCTATOMHO LIMPOKAs
3anpelieHHasi 30Ha AD > 1,7 9B ¢ BBICOKUM KBaHTOBBIM BBIXOJAOM MEX-
30HHOM M3Ty4aTe bLHOM pekoMOWHauu. Taxue MaTepuallbl UCMIONB3Y~
10T TSl co3aanus 3¢ HEKTUBHBIX MEKTPOTIOMUHECHEHTHBIX UCTOYHK-
KOB KpPacHOTO M3Ny4YeHus (CBETOAMOIOB U 1a3epoB). TBepable pacTBO-
pbt Ga,In;_,P c x=0,5...0,7 o6nanawT 3¢)¢eKTHBHONH TIOMUHECLICH-
LIMEH B XKENTO-3eJieHOU obnacTu criekTpa.

ITonyueHne OQHOPOIHLIX TBEPABIX PACTBOPOB. DTOT IPOILIECC MPEl-
CTaBIsAET COOOM BeChMa TPYAHYIO TEXHOJIOTMYECKYIO 3anavy. OObIUHBI-
MM METOJaMU KPUCTAIM3ALMY M3 pacijiaBa B JydIleM CJIy4yae yaaeT-
¢Sl TONY4YaTh OZHOPOAHBIE MOJTMKPUCTAIMYECKUE CITUTKA. MOHOKpH -
CTAJUTMYECKUE CJIOW TBEPABIX pACTBOPOB, UCIIONb3YEMBI€ B IIPUOOPHBIX
CTPYKTYpax, GOpMHUPYIOT UCKJIIOUUTEILHO METOIaMH 3nuTakcuu. [pu
3TOM MNPAKTUYECKH BCETHa NPUXOAUTCSI UMETb IEJIO C TeTepO3MUTAK-
CHEH, T. €. IPOU3BOJAUTL OCAXKIACHHUE CI0EB Ha MHOPOIHBIE MOTOXKH.
B kayecTBe NMOCAETHUX KCHONB3YIOT MIACTUHBI OMHAPHBIX COENNHE-
HHU, BbIPE3aHHBIE U3 00BEMHBIX CIUTKOB IMapajUieIbHO Ompee/eH-
HOW KpucTautorpadpuyeckoit mnockocT. CpaBHUTEABHO PEIKO MpH-
MEHSIOT MOMIOXKH M3 APYTUX MaTepUanioB (KpeMHuit, candup).

Haunbosee mpocThIM M JOCTYITHBIM METOJOM IOJYYEHUS TBEPIbIX
pacTBOPOB sIBAsIETCS XXUaKodasHas snurakcust. IloaxoasiliuMu o6beK-
TaMHM JUIsl 3TOro Merona sieisitorest cucteMol Al Ga, _ ,As, AL, Ga, _,Sb,
Al Ga, _,P, Ga/ln, _,P, Ga,In,_ ,As 1 np. OnHako npu Bcei CBoei
npocrote XuakodaszHag 3MUTAKCUA He 00ecrneyrBacT BLICOKOM TO-
YHOCTH BOCIIPOM3BEAEHMS COCTaBa MarepHaia. TpyIHOCTU B YIIpaBJje-
HHMU COCTABOM CJIOEB YCHJIMBAIOTCS JIETYYECThIO METAUVIOMIHBIX KOM-
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MMOHEHTOB M IOAPACTBOPEHUEM NOMLJI0XEK Ha HAYalbHbIX CTAAMUSIX Te-
TepoanuTakcuy. Kpome Toro, BO3HUKAIOT AOTIOJHUTE/bHBIE NTpobJie-
MBI IPU OCAXACHUU CBECPXTOHKHUX CJIOEB.

bonee coBepllieHHBIMHA Y HAZEXKHBIMU METOZaMU (DPOPMUPOBAHMS
SMUTAKCUATBHLIX CTPYKTYP Ha OCHOBE TBEp/AbIX PAaCTBOPOB SIBASIOTCS
XMMUUECKOE OCAXKIEHUE U3 TAPOB METALIOOPTaHHUECKUX COSANHEHU
U MOJIEKYJISIPHO-IIYYKOBAst SIMTAKCHUS (CM. moapasa. 5.5). XuMuyeckoe
ocaxeHUe TBep/blX PACTBOPOB OCYILECTBJISAETCS B COOTBETCTBHU C
peakUMsIMU CIAeYIOUIETO THNA:

xAl(C2H5)3 + (1 - X)Ga(C2H5)3 + ASH3 bd Alea] _XAS + 3C2H6
Ga(CH3)3 + yPH3 + (l - y)ASH:; - GapyASI —y + 3CH4

HsMmeHsa naBieHHe ankKuIOB M THUIPHUIOB HA BXOJAE B PEaKklIMOH-
HbIH 00BEM, MOXHO JIETKO YIIPABJISITh COCTABOM KPUCTAJLIM3YeMOit (ha3bi
M CKOPOCTBIO OCaXACHUS.

B MeTone MONEKYAAPHO-NTYYKOBOH SMUTAKCHU COCTAB CHHTE3UPYE -
MOTO MaTepuasia 3aBUCUT OT IUIOTHOCTH MOTOKOB BELIECTB, MCHAapsi-
€MbIX U3 3G PY3NOHHBIX siueek. CpencTBa yNpaBAcHUS U IMaTHOCTUKU
MO3BOJISIIOT KOHTPOJIUPYEMO OCaXAaTh CACU C TpeOyeMbIM coacpxka-
HMEM KOMITOHEHTOB TOJIUIMHON MeHee OJHOTO NEepUoAa KPUCTAUIH-
YeCKOHN pelueTKU.

IIpumenenue TBepabIx pacTBopoB. OO1aCTh IIPUMEHCHHUS TBEPABIX pa-
CTBOPOB JIOCTATOYHO MHOroo0pa3Ha, HO IMPEUMYILIECTBEHHO OPUEHTUPO-
BaHa Ha MOJYNPOBOAHUKOBYIO ONTO3EKTPOHUKY. UMEHHO ¢ MOMOLIBIO
TBEPIBbIX PACTBOPOB YAAETCHA MOAYYATh CaMbie BbICOKO3(PECKTHBHBIE A~
3¢pbl U CBETOU3ITYYAOIMe AMOAbL. MCKTounTeNnbHas posb TBEPAbIX pa-
CTBOPOB B ITOJYTIPOBOIHMKOBON TEXHOOTHM OMPEACIsIETCS MIPEXIIE BCe-
r0 TEM, YTO MPH UX UCHOIb30BAHUHM TOSIBJISIOTCS] GOABLINE BO3MOXHO-
cTH 151 (POPMHUPOBAHUS BLICOKOKAUECTBEHHBIX 2emeponepexodos. I1ox re-
TEPOMEPEXONIOM TTOHMMAETCSE KOHTAKT JIBYX TICYTIPOBOAHUKOB C pasind-
HOH IMPUHOH 3anpelie HHON 30Hb1. Komnosuinu, cpopMUpPOBaHHBIE U3
HECKOJBKHX TreTepoIiepeXo0B, HAa3bIBAIOTCS cemepocmpykmypamuy. Paznm-
Yal0T U30THIIHBIEC ¥ aHU3OTUITHbIE TeTeporiepexoasl. U3oTunHsIi rerepo-
nepexon 00pasyIoT MaTepHaibl ¢ OAMHAKOBBIM THIIOM 3JEKTPONPOBO-
HOCTH, a2 B aHU3OTHUITHBIX FETEPONEPEXONax 3HAK OCHOBHbBIX HOCHUTEIEH
3apsiia pazIMyeH 1o o0e CTOPOHbBI OT FeTEPOrPaHHUILbI.

T'eTeponepexol, B KOTOPOM OTCYTCTBYIOT MOBCPXHOCTHBIE COCTO-
sIHUS (1eeKThbl) Ha reTepoTrpaHuiie, Ha3blBalOT UAEATbHBIM. B TakoM
TeTEPOIEPEXOIE CKOPOCTD NTOBEPXHOCTHOM PEKOMOMHALIMY HUYTOXHO
maia. [l cosganus reTeporepexoia co CBOMCTBaMHU UACATBHOTO KOH-
TaKTa HEeOOXOAUMO JOOMTLCS CTPOTrOro COIACOBAHMSA TEPUOIOB pe-
LIETOK COMPATaeMbIX MaTepUasioB. JJoNyCTUMBIE HECOOTBETCTBUSA NeE-
pPHOIOB Aa/a, Kax IMpaBuiio, He 10MKHbI npesbitiath 0,1 %. Toabko B
9TOM CJIyyae yaaeTcs u30exaTh reHepallMy TUCTOKALUM, 00YCIOBICH-
HBIX pejlakcaluuei BOZHUKAOLIUX YIIPYTUX HANPSKEeHUHN.
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Eciiv KOMITOHEHTHI reTeporapbl 00MaAal0T B3aUMHOM pacTBOpUMO-
CTBIO BO BCEM MHTEPBAJC KOHIUERTPAUMil, TO MOSBASIETCS BO3MOX-
HOCTb CO3[aBaTh reTePONepexXoabl MEXIY XMMHUYECKUM COCIMHEHUEM
AC u tBepibiM pacTBopoM A, B, _,C Ha ero ocHoBe. Cpe KOMITO3H-
Uil NOZOGHOTO TUIIA ClieayeT BoLIeAUTh cUucTeMbl GaAs— Al Ga; _ As
u GaSb— Al Ga, _,Sb, KOTOpble HAWIYYIIUM 0Opa3oM MOAXOIST sl
CO3JaHMY UAEAJBHBIX TeTeporepexoaoB. [IpeuMyIIecTBO YKa3aHHBIX
rereponap 3aKiIoYaeTCAd B TOM, YTO HEPUOA PELICTKU TBEPALIX pa-
crBopoB Al Ga,; _,As 1 Al,Ga, _,Sb oueHb cab0 3aBUCUT OT COCTaBa U
OJIM30K K HNepUoAy peleTKH OGMHAPHOrO COeIMHEHUS! (COOTBETCTBEH-
HO GaAs u GaSb).

Ha puc. 5.34 B KayecTBe mpuMepa NMPUBEACHA CXeMa MHXEKLIMOH-
HOTO Jla3epa ¢ ABOIHOI retepoctpykrypoit (JIF'C). O6nactu pekoMmobu-
HaIMU HOCUTEIEH 3apsia 1 KaHAIM3aUKH CBETOBOTO MOTOKA MPOCTPaH-
CTBEHHO COBMAZaIOT ¥ JIOKATU30BaAHBI B Y3KO30HHOM aKTUBHOM CJIOC
(p-GaAs), KOTOpBIit 3aKIIOUEH MEXAY ABYMS IHIUPOKO30HHBIMM 3MUT-
tepamut (AL Ga,; _,As). [lpu nogaye npamMoro cMeuleHUs B TAKOH CTPYK-
Type IIPOUCXOIUT BCTPEYHOE JIBUXEHUE HOCUTENCH M HAKOIJICHUE X
B aKTUBHOM cjioe. biaroxaps sddekTuBHOMY BO3OYXICHUIO yAAeTCS
JNOOUTECA OYeHb BhICOKOro (6au3koro K 100 %) BHyTpeHHEro KBaAaHTO-
BOI'O BHIXOZA JTIOMMHECHEHIIMU U CYLIECTBEHHO CHM3UTh ITOPOTCBYIO
IUIOTHOCTb TOKA, TPEOYeMYIO ISl TeHepalUH KOTEPEHTHOrO U3yYe-
HuA (cM. noapasn. 4.7). CHUXEHKUE TOPOroBOTo TOKA YBEAUYMBAET CPOK
CJIYXObI MPHUGOPOB U MO3BOJISET OCYIIECTBUTL HENPEPBIBHBINA PEXUM
reHepanuu rpv KOMHATHOH TeMIeparype, KOTOPBII He yaaeTcs pea-
JIN30BaTh B WHXEKUUOHHBIX Ja3epax Ha FOMOTEHHBIX CTPYKTYypax C
D — R-TIEPEXOAOM.

hv
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Puc. 5.34. Cxema razepa ¢ JBOMHOMN reTepOCTPYKTYPOH M IIOJIOCKOBOM reoMeT-
puel KOHTaKTa
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IIupoxoe nmpuMeHeHue s co3iaHus 3PDEKTHBHO pabOTAIOLIMX
HCTOYHHUKOB M MPUEMHUKOB U3TYUYSHUS HAILIM Y€THIPEXKOMITOHEHT-
Hbie TBEPABIE PACTBOPHI.

YeThIpeXKOMIOHEHTHbIE CHCTEMBL. OTH CUCTEMBI MMEIOT JIBE CTeme-
HM CBOOOIKBI JUIS YIIPaBJIeHHS CBOMCTBAMU Marepuala IMmyTeM U3MeHe-
HMst COCTaBa. B yacTHOCTH, MOXKHO HE3aBUCHMO M3MEHSITh LLIMPHHY 3aI1-
pelieHHOM 30HBI U NMEePHOA KPUCTAUIMYECKON pellleTKH, YTO Ipe-
cTaBjsieT HAMOOJIBIIMM NPaKTHYECKUid HHTepec. PasnuuHbiil Xxapakrep
M30BaIEHTHOTO 3aMELICHUS IMO3BOMAET BbIACIUTD IBA TUITA YEThIPEX-
KOMITOHEHTHBIX TBEPABIX PACTBOPOB. K nmepBOMY THITY OTHOCATCS Ma-
TepHAIBI, B KOTOPHIX 3aMellleHHe MIPOUCXOIUT IO y3JaM JHIIbL OTHOM
U3 nojpeiieTok. COCTaB TAKMX TBEPALIX PACTBOPOB BHIPAXKAIOT XHUMH-~
ueckoi Gopmynoi uga A,B,C,_._,D, rne A, B u C— artombl meTan-
J0B, a D — aTtombl Metaitonna (v Hao6oport). U3 opmyier oTueT-
JIMBO BUIHO, YTO INMOMOOHBIC YETBEPHLIC CUCTEMbI (DAKTHYECKU IPEI-
CTaBISIOT CO00I OMHOPOAHYIO CMECh TPeX OMHAPHBIX coenuHeHUH. C yue-
TOM 3TOTO NEPUOA KPUCTALTMYECKON pELIeTKHU IS JTI000ro 3a1aHHO-
IO COCTaBa TBEPAOK ¢a3bi IETKO ONPEISTUTS: METOIOM HHTEPIOSALIUN
fapaMeTpoOB OMHAPHBIX KOMIIOHEHTOB:

a(x,y) = xasp + yagp + (1 ~ x = y)acp. (5.3)

Ecny 3apMKCUPOBATh MOCTOSTHCTBO HEPHOAA PELIETKH B BHUIE
a(x,y) = ay, To U3 GhopMybl (5.3) IerKo MOAYYUTE CIEAYIOLIee YCJIo-
BME M3OMECPUOTHOTO 3aMElCHHUS:

= aO_aCD_x(aAD_aCD)_ (54)
app —dcp

OcoO0blit MHTEpeC NMPEACTABJSIOT T¢ HM30MEePUOIHbIE COCTAaBbI, KO-
TOPHIE COOTBETCTBYIOT MOJIOXKAM OMHAPHBIX coenuHeHMiM. TonbKo mpu
HAJIHUMH TTOIXOASIIEH MTOMIOXKH MOXHO $OpMUPOBATH BEICOKOKAYE-
CTBEHHBIE TETEPOCTPYKTYPHI.

B TBepnbix pacTBOpax BTOPOTO THIIA, OITMCBIBAEMBIX XUMHYECKOH
dopmynoit AB, _,C,D, _,, 3aMeLieHHe aTOMOB ITPOUCXOAUT OAHOBPE-
MEHHO 10 y3j1aM 00euX IMOoJpelIeTOK, HO C COXpaHeHHeM o0l1lel cre-
XUOMeTpUH. B KxauecTBe KOMIIOHEHTOB TAKMX TBEPbIX PACTBOPOB MOX-
HO paccMaTpuBaTh 4YeTelpe OMHapHBIX coenuHeHus:: AC(1), BC(2),
AD(3) u BD(4). IIpu 3TOM nepuon pelleTKH, KaK M B MPEenbLIyIHuX
CAy4asix, ABSIETCS AAMTUBHOM (PYHKUMEN cocTaBa

a(x,y) = xya; + (1 = x)yay + x(1 = y)as + (1 - x)(1 - y)as, (5.5)
rjle a; — NePUObI PEIIETOK OMHAPHBIX COEIUHEHHIA.
YcnoBre U30MEPHOIHOTO 3aMEILEHUA IPHHUMAET BUI

y

ay ~a, — x(as - a,) (5.6)
a-ay+x(q+a;-a-ay)

y:

rae ay — BbI6paHHOC 3HA4YCHHUE HU30MIEPpHOIA.
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Hns 1oCTHXEHHS BbICOKOTO COBEPLIEHCTRA IeTepO3MUTAKCHATLHOM
CTPYKTYPhI BaXHO 00eCeYNTh COTMIACOBAHUE MEPUONOB PELUETOK OCAK-
JAEMOr0 CNOSl Y MOUIOKKH fIPU TEMIEPATYPE SMUTAKCHHU.

Hau6onee M3yyeHHBIMM CUCTEMAaMU MOAOOHOrO poja SABJISIIOTCH
TBepabie pactBopsl Ga,ln, _ P As, _,u Ga,lIn,_,As,Sb, _,. Bca coso-
KY[IHOCTh COCTABOB TAKMX MaTepUaJIOB OrpaHUYMBaeTcs (a3oBbIM ITPO-
CTPAHCTBOM B BHIE KOHLIEHTPALIMOHHOTO KBAAPAaTa, BEPUIMHBI KOTO-
pOTo OTPAXAIOT COCTAB MCXOAHBIX OMHAPHBIX coenuHeHu. 3oaHepre-
THYECKHE JIMHUM, TIpUBEAEHHBIE Ha pHC. 5.35 s o6eux CUCTEM, NO-
3BOJISIIOT COCTABUTh PEJICTABJIEHUE O XapaKTepe U3MEHEHHUS HIMPHHBL
3anpenieHHOM 30Hbl B 3aBUCUMOCTH OT COACPXAHUS KOMIIOHEHTOB B
TBepHoit dase. B yersipexxomnoHeHTHoit cucreme Ga,ln, _ P As, _,
MOKHO BBIIEJNTD 1BA U3OMEPUOIHBIX pa3pe3a, KOTOPhIE COOTBETCTBY-
IOT MOMIOXKaM OuHapHbix coeanuenuit InP u GaAs. Ycnosue corna-
COBAHUS MEPUOAOB PELIETOK TBEPJOrO PACTBOPA M MOLIOXKKH InP npu
Temrepartype snurakcuu 650 °C onpenensieTcs: BBIpaXeHHEM

0,1933-0,4031x
7 0,1933+0,0115x

Kaxk BuaHo u3 puc. 5.35, a, miMpUHa 3aNpelieHHoM 30Hb! BAOJIb U30-
niepuona InP usmensierca B nipenenax 0,75...1,35 5B, 4yTO COOTBETCTBY-
€T JUIMHE BOJIHBI peKOMOMHALIMOHHOrO u3nyyeHus A = 1,65...0,92 Mxm.
B 5TOT CrieKTpaibHbIM AMana3oH NonaaaT JUIMHB! BoJH 1,30 ¥ 1,55 MM,
KOTOpPbl€ COOTBETCTBYIOT 00/1aCTM MUHHMAJIBHON AUCTIEPCUU M MaK-

InP app AGaAs GaP
1,0 — T T
O\ 22
0,8 I~ d \ I
s ., |
Jd) l
T 0,6 1
N
0,4 .

0,2

0 !
0,8 1,0 0 02 04 06 08 1,0
InAs GaAs InSb X — GaSb

a . 7]

Puc. 5.35. ismeHeHMe IUMPUHBI 3aMPEILEHHOM 30HBI B 3aBUCUMOCTH OT COCTaBa

B cucTeMe TBepAbIx pactsopos Ga,In; _ P As, _, (a) m Ga,In; _,As Sb, _, (6)

npu T = 300 K (nyHKTHpHBIE KPUBBIE OrpPaHUYMBAIOT OONACTH HECMEILMBA-

€MOCTH TIPH THITMYHBIX TEMITEpATypaxX 3MMTAKCHM; 3aKpallleHHas o0JlacTh Co-
OTBETCTBYET HEIIPSIMO3OHHBIM COCTaBaMm)
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CUMaJbHOM MPO3pPayHOCTH KBAapLEBOTo BOJOKHA. IToaroMy rerepoct-
pyktypbl InP/GalnPAs HaxonsT mmMpokoe npuMeHEHWe IpH co3aa-
HMU UCTOYHUKOB U IPUCMHUKOB U3MYUYEHUS ISI BOJOKOHHO-OITTH-
YECKUX TUHUNA CBSI3U.

B cucreme Ga,In;_,As,Sb,_, nMeroTcs yeThipe N30NEepUONHBIX Psila
TBEPAbIX PACTBOPOB, OTBEYAIOIIUX OWHAapHBIM coeauHeHusiM GaSb,
InAs, AlSb u InP. OnHako BO3MOXHOCTH NPaKTUYECKOHN peaiu3aliuu
M30IEePUOAHOM TeTePOINMUTAKCHH HA 3THUX IIOMJIOXKAX CYILIECTBEHHO
OrpaHUYMBAIOTCS CYLIECTBOBAHMEM LIMPOKON 065aCTH HeCMellrBae-
MOCTH, NPOCTUPAIOIUENHCA CO CTOPOHBI TpoiHoro cruiaBa GaAs,Sb; _,
(puc. 5.35, 6). IIpu ABMKEHUU BIOIL U30NIEPUOAOB Hanbosee 3HAUNTE b~
Hble U3MEHEeHHUs AD OT cocTaBa HabIoOHAIOTCA BOIU3H YTjia KOHIIEHTpa-
uuoHHoro kBaapara GaSb. I'ereponepexoast GaSb/Ga,ln; _,As,Sb, _,
KCTIOJB3YIOTCS MPH CO3AaHUM UCTOUHUKOB U NIPUEMHUKOB UITYUEHHUS,
pPacCYATAHHBIX A1 paboThl B CIIEKTPaIbHOM Auariazone 1,7...2,5 MKM.
B sTOT nuana3zoH MIMH BOJH NOMNAZaloT MHTEHCUBHBIC JIMHUM OITH-
YECKOTrO NOrACLICHHUS OONBIIMHCTBA MOJIEKYJI IIPOMBILILJIEHHBIX ¥ [IPH-
poaHbIX razoB. ITo3ToMy ero BEIOMpPAIOT IpH pa3paboTKe CUCTEM 3KO-
JIOTMYECKOTO MOHUTOPHHTIA OKPYXaIOUIEH Cpebl.

B cityuae yetBepHbIx cucteMm tMna A,B,C, _,_,D 3aKOHOMEpHOCTH U3-
MEHEHUS CBOMCTB B 3aBUCUMOCTH OT COCTaBa YIOGHO aHAIM3UPOBATDH C
MOMOILIbIO KOHLIEHTpalMOHHOrO TpeyronbHuka I'nb6ca— PoszeGoma. Mz-
BECTHO, YTO B PAaBHOCTOPOHHEM TPEYTOJbHHUKE CyMMa NepIeHIUKYIIp-
HBIX OTPE3KOB, OMYILEHHBIX U3 JTI000I TOUKH Ha CTOPOHBI TPEYTOJIbHUKA,
BCETa paBHa ero BblcoTe. I103TOMY OTHOILLIEHME JUTUHBI TISpIIEHAMKY/ISpa K
BBICOTE TPEYTOJILHUKA XapaKTepH3yeT KOHUEHTPAMIO KOMITOHEHTA, IPo-
TUBOJICKALIErO BLIOpaHHON cTopoHe. K yucy paccMaTpHUBaeMBbIX TBEPIBIX
pacTBopoB oTHocsTCA cuctembl AlGaIn,_,_,As, Al,Gan,_,_,P,
InP,As Sb, . , 1 ap. Ha puc. 5.36 B kauecTBe nnpuMepa roKa3aHO U3Me-
HEHUE LUMPHUHBI 3aNIPpeHICHHON! 30HBI BHYTPU (ha30BOTO MPOCTPAaHCTBA
s cucrembl Al Gayln; _,_ ,As. Béiusu yria AlAs pacniosoxeHa 06-
JIACTb COCTABOB TBEPALIX PACTBOPOB C HENPSIMOH 30HHOH CTPYKTYpOIl.
OnHaKO OCHOBHAS YaCTh KOHLIEHTPAllMOHHOTO ITOJISI COOTBETCTBYET Ipsi-
MO30HHBIM Matepuatam. st co3maHusl reTeporepexoIoB 0Co0bli HH-
Tepec NpeacTaBasieT U30MEPUOAHbIt pa3pe3 a(x,y) = ay,p. [lonHOE cooT-
BETCTBUE MEPUOIOB PEUISTOK JOCTUTAETCS TIPH BBINIOTHEHUU YCIOBHS

y=0,47 — 0,98x.

ITo auamna3oHy U3MEHEHMS IHHUPUHKI 3amnpeleHHONH 30HH (0,75...
1,46 3B), a COOTBETCTBEHHO, U 110 OCHOBHBIM IIPUMEHEHUSIM B OIITO-
anekrponuke xomnosuuuu Al,Ga,ln; . _ ,As/InP npaktuyecku 3K-
BuBaIeHTHBI cucteMe Ga,In, _,P,As, _/InP, T.e. Ha MX oCHOBE TakXKe
MOXHO CO3/71aBaTh UCTOUHUKY ¥ NPUEMHHUKHU U3ITYUECHHUS U151 BOTTOKOH-
HO-OIITHYECKUX JIMHUM CBSI3H.

HNHXKeKuMOHHBIA Aa3ep ¢ pa3lesibHLIM OrpaHmdeHneM. Peanuzanmst
pas3neabHOTO JIEKTPOHHOTC M oNTHYecKoro orpannyenus (PO) B na-
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AlAs

0 02 04 06 08 10
InAs y— GaAs

Puc. 5.36. 3aMeHeHue 1UMPUHBI 3aMPEILCHHOMN 30HHI B 3aBHCUMOCTH OT COCTa-
Ba B cucreme TBepAbIX pactBopoB Al,Ga,In, _,_,Asnpu T = 300 K (3akpaiue-
Ha 001acTb HENIPSIMO30HHBIX COCTABOB)

3€PHEBIX TETEPOCTPYKTYPaxX MO3BOJISIET CYLIECTBEHHO CHU3UTD MOPOro-
BBIC TJIOTHOCTHM TOKA U YMEHBIIUTh SHEPreTUYECCKYIO HArpy3Ky Ha Top-
LIEBbI€ 'PAHU PE30HATOPA, YTO B KOHEYHOM MTOI€ IPUBOIUT K MOBBI-
LIEHUIO HAJIEXKHOCTH MPpUO0Opa U YBEJUUYEHHUIO €T0 CpoKa CITyK0bl. CTpyK-
Typa nojockororo PO-nazepa ¢ ABOHHON reTepoCTpyKTypoOii noxasa-
Ha Ha puc. 5.37. Hakomienue HepaBHOBECHBIX HOCUTENEH 3apana u
MOCIEAYIOWAsT MX U3yYaTebHasl peKOMOMHALIMS POUCXOIST B TOH-
KON aKTUBHOM ob6nactu, cOopMHUPOBAHHON U3 MPAMO30HHOTO MOJY-
NPOBOAHMKA C TpebyeMoil 3anpeleHHol 30H0it. DG GEKTUBHOCTD JIO-
KaJIM3aIIUM 3JCKTPOHOB M JBIPOK B MOTEHUMANbLHBIX SIMaxX OMpeaess-
€TCSl pa3pblBAMM SHEPTETHYECKUX 30H HA reTeporpaHuuax (CM. IMOa-
pa3a. 5.7). YToObl UCKIIIOUMTDb TEIJIOBbIE BHIOPOCHI JTOKAJTM30BAHHBIX
HOCUTEJICH 3apsiia U3 SIMbI, BbICOTa 6apbepoB, 00eCNEUMBAOIIUX JIEK-
TPOHHOE OrpaHUYeHUE, JO/DKHA OBITh He MeHee 3...4 k7. JIBa snuTak-
CHAJIBHBIX CJ1051, HEITOCPEACTBEHHO MpUJIEraloliuX K aKTUBHOM obJ1ac-
TH, BBIMOJHSAIOT (YHKUUM ONTHYCCKOTO BOJHOBOAA, MO KOTOPOMY
pacnpoCTPaHSETCsl CBETOBOM MOTOK MapajieIbHO reTeporpaHuliaM.
Kanannposanue cBeTta nocruraercs onaronapst 3¢p@exTy nojHoro BHyT-
PEHHEro OTpaXeHMS Ha TpaHMLAaxX pasiesa ¢ Oosiee LIMPOKO30HHBIM
MOJIYTIPOBOAHUKOM. YeM Oosblie IIMPHUHA 3arpelleHHON 30HBI MOy-
NPOBOJHMKA, TEM MEHBLLE €ro MOKa3aTeib npeaomiicHus. Pacnpenene-
HHE UIMPHHBI 3aNPeIeHHOM 30Hbl U M0Ka3aTess NPEeTOMISHHUS T10 B~
COTE 3MUTAKCHATILHON CTPYKTYpbI MOKA3aHO B IpaBoOi 4acTH puc. 5.37.
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Puc. 5.37. Crpykrypa PO-na3zepa ¢ ABOIHOMN reTepOCTPYKTYpOil, U3yyaloiiie-
ro B objactu A = 1,3 MkM:

1 — axtuBHas obnacte coctasa Gag s Ingge Po3sAsoge M ToNmKHON d = 30 HM; 2 —
BOJIHOBOAHBIE cou cocTaBa Gag (Ing Py 73Asp 22, dy = 0,3 MKM

JBa cnos InP, o6pamnsiroune nBoitHyro rerepoctpykrypy (JII'C) u
obnanawple HauboJiee LIMPOKOH 3ampelleHHON 30HO#, HE TOJIBKO
00€ecreynBaloT ONTHYECKOE OrpaHUYeHHe, HO U OJHOBPEMEHHO CIIy-
KaT SMUTTEpaMM HOCHUTEJIeH 3apsiia IpHU Iojaye NpsiMOTO HarpsKe-
HHS Ha cTpYKTYpy. B coBpemennbix JII'C PO-nazepax TOJIHIMHY aKTHB-
Hoil obmacti d GHOPMUPYIOT HACTOJABKO Maioil (MeHee 10 HM), 4TO
JIOKQIM3alusl oObeMa COIPOBOXIAETCS 00Opa3OBaHUEM IHUCKPETHBIX
3HEPreTUYECKHMX YpOoBHeH. biaronapsi pazMepHOMY KBaHTOBAHHUIO yaa-
eTcs eie 00J1e€ CHU3UTH MOPOTOBbIE TOKH, YIYUILUTE CIIEKTPATIbHbIE
XapaKTePUCTUKHU JIa3epOB, MOBBHICUTh TEMIIEPATYPHYIO CTaOWIBHOCTD
MX [IAPaMETPOB.

5.7. IIOJYIIPOBOJHUKOBBIE CBEPXPEIIIETKH

Oobmue ceepenud. Csepxpewemrxamu (CP) npuHSTO Ha3bIBAThH MO-
JIYNIPOBOXHUKOBBIE CTPYKTYPhI, COCTOSIIUE M3 MEPHOAUYECKON TMOoC-
JIEIOBATEIbHOCTH TOHKUX MOHOKPUCTAIIMYECKHUX CJIOEB PAa3IMYHOTO
XHMUYECKOro COCTapa. B TAKUX CTPYKTypax mepuol YepeaoBaHus CIoeB
MeHbllIe [UIMHBI CBOGOAHOTO 1pobera 9/eKTPOHOB, HO CYIECTBEHHO
NPEBbILIAET MEPHOI KPUCTAIMYECKOM pelieTku. [lepuoauyeckast Mo-
IYJISIUS COCTAaBa TBEPAOTO TeNa MPUBOIUT K PSIy OCOGEHHOCTEN DHEp-
reTHYECKOro CHeKTpa, KOTOPhLIE BIUSIOT Ha 3JIEKTPUUECKHME U OITH-
YeCKHe CBOMCTBA MoyyaeMbix KoMnosuiuit. CeoiictBamu CP MoxHo
YMpPaBJIATh KAK UBMEHEHUEM COCTABA CIOEB, TAK U U3MEHEHUEM NEpPHU-
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0lla ux yepeoBaHus. 1103TOMY CBEpXpeIleTKH CJIEAYeT PACCMaTpUBaTh
KaK 0COOYI0 IpymIy CHUHTETUUYECKHUX TMOJAYNPOBOAHUKOBBLIX MaTepua-
JIOB, B KOTOPBIX OTHETIHBO MPOABISIOTCH 3(hdeKTh pasMepHOro KBaH-
TOBaHMSL.

Pa3nuyaroT ABA OCHOBHBIX BHA CBEPXPEINETOK — KOMIIO3HLIMOH-
Hble M JerupoBaHHble. Komnozuyuonnsie CP npeacTapisior cobolo ne-
PUOIMUYCCKYIO MOCJEAOBATENbHOCTh CI0EB M3 IIOJYIIPOBOIHUKOBBIX
MaTepHuaioB C pa3UYHOMN 3arnpelueHHOM 30HOH. /st hopMuUpoBaHus
TaKMUX KOMTIO3U LMt OGBIMHO UCIOAB3YIOT MOJYNIPOBOIHUKOBBIE COCIU-
HEHMS M TBEPIbIC PACTBOPH! C OUCHDb OJIU3KUMHM MEPUOJAMH KPUCTAI-
JIMUECKUX pellieToK. Kak nmpaBHiIo, OTHOCHUTEIBHBIE PACCOIIACOBAHUS
pa3sMepoB JIEMEHTAPHBIX SIUEEK COINPATAEMBIX MaTepualoB f = Aa/a
He nipeBbiniaioT 0,1 %, Gnarogapsi yeMy MOXHO ITpeHeOpedb BIUSHU-
€M MEXaHMYECKUX HanpsoKeHHH, OOYCIOBACHHBIX YNPYTMMH HCKa-
KEeHUsIMU CcTPYKTYphl. Haubosee noaxoasiLiuMu MateprajiaMu JJIsI Co-
3MaHHUSI TAKUX COTJIACOBAHHBIX CBEPXPEILETOK ABJISIIOTCS YETHIPEXKOM-
MOHEHTHBIC TBEPIbIE PACTBOPBI HA OCHOBE OMHAPHBLIX COEXMHEHUH
(tuma A,B, _,.C,D, _, niu A,B,C, _,_,D), B KOTOpBIX IIyTeM U3MEHE-
HMSI COCTaBa MOXHO HE3aBUCHMbBIM 00pa30M YIIPaBisTh IEPUOIOM KPU-
CTAJUIMYECKOH pellieTKY U LUMPUHOM 3anpelleHHONW 30HHI.

Onxako BeICOKOKadyeCcTBeHHbIe CP MOTYT OBITH MOJYYEHBI M HA OC-
HOBC MAaTEpHAJIOB C AWIATAIMOHHO HECOMIACOBAHHBIMM MapameTpa-
MU, Korza f = 0,01. B Takux HanpskKeHHBIX CTPYKTYPax BO3HHUKAIOT
OosblINe YIIPYrHe HaNpsKCHUs, NMPUBOISILIME K CKATHUIO OXHOTO U3
CJI0€B U pacTsikeHM1o apyroro. Ilpu 5ToM BemuuuHA aechopManii He
JIOJKHA MPEBOCXOIUTh HEKOTOPOTO KPUTHYECKOro 3Ha4YeHHUs. B mpo-
TUBHOM CJIy4ae MOXET IMPOU30UTH pelakcaluusl YIPpYyTHux HaNpsoKeHU
nyTeM o0pa30BaHUs TAK HA3bIBAEMBIX JUCIOKAIIMIT HECOOTBETCTBUS Ha
reteporpanniax. Hecornacosanneie CP ¢ penakcHpOBaHHBIMH YIIPY-
MY HaTIPSDKEHUSIMUM BCIEACTBHE CBOEH JMe(PeKTHOCTH HEMPUTOIHBI
Jutsi co3aanus 3¢ dHeKTHBHO JeHCTBYIOIMX MOIYITPOBOIHUKOBBIX MPH-
oopos. HecooTBeTCTBHE MEPHOJOB PEUIETOK U AOMYCTUMAs TOJLIMHA
3MUTAKCUAIBHOTO CJIOS CBS3aHBl JPYT C JPYTOM COOTHOIICHHEM 00-
PAaTHOI IIPONOPIUOHAILHOCTH.

B secuposannbix CP nepuomnyeckasi CTpyKTypa o0pa3syeTcs nocie-
JIOBATEJbHOCTBIO OYEHb TOHKMX CJIOEB C Pa3HBIM TUIIOM 3JIEKTPOIPO-
BOJHOCTH U3 OJHOTO M TOFO Xe€ IIOJIYIIPOBOAHMKA, (PaKTUYECKHU JIeTH-
poBanHas CP npexacrapisieT coboii mepUOAUYECKOe YepeIoBaHUe Mo~
JIOKUTEJIBHO M OTPULATEIBHO 3apsKeHHBIX IPUMECHBIX 06JacTeil,
chOpMHUPOBAHHBIX B IIONYIIPOBOIHUKOBOM MaTpHlie. JJIeKTPOHHbBIC
CBONCTBA TAKMX KOMITO3ULIMIA 3aBHCST OT TOJILLIMHBI CJIOEB H AMIUIHTY-
bl MOIYJISIUUM JIETHPOBAHMS.

Komno3zunuonnsie ceepxpemieTkd. OCHOBY KOMIIO3ULIMOHHBIX CBEPX-
peLIeTOK COCTAaBASIOT HU3OTUITHBIE IeTEepOIepPeXOlbl, T.€. KOHTAKTHI
MOHOKPUCTALIMYECKUX CJIOEB C OMMHAKOBBIM THUIIOM 3JIEKTPOIIPOBO/I-
HocTu. Kak npaBuio, UCIIOIB3YIOTCS HENETHUPOBAHHBIC UM cliaboe-
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T'MpOBaHHBIC CIOU. XapakKTepHas 0COOEHHOCTb reTepoIepexoaoB 3aK-
JIIOYAETCsl B CYLIECTBOBAHUHN Pa3pbiBOB 3HEPreTHUECKUX 30H Ha rerte-
porpanuniax. [1o 3HaKy pa3pbIBOB BaJICHTHOM 30HbI AD, U 30HbI IIPOBO-
JTUMOCTH AD, FeTeporiepexonbl NoApasIensioTcs Ha jasa tuna. K mep-
BOMY THITy OTHOCSITCSI T€TePOIIEPEXO/bI, Y KOTOPBIX Pa3phIBbI 30H HPO-
THBOIIOJIOXHBI 10 3HaKy. B a3ToM ciiyyae Ha reTeporpaHulie UMeET Me-
CTO TOJIHOE B3aUMHOE MEPEKPbITHE 3alPELEHHbIX 30H COIpPSAraeMblx
MartepuanoB (AD;, A3,), a CyMMa pa3phIiBOB 30H YAOBIETBOPSET YCIO-
BHIO

ASB + Aac = AB‘ - A32.

Komnosuuuonnsle CP, obpa3zoBaHHbie reTeporniepexojaMu 1-ro
TUIA, NOJYYUIHU Ha3BaHue koHmpeapuaumuvix CP.

B rereporepexonax 2-ro THIIA pa3pbiBbl BAJICHTHOMN 30HBI U 30HBI
TIPOBOJUMOCTH OMHOUMEHHBI T10 3HAKY, BCACACTBHE YEro Ha reTepor-
paHU1Ie NMPOUCXOAUT JUIIB YACTUUHOE NTEPEKPHITUE 3ATIPELICHHBIX 30H
M BBLITIOJHSIETCS YCIOBUE:

AD,— AD, = AD, — AD,.

Takue reteponepexobl YaCTO HA3bIBAIOT CTYIEHYATHIMH, @ CBEPX-
pPELIETKM Ha UX OCHOBE — KOGAPUGAHMHbIMU.

Ha puc. 5.38 noka3aHa aHepreTuyeckast iMarpaMMa KOHTPBapHaHT-
Hoit CP. Jlerko 3aMeTHTB, 4TO B 3TOM ClIlyyae Y3KO30HHBIE 00JacTH
0o0pa3yloT MOTEHUUANbHbIE SIMbI JJIst SJIEKTPOHOB U ABLIPOK. [1yOMHA
STHUX SIM OMNpeeNsieTcs pa3pblBaMU 30H Ha reTeporpaHuuax. Eciau ron-
LIMHA Y3KO30HHBIX C0€B d MEHblle JIMHBl BOMHBI Je bpoitns, To
TIPOCTPAHCTBEHHAS IOKANU3AUMUSA HOCUTEeil 3apsaaa CONPOBOXIAETCS
KBaHTOBAHUCM MX SHEPTMU U KBa3sUMMIyisca. Kak rmokasslBacT pelie-
Hue ypaBHeHus lllpeauHrepa, sHepreTUMECKUE 3a30PBl MEXIY YPOB-
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Puc. 5.38. DuepreTuyeckas auarpaMMa KOHTPBApDUAHTHOM CBEPXPEUIETKU C
MOJIHBIM NEePEeKPhITUEM 3aNPeLICHHBIX 30H Ha reTeporpaHuiiax
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HAMH Pa3MEPHOTo KBaHTOBAHUA MPONOPUKHOHAIbHbI 1/ (m*d?). Cylue-
CTBEHHO OTMETUTb, UYTO JAUCKpPETHBIE DHEPreTHUEeCKHUE YPOBHH 0Opa-
3YIOTCS KaK S 2JEKTPOHOB B 30HE MPOBOAMMOCTH, TaK U LIS JILIPOK
B BAJICHTHOM 30HE.

MuHKAMaNbHAsE 3HEPTUS 3NEKTPOHOB OMNPEICHSCTC MOJOXEHUEM
HMXKHETO YPOBHS Pa3MepHOTO KBAHTOBAHUA J,;. DHEPIreTUUECKU 3a-
30p MEXIY YPOBHAMHU I, U Dy MO PU3UYECKOMY CMBICITY DKBUBAJIEH-
TEH IIMPUHE 3anpelleHHON 30Hbl AD,,. Ecnm TynHenbHas mpospay-
HOCTB §apbepoB, pa3nesIolINX KBAHTOBBIC SIMbl, HU3Ka (T. €. IUUPOKO-
30HHBIE CJIOM JAOCTATOYHO TOJICTHIE), TO COCEMHUE SAMbI MTPAKTHYESCKHU
HE BIMSIOT IPYr Ha apyra ¥ 3pdeKThl, CO3AaBaeMbie KaXI0i U3 HUX,
OKa3bIBAIOTCS AIJIUTUBHBIMH.

IlonoGHBIE MepUoAMYECKHE KOMITO3ULIMY MONYYUAM Ha3BaHUE re-
TEPOCTPYKTYP C HAOOPOM KBAaHTOBBIX SIM.

IIpu manoit TonuHe 6apbepoB (MeHee 10 HM) MoOsIBAsIETCS BO3-
MOXXHOCTh TYHHEJIbHBIX MEPEXOI0B HOCUTENEH 3apsiia U3 SIMBI B SIMY,
4YTO COMPOBOXAAETCS paCILUEIVIEHUEM IUCKPETHBIX 3HEPreTUUECKUX
VPOBHEH B 3HEPreTMUECKHUE TON30HBI, NOAOOHO TOMY, KaK 3TO Mpo-
UCXOIUT C ATOMHBIMM YPOBHSIMU B KpUCTAJLIAX.

W3MeHss 1IMPHUHY KBAHTOBBIX SIM d, MOXHO PEryJvpoBaTh TONO-
KEHHME HEePreTUYECKUX MOJA30H U TEM CaMbIM YNpPaBasITh 3 deKTuB-
HOHW IIMPUHOM 3aNpelieHHON 30HBI AD,y. HeM TOHbIIE Y3KO3OHHBIE
CIIOH, JIOKAJTM3YIOLIME HOCUTENM 3apaaa, TeM Oonblue AD,,. Hlupuna
GapbepoB (LIMPOKO30HHBIX COEB) BAMSIET Ha CTENEHb PAcHICIUIEHUS
SHEPreTUYECKUX MOA30H, KOTOpast OOBIYHO COOTBETCTBYET ACCATHIM UITH
COTBIM JOJISIM 2JeKTpoHBonbTa. [Ipu ciraboM erupoBaHUK U MaIOH
TONILMHE CJIOEB KBAHTOBbIE SIMBI M Gapbephl 1Mo hopMe OITU3KH K Mpsi-
MOYTOJIBHBIM, T.€. U3TMOOM HEPreTUYECKMX 30H BOJM3U rereporpa-
HULBI MOXHO NpeHeOpeyb.

KoHTpBapHMaHTHBIE CBEPXPELIETKH MOTYT OBITh CO3JIJAHBI HA OCHO-
Be reTeporeHHbix cucteM GaAs/AlGa, _,As, GaSb/Al,Ga, _,Sb, InP/
Ga,n, P As, _,, a Takxe GaAs/Ga,In, _As, GaAs/GaP As, _,, InP/
Ga,In; _,As u ap. [TogoGHbIE reTepoCTPYKTYPH! HAaUOOIEE YacTO MpH-
MEHSIOTCS B KaYeCTBe aKTUBHBIX 00/1aCTell MHXEKUMOHHBIX JIa3epOB.
Hnst pocTkeHus: BHICOKON 3(hDHEKTUBHOCTU M3Ny4YaTe/bHONH PEKOM-
OMHALIMY MONYNPOBOXHUKOBBIE CJIOM, CIYXAallMe KBAHTOBBIMU sSMa-
MU, TOMXKHB 067a1aTh NPSIMON CTPYKTYPOil SHEPreTUYECKHMX 30H.

[Mpumenenue CP no3BonsieT yBeJIMYNTS MOIIHOCTDL U3JTYYEHUS JIa-
3€POB, YMEHBLINTh MPOCTPAHCTBEHHYIO PACXOAMMOCTb CRETOBOTO ITyY-
Ka, CHU3UTb NMOPOTrOBbIe TJIOTHOCTH TOKAa U 0J1aroaapst 3TOMy YBEJIH-
YUTb CPOK CAYXObI TPUOOPOB. YIpaBAeHHE TONLLUMHOMA CI0EB CO3AaET
JIOTIOJTHUTENIbHBIE BO3MOXHOCTH JUISI U3BMEHEHUs! JUTWHBI BOJIHBI pe-
KOMOMHAUMOHHOTO U3NMYYCHUSI.

DHepreTuyecKas auarpaMma kopapuaHtHoit CP npuBeaeHa Ha puc.
5.39. B atoM cay4ae 3¢ddexTBHAS LIIMPUHA 3alIpeIieHHON 30Hb MOXET
ObITh MEHBbIIE 3anpeUICHHON 30HBl Y3KO3OHHOTO KoMmmoHeHTa. Ilpu
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JOCTATOYHO IHUPOKHUX IMOTEHIUANIbHBIX AMaX le/l6JII/I3HT€I[bHO BbITIOJI-
HAKOTCA COOTHOUICHHUSA

A93Cb = AB] - ABB = A32 - ASC.

CryneHuyarasi CTpyKTypa rereporiepexonos B Takux CP npuBoaut x
TOMY, YTO KBAaHTOBBIC AMbI JUISI 3JEKTPOHOB M IBIPOK OKa3bIBAIOTCS
MPOCTPAHCTBEHHO pa3AeNeHHBIMHU. [IpH 3TOM 3JIEKTPOHBI JIOKAUTH3Y-
IOTCsI B MaTepuage ¢ MeHbHIEH paboToN BBIXOAA, Y KOTOPOrO 3ampe-
LIEHHAas 30Ha pAcIojioXeHa Bblllie 110 IHepPreTUYecKoi LKaie. B pe-
3yJIbTATEC MOJY4YaeTCs] MHOTOCNOWHAsi KOMIO3ULUs, 00nanarolnas
«HETIPSIMOM 30HHOM CTPYKTYpOW B peajlbHOM NPOCTpaHCTBe». M3myya-
TejIbHAsI peKOMOMHALIMS SJIEKTPOHOB M ABIPOK MOXET NMPOUCXOAUTD JIUILb
MyTeM TYHHEJMPOBAHMS 4Yepe3 reteporpanuily. CBepxpeleTK monos-
HOTO THIIA MOT'YT ObITh C(POPMUPOBAHBI HA OCHOBE U30MEPUOAHBIX KOM-
nosuumi GaSb/Ga,In, _,As,Sb, _,, InAs/InP,As,Sb, _,_,, GaSb/InAs,
Ga,In, _ ,As/InP,As, _,u np.

Cnenyetr o6paTUTh BHUMaHHE HA TO, YTO BO BCEX PACCMOTPEHHBIX
MEPUOANUUYECKUX TeTePOCTPYKTYpaX 30HHBIM 3HEPT€TUYECKUM CHEKT-
POM XapaKTepu3yeTcs JMllb IBUXEeHUE HOCUTENIEH 3apsia BAOJAb HOP-
MaJM K TpaHMIIaM pasfena ciioeB. B HanpaBieHusX, apauIeIbHBIX re-
TEPOTrpaHMLIaM, JIEKTPOHBI ¥ AbIPKU ABUXKYTCS KaK CBOOOIHbBIE HOCH~
TEJIM 3apsifa, T.e. UMEIOT CIVIOLIHON SHEPreTUYEeCKUI CIIEKTp.

MoayaupoBannoe JernpoBanude. OcoOblii MHTEpPEC MPENCTaBISIIOT
KoMno3uMoHHbie CP ¢ MoAyIMpoBaHHBIM JlerupoBaHUeM. B kauecTBe
npumepa Ha puc. 5.40 mokazaHa 3HepreTHyecKas JMarpaMma nepuo-
auyeckoi kommnosuuuM i-GaAs/N-Al Ga,; _ ,As. JIerko 3aMeTUTh, YTO
Kpail 30HbI TPOBOAMMOCTH B HeJierMpoBaHHOM (GaAs pacnoJyIOXeH 10
SHEPrUM HMUXKeE, YeM NOHOPHbLIE COCTOSIHUS B 00Jiee 1IMPOKO30HHOM
TBepaoM pacTtBope Al,Ga, _,As. B 3TUX yCIOBUSIX 3JIEKTPOHBI MOKUAAIOT

)

Puc. 5.39. DHepreTuyeckas auarpaMMa KOBapHaHTHOU CBEPXPEUIETKH C Ya-
CTUYHBIM NEPEKPLITUEM 3aMpPELUEHHBIX 30H Ha reTepOorpaHuLax
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Puc. 5.40. DHepreTuyeckas auarpaMma KOMITO3ULIMOHHOMN CBEPXPELICTKH C
MOJYIUPOBAaHHBIM JjleTUpOBaHUEM (2D — nBYXMepHBIil 3JIEKTPOHHBII ra3)

LIMPOKO30HHYIO 061acTh M AUGhGYHAUPYIOT B HEJIETUPOBAaHHBIE CIICU
GaAs, nipencrasisiolve coboit KBAHTOBBIE IMbIL. B pe3ynbTare rnpouc-
XOJUT NPOCTPAHCTBCHHOE pasAejeHue HOCHUTENEH 3apsiga ¢ TOPOIUB-
UIMMHU BX TIPUMECHBIMHU aToMaMHU. B KBaHTOBBIX siMax popMupyeTcd
JBYXMepHbiH (2D) 3n1eKXTpOHHBIH ra3 ¢ HEOOKYHBIMH SJIEKTPUYECKHU-
MM CBONCTBaMU: NPU ABUXEHUHU 3JEKTPOHOB MapaJlieIbHO reTeporpa-
HMIIE MPU HU3KUX TEMIIEPATypax PeaTu3yeTcs CBEPXBBICOKAs MOIBUX-
HOCTb, JOCTHraoluas 3Hauenuit soime 106 M2/(B - c). CTonb BbicoKas
MIOABUXKHOCTD OOYCIOBIEHA OTCYTCTBUEM PACCESHUSI HA HOHU3UPOBaH-
HBIX IPUMECSX B HeJIETHPOBaHHbBIX 00nacTsx. [1pu BRICOKHX TeMIepa-
Typax B IepeHOCe HOCUTEIEH 3apsiia IIaBHYIO PONIb UTPAET paccessHUE
Ha TEIUIOBBIX KOJEOAHUSX KPUCTALTMYECKOR pElIeTKH, IMO3TOMY 3¢-
(heKThl MOLYJIUPOBAHHOIO JIETHPOBAHUS OKA3bIBAIOTCSI 3aMaCKMPOBaH-
HBIMU. MaKCHMaIBHOE 3HAUCHUE HU3KOTEMIIEPAaTyPHOM MOJBIKHOCTH
3JIEKTPOHOB OIPaHWUYMBAETCS MX PAacCEeTHUEM Ha HEPOBHOCTSIX reTe-
POTPaHMIBI M HAa «XBOCTaxX» KYJOHOBCKOroO NMOTEHLMANA YHANIEHHBIX
MOHU3UPOBAHHBIX MIPpUMECEH B ILUPOKO30HHOM CJIOE.

HaubGonee yaoOHBIM M pacnpoCTpaHEHHBIM METOAOM (POPMUPOBA-
HMSI CBEPXPELIETOK SIBJISIETCS] STMTAKCUS M3 MOJIEKYJISIPHBIX MYyYKOB
(cM. mompa3n. 5.5). Iepuoauyeckoe nepeKpuITUE MOTOKOB YaCTUI, UC-
napsieMbIx 13 3(pPy3MOHHBIX siyeeK, ¢ TOMOIIBIO MEXaAHUYECKUX 3ac-
JICHOK (cM. pHc. 5.31) no3ponasieT nojay4yarth J100YIO MOCIEA0OBATENb-
HOCTh CJI0eB TpeOyeMO TOJLIMHBI C Pe3KUMM I'PaHHIIAMH pa3feia.

5.8. IOJIYITPOBOJTHUKOBBIE COETUHEHUS THIIA AU'BY!

Crpoenne, XuMH9IeCKas CBI3b ¥ 30HHAS CTPYKTYpa. K coeqnHeHUAM
tina A'BY oTHOCSATCA XanbKoreHUAb UMHKA, Kagmus U pryti. Cpenn
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HHX MOXHO BbLIE/IUTh CYJb(BUABL, CeIEHUIBL U TeNypuabl. B sty rpym-
Iy He BXOAAT OKCHIBI YKA3aHHBIX METALIOB. SBIssACh aiMa3onomnos-
HbIMH TIOJNYIIPOBOJHUKaMU, coeauHenus tuna A'BY! kpucrammusy-
IOTCSI B CTPYKTYpe LIMHKOBOU OOMaHKHM KyOuueckoro (cganepur) Wiu
reKCaroHajJbHOTO (BIOPLIMT) THUIIA, XUMHYECKAs CBSI3b HOCUT CMELIIaH-
HbIH KOBAJIEHTHO-MOHHBIN xapakrep. TeTpasnpuyeckasi KOOpAMHALUS
aTOMOB KPHCTAJUIMUECKOHN pelleTKU YKa3bIBaeT Ha TpeohiagaHue Ko-
BaJIEHTHOM cocTapnsouleil cesA3y. OnHaKo Mo CpaBHEHMIO € MOIYMPO-
ponHukamu Tvna A"'BY B xaibKoreHunax cujibHee BhIpaKeHa MOHHas
KOMITOHEHTA MEXAaTOMHOI'0 B3aMMOIEHCTBHSI, YTO OOYCJIOBIEHO 3Ha-
YUTEJIBHBIMM PATUYUAMU B DJIEKTPOOTPHLATEIBHOCTSX 3JEMEHTOB,
00pa3yroLux XuMHUIecKoe coenuueHue. OCHOBHbIE MAPAMETPHhI, XapaK-
TEePU3YIOUIME CBOMCTBA 3TUX OIYIIPOBOJHUKOB, CUCTEMAaTU3HPOBAHEI
B Ilpunoxexnuu 2.

C pocToM cpellHeil aTOMHOI MacChl BO BCEX TPEX FOMOJOTHYIHBIX
psiiax HaOMIOAAETCSA 3aKOHOMEPHOE YMEHbUICHUE 1LIMPUHBI 3aIIPeLeH-
HOI 30HBI U TeMIIepaTyphl IUIaBJIeHUs1 coeauHeHui. OMHOBpEeMEHHO
BO3pacTaeT IMOABMXHOCTh HOCHUTENIel 3apsina. M3-3a yBenuyeHus: Me-
KaTOMHBIX PaCCTOSTHUH NMPOYHOCTh XMMHUYECKMX CBSI3€H IMagaeT Ipu
repexo/ie OT CyabGHUIOB K CeIEHUIaM U aajiee — K Tejutypuaam. Ten-
JIYPHUI PTYTH IIPY BCEX TEMIepaTypax MPOsiBAsAET CBOMCTBA MMOJTyMETAN-
JIOB.

YcuieHre MOHHOTO XapakTepa cBsi3u B coearHeHusx A'BV! o cpas-
HEHMIO C MX M302J1eKTpOHHbIMM aHaioramu A'BY npusoaut x 6onee
BBICOKMM 3HAYeHHMSIM ILUUPHUHBI 3aIPELIEHHON 30HBI U 3aHVKEHHBIM
MOABUXHOCTSIM HOcHTeJIel 3apsina. M3031€KTpOHHBIMM aHAJIOraMu
Ha3bIBAIOTCS BEIIECTBA, MMEIOIIME OJMHAKOBYIO KPHUCTAUIMYECKYIO
CTPYKTYPY ¥ OJMHAKOBBIM CYMMAapHBIii 3apsia sApa ABYX aTOMOB-IIapT-
HepoB. HanpuMep, M3021eKTPOHHBIMU aHanoraMu sapisiiotest Ge, GaAs,
ZnSe, a Takxe Sn, InSb u CdTe.

Jns 6onpiunHcTBa coenuHenuii Tuna A'BY! xapakrepHo sBieHue
MOJWTUIIU3MA, TP 3TOM CEJIEHMI Y TeJUTypUI LIMHKA OOBIYHO KPHC-
TAJUIM3YIOTCS B KyOMUECKON CTPyKType, a Ulsl CyJIb(Puaa u ceaeHuaa
KaJMHsI OCHOBHOM SIBASIETCS FeKCaroHajibHasi MOaU(pUKaLMS.

Bce xanbkoreHuabl MOArPYNIIbl LIMHKA UMEIOT MPSIMYIO CTPYKTYPY
3HEePreTUYECKUX 30H, MPOSBIAIOT 3(pDHEeKTUBHYIO KpaeBylo JIOMUHEC-
LUEHLIMIO, a NMOTOMY NMOTEeHUHAJIbHO MHTEPECHBI ISl CO30AaHUS TOJy-
MPOBOAHUKOBBIX J1a3epoB. OCOOHSKOM B 3TOM Psilly CTOST XaJIbKOTeHU-
JIbI 1IEJIOYHO3EMENTbHbBIX META/UIOB: MarHusi U Gepwuivs. YKa3aHHbIe
COEIVMHEHMUst CO CTPYKTYPOU cajiepiTa He MOJIYUYEHBI B YUCTOM BHIE,
MTO3TOMY CBOMCTBAa MX HE M3YYEHbI, a MPUBOJMMbIC 3HAYEHUS Iapa-
METPOB HOCAT OLICHOYHBIN XapakTep. B OCHOBHOM 3TH COCIMHEHUS
MPEACTaBNAAIOT MHTEPEC KaK KOMITOHEHTBl TBEPAbIX PacTBOPOB, HUC-
MOJIb3yeMbIX TTpU (HOPMHUPOBAHUH JIa3EPHBIX TETEPOCTPYKTYP.

Ilosenenne npumeceit. DTOT npouecc B coeauHeHusx Tuna A'BY! g
OCHOBHOM MOMYHUHSIETCS TEM XK€ 3aKOHOMEPHOCTSIM, YTO U B IIOJy-
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nposonHukax tvna A"'BY, T.e. mpumecH 3aMellleHUH, UMEIOLINE
BaJIEHTHOCTb MEHBILYIO BAJICHTHOCTU BLITECHAEMBIX AaTOMOB, HTPAIOT
pOJb AKLENTOPOB, a IIPUMECH C GOJIee BHICOKOH BaJIEHTHOCTBIO AB-
Js1t0TCs oHopaMu. COCTOsSIHME TTPUMECHBIX aTOMOB 60Jiee YCTOMYU-
BO, ECJIM MX BXOXIEHHE B PELIETKY HE COMPOBOXIAETCS 06pa30BaHMU-
eM OOJBbIIMX JIOKAJIbHBIX 3apsanoB. Hanpumep, IpUMECHBIE aTOMBI
anemenToB I rpyriel (Cu, Ag, Au), 3aMmetnas Zn win Cd B KpucTa-
JIMYECKOM pelleTKe MOJyNpPOBOJHUKA, IPOABASIOT aKLENTOPHBIE
cBoiicTea. IIpu 3TOM, KaK NpaBuiIO, OHU 0Opa3yloT ry6oKue SHep-
reTuyeckue ypoBHU. ATombl 3ieMmeHTOB III rpynnel (Al, Ga, In),
TaKXKe 3aMeLIalollMe KATHOHBI, BEAYT ceOs KakK JOHOPBI C MajJbIMU
3HepruaMu nonusanuu. CoOTBETCTBEHHO aKLENTOPHBIE U TOHOPHBIC
cBoMcTBa NPOABISIOT 2MeMeHTH V U VII rpynn [lepuoauyeckoit cu-
ctemsl anemenTos JI. U. MeHneneesa, 3aMmelnarnonue B peurerke A'BV!
ATOMBI XaJIbKOTE€HOB.

Ocobennoctu cBoiicTe. IIpy MOBLILIEHHbIX TEMIIEPATYypax BCE CO-
enxnHeHnsa ABY! pasnaraiorcs B COOTBETCTBMU C peakLUeii

2AHB(’I‘B) - 2AI(Im) + B\le(raa)

IIpucyTcTBre B mMapoBoil ase Monekyn AB XOTS MOJHOCTBIO U HE
HUCKJIIOYAETCs, HO ISl GOJBLIMHCTBA COSTUHEHUN MX KOHLIEHTPAaLMsI
Majia ¥ MOXHO IIPHHSATh, YTO IUCCOIIHALUS SIBISETCS MOJMHONU. PaBHO-
BECHOE JABJICHUE MAPOB JETYYUX KOMITOHEHTOB CHJIBHO 3aBHCHT OT
TEMIIePaTyphl.

BaxHas 0co6eHHOCTb noaynpoBoaHuKoB Thna A'BY! coctout B TOM,
YTO MHOTME U3 HHUX MPOSIBISIOT 3MCKTPONPOBOJHOCTD JIUILL OMHOTO
THNA HE3aBUCHMO OT YCJIOBMH MOJIyYeHHS U XapakKTepa JIETMPOBaHUS
KPUCTALIOB. Tak, cyTbMUIBI U CEICHUIBLI IMHKA, KAIMUS M PTYTH BCe-
£Ia SABJSIIOTCS MOJIYITPOBOAHMKAMMU A-THIIA. B OT/IHYKE OT HUX TeJUTypULL
LIMHKA 00J1alaeT TONIBKO IBIPOUHOII anekTpornpoBonHocTo. M s CdTe
u HgTe mMoryr UMeTh 3A€KTPONPOBOAHOCTh KaK H-, TAaK U p-TUMA, B
3aBUCUMOCTH OT YCJIOBHIi M3rOTOBJICHHMSI U THIIA JIETUPYIOLIMX IPUME-
ceif. OTcyTCcTBHE HHBEPCUM THITA 3JIEKTPOIIPOBOAHOCTH CYLIECTBEHHO
OrPaHMYMBAET BO3MOXHOCTH MPAKTUYECKOIO HMCIOJIb30BAaHHUA MOTYy-
npoBogHUKOB Tuna A'BV,

TpoBoaumMocTs coeanHernit Tuna ABY! MoxeT 6bITh 3HAYUTETBHO
(Ha HECKOJIBKO MOPSIAKOB) U3MEHEHA IIyTEM TepMOOGPaGOTKH B Mapax
COBCTBEHHBIX KOMITOHEHTOB. Harnpnmep, yaesbHast POBOUMOCTD CYJIb-
duna kaamusa npu TepMooGpaGOTKeE B MAPAX Cepbl MOXET U3MEHATHCS
na 10 mopsinkoB (puc. 5.41). CTonb CWIBHOE U3MEHECHHE JICKTpUYC-
CKUX CBOMCTB OOYCJIOBJIEHO HAPYIIEHUSIMM CTEXUOMETPHUYECKOro CO-
craBa coequHeHus. [Tockonbky nonynposoaHuky tuna A'BY! xapak-
TEPU3YIOTCS 3HAUUTEJLHOM TOIel HOHHOM CBSI3H, HECTEXUOMETPUYE-
ckue nedekThl BeAyT ce0sl KaK SJeKTPUYECKH aKTMBHBIE LIEHTPHI, B
YAaCTHOCTM BaKaHCUMM aHUOHOB M KATHOHBI B MEXIOYIIHMSIX CO3MAIOT
JNIOHOpHbIE YPOBHM B 3aMpeillcHHOM 30He, 2 KATUOHHBIE BAKAHCUU U
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ATOMBI XaJIbKOTEHOB B MEXIOY3JIMSX BeAyT cebsl nogobHO aKLernTo-
paM.

IIpu TepMo0OpaboTKe MPEeUMYILECTBEHHO BOZHUKAIOT T¢ Ae(DEKThI,
3Heprus o6pa3oBaHUs KOTOPLIX MEHblIIE. TeopeTHYeCKHe OLEHKH MO~
Ka3bIBAIOT, YTO OCHOBHBIM THMIIOM HECTEXMOMETPUUECKUX Ae(EeKTOB B
ZnSe gBAAI0OTCA AaTOMBI LIMHKA B MEXIOY3eNLHbIX NMO3ULNAX, a B CdS —
BaKaHCHM cepbl. YTOOK! MOHATH POJb BAKAHCUH B Cylbhuie KaaMus,
3agaauM (1151 IPOCTOTHI AHAJIM3a) aTOMaM KOMIIOHEHTOB MOJTHLIN HOH-
HEIi 3apsia (puc. 5.42). BakaHcUM B aHMOHHBIX y3j1aX 006pa3yloTest IIpU
HenocTtatke cepbl. ITocmeaHsis MOXeET MOKHUAATbL KPUCTAJUT TOJBKO B
BUJIE HEHTpaibHbIX aToMOB S, OCTaBjisAsl Ha BaKAHCHSAX M3OBITOYHbIE
anexTpoHbl. Kaxnas BakaHCHst CO31aeT SHEPIETUYECKUIA yPOBEHb BOIM3HU
30Hbl [IPOBOJAMMOCTH, 3aITOJTHEHHBINH 3JIEKTPOHAMM TIPU HU3KOMN TeM-
neparype. HocTaTouHO HeGOJNBLUIOro BO3AEHCTBUSI, YTOOBI OTOPBATH
3JIEKTPOHBI OT AedeKTa CTPYKTYPHL, T.€. MEPEBECTH UX B 30HY NPOBO-
JTUMOCTH.

B xpucrannax ZnTe mpeuMyllecTBEHHO 00pa3yioTcsl BAKAHCHU B
TIojipellieTKe KaTHOHOoOpasoBaTesisi. MOHbI IIMHKA, NOKUAAST KPUCTAI,
OTOMPAIOT HENOCTAIOLINE DMEKTPOHBI Y ONMIMKAWILIUX UOHOB TEJLIypa,
Onaronaps yeMy TOSBJAETCS AbIPOYHAS BJEKTPONPOBOJHOCTD.

B otnuuume ot CdS u ZnTe Tennypua KaaMUsi MOXET ObITh 3J1EKTPOH-
HBIM U ILIPOYHBIM ITOJIYITpOBOIHMKOM. Hanpumep, TepMoodpaboTka ripu
temnepatype 900 °C B mapax KaaMmus Mof aasieHueM oonpiue 7 - 104 Ia
TIPUBOIUT K MOSIBJICHUIO JIEKTPOHHOIM 35ieKTponpoBogHocTU. Eciu xe
JlaBJIEHUE TapoOB KaAMMs TIPU TepMOooOpaboTKe MeHbllle YKa3aHHOTO
3HAYeHMs, TO nojydyaeTcs Matepuan p-tuna (puc. 5.43). Takum o6pa-
30M, XUMHYECKAsT YUCTOTA SIBJISETCH XOTSI M HEOOXOIHUMbBIM, HO HEllo-
CTATOYHDLIM YCJOBHEM ISl MOJIyYeHUS] KPUCTAJLIIOB C 3aJaHHBIMM CBOIA-
ctBamu. TpebyeTcs 00A3aTeNBHO YIIPABIATh CTEMEHBIO Ne(eKTHOCTH
KpUCTAINTHYECKOH pelueTky. CaMOKOMIIeHcaus CyJIbGUIOB M cesle-

v, CM-M7! \\
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N 102
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800°C NN
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1075 102 1077 100 10°  10° ps, MMa
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Puc. 5.41. U3MeHeHUe yAETbHON! MPOBOAMMOCTU NMOJTUKPUCTATUYECKOTO CYIb-
¢duna xkagMus B 3aBUCUMOCTH OT JIABJICHUS T1apa cepbl Npy TepMoobpaboTtke
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Puc. 5.42. [ledekrooGpazoBanue B Puc. 5.43. 3aBUCHUMOCTb KOHLIEHTPaLUHU
kpucraax CdS npu HemoctaTke HOCHUTeNled 3apsjia B TeJUIypuIe Kal-
Cephl B ra3oBoii dase MU OT JaBJCHUS TIapOB KaAMUS MpHU
TepMo0obpaboTKe (TeMIepaTypa OTKU-

ra 900°C)

Kouuenrpanus Hocureneit 3apsana, M -3

HUZIOB COOCTBEHHBIMH TOYEYHBIMH Je(hEeKTaMU CTPYKTYPHI SBJISIETCS
OCHOBHOI MPUYMHOH, MPEeNATCTBYIOIIECH OOpalUSHUIO TUIA DJ1eKTPO-
NIPOBOIHOCTH NpH uX JerupopaHuu. K 3Tomy cieayer 100aBUTh, UTO
aKuenTops! 00JanaloT Majiol pacTBOPHMOCTBIO B MONYIIPOBOAHMKAX
ABY! u, xak npasuio, 06pa3yioT ybokue ypoBHU. M301upoBaHHbIe
MpUpoHbIe 1edeKThl BeCbMa HeCTaOWIbHBI 1 HMEIOT TEHASHLMIO ac-
COLIMMPOBATHCS C APYTUMHU JeheKTaMH MIM 00pa30BbIBATH CKOILICHUS
BO BpeMsl OXJIaXICHUS KPUCTAJUIOB O OKOHYAHUM POCTA.

Ilpumenenne. M3 Beex coeaunenuit tuna A"BY! mo macuraGam
MIPUMEHEHHUs BLIISISIOTCS cynbdua muHka ZnS, cynmsdhun kaamust CdS
U ceneHul uMHka ZnSe. IlepBblil SBISIETCS OCHOBOM 11 MHOTHX MpPO-
MBILUIEHHBIX AI0MUHOMOPOE, 3 BTOPOIl LIMPOKO MCIIOIb3YETCS [UIsl U3F0-
TOBJIEHUST (DOTOPEIUCTOPOB, OONATAIOIIMX BLICOKOH UYBCTBUTENBHOCTHIO
B BUIMMOU obj1acTy criekTpa. MMeHHOo Ha cyabduae umHka I'. Jectpuo
BIICPBbIe HAOMIONAN CBEUYECHME BEINECTBA B NEPEMEHHOM SJIEKTPHUYCC-
KOM 1ojie (cM. noapasi. 4.6). Jlo cux nop iHoMuHobOopH U3 ZnS npepoc-
XOIAT APYrue MaTepUabl 10 BHYTPEHHEMY KBAHTOBOMY BBIXOY.

B 3aBMCHMOCTH OT YCJIOBHl CHHTE3a ZnS KPUCTALIU3YETCS B JIBYX
MoANdUKALMIX: BBICOKOTEMIIEPATYPHON reKCarOHAIbHOM U HUBKOTEM -
neparypHoil kyouueckoit. Touka azoBoro mepexoaa JEXUT BOIU3U
1 020 °C. IIpeamnouyreHue OTAAIOT JIOMHMHOMOpPaM ¢ KyOUUECKOH CTPYK-
TYpO#l BBUIY IOBBILICHHOMN SIPKOCTH CBeueHHs. OIHAKO IMPAKTUYECKH
MOYTH BCeraa B CyabhUIHBIX JIOMUHOGOPaX NMPUCYTCTBYET CMeCh 00e-
UX Moaudukauuii. BaxxHoit ocoGeHHOCTBIO CyAbDHAA LIMHKA SIBASICTCS
TO, YTO OH oOpasyeT HenpepbIBHBINA PsI TBepABIX PacTBOPOB ¢ ZnSe,
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CdS, CdSe. Ilpu atom nodaBka CdS cTabuin3upyeT reKCaroHaJIbHYIO
Moaugdukaimio, a robaska ZnSe — KyOHYECKYIO.

CnekTp U3Ny4YeHMs JTIOMHUHO(GOPOB ONpPEAeIsIeTcss TUIIOM BBOIM-
MbIX aKTUBATOPOB JIIOMMHeECLIeHIIMU. Haubonee 1iMpoKoe pacnpocTpa-
HEHHE MOJYYUIM DIEKTPONIOMUHOGOPDHI, aKTUBUPOBAHHBIE MEIbLIO,
KOTOpBIE M3JIyJaloT B 3eJICHOM U rosiyboit obiactax crekrpa. Dddek-
TUBHBIE JIIOMUHOMOPLI C UNTYYEHUEM B XKEJTOH 001acTH CIeKTpa no-
JIYYAIOT MPU aKTUBALIMHU CYIb(Haa IIMHKA MapraHHEM.

HepmocTaTkoM 3/1eKTPOJIIOMUHECLIEHTHBIX YCTPOICTB Ha OCHOBE CYJTb-
huaa UMHKA ABISETCS OTHOCUTEbHO BbICOKAsl CKOPOCTh JIerpafaluu
ONITUYECKHMX XapaKTepPUCTHUK MPUOOPOB, OOYCAOBJICHHAS YCUJICHUEM
MOHHOTO XapakKTepa XMMHUYECKOH CBSI3U, CTUMYJIMPYIOLLUM MPOLIECCHI
2JIEKTPOJIN3A.

IlprMecu MOIyT UIpaTh CYIIECTBEHHYIO POJIb U B MEXaHU3ME COO0-
CTBEHHOM (POTONPOBOAMMOCTH nosiynposonnukos A'BY! nockonbky
OT UX NPUPOIbl U KOHLUEHTPALIMM 3aBUCUT BPEMS XU3HU HEPABHOBEC-
HbIX HOCHTEJIe 3apsiia, a OHO, B CBOIO Oouepenb, onpeaenser hoTo-
YYBCTBUTEIBHOCTh U CKOPOCTh (hoTOOTBeTa. 1IpH 3TOM BaXKEeH He CTOIBKO
JOHOPHBIN UM aKLIENTOPHBIN XapakTep NPUMECHBIX aTOMOB, CKOJIBKO
TIPUHAANEXHOCTD MX LIEHTPaM PeKOMOWHAIIMY WY JIOBYLIKAM 3axBaTa.
BBeaenueM cnelManbHbIX [PUMeECE, TAK Ha3bIBAEMBIX HEHTPOB CEH-
CUOMJIM3ALMK, MOXHO CYLIECTBEHHO MOBBICUTb YYBCTBUTEIBHOCTb COO-
CTBEHHbLIX (POTOPE3UCTOPOB.

B cyandune kaaMus OUyBCTBISIOLIMMHU LIEHTPAMU SIBISIIOTCS CKOM-
TIEHCUPOBAaHHBIE (T.€. MOHU3UPOBAHHBIE) AKIICITTOPHI, B KAYECTBE KO-
TOPBIX MOTYT BBICTYNATh BAKAHCUM KaaMusl. KOHIeHTpal st nocaeIHux
BO3pacTaeT IpH JIerMpoBaHUM JoHOpaMu. COOTBETCTBEHHO BO3pacTaeT
M cobcTBeHHAA POTONMPOBOAMMOCTD. BEICOKOH (DOTOUYBCTBUTENBHOCTHIO
00J120a10T TaKXKe KPUCTAUILI Cyabpuaa KaaMusl, JICTUPOBAHHBIE Me-
Ibto. IIpy CUJILHOM JIETMPOBAaHMM MEIbIO JOMUHUPYIOLIYIO PONb HAUK-
HaeT UrpaTb NpUMecHas (POTONPOBOIAUMOCTb, UTO HAXOAMT OTpaxe-
HHE B CMELICHUH CHEKTPaIbHOM XapakTepucTukH (puc. 5.44). IToMmumo
cyabbuna KaaMus UL U3TOTOBNEHUS (DOTOPE3UCTOPOB, YYBCTBUTEIb-
HBIX K BUAMMOMY U3JIYYEHHUIO, UCIIONb3YIOT TIEHKU U TIOJIMKPUCTAN-
auueckue caou CdSe.

V3ko3oHHble nonynposoauku tina A'BY! npencrasnsior uHTe-
pec A co3aHug npueMHUkoB paipHero MK-uanyuenus. Ocoboe
BHUMaHMe NMpuBIeKaloT TBepable pacTBopsl Cd,Hg, _,Te, cnexktp ¢o-
TOYYBCTBUTEILHOCTH KOTOPLIX MEPEKPbLIBAET ATMOCHEPHOE «OKHO IIPO-
3payHOCTH» B 006aacTu §... 14 MKM.

[IneHky U3 ceNeHUA U TEJLUTypUIa pTYTH 0J1arofapsi BbICOKO Noa-
BMXKHOCTH 2JIEKTPOHOB MPUMEHSIIOTCS JUISI UBTOTOBACHUS BHICOKOYYB-
CTBUTEJIbHBIX JaTYUKOB X0Jj1a. Beicokast 3(pheKTUBHOCTb U3NTyYaTe/ib-
HO# pexoMbuHaLMK B noaynposoaHukax tuma A"BY! nossonsier nc-
MOJIb30BaTh MOHOKPUCTALIbLI 3TUX COEIMHEHU B KauecTBe pabouero
TeJla TIOJNYIPOBOAHMKOBBIX J1a3epOB, BO30YXIA€MBbIX 3JIEKTPOHHBIM
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Puc. 5.44. CriektpanbHbic XapaKTePUCTHKU (POTOPE3UCTOPOB HA OCHOBE XaJlb-
KOTeHUAOB KagMMUSI:

1 — CdS(Cl); 2 — CdS(Cu); 3 — CdSe(Cu)

nyykoM. MMeHHo Ha cyiabpuae xagmusa CdS 6but co3maH nepsbiit
NOJIYNPOBOAHUKOBBIN JIa3€p € 3NEKTPOHHBLIM BO3OYXIEHUEM,

CunTte3 M BbIPAMIMBAHKHE KPHUCTAUIOB. TeXHOIOIUs BbIpAlIMBAHMSA
MOHOKPHUCTAIIOB MOJYNPOBOAHMKOBBIX coenuHenuil A'BY! paspaGo-
TaHa MeHee IMOJIHO, YEM TEXHOJIOTMsS NMONYNpOBOAHUKOB TUna A'BY.
[MIupokosonnbie nonynposoauuku A'BY! npencrasnsior co6oii B Tex-
HOJIOTMYECKOM OTHOILEHHU BEChbMA TPYIAHbIE OOGBEKTHI, TAK Kak 0bja-
JAIOT BLICOKMMM TEMITEPATYPAMHU TUIABJIEHUS M BLICOKMMM JaBJICHUSA -
MM JUCCOLMALIMN B TOUKE TIaBjieHuss. CHHTE3 MCXOIHBIX COeIMHEH U
A"BY! B 4yacTHOCTM NOpOILIKA I8 JIOMUMHOGOPOB, Yalle BCEro ocy-
ILECTBIAIOT MO PEAKUMUSAM OOMEHHOIO Pa3NOXEHUs, NPOTEKAIOIINM B
BO/IHO# cpene. Tax, cynbhua NMHKA 0CaXAAIOT U3 BOJHOIO PacTBOpa
cynbdpara ZnSO, nponyckaHueM yepes Hero cepoBogopona H,S. Ins
[IPOM3BOJICTBA TNPOAYKTOB C MaJibiM COAEPXAHMUEM OKCHUAOB CHHTE3
NIPOBOJIAT IYTEM B3aMMOIENCTBUS COOTBETCTBYIOIIMX MeTawios 11 rpyn-
nsl [Tepuoanueckoit cucremsl anemenToB /1. V1. Menneneesa ¢ cepo- 1
CEJIEHOBONIOPOAOM. BhipaluMBaHUe MOHOKPUCTALIOB TYTOIIaBKHX CO-
enxunennit A'BV! B GonblIMHCTBE CyyaeB OCYILIECTBIAIOT MEPEKPH-
CTAJIM3ALMEN MPEIBAPUTENBHO CUHTE3MPOBAHHOIO MOPOILKA COEIU-
HEHMs yepe3 NapoByro (Gasy B 3aMastHHBIX KBAPLEBbIX AMITYIax.

KauecTBEHHBIN CKAY0K B MOJYYEHMU MOHOKPUCTA/LTMYECKUX CJIOEB
STUX COeMHEHMH C YIIPaBIseMbIMU CBONCTBAMM IIPOU3OLIEN C OCBOE-
HUEM HOBBIX METOIOB 3MUTAKCHU U TIPEXIE BCErO — SMUTAKCUU U3 MO-
JIEKYJIAPHBIX yYkoB. HanGosblume ycrexu I0CTUTHYThL B U3rOTOBJIEHUM
BBICOKOKAQUECTBEHHBIX TETEPOCTPYKTYD Ha OCHOBE CEJIEHMIA LIMHKA.

DnuTakcHd celennaa uuHKa. Cpeay MPOKO30HHBIX MOMTYNPOBOI-
nukoB tvna A"BY! npencrasnsiiommx MHTEpeC Uit ONTO3NEKTPOHU-
KM, JUAMpYIOLLEE NoJoXeHne 3anumaer ZnSe. Ocoboe BHUMAaHME K
3TOMY MaTepuayy OOYCIOBIEHO DPSAOM OOCTOSITENBCTB. Bo-TepBhIX,
KyOM4eCKMii ceneHMsl LMHKA XOpOWIO COINIACYETCs MO IEPHONY pe-
HIETKU CO CTAHIAPTHOM MOMWIOXKON GaAs, YTO OTKPHLIBACT BO3MOX-~
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HOCTH (hOpPMUPOBAHUS SNUTAKCHATIBHBIX TeTEPOCTPYKTYP C MUHHMAJb-
HBIM YHMCIOM Ie(eKTOB Ha MeXdasHoi rpaHulie. Bo-BTopwix, ZnSe
OKa3BIBaeTCsl SAUHCTBEHHBIM Cpea LIMPOKO30HHBIX XaJbKOICHUIOB,
Ha KOTOPOM JIOCTUIHYT CYLIECTBEHHBIHM MPOTpecc B yIpaBIeHUHU THU-
IIOM M KOHLEHTpauueld HocuTeneil 3apsimga. B-TpeTbux, 310 coenuHe-
HHe oOpasyeT U30BICHTHBIE TBEPIble PACTBOPLI CO CBOMMH aHAJIOTra-
MU B J1OCTATOYHO UITUPOKOM AMATA30HEe KOHLIEHTPAUMi, YTO TTO3BOJISI-
€T IUIABHO U3MEHSITh LIMPUHY 3allpeleHHON 30HbI K EPHUOI KpUCTa-
JINYECKOM PEHICTKHU,

HauGonee BbICOKOKa4YeCTBEHHbIE CIOU ZnSe Moay4atoT Ha MOTOX-
kax GaAs (100) MeTozoM MONEKYSIPHO-NTYYKOBOI 1IMTakKcuu. B kaue-
CTBE MCXONHBIX UCHTAPSIEMBIX BEHICCTB HCIIONB3YIOT BBICOKOYUCTHIE CIIUT-
KU LIMHKA U cesieHa. BrICoKast IETy4eCTh peaKTaHTOB 3aCTaBJIsieT I1po-
BOIUTH 3MHUTAKCHUIO TIPU HEBBICOKOM TEMIIEpaType MOMTOXKH (NIopsia-
ka 300 °C). Mcnonp30BaHHe UCTOYHHKOB 0CODOM YUMCTOTHI B COYeTa-
HHUH C [JIYOOKMM BaKYYMOM IMO3BOJIMIO CHU3UTh KOHIIEHTPALUIo OCTa-
TOYHBIX TIpUMeceil B uieHKax ZnSe no yposHs 102 M~3. Bro obcrosi-
TEJIBCTBO SBUIOCH OMHOM M3 NPEeANOCHUIOK YCITELIHOTO PELICHUS IIPO-
OJIeMBl TI0 MHBEPCHUM THIIA 3JEKTPOIPOBOAHOCTH XaIbKOT€HUIHBIX
CJIOEB.

CaMbIM MEJIKUM aKLENTOpOM B ZnSe sIB/IsieTCs a30T (3HEPrusl HOHU -
3auuy nopsaka 60 M3B). OxHako MONBITKY €ro BHEAPEHUS B SIIUTAK-
CHANbHBIN Coit ¢ moMollblo MapoB N, uan NH; He uMmenu ycrniexa.
Hacrosumit mpopelB B TEXHUKE JIETUPOBAHUS ObLT OCYILHECTBICH IIpU
UCITIONb30BAHUH TUTA3MEHHBIX HCTOYHUKOB JIETUPYIOIIETO BEILECTRA. AK-
TUBUPOBAaHHE MOJEKY/T a30Ta BbICOKOYACTOTHOMW ILIa3MOIl TMO3BOJIMIO
JIOBECTH KOHUEHTPALMIO ABIPOK B p-ZnSe 10 ypoBHsi cBbie 10%4 M3,
MpUYeM CTelleHb JeTHPOBAHUS OCTACTCH HEU3MEHHOM BIUIOTh 10 TEM-
niepatyp nopsiagka 400 °C. Ycrnexu B MHBEPTHPOBAHUU THUIA JJICKTPO-
MPOBOAHOCTH OTKPBUIH IYTh K CO3AAaHUIO0 MHXEKIIMOHHBIX JIa3epOB U
CBETOAMOAOB, 2(PPEeKTUBHO U3JTYYAIOLIUX B 3€JIeHOM 06GIacTH CIIeKTpa.

5.9. IIOJYIIPOBOJTHUKOBBIE COEMUHEHUSA THUIIA AVBY!

K coearnenusam tvna AVBY! oTHOCATCS XanbKOreHUabl repMaHusl,
onopa u cBuHUa. Cpeay HUX Haubosee U3YYeHHBIMH SIBASIIOTCS Xallb-
KOreHUIbl CBUHLA. Kax y3KO30HHBIE TIOJIYNPOBOIHUKH OHH JIaBHO
NIpUMEHSIIOTCS B KauecTBe aeTekTopoB MK-usnyuenus. OcHoBHbIE DU-
3UYECKHE MapaMeTphl 3TUX MaTepUaioB NpuBeAeHbI B [IpunoxeHnu 2.

Bce Tpu coeavHEHUST KPUCTAUIM3YIOTCS B KYOMUECKOH CTPYKTYype
tuna NaCl. Ha onHy s7ieMeHTapHYIO si4eiiKy MPUXOAUTCS BOCEMb aTo-
MoB. KoopanHauuoHHOe YuCiIo st 0OOMX BUAOB aTOMOB PAaBHO LLIECTH.
TToaTOMY paccMaTpuBacMbie XUMUYECKUE COCAUHEHUS HE OTHOCATCS
K IPYTIIe aIMa30nono0HbIX TOAYIPOBOAHUKOB. OKTa3ApUIECKON KOOp-
JIMHAIlMKA aTOMOB B KPUCTA/UIMYECKON PELIETKE COOTBETCTBYET p>-TUO-
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pUOM3alLINsl XMMUYECKUX CBside. TlocnenHue HOCAT CMELIAHHbIA Xa-
paKTep C SAPKO BBLIPAXEHHON UOHHOM COCTaBISIOLICH.

Bce coenmHeHMs1 XaJIbKOTEHOB CO CBHHLIOM SIBJISIIOTCSI TTPSMO30H~-
HBIMU TOJIYIIPOBOAHUKAMHM, OJHAKO MAaKCUMYM BaJIeHTHOW 30HBI U
[JIABHBIA MUHUMYM 30HBI IPOBOAUMOCTH PACTIONIOXEHBI Y HUX B KpU-~
craorpaduyeckoM HanpasiaeHuu [111], B omiMuMe oT coeqMHeHHU
AU'BY, B KOTOpBIX MAKCMMYM BaJIEHTHOM 30HBI HaxoauTcd npu k = 0
(cM. noapa3sn. 4.6). CeMelHCTBO XalbKOTeHUAOB CBUHIIA OTIMYACTCS TaK-
K€ OT OOJIBIIMHCTBA OCTAJIBHBIX NOJIYIIPOBOJHUKOR HEOOBIYHON TeM-
MepaTypHOil 3aBUCUMOCTbIO HIMPUHLI 3aNpelleHHOM 30HHI (puc. 5.45).
¥ Bcex Tpex nonynpoBogHukos — PbS, PbSe, PbTe — wupuna 3an-
pEeUIeHHOM 30HBI BO3pPAcTaeT C INOBBILIEHUEM TEMIEpPaTyphl, IpUYeM
TeMIlepaTypHbie Ko puiimeHTh AD oueHb 6au3ku apyr apyry. Heo-
KMIAHHBIM SIBASIETCA U TO OOCTOSITENBCTBO, YTO IIMPUHA 3allpelleH-
Hoii 30HBI PbSe MeHbuie, yem y PbTe.

BanentHas 30Ha 4 30HA MPOBOIUMOCTH BO BCEX 3TUX TpeX IMONY-
MPOBOJHUKAX OKAa3BIBAIOTCS 10 CBOEH CTPYKTYpE NpaKTHYECKU 3ep-
KIbHBIM OTpPaXXeHUEM Apyr apyra. Takoe nmopoGue NpUBOIUT K O3~
KUM 3HaueHUsIM 3GGhEKTUBHBIX MAacC U IJIOTHOCTH COCTOSIHUH IUIS
SJIEKTPOHOB U JILIPOK, a TAKXE KX MOIBIXHOCTAM. ClenyeT OTMETHUTD,
YTO IIPY KOMHATHOH TeMIlepaType MOABUXHOCTb 3JIEKTPOHOB B XaJlb-
KOTEHMJaX CBUHLA 3aMETHO HMXeE, YeM B aTMa30NOHNO0OHBIX MTOJIYIpO-
BOIHMKAX, UMEIOLUX MPUOIU3UTENILHO TaKylo Xe AD. OmHako ¢ no-
HMXXEHHEM TEMIEpaTyphl HAbJII01aeTCs PEe3KOE BO3pAacTaHUE TTOIBHX-
HOCTM Hocutenew 3apsina. Hanmpumep, B PbTe npu temneparype 4,2 K
NOABHXHOCTH JEKTPOHOB U JBIPOK JIOCTUTAIOT PEKOPIHO BBICOKHMX
3HaYeHuil — nopsaaka 100 m%/(B - c).

DNIEKTPHUUECKUE CBONHCTBA XaNbKOTEHUIOB CBUHIIA BO MHOTOM OIN-
PEAENSIIOTCS OTKIOHEHUSIMU OT CTEXMOMETPpUM, KOTOPBIE NIPH OIIpe/ie-
JIEHHBIX YCIOBUAX CUHTE3a M TePMOOOPabOTKY MaTepUaJiOB NOCTUIAIOT

AD, 3B
0,45 —
0,40 ] —
Pbs | 1
0,35 /V poTe 7]
[
0.30 7~ ~1 7
H P / /<
0.25 //// PbSe
0,20 ,/
/
0,15
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Puc. 5.45. TemneparypHble 3aBUCUMOCTH LUHPHUHBL 3ANPELICHHON 30HbI Xalb-
KOTE€HUIIOB CBMHLA
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3HaueHUH nopsaaxka 1073 at. noseit. U3-3a 60abLIOro BKJIAAA TETEPONIO-
JISPHOTO B3aUMOAEUCTBHS B XMMHUECKYIO CBSI3b COOCTBEHHBIE TOUEY-
Hble Ne(heKThl CTPYKTYPHl OKAa3bIBAIOTCS 3apsSKEHHbIMHU, & IOTOMY IpO-
SIBJIAIOT 3AEKTPUYECKYIO aKTUBHOCTL. M36BITOK aTOMOB CBMHLIA BbI3bI-
B3eT 3JIEKTPOHHYIO JIEKTPOINMPOBOJHOCTh, 3 U30BITOK XaJIbKOreHa —
IbIpoyHyio. [Ipu TepMoo6GpaboTKe KPUCTALIOB p-THMA B BAKYYME HJIU
B IPUCYTCTBUHM MAPOB META/LTHYECKOro CBUHLIA OHH IIPHOOPETAIOT
3JIEKTPONPOBOAHOCTE n-TUNA. OTXHUT XaIbKOIPeHUIOB B ITapax XajIbKo-
reHa CTUMYJUpYeT oOpalleHMe B p-TUI. TakuM oOpa3oM, U3MEHsIs yC-
JIOBUST TEPMMUECKOTO OTXUIa KPUCTAJJIOB, MOXHO B LIUUPOKMX MPEIL-
JIax U3MEHSITh KOHIIEHTPALMIO HOCUTe e 3apsiaa. YeM Bblilie TeMIiepa-
Typa OTXHTa, TeM ObICTpee YCTaHaBJIMBAETCA COCTOSIHUE TEPMOJUHA-~
MUYECKOTO PaBHOBECHSI.

DHepTUsi UOHM3aLHU COOCTBEHHBIX TOYEUHBIX Ie()EeKTOB HEBBICO-
Ka, MO3TOMY KPHMCTAUIbl XaJIBKOT€HUIOB CBHMHIA, KAaK TNpPaBHIO, Xa-
PaAKTEPHU3YIOTCS BBICOKOM KOHUEHTpaLHeil 3JIeKTpOHOB WK AbIpok. Ha
puc. 5.46 noxasaHa 3aBUCUMOCTb PaBHOBECHO KOHUEHTPAlUH HOCH-
TeJel 3apsia B AOCTAaTOYHO YMCTOM PbS oT naBieHus napa cepbl B
rpolecce TepMoobpaboTku o6pasios npu Temnepatype 1000 K. Jaxe
TPY OTCYTCTBUMU JIETUPYIOHIUX IIPUMECE MOXKHO 00eCHeYUTh KOHIIEH~
TpaLMIO HOCUTellel 3apsaaa oboro 3Haka cebiine 102 M3, Tepmoau-
HaMHYECKOMY p— H-TIEPEXOJy COOTBETCTBYET OCTPBI MHHUMYM MHpPU
JaBJIE€HUH Tapa cepsl nopsaaka 10? Ta.

CyniecTByioT 007blKMe TPYAHOCTH B ITONYYCHUU KPUCTA/LUIOB C Ma-
JILIMU KOHLICHTPAaLMsIMM HocuTeseil 3apsina. (PakTHYeCKH IS U3ro-
TOBJIEHUST TPUOOPOB KCMOJB3YIOT OOPA3LIbl CO CTENIEHBIO JICTUPOBAHUSL
cebitie 102 M3, B ciyyae oueHb 60JIbILIOrO KOJMYECTBA U3OBITOUHBIX
aToMOB CBUHIIA B PbS BO3HMKAIOT METALIMYECKHE MOCTHKHU. Takue
00pasubl B 3MEKTPUUECKOM OTHOHIEHHHU BeAyT cebs IMOAOOHO MeTai-
JIMYECKOMY CBUHILY. B HHMX 0OHapyXMBaeTCs CBEPXIIPOBOTUMOCTD IPU
Temmnepatype Huxe 7,2 K.

Tun 371eKTPOIPOBOIHOCTY MAaTEPHATIOB MOXHO U3MEHSITh M BBEJE-
HHMEM MMPUMECHBIX aTOMOB. [Ipenensl paCTBOPUMOCTH NMPUMECEH U HX
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Puc. 5.46. 3aBHCHMOCTE KOHLCHTPALUY HOCHTEAEH 3apana B CyIbdpuae CBUH-
11a OT JaBJICHUS 1apa cepbl B Mpoliecce TepMooOpaboTKu (TeMmepaTrypa OT-
xura 1000 K)
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K03 duureHTo 1MPGY3UN CYILIECTBEHHO 3aBUCAT OT KOHLEHTPALIMHK
COOCTBEHHBIX TOYEYHBIX 1€(PEKTOB CTPYKTYpHL. IIpH 3TOM NIPUMECHBIE
aTOMbl MOTYT 3aHHUMAaTh B PEIIETKE KAK €€ Y3/bl, TAK U MEXIO0y3eshb-
Hble TO3ULIMU. AToMbl 37eMeHTOB | rpynnbl (Na, Cu, Ag), 3ameluas
CBHUHEII, NMPOSBJIAIOT aKLIENTOPHBIC CBOWCTBA, a NMPU BXOXIEHUH B
MEXIIOY3JIUsl BeyT cebsi KakK JOHOpPHL. JJoOMUHAHTA B OBEICHUM [IpH-
Meceil 3aBHUCUT OT YCJIOBUM JIETHPOBAHUSA, KOTOPhIE, B CBOIO OUEpElb,
OTIPEIIENISIOT KOHILIEHTPAHMIO BAKAHCHIl CBUHIIA, 3aMeHa aTOMOB CBHH-
1A TPEXBAJICHTHBLIM METAJUIOM (HampuMep, UHIHMEM WM BUCMYTOM)
MPUBOAUT K 00pa30BaHHIO JOHOPHBIX YPOBHEN (32 UCKIIKOYEHHEM TaJI-
Jius). JJOHOpHBIE CBOMCTBA MPOSIBSIOT TAKXKE MPUMECH 31eMeHTOB VII
rpynnbl (TanoreHsr). AMGOTEpHOE TIOBEASHUE XapaKTEPHO ISl IPUME-
cell V Ipynnbl, T.€. B pa3HbIX YCIOBUSIX JIETHPOBAHUS 00pa3yioT 11b0
aKLEeNnTOpHbIE, TUG0 TOHOPHBIE LIEHTPHL.

DHepreTUYeCKUe ypOBHU OGOJILIIMHCTBA NMPUMECEH B XaTbKOTCHU-
JIaxX CBUHLIA MPAKTHYECKU CMBIKAIOTCS ¢ KPAeM COOTBETCTBYIOLLEH 30HBI,
T.€. X SHEPTUM MOHM3AMHU OYeHb MaJTbl. Takast 0COOEHHOCTh O0YCITOB-
JieHa aHOMAJIbHO BBICOKMMM 3HAYEHUSAMH TU3NEKTPUYECKOH TIPOHHU-
LIAEMOCTH Y 9TUX MaTepuayioB (Ha 1 — 2 nopsiaka GoJblie, YeM y Moy-
nposonHMKoB A'BY). OHa NpUBOOUT K TOMY, YTO KOHLIEHTPALIMS HO-
cuTeselt 3apsiia B pacCMaTPUBAEMBbIX MOMYIIPOBOAHUKAX MTPAKTUYECKH
HE 3aBMCHUT OT TeMIIepaTyphl (OT OYEHb HU3KHUX U IO TEMITEPATYD BBILLE
300 K, xorma HacTymaeT cCOOCTBEHHAS 3JICKTPOIPOBOAHOCTD).

ToHKME MIECHKU M NMOJUKPUCTAUIMYECKHUE CIOM XaJTbKOT€HHIOB
CBUHIIA 00JIaZal0T BHICOKOI (DOTOUYBCTBUTENIBHOCTBIO B JAIEKOM MH-
dbpaxkpacHoif 00J1acTH CHEKTPa, IPUYEM «KPacHasi» IPaHULIa BHYTPEH-
Hero dotoaddekTa ¢ MOHMXEHUEM TEMITEPATYPhI CMEILAETCS B JUIMH-
HOBOJIHOBYIO 00j1acTh. POTOYYBCTBUTENLHOCTS [IEHOK PbS m PbSe
MOXET OBITh YBEJIMUEHA B COTHU pa3 B pe3yJIbTaTe MX TEpMOOOGPaboTKH
B KMCJIOPOAHOMH cpene. braronapsi xopouM (poTO3NEKTPUIECKUM CBOTA -
CTBaM X&JIbKOT€HUAbI CBUHLA HIMPOKO MUCIONB3YIOTCS TSI U3rOTOBJIE-
HHS poTope3ucTopoB. OMHAKO U3-3a OOJBUIOH TUINEKTPUIECKOM MPO-
HHMIIAEMOCTH 3THX MaTepUAJIOB Co3laBaeMble (DOTOMETEKTOPHI Xapak-
TEPU3YIOTCST HEBBICOKUM OBICTPOJIEHCTBUEM.

[Ipn HU3KUX TeMMepaTypax B IOCTATOYHO COBEPILICHHBIX KPUCTAJI-
Jiax BO3MOHA 3((HeXTHBHAS MEX30HHasI U3JyyaTebHas peKOMOWHAa-
LMs1, YTO MO3BOJISIET CO3AABATh HA UX OCHOBE JIa3€pbl MHXKEKUMOHHOTO
Tuna. Kpome toro, xajJbKOreHuI1bl CBUHIIA 00131ar0T 6JaronpUATHHM
COYETAHUEM CBOMCTB JUISL U3FOTOBJIEHHS TEPMOIJIEMEHTOB MOJYHPO-
BOJHUKOBBIX TEPMOIICKTPUUECKUX TEHEPATOPOB.

HauGonee onHopoaHble MO CBOUCTBAM U COBEPILLUEHHBIE TI0 CTPYK-
TYPe KPUCTAUILI XIBKOTEHUIOB CBUHIIA BHIPALLIMBAIOT U3 ra30BOM (ha3bl
B 3alasiHHBIX KBAapLEBbIX aMrmyjax. MeTon BBITATMBAHUS MOHOKpPH-
CTAJUTOB M3 paciuiaBa 1o YoxpaabckoMmy (CM. moapasm. 5.2) Jst 3THX
MaTepUAJIOB HE MCNOJIb3YETCs, TaK KaK XalbKOTCHUABl CUALHO AUCCO-
LIMUPYIOT BOJIM3M TeMIIEpaTyphl MasieHus. K ToMy e npu Buipaui-
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BaHMU KPUCTAUIOB U3 ra30oBoit hasbl UMeeTCsl BO3MOXHOCTh KOHTPO-
JIMPOBATh JaBJICHUS MApOB U, CJISI0BATEIBHO, YIPAaBIsATh KOHUEHTpa~
LMeit COOCTBEHHBIX TOUEYHBIX Ae(heKTOB.

Bonbiuoit HayyHBI ¥ OPaKTHYECKHH MHTEPEC NMPEACTABASAIOT TBep-
JIble pacTBOPHI HA OCHOBE TEJUTYPHUIOB CBUHLA U osioBa. ITonobno PbTe
coenuHeHue Sn'Te KpucCTALIU3YeTCs B CTPYKTYpe KaMeHHol comu NaCl
¢ TIepHOJIOM PELIETKH 4 = 0,6327 uMm. [ToaTomy cucrema PbTe—SnTe
XapakTepU3yeTcs MONHON B3aUMHOI pacTBOPMMOCThIO. COBEPIIEHHO
HEOOBIUHBIN BUI UMEET 3aBUCUMOCTD LIMPHUHBI 3AMTPEIIeHHOM 30HbI OT
cocTaBa TBepaoro pacteopa Pb; _,Sn,Te, KoTopast mokaszaHa Ha puC.
5.47. Ee 0coBEHHOCTh COCTOMT B TOM, UTO AD yMeHBbIIAeTCsa IpU pa-
CTBOPEHMHU KaK OJHOTO, TaK M APYroro OuHapHoro xkoMmmnoHeHra. [lpu
HEKOTOPOM COOTHOLIEHUH MEXIy KOMITOHEHTAaMHU LIMPUHA 3anpelieH-
HOM 30HBI O0paiifaeTcsl B Hyab. HeoObIuHAst (ABYXCTOPOHHSIS) IIKaIa
JUIS1 3BHAYEHUI AD 1O3BOJISET JYYIlle IPOCAEIUTh 3aKOHOMEPHOCTH U3-
MEHEHMSI CBOMCTB B 3aBUCMMOCTH OT COCTaBa. TBepabie pacTBOPHI C
npeobiagaHueM TeJUTypuaa CBUHIIA UMEIOT CBOMCTBA, OJIM3KHME K CBOM-
ctBaMm PbTe, BKiIto4as MOJOXUTENbHBIN TeMIIepaTypHblit Koa3dpunu-
€HT LUIMPUHBI 3anpelieHHOM 30Hbl. Kak BuaHO U3 puc. 5.47, y TBepabIX
pacTBOpoOB, oborauleHHbIX SnTe, 3TOT mapaMeTp UMEET OTPULATENb-
HOE 3HaYeHHE.

B paBHOBecHOM cocTossHUM SnTe Bcerna COAepKUT U3OBITOK TELTY-
pa ¥ HEM3MEHHO NPOABISET NIPOBOAUMOCTh p-TUIIA NIPU KOHLEHTpa-
UMK Jbipok ropska 10% m~3. Tsepabie pacTBopsl, o6oramennbe SnTe,
XapaKTepHU3YIOTCS aHAJIOTUYHBIM NoBeneHUeM. [ToaToMy cylecTByeT
OrpaHMYeHHBIN AuMana3oH coctaBoB Pb,_ Sn,Te, B mpeaenax KoTopo-
TO MOXHO OCYLUECTBJIAT UHBEPCHIO TUIA 3JIEKTPOIIPOBOIHOCTH H II0-
JIy4aTh p — H-TIEPEXOIbI.

OxHa M3 MIaBHBIX NPUYMH. MOBBIILIEHHOrO MHTEpPeca K TBEPIbIM
pacTBOpaM Ha OCHOBE XaJbKOTCHUIOB CBUHIIA CBSI3aHA C UCIOJb30Ba-

HUEM 3THUX MaTepHUajoB JUISl U3TOTOBIC-
AD, 3B HUSl (POTONETEKTOPOB C BBHICOKOI CIEK-

TPaJbHON YYBCTBUTENbHOCTHIO B AWaMNa~
0,3 30HE «aTMOC(hepHOro okHa» §... 14 MKM,
02 \\ KOTOpOE COOTBETCTBYET MAKCUMYMY U3-
) \\ 300 K JlyyeHHUs a0COJIIOTHO YepHOTOo Tea NMpu
0,1 N\ 300 K. ITepcrieKTUBHO TAKXKe MCIIO0Nb30-
\ BaHHe TBepabIx pactBopoB Pb,_ Sn/Te
0 . \\\ 0 IS MHXeKLHOHHBIX J1a3ePOB C U3IYYe-
N \\ 0,1 HHMEM B CIEKTPaJbHOM JHaNa3oHe OT 6

4,2 K\\\ 02

\ 0,3
0.4 Puc. 5.47. BausiHue cocTtaBa Ha MU3MEHEHHUE

0 02 04 06 08 10 LUIMPHUHBL 3ANIPEILECHHON 30HBI TBEPALIX pa-
PbTe x SnTe crtBopos Pb, _,Sn,Te



OcHo8HbLe c80licmBa U npumMeHeHUe NOLYNPOBOOHUKOBbLY MAMEPUALO8 291

1o 32 mxM. Ilocnennss uudpa COOTBETCTBYET MAaKCUMAAbHOM JUIMHE
BOJIHBI M3JIY4EeHMS ITONYITPOBOJHUKOBLIX J1azepoB (AD = 0,04 5B). B ma-
TepHaJiaX ¢ MEHbBILEH 3alpelUeHHON 30HOI YCUIEHUIO CBETA IPEMNAT-
CTBYET CHJIbHOE MOIJIOLIEHNE Ha CBOGOMHBIX HOCUTEISIX 3apsiaa U Ma-
Jlasi TUIOTHOCTh COCTOSIHMM B BAJIEHTHOM 30HE M 30HE NPOBOAMMOCTH.

OnHO U3 HOCTOMHCTB XaJIbKOTEHHAHBIX WHXXEKIIMOHHBIX JIa3€pOB
3aKJIFOYAETCsl B BOBMOXHOCTH TIEPECTPOMKHM JUTMHBI BOJTHBI U3TYYCHHUS
IIyTeM U3MeHeHUs paboueil TeMIepaTyphl.

Bricokyio a(peKTUBHOCTb M3NyYeHHUsI 00ECIeYn BaIOT JBOMHbIE re-
TepocTpyKTypel Tunia N-PbTe/n-Pb, _ . Sn,Te/P-PbTe ¢ nonockosoi
reomeTpHeil KoHTakTa. Jisi GopMUPOBAHUS TaKHMX CTPYKTYP HMCNOJb~
3YIOT 3ITUTAKCHIO M3 XUIKON WIM ra3oBoi asbl, a TAKXKE IMUTAKCUIO
U3 MOJIEKYJIAPHBIX MTYYKOB.

5.10. THTPOTEHU3UPOBAHHBINI AMOP®HBIN KPEMHHUI

Crpykrypa. AMOp(dhHbIe IJIEHKM KPEMHUsI, FTepMaHMS M LISJIOTO psiia
JPYTHX NMOJYNPOBOAHMKOB OBUIM IOJIyYeHBbI PasIdYHBIMU METOIAMH
HanbUJICHUS] AOCTATOYHO JaBHO, OJHAKO He HAXOAMJIU CKOJIb JINOO ce-
PBE3HOTO TIPAKTUYECKOIO NMPUMEHEHMUS] M3-3a OTCYTCTBUS PEATbHBIX
BO3MOXHOCTEH YIIpaBIeHMs! MX 3JIeKTPUYECKUMH CBOCTBaMU. B oTin-
yype OT aMOp(dHBIX MeTal10B B aMOp(dHEIX mojynpoBoaHukax (AlT)
HET TUIOTHOM YNMAaKOBKM yacTull. OHU COCTOAT U3 aTOMOB, CBSI3aHHBIX
KOBAJICHTHBIMM CBSI3SIMM U 00pa3yIolMX HEYMOPSAOYEHHYI OTKpbI-
TYIO TPEXMEPHYIO CETKY.

ITonynpoBoaHuku ¢ aMOp(hHON CTPYKTYPOIl XapaKTePU3YIOTCS He-
M3MEHHBIMM PACCTOSHUSIMU MEXAy ONMXKalllIMMU aTOMaMM, COBIIa-
HAIOWKUMM ¢ HabaioAaeMBIMU JJIMHAMUY MEXATOMHBIX CBSI3€i B KpHUC-
tasute. OJHAaKO B pacCTOSIHUSIX IO aTOMOB BTOpPOil KOOPAMHALIMOHHOMN
cepbl HabsoAaeTCs 3HAYUTEBHBIN pa3dpoc, CBA3AHHBINA ¢ QIYyKTY-
alMel BaleHTHbIX yIIoB. [Jaxe HeOONbINE OTKIOHEHUS B MEXATOM-
HBIX pACCTOSIHUSIX M YIJIaX MEXIY CBSI3SIMU TIPUBOISAT K IOJIHO moTepe
TPAHCISILIMOHHON CUMMETPUU Ha PACCTOSHUSX B HECKOJIBKO KOOPIH-
HAaHMOHHBIX cep. BianxHuii NopsAnoK B pacoNoXeHMH aTOMOB OIpe-
nensieT PyHnaMeHTaIbHbIe CBOHCTBA MaTepUanoB. OTCYTCTBUE JaJIbHE-
roO NOpsJIKA XOTSI ¥ HE MCKJII0YaeT caMO CYIECTBOBAHHUE dHEpreTuye-
CKHX 30H, IIPUBOIMT, TEM HE MeHee, K CYLIeCTBEeHHOMY Iepepacrpe-
JIEJIEHUIO B HUX pa3pellieHHbIX SHEPTeTUYECKHUX COCTOSTHUM.

DNeKTPOHHBIE COCTOSAHHA. YCTAHOBJIEHO, YTO YMCTBIA aMOpQHbIA
KPEMHUI TTPOHM3aH 000OPBAHHBIMM HEHACBIIIEHHBIMU (CBOOOIHBIMU)
cBa3aMU. Mx xoHuenTpauus gocturaer 5-10%° m~3. Dt 060pBaHHbIE
CBSI3U 00Pa3yIoT JOKATU30BAHHbBIE COCTOSHUS UISL JIEKTPOHOB, KOTO-
pbi€ JIEXAT BHYTpH 3anpeiiieHHoH 30161 (puc. 5.48). B AIl 3anpeuieHHas
30Ha (DAKTHYECKH HE SIBJSAETCA <«3aNpelieHHOW» B IIOJIHOM CMBICIE
3TOrO c10Ba. OCHOBHBIMHM NIPHUYMHAMHU 00PA30BaHUS JTOKATM30BAHHbIX
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Puc. 5.48. PacnipeneneHue MIOTHOCTU 3JIEKTPOHHbBIX COCTOSIHUM B aMOp(hHOM
KPEMHHUM:
1 — nnenky a-Si, monyyeHHsle KOHACHcauued B BakyyMme; 2 — a-SitH, nonayyeHHbie
pasoXeHHEeM CHIaHa B MnasMe Tielowero paspsaaa (1, = 520 K); G — nokanusoBaH-
HbIe COCTOSIHMSI BHYTPH 1UETH NMOABHXHOCTH

cocTosiHui B All ABISIOTCS oTcyTcTBME Y HUX PETYJIsSpHOM IepUOIH-
YecKOi peLIeTKH, a TAKXKe HaTuuyue GOMBIIOro KOIHYECTBa 1eHEKTOB
THUIIA MUKPOIIOP.

DIEKTPOHBI, CKOHAEHCUPOBAHHbIE B JIOKATU30BAHHBIX COCTOSTHU-
$IX, MOTYT NIPMHUMATh YYaCTHUE B CO3JAHMM 3IEKTPUYECKOTO TOKA MO
MEXaHU3MY TIPBDKKOBOM 3JIEKTPONPOBOIHOCTH. TakKas 371eKTpONpOBO/I-
HOCTb ABJSAETCS TEPMHUECKH aKTUBHPYEMBIM TIPOLIECCOM, MOCKOIBKY
JUISL TIEpecKOKa HOCHMTENIeH 3apsifia OT OJHOro aeteKTa CTPYKTYPH K
IPYroMy TpeOyeTcst IpeoaoieHe HEKOTOPOTO SHEePreTHYeCKOTo Gaph-
epa. JABrxeHue HOCUTE/EH 3apsaa Mo JOKAUTU30BAHHBIM COCTOSIHUSAM
XapaKTePU3YeTCs OYEHb HU3KOM roaBixHocTbio (1075... 108 M2/(B - ¢)),
YTO OTJIMYAET UX OT COCTOSTHUM 30HBI IPOBOJUMOCTH, B KOTOPO# TIpO-
HCXOAMT JBHXEHME CBOGOIHBIX 3JIeKTPOHOB. [103TOMY UHTepBa 3Hep-
ruit Mexay 3. U 3, B aMOpGhHBIX MOJYIIPOBOAHMUKAX YACTO HA3bIBAIOT
Weabio HOOBUNCHOCHIUL.

Y npocteix AIl ypoBeHs @PepMu pacrionaraetcsi BOJIU3U cepeUHbI
3anpelieHHoi 30Hb, IPU 3TOM aMOp(HBIe TUIEHKH MMEIOT BBICOKOE
yaenabHoe conpotusienue (10°... 108 Om - m). B Takux MaTepuanax cia-
60 BBIPaXEHA 3aBUCHUMOCTh JJMIEKTPUYECKUX CBOUCTB OT COdepXaHUs
npumeceit. [IpoBOAMMOCTb OKa3bIBACTCS NPAKTUUECKU OJMHAKOBOI KakK
Yy YUCTOro aMOpP(HOro KpeMHMSI, TaK U Y CUJIBHOJIEIMPOBAHHOTO Ma-
Tepuana. OnHo U3 OOBICHEHHIT COCTOMUT B TOM, YTO B HEYIOPSAOUEH-
HOM CeTKe peajM3yeTcsi HOpMaJbHAas BAJIEHTHOCTh MPUMECHBIX aTO-
MOB, T.€. He 06pa3yeTcsl HEYCTONYUBbIX 2/IeKTPOHHBIX KOHDHTYpatimii.
Hanpumep, atoMsl 6opa B aMOphHOM KpEMHHHM MOTYT BCTpPauBaThCs
B CTPYKTYPHYIO CETKY MOCPEACTBOM TpeX KOBAJICHTHLIX CBA3eil (a He
YyeThIpeX, KaK 3TO UMEET MeCTO B KPUCTALIMYECKOM KPEMHHMHM) U IO-



OcHo8HbLe c80licmBa U npumMeHeHUe NOLYNPOBOOHUKOBbLY MAMEPUALO8 293

3TOMY CTAHOBSITCSI DNIEKTPHUECKM HEaKTHMBHbIMU. KpoMe TOro, Kaxk
BUJIHO U3 pHUC. 5.48, IJIOTHOCTDb JTOKAIU30BAHHBIX COCTOSIHUI BHYTpU
LIETM NOABMXHOCTH CAUIIKOM BEUKA, YTOOBI CMECTUTh YpOBeHb Dep-
MU ITyTEM BBEIECHHS JETUPYIOLUIUX TIPUMECEH.

OcoGennoctu a3oBbix npeppamenmii. [1oynpoBOIHUKM C KOBa-
JICHTHBIMU CBSI3AMH HE MOTYT OBITb IOJIYYEHBI B aMOpP(PHOM COCTO-
SIHMU TTyTeM OBICTPOIt 3aKanKM pacriaBa. M3BeCTHO, 4YTO pacrijiaBbl
KpeMHHUS M repMaHust o0/JIalaloT METAUIMYECKOH NMpPOBOIUMOCTBHIO,
MpHYEeM UX ONVOKHUR MOPSA0K OTJIMYAETCS OT OIMXKHEro rnopsiaka Kpu-
CTaJTUUECKO# (a3, T.€. KpEMHHIT ¥ TepMAaHU# B pacrjaBlIeHHOM CO-
CTOSIHUM BOOD1IIe He 001aialoT TeTpasIpuiIecKoil KoopauHauueit aTo-
MOB, XapaKTepHO# A5 NOAyNpOBOAHUKOBOM ¢da3el. Kpome Toro, 3a-
KQJIKY HE YIACTCst BHIIOJHUTD CO CKOPOCTHIO, AOCTATOYHOM U1l 3aMO-
paXXUBaHUS aTOMOB B aMOpGhHOM COCTOSIHUM. Kak mpasuiio, rpu Gbic-
TPOM OXJIXKIEHUU 00pasyeTcsi MOJIMKPUCTALINYECKUI Marepuan, Ta-
KUM 0Opa3oM, amMopdHble KpeMHUI, repMaHuil U POICTBEHHBIE UM
MOJIYIPOBOAHUKHY HE MOIYT pACCMATPUBATHCS KaK CTEK/I000pa3Hbie Ma-
Tepuabl. K TOMY Xe OHM He pasMsiryaloTcs MpHM HarpeBaHUU.

Posnb Bogopona. OTxur All He BocctaHaBiMBaeT 00OpBaHHBIE CBS-
3¥, a IPUBOAMT K KpucTannunizauuu. OmHaKo 3AEKTPUIECKUE CBOMCTBA
aMOp(QHOro KpeMHUSI KOPEHHBIM O0pa3oM M3MEHSIIOTCS, €CJIU OCaX-
JeHUe TJIEHOK M3 ra3oBoi ¢as3bl MPON3BOIUTHL B aTMochepe aKTUBH-
pPOBaHHOTO Bojaopoaa. Bogopon HachlliaeT cBODOIHBIE CBSI3U, OJ1aro-
Japsi 4eMy TIPOUCXOINT 3UIeHNBaHUE NeDeKTOB CTPYKTYPHI (pHC. 5.49).
CBsi3M, HACBILIEHHbIE BOAOPOJIOM, OKAa3bIBAIOTCSl NOCTATOYHO CHAb-
HbBIMM Y NPUBOIST K O00pa30BaHUIO 3JIEKTPOHHBIX COCTOSIHUIA, jexa-
IIMX B [IYOMHE BAIEHTHOM 30HbI.

AMOp(MHBINA KpeMHUI, comepXaiuil BONOpo, Ha3bIBAIOT eudpoeze-
HuzupoeanHbiM ¥ 0003HauaT Kak ¢-Si:H. Ilponecc Heitrpanuzauuu
00OpBAHHbLIX CBSI3€if HE MOXET NMPOU3CUTU C yUacTHEM MOJIEKYJISPHO-
ro BOIOPOA, NMOCKOALKY JUIS pa3pbiBa cesizeit H—H Tpebyercs pech-
Ma 3HayuTenbHas sHeprusl. [lo3ToMy peakiiusa rMaApOreHU3aluH Ipo-
BOAUTCSI B BOAOPOJAHOM IIa3Me, COAepXallleif MHOTO aKTUBHOTO aTo-

Prc. 5.49. OparMeHT CTPYKTYPHI I'HAPOreHU3UPOBAHHOTO aMOPGHOTO KPEMHIS:
1 — HeHachllIeHHbBIE CBA3U
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MapHoro Boaopona. Pasmep aToOMOB BOZOpOaa JOCTAaTOYHO MaJl, M MIPU
TIOBBILICHHBIX TEMIIEPATypax OHU Jierko anddyHanpyior B 06beM aMop-
¢bHOI TINeHKH, NacCUBUPYsST 0OOpBaHHBIE CBSA3M Ha BHYTPEHHMX IO-
BEPXHOCTSIX MUKPOITOJIOCTEH M HA TOUEUHbIX AeheKTax CTPYKTYypHl. bia-
roiapsi BOJOPOAHOM NTACCUBALIMM HEHACHILCHHBIX CBS3Ei Pe3KO YMECHb-
waercst (MPUMMEPHO Ha TPU TOPSIKA) [UIOTHOCTH JIOKAIM30BAHHBIX CO-
CTOAHUI BHYTPY LUEJI TOABVDKHOCTH. XapaKTepHOE paclipeie/ieHue TUioT-
HOCTU TAKHUX COCTOSTHMIA B a-Si:H, nonyyeHHOM U3 ra3oBoi (asel B Tie-
IOLLEM pa3psiie, oTpakaeT KpuBasi 2 Ha puc. 5.48. Kak npaBwio, Heleru-
pOBaHHEIE MNeHKH a-Si:H 0Ka3bIBarOTCS CIIBHO KOMIEHCUPOBAHHBIMHU
¢ KOHILIEHTpauMeil y6oKux yposHeit B npenenax 102...10% m=3. Mu-
HUMAaJIbHasA ITIOTHOCTh JIOKAJTU30BAHHBIX COCTOSIHUI HAGMIONAeTCs IpHU
9HEPTUSX BOMIM3H LECHTpA LEIU MOABUXHOCTH HOCUTENEH 3apsiia.

Ilo 7aHHBIM OTITMYECKUX U3MEPEHHI, HIMPUHA 3aTpellle HHOM 30HbI
HesernposanHoro a-SitH cocrasiser 1,6... 1,8 3B u 3aBucur ot coaep-
>KaHUs BOIOPOIA B MJIEHKE. YBENMUUEHHUE IHUPUHBI 3aMpPeLlIeHHON 30HbI
y ci1aBoB a-SitH 1o cpaBHEHMIO ¢ KPUCTAUIMYECKUM KPEMHHUEM MOX-
HO OOBSICHUTE 00JIee CUILHBIMU CBI3SIMU THMNA Si— H, yeM cBsizu Mexny
CaMMMU aTOMaMU KPEMHHUsI.

OcHoBHol#t MeToA noayueHusa. Haubosnee pacnpocTpaHeHHBIM METO-
JIOM TIONy4YeHMs IIeHOK a-Si:H siBisieTcsl pasnoxeHue MOHOCHJIAHA
SiH, B BHICOKOYACTOTHOH I1a3Me TJEIOIero pa3psaga. Beicokoyactor-
HBI THACIOMUN pa3psil crnocoOCTBYeT 0Opa3oBAHUI0 XMMMYECKM aK-
THBHBIX panukaioB u aroMoB, tuna SiH, SiH,, H u ap. s Bo30yx-
JIEHUSl U MOMIEPKAHUSA pa3psiga MCIIOJIb3YIOTCS YCTAHOBKU C MHIYK-
TUBHOM M €eMKOCTHO¥ CBA3bIO. B mepBoM ciydae (puc. 5.50, a) miasma
co3naeTcs ¢ nomolubio BU-MHAOYKTOpa, PACMONOXEHHOTO CHAPYXH
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Puc. 5.50. CxeMa nonyyeHus rieHok a-Si:H metonoMm Tneiouiero paspsiaa:

a — VHIYKTUBHOE BO30YXACHME MAa3Mbl;, 6 — eMKOCTHOE BO30YXXAeHUe Mia3Mel;, / —
KBApUEBLIN peakTop; 2 — BBICOKOYACTOTHBINA UHAYKTOD; 3 — MOANOXKA; 4 — BBICOKO-
YACTOTHBIE JIEKTPOIBI; 5 — peaKUUOHHBIN 0GbeM
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paboyeil kaMepbl ¥ MMUTAEMOTO HaNpsLKEHMEM ¢ yactoroi ot 0,5 mo
13,5 MTI'u. Tlpouiecc npoBoasiT Npu HU3KOM gaBieHuH SiH, B paGouem
o6nbeme 10...100 Tla u ckopocTH nozayu rasa B peakrtop a0 30 cm*/c.
Tpebdyembiit ypoerb noapoaumMoint BUY-moiHoctu (ot 1 1o 20 BT) on-
peaenseTcsi TOJbKO HeOOXOIMMOCTBIO ITOANEPXKAHUS YCTOWYHMBOTO Tiie-
I01IIero pa3psina. B yKasaHHBIX YCAOBHUAX CKOPOCTh OCAXIEHUSI TUTEHOK
coctasiseT ot 10 go 100 HM/MuMH, Bo3pacTasi ¢ yBeAUYEHUEM COHEP-
xanHusa SiH, B razosoii ¢aze.

B eMmxocTHoi#1 cucTeMe Traelouero paspsina (puc. 5.50, 6) miasma
BO30YXKIaeTCd MeXIy IBYMs IUIOCKONApaUIEIbHBIMU 3JIEKTPOAAMMU,
MMUTAaeMBIMH, KaK [IPAaBUJIO, HATIPSDKEHUEM ¢ yactoToit 13,5 MI'u. Bax-
HOE TIPEUMYLIECTBO TAKMX YCTAHOBOK Hal MHAYKTHBHBIMH CUCTEMaMH
COCTOMT B OTHOCHUTENIBHOM JIETKOCTH, C KOTOPOH MOXHO YBEJIUYHTH
pa3Mepsbl IJIOCKUX 3JIEKTPOIOB U ITOJIYyYaTh OTHOPOAHbBIE 00pa3iibl 10-
CTaTOYHO OOJBIION IUIOIIAIHN.

OCHOBHBIMHM MaTepuajlaMU IMOMIIOXKH SABASIOTCS [JIACTHHBI U JIEH-
Thl M3 HEpXaBelolledl CTaJM ¥ KBaplLEeBOrO CTeKJIa, a TaKXe MOJIH-
aMUIHas TUIeHKAa. MUHUMAJIbHAs TUIOTHOCTD JIOKAJTM30BaHHBIX COCTOS-
HHI B 3aTIpelICHHOH 30HE HOCTUIACTCS PU TEMAEPATYpax OCaXACHUS
250...400°C. JlerupoBaHue MJICHOK OCYILIECTBISACTCS N0OABIEHUEM B
[TOTOK MOHOCHMJIaHA AO3UPOBAHHBIX KOJUYECTB nuGopaHa B,H¢ win
¢ochuna PH; npu noayyeHuM COCB p- U n-TUIMOB COOTBETCTBCHHO.

IIpu HarpeBanuy raeHoK a-SicH 10 Temneparyphl, npeBbllLaONLe i
TEMIIEPATYPy OCaXKIEHMS, IIPOUCXOMNUT BBUIEJIEHUE BOXOPOIA M3 THA-
POTeHU3UPOBAHHOM IUIEHKH M YUCIO 0DOPBaHHBIX CBSI3€i BO3PACTaeT.
TakuM obpazoM, nuddy3usi BOAOPOAa U3 IIEHOK MOXET CHYXATh CPOK
cayXx0bl MpUOOPOB, U3rOTOBJIEHHBIX Ha X ocHobe. Ilo 3Toi Xe npu-
YHUHE OTrPaHUUYMBAIOTCH BO3MOXHOCTH INPMMEHEHMSI TaKHUX METOAOB
MonudbHKalMK BeiiecTBa, Kak auddy3us npumeceil, OTXHUr CTPYK-
TYPHBIX 1e(EKTOB U T. .

Onexkrponpopoanocts. HenerupopaHHeie mieHky a-SitH obaamaior
3JIEKTPOIIPOBOIHOCTBIO #-TUIA. YIIEIbHOE COMMPOTHRICHHE B HEOTOXCKEH -
HOM COCTOSIHMM CYIIECTBEHHO 3aBUCHUT OT TEMIIEPATYPHI TOIUIOXKKHU B
fpoLecce KOHAEHCALUU U IPUHUMaeT 3HauyeHus ot 10° OM - M npu T, =
=100°C no 10> Om - M 1 menee nipu T, = 550 °C. Ha puc. 5.51 nokasana
TUIMUYHAS TEMIEPATYPHAs 3aBUCUMOCTD YAENILHOH MPOBOAMMOCTH HE-
JIETHPOBAHHOMW aMOpMHOi TJIeHKM, TIONTYYCHHO! B TUIa3ME TICKOLLEIO
paspsiia. SHEprust akKTUBALMYU 3/IEKTPOIIPOBOAHOCTH XOPOIUO poCe-
XUBaeTcs 10 Temneparypst T, KOTOpas OTMe4eHa Ha rpaduke (Kpu-
Bas I Ha puc. 5.51). Harpepanue o6pasua no 7> T, IPUBOAMT K He-
00paTUMbIM H3MEHEHHAM JIEKTPUIECKHX CBOMCTB, 00YCIOBAEHHBIM KpH-
cTajutM3alMel amopdgHoro Matepuana (kpusas 2 Ha puc. 5.51). B pesyiab-
Tare (Ha3oBOro IPeBpalicHUsA MPOBOIUMOCTb IUICHKU MPH KOMHATHO#M
TeMIIEpPAType BO3pacTaeT Hojiee YEM Ha YEThIpE MOPSAKA BEAMUHHBIL.

Iosexenne upumeceit. JlernpopaHue JOHOPHBIMU U aKLETITOPHBIMU
MPUMECAMU NMPUBOJIUT K CO3TAHUIO JOTIONMHUTEILHBIX SHEPTETHYECKHUX
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v, OM Ll Puc. 5.51. TemneparypHasi 3aBUCUMOCTD YIETb-
HOM NPOBOAMMOCTH HellerupoBaHHoro a-SicH,
\ HOJIYYEHHOTrO B [1a3Me TJICIOLIEro pa3psiia:
107 ? \ 1 — amopdHOE coCTOsTHUE MUIEHKU; 2 — [OCHe KPU-
CTal/In3auvu
100 N -ZL
\ ——

1072 N YPOBHEHN B OKPECTHOCTH COOTBETCTBYIOLLIMX
‘\ 30H. Haunbosiee yacto B KayecTBe Jerupy-
4 N IOIIUX NMPUMECEN UCTIONB3YIOTCA Oop, ¢oc-
10 \ ¢dop u mbimbsak. Ha puc. 5.52 nokaszaHa
3aBUCHMOCTDh YAENbHOU NPOBOIUMOCTH
104;,0 16 22 28 34 IueHok a-Si:H or cocrasa ra3osoii ¢asel
1097, K-! B Ipolecce KOHAeHcauuu. B npasoit yac-

TU Tpayika CUCTEMATU3UPOBAHBI PE3YIIb-
TaThl MO JIerHpoBaHuio ¢ochopoM U3 na-

poB docduHa, a ciaeBa MpeACTaBIeHbl JaHHBIE MO JIETUPOBAHUIO 0O-
pPOM IIpM HCIOJb30BaHUU NUOOpaHa B Ka4eCTBE UCTOUYHHUKA JIETUDY-
owei npuMecu. LleHTpanpHas yacTh pUCYHKA XapakTepHU3yeT CBOI-
CTBa HEJIETUPOBAHHOI'O MaTepHAaJa.

MexaHu3M JIeTHPOBaHUS aMOPGHOTO IMOJYIPOBOIHUKA OTINYAET-
CsI OT JIETUPOBAHUS KPUCTAJUIMYECKOTO MaTepHalia MPexIe BCEro TeM,
YTO U3MEHEHUE DIIEKTpUYeCKUX cBOMCTB All CBA3aHO C U3MEHEHHUEM
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Puc. 5.52. 3aBMCUMOCTB YAEABbHON MPOBOAMMOCTH JIETHPOBAHHBIX TUIEHOK
a-Si:H ot cocraBa ra3opoit ¢a3pl B Ipoliecce KOHICHCALIMH B IJIA3ME Tie-
I0LEro paspsiaa (CpeaHssa YyacTh rpadrKa OTHOCHUTCS K HEJIeTHPOBAHHBIM 00-

pasuam)
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CTETNECHU 3aTOTHEHHUS JIOKATU30BAHHBIX COCTOSIHUN B 1SN TOABMX-
Hoctu. Hanmpumep, Irpu BBeICHHH JOHOPOB NMPAKTUYECKU BCE U30BI-
TOYHBIE JIEKTPOHBI KOHASHCUPYIOTCSI HA CBOOOIHBIX COCTOSHUSX BOIM-
34 ypoBHSA PepMU, CIBUTAS €ro MO HAMPAaBACHUIO K O, HA BEIUUYUHY
ADr. dns 3pdheKTHBHOro TernpoBaHus BeJTUYXHA CABUTA AD pIOJIKHA
OBITH OCTATOYHO OGONBINON. DTO BO3ZMOXHO MpU MIOH IUIOTHOCTH
JIOKQJIU30BAHHBIX COCTOSIHUM B 1I€JIH MOABUXKHOCTH, UTO U 00ECIEYH -
BaeT TMAPOreHHU3AlINsl MaTepHUaa.

Kak cnenyetr u3 puc. 5.52, ¢ yBeiuueHueM conepxaHuss PH; B
razoBoil ¢aize HaOMOZaeTCsi MOHOTOHHOE BO3pacTAHUE YAENLHOM
npoBoaumoctu a-Si:H, koTopas npu BBICOKUX YPOBHSX JIErMpOBa-
HHUA Jocturaet 3HayeHui ~ 1,0 Om~!- m~L. TIpu BBeneHun 6opa ypo-
BeHb PepMU cABUTAETCS B CTOPOHY BAJICHTHOI 30HBI, MPUYEM B
cJyyae Majloro COACpXaHusl aKlENTOPOB UMEET MeCTO 3P PEKT KOM-
MEeHCALMU NEKTPHYECKU aKTUBHEIX LIEHTPOB, BCACACTBHUE YEro Opo-
BOAMMOCTb aMOpP(HBIX MJIEHOK MaJaeT 4O MWHUMAILHOTO YPOBHSI
nopanka 1071 Om~!- Ml lanee cieayioT MHBEPCHS TUIIA 3JIEKTPO-
MPOBOAHOCTA M BO3pacTaHWe JbIPOYHOUN NMPOBOAMMOCTH IO MeEpe
YBEJIMYEHUS] COIepKaHUsl AubopaHa B MCXOOHOU Ta3oBOH CMECH.
TaxuMm 06pazoM, ¢ TOMOIILIO IETUPOBAHUS MOXHO U3MCHSATD YAEIb-
HO€ COIpPOTHUBIIEHUE IUIeHOK ¢-Si:H B npenenax AecsiTU MOPSIAKOB.
YcraHoBIeHO, UTO U3 001ero yucia atoMoB ¢ocdopa, BBEAEHHBIX
B AIl, nuirs ofHa TpeTh 06pa3yeT JOHOPHBIE HEHTpH. OcTalbHbIE
atoMbl (ochopa He MPOSABIASIOT IJNEKTPUYECKON aKTMBHOCTH, TaK
KaK MX BaJeHTHEBIE CBSI3M OKa3bIBAIOTCS HACHILIEHHBIMU B HEYIOPSI-
JIOUYEHHOM CTPYKTYypHOi#l ceTke All.

IIpumenenne. bnarogaps npocToit U BOCIIPOMU3BOAUMON TEXHOJO-
I'MH IUIA3MOXHUMUYECKOI0 OCAXACHUA TOHKHE TUIeHKH a-Si:H Haxonsr
MaccoBOe NpUMEHEHHe MPU CO3TAHUM HEIOPOruxX (POTO3IeKTPUUECKUX
ripeobpasoBareneil conmHeyHol SHepruy. [IpMHUMN NEUCTBUST TaKUX
NpuOOPOB OCHOBAH Ha pa3feicHUM HOCUTEJEN 3apsiaa, TeHEPUPYEMbIX
11py NOMIOLIEHUY (POTOHOB, BHYTPEHHUM IojeM p — n-niepexona. Co-
Jiep>XXaHWe BOAOPOJA B CJIOSX C XOPOIUMMHU (POTOINEKTPUUCCKUMHU
CBOMCTBAMH OGBIYHO cOCTaBaAeT OT 5 10 8 %. IllupuHa 3anpeleHHoH
30HBI THAPHUPOBAHHBIX aMOPPHBIX [IEHOK HAWIYUIIIUM 00pa3oM COOT-
BETCTBYET CIIEKTPY COJHEYHOIO U3JIyYCHHS.

OpuH 13 HanboJiee PacHpOCTPaHeHHBIX BAPHAHTOB (DOTOINEKTPH-
YECKHUX TIpeobpasoBaTe/iei peain3yeTcsl Ha OCHOBE p— i— n-CTPYKTYD
(puc. 5.53).

B Tako# cTpykType MMeeTCsl HeJIerMPOBAaHHBIM i-CJIOU TOJMLUMHOM
OKoJIO | MKM M TOHKME MPOCHAONKHU p*- ¥ n*-TUIIOB, MPUMBIKAIOLINE K
OCBeI[aeMOMY M ThIJIbHOMY 37IeKTponaM. HejrernpoBaHHBIH Cioii B jieii-
CTBUTEJILHOCTH He SIBASIETCS COOCTBEHHBIM, a o0yiagaeT HeOOJbLION
IIPOBOAUMOCTBIO n-TUNA. JIs yMEHBUICHUS] CONTPOTUBJICHUS pacTeKa-
HHUS UCIIOJIB3YEeTCS MPO3payHBIM DJIEKTPOI HA OCHOBE MPOBOASILIUX
okcunoB. Iogo6GHbie GOTOINEMEHTBI MOTYT ObITh U3TOTOBJIEHBI HA A0-
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1 23 4 5 Puc. 5.53. Cxema (poTO21eKTPpUYECKOTO Npeod-
,}‘ T - f ,/ pa3oBaTessi Ha OCHOBE p— I— n-CTPYKTYPBI U3
=nal o Al  aMOD(HOrO r’MAPOTCHU3MPOBAHHOTO KPEMHHUS:
hv Gl Pty 1 — cTekNgHHasA MOLIOXKKA; 2 — MPO3PavyHbIil 3/1eK-
=l Tpona (Sn0,); 3 — npocnoiika p* a-Si:H (8 Hm); 4 —
— |77 HefermpoBaHHbIN cnoit a-Si:H (0,7 mxm); 5§ — npo-

l cnoiika n* a-Si:H (20 um)

cTaTouHO 60bWON MIowany nomioxek (6oee 100 cm?). Ux KIII B
3aBUCHMMOCTH OT MeTOJa HAHECEHUS! IUIEHOK U IuIoianu paboueii mo-
BEPXHOCTU cocTaBnsieT OT 4 10 8 %. OHU NMPUMEHSIIOTCS B KayecTBe
MaJIOMOLLHbBIX UCTOYHMKOB NMUTAHUA B MPOCTEHILHMX KaJIbKYJIATOpax,
3JIEKTPOHHBIX Yacax, MOPTATUBHBIX MAarHUTOMOHAX U Ip.

Pa3paboTaH M peanu30BaH HETpEepbLIBHBIA MpPOLECC U3FOTOBJIC-
HUS THOKHUX TOHKOIUIEHOYHBIX 3JIEMEHTOB JUIS COMHEUHbIX O6aTapeit
Ha a-Si:H. B aTtom ciiyyae ciou ¢ pa3HbIM JETMPOBAHUEM HAHOCSTCSA
Ha HEMPEePBLIBHO ABMXKYIIYIOCS MOJIOXKY (METATUYECKYIO MM MOJIU-
MEpHYIO), a roTOBas JieHTa ¢ (OTOIEMEHTAMH HaMaTbIBAETCS Ha MpU-
eMHbI GapabaH.

N5 pacuIMpeHHs] BO3MOXHOCTEH YIpaBAeHUsS 3JIEKTPUUECKUMHU,
ONTHYECKUMHU U (POTOIIEKTPUYECKUMH CBOMCTBAMU aMOP(MHBIX MOJy-
NPOBOIHUKOB MIPU M3rOTOBJICHUHM PA3IMYHBIX IPUOOPOB HAPSIAY C TU-
POTEHH3MPOBAHHBIM KPEMHHUEM MPUMEHSIIOT €r0 CIUIaBHl ¢ TepMaHUEM
(a-S8i,Ge, _ +H), yrnepoaom (a-Si,C, _ «H) u azorom (a-Si,N, _ 2H).
IIpu mojy4yeHUHM 3THX MATepHaloB B MOTOK MOHOCW/IaHA H00aBISIOT
TUAPKIBI COOTBETCTBYIOLIUX 3eMeHTOB criaBa — GeHy, CH,, NH;.

KouTpoasHbIe BOITPOCHI

1. HazoBuTe XMMHUYECKHE 3ICMEHTHI, 00TaAaI0IHNe CBOHCTBAMU MOJYIIPO-
BOZHHMKOB. Kakue U3 HHX MMEIOT HauboJblIee 3HAYCHUE I NCKTPOHHOMR
TEXHUKH?

2. Kakoe coueranue pu3M4ecKUX U XMMHUUYECKHUX CBOHCTB 0OecneynBaeT
KPEMHHIO JIMAUPYIOLIEE MOJOXEHHE CPEIU MATCPUATIOB 3JICKTPOHHOM TEXHU-
xu?

3. TToyeMy MenKHe JDOHOPHI M aKIENTOPbI B KPEMHUM 06NafaloT Gosee
BBICOKO# 3HepTHeit MOHU3ALMHK, YeM B KpucTaiax repmaHus? Kak u nouemy
HU3MEHSIETCS IOABMXHOCTb HOCUTENEH 3apsila B KPEMHHMHU U TepMaHUM MpHU
YBEJIMUECHUM CONCPXKAHUS JICTUPYIOIUUX TTpUMeceii?

4. B cBa3u ¢ yeM npuMecH, obpasymoluue rnybokue yposHu B Si u Ge,
006NagaloT MEHbIIEH PaCTBOPUMOCTHIO, YeM MPOCTHIE JOHOPHI U aKLENTOPHI?
Kakas B3anMOCBS3b CYLUECTBYET MeXIy Koa3dduumeHTaMu Auddysuu u pa-
CTBOPUMOCTBIO mpuMeceii B Si u Ge?

5. YTO CIyXHUT CBIPbEM IPU MOJIYYCHHH MTOJIYTPOBOTHUKOBBIX KPEMHHUS U
repmanua? HasoBure OCHOBHBIC TEXHOJOTMUYSCKHE OMEPALIMH MPU ITOJIyYe-
HUM KPEMHHS NOTYIPOBOIHUKOBON YUCTOTHI.
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6. Kakoe sipieHue JIEKUT B OCHOBE KPUCTA/UIN3AIMOHHOI OYMCTKY [HOJIyNpO-
BOOHUKOBBIX MatepuanoB? KakuM oOpasoM OCyLICCTBISICTCS KPUCTAJUIA3ALH-
OHHas ouncTKa repmanus? Kakoit Meron rnonyyun HanGojiee HIMPOKOE Paciipo-
CTPaHEHME JAJIs1 BBIPAIMBAHUS KPYITHBIX MOHOKDUCTAUIOB KPDEMHHS U repMa-
Hus?

7. B uyeM 3akovaeTcs NPUHIUITNAILHOS OTVIMYUE 30HHOM TUTABKU KPEM-
HHUsI M repMaHus?

8. Kakue npemmyniectBa KpeMHMS OOYCIOBIMBAIOT €ro NPUMEHCHHUE B
KayecTse 6azoporo marepuana UMC?

9. Ilpusenure NPUMEPHl MACIUTAOHOrO MPUMECHEHUSI KPEMHUS B TUCKPET~
HBIX NTpUOOpax MeKTPOHUKHU. IToyeMy npenesbHble paGouyne TeMIepaTypsl y
KPEMHMEBBIX TPUOOPOB CYIICCTBEHHO BHILIE, YEM Y TCPMaHHUEBBIX aHATOTOB?

10. OBGocHYiiTE MEPCIIEKTUBHOCTh NPUMEHEHUS KpeMHUs Ui GHOTOSNEKT-
pruecKMX 1peobpasosaresieit cojiHedyHoi aHepruy. Kakue apyrue mojayrnpoBos-
HUKOBbIie MaTepuansl obecnieurpaioT Buicokuit KITJ takux npeo6pasopareneit?

11. HazoBuTe OCHOBHBIE NOJMTHUIIBI KapOuaa KpeMHUsl. YTo nmoHMMaeTcs
IO/ CTEMEHbIO IeKCATOHABHOCTH MOJUTHAIA?

12. Kakue cBoiicTBa Kapbuma KpeMHUs MO3BOJSIOT UCMONL30BaTh €ro B
npubopax 3KCTPEMANIBHON 3NEKTPOHUKH?

13. Kakoii T XMMUYECKON CBA3M XapaKTepeH [UIsl MOJYINPOBOAHHUKOBBIX
coenunennit Tna A'BY? Kakue 3aKOHOMEPHOCTM B U3MEHEHMH CBOMCTB
STHX coelMHEeHMIt BaM M3secTHbI? Kakne u3 noaymnposogunkos Tuma ABY
HMEIOT NIPSIMYIO CTPYKTYPY SHEPTeTUHECKUX 30H?

14. T1puBeauTe NpUMEpPH! BAUSHUS U30BAJICHTHBIX IPUMECE Ha 3JIEKTpH-
yeckue cBoiicTba coeguHeHuit AMBY. TlosgcHUTE MEXaHU3M 3TOTO BIMAHHUA.

15. KakuM 06pa3oM OCYLIECTBIISIIOTCS CHHTE3 M BbIpAalllMBaHHE MOHOKDH-~
CTaIOB pa3jaraioumxcsa coeanHenuii Tuna AMBY?

16. Ha3oBuTe OCHOBHBIE METOIBI 3MUTAKCUH Nonynposoaunkos ABY u
TBEPABIX PACTBOPOB Ha MX oCHOBe. Kakue BelrecTsa UCIONb3YIOTCS B KAYeCTBE
UCXOIHBIX PEareHTOB B KaXIOM M3 3TUX METOI0B?

17. TlpuBeante NpUMepbl IIPAKTHYECKOIO UCIIONB30BAHUS apceHUaa rai-
JIFsT B MPUOOpax 3JMEKTPOHMKU. B KakuX NpUMeHEeHHUsIX HEOOXOMHMMBI IpsMast
CTPYKTYpa SHEPTeTUYECKMX 30H U BBICOKAs MOIBUXHOCTD 3JIEKTPOHOB, CBOM-
CTBEHHBIE 3TOMY Marepuany?

18. Kak n3meHsieTcs WKMPUHA 3aNPELUCHHON 30HBI MOJYNPOBOAHUKOBBIX
TBEPABIX PACTBOPOB B 3aBUCHUMOCTH OT cocTaBa?

19. B ueM COCTOUT NPUHLHUITHATIBHOE OTIMYME 3aBUCUMOCTEI MOABUKHO-
CTH HOcuTeseH 3apsifa OT COCTaBa Marepuaia IS MOJYIPOBOIHHKOBBIX U
METAJUIMYECKUX TBEPIBIX PACTBOPOB?

20. TlpuBenuTe MpuMep NPaKTHUYECKOro UCIONB30BAHUS TBEPABIX paCTBo—
POB B MHXEKUMOHHBIX JIazepax Ha OCHOBE ABOMHBIX TETCPOCTPYKTYP.

21. Yto NMOHMMAETCS MOJ KOMITO3ULUMOHHBIMU U JIETHPOBAHHBIMU CBEPX-
peuwtetkaMu? KakoBbl 0COOCHHOCTH UX 3HEpreTUYecKoro cnekrpa? Kakue mMa-
TepUaJIbl UCITONB3YIOTCS U1l CO3MAHUS NEPUOINIECKHX TIOIYTIPOBOIHUKOBBIX
CTpYKTYp?

22. U306pa3ute sHEPreTUYECKYIO AMAarpaMMy CBEPXPEIUETKU, C(HOPMUPO-
BaHHOI Ha OCHOBE rerepornepexonos 1-ro Tuma. O6bICHUTE BAMSHUE LIKPU-
HBI KBAHTOBBIX SIM Ha MOJIOXEHYE HOA30H Pa3sMEPHOTO KBAHTOBaHUSA.
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23. Kakue coennnenns A'BY! ucnons3yiotes a1 cozgaHus GoTope3ncTo-
POB, YYBCTBUTEIABHBIX K BUOIMMOMY M3TydeHHI0? KakoB MexaHu3M ceHcubOu-
JIN3ALNU COOCTBEHHOI (HOTONPOBOIUMOCTH B 3TUX COCAUHEHHIX?

24. A Kakux Ueneil NepcreKTUBHO NPUMEHEHHUe NoNynpoBonHukos AVBY
Y TBEPIBIX PACTBOPOB HA UX OCHOBE?

25. Kak BiusieT ruAporeHu3aluns aMop@HOTO KPEMHMsE HA CIIEKTP €0 JJIeK-
TPOHHBIX cocToIHUI? Kakoil MeTOI MCNOJb3yeTCsi B OCHOBHOM JULS TIOJIy4e-
Hus eHoK a-Si:H? HazoBute HauGosee nepcreKTUBHBIE IPUMEHEHUS T~
POTeHHU3UPOBAHHOTO aMOPMHOIO KpeMHUS.
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OUSHYECKRHUE ITPOLECCHI U ABJEHUS
B TUDJERTPUYECKUX MATEPUAJIAX

6.1. OBIIIUE CBEJEHUA O JUDJERTPUKAX

TepMUH «1H3JIeKTPUKU» BIEPBLIC OblJl BBEAEH aHITUACKUM DU3U-
xom M. ®apaneem wist 0603HaYEHUs BELLECTB, IIPOMYCKAIOUINX CKBO3b
celst DJIEKTPOMArHUTHOE f10/1e. XapaKTepHBIMU OCOOEHHOCTSIMU JIIO-
0Oro AMBJEKTPUKA SBJSIOTCS MNOJSPHU3ALUS B DJICKTPUYECKOM IOJE,
BBICOKOE yIeJbHOE COMPOTHBJICHHE, HE3HAYMTENbHOE paccesiHue SHep-
MU 3JIEKTPUYECKOTO TOJIs, a TAaKXKe 3JIeKTpUYecKasi MPOYHOCTbh, T.€.
CIIOCOOHOCTh NPOTUBOCTOSITH CUJIBHBIM 3JIEKTPUYECKUM TOJISIM.

CpoiicTBa TU2JIEKTPUKOB B CYHIECTBEHHON MEpe MOTYT 3aBUCETh OT
TEMIIEPATYPhl K BIAXKHOCTH OKPYXKAIOIIEH Cpebl, OT YCIOBUH TEIIO-
OTBOJA, YAaCTOTHl ¥ PABHOMEPHOCTH 3JIEKTPHUECKOTO MOJIS, CTEICHHU
ONHOPOJHOCTH CaMOTO JAHM3JIEKTPHKA, €ro arperarHoro COCTOSIHUS U
npyrux ¢akropoB. Bce nUaneKTpyuK 00ManaloT U30JSILIMOHHBIMA CBOM-
ctBamu. OJHAKO UIIEATTbHBIX U30JISITOPOB B MPUPOZE He cyluecTByeT. I1po-
BOIUMOCTD pealbHbIX AU3NeKTpuKkos B 10%3... 10 pa3 mMeHblue npoBoau-
MOCTH BEILIECTB, KOTOPBIE MPHHITO OTHOCUTH K TTPOBOIHMKOBBIM MaTepHU-
anaM. Takoe pazmuune CBOMCTB MaTepUaIOB 00YCIIOBICHO PA3TUIHEM NIPU-
POIBI UX XMMUYECKUX CBSI3EH. DJIEKTPHUYECKOE TOJIE, MPUWIOXKEHHOE K AU-
3EKTPUKY, TIPAKTHYECKH HE IMPUBOAMT K NMEPEHOCY CBOGOTHBIX HOCUTENEH
3apsina, MOCKOMbKY UX KOHUEHTPALMSI B HOPMATBHBIX YCIOBUSIX B IUJIEKT-
pYKe HUYTOXHO Mana. OIHAKO NP 3TOM NPOMCXOIMT CMELLIEHHEe CBSI3aH-
HBIX 3apSIIOB, BBI3bIBAIOLLEE ITOSABIEHUE MOMSPU3OBAHHOIO COCTOSTHUSI.

B MHAYUMPOBAHHOMN DAEKTPUUECKHUM ITOJIEM NOJSIPU3ALUYN IPUHU-
MalOT yYacTHe MpaKTUYECKU BCE 3apsiKCHHbIE YACTHULbI, BXOASIINE B
COCTaB AM3NEKTpUKa. M TONBKO HEMHOTHME M3 HUX NEPEHOCST 3JIEKTPU-~
YyecKHUe 3apsibl Yepe3 BeCh IMIAEKTPUK, T. €. 00YCIOBIUBAIOT 3JIEKTPO-
TIPOBOIHOCTb MaTepuaia. DJeKTpUiecKasi MoJMsipuU3alusl, CBONCTBEH~
Hasl JUDJIEKTPUKAM, HE BO3HUKAET B NPOBOAHUKAX U3-32 BbICOKOI KOH-
LUEHTpALMU CBOOOMHBIX NEKTPOHOB, KOTOPhIE 3KPAHUPYIOT BHELIHEE
3JIEKTPUYECKOE TOJIE.

6.2. IIOJAPUSATINA TUIJEKTPHKOB

OcuosHnbie onpenenenud. IHorapuzayueli Ha3bIBAETCS COCTOSIHUE IH~
3JIEKTPUKA, KOTOPOE XapaKTePU3YeTCs] HATMYUEM DIIEKTPUYECKOTO MO-
MEHTA y JI000ro 3JIeMeHTa ero oonremMa.
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Pa3nuuaior nossipu3aluio, BOSHUKAIOWIYIO [MOA AeHCTBUEM BHEUI-
HEro 2JeKTPUYECKOTrO MOJISl, U CIIOHTAHHYIO (CaMOIIPOM3BOJILHYIO)
MOJISIPU3ALHI0, CYLLIECTBYIOILYIO B OTCYTCTBUE I10Jisl. B HEKOTOPEIX Ciiy-
yasix NOASPHU3aLMS IUIEKTPUKA MOSBISETCA M0 AeHCTBUEM MEXAHH -
YeCKUX HanpsKeHWid, CUJ TPEeHHS WM BCJIEACTBUE U3MEHEHUS TeM-
nepaTyphbl.

IMonspuzaius He U3MEHIET CYMMapHOro 3apsna B JiioboM Makpo-
CKOTIUYEeCKOM 00BeMe BHYTPU AMINEeKTpHKa. OMHAKO OHA COINMPOBOX-
JlaeTCsI MOARAEHNEM Ha MTOBEPXHOCTH AUBNIEKTPHKA CBSI3aHHBIX 3MEKT-
PUYECKMX 3apSIIOB C TIOBEPXHOCTHOM IIOTHOCTHIO G(. DTU CBSI3aHHbIE
3apsabl CO3MAI0T B TUAIEKTPHKE TOTTOJTHUTEIbHOE MAKPOCKOITHYECKOe
10J1€ C HanpsiKeHHOCThIO £, HAMpaBleHHOE IIPOTHB BHELIHErO MOJIA
¢ HarnpspkeHHocThlo Ej. PesynbpTupyrolag HampspkeHHOCTh mnos E
BHYTPU IM3NEKTPUKA ONpeNesieTC pa3HOCThIO

E= E,- E.

XapakTEPUCTUKOM TIOSAPU3ALUU CIYXHUT HOASAPU308aHHOCMb P mu-
aneKTpUKa. [Tonsipu30BaHHOCTHIO HA3bIBAETCA BEKTOPHAS U3HUECKast
BEJIMYMHA, PABHAsA OTHOLIEHUIO JICKTPHUYECKOIO MOMeHTa dp 3/1eMeHTa
IuaJieKTpuKa K o6bemy dV atoro anementa, Ki/m?:

P=dp/dV.

Ha puc. 6.1 nokasaH npouecc noiaspu3aiuu 6€CKOHEYHOIO ILIOC-
KOTO OIHOPOJHOIO JU3JIEKTPHKA B PABHOMEPHOM DJIEKTPHUECKOM TTOJIE.
C MakKkpOCKOIHUYECKOM TOUKH 3peHUs] PACCMAaTPUBAEMBbIi 3JIeMEHT 00he-
Ma 3KBUBAJICHTEH AKITOI0, 06pa30BaHHOMY 3apsaaMHU +6;AS U ~GAS,
OTCTOSILUMMU JPYT OT APYra Ha pacCTOSIHUU L. DNEKTPUYECKUU MO-
MEHT €IMHUIIBI 00beMa TUAMEKTPUKA MOXHO 3aITMCaTh CIEHYIOLIUM
00pa3oMm:

0, ASL s
ASL "

T.€. B 9TOM CjIy4ae MoASIpU30BaHHOCTh paBHA MOBEPXHOCTHOM IIOTHO-
CTH CBSI3aHHBIX 3apPSAOB.

Cnoco6HOCTb Pa3IMYHBIX MATEPHAJIOB TIOIAPU30BATHCS B SNEKTPU-
YeCKOM MOJIE XapaKTePUIYETCS OTHOCUTEILHOM TUITEKTPUYECKOI TTPO-
HUILIAEMOCTBIO €. B H30TPOMHBIX TUIIEKTPUKAX € SIBISIETCS CKATSIPHOM
Ge3pasMepHOil BEMMYMHOM, KOTOpAsi NOKa3bIBAa€T, BO CKOJbLKO pa3
ocnabiseTcsl HANIPSXXEHHOCTDb MOJS BHYTPH AMAAeKTpuKa E mo cpas-
HEHUIO C HAaNpPSDKEHHOCTHIO MOJS B BakyyMe E; (Tpu yCIOBUM, 4TO
3apsAj Ha 2JeKTPOAaX OCTAETCH HEM3MEHHBIM):

¢ = E,/E.

Joboit JUBNCKTPUK C HAHCCCHHBIMHU HA HETO JJICKTPOJAMH MOX-
HO pacCMaTpuBaThb KakK KOHIACHCATOpD C OHpClICIICHHO]?I emkocTbio C.

P=Ap/AV =
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KonnuecTBo 3j1eKTpyuecTBa Ha o0KJIagKax KoHAaeHcaTopa @ ciaraercst
U3 OBYX COCTaBNsiioliux: 3apsiga (,, KOTOPBIA NMPUCYTCTBOBAN Obl Ha
3JICKTPOJaX, €CAU OBl UX pas3fensn BakyyM, M 3apsna (J, KOTOpbld
yAepXUBaeTCs O1aroaaps Hoasipu3auuu nuanekrpuka. Ilpu rmocrosH-
HOW pa3HOCTH NMOTEHLHAAIOB MEXIY 3JIEKTPOAAMH BBHIIOJIHAETCS Clie-
NIyI0lllee COOTHOIIEHHE!

_ _Q0+Q1_£
8_Q/Q() - QO - CO’ (61)

rae C — eMKOCTh KOHAEHCATOpa ¢ AuaieKTpukoM; Cy — €MKOCTb TOrO
Xe KOHAeHcaTopa B BakyyMe (T.e. reoMeTpuyeckast eMKOCTb TJIACTHH).

Ortcrofa ciienyeT, uro Graromapsl MOJSIPU3aALMK TUSIEKTPUKA eM-
KOCTb KOHJEHCATOpa YBEAUYMUBAETCA B £ pa3.

W3 dopmynbl (6.1) crenyer, 4TO OTHOCUTEJbHAS HUDJIEKTpHUYE-
CKasl IPOHULIAEMOCTD BELECTBA Beerna Gosblile eUHULBLI U He 3aBU-
CUT OT BhIOOpa CUCTEMBI eAUHMLL. B oTiuMe OT Hee abCcomoTHas 13-
JIEKTpUYECKasl MPOHULIAEMOCTD €, SIBJISETCS BeIMUYMHOM pa3MepHOi U
OIpPEeNEIISIETCSI COOTHOILIEHUEM €, = £, TIe € — IJIEKTPUYECKas Ho-
crosHHast, /M, g = 8,854 - 10712,

s 60AbHIMHCTBA IUDJIEKTPUKOB B OTHOCHUTEJIBHO CNa0bIX 3JIEKT-
pUdecKMX nonusx (MHOro MeHbllie NPOOUBHOTO) € IMPAKTUYECKU He
3aBUCHUT OT HAnpsaxXeHHOCTH nojst E. ITosToMy monsgpu3oBaHHOCTD AU~
37eKTpUKa P M3MeHsIeTCs NPOIOPLMOHANILHO HAMPSIXEHHOCTH 3/1EKT-
PUYECKOrO I0JIA:

P=gy(e - 1)E=¢g)E, (6.2)

rae y — AMJIEKTPUYECKask BOCIIPUMUMYHUBOCTD, ¥ = (€ — 1).

B M30TpONHBIX AUB3IEKTPUKAX HAIlpaB-
snenus BektopoB P u E cosmnanator. s
aHM30TPOITHBIX Cpell (KPUCTAIIBI, TEKCTY-
pHl) DU3JICKTpHUYECKass MPOHULAEMOCTh U
JHIIEKTPUYECKAS! BOCIIPUMMYNBOCTD SIBJISI-
IOTCS TEH30DHBIMM XapaKTEPUCTUKAMU,
rosToMy HampasneHust BektopoB P u E B
001EM clTydae 0Ka3bIBaIOTCS Pa3NMYHbIMHU,
B CWIBHBIX 3/IeKTPUYECKHUX MOJSAX Hapylua-
eTCsl IMHeHAas1 3aBUCMMOCTDb MEXIY ITOJIsI -
PU30BAaHHOCTHIO P M HaNpsKeHHOCTBIO E
nossa (HenMHeHble 3d¢ekThl). Hanpumep,
HEJMHEHHOCTh NOJSAPU3ALUY MOXHO Ha-

8
|
L)

+

ap ]
+ -
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Puc. 6.1. Pacripenenerue 3apsioB rpu mossipu-
3a1MU GECKOHEYHOTO IUIOCKOrO OXHOPOIHOIO L
JHU3IEKTPUKA
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OMI04aTh B ONITUYECKOM JUAIA30HE CIEKTPa B MOJSIX C HAMIPSIXKEHHOC-
TbiO cBbie 103 B/M, KoTOpBIE yaaeTcs co3naBarh ¢ MOMOLIBIO M3y~
YeHMs] MOLIHBIX JIa3ePOB.

Mexaauambl noagpuzanui. I[lomsipuszanuio, BO3HUKAIOIIYIO TOJ
JEHWCTBUEM BJICKTPUYECKOIrO IMOJISI, YACTO HA3BIBAIOT UHOVUUPOBAHHOI
nonspuzayuei. OHa MOXeT ObITh OOYCIIOBJIEHA CMELLIEHUEM JIEKTPO-
HOB, HOHOB WM nunoneit. KoHKpeTHbI MeXaHW3M MHAYLIMPOBaHHOMN
MOJISIPU3aLIMM 3aBUCUT OT CTPOEHUS IUINEKTPUKA. Bee BUIBI MHAYIU-
POBAaHHOM IOJSIPU3ALIMU MOXHO IMOAPA3ACIUTE HA MEeHOBEHHbIe U 3a-
Mednennsvte. K yMCTy MTHOBEHHBIX OTHOCAT 3JIEKTPOHHYIO M MOHHYIO
MOJIAPU3ALMH ANDJICKTPUKOB. OTH MEXAaHU3MbI TOJSIPU3ALMH YacTO
HAa3bIBAIOT YOPYTUMU WIH JehOpMALIMOHHBbIMM, ITOCKONBKY IPU CME-
IIEHUH 3apSKEHHBIX YACTHUL] BHELIIHUM 3JIEKTPUYECKHUM MOJIEM BO3HU-
KaeT yrmpyrasi cuja, KoTopas Ioclie TIpeKpalleHHs BO3MYILAIOLIETO
BO3ICACTBMs ObICTPO BO3BPAILAET 3apsiKeHHbIE YACTHULbI B HCXOMHbIE
pPaBHOBECHBIE TIOJOXECHUS.

Ynpyras cujia BO3pacTaeT MpPOIOPIIMOHAIBHO CMECUICHUIO YaCTULL.
IToaTOMY BHELIHEE 3JIEKTPUUYECKOE T10JIe MOXET MPHUBECTH JIUILBL K OYEHD
MalbIM (naxe MO CPaBHEHUIO ¢ ATOMHBIMU pa3MepaMH) OTKJIOHEHH-
SIM B TIOJIOXKEHUM DTUX YACTULL OTHOCUTEJBHO PABHOBECHOIO COCTOSI-
Hus. HanpuMep, npu HanpsXeHHOCTH nons nopsaaka 107 B/M ympy-
FO€ CMEIIEHHE 3JIEKTPOHOB B AaTOME OTHOCHUTEJBHO sIIpa HE NMPEeBbILIa-
er 107 uM. BoJiblias XecTKOCTh CBsI3ei YaCTHII, YYaCTBYIOUIMX B YIIPY-
rofl MoJsApU3aLUU, OOYCIOBIUBAET CIaboe BAUSHHUE BHELIHUX YCIO-
BMil Ha JU3JIEKTPUYIECKYIO IIPOHUIIAEMOCTh MaTepUaia ¢ NOAOOHBIMU
MEXaHN3MAaMHU MOJISIPU3ALIUH.

B ciyuae 3aMeUIeHHBIX BUIOB TONSAPU3ANMHU OOJIBIIYIO POJIb UTPAET
TEIUIOBOE OIBMXECHHE YacTUIl. Takue BUIbI HOJSIPU3ALIMY HHAUEC Ha3bl-
BalOT OPUEHTALIMOHHBIMHU, WIM peJakcalMOHHBIMU. K ux yuciy obbiy-
HO OTHOCST IUIOJIEHO-PEIaKCallMOHHYIO, MOHHO-PENAKCALIMOHHYIO U
3JICKTPOHHO-PEIAKCATUOHHYIO MOspu3aunn. OMHON U3 CAMBIX 3aMefI-
JICHHBIX SIBJIIETCS MUTpPAlIMOHHAsl IMOJSpU3auus, XapaKTepHas IS
HEOJHOPOIHBIX TU3JIEKTPUKOB. Bo BCex 3THX mporeccax 0ObIYHO HpOo-
SIBJISAETCS] JOCTAaTOYHO CHJIbHAS TEMIIEPATYPHAsl 3aBUCUMOCTb TUINEKT-
pUUYECKON MPOHHUIIAEMOCTH.

DNeKTpPOHHAd NMOJAApPU3aLUA NMPEICTABIsIeT cOOOM yrpy-
roe cMmellleHue U aedopMalnIo JIEKTPOHHBIX 060J0YEK aTOMOB WK
MOHOB IO AeHCTBUEM DJISKTPUUECKOro mojsi. B cBobonHOM aTtoMe uiu
HMOHE LIEHTP 3JIEKTPOHHOro 00JlaKa, YCPEAHEHHOro BO BPEMEHHM, CO-
BIagaer ¢ siapoM. [To3ToMy 37eKTpUIECKHIl MOMEHT aTOMa MPU OTCYT-
CTBUM BHEIIHETO BO3ACHCTBHS paBeH HYJ0. BHeuIHee 3/1eKTpruyeckoe
MoJIe CTPEMUTCSI CIEPHYTh «dJMEKTPOHHYIO LIYOy» C aTOMa, HO CHJIbI
KYJOHOBCKOTO MPHUTSIKEHHUA TIPETIATCTBYIOT TAKOMY pasjiesieHuo. B pe-
3ynbraTe JeopManui 3JeKTPOHHBIX 000i0YeK B KaXKIOM arome (Ui
MOHE) MHIYLUMPYETCS AUIOJIbHBIA MOMEHT, KaK IOKa3aHo Ha puc. 6.2.
BeuauHa 351eMeHTapHOTO MOMEHTA p; TTIPOTIOPLIMOHAIBLHA MTOSIPU3Ye-
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Puc. 6.2. Cxema gecopMaiily 3JIEKTPOHHBIX OG0JIOUEK aTOMOB IPH MMOJISIPU3a-
UMK AUJICKTPUKA:

a — 3JIeKTpUYecKoe NMojie OTCYTCTBYeT; 6 — AeOopMHPOBAHHOE COCTOSTHHE aTOMOB

MoOCTU (DedOpMUPYEMOCTH) aTOMA O; U HANIPSIXEHHOCTH BHYTPEHHE-
IO JIOKWIbHOTO MOJs E g, NSUCTBYIOIIETO HA YACTHUILY:

pi= aiEnox-

CyMMa BCEX 3JIEMEHTAPHBIX MOMEHTOB, HAXOAALIMXCH B €AMHMLE
06beMa, ONpeNeNAeT BKIAL B IOISIPU30BAHHOCTb AUIJIEKTPUKA, 00yC-
JIOBJIEHHBIH YIIPYTUM CMEILIEHMEM CBA3AHHBIX 3JIEKTPOHOB. [IpH 3TOM
OCHOBHOE y4acTHe B ()OPMUPOBAHUM JUIOJIBHBEIX MOMEHTOB NPUHU-
MalOT Ball€HTHbIE 3JIEKTPOHBI, cnabee CBA3aHHBIE C AMAPOM, HEXEIU
3JIEKTPOHBI BHYTPEHHHX 060JI0YEK.

HanpsiXeHHOCTb JIOKAILHOTrO 1oy E,, OOHYHO OTIMYAETCA OT
HANpPSKEHHOCTH BHEUIHETO MPWIOXKEHHOro nojs E, BHI3BIBAIOILETO
NONSPU3ALIMIO Cpebl. B BakyyMe 06 HaNpsKEHHOCTH OISt PABHBI IPYT
Ipyry. B MatepuanbHOl cpeie KpoMe BHEHUIHETO MAKPOCKOIIMYECKOro
TIOJISA HA KaXIBIi aTOM MM MOJIEKYNY AEHCTBYIOT OIS, CO31ABAEMBbIE
COCEIHUMM YaCTHULIAMHU.

TMonsapu3yeMoCcTh aTOMOB BO3PACTAET C YBEJIMYEHMEM IMAMETpPa
3JIEKTPOHHBIX 060J104YeK. IIpH MPOYUX PaBHHIX YCIOBHUSIX IOJSIPU3YE-
MOCTb OTPUUATEIBHBIX MOHOB, IIPUHUMAIOLINX 3JIEKTPOHBI HA BHE-
LIHIOKW 000N0YKY, OKa3bIBAETCS BbILIE MONAPU3YEMOCTH MTOJOXUTE b~
HBIX MOHOB, KOTOPbIE OTHAIOT BAJIEHTHBIE DJIEKTPOHHL.

BpeMs yCTaHOBNEHMS M CNaja 3JEKTPOHHOW MONAPU3ALMU HUY-
ToxHO Mano (10713...10716 ¢). Dra nonspuszaLus ABISETCS HaUMEHeEe
WHEPLMOHHOM Cpelu BCeX BUAOB NONAPU3ALMM H IIPOSABIISAETCS BIUIOTD
JI0 YACTOT OINTHYECKOrO AUANa30Ha CIEKTPA 3JIEKTPOMATHUTHBIX KO-
neGannii. Biaroaapst OTCYTCTBHIO 3aNa3ablBAHMs OTHOCHUTENBLHO M3Me-
HEHMIi BHELIHETO 110JIs1 9JIEKTPOHHAs MOJISIpU3ALIMs IpoTeKaeT 6e3 pac-
CesIHUS SHEPTUU, BHI3BIBAIOLUETO PA30rPEB IUSJIEKTPUKA.

[Monsipu3yeMocThb YacTUI (ATOMOB, MOJIEKYJT HJIM MOHOB) NIPHU 3J1€K~-
TPOHHOM MONAPU3ALUM HE 3aBUCUT OT TEMIIEPATYPHI, [TOCKOJIbKY 06YC-
JIOBJIEHA BHYTPHUATOMHBIMU MPOLIECCAMM, HA KOTOPBIE TEILIOBOE IBHU-
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£ A
AI"peFaTHLIe COCTOAHHUA BCILCCTBA

Teepnoe Kumkoe TasoobpaszHoe

Puc. 6.3. TeMriepaTypHble 3aBUCHMOCTH AUASIEKTPUYECCKON MPOHULIAEMOCTH
NpY JTEKTPOHHOH €,, IUTIONBHO-PENAKCALMOHHON €, , 1 HOHHO-PEJIaKCallU-
OHHOII €, , OMIPU3AUUAX AUINEKTPHKA

XKeHMe He OKa3bIBaeT BAUSHUS. TeM He MeHee JUIIeKTPUUYECKast Mpo-
HHIIAeMOCTh, OOYC/IOBJIEHHAs 3TUM MEXaHU3MOM MOJSApU3aALNK, He-
CKOJIBKO YMEHBIIAETCS € MOBBILIEHUEM TEMIIEPATYPHI, YTO CBA3AHO C
TEIJIOBBLIM PACHIMPEHUEM JUIJEKTPUKA U YMEHBbUICHUEM YHCIIa TOJSI-
pU3yeMBbIX YaCTHLL B €AMHHULIEC 00beMa. 3aBUCHMOCTE £(77) nogobHa TeM-
repaTypHOMY M3MEHEHHIO IJIOTHOCTH MaTepuata; Haubosiee pe3kue
nageHus € Habmoga0TCs Npu (Ha3oBbIX TIEPEXoaax BELIECTBA U3 TBEP-
JIOTO COCTOSIHUSL B XHUIKOE U U3 XKUAKOTO B ra3o06pa3Hoe, Kak IMokKa-
3aHO Ha puc. 6.3.

W3MeHeHHUe € NPU U3MEHEHUHU TeMIEePaTyphl IPUHSITO XapaKTepH-
30BaTh TEMIIEPATYPHBIM KOI(MOULHEHTOM AUIIEKTPUUECKOR TTPOHU-
HaeMOCTH 0, K:

de

1
G = CarT

(6.3)

DIeKTPOHHAs MOJSIPU3ALMS CYLIECTBYET BO BCeX MMIICKTPUKAX,
HO B GOJIBLIMHCTBE C/IyYAER HA Hee HAKJIAABIBAIOTCS APYrHe MEXaHU3-
MBI TTOJISIPU3ATMH.

MoHHasa mojsipU3auus BO3HHMKAET IPH MHAYLIUPOBAHHOM
CMELEHHUH YIIPYrO CBSI3aHHBIX MOHOB Ha PAacCTOSHUSI, CYLHIECTBEHHO
MEHbIIIME [TePUOAA KPUCTALIMYECKONH penieTKu. MexaHu3M HOHHOM
MOASIPU3ALMHM MOSICHSET pUC. 6.4. BHelliHee aeKTprYecKoe 110Jie CTpe-
MUTCH Pa3aeiMTh KPUCTALTUYECKYIO PEIUETKY Ha KATUOHBI 1 aHUOHHBI,
OJHAaKO YIpYyrue CWJIbl XMMHYECKOH CBS3HM MEXIYy MOHAMH IIpersT-

CTBYIOT 3TOMY DPa3iACJICHHUIO. HpI/I PaBHOBCCHH CHII, JEACTBYIOLUMX HA
KaxXayr 4yacTuuy, MMeeM
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qE = kpAx,

rae kyn, — KO3(MOUUMEHT YIpyroi casu (Ko3Pp@UUUEHT XKeCTKOCTH);
AX — CcMelleHHEe MOHOB, HHAYLUHMPOBAHHOC BHCIIHUM IOJEM.

CMelueHne OBYX Pa3sHOMMEHHO 3apsiK€HHBIX MOHOB IPUBOIUT K
TOSIBJISHHIO 3JIEMEHTAPHOTO 3JIEKTPUYECKOF0 MOMEHTA

Pu=qAX = qu/kynp' (64)

CyMMa BCeX 3JIEMEHTapHBIX MOMEHTOB, IIPUXOASIIUXCS Ha EAUHU-
1y o0beMa, XapakTepHU3yeT MOHHBINA BKIal B MOJSPU30OBAHHOCTD AMU-
31eKTpuKa. C NOBBILIEHUEM TEMITEPATYPbI PACCTOSIHUS MEXIY UOHAMH
BCJIEJICTBUE TEIUIOBOTO PAaCLIMPeHHUS MaTepHasia yBenyuBaiorcs. B 6oib-
INMHCTBE CJIydaeB 3TO COIPOBOXIAETCS OCHabieHueM Cujl YIpyrou
CBsI3W M BO3PacTaHHEM KaK MOJIIPU3OBAHHOCTH, TaK U TUINIEKTpUYE-
CKOil IPOHMIIAEMOCTH MaTepuana.

ITocne OTKIIOUEHHS BHEUIHETO IOJISI YIIPYTHe CUIbI OBICTPO BO3-
BpALUAIOT MOHBI B HCXOIHEIE MOJIOXeHWsI. BpeMs ycTaHOBNIEHUA U Cla-
I3 UOHHOI MONAPU3ALMU OOBIYHO JEXUT B MHTepBane 10713...10712 ¢,
YTO IPUMEPHO Ha TPH MOPsaKa 60JIblie BpeMEHHM YCTAHOBJISHUS 371K~
TpOHHO# nonsipusauuu. Takas ocobeHHOCTh O0BICHACTCS OOnbUIER
MacCOH CMENIAIoIUXCS HOHOB O CPAaBHEHHIO C MACCOM 9J1IEKTPOHOB.
TeM He MeHee MHEPLIMOHHOCTH MOHHOM MOJSPU3aALMH OYEHb Maja,
TaK YTO MOHHAs COCTABJIAIOAs AUINEKTPUIECKON IIPOHUIIAEMOCTH €,
ocTaeTcss HEM3MEHHOM BIIOTh IO YacTOT MH(pPaKpacHOro AuanascHa
CITEKTpa.

B ornnune OT 3eKTPOHHOH MOHHAas MOJSAPU3ALIUS HE SIBISETCS
YHUBEPCAIBHOM, T. €. CBOWCTBEHHOM BCEM MTUINEKTPUKAM, a XapaKTep-
Ha TOABKO JUI T€X MATEPHUATIOB, B KOTOPBIX OTYETIMBO MPOSIBISETCS
HOHHAsI XMMUYECKAs CBA3D.

AdunonprHOo-pesakCaHHOHHAaA MOJAPH3alLLUs CBOMH-
CTBEHHA XUAKOCTAM, COCTOALIUM U3 ITOJISIPHBIX MONEKY/. Takue Mo-

Puc. 6.4. Cxema ynpyroro cMeweHus MOHOB IIPH MOJIAPU3ALINK KPUCTAJUIN-
YeCKOT0 MOHHOTO AUINEKTPUKA:

a — pacnojioKEHUC MOHOB B OTCYTCTBUE 3JICKTPUYCCKOTO IT0JIA; 6 — TIONSIPU3OBAHHOC
COCTOSHUE ANDJICKTPUKa
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Puc. 6.5. Cxema JunoasHO-peNakCalMOHHON MONSIpU3aluHnu:

a — paclojoXeHHe AUMOJIEH B OTCYTCTBHE SNCKTPUUYECCKOTIO 10714, 6 — OpHUEHTUDPO-
BAHHOE paCTOJIOXEHUE AUIONEH npu Bo3aeicTBUU INEKTPUUECKOTO MOJIA

JIEKYJbI JaXe B OTCYTCTBHME BHELUHEro mosisi 061aaloT NOCTOSHHBIM
NEKTPUYECKUM MOMEHTOM, T. €. SIBJISIIOTCS AUMOJISIMH (CM. rtoapasa. 1.2).
IIpocTeitiuuMu TUNONSIMU ABASIIOTCA HECUMMETPHUYHBIC IBYXaTOMHBIE
MOJIeKy/bl. OHM 06pa3yloTcst U3 aTOMOB, 00J1aJalOIIMX PAa3HOH SJIEKT-
POOTPULATELHOCThIO. B MHOTOAaTOMHBIX MOJIEKY/1AX BEJTHYMHA TUITONh-
HOI0 MOMEHTA OIPENeISeTC CTPYKTYPOH MOJICKYJbI U €€ 3JIEKTPOH-
HOM CMMMETpUEH.

Ecnu BHelHee BO3IeHCTBHE OTCYTCTBYET, AUIIOJIbHBIE MOMEHTBI
BCJIEACTBHE HEMPEPBIBHOTO TEIUIOBOIO ABUXEHMS YACTHIL pacrpeae-
JIEHBl XaOTUYHO, TaK YTO JCKTPUYCCKUIX MOMEHT JII0O0T0 MAaKpPOCKO-
MMUYECKOro o6beMa BelIeCTBA PaBEH HYIO. BHellIHee 37eKTpUYecKoe
I1OJIe BBI3LIBAET MOBOPOT JUIOJIEH X CTUMYJIUPYET MX MPEUMYILECTBEH-
HYI0 OPHUEHTAlMIO B HANpaBJeHWH CHJIOBBIX JIMHUI. TeIUIoBble KoJe-
OaHMs 4aCTUL TIPETSITCTBYIOT GPOPMHUPOBAHUIO yriopsimoueHHOCTH. Cpe-
HHMI yroa IMoBOpOTa AUIOJIEH, a COOTBETCTBEHHO, W MOJSAPHU30BaH-
HOCTb JUJIEKTPUKA BO3PACTAIOT C YBEIMUEHUEM HANIPSDKECHHOCTH MOJIA.
Ha puc. 6.5 cxeMaTHYHO [10Ka3aHO PACIOJOXEHHE TUIMTOIBHBIX MOJTE-
KyJ B OTCYTCTBUE MOJAPHU3YIOLIEro 1noJs (@) U NpU ero BO3AeHCTBUU
Ha JIUAJIEKTPHUK (6).

IloBopoT aumnoneit B HanmpaBJICHUM CUJIOBBIX JTUHUH TpeOyeT rpe-
OIONEHHUS BA3KOro COTIPOTHBIECHUS Cpebl («MOJIEKYISPHOrO TPEHUS»).
TloaTOMY OMMOILHO-peIaKCaUOHHAS MTOSIpU3aLIMs TTPOTEKAET 3aMe/I-
JICHHO U CBSI3aHA C NMOTEPAMHU IHEPTUH 3JEKTPUUECKOTO I0JsI, KOTO-
pble pacceuBaioTcsl B hopMe TeruioThl. B ObICTponepeMeHHBIX MTOJAX
JIUTOJIM HE YCIEBalOT OPUEHTUPOBATHLCS B HAMPABJICHUH TOJS, CIel-
CTBMEM YEro ABISAETCS YMEHbIICHUE IM3JIEKTPHUECKON MPOHULIaeMO-
CTU U MOJISIPU30BAHHOCTH IUIJAEKTPUKA C POCTOM YACTOTHI.

ITocie OTKIIOUEHHUS BHELIHETO BO3ACICTBUSA YIOPSIOYEHHOCTh B
PAaCHoJIOKEHUHU THIOJISH MOCTENeHHO ucye3aeT. BoccTaHoBIeHUE Je-
NOJSIPU30BAHHOTO COCTOSIHUSI IMDACKTPUKA MPOUCXOAUT MyTEM Terl-
JIOBOM J€30pHUEeHTALMH MOJeKya. M3MeHeHue AUIONBHON COCTaBJIsi-
JOLLEH MOJIAPU30OBAHHOCTH AUDJIEKTPHUKA BO BpeMEHHU P ,(f) onMchiBa-
10T (popMyJIOii
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Pry(t) = Prp(0)exp(~1/10), (6.5)

rae P, ,(0) — noasgpu30BaHHOCTb B MOMEHT OTKJIIOYEHUA MOJIA; Ty —
BpeMsl pefiakcallMi AUMOJIeH.

BpemeneMm penakcauuyl T, Ha3bIBAETCSI XAPaKTEPUCTUYECKOE Bpe-
Msl, B TeYeHHe KOTOPOro 3JeKTPUUYECKUIT MOMEHT MaKpOCKOMUYECKO-
ro obbeMa IUIEKTPUKA YMEHBIIAETCS BCAEACTBUE TEIUIOBOTO JBUXKE-
HUS 4acTUil B 2,72 pa3a OTHOCHUTEJIBHO MEPBOHAYATBHOIO 3HAYeHUS.
Bpemsa penakcauuy 3KCIMOHEHIIMATBHO 3aBUCUT OT TeMIepatypsl. Yem
BBHILLIE TEMIIEPATypa, TEM MEHBIIE CHJIBI MOJIEKYJISIPHOTO COITPOTUBJIC-
HMs TIOBOPOTY AMIIONEH B BA3KOH cpele, a CIeHOBATEILHO, MEHbIIE
BpeMsI peiakcatuuy. B HOpMaNbHBIX YCJTOBHSIX IS Pa3TMYHBIX AUITONb-
HBIX AUINEKTPUKOB T = 10710...107 ¢, T. €. MHEPLIMOHHOCTh AUIIOILHO~
peNaKCalMOHHOM MOISIPU3ALIMH JIOIKHA MPOSIBSITLCST B AMAIa30HE pa-
JAMOYaCTOT.

dna TemMmepaTypHOH 3aBHCUMOCTM AMBJICKTPHUECKOHW TpoHULAe-
MOCTH AMTMOJbHBIX AUIJIEKTPUKOB XapaKTepHO HATUYUE MAKCHMyMa
(cM. puc. 6.3). OBGBIYHO 3TY 3aBUCUMOCTb CHUMAIOT Npu GUKCUPOBAH-
HO#1 yacToTe u3MeHeHud rosst. Ipu HU3KKMX TeMIlepaTypax BpemMs pe-
JIaKCauuy AUMIONEH JOCTATOYHO BEJIUKO, MHOTG GObliie BpeMeH!U MoJTy-
reprona uaMeHeHua nosus. M3-3a 607b110# BASKOCTH CPEIbl JUITOIH He
YCNEeBalOT OPUEHTUPOBATLCS BIOMbL MOJIS 32 BpeMs nosyrepuoaa. ITo-
3TOMY AUIIONLHAS ITOJISIPU3ALIMA BhipaXkeHa ci1abo, T.e. CpeAHUi yron
MMOBOPOTA JUNOJEH oueHb Maj. MiHa4e ToBOps, Ip¥ HU3KUX TEMITEpaTy-
pax OUIIONIU HaXOIATCA KakK Obl B 3aMOPOXEHHOM COCTOSTHUH.

C noBbliIeHUEM TEMITEPaTyphl YMEHBIIAETCA CTPYKTYPHAsSE B3KOCTh
cpellbl, COOTBETCTBEHHO YMEHBIIAETCS BpeMsl peslakCcaluy, CUCTeMa Au-
fioJieif CTAHOBUTCA MeHee MHEpPLMOHHOW. B pedyibraTe CcpemHuil yroa
MTOBOPOTA AMIIOJICH BO3pAcTaeT, MOJIIpU3AIMs NoAydaeTt Oosbliee pa3By-
THE, YTO HaXOJUT CBOEC OTPAXEHHE B YBEJIMYEHUM AUIJICKTPUYECKON
MIPOHULIAEMOCTH MaTepuana. BMecrte ¢ TeM NpH NOBBLILLIEHUH TEMOEPATy-
pbl BO3pacTaeT MHTEHCHUBHOCTH TEIJIOBOIO KOJe€0ATeIbHOTO IBUXKCHUS
yacTHll. B3aumHble TEIUIOBbIE TOMUKY JUITOJICH NPEeIsITCTBYIOT X YIIOpsI-
JOYEHHOMY DACIOJIOKEHUIO B AnuasieKTpuKe. DakTop TeIUIoBoit Ae30pu-~
eHTalMU U0/t NPy MOBBIIHEHHBIX TEMIEPATYPaX OKA3bIBACTCS JTOMM-
HupyomuM. [TosToMy AM3neKTpHUIeCKast MPOHUIIAEMOCTb YMEHBLIAECTCS.

JunonbpHo-penakcalMoOHHAas MOASIpU3aLMsa MOXET HaOMI0AaThCsl HE
TOJBKO B HOJSAPHBIX XUAKOCTSIX, HO X B TBEPABIX MOJSPHLIX Bellle-
CTBax OpraHUYecKoro npoucxoxiaeHusi. Ho B 3ToM ciiyuae nonasipusa-
HsE OOBIYHO OOYCIOBICHA MOBOPOTOM HE BCEH MOJEKYJbI, a JUIUL
HMEIOIIMXCS B HEll TIOISAPHBIX paaniKanoB. Takyio noaspu3anuio Ha3bl-
BAlOT TAKXe AMMNONBbHO-paaukKanbHo i [IpuMepom BellecTBa ¢
STUM BMJIOM MOJSIPU3ALMU IBJASIETCS LEJUII0I03a, HOMSIPHOCTL KOTO-
poit 0OBACHSIETCS HATHYUEM TUIPOKCHWIbHBIX rpynn OH u kuciopona.

HoHHO-penakcaOMOHHAS NMOASPHU3ALUST MOXET IIPO-
SIBIISITHCSI TOJIBKO B TBEPABIX IU3JIEKTPHUKAX C UOHHBIM XapaKTepOM XU~
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MHYECcKOl cBsI3U. B oTamd4ue oT ynpyroii MOHHOM MOMSpU3ALMY OHA
UTPAET ONpPeACIISIIOULYIO POJIb B BELLECTBAX C SBHO BhIPaXXCHHBIMHU He-
PEryJISIpHOCTSIMM CTPYKTYypbl. K uX 4HCITy, B IepBYIO o4epedb, OTHO-
CSITCSI HEOPTaHUYECKUE CTEKNIA, KePaMMKa, CTEKIOKPUCTULTUYECKHE
Marepuaibl. B HEKOTOPBIX C/IyYasx MOHHO-PETaKCaMOHHasK TOApU3a-
IMsl BOSHUKAET U B MOHOKPUCTAILIAX, €CIIM KOHUEHTPALUs CTPYKTYp-
HBIX Je(heKTOB B HUX JOCTATOYHO BEJIMKA.

OCHOBHYIO pOJIb B PacCMaTpHBAeMOM MEXaHM3ME MOJISPU3ALINU
UrpaioT €1a00 CBSI3aHHbIE MOHBI, KOTOPBIC MPH TEIIOBOM BO3OYXIe-
HUUM MOTYT CPBIBATBCSI C MECT 3aKpPEIUICHUS U IepeMellaThcs Ha 3Ha-
YUTEJIbHBIE PACCTOSSHUSI, MIPEBBIIIAIOIINE MEXKATOMHBIC TPOMEXYTKH.
[Ipu ynpolieHHOM ONMCAHUU TAKOTO Ipoliecca IMoaaraioT, 4yTo ciabo
CBSI3AHHBIE MOHBl MOFYT MMETh HECKOJbKO BKBUBAJIEHTHBIX ITOJIOXE-
HUIT paBHOBECHSI, pa3ieNieHHbIX MOTEHIIMATbHBIM 6aphepoM (puc. 6.6,
a). BeposiTHOCTL TIepecKoKa MOHA yepe3 Gapbep 3KCINOHEHUUATLHO
BO3pPACTAECT C MOBLILLICHUEM TEMIIEPATYPHL. B OTCYTCTBHE BHELIHUX CUJI
BCE HANpaBJIEHUs [1IEPECKOKA HOHOB U3 ONHOIC JIOKATBHOTO IOJIOXe-
HUsl B APYroe paBHOBEPOATHEL. [1lo3ToMy yuacTByOIME B NepeMelle-
HUSIX YACTHIILI PABHOMEPHO PACHpENeIISTIOTCS B MAKpOOObeMe JUDIIEK~
TPUKa, TaK 4TO BJIEKTPUYECKHI MOMEHT BELIECTBA PaBeH HYJIIO.

BHelIHee 3A¢KTPUYECKOE T0JIe HApylIaeT CUMMETPUIO MTOTeHHU-
aJIbHOM KPHBOM, YTO IIPUBOIUT K aCUMMETPHU B paclpeAc/CHUN 3a-
psiioB. B 9TOM ciyyae cpein XaoTMYSCKUX TeIUIOBBIX IIepeGpocoB cna-
60CBSI3aHHBIE MOHBI ITOJIYYalOT MPEHMYIIIECTBEHHBIE TTepeOpOCH B Ha-
[IpaBlACHUM ASHCTBYIOLLUX CHMJI JIEKTpUUECKoro roist (puc. 6.6, 6).
Kaxapiif H30bITOUHO nepeOpolleHHBIH HOH MPUBOIUT K HOpMUpOBa-
HHIO 3JIEKTPUYECKOTO MOMEHTA. B pe3yibTaTe MHAYHHMPYETCS MOJISPH-~
30BaHHOCTB, BO3pacTalolasl NpoNCepLUUOHATLHO HANIPSDKSHHOCTH TI0JIS,
MOCKOJILKY MOCAEIHSISl BbI3bIBAET YMEHBIIEHNE BBICOTH MOTCHLIMATD-
Horo 6apbepa Ha BeMUnHYy AD, = gEd8 /2. Tlocne CHATUS BO3MYLIEHUS

3 3 E

c])

A3,

a 6

Puc. 6.6. 3aMeHeHMe NOTeHUHAIBHON SHEPruK ¢1aGOCBI3aHHBIX HOHOB NPU
HAIMYUM HECKOJIbKHX IOJIOXKEHM PABHOBECHS:

a — B OTCYTCTBHUE 3JICKTPUUYECCKOTO ITOJIA; 6 — Opy HAIOXKCHUM BHECUIHETO NOJs
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U30BLITOYHO nepeCpoiieHHbIE MOHBE 32 cyeT obpaTtHoM Anuddy3un Bo3-
BpALLAIOTCS B KCXOIHbIE NO3WUMU. MHEpLHOHHOCTD MPOLIecca CUIAbHO
3aBMCHUT OT TeMmIepatypsl. [Tonsipusauus conmpoBoxaaeTca HeobpaTu-
MBIM PacCestHUEM DHEPIHHU. '

Ha puc. 6.3 nokasaHo TeMIepaTypHOoe U3MCHECHHUE IU3JIEKTPUYE-
ckoit npoHuiaeMocTH. HecMoTps Ha penakcalMOHHBIH XapakTep Io-
JISIpU3allMd MakCHMMyMa B TeMOepaTypHol 3aBucuUMOCTH £(7) He Ha-
omonaeTcsi. 3TO OOBICHSETCS TEM, YTO ¢ POCTOM TEMHAEPATYPHI IKCIIO-
HEHIMATbHO YBEJIWYMBACTCSI YMCIIO MOHOB, YIACTBYIOLIMUX B «ITPhIK-
KOBO» TIOSIPU3ALIMH, T. €. YACTHULI, CITOCOOGHBIX IIPEOL0JETh MOTCHLIM -
aNibHBbINA Gapbep.

Heo6xoauMo moauepKHyTh, YTO MepeMellieHue HOHOB MPH TEIJIo-
BBIX IEPECKOKAX IMPOUCXOAUT Ha PacCTOSHHUS, BO MHOTO Pa3 MPEBbI-
LHAOUIMe CMELICHUS YaCTUIL TP YIPYToit HOHHOM nonsipn3aiiun. [1pu
5TOM JUIMHA NEePEeCKOKOB HE 3aBHUCHUT OT HANPSKEHHOCTH MOISIPU3Y-
IOLLIETO MOJIs], & ONPEAECTSIETCS TOJIBKO OCOOSHHOCTSIMU CTPYKTYPhI: UMC~
JIOM U pacripelieicHUEM AePEKTOB U JIOBYLLIEK.

DAEKTPOHHO-PENAKCAUMOHHAT NOJXSIPHU3ALUSSI MOXET
BO3HUKATh B KPUCTAIMUECKHUX TUIAEKTPUKAX MTPU TETUTOBOM BO3OYXK-~
OEeHUHU CabOCBA3aHHbIX 2MEKTPOHOB. I1o CyTH NMpoTeKaloluX npouec-
COB OHA BO MHOT'OM IOJ00HA MOHHO-PEIaKCALIMOHHOH MOJISIpU3aLU.
CrnabocBsi3aHHBIE BJICKTPOHLI, JIOKAMN30BAHHEIE HA TPUMECHBIX MOHAX
WM COOCTBEHHBIX TOYEUHBIX AeeKTaX CTPYKTYPhI, TOXE MOTYT UMETh
HECKOJIbKO 3KBHUBAJICHTHBIX YCTOMYMBLIX TTO3ULIMHA, pa3Ae]eHHBIX 10-
TEHIMATBLHBIM GapbepoM. TIprtoxeHe BHEIITHETO SJIEKTPHUECKOTO OIS
CTUMYJIUpPYET ONHOHANPAaBACHHOCTh 3JEKTPOHHBIX IEPEXON0B, KOTO-
pasi ¥ sABJIsIeTCS NMPUYMHON MOSIBASHUS 3JAEKTPHUYECKOT0O MOMEHTZ B
JTUNEKTpUKe. TaKol MeXaHM3M T0JIApU3aIIMN XapaKTepeH Uit COeIH-
HEHUM, comepXalMxX UOHbI AepeMEeHHOU BateHTHocTH. [IpumMepom
MONOOHBIX COSMMHEHUIT MOTYT CIYXUTH OKCU/IB TUTAHA, UPKOHUS,
HUoOMA, TaHnTaia U Ap. Kepamyueckue MaTtepUanbl, CUHTE3UPYEMbIC
HA OCHOBE 3TUX COCIMHEHMH, KaK MPaBWIO, COAEPXKAT BEICOKYIO KOH-
LEHTPAUNIO KUCTIOPOIHBIX BAKAHCHIA, KOTODHIE H SIBASIOTCS JIOBYLHKA-
MU ISl 31€KTPOHOB.

AnanexTpuxku, 00a1af0lIMe 3IeKTPOHHO-PeJIaKCAlHOHHOM 1o -
pM3aLUEH, OTIMYAIOTCS MOBBILLIEHHOW AMIJIEKTPUYECCKONH NpPOHMLIAC-
MOCTBIO. OT4acTH 5TO OOYCJIOBJIEHO BBICOKOI NMOJIAPU3YEMOCTLIO JIe-
¢ekTOB, comepKallUX CAabOCBSI3aHHbIE 3JEKTPOHBI, TTOCKONBKY TIpH
c1aboil CBSI3M paaMyc SAEKTPOHHOH OOOJOYKM OKAa3blBaeTCsl 3HAUM-
TenbHbIM. Kak ¥ MOHHO-peTaKcallMOHHAs HOJIIPU3alusl, TIPOIIECC K-
TPOHHBIX MEPECKOKOB HOCUT AKTUBALIMOHHBIA XapaKTep: €ro HHepLH-
OHHOCTb PE3KO BO3PACTaeT IIPH MOHMXKEHUN TEMIEPATYPhI.

MurpauuoHHasd MOJAPHU3ANHUA TAKKE CBOHCTBEHHA TOJb-
KO TBEPABIM AUDICKTPUKAM NIPH HATUYKUM B HUX MAKPOCKOIUUYECKUX
HEOAHOPOAHOCTEN CTPYKTYPHI. TaKUMH HEOMHOPOMIHOCTSIMUA B TEXHU-
YECKUX AUBNEKTPUKAX MOIYT ObITh NPOBOASLIME U TOIYTIPOBOASILINE



312 TI'nasa 6

BKJIIOYEHUSE, TIOPbI, BOAOKHA, CJIOU C Pa3IMYHON MPOBOIAMMOCTBIO U
T.1. IIpy BO3AEHCTBUM HA MaTepHasl 3JMeKTPUUECKOTO MOJs MPOUCXO-
JUT HampapicHHOE MepeMellleHie CBOGOIHBIX 3JIEKTPOHOB U HOHOB B
Npeaesiax Kaxioro MpoBOASIHErO U IONYIPOBOISIIETO BKIIIOUEHHUS,
YTO MPUBOAUT K OOpA30OBAHUIO IEKTPUUECKOIO MOMEHTA B MAKPO-
o0beme BellecTBa. B 3ToM ciyyae 3aMKHyTast (hazoBasi HEOAHOPOIHOCTh
C pa3acJCHHBIMHU 3apsaiaMu CTAHOBUTCHA HOIIO6HOﬂ TUTaHTCKOH IO~
pU3CBAHHOM MOJIEKYIIeE.

B cloMCTBIX HU3JIEKTPUKAX MUTPAIIUS 3IEKTPOHOB M HOHOB ITPHUBO-~
JWT K HAKOIUISHUIO 3apsIOB Ha TPaHUIIAX HEOAHOPOIHOCTEN H B NpU-
37IeKTPOAHLIX obsacTsax. Cpellr BceX BUAORB MONSIPU3ALMHM MUTPALIMOH -
Hast OKa3bIBaeTCHd CaMOW 3aMejUTeHHOM. B 3aBUCHMMOCTH OT Xapakrtepa
HEOMXHOPOZHOCTEN U TeMIlepaTyphl BpeMsl ee YCTAaHOBJICHMSI U CIiajla
MOXeT coctaisith 107...10% ¢, T.e. B ONpeIeneHHBIX YCIOBUAX OHA
MOXeT MPOTeKaTh Ha NPOTSXEHUU HECKONbKUX MHUHYT WJIM HECKOJb-
KHX 4acoB. B nepeMeHHbIX MOJISX TIONSIPU3ALIUS IIPOUCXOIUT CO 3HAUU -
TeABHBIM PACCEIHUEM DJIEKTPUYECKONU SHEPTUM.

IIpu GoablioM pazMepe HEOJHOPOAHOCTEH AUINEKTPUYECKAst MPo-
HUI{AEMOCTb Ha pPa3HBIX YYacTKax JUIJeKTpHKa OKa3bIBAETCSl pasiny-
HoH. T1o3TOMY ISl XapaKTEPUCTHUKU NOJISAPU3ALIMOHHDBIX CBOMCTB HEO-
JHOPOAHBIX MaTepHaIOB UCMONAB3YIOT 3(PDEKTUBHYIO (YCPEIHEHHYIO)
AUBIEKTPUYECKYIO TPOHULIAEMOCTD.

Pe3oHaHcHasg noaspu3alusa HabIIOZAETCS BO BCEX AUI-
JIEKTPHKAX B YCIOBHMSX, KOIa YacToTa 3JeKTPUUECKOro Mojist OIU3Ka
K COOCTBEHHOM YacToTe KOJeOaHUH yIIpyTro CBSI3aHHBIX UOHOB WIH 3JIeK-
TpoHoB. [To Mepe NpubIMKeHUS K PE30HAHCHOH YacTOTe pe3Ko BO3pa-
CTaeT NMOMJIOUIEHUE DIEKTPOMATHUTHON SHEpruu. B HOHHBIX KpUCTaI-
JlaxX pe3oHaHCHas TIoJsIpM3alidsl HACTyIaeT IpH YacToTaxX, COOTBET-
CTBYIOIIMX MH(PaKpacHOMY IHAIa30Hy CIIEKTPa JIeKTPOMArHUTHBIX
KOJIeOaHM.

JdoMeHnHas moaspuszauusg HaOMIONAETCA TONLKO B CecHe-
MO31eKMPUKAX ¥ CBS3aHa C IEPECTPONKON MX TOMEHHOM CTPYKTYpPhI
MOX ACHCTBUEM DIIEKTPUYECKOTO 11051, OCo0EeHHOCTHIO JOMEHHOM No-
JISIpU3aLUMH SABASETCS CYLIECTBOBAHHME TEMIEPAaTYPHOro rmopora ¥ Ha-
JIMYMe IUDIEKTPUUECKOTO ructepesuca. [lnom@ans rucTepe3ancHoi ner-
JIM XapakTepu3yeT NOTepH SHEPIUH Ha MEpernojiapu3aluio CersHeTo-
9JIEKTPUKOB. JIOMEHHYIO NOASIPU3ALMIO MOXHO HabII01aTh IPpX OTHO-
CUTENIbHO HM3KMX YacTOTaX M3MEeHEHMs 37eKTPUYECKOro MOJs, IMOo-
CKOJIBKY TTPOLECCHI 32POKACHUS TOMEHOB U CMELIIEHUS TOMEHHBIX I'pa-
HMII TIPOABIISIIOT 3HAYNTEIbHYIO HHEPIIMOHHOCTD.

DKBHBAJIEHTHAS CXeMa JHOJEKTPHKA H JAHJIJIEKTpHUECKAS AHCHEp-
cus. s Oosiee HADISIIHOIO IPEACTABICHUSA ITPOLECCOB UHAYHUPO-
BAHHOM TONAPU3AIIMH KH300Pa3UM IKBUBAIEHTHYIO CXEMY BUPTYyallb-
HOTO AUSJEKTPHKA, 00JIamaloliero BCEMHM PacCMOTPEHHBIMM BhIlE
MeXaHu3MaMH MOJISIpH3aLuK. B npUpone Takoro AU2JIeKTpUKa He Cy-
LWIECTBYET, TMOCKOJIbKY HEKOTOphlE BUALI MOMAPU3AIUU HECOBMECTH-
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MBI JIpYT ¢ ApyroM (HarpuMep, UOHHO-PEJIAKCallMOHHAs U JUTMTOJBHO-
penakcaunoHHas). TeM He MeHee B peaibHbIX AUSJNECKTPUKAX B MOAAB-
JISTo1eM OOJTBUIMHCTBE CIy4YaeB UMEeT MECTC HATOXKEHNUE HECKOMBKUX
BHJIOB MOJSIPU3AINH, PA3AUYAIOUIUXCS MO CTCNICHU MHEPIUOHHOCTH.

Ha skBuBaneHTHOI cxeMe BKJIag TOrO WJIM HHOIO MEXaHW3Ma Io-
JIIPU3ALIMY B CYMMAapHBIH 3apsii Ha OOKJIAIKaX XapaKTepu3yioT B BUAL
MApauUTe/IbHO MOAKIIOYAeMOM eMKOCTH, KaK I10Ka3aHo Ha pHc. 6.7. B atoM
caydae eMKOCTh C, OTpaXaeT BKIIaJ 3MEKTPOHHOM nossipuzauuu, C, —
HoHHOH, C;, — IMNONBHO-PENAKCAUMOHHOM, C,, — MMIPaLMOHHON
U T.[A., a eMKOCTb C; COOTBETCTBYET T€OMETPHUUYECKOR €MKOCTH IL1ac~
THH, T.€. EMKOCTH KOHAEGHCATOpPa B OTCYTCTBUE IUINEKTPUKA (B BaKy-
yme). Eciy nonsgpusanus NPOTEKAET C MOTEPAMM BHEPIUM, TO B COOT-
BETCTBYIOLIYIO BETBb SKBUBAJCHTHOU CXEMBbl NMOCNEIOBATE/ILHO C €M~
KOCTBIO MOIKIIIOYAETCS SKBUBAICHTHOE aKTUBHOE conpoTuBiaeHue. Ha-
TIPUMeED, CONPOTUBIIEHHUE Fy,_, HA PUC. 6.7 OTpaXaeT NOTEPU Ha HOHHO-
pellaKCallMOHHYIO NOJSIPU3ALIMIO, 4 CONIPOTUBIEHUE Iy, XaPAKTEPU3Y-
€T II0TE€pU HA TUCTEPE3UC NPU JOMEHHOMR MOJNSIPU3ALMM CETHETORJIEK -
TPUKOB. Bce COCTABISIOINE EeMKOCTH KOHACHCATOPA LLYHTHPOBAHBI CO-
TIPOTUBNIEHNEM M3OJILMU R,,, KOTOpOe MpeacTapiseT coboil compo-
TUBJICHUE AUDICKTPUKA TOKY CKBO3HOH 3JIEKTPONPOBOJIHOCTH.

Ilpu BO3AEHCTBUM NOCTOSSHHOIO HATPSDKCHUSI B (POPMHUPOBAHUHU
3JIEKTPUYECKOTO 3apsiaa Ha o0KIagKax KOHACHCATOpa MPUHUMAIOT yya-
CTHe Kak OBICTphIE, TaK M MEUIEHHbIE MPOLECCH MOMSIPU3AUMN K-
s7ekTpuKa. OTHAKO B MEPeMEHHBIX IOJSIX C MOBBILICHUEM YacCTOThI
SNEKTPHUCCKOTO 10/ HAauWMHAaeT CKa3biBaThCsl MHEPIMOHHOCTh pas-
JIMYHBIX MEXaHU3MOB MOJISIPU3ALIKH, YTO NPUBOAUT K USMEHEHUIO JU-
3JEKTPUYECKON MPOHUIIAEMOCTH.

3aBucuMocThb €(f) Ha3blBaeTCsA dusrexmpuveckoll ducnepcueii. B co-
OTBETCTBHM C MEXaHM3MaMU ITOJSIPU3ALIMY Pa3UYaioT peaKkCcallMoH-
HYI0 M PE30HAHCHYIO TUCIIEpCHUM. PelakcallMOHHOM Ha3bIBACTCsS JUC-
MEPCHUst, BLIPAXAIOLIAsiCSl B MOHOTOHHOM CHMXXECHUU AUREKTPUUYECKOH
MPOHMIIAEMOCTH C POCTOM 4acToThl. IIpH pe30HAHCHON AMCNEPCUM €
CHayasla PacTeT, A 3aTeM YMEHbLIIAETCsl, TIPOXONs Yepe3 MUHUMYM, U
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Puc. 6.7. DKBUBaTEHTHAs cXeMa BUPTYATbHOIO ZMINEKTPHUKA CO BCEMU MEXa-
HU3MaMH [OAApU3ALUKA
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JIOCTUTaeT BHICOKOYACTOTHOTO 3HauyeHUs. Iy peJakcallMOHHON Juc-
nepcuu de/dw < 0, a B ciyyae pe30HAHCHOM AUCIIEPCUHM Ot / 0m U3Me-
HAET 3HaK. B 0KpeCTHOCTH pe30HAHCHOM AUCIIEPCUHN TUBIEKTPUYECKAS
NPOHMHAEMOCTh MOXET IPUHUMAThH JII060e, B TOM YKUCIAEC U OTpUlA-
TEJIbHOE 3HAYEHHUE.

Ha puc. 6.8 npuBeaeH NMOMHBIA NU3NCKTPHUUECKUI CIIEKTP BUPTY-
ANBHOTO TU3TEKTPHUKA CO BCEMHM MeXaHU3MaMHu nossipusanuu. Husko-
YaCTOTHOE 3HAYEHME € YACTO HA3bIBAIOT CTATUYECKON AMDNEKTpHYE-
CKOH MIPOHMLIAEMOCTHIO €. Jucnepcus €(f) OT HU3KOYACTOTHOTO 3Ha-
YEHMUS €., A0 BBICOKOYACTOTHOIO 3HAYEHUS £, ONPENEIIEMOro TOMIBKO
27eKTPOHHON NMONsSpU3aLMe, MPOUCXOAUT B TeX AUana3oHax 4acToT,
B KOTOPBIX CKa3bIBAETCSH UHEPIIMOHHOCTH TOTO WIM MHOTO MeXaHU3Ma
NoJIIpU3alMU. B 4acTHOCTH, YacTOTa peNaKCallMOHHOU JUCIEePCHU
OTPENENISIETCS U3 YCIOBUA Wpey = 2Mfper = 1/, TE T — BpeMs peslakca-
LMK TIONSPU3ALUH.

Kak cnenyeT u3 puc. 6.8, 3a npeaeaaMu paiioyaCTOTHOTO JHANA30-
Ha, T.e. npu yacTtorax Bbie 10'! 'l peaqusyioTCs TOJBKO YIIpYrue
MEXaHU3MBbI MOJISIPU3AIINH, TIDUYEM B MH(MDPaKpacHON 06NacTH 3eKT-
POMATHMTHBIX KOeOGaHuil HabMonaeTcs pe3oHaHCHAS AUCTIEPCHs], CBS-
3aHHas C 3aMa3JblBaHNEM CMELUEHUI MOHHBIX OCTOBOB KPHUCTAIU-
yeckoit peteTke. YacToTa MOHHOrO Pe30HaHCA 3aBUCHUT OT MAcChl Yac-
tuil. [1pu CHIbHO pasnuyalolieitcss Macce MOHOB Pa3sHbIX COPTOB MOX-
HO HabMIOIATh HECKOABKO MOHHbBIX PE30HAHCOB. B yabTpaduoneToBoi
Y BUAMMOI 00JIaCTAX CIEKTpa AU3JIEKTPUKHK 00JIagaloT TONbKO JJIEKT-
poHHOH monsipu3auueii. Ee BKnan B IU3EKTPUYECKYIO IPOHULIAEMOCTh
MOXHO OLIEHHUTb Yepe3 MoKa3aresib NPejIOMIEHHS 1, KOTOPbIH onpeae-
asieT (Ha30BYIO CKOPOCTH PACTIPOCTPAHEHUS SJIEKTPOMATHUTHOM BOJI-

Hbl. M3 ypaBHeHMit MakcBeiuia CiefyeT, 4To n = ¢/v = \Jell, HO Ha

ONTHUYECKUX YaCTOTax JAsS BCEX BEUIECTB MarHUTHas MPOHULIAEMOCTh
U = 1. TTo3TOMy MOXHO CYUTaTh, YTO €. =&, + 1 = n’.

ITo Mepe NpUOAMXKEHUS K ICKTPOHHOMY PE30HAHCY €., TAKXE Ha-
YUHAET 3aBUCETh OT YaCTOThl. DTUM OODBSICHSETCS IMCIIEPCUSI CBETa,
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Puc. 6.8. TIonHblH CrieKTp AMBIEKTPHUYECKON MPOHUILIAEMOCTH BUPTYAJIbHOTO
IM3JIEKTPUKA CO BCEMU BUAAMHM TOASPU3ALIUN
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T.€. 3aBUCUMOCTD n(A). TS BCeX MpO3pavyHbIX BEIECTB C YMECHBILICHUEM
JUTMHBI BOJIHBI A (C YBEJIMYEHHEM YACTOTHI) MTOKA3aTE/b MPEIOMIICHUS
n ¥ JUBNIEKTpUYECKas IPOHULIAEMOCTD €., YBETUUUBAIOTCS CO BCE BO3-
pacTawplleii CKOpOCThIO, TaK YTO IUCIepcus Beiiectsa dn/dA oTpu-
11aTe/IbHA M PACTET 10 MOAYJIIO C YBETUUECHUEM YACTOTHE (CM. pHcC. 6.8).
DT0 aABNeHUe, HAOJI0JaeMOe IIPH PE30HAHCHOM XapaKTepe 2JIeKTPOH-
HOW NOJISIPU3ALINU, MTONYYUJIO HA3BAHUE HOPMAAbHOU ducnepcuu.

Eciyu BewecTBO NOIJIOLIAET 3JIEKTPOMATHUTHYIO 3HEPIHIO, TO B
0051aCTH NOINIoUIEHUsT U BOJIU3U Hee XOl 3aBUCUMOCTU h(A) oGHapy-
XKHBAET AHOMAJIMIO: HA HEKOTOPOM YYaCTKe CIIEKTpa IUCTIEPCHUS BELLe-
ctBa dn/dA okassiBaeTcs MOJOXUTEIbHOMN. Takoe siBeHUE HA3bIBAET-
Csl aHOMaAbHOU ducnepcuell.

Ha uacrotax Beie 10 T’ (HanpuMep, pM BO3JEHCTBUU PEHTTE-
HOBCKOTO M3JIy4€HUsI, KOTJa JJIMHA BOJIHBI CpaBHMMA C pa3MepaMiu
aTOMOB) Kakasi-JIMO00 MaKpPOCKOITMYECKas MONSIPU3aLIMS BEIECTBA OT-
CYTCTBYET, a AUBJIEKTPUYECKAS IMPOHUIIAEMOCTh PaBHA €IMHHIIC.

6.3. IIOJAPU3SAIINA
N ATPETATHBIE COCTOAHHUA TUSJERTPUKROB

[To peakuuy Ha BHEUIHEE 3JEKTPUUECKOE I10JIe TUIJICKTPUKH TIOA-
pa3neNsiioT Ha AuHelinble U HeauHelinbie. K THHEHHBIM OTHOCSIT JUJJIEK -
TPUKH, ¥ KOTOPBIX JUIJICKTPUYECKASA NPOHULAEMOCTh HE 3aBUCHUT OT
HAIPSDKEHHOCTH M0JIst. B TaKHX MaTepyaiax 3J1eKTpHIIecKast WHAYKLIHSE
D u nonsapuszoBaHHOCTh P U3MEHSIOTCS MNPONOPLUOHAILHO Hanps-
XeHHOCTH 1oJisA. I1py NMOCTOSIHHOM &€ eMKOCTh KOHACHCATOpa ¢ JTU3-
JIEKTPHKOM Takke rocTtogHHa. IToaToMy 3apsia Ha 00KNaaKaxX KOHIEH-
catopa Q cBsi3aH JIMHEHHON 3aBUCUMOCTBIO C NPUIOXKEHHBIM HANpd-
xenueM U (puc. 6.9, a).

B HeMHERHBIX AU3JIEKTPUKAX IUINIEKTPUYECKON IPOHHIIAEMOCTBIO
M €MKOCTBIO MOXHO YIIPaBJISTh C IMOMOUIBIO 3JEKTPUYECKOTO MOJIS.
HenuHeiHbIMM CBOMCTBAMH 00JIaHAIOT CETHETORIEKTPUKH. Y 3THUX Ma-
TEPUAIOB 3aBHCUMOCTh 3apsia OT HANpPSXKCHHS NpMHUMaeT GhopMy
MEeT/IM TucTepesuca (puc. 6.9, 6). AHaTOrHYHbIM 06Pa30M U3MEHSIETCS U
MOJIIPU30BAHHOCTD TUANCKTPHKA. HenBeliHbIe CBOMCTBA CETHETOA/MEK-
TPUKOB OOYCJIOBJICHBI NPUCYILIEH MM JIOMEHHOII Mmojspusauucii (cM.
noapasgi. 8.2).

Ecnu B ocHOBY K1acCu(UMKaLMU [TOJOXKUTH JOMUHUPYIOLIUN MeXa-
HM3M MOJISIPU3ALUU, TO CPEIH JIMHEHHBIX MATEPHUATIOB MOXHO BbIIe-
JIATh HEIOJISAPHBIE, [TOJISPHBIE U HOHHBIC NUIEKTPUKU. Henoaspuoimu
Ha3bIBAIOTCS AUBIEKTPHUKH, KOTOpble 00J1amaloT B OCHOBHOM JJIEKT-
POHHOI nojspu3annein. UMy MOryT ObITh raspl, XUIKOCTH U TBEPAbIE
BeulecTBa (KaK B KPUCTAJUIMYECKOM, TaK U aMOP(MHOM COCTOSTHHUSAX).
ITockosibKy 37€KTPOHHAA IONSIPU3ALINsA SBJISETCSI caMoi cyrabol, He-
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Puc. 6.9. 3aBrcuMOCTH 3apsina Ha 00KJIagKax KOHASHCATOPA OT HATIPSIXKEHMUS,
NIOJISSPU30BAHHOCTU JMIJICKTPUKA M OUBNCKTPHYCCKOM MPOHUIIAEMOCTH OT
HaMpPSKCHHOCTH 3JIEKTPUUYECKOTO IOJIS:

a — ANiA JTUHEHHBIX JUBJIEKTPHUKOB, 6 — nns CETHETODNNCKTPUKOB

MOJSIpHbIE AUBAEKTPUKH 00JATal0T HAMMEHbLIIEH NU3JIeKTPUYECKOMH
MPOHUIIAEMOCTBIO.

TToaspusimy ABISIOTCS. XXKMIKOCTH M T'a3bl, COCTOSIIUE U3 TUIOIb-
HbIX MOJIeKyJ1. K 3Toil Xe rpymnne npyMMbIKaeT 3HaAYUTENbHAS YaCTh Opra-
HUYECKHUX MOJUMEPOB, Y KOTOPBIX MOJIEKYISAPHbIE LEMOYKH COAEPXKAT
NOABUXHbBIC AUIONbHbIE TPYNIbl. B GopMHpOBAHHUU BIEKTPHUYECKUX
CBOMCTB MOJISIPHBIX TTOJIUMEPOB U XHUIKOCTEH JOMUHUPYIOUIYIO POJIb
UIpacT JUIONbHO-PeJaKCAlMOHHAs Nnoasapu3anus (WIK ee pa3HOBUI-
HOCTH).

Haun6onee MHOroYMC/IEHHOM OKAa3bIBAETCS IPYIIIA UOHHBIX TUDJIEK-
TpukoB. CioJa BXOIAT He TOJbKO KPUCTAINYECKHE BELIECTBA, HO TaK-
K€ HEOpPraHWYECKUe CTeKJIa, KepaMUKa, CTEKIIOKPUCTAUUIHYECKUE Ma-
TepHasibl. MOHHbIE IM3JIEKTPUKU MOTYT 06j1a1aTh AMO0 TONBKO YIIpY-
TMMU BUIAMM MOJSIPU3ALINH, TMOO0 COUETAIOT B cebe ynpyrue u peiak-
CalMOHHbIe MEXaHU3MBI. B 3aBUCHMOCTH OT 3TOro CyUIECTBEHHO pa3-
JINYAIOTCS UX 3JIEKTPUYECKUE CBOHCTBA ¥ BO3MOXHOCTH ITPAKTHYECKOro
TIpUMEHEHUS.

bonpuioe BIMSHNE HA AUIICKTPUYCCKYIO IPOHULIAEMOCTD THIJIEK-
TPUKOB OKa3bIBAET MX arperaTHOe COCTOSHHE, TAK KaK MpHu (ha30BBIX
repexojax NMPOUCXONUT U3MEHEHHE IJIOTHOCTH M B3KOCTH BELIECTBa,
XapakTepa XMMMHYECKOH CBSI3U, CTENEHU YMNOPSAOYECHHOCTH U OXHO-
POIHOCTH.

JIM3ieKkTpUYecKad NPOHUIIAEMOCTh Ia30B. 'a3000pa3Hbie BellecTBa
XapaKTEPHU3YIOTCS] BECbMa MaJIbIMH MUIOTHOCTSIMH M3-3a GOJIbIIHMX pac-
CTOSIHUI Mexay MojieKynamu. IToaToMy Noasspu30BaHHOCTB Ta30B BCE-
ra HE3HAUMUTENbHA, 4 UX AUINCKTPUYECKAs MPOHUIIAEMOCTh € OYEHD
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6nu3ka K ennHune. B YaCTHOCTH, IJIsI HENOJISPHBIX ra3oB €€ MOXHO
pacCyuTaTh 1o BbIPAXCHHUIO

e=1+o0,N/g,

[Ie O, — 3JEKTPOHHAS MOAAPU3YEMOCTb MOJIEKYJT; N — YHCIIO YacTHLl
B enuHU1LE ob6beMa, omnpeaesisseMoe TEMIIEPATypOil M JaBJIeHUEM rasa
(g HopManbHBIX ycaoBuit N = 2,7 - 10%° m~3). HenonapubimMu rasa-
MM SIBJISIIOTCSI BOLOPOI, a30T, KUCJIOPOI, 3THIEH, aproH u ap. B yact-
HOCTH, JUIsI MOJIEKYJ a3ota N, 2JIeKTPOHHAsSI MOJISIPU3YEMOCTh O, =
=1,96- 10" @ - M?, 4TO NPUBOIMT K AUIJIEKTPUYECKOH MPOHHUIIAEMO-
CTH B HOpMaJibHbIX ycnoBusix € = 1,0006. Takas ke BeTHUUMHA XapaK-
TepHA ¥ JJIs BO31yXa.

C yBeaMUueHUEM JaBIeHUs MPH HEU3MEHHON TeMIIEpaType BETHMYH-
Ha JU3JIEKTPUYECKO BOCTIPUUMYMBOCTH (€ — 1) TMHEHHO BO3pacTaeT,
TaK Kax YBEJIMUMBAETCS YMCIIO YaCTULl B enMHUUE oO0bema. Hanpumep,
TIpHY YBeJIMYeHWH AaBjieHus: B 10 pa3 OTHOCUTEIEHO aTMOCGHEPHOTO -
9JIeKTpUYeCcKasl IIPOHULIAeMOCTb Bo3ayxa yBeanuutcs Ha 0,54 %. Ha-
000poT, HarpeBaHUe rasa Mpy MOCTOSTHHOM JaBJICHUU COMPOBOXIAET-
Cst HEOOJIBIIMM YMEHBLUICHUEM € M3-32 YMEHbIIEHHUSI TIOTHOCTH BELLE-
ctBa. TemnepatypHbiii KOahPUIUEHT IUINTEKTPUIECKON TPOHULIAEMO-
CTH 0, BO3YXa B 306apHBIX YCIOBUAX COCTABJISET OKOJIO —2 -+ 1076 K1,

DNeKTPOHHAs TIONISIPU3YEMOCTD (O, BO3PACTAET C YBEJIMUEHNUEM pa3Me-
pa MoneKyIl. Y NOJISIPHBIX Fa30B AUBJEKTpUYecKasi TPOHULAEMOCThb BO3-
pacraet G;arofgapsi OpUeHTAlMU AMTIONBHBIX MOJIeKya. OQHAKO M B 3TOM
cJIyyae ee 3HaUCHME €Ba MpeBbIlaeT eauHuLy. Hanpumep, s cuipHO-
nosipHoro raza HCI, Monexysbl KOTOpOro 064analoT AUMOJIbHBIM MO-
MeHTOM p = 3,5- 10730 Ku- M, auaneKTpuueckas IPOHULIAEMOCTD € CO-
crapisiet Bcero 1,003. TIpu HarpeBaHUM MOJSIPHOTO ra3a B MOCTOSIHHOM
3aMKHYTOM 00BEMe, B KOTOPOM COXPaHSIETCS] HEU3MEHHBIM YU CIIO MOJIE-
KYJl, IM3JIEKTPUYECKAsi TPOHULIAEMOCTb YMEHbIIAeTCs BCJASACTBUE OC-
J1abneHus OPUEHTALIMOHHOM CITIOCOOHOCTH IMITONIBHBIX MOJIEKY/. OTOI 0Co-
OEHHOCTBIO MOJISAPHbBIE Ta3bl OTIMYAIOTCSI OT HENOJSIPHBIX.

JHIIeKTpHIECKAs NPOHHIACMOCTD KHUIKHX JHJIEKTPUKOB. ITono6-
HO ra3zam XHWAKHUE AUIIEKTPUKH MOTYT COCTOSITh U3 MOJISIDHBIX U HETO-
JIApHbIX MoneKya. K ceMeHCTBY HEMONSIPHBIX XUIKOCTEH OTHOCSTCS
TpaHCPOpPMATOPHOE U KOHAEHCATOPHOE Macia, 6eH30J1, ToNyos, OeH-
3UH, YeTbIPEXXJIOPUCTBIN yrjepoa, ctupon u ap. Husnexrpuyeckas
MPOHULIAEMOCTb € STUX IMINEKTPUKOB OINPEAENSIETCS 3JNEKTPOHHOM
NOJIsSipU3aluel U He MpPeBbILIAeT 3HAYEeHUs 2,5, NMpUyYeM AUCMEePCUHU
IUBJICKTPUUECKON TPOHMIIAEMOCTH He HabsrofaeTcs BIUIOTH JO yac-
TOT ONTHUYECKOro JMuarasoHa. TeMmIiepaTypHasl 3aBUCUMOCTDb JUIJEKT-
pUYECKOM NMPOHULIAEMOCTH BbIpaxeHa c1abo U 00yCJIOBIeHA B OCHOB-
HOM TEILUIOBBIM pacllMpeHHeM BellecTBa. [103TOMy TeMIlepaTypHBIi
KO3(PHUIIMEHT TUITEKTPHUYECKON MPOHULIAEMOCTH (L, ITO0 YUCITEHHOMY
3HAYEHMIO OIM30K K TEMITEPATYPHOMY KO(DOULIMEHTY 00 EMHOTO pac-
wupeHus oy (mopsaaka 102 K-'), Ho NpoTUBOMONOXKEH IO 3HAKY.
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Bce ocobeHHOCTH CBOWCTB MOASIPHBIX XKUIAKUX TUINEKTPUKOB MPO-
MCTEKAIOT OT MX CITOCOGHOCTH K NUTOJILHO-PeIaKCAllMOHHON MOsSpy-
3alMH. DTa MOJISIPU3aLIMS 110 CaMoil CBoel TIpHpOIe CBA3aHa C TeIUIO-
BBIM ABMXeHUeM vacTull. IToaToMy ee Hamo paccMaTpuBaTh He Kak
HPOCTOM MOBOPOT JUITOJICH TOA, AeHCTBHEM SJIEKTPUYSCKUX CHIT, @ KaK
BHECEHHE JJEKTPUYECKHM TIOJEM HEKOTOPOH YITOPSIAOUYEHHOCTH B
MIOJICXKEHHUE TOJISIPHBIX MOJIEKYJ, HETIPEPBIBHO COBEPUIAIOIIMX XaOTH-
YyecKHe TeIutoBble KosiebaHusi. [IpocToit pacyeT MOKa3bIBAET, YTO IIPH
BO3ISHCTBUM 3NIEKTPUYECKOTO M0JIsI ¢ HanpsixeHHocThio £ =100 B/M
HAa TaKO¥ CUJIBLHOMONSIpHBIN AN3JIEKTPHK, Kak Boaa (e = 80), coznapa-
eMbIii 3 DeKT Monspu3aLyy SKBUBAICHTCH OPUCHTAIlMU B HaTIpaBJIe-
HUHU TIOJisl BCErO OTHOM TOMSIPHOM MOJIEKYIb! C DJIEKTPUYECKUM MO-
MeHTOM p = 6,1 10730 Ki1- M Ha Kaxable 3 MJIH HEOPUEHTHPOBAHHBIX
aunoneit. IToMuMo BOIBI B Ka4eCTBE IpHUMepa INOJISPHOH XUIKOCTH
MOXHO YKa3aTb HUTPOOEH30JI, IJIMIEPUH, 3MOKCUIHbBIC CMOJIbI, 3TH-
JIEHTITUKOJIb, XJ10po¢hopM, KPEMHUMOPraHUYeCKUE COSAMHEHUS, X0~
pupoBaHHbIi nudenun u aAp. K 3Toit xe rpynne MatepuanoB ClieayeT
OTHECTU U MCUOKUe Kpucmannsi, B KOTOPBIX UMEET MECTO YaCTUYHOE
YOOPSIIOUEHNE TUIONBHBIX MOJIEKYJ AaX€ B OTCYTCTBUE BJIEKTpHYeC-
KOro TOJjisi, NpU4eM HaOII0gaeMoe YIIOPSIIOYeHHE MOXeT OBITh Kak
OTHOMEPHBIM, TaK M IBYXMEPHBIM (CM. noapasi. 8.7).

H71s1 Bcex MOJISIPHBIX XXUIAKOCTEH XapaKTepHa pejlaKCallMOHHAs TMC-
AepCUsi JIUINCKTPUUSCKON TPOHMIIAEMOCTH, MPOSIBISIONIAsCs B pa-
JIMOYaCTOTHOM AuarazoHe. YacTtoTa U3MEHEHUS TIOJIsT CKa3bIBAETCS U
Ha TeMilepaTypHOI 3aBUCMMOCTH €. B xauecTBe nipuMepa Ha puc. 6.10
MIpUBEICHBI 3aBUCUMOCTH €(7) Ul INIMUEpUHA, CHATHIE Ha pas3iny-
HBIX YacToTax. C YBETUYEHUEM YACTOThI MAKCUMYM JIUNEKTPUUECKOM
MPOHUIIAEMOCTH CMeLIaeTcs B 061aCTh 00JIee BLICOKMX TEMIIEPaTyp. JT0
CBSI32HO C TE€M, YTO MaKCUMYyMY € COOTBETICTBYET TEMIIEPaTypa, HpH
KOTOpOH BpeMsl pelakcalldd NPUMEPHO COBMAZaeT ¢ IOJYNEePpHOIOM
u3MeHeHHs nojst. C yBenMUeHHEeM YaCTOThl YMEHBIUASTCS JUTTETbHOCTD
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Puc. 6.10. TemnepaTypHble 3aBUCUMOCTH TUICKTPUYECCKON NMPOHULIAEMOCTH
TAMUEePHHA Ha pasAIdYHBIX YacToTax
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MOJYNepuoaa, U €ro COBMHAACHHE C BPEMCHEM pPENaKCallMM MOXKET
TIPOM30HTH TOJILKO IpU 0ojiee BLICOKOU TeMIiepaType.

JuajieKTpHYecKasd NPOHUIIAEMOCTh TBEPAbIX AWIIEKTPHKOB. OHa
MOXET NPUHUMAThL CaMble pa3AMyHbIC 3HAYECHUS B 3aBUCHMOCTHU OT
CTPYKTYPHBIX 0CcOOEHHOCTe! MaTepuana. [1pu 3ToM B TBEpABIX AUIJIEK-
TPUKAaX BO3MOXHbBI BCE BMbLI JIUHCHHOU M HEAMHEWHOR MOJsipU3a-
Ui, CHCTeMATU3MPOBAHHBIC Ha puc. 6.7,

Kak u B ciyqae XUAKOCTEH, HAUMEHBILICH AU3JICKTPUUECKOH TTPo-
HMIAEMOCTHIO 00J1a1a10T HENOMSIpHBIE TBEPAble AUIeKTpUKU. Cpenu
HHMX HMEIOTCS BELIECTBA OPraHMYECKOTr0 M HEOPraHMYeCKOTO MpOHUC-
xoxneHHs. CBONCTBA HEKOTOPBIX HEITG/IPHBIX TBEPABIX AUIIEKTPUKOB
0XapakTepu30BaHb! B Tab1. 6.1.

Kak BuaHO u3 Ta6n. 6.1, nuanekTpuueckas IPOHUIIAEMOCTh yKa-
3aHHBIX MaTepUaiOB XOPOLIO YAOBAETBOPAET COOTHOWIEHUIO € = A2,
[IpU 3TOM I10KAa3aTe/b NMPEIOMICHUS # MOXHO U3MEPUTh ¢ OO/blIEH
CTEIMEHDbIO TOYHOCTH, YeM IMBJIEKTPHUECKYIO TPOHUIIAEMOCTb.

TBepabie AUBNEKTPUKH, HPEACTaBASAOLIMe CO00 MOHHBIC KPUC-
TANAbl ¢ HU3KOH IUIOTHOCTBIO Ae(eKTOB, KakK MNpaBUIO, 00JaNaioT
3JICKTPOHHON M MOHHON MOJsIpu3auusiMi. B OONBIIMHCTBE CIy4Yaes
3HAYCHUE UX IUDIEKTPUIECKOM IIPOHULIAEMOCTH B 2 —4 pasa nmpeBoc-
XOAMT KBaJpaT ONTHUYECKOTO IToKasaress mpenomieHus. Hampumep,
UL KpUcTautoB KameHHoilt conu NaCl oHo cocTaBuT £/n% = 2,53, a
IS KPUCTALIOB KBapua Si0, 310 oTHolueHue cocTanisier 2,11, Tem-
NepaTypHblil KO3pPUIIMEHT AMBIEKTPUUECKON NMPOHHUUACMOCTH O
HOHHBIX KPUCTAIJIOB B OOJBLIMHCTBE ClydaeB TOJIOXKUTENIEH BCAE-
CTBME TOTO, YTO ITPH MOBBIIIEHUH TEMITEPATYPhI HAOMIOAAIOTCST HE TOJIb-
KO YMEHbUICHHE TUIOTHOCTH BELUIeCTBa, HO M BO3pacTaHUE YIIPYyroro
CMELICHUS HOHOB, NMPHYEM BIMSAHHUE MOCHeAHEro (GaxTopa CKasblBa-
©TCsl Ha BEJIMYUHE € CHIbHEe, YeM M3MeHEHUe IUIOTHOCTU. Mckmoue-
HHMEM U3 3TOTO MPaBU/Ia ABJISIOTCS MuKkoHOb (TUTAHCOAEPXAlUE KOH-
JIEHCATOPHBIC NTUATEKTpUKHU). K HUM, B YACTHOCTH, OTHOCSITCSI KPUC-
tasnbl pytuia TiO,, nepockuta CaTiO;, TuTaHaTa ctpoluus SrTi0;
u Ap. B aTux xpucTayax OCIbHIVIO POJIb UTPAIOT KOBAJIEHTHBIE CBSI3H,

Tabnuua 6.1
JuanexkTpudyeckas NPOHAUAEMOCTH HEMOIAPHBIX TBEPABIX JUINEKTPHKOB
(IT'=20°C)

Martepuan n n? 3 Matepuan | n n? £
Hapadun 1,432,061 1,9...22 | [ITD3* 1,431 2,1 { 1,9..2,2
Tlonuctupon 1,5512,40] 2,4...2,6 | Cepa 1,921 3,09 | 3,5...4,0
Monuatunex 1,551 2,401 2,3...2,4 | Anmas 2,401 5,76 | 5,6...5,8

* ITOD — nonureTpadTOPITUIIEH.
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B HMX CHJILHO BbipaXKeHa 3JICKTpOHHas nojsipusauus (€, > 5). Bxian
3JICKTPOHHOU NMOJISIPU3ALMY B MHAYLIMPOBAHHBIN DIEKTPUYECKHIT MO~
MEHT OMpPeNesSIeTCsl HE TOJIbKO 3JIEKTPOHHOM MOJSIPU3YEMOCTBIO HOHOB,
HO M MX YMCJIOM B eAMHULIE 06beMa. KpoMe Toro, B THKOHAax 6iaroaa-
Psi MAJION XECTKOCTH CBA3CH MeXIy MOHaMU TUTaHA U KMCIIOPOIa UMEET
MECTO CHJIbHas MOJsIpU3aiinsg HOHHOTO cMmelneHust. COBOKYITHOCTb OT-
MEUYEHHBIX (DaKTOpoB obecneyuBaeT ITUM MaTepHAIaM MOBBIIEHHYIO
JMDJIEKTPUYECKYIO TIPOHHLIAEMOCTD (TabiI. 6.2).

Crneuunduka B3aUMOICHCTBUS 3JEKTPOHHBIX 00010YEK MOHOB TH-
TaHa W KUCJIOpOAa TaKOBa, YTO C MOBBLIIEHUEM TEMIEPaTYphl KO3(-
(QUUUEHT yNpYro# CBA3M Ky, MEXIY MOHAMH B PELUETKE PyTHIA UK
NIEPOBCKUTA HEe yMEHbIIAaeTcs, a, HA00opoT, Bo3pactaeT. COOTBETCTBEH~
HO 3aTPYRHSIETCS1 CMEIeHME HOHOB Tox AciicTeueM mnoast. [loatomy y
TUKOHJIOB TeMOEPATYPHBI KOG GUIUEHT TUINEKTPUUECKON TTPOHU-
HAEMOCTH (¢, OTpULIATENIEH.

Hdusnexrpuyeckasi MpOHNLAEMOCTh € PA3TUYHBIX HEOPTaHUUECKHX
CTEKOJI, ¥ KOTOPHBIX NMPOCTPAHCTBEHHAS CETKA HE UMEeT AAbHETO Io-
psAKa, JIEXUT B CPAaBHUTENLHO Y3KMX Ipenesiax: MpuMEpHO oT 4 1o
20, rpuyeM o, CTEeKOJI, KaK IPaBWIIO, NOJOXUTeNeH. s GONbIIUH-
CTBa CTEKOJI, TAKXKE KaK M ISl CTEKJIOKPHUCTAUTMYECKHUX MATEPUAIIOB,
OIpeeNsoel SIBASeTCS MIOHHO-PEIAaKCALUMOHHAS MMOMSPU3ALIUSIL.

TBepable TUANEKTPUKH MOTYT 06Ja1aTh M JUIIOIBHO-peaKcalu-
OHHOM moJysIpu3auueil. ITo KacaeTcsl, IJaBHbIM 00pa3oM, MOJSIPHBIX
OpraHuyecKux nonumMepoB. Mx nuanekTpuieckas nNpoOHULAEMOCTh Cy-
LIECTBEHHO 3aBUCHUT OT TeMIIEpaTypbl U YaCTOThI MPUIOXCHHOIO Ha-
MAPSDKEHUS U TIONYUHSETCS TEM Xe 3aKOHOMEPHOCTSM, YTO W € JH-
MOJIBHBIX XXUIAKOCTEH.

JuaJieKTprYecKas NPOHHIAEMOCThH KOMIOZHIMOHHBIX THIIEKTPHKOB.
MHorye AUBACKTPUKH, LITHPOKO MPUMEHSEMbIE Ha MPAKTHKe, SIBJsi-
I0TCS HEOAHO(Aa3HBIMM MaTepyaliaMH, T.€. NPEACTaBIAIOT coboil Me-
XAHUUYCCKYIO CMECh ABYX WJIM OOJIbILIET0 YHUC/Ia KOMIOOHEHTOB, XUMH-~
YECKHM HE B3aUMOICUCTBYIOIIMX APYr ¢ ApyroM. K ousiekTpuKkaM no-
JIOOHOTO THUMA OTHOCATCS Pa3jIMMHbIE BHABI TEXHHUYECKUX IJIACTMACC,
KEpPAMUYECKHUE U BOJIOKHUCTBIE MATEPHAIIBI, CJIOUCTDIE IIJIACTUKU U AP.
[TonsspuzallMOHHBIE CBOMCTBA TAKMX KOMITO3ULIMOHHBIX MaTepHAaIOB

Tabauua 6.2
JuajekTpHiecKne napaMerpnl HoHHbLIX KpucTtanioB (T = 20°C)
Kpucrann e | o105, K Kpucrann e | o 108, K
KaMeHHas conb 6 +150 Pyrun TiO, 80 -800
NaCl
Kopyun AL,O, 10 +100 ITepoBckuT 150 -1500
CaTiO;
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Puc. 6.11. CxeMa KOMIO3ULIMOHHOTO CIOMCTOrO AMJICKTPUKA C PA3INYHON
OpUEHTAUMEH CI0eB OTHOCHUTEILHO HarpaBieHUs DJEKTPUYECKOTO IMOJIS:

a — CJIOM Mapajuie/IbHbl NOJIO; 6 — ciaou NEPNEHANKYIAPHBL NTOJTIO

TPUHSATO XapakTepu3oBaTh 3¢ ¢heKTUBHON (YCpeaHEHHOH o oObeMy)
JA3TIEKTPUYECKOM IPOHULIAEMOCTBIO €*, Ee 3HaueHUe 3aBUCUT HE TOJIBKO
OT CBOHCTB UCXOIHBIX KOMIIOHCHTOB, HO U OT XapaKTepa MX paclpeac-
JIEHHUSI MO 00BEMY IMIJIEKTPUKA.

CJIouCThIE KOMITO3ULIMOHHBIE MAaTEPUAJIbI OTINYAIOTCS aHU30TPO-
IMHel 3JIeKTPUYECKUX CBOMCTB. B YaCTHOCTH, €C/IH 3MEKTPUYECKOe ToJIe
HaNpaBjieHO MapajIe/ibHO INIOCKOCTU ciioes (puc. 6.11, a), To uMeer
MECTO CIOXEHHUE EMKOCTER OTIEbHBIX KOMITOHEHTOB U 3 deKTHBHAS
JUBIEKTPUYECKasi MPOHULAEMOCTD €* ABISCTCS alIUTUBHOM QYHKIIN-
el cocraga:

e* = 9181 + 9282, (66)

rae 6, 6, — 0ObeMHBIE HOJM KOMIIOHEHTOB; €, £ — OTHOCHTEJIbHbIE
IUIIEKTPHYSCKUE TIPOHUIIAEMOCTH OTIENBHBIX KOMIIOHEHTOB.

TIpu Bo3meiCTBUM MOJS NEPHNEHIUKYISPHO TVIOCKOCTH CJIOEB €M-
KOCTH KOMITOHGHTOB BICTIOHAIOTCS MOCHenoBareibHO (puc. 6.11, 6).
Hcnonb3ysi IpaBUIO CIOXKEHHUST €eMKOCTEH MPH UX [10CJeI0BaTEILHOM
BKJIIOUEHHH, JIETKO IMOJIYYUTh CIACAYIOIMIA pe3y/bTaT:

1/e*=0,/¢, +0,/¢,. (6.7)

®opmyna (6.7) MOXeT ObITH MCIOJIB30BAHA, HANIPUMED, Ul pac-
yeTa 3GEeKTUBHON TU3ICKTPUYECKON MPOHULIAEMOCTH 6YMaKHOTO WITH
IJICHOYHOr0 KOHAEHCATOpa C IMPOMUTKOM.

Ha nmpakrtuke 4acTo BCTPEYAIOTCSH AUIICKTPUUYECKHE KOMITO3ZUIIMH
C XaOTUYECKUM, T.€. CTATUCTHYECKH PABHOMEPHBLIM pacCIIpeaeieHUEM
KOMITOHeHTOB. I pacuera mosisipu3allMOHHON CIIOCOOHOCTH TaKUX
CMeced MOXHO MCIIONIb30BaTh (POopMYITy, IpeiioxeHHyo K. JIuxreHek-
KEPOM:

lne* = Gllnel + 6211'182. (6.8)

HuddepeHyposanne no temiieparype BbipaxeHust (6.8) mo3so-
JISIET HaWTH TeMIIEPaTyPHbIA KO3(DOHUUMEHT AU3JIEKTPUIECKON Ipo-
HUUAEMOCTU ABYXKOMIIOHEHTHOM CTATHCTUYECKONH CMECH:
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1 _0de 0
e*dT 5 dT & dT’ (6.9)

0, = 0,0 + 0,04.

Takum oOpaszom, norapupMHUUYECKH 3aKOH CMELIUBAHUS Uil TU-
3JIEKTPUYECKUX TTPOHUIAEMOCTEM KOMIIOHEHTOB COOTBETCTBYET JIMHEH -
HOMY 3aKOHY CMEIIMBAHUSA JUIA UX TEMIEePaTYPHbIX KO DUIIMEHTOB.
Ecan xo3¢pdUUUEHTD 0 U O,y TPOTUBOIOJOXHBI MO 3HAKY, TO IpHU
HEKOTOPOM COIepXaHUU KOMIIOHEHTOB ¢, = 0. Takue cTaTUCTUYECKHUE
CMECH TONYYWIH HAa3BaHUE mepmokomnencuposarnsix. X sdexTus-
Hasl AUBJIEKTPUYECKAs NIPOHULAEMOCTh HE 3aBUCUT OT TEMIICPATypHl.
Ha ocHOBe TEpMOKOMIIEHCUPOBAHHBIX TUIJIEKTPUKOB CO3MAIOT TEPMO-~
CTaOMJIbHBIE KOHIECHCATOPHI.

6.4. TOKY CMEIIEHHA
" 9JIERTPOITPOBOJHOCTD JHIJIERTPUROB

OcHoeHble MOHATHA. [ToNspU3aLIMOHHBIE MPOLIECCH CMEILEHUS JTIO-
ObIX 3apsiiOB B BELLUECTBE, MPOTEKask BO BPEMEHM JO MOMEHTA YyCTa-
HOBJIEHUS] pPABHOBECHOI'O COCTOSIHUSI, OOYCIOBIUBAIOT MOSIBJEHHUE 110-
JISIPU3ALMOHHBIX TOKOB B AUYJIEKTPUKAX, MHAYE HA3bIBAEMBIX MOKaMU
cmeuerus. TOKM CMEILlEHUS YIIPYTO CBS3aHHBIX 3apsiIOB MPU DJIEKT-
POHHOU M MOHHOH MOJSIPU3ALMUIX HACTOJIBKO KPATKOBPEMEHHBI, YTO
KX OObIYHO He yaaeTcst 3apUKCUPOBATh MMPHUOOPOM.

Tokm cMmeleH!s NMpU pasiUyHbIX BUAAX 3aMEUICHHON MOJIspU3a-
UMM, HAOM0AaeMble Y MHOTUX TEXHUYECKHMX AURJIEKTPUKOB, Ha3blBa-
10T aBCOPOLIMOHHBIMY TOKAMU WM TOKaMM abcopOUMu ..

IIpy NOCTOSTHHOM HaMNpPsXKEHUU aOCOPOLIMOHHBIE TOKH, MEHSISI CBOE
HANpaBJeHUE, TTPOXOIST TOJbKO B NMEPUOABLI BKIIOYEHHUS M BBIKITIOYC-
HUs HanpspkeHus. [pyd nepeMeHHOM HanpsiXeHUH OHH UMEIOT MECTO
B TEYCHUE BCETO BPEMEHU HAXOXIEHHUS] MaTepuasa B 3JeKTPUYECKOM
norne.

Hanuuue B TEXHUYECKUX AUDIEKTPUKAX HEOONBUIOrO YMCIA CBO-
OOMHBIX 3apsIAOB, 4 TAKXKE MHXKXEKIIUA UX U3 DJIEKTPOIOB IMPUBOIAT K
BOZHUKHOBEHUIO HEDOIBIIMX TOKOB CKE03HOU 31eKMPOnpo8odHoCcMU, WU
CKBO3HbIX TOKOB.

Taxum oOpa3oM, NoNHAS IUVIOTHOCTh TOKA B AUSJIEKTPUKE, Ha3blBa-
€MOT0 MoKoM ymeuKu Jy;, IpeACTaBIgeT CO60I CyMMY IUIOTHOCTEMN TO-
KOB a0COPOLIMOHHOTO Jy5, M CKBO3HOTO Jeyp!

Jyr = Jagc t+ JCKB‘

IT1OTHOCTb TOKA CMELEHHUS OMPEeIISIETCS CKOPOCTBIO U3MEHEHUS
BEKTOpa 3JCKTPUYECKOIO cMelleHus] (MHAYKUUM) D, BKIIOYaIoLero
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B ce0sf MTHOBEHHbBIE (BHCKTDOHHOG, I/IOHHOC) U 3aMECJICHHBIC CMEILIC-
HHUA 3apAd0B:

Joo=dD/dt = S

Ha puc. 6.12 noka3saHa 3aBUCHMOCTb OT BpEMEHH TUIOTHOCTH TOKA U
€MKOCTH KOHACHCATOpA € AHIJICKTPHUKOM, XapaKTCPpHUIYIOHIMMCA Ha-
JIMYMEM MTHOBEHHBIX U 3aMEIICHHBIX (pelaKCallMOHHBIX) MEXaHU3-
MOB TNOJAPU3ALLMU, TIPU MIHOBEHHOM M JUTMTEIbHOM MNPUIOXKEHUH
a5eKTpuyeckoro nojg. M3 puc. 6.12 BUAHO, YTO NOCHE 3aBeplleHUS
IIPOLIECCOB NOJSIPU3ALUH YEPEe3 AUIICKTPUK IIPOXCAUT TOABKO CKBO3-~
HO# TOK.

TTpoBOIUMOCTb AM3JIEKTPUKA TNPHU MOCTOSIHHOM HAIPSLKEHHUH OIT-
peAeIsiETCsl 0 CKBO3HOMY TOKY, KOTOPBIM COINPOBOXAACTCS BhlLaeje-
HHEM U HelfTpanuzalyeif 3apsjgoB Ha anekTponaax. Ecnu npu moaspu-
3aLUM AUDIEKTPUKA UMEET MECTO CMEllleHHe OONbIIOro YHCia 3aps-
OB Ha HHYTOXHO Majble PacCTOSIHUSA, TO TPOLECC 3JIECKTPONPOBOI-
HOCTH TPeICTaBIsCT CO00M NepeMellieHHE OTHOCUTENbHO HeOOMNblIO-
ro YMCIA 3apSDKEHHBIX YAaCTHL, HO Ha MaKpOCKOIIMYECKHE pacCTOosi-
HUA.

B GonbUIMHCTBE CIyyaeB HOCUTEISIMU 3apsiI0B B IU3JIEKTPUKaAX SIB-
JISIIOTCSI MOHBI, TOPA3[I0 PEXEe — 3JIEKTPOHBI. €10 B TOM, UTO B raszax u
SKWIKOCTSIX BJIEKTPOHBI OOBIYHO «IIPWIMIIAIOT» K HEUTpalbHBIM MoOJie-
KyJIaM H, 00pa3ys 3apsXeHHbIE KOMIUIEKCHI, IIEPEMEIAIOTCS B 31K~
TPUYECKOM TOJIE BMECTE C HUMHM. B TBEpABIX IUIEKTPUKAX NCKTPOHBI
3aXBaTbIBAIOTCA AeheKTaMU CTPYKTYphl. OJHAKO B CHJILHBIX 3JIEKTPU-
YECKUX IIOJSIX, KOI/a pa3BUBAIOTCS NMPOHECCH YIapHOIl MOHM3ALUH,
3JIEKTPOHBI C BBICOKOI Heprueil He MOTyT OBITh 3aXBau€Hbl HEHT-
PUILHBIMH MOJIEKYJIaMK MM KPUCTAJUIMYECKOM PEeLIETKON, U 3JIeKT-

J, C
o i c
g
~ : CMI‘H
' 1
: JYT ] :
. Jeum U: i
| Jase ! g 2
S : = ey
—t = 7
ti6c = 1 MHH

Puc. 6.12. IaMeHeHMs [UIOTHOCTH TOKA M €eMKOCTH BO BPEMEHMU IIPH BKIIIOUC~
HHMM KOHICHCATOPA HA MOCTOSHHOE HANPSXEHUE:

ZCP — €MKOCTD, O6)’CJIOBII€HH&H peiakCauMOHHBIMY MCXaHU3MaMU NOJAAPU3ALUU;

Cyrq — BKJIQZ B €MKOCTh MTHOBEHHBIX MEXaHHU3MOB MOJSIpU3aLuy; | — MpOHece 1eK-
TPUYECKOH OYUCTKU; 2 — TIPOLECC CTapeHUs
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POHHBIH BKJIAl B CO3IAHUE DJIEKTPHUYECKOrO TOKA CTAHOBUTCS Mpeod-
JIAJAIOLIMM.

CoIpoTHBIIEHHUE TUINEKTPUKA, 3aKITIOUEHHOTO MEXAY IBYMS 3JIEK-
TpOIaMH, NpH NMOCTOSSHHOM HANpsKEHUH, T.€. CONPOTHUBIEHHE M30-
JSIUUU R,;, MOXHO BBIUMCIIUTL 1O hopMyJie

Ry, = U/(Iy'r - Zlnon)s

rae U — npuioXeHHOe HanpsikeHue; [, — HabloJaeMblil TOK yTey-
KH; Zlm,,, — CYMMa TOKOB, BBI3BAHHBIX 3aMEUICHHBIMH MeXaHH3Ma-
MM NOJISIPU3ALINH, Zlnon = L.

Y TBepAbIX HM3OJSLIMOHHBIX MAaTepHANOB Pa3IMYalOT 06BeMHYI0 U
NOBEPXHOCMHYIO IAeKMPONPOBOOHOCMU.

Jna cpaBHUTEABHON OLIEHKU 0OBEMHOMN U ITOBEPXHOCTHOM 3JICKT-
POITPOBOJHOCTH Pa3HbIX MAaTepPHAIOB HMCIIONb3YIOT TaKXe YIEIbHOE
00BEMHOE Py U VAEJIBbHOE MOBEPXHOCTHOE P g CONPOTUBICHUSA.

Yoeavroe o6semHoe conpomusnenue py YUCICHHO PAaBHO COMPOTHUB-
JieHu1o Kky6a ¢ pebpoM B | M, MBICIEHHO BbIJEJIEHHOIO U3 HUCCIEaye-
MO0 Marepuaja, €Civ TOK IPOXOIMT 4epe3 JIBe NMPOTHBOMOIOXHbIE
rpaHu 3Toro Kyba, OM - M. B ciyyae niockoro o06pasiia Marepuania npu
OIHOPOAHOM ITONE YAEAbHOE 00BEMHOE CONPOTUBAEHUE PACCUYUTHIBA-
10T 110 ¢opMyIie

Py = R%a
rge R — o0beMHOE COMpOTUBACHUE; S — IJIOLIAAbL 3JIEKTpoAa; A —
TOJIIHMHA 00pasia.

YOeavrnoe nosepxnocmuoe conpomueneHue ps YMCICHHO PaBHO CO-
NMPOTUBJAEHUIO KBaJipaTa (JIloObIX pa3MepoOB), MBICJIEHHO BbIIEJIEHHOTO
Ha MOBEPXHOCTH MaTepuasa, €CIM TOK NMPOXOIUT Yepe3 ABE MPOTUBO-
TI0JI0XHBIE CTOPOHBI 3TOrO KBajparta, Om:

d
71
rae Ry — NMoBepXHOCTHOE CONMPOTUBJIEHHUE 00paslia MaTepuaia MexXIy
napajjie/ibHO MOCTABJICHHBIMM 3JIEKTPOAaMK LUMPUHOM d, OTCTOSILIU -
MU JIpyr OT Apyra Ha paccTosiHuH [ (puc. 6.13).

[TonHast IPOBOAUMOCTb TBEPAOrO AUAJIEKTPUKA, COOTBETCTBYIOLLAs
€ro COnpoTUBIEHUIO R,,, CKlaabiBaeTCss U3 OObEMHON U MOBEPXHOCT-
HO¥ NPOBOAMMOCTEIA:

ps = Rg

1/Ru,=1/R+1/Rs (6.10)

B peanbHBIX IU3IEKTPHUKAX MOBEPXHOCTHAS YTEYKA TOKA MOXET Ipe-
BBILLATh OObEMHYIO, TAK KAaK Ha TIOBEPXHOCTH MOBBILLIEHA KOHLIEHTpa-
s 1eeKTOB, aiCcOpPOUPYIOTCS Pa3IMYHbIe PUMECH U 3arPA3HEHMUS.

IMpousseneHre CONPOTHUBAEHUS H3OMALMHU IUIIEKTPUKA KOHAEH-
caTopa Ha ero eMKOCTb Ha3bIBAIOT HOCHOAHHOU 6peMeHU Ty KOHAEHCATO-
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Puc. 6.13. CxeMa pacrofioxXeHUs

3JIEKTPOJIOB NTPY U3MEPEHHUU TOBEPX-

HOCTHOTO COMNPOTHUBAEHUA AU3JIEK-
TpUKa:

1 — 3nexTponyl; 2 — AUBIEKTPUK

pa. BesiauHa T, XapakTepusyeT BpeMs, B TeUeHUE KOTOPOTO HaIpsDKe-
HHME Ha OOKIagKax yeAMHEHHOTO KOHAEHCATopa, OTKIIOYEHHOIOo OT
HCTOYHHUKA MMUTAHMA, YMEHBUIAETCSA BCICACTBUE Pa3psIKU B € pa3 OT
NEPBOHAYANILHOrO 3HayeHMsi. UeM Jydile U30OASIUMOHHBIE CBOICTBa
IMB3IEKTPUKA, TEM MeIJIeHHEe HUIET Ipolecc pa3psiaku. Jlerko noka-
3aTh, yTo B cucteme CHU

1,= R,,C=8,85- 10-2pe. (6.11)

DNEeXTPONPOBOAHOCTh TUINEKTPHUKOB 3aBUCUT OT UX arperaTHoro
COCTOSHMSI, a TAKXKE OT BAAXKHOCTU Y TEMIIEPATYpPhl OKpYyXalolleh
cpenpl. Ilpu pnutenpHON paboTe MOJ HAMNPSKEHUEM CKBO3HOU TOK
yepes TBEPAbIE WM XUIKHE ANIICKTPUKH C TCYEHUEM BPEMEHH MO-
XKET YMEHBIIATLCS MU YBEIUYMBATBCA, KaK MMOKa3aHo Ha puc. 6.12.
VYMeHbllieHHe TUIOTHOCTH CKBO3HOI'O TOKA CO BpeMEHEM TOBODUT O
TOM, YTO DJIEKTPOIPOBONHOCTh MaTepHana Obi1a 00yC/IOBI¢HA UOHA-
MM [TOCTOPOHHUX MPUMECeH U YMEHBIIATACH 34 CUET JEKTPUIECKOHN
OUMCTKM 00Opa3sua (Kpusag 7). YBeauyeHHne TOKa CO BpeMeHeM (KpH-
Bast 2) CBUJIETENILCTBYET 00 YUACTHU B HEM 3apsiA0B, KOTODHIE SIBIA-
I0TCA CTPYKTYPHBIMM 3JIEMEHTaMM CaMOTO MaTepuana, U O MpOoTeKa-
IOLIEM B JIMBJIEKTPHUKE HeoOpaTMMOM IpolLiecce CTapeHUst NOA Ha-
NpsSXEHHEM, CIIOCOOHOM IOCTENEHHO IMPUBECTU K Pa3pyLUCHHUIO —
npobo10 AUIAEKTPUKA.

DeKTPONPOBOJHOCTS ra3oB. ['a3bl Mpy HeOONBIINX 3HAYCHUAX Ha-
NPSDKEHHOCTH 3MeKTPUIECKOro Moas 00/a1a0T OYEHb MAJION NMPoBo-
IUMOCTBIO. TOK B razax MOXET BOZHUKHYTH TO/IBKO ITPU HATUYUHU B HUX
MIOHOB WY CBOOOJIHBIX 3/1eKTpOHOB. MoHM3anus HeUTpaIbHBIX MOJIe-
KYJ raza BO3HHKaeT aubo 1oj AeficTBUeM BHEIUHUX (PaKTopoB, Jubo
BCJIEJCTBUE COYAApeHMH MOHM3UPOBAHHBIX YaCTUL] CaMOro rasa, yc-
KOPEHHBIX 3JEKTPUUECKUM [T0JIEM, C MOJIEKYJIaMM rasza. OTOT Ipoiiece
Ha3bIBACTCS YOAPHOU UOHU3ayUel.

BHewmHuMy ¢axTopamMu, BBI3BIBAIOLIMMUA HOHHM3ALHMIO ra3a, SIBJs-
IOTCSl PEHTIEHOBCKOE, YATPa(pUOIETOBOE, PATMOAKTUBHOE U3TYUYEHHUS,
a TaKXe TEPMHYECKOE BO3AeHCTBHE (CUIbHBINA HArpeB rasa).

OnHOBPEMEHHO C INIPOLIECCOM MOHHU3AUMM, NMPU KOTOPOM IIPOMC-
XOMUT 00pa3oBaHUE NMOJOXUTEILHBIX M OTPULIATCIBHBIX MOHOB WIIH
3JIEKTPOHOB, YacTh IOJIOXKMTEILHBIX MOHOB, COCAMHSSICh ¢ OTpULA-
TEeJIbHBIMU 4aCTULIAMM, 06pa3yeT HeHTpalibHble MOJIEKYJIbl. DTOT MPO-
LleCC Ha3bIBAETCS peKkombuHayuell.
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Hanuymne peKoOMOHMHALIMM [TPETIATCTBYET O€3rpaHUYHOMY POCTY UMCIA
HMOHOB B rase 1 OOBSICHAET YCTAHOBJIEHHUE MX OIMpeNeIeHHOW KOHIIEH-
Tpaluu CIYCTS KOPOTKOE BpeMs IOCje Hayaua AeHCTBUS BHELIHEro
HOHM3aTOpA.

TIpenrnonoxuM, 4TO YaCTMYHO HMOHH3MPOBAHHBIM a3 HaXOIMUTCS
MEXIy ABYMsI IUVIOCKMMH MapajUIeIbHBIMU 2JIEKTPOIAMHU, PACIIOIOXEH-
HBIMM Ha paccTosiHuM d apyr ot apyra. IlycTe B KaKOW-TO MOMEHT
BPEMEHH B €MHHIIC 0ObEMa ra3a COOEPXHUTCS A, TIOJIOXKHUTEIbHbBIX U H_
OTPULIATE/IbHbIX UOHOB, MIPUYEM B CTALIMOHAPHOM DEXUME N, = H_= H.
YHUCI0 MOHOB, PeKOMOMHHPYIOIIMX B ¢IMHMLUE 00beMa B €IWHHLY
BpEMEHH,

n;=vn.n_= vn?,

rne v — Ko3¢h@ULUEeHT peKOMOMHAIINH.

ITon aeiicTBMeM BHELIHMX MOHM3ATOPOB €XECEKYHIHO B KaXIOH
enuHuLIe 00beMa obpasyercst N HOBBIX Iap MOHOB. B cOCTOSAHUM paBHO-
BECUSE YMCJIO BHOBb 0Opa3yIOLIMXCSI MOHOB PABHO YMCIY PEKOMOMHM-
PYIOLIUX:

N=vr?, (6.12)

IIpu HayTOXEHHH BHELIHETO IOJIS 3apsDKEHHBIE 4aCTHULIbI IPpUobpe-
TalOT HEKOTOPYIO CKOPOCTh HaNpaBJIeHHOTO ABMXEHHUS. HacTb U3 HUX
JIOCTUTAET DMEKTPOJOB U HEMTPAJIU3YETCH HA HUX, CO3[aBast SNeKTPU-
YeCcKUH TOK. JIpyrasi YacTb MOHOB MCY€3aeT MO-TIPEXKHEMY B pe3yibTaTe
00beMHOM pekoMOMHaLKMU. YpaBHeHHe OajiaHCa 3apsiXKEHHbIX YaCTHUIL
MOXHO TIPeJICTABUTb B BUAE

Nd = vr2d + J/ g, (6.13)

riae J — IUIOTHOCTb TOKA; ¢ — 3apsii HOHOB.

B cnabpix nossix ckopocTh Apeiiga MOHOB B HAMPABICHUH MO OYEHb
Majia, JOMMUHHPYET Ipoliecc 00beMHOI PeKOMOWHAIIMU, T.€. BBIMON-
HSIETCH HEPaBEHCTBO J/ g < vh’d. B 5THX YCIIOBHSIX KOHIIEHTPALIUS HOHOB
B 00BbEME raza COXpaHsIeTCHd MPAKTUYECKH HEM3MEHHOM, T.€. HE 3aBHU-
CUT OT HATPSXKEHHOCTH TIOJISA.

Torna, yuutsiBast 4To #n=./N /v, WIS YAEAbHON MPOBOAMMOCTU
raza uMeeMm

Y=gJN /v(u, +L), (6.14)

TAE M, U U — MOABHKHOCTH HOHOB.

15l BO31yXa B HOpMaJIbHbIX YCIOBUSIX 3HAYCHHUSI TapaMeTPOB, BXO-
asmux B popmyny (6.14), cocrabusiior: v = 1,6 10712 M3/c; N =
=(3..5-10°m3 ¢t p,=1,3-10*M¥/(B-c); p_=1,8-10"* M?/(B - ¢).
IToxcrasus 5T mapaMmeTpsl B popmyiy (6.14), monyuum IUis Bo3ayxa
y= 10713 Cm/m.
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B Gosiee CHIBLHBIX IEKTPUYECKUX MOJSIX CHUTYALMsl KapaAuHAIbHO
U3MEHSIETCS: HCUE3HOBEHUE BHOBL O0OPA3YIOLIMXCS] MOHOB CBSI3aHO TOJTb-
KO C UX HeHlTpanu3auuey Ha 9AeKTpoaax, a peKkoMOuHauusl B oobeMe
HUYTOXHO Maja. B aTom ciyuae

J=gNd = J., (6.15)

T.€. IJIOTHOCTb TOKA Y€ He 3aBUCHT OT HaNpsKEHHOCTH BHEHIHETO
0JIs, UMEIOT MECTO HapyllieHMsi 3aKkoHa OMa.

IIpsimast IPOHOPLUOHAIBHOCTD MEXIY MIOTHOCTBIO TOKA HACHILLE-
HUS - Jyo M1 PACCTOSTHUEM MEXY 3JIEKTPOIAMU COBSICHSETCS TOCTATO-
YHO JIETKO: ITPY HEU3MEHHOI MONIHOCTH MOHU3aTOpa C BO3pacTaHUEM
d YBEITUYMBAETCS YHMCIIO MOHOB, €XECEKYHIHO BO3HUKAIOUINX B MEX-
3MIEKTPOIHOM pocTpaHcTBe. Ilpu craHmapTHOM paccTosiHuM d =1 ¢M U
CTaHIAPTHBIX YCIOBHUAX i BO3AYXa Ji,. = 6 - 1071 A/m2. Takum obpa-
30M, Ta3bl B HOPMAJIBHBIX YCIOBHUSIX SIBSIIOTCS XOPOUIMMHM U30JIATOPAMHU.

Ha puc. 6.14 mokazaHa 3aBUCMMOCTb IJIOTHOCTU TOKA OT Hampsi-
JKEHHOCTH MOJIST JUISI MEXIEKTPOAHOTO NMPOMEXYTKA, 3aM0JHEHHOTO
rasoM. Kak BuaHo u3 puc. 6.14, 3akon OMa, ycTaHaBIMBAKOIUMUI JIK-
HEeHOe COOTHOlIeHNEe MeXty J ¥ E, BHINIONHSETCS TONBKO Ha HaYallb-
HOM Yy4acTKe XapakTepUCTHKHU. [IpH pacCTOSIHUU MEXIY 3MeKTPOIaMHU
d = 1 cM HacCbhIHIEHHE TOKa HACTYIaeT yXKe B MoJax npu E,,.= 1 B/M.
B cuIBHBIX NMOJSIX, C HANPSXEHHOCTbIO Oonbuieit E,,, B razax passu-
BalOTCS MPOLECCH YIApHOM MOHM3ALIMM, IIPUBOISIIKE K JaBHHOOO-
pa3sHOMY pOCTY YMCia 3apsiKeHHBIX yacTul. Havany yaapHoit uonunsa-
1IMM COOTBETCTBYET HAIPSDKEHHOCTH 1101 nmopsiika 106 B/M. D1u uud-
PbI OKA3bIBAIOT, UTO YYACTOK HACBILICHUS TOKA IIPOCTUPAETCS B OYeHb
LUIMPOKOM [UAITa30He HATIPSKEHHOCTEH.

Taxkum o6pa3om, M000# ra3, NPpUMEHSIEMbII B KaYyeCTBE H30JATO-
pa, NMPaKTUYECKH BCErJa HAXOAUTCA B COCTOSHMM HACBHIICHHMS TOKA.
[ToaTomMy M30ASILIMOHHBIE CBOMCTBA Ia30B HE XapaKTepU3YIOTCS YIeTb-
HbIM COMPOTHUBICHUEM WIH YASIbHOM MPOBOAUMOCTHIO, TaK KaK 3TH
MapaMeTpsl 3aBUCSIT OT BETUUYMHDBI TPUIOXKEHHOTO HATIPSKEHMUS.

DIEKTPONPOBOIHOCTD KUAKUX AUIEKTPHKOB. [lonapsioiiee 601b-
HIMHCTBO XHIKHX IUIIEKTPHKOB XapaKTePU3YETCsS UOHHOU 3AeKmpo-
npoeooHoCcMbi0. KpoOMe TOTO, B KOJUIOMIHBIX CHCTEMaX MOXeT Habmio-
JAThCS MOJIMOHHAsl 3JIEKTPOITPOBOIHOCTb, CBSI3aHHAS C JIBHXEHHEM
JIOCTaTOYHO KPYITHHIX 3apSXKEeHHBIX YaCTHLL,

d2>d1

dy

dy

Puc. 6.14. 3aB1CHMOCTD IIOTHOCTH TOKA OT

HaNpPsSLKeHHOCTH 1101 [UTS ra3o06pa3Horo i i
AUBIEKTPUKA 10° 10% E, B/m
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PaznnyaoT cOGCTBEHHYIO ¥ MPUMECHYIO MOHHYIO 3JEKTPOINPOBO/I-
Hoct. CoGCTBEHHAS 2EKTPONPOBOIHOCTh OOYC/IOB/IEHA IBHUXEHUEM
MOHOB, OBPA3YIOLMXCH BCIEACTBUE JUCCOUMALNH OCHOBHBIX MOJIEKYII
xuakoctH. CTeneHb AUCCOLMALMU MOJIEKYJ TeM BBILE, YyeM GOJIblue
JIUBJIEKTPUYECKAst IIPOHULIAEMOCTD XUIKOI cpeabl. [ToaToMy MoaspHbie
XMIKOCTH BCEIIA UMEIOT MOBBILIEHHYIO IIPOBOAUMOCTD MO CPABHEHUIO
C NPOBOJIMMOCTBIO HEMOJSIPHBIX BeleCTB. CHIIbHOIONIAPHbIE XHAKOCTH
(BoHa, CrMPT, allETOH) 00JIAZAI0T HACTONBKO BBICOKOM IMPOBOXUMO-
CTBIO, YTO MX C/EIyeT PACCMATPUBATD YK€ He KaK IU3JIEKTPUKHM, a Kak
KMIKUE TTOAYNPOBOAHUKH C MOHHOM 3JIEKTPOIPOBOIHOCTHIO.

B HenossipHbIX 1 C1aG0TONSAPHBIX KMIKOCTSX 3JIEKTPOIPOBOIHOCTD
B OCHOBHOM OIIpEAESSIeTCS. IPUMECSMH, TaK KaK JHUCCOLMALHUs Cob-
CTBEHHBIX MOJIEKYJ O4eHb Mada. OUUCTKA XUAKUX IUIIEKTPUKOB OT
NpUMeceil 3aMETHO MOBBILLAET MX YAEIbHOE conpoTuBieHue. Ha-
npuMep, TexHuuyeckoe TpaHcdopmaroprHoe mMacno npu 80 °C umeer
p = 101° OM - M, a TIwaTENbHO OYMLIEHHOE — OoKoyno 102 Om - M.

YaenbHast IPOBOAUMOCTD XHIAKHX JUIICKTPHKOB CHJIBHO 3aBUCHT
OT TeMreparypbl. [IpM HarpeBaHUM BO3PACTACT MOABHXHOCTh MOHOB
BCJISNICTBME YMEHbBIIEHHMS BA3KOCTH CPEAbl, & TAKXKE YBEIUYUBAETCS
cTeneHb auccouranuu Mojekyi. O6a atu ¢akTopa npUBOIAT K IKCIIO-
HEHUMATBHOMY BO3PACTAHMIO MPOBOIUMOCTH C TEMIIEPATYPOI:

Y= Aexp(-b/T),

rae Au b — sMIMpHYeCKHe KOHCTAHThI, XapaKTepU3YIolilue MaTepuall.
JIist 6OIBLIMHCTBA XUAKMX JUIEKTPUKOB b = (3...6) - 103 K, uTo 3Ha-
YUTEJIHbHO MEHBIIIE, YeM B TBEPABIX AUDJIEKTpUKax (CM. aiee).

B KOJIOMIHBIX CHCTEMAX HOCUTE/ISIMU 3apsiia sIBJISIIOTCS. MAKPOCKO-
MHYECKHE YACTHLEBI ~— MOAUOHbI, KOTOPBIE aICOPOUPYIOT M3 XHUIKOTO
JIH2IEKTPUKA CBOOOIHBIE MOHBL M 2JIEKTPOHBL. IIpuMepaMu KOJTOUI -
HBIX CHCTEM MOTYT CIYXUTb 3MYJILCUH (IBE HECMEILIMBAEMBIE XHKIKO-
CTH) U CYCITeH3UH (HEpacCTBOPUMBbIE TBEPIAbIE YACTHLIB! B XKUJIKOCTH),
KOTOpPBIE COCTAB/ISIIOT OCHOBY JIAaKOB, 3Majieil 1 KOMIIayHIOB. 3aKOHO-
MEPHOCTH, YCTAHOBJICHHbIE AJISI MOHHOH 3JeKTPONPOBOAHOCTH, PO~
SIBAIAIOTCSA ¥ MPH MOJMOHHOM 3JIEKTPOINEePEeHOCE.

DeKTPONPOBOHOCTD TBEPABIX THIIEKTPHKOB. DJICKTPONPOBOIHOCTD
TBEPIbIX Tel OOYCJAOBJIEHA KaK IEpeABMKEHHEM HOHOB CaMOIO IH-
3AEKTPUKA, TAK U MOHOB CIYYaHHBIX IPUMECe, a Y HEKOTOPBIX MaTe-
PHATIOB MOXET OBITh BBI3BAHA HAIMYMEM CBOOOIHEIX SJIEKTPOHOB.

Bua 27eKTpONIPOBOAHOCTH YCTAHABIMBAIOT 3KCHEPHUMEHTAIBHO,
UCHONb3ys 3aKoHu Papanesi. MoHHas 371eKTPONPOBOAHOCTb CONPOBOX-
JaeTcsl MEPeHOCOM BeHIeCTBA Ha AJ1eKTpoabl. [Ipu 3/1eKTPOHHOI 3/1eK-
TPOMPOBOAHOCTH 3TO sIBJICHHE He HabMoxaeTCs.

B npoliiecce MpoXoxXmeHUs 3MeKTPUYECKOro TOKa 4yepe3 TBepblil
JIM3EKTPUK COAEpXKallMeCss B HEM MOHBI NIpUMECEl MOTYT YACTUYHO
VIQIATHCS, BBUICASSICH Ha 3JIEKTPOAX, YTO C TEUSHUEM BpEMEHH ITPU-
BOJIUT K YMEHBUICHHIO IIPOBOIMMOCTH U ToKa (CM. pHC. 6.12).
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B TBepAbIX AU3IEKTPUKAX HOHHOTO CTPOCHUSA 3EKTPOHPOBOIHOCTD
0o0yC/IOBJIeHa IJIABHBIM O0pa3oM IBUXCHHEM HMOHOB, BHIPHIBAEMBIX
U3 y3JI0B PEHICTKHU B PE3y/bTaTe TEMJIOBOTO BO3MylHeHus. Hanpas-
JIEHHOE JBUXEHHE UOHOB IIPOUCXOIHT NYTEM UX IIEPECKOKa IT0 MeX-
JIOY3/IMSM WIM O BAKAHTHBIM y3/1aM pelueTKU. B 060uX ciayyasix KOH-
LIEHTpaLst HOCUTEIEH 3apsaia ONpeaenseTcss KOHLEeHTpanuei nedgek-

-TOB CTIPYKTYpbl. DcTadeTHOE MepeMeieHHe HOHOB 110 BaKaHCUSIM
MOXHO paccMaTpyMBaTh Kak Opeiid BakaHCHil B IMPOTUBOMNOIOXHOM
HallpaBlIeHUH.

B camom o61ieM ciaydae s YASIbHOMN TIPOBOJUMOCTH CIIPaBEIU-

BO BBIpaXEHHE

Y = gNail, (6.16)

rae N, — KOHUEeHTpanHs HoCUTeNel 3apsana; |, — MOABUKHOCTH HOCH-
TeJlel 3apsiaa.

IIpyu oTHOCHTEILHO HEBBLICOKMX HANPAXKEHHOCTSX 3JAEKTPUYECKOTO
oIS KOHLIEHTpALMA HOCHTe el 3apsafa H ITOABHXHOCTh HE 3aBUCST
oT E, T.€. CKOpOCTb UX IepeMellieH S v MPONOPLIMOHAIbHA HANIPSIKEeH -
Hoctd nonsd E: v=pFE — cobnogaetcd 3akoH OMa.

IToABMXXHOCTD 3MIEKTPOHOB Ha MHOTO NOPSIIKOB GOJIbLIE, YeM MO~
BIDKHOCTb MOHOB. B muokcune TuTaHa, HanpuMep, MOABMXHOCTD DJICKT-
POHOB cocTapiAgeT okono 107 M2/(B - ¢), Torna Kax NoABMXHOCTb HOHOB
B ATIOMOCUJIMKATHO} Kepamuke Bcero 10713, 10716 M2/(B - ¢). B nusnex-
TPUKE C BACKTPOHHOM 3JIEKTPONPOBOAHOCTLIO KOHIICHTPALIMS 3ACKT-
ponoB B 10°...10!? pa3 MeHblIe, YeM KOHUEHTpPALUA HOCUTEIEH B AU-
SJEKTPUKE ¢ UOHHOM 3JEKTPONPOBOIHOCTHIO IIPU OJUHAKOBOM 3apsi-
Jie HOCHUTeNeil MU OAHHAKOBOM 3HAUYEeHHH YAENBbHOU POBOAUMOCTH.

BeposiTHOCTL 00pa30BaHUs TOYECUHOTO gedeKTa CTPYKTYPHI 3KCIIO-
HEHIIMAJIbHO 3aBUCUT OT TeMniepaTypst. [103TOMy KOHIIeHTpalus cia-
0OCBsI3aHHBIX HOHOB N, CTIOCOOHBIX Y4aCTBOBATh B IEPEHOCE 3apsiaa,
TAaKXe 10 SKCMIOHEHTE BO3PACTaeT C TeMIEpaTypoOi:

N; = Nexp[-3,/(kT)],

rie N — ofuee yuciao uoHoB B 1 M3, 3, — 3Heprus QUCCOLMALMU
(o6pazoBanus nedeKTa).

TemneparypHast 3aBUCHMOCTDb MOJABUXHOCTH HOHOB IPU HPBLXKO-
BOM MeXaHMU3Me UX nepeMelleHMs] TOXe OMHCHIBAETCS 3KCMOHEHIM-
anpHOU (yHKIMel Buna

b= umaxexp[—gnep/(kT)]a

THE Moy — IMIIMPHUECKAst KOHCTAHTA C Pa3MEPHOCTHIO MOABHXHOCTH;
Opep — DHEPIuUs NEPEMELICHUS MOHA, XapaKTEPU3YIOUIas BhICOTY Oa-
pbepa MEXIY COCeIHUMH 3KBUBAJICHTHBIMHU MOJIOXEHUSIMU YaCTHLIBL.

[oncraensia N; ¥ i, B GOpMYITY JIs VAETBHOM NMPOBOAUMOCTH (6.16)
U OOBeAMHSIS MOCTOSIHHBIE ¢, N U L, OXHUM XKOXDPUUUEHTOM A,
TIOJTYY MM
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Y = Aexp(~b/T), (6.17)

tae b= (9, + B,) / k.

CymMma (B; + Ope,) HA3BIBAETCS 3Hepeuell aKkmueayuu 31eKmponpo-
godHocmu.

Taxum o6Gpa3oM, MPOLECC IACKTPONPOBOAHOCTH B TBEPAbIX AU~
3MEKTPUKAX HOCHT aKTUBALMOHHBIN XapaKTep, IIPUYEM C YBEIMYCHH -
€M SHEPTrUM aKTHBAllMM BO3pPACTacT KPYTM3HA TEMIIEPATypHON 3aBM-
CUMOCTH IPOBOAHUMOCTH.

BBuity Toro 4ro 06bIY4HO I, >> Dy, TEMIEpPATYPHAA 3aBUCHMOCTD
MPOBOAUMOCTHU OTIPENEISETCS, [IaBHBIM 00pa3oM, KOHLIEHTPALIMEN HO-
cuteneit 3apsina. Beauuuna b 11 TBepABIX BELISCTB JIEXKUT B TIpeIeiax
106000...22000 K, 4uTo B HECKOJBLKO pa3 OOJblUe, YeM JUIST KUAKHX
IUINCKTPUKOB.

Ecnu TOK B AM3MEKTpUKE OOYCIIOBJICH IepeMellleHHEM pPa3sHOpo.-
HBIX MOHOB, TO BhIpaxeHue (6.17) npumMer Bun

Y= Y Aexp[-D,/(kT)].

C 5TUM CBSI3aHO MOSIBJICHUE U3JTOMOB Ha TEMIIEPATYPHEIX 3aBUCHMO-
CTSX YAETbHOM MPOBOMMMOCTH, KaK MoKa3aHo Ha puc. 6.15. IIpu HU3KMX
TEMIIEPaTypax B CO3[JaHMU TOKA YYAaCTBYIOT, IJIABHbIM OOPa3oM, MpH-
MECHBIE€ UOHBI, KOTOpBIE c1abee 3aKpeIUIeHbI B y3J1aX KPUCTAUIMYECKOM
pEleTKH WM HaxXoAaTCs B ee MeXIoy3nusix. HuzkoteMiepaTypHas npo-
BOIMMOCTb BO3PACTaeT C YBEAMYEHHUEM COAEPKAHNS IIPUMECHBIX HOHOB.
IIpy noBLIIEHHBIX TEMIIEPATYPAX ONPEACISIOMMI BKIAA B TIPOBOJM-
MOCTb BHOCAT COOCTBEHHBIE MOHBI PElIeTKH. 110 HAKJIOHY IpPSIMOJIM-
HEHBIX OTPe3KOB 3aBUCUMOCTH Y(7'), MOCTPOSHHOM B YKA3aHHBIX Ha
puc. 6.15 xoopauHarax, MOXHO JIETKO PACCUMTATh SHEPIUI0 aKTHUBALIMM
TIPUMECHON U COOGCTBEHHOM 3/ICKTPOIPOBOAHOCTU. B HEKOTOPBIX Cydasax
KU3IOMBI Ha rpadukax OOBSICHSIIOTCS TEM, UTO pa3HBIM MOHAM OCHOBHOTO
BELUECTBA COOTBETCTBYIOT PA3/IMYHbIC SHEPIrUY aKTUBALIUH.

B cpaBHUTENBHO Y3KOM TEMITEPATYPHOM IHAIIa30HE TeMIIEpaTyp-
HbIE 3aBUCUMOCTH YIENbHOMN MPOBOAUMOCTH H YAEIbHOIO CONPOTUB-
JIEHUsI MOXXHO alNpOKCUMHUPOBATh BhIPAXKEHUSIMU BUA:

v=yexplo(T- T)l; (6.18)
p = poexploy(T — Tp)l,

N2>N1

Puc. 6.15. TemnepaTypHas 3aBUCUMOCTH
Mz yAEAbHOH MPOBOJMMOCTH TBEPHOroO M-
3JICKTPHKA:

yr N, N, — KOHLEHTpauus NPUMECHBIX HOHOB
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TIE Yo U pp — YAETbHAsl MPOBOJMMOCTb M YAEJIBbHOE COMPOTUBIEHUE
npu Temrneparype T, COOTBETCTBEHHO; O, U O, — COOTBETCTBYIOUINE
TeMIepaTypHble KO3(D(MUIIMEHTH!, KOTOPbIC IPU BHIIOJIHEHUU IPU-
onuxeHus (6.18) He 3aBUCAT OT TEMIIEPATypbl, YHCIEHHO PABHBI 110
BEJIMYMHE, HO MPOTUBOIOJIOXHBI 110 3HAKY.

s XKpUCTAJIOB HU3KOM CHMMETPUHM XapaKTepHa aHWU3O0TPOITUSE
SJIEKTPONPOBOAHOCTH. HarpuMep, B KpHUCTaJUIax KBaplia YAeJIbHasl
IIPOBOJUMOCTD BHOOJIb IJIABHOUM (reKcaroHajbHO#) OCH NMPUMEPHO B
1 000 pa3 Gonbuie, YeM B MEPNEHAUKY/ISIPHOM HaNpaBICHUMU.

HMoHHas 371eKTponpoBOAHOCTb OKA3bIBACTCS NMpeobaananuieil u B
TBEpAbIX aMOPGHBIX TUNEKTPHKAX. B 4aCTHOCTH, pacCMOTPEHHLIE 3a-
KOHOMEPHOCTH XapaKTEpHbI Il OPTaHUYEeCKUX IMOJKMEPOB, KOMITa-
YHIOB, CTEKOJ. Y KepaMHYeCKMX MaTepHaTIOB, MHOIHE M3 KOTOPBIX
COIepXKaT KPUCTALIUIECKYIO H CTEKIOBUIAHYIO (ha3bl, NPOBOAUMOCTH
B OCHOBHOM OTIpeEsieTCA CTEKIOBUAHOM (a3oil. OueHb Majioi yaeib-
HO#1 TPOBOIUMOCTBIO OTJIMYAIOTCSl HETOJISIPHEIE NTOIUMEPBL. YTeuKa TOKa
B HUX OOYCJIOBJIeHA B OCHOBHOM MHUIpalMeil HOHOB nnpumeceil. I1oBbI-
HIEHUE CTEITEHH YHCTOTHI CONPOBOXIAETCS POCTOM YIAEIHLHOIC COMpPO-
THBAEHMS.

Kak 1 B XUAKOCTAX, B OPraHUYECKUX IOTUMEpaX MPOCAeXUBAETCS
YeTKask KOPPEASIust MEXAY 3HAYSHUSAMU TU3JCKTPUUECKON MPOHULA-
€MOCTH U YAEJIBHOTO COMPOTUBJICHU: YeM OOMbILIE €, TEM BHILLE CTE-
MEHb TUCCOLMAIIMM MOJIEKYJI HA HOHBI, TEM MEHBIlE YACIbHOE CONpo-
THBJICHHE MaTepHaa.

Y TBePIbIX TIOPUCTBIX AUBEKTPUKOB MMPOBCAUMOCTD CYLIECTBEHHO
3aBUCHUT OT BJIAXHOCTH OKpYXalolleit cpenbl. [axe npu HE3HAYUTC/Ib-
HOM COJIEPXaHHU BJAaru B Mopax HaOMI0AaeTcst pe3Koe yMeHbllIeHMte
VAEILHOTO COMPOTUBIEHHSI. BHICYILIMBAaHME TOPUCTBIX MATEPUAIIOB YIyy-
HIAeT MX U3OJSLMOHHbIC CBOMCTBA, HO €C/IM BBICYIIEHHbIE MaTepHabl
CHOBa [MOMECTUTb BO BJIZXHYIO CpeAy, TO BHOBb HAayHETCH IPOLECC
BJIATCHOIJIOLIEHUSI Y OOYCIIOBIEHHOE 3TUM IPOLIECCOM YMEHbllEHUe
VASTBbHOTO CONPOTUBICHHUS IUANCKTpUKA. st 31U THl HOPUCTHIX Ma-
TEPHAJIOB OT YBJIAXKHEHUS] UX MOJABEPTalOT MPOIIUTKE Pa3INYHbIMU CMO-
JlaMM, J1aKaMH, MacjlaMH, BOCKOOOpa3HbIMHU BellecTBamu. HaubGonee
YacTO TIPOIUTKE ITOABEPraioT OyMary M TeKCTUJIbHBIC BOJOKHMCTHIE
MaTepHabl.

B obnacti CHIBHBIX 3JEKTPHUYECKUX IONIEH, ¢ HaNpsXXEeHHOCThIO
nopsazaka 107...10% B/M, Bo Bcex TBEpIbIX AU3AEKTPUKAX BO3MOXHO
MOSIBJIEHHME 3JIEKTPOHHOIO TOKA, OOYCIOBICHHOTO MPEeXIe BCEro Mpo-
lieccaMyl yaIapHOH MOHU3AIUH. DISKTPOHHBIN TOK pe3KO (CBepXIUHE-
HO) BO3pAacTaeT ¢ yBEIMUYCHHEM HATIPSDKEHHOCTH TOJISI, B PE3YJIbTATE
yero HabJIIOMAI0TCA OTCTYIUIEHHS OT 3aKoHa OMa.

[ToBepXHOCTHAA 3NEKTPONPOBOAHOCT TBEPABIX IUIJIEKTPHKOB. [1o-
BEPXHOCTHASl JEKTPOIPOBOJHOCTh OOYCJIOBJAEHA HAaTW4YMEM BJIArW,
3arpA3HEHUSIMH U PA3TMUHBIMU Ae(eKTaM1 MOBEPXHOCTH AUDNIEKTPH -~
ka. Kak yxe oTMevanoch, BOAAa, SIBJISIACH CHIIBHOTIONSIPHOH XXHAKO-



332 TI'nasa 6

CThIO, 06JIa1aeT 3aMETHOM IIPOBOAUMOCTBIO. JJOCTaTOUHO TOHYAMIIEro
CJ10s BJIaTM HA MOBEPXHOCTH TBEPJOIC AUINIEKTPUKA, YTOOBI B 3HAYU-
TEJIPHON Mepe 3allyHTHPOBAaTh €r0 BBICOKOE OOBEMHOE COIMPOTUBIIE-
HMe. ALCOpOLMSE BIark Ha MOBEPXHOCTH JUIEKTPUKA 3aBUCHT IPEXIE
BCEro OT OTHOCHUTEIbHON BAAXHOCTH OKpYXawilleh cpeabl. BMmecTe ¢
TeM NOBeleHHEe MaTepuana BO BjlaXxHOH atMocdepe BO MHOIOM Ofpe-
JeNsieTCsT U 0COOEHHOCTSIMU €r0 BHYTPEHHEro crpoeHusi. Iloaromy
yIIENBHYIO IIOBEPXHOCTHYIO HPOBOJUMOCTb OOBIYHO PACCMATPUBAIOT KaK
rapaMeTp caMoro AN3JIEKTPUKA.

ITo xapakTepy B3auMOAEHUCTBUS C BJIAroii BCe BEILLECTBA, B TOM YHCIIE
U IUSJICKTPHKH, NOAPa3AeaaioT Ha ruapocdoOHble 1 rMApodUIbHbIE
Matepuaibl. [udpogobrbimu Ha3HIBAIOTCA BEIECTBA, IOBEPXHOCTH KOTO-
PBIX HE CMAYUBAETCs BOJOW. B 3Ty rpyniny BXOIST HEMOJSPHBIE U ¢1ab0o-
HOJISIPHBIE AUAIEKTPUKU. ITOBEpXHOCTD TAKUX AUDJIEKTPUKOB He 3aps-
JKE€Ha, TIO3TOMY €€ B3aUMOJAEHCTBUE C NUIICISIMM BOOB! OKAa3bIBAETCH
c1abbM. Tlox xeificTBUEM CHII MOBEPXHOCTHOTO HATSDKEHUST KOHIEHCH-
pyeMasi Ha rOBEPXHOCTHM Bjiara COOMpaeTcs B BUAE pa3pO3HEHHBIX Ka-
nens (puc. 6.16, a), KpaeBoi yroa cMauMBaHusi 6 OKa3bIBAETCsT 6OJIb-
M (6onee nt/2). IToaToMy 1ake B YCIOBUSAX OYEHB BHICOKOI BIaXHO-
CTH HEe TIPOUCXOAMT 00pa3oBaHUe CIUIOMIHON BOASHOM IJIEHKH Ha I10-
BEPXHOCTH JUSJIEKTPHKA. Y TaKHX MaTepPHaIOB YAEIbHOE [TOBEPXHOCT-
HOE COTIPOTHBJIEHHE, KaK NpaBuio, Beanko (p,~ 107 Om) u cnabo
3aBUCUT OT BIAXHOCTH OKPYXAaIOHIEH Cpelibl.

Tudpogpuasnbimy HA3BIBAIOTCS MAaTEPUAILI C MAJIBIM YIJIOM CMayH-
BaHus, T.€. MeHee 1/2, KaK MoKa3aHo Ha puc. 6.16, 6. UMu aBnsioTes
[JIaBHBIM 00Pa30M MOJISIPHbIE OPraHUIECKHEe U HOHHBIE NHANEKTPUKH,
B taxux MaTtepuanax sHeprus MexGha3HOTo B3aUMOIEHCTBUS OKa3biBa-
eTCs OOJIBILIE BHEPrUH B3aMMOIE ACTBUS MeXIY JUIOJISIMUA BOAKL. B yc-
JIOBUSIX CHJIBHO! BJIZXXHOCTH BOJA PACTEKAETCS MO TOBEPXHOCTU THI-
POOUILHOTO AN3NEKTPUKA, 00pa3yst 1OCTATOYHO MPOBOISIUIYIO TUIEH-
Ky. YejabHOe MOBEPXHOCTHOE COMPOTUBIIEHHUE TAKUX AUINEKTPUKOB B
3HAYMTEJBHOM Mepe 3aBHCHT OT BJAXHOCTH Bo3ayxa. OcobeHHO 3a-
METHOE CHMXEHHE pg HabMonaeTcsi MpU OTHOCUTEIbHON BAAXHOCTH

a 6

Puc. 6.16. ®opma Karesib BOABI Ha TIOBEPXHOCTH ruapodobHoro (a) v ruapo-
dwibHOrO (6) AMANEKTPHUKOB!

6 — KpaeBoit yroJ cMayuBaHUs



Ddusuueckue npoyeccol U S6JeHUL 8 QUIIEKMPULECKUX MAMEPUALAX 333

R R R R R R

Puc. 6.17. Cxema runpodobuzaiing oBepXHOCTH TUSACKTPHUKA IUICHKOH KpeM-
HHUMOPraHUYECKOTO JaKa:

R — YIi€BOAOPOAHBIE paAUKAJIbI

6onee 60 %. Bmecte ¢ TeM B Cyxoii atMocdepe pgy MOHHBIX KPUCTaI-
JIOB MOXET ObITh AOCTATOYHO OOJIBLIMM M TOCTUTATh 3HaYeHUit, 6113~
Kux K 107 Om.

Ecau TBepablit AMDJIEKTPUK YACTUYHO PACTBOPUM B BOAE, TO B yC-
JIOBMSIX BBICOKO# BJIAXXHOCTHM Ha ITOBEPXHOCTH 00pa3yeTcs TUIEHKa BOM -
HOTO pacTBopa 31ekTponuTta. IlojobHag cuTyauMsi XapakTepHa s
MHOTHX HEOpraHMYeCKUX CTeKOJ. B Takux MaTepyayiax BIMSHUE BIaX-
HOCTH OKpYXalolliei cpelbl Ha M3OJSIUOHHBIE CBOICTBA BBIPAXeHO
0COOEHHO CHJILHO.

Jns yMeHbIHEeHUST TTOBEPXHOCTHON 3JIEKTPOIPOBOIHOCTH MPUME-
HAIOT pa3judHble TIPUEMBbl OYUCTKHM TTOBEPXHOCTH: TIPOMBIBKY CITHp-
TOM, AlleTOHOM, BOJAOM ¢ mocieaywmoueit cywkoid u 1.1, Haubonee
5} GEeKTUBHBIM CIIOCOOOM OUMCTKH JOCTATOYHO HarpeBOCTOMKOTO M3-
IIeNusl, He BIUTHIBAIOLIETO BOIY, SBISETCH NPOAOIKUATEILHOE KUIIS-
YeHHE B AUCTWLIMPOBAHHOM BOJE.

TToBepxHOCTHOE COIPOTURIIEHUE THAPODILHBIX MATEPUAIOB ITOBbI-
LWIAIOT MyTeM HaHeceHUst THApodOOU3UPYIOLIKX (BOTOOTTAIKMBAIOLIHUX)
MTOKPHITHI. B 271eKTPOM30ISLIMOHHOM TeXHHUKE rHipodoOU3aLIUIo IToBep-
XHOCTH HauboJee 4acTo OCYIUECTBASIOT C MTIOMOUIBLIO KpeMHUHOPTraHu~
yecKuX jakoB. IIpu HaHeceHUH MOJHOPraHOCHIOKCAHA Ha CTEKJIO, Ke-
paMMKy WIM KakoH-i1ub0 APYrofl Marepuai, MOBEPXHOCTb KOTOPOTO
COIEPXUT MHUIOJLHBIC TPYNIBI, MOJEKYJIbl KPeMHHIOPTaHUYECKOTO
MoJIMMepa PacIlojIaraloTcsl TAKUM 00pa3zoM, YTO MOJSIPHEIE CHIOKCAHO-
Bble CBsI3M Si— O oka3pIBaloTCsl BOMIM3M 00pabaThIBaeMOii TOBEPXHOCTH,
a HeTIoJIIpHbIS YIJIEBOJAOPOAHBIE panukansl R 00pasyroT HapyXHYIO I'Ha-
podobHyo 1wieHky (puc. 6.17). K coxaneHuio, KpeMHUHOpraHNYeCKIe
MOJIMMEPHI OTHOCUTEILHO AOPOTH, UMEIOT HU3KYIO MEXaHMYECKYIO IIpo-
YHOCTb M 00iaatoT cnaboit aare3ueil KO MHOTMM MaTeprasiaM.

6.5. THIJIERTPUYECKHE IIOTEPU

OcHoBHbIe HTOHATHA. JUs1eKxmpuvecKumMy nomepsmu Ha3bIBaloT DJIeK-
TPUYECKYIO MOLUHOCTD, 3aTPAauMBAEMYIO HA HArpeB AMDJICKTPHKA, Ha-
XOHSIILErocsl B 3JIEKTPUYECKOM ITOJIE.
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IToTepu 3Hepruu B AMMIEKTPUKAX HAOMIONAIOTCS KakK TIPU Tepe-
MEHHOM, TaK Y IIPU IIOCTOSTHHOM HAMPSIKEHUSIX, ITIOCKOIbKY B TEXHU-
YeCKUX MaTtepuaax o0HapyKMBaeTCS CKBO3ZHON TOK YTEYKH, 00YCI0B-
JIEHHBIH 3JIeKTPONPOBOIHOCTLIO. [IpH MOCTOSHHOM HAIpSDKEHUH, KOrIa
HET NEePUOAMYECKOH NOJISIPU3aLUU, KaYeCTBO MaTepHaia XapaKTepHU-
3yeTCsl, KaK YKa3blBaJIOCh, 3HAYEHHSAMH YIENbHBIX OOBEMHOIO U To-
BEPXHOCTHOIO COIPOTUBIEHUM, KOTOPBIE ONpPENeisaioT 3HadeHue R,
(cm. puc. 6.7).

Ilpu1 BO3AEUCTBMH MEPEMEHHOIO HANpPSDKeHUsS Ha IURJIEKTPHK B
HEM KPOME CKBO3HOH 3JEKTPOIPOBOIHOCTA MOTYT NMPOSIBJISTHCS APY-
rMe MEXaHU3MBbI TIpeBPalLCHUA 3JCKTPUIECKOH SHEPruu B TETUIOBYIO.
IToaTOMY KauecTBO MaTepualla HEAOCTAaTOYHO XapaKTepU30BaTh TOMb-
KO COIIPOTHMBIICHUEM H30JISILIUH,

B MIKeHepHOH MpakKTUKE Yallie BCEro Ui XapaKTepUCTUKU CIIO-
COOHOCTH AMINIEKTPHUKA PACCEUBATh DHEPTHIO B 3JIEKTPHUYECKOM NOJIE
HCIIOJB3YIOT YTOM TU3JIEKTPUUECKUX TOTEPH, a TAKKE TAHTeHC 3TOro
yriaa.

Yenom ousaexmpuueckux nomeps & Ha3bIBAETCS YroJj, AOIOMHSIO-
it no 90° yron casura ¢a3 ¢ MeXIy TOKOM U HanpsoKeHUEM B eMKO-
CTHOM Lemnu.

B ciiy4yae npeansHOro IU3JIeKTPUKA BEKTOP TOKA B TAKOM LIETIH Olle-
peXaeT BEeKTOP HampsokeHHs Ha yroy 90°, npu 3TOM yroia 8 paBeH
Hy.110. YeM Oosiblile pacCeMBAETCS B MUINIEKTPHKE MOIIHOCTD, TEM MEHb-
e yroji caABUra ¢as ¢ ¥ TeM OOJIblie YroM ANIIEKTPUUECKUX TOTEPh &
U ero ¢pyHKUHUA tgd.

TaHreHc yria IU3AeKTPUYECKUX IIOTEPD t2d HEMTOCPEACTBEHHO BXO-
JUT B (DOPMYITY JUIS paccerBaeMOM B IM3IEKTPUKE MOLIHOCTH, [TO3TO-
MY HpPaKTHUYECKH HauboJIee YacTO NOAb3YIOTCS 3TOH XapaKTepUCTH-
KO#.

PaccMOTpUM cXxeMy, SKBUBAJICHTHYIO KOHAEHCATOPY C AUIIEKTPU-
KOM, 00JIafaloHIMM ITOTEPSIMU. 3JTa cxeMma JOJKHa ObITh BhIOpaHa C
TAKMM PacyeToM, uTOOBl aKTUBHasg MOINHOCTb, pacXomxyemasl B [laH-
HOM cxeMe, ObUIa paBHA MOIHHOCTH, PacCerBaeMOH B JIUDJISKTPUKE
KOHAEHCAaTOpa, a TOK OBIT ObI CABUHYT OTHOCHTENBHO HaIpSXKCHUS
Ha TOT XK€ YFOJ, UTO M B PacCMaTpUBacMOM KOHJEHCATOpe.

ITocTaBneHHYIO 3aMady MOXHO PEHIMTH, 3aMEHUB KOHAEHCATOp C
MOTEPSIMU HUACAALHBIM KOHIEHCATOPOM C IApaljIejIbHO BKIIOYEHHBIM
AKTUBHBIM CONPOTHUBICHMEM (NapajliejibHasl CXeMa) WIM KOHIeHCa-
TOPOM C TTOCTIEIOBATENBHO BKAIOYEHHBIM COTTPOTUBICHHEM (TTOCIEN0-
BaTeJbHas cxeMa). Taknhe SKBUBAIEHTHBIE CXEMBI, KOHEYHO, HE AAIOT
OOBSICHEHHST MEXaHH3Ma JUDIEKTPUUECKUX TIOTEPh M BBEACHBI TOJILKO
YCJIOBHO.

INapaieabHas u MocieoBaTeNIbHASL S5KBUBAIEHTHBIE CXEMbI IIPE/-
cTaBJieHbl Ha puc. 6.18. Tam ke AaHBI COOTBETCTBYIOLIME THATPAMMBI
TOKOB M HarnpsbkeHuii., Ob6e cxeMbl 3KBUBAJCHTHBI APYr ApPYTY, €ClU
IIpY PaBEHCTBE MOJHbIX CONPOTHUBIEHHH Z, = £, = Z PaBHbBI COOTBET-
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1 G r
o ” {1 o
Uc U

Uc= /(G
a 71

Puc. 6.18. IMapaensHag (a) u 1nociaegosarebHasg (6) 3KBUBAIEHTHBIE CXEMBI
JM3JIEKTPUKA C MOTEPSAMU M COOTBETCTBYIOLLUME MM BEKTODHBIE IWArpaMMbl

CTBCHHO HMX AKTHMBHLIC M PCAKTHUBHbIC COCTAaBJIAIOILIHNE. 3to YyCJIOBHE
6y11€T COG)HO,IIGHO, €CJIN YIUIBI CABUIa TOKAa OTHOCHTCJIBHO HaIpPAXE-
HHA paBHbLI U 3HAYCHUA AKTUBHOH MOILHOCTH OIMHAKOBBHI.

I[IIH napannenbﬂoﬁ CX€MBI N3 BeKTOpHOﬁ JHarpaMMbl UMCEM:

tgd = L/ Ic= 1/ (0CcR); (6.19)
P, = UL = U Cytgs, (6.20)
IS HOCJIEIIOBaTeIIbHOﬁ CXEMBI:
g8 = Uy/ Ug= 0Cyr; 6.21)
2 2 2
P=IU =Ir=—2" Ur UG (599

Z+r? xX(1+r2/x2)  1+tg%

Ipupasnuas Beipaxenus (6.20) u (6.22), a Takxe (6.19) u (6.21),
HalileM B3aMMOCBSI3b MEXIY TapaMeTpaMy MapauieIbHON 1 MOC/en0-
BaTEIbHON SKBUBAJICHTHBIX CXEM:

G .
P Trigs (623
1

[l BBICOKOKA4eCTBEHHBIX JUDJIEKTPUKOB MOXHO fipeHeOpeyb 3Ha-
YeHHeM tgd Mo cpaBHEHMIO ¢ enuHHULER B dopmyne (6.23) u cyurarh
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C, = C;= C. BolpaxeHHus Ul MOILHOCTH, PACCEUBAEMOH B IMOJIEKT-
pUKE, B 9TOM CJiydae OyIyT TakKe OJAMHAKOBHL Y 00EHX CXEM:

P, = U0 Ctgs. (6.25)

CreayeT OTMETUTD, YTO TIPU NEPEMEHHOM HAMNPSIXCHHUU B OTJIMYHE
OT MOCTOSTHHOTO €MKOCTb JUIJIEKTPUKA ¢ OOJBIIMMHU HOTEPSIMU CTa-
HOBHUTCA YCJIOBHOM BEJIMUMHON M 3aBUCHUT OT BbiOOpa TOW WIM HMHOM
3KBHMBaJIEHTHOH cxeMbl. OTCIONa M TUIJICKTPUUECKAA TIPOHULIAEMOCTD
Marepuaga ¢ OOJILIIMMHU MOTepSIMH NPH MEPEMEHHOM HANpPsSKeHWHU
TAaKXe YCJIOBHA.

Jnsa GoNbIIMHCTBA UDJCKTPUKOB MapaMeTpbl 3KBUBAJICHTHOI cxe-
MbI 3aBHCAT OT YacToThl. [103TOMY, OnpeaeauB KaKUM-JIM00 METOAOM
3HAUEHMSI EMKOCTH M 3KBHUBAJIEHTHOIO COIMPOTHBICHUS U1 JaHHOTO
KOHIEHCATOpa NpU HEKOTOPOH 4YacTOTe, HElb3s1 MCHOJIB30BaTh 3THU
rapaMeTpsl I pacyeTa yria IoTepb npu Apyroi yactore. Takoi pac-
YyeT CMPABEIUIUB TOJLKO B OTJAENbHBIX CIy4asiX, KOrla 3KBUBaJICHTHAs
CXeMa MMEET onpelieieHHoe pu3nyeckoe obocHoBaHue. Tak, ecnu I
JJAHHOTO JIHU3JIEKTPHUKA M3BECTHO, YTO TMOTEPH B HEM OIIPEACISIIOTCS
TOJIBKO TOTEPSIMH OT CKBO3HOH 3JIEKTPOIIPOBOAHOCTU B LIMPOKOM
JIMaIta30He 4acTOT, TO YIojl MOTeph KOHAEHCATOPA C TAKUM JUJIEKT-
PUKOM MOXET OBITh BRIYUCIECH JUTS JTIIOOOM HaCTOTHI, JIEXAllEeH B 3TOM
auanasoHe, mo (opmyne (6.19). TloTepu B TAKOM KOHAEHCATOPE OTpe-
JIEJISTIOTCS BHIPAXKCHHUEM

P,= U?/R, (6.26)

rge R — 3KBHMBAJIEHTHOE COMPOTHUBJIEHHE NMOTeph (B JAaHHOM Ciiydae
HMEET CMBICJI CONPOTUBICHUS U3OJISILIUHU).

Ecnu Xe rnmorepyu B KOHIEHCATOPe OOYCIOBIEHBI INIaBHBIM 06pa3oM
COTNPOTHUBIIEHUEM MOABOISIIMX U COSAMHUTEIBHBIX [IPOBONOB, a TaK-
Xe COTIPOTUBJICHUEM CAMHUX 3JeKTPoacB (0OKIAA0K), HallpUMep TOH-
KHM CJI0eM cepebpa B CAIONSIHOM HJIM KepaMHYeCKOM KOHIAEHCATOope,
TO paccerBaeMast MOIIHOCTEL B HEM BO3pACTET MPOIMOPIIMOHATILHO KBAJI-
paTy 4acTOThI:

P, = UL = UoCtgd = U2e?C?r. (6.27)

W3 suipaxenus (6.27) MOXHO cIeJlaTh BeCbMa BaXXHBIH MPaKTH-
YeCKMIl BBIBOA: KOHIEHCATOphl, MpeIHA3HAYCHHBIE IJid paboThl Ha
BBICOKOM 4acTOTe, TOJKHBI HMETh IO BO3MOXHOCTH MaJIO€ COMPOTHB-
JIEHME KaK 3JIeKTPOJIOB, TaK M COSIMHUTEbLHbBIX TIPOBOIOB U MEPEXO/I-
HbIX KOHTaKTOB.

B GosibHIMHCTBE CTyYaeB MEXaHHU3M MOTEPb B KOHACHCATOPE CNOXK-
HBIM ¥ €ro HeJb3sl CBECTHM TOJIbKO K MOTEPSAM OT CKBO3HOMH 3JIEKTPO-
IIPOBOIHOCTH WJIM K TIOTEPSIM B KOHTaKTe. I103TOMY MmapaMeTpbl 9KBHU-
BaJICHTHOW CXeMbl KOHIIEHCATOpPa HEOOXOAMMO OMpPENessiTh IPU TOU
4acToTe, NP KOTOpOoH OH OyIeT UCMOJIb30BAaH.
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JdusnekrpruecKkue MOTEPH, OTHECEHHBbIE K €AMHHIE o0beMa AU-
3JIEKTPUKa, HAa3bIBAYOTCS yoeabHbimu nomepsimi. IX MOXHO pacCUMTaTh
o dopmye

_bB_ U?0Ctgd _ U?weeyStgd
Py =7 Sh Shh

= wegytgdE?, (6.28)

rae V — obbeM IU3JIeKTpUKA MEXNY IUIOCKMMU 3JieKTporaMu; E —
HAIMPSLKEHHOCTb 3JIEKTPUUECKOTO OIS,

IIpousBeneHue £tgd = £” HA3BIBAETCA K0IpPuiyueHmom ousnexmpu-
YecKux Homepb.

W3 sripaxenusa (6.28) cienyer, 4ToO NPH 3afaHHBIX YaCTOTE M Ha-
NpPSEKEHHOCTH 3JIeKTPUYECKOTO MO YASNbHBIC TUINIEKTPUIECKHUE TI0-
TEpH B MaTepUaIe NMPONOPLIMOHANBHBI KO3(MPUUUEHTY MOTEPD.

B anexrpoaHaMHKe MIPYU OIMMMCAHUM B3aUMOICHCTBHS 3JIEKTpOMaA-
THUTHOTO TIOJIS C BELIECTBOM YaCTO HCITONB3YETCS BEIMYHMHA, Ha3bl-
BacMasi KOMIUICKCHO! AU3IEKTPUIECKON MPOHULIAEMOCTBIO:

g=¢— je, (6.29)

rae €' M g7 — AelcTBUTENIbHAS M MHUMAasl COCTaBASIONINE COOTBET-
CTBEHHO.

Y10o0bl OOBSICHUTD 3TO TIOHSITHE, BOCIIOAb3YEMCS OIHUM U3 (pyHAa-
MEHTaJbHBIX YPAaBHEHUH 3JeXTPONMHAMUKU (MMePBLIM YpaBHEHHEM
MaxkcBpenna), YCTaHABIMBAIOIIUM CBA3bL MEXAY U3MEHEHUSIMHU 3JIeKT-
PUYECKOI0 U MAarHUTHOIO MOJIEH:

rot H=J + J,, =YE + eoe%l;—. (6.30)

IIpuBeneHHOE ypaBHEHME MOATBEPXKIaeT TOT (PAaKT, YTO MarHHT-
HOE ToJie OTJIMYHO OT HYyJs KakK IIpU NepeMellleHHM 3IeKTPUYECKUX
3apsioB (T. €. IPH HATMYHHU TOKA CKBO3HOM 3JIEKTPOIIPOBOIHOCTH Ye-
pe3 BEHIECTBO), TaK U NPU U3MEHEHMU HAIPSIKCHHOCTH 3JICKTpUYe-
CKOTO IOJIsi BO BPEMEHH (T. €. IPU HAUTHYUHM TOKA CMEILICHUS).

B 0ZHOPOMHBIX MIEATBHBIX TU3JIEKTPHUKAX CKBO3HON TOK OTCYTCTBY-
eT, T.¢. Y= 0. 15 cayyas rapMOHHYECKOIr'c U3MEHEHHS I10JI YpaBHe-
Hue (6.30) MOXHO 3anmMcaTh B KOMILIEKCHOI (dopme:

rotH = jogyeE. (6.31)

Ecnu xxe uMeeM €10 ¢ HECOBEPIIEHHBIM TU3JIEKTPHKOM, obiana-
JOIIMM 3aMETHBIMU JIMINICKTPUUECKHIMHU NOTEPSIMH, TO YPABHEHUE ITOJI-
HOTO TOKa npuiodperaeT 0onee CHOXKHBIN BUA;

rotH = (y; + jogse)E, (6.32)
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I1e Yy — TOJIHasA YAeJIbHAs aKTUBHAs MPOBOAMMOCTD Ha JaHHOM 4acTo-
Te, YYUTBHIBAIOLLAsl KaK CKBO3HYIO JIEKTPONPOBOAHOCTD, TAK U aKTHB-
HblE COCTABISIOLINE NMOJSIPU3ALIMOHHBIX TOKOB.,

3anauy 0 pacnpOCTPaHEHUH 3JISKTPOMATHUTHOTO MOJS B YACTUYHO
[IPOBOISILICH Cpeie MOXHO CBECTU K CIIYYal0 UACATBHOTO JURIEKTPHU-
Ka, €C/M B ypaBHeHME (6.2) BBECTH KOMILIEKCHYIO AU3JIEKTPUYECKYIO
NPOHUILIAEMOCTb E:

rotH = joe,EE, (6.33)

rae
E=e— jys /(wep). (6.34)
U3 conocrasnenus dopmyn (6.29) u (6.34) cnemyer, 4to Aeii-
CTBUTEIbHASI COCTABJISIIONIAS] KOMIUIEKCHOM OU3JIEKTPUYECKON MpPOHU-

LaeMOCTH € = €, a MHUMas £ = v, [(wg,).

Panee OpL10 MoOKa3aHo, 4TO tgd — 3TO OTHOLUEHHE aKTMBHOMH CO-
CTaBJSIIOLIEH NMPOBOAMMOCTH K €EMKOCTHOM COCTaBJIsAIolIel (CM. puC.
6.18, a). ITosTOoMy /TS IOCKOrO KOHAEHCATOpA NPH JAHHOM YaCTOTE
CTIPABETUBO COOTHOUICHUE

tgd = 1sS/h _1r _
WS /h wege

W3 Beipaxenuit (6.25) u (6.28) sCHO, YTO OM3NEKTPHYECKUE I10-
TEPH UMEIOT BaXKHOE 3HAUCHHUE [UIST MaTEePHAIOB, UCITOIb3YEMBIX B yC-
TAHOBKaX BBICOKOTO HAaNpPSIXEHHUsI, B BLICOKOYACTOTHOI anmnaparype u
0COOEHHO B BBEICOKOBOJIBTHBIX, BBICOKOYACTOTHHIX YCTPOMCTBAX, MO-
CKOJIBKY 3HaYeHUE JUICKTPUUYECKHUX TTOTEPh NMPOMOPLUMOHANBHO KBaI-
paTy NMPUIOXKEHHOIo K IWUDJCKTPUKY HANpPsKeHHs U yacTtoTe. bonb-
HIMe OTUDJICKTPUYECKUE TMOTEPH B 3JIEKTPOU3OIISILIMOHHOM Martepuaie
BBI3LIBAIOT CHJILHBIM HarpeB U3roTOBJIEHHOTO M3 HErO U3AEIUSI U MO-
IYT TIPUBECTH K €ro TETUIOBOMY Pa3pyllieHHIO.

Ecnyu aMaieKTpUK MCMONB3YETCS B KOJAeOATeABHOM KOHTYpe, TO
JAM3JIeKTpUUECKUEe NTOTEPH NPENSITCTBYIOT JOCTUXEHHUIO BHICOKOI 100~
POTHOCTH (OCTpOil HACTPOMKHM Ha PEe30HAHC), TAK KaK C YBeJIUYECHHEM
SKBUBIEHTHOTO COIIPOTUBJICHUS OTEPh YCUIIMBAETCS 3aTyXaHHe KO-
nebaHuil B KOHTYpe.

Buapl IM3J1eKTPHIECKHX MOTEPh. IHajIeKTpruecKHe MOTepH 0 HX
¢du3UYecKol MpHUPOAE M OCODEHHOCTSIM MOAPAa3NEAIOT Ha Clelyio-
e BHBL:

o MIOTEPU Ha JIEKTPOIPOBOIHOCTE;

e peJIaKCALIMOHHbIE MMOTEPH;

¢ MOHHM3ALIMOHHBIE NOTEPH;

» PE30OHAHCHBIC MOTEPH;

« TIOTEPU HA TUCTEPE3UC.

8’
z".
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[ToTepu Ha 3JIEKTPONPOBONHOCTH OOHAPYXMBAIOTCH B
JUBJICKTPUKAX, UMEIOIUUX 3aMETHYIO 3JEKTPOIPOBONHOCTb, 0OBEM-
HYI0 WJIM ITOBEPXHOCTHYI. ECiM npH 3TOM MOTEPU OT APYIHMX Mexa-
HU3MOB HECYILECTBEHHBI, TO YACTOTHHIE 3aBUCUMOCTH P, u tgd, Kak
YIIOMUHAJIOCh, MOTYT ObITh MOJIy4EHBI IIPH UCITOJIb30BAHUHU TTapaJLIeiib-
HO SKBUBAJICHTHOM CXEMBI 3aMEHICHUS PEATTbHOrO AU2NeKTpHKa. OHU
[OKa3aHbl Ha puc. 6.19, a. JIuaneKTpuyeckue MOTEpU ITOTO BUOA HE
3aBUCAT OT YaCTOTHI NPIIOKEHHOIO HANPSKEHUSL: 120 yMEHbILAETCS C
YacTOTOH MO rUnepboIUIecKOMyY 3aKOHY. 3JHaYeHHE TAHIEHCA YI/ia AU~
SJIEKTPUYCCKUX IOTEPh NIPU JaHHOH YaCTOTE MOXET ObITh BBIUKCICHO
1o dhopmyne

_1,8-1010
gfp

ITorepn cKBO3HOM 3JeKTpornpoBogHocTH (puc. 6.19, ) Bo3pacra-
IOT C POCTOM TEMMEPATYPHI N0 IKCMOHEHIIUATBHOMY 33KOHY:

P(T) = Aexp(-b/T),

rae A, b — nocTosiHHBIE Uil JAaHHOTO MaTepuaa.

B 3aBMCUMOCTH OT TEMIIEPATYPHI tgd U3MEHSIETCA 10 TOMY Xe 3aKO-
Hy, TaK KaK MOXHO CYMTaTh, YTO peakTHBHasi MowHocts P, = U2nC
OT TeMIEepaTypbl NPAKTHICCKH He 3aBHCUT.

PenakcauMOHHBLIE MOTEPHU OOYCIOBICHB aKTUBHBIMU CO-
CTaBJIAIOILIMMH NOISIPU3ALMHUOHHBIX TOKOB. OHU XapaKTEepHBI JUIS T3~
JIEKTPUKOB, 00NajaloIuX 3aMeIEHHbIMH BHUIAMU MOJSIPU3aLUHU, U
TPOSABIIAIOTCS B 00/1aCTH JOCTATOYHO BBICOKMX YACTOT, KOTJA CKa3bI-
BAeTCsl OTCTABaHME TIOJISAPU3AIIUM OT U3MEHEeHMs nons. Paccmorpum
MIPOUCXOXACHHNE PeJIaKCALIHOHHBIX TIOTEPD HAa IIPUMEPE AUTIOIbHO-PE-
JIAKCAUHOHHO NOJIApU3ailiM NOJISPHBIX XHUAKOCTEH, rae dpusnieckas
KapTHHa 0oJiee IPOCTa ¥ OTYET/IMBA.

tgd (6.35)

tgs’ Pa tgs; Pa

T
a 4 6

Puc. 6.19. YactoTHbIe (@) U TeMIepaTypHble (6 ) 3aBUCHMOCTH IIOTEPh HA 3J1€K~
TPONPOBOIHOCTL
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Ilpy neficTBMM Ha AUBJIEKTPHK CHUHYCOMIAIBHOTO HATPSIXEHUS
BBICOKOW 4acTOTBl AMIIO/NLHBIE MOJEKY/Ibl HE YCIEBAIOT OPUCHTHPO-
BaTLCA B BA3KOH Cpefe U ClIeaoBaTh 3a M3MeHeHneM MoJist. OTcTaBaHue
MOJISIpU3aLlMKM MOXHO OXapaKTepH30BaTb 3aBUCUMOCTSIMM, MOKAa3aH-
HbIMM Ha pHC. 6.20, a. OHO BbIpaXxaeTcs B NOSBICHUH HEKOTOPOTO yrjia
¢a3oBOro 3ana3abIBAHUS ¥ MEXITY JUITOJBHO-pEeIaKCAllMOHHOM MoJis-
PU30BAHHOCTHIO AUBNIEKTPUKA P, , M HANPSKEHHOCTHIO Mmojis E.

C roMouIbI0 KPUBHIX, NPEICTABIEHHBIX Ha puc. 6.20, a, nerko no-
Ka3aTb, YTO 3aBUCUMOCTDb F_,(E') npu Hanuuuu Ha3oBOro CABUIa MEXIY
HUMU uMeeT Gopmy amurica (puc. 6.20, 6). HuTerpaa no 3aMKHYTOMY
KOHTYpY 0-6-2-e-0, T.e. IUIOLIAAb TIETIN MEPETOMSIPU3ALIMHI, XapaKTe-
PM3YeT 3HEPrulo, 3aTpAaunBaEMYIO DJAEKTPUUECKUM MOJEM Ha NOJSIPHU-
3aLMIO €IMHUILBI 00beMa TUINEKTPUKA 32 OAUH NEPHUOL:

Bpp = § PpdE ~ €

[1pn HEM3MEHHOM aMIUIMTYAE HATIPSDKEHHOCTH TIOJIS TUTOIHANE TET/IH
3aBUCHUT OT aMIUIUTYHOTO 3HAYEHUS TMOJNSPU3OBAHHOCTU Py, U yria
¢a3zoBoro caBura v, KOTOphle, B CBOIO OUEPEe/lb, ONPEAEISIOTCS COOT~
HOLIEHUEM BPEMEHHM pejlaKCalUH Ty ¥ [Iepruoia M3MeHeHus rmosst. Eciaun
BBIITOJTHSIETCS YCIIOBHE Ty << 1/®, TO 32 BpeMsl KaXXIOro I1oJynepuoaa
MOJISIPM3alius TIO/yJYaeT MOJTHOe Pa3BUTHE, €€ OTCTABAHHUE OT U3MEHe-
HUSL N0JISL IPAKTHYECKU OTCYTCTBYET. IIpU 3TOM 2JIIHUIIC, XapaKTepH-

E P,
]
\ i
! {
f i
/|
0 a 6 ot
a
1= l/e 1< /o > l/o
PK-P PK‘P
% 6
Yy, — P2
// Va E E E
e
é 2 0
o
6 8 2
Puc. 6.20. IogcHenns MexaHu3Ma peflakCaliMoOHHBIX NoTeps (4, ..., &) B Au-

SJNCKTPpHUKaX
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tgdp 188,.p &, &7,

fi<h

T
a
tg 81 Pa
Py
tgd
S
e
Puc. 6.21. OcoGeHHOCTH peslakCalMOHHEBIX NOTePD (4, ..., €) B TUIIEKTPHUKAX

3yI0lUi 3aBUCUMOCTD Py ,(E), BRIpOXIAeTCA B IPAMYIO JTMHUIO (PHC.

6.20, 6), T.c. <j>Pn_pdE = 0. TakuM ob6pa3oM, eclnu HET 3ana3ablBaHUs

HOJISIPU3aLIMU TI0 OTHOLLUEHHIO K ITOJII0, TO HET M PelaKCallMOHHBIX
MOTEepb.

B npoTHBOMNOJIOXHOM Ciiyyae, Koraa T, > 1/, pejakcauuoHHas
[OJIIpU3aliis BhIpaXeHa OYeHb C/1abo, T.€. CPENHUH Yroja moBOpOTa
JIMTIOJIeil 32 KOPOTKOE BpeMsl TIOJNYIIepHOJa OKa3bIBAETCS BeCbMa HeE-
3HAYUTENBHBIM. [103TOMY TOTEPU FHEPTUM 33 NEPHO OYIAYT TAKKE MAIbE
(puc. 6.20, 2). MakCHMyMy [TOTepb COOTBETCTBYIOT TAKUE YCIOBUS, IIPU
KOTOPHIX NMEPUOI UBMEHEHUS ITOJISI CDABHUM CO BPEMEHEM YCTAHOBIIC-
HMSI TONSPU3aLNU Ty (CM. puc. 6.20, 6).

PaccMOTpeHHBIH MeXaHH3M PENTaKCALHOHHEBIX IMOTEPH IMO3BOJISIET
OOBACHUTD TEMIIEPATYPHYIO M YACTOTHYIO 3aBUCMMOCTH tgd;_,, KOTOpbIE
OTJIMYAIOTCS HATMYMEM B3aMMOCBS3aHHBIX MAaKCUMYMOB (puc. 6.21, a, 6).

IIpu HM3KO# TeMIiepaType M3-32 OOMBIION BA3KOCTH XUIKOTO THU-
3JIEKTPHKA BEAUKO BpeMs pejlakcauuy nojisspusauni (15> 1/ w), Bo3-
MOXHOCTH IIOBOPOTA JUTIOJIEH B BS3KOW cpene KpailHe OrpaHUYEeHBL.
ITosTOMY aMIIMTYHOE 3HAYEHUE MONAPU3OBAHHOCTH P, OKa3bIBa-
eTCsl HE3HAYUTEBHBIM, COOTBETCTBEHHO MaJi M TAHTCHC YIJIa AUJIEeK~
TPUYECKUX TTOTEPD. C MOBLILLIEHUEM TEMINIEPATYPHI BI3KOCTh XUIKOCTH
YMEHBUIAETCS, a BpeMsl peJlakCalluy IpUOJIHKaeTcs K BpeMEHH TepH-
0lla U3MEHEHHs 1o/, JIUNoMbHO-PEeTaKCAMOHHAS MONSpU3aLus mno-
Jy4aeT Gonbllee pa3BuTHe, Gnaromapsl yemy Bo3pacTaeT tgd,,. Ilpu
elie 6oJiee BBICOKHX TEMIIEpATypax BPeMst PEIaKCalluyd CTAHOBUTCS Cy-
HIECTBEHHO MEHbIE BPEMEHHU MNepHOHda M3MEHEHHUS HANPSDKEHHOCTH
nosst. IToaToMy npakTHYECKM McUe3aeT 3ama3ablBaHUE MOJIPU3ALUHU
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OTHOCHTEJILHO MoJist (T.e. YMEHBbIUAETCS YroJl OTCTaBaHuUs 1o ¢ase )
Y YMEHbIIAIOTCS PeJaKCallMOHHBIE MOTEPH.

C NoBBILIEHUEM YaCTOTbl MAaKCUMYM tgd, , CMellaeTcss B 001acTh
6oJiee BBICOKOU TeMIIEPATyphl. DTO CB3aHO C TEM, YTO MPHU MEHBIIEM
BPEMEHH MOJIYIIepHOIa MHEPLIMOHHOCTL ITOBOPOTA AUIOeH OyieT cKa-
3BIBATLCS 1AXE NMPU MAIBIX Ty, T. €. P O0Jiee BLICOKUX TeMITepaTypax.

Ha puc. 6.21, 6 npuBeaeHsl ABA MAKCUMYMa YaCTOTHOM 3aBUCUMO-
CTH tgd, , MPH IBYX TEMIEPATYPAX; €1LE Pa3 MOTUEPKUBAETCA pas3Inyne
B YACTOTHBIX 3aBUCMMOCTSAX 120, , U aKTUBHOM MOLUHOCTH P, ; , (Ha pu-
CYHKe KpuBas P, , 1aHa TONbKO A Temnepatypsl 15). Bo3pactanue
MOTepPb C POCTOM YaCTOTHI 00YCIOBIEHO YCHIHBAIOIMMCS OTCTABaHU -
€M TONAPU3ALIMM OT U3MEHEHMUsI NOJIs1 (Bo3pacTaeT yrox y). Korna xe
YacToOTa CTAHOBMTCS HACTOJbKO BEIMKA, 4TO Ty > 1/®, IUMOJBHO-
peJIaKCaLMOHHAs MOASIpU3alMs BhIpaXeHa oueHb ci1abo, T.€. aMIUIiu-
TYAHOE 3HAYEHHE NONAPU3OBAHHOCTU P, |, OKa3bIBAETCA HE3HAYMUTENb-
HbIM. T1oaTOMY Masibl MOTEPU SHEPTUHU 32 MEPUOA I, a4 COOTBET-
CTBEHHO, MaJl0 3HaYeHue tgd, ,, XapakTepusywuiero stu notepu. On-
HaKO Ha BBICOKHX YaCTOTaX BEJIUKO YUCJIO IIUKIIOB MOJISIPHU3AIIUHA THI-
JIEKTPUKA B €IMHULY BPEMEHHM Y aKTUBHAS MOLUHOCTD, BBLAECISIONIAS~
Cs B IMDNEKTPUKE, OCTACTCS MPAKTUYCCKH ITOCTOSIHHON HECMOTpPS Ha
yMeHbUIEHHUE tgd; , C POCTOM YaCTOTBI, YTO HAXOAMTCH B COOTBETCTBUM
¢ dopmynoit (6.25).

Ha puc. 6.21, ¢ nokazaHo B3aMMHOE PACIIONIOXEHHE YACTOTHEIX 3a-
BUCMMOCTEH TpeX MapaMeTPOB AUIJIEKTPUKA €, ;, £ U 120, ,, XxapaKTe-
PHU3YIOLIUX TUIOJILHO-pEIaKCallMOHHYIO mojsipu3anuio. Puc. 6.21, ¢
Mipe/ICTaB/sAeT co00il BRIOOPKY Y3KOTO YACTOTHOIO JUATIa30HA M3 LIM-
POKOrO CIIeKTpa 4YacTOT, IpeacTaBieHHoro Ha puc. 6.8. [Ipu yacrorte
penaxkcaluu, OnpeleNsaeMoi u3 ycnosua 2nf,.; = 1/7, BeICOTA CTy-
NEHbKY €, YMEHBIIAETCS BABOE, a KOIMOULUEHT MOTEPL HOCTUIaeT
CBOEr0 MaKCUMAJIbHOIO 3HAYEHHUSA €y’ = .+ €,/ 2. Benuunna tgd,,
TakXe MPOXOAUT uepe3 MAKCHUMYM, HO NpPHU YacTOTE ®,, HECKOJIBKO
Oonblle, YeM 4aCTOTa PEAaKCAIIUH:

ITonoxeHue 4aCTOTHBIX MAKCUMYMOB €”  tg0; , 3aBUCHUT OT TeMIIe-
paTypsl.

Ha puc. 6.21, ¢...e npeacTaBieHbl U3MeHEHUS TOTEPb C YYETOM
BKJIAJIOB PEJIAaKCAIIMOHHOIO MEXaHHU3Ma U DJICKTPONPOBOAHOCTU IHU-
2JIEKTPHKA.

PenakcaliuoHHBIe MOTepU HAGMIONAIOTCH U Y JIMHEHHBIX TUAJIEKT-
PUKOB C MOHHO-PEIAKCALIMOHHBIM H 3JIEKTPOHHO-PENAKCALIMOHHBIM
MeXaHU3MaMM MOJsipu3alvy. B HeopraHMYecKux CTeKiax 3a pejakca-
LIMI0 OTBETCTBEHHBI C1a0OCBA3aHHBIE MOHBI, COBEPIUAIOLINE [1EPECKO-
KM U3 OTHOU SAYeHKM IPOCTPAHCTBEHHOM CTPYKTYPHOI CETKU B Jpy-
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ryio. IToreHnanbabple 6apbepbl, OrpaHUYMBAIOILNE ABUXKEHHUE caabo-
CBSI3aHHBIX UOHOB, HEOTUHAKOBbI BCJISACTBHE IOKATBHBIX HEOIHOPO/ -
HOCTeH CTPYKTYpHI cTekia. [1o3ToMy penakcallMOHHbBIE TIOTEPU B CTEK-
JIax OTpEensoTcsl IUPOKUM Habopom epemeH peaaxcayuu, 4To NpH-
BOJUT K PACLIKPEHUI0O U HEKOTOPOMY CTIAXUBAHHUK MAaKCHMYMOB B
TEMITEPATYPHOM ¥ YaCTOTHOM 3aBUCUMOCTSX tgd (puc. 6.22). YeM 60nb-
e Habop BpeMeH peiakcaliMu, TeM MeHbIle 3HaYeHUe pelaKcaliOH-
HOTO MAaKCMMYMa, TaK KaK YMEeHbIIACTCA YUCIIO PEJIAKCATOPOB KAX0-
ro Tuna. CriaxXeHHbIe MaKCUMYMBl PEJIAKCALIMOHHBIX MTOTEPL MOLYT B
3HAYUTEJBHON Mepe MACKMpOBaThCS MOTEPSIMU HA 3JEKTPONPOBOA-
HOCTb U HE NPOSBISTLCS B IBHOM BUIC.

ITotepu, obycnoBIeHHbIE MUTPALUMOHHOM ITOJsipU3aUME, Xapak-
TEPHBI U1 HEOOHOPOIHBIX AUJIEKTPUKOB. IIpocTeliliieil Monebio Ta-
KOTO IU3JIEKTPUKA SIBASCTCS IBYXCIOUHBINA JIUCTOBOI MAaTEPUa, KOM-
TOHEHTH! KOTOPOro 00JIaJal0T Pa3ivyaolMMHCS YAEJIbHBIMHU MTPOBO-
JUMOCTSIMU U JU3JIEKTPUUYECKUMU TIpOHMLIaeMoCTsIMU. KoHaeHcaTop
C TaKUM JU3JEKIPUKOM M €ro 3KBUBAJIEHTHAsA CXeMa MOKa3aHbl HA
puc. 6.23. TeopeTnueckuii aHanu3, BBITIOJIHEHHBIA BarHepoM Ha 0CHO-
Be npeacrasiaeHuii 1. K. Makcsesia, mokasai, 4To 3PHeKTUBHASA €M-
KOCTb ¥ aKTHBHAS IMPOBOJUMOCTL HEOAHOPOAHOTO CIOMUCTOIO AUIJIEK-
TPHUKA 3aBUCIAT OT YACTOThI, MPH 3TOM CYMMApPHBIC IIOTEPH MOXHO
ONpeAeNNTh N0 hopmyie
_ Cytgd; +Chtgd,

a+C
rie UHAEKCH 1 M 2 OTHOCATCS K COOTBETCTBYIOIMM CJIOSIM JIUBNIEKT-
puxa. YacTorHasi 3aBUCUMOCTb tg0 B 9TOM CIy4ae OKa3bIBAETCS TAKOil
K€, KaK y JM3JIEKTPUKA C pejaKCallMOHHON aucriepcueii (CM. puic.

6.21, 0), XoTd KaXIblil U3 CIIOEB MOXET M He 00JIafaTh penakcaim-
OHHOM nonspusanmeir. Yacrora penakcalluy MUTPalMOHHON MO~
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Puc. 6.22. YacroTHasa ¥ TeMIepaTypHasl 3aBUCUMOCTH TAHTE€HCA YIia AU3JIeK-
TPMYECKHUX NOTEPD MJIT HEOPTraHHYECKOTO CTEKIIA:

1 — TOoTEpH Ha 3NEKTPONPOBOIHOCTE;, 2 — pPeNIAKCAUMOHHbBIE ITOTEPH; 3 — CYMMApHBIE
noTepu
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Puc. 6.23. KonaeHcaTop ¢ ABYXCAOMHBIM TUIJICKTPUKOM (@) U €ro 3KBHBa-
JICHTHast cxema 3amelleHus (6)

pM3alMM 3aBUCHT OT MapaMeTpoB cloeB. B 4acTHOCTH, eclnu B AU~
JIEKTPUKE COAEPXKATCS MPOBOAALUME BKIIOYEHUSA, TO Wpey U COOTBET-
CTBYIOIIMI eff MAaKCMMyM tgd MomnaaaloT B paAuo4yacTOTHBINM aAuarna-
30H. KapriHa KauecTBeHHO He U3MEHSETCs PH GOJIBIIEM YUCIE CIIO-
€B U IIpY MPOU3BOJBHON popMe NPOBOASUINX HIIH ITOIYIIPOBOMSILINX
BKJIIOYEHUH.

MurpaioHHbIe MTOTEPH yaaercd HaOMIogaTh B TAKUX CIOMCTHIX
JUDJIEKTPUKAX, KaK TETHHAKC, TEKCTOJHUT, CJIIOIOIIACThI, HEOIHO-
(azHas KepaMuKa, KOMIIO3UIIHOHHBIE TIacTMAacchl. OHU MPOSBNSIOT-
Csl TAKKE M B THIDOCKOMHYHBIX (BIAroINOIJIONIAIOIINX) Marepuaiax
IIPY UX YBJIAXKHEHUM.

MoHU3aLUMOHHBIE MOTEPHU CBOMCTBEHHBI Ta3000pa3HBIM BE-
IHECTBaM H TBEDABIM AMAICKTPUKAM, CONEPXALIUM Ta30Bble BKIIIOYE-
Hus (1mophl). I'a3sl B HOPMaIBHBIX YCAOBUSX, B CJTA0BIX JIEKTPUYECKUX
TIOJIAX SIBJISIIOTCS. TIOYTH MJCAIbHBIMK Au3IeKTpUKaMHu. [loTepu B HUX B
5TOM ciay4yae OOYCIOBJIEHBI TOJIBKO 3JIEKTPONPOBOHHOCTHIO. [laxe B
MOJIIPHBIX Ia3ax OpUEHTALMS TUTTONEH NPH TIONIAPHU3ALMY He IAeT BKJIa-
13 B TTOTEPU H3-3a HUYTOXHO MAJOH BI3KOCTH cpeibl. st BIYUCTe-
HHA t28 MOXHO UCIT0/1b30BaTh dopmyny (6.35). Hanpumep, y Bo3ayxa
B c1abbixX NoJsx, rae cobmomaercs 3akoH Oma, p = 1012 OM - M, u Ha
vactote 50 I'u pacyer maer tgd = 3- 107>

OIHaKo NpH BLICOKMX HamnpskeHHOCTAX (6onee 10° B/M) B razo-
00pa3Hoil cpene pa3BMBAIOTCA TIPOLECCH YAAPHON HOHU3ALMHU (CM.
rofpasf. 6.6). Monusanysa MoJIeKyJI ra3a CBsi3aHa ¢ NOIJIOLEHUEM SHEP-
MU 3JIEKTPUYECKOTO I0JI, BCJIEACTBHE 4ero tgd pe3ko Bo3pacraerT.
IIpubauxeHHO aKTUBHbBIE MOHU3ALIMOHHEIEC IIOTEPH B ITopax P, , MOX-
HO paccyuTaTh o hopmyne

Pa.u = Alf(U'“ Uu)3s

rae A; — sMIIMpuuecKasl KOHCTaHTa; f — vyacrora nons; U, — noporo-
BOE HaIpsDKeHWE MOHU3ALMM, 3aBUCSLIEe OT pa3Mepa IMOp U HdaBie-
HHS rasa.
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Puc. 6.24. U3Mmenenue tgd B 3aBUCUMOCTH OT 188
HAOpPSXKEGHUS A5 TBEPAOTO MOPHUCTOTO IH-
J7EKTPHKA

|
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1
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v, U U

®opmyna cnipapemusa npu U2 U,. C yBesmueHneM JaBieHUs rasa
OTHOCHUTEJIBHO aTMOcGhepHOTo ITOporosoe Hampstkenue U, Bo3pacra-
€T, TaK Kak COKpAllaeTcs UIMHA CBOGOJHOIO Mpolera 3/eKTPOHOB,
MPOU3BOSIIIMX YIAPHYI0 MOHU3aM0, MoHM3alms raza NpOUCXOIUT
0C00eHHO MHTEHCUBHO B AMAITa30HE PaaUOUYacTOT.

3aBUCUMOCTH tg0 OT MPUIIOKEHHOIrO K AUIJIEKTPUKY HAIPSXKCHUS
Ha3bIBaeTCs Kpueol uoHusayuy. Takas Kpusas U TBEpIOTO MOPUCTOTO
IM3JIEKTPUKA noKa3aHa Ha puc. 6.24. ITpu HanpsxeHuu Boitte U, ra3
BO BCEX IMOpax IMOJHOCTbIO MOHU30BAH, DHEPTUs TPATUTCS JMUUIL Ha
NoJIepXKaHue HOHU30BAHHOTO COCTOSIHUA. B 3TOM ciyyae pacceuBae-
Mas MOILIHOCTh JIMHEHHO BO3pacTaeT C YBeNMMUCHHEM HAIPSKCHUS.
CoOTBETCTBEHHO tgd IHOMKEH YMEHBLIATRCS ¢ HapacTaHueM U, 4to
HEITOCPEACTBEHHO CleqyeT U3 BhIpaxeHus (6.25).

HoHn3anuoHHbIE TOTEPHU TIPUBOISAT K Pa30rpeBY HOBEPXHOCTH 0D,
TaK KaK IpPH CTOJKHOBEHHWHM C Hell YCKOPEHHBIE BJIEKTPOHBI TEPSIOT
HaKOIUIEHHYIO KMHETHYECKYIO 3Hepruio. Hanbosee onacHbl KpyrnHbIEe
nopel pazMepoMm 6osee 0,1 MM, TakK Kak B HUX Jierye IpOUCXOIUT 00-
pazoBaHMe NEKTPOHHBIX JaBuH (CM. roxapasi. 6.6). B xpynkux marepu-
aJlaX BOZHMKAIOUIYE NePenaabl TeMIIEPaTyp TOPOXAAIOT YIIPYyrue Ha-
MPSEKEHUSI, KOTOPbIE MOTYT Pa3pyllUTh AM3JIEKTpHK. OpraHnyecKas u30-
JISIIASE MOXET OBITH MOABEPKEHA XMMHIECKOMY Pa3pylUeHHIO MTOCPEI-
CTBOM B3aHUMOICHCTBUSA C O30HOM M AKTUBHBIMH OKCH/JIAaMH a30Ta,
00pa3yIOIIMMHUC ITPH HOHM3ALIMH BO3MyXa.

g, e" 1gd €

1
!
|
1
i
i
1

®pes )

Puc. 6.25. MaMeHenne AUBNEKTPUUECKON NMPOHUHAEMOCTH €, Ko3(dduuu-
eHTa MOTeps £ U tgd B 00JACTH Pe30HAHCHOMN OUCMICPCHHU
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tgd Puc. 6.26. TemnepaTypHble U3MEHEHUS
h tgd B CETHETOBIEKTPUKAX

hi<h
A

Pe3oHaHCHbIe MOTEPHU CBSI3AaHbI
Tk T ¢ pe30HAHCHOW MNOJSIpU3ALMEH U IPOSIB-
JISIIOTCSL B TOM CiIydae, KOTJIa 4acToTa 3eK-
TPUYECKOrO I0JIsI COBIAIAET ¢ COOCTBEHHOM 4acTOTOM KoleGaHUM oc-
HWJUISTOPOB (YOPYTo CBA3AHHBIX MOHOB WM 3JIEKTPOHOB). Pe3zoHaHc-
HOI YacTOTE (p.; COOTBETCTBYET 00NACTh aHOMAIbHOM NUCIEPCUM, B
KOTOPO#l IU3JIEKTpUUeCKasi MPOHULIAEMOCTh £ YMEHBIIIAETCS ¢ YacTo-
toit (puc. 6.25). IIpu pe3zonaHce ko3(pGUUHMEHT NOTEPD €7 MPOXOIUT Ye-
pe3 MakCcumyM. PaKkTHYECKH B 3TUX YCIOBUSX KOHACHCATOP IPOSIBASET
cebsl Kak aKTHBHOE CONIPOTHURAeHHUE. B yacTOTHOM 3aBHCUMOCTH {80 Tak-
Ke HabogaeTcss MaKCUMYyM, HO Ha YacTOTE, HECKOJIBKO HpPEBLIUIAIO-
EA Opes.

B oTam4ue OT YaCTOTHI PENAKCALIMHU My, PE3OHAHCHAS YACTOTA Wypes
cTabuwibHa M He 3aBUCHUT OT TeMirepatyphbl. C MOHMXKEHNEM TeMITepaTy-
pbl HaGIIOAAIOTCS KL 00OCTPEHUSI MAKCUMYMa B YaCTOTHOI 3aBM-
CUMOCTH €™

PeszonancHoe MOMICIIEGHUE SHEPIUU, CBSI3aHHOE C UOHHOM IMOJISI-
pU3aLMeil, MPOUCXOAUT B MH(PPAKpacHOM AMaIla3OHe CIECKTpa Ha 4a-
crorax 10'2...10" T'u. Macca 51eKTpoHOB Ha TpH nopsaka MeHbiue. [To-
3TOMY DJIEKTPOHHBIM DE30HAHC MOXHO HabJiofaTh Ha 4acToTax
10'... 10 T'u, T.e. B BUOAMMOM Wiy ynbTpadUOIETOBOM 001aCTAX.

IloTepu Ha rucrepe3unc XapaKTePHBI TOJIBKO IJISE CETHETO-
3JIEKTPUKOB Y OOYCIOBIEHB! IPUCYLICH UM JOMEHHOM MONISpU3aliuei.
ITocnenHsist B IEpeMEHHBIX ITOJISIX CONMPOBOXAAETCS AUINEKTPUIECKUM
rucrepe3ucoM. M3-3a notepb Ha TUCTEPE3UC CETHETORIEKTPHUKHU OTIH-
4atoTcs OONBbIIMMY 3HAYCHUSAMU tZ8, KOTOPHIE MOTYT JOXOIUTD A0 YPOB-
Hga 0,1...0,2. IToTepu Ha rucTepe3nc, Kak ¥ JOMEHHAas MOASIpU3aLus,
CYILIECTBYIOT JIMUIb JC XapaKTepUCTHUECKOH TeMIlepaTyphbl, Ha3biBa-
eMoit Toukoit Kiopu Ty. Ilpu HarpeBaHMHU BhIlIE 3TOH TeMIEpaTyphl
JIOMEHHAsT CTPYKTypa Ucye3aeT U HabJI0AaeTCsl pe3Koe CHUXEHHE tgd,
KaK NoKa3aHo Ha pHc. 6.26 IlnaBHoe BospacTaHue tgd npu AanbHel-
HIEM HarpeBaHMM OTHOCHTENbHO TOUKM Kropu CBA3aHO ¢ MOTepAMHU
HA 3JIEKTPOIIPOBOIHOCTD UM HOHHO-PENAKCAIMOHHYIO TIOJIIPU3AUHIO
(rmoxpobHee cM. II. 8).

6.6. IIPOBOII TA30B U JKUJIKUX TUIJIEKTPHKOB

OcHOBHbIE NOHATHS O Hp0609. ﬂVIBHeKTpI/IK, HaxoasiCb B 3JIEKTPHU -
YECCKOM IMOJIC, MOXCET MOTEPATHL CBOMCTBA U3OISILIMOHHOTO Marcpuaia,
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€CJIM HaNpPSDKEHHOCTb MOJISl MPEBBICUT HEKOTOPOE KPUTUUECKOE 3HA-
yeHue. SIBaeHue oOpa30BaHMs MPOBOMSILET0 KaHajla B IUDJIEKTPHUKE
O ACUCTBHEM 3IEKTPUUECKOrO MOJISI HA3LIBAIOT ITPoboeM.

MuHHMaTbHOE NPWIOKEHHOE K IU3JIEKTPUKY HANpsiKeHUe, NpU-
BOZALLEE K €ro Npo6oIo, HA3bIBAETCS npobusuvim Hanpaxceruem Uy,

IpeanpoboitHoe COCTOSTHUE TUIJIEKTPUKA XapaKTEPUIYETCS PE3KIM
BO3pacTaHUEM TOKA, OTCTYIUIEHHEM OT 3aKoHa OMa B CTOPOHY YBEJIH-
YeHUst MpoBOAUMOCTH. POpMaTbHO 3a MPOOUBHOE NMPUHUMAIOT TAKOE
HarnpsixkeHue, npu kotopoM dI/dU= , T.e. nupdepeHuMAIbLHAS IPO-
BOJMMOCTb CTAHOBUTCSI GeCKOHEeYHO 6oblioi (puc. 6.27).

3HayeHue NPOOGUBHOIO HaNPSXKCHUS 3aBHCUT OT TOJIIMHBI IUAJIEK-
TPHKA # ¥ (POPMBI BJIEKTPHIECKOTO OIS, OOYCAOBAEHHON KOHbUrypa-
HMEH MeKTPOIOB B CaMOTO TUIJeKTPUKA. IT03TOMY OHO XapakTepusyer
HE CTOJIbKO CBOMCTBAa MaTe€pHasia, CKOJIBKO CIIOCOOHOCTh KOHKPETHOTO
o6paslia NPOTUBOCTOATh CHIBHOMY 3JIEKTpHYecKoMy nonto. [Ins cpas-
HEHHS CBOMCTB pa3jIMuYHbIX MaTepraoB 6oJiee yIOOHO! XapaKTepuCTH-
KOH SIBASIETCS MEKTPHUECKas IIPOYHOCTD. JFnexmpuueckoll npo4HOCmbIO
Ha3bIBAECTCSI MMHUMAIbHAS HAIPSDKEHHOCTb OAHOPOAHOIO 3/IeKTpUUC-
CKOrO MoJis, NPUBOAALLAS K NPOOOI0 INoeKTpuKa: Eyy = U,/ h.

Orciona caenyer, 4YTO NPOOHMBHOE HANPSXKEHHE BO3PACTaeT C yBe-
JIMYEHUEM TONIIMHBI AUBJICKTPUKA WUIM PACCTOSIHUSI MEXIY 2IEKTpO-
naMu. PaGouee HampspkeHHe, JeHCTBYIOlIee HAa AUINCKTPUK B KOH-
KPETHOM U3IEIUM WK YCTPONCTBE, ECTECTBEHHO, JOIKHO ObITH MEHb~
e Up,. OTHOLUEHHE TPOOUBHOTIO HANPSAXEHUA K HOMHHATLHOMY pa-
0ouyeMy HanpsKEHUIO Ha3bIBalOT KO3(PEPUIUMEHTOM 3araca 1o dJeKT-
pUyecKoit npoyHocTH. I1pobUBHOE HAIIpsSLKEHUE BO3PACTAST TAKXKE MPU
HUMITYIbCHOM BO3ACHCTBUU JTEKTPUYECKOTO oA, OTHOLIEHUE UMITY/Ib-
CHOTro NpPOOMBHOTO HAMNPSDKEHMUsS K €rc CTaTHUYECKOMY 3HAYSHMIO Ha-
3bIBAIOT KOI(MOULMEHTOM UMITYIbLCA.

Ecnu npobGoit nipousomies B ra3000pa3HOM IU3JIEKTPUKE, TO Ona-
romapsi BbICOKOH IOABMXXHOCTH MOJEKYJ NPOOUTHII yyacTOK Mocie
CHSITUSI HANPSLKCHUS] BOCCTAHABIMBAET CBOIO JICKTPHYECKYIO MpO-
YHOCTb. B IPOTHBOIOI0XHOCTh 3TOMY NPOOOH TBEPABIX AUDJIEKTPUKOB
MPU €ro MOJHOM PAa3BUTUM 3aKAHUMBACTCS paspylUCHHEM U3CISILUU.
OmBako paspylleHue MaTepHajia MOXHO NpPEIyINpeauTh, OrPaHUYMUB
HapacTaHHUE TOKA NIpPH Npo0oe TOMYCTUMBIM IpeneaoM. Kuakue au-

I i

Puc. 6.27. VIaMeHeHue TOKA IpK poGoe
3EKTPUYECKON H30Js1HUH
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9JIEKTPUKHU TaKXKe 0061a1a10T CIIOCOOHOCTBIO K BOCCTAHOBJICHUIO DIeK~
TPUUECKON NMPOYHOCTHU, CIHAKO 3TO BOCCTAHOBJICHHUE B OOJNLIIMHCTBE
Cy4yaeB OKa3bIBaeTCs HEMOJNHBIM.

[Tpo6oit AN3IEKTPHUKOB MOXET BOSHUKATh B PE3YJILTATE YMUCTO DJIEK-
TPUUYECKUX, TEIIOBBIX, 4 B HEKOTOPBIX CIYYasX U 3TEKTPOXUMHUYECKUX
MPOLIECCOB, OOYCIOBNEHHBIX ACHCTBUEM IMEKTPUUECKOTO TIOIS.

PaccMOTpUM MeXaHU3MBI TPO6Os AU3NTEKTPUKOB B 3aBUCHMOCTH OT
KX arperaTHOro COCTOSIHUSI.

IIpo6oii razos. Bo3nyx siBisieTcss M3OASLMOHHON Ccpemoil s pas-
JIMYHO#M 3M1eKTPOHHOM amnapartypbl. O6bIYHO (PU3UYECKHE TPOLECCH] B
BO3JIyX€ MPOTEKAIOT NPU HOpMalbHOM atMocdepHoM aaBireHuUH. On-
HAaKO B UCCJIEAOBATENbCKOM NpPaKTHAKE, 4 TAKXKE MPU CO3TAHUM LICJIOTO
psilia DIEKTPOHHBIX NPpUOOPOB MPUXOAUTCS BCTPEYAThCS CO CBOMCTBA-
MU BO3IyXa U APYTHX FA30B B pa3pekXeHHOM COCTOSTHMH WUTH IIPH CHIILHO
TIOBBILICHHBIX AaBACHUSIX.

TIpo6GuBHast HANPSXKEHHOCTD BO3IyXa B HOPMAJbHBIX YCJIOBUSX He-
BEJIMKa MO CPaBHEHMIO C E, OOJbUIMHCTBA XUIAKUX ¥ TBEPABIX IH-
35eKTpuKoB. ITpoboil Bo3ayxa U Apyrux razoB CAeAyeT pacCMaTpUBaTh
KaK CJIeICTBUE Pa3BUTHUS [IPOLIECCOB YIAPHON HOHU3ALMH U BHYTPEH-
He#l HOTOMOHM3ALIMH.

Mexanusmbl 1poGos razos. BerencTBue Bo3NeHCTBUS BHEILTHHUX HOHM-
3aTOPOB B ra3e BCErJa HaXOAUTCS HEKOTOPOE YUCIC HOHOB H 3JICKTPO-
HOB, COBEPLLIAIOLIMX OeCIOpsIACUHOE TeIUIoBOe ABuxKeHue. [1pu Haso-
KEHHHU BHELIHETO TOJIS 3apsXEHHBIC YaCTHIILI TOIYYaloT T00aBOYHYIO
CKOPOCTb YHOPSIIOUEHHOI'o NepeMellieHUsl. B rpouecce CBoero Hamnpas-
JIEHHOTO JIBMXXE€HHS K 3JIEKTPOJAM YCKOPEHHBIC 3JIEKTPOHbI U UOHBI
CTAJIKUBAIOTCSl C aTOMaMU WJIM MOJIEKYJIaMM rasza ¥ MepeaaloT UM Ha-
KOIJIEHHYIO KMHETHYECKYI0 aHepruio. JloGaBoyHast KHHETUYECKasl SHEP-
TUsl, KOTOPYIO MOJYYAIOT 3apsA/Abl NOA ACHCTBHEM MOJIS HANPSIXKEHHO-
cTbio E, MOXeET OBITh BhIpaXeHa IPOU3BeACHUEM

D =gk, (6.36)

rae | — cpeaHas AJIMHA CBOGOAHOro npobera yacTULL.

Ecnu HanmpsiXeHHOCTb TMOJSI HOCTATOYHO BEJIMKA, TO HAYMHAETCs
ylAapHas MOHM3ALUs, T.€. B pe3yJIbTaTe CTOJKHOBEHUI YaCTHUIIL IIPOKC-
XOAMT PACIIeIUIEHUEe MOJIEKYJT HA 3JIEKTPOHBI U MONOXUTEIBLHO 3apsi-
XeHHbIe HOHBL. HeoOX0oauMbIM YCIIOBUEM UL Pa3BUTUS YIAPHOMA MOHU-
3allUM SABJISETCS BBITOJHEHUE HEpPABEHCTBA

qEl 23, (6.37)

rae D, — 3Heprus UOHU3ALUMHU aTOMOB WM MOJIEKYJI I'a3a, KOTOpas B
3aBUCUMOCTH OT IPUPOJBI [TOCIEIHEr0 MOXET MPUHUMAThL 3HAYCHUS
oT 4 10 25 3B.

Heo6xoauMo oTMETHTb, YTO yaapHas HOHM3ALUS MPOU3BOIUTCS
[JIABHBIM 00pa3oM 2JICKTPOHAMM, XOTS MOHBI UMEIOT HAMHOIO 6OJIb-
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LIYIO Maccy. DTo OOBACHSETCS TeM, YTO DJIEKTPOHLI 6arofapsi MeHb-
uieit macce o6aanawT B 100— 1000 pa3 6onblueit nogBuXHOCTEIO. [10-
5TOMY 3a OIMHAKOBBIH NPOMEXYTOK BpeMeHM oHM mpoiiayt B 100—
1 000 pa3 Gonbliiee pacCTOSIHUE U, COOTBETCTBEHHO, NTPOU3BENYT OO0b-
iee YMCII0 MOHU3ALMIA. YiapHast MOHW3alUKs BhI3BIBAeT TaBUHOOOpa3-
HOE Pa3MHOXEHHE 3aPSKeHHBIX YaCTUL, KOTOPOE MOXHO OXapakre-
pPU30BaTh 3KCIIOHEHUIHAILHOM 3aBUCHMOCTBIO BUA

n = ngexp(o,h), (6.38)

rae ny — HayalabHasi KOHUEHTpALMS JIEKTPOHOB; O, — KO3(pDHULIUEHT
yIApHOM MOHU3AUMH; A — JUTMHA NPopacTalonieil JIABUHEL.

JlaBMHA pacnpoCTpaHsETCs K aHOLY €O CKOPOCThIo OKoo 10° M/c u
BOJIM3M aHOIA JOCTHIAET CBOET0 HaMOOMbLIEro pa3BuTHst. OQHAKO Ipo-
pacTaHHUe ONHOM 3NEKTPOHHOM JIABMHBI €ll€ HE NMPUBOIMT K ¢op-
MHMPOBAHUIO MIPOBOISILIETO KAHAIA, MOCKOIbKY 00pa3oBaBIIMECS K-
TPOHBI OLICTPO YXOIAT U3 Pa3psiAHOrO NPOMEXYTKA Ha anod. Hs non-
HOFO Pa3BUTUS NMPpo0OOs YIAPHON MOHM3AILUY JOJIKHBl COMYTCTBOBATh
Jpyrue mnpouecchi, obecrneumMBaroiiie BOCIOMHEHUE U HAKOMICHUE
YUCJIa 3apSKEHHBIX YaCTHLL MEXIY 3JekTpogaMu. B 3aBucuMocTu oT
XapaKTepa 3TUX COMYTCTRYOIIMX TPOLECCOB B ra3ax paziuyvaroT JIaeuH-
Kb VI AABUHHO-CIPUMEDHbIT NPOGOIL.

Ilpn naBuHHOM TNpobOe GONBLIYIO POJb UIPAIOT BTOPUYHbBIE MPO-
Hecchl Ha karoxe. Cpeny HUX CIeAyeT BbLIEIUTL HOHHYIO GoMbapan-
POBKY IOBEPXHOCTH KaTO/Aa, IPUBOASILIYIO K BEIOMBAHUIO BTOPUYHBIX
3JIeKTPOHOB (MOHHAas yaapHad MOHU3alus1). BHOBb poxiaeMble 3J1eKT-
POHBI, YCKOPSISICh TNTOJIEM, 00pa3yloT HOBbIE, O0olee NHTEHCUBHbBIE la-
BuHBL. [locnenoBaTenbHOE HANOXEHUE HECKOJBKHUX IEKTPOHHBIX
MOHHBIX JIABUH COITPOBOXKIACTCS NPOrPECCUPYIOLIMM HapacTaHUEM TOKa
M B KOHEUHOM UTOTE MPUBOMMUT K HACBHIIIECHHUIO 3aPAIaMHU MEXIJIEKT-
PONHOIO TMPOCTPAHCTBA, a3 MEPeXOAUT B NPOBOMSIUEE COCTOSHUE.
OnHako Ui TIOJIHOTO Pa3BUTHUSl TAKOTO MHOTOAABMHHOTO Mpoliecca
TpeOyeTcsl CpaBHUTENIbHO OOJIBUION MPOMEXYTOK BpEMEHH, ompelne-
JISIEMBIA TIPEXJE BCEr0 CKOPOCTBLIO MepeceyeHHUs] MEXIJIEKTPOIHOro
pacCTOSTHUA MOJIOXUTEIbHBIMU MOHAMM, 001aJal01MMU HU3KOH NOJ -
BUXXHOCTBIO. Kak npaBuiio, BpeMsi GOpMUPOBAHHUS JJABUHHOIO IPOGOst
cocrasnsier 107... 10~ c.

JIaBUHHBIK 1Tpo0GOIt BO3HUKAET NPU MAJIOM PACCTOSIHUM MEXIY 3JIeK-
TpOIaMU /1 WIM IPU NMOHMXKEHHOM JABICHUM raza p, T.€. B YCIOBUAX
HM3KOI0 3HAYEHUs NPOU3BEACHUS ph, KOTAA Mano odluee YUCIO MO-
JIEKY B Pas3psIHOM MPOMEXyTKe. BenuuuHa MpoOGHMBHOrO HampsiKe-
HUS1 B 9TOM CJIydae 3aBMCHT OT Marepualla KaToaa, Yto NMOATBEpXKIacT
BaXHYIO POJb BTOPHUYHBIX MMPOLIECCOB Ha KaToae B (DOPMHPOBAHHUH
NPOBOASILErO KaHAIA.

IIpu Gonbiumx 3HaAYeHUSX ph MpoGoil B ra3ax HOCUT JJABUHHO-CTPH -
MepHbIii Xapakrep. Iloa cmpumepom MOHUMAIOT OBNACTH CKOIUICHMS
3apsXEHHBIX YaCTHII, KOTOpasl MO CTeHeHM MOHU3AIUU CYILIeCTBEHHO
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MIPEBOCXOOUT MPUJIETAIOINE O0JACTH MEXIJIEKTPOIHOTO MPOCTPAHCTBA.
JIaBUHHO-CTpUMEpHBIl Mpoboit passupaerca 3a Bpemsa 1077...107° ¢,
T.€. ropasno ObIcTpee TAaBUHHOIO MEXaHU3Ma. YCKOpeHUIO (opMHUpO-
BaHMs pa3psaa B 3HAYMTETBLHON Mepe CITOCOOCTBYET BHYTpEeHHsIA (o~
TOMOHM3auud raza. CyTh ee 3aKJII04aeTcs B ciieayiounieM. YacTb 5ieKT-
POHOB, YCKOPEHHBIX TOJEM, TIPU CTOJAKHOBEHHMSIX C MOJEKYIaMM rasa
MOXET He MOHM3HPOBATh MX, a MEPEBOAUTL B BO3OYXKICHHOE COCTOS-
Hue. Ipu Bo30yXIeHHH aTOMa WX MOJIEKYJIbI CBSI3AHHBIC C HUMU JIEK-
TPOHEBI TIepexOAAT Ha 6oJjice BLICOKHE SHEPreTUYECKHE YPOBHU. Bpems
JKM3HHU aTOMa WIM MOJIEKYJIbl B BO3OYXXIEHHOM COCTOSIHUM OYEHb MAJIO
(~10"% ¢), u B caeayoUIMii MOMEHT BpeMEHHM Takas BO30OYXIeHHas
YaCcTUIIA, BO3BpallasiCb B OCHOBHOE COCTOSIHME, MCIYyCKaeT (DOTOH.
@DoToHH PacIpOCTPAHAIOTCS BO BCE CTOPOHBI, B TOM YHC/E TIO NYTH
CJlejioBaHUA OCHOBHOI 2/1eKTpOHHO NaBuHbl. HekoToprie n3 ¢oTOHOB
HMMEIOT 3HEPryio, NMPEeBBILIAIOLYIO 3HEPTHIO MOHM3ALUU MONEKYN 3.
Takue GOTOHBI POXKIAIOTCS IIPH YAAPHOM BO30YXACHUM JIEKTPOHOB,
HaxOIsUIMXCS HA BHYTPEHHUX O00O0J04YKAax aTOMOB. AHAJIOTMYHbIHA pe-
3YAbTAT MOXET OBITh MOAYYEH IIPH BO30OYXICHUHU yKe 00pa3oBaBIlIero-
Csl MIOHa.

DoToHbI BLICOKOH DHEPIHUH JIETKO TMOIJIOLIAIOTCSI IPYTHMH aToMa-~
MH UK MOJeKysiaMHu. PoTomoraolieH e, Kak MpaBuiIo, COMIPOBOXIA-
eTcs MOHHU3aiMel yacTUll. B pe3ysbTaTe BOSHUKAIOT HOBBIE 3JIEKTPOHDI
U 0BYCIIOBIEHHbIE MM HOBBIE oyary noHu3auuu. Ha puc. 6.28 mokasa-
Ha cxema (OPMHUPOBAHUS OTPULIATEIBHOTO CTPUMEPA, T. €. ITOTOKA JIEK-
TPOHOB, HAMpPaBICHHOTO K aHOAY. DJCKTPOHHBIE JABUHBI, 0Opasy-
JoHIMeCs BCIENCTBUE YAAPHON MOHU3ALMU, TOKA3aHbI B BUIC 3alUTPU-
XOBaHHBIX KOHYCOB, a BOXHUCTBIMHU JMHUSIMHU U300paKEHBI Hapas-
JIEHHs paclpocTpaneHust (POTOHOB.

OTnenbHbIE JaBUHBI HATOHSIIOT APYT ApYra U CJAUBAIOTCS B CILIOLU-
HOM KaHal MOHU3UMpOBaHHOro rasa. biarogapsi BHyTpeHHel ¢oTO-
HMOHHU3alMM ra3a oOpa3oBaHUE NMEPBUYHON JIABUHBI 3JIEKTPOHOB HpPO-
HCXOAMT 3a O4YeHb KOpoTKoe Bpems. OmHako poJib Ipouecca GoTo-
HOHM3ALIMHU ellle Gosiee BaxkHa PpH GOPMUPOBAHUY ITOJOXMTEIEHOIO
CTPUMeEpA, T.€. BCTPEYHOTrO MTOTOKA 3apsSDKEHHBIX YACTHUL, HAMPABACH-~
HOTro OT aHoja K Karoxy. MexaHM3M 00pa30BaHUS MOJOXHUTEILHOIO

Karon

N

Puc. 6.28. Cxema pa3BUTHsI OTPULATEIBHOrO CTPUMEpPA MPU Npoboe rasa
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Puc. 6.29. Cxema pa3sBuTHs JIABHHHO-CTPUMEPHOTO po6os rasa

cTpuMepa MoscHAeT puc. 6.29. Tlo Mepe NPOABUXKEHUA INEKTPOHHOM
JIABHUHBI OT KaTOJa MO3a[HM Hee 0CTaeTCsl OOBEMHBIM MOIOXHMTETbHBIIM
3apsil, TAK KaK 33 KOPOTKOE BpeMsl pa3BUTHUs MPo0OOsi MalOMOABUX~-
HbIE MOHBI HE YCMEeBAIOT YUTU U3 pa3psaHOro NMpOMEXyTKa, a GhicT-
Phi€ 3JIEKTPOHbBI YCTPEMIISIIOTCS K aHoay. MMeHHO 31ech JaBuHbI MOJTy-
4al0T HauboJbIlIee Pa3BUTHE, UMEHHO 31eCh Hanbojiee UHTEHCUBHBI
CTOJIKHOBEHHSI YaCTULL U CBSI3aHHbIE C HUMHM IPOLECChl (POTOMOHU3A-
uuM. BHOBB poxpaeMbie 3J1eKTPOHBI BTSTMBAIOTCS B 00J1aCTb MaKCH-
MaJIbHOM HANPSDKEHHOCTH IO, T. €. B 00J1aCTh MAKCHMAJIBHOM ILI0T-
HOCTU 00BeMHOTrO 3apsana. HauuHaercst hopMHpOBaHUE MIA3MEHHOTO
KaHajla B HaNpaBJICHUWH OT aHOJA K KATOMY.

ITo Mepe HACBIILIEHHSI TPUAHOAHOM OGIACTU TOJOXUTEALHBIMU U
OTPULIATEILHBIMH 3aPSiAaMU IPOUCXOIUT MepepacipenesieHde Hampsi-
KEHHOCTH 3JIEKTPUYECKOro 1oJjisi. MaKcuMalbHas HanpsKeHHOCTh E
nepeMelaeTcs B OJMIOBKY CTPUMEDA, T.€. Ha TPAHUILY C 00MACThIO HE
MOJIHOCTHIO MOHU3UPOBAHHOIO ra3a. biaronapst sToMy obecreunBaet-
cs ManbHeMIlee MpopacTaHue TUIA3MEHHOrO KaHaja ITyTeM BCachlBa-
HHS (POTOINEKTPOHOB BIUIOTH IO IOJHOIO TEPEKPHITHUS Pa3pPSIHOrO
MIPOMEXYTKA.

ITocne 3aBeprienHust GOPMUPOBAHMS ra30pa3psIHON TUIA3Mbl OT
KaTOza PACNPOCTPAHSICTCS MOILHAS 3JIEKTPOHHAS BOJHA, KOTOPast Ipo-
siBAsieTcs B BUAe UCKpbl. OBpa3oBaBIIasgcs UCKPa MOXET MEPEPacTy B
3AEKTPUYECKYIO IYTY, €CJIU MOUHOCTb HCTOYHHUKA NTUTAaHUS TOCTATOY-
Ha, 4yTOOBI MOIIEpPXaTk UcnapeHus Katoga. YeM OGojibuie HaIpsKe-
HHUE, IPHIOXKEHHOE K 3JIEKTPOJAM, TeM BbICTpee pa3BUBaeTcs MPoboil.
[IpobuBHOE HAIPSIKEHUE 3aBUCUT OT (POPMBI JIEKTPOJOB M PACCTOSI~
HUST MEXIY HUMHU, YACTOTBl 3JIEKTPUYECKOrO IOJH, TeMItepaTyphl U
JABJICHMSI ra3a, a TAKXKe OT €0 XMMHUYeCKOro COCTaBa.

[Ipo6Goit raza B ONHOPOMNHOM MOJE MNMPOTEKAET UHAYE,
4yeM B HeOZHOPOAHOM. OXHOPOIHOE 3JIEKTPHUECKOE I10JIe B paspsii-
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HOM IIPOMCXKYTKE MOXHO MOJYYUTh MEXKIY IUIOCKUMM 3JIEKTPOAAMHU C
3aKpYIJIEHHBIMU KpasiMH, a TaKXKe MEXAy IByMs cdepaMM, eCiiu pac-
CTOSTHME MEXIY HUMH HE MPEBBILIAET UX fUaMeTpa. B OTHOPOIHOM 1osne
npobOoi MPOUCXOAUT BHE3AITHO 63 KaKUX~-JIMO0 MpeaBapUTENbHbIX CTa-
Iuit. Jlaxke B 3TOM Ctyyae 3jIeKTpHYecKas MPOYHOCTh ra3a He SIBJISIeTCS
BEJIMYMHOMN MOCTOSTHHON OHa 3aBUCHUT HEe TOJBKO OT NMapaMeTpoOB CO-
CTOSIHUS Ta3a, HO M OT PACCTOSSHUA MEXIY BJEKTPOAAMM, AOCTUras
BBICOKHX 3HAa4YeHUIl B MaJbIX 3a30pax. '

Ha puc. 6.30 noxasaHa nogo6Hast 3aBUCUMOCTD UIS1 BO3IyXa B HOD-
MaNbHBIX YCIOBUSIX, T. . pu Temmnepartype 20 °C u napnenuu 0,1 MIla
(760 Mm pt. cT.). [Ipy CTAHAAPTHOM PACCTOSHUM MEXTY NEKTPONAMU B
1 cM npobuBHAs HANPSKEHHOCTb BO3AyXa COCTaBIsIeT 0KoJo 3,2 MB/M,
a JUIS1 MEX3JeKTPOAHOro npoMexyrka B 0,1 MM OHa BO3pacTaeT B TPH
pasza. IIpu HOCTATOYHO OOJILLIMX PACCTOSIHUAX MEXAY JEKTpPOIaMH
3JIEKTpUYECKasg NPOYHOCTh U3MEHSIETCS OUeHb He3HAYNTENbHO. COO0T-
BETCTBEHHO B 3THX YCJAOBMSIX MPOOMBHOE HANPSKEHUE TIPAKTUUYECKU
JIMHENHO BO3pacCTaeT ¢ yBelimyeHueM h. Bospacranue F, B MaiblX 3a-
30pax OOBSICHSETCA TPYAHOCTHIO (POPMUPOBAHMS 3JIEKTPOHHBIX JIABUH
M3-3a MaJIOTO YHCJa YaCTHULL MEXIY DJIEKTPOIaMHU.

DKCNepUMEHTaJILHO YCTaHOBJIEHO, YTO NPoOuBHOE Hanpsokenue Uy,
B OJIHOPO/IHOM 3JIEKTPUYECKOM T10JIe 3aKOHOMEPHO M3MEHSIETCS B 3a-
BUCHUMOCTH OT NPOU3BEACHHS AABJICHMS ra3a p Ha pacCTOSIHUE MEXIY
3MEeKTPOIaMU A. DTa 3aBUCUMOCTb, M3BeCTHas KakK 3akoH [lauieHa,
rpejcTapiiela Ha puc. 6.31 m1s Bo3ayxa u Bopopona. Ecnu anuHa pas-
DPSAHOTO NMPOMEXYTKA M JaBlIeHUE ra3a U3MEHAIOTCS TaK, YTO UX MIPO-
HM3BEJECHUE OCTAETCS MOCTOSIHHBEIM, TO M NPOOMBHOE HaNpSLKEHWE HE
U3MEHSIETCS.

Kaxk BuaHo u3 puc. 6.31, 18 Kaxmoro ra3a cylecTByeT MUHUMAaIb-
Hag BEJIMYMHA NPOOUBHOrO HanpsikeHUs Uy min, OTBEYAIOILAA ONpE-
JIEJCHHOMY IUISI AAaHHOTO ra3a 3HauYeHHUIO Npou3BencHus ph. Jlns pas-
HbIX Ta30B Upy min = 280...420 B, B wyacTtHOoCcTH Yy BO3ayxa — 330 B.
DToMy 3HaueHHI0 cooTBeTcTBYET ph = 0,006 MM pT. cT.-M (0,75 I1a - m).
B obnactu Manpix 3HAYEHHU I ph peann3yeTCst TaBUHHBINA POOOH ¢ KO-

Enp maxs MB/M
I\
8 =50 Tum
7
6
5 i
Az
2
0,1 1 10 100 #-10°, ™

Puc. 6.30. 3aBUCHMOCTD JEKTPHYECKOI MPOYHOCTH BO3YyXa OT PACCTOSTHHS
MEXIY 2JICKTPOAaMU B CJIy4ae OXHOPOIHOrO MoMs
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Puc. 6.31. 3aBucumocTh NPOGHBHOIO HAMNpPSIXXEHUS B OIHOPOIHOM IIOJIE OT
MPOU3BCACHUS JABJICHHUS ra3a p Ha MEXIJIEKTPOLHOE PACCTOSTHUE A IUIS BO3-
JyXxa U BoIopoaa

CTaTOYHO OO0JIbIIMM BpeMeHeM (hOPMMPOBAHHUS pa3psiia, KOTOPOE K
TOMY Xe BO3pacTaeT Ipu ymeHbliueHuu k. HaoGoport, oGiactu 6onb-
LIMX 3HAYCHUMH p/t COOTBETCTBYET JIABUHHO-CTPUMEPHBII poOOoH, JUTH-
TENLHOCTh PA3BUTHSL KOTOPOTO Ha IBAa IMOPS/IKA MEHBIIE U ONpeaes-
eTcq npoueccaMu GoToroHusauuu. B Bo3ayxe npu atMocepHOM AaB-
JIEHMM B C/Iyyae OIHOPOIHOIO 3JIEKTPUYECKOTO IMOJIsE U3MEHEHHME Xa-
pakTepa npo6ost (0T JIABMHHOTO K JIJABUHHO CTPUMEPHOMY) ITPOMCXO-
JUT NPY JUITMHE Pa3psaHOro mpoMexyrtka i = 1 M.

IIpy HEM3MEHHOM PACCTOSTHUM MEXIY JICKTPOIaMU KPUBbIE, TIPEI-
CTaBJieHHblEe HA pUc. 6.31, XapaKTepU3ylOT 3aBUCUMOCTDb 3JIEKTPHYC-
CKO#l MIPOYHOCTH ra3oB OT JABJIEHMS, T.€. OT IVIOTHOCTU CPEIbl, €CIH
TeMIiepaTypa nocrosiitHa. HeoGXoquMo OTMETUTB, 4YTO TOYKA, COOT-
BETCTBYIOLLASE HOPMATbHbBIM YCJIIOBUSIM, JIEXKUAT HA BOCXOISILEH YaCTH
KPUBOIA, T. €. cripaBa oT MUHUMYMa. [IpH pacCTOsHUM MEXILy 3JIeKTPO-
JaM4 B 1 cM MMHUMAaJIbHas 3IEKTpUYECKasi MPOYHOCTH BO3AyXa Ha-
omonaercs npu aasneduu 0,567 mm pt. cr. (75 I1a), T.e. B cnabopaspe-
KeHHOM cpene. Bo3pacraHue 3/eKTpUYECKOi MPOYHOCTH NP YBEJIU-
YEeHUHM JABJICHUSI OTHOCHUTENIbHO YKA3aHHOTO 3HAYEHUSI OOBACHSIOT
COKpallEHHEeM JUIMHBI CBOOOIHOrO rpodera 3JeKTpOHOB BCJIEACTBUE
NOBbILIEHUs TUIOTHOCTH ra3a. Kak cnenyer u3 dopmyan (6.37), npu
YMEHDbIICHWUN [ JUIS pa3BUTHS yAapHOH MOHU3auuu Tpedyercs Oonee
BbICOKAsl HAIPSKEHHOCTD IMOJIS.

Bospactanue npoOMBHO HANIPSKEHHOCTH B 00J1aCTH HU3KUX AaB-
JIEHHI1 00YCJOBJIEHO YMEHbILIEHUEM BePOSITHOCTH CTOJIKHOBEHU 3J1EeK-
TPOHOB C MOJIEKYJIaMH ra3a BCAEICTBUE pa3pekeHHOCTH cpeabl. Majoe
YKCNO CTOJIKHOBEHU I NPENITCTBYET JJABUHOOOPA3HOMY PA3MHOXEHHIO
3apsDKEHHbIX YacTULL. B cilyyae oueHb BBICOKOTO BaKyyMa CpenHsisi JUTU-
Ha cBOOOAHOTrO Npobera CTaHOBUTCS 6ONb1LE PACCTOSHUS MEXILY 2JIeKT-
ponami. ITosToMy ynapHast HOHM3aLUs CTAHOBUTCSI HEBO3MOXHOIA. B Ta-
KHX YCJIOBUSIX TIPOOOH MOXHO OOBSICHUTD XOJOXHON 9MUCCHEM INEKT-
POHOB C Karola — BbIPbIBAHMEM 3JIEKTPOHOB C MOBEPXHOCTH KaTola
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CUJIaMU 3JIEKTpUYeCcKoro nosus (cMm. mompasa. 2.9). DiekTpuyeckas npo-
YHOCTb B 9TOM CJIy4yae JOCTUTAET O4eHb OOIbLIMX 3HaueHui (~ 102 MB/M),
NMPUOIMKAsACh K MEKTPUYECKOUN TTPOYHOCTH TBEPIBIX AUDJIEKTPUKOB,
M 3aBUCUT OT MaTepuajia 3JIEKTPOJOB, CTENEeH!U UX YUCTOTHL. [lOBHI-
IUEHHYIO 3JIEKTPUYECKYIO [IPOYHOCTh BaKyyMa HCIIOJIb3YIOT B TEXHUKE
NpU CO3MAHMM BBICOKOYACTOTHBIX BAaKYYMHBIX KOHIEHCATOPOB, pac-
CUMUTAHHBIX HA NOBBIIIEHHbIE HANPSDKEHUSI. B IIPOTUBOIMOI0XKHOCTE 3TOMY
3aKUTAHUE pa3psifa B rase ¢ HeBGOJIbIION CTENEeHBbIO Pa3peXeHHOCTH
LIMPOKO UCTIONbL3YETCS B PAasNUYHBLIX Fa30pa3psiIHbIX MMPHOOpax: raso-
TPOHAX, THPATPOHAX, CTAOWJIMTPOHAX, UTHUTPOHAX, ra30pa3psaHbIX
Jlazepax, MHIMKATOPHBIX YCTPOMCTBAX U T.1I.

IIpobuBHOe HampsiXKeHHWE rasa CYIIECTBEHHO 3aBUCUT OT YaCTOTHI
MPUJIOXKEHHOTOo Mojs. Jucnepcust sMeKTpUISCKOH MPOYHOCTH 0COOEH-
HO 3aMeTHa B IuamnasoHe paauodactoT. Ha puc. 6.32 noka3zaHo yacTtor-
HO€ M3MEHEeHMEe NPOOHMBHOrO HAMpPSKEHWS I BO3AyXa B HOPMAajb-
HbIX yciaoBusx. Cneiyer OTMETHTb, YTO BBHAY KPaTKOBPEMEHHOCTH
3JEKTPOHHOIO pa3psaa NMpPOOHMBHOE HAMPSIXKEHHWE ITPU BO3IACHCTBUU
MEPEMEHHOTO TOJISI ONPEACIISIETCS AMITIMTYAHBIM, a HE IEHCTBYIOIIUM
3HAYEHHEM.

IIpn HebGonsuinx vacrorax (mo 10 xI') aMImIuTyaHOE 3HAYEHUE
MPOOGMBHOIO HAMPSXKEHUs COBIMANaeT CO 3HAYeHHEeM NTPOOUBHOIO Ha-
NpsiXEHUs1 B MOCTOAHHOM mose. Ha Gonee Bricokux uyacrorax Up,
YMEHBIIAETCS U NPUXOAUT B MUHMMYM Ha yacToTe oKojo 5 MIT,
Mocje Yero BHOBb HAUMHAET BO3PACcTaThb. YMEHbIIEHUEe MTPOOUBHOTO
HAMpPsIXEHUs] C POCTOM YaCTOThI OOBACHACTCA MCKAXCHUSIMH IO,
00yC/NIOBJIIEHHBIMU 00pa3oBaHMEM OOBEMHOrO 3apsiia B rase BCJIEl-
CTBHE PA3JIMYHOM MOJABIXHOCTH 3JIEKTPOHOB H MOHOB. I1poTekaroiue
TPH 3TOM MPOLECCHl OTpaXaeT AuarpaMMa Ha puc. 6.33. Mouunzanus
raza 4 INpopacTaHUe INEKTPOHHBIX JABUH TPOUCXOIUT JHUILb B TE
NIPOMEXYTKHM BPEMCHM, KOIJla MIHOBEHHOE 3HAUYCHHE HATIPSKEHHS
MPEeBOCXOAUT nopor HoHu3auu U, (MHTEepBansl t,—t,, t;—1,). [lpu
CHUXXE€HUM HAMNpSXXEHUS 0 YPOBHS, HHXE MOPOrOBOro, MOHU3ALUS
MpeKpallacTCs U HAYMHAeTCs paccaceiBaHUe 00pa30BaBLIETOCS O0BEM-
HOTO 3apsiia B MEXINEKTPOIHOM MpocTpaHCcTBe. CKOPOCTh paccachl-
BaHUs OMpelensieTcss CKOPOCThIo Apeiiha MOHOB B HAIpaBIEHUU K

£

pf
UnpO
1,5 /
1,25 / P
/ uc. 6.32. 3aBUCHMOCTB IIPOGHUBHOTO HATIPsi-
1,0 K€HUs BO3IyXa OT 4acTOTHl OJHOPOJHOIO
0.75 \_// SJCKTPHUYECKOro MojIs (IIPOOUBHOE HAMpsi-
’ KeHue Ha Kaxinod yacrore Uy, ,HOpMHUpO-
BaHO K MpOOUBHOMY HANpPSLKEHUIO HAa MO-

0,5
10* 10° 10 107 10%fIn crosiHHOM Toke Uy, o)
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Puc. 6.33. [Inarpamma, OSICHSIOLAs1 0COOEH- U +Uy
HOCTH MOHMU3ALMH ra3a B MepeMeHHOM 3J1eK-
TPUYCCKOM M0Jie

LY I
—_
R S

KaToay. Ha BbICOKMX 4acTOTax BpeMsl MOJNYIepHoJa HaCTONbKO MAJio,
YTO MOHBI HE YCHEBAIOT HEUTpAIM30BaThCA Ha KaTojae. HakormieHue
00BEMHOTIO MOJIOXKUTEILHOTO 3apsla YCHUJIMBAET TPAJANEHTHI MOTEH-
LMana, 4To o0/NeryaeT JajbHeNIyi0 HOHU3AalUI0 U CHUXAET Hampsi-
KEHUS 1pobos.

B obacTu ele 6osee BLICOKMX 4aCTOT MPOAOKUTENLHOCTh MONY-
MEPUONA U3MEHEHMS TONSI CTAHOBUTCS COU3MEPHUMON CO BpeMEHEM
(OPMUPOBaHUS EKTPOHHLIX JABHH. 1103TOMY IS TOJIHOTO pa3BU-
THSi M 3aBEPUIEHHUs Mpoliecca yIapHOW MOHU3ALMU HEOOXOAUMO IO-
BBICUTb HANPSXKEHUE Ha WIEKTPOJAX, TAK KaK C YBEIHUSHUEM HaIlpsi-
JKEHMS COKpaliaeTcsi BpeMsl (hOpMMpPOBaHUS cTpuMepa. IyduHa Mu-
HUMYyMa Ha YAaCTOTHOM 3aBUCHMOCTM TeM OoJibllie, UeM OOJbli¢ pac-
CTOSIHME MEXIY 2JEeKTPOAaMHU.

[Ipo6Goit Taza B HEOOAHOPOJAHOM I OJIE XapaKTepU3yeT-
CSl MEHBIUMMH 3HAUYEHWSIMU NMPOOMBHOIO HANPSDKEHUS, YEM B OJHO-
POJIHOM IT0JIe NPpH OAMHAKOBBIX MEXIJIEKTPONHBIX 3a30pax. CHIBHO
HEOAHOPOIHOE T0JIe BO3HUKAET MEXIY NBYMS OCTPUSIMU, OCTPUEM U
IUTOCKOCTBIO, MEXIY ABYMSI MMPOBOJAMM M T.I. I'J1TaBHOH OCOGEHHO-
CThIO MPO0OS ra3a B HEOJHOPOIHOM I10JIe SIBJSIETCS BOZHUKHOBEHUE
YaCTHMYHOTO pa3psiia, Ha3bIBaeMOro xopoxou. KopoHa mpenluecTByeT
TTOJIHOMY PA3psiIy MEXAY DNCKTPOAAMHU U BO3HUKAET B MECTaX MaKCH-
MaJIbHON HEOTHOPOMAHOCTH IOJIA, [e €0 HANPSKCHHOCTh B MEPBYIO
ouepenb JOCTUTAET KPUTHUECKMX 3HAUEHUI (HanmpuMep, BOIU3U OCT-
pUsl WK OCTPOH KPOMKH 3ekTpoaa). Ilpu nanpHeillieM BO3pacTaHUN
HaNpsKEHHs KOPOHa MpPeBpalllaeTCsl B UCKPOBOM pa3psl WM B 3JieK-
TPUYECKYIO AYTY.

Jis HeOMHOPOZHOro MOJIS Pa3lMYyaloT HAYabHOE HAMPSXKEHUE
noHuzauuu U,,, (MHaye Ha3plBaeMOE HAIpPSDKEHHUEM KOPOHBI) U Hpo-
Gusnoe nanpsxenue Uy, B ciiyyae 0IHOPOAHOIO MO 3TH HANPSAXE-
HUsI paBHBI. YeM CHIbHEE BBIPAXKEHA JIEKTPUUECKasi HEOMHOPOIHOCTb,
TeM bonbiie oTHOowEeHUE Upy/ Uy [1pH NOABIEHNM KOPOHBI BO3pacTa-
€T TOK YTeUKM, Pe3KO YBeJIMUMBAIOTCA AURJIEKTpUYecKue notepu. Ko-
POHA XapakKTEepHU3yeTCsl CBEUYEHUEM, KOTOpoe OOYCJIOBICHO HUCIyCKa-
HHEM GOTOHOB BO3OYXIEHHBIMH ATOMAMHU WIM MOJIEKYJIaMU.

JJazepunlii (onmTuyeckuil) MpoOOH rasa MNPOUCXOIUT
IO/ JeHCTBUEM MOL{HOIO JIa3epHOIro U3JIYyIeHHUs IIOTHOCTHIO MOpsI-
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ka 10" B1/M?, noiy4aeMoro oT MMIYJIbCHOTO Jasepa. [Ipy MOLIHOM
JIa3€pPHOM M3JYYEHUH CTAHOBSITCSI BO3MOXHBIMU IIPOLIECCH MHOTO(O-
TOHHOFO TIOTJIOIIEHUS, KOTAA MMPOMUCXOAUT CIOXEHUE dHEPrui HoTo-
HOB. B pesynbrate MHOroOTOHHOTO IOIJIOLIEHHSI HEKOTOPbIE U3 MO-
JIEKYJI Ta3a HOHU3UPYIOTCSA M BOZHUKAIOT MEPBUYHBIC 3JIEKTPOHBIL. [Tox
JIeCTBUEM CUJIBHOTO DJEKTPHUYECKOTO MOJISi CBETOBOM BOJHBI 3JIEKT-
POHBI YBEJIMYMBAIOT CBOI0 KUHETHYECKYIO DHEPTHUI0O U MPH YIIPYTUx
CTOJKHOBEHMSIX C MOJIEKY/IAMH ra3a MPOU3BOASIT UX YIAPHYIO HOHM3a-
1Mo, J1st pasBUTHS MpoLecca TUIOTHOCTb CBETOBOTO MOTOKA JODKHA
NIPEBOCXOAMTH HEKOTOPOE MTOPOroBoe 3HaUeHUe. B pedynbrate yaapHoH
MOHHU3AIIMM Y (POTOMOHHM3ALIMU B (DOKyCe JIa3epHOro U3MyYEHHS 00pa-
3yeTCs CIyCTOK razopaspsiAHON I1a3Mbl — UCKpa. MexaHM3M o0pa3o-
BaHHUsI UCKPHI aHAJIOTHYEH JIABUHHO-CTPUMEPHOMY NMPOOOIO ra3oB Ha
BBICOKHX YaCTOTaXx.

SIBneHUe nazepHOro nNpodosi HOCUT B3PLIBHOM XapakTep M COMpo-
BOXJAeTCs SIPKOii BCIBILIKON CBETAa B BUAUMOM U YAbTPpadHOJETOBOI
0o0JIacTsIX CeKTpa, a Takxke cepruueckoi ynapHoi BoaHo#. Ilocne-
IIHss 00yCJIOBJIEHa PEe3KHUM TIOBBIILICHHEM JABJICHUS rasa Ipu OBICT-
pOM HarpeBaHMM HeOosblioro obbema. PacnpocTpaHsisich HaBCTpeuy
JIydy, yaapHasl BOJIHA CITOCOOCTBYET MOHU3ALINK ra3a, objeryas yciuo-
BHSI po6os. 3a CHET 3TOT0 MPOUCXOIUT paciliupeHue 00pa3oBaBLICHCS
MCKpPBI B HAMpaBjieHUH y1a3epa. ToueuHbIH B3PHIB MPH JIA3¢PHOM MPO-
60e raza 1o CyTM MHOTUX (DM3UUECKUX MPOLIECCOB SBISAETCS THIAPOIU-
HaMW4YeCKON MOJEbIO B3pblBA ATOMHON OOMOBI.

I1nasma xopollI0 TOMIOLIAET JIa3ePHOE UTYUSHHE, BCIIEICTBHE YEro B
HEOOJBIIIOM 00beMe, 3aHUMAeMOM €10, BBIAC/ISIECTCS 3HAYUTENbHAS CBe-
ToBas aHeprus. [ToaToMy TeMnepaTypa IiasMbl MOXET Ipesbiath 108 K.

Biananne xumMu4eckoro cocrasa rasa. [Ipy paBHBIX YCJIOBUSX OAMHA-
KOBYIO C BO3JIYXOM 3JIEKTPUYECKYIO TIPOYHOCTb MUMEIOT a30T M KHUCJIO-
pol, a y Bogopona oHa Ha 40 % meHblie. OueHb HU3KOI 3/eKTpHYeC-
KOl MPOYHOCTLIO 00NanaloT WHEPTHbIe rassl (rejidii, aproH, HEOH),
UCMOJIb3YeMbIe U 3aII0OJHEHHsI Ta30pa3psaHbIX NpUOOpPOB U UCTO-
YHUKOB cBeTa. Hanpumep, y reJins B HOpDMAIbHBIX YCIOBUAX Ey, B TpU
pa3a MeHbIIIe, YEM Y BO3/lyXa, a Y HEOHA OHa OTJIMYaeTCcsl B CeMb pa3.
IToBBILLIEHHO# MPOOMBHON HANIPSAXKEHHOCTHIO OTJIMYAIOTCS HEKOTOPHIE
TsIXKeble Ta3bl ¢ 00bLIOK MOJEKYJSIPHON Maccoi M BBICOKOM MOJIsi-
pusyemoctbio. K ux uncay otHocarcs, B yactHocTH, ¢ppeor CCLLF, u
anera3 SFg, y KOTOpBIX £, MPUMEPHO B 2,5 pa3a BbILIE, YEM Y BO3AyXa.
HocToMHCTBA 3J€ra3a B TOM, UYTO OH HE TOKCHYEH, XMMOCTOEK, HE
pasnaraercss npu HarpeBanuu 10 800 °C, ero MOXHO CXaTb 63 CXHM-
XeHus a0 aasiaeHus: 2 MITa npy KOMHaTHOMH TeMIepartype.

Ele G6omplueil 3MeKTPHISCKON TPOYHOCTLIO 00a0al0T Haphl mep-
dropupoBaHHbIX yriaeBogopoaoB. Hanpumep, napel dpTopdeHaHTpeHa
Cy4F34 umeror E;; B 10 pas 6oblue, yeM y Bo3ayxa.

B XMIKOM COCTOSIHUM TaKU€ rasbl, KaK a30T, aproH, BOIOpOI, re-
JIMi, LIMPOKO MCIOJIb3YeMbIe IPU MPOBEACHUU PA3IMYHBIX UCCIEI0-



Ddusuueckue npoyeccol U S6JeHUL 8 QUIIEKMPULECKUX MAMEPUALAX 357

BaHM M, SABASIOTCS XOPOUIMMHU JU3JCKTPUKAMMU C SJICKTPUIECKOM 1TPOY-
HocTeio 30...33 MB/M.

IIpoGoii KUAKHX TUIAEKTPHKOB. DJICKTPUUYECKAS MPOUYHOCTD XU/ -
KHX JM3EKTPUKOB B 3HAUUTEIIbHOH MEpe 3aBHCUT OT UX YHCTOTHI.
I1poGoii THIATENBHO OYULIEHHBIX XUAKOCTEH UMEET YUCTO BNEKTPOH-
HbIH XapakTep U 0DYCJIOBIEH MpOiieccaMy YapHOH HoHM3auuu. JInn-
TEJIBHOCTb (DOPMUPOBAHUS INEKTPUUECKOTO pa3psiia B 3TOM Cliydae He
npessiaer 1076 ¢, HagyanbHble 31eKTPOHBI, 00pa3yIoLMe JaBUHY, BO3-
HHUKAIOT BCIAEACTBHE WX MHXEKLIUHU U3 Katoaa. Habnionaercs koppens-
LMA MEXIy 3HayeHueM £, 1 paboTOM BBIXONA SIEKTPOHA U3 METAJLIA,
HMCIIOJIB3YEMOTr0 B Ka4eCTBE KAaToMAa.

IT10THOCTD XHMAKOCTEH, MCHOIb3YEMBIX B 3JEKTPOH3OMSIIMOHHON
TEXHHUKe, NpuMepHO B 103 pas 6obllie MIOTHOCTH ra30B B HOPMaIbHBIX
ycnoBusix. COOTBETCTBEHHO B XKHIKOCTSAX 3AEKTPOHBI, IPON3BOISIINE
YI2pHYIO MOHU3ALMIO, 061a1al0T HAMHOTO MEHBIIEeH JUTHHOU ¢BOGOI-
Horo npobera. [TosToMy npo6HBHAs HANPSTKEHHOCTD Y YHCTBIX XHIKMX
JV3NICKTPUKOB Ha ONMH-[BA TOPSIIKA BbILIE, YeM Yy rasop. Hampumep,
TILATEILHO OYMIIEHHOE TPaHC(HOPMATOPHOE Macio umeeT £, = 40 Ms/m.
DopManbHO XUAKUE OUMUIIEHHBIE YIJIEBOAOPOIbI MOXHO PacCMaTpU-
BaTh KaK rasbl, cxarble 10 aasiaeHus ~2 000 at™ (2 - 108 ITa).

TIpn nmpo6oe 3arpsA3HEHHBLIX M TEXHHYECKH YHCTBIX XKUIKOCTEN OII-
PEACTSIONIYIO POJb UTPAIOT TaK Ha3bIBAEMBIE GMOPUYHbBIE NPOUECCHL,
CBSI3aHHBIE C IBUXKEHHEM U flepepacnpese/ieHHeM MPUMECHBIX BKIIIO-
YeHMIl. DTH MPOLECChl B KOPHE U3MEHSIOT MEXaHU3M MPO0O0s U MpH-
BOJSAT K CHUXEHHIO 3JIEKTPUUECKOH MPOUHOCTH AUBEKTPUKOB. Pop-
MBI IIPOSIBIEHUS] BTOPUYHBIX [IPOLIECCOB MOTYT ObITh BeCbMa MHOTOC0-
pa3Hbl. HanmpuMep, eciiu B XXKHIKOM JU3JIEKTPUKE NPUCYTCTBYIOT TBED-
JIble JOCTATOYHO ITPOBOISIIINEG MUKPOBKJIIOUEHHMS, TO TOI ACHCTBHEM
3JIEKTPUUIECKOTO IO OHM TOMSPU3YIOTCS, IIPUTAIMBAIOTCSA IPYr K
JApYry ¥ o0pa3yioT «MOCTMKH», 3aMblKalolIMe 3.eKTpoanl. 1o atum
MOCTHKAM TPOXOMUT INMEKTPUUESCKUI pa3ps.

IIpu skcruyarauuu TpaHCHOPMATOPHOrC M APYTUX HEDTAHBIX Ma-
cel TPYNHO M30eXaTh MX 3arpsA3HeHust atMochepHoi Biarou. Haxke
He3HauuTeabHas no6aska Bonbl (~0,01 %) B HECKONBKO pa3 yMeHb-
aeT npobUBHOE HAIPSKeHUE CUMIHEHHOTO TpaHCHOpMATOPHOrO Mac-
na. [1pu 3TOM BOZa MOXET CYLIECTBOBATh B Macjie Kak B BUAE PACTBO-
pa, TaK ¥ B BUAE 3MYJIbCHH (MaJIcHBKMX B3BelllEHHBIX Kamesek). Pa-
CTBOPGHHAst BOAA IPAKTUYECKU HE BAMAET HA NPOOHMBHOE HampsiKe-
HMe, a 00pasoBaHUE BOJIHON SMYIbCHU COMPOBOXIACTCS PE3KUM CHH-
XEHUEM BJIeKTPHUIECCKON TIPOYHOCTH. KarteasKyl NMOISIpHOH KUAKOCTH
(Bombl), HaxomsIMecs B HenoJSIpHO# cpeae (Macie) ¢ Maioit nu-
3AEKTPUYECKOM IPOHULIAEMOCTHIO, B CWJIBHOM 3JICKTPHYECKOM I0Jie
TepsIOT chepruuecKyto GOPMY M BHITATUBAIOTCA B 3/UTHIICOMAB. O6pa-
30BaBUIMECS MAKPOIUIIONN B3aUMOACHCTBYIOT MeXny co00i U BBICT-
pauBaIOTCH BIOJb CWIOBBIX AMHUI MOASA, QOPMUPYS MEKIIEKTPOI-
HBbIE MOCTHKH C MOBBILIIEHHOH MPOBOAMMOCTHLIO. [Ipy n3MeHeHUU TeM-
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neparypbl U3MEHSIETCS PACTBOPHUMOCTD BOJAbI, YTO TIPUBOAMT K M3MeE-
HEHUIO COOTHOWIEHMS €€ KOJIUYECTB B MOJIEKYJISIPHON U 3MYILCHOH-
Hoii popmax. COOTBETCTBEHHO U3MEHSIETCSI U 3JIEKTpUYECKAs! IIPOYHOCTh
Maca.

BropuuHble mpoliecchl MOTYT NPOSIBISTLCS B BUIEe 00pa3zoBaHHS
ra30BbIX MY3bIPbKOB, MHULIMMUPOBAHHBIX BCKUITAHUEM XMAKOCTHU. Pa-
30TPEB MOXET ObiTh OOYCNOBJICH Pa3HLIMU TNPUYMHAMM, HAPUMED
GOJIBIIMMU JUICKTPUYECKUMU TOTEPSIMHU B AUAITa30HE PagMOYacToT
WJIM XKe JIOKAAbHbIM BblIEJEHUEM TEILUIOTHI B MecTax Hauboliee pe3Kux
HEOJHOPOJHOCTEHN 3JIeKTPUYECKOro rnosisi. B 11000M ciayyae BO3HUKa-
IOLIHME ra30Bbi€ MYy3bLIPLKHU MPU KX CIUSHUK 00pa3yioT MeXIy 2JIEKTPO-
J1aMM CIUTOHIHOM KaHaJ ¢ NOHMXEHHOMN 31EKTPUYECKON MTPOYHOCTLIO.
CrnenyeT TakXe YYMTHIBATH BO3MOXHOCTb XMMHUUYECKOIO Pa3IOXEHHUS
KUAKUX JUINIEKTPUKOB NPU PA3BUTHU YIAPHON MOHU3ALMU B Ta30BbIX
My3bIpbKax.

PaccMoTpeHHbIe BTOPHYHbIE SIBJICHUS, BOZHUKAIOLIME B XKUIKOCTIX
MO AEUCTBUEM CUJILHOTO 3JIEKTPUYECKOTO NMOJisd, TPOTEKAIOT CPaBHU-
TeJbHO MemieHHo. Hanpumep, o6pa3oBaHue NMPOBOASLIMX MOCTHUKOB
MOXET 3aTSrMBAThCs HA HECKOJBKO cekyHi. IToaromy npobuBHOE Ha-
NPSKEHUE 3aBUCUT OT JUIMTEJIbBHOCTH BO3NECHCTBMS 3JIEKTPUYECKOTO
nionsg. ITpu KpaTKOBpeMeHHOM TMPUJIOXKEHHWH HAIPSDKEHUSA (MMITY/IbCa-
MU) TpoOOH Naxe He OUYeHb YUCThIX XHUAKOCTEH HOCHUT IMpeuMyLle-
CTBEHHO 3JEKTPOHHBIN XapakTep, a 3JeKTPUIeCcKas MPOYHOCTb UMEET
nopanok 107 B/m. B ciyyae 60abIIMX 3KCIO3ULIMIA E., uaMeHserca B
wnpokux npegenax (107...10° B/M) u onpenensieTcs TUIOM IIPUMEC-
HBIX BKJIIOYEHHMH, UX KOJUUECTBOM, YCIOBUAMHU MPOOOS U Pa3IMUYHbI-
MU CIy4aWHBIMU (PaKTOpaAMH.

6.7. IIPOBOY TBEPABIX TUDJIEKTPUKOB

Buast M cragum npodos. I1poboil TBEpABIX TUINEKTPUKOB MOXET
NPOUCXOIUTD KaK IPU BECbMa BBICOKMX, TAK U MPU HU3KHUX HATPSIXKeE-
HusX. Hanipumep, B MOJYyIIPOBOAHUKOBBIX MHTETPAJIBHBIX CXEMax Vs
H30JISILIUU 3JIEMEHTOB UCMOJIB3YIOT AUSICKTPUUECKUE TUIEHKU TOJILM-
Hot nopsaka 100 HM. B aToM cayyae npu paboyeM HanpsIKeHUU BCETO
10 B B ausnexkTpuKe co3gaeTcd HaNpsKeHHOCTb nonst ~10% B/M, yro
O4YEeHb OU3KO K KPUTHYECKUM 3HAYEHMSIM. TakuM obpa3oMm, Jaxe B
HU3KOBOJIBTHBIX 3JICMEHTAaX SJCKTPOHHOM annapaTypsl mpoboit orpa-
HUYHMBACT MNpeAenbHble paboyne HaNpsKEHUS U MOXET SIBJISTLCS Of-
HOH M3 MPUYUH BBIXOJIA U3 CTPOSI AUDJIEKTPUUECKON M3OJISALMM.

B pa3BuTHH npo6GOsi TBEPABIX IUINCKTPUKOB MPUHSTO BHIIEISITH,
No KpaitHeld Mepe, ABE BaXXHbIE CTaIUM: MpPEABAPUTEIbHYIO (HaYyalb-
HYI0) M 3aBepluatoinyo. Ha mnpenBapuTeNbHOM CTaaMM MPOUCXOIUT
HapyllIeHNUE CTAlMOHAPHOIO PEXMMa 3JIEKTPONIPOBOTHOCTH, MPUBO-
Jsuiee K NoTepe AURJIEKTPUKOM JICKTPUYECKONH MPOYHOCTH M Pe3KO-
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MY BO3pacTaHHIO TOKA. 3aBepIlaiollyIO CTalHIO CBIA3BIBAIOT ¢ 00pa3o-
BaHHEM MPOBOJISIUErC KaHajla U MOCACAYIONM pa3pylicHUEM MaTe-
puana. Bropywo ctaauio npobost MOXHO MPENYNPEIUTb, €CIU OrPaHU-
YUTh HapacTaHue ToKa B paspsaHoit uenu. o npupoae npoieccos,
OTTPEACIISIIOIIMX Pa3BUTHE NTOATOTOBUTENLHON CTAANUN, PA3/IMYAIOT TPHU
OCHOBHBIX MeXaHHW3Ma npobos:

« DJIEKTPUYECKHUIH;

 TEILIOBOM;

¢ IEKTPOXUMUYECKHUHA.

Kaxnapiit M3 BbLIEIEHHBIX MEXAHU3MOB IIPOGOS MOXET UMETh MECTO
B OJJHOM M TOM X€ AUINEKTPUKE B 3aBUCMMOCTU OT Xapakrepa IpHujo-
KEHHOTO HamnpsiKeHUs — IMOCTOSHHOIO WIHM NEPeMeHHOro, HU3Ko4a-
CTOTHOTO, BBICOKOYACTOTHOTO WM MMITYJBCHOrO; a TakXe OT IiU-
TEJIbHOCTHU BO3ICHCTBUS 1OJIsI; CTENIEHH OXHOPOIHOCTH U Ae(PECKTHO-
CTH AM3NEKTPUKA, €r0 TONIIMHBI, HUIMUMS B HEM 3aKPBITHIX [IOp; YC-
JIOBUH OXJXACHUSI MaTepuaita U ap.

DNeXTpUYECKUH NpoOOi TBEPABIX AUSCKTPUKOB SIBISICT-
Cs1 YHUCTO ICKTPOHHBIM MPOUECCOM, B KOTOPOM OCHOBHYIO POJIb MT-
paeT yaapHas noHusauus. HauanpHble 37CKTPOHBI NOSIBISIIOTCS B pe-
3yABTATE UX MHXEKUMHU C METAUIMYCCKUX JICKTPOJOB B 30HY IIPOBO-
JUMOCTH WK BCJIEACTBUE CTUMYJIMPOBAHHOTO ITOJIEM OCBOOOXKICHUS
HOCUTENICH 3apsiaa ¢ IOBYLLEK. B CBOIO ouepean, MHXXEKIIUSI MOXET OCY-
IIECTBJIATECS TI0 MEXaHU3MYy noieBoi smuccun LlHoTrku nubo nmyrem
KBAHTOBO-MEXaHUYECKOT0 TYHHEJIIMPOBAHUS 2JEKTPOHOB CKBO3b 0Oa-
pbep, chOpMUPOBAHHLIM y KaToxa (CM. moapasi. 2.9).

YaapHast MOHUM3allMsl HAYMHAETCS B TOM CJIyyae, KOrma YCKOpeH-
Hble 3JIEKTPOHBI OPUOODPETAIOT OT MOJsl SHEPIrHIO, MPEBHILIAIOLIYIO
HIMpUHY 3anpelieHHoN 30Hb!. Toraa npu B3auMoae ACTBUHM NEPBUYHBIX
JICKTPOHOB C y37aMU PELIETKU OOpa3ylOTCsi BTOPUYHbBIC DJIEKTPOHbI
MAyTeM NEepeBoa MOCAEAHUX U3 BAJIEHTHOM 30HB! B 30HY IPOBOAMMO-
CTH. Yripolasi KApTUHY B3aMMOACHCTBUSI, MOXHO I10JiaraTh, YTO NpU
KaXJA0M aKTe MOHM3aUMu BMECTO OAHOro ObICTPOro 3A€KTpOHA, yXe
YCKOPEHHOrO MoJjieM, 00pa3yeTcs nBa MEAJEHHBIX 3JEKTPOHa, KOTO-
pbl€ 3aTeM TaKXKE PasTOHSIIOTCS MOJEM U BHOBb NPOU3BOAST MOHU3A-
1IMM, KaK MoKazaHo Ha puc. 6.34. B pesynbrate DOPMUPYETCS DJIEKT-
pPOHHas JiaBMHA. BpeMs nposieTa 3JCKTPOHOB 10 aHOAAa OOBIYHO HE
MPEBLILLIAET HECKOJIbKUX MMKOCEKYHI.

Ilpy CHABHOM pPa3BUTHHM JIAaBMH Yy aHOAA MOCE YXOAA 3JIEKTPOHOB
OCTaeTCst OOBEMHBIN MOJOXKUTEbHBIIN 3apsil AOCTATOYHO BOJBLLIONH I110T-
HocTH. barogaps eMy HaunHaeTcst GOPMUPOBAHUE BCTPEYHOTO CTpUME-
pa, IPOPACTAIOLIETO K aHOAY C yyaCTHEM IpOLecCOB (POTOMOHM3ALIMM.
[ToTeps MaTepUANIOM 3JICKTPUIECKOI MIPOYHOCTH MPU TAKOH nocaefoBa-
TEJILHOCTH IMPOLIECCOB IIPOMCXOIUT 3a Bpemsi nopsiaka 1077... 1078 ¢. Ilpen-
BapUTEbHAsI CTaaAus Mpobos 3aBepLiaeTcs: 06pa3oBaHUEeM TOHKHUX [IPO-
BOZSILIMX KAHAJIOB IMaMETPOM OKOJIO OJHOIO MUKpoMeTpa. IInoTHOCTD
TOKa B THX KaHalax NPy OTCYTCTBUU OTPaHMYCHUH MOXET NOCTUTaTh
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Puc. 6.34. CxeMa (popMUPOBAHUS IMEK- Puc. 6.35. 3aBUCHMOCTB IPOOUB-
TPOHHOU JIaBUHBI 3a CYET yIapHoi HOM HaIpPsDKEHHOCTH B OTHOPOI-
MOHU3ALUHU HOM II0JIE OT TOJILLMHBI JUINEKT-

PUYECKHX TUIEHOK

10° A/m% Ha 3aBepiualollieii ctaquy IIPpOUCXOIUT IUIABICHUE JUDIIEK-
TpUKa B 00beMe KaHasa. Bo3HUKalouiee Mpy 3TOM JaBICHHE MOXET NpH-
BECTH K TOSBJICHUIO TPEUIMH UIH MOJHOMY pPa3pylLIESHUIO MaTepuana.

PaccMOTpeHHBIIT MexaHu3M NpodOosi TBEPAbIX AUBJAEKTPUKOB BO
MHOTOM aHaJOTUYEH JaBUHHO-CTPUMEPHOMY Ipo6olo razoB. OH xa-
paKkTepeH Ul 00beMHBIX 06pa3iioB TomuHOMK A > 100 MkM. B aTom
clyyae mpoOGUBHAS HANPSIXKEHHOCTh B CAHOPOIHOM IOJIE MPakKTUye-
CKU HE 3aBHUCUT OT TOJLHMHBI JUNEKTpUKa. OLHAKO TOHKUE TIEHKH,
KakK INpaBuio, 061aaat0T 6osiee BHICOKOM 316 KTPUUECKOM IMMPOYHOCTBIO,
yeM MAacCHUBHBIC 00pa3ibl. ITC CBOHCTBO MOJYYMIO HA3BAHUC 21eKM-
PUHECK020 YRPOUHEHUS MAMepUanos.

B ToHKMX IJIEHKaX U3MEHSICTCSI MEXAHU3M JIEKTPHUECKOTo Npobos.
OnHa 31eKTPOHHAS JIaBUHA NPU MAJIOH JJIMHE Pa3psIHOIO MPOMEXYT-
Ka HE MOXET CO31aTh Y aHOAA IOCTATOYHO MOUIHBIN MOJIOXUTETbHBIN
3apsif, KOTOPbIit CrIoco0eH MHULIMUPOBATh (POPMHUPOBAHHUE BCTPEYHO-
ro ctpumMepa. Bmecre ¢ Tem Takoit 00beMHBIH 3apsa MOTYT 00pa3oBaTh
HECKOJBKO MOCAEAOBATEAbHBIX JABUH, PA3BUBAIOLIMXCI B OJHOHU U TOH
ke objactu meHKH. Takum o6pa3oM, B TOHKUX CJIOSIX TAaBUHHO-CTPH-
MEPHBIH NMpoOGOH NpeBpalllacTCs B MHOFOJaBUHHBIM, KaK B Clyyae ra-
30B IIPH MaJIbIX 3Ha4YCHUSIX ph. BeaeacTBue 3TOro Ha OAMH-ABa NOpPsi-
Ka BO3pacTaeT JUIMTEeNbHOCTDh Mpo0osi, TaK KaK MeXIy JaBUHAMU BCeE-
IJa CYLIECTBYET HEKOTOpasi CTAaTUCTHYECKasi 3alepXKa B PasBUTUHU
rnpouecca.

YT00bI 3JEKTPOHHbBIE JJABUHBI B TOHKHNX CJIOSIX IPHOOpenu aocra-
TOYHYIO MOILIHOCTb, HEOOXOAUMO YBEIUUMBATh HAPSKEHHOCTh IpHU-
KJIaAbIBAEMOTO TOJs1. ABJeHUE 3ACKTPUUECKOrO YITPOUHEHUS OOBIYHO
HabsofaeTcs B MeHKaxX TOMLMHON MeHee 1 Mkm. [TpobuBHas Hamps-
XKEHHOCTb BBICOKOKAYECTBEHHBIX TOHKHX IMBJEKTPUYECKUX TUIEHOK
MoxeT gocturath 10° B/M. B kauecTBe npuMepa Ha puc. 6.35 npusee-
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HBI 9KCNIEPUMEHTATbHBIE JAHHBIC 10 3JIEKTPUYECKOHN ITPOYHOCTH aMOp-
¢HbIX IeHoK Si0; U Al;O3, UCMOABL3YEMBIX B 3JCKTPOHUKE B CTPYK-
Typax THNAa METaJl— IU3JIEKTpUK — MeTtamn (MJAM) u Mmetami— nu-
3JIeKTPUK — noaynposoaHuk (MIIT).

Uucrto snekTpUuyeckuit MpoOOH UMEET MECTO B TeX ClydyasiX, KOraa
UCKITIOYEHO BJIUSIHUE DJIEKTPONPOBOAHOCTH U AUIEKTPUUCCKUX 10~
Tepb, 0OYCIOBIUBAIOILINX HAIPEB AUIICKTPHKA, a TAKXKE OTCYTCTBYET
MOHU3ALMS ra30BbIX BKITIOUYEeHUN. Takue ycnoBus COOMI0AAI0TCSA B MO-
HOKPUCTAJIIaxX Pa3AUuHbIX OKCUAOB, 1ETOUHO-TAIOUIAHBIX COEIUHE-
HUf M1 HEKOTOPBIX MOJIUMEPOB. DKCIIEPUMEHTAIbHbIE JAHHbBIE I03BO-
JISIIOT BBISSBUTD Psll XapaKTEPHBIX MIPU3HAKOB DJEKTPHYECKOro Ipo-
60si.

1. B cUnbHBIX MOJNSX NTepen 3AeKTPUIECKUM NTpoOOoeM AOMHUHUPYET
5JIEKTPOHHAS 3JIEKTPONPOBOAHOCTb, HAOMI0AACTCS HAPYLUIEHUE 3aKO-
Ha OMa B CTOpOHY OoJjiee pe3KOro BO3pacTaHMsl TOKA.

2. ITpobuBHast HANPSXEHHOCTb Pa3IUYHbBIX TBEPAbIX AUITEKTPUKOB
(KaK OpraHM4ecKux, TaK MU HEOPraHUYEeCKUX) M3MEHSETCS B CPABHU-
TeNbHO y3kuX npenenax (ot 108 go 10° B/M), 4To GIM3KO K 3JEKTpU-
YeCKOH MPOYHOCTH CWIBHO CXATBIX Ta30B WM TLIATE/IbHO OYUILEH-
HBIX XUAKOCTEM.

3. 3navyenue E,, n1a JaHHOTO JU3/IEKTPUKA TIPU 3JIEKTPUYECKOM
npo6oe HAMHOIO Bblllie, YeM IPU APYrux BUAax npodosi.

4. DnekTpHyecKas NPOYHOCTh MaTepraia HECKOJIbKO BO3PACTAET C
TeMIepaTypoi, YTO MOXHO OOBSICHUTb YMEHbLUICHHEM AJIMHBI CBOOOL -
HOTO NpobGera 37eKTPOHOB.

5. 3nauenusa E;, He 3aBUCAT OT JUIMTEILHOCTH BO3ECACTBUS HAMps-
JKEHUS ¥ 4acToThl nossa (o KpaitHelt Mepe no f~10° T'u).

6. DnekTpuyecKuil npoboil HabMogaeTcs y GOMBIIMHCTRBA AUIJIEKT-
PUKOB NpPHM KPAaTKOBPEMEHHOM (MMITYJbCHOM) BO3AECHCTBUM HaIpsi-
KEHUS, TaK KaK B 00JIaCTH MasbIX DKCMO3ULMHA HE YCIIEBAIOT pPa3BU-
BaTbCsl HU TEIUIOBBIC, HY BJIEKTPOXMMMUYECKHUE MTPOIIECCHI.

Takum o6pa3om, npu 31eKTPOHHOM opme 1n1pobos 3HaueHue £y, B
OAHOPOJHOM I0JIE B OJHOPOAHOM AUDJICKIPUKE IIPAKTUYECKH HE 3a-
BHMCHT OT IiapaMeTpoB OKPYXKalouiei cpeasl ¥ MHOTMX NOOOYHBIX (hak-
topoB. IloaToMy npoOuUBHAS HANPSIKEHHOCTh, COOTBETCTBYIOLLAs Ta-
KHUM YCJIOBUSIM, ABJISIETCS Hauboyee HaIeXHOH M BOCIIPOU3BOAMMOMN
XapaKTEPUCTUKOMN IEKTPUUYECKON NTPOUYHOCTH CAMOI0O BEILUECTBA.

TennoBoit mpo0oOIit XapakTepeH TOJILKO JU1Si TBEPABIX AUJICK-
TPUKOB 1 O0YCJIOBJIEH HApYILIEeHUEM TEIJIOBOTO PABHOBECHS B HUX MPU
BO3IEHCTBUM HOCTATOYHO CHIBHOIO 3AEKTPUYECKOTro moJist. Juanekr-
PUYECKHE TTOTEPU BBI3LIBAIOT pa3orpeB Marepuana. Eciu KOMuYecTBO
TEIUIOBOH 3HEpTUH, BHIAEIAIOLICHCS B AMBICKTPUKE 3a CUET IOTEPh,
MPEBLICUT KOJIMUECTBO TETUIOTHI, OTBOIMMOM B OKpPYKalolllee POCTpaH-
CTBO, TO HAYHETCS MPOTPECCUPYIOILMI pa3orpeB U30J19TOpa BIUIOTH J10
MOJTHOM MOTepH UM 3JIEKTPHUYECKOIt TIpouHOCTH. TeruioBoit mpoboii no
CPaBHEHHIO C DJICKTPUMECKUM pPa3psiioM XapaKTepU3YETCsl MCHBILIMM
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3HaueHueM En; M CyLIECTBEHHO GONAbLICH MIMTEIbHOCTBIO MpeaBApU-
TEJLHOH CTaaUU.

W HTEeHCUBHOCTD TEIIOOTBOAA BO MHOTOM 3aBUCHT OT (DOPMBI U ra-
0apUTHBIX pa3MEpPOB IUDJIEKTPUKA, a TAKXKE YCIOBUH €ro aKCIUlyaTa-
uvu. IToatoMy npobMBHAs HAMPSKEHHOCTb IMPU TEIJIOBOM Ipoboe B
Oonblleit Mepe XapaKTepH3yeT CBOHMCTBA KOHKPETHOIO U3IEIUS, YeM
MaTepuaga, U3 KOTOPOTrO OHO M3roToBIeHO. [Ia TeruioBoro mpoGost
XapakTepHO ymeHblleHue U, C pOCTOM TeMHOepaTyphbl OKpyXaloulen
Cpenbl, a TAKXKE CHUXEHME IEKTPUUCCKON MPOUYHOCTU C YBEIUUCHU-
€M BpPEMEHU BBLIEPXKKHM AUBJICKTPHUKA B 3JEKTPUYECKOM I10Je (IpH
OTHOCHUTEJILHO MJIOM ) U YBEJIMYCHHEM TOJIIMHBI H30JATOpA.

YT1oObl OOBSICHUTh 3aKOHOMEPHOCTU TEILUIOBOTO IPOo0Osi, BBIMOJ-
HuM pacuer Uy, ins Haubonee npocroro ciay4ad. ITycth ToHKas mia-
CTUHA OJHOPOAHOIO IU3JIECKTPUKA 3aK/IIOUEHA MEXIY ABYMSI IIOCKH-
MU JICKTPOIAMH, UMCIOILIMMH OJMHAKOBYIO IJIOIIAAL S ¥ CO3AAI0LIM-
MU OZHOPOAHOE 3JIeKTpuueckoe noje (puc. 6.36, a). K snexrponam
MPUJIOXKEHO NEepeMEHHOE HalpsiXKeHWe YacTOTOM f, 1ol AeMCTBHEM KO-
TOPOTO AUBJIEKTPUK Pa30rpeBacTCs B MPOCTPAHCTBE MEXIY IJIEKTPO-
naMu. Kak nmokaseiBaeT ¢opmyina (6.25), BolaeigemMas MOIHOCTD HPO-
MOPLHOHATBHA KBaAPaTy HanpsoKeHus. TernoBoi mpoGoit MoXeT BO3-
HMKATD JIMIHb B YCIOBUAX, KOTA TUJIEKTPUIECKHE MOTEPH BO3pacTa-
I0T ¢ TeMIiepatypoil. Bo MHOTUX ciydasix 3Ty TeMnepaTypHYIO 3aBUCH-
MOCTb MOXHO annpOKCHUMUPOBATh 9KCMOHEHLUMAIbHOM (QyHKIIMEH BUAA

tgd = tgdexpla(7 - To)l, (6.39)

rae tgd, — TAHIeHC yIia NMOTepb B NUIJIEKTPHUKE IIPH TeMIleparype
oKpyxaroiei cpeabl Tj; o — TeMIepaTypHbiit KOG OHIIMEHT TIOTEPD,

P , P, nipu U,

a 7]

Puc. 6.36. ITosicHeHMs K pacdeTy MPOGHBHOIO HAMPSIKCHUS MPU TEILIOBOM
npodoe:

a — Mo[esb TEMI00TBOAA; § — TeMNEpPaTypPHbIE 3aBUCUMOCTM MOLUHOCTEH MoTeph U
terooTBona; Uy < U, < Us
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KOTOPBIN MOXHO ONpeAeTUTb 3KCIEPUMEHTAILHBIM TTyTEM ITPH MAJIBIX
HANPSDKEHUSIX.

INoxacrasus dopmyny (6.39) B Bripaxenue (6.25), AJisi MOLLHOCTH,
pacceuBaeMoOM B JMAJIEKTPUKE, MOJTYYUM

_ UZ%efStgd, explolT - Ty)]
1,8-10104

A , (6.40)

rae U — NpUIoXEHHOE HAaTpsDKeHHUE; € — OTHOCUTENbHAST JUDJIEKTPH -
yecKas MPOHUIAEMOCTb, T — TeMIlepaTypa MaTepHajia B [MPOCTPaH-
CTBe MeXIy afekTpoaaMu; T, — TeMIlepaTypa OKpYyXamllieil cpeibl;
h — TONIMHA AMBJIEKTPHKA.

IIpennonaraercs, yTo B pabouemM oObeMe IUIJIEKTPUK pa3orpena-
€TCS1 OMHOPOAHO, a TEIUIOOTBOJ BO BHELIHIOW CPENY OCYLIECTBASETCS
[JIAaBHBIM 00Pa3oM Yepe3 MEeTALIUIECKUE INEKTPOIbl. BO3MOXHBIM nie-
penagoM TeMIEpaTyphl O TOJLIMHE JUCTA MOXHO MpecHEOpeyb, eciaun
3Ta TOALIMHA A0CTATOYHO Masa. 1o 3Toit Xe nIpuyuHe HE YYMTHIBAETCS
oXJIaXAeHHE Yepe3 HOKOBYIO ITOBEPXHOCTh padouero oo6wemMa. C yyetom
YKa3aHHBIX JOMYIIEHUH MOLHOCTb TETUIOOTAAYM P, OT AUDJIEKTPUKA B
COOTBETCTBMH C 3aKOHOM HbloTOHA GyneT onpenensarbCcsl BoipaxXeHueM

P, = 268(T - Ty), (6.41)

I1e 6 — CYMMapHbI# K03 GHUIIMEHT TeIUIonepeaayu oT AM3NIEKTPHKa
B OKDYXXaIOHIYIO Cpeny.

Ha puc. 6.36, 6 npuBeneHbI TEMIIEPATYPHBIE 3aBUCUMOCTH IUDJIEK-
TPUYECKUX FIOTEPH MPU TPEX Pa3TUUHBIX HanpsxeHusix. Eciau Ha nu-
9JIEKTPHK BO3JEHCTBOBATh HanpstbkeHueM U, TO B pe3ysbTaTe pa3or-
peBa 3a cueT IMAJIEKTPUUECKHUX MOTEPh €r0 COCTOSIHUE HPHIET B TOYKY
A, KOTOPOW COOTBETCTBYET YCTOMYMBOE TeIIOBoe paBHOBecHe. Ciy-
YallHOE IOBBILLIEHHE TEMIIEPATYPBI OTHOCUTEIBHO 3HAYeHUS 1| BHI3O-
BET CMELIEHUE PABHOBECUSI B CTOPOHY YCWJIEHHMS TEIUIOOTBOAA, IMO-
3TOMY JUBJIEKTPUK OYIET OXJIAXKIATHCH A0 TeX TMOp, MOKa €0 COCTOsI-
HHEe CHOBa He npuueT B Touky A. Takum obpasoM, HampskeHue U
SABJISICTCS OE30MaCHBIM ISl TUIJIEKTPHUKA, €CJIM pa30rpeB 10 TeMIepa-
Typsl T} He IPUBOIUT K JACTPafallMM MaTepuaia, T.e. K HeOOpaTUMBIM
M3MEHEHMSIM €r0 CBOMCTB U CTPYKTYDHI.

IIpu HanpspkeHUH U, COCTOSIHUIO TEILIOBOIO PaBHOBECUSI OTBEYAET
TOYKa B, OIHAKO TaKOe paBHOBECHE XapaKTepU3yeT HEYCTOMYMBBIIA Ten-
JoBoH pexkxuM. HesHauurenbHas QuyKTyalus TeMIEpaTypbl MOXET IIPU-
BECTH K TOMY, UTO NMOTEPH MPEBBICST TEIUIOOTBOM, U TOIIA HAYHETCS
MpOrpecCUpyIOLLIMit pa3orpeB MaTepuaia. Ipu Hanpsokenuu Us > U, Ten-
JIOBOTO PABHOBECUSI BOOOLLE HE CYLIECTBYET, [IO3TOMY HEM3GEXHO Jia-
BMHOOOPA3HOE MOBBILICHWE TeMIlepaTyphl pabouero oGbema, KOTOpoe
MDY OTCYTCTBUM OTrpaHMUYEHHMI HAapaCTAaIOLIETo BJIEKTPHYECKOrO TOKA
3aKaHYMBAETCs TEIUIOBBIM pa3pyllueHueM auanekTpuka. Orcioma cie-
JIyeT, yTo Harpsikenue U, ABISIETCA KPUTUYECKUM U €r0 MOXHO IpH-



364 TI'nasa 6

HATb 33 HaNpsXKeHHUe TeIIoBoro npo6os. s pacuera Uy, BOCHONb3Y-
eMCsl CACAYIONIUMMU JIBYMSI YCIOBUSIMU, ONPEHCHSIOIIMMUA KPUTHUUEC-
CKHM TEIUIOBOM PEXUM:

Pa( Txp) = PT( Txp): (642)
Kpome Ttoro, npu T = T,
0P,/0T = 0P,/ oT. (6.43)

Hcnonbays BeipaxeHus (6.40) u (6.41), nonydmnm:

U fpsfS tgdoexplolTy, — 7o)l
1,8-100%

=268, - Ty); (6.44)

U efStedoexplodTyy ~ To)] _
1,8-10'A

26S. (6.45)

Henenue Boipaxenusi (6.44) Ha (6.45) NpUBOAMT K CAEOYIOLUEMY
pe3yJbTaTy:
1/o=T,- Ty (6.46)

IloncraBnss dopmyny (6.46) B ypaBHeHue (6.45) M peluas ero
OTHOCHTENBHO Uy, HalmeM

h
U_ =115-10°5 |22
p , / ey (6.47)

IIe BCE BEJIMYMHBI, HMEIOIME PA3MEPHOCTH, CIIeyeT BbIPaXaTh B €1~
Huuax CH.

ITonyyeHHOE BhIpaXXE€HME MTOKA3bIBAET, YTO HAIPSIKEHHUE TETUIOBO-
ro npobosi TeM BEILLIE, YeM MeHbllE MmoTepHu tgd,, caadee UX TeMIepa-
TypHas 3aBUCUMOCTb (0 MEHbILIE) U YeM JIy4llle TeIUIOOTROI (G 00Mb-
uie). 3Hayenue Uy, BO3pacTaeT TaKXe C yBENIMYEHUEM TOJNLUMHBI OU-
9JIEKTPUKA, OMHAKO 3Ta 3aBUCHUMOCTh, KaK BUAHO U3 (opmyssl (6.47),
uMeeT CyONMMHENHBI XapakTep, YTO OTIMYAaeT TEIUIOBOU mpoboit oT
3JIEKTPUYECKOro. B paMkax paccMmarpuBaeMOil MOICIM OTMEYECHHYIO
0COOEHHOCTb MOXHO OOBSACHUTH TEM, YTO C YBEIMUECHUEM TOJIHIMHbI
JU3JIEKTPUKA NMPOIOPLMOHANIBHO €if BO3PacTaeT pa3orpeBaeMblif 00beM,
a MOBEPXHOCTD TEIJIOOTBONA OCTAETCH NMPAKTUYECKH HEU3MEHHOM.

B o6uiem ciyyae HampspkKeHUE TerIoBOTO NPo60si HECKOILKO YMEHB-
LIAETCSI C POCTOM YacTOThl. Eciu e nmoTepu B AUDNICKTPUKE OMpeae-
JISIOTCSI B OCHOBHOM MOTEPSIMU HAa JIEKTPOIPOBOMIHOCTD, TIPOU3BE/IE-
HHE 128, NpU U3MEHEHUH YACTOThl HE U3MEHSIETCS.

Ilpu meperpeBe MUIIEKTPUKA, OOYCIOBICHHOM TOJBKO MOTEPSIMH
Ha 9JIEKTPOIPOBOMHOCTb, BbipaxeHue (6.47) ¢ moMouibio GopMyn
(6.35) u (6.18) MOXHO TIIPHUBECTH K BHIY
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Uwp = 0,86\Jh / (cty7s),

rae o, — TeMIIepaTypHb K03)HUUMEHT yaeIbHON NMPOBOAUMOCTH
JUBNEKTPUKA; Y, — YIeJIbHasl IIPOBOAUMOCTh NIpU Temneparype 7Tj.

CnenyeT OTMETUTD, YTO TeMnepatypa Ty, COOTBETCTBYIOLIAs HEYC-
TOMYHMBOMY TETIJIOBOMY PEXMMY, B HEKOTOPBIX AUBIEKTPUKAX MOXKET
OUYCHb HE3HAYUTENBHO OTIMYATLCS OT TEMITEPATyPhl OKPYXKAIOLIEH CpeIbl.
Hanpumep, y usonsaropos u3 paauodapdopa o, = ~0,07 K, us
COOTBETCTBUU C BhIpaxeHWeM (6.46) AOMyCTUMBIN MeperpeB Marepu-
ana 3a cyeT norepb cocrasnser T,— Ty =14 K.

IIpu U3MeHeHUN YCAOBUI SKCIUTYaTaUUH AUIJIEKTPHKA MOXET U3-
MEHATBHCS U MEXaHU3M Tpobos. Eciu npu KpaTkKOBpeMEHHOM NPUIIO-
XEHUU HaIpsDKeHUsT Mpo0oit, KaK MpaBuIO, pa3BUBACTCs IO JaBLiH-
HOMY MEXaHU3My, TO MpH YBEIWYCHUU JUIUTEIbHOCTU BO3IACHCTBUS
[I0JIS1 OH TIpeBpalaeTcs B TEIIOBOMH (puc. 6.37, a). DKcnepUMeHTalb-
HbIE TaHHbIE CBUAETEIBCTBYIOT O TOM, YTO IIPU TEIIJIOBOM IIpo0O€e HNpu-
OJIU3UTEBHO BBLIOTHSIETCS COOTHOIICHME

20—
Ut = const,

Il T — JUIMTeNLHOCTb MMITYJIbCA TIPUKIIAABIBAEMOTO HaNPSKEHU.

YeM Gonblue T, TeM OOJbLUC SHEPIHUU BbLICISIETCSI B IUINCKTPUKE,
TeM MEHBbLIE HanpsKeHWe npobos, T.€. HampsKeHHe, NMpHU KOTOPOM
HACTYIIaeT KPUTHYECKUH TEIIJIOBON PECXKUM.

AHanoruyHas TpaHchopmalus MexaHu3Ma npobosi MPOUCXOAUT IIPU
M3MEHEHMH TEMIIEPATypbl OKpyXalollei cpeasl (puc. 6.37, 6). Ilpu
HU3KMX T AUBJIEKTPUYECKUE DOTEPU Masibl, IOTOMY TECIIOBBIC MPO-
[IECCHI HE UrparoT OMpeaesioutyio poib. B aTux ycnosusix npoboit npo-
TEKaeT MO JIABUHHOMY MEXaHU3MY, IMPUYEM HEKOTOPOE BO3PACTAHUE
NIPOOMBHOTO HANPSIXEHUSI ¢ POCTOM T OOYCIOBIEHO COKpallleHUEM
JUIMHBI CBOGOMHOrO Npobera 3J1eKTPOHOB.

Ilo Mepe HarpeBaHUsI CKPYXAIOUIETO MIPOCTPAHCTBA AUIIEKTPUUEC-
CKMe NOTepH BO3PACTAIOT, M BbILUE TEMIEpaTypbl Ty DIEKTpHUECKAst
MPOYHOCTD U30JISITOpa ONpeAesIeT s eperpeBoM paboyero o6breMa.

Up

11

a

Puc. 6.37. U3MeHeHHe HAIPSKEHUS MPoGOsi TBEPABIX JUIIEKTPUKOB B 3aBHU-
CUMOCTH OT JVIMTEJBHOCTU BO3JEHCTBUS MOJS (4) U TEMIIEpaTyphl OKpyXa-
o1leit cpeast (6):

I — obnacTh 3nekTpuyeckoro npobdos; Il — obaacTts TennoBoro npobos
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B cootBeTcTBMM C BblpaxeHUssMH (6.39) u (6.47) 3HaueHue U, npu
TEIJIOBOM TIPO0OE 3KCIOHEHIMANIBHO TIOHUXKAETCS [0 Mepe Bo3pacra—
HUSE TeMmIiepaTypbl Ty,

DNEeKTPOXUMHUUECKUN Npo6Goil 0OyCHOBIeH XMMHYECKHU-
MU peaKkUUsIMU, IPOTEKAIOIIMMH MO AEUCTBUEM TEKTPUIECKOTO MOJIsT
B 00bEME M Ha MOBEPXHOCTH TBEPAOrO AM3MEKTPUKA U NPUBOASILIUMHU
K HEOOPATHMOMY YXYIAUIEHUIO €r0 CBOMCTB. DTO SIBJIEHUE IIPUHATO Ha-
3BIBATh JAeKmpuyecKum cmapenuem Matepuana. OaHoi U3 dyHaamMeH-
TaJIBHBIX TPUYMH 3JICKTPHUYECKOTO CTAPEHUS SIBJISIETCS MOHHAS DJIEKT-
POIPOBOIHOCTH, KOTOPAasi CBsi3aHa C MEePeHOCOM MacChl M IIPHBOJUT K
MOCTENeHHOMY M3MEHEHHUIO XUMHUECKOTO COCTaBa BelecTea. [1pu anek-
TPOXUMHUECKOM MPoHOE IEKTPHUUECKAs] IIPOYHOCTb TUITEKTPUKOB OKa-
3bIBACTCS CYLIECTBEHHO MeHblile, YeM IpU TEeIJIOBOM, a TeM OoJiee
IIpH 3JIEKTpHUecKkoM rpoboe. MMeHHO aTta ¢opma nmpobosi BO MHOTHMX
CIIyJasix oIpenensieT HalleXKHOCTh 3JIEKTPHICCKON H3O0JSLIHH.

BpeMsi pazBUTHSI 3/1eKTPOXUMUYECKOTO ITPOOOST Ha3bIBACTCS gpeme-
Hem HcuzHu TUATeKTpUKa. OHO MOXET COCTABJISTH OT AECATKOB MUHYT
0 MHOTHX ME€CS1eB H TeM MEHBbIle, 4YeM OOJIbllIe BEIUYMHA ITPUITO-
KEHHOTO HANPSDKEHUSI. DJIEKTPUIECKOE CTAPEHUE OCOOEHHO 3aMETHO
TIpH BO3JEHUCTBUM IMOCTOSIHHOTO HANPSIKEHUS W B MEHbLIEH CTereHU
MPOSIBJISIETCS B MepEeMEHHBIX MoJisiX. IIpH BHICOKMX HaNpPSKEHHOCTSX
BpeMS XM3HU JU3JIEKTPUKOB YMEHBLUAETCSI C POCTOM TEMITEPATYpHhI,
IpyYeM 3Ta 3aBUCUMOCTb OOBLIYHO HMMEET KCIIOHEHIMaNIbHBIH XapaK-
Tep. DNEKTPUUECKOMY CTAPEHHUIO MONBEPXKEHBI KAaK OPraHUYECKHE, TaK
W HEOpraHWvecKue MUDJCKTPUKM, XOTS MEXaHU3Mbl CTAPEHUsSl 3THUX
MaTepHaJIOB CYILECTBEHHO pa3IMYaloTCs.

Cpeny HEOpraHU4eCKMX ITUDJIEKTPUKOB CIEAYET BHIAENUTH Pasiiu-
YHbIe BUIbI TUTAHCOAEPXKAllle KOHAEHCATOPHOM KepaMUKH (Ha OCHO-
Be Ti0,, CaTiOs, SrTiO; u np.). HeoOpatumele siBieHUS B 9TUX MaTe-
puaiax CBSI3BIBAIOT C BOCCTAHOBUTEABHBIMM MPOIIECCAMU, KOTODBIE
MHULUUPYIOTCS TIOCTOSIHHBIM 3JIeKTPUMECKHMM MosieM. BoccraHoBine-
HMeE TIPOUCXOIUT NYTEM BbIXO/Ia aTOMOB KHMCJIOPOIA U3 Y3JIOB KPUCTAJ-
JIMYECKOM pellIeTKH Ha NOBEPXHOCTh TBEPIOH (ha3kl, B pe3yJbTaTe 4ero
00pa3yloTcsd aHMOHHbIE BaKaHCUM. Takoii mepexoq Haubosee BeposSITeH
BOM3M BCSIKOTO polia Ae(PeKTOB — TPEUIrH, 10p, IpaHUl] 3epeH. AHU-
OHHBIE BAKAHCUM 3aXBATHIBAIOT JIEKTPOHBI U CTAHOBSATCS JOHOPHBIMU
LEHTpaM#. B pe3ynpraTe pe3Ko yBeJIMUMUBAETCS IJIEKTPOHHAS MPOBOAU-
MOCTb MaTrepuaja, KOTopasl CIOCOOCTBYET €ro NMpOrpecCHUpYIOLEMY
pa3orpesny.

B opraHnuyeckux noJMMepax crapeHue IMIPOUCXOIUT [JTaBHBIM 00pa-
30M B IIepEMEHHBIX MOJSIX 32 CUET YACTUYHBIX PaspsiioB B ra30oBbIX
BKJTIOUEHHSIX, KOTOPBIE SIBJISTIOTCSI pACIPOCTPAHEHHbIM BHIOM Jedek-
TOB BbICOKOBOJIbTHOM ITOJIMMEPHON M30JsUMH. JIusiekTpudeckas npo-
HUIAEMOCTh Ta3a MEHbIIIE, YeM Y MOIuMepa, TO3TOMY B HePEMEHHBIX
TOJISIX ra30BbI€ MOPbl OKA3bIBAIOTCA 3JEKTPHUECKHU OoJiee HarpyxXeH-
HBIMH, YeM [oJIMMeEpHast ocHoBa. K TOMY e MpoOUBHas HampsikeH-
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HOCTb I'a3a TOpa3io MEHbIUE MEKTPUUECKONH NPOYHOCTU NOAMMEPOB.
Otcrona ciaenyeT, YTO NPY HOBBIILCHUH HANPSIXEeHHUS pa3psiibl B ra3o-
BBIX BKJIIOUEHUSIX OYAYT BO3HUKATH 3aXO0JTO IO 3JIEKTPUUYECKOTO MPO-
604 nouMepa. YaCTUYHBIMHY 3TH pa3psiibl HA3bIBAIOT MOTOMY, YTO OHU
HE 3aKOpauyMBaoOT MOJHOCTHIO 2NIeKTpoAbl. B pesynbrare o6pazoBaHust
MJ1a3Mbl HaIIpsKEHUE Ha Ta30BOM ITPOMEXYTKE TMAIaeT A0 HYJIS U pas-
psin mpepbiBaeTcs. OmHAKO ITOC/AE BOCCTAHOBJICHHUS 3JIEKTPUYECKOMH
MPOYHOCTH ras3a paspsill 3aropaeTcsi BHOBb.

PaspymuTensHoe AeiicTBHE YaCTUYHBIX Pa3psiIOB Ha NoAUMep obyc-
JIOBJIEHO MHOTMMM (PaKTOpamMH, Cpeiy KOTOPBIX MOXHO BBIIEIUTb OKUC-
JIEHHEe MaTtepuaia, ero XMMHUYEeCKOoe pa3pylieHHe aKTUBHBIMU MPOAYK-
TaMM paspsiaa (HanpuMep, O3CHOM WIM aKTHBHBIMM OKCHI2ZMM a30-
Ta), 3JEKTPOHHYIO HoMOapANPOBKY MOBEPXHOCTU TOP, TEILIOBOE BO3-
JeHCTBUE TIEPErpeToro rasa u Jap.

TloeepxHocTHBIN npo6oi. [Ipu MCOBITAHMY M 3KCIUTyaTallUM TBEpP-
JIBIX AUSJICKTPUKOB C BBICOKOI 3J€KTPMYECKON MPOYHOCTBIO MOXET
HaOMI0maThCs SIBJIeHUE MOBEPXHOCTHOrO NMpo0OOos, MOA KOTOpPbIM IIO-
HUMAaIOT NMPOoOOH raza WiM XHIKOCTU BOIM3K [MOBEPXHOCTU TBEPIAOTO
JU3IeKTpUKa. B ciayvae TOBepXHOCTHOTO Mpo0os 2IeKTPHIECKas Mpo-
YHOCTh TBEPJOTO AMINIEKTPHKA HE HAPYUIACTCS, ONHAKO 00pa3oBaHHue
MPOBOASIIEr0 KaHala Ha IMOBEPXHOCTU CYUIECTBEHHO OrpaHUYMBacT
pabouune HanpsDKEHUsT U30JISTOpa.

3HaueHUe HAIpPSKEHUS] MOBEPXHOCTHOrO NMpobOsi BO MHOTOM OIl-
peneisieTcss KOH(MHUrypauueil 3/MeKTponoB, rabapUTHBIMUM pa3sMepaMu
u ¢$OpMOI TBEPAOTO AUBMECKTPUKA. ECnu M3074TOp 3KCILTyaTHpyeTCs
Ha BO3AYXe, TO HaNpsKEHUE MOBEPXHOCTHOrO NTPO0OS 3aBHCUT OT AaB-
JIEHUsI, TeMIIEpaTyphbl, OTHOCUTENBbHON BJIIAXHOCTH BO3AYXa, YAaCTOTHI
3MIEKTPUYECKOTO MOJisl. B HEKOTOPBHIX KOHCTPYKUHUSX HANpPSKEHUE T10-
BEPXHOCTHOTO ITpoO0si MOXET OBITh JaXe HUXKe HaMpsXKeHUS Tpobost
rasa B Tex xe yciaoBusax. OnHoit U3 npuiuH noaoGHoro 3¢ dexra apis-
€TCS UCKaXEHHE OAHOPONHOCTH NEKTPUUYECKOIO ITOJIsI, BHI3bIBACMOE
nepepacrpeneaeHeM 3apsaoB B aicopOMpoBaHHOM IUIeHKe Biaru. B pe-
3yJbTaTe CMEUICHUS UOHOB IO IMOBEPXHOCTH TBEPAOIO AUIIEKTPHUKA
CHIBHO BO3pACTaeT HarpsDKEHHOCTh MO Y 3JIEKTPOLOB.

YeM pe3ue BoIpaeHbl TMAPOGUIBHEIE CBOMCTBA MUIIEKTPHKA, TEM
CHJIbHEE MMaJiaeT MOBEPXHOCTHOE ITPOOUBHOE HAMPSKEHUE B YCIOBHUSIX
MOBBIIEHHON BAaXHOCTH. OIHAKO BJIMSHME BIQXKHOCTH BO3AyXa Ha
3TO NMPpOOUBHOE HAMPSLKEHME C1ab0 CKA3BIBAETCHA B PAIHOYACTOTHOM
JUaria3oHe, KOTrJa MOBEPXHOCTD JAUIJIEKTPUKA MOACYIIMBaeTCA 61aro-
Japs MOBBILIEHHBIM AUSJIEKTPUYECKUM MOTEPSIM B aICOPOMPOBAHHOM
IUIEHKE.

[nst mpenoTBpallleHUsT MOBEPXHOCTHOIO Mpobosi HEOOXOAMMO IO
BO3MOXHOCTH YBEJIMUMBATH MINHY Pa3psiAHOrO IYTH BAOJb MTOBEPX-
HOCTH TBEPIOIC TU3EKTPHUKE. DTOMY CITOCOOCTBYET CO3MaHUE PeOpU-
croil (roppHpOBAHHOI) MOBEPXHOCTH U30JISITOPOB, IPOTOYKA pPa3HO-
I'C poJia KAHAaBOK, U3TOTOBJICHUE KOHCTPYKIHUI C YTOMIEHHBIMHU 3JI€K-
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Puc. 6.38. CxemMbl KOHCTPYKUIMI KepaMHYECKHX M30agTOpa (@) ¥ KOHAEHCATO-
pa (6) c MOBBILUEHHBIM HaNpPsIKEHUEM TMOBEPXHOCTHOTO paspsanaa

Tpomamu (puc. 6.38). B xoHmeHcaTOpax MUIS [IOBBILLIEHUSI pAa0OYMX Ha-
TIPSDKEHUH OCTABJISIIOT HEMETATIU3UPOBAHHbBIE 3aKPANHBI IN3JICKTPU~
ka. IToBwireHre paboYMX HATIPSIKEHUI TOCTUTAETCS TAKXKE CIMIAXUBa-
HUEM HEONHOPOIHOCTEH 3JIEKTPUYECKOTO TIOJS NYTEM H3MEHCHMS
¢ OpMBI 3NEKTPOAOB WK O1aroaaps ONTUMU3AIMN KOHCTPYKILIMU U30~
JIATOpa. AHAJOTMYHBIN 3(deKT HJoCTUraeTCs NPy HAHECCHWU HA I0-
BEPXHOCTb M30JIATOpPA MOJYNPOBOIALUMX NOKPBHITUA WM AUDJIEKTPH-
YECKHUX TUIEHOK € IMOBBILIEHHON TUINIEKTPUYECKONH TPOHUIIAEMOCTRIO.
[Tonynporoasiiye MOKPHITHS CHUXKAIOT HANPSDKEHHOCTD I10J151 BOMIU3H
KPOMKH 3JIEKTPOIOB IpU AEHCTBHHU NMOCTOSHHOTO HanpsokeHus. Ju-
5JIEKTPUYECKUE TUIEHKHU C MOBLIILIEHHON € UrpaloT Ty XKe poJjib B Tiepe-
MEHHBIX ITOJISIX.

DddexkTBHOI Mepoil OOPLOBI ¢ TTOBEPXHOCTHLIM NPOGOEM SIBJIS -
€TCsl 3aMeHa BO3/yXa XKMIKUM AMINEKTPUKOM, HanpuMep TpaHcdop-
MaTOpHBIM MacioM. Kak M3BeCTHO, MHOTHE XHUAKOCTH 001anaoT 60-
Jiee BHICOKOH 3JIEKTPUYECKOH MPOYHOCTBIO, HeXXeNH ra3bl. Kpome Toro,
MOBHILIEHHAS 110 CPAaBHEHMIO C BO3MYXOM JIH3JEeKTpUYecKasl MPOHU-
LIAEMOCTb XHUIKOCTEH CIIOCOOCTBYST CHUXKEHUIO HANIPSKEHHOCTH I10J1s
Ha MMOBEPXHOCTH TBEPIOTo AUITECKTpUKA. [103TOMY orpyxeHueM H30-
JIATOPA B XUIKUAH AMINEKTPUK MOXHO JOOUTHCA CYHIECTBEHHOIO ITO-
BBIILICHUSA TIpeAeNbHBIX pabounux HanpsokeHuit. Takoit xe addexT g0-
CTUTAETCA MyTEM IePMETU3ALUU IEKTPUIECKON U30ISALUYU KOMITAyH-
JIaMM C BBICOKO 3MeKTpUYECcKOM MPOYHOCTHIO.

KonTpoasHbIE BOIIPOCHI

1. Yro HasbiBaroT Nossipu3anueit nuaiexkrpuka? Kakue Bo3neicTBUs pu-
BOIAT K ec nospieHnio? Kakas ¢usnyeckast BeMYMHA UCIONB3YETCS IS
XAPAKTEPUCTUKU MOJIIPU3OBAHHOIO COCTOSIHUS M B KAKUX SAMHMLAX ee U3Me-
pAOT?

2. Kakue BuABI DOTSIPU3ALIMY TUDJICKTPUKOB MOXHO CYUTATH MTHOBEHHBI-
MU, a KaKue SBIAI0TCS 3aMemieHHBIMU? Kakoil M3 MEXaHH3MOB IONSApH3a-
UMY TIPUCYHL JTI0O0MY AMBIEKTPUKY?
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3. B yeM omIMUKE MEXITY MOHHO-PENAKCALIMOHHON U MOHHOH Monspu3alu-
ssmMu? YTo xapakTepu3yeT BpeMsl pelakCalliy U OT KaKuX (hakTOPOB OHO 3aBU-
cur?

4. Yto Ha3bIBAIOT TEMIIEPaTypHbIM KO3GQHUIMEHTOM AUIACKTPUUYECKONR
npoHUIaeMocTH? ¥ Kakux AU3JeKTPUKOB OH UMEET OTpULATeIbHOE 3Haye-
uue?

S. YTo MOHUMAIOT MOJ JMHEHHBIMU U HEJIMHEAHBIMU, TTOJMSIPHBIMU U He-
TIOJISIPHBIMU IUBIEKTpHUKaMu?

6. Kakue Buabl MONSpU3aALNHU XapaKTEPHBI /I ra3os?

7. llpuBeaute NpUMEp KOMIIO3ULIMOHHOTC AUIEKTPUKA MATPUYHOTO TUIIA.
Kax st 3Toro auaiekTpuKa MOXHO paccyUTaTh 3M(EKTUBHBIC 3HAUCHUS €
U o?

8. Kakas B3aBMOCBSI3b CYHIECTBYET MEXAY MEXaHU3MaMH TMOJSIPH3aALNH
IU3JIEKTPUKA M ero ruapoduwibHEIME cBoiicTBaMU? Kakue BeliecTBa HCNOb-
3YIOTCSl B KayecTBe TMApOhOOU3NPYIOLLMX ITOKPBITHIA?

9. Yro Ha3BIBaIOT TOKOM abcopbummn? Kak U3MEeHsIETCS 3TOT TOK BO BpeMe-
HY NPU BO3ACUCTBUM HA AUDAEKTPUK MOCTOSIHHOTO IMOJA?

10. B kakux efuHHULIAX U3MEPSIOTCS YAEIbHOE 00BEMHOE U YACHBHOE MO~
BEPXHOCTHOE COMPOTUBJEHUS TBEPABIX IuanekTpukos? Kakum obpasoMm 3tu
uznuecKkre BeIUYMHBI CBSA3aHbI C CONMPOTUBACHUEM HM30OJISALMHK MaTepuaia?

11. 'V xako#t rpynnel IM3A€KTPHUKOB IOBEPXHOCTHOE CONPOTUBICHUE Cla-
60 3aBUCHUT OT BJIAXHOCTU OKpyxXalouiei cpeapt? [IpuBeauTe NpuMep TaKOro
NU3NEKTPUKA U OOBSICHUTE MEXaHU3M ero B3aUMOJCUCTBUS C BAAroi.

12. Ha3oBuUTe OCHOBHBIC BUABI AUIIEKTPUYECKMX NoTepb. Kakoit U3 Hux
SIBJIIETCA YHUBEPCAIBHBIM, T.€. NPUCYLI JIOO0MY IU3AEKTPHUKY?

13. Ilpu KaKOM MeXaHU3ME MOTEPhb YACTOTHBIE 3aBUCHUMOCTH 120 U aKTHUB-
HOI MOIHOCTM MOXHO ONMCATh NapalfieIbHOW 3KBUBAJEHTHON cXeMmoOi?
Kakoit dusanueckuil cMbICH B 9TOM cliydae UMEET SKBUBAIEHTHOE CONPOTUB-
JIeHHE rorephb?

14. B xakux IM3eKTpUKaX U MPU KaKUX YCIOBUSX BAXHYIO DOAb UIPAIOT
notepu Ha nmoHu3auMio? Kakue BUIB NOASpH3aLIMM HE CBI3aHBI C pelakca-
UMOHHBIMU noTepamu? M306pa3ute TeMNEpaTypHYIO M YacTOTHYIO 3aBUCH-
MOCTH 1g3 A5l TaKUX MOTEPD.

15. Yto HaspiBaloT npoboeM Au3aeKTpUKOB? B Kakyx eAMHULIAX U3MEPSIIOT
3JAEKTPUYECKYIO TPOYHOCTh MAaTEPUAIOB U KaK €€ IKCIEPUMEHTAIBHO OfIpe-
IENsoT?

16. Tlouemy ynapHasi HOHM3aLMsl MOJICKYNT ra3a B CHJIBHOM 3JIEKTpUYC-
CKOM INOJIE IIPOM3BOAUTCS IIaBHBIM 00pa3oM 3JEKTpOHAMH, a HE HMOHaMHU?
O6BsiICHUTE POJIb BHYTPEHHEH (HOTOMOHU3ALUHM ra3a B GOpMUPOBAHUN CTPU-
Mepa, HamnpaBjieHHOro K karony. YeM oTiMyaeTcs JaBMHHBIHA Npoboit raza or
JIABUHHO-CTPUMEDPHOro npobos?

17. Kak piausieT HaBjeHHUE ra3a Ha €ro 3JIeKTPUUYECKYIO MpoyHocTh? Uem
oTaMyuaercs npoboit rasa B OJHOPOAHOM H HEOJHOPOAHOM 3AEKTPHUUYSCKHX
nomsix?

18. IpuBenuTe npuMep BTOPUYHBIX IIPOLECCOB, OMPEAC/SIIOUINX Mpoboit
KUIKUX OHIIEKTPUKOB.

19. OObsicHUTE MEXaHHU3M JIEKTPUYECKOTro npodost TBEPABIX TUINCKTPU-
KOB. B Kakux mMatepuasiax peasMayercs 3TOT BUA NIpobosi?
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20. Ot xakux HakTopOB 3aBUCUT HAMNPSKEHUE TEIUIOBOTO Npobos TBepIbIX
IU3EKTPUKOB?

21. Kakue npuyuHBI MOTYT NPUBECTH K 3NEKTPOXUMHUYECKOMY NMpPOHOIO
TBEPABIX IUINCKTpUKOB? [IpuBenUTE KOHKPETHLBIN NpUMED Pa3BUTHUSA 3JICKT-
POXHMMMUYECKOTO NPOGOSL.

22. Kak BIHSIET [UINTEJIBbHOCTD BO3ACHCTBUS JIEKTPUYECKOrO MO Ha Mpo-
OMBHOE HanpsiKeHWE TBEPABIX IMANICKTPHUKOB TMPH Pa3TUYHbIX MEXaHU3Max
npobos?

23. Kakyue crniocobbl yBEIUUYECHHUST HAMPSKEHUS] MOBEPXHOCTHOrO Npobos
BaM Mu3BeCTHBI? [loueMy Ha pagMoyacToTax HampsXKeHUE TTOBEPXHOCTHOIO
npo6ost ¢1abo 3aBUCUT OT BJAXHOCTU OKpYyXaloleil cpeabl?

24. ITouyeMy HamnpsDKeHUE TTOBEPXHOCTHOTO NTPo0Os U30AATOPA, TOTPYXKEH-
HOTO B XHAKOCTb, BbILE, YEM Ha BO3Iyxe?



T'maBa 7

OCHOBHBLIE CBOMCTBA, OCOBEHHOCTH TEXHOJIOTHH
N TIPUMEHEHHUE JTHU9JEKTPUROB

7.1. KITACCU®UKAIINA TUIJIERKTPUKOB

ITo ¢yHKUMSIM, BHITOJHAEMBIM B DJEKTPOHHOM alnaparype, IM-
2JeKTPUKH NOAPA3NETIIOTCS HA naccuenble U akmusHsie. K NacCUBHBIM
JUBJIEKTPUKAM OTHOCSITCS SMEKTPOU3ONALIUOHHBIE U KOHICHCATOPHEIEC
Matepraibl. CoBepLIEHHO OYEBHIHO, YTO HUKAKAs, JaxXe caMas Mpo-
CTasl BACKTPUYECKAS Liellb HE MOXET ObITh BBIOAHCHA 0€3 3/eKTpU-
YeCKOM M30suuy. T1oc/ienHsst OKpyXaeT TOKOBEAYILIUE YaCTU JEKT-
PUYECKUX YCTPOMCTB, 4 TAKKE OTAENSAET APYT OT APYra 3J1eMEHTHI CXe-
MBI MU KOHCTPYKUMH, HaXONSAIUeEC MOJ PasnUYHBIMU 3EKTpUye-
CKMMU NOTCHUMATAMU. biiaronaps CBOMM U30JSILMOHHBIM CBOMCTBAM
JUDJIEKTPUKHU 4acTO TMPUMEHSIOTCS B KayeCTBE KOHCTPDYKLMOHHBIX
MatepranoB. C UX MOMOIIBIO 00€CIEYHBAIOT KOMITO3HIIMOHHYIO LIETOCT-
HOCTb NPUOOPOB U YCTPONCTB, a TAKXKE UX 3aILUTY OT Pa3NUYHbIX BHE-
LIHUX BO3NEUCTBUI. B 4aCTHOCTH, 3J1IeKTPOU30SILIMOHHbBIE MaTepUasibl
LIMPOKO HCIOJBL3YIOTCA B Ka4ye€CTBE KOHCTPYKTMBHOH OCHOBBI MOH-
TaXHbIX TUIAT, 3alLMTHBIX KOPIycoB NpubopoB, dhopmoobpasyrouiei
OCHOBBI PE3UCTOPOB, KOHACHCATOPOB, 3JEKTPOHArPEBATEIbHBIX YCT-
POICTB, KApKACOB KaTyWEK MHAYKTUBHOCTEH, IUIAT MIEPEKIIOYaTeseit,
OTIOPHBIX U30JIITOPOB U AP.

IlpuMeHeHUe TUIIEKTPUKOB B KOHIEHCATOPAaX MO3BOJISET MOAYYaTh
TpebyeMoe 3HaYeHUE EMKOCTH, a B HEKOTOPBIX Ciiydassx 00eceynBaeT
ONpEACICHHBIA XapakTep 3aBUCUMOCTHA ITOH €MKOCTHU OT BHEHIHUX
¢akTopoB, HampuUMep OT TeMrepaTypbl. JIU3JIEKTPUK KOHIEHCATOpa
MOXET 3aracars, a TOTOM OT/aBaTh 0OPATHO B LUEIMb 3alIACEHHYIO 3JIEK-
TPUUECKYIO BHEPIHI0. TaKue eMKOCTHBIE HAKOMIUTENM UCHONAb3YIOTCS,
B YaCTHOCTH, IUIS1 MIUTAHUS Na3epHBIX MyuieK. /loBObHO 4acTo KOH-
JEHCAaTOPB! NPUMCHSIIOTCSI B KaYecTBe (PUIbTpa, KOTOPBIA CAYXXUT LISt
pasfeNneHus Lerneil MOCTOSTHHOIO U MepeMEeHHOTO TOKa, B KonebaTenb-
HBIX KOHTYpax ¢ OMnpelelieHHON pe30HaHCHON YacTOTOM, Ang U3MEeHe-
HMS yrIa (pa3oBOro CABUIAa MEXAY TOKOM M HAaMpsiKEeHUEM M T. ..

HexoTopble mUAIEKTPUKN MOTYT OBITH MCIIOJB30BAHBE [UisE CO3MA-
HUS KaK 3JEKTPOUSOSIIIMOHHOIO, TaK U KOHAEHCAaTOPHOTO MaTepua-
joB. K ux uuciy oTHOCATCS onpene/ieHHbIE BUIBI KEPAMUKU, CTCKOI,
MHOTHE OPraHUYEeCKUE OJTUMEPBI, HEKOTOPhIE HEOPTraHUYECKUE TUICH-
ku. TeM He MeHee TpeOOBaAHUS K NIEKTPOU3OISIIIUOHHBIM U KOHIIEHCa-
TOPHBIM MaTepUAJIaM CYILECTBEHHO pasanyaloTcd. Ecau oT anekTpo-
M30JISIUMOHHOTO MaTepHasia TpebyeTcsi IIPEexXIe BCEro BhICOKOE YACb-
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HOE COMPOTHUBJIEHUE, TO IUDJIEKTPUK KOHICHCATOpa IO/LKeH 00aaaars
MOBBILUEHHON IMINEKTPUUYECKONH MTPOHULAEMOCTBIO M MAaJIbIM 3Haye-
HueM tgd. Pojb JUA3JIEKTPUKA B KOHIAEHCATOPE €llie HElb3s CUMTATh
aKTUBHOHW, HO KOHACHCATOP YXe€ SIBAsETCA (PYHKUMOHANbHBIM 3Jj€-
MEHTOM B 3NIEKTPUUYECKON CXEME,

K aKTHBHBIM IU3JEKTPUKAM OTHOCATCS MaTepHasbl C YIpaBlse-
MBIMH cBoitcTBaMH. KOHIEHCATOPH € YIPaBAsSEMbIMHU TU3JICKTPUKAMU
MOIYT ObITh MUCHONB30BAHBI JUISI YCHUJICHUS CUTHATIOB MO MOLIHOCTH,
CO3MaHUS Pa3IMUHbBIX [Ipeobpa3oBaTesici, NaTYMKOB psina GU3UYeCKUX
BEJNYUH, 2JIEMEHTOB NMaMATH, MOIYJISATOPOB CUFHAJIOB M F€HEPaTOPOB
koJiebaHuii. Ha ocHOBe aKTUBHBIX JUSAEKTPUKOB CO3AA0TCS TAKKE U3~
JIyJalolliMe U yOpasIsionine onTuueckue cpenst. B caMoMm obluem Bune
AKTUBHBIE TUIIEKTPUKHA MOXHO KIaCCU(DUIIMPOBATH IO BUIY YIIpaB-
JIAIONIero BO3NEeMCTBMS, KaK roka3aHo Ha puc. 7.1. bonee ronpobHas
Ki1accH(HUKaHHs 3TUX MaTEpUaJIOB pacCMOTpeHa B moapasa. §8.1.

ITaccuBHBIE NMINEKTPUKH MOXHO KIACCH(MDHIIMPOBATD 110 PA3HBIM
MIPM3HAKaM: 110 XUMUYECKOMY COCTaBY, arPEraTHOMY COCTOSTHUIO, BIIeK-
TPUYECKMM WIN (HU3UKO-XMMHIECKMM CBOHCTBaM. OaHako Haubonee
HaJISITHOM U MONHOM ABJAeTCA KiaccuduKkaus ux 1no BHyTpeHHEMY
crpoenno. MMeHHO Takast Ki1acCH(bUKAILHMS MAaCCUBHBIX AUINEKTPUKOB
M MpejcTaBieHa Ha puc. 7.1. BHyTpeHHee CTPOEHME MATEPUAIOB BO
MHOI'OM OMNpEae/IsieTCs UX XUMUYECKUM COCTABOM U OCOOEHHOCTSIMU
TEXHONOTUU MONydyeHUsA. I'pyninbl MaTepUaIoB, BbIACICHHBIC B KJac-
cHPUKALMOHHON CXeMe, BKJIIOYAKOT B Ce0s KaK KPUCTALIHYECKHE,
TaK U aMmopdHbie BeiiecTBa, ofHOMa3Hbie K MHOTOGA3HbIE, BOJOKHU-
CTbl€ U CJIIOMCTBIE, OpraHMYeCKMe U HeopraHudyeckue. B oraensHyo
IPYIINY BBIAC/CHBI TOHKHE HEOPraHWYECKUE TUIEHKU, KOTOPHIE UIpa-
10T BAXXHYIO POJIb B MpHOOpax U yCTPOHRCTBAX MUKPOINEKTPOHUKM. B ua-
CTHOCTH, OHM LIUPOKO NMPUMEHSIOTCS B TPAH3MCTOPHBIX CTPYKTYpax
THIIA METAIUT — JUIJICKTPUK — MOMYIMPOBOIHHUK, B KAYECTBE U3OJSILIAK
3JIEMEHTOB UHTETPAJIbHBIX CXEM, TUIEHOUHBIX KOHAEHCATOPOB, B Kaye-
CTBE aKTHBHOTO CJIOSl B TIEPEKITIOUAIONIMX M 3aIIOMUHAIOUIUX YCTPO-
cTBax, 1M Y3INOHHBIX MACOK, MPOCBETISIIONINX, OTPAXAIOLUX U 3a-
LIMTHBIX MOKPBITHIA, a TAKXKE JJI CO3MaHUs KOHTaKToB Ixko3edcoHa,
KBAHTOBbIX MHTEep(hEPOMETPOB, MAJOMOLIHbBIX I1€PECTPAUBAEMBbIX Tet-
HepaTopoB CBY-konebanuit u ap. IIpy 3T0M CBOMCTBA MJIEHOK MOTYT
CYLECTBEHHO OTJIMYATLCS OT CBOMCTB OOBEMHBIX IUIJIEKTPUKOB.

Haubosee LIMpoKo UCHONB3YIOTCS TJICHKU aMOP(QHbBIX JUSNIEKTPH -
KOB, KOTODBIE MOXHO JIETKO MOJIY4aTh Pa3IMIHBIMU TEXHOTOTUYECKH -
MM MeToAaMU. B oTiHuue OT MOJUKPUCTAIIOB CBONCTBA aMOp(MHbIX
[UIEHOK He 3aBUCAT OT COCTOSHUA TpaHUI MexXay 3epHaMu. K Tomy xe
10 CPaBHEHUIO C KPUCTAIAMH OHU 001a1310T 3HAYUTEIbHO MEHbIIEH
YYBCTBUTENBHOCTBIO K IPUMECSIM, YTO OOYCIOBAUBACT UX 00JI€E BBICO-
KYIO TEXHOJIOTMYHOCTD B YCJIOBUSIX MACCOBOTO MPOU3BOACTBA.

Hecmotpst Ha TO 4TO 60/BIUMHCTBO MPUPOIHBIX MAaTePHAIOB 061a-
JAeT MUINMEKTPUUESCKUMHU CBOMCTBAMM, B DJMEKTPOHHOU TEXHUKE NpU-
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Puc. 7.1. Knaccuduxauus AH3JEKTPUKOB N0 QYHKIMOHANBHOMY HA3HAYEHMIO U BHYTPEHHEMY CTPOEHHMIO
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MEHSIIOTCS TIPAKTUYECKH MCKITIOYUTENBHO UCKYCCTBEHHbIE M CUHTETH-
JeCcKHUe AUBIEKTPUKH, T. €. TOJIydaeMble MO0 NyTeM NnepepaboTKH Npu-
POIHOTO ChIPbs, TUGO MYTEM CIOXHOTO XUMUYECKOro cuHTe3a. OaHu
M T€ Xe MaTepHuabl B Pa3HBIX YCAOBHUSIX MX IKCIUIYaTALMU MOIYT MC-
[IOJIb30BATHLCS JTMOO KaK aKTUBHbIE AU3JIEKTPUKHU, U3MEHSIIOLINE CBOU
CBOMCTBA MO BIMSIHHUEM BHELIHUX BO3AEMCTBMIA, 1MO0 KAK KOHIECH-
CATODHBIE WIM 3JICKTPOU3OJISILIMOHHbBIE MaTePUAIEI.

7.2. OCHOBHBIE CBEJJEHUA O CTPOEHNHU
A CBOMCTBAX OPTAHMYECKHUX IMOJUMEPOB

Peaxuun oGpazosanusa nosuMepoB. [lozamisiioniee GOJBIIMHCTBO
OpraHMYeCKUX MaTepPHAIOB, HCIIOAb3YEMBIX [UISl H3TOTOBJIEHHUS JJIEKT-
PUYECKON M3OJSSUMM, OTHOCUTCS K IpYIINe NOoJuMepoB. Torumepamu
HA3bIBAIOTCH MOJIEKY/ISIPHbBIE COSTUHEHUS, MOJIEKYJIBI KOTOPHIX COCTO-
AT U3 OOJILIIOr0 YUCIA CTPYKTYPHO MOBTOPSIONIUXCS 3BEHBEB — MO-
HoMepoB. MoJieKy/isipHas Macca IIoJaMMepoB gocturaeT 108, a reomer-
pUYECKHE pa3Mephl MOJIEKYJl MOTYT OBbITh HACTOJILKO BEJIMKH, YTO pa-
CTBOPBI 3THX BELIECTB MO CBOMCTBAM NMPUOAUXKAIOTCA K KOJUTOWAHBIM
CHUCTEMAM,

ITonuMepbl, MaKpOMOIEKYAbl KOTOPBIX COAEPXKAT HECKONBKO TH-
OB 2JIEMEHTAPHbBIX 3B€HbEB, HA3bIBAIOT conoaumepamiu. I1o cTpoeHuo
MaKpPOMOJIEKYJI COTIONIMMEPDI TTOAPA3AEISIOTCA HA CASAYIOIHE OCHOB-
HBIE TUIIBI:

cratuctuyeckme — —A—B—A—B—B—-A—A—A—B—A—
yepeayowmecs — —A—B—A—B—A —B—A—B—A—B——
onok-cononumeppl — —A—A—A—B—~B—B—A—A—B—B—B—
MPUBUTBIE — —A—A—A—A——A—A—A—A—~A—A—A—

| I
B—B—B—B— B—B—B—B—B—

ConepxaHue 3BEHBEB KaXIOr0 M3 MOHOMEPOB B MAaKpOMOJEKYIE
oIpeeaseTcss COOTHOLIEHUEM UCXOIHBIX BEIIECTB ITPH CUHTE3€e COMOo~
JIUMEpa U MX peaKUMOHHOH crocobHOoCcThi0. CBOMCTBA COMIOIUMEPOB
CYILIECTBEHHO OTJIMYAIOTCS OT CBOMCTB MeXaHUUYECKON CMECH OTHENb-
HbIX oJiuMepoB. CUHTE3 COMOJUMEPOB C PA3HBIM COCTABOM M CTpOE-
HMEM MOJICKYJSIPHBIX Lieneil obecrieunBaeT OOJIbIIOE MHOTroobpasue
CBOCTB IOJIYYaeMBIX TUDJIEKTPUKOB.

Peakuuio 06pazoBaHus MOJIUMEpPA U3 MOHOMEPOB Ha3LIBAIOT HOAU-
mepuzayueti. B npoliecce NoJMMEPU3aLIMY BELLECTBO MOXET MEpPEXo-
JHUTDb U3 Ta3000pa3HOro WK XMUIKOIO COCTOSIHUM B COCTOSTHUE BEChMa
IYCTOM XUIAKOCTH MM B TBEPAYIO Maccy. Peakiius noauMepu3aium He
COTPOBOXIAeTCAd OTIIEIUVIEHHEM KaKUX-JIM00 HU3KOMOJEKYISPHBIX
1OGOYHBIX MPOAYKTOB, MPU 3TOH peakuuy MOIUMEP U MOHOMEpP Xa-
PAKTEPHU3YIOTCS OAMHAKOBBIM 3JIEMEHTHBIM COCTaBoM. B noiuMepusa-
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LMIO BCTYMAIOT MOHOMEPHI, COAepXailue KpaTHbIC CBA3U, HANPUMED
cBs3u TMna —C=C—, =C=C=, =C=0, =C=N—, —N=C=0 u ap.
Kax npasuiio, peakiusi NONUMepPHU3ALMHU IPOTEKAET MO LEMHOMY Me-
XxaHu3My. 1 Havana LenmHoM peakilui HeOoOXOIUMO, YTOOBI B HCXO -
HOI Macce 3apOaUJIUCh aKTUBHBIE YACTULIBI. B LENHBIX peaklMsiX OlHa
aKTUBHAs YaCTUIA BOBJIEKAET B PCAKUUIO THICSUYM HEAKTUBHBIX MOJE-
KyJI, 006pa3yolux JUIMHHYIO LieMb. [1epBUYHBIMU aKTUBHBIMU LIEHTPa-
MM SIBJISIIOTCA CBOOOJHBIE PAIUKAIbI U MOHBHI.

Paduxanst — 3TO 4acTH MOJIEKYIbI, 00pasyoliyecs npu paspbiBe
3JICKTPOHHOM Mapbl U CoaepXalllue HeCapeHHbI 2JIeKTPOH (HanpH-
Mmep, metml CH;—, denun C¢Hs—, stunosag rpynna C,Hs— u 1.4.).
O6pa3oBaHKe MEPBOHAYATBHBIX PAIUKAIOB 1 HOHOB MOXET MPOKCXO-
JIUTb TOJ AECHCTBMEM TEIUJIOTbI, CBETA, Pa3IUYHBIX MOHU3IUPYIOLLHUX
MU3NYUYEHUH, CNIELIMAIbHO BRBOJMMBIX KATaJIu3aTOPORB.

PaccMoTpuM B KavyecTBe mpuMepa IMOJIUMEPHU3ALIMIO ITUIIEHA
CH,=CH,, KOTOpHBIif B HOPMAaJIHBIX YCJIOBUSX HAXOJAHUTCS B ra3zoo0-
pa3HoOM cocTossHUU. TIpeanosoxum, 4TO MHULMATOPOM TIOJIMMEpPH3a-
MU SBJISIETCST HEKOTOPHIN CBOGOMHBIN pamukan R — , KoTophlil, uMes
CBODOJHYIO BaJIeHTHOCTb, 00nanaeT 0oJbIIONH peakKUMOHHON crnocol-
HOCTbIO. Tako# panvkain NpUcoeauHsIeTCs K MOJIEKYJie 3TUJIeHa, pac-
KphIBasl IBOMHYIO CBSI3b, U TEM CAMBIM IPEBPALIAET €€ B HOBLIH paau-
KajJl co CBOOOAHON BaJIEGHTHOHN CBSI3bIO HAa KOHIIE:

(R—) + CH,= CH; - R—CH,—CH,—

O6pa30BaBIIMICI KOMIUIEKC OYEHbL aKTUBEH M, B CBOIO O4epellb,
cnocoGeH MPUCOEIMHUTh HOBYIKD MOJEKyly ¢ obpa3oBaHUHeM Oojee
JUTMHHOTO pagukaina. Peaknus ronuMepU3aly NpoaoyKaeTcs A0 TeX
TI0p, MOKA He IMPOU30MIET 0OPHIB MOJTUMEPHOM LEMOYKH. B peakumoH-
HOil cucTeMe BOJM3M OT pacTyilleil MOJUMEpPHOI Ienu MOXeT OKa-
3aThCs APYroy CBOOOIHBIA pagMKas WIM Jpyras pacryllas HoauMep-
Hasi Lenb. Toraa MpoMCXOAUT MX COEAMHEHME IPYT C APYTOM, U IO~
MepHas Uelb IpeKpallaeT AaIbHEeHIIHI poCT:

R—CH,—CH,—...—CH,~CH,—R,

CTpyKTYpHYi0 GopMyNy HOJHMATHIEHA MOXHO 3amucarh B 0ojee
KOMIIAaKTHOM BMJIE:

i
...._.CI:__IC__....
H H

n
TOe n — CTEeNeHb MOJMMMEpPU3ALIMU, T.e. YUCIO MOJAEKYT MOHOMEpa,
OOBEAMHSIOUINXCS B MOJIEKYITY TTOTUMEDA.
Ilo Mepe yBeTMYeHHS 1 IOMUBTUIIEH CTAHOBUTCS Bee Golee BA3KOI
KMAKOCTBIO, a npu # = 1250 u MonexynspHoit macce M = 35000 on
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TIpeACTaBiIsAET COOOM TBepIblit AU3EKTPUK (MOJISKYJIIPHAsT Macca MO-
Homepa C,H, coctapnser 28).

B peanpHBIX YCIOBUSIX TTOJIMMEPHBIE MaTepHaIbl — 3TO CMECH Be-
HIECTB C Pa3jMYHON CTENEeHBIO IOJUMEpPU3ALMU, TaK YTO MpaKTHye-
CKM MOXHO FOBOPHTS JIMLIb O CpeaHeH cTenenu noinMepusaunn. Cre-
MeHb MOJUMEPU3ALIMH BO MHOI'OM OMpPENeIsieT BO3MOXHOCTH IpUMe-
HEHUS MONMUMEPOB (JIaKM, MAACTMACCHI, TUIEHKH, BOJOKHA, CTEKJIA).

IToMUMO peakiMy IMOJUMEpPU3aLlMH MOTYT OBITh OoJiee CIOXHbIE
ciay4au OOpa3OBaHUSl BBICOKOMOJIEKYJSPHBIX coeauMHeHUH. Takoma,
HanpuMep, noauKoHdeHcayus — peakuus, CBSI3aHHasl C Meperpynmm-
POBKOI aTOMOB MOJIMMEPOB M BbIASACHUEM M3 Chepbl peaKLUU BOIBI
WJIM JIPYTHX HU3KOMOJIEKYASIPHBIX BetlecTB. Hanbosee npoko B npak-
THUKE MTOJTMKOHAEHCAIMOHHOTO CUHTE3a NIPUMEHSIIOT MOHOMEPHI ¢ DYH-
KUMOHanbHbIMU rpynnamu —OH, —NH,, —COOH. Bcrpeuatorcs
peaKlMOHHBIE CUCTEMB], B KOTOPbIX B3aUMOAECTBUE (DYHKIIMOHATb-
HBIX TPYNIT HE NMPUBOJIMUT K OOpa30BaHUIO MOOGOUYHBIX HU3KOMOJIEKY-
JIIPHBIX MPOAYKTOB. K TaKMM CHCTEMAaM OTHOCHTCS, B YACTHOCTH, 3ITOK-
CHJHAsl CMOJa.

ITonukoHAeHCALIMS MOXET IMPOTEeKaTh KaK B MPUCYTCTBUM, TaK U B
OTCYTCTBUE Karanuzatopa. [Tosumepsl, MOAYYCHHBIE NYTEM MOJTUKOH-
JIEHCALIMHU, KaK MPaBUiIo, 00JanaloT TOHMXEHHBIMHU 3JIEKTPUUECKUMU
CBOMCTBaMM MO CPaBHEHMIO C MaTepUalaMH, TIONYJaeMbIMH 110 peak-
MY nonumepusaumy. OCHOBHOU MPUYMUHOM 3TOTO SIBASIETCS] HUTHYUE
B NOJIMKOHASHCALMOHHBIX JUICKTPUKAX OCTATKOB MTOOOUHBIX HU3KO-
MOJIEKY/ISIDHBIX BelIecTB (BOJbI, KUCIOT, CIIUPTA), KOTOPBIC pacnaaa-
SICh Ha MOHBI, YBEMUUKUBAIOT MIPOBOAMMOCTh MaTepuana. Kpome toro,
MOJIEKY/IbI KOHAESHCAlIMOHHBIX MMOJIMMEPOB COMEPKaT NOISIPHbIE IPYII-
MBI, KOTOpBbIE YBEMUUMBAIOT AUIICKTPUUECCKHE IMOTEPU U [MTPOCKO-
MUYHOCThL MaTepHaa.

s HEKOTOPBIX CPABHUTENBHO MaBHO MOMYYEHHBIX BbICOKOMOJE-
KYJISIPHBIX COSIMHEHMI MpH BCEM pa3sHOOODAa3MM MX MPOUCXOXACHUS
Y CBOMCTB B 0OUXO0J€ Y TEXHUYECKOM JOKYMEHTAUHNU COXPAHIIOCH €1le
MIpeXXHee HA3BaHUE UCKYCCMBEHHBIX CMOA.

IlyreM NONMMKOHIEHCALIMH NTOJIYYaloT HeHOA0POPMATIBACTUAHBIE U
O IM3GUPHBIE CMOJBI, a TaKXe IMOJUAMHUIbI, MOJUYPETaHbI, MOJU-
KapboHaTsl ¥ ap. K uucay BeuiecTs, MojiyyaeMblX 110 peakLUUH IOIU-
MEPHU3AIHH, KPOME TOJUITHIEHA, OTHOCATCS NTOIUCTUPO, NOJTUIIPO-
MWICH, TMOJUBUHWIXJIOPUI, MOJHUTETPAdTOPSITHICH, MOJAUMETAKPU-
JIaThl U JP.

JIuneitnbie 1 NpoCTpaHCTBEHHbIE HOJUMEPLI. B 3aBUCUMOCTH OT NpoO-
CTPAaHCTBEHHOM CTPYKTYPHI MAKPOMOJIEKY/ IOTMMEDHI TTOAPA3ACIIOTCS
Ha JIBa CCHOBHBIX TMIIA — JIMHEITHbIE U IPOCTPAHCTBeHHbIE. B aunelinbix
noAUMepax MaKpOMOJIEKYJIbI TMPEICTaBISIOT CO00i LiemoYeyHble T0-
CJIENOBATESbHOCTH TOBTOPAIOLINXCS 3BeHbCB. IIpy 3TOM OTHOLLECHUE
JUTUHBbI MaKpPOMOJIEKYJIbl K €€ MONEPEUHbIM Pa3MEPaM OUEHb BEJIMKO U
MOXeT ObITh nopsiaka 1 000. Tak, Mojiexya MOJAUCTHUPOJIA UMEET TN~
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Hy okoJjo 1,5 107 M npu nonepeyHsix pasmepax 1,5- 107 M, a moe-
KyJbl KaydyKa W LeJII0N03bl UMEIoT miuHy (4...8) - 107 M npu nomne-
peuHbIx pazmepax (3...7,5) - 10719 m. Monexyapl TMHEAHBIX TOJTMMEPOB
XUMUYECKH MHEPTHHI ITO OTHOLUCHUIO APYT K APYTY U CBSI3aHbI MEXAY
coboif auib cuiamu Ban-nep-Baanbca.

B npocmpancmeennbix noaumepax MaKpoMOJIEKY/IbI CBSI3aHBI B 06-
IIYIO CETKY, YTO MPUBOIMT K HEOIPAaHMYEHHOMY BO3pPAacTaHUIO MOJe-
KYJASIPHOI Macchl, KOTOpas XapakKTepPHU3YeT VK€ He OTIENBHYIO MaKpO-
MOJIEKYJTY, @ HEKOTOPYIO 00J1acTh IIOJUMepPa. B Takux NpoCTpaHCTBEH-
HO-CTPYKTYPHUPOBAHHBIX MaTepHaiax OTACIbHbIE MAKPOMOJIEKYJIb! TE-
PAIOT MHAMBUAYAJILHOCTE. [103TOMY MHOIAA IPOCTPAHCTBEHHbBIE MO~
Mephl Ha3bIBAIOTCA MOJUMEPHBIMU TeJaMHU.

Mexay cBOMCTBaMM JIMHEHHBIX U IPOCTPAHCTBEHHBIX MOJIHUMEPOB
HUMEIOTCS CYHIECTBEHHbIE OTIMYMs. KaK npaBuio, JIMHEHHbIE NOoIUME-
pbl CPaBHUTENBHO TMOKM M BJACTUYHBI, OOJNBIUMHCTBO M3 HUX IIpHU
YMEPECHHOM MOBBILICHUH TEMIIEPATYPHI JIETKO pasMsryacTcsi ¥ paciuiaB-~
Jsgetcs. [IpocTpaHCTBEHHBIC MOTUMEPHL 001a1a10T OOMBbLION XECTKO-
CThIO, pacIUIaB/lIeHHe UX MPOUCXOAUT IIPM BBICOKUX TEMIIEpaTypax, a
MHOTHE U3 HUX A0 JOCTHKEHMS TEMIIEPATYPhl ILIaBAEHUS pa3pyLiaoT-
CSl XUMUYECKH (CroparoT, OO0YIJIMBAIOTCS, PA3IaraioTcs M T.IL.).

B cBs3W ¢ TaKMMH CBOICTBAMM JIMHEMHBIE IOJMMEPHl B IPAKTUKE
Ha3bIBAIOTCS MEPMONAACMUYHbIMU MATEPUATIAMHU, & MTPOCTPAHCTBEHHbIE —
mepmopeakmusnsimu. HazBanue mociaefHUX MPOUCXOIUT OT BBICOKOI
PEaKMOHHON COCOOHOCTH MAaKpPOMOJICKYJ, KOTOpasi pe3Ko BO3pa-
CTaeT NpM HarpeBaHUU. B Takux BelecTBax MOJIEKYIbl aKTUBHO B3aM-
MOJEHCTBYIOT HE TOJBKO APYT C IPYTOM, HO U C MOBEPXHOCTIMU UHO-
ponHbIxX Tel. [ToaToMy TepMOPEaKTUBHBIC TOJIMMEPHI B OTIHYHE OT TEp-
MOIUTACTHYHBIX 00J1a1a10T BHICOKOU aIre3MOHHOMN CITOCOOHOCTHIO, UTO
TO3BOJISIET UCIIOJIB30BATh UX B KAYECTBE 3ALUUTHBIX TTOKPHITHIH, KJIeeB
Y CBSI3YIOLIMX BEIIECTB B KOMITO3MLIMOHHBIX TIacTMaccax. B yactHo-
CTH, MOJMMEPHBIE MaTepUaIbl LIMPOKO NPUMEHSIOT LIsl repMeTHU3a-
UMY U3AEIUN DISKTPOHHONW TEXHUKHU, a TaKXe NP CO3MAHUM 3JIEKT-
POU3OJISILIMOHHBIX Y BAAro3alllUTHBIX NOKPLITUH MOBEPXHOCTEH! rmony-
NPOBOAHUKOBBIX MPUOOPOB U UHTECTPAIbHBIX CXEM.

brnaronapsi cnaboMy MOJIEKYJISIDHOMY B3aUMOJEHCTBHIO TUHEHHDIE
NMojuMepbl B OOJBIIMHCTBE Ciy4yaeB 00JanaloT crocoOHOCThIO Haly-
XaTb ¥ PacCTBOPATHCS B MOAXOASIILMX [0 COCTaBY PACTBOPUTENSX C 00-
pa30BAaHUEM BSI3KMX PacTBOPOB, U3 KOTOPBIX 3aTeM HOMYYaIOT IMpoO-
YHble TUICHKM M BOJNOKHA. [IpOoCTpaHCTBEHHbIE MOJMMEPDI C TPYAOM
MOAIAI0TCSE PACTBOPEHHIO, a 3HAYMTENbHAS YaCTh U3 HHUX HEPaCTBOPU-
Ma. TUNHWYHBIMY NPOCTPAHCTBEHHBIMY NTOJIUMEPAMMU SIBJISIIOTCS (beHO-
N0(GOpMaNbIETHAHBIC M 3MOKCUIHBIC CMOJIbI, CUJILHO BYJKAHU3UPO-
BaHHBIA Kay4yK (300HMUT, 3CKAIOH).

[TpoMeXyTOUHBIMM CBONUCTBAMM MO OTHOLUGHMIO K JIMHEHHBIM M
MPOCTPAaHCTBEHHBIM CTPYKTYpaM OOJIaaloT pa3BeTBIEHHbBIE MOJUME-
pbl. TlpuMepaMu BeLIECTB C Pa3BETBIEHHBIMU MAaKpOMOJIEKYJIaMHU MO-
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I'YT CJAYXUTb IIPUBUTBIC COMIOIUMEDHI, MMOJU3THICH, IIOIYYEHHBIHA ITpU
BBICOKOM JABJCHUM U IIP.

I'ubKocTh W XHMHYIECKAA CBA3b. Bhicokas ruOKOCTh JUHEHNHBIX 11O~
JIUMEPOB ONPEALNSIETCS ABYMS ONMHAKOBO BaXXHBIMU (aKTOpaMu: pas-
MEpPOM MaKpPOMOJIEKY U TIPUPCAOI XUMUYECKOM CBSI3K MEXAY aTOMa-
Mu. Hanpumep, B MOMU3THIEHE, KaK U B IPYTUX HACHIIICHHBIX yIJIE-
BOAOpOAAX, KaXAblit aTOM yriepoia o0pa3yeT ueThlpe KOBAJICHTHbIC
CBS3M, HAIIpaBJIeHHBIE K YIJIaM IPaBUJILHOTO TeTpasapa. PaBHOBecHOe 3HAUe-
HIMe BaJIEHTHOTO yTJIa MeXKIY YTJIepoaJHbBIMY cBa3aMu paBuo 109°47', u mosaTomy
BBITIpAMJIEHHAS LEMb MaKpOMOJEKYIb! MMOJUATHICHA BBIDJISAAMT Kak
3Mmeiika (puc. 7.2). PacTsHyTb TaKylo 3MeiKy, He pa3pyHimB ee, HeJIb3s,
TaK KaK KOBAaJICHTHBIE CBSI3Y MMCIOT OAMHAKOBYIO JUIMHY W HamnpaB-
JieHHOCTh. YTo6Bhl M3MeHUTh BaJieHTHBle yribl (109°47°) wam nnuny
ceasedt (1,54 A), HyxxHa BecbMa 6oJbluast sHeprya. OIHAKO KOBAJIEHT-
HbI€ CBSI3M MEXAY aToMaMy ymiepona o61aialoT LUWIMHAPUYECKOH
CUMMETPHUCH: MPU MMOBOPOTE OAHOI YAaCTHU MOJEKY/Ibl OTHOCHUTEILHO
Apyroi BoKpyT ocll C— C nepeKphITHE MEKTPOHHBIX 000JI0UYEK HE M3~
MEHSIeTCS M, CJIeIOBATCAbHO, HE U3MEHSIETCS MPOYHOCTD CBs3ei. [1o-
3TOMY MOJNEKYJISIpHble 3MEWKU CITOCOOHBI U3rubathcst Onarogaps CBo-
0OMHOMY BpPAllEHHIO B YIJIEPOAHBIX Y37ax («cycraBax») 6e3 M3MEHe-
HMSI BaJICHTHBIX YIJIOB WIM JUIMHBI CBSi3edl U 0e3 3aTpaThl SHEPTHH.
MeXXMOJeKyIspHOE B3aUMOACHCTBUE OIPaHUUYUBACT TMOKOCTh MOMU-~
MEPHBIX MAKPOMOJIEKYII.

TerutoBble TONMYKMA HE B COCTOSIHMM BBI3BATh JABUXKCHMUE BCCH Mak-
POMOJIEKY/IBl B CTPYKType nojiumepa. OgHako Gsaronaps MOKOCTH
MOJIEKY/ISIDHBIX 1IeTed B TEIUIOBOM ABHMXEHUM MOIYT y4aCTBOBaTh OT-
IIeIbHbIE YYAaCTKM MaKpOMOJIEKYNbl, Ha3blBaeMble ceamenmamu. dem
MEHBLIIE pasMep CErMEHTOB, CITOCOOHBIX K CAMOCTOATE/ILHOMY Nepe-
MELICHUIO, TeM GOJIblle THOKOCTh MAKPOMOJIEKYIBL. Y JIMHEHHBIX ITO-
JIMMEPOB CETMCHTHI OOBIYHO COCTOSIT U3 HECKOABKUX AECATKOB 3BEHb-
eB. CerMeHTaIbHAs MOABUXHOCTb MONIEKYJISIPHBIX LIETICH ABASICTCS O~
HOW U3 NPUYMH PENaKCAUUMOHHBIX ANIACKTPUUCCKUX NOTEPD B MOAU-
Mepax.

Crpykrypubie dopmbi 4 pu3MIeCKHE COCTOSHUSA I10JMMepoB. Makpo-
MOJIEKY/Ibl MOTYT ObITb Pery/ISIpHbIMM K HeperyasapHbiMu. Ilonumep

Puc. 7.2. ®parMeHT MakpOMOJIEKYJIbl TIOJIN3TUIICHA
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Puc. 7.3. Cxema rnoGynsapHoOit CTPYKTYPHI
MOJIEKYJIBI JIMHEHHOTO MOJIMMEepa

MOCTPOEH PETYNSPHO, €CIU COOMONAETCS AATLHUI MOPSIO0K pPacnoo-
JKEHUS 3BEHbEB IT0 LieNH. [ MOKue HeperyIsIpHbIe MaKpPOMOJIEKY/IbI UME-
10T TEHACHIINIO CBOPAYMBAThCA B ChepornonobHbie CTPYKTYPHI, Ha3bl-
BaeMble eno6yaamu (puc. 7.3). IloBepxHOCTD I7100Y/1b1 HAMHOTO MEHBILIC
TIOBEPXHOCTH BBITAHYTOH MaKpOMOJIEKY/IbI, [IO3TOMY MEXMOJEKYJIsIP-
HOE€ B3aMMOJEHCTBUE NIPU KOHTAKTE IIOOYJ OKa3bIBAETCS CA0BIM.

KecTkMM MmoJIMMEpHBIM LEMSIM TPYAHO CBOPAuYMBATLCS B IIOOYJIBI.
3a cyer CUJI MEXMOJIEKYJIAPHOIO B3aUMOJEHCTBUS HECKONBLKO COCel-
HUX MaKpOMOJIEKYJI MOTYT OPraHM30BaThLCsl B HAYKU, TPEACTAB/SAIOIINE
c000ii IMyyKy napasvieNbHbIX Moitekya. ITonuMepsl ¢ rTHOKUMHU MaKpo-
MOJICKY/IaMH 00J1a/1al0T CIIOCOOHOCTBIO KPUCTAJUIM30BaThCs. B kpucman-
auyeckol ghaze 00bIYHO HAOMIOAAETCS CKIAXbIBAHUE MOJIEKYISPHBIX Lie-
nei, T.e. UX U3rub yepes onpelesicHHblE HHTEPBAIH 1o yriioM 180° u
BCTPAWBaHME B TUIOCKOCTH B BHIE rapMoIlUKH (puc. 7.4, a).

Ilpu KpucTamin3aluu CUILHO pa30aBieHHBIX PACTBOPOB MOXHO
MTOJYYUTH HEGONMBLIME TUIACTHHYATEIE KPUCTAUTBI HEKOTOPHBIX MOJIMME-
POB C NMPaBUJIBLHONU OrpaHKON (HalpuMep, MOAUSTHWICHA). B KpucTan-
JIMYECKOM TOJIUMMEPE MaKPOMOJIEKYJIbI IUIOTHO YIIAKOBAHBI U MM TPYI-
HO MNPOSIBAATh CBOIO F'MOKOCTb. Takue MOJMMepbl OOBIYHO SIBASIOTCS
KECTKUMH MaTepHalaMU C BBICOKMM MOIYJIEM YIPYrOCTH U Mok
nedopmupyemocTblo. O1HAKO Ha MpaKTHUKE yallle obpasylorcs 0osee
CJIOXHBIE CTPYKTYpbl — (GUOPUINBI U CHEePOTUTHI, B KOTOPHIX UMEET
MECTO YepeoBaHMe KPUCTAIMYECKUX U aMOopdHBIX npocioek. Che-
POJUTHI NPEACTABAAIOT COOOMH «COOpPHBIE MOJIEKYJISPHbIE KOHCTPYK-
HUU» U3 CUMMETPUYHO PACIIONOXKEHHBIX JIyueil, Kak M0Ka3aHO Ha pUC.
7.4, 6. B 3TOM cliyyae MOJIEKY/ISIPHBIC LIEMTH B KPUCTAIMUECKHUX 00Jia-
CTX OPUCHTUPYIOTCS MEPHEHAMUKYJISIPHO HAIPABACHMIO JIy4a, NPUYEM
MHOTHE MaKpPOMOJIEKY/IBl TIPOHU3BIBAIOT CPAa3y HECKOJBLKO 4Yepeny-
IOLIUXCS Npociioek, Gnarogaps yeMy o0eCreyrnBacTCss MOHOJIMTHOCTD
BEllieCTBA B LIECJIOM.

B nonumepax ¢ GuOpHIIAPHBEIM CTPOEHUEM OCHOBHBIMU BJIEMEH-
TaMH HaAMOJICKYASIPHBIX CTPYKTYp SBISIIOTCS MUKpPO(QUOPUIUILI, KO-
TOpbIE MTOXOXHW Ha Hepa3BeTBJICHHLIC JIYYH CPEPOTUTOB, HO OTIHYA-
IoLIKeCs] OT HUX Ooblieil ITHHON 1 OpUeHTALIMEH MOEKYISIPHbIX Lie-
nei B Kpuctauurtax (puc. 7.4, 6). Kpucramnusyiolmecsi rTHOKOLEMHbIE
MOJUMEDPBI, KaK MpaBUiIo, He OBIBAIOT MOMHOCTHIO KPUCTALINYCCKU-
Mmu. ITo3TOMY MX 4aCTO Ha3bIBAaIOT aMOP(PHO-KpUCTAUIHYEeCKUMHU, CTe-
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Puc. 7.4. CtpyktypHble HOPMBI KPUCTALTUYECKHX ¥ aMOD(hHO-KPUCTAIUIHYE-
CKHX MOJINMEPOB:
a — cKJajyatas CTpyKTypa MakpoOMOJIEKY/l B TUTACTHHYATOM KpUcTamie; 6 — cdepo-

JIUT € paguajbHOM MepUOTMYHOCTBIO B aMOPDHO-KPUCTAIUTMYECKUX MaTepuanax; 6 —
cxema GUOPUINAPHOTO CTPOEHUS MONUMEPOB

NEHb KPUCTAUIMYHOCTU MONMMEpPA, T.€. 00beMHAas A0 KpUCTa/LUIU-
YECKMX TPOCJIOEK TEM BhIIIE, YeM Ooiiee peryasipHOW OKa3blBaeTCs
CTPYKTYpPa MAKpOMOJIEKYJ1, T.€. Y4EM MEHbIIIe YMCIO Pa3HOro pojaa OT-
BETBJACHUHA.

IedopMalinOHHbIE CBOICTBa TAKMX MATEPHATIOB ONpPEALISIOTCS
aMOpGHBIMU COWICHSIOLIUMH Y4ACTKAMHU, COCTOSIIIIUMHU U3 CLIMBAIOILIAX
(«npoxonubix») MakpoMmosiekyi. Mx monsi penko npessiinaer 30 %, a
u3 31uX 30 % NpHUMepHO JIMIHb AeCITass YaCTh HENIOCPEIACTBEHHO pea-
TMpyeT Ha Harpy3ky. UMeHHO no 5Toi MpUUHHe pealbHas MeXaHUyec-
Kasi IPOYHOCTb aMOP(HO-KPHUCTAUVTMYECKUX ITOIMMEPOB HAMHOTO MEHb-
11i¢ TIPOYHOCTH MOHOKPHCTAIIOB.

AmopghHbie noaumepst XapaKTepHU3YIOTCS OTCYTCTBUEM TPEXMEPHOTO
JAJILHETO MOPSIIKA B PAacIONOXeHHH MaKpPOMOJNEKYI, XOTSA U B 3TOM
cJTyyae MOJIMMEDHI He SBJISIOTCS MOJTHOCTHIO HEYOPSIIOYEHHBIMU (Ha-
MPUMEP, BO3MOXHO 00pa3oBaHMe Ma4eK, MIOOYN U APYTUX HaaMoJe-
KYJSIPHBIX CTPYKTYD). DJIEMEHTBI YIIOPSIMOYEHHOCTH B aMOPPHBIX Cpe-
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Jax HOCSIT (bIIyKTYaLlMOHHBIM XapakTep, T.€. OHU ITOCTOSIHHO pa3pyHia-
I0TCS B OJTHUX MECTax ¥ o0pa3yloTcs B ApyruX. BpeMst Ux cyilleCTBOBa-
HHS 3aBUCHUT OT TeEMIIepaTypbl. ECIM He YYHUTHIBATh (DAYKTYHPYIOLIYIO
HaaIMOJICKYISPHYIO CTPYKTYPY, TO I aMOP(MHBIX MOJIUMEPOB ITOJIXO0-
JsiUIet OKa3blBACTCS MOAECb Xa0TUUECKU [EPECTIACTCHHBIX MOJIEKYAAD-
HBIX LICIIEH.

B 3aBUCMMOCTH OT TeMIIepaTyphl aMOpPGhHBIE TOJTUMEDPHI MOTYT Ha-
XOIUTLCS B TpeX (PU3MYECKUX COCTOSIHMSX, CYLIECTBEHHO pas3inya-
IOLIMXCS MO0 TEPMOMEXaHMUYECKMM CBOMCTBAM. DTU pasinuusi MOXHO
OTYETIUBO YBUAECTHL Ha pHC. 7.5, Tae NMpeAcTaBieHa CTaHIapTHas Tep-
MOMeXaHNYeCcKasi KpuBas A1 JIMHEHHOro NojIuMepa, OTpaxalowas u3-
MEHEHHME OTHOCUTENLHON JedopMalii NpY NOCTOSIHHOW HArpyske B
npoliecce HarpeBaHust MaTepuana. C KaXIbIM U3 TPEX COCTOSIHUM CBSI-
3aH OMpPEHSICHHBIA KOMIUIEKC (PU3MUECKMX CBOHMCTB, U KaXIOMy CO-
CTOSTHUIO COOTBETCTBYET CBOSA 00J1aCTh TEXHUUYECKOTO U TEXHOIOTHYC-
CKOTO HPHUMEHCHHUSI.

1.Crexnoo06pa3Hoe COCTOMHHUE. Marepuas B 3TOM COCTO-
SIHHM UMEET BHYTPEHHIOIO CTPYKTYPY XHAKOCTH U MEXaHUYECKHUE CBOA-
crBa TBepIoro teaa. ITonobHo TBEpAOMY TENy NOJIUMEp B CTEKI0O0pas-
HOM COCTOSTHMH 00JIaiaeT YCTOMYUBOCTBIO (POPMBI, )KECTKOCTBIO U XpYII-
KOCTh10. Jlaxe nmpu BechbMa OONBbIIMX MEXAHUYECKUX HANPSIKEHUSIX OH
JIMIIIL HE3HAYMTENIBHO neopMUpYeTCs Tepel paspylueHueM. Temre-
patypy, NMpU KOTOpOit MOJUMEP B OPOLIECCE HArpeBaHMS MEpecTacT
OBbITh CTEKIJIOOOPA3HBIM WM, HA0OOPOT, HPH KOTOPOH OH INEPEXOAUT B
CTeKJ1000pa3Hoe COCTOSIHWE, Ha3bIBAIOT TEMIIEPATYpPO CTEKIIOBaHMS
T,. Huxe remnepaTypsl CTEKJIOBaHHUs MPOLECCHl CTPYKTYPHOH pesiak-
CallM¥ TOPMO3SITCSI OFPOMHOM BSI3KOCTBIO Cpelibl U MaIOH TIOBUXKHO-
CTBIO MOJIEKYJI.

2. BoicoKko3MacTHUYHOE COCTOSHHUE. B 3TOM COCTOSIHUU Y
NOJTUMEPOB HabmoaaeTcs Gopiuas obparumast aecopmalius rpu cpaB-
HUTENBHO HEOOMBIINX MEXaHHYECKHX HaTIpsLKeHMsX. BercokoanacTuy-
Has pedopMaliis CBsi3aHa ¢ OPUEHTALIMEN U NepeMelieHUEeM 3BEHbEB
TUOK¥X Lleneld TIpU He3HAYUTENILHBIX U3MEHEHUSIX MEXXaTOMHBIX pac-
CTOSIHUH B MONEKYJax U ¢1aboit fepopMaliy BaIEHTHBIX YIJIOB.

IToauMepsl, KOTOpbIe HAXOASTCS B BEICOKOIJIACTHYHOM COCTOSIHMH
B YCJIOBUSIX UX 3KCILTyaTallMM, Ha3bIBAKOTCS 3aacmomepamy. TUIMYHBI-
MM HOpHUMEpaMU 3JIaCTOMEDPOB SIBASIOTCS KayuyKud M pe3uHbl. Takue
MaTepuaibl COCOOHBI BOCCTAHABIUBAThL CBOIO OpMY IOCIE CHATUSA

Puc. 7.5. 3aBUCUMOCTh OTHOCUTENBHO# nedop-

MaUUU TUHEHHOTO HEKPUCTALUTUYECKOTO oAU~

MEpa OT TeMIIEpaTyphl B YCIOBHSIX (BUKCUPO-
BAaHHOM Harpy3ku:

CC — crexnoobpasHoe cocrosiHue; DC — BBICOKO-

3nacTUdHOe cocTogHue; TC — BA3KOTEKydee co-
CTOsIHME
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HArpy3KM, Kak 3TO CBOMCTBEHHO YIPYrMM TBepAbIM TenaM. Kak mpa-
BWJIO, J1aCTOMEPHI 001a1a10T HEOOAbIIUM MOAYJIEM YIIPYTOCTH U XO-
POLIUMH aMOPTH3UPYIOLIMMH CBOHCcTBaMU. KayuyKM MOTYT YIUTMHSITh-
¢S IIpU pacTsikeHuu nouTu B 10 pas.

CocTosiHME BBICOKOM 3JaCTUYHOCTH SIBJISIETCSI MTPOMEXYTOUYHbBIM
MEXIIY KUIKOCTBIO U TBEPIBIM TeJIOM. IlepeMeleHHne yIacTKOB Lerneit
IO/l BJAMSIHUEM TEIUIOBOIO IBIXEHUS IPUOJIMXKAECT 3TO COCTOSIHHE K
KUIKOMY, a CBSI3H MEXIY MOJIEKYJIaMU, NMPEISTCTBYIOIINE MepeMe-
IHEHHIO LIEJIbIX LIeTIOYEK, POMHST €ro ¢ TBEPAbIM TenoM. I1pu Harpesa-
HUU BELIECTBA, HAXOASILUErocsl B BHICOKOBRIACTUYHOM COCTOSIHUM, J0
OTpeac/ieHHOM TeMITepaTyphbl CWIbI CHETUICHHUS MeXAY MaKpOMONEKY-
JIaMH MCYE3al0T, OHU MOJYyYalOT BO3MOXHOCTb MEPEMELUCHUS APYr
OTHOCUTEBHO Apyra. B pe3yapTare noauMep nepexoguT B COCTOSIHUE
TeKy4decTH. TeMrmepaTypa, Ipyu KOTOPOH COBEpHIAETCSA TaKOH IIepexo,
Ha3bIBACTCST TEMIEPATYpOit TeKkyuecTH 7.

3. Ba3zkoTekyuee COCTOAHUE. DTO OOHO M3 CTPYKTYPHO-
XKUIAKUX COCTOSTHUM TOIUMEPOB, IPU KOTOPOM BO3ACHCTBHE MCXAHHU-
YECKHUX CUJI TIPHBOIUT NPEUMYIIECTBEHHO K Pa3sBUTHIO HEOOPATHUMBIX
(mnactnyeckux) aecopmaunii. TeKyuecTh CUCTEMBI 3aBUCUT OT BS3KO-
CTH BELUECTBA, KOTOPAsi, B CBOIO OYEPEAb, XapaKTepU3yeT BHYTPEHHEE
TPCHUE U COTIPOTUBICHUE 1eOPMUPOBAHUIO cpenbi. [1pu nepexone ot
CTEKJIOO0PA3HOI0 COCTOSHUS B TEKy4ee WM HaoOOpOT BI3KOCTh pas-
JIMYHBIX CHCTEM MOXET MU3MCHSTLCS: HA HECKOJIBKO nopsiakoB. Heobpa-
TUMOCTH Ae(POpPMAIIUHA BSI3KOH Cpelbl B COCTOSIHUM TEKY4eCTH U (DUK-
canus (popMbl MMpU NOCNENYIOEeM OXJIKAEHUHY MaTepuana HCIoiab3y-
€TCs B TEXHMKE NpU (POPMOBKE U3ACIUN M3 TePMOIUIACTUYHBIX ITOJIHM-
MEPOB.

ITokazanHbie HA pUC. 7.5 nepexoabl NoJUMepa U3 CIHOTO COCTOS~
HMs B JIpYroe He CBSI3aHbl C UBMEHEHHUEM CTPYKTYDHI, T.€. HE SIBASIOT-
¢st (a3oBBIMM, 4 MMEIOT YUCTO KHMHETHYECKYIO (peslaKCalMOHHYIO)
MPUPOAY. DTH COCTOSHUS HE MOTYT HaXOAMUThLCS1 B pABHOBECHH JIPYT C
JPYTOM IIpM OZHOH U TOH Xe TeMreparype.

AMOpPODHO-KPUCTUUINYECKUE OJHUMEPBI 10 TEPMOMEXaHHUYECKUM
CBOCTBAM BO MHOTOM ITOAOOHBI aMopdHbIM MatepuanaMm. B yacTHo-
CTH, OHU Takxke 00/131al0T CMOCOOHOCTHIO K OOJBLIMM. OOpaTUMbBIM
neopMalUsaAM B ONPEACICHHOM WHTEPBAIC TeMIlepaTyp (MHTepBaje
pasMsardeHus1). BricokoanacTuyHas aedopMalysi TAKUX MATepUAJIOB
0o0yC/IOB/IeHA «pacIpSIMJIIEHHEM» CITYTAHHbIX MOJIEKYJISIPHBIX LEneil B
aMOpPGHBIX MEXKPUCTALTUTHBIX MPOCIONKAX, KaK MMOKAa3aHo Ha pucC. 7.6.
BcnencrBue pasHoi WIMHBL LIENIOYEK Haubosiee HarpyXXeHHbIMU INpH
PACTSKEHUM OKa3bIBAKOTCS CaMble KOPOTKME U3 HUX. IMeHHO 3Ta He-
PaBHOMEPHOCTb PACIpPENCIeHUs] HArpy3KM MEXIY MOJeKYJISAPHBIMU
LEIMU M SBJSIETCH NPUYUHON HHU3KOM MEXaHHYECKOHM MPOYHOCTH
JIMHEHAHbBIX MIOJIUMEPOB.

C yBenM4YeHUeM CTeNeHU KPUCTULUTUYHOCTH MOJIMMEPOB WIN YKMCIa
CIIMBOK (TTONEPEYHbIX MOCTUKOB) MEXIY MAaKpOMOJEKYIaMU MPOUC-
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Puc. 7.6. Cxema nedopMalliy MOJICKYISAPHBIX 4
ueneil aMoppHO-KPUCTAUUIUYECKOTO TTOJINME- YT T

pa B BHICOKODJIACTUYHOM COCTOSIHUHU: U
a — UCXOOHOE COCTOSIHHUE, 6— pPacTsaAXEeHHUE MOJIC- U

KYJISIPHBIX Lielleil Ipu BHELHENH Harpyske

et

{
6

XOIUT YXECTOUCHHUE LIeNIEH ¥ MTOCTEIIEHHO YTPAauMBAaeTCsl CNIOCOOHOCTh
K OOJbLIMM HeoOpaTuMBIM AegopMaiusaM. COOTBETCTBEHHO CIJIAXK-
BAIOTCSI TPAHULBI MEXAY TPEeMsl PasIMYHbBIMH (DU3HYECKUMH COCTO-
SIHUSIMY, OTMEUCHHBIMM Ha puc. 7.5. IIpocTpaHCTBEHHBIC MOJUMEDDI
HAa BBICOKOM CTaAuM MOJTMMEPHU3ALIMY MOJTHOCTbIO HHEPTHLI K U3MEHE-
HUSIM TEMIIEPATYPhl OKPYXAIoUIeH Cpeabl.

TBepaple TMHEHHBIE MOTMMEPHI 00IANAIOT €1le OIHON BaXXHOM 0CO-
OEHHOCThIO. B oT/inyme OT OOBIYHBIX TBEPABIX TET OHM MPH OOIBIUUX
MEXaHMUYECKHUX HANPSKEHUSIX MTOJBEPraloTCs TaK Ha3bIBAEMOMY X000~
HOMY meueHur0 WIN BbIHYXXIESHHOM 3J1aCTHYECKOH nedopMaliiu, KOTO-
pasi OpyMBOAUT K POPMUPOBAHHIO OPUEHTHPOBAHHOIO COCTOSIHUSA MO-
Jaumepos. Ilpu nepopMUpoBaHUY TOTMMEPOB NPOUCXOAUT U3MECHEHUE
B33aMMHOTIO PAacCMONIOKEHUS] MOJIEKYJI, (OPM HaIMOJEKYISIPHOI opra-
Huzanuy. OpHEeHTallUs 371€MEHTOB CTPYKTYphI B HANpaBieHUHU NEH-
CTBUSI CWJIB! IPUBOJUT K MOSIBJICHUIO aHU30TPOITUK CBONCTB.

OnHUM U3 OCHOBHBIX CITOCOO0B YIIYYIIEHHS MEXaHUYECKUX CBOMCTB
JIMHEHHBIX TIOJUMEPOB SIBJISIETCS MX BBITSXKA, KOTOpasi MOXET ObITh
OIHOOCHOM, JIBYXOCHOM, TIJIOCKOCUMMETPHUYHOM U Ap. OIHOOCHOE OpH-
€HTUPOBAHUE UCTIOb3YIOT /I HOMyYEHHUSE BHICOKOIIPOUYHbBIX 1OJIUMED-
HBIX BOJIOKOH, @ TUIOCKOCHMMETPUYHYIO BBITSDKKY MPUMEHSIOT [UIst
YBEJIMUECHUS MEXAHUYECKON MPOYHOCTH TIEHOK U MeMOpaH.

CocraB noaumepHsIx Heneii. [To XuMHYECKOMY COCTaBY IOJIUMEDHI
MOXHO MOApPAa3NelUTh HAa OPraHMYECKUE U DJeMEHTOOPTraHUYECKUE.
K opeanuyeckum monumepaMm OTHOCHT TaKME BbICOKOMOJICKYISIPHbIE
COCIUHEHHUS, Y KOTOPLIX [JIABHAsA LIETb [TOCTPOEHA U3 ATOMOB YIJIEPO-
J1a WIN NPEICTABJSIET COO0M KOMOUHAIIMIO YIAEPO4a € KUCIOPOIOM,
a30ToM, cepoil uim dochopom. McKounuTeIbHAS CIOCOOHOCTD YIe-
pozia 00pa30BLIBATH MOJIEKYJISIPHBIE LISTTM U3 COOCTBEHHBIX aTOMOB 00YC-
JIOBJIEHA €ro OAWHAKOBON CKJIOHHOCTBIO K PCAKIMUSM OKHUCICHHUS U
BOCCTaHOBJIEHUSI, T. €. OAMHAKOBOU CMIOCOOHOCThIO OTAABATDH WM [IPU-
HUMAaTh 3J6KTPOHBI.

DnemenmoopeanuveckumMiy Ha3bIBAIOTCS TaKUE [IOJMMEpHI, Y KOTO-
DBIX IJIaBHAsl LECMb HE COAEPXMT aTOMOB yIJIepodad, HO 0OpaMsieTcst
opranuyeckumu rpynnamu (CH;, C,Hs, C¢Hs 1 ap.) uau atomamu
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Bonopona. Haubonee pacripocTpaHeHHBIMMU TPEACTABUTE/SIMU 9TUX Ma-
TEPHUAJIOB ABISIOTCA KpEMHMUROPraHUUecKue coeauHenus (Ioauopra-
HOCWJIOKCaHbl). OCHOBY TAKMX MaTepUATIOB COCTABISIET OUeHb YCTOM-
4YUBAasi CUJIOKCAHOBASI TPYHIIMPOBKA ATOMOB:

Pon
R R

CBoiCTBa NMOJIMOPTAHOCHIOKCAHOB MOXHO M3MEHSITh ITyTEM HU3Me-
HEHHUS CTENeHU MOJMMEPHU3ALIMH M COCTABA YIJIEBOJAOPOIHBIX paIuKa-
08 R. TIpu 3ToM MOryT GBITh MOJYYEHBI XHUAKUE, 3JACTHYHBIEC HIH
TBEpIbIe AUITCKTPUKU. B 3aBUCMMOCTH OT COCTaBa U CTPYKTYPHI MOJIe-
KYJSPHBIX 1eNeil OHUM MOTYT ObITh KaK TEPMOILTIACTHYHBIMHM, TaK U
TEPMOPEAKTUBHBIMYM MaTepuanaMu. B 4acTHOCTH, IUHEIHbIE U pa3BeT-
BJIEHHBIE MOJMOPTaHOCUIOKCAHbI C HEBBICOKOI MOJEKYISIPHOR Mac-
COI B HOPMATbHBIX YCJIOBUSX IPEICTABISIOT cOO0M OecLIBETHBIE KU~
KOCTU C MOJSIPHBIMYU CBONCTBaMU.

Daekrpuueckue cpoiicTsa. CTpOEHHE MAKPOMOJEKYJ BO MHOTOM
OMpENeNsieT 3NEKTPHUECKUE CBOHCTRA moyumepos. Bee xumuueckue
CBSI3U yIAEepoda ¢ APYTMMH 3JI€MEHTaMW B TON MJIM MHOUM CTEIEHU
TIOMSIPHBI M3-32 Pa3fiMyusl 3eKTPOOTPULIATEIBHOCTEH ATOMOB, y4a-
CTBYIOIIMX B 00pa3oBaHUU cB3U. CyMMAapHBIA TUIMOJIBHBIH MOMEHT
MOJIEKY/Ibl OMPENesieTCs] BEKTOPHON CYMMOH MUIOJBHBIX MOMEHTOB
OTAEABHBIX cBA3ei. Eciin Monekyna uMeeT CHMMETPHIHOE CTPOCHHE,
TO IUIOJIbHBIE MOMEHTHI OTHEIbHBIX CBS3€H MOrYT YpaBHOBELIUBATb
Ipyr apyra, 6aarogaps 4yeMy CyYMMApPHBIM OUMOAbHBIH MOMEHT MOJIe-
KyJbl paBeH HYJIO.

Beuiectsa ¢ HECUMMETPUYHO TIOCTPOSHHBIMU 3BEHBSIMU MTOJTUMED-
HBIX MOJIEKYJ SBISIIOTCS TUMOJBHBIMU M OOBIYHO OONANAIOT MOBBI-
LIEHHOH TUrPOCKONWYHOCTBIO, HEBBICOKUMHM MM CPEIHUMM DJIEKT-
PUYECKUMMU XapaKTEPUCTUKAMU. BBICOKOMOIEKYASIPHBIE YIJIEBOIOPO-
JIbl C CHMMETPHUYHO NOCTPOSHHBIMHU MOJNEKYJIaAMH TPAKTUYECKU HETIO-
JIAPHBI WIM CAA00TNONSIPHBI, NPOSBISIOT THAPOGDHOOHbIC CBOWCTBA, OT-
JIMYAIOTCS MAJIBIMU 3HAYCHHUAMU tgd M HUIKOH YIEIBHOUN ITPOBOIMMO-
CTBIO.

Bo Bcex TMHENHBIX MOIUMeEpaX pa3IMyaloT 1Ba TUIA PEeaKCalluOH-
HBIX TIOTEPD; JUROALHO-CeeMEHMAAbHbIe U OunoabHo-epynnossie. 11epBhIit
THTI OTPAXAET CY1IECTBOBAHUE CrieM(PUICCKOM (POPMBI TETLIOBBIX KO-
JiebaHU, NPUCYIIIMX BBICOKOMOJIEKY/ISIPHBIM BelilecTBaM. Kak yxe or-
MEYaJoCh, U3-3a LEMHOTO CTPOCHUSI MAKPOMOJIEKYS B YCIOBMSIX UX
0cabJIeHHOTO B3aUMOIEUCTBUS CTAHOBUTCSI BO3MOXHBIM B3aUMOOGYC-
JIOBJICHHOE JABVKEHUE KPYTTHOMACILITAOHBIX CETMEHTOB, KOTOPOE MOXHO
MPECTaBUTh KaK M3TUOHBIE KONeOaHUsI OCHOBHOI MOJIEKYJISIDHOM 1ICTH.
PazMep cerMeHTOB MOXET COCTaBJISATh AECATKH M JaXe COTHU MOHO-
MEPHBIX eTMHMULL
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BTopoit TUn pesnakcaliMOHHBIX NOTEPh OOYCIOBAEH BpallleHUEM Ma-
JIBIX MOJISIPHBIX TPy (PalUKajoB), COMEPXKalUUXCsi B OOKOBBIX BETBSIX
MakKpoMoJjieKyibl. Ecmu B GOKOBO# Lieny MOJuMeEpa COAepXaTcsl ABe
pa3MUYHbIE NOJSIPHBIE IPYIIbL, CIOCOOHBIE ODUEHTUPOBATHCS B 3JICK-
TPUYECKOM TIOJIE HE3aBUCUMO JIpYT OT Apyra, TO Ha TeMIlepaTypHOi
33aBUCHUMOCTH tgd MOXHO HaGIIOAATh 1Ba MAKCUMYMa IUITOJIbHO-TPYIT-
ITOBBIX MOTEPbD.

CerMeHTAIbPHOE IBUXEHUE B IMOJMMEpPaxX MPOSIBISICTCS] NPU TEM-
TepaTypax BhILIIE TEMIICPATYPhl CTCKIIOBAHUSA, TaK KaK HUXE TeMIIe-
patypnbl 7T, repexol CerMEHTa U3 OJHOIO MOJOXEHUS PABHOBECHUS B
Apyroe TpebyeT NMpaKTUUYECKH OECKOHEYHO G0NbLIOro BpeMeHU. Jst
OOJBLIIMHCTBA MTOJUMEPOB TEMIIEpaTYPHbIH MaKCUMYM tgd mns au-
NOJIbHO-CErMEHTAJBHBIX NMOTCPh MPEBLIIIACT €ro 3HaYeHUE A TU-
MOJIbHO-TPYINIOBOM penakcaiiuy (puc. 7.7). Ypenauuesue JUIMHBI yrie-
BOJZOPOMHBIX (AIKWIbHBIX) PAIMKAJIOB BCETAA BBI3IBACT CMELIECHUE
MaKCUMYyMa JUI0JbHO-CETMEHTAILHBIX NOTEPh B 00JacTh 60j1€e HU3-
KHMX TEMIIEPATYP.

Kpucraniusauusi nmoaMMepoB CONPOBOXIAETCSE 3aMETHHIM YMEHb-
IEHUEM KaK AUDJIEKTPUUYECKON MPOHUIIAEMOCTH, TaK U tgd. OqHaKo n
B 3TOM CIYYae COXpAaHsAETCH IMINeKTpUUECcKasa pejlakcalus ABYX pas-
HOBUIHOCTEH, OOYCJOBJIECHHBIX CETMCHTAJBHBIM JABUXEHUEM MaKpoO-
MOJICKY/ B aMOP(MHBIX MPOCIOiiKaxX U BpallieHHEeM IMOJSPHBIX TPYIIH B
OOKOBBIX BETBSIX.

Kak BugHO U3 puc. 7.7, yMeHblilleHUe KoJuuecTBa aMophHOH ¢a3bl
B KPUCTATM3YIONIEMCS MMOJTU3TUIEHTEpe(PTAIaTe MPUBOIUT K CHH-
KEHUI0O MaKCUMyMa tgd, CBA3AHHOIO C JIMIIOJLHO-CErMEHTAalbHOM
penakcauuei. OQHOBpeMEHHO NMPH KPUCTAIIM3ALUUU HabMogaeTcsa
BO3pacTaHWe YACIbHOTO CONPOTUBICHUS MMOMUMEPOB, MTOCKOIBKY
YMEHBILAETCS MOABUXHOCTh MOHOB, YYaCTBYIOUIMX B 3JEKTPOIMPO-
BOJHOCTH.
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Puc. 7.7. TemneparypHas 3aBUCUMOCTB tgd NSl NTOMUATHUAEHTEepedTaIaTa Ha
yactote 10° 't

I — aMOpCI)HO-KpHCTZJUIM‘{CCKOC COCTOSIHME, 2 — KPUCTANINNUYECKOE COCTOSAHHUE



386 T'nasa 7

CylleCTBeHHOE BJIMSIHME Ha PeNaKcallMOHHble MOTEPH OKa3bIBaeT
TaxxKe ractudukaius moauMepoB. C yBeTMUSHUEM COICPXAHUS I~
cTU(HUKATOpPA YMEHbINAETCA CTPYKTYpHas BSI3KOCTb TOJIMMEpa, 4TO
TIPUBOJIMT K YMEHBILICHUIO BPEMEHU pPEaKCallMU U OOYCIIOBICHHOMY
3TUM (PAKTOPOM CABUTY MAKCHUMYyMa peJIaKCAllHOHHBIX MOTEPh B CTO-
pOHY boJiee HU3KUX TEMITEPATYP.

Tennoduznyeckne cBoiicTBa. HOMBLIMHCTBO OPraHUYECKUX NOJUME-
POB MOXET JIMTENIbHO paboTaTh JIMILL MPU TeMrieparypax Hyke 100 °C.
Brlilie 5TOM TeMmmepaTyphl, KaK IPaBUJIO, TPOUCXOAUT OBICTpOE Ter-
JIOBOE CTApeHUE MaTepUana, T. €. HeOOpPaTUMOE YXYILIEHUE €ro CBOUCTB.
[TosTOMY OIHOM M3 BaXXHEHIIMX 33124 XUMHU BBICOKOMOJIEKY/ISIPHBIX
COENVHEeHUN Bceraa sipisiach pa3paboTka 00see HArpeBOCTOMKUX Ma-
TEPUAJIOB, COXPAHSIOIINX OMHOBPEMEHHO T'MOKOCTb, DJAaCTUYHOCTh U
Jpyrue UCHHbIE CBOICTBA OpPraHMYecKoi msonsuuu. K nonvmepam ¢
TIOBBILIEHHON HArPeBOCTOMKOCTHIO OTHOCSTCS (hTOPYIIEPOIBI (CM. IO~
pasa. 7.3), KpeMHHUHOpraHUYeCKUEe COEIUHEHUS, TIOTUUMHUIbL.

B KpeMHUIAOPraHMYECKHUX COCAUHEHUIX IHEPrUsl CUIOKCAHOBON
cBsizu Si— O 3HAYUTENbHO OOJibllie IHEPTHU CBSA3U MEXIY aTOMaMu
yrnepoga C-—C, uTo 1 onpeaenser 60jiee BRICOKYIO HATPEBOCTOMKOCTh
HOJUOPTaHOCHIIOKCAHOB, goxonsinyto go 250...300 °C. Btu coeaune-
HMS1 3aHMMAIOT MPOMEXYTOUHOE MOJOXEHHE MEXIY OpraHUYCCKUMU
BELIECTBAMH M CHJIMKATHBIMHM CTeKJIaMHU. HIX OTiiM4aeT BbICOKas yCTOMH-
YUBOCTb K AEHCTBUIO BJIard, XMMMUUECKast HHEPTHOCTb, CTOMKOCTb K
OKHUCJICHHIO, CIIOCOOHOCTh NMPOTHUBOCTOSATh MPOJOEKUTCIBLHOMY BO3-
JIEUCTBUIO COJIHEUHOTO CBeTa. [1OBBIIIEHHYIO CTOMKOCTb NOJMOPraHo-
CHUJIOKCAHOB K OKUCJIEHUIO OOBSACHSIOT TeM O0CTOSITEIbCTBOM, YTO aTO-
MBI KPEMHHUS B MOJMMEPHON LIEMH yXe CBA3aHBI ¢ KUCIOPOIOM; aTo-
MBI X€ YIJIepola HaxXOASTCA TOJAbKO B OOKOBBIX BETBSIX, U MO3TOMY
OKHUCIIEHHE YINIEPONia HE BBI3BIBACT pa3pylIeHHWs] OCHOBHOH MOJEKY-
JISIpHO# 1LIETNH, KaK 5TO MMEET MECTO B OpPraHM4eCKUX TOJMMepax.

[To cpaBHEHMIO C KpeMHUHUOPTaHMYECKUMM COCTUHEHUSIMU ellle
bosnee BHICOKON HArpeBOCTOMKOCTBLIO 0ONANAIOT HOAUARIOMOOPSAHOCU-
JAOKCAHb, Y KOTOPBIX OCHOBHAS 1ieNb NMOCTPOSHA U3 YepeaylOLIHUXCS
aTOMOB KPEMHMS, KUCIOPOJa U ATIIOMUHUS:

)
R 0

Takue noauMepsbl CIOCOOHBI BBIIEPXUBATh TeMItepaTyphl 10 500 °C,
MOFYT MEPEXOIUTh B HEPACTBOPUMOE HETIABKOE COCTOSHUE.

K yncny Hanbosee Harpe BOCTOMKHX OpraHM4eCKuX I10JHUMEPOB OT-
HOCATCA HOAuuMudbl, 3aMeJaTE/IbHBIE CBOMCTBA KOTOPBIX BO MHOTOM
ONpENeIsSIIOTC apOMaTHUECKON IMTPUPOIOH MOJIEKYI:
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MomunMuoHas mieHka pabotocnocobHa npu Temmeparype 300°C B
Teuenue 1000 yacos. Haxe npu 500 °C ee KpaTKOBpeMeHHas Npoy-
HOCTb BIBOE NPEBOCXOAUT IMPOYHOCTh IJIEHKM K3 MOJTHUITUIECHA IpU
20°C. Bnaronaps XuMU4eCKOl U TEIUIOBOM CTaOMIBHOCTH MOAMUMHUA-
HBIE MICHKM IMPUMEHSIIOTCSI B KAUeCcTBe rHOKUX MEYaTHBIX [LIaT, LITeii-
(0B ¥ MOTOXEK TMOPUIHBIX MHTErPAJIbHBIX CXeM, & TAKXKE B KOHACH-
caTopax, HarpeBOCTOMKMX KabeJbHBIX M3ENUSIX, B N30JISALMHU 3JIEKT-
PHUYECKHX MAlllKH.

Hapsny ¢ BeiCOKOM HarpeBOCTOMKOCTBIO MOJHUMHABI OONANAIOT
HCKJTIOYMTEIbHONM XOJI0JOCTOMKOCTBIO. KpHTepueM YCTOMUHMBOCTH K
XOJIOAY JUTs1 OJIMMEPOB SABMSIETCS OTCYTCTBHE XPYIIKOCTH M COXpaHe-
HUe 3TAaCTHYHBIX CBOUCTB. JLJisl HOBBIIIEHUS XOJJONOCTOMKOCTY TOMIH-
MEpPOB, 3KCIUIVaTUPYEMbBIX B CTEKJIOOOpPa3HOM COCTOSIHMH, MX YacCTO
IMOABEPraloT IacTuUKAUUU. Y HOJTHUMUIOB MEXaHUYECKHE CBOCTBA
NPaKTHYECKH HEe U3MEHSIOTCH BIUIOTh A0 KPHOTEHHBIX TEMIIEPATYP.

XapakTepusya Tenaodu3nyecKue CBOICTBA MOJHMEPOB, HEOGXO-
IUMO OTMETHMTh, YTO BCE 3TH MaTepHabl OTIHYAIOTCS Majoil Tero-
TIPOBOAHOCTRIO. Y JIMHEHHBIX IMOJIUMEPOB OHAa OOBIYHO COCTABJISIET
0,1...0,3 Br/(M- K), 4TO npuMepHO Ha TPH NMOPSAAKA BETUYUHDBI MCHb-
e, YeM y MeTautoB. [103ToMy nojiMephl ABASIOTCS XOPOIIMMH Tel-
Jiou3ositopamu. BesiencrBe 0THOCHTEIbHOM MMOABIKHOCTH Lerei 1
CMeHb! KoH(popMaLuil (criocod0B YKIAAKK MaKpOMOJEKYJ) NMPH Ha-
TPEBaHUH NOJIMMEPH! UMEIOT OTHOCHTEJILHO BHICOKMI TEMITEpaTyPHBI
K03 PuLMeHT JauHeitHoro paciupenus (107... 10~ K-1). Onnako Bbi-
COKasl 3JIACTUYHOCTD JIMHEHHBIX MOJIMMEPOB [TO3BOJISIET COMPSITaTh UX C
TOBEPXHOCTHIO JIIOOOTO TBEPAOTO TEAA.

15t MHOTMX JTMHEHHbBIX OJIMMEPOB XapaKTepHa XUMHUECKasl HHEp-
THOCTD 110 OTHOLUICHHIO K HEOPTaHHUYECKUM BEIECTBAM U ropa3io MeHb-
ulasi XUMHUYecKass yCTOHUMBOCTb MpPH KOHTAKTE C OPraHUYECKUMU
peakTHBaMu. B ripuHuUMIIEe BCE ITOJIMMEPHI HEYCTOMYUBEL B Cpejax, 06-
JIAIAIOIIUX PE3KO BbIPaXXCHHBIMU OKUCIUTENbHBIMU CBOMCTBaMU. Oco-
OCHHOCTb MOJUMEPOB COCTOMT €UIC M B TOM, UTO MO CBOEH Ipupole
OHU He SIBJISIIOTCSE BAKYYMIUIOTHBIMM MarepuanaMy. Monekynsl ra3o-
00pa3HBIX ¥ XUAKUX BEUIECTB, OCOOEHHO BOIBI, MOTYT IIPOHUKATH B
MUKPONYCTOThI, 00pa3yioIiHecs IIpY ABHXKEHUU OTHEJIbHBIX CerMeH-
ToB. TakuM 00pazoM, repMeTH3UPYIOUINE BO3MOXHOCTH IOJUMEPOB
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OTpaHWYeHBbl, a MAaCCUBHUpYIOllee UX ACHCTBUE He YHUBEpcaTbHO. [1o-
3TOMY MOJUMEPHAsT MACCUBALIMS MPUMCHSETCS B HCOTBETCTBCHHbIX
ciiyyasx. BMecre ¢ TeM IS ITOJIMMEPHBIX MOKPBITHH XapaKTepHBI OT-
CYTCTBHUE MaKpOIOPUCTOCTH U XOpOUIas aire3vsi K MaTepually OCHOBBI.

JecTpyKuus nomuMepoB. DTUM TEPMHUHOM OOBEIMHSIOT COBOKYII-
HOCTb XUMMUYECKUX MPOIIECCOB, MPUBOASIUUX K HEOOpAaTUMOMY U3Me-
HEHUIO CTPYKTYPHI U MOJICKYASIPHON MacChi IMOJUMEPOB, YXYIIICHUIO
KX MEXaHUYECKHUX, DJICKTPUUYECKUX, TECMIOPUIUUECKUX U JAPYTHX
CBOMCTB. JeCTpyKUMsI MOXET MPOUCXOIUTE KaK B MPOLIECCE U3TOTOBIE-
HUS U3JEIHIA, TaK K TIPU HUX IKCIUTyaTALlUM MMOJ BO3AEHCTBUEM Harpe-
BaHUS, OOIYYEHHs, YAbTPa3ByKa, XUMUUYECKUX arpeCCUBHBIX CpeE,
MMKPOOPIraHUM3MOB U 1p. BcaeacTeue yxyaleHUsT SKCIIyaTallMOHHbIX
CBOMCTB COKpalilaeTcsd pecypc paboThl OJIMMEPOB, UYTO MOXET MPUBE-
CTH K BBIXOIY M3IEIUN M3 CTPOS.

B 3aBUCHMOCTH OT NPHPOIBLI BOACHCTBUS Pa3INdaloT pa3Hbie BUALI
JNECTPYKUMHU: TEPMHUUYECKYIO, TEPMOOKHUCIHUTENBHYIO, CBETOBYIO, pajiu-
alMOHHYIO, MEXaHUYeCKY10, Ouonormueckyto u ap. Haubonee pacnpo-
CTpPRHEHHBIH €€ BUJ — TEPMOOKHUCIUTENbHAS IeCTPYKUMS — MPOUC-
XOJUT TOJ NeHCTBUEM OKMC/IMTEJIEH IPU MOBBLILIEHHON TeMIepaType.
dnsa 60psOBI € NeCTPYKUMEH B COCTAB MOJMMEPOB BBOMASIT Pa3IUYHbIE
CTaOUIU3aTOPBl, B YACTHOCTA AHTUOKCHUAAHTHI, KOTOpBIE 3aMEISIIOT
TEPMOOKHCIAUTENbHBIE peakunu. MHOraa necTpyKiys MpUMeHSeTCA IS
YaCTMYHOTO YMEHBIIEHUS MOJIEKYISIPHON MAacChl MOJMMEPOB B LEAX
obieryeHUsA UX nepepadboTKuU.

7.3. INTHENHBIE IIOJUMEPBI

MarepHaibl ¢ MAIBIME JHIJIEKTPHIECKHMH NOTEPAMHE (HENOAAPHBIE).
K HenonsspHbIM OTHOCATCS TAKUE NMONUMEPDI, ¥ KOTOPBIX MOHOMEPHLIE
3BEHbSI MAKPOMOJIEKYJI He 001analoT AMIOJIbHBIM MOMeHTOM. M3 MaTe-
PHAJIOB 3TOM rpynmnbl Hauboee BaXXHOE TEXHUUECKOE 3HAYeHUE UMEIOT
MONUATHIIEH, TTOJIMIIPOTIMIIEH, [TOIMCTUPOI, nonuteTpadropatuieH. Ux
OCHOBHBIE JIEKTPUYECKHE CBOMUCTBA NMpUBEACHSEI B Hproxenuu 3.

IlonuaTHUIEH, PACCMOTPEHHBIA B oapasn. 7.2, sBAsETCS Tpo-
JIYKTOM IOJIMMEPHU3ALMH STWIEHA B IPUCYTCTBUU KaTaIM3aTOPOB. B rpo-
MBILUIEHHBIX YCIOBHSX TTOIMMEPHU3ALIMIO IPOBOIAST MPU HU3KOM (OKO-
no 1 MIa), cpeanem (3...4 MIla) u BeicokoM (ropsinka 200 MIIa)
JlaBIeHUSIX 3TWIeHA. [ToBbilieHHe TaBNIeHUS] OMHOBPEMEHHO COMPOBOX-
aeTcsl TIOBBIIIEHHEM TeMIepatyphl nmpouecca ¢ 80 no 200...300°C.
Martepuanbl, noJiydaeMble B Pa3IMUHBIX YCIOBUSIX, 00MafaloT pasHoii
CTEHEHbIO KPUCTALIMYHOCTH, PA3MTUYHON MEXaHUYECKOHN NIPOYHOCTHIO
Y TUIACTHYHOCTHIO. Tak, eCNU y MOJIMATUIIEHA BLICOKOIO JaB/IEHU TIpe-
JieJl TIPOYHOCTH Ha pacTsKEHHUE B CpelHEM CcOCTaBisieT okono 14 MT1a,
a OTHOCHUTE/IbHOE YIJIMHEHHUE IpH pa3pbiBe 6;1mu3ko K 600 %, To y no-
JIM3TUJIEHA CPEIHEro M HU3KOTO NABJIEHUSI OHH PaBHblL COOTBETCTBEH-
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Ho 30 MIIa u 400 %. Takum o0pa3oM, MOJIUITHICH BHICOKOTO IaBJIe-
HUS OKa3bIBAeTCA MaTepHaioM §ojiee MaCTUYHBIM, HO MeHee Ipoy-
HbiM. C NOHMXEeHHEM IABJCHMSI TIPU TTOJIUMMEPU3AlIMU YBETUYHUBACTCS
nons kpucrajumdeckoit dasmt (1o 80...90 %), TIOTHOCTL M MOJIEKY-
JISIPHAs Macca MOAUMITHIEHA, [TOBBILIAETCS €10 XUMUYECKast CTOUKOCTD,
YMEHBIIAETCS Fa30~ M BIArorpOHULIAEMOCTb.

HonusTunen mpakTudecku Ge3BpeneH M NPU IKCIUIyaTaluu He
BLIIENSET B OKPYXAIOHIYIO CPEly BEILECTB, BPEIHBIX UIS 300POBbI
yenioBeka. BpenHoe neiicTBue MOTYT OKa3bIBaTh AUIIL MPOLYKTHI €ro
pasnoxenus. 11 Bcex BUIOB MOMUITHUNIEHA XapaKTepHO ciaboe uame-
HEHUE CBOVCTB B LIIMPOKOM JMAMasoHe TeMnepaTtyp U yactoT. Croii-
CTBA MOAUITHIEHA MOXHO MOIU(MHUIUPOBATL CMEIIMBAHUEM €T0 C ApPY-
MMM TIOIMMEpaM¥u UIM comojuMepaMu. OnHMM M3 Haubosee Mpo-
IPECCUBHBIX METOJOB 06paBGOTKY MOAUITUIEHA ABIAETCS PAIUAUUOH-
HOE CIIMBAHHE ero lemneil, Npoucxosllee MOX ACHCTBUEM MYYKOB
YCKOPEHHHIX 2JeKTpOoHOB. OGiiyueHue MOAUITHIECHA MTPUBOIUT K 3a-
METHOMY TIOBBILIEHUIO €10 MEXAHHYECKOMN MPOYHOCTH, MOIYJIS YIIpY-
TOCTH, TEPMOCTONKOCTH, & TAKXKEe XMMUYECKOH CTOMKOCTU K pacTBO-
PUTENSM.

[TonunponuAeH OTHOCUTCA K YHCIY TWHEHHBIX TEPMOILIa-
CTHUYHBIX TIOJUMEPOB M30TAKTHYECKOrO TUIIA, KOTOPbIE OTIHYAIOTCA
PETYISPHOCTBLIO CTPOEHUS MOJIEKYISPHBIX Lieneil. B u30TakTHUeCKOM
MTOJIMIIPONUIEHe BCe oprannyeckue pagukansi CH; pacnonoxeHst 1o
OJHY CTOPOHY OT IJIOCKOCTH OCHOBHOW YFrJI€POJHON LIeNHU:

H H

l | [ ]
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H CH;H CH;

B monekyne merana CH, BcieacrBue CHMMETPUYHOCTH €€ CTPO-
S€HUST JIEKTPUYECKUIT MOMEHT MeTuIbHOM rpyrinbl CH; ypaBHOBeLIM-
BAETCs MEKTPUYECKUM MOMEHTOM yrieBogopoaHoit cea3u CH. UmeH-
HO no3ToMy B Mosekyse nponuneHa CH,=CHCH; npoucxoaur Kom-
TIEHCALUS JUITOJIHHBIX MOMEHTOB OTAEJIbHBIX CBsI3ei HECMOTpS Ha OT-
CYTCTBHE CTPOTO#i CUMMETPHH B PacIIONOXeHUU aTOMOB.

ITo cBOMM (PHU3NYECKHUM U XMMH4Y€CKHMM CBOMCTBaM HOJHUIIPOIHIEH
OuYeHb OJIM3OK K IOJIU3TUIIEHY, HO B CDABHEHUU C HUM 00JIaIaeT MEHb-
LIe¥ TEeTIONPOBOIHOCTHIO, HECKOJIBLKO OOJIbIIEHl HArPeBOCTOMKOCTHIO,
Xye MEePEeHOCUT HU3KUE TEMIEePaTyphl, 0ojiee CTOEK, YeM IMOJUITH-
JIEH, K MCTMPAaHUI0O U MHOTOKpaTHBIM M3rubam. Hapsay ¢ 31UM OH
OT/IHYAETCS OT MONUITHIIeHA GOJbiliel CTOMKOCTBIO K OPraHUYeCKUM
pacTBopuTeNIsiM (0COOEHHO K YIJIEBOAOPOAHLIM) M 00Jiee BBICOKOM
YYBCTBHUTEIBHOCTbIO K NEUCTBUIO KUCHOpOHA, 0COOEHHO MpPU MHOBBI-
LIEHHbIX TeMneparypax. [ToaroMy B npoluecce nepepaboTKy NOJAUTIPO-
MWJIeHa B HEro0 Hajo 00s3aTe/bHO J00ABIATh CTAOUIN3ATOPDI.
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ITosuctupon nonyvarot u3 monomepa crupona CH,=CHC¢H;,
KOTOPBIH NpeacTapiisieT coO0oi NEerkylo OSCUBETHYIO CUHTETHYECKYIO
KUIKOCTE C XapakTepHbIM 3anaxoM. [omucTtupoan serko nepepadbathi-
BaeTCs B U3JeNnst OObIYHBIMU METOIAMHU, XapaKTePHBIMU IS TEpMO-
IU1aCTOB, HO HauboJiee LLMPOKO — JIMThEM NOJ AasieHueM. CTpoeHue
MaKpOMOJIEKYJI MONUCTUPOAA OTPaxaeT cheaylonias xummuyeckas dop-
MyJta:

I |
H C¢HsH C4Hs

B 3aBUCUMOCTH OT YCIOBUIt NONUMEPHU3AIUHA MOJEKYJIApHAs Mac-
ca M moxet goxoauts g0 600 000. HanGonbiliee npuMeHeHHE HaXO0-
jaar noauMepsl ¢ M B auanazonax 30000...70 000 (ocHoBa mns na-
koB) u 200 000...300 000 (nnactmaccsl). C yMeHblIeHHMEM M MOHM-
JKAIOTCSl MeXaHHYecKast IPOYHOCTb M HAarpeBOCTOMKOCTh MaTepuana,
HO OJHOBPEMEHHO YMEHBIIAETCS XPYIIKOCTh M YBEJIMUUBAETCS TEKY-
YECTb.

CTHpOA MOXET CaMONPOU3BONBHO IMOJHMEPU3OBATBCSA INPH KOM-
HATHOW TEMIIEpaType BO BpeMs XpaHeHus. YToObI HCKIKOUYUTH 3TOT
HeXXeJIaTeIbHBIN Mpolece, B XUIKYIO MacCy J100aBISIOT CIIIIHaIbHbIE
BElLIECTRA, 3aMeUISTIOLIME PEaKIMIO MOJIMMEepU3aliuu. Takue BellecTBa
TOIYYUITH Ha3BaHWe MHrUOUTOpoB. HepaBHOMepHast mojiMMepU3anus
BBLI3BIBAET HOSBJCHIE BHYTPEHHUX HaTpsiKeHuit B Matepuaie. [1osTo-
MY Y M3IEHH U3 ITOTUCTUPOJIA MOXET HabII0JaThesl 00pa3oBaHUE TOH-
yaiiux tpeiunH. YToObl NpeAoTBPaTUTh 3TO SABJIEHUE U YMEHbIINTD
XPYITKOCTb HOAUCTUPOIIA, K HEMY MHOTIA H00aB/ISIOT HEKOTOPbIE BUAL
CHHTETUYECKMX Kay4yKOB. Ellle OfHUM HETOCTATKOM MOJIMCTUPOIIA SIB-
JISeTCS HU3KAsl YCTOWYMBOCTD K IEWCTBHIO OPraHMYECKUX PACTBOPHUTE-
seit. Tonyon, 6eH30, YETHIPEXXIOPUCTHIR YIJIEPO JIETKO PACTBOPSIIOT
3TOT MOJUMEP. DTOT HEAOCTATOK YAAETCs CYLUECTBEHHO OCHa0UTh ITy-
TEM CHHTE3a COIMOJIUMEpPA CTUPOIa C MOHOMEPAMU BUHMIOBOM Ipyn-
TIBI.

HecMmotpst Ha TO 4TO MOJIEKYJIa CTHPOAA UMEET HECHMMETPUYHOE
CTPOCHHE, OHA TeM He MeHee IOYTH HEIOJsipHA, IIOCKOJIbKY AUIIOJb-
HbII{ MOMEHT YIJIEBOJOPOIHOM CBS3M YPAaBHOBELIMBACTCS IUITObHBIM
MoMeHToM denunbhnoil rpynnsl C¢Hs. ITonoOHas cutyauus sipnsercs
CJAeICTBHEM CHMMETPUU MOJIeKyabl 6eHzona CgHe.

Honuterpadropatuned (IITPI) B oreyecTBEeHHOM TpaK-
THUKE 4aCTO Ha3bIBaIOT (proporiactoM-4. Ilupokoe pacnpocrpateHue
MOTYYIIO TAKKE aMEPHKAHCKOE Ha3BaHue TedIOH. BTOT MOTUMED 10~
JIy4aloT 5MY/JAbCUOHHOMN nonuMepusalueit Terpadropatunera F,C=CF,
B MPUCYTCTBUHM HHULMATopos. Makpomonekyia [IT®D umeer pery-
JISPHOE CUMMETPHYHOE CTPOEHUE
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Takue peryJsipHOCTb U CHMMETPHs B PACIIOIOXEHHHU 3BEHLEB MO-
JIEKY/ISAPHOM Leny 06eCleYnBAIOT HEMOISIPHbIE 3JIEKTPUIECKHE CBOI-
CTBa M BBICOKYIO CTEIEHb KPUCTAJULIMYHOCTH HOJIy4aeMOTro MoauMepa
(o 90 %). Ina TexHuueckux uesei ucnonnsyot [ITAB3 ¢ Monexy-
JIIPHOR Maccoil OT HECKONBKUX COTeH Thicsiy 1o 10 maH. Cpenu Bcex
opranugeckux noaumepos [1TOI Beiaensiercss BHICOKOM HarpeBoc-
TofikocThio (0KoJio 300°C) M oyeHb BBICOKON CTOMKOCTBHIO K Ocii-
CTBHIO XUMHYECKUX PeakKTUBOB. Tak, Ha Hero He IeMCTBYIOT KOHIIEH-
TPUPOBAHHBIE CepHasl, COJISIHAsA, a30THAas W IJIaBUKOBBIE KHCIOTHI,
IHE/IOYH, CWIBHBIE OKHCIMTENHN M JIPYrHe arpecCHBHBie cpenbl. OH
YCTOWYUB K JJIUTEIBHOMY BO3JEHCTBHIO MOPCKOTO TYMaHa, COJHEY-
HO# paaualivy, INIECHEBbIX TPUOKOB, TPOIIMYECKOTo KnumaTa. Hexo-
TOpoe AeHCTBHE HAa HEro OKa3bIBAIOT JIMUIb PACIUIABJIECHHBIE 1EI0Y-
HbIE META/LIbl ¥ aTOMapHBIH TOp Npu NMOBHIILEHHBIX TEMNIEPATypax.
ITo CTOMKOCTH K XMMHYECKH aKTUBHBIM BeiectBaM [1TMD npesoc-
XOIUT 30JI0TO U ILIATHUHY.

OH Heropioy Ha BO3[yXe, NMPH HarpeBe B BAaKyyMe€ HE BBIICJSET
ra3o00pa3HbIX MPOIYKTOB, HE PACTBOPSAETCA HU B OJHOM M3 M3BECT-
HBIX PACTBOPHTEJICi, MPAKTUYECKHA HETMIPOCKOIMMYEH U HE CMayMBa-
€TCS BOJOK U APYTUMHU XKHIKOCTSIMH.

BrIcOoKHEe HarpeBOCTOHKOCTh U XUMHUYECKYIO CTOMKOCTD (hTopOoIia-
CTa MO CPaBHEHUIO C YIJIEBOAOPOAAMM MOXHO OOGBSICHHTH TEM, UTO
aToMbI (bTopa Gonee KpyITHbIE, YeM aTOMBI Bogopona. [losroMy onu
CO3/1aI0T CUJIbHOE MOJIe, 3KPaHUPYIOLLIEe YIIEPONHBINA CKEJIET OT BHElLI-
Hero BosaelicTBusa. Cama 000104Ka U3 aTOMOB (PTOpa TAKXKE MPOSIBIIS-
€T MHEPTHOCTD I10 OTHOUICHUIO K BHEIIHMM BO3IEHCTBUSIM H3-33 OOJIb-
moit sHepruu cesazu C—F.

droponnact 001a1a€T TaKCKe BRICOKON pagrallHOHHON CTOWKOCTBIO
Y NIPMMEHSIETCS [UISI U3TOTOBACHUS TIPOBOIOB, UCIONB3YEMBIX HA aTOM-
HBIX 2JIEKTPOCTaHIMAX. Takue nipoBoja He GOSTCsA NMOonaxaHus mMacel,
KEPOCHHA U T’MAPABINYECKUX XKMUAKOCTEH JaXe MPU MOBBLILHEHHBIX TEM~
meparypax. [103ToMy MX IIMPOKO NMPUMEHSIIOT JUTSE U30JISILIHHA OOPTOBBIX
Kabenen.

IIpu narpesauuu go remneparypbl 415°C IIT®OD paznaraercs ¢
BblIEJIEHHEM SIOBUTOTO raza — ¢ropa. Ho naxe npu aroit Temnepary-
pe noauMep He NEPEXOAUT B BA3KOTeKy4Yee cocToaHue. Iloatomy oOBI-
YHBbIE METOABI (POPMOBKHU TEPMOILIACTUYHBIX Mace wid [ITTMD Henpu-
roaHbl. OH nepepabaTbhiBaeTCA B U3AEIHUS METOJOM cliekaHus. I1pensa-
PUTENBHO U3 NOpoLIKa GOPMYIOT U3IeIue OnpeeaeHHOH GopMBI mmy-
TEM IIPECCOBAHMUs, a 3aTeM TMPOBOAAT CIIEKAHHE MpPH TeMIepaType
360...380°C.
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K Hepoctatkam [ITPI caenyer OTHECTH IIOXYIO adre3vio K pas-
JIMYHBIM MaTepuaaM, HU3KYI0 KOPOHOCTOHKOCTH, a TaKXe €ro Moji-
3YYECTDb [IPU CPABHUTENBHO HEOObIIMX MEXaHUYECKUX HATPY3KAX JaXKe
[IpU KOMHATHO# TeMneparype. MexaHU4YeCKNe CBONCTBA yaaeTcs yayy-
LIHTh IYTEM PAAMALHUOHHOTO MOIUMDULMPOBAHUS UIH BBEICHUEM Clie-
UMaJIbHBIX HAMOJHHUTENEH,

Bce HenonsipHbie TOJIMMEPBI XapaKTepHU3YIOTCS HeGOIbLION Iu-
3JIEKTPUYECKOM MPOHUIAEMOCTBIO, MAJIBIMU JTUIJIEKTPUIECKUMHU 110~
TEPSIMM B QMAIa30HE PaJIHMOYACTOT, BBICOKOH 3JMEKTPHYECKON MpoY-
HOCTBIO Y BeCbMa BbICOKMM YAEIbHBIM CONPOTUBICHKEM. [IuanexTpuyec-
Kasi IPOHMLIAEMOCTh HEOJISIPHBIX ITOJIMMEPOB B OCHOBHOM OIIPEIEIsi-
eTC IneKmponHol noaapusayueli. 1103ToMy 3HaYeHHE € HE 3aBUCHUT OT
YacTOThI U ¢J1a00 YMeHbIIAETCA C NOBBILICHUEM TeMITepaTyphl (puc. 7.8),
YTO HAXOAUTCS B COOTBETCTBUM C YMEHBLIEHUEM IIOTHOCTH MOJHUMeE-
pa npu HarpeBaHuu. TeMnepaTypHbBIH KO3GbMUIIMEHT AUIEKTPUYEC-
KO NPOHUUAEMOCTH HETIOISIPHBIX ITOJTUMEPOB OTPUIIATENCH 110 3HAKY
U OJIM30K IO YUCJIEHHOMY 3HAYEHMIO YABOCHHOMY KO3(dULMEeHTY
JIMHEHOTO paciiUpeHMUsI.

braromapst BHICOKOMY yIAETbHOMY CONTPOTUBICHHIO TTOTEPU Ha 3JIEK-
TPONPOBOAHOCTh B pacCMaTpUBaeMbIX MaTepHUasiaxX [IpU HOPMAaJIbHBIX
YCJIOBHUSIX UIPAIOT JajeKO He TJIaBHYIO pojib. PacueT morephb Ha 35eKT-
POINPOBOAHOCTD 110 (popMyJie (6.35) ¢ HCMOIb30BaHHEM 3HAYECHUI € U
p u3 [puioxenns 3 gaet st yactorsl 108 T tgd = 10719... 10712, uro
HMUTOXHO MAJIO MO CPABHEHHUIO C IKCIIEPUMEHTAJIbHBIMUM 3HAYESHH-
MU 3TOro mapamerpa. OTCIOAA MOXHGO CAENaTh BLIBOI, YTO AAXE B
HEIMOJISPHBIX MOAMMEPAX NIABHBIMU SIBJISIIOTCS PejlaKCalMOHHBIEC MO-
TEPU, XOTSI OHU M Mabl.

Ha puc. 7.9 npuseneHa TeMIiepaTypHasi 3aBUCUMOCTS g6 st [TTPI,
Ha KOTOPOI OTYETIMBO MPOSIBISIOTCS JIBA PEIAKCAIUOHHBIX MAKCUMY-
Ma, CBSI3AHHBIX C JUIMOJIbHO-CETMEHTANIBHBIMU M JUIICIBHO-TPYNIIO-
BBIMH noTepsMH. I1o10xeHne ITHX MAKCHMYMOB 3aBHUCHT OT YaCTOThI
U CTPYKTYPHOH BA3KOCTH MaTepuana. KpoMe TOro, IU3IeKTpUiecKue
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Puc. 7.8. 3aBUCHMOCTH JUSICKTPUUYCCKON MPOHULAEMOCTU HEIOIAPHBIX MO-
JIUMEPOB OT TEMIIePaTYpPhI:

! — nonuctupon; 2 — noauTeTpahTOPITIIEH
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Puc. 7.9. 3aBUCUMOCTh TaHIEHCa yrjia tgs-10%

JIU3NEKTPHUYECKUX TOTEPb OT TeMIepa-

TYPbl IS MOIUTETPAGMTOPITUICHA Ha
gactore 200 I'u:

1— AUNIOJIBHO-TPYTIIOBBIC OTEPH, 2 — ou-
NOJABbHO-CETMEHTAIBHBIC [TOTEPU

[Li
/ 2

100 200 300 400 7, K

O = N W A

TIOTEPK B HEMOJSIPHBIX IOJIUMEPAX O4YE€Hb YYBCTBUTEJbHBI K TIOJSAP-
HBIM NPUMECSIM, TaKUM KakK runpoxcunbsHble (OH) mnu kapOoHmnb-
uole (CO) rpynnsl, KOTOpbIE BCErna MPUCYTCTBYIOT B TEXHMUYECKHUX
MaTepHasiax BCJIEICTBME YACTUYHOTO OKMCIEHUS, 3aXBaTa KaTaau3a-
TOpa MOJUMEPU3ALIUU, MOJICKYN PACTBOPHUTEISA U APYIHX MPUUMH.
TarenbHOH OUMCTKOM MaTepuana yAaeTcss CHU3UTh PEIaKCallMOHHbIE
NOTEPU M JOCTUTHYTh 3HaUeHMi tgd = 1074,

braromapst MaibIM MOTEPSM HENOMIPHBIE IOTUMEPH] LIMPOKO MTPH-
MEHSIIOTCS B TEXHHKE BBICOKMX M CBEPXBLICOKMX 4acToT. IIpumepHO
20 % 1pou3BoiCcTBA MOJUITUIIEHA MOTpebnseT KabeabHast MPOMBILL-
JIECHHOCTb. Ero Hcnonb3yioT Ml U30JISILMU CHITIOBBLIX Kabeei ¢ Hanpsi-
xeHueM ot 220 go 3 000 B, a Takxke 11 U30JSLIUU PagHOYaCTOTHBIX,
TEJICBU3MOHHLIX, MMOABOAHLIX Kabesei, kabenei tenedOHHON CBI3U.
ITonuaTUIEH XOpOLUO 3apeKOMEHAOBaJ cehsl B KAuecTBe Marepuaia
JUTS BJIaro3alllMTHBIX KabeabHbIX 000m04eK. B xaGeabHO! NpOMbILILIeH-
HOCTH TIPUMEHSIETCS ITIaBHBIM 06pa3oM MOJIMITHIEH BBICOKOTO JIaBJie-
HMS OJarojaps cBoeit 60ee BRICOKOM 2JIaCTUYHOCTH.

ToHKHe MIEHKU U3 MOJMCTUPOIIA Y NOJIUTETPadhTOPITIIEHA IIPUME-
HSIIOTCS JJTSl M3TOTOBJECHUS TEPMOCTaOMIBHBIX BBICOKOYACTOTHBIX KOH-
JIEHCATOPOB C 10CTATOYHO 0OJIbiIOH EMKOCTBIO U BECbMA BHICOKUM CO-
MIPOTUBACHUEM U30MAUUH. LIeHHBIM CBOICTBOM TaKUX IUIEHOK SABJIAETCS
BBICOKAS JIEKTpHUECKasl IPOYHOCTh, gocturatomas 200...250 MB/m.

IMonuatunen Graromapsi XMMHUYECKOH HHEPTHOCTH HCHOB3YETCs
KaK BCIIOMOTAaTE/IbHBIA MaTepuas B TEXHOJIOTHH MOJYIIPOBOIHUKOB.
B 4acTHOCTH, U3 HEro U3roTaBIMBAIOT COCIMHUTEIbHBIC LIJIAHTH B yC-
TAHOBKAX [UISl OYUCTKM Pa3iUYHbBIX ra30B, TPyOONPOBOALI LI NOAAYM
Y pasnauBa ocobo uucToit Bonwl. HIMpoko pacnpocTpaneHa MmoJMaTUIe-
HOBasl MOCYAA JUIS XpAaHEHUS YUCThIX XUMUYECKHUX PEAKTHBOB.

Marepuaibl C NOBBINEHHBIMA TH3IEKTPHICCKHME TOTEPAMH (HOJIAP-
Hble). Y TOJSAPHbBIX JMHEHHbIX [TOJUMMEPOB M3-3a aCUMMETPUHU CTPO-
€HHS MOJIEKYJI CWIbHO BhIpaXkeHa NUITOJIbHO-pEeNTaKCalMOHHAS T10JIs-
pusauus. [TosToMy OHM 00TaHaIOT MOHUXKEHHBIMU 3JIEKTPOU3OIAIM -
OHHBIMU CBOHCTBAMHU IO CPABHEHMIO C HETOJSIDHBIMH TMOJTUMEpPAMHU,
0CcOBEeHHO Ha BHICOKHMX yacToTax. Haubonee pacnpocTpaHeHHBIMUY Ma-
TCpUAJIAMU 3TOU IPYIIIbl ABJSIOTCS TMOJIUBUHWIXIOPUI, TOJIUDTHIIEH-
TepedTanaT U HONMMaMHUIHbIe CMOJbL. VX CBOMCTBA MOXHO OXapakre-
PU30BaTh CACAYIOUIUMU YCPECAHEHHBIMM MapaMeTPaMU;
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OTHOCHUTE/IbHAS AUBNECKTPpUYICCKas: NPOHHULIACMOCTS ...... 3.6

YAEABHOE OOBEMHOE COMPOTUBIEHHE .ovveveererrereereaveenenns 10110 OM - M
TAHTEHC YIJIa AU3TEeKTPHYECKHX noTepb (f= 106 T') ...0,01...0,06
BNIEKTPUYECKAS TIPOUHOCTD wevvvnrrreeeeeeeaeeiiainnrraaeaaseaaasesnns 15...80 MB/m

MMonaumsunuaxaopun (IIBX) — Teepablii NponyKT nojaume-
puszauuu razoobpasHoro suHwiIxitopuza H,C=CH — Cl, npencrasisi-
olero co6oi 3TUNIEH, B MOJIEKyJe KOToporo oauH atoM H 3ameluen
aromoM Cl. HazBanue sunuaxaopud ot cnoBa «<BUHWI» IJIS1 TPYIIIBI aTO-
MoB H,C=CH — (110 3T0it TOTHKE CTUPOI MOXKET ObITh HA3BaH GUHUA-
ben3010M).

TMonusununxnopun umeer cocras (C,H,Cl), u crenymolee cTpoe-
HMeE:

B
BeeeN
H CQ H d

M3-3a CUABHBIX TOJSPHBIX MEXMOJEKYJSIPHBIX CBA3EH, IPOYHO
CHETUISIOUINX MOJNIEKYJISIPHbIE 11eNH, TOIMBUHWIXJIOPU, SBJISIETCS Ma-
TEPUAJIOM XECTKHM U HeruokuM. TemmepaTrypa TekydyecTu [1BX tem
BHILLIE, YEM HWXe TeMIlepaTypa MOJuMepHU3anuu. is npuiaHus
mactuyHocTH K TIBX moGapnsior 1miacTUGUKATOPhI, B KAYECTBE KO-
TOPBIX KUCIIONB3YIOT OPraHUYECKUE MOMSIPHBIC XUAKOCTU C BLICOKOH
TeMmIepaTypoit kuneHus. ITnactuduKaTop pasnBUracT MOJICKYJsSIpDHbIE
Lienu, ocaabisieT B3aMMOIECHCTBME MEXNy HMMM, Giaromaps yemy
MaKpOMOJIEKYJIBI TIpMODPETAIOT BO3MOXHOCTD EPEMEILATLCS APYT OT-
HOCHUTEJILHO APYra; MHBIMU CIOBAMM, IUIACTU(MPHUKATOP UrpacT poJib
CcBoeOOpasHON «MOJIEKYIApHOI cMa3Ku». BBeaeHue NOASIPHOro 1u1ac-
THU(PUKATOpA MPUBOIUT K 3HAYUTEABHOMY CHUXEHHIO YAEJBHOIO CO-
TIPOTUBICHUA U BO3PACTAHUIO TUEKTPUYECKUX ITOTEps. B 3aBUCHMMOC-
TH OT KOJIMYECTBA BBEACHHOTO IU1acTU(MUKATOpa U XapaKTepa nepepa-
6oTtku I1BX M3 Hero monyvaioT BUHUIUIACTHI, IJIACTUKATHI, ICHOIIA-
CTBl WJIH 3ME€KTPOU3OISALIMOHHDBIE JIAKU.

ITonustuneHTtepedTanar (1aBCaH) — 3TO TEPMOILIACTHU-
YHBIA TONMMEp, MOJIyYaeMbIH U3 STIJICHITHKOIA U TepedTaieBoit Kuc-
JIOTBI U UMEIOLIHUM CTPOEHHUE

...—CH,—CH,—~0—CO—C4H,— CO—0—CH,—CH,~—...

IIpH MOJIEKYJIsIpHO#t Macce M okosno 30 000. OH obnamaer 3HaYUTENb-
HOM MEXaHMYECKOW NPOYHOCTHIO U OTHOCUTENBHO BHICOKOM TeMIlepa-
Typoii pasmsiryeHus. [10 2/1eKTpUUECKUM CBOMCTBAaM JIJaBCaH OTHOCHUT-
cA K rpyrine JUIMOJBHBIX IU3J1eKTPUKOB. OH NMpUMEHsIeTCs AJisl U3ro-
TOBJIEHUSI BOJIOKOH, TUVIEHOK M JUISI APYrMX ueneil. I1lpy noBblIIEHHBIX
TeMIepaTypax JaBcaH GbICTPO OKUCASETCS HAa BO3AYXE, TaK 4To obpa-
GOTKY pasMSITYEHHOTO Pa3orpeBOM Marepuana MPOU3BOIST B aTMOC-
(epe HeiTpasbHOTO ra3a (a3ora).



OcHogHbLe c80licmea, 0CO0eHHOCU MeXHOL0ZUU U NpuMeHeHue OUudIeKmpPuKos 395

ITonnaMuaHble CMOJB TaKKe MMEIOT JUHEHHOE CTPOCHUE
MOJIEKYJ Y SABJIAIOTCS TEPMOIUIACTUYHBIMU BeliecTBaMu. OHU OT/IMYA-
I0TCSI BBICOKOM MEXAHWUYECKOU NPOYHOCTHIO U 3JaCTMYHOCTHIO, pa-
CTBOPMMBI M B HE3HAYUTEILHOM YHC/IE pACTBOPUTEEH (B YACTHO-
CTH, B Kpe30Jie U paciliaBieHHOM (eHoJie). DTH CMOJBI IIPUMEHSIOTCSH
JUIS U3rOTOBJIEHMS UCKYCCTBEHHBIX BOJIOKOH U TTAaCTHYECKMX Macc. M3
3THX CMOJI 0COOEHHO PacpOCTPaHEH KafpOH, CTPOEHUE KOTOPOTO Bhl-
paxaertcsi hopmysoit

...—(CH,)s— CO—NH— (CH,)s— CO — NH — (CH,)5— ...

TlonuaMuabl CTapeIoT NOJ ACWCTBHEM CBETA, BJIard, TEMOEpaTyp-
HBIX M3MEHEHHUH. BTO NMPOSABISAETCA B YXYALEHUY TUIACTUYHOCTH, CHU-~
JKEHUHM MEexaHU4YecKoi npouHocTu. [lonmamunam npucyiia OoTHOCHTENb-
HO BBICOKAast TUTPOCKOMUYHOCTD, JierKasi eopMUpPYyeMOCTh MpH Mo~
BBILEHHBIX TEMIIEPATYPaXx.

Y Bcex MONSIPHBIX MOJAUMEPOB JFUNIEKTPUIECKAs IIPOHMULIAEMOCTh
YMEHBIAETCS C POCTOM YacCTOTHI U CHOXHBIM 00pa3oM 3aBHCHUT OT
TeMNepaTypsl. JIusaeKTpUUecKe MOTepH ONPEASIISIOTCS npoiecca-
MU QUNOALHO-Ce2MeHMAbHOU N OUNOAbHO-2PYRNOGOH peaaKcayuu, cies-
CTBHEM YETO ABNSIETCS HAIMYUE MAKCHMMYMOB B TEMIEPATYpPHOH 3a-
BUCHMOCTH tgd (cM. puc. 7.7). I1pu noBuILLIEHHBIX TEMIIEpATypax, Kor-
I3 TMTONUMED HAXOAMUTCS B IUTACTHYHOM COCTOSIHMM, CYUIECTBEHHYIO
pPOJIb HAYMHAIOT UIPATh NMOTEPH, OOYCIIOBISHHBIE 31EKTPOIIPOBOAHO-
CTBIO.

[lonspHbie MOMUMEPH], IO CPaBHEHHUIO C HETIONSIPHBIMM, Xapak-
TePU3YIOTCS MPUMEPHO Ha /1Ba NMopsiaka OONbLUIUM 3HAYCHUEM tgd U
3aMETHO MEHBIINM YAETbHBIM 00BbEMHBIM conpoTuBiacHueM. [ToaTo-
MY OHH UCIOJIb3YIOTCS B OCHOBHOM KaK U30JISLHUOHHbIE H KOHCTPYK-
LIMOHHBIC MaTepualibl B IHaNa30He OTHOCUTEILHO HH3KHX YaCTOT.
CrnencTBueM MOJIAPHOCTHU SABJISICTCS CHIbHAS 3ABHCUMOCTh YASJBHO-
FO TOBEPXHOCTHOTO COTIPOTHBICHHUS OT BJIAXHOCTH OKpyXaroeit
CpEHbl.

ITonuBMHWIXIOPUAHBIH IJIACTUKAT MOJYYHUT LIMPOKOE MPUMEHE-
HHE B IIPOM3BOJIICTBE MOHTAaXHbIX IIPOBOIOB Oraromaps ruOKOCTH,
JOCTATOYMHOMN MPOYHOCTH U BHICOKOH NMPOU3BOANTENBLHOCTH HaJIOXe-
Husi usonsiun. Y3 sermacrudunnposarHoro [1BX usrorosnsior u3-
JIENUsl, CIOCOOHbBIE paboTaTh B XMMHUYECKY arpeCCUBHBIX cpenax. [lneH-
K{ U3 NoAusTUIeRTepedTaiaTa (JiaBcaHa) UCMONB3YIOTCS B KAUECTBE
HeCcylieil OCHOBBI IPH M3TOTOBJIEHUH JIEHTH MarHUTHOM 3anucyu. 13
3TOro MaTeprasa MOXHO MOJYyYaTh TOHKHE IIEHKHU ISl MEXCIORHOIM
HU30JLKMH B 06MOTKaxX TpaHC(OPpMAaToOpoRB, Apoccesicit U ApYrux no-
DOOHBIX U3HEAUi, paCCUYMTAHHBIX Ha paboyylo TeMIepaTtypy ot —60
1o +150 °C. KoHaeHcaropsl Ha OCHOBE JIaBCAaHOBBIX IUIEHOK 0013210t
Gonee BBICOKUMHU IpeneibHbIMU TeMmiepatypamu (1o 150 °C) no cpas-
HEHMIO ¢ OYMaXHBIMHM KOHIOCHCATOpaMM M MeEHbIUE MOCACIHUX IO
pa3Mmepam.
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7.4. RKOMIIOSUIITNOHHBIE ITOPOINIKOBBIE ITJIACTMACCHI
N CJOUCTBLIE ITJTIACTURHU

KoMno3unnuuonHbie NopomKoBbie miacTMacchl. OHU NpeaHa3HAYEHBI
JUT. UBTOTOBJICHHUS U3NEIUI METONIOM TOpAYEro MPecCOBAHMST WM JTU-
TbSI 110]] AABJICHHEM, COCTOSIT U3 CBA3YIOUIETr0 BellleCTBa (MCKYCCTBEH-
HBIE CMOJIbI — MPOCTPAHCTBEHHBIEC WU JIMHENHBIEC TOJIMMEpHI) U Ha-
TIOJTHUTENEH (IpeBecHast MyKa, KBapLUeBblil Mecok, OyMara, ClIIoasHast
KpOIlLIKa, KAOJAUH, ac0eCTOBOE WJIM CTEKJISIHHOE BOJIOKHO H T.1.). Kpo-
M€ TOTrO, B IUTACTMACCY A00aBISIOT KPACHUTEIU, CTAGUIIM3aTOPHI U TLTa-
CTH(HUKATOPEI.

HarmonHuTens yaeuesIseT IUacTMaccey, yiay4dllaeT ee MeXaHUIeCKUe
(a MHOTAA U 2JIeKTpHUUYECKUEe) CBOMCTBA. CTadUIU3aTOPb! HOBLILLAIOT €¢
CTOMKOCTb K TEPMOOKHCIIMTEILHBIM MPOLIECCAM, BO3AEHCTBUIO H3JTyUe-
HMI 1 MUKPOOPTaHHU3MOB, a IJIaCTU(UKATOPBl YMEHBIIIAIOT XPYIIKOCTh
U30ENUI, CIIOCOOCTBYIOT YJIYYIIEHHIO TEXHOJOTHYECKMX ITapaMeTpPOB
dbopmyemoii Komrozuunuu. [Ipy MacCOBOM NMPOU3BOACTBE U3MEIUH OTH -
HaKOBOM ()OPMBI U Pa3MepOB MPUMEHEHHE TUIACTHYECKUX MACC MTO3BO-
JisieT 06eCNeYUTh BBICOKYIO ITPOU3BOAUTEILHOCTD TPYAA.

B xayecTBe CBA3YIOLIMX BELIECTB UCIIOAB3YIOTCS (heHoMohopMans-
JErHIHbIE, aHUIHHOPOPMAaIbIAETHAHBIE, Kpe30J0dopMaTbIeTHIHbIE,
KapbamMuaoopMabIeruIHbe, MeTaMUHOMOPMATbIETHIHbIE, KPEM-
HMIOpraHuyecKue U JIpyrue cMosl. Mznemus Ha ocHoge deHONModoOp-
MaIETMIHEIX CMOJI YacTo HasbiBawTcs deHomnacramu. B 3aBucumo-
CTH OT COOTHOHIEHMS MEXIy KOMIIOHEHTAMHM M YCJIOBHI CUHTE3a MO-
IYT OBITH MOJYYEHBI [JIACTMACCHI KAK C TEPMOTUIACTUYHBIMHU, TAK U C
TEPMOPEAKTUBHBIMM CBOMCTBAMM (TEPMOILJIACTH U PEAKTOINACTHI).

®evonodopManbaAeTUAHBIE CMOJ Bl CUHTE3UPYIOT ITyTEM
peaxkuMu MOJIMKOHACHCAIIUM, TIPOMCXOAsAIIEH NpH B3aMMOACHCTBHU
BoaHoro pacteopa penona CsH;OH ¢ popmanuHoM (T.e. BOZHBIM pa-
crBopoM dopmanbaernaa CH,0) B nmpucyTCTBUM Katanu3atopa. Eciau
B XOJIe peakuMu obecreyuBaeTcsl H30bITOK PopMaIbIeruaa, TO NMoay-
YyaeTcs TePMOpPEaKTUBHAs CMOJIa, Ha3biBaeMas OakenuToM. [locnenuit
HMMeET HECKOJILKO CTaANH MOJMMEpPH3aMU, MPUIEM B Ha4aJIbHOM CTa-
MK, Ha3bIBaeMOH pe3oJioM, OakenuT elle o0janaeT MIaBKOCTLIO WU
JIETKO pacTBOPSETCS B CIIMPTE.

IIpu nanbHeillieM HarpeBaHUM pe30J1 MOABEPracTCsd AOMHOIHUTEIb-
HOI MOJMMEPU3ALIMU U NIEPEXOIUT B HEIUIABKYIO CTaIUIO — pesuT. B aToit
CTaauH TTOJUMEPH3ALIMH OaKeUT 001afaeT MPOCTPAHCTBEHHON CTPYK-
TypoOiil, NMOBBILUIEHHOH MeXaHUYECKOU MPOYHOCTHIO, YIyYlHIeHHBIMH
SMEKTPOU3OJAIMOHHBIMI CBONCTBAMH, IMPAKTHYECKU HEPACTBOPHM
HH B BOAE, HA B CITUPTY, HU B KAKUX-JIMOO OPraHUYECKUX pacTBOpH-
Tessix. B anekrpoHuike heHonodopManbaeruaHble CMOJIbI LIMPOKO MpH-
MEHSIOTCS ISt U3TOTOBNEHHUS CIOUCTDIX JIACTUKOB U 3J1IEKTPOU30JIS -
IIMOHHBIX MOKPHLITHIL. Bce pasHOBUIHOCTH OaKeIMTa OTHOCATCS K CHIb-
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HOIOJISIPHBIM JUJIEKTPUKAM M3-3a HATMYMS B MAKPOMOJICKYJIax [Ua-
pokcuibHbIX rpynn —OH. Jlns 6akenura B cTaiMK pe3uTa cpeaHee
3Ha4YeHHUE YIeIbHOIO CONPOTUBIECHHUS cocTapadeT okoo 10" Om-M,
MpHU 3TOM Ha yacTtoTe | MI'n nuanekTpuyeckas IpOHULAEMOCTbD € =
=4,5..5,0, a tgd = 0,01...0,02.

IIpu 3ameHe ¢eHona (B peakuuu ¢ GopManbIeTUAOM) AHUINHOM
C¢H;NH, nonyyaror aHuauuHodbopmManblieruaHble CMOJb
(amuHOMIacThl). UX NoAsipHbIe CBOMCTBA BHIPAXKEHBI MEHEE CWIBHO B
cpaBHeHMU C (eHOIMIACTaMM, TaK Kak aMuHHas rpynna —NH, 06-
J1aiaeT MEHBUINM AMTOJLHBIM MOMEHTOM, HEXEIU TMAPOKCUIIbHLIS
koMmIuieKcbl —OH. bnarogaps MeHb1IEH MONSIPHOCTH AMUHOIIIACTHI
BBIACISIIOTCA YJIVUIUEHHBIMUA 3JICKTPUUYECKUMU CBOMCTBAMU CpEeAu
MPOYUX KOMITO3HIIMOHHBIX racTMacc. OHM TaKXKe LEHHBI e1IE U TEM,
YTO MO3BOJNSLIOT NIPHUIABATh U3IEIUSIM JIO6YIO IPKYI0O OKPAacKy, TOT-
I1a kaKk (heHOTIACTHl U3-32 TEMHO-KOPHUYHEBOTO L{BETA CaMoil heHo-
JI0¢hOpMaNbAETUAHON CMOJIBI MOTYT TPUHUMATDh TOJIbKO TEMHBIE L{BE-
Ta.

Ucrnionbp3oBaHne KpeMHUHOPraHMYECKUX CMOJI TMO3BOJISIET
MOJYy4aTh TIACTMACCH ¢ HarpeBocToMKoCThIO 10 300 °C u Gojee. Kak
VX€ OTMeUasIoch B ronpasf. 7.2, 5T BellleCTBa OTJIMYAIOTCS MTOBBILLIEH-
HOI XMMMYECKOW CTOMKOCTBIO, MAJIOW TMTPOCKOIIMYHOCTHIO, OHU MIPaK-
THYECKM HE CMauMBaIOTCS BOIOM. OMHAKO KPeMHHIOpraHMYeCKHe Ma-
TepUAIbl CPABHUTEJIBHO JOPOTH, KPOME TOr0, OHH, KaK [PaBUIO, HME-
IOT HEBBICOKYIO MEXaHUYECKYIO TIPOYHOCTD.

Tum cBA3YIOLIETo BElIECTBa ONpeaensieT 0COOEHHOCTH TEXHOJIOTHH
M3TOTOBJICHUSI U3ACAMIT U3 IIacTUYeckux Macc. MicxomHoe chipbe Tia-
TEJIbHO U3MEJIbYAeTCs M nepeMerinpaeTcsi. U3roToBaeHHbIA TAKUM 00~
pa3oM IMpecc-MOPOIHOK UIeT Ha (hOpMOBKY HM3nenuil. PopMOBaHHE Tep-
MOPEAKTUBHBIX TUIACTMACC OOLIYHO MPOBOIAT ITyTEM IPECCOBAaHUs B
CTJILHBIX Mpecc-popMax ¢ MOMOILBIO THAPABINYECKUX ITpeccoB. Ecin
TpebyeTcss OMHOBPEMEHHO HArpeB W IABJIEHHWE, TO TUIACTHUHBI Ipecca
UIM cama Ipecc-popMa CHAOXAIOTCS 3JIEKTPOHArpeBaTe/bHbIM YCT-
POMCTBOM.

Jlvthe 1O NaBiEHUEM MPUMEHSECTCS IS MOAYYECHUST U3ICIIUA U3
TEPMOILIACTUYHBIX IacTMace. B 3ToM ciyvyae HCXOIHYI0 KOMIO3HLIKIO
MOAOrPEBAKT U Pa3MAr4aloT BHE Npecc-(QOopMbl U 3aTEM BIABAUBAKOT B
HeE C MOMOLUBIO ITyHXepa. it pukcupoBaHUs QOpMBI H3ACTUS IUTh-
eBas Macca AOJDXKHA OXJIAANUThCSl HEIOCPEACTBEHHO B Npecc-(opme a0
CHSITUSI JABCHUSI.

KOMITO3UIIMOHHBIE IIACTMACCH! HTUPOKO MPUMEHSIOTCS B KAYECTBE
3NEKTPOU3OISIIMOHHBIX U KOHCTPYKIIMOHHBIX MaTepuanoB. B yacTHo-
CTYU, U3 HUX MU3TOTOBJSIIOT KOPNYCHI PagUONPUEMHUKOB, TEJICBU30-
POB, MY3BIKAILHBIX LIEHTPOB, KOMIILOTEPHBIX MOHUTOPOB, Tenedo-
HOB, a TaKXe KJAaBHATYpPHI, LITETICENBHbIE PA3beMbl, PA3HOTO pona
BBIKJTIOUATETM U PYYKHU yrpaBieHus v ap. M3roTopneHue Takux usiae-
Jiuit 0OBIYHON MexaHUYeCKoi 06paboTKoi ObII0 OBI BECbMa TPYAOEM-
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KO, a (pOpMOBaHHUE U3 IJIACTMACCHI TTO3BOJISIET MOJYYaTh MX 34 OTHY
TEXHOJIOTHYECKYIO ONEepaIlHIo.

Cnoucrbie nAACTHKU. PasHOBUIHOCTBLIO KOMIO3UUMOHHEIX TJIACT-
MacCC SIBJASIIOTCS CAGUCIMbIE RAACMUKU, B KOTOPBIX B KaYeCTBE HAITONHMU~
TeJs1 UCMOJB3YIOT JIMCTOBLIE BOJIOKHHMCTLIE MaTepHUaibl. K CIIOUCTHIM
[JIACTUKAM OTHOCSIT F€THUHAKC, TEKCTOJIUT M CTEKIIOTEKCTOJIHT.

I'eTUHAaKC MONYYalOT ropsyeid MPeccoBKoil OymMar, mponuTaH-
HO# deHoNo-hopMaibaIErMIHONR CMOION B CTAAMH pPe30Jia WU APYTU-
MM CMOJIaMM 3TOTO Xe THIa. JIJisl MpOoU3BOACTBA UCITOAB3YETCS MPOoY-
Hasl U HarpeBOCTOIKas MponuTouHas 6yMara. [IpormMTKY pOU3BOIST
C MTOMOILBIO BOJHOMH CycrieH3UU GOPMATBIECTUIHON cMObE. JIMCTHI Oa-
KEeIM3UPOBAHHON OyMaru mocje UX CYLUKHM COOMPAIOT B MAKEThl U 3TH
MaKeThl NPECCYIOT Ha THAPABIUYECKHX TNpeccax Mpu Temmeparype 160 °C
noxa pasnerrem 10...12 MITa. Bo BpeMs npeccoBaHUsS cMOJIa cCHayaja
pa3MsIryaeTcs, 3amoiHAsl MOpbl MEXAY JIMCTAMM M BOJIOKHAMHM, a 3a-
TEM 3aTBEPACBACT, IEPEXOs B HEITUTABKYIO CTaaMIO pe3uTa. B pesynbra-
T€ BOJIOKHUCTAas OCHOBA CBSI3bIBACTCS B MPOYHBIA MOHOJMTHBIN MaTe-
puan.

I'eTMHAKC OTHOCUTCS K YHMCIY CUJILHOMOJSPHBIX AU3NICKTPHKOB,
TaK KaK M CBA3yiollee BellecTBO (0aKeIUT), U HAMONMHUTENDb (LIEUTIo-
Ji03a) o0nanaioT NOJSIPHLIMHU cBOCTBAaMU. CIIOMCTOE CTPOEHHE IeTH-
Hakca MPUBOIUT K aHU30TPOIMH CBOHCTB. Tak, ero ynejabHoe o0beM-
HOE COTNPOTHUBIIEHME p nionepek ciaoeB B 50... 100 pa3 BrIlue, 4eM py B
TIPOIOJIBHOM HamnpapjieHUU. [lepreHAuKyNSIpHO TUIOCKOCTH CJIOEB Ha-
OmonaloTcsl Takxke 0oJsiee BBICOKAS BJIEKTpUYEcKast MPOYHOCTh U MEHb-
mue ausnexrpuyeckue norepu (L, = 30 MB/m, tgd = 0,04...0,08 Ha
yactore | MTI'n).

T'eTHHAKC UCTTONB3YETCS U U3TOTORICHUs Hauboee NEIIeBhIX Te-
yaTHbIX I1aT. [TocnenHue ABASIOTCS THIIOBBIMM HECYLIMMU KOHCTPYK-
LIMSIMM paaMO3JICKTPOHHOM anmaparypbl. B coctaB nevatHoil miarthbl
BXOOUT IMUINCKTPUUYECKOE OCHOBAHME M IEYaTHbie MPOBOIHUKHU U3
TOHKON MenHoH ¢dosbru TomuHoi ot 30 mo 100 mxm. TpeGyeMslit
PHMCYHOK NE€YATHOUW CXeMbl MOJIY4aloT MyTeM U30HMpAaTebHOIO TpaBie-
HUSL.

TeKCTOAUT BO MHOTOM aHAJIOTMYEH FeTUHHAKCY, HO €ro IoJjryya-
10T U3 MPONUTAHHON XJTomyaTodyMaxKHol TKkaHu. OH obJ1anaeT Xyaim-
MM 3JIEKTPUYECKUMHU CBOMCTBAMHM, YEM T€TMHAKC, K TOMY X& B 5—
6 pa3 nopoXe reTMHAKCa, IIOCKOJBKY CTOMMOCTh TKAHHM CYILECTBEHHO
BblllIe CTOUMOCTH OyMaru. OQHAKO TEKCTOJIUT OTIMYACTCS MTOBBILLEH~
HOM CTOMKOCTBIO K MCTMPAHMIO U XOPOIIO IEePEeHOCHT yAapHble Ha-
rpy3ku. [103TOMY TEKCTONMT NPUMEHSIIOT TAKXKE B KAUECTBE KOHCTPYK-
LHMOHHOrO MaTepuana (KpenexHble TDIaHKH, IUTKY, naHean). CoorT-
BETCTBEHHO, €ro BhIIYCKAIOT HE TOJALKO B BHIE JIMCTOB, HO U IUIHT
TOJIMHON 10 50 MM.

CTEeKAO0TEKCTOJMT MpPEACTaB/sieT coboll NMCTOBOM MaTepuat
C MOBBLIMIEHHOW HATPEBOCTOMKOCTHIO M MEXAaHUYECKON IMPOYHOCTHIO,
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KOTOPBIHM U3TOTOBJISIOT MyTeM ITpecCcOBaHUS OeCUIeIOUHOM CTEKISITHHOM
TKaHH, MPOITUTAHHOM TepMOPEaKTHBHBIM CBA3YIOIMM. biaronaps nieH-
HBIM CBOHCTBaM HANOQJIHMUTENST CTEKJIOTEKCTOIUT 001a138T MUHUMATb-
HBIM BJIarororjolieHueM, UMEeT JIYYINylo CTabUIbHOCTE (OPMBI M pa3-
MEpOB, a €ro SJIEKTpPUYECKHe CBONCTBA OCTAIOTCS JAOCTATOUHO XOpPO-
LIMMHU Jaxe BO BIAXHOM cpefie (HarnpumMmep, Ha yactote 1 MI'1r tgd He
npesbiiiaet 0,04). I1o3TOMY CTEKJIOTEKCTONUT SIBISIETCS ONHUM M3 JIy-
YIIMX MATEPUATIOB UKL OCHOBAHHUM IT€YaTHBIX IUIAT.

B xayecTBe CBS3YIOIMX BELLIECTB IPH U3TOTOBJAEHUH CIONCTBIX I1a-
CTHKOB MOMUMO (heHONO0-DOPMAIBACTUAHBIX CMOJT [IPUMEHSIIOTCA TakKXKe
STOKCUIHBIE U KpEeMHHUHOPraHu4yeckue CMoJibl. 3aMeHa CB3YIOLIETO
He U3MEHsAET Ha3BaHME IUIACTUKA, a JIKLUb OINPEAessIeT €ro MpPOMbILI-
JIEHHYI0O MapKy. BBejeHHe 3MOKCUIHBIX MJIM KPEMHHUAOPraHHuIeCKUX
CMOJI CIOCOGCTBYET YAYUIIEHUIO TEIIOQU3NYECKUX U DJIEKTPHUYECKUX
CBOMCTB CJIOUCTBIX KOMIO3ULIUHA.

7.5. HEOPTAHUYECKHUE CTERJA

Oomue csepenua. Crexiia npeacTaBlIsiioT coboii KBasuaMmopdHbie
HM30TPONHEIE TBEPABIC BELIECTBA, B KOTOPLIX IMPH HAIMYUM GIMXKHErO
MOpsAKa OTCYTCTBYET HAJIBHHI MOPSIOK B PACTIONIOXEHHHU YaCTHIL

Heopranuyeckue cTeKia o XUMHYECKOMY COCTaBY NOAPA3AEIISIOT
Ha 3JIEMEHTapHble, XaJIbKOTCeHUIHBIC, FTATOT¢HHAHBIE M OKCUAHBIC. JINIIb
JiBa NMOCJIENHHUX BUJIA NPOSIBIAIOT JTUIIEKTPUUECKHE CBOICTBA, IpH-
YeM CpeaM raJIOreHMJIHBIX CTEKOJI HauOOJIbLUINN NMPAaKTUYECKHH UHTE-
pec IpeacTaBnsiioT GTOPUAHEBIE CUCTeEMBL. OCHOBY OKCHIHBIX CTEKOJI
cocTasisieT cTeknoobpasyowmmii okcua. K unciy creknoobpasyommx
OKCHIIOB OTHOCATCA coeanHerus Si0,, B,0;, GeO,, P,0s, As,0;. Kak
OTMeYaJIoCh B oapasA. 1.4, Takue CUCTEMBI XapaKTepHU3yIOTCs J0CTa-
TOYHO CHJIBHBIMH XMMHYECKHUMH CBSI3IMH MEXIY YacTHLIIAMU B pac-
IJ1aBe M HU3KOH CUMMETpHel Kpucrainuyeckoil dasel. Benencrsue
3TOr0 KMHETHKA KPUCTAJUTU3AIIMY OKA3bIBAETCS 3aMeUIEHHOM, a CTeK-
J1006pa3oBaHue MPOTEKAET CPABHUTEILHO JIETKO. 3TOMY MPOULECCY CHo-
CcOGCTBYET BBICOKasl BS3KOCTb PacCIUIaBOB, KOTOpast CHJIBHO CHUXAeT
CKOPOCTh IBMXKEHHSI ¥ IEPEOPUEHTHPOBKH YACTHII, HEOOXOIUMBIX JUTS
3apoXIeHMS HeHTPOB KpUcTALTHYecKo# (a3sl. [loHMXeHHE TemMnepa-
TYPbI NPUBOANT K OOBEAUHEHUIO YaCTHMII B KOMIUIEKCHI (KJIacTephl),
KOTOpbi€, B CBOIO OUepelib, BhI3bIBAIOT HaJibHEHIee ITOBHILICHUE BSI3-
KOCTH pacIuiaBa BIUIOTH O ITOJIHOTO €ro 3aTBepacHuUs. Lleasrif psan ok~
CHIIOB 06pa3yeT CTCKJIOBHIHOE COCTOSTHUE IPH MX CIUIABICHUH C APY-
ruMH oKcuaaMu. IIpuMepaMu TaKuX CMeLIaHHBIX CTeKJI000pa3yoIux
OKCHIHBIX CHCTEM MOTYT CIyXUTh Komnosuimu CaO— AL,O;, P,Os—
V,05 u jp.

HauGonpiiee pacipocTpaHeHHe B DJIEKTPOHHON TeXHUKE HONYIH-
JIM CUAMKATHbBIe cTexkna (Ha ocHoBe Si0,) Giarogapsi X BHICOKOM XM~



400 T'nasa 7

MMUYECKOH YCTOMUMBOCTH, a TaKXe HCIIeBU3HE M JOCTYIIHOCTHU ChIpb-
eBbIX KOMIIOHEHTOB. i MpuaaHUs OMNpeleeHHbIX (bu3nUecKux
CBOMCTB, a TAKOKE U3 TEXHOJOTHYECKUX COOOPaXeHHU! B COCTAB CHITH-
KATHBIX CTEKOJI BBOAST OKCUABI Pa3IMYHbIX METa/UIOB (Haubosee ya-
CTO — IIEJIOUHBIX U LLIENOYHO-3eMeNbHBIX), KOTOPHIe Ha3bIBAIOTCA MO-
dugpuxamopamu. OHU He CITIOCOOHBI CAMOCTOATENBHO (POPMUPOBATH CTEK-
JIOBUJTHOE COCTOSTHUE BELUECTBA. B COCTaB MPOMBILLUTEHHBIX CTEKOJ DNIEK-
TPOHHOTO Ha3HAYECHUSI OOBIYHO BXOIUT HE MEHEE TISTH OKCHUIHBIX KOM-
IIOHEHTOB, a ONTHYECKHE CTEKIA MOT'YT COJIEPXAaTh IO NECSATU pasiu-
YHBIX 100aBOK K CTEKI000pa3yIoLIeEMy OKCULY.

ChIpbeBble KOMITOHEHTH! M3MEJIbYaIOT B MENbHULIAX TOHKOIO TI0-
MOJ1a, OTBELIMBAIOT B HEOOXOAUMBIX KOTHYECTBAX U TLIATEIbHO Tiepe-
MELIMBAIOT; MOJYYEHHYIO TAKUM CIIOCOOOM LIMXTY 3arpyXaloT B CTeK-
JIOBApEHHYIO Neyb. B XpyImHOM MPOU3BOACTBE NPUMEHSIOT BaHHBIE IIEYH,
a JUisl TIONIyYeHUs] HeOOJBIIOr0 KOJIMYECTBA CTEKJIA C TOYHO BbIAEpP-
JKaHHBIM COCTaBOM HCIOIb3YIOT FOPUIKOBbIe Teud. I1pu Harpese mpo-
WCXOAMT IUVIABJI€HUE IIMXThI, U3 HEE YOAISIOTCS JieTyuue (ppakiuu
(H,0, CO,, SO, u ap.), a ocTaBUINECS OKCHIbl, pearupyss Mexay co-
60i1, 06pa3yIoT CTeKIoOMaccy, KOTopasi MAET Ha BbIpabOTKY JIMCTOBOTO
CTeKJIa WIN CTeKIOoM3aeauii TpebyeMoii (pOpMBI.

Crekiia He UMEIOT OTIpeAeIeHHOM TeMIepaTyphl IJIABICHUS, a IpU
HarpeBaHuy pasMArYaioTCs B MHTEpBaie Temiieparyp. st 1oboro cTek-
J1a Ha rpaduKe TeMIlepaTypHOMi 3aBUCHUMOCTH BSI3KOCTH BBIICJISIOT ABE
XapakTepHble TOYKH, COOTBETCTBYIOLIUE TEMIIEpaTypaM TeKydecTH 71
u crexioBanus T,. [Tpu Temneparypax Boilie 7.y CTeKJIa MPOSIBISIOTCS
CBOMCTBA TEKYYeCTH, TUIIMYHBIC [UIS XHUAKOFO COCTOSHUS. BA3KoCTh
Pa3AUYHBIX OKCHIHBIX CTEKOJI NP TeMIlepaType 7, pa3nuyaeTcst He-
3HAYUTEIBHO U 0ObIYHO HaxoauTcs B uHTepBaie 107...108 ITa - c. Tem~
nepaType crekioBaHHsA T,, HHXe KOTOpPOH NpOSBASIETCS XPYHNKOCTb
CTEKJ1a, COOTBETCTBYET BA3KOCTb nmopsaka 102 [1a-c.

Hurtepsan temnepatyp Mexny 1. u T, Ha3bIBaeTCsd UHMEPEANOM
pazmsazyenus, B KOTOPOM CTeKa 001a1aloT IIaCTUMHBIMK CBOMCTBA-
Mu. 1 OONBIIMHCTBA MPUMEHSEMbIX B TEXHUKE CUIUKATHBIX CTe-
kon T, = 400...600°C, a T, =700...900 °C, T.e. HHTEepBaJ pasMsirye-
HMS COCTaBJsIET HECKOJIBKO COTEH IrpaaycoB. YeM lupe HHTEPBaA pa3-
MSATYEHUSI, TEM TEXHOJIOTHYHEE CTEKJIO, MOCKOJBKY Jjerye ordopmo-
BaTh u3aenus tpedyemMoit opmbl. st GopMOBaHUS LLIMPOKC UCTIOND-
3YIOTCSI METOIBI NMPECCOBAHMS, 1UTAMIIOBKH, BBITSDKKU, LIEHTPOOEXK-
HOTO JINTbsI, BhIAYRaHUSA U Ap. [Ipu HOpMOBaHHUM CTEKIIOMACCA TIPOXO-
JIUT 4epe3 BCIO TEMIIePATYPHYIO 00J1acTh pa3MATYECHHS BIUIOTh A0 3aT-
BEpAEBaHUS CTEKIIa, Onarogaps yeMy GpUKcUpyeTcd dhopMa U3eusl.

BaxxHo OTMETHTB, YTO CTEKI000Pa3HOE COCTOSIHHE MaTepHaia Mo-
JTy4yaeTcsl JIMLIb ITPY OBICTPOM OXJIAXAEHUHU CTeKiIoMacchl. Kak ormeya-
JIOCh B oApasa. 3.6, 1isl KaXIoro paciijiaBa CylecTBYeT MUHUMANIBHO
BO3MOXHAasi CKOPOCTh OXJIaXIeHMSI, CIIOCOOHAs IPUBECTH K CTEKIIO00-
paszoBaHuio. B ciyyae MEITEHHOTO OXTaXKICHUS HAYMHAETCS YACTHUY-
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Has KPHUCTAJUIM3ALMs, CUJIMKATHOE CTeKJIO TepsieT MpOo3payHOCTh M3-
3a HapyieHus $Ha3oBol OAHOPOIHOCTH, & OTOPMOBAHHbBIE U3ACAUS
001a1a10T TP 3TOM HEBBICOKOW MEXaHMYECKOH MPOYHOCTHIO.

Ilpu ObICTPOM ¥ HEPAaBHOMEPHOM OXJIAXACHUHM B M3FOTOBJACHHBIX
U3MEUsAX U3 cTekia o0s3aTeNbHO OyAyT BO3HMKATH JIOKATbHBIE MEXa-
HUYECKHE HAMPSDKEHMsI, CPABHUMBIE C MPEJIEJIOM IIPOYHOCTH HA pa3-
pbiB. Takue HanpspKeHUS TAAT B cebe OrMacHOCTb PACTPECKUBAHHUS U3-
nenuii. JIns ycrpaneHus 31oro $akTopa M3roTOBICHHBIC CTEKIOU3AC-
st 00I3aTeIbHO MOABEPraloT CTAOWIM3UPYIOLIEMY omxucuzy IyTeM
HarpeBaHusl UX OO ONPEICACHHOW TeMNepaTyphbl, U30TCPMUUYECKOMN
BBLAEPXKKHU IO MOJIHOM pejlakCcaliiu MEXaHMYECKUX HaNpsKECHUH U
MOCJIEAYIONIET0 MEIEHHOTO PABHOMEPHOIO OXJIAXACHMA. MaKCHUMAaTbHO
BO3MOXHasl TEMIIEpaTypa OTXKUIa BCErAa HECKOIbKO HMXE TEMIIEpaTy-
pbl CTEKJIOBAHHUSI C TeM, 4YTOOBbl M30eXaTh BO3MOXHBIX Aedopmauuit
M3JIEMH, BI3bIBAEMbIX CIYYaHBIMH KOJECOAHUSIMHU TEILIOBOTO PEXUMA.

B HeKOTOPBIX CIy4yasixX B LIEISIX MOBLILICHUS MEXaHUYCCKOM MPOYHO-
CTH CTEKOJI UX MOABEPraloT mepmuueckoi 3axaske. Ee oCylIEeCTBISIOT
IIyTeM HarpeBaHMs CTEKJIA J0 TEMIIEpaTypbl, JeXallell B MHTCPBAIE
T....T,, ¢ nocnenyomUM OBICTPLIM ¥ PABHOMEPHBIM OXJIAXICHUEM B
TIOTOKE BO3MYXa WY XKUAKOCTHU. B pe3ynbTaTe 3aKaIKU B CTCKIIC NOSIB-
JISIOTCST PaBHOMEPHO pacHpeleiicHHBIE OCTATOMHBIE MEXaHHYECKHUE
HaNpsOKEHUS — CKUMAIOUIME B MOBEPXHOCTHBIX (OXJIKAAEMBIX) CJIO-
SIX ¥ PacTATMBAIOLINE BO BHYTPSHHUX. Y CHJIMKATHBIX CTEKOJ Mpeet
TIPOYHOCTH Ha CXaTHE B HECKOJIBKO Pa3 NPEeBLIIAET NPEes MPoyHO-
CTH Ha pa3psiB. [1o3TOMY B 3aKasieHHBIX M3eNUsAX 61aronaps KOMIEH-
calmny HaNpsDKeHUM MOBBIIIACTCS CTONKOCTh K PACTATUBAIOLIMM, HU3-
rubHbIM U yIapHbIM Harpy3kaM. OnHaKO 3aKanKa OKa3blBaeTCs JOCTa-
ToYHO 2P PeKTHBHOM TOJLKO B OTHOILICHHH K CTEKJIAM C JOCTaTOYHO
OONBIIKM TeMIepaTYPHbIM KO3(DOULMEHTOM JUHEWHOIO PAaCIUXPEHUS.
B yacTHOCTH, 3aKaJIKe MOABEPraloT CTCKJISHHBIC U30ASTOPHI BHICOKO-
BOJLTHBIX IMHUI 2JieKTponepenay. B ciyyae noBpexxaeHUsl TaKUX U30-
JISTOPOB OHM PACCHINAIOTCS HA MEJKME OCKOJKM 32 CYET BHYTPEHHUX
MEXaHMYECKUX HANPSKEHUH, YTO CYHIECTBEHHO 00JieryaeT Haxoxuie-
HHE MOBPEXICHHOIO Y4acTKa U3OJSIUHU.

3aBHCHMOCTH CBOIMCTB CHIMKATHBIX CTEKOJ OT HX XHMHYECKOro €O-
crasa. CHJIMKAaTHbIE CTEKIIA 110 COCTaBY U 3NEKTPUYECKUM CBOMCTBAM
MPUHATO IMOAPA3NEAATL HA TPY OCHOBHBIC IPYITIILL.

1. becutenoyHbie cTeKaa (OTCYICTBYIOT OKCHALI HAaTpHUS U
Kajius). B a1y rpynny BXOOUT YUCTOE KBApLIEBOE CTEKJIO (IUIaBACHBIN
kBapi). Takue crekia, cogepxaiiue 10 99,99 % SiO,, 061ana10T BhI-
COKO#l HarpeBOCTOMKOCTBIO, BHICOKMMU 3AeKTPUYECKMMH CBOMCTBa-
MH, HO U3 HUX TPYAHO GOPMOBAThH U3ACIUS CIOXHON KOHpUrypauuu
K C MaJIBIMM JOIYCKaMH IO pa3sMepam.

2. HlenouyHnie cTeKaa 03 OKCHUAOB TIXEJHBIX Me-
TaJdJioB AU C MajJdblM HX COIEPXaHHeM. Jra rpyirna cre-
KOJI COCTOMT M3 IBYX ITOATPYHIL, a) HAaTpHeEBHIe; O) KajueBbie WIHU
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KaJINE€BO-HATpHUEBbIe KOMIIO3UIUHU. Croga BXOIUT OOJILLINHCTBO 00bIY~
HbIX cTeKo1. OHY OT/IMYAIOTCH TTOHMXXEHHOM HarpeBOCTOMKOCTBIO, JIETKO
06pabaThIBaOTCs IIPU HATPEBAHUU, T. €. TEXHOJIOTHYHBI, HO MMEIOT [0~
HUXXEHHbIE 3JIEKTPUUECKHE CBOHCTBA.

3. llienouyHble CTEKJAa C BHBICOKUM COIdEpXaHHEM
OKCHIOB TSAXEJNBX METaJJoB (HanpuMep, CHIMKATHO-CBUH-
LIOBBbIE WM CHJIMKATHO-0apueBble cTekia). Takue cTeKjIa XapakTepu-
3YIOTCSI YAOBAETBOPUTENBHOM 00pabaThiBAEMOCTHIO, HO TIPH 3TOM MME-
0T YJAYUYLICHHbIE 3JEKTPUUYECKUE CBOHCTBA, NMpUOIMXKAIoMecs Ipu
KOMHATHOH TeMIepaType K 3JeKTPHUUYECKMM CBOHCTBAM CTEKON Iep-
BOM TPYIIIBL.

BOABIIMHCTBO CHJIMKATHBIX CTEKOJ YCTOMYMBO K JEHCTBUIO KHC-
JIOT, 3a UCKJII04EHMEM IIaBHKOBOI KucnoTel HF, koTtopas ux pacTBo-
psieT; CTOMKOCTb 3THX CTEKOJI K LIE04YaM 3HAUUTEIIbHO HUXKE.

Ksapuyesoe cmer.10 IONYYAIOT IVIABICHUEM YHUCTOT'O KBAPLIEBOTO NECKa
npu temiepaTtypax Boiiie 1 700 °C. Takas creknomacca o6agaeT o4eHb
V3KUM HHTEPBAIOM pPa3sMSTYeHHUsS M Jaxe TMpHM TeMIlepaTypax BhILIE
1700 °C xapakTepu3yeTcsi BeCbMa BBICOKOU BSI3KOCTBIO. [ToaTOMY U3
HEE yIaeTCs ITOJIYYaTh M3ACIUS TOIbKO IpOoCTeilieil KOHQUTYpalmH.
CylHIECTBEHHO TOBBICHTh YUCTOTY MCXOMHOIO CHIPbSl YHAETCsl MyTeM
razoasHoro CMHTe3a IMOKCUAA KPEMHHUS U3 TeTpaxiopuia (UId cU-
jgana SiH,) B miaMeHM KHUCIOPOAHO-BOAOPOIHON TOpeiKU MO peak-
10507

SiCly + 2H,0 — SiO, + 4HCI

OCHOBY MUKPOCTPYKTYPBI KBApLIEBOIO CTEKJIA COCTABISIIOT KpeM-
HUHKUCIOPOAHBIE TeTpasaphl [SiO,]*, KoTopble COEIMHAIOTCS APYT C
JIpYICM 4epe3 «MOCTHMKOBBIE» KHUCIOPOIHBbIE UOHBI (puc. 7.10, a) u
00pa3yioT 3aMKHYTHIE NMPOCTPAHCTBEHHBIE CETKH, KaK CXEMAaTHYHO
MOKa3aHo Ha puc. 7.10, 6. B oTimune oT KpUCTA/UIOB JaTbHUI NOPSAIOK
B PAcOOJOXEHUM YaCTHI[ OTCYTCTBYET, YTO POAHMUT CTEKJIA ¢ amopd-
HBIMU BelecTBaMy. OHAKO CTEKJIa HeJIb3sl MPENCTABIATL KaK beccTpyK-
TYPHbIE MaTepuajbl, MOCKOIbKY B HUX cOOJ0AaeTCsl OIVDKHUMN rtopsi-
IIOK, T.€. COXpPAaHAETCS HEM3MEHHBIM YHC/IO AaTOMOB B IIEPBOM KOOpIH-
HallMOHHOH cdepe. [IpocTpaHCTBEHHAs CeTKa CTeKJia HallOMMHAET UC-
KaXEHHYIO KPUCTAUTMYECKYIO PELIETKY M3-3a HEeKOTOopoil aedopma-
MM BAJIEHTHBIX YrI0B MeXay cBsi3aMmu Si—O —Si. B pesynbrate Bce
KUCIOPOIHBIE IMOJIUIIPHI OKAa3bIBAIOTCS HECKOJIBKO IIOBEPHYTBIMH OT-
HOCUTEIbHO Apyr aApyra. KBaplieBoe CTEKJIO MOXHO PacCMaTPUBAaTh Kak
HEOPTaHMYECKUI MPOCTPAHCTBEHHBIN MOJIUMED.

KBapiieBoe CTeKI0 UMEET HAMMEHBIIIEE 3HAYeHHE TeMIIEpaTypHOro
ko3 duuMenTa TMHENRHOro pacuupenus (o, = 0,5-10°% K1) cpenu
BCEX BEILLECTB BOOOIIE; ¥ OCTAILHBIX CTEKOJ MO CPABHEHMIO C IJIaB-
JICHbIM KBapueM 3HaueHus o, B 10 —20 pa3 6onsuie. KBaprieBoe cTex-
JIo 001alaeT O4YeHb BBICOKMM MPENESIOM MPOYHOCTH HA cxaTtue (Jo
2 100 MIla), xotophiit B 4—5 pa3 mnpeBbIllIaeT aHAJOTHYHBIN Mpeaen



OcHogHbLe c80licmea, 0CO0eHHOCU MeXHOL0ZUU U NpuMeHeHue OUudIeKmpPuKos 403

Puc. 7.10. CxeMa MHUKPOCTPYKTYPBI KBApLEBOIO CTCKJIA!

a — COWIeHEHUE CTPYKTYPHBIX TETPA3APOB YEPE3 MOCTUKOBbIE KUCIOPOIHBIE UOHBL, 6 —
cXeMa [POCTPAHCTBEHHOM HEYTIOPANOUYEHHON CTPYKTYPHON CETKW CUITMKATHOTO CTEKIIa

y Apyrux cTekoi. IIpoyHOCTh Ha pacTsKeHHE, KaK U Y BCEeX IPYTUX
CTEKOJI, B HECKOJIbKO pa3 HHXe MPOYHOCTH Ha cxartue. M3-3a majoro
0; HA OCHOBE KBapIIEBOrO CTEK/Ia HEBO3MOXHO MOJYyYUTh COIIACOBAH~
Hblif Clail ¢ KaKMM-TU00 METAJLIOM. '

Bricokass MexaHHW4YecKasi IPOYHOCTh B COYETAHUU C MAIBIM TEM-
nepaTypHbIM K03 OUIMEHTOM JIMHEHOrO pacliupeHus1 00yCI0BIN-
BaIOT BLICOKYIO CTOMKOCTb KBAPLEBOTO CTEKJIA K TCIUIOBBIM MMIYJjb-
caM. HarpeTtoe nokpacHa KBaplLieBO€ CTEKJIO MOXXHO MOMEHTAILHO I10-
TpyXaTh B XOJIOAHYIO BOMY, HE BBI3BIBAs €ro paspyuieHus. K stomy
caenyeT D00aBUTb, YTO KBaplEBOE CTEKJIO CIIOCOOHO IJIMTEAbHOE
BpeMs 6e3 pasMsaryeHus BhIIepXUBATh TeMmepatypy 1o 1 500 K. bia-
rojapst BLICOKOH HArpeBOCTOMKOCTH MU XMMHUYECKOH HMHEPTHOCTH K
IeHcTBUI0 OOJBIUMHCTBA PEAKTUBOB KBApLEBOE CTEKJIO MOJYYHIIO
LIUPOKOE IPUMEHEHUE B TEXHOJOIMHU NPOU3BOJICTBA YMCThIX BEILIECTB
B KaU€CTBE KOHCTPYKUMOHHOIO MaTepuaia. B yacTHocTH, 0c060 yHC-
TO€ KBapLEeBOe CTEKJIO MCIOJb3YIOT ISl U3rOTOBACHUS TULIIEH U JO-
JOYeK MPU BbIpallMBaHUM MMOJYIIPOBOAHMKOBBIX MOHOKPUCTAJLIOB, &
TaKxXe MJIsl CO3[JaHMsl PEeaKTOpPOB HPH aImnapaTypHOH peaau3aluu
npoueccoB AMGOY3UU U SNUTAKCUU B NOIYAPOBOJHUKOBBIX CTPYK-
Typax (cM. nonpasa. 5.2). HemoctaTkoM KBapieBoro CTeKiIa Kak Harpe-
BOCTOMKOTO Marepuajia SIBASICTCS CPaBHUTEILHO HEBBICOKMH CpOK
CNyXObl, OrpaHUYMBaEeMBbIif MpolLeccaMy YACTUYHON PeKpUCTALITU~
3aliuH.
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KBapueBoe CTeKI0 OT/IMYAETCS BHICOKOM IPO3PavHOCTBIO IS U3-
JIy4eHUS B yabTpadroaeTOBOM, BUTUMON U UH(paKpacHO obaacTsx
CTIeKTpa BIUIOTH IO JUIMHBI BOJNHEI opsiaka 4 MxM. ITostoMy oHO B~
€TCsl ICHHBIM ONTUYECKUM MaTEepHUaJIOM; M3 HEro U3rCTOBJSIOT JIUH-
3bt, IPU3MBL, ONTHYECKHE OKHA, ONITUYECKHE BOJIOKHA U Kabenu, Sai-
JIOHB! JIaMTT YIbTPa(UONETOBOrO U3IYUSHUS U JAp.

Ilo onekTpyUYyecKMM CBOMCTBaM KBaplieBOE CTEKJIO OTHOCHUTCS K
XOPOIUUM BBICOKOYACTOTHBIM AM3EKTpUKaM (& = 3,8; p = 10 Om - m;
tgd = 2- 10~* na vacrore 10° I'u). [To3TOMY M3 HETO U3rOTOBISAIOT U30-
aupyouie aetand CBY-npubopos.

s yoayuuieHUsT TeXHOJOTHYECKUX XapaKTePHUCTHK CTEKIJIOMACChI
(MOHMXEHMS TEeMITepaTyphl BapkKM, paclIMpeHUs MHTepBajga pa3Msir-
YEHMS, YMEHBILECHHUS BSI3KOCTH M NOBEPXHOCTHOI'O HATSXCHUS) B CO-
CTaB UCXOZHOM KOMITO3ULIMKM BBOJSIT OKCHUAB! LICTOUHBIX MCTALIOB. [1pu
3TOM CYUICCTBEHHO YXYAIUIAIOTCS 3JACKTPHUYCCKHUE CBOMCTBA CTEKOJI:
CHMXAeTCsl YACIbHOE COMPOTUBJICHUE, BO3PACTAIOT AUSICKTPUYCCKHUE
nortepu. OTpULIATENBHOE BIHSHNE HIETOYHBIX 100aBOK Ha 3JIeKTpHUe-
CKME CBROMCTBA CWIMKATHBIX CTEKOJA OOYCIOBICHO U3MCHCHMSIMU B
CTPYKTYpE MaTepuaiia, CBOASII{UMHUCS K paspbiXJICHUIO MPOCTPAHCTBEH-
HOI ceTKM ¥ 00pa30BaHMIO TYNMMKOBBIX BETBelt (puc. 7.11, a). Paspbix-
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Puc. 7.11. BausHue 1o6aBoK LIETOYHBIX OKCHIOB Ha CTPYKTYPY (@) U CBOMCTBA
(6, 8) CHTUKATHBIX CTCKOJI
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Puc. 7.12. 3aBucumocTtb tgd oT cocrasa tgd
LIEJTOYHOTO GOPOCHUITMKATHOTO CTEKIIA (110
ocH abCLIMUCC OTJIOKEHO OTHOLICHHE YUC- 0.04
na aroMoB K u Na K uvciy «Monekynsip- 0.03 \
Hbix» equHull B,0;; cymMa KOHIleHTpa- ’ \
LU IETOYHBIX 106AaBOK BO BCEX CIyYasix 0,02 /
COXpaHsSeTCsd HEM3MEHHOM) \\ /
0,01
0

20 40 60ar. %K
| S S E— |
60 40 20 Oar.%Na

JIEHME KHUCJIOPOAHOro Kapkaca (0OpBIB CBs3ei) BBI3BIBACT, C OMHOM
CTOPOHBI, TIOHMXEHHE TeMIIepaTyphl pasMAryeHus crekina. C apyroit
CTOPOHBI, CJIA00 CBA3aHHbBIE HOHBI LIEJIOYHBIX METAUIOB 1101 AEHCTBU-
€M TEIJIOBOIO NBMXKEHMWSI MOTYT CPBIBAThCS C MECT 3aKpeIUIeHHs W
nepeMellaTbCs U3 OTHOM SIYSHKU NMPOCTPAHCTBEHHOMR CETKU B IPYIVIO.
IIpu 3TOM ycHAMBAaeTCS MOHHO-pEIaKCALMOHHAS IMOJISIPHU3ALHMS, YTO
COTIPOBOXKIACTCS YBEAVUUCHUEM AMINEKTPUUECKONW MPOHUIIAEMOCTH
cpens! (puc. 7.11 6) ¥ TaHTeHCca yoIa AU3JIEKTPUUECKUX MoTepsb. OMHO-
BpEeMEHHO Ha01101aeTCsl YMEHbIICHNUE YAEIbHOIO CONPOTUBICHUS Ma~
Tepuaia (puc. 7.11 ¢), Tak KaKk BO3pacTaeT YUCIO MOHOB, YyYaCTBYIO-
IIMX B IPOLIECCE IEKTPONPOBONAHOCTH.

H3MeHeHnune 31eKTpUIeCKUX CBOMCTB CTEKJIa TIPY BBEJCHHUM B HETO
LIeIOYHOM 10OaBKM 3aBMCUT OT pa3Mepa yacTull. YeM MeHblle paguyc
LIEIOYHBIX MOHOB, TEM OOJbILE UX HOJABUXKHOCTD, TEM OONbIIMIA BKIAX
BHOCST OHM B YJIEJIbHYIO MPOBOIMMOCTL MaTepuana. JTocKoibKy MOH
HATpUS MMEET MEHBLIMH pasMep, YeM HMOH KalHsl, OTPHLIATEIbHOE
pausine Na,O Ha 3/1eKTpHYeCcKUe CBOCTBA CTEK/IA CKa3bIBACTCS CUJib-
Hee, yeM BiaustHue K,0.

OKCNePUMEHTAIBHO YCTAHOBIEHO, YTO NMPU OAHOBPEMEHHOM MPU-
CYTCTBUH JBYX Pa3JUYHBIX 1IETOYHBIX OKCUIOB B COCTaBe CTEKJa €ro
3JIEKTpUYECKHE CBOMCTBA MOTYT ObITh 3HAYUTENBHO JIyYllle, YeM MpU
BBEICHUM TOJILKO OZHOTO LIEIOYHOIO OKCHUAA B KOIMYECTBE, PABHOM
CYMMapHOMY COAEPXXAHUIO ABYX IEJOYHBIX 106aBOK (puc. 7.12). BT0
SIBJIEHUE HA3BIBAIOT HelmpaiusayuoHHbIM, VT HOAUWEN0YHBIM ek -
mom.

Cuauxamusie cmekaa, coiepxaliiye B 0OJIbLIUX KOJIUYECTBAX OKCU-
bl TSDKEJBIX MeTauloB (0apusi, TUTaHa, CBUHIA) XapaKTepU3YIOTCS
HEBBLICOKMMM 3HAYEHUSIMU tg0 NpH CYLIECTBEHHOM CONEPXaHUU Ule-
JIOYHOH N00AaBKHM. ATOMBI MHOTIOBAJIEHTHOTO MeTajUla, BCTPAaUBAasICh B
CTPYKTYPHYIO CETKY CTEKJIa, He 00pa3yloT TYIUKOBbIX BeTBei. [1o3TO-
MY YBEJIWYEHME MX KOHLEHTPALMKA HE MPUBOIUT K BO3PACTAHUIO pe-
JIAKCALIMOHHBIX MoTeps. bosee TOro, oHKM MOTYT COEAMHATH KOHIIBI 060~
PBaHHBIX BETBEH M TaKMM CITIOCODOM YKPEIUISITb NMPOCTPAHCTBEHHYIO
CETKY.
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braronapsi MOHHON M MOHHO-PEIAKCAUMOHHOM MONSIPU3AIINY ITH-
5JIeKTPpUYECKasi MPOHULAEMOCTh CUJIMKATHBIX CTEKOJ BO3PACTALT C M0~
BHILLICHUEM TeMIlepaTyphl. TemrepaTypHblil ko3¢ duLueHT TU3IeKT-
pUYECKOH MPOHHUIIAEMOCTH Pa3TUYHBIX TEXHUYECKHX CTEKO HAXOIUT-
ca B npenenax (30...500) - 1078 K-}, po3pacTas ¢ yBeIM4eHHEM COOep-
>KaHMUS LIETOYHBIX OKCHJIOB. BerencTsue HeynopsiioueHHOTO CTPOEHUS
MPOCTPAHCTBEHHOMN CETKU BCE CHAMKATHBIE CTEKJIAa XapaKTepU3YIOTCS
HEBBLICOKOU TETUIONPOBOMIHOCTBIO, KOTOPAS B COTHU pa3 MEHbllle TeIl-
JIONPOBOTHOCTH MeTa/LIoB. Hampumep, IMpu KOMHATHON TeMIlepaTy-
pe yaenbHast TeIUIONPOBOAHOCTD KBapleBOro CTeKIa COCTABISIET BCe-
ro nuuib 1,25 Bt/(M - K), Torna kak y YMcTOM MeIy OHa IpeBbillaeT
400 Bt/(M - K). Hu3kas TermIonpoBOIHOCTb CTEKOJ OTPAaHUYUBAET pac-
CEUBAEMYIO B HUX TPEISTbHYIO DJEKTPUYECKYI0 MOIUHOCTD, OIpeac-
JISIET HAIPSIXKEHUE TETUIOBOTO NMPo60s, CTOHKOCTL MaTepuaia K TEIIO-
BBIM UMIYJILCAM U JD.

Ilpu KpaTKOBpEMEHHOM ACHUCTBUH CHUIILHOTO DJIEKTPUUECKOTO MO
B CTEKJIaX, KaK MpPaBUJIO, PEAIM3yeTCs DISKTPUUESCKUI MpoOoii, npu-
yeM NMpOoOMBHAS HANPSKEHHOCTb B 3TOM CJIy4Yae Maio 3aBUCHUT OT MX
cocrtaBa. PelnaomiuM ¢GakToOpoM OKa3bIBAETCS BIMSIHUE BO3IYHIHBIX
BKJIIOYCHMIE — Ty3bIpeil B ToJILIE CTeKIa. B OMHOPOAHOM 3JIeKTpHYe-
CKOM MOJI¢ 3JIEKTPUYECKAsI IPOYHOCTb CTEKOJI JOCTATOYHO BEJAUKA U B
HEKOTOPBIX Cy4asix MoxeT nocturath 500 MB/m. Ha Bricokux yacro-
Tax M3-3a MOBBILLICHHBIX TOTEPH NPOOOIt CTEKON OOBLIYHO MPOTEKAET I10
TCIUIOBOMY MEXaHHU3MY, a IIPU MOBBILICHHBIX TEMIIEpaTypax TeIIOBOH
Mpo60il MOXET pa3BUBATLCA M Ha HU3KMX YACTOTaX (M JaXe MpU BO3-
IEUCTBUU MOCTOSHHOIO HAMPSKEHUS ).

Pa3sHOBHAHOCTH TEXHHIECKHX CTEKOJ. DJIEeKTPOBAKYYMHBIE
CTeKJa INPUMEHSIOTCS Ul U3TOTOBICHUS GALIOHOB M HOXEK 3JICK-
TPOHHBIX JIaMII, Ta30pa3psaHbIX MPHOOPOB, KOIO PEHTIEHOBCKUX M
3JIEKTPOHHO-JTYYeBbIX TPYOOK. BaxkHeH MM napaMeTpoOM TaKHMX CTEKOJT
SIBJISIETCS] TEMIIEPATypHbIil KO3 UIIMEHT TUHEHHOTO paciuupeHus. OH
BO MHOIOM OOYCIIOBAMBAET Ka4e€CTBO CBAPUBAHUS PA3IUYHBIX TIO CO-
CTaBy CTEKOJ, a TAKXKE BO3MOXHOCTH MOJYYCHHS HAIEKHOTO CHast Me-
Tajlja co CTEKJIOM. 3HAUEHHUS ¢ CTEKJIA U COSAMHIEMBIX C HUM MaTepH-
JI0B JOTKHBI OBITH IPUMEPHO OJUHAKOBBIMM, TaK KaK MHaye MpH U3-
MEHECHUHM TEMIEpaTypbl MOXET NPOM3OUTH pacTpecKMBAaHME CTeKia, a
TaKXe HapyLICHUE TePMETUYHOCTH B MECTE BBOJA METALTHYECKOMH Npo-
BOJIOKH B cTekio. KpoMme Toro, 11l BLICOKOYACTOTHBIX NPUOOPOB UC-
MOJIBb3YIOTCA CTEKIA C HU3KUMMU AUBIECKTPUUECKUMHU MTOTEPSIMU.

DIIEKTPOBAKYYMHBIE CTEKJIA MOAPA3ACTAIOTCI U MAapKUPYIOTCS IO
YUCJIEHHBIM 3HAYSHUSIM TEMIIEPATYPHOro Ko3(puuneHTa THHEHHOTO
pacliIMpPEHUs, KOTOPBIH Y OKCUAHBIX CTEKOJ, KaK MPaBWIO, MEHBIIE,
yeM y MeTauUioB. s mMoCAeaHMX TpOCIeXUBaeTCsd 3aKOHOMEpHOE
YMEHBLICHUE 3HAUYCHUI O, C MOBBLILIEHUEM TeMIIEpaTyphl IIaBJACHUS
npoBonHuka (cM. [Ipunoxerue 1). ITooToMy COmTacOBaHHBIE CTTAH MOX-
HO MOJIYYaTh UL MEXIY CTEKJIOM M TYTOIUIaBKMUMH MeTaUtaMu. BMme-
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CTO TYTOILIABKUX METAJLJIOB JUISl 3THX XK€ LIEJIei MOTYT ObITh UCIOJNB30-
BaHb! META/UIMUECKUE CIUIABBI ¢ SKBUBAJICHTHBIM 3HAaUeHUEM o (f1a-
THHUT, KOBAP U Jp.). DNEKTPOBAKYYMHBIE CTEKJIA IIPUHSITO MOApasie-
JISTh Ha:

TUTATHHOBBIC ..vvevveeveevveeeeareeneeeieasesenens oy = (85...100)1077 K-!
MOJIHOIEHOBBIE ...v.vvenrenrensareerneenennss oy = (46...60)10°7 K1
BOJIBDPAMOBBIC <...veeeeveeeeeeneeaeeseeenes oy = (35...45)1077 K-!

ITo XMMHYECKOMY COCTaBY 3JIEKTPOBAKYYMHBIE CTEKJ1a OTHOCSITCS
K rpyniie dopocunukatHeix (B,O; + Si0O;) Miau amioMOCHIMKATHBIX
(Al,O53 + SiO,) MaTepuanop ¢ 106aBKaMH ILEIOUHBIX OKCcHAoB. Ha3sa-
HMS «IUIATMHOBOE», «<MOJIHOICHOBOE», «BOJIBPAMOBOE» OTIPEIEIISIOTCS
He COCTaBOM CTEKOJ, a TOJBKO TE€M, YTO 3HAYCHHMS ¢ DTHX CTEKOJ
6JIM3KH K 0 COOTBETCTBEHHO IUTATUHBI, MOJIMOIEeHA U BOJib(Ppama. Tem-
IepaTypHbIi K02()ULNEHT JTUHEIWHOTO pacliupeHus CTeKOJ Bo3pac-
TaeT MPU YBEAMYCHUH COAESPKAHHS LUEIOUHBIX OKCUI0B. B 0bo3Haue-
HHH MapKU JIEKTPOBAKYYMHOTIO CTeKia nocjie Oykebl C yKasplBalOT
3HaYeHUe o, U cepuio paspadorku. Hampumep, mapka C 89-5 xapakre-
pu3yeT cTexiIo ¢ o = 89 - 107 K-! cepun 5.

IIpu co3maHuy AEKTPOBAKYYMHBIX MPHUOOPOB HAUOONbIIEE MTPU-
MEHEHHME HaxOHAT GOpOCUIMKATHBIE CTeKIa MOJUOICHOBOH IpyIIlbl
C 48, C 49, C 52, xoTophble XOpOLIO CHAUBAIOTCS HE TOJIBKO ¢ MOJUG-
JIEHOM, HO TaKX€ C KOBAapOM M JPYTMMHM 3JICKTPOBAKYYMHBIMU CILIA-
BaMM. HeJoCTaTKOM TaKUX CTEKOJI SIBJISE€TCS OTHOCUTENBHO BBICOKAst
TIPOHHULIAEMOCTh IS aTMOCGEPHOro Ieiiusl, YTO MPUBOIANT K CHUXE-
HMIO BaKyyma BHYTpH pabovero o0beMa NpH JUIUTEIBHONR 3KCIUTyaTa-
uuu rpubopa.

H3onaTopHBIe CTEKIa HMPOKO UCITONb3YIOTCS IS U3TOTOB-
JIEHMS IUTHIPEBBIX ¥ MPOXOAHBIX M30JASTOPOB 1pocToit popmsl. OHU
OTMYAIOTCS AOCTYITHOCTHIO ChIPbSl, HECTOXHON TEXHOJOrUe U HU3-
KOH cToMMOCTEIO. B KauecTBe MaTepuasia H30JSITOPOB HauboJIee yacTo
BBLIOHPAIOT LIEJTOYHOE CUJIMKATHOE CTeKJ10. biarogaps ToMy uto cTek-
J1a JIETKO METAJUTM3UPYIOTCS, HX YaCTO NMPUMEHSIOT VISl TepMETH3alUU
BBOIOB B METALTHYCCKME KOPIIYCHl PA3NTUUHBIX 3JIEKTPOHHBIX Mpubo-
poB (KOHIEHCATOPOB, AUOIOB, TPAH3UCTOPOB U JP.).

C NMOMOUIBIO TOHKUX CTEKJISTHHBIX IIEHOK OCYHIECTBISIOT 3alUTY
MOBEPXHOCTH KPEMHHUEBBIX KPUCTALIOB OT MEXaHUYECKHUX MOBPEXKAL-
HUIt ¥ OT NIPOHUKHOBEHUSI CAYYalHBIX TTpuMeceii B p— n-nepexold. Ta-
KHE XK€ U30JUPYIOLIHE IUIEHKH CTeKIa YacTO HAHOCAT HA TMIOBEPXHOCTD
HHTETPABHBIX CXEM JUISl 3alHUThl ATIOMHHHUEBOH TOKOPAa3BOIKH OT
KOppo3uu. EcrecTBeHHO, IS UCKITIOYEHUST MEXaHUUECKUX HANpsKe-
HUHA HeoOXOOUMO IMPH 3TOM 06eCHedYMTh COOTBETCTBUE TEMIEpaTyp-
HbIX KO3(h(DHULIMEHTOB JTUHEHHOTO paclIMpeHUs KpeMHHUSI ¥ HAHOCH-
MOTO MOKPLITHA. JIydllie Bcero 3roMy TpeGOBAaHUIO YIOBAETBOPSIOT €T~
KOIUIABKME CBMHIOBO-CHJHKATHBiE U CBHHLIOBO-OOPOCHIMKATHBIE
HICTOYHBIE CTEKJIA.
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CBeTOTEXHUUYECKHNE CTEKJIA USMEHSIOT CIIEKTPAIbHBIN CO-
CTaB CBETOBOro notoka. OHM 00J1aaf0T MOBbIILEHHOM TPO3PaYHOCTHIO
B OTHOWIEHUH YJIbTPauoaeToBOro, HHPPaKpacCHOro U peHTTEHOBCKOIO
HU3JIydeHUN. DTH CTeKJIa MCIIOJIb3YIOTCS ISl M3TOTOBIECHMS KOO 0CBe-
TUTENBHBIX JIAMIT, ONITHYECKUX OKOH U JIMH3, B KaUYeCTBE CBETODHIIb-
TPOB U T.M. K CBETOTEXHUUECKUM OTHOCST AIIOMOCUIUKATHbIE, GOpPO-
CWIHKaTHBIe ¥ (ocdaTHble cTEKIa C HEOONBLIUM COJEPXKAHUEM OK-
CHIOB 1LETOYHBIX METALIOB. Momudbuimpyionme 106aBKU OKCUIOB
Pa3IUYHBIX METAUIOB NPHIAIOT CTEKJIaM Xejaemylo okpacky: CoO,
CuO — cunwio; Cr,0;, Pr,0; — 3enenyio; NiO, Mn,0;, Nd,0; —
duonetosyio; Cr0O,, Fe,0s3, Ce,0O; — xentyio; MnO, Er,O; — po3o-
By10; FeS, Bi,S;, TiO; — kopuuHeByio U T.A. OKpammMBaHHE CTEKOJ
TIPUMEHSETCS He TOJIbKO JULS1 YIIPaBAEHUSI CTIEKTPOM MPOMYCKAHHS CBe~
TOo)UIBTPOB, HO U NPU U3TOTOBJIEHUM HBETHBIX dMajieil U riasypeil.

Oco60if pasHOBUIHOCTBIO CBETOTEXHMUYECKHUX CTEKOJ ABJISIOTCS
toroxpomusbie crekna. OHU OTIMYRIOTCSI OGPATUMBIMU U3MEHEHHUSAMH
CBETOINPOITYCKAHUA NPH BO3AEHCTBUM aKTMBHOTO uanyueHuda. [locne
rpeKkpalleHus Oo0JIyyeHUs] NMpPo3padyHOCTh CTEKJIA CaMOIMPOU3BOJLHO
TOJTHOCTBIO BOCCTAHABIMBAETCS. Takye CTeK/Ia NPUMEHSIOTCSA B Kaye-
CTBE CBETO(WILTPOB C IIEPEMEHHBIM CBeTompomnyckaHueM. PoToxpom-
HBIH 3¢ deKT MPOosABIsSETCs B LIEAOUHBIX CUITMKATHBIX cTekiaX. Ero ycu-
JIEHUIO CIOCOOCTBYET N0OaBIEHUE B HCXOMHYIO CTEKIIOMACCY OKCUIOB
LiepHsi, €BpONUs, MapraHila, LMPKOHMUSA H JP.

JlazepHBle cTeKaa Hapsany ¢ KpUCTAJIAMH TIPUMEHSIOTCS B
KayeCTBe ONTUYECKH aKTUBHBIX CPEJ] TBEPAOTETBHBIX IMINIEKTPUUECKUX
J1a3epos (cM. noapasi. 8.6). ['eHepHPYIOLIUMH LIEHTPAMHU SABJISIOTCS aK-
TUBHBIE HOHBI, PABHOMEPHO PACIIPENEIEHHbIE B TUAIEKTPHYECKOM I1pO-
3pauHoii MaTpuue. Kak npaBuio, B CTeKJIax OTCYTCTBYIOT OrpaHu4e-
HMS B PACTBOPMMOCTH aKTHBUPYIOLIHX NOOABOK. THIT aKTHBHOIC MOHA
ompeJeIseT CIeKTp U3iyueHus nazepa. Ha nmpakruke HaubGojee 4acTo
MpUMeHsIoT GapuToBbiit KpoH BaO— K,0—Si0,, akTHBMpOBaHHBIIT
nonamu Nd*. Takue cTekiia UMEIOT XapaKTEPHYIO CUPEHEBYIO OKPACKYy.
Bce onTHYEeCKM aKTHUBHBIE Cpeldbl C HEOHUMOM IeHEPHUPYIOT M3JIyde-
HUe Ha JiuHe BonHbl 1,06 MKM. OnTHMaibHAsA KOHIIEHTpAltust aKTH-
Bupyloitteit 106aBku Nd,O; 0ObyHO He mpeBbluaeT 1...3 % u orpanu-
YHUBAETCS KOHLUEHTPAUUOHHBIM TYLUEHUEM JTIOMUHECLHEHIINH.

OCHOBHBIE ITPEUMYLIECTBA CTEKOJ, UCIIONB3YEMBIX B Jlazepax, Ie-
pell MOHOKPHUCTAIIAMHU 3aKJIIOYAIOTCH B UX BBICOKOH TEXHOJIOTMYHO-
CTH, ONTHYECKON OIHOPOIHOCTH, U30TPOIIHOCTH CBOMCTB. M3 cTexia
MOXHO CPaBHHUTEJIBHO JIETKO U3TOTOBUTH OJHOPOIHBIE CTEPXKHHU OO0/Ib-
moro pasMepa (JUIMHOH 10 2 M), YTO HEOOXOOUMO JUISl HOCTHKEHUSE
BBICOKOM BBIXOXHOM MOLLHOCTH JIa3epHOro uaaydeHusi. OMHAKO OTCYT-
CTBUE JaJIbHErO NOPSAKA BBI3BIBAET YIUMPEHHUE JIMHUI JIIOMUHECLIEH-
MM aKTUBHPOBAHHOrO crekiia. ClIeacTBUEM 3TOTO SIBSIETCS CHUXKE-
Hye CTeNIeHH MOHOXPOMATHYHOCTH BBIXOJZHOTO U3JIyYE€HHUs U YBEIU4e-
HMe TIOPOrOBOM MOLIHOCTH ONTUUYECKO# Hakauku. K ToMy Xe crekia
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MO CPaBHEHMIO C MOHOKpUCTa/UIaMU 00/1a1a10T HEBBICOKOM TEIIONpo-
BOAHOCTBIO, YTO CO34ACT JOMOJHUTENbHbIC TPYAHOCTH ISl OCYLUECTB-
JIeHUsI HeMPEPBIBHOTO peXuMa reHepaliiu. ITostoMy asepsl Ha CTEK-
JIe JIydile MOAXOMSIT IS reHepallMM UMMYJIbCOB C BHICOKOH dHEpruei
U3JIyYEHHUS.

Ha akTuBHBIX 271eMeHTax U3 HEOAMMOBOTO CTEKIIA JUTUHOM 0KOJI0 I M
ITOJIYYECHBI CBETOBBIE MMITYJIECH ITMKOCEKYHAHON INUTEILHOCTH MOILLL-
HocThio Goniee 1013 BT mpwm yrie pacxoIMMOCTH CBETOBOTO MydKa Ha
ypogsHe 40 MKpaa. K HeiocTaTkaM CTEKO OTHOCSATCS MX CPABHUTENBHO
cnabast GOTOXMMHUYECKAS CTAOUILHOCTh U HEBBICOKAS TEPMOCTOMKOCTD.

CTeKJIOBOJOKHO MOJYYAaIOT U3 PacIUTaBJIeHHON CTEKJIOMAaCChl
METO/IOM BBLITATMBaHUSA uepe3 Guibepy C Nocaeaylouei obcTpoit Ha-
MOTKOM Ha Bpatawoluuiics 6apadaH. TakuM o0pa3oM MOXHO MONy4aTb
TOHKHE BOJIOKHA, 00J3aJIal0LINe XOPOLIEH TMOKOCThIO M NOBBILIEHHOH
MeXaHUYeCcKoi NpoyHocTh0. ITocaenHssi o6ycaoBNEeHa CHIDKCHUEM KO-
suyecTBa nepeKTOB U TPEIIUH B TOBEPXHOCTHOM CJHO€ CTEKJIA MIPH €70
¢opmoBanuu yepes dpuibepy. Ilpu HenpepblBHON HaMOTKe Ha Hapa-
0aH JUIMHA BOJIOKOH JOCTHTaeT COTEH M JaXKe HECKOJIbKUX ThICAY MET-
pOB. DTH BOJIOKHA HCIOAB3YIOTCS AJISI U3TOTOBJICHUS MATEpPUAJIOB C
XOPOILIMMH BJIEKTPO-, TETUIO- U 3BYKOM3OMSIIIMOHHBIMU CBOWCTBAMM.
I1o BHElLIHEMY BUIY CTEKJIOBOJOKHO HAITOMMHAET 1UEITKOBYIO HUTD.

BecbMa TOHKME CTEKIISTHHEIC BOJIOKHA (IMaMeTPOM 4...7 MKM) UMe-
0T HaCTOJIbKO BLICOKYIO TMOKOCTB, YTO MOTYT IOABEPraThCsl TEKCTHIb-
Hol nepepaboTke. Y3 CTEKJITHHBIX HUTEH, TTOJIyJYaeMbIX CKPyYHBaHU-
€M BOJIOKOH, TKYT TKaHHU, JEeHTbl 4 UDTAaHTH. CTEeKJIOTKAHUW CIyXaT
nonycabpukaTaMy IIpU U3rOTOBJIEHUM CTEKJIONTAKOTKAHEH U CTEKJIO-
TEKCTOMNTOB. KpyyeHbie CTEKISIHHbIE HUTH MPUMEHSIIOTCS TakKe IS
HEMOCPEACTBEHHON U30JISAIMU MOHTAXHBIX U OOMOTOUYHBIX [IPOBOROB.
IIpeuMyiiecTBAMM CTEKJIOBOJOKHUCTONA M3OMSLMU TIeped OpraHuye-
CKMMU BOJIOKHUCTBIMU TUBJIEKTPUKAMM SIBJISIIOTCSI HETOPIOYECTh, BbI-
coKasi HarpeBOCTOMKOCTb, MEXaHHWYeCKasi MPOYHOCTh, Majlasi TUrpo-
CKOITHYHOCTb, CTOMKOCThb K XMMHUYECKOMY U OUOJTOTHYECCKOMY BO3ICH-
cTBUsIM. HenocTaTkoM Ux BIsieTCs: MOBBIIIEHHAS! XPYTIKOCTh M HU3KAsI
CTOHKOCTb K UCTUPAHUIO.

IIpoBoga co CTEeKJIOBOJIOKHMCTOM M3OJSALMEN MOIYT IUIUTEIbHOE
BpEMsl SKCIUIYaTHPOBAThC NpH TeMrepartypax a0 600 °C. 3HayUTEIBHO
bonee BeIicOKKEe pabouymne Temnepatypsl (o 1200 °C) umeror npoBona,
M30JIMPOBAHHBIE HUTSMHU U3 KBAPLICBOIO BOJIOKHA. Takue nposona yc-
TOHYUBO pabOTAIOT B YCIOBHSIX BHICOKOM BIaXXHOCTH M arpeCCUBHOCTH
OKPYXAIOLIEH CPeabl.

CBEeTOBOIB MPEACTABISIIOT COO0M TOHKME CTEKIISIHHBIC BOJIOK-
Ha, KOTOpbIE UCTONAB3YIOTCS [UISI IEPCAAUYM CUTHAIA MEXIY UCTOUHU-
KOM M MPUEMHMKOM U3My4yeHust. CBETOBOABI YBEJIUYHBAIOT 3(P(heKTHB-
HOCTb ONTUYECKOTO KaHAJa CBS3H, ABJSASCH HATIPABISIOIIMMH CUCTE-
Mamu. Hanpapnsioniee neicTBue BOJIOKOH AOCTUraeTcst Osaromapst
3¢ ¢eKTy MHOTOKPATHOTO MOJHOIO BHYTPEHHETO OTPaXeHUsI, KaK I10-
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Ka3aHo Ha puc. 7.13. BOJIOKOHHO-ONTUYECKUH 3/IeMEHT UMEET LIU/IMH-
JIpHuuecKyio GopMy U B MpocTeiiliieM UCITOTHEHUU COCTOUT M3 CBETO-
BeIylIeH XXWIbl, OKPY:KEHHOM Mpo3payHoil 000J0YKON U3 CTEeKJa C
MEHbIIEH ONTUYECKON MJIOTHOCTBIO (7, < n,). UKCIO THMOB ONTHYEC-
KUX KoneGaHui (HasblBaeMbIX Modamu), KOTOPbIE MOIYT paclpocTpa-
HSATLCS IO BOJIOKHY, MPONOPUMOHATBLHO KBAaapaTy AUAMETpa Cepaie-
BHHBI U Pa3HOCTH IOKAa3aTeleil MpeloOMICHUS] MaTepUANIOB XUJIbl U
000J109KH. YMEHbIIAs MPOU3BEISHHUE 3THX BETUYMH, MOXHO MONYIUTh
OITHOMOIOBBII cBeTOBOH. OOBIYHO An COCTAaBJAET OT NECSTHIX AOJCH
ripoueHTa 10 §...2 %.

B 3aBUCHMOCTH OT npoduist pacripeiesieHUsl TIOKA3aTesl IPeIoM-
JIEHMS pa3IMYaloT CTYMEHYaThie U IPaIieHTHLIE CBETOBOIH. B mocien-
HUX U3MEHEHME MOKa3aTessl MpeoMJIeHHS 110 AUaMETPy CepAeUHHUKa
roAuUMHseTCS NapaboauyYecKol 3aBUCUMOCTH. JluaMeTp cBeToBeayLIeH
Xuibl (5...50 MKM) B HECKOJIBKO pa3 MPEBBILIACT JIMHY BOJHBI IIPO-
XOISIUIETO U3JTYYSHMS.

CaeTonponycKaHue ONTUYECKOTO BOJIOKHA OrPaHUYMBAETCS IOTeE-
pPSAMH IIPU OTpaXKEHUH CBETA, & TAKXE ONTUYECCKUM MOTJICIICHUEM U
paccessHUEM UITyYEHUS] MAaTCpUAJIOM cepaUeBUHEL. CBETONMpONYCKAHKE
CYHIECTBCHHO NAaJAeT ¢ YMEHbIUEHHEM TMONMEePEUYHBIX pa3MEpPOB CBETO-
BOJA, TAK KaK CHWJILHO BO3PACTAeT YMCIIO OTPaXeHHUi. Y BOJIOKOH M3
YHUCTOrO KBapuUEBOro CTEKJIa B OKPECTHOCTH JUTMH BOJIH 1,3 1 1,55 MM
HabMI0MAIOTCA OKHA ONTHYECKOM Mmpo3padyHocTH (puc. 7.14), B KoTO-
pBIX KO3 PULMEHT 3aTyXaHUsI CBETOBOTO CUTHANa COCTABNISCT MEHee
1 1B/XM (4TO COOTBETCTBYET KOI(MDOHUUMEHTY ONTHYECKOTO MOTJIOLIe-
Hus MaTepuana mMeHee 2,310~ m~!). IMeHHO Ha 3THX AJMHAX BOJH
paboTaloT BOJOKOHHO-OINTHYECKME IMHUHU NANbHEH CBSA3M (CM. IOIPA3]I.
5.6). JOCTUTHYTbI# MUHMMYM ONTHYECKHX noTeph paseH 0,154 n1b/km
Ha JUTUHE BOJIHBI 1,55 MKM, 4TO GJIM3KO K TEOPETHYECKOMY Ipeleny.

Taxue BOJOKHA HALIM IIMPOKOE NPUMEHCHUE B CUCTEMAax Jajib-
Hell ONTUYECKOM CBSI3H, /Ul Nepefayu TeJleMEeTpUUEeCcKoid MHdopmMa-
LIMH, MTOCTPOCHMSI KOMIIBIOTEPHBIX U TEAS(POHHBIX CETEH, B OOPTOBLIX
CHCTEMAax CBSI3U U Jp.
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Puc. 7.13. CxeMa pacnpocTpaHeHUsl CBETOBOIO Jiyya MO HMJIMHAPHUYECKOMY
BOJIOKHY (@) U paclpelecHUE MOKA3aTeNId MPEJIOMICHHUSI MO CEUEHUIO CTy-
rneHyaToro (6) ¥ rpalMeHTHOro (6) CBETOBOAOB
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Puc. 7.14. CnekrpanbHasi XapakKTepHCTHKA ONTHUYECKUX MOTEPh B KBapLIEBOM
CBETOBOJE

OTne/bHBIE BOJIOKHA CO CBETOM30JIUPYIOLIMMU 000JIOUKAMU MOTYT
OBbITH COEIVTHEHBI B CBETOBBIE Kabenu (KTyThi). C MX ITOMOLUBIO OCYLIe-
CTBASIETCS NMO3JIEMEHTHAS Nepenavya u300paXeHus: ¢ JOCTATOYHO BbI-
COKOM pa3zpeliarollieil CocoOHOCThIO, ONpeAeasieMOA IMaMETPOM BO-
JiokHa. ITpu 5TOoM H306paxeHue MOXHO TPAaHCIMPOBATh JaXe MO UC-
KPUBJICHHOMY NYTH, KaK MOKa3aHo Ha puc. 7.15. CBeToBoi Kabesnb au-
aMeTpoM 5...6 MM COIEpPXKHUT HECKOJIbKO COTEH ThICSiY BOJIOKOHHBIX
XU, 715 ipaBUABHOM TTepeaavy M300paKeHust TpedyeTcs perynsipHas
VKJIaAKa BOJIOKOH B XTIYT€, T.€. OTHOCUTENbHOE PACITONIOXKEHUE BOJIO-
KOH Ha BXOJHOM M BBIXOJHOM TOpIaX IepeIalero Kabeas J0JKHO
OBITh OJIMHAKOBBIM.

BoJIOKOHHBIE XTYThI ILIMPOKO UCIIONB3YIOTCS B TEXHUYECKUX U Me-
JTUIUHCKUX SHIOCKOIAX, T.€. ONTHYECKUX MPHOOpax, MpeaqHa3HaYeH-
HbIX /15 HaOJI0ACHUS U IUArHOCTHKU TPYAHOMNOCTYIIHBIX OOBEKTOB,
HanpuMep TaKUX KaK BHYTPEHHHUE MOBEPXHOCTH TPYO, MOJIOCTU MeXa-
HU3MOB, aKTUBHAs 30HA AJEPHOTO peakTopa Wi BHYTPEHHHUE OpraHbl
4yeJIoBeKa.

CneuuanbHble TEXHONOTMYECKHE MPUEMBI (MOHHOE JIETMPOBaHUE,
MOHHBIA 0OMEH) IMO3BOJISIIOT U3TOTOBUTH IJIOCKUE CTEKISIHHBIE CBE-
TOBOZbI, KOTOPbIE SIBJISTIOTCS] OCHOBOI ONTHUYECKUX UHTETPATIbHBIX CXEM.

TeopeTuyeckue OLIEHKM MOKA3bIBAIOT, YTO B OOJACTU IUIMH BOJIH
oT 2 10 10 MKM BecbMa HMU3KHMM ONTHUECKUMHM ITOTEPSMU TOJIKHBI

iy |

CaeTtoBon
C ynopsino4YeHHOH
YKJIAIKOH BOJOKOH

Puc. 7.15. Cxema nepemayn M306pakeHUs C IOMOIBIO BOJIOKOHHO-ONTH-
YecKOro Xryra
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00131aTh BOJIOKHA Ha OCHOBE (DTOPUIHBIX CTeKOJ. Hanpumep, Boiok-
Ha u3 ctekia coctaBa AlF;— BaF, — CaF,— YF; xapakTepusyiorcs te-
OPETHYECKUM MpeAesioM ONTHuYecKux nortepb Menee 0,001 nb/km Ha
JUTUHE BOJIHBE BOJIM3U 2,5 MKM. Takue cTexsa nepcrieKTUBHBI JUIs1 CO-
3MaHUs JUIMHHBIX BOJIOKOHHO-ONTUYECKUX JAMHMI CBSI3M HOBOIO IIO-
KOJICHHSI, OMHAKO TEOPETHYECKHI Mpelaea MpOo3payHOCTH IMOKa He
JIOCTUTHYT.

7.6. CHTAJIJIBI

Cumanavt — 3TO CTEKJIOKPUCTALIMICCKUE MaTePUaJIbl, TOJydyaeMble
MyTeM CTUMYJMPOBAHHON KPUCTAUIM3ALUMU CTEKOJ CHELHANbHO IO-
nobpaHHoro cocraBa. OHM 3aHMUMAIOT HPOMEXYTOUHOE IONOXEHUE
MeXIy OOBIYHBIMHM CTEKJIaMU U KepaMUKOii. HeToCTaTKOM 3THX CTEKOJ
CUMTAIOT BO3MOXHBIE IPOLIECCH JIOKANBHON KPUCTA/IM3ALMU —
pPacCTeKJIOBLIBAHME, YTO MPUBOIUT K IMOSIBICHHUIO HEOXHOPOAHOCTEH
Y YXYOIIEHKIO CBORCTB CTEKISIHHBIX U3neauii. Ecau B cocTaB crekoi,
CKJIOHHBIX K KPHCTALIM3ALMU, BBECTH OJHY WJIM HECKOJBKO J06aBOK
BCILICCTB, JAIOMIUX 3apCAbIIIY KPUCTALTU3ALMU, TO YIAETCS CTUMYJIIH-
POBATh NMPOLECC KPUCTALTU3ALMM CTEKIIA pABHOMEPHO I10 BceMy 00beMy
HU3AENIUSA U TOJYYUTh MaTepuajg ¢ OJHOPOIHOH MHMKpPOKPUCTALIMYE-
CKOH CTPYKTYpOH.

TexHonorus noay4eHUs CUTALTIOB BKIIIOUAET B ce6s HECKOIBKO OTle-
pauuit. CHayanga noayJyaroT U3IeANE U3 CTEKJIOMACCHl TEMH XE CII0CO-
6aMH, KOTOpbiE UCTIONB3YIOT It (POPMOBKM OOBIYHBIX CTEKOM. 3aTeM
0ThHOPMOBAHHOE U3ENNE MOABEPTaeTCH Yallle BCErO IBYXCTYIIEHYATON
TepMUUyeckoit obpaborke npu temmnepartypax 500..700°C u
900...1100°C. Ha nepBoit CTyIIeH! NMPOUCXOAUT 0Opa3OBaHUE 3aPO-
JbIIEH KPUCTAJUTM3aLUM, HA BTOPOH — pa3BUTHE KPUCTAJUIMYECKHUX
¢a3. Bo uzbexanue nepopmMaliiy UIK pacIiyiaBIeHUs U3NEAUH TeMIie-
parypa Ha IepBOil cTaauu TEPMOOOPAOOTKU He JOJIKHA TIPEBBIIIATH
TeMIIEpaTypy CTeKJIOBAHUS OTHOPMOBAHHOTO U3nenud. JIMTeTbHOCTD
U TeMIepaTypa BTOPOTO 3Talla KPpUCTAUIM3AlUY O0YCI0BINBAIOT pas-
MEpPBl KPUCTATUIECKHX 3€PEH.

CBOWHCTBA CUTA/UIOB ONPEIACIAIOTCS IPUPOIOH OKCHIOB, 06pasy-
IOIMX KPUCTATTUYECKYIO M CTEKJIOBHAHYIO (ha3bl, a TAKXKE KOJNHYE-
CTBEHHBIM COOTHOILICHUEM 00BeMOB 3THX (pa3. ComepkaHUe KPUCTAI-
JINYeCKOM a3bl MOXET COCTaBIATh OT 25 10 95 %, a pa3Mepbl ONTH-
MaJIbHO PAa3BUTHIX KPHUCTAUIMTOB MOJDKHBI HAXOAUTLCS B IIpejeiiax
0,05...1 MxM. Ycaaka U3neauil IpU KPUCTALIU3AUUU OObIYHO He Ipe-
Bbnuaer 1...2 %.

Takum 006pa3oM, CUTAUIBI OTJIMYAIOTCS OT CTEKOJ TEM, YTO B OC-
HOBHOM MMEIOT KPUCTAITMYECKOE CTPOEHUE, a OT KEpaMHUKHM — 3Ha-
YUTETHHO MEHBUIUM PA3ZMEPOM KPHUCTALUIMYECKUX 3€PEH M OTCYTCTBU-
€M INOPUCTOCTH. Briaronapsi MeJIKO3epHUCTON KPUCTAIMYECKON CTPYK-
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TYpe CHUTAJUIbI 00JIa1a10T BHICOKOH MEXaHHYeCKONH MPOYHOCTHIO (IIpo-
YHOCTb Ha U3rud U pacTSKEHHUE B HECKOJBLKO pa3 0ojibllie, YeM y 1ie-
JIOUHBIX CWJIMKATHBIX CTEKOJ), BBICOKOH TBEPAOCTHIO M YCTOHYHBO-
CTbIO K UCTHPAHMUIO.

Kpucrayusauus crekiia MoXeT ObITh 00yCI0BIeHA (POTOXMMUYE-
CKUMH U KaTAIUTUIECKUMU IpolieccaMu. B epBOM ciiyvae HeHTpaMUu
KPUCTAUIM3AIMHU CIYXaT MeIbyailline YacTUYKU MeTaUIoB (cepebpa,
30JI0Ta, MEIH, ATIOMHHHUA U 1p.), BBIACISIONINECS U3 COOTBETCTBY-
IOLLMX OKCHUIOB, BXOASIUMX B COCTaB CTeKJa, MOJ BIUSTHUEM OOJyye-
HMS1 C TOCJEAYIOLIei TepMOOOPaboTKON IS NposIBIIEHUs H300paxe-
Hus. JUtss MHUUUUpOBaHUST (POTOXUMHYECKOM peakiMy OOGBIUHO UC-
MOJIB3YIOT YAbTpaduoeToBoe usaydyeHue. I1pu repmoobpaboTke npo-
HUCXOOUT OOpa3oBaHUE M POCT KPUCTAUIMTOB BOKPYT METANTMUECKHUX
yactull. OnHOBPEMEHHO IPU NMPOSIBTICHUH MaTepHaJl IIpUoOdpeTaeT onpe-
JIeIeHHYIO OKpacKy. CTeKIOKPUCTAUIMYECKUE MATEPHAITHI, TTOJTy4aeMble
TaKMM CIIOCOOOM, HAa3bIBAIOT Qomocumaniamu.

Ecnu obnyyaTh He BCIO MOBEPXHOCTDb U3AEHUS, a JIMIIbL ONpeaeicH-
HBI€ YYaCTKH, TO MOXHO BbI3BaTb JIOKAIbHYIO KPUCTA/UIM3ALHUIO B 3a-
JAHHOM 00BbeMe. 3aKpUCTAUIM30BaHHBIE YUYACTKU 3HAYUTEIBHO JIErye
pacTBOPSIOTCS B INTABUKOBOHN KHCJIOTE, HEXEIM PUMBIKAIOUINE K HUM
CTeKJI000pa3HbIe 061aCTH. DTO NTO3BOJIAET TPABICHUEM TTOJIYYaTh B U3-
JIEeUsX OTBEPCTUS, BBIEMKHU U T.II.

TexHOMOrusT U3rOTOBICHUSI CUTAJUIOB YIIPOIIAETCH, €CJIM B Kaue-
CTBC KaTaJM3aTOPOB KPUCTAUTM3aHMH MCOIb30BATh COEAMHEHUS, OF-
PaHHMYEHHO PACTBOPUMBIE B CTEKJIOMAacce WJIM JIETKO KPHCTaLUIU3Y-
rouMecs: u3 pacruiasa. K uuciay takux coenmHeHuR otHocaTcs TiO,,
P,0s, B,0;, Cr,0;, V,05, ZrO,, Sn0O,, FeS, a Takxke ¢dTopuabl u
ocdaTe! 1IETOYHBIX U LIEIOYHO-3eMENIbHBIX MeTa/IOB. [1pu KaTanu-
TUYECKOH KPUCTATIM3AUMU HEOOXOOUMOCTb B IPEABAPUTEILHOM 06-
JyyeHuu ortnagaer. [lonyyaeMmbie MpU 3TOM CTEKTOKPUCTALIUYECKHUE
MaTCpUaIbl Ha3bIBAIOTCSl MEPMOCUMAANAMU.

Ilo BHeliHEMY BUAY CUTAIIbE IPEACTABISIIOT COOOM IIOTHBIE MaTe-
pUabl 6EI0Oro U OT CBETI0-0€XEBOrc 10 KOPMYHEBOTO 1iBETOB. OHU
MOTYT UMETh KaK OOJbIION, TAK U OYeHb He3HAUUTENbHBIN Temrepa-
TYPHBIA KO3GQPUIMEHT JMHEHHOTO paCUIMPEHUs, SIBISIOTCS BOJOYC-
TOHUYMBBIMHU U ra30HENPOHUIIAEMBIMH MaTepUaaMu, XapaKTePH3YIOT-
Cs1 AOCTATOYHO BBICOKOH TEIUIONPOBOIHOCTBIO U YAOBACTBOPUTEIbHBI-
MU IEKTPUUECKUMH CBOiIcTBaMU. CBEACHUS O HUX CUCTEMATU3UPOBA-
Hbt B [Ipunoxenun 3.

CHUTaUTBI ¢ MAIBIMH 3HAYEHUSIMM ¢f; OTJIMYAIOTCS BBICOKOM Harpe-
BOCTOMKOCTBIO. MeXxaHHYecKasl MPOYHOCTh UX MaJlo U3MEHSIETCs NPHU
HarpeBaHuu 10 Temnepatypsl 700... 800 °C. JdusnekTpuyecKue oTepu
B CUT&/J1ax BO MHOTOM OIPEIe/IsIIOTCSl CBOMCTBAMU OCTAaTOYHOI CTeK-
JIOBUIHO# (ha3bl.

Cutatsl Ha ocHoBe cucteMbl Li,O—Al,O;— SiO, npo3payHbl B
ONTHUYECKOM JIMAMa30He crekTpa, a cuTauibl Tuna CdO — In,0;— Si0,
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00J1a1a10T MOBBILIEHHONH CTOMKOCTBIO K paaualuMy, akTUBHO ITOTJIO-
1IAIOT HeWTpOoHbl. HemocTaTkoM MHOTUX CUTALIOB SBSIETCS OTHOCU-
TEJbHO HEBBLICOKAS XUMHMYECKasl CTOMKOCTh, YTO CBA3aHO C HEOHHO-
POMHOCTBIO CTPYKTYPHl U HATUYUEM OKCHUIOB LIEICUHBIX METAIUIOB,

Tlyrem M3MeHeHHsT cocTaBa MCXOJHOTO CTEKJA CUTANIAM YHOAeTCst
HIpHIABATh caMble pa3HOOOpasHbie cBolicTBa. IToaToMy 0bactu UX rpu-
MEHEHHsI BeCbMa MHOT0OGPA3HbBI: OT KOHCTPYKIIMOHHBIX U CTPOUTEIb-
HBIX OOBEKTOB (HAIpUMEpP, KOHYCHl obTekaTejiedl pakeT Wil TpyObl
LIS Ta30TYpOMHHDBIX IBUIaTeieil) 0 MUKPOAETANCH pPaguo3IeKTpO-
HUKY. CHTaNIbl, IPUMEHSEMbIC B MIEKTPOHUKE, TIO TEXHUYECKOMY
Ha3HAYEHHUIO MOAPA3ACIISIIOTCS Ha YCTAHOBOUHbBIE U KOHIEHCATOPHBIE.
YCTaHOBOYHBIE CHTAJIJIBI LIMPOKO HMCMOAB3VIOTCS B KAueCTBE MOMIO-
K€K TOHKOIUICHOUYHBIX U I'MOPUIHBIX MHTErPATbHBIX CXeM, MNaHesei
MEYaTHBIX T1J1aT, BICOKOBOJIBTHBIX M30JIATOPOB, MOIIOXEK HUCKPET-
HBIX ITACCUBHBIX DJIEMEHTOB (HANpPUMEDP, TOHKOILIEHOYHBIX PE3UCTO-
poB), aetaneit CBYU-npubopoB 1 HEKOTOPHIX TUITOB 3ASKTPOHHbIX JIAMIT.
HOCTYMHOCTh ChIpbs U NPOCTAasi TCXHOJOTUsSE 00ECIIEUNBAIOT HEBLICO-
KYIO CTOMMOCTD U3JeJIMi U3 CUTATUIOB.

JIOCTOMHCTBOM CHUT&LIOBBIX KOHICHCATOPOB SIBJISIETCSA ITOBBILIEH-
Hasl 2JIEKTPUYECKas IPOYHOCTD 110 CPABHEHMIO C KEPAMUYECKHMMU KOH-
JI€HCATOpaMHU.

7.7. KEPAMUYECKHE TUIJEKTPHKHU

Oobmue ceegenusd. [lon xepamuxoid NMOHUMAIOT OOJBLUIYIO TPYIIY
MAaTEpPHUATIOB ¢ Pa3HOOOpPAa3HBIMU CBOMCTBAMU, OOBEAMHEHHBIX OO~
HOCTbIO TEXHOJIOTHMYECKOro LMKIIA.

C10B0 «KepaMHKa» TIPOU3OLIIIO OT IPEYECKOro «KepaMoc», YTO 3Ha-
YHUT «FOpIlevYHas IMTHA». PaHbllie Bce MaTtepuasibl, COAEpXKAalllue TIINHY,
Ha3bIBAIM KepaMUYeCKUMU. B HacTOsIHIee BpEeMst MOJL CIOBOM «KEepaMHm-
Ka» MOHUMAIOT He TOJbKO INTMHOCOAEpKallike, HO U JIPYTrue HeOpraHu-
YyecKMe MaTepuasbl, o6aanatonine CXoaHbIMU cBoiicTBaMU. [Ipu uzro-
TOBJICHHM M3IETUI U3 HUX TPEOYeTCsl BLICOKOTEMITEPATYPHBIN OOXHMT.

HocTroHHCTBAMY KepaMHUYeCKUX TU3ACKTPUKOB SIBJISIOTCS BEICOKAsI
HArpeBOCTOMKOCTb, Masiasi THIPOCKOIIUYHOCTb, JOCTATOYHO BbICOKAs
MeXaHH4ecKasi IPOYHOCTb, XOPOlllKe IJIeKTpUUecKue cBoiictra u 60-
raThie BO3MOXHOCTH YIIPAaBJIeHUS UMHU ITyTeM M3MEHEHHUS COCTaBa UC-
XOAHOM LIMXTHI.

IIpu MaccoBOM MPOU3BOACTBE KEPAMHYECKUX M3AEIMNA OCHOBHbBIE
oMnepalMyu TEXHOJIOTHYECKOTO NPOoLecca MOTYT ObITh TOAHOCTBIO aBTO-
MaTU3UPOBaHbl. BaxHbIMK GakToOpaMU SABASIOTCS HOCTYITHOCTD U Je-
LLIEBU3HA UCXOJHOIO ChIPbSI U OTCYTCTBHE OTpaHUYEHMIT HA M3TOTOB-
JIeHUe U3Jeuil HEOOXOAUMBIX pasMepoB U GopM.

B ob1eM ciyvyae KepaMUUYeCKUilt MaTepuail COCTOUT U3 HECKOJIbKHUX
¢a3. OcHOBHBIMM (a3zaMU SBISIOTCA KPUCTALIMUCCKAS] M CTEKIOBUIL-
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Hag. Kpucmanauueckyro @azy oGpas3yioT pa3iMyHble XMMUUYEckUe CO-
eAMHEeHUS (4allie BCero OKCUIHbIE) MM TBEPAbIE PACTBOPHI DTUX CO-
eavHeHU. OCHOBHBIE CBOUCTBA KEPAMHUKHY — AUBJICKTPUYECKAs Npo-
HUIIAEMOCTDb, AUINECKTPUYECKUE TIOTEPH, ICKTPHYECKasi [IPOBOAU-
MOCTbh, MEXaHUYeCKasd MPOYHOCTh, TEMJIOTIPOBOAHOCTb ~— BO MHOIOM
3aBUCAT OT 0COOEHHOCTEN KpUucTaiuyeckol dasnl. B cTpykType Heko-
TOPBIX BUAOB KEPAMHUKHU MOXET COACPXKAaTbCS HE ONHA, a Cpa3y He-
CKOJIBKO KpUCTaUTHYecKuX (a3, VM3MeHsas oO0beMHOe COOTHOLIEHUE
MEXIY HUMH, MOXHO B LIMPOKUX Mpenestax yrpapiATb CBOICTBaMH
MarepHuaia.

Cmexnosudnas ¢asza NpeACTaBAAET COOOMH NPOCTONKH CTEKA, CBS-
3BIBAIOIIETO KPUCTANYECKYIO (hasy. TexHomornueckre CBOUCTBA Ke-
pPaMHKH — TeMIIepaTypa CIeKaHUs, CTeNEHb IIaCTUYHOCTU KepaMH-
YeCcKOoH Macchl Inpu GOPMOBAHUU — B 3HAYMTEILHON Mepe onpeaensi-
IOTCSI KOJIMYECTBOM CTEKJIOBUIHOI (asbl. OT ee conepXaHus 3aBUCAT
TaKXe TUIOTHOCTb, CTEMEHb MOPHCTOCTH M TMIPOCKOMUYHOCTL MaTe-
puana. HekoTopsie BUIB paIHOKEPAMUKH BOOOIIE HE COAEPXAT CTEK-
JIOBUIHOM (ha3bl.

Hanuuue 2azo6oil gpazer (ra3sl B 3aKPHITHIX TIOpax) 0OYCIOBACHO
Cnoco0oM 00paboTKH MacChl M NMPUBOAUT K CHUXEHMIO MEXaHHUE-
CKOH M 3JIEKTPUYECKOU MPOYHOCTH KEPAMHUUYECCKUX HU3JEAHUI, a Takxke
BBI3BIBAET AUDJICKTPHYECKUE MOTEPH TIPH MOBBIILEHHBIX HAMPSIKEHHO-
CTSIX MOJS BCJICACTBUE MOHM3AIIMY Fa30BbIX BKIIOYEHUHA.

IIp¥ U3roTOBJICHHUM DPATUOKCPAMHUKH B KaYCCTBE OCHOBHBIX KpU-
CTaJU1000pa3yIoUIMX KOMIIOHEHTOB HapsIAy C TIPUPOIHBIMU MUHEpaa-
MU, TAKMMH KaK KBapIi, TTMHO3eM, TaJIbK, IIMPOKO UCIIONB3YIOT CIe-
LMAJIbHO NOJTy4aeMble OKCHUIIBI M KapOOHATHI pa3TUYHbIX MeTaUIOB. st
[ONYYeHUSI KEPAMUKUA C OCOOBIMM CBOMCTBAMM B KAaY€CTBE OCHOBHI
KCTIOAB3YIOT TYTOIUIaBKME OCCKUCIOPOAHBIe coeauHeHus. K ux yucay
OTHOCSITCS HUTPUABI, OOPUIBLI, CHIMUKIABI U KapOUIBI pa3iUyHBIX
METa/IOB.

Oco0eHHOCTH TEXHOJIOTHIECKOro HUKAa. Bribop MeTona n3rorosie-
HUST KEPAMUYECKOTO U3AETUS 3aBUCUT OT CBOMCTB NPHMEHSIEMOro Ma-
Tepuana, OCOOEHHOCTe KOHCTPYKIMH HU3IEIHSI U MAaCCOBOCTH 3aKa3a.
Onnako a100ast TEXHOJIOIMYECKAsd CXeMa KEpPaMHYECCKOIO NMPOM3BOL-
CTBa B KayecTBe 00A3aTe/IbHBIX BKJIIOYAET B celsl CAeAYIOLIME Ofepa-
1904078

» TOHKOE€ U3MEIbYCHHUE U TIIATENBbHOE CMEIIMBAHUE UCXOAHBIX KOM-
MOHEHTOB;

« TUTaCTU(HKALMA Macchl M obpazoaHue (POpMOBOYHOrO nonydasd-
pHUKaTa;

« GOpMOBaHHUE 3arOTOBOK U3 TIACTH(DULMPOBAHHONR MAaCCHI;

» CTICKAHHUE M3Jenil (BLICOKOTEMIIEPATYPHBI OOXUT).

NU3sMenbueHue U CMeUIMBAaHUE ChIPbEBbIX KOMITOHEHTOB
MPOU3BOJAT B POTALUOHHBIX [IAPOBLIX U BUOPALMOHHBIX MEJIbHUIIAX.
B npou3BoACTBE paluOKEPaMUKU TTPUMEHSIOT TOHKOIUCTIEPCHBIE MTO-
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POLUKH C pa3MEepOM 4acTUL nopsaka 1 MkM. XapakTepUCTUKU MOPOLI-
KOB OKa3bIBAIOT CYILECTBECHHOE BIMSIHUE HA MTOCAEAYIOUIME CTATUN TeX-
HOJIOTUYECKOTO 1LIMKJIIA.

MebHHLIA TOHKOTO MOMOJA TIpeacTaBisier coboit cTalbHOU Gapa-
0aH, GyTepOBAHHLIA M3HYTPU U3HOCOCTOMKOM KepaMHUKONH (OOBIYHO
IMTIMHO3EMHUCTOM) MJIM U3HOCOCTOMKOM pe3uHOi. B KayecTBe MeTIoIIux
TeJl UCTIONB3YIOTCS KEPAMMUYECKHE WIHM CTAIBHLIC IIAphl Pa3IMYyHOTO
auametpa (Jaue Beero 5...8 MMm). Menouiye tea MpUBOAATCSA B ABU-
’KEHMe OTHOCHUTENILHO APYr Apyra IyTeM BpallEeHUS WIM BUOpALUK
LWIMHApUYecKoro 6apabaHa. M3MenbueHHUEe LMXThI MPOUCXOIUT B pe-
3yAbTaTe YIAPHOIO BO3ACHCTBUSA LIAPOB, PACKAIBIBAHUSA YACTHI WIH
MCTUPAHUS MACChl MEXIy lapaMu.

IToMOs1 MOXET ObITh «CYXMM» HJIM «MOKDBIM», T.€. C MCIIOJIb30Ba-
HHUEM BOAHOM cpenbl. bonee TOHKOE U3MeNbUEHUE ITOCTUTAETCS MpPHU
«MOKpOM» TIOMOJIe. UHTEHCUBHOCTDb U3MENbYCHMS MOBBILIACTCS, €CIIU
B BOAHYIO Cpelly BBOIST NOBEPXHOCTHO-aKTUBHbIE BeltecTBa. Ilocnen-
HUE NPENSTCTBYIOT CAUMAHUIO YACTHUL, CMIOCOOCTBYIOT PA3BUTHIO TpE-
LIKH, T.€. OKa3bIBAIOT pacKJIMHHUBAlOLICE JeHCTBUE HA YacTHLbL. [1po-
LieCC f1I0MOJIa OYE€Hb SHEProeMOK, IIUTEABHOCTh €r0 MOXET COCTaB-
JIITh NE€CSITKU YacoOB.

IMnacTudukauusa tpebyercs ang gajabHeifliero GOpMOBaHUS
m3aenui. s 3Toro nojyyeHHbI TOHKOAUCTIEPCHBIA NOPOIIOK MIa-
CTUDULIUPYIOT NyTEM BBEIASHUS OpraHMYECKUX J00aBOK, Ha3bIBae-
MbIX miactudukaropaMu. X noapasmensiioT Ha BOAOPACTBOPUMBIC U
pacrasssieMmble. Hanbonee 4acTo UCIOJB3YIOT IMTOJTUBHUHUIIOBBIN CITUPT
{—C,H;0H—], u napacun.

®opMoOBaHME HM3HMENUUN OCYLIECTBASIETCI METOHAMH IIPEC-
COBaHMsi, TJIACTUUYECKOM MPOTSKKU (BBIAARBIUBAHHEM) Yepe3 MYH/ILI-
TYK, TOPSIYUM JIMTHLEM TIOJ JABJIEHUEM, a TAKXKE MyTEM PO3JIMBA XU~
KOTO LUTUKePa ((DOPMOBOYHOM CYCIIEH3UH) Ha ABUXYIIYIOCS HOMIOXKY
(ripu MoNMyYeHUH MIeHOK). KpynHoraGapuTHble U3ReIUs CII0XKHOM KOH-
durypaiu GOpMYIOT NyTeM JUThs BOAHOM CYCIIEH3WH B THIICOBBIC
¢opMbi, KOTOpbIE pazdMpaloT NMPH U3BJISUYEHUHU 32arOTOBOK.

Cnexkanue (0o0xXur) usgenuii sipsercss Haubojiee OTBETCTBEH-
HOW TeXHOJOrMYECKO Oflepalineil, KOTOPYIO NPOBOLST B My(heIbHbIX
WM TYHHEJBbHBIX JIEKTPUYECKUX neyax rmpu Temieparypax 1 300°C u
BbllIe. TYHHE/JbHBIE MTEYH MIPEACTABISIOT CO0O0I KOHBEHEPHBIE arpera-
Thl HEOPEPBIBHOIO JEUCTBUS. B 3aBUCUMOCTH OT COCTaBa MaTepuana
CIIEKaHHE MOXET NMPOU3BOAUTLCS HE TOJBKO B OKUCIMTEIbHON, HO U
B HEHTpaNbHOM U JaXe B BOCCTAHOBUTEILHOU aTMOcdepe.

IIpu ciekaHuM POMCXOIMT BbIDKHTaHUE I1acTUdUKATOpa, 3aBep-
LIAI0TC XMMUUYECKHE peaklHU MeXIy KOMMoHeHTamu. B pesynbrarte
CIMSIHUS 4acTHLl pukcupyeTcs hopma U3zeausi, MaTepuan npuoodpe-
TaeT HeOOXOAUMMYIO MEXaHHUYECKYIO HNPOUYHOCTh W 3aJaHHbIe (pU3nye-
CKME M dNIeKTpUYecKue cBoiicTBa. CrieKaHUe MPOUCXOIUT 32 CYET MpPO-
LIECCOB BSI3KOT'0 IUIACTUYECKOTO TEYSHUS MaTepuaa NpU BbICOKHX TEM-
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neparypax, 06beMHOM U MOBEPXHOCTHOU TUdPy3Un YacTull, MEpeHo-
ca BELLECTBA uepe3 ra3osylo ¢asy. JBuXKyliei cunoit criekaHus sIBIs-
€TCs YMEHBIIEHHE HOBEPXHOCTHON 3HEpPruy IUCICPCHOUN CHCTEMBI.
ITo3ToMy CKOpOCTD CITEKaHHUS BO3PACTAET IPU YMEHbBIIEHHUU PAa3MEPOB
yacTul. CrieKaHMe YCKOPSIETCS TaKKe MPH HATUUMU XKUIKOM asbi,
KOTOpasi UrpaeT pojib CMAa3KH, YBEIUYHUBAIOLIEN NTOTBHXXHOCTD YaCTHL.
XKunkas ¢asza obpasyercs MO0 IPH PaCIUIABJIEHUU JErKOIJIaBKOro
KOMIIOHEHTA, CIELHANbHO BBOJMMOIO B IHUXTY, TUOO B pe3y/abTarte
B3aUMOIEHCTBUSA MEXIY MCXOOHBIMH KOMITOHEHTAMH, COIIPOBOXIA-
1olerocs hOpMUPOBAaHUEM IBTEKTUUECKOTO PACIUIABA,

OcobeHHO BBICOKAS MHTEHCUBHOCTb CIIEKAHUsi JOCTUTAETCSl B TOM
cjlyyae, KOTIa Ha CrieKaeMblii OOBEKT OJHOBPEMEHHO ACHCTBYET Bbl-
COKO€ BHCLUHEE AaBjIeHUE. TaKOH METO U3rOTOBACHUS KEPAMUYECCKUX
UBIETUH MOJIYUMIT Ha3BaHUE 20psaYeco npecco8anis. STUM METOIOM U3
MIOPOLIKOBOM KOMITO3UIIUHM MOXHO CUHTE3UPOBATh MaTepUal INIOTHO-
CThIO, OJIM3KOM K TEOPETUYECKOM, T. €. IPAKTHUYECKH O€3 MOPHUCTOCTH.
IIpu 3TOM B Cilyyae ropsiyero NpecCcOBaHHS TeMITepaTypa CIEKaHUs,
KakK NpaBWIo, BEIOMpaeTcsa 0ojiee HU3KOM, YeM TIPU TPAAUIIMOHHBIX
peXUMax CrieKaHu4.

B nporiecce 0Gxura BCJAEACTBUE MCTIAPEHUS BIIArU, BBITOPAHMS 1A~
ctudHUKaTopa U YIUIOTHEHUS MaTepuata MPOUCXOIUT yCaaKa U3NETHi,
T.€. yMEHBIUEHHE UX pa3MepPOB. B 3aBUCMMOCTH OT COCTaBa HIMXTHI, KO-
JIMYecTBa TacTudguKaropa M pexXuMa o0Xura ycajlka M3MEHSETCS B
IIMPOKMX Ipeaeaax U MoxeT npesbiiatsh 20 %. [IpuHuMas Bo BHUMa-
HHE 3TO OOCTOSTENBCTBO, HEOOXOAUMO NpHU (hOPMOBKE 3arOTOBOK Ja-
BaTb UM 3aBBILICHHBIE pPa3Mepbl. 3apaHee OLEHUTH YCAIKY NOBOJILHO
TPYAHO, IIO3TOMY ACIMYCKH Ha pasMepbl KEpaMUYECKUX U3ICIUNA, OCO-
BGEHHO KPYNHOrabapuTHBIX, CPABHUTEILHO BeJIMKH (10 5 % OT JInHei-
HOTO pa3Mmepa).

B HekoTOphIX cayvyasx Kepamudeckue usnenus (ocobeHHo dpapdo-
POBBIE) MOABEPraioT IIa3ypoOBaHUIO, T.€. MOKPBIBAIOT TOHKMM CIOEM
raasypu tomuunoi 0,1...0,3 MM. I'masyps no cocrapy 61au3ka K CTCK-
JIy, KOTOpOe pacIUlaBjsieTcsl Mpu obxure M, oOBOJaKKBas U3aeue,
dbopMUpyeT Ha HeM [ISTHUEBYIO 3alUTHYIO MOBepXHOCTh, HaHeceHue
I7Ia3ypy HE TOJILKO YJIYYILAET BHEIIHUWA BUIL U30ASITOPOB, HO U MTOBbI-
LIaeT UX MEXaHHYECKYI) NPOYHOCTh, MPETNSITCTRYET NMPOHUKHOBEHUIO
BJIarY B TIOPBI, CITIOCOOCTBYET CAMOOYHLIEHHIO TTOBEPXHOCTH HU30JISITO-
POB OT aTMOC(EPHBIX 3arpsA3HEHMHI B MPOLECCE MX IKCIUyaTalluK, 3a-
JIEYUBAHUIO MEJIKUX TpelirH. Bce 3To MoNoXUTENbHO OTpaXaercs: Ha
YIEITBLHOM TMOBEPXHOCTHOM COIPOTHUBIIEHHHM M HAIPSXKCHUM TOBEPX-
HOCTHOTO paspsina. s HamexxHoit paboThl I1a3ypb JOAXHA UMETh CO-
TJTACOBAHHBIA C KEPAMHUUECKUM AUINCKTPUKOM TEMIEPATYPHBIE KO-
3¢ GUIIMEeHT JUHEHHOro paciuupeHusi. IlyreM BBeIeHUS B IUUXTY OK-
CHIOB PA3THYHbIX METALIOB [JIA3ypsM MPUIAIOT XKeJIaeMYyI0 OKPAacKy.

Knaccudukanus u cpoiicTBa Kepamuieckux marepuanos. Kepamu-
YECKUEC MaTepuasbl, OTHOCALIMECS K IUIEKTPUKAM, 10 TCXHUUYECKO-
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MY Ha3HaYeHUIO MOXHO NOApa3IejNTh Ha YCTAHOBOUHBIE U KOHIEHCA-
TOPHBIE,

YCTaHOBOYHYIO Ke€paMUKY MPUMEHSIOT JUIsl H3TOTOBIECHUS
Pa3HOro poia M30JSITOPOB U KOHCTPYKLUMOHHBIX JeTajeil: OMOPHBIX,
TIPOXOIHBIX, MOMBECHBIX, AHTEHHBIX N30JIITOPOB PATHOYCTPOICTB, MO~
JioXeK rnopuaHbIx MC, MUKpOMOAYJIeit, KOPITYCOB MHTErPaJIbHBIX MUK-
pOCXEM, JIAMIIOBBIX MaHe e, BHyTPUIAMIIOBBIX U30JIATOPOB, AeTanei
CBY-npubopoB, KOPNycoB PEe3UCTOPOB, KApKacOB KaTylIEK HHIYK-
TUBHOCTH, OCHOBAHMI 3JIEKTPUUECKUX NeUei U ap.

ITo 37eKTpHUYECKUM CBOMCTBAM YCTAHOBOYHYIO KEPAMUKY IOIpa3-
JENSIIOT HAa HU3KOYACTOTHYIO M BBICOKOYACTOTHYIO. M3 HM3KOUacToT-
HBIX YCTAHOBOYHBIX MaTepUAIOB HanOoJIee paclIpOCTpaHeH U30AImop-
notli papgop. ChipbeM IS €ro U3roTOBJCHHUS CJIYXKaT CIICLIMaTbHbIE
COpTa IJIMHBI, KBaplEBbiil NMeCOK U IUEeJOYHOI mojieBoit mnat. [Ipu
00XUTIe INIMHA TEPSAET KPUCTALTM3ALMOHHYIO BOIY M, B3AUMOJICHCTBYS
¢ KBaplieM, o0pa3yeT OCHOBHYIO KPUCTAUIMYECKYIO a3y — MYJUIUT
Al,O5- 25i0,. TIpoMexXyTKH MeXNy KPUCTULIMYECKMMHU 3epHaMU 3a-
MOJIHAIOTCS CTEKJIOBUIHON (ha30ii, BOZHUKAIOLIEH MOCIIe pacIiiaBie-
Hus nojesoro wnara. Haauuume crexiiodassl 00yCIOBIMBAET HU3KYIO
MOPUCTOCTh M BBICOKYIO IJIOTHOCTBL (apdopa, ero BOXOHENPOHHUIIAC-
MOCTb, JJOCTATOUYHO BBHICOKYIO 3JIEKTPUUYECKYIO U MEXaHUUECKYIO TIPOY-
HocTb. OTHAKO M3-3a OOJIBIIOrO COMEPXKAHMS IIEJOYHBIX OKCUIOB B
crexiiodaze Marepuan obnagaeT 3HAYUTCIBHBIMU THINEKTPUYCCKUMU
notepamu (tgd = 10~? na gacrore 50 I'u), uTo 3aTpyaHSET €r0 UCIONb-
30BaHHE Ha BLICOKMX yacToTax. U3 chapdopa B LIMPpOKOM acCOPTUMEH-
T€ U3rOTOBJIAIOT HU3KOBOJILTHBIE U BHICOKOBOJIBTHHIE U30MSTOPBI Mac-
COBOTO CIIpOCca, B YACTHOCTH IMOJBECHBIC U30JSITOPLI TSI IUHUM BJIeK-
Tporepeaays.

TIpoMeXXyTOUHOE TOJIOXEHHE MEXIY BBICOKOYACTOTHBIMU M HH3-
KOYACTOTHBIMHU IU3JIEKTPUKAMH 3aHUMAET paducgapghop. YnyulieHue
€r0 JIEKTPUUYECKUX CBOMCTB MO CPABHEHMIO C H30JATOPHBIM hapdo-
POM [IOCTUTaeTCA MyTeM BBEACHHUS B COCTAB MCXOMHOM LUMXTH OKCHIA
bapusi, Pe3KO CHMXAIOLIETo IHUIJIEKTPUYECKUE MOTEpU U IPOBOAU-
MOCThb cTekToBHAHON (a3bl. Ha puc. 7.16 nokaszaHbl ABe 3aBUCUMOCTH
YAEJNILHOTO 00BEMHOI0 COMPOTUBIICHUS OT TEeMIIEPATYyPhI, U3 KOTOPBIX
CJIENYET, YUTO 110 H3OJSAILMOHHBIM CBOMCTBaM paarodapdop npeBocxo-
JUT OOBbIYHBINA MEKTPOTeXHUUYeCKUi (apdop nmpuMepHO Ha IBa MO-
psiIKa BEJIUYMHBI YIEJIBHOTO COINPOTHUBJIEHHS.

B cBsi3u ¢ BBICOKHMM coaepxKaHueM DIMHBL (10 40 %) pamuodap-
dbop oTMuaercss OONBIUOH IUIACTMYHOCTHIO MACChl, 4YTO MO3BOJISIET
M3TOTABJIMBATh U3 HETO KaK MEJIKUE, TaK U KPYyITHOrabapuTHbIE U3/e-
JIUSL.

JanbHeH1IUM ycoBeplieHCTBOBaHMeM panuodapdopa sipasiercs
yavmpagapgop, OTHOCSILUMIACS K IPYITTIe MaTepyuajoB C BBICOKHM CO-
IepxaHueM riMHo3eMa (6onee 80 %). I'muHo3eM, WIM OKCUI alIOMU-
HMS, CYLIECTBYET B BUIEC HU3KOTEMITEPATYPHOM Y- MM BHICOKOTEMIIE-
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Puc. 7.16. 3aBHCHMOCTS yAETBHOTO OOBLEMHOTO COTIPOTHBRIEHUS KEPAMHYECKHUX
JUDJIEKTPUKOB OT TEMIICPATyphl:

I — uzongropuniit dapdop; 2 — pagnodapdop

paTypHOIi a-Moardukauuu. JIyainuMu cBoicTBaMu obstanaer a-Al,Os
(kopyHn).

Ynbrpadapdop SABISIETCH BLICOKOYACTOTHBIM JIHIJIEKTPUKOM, B
KOTOPOM COYETAIOTCS HU3KHE TUBJICKTPHUYCCKHUE MOTEPH C BBHICOKOMN
MEXaHUYECKOH NPOYHOCTHIO U YIOBJIETBOPUTEIBHBIMU [UISL TTPOMBILII-
JICHHOTO TMPOU3BOACTBA TEXHOJIOrMYECKUMMU TapaMeTpaMu. Takoe co-
YeTaHUE CBOMCTB BO MHOIOM OOBSICHAETCA HATMINEM B HEM OapHeBo-
Io CTeKJa, KOTOpOe, C ONHOI CTOPOHEI, CIIOCOOCTBYET YJIYUYLICHUIO
SJIEKTPUYECKUX CBOMCTB MaTepuasa, a ¢ APYroil — YCKOpSET CIIeKa-
Hue, o0pa3ys XuIKyio a3y B ripouecce odoxura. B pesynbrare yraercs
TIOJIYYMTh TUIOTHYIO KEPaMUKY TP CPABHUTENBHO HEBBICOKHX TEMIIE-
patypax cniekanud (1 360...1 370 °C).

B KayecTBe yCTAHOBOYHOIO MaTepHajia O0JMbIIOE pacTIpOCTPaHEHUE
ronyuuit yasrpadappop YP-46, oTanYaroUMAcs MPOCTOTOM TEXHO-
JIOTUM U BbICOKOH MJIACTUYHOCTHIO MACCHI.

Matepuan YP-53 npu 10CTaToOuHO XOpollei MIacCTHYHOCTH 06a-
IaeT 0oJiee BHICOKMMU TO CpaBHEHUIO ¢ YP-46 aeKTpUueCKUMHU CBOIi-
ctBamu (puc. 7.17) 1 MexaHMYECKO# MPOUYHOCTHIO U ApeIHA3HAYAETCS
JUISl YCTAHOBOYHBIX JeTanei U KOHAEHCATOPOB, K KOTOPHIM OPEIbsIB-
JISIIOTCSl TIOBBILLIEHHBIE TpeboBaHusa 1Mo HanexHocTu. [locneayroiue
pa3paboTKU KepaMUKM TUNA yasTpadapdop obnanaior eie b6osee 61a-
TOTNPUSTHBIM KOMIUIEKCOM 3JIEKTPUYECKUX U (DU3UKO-MEXaHUYECKHUX
CBOWCTB.

Kopynlosast KepaMukKa ¢ coiepxaHueMm miuHosema 95...99 % no-
JIyYWJIa HA3BaHUE afioMUHoKcuda. TOT MaTepHasl OTIMYAETCH HU3KU-
MM JIMIJIEKTPUUECKUMH NMOTEPSIMM B NMANA30HE PAaguoOYacTOT M NpH
MOBBILLIEHHBIX TeMnepartypax (cM. puc. 7.17) o61anaeT BecbMa BHICOKOH
HarpeBocToikocThio (10 1600 °C), a Takkxe GOABLICH MEXaHMYECKOH
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Puc. 7.17. TemnepaTypHble 3aBUCUMOCTH tgd MIOTHOMN YCTAHOBOYHOM KepaMHU-
K4 Ha yacrote f= 1 MTix:
1 — panuodapdop; 2 — ynerpadapdop YP-46; 3 — creatur; 4 — lunuHesnepas
Kepamuka; 5 — ynetpadapdpop YP-53; 6 — uenp3maHoBasg KepaMuka; 7 — aHOMM-
HOKCHUI

MPOYHOCTBIO M XOPOLIEH TerUIONPOBOAHOCTBIO. YeAbHAs TEHJIOMPO-~
BOJHOCTb aJltoMUHOKcUAA B 10— 20 pa3 Bblllle, YeM Yy U30JATOPHOIO
dapdopa. OaHako oH MMeeT HeOIaronpUsTHLIE TEXHOJOTHUYECKHE Xa-
PaKTEpUCTHUKH, objaxaeT GOnbLICH abpa3sMBHOCTLIO, HETUIACTHYECH,
OT/IMYAETCA BbICOKON TeMnepaTypoi cnekanus (1o 1 750 °C). Bricokas
a0pa3suBHOCTL 3aTPYAHACT MEXaHUYECKYI0 06paboTKy ChIPBIX 3arOTo-
BOK Y HILTH(OBAHHE 000X KEHHBIX IeTajleH.

Kepamuka 13 aJllOMUHOKCHAA HCITONb3YETCS B KAUECTBE BAKYYM-
TUIOTHBIX U30JIATOPOB B KOPITyCax MOJIYNPOBOAHUKOBLIX IPUOOPOB, MO~
JIOXKEK THOPHUAHBIX HHTETPAJIbHBIX CXEM, U3 HEE€ U3rOTOBJISIOT KOpITyca
UHTErpalbHbIX MUKpocxeM U CBY-nipubopos, a Takxke BHYTpUAAMITIO-
BbIE U30JIATOPHI C NOPHUCTOI CTPYKTYypoit. ITopucrast KepaMUKa BBITOI-
Ha TeM, 4TO TIpH KOHACHCAIMK METAUIMYECKOTO reTrepa, UCIOoIb3ye-
MOrO UISl TOJYYEHHMSI BBICOKOTO BAKyyMa, a TakKe IIPH OCAXKICHUH
napoB 6apusg U Topus, 0OpasyIOLIMUXCSA NPU paboTe KaTOMOB 3JIEKT-
POHHBIX JIAMIT, HA TIOBEPXHOCTH KEPAMHUECKUX BHYTPUJIAMIIOBBIX U30-
JISTOPOB HE BO3HMKACT CILIOLIHOM TOKOMpOBOAsilel mieHkUu. Kpome
TOrO, MTOPUCTAas KEpaMHUKa JIErKO BLIACPXXUBACT 3HAYUTEIbHbIE TTEpe-
najpl TEMIIEPATyp, KOTOpble HEU30€XHbI [IPH U3TOTOBICHUHU 3JIEKTPO-
BaKyyMHoOro npudopa.

Pa3sHOBUAHOCTHIO aTIOMMHOKCUIA SIBSICTCS HoAuKOp, 00Ia1at0Ui
0Cc000 TUIOTHOI MENTKO3epHUCTON CTPYKTYpOHi (ero MIoTHOCTDh GIM3Ka
K PEHTTeHOBCKOM rutotHocTH 0-Al,O3). KpoMe KopyHzaa B cocTaB 1no-
JIMKOpA BXOAAT Heboabline MoauduLmpylomue nobasku MgO (0,3 %
0 Macce).

Takoi cocTaB MpefonpeeaseT BEICOKYIO TEMIIEpATyPy CIeKaHUs
(1800...1900°C). B otnnyne OT OOBIMHOH KOPYHAOBOH KEPAMUKHM IO~
JIMKOp npo3padeH. [ToaTomMy ero NpUMeHsIIOT fUIsl U3TOTOBIEHUS KOJI6
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HEKOTOPBIX CHELMaJbHbIX UCTOUHMKOB CBETA M BBICOKOTEMIIEpATyp-
HBIX OTNTHUYECKUX OKOH. braromapsi BBICOKOM ITIOTHOCTH IOJMKOpA
MOXHO 006ecneynTs BBICOKYIO YHCTOTY 00paboTKu nosepxHocTtH. [1o-
3TOMY NOJMKOP SIBJISIETCA LHEHHBIM MaTEPUANIOM Uil OCAXIACHUS ILie-
HOYHBIX ITACCUBHBIX 3JIEMEHTOB TMOPUIHBIX UHTETPATLHBIX MUKPOCXEM.

CyllecTBEHHBIM NTPEUMYLIECTBOM KEPAMMUECKUX MOIOXKEK [0 CpaB-
HEHHUIO CO CTEKJISIHHBIMU M CUTLIOBBIMH SIBJISIETCS WX BBICOKAs Tell-
JIONPOBOAHOCTE. CKOPOCThH OTBOA TETUIA OT TOHKOTIJICHOYHBIX 31€MEH-
TOB BO MHOTOM OINpeHe/igeT JOIMYCTUMbIE 3HAYEHUSI pPacCEUBAEMOM B
HMX JIEKTPUYECKOH MOLIHOCTU. Cpean HEMETAUIMYECKUX MATEPHATIOB
Haubosee BbICOKOH TerornpoBogHocTeio (200...250 Br/(M - K)) 06-
nanaer okcun Oepwius. KepaMHUKka Ha OCHOBE OKCHIa OEpHILTHUS
(95...99 % BeO) noayuniaa HazBaHue Gpokepuma. Ee Teronposon-
HocTb B 200 —250 pa3 npeBbilliaeT TEIUIONPOBOIHOCTDL CTEKOJ U CTEK-
JIOKpUCTANNUYECKUX MaTepruanoB. K ToMy Xe OHAa UMEET BBHICOKHE
aneKTpuueckue napameTpbl: p = 10% OM- M; tgd < 3-107* (Ha ya-
crore 1 MTI'u). Meranauzauus usnenuii U3 6pokepura obecrneynBa-
€T MOJyYeHUE BaKyyMHBIX CIIaeB KEPAaMUKHU C MEIBbIO U KOBAPOM.

IToMKMMO TTOMIOXKEK [UIST HHTETPATbHBIX MUKPOCXEM OPOKEPUTOBYIO
KepaMHUKYy MIpUMeEHSIOT B 0cobo mouiHbeix CBY-npubopax. Hegocrar-
KOM 3TOro MaTepuasia siBjsieTcss TOKCUYHOCTD NopolukoodpasHoro BeO,
YTO TpebyeT COOMIONEHUS CTPOIHX Mep TEXHUKH G€3011aCHOCTH Ha BCEX
3Talax TeXHOAOTMYECKOTO LIMKJIA U3TOTOBIEHHS! KEPAMUIECKHX U3/e-
B137478

HuskuMu TM3IeKTPUYECKUMY TIOTEPAMHU B JUAIIa30HE pagHodac-
TOT OOMagaeT TakXe LEJb3UaHOBasi, CTeaTUTOBast U (popcrepuTosas
Kepamuka. B cocraB yeas3uanogoi Kepamurxu BXOIAT NpedBapUTENBHO
CHUHTe3UpOBaHHbIe coenuHeHus BaO - Al,O;- 2Si0,, Ha3pIBaeMoOe yeas-
3uaHom, yraekuciabiil 6apuit BaCO; u xaonun Al,O;-2Si0,- 2H,0,
KOTOpbI€ TIPH OOXUTE U3/IeANiT 00pa3yIoT AOMOIHUTEIPHO KPUCTAIUTH-
qecKylo a3y uenb3uaHa i BHICOKOGapUEBOe AIIOMOCHINKATHOE CTEKIIO.

XapakTepHbIMH OCOOCHHOCTSAMM 1IE/Ib3UAHOBONW KEPAMHUKHU SIBJISI-
IOTCSl OYeHb HUBKHI TeMIepaTypHbIi KO3 GUIMEHT TUHESHHOTO pac-
wupeHus (2 10°% K-'), He3HauuTeNbHBIH TeMmepaTypHblit koadbdu-
LUEHT IM3JIEKTPHYEecKoi nmpoHuuaemoct (6 - 10~ K-1) u nosbieH-
Has IO CPaBHEHUIO C IPYTMMH MaTepHalaMU JIeKTpUYecKas IIPOYHOCTh
(mo 45 MB/mM). B HOpManbHEBIX YCIOBHSX MpeobiagaeT 3JIEKTPOHHAsS
3JIeKTPONPOBOIHOCTh, MOHHASI COCTABASIOLIAS 3ACKTPONPOBOLHOCTH
CTAHOBUTCS 3aMETHOI JIMIIb IIPH TeMnepatypax cBhiie 600 °C.

1lenp3uaHOBYI0 KEPAMUKY HCINONB3YIOT JUIA M3rOTOBJICHUS KapKa-
COB BbICOKOCTAOUIIbHBIX MHIYKTUBHBIX KATYIIEK, H30JISATOPOB H BHICO-
KOYACTOTHBIX KOHISHCATOPOB OONBIION peakTUBHOM MolHocTH. He-
JOCTATKOM LIENb3UAHOBOH KEPAMUKU SIBJISIETCS] CPABHUTENIbHO HEOOMb-
was MexaHW4ecKasi MPOYHOCTh.

Cmeamumogyro Kepamuky NOIy4aOT Ha OCHOBE IIPUPOAHOTO MUHE-
pana — tanbka 3MgO - 4Si0,- H,O, KoTopslit oT/iMyaeTcsl BBICOKOM
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MJIacTHYHOCTLI0. OCHOBHOM KpUCTAIINYeCKOH ¢Ga3oit, obpasyoleics
MpH O0OXMIe 3aroTOBOK, SIBIsIETCS KiaMHOIHCTaTUT MgO - Si0,. Tlpe-
HMMYILECTBAMM CTEATUTOBOI KepaMHMKH SIBJISIIOTCS ee Masyias abpa3uB-
HOCTb ¥ He3HayuTesbHasA ycaaka mpu ooxure (1,0...1,5 %). ITosTomy
M3 Hee MOXHO H3TOTOBJIATH MEJIKHUE IeTANU C MOBBIIIEHHONH TOYHOC-
Thi0 B pa3Mepax. CTeaTUT IPpUMEHSIOT B KAYeCTBE BbICOKOYACTOTHBIX
[IPOXOAHBIX U30JISITOPOB, OMOPHLIX TJIAT, U30JHUPYIOUIMX KONell, 1eTa-
JIeil KOPITyCOB NMOAYIPOBOAHUKOBBIX NPHOOPOB, a TAKXKE B BUIE MOPH-
CTOM BaKyyMHOl KepaMHUKH JUISI BHYTPHUJIAMITIOBBIX U30ISTOPOB.

HenocrarkaMu cTeaTura SIBJSIIOTCS HEBBICOKAsl CTOMKOCTB K DE3-
KHUM IepenanaM TeMnepaTypsl 4 O4eHb Y3KUI TeMIlepaTypHblit UHTEp-
Ban crnexkauus (1330...1350°C). Ilpu HM3KO# TeMnepaType OOGXHra
M3JEJINE NONIYYaeTCH MOPUCTHIM C TOHMXKEHHONH MEXaHUYEeCKOHN Mpoy-
HOCTbH0. [TpH MpeBbILIeHHH ONTHUMAIBHOMN TEMIIEPATYPhl CHEKAHUS Ha-
OyI0JaeTCsl pe3Koe BO3pacTaHUE KOJMWYECTBA XUAKOH (has3bl B yeper-
Ke, CONPOBOXIAEMOe CHIXKEHHMEM €€ BSI3KOCTH. B pesyybraTe crieka-
eMoe u3ienne neopMUpyeTcsa B IPoLEecce OOXHUTra.

Dopcmepumosyro kepamuxy 2MgO - Si0, NpUMEHSIIOT ISt U3TOTOB-
JIEHUSI U30JISTOPOB BAKYYMHBIX M ITOJYIIPOBOAHUKOBBEIX NPHOOPOB,
Koraa TpeOyeTcs BaKyyMIUIOTHBIN COITAaCOBAHHBIN criaii ¢ METalIoM,
006/1a0a101UM MMOBBIIICHHBIM TeMIIEpaTyPHbIM KO3(DODHUIIMEHTOM JIH-
HEHMHOTO pacllvpeHMs], HanpUMep ¢ Meablo. BMecTe ¢ TeM u3-3a Io-
BBILLIEHHOTO 3HAYEHUS o GOPCTEPUTOBASI KEpaMMKa XapaKTepH3ye1cs
HEIOCTAaTOYHOM CTOMKOCTBIO K TepMoynapaM. [ToaToMy uHoraa ee us-
FOTOBJISIOT ITOPUCTOM /IS UCIIOJIb30BAaHMS B 3JIEKTPOBAKYYMHBIX MPH-
bopax.

HexoTtopbie cBeieHust 06 97 KTpUISCKUX CBOUCTBAX YCTAHOBOUHOM
KepaMUKHM CUCTEMATU3UpPOBaHHl B [IpwioxeHuu 3.

Oco6y10 rpynny MarepuaioB oGpa3yioT YCTAHOBOYHbIE KepaMuye-
CKHeE AUBEKTPUKH C BLICOKOH HarpeBOCTOMKOCTBIO. Takast KepaMuKa
ripeaHa3HayeHa Ul MCIIONB30BaHUA B 9KCTPEMaIbHbBIX ycnoBusax. Ee
[IOJIYYalOT 110 OOBIYHOM MOPOIIKOBOM TEXHOJNIOIMH M3 TYTOIUIABKMX
OKCHIOB 0e3 106aBfieHUs] IMHUCTHIX KOMIIOHEHTOB W MUHEPAIU3y-
1o1nx nobasox. K uncny Hanbosee TyronmiaBKux OKCHIOB (C TeMmepa-
Typoit mnasnenus 2 500...3 000 °C) npuumciasior coeauHeHus: ThO,,
BeO, UO,, Ce0O,, Mg0O, CaO, Al,0;. Kak mpaBuio, TyroriaBkas
KepaMHKa 00J1a1aeT BHICOKMMHU JICKTPOUIOIISIIMOHHBIMH, MEXaHUYE-
CKHUMH U TeIJIO(PU3NIECKUMH CBOMCTBaMH. OHA IPUMEHSIETCS, HAIPHU-
Mep, U1 QYTEPOBOK KaMep CropaHus, 3JIEMEHTOB SIIEPHOTO PeaKTo-
pa, MAarHUTOTMAPOIAMHAMMYECKUX TEHEPATOpPOB, M30JSTOPOB CBeuei
3aXMFAHMS] aBUALIMOHHLIX ABUTaTeNeli ¥ T. 1. B cyXxoM Bo3ayxe U B KUC-
JIBIX Cpelax KepaMHKa U3 YMCTBIX OKCHAOB COXpaHSIET CTOMKOCTh I10-
4TH O TeMIIEPATYPHI IJIABJIEHHUS.

Tyronnapkue KepaMH4YeCKUE AURJIEKTPUKH MOTYT OBITh CHMHTE3U-
pOBaHbl ¥ HA OECKUCIOPOAHOM ocHOBe. B KauecTBe 6a30BbIX COeNUHE-
HUM B 3TOM Cjlydae MCHOJb3YIOT Kapoua KpemHus SiC, a Takxke HMT-
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puast amomuHust AIN 1 6opa BN. Bee aTu coeauHeHNst UMEIOT TeMITe-
patypy rapnenus Bolie 3 000 °C, a KepamMHKa Ha UX OCHOBE XapakTe-
PU3YETCS He TOJIbKO BbICOKOM HarpeBOCTOMKOCTHIO, HO OBIaIaeT Tak-
Xe BBHICOKOH YCTOWUMBOCTBIO K XMMHYECKM arpeCCHUBHLIM CpElaM,
BBICOKOM TBEPAOCTBIO M M3HOCOYCTOMYUBOCTBIO, CTOMKOCTBIO K Tep-
MoyaapaM. Kepamuxka 13 xapbuaa KpeMHUS MO YAEIBbHOU Teionpo-
BOJHOCTH IIPEBOCXOAMT ATIOMUHOKCH U JaXe OPOKEPUT U JIHIIb He-
MHOTrO ycryraet Mexd. HuTpuanas kepamuka 6narogapst XAMHYECKOM
YCTONYMBOCTH LIMPOKO NPUMEHSETCS B TEXHOJOTHH YHCTHIX BEIECTB
B KAYECTBE TUTEJIbHOIO MaTepuaa.

KoHaeHcaTopHAas KepaMHKa MO3BOMACT CO3AaBaTh EMKOCT-
Hble 3JEMEHTBI, BBUICISIOUIMECS TPOCTOTON KOHCTPYKIIMM, HH3KOM
CTOMMOCTBIO, BBICOKOM HAAEXHOCTHIO M paboTOCHOCOOHOCTHIO B ca-
MBIX XECTKHX YCJIOBHUSIX IKCILUTyaTalnu. KepaMuueckue KOHIEHCATOPHI
MO3BOJISIIOT TIEPEKPHITH ANATIa30H eMKOCTel OT foseit nukodapana 1o
coTeH MHKpodapanor. Ha ux noi0 B MUPOBOM HPOU3BOACTBE BCEX
KOHIEHCATOPOB NPUXOAUTCS cBoiie 60 %.

ITomo6HO yCTaHOBOYHOIH KepaMHKE, KOHACHCATOPHBIE KepaMuye-
CKHE IUIIEKTPHKY MOAPA3AEIAIOTCS HA BHICOKOYACTOTHBIE U HU3KO-
YACTOTHBIE Marepuajbl. K mepBoiil IpyIie OTHOCAT IU3JIEKTPUKH, Y
KoTophix € = 10...260, a 3HayeHue tgd Ha yacrore | MI'u He mpeBHI-
maet 0,0006. Ins obecrieyeHUs: TEMIIEPATYPHOM CTAOMIIBHOCTH €MKO-
CTH XKeJlaTeNbHO, YTOOBl KOHICHCATOPHBIA MaTepuat obnagan HeGoNb-
IIAM TEMIIEPATYPHBIM KOIGDPUUMEHTOM AMINEKTPUYECKON TIPOHHIA-
€MOCTH 0. BBICOKOUYACTOTHBIE KOHAEHCATOPH! TIpeIHA3HAYCHBI ITPeXae
BCETO JUI UCTIONB30BaHUS B PE30HAHCHBIX KOHTYpPaX, KOIa MaJble OTe-
PH U TeMIIEpaTypHasi CTabWILHOCTh EMKOCTH MIPAIOT ONPEAEISIONIYIO POJTb.

Hu3KkoyacTOTHBIE MaTepHabl XapaKTepU3yIOTCst ropasno 6onee
BBICOKOM ITM3NIEKTPUYECKON MpoHUIiaeMocTsio (€ > 900), HO U cylue-
CTBEHHO 00Jice BLICOKUMU IUIJIEKTPUYECKHUMH MOTEPSIMU; VTSI HUX Ha
yacrore 1000 T' tgd = 0,002...0,025. Ha ux ocHOBE CO31a10T KOHJIEH-
CaToOpHI, INpeIHa3HAYEeHHBIE [UIST UCIOJB30BAHUA B UENsSX duibrpa-
LMY, OIOKHMPOBKYU U Pa3Bs3KH, e MaJIble 3HAYCHHUS 120 U o, He uMe-
10T NEePBOCTENCHHOTC 3HAYEHHS.

CrnieuManpbHO Ul IPUMEHEHUS B 8bICOKOYACMOMHBIX KOHOeHCAmo-
pax ObUTH pa3paboTaHpl TUTAHATOBEIE KEPAMUUYECKHUE JUDTEKTPHUKH, 32
KOTOPBIMH BITOCAEACTBHH 3aKPEIUIOCh Ha3BaHUE mukoHoos. Kpucran-
JuyecKasi (paza TAKUX DHINEKTPUKOB (POPMUPYETCS HAa OCHOBE THUTA-
HOCOAEPXAIIUX OKCHIHBIX XUMHUYECKUX coeauHeHnit — pytuna TiO,,
neposckuTa CaTiO;, Tutadara crpoHuus SrTiOs, TeTpaTuTaHaTa 6a-
pusi BaO - 4TiO,, turanara uupkonus ZrTiO4 u ap. Cpeau MaTepua-
JIOB 3TOH Tpynmbl HauGoJIee IUPOKOe MPUMEHEHNE HALIUTH KepaMM-
YecKHe AUINEKTPUKU TNMpoMbiUieHHbIX Mapok T-80 u T-150 (uudpa
YKAa3bIBACT 3HAYEHHE € B HOPMABHBIX YCIOBHSIX).

Kepamuxka T-80 npeacrasisier cob0it MPaKTUYECKH YUCTHIA pyTHI
¢ HeOOJIBIIHMY MUHEPATTHU3YIOUIUMHU T00aBKaMy JUOKCHIA HUPKOHUS,
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obpasymouiero TBepabpiil pacteop ¢ Ti0,. MuHepanuaymoume 106aBKu
BBOJSITCS JUISL MOHWXEHHUsI TEMIIEPATypbl CIIEKAHMS UM ITOBBILICHUS
IIACTUYHOCTH POPMOBOUHON MacChl. BaxXXHBIMH IOCTOMHCTBAMU PY-
TUJIOBO#M KepaMUKU SBASIOTCS €¢ HU3Kasi CTOMMOCTh M BBICOKAs TeX-
HOJIOTM4HOCTh. CrieKaHMe TaKOil KepaMMKU OCYLIECTBIISETCS IPaKTH-
yecku Oe3 obOpaszoBaHusi cTeKiodhasbl, YTO MPEHCHPEIL/ISCT HHU3KUE
ausnekTpuyeckue morepy. OIUH U3 CYLIECTBEHHBIX HEIOCTATKOB JIM-
2NeKTPUKOB Ha ocHoBe TiO, CBSI3aH ¢ OTHOCHUTEILHO HHU3KOM yCTOM-
YHUBOCTBIO MaTepHasa K 3JEKTPOXHUMHYECKOMY CTAPEHHUIO NPH HIH-
TENAbHOM BBLIEPXKKE IO/ TIOCTOSTHHBIM HaNpsDKeHUeM. PazBuBaolimecs
MO ACHCTBUEM 3JIEKTPUYECKOTO IOJISI BOCCTAHOBUTEIBHbBIE MTPOLIECCHI
B IIPMKATOAHOM 00JIACTH OrpaHUYUBAIOT BEPXHUIM Mpeaest pabounx TeM-
nepatyp 3HaueHHeM 85 °C, a TakKe CHHXAIOT JOJTOBPEMEHHYIO 3JIeK-
TPHUYECKYIO MPOYHOCTH A0 ypoBHA nopsiaka 10 MB/M. JIaureasHocTb
rpoliecca CTapeHHs, a COOTBETCTBEHHO, M CPOK CIyXObl Marepuana
MPHY 3aJaHHOM TeMIIEpaType 3aBUCAT OT HANIPSKEHHOCTH TI0JIs, & MPU
(UKCHPOBAaHHON HANPSKEHHOCTH IMOJISI COKPAILAIOTCS ¢ ITOBBILICHHU-
€M TeMIIepaTyphbl.

OTMe4eHHbIH HEeJOCTATOK XapaKTepeH ISl BCEM TUTaHATOBOM Ke-
paMMKH, B TOM uucie s kepamuku T-150, ¢popMupyemoil Ha OCHO-
Be CaTiO; ¢ ManeiMu nobaBkamu ZrO,. KpoMe Toro, njs Bcex Marepu-
aJIoB ¢ OOJIBIIMM COAEPKaHUEM PYTHJIA, A TAKXKE TUTAHATOB KaXbLIMS
WM CTPOHLIUS CBOMCTBEHHO 0OJILLUOE OTPUIIATENBHOE 3HAYCHUE TEM-
nepaTypHOro Ko3h¢GUIUMECHTa IUIAEKTPUUECKONA MTPOHULAEMOCTH (OT
—-800-10° o -3 000 - 10-° K-1). [ToaToMy Takue MaTepyaibl HCIONb3Y-
JOTCS JIMLLIb B T€X BHICOKOYACTOTHBIX KOHIEHCATOPAaX, K KOTOPbIM He
MPEeNBABIAIOTCS TPeOOBAHUS TEMIIEPATYPHON CTaOMWIBHOCTH EMKOCTH,

B omiMuMe oT THKOHIOB IIMPKOHATHI, CTAHHATHI M TIOMUHATHI, KaK
MPAaBUJIC, UMEIOT MOJIOXKUTENBHBIH O, HO CYLUECTBEHHO YCTYMAIOT UM
[0 BeJIMUMHE JHU3IEKTPUYECKOM rpoHuIaeMocTH. CHHTE3UpYs TBep-
JIble pacTBOPHI HA OCHOBE COEIMHEHUN, XapaKTEPU3YEMbIX PA3TUYHbI-
MM IO 3HAKy 3HAYCHUSIMU (f;, MOXHO MOJYYHUTb KEPAMUKY C TEPMO-
CTaOWILHBIMY NTONIIPU3ALIMOHHBIMI CBOMCTBaMH. TaKue KepaMuyecKne
JUBEKTPHKH C MalbiM 3HAUYEHHUEM ¢, MOJYYMUIIH Ha3BaHUE TEPMO-
KOMIIEHCUPOBAaHHBIX THUKOHIOB. MX NPHUMEHSIOT Ui M3rOTOBIEHUS
BBICOKOYACTOTHBIX TEPMOCTAOMIBHBIX KOHAEHCATOPOB. CyIlEeCTBEHHO
NOJYEPKHYTh, YTO TeMIlepaTypHasl CTAOMJIbHOCTb JOCTHIAETCS LIEHOH
YMEHbBILIEHUS AUNIEKTPUIECKON MMPOHMLAEMOCTH TUKOHIOB, ABISIO-
LMXCSI KOMITOHEHTaMH (POpMHUPYEMBIX TBEPIbIX PACTBOPOB.

ITpuHIIUI TEPMOKOMITEHCALIMM MOXET ObITh PE€aU30BaH B CHUCTE-
max TiO,—Zr0,, CaTiO;— CaZrO,;, CaTiO;—CaSn0O;, LaAlO;—
CaTiO;, BaTiOs— TiO; u np. B kauecTBe npumepa Ha puc. 7.18 noka-
3aHO U3MEHEHME PNEKTPHUYECKUX CBOMCTB OT COCTaBa TBEPIOIO pa-
ctBopa B cucteMe LaAlO;— CaTiO;. Kak v B Apyrux noaoOHbIX CUCTE-
Max TBEPIbIX PacTBOPOB, B PACCMATPHUBAEMOM Ciyuydae HabJomaeTcs
MOHOTOHHOE H3MEHEHHE £ U ¢,. 1eM He MeHee KOHLEHTPalHOHHOe
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Puc. 7.18. 3aBUCHMOCTD TUINIEKTPUYECKOM TPOHMIIAEMOCTH U €€ TeMIlepaTyp-
HOro k0oathduuMeHTa OT coctapa TBeproro pactesopa cucreMbl CaTiO;— LaAlO,

U3MEHEHHE ITHX MapaMeTPOB He yIaeTcs omucartbh KaKUMH-JIMOO0 Or1-
peleeHHbIMH MaTeMaTHIECKUMU PYHKIMSAMHU, YHUBEPCAIBHBIMH JUIS
Bcex cucteM. HesHaunTtensHOE colepXaHHMe TUTAHATOB B TEPMOKOM-
ITEHCUPOBAHHON KepaMHUKe 00ecrieuuBaeT eil 6ojiee BBICOKYIO YCTOM-
YHUBOCTD K 3JIEKTPOXUMHYECKOMY CTAapEHHIO, UTO IO3BOJISCT pacllu-
PUTD BEPXHHUI fipeaes paboynux TeMIIEPaTyp KepaMMUYECKHUX KOHIEHCA-
topoB 10 300 °C u Gonee.

TepMocTaOUIbHAsE KepaMUKa C MOHUXEHHBIMH TeMII€paTypaMu
crnekanus (1 100...1 150 °C) MoxeT OBITH M3TOTOBJIEHA HAa OCHOBE IMO-
JIMTUTAHATOB Oapusi, Cpeau KOTOPbIX HauboJiee MEPCIEKTUBHbBI UISE
IIPUMCHEHUS B BLICOKOYACTOTHBIX KOHAeHcaTopax coeanHerus BaTi Oy
u Ba,TiyO,. YHUKaNIBHBIM COUETAHHMEM CBOUCTB 00J1a1a10T Kepamu-
YeCKUE JUIIEKTPUKH, Y KOTOPBIX KPUCTALIHYECKYIO (azy dopMupy-
10T GapuiiaHTaHOMIHBIE TeTpaTUTaHaThl. COCTaB TAKUX COCAMHEHUH
BbIpaxaloT obieit ¢popmynoii BaTi;OyMe,O;, rae nox cumponom Me
MOHUMAIOT PEAKO3EMEIbHBIN 3IeMEHT LiepreBoil moarpynisi (La, Ce,
Pr, Nd, Sm, Eu). OnTuMu3upys cocTaB MCXOMHOM ILIMXTHI, YI3ETCS
OOUTHCST HE TOJIBKO MOHMXKXEHHON TeMIlepaTyphl CrieKaHHUs (MOopsaKa
1000...1100°C), HO ¥ MOJYYUTb KOHIEHCATOPHBLIN MaTepuay, coye-
TalOWUHA Majtoe (6JU3KOe K HYIIO) 3HAYEHUE ¢, C MOBBIIEHHON A~
3JIEKTPUYECKON MpoHUIIaeMOCThIO (Ha ypoBHe 70...90).

Crenyer OTMETUTD, YTO B Psifie CNIyYaeB [UISL U3TOTOBJICHUS] BBICO-
KOYAaCTOTHBIX KOHISHCATOPOB MaJIoil eMKOCTH, B OCO6EHHOCTU BBHICO-
KOBOJITHBIX U MOJICTPOEYHHIX, TPUMEHSIIOTCS. HEKOTOphIe BUAbI yCTa-
HOBOYHO!M KepaMMKM — IIeJIb3MaHOBY1O, yabTrpadapdop, CTeaTur.

OCHOBY HU3KO4aCMOMHOU KOHOGHCAMOPHOU KepamuKiu COCTABIISIOT
TUTAHAT O0apusi U TBEPAbIe PACTBOPHI C CETHETORIEKTPUIECKIMMHU CBOI -
crBamu. bnarogapst npucyliei CerHeTo3J1eKTpMKaM TOMEHHOM MoJis-
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PHU3ALMU KOHOeHCcamopHas cecHemokepamuka oblagaeT BeCbMa BbICO-
KO# IU3JIEKTpUYECcKOi npoHuiiaeMocteio (¢ = 900...20 000), xoTopas
OJAHAKO HE OTJIMYAETCS TEMIIEpPATypHON CTaOMIbHOCTBIO U 3aBUCHUT K
TOMY € OT YaCTOThI U HaNpPSKEHHOCTH SJICKTpUUecKoro moJist. CerHe-
TOKEPAMUKY MPUMEHSIOT ISl MOJYYEHHUsI KOHAEHCATOPOB C OOJBIIOM
yIAENBHOU eMKOCTbIO. JIM3IeKTpUyeCcKast MPOHUIAEMOCTh CETHETODIIEK -
TPUKOB NOCTUTEET CBOET0 MAaKCHMAJILHOTO 3HAYEHUS PH XapaKTepH-
CTUYECKOH TeMMepaType, HasblBaeMoi moukol Kropu. U3MeHss1 cocTas
HUCXOAHOM LIMXThl, JOOUBAIOTCS TAKOT'O COOTHOILUEHHUS MEXAY KOH-
LIEHTpaUMSIMU KOMITOHEHTOB B TBEPAOM pacTBope, YToOsl ToYka Kiopu
MPUMEPHO COOTBETCTBOBAJA TeMIIEpaType SKCIUIyaTAllMH KOHAEHCa-
Topa.

Bbonee noagpobHO CBOMCTBA CETHETOKEPAMUKH PACCMOTPEHHI B IJ1. 8.

KonTpoasHbIE BOIPOCHI

1. HazoBure ocHOBHBIe QYHKIIUY, BHIOTHSIEMbIC MACCUBHBIMU TUBJIEKT-
PHKaMM B 5JIEKTPOHHOH ammnapatype. YTo MOHMMAIOT MO aKTUBHBIMM IU-
SIEKTpUKAMK?

2. Kakue BellecTBa Has3wBalOT nojauMepaMu? YeM oTIMYaeTcs peakuus
MOJIMMEPU3ALIMN OT peaKlMU nojiMKoHaeHcauuu? IlpuBenurte npumep Be-
LECTB, [OJYy4aeMbIX MO PeakKLMK TOTO U APYroro THMa.

3. OObsicHUTE pa3nuyve CBOWCTB JUHCHHBIX U MIPOCTPAHCTBEHHBIX IO~
MepoB. [lpuBenure mpuMepbi Takux MatepuanoB. Kakumu ocoGeHHOCTIMU
XHMUYECKHUX CBSI3CH MOXHO OOBSICHUTb F'MOKOCTb TMHEHHBIX MOJIUMEPOB?

4. OnuiurTe cTpoeHUe aMoppHO-KPUCTAUTUYECKUX MouMepoB. Yem obyc-
JIOBJiCHa HM3Kas MeXaHMYecKasi MPOYHOCTb TAKMX MaTepuanoB? JaiTe omnpe-
JIeNICHUSI XapaKTePUCTUYECKUM TeMIlepaTypaM CTeKJIOBaHHUs U TeKyuecTh. Yem
OTJIMYAETCS MIEPEXO] MOJUMEPA B COCTOSIHME TEKYUECTH OT ¢a30BOro Mnepexo-
J1a TBEPAOE TEJIO — XMIAKOCTH?

5. O6BACHUTE B3aUMOCBSI3b MEXIY CUMMETPHEI B CTPOCHUN MOHOMEPHBIX
3BEHBEB MOJIEKYJISIDHOM LICTIM U 3JIEKTPUYECKHUMU CBOMCTBAMU IMOJIMMEPOB.

6. Packpoiite npupoLy ZUIONBHO-CEIMEHTAIBHBIX M AUIIOJBHO-IPYIIIO-
BBIX JUANEKTPUUECKUX MTOTEPD B MOJMMEpPaX. B KakuX THIICKTPUKAX U B KAKOM
TEMIIEPAaTypPHOM AMANAa30HE MPOSIBASAIOTCS 3TH NOTepH?

7. Kak orpaxaeTrcs rutacTu¢gUKaIIUA NOJIMMepa Ha TeMIIEPaTypHOU 3aBU-
CUMOCTH TUINEKTPUYECKUX MOTEPL B HeM?

8. Yxaxure pa3inyus B CBOMCTBAX MOJUITIIICHA HU3KOIO U BHICOKOTO JIaB-
JICHUH.

9. IToueMy MOJUCTHPOJ MPOSABIACT HEMOJISIPHBIE CBOMCTBA HECMOTPS Ha
OTCYTCTBME CUMMETPHUHM B CTPOCHMH MOHOMEPHBIX 3BEHBECB?

10. TToueMy KpeMHHIIOpraHHYEeCKIE MTOUMEPHI 001a1a10T GoJjiee BBICOKOM
CTOUKOCTBIO K OKMCJICHHUIO U 00Jiee BBICOKOH TEPMOCTOMKOCTBIO MO CpaBHE-
HHIO C MOJIMMEpPaMH Ha OCHOBE YIJI€eBOAOpPO/10B?

11. O6BsICHUTE MPUPOAY BHICOKOI HArPEBOCTOMKOCTH M XUMUYECKOH MHEPT-
HocTU nonurerpadropstiiieHa. Kakum o6pazoM U3roTOBISIOT U3AEAMS U3 ITOIO
Matepuana? Kakoii U3 IByX IM3MEeKTPUKOB: MOIUTETPAGTOPSTUICH I 110-
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JU3TUNCHTepedTanaT — MPUMEHSIETCS ST U3TOTOBICHMS TEPMOCTAOMIBHBIX
BBICOKOYACTOTHBIX KOHAeHCcaTopoB? MoTHBHpYIiTe CBOI BHIOOD.

12. Yro nmoHMMAIOT TIo4 HecTpykuuei nonumepos? Kakoit BUI AeCTpyK-
LMK Haubonee pacrnpocrpaHeH? HazoBuTe apyrue BO3MOXKHBIE BMABL AECT-
PYKLUH.

13. Kakue BeliecTea UCTIONB3YIOTCS B KAYECTBE CBA3YIOUIMX KOMIIOHEHTOB
TIpY NIPOM3BOACTBE U3RCAUIM U3 KOMITO3UIIMOHHBIX MactMacc? ITo kakoit Tex-
HOJIOTHHU TIPOU3BOAST 3TH U3Nenus?

14. K kakoMmy Kiaccy OUBJIEKTPUKOB (110 BUAY MOJSPU3ALHHN) OTHOCSAT
CJIOMCTBIE IIACTUKU? MOXHO M 5TH MaTepUAIbl MCITOJIb30BATh B AMaIa3oHe
pannoyactor? Kakoit U3 CIOUCTHIX ITACTUKOB SABIAETCS HAWIYYLUUM MaTe-
PHAJIOM ISl U3TOTOBJACHUS OCHOBAHMI NMEYaTHBIX IUTAT?

15. Kakue BeulecTa JIErko 00pa3yioT cTekioobpa3Hoe cocTosiHue? B uem
MPOABIACTCS] TEPMOAUHAMUYECKAST HEYCTOMUMBOCTD 3TOTO COCTOSIHUA?

16. Oxapakrepu3yiite HanboJsiee BbLIAIOIIMECT OCOGEHHOCTH CBOMCTB KBap-
ueBoro crexira? Kak 3T 0coOGe HHOCTH HCTIONB3YIOTCS B TEXHMYECKUX 1eIsax?
OO6BICHUTE NPUYMHY UCKTIOYUTETHHO BBICOKOI CTORKOCTH KBAPIIEBOIO CTEK/Ta
K TCIUTOBBIM MepernanaM.

17. O6bsicHuTe BIMSIHUE HO0GABOK IEOYHBIX OKCHIOB Ha 3JIEKTPUYCCKHE
CBOMCTBA M TEXHOJOIMYECKUE XAPAKTEPUCTUKH CIJTUKATHBIX CTEKOJ.

18. Kak noapasaensiorcs ¥ MapKMpYIOTCs 31eKTpoBaKyyMHbie ctekia? Ka-
KUMH OCOGBIMU CBOMCTBaMM 06J1afaeT MOJUOICHOBOE CTEKIO M KaKHe OC-
HOBHBIE KOMITOHEHTHI BXOIAT B €ro cocraB?

19. KakuMu npeuMyllecTBaMy Meper MOHOKpUCTAJUIaMH 001a0aloT aKTH-
BUPOBaHHBIE CTEKJIA [PY UX MCITOIb30BAHUHM B KAYECTBE JIa3ePHOTO MaTepHa-
Ja? OT 4ero 3aBUCST CIECKTP M MOIHOCTD U3NIYyYEHHUS TAKHX Ja3epoB?

20. OxapakTepu3yiiTe CTPYKTYpPY ONTUYECKOro cBerosoaa. Hazosurte oc-
HOBHBIE (DaKTOpPbl, OTpAaHUUUBAIOLIME CBETOIPONMYCKAHUE KBApHEBbIX BOJIO-
KOH. OxapaKTepr3yHTe BO3MOXHOCTH HCHOB30BAHUS JUIS JalbHEil ONTHYC-
CKOIi CBSI3Y CBETOM30JMPOBAHHBIX BOJIOKOH Ha OCHOBE KBapLEBBIX 1 GTOpHI-
HBIX CTEKO.

21. B yeM CXOACTBO M OTIMYUEC MEXIY CTEKJIOM 1 cutaioM? Kakosa Tex-
HOJMOrMSI U3TOTOBJACHUS CUTAIOB M UIA KaKuX Leeil OHM NPHUMEHSIOTCS?
Kakue BelliecTBa HUCMONB3YIOTCS B Ka4yeCTBE KATATUTHUYECKHUX I100aBOK NpHU
TIOTYYSHHU U TEPMOCUTAILIOB?

22. OxapakTepU3yiTe OCHOBHBIC OIEpallii TEXHOJIOTHYECKOrO UKIIA [PU
M3TOTOBJICHUH KEPaMHUYCCKUX AMJICKTPUKOB. KaKoBBI NOCTOMHCTBA KepaMH-
YeCcKOro mpouspoacrtsa?

23. KaxkoBbl 061aCTH IIPUMEHEHHUST BBICOKOYACTOYHOM YCTAHOBOYHOI Ke-
pamuku? Kakoii 3 BHICOKOYACTOTHHIX KEPAMHUYECKUX IHIIEKTPHKOB 001ana-
€T HauMeHblue abpasusrocThio? KakuMu qpyruMu TOCTOHHCTBA O6JIafaeT 3TOT
Martepuan?

24. Kakue 6€30KCHUIHBIC KEPAMHUUYECKIE MATEPHUAITBI UCITOJIB3YIOTCS B YCT-
poficTBax 9KCTpeMalbHON aneKTpoHUKHM? HaszoBute xepaMHUyecKHil MaTepH-
aJ1, KOTOPBIH MMEET CaMYIO BBICOKYIO TETLIONPOBOAHOCTD.

25. Ha kakux npuHIunax OCHOBAHO CO3AaHUe TEPMOCTaOMAbHON KOHIAEH-
caropHol KepaMuku? Kakue CHCTeMbl OKCUIHBIX MATePHANOB IMO3BOJSIOT
peanu3oBaTh 3TOT NPUHIMI?
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