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MPEJUCJIOBUE NMEPEBOAYHUKA

3a nocJjejsHHe TOjbl Y HAC BHILIJIO JOBOJbHO MHOTO MoHorpaduyecKoh
w yueGHOM JMTepaTyphl MO Pa3/M4HBIM BOMPOCAM ¢u3uKn TBEpPAOro Tesa
(nanee kpatko ®TT) Kak COBETCKMX aBTOPOB, TaK M 3apy6exHbIX
(8 nepesolax). Hennoxo npeacrap/ienbl Takue pasiessl, Kak ¢u3uka noay-
NIPOBOZHUKOB, METaN10(pH3uKa, CBOACTBA MarHMTHHIX MaTepua.nos. OunHako
o6bwux kypcos &TT tonwbko asa: I'. C. XKnanosa (Pusuka TBeprOro
rena, w3n. MI'Y, 1962) u Y. Kurrens (Bsenenune B ¢u3uKy TBEpIOro
Tena, nepeBol ¢ aHrauickoro, dusmarrus, 1957, u u3naHue BTOpOe, mepe-
pa6oTanHoe, B0 TaM xe B 1962 r.) OGe 5Ti KHMIW PacCuuTaHbl Ha
yptaTeds C MpPUJIMYHON MpelBapUTeNbHOH MOArOTOBKOM Mo (u3nke U MaTe-
MaTHKe, YTO AO/DKeH OblJ MOUYBCTBOBAaTb Kaw JHH, KTO MMM TNOJb30BAJICH.

O6GbeM u raybuna ocHosubix 3Hauu#t no GTT, Tpebywonxcs CeronHs
MHXEHepPY M UCC/EJOBATeI0, UMEIolleMy [es0 C TBepIbLIMH MaTepHalaMu,
pasyMeeTrcs, CHJIbHO 33aBUCMUT OT Y3KOH CrneuMaJbHOCTH W Xapakrepa
BHINOJMHAEMOH PaboThl. TO ke OTHOCHTCA W K YPOBHIO JEKUHWOHHBIX Kyp-
COB, UMTaeMblX 1O MNpPOrpaMMaM BY30B, TOTOBSLLMX COOTBETCTBYIOLIME
KaJpbl MOJOIBIX CMeUHaNUCTOB. JTO 3HAUYUT, YTO HYMKHBI yyeOuble KypChl
M YyuyeOHHMKM pPa3HOM CTeneHM CJOXHOCTM M Ha3HauyeHUs, TO3BOJAIOLINE
TOMYy, KTO usyyaer $¢TT, noaHumMaTbcs noc/nenoBaTe]bHO CO CTYMNeHbKU Ha
CTYNeHbKY N0 YPOBHf, KOTOPHI#t 1aeT BO3MOXHOCTb MOJb30BaThCH Che-
LHaJbHBIMM  MOHOTpadHAMM U OPHUrUHAMLHBIMU PabGoOTaMM W3 HayuHbIX
KYPHANOB M NMPUMEHATb MOJYy4YeHHble 3HAHUA B CBOeH KOHKpeTHOR pabore.

Elle HecKkoJbKO JIeT Ha3ald MONHOLUEHHBIX KHHUP, KOTOpble MOMXHO
ObIIO Obl OTHECTH K TiepBOH CTyMeHH, He OBIIO HU y HAC, HM 3a pyOe-
XKOM, XOTSl MOTPeGHOCTb B HUX BCe BPeMs WCNBITBIBA/NACH. YMOMSHYTbie
suime kypeot I'. C. Xnmawoa u Y. KuTrens He MoryT cayxuth Takoft
NepBOH  CTymeHbio: OHM, MoXany#, orHocsaTcs Ko Bropo#. Ho uto
KacaeTcsa TpeTbeR, TO Aesa0 OGCTOMT ropasio Jyulle — 3TO ClelHalibHble
MOHOTpaguu MO OTAeMbHBIM pa3iefaM, W 3ech OCTPOrO JeuluTa yKe
HeT. B nocsrennve roasi 3a pyGexom npoben no nepBoH CTynmeHu Hauaj
3aMOJ/HATLCS: M31aHO HECKOJbKO COBPEMEHHbIX MO YPOBHIO W NOCTATOYHO
MPOCTHIX yueOHMKOB mo o6lielt ¢usuxe TBepgoro Tenal). K HuM MOXHO
-_—

') Hanpuwmep, us cambix nocaensux: Wert Ch, Tho

g ! : “ mson R, Physics of

a?l;?b» ‘NCW York, 1964 (rotoBuTcs pycckuii nepeBoj B W3NATEALCTBE mnp»);
$s R. J., Solid State Physics for Metallurgist, Oxford, 1963.



6 NPEAWCJ/IOBHE TNEPEBOOYHKA

NPHYUCINTD M HOBYIO KHury Kutrtens «OnemenrtapHas ¢usuxa TBepioro
Tesa», IllepeBOJ KOTOPOH mnpennaraetcs BHMUMAHUIO uyMUTaTeseft.

AsTop KHuru Hapas Kurrtesb — KpynHbll aMepUKaHCKuM ¢HU3UK, NPO-
¢deccop Kanudopuutickoro ynusepcutera (Bepkau, CLLIA), aBropureTHbIft
crneuuaaucT no ¢usMKe TBepAOro Tesja, M O0CO6eHHO B 06JacTH MarHe-
TU3Ma, aBTOP MHOTOYMCJ/IEHHBIX OPUIMHANbHBIX MCCTeNOBAHUH M HECKOJb-
KHMX KHUr, HOCHIIMX XapakTep YueOHBIX NOCOOMH (KpOMe YMOMSIHYTOro
«BBenenus B GU3MKY TBEpAOro TeJa» W NaHHOM KHUIM H3faHa «Jie-
MeHTapHas cratuctuveckas ¢usuka» (MUJI, 1960) u rortoButcs K Hamanuio
«KBaHTOBast Teopust TBepAOro Tesa»). B psame cGOpPHUKOB NepeBOIHBIX CTa-
Te# MO MarHeTH3My H3LaHbl ero 0030pbl M HEKOTOpble OpHUrHHajbHbLIE
paborbt.

Bnarosapsa 3TOMy aBTOpP XOpPOLIO W3BECTEH He TOJNbKO MarHuTOJOraM,
HO U OoJiee LIMPOKOMY KPYyry (hM3MKOB, XMMHKOB, HHXXEHepOB.

Hactosuwas kuura odvenb O/uM3Ka no colepxauuio K «Bseneuuio» u
MOXeT paccMaTpuBaTbC (KaK M NMOAYEPKHMBAeT aBTOpP B CBOEM Mpelauc/o-
BUH) Kak 0oJiee NMPOCTO HANHCAHHBIH W MPU I3TOM 3HAUUTEJbHO MeHblLUHMH
no o6beMy BapuaHT «BBenenus».

dnuTeT «3/MeMeHTapHas» B Ha3BaHUM NaHHOM KHUIH He cjelyeT NOHH-
MaTb KaK CHHOHUM CJIOBAa «YNpouleHHas» WIU «ob/cr4eHHas». YcBoe-
Hie M3JI0XXEHHOro B KHUre MaTtepuaia TtpeOyer oT uMTarteds onpe-
LeJeHHOTO TPY.Ia, TNOAPa3yMeBalOTCA M3BeCTHbIMM ¥ oO0was ¢usuka u
3JeMeHTbl aTOMHOM, cTaTUcTHYecKOH W kBaHTOBOR ¢usuku. Hekotopnie
BBIKAAAKM M PACCYXIeHUs He/b38 OUEHUTb M YCBOMTb, He MpOAeJaB HX
CaMOCTOfITe/IbHO, He pellas 3ajay, He o0Opallascb K APYTUM KHHUraM WM
CNpaBoOYHMKAM. 3aTo TOT, KTO NpojesaeT Bce 3TO, GyleT MOJHOCTbIO
BO3HarpaxieH 3a cBCH ycuaus. Takoft yutartesnb npuoGpeTeT MHOrO noJjes-
HbIX 3HaHMH, TNOUYYBCTByeT MeTOAH NOAX0Na K ¢uauyeckuMm npobiemam,
MOJNYYUT BO3MOXHOCTb pa3bupaThCd BO MHOTMX Ka3aBLIMXCA patiee He-
MOHATHBIMU MJIM CJIOXKHBIMM BOMPOCAX, 3HAuMTeJbHO 0OJeruut cebe ureHue
LpYruX KHUr 6GoJjiee BHICOKOTO YPOBHSI.

dra knura OylerT Nose3Ha MHOruM KarteropusaM uutatened. Ilpexane
BCEr0 OPa MOXeT CJYXHTb XOPOIUUM Moco6ueM CTYAeHTaM (HU3HYeCKHX
M U3UKO-TeXHHYeCKHUX (aKyAbTeTOB BY30B, MHOrO LEHHOrO MaTepuala
IAas JMeKUM# M CeMMnNapoB HaliyT B Heft npenonaBartenu By30B. HMxe-
Hepbl, MMelollMe [1eJ0 C TBepAbIMM MarepualaMH, UX CBOMCTBAMH U Npo-
1leCCaMH B HHMX, MOTYT MOJIb30BAaTbCA 3TOM KHMIOM AJS CcHUCTeMaTH3auuu
CBOMX 3HaHuH, N1 O3HaKOMJeHus (ecau Hamo) ¢ ocHoBamu ®TT u ana
CaMOCTOATeJbHOTO H3yuelins.

A. I'yces



NPEJAUCJIOBUE ABTOPA

HacToswas KHUra npeicrasiseT coGo# cokpalieHHoe u Gosee npocroe
M3J0XKeHHe Kypca GH3UKH TBEPAOrO Teaa, KOTOPbi GblT MOJOKEH B OCHOBY
Bhillenllefl paHee KnurM «Bsesenue B ¢uauky TBepaoro rtena». [lanwas
KHWra npeaHasHayeHa B KayecTBe MOCOGMA 145 CTYACHTOB WHXEHEPHHIX,
XUMHYECKHX M (H3UYECKUX CMelHanbHOCTeH HA Tex Qaky/ibTeTaX, rie no
yu4eGHOMY NJIaHy Kypc (U3UKM TBepOro Tesd HMTAeTCH TOMbKO B TeueHue
oauoro cemectpa. I[lpeanonaraercs, 4To STOMy Kypcy npeduectsyer o0bi4-
Hbiff KYpC aTOMHOH (U3UKH.

I nonbiTancs 3nech B npocTo#t ¢popMe pacckasaTb 00 OCHOBHBIX (Hu3H-
YeCKUX fBJeHUSIX B TBepIbIX TejaX, obpaiwiad oco60e BHUMaHue Ha MOJy-
NPOBOAHUKM M MeTajibl. B 3TOH kHure He paccMaTpuBaloTCs NPUOOPH M
YCTPORCTBa; Le/ab ee B TOM, YTOObl MOKa3aTh, HCXONA W3 OCHOB (U3MKH
TBEPAOrO TeNa, KaK BO3HHKAIOT Te MJM MHble NPUMEHEHHA HayuyHbIX
pe3y/bTaToB.

OnHo 3aMevaHue AN CTYNEHTOB MHXEHEPHBX (akyabteToB. B Heko-
TOPbIX 06/aCTAX (U3UKH TBEPAOrO Tela MOXKHO MOJYYHTh HUCKIIOUHTENBHO
TOYHBIE KOJHYECTBEHHbIE Pe3y/bTaThl MM TEXHHYECKH NpUroaHble NpUO/Iu-
MeHHble BBIBOLBI. B apyrux o6nactax MOXHO cienaTh JIHMIUb OLEHKH MO-
PALKOB BEHYMH, KOTOpblE, OAHAKO, HECMOTPA 11a HEeNOCTaTOUHYI0 HX
TOYHOCTb, MHOr1A OKa3blBAKOTCA BECbMA LIEHHBIMH, TAK KaK MOTYT yKa3aTb
NpaBu/IbHOE HanpaB/ieHWe HCCAelOBaHMH MM pa3pabOTOK.

TlosTomy B XOne U3N0XeHUs 51 BCe BpeMs CTApaicsi Pa3BMBATh y uUTa-
Tes CnocoGHOCTb BMAETh M MOHUMATL B NpPeANaraeMOM MaTepuale HMEHHO
STH €ro CTOpPOHbI.

Enunmuet MKC u rayccosa cuctema enunnn CI'C HCMOAb3YIOTCS B HYX-
HBIX MeCTax napanienbHO, YTO TAdKKe HMeeT M3BECTHblE y100CTBa NpH

H3/0KENWM BOMPOCOB, CBA3AHHBIX C B3aMMOJEHCTBHEM TBEPILIX Tea
€ S/EKTPOMArHUTHBIMH MOAAMH.



8 NPEAUCJ/IOBHE ABTOPA

Muorne M3 Tex, KTO OKa3aJ] MHe CYLIeCTBEHHYIO MOMOLIb COBeTaMi,
npenocrasieHueM ¢otorpadui, Tabauw u T. ., Yme OblAM YIOMSHYTHI
B Npefdc/IoBUM K Moelt mpelabayluedt kuure («BBeneiive B ¢u3uKy TBep-
JIOTO Tenay).

HlonoanutenbHo ykaxy ewe A-pa bepnapna Kynepa, sobesno
npouuraBilero KHury B pykonucu. ITomb3yloch ciayuyaeM nobGsaromapuThb
Takke Muccuc dneoHopy Topuxuan u Mucc Kot Yanac 3a nocrosuuyio
U pa3HOOGPA3HYI0 MOMOlb.

Y. Kummeao

Bepkan, KaaubopHus
HMionb  1962.



FA1ABA 1
CTPYKTYPA KPUCTAJJIOB

Kpucranas GOpMUPYIOTCS M3 aTOMOB MHOTAA MPOCTHIMM, MHOTLA CJIOXK-
upiMi NyTAMH. HeKOTOpble KPUCTaMWIbl MOXHO LOCTaTOYHO TOUHO MpEl-
CTABASITH CeBe COCTOALLMMU M3 HeWTpalbHLIX aTOMOB, ca1abo ledpopMupo-
BAHHBIX BHYTPUKPHCTA/NJIMYECKHMH CUIAMH CBA3H; K TAaKOBBHIM OTHOCATCA
KPUCTA/bl G1ArOPOAHBIX a308 B TBEPLOM COCTORHUM. Muorue Kpucranisl
MOXHO TpPeICTaBAATb ceGe COCTOALUMMHA U3 HOHOB, HECYLLHX MOMOKHUTENb-
HHI M OTpUUATe/NbHbI 3JeKTpuueckue 3apsabl. HanpuMep, KaMenHas
conp NaCl coctoutr u3 wonos Na®t u Cl~. Kpucranml menoynbix meran-
JIOB MOCTPOEHbl U3 OTHOCHTEJbHO HeGOMbIIUX MO pasMepaM HOHHBEIX OCTO-
BOB, MOTPYXeHHWbHIX B OTPHLATEJbHO 3apXeHHOE «MOpe» 3JeKTPOHOB
fipoBoauMocTi. HeKoTOpble KpUCTannbl NOCTPOEHbl W3 HEHTpalbHBIX aTo-
MOB; 3JeKTPOHHble 06/1aKa BOKPYT HHX HECKOJbKO MePEKPHIBATCA MEXLY
CoGOH, oOpasys 3/eKTPOHHble «MOCTbI» HMJH KOBAJeHTHble CBA3H MEXLY
COCeIHUMH aroMaMH. MOXHO CUMTaThb, YTO TAK «YCTPOEHBI» KPHCTAJIbI
anMas3a u KpeMuus. Ectb ellle KpUCTaadabl, COCTOALME M3 HeHTPaJbHBIX
MoJIeKyJ1, ca1a6o B3auMoleHCTBYIOLIUX Mexay cobofi. K 3ToMy Tumy OTHO-
CATCS MHOTHe KPUCTAaNAbl M3 OPTraHMYeCKUX MOJEKY.I.

Pasnnune Mexay STUMM THIOAMM CHJ BHYTPHUKPHUCTANNHYeCKOR CBA3M
(puc. 1.1) TecHO CBfi3aHO C pa3jMyMeM MEXAHWYECKUX, I/IEKTPUUECKUX H
MarHuTHHIX CBOWCTB KpucrannoB. OIHAKO NMpU 3TOM BO BCeX TUNAX KpH-
CTaJJI0B B3auMOJAeHCTBUS, OGYCJOB/IMBAIOLINE CBSI3H, MOYTH BCeria CBO-
STCa K OOLIYHOMY KYJOHOBCKOMY 3/IeKTPOCTATHYECKOMY B3aUMONEHCTBUIO
MeXAy 3apsiiaMd, a MMEHHO NPUTSKEHUID MMy OTPHUATENbHBIMH 3aps-
ZaMH 37IEKTPOHOB U MOJNOKHTE/NbHBIMU 3apsnaMu sgep. Taxkum o6pasom,
pasivuue TUMOB CBA3ell B KPUCTAannax ABASETCA He pas3jvydeM B npupone
B3aUMONEHCTBUS, a KOMHYECTBEHHBIMU PA3NUUHAMU B paclpeleneHHH 3JieK-
TPOHHOrO 3apsaa. Pacnpenenenue 3apsina Moxer ObTb, B NpUHIKIE, ONpe-
Je/ICHO  TEOpeTHYeCKH Ha OCHOBe KBAaHTOBOH MexaHukH. XOTA TOuYHbBIE
pelleHus 3a1ay A1 KPUCTAMIOB MOMYYUTh Helb3sl, YACTO MOXHO HCIOb30-
BATb TEOPUIO 147 TOro, YTOOH NpPaBUABLHO CTaBUTh 3KCMEPHMeHTalAbHblE
2;2’;%1205?(::2&'")'2:1661?Ho pasbupaTbc B MX pesyabratax. OAuMH M3 BO-
oMo e OTBeﬂa BCTAeT Mepel HAMM M Ha KOTOPBHIH MBI, ecau
Ayroen: ,Kax o Ta TMPU MOMOIUM IKCNEPUMEHTOB, COCTOMT B CJle-
e Onpenenei:i et JIOXEHB! ipa W 3NEKTPOHBHL B TBepLOM Teje? ITO

CTPYKTYpBl TBEPALIX TeJ.
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OcioBHAA LeJb, KOTOPYIO Mbl CTABUM B MEPBHIX NBYX I/aBaXx HacTOf-
el KHUIM, — OCBETHTb CaMBblH BaXHBIA M TNPSAMON MeToN onpele/eHud
CTPYKTYpbl — MeTOA IMGPaKiIMM PeHTreHOBCKUX Jayye#. B Hekoropbix
3a1ayaX MOXHO HCMOJb30BaThb AMPPAKLUMIO 3JeKTPOHOB H HeHTPOHOB.
Jdudpakuns BoaH e Bpo#as, cOOTBeTCTBYIOWIMX 3THM 4acTHUAM, Ha aro-
Max KpHCTalJa HOCUT TOYHO TOT XKe XapakKTep, Y4TO W AUPPAKIHUA PEHT-
TEHOBCKHX JydyeR. DKCHepUMEeHTH MO AudpaKuuu HeHTPOHOB AAIOT cBede-
HUS, B YACTHOCTH, O MAarHHTHBIX KpucTannax. CeueHue paccesiHus HeHt-
TPOHOB Hd MarHUTHOM aTOMe 3aBUCHT OT OPUEHTALUM MArHUTHOrO MOMeHTa

) 2)

Puc. 1.1. CxeMBl, HANIOCTPHPYIOLIHE OCHOBHbIE THIIHI
CBA3H B KPHCTaJaax:

a — KPHCTaNIuYeckuit apron (cuisl Ban-gep-Baanbca); 6 — xio-

PHCTHIA HATpHil (MOHHAs CBA3b); 6 — MeTaNJIUYeCKHH HaTpHit

(MeTannMyeckas CBA3b), 3aLITPUXOBAHHAA 06.1aCTh — INEKTPOH
Haf AHAKOCTb; 2 — 2/1Ma3 (KOBAJEHTHAS CBA3b).

aroMa, TM03TOMY 3KCNEPHUMeHTH N0 Audpakuuu HeHATPOHOB MOryT IaTh
MHGOPMALUI0O O MarHUTHOW CTPYKType KpucTaiia.

XapaxrepHble paaMepbl AeTaselt aTOMHOH CTPYKTYpPbl KPUCTAJJIOB OYeHb
Majbl MO CPaBHEHMIO C TeMU Pa3MepaMH, KOTOPble Pa3/v4yHUMbl BU3YaJIbHO
WM TpU MOMOILKM ONTHYeCKOro Mukpockona. OOGBIYHO MBI HE MOXeM pas-
JIMYUTb JeTand, MeHblUHe KakoW-TO H0AM (CKaxXeM, 4HeTBepTH) AJMHBI
BOJIHEI H3Jy4yeHWs (B YaCTHOCTH, CBeTa), MCMOJbL3yeMOro s Habawonenus
aTux nertaned. s ontuyeckux NpuOOPOB ITOT KPHUTHYeCKUH pasMep
Zetanedl, KOTOpble MBI MOXEM HaledaTbCsl Pa3pelinTb, COCTaBJSET 107° ¢,
€C/H He CTaBUTb 3KCIEePHUMEHT B OCOOBIX ycnosuax. Kpurepuu paspeuu-
MOCTH 06CY¥Aal0Tc B 60JbLIMHCTBE KHUF MO (hU3MYECKOH onTuke.
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Jlerko OLEHUTb MOPAAOK BeJAMYMHBI Pa3MepoB IJsi Caydas KpHCTasia.
PaccMOTPHM, HampuMep, MeTaannyeckoe xene3o. Ero maotHocts cocra-
paser 7,86 2/cmd, Macca onHoro Moas — 55,85 2. Torma 1 cm3 xenesa
conepxur 7,86/65,85=0,14 mons. Yucao Asoraipo (uucio aTtoMoB B
oaHOM Mone 31eMenta) pasHo 6,03 - 102 amomos/mo.s. CrenosatensHo,
uic10 aToMoB B 1 cm3 xkene3a cocrasaser

0,14.6,03-102=0,85- 102 gmomos/cm3.

EcaH Ka¥aoMy aToMy Mbl comoctaBuM Kyb co crtopoHo#t a (o6beMm kyba
pasen ad), To
0,85 108 g3 =1 cmn3,
oTKyAa -
83— 1 ~12.10"% o3
@% = geE g% =~12.1077 cm

1
a=23-10"% cu.

Orciona BuaHo, uto 1078 cM — ynoOHas elMHMLA IJIUHBL A9 U3Me-
peHUst MeXaTOMHBIX PAcCTOSAHUH B KpucTaaie. Ta elHHULA, PaBHas 1078 cu
(nam 10"“)4). HOCHT Ha3BaHue aHzcmpem u 0003HauaeTcs uepes A.
TMonyyeHHbt HaMu pe3yJbTaT MOXHO 3anucaTh B Buge a = 2,3 R. B cu-
creMe MKC, ecau nioTHocTb jene3a TMpHHATL paBHOH 7,8 - 1073 K2/ M3,
ans a noayuum 2,3 - 1071 4.

[Tpeanonoxum, 4TO Mepel HaMM CTOMT 3alaya OMpeleneHUsi MeXaTOM-
neix paccrosinu# (nopsaka 1 A), u Mb umeem B pacrnopsiKeHu JIuLIb
ONTHYECKUH MUKPOCKOMN, KOTOPHIH MOXeT pa3/nuyaTh AeTaju C pa3Mepamu

nopsaka He Mexee 1000 A. ITpu Takux ycnoBusX pelluTb 3alavy, oue-
BHIHO, HeBO3MOXHO. HyxHbl 3HauutenbHo Gonee kopoTkue BoJHbl. Cire-

JlaTb MCTOYHUK 3/JeKTPOMArHUTHOrO M3ay4yeHus ¢ AAMHOH BoaHH B 1 A
lie mpencrasasier Tpyla. KopoTKoBO/JIHOBasi rpaHuLa PeHTI eHOBCKUX Jayuel,
nojay4yaeMelx npu OomOGapAMpPOBKe aHTUKATOLA PEHTreHOBCKOH TpyOKH
3JIEKTPOHAMHU, YCKOPEHHBIMH HanpsbkeHueM V', MoxeT GHITh OlleHeHa mpupa-
BHHBaHWeM 3Hepruu ¢oToHa

1o -17
hy =%g 6.6 - 1077 spz - cex - % wu/cex;&%o—— ape (1.1)
KUHETHYeCKON 3HepruM 3JeKTPOHa
14 -
eV=48.10" 2 =16- 107"V spz; (1.2)

31eCb  h —nmnocrosHHas IlnaHka, A\ — LJIMHA BOJIHBI (B CaHTUMETpax),
V — yekopsiowee HanpsbkeHue (B BoabTax). Mrak, npupasuusas (1.1)
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n (1.2), umeem
_2.1077 .y 1,2.107°

—<Y — , 1.3
1,6-10712 % e (1.3

npu V=10 x3g=10% s
A=0,12 A. (1.4)

Takast InuHA BOJHBI YyXe NOCTaTOYHO KOPOTKAa LA HAaIUX LeseH.

Onucanne KpucTaaaoB., Iins onucaHue CTPYKTYPbi KPUCTANAOB Obla
co3naH ocoObift s3blk. YenoBek, BaalelolMH CHUMBOJAMU 3TOTO f3bIKa,
MoxeT Ge3 Tpylda MOJHOCTbIO MJAM YaCTHYHO OMMUCATb CTPYKTYPY KpH-
cTanana, ecau APYro# uesoBex COOOLIMT eMY HY:HBLIH CUMBOJ. 3lecb Mbl
pacckaxeM 00 OCHOBaX 3ITOrO KPUCTALJIOTpaduueckoro s3blka Ha MpH-
Mepax TreoMeTpHUM HEKOTOPHX HauGosee NPOCTHIX KPUCTAMTIHUECKUX
CTPYKTYP.

WneanbHbIt KPUCTANA MOXHO TNPEACTaBUTL cebe KaK Tesno, MOJMydeH-
HOe B pe3yJbTaTe NMOCTPOeHHs NMyTeM OECKOHeUYHbIX NMOBTOPeHUH, U3 WIeH-
THYHBIX CTPYKTYDHBIX 3J1eMeHTOB (KUPNUuUuKOB). B npocrefiiux MoHOKpu-
CTaJ1aX «KMPMUYHKAMU» SIBAAIOTCA OJMHAKOBEE aTOMbl, HO B GOJbLIMHCTBE
KPUCTANNOB «KHPIHYUK® COCTOMT M3 HECKOJbKHX aTOMOB HAU MOJEKYyJ,
NpUYEM C/OBO «HECKOJbKO» MOXeT O3Hauath uucao Mexay 2 u 100 000
(1 60aee).

Mbl onpeneauM HieanbHbIf KPUCTanl Kak Tesno, COCTOsiMlee M3 aTo-
MOB, paCMoOJIOXEeHHbBIX B NPOCTPAaHCTBEHHOH pelleTKe, TaK YTO cCyule-
CTBYIOT TpPH BEeKTOpa 3/EMEHTapHHX CcMeuleHu# (Tpancasuuit) a, b, ¢,
o6nanaouiMx TeM CBOMCTBOM, YTO aTOMHOE PacrojioXeHue HMeeT OLMHa-
KOBHIH BML KaK NpPU PacCMOTPEHHH €ro M3 HEKOTOpO# MNpOU3BOJbLHOR
TOYKM F, TaK MU U3 TOYKH

r =r+ na+ nb-+ nge, (1.5)

rae n;, Ny M3 — NPOU3BOJbHBIE Leable uuciaa. BexTopnl 31eMeHTapHBIX
CMellleHUH Ha3biBAlOTCSi OCHOBHBIMHM, €CJIM BEKTOPBl JIOObIX ABYX TOUeK r
W r’, M0 OTHOLIEHMIO K KOTOPHIM aTOMHOE paChoJOXeHHe HMeeT OLHH
M TOT JKe BMI, BCeria YyIOBJeTBOPSIOT cooTHolenuio (1.5) npu J06om
BhiGope uucen n;, Ny ny. OCHOBHbIE BeKTOpH cMellleHUHA @, b, ¢ Mbt
6yneM uyacTo BbIOWpAaTb B KayecTBe OPTOB CUCTEMbl KOODAMHAT, CBSI3aH-
HOH € KpucmaasozpaguuecKumu 0cCAMU, XOTS HAPsdy C HUMH OynyT
MCMOMb30BAThCs TaKke M IPyrue (He OCHOBHblE) TPOHKM BEKTOPOB.
Oneparus nepeMelileHus KpUCTania napajeibHo caMoMy cebe, onuchi-

BaeMasi BeKTODOM
T =na—+ n,b—+ nye, (1.6)

HasbiBaeTcd mpancafayued. TlonHell HaGop Takux onepauud (ans Bcex
3HaueHMl LENBIX YUCeN 7, Ny, N3) M3BECTeH KAK 2pynna mpawcasyuit
kpucrania. Jlis KpucraniuuecKol CTpyKType Haubonee BaxHOR xapak-
'repucmxon SBJAAIOTCA HWMEHHO onepauHd CUMMETpUH, T. €. onepauuu,
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p pe3y/bTaTe KOTOPbLIX KpHMCTaNJ nepexoiaut caM B ceba. Tpaucasunsa T
He aBJaseTcd eMHCTBEHHON BO3MOXHOH onepauuefl CHMMeTpUM KpHCTaia.
Jlas pasiuyHbIX TOYEK CTPYKTYpPHOTO 3/1eMeHTa (KKUPMHYMKA») MOTYT
CylLecTBOBATb TakHe onepauuu (HanpuMep, NOBOPOTHl M OTPaXeHHsl), KOTO-
pble TaKxke npeoOpasyloT ero cam
B ce6sn. Taxue onepauuu HasbiBa-
JoTCS ONepauMsiMM TOYEYHOH CuM- o . . o .
MeTpHMM; CYUleCTBY:0T W Apyrue
onepauuu CHUMMETPHH.

Mpl yXe TNOAb30BAIHCH MOHS- R . o . .
THeM KPUCTaNJIMYeCKOR pelleTku.
dro noustue ABasercs, Boollue
rosops, MareMaTHuecko# abcrpak-
uuefi. Mbl onpenenuM peuwemrky Kax O
napaanenbioe, noaoGHOe  y3naM
COTKU paciloioKeHnwe Tovek, 00naa- 0)
nawoitee TeM 0cOObiM CBOHCTBOM,
YTO PpACNoOJOXKEHHe TOYEK OKOJO
HeKOTOPOH  BLIOpAHHOM TOYKM M
oKo0g0 JM000# Apyrot TOukM pe-
weTKku O4HO M To Xe. B npocreit-
IWHX KPHUCTANIUYeCKHUX CTPYKTypax
C KaXNOH TOYKOH pemeTKu cBSi3aH
TOJbKO OAMH aTOM W AJSl MOJIHOrO

o O o o

0000

.O O .O o
0000
O O O o
00009
O O O O
0000
o O ’O o

0000

OMHCAHUS  CTPYKTYPBl LOCTATOYHO
JMIUL  3a1aTh  KpUCTaniorpaguue-
ckue ocu @, b, ¢. Ho nas npyrux,
e CTOML  «YNaYHO YCTPOEHHBIX»
CTPYKTYP € KakIOH TOUKOM peuser-
KW Mbl JO/KHBl CBSI3bIBATb HEKYIO
3ICMEHTAPHYIO I'PYIIY aTOMOB, KO-

8

Puc. 1.2. a— npoctpaHcTBeHHas pe-
werka; 0 — 6a3uc, COAepauiMit 1Ba
pasnMyHbLIX aTOMa; 6 — KpUCTajauue-
CKas CTPYKTypa, KOTOpas MOXeT pac-
cMaTpuBaTbCs Kak oGbenuiienve Oa-
3Mca 6 C KaxA0H TOYKOH MpOCTpaH-
CTBEHHOH pCIUETKH 4.

TOpylo HasbiBalOT 6a3ucom. Bce
TaKne rpynnel B KpucTadane D0MKHB ObITb WAEHTHYHBI MO COCTaBY, OTHO-
CHTE/NLHOMY pacrioJIOKeHHI0 M OpueHTauun. POpMUpOBaHME KpPUCTAMIH-
YECKOH CTPYKTYPH COCTOUT B TOM, UTO KawaO# TOYKE pelleTKH NMpHAAeTCs
Gasie; a0 namocrpupyerca (aas ABYXMepHOro cayyas) Ha puc. 1.2.
lapannencnunen, 00pa30BaHHbI! BEKTOpaMM 3JeMeHTapHBIX CMelle-
MUK @, b u ¢, naswiBaetcss npumumusHod AuedKo. [TpuMuTuBHas aueitka
ABISCTCS  YacTubIM - CayyaeM d4emenmaprol Adeidxku. neMenTapnas
AUeHika — 910 moGas aueHka, o6iaaiolias TeM CBOHCTBOM, uTO npuMeHe-
HME K Hell onepaumi TpancasuMM, SBAAIOUMXCA OMEPALMIMH CHMMETpHHU
;l;]l:Ml;E:;:'ranna, 3a110JHUT BCe mpocTpaHcTBo. [IpuMuTHBHAR dueika — 310
PHas sfyeHka Haumenbulero oGbeMa. Ee MOXHO BHOpaTh Tak,

4rob
n M BO BCeX BepuIMHaX COOTBETCTBYIOUIEro eHf mapa/e/enunend Haxo-
MCb TOMLKO TOYKM peweTKH.
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i3 BexTOpHO# anre6pbl U3BECTHO, 4TO 0O6bEM MapaJjiesenunena, obpa-
30BAHHOIO TpeMs BekTOpamu @, b, ¢, onpelenserca mo Qopmyie

V,=a X be. (1.7)

Ecan @, b, ¢ — BekTophl, onpeiensioline 3eMEHTapHYI0 fuelKy, TO
V, Gyner ee oGbeMOM.

Kpucranauueckue pelleTKM M KPUCTa/JIMYECKHE CTPYKTYpPbl MOTYT
o6nanatb cuMMeTpue#t He TOJbKO MO OTHOLIEHWIO K OMepauuu TpaHcas-
uud T, HO ¥ nmoO OTHOLIe-
HUIO K pAdy Apyrux onepa-
uui. OIHOH M3 TaKUX TH-
MUYHBIX ONepauuit ABaseTcs
1I0BOPOT BOKPYr OCH, MpO-
@ xonsuie vepes OOHY H3
touek pewerku. Cyuiecr-
BYIOT pelueTkHd, o0janaio-
[IHe OCAMU MepBOro, BTO-
poro, TpeTbero, 4eTBepTOro
M (IECTOrO0 MNOPSIAKOB, 4YTO
OTBevaeT MOBOPOTaM COOT-
BercTBeHHo Ha 360, 180,
120, 90 u 60°. 3dtu ocu
' 0603HayalwTCs CUMBOJAMU
1, 2,3, 4 u 6. Ocu 2,
3, 4 ¥ 6 4acTo Ha3bLIBAIOT

T@
i [ T

s) ) e

Puc. 1.3. daemeHThl cuUMMeTpHH Ky6a. @ — TPU NJOCKOCTH CUMMETpDHHM, Mapan-
JenabHble TpaisM Ky6a; 6 — IIeCTb JHATOHAJbHBIX MAOCKOCTEH CHMMETPHH Ky6a;
8—o01Ha M3 oceil YeTBEPTOro MOPAAKA; 2 — OJHA M3 OCEH TpeTbero mopaixa;
O—opHa M3 Ocell BTOPOro NOPAAKa; € -- TPHHAALATb Oceil CHMMeTpuu KyGa,
NOoKa3aHHble Ha Ky6e COOTBETCTBYIOIUMMH CUMBOAAMH (M3 KHurM Puannca).

COOTBETCTBEHHO [1BOHHOH, TPOHHOM, ueTBepHOM M LIeCTepHOH OCAMH.
Ipyrux TUMOB OCefl CUMMeTpuH, T. e. ocel, MOBOPOT BOKPYr KOTO-
pbix nepepoiua Obl pelleTky caMy B ce0s, He cywectsyer. Hanpumep,
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TJ. 1.
I
[N
X
Hpowryeckar A Ayouveckar I Apouseckar F
Tempaeorartnas A lempazonarsrar /
i S
Pandivecrar P Aamouyecran & Pomtirvecnarnl  Pomonvechas F
<
Mowonaumwas P Mowornnnar & Tpunaunas P

TDUZOHGIHIE . TOUEONCIHOR U EERCTEONANH AR P

Puc. 1.4, Yernipnanuats pemetok Bpase, HasbiBaeMblX TaKxe NPOCTPaH-
CTBEHHBIMHM pPeLIETKAMHU.



16 rJ1. 1. CTPYKTYPA KPHCTAJJIOB

He MOXeT ObiTh OCH CHMMETPHH, COOTBETCTBYIOLIE# MOBOPOTY Ha
2r/173 wan naxe na 2w/5 paauan. JeHCTBUTENbHO, MOXHO CTPOrO Mare-
MaTHYeCKM [l0Ka3aThb, 4TO MepeunceHHble Bbime ocu (1, 2, 3, 4 u 6)
SIBAAIOTCA  €NMHCTBEHHO BOSMOXHBIMM. Jlpyrue onepauuu cHUMMeTpuu
pewerky, umeoled KyOHUYeCKyl0 TPHUMUTHBHYIO siuelKy, TMOKa3aHBl Ha
puc. 1.3.

Paznuunble BO3MOMHble KOMOM HalMM OMepauui TOYEYHOH CHMMETPHH
(noBOpOTOB, OTpaxxeHWH, MHBEPCHH, MOBOPOTOB C MOCJelyiouled HHBep-
cuelt) npuBoXAT K 14 pa3/MUHBIM THUNAM MPOCTPAHCTBEHHBIX pellerCK,

| 4 2
72 7
| s ! 4
! z 1 -
I |- | e 7
I e G
4
7 v //
L M- _* ______ el / ¥
Ve | // | Z
2 | - 4 ——"{
Z / | sz ——7 /
& | ~ | e —- /
1> 1 - —
|r./ I /
/
Ve s 60°
e = EE ¥ - L
e i !
P s
z” z7
Puc. 1.5. BekTopbl OCHOBHBIX TpaHCAALHUi Puc. 1.6. Pom6oanpuueckas npu-
B 06beMHOLIEHTPHPOBAHHOH KyOHUeCcKO MHTHBHas fYyeHKa rpaHeLCHTPH-
peuwerke. [lpuMuTHBHas sueHka mnoay- pOBaHHOH Ky6Mueckoi peleTKH
yaeTcs JONOJHeHHeM 10 poM603ipa. tHna F

KaXAOMY M3 KOTOpBIX OTBeyaeT omnpeleseHHbit Habop orpaHuyeHuft Ha
BEJIUYHHBl OCHOBHBLIX BEKTOPOB U YrJOB Mexay HuMu. IOtu 14 Tunos
pelieTox HasbiBawoTcs pewemxamu Bpase (puc. 1.4). 3a Gonee Leraib-
HbIM OMUCaHMeM uMTaTeM0 cJefyeT OOpaTuTbcs K KypcaM KpHCTaano-
rpacuu.

K ky6uyecko#t cucreMme OTHOCATCS TPU NPOCTPAHCTBEHHble PelIeTKH:
1) npocras kyGuueckas (P)— npuMuTHBHasfg, 2) 06beMHOUEHTPUPOBaH-
nas (/), 3) rpadenenrpupoBaHHas (F). XapakTepUCTUKH 9THX TpeX KyOu-
YeCKMX NPOCTPAaHCTBEHWHBIX pelleTOK TNpuBedensl B Taba. 1.1. Bexropw
OCHOBHBIX TpaHCAAUMH 00beMHOLSHTPUPOBAHHOR KyOHuYeCKOH pelleTku
(COKpallleHHO 0. L. K.) MOKa3aHel Ha puc. 1.5, a rpaHeueHTpUpOBaHHOH
KyOuueckol pelweTku (COKpalleHHO T. L. K.)—Ha puc. 1.6.

ITpuMuTHBHAsA suefika NpocTOH KyOUUYECKOH pelleTKH CONepPKHT TOJNbKO
OLMH y3es peuieTkd (Ha siyefiKy); OLHAKO HA d/eMeHTApHYI0 s4eKy o. L. K.
pelleTKM TMPUXOUMTCS .ABa y3aa, a I. L. K. peleTkH — HeThbipe (CM.
Taba. 1.1).
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Ta6auuga 1.1
XapaKTepHCTHKH KYGHYECKHX pelieToK
Tun pewetkn
XapaKkTepucTHKa 06beMHo- ~
pakrep npocras uentpuposan- | T p;::;‘::;f "
Has
06DbeM 3aeMeHTapHOl fdeiikn ad ad ad
Ypcao TOYEK PCINETKH HA  OAHY
AUEHMKY . « « ¢« o e e e e e . 1 2 4
Uycao TOYEK PELIETKH Ha ENHHHLY
o6beMa . e e e e e e 1/a® 2/a® 4/a?
Paccrosinie  MexwJay OGamxalmumu _ _
COCENMAMH . . o+ v v o o o .. a V3a/2 aly'2
Yucao Gavkadmux coceme . . . . 6 8 12
Paccrosinne 10 coceleH, clAepyOmHUX _
3a GammadmuMu . . . . . . . . . V2a a a
Yucao coceflel, cleayomux 3a 6au-
WARHIIMMH . . . o . . . .. .. 12 6 6

HHIOEKCbl MHJIIEPA

[TonoxeHue ¥ OpHEHTALMUS NMAOCKOCTH KPUCTAnJIa OfNpelesioTcs 3aia-
HileM KOOPIMHAT TPeX aTOMOB, JexXallux B 3To# niockoctd. Ecan kamnbiit
M3 Tpex aTOMOB HAXOLMTC Ha ONHOR N3 Tpex KpHCTa/Ljiorpaduueckux
KOOPAMHATHBIX OCeH, TO MOJOXKeHMe NAaHHOR MAOCKOCTH MOXeT ObiTb 3a-
JlaHO COOTBETCTBYIOIMMH KOOpPAMHATAMH aTOMOB MO OCAM B eIMHULAX
TIOCTOSHHLIX pelleTkd. Ecau, HanpuMep, aToMbl, oOnpelefsiolide nJjc-
CKOCTb, HMeIOT KoopauHate (4, 0, 0), (0, 1,0), (0,0, 2) B kaxo#t-to
CHcTeMe KpuCTaaiorpaduyeckuX KOOPIAMHATHHIX OCeH, TO YKa3aHHas MJo-
CKOCTb MoOXeT ObITb OXapakTepu3oBaHa TpeMs uuciaamu: 4, 1 u 2.

Bosiee OGbIYHBIM MeTOLOM OMMCaHUS MMOJIOXEHUS TJIOCKOCTH B pelueTke
ABISIOTC  undexcot Muasepa, KOTOpHE ONpelensiOTCs  CJAeAYIOLMM
o0Opasom.

1. HallneM Touk#, B KOTOPHX LaHHas MMJIOCKOCTb MepeceKaeT OCHOB-
IIbIC KOOPAMHATHbIE OCH, W 3alMILeM UX KOOPAHHATH B €JMHULAX MOCTOSH-
HLIX peLUeTKH.

2. Bo3bMeM O0OpaTHble 3HAYeHUs MOJYYEHHBHIX YHCen M MpPHUBEdeM HX
K HaliMeHbllleMy LeJOMY, KParioMy KaxIOMy M3 uucen. PesyabTar 3a-
KJII0uuM B Kpyriable ckoOku: (hkl).

Il maockoctn, Koropas mepecekaer ocM B TOYKAX C KOODPAMHA-
Tamit 4, 1 u 2, o6GpartHbie uucna Oyayt !, 1 u Y, u, caenosartesbho,
Hitlekcbl Muanepa oas stoit maockoctd ectb (142).

Ecau mnockocts nepecekaerT naHHyi0 KOOPAMHATHYIO OCb B GeCKoHeuy-
Hocru, To coorBercTBYIOWMH UHAeKC Muanepa pasen Hymo. HMuaexcw
Munacpa nns waubosee BamHbIX MIOCKOCTEM B KyOMUECKHX KPHCTAZaax
Wnoctpupyortes puc. 1.7,

2 Y, Kurrean
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HaGop wuHnekcos (hkl) o3nayaeT OTHEJbHYIO TJIOCKOCTb MAM CeMeH-
CTBO mapaJebHbIX MIockocTedt. Ecau niockocTs nepecexkaer ocb B 06J1aCTH
OTpHLATEIbHBIX 3HAaYeHMH KOOPAMHAT, COOTBETCTBYIOIUMM HHIEKC TaKxke
6yner OTpULATEJbHBIM, HO 3HAK MHUHYC B 3TOM CJyyae MOMelLaeTcss He
nepeil MHIeKCOM, a Han HuUM (Hanpumep, (hkl)). TlnockoctH rpaneleH-
TPHPOBAHHOrO KYOHYECKOro KpucTaaia uMeroT uniekcs (100), (010), (001),
(100), (010) u (001). ITNOCKOCTH, 3KBUBaJEHTHbie MO XapaKTepy CHM-
METPUH, 06O3HAYAIOTCH MHAEKCAMHM, NOMeLlaeMbIMH B (UrypHbie CKOOKH,.
HanpuMep, Bce I'PaHn KyGa MOXHO 06osHauuTh yepe3 {100}.

\ \\

_

(100) (70) ()

Puc. 1.7. Hunekcsl Muanepa masi raaBHBIX MIOCKOCTeR kyGuue-
CKOTO KpHCTaaaa.

Ilnn 0003HaueHUst HaMpaB/eHUt B KpUCTan/ie MPUMEHSIOTCS HMHACKCHI,
npeicTaBsioline Co60# HabOp HaMMEHbIUMX UeJbIX YHCes, OTHOCALIHXCS
MexIy cobo# Kak KOMIOHeHTHl BeKTOpa, Mapa/ie/bHOro NaHHOMY Harpa-
BJEHHMIO B COOTBETCTBYIOLIEH CHCTeMe KOOPAMHAT. DTH leJble YUCIa B CJy-
yae HanpaBJeHMH NUIIYTCA B KBAaApaTHBIX CKOOkax: [uvw].

Hanpasnenne ocu x 3anuwertcs Kak [100], orpuuaresnsHoe Hanpasie-

nue ocu y —kak [010]. TlonHas cuctemMa 3KBUBAJeHTHBIX HanpasJeHUM
o6o3Hauaercs yepes (uvw). B KyGuueckux KpuCTannax HarnpasieHue [uvw]
NeprneHaUKYIAPHO K MJIOCKOCTH (4UW), UMEIolled Te e MHIAEKCH, ONHAKO
IS KPUCTAAJM0B LAPYrMX CHCTeM 3TO, BooOlle TOBOps, He HMeeT MecTa.

[MonoxeHne y3n0B 3/MeMeHTApHOH suefikM 3alaeTCsi KOODIUHATAMH
B eIMHHULAX TMOCTOSHHBIX pelleTKH, MPHUeM 3HayeHHe KOOPAMHATH KaXAoro
y3Jia COCTaBJseT OMNpele/eHHYI0 AOJI0O 3JeMeHTapHOH NJAMHB @, b uiu ¢
B 3aBUCHMOCTH OT KOODAMHATHON OCHM; Hayalo KOOpAMHAT GepeTcsi B Bep-
MHe yria sneMeHTapHOH siueftku. Takum oGpasoM, HanpuMep, B KyOu-
yecKOH pelleTKe LEHTP HMeeT KOOpAMHAThl !/y !/5 /5, @ ueHnTpBl rpa-
ne: 1y 1y 05 0 1/y 1y /5 O 1y,

MPOCTbLIE KPUCTAJJIMYECKHE CTPYKTYPbi

Huxe Mbl KPaTKO OnuleM HEMHOTMe TMpPOCTHE KPHCTAAIHYeCKHe
CTPYKTYPHI, MpeAcTaBisiolie OOLLMH MHTEPeC; K HUM OTHOCATCH, B YacT-
HOCTH, TreKCaroHaibHas CTPYKTypa ¢ NJOTHOH YNaKOBKOH,” cTPyKTypa
anmasa, kyOuueckue cTpykTyphl tuna ZnS. NaCl, CsCl, CaF, (¢awoopur).
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[ekcaroHajbHas CTPYKTypa ¢ NIOTHOH ynakoBko#l., Pacnosoxutb
OIMHAKOBbIE TBEpIble IIAapbl B MPOCTPaHCTBE TaK, 4TOOb 06beM, OCTaIO-
e MEXAY HuMM, OblI MUHMMaJeH, MOXHO ABYMsi CrocoGamu.

OauH Cnocob MpUBOAMT K CTPYKType, oOnanaioieit kybuuyecko# cum-
MeTpHe#, a HMEHHO K rpaHelleHTPUPOBaHHOK KyOuuecko#i (kyOuyeckas
crpyKTypa C TUIOTHOH ynakoBKoH), n1py-
rolt — K CTPyKType, oOJaanawouiedl rekcaro-
nadaniioft cuMMerpued M Hocsled HasBaHue
20KCA20HAABHOL CMPYKMYPbL C NAOMHO L
ynakosrod (puc. 1.8). lllapul MOXHO yn0-
JKHTL TJIOTHOYMAKOBAHHBIM TJIOCKMM CJoeM
rak, 4ToOBl KawAbI 1ap compukacaics c
wectvio apyrumu. Credyrouu#i ciol MOXHO
10.I0HUTb TaK, YTOObl Ka)Ibft l1ap 1aHHOrO
c/108 COMpHKAcaJci C TpeMs IlapaMu HHX-
nero caost. Tperuit cnoft Moxer GbiThb MoOJO-
weH IBYMS myTamu. B caydae kyGuuecko
CTPYKTYpBbI 11apel TPETbero CcJ0sl pacrnoJo-
»KaTcs  Hal TeMu YrayOJeHUsIMH TNepBOro
C/10, KOTOpPbIe He 3aHfATHl LlapaMu BTOPOro;

B cAyYde reKcaroHanbHoM CTpyKTyph wapw PHC. 1.8 Tekcaronaabnas
CTPYKTypa € IUIOTHOH yma-
TPeTbero CJ0f PpacnoNOKaTCs HeMOCPeACT-  yopkoif (us kuurn  bBap-
BeilHO Hal llapaMu MepBoro. dTH IBe BO3- perra [1]).
MOXHOCTH CXeMaTHYeCKH W/IOCTPUPYIOTCH  Pacnosowenne atomo B 9TOM
puc. 1.9. OrHolleHue c¢/a 445 reKcaroHaip-  CTPYKType He oGpasyer mpocTpa-

CTBEHHOH peweTKH; nociaeiHeil B

HOW CTPYKTYpHI, MNoJyvawouleHcs NMPH TNMJAOT-  A2HHOM caydae sBASeTcH NPOCTas
rekcaronadibHas. C KajiCIbIM y3J0M

HOM ynakoBKe 1IapoOB, paBHO (8/3)1/2 =—1,633.  npocToit rekcaroHanbHO#i pelueTKH
YCAOBUAMCE OTHOCHTb KDPHCTAMN K KIACCY e e o0 o, 210"
HMEIOUUX MJIOTHOYNAaKOBAHHYIO FeKcaroHab- fa

IYI0  CTPYKTYpy Hawe B TOM cayuae,

KOTJIa OTHOLIEHHE ¢/@ HECKOJbKO OT/HYAeTCH OT TEOPETUYECKOro 3HauyeHus.

Takum 06pa3oM, UUHK, ¥ KOTOPOro oTHolleHHe ¢/a = 1,85 (a = 2,66 A,

¢c=4,94 }\). no/mkeH ObITb OTHECEH K YUCAY CTPYKTYP € TeKCaroHasb-
IOl MAOTHOM yMaKOBKOW, XOTA Yribl Mex1y aTOMHLIMM CBSI3IMM B ero
CTPYKType 3HAyMTe/JbHO OT/IHYAIOTCA OT TeX, KOTOpble NPUCYLIX HIeasb-
HIOH rekcaroHa/JbHOH CTPYKType C NJIOTHOH YMakoBKOH. OieMeHTapHas
fiiclika rexcaroHajbHOR CTPYKTYpbl C MJOTHOH YNaKOBKOH MNpeNCTaBJseT
Co0oft MPUMUTHUBHYI0O TeKCArOHA/AbHYI0 fiueiKy; B Gasuce ee — 1Ba aTOMa
(em. puc. 1.9).

Crpyktypa aamasa., [IpocTpaHcTBeHHas pelueTKa aimasa sIBJsSeTCS
KyOuyecko# rpaHeueHTPHPOBAHHOM; Ga3UC COLEPXUT [BA aTOMA, KOOPM-
Hatu koropmx 000 u 1/4 1/4 1/4. Kamno# Touke pelwieTkd MOryT ObiTh
OTiiecenpl ABa aToMa; 3TO Tnoka3aHo Ha puc. 1.10. Terpasnpuueckoe
Pacnonoxenne cBaze B CTPYKType a/Masa HITIOCTPUPYETCA CXEMOH,

9%
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npuseneHHot Ha puc. 1.11. Kaxaui#l

Puc.

a —ky6uueckas CTPYKTypa C NJOTHOH ymaKOBKOH; 6 — reKcaroHaibHas

I'J1. 1. €TPYKTYPA KPUCTAJIJIOB

CTPYKTypa C MJAOTHOIl ynakoBKO.

aToM HMeeT ueThipex Oanmxafurux
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Puc. 1.10. PacuonoxeHue aTtomoB
B 31€MEHTApHOMH A4eliKe CTPYKTYpbl
anMa3sa (MpOEKLHs Ha rpaHb Kyba).

3Hauenus 1pobefi yKaablBaIOT BLICOTY aTOMa
Hai O0a3uCHOM MNJOCKOCTLIO (33 €IHHHUY
AAMHHE OPUHATO pe6po ky6a). Toukwu THna 0
M 1/2 cOCTaBAAAIOT TPaHEIeHTPHPOBAHHYIO
pelueTKy; TOukH THna 1/4 u 3/4 obpasyior
TaKyl0 JKe pelleTKy, CMEeILeHHYW BIOAb
NPOCTPAHCTBEHHON LHaroHanu Kyba na uer-
BePTL ero IJAHHLL

Ky0 colepMT BOCeMb aToMOB. Pe-
IeTKa a/nMa3a He OTHOCUTCH K 4uCay
MJIOTHLIX: OTHOCHTEJbHBI 06beM, KO-
TOpHIN MOMeT OBTb 3aHAT TBEpAbIMH
IapaMH, UMHTHPYIOLIUMH aTOMBI, CO-
crapaser Jauwb 0,34, 1. e. npu-
MepHo 469% oT pakTopa 3anosHeHus,
XapaKTepHOro JAAs MJAOTHOYMaKOBaH-
HOIt CTPYKTYpbl. B cTpykType anmasa
KPUCTA/IM3YIOTCA YTIJepOL, KpeMHHH,
repMaHuii M cepoe OJIOBO; MOCTOSIHIibIE
pelleTKH STUX KPHCTANIOB PABHLI COOT-
BeTcTBeHHO 3,56; 5.43; 5,65 1 6,46 A.

CTpykTypa HHHKOBOH OOGMaHKH.
M3 rtoro, uyro 6bn0 cKasaHo Bbllle
O CTPYKType anMasa, BHAIO, 4TO ee
MOXHO TNpeNCTaBJsATb COCTOALleH M3
IBYX MIEHTHUYHBIX T'DaHeLEHTPUPOBaH-
HbIX peLIeTOK, CMeLleHHbLIX OJHAa OT-
HOCHTEIbHO 1OPYrOoHM B Hampas/ieHUM
NPOCTPaHCTBEHHOR AMaroHaaun kyba Ha
paccrosiHue 4YeTBepTH IJHHH  3ITOH
auaroHanu. Ky6Guueckylo crTpyxrypy

LMHKOBO! OOMaHKM MOXHO MOJYYHTb M3 CTPYKTYpPbl a/1Ma3a, eC/u aTOMbi
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LMiiKa PA3MECTHTb B ONHOM M3 TPAHEUCHTPHPOBAHHLIX PEUIETOK, 4 aTOMbl
cepbl — B LpYroft. AToMbl LMHKA OynyT HMeT, lfoopfmnalTbl:lOOO,3 0 31/2
1,, 1, O 1/2,3 1/% 1/, 0, a artomnl cepul: Y/, 14 V. V/g 3, 3,
3/, s Ya s s /4. DneMeHTapHas sdyeflka 3TOM pelleTKH COLEPKHMT
werbipe MOJEKyabl ZnS. BOKpYr Ka)uoro aToma, Ha paBHOM paccTOAAHUM
of HEro, MMEITCA YeTHIpe aToMa APYroro COPTa, PasMemleHHBIX B yriax
npaBUIbHOTO TeTpasapa. Crpyktypa anmMasa o6GnajaeT LEHTPOM CHMMe-
Tpun, PACTIOJIOKENHbIM Ha Cepeluiie Kak1o# npsaMoll, coennnsioledt G-
wafiuux cocenefl, OLHAKO CTPYKTypa ZnS LEHTPa CUMMETpPHM He uMeer.

>

Puc. 1.11. HM3o6paxeHne KpHCTaaAuueckoH CTPYK-

TYpbl aAMa3a, MOKasblBaloliee TeTpas/ipHuecKoe

pacnonoxeHne KOBAJNEHTHBIX CBA3eH; 4 — NMOCTOSH-
Has peweTku (M3 kHuru Lloxau [2]).

DTO CTAaHOBUTCA OYEBMIHBIM M3 PACCMOTPEHMSt DPAacCMOJIOMEHHS aTOMOB
BJOAb AuaroHanu kKyGa. B aiMase Mbl MMeeM MOCJ/el10BaTeNbHOCTb BH1a
CC ... CC--. CC, rie TOuKM O3HauyaloT BakaHTHble y3ian. B ZnS no
TOMY )Xe HalnpaB/JeHHI0 UMeeT MeCTO pacnoJoxeHue ZnS ... ZnS .- - ZnS,
KOTOpoe He MHBApPHAHTHO MO OTHOLIEHWIO K orepauuu uuBepcuu. [lpu-
Mepbl KPUCTaNI0B, 00/1alal0WKX KyOudueckott cTpyktypo#t tuna ZnS, npu-
BOLsTC B caenylowle#t Tabauue:

Kpucraaa a A Kpuctaan a, A
CuF 4,26 CdS 5,82
CuCI 5,41 InAs 6,04
Agl 6,47 InSb 6,46
ZnS 5,41 SiC 4,35

ZnSe 5,65 AIP 5,42
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Terpasnpuueckoe pacnoJjioxeHue cBase#l B CTPykType ZnS, no-BuiH-
MOMY, YyKa3blBaeT Ha HX KOBAJEHTHOCTb, MOCKOJbLKY MOHHBIM CBSA3AM
CBOWCTBeHHa TengeHUUs K OOpPA3OBAHUIO CTPYKTYP TPeHMYLIECTBEHHO
€ GonblIMM yucaoM Ganmmaliiux cocefell (GOMbIIUM KOO POUHAYUUOHHbLM
HUCAOM).

Ctpyktypa xJopuctoro HaTpua. CTpyKTypa XJOpHCTOro HAaTpus
nokasaHa Ha puc. 1.12, a. Ero npocTpaHcTBeHHas pellleTka — KyOuueckas

Puc. 1.12. Kpucrananyeckue CTpyKTYpbl XJIOPHCTOrO HaTpus (a)
M XJopucToro uesus (0).

rpalelleHTPUPOBaHHas. Basuc cOCTOMT W3 ABYX aTOMOB: OAHOrO aToMa Na
u oasoro aroMa Cl, HaxolAwMXcA OIAMH OT APYrOro Ha PacCTOAHMUH,
paBHOM MOJIOBUHE AJMHMHBL MNPOCTPAaHCTBEHHON 1HMATOHAJIH 3JIEMEHTAPHOTO
Ky6a. DineMeHTapHbiff KyO CONEpXUT uYeThipe MOJIeKYJbl. ATOMB MMeIOT
cliellyioliine KOOPAMHATHI:

Na: 000, 1/2 1/2 0, 1/2 0 1/2, 0 1/2 1/2;
Cl: 1/21/21/2,00 1/2, 0 1/2 0, 1/2 0 0.

Kaxnabit aToM uMeeT wecthb Ouamkalmux cocenet, ABASIOIWMXCA aTo-
MaMu Lpyroro copTa, W, CJeN0BaTe/ibHO, KOOPAMHALUMOHHOE YHUCJIO0 3TOH
CTPYKTYPbHl PaBHO 1UECTH.

[MpeacTaBuTean KpPUCTALIOB, umelowux crpyktypy tuna NaCl, npu-
BOLATCA B caedyiouic#t Tabuauue:

Kpuctaaa a, A KpucTana a, A
LiH 4,08 NH,I 7,24
NaCl 5,63 AgBr 5,77
KBr 6,59 MgO 4,20
RbI 7,33 MnO 4,43
PbS 5,92 Uuo 4,93

CTPYKTypa XJOPHCTOrO ue3us. CTpyKTypa XJOPHCTOIO Ue3us mno-
Kaszana Ha puc. 1.12,6. B CcTpyKType XJOpPHCTOrO Le3us Ha 3JIEMEHTap-



rJ.

HY
K;éa c KoopllMHaTaMH

1. CTPYKTYPA KPUCTAJIJIOB

Cs: 000

[Tpoctpan
apasoHAcs
Apyroro copTa,
TeJH KPHCTAJI0B,
ayloute#t Tabanuc:

Kpucraaa

CsCl

TIB,

Tl

NH,C!

RbCI (190° C)

a, A

4,11
3,97
4,20
3,87
3,74

H

Cl:

Kpucraan

CuZn
AgMg
LiHg
AINi
BeCu

1/2 1/2 1/2.

(8 naryub)

a, A

2,94
3,28
3,29
2,88
2,70
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1o auelKy anXOllHTCﬂ oAHa MOJIEKYJa; aTOMbl PAacnoJIOXKEHBI B LEHTPAX

crBeliHad pelueTka — npocTas KyGuueckas. Kaxap# atoM,
uenTpoM Ky06a, MMeeT COCeaiMM B yraax 3TOro KyGa aToMbl
TaK YTO KOOpIMHAUMOHHOe uyHucao paBHo 8. Ilpencrasu-
umetowux crpykrypy tina CsCl, npuBoasrcs B cae-

CTpyktypa ¢ropuctoro Kaabuus. ¢ropucteft xanpunt CaF, (Hassl-
pacMbifi GIIOOPUTOM) HMMeeT CTPYKTYpy, MmokasanHyio Ha puc. 1.13. Ilpo-
CTPaIICTBEHHAsA  pelleTKa — rpaHe-

)

uenTpupoBaHHas. bBasuc conepxur @— {2) @
tpu aroMa: oami atoM Ca B TOu- N AN 7

ke 000 u nsa aroma F B Toukax N g N /

Yg Yy w3y ¥y ¥ Kawnwft
arom Ca pacnonoxeH B LEHTpe P . , .
KyGa, yrasl KOTOPOro 3aHATH aTo- /~ N N

mamu F, a kaxawit arom F Haxo-
LMTCH B LEHTpe TeTpasapa, Yribl N / N /

kortoporo 3anstsl aromamu Ca. [Tpen- A ¢ ¢
CTaBUTeIM KPHUCTANNOB, HWMEIOUIUX
crpykrypy Ttuna CaF,, npusonsatca , . , .
B caenyoued Tabauie: " oo’ A
Kpucrana a, A Kpuctaan a, A e/
CaF, 5,45 Ir,P 554 Puc. 1.13, PacnoaoxeHue aToMOB B
BaF, 6,19 AuAl, 6,00 sneMeHTapHoii fueiike daoopura (npo-
Uo, 5,47 PbMg, 6,84 ekuus Ha rpaHb ky6a). ManbiMu
K,O 6,44 SiMg, 6,39 kpyxkamu u3oGpaxensl atoMbl Ca,
Li,Te 6,50 PtGa, 5,91 604bIHUMH — aTOMbI F.

CnpaBOYHHKH JaHHBIX MO CTPYKTYpe KPUCTANNOB, HHTaTe b, XKeaaw-
MK HaiTH cBeleHHMs O KPHCTAMJIMUECKOH CTPYKType TOro HWJIH MHOro
BelllecTBa, MOXET BOCNOJbL30BAaThCA (YHAAMEHTAAbHOM KoMnuasuued Yait-
kKodda [3]. LleHHbIMH NOCOGMAMM MOTYT CJAYXHTb TaKXe CHPaBOYHUKH
Strukturbericht n Structure Reports. OCHOBHBIMU XYypHanaMu, ny6JIUKYIO~
lliMu  paGoTel MO CTPYKType Kpucramios, sBasiotcs Acta Crystallogra-
Phica u Zeitschrift fiir Kristallographie.
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Ta6bavna 1.2
XapaKTepUCTHKH KPHCTAJNJHYECKOH CTPYKTYpPbl HEKOTOPBIX 3JEMEHTOB
Mot [MocToAHHKE peleTKH MpH Paccros-
HOCTD, KOMHaTHO# TemnepaType AToMHBI M::(iy
DaeMeHT Crpyktypa | 2/cm?® o6beM, [ 6auxait-
(rpy ¢ uau yroa| CHY/MOAb | iumu
20°°C) a ¢ 0CbI0 coceasiMH
AnomMunuit . .| 1w oK 2,70 | 4,04 9,09 2,86
Apron . 1. K 5,43 (20° K) 3,83
Bapuit .. o1 K 3,5 ,01 39 4,34
Bepuaauit . . .| rekc. 1,82 {227 3,59 4,96 2,22
Bop ... .. CJIOX. 2,3 4,7
Bananuit R O T ¢ 6,0 (3,03 8,5 2,63
Bucmyt . . . .| pom6o3ap| 9,80 [4,74 a = 57°41| 21,3 3,10
Boabbhpam 0. I K 193 |3,16 9,53 2,73
Tagonuuuit rekc. 7,95 |3,62 5,75 19,7 3,55
Ceauit . .| rekc. 3,57 (2° K) 5,83 3,57
FepManuit . . .| aiamasa 536 | 5,65 13,5 2,44
XKeneso (¢) . .| 0. 1 K 7,87 12,86 7,1 2,48
300010 . . . .| K. I K 19,32 | 4,07 10,2 2,88
Kanmuit rekc. 8,65 |2,97 5,61 13,0 2,97
Kaawuii 0. Il K. 0,86 |5,33 45 4,62
Kanpuuit r. I K. 1,55 |5,56 25,9 3,93
Kob6aabt rekc. 8,9 2,51 4,07 6,6 2,50
Kpemuunit . . .| aamasa 2,33 1543 12,0 2,35
Kcewon . . . .| r. . K. 6,24 (92° K) 4,41
Jlautan . . . .| I. . K. 6,15 |5,29 3,73
Jlutuit .| o 1w k. 0,53 |3,50 13 3,03
Maruu#t . . . .| rekc. 1,74 |3,20 5,20 14,0 3,19
Mapranen . . .| caox. 7,43 7,39 2,24
Memp . . . . . r. 1. K. 8,96 |3,61 7,09 2,55
Moaun6aen 0. I K. 10,2 (3,14 9,41 2,72
Hartpuit . . . .| o. 1 k. 0,97 |4,28 24 3,71
Heon . . . . . r. . K. 4,52 (20° K) 3,20
Hukean . . . .| r. 1. K. 8,90 |3,52 10,8 2,85
Huobui .| oo k. 8,57 |3,29
OuoBo (cepoe) | aamasa 5,75 |6,46
Maanaauii . . .| r. u. K 12,0 3,88 8,89 2,74
IMnatuHa r. 1. K. 21,45 (3,92 9,10 2,77
Py6unuii c. L. K. 1,53 | 5,62 (92° K) 55,9 4,87
CeuHen . . . .| Il K. 11,34 | 4,94 18,27 3,49
Cepebpo r. 1. K. 10,49 |4,08 10,28 2,88
CtpoHumii . . .| r. u. K. 26 6,05 34 4,30
Tanauit . . . .| rexc. 11,85 |3,45 5,51 17,24 3,40
TaHtan . . . .| 0. 1. K. 16,6 13,30 10,9 2,85
Turan . .| rekec. 4,54 (2,95 4,73 10,6 2,91
Yraepon (anmas)| aamasa 3,51 |3,56 1,54
Ypan . . . . . CNOK. 18,7 12,7 2,76
XpoM. . . . . 0. I K. 7,19 12,88 7,23 2,49
Lleaui 0. II. K. 1,9 6,05 (92°K) 70 5,24
Llepnii r. 1. K. 6,9 |514 20 3,64
Luuk . . . . . rekc. 7,13 |2,66 4,94 9,17 2,66
Linpkonuit 0. IL. K. 6,5 |3,61(850° C) 14 3,16
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B ra6a. 1.2 MpuBENeHb AAs YLOOCTBA CBENCHHS O KPHCTAMIMYECKHX
TpyKTypax Ppad SJEMEHTOB W B TOM 4YMCJe NOCTOSIHHble peleTKH NpH
c
KOMHaTHOH TeMnepaType.
B kuure IOM-Posepu [4] naHa cepus mnose3HbX TaGmull Mo CTPYK-

TypC KpMCTaJlJ'lOB 3J/IEMEHTOB, PAaCNOJIOXKEHHBIX MO rpynnaM nepnoﬂuqecxon
cHCTEMbI.

SMMUPHUYECKAS KJACCH®UKALUS THUMOB CBSA3U B KPUCTAJJIAX

TMone3no AaTh NPUOIMNEHHYIO KAACCMPUKAUMIO KPUCTANIOB Ha OCHOBE
[1aBHBIX THIOB XMMHuecko#i cBs3u. imeiorcs TBepabie Tena, /st KOTOPBIX
rakas KAaCCH@UKAlMA HEBO3MOXHA WM HEPa3yMHa, OLHAKO IS MHOTHX
ApYTHX MOXHO TNPHOIHKEHHO KOJMUECTBEHHO OUEHHTL LOMM DAa3AUUHBIX
TUNOB CBA3H B BeJHYMHE MOMHOR sHepruu cBA3H. OCHOBHBIE THMbI CBA3H

npusenensl B Taba. 1.3.
Ta6banna 1.3
KaaccuduKauus THNOB KPHCTaNnoB

dueprus cBA3H *),| XapakTepHcTuKa CBOHCTB KPHCTANJIOB

Tun kpucranna Mpuvep KKaa/moas IaHHOTO THNA
Hounubiit NaCl 180 CunbHoe HHpaKpacHoe MOrio-
LiF 240 uieHue, Manaf 3JeKTponpo-

BOJAHOCTb NPH HU3KHX TeMIe-
paTypax; Xopollas HOHHasl
NPOBOjIMMOCTb TIPH BBICOKHMX

TeMnepaTypax
C KoBaneHTHOH Anmas ~ 170 Boicokasn  TBepmoCTh, MaJjas
CBA13bI0 SiC 283 NPOBOJIMMOCTb NPH  HU3KHMX

TeMnepaTypax B Ciayuae 4YH-
cThix 00pa3uoB

Merannnueckuit Na 26 Beicokasi anexkTpHueckas mpo-
Fe 9 BOJHMOCTb
Mouekyaspubiit Ar 1,8 Huskas Touka miaaBiAEHHUS, HU3-
CH, 2,4 Kasl TOYKA KHMMEHHS, CHAbHasl
CKMMaeMOCTh
C BonopoanbivMu H,0 (nen) 12 OGHapyXHBAIOT TEH/CHLIO
CBA3AMH HF 7 K noJiuMepH3auuH (T. e. k o6pa-

30BaHMIO TPYNN H3 MHOTHX
MOJIeKyN); ~ BHEpPTruf  CBA3M
MeWAy MoJekyaamu OGoasbuie,
yeM y aHaJNOTMYHBIX MOJEKY.
6e3 BOJOPOAHBIX CBfizeit

*) DHeprus cBA3M — sHepruf, HEOO6XOANUMAs AN DPAa3bBEAMHEHHS TBep-
ZOro Tejna Ha OTAEJbHBIE aTOMbl, MOJEKYJbl HJAH Xe HOHbl (B 3aBUCHMOCTH
OT COCTaBa TBEPHOrO Teja). JHEPrusl CBA3M OlUPEAENSeTCs ANl KOMHATIOi
TEMNEPATYphl, 3a MCKAIOYEHHEM MOJEKYASPHbIX KPHCTaJJOB, A KOTOPbIX
OHa OepeTcs 1Jsl TOYKM NJaBJeHHs. 3aMeTHM, 4TO | 236/MOnexyAy -=
= 23,05 xxanr/mons.
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CraTuyeckue CH/ILI, CBfA3LIBAIOLIHE MeXAy COo6OH aTOMbl MM MoOJje-
KyJbl B TBepAbIX TeJaX, MOJHOCTbIO 3JEKTPOCTaTAYECKHe MO NMPHPOIeE;
pOJIb MArHMTHBIX B3auMONeHCTBMH BecbMa He3HauuresibHa, [lad 3Hepruu
CBSI3W BeCbMa CYLIECTB2HHBI TaKXKe KUHeTHYeCKHe 3(¢eKTh, 05yCN0BIIeH-
Hble KBAHTOBHIM XapaKTePOM [IBHXEHHS aTOMHBIX 3J1eKTpoHOB. BooGuie
roBops, CylIeCTBEHHOEe pa3juuHe MexIy THNAMH CBA3M B KPHUCTaAdax
MOXXHO MNpHUNHCATb KauyeCTBEHHbIM Pa3iMyuAM B XapaKTepe pacrpeleseHus
3/CKTPOHOB B aTOMax H MOJeKyJax.

B cTpyKTypHO# KOMMO3MU4M TBepAbX Tes Ha0/II04aeTcd KpPacuBoe H
nHeoOblkHOBeHHOe  padHooOpasue. JIpUMHUTHBHAf NPOCTOTA CTPYKTYPHI
a/iMasa, rajoreHHAOB W OJHOBAJNEHTHBIX METANJOB Pe3KO YCJIOXHseTcs
B CTeK/1aX, BOJOKHe, MNJacTMaccax, HHTepMeTa.lIUYeCKUX CO2IAUHEHHUSX,
OpraHuuYecKHUX KPHCTAJIaX, CJONKHBIX CHIMKATaX TreoJOrM4ecKuX MOPOL
M, HakoHell, TMpeBpAallaeTCs B YXKe COBEPIUEHHO 3aMyTaHHbI AaGUPHHT
B 6MO/IOrHYecKuX cyOcTaHuuaX. PeHTreHoBCcKas KpucTaniorpadus LocTuria
OrPOMHBIX yCMeXOB B paciiudpoBKe CTPYKTYp BO BCeX Y4acTKax 3TOro
cBoeoGpasHoro cnextpa. OaHako ¢uanKa TBEpAOro Tena B HacTosliee
BpeMsi uMeeT NeJ0 B OCHOBHOM JHILUb C BEILECTBAMH, MMEIOLIUMH NPOCTHIE
CTPYKTYpPH M HeC/OXHBI# xapakTep cBsdel. CiaoxHOCTb HabJ0daeMbIX
AiBJeHU Naxe B NMPOCTHIX CTPYKTypax 3acTaBjfieT AyMaTb, YTO U UX U3Y-
yeHHe W MOHMMaHHe OYLYT BecbMa IOJE3HBIMH.

HoHHble KpHCTaMabl. B MOHHBIX KpHCTaMIaX 3S/MeKTPOHBI MepexonsT
OT 4aTOMOB OJHOIrO THma K aToMaM [JpYroro Tuna, TaK YTO KPUCTaJl
COCTOMT M3 MOJOXHTEJNbHbIX U OTpULATe/NbHbLIX HOHOB. MoHBl B KpucTalne
pacrnonaraloTcs TaK, YTO KYJOHOBCKOE MNPHTRXEHHe Mewdy HOHaMu MNpo-
THBOINOJIOXHOrO 3HaKa CHJbHee, YeM KYJOHOBCKOE OTTaJKMBaHHE MeXIY
HOHAMU ofHoro 3naka. Takum o00pas3oM, WOHHAA C8A3b— 3TO CBA3b,
o6ycnoBieHHasds B OCHOBHOM 3JEKTPOCTaTHYeCKMM B3aMMOAeHCTBHEM Npo-
TUBOMOJIOXHO 3apsikeHHBIX HOHOB. CTpPyKTyph ABYX HauboJjiee Xapak-
TEPHBIX MOHHBIX KPHUCTAJJIOB — XJOPHCTOrO HAaTPHs H XJOPUCTOrO LEe3us —
nokasansl Ha puc. 1.12,

CreneHb MOHHM3ALMH aTOMOB, COCTABAAIOLIMX HOHHBIH KPHCTaAJ, YacTo
TaKoOBa, YTO 3JIeKTPOHHbIE 00O/JIOYKM BCEX HOHOB COOTBETCTBYIOT 3JleK-
TPOHHBLIM 000JI0YKaM, XapaKTepPHbIM AJS aTOMOB WHHEPTHHIX rasoB.

CornacHo Tabn. 1.4 HefiTpaibHble aTOMBl JUTHA W (GTOPA MMEIOT CJae-
LYY CTPYKTYPY 3/JeKTPOHHOHl 060JO0UYKH:

Li: 1s%22s,
F:  1522522p5,

B TO BpeMfA Kak B KpUCTa/je GTOPUCTOrO JUTHA OLHOKPATHO 3apAXKeEHHbIe
MOHBl HMEIOT 3JEeKTPOHHble KOHQUrypauuu

’ Lit:  1s2,
F7: 15225228,
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Ta6auna 14
lepnoaHyecKas CHCTEMA 3JIEMEHTOB
ezelbl 91eKTPOHHbIE KONQUTypaLHu HeHTpaJbHbIX aTOMOB B OCHOBHOM COCTOSIHHH;
n ":auuble AAs PCAKMX 3eMesb M AKTHHMIOB ABALIOTCH He BMOJHE A0CTOBEPHBIMH)
55 Cs 5p‘bs 87 Fr 6p*7s
56 Bu 3pbs’ 88 Ra 6p*7s®
57 La 3p'546s 89 Ac 6d7s?
38 Ce 4f7Gs* 90 Th 6d°7s?
59 Pr 4683 91 Pa 5/°6d7s?
60 Nd 4f*6s? 92U  5/°6d7s*
61 Pm 4f%6s 93 Np 5*7s*
19K 3p4s 37 Rb 4p*5s 62Sm 4f%6s* 94 Pu 5/
20 Ca 3p*4s® 38 Sr 4p*5s® 63 Eu 4176s° 95 Am 5f77s?
21Sc 3d4s* 39Y 4d5s? 64 Gd 4f'5d6s* 96 Cm 5(76d7s?
22 Ti 3d*4s* 40 Zr 4d°5s? 65 Th 47°3d6s* 97 Bk 5/*6d7s?
23V 3d*4s? 41 Nb 4d'5s 66 Dy 4/'%s* 98 Cf 5/°6d7s?
311 2 11 Na 2p*3s 24 Cr 3d*4s 42 Mo 4d%5s 67 Ho 4f"'6s*
1 Be 23 12 Mg 2p*3s? 25 Mn 3d%4s? 43 Tc 4d*3s 68 Er 4f':6s?
5B 2s2p 13 Al 35'3p 26 Fe 3d*4s* 44 Ru 4d'3s 69 Tm 4f'%6s*
1H 1s 6C 2v2p* 148 3s%p? 27Co 3d'4s® 46 Rh 4d's 70 Yb 4f16s?
2 He 1s? 7N 252p* 15P 3sBp~\\\ 28 Ni 3d'4s? 46 Pd 4d* 71 Lu 4f'5dbs®
80 2s2p* 16S 3s23p! 29 Cu 3d'%4s 47 Ag 4d'°5s 72 Hf 5d°6s?
9F 2s2p> 17Cl 3s3p* 30 Zn 3d'°4s* 48 Cd 4d'%3s? 73 Ta 5d%6s?
10 Ne 25%2p* 18 AP 3s%3p* 31 Ga 4s4p 49 In 5s%5p 74 W 5d'6s*
32 Ge 4s’4p* 50 Sn 5d*6s?
33 As 4s4p® 51Sb 5d*6s?
34Se 4s4p® 52 Te 5d°
35 Br 4s4p® 53J
36 Kr 4s*4p* 54 Xe

82 Pb 6s6p?
83 Bi 6s%6p®
84 Po 6s%6p*

5 At 6s'6p*
86 Rn 6s%6p*

5s25p? 75 Re

5s25p? 76 Os

5s%5p* 71Ir

55?5p* 78 Pt 5d%s

5s?5p* 79 Au 5d'%s
80 Hg 5d'%s*
81 Tl 6s6p

XapaKTepHble COOTBETCTBEHHO [/ AaTOMOB reius M HeoHa!l). AroMut
HHEPTHBIX Ta30B HMEIOT 3aMKHYTblE 3/MeKTPOHHbIE 00OJOYKH, M pacnpe-
Aclete 3apsaa B HUX MMeeT cepHyeckylo CHMMeTpHio. [1C3TOMy MOXHO
OXHAATb, YTO pacnpenesieHHe 3apsla KaxAOro MOHa B HOHHOM KpHCTa/iie
Oyacr npuGanmkenno o061a1athb ChepHyeCKOR CHMMeTpHeH, KOTOpas He-
CKO/bKO napywiaeTcs B 00JaCTH CONPUKOCHOBEHHS COCEIHHX aTOMOB.

Korna Mbl roBopuM 0 HOHHBEIX KPHCTanax, Mbl MMeeM B BMAY BellecTBa
Tina ¢ropucToro JMTHS WK XJOPHCTOrO HaTPUA. DTH BellleCTBa SBJAIOTCH,
loxKanyH, onnuMu u3 Haubo.see MPOCTBIX XMMHYECKUX COeMMHEHHH, BCTpe-
‘I0luMXcst B npupode, M MOITOMY OHHM ObLIM MPEIMETOM MHOrOYHC/IEHHBIX
Teoperuyeckux uccaenosaHudt, a wux Quanyeckue CBOHCTBA M3yuellbl

-_—

- h “CMblCJl 00603HaueHnil, UCMIOAb3YEMbIX 115l OMMCAHHA 3NEKTPOHHBIX KOHGH-

O}C[l)lgléuu B aTOMax H uoHaX, OOGDBACHAETCA BO BCeX yueOHHKaX, MOCBSAIIEHHbIX

e Z;IM ATOMHOH ¢HU3HKH, BykBbl s, p, d OTHOCATCA K 3JEKTPOHaM C OpOHTalib-

- 60MeHT0M coorBercTBeHno 0, 1, 2 (B €1HHHULAX 1); unppa cnesa OT

oy YKB O3HayaeT rjaBHOE KBAHTOBOE YHCJO AaHHOi OpOuTbI, BEPXHHI MHIEKC
DdBa 0T GyKBBl — YHMC/IO 3JMEKTPOHOB Ha JaHHOH Op6HTE.
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SKCMEPUMEHTANbHO B LINPOKOM HHTepBaje TeMnepaTyp. CxeMaTHYeCKH Mo-
ZeJib HOHHOTO KPHCTA//1a MOXHO NMpPeACTaBUTb caelyloluM o6pasoM. Kpu-
CTaJ COCTOMT M3 MOJIOMHTENbHBIX M OTPULATENbHBIX HOHOB, 3JIEKTpHU-
yeCkue 3apsibl KOTOPBIX KPAaTHH 3apAly 3/neKTpoHa. Pacnpenesenue 3apsna
Kaxaoro uoHa o6naamaer cdepuyeckoi cuMMeTpuell, TakoH e, Kak
y aroMmos GaaroponHeix rasos. [lpeanonaraercs, uto B3aumoneficTBHe
Mex<1y HOHAMH B NMEPBOM NMPHOJAHXEHHH MOXHO PaccMaTpUBaThb Kak 3JeK-
TPOCTaTHYeCKOE B3aHMONEHCTBHE Mex1y chepHyecKd pacnpeneeHHbIMH
3apAaaMH.

[py6ble OLEHKH NMOKa3bIBAIOT, YTO MBI, MO-BHANMOMY, He olubaeMcs,
CYdTas, YTO OCHOBHas YacTb SHEPruM CUEMJEHHS B MOHHBIX KpPHCTadaax
03yc/oB/IeHa KY/JIOHOBCKUM, T. €. 3JIeKTPOCTAaTHYECKHM, B3aUMOLEHCTBHEM.
Paccrositne MeXIy NMOJOXHTEJbHBIM M OJHKAHLIMM OTPHULATEIbHBIM HOHOM

-8
B XJOpHCTOM HaTpud pasio 2,81 -10°° cm, no3TOMY mMOTeHUHANbHASA
SHeprus, CBA3aHHAas C B3aUMHBIM MPUTANKEHHEM Maphl HOHOB,

2 . -10y2 _
L:M__B)._—_—_SIO 12 ape,
ro 28.10

T. €. COCTaBJsieT MNPUMEPHO O 38. JTy BeJUUMHY MOXHO COMOCTAaBHTb
¢ TenJoToH ofpasoBaHus KpUCTa/ia, paccMaTpusas npolecc o6pa3oBaHus
COCTOfIHUA, B KOTOPOM MHOHBI pa3szneseHbl OeCKOHEYHO 1aJeKo; 3TO —
M3BeCTHAA BeJuuMHA: oHa pasHa 183 xas/moas, unu 8 38/moaexyary.
3navenus 5 u 8 38/M0.eKyLy — ONHOTO NOPALKA BeNMYMHBI. DTOT pe-
3yabTar sBJseTC BecbMa OOHaleXHMBAaIOLMM U MOATBep*aaetcs npu 6osee
TOYHBIX pacyeTax.

Kpuctaaisl ¢ KOBaJIeHTHON cBf3blo., Koraa HMeercs KOBajdeHTHas
CBf3b, Mbl MpeacTaBiseM ceGe, UTO 3/JeKTPOH KaXJAOro aroMa «KypcH-
pyer» B ofaacti Mexxdy ABYMA arOMaMH, COeNMHEHHBIMH 3TOM CBA3bIO.

B cayuyae MOHHOH CBA3M C XOPOIUIMM MPUOMHNKEHHEM MOXHO CUMTATh,
4TO BajelTHbie 3JAEKTPOHbl «MNPHUBA3AHLI» K ONpeae/eHHbIM aToMaM. [1pun-
uun [layau B npuMeHEHHM K HOHAM C 3aMOJHEHHBIMU 3JEKTPOHHBIMH
060/M04KAMH TFapAHTUPYET HAM HHU3KYI0 3JEKTPOHHYIO NJAOTHOCTb B TOMH
obnacTu MexIy ABYMS HOHaMH, TAe 3JEKTPOHHble O000/J0UKH COMpHKa-
calorca. MoHH ¢ 3anonHeHHbIMH 0060J0ukaMu BooOLle He 0o6pasyloT KO-
BaleHTHBIX CBs3eH. B ciaydyae KoBaneHTHOH MJIM TOMOMOJSIPHOH CBA3M
IJIOTHOCTL 3apsla MeXLy [BYMs aTOMaMM MOxeT ObiTb 1OBOJBHO
60JblUOH, a BaJeHTHble SJAeKTPOHbB B 3HAYUTEJbHOM CTeNeHM sBaslOTCA
«obuimMuy Aas o6oux aromoB. KoBaneHTHass cCBfi3b fABAAETCA OOBIYHBIM
THIOM XHMHMYeCKOM CBA3M DJMEKTPOHHLIX Map, 4YacTO BCTpevaloLIUMCS
B XMMHM OPraHHYeCKMX COelMHeHuH. ITOT THUN CBA3U XapaKkTepusyercs
BBICOKOH 5/IEKTPOHHOH MJIOTHOCTbIO B 00JAcTH MexIy HOHAMH, a TaKke
SIBHO BbIPa)XX€HHbIM CBOMCTBOM HanpaBJeHHOCTH. YT/epOoNHad CBSA3b ABfeTCS
XOpOLIMM TNPUMEPOM 3TOrO0 CBOWCTBa KOBa/JeHTHOH cBA3U. ATOMBI yrie-
pola 4acTo MpPeAMOYHTAIOT COCAMHATLCS APYr € APYTOM HJHM C APYTUMH
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TaK, YTO YETHIPE X CBA3M PACIOJAraloTCs B NPOCTPAHCTBE BIOJHE
aroMant NHBIM CUMMETDUYHbIM 00pa3oM, a HMEHHO TaK, 4YTO KaxAblh
onpeneﬂeﬂe ola MoMellaeTcs B LEHTpe TeTpasipa, 06pa3oBaHHOrO aro-
o y;[;mrl)}omumuca ero Ommxakiumu cocensMu. Asmas u Meran CH,
Mami, csi THIWYHBIMM TIPHMEPAaMH BEWLECTB C TeTPAarOHa/lbHON KOBaJEHTHOH
“B“:LO,J CrpyKTypa aiMa3a CJYXKHT MPHMEPOM «NPOCTOPHOA» B reome-
;:\g;:mec}.(OM CMbiC/Ie YNaKOBKM aTOMOB B pelleTKe, TaK Kak 'reTparougnb-
Wbl THN CBA3M TMO3BOJSET KaXKAOMY aTOMy HMMeTb JMIIb yeThipex 6.u-
wafilnx coceleff, TOraa KaK B CTPYKType C NJOTHOH yNaKOBKOH Takux
6nmkaux cocelett Gbiio Gbl ABeHanuath. KopaneHtHas cBs3b oGpasyercs
06BIYHO ABYMS 3J1€KTPOHAMH, MO OJHOMY OT Ka¥1OTO H3 COENHHAIOLINXCH
aTomoB. CHHHBI 3THX 1BYX 3/EKTDOHOB aHTHMapasielbHbi. ATOM yrie-
pona (2s?2p?) oGHapYKHBAET TEHACHUMIO LENMKOM 3aMOJHATH 3/EKTPOH-
Hyio 06os0uKy 2p5 3a cueT S1eKTPOHOB uyeTbpeX GmmkaHiux coceneft.

Ecan KpUCTaibl C KOBaJIEHTHBIM W HOHHBIM THUMAMuM CB§3U paccMa-
TpuBaTh KaK Mpelefblibie CAyYan, TO MeXLY HAMH MMeeTCs, M0-BULMMOMY,
Hel'lpeprBHblﬂ paa KpucTajanos, o6naualoumx NPpOMEXYTOYHBIMH THNMAMHU
cBs3u. Yacto ObiBaeT BaXHO OLEHWTb, B KaKOH crTenenu AaHHas CBA3b
ABASETCST MOHHOM MM KOBaMeHTHOH, OLHAKO MHOTAa 3TO OKa3blBaeTcsd
TPYAHO clesaTb CKOJbKO-HUOyab ysBepeHHo. Hanpumep, NaF mbl cuuraem
MOHHBIM KpPHCTANIOM, a InSb, BUANMO, B OCHOBHOM KOBa/MeHTHbIH, OIHaKO
B HacTosillee BpeMsi TPYAHO CKas3aTh 4TO-i100 JAOCTOBEPHOe O MpHpole
cpa3u, HanpuMep B ZnS uau PbS. IToanHr na noaysmnupuyeckoit ocnose
NOCTPOMA  IIKaNy  3/JeKTPOOTPULATEJIbHOCTH  HEKOTOPHIX  3/EeMEHTOB
(puc. 1.14).  OJeKTPOOTPHUATEIbHOCTb — 3TO  TePMHH, MPHUMEHSEMbIR
B XMMUH [JI OMHUCAHHA CNOCOOGHOCTH Kakoro-iauGo aroMa B MoJjeKyie
KMPUTATUBATLY K cebe 3/JE€KTPOHDI.

Metanauueckne KpucTanapl. MeTamisl XapakTepuayloTcsi BLICOKOM
9/1€KTPONPOBOAHOCTBIO, U MOITOMY CJiellyeT AyMaTh, YTO YaCTb 3/JEKTPOHOB
B MeTanne nomkua ObITb cBOGOAHOM, YTOGbI HMEThb BO3MOXHOCTb Mepe-
MelaTbco. aJleKTpOHbl. cnocobubie IIpUHUMATb YyuyacTHe B fABJCHHI npo-
BONUMOCTH, HA3BIBAIOTCA 3/EKTPOHAMM NPOBOAMMOCTH. B  HexoTophx
METall1aX, TaKHX, KaK LIeJ0ulble, B3aUMOJENCTBUE MOHHLIX OCTOBOB
€ SJIEKTPOHAMH NPOBOLAUMOCTA B OCHOBHOM M OGYC/]OB/IMBAET SHEPTHIO
cBA3N. KpuCTannbl 1wiesouHbIX MeTannoB Mp  MOMeEM npeiacTaBuTh cebe
B Bule NpaBUILHO PACMONOKEHHBIX MONOKUTENLHBIX HOHOB, MOTPYHEHHBIX
B Gostee unu Menee OLHOPOIHYIO OTPUUATENLHYIO SNEKTPOHHYIO CKHUAKOCTb .,
B nexoTopux MeTannax, rtakux, HanpuMep, Kak MeTalJlbl MepPEXOJHOH
'PYNIbl, MOXHO -mpeanonarath Haauume 3BPEKTOB CBA3M KOBANEHTHOTO
THNA, 00y CNOBJIEHHDBIX HE3aNOAHEHHOCTDIO BHYTPeHHUX 060/0ueK. DJIeMeHTHI
[ICPEXONHON TPYNMbl UMEIOT He3amoaueHHyio d-06OMOYKY W XapaKTepH-
3YIOTCst GOMbIUIMMH SHEPrUAMU CBA3N.

Monekyaspusie kpucraaam. Cesap MeXIy AaroMaMM HHEepPTHBIX
T430B W MeXAy HACHIEHHEIMM MOJeKyJaMu B TBepao# ¢ase ocymect-
BASETCA CNaGbIMM  91eKTPOCTATHUECKHMH CHAAMH, M3BECTHHIMH KAK CUAb
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Ban-dep-Baaasca. TIpupona BOSHUKHOBEHUS 9TUX cuA caenyiouas. daxe
B TeX aTOMax HJH MOJIeKy/naX, 3JEeKTPUYeCKHMH IUMOJBHBIA MOMEHT KO-
TOPBIX B CpelHeM paBeH Hymo, OyleT CyllecTBOBaTb HeKOTOPHH ¢ayk-
TYHPYIOWHH AUMOJIbHBIA MOMEHT, CBA3AHHBIK C MTHOBEHHBIMYU NMOJIOXEHUAMH
3JIeKTPOHA B aToMe. MrHOBeHHOE 3/IEKTPHUYECKOe MoJie, CBA3aHHOE C 3TUM
MOMEHTOM, OyaeT INPHUBOAMTL K BO3HUKHOBEHHUIO MHAYLUHPOBAHHOTO AH-
NOJbHOTO MOMEHTa B COCeNHHMX aroMax. B cpeaseMm B3aumosetcrsue

*H

| | ]
ag 7 2 -3 4

Puc. 1.14. Ilkana 31eKTPOOTPHLATENbHOCTH DPa3JHUYHBIX 3Je-
MEHTOB, HJIOCTPUPYIOLAfl pacrpeje’eHHe 3TOro cBolcTBa
B MEPHOJHYECKOH CHCTeMe 3JeMeHTOB. 3HaueHHs 3NeKTpC-
OTPULATENbHOCTH OTJAOXKEHbl 10 FOPH3OHTANbHOH LiKaJje.
Kaxnas “3 NOJHMMAIOIMXCS JOMAHbIX OTHOCHTCS K OXHOMY
13 cT0a6UOB NepHOAHYECKOH cucTembl (M3 kHuru [Toauwra [5]).

IMIIOJBHOrO MOMEHTa MCXOJHOTO aToMa C MHAYLHPOBAHHBLIMHM AMMOAbHBIMU
MOMEHTaMH COCeIHUX aTOMOB MNpHBedeT K MOSIBJIEHHIO CHJ NPUTAXKEHUS
Mexxay aroMamu. Cuibl Takoro NpPOMCXOMXAEHWs Ha3bBAIOT Takxe duc-
nepcuoHHsMu cusamu. B GONbLINHCTBE OPraHHYECKHX KPUCTANIOB MO-
JeKy/bl CBfI3aHbl Mexay co6o#f cuiamu Ban-nep-Baaabnca.

MoJiekyapHble KPUCTAMIBl XapaKTepHaylTca cnabol CBA3bI0 — cooT-
BeTCTBYIOLIME BellecTBA MMEIOT HH3KYI0 TOYKY TMJaBJAEHHA H HH3KYIO
TOuKy Kunewus. Ilas CTPYKTYpbl KPHCTaJ/IOB TaKHX BELIeCTB 4YaCTO Xa-
paKTepHa M/aOTHas ynakoBka. VueprHble rasel, OyAyud npespalleHbl
B TBEpPHOe cOCTosiie, 0Opa3yloT KPHUCTANIbl MJAOTHOYNaKOBaHHOM KyOu-
YeCKON CI1PYKTYphI. .

Kpucraanabl ¢ BOAOPOAHBLIMHM CBA3sAMH. [loCKOJNLKY HeHTpa/ibHBIf
BOLOPOI HMeeT TOJbKO OAMH 3EKTPOH, OH HOJKeH 00/anaTh OLHOK
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THON CBA3LIO, N03BOJsIOLIEH €My BCTYNaTh B COENMHEHHMA JHULIb
_an60 OAHUM aTOMOM NpYroro Tuna. OnHaKO H3BECTHO, YTO MpH
¢JOBUAX aTOM BOLOPOAA MOXET ObITb CBA3aH 3HAYMTEJbHLIMU

I MpUTSHKEHNS OJHOBPEMEHHO C IByMs aTOMaMu, o0pasys TeM CaMbiM
cu.qa:':w,maemyno 8000 pOOHYI0 CBA3b MEXAY HHMHU; HEprus TakoR CBA3N
’;r)z:zl[(ma npumeptio 9 KKQA[MOAb. .

CyuTaloT, 4TO BOLOPOAHAA CBA3b MMEET B OCHOBHOM HOHHBIR Xapak-
Tep, MOCKOAbKY olia BO3HMKAET JHUIIb Mexly HauboJjee 3/EKTPOOTPUUA-
TeJbHbIMH aTOMaMH. ATOM BOLOpOAA OTAeT CBOH 3/JEKTPOH OLHOMY M3
ABYX aTO 10B MOJCKYJIbL, a MoJay4MBLIMHACA TPOTOH 00pasyer BOLOPOAHYIO

kgopaJel
.c KaK M
1leKOoTOpbIX Y

CBSA3b.
Majble pasMepbl NPOTOHA He TMO3BOJAIT eMy HMeTb GuwxaHwuMu

cocelsiMu  Gosiee ueM Ba aTOMa; aTOMbl CTOJb CUJIbHO COJMHXEHBI, uTO
Ha TAKOM KODOTKOM Y4acTKe He MOTyT TNOMeCTHTbC GoJlee ueM 1Ba
aToMa. TaxkuM o6pa3oM, BOLOPOAHAA CBA3b OCYIIECTBJSETCH TOMbKO. MEXIY
ABYyMA aTOMaMH.

BoaoponHas cBA3b fBJSETCs BaxHeRle# ¢dopmoit B3auMomeHcTBUA
Mexx1y Monekynamu H,O u oOyc/ioBiuBaer BMecTe C 3/1eKTPOCTATHYECKUM
NpUTAXKEHHEM 3/MeKTPUYECKMX AMMO/bHBIX MOMEHTOB YIMBUTe/NbHbie (U3H-
yeckde cBoHcTBa BOAB M Jbla. BonoponHas CBA3b OrpaHuyMBaeT paa-
Mepbl GelKOBLIX MoJieKyJ M OOyCnOBJMBAaeT MX OOHIYHYI0 HabJi0laeMyio
reoMeTpuueckyio cTpykTypy. Oia Mrpaer TaKke BaXHYI0 pOJb B TAKHUX
ABJeHMAX, KaK, Hanpumep, TOJWMepU3aUUss (PTOPUCTO-BOLOPOAHBIX CO-
eluHeHHH W MypaBbuHOM KuciaorThl. Oda cyulecTBeHHa A7 OOBRC leHUS
CBOUCTB HEKOTODbIX CerHeTO3JNEKTPUUECKHX KPHUCTaN/N0B, Halpumep, AMIHU-
apodocdara kanus (KDP).

PAIHYCbl HOHOB

Bblio  ycTaHOB/EHO, YTO MeXaTOMHble pAacCTOSHUS B Trajore.ugax
LWEN0YHbIX MEeTanA0B NMPUOMMKEHHO MOXHO CYMTATh ALAWTHUBHBLIMM, MHaye
FOBOPs, MOHB MOXHO PaccMaTpusaTb 10 M3BECTHHIX NpelesoB KaK TBep-
Ible cdepui. PaccrosiHie, Ha KOTOPOM MOHBI IPUXOAST B CONPUKOCHOBeHHUe,
AIBJISETCA PAaBHOBECHBIM PAacCTOAHMEM MexAy HoHamu. To 0GCTOATENbCTBO,
UTO NpEACTaBJEHHE O MOHHBHIX pa;nuycax AB/AseTCs MPUOMHKEHHO Crpa-
BEIUBLIM, ABJAETCS CJAELACTBUEM OYeHb CUABLIOH 3aBUCUMOCTH CHJ OTTA/-
KUBAHUS OT MEXHOHHBLIX PAacCTOSHMH.

O3pesanne paanansHbX BOIHOBLIX (YHKUMH B KBAHTOBOMEXaHHUYECKHX
pacuerax nokaseiBaer, 4TO TOYHBIM PAZMYCAM HOHOB, MPHBIIMMBIM B Tal-
JMuax, He CA:lyeT NpnnaBaTb HUKAKOrO aBCOMIOTHOIO 3HAYEHHS, HO ANA
MHOTHX UeneH BeMWYMHBI TMMA TeX, uTO npuBedenst B Taba. 1.5 u 1.7,
MOryT OKa3aTbCsl MOJe3HbiM#. [IpM MOCTpdeHMM TaGAMLB ONMH M3 panu-
YCOB HECKD/IKO MNPOM3BOABHO NOMKEH ObiTh MPUHAT 32 OCHOBHOM, NO-
CKOJMbKY B ABYXaTOMHBIX CTPYKTYpax HeKOTOpOe MOCTOSHHOE paccrosiHue
MOXHO Bceria A06aBMTb K paguycy KaTHOHA K OHOBPEMEHHO BBIYECTD
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Ta6aunma 1.5

Panuycu HOHOB B HOHHbLIX KpPHCTaJjjJax

PacctosiHne Mex1y HOHaMH D 1/ HOHHBIX KPUCTaa/N0B PaBHO DN=RC+ RA—l- AN'
rae N — KOOPAHHALHMOHHIOE YHCIO KATHOHA, RC H RA—oéuquue paaMychl KaTHOHA M aHHOHa,

AN—nonpaaKa, 3asucqdulas OT KOOPAHHALHOHHOrO yKcJaa. l'lpuaenemlue JdaHHble OTHOCATCH

K KOMHaTHOH TeMnepaType. 3HaueHHs BCeX PAaCCTOSHHH NaHbl B aHrCTpeMax
(HeonybaHKOBaHHBE AaHHble 3axapuaceHa)

a. 3asucumocms Ay Om KOOPIUKAYUOHHOZO 4ucsa N

N AN, A N AN, A N Ay A
1 —0,50 5 —0,05 9 0,11
2 —0,31 6 0 10 ,14
3 —0,19 7 40,04 11 0,17
4 —0,11 8 40,08 12 -+0,19

6. OGviunble paduycol UOHOB, UMEIOUUX 3AEKMPOHHYIO 060AOUKY
muna 34eKmpOHHOI 000A04KL AMOMO8 UHEPMHHLLX 2a308

—2 O 14S 1,90 Se 2,02 Te 2,22 Po 2,30
—1 F 133 CI 1,81 Br 196 I 219 At 2,27
1 Li 068 | Na 098 K 1,33 Rb 1,48 Cs 1,67 Fr 1,75
2 Be 0,30 [ Mg 0,65| Ca 0,94 Sr 1,10 Ba 1,29 Ra 1,37
43 B 0,16 | Al 045| Sc 0,68 Y 0,88 La 1,04 Ac 1,11
-+4 Si 038| Ti 060 Zr 0,77 Ce 092 Th 0,99
+5 Nb 0,67 Pa 0,90
+6 U 083
8. Monot axmuHrudos
Ac Th Pa u Np Pu Am
3 1,11 1,08 1,05 1,03 1,01 1,00 0,99
4 0,99 0,96 0,93 0,92 0,90 0,89
5 0,90 0,89 0,88 0,87 0,86
0,83 0,82 0,81 0,80

M3 paauyca aHWOHA, He M3MeHss HaG/I0NAaeMOro 3HaueHud MOCTOSHHOH
pewerku. B aMmnupuueckux paccmorpeHusx noneswo paauyc F- npunu-
MaTb paBubiM 1,33 A, Kxorna xoopanHauuonHoe uuca0 (YHCAO GmaHwnx
cocerneft) paBxo 6. 3HaueHHs PaAMyCOB UOHOB, NMpHBeJeHHbE B Taba. 1. 6,
paccuutanbl TeopeTHueckit ITOJMHTOM ¢ TNOMOWbIO HEKOTOPBIX SMMMpU-
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Ta6auua 1.6

Paguycbl HOHOB B HOHHBIX KPHCTaJnax
(u3 kuuru [Toausra [5])

H™ | Lit | Be2+| B*" | c** | N°" | O°F | F'*
2,08 [ 060 | 0,32 | 020 [ 0,15 | 0,11 | 0,09 | 0,07

ct I N | o F- Na+ | Mg?+ AR st | psF | st | el
260 1,71 | 140 1,36 | 095 | 0,65 | 0,50 | 0,41 034 | 029 0,26

Si*7 | PP | ST | c1m | KT | cazt | Se3r | Ti*t | VET [ CroF | MnTH
271 2,12 | 1,84 1,81 | 1,33 | 0,99 | 0,81 | 0,68 | 059 | 0,52 | 0,46

Cut | Zn2t | Gad*+ | Ge*t | AsSt | Sebt | Br7+
095 | 0,74 | 062 | 0,53 | 0,47 | 0,42 | 0,39

Get— | As3=|Se2= | Br= | Rb™ | Se2+ | Y*F | Zet+ | ND®Y [ MoS+
2721 222 1,98 | 1,95 | 1,48 | 1,13 | 0,93 | 0,80 | 0,70 | 0,62

Agr | Ca?t | Indr | Snt+ | Sb®" |Tes+ | I'"
1,26 | 097 | 081 | 071 | 0,62 | 0,56 | 0,50

Snt— [ Sb®~ | Te2- - Cst | Ba?t | La3+ | Cett
294 245 221 | 2,16 | 1,69 | 1,35 | 1,15 | 1,01

Aut | Hg?+ ™" | pptt | BiSF
1,37 | L,I0 | 095 | 0,84 | 0,74

YeCKUX NAHHBIX. OMNUPHYeCKHe 3HAYeHWs PaanycoB NJs IAPYLHUX MOHOB,
OCHOBaHHble Ha 3Hauewnu pammyca O, pasuom 1,40 A, npusensenn
B tabn. 1.7.

Ta6auuma L7

IMNHpHYEeCKHE 3HaYeHHS PaJHYCOB HEKOTOPbIX HOHOB
(no IToaunry)

NH," 1,48 A Mn2+ 0,80 A Tt 0,69A
TIY 1,44A Fe?+ 0,75 A Vit 066A
Co*+ 0,72 A Cr3t+ 0,64 A

Ni’t 0,70 A Mn3+ 0,62 A

Fe3* 0,60 A

TpexBa/leHTHble HOHbI pelKO3eMeNbHBIX METaJJN0B MMEIOT PainyChl

0,90+0,05A.
B kauectBe nmpuMepa vcnonb3oBaHUs TabaHl, PACCMOTPUM XJIOPHCTHift
HanHﬂ. CBA3b B KOTOPOM MOXHO, l'lO-BMJ.‘I,HMOMy, cyuratb B OCHOBHOM

3 4. Kurrean
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MOHHOM; B 3TOM cayuae umeeM: Dg=0,98 41,81 =2,79, u, caenosa-
TeabHo, @ == 5,58 A. Buauenue a, naGmosaemoe npu KoMHaTHOH Teurme-
patype, pasHo 5,63 A.

3AAYU

1.1. TlokasaTb, 4TO OTHOCHTeJbHas HoJd o6beMa, OCTAKILEerocs He-
3aHATHIM NpH 3aNOJHEHHH TNPOCTPAHCTBA TBEPABLIMHM LIAapaMH B Mopsike,
onpejleisieMOM TMNepeYUCAeHHBIMM HUXKe CTPYKTYPaMu, UMeeT Cjlelyloliue
3HaueHus:

CrpykTypa Ocratomuiicst 06beM
[pocras kyGuueckas . . . . . . . /6 (=0,52)
O6beMHOLEHTPHPOBaHHAsL  KyOuue- _

CKASL « « o o e e e e =V3/8 (=0,68)
I'paneueHTpHpoBaHHaA KyGuuecKas . =)2/6 (=074)
[ekcaroHanbHas MJAOTHas YNaKoOBKA . =Y 2/6 (=0,74)
AIMA3A . . . e e e e e e =) 3/16 (= 0,34)

3aMeruM, uto Paticom [6] GblI0 3KCMepUMEHTAJNbHO YCTaHOBJIEHO Cie-
ayloltee: 06beM, OCTAIOIMACA He3ano/iHeHHHIM NpH cayyalHOR ynakoske
11apOB B HeKOTOpOM cocyle, Ha 15— 209 GoJblie, YeM NMPH pacnono-
XeHUH, COOTBETCTBYIOLLeM KyOMUeCKOH HAM TeKCaroHalbHOH NJOTHBIM
ynaKoBKaM.

3a 6oJee neTalbHBIM pacCMOTpeHHeM LIAPOBLIX YMAaKOBOK MOMXHO
ob6partutbcs k pabore Bypae#ika [7], rie, kpome TOro, umeercss 6u6;auO-
rpagpus pabor no 3TOMy BOMPOCY.

1.2, TlokasaTb, uTO OTHOWleHHE ¢/a ANA HIeanbHON reKcaroHa/jbHOH
CTPYKTYpL C maoTioH ynakosko# pasxo (8/3)" = 1,633. Cpasuuts stor
pesy/bTarT C 3KCNepUMeHTaNblILIMU 3HAYeHUsIMM OTHOLUeHWs ¢/a IJA 1Be-
HaauaTH MeTannoB, 006/1afaloOlMX YKa3aHHOR CTPYKTYpOH.

1.3. [lycte rBepable 1wapul paidyca b, cOnpukacaiouidecs Apyr
C IpYroM, pacrnoJoxmeHb B NPOCTOH KyGHYECKOH, rpaHelleHTPUPOBAHHOH
1 06'beMHOUEHTPUPOBaHHOM cTpykTypax. Ha#itu panmyc s nauGosburet
chepbl, KoTOpas moMeluanach 6b B Haunb6oablieM o0beMe NPOCTPaHCTBA
MeX1y LiapaMu, AAs KaXAOH M3 3THUX CTPYKTYp.

1.4. Onucatb U 06CYIMTb XapaKTeDUCTHKM CHMMETPHH KDPUCTaMIHye-
ckux crpyktyp ZnO, NiAs, TiO, u a-kBapua.

1.5, IMokasarh, 4TO 06'beMHOLEHTPUPOBaHHAA KyOHueckasds peueTka
Moxer ObiTh pasleseHa Ha ABe npocTele KyGuueckue peweTkH A u B
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Tak, uto 1M onHa napa Ouamxafiiux cocelled HUCXOLHOM pelleTKH He
okaxerca B PeUeTKe A (u coorBercTBeHHO B pelerke B). [Tokaszars
raKKe, uTO LS co6i04eHna ITOT0 YC/IOBUA NMPOCTas KyGuueckas pelerka
RoMKHA PA3NEMUTBCA HA 1BE TPAHEUCHTPUPOBAHHbIE PEWIeTKH, A rpaHe-
LenTpHPOBaHHAs B CBOIO Ouepelb Ha HeThipe MPOCThE KyOH4eckue pe-
weTKH. PaccMoTpeline 3TOTO BOMPOCA MPENCTABJSET MHTEpeC MJs TeOpHH
aHTH(peppoMarHeTuaMa.

1.6. IMokasaTb, YTO B TIpaHelleHTPUPOBAHHOH KYGUuecKOH peureTke
CpeaM COCeAHMX Y3/0B BCETla HMeeTCs TPYnna W3 TpeX ya/ioB, ABAsIO-
LHXCS BepLIMHAMH PAaBHOCTOPOHHErO TPeyroJbHHKa.

1.7. Hokasars, 40 B KyGuUYeCKOM KpucTaiaie JnioGoe Hanpasiente
[¢vw] NepneHiMKYspHO K TMJIOCKOCTH (4VUW) C TEeMH XKe 3HaYeHHAMH

uHaekcos Munnepa.



FJTABA 2
JUOPAKLIUA BOJIH B KPUCTAJJIAX

Muorue BecbMa MHTepeCHble pasfiefbl (U3UKH TBEpPAOro Tesa CBA-
3aiibl C MpoLeccaMd pacnpoCTpaHeHUs BOJH B KPUCTAJIMYECKOH pelleTke.
Boanbsl MoryT ObiTb 3jeKTpoMaruurHble ((OTOHBI), ympyrue (¢HOHOHLI),
CNUHOBEIE (MarHOHb), MOJAAPU3AaLUOHHBIE (SKCUTOHBI); CI0Ja CAelyeT TaKxke
BKJ/IIOYUHTb BOJIHBI, CBfi3aHHble C HeHTpOHaMu M 3jexkTpouamu. Haubonee
CYLIeCTBEHHLIMM SBJEHHAMH BO BCeX BOMpPOCAX, CBA3aHHBIX C pacnpo-
CTpaHeHWeM BOJH B NepUOAMYECKHUX pelleTKax, NMPeACTaBJAIOTCA ABJEHUA
Op3rroBCKOro OTpaX{eHUsl M SIBJAEHUS, CBA3aHHble C CYLIeCTBOBaHWEM 3a-
NpelleHHbIX SHepPreTHYeCKUX MoJoc.

B Hacrosie#t rfaBe OynyT M3/10XeHb OCHOBBl (M3UKU AMPPaKLHU
B pelleTkaX Ha nNpuMepe IUQpPaKUUM PEHTTEHOBCKUX Jyde#. Byner
YCTaHOBJIEHO, YTO NMPH HEKOTOPHX YraaX MNaleHus U HEKOTOPHIX IJIH-
Hax BOJIH KpucTana 6yler CHJIbHO OTPAXaTb PEHTreHOBCKHe Ay4H. ITO —
sd¢dexT Audpakuuu BOJH; ero mnpocTefiiiee o6bACHeHMe ObIIO dAHO
Bparrom.

3akon Bparra. Bparr ycraHoBua, 4TO HampaBJeHHs AugparupoBaH-
HBIX MYYKOB, O6pa3ylolUXcad npu O6GJYYeHUH KPHCTanJla PeHTTeHOBCKUMU
Jy4aMH, MOXHO Onpele/UTb Ha OCHOBE PAacCMOTPeHHst MPOCTOH MOLeH,
COTJIACHO KOTOPOH najamllle PpEHTTeHOBCKHe Jyuyd 3epKaabHO OTpa-
XKAI0TCA OT pAas3JM4YHBLIX aTOMHBIX TMJOCKOCTe# kpucranna. Judparupo-
BaHHble NYyukH OOpa3yloTcs Julib B TeX CJyuyasx, Koraa Jyuu, oTpa-
XeHHbIE OT MapajjelbHbIX AaTOMHBIX MJIOCKOCTeH, 3aMeTHO HMHTepdepH-
pylor. Cxema, Ha ocHoBe KOTOpoH BpSrr BuiBen CBOH 3aKOH, NpuBeleHa
Ha puc. 2. [.

PaccMoTpuM B kpucranjie ceMeHCTBO mapajienbHbIX, pacnoJoXeHbiX
Ha paBHBIX pAcCTOAHMAX d, aTOMHBIX NJOCKOCTe#, 4aCTHYHO OTPAKal0-
LINX u3iydyeHue C ALauHOR Boaubl A. [lycTb mnamalouf NyyoK JexuT
B MNIOCKOCTH uepTexa. PasHoCTb Xoma aas aydyeH, OTpaxkeHHBIX OT CO-
CeIHHX mJockocTel, paBHa 2dsin0. YcuneHne uanyuenus, OTpaKeHHOro
OT MOCJEAYIOUIUX MAOCKOCTeH, OyAeT NMPOUCXOAMTb, KOrla pasHoCTb X01a
OyneT KpaTHa 1lenOMY YHCAY A AJMH BOJH. YCJIOBMe Hauiyullero orpa-
WeHus Oyner UMetb BUL

2dsinl=nA. 2.1
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Jro W CCTh sakon Bparra. Huxe Mbl BhiBeleM ero 6oJee CTpPOro, yuu-
opipas AeTaabHO aToMHyl0 Tnpupoay kpucranna. CresyeT NMOLYEPKHYTb,
w10 (opMYyIa Bparra sBasgeTcA C/eACTBUEM OCHOBHOTO CBOHCTBa KpH-
72112 — NEPHOLUYHOCTH ero CTPYKTYphi —H He CBfi3aHa HM C XuMH-
yecKHIM COCTaBOM KDHCTAllla, HH C PACrOJIOKeHHEM aTOMOB B OTpaxkaio-
QX MIOCKOCTAX. It nocneiHue (GaKTOpH, KaK Mbl YBHIAMM MNO3LHee,
oKA3LIBAIT BJMSHME HA BEJUYUHY HHTEHCHBHOCTH nudparupoBaHHOro
padyueliis M BAXHBL LI OMpeleeHHs OTHOCHTE/JbHOH MHTEHCHBHOCTH
IpaKUHOHIIBIX MAKCHMYMOB Pa3/UYHLIX MOPAAKOB (n).

8 g
AN f
/8, \ d
' t
‘dsin8

Puc. 2.1. K BbuiBony ¢dopmyast Bparra: 24 sin 8 = nA,

rie d — paccTosiHie MeX1y aTOMHBIMH IIOCKOCTAMH;

2nn — pasHocTb (a3 Mexay OTpaXeHHsMH OT Mo-
CREAYIOIHX TJIOCKOCTE.

OanuM M3 BaXHBIX cjelcTBuit dopMyas (2.1) sBasercs ycaosue
i .2d, aMwb MpH BHINOJHEHMH 3TOFO YC/IOBUS HMeeT MecTO Gparros-
CKOe OTpa)ceHHe.

Yrobel cocTaBuTh MpeACTaBAeHHE O BeJMYUHAX YraA0B NudpaKiuu,
paccmorpuM usayuyenue Cu K o, nanaioliee Ha Ky6Guueckui KpucTamt

¢ nocrosmof peweriu 4,00 A. Iauna Boamw, coorsercrsyiowas nu-

mim CuK a;, pasua 1,54 A. B nepsom nopsake (n= 1) oTpakenue ot
n1ockoctu (100) 6yner umers mectro npu 0 = arcsin (1,54/8,00)=11,1°.
TIpu yMmenbluenun LAMHBL BOAHBL yroA YMeHbIIAaeTcs, TAK YTO, HAMpHMep
115 raMMa-nyde#t, Heo6XOLMMO NOJMB30BATHCA CKOMB3ALIMMU MyYKaMH.

Nudpakunonnsie ypasnenus Jlays. Ypasuenus Jlays Mbl BoiBeneM
TIPIL nomouwu npocToi CTaTMyeCKOH aTOMHOH MOLeJM KPHCTalIMYecKoh
CTPYKTYpbl. DT ypaBHeHMss XOPOLIO ONMHUCHIBAIT YCA0BHS 0OpasoBanus
Andparuposannoro nyuka. Mbl nokakeM Takke, uTo dopmyaa Bpsrra
(2.1) sBasiercs mpaMbiM clencTBUeM ypaHeHuH Jlays.

Mut 6ynem cuntath, uro peHTreH-aAudpaKUNOHHAsA KapTMHa 006-
Pa3yercs mnenTHuHLIMM UeHTpPaMH paccesHMs, PacTONOXEHHHIMH B y3Jax
flbocTpanicrsennoft  pemerkn. CHauana pacCMOTPUM paccesHue Ha 1BYX
TOuKax pewerkn P, u P,, uaxomswuxcst Ha paccTosHuu r (puc. 2. 2).



38 rJ1. 2. JU®PAKLHS BOJIH B KPUCTAJIJIAX

0603HauMM eIMHWYHBLI BEKTOD HOpManu K (POHTY mnanaiouie#f BOIHLI
yepe3 §,; COOTBETCTBYIOUIUA BEKTOpP paccessHHOH BO.HbI — uyepes s. Hafi-
IeM pasHoCTb (a3 JyuyeH, paccesHnbix ysaamum P, u P,, B HexoTOpo#
ynanexuo#t touke. Ecim PyA v PyB-—rmnpoexuun 7 Ha HanpasJeHus pac-
NpoCTpaHeHua Majawlled u
paccesaHHON BOJH, TO Pa3HOCTb

% XOla Mex1y ABYMA PpaccesH-
HBIMH BOJIHAMM paBHa
. P) R s . PA—PB=rs,—rs=
< =r(s,—s). (2.2)
r .
S . Bektrop §;—s=3S§ MOxHO
P, B MHTEPNPEeTHPOBATH NPOCTO KaK

Puc. 2.2. K BbiunciaeHHio pa3HocTH a3 poan, HAMPaBJAeHUE HOPMATH K TLIO-
pacCcesiHHBIX ABYMSl TOYKaMH DEIUETKH. CKOCTH, KOTOpas 3epKajJbHO
OTpax<aeT MNalaloLLyi0 BOJHY,

NIpUYeM BEKTOD OTpaXKEHHOH BOJIHBI COBMajlaeT C BEKTOPOM pacCefiHHOM
BOJIHBL (puc. 2.3). BpeleHue Tako# NJOCKOCTH NPEeACTaB/fET M3BeCTHble
MaTeMaTuyeckHe yn0OCTBA; ee MOXHO HAa3BaTb MJIOCKOCTbIO OTpPaeHus.
Ecau yron mexay S u S, cocrasaseT 20, To yroa 6 moxHo cuurath

[Irocxocms

ompaxceHun

Puc. 2.3. INocTpoeHue HOpMaau K IJIOCKOCTH
OTpaXceHHs.

yraoM nagenus ¥ u3 puc. 2.3 MOXHO cpasy Buzetb, uto |S§|=2sin0,
MOCKOMLKY § M S; — eIHHHYHble BeKTOphl. PasHocts ¢a3 ¢ pasHa npo-
U3BeJeHHI0 2m/A HAa Pas3HOCTb XOLAa MEXLY BOJHAMHM, PACCEAHHBIMU JIBYMst
toukamn peierku. CrenoBarebHO, KOTAa PAasHOCTb XOAA KpaTHAa L/MHe
BOAHBEI A, pasHOCTb (a3 paBHa 2rm. Mrak, umeem

g =22 (¢S). (2.3)

AMnauryna paccesHHO# BOJIHBI MaKCHMajJbHa B TOM HampasJ/eHUH,
A/ KOTOpPOro BKJal OT KaXAOro ya/la pelleTKM OTanuaeTcs mo ¢ase
Ha BeauuuHy, KpaTHylo 2w. TIpH 3TOM YC/IOBUM aMIJIMTYIBl OTAENbHBIX
paccesHHBIX BOJH CKJaAbIBAOTCA, M MHTEHCUBHOETb JAHPPAKLHOHHOIO
nyuka OyneT MaKCUMaJjbHOM.
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[ycts @ b M ¢ —BEeKTOPbl OCHOBHBIX TpaHcaauu#; ans audpak-

oUHOFO MAKCHMYMa JO/KHBI MMETb MeCTO YCJOBHS
uH

Py = -2}\3 aS)=2nh,
oy = 2 (bS) = 2rk, (2.4)
90 = 25 (c8) = 2,

rac k. k. [ —ueabie uucia. Ecan uepes a, B u Y 0603HAauuUTL Hampas-
sgiouHe  KOCHHYCB BEKTOpa § MO OTHOWIEHHIO K OciM &, b u ¢, 10

aS = 2qgasin 6 = ak,
€S =2cysinf =0\

Sro H ecTh ypaBHeHus Jlays. Ouu MMeIOT pellleHus TOJMLKO LISt HEKO-
TophiX 3Hauenuit yriaa 0 v oauH BOJAH A.

Vpashenis Jlays (2.5) MMelOT MpoCTyi0 TreoOMeTpUuecKylo HHTepmpe-
Talnio, KOTOPYK uYuTarelb MoxeT HaliTh 6e3 ocoboro tpyna. Hamowm-
M, 4To a, B M Y — HampasJslOLIHe KOCHHYCHl BeKTOpPa § OTHOCHTENbHO
0a3iCHBLIX BEKTOPOB @, b, ¢, a caM BeKTOp § CJAYXHUT HOPMa/bio K MJO-
ckocti orpaxenusi. M3 ypaBHenn#t Jlays creayer, 4TO B HanpaBieHUH
AN(paKUMOHHOrO MaKCHMyMa HanpaB/siolliie KOCHHYCHl MpPOMOPLHO-
HaJbl bl COOTBETCTBeHHO h/a@, k/b, I/c. Tlociaenyoline NAOCKOCTH pelIeTKH
(hkl) orcexaloT Ha OcAX OTPe3KH Ha pacCTOAHHAX, paBHHIX a/k, b/k, c/l,
COr1acHO OMpefe/eHHI0 HMHAekcoB Munnepa, BBeleHHbX B ra1. 1. Tlo-
9TOMY, B COOTBETCTBHM C HJeMeHTapHOH reoMeTpuell, HanpasJjsioLIUe
KOCHHYCbl HOpMaJu K miockoctd (hkl) mponopuuoHanbHel k/a, k/b, l/c.
Cacaosarensno, naockoctn (hkl) B pelleTke MOMKHB GBITH MapansesbHbl
IIIOCKOCTH  OTpaMeHHs, W AMPPaKUMOHHBIE MAaKCHMYMBl MMEIOT MecTo,
KOria hanpap/jeHue paccesiHUs MOXeT ObiTb NMOJYYeHO KaK HampaB/eHue
OTpakeHus mnapalolie#t BOJHB OT MJIOCKOCTH pelleTKH KakK IJIOCKOCTH
OrpaKenus.

Ecan d (hkl) — paccrosune Mexay AByMs cOCEIHMMH MJOCKOCTAMH
ceMetierpa (hkI), TO MOXHO Hamucarhb

d(hkz)sz:_”;:‘%. (2.6)

Toraa ug (2.5) caenyer, uto
2d (hkl)sinf =\ 2.7

w 'U.enue unucaa h, k, I, purypupylowue B ypaBHeHusx Jlays, He cie-
'C;‘}" IlenTuduuuposaTh € HHAeKcaMM Muanepa ans peaibHOH nJo-
‘OCTH xpucranna, Tak Kak h, k, | MOryT colepkarTb UeJbifi 00w
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MHOXHMTEJb M, TOTIAa KaK B MHAEKCAX Muinepa 3TOT OOIMH MHOMHTEIb
cokpaiaercs. Vtak, MOXHO HanucaTb

2dsin0 = n\. (2.8)

3nech d — paccTosHHe MexALy COCeNHHUMM TIJIOCKCCTAMH, N1 KOTOPBIX
uHIeKCchl Muanepa paBubl A/n, k/n, I/n. ITonydentoe cocriouelne (2.8) —
He uTO MHOe, Kak gopmysa Bpseea (2.1), koTopas monydyeHa Hamu U3
ypasienuft Jlays. llesoe yucno n HasbiBaeTcss MOPSAKOM OTPaX<eHHs.

CootHolenune (2.7) MOXHO HHTEpNpeTHpOBATL, NpuuaBas 6o.1ce 006-
wnit cmuica paccrosHuio d (hkl), a umeunno, cuutad, uro h, k, [ coiep-
*at o6wui MHOXUTeJNb n; IdudparupoBaliiyl BoaHYy, AeHCTBHTEJbHO
06pa30oBaBLIYIOCA NPH OTPAXEHUH N-TO MOPAIKA OT UCTUHHOH MIOCKOCTH
pelieTKH, MOXHO MBICAEHHO pacCMaTpuBaTh Kak 00pa3oBaBILYIOCA NMPH
OTpa)KeHMH MepBOro MOpfAiKa OT CHCTeMbl MJIOCKOCTeR, napaienbHbiX
MUCTHHHOM TLIOCKOCTH, HO C MEXNJIOCKOCTHBIMH paccrosinuaMmu d (hkl),
paBHbIMU 1/ UCTHHHOTO MCXKIIJIOCKOCTHOTO DPacCTOAHMUA.

YcaoBust vHTepdepeHuUH yA0OHO paccMaTpuBaTh, NOJbL3YACH MaTeMa-
THYeCKUM npeoGpa3oBaHueM, M3BECTHBIM MNOJ Has3BaHueM oOparioft pe-
WeTKH. JTOT MeTON H3JO0XEH HUXKe.

YcaoBus HHTepdepeHuHu u obpaTHas pemietka, YcaoBus Au-
¢dpakuMH NyuyKa PEHTreHOBCKHUX Jyuelt B KpUCTasle MOXHO B BeCbMa M3flll-
HO#t ¢QopMe 3amucaTh, BOCIOJ/b3OBABIIMCL MpencTaBieHneM 06 obpariof
pewerke. [TpencraBieHue 06 oOpaTHOH pellleTKe OYeHb LIMPOKO HCMOMb-
3yeTcsl B DEHTreHOBCKOM KpucTaanorpaduu M B KBaHTOBOH Teopuu Me-
tannoB. Ilycts @, b, ¢ — BeKTOpH OCHOBHBLIX TPaHCAAUMH KpHCTaJiauye-
cko#t peuwetku. OcHOBHble TpaHC/isAuMM B OOpPaTHOR pelleTKe Mbl
onpeneniuM COOTHOLIEHUSIMH

a'a=bb=cc=1,
ab=a‘c=bc=ba=ca=cb=0. (2.9)

CooTHouleHuss (2.9) onpelensioT BeJUYHHBI M HANpPaBJeHUS] BEKTO-
poB a*, b*, c*. HanpaBieHus 3THX BEKTOPOB TaKOBbI, YTO, Hampumep,
BEKTOp @* nepneHauKyJsApeH K MNJIOCKOCTH BeKTOpoB b M ¢, u Bupa-
XeHue I/ Hero MOXHO 3anucaTb B Bule

«_ _bXc
TafbXe]”

AHa/OrHYHble COOTHOLIEHHS HMMEIOT MeCTO M A APYrHX BEKTOPOB
(b* u c*). OOpaTnas pewieTKa MO OTHOIUEHUI0 K HCXOAHOH KpUCTaNIU-
YeCKOH pelleTKe OPUEHTUPOBAHA BMOJIHE ONpeleseHHbIM 06pa3oM.
CaoficTea 00paTHOH peLleTKH, KOTOpbie ONpeNe/siOT ee 3HaYeHue
nas onucanml npo6aeMm nudpakuuu, ciaeayolme:
. Bexrop r* (hkl) n3 Hauana KOOpAMHAT B TOYKY (h k, 1) obparnont
pel.l.leTKH nepneHauKyIapeH K MIOCKoCTH (hkl) peweTku KpucTania.

a (2.10)
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9. Jlauna BEKTOpa r*(hkl) paBHa 0oOpaTHOM BeNHUMHE PACCTOAHHA
MUY MIOCKOCTAMH (hkl) pewertku xpuctania.

L1 A0KA3aTeNbCTBA TEPBOrO yTBEPXKIEHHS Npekie BCErO 3aMeTHM,
410 (a/h) — (b/k) ecTb BeKTOp B MIOCKOCTH (hkl). Torna

r* (hkl) (7—1 — %) — (ha* - kb* = Ic¥) (%_%) —o.

Auaiorindibie  PacCyXIeHHs MOXHO NMPHMEHHTb H KO BTOPOMY -BeKTOPY
Jolt K¢ MJIOCKOCTH, ckaxeM, (@/h)— (¢/l). Taxum oGpasom, neppoe yr-
pepikicine  J10Ka3aHo. Ilanee, ecnu n — eIMHHYHBIA BEKTOp HOpManu
« naockoctd (ARI), TO a@m/h — MeXNIOCKOCTHOE pacCTosHMEe, H MO-
ckoabky B=r¥/|r¥|, 10, umesa B Buay (2.9), nonyunm
na r‘a 1

dhRl) =— = —p+ = — . 2.11

DroT pe3yabTaT CAYXHT 10Ka3aTelbCTBOM BTOPOrO YyTBEPXKIEHHS.
dopmyay bpsrra yno6uo sanucartb B BHILe

2d (hkl)sin =\,

Ecut /i, k, | comepxar oOwWMH MHOXHTeNb 72, TO JAHdparupoBaHHbIA
INVUOK  MOXIO paccMaTpuBaTh JHOO Kak OTpaxeHHe 7-ro MopsiKa OT
1L10OCKOCTEH pelleTKH C ee MCTHHHBIMH MEXTMIOCKOCTHBIMH PAacCTOSHUSIMH,
100 KaK OTpaxKeHHe INepBOro MNOpAiAKa OT CHCTeMbl MNJICCKOCTeH pe-
HICTKI, NapanelbHbIX HCTHHHBIM, HO C MeXIIJIOCKOCTHBIMH paccTos-
unssMit d (hkRl), B n pa3s MeHbIUMMH MCTHHHBIX. BexTop o6paTHo#t pe-
werkit r* (hkl) 6ydeT uMerb TO e HanpaBleHHe, HO ero IjauHa Oyner
B 11 pa3 O6oJblle, YeM COOTBETCTBYIOLIEro BeKTOpPA MCTHHHBIX MJIOCKO-
creit kpncrania. HMuaue rosops, n-# ysen obpaTHo# peleTku (B psny
V310B, C4yuTas OT Hayaja) OTBeYaeT OTPAXEHHI0 n-TO MOpsiKa OT COOT-
BCTCTBYIOWMX MJOCKOCTe# Kpuctaina. Kawabi#t ysen oOpaTHOH peleTku
OTBCYACT BO3MOXHOMY OTPAXEHHMI0 OT COOTBETCTBYIOLIUX ‘TJIOCKOCTEMH
pelerku KpucraJjana.

HMcxons us npencrasienns o6 obGpatHo# pewertke, ¢popmyine Bparra
MOKIIO saThb NPOCTOE reomeTpHueckoe TOJKOBanHe. Ha cxeme, mpuse-
Aennolt wa puc. 2.4, nokasan Bexktop AQ, coBnajalolMA No Hampas-
JCINNo ¢ nanawollel BOJHOHM, AJHHAa KOTOporo pasHa 1/A; KoHel 3TOro
BCKTOpa coBmajaeT ¢ HauyajloM KOOPAMHAT OOpAaTHOM pelleTKH.

Cacays Jsanbay, u3ob6pasum cdepy ¢ ueHTpoM B Touke A, paauyc
KoTtopoit pasen 1/h. Toraa BoaMoiible HanpaBieHMss IHGPaKLMKM NManAIO-
UCH Boaubl 6yayT onpenensaThcs NepeceueHMsAMH Cepsl € y3naMmu 06-
Darno#  pewerku. Takum oOpasoM, Hanpaienne AB COOTBETCTBYeT
Abpakunonomy makcumyMmy (3mecb B — Touka 0GpaTHOM pelWIeTKH).
nmfﬂ.‘” AOKasatenbcrtBa 3aMmetuM, utro OB ecTb HOpMaab K OLHOH W3
JoOcKkocTelt pewerku (kkI), npuuem nnuHa OB pasua 1/d (hkl), a 7rak-
K€ 1 (2/))sin0, rae 0 — yroa Mexnay naockoctbio u3 cemeicra (hkl)
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M Hanpas/eHHeM nNanawolef (M oTpaxeHHoH) BoaHbl. CnenoBaTefblo,

2d (hkl)sin0 =1,

a 3TO KaKk pa3 u ectb ¢opmysaa bBparra.
DToT pe3y.abTaT MOXHO 3anucaTb B BekTOpHOH ¢opme. Ecan G ectb
YMHOXEHHBIE Ha 2w BekTOp oOpaTHOM peweTkd, a R — BOJHOBOMH

Havaro kogpiuram
00paImHol pewemKlY

Puc. 2.4. Tloctpoenne dBaibia B 06paTHOH pelieTke.

BEKTOp Nalaiolllero Nyyka pPeHTreHOBCKOTO Hanydenus (|k|=2=m/n), TO
ycioBHe OpP3IrrOBCKOrO OTPaX(EHHS COrnacHo cxeme IJBanbua (puc. 2. 4)
OyneT UMeTb BUIL

(k+ G)? = &2
HJIN

2kG+ G*=0. (2.12)

Ycnosue (2.12) Ham ewe BCTPeTHTCA B NOC/AENYIOLHX I'/1aBaX B CBA3U
C BONpocoM o 3oHax bBpuamosna.

AtomHuii daxTop paccesHus. MHTeHcuBHOCTb HaHHOHM Audparupo-
BAHHON BOJIHB 3aBUCHT OT uenoro psana ¢akropoB. OAHUM M3 HUX
IBJISIETCA aTOMHBIA (AKTOP paccesiing, KOTOpbIl onuceiBaeT uHrepdepex-
uuonHble 3¢(deKkTH BHYTPH PacCEHBAIOLLETO aToMa, OOyCNOBIeHHbIE TeM,
YTO 110 CpaBHEHHIO C IJHMHONH BOJIHBI pAacCeMBaeMOrO M3JIYYeHHs aTOM
MMeeT KOHeuHble pa3mepbl. Huke Mbl naauM npubiammeHHbIH Kaaccrue-
CKMH pacyeT BeJHUMHBl KOTEPEHTHOTO aTOMHOro ¢akTopa paccesHMs.

BribepeM KOOpAMHATHYIO CHCTEMY, Kak noka3aHo na puc. 2.5. Hop-
Maau Kk ¢poHTy namaiollet ¥ oTpaxeHHOH BoaH 0Opa3ylOT paBHble Yrib
C BepTHKaJbHOH OCblIO, COOTBETCTBYIOLIEH OpPS3ITOBCKOMY _ OTpaxceHUI0 OT
FOPU3OHTaNbHOH mnaockocTH nod yraom 6. PasHocTh ¢as mexny us.iy-
YeHHEM, pacCesHHbIM HEKOTOPBIM 3apalOM B TOUYKE (I, ¢) U TeM xe



rJ. 2. JU®PAKLIMS BOJIH B KPUCTAJIJIAX 43

410M, KOTOPBIfl Mbl TPEACTaBHM ce6e pAacHOJOXEHHHIM B LEHTpe
34 - ’
m-gma cornacho dopmyne (2.3), pasHa

o =22 (rS).

Toria OTHOLiEHHE aMIIMTYAbl BOJHBL, paccesiHHOW OTAeNbHBIM 3JEKTPO-
HOM B peanbHOM aToMe, K AMIIMTYLe BOJHbI, pAaccesHHOM 3MEKTPOHOM,
KOTOpHA ~ Mbl  MPEACTaBHM s

ce6e PACMOJIOKEHHBIM B lleH-=

Tpe aToma, MO NPHHLHIY cy-
nepro3uLuu paBHo

f=[e(ryeiEnus ds,

(2.13) 5 N\ ¥ s

rae p (r) dT — BepOSITHOCTD
TOrO, YTO 3JEKTPOH B TOU-
Ke r HaxOAWUTCA B 3JieMeHTe
ob6bema drt.

Ecau BekTOp ¥ pacnoJjo-
Jell NMOA YrJioM ¢ K BeEKTO-
py 8. 1o

—2{' (Sr)= %sinﬂr cos ¢ ==

g 8
[flaocxocmis paccesnun

Puc. 2.5. K pacuetry atoMHoro ¢akTtopa pac-
ceauns f. Bektop § sBAseTcs HOpPManablo
=prcose, K TUIOCKOCTH paccefdHHsd.

rae p==(nx/N)sin0. Eciu pacnpesenenne MNJIOTHOCTH 3apsna obaanaer
chepiyeckoit cumMmerpueft, To

f= f p(r)eirrcos? 2zrlsinodr dep = /41:er r) ——Slg:"' dr.
0

Paccmatpusas U (r)dr = 4nr?p (r)dr Kak BepoSITHOCTb TOI'O, YTO 3JeK-
TPOH HAXOLUTCA B CJIOE MEXAYy 7 u r - dr, nonyuuMm

wr

f=-/fU(r) 08T gr, 2.14)
0

Beanunna f kak pas u ectv amomuwii akmop paccesnus.
ST0 — OTHOlEHHe AMMANTYAH BOJHLI, paccesHHOW 3apsiIoM, pacnpele-
JICHHLIM B aTOMe, K aMIJMTYAe BOJHHI, KOoTOpas moJayuunaach Oul npu
Pacceanun Ha ToyeuynoM siekTpone. IMpu O=0 aromubi#t ¢akTOop f
BCeraa pased uuciy aTOMHBIX 3jeKTPoHOB Z.
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CTpykTypubiii ¢dakTop. Ypasnenus Jlays u ¢opmyna Bparra onpe-
IensioT orpaweHus (hkl), BO3MOXHBIE I/ NaHHOM KpHCTAJIMuecKOH pe-
WEeTKH, HO He MO3BOJSAIOT chenaTb Kakue-TuO0 3aKJIOUYeHHs O BelHYMHe
OTHOCHTE/NbHBLIX MHTEHCHMBHOCTeH pasJMYHBLIX OTpPaxeHWH, KOTOpble 3aBH-
CAT OT XapaKTepHCTHK 3JEeMEHTApHOU s4yefKH, T. €. OT TUMa fYeiku, OT
Yyuc/aa M PacnojoxeHus aToMoB B Heit. Temepb Mbl IOJKHBEI OMpelenHTb
aMnMTYyLy BOJIHBI, pacCesHHO# B NaHHOM HaNpaBJEeHHH BCEMU aTOMaMH
o/eMeHTapHOR suetku. Cmpykmypuyo annsumyody |F (hkl)| nas nau-
HOTO OTpaXeHus ARl Mbl OnMpelej UM KaK OTHOIUEHHE AMIIHTYIAbl OTpa-
XKEHHON BOJIHBI K aMIJMTyIde BOJIHBI, PAacCesiHHOH TOYEUHBIM 3JMEKTPOHOM,
npu TOH Ke NauHe BOJHb. Bblpawenue aaa F (hkl) uMeer BuL

F (hkly= D) fie'%1 =2} f1e' ® (), (2.15)

rle cyMMbl GepyTcs MO BCeM aTOMaM 3jeMeHTapHOR fueliku, ¢; — dasa
BOJIHBI, pacCesitHHOH aToMOM C HOMepoM [, 7; — BEKTOp, NpOBeleHHblf
M3 Hayaja KOOpAMHAT B TOYKY, rJe HaXOLMTCS] aTOM C HOMepoM I;
f; —aromHul#t cakTop paccesuus aroma [. Bexrtop r; uMeer koopau-
HaTl u; U;, w;

ri=ua-+v,b+ we. (2.16)
CorsnacHo ypaBHeHusM Jlays
(r,S)=N\(hu;+ kv, + lw;), (2.17)
C/1e10BATENBHO,
F (hkl) = Efzem (ho+ kv +lw) 2.18)
7
v

|F[P=[23 £, cos 2n (hu; =+ kv, + lw) +
+[2) £, sin 2m (hu; + kv, =+ lw)E. (2.19)
Ecnu Bce arombl [IaHHOH sueHkd onMHaKosel, TO H3 (2.18) cie-
ayeT, 4To
F (hkl)= 8.
BeanuuHa 8§ HasblBaeTC CTPYKTYPHBIM (GAaKTOPOM M ONpenedsieTcs COOT-

HOLLIEeHUEM
§= Z el2u (hui+kvi+lw1). (2'20)

B cayyae 00DbeMHOUEHTPHPOBAHHOH KyOMueCKOH pelleTKH, COCTOsLEH
M3 OLMHAKOBBIX AaTOMOB, 9J/eMEeHTapHasd suyedKa COZEpKMT [1Ba aTOMa
B Toukax 000 u 1/, 1/, 1/,. B 3toM cayuyae cTpykTypHb dhakTop

§=14 " tFrH, 2.21)
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Ecau cymma A-+ k-1 naer HewerHoe uucio, 1o $==0, u HHTeHCHB-
HOCTU CMeKTPOB BCeX IOPALKOB [js OTpawenuft (hRl), ynosneTBopsio-
IMX STOMY YCJOBHIO, paBHbl HYJI0. PaccMorpum, HanpuMep, MeTa/auye-
CKMH HaTpui, KOTOpH# HMeeT O0O6BEMHOLEHTPHUPOBAHHYIO KYOUUYECKYIO
pewerky. Ero IMdpakuMOHHBI CNEKTP He COLEPXUT JUHUK, COOTBET-
crywowux orpaxenusm (100), (300), (111) uam (221), oxHako umeloTcs
JMHUM, COOTBETCTBYIOLUMe, HanpuMep, orpamenusm (200), (110) (222)
(YKa3aHHble MJIOCKOCTH OTHOCATCA K KyOMYeCKOH 3/eMeHTapHOR suefike).
Ins kaxaol u3 BO3MOXHBIX TNPOCTPAHCTBEHHBIX TPYMIl HMEITCS CBOM
XapakTepHble MJIOCKOCTH, OTPaXeidHss OT KOTOPBIX OTCYTCTBYIOT, U 3TO
06CTOATEILCTBO NO3BOJISIET ONpPeLesTh NMPOCTPAHCTBEHHYIO TPYNOy TOro
WM HHOTO KpHCTalna.

DT  pe3yabTaTHl HMMEOT TNpOCTY0 (U3HUYECKYI0 HHTEepIpeTalHio.
B uwactHocTH, nuockocts orpaxenus (100) B cnyuyae o6beMHOLEHTPHPO-
BaHHOM KyOuueckoli peutetkn orcyrcrByer. [lnockocts (100) kak nao-
CKOCTb OTpaxXeHUs] OOBLIYHO TOSABJIAETCH, KOrAa OTpaXKeHU OT NMepBOH U
Tpetbel miockocte#t (puc. 2.6) pasnmyaiorcs no ¢ase Ha 2m. Oxuako

Pasnocns
W\

p=2in

T
. R IAOCKOCITG
\\ 20 /110CK0C/TI6
\/ - FRINOCKOCITI

Puc. 2.6. CxeMma, moscHfomas OTCYTCTBHE OTpaXeHua OT II0-
ckoctu (100) B 06beMHOLEHTPUPOBaHHOH Ky6HYeckoH pelreTke.

B 06beMHOLEHTPUPOBAHHON pellleTKe HMeeTcl N0GaBOYHAs aTOMHas ILIO-
CKOCTb, yKa3aHHas Ha puc. 2.6 kak BTOpas; 3Ta MJOCKOCTb I10 pacCeu-
Balolel CMOCOGHOCTH TaKOBa e, KaK M IpYrue IJIOCKOCTH, Pacnoo-
XEHA MeXIy HUMH M JaeT OTPAXEHHYI0 BOJIHY, OTAMYAIOWLYIOCA MO dasce
na . BcselcTBHe 3TOrO OHa racuT BkJal cocelHe#t miockoctd. auenune
orpaxeHuit ot naockoctn (100) uMeeT MecTo TONBKO B TeX Cayuyasx,
KOrja pasjuyHble NJIOCKOCTH HMeIOT ONMHAKOBHIM aTOMHBIH COCTaB; TaK,
nanpumep, B cTpykrype CsCl (puc. 1.12,6) rawenus He O6yZzer, Tak
Kak naockoctd u3 aroMoB Cs u Cl pasnuuHOH NpUPOLBI.

B npuBeneHHOM Bbillle PACCMOTPEHMH MPeANONArajoch, YTO pasMep:l
KpUCTaJdna JLOCTATOYHO BEJNMKM M UYTO pelieTKa sABJseTCS HIeajbHOM.
Cnexyer uMeTh B BHLY, YTO B pPeaJbHbIX KPHCTANAaX HA BEJHUHHY CTPYK-
TYPHBIX (aKTOPOB MOXET CHJbHO BJMATH TENJOBOE ABUXKEHHE WU MO3au4-
HOCTb MJU GJOYHOCTb CTPYKTYPHI.
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3KCNEPUMEHTAJIbHBIE METOJbl HCCIIENOBAHUS CTPYKTYPBbI,
OCHOBAHHBIE HA NTH®PAKUHH PEHTTEHOBCKHUX JIYYEH

3akoH bBparra
2d sin 0 = nA,

ONMUCHIBAIOIMN AUPAKIMIO PEHTIeHOBCKUX JyueH, Tpebyer, 4TOOb 3Ha-
yenns 0 u A cooTBeTCTBOBaNM APYr APYrY, T. €. DEHTreHOBCKHE aY4H
C IJHHOM BOJIHBI A, Majaiolliie Ha KPHUCTANT MOL MPOU3BOJILHBIM YI/OM,
oTpaxatbcs, BooOle roBopsi, He Oyayr. HrtoObl ycTaHOBMTb 006sacTh
NpUMEHUMOCTH 3aKOHa bpsrra, HeoOXOAMMO ero 3KCMepUMEHTANbHO Mpo-
BEPHTb A/ LIMPOKOro HHTepdana 3Hauenu#h 6 m A. Dro Gbli0 caeaano.
Buian paspaboTaHbl M 10BeleHE 10 BHICOKOH CTemMeliM COBepLIEHCTBA
CTaH1apTHbie MeTOLB CTPYKTYPHOIO aHa/iu3a KPHCTANJIOB, OCHOBaHHblE Ha
MCNOJIb30BaHUU sIBJEeHUs IOMdPaKLUH.

Memoo Jlays. MoOHOKDHCTaNI HENOABHIKHO YKpenJaseTcs B Aepxka-
TeJe W HAa Hero HanpaB/feTCd NMYYOK DEHITEeHOBCKUX .yded C AauHaAMH
BOJIH, pacnpelne/eHHbIMH HeNnpepulBHO B KaKOM-TO HHTepBaje 3Hauye-
Huit (HenpepoiBHbIA crexrp). Judpakuus umeer MecTo TONBKO 4ns He-
KOTOpbIX [OMCKPETHHIX 3HaueHMH A, Anst KOTOPHIX paccrosune d Mexay
IUVIOCKOCTSIMH  KpHCTania M yroi naleHus O ynosnetBopsioT 3akoHy
Bparra.

Memoo spawerus Kpucmassa. MOROKDHCTANI BpalaeTCs BOKPYT
KaKOH-TO (GHMKCHPOBAHHOW OCH B MOHOXPOMATHYECKOM MyuyKe PEHTIEeHOB-
ckux nyueit. Ilpn Bpawenuu uaMeHenue yraa 0 npuBoIuT K TOMy, uTO
aTOMHble MJOCKOCTH KPHMCTa//ia MOCJe10BAaTelbHO 3aHMMAIOT TOJONKEHHS,
IpH KOTOPHIX MOXeT HMeTb MeCTo OTpaxeliue.

ITopowroseii memod (Meron Iebas — lllepepa — X3nna). IMopou-
KOBbIff 0Opasel. KPUCTANIMYECKOrO MaTepuaja MOMellaeTcss B HEKOTOPOM
(UKCHDOBAHHOM TNOJNOXEHHH B MOHOXPOMATHYECKOM MyuKe PEHTTeHOBCKHX
aydett. Cpeanm KpHCTaNIMKOB NOPOWIKOBOro o0Opasua HafAyTcs Takue,
OpHeHTaUUs KOTOPbIX IO OTHOLUEHMIO K HAaNMpaBJeHHIO NyyKa TAaKoBa, YTO
yron naieHus ynoBjaeTBOpfeT 3akoHy bBparra.

[Tpumensiorca Bce TPU MeTola, WHOrAAa C MOIHPHKauusMH, o0ycnoB-
JIEHHBIMH KOHKDETHBIMH OCOGEHHOCTAMH HCCJIeLyeMoro Bompoca. Merox
Jlay> ynoGeH a4 ObiCTPOrO ONpele/ieHHsi OPUEHTALMH KPHCTAaAIorpadu-
YeCKHX HAMpaB/JeHUH M CHMMETPHH, a TaKke A4S U3yyeHusi Pa3MepoB
MCKaXeHHH 1 JedeKTOB, BO3HHKAIOLIUX B KPUCTAae MPH MeXxaHuyecko#
Wi repMiyeckol obpaborke. MeTol BpalleHHs SBJISETCA OCHOBHBIM Me-
TOLOM ompelleeHusi CTPYKTYpbl, koria oOpaseu MOHOKpPHCTaJIMYeCKUH.
[MopoukoBeiii MeToa ynoGeH B MPHUKJIAaAHBIX 3ajauyax, HampuMep, B Me-
TaNNYPruu, MOCKOAbKY OTHalaeT HEeOOXOAMMOCTb UMEeTb MOHOKPHCTA/bl.
Onucanne OCHOBHBIX OCOOGEHHOCTEH KaXKIZOrO MeTofa AAeTCs HUXKe.

Mertox Jlays. Cxema kamepn Jlays nokasana na puc. 2.7. Hcnosaw-
3yerca HCTOYHHMK, MCI'IyCKﬁlOU.lHﬁ NMy4YoK PpeHTreHOBCKHUX n'yqeﬂ C Henpoe-

PHIBHbBIM CIEKTPOM B IUMPOKOM uHTepBase AauH BoaH (ot 0,2 mo 2 A).
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nadparMeHHoe YCTPOHCTBO MO3BOJAET MOJNYYHTb XOPOWIO KONIHMUPO-
sannplfl Mydok. PasMepbl MOHOKpHCTannnyeckoro o6pasiua MOryT He mpe-
puiwatb 1 ma. Tlnockas ¢oronnenka, peructpupyowas AudpaKuHOHHYIO
KApTUHY, pacrioaraeTcsi Tak, YTO Ha Hee MomajalT aubo npoxoasiuiue,
1100 OTpaxeHHbe audparupoBanHbie Nyyku. Jludpakuuonuas xapruua
cocTouT M3 cepun nateH. [Tpumep andpakuUHOHHOH KapTHHBI, MOJAy4eHHOH
oT KpHCTalna KpeMHHs, MOKasaH Ha puc. 2.8.

Kaxnas oTpaxaioliasi NJAOCKOCTb KpHUCTania oTOMpaeT W3 MajaloLIETO
nyuka Te AJMHBL  BOJH, KOTOpble yI0BJeTBOPAIOT ¢opMyne bBpsrra

2
, \
‘ Moworpucmaruseckid
, Bensi ryvon ogpasey
IMEEHOBC -
KUz Ayved _ o
Huagpazma

Puc. 2.7. Kamepa, ucmoabayemasn B Metoxe Jlays.

1—Tlnenka aas peructpauuu obpatsoro audpakuHoHuoro usodpa-
WKeHus; 2—MJeHKa LA DPErMCTPauMH MPAMOro AMQPaKUHONHOro
n3obpaxeHus.

2d sin 0 = n\. Pacnpelenenne IMpPaKUHOHHBIX MATEH LOMKHO XapaKTe-
plu30BaTh CHMMETDHIO KPHMCTania B TOH OpHEHTAaUMH, KOTOpag HCHOMb-
30Banacb NpM MOAYyueHHH JaysrpaMMbl. Hanpumep, ecim Mb  HMesH
KyOuYe(KAH KpHCTaWI, OPHEHTHPOBAHHBIH TAaK, YTO €ro MPOCTPAHCTBEH-
11as 1Marouanb, T. e. Hanpassenue [111], napannenbHa nyuky, TO CHMMeT-
Pus B pacnonoxeHuu NaTeH naysrpammbl GyneT 0GHapyXUBaThb OCb TPETbEro
liopsiika, XxapaktepHyio A4a ocu [111]. 3ro nenaer Meron Jlays oco-
Ocuiio ynoGHbIM 11 ONpeleseHHss OPHeHTAUUH KPHUCTATOrpadHuecKuX
OCCH B KpuCTalne B pPa3/MYHBIX OIMBITAX, CTAaBALUMXCA TNpPH H3YYeHHH
CBOHCTB TBEpABIX TeJ.

Oxanako ucnonbaosanue Meroza Jlays B kauecTBe cioco6a ompeiese-
IS KpHCTanIMuecKo CTPYKTYpbl UMeeT psll HepoctarkoB. [eno B Towm,
ITO W3-3a wWNPOKOro MHTepBana IJHH BOJH OT OAHOH M TOH e aTOM-
1O/ m0cKOCTH MOFYT 1aBath OTPaXeHHe HECKOIbKO AMHH BOJH, HO B pas-
‘IMYILIX MOpsKax, W OTAe/NbHble MATHA HA JaysrpaMMe OKAamyTCf, BO3-
MOKIO, peay/ibTaToM Cynepnosuuu¥ OTPaXeHHH pPasNMuHbIX NMOPSAKOB.
910 06cToATenCTBO HeKaKaET XapakTep pacnpeneseHuss MHTEHCUBHOCTER
NATel u sarpyanser pacuudposKy Jaysrpamu.
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MeToa Bpamenus kpuctajna. Cxema npoctoft kaMepwl, HCMo.Jb3ye-

MOW B MeTOle BpAalUeHMs KPHUCTalJa, MokasaHa Ha puc. 2.9. doronienka
pacnosaraeTcsi Ha BHYTPeHHel#l MOBEPXHOCTH 1EMOABHMKHONK LUIUHIPHYE-
CKOM KaMepbl; Ha KOHUEHTPHYECKH PacloNOXKeHHOM BPaLIAoLeMcs CTepxkKiie
YKpenadetTcs MOHOKpHcTalnuuecku#t obpaseu. Pasmepni obpasua o6bIUHO
menbwe 1 wma. INagawowu#t ny-
YOK MOHOXPOMATHYECKHUX pEeHT-
FeHOBCKUX JydycH MCNBITBIBACT
LMPPAKLUIO 11a HaHlOH cucreme
aTOMHBIX TMJOCKOCTeH KpucTaaia
"C MeXIIOCKOCTHBIM PACCTOSIHEM
d Bcskuit pa3, Koria B Xole
Bpallelud KpHCTanla NosBAsioT-
cs 3uavenus 0, ynosaersopsio-
wHe ypasHeHuio Bpsrra. B vacr-
HOCTH, BCE aTOMHble MJIOCKOCTH,
napajgesjbHble OCH BpalleHwus,
OylyT naBaTb OTpaxeHist B ro-
pusoHTaibHON naockoctu. Ilio-
CKOCTM C JApPYTUMH OpHeHTa-
uuaMu Oyayr npaeaTh OTpae-
HHfl, PacnoJIOXeHHble BBILIE HJH
HHXE TOpH3OHTaNbHOM  mJoC-
KOCTH.

B npaxTtuke pentreHocTpyk-
TYPHOrO aHaaM3a MCnoJL3ycTcst
HEeCKOJAbKO MOAM(UKaLUH MeTola
Bpaulenus kpucrangsa. Hanpu-
Mep, B memode K040 aHuli Kpu-
Puc. 2.8, JlaysrpamMMa KpHcTanna KpeMHHSL. CTanj1, BMECTO TOFO YTOGL Bpa-
. } warb, nHa 360°. «nokayusawT»
Kpucrann Obln opHCHTHpPOBaH Tak, 4YTO ocb [100] B
HeM Npn6aN3MTeAbHO coBmajada ¢ manpasicmies  MJIM MOBOPAuMBalOT B o0e CTO-

HARIIOWErO fyta. POHbI B OrpaHMyeHHOM HIfTCp-

Baje yrnoB. B 3roM cayuae

¢otorpaguu 1MPPAKUMONIILIX KAPTHH HA3LIBAIOT PCHTFCHOrpaMMaMH KO.IC-
Ganuit. TlpeuMyuwiecTBO 3TOro MerToaa COCTOMT B TOM, uTO B CilIy
OrpaHuyeHHOCTH yria Ko/eGaltuil MOMIDKAeTCs YHCA0 BO3MOXKIIBIX Mepe-
KpBIBAIOWIHXCA OTPaxeHih. B penrreionnoMeTpuyecKux MeTonax, B ud-
cTiocTit B cxeme Belicen6epza, nicuKa nNepeMellaeTcs CHIXPONHHO
C BpalleHHeM KpHCTalIa. JTUM NyTeM 0O0ecrieyuBacTCs HCKAOUClHe TMe-
PEKpBITH  OTpaXCHHH, a Takie o6Jeryaercs amaduTHyeckas ofpa-
Gorka pesynbTaToB. Yurareno, MHTepecylomleMycsi 1eTansaMH METOLOB,
B KOTOPLIX HCNOJL3YCTCH ABMXKYWAsiCA MJacHKa, CcJacayed 00paTurThes
K knure Byprepa [2]. Vnowmsuem takke o cnexmposempe bpazza,
rile BMECTO MJIEHKH A8 PerucTpauni AudparupoBaniblX MYYKOB HCHOMb-
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4veTcd HOHH3AUMOHHAs KaMepa. JTOT MeTol BecbMa ynoben nns abco-
JJOTHBIX M3MepeHHH WHTEHCUBHOCTH.

smllllllllllljmp
Jgpasey
Luagpazme ||| hewra
—_— —_—
Bzad permeerioe - Buizad pesmee-
croeo nyvra N HOBCKOED Iy VKT

Puc. 2.9. Kamepa, ucnonb3yemas B MeTo/le BpallleHHf
kpucTaana [1].

MopomxoBbiii MeTroa. CxeMa nNOpOLIKOBOrO MeTOAa [OKasaHa Ha
puc. 2.10. Tlyuok MOHOXpPOMAaTHYeCKMX DEHTTeHOBCKHX Jyuyeft majaer Ha
3aK/I0YEHHBI B TOHKOCTeHHYI TpyOKy ofpasel, M3 CHpPecCOBaHHOrO

lhenna, pacnaaearoy arcs
ROWYEHTTIPUSHO OGPasyy.

Mowozpomamuveckul

YoK
W )

/\J B
Terurpucmanuyecriud
jpasey

Auagpaema

Puc. 2.10. Cxema ycTpoiicTBa Kamephbl, HCHOAb3yEeMOH
B IIOPOIIKOBOM MeTOJe.

MCIKOro nopomka wuid M3 MEJKO3ePHUCTOro MOJUKPHCTALINUECKOTO
Martepuana. [Mapalowu# jyy oTpaxaercs OT TeX KPHUCTa/JJHKOB, KOTOPbie
0 OTHOWeHMI0O K HANPABIEHMIO MAJAOWICTO NMY4YKa OPUCHTHPOBAHBI TaK,
ro coorBercTBylowui yroa 0 yurosuaersopser yciaosuio Bparra. [lpu-
MCP nopourkosofl penTtreHorpaMMbl npuseneH Ha puc. 2.11. OTpakeHHbie

4 4. Kurrens
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JAyyd NMOKMAalT ofpasel BAOJb 0O6pasyloll4X KOHyca, OCb KOTOPOro
COBMajfaer C HanpaBjeHHeM MepBHYHOrO NyYKa, a yroJ Mexay obpasyio-
wei KoHnyca u ocbio paseH 20, rxe 8 —yroan Bparra. drtu Komyce
nepecexaioT M/EHKY, [aBasf CepHI0 KOHLEHTPHUECKUX KoJell.

Puc. 2.11. MopowkoBas pentreHorpaMma (aeb6aerpamma), noJydeH-
Hasg Ha kpuctaaaax ZnO.

OnHMUM M3 BaHeHLIMX TNpUMeHeHH MOPOLIKOBOrO MeTOla SBJSETCS
¥3 'UeHHe C ero MoMoliblo ¢a3oBbLIX AMarpaMM cniasoB. FMeworcs cre-
LuMaabHble KaMephl, MO3BOJAIOIIKE NMOJAYYaTb PEHTT€HOTPaMMbl NPH BHICO-
kux TteMneparypax — 1o 1000°C u Goxee.

3AIAYU

2.1, IlokasaTh, uyTO Kparualtilee paccTosiHde d MeWAy COCEIHHUMHU
N 1dcKocTAMU ceMelictBa (hkl) B mpocToft KyGuueckoH pelieTke C 0O-
c.ofuLOf pellieTky, paBHOR @, Bbipa)kaeTcs (GopMmynof#t

a
dhkl)=—2 |
(B2 R2 4 12) N2
Yrasanue. Ecaa omna w3 miadckdcreft ceMefcTsa MPOXOIMT uyepe3
Hayano KOOpIHMHAT, TO ypaBHenue Oakaurchh K HeA MIOCKOCTH MMeeT BUL

xh—+yk +2l=a.

2.2. Hapucy#ite cxeMy 3kcnepiMeHTa /A Onpefefel i3 CTPYKTYDh
MOHOKpJCTaLIndeckoro o6pasua NaCl MeTonoM BpalleHus KpHCTajuia.
Ouenure HanpskeHue Ha Tpydke, noadepure Martepuad aHTUKATO.a,
onpelenuTe PacCTOAHHA MEXKAY DPa3/aHylibIMA YaCTAMH YCTPOHCTBA, MEKIYy
NATHAMM Ha PEHTreHorpaMMe M Ipyrue SKCNepUMeHTalbHbe (aKTOpBI,
cBfi3anHble C MOCTaBJeHHON 3anauedl.

2.3. Ilokasatb, uyro pelerka, o6GpaThas KyOuyeckod oODbEMHOLEH-
TpHpoBaHHOH, OydeT KyOHuecKo# rpaneueHTPUPOBAHHOM.

2.4. Tlokasartb, 4TO CTPYKTYPHBIH (aKTOp A4 rpaHeUeHTPUPOBaHIiON
KyOHUYeCKON peleTkd MO OTHOWIEHHIO K KyOuyecKOH 3JeMeHTapHOM
auelike paBeH -

$ 1+ezu(h+k)+ein(lu-t)_l__ein(m»k).
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[Toka3aTb, YTO OTP@XEHWe He MOXKET WMeTb MeCTa, eCAd B MOKa3a-
reJ9X ONMH MHAEKC YeTHb, a INpyrod HeueTHblft.

2.5. OOcyauTb OCHOBHbIE MeTOAbl BbIPALIMBAHWUA B JaGOPAaTOPHBIX
vCJIOBHSIX HEOPraHMYEeCKHX M MeTalJIMyeCKuX MOHOKPHCTANNO0B (CM. KHHUTY
Baka [3]).

2.6. DNeKTPOHHAdA MJAOTHOCTb p(#) B KpuUCTalle MoxeT OblTb Hpen-
craaeda B Buide psana dypbe

p(r)=Dp,ei*r.
k

[Toka3aTb, YTO €C/JM BOJHOBOH BEKTOp R Npu MOMOLIM BEKTOPOB OCHOB-
JLIX TpaHcasuui B OOpaTHOW pelleTKe MOXHO MNPENCTaBUTb COOTHO-
nictHeM

k= ka'+ kb’ + k",

10 TpeOOBaHWE MHBAPHAHTHOCTH p () MO OTHOLIEHHIO KO BCeM TPaHC/f-
MM pelleTKH Ha BeKTOp

T=na—+ nb—+ nyc

y.10B.1eTBOpAETCA, Koraa R, Ry, Ry paBHbl NPOM3BeNeHHAM 27 Ha lleible
yucaa. M nanee, eciu

r=ua -+ vb-+ wc,
a BOJHOBOW BeKTOp

k= 2x(ha"*+ kb"+ Ic"),
rae h, kR, | — ueable yucaa, To
p= 2 0 (hkl) o2+ (hutkv+lw)
hkt
3aMeTuM, uTO BeJuuuHH R, durypupyomue B (ypbe-pasiomenuu

SJICKTPOHHOK MJOTHOCTH, paBHbl YMHOXEHHBIM Ha 2n BEKTOpaAM, IMpoBe-
JICHHBIM M3 HauyaJla KOODIHMHAT B TOYKH o6pa'rHon peleTKH,



TJIABA 3
TEIVIOBBIE CBOMCTBA TBEPIbIX TEJI

B 3ToH raase Mbl pacCMOTPMM TeMmJIOEMKOCTb TBeDIBIX Tel M AALMM
TEOPHI0 TEMJ0EMKOCTH [/ HEeCKOJbKHUX YNpPOLIEHHBIX MoZeseft TBeploro
Tena. IlpenBapuTeNbHO HeOOXOLHMMO HANOMHMTb, TMOCKOJbKY HaM 3TO
noHano6uTCA, r/aBHbIH pe3y/bTaT CTATHCTHYECKON MeXaHMKU — 3HAMeHH-
Tyi0 TeopeMy Boabumana!). Teopema DBosbuMaHa, uiau 3aKoH pacnpepe-
JeHus BosblMaHa, MO3BOJSET BBLIYUC/AATL CPeAHHE 3HAueHUs (PU3UYECKHX
XapaKTepUCTHK CHCTeMbl YaCTHL, HaxoAsflie#cs B TENJOBOM pABHOBECHH.
CornacHo 3T0M TeopeMe OTHOLIeHHe BEePOSTHOCTH HAXOMIEHUSI CUCTEMb
B cocrosHud I (P;) K BEpOATHOCTM HAXOMIEHHS CHCTEMbl B COCTOSHUH
2(P,) onpeneaserca ¢opmyao#

_E

P e T

—P‘z—— B 3.1y
“RT

rae E; u E,— 3Hepruu cucrembl B COCTOAHHMAX I W 2, k-— nocrosiHHas
Boabumana, T — abcontotHas TeMmneparypa. [locrosHHas £=1,38 X
X 10716 ape/°K, nm 1,38 - 1073 0axc/°K. TouHoe onpeneneHue MOHATHS
COCMOsiHUe CUCTEMbl NAeTC B KHUraX MO CTaTHCTHYECKOH MeXaHHKe.
ITpumep. BBIUUCAUM CPEIHIOI SHEPTHI0 M TENJOEMKOCTb CBOGOMHOR
YacTHUbl Maccel M npu TensoBOM paBHOBecuu mpu rtemneparype T.
BeposarHocTHei#f MHOXMTEAb BosblLMaHa B 3TOM cayudae

raie U — CKOpPOCTb 4YdCTHLHI. Cpenuee 3HayeHue BEJIHYMHBI NMPU TENJIOBOM

paBHoBecuM OyleM 0GO3HauaTh yraoBbiMu ckoGkamu (. ..). Mrak, cpen-
Hf KMHETHYeCKas 3HEeprus npH TEMI0BOM PaBHOBECHH
My?
1 LY
. 1 fff(7 Mv2)e 2krafful‘,d'uy du,
= 2\ ‘ .
(Y= (4 Mo? )= TS

fffe 2kT dv, dvy dv,

') [lasi MepBOHAYAALHOTO O3HAKOMJEHHs PEKOMEHAyeM COOTBETCTBYlOlIHe
paszeant u3 kuuru Casrtepa [1], a taxxe Bopua [2] u Kurreas [3].
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jaMeHaTelb BbIDAXEHUs B npasok wuacrtu (3.2) naer NpaBU/bHYI0 HOp-
‘\“,poaxy noaHo#t epositHocTH. MHrerpannl GepyTcs B npenenax OT —oo
10 —00. B chepuyecknx koopauHarax snement o6beMa paser 4wv?do,
| MOITOMY HMEeM
+ 00 My’

1 kT

7M / vie *T qo
(E)= it . (3.3)

T M
f vie T 49

— 00

[Toaaras (M/QkT)'/2 V=X, NOJYyYUM

kax“e"z dx
(Ey = — . (3.4y
fxge"‘z dx
0

31ayeHns CTOALIMX 31eCb MHTETPAJOB MOXHO, KOHEYHO, B3ATb M3 MOGHIX
MareMaTHYeCKUX Tab/Hl, HO HX OTHOIUEHHe JerKO BLIYHC/IHTb M HEmNo-
cpencteenHo. [lonaras y?=—oax2, 3uamenartesb (3.4) MOXKHO Hanucarb
B Bule

f xe-edx = a="h f yle=Y'dy = Ca—"h, 3.5y
0 0

rae C — nekoropoe uucnao. Ecau or (3.5) B3ATb NPOU3BOAHYIO MO a,
TO MONYYUM

[se] [o o]

d 2 _ 3 -
— . x2eg—ax dx=./‘x4e “x’dx=-2—Ca *h, (3.6)
0 0

C/le10BaTe/bHO, I/ OTHOLIGHHS OMpele/eHHbIX HHTerpanoB B (3.4), no-
Jarag e =1, noayyum TouHo 3/2.
Hrak,
(Ey = % kT, (3.7)
a4 TeMmJ0eMKOCTb
c, =% _3 (3.8)

T. €. Mbl MOJYUYHJH XOPOLIO 3HAKOMBI pe3yibrar.
MHTepecHO HAMOMHHTb MCTOPMYECCKMH XO4 PA3BUTHS HAIIMX Mpel-
CTaBMeHUH O TensOeMKOCTH NM3/JEeKTPHYECKHMX KPHMCTANJIO0B (M30/ATOPOB).
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Bkaan s/ieKTpoHOB NpPOBOAMMOCTH OyNeT pacCMOTPeH Hike, B . 5,
NOCBSILIEHHO! TeOpHH CBOGOIHBIX 3/EKTPOHOB B Merannax. JlaBHO Obin
M3BECTEH TOT BaXIiibll SKCMEPUMEHTANbHBIH (DAKT OTHOCHTENbHO THITHYHBIX
MOH )aTOMHBIX TBEPABIX TeJ, YTO WX TeNnA0eMKOCTb NMPH KOMHAaTHOM Teu-
nepatype (4 Bbllle) NPHUMEPHO NMOCTOSHHA U paBHa 6 xa.s/moas °K (3akoH
Jionorra u Iltn). Onnako 3ateM Obln0 YCTaHOBJIEHO, YTO MPH HUBKHX
TeMNnepaTypax Ten/M0eMKOCTb pe3KO yMeHhliaeTcsl M BO/IM3H aBCOJIOTHOrO
HVJA cnagaet no 3akoHy T3 as AM3/eKTPUKOB Hau auHe#no mo T ans
M:TannoB. Tunuunas skcnepumenTanbHas Kpupas Aas cepefpa npuselneHa
Ha puc. 3.1.

g W
M
2 !a(d
'§4
R
Q8
N
N
Y,
&
4 50 90 750 200 250

Temnepamypa, K

Puc. 3.1. TemneparypHas 3aBMCHMMOCTb TEMJIOEMKOCTH cepebpa.

HamepsieMoil Be YN0/ ABAAETCA TENJOEMKOCTb NPH MOCTOAHHOM NaBJeHHH, OLHAKO
YMECTHO OTMETHTb, YTO AAf TBEPAbIX TCA HHXKE KOMHATHOIl TEMNCPaTypbl PasHOCTb
MexKaYy Cp [0 Cv Mana, H OOBIYHO CI0 MOXHO mnpeneOpeub.

B nepsoM npub/MmKeHHH MOXKHO NPHHATb, YTO TeMJOBOe IBHXEHUe
‘B MOHOATOMHOM KpHCTaj/je npeiacrasiaseT co6o#t ko/neGaHU aTOMOB OTHO-
CUTEIbHO (PMKCUDOBAHHBIX NMOJOXEHWH paBHOBECHS, MpUYeM aTOMbl B 3THX
MOJMIOKEHISX YACPKHBAIOTCA HEeKUMM JuHeRHbIMH chiamu. Cor/iacHo 3To#t
KapTuHe BCE aToMbLl KO/eOJI0TCS rapMOHHYECKH € OLHON H TOH Ke uacro-
TOW v, obulel iR BCeX aToMOB KpHUCTaJJa. Takas Mone/b NpH KJaccu-
yeCKOH TPAKTOBKE NPHBONHT K TEMJOEMKOCTH, He 3aBucslledl or TeMmne-
paTypel, a BeJHYHMHA TENJOEMKOCTH OKa3biBaeTcs B OJecTdlleM COrJacuu
C 9KCNEPUMEHTOM NPH KOMHATHBIX 1 60Jiee BbICOKMX TeMnepaTtypax. Oanako
Ha 3TOH MOJlesiH HeBO3MOXHO OO'BACHUTb Pe3KOe yMeHblLIeHHe TeNI0eMKOCTH
NpH HU3KUX Temnepatypax. Ta e Modesab, TpakTyeMas Ha OCHOBe KBaH-
-TOBOH Teopuu (M0 DHUHILTEHHY), XOTA M OODBACHAET YMEHblUEHHe Temnao-
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CMKOCTH TIpH HU3KHMX TeMMepaTypax, HO NpeacKa3blBaeT 3Ha4YUTeIbHO Gonee
pe3Koe CMalaHue, yeM Hal/l01aeMOe Ha OMbiTe.

lle6ah ycTaHOBMJ, UYTO eCJH [axe CaMbiM TpDOCTHIM TNYyTeEM BBECTH
3 pAcCMOTpeHHe ynpyrue Ko/eGaHUA KPHCTanna B LEJOM, TO Mbl MoJy-
yiM SMIUPHYECKH HaHAEHHBIH 3akOH T3 n/s XOla TenIOeMKOCTH MpH
npubamiennun K abconotHomy Hyaw. Bopn u Kapmanw nanu Gosee Tou-
Hplt METON pacyeTa CMeKTpa ynpyrux kosneOaHufi.

Mopenb rapMosnH4ecKoro ocuuaasaTOpa (MO KJaccHYECKo#d mexa-
rpuKe). PaccMOTpuUM cHayana TenJo0eMKOCTb MPOCTOr0 TapMOHMUYECKOro
OCLMAJASITOPA B OLHOMEPHOM CJyyae Ha OCHOBe KJAaCCHYeCKOR MeXaHHKH.

Jueprus OCUHIATOPA
E =5 M0? 4 Mo?s?, (3.9)

rie ® = 2wy — yrjoBas 4aCTOTa, a X — CMelLleHHe aTOMa U3 MOJIOKEHHUS

cratuyeckoro paBHoBecus. CpelHsss 3Heprus OCUMAIATOPA MPH TeN/JI0BOM

paBHOBECHH MOXeT OBITb BBIUMC/IEHAa METOLOM, KOTOpBIff Gbln H3/10XKeH

BLille MPU PACCMOTPEHHM NpHMepa cpelHelt SHepruu cBOOOLHON YaCTHLBI.
Hrak,

_ M (@i

%M[[(v’—f—m’x’)e #T 4x dv

<E> = M (V? + w’x) =

ffe— kT dx dv

Mv? Mw?x?

%M /vze—mdv —;—Mu)’ /x’e— T gy
= : Mv? + -—Mu)"‘x’

fe 2RT dv fe 2kRT dx

B nepsoM wuurerpane mnoaoxum (Mv%2kT)=y%, a BO BTOpOM
(Mw?x2/2kT) = y?. Jlanee, neAcTBys CNoco6OM, YKa3aHHbIM Bblllle, A/
3HEPrMH NMPOCTOr0 ONHOMEPHOrO TFapMOHMYECKOTO OCLUMAAATOpPA Hakiew

. (3.10)

fy’e"y’ dy
(Ey=2kT =2 —iT; 3.11)

fe"’z dy

— w0

oTciona Heprus cucteMbl M3 N TpeXMepHBIX TaPMOHHYECKHX OCLHMJIS-
TOPOB
U = 3NkT, 3.12).
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HJAW Ha OJUH MOJb BeulecTrBa
U, = 3RT. (3.13)

T'azoBast noctosnuaa R = Lk, rae L — uuncio Asoraapo (L = 6,025 - 1023),
‘Teopusi npeackasbiBaeT, YTO BKJAL PeIleTKH B MOJISPHYIO TenJOeMKOCTb
{npu nocrosiHHOM oOGbeMe)

c,— (iﬁj_rM),, , (3.14)

YTO L1 MOHOATOMHOTO TBepLOrO TeJa (Ha MOJb) AaeT
C,=3R==6 rxaa/mnoas - 2pao. (3.15)

DToT pe3yabrat, H3BeCTHHI kKak 3akon J[iosonra u Iltu, Haxoaurcs
B XOpolleM COrJacuu ¢ Hab/al01aeMbIMU 3HaYeHUSIMU MOJHOH TEeNI0eMKOCTH
MHOTHX TBepIbIX TeJ, BK/OYas M MeTaljbl, NPH OTHOCHTENbHO BBHICOKHX
TeMMmepaTypax M 4YacTo BMJAOTb A0 KoMmHaTHOH. Ho npu Hu3kux Temmepa-
Typax 3TOT 3aKOH HapywaeTcsa. Kak MOXHO BHIEeTb U3 IKCMIEPHUMEHTANLHOTO
rpapuka 3TOH 3aBUCUMOCTH Iaf cepebGpa (cM. puc. 3.1), Ten10eMKOCTb
pe3KO YMeHbILaeTCs NMpHU MOHMXEHHUH TeMNepaTyphl.

AiHWTEHHOBCKAA TEOPHA TENJOEMKOCTH pemeTKH. JiHwTeH [4, 5]
NpPeiNOXUI MPOCTYI0 MoOIeab, KOTOpas M03BOJA/AA OODBACHHUTH, NOYEMY
TEeNJOEeMKOCTb pelleTKH NaiaeT NpH HMU3KMX TeMMepaTypax HHxKe 3Haue-
nus 3R Ha MoJb, HAaGMIOAAIOLWErOcs NMPU OTHOCHTENBHO BBICOKMX TeMIe-
patypax. CornacHo 3TOH MOJeAH TemjoBble CBOWCTBA pelIeTKH, COCTOA-
we#t u3 N KOJeOMOLWIUXCA aTOMOB, MOXHO TpPaKTOBaTb KakK CBOMCTBA
3N He3aBHCUMBIX OLHOMEDHBIX TapMOHMYECKMX OCLHM/JIATOPOB, HMEI0-
IMX OAHY M Ty e COGCTBEHHYIO YacTOTy v. 3aTeM DHHIUTEHH NMpPOKBAH-
“TOBaJ 3HEPruH OCUMISATOPOB CNOCOOOM, NpeanoxeHHbIM paHee Ilnankom
B CBfi3H C TeopHeft M3NyuyeHMSs YEPHOro Tena.

HanoMuum, uro Ilaauk!), u3yyas 3/1eKTpOMAarHMUTHOe H3JyueHHe, Ha-
XoJdlleecss B TeN/JOBOM paBHOBECHH C BeleCTBOM, OGHapy»XuJ, yTO Kjac-
CHYeCcKas TCOPHs HecrnocoGHa OGBbACHMTHL 3TO siBJeHHe. JHepTHs H3ayue-
Hug npu GOJbLIMX yacToTax, NMpelcKasbiBaeMas KJIacCHYeCKOH Teopwueit,
0Ka3ajach CAMIIKOM Besuka. Pacxoxnenue mexay Hab/iolaeMblM pacnpe-
JleneHyeM 3HepPruH Mo CMNeKTPYy PaBHOBECHOrO H3JyuYeHUs M Npeickasa-
HHAMH KJacCHYeCKOH TeopWu MO Mepe MOHMXKCHHUS TeMMepaTyphl uMeo
MecTO Npu Bce Gojee u 6oJee HI3KMX YacTOTaX, TAaK YTO B HEKOTOPOM
OTHOLUEHHH HeCOCTOATeNbHOCTb K/AACCHYECKON TeopuH TemJI0eMKOCTH Ha-
NOMHHAET TPYAHOCTH, BO3HHKIIHE PaHee C 3aKOHOM H3NYYeHUS yYepHO-
ro Tteja.

1) Moxpo6roe n3nomeHHe 3akoHa uaaydeHus [laanka yuTaTenb MOXKET HalTH
B M060M yueGHUKe N0 COBPEMCHHOH aTOMHOH (u3HKe MAM MO TEIMOTE U TEPMO-
JAuHamuke. Mbl ykaxem Aas npumepa aumb yBa u3 Hux: PuxtMmaitep u Kennapz [6]
u Bopr [2].
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[1po0.ieMy pPaBHOBECHOI'O M3/Ny4eHH PACCMaTPUBAIOT OOLIYHO, CuuTai
CBCTOBbIE BOJMbl SKBUBA.IEHTHBIMU CHCTEME TapMOHUYECKHX OCUHJIIATO-
pos. K TNpaBu/bHOMY 3aKOHY pacrpele/eHusi SHEPrUH MEKAY OCUMIA-
popaMit [11aHKa NPHBENIO NPELNONIOKEHHE O TOM, YTO SHEPrUs OCUHIIATOPA
¢ yacTOTOH v OTHaeTcs AUCKPETHBHIMM MOPUMAMU (KBAHTAMH) BeNUYHHOH Av.
Jro Obl1 NMEpBHI PEBOMIOLMOHHBI/ 1ar MO NMYTH K CO34AHHIO KBAHTOBOH
MeXaHHKH — CHCTeMe 3aKOHOB W MPUHLMUIMOB, YNPAaB/SOWMNX NOBENEHHEM
ATOMOB, MoJeKya u TBepabix TesJ. COrnacHoO KJaccHYecKo# Teopuu
OCLILIAATOP MOXET WMeTb NPOM3BOJLHYIO aMILIUTYLY Kojebauu#t u, cie-
1oBareabHo, modoe 3HadeHwe 3Hepruu. Coraacio [lnanky sHeprus E
MOKET IIPUHUMATL TOJMLKO 3HayeHus

E=nhvy, n=0,1, 2, ..., (3.16)

ri¢ 1 — MOJIOXKHUTE/NbHOE LeNoe 4YMC/I0, V-— 4acToTa, A — IKCNepuMeH-
+4,bHAA KOHCTaHTa, M3BecTHas Kak noctosHHas [lnanka. Yucsennoe 3ua-
yenyue mnocrosHHOW [lnaHka OblJO onpexeseHO M O0Kas3aJloCh PaBHLIM
6,624 - 1077 3p2-cex. B cospemenHbix paGorax cooTHoleHue (3.16).
yacTO 3amMMCHIBAIOT B MHOM QopMe, a UMeHHO:

E=n2—,;—21w=nhu>, 3.17)

rle o—KpyroBas 4actota, k/2w=h umeer seanuuny 1,054 - 10~ 5p2 - cex.
DHepreTHuecKHe YPOBHH DPAa3/HYAIOTCA 3HAYEHHUSAMH LENOr0 YUCAA 7, Ha-
3bIBAEMOTrO KBAHTOBBIM YHCJ/IOM.

KBanToBaHMe SHepruM MOMHO BBLIMONHHTb MPHUMEPHO TAK Ke, KaK U
KBalTOBaHWe BeJHYMHBl aMIMUTYOB X, ocuuaiaropa. Ecau

1
-2—'M(02x0= E,
TO
2nh \'
Xy =— (mn;) . (318)

CornacHo nNpuHHUMNY HeONpene/eHHOCTH HEBO3MOXHO OMNPeNeNuTb X,
TOYHO.

Bripaxenus 1.1d cpeiHel 3Hepruu OCUM/IATOPA NO KBAHTOBOH Teopuu
OTJMYAIOTCA OT cpejHe#t 3Hepruu, paBHo# AT no KiaaccuueckOH TeopHu.
CornacHo 3akoHy pacnpeleiedus BosblMana, npu Tena0BOM PaBHOBECHU
CpelHsas 3HEPrus OCLM/JIATOpPA MPEACTaBJAETCH BbipAXKEHHEM

tw 2hm
e nho 2 nho iy BT
: ! T /2'1 - __ ke (e KT 9e T 4 )
<b) == Z nhoe kT / e R — hu)+ 2hw ’ (3.19}
n=0 n=0 (l +e- kT +e- kT + . ')

rie, Kak Jerko 3aMeTUTb, 3HaMeHaTeJb oOOecrneyuBaeT MPaBUAbHYIO HOp~
MUPOBKY.
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BBeseM HOBYIO nepeMmeHHyio,
_ he
X="%7

¥ nocne MpocToro npeoGpa3oBaHUs TOJYYHM

d d 1 ho
= Lo —In(1 e* | g2 o) =ho—1 = ,
(E) dex n(l 4 e* 4 e2* + )= ho oy n — —
WM OKOHYaTe/JbHO
. (By=—To (3.20)
e—”?-——l

'paduk sTo#t dyHkumu npuselsed Ha puc. 3.2.
3aMeTUM, uTO NpH BBICOKMX TeMnepatypax (RT > ho) 3HaMeHaTe/b
MOXHO pasJOXHTb B Pl

e ho ho
kT ~
€ — =1t ... —l=2

', CJEeLOBATEJbHO,
(Ey = kT.

TakuM 06pa3oM, Npu BHICOKUX TeMNepaTypax M3 3aKOHa pacnpeje/eHus
[Mnanka — #tnwrestna (3.20) cnenyer, uyTO cpeldHAsl SHeprus rapMoHu-
yeckKoro ocuuaasropa G/auska
K KJaccuuecko#t cpeaneit sHep-
ruu, pasHo#t kT. HoswiM pe-
3y/JbTaTOM SIBISIETCS TNpHMe-
] HEHHe K  C/AyYald Hu3KHX
TeMmneparyp, T. €. Koria

g 7 Z 7 2o
hay/kT RT < hw, Toraa efl > 1,

M AJ8 CpelHel 3Hepruu mno-

<E/RT
SR8EN
/

Puc. 3.2. 3aBuCHMOCTb CpelHel SHepruu SiH-

WITEHHOBCKOrO  OCHMAAATOpPa OT uacTots 1Y 'HM .
[cpennsas aHeprus u uyacTtoTa (yMHOXEHHas e
Ha h) oTHecenn k kT (E)y = hwe *T, (3.21)

o, cnenosateabHo, npu T — 0 TennoeMkocTb cuctemMbl H3 N OcCuUMAAATO-
poB (aTOMOB) CTPEMHTCS K HY/I0 MO 3aKOHY

hw

C, =Nk (%)2 P (3.22)

DKCNOHEHUHAIbHLIH MHOXHUTEAb B Npelese OKa3biBaeTCd AOMHHHPYIOLIUM
M [09TOMY MPH HH3KMX TeMNepaTtypax TenJaoeMKOCTb MO MoAenH JIHH-
wrefiHa CTPEMUTCA K HYMO MO 3aKOHY exp (— ho/RT). DkchiepuMeHT nas
TEMJIOEMKOCTH PelieTKH NMPH HHU3KMX TEMNepaTypax AaeT AAs AUSJeKTPU-
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KOB e SKCIOHeHIMaAbHyl0 3aBUCHMOCTb, a 3akoH T3. 3akon T3 yno-
4 1CTBOPHTENBHO OOBACHAeTCA B Oonee coseplleHHON Momeau [Iedas,
xoropast OyleT KPaTKO PacCMOTpeHa HHiKe.

Mouaenb S#HWTeHHa 1eHCTBUTENbHO XOPOIIO OMHCHIBAeT (DAKT pPe3Koro
yvMeliblUEHHs TenJ0eMKOCTH IpH HM3KHMX TeMmepaTypax NMpH HaljexaleMm
110160pe 4acToTbl OCUMAIATOPE ©.

Pe3dyabTaThl npuMeHeHHs Modeau JHHwTeHna ynobuo ob6cyxaath,
110/1b3yACb TNpeacTaBjeHHeM O HEKOTOpPOH XapaKTepHUCTHYeCKOW Temnepa-
rype O, HaspiBacMof TeMnepaTypoH DHHuITefiHa, KOTOpas onpenefercs:

COOTHOLICHHEM
ho = kB. (3.23).

Jlas  6OJbIUMHCTBA TBEPABIX Tesl 3HaueHus Oy JexaT B HHTepBase
100—300° K, xoTs B OTIe/JbHBIX CJAYyYyasX BCTPeYalOTCs W 3HAYeHHs Bbille
I HWKE YKasaHHBIX rpaHuil. Jlns Kakoro-To KOHKPETHOro 3HaueHus Op
MOXHO 3alUCaTh BHIDaXeEHHe I TeMJ0eMKOCTH

ho
U ON(E) ho\z ol 8\ oET
C=Gr =" =Nk () T =Nk (F] o
( ) e / —1
\ekT 1
(3.24)

KOTOPOe [1O0BOJbHO XOPOWO (Mpu AaHHOM Bf) cornacyercss ¢ 9KCmepi-
MeHTa/JbHLIMM JAHHBIMH B IUMPOKOH 06/acTu TeM "epatyp, I'lle TeMJoeM-
KOCTb 3aMETHO MEHSeTCs C TeMMepaTypoH.
Ecan O Beipaxarh B rpaiycax a3COMIOTHOH IUKanbl, ® B paiMaHax
B CEKYHLY, TO
0==10"6.

Hanpumep, ns Op=300°K xapakTepuctuyeckas vactotra v= 0/2®
pasna npuMepHo 5. 10'2 z4. 310 pasdymHas BelMuHHA 1A XaPAKTEPH-
CTHYeCKON YacTOTHI aTOMHBIX OCLM/JISTOPOB; OHa HMeeT TOT e MOPSIOK
BCJIMYMHBL, YTO M YacTOTbl YNPYrHX BOJH aKyCTHYECKOH BeTBU MPH AU~
114X BOJIH TOPSIKA MEXaTOMHBIX DacCTOSHHH.

Jle6aeBckas TeOpHsA TeNJOEMKOCTH peweTkH., Moaeas DHHuITeHHa
1IC10CTaTOYHO MOJIHO OMUCHIBAeT TEeMIOBOe JBHXEHHE PELIeTKH NPH OueHb-
1u3knux Ttemneparypax. CorsacHo Mozenu DHHIITCHHA KaXAbIK atoM pac-
CMartpuBaeTcsl KaK He3aBHCHUMbIHl OCLMJIIATOP, MUCMBITHIBAIOWMA FapMOHH-
yeckue Kose6aHHS OKOMO (PMKCHPOBAHHON TOYKHM B NpPOCTPAHCTBE, He3a-
BHCHMO OT Ha/NMuMA COCeNHHX aTOMOB M ux ABxenus. Kaxwawi#h atom,.
KO0/ebnsich, pa3yMeeTcss, CMeLlaeTcsi OTHOCHTe/bHO CBOMX coceledl B pe-
luerke. [Ipu AaMHaX BOJH, OOJbLWIKHX MO CPEBHEHMIO C MOCTOSHHOM
PeuleTKH, ABMKeHMe COCEeNHHX aTOMOB NMPOMCXOAYT B 3HAaYMTEJbHOH cTe-
lleny  He3aBMCMMO JIpyr OT JApyra, HO OGoJjblune Y4YaCTKM Kpucraaia
B luenoM konebaorcas KorepentHo. Ilpeamonoxenue o ToMm, uro Bce 3N
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OCUMJIJISTOPOB HMEIOT OAHY M Ty XKe 4acTOTy, ABJASeTCH, OYEeBHIHO, upes-
MEpPHBIM YNpolleHHeM; AeHCTBHTENbHO, HanpHMep, ABHXEHHs, COOTBETCT-
ByloliMe GONbIIMM ATHHAM BOJIH, MOTYT UMeTh BECbMa HM3KHE 4aCTOThI, KaK
9TO UMEET MECTO B CJyyae OOBLIYHBIX YNPYTHX BOJIH NMPH 3BYKOBbIX YaCTOTax.

JIIMHHOBOJHOBLIE KOJMeGaHHA CYLIeCTBeHHbl, B YaCTHOCTH, NMPU HHU3KHX
TeMnepaTypax, MOCKOJAbKY B OeCKOHeYHOM KpHcTasie OHH OyayT cob-
CTBEHHBIMM KoJeOaHusMH, Aas Kortopux he <€ RT. Takum o6pasom,
Ja)ke NpM HU3KMX TeMmIepaTypax HeKOTOphie cTemelH cBOOOABI KpucTaanaa
OyayT oOHapyxHBaTb KJaccMueCKoe MOBeleHHe, H Kaxl0e Takoe coO-
CTBeHHOe KoJeOaHue OyleT nAaBaTb BKJal B 3Hepruio mnopsaaka RT wu,
C/e10BaTe/NbHO, NMOJMHAs dHeprus OylerT He 00513aTe.1bHO IKCMOHEHIIMAAbHO
CTPeMUTbC K HY/I0, KaK JO/MKHO Oblno Obl ObiTb MO MOAeIH DUH-
mrefna.

Ile6ait npeanoJokHuJ, UTO aKyCTHYeCKHH CreKkTp TBeplOro TeJa,
COCTOSIILEr0 M3 ONMHAKOBBIX 4TOMOB, MOXHO TPAKTOBaTb KaK CHEKTP
OJAHOpPOJHO# ynpyro#f cpeabl, HO CUWTATb NP 3TOM, YTO YHMCJIO HE3aBH-
CUMBIX YNPYrHX BOJH paBHO 3NN, ueM COXPaHHTb COOTBETCTBHE C Yuc/aioM 3N
creneHet cBo6oast N atomos. [lleGali npeanosoxu/a Takxe, 4TO OGBIY-
HYI0 CKOPOCTb 3BYKa, Ha0/i04aeMyl0 B KPUCTANIaX, NMPH aKyCTHYECKUX
4acTOTaX MOXHO NPHUOIMKEHHO CUHTaTb PaBHOH mnpeneabHOH uacrore.
‘OOBIYHO CYMTAIOT TAKXKE, YTO TBEpLOe TelO0 fBASETCs YNpyro-u3oTpon-
HbIM, W CKOPOCTM ¥, M U, MPOLOJAbLHBLIX U COOTBETCTBEHHO IOMNEpPeyHbIX
BOJH He 3aBHCAT OT HanpaBJ/ieHHs pPacrnpoCTPaHeHHs BOJHBI B KpHcTalje
(T. e. oT pacnoJjoxeHus KpucTaarorpaduueckux ocei). 3ameTHM, KCTaTH,
YTO Ha/nMyue YNpyroft H3OTPOMHHM He O3HAYAET, YTO CKOPOCTb MNomnepeu-
HBIX BOJH PaBHAa CKOPOCTH MPOJOJIbHBIX.

Yro6bl He 3amyTaThbCsl, Mbl CHayana BHIYUCTMM [Js1 NeOaeBCKOH MozLeau
BKJal B TelJOEMKOCTb TBEPAOro Tesa, 00yC/OBJAEHHBIH TOLKO N pP000Ab-
Houmu ynpyruMu BoaHamu. Ecam kpucrann coaepxkut N atoMoB, TO Mbl
uMeeM N TIPONOJIBHBIX COOCTBEHHBIX YNPYrux KosaeGaHui, KOTOPHIM MbI
OyleM NMpUMHUCHIBATH BOMHOBOW BekTOp R. Ecam cooTBeTcTByIOLIHE BOJIHBI
OMUCHIBATb Kak Gerywide BOJHBL, TO LIS HUX MOXHO B3fTb OOBIYHYIO

QYHKUMIO BUAA
. (mkt-kr).

BHYTpeHHIOIO 3HEPrui0 CHCTeMBl MOXHO OMNpeneNuTb KaK CYMMY 3Hepru#
SUHIITENHOBCKUX OCUM/JATOPOB; KAXIbIH ujieH 3TOH CyMMbI COOTBETCTBYeT
COOCTBEHHOMY KOJIeOaHHIO C YaCTOTOH wpy:

Ol ho,,
Ul—-—'-‘z Wk/kr—. (3.25)
P —1

HOns ne6aesckott MOJeNH [OHCNEepPCHOHHBIK 3aKOH, T. €. 3aBUCHMOCTb
YacToThl OT BOJHOBOrO 4YMC/Ja, MMECT INPOCTOH BHUI -

0=1vk, (3.26)
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rie U; — CKOPOCTb NpPONOJbHBIX 3BYKOBbHX BOAH. Torma suepruio (3.25)
MOXKHO 3amucaTb B BUIe

N hvk
U= — .
l % ehvlk/t —1 (3 27)
rie
t=FkgT. (3.28)

Benuuuna t BBedeHa A TOro, YTOOB M36exaTh MYTaHULBI, KOTOpas
MOXET BO3HHMKHYTb H3-3a ymoTpel/eHMs OIHOM W TOH e GyKBb R ais
BOJHOBOTO BeKTOpa M I/s mocTosiHHo# BoabiMana (nostomy B (3.28) ed
naH uHaexkc B).

Tenepb 3a1aya COCTOMT B TOM, UTOGBHI BHO BHIUMCIHTHL CyMMYy (3.27)
0 BCeM COOGCTBEHHBIM TNPONOJbHBIM KoneGaHuaM. Ilas 3TOH wuwenu Mbl
cyMmmy no R (3.27) 3aMeHMM WHTErpaioM no BCeMy TPEXMEPHOMY Mpo-
CTPAHCTBY BeKTOpOB R:

/ [ / M’Z};ﬁ" o (k) dk, dk, dk,. (3.29)

Ho 1nns BbIYMCTEHMS 3STOTO MHTErpana Haao 3HaTb BuL ¢ydkuuu p(R)
(sra ¢GyHKUMS NpencTaBaseT cOO0H 4MCIO COOCTBEHHbIX KoneGaHUi B enu-
nuue o6bema R-npocrpaHcTBa). PyHkuus p(R) onpepensercs ¥3 rpaHuy-
HLIX YCJOBHUH /IS PaCMpOCTPaHEHHs YNMpPYrux BoaH B kpucraune. Crenyer
NOAYEPKHYTh, YTO XOTS GYHKUMS p (B) onpenesieTcs U3 rpaHUYHBIX YCJIO-
BU#, HO ee ABHBIM BUA MaO YYBCTBUTENEH K XapaKTepy CaMUX YyCJIOBUH
v Oyler, Hanpumep, OIIIHAKOB Kak 1id CBOOOILHBIX, TaK W LJ8 3aKpe-
NIeHHBIX KOHLOB.

['paHuuHble yCA0BUS, NPH KOTOPBIX BLIYKCIUTL p (k) mpolle Bcero, —3To
nepuonnyeckue (LUK/IMYECKUe) rpaHUuHble ycnoBua. CornacHo aTum ycio-
BHAM KoJse6aTeNbHOe JBMXEHHE B TOYKEe X, Y, 2 NOMKHO ObITb TOUYHO
TaKMM Ke, 4YTO M B Touke x—+L, y—++ L, z—4 L, rne L— HexoTopas
Makpockonuyeckas anuHa. Ecau kpucrann umeer ¢popmy kyba, TO B Ka-
ucctBe AJMHBI L MOXHO B3ATb pebpo ky6a. Takum o6pa3om, mepuonu-
YeCKHe rpaHuuHble YCJAOBUA TPeOYIOT, 4TOGBl MMEJO MeCTO TOXAeCTBO

ikr ___el (kr+k L+k L+kzL).

e y

Orciona caenyer, uto
ol (BylrRyLtkyLy | (3.30)

Odwee pewenne s10r0 ypasuewns s k,, k,, k, uMeer Bux

2nl 2nm 2nn
kx::T' ky’:: YA kz= 7 (3'31)
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rae I, m, n— noJOXUTeAbHbIE HJH OTpHULaTe/ibHblE LeJble Yucaa. Huaye

roBops, TMepUOAUHYECKHe TpaHUYHbIE YCJOBHSA CBOLATCA K TpeGOBaHUIO,
yT06Bl OTHOILEHHUS

k;L

2n

BbIPAXAJUCh 11e;IbIMH UYHCTAMHU.

HMrak, KOMMOHeHTb BeKTOpa R 11 Kawaioro saeMenta o6beMma
B k-npocrpaicTBe BeauuuHoH (2w/L)® MOTyT NMpUHMMATL JHUIUL HEKOTOPLIE
IMCKpPETHble  3HauyeHHs, KpaTHble

Kyl/or 2n/L, a yHCiO TOYEK B 3TOM 3Je-
¢ o o o {fe o o o MeHTe 00beMa, YIOBJIETBOPSIOLMX
B ¥ yKasaHHOMy Tpe6OBaHUIO [B naH-

HOM CJydyae 3TO U eCTb TIIOT-
R A HOCTb coctosnuit p(R)], 6yner Be-
L VA kZ/Zzz AHUHHOH, o6paTHOR 06beMy, T. e.
T
-4 -3 -2 — L3 14
4. :3 ;Z Z -]Z 4:' ? { p(k)= (2x)3 = (2n)3 ' (3.32).

(] —

R A rne V = L3 — 06bem o6pasua. [Tpo~
LI AR BEIeHHOe paccyxaeHue 118 IBYyX-
e o o o 9-fo o o o MepHOro cayyas WJINOCTPUPYETCS

cxemo#t Ha puc. 3.3.
Hcnonb3ys nonydyeHsoe Bhipa-

Puc. 3.3. 3nauenns k, u ky, ynosie-
TBOpSOLLHE MEPHOTHYECKHM IPAaHHYHBIM
ycaoBHaM B Cayyae KBajpaTa CO CTO-
poHoit L. B sToii 1ByXMepHOH 3anaue
NOTHOCTb COCTOSIEHIi B -NIPOCTPAHCTBE

)KeHHe 18 TJIOTHOCTH COCTOSHMH
B (3.29) ana BHyTpeHHeH 3Hepruw,.
O6yneM HMeTb

hvlk

[dyukuua p (R)] nocrosnna:

=

X dk, dky dk,.

h‘u k/t

L3
p(R)= T (3.33)»
Mepexons K cdepHYeCKHM MOJSPHBIM KOOpIMHATAM B R-NpPOCTpaHCTBe,.
noay4um

R

v huk3dk

UV:W. Tk (3.34)
o ¢ -

1

rie BepXHUH mpeles UHTerpaja kR, onpeleisierci U3 YCJAOBHUS, YTO MOJ-~
HOe YHENO MpPOIOJILHBIX COOCTBEHHBIX KoJe6aHu#t paBHO yucay atomos N..
To ectb B nefaeBcKOM NMpUOIMKEHUH Mbl YYUTHIBAEM /ML Te 3HaueHus R,
LIl KOTOPHIX OTHOWeHHUs k,L/2m — uenble uncaa BHYTpU cepbl B R-npo-
CTPaHCTBe, HMMeloleld paauyc, onpeleasieMblit ycioBueM

2 Ko ()=



[J1. 3. TETIJIOBBIE CBOVMICTBA TBEPAbIX TEJI 63

1M, MpUHUMas BO BHUMaHue (3.32), monyuum
3 N 3 6n2N
= (2n)" + = (3.35)
Tenepb 3atiMeMmca pacuetroM U,;; nonoxum
_ huk

- (3.36)
Toraa
*ml
v o« [ x
U, = / dx, .3
T R A S el (3-37)
rae
_ hvlk,,,
m=

— HOBHIf BepXHMH mnpenen uHTErpasja, npAMO 3aBUCAWIMH OT npenesb-
1HOrO 3HAa4YeHUs BOJHOBOTO BeKTOpa R,. BHyTpeHHSs SHeprus monepeyHbix
coOcTBeHHBIX KO/eGaHu#t BbIpaxaeTcd aHa/loTH4HOH ¢opMy.ioHt:

X

V 14 :Tlt xa
v,=2(3, )hf,vt [ F=ax (3.38)
0

Tiae, ONHAKO, CTOMT MHOXHUTeAb 2, TaK KaK Ha KaxIoe NPONOJAbHOE KO-
JeGaHue NMPUXOLMTCA [IBA NOMEPEYHBIX.

Ecin BBeCTH MNOLXOLAILYI0 CPelNHIO CKOPOCTb YNPYTrUX BOJH !,
TO I MOJHOR BHYTPeHHeH 3HEPrHU pelleTKH HMeeM

Xm
v=3(" f‘ﬂ/ AN (3.39)
T \oRz) B3 eF—1777 )

0

tae kg-—nocrosHHas Boabumana. XapaxTepuCTHYeCKYIO TeMnepaTypy
JleGas B BBOAAT OOBLIYHO COOTHOLUEHHEM

= o (3.40)
H, cJjenoBartesbHO,
hv (652N \'h
e=k_B( )" (3.41)

———

3 2
') O6munO v onpefeasoT COOTHOLIEHHEM ——3=—3+—3. (lTpum. nepes.)
v U
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TenaoeMKocTb, no onpeneienuio, pasHa OU/OT. I'paduk Temnepa-
TYpHOM 3aBHCHMOCTH MNOJYYeHHOH TAKUM MYTeM TeNJI0eMKOCTH H 3KCIe-
pUMeHTalbHblE TOYKM IJIA AMTIOMMHHS M MelM TNpuBeseHbl na puc. 3.4,

10
q9
06 17
4q7 ,5‘/
g6 A =
R? 75 Anromuwi
04 E-396 K
4 F
43 7
aqz
a7 4
&
V4 /74 20 0 0774

"

10 -
49

W -
qz A
46 Vi

25 P “Meds
2 / 8=309 %
43

py M
a7

WKM

74 V774 p7774 K774
7, K
Puc. 3.4. TennoeMkocTb anOMHHMA M MelIH Kak
¢yHkuus TemnepaTypel. KpuBhie mnocTpoennl Ha
ocHoBe Teopuu [le6as, mprueM JJ1s aNlOMHHHA B3ATO
6 =396°K, mas meau 8 =309°K. Kpyxkamu no-
Ka3aHbl SKCIEpMMEHTanbHble JaHHbie (u3 PaboThl
He6as [7]).

[pu Buicokux Temneparypax (x <€ 1) SKCNOHEHTY B MOAbIHTerpafb-
Ho#t ¢yuxuun (3.39) MOXHO pasjOXUTb B Pl M Mbl NPUOGTHKEHHO

noJay4HuM

Toraa wuHterpan B (3.39) Oyner paseH xf'n/S, M B 3TOM Tpele/bHOM

cayuae
U= 3Nk,T, (3.42)

YTO COOTBETCTBYeT KJaaccHuyeckoMy pesyabrary (3.12).
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[1pM HU3KMX TeMNepaTypaXx MOXHO MNpPHHATL NPUOAHNKEHHO BepXHHHA
npelel PaBHbIM GECKOHEYHOCTH. B aToM npelenbHoM cayuae!l)

[oe]

3d < 1 4
_/%:6(’.(4):6 Y= (3.43)
0 1

rae G(4) — n3era-¢ynkuua Pumana or aprymenta, paBsoro 4. Crenosa-
reabto, npu T <& 8
3niNk T* 44
U=—gg?. (3.44)
n aas tennoeMkoct C,=dU/dT nonyunm

1274NE T\3 T\3
=_5£(§) — 234Nk, (W) . (3.45)

v

Sra npubAWNKeHHAas B3aBUCUMOCTb H3BeCTHa kak 3akoH T° IeGas. Ilpu
A0CTATOYHO HUBKMX TeMMeparypax, Koria BO3GYWAAIOTCH TOJbKO IJAHH-
lble aKyCTHYecKue BOJHBEL, 3akoH T3 Jle6as coG/onaercs BIOJHE XOpOIUO;
MOXHO MNpelnoJarath, YTO B HenpepbIBHO# YNpyro#f cpene, XxapaxTepu-
3yioLleiicsi MAKPOCKONUYECKUMH YNPYTUMH KOHCTAHTaMHU, paclpoOCTPaHAIOTCA
IIMEHHO TaKue BOJIHBI.

O6nacTH MPUMEHHMOCTH 3aKoHa T3 MOMHO HaTb NPOCTYI0 KauyecTBeH-
HYI0O HMHTepnpeTauuio. PasyMHO NpPeNNOJOXHTb, YTO NMPU HU3KUX TeMIle-
parypax B pelieTke OyayT BO30YykAaTbCd B 3aMeTHOM KOJHMYecTBe JHILb
Te cobcTBeHHble KosieGaHus, nas koTopeiX hw < kgl, u nanee, 4TO BO3-
OyxmIeHue 3TUX KONeGaHHH MOXHO CYMTATb NPUOTMKEHHO KIACCHUECKUM,
T. e. KaxJoe KonebGaHue, paccMaTpUBaeMOe Kak «BO30yxieHue», Oyner
HMeTb 3Hepruio, 61u3kyio Kk Rgl. Tenepb MOXHO BHIETb, YTO LOJA BCEro
o06bemMa R-mpocTpaHCTBa, KOTOpas 3aHATa BO30YXXIEHHBIMH COCTOSHUSMH,
nopsiaka (k/k,)® wan (T/O)3 u, cienoBaTeabHO, BCErO MMeeTCs NMPUMEPHO
N (T/8)3 B03Oy)IneHHBIX KO/e6aTeNbHBIX COCTOSHUH, KAXKIOMY U3 KOTO-
puiXx cooTBeTcTByeT 3Heprus nopsaka kgl'. ITostoMy BkJam 3THX KoJje-
Oauuit Bo BHyTpeHHIO 3Hepruio nopsaxa NEGT (T/B)3, a B Tenio-
emkocTb — nopsiaka Nkg(T/6)3. OnHako o6pauwaer Ha ce0s BHUMaHUe
Goabluas BenMYMHA YUC/AEHHOTO MHOwuTens 234 B ¢opmyae (3.45). o
006CTOATE/IbCTBO CYLIECTBEHHO CBSI3aHO C TeM, YTO (B COOTBETCTBMH C TNpH-
HATLIMM NOMYylleHHsMH) B onpenelenue AeGaeBckoro mapamerpa 8 (3.41)
BK/MOueH MHOXuTenb (6m2) "

Tunuunble sHauenus O 1ad pana BellecTB nNpuBeseHsl B Taba. 3.1.
OTH LauHbie BeCbMa NMOJE3HBI NPH PACCMOTPEHMH MHOTHMX npo6aeM pu3ukn
TBEpPAOro Tesia, TaK KAk © BXOLMT BO MHOIMe TEOPETHYECKHM BHIYHC/se-
Mble ¢usuyeckue XapaKTePUCTMKH PpA3NLYHBIX sBJeHUH, B TOM 4YHCJe
&

') Cm., nanpumep, kypc Yurrekepa u Barcoua [8).

5 Y. Kurreas
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B CONPOTUBJEHHE, TEMJIONPOBOAHOCTL M HHTEHCHBHOCTH DPEHTTeHOBCKUX
IM(PPAKUHOHHBIX MYYKOB.
Ta6anna 3.1

TunnuHble 3HaYeHHSI Neb6aeBCKOro mapaMerTpa @
(no nauHbiM Keesoma u IMupamana)

BewectBo a9, °K BewectBO 9, °K BewectBo 9, °K
Be 1160 w (379) Hg (60—90)
Mg 406 Fe 467 Al 418
Ca (219) Co 445 In 109
La 132 Ni 456 Tl 89
Ti 278 Pd 275 C (anmas) (2000)
Zr 270 Pt 229 St 658
\% 273 Cu 339 Ge 366
Nb 252 Ag 225 Sn (cepoe) 212
Ta 231 Au 165 Sn (Gexoe) 189
Cr 402 Zn 308 Pb 94,5
Mo 425 Cd 300 Bi 117

3Hayenus B, moayueHHble W3 TENMAOBHIX JAHHBIX NPH HU3KMX TeMIle-
paTypax, OueHb XOpOIUO COFACYIOTCA CO 3HaueHusAMH O, BHIYMCIEHHBIMH
Anepcom u HeltlOypoM u3 naHHBIX 00 ynpyrux cBOHMCTBaX, eC/JH BHINOJ-
HUTb Haljexaluue ycpelHeHUS MO BCEM HAMpaBJEHUAM PaCNpOCTpaHeHuUs
YNpyrux BOJMH. DTH JaHHble NMpHBeleHbl B CaelyloieR Tabauue:

BewectBo erenn' °K eynp' °K
NaCl 320 322
KBr 174 173
Ag 226,5 226,4
Zn 305 327
Cu 345 344

Crenyer noxyepkHyTb, 4To Teopus [JeGasi He sBaseTca TOYHOM, Tak
KaK CYLLeCTBeHHO 06a3upyeTcsi Ha HMCMEPCHOHHOM 3aKOHe w; ==U;R, KOTO-
pbHit cnpaBelJuB JHlIb B TNpeleJbHOM cayyae IJMMHHBIX BOJH (kRa <& 1,
rie a— MexartomHoe paccrosHue). Teopus JleGas OGBIYHO TpekpacHo
COTrJIaCyerca C OMbITOM, TaK KaK TelJOeMKOCTb fiBJiseTcA CBOHCTBOM, Majo
YYBCTBUTEJIbHLIM K JeTa/JaM 4YaCTOTHOrO pacnpeiefeHdUs HOPMaJbHBIX
Koje6anuit,

TenJoeMKOCTh 9JIeKTPOHOB NPOBOAMMOCTH B MeTaanax. Korna
COBOKYNMHOCTb aTOMOB oO6pasyeT MeTa/ll, BaJieHTHbIE 3JIEKTPOHB aTOMOB
CTaHOBATCA 9JEKTPOHAMH NPOBOAUMOCTH MeTalla. B HEKOTOpOM cMbicie
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51eKTPOHB TMPOBOAMMOCTH CBOOONHEI, T. €. MOTYT MNepeMewaTbcs B pe-
preTKe MeTaqna; MX MOXHO YCKODATb BHELIHUM SJEKTPHYECKHUM MOJeM,
c0314Basl MOTOK, Ha3biBaeMbift MeKTpUYECKHM TOKOM. Ecin 61l snekTponbl
penn ceba Kak CBOGOLHBIE KJIACCHMYECKHE YACTHLH, TO MX BKJAlL B Temjo-
¢MKOCTb COCTaBJIsN Obl 3/y N& (N — uuc/10 cBOGOLHBIX 3/71eKTPOHOB HA elM-
nny o6bema). Ecau B cayuae ausnextpukos npu T 5> O noawxas tenso-
¢MKOCTb paBHa 3R Ha MOJb, TO LJS MeTaNJoB HalO OXMIATb BEJHYMHBL

(3—{-%) R =¥ Ha MOJIb.

OnHako B NeHCTBUTENLHOCTH TeNJOEMKOCTb METajJOB TpU BHICOKHX
TeMIlepaTypax Ma/io OT/AMYAeTCs OT TeMJIOEMKOCTH NH3/JEeKTPpuKoB. IToaromy
HeT HMKaKHX OCHOBaHMH CYUMTAThb, YTO BKJal 3JEKTPOHOB B TeNJOEMKOCTb
MOXHO OLIEHMBATb KakHUM-Au60 CrmocoOOM, OMUPAIOIMMCA Ha KJaccuye-
CKYI0 CTaTHCTHKY.

HlcTuHHOe moBeneHHe rasa 3/JeKTPOHOB NPOBOAUMOCTH B MeTar/e MpH
13MeHeHUH TeMIepaTyphl onpeleaseTcs Npexie Bcero npuHuunom Ilaymu,
COr/MacHO KOTOPOMY /Ba 3/eKTPOHA He MOryT HAaXOIUThCA B OLHOM H
TOM e KBAHTOBOM cocTOsiHMM. CBfi3aHHbIE C 3TMM BOMPOCH OYAyT TiA-
TeJbHO pa3o6paHbl MO3AHee, B IJ. O, CHEUHANbHO NOCBAILEHHOR Teopuu
cBOGOIHBIX 3/1eKTPOHOB B MeTalle. OIHAaKO TO, YTO Kacaercs TemnJo-
eMKOCTH, ClelyeT H3JOXHTb Yyxe 34ecb, 4TOOBl UMeTb BO3MOXHOCTb MpH-
MEHUTb 3TH PEe3yJbTaThl K SIBAEHHIO TEMJIONPOBOLHOCTH, KOTOpoe Oyner
PacCMOTPEHO CPasy MOCJ/e TemIOEMKOCTH.

M3 KBaHTOBOH TeOpuM cUCTeMbl CBOOOILHBIX 3JEKTPOHOB C Maccoi m
cjenyer, 4YTO TeN/JIOEMKOCTb 9JEKTPOHHOTO rasa NpH HU3KUX TeMmmepa-
Typax

n2N'h A
32y’ 2

Insi OGBIYHBIX MeTalNOB MOHATHE «HU3KHE TeMNepaTyphi» B pacCcMaTpH-
BdeMOM CJlyvyae O3HauaeT TeMMepaTyphl MHOro Hixe, npumepro 30 000°K.

Crenyer 0co60 NOLYEPKHYTb, YTO 3JeKTPOHHAA TEMJIOEMKOCTb C8 3a
BUCHT OT TeMMepaTyphbl JuHeHHO; YMCIeHHOe 3HayeHHe KoddduuueHTa T

4acTo MOpsAKa 107* Kana[moas - 2pad?, W, cienoBaTe/bHO, MPH KOMHAT-
IOl TemmepaType BK/Aald 3JEKTPOHOB B MOJHYIO TeNJOEMKOCTb COCTaBJ/IseT

npuMepHo 3 - 1072 Kaa/M0ab - 2pad, T. e. BEJIHYUHY, OYeHb Majlylo INo
cpaBHeHHl0 ¢ 6 Kaxa/moab-2pad, xoropas naercs 3akoHom Jliojonra
v IlTn ans TennoeMKOCTH pelleTKH.

[Mpy KOCTATOYHO HHU3KUX TeMNepaTypax, OOBIYHO HHXKe 4°K 9JIeK-
TPOHHasi [OJA TeMJOeMKOCTH CTaHOBUTCS O6oJiblue [OJM pelleTkd, Mo-
CKO/IbKY 9J/IeKTPOHHasi TeNMJOEMKOCTb YMeHblIaeTcsi ¢ TeMmepaTtypol no
JHHEHHOMY 8aKOHY, 4 pelleToyHas — Nno 3aKoHy T3.

B pesynbTare, HHXE HEKOTOPOH TeMnepaTyphl SJMeKTPOHHbIH yneH Oyaer
B Mera/jax Bceria npeoGaajarb. BceaeacTBue 3TOro mosB/AeTCs BO3MOX-

Co" =1T; 1= m. (3.46)

5*



68 IJ1. 3. TEIJIOBLIE CBOMICTBA TBEPIBIX TEJ

HOCTb SKCMEPHMEHTANbHOrO onpenesneHus koddouunenta | B (3.46) nyrem
M3MepeHUH npu HU3KHUX Temnepatypax. M3 wuanoxeHHOTo cienyeT, uTo
npu T <€ 8@ MOXHO Hamucarhb:

Cp=CP™ 4 CO" = oT? 44T, (3.47)

Tie o— NOCTOSHHAsA, BEJIMYHHA KOTOPOH oOmnpelneseHa Bhie GOpPMYJI0oH
(3.45). Ecan bl mepenuuem (3.47) B ¢opme

_CTL — yaT?, (3.48)
T0 rpaduk 3aBucuMocTd Benuuudbl C,/T or T? nomken Gyser mpeicra-
BJATL COGOM MPSAMYI0 NUMHHIO, NMpPHYEM MepeceyeHue ee MyTeM SKCTPaNos-
LMH C OCbI0 OPAMHAT JACT HAM BeJMUMHY 7, @ HaKJOH NpAMOR — Be/u-
YHHY a M, CJel0BaTelbHO, XapakTepucTuueckuit mapamerp lebas 6. pa-
¢ux noxo6Horo poxa Aas cepebpa npuBeled Ha puc. 3.5.

“l,é'”'l'l'l'l1l'l'l'l'
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}§jﬂ
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Puc. 3.5. TennoeMkocTh MeTannnyeckoro cepe6pa (no aaH-
upiM Kopaka, Tapdynxens, Carrepysiita u Bexcaepa).

dKcnepuMeHTalbHble 3HaueHH KOIPOHUUMEHTAa | LIS HEKOTOPHIX Me-
TaN0B npuBeleHsl B Taba. 3.2.
Ta6anna 32

3HaueHHs KO3 HUHEHTA ¥, XapaKTepPH3YIOUHE 3JEKTPOHHYIO
TeNnJ0eMKOCTb MeTaJJioB

MeTtann 1-10%, kas/mons-2pad? MeTaan 1-10%, kaxa/moas-2pad?
Cu 1,65 Co 12
Ag 1,46 Ni 17
Au 1,78 Cd 1,7
a-Mn 33 Zn 1,3
a-Fe 12 .
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DKCMEePUMEHTANIbHO YCTAaHOBJAEHO, 4YTO TeMIepaTypHas 3aBUCHMOCTb
TelN0EMKOCTH 9JEKTPOHOB NPOBOAUMOCTH AEHCTBUTENbHO uHeRHa mo T
18 6OJbIWHKHCTBA MeTann0B. ONHAKO KOID(UUHMEHT Y MOKET UMeTb Belu-
yHHY, 3HAYUTEJbHO OT/AMYAIWIYICH OT MpelcKasbiBaeMoi# Ha OCHOBe ¢op-
myabl (3.46).

doHoHbl. B xone uanoxenus teopuu Jle6as Mbl NPUILIM K KBaHTO-
BaHMI0 YNMPYrUX BOJMH B KpHCTalje. DHeprus ynpyroit BOJHb C KPyroBo#
yacTOTOM ® He MOXeT WMeTb NMPOM3BOJbHBIX 3HaYeHMH; OHA LOMKHA ObITH
paBHa LEJOMYy 4uCIy MOPUMH BeaHYMHOH hw. DTa MHHMMAnbHAA MOPLHS,
§JAM KBAHT, SHepruM ynpyrux konebaHuit hw HaswiBaeTcsi gpononou. Ham
yKe HM3BECTAO, YTO KBAHT SHEPTHH SJEKTPOMArHUTHOH BOJHBI TaKKe
pasell o W yTO OH Ha3biBaeTCs (OTOHOM. DTH HA3BAHUS OTPAKAKT TOT
crielMPHUUECKH KBAHTOBBIYf aCMEKT HEKOTOPHIX BOJIHOBHIX NPOLECCOB, MpPO-
ABAAIOWMACA B TOM, YTO BOJHB BelyT ceOs KaK YacCTHLb; B YaCTHOCTH,
B npoleccax OOMeHa 3Heprufft OOBLIYHO MMEIOT MeCTO fBNEHUS POXUEHHUS
M MCYe3HOBEHUsl LeJOro 4yucnaa (GoHOHOB, ()OTOHOB M T. I

EcTeCTBEHHO NpPELNOJOXKHUTb, YTO UMNY/AbC (OHOHA CBAA3AH C AJMHHOM
BO/IHBI COOTHOWleHueM le Bpofas A== h/p, unu, B GoJee obuie#t dopwme,

COOTHOLUE€HHUEM
p=hk (3.49)

KOTOpoe OBIO BMEpBble HMCMOMb30BAHO L/ OGBACHEHMS CBA3H MEXIy
IJUHOR BOJIHBI MU UMMNYJbCOM 3JeKTpPoHa. POHOH BO MHOrMX OTHOLIEHHSX
BelleT ceOs TaK, Kaxk ecau Ov. OH NeHCTBUTENbHO Obl1 YacCTHUEH C UM-
NyJbCOM, YIOBJeTBOpsOWUM cooTHoweHuwo (3.49). B psne mpoueccos,
NpH KOTOPLIX YUCAO (OHOHOB HJAM MX BOJIHOBbIE BEKTOPBl M3MEHHAIOTCH,
MMNYJbC LEHTPa Macchl YaCTO M3MeHSIeTCA TOYHO TaK, KaK ecnau Obl Be.H-
uynHa B (3.49) Oblia HacToAwMM MMnyJabcoM. OLHAaKO B Teje KOHEYHBIX
pasMepoB HOpMaabHbie KO/MeGaHUSs — 3TO CTOsiUMe BOJIHBI B CUCTEME KOOp-
IMHAT, CBAI3aHHOM C LIEHTPOM MacCChl, a TaKMe HOpMa/bHble KoJebOaHus He
MOTryT mepeHOCUTb MMnyiabca. Ho ecau takue BoJHB BO30YXIaTb H3BHE,
NepeHOC MMMY/bCa OTHOCHTEJbHO LEeHTPa Macchi 6yneT UMeTb MecTo. ITO
NOBOJIbHO TOHKHMH Bompoc. BesuuuHy AR 4yacTo Ha3LIBAOT UMAYALCOM
Kpucmasasa — TePMUH, YKa3biBalOWIMA HAa HeOOXOLUMOCTb OTJIHYATL 3Ty
BeJMYMHY OT HCTHMHHOrO MMMyJ/bCa LEHTPa Macchl KpHUCTalna.

[Mpu 6parroBCKOM OTPaXKeHUH MANAIOWMX HA KPUCTAJN PEHTTeHOBCKHX
Jyyet MMnynbc (OTOHa H3MeHSeTCS HAa BeJUYMHY, PaBHYIO Npou3Belc-
HHI0 27 Ha BeKTOp OOpaTHOM pelueTKH, M 3Ta BeJMUMHA KaK pas paBHa
HMIYbCY, TMONYYEHHOMY LEHTPOM MacChl kpucranna. Hukakux ¢oHoHOB
npu stoM He BO30Oyxnaercsd (eciu OTpaxxeHue YUCTO OPIrroBCKOE) H,
TakuMm o6pasoM, cymMma fiR 11 (GOHOHOB OCTaeTCsi HeH3MEHHOH.

TenaonpoBogHocTe TBepabix Tea. Kosadduuuent Ttennonposol-
Hocty K TBepLOro Tena Jerye BCEero ONpeneauTh CAeLYIOLIUM O5pasoM.

YCTb B AJIMHHOM CTePXXHE UMEETCH FpaineHT Temneparypsl 07/0x, BbI3bl-
BAOWMA CcTaLMOHAPHBLIE TOTOK Ten/ia BAOAbL ero AJAMHbl. Torza MOxHO
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HanucaTb ypaBHEHHE o
=K== 3.50
Q=K 3. (3.50)

rie Q —noTok TennoBON 3Hepruu (sHeprus, NpoOXoidilas yepes morme-
peuHoe CeueHMe CTepXHs 33 eAHHULY BpeMenH), K — KO3I(dQuUUEHT Ten0-
NPOBOJHOCTH, KOTOPBIA YACTO BHIPAKAIOT B €NMHULAX KAAL/CM - CEK - z2pao
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Puc. 3.6. TemmepaTypHas 3aBHCHMOCTb TEMJAOINpO-
BOJHOCTH psJia KPHCTAJJOB H CTEKOJ.

Ja —xpucTana kBapua napaanenbHo ocx (no aawumm fe laasa

h Bupmaua), /6 — KpucTaaa KBapla mapajnienbHO OCH (IO AaH-

HHM JfikeHa), [/ —KpHUCTaa XJOPHCTOrO HATPHA (IO AAHHBIM

nkena), /11— kpucraan CaF, (no nanumm ditkena), IV — naa-

BAeHbA" kBapu, V — 6opocHauK@THBIA Kpouraac, VI — pupekc,
VIl — Tiopunirckoe ctekao (no naHunM Keeaoma).

win amfcu - 2pad. Yto( sl nepeTu x enuHuLAM 8m/CM - 2P &0, YHCIeHHOE
sHaueHne K B eQMHULAX KAL/CM - ceK - 2pad clenyeT yMHOXHUTb Ha 4,186.
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DKCnepUMeHTa/IbHble KPUBble TeMNepaTypHOH 3aBUCHMOCTH KO3(du-
1 MeHTa TEeNNONPOBOAHOCTH Psilid KPUCTAJJIOB M CTeKOJ IpHBelEHbl Ha
puc. 3.6, Meam —Ha puc. 3.7.

Bun ypashenus (3.50), onpelensiouero TengonpoBOAHOCTb, COAEPHKUT
p cebe yTBepKAeHHE, YTO MPOLECC PacnpOCTPaHEHHS TeMJOBOH 3SHepruu
aBJSeTC  cJaydafiHbIM rnpouec-

coM. Henbas cuutate, uto Tem- . 2z
noBas SHEPrus MPOCTO MOCTY- R .
naet C OAHOTO KOHLA CTEPXKHA H, 47 —/’0@§
npAaMO MpOC/Ie10BaB BLO/b HErO, '§ . §
NOXOIMT [10 ApYyroro Kouua. 2 AR
Aueprus «a1upPyHAUPYET» CKBO3b %‘” . l§
o6pasell, HCMBITHBAs MHOFOKPAaT- R 14 §
Hbie «CTOJAKHOBeHHs». Ecan 6bl §zp . S
JHEpI'Ust pacnpocTpaHsnaach 6e3 °§ —4
OTK/JIOHEHHH# NpPAMO CKBO3b 06- §70 :
pasell, TO BbIpaxeHue AAf Ten- § =
OBOTO MOTOKA 3aBHCENO Obl He

OT TpajMeHTa TeMnepaTyph, a v
auwb ot pasHocth AT  Temme- Tesnepamyps, K
patyp Ha koHuax obpasua Hesa- o= g TeMnepatypHas 3aBHCHMOCTD

BHCMMO OT ero aauHel. Pacnpo- TeIIONPOBOTHOCTH MenH [9).
CTpaHeHHe Tenja sABASETCA MO

cBOeH mnpupole CaAyyaHHbIM TMpPOLECCOM, YTO M TMPHBOAUT K TMOABJEHUIO
rpalHMeHTa B BHIpaXXeHMHM I/ TeMnJOBOro MOTOKa.

KuHetnueckass Teopus ra3oB B W3BECTHOM MNpHO/MMKEHHH AaeT cle-
Lyiouiee BblpaxceHHe A KO3(PGHUMEHTA TeNnaONpOBOAHOCTH:

)
S
™D
[

K = CuA, (3.51)

rie C — Ten/n0eMKOCTb Ha eJMHHLY O6beMa, & — CPelHAs CKOPOCTb 4a-
ctul, A — cpenHss AJauMHa cBOOOLHOro npoGera 4acTUllbl MexAy coyaa-
penusimu. Jle6ait ucrnosnb3oBaa STOT pe3y/abTaT KMHeTHUeCKOH TeOpHH ra3os
IJ1S OMUCAHUS TeMJONPOBOAHOCTH AHINEKTPUYECKHX TBEPABbIX TeJ, CUHTas,
4to C eCTb TeNN0eMKOCTb KoJeGaHu# pelueTKu (T. €. HOHOHOB), & — CKO-
pocTb 3BYKa, a A — cpelHss AauHa cBo6osHOro mnpoGera ¢oHoHOoB. He-
KOTOpHle THMHYHBIE 3HA4YeHHs cpelHel NJMHBI cBoGoxHOro npobera ¢o-
HOHOB npuBeleHbl B Taba. 3.3.

[Tone3aHo BHIACHUTb XapakTep cAyyafHOro mpouecca, 00ycJ/OB/IMBAIO-
Llero TemaonpoBoAHOCTb. OOblYHOE ypaBHeHHe TEMJONPOBOAHOCTH AJd
NMOTOKa TenJ0BON 3HePruH B JAMHEHHOM 06pa3ue MMeeT BHIL

Q=—i—K (T, —Ty), (3.52)

rie Q—I\OJH‘-IECTBO Tenja, rnpoxojswee yepe3d eAHHHYHYIO TMJAOLIANKY



72 I'Jl. 3. TENIJIOBBIE CBOVICTBA TBEPIbIX TEJI

Ta6anna 3.3
3HaveHHA cpefHel AJHHBI CBO6OJAHOro mpob6era ¢(poHOHOB *)

o
Kpucraan T, °C Kaajcus-2pad K, kaajcu-21ad-cex A, 1078 cu

KBapu (BroJb on- 0 0,48 0,03 40
THYECKOH OCH) —190 0,13 0,12 540
NaCl 0 0,45 0,17 23
—190 0,24 0,064 100

*) 3HaueHus A BbIYMCAEHB MO ¢opmyne (3.51), mpuyeM N/ & MPHHATO yCPelHEHHOe
3HAayYeHHe CKOPOCTH 3BYKa U=>5-10% cm/cex.

B eauHuuy BpeMenu, T, — T, — TeMnepaTypHbifi Nepenal MexAy KOHLUAMH
ofpasua, L —ero AjauHa.
Bocnoas3oBaswuce aas K B (3.52) suipaxenueM (3.51), noayuum

Q=3C(T,—TyAL. (3.53)

YpaBHeHni0 B Takoi ¢opMe MOXHO 1aTb IPOCTYIO HHTeprHpeTauuio:
C (T, —T,) npenacrapaseT co60#f M3OLITOK MJIOTHOCTH 3HEPTHH HA OLHOM
KoHlle ofpa3ua Mo OTHOLIEHHIO K APyromy. TtoT H3OLITOK pacrnpocTpa-
HAeTcs BAOJb 00pasua ¢ 3(pQeKTHBHOH CKOPOCTbIO MNepeHOca, Kotopas
paBHa KaK pa3 cpelnHe#l CKOPOCTH HocuTese#l SHepruH, YMHOXEHHOH Ha
OTHOLUeHHe cpelHeft ANJHHBI cBOOOAHOro npobera k AjauHe o6pasua.

Cpenuss naumHa cBoGoiHoro mnpobera ¢oHoHoB A omnpexessiercs
B OCHOBHOM JBYMsi TpoueccaMu: 1) reoMeTpuueckuM paccesiHieM (OHO-
HOB M 2) paccesHHeM ()OHOHOB Ha (HOHOHAX.

Ecau cuapl, neficTBylouie MexAy aTOMaMi B pelleTKe, TaKOBbl, 4YTO
06yC/OB/MBAIOT JHLIb YHCTO TaADMOHHUYECKHEe KoJeOaHHA, TO He MOXeT
CyllecTBOBaTb HMKAaKOrO MeXaHH3Ma, KOTOpPHH mnpuBoAMa Obl K CTOJKHO-
BEHMAM MeXAy pas3JHuHbIMH ¢oOHOHaMH. B 3TOM cayuae cpeluss AjauHa
cBo6oaHOro npobera GOHOHOB OMNpelensieTCss HCKJAIOYHUTENbHO CTOJKHOBe-
HUSAMM (OHOHOB C TPAHWYHBLIMHM MOBEPXHOCTSAMH KPHUCTaAna H C JedeKTaMu
pewetky. Ciyyalt, Koria ykasaHHble NpoLecchl IBAKIOTCA peo6ianaouumu,
Gyner paccMoTpeH Huxe. Hanuunme B pelleTke aHrapMOHMYeCKHX B3aHMO-
NeHCTBUH CBA3aHO CO B3aHMOJeHCTBHEM MeXAy Pa3/JHYHBIMU (OHOHAMH,
KOTOpOe OrpaHHYMBaeT BeJHUHHY MX CpelHero cBoGogHOro mnpobera.

[TocTpoeHHe TeOPHH, YUHTbIBAIOLEH BAMsSHHE aHTAPMOHHYECKHX B3aHMO-
JeHcTBMH B pellleTKe Ha ee TENJONPOBOAHOCTb, ABJAETCS OLHON M3 Hau-
6o/iee CAOMHBIX MpobJjeM (U3HKM TBEpPAOro Tesa.

[MpubanxenHble pacueTbl Oblau BhimonHeHs [Je6aem [10] u ITaitepa-
com [11]1), KoTopbie paccMorpenu npoGaeMy BecbMa noapo6to. Ouu

') Cu. Taxxe pab6ory Xeppunura [12].
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[OKa3anH, 4TO BeJNHuYMHa A NpH BBLICOKMX TeMNeparypax B COOTBeTCTBHH
¢ onbiToM nponopuxoHanbha 1/T. Takoft THN 3aBHCHUMOCTH MOXHO 06bsC-
1IUTb, TNOAb3YACL TNPENCTaBJieHHEM O uucae (OHOHOB, MOTYLIMX B3aMMO-
neHCTBOBaTh C NaHHBIM (POHOHOM, NMOCKOJbKY NpPH BLICOKHX TEMIepary-
pax YHMC/I0 BO30YkIaeMbiX (HOHOHOB MPONOPUHOHALHO T.

TEMJIOBOE PACLIHPEHHE

[TpuuMHbl TENJOBOrO PACIUHPEHHsI MOXHO NOHATh, €CAH PACCMOTPETh
BJMAHHE AHrAPMOHMYECKHX YJEHOB B BBLIDAXEHHH IS MOTEHLHANbHOM
9HEpPrHH B3aUMOLEHCTBHS map aToMoB npu Temnepatype T. IMoTeHuuans-
HYI0 SHEPrui0 B3aUMOLEHCTBMS aTOMOB NPH CMELIEHHH HA PACCTOAHHE X
OT MNOJOXeHWs MX paBHoBecuss B peuwerke npun 7 =0°K Mbl 3anuiuem
B BHIE

V(x)=cx?— gx3— fx*, (3.54)

rie uneH ¢ x3 OnUCHIBaET ACHMMETPHIO B3aUMHOIO OTTA/JKHBAHHS aTOMOB,
a uieH ¢ x* onucbiBaeT ofllee «cMArdyeHue» KoJeGaHuit NpH GOMLLINX
aMIIMTYAaX.

CpelHee cMellleHHe Mbl paccuuTaeM, NoJb3ysicb QyHKuHeH pacnpele-
nAedus DBosbliMaHa, C NMOMOLIBIO KOTOPOH ycpelHeHHe BO3MOXHBIX 3Haue-
HUft KakoR-inb0 ¢u3uyeckol BeauuuHbl (B LaHHOM CJayyae X) NPOM3BO-
IUTCS B COOTBETCTBHH C HX TEPMOAMHAMHYECKHMU BepOSTHOCTAMMH:

+oo
f xe~V (XURT 4o

- —00

X=—0F . (3.55)
f eV (XURT 4.

-~ 0o

B cayuae manbix cMelueHu# (3Heprus, CBsa3aHHas C aHrapMOHHYHOCTBIO,
Mana) noAblHTerpaJdbHble BhipaxeHHs B (3.55) MOXHO pa3noxuTh B pal;
TOraa MOJAYYAM RPHOMHKEHHO:

“V )T [y ~ — kT gxt | fx° - &
fxe o) dxzfe ey (x+ 8+ ) ax =5

/'e-v CVRT gy ~ /e-m/kr — (ﬂ)'/"
. - c

1 nosroMmy
3kgT
x=-4—f,—, (3.56)

T. e. naa TeMnepaTypHOro KoO3Q@duiMeHTa TeN/JA0BOrO paCLIHPEHHSI Mbl



74 I'J1. 3. TETIJIOBBIE CBOVICTBA TBEPIBIX TEJI

MOJyYaeM MOCTOAHHYIO BeAHUMHY. 3HaueHUs KO3(DOHLHEHTOB JHHEHHOrO
pacluMpeHusi 1A HeKOTOPbIX BelleCTB mpuBeleHs B Taba. 3.4.

Ta6aunuma 3.4

KoapduumueHTs! THHEHHOro TENJAOBOro PacUWIHPEHHs B 06JaCTH KOMHaTHOMH
Temnepatypbl [, =1y (1+ 7))

BewecTso B~10°-z/a6_' BewecTso B-108. 2pad !

Au 14 HeHckoe crekao (2054—111) 6

Li 56 AgBr, 400

Na 71 Zn (]| raaBHO# OCH) 64

K 83 Zn (1 raaBHOH ocH) 14

Ni 13 Te (|| raaBHOM ocH) —1,6
Pt 9 Te (L raaBHO#t ocu) 27
CsCl 50

3AJIAYUN

3.1, TlokasaTb, YTO TemJOeMKOCTb ONLHOMEPHOH pellleTKH M3 OAMHA-
KOBLIX aroMoB (iuHe#HO# wuenouku) B npubamxmenun Jebas B obaacru
nuskux temneparyp (T <& 6) nponopumonanvia T/8, rae 8 — spdex-
t1:BHas Temneparypa Je6as B OJHOMEPHOM ciyyae — ONpeLeaseTCa OOl -
HOLIEHHEM

6 = ho,,/k = hnvy/ka,

rie k—mnocrosHHas BoabumaHa.
3.2. IMokasarb, uTO BHIpaweHHe LS cpenHell SHEPrHH KJACCHYeCKOR
CHCTeMbl MOXeT OBTb 3anMcaHO B BHle

g dInZ

(Ey= kT2 2=,

rae MHTErpaj COCTOSHMR Z, Mo onpele/ieHHIO, €CTb

szfe_% dp dq,

rie g — KOOpAMHATa, P — MMIYJbC.
3.3. Eciu anrapMoHnyeckui MOTeHLMan HUMeeT BUIL

V(x)=cx?— gx®— fx*,

TO ﬂpHﬁJlH)l(eHHO TEeNJIOEMKOCTb KJIaCCHYECKOro aHrapMOHHYECKOro OCuH.I-
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JATOpa BBIpaXaercs ¢opmyJoH
~ 3f | 15¢2
C==k[“F(7E’F—aT)kT}

Ilony4uTb STOT pe3y.bTart.
Yrasanue. BocnonbaoBaTbcs NPHGIHKEHHBIM Pa3/IOKeHHEM

nl4+n=x—7gx ().

Pacuer ynpouiaercs, ecau BOCHO/Jb30BATHCA HMHTErpajoM COCTOSHHH (CM.

sapauy 3.2). .
3.4. TlokasaTb npH MOMOIUK TepMOILMHAMHKH, UYTO
92T
¢, —C,=%T,

rie Cﬂ—Tel'lJIOCMKOCTb edMHHLUb OObeMa Nnpu TNOCTOAHHOM [4aBJIEHHUH,

C, — npH NOCTOSIHHOM o6beMe, § — TeMnepaTypHbif KO3 dHULUKEHT AUHElH-
Horo pacimupenus, K — cxumaeMocTb. OLEHHTb YHC/IEHHYIO BelMUMHY
pasHocth C,—C, aas mean npu 300°K u nmpu 1000°K.

3.56. TlpupasuuBas kT ynpyryio SHepruio, NpUXOASLLYIOCH HA 3/eMeH=
TapHylo sueitky [(1/2) ce?a®], nokasaTh, uTO JOKadAbHas Tenuosas Aedop-
Mauus B KPUCTalie NPH KOMHATHOH TeMrepaType Moxer GuiTb nopsaka 0,1.
3necb e — nedopmauns, ¢ — cpelHee 3Ha-
YyeHde Ynpyrod MOCTOAHHOM, @ — MOCTOSH-
Has peLIeTKH.

3.6. 3aBHCHT M KJacCHYeCKHH pe3yib-
tar (3.15) OoT mMpeanosOKEeHHs O TOM, YTO 4F
BCe aTOMHble OCLMJJIATOPH HMMeT OIMHa- \
KoBylo uactoty? ITouemy?

3.7. Tlpenno/sioxuM, 4TO Mbl MMeeM CH-
creMy u3 N MOJMEKYN, Kax1as W3 KOTOPBIX  Puc. 3.8. CucTema, o61azaio-
1{C3aBHCHMO OT OCTa/IbHbIX MOXKET ObiTb OPHEH-  llas [IBYyMs YDOBHAMH 3HEp-
THPOBaHA OTHOCHTEIbHO HEKOTOPOro (ukcu- WA € 3anoaHeHuamu Ny i Na.
POBaNHOrO HanpaBJieHHS OIHUM M3 IBYX CO-
co60B: mapanienbHO WJIH aHTHnapainenbno. Ilpeanmonoxum, nanee, uto
SHeprus MoJiekynabl C OAHO# u3 opHeHTauuit Ha AE 6oJblle, 4eM B Npo-
THBOMNOJOXHOH. TOrna Mbl MMeeM MPOCTYIO CHCTEMY SHEPreTHUeCKUX YpOB-
Hell, mokasaHnylo Ha puc. 3.8. Ilpu TenjoBOM paBHOBeCHM OTHOILUeHHE
uncaa N, MoJeKy/, HaXONSILUUXCS B BePXHEM SHepPreTHYECKOM COCTOSHHH,
K uucny Monekyn N, B HWXHEM COCTOSIHHM onpelensercs ¢opMyJioht
Boabumana:

Snepeus

,

Y

AE
N ET
N,
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IToka3atb, 4TO BHYTPEHHAA 3HEPrusg CUCTEMbl

N AE

UleAE:T_*:W'

rie N= N, N,. IlokasaTb, laiee, 4TO TeMJOEMKOCTb TaKOH CHCTeMBbt

AE
(A2
C=Ne A,
(1+e”_’)
kT
IMoctpouts rpaduku 3asucumoct N; u C oT napamerpa X=-pr.

3ameTuM, 4TO MaKCHMYMBbI, MOJyyYaloliuecs Ha KpUBOH 1/ TENJOeMKOCTH,
TOrO e THMa, YTO M TaK Ha3biBaeMble aHoMaauu IlIoTTkH.



FTJTABA 4

JVUAJEKTPHUECKUE CBOWMCTBA

B Hacrosumelt rsnase cHayana pacCMaTPHBAIOTCH COOTHOIUEHUS MeXAY
BHELIHUM 3JIEKTPHYECKHM TMOJEM H BHYTPEHHUM 3JEKTPHUECKHM IMOJEM,
neACTBYIOIIMMH Ha aToM B TBepaoM Tese. XapakTep B3auModeHCTBUS
aToMa C BHYTPEHHHM MOJIeM OmnpejesseT MOJAAPHU3ALMI0, 4 CAMO BHYTpeH-
lee MOJIe MOXET B CBOIO ouepelb 3aBMCeTb OT MOJSpU3aLMH. 3aTeM pac-
CMaTPHBAETCA 3JIEKTpHUYeCKas MOJAPH3alHA aTOMOB, MOJEKYN M KpHCTaJI-
JOB B CTaTHYECKHX TMOJAAX M B IEpPeMEeHHbIX MOJAX BbLICOKOH uacTOTHI.
[Toaspusauusa omnpenenseTcs Kak CpelHU#H IHMMOJbHBLIH MOMEHT, nmpuxons-
wuics Ha eluHulLy o6GbeMa; IMNOJbHBIA MOMeHT oOpasua B LeJOM ofpe-
leasercd Kak &’:Ze,ri; cymma OepeTcs NmO BceM 3apsilaM CHCTeMBbl.
[Ipeanonaraercs, 4TO CHCTEMa B LEJNOM 3JEKTPUYeCKH HelTpa/bHa, npu
TOM YCJAOBMM BeJMYHHA CYMMBbl He 3aBHCHT OT BbIOOpAa Hauyala KOOpAH-
HAT BEKTOPOB ;.

BHYTPEHHEE 3JIEKTPHYECKOE MOJIE

Pacuer neficTBylOllero Ha aToOM MJM HOH BHYTpPeHHero moJs, o6ycnao-
BJIEHHOrO TnoJjfgpu3aluued o6pasua B Le/NOM, ABJAeTCS OAHOH M3 BaxcHeH-
IIMX 3aJay TeOPUH [HMIJEKTPUKOB M TeOpHHM MarHetuaMma. PaccMmorpum
CHavyaja TBepAblA AHSJIEKTPHK, HMMEIOLIMH MPOCTYI0 KyOHYECKYl0 CTPYK-
Typy. Ilpeanonoxum, uto ob6pasel uMeeT (OPMY 3SJJIMNCOMA4, ONHA H3
oceft KOTOpPOro napaJjijie/ibHa HaNmpaB/eHHIO HAJN0XEHHOTO 3/eKTPHUYECKOro
noas (puc. 4.1).

Mone Ejo, AeficTByoliee Ha KakoH-1M60 aToM BHYTpPHM KpHCTasia,
MOXHO TPeNCTaBUTb B BHIAe CYMMbl noJeft

Eoc= Eo+ E\+ E2+ Es, “4.1

rie E,— sjeKkTpuueckoe MnoJie OT BHELIHUX HCTOYHHKOB, E, — «aenons-
pusyiouiee noJe», OOYCJOBJIEHHOe 3apslaMH, MOSBHUBILMMHCA Ha ero
BHelllHel MOBEPXHOCTH B pe3yabTaTe noJspu3auuu obpasua. das mosc-
Henust ¢u3uyeckoro cmmicia noas E, BooOpasum cebe Manaywo cdepuye-
CKYI0 MOJIOCTb, BBIPE3aHHYIO BHYTPM 006pa3lia C LEHTPOM B HMCXOLHOM
Touke; mnosne E, durypupyomee B (4.1),-310 nose B ueHtpe cdepwl,
00yc/IOB/IeHHOE CBI3aHHLIMM  3apslaMd Ha BHYTPeHHeH MOBEPXHOCTH
nosoctu; E; — noJjie aTOMOB BHYTPH MOJOCTH.
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YacTb NoJst BHYTPH AM3JIEKTPUKA, OnucbiBaeMas cymmoit E, ++ E, < Ej,
KaK pa3 MOJNHOCTbI0 XapakTepHayeT NefiCTBHE Ha MCXONHHI aTOM IHMOMb-
HBIX MOMEHTOB BCex Ipyrux aromoB oobpasua. Ilone E,+ E,—E,
B 3/MEKTPOCTAaTHYeCKOH cH-
CTeMe eJHMHULl OMHUCHIBAETCA

] I ]EOI [ BbIpaxKeHHeM

E,+E+E=
__2 3(pir)ri—rip
=y ——,

i T

niu B cucreMe MKC

E1+E2+Es=

1 23(Pz"i)"z—’§l’t

_41ceo r? ’
(4.2)

rae p; — AWNOJbHBIA  MO-
MeHT aroMa §, a g=
Puc, 4.1. Cxematnueckue wusobpakenue mo- __g g5. 10”12 &/ m — nn-
JOCTH BHYTPH JH3JEKTPHKA, NOSACHAIOILEE POJIb HUecK 1DOH
pasnHuHbBIX (AKTOpOB, (opmHpylowux mnose O/1EKTPHUECKAs poHnuae-
BHYTPH [JH3JIeKTpHKa, JeficTBylollee Ha HOH, MOCTb.

pacnoJOXeHHbIl B LEHTPEe TaKOH MOJOCTH. Ecau  aGCTparupoBaThes
Toxasano BHewHee moJe E,, aenoaspusyiouee none E; OoT MHKpOCKO]‘lVNECKOﬂ nu-

u noae Jlopenutua E,. BHyTpeunee geficTBylowee noae
npexcTaBaser co6oi CyMMy STHX mojeHl W IOAs Lu- MOJIbHON CTPYKTYPHl OAHOPOA-

noaed Ha BHYTPeHHeH NMOBepPXHOCTH MOJOCTH. HO NMOJISIPU30BAHHOTO 06})831.[3.
TO MOXHO, MNOJb3YACb MeTo-
JaMH 3JeMeHTapHOH 3/JeKTPOCTaTHKHM, PaccyuTaTh MoJie BHYTPU obpasua
KaK MoJie 3apsiiOB, pacrnpele/eHHbIX C MJIOTHOCTbI0 P, Ha MOBepXHOCTH
obpasua; P, Gyler npeAcTaB/ATb COGOH HOPMaJbHYIO KOMIIOHEHTY BeK-
Topa noaspusaunn P Ha noBepxHocTH o6pasua. Miaes BBenenus BooGpa-
#aeMOH MOJMOCTH COCTOMT B TOM, yTO noje E; aunmoned BHyTpH MoJOCTH
Mbl MOXEM TDPaKTOBaThb MHKDOCKOMHYECKU C NMOMOLUBbIO TAKOH BeJHUHHHI,
Kak (4.2), a BCIO OCTa/AbHyl0 YacTb 06pasua — MaKpPOCKOMHYECKH C MO-
MOILbIO HHTErpasioB MO 39((deKTUBHBIM NOBEPXHOCTHbIM 3apsizaM. Oaud
uHTerpan OepeTcd MO BHellHe# MOBepXHOCTH o6pa3ua M naeT moac E,,
apyrol — no nosepxHoctH cepuyecko#t nomoctu u naer E,. Tlone E|,
KaK MOXHO BuIeTb u3 puc. 4.1, 10/MKHO OHITb HanmpaBJeHO MpPOTHBONO-
JIOKHO HanpaBJEHHI0 BEKTOpa MOJAAPH3ALHH, MOITOMY ero H Ha3blBAlOT
Jleno/IAPU3YIOINM NOJIEM.

Henoaspusywomee mnoJge. Pacuer nemoaspusyiouiero nosas spiaseTcs
3ajayeft, XOpOIIO M3BECTHOW M3 KJACCHUECKOH TeOpuM 9JeKTpuyecTsa.
[osToMy 3lecb Mbl MpHBeleM JWLIL pPe3yJabTaThl. YCTAHOBJIEHO, UTO
romorenHsle 06pasubl npM MNOMELIEHHH B OAHOPOAHOE BHelllHee moJe
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()y[[y’l‘ ONHOPOIHO MNOJIPU3OBATLCA TOJILKO B TOM CJyuae, €cC/JM OHHU
yMeloT GOpMY SJAMMCOMAa WM GHOpPMy, ABJIAIOLIYIOCS NPeledbHBIM CJy-
yaeM 3aauncouna. Ecau onHa u3 raaBHbIX ocelt asiauncouaa mapasienbia
pHelIHEMY TMOJIO, TO BeKTOp mnoJspu3auuu 6yner napanjeseH BHELIHEMY
noJ10, TaK XKe Kak M Jenoaspusyiollee noJje E;, BeluunHy KOTOpOro,
suas noaspusanuio P, MOXHO

ONpeseNHTb H3 COOTHOLIEeHUs ’ T T T T T
E = — NP (sneKkTpocTaThue- 08 i
CKas CHCTeMa ell.), ’
E,=— —4]Y£- (cucrema MKC). « 461 -
TEg Y
4.3)
04t~ -
KoHcrauta N  HasbiBaercs
0enoaspusyrouum PaxKmopom
(ee aHaNOTOM B MarHeTUsMe SIBJis- QZF -
eTcsd pasdMarHHuuBamOIUi  Pak-
top). Beauuuna N 3aBucut or 0 I L 1 L 1
OTHOLIEHHA OCeH 3Jaauncousa. ! 2 Z’a/a 4 5 6

B TeopuM MarHeTH3Ma BeJHYH-

N TOYHTENbHO BaXK-~ Puc. 4.2. KpuBas 3aBHCHMOCTH Jeno.spH-
Ha [V MMeeT UCK aylomero $akTopa B HanpaBAEHHH OCH
HOe 3HayeHHue. CHMMETPHH 3JIUIMICONA BPAILIEHHS OT BeJH-

Ha puc. 4.2 npuseneHa kpu- YHHBl OTHOLIEHHA oOceil ¢/a.

Basi 3aBUCHMOCTH N OT OTHOLIEHHS

oce#t sniuncounos BpauieHus. Ciayyan Apyrux ¢opM OblIM paccuMTaHbI
Oc6opHoM [1] n Cronepom [2]1). laHHoe 31ech onpenesieHne BeJuynHbol N
e 3aBMCHT OT BbLIOOpPA CHCTEMbl €NMHHUL M HMEET OIHY W TY e BeJHUHHY
KaK B JEKTPOCTaTH4YeCKON cucteMe, Tak W B cucteMe MKC. 3Hauenus N
IJs HEKOTOPBIX Mpele/bHbIX ClydaeB JaHbl B NMPHBOAMMON HiKe Tabauue:

Popma obpasua Hanpasneune N
Cdepa [TpounsBoabHoe 4r/3
Toukasn maacTuHka [lepneHIHKYAIPHO K MJAOCKOCTH 4n
MJIaCTHHKH
Toukasn nmaacTuHka B naockoctH maacTHHKH 0
Hauuubtit kpyroBoil uuaunap | Broab ocu uuauHzpa 0
Jaunupiii kpyroBo# umaunip | [NepneHAMKYJASPHO K OCH UMAHHApa | 27 l

[MouaTne [enonspuayiollero ¢akTopa UMeeT CMBICJA, CTPOro roBOpd,
JUIIbL [/ ONHOPOAHOTO 3/UINMCOMAA B ONHOPOAHOM BHelIHeM ToJe.

. ') OTHocuTeabHO NPHGAMMEHHBIX 3HAaYEHHH AAA 0O6PAa3LOB HEIIHICOHAAND-
HOH ¢opmel cM. paboTh [3] — [5].
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Jenoaspuayoiue (4 pa3mariuuuBaiouive) GakTopsl 3SJJAUNCOUAA HMEIOT
TO BaxHoe cBo#cTBO, uto N, N,+ N,=4~x, rne N,, N,, N,— ne-
nosspusywole GakTopbl B HaNpaB/JeHHH TPeX rJIaBHbLIX Ocel d/MNCOMAA.
Unorna seanunnnt N;(j=a, b, ¢) onpenensioT Tax, yto6bl HX CymMa
MO rAaBHBIM OCAM 3JJIHNCOMAA Oblia paBHa eiMHULE, HO Mbl He GyleM
3TOro J1e/aTh.
JlopentueBo mnoJge, ITose E,, o6ycnos/ieHHOe CBA3aHHBIMH 3apsilaMH
Ha [MOBEPXHOCTH BOOOpaxcaeMo# MOJOCTH BHYTPH AHM3JeKTPHKa, OblNO
BnepBble BbiyucjieHo Jlopentuem. Ecau 6 — no-
JAPHBI/ yros B CUCTeMe, I'le OCb 2 COBNanaeT c
BEKTODOM MOAAPU3ALHH, TO MOBEPXHOCTHASA IJIOT-
/—\ HOCTb 3apslla Ha MNOBEPXHOCTM MOJOCTH PpaB-
> Ha — Pcos 0 (puc. 4.3).
B uenrtpe cdepuuecko#t nosoctu paauyca a
/’j{a 3JIeKTPHUYECKOe MoJe

3

E,= [ a~%(2rnasin0) (a df) (P cos ) (cos H)=
0

__ 4=P
- 3

(4.4)

(B 37MeKTPOCTaTHYECKOH CHCTeMe); B CHCTEME

Puc. 43. K pacuery mo- MKC noayuum
as B cpepHyeckod Tmo-

JNOCTH BHYTPH OJXHOPORHO E,= P .
NOMAPH30BaHHOH cpe- 3eo
Ibl. 3apsal KOJbLA paBeH
2na sin fa dOP cos 6. IMone B monocTH OKa3uiBaeTcsl, TakUM 00pa-

30M, IefICTBUTE/NbLHO OLHOPOAHBIM, HO IJS Ha-
KX Ue/del HAM HYXHO Jiullib TOJE B LEHTPe MOJOCTH; eCTeCTBEHHO, 4TO
€ro BeJIMYHHA TAKXKe PaBHA TOJbKO UYTO BHIYHUCJ/IEHHOMH.

Mone punoaneit BHyTpH mogoctu. ITone E;, o6GycnoB/ieHHOe AUMO-
JISIMM, 3aMOJMHALINMH MOJOCTb, OTHOCHTCS K TeM ujdeHaM cymmbl (4.1),
KOTOpble 3aBHCAT OT CTPYKTYphl KpHucTaina. CHayana Mbl paccMOTPUM
TPOCTYI0 KyGHYeCKyl0 CTPYKTYpy, I/ KOTOPOH, Kak yxe ObLIO MOKa-
3aHo, E3==0, ecqiu Bce aTOMBl CUMTAaTb TOYEYHBIMM IMMOJIAMH, Napal-
JeNbHBIMA  Apyr Apyry. ITycTb MOMeHTBl Bcex AMMoJe#t HanmpaB/eHbl MO
ocu 2. Ilome B nanHo#t Touke, o6yc/OBJeHHOe NeHCTBHeM BCeX APYTHX
aunonéd p,,

2 2
2 N 3PiZi — P
Ey= ) —————  (371eKTpocTaTHyecKas CHCTeMa),
r
i l
(4.5)

2 2
N 3pl,zi R piri .
E’z— 2 _— cucreMa MKC).
s : 4mor‘:’ ( )
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B cuay cHMMeTpuM pelleTKH M MOJOCTH

2 2 2
i Yi *i
2—5— 2—5'— 2_5'
i T 1 T .

N03TOMY
r 22
= = 5
rl ri
U, CJedOBaTEe/IbHO,
E,—0.

JlokasaTebCTBO Mcye3HOBeHH Ej;, KOTOpOe MBI TOJBKO YTO MpHBEJH,
CTpaBelJIMBO BO BCeX TeX CAyyasX, KOrja paccMaTpuBaeMas TOYKA Haxo-
IUTCA BHYTPU KyOMUeCKOW peLIeTKH, a MOMEHTH IuMOJel mapaJebHbl
Mexay coboft. Takum o6GpasoM, E;=0 B ciyyae MHAYUHMPOBAHHOM noJf-
pu3auuM B MPOCTbIX, 'PaHELEHTPHPOBAHHLIX U 0O'bEMHOLEHTPHPOBAHHBIX
KyOu4ecKHX pellleTKaX, a Takxke B M3OTPOMHHX cpenax. Hwxke npu pac-
CMOTPEHHH CerHeTO3/eKTPUYECKUX CBOMCTB THTaHaTa Gapus Mbl YBUIUM,
uto B HeM E3=0; xora peweTka TUTaHaTa Oapus uMeeT KyOHYECKYIO
CUMMETPHIO, - HO PAcCHOJIOKeHHe HOHOB, OKDYXKAIOLIMX HOHH KHCJI0POLa,
KyOuueckolt cumMerpueit He obnanaer.

Ilonre B naockoM KoHAeHcaTope, 3anoOJHEHHOM JHIJEKTPHKOM.
CorniacHo KaccH4yeCKOH TeOpHM 3JIEeKTPUYECTBA MakpOCKomuyeckoe (cpen-
Hee) 3JEKTPUYECKOe [M0Je BHYTPU AHINEKTPHKa — 310 cpentee noJje E
BHYTPH JaHHOH y3ko#f (urnoo6pasHOR) MOJNOCTH, pacnojioxeHHOH napan-
JeJbHO BEKTOPY MNOJApPU3AUMH, TOTAd Kak noje cmeulenus D ompene-
JAeTCA KAk CpelHee MOJe BHYTPH TMJIOCKOH 1MCKOOGpa3HOH MmOJOCTH,
pacroJIOKeHHOR TMepneHAMKYASPHO K BEKTOPY moJaspusaunn (puc. 4.4)
Pasunoctb

D —E—=4rP  (37eKTpOCTaTHYECKas CHCTEMa) (4.6)

onpenensercs nojeM 4wP cBA3aHHBIX 3apaAoB njaoTHocTH P, Haxons-
LIMXCA HA TMJOCKMX TNOBEPXHOCTHAX JIHCKOOOPAasHOH MOJNOCTH; BJHSHHEM
CBA3aHHBIX 3apALOB B UTJ000pa3HoH nonoc'm MOXHO TpeHeGpeub. Buyrpu

cepuueckoit MOJOCTH NOJe PaBHO E+—P B cucreme MKC dop-

Myna (4.6) uMeer BuI
D —_ SoE = P,

a mnone BHYTpH cepuuecko#t mojoctu O6yseT PaBHO
P
E+3—eo'

Monspuszauus P uau AusjexTpuueckas nponuuaeMocts e=D/E
(B snextpocratuuecko#t cucreMe) uian e=D/gE (8 cucreme MKC)

6 4. Kurrean
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o6bIYHO onpegensioTcs nyteM HuaMepeHus eMxocth C = Q/V KoHzenca-
TOpAa, 3aMOJHEHHOTO HCCAeAyeMbIM IH3JexkTpukoM. [Ipexnonaraercs, uTo
B OTCYTCTBME [HM3JEKTPHKA HANPSXKEHHOCTb MO MewAy TJaCTHHAMU
KOHAeHCaTOpa paBHa E’, Tax 4YTO MOBEPXHOCTHAasA IJIOTHOCTb 3apsioB
paBHa I E’/4m (B sJiekTpocTaTuueckoit cucteme) wam e E’ (B cu-
creMe MKC).

Ecan npocTpaHCTBO Mex Ay NJAaCTHHAMM 3aMOJNHUTb LM3/JIEKTPUKOM,
TO Ha ero MOBEPXHOCTH MOABATCA 3apALB C MJIOTHOCTbIO T P; 9TH 3apsint
3ateM HeHTpanu3yloTcs 3apslaMM, TeKyLIUMH B LENH KOHAeHCa'opa.

4
ntf
+ \\ + + P +

Puc. 4.4. K onpenenennio Bexkropos D u E.

Hanpsxenue V, npuaoxeHHoe K NAACTHHAM KOHAEHCATOPA, CO3AaeT

3nextpuieckoe note E(V=EFEw, rie w —paccTosHHe MexXay nJia-

cTunamu). BosaywiHBIMM 3330paMH  MEXLY NJAacTHHaMH KOHIEHca-

TOpa M AM3JEKTPHKOM NpH 3TOM npene6peraeM; E/4n 4 P — naot-

HOCTb 3apAfa HA NAACTHHE KOHAEHCATOPa; P — MJOTHOCTb 3apfla Ha

MOBEPXHOCTH AuanekTpuKa. (Bce dopmyan B 3axexTpocTaTHueckoit
CHCTEME eNHHHL.)

%

r—8—

[Mose £ B moJOCTH, pacmoNOXeHHOR mnapa/ijefbHO BEKTOPY MOJAPU3ALUM
(urnooOpasHolt), OyseT paBHO CyMMe ABYX moseit: 1) moas — 4=P, o6y-
C/IOBJIEHHOTO MHAYUMPOBAHHLIMH 3apsnamu, u 2) noas E' 4 4xP, o6y-
CJTIOBJEHHOTO HMCXOLHBIMH M HEWTPaJN30BaHHLIMH 3apsliaMH Ha MadCTHHAX
KOHIeHCcaTopa (00a BhipaweHus B 3JEKTPOCTATHYECKOH CHCTEMe eIHHML).
Cnenosarebli;0, 14 Hallero kouieHcaropa E = E’ u, coraacHo (4.1), (4.3)
u (4.4),

Eroe =Eo+E1+Ey - Es = (E + 4nP) 4 (— 4mP) + (4nP[3) + (0),

ec/M KpUCTaIorpaduueckas CTpyKTypa Au3JMEKTPUKA TakoBa, 4to Ey =0.
Mbl noayuuau ¢opmyay Jlopenrtua

Eo=E—+ % P (3/1eKTPOCTaTHYECKAA CHCTEMA),
. “.7)

Epwe=E -1—L P (cucrema MKC).
l 3¢
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Htak, BeJMYMHA MaKPOCKOMHYECKOro cpeiHero noJs E Touno Ta xe,
yro W TOJSA MexAy NJaCTHHAMM KOHIEHCAaTopa mnepel BBeldeHHeM Tyna
1M3MEKTPHKA; moJje, HeficTBYIOllee HAa aTOM BHYTPH AMIJEKTPUKA, PaBHO
cyMMe IByXx mouet: 1) moas E u 2) moas 4wP/3 (B snexTpocTaTuyeckoft
cucreMe en.) uiu P/3e, (8 cucteMe MKC), 06yca0BieHHOr0 noaspuaaimeft
pcex IOpYrux aroMoB o6pasua. [lanee cielyer OTMETHTb, YTO eC/H TJa-
CTHHH KOHJEHCATOpPa NOCTAaTOYHO TECHO CONMPHKACAIOTCHA C NUIJIEKTPUKOM,
TO MOXET UMeTb MecTO 3¢pdeKT 3aKkOpauMBaHWA M AeNOJAPU3ALMSA.

Teccman, Kan u Illokau [6] nokasanu, uto ¢opmyna (4.7) npubiu-
JKEHHO BBIMOJNHAETCH TAKXKE W 1A HOHHBIX KPHCTaJJOB.

JUSJEKTPHYECKAS MPOHULLAEMOCTb U NMOJNAPH3YEMOCTH

HusnexTpuyeckas NMPOHHLAEMOCTb € MMeeT OJAMHAKOBYI0 BENMUHHY Kak
B 3JeKkTpocTaThueckoft cucreme, Tak u B cucreMe MKC. Ilas msoTponHbix
cpel OHAa OmpelefifeTcs COOTHOLIEHHEM

% =1-+}4n i;—: 1 4 4wy  (37ekTpocTaTUYECcKas CHCTEMa),
4.8)
D P
=L F= 14+ E= 1 44xy  (cucrema MKC),

g =

rie y — IM3JEKTPUYECKas BOCIPUHMYMBOCTb. B nosBieHuu nepen y MHO-
wutens 4n B (4.8) HeT HHMYero yAMBHTE/NbHOrO; OJjaronaps eMy 4HCJ/eH-
Hble 3HAayYeHHs ) CTAHOBATCH HE3aBUCHMBIMH OT MNpPHMEeHAeMON CHCTEMHI
enuHul. ITonsipuayeMocTb OnpelnenifieTcs COOTHOLIEHHEM

P,
a,. == Ei
loc

(an1eKTpOCTaTHYECKAs CHCTEMA), 4.9)
rie MHAEKC [ OTHOCHTCA K THMY aTOMa, p;, — AUMOJbHBI# MOMeHT. [ToJb-
3ysich BeJNMYMHOM a;, MONAPU3ALMIO MOXKHO 3aNMHCaTb B BHIE
' i
P= % ElocN,«ai.
rie N; —uuciao aToMoB Tuna i B eldunuue oObeMa.

Ecan BHyTpeHHee moJie CBSi3aHO C BHEWIHUM NoJeM (opMyJoi
Jlopentua (4.7), T0 nMeeM

P Z N,»al e—1
5= — = — (anextpocratuyeckas cucreMma). (4.10)
=5 X N

Paspewas 9T0 COOTHOIIEHHE OTHOCHTENbHO ZN,Ia,-, HOJyYuM

—1 4 O
T 5 Y Na (4.11)
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D10 BhHpaxeHdne B oOuied ¢OpMe OMUCHIBAET CBA3b MeXAY NUIJIEKTPUUe-
CKOM NMPOHHIIAEMOCTbIO BEILECTBA U MOJSPH3YEMOCTbI0 aTOMOB. Bripaxenue
(4.11) moxHo mnepenucatb B Buie ¢opmyas Kaaysnyca — Mocottn
(unu Jlopenu — JlopeHTua, eciu 3aMeHUTb € Ma n?):

M e—1  4n

T TFe= 3 Lo (aniexTpocTaTdyeckas CHCTEMA), 4.12)

roe M — MoJekynspHH# Bec, p— MIOTHOCTb, L —uucno ABsoranpo,
n— NOKa3aTelJb NpPENOM/EHHs, & — MOJHAA NOJAPU3YeMOCTb, OTHECEHHas
K OLHOH Mounexyne.
Beanuuna, croswas B JeBoi vactd (4.12, HasblBaeTA MOAAPHOL
ROAAPU3IYEMOCMBIO.
H3amepenune nuajexTpuueckot mpoHunaemMoctu. OObiynbiit Merton
H3MepeHud IlHSJ‘ICKTleleCKOﬁ NMPOHHULAEMOCTH OCHOBAH HAa CpaBHEHUH
emkocth C”  KoHzeHcatopa,
3aMOJIHEHHOTO  HCCJIeLyeMbIM
Ofpasey . BeLlecTBOM, C eMkocTblo C’
nycroro konnescaropa. OTHo-
/ wenne C”/C’ paBHO nH3/EK-

c
¢ Es TPHUYECKOH MPOHHIAEMOCTH €.
Onpenenexne BeJUUHHBL EMKO-
CTH B TPHHUMIIE MOXHO OCY-
A IIeCTBUTb NPH MOMOIIM pe3o-
4 ] HAHCHOTO  KOHTypa, cozlep-
W, = ————
NI lcee) Kalero WUHAYKTUBHOCTD L o

eMxoctb C. Taxko# KOHTYp

Puc. 4.5. Cxema ycTpoiicTsa aas u3MepeHMs mokasaH Ha puc. 4.5, rie
H3JIEKTPHUECKOH NMPOHHIIaeMOCTH.

A p POHHLL C, — xanmubpoBaHHEI  mepe-

MeHHBI} KOHzeHcaTop, a C —

KOHEHCATOp, B KOTOPHI MOXHO noMellaTb uccaenyembift oOpaseu. Ilpu

BB2JeHun 06pasua B koHzeHcatop C nepeMeHHYI0 eMKOCTb C, M3MEHSIOT TaK,

-1
yToObl COXPaHHUTb HeH3MeHHOH pe3doHaHcHyw wacroty wy= L (C,+4C) o

orciona MoxHo Hath C’ u C”, a crenosarenbHo, M e. Jlusjektpuye-
CKHe MOTepH MOXHO ONPeNeNHTb MO OCTPOTe HAacTPOHKHM BOGJM3M pe3o-
HaHca.

KoHkpeTHble CXeMbl, HMCMOJAb3yeMble NJs TAKUX H3MEPeHUH, HeOaHO-
KPAaTHO OMHMCHIBAaNMCL B JWTepatype. B cilyuae CBepXBHICOKHX 4acTOT
TEXHHKA H3MeDeHUH HeCKOMbKO W3MEHSIeTCs; 3IeChb yallle H3MEepPAIT NJIUHY
BOMHE A B oOpasue. [nanexTpuyeckas NPOHHLAEMOCTb NOJY4aeTcs U3
COOTHOLIEHHS

A (B BakyyMme) —
A (8 o6pasue) V-SP"

rae p— MarHuTHas NpOHHLAEMOCTb.
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dneKTpPOHHBIE MNOAsAPH3YyeMocTH. IloaHylo noOAApU3YeMOCTL aToMa
WM HOHAa OOLIYHO CYMTAIOT COCTOfAUIEH W3 Tpex vacTeH!): 3/neKTpoHHOH,
MOHHOH M OPHEHTAUUOHHOH. ODJeKTPOHHAs uacCTb MOJAAPU3YEMOCTH 0Oy-
C/IOBJEHa CMeIlleHHEeM 3JeKTPOHOB B aToMe OTHOCHTEJNbHO fApa, T. €.
nepopMaumet snexTpoHHOH o6omouku aroMa. VloHHas (uam aromHas)
yacTb TMOJAPU3YEMOCTH CBA3aHA CO CMELUEHHAMH 3apAKEHHBIX HOHOB MO

[onan morspu3yemocs
(Cedcmsumenstan yacims)

&= Cgup+ yugy + %o

| 4

|21 |4

l Yacmoma

Puc. 4.6. CxemaTHueckasi KpHBas, HIJIOCTPHPYIO-

1as YaCTOTHYI0 3aBHCHMOCTb Pa3JHYHBIX COCTa-

BASIOUMX JEeHCTBHTENbHOH YacTH NOJHOH NOAf-
pH3yeMocCTH.

/ — o6aacTb paano- U MHKPOBOJHOBBIX 4acToT, // —obaactb
uHpaKpacublx 4actor, /// —o6aacTb yJAbTPaHOJICTOBLX
4acToT.

OTHOLUIEHHI0O K APYruM HoHam. OpHeHTalHOHHAs (MMM JMNOJbHAdA) MOJsf-
pH3yeMOCTb BO3HHMKaeT B TeX CJAyYasX, KOria MOJeKy/bl, H3 KOTOPHIX
COCTOMT JaHHOe BellecTBO, 06/JaaI0T NOCTOSAHHBIM 3J€KTPHYECKUM LHIOJIb-
HBIM MOMEHTOM, OpDHEHTAaUUs KOTOPOro MoxeT 6oJee WM MeHee Jerko:
M3MEHATbCA NOA JeHCTBMeM BHEIUHEro 9JeKTPHYECKOro mnoJas. MoxHo
9KCMepHMEHTaNbHO pasfenaTh 3TH pa3jnyHble YaCTH MOJNAPH3YEMOCTH.
Oaun u3 cmoco6OB TaKoro pasjeleHds WANOCTPUPYeTCs PUCYHKOM 4.6.

O6bluHO penxo OblBaeT TaK, YTO B ONLHOM M TOM e BELUECTBE U
MOHHas ¥ QUNOJbHAA JOJU NONAPU3YeMOCTH OAMHAKOBO Besnku. Hanpumep,

1) B rereporennblXx MaTepHanax OGBIYHO HMEET MECTO elle OJIHH MeXaHW3M
NoJAApU3alHy, CBA3AHHBIA CO CKOMAEHHEM 3apAfioB HAa FPaHMIAX BKIIOYeHui (Inter-
facial polarisation). DTOT THN NMOAAPH3ALMH HE MMEET NPHHUMIHAJLHOTO 3Haue-
HHUs, HO mnpencTaBaseT GoOJbIIOH NMpaKTHUECKHH MHTEpEC, TaK Kak KOMMEpYeckHe
H30/UHOHHbIE MaTepHaJbl OObluHO rereporeHHbl. ([logpo6Hee — B kHHre Xum-
neas (7). (ITpun. nepes.))



86 I'J1. 4 OUDJEKTPUYECKHE CBOFICTBA

B MOHHBIX KpUCTaJJMaX JHNOJNbHAA 4YaCTb MNOJAPH3YEMOCTH BoOOIe

OTCYTCTBYET.
B ofnacTH ONTHYECKMX YACTOT JIHMIMEKTPHUYECKas TNPOHMLAEMOCTh

MOYTH UeNUKOM OOYC/AOB/eHa IMEKTPOHHOR nosspuayeMocTsio. B 3rtoft
o6aactu ¢opMyna (4.11) npunumaer BuI

n?—1 4

WFT =3 ZNiai (371eKTpoHHas) (4.13)
(3nech MOJONKEHO &= n?, rie n— noka3aTejb NPEJOMIEHHA, U HCIO.b-
30BaHa 3JIEKTPOCTAaTHYECKAs CHCTEMA eIUHULY).

[Monb3ysick HaGiI0NaeMbIMH  3HaYeHMAMH TOKa3aTessi IpeJOMeHHUs,
¢ noMouplo ¢opmyibl (4.13) MOXHO a7 O6OABLIIONO YMC/Aa KPUCTANIOB
CO BMOJIHE YLOBJAETBOPUTENbHOM TOYHOCTbIO ONMpPEeNeNHTb 3HAUEHUS 3JieK-
TPOHHOH noaspusyeMocTH. [lonyuyeHHEle STUM NyTeM 3HAYEHHS NPUBENEHbI
B Taba. 4.1.

Tabauna 41
DJeKTPOHHAst moAsipH3yeMocTh HoHoB (B eamnuuax 1072 cu ®)

3nadenus, npusenennsie B Tabauue, B3sATH M3 crathu [loannra [8) u u3 crateu Teccmana,
Kana u Ilokau [6], rae moasipu3yeMocTH Ompenensanch 1A D-AMHHKM HATPUS

He Lit Be2+ Br3+ ctt HUcrounuk

0,201 0,029 0,008 0,003 0,0013 [8]

0,03 (6]
0~ | F- Ne Nat+ | Mg | APt sitt
388 | 1,04 0,390 0,179 0,094 0,052 | 0,0165 (8]
(24) | 0,652 — 0,41 — — — (6]
s?~ | cl- Ar K* Caz+ | Sei+ | Tt
102 3,66 1,62 0,83 0,47 0,286 | 0,185 (8]
55 | 2,97 — 1,33 1,1 — (0,19) [6]
Sa2- Br- Kr Rb* Srz+ Y3+ Zro+
10,5 4,77 2,46 1,40 0,86 0,55 0,37 (8]
(7.0) | 417 — 1,98 1.6 — — [6]
Te2- I- Xe Cs+ Ba?+ La3+ Cett
14,0 7,10 3,99 2,42 1.55 1,04 0,73 (8]
(90) | 6,44 — 3,34 2,5 — — (6]

M3 paccmoTpenus Tabauubl MOXHO YCTAaHOBHTb, UTO TPHBEAECHHHIE
B Hell NaHHble He BNOJHe COrJAacyloTcs Mexay COGOMH; neno, no-suau-
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MOMY, B TOM, UYTO 3HA4YE€HHUd SJleKTPOHHOﬁ noJsspu3yeMOCTH HOHOB MOryT
11eCKOJIbKO 33aBHCETb OT OKPYXAOWIHX HX B Kpucrtajaie 4acTHl.
KaaccHueckas TeopHusi 3JeKTpPOHHOU moaspudyemocTd. Ecau cuisl,
yﬂep)i(ldBalOl.U.He 9JIEKTPOH B aTOMe, TAKOBHI, YTO €ro KoJie6aHus NMpoHuc-
XOAAT MO rapMOHUYECKOMY 3aKOHY, TO COrJ/ACHO KJaCCHYeCKOH MexaHHKe

yacTOTa €ro xose6GaHuit .
wy = \/% (4.14)

rae B — kosdduuuent ynpyro#t csazu. MIMeHHO npu 3TOH yacTOTe AOMKHO
1IMETb MeCTO pe3oHaHCHOe morjolenHe. CpelHee cMelleHHe 3JeKTPOHA X,
pbLI3BaHHOE JeHcTBHEM 3jekTpudeckoro mous Ely, MOXHO onpelenutb
13 yCJOBHS

eEjoc = Bx = majx. (4.15).

Takum 06pasoM, AJs CTATHYECKOH S/MEKTPOHHOH MONAPH3YEMOCTH (B 3/eK-
TPOCTATHYECKOH CHUCTeMe eNMHHUIL)
ex o
0N =L (4.16)
Eloc Eloc muy

DeKTPOHHAsA NOJAAPU3yeMOCTb OyIeT 3aBuCeTb OT 4acTOTH, M 3Ta 3aBH-
CHMOCTb OT 4YacTOTHl, COIJIaCHO pe3yJbTaTaM NPUBOAUMOrO HHXe MNpi-
Mepa, HMeeT BHI

e2

aon) =T __ (4.17).

(1)0—(.0

Ho B Buammo#t o6nactu 3Ta aucnepcus y GOJMbIUMHCTBA AM3JIEKTPUUECKUX
MaTepuaioB OGBIYHO He OYeHb 3HAaYMTeNbla.

ITpumep. HatineM 4acTOTHyI0 3aBUCMMOCTb 3JEKTPOHHO#t moasipuayc-
MOCTH I/l 3JeKTPOHA, MMEIOLero Pe30HAHCHYI0 YacToTy ). B kauectse
MOlead TaKOH CHCTeMbl BO3bMeM NPOCTOH TapMOHUYECKHH OCLMJIATOP.

YpaBHenue IBHXeHHA B 3iexTpuueckoM monae E,ei®! umeer sun

mx - mogx = eEe"™. (4.18)

Pewenue Gynem uckatb B BHIe

x = xqelet, (4.19)

Iloncrasus 310 pewenue B ypaBHeHWe, MOJAYuMM

m(— 0?4 u)g) x,= ek, (4.20).
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JunofbHBIE MOMEHT cudTaeM paBHBIM pge‘“f, rie

Do =ex0=71—(—w2__2)-’ (4-21)

U3 asroro pesyabrata cpasy cielyer cdopmyaa (4.17).
[Monbaysce ¢opmynoit (4.16), olleHUM MO MOPAAKY BeJHYMHBI 3JIeK-
TPOHHYIO MOJSAPH3YeMOCTb BOAOPOIA

a:e_’zﬁ(ﬁ)’= B 0 =107% s (4.22)

HoHnas moJssipu3dyeMocTh. Y XJOPHCTOrO HaTpHd NOKasaTelb MNpe-
aomiuenus n = 1,5, ciegosarensHo, n?=2,25, B TO BpeMs Kak 3HaueHue
CTaTHYECKOH [NM3JeKTPHUeCKOH mnponuiaeMocTH paBHO 5,62. Pasanuue
B 3HaueHMAX CTAaTHYECKO# M ONTHYECKOH AMIJIEKTPHUYECKOH NMPOHMLAEMO-
cTeft (Ae) B clyyae MOHHBIX KPHCTANJIOB MOXHO MPHNUCATh HOHHOM noJaspu-
3yeMOCTH; L/ XJOPUCTOrO HaTpus BeqnuynHa pasHoctu Ae = 3,37. Hon-
Haf moadpusauus OOCYC/NOBJAE€HAa OTHOCHTENbHBIMM CMELUEHHSMH HOHOB
NPOTUBOMONOXHOTO 3HaKa BO BHEIUHEM 3JEKTPHYECKOM TMOoJe, a TaKxe
gedopMmaimeit 3MeKTPOHHBIX 000/M04YeK HMOHOB BCJeCTBHE OTHOCHTENbHOTO
JBUXEHUS HOHOB.

PaccmorpuM, yto OyseT NPOMCXOAMTb B KPUCTaJle XJOPHCTOTO HAaTpHs
NpH HaJOXKEHWH OJHOPOAHOrO BHewHero mnoas E, Kawxaw# wnon Nat
CMEeCTUTCS M3 CBOEro MNOJIOXeHWS PAaBHOBECHS B KAKOM-TO HamnpaBJieHUH,
kaxabih non Cl~ cMecTuTCS B MPOTHBOMOJOKHOM HampasiaeHu. Iunoub-
HbIf MOMEHT paBeH NpOW3BelleHHIO CMelleHHUs Ha 3apan 3JjekTpoHa e. Ilas
.conocTabieHuss B Taba. 4.2 a9 psna BeulecTB 3HAYeHHS CTATHYECKOM
nudJIeKTpuyeckoft nponuuaeMoctu €(0) nmpuseldeHbl BMecTe CO 3HauyeHHAMH
KBaipaTta ONTHYeCKOTO NOKa3are/sf NpeaoMJ/eHus.

Ta6anuna 42
CraTHuecKas  Ju3JeKTPHYeCcKas  npoHHuaemoctb ¢ (0)

H KBaJpaT noKa3aTels NpeJOMJeHHS (n%) aaa raloreHuHIoB
1WeNoYHbIX MeTaaaoB co cTpykrypo#i NaCl

Kpucrann e (0) n? Kpucraaa e (0) n?
LiF 9,27 1,92 KBr 4,78 2,33
NaF 6,0 1,74 KI 4,94 2,69
NaCl 5,62 2,25 RbCl 5 2,19
Nal 6,60 2,91 RbBr 5 2,33
KClI 4,68 2,13 RbI 5 2,63

OpueHTAaLHOHHASA NMOJAPH3YeMOCThb. [lonspuayeMocTb, BQ3HUKalolasd
‘B pe3y/ibTaTeé OPHEHTHPOBKM BHELIHHM 3JEKTPUYECKHM TMOJIEM MOJeKyJ,
:06/1a1210MAX NOCTOAHHBIM 3/1eKTPHYECKUM IMUMOJbHBIM MOMEHTOM, OOBLIYHO
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ACCMATPUBAETCA B TEOPHHU rasos u kuakocTeHl. OAHAKO STOT Tun nosspu-
4veMOCTH HMEET BaXHOe 3HAaueHMe M B HEKOTOPBIX TBEPABIX TeJaX; OH
ouin Brepsbie paccmorper [le6aem (1912), kotopui#t mokasan, uTo mpea-
110/10)KEHHE O HAJIUYHU Y MOJEKY] MOCTOSIHHOTO AMMOJbHOTO MOMEHTA laer
B03MOKHOCTb OGBACHHTb GOJIbIUNE 3HAUEHUS NM3NEKTPUYECKOH NMpoHMUae-
MOCTH BOBI, CMIUPTA M APYTUX aHAJIOTHYHBIX XHAKOCTEH, a TaKke TeMnepa-
TypHyl0 3aBHCHMOCTb IM3/IEKTPHYECKOH MPOHHMIAEMOCTH STHX BeLIECTB.

ﬂpoénema II.HSJIEKTPH'-IGCKOV[ MPOHHUIIAEMOCTH BOLBl COCTOUT, KAK H3BECTHO,

S

=

TH, CL

CH:CLZ
- M

o o CHlY

N

MABPHER IOAGDL Y EMOLI775
'S
)

B o o O C c lo4
20k
s CH,
——0
1 1 l " L 1 1 l 1 1 1 1 I
4 q002% 0030 G095
V7 g000 ™

Puc. 4.7. Beanuuna (M/p) (¢ — 1)/(e 4+ 2) = 4nLa/3 (Ha3biBae-

Mas MOJAPHOH MOAAPH3YeMOCTbIO) Kak dyHkuus obpaTHoit

TEMNepaTyphl AJdsi COEAHHEHHH MOJNAPHOrO H HEMmoJsPHOrO 3a-
MeLIEHHOr0 MeTaHa B ras3oo6pa3HoM cocTosHuu [9].

B TOM, YTO ee CTaTHueckKas JHM3JEeKTpUYeckas NMPOHULAEMOCTb AHOMA/bHO
BeauKa, a MMeHHO, paBHa 81 (npu KOMHaTHOH TeMmepaTtype), TOria Kak
IPU ONTHYECKUX YacToTaxX OHa pasHa (1,33)2=1,77. Tenepb ycraHoB.€HO,
UTO 3TO pasdnuuue 0OYCJIOBJEHO OPHEHTALMOHHOW moaspusaumne#t, Koropas
Irpaet BaXHYI0 POJIb NPH HHU3KUX YACTOTAaX, HO NMpPH LJIHHAX BOJH, MEHb-
WwUX npuMepHo 1 cu, CTAaHOBUTCH HeCylieCTBEHHOH.

TunuyHas 3aBUCHMOCTb OPUCHTALMOHHON MOJSAPU3YEeMOCTH OT 0OpaTHOH
TeMnepaType nokasaHa Ha puc. 4.7. 3ametum, uro Mogekyna CH,Cl
IMEET NMOCTOSHHBI/ 3/eKTPUYECKUR 1MNOAbHBIA MOMeHT, a Monekyan CCl,
it CH, takoBoro He uMeloT.

B orcyrcrBue TenmaoBbIX BO3OYKIeHUR U B3aUMOLEHCTBUH MeXILy HUMH
MOJIeKYJIbl C MOCTOSSHHBIM AMMOJbHBIM MOMEHTOM PAaco/IaraloTcsl BCe B OXHOM
HanpasieHun TNpU HAMOXKEHWM Ja¥e CKOJb YroAHO CJAa6Or0 BHEILHErO
NoJis; 3TO 03HAyaeT, YTO AMINEKTPHUYECKas NMPOHULLAEMOCTb NO/IKHA UMETb
GeckoHeuno 6onblrylo BeauuuHy. B AeHCTBHTENLHOCTH OpHEHTHPYIOLUee
AeHcTBHE  9/eKTPUYECKOTO IO HACTHYHO YMEHbIUAETCs TEeMJOBLIMH
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KoneGaHMAMH, a4 B TBEPABIX TeJaX M HEKOTOPHIX KUAKOCTAX OHO Oyier
3aTPYAHATHCA B3aUMOLEHCTBMEM MOJIEKYN Ha MaiblX PacCTOSHHAX.

PaccMorTpuM IeHcTBHe TENIOBOTO ABHXEHHA HAa CBOGOLHO ABHXYLLHECH
Monekynbl. [ToTeHUMaNbHAst IHEPrHA MOJEKY/Jb C MOCTOSHHBIM MOMEH-
ToM p B nose E umeer Bul

.V=—pE= — pE cos ¥, (4.23)

rae O — yroa Mexay IumoJbHLIM MOMEHTOM W HanpasieHuem noas. Torza
noJspu3aLus
P=N,cos¥,

roe N —uuc/i0 MoJekyJ B eauHule o6beMa, cos O — 3Hayenue cos0,
CpelHee MO BCEMY pacnpeleNeHHIo NMPH TeNJI0BOM PaBHOBECHH.
CorsnacHo 3aKOHY pacnpele/eHuss BoJbuMaHa OTHOCHTe/bHAs BepOSAT-
HOCTb TOFO, YTO MOMEHT MOJIEKYJbl PAacnoJioXeH BHYTPH TeJIECHOrO
yraa d2, nponopuuonanbia e~V/*T, u nosromy
14

fe_F cos 0 dQ

_v '
fe T g0

Inst Toro uto6bl OCYLIECTBHTb WHTErPUPOBAHME MO TMOJHOMY Tejec-
HOMY Yrjy, nepefiieM K MOJSDHBIM KOOpIMHATaM

cos = 4.24)

T
f 9 sin 0 cos 0ePE cos U/kT 4
— 0

cos =

®
fQ" sin 0gPE cos Y/kT 4g
0

(MHOXHUTENb 27 MOABUJCA B pe3y/ibTaTe MHTErpupoBaHus no ¢). [losaras
cosb=x, pE/RT = a, 6ynem umeTb

+1 +1 +1

cos b= / e‘”‘xdx/ /e"*‘dx:d%lln /e‘”dx=cth a—%=L(a).
-1 -1 -1

(4.25)

Jlerxo 3aMeTHTb, YTO NOJYyYeHHOe BbipakKeHHe COBMajaeT ¢ QyHKUUeH
JlanxeseHa, koropas Oblia BnepBble BBeldeHa NMPH MNOCTPOEHHH TEOPUH
MarHuTHOX BOCMPUMUMYMBOCTH TNApaMarHUTHHIX Bewectd. I'padux sTOH
¢ynxuun npuselen Ha puc. 4.8; scHo BugHo, uto npu pETS> kT xpu-
Basi OOHApYXKMBaeT TEHIEHUMIO K HACHILEHHIO.
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C TOuKM 3peHus CpaBHeHHs C ONMBITOM HauGosee MHTepecHa 06/1aCThb
pE << kT. Beanunia IMnoJbHOrO MOMeHTa p mopanka 1078 54.-cm. ed,
TAK YTO TNpU KOMHATHOM TeMmneparype (kT=4~ 107 apz), ec/iu, Ha-
npumep, E = 3000 8/cu =10 5.4.-cm. ed/cn, To Bennuuna pE = 107" spe.

o T A1 T
/
/
28} J =
/
/
~ly /
| /
S 6+ / =
S /
© /
1] /
§ /
S 041 / .
,/
92 -
] | ! 1 1
4 7 2 3 4 5 I
a=p£//r7'

Puc. 4.8. KpuBas 3aBucuMocTH ¢yHKuMH JlaHxeBeHa
L (a) ot cBoero apryMenta a = pE/kT.

HakaoH kpuBoit B Haya/le KOOPAHHAT MOKa3aH NYHKTHPHON JAHHHeER.

Takum obpasoM, pE/RT = 1/4000, u nawe ycnoBue BemoaHsieTcs. B npe-
neabHOM caydae a <€ 1 (B 3/1eKTPOCTAaTHUECKOH cUCTeMe elNMHHUL)

E
L{e)=5 === (4.26)

H C/JeloBaTe/ibHO, Noaspu3auus (B TOH ke CUCTeMe emHHUL)

—— 2
P=Npcosh = A;‘ZTE , (4.27)
a noaApu3yeMoCTb (Ha MoJieKyay)
qfaun) — p? . 4.98
3kT (4.28)

ITpu xoMHaTHOH TeMnepaTtype — 3TO BeMYMHA NOPsAKa (10"8)2- 108 =~
=102 (3, 1. €. TOro e MOPALKA, YTO U 31EKTPOHHAS TOSPU3YEMOCTb.
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BbipaxeHue nas MNOMHOW MOJSPU3YEMOCTH MOXeT ObITb 3aNHCaHO Teneps
B Bule

2
a=ay+ -, (4.29)

Te yepe3 a, o6o3HayeHa AedopMalHOHHAS MOAAPU3YeMOCTb (T. €. CyMMa
9/eKTPOHHOR U MOHHOH noaspuayemocrtet). Buipaxenue (4.29) ussectHo
xak ¢opmyana JlanxeseHa — [le6Gasi; oHa uMena oueHb 6oJbllioe 3HayeHue
AnS UHTepHpeTauuu CTPYKTYPbH MoJeky/. Luno/bHEIR MOMEHT onpene-
JISeTCA M3 MOCTpPoeHuss rpacduka 3aBUCUMOCTM & /M MOJAPHOH nosspu-
ayemoctu (4.12) or 1/T (cM. puc. 4.7); BeJuuMHa HaKJAOHa KpusoH npo-
CTO CBsI3aHa ¢ p. DTUM crnocoboM OblaH, HanpuUMep, ONpene/eHbl AUNOJb-
Hble MOMEHTBI C/elyIOLMX MOJeKYJ:

Mouekyana HCI HBr HI H,0

p, 107 %a0.-cm. e0 1,03 0,79 0,38 1,87

JlunoJsibHble MOMEHTHl YacCTO BblpaxalT B eauHuuax J[ebGas: 10718
34.-cm. e0; eIMHMLA AMNOJbHOrO MoMmeHTa lle6asi Mo MOPSALKY BeJUYUHBI
paBHa TNpOM3BeleHMIO 3apsla 3JeKTPOHA Ha MeXaTOMHOe pacCTosHMe.

OpueHTauus jJunoseii B TBepabX TeJjgax. MoxHO oxuaath, 4TO
B XKMIKOCTAX M rasax MoOJIeKY/abl MOTYT TMOBOPaYUBAaTbCA COBEPIUEHHO
c20604H0; YTO Kacaercs MOCTOAHHBIX JAMNOJbHBIX MOMEHTOB B TBep.blX
TesaX, TO C/eLyeT OXMIAaTb, YTO BCA OOYCJOBJEHHas MMM OPUEHTALMOH-
Has YacTb MOJAPM3YEMOCTM MOXeT OblTb BbIUUC/EHa, KAaK OMUCHIBAJIOCDH
Bbille. B MoJeky/JspHBIX TBepAbIX TelaX CNOCOOGHOCTb LMMOJbHOH MoJe-
KyJbl MOBOPAYUBATLCA 3aBUCUT TJaBHHIM 00pasoM OT ee (OpMBL M OT
BE.THYMHBl CUJI ee B3aUMOAEHCTBUA C OKpYXaloLMMU MoJjekyaamu. Yem
6auxe dopma MoJsekyabl K cdepudeckoff M yeM MeHbllle BeNMYMHA ILH-
NOMLHOTO MOMEHTa, TeM Jlerde MOXeT NPOUCXOAUTh Bpalenue. Takum
ob6pasom, Hanpumep, B TBepaoM MeraHe (CH,), y KoToporo MoJiekyasl
HeNoJApHbIE M MMEIOT CUMMETPUUHYI0 GOpMY, BpallueHue MNPOUCXOIUT
JIOBOJIbHO CBOGOAHO; B TBEPAOM BOLOPOJE Bpali€HHE MOJIEKYJa NMPOUCXO-
OUT CTOMb CBOGOLHO, YTO YacCTOTbI JMHUH CreKTpa KOMGHHAUUOHHOTO
paccesiHus A5 TBEPLOro BOLOPOAA OKa3blBAIOTCA BeCbMa 6/IU3KMMM K COOT-
BeTCTBYIOUIMM yacToTaM ajs rasoobpasioro H,. Menee cumMeTpuuHble
mosekyJbl, HanpuMep HCI n H,O, npu Bbicokux TeMneparypax 006.anaior,
NO-BUIMMOMY, HEKOTOPLIM UYHMC/OM YCTOMUMBBLIX OpMeHTauuit; BpeMs nepe-
X04a OT ONHOH YCTOMYMBOH OpHeHTauuu K ApYrodl Ha3bHBaeTCH BpeMeHeM
peaaxcauum.
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IUNOJIbHASl PEJIAKCALUS W JU3JIEKTPHYECKUE NMOTEPH

OcHoBHAas NMPUYUHA PA3/JUUYHA MEXILY HH3KOYACTOTHON AM3JEKTpHYECKOH
[IOCTOSIHHOR ¥ BHICOKOYacTOTHOH (ompelenseMON, Kkak KBaLpaT ONTHue-
CKOro MNOKasaTe/s npejioM/JeHus) CBA3aHa C 3aTyXaHueM WM peJakcaudei
OpUEHTALHOHHOR HACTH NW3/IEKTPHYECKOH NMPOHHLAEMOCTH. BBenem BpeMs
pefaKCallu, KOTOPOE OnpeleNuM Kak NMPOMEXYTOK BpPEMEeHH, XapaKTepu-
3ylolWnit Mpouecc mnepexola BO3MYLIEHHOM CUCTEMBl B paBHOBeCHOe CO-
CTOSIHME, a YaCTOTy peJaKcauuu

KaK BeauunHy, obpatiyno spe- ¥

Melin penakcauuu. B neoanopoxn- &

HLIX OM3JEKTPUKAX, Tle uMeerT

MecTO TOJSpH3alus, CBA3aHHas ]

CO CKOIIEHUEM 3apfila Ha BKIO- 70

yeHusax (Mexauuam Makcpenna — /
BarHepa), MOXeT CyllecTBOBaTb 60

Lpyro# Tum pesakcaluu, KOTO- / / ),
pbilf MMeeT BaKHOe 3HauyeHue As 350 [ 7
TeXHHYECKUX . JMINEKTPHYECKAX of /
MatepuanoB (cM. 3amayy 4.5 B ¥ S8

KoHue raasbl). OpueHTaUHOHHBIE K /

4aCTOTHI penakcauuu uaMensiorcs % §

B IUMPOKOM HHTepBaje 3HaueHuH / / 9

W MOryT cuibHo 3aBuceth or 27 7/
TeMneparypbl. B cayuae Boxm / / /]
npu  KOMHaTHOH Temmeparype 7 71 /7 Z0000
penaKcauusi HMeeT MecTO TMpH 5
yacrore npumepuo 3100 2u, o —m T T o o
T. €. COOTBETCTBYeT IJHHAM 7

3/IeKTPOMAarHUTHLIX BOJIH MOPSA- p

ka 1 cu. B cayvae abaa mpu  DHC 4.9. TemnepatypHas 3aBUCHMOCTb

—20°C  uacToTh Denakcammy  MASEKTPHUECKOM NPOHHUAEMOCTH AbAA NDH
a P u Pa3NMUHBIX YAcTOTax (3HaYeHHs 4acTOTHI

nopsaka 1 kzy (puc. 4.9). B repuax npuBeleHbl Y kpusbix). (U3 pa-

BpeMﬂ peJaKcaunuu no 6otnl Cmuta v Xunukoka [10].)

Je6ato. Hebant [11] npennoxun

M3SLLHYIO TEOPUIO AM3JIEKTPUUECKOH peslakcallMi B MOJIAPHBIX XKHIKOCTAX M

B pacTBOPax MNOJAPHLIX MOJIEKYJ B HeMmo/sApHbIX pacTBoputensx. OCHOBHOM

€ro pe3y.abTaT — BblpaxkeHue M/ 4aCTOTHOH 3aBUCHMMOCTH OpMEHTaLUOHHOH

YacTH NOJSAPU3YEMOCTH — UMeeT BUI

(4.30)

=0
=TFiec’

Tle T—BpeMsi penaKCaluH, oy— CTaTHYeCKass OPUEHTALMOHHAA NOJApU-
syemoctb. [leGa#f mnpenckasaJ Takxe, 4YTO B JKMAKOCTAX BpeMs pe-
JdKCalUuu 3aBUCUT OT BASKOCTH M YTO 3Ta 3aBHCHMOCTb MPUOTHKEHHO
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BhIpaxcaerca Gopmy.ioh
= 4nnad

o (4.31)

rle @ — pajiuyCc MOJeKYJbl, KOTOpas npennoaraercs cpepuyeckod. s
BOABI NPH KOMHATHOH TeMnepaType noJyyaeM t== 107" cex (npuﬂumaeTca

a=10"%cm, 7==0.01 nyasa); 370 3HaueHHe LOBOILHO 6JM3KO K SKCMEPH-
MeHTa/bHBIM NaHHBIM 1JIS BOABL.

[MoyeMy 1A BpeMeHM peJaKcalud HMeEeT MeCTO 3aBHCHMOCTb BHAa
(4.31), MOXHO MOHATb, €C/H CAeNaTb €CTeCTBEHHOE MpeANOoJOXEeHHe, UTO
YacToTa peJaKcauuu wy== 1/t noayyaercs M3 NpuOGIUIKEHHOrO PaBeHCTBA
BpalaresbHOH TensoBO# 3SHepruw KT paGoTe NPOTHB CHJ TPeHUs MNpH
nosopore MoJekyiasl Ha 1 pao. Cornacno 3akony Crokca Ko3ddulUHEeHT
Tpenus MNpu BpaweHuu cdepuyeckoit uacTHUB B BS3KOH cpele paBeH
8nmadw, oTkyna pabora, HeoOXoLMMas LA NPEOLOJEeHUA CUN TPEHHS NPH
nosopore Ha 1 pad, paBHa

3
Srate a - 1 =8mnade.

[Monaras sty BeanunHy paBHOH AT 1as © == w), NMOJYYHM

1 _ 8ma?

0y — kT °

a
fl
|

B npuBeleHHbIX PACCYKIAEHUSAX Mbl MCXOAMM M3 TOTO, YTO KOria « npe-
BLILIAET ®,, TEMJOBOH 3JHEPruM HELOCTATOYHO [/If NMOBOPAYHBAHHA MOJe-
KYJbl NPOTHUB CUJT BA3KOCTH.

Peaakcauus B TBepabix teaax. Caeays [Ie6aio [11], Mbl MoxeMm
MCXOAUMTb M3 cJenylouleft rpyb6o# Modean npolecca [AM3JeKTPUUYeCKOH
penaKcauuu B IMNOJbHBIX TBepIblX Tenax. [IpeanonoxuM, yto kaxnaas
MOZEKy/ia TBepLOrO Tena 06/afaeT NMOCTOSAHHBLIM 3JIEKTPHUECKMM MOMeH-
TOM p, KOTOpbifi MOXeT pacnoJaratbCs B OLHOM M3 IBYX HanpaBJ/eHHH:
1) Booib ¥ 2) npotuBonoJioxkHo noawo E. Takas opueHTauus Bbi3biBaeTcs
He KBAHTOBAaHHEM, 2 XapaKTepPOM NMPOCTPAHCTBEHHOTrO PAacloNOXeHUs MOoJie-
Kya B TBepioM Tene. Onna U3 Lesed HACTOALLErO PacyeTa COCTOMT B TOM,
yTO6GHl NMPOLEMOHCTPUPOBATL, YTO B C/yyae MOJE]N ABYX aHTHNapaJ.ielb-
HBIX OPHEHTAUWii MOMEHTOB BeJMUMHA O 3aBUCHT OT TEMHepaTyphl 110
3akody 1/T, T. e. TOYHO TakK e, KaK W LJS PaCCMOTPEHHOH BEIlLE MOJEJH
HenpepbBHO pacnpeleseHHbIX OpueHTauuil.

[MpeanonoxuM, najee, YTO B NAHHBIE MOMEHT WUMeeTcCs 7, MOJeKyI.
B NePBOM INOJIOXKEHHU H N, MOJEKYN BO BTOPOM M YTO BepOATHOCTb Nepe-
X04a YacTHLBl U3 NEPBOTO MOJIOXKeHUs BO BTOpOe 3a BpeMa 3f paBHa W, ¢,
TOrJa Kak BePOSTHOCTb OOGPaTHOrO nepexoja paBHa Wy, Of.



I'J1. 4. DUDJIEKTPUUECKUE CBOWMCTBA 95

Htak, MOXHO Hamucarb

dn,
—F T T Wil Wy,
dn, (4.32)
aF = Wity — Wyhy.
[Tpu paBHOBecHH
dn, _ dn, 0
dat — at —
M, C/NeLOBAaTeNbHO, LOKHO MMETb MECTO PaBEHCTBO
n w
L =2 (4.33)

ng W2

KpoMe TOro, NnpH pPaBHOBECHH BEIHYHMHB 1, W Ny NOKHB NMOAYHHATHLCA
3akOHy pacmpenenenus Bosbumana, T. e.

n, = AePEIRT, p,=— Ae—PEIT, (4.349)

rae A —nocrosiHHaa BeauuuHa. CuenosaresbHO, coraacHo (4.33) mas
BEPOSTHOCTE#l PasyMHO NpPHHATH

1 1
Wy = e—PEIRT, Wy =5 ePE[RT | (4.35)

B cayvae pE <€ kT u3 (4.32) n (4.35) noayuum

d E

2t %='—(”1 —n2)+%77(n1+n2), (4.36)
d E )

2t T2t = (n, —np) — L (n,+ ny).

Ecan nose E —nepeMeHHOe M U3MeHsieTcs 1O 3aKOHy e!®f, T, e.
€ yrnoBo# 4yacToToR ®, TO ypaBHeHus (4.36) umeloT peuieHus

— (m—+ny) pE
n,—nz——m-—ﬁ. (4.37)

rle BeAMYMHA T, BBeleHHas B cooTHolleHusx (4.35), urpaer posb Bpe-
Menu penakcauuu. Ecam B enunuue o6bema umeercs N MoJjekysa, TO 4as
NOJSAPHU3YEMOCTH HMeeM

_P_pm—n) _ NPt _1
Na_f— IE = BT l+im't' (4'38)

T. e. BblpaxXeHue, BecbMa cxoaHoe c (4.30).

B TBepabix Tenax BpeMeHa peJlaKcauMH OGBIYHO 3HAYHTENbHO GoJblie,
YCM B XKUAKOCTAX. DTO B HM3BeCTHOM CTeNneHH aHAaJOTHYHO MOJOXEHUIO CO
CKOpocTbio AudEY3uH B MUAKOCTAX H TBepPAbIX TesaxX. Bpexenpumxy [12]
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BeCbMa YCMeLIHO YIa/noCb CBA3aTh AW3JEeKTPHYeCKHe noTepH, HabaiolaeMble
B KPHUCTa/aX TaJOreHuIOB LIEJOYHbIX METal/0B, C Ha/juyueM JHe(eKTOB
B KPHCTa/UIHYeCKOH pelleTKe.
KomnaexkcHass aH3JeKTPHYECKAs MPOHHIAEMOCTb H YroJ NOTepb.
Ecau MMeOT MeCcTO penakCauHOHHBIE NPOLECCH, TO AUBJIEKTPUYECKYIO
NPOHHLAEMOCTb YAOOHO npencra-
10 T T BASITb B KOMILJIEKCHOH ¢opMe.
£~/ IMockoabKy noJApU3yeMoCTb
8- & G, N

—_ %
=T F et

a6 - - To nAuasekTpuyecKas NpoHHlae-
€2 MOCTb (€CJM MpPHHSATb, YTO BHY-
04 < 4N TpeHHee mnoJe, NeHCTByKOUleE B

IM3JeKTPUKe, COBMNAdaeT C BHeLI-
HHUM noJieM) MoxeT OblTb npel-

92+ -1 CTaBJeHa B BUIe
. _ o 4dra,N
, ! | e=oa—ig=l4+1=
4 7 4 3 —1 4rma N i 4naywtN
el =14 TFoi? =~ TF e’

Puc. 4.10. YacToTHas 3aBucuMOcTb gefict-  1aKMM 006Da3oM, Ama N
- Ta
BUTEALHOH M MHMMOH uyacTell Au3neKTPH e =Ree=1f 2o i A o

YeCKOH MPOHHIAEMOCTH ¢ = &, — (e, IIpH ~+ w212’
HEKOTODOM ME€XaHH3ME€ peJlaKCaluH. 4magotN
. gy=—Ime =2"2"""_ (4.39)
1+ w?c

rne Re e — BewmecrsenHas, a Ime — MHuMan yacTd €. 3aBUCHMOCTb & H €,
OT YaCTOThl HAJIOCTPUpPyeTcs KpuBbiMM Ha puc. 4.10.
MowHocte, paccenBaemas B enuHuLe 06beMa,

&P =J,E, (4.40)

rie Jj,— KOMIOHeHTa MJOTHOCTH ToKa, Haxomauleroca B ¢ase ¢ E. Kak
U3BECTHO, MOXHO 3anucaTtb:

1 oD
Jj= oE—l—% o = (o+ me) E (anexkTpocTaTHueckas cuUcTeMa),

4.41)
J= oE—i——Ot— = (04 iweey) E  (cucrema MKC);

npu 6=0 u e=r¢ —ie, 370 PaBeHCTBO NPUHUMaeT BHI

o0 ie;0
( + 7 ! )E (3/1eKTpOCTaTHUeCKas CHUCTEMA),

J = (50 - lej0) gE (cuctema MKC).
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CJie10BaTENbHO, L4 paCCeMBaeMO" MOLIHOCTH HMeeM:
E? E|E2

P =g vy =——otg 8 (anextpocratnyeckas cucrema), (4.42)
P =egE%0 tg d (cucrema MKC),
[1e & — YroJ notepb — OnpelefsieTcss COOTHOLIEHUEM

tga=:_2. (4.43)
1

Tax HasbiBaeMblit Q-ghaxmop cucreMbl onpenensieTcss Kak OTHOLIEHHE

Q — _MAKCHMANbHAR 3anaceHHaA SHEprHs (4.44)
" cpenHsis 9Heprus noTepb Ha pajuaH ' )

KOTOpOC B CJydae AHIJEKTPHUKA NMPpUHUMAET Bl

1 2
— ¢ E

gr 170 1

T Fe B (49
4

ric MPUHATO BO BHUMaHWe TO OOCTOATE/NbCTBO, YTO CpelHee 3HayeHue E?
3a UMKJ DPaBHO Eﬁ/? ecau aMmmiurtyna pasHa E;. Pesyabram: Q= 1/tgd
lle 3aBMCUT OT BbIOOpa CHCTeMBbI eNMHHUL.
3nayeHus e, U tgd A HEKOTOPHIX W3ONSALUMOHHBIX MaTepHaoB NpH
yacrote 25000 mez2y npusenenbl B Taba. 4.3.
Tab6anua 4.3

JIu3NeKTpHUYECKAH NMOCTOAHHAA H TaHTeHC Yria norepb
npu yacrore 25000 wmzzy

|
Marepuan € tg o ll MaTepunan € tg 8
[Toauctupen .. 2,55 ] 00012 | @6ouur . . . . . .| 2,73 ]| 0,0038
Joouur . . . .. .| 257 00032 || Tepaon . . . .. .| — 0,0006
MNapagpun . . . . 2,26 | 0,0001 || [MToausrunen . . . .| — [ 0,0008
CBHILLOBOE CTEK.JIO 6,8 0,009 Mnasaennlit kBapu .| — | 0,00025

Xopowas cBOIKa LAHHBIX MO CBOMCTBAM IWINEKTPHUKOB B WHTCpPBaje
uacror or 100 24 no 2,5 100 24 umeerca B kHure Xunmuneas [7].

CETHETOS3JIEKTPUYECKHE KPHCTAJIbI

Cel'HeTOSJ'IeKTpH'-IeCKHMH KpHCTa/MJIaMH Ha3biBalOT KpHUCTANANDI, obaa-
lawiue CaMONnpou3BOJbHbIM JNEKTPUUECKUM IUNOJbHBIM MOMEHTOM, ApY-
FUMH cjaoBaMu, — 310 KPpUCTaJNJabl, Y KOTOPHIX Aaxe B OTCYTCTBHC BHell-
Hero SJCKTPUYECKOro NOJAf «UEHTP» MOJOXHTEJIbHbIX 3apanoB He

7 4. Kurrean
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COBNaJaeT C «LUEHTPOM» OTPHLATEJbHBIX 3apsLoB. MOXHO NMOKasaTh, YT
HeOOXOIUMEIM, HO He [IOCTaTOYHLIM YCJIOBHEM CYIUECTBOBAHHS CErHETO
3/1EeKTPUYECKHX CBONCTB ABJAACTCH OTCYTCTBHE Y KPHCTalna LEHTpa CHM
MeTpuu. Bce cerHetosneKTpuku 00/1analoOT NMbe303JeKTPUYECKMMH CBOH.
CTBAMM, HO [a/leKO He BCE Mbe303JeKTPUKH (HanpuMep, ksapu) o6.a
[al0T CerHeTO3/MeKTPHYECKUMH CBOHCTBaMu. BooOuwe rosops, siBjeHu
CerHeTO3/JeKTpHUeCcTBa CJelyeT TPaKTOBaThb KaK pe3y/abTaT TaK Hasbl
BaeMO# MoJspu3aUUOHHON «kaTtacTpodbi». OTMeTHM, lajee, YTO CerHeTo-
9/IEKTPUYECKHE KPUCTAN/Ibl MOJSPU3YIOTCS B ONpeLe/eHHBIX HalpaBpJe-
HUSX. 3apslpl, BO3HMKAIOUIMe HA TMOBEPXHOCTM KPHUCTaNaa BCAENCTBUE!
CaMOMNpOKM3BOJAbHOR NOJSpU3aUUH, MOCTENeHHO HeHTpanausyloTcs cB06GOM- |
HLIMM 3apAlaMH, OCaXJAOLIMMUCA M3 aTMOCGEpPH Ha MOBEPXHOCTb KpPH-
CTanja, a TaKXe 3a CYeT MPOBOAMMOCTH CaMOTO KPHCTaJja. '

B psane Beuects mnoaspusauus o6.agaeT odyeHb O6OJLIUOK KOIPUMTHB-
HOM CHJIOH, T. e. HampaB/ieHHe CaMONPOM3BOJILHOH NMOJNAPU3ALMH HeJ/b3s
M3MEeHUTb JaXe CaMbIM CHJbHBIM 3JeKTPHYECKMM TMOJeM, KOTOPOe MOXHO
HA/IOXHUTb, He BLI3bIBas 3JeKTPUYecKoro npo6os kpucraana. Camonpo-
M3BOJIbHBI# 3/eKTPHYECKMH MOMeHT B 3THX BellecTBax HabJlonaercs
JUIUlb TNPU HArpeBaHWM — MOJIAPU3AUMA MOABJASETCS B pe3yabTare H3Me-
HeHHs TeMmepaTypsl. Kpucranibl, y KOTOpPbIX 3aMeTHbIff CaMOnpou3BoOJb-
HbIt 3JEKTPpHUECKUH MOMEHT MOfB/AETCA JUlIb NPU HarpepaHuu (K HUM
OTHOCHTCS TYpPMaJ/IMH), HA3blBAIOT NUPOINEKM PUHECKUMU.

Kpucranab ¢ Hu3KOH KOIPUMTHBHOH CHJION, Yy KOTOPBIX HampasJjeHHe
CaMoMNpoU3BO/JIbHOTO MOMEHTa MOXHO HW3MEHUTb 3JEKTPHUYECKHM TMNoJeM,
Ha3bIBAIOTCS CerHeTodekTpudyeckumu. JlusnekTpuyeckas NPOHULAEMOCTb
TaKMX KPHCTAJJOB 4yacCTO LOCTHraeT OueHb OOJMbLINX 3HaueHwuf l).

Aaekrtpetrnl. MMeerca apyro#t kmaacc BewecTs, M3BECTHHIX MOJ Ha-
3BaHUEM JseKmpemsi, KOTOPble MOT'YT 00/1afaTb «INOCTOSHHBIMHU» 3JIeK-
TPUYECKHMHM MOMEHTaMH. JJIEKTPeTbl MOJAYYaIOTCH TNPH 3aTBepleBaHUH
cMeceff HEKOTOpHIX OPraHUYeCKHX CMOJ B CHJAbHOM 3JEKTPHUECKOM moJe.
Hexoropbie u3 MoOJeKy/a 3TUX BelleCTB MMEIOT MOCTOSAHHBIE AMMOJbHbIE
MOMEHTHI; 3JEeKTPHYeCKoe [oJe OpUeHTHUPYeT WX, a NpH 3aTBepAeBaHUH
3TH MOMEHTbl OCTAalOTC (PMKCUPOBAHHBIMHM, COXPAHAA MOJYYEHHYIO OpUEH-
Taumio 2).

[MocTosinHass nonspusalus, MOJyYyeHHas TaKUM NyTeM, MOXeT coxpa-
HATbCA B TeYeHWEe HECKOJbKHMX JeT, OJHAKO Hal0 MnoJaraTb, 4YTO COCTOS-

) ABTOp HemoJHO M He COBCEM 4YeTKO CHOpMyaHpoBa. OCHOBHbIE XapaKre-
PUCTHKH H pa3nuuus MeX1y CEerHeTO3NeKTPHYECKHMH, NMHPOIJEKTPHYECKHMH H
Nbe303JCKTPHYECKUMH KpUCTaaaaMu. Kpome TOro, u TepMHH 3aexmpemst B Ha-
yuHO# JHMTEpaType 4YacTO mpHUMeHseTcs B GoJee LIHPDOKOM CMBICAE, YeM 3TO
onpejeneHo y aBtopa. TeM u4MTaTensiM, Yy KOTOPHIX €CTb 11€06XOAMMOCTb Yray-
6UTbCSI B 3TH BOMPOCH, CJeAyeT O6paTHTbCA K APYruM Kypcam (Hanpumep,
I'. C. Xnanosa [13] uan Has [14]) uau x cneuuanbHbiM MoHorpadwsiM (Hanpumep,
Ckanasu [15) u Magzoua [16]). (/1pum. nepes.)

2) neKTpeThl GbLlAd OTKPBITHL JAryuu B 1925 1.
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jue TOAAPU3AUMM B S/EKTPeTaX ABAseTCS, BOOOLULE rOBOPS, MeTacTaGub-
ypiM M UTO CTaGM/BHEIM COCTOIHHEM 3JEKTPETOB SBJSETCS HEMoJApu3o-
paniioe COCTosiHME. 31eCb Mbl He GyleM paccMaTpuBaTh 31eKTPeThl, 0630p
X CBOWCTB uWTaTenb Hainer B cratbe I'yrmaua [17].

KJACCHPHUKALNUA CErHETO3JIEKTPHYECKHX KPHUCTAJIJIOB

B Ta6n. 4.4 npuBeleH CMMCOK HEKOTOPHIX KPHUCTAMJIOB, KOTOpHE
06bHIYHO  PACCMATPHBAIOTCA KaK CerHeTOd/eKTPUYECKUe, H 3HAYEHUS TeM-
neparypsl nepexona T, (touxa Kiopu), npu KOTOpOH KpucTann uaMeHsier
cpoe HHU3KOTEMNEpPaTypHOe MOJ/IPU3OBAHHOE COCTOSIHME HAa BBLICOKOTEMIIE-
paTypHOE HeMnoJ/isipu3oBaHHOE.

Ta6aunna 4.4

JaHHbie 0 HEKOTOPBIX CerHeTOJJNeKTPHYECKHX KpHCTaljaax *)
(COCTaBAEHO C HCMOAb30BaHHEM NaHHbIX Mepua)

Kpucraan CrpykTypa T °K P, an-ct. en Pﬁ"K‘g'
NaK (C,H,0q) - 4H,0 CaoxHnas | 297 BepxH. 800 3.-107°
(cerHeToBa €OJb) 255 HHKHAS
NaK (C,H;D,04) - 4D,0 308 BepxH. | 1100 4.107°
251 HHXH.

LiNH, (C,H,04) - H,0 106 630 2.107°
KH,PO, Cnosxnan | 123 16 000 5.1072
KD,PO, 213 27 000 9.107*
RbH,PO, 147
RbH,AsO, 111
KH,AsO, 96,5
KD,AsO, 162
CsH,PO, 160
CsH,AsO, 143
CsD,As0, 212
BaTiO, Meporckura | 393 78 000 0,26
KT303 »

NT2|03 »

KNbO, » 708 80 000 0,27

PbTiO, » 763

LiTaO4 HabMenura 70 000 (425° €)| 0,23

LiNbO, »

Cd,Nb,0;, IMupoxnopura | 185 5400 (100° K)[ 1,810 2

*) 3Hauenus P, npuBeleHH ANS KOMHATHOR TeMIepaTypH, 3a HCKJIIQYEHHEM IABYX
Cayuyaes, AAfl KOTOPHX TeMmepaTypa H3MepeHHs Ps yka3aHa B ckobkax,

7*
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CerHeroBa coab HMeeT J1Be TOUKH KIOpH — BEpXHIOI U HHXHIOW,
MeXILy KOTOPHIMK KPHCTalJ HaXOLMTCA B NOJAAPU3OBAHHOM (CETHETO3JeK-
TPUYECKOM) COCTOsIHHM. MakcuMaabHOe 3HAaueHHe CaMOMPOU3BOJBHON
no/ispusauuu ykasaHo B Tabn. 4.4 B Tex c/yuasx, KOr4a OHO H3BECTHO.
Tlone3HO HAaMOMHHUTb O TOM, KAax ONpefelsTh 3HaYeHUs MOJAPU3ALHK
B Pa3JMYHBIX CHCTEMax eIMHHMIL: MoJspusauus P B 31eKTPOCTATHUECKOM
CHCTEMe EIMHHUIL MOAYYAeTCs YMHOMEHUEM UHCIEHHOH BeJMYMHBI MOJSpPH-
3auun B MKKyL0K/cH? Ha 3 - 103, a B cucteme eannnu MKC (ky.2on/m?) —
Ha 3. 105,

Kpucrannel, npusenenHble B Taba. 4.4, MOXHO ecTecTBeHHbHIM 06pa-
30M MoApa3leuTb Ha Heckoabko rpynn. K nepBo#t oTHocsTCA COOGCTBEHHO
CerHeToBa C€O.b 1) M cBf3aHHble C Hell wu3oMopdHble coau. CerHerosa
COMb MMeeT BecbMa CAOXKHYK CTPYKTYPy, W OObsICHEHHe ee CBOUCTB Ha
OCHOBE MHUKDOCKOMUYeCKO# Teopuu OBLIO MOKAa Mano yCMEeUHbIM, XOTs
Mionsep [20] u apyrue aBTOPBHI NOCTPOUIH (PEHOMEHONOTMYECKYIO TEOPHIO,
XOpOILO COrVaCylollylocs € PSAOM KCHePHMEHTaNbHBIX (aKTOB.

CerHeroanekTpuyeckue CBOHCTBA 3TOH COJIM, NO-BUAMMOMY, TECHO
CBSI3aHbl C HAJMYHEM MOJEKYJ KPHUCTANIH30BaHHONH BOAbl. JTO Mpeamno-
JIOeHWe TNOATBEepXKIaeTcs OMbITaMu No 3aMeHe oO6biuHo#t Boanl (H,0)
Tskenont (D,0). Tlpu Tako# 3ameHe uHTepBa/n TeMmnepaTyp, B KOTOPOM
CO/b SIBJISIETCH CErHeTo3JeKTpuueckoH, ysenuuusaerca ¢ 41,7° (ans o6biy-
HOH coaun) no 57° (4ns coau, B KOTOPOH oObluHas BOIa 3aMeHeHa Tsxke-
Jo#). OueBunHO, 4TO 3TOT 3PdeKT BecbMa 3HaUUTEJbHBIH.

Crenyer ykasaTh, 4TO HabjlolaeMOe 3HaueHHe CaMONPOM3BOJbHOM
noaspusauuu, cocrasasiowee 800 su.-cm. ed, 3HaUUTETLHO MeHblle, YeM
MOXHO ObuTO Gbl 0XHAaTb B MPEANOJOXEHHH, YTO BCE MOJEKYJbl BO.IbI
(1,52 - 102 Ha 1 cm3) opueHTHpOBaHbl B OLHOM HampaB/igHuu. Ecau npu-

HATb, YTO MOMEHT MoJeKy.bl paBeH 1,85 - 107" 54.-cm. ed (takoit e,
KaKk B napooOpa3HOM COCTOSIHMM), TO CaMONPOM3BOJbHAA MOJSApU3aLUS
nomkHa cocrasaste 28 000 s4.-cm. ed, Toraa kak naGawonaeMoe 3Haye-
Hue pasHo Jauiub 800 34.-cm. ed.

Ko Bropo# rpynnme cerHeTodJeKTPHYECKMX KPUCTANIOB OTHOCATCH
KPUCTaAAbl C «BOJAOPOIHMbIMU CBA3SIMU», B KOTOPbIX HaJHYKE CErHeTO-
3/JIeKTPUYECKUX CBOMCTB OCOObIM OOpa3oM CBSI3aHO C ABMXEHHEM MPOTO-
noB. K sto#t rpynne ornocurcs kpucranrn KDP (KH,PO,) u usomopdiinie
eMy coad. 3aMeHa OOBLIYHOH BOABI TsKEJOH yOeinTeNbHO CBUAETEb-
CTByeT O TOM, UYTO AarOMbl BOLOPONA B 3TOM C/yuyae HIpaioT BAXHYIO
poab. Temneparypa Kwopu y KH,PO, pasna 123°K, a y KD,PO,
yke 213° K; nossipu3auus HachLlEGHWS COOTBETCTBEHHO BO3pacTaer
¢ 16000 go 27000 34.-cm. e0. JlpyruM npuMepoM MOXET CaAYXHUTb
kpucrann KH,AsO,, rtemneparypa Kiopu xoroporo 96° K. Kpucraan
KD,AsO,, noayucHHEI B pe3y.abTaTe 3aMelibl BOLOPONa NeHTepueM, uMeeT

') Ee cerneroanekTprueckue csoiictBa OTKpniTul Banamekowm [18); o63op ee
CBOMCTB cM. B cTaTbe Mioaaena [19]).
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Q@Ba @TI

Do

Puc. 4.11. Crpyktypa Tunma NEpOBCKHTa, CBOHCTBEHHast THTaHaTy GapHs.

dra cTpyxTypa KyGuueckasi; wons Ba?™t pacnosaraiorca B yraax ky6a, woms 027 —

B UEHTPAaX rpate#, HOHH Ti*+ —B uentpe ky6a. Huxe Toukm Kiopu n3obpamennas

Ha PHCYHKe CTPYKTYpa HecKoabko Aecdopmupyercs. IIporoTunmom storo kpucraana
ABAACTCA KPHCTAAN THTAHATAa KaabuMA (MEPOBCKHT).

Puc. 4.12. CtpykTypa tuTanata 6apus BaTiO,.

ATOMBI THTaHa PacmosoXeHbl B LEHTPAaX OKTA31APOB M3 aTOMOB KHCJO0-

pona. Mmes B BHLY RaabHeilllee o6CyXaeHHe, CHMBOJII aTOMOB KHCJ0-

pona, pacmoJOKEHHbX BAOAbL JHHHM, COEAMHAIOULEH aTOMbl THTaHa,
cHabxenbl ofHuM wrTpuxoM (O’).
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temnepatrypy Kiopu, pasuyio 162°K. Takum oGpasoM, B 060ouX CJayuasx
3aMeHa BOIOpOia lefiTepHeM MOYTH YIBauBaeT Kak 3HaueHue T, TaK i
3Hayenue P;, XOTH W3MEHEHHE MOJIEKYPHOrO Beca COeNHHeHHs COCTa-
Baser MeHee 20/, DTOT u30TONHLIA 3(PeKT HCKIIOYHTENbHO BEJHK.

TpeTblo TPYNNy CerHeTO3JEKTPHKOB COCTABJAIOT HOHHblE KPHUCTAMILI
CO CTPYKTYpoO#H mnepoBCKHTa # uabMeHuTa. CTpPyKTypa MNepOBCKHTa
(puc. 4.11 u 4.12) — 3to npocrefiinas KpUCTaIHuecKas CTPYKTypa, 00-
HapYyXHBAIOLLas CerHeTO3/JeKTpUYecKue CBOWCTBA.

Ocra/ibHy10 4acTb HacTosiuledl IJaBbl Mbl NMOCBATHM B OCHOBHOM THTa-
Haty Oapus, KOTOpb#t o6.anaer 3TOH CTPYKTypo# W fBJISETCS OLHUM
M3 TeX KpHCTaJJIOB TpeTbefl TIPYNMbl, OTHOCHTENbHO KOTOPOrO HMeeTCs
HauboJiblilee YUCIO SKCMEPUMEHTAJIbHBIX M TEOPETHYECKHX IaHHBIX.

TepMUH cmpyKmypa neposcKuma TNPOUCXOLHT OT HA3BAHUA MHHe-
pana neposckuta CaTiO,;. CrpykTypa wu/abMeHUTa, NOAYuHBILAs CBoOe
HasBaHue OT MuHepasa uibMenura FeTiO,;, BecbMa cao0xHA, H Mbl lie
GyneM ee 31eCb paccMaTpUBaTh.

TEOPHUSI TUTAHATA BAPHUA

PaccMoTpuUM CHayaJda BOMPOC O BeJNHYHHE CErHETO3JEKTPHUYECKHX
3¢ ¢exToB B THTaHaTe Gapus. [amepenus nokasanu, yTo THTaHaT Gapus
Npd KOMHATHOW TeMNepaType HMeeT MOJAPH3ALUIO HACHILEHUA, PABHYIO
78000 54.-cm. ed (nan 0,26 xyr/m?). IlockoibKy oOGbeM 3jeMeHTap-

Horo Ky6a B pemleTKe THTaHata Gapus pase (4 - 10'8)3 cH’, TO AunOL-

HbIl MOMEHT Takoro ky6a paseH b - 107" 9.4.-cm. ed. Ecam, Hanpumep,
CYdTaTb, YTO BCS TNOJApU3aluss O6YC/OBJEHA CMelleHHeM LEHTPa/JbHOIrO
nona Ti**, To BenMuMHA 3TOrO0 CMelleHHs HLOJKHA COCTABJATH

-18
5107 ~0,26.107% e,
4(48-10719) ~
4TO ABJSeTCS NOBOJbHO OGoabluoft BeauuuHOM.

[Mpeanonoxum, uro Touka Kiopu mpubamueHHo onpelensiercss B3auMo-
JeficTBHeM AuMOJeH ¢ BHYTPEHHHM 3JeKTPHYeCKUM INOJeM, 00yCNOBAEHHBIM
noJspusaunelt. DHeprus s3aumonefictous pasia — 1/2 (pE) (MHOxHUTENb 1/2
o6blyeH B 3alayax Takoro poaa), a nockoabky E nopsaka — P, To
SHeprus B3aUMOLEHCTBHA MOpsAKa

+-5-10%.8.10°=2.107" 5pz.

[Mpubaumkennoe 3Hauenune Temnepatypsl Kiopu noayuurcs, ecau mono-
XHUTb 3SHEPruio B3auMoAeHCTBUA PpaBHOH cpenHe#t TemaoBOR sHepruu;
OTCIONa HAXOLMM, HTO

2. 0-13
T,= 210~ 1400k,
14-10
TakuM 06pasoM, mMoayyeHHOe 3HaueHUe 3aMETHO MpeBbilaeT HAO/I0AaEeMYI0
BeanuuHy (~398°K).
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Haubosee yOenUTe bHbIM  JIOKA3aTeJbCTBOM — CETHETO3JeKTPHYeCKHX
cpolictB  THTaHaTa Oapusi fBJfeTCH MNeTas THCTepe3dca, NpuBeleHHas
4a pHc. 4.13. Taxas neras Ha-
6ai042€TCA, TpH  TeMrepatype
ake Touku Kiopu (120° C); npwm
TeMrnepaTypax Bblllle 3TOH TOUKH
neras BBHIPOXKIAeTCs B MpAMYI0
auuuio.  Kpusas  3aBucuMocTH
CaMOTMPOU3BOJILHON MO/SPH3ALHUH
oT TeMNepaTypbl TNpHBeleHa Ha
pHc. 4.14, a nu3aeKTpHYECKON
NPOHHLAEMOCTH — Ha pHC. 4.15.
JlusaekTpuyeckas npoHHlae-
MOCTb, H3MepeHHas mepheHIHKy-
ASpHO K OCH ¢, OOBIYHO 3Ha-
yuTeabHO OoJjblie, yeM MNpU H3-
MepeHHH TNapaiienbHo OCH C.

Oco6eHHOCTH MoJNSApU3aLHH
cerHeToajekTpukos. Hanuuue Puc. 4.13. [Tetas rucrepesnca cerHeToanek-
y Tutanata Gapus CerHeTosJek- TpHuecKoro o6pasua.
ipiueckix cooRcTs smaserca,  TLofass pes contoiegrigh foup
MO-BUAUMOMY, CJCLACTBHEM TaK  Gapus penumma 4nP, Momer OnTb mopfika
HasbiBaeMOR  «MOJ/1apH3aUHOHHON 3-10° 6/cu, a E,—nopaaka 10° 6/cx.
KaracTpogbi»: JOKaAbHBIE 3JIEK-

TpHYecKHe NOJAsS BHYTPH KpHCTanna, o0yc/oB/JeHHLIE HaluuueM MNOJApH-
3auuu, BO3pACTAalOT OblcTpee, 4eM YNpyrue CuJbl, NPOTHBOLEHCTBYIOLLIE

a0,
N§ 4 O]

Q
> i;

N4 \
« T
Q9 il
&

4

0

-200 -0 -0 -80 -40 0 40 80 20

Temnepamypa, ¢
Puc. 4.14. 3aBHCHMOCTb CaMONPOHM3BOJbLHOH MOJNAPH3ALHMH
THTaHaTa 6apHs OT TEMIepaTyphl.
Cxauxn B6ansn 0° C u BG6an3an—80° C cBa3anbl ¢ HeGOMBWIMMH H3MeHe-
HUSIMH KDHCTAJNNHYECKOH CTPYKTYpHI.
IBHXEHHI0 MOHOB B KpHCTa/Jdle; 3TO B KOHIle KOHLOB [PHBOLHT
K acuMMeTPMYHOMY CMeLIeHHI0 HMOHOB M3 [O0JIOXeHHH paBHOBeCHS.
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BennuuHa Takoro cMelleHHsi OrpaHuyeHa JeHCTBHEM aHTapMOHHYECKHX
YAEPXKHBAIOWHX CHA. MOMXHO MPEINONONKHTb, YTO CErHEeTO3/eKTPHUECKHe
cBoficTBa GO/BLILMHCTBA KPHUCTANIOB CO CTPYKTYpOH NMEpPOBCKUTA CBA3AHEI
C TeM, uTO CTPYKTypa pellleTkKH 3THX KPHUCTaI/N0B OnpejeseHHbIM 06pa-
30M HMCKa¥eHa MO TOJbKO YTO YKA3aHHBLIM NMPHUYHHAM. ITO Npelno.oxe-
HHe TNOATBEpKILaeTcd TeM (aKTOM, YTO TeKCaroHa/lbHas MOAM(HKAIHKS

THTaHaTa Oapusi He o6sanaer cer-
2000 HETO3/IeKTPUYECKUMHU  CBOMCTBaMH,
TOrLa Kak KyOuyeckas (mepOBCKH-

vy TOBas))  MOAMGHKALHUA — CErHeTO-
w B snekTpuyeckas. Pacuernl Cusrtepa

[21] ¥ npyrux aBTOPOB SICHO yKa-

E’MW 3a/M TNPHYHHBL 3TOrO0 0COGOro IMo-
N \ JOXeHHS, KOTOPOe 3aHUMaeT CTPYK-
N Z Typa MNEepOBCKUTa MO CpaBHEHHI>
§/W” \ C IPYrUMH THNAMH  CTPYKTYpHL.
Q \ Mbl H3JIOXHMM TEODHIO B NPOCTOH
N sor \ ¢dopme, nosaras, 4yro Bce Ko3pdu-
N uuentel  Jlopentua pasHbl  4w/3.
§iiii N B sroi#t Teopun MosuanuBo npen-
N |4 nojaraercs, uYTo (asoBHI mepe-
§MW XOIl ABJASETCS (Pa3OBHIM MePeXONOM
R 2o S BTOPOI'0 pola, OIHAKO JexalHe

A B ee OCHOBe (pH3HYECKHE ulAeH MO-

ryT ObTh PacnpoCTPaHeHbl B H3Be-

%
W W W F T o wactn w na (asoshie nepe-

Temnegarnypa, €
PP Xolbl MEpBOro poja.
Puc. 4.15. TemnepaTtypHnas 3aBHCHMOCTb ITpu dazoBom nepexone nepsoro
JH3NEKTPHYECKOH NPOHHLAEMOCTH  pONa B TOYKe Mepexola Bbilejsercs

Turanarta Gapua. (M3 paborsl [22].) CKpbITas TemjoTa M HaGJa0naercs

CKa4YoOK moasipusaunu; npu ¢asonom
nepexole BTOPOro pona HaGm04aeTci CKaYOK TEMJOEMKOCTH M NPOH3BOA-
no#t dPg/df. B uucrom turanate Gapus rtouka Kiopu asaserca ¢azonuim
1Iepexon0M NepBOro poaa.

CoorHourenne (4.10) Mbl MOXeM nepenvcarh B BHIe

8= \
l+3 HN"J"
1—-4—1:21\’&1

TAc o; — 10JpI3YyeMOCTb MOHOB THna i, N; —uucnio HOHOB THNA !
B eluiuue 00LeMa; 3aMeTHM, YTO YHCJAOBbIe KO3¢pduuneHTsH Nnepel ZN 0y
OOyC'IOB’lellbI TeM, YTO Mbl TNpHHAAM Aas noJas JlopenTtua Bbxpa,lceuue

b—l——a— . M3 (4.40) Buavo, yro, koraa ZN,.a,-=(41r/3) , OHU3JeK-

€= (3/1eKTpOCTaTHYECKAsE CHCTEeMa), (4.46)
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qpiiccKas MPOHHUAEMOCTb CTaHOBHTCH GecKoHeuHOH; 3TO COOTBETCTBYET
LaTUMI0  KOHEYHOR MOJSPH3AUMM TNpH PaBHOM HY/IO BHEWHeM moJe.
[lo 5TOH TMpHYMHE «MOJAPHUIAUMOHHYIO K4TACTPOQY» 4YACTO HAILIBAIOT
«47/3-KaTacTpodon».

3aMeTHM, 4YTO BeNHYMHA €& BeCbMa YYBCTBUTENbHA K MaJbiM OTKJO-

A
HCHIAM D N,a; o KpUTHYeCKOro 3Haueus (3/4w); ecau Hamucath

4
F XU Ne=1—s, ©(4.47)
r1e <1, 10 M € Gydem uMeTh
=3 (4.48)

- s
Ec1it TIPelNOJOXHTb, YTO Bbillle KPUTHYECKOH TeMmeparyphl BelHYHHA §
3aBHCUT OT TEMIeparypbl NO JHHEHHOMY 3aKOoHy

s=B(T —T)), (4.49)

rae § u To— HekOTOpHIE NMOCTOAHHEIE, TO BHIILIE TeMNepaTyphl Nepexoia
179 OU3JEeKTPUYECKOM NpOHULAeMOCTH Mbl OyleM umeTbh 3akoH Kiopu —
Beincca

3/8
€ e 4.50
=T—7,' (4.50)

KOTOPHIf OMHCBIBaeT Ha0/I0ONaeMyI0 TeMNepaTypHYI0 3aBUCHMOCTb &.
IMokaszarenb npenoM/eHus TUTaHata Gapusi paBeH 2,4. D/IEeKTPOHHYIO
vacTh MOJSPU3YEMOCTH MOXHO OLEHHTb U3 BhiTekaiutero u3 (4.11) coot-

HOLIeHHUd

n?—1 i O

szle‘ai' (4.51)

Hcnosb3ys 3Havenus a (Ba)=1,95. 107 cad, a (0)=2,4- 107 cad,
a(Tiy=0,19 - 107 ¢c4®, npusonumble CasTepoM, Hafzem:

2N N apn =061

CllefloBaTe.1bHO, OCTajblias 4YacTb, paBHas 1 — 0,61 = 0,39, nomkua GbITh
o0ycnoB/ieHa HOHHBIMH MOJASAPH3YCMOCTAMH, ISl TOrO 4TOObLI MOXHO ObIJIO
O00BACHUTD BO3HHKHOBEHHE CErHETOINEKTPHUYECKOrO COCTOSHHSA.

Bennuuna o (O) noabupaercs Tak, uroObl OHA COr/JacoBHIBAa/Aach € Ha-
6/01aeMbIMH 3HAYEHUAMM TOKa3aread NpeJoMJeHHs.

Beime MBI BMmeaH, 4TO ecau Jaxe BCS CaMONpPOM3BOJbHAA MOJAPH-
3yeMocTb 00yC/IOBJMEHa CMellleHUeM HOHOB THTaHa B LEHTPe KawIOoro
KyGa, Heo6XxoiuMO, uToGbl 3TO cMeleHue Gblio pasHo 0,26 - 1078 cu.
B npunuune Her ocHoBamu#i cumtath GeccMLICAGHHLIM MPEANOJONKEHNHE
O ToM, yro 399% mOJHOH NoJspU3yeMOCTH OGYC/AOBACHO HOHAMH, eC.i
TOTbKO He BBOLHTb 3TO MNPeNOJIOXKEHME CHCUHANLHO 148 O0bACHEHUA
AB1enus. JTO He NaeT HAM HH Kakux-au60 ykazaHui# OTHOCHTE/bHO TpH-
YHH BO3HUKHOBEHMS CEFHETOJIEKTPHYECKMX CBOHCTB MMCIHO B CTPYKTypax
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THNa TEPOBCKHTAa, HH OTBETA Ha BONMPOC, MOYEMY TaKHe KPHCTaMJbl, Ka
pyrua TiO, (uMelown#t naxe GOJbIIMH NMOKasaTe/b NpeaOMJeHH n = 2,8,
9JIEKTPOHHAs YacTb NOJAAPU3YEeMOCTH (41:/3)2Nia(i9""= 0.7), He sBasOTCR
cerHeTos/ekTpukaMu. Huxe Mbl ysHaeM, uTO He#CTBUTe/bHbIE BHYTPEH-
HMe TOJsS B KPUCTaI1aX CO CTPYKTYpPOH mepoBCKUTA YBeJHYMBAIOT
NoJspH3yeMOCTb HOHOB THTaHa MPHMEPHO B MNATb pa3 MO CPaBHEHHUIO
¢ lnefictBueM OOBIYHO NPELNOJAaraeMOro BHYTPEHHEro IOJS, PaBHOro
E + 4nP/3.

BHyTpeHHee mnoJje B CTPYKType THNA NepOBCKHTA. BHyTpeHHee
JaopexTueso noie E— 4wP/3 neficTByeT B KpHMCTa/lJaX, KOrla pacnoJo-
JKeHHe coceleft Kawaoro artoMa o6JaanaeT KyGuuecko# cUMMeTpuei.
B Turanate Gapus pacnosioxenue cocelelt Bokpyr uoHoB Ba u Ti umeer
KyO6HuecKyl0 CHMMETPHIO, OIHAaKO 3TOro Hesab3fd cka3aTb 00 uoHax O;
JelcTBUTeIbHO, B OJikafillieM OKpYxeHMM Kaxuoro HoHa O wumeercs,
HanpuMep, Jullb 1Ba MoHa Ti, Tak yTO pacnosoxeHue HOHOB Bokpyr O
Ve HHKAK HeJab3s CydTaTh 006/1alaloliuM  KyOuueckOM cumMeTpued.
B cuay atux ob6crTosTennCTB HeOOXOHAWMO HalTu GoJee oOluee Bbipade-
Hue 1as ¢opMyasl JlopeHTua. 1o ObLIO CleaHO PsAAOM aBTOPOB, B YyaCT-
Hoctu CkauaBu [23], Bau-Canrenom u OnexoBckum [24]. Castep [21)
BLIMOJIHMA pacyeT Iisi THTaHaTa Gapwus.

[lyte, xoTOpPHIM Mbl OyIeM noayuath BbIpaXeHHe NS BHYTPeHHEro
noJsi B TUTaHaTe Oapusi, COBEPLIEHHO OyYeBMAeH. Mbl BhINUlIEM BHpaxe-
HHA ]S BHYTPEHHEro MNOJs B KaXIOM Yya/le pelleTKH B BHIE CYMM®I,
cocTosilefl M3 BHELIHEro MoJs W MOJApH3auuH, 0OyCIOB/IEHHOH HOHaMK
HeCKOMbKMX THMOB. BHelmnee nose OyneM cuHTaThb HanmpaB/eHHbIM Ma-
panjeibHO Kako#-1160 U3 CTOPOH Kyba, C KOTOPOH CBsKeM Hampasie-
HUe KoopauHaTHOM ocu 2z. Heo6xomanmo paccMoTperb ueThipe THMa
woros: Ba, Ti, O, O”. Houn O’ pacnosaraiorcs BLO.b MPAMBIX, NMapas-
JeNbHBIX OCH 2z M mpoxolswux yepe3d uod Ti; ocraiowmuecs KHUCIOPOLHbIE
voHbl sBasoTcs MoHamu O”. Ilas nossipuaauuHt, oGyClOBAEHHBIX KamaoH
M3 TpYyNn ONMHAKOBBIX HOHOB, HMMEEM CHCTEMY 4YeTbipeX YpaBHeHHH:

___P@®Ba
ECD = 76a)a B2 —

= Ey—+ g,1P (Ba) 4~ q,,P (Ti) + q,3P (O') + ¢,,P (O”),

N P (Ti) .
M) =Fmam =
= Ej—+ g9 P (Ba) - oo P (Ti) =+ q53P (O') + go4P (0”),
n___ PO)
O =FwGya0r =
= Ey—+ g5,P (Ba) + g3, P (Ti) 4 g5, (O) 4~ g3,P (0”),
m__ PO
EOY=wwora0n =
= Eo—+ 9P (Ba)+ q4P (Ti) 4 q43P (O') 4~ q44P (O"). |

(4.52)
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Ko3(dUUMEHTb TPH  Pa3IHYHBIX P SBASIOTCA CYMMaMi no pelueTke
1n pACTIpeleNeHdit aumoned u MOryT ObITb BBLIYUCJEHB METOLAMH, NO-
LoGHbIMH TEM, KOTOpbIe 6bl1n npeanoxens Kopuoeannom [25] u apyrumu
;”;’]‘OPHMH [26, 27].
Ko3(ULHMEHTEl ¢;; UMEIOT CJelylollue 3HaueHus:
47

4n
gm=92=9=%e=93= 73 993 = g3 =3~ + 30,080,

4 4
g3 =931 =T—8'668' 9oa =Ga2="73 — 15,040,

4 4n
gu=93=qu=—4qa = ‘31—*— 4,334, gqu= 3 4,334.

CaenyeT OTMETHTb MHMOXOIOM, YTO B3auMoJeHCTBHE MeXAY HOHAMU
Ti u O’ sBasercd OCOOEHHO CHAbHBIM, IOCKOJBKY COOTBETCTBYIOLLMH
koadoduuneHT pasen [(4w/3)+-30,080] u, caenosaTenbHo, NpPUMEPHO
p 8,2 pasa npeBbllIaeT OObIYHOE 3HaveHHe 4w/3. DTO OGCTOATENLCTBO H
qpIfeTC TPUYHHOM 3HAUUTEJLHOrO BO3pPACTaHUA MNMOJAA B 06JaCTH LeH-
TpaJbHOTO HOHA B CTPYKType THMNa MepoBCKHTA.

CerHetoaneKTpHuecKas «karactpoda» B ciyyae TMTaHata Gapus uMeeT
MeCTO, KOTa JeTepMHHAHT, COCTABJEHHBIR M3 KO3((ULHMEHTOB NpH pa3-
amunbix P B (4.52), o6Gpaliaercs B HyJb: B 3TOM cJlyuyae CHCTeMa ypas-
nenntt (4.52) npu E=0 wumeer HerpuBuaibHbie peitenns aas P. Ilox-
CTaBUM 3HAYEHUs TNoJApu3yeMocTell, KOTOpbIMH moab3oBajica Castep:

«(Ba)=0,95-10"% ¢4’ «(0)=a(0")=2.4-10"% ¢4’
«(Ti) =0,19 - 107> 4 a, (Ti).

[1pu wucrno/b30BaHWM ITHX BHAUEHHUR mNpenno/araeTcsi, 4YTO BCe 3TH
NoNAPH3YeMOCTH — 3JIeKTPOHHbIE, 3a HCKI04YeHHeM HOHHOM uacTtu a, (Ti)
or uonoB Ti. Temepp onpenenuM 3Hayenue a;(Ti), npu KoTopoM znerep-
MiunaHT o0paulaercd B HYJb; B pe3yJabTaTe BbIYMC/EHUA HaHleM:

a, (Ti)=0,95- 10" cu3

&% N (Ti)a, (Ti) = 0,062,

Orciona BUOHO, YTO pe3y/bTaT 3JeMeHTapHOH Teopuu, Haloleld 3Ha-
denne 0,39, npeBbiiaeT MOAyyeHHOE 3HAyeHHe NPUMEPHO B LIeCTb pas.
OT0T pesynbTaT CBA3aH CO CBOWCTBAMM pELUETKM THNA TIePOBCKHTA.
B uacthoctn, pacnonoxenne Ha oaHOH npsMoOH MOHOB Kuciopoaa U TH-
Taila B Tako# pelueTke crnocoOcTByeT ycuiaenuio sddekra.

TemnepatypHas 3asucumocts P, u 1/y B o6aactd ¢asoBbX nepe-
XONOB nepBOro M BTOPOr0 pola HAMIOCTPHUPYeTCS KPHMBBIMU  Ha
Puc. 4.16. 3ameruM 31ecb, 4TO, KA4K MOXHO MOKa3aTb OOBLIYHLIMU
TepMOAUIAMHYECKMMU METOAAMH, NIEPEXO] BTOPOrO pOAa NPOMCXOAMT Ge3
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CKPLITOH TenJaoTh nepexona ¥, MO-BUANMOMY, CONPOBOXKAAETCHA CKAYKOMm
TennoeMKocTH. lIMeHHO Takue nepexonbl HM3BeCTHbBl B TEPMOIUHAMUKe

Cayyad A

Cyvad b

7
Temnepamypa —

Puc. 4.16. CxemaTnHuecKkHe KpHBbIE,

Temnepamypa ——

HAMIOCTPHPYIOI(HE XapaKTep

TEMNepaTypHOH 3aBHCHMOCTH CaMOMNPOHM3BOJLHOH MOJSpH3ALHH TIPU
¢dasoBom mnepexope nepBoro poaa (caysadh A) M BTOpOoro pona
(cayuait 5). $asoBbii nepexoj B THTaHaTe OapHs ABJAAETCH nepe-
XOIOM NEpBOro poja, HO OH OYeHb GJH3OK K NMepexoly BTOPOro poja.

kak (asoBble mepexonbl BTOpPoro pona. Ilepexon nepsoro poxa compo-
BOXJaeTcsi ckpuiToft Tennoroih. Ha puc. 4.17 npuBeleHB cXxeMaTuyeckue

7> 76" ]'>7L',
| |
V7% Yir-r
\_ Vs s
Cyvaw A Capvaii &

Puc. 4.17. Cxematuyeckoe H3o6paxceHue
KDHBbIX NMOTEHUHaAbHOH 3HEPTrHH Aas JBYX
cJy4YaeB CETHETO3NEKTPHUECKOro mepexoa.

Moka3ano wnaMenenne GopMbl KPHUBLIX 1PH H3Me-
HEHHH TeMilepaTypbl.

KpPHUBBIE 3aBHCHMOCTH CBOGOLHOM
(noTeHuMaabHON) 3HEPruu oT no-
Aspusauun  (cTeneHu Jedopma-
UHH pelleTKH MO OTHOLIEeHHIO
K PpaBHOBeCHOM CTPyKType) B
pasHbIX TeMNepaTypHbHX o006.a-
ctaX. B cerHerosnekTpuxax co
CTPYKTypO#f THNa MNepPOBCKHTA,
BepOSITHO, HMeeT Mecto ¢aso-
BbIf MNepexold mNepBOro poia,
onHako B TutaHate Oapus da-
30BbIH mepexon MO CBOEMy Xa-
pakTepy, no-BuiUMoMy, 6Ju3ox
K nepexoly BTOPOro pona, Tak
kax T, secbma 6ausko k T
B cerunerono#t conn u B KH,PO,

¢$a30BbLIN Mepexol, BepOSTHO, BTOporo pona. Xopouuit 0630p TepMOAHHA-
MUYECKOM TeOpuM cerieTo3/eKTpukoB jnan Jesonwmup [28].

CETHETOJ3JIEKTPHYECKHE N OMEHbI

Kak yxe orMeuanoch, KpucTamibl THTaHaTa OGapus Rhllle TOUKH
Kiopu wumelor kybGuueckylo cumMerpuio, a mxe Touku Kiopu — TeTpa-
roHanbiiyw. Korna npu oxnaxieHuu Temnepatypa KPHUCTanna onycrurcs
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Jke TOUKH Kiopu, KpucTann B ueloM He GyneT WMeTh elMHOH Terpa-
[oHATbHOH OCH; B ONHOM uacTi KPHCTA1Ia B TETPArOHalLHyl OCh

Puc. 4.18. KannHooGpasHble niaacTHAYAaTIIC JNOMEHn B MOHOKpH-
craane tutaHata Gapus (u3 pa6otn Popcbepra [29]).

npeBpaTHTCA OAHA M3 KyGHYecKHX oce#t, B ApYyro#t uacT# Kpucrania Terpa-
roHanbHOR crtaHeT Kakas-anbo Apyrasd KyOHuecKas OCb. JTO 3HAYAT, 4TO

NN

7 1

Puc. 4.19. PacnpeneneHue HampaBiaeHMH caMoOnpous-
BOJbHOH MOJAPH3AaUMH B MHOTOJOMEHHOM KpHCTaale
THTaHaTa 6apus.

nocne nepexona Touku Kiopu BeKTOp CaMOnpousBobHOH MOJNSPU3AUMH
Gyner pacnonaraThcsi B KPHCTanne B Pas/JMUHBIX HAMPaBJEHHAX B 3aBH-
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CHMOCTH OT HamnpaBJieHWs TeTParoHajJbHO# Oocu B TOH uau uHOH o6nacTu
kpucraana. OGaacTb BHYTPH KPHCTalJa, B KOTOPOH CaMONpPOU3BO/bHas
NOAAPU3AUMSA HMEET OLHO W TO e HanpaBieHue, HA3LIBACTCA OOMEHOM.
Brun BRIpallleHbl TaKHe KPHCTaMAbl, BeChb 00beM KOTOPBIX 3aHWMan OLMH-
eNMHCTBeHHBIt HoMeH. TeopeTHyeckH Takas YCTOHuMBas KOHQMrypaius
BMOJHE BO3MOXHA, Hanpumep, L KPHCTanJa B BHIE MAACTHHKH, NOMe-
LIEHHOM MeX1y COeIMHEHHLIMM C MCTOYHMKOM MOCTOSHHOrO TOKa OOKJal-
Kamu koHzeHcaropa. OIHAaKO OGHIY-

2000 T T | — HO BbIpalUEHHble KPHUCTAMIB CO-
IepXar HeOQHOPOIHO pacnpeje-
JeHHBle TpHMECH, TpUBONsILHE K
1500 ~1 nosBJeHUI0 B pellleTKe MexaHuue-
¢ CKUX HanpsiKeHHH, KOTOpPHIE 4acTo

MOryT ObiTh NPUUHHORK BO3HHKHOBE-
1000} HUSL IOMEHHOH CTPYKTYpBI.

T CerteTo3/1eKTpHYECKHE NOMEHB

B TuTaHare Oapus MOXHO Hab/o-

500+ -] Aarb ONTHYECKWM METOAOM, IO-

CKOJMbKY KpDHCTannbl NPO3payHbl H

HMEIOT pa3/iuuHbIe NMOKa3aTequ mpe-

0~ 15 17 L p TOMJEHUS  B1OJb TeTParoHalbHof

0 0 w0 0° 07 ocu jomena W nepmeHMKYAAPHO

: Yacmoma, ey K HeHl. B rturanarte 6apus pasHOCTb

Puc. 4.20. YactoTHan 3aBHCHMOCTb Be-  9TUX NOKasaTe/eHt NpenoMJeHHs NpH

LECTBEHHON YaCTH JAHIJNEKTPHUECKOH KOMHATHOH TeMreparype n’(_‘ —n,=

MPOHHIAEMOCTH THTaHaTa 6apHs. — —0,055. TwarenbHoe oONTHYE-
= ,055.

K M,
preat "35;';334";anga%r;f)f‘&'f"fragﬂm"" CKOe HccJenoBaHue pasauyHbIX TH-

NMOB NOMEHHOM CTPYKTYpHI MNpOBen
dopcbepr [29]1). ®ororpadus, npuBeneHHas na puc. 4.18, Bocnpous-
BeleHa M3 ero paborbl. CxeMa pacmo/oxeHHs AOMeHOB B Kpucraaje
nokasaia Ha puc. 4.19.

Mepu [32]%) usyuan KMHeTMKY mnpouecca 06pa3oBaHusi LOMEHOB H
IBH)KEHUS! JOMEHHBIX CTEHOK B 0o6pasuax TuTaHata Oapus, BbIPALUEHHBIX
B BHIE TOHKHX IIJIACTHMHOK, NpUYeM ocb ¢ (MoJspHas ocCb) Oblia mepneH-
IUKYNSPHA K MJIOCKOCTH MJACTHHKH.

Koraa nanpasJ/iende 3/eKTPUYECKOrO MOJSs, HaJOXEHHOTO BAOJbL OCH C,
M3MEHAJH HAa NMPOTHBOMOJOXHOE, BO3HMKa/lM HOBbie JOMeHbH C MpPOTHBO-
NMO/JIOXKHBIM HampaB/leHHeM MNoOJspU3auuH. PocT STHX 1OMEHOB C TOUYKH
3peHHs OMbiTa C (peppOMAarHUTHLIMM MaTepHa/aMi HeCKOJbKO yAHBHTE-
JieH, NMOCKOJAbKY B ()eppOMarHeTMKax IBWXXEHHE TDaHHUL, IOMEHOB CHJIbLHO
B/MSIET HA M3MeHeHWe HAMarHW4YeHHOCTH.

) Cm. Takxke pa6ory Mepua [30] u Jlurraa [31].

%) dta paboTa CONEPKHT H3INONKEHHE TEOPHH CErHETO3JEKTPHYECKHX JOMe-
Hos. OTHOCHMTENBHO NPHMEHEHHH B 3aNOMHHAKIMX YCTPOHCTBAX cM. paGoTy
Angepcona [33]. .
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[3 TuTaHaTe 6apnﬂ U3MEHEHHUEe NMOJSAPDU3AUUHU BbI3bIBAECTCH 06paaoaaHneM

MI10KECTBA HOBBIX OYEHb TOHKHX (107* ¢) anTunapannenbHLIX 10MeHOB,
{ pactyT OHM TOJbKO B MPAMOM Hanpasiennu. Tonwuna cTeHok (nepe-
<ounias 0071aCTb), TO-BUAMMOMY, OYeHb Mana M NO MOPSLKY BENHYHHBL
(:M3Ka K HECKOJbKMM TOCTOSHHBIM peleTKH. OJHeprus MepexoiHOro
caoa nopsaka 10 spz/cm®. TIOCKONbKY BO BHElIHEM 3/eKTPHYECKOM
jjoae monepedHoe apHxenne 180-rpanycHblX FpaHHL NPaKTHYECKH OTCYT-
cTBYeT, HHKAKOTO HANOXEHWS WM CKPELMBAHUS NeACTBUS 37EKTPOLOB,
[IpUJIOKEHHBIX K NMPOTHBOMOJOXKHBIM CTOPOHAM LAHHOM KPHCTANNHYECKOH
|1JaCTHHKM, He MPOMCXOLUT, JNaxXe ecJH OHH PacnosoXeHbl Ha paccTos-

mm 1072 cu omun or apyroro. 910 06CTOATENLCTBO BeCbMa CYlLUecT-
BeHHO IS TNPUMeHeHMH KPUCTANIOB THTaHaTa Oapus B 3aNMOMHHAIOLMX
ycrpoficTBax.

Ha puc. 4.20 nokasaHa 4YacTOTHAs 3aBUCHMOCTb LH3JEKTPHYECKOH
1IPOHULAEMOCTH MOJHKPUCTANNNYECKOr0 06pasua TuTaHata 6apus. YMeHb-
uclHe IM3JEeKTPUYeCKOH LPOHHLAEeMOCTH B 06/aCTH CBEPXBBLICOKHX Ya-
C10T NOKAa He Haw.ao ceGe OGDBACHEHHS.

3AIAYN

4.1, PaccMoTpeTh C MOMOLIBI0 MOJYKJIaCCHYECKOH MOIenM aToOM BO-
IOpOJa B OCHOBHOM COCTOSIHMM, TNOMELIEHHBIH B 3JeKTPHYECKOe MoJe,
nepneHAuKyIIpHOe K MJOCKOCTH 3JeXTPOHHOR OpOMTHI, W NOKa3aTh, YTO
B Tako# Momenn a = a¥, rae a,-— panMyC HeBO3MYLIEHHOH OPOGHTHI.

Yicazanue. Ecan BHeluHee noJe Hanpas/JeHO MO OCH X, TO X-KOM-
NOHeHTa MOJSA A4pa BO BCeX TOYKAX 3/MeKTPOHHOR OpGUTHI 4OKHA ObiTb
paeHa BHewHeMy mnoJio. CTporui KBaHTOBOMEXaHWYeCKHH pacyeT mpacr
peayabTar, OoTaMYailolMics MHOXuUTeseM 9/2.

4.2, B 3anaye o nose BHYTPH [AH3JeKTPUKA MOJOCTb He 00s3aTenbHO
Oparb B ¢opMe cdepbl; ee MOXHO BbOpaTh W J1060fi Apyro#t reomerpu-
uecko#t ¢opMbl, o6.anaioieit Mo MeHblueH Mepe KyOHYeCKOH cUMMeTpHeit.
Hanpumep, MOXHO BHIGpaTh MOJOCTb B BHAe Kyb6a C rpaHsMH, COOTBET-
CTBEHHO MapanjeqbHLIMH M HOPMaJbHBIMM BeKTOPY noJspusauud. B stom
CJlyyae MJIOTHOCTb HHAYUWPOBAHHOTO 3apsia HAa BepXHel W HUXHeH rpaHsx
ky6a ogHOpolHa u paBHa TP, B TO BpeMs KaKk Ha APYTHX IPaHAX KAKOH-
/m6o 3apan orcytcrByer. [Tokasarb, yto aas Tako#t nosnoctu E, = 4=P/3,
T. €. TO Xe, YTO W A1 ChepHyecKO# MOJOCTH.

4.3. Tloka3aTb, YTO NOJASAPH3YEMOCTb TNPOBOLAILEH MeTaNIHYeCKOH
Chepbl paznyca a paBHa a= g3. DTOT pe3y/bTaT NMpOLIE BCErO MOXKHO
nouayuntp, 3aMetuB, 4ro £=0 BHyTpn cdepbl, U UCMOJb3Yys NpenCTaB-
JeHue o genoaspuayioiweM ¢aktope. ITOT NyTb AaeT 3HayeHHe A, MO
Nopanky BeauyMHbl CcOBrajaiolllee C Ha0M0LaeMbIMH 3HAYEHHUSIMU NOJA-
pusyemoctu aromoB. Peerka, cocrosiias u3 N npoeoaswux cdep Ha
€AHHUIY 06beMa, UMeET AM3JIEKTPUYECKYIO MPOHULLAEMOCTb € = | +4wN a8



112 TJ1. 4. JUDBJIEKTPUYECKHE CBOPICTBA

npu Na3<Z 1. 10T pes3yabTaT MCMOAb3OBAACA NPU WU3FOTOBJEHUH JIMH3
A/ CaHTUMETPOBHIX BOJH [36].

4.4, TlokasaTb, YTO IU3JEKTPUYECKass NMPOHULAEMOCTb Cpelsl, COxep-
Kaulet N cBOOGOLHBIX 3/JeKTPOHOB Ha eIMHULY 00beMa B NepeMeHHOM
noJie 4acToThl ®w, paBHA (B 3JEKTPOCTATHYECKOH cucreMe)

4nNe?

e=1———-—
mo?

Hanuuue B 3HaMeHarene Macchl O3HA4yaeT, YTO MBI MOXeM npeHe6-
peub BJIMAHUEM MMEIOLIMXCA TMOJOXHUTEJIbHBIX HOHOB. [lpeanosnoxurs,
cnenys Jlapsuny [37], uTo BHyTpeHHee Moje B 3TOM CJydyae paBHO BHell-
HeMy noaio E,.

4.6, Tlnocku#t KOHIEHCATOP COCTOMT M3 ABYX MapajjelbHbIX CJA0€B
pasnuuHbix BewecTB. IlepBbift caoft ToMUMHONR d MMeeT OM3JEKTPHUUECKYIO
NPOHHLAEMOCTb € W MPOBOAMMOCTb, PaBHYI0 HYa0, a y APYroro cjos
TOJLUHON gd Nu3JeKTpUyeckas npoHuuaeMocTb € =0, a NPOBOAUMOCTL &
MMeeT KOHe4yHOe 3HayeHHe. [lokasaTb, YTO 3TOT KOHIeHCaTOp BeleT cebs
TaK, Kak ecad Obl MPOCTPAHCTBO MexAy ero nJaacTHHaMu OblIO 3anoJ-
HEeHO ONHOPOMHOH CpelOi C AM3/IEKTPHUECKOH MPOHHLAEMOCTbIO

i (149

1+ (iewg/4ms) ’
rae o — yraosas yacrota [38]. 3uavenus e nopsaaka 10* uam 105 unorna
BCTPEYaIOTCs; CTOJb GOJblide 3HAYeHHs &€ OGYC/J0BJAEHBI OCOGHIM BUAOM
nosspusauuu (MexanuaM MakcBessa — BarHepa) u Bceraa conpoBoXaaioTcs
60/bIINMH  NOTEPAMH. AHAIH3 NU3/JIeKTPHUUECKHX CBONHCTB HHKeJb-UHHKO-
BbIX ¢(eppuToB MMeeTcs B pabore Kynca [39].

4.6. PaccMoTpeTb CHCTeMy M3 ABYX [MNOJeH, HAXOLALUMXCA HA pac-
CTOSIHUH @; MOJSPH3YEMOCTb KaXJOro .1MmoJs paBHa o. Hadth, kak
NOJKHBL ObIThb CBAI3aHbl MexAy cOo00# @ M a aas TAKOH CHCTeMbl, YTOOLI
noc/eaHss Gbl1a CerHeTO3/eKTPHUECKON.

4.7, Vimeerca cucteMa u3 [IBYyX JunoJe#, DPacmoNOMeHHbIX BIOJb
OCH X HA PpAcCTOSiHUM @ Ipyr oT apyra. IlpeanosnoxuM, uyTO AMMO.U
3aKpenJeHbl TaK, YTO MOTYT MOJAPH30BAaTbCS TOJbKO BIOJb OCH Y; MYyCTb
No/NAPU3yeMOCTb BAOJbL OCH y paBHa o. MoxeT /M Takas cHcTeMa ObiTb
cerHeTosneKTpuuecko#? HafiTh, kak n0/kHbI ObITb CBS3aHbl MeXLy CO-
6ot @ M @ Ang Tako# cHcTeMbl, YTOOBI MOCAelHss Gblia aHTHCETHETO-
3/1IeKTPUUYECKOH.

4.8. PaccMorperb, Kakoe BJ/HMfHHMe OKa3hiBaeT BO3AYIUHbIA 3a30p
MeXIy MJIacTHHAMM KOHJEHCAaTOpa M AM3JeKTPUKOM 1a U3MeHeHHe 60Jb-
KX 3HaYeHURH [M3JeKTpUYecKOH npoHuuaeMocTH. Kakoe HauGoJbliee
Kaxyllleecs 3HaueHHe IM3JAEKTPUYECKOH MPOHHILAEMOCTH BO3MOXHO, €Cay
IWIMPHHA BO3AYWIHOrO 3a30pa COCTaBASET 1073 noamo#t wmupuHbI?

4.9. PazoOparbcs B paboTe AMINEKTPHUUYECKOTO YCHUIUTENA (CM. CTAThIO
Masona u Buka [40]). -

€



FrTABA 5

MOZIEJ/Ib CBOBOAHbIX 3JIEKTPOHOB
W EE NIPUMEHEHHUE K METAJIJIAM

OCHOBBIBaACb Ha MOXeJM CBOGOLHBIX 3/MEeKTPOHOB, MOXHO OOBACHUTH
pAL BaWHBIX (U3UYECKUX CBOMCTB MeTaanoB U B OCOOEHHOCTH MPOCTHIX
OIHOBa/eHTHbIX MeTan1oB. Cor/JacHo 3TOR Mozenu BajeHTHble 3MeKTPOHbI
ATOMOB MeTa//Jla MOTYT MOYTH CBOOONHO MNepeMellaTbCs B Npenenax o00b-
ema o6pasua. VMeHHO BajeHTHble 3JeKTPOHHI 0GYCI0OBAMBAIOT 3/MEKTPO-
IIPOBOJHOCTb MeTajJa, W MO 3TO# NPHUMHe HX HAa3bIBAIOT 3JEKTPOHAMH
NpOBOAMMOCTH M OTAMYAIOT OT 3JEKTPOHOB, 3aMOJHSIOINX 060J0YKH
MOHHBIX OCTOBOB. B3anMoaelicTBHe 3/1eKTPOHOB NMPOBOJAMMOCTH C HOHHBIMH
OCTOBaMM aTOMOB MeTaJs/a CYUTAETCH MajblM, U B NpubJiuxeHHOR Teopuw,
6asupyiollefica Ha Moxeau CBOOONHBIX 3JEKTPOHOB, MM NpeHeOperaior.
Bo Bcex pacuerax B paMkax STOH MOJeAH 3JeKTPOHBI NMPOBOANMOCTH
CUUTAIOTCA NMOMHOCTbIO CBOGOIHBIMM B TNPOCTPAHCTBE, OrpPaHUYEHHOM MNO-
BEPXHOCTbIO 0Opasua.

OnHako naxe JAJA TeX MeTanioB, NMpHMeHeHHe K KOTOPHIM MOIe/H
CcBOOOLHBIX 3JIeKTPOHOB OblIO HauboJee ycCHellHbIM (HanpuMep, HaTpui,
Menb, cepebpo), 6bl10 Obl HenmpaBUJAbHO CUYUTATh, YTO HA pacnpeneeHUH
3/eKTPOHHOTO 3apsia BOBCe He CKa3blBaeTCs Ha/JH4YHe CHJIbHOIO MOTeH-
1lMaJa 3/MeKTPOCTATHYECKOrO TPHUTSIKEHUS HOHHBIX OCTOBOB. Ycmex Mo-
Ieaud cBOOOLHBIX 3/eKTPOHOB NpPH OOBACHEHHH HEKOTOPbIX CBOHCTB Me-
TaJJIOB CBSI3aH C 1BYMsA o6cTosiTeabCTBAaMH. Bo-nepBbiX, 3Heprus 3sJek-
TPOHOB MpPOBOJAMMOCTH MOXET HHOTAAa 3aBUCeTb MNPOCTO OT KBanpara
CKOpocTH (Tak e, Kak B nyctote) Ge3 ydyera pacnpeleseHds 3apsia,
XapaKTepHOro AJs CcBOGOAHBLIX 3/]eKTPOHOB. Bo-BTOpHIX, ceuenue pac-
CesiHMSl TIPU 3/MeKTPOH-3JEKTPOHHbIX CTOJNKHOBEHHSIX CPaBHUTEAbHO MaJo,
KYJOHOBCKOe B3auUMozLeficTBHe B 3HAauYUTeJbHOR Mepe ocnabaseTcs H3-3a
9JIeKTPOCTATHYECKOTO 3KPAaHHPOBAHMA, @ YUCJO paspellleHHBIX CTOJKHO-
BeHW 3HAYUTEJbHO YyMeHbllleHO B cuay npuHuuna Ilayau.

Teopus cBOHCTB MeTanJOB, OCHOBAaHHAas Ha MOJeJH CBOOOLHBIX 3JeK-
TPOHOB, MOABHAACH 33100 A0 Pa3dpaboOTKH KBAHTOBOM MeXaHuWKH. ITa
PaHHAs TeopUS MMena PsAL BBLAAIOIIMXCA YCNEXOB U ONHOBPEMEHHO pAl
KpynHbiX mpoBanoB. K ycnexaM caelyeT OTHeCTH BBIBOL B aHajJHTHue-
cko#t ¢opme 3akoHa Oma, CBsA3LIBAIOLLETO 3JEKTPUUECKUH TOK C 3JjeK-
TPHYeCKUM NOJeM, M, B YaCTHOCTH, MOATBepAeHHe 3akoHa Bunemana —
Ppanua, ycraHaBaMBAIOWIErO CBA3b MEXIy 3JeKTPO- W TeMJIONPOBOLHO-
CTbi0 MeTasnoB. K KpynmHbIM IpoBajaM cJenyeT OTHeCTH CYLIECTBEHHOE

8 4. Kuttean
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pacxoxieHde Mexly HaG/aI0LaeMblM M NMpPeNCKA3aHHBIM 3HAUEHHSMH 3JleK-
TPOHHOH TeNI0eMKOCTH, a TaKxKe MNapaMarHUTHOH BOCIPHUMUYUBOCTH 3JeK-
TPOHOB mpoBoAMMOCTH. VmeloTcs M Jpyrue TPYNHOCTH: HanpuMep,
C TOYKH 3peHHs KJACCHUeCKOH MOJIe]H HeBO3MOXHO OOBSCHUTH 6O.bIIYIO
CpelHIol AJAMHY cBOOOAHOrO mnpoGera 3/MeKTPOHOB, KOTOpas NpH HU3-
KUX TeMMNepaTypax MOXeT JNOCTHrarb 1073 ¢u u naxe Goablue, T. e.
3HAYMTeJbHO TNpeBbILIATh BeJHYMHY, OXMAAEeMYyl0 1O KJAACCHYECKOH MO-
leau TBepAHX cdep, onuchiBamoled paccesHHe 3JeKTPOHOB HAa HOHHBIX
ocTOBax. B ne#icTBUTeJbHOCTH, COrJAaCHO KBAHTOBOH TeOPHH, HOHHbIE
ocTOBb BOOOlle He NMPUHUMAIOT y4YaCTHS B PAacCesiHUH 3NeKTPOHOB Npo-
BOLHMOCTH, €CJHM HOHHbie OCTOBbI 00pa3yloT HIeajbHO INPAaBHJbHYIO pe-
IIETKY, M 3TO INOUCTHHE 3aMeuare/bHbIf pPe3yabTAaT KBAHTOBOH Teopuu.
ST BOMpoOCH MNOAPOOHO paccMaTpPHBAIOTCA HUXKe.

dneKTponpoBOJHOCTL M 3akoH Oma. PaccMoTpuM cHauasia ne#crBue
sJekTpuyeckoro mnoas E Ha kJaaccuyecku#t ra3 cBOGOAHBIX 3JEKTPOHOB.
[Tycts B eanmnuue ob6beMa ra3a uMeercs N 3/eKTPOHOB. byneM cuurarh,
YTO B OTCYTCTBHE MOJSA [IBHXKEHHE 3SJEKTPOHOB NMPOUCXOMNUT CAYYaHHHIM
o6pa3oM, M pacnpeneseHHe CKOpocTef OTBeyaeT TeNJOBOMY DPaBHOBeCHIO
npu temneparype 7. Cpennss, uau apeHidoBas, CKOPOCTb 3/1EKTPOHA

N
A
vo=%2‘vi 5.1y

i=1
paBHa HYJI0 B 3THX YCJOBHAX, TaKk Kak NpH pPaBHOBeCHH B J1000M
JIaHHOM HanpaBJ/IEeHHH HBHXKETCHd CTOJIbKO e 3JEKTPOHOB, CKOJIbKO H B
NPOTHBOMOJIOXKHOM.

BBeneM mnonsTHe 8pemenu peasarcayuu, KoTopoe 0603HAUMM de-
pe3 t. BpeMsi pesakcauuu TecHO CBAi3aHO CO CPelHHM HMHTepBajJOM Bpe-
MeHH MeXny AByMA COYLapeHUAMH 3JIeKTPOHA M CO CpelaHed aAUHOMN
cBoGonHOro npobera 3/eKTPOHOB MPOBOAMMOCTH, KOTOpas MpeiCTaB/seT
co6oft CpelHIOW N/AMHY MYTH 3JeKTPOHa, cBOOOAHO Ge3 BO3MYILEHHH NBH-
KYILerocs Mexnay AByMsl coyiapeHusiMH. Bce neTanam npoueccoB CTOJK-
HOBEHHA B 3JEKTPOHHOM Tra3e CBOAATCA B paMKaX MNOCTABJEHHOW ceiyac
3ajay4 K 3ananuio BpeMeHH peaakcauun. CrojkHOBeHus 0O6YyC/IOBJ/EHbI
TENJOBBIM JBIXKEHHEM pellIeTKH, WM HeCOBEpLIEHCTBOM ee CTPYKTYpbl.
BpeMs penakcauun BBOAMTCA KAK 11leKOTOPOC XapaKTepUCTHYeCKOe BpeMs,
onpelensioliee ycraHoBJeHHe PpaBHOBeCHS (MyTeM CTOJKHOBEHHH) B CHU-
cTeMe, KOTOpas B MCXONHOM COCTOSHHMM Obl1a BO3MYLUeHHOH, UYTO Xa-
paKTepu3yeTcsi HepaBeHCTBOM Hy./I0 cpeniied, HaIn npeidoBOH, ckopo-
ctu (9p+0). Ecan wnanmucaTe ypaBHeHHE [BHXEHHMs, HCNOJb3Ys Cpa3y
CpelHIOI0 CKOPOCTb

\

m(% +év0)= F. R

rae  F—cpeansis  BHelunss cuad, JeWCTBylOuwass HAa 3JIEKTPOH, TO
MBl  yBHIAHM, 4YTO B OTCYTCTBHE BHEIUHHX CHJA CBOGOLHOE JABHXeHHe
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OMUCHIBAETCA YpaBHEHHEM
d'oD 1
T+?'DD=O' 5.3)
TakuM 06pasoM, ec]H HauajbHas CpelHfis CKOPOCTb, COOTBETCTBYlOLIas
1ICXOJHOMY HepaBHOBECHOMY pacnpeie/enulo, pasHa o, (0), To mepexon
cHCTEMBl B paBHOBECHOe COCTOsSIHHE OMNHCBIBAeTCA pelleHHeM YpaBHe-
yug (5.3), MMewLMM BHUL,

Wtak, Mbl TOJAYYMIAH Pe3yabTaT, COrNaCHO KOTOPOMY HapylleHHOe paB-
HOBeCHe BOCCTAHAB/JMBAeTCA M0 SKCMOHEHUHANLHOMY 3aKOHY C XapakTe-
pHCTHYECKHM BpeMeHeM T. 3aMeTHM 1aJee, UTO YJeH mvp/t, BBedeHHbIf
B ypaBHeHue (5.2), MMeeT 3HAaKOMBIH BHA CHI TPeHHS, WAM 34TYXaHud,
npuyeM m/t urpaer poab KodIpdHuUueHTAa TPEHHS.

Ecau 6bl B cHCTeMe 3/JEKTPOHOB HHMKAKOro TpeHus He OblIo, T. e,
ecau O BpeMs penakcallun Obi10 OECKOHEYHO BeJnKO, TO SJMEKTPOHBI
8 MOCTOSIHHOM 3JEKTPHYECKOM MoJe MoJyyaan Gs Heor paHHYEHHOE YCKO-
peHue. B aTOM ciyyae ypaBHeHue NBHXeHus

mv,, = eE (5.5)

#MeeT pellieHHe
Et
o) =0, (0)+ 2=, (5.6)

KOTOpO€ He JAdeT CTalHOHAPDHOrO COCTOAHHA THNA, OINUCHLIBAEMOro 3aKo-

HoM Owma.
[Ipu KoHeuHOM BpeMeHHM peJaKcalM¥ ypaBHeHHe IBUXeHUs B MOCTO-

fIHHOM 3J/IEKTPUYECKOM IOoJie MMeeT BHI

do 1
m(d—tD +T"‘DD)=€E- (5.7)
B kayecrse wyacTHoro pelueHUss 3TOr0 YpaBHEHUS MOXHO B3ATb
etE
‘vD = m * (5'8)

STO pellleHHe OMUCHIBaeT COCTOSIHHE, NpPH KOTOPOM CpENHSs CKOPOCTb

He MeHsleTcd cO BpeMeHeM. Ero MOXHO noayuutb M3 ypasHenus (5.7),

€C/n  nonoxuTe dvp/dt =0. IDTOT uJeH ONUCHIBACT WHEPUHOHHbLE 3¢-

dexThl; ero cieiyer yyuThlBaTb B TeX 3alayax, rie nosae E ue aBasercs

IIOCTOSHHBIM, 4 3aBUCHT OT BpeMeHu. Ecan E= Egei*!, 1o
etE/m

'UD=1—_W . (5.9)

[TnoTHOCTb 3/eKTpHYECKOrO TOKa j oOnpeleseTc KaK KOJHYECTBO
SJIeKTpHYeCcTBa (/EKTPUUECKUH 3apai), NMPOTEKAIOUIEro Yepes edMHHYHYI0

8*
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mjolanb B €IWHHLY BpPEMEHH. O6ulee uucao 9JEKTPOHOB, NepecCeKalouux
€IMHUYHYI0 TJaowans B €IWHUUY BpEMeHH, paBHO N‘UD, raie N — uucao
9/JEKTPOHOB B eIWHHLE obbema. Cﬂeﬂ.OBaTeJ'leO. A4Sl MJIOTHOCTH 3JieK-

TPHUYECKOT O TOKa HUMeeM
j=Nev,, (5.10)

BocnoabaoBaBiuuch BblpaxenueM (5.8), IS CTaUMOHAPHOTO COCTOAHHUA
NoJIy4uM

Ne?x
f — E, D.
J p (5.11)
T. €. TJOTHOCTb 3JEKTPHYECKOro TOKa INpSAMO NpPONOPUHOHA/JbHA 3JeK-
TpuyeckoMy moJso. Mitak, Mbl BbiBean 3akon Oma.
Koadduunenr 34exkTponpoBOAHOCTH & (MAM NPOCTO 3/MeKTPONpPOBOA-
HOCTb) OMpelensieTCsl COOTHOLIeHHEM

J=cE. (5.12)
C yueroMm (5.11) nonyyum BaxKHbfl pe3dyabTaT:
2
o=L (5.13)

[TockoabKy CONMpPOTHBJAEHHE p ONpele/seTcd Kak BelHYMHAa oOpaTHas 3Jjek-
TPONMPOBOLAHOCTH, TO

1 m
Herpyano BckpbiTh dusuyecku#t cMbica ¢opmyast (5.13) nias mposdau-
MOCTH.

B ToM, uTO nepeHOCHMBbIH 3/eKTpPUUECKUH 3apsa NpPONOpPUMOHAJEH
TUJIOTHOCTH 3apsda Ne, HeT HUYEro HEOXWIAHHOTO; MHOXMUTE.Tb e/m BXO-
IuT B (GOpMyJay, MOCKOAbKY YCKOpeHHe NpPU NaHHOM 3/JeKTPHYeCKOM
noJie NPOMNOPLHUOHANLHO BeJHYMHe 3apsda e W 006paTiO NMPONOPUHOHANBLHO
Macce m. Beauuuna t npedctaBaser coG6oi BpeMs, B TeyeidHe KOTOPOro
noJe JekcTByer Ha CBOGOAHO ABMXYLMHCA 3apan — nccurteab Toka. Ilpo-
lecc 3aKaHYMBAeTCA CTOJNKHOBEHMeM, M HAUMHaeTCs CHOBa — 00 3TOM M
HanoMHHaeT HaM TepMHH OJpeddgosas CKOPOCTb, BBeleHHBIH paHee Ha
paBHBIX NpaBaX C TEPMHUHOM CpPelHAss CKOPOCTb.

KBanroBas TeOpusi He MeHseT pesyabtatT (5.13) cKoJbKO-HUOYIb
CyLIeCTBEHHHIM 06pa3oM; OHa, OJHAKO, YyKasbiBaeT MyTb A TEOPeTH-
YeCKOro pacyeTa BpeMeHM peJaKcalud, OCHOBAHHBIM Ha CaMbiX OGIMX
ee NpHHUHUMNAX.

[Moabsysick BbipaxeHueM (5.13), none3sHO OLEHUTb MO IKCNEpPUMeEH-
TaNbHLIM J3aHHBIM 1/ MPOBOAMMOCTH NOPANOK BEJIHYHHBI BPEMEHM peJakK-

caumu. .
PaccMoTpuM Meab npu koMHaTHOH TeMmnepatype. B cnpaBounmkax
HaXOLMM NS  CONpPOTHBJIeHWS BequuuHy 1.7 mMxomfem, T. e



IJl. 5. MOOENb CBOBOJHBIX 3JIEKTPOHOB 117

g=~6-105 (om-cm)~'. B cucreme MKC ennHnueit conporusienus
4BJS€TCS OM - Memp; COOTBETCTBEHHO, YUCJAEHHOE 3HayeHHe CONMpOTHB-
genns B 9To# cucreme B 100 pas MeHblue, uyeM B NMpakTHYeCKOH. Awa-
JOTHUHO, BEJMYUHA TNPOBOAMMOCTH, BbipaKeHHOH B (o - #)~!, B 100 pas
GosblUe ee 3HAYEHUS, BHIPAXKEHHOTO B (04 - ¢.4)~ . UTOGHI nepelTH OT env.-
nn, (oM - ¢#)”" K 31eKTpPOCTaTHYECKHM edMHULAM, CleAyeT YMHOXHUTb 3TO
giavenne na 107'.3.10".300=19-10"; wmuoxureas 107’ nepeBo-
AT TOK B abGcouioTHble amnepbl, MHOxurteab 3 - 1010 nepesoaut ux B
sackTpoctatndeckne eaunuusl CIC ans cuasl Toka [Tak HasbiBaeMmble
craramnepsl (Statamperes)]; Muoxuteabr 300 onarb BblpakaeT Mepexol
or eIMHUL 8/cM K 3JjekTpocTaTHyeckuM enuHuuaM CI'C nas uanpsikeH-
110CTH 3JIeKTpU4ecKoro moas (cmam. goasm/cm). Vtak, HaM naHo coot-
nouenue (5.12), B npakTUYeCKUX eNWHULUAX, H Mbl XOTUM HaHTH BeiH-
UHHY ¢ B 3JEKTPOCTATHYeCKUX eNWHHUAX, OMNpelelss ee H3 TOro Xe
cooTHolweHus (5.12) 3anucaHHOro B 3JeKTpocTaTHueckux eiunuuax. Co-
CTaBUM OTHOLUEHHUe

s (34.-cm. e0) __ j(3a.-cm. e0) . E (npaxm. ed)
o (npaxm. ed) ~—  j(npaxm. ed) E (3a.-cm. ed) —
=3-.10°-300=9- 101, (5.15)

3nech A9 CKOPOCTM cBera mnpuHato 3Hauenue 3 - 100 cum/cex. Torma
NoCTaB/JeHHAs 3a1aya MMeeT CJELYIOLIUH OTBeT:

o (94.-cm. ed)="5-10" cex™"

HAafoOMHHas HaM, YTO B 3JEKTPOCTATHYECKOH cHUCTeMe eNUHML MPOB)IAU-
MOCTb MMeeT pa3MepHOCTb YaCTOTHI.

PasyMHO npeanosomuTb, YTO KawAbli aToM Meldu B TBepAOM MeTaJ-
JIMYECKOM COCTOSIHUM JaeT B 30HY MPOBOJAMMOCTH OJMH BaJeHTHHIR 3Jek-
TpoH!). Torma koHueHTpauuss N 3/eKTPOHOB MPOBOAUMOCTH PaBHA YuCHY
4TOMOB MeaM B eluHuue o6GbeMa. IDTO YUCJAO MOXKHO HaHTH, pasnenus
yucao ABOraapo Ha MoJspHbif o6beM. MoaspHbif 06beM paBeH MoJe-
KyJIPDHOMY BecCy, JeJeHHOMY Ha MJOTHOCTb:

63,5

__Dop 3
MOJAPHBIR 06beM = 80T — 7,1 cmMd.
CunenoBatenabHo,
. 23
N=S20510% _g5.10% cu-s.

) OcHoBHas 3J€KTPOHH 5 KOHHUI'ypalLks CBOGOAHOTO (M30IHPOBAHHOI'0) aTOMa
Menn umeeT BuA 1522522p03s? 3p03d'194s. BaJeHTHBIM 3JEKTPOHOM Y MeH ABIASCTCA
4s-anekTpon. OcTaabHbIE 3MEKTPOHBI, HAaXOMSUIMECS HA 3aNOJHEHHLIX OpOHTaX,.
COCTaBASIOT 3JEKTPOHHYIO 06OJNOUKY MOHA.
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Hrak, Bpema pesakcauuu

om _ 5-107.9.107%8 -1
Net =5 108 (5. o = 2+ 1077 cex.

T ==

WanoxeHHble Bbille CBEIEHHA H TeOpeTHYecKas 6a3a eule HeaoCTa-
“TOYHBl AJf TOrO, 4TOOBI YUTaTeab MOT CaM KPHTHYECKH NMPOAHAJIU3UPOBATH
fIpMBENEHHYI0 OLEHKY BeJW4YHHbl BpEeMEHH pEJNaKCalHH H yﬁe,ﬂ.HTbCﬂ B €¢
TNIpaBHJIbHOCTH. OLHMM M3 TaKMX N0KAa3aTe/bCTB ee NMPaBUJbHOCTH CAYXKUT

KOCBEHHLI pe3yabTaT, COrJaCHO KOTODOMY COOTBETCTBYIOLlEe BpeMsi pe-

-11
Hakcaluuu JOJ/kKHO ObiTh Menblie 10 CeK, YTO HAaXOIUTCH B COrJacCHH

.C TIpMBEJEHHOR BhIllle OLEHKOR. DTOT pe3y/abTaT MOJYYaeTCs H3 OMBITOB
MO 3aTYXaHUI0 KOPOTKHX 3/JeKTPOMArHUTHHIX BOJH (yactota 2,4 - 1010 zy),

PACNpOCTPaHAIOLIMXCS B MEIHOM BOJIHOBOJE NMPH KOMHATHOM TeMmepatype.

Beanunsa 107" cex XOpOILO corjacyercsi ¢ pe3y/bTaTaMH pacuera IO

TEOpUH PanMOYACTOTHOrO CKMH-3(eKTa, ec/H CYUTATb CTEHKH BONHOBOAA
JLOCTATOYHO TLIATENbHO OTMONMPOBAHHBIMH. DTOT Pe3y/bTaT MOJyyaeTcs
B paMKax MNpeACTaBleHHA O CTaUMOHAPHOW 3JeKTpoOnpoBoAHOCTH. Ecau
B ypaBHEHHM IBHKEHHUS

m (t0++) 0, =eE (5.16)

HMHEPLUHOHHbIA uneH m dvp/dt npeobianaer Hal pelaKCAUHOHHBIM MV p/t,
TO TPYAHO 0XHIATb, YTOOBI Pe3yJbTaTbl, KOTOPbie Mbl MOJYYHM, COIJaco-
BBHIBAJHCb C [AHHBIMM O TOTEPAX B BOJHOBOLAX, NMOCKOAbKY (aKTHYeCKH
9TU pe3yabTaThl OYLYT OTHOCHTbCS K NMPOBOAMMOCTH AJsi MOCTOSHHOrO
Toka. Penakcauuonunit unen Oyner npeo6Gaanatb, ecau 1/t>>w, uau
e =L 27,1077 cex (5.17)
~ @ onf ' :
«OTMETHM, UTO Hallla OLleHKa BpeMeHH penakcauuu 2 - 107" cex, ocHo-
BaHHAs Ha JAaHHLIX O NPOBOJAMMOCTH, AeHCTBUTE/LHO YAOB/JETBODPSAET ITOMY
‘HepaBeHCTBY.
MoXHO BBECTH ellle CpefHIOIO AAMHY cBoGoaHoro mnpot6era A, koro-
PYI0 Mbl ONpeje/dM COOTHOLIEHHEM

A=nu, (5.18)
rhe & — COOTBETCTBYIOILAs CPeLHss CKOPOCTb 3/eKTPOHOB. Hixke Mul yBu-
IMM, 4YTO 3HauyeHWe & I Meln paBHO npumepHo 1,6 - 108 cum/cex, npu
t=2.10"" cex noayuum nas cpexHed AMMHE cBOGOAHOTO mpoGera

A=3-10"% cu, uro npumepro B 100 pa3 Go.blle MexaTOMHOro pac-
CTOSIHUA B pelleTke MelH. VImeworcs skcmepuMeHTa/lbiible AOKa3aTebCTBa
pasymHocTH 3To#t ouenku. Hampumep, Petinonnc u Cruaysan [1]1!) uame-

!) dkcnepuMeHTaAbHbIE U TEOPETHYECKHE HCCAENOBaHMA CPelHeH MJIHHBI CBO-
604HOro mpobera 9/eKTPOHOB B MeTaanax omucanbl B 063ope 3omaxeiimepa [2],
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4 COMPOTHBJIEHHE TOHKUX MJIEHOK MeAu M cepe6pa PasHOH TO/LIMHBI.
ConpoTHBJeHHe OyleT COCTOATh M3 IBYX 4acTed: odHAa W3 HUX o6ycao-
pieHa paccesHUeM 3/eKTPOHOB B Macce 00pasua (MexaHM3M DPacCMOTpeH-
jjoro Bbllle THMA), a Apyras Bbi3BaHA IUGPPY3HBLIM paccesHUeM 3JieK-
TPOHOB HA TNOBEPXHOCTAX TMJeHKH. B nocrarouno toacThix 06pasuax
npeo6alaowyio pojib UrpaeT NepBblfl THN paccesinus, B TOHKMX MJEHKAX
JOMHHHPYET paccesHUe Ha TNOBepXHOCTAX. Teopus, B KOTOPOH yuHTbI-
patoTca 006a MexaHu3Ma paccesiHusi, Gblia passuta PykcoM [3]. ta Teopus
XOpPOLIO COr/acyercs C OMbITOM, €C/aH LISl Meld CPelHIO AMuHY cBO6OI-
jioro npobera B MacCUBHOM o6pasue NPUHATb paBHOH 4,5 - 107° cu, uro.
yIOBJETBOPHUTENbHO COrJacyercs ¢ Haule# rpyGoit oueHkoH. PesyabraThi
Gosee CTPOTHUX pacueToB npuBefenbl B Taba. 5.1.

Ta6auna 5.1
JaHHble 06 3JeKTPONPOBOAHOCTH MeTaanoB npu 0°C*)
Hab6aonaemnie
UYucao cBoGoaHbIX | 3HAaUeHHS 9]EKTPO- Bb“‘"c"e""'a"_a Cpennsia aauna
MeTtann | 9nektponos B 1 cu? MPOBOAHOCTH CKOpOCTb 4 -107 7, c¢B060AHOTO
N-10~22 (npu 0° C)s-10~ 17, “‘/cf" npo6era A-108, cu
9a.~cm. €0 )
Li 4,6 1,06 1,31 110
Na 2,5 2,09 1,07 350
K 1,3 1,47 0,85 370
Rb 1,1 0,78 0,80 220
Cs 0,85 0,49 075 160
Cu 8,5 5,76 1,58 420
Ag 5,8 6,12 1,40 570
Au 59 4,37 1,40 410
*) [Ipu BLIYMCNEHHH TEOPETHYECKHX 3HAYEHHH NpPeANnoNaranoch, YTo Ha Ka>KAbli aTOM
NPHUXOAMTCH B CPEIHEM ONMH CBOGOLHLI 3NeKTPOH; cBOGOANBIA mpober A BhIMUC/AEH MO
¢dopmyae (5.18). CkopocTb up BLIYHCASNACL MO  GdopMmyae 3 mui_=EF, rie sueprus
depmu EF onpeaeasaace no ¢popmyne (5.44). Creayet umertb B BHAy, 4TO B KHure MoTTa
u Ixonca [4] 3nayenns A pepHbl JHIIb C TOYHOCTbIO A0 MHOXHUTEAs, PaBHOrO 2.

Wounbi#t pannyc Cu™ pasen 0,96 - 1078 cu. Tanee, u3 coobpaxeHutt
pPa3MepHOCTH M 3/eMeHTapHOH KHHeTHYeCKOH Teopuu moJyyaeM dopmyay
s cpenHe# AauBr1 cBOOOAHOro mpobera

-~ 1

prm— NﬂR2 ’

-8
u3 Koropo#t caenyer, yto A=4-10"" cm. [1pu sTOM MBI npeanoJaraem,
YTO B3aMMOJeHCTBHe 3JEeKTPOHOB NPOBOLUMOCTH C MOHAMH MeIH MOXHO
TpakToBaTh KJaccHuecku. OAHAKO Mbl 3HaeM, YTO MHCTHHHAaf AJIMHA
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.cB06GOAHOro npobera Npu KOMHATHOH TeMNepaType UMeeT BeJUYHHY MOPsAdKa

5-107% ¢, a NpU HU3KUX TeMNepaTypax MoxeT GbiTb 1073 ¢ n naxe

Goabiue. [103TOMY Hamo CaesaTh BLIBOA, YTO B3aMMOLEHCTBHE 3/1EKTPOHOB
NPOROAUMOCTH C HOHAMHM METaAna He/lb3sl TPAKTOBATb KJACCHUYECKH.

ITodsuscrnocmp p. onpelensieTcs kak cpelHsas (apedosas) CKOPOCTb,

OTHeCeHHas K eIMHHIE HanpsHKeHHOCTH 3/eKTPUYECKOro MoJs, T. €. C yue-

ToM (5.8)

o & 5.19

P=F T (5.19)

Yro6el MOMYyuYHTb NpeNCTaBAeHHe O NOPsSIKe BeJHYHHBI MOLBHXHOCTH,

BO3bMEM Melb NpPH KOMHAaTHOH TeMmepartype

 5.10710.2.1071
- 9.107%

=~ 10* cm2/cmamgoasm - cex = 30 cm?/s « cex =
~ -3 2
=~3.10"° #’/s - cex.

[MoaBmKHOCTb SIBASETCS BecbMa MOJIe3HOH# XapaKTepHCTHKOR mpu pac-
CMOTPEHHH CBONCTB MOJAYNPOBOLHUKOB, MOCKOJbKY NpH ee OMNpeleeHuH
He HCMOJb3YyeTcs KOHUEHTPauus Hocurened 3apsna.

Mbl yxe nmpuBOAHAM (HO He BBLIYUC/SA/IM) BeJHUUHY COOCTBEHHOH CKO-
POCTH 3JEKTPOHOB MPOBOAMMOCTH B MedH, KoTopas pasHa 1,6 - 108 cu/cex.

Cpexnss (ape#idoBast) ckopocTb, NpuobpeTaeMas 3JeKTPOHAMHU BO BHELL -
HeM 3JIeKTPHYECKOM TMoJie, OYeHb Maja MO CPABHEHWIO C 3TOH BeJUUMHOM,
eC/IM HaNpPAKEHHOCTb 3/1eKTpUYecKoro noas He npessicut 10%8/cu. B nonsx
TaKo#t uan OO6ableft BeJUUMHBI MOXHO OXHAATh HeauHeHHBIX 3¢deKTOB,
He omucbiBaeMbix oObluHOR dopmoit 3akoHa Oma. B HOpMa/bHBIX MeTas-
nax HenuHe#Hble 3ddexTr, 06yc/a0BAeHHble O60JbLIUMH NOJISAMH, UrPalOT
He3HauuTeNbHYI0 poJb (cM., Hanpumep, pabory 'yra u Mattepxodepa [5]),
ONHAKO OHM NpHOOPETaloT BaXXHOE 3HAayeHHe B MOJYNPOBOLHHKAX (CM.
Ulokau [6]), rae cuiabHble 3JeKTPUYeCKHe TNOJAS MOTYT BO3HMKATh Ha
p — n-nepexonax. Teopus p — n-nepexoioB paccMarpuBaercs B TJ. 6.

CuenyeT MopyepkHyTb, 4TO (opMyJa

__ Ne?t
T om

paccMaTpHBaach 3/eCh Ha OCHOBE YMCTO KJaccHuecko# Monenu 6e3 UCNOoJb-
30BaHUS KBAHTOBOM MEXaHWKM WJM KBaHTOBOM craTucTuku. Kak Gymer
NOKa3aHO HMe B HacToALled TrJaBe, 3Ta (OpPMyna COXpaHAeTCa M INpH
KBaHTOBOW TpaKTOBKe.
3akon Bugemana — ®panna. B ra. 3 6uian noayuensl popMyasl aas
TENJONPOBOJHOCTH 3/MEKTPOHOB MPOBOAMMOCTH. Ha ocHoBe Moneaum cBo-
GOLHBIX 3/JeKTPOHOB M craTucTHkU Pepmu — Jlupaka aas koadouuMeHTa
TenJa0npoBoaHocTH Obijia noaydyeHa ¢opmy.a
K=Z NE

3 m

T. (5.20)
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Ne?t

Jlns 97eKTPOMPOBOLHOCTH [CM. (5.13)] umeem o= . Takum o6pa-

30M, AJS OTHOLUEHHA I3THUX BeJHYHUH NOJYUYHUM

K n? (k)2
L= 7) T. (5.21)
CooTHOLIeHHe 3TOro Tunma OLIJIO BhNepBble YCTaHOBJIeHO BuiemanoMm u
dpaHileM M HOCHT uX uMa. Hucro Jlopenya onpelensercs COOTHOLIEHHeM
K.

L=?, (5.22)
coraacHo (5.21) B Moleau CBOGOIHBIX JEKTPOHOB B CIyYae UMCTO IJIeK-
TPOHHON NPOBOAHMOCTH

L :"_32 (%)2’2 2,72 - 107" a4.-cm. ed/zpad® =

=2,45-10"% gm . o.u/zpa02. (5.23)

910 — 3aMeuaTe/bHbl  pe3y/bTaT, NOCKOJIbKY OH He CONEPXKUT BeJu-
yui N, m u . DBosee neraabHb#t aHanu3, OCHOBaHHLI Ha KBaHTOBOH
TEeOPHH MPOLLECCOB NMepeHoca B MeTaJlJiaX, NOKa3biBaeT, yTo 4ucao Jlopeuua
LOXKHO CTaTh He 3aBUCALLMM OT TeMMepaTyphl TO/bKO Bblllle XapaKTepH-
cruyeckoit Temmeparypnl [Je6asil). DTo cBS3aHO € TeM, yYTO pas/uune
MEeXIy CPeILHHMM 3HAYeHMSMHM CBA3aHHBIX CO CTOJKHOBEHMSMH BeJHYHH,
BXOAALLMX B BbIpaXeHHs I/ yAedbHOR 9JeKTPONPOBOLHOCTH M TenJo-
NPOBOAHOCTH, CTAaHOBMTCS CYIUeCTBEHHBIM, KOrla NpH HU3KMX TeMmepary-
pax HauuHalOT npeob.anaTh 3/JeKTPOH-(OHOHHLE COydapeHHsl NPH Majabix
yraax. [lpu KoMHaTHOH TemnepaType Ha6.lofaeMble 3HaueHus L mpeBoc-
XOLHO COrJAacyloTcs C TeoperHueckumu [¢popmyna (5.23)], uyro BHAHO
13 LaHHBIX, TpHBeleHHbX B Taba. 5.2.

Ta6bauna 52
8Kcnepumeﬂ‘ra.nbub|e 3HAYEHHUA UYHUcCaa J'Iopeuua
L-108, gm-om-2pad "2 L-108, em-ou-2 a0~ 2
MeTaan Meraan
0°C 100° C 0° C 100° C
[
Ag 2,31 2,37 ! Pb 2,47 2,56
Au 2,35 2,40 Pt 2,51 2,60
Cd 2,42 2,43 Sn 2,52 2,49
Cu 2,23 2,33 w 3,04 3,20
Ir 2,49 2,49 Zn 2,31 2,33
Mo 2,61 2,79

') dxcnepumenTaabHOe MCCACAOBANME TCMICPATYPHOH 3aBUCHMOCTH B 061aCTH
HU3KHX Temmnepatyp OGblio npoBeseHo Aas Hatpus u Meau Bepmanom u Makio-
Haabiom [7].
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TennoeMKOCTh 3JIeKTPOHOB MpoBoauMocTH, CoriacHo KJjaccuueckoft
‘TEOPHH, W3J0XeHHOU B TIJl. 3, 9J/IeKTPOHB! IIPOBOAMMOCTH B MeTaJJyie AOJIKHbBI
Gbind Obl 0aTh BKJAAL B MOJAPHYIO TeMJIOEMKOCTb MeTaA/a, pPaBHbii

C (3/1€KTPOHH.) = % Rz,

rle R —ra3oBas MOCTOfHHAs, a 2 — YHCJO BAJEHTHHIX 9JeKTPOHOB Ha
oaun atoMm. Kak yxe ynoMMHa/OCb Bbillle, HeT HUKAKHX SKCNEPHMEHTa/b-
HbIX 10Ka3aTeJbCTB TOI'0, YTO BKJAaL 3JeKTPOHOB B TeMJOEMKOCTb Aaer
410-1160 TOXO0Xee Ha 3Ty BeNHYUHY.

TenaoeMKoCcTh GOJIbIIMHCTBA MeTa/JJIOB TNPH KOMHAaTHOH TeMMeparype
M Bbllle OGLIYHO OveHb 6iu3ka K 6 xaxa/moas - 2pad, T. e. TAKOBA Ke,
YTO M y NM3JIEKTPHYECKHUX TBEPIHIX TeJ; 3TO 3HAYEHHE C OYEHb XOPOIUHM
npubianxKeHteM MoxeT ObiThb OMMUCaHO Teopuett kouseGanuf Kpucraanmye-
CKON pewieTki. DTO pacXoxeHHe yKasbiBaJO HAa HeyNOBJIETBOPHTENbHOCThb
KJ1aCCHYeCcKO# TeopuH, OCHOBAHHOW HA MOZeJu CBOOOILHOrO 3JIEKTPOHHOrO
rasa. B cBere ycmnexoB kJjaccuuecko#t Teopud B OGDBSCHEHMH 3JeKTPOMNpO-
BONHOCTH W TEIJIONPOBOJHOCTH MeTa/JIOB ee Heylauya C TeNJ0eMKOCTbIO
6ula mpocTo yauBureabHo#. C TOukM 3peHHsi KaacCHuecKo# Teopuu Oblio
TPYAHO MOHATb, KakMM 0Opa3OM 3/eKTPOHBI, NMPUHMMAs yuyacTHe B Mpo-
ueccax mepeHoca, Kak ecau Obl onu OblaM CBOOGOAHBIMH, B TO Ke BpeMs
Ial0T CTOJb He3HAuHTe/bHbl# BK/AaL B TemMJIONPOBOAHOCTb.

[lapamarHutTHas BOCNPHHUMYUBOCTH 9JEKTPOHOB MNPOBOAHMOCTH.
Knaccuueckas Teopusi cBOOGOLHBIX 3JEKTPOHOB He NaeT TaKxke YIOBJETBO-
pHUTEJIbHOr0 OGBACHeHMA NapaMarHUTHOR BOCTIPUMUMUYMBOCTH 3JEKTPOHOB
nposoauMoct. M3 snemenrapHo#t aTomMHON (GM3MKH H3BECTHO, YTO 3JeK-
TPOHbl 00/IaNAI0T MArHUTHBIM MOMEHTOM, PABHBIM MO BE€/JHYMHE MarHeTOHY
Bopa:
?B=?e”i’—c=—0.927~ 107% ape/apcmed =

=9,27 107" g . 3e6ep/.u2. (5.24)

B cOOTBETCTBMU C pe3yibTaTaMu I'JM. 8 ciellyeT OXHIaTb, YTO 3/eK-
TPOHbl TPOBOAUMOCTH [O/MKHbI 00/alaTh NapaMarHWTHOM BOCIpPUUMUHK-
BocThlo [cM. (8.13)]:

Np%
L= 3T
KoTopas OyleT sBJATHCA 4YacCTbI0 MAarHMUTHOW BOCMDHMMYMBOCTH MeTasa
B 1eg0M. JTOT pe3yabTar aHasoruded Qopmysae (4.28) ans asnextpuye-
CKOTO IMMOJbHOrO MOMeHTa. OIHAKO OMBIT MOKA3biBAET, YTO BOCTPHMMUHU-
BOCTb OOBIYHBIX 11edeppPOMarHUTHBIX METaJJIOB He 3aBUCHT OT TeMIepary-
pbl, @ BeJMYMHA €e NpPH KOMHATHOM TeMmepaType MOXeT COCTAaBJSATH JHLIb
1/100 oxunaeMoro no yKasanHoH TeOpHH 3HayeHHs.

KBaHTOBast TeOpUs CBOGOAHLIX YACTHL, B 3aMKHY TOM cocyne. Tpyax-

HOCTH, C KOTOPBIMH CTOJIKHYJIaCh KJjacchyeckas TeOpUs CBOOOLHBIX 3JjeK-
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TPOHOB MpH NONbITKaX OOBACHUTL HAOGMI0JaeMble 3HAYEHHS TEMJOEMKOCTH
4 MarHMTHOR BOCNPHMMYMBOCTH NPOCTHIX METa/lJIOB, JIErKO NpeonoJe-
BaloTCA, €CaM yyecTb TpeOOBaHHs, BLITeKaloluke W3 npuHuuna I[layau.
OO61eH3BeCTHA LEHTpa/bHasd, pellalnas poab npuHuuna Ilayau B 06bac-
jieHHH CTPYKTYpbl M BHYTPeHHero COIep)KaHWs NepHoLHYecKOH Tab/HLbL
s1eMeHTOB Menneneesal). B naunGosee npoctoit popMmyauposke B npume-
peHMH K M30JMPOBaHHBIM aToMam npuuuun Ilaynaum yTBepxpaer, uto nBa
37eKTPOHA OJHOrO M TOrO e aroMa He MOTYT MMeTb ONMHAKOBLIE HA-
Gopbl KBAHTOBLIX uucen. ATOM MOXHO XapaKTepH30BaTb C/EAYIOLIMMH
KBAHTOBBIMH YMCJIAMH: n — rJaBHOe KBaHTOBOe uucia0, [ — opburanbHoe
KBAaHTOBOE UMCJIO, M, — a3MMYyTaJbHOE KBAaHTOBOE WYKCJO, MPelcTaB-
asiollee  COGOH Mpoekuuio [ Ha JHaHHOe HanpaBjeHHe, M, — CIHHOBOE
KBAHTOBOE WYHCJO, KOTOpOe MOXeT MNPUHUMAaTh OIHO W3 IBYX 3Ha-
yenut T 1/2.

HanoMuuM 06 3/ieMeHTapHBIX NpuMeHeHHAX npuHuuna Ilayau. Bosb-
MeM, HanmpuMep, KBaHTOBLIE YHC/IA OCHOBHOrO COCTOSIHHSA aTOMa BOLOpOMA:

n=1, [=0, m=0m=1/2.

BeeleHne B CHCTeMy elle OLHOTO 3/eKTPOHAa [HaeT ABYX3/eKTPOHHYIO:
060/104Ky atoMa reans. OCHOBHOMY COCTOSIHMIO 1/l BTOPOrO 3JeKTPOHa.
6yzer COOTBETCTBOBaTh CJelylOLMH HAGOD KBaHTOBLIX YHCEN:

n=1, (=0, m=0, m=—1)2.

B reauu Bce H360p1>1 KBAaHTOBBIX YHCeJ, HauMHawlIUHecs ¢ n =1, 3aHATHI,
TaK 4YTO KOraa MBl IlepexoiuM K CJelylouleMy aTroMy — JIMTHIO, IJs
TpeTbero 3JIeKTpOHa B OCHOBHOM COCTOSHHH H360p KBAHTOBBLIX YHUCeEJJ
IOMKEH HauaThCd C A =—2, U MBl MOXEM Jajiee 3aNO0JNHATD Ha60p, noJiaras.

l=0, ml=0, ms=l/2.

HetictBys nono6HeitM 06pa3oM, MBI MOXeM MNOCTPOHMTb BCIO MEPHOIHU-
yeckylo TabJully 3/EMEHTOB.

QueBHIHO, YTO €eCJH Mbl XOTHM MNONBITATLCA YCTAHOBHUTb, K KaKHM
CleCTBUAIM TpHBeleT NMpHMeHeHHe npuHuuna [layam k snekTpoHaMm npo-
BOJMMOCTH B MeTaJle, TO NMpexJe BCero Haxo ONpeleNuTb CUCTeMY KBaH-
TOBBIX 4YHMCeJ, XapaKTepU3YIOUIMX NOCTABJEHHYIO 3alauy. IJTa CHCTeMa
KB2HTOBHLIX YHCeJa [OJ/DKHAa XapaKTepH30BaTb COCTOSHUA 3JeKTPOHOB Npo-
BONAMMOCTH TOYHO TaK e, Kak HaGOpHl KBaHTOBHIX uucen n, I, m;, m
XapakTepuU3ylOT COCTOSIHUS 3JIEKTPOHOB B 3ajaye O CBOOOLHOM aroMe.

Ins noctaBneHHOH wead HauboJiee BaXKHLIM SABJAETCA TOT W3BECTHBIN
¢axr, yrO0 CcBOGONHOMY 3JeKTPOHY OTBeuaeT CBSI3aHHas# C HHM BOJIHA,

') C npuHuunoM [layau uyuraTesb MOMET NO3HAKOMHTbCA MO PALY KHHr,
B uacTHocTH no kuuraMm Castepa [8] u Bopua [9] (cM. Takxe mo6oit Kygc KBaHTO-
Boii mexanwuku, uanpumep . W. Baoxusuesa [10] uau kuury A. C. Komna-
Hedua [11]). ([Tpum nepes.)
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AJMHA KOTOpO# onpejae/nsaercd COOTHOILIEHUHEM

h
)\=—-, .
7 (5.25)

rie h — nocrosHHas IlnaHka, a p — MMNYJAbC 3JIGKTPOHA, PaBHbI Aas
INBIKeHHss B CBOGOILHOM NPOCTPaHCTBE MPOM3BEACHUIO ero MacChl m Ha
CKOpOCTb ¥, T. €. MmV. ITO eCTb 3HaMeHHUTOe COOTHOLleHHWe Ae BpoM.s.

BosnHoBasi mpupona sjexkTpoHa OblIa J10Ka3aHa BO MHOTHX 3KCMepH-
MeHTax W B NepBYyi0 ouepelb B onbitax Ilasuccona u Ixepmepa, a Takxke
Hx. I1. TomcoHa no nudpakuuu 3JeKTPOHOB. B 3Tux omeiTax myyok
9/JIeKTPOHOB TNOJBeprajics AW(PpaKuud NPH OTPAXKEHUH OT MOBEPXHOCTH
KpUCTaJJa WA TPU TNPOXONKAEHUH Yepe3d MOMUKPHCTANINYECKYIO OJbTY.
¥Yrapl oTKJIOHEHHS AMPPArMpoBaHHBIX MYYKOB OKAa3aJHCh KaK Pa3 TaKUMH,
yTo yAOBJAETBOPsAN ycaoBuio bparra: 2dsin0 = nk, rae AnuHa BOAHBI A,
¢urypupyowas B ypaBHeHuu DBpsrra, BHIYMC/ISETCA MO COOTHOILUEHHIO
ne Gpottas (5.25). MMnyabc snexTpoHa p CBA3aH C YCKOPSIOWHM Hanps-
JeHHeM, MPHUIOMEHHBIM K MYUKY:

p=(2mE)",

rie E — sneprus snexktpoHoB. Ilas onpelelieHHs LJIHHBI BOJHBI 3/1EKTPO-
HOB yIOOHO MOJIb30BATbCA NMpaKTHueCkoh dopMyoft

A (f\) ~ (lvﬁ)% ,

rie V — yckopsiolllee HanmpspkeHMe B BOJbTaX, a JAJMHA BOJHBl BblpakeHa
B aurctpemax (1078 cu)). Mbl Buaum, uto npu V =150 8 anuHa BOAHBL
coctasaser 1A; npu V =1,5 8 noayuum, ouesuaxo, 10A.

BoanoBoe ypasHenue Lllpenunrepa

(_ v (r)) ¢ = Ey (5.26)

npeacrasasier co6o#t, B CyWHOCTH, 0600LieHHe COOTHOlIeHus de Bpoias
Ha cayya#t, Korja noreHuuaabyas SHeprus V (r) anekTpona ectb ¢yHK-
uus ero monoxeuus r. B ypasnenun (5.26)

02 0?2 0?
2 _
Vi= 0x? + 0y? + 022"’

h= h/2%, E — noauas sneprus, KOTOpas CuMTaeTcs NOCTOAHIION; Y — BOA-
HoBas Qylkuus (coGcTBeHnan Qyukuus 3toro ypasHenus). CMbica dyuk-
uuu ¢ (HOPMHPOBAHHON) COCTOMT B TOM, UTO Be/JHUYUHA

Y'Ydxdydz
fAB/SETCA BEPOSITHOCTbIO HaXoXIeHHs 3JeKTpolia B 0oO6beMe dx dydz.

3sesnouka y ¢* osnauaer, yro ¢* — QyHKUH, KOMIJIEKCHO COIPsKEH-
Has . ’
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Csa3b Mexnay ypasHenueM lllpeaunrepa u cooTHouwexneM ae Bpomas
MOXHO JerkKo yCTaHoOBUTb, pacCcMaTpuBasf ABHXKEHHE 3JEKTPOHA B nycrore,
+. e. moaaraa V (r)=0. Torna (5.26) npumer sua

h?
— 5= V2y=Ey. 2
o V24 =EY (5.27)
PelicHue 3TOrO ypaBHeHM MPH NMOCTOSAHHOM 3HepruH E MOXHO MCKaThb
p puie ¢~ e*7. MoXHO Takxe B3aTb § ~ SinRr uiu ¢ ~ coskr nau
i00yl0 JHHeHyl0 KoMOMHauuio 3TuX pewenuft. OueBuiHo,

V2= — k%,
1, C/eloBaTesNbHO, ¢ eCTb pelleHHe, Koria 2 u E cBf3aHbl COOTHOLUEHHEM
E=1p 5.28

Ilna cBOGOIHOrO 3JeKTPOHAa BeiMuMHAa R, HasblBaeMas BOJHOBBIM BEKTO-
pOM, ofpelessercs CAeAylOlMM 0o06pa3oM:

k=|k|=2C, (5.29)
rie A — aauHa Boaubl. Iloacrasass (5.29) B (5.28), Haxomum
h? (2m\2 1 (h)\2
E=%{(T) -_—_W(T) . (5.30)

Ecau uMnyJabc M LJAHHAa BOJHBI CBA3aHBI MeXAy COGOH COOTHOILIEHMeM
ne Bpoitis A=h/p, T0, noacraBiss 3TO Bhipaxenue Aas A B (5.30),
noJIy4nM

el
E=m p’=5mv"

9TO KaK pa3 KJacCHueCKoe Bblpa)kelHe JIf 3HepPrMH CBOGOAHON YaCTHLLI
¢ maccoft m. Mbl BUIMM, YTO AJs CBOOOAHOH HacTHUbI BOJHOBOE ypaB-
HeHHe NaeT Ty Xe 3aBUCHMOCTb 3HEPrMH OT IJMMHBI BOJHBI, YTO M COOT-
HollleHHe Ie Bpo#tas.

Cuntas 3/1eKTPOHBl NMPOBOAMMOCTH MOJHOCTbIO CBOGOHLIMHM, MBI MOXEM
NpuGIHKEHHO MCKAaTb MX BOJHOBbe (DYHKUMH B Bule

b= elkr . (5.31)

Onnako 3T GYHKUHH, TIPexJAe YeM OHM CMOTYT CAYXHTb PEIleHHsMH NO-
CTaB/NeHHOM 3alau, AO/MKHBE ObiTb NpeoO6pas3oBaHbl Tak, YyTOObl yaoBJje-
TBOPHTb CJEAYIOLINM ABYM TpeGoBanusM. Bo-mepBbiX, OHM LO/MKHDLI ObITh
HODMHDOBAHBI, HCXOAS W3 TpeboBalus, YTOOB HHTErpan OT MIOTHOCTH
BeposTHOCTH " no Bce# paccMaTpiBaeMoft 06GJACTH MPOCTPalCTBa Gbia
paBen eauHuLUe:

[vyav=1. (B3
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Mbl ynosnersopum sTtomy TpeGOoBaHMIO, €C/lM BO3bMeM ¢ B BuIe
1\ f
— k
*P=(V) erkr. (5.33)

3necb V — o6beM TBepIOroO Tesia, COAepXkallero JeKTpoHH. Bo-Bro-
PHIX, MBI XOTHM, 4TOOB! BOJHOBAS (YHKLMA yNOBJETBUPA/JA HaLJeKallMM
rPaHHYHBIM YCIOBUSM HA TMOBEPXHOCTH TBEPAOrO Tesa, HaNpUMep, Mbl
MoxeM mnoTpe6oBath, uToOb BOJHOBaA ¢yHkUMs obpalianacb B HyJb Ha

NOBEPXHOCTH.
[panuunbie ycnoBus BBOAAT B 3afauy KBAHTOBAaHHE TOTO WM HHOTO
tTHna. PaccMOTpUM 9/1eKTpOH, IBHXEHHE KOTOPOr0 OrpaHHYeHO NpsSMO-
JHHEHHBIM  OTpPe3KOM IJHHOH L

/—\ (puc. 5.1). Ecau Mbl norpebyewm,

g z v YTOOB!
$p0)=0 u ¢(L)=0,

/\ TO pelleHne BOJHOBOTO YypaBHeHHS
g \_/ (omHOoMepHasi 3anava) OyIeT HMeTb
chaenyroumuit BuL:
AN ‘.

_(2\'a_. nmnx
PN Ya=\T) sin
Va v OHepruio Ml NMOJAYYUM, NMOACTAB/AA
v 9TO BblpaXeHWe aas ¢, B ypasHe-

Puc. 5.1. Tpaduku mepsbix Tpex sox- HHE (5.27), a MMeHHO
HOBbIX (yHKIHHA 3JeKTpOHa B Clayuae K2 (,;)2 9
= n

OJHOMEPHOH MOJeNH C HHTEpBAJIOM E,,-——-Z;{ A

NEepHOJHYHOCTH, paBHbIM L. (n=1. 2 3, ...). (535

Takum oOpa3oM, pa3pellleHHHle YDOBHM SHEPrud KBaHTOBaHH, a BCE MPO-
YyHe 3HAUEHHMA SHEPIrUHM HCKJIOYAITCs, MOCKOAbKY COOTBETCTBYIOLLME HM
BOJIHOBBlE ()YHKUMK ¢ HE YAOBJETBOPAOT FPAHHYHBIM YCJIOBHAM.

Yacro 6osee yno6Ho, 0COGeHHO B CJaydyae TpeX H3MepeHUH, BBOAMTH
rpaHUYHblE YCJAOBMS HMHBIM crnoco6oM. Peub uzeT o Tak HasbiBaeMbIX
NepHUOANYECKHX TPAHUUYHBIX YCJOBHUSAX, KOTOPble Y€ BBOIMJHCH HaMH
B M. 3 B CBA3M C paccMOTpeHneM KoJaeGanutt peweTku. KBanToBaHue
SHeprud 3/JeKTPOHOB Mbl OyleM NMpOH3BOAUTb, BBelsl KyO nMepHOLMYHOCTH
co cropoHo#t L u Tpebys, 4ToOBl BOJHOBble QYHKUWH OblIM NepHOLHYE-
CKHMH NO X, y W 2z c mepuonoM L. Hanpumep, norpebyem, 4TOGH

Y(x+L, y, 2)=9(x, y. 2) (5.36)

H aHaJorMyHo No KoopiuHataM y u 2. BouaHoBble ¢yHkuuu andg cso-
6onHO! HacTHUB, YAOBJETBOPSAIOLlHE TPeGOBAHWUSM MepPUOAHNYHOCTH, OyayT
HMeTb CJeldywllunit BHA: .

bom= ()" et F rerengrona, .37)

(5.34)
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rjace
n,=0, £1, +2, ...,
n,=0, 1, £2, ...,
n,=0, +1, £2, ...

Jlerk0 yCTaHOBHUTb, YTO 3Ta (QYHKUMA AeHCTBUTEJbHO YIOBJETBOpAET
yKasaiHoMy TpeGoBanuio. BosbmeM, nanpumep, (5.36):

1\ 2
g, (x4 Ly, z)=(T) exp i [n, (x4 L)+ nyy +n,2) =
1\%: 2
=(T) exp i = (nyx 4 nyy +n2) =19, (x. y. 2).

3xech yepes n o06o03HaueHa TpoHka UeablX uucen (n,, Ry, n,). Hetpyano
TaK)Ke MOJYUYUTb IHEPrHi0, COOTBETCTBYWOLUYI pelueHHO (5.37):

h? (2mN\2, o 2 2 h?n?
Ey= o (F) (i A-nynd) =
" om\ L (et ny+n) 2mv’h’
rie V =L3%—o6bem obpasua, a n?=n2-- ni—+ nl.
3ameTHM, 4YTO paspellieHHble 3HaueHus BOJHOBOrO BeKTOpa R onpe-
ZeNI0TCH YCAOBUEM

(5.38)

2
Takum 06pa3oM, Mbl BUAMM, UYTO IBYM THNaM TPAHUYHBLIX YCJIOBHH OTBe-
YaloT [Ba Pa3NMYHBIX THNA BOJHOBBLIX (yHkuu#. Pewenns (5.34), orse-
yaioune yciaoBuio $ =0 Ha rpaHHLAX, COOTBETCTBYIOT CTOSYUM BOJHAM
4 0061a4al0T TeM CBOMCTBOM, YTO MJIOTHOCTb BePOSTHOCTH

o 2
Yy = 5 sin2 = (5.40)

ABJSETCA NMepHOAHYecKoN GyHKUHeH koopauHaThl x. B To e Bpems pe-
wenus (5.37) Ia9 NepUOAUYECKUX T'PAHMYHBIX YCIOBAH COOTBETCTBYIOT
GerywiuM BOJIHAM M HMMEIOT ONHOPOIHYI0 IVIOTHOCTb BePOATHOCTH:

o= (5.41)

JTO pasnuude MeXAy pelIeHUsMH A 3343yl O CBOGOLHOM 3JEKTPOHe
He uMeeT GOJILIIOTO 3HayeHHs, HO OHO MpOsABAsiETCS, KOrla HeoOXOAMMO
NpUHKMMaTh BO BHHMaHHe B3auMoleliCTBMe 3/71eKTPOHA C KPHUCTaLIMuecKoft
pewerkofi. B asroM cayuae pelieHus B Bule Oeryuiux BOJAH UMelOT 60-
Jiee  BaxHOe 3HaueHHe Qs HemoCpeACTBeHHOH ¢u3uvyeckofl uHTepnpera-
LUHH, yeM pelleHWs B BUAE CTOAYUX BOJH. [lansee Mbl OyldeM uMeTb neso
C OeryuwuMu BOJIHAMM.

B kauecTBe MOAXOASIIMX KBAaHTOBBIX 4ucea IJIs 3al1a4H O CBOGOIHBIX
SJEeKTPOHAX, KaK BCKOpe BBISCHUTCH, MLl MOXeM B3ATb TPH KOMIIOHEHTBI
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au6o Bektopa R, nu60 BeKTOpa 7 [4TO IKBUBAJIEHTHO B CHJY CBSH3bI-
Bawllero ux coortHoweHus (5.39)] BMecTe cO CMMHOBBIM KBAHTOBBIM YH-
caoM mg== £ 1/2. 3nak naoc wam MUHYC y mg Gepercs B 3aBUCHMOCTH
OT TOro, Kak HanpaBjeH CMUH 3JeKTPOHA: MO OCH KBAHTOBAHUA HJIH
antunapaanensHo eff. Takum 06pa3oM, COCTOSHME 3JeKTPOHA XapaKTepH-
ayercsl 3alaHueM Habopa 3HaueHuH n,, n,, n, mg; wan e R, ky, k,, mg.
Tenepb caeayeT paccMOTpeTb BOMPOC O BAuSAHMM npuHuuna Ilayau Ha
pacnpelieneHHe 3Hepru#t 3MEKTPOHOB NPOBOIUMOCTH.

W3 ¢dopmyas (5.38) BMIHO, YTO 3SHEpPrus 9/eKTPOHA 3aBUCUT OT
nff—{—nf.—i—ng, rae n,, n,, n,—TOJOKUTelbHble WIH OTpHLaTe/bHble

uenable uyucia. 3a OCHOBHOH ypOBeHb 3SHepruud CHUCTEMbl MOXKHO B3ATb
nx=n),=nz=0. Ha 3ToM ypoBHe Mbl MOXeM NOMeCTHTb 1Ba 3/eK-
TPOHAa C MPOTHBOMOJIOXHBIMM CRNHHOBBIMM OpHeHTauusiMu: m,= = 1/2.
Cienylowuit 31eKTPOH, BBeleHHbIt B cuCTeMy, LO/MKeH ObITb NOMelleH
Ha OoJsee BLICOKMH 3HepreTHueCku#t ypoBeHb, MNOCKOJbKY, COrJIacHO
npuHuuny Ilaynu, OH He MOXeT HaXOAMTbCS HA YKe 3aHATHIX UBYX
OCHOBHBIX YPOBHSAX. JHepreTHueCKu#l ypoBeHb, CJIELYIOLIMH 33 OCHOBHBIM,
Gyner COOTBETCTBOBATb n?>=1, U MOMeT ObITb 3aHAT CAELYIOLIMMH NBe-
HallaThblo cnocobamu:

ﬂx Ily ”Z Iﬂ‘s ﬂx ﬂv ”2 mS ﬂx ﬂy ”2 ”ls
100 12 0 10 12 00 1 12
100 —12 0 10 —1/2 00 1 —1/2
100 12 0 —10 12 00 —1 12
—100 —12 0 —1 0 —12 00 —1 —1/2

Takum o6pa3oM, nepBbifi BO36Y#IeHHBIA 3HepreTHyeckufl ypoBeHb CH-
CTeMbl OTBeYaeT ABEHAALATH HEe3aBUCHMbIM COCTOSIHMUSM M B COOTBETCTBUH
¢ npuxuunom Ilayium MoxeT coaep:aTb ABEHAALATb 3JeKTPOHOB.
OcHoBHOR M nepBbift BO3GYyxIEHHBIl YyPOBHH MOrYT COLEpKaTb camoe
6osbiee 2 -4 12 =14 31eKTPOHOB, H, CJeLOBaTeJbHO, NMPH aGCOJIOTHOM
Hyae 9TH 14 cocrosuuit 6Gyayr 3anatel 14 snextponamu. Ecau n06aButh
B CHCTeMy ellle OAHH 3/JEKTPOH, TO 3TOT MATHAAUATHIA 3/1eKTPOH JOJHEH
ObiTb MOMelleH HA CAelylOlH# ypoBeHb nanHu3led SHEePruu, OTBEvalo-
wuh n2=2. Yurarear cam MoxeT YyOeluTbCs B TOM, UTO YpOBeHb
n?=2 moxeT coiepxaTb MakcuMyM 24 sjekTpona. ITocTynas nosoGHbIM
0o6pa3oM u majee, Mbl TnocTeneHHo OyleM NepeaBUraTbCs BCe Bbile MO
SHepreTHYeCKWM YPOBHAM CHCTEMBl 1O TeX Mop, Noka He OynyT u3pac-
XO0[0BaHH Bce MMelOlMecs B paciopsiKeHMH 3JjekTpoubi. Ilpu abcoaor-
HOM HYyJle BCe YPOBHM HHXKe HEKOTOpOro OYyAyT 3anoJHEHbl 3/JeKTPOHAMH,
a Bce Gosee BbICOKHe BOOOLie He OYyLyT COLepKaTh 3JEKTROHOB. Ypo-
BCHL, KOTOPLIH OTHeJ/seT 3anoJHeHHble YPOBHH OT BAKAHTHBIX, Ha3blBaeTCA
yposren Pepuu npu abcomoTHoM HyJae M o6osHayaercs Eg(0).
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BecbMa HMHTEpPeCHO HAaWTH 3aBUCHMOCTb BEeIHYHHBI YPOBHA depMu OT
KOHUCHTPAUMKM 37eKTPOHOB N. Uuca0 cOCTOAHUN, MMEIOIUX KBAHTOBOE
4HCAO I, MeHbllee HEKOTOPOro Mg, PaBHO MPOCTO

2 (i;-) n,

IOCKOJbKY B elHHuue oO0beMa B n-NPOCTPAHCTBE HA KaxAbH «yseny,
onucbiBaeMblf TPOHKOH uenbiX yucen n,, ny, n, TNPUXOLMTCA LBa Hesa-
BHCUMBIX COCTOSIHUA (COOTBETCTBYIOIUHX [BYM Pa3/JHYHbIM CIOMHOBBLIM
opunenrauusam). Yro6ul pasmecTuTb npu abcomorHoMm Hyne NL3 sgektpo-
110B, BCe COCTOSIHWS N NOJKHBI ObiTb 3amnoJjHEHbl BMJIOTH 1O

—831 n} = NL3, (5.42)
H, CJeI0BaTECJIbHO,
n.\2 (3N \U%
F = | —
(T) _< &) (5-43)

Tenepb, Bocnoab3oBaBuuch (5.38) u (5.43), Jerko nmoJayyuTb 3Hep-
M0, COOTBETCTBYIOWLYIO 7t

2 272 \2 2 2
EF(0)=2’7—m(—Z—) nE— 2 (3m2N)". (5.44)

[To nopszky BeanyuHbr 3Heprus Ep(0) paBHa npumepHo 5 38, T. e.
npu a6CoJIOTHOM HyJle 3JeKTPOHbl MPOBOAMMOCTH B MeTajje BOBCE He
NpelcTaBasfioT CcOGOH «KOHIeHCaTa» C HyJeBOH 3Heprue#f, Kak ciaeno-
Bato O6bl MO KJAaCCHYeCKON MexXaHHMKe, a 3anoJIHAIOT Bce LOMYCTHUMble
YPOBHH 3Heprud BIJIOTb [O YPOBHS, PACMOJONKEHHOrO Ha 5 38 Bhlle
OCHOBHOrO COCTOsiHMSA. 3HaueHHs SHepruu PepMu no Monaenu CBOOOAHBIX
3/IEKTPOHOB NpHuBedeHbl B Tabua. 5.3; TaM e KaHbl 3HaueHust 3pdeKTUBHOH

Ta6auma 53

XapaKTepUCTHKH YpOBHA PepMH HEKOTOPLIX METaJJloB,
BbIYHCJEHHbIE N0 MOJENH CBOGOAHLIX 3JEKTPOHOB

E_, 58 u E_, 98 u
, o , , o o
Metaan F Tp °K 100 ‘.5/‘.2,( Merana F Tp K 108 cM/cex
Li 4,72 55000 1,31 Cs 1,53 18 000 0,75
Na 3,12 37 000 1,07 Cu 7,04 82 000 1,58
K 2,14 24 000 0,85 Ag 5,51 64 000 1,40
Rb 1,82 21 000 0,80 Au 5,51 64 000 1,40 |

9 Y. Kurrean
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TeMneparypbl Pepmu T g, onpele/sieMOH COOTHOLIEHHeM
EL(0)
_CF
Tp= — (5.45)
CKOpOCTb 3JEKTPOHOB, HAXOAAUMXCA HA ypoBHe depmu (GyseM Ha-
3biBaTh €e (PEPMMEBCKONH CKOPOCTbI0O M 0003HauaTb Yepe3 4g) ompele-
JsieTcsi COOTHOILEHHEM 1
2
Mg = E,. (0). (5.46)
FlHTepecHO onpeneanTb YUCIO COCTOSHMA HA eNMHUUHBLIH SHepreTuye-
CKUH WHTepBan B eluHulle o6beMa B 3aBUCHMOCTH OT SHEPruu; LIs TOH
BeJIMYMHLL, KOTOPYIO eCTeCTBEHHO Ha3BaTh MJOTHOCTBIO COCTOSIHMH [060-
aHauuM ee uepe3 g (E)]. nonbaysace (5.44), umeeM

V ([ 2mE\%
fg(E)dE=NV=W(%) , (5.47)
OTKyaa ’ v om
g(E)=W<—-,%l—) ‘g, (5.48)

Ipaduk 3To# GyHKuMM n30GpareH Ha puc. 5.2.
Paccmorpum Tenepb BOnpoc O TOM, yTO OyaeT NPOMCXOLMTb MpPH MO-
BLILIEHUY TeMMepaTypbl Hauled CHCTEMbl 3/71eKTPOHOB OT aGCOJMIOTHOrO HyJs
10 Hekoroporo 3Havenus T. B kuac-
g€/ AT cHuecko#t MexaHuke 3¢dexT nosbille-
HUSl TeMIepaTypbl CBOAWTCS K YyBeJu-
YeHUI0 3HEPrUH KaxXIAOM uvacTHIB Ha
BEJIHUHHY nopsika £T, 4To npu KOM-
HaTHOH TeMnepaType COCTaBJ/sieT 0KOJIO
0,02 38. OmHaKo, KaK Mbl yxe 3HaeM
\ M3 PpacCMOTpeHHs 3alayu O pacnpe-
Y7, £ llefleHUn 3HepruM B CHUCTeMe 3JIeK-
4 TPOHOB MPOBOAMMOCTH, Jaxe Tmpu
Puc. 52. TllnotHocts cocTosHuit  aBCOMIOTHOM HYyJe 3SHEPrUH 3/eKTpPO-
& (E) xax dynkuus suepru. TIpu  yop cocTaBAfIOT HeCKOJBbKO 3JEKTPOH-
a6c°"'£f;:)°:: ;(')y"EF (%C)eaa:g::f“""” BOJbT. BecbMa ManoBeposTHO, uTO
ITynkTHpHas KpHBasf OmMHUCLIBaeT XOA4 H3Me- SAKTPOH, HAXOMALLMACH Ha ypoBie,
HEeHus NIOTHOCTH COCTORHHA Nipu HekoToport  JleKallleM Gosee ueM Ha 0,1 38 Huxe
koneunoit Temnepatype T < Ep [k. ypoBHst depMH, NMoaBEpPrHeTc BO3OY K-
IleHUI0 MPH KOMHATHOH TeMmeparype.
IeHCTBUTENbHO, COCTOSIHUSA, 3HEPTHS KOTOPHIX OTJIHYAeTCs OT YKasaHHOMH
sHepruM Ha kT, MOMHOCTbIO 3aMOJIHEHB, a BepPOSTHOCTb TOIO, YTO 3JIeK-
TpoH npHoGperaer sHepruio 5 AT =~ 0,1 38, HeoGXoaUMYI0 a8 mepexoaa
B cjaenyiollee 3a yposHeM PepMu U 6oJiee BHICOKOE He3aHATOe COCTOSHHME,
OyeHb Masna.
MoxHO Takxe CKasath, 4To npuHuun I[laynu oOKasbiBaeT 3HAYMTE/b-
HOe BJMfHME Ha TerJIOBOE TNOBelleHHe 31eKTPOHOB MNpoBOLAMOCTH. [lpu
NOBLILIEHUH TEMNEPATypbl OT aGCOMIOTHOTO HyJs KaAbIH 3JeKTPOH He
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npnodperaer sHeprun ~ kT, Kak 3TO C/leldyeT M3 KJIaCCHYECKOH TeopuH-
Jluwb Te SMEKTPOHBI, SHEPrHs KOTOPBIX OTIMYAETCA Ha BEJIMYMHY MO PAAKA
LT or 9Heprun PepMu, MOryT MOLBEPrHYTbCS TEMAOBOMY BO3GYXAEHHIO;
JIMCHIIO 3TH 3JIEKTPOHB ¥ NPHOGPeTaloT 9Hepruio nopaika kT (cm. puc. 5.2).

Aro palMKalbHOe H3MeHeHHWe B MOAXOJe K HHTeprnpeTalud TENIOBHIX
¢BOUCTB 3/IEKTPOHOB NIPOBOAMMOCTH, PE3KO OT/IMYAIOLLeeCs OT KJIacCHYeCKoro,
cpasy NaeT KaueCTBEHHOE pelleHHe NPOGJeMbl TEMIOEMKOCTH rasa 3ieK-
TpoHOB NMPOBOLMMOCTH. Ecan N — oflliee 4MCIO 3/M€KTPOHOB, TO JIHIIbL
yactb ux mnopsaxa T/Tp Moxer ObITb TepMuyecku BO30y:kIeHa NMPH TeM-
neparype T, MOCKO/MbKY MMEHHO TaKasg HX [0/ CONEePKHTCA B 3Hepre-
THUCCKOM WHTepBaste mnopsaka kT B BepXHeM yuyacTKe KpPUBOH, OMUCHI-
patolllell dHepreTHyecKoe pacmpelie/ieHHe 3J1eKTPOHOB. Kawablh M3 3THX
NT /T 371eKTpOHOB npuoGpeTaeT TENAOBYI0 3Hepruio nopsaiaxa kT u, cae«
10BaTeJbHO, TOJMHAs TenJaoBas 3Heprus sjexkTpoHoB U no nopsuky se-
JHYMHBL paBHA

%k?‘:ﬁrﬁ Ha 1 Mous.
F F
C.1e10BaTedbHO, TEMI0EMKOCTb
c.— 9 ~ RT.
v oT — TF

nponopunoHanbia T B COrJacMM C 3KCHEPUMEHTaIbHBIMM NAHHBLIMH, MpH-
BeaeHHbIMHU B I, 3. [Tpu KoMHaTHOR TeMnepaType TenaoeMkocTh C, MeHblie
KJ1aCCHYECKOro 3HaueHus 3/, R npumepno B 100 pa3 uiu axe elue Menblue.
Hanomuum, uto Tp =~ 5-10% 2pao.

[MepefineM Tenepb K KOJMYECTBEHHOMY PACCMOTPEHMIO POJH TPHHLMNA
[Taysu B ycTaHOB/JeHMM paBHOBECHOrO TeMJOBOrO pacnpeiefneHus 3J/eK-
TPOHOB TNPOBOAHMOCTH.

3AKOH PACNPEJEJIEHHSl ®EPMH — JIHPAKA)

N3 snemenTapHO#t KMHeTHYeCKOH TeOpMH Ia30oB Mbl 3HAKOMbl C 3aKO-
oM pacnpefeneHns Makcsenna — BoabuMaHa. JTOT 3aKOH ecTb CJjel-
CTBME KJACCHYeCKOH TeOpuUM M MMeeT MeCTO ./ MOJeKy/J B rase npu
OOLIYHBIX YCJIOBHAX. DJIEKTPOHbl 3HAYMTENbHO JIerye, YeM MOJEKYJbl: KpOMe
TOro, KOHIEHTPALMs BAJEHTHHIX JEKTPOHOB B MeTasie B 104 pasa Goablue,
UCM KOHLEHTPAUMs MOJIEKYJ B rase npu HopMaibuux ycaosusax (T =0°C,
p=1 amn). TTosTOMy LIS 37eKTPOHOB B MeTa/lje KJacCHyecKass CTa-
THCTHKA yXe He sABIAeTCH NpPaBWIbHLIM NpubJnkeHHeM M LO/MKHA OblTh
3aMcHeHa KBAaHTOBOM CTaTUCTHKOH.

Knaccuueckoe pacnpenesieiue 6yner XOpOIMM NpuUOIHKeHHEM, TPUTOA-
HLIM A/l OMUCAaHWUS CBOMCTB CMCTEMbI, JHMLIb B TOM Clyuyae, €C/IM CpeaHee

. ') daemenrapnoe H AICHOE H3J0XEHHe KBAHTOBON CTaTHCTHKU MMeeTcsl B KHUTe
Bopna [9]. [Cwm. Takxe, nanpuMep, kuury M. A. Jleourosuua [12] u asropa [13].
ITpum. nepes.) )

9*
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PacCTOAHUe MeXIy YacTHUAMH BEJHKO 1O CPaBHEHHIO C lHe-GpoitieBckoft
LJMHOM BOJIHBL (D 25), KOTOPYIO MOXHO BBIYMC/HTb, NMOMb3YICb BeJMYHMHOH
TenJoBo# CKOPOCTH YaCTHL.

B npuMeHelnd K 3/eKTPOHaM KBAHTOBAs CTaTHCTHKA TpeGyer, 4TOOHI
Mbl CUMTA/JH 3JEKTPOHb Hepa3JMYUMBIMH H YTOObl B KaXIOM COCTOSIHHH
CHCTEMBI He MOT HaXOAMTbCA Gojee 4eM OINMH 3JeKTPoH. «OnaHoyacTHu-
HOe» COCTOfHME CHCTeMbl CBOOOIHBIX YaCTHLL MOJHOCTHLIO OMNpelensercs
3ajaHdeM Ha0opa 3HaYeHWH KBAHTOBBIX WHCel n,, Ny, N, W CNHHOBBIM

KBAHTOBBLIM UHC/IOM 3JekTpoHa (m,= 1t 1/2). W3 Toro, 4uto B 1aHHOM CO-
CTOSSHUM MOXET HAXOLMThCH TOMbKO OIMH 3JEKTPOH, CJELYyeT, YTO eC/H

A
7 ——
™ =0
AT A
f ?F <<7-7
a5
\
\\\
o e
.‘.f £

Puc. 5.3. Cxemarnueckoe usobpaiweHnne rpaduka

¢yHkuuy pacnpefenenns Pepmu — Iupaka aas

a0COJMIOTHOTO HYaAsl H JAJA KaKO#H-TO ROCTaTOYHO
HU3KOH TeMmepaTyphl.

Ilupuna sHepreTuyeckoit o6aacTH, B KOTOpOHl TeMmepa-
Typa HapymaeT 3TO pacnpelneleHHe, HMeeT BeAHYHHY
nopsaxa RT.

Mbl MMceM Je/o C GOJbILMM KOJMYeCTBOM 3JIEKTPOHOB, TO NaXe B HaM-
HHM3LIEM 3HePreTH4eCKOM COCTOSIHUM CHCTeMbl MHOTHE OJHOYaCTHYHBlE CO-
CTOSIHHAI C -OOJIbIIMMHM KBAHTOBBLIMH 4YdcIaMu OyAyT 3aHaTEl. ITO 06CTOSA-
Te/JbCTBO CYIUECTBEHHO OT/INYaeT KBAaHTOBYIO CTaTHCTHKY OT CTaTHCTHKH
Maxkcsenna — BoabliMana, B KOTOpo# /M000e UYMC/IO HACTHLL MOXET HMMeTb
OJMHAKOBLIE 3HEPrHI0 M UMNyJbC. B HauHU3LIEM COCTOAHHMH KJIAcCHYeCKOH
CHCTEMBI BCEe YaCTHLUbI MOTYT MMETb HYJeBble SHEPTHM M HMMIYJbCHI.

Takum o6pasom, B cOOTBeTCTBUM ¢ pacnpelenenneM Pepmu — dupaka,
npu abCoOMIOTHOM HyJe BepofiTHOCTb f (E) TOro, 4to ONHOYACTHYHOE CO-
CTOsiHWe C sHeprueit E OyleT 3aHATO 3JeKTPOHOM, MOXeT GHITb paBHa
1 nan 0. BeposrtHocTs paBua 1, eciu sueprus E; menbume Eg(0) —mpe-
IeNbHOM 3HepruM 3amoJiHeHHbX ypoBHe# npu abcoaotHoM Hyme. Ha
puc. 5.3 npuseleH rpapuk ¢yHkuun pacnpefenenus f (E) npu abcomoT-
HOM HyJle W NpU O4yeHb HU3KOH TeMnepaType, yIAOBJeTBOpSIOLLeH yCAOBUIO
RT << Ep. Haitnem tenepp Bepaxenue 1as f B 3aBucumoctd ot E, T
M YMCJa YaCTHIL

[MoapoGHoe M3n0XeHHe BbIBOLA pacrnpeneneHus depmu— lupaka MoxHo
HallTu B yyeGHMKAX 1O CTATMCTHYECKOM MeXaHMKe M aTOMHOH dusnke.
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31cech Mbl TMOJMYYHM €ro, BOCMO/b3OBABIUHCL NMPOCTHIM H H3SLIHBIM NpHe-
MOM. PaccMOTpHM Heynpyrue CTOJKHOBEHMs 3JEKTPOHHOIO rasa C aTOMOM
pHMeCH, KOTOPBIH MOXET HaXOLMTbCA HA OLHOM M3 IBYX SHEPreTHYeCKHX
ypostied (MpeanonaraeTcs, 4To 9/MeKTPOHHbIA ra3 B3aUMOAEHCTBYeT C 3THM
aromoM). DHeprus yposHe#t paBHa O u e (puc. 5.4), a BEpOATHOCTb HAXOXK1e-
1115 aTOMA Ha KaXXIOM U3 3THX ypOoBHe# paBHa cooTBercTBeHHO p (0) u p (e).
ATOM TpHMECH MOXCT YuYacTBOBaTb BO MHOIMX pAa3/HYHBIX TNpoleccax
¢TOJKHOBeHUH, OJHAKO Mbl CHaya/a
OrpaHHYNMCS HEeYNPYTHMH CTOJNKHO-
BeHUSIMH, IPHYEM TaKHUMH, B pe3y.b-
tdTe KOTOPLIX 3JEKTPOH NepexonuT
n3 cocrosius R ¢ sHeprueh E B
cocrosiHue R’ ¢ sHeprueit E—-e.
BeposTHOCTb nepexoja H3 CO-

k(£) k{E+¢€)

crosiHus R B cocrosiine k' nponop-
IHOHA/bHA Be/IM4HHe

FE PN —f E+o)

Puc. 5.4. Cxemaruueckoe uszobpaxenue
HEYNPYroro CTOJKHOBEHHSI MEXIY 3JeK-
TPOHOM, HAXOAAWIMMCA B COCTOSIHMH R
¢ sHepruel E, m arToMOM npHuMecH,

o6JaanaouHm sHeprueii .

B paccmaTpuBaeMoM caydae 3JeKTPOH B KOHEY-

HOM COCTOSIHHM o6JanaeT sHeprueir E--¢, a

aTOM B pe3y/bTaTe CTONKHOBEHHA TepsieT 3Hep~
THIO, PaBHYIO €.

rie f(E)— BepoaTHOCTb TOrO, YTO
HauyaJbHOE  COCTOsHMe R 3aHATO;
P (€) — BEPOSTHOCTb TOrO, YTO aTOM
npHUMecH HaXOAMTCH B COCTOSHUM €
H, ClIe10BATe/NbHO, MOXET OTIaTh CBOIO SHEPrHUI0 JEKTPOHY, a 1 — f (E--¢)
NpeACTaB/IfeT BEPOSTHOCTb TOrO, 4YTO cocrosHue R’ ¢ suepruedt E ¢
cBo60aHO. PaccesHue BO3MOXHO TOJBKO B TOM Cayyae, KOrLa BHINOJ-
HAETCS YKa3aHHOe YCJOBHe, KOTOPOe BBOAMTCS B cuay npuHuuna [laymu.
Ianee, BepoaTHOCTb oOpaTHoro nepexona k' (E-+¢)—> k(E) nponopuuno-

Ha/lbHA BeJMYHHE
FEA+2) pO)[1—f(E)

Je#cTBUTEIBHO, TMOCKOABKY STOT MPOLECC sBJASETCSs OOpAaTHLIM MO Cpas-
HeHHI0 ¢ M300paxeHHBIM Ha puC. 5.4, Mbl LO/MKHBL COOTBETCTBYIOLINM
06pa3oM HM3MEHHTb XOL paccyxieHu#i. B cuny npunumuna neraibHOro pas-
HOBeCHs, HEMOCPeACTBEHHO BHITEKAIOLETrO U3 KBaHTOBOH TeopuH, KOddu-
UMEHT MpPOMOPUHOHAILHOCTH MMEeT OAHY M Ty e BeJAWUYHHY LISl MPSMOro
M 006paTHOro MNpoLeccoB.

[Tpu TenJI0OBOM paBHOBeCHM BePOSATHOCTH nepexolioB kR—k u k' — k&
LO/DKHBI ObiTh OJMHAKOBLI, TaK YTO MBI MOXEM IPHUPABHATb HAceNeHHOCTH:

FEPE)I—{fEANI={f(EH2) (P O)[1 —{f (EN]
(5.49)

Tle BeJHYMHBl B YrJIOBBLIX CKOOKax MNpelCTaBJflOT co6O0#f COOTBETCTBYIO-
lMe cpelHHe 3HAYEHWUsl, BbIYUCJIEHHBle AJS CUCTEMBl, HaxonaslleHcs B CO-
CTOSIHUM TENJIOBOrO paBHOBeCHs NpM OLHOM M TOH ke Temmeparype T.
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B coorBeTcTBUH C pacnpelejeHHeM Boabumana

(P(e)) __ —epr
oy e ¢
TaK YTO
(f(EAe) (A=Ff(E) _ ,—epr, 5.51)

(I—=f(E+2e) (f(B)

Kak HeTpylHO BMIETb, 3TO (YHKLHOHAIbHOE ypaBHEHHE MMeeT pelleHHe
npu Bcex T, ecau

(L1 —Ff(E)) __ ,E-pyer 9
“~FE) e , (5.52)
rie p. — MOCTOSIHHasA, He 3aBucsiwas ot E, Tak uTo
1
(f (E)) = R (5.53)

IMocrosiHHasa p oGbIYHO 06O3HauaeTcs depes Ep W HasbiBaeTCa 3Heprueft
depmu. Onyckas yrioBele ckoOkH, 3anuuiem pacnpeieneiue Pepmu -— Iu-

paka B Bule
1

f= e(E—EF)/kT+1 '
IMpu T=0°K o¢yukuna f=1 138 E<Eg u f=0 npu E > E.. Ta-
KUM 06pasoM, npu aGCOJIIOTHOM HyJe BeluduHa Ep uMeeT CMBICA MOpPO-
roBO#l SHEepruu: BCe COCTOSHMA C 3Heprue#, Meublue# Ep, 3anonHeHsl,
a Bce COCTOAHMA C 2Heprue#t, 6oabwelt Ep, cBoGoiHb. Ilo mepe yBean-
yeuus T pacnpepesieHne CTaHOBUTCA OoJee MJIaBHBIM, KaK MOKa3aHO Ha
puc. 5.3, a HMMeHHO, COCTOSHMS, 9SHEprus KOTOPHIX MeHblie Ep Ha
BeJMYMHY ~ BT, 4aCTHUHO <«OMYCTOLIAIOTCA», a COCTOSIHUS C SHeprueH,
npesbiwawollet Ep Ha Ty ke BeaHuuHy, HA000POT, YACTHYHO 3ACEAOTCH.
Bennuuna Ep onpenensiercss M3 yCJIOBHS, YTO MOJHOE YHUC/IO YACTHIL LOMKHO
6bITb MOCTOSHHBIM. JTO YMCAO0, BOOGLLE FOBOPS, 3aBUCHT OT TeMIepaTyphl,
onnako ana kRT/Ep <€ 1 MOXHO mnokasaTh, uto BeanuynHa Eg(T) nouru
TOuHO paBHa ee 3Hauenuio npu 0° Tlpu moOo# Temnepatype npu E=E.
¢byukuns  f = 1/2. PacnpeleNeHHe Ha3biBAETCH BbLPONCOCHHBLM, €CIH
RT <€ Ep, w nesoipodcoennbinm, ecin kT > Ep (knaccuueckuit npeneu).
ITpu TensnoBOM paBHOBeCHMHM YHCIO CBOOOIHBLIX 3JEKTPOHOB dn B elu-
nuue oHbema ¢ sHeprue#t mexay E u E—+ dE onpenensiercs cooTHOLle-
HueM

(5.54)

1% ( 2m )% E' dE

rie ucnonb3oBaHa Qopmyna (5.48) u ¢yHkuus pacnpenenenus dPepmu —
Jupaka (5.54). Yacto GbiBaeT yAOOGHO HCMO/b30BATb COOTHOLIEHHE

c=Y (2’”)”’- T (5.56)

%2 \ 'R )’



rJj. 5. MOJEJIb CBOBOAHbIX 3JIEKTPOHOB 135

Torud
CE'": dE

= JEEApT |

(5.57)

sesmuuiy Ep onpelnensem, mojaras MHTerpas ot dn paBHEIM YHCIY YacTHIL.

PaccMOTpHM Temepb HECKOJbKO Mpelle/bHbLIX Clyyaes.

A6comoTHblt HyJab. [Tpu abcomornoM Hyne f =1, koraa E < Eg (0)
(3nauenne Ep npu 0°K), n f=0 ana E > E(0). Takum o6pasoM, Bce
cocTOsIHUS BIIOTh 10 Ep 3aHaTe, a 3Hauenue Ep onpenensercs uepe3
yicao N 3/7eKTpOHOB B eluHHle oObema:

EF (0)
1, 2 3,
NV =C f E"dE =3 C|Ez(0)" (5.58)
0
H, C.J1el0BaTelbHO, B
Ep (0) =5 — (3n2N)™, (5.59)

B COFJIACHH C paHee MOJYYEHHbIM pe3yabTaToM (5.44). Beiuncnenuvle 3Ha-
yeuust Ep npusenenst B Taba. 5.3.
M pumep. Kunernueckas sHeprus rasa depMu npu aGCoNIOTHOM Hyne

paBHa 3
Uy = NE (0). (5.60)

JroT pesyabTaT cienyeT W3 Toro, uro E, ~ k2, a cpennee 3Hauenue k2
no 3anoJHeHHOH cdepe depmu paBHO

kr
f k' dk
() =L =g ik
- kR —_— 5 F»

f k dk

0
TakuM 00pa3om,

(Ey="3 E (0).

Bes sra sHeprus — xuHeTHueckas, MOCKOJbKY Ml He paccMaTpuUBaeM
3.1eKTPOCTAaTHYECKOrO0 B3aUMOIENCTBUS IIEKTPOHOB Mex iy coO0OH M C HOH-
HBIMM OCTOBaMH.

KBAHTOBAS TEOPHUSl1 TEMJIOEMKOCTH 3JIEKTPOHHOI'O IrA3A

Boiule B KayecTBeHHOH (opme Mbl yxe pacCMarpuBalM TeMJIOEMKOCTb
9JEKTPOHHOIO rasa; M3/M0XHM Telepb KOJH4YeCTBeHHYIO Teopuio. M3 ka-
YCCTBeHHBIX PACCYyXAeHHH, npuBeleHHBIX nocae ¢opmyasl (5.48), cie-
AyeT, yro usMeHeHue AU BHyTpeHHeit SHepruu MpPH HarpeBaHUU CUCTEMbI
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or 0° no temneparyps T mponopuuoHanbho T?/Ep. CienoBare/bHo, ecau
OrpaHMYMTLCH Y/eHAMM MOPsiAKa T2, TO MOXHO He YuMTLIBATb WU3MEHEeHHS

Eg c Ttemneparypoit.
YBennyeHne BHyTpPeHHe#l 3HEPruM ONHCHLIBAETCA COOTHOUIEHHEM

AU=f Eg(E)If (E, T)— f (E, 0] dE, (5.61)
0

rie g (E) —nnotHocTb coctosnuit. ITOCKOMbKY u/eH B KBaIpaTHBIX CKOG-
Kax uMeeT MakcuMyM npu E = Eg, MOxXHO HamucaTb

* 2
AU =~ g (E / —— d; .
g ( F)6 T % (5.62)
anecb e=FE —Eg, U Mb HMCNO/Mb30BalH TaKke TO OOCTOATENbCTBO, YTO
: L=t mpn e <0,
[f(E. T)—f(E, O)l= L el
(14 etlv) npu ¢ >0,

TaK 4TO BKJalbl B uHTerpan (5.61) cumMMeTpuuHbl oTHOCHTeNbHO €= 0.
Takum o6Gpasom,

AU = (2k5T)? g (Ep) 6/ ﬁ dx.

3HayeHHe ONpeleNeHHOr0 MHTerpana, CTOAEr0 B MpaBo#f 4acTH 3TOro
BLIpaXKEHHs!, MOXHO B3ATb M3 JIOOBIX MAaTeMaTHYeCKHX TaBJHL (Hanpumep,
tabaun [Batita, Ne 862.3); oHo paBHo ©?/12. Toraa

2
AU = 2 (kgT P g (Ep). (5.63)
Tenepb HafileM Ten/J10eMKOCTb
d AU 2
C,= 7= 5 ksTg (Er). (5.64)

Inst cBOGOAHBIX 3/MEKTPOHOB, COrnacHo (5.46) u (5.48), nus & (Ep) nmeem
g(EF)=7TF—=7W, (5.65)

TaK 4YTO BKJAL 3JE€KTPOHOB B TEMIOEMKOCTb COCTaBJseT

C,=22(NV) kg (TLF) , T (5.66)
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rae NV —uHCJIO 9JIeKTPOHOB NMPOBOAMMOCTH B oOpasue. TakuM o6pa-
30M, KJaCCHYeCKOe 3HAYeHHWe TeMJIOEMKOCTH YMeHbIUAeTcs INpOMOpPLHO-
naabio T/T p. Hacto Tennoemkocts 3anuceiBaioT kak C, = 77T'; 3Havenns
npuBeleHbl B Taba. 5.4.

3HaueHHA Ko3¢dHUHEHTa Y B 3aKOHEe JAJsi MOJSPHOH TeNJOeMKOCTH
meraanos: C,=vT?*)

Ta6auna 54

JKeHHbIM B euHuuax 1073
cocTaBJeHa mo aaHHbiM ctaTbu Hayuta [14].

£ - ) -

s [ ) [

| g ¢ S|z ¢

MeTann 3 § E Metaan § é E

=1 2 i =R = =g

SR 2| & %%

Na 4,3 1 0,6 Bi 0,11 —
Cu 1,73—1,80 1 1,5 Ti —
Ag 1,54—1,6 1 {0,95—1,0 Vv 15—22 —
Au 1,8 —_ Cr 3,8 —
Be 0,54 2 0,46 a-Mn 33 —
Mg 3,25 2 1,33 a-Fe 12 2,1 12
Zn 1,25—1,42] 2 | 0,8—0,9 Co 12 1,6 14
Cd 1,7 2 1,75 Ni 17,4 0,6 28
Hg 4,5—5,3 2 118-2.2 Zr 3,9—6,9 —_
Al 3,48 3 ) Nb 21 —
In 40—433 3 | 1,3—14 Mo 5,1 —
Ti 3,65 3 1,1 Pd 26—31 | 0,5 27
La 16 3 4,3 Ta 13—19 —
Sn (6enoe) 4,0 4 1,2 w 3,5 —
Pb 7,5 4 21 Pt 16,0—16,5| 0,6 13

*) Iag cBepXMPOBOAAMNX METaNOB | OTHOCHTCH K HOPMAaAbHOMY coCTOSHHIO. CMbiCa
3HaveHui m*/m, npuBeleHHHIX B nocaeaneM croabue, obcyxnaercs B ra. 6. Urtobw ot

3HayeHHuH, BHIPAXEHHBIX B € AMHULAX 104 Ka/l/MD/lb-zpaﬂz, nepeiTH K 3HAYEHHSM, Bbipa-
0xc/moas-2pao”, Hano yMHOXWTb nepsbie Ha 0,418, Tabauua

MOXHO 0)XHOaTb, UTO Yy MeTaadloB, K KOTOpPbIM NpPpUMEHMMA MOIe/b
CBOOOJHBIX 9/1IeKTPOHOB, MOJApDHAA 3JIEKTPOHHAA TENMJO0EMKOCTb 6y,11€1‘ HUMeTb

BCIMYUHY TMOPSAKA 10747 KQA/MOAb - 2pald. DKCIePUMEHTANbHbIE BeJlH-
YMHBI YaCTO NpEBBLIIAIOT 3TO 3HayeHHe. ITO OOCTOATENbCTBO He TOJBKO
FTOBOPUT O HeNOCTATOYHOCTH MOJEJU He3aBUCHMBIX YaCTUL, HO M MOKa3bl-
BaeT, yTo MJOTHOCTb COCTOSIHMA g (F,) B IeHCTBMTENbHOCTH TNPEBbILIAET
3laueHne, MOJyYyeHHOe 1/ CBOOGOIHBIX 3/1eKTPOHOB. PacxoxieHue oco-
GeHHO 3aMETHO BBIPAXEHO Yy MEePEeXOAHBIX METa/lIOB; 3TOT BOMNPOC MH
PaccMoTpuM B cieaywollel riaBe Ha OCHOBe 30HHOH TEOpPHH.
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KBAHTOBAS TEOPHA CNHHOBOIrO MAPAMAIHETH3MA'!)

B 6GoabLIMHCTBE MeTaaJa0B 3JEKTPOHBI NPOBOAUMOCTH HMEIOT He60Jb-
IIY10, He 3aBUCALLYIO OT TEMNEPATYPhi O6'beMHle NapaMarHUTHYI0 BOCNIpU-

-6
uMuuBOCTb mopsaka 107°. DTOT ¢aKT HaXOLMTCA B Pe3KOM NMPOTHUBOpe-
uynu ¢ ¢opmyao#t JlanxeBeHa, COrJaCHO KOTOPOH NPH KOMHATHOM TeMme-

paType BOCTIPHMMYWBOCTb HMeeT MOpsAOK Beawunubi 10™* w momkua
3aBUCeTb OT TeMneparyphl no 3akoHy 1/T. Tlayam [15] ykasaa, uto mpu-
MeHeHHe cTaTUCTHKH PepMu— Jlupaka naet BO3MOXKHOCTb Haljlexaulum 06-
pa3oM MCMpPaBHTb TEOPHIO.

dopmyna JlanxkeBeHa (4.26) B npUMEeHeHMHM K CHCTeMe MArHHUTHBIX
IunoJied yTBepxaaer cleldyioliee. BeposaTHOCTb TOro, 4TO MOMEHTHI aro-
MOB pacrnoJ/ioxaTcs napanienbHo moJio H, mnpeBbiliaeT BepoOATHOCTb HX
aHTUNApaNTeNbHOH OPHEHTALMH, YTO M ONMUCLIBAETCS MHOXHUTeNeM ~ wH/RT .
Eciau cucrema cocroutr u3 N aToMOB, TO 3TO NaeT CYyMMapHbIf MarHuT-
Hbit MOMeHT ~ NHp2/kT. DTOT pe3y]bTaT W LaeT KjaccHyecKas TeOpHs.

OxHako AJsi GOJIbIIMHCTBA 3JEKTPOHOB B MeTajje BepOSTHOCTb MNepe-
BOpPAuMBaHMsA CMHHA NPH HAJIMYUU BHELIHErO0 MarHMUTHOTO MOJS PaBHA HYJIIO,
NOCKO/bKY COCTOSIHMS C MapaJiieJbHbIMH CAHHAMH Y)Ke 3aHATH, BO BCAKOM
Clyyae, eCM MX 3Heprus Ha 2w/ MeHblle 3HepPruM COOTBETCTBYIOLUETO
aHTUNApannelbHOro CocTosHus. ITOCKOMBKY MUlIb Te 3JeKTPOHbLI, SHEPrus
KOTOPbIX COOTBETCTBYeT BepXHelt uyacTM KpUBOH pacnpeneneHuss Pepmu
u oTianuaercs or Ep Ha BenruuuHy nopsaka kT, MMelOT LIaHC nepeBep-
HYTbCS B MOJe, TO TOMbKO 4Yactk ~ T/Tp ofuwero uucia 3/eKTPOHOB
Morna OBl JaTbh BKJaj B BOCNPUMMYMBOCTb. CJlef0BaTe/bHO, BOCTPUUM-
YMBOCTb

LNt T N

kT TF kTF'
TaKkuM 06pa3oM, MarHMUTHas BOCIPHHUMYMBOCTb ¥ OKa3bIBAeTCH He 3aBUCH-
el OT TeMIepaTypbl M HMMeeT MPaBH/IbHLIA MOPSALOK BEJIHYHHBI, TaK Kak
T umeer Bequuuny nopsaka 104-—105°K. B stux paccyxienusx npen-
nonaraercs, uro wH <€ AT. 3TO yc/oBHe BHINOJHAETCS NMPU KOMHATHBIX
TeMIepaTypax, MOCKOJbKY HanboJ/ee CH/IbHbIE HOCTHMMble noas (106 3)
cooTBeTcTBYIOT TeMmnepatype ~100°K.

BuiBeseM Tenepb BbIpaXeHHe 1A NapaMarHUTHOM BOCHPHHMUYMBOCTH
¢B060IHOrO 3JeKTpoHHOro rasa. Caenys 0603HaueHHAM, TPUHATHIM B (5.48),
M MeTOLy pacuera, W/UIIOCTPUPYEMOMY DHCYHKOM 5.5, moayuyaeM aJs noJ-
HOH HaMarHW4eHHOCTH o00pasua BbIpaxenue

MV=p.B'/ [%g(E—{—pBH)—%g(E—pBH)]f(E)dE.

) IlapamarueTuam paccmarpuBaercs B ra. 8.
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r1¢ E — MOJHAs SHEPTUst 3/eKTPOHA (CyMMa KMHETHYeCKOH SHepruu siek-
Tpoila W €ro SHEpriu B MArHHTHOM mone). B cayuae cnabuix nosedt, pas-
sarast 9TO BBHIP@KEHHE B PAL M OrpaHMYMBAsCh NMEPBBIM YJEHOM, MOJNyYHM

MV ~p3H [ g (B) f(B)AE ~phHEIE- (Ol (5.67)
M wiglEs(0 3Np?
L= = L [VF( )] = 2kBTB;= . (5.68)

Mpl npuwad k pedyabrary Ilayau. OTO BhlpaweHHe HMeeT TOT ke

BlA, YTO M TMOJyYeHHOe HAMH Bhille M3 Ka4eCTBEHHBIX COOOpaxeHUH.
Tpu BBIBOLE BBHIPAXKEHHS IS

napaMarHUTHOX  BOCNMPHUHMMYHMBO- MTamian snepeun

CTH Mbl TpeAnonaraiu, YTo Mar- M””’"»‘;”%g;%e:’é‘;mm

HHTHOE TOJe He  OKashBaeT

BJIHSIHUS HA MNepeMellleHHe 3JeK-

TPOHOB B MpocCTpaHcTBe. B ne#-

CTBUTEJbHOCTH BOJIHOBBlE (YHK-

wit - (5.37), CcoOTBeTCTBYIOLLHE Sposens

OeryliMM BOJIHAM, H3MEHAIOTCSA Pepmu

B Clyyae HaAMYMi MAarHUTHOrO Boas 4 porte

noad, u Jlangay mnokasana, uTO i oA

3TO NMPUBOIMT K MOSBJEHHIO AHa-

MarHUTHOrO MOMEHTa; COOTBETCT-

BylOllass BOCHPHMMYHBOCTb IS Y —

CBOOOIHBIX 3JEKTPOHOB COCTAB- % cocmosHud

aser — 1/3 or napamarHuTHOH

BocnipuuMuuBoCTH. TaxkuM ob6pa-

30M, TOJHAf BOCNPUUMUUBOCTL  pyc 55, MMapamarnernsm Iayan mpu 0° K.

CBOGOLHOrO 3/IEKTPOHHOTO rasa OBHH B 3aLITPHXOBAHHHLIX 06JACTAX BCe 3AHATHI.
2 pi Gosee BHICOKHX TeMmepaTypax CHHHBI 3JeK-
N{J.B . TPOHOB, HaXxoaswMxca B6au3u ypoBus depvu, Oy-
=7 (5.69) 1yT MepeBopauyMBaTbCA.
B F

[pu cpaBHeHUH 3Ha4YEHUM, MOMy4YeHHbIX MO 3TOH Popmyse, C IKcHepu-
MellTaibHBIMU 3HAYeHUAMH 1Js Tesa B LEJOM CJlelyeT y4HTBIBATb HeoO-
XOJIHMOCTb BHECEHHSt MOMNPAaBKM HAa AHAMATHETHU3M HOHHBIX OCTOBOB.

BJIUSIHUE PACHNPEIEJIEHUSA ®EPMU — JIUPAKA
HA 3JIEKTPONMPOBOJHOCTbDb

Tor ¢akT, 4To 3aMeHa KJaccHyecKo#t craTucTKH Makcseana — Boabit-
Mana kBaHTOBOM craTHCTUKOM Pepmu — Jlupaka 0OBIYHO OYEHb MaJO CKa-
3bLIBACTCA Ha pe3y./bTaTaXx pacCMOTPeHUs BOMpoca 00 3JeKTPONPOBOAHOCTH,
BLI3bIBAET HEKOTOpOe yIuBJjelHe. HacTo B TakOM pacCMOTPEHHH Jeno CBO-
AHTCS MMlb K M3MEHEeHHI0 crocoba ycpelHeHWs, HCMOJb3YeMOro MpH
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onpeleneHHH TOHATHS BpeMeHH penaxcauuu. Kak mpeiacraBasercs Ha mep-
BBl B3I/, TAKas 3aMeHa J0/HA TPUBECTH K 3HAUMTENbHO 60Jlee PaiuKab-
HbIM M3MEHEHHAM, MOCKOMbKY eCTeCTBEHHO IyMaTb, YTO B CJyyae pacnpe-
nenexus depmu — Jlnpaka B TMpoLeccax CTOJNKHOBeHWs GylyT MPUHUMATH
yyacTHe JMIUb Te 3JEKTPOHBI, KOTOpble HAXOUATCS BO/IM3M MOBEPXHOCTH

lly,., )
a) %
g) 7
PlYz, t)-Pleg, 0/
&) Yy

Puc. 5.6. MakcseanoBckoe pacnpe-
neneHHe CkopocTeil (OXHOMepHBIi
cayudai).

Beanunna P ('ux) d'ux ecTb 4acTb ITOJHOTO

Yyucaa YacTHl, MMEIOWMX CKOPOCTH B HH-
TepBane dv,, B6AM3N CKOPOCTH U\ @) paBHo-

BECHOe pachnpelelieHHe CKOPOCTeH; 0) n3-

MeHeHMe  PaBHOBECHOTO pachpejenenus

noa AeWCTBHEM  3JeKTPHYECKOro MNoJd,

NPHIOXKCHHOrO B TeCYeHHe HHTepBa.na Bpe-

MeHW T; 8) pe3yabTHpYylollee pacnpenene-

HHC, MOJY4YeHHOE KaK Pa3HOCTb paclpene-
neHuit a u 6

depmu. Tlpu Ka¥IOM CTOJIKHOBEHUH
JHeprus TaKUX 3JMEeKTPOHOB JOJKHA
Au60 COXpPaHATbCA, JU6O H3MEHATbCS
Ha BeqUYuHY He Gounee kT (3Heprus,
NPHXOAALLAACS HA ONHO COOCTBeHHOe
KoneGaHue MpH TeMJOBOM PaBHOBECHH).

PaHee B Hacroswel riaBe, Ha
OCHOBE KJ1aCCHUeCKOH CTaTUCTHKH, Oblia

noJjyyeHa Qa8 TPOBOAMMOCTH ¢op-
Myaa (5.13):

__ Ne

=—

rie N — KOHLeHTpalHus 3/JIeKTPOHOB,
©— BpeMs pesakcauuu. [TonesHo narb
KayeCTBEHHBIH  KJacCCHYeCKMH BbIBOL
5TO GOpMYJB C HOBOH TOYKHM 3pe-
HUsl, TMOAb3yscb rpaduKaMu, TpHBe-
IeHHBIMK Ha puc. 5.6, rae B3AT AJA
NpPOCTOTHl Cayyah OLHOMEpPHOro rasa.
Ha puc. 5.6, a nokxasaHo kJaaccuue-
CKOe pacnpele/ieHHe YacTHL MO CKO-
pPOCTSM B COCTOSHHH TelJOBOFO paB-
Hosecus. Ha puc. 5.6, 6 xpusas
pacnpefesieHdss CIBMHYTa BMPaBO Ha
paccrosHue eEt/m, 4TO BBHI3BAHO Ha-
JIOXKeHUeM BHELIHEero0 3JEeKTPHYECKOro
noas E B TeueHue NpOMexyTka Bpe-
MeHd, paHoro t. Ecim t—Bpewms
penakcauMd, TO CIOBHHYTas KpHBas
OyzeT omucbiBaTb CTalUOHApHOe pac-

npejeseHye NPU HAIMYUH SJIEKTPUYecKOro mnosas. PasHocTb KpuBLHIX paB-
HOBeCHOro (@) M CTauHOHapHOro (6) pacnpeleeHMH MNOKasaHbl Ha Tpe-

TbeM rpaguke (puc. 5.6, 8).

[To ¢opmyne Teiniopa, orpaHMyHBasCh 4JeHOM NepBOro nopsika no E,
noayuyuM, 4to pasHocts P(v,, t)— P (v,, 0) paBHa

eEr
m

()
dvl’ t=0 )
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[lycts @YHKUMA pacnpeldedeHuss P HOPMHPOBAaHA HAa EAMHHMLLY:

de‘Ux=1.

CKOpOCTb VU,, yCpeiHEHHasa Nno CTallMOHAPDHOMY pacnpeje/jieHHI0

Ex (dP
P, 9~ P, )—2L(L8) (5.70)
JjaeTcsl BblpaXeHHeM
- eEx apP
Uy =— 7/ v, (_dv, )o du,. (5.71)

Ynen P(v,, 0) ectb cuMMeTpuuHas ¢YHKUHMS U, U He OKa3blBaeT BJusi-

s Ha v,. DTO O3HauyaeT, 4YTO cpelHss (ApeldoBas) ckopocTb npu Ten-
IOBOM paBHOBeCHH paBHa Hymo. VlHTerpupys no uactsam, noayuum

fv(jf)du:-/Pov_—l

[vxPO]cfoo =

NOCKOJbKY

3aecb yepe3d P, obosnaueHa ¢yukuus P(v,, 0). Urak, u3 (5.71) noay-
yaeM

vy =0, =221, (5.72)
H, CJeJ0BaTe/NbHO,
j=Nevy =E (5.73)
HIH
— Nex (5.74)

m

B TMOJIHOM COIJaCHH C NOJYYeHHHIMH paHee pe3yJ/bTaTaMH.

AHa/OTHYHBIM TNyTEM pacCMOTPUM ciayual cratuctiku Pepmu — du-
paka. CootBercTByiolwine rpaduku npuBefeHbnl Ha puc. 5.7. TlpuHuun
ITayan He okasbiBaeT HUKaKOrO BAMsSIHMS Ha M3MeHeHWe KpPUBOH pacmpe-
Jle/ieHHst MPH HAJOXeHWH BHELIHEro 3/JEeKTPHUYeCKOro 1oJs, MOCKOJIbKY
KQOXAbI#l 3/1eKTPOH, B KaKOM Obl COCTOSHUM OH HM HaXOAMJCH, HM3MeHseT
NP 3TOM CKOPOCTb Ha BeanuuHy eEt/m. Bcerma umeercs BakaHTHoe
COCTOsIHHE, B KOTOpPOE MOXeT Mepe#TH 3/eKTPOH NMPHU H3MEHEHHUH CBOEro
NepPBUYHOIO COCTOSIHUA NMOA HdefcTBUEM 3dMeKTpUYeckoro rnoJs. BakaHThoe
COCTOfIHHEe CO31aeTCs B pe3y/abTaTe OJAHOBPEMEHHOrO HM3MeHeHHs COCTOf-
Hug apyroro snekTpoHa. Pesnakcauuonubie 3ddekTnl He UrpaioT 60.bLIOH
Ponut, MockoJbKy 3HAYMTEJNbHOE YMCJIO BO3MOXHLIX MPOLECCOB CTOMKHO-
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BeHHs 3anpelleHbl npuHuunoM [Ilayam B cuay TOro, UTo KOHEYHBIE CO-
CTOSIHUAL yXe 3aHAThbl. Pesaxcaius MposBAsieTCSs JUIIb B TOM, YTO H36LI-
TOYHBIE 3/MEKTPOHLI, OMHUChiBaeMble yuyacTkoM A KpuBo#t Ha puc. 5.7, s,
Morau Obl NyTeM CTOJKHOBeHuHt

Plez,0) ~
M3MEHHUTb CBOU COCTOSHHS WU CKOM-
NeHCHPOBaTb JAedHUHUT, OMHUCHIBae-
MBI yuacTkoM B, rle uMeoTcs
BaKaHTHble COCTOAHUS. Takum 06-
pasoM MOTYT OCYIIECTBHUTLCA CTOJIK-
HOBeHHs, O0O0YC/IOB/IHBAKOLIHE MpO-
uecchl pesaakcauuu. HMuauve rosops,
npuduun Ilayau, He ponyckas MHO-
rdX CTOJKHOBeHHH, TeM He MeHee
No3BOJSET  OCYLUECTBHTbCS  TeM,
KOTOpble HeoOXOAMMBI A/ H3Me-
Ay, ©)-P5, ) {enns  PaBHOBECHOTO  COCTOSIHUSA
4 cucTeMbl NOA JeHcTBHEM 3/EKTpH-
j\ yeckoro noJas. Tenepb MOXHO npo-
Yz

a)

BECTH pacueT, B TOYHOCTH COBNa-
//\/ AaoWKMi ¢ TeM, KOTOPHH Bbile

g npusen Hac k dopmyae (5.74); npu
Puc. 5.7. Pacmpeaenenue ckopocteit  9TOM ONATb MOJAYYHM, UTO
B cayuae cratuctikn Pepmu — Jupaka

(onHOMepHBI# cayuait). o — Ne?c

a — PaBHoBecHOe pacrnpelejeHue ckopocTel; m
6—cuaBur pacnpexneseHUs noa aeHdcTBHeM BHelll-

HEro 9JEKTPHYECKOr0 MOJsl, MPHIOKEHHOTO
B TeueHHe HHTepBana BpeMenH T; 6 —peayabth-  F1eO6XOAUMO, OJHAKO, OTMETHTbH,

wllee pacnpeneneHue, MoaydyeHHoe KakK pas- .

b Eocn? pacnpenenenuit @ v 6 4To qmrypnpylomee 34eCb BpeMs

pesaKcaluuu T KMMeeT pasiHyHLIe

3HaueHWs B CJyuyae KJaCCHYECKOro pacnpeieeHus W B Cayuyae pacnpe-
nenenuss depmu — Iupaka.

MJIABMEHHASI YACTOTA

B HoBeftliinx pa6oTax NO TeOPHH JEKTPOHHOTO Tra3a, B YaCTHOCTH
B paborax bBoma u Tla#tHca (cM. o63op Ilattnca [16]), rae npubanxeHHO
paccMaTpUBaeTCsl 3/JEKTPOCTaTHYCCKOE B3aMMOLEHCTBHE 3JEKTPOHOB, HC-
M0/1b3yeTCsl MOHATHE NJAa3MeHHOH YacTOTHl M JJIMHBI SKPaHHPOBaHHs (/M
neGaeBcko#t anuHbl). [lnasMennas uactora Obl/ia BrepBbie BBelleHa B CBA3H
¢ npob6ieMamu, BO3HWKAOWWMHM TIPH OMNUCAHMM ra3oBOro paspsaa, MHpH
paccMOTpeHHU IIJIOCKOro cJ10s rasa ¢ OLMHAKOBOM KOHLEHTpauue# MoJo-
KHUTEAbHBIX H OTPHLATE/bHBIX 3apAAO0B.

[TycTs KOHUeHTpauus 3apsagoB Kaxioro tuna pasia Ne. Ecau
NOJOXHUTENbHO 3apAXelHble YacTHLbl CMELIAIOTCS MePreHIHKYISPHO K CI010
rasa Ha paccTosHWe X, TO BO3HWUKAeT MOBEPXHOCTHHIH 3apsl, MAOTHOCTb
koroporo paBHa = Nex; 9TO 9KBMBANEHTHO OAHOPOLHOH OOGbEMHOH MO-
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pH3ALHA P = Nex (B 371eKkTpocTaTHYeCKO# cucTeMe eauHuu). enoas-
pusylouiee noue (B TOH XKe cHCTeMe eAMHUL) PaBHO

E—=—4rP — — 4r Nex, (5.75)

a ypaBHeHHe JBHXEHHUS 4YaCTHULUBI MAcChl m B OTCYTCTBHE 3aTYXaHUS UMEET
pHal

.

mx = — 4nNex, (5.76)
wa, NpH x~ e,
4nNe?
2 .
0 =— (5.77)

J10 BLIPaXKEHHE ONpelenseT NI1a3MeHHYI0 YacToTy w,. Ipu N =102 cn 3,
yTO0 COOTBETCTBYeT KOHLEHTPAlLUM 3JeKTPOHOB NPOBOLHMOCTH B OOBIYHBIX
—27

merannax, npuhumas m =~ 107" z, nmoayunm o, = 4.10% 24, 1. e.

171a3MeHHas 4acToTa JeXHT B yabTpaduosneroBol ob.aactu crektpa l).
Bosubl noasipusallMd B MNJIa3Me, ONHMCbIBAeMble BbIDAXEHHEM BHIA

t—

x ~ €' (°p'~*), Ha3LiBAIOTCA NAA3MEHHLIMM BOIHAMH, a COOTBETCTBYIOLIHE

/eMeHTapHble BO3OYXkAeHus (KBa3uuyacTuubl) C 3Hepruedl fiw, HA3bIBAIOT

nAQ3MOHAMU.

Ecau cpeaHekBagpaTuynas CKOpPOCTb 3JeKTPOHOB B MN/asMe pabHa v,
TO MOXHO BBECTH XapaKTEPUCTHYECKYIO LJHHY

v .
Ap=—; (5.78)
ce 4acTO Ha3HBalT AebGaeBCKO# AauHON. I 31eKTPOHOB MPOBOIUMOCTH
B MeTaiaae (epMHEBCKHE CKOPOCTH MMeEIOT BeauunHy nopsaka 108 cu/cer,
-8
tak 4t0 Ap=~1/,-107" cm.

JIlebaeBckasi AnMHA CBA3aHa C 3/1EKTPOCTaTHYECKHMM SKPaHHPOBAHHEM,
06ycJ0B/eHHbBIM (JAYKTyauHsMd TNJIOTHOCTH 3apsla B nuasme. B arom
MOXHO yOeauTbcs, paccmMatpuBas paboTy 00pas3oBaHus TenaoBo# ¢ayk-
rTyauuu. IlycTb, Hampumep, B pe3y/abTaTe GAyKTyaluu BCe 3apsibl Npo-
THBOMOJIOXHBIX 3HAKOB OKa3aJqHCb Ha paccTOSHMM X Apyr OoT Apyra.
[TpousBeneHHass pa6ota cocraB/seT

f 4nNelx dx = 2nne’x?,

ona no/mkHa ObITb paBHa kgl — TennoBO# 3SHepruu miasMeHHHIX Koneba-
nui. Takum o6Gpasom,

2nNe?x? = kT = %mzﬂ, (5.79)

') OTtHoCHTeAbHO HAGMIOJEHHA MJa3MEHHOTO PE30HAHCA B MOJAYNPOBOAHHKAX
cM. craThlo Jpeccenxaysa, Kuna u Kurreas [17).
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OoTKyAa _ _
v v
xzm =W=AD (580)
(=)

DTOT pe3yibTaT NMOKasbiBaeT, 4YTO (JIYKTYalUH NMJIOTHOCTH 3apsia, Npe-
BHILAIOIME MO CBOMM JUHEHHBIM pasmepaMm BeaHuuHy A, HMeOT TeH-
IeHLUHI0 BBLIPABHHBATbCS B pe3yabTaTe 3/1eKTPOCTATUYECKOrO B3auMOleH-

crBust. Jlng ¢depmu-rasa cpelHsis CKOPOCTb U MMeeT BeJHYHHY MHOpsLKa
(epmMueBCcKO#t CKOpPOCTH Up.

NPO3PAYHOCTb LUEJIOYHbIX METAJUIOB B YJbTPA®UOJETOBOI
OBJIACTH CIIEKTPA

Mpbl 3Iecb KpPaTKO OCTaHOBHMCH Ha OAHOH WHTepeCHOM 0COGEeHHOCTH
ONTHYECKUX CBOMCTB LUeJOYHBIX METa/VIOB, @ MMEHHO MX MNPO3PayHOCTH
B yabTpaduosetoBoft obaacTu crnektpa. ITOT 3¢dekT Obl1 OTKPHT By-
noM [18]1) u ob6bsichen 3unepom [22]. OrpaxeHue MHPPAKPACHOFO H3-
Jy4YeHHs 3aTPOHYTO B 3amadye 5.8 (B KOHLe IaaBhi).

Ias- xopouwux NPOBOLHHKOB BpeMs pe/iaKCalMH T BeJHKO MO CPaBHE-
HHIO C nepuonoM l/o Kone6auu#t CBETOBBIX BOAH B BUAHMON oOmacTu
CrneKTpa; MO3TOMY C XOpOIIMM 1pHGIHXKEeHHeM MOXHO mnpeHebpeyb B ypa-
BHEHUM IBHKEHHS YJEHOM, 3aBUCSILHM OT CKOPOCTH, M Hamucatb NPOCTO

mx = eE (5.81)

(npeamosaraercs, YTO JMeKTPHUECKHH BEKTOp MapajjeleH MOBEPXHOCTH).
B cayuae nepuoinueckoro BHeluHero noJs ypasHeHue (5.81) naer

eE
mo?’

xX=— (5.82)

TTockoabKy 3nekTpuueckas noaspusdauus P = Nex, KOMI/eKCHbH MOKa-
3are/b NpesOM/eHUs n ONpelensieTcs COOTHOIUIeHHeM

s pan D AN 5.83

E— N —= T — = —_———— — —_ .

+d4r 5 3 = (5-83)

Ecau oTHoweHue w';’)/mg MeHblle eNMHHUbl (KOPOTKHEe BOJHbI), TO MO-

KasaTe/]b MNpe/JOMJeHNs — BELeCTBCHHAS BeJMYMHA, M MeTaan MNpospayeH

s CBeTa MPU HOPMAJbHOM MaleHHM; eCJM Ke OTHOLIeHHe «.of,/w? 6obLIe

€JHHHULbI, TO IOKa3aTeJab IpeJOMJeHUsI — MHUMasi BeJIMYHHA, U MOXHO
MnoKasaTb, YTO B 3TOM CJiydyae HMeeT MeCTO MOJIHOE OTpaxKeHHue.

1) Cm. taxxe pabotnl [19] u [20]. OG30p ouTHueCKHX CBOHCTB METaJJOB
umeerca B pab6ore ['uBenca [21].
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KpuTHYeCcKOe 3HaueHHe NJMHBL BOJHBI MOJydYaeM, noJaras e=—0:

2\
Ay = 2x (4;"—;]92) . (5.84)
ITonyyeHHble 1m0 3TOH GopMyJie 3HaueHHS BMOJIHE XOPOIUO COTAACYIOTCH
C 3KCMEPUMEHTa/bHBIMM JAaHHBIMH (CM. Ta6J. 5.5), XOTH HM3MepeHHs He
oueHb TOYHBl B CHJY PasMBLITOCTH TPaHHYHOH o6aacTd. Ilpu BbIUMCAEHUU
TCOPeTHYECKUX 3HAayeHu#, mpuBeleHHBIX B Tab.a. 5.5, ucnoab3oBaHbl 3¢-
¢exTHBHBIE Maccel m*. Tlouwatne sddexkTnBHO# Macchl  o6Gcyxaaercs
B cJenywowel raase.
Ta6auna 55

Ipo3payHOCTh MENOYHBIX METAJNJOB B ylAbTpadHONETOBOA 06aacTH
(KpHTHUECKHE JJHHBI BOJMH Ay, B aHTCTPEMax)

Kputuueckas AAMHA BOAHB Li Na K Rb Cs

Boluncnensoe 3HaueHHE Aas
cayuasi CBOGOZHBIX 3JEK-
TPOHOB Macchl m . . . . 1550 2090 2870 3220 3620

BrluncaeHHOe 3HAUEHHE a5
3JEeKTPOHOB € 3 (PeKTHB-

Holi Maccoit m* . . . .| 1840 2070 2750 3000 3300
JKCNepHMeHTalbHOE 3Haue-
HHE . . . . . . . . .. 1550 2100 3150 3400 —

3HaueHue oTHOLEHNUs m*/m

(m* — spdexTuBHAS
macca) mo bBpykcy (cm.

ra. 6 083

1,40 0,98 0,94 0,87

TEPMOJ3JIEKTPOHHASl 3MHCCHS

Tenepb, noMbL3yscb MONe/bI0 CBOGOAHBLIX 3/EKTPOHOB, Mbl BhiBeleM
¢opmyay Puuapacona — JlsmMana, koropas 1aeT BbipaXKeHHe i IJOT-
HOCTH TOKa 3MHUCCHH C noBepxHocTH Meraana. [lpeanosnoxum, uyto Ej—

7////"/

Puc. 5.8. K pacuery TepMO3JeKTPOHHOH 3MHCCHH.

N

z >

pabora, Heo6XoaWMasi AJs TOro, Y4TOObl OAMH M3 CBOOOLHLIX 3JEKTPOHOB
B MeTaaje, HaxXOMAWMACS B HaUHU3IIEM SHePreTHYECKOM COCTOAHUH,
yaanurb B GeckoHeyHocTb (puc. 5.8). Ec/au 3TOT 9/eKTPOH HaXoaujics

10 4. Kurreas
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Ha ypoBHe depMH, TO COOTBeTCTByOLLAsA paboTa
¢=E;,—E. (5.85)

D10 coOTHOMWIeHHE M OMpele/seT TaK Ha3biBaeMylo PpaboTy BhIXOda ¢.

DneKTPOHBI C MMNYJAbCAMH B MHTepBajse OT p A0 p—dp, nepe-
cekaloliyde eIHHHYHYIO MJAOLIAAKY HA TMOBEPXHOCTH MeTaa/la, HMeloT CKo-
poCTb, OmpelesieMyl0 COOTHOIIEeHUEM

OE
v n(p)dp = —n(p)dp=n(p)dEdp,dp, (5.86)

rae E — kuHeTHyeckas 3Heprusi, n(p) — uucjO 3/JEKTPOHOB B elMHHULE
o6beMa (a3oBOro NMpOCTPAHCTBA:

n (p)=h—23f; (5.87)

anecb f — dyHkunsa pacnpenenenus @epmu — Jupaka. IlnoTHocTb TOKa
IMUCCUHM OnpefefseTcs NpoM3BeleHHEM CKOPOCTH 3JEKTPOHOB, mNepece-
KaOWUX eIMHUYHYI0 MNJ0LANKY Ha NMOBEPXHOCTH MeTajaa, HA MX 3apsal,
NnpHYeM TOK MNOJy4yaeTcs 3a CYeT JHIIb TeX JEKTPOHOB, KOTOPLIE HMEIOT
CKOPOCTb, YLOBJETBOPAIOLLYI0 YCJOBHIO

2

Py
7><P+E-

KBantoBbiMH 3¢ ¢eKTaMH, CBA3aHHBLIMM C OTPaXX€HHEeM 3JEeKTPOHOB OT I10-
BEDXHOCTH MeTa/ina, Mul npeneGperaem. Hrak,

dpydp, dE
J=— / / / E—ER)JRT | -
L0 b erEp ( F)/ +1

(69

2kT
—hs—“’/ fln(l-;-e—")dpydpz, (5.88)

-0 -0

- o (322)].

[Tpu o6blunbix ycaosusx 6°>>1, u mosTomy Jorapudpmel B HoAUHTE-
TPajbHOM BbIPAXKEHUH MOXHO DPasJOXKMTb B PAll, COXPAHUB JHLIb NepBHH
u/leH:

2, 2
j= 2/2’17;8 e_q,/kr/fe—(/?y+pz)/2ka dp dpz= .

— dnme (RT)’ h =%~ 9T, (5.89)

rae
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9ro # ecTb ¢opmyna Puuapacona — [IswmMana. 3anumeMm pesyabraT
p popme
j = AT2e—%/*T, (5.90)

rae
A=A4dnmek’h > =120 ajcmu?- 2pad?. (5.91)

['paduK 3aBUCHMOCTH 1g J/T? or 1T, obaervaouiuit onpeleneHue Besu-
unHbl ¢, Ha3blBaeTcd rpaduxkom Puuapacona. IKcmepHMeHTa/bHBIE 3Haue-
yust A M @ npuBefeHbl B Taba. 5.6. 3HaueHns A M ¢ uYyBCTBHTE/bHBI
K COCTOSIHHIO MOBEPXHOCTH, OCOGEHHO B C/ly4Yde TOHKHX MJAEHOK W HEOJ-
HOPOJHBIX MOBEPXHOCTeM 1).

Ta6auna 56

XapakTepHble 3HaYyeHHSI NapaMeTpoB TEPMO3JEKTPOHHOH SMHCCHH
A1 HEKOTOPbIX METaJoB

Metann A, a-uc-z-zpaa"2 ¢, 98 Metann A, a-cu"-z/:aa"z ¢, 98
w ~ 75 4,5 Pt 32 53
Ta 55 4,2 Ba na W 1,5 1,56
Ni 30 4,6 Cs na W 3.2 1,36
Ag — 4,8 Cr 48 4,60
Cs 160 1,8 Cu — 4,45

[TonoxuTenbHble HOHBI, aACOpOMPOBAHHLIE HA IOBEPXHOCTH HHUTH,
OyAyT NPUTATHBATb 3JEKTPOHBL NPOBOJMUMOCTH, B pe3y/abTaTe Yero Ha no-
BepXHOCTH oOpasyeTcs ABOHHOH 3/eKTpHUeCKHH CJ0H (AMMOJbHBIR COM).
DJeKTpHYeCKOe MOJe BHYTPH 3TOrO IBOHHOrO C/10S HANPaBJEHO TaK, YTO
yMenbluaer paboTy BHIXOAa Merasana. Tak, Aias BoabdpamMa paboTa BHI-
Xona pasHa 4,5 98, Toria kak Aas BoAbdpaMa € aACOpPOUPOBAHHBIM 6a-
pueM oHa cocrasaseT Toabko 1,36 398.

Ta6anuma 5.7

Pa6Gora BbIxOja AJs HEKOTOpbIX METAJJo0B, onpeleleHHas
no tporoanempuqecxuu AaHHbIM

Merann Na K Cr Zn w Pt }

Pa6ora Bhixona, 36 2,3 2,26 4,37 4,24 4,49 6,2 I

1) Moapo6Hoe o6CysaeHHe 3TUX BOMPOCOB MMeeTcs B 063ope Xeppuura u
Hukoanbca [23).

10*
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3HaueHds paGoThl BbIXOAA, HaldeHHHe M3 (HOTOIIEKTPHUECKHX LaH-
HbIX, npuBefieHbl B Taba. 5.7. IDTH AaHHBIE MOJYUYeHbl U3 ONpeLe/eHHs
MUHHMaJbHOW 3Hepruu ¢oTOHA, HeoOXoAUMOH Aas o6pa3oBaHus ¢$HoTO-
3/1eKTPOHa.
3AIAYH

6.1. a) Mcnoabays rpanuunoe yciosue $ =0 Ha noBepxHocTH KyGa
co cropoHo#t L, Hatitn Bce BOJMHOBble (YHKIWH, OMUCHIBAIOUIHE TMepBLie
yeTbipe pPa3HBIX SHepreTHYeCKHUX YPOBHS.

6) Buinmucath BblpakeHHs AJIS COOTBETCTBYIOLIMX 3SHeprui.

B) Onpenenutb CTeneHb BHIPOMIAEHUS KaXKAOFO YPOBHS, T. €. 4YUCIO
He3aBUCHMBIX BOJIHOBBIX (YHKLMH, OMUCHLIBAIOIMX COCTOSIHUS C OAMHAKO-
BOH 3Heprued.

5.2, Pewurb monHOCTbIO 3afayy 5.1 Aa8 NepuOAMYECKHX TPaHHUUYHBIX
ycJ/osufl.

5.3. BonHoBble (yHKUHH, 3aBHCAULME OT BPeMEHH, Mbl MOXeM MOJy-
UNTb, YMHOXas pellleHHs BOJIHOBOTO YPaBHeHHUS IJs CTALHOHAPHBIX YC/IO0=-
BUH C HeprusMH E Ha 3KCMOHEHUMaJbHBIHE MHOXHTENDb

e—iEtih

Muoxurens E/h B mokasaTese MMeeT Pa3MepPHOCTb YaCTOTHI.
a) [lokasaTb, uTO pellleHHe

q, (x’ t) ~ e—i [(E/h)t—kx)

OMUCBIBAET BOJHY, PACHPOCTPAHSAIOLLYIOCS B MOJOXHTENbHOM HalpaB/eHHU
ocH x ¢ ¢asoBo#t ckopocteio E/hk.

6) KakoBa rpynnosas ckopoctb? ITosb3ysick cooTHouenneM le Bpoiias,
ONpeNe/uTb HMIYJ/IbC, CBS3aHHBIA C STOH BOAHOM. 3aMeTMM, UTO V,==
=dw/dk, rie o= E/h.

65.4. VMes B BuLy COOTBETCTBYIOUIYI0 BaJEHTHOCTb, MOKAa3aTh, UYTO
auavenue Ep(0) ans varpus pasvo 3,1 38, ans xanua 2,1 38, nas amo-
muuusa 11,7 38.

5.6, Tloabayscb KauecTBeHHLIMM COOOpaXKEHHMH, MMOKA3aTb, 4TO MO
Molleqd CBOOOMHLIX 3JIeKTPOHOB BbIpaMeHWe I/ 9JeKTPOHHOR mapamar-
HUTHOW BOCNPUUMYMBOCTH B 00/aCTH HU3KUX TeMIepaTyp NMPHU YCJIOBUAX

RT << pH < kT,
HMeeT BHA
Y~ et
kTF !
T. €. OMUCHIBaeTcs Tako#t ke (QopMyJaoH, Kak M npu OOBIYHBIX YCIOBUSAX,
wH < kT < kT .

5.6. Becxoneunas niockas NMOBEPXHOCTb MeTala, HOPMaab K KOTOpo#
CoBMajlaeT € OCbl0 2, uUMeeT Temnepatypy T; paboTa BblXO#a .A4d 3TOMH
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[OBCPXHOCTH PaBHA ¢. DJEKTPOHbLl BHYTPH MeTausa MONYMHAIOTCH CTaTH-
crike depmu — Jlupaka; sHeprus depmu pasHa Ef.

a) Hanucate (B Bule MHTerpa/a) Bbipaxkenue /IS YHCIA 3/EKTPOHOB
s cauivle o0beMa BHYTPH MeTasl/a, MMEIOWHX X-KOMIOHEHTY CKOPOCTH
4 nprepsane oT v, 10 v, dv,.

0) Hanucatb (B BMIAe HMHTerpasa) Bblpa)eHHe 1M MOTOKA 3/1EeKTPOHOB,
pLILICALIMX M3 MeTalna W HMeloLUX X-KOMIOHEHTY CKOPOCTH B MHTep-
pade OT U, 10 U,— dv,, Mocae TOTO KaK OHH MOKHHYAH MeTan.

B) Pewutb aHanoruuHyio sasayy Aas BHILIEAIIMX M3 MeTan1a 9JjeK-
TpPOHOB, HMEIOLMX Z-KOMIIOHEHTYy CKOPOCTH B HHTepBajie OT U, 10
v, 4 d‘vz.

r) IlpenebGperas enuHuuel B 3HaMeHaresje BbIpaXkeHU LA (DYyHKUHH
pacnpeleseHuss Mo CPaBHEHHIO € 3SKCMNOHEHUHATbHOW (yHKUMeH, paccun-
TaTh CPeAHIOI0 KBAaAPAaTHYHYI0 CKOPOCTb B HampaBJeHWH OCH X U B Ha-
IpaBJAeHUd OCH 2 JAAS 3JEKTPOHOB, MOCJIe TOr0 KaK OHH MOKHHYIH
MeTasL.

5.7. BrBectH ypaBHeHde, CBs3biBaloulee laBjeHHe U 00beM 3/1eKTPOH-
noro rasa depmu npu 0°K.

5.8. ITokasaTb, YTO KOMMNJEKCHBI/ TOKa3aTe/lb Npe/OMJIEHHS MeTajJa
B c/Ayyae NJIHMHHBIX BOJH BbIpaxaercs ¢opMyno# (B rayccosoft cucreme)

(n— 1h)? = 1+ 4=ia,

rie 6,— NPOBOAHMOCTb B CTAaTHYECKOM TOJe.

Onpele/ MM KOMIIEKCHYIO [AHM3JEKTPHYECKYI0 TNPOHHULAEMOCTb, 3anu-
cLiBasi COOTBETCTBYlollee ypaBHeHue MakcBeana BHYTPU TPOBOIHHMKa
B BHle (B rayccoBo#f cHcTeMe)

’

¢ OE
rot H =< 9"
[Monb3ysick BbipaxeHueM
R (n=1p 4
BCERET

148 Ko3d@HLHeHTa OTPaXeHUs NMPU HOPMAJbHOM MaJeHuH, NMOKasaTb, uTO.

R=1 —(—21)%.

‘l'l:d’o

910 — dopmyna Xaresna — PyGenca. ITokasaTb, uTO yc/aoBHeM npa-
BHJILHOCTH BHIBOAAa 3TOH (OpMYJ/bl ABASETCS BLINOJHEHHE HepaBeHCTBA
o <€ 1/tr, rie t-—BpeMa peaakcauuu 3/eKTpoHoB. OleHuTr < 14
HATpusA TIPU KOMHATHOH TeMmepaType, NOJb3YSCh 3KCIePUMEHTaJNbHBIMH
3HA4YeHUsIMU 145 ero NPOBOAUMOCTH.



FTABA 6

30HHA{ TEOPHSI TBEPIbIX TEJL
30Hbl BPUJIVIIO3HA

ATy raaBy no codepKaHUIO Heab3sl OTHECTH K CaMBIM MPOCTHIM B KHHTe,
HO, GeccrnopHo, OHa camas Ba)XHad. 31eCb BBOAATCH BCe Te BaiHble HOBble
NOHATHA, KOTOpPble HMCMONL3YIOTCS B KBAaHTOBOH TEOpHUM TBEpABIX Tes,
a UMEHHO TOHSTHA 3HepreTHYeCKMX 30H, 30H BpuamosHa, sadpdexTusHoH
Maccbl U ABIPOK.

Mozeab cBOGOAHBIX 3JEKTPOHOB B MeTaJsje, U3J0XKeHHas B Mpelbl-
Aylle# rnaBe, Xopowo o0bAcHAeT pAl (PU3UYECKHX CBOHCTB Merasos,
ONHAKO HAapsly C 3TUM HMMelOTCAd W TaKue CBOHCTBa, A/ MHTepNpeTaluuu
KOTOpHIX MOJe/b CBOOOAHBLIX 3/EKTPOHOB OKa3blBaeTcsl coBeplieHHO Oec-
nonesHod. dra MOLesb He MOXKeT OOBACHUTb, MOYEMY OIHH XHMHUYECKHe
3/leMeHTHl B KPHCTAJIHYECKOM COCTOSHHH SBJIAIOTCA XOPOLIMMH TPOBON-
HUKAaMH 3J€KTpHYeCTBa, a APYrue OKa3biBAIOTCS HM30J4TOpaMH; K rpynne
He YKJaAblBalOWUXCS B 3Ty TEOPHUIO BelIeCTB OTHOCATCA M MOJAYNPOBOI-
HUKH, 3JeKTpUYeCKHe CBOHCTBA KOTOPHIX pe3KO U3MeHSIoTCA C TeMnepa-
Typo#t. Pasnuune Mexdy conpoTuB/ieHHeM NPOBOLHHKOB (He roBOps Yike
O CBEPXNPOBOAHMKAX) H H30/ATOPOB HCKJAIOYUTENbHO BeIUKO: COMPOTH-
BJIEHHE YMCTBIX METaJJ0B MPH HU3KUX TeMmepaTypax MoxeT OblTb MOpsAKa

1078 om-cu, a Yy XOpowHxX M30a9TOPOB AocTHraTh 1022 om - cm, ecau
MPHHATb Mepbl MPELOCTOPOXKHOCTH, OOecCrneunBaiolMe NOCTATOYHO CYXYIO
H YHCTYI0O NMOBEPXHOCTb H3MepsieMoro o6pasua. Kak samerun Makmuina,
TakO# HaGa0laeMbli MHTepBa] 3HayeHnH comporusienus (10%0) ssasercs,
M0-BUIHMOMY, CaMbIM LIHPOKMUM HWHTEPBAJOM UMC/IEHHBLIX 3HaueHu# ¢u-
3UYECKOH BEJHYHMHDL.

Ha nepsbift B3r/isn npeicraBasieTcs eCTeCTBEHHLIM MOMBITaTbCs OGBsC-
HAUTb Pasjnyde MeXI1y MPOBOAHHKAMM M HM30/IATOPAMH pa3iHUMEM B Xa-
paKTepe XMMMUECKMX CBfi3elt, a MMEHHO, MeTa.MYeCKOH CBSI3H, C OLHOM
CTOPOHBI, M KOBaJEeHTHOH, MM HOHIOW CBSA3H, ¢ APYroH. DieKTPONpPOBOL-
HOCTb oOmpele/seTcss ABYMsi (hDaKTOPaMH: KOHLUEeHTpauued cnocoGHbIX K me-
PeMelUeHHIO 3JEKTPOHOB H X 3JeKTPHYECKON MOABHKHOCTBIO = U,/ E-
OZIHaKO MHOTME BelIeCTBA M3 TeX, KOTOPble CYMTAIOTCA H30JATOPAMM,
XapaKTepH3YIOTCS BBHICOKMMU 3HAYEHUSMH MOABHMHOCTH. Y HEKOTOPHIX M3
HUX, B TOM YMC/e y TepMaHuss U KPeMHHUs, MOABHKHOCTb rOPasfo Bhilue,
YeM Yy XOpOIIMX MeTaJJIMYeCKUX NPOBOMINKOB. Psi n30.14TOpOB, B yacT-
HOCTH, HOHHLIE KPHUCTaNJbl U OKMCH MEPeXOLHBIX 3/EMEHTOB, XapaKTepH-
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4VI0TCSl HM3KMMHM TOABMKHOCTAMU. MOXKHO CYMTATh, YTO 4AacCTO 3TO 06'bsiC-
j19eTCS 9MEKTPOCTaTHUECKMM B3aUMOLeHCTBUEM HOCHTe e 3aPsiaa C OKPYHalo -
el CpeloH, KOTOpOe NPUBOIUT K CHJbHON ee MOJApU3aLMHK; TAKUM OGpa-
30M, HOCHTEJIb 3apsala Kak Obl CaM BhiKanbiBaeT ce6e NLIPKY B KpUCTaJle.

B coelnHeHMAX C MeTaJJIMYEeCKON CBA3bIO 3/JEKTPOHbI NMPOBOLMMOCTH
0OLIYHO 00/1aJlal0T BBLICOKOH TMOJBHKHOCTbIO, IMOCKOJbKY TNpPHU BbICOKOMR
jIX KOHIEHTPALHK HMeeT MeCTO 3JIEKTPOCTAaTHYECKOE SKpaHUpOBaHue
(0 4eM Mbl yxe FOBODHJM B TJ. 5), KOTOpOe MpensTCTByeT MOJAPH3aLUM
JIOHHBIX OCTOBOB MoJ JeHCTBHEM CBOGOLHBIX SJEKTPOHOB.

A = ] B

Puc. 6.1. CxematHueckoe H306paxceHHe 3aMOJHEHHOCTH 3JE€KTPOHAMH pa3pelleH-
HBIX SHEPreTHYeCcKHX 30H AJf H30JATOpA, MeTalla M ABYX NOJYNPOBOJHUKOB.

Beicora npAMOYroJbHHKOB XapakTepH3yeT pa3mepbl o6aacreit pa3pelienHbIx 3HaYeHHH 9HE PTHH;
34LITPHXOBAHHDbIE TJIOUIAAH COOTBETCTBYIOT OﬁﬂacTﬁM, 3aloJHEeHHbIM 3JEKTPOHAMH.

Aror 3ddekT ABseTCHs BTOPOH NpUUMHOH GOJbIION MPOBOLMMOCTH Be-
LIeCTB C BHLICOKOH KOHLeHTpauHe#l 3JeKTPOHOB MPOBOJUMOCTH. DIEKTPOHHI
liMeloTcs B JI060M TeJie; BONPOC COCTOUT B TOM, NMpPU KakUX 06GCTOSATENb-
CTBAax 4acCTb 3JIEKTPOHOB BeleT cebs Tak, Kak 6yaATo OoHHM Goslee MM MeHee
cso6oaubl. Huxe Mbl pasGepeMcsi B 3TOM BONpoOcCe, a BKparlle 1en0 COCTOHT
B TOM, YTO 3JIEKTPOHBI B KPUCTaJ/le PAaCroJaraloTcs B 3HepreTHYeCKMX 30Hax
(puc. 6.1), npuyeM MHOTrAA CyLeCTBYIOT TakHe 00/1aCTH 3HaYeHUH 3Hepruu,
Ille HeT HU OJHOrO 3JEeKTPOHHOI'O SHEPreTHYECKOro YPOBHA. DTH HEMOCTYI-
lible 1Ji 3JEeKTPOHOB 00/1aCTH HA3bLIBAIOTCS IHEP2emuyecKumi weaimu,
WM 3anpeujeHHolmu 30Hamu. EciiM 4yuc0 371eKTPOHOB B KPUCTaJLe TaKOBO,
YTO BCe paspellleHHble SHepreTHyecKHe 30HBI 3aMOJHeHbl LEeJUKOM, TO CBO-
6oaHBIX 3/1eKTPOHOB He GyleT, U KpUcTaa Oyaer npeicraB/iaTh cO60# H30-
asrop. Ecau oana uau 60Jiee 30H 3aNoJHEHbl YaCTHYHO (CTeNeHb 3aNoJHeHHs,
ckaxeM, ot 10 no 909%), To kpucrami GyseT o6iagarb MeTanJIMYECKHMH
cBofictBaMu. Ecin uenMKoOM 3anoJHenbl BCe 30HBI, KpOMe OQHOM-ABYX MOYTH
NYCTHIX /M MOYTH LIeJHKOM 3aM0JHEHHBIX 30H, TO Mbl FOBOPHUM, YTO KPHCTAJLI
npeiacrasnser co60#f MONYyNPOBOJHUK, MAM B OO6LUeM cayuae MOJyMeTall.

Ecau sHepreTHyeckas WIMDHHA 3aHATOM YacTH MOYTH MYyCTOH 30HBI
noaynpoBonHuka (cpeaHsisi 3oHa Ha puc. 6.1, 8) MM wWHMpPHUHA He3aHATOK
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4acTH MOYTH LIEJMKOM 3amosHeHHOH 30HBI Ha puc. 6.1, 2 3HauuTenabHg
6osbiie kT, TO 3JeKTpPOHHbIH ra3 OyreT o6nadaTb CBOHCTBaMM depMmy-
rasa, paccMorpeHuoro B ria. 5, B npubanmxkenun RT <€ Ep. Tako#t depmu-
ras HasbiBalOT BLIPOXAEHHBIM. Ecau ke 3TOT 3HepreTHYecKH HMHTepBan
Mo MOpPsAKYy BeJUYUHbl cpaBHMUM ¢ RT, TO ras Oyner o00.1anaTh KJaccu-
YeCKUMH CBOWCTBaMM, M Mbl Ha3blBaeM ero HeBBIDOXKIEHHHIM. BoaHukaer
BOMPOC: MOXHO JIH, NMOCMOTPEB Ha BelIeCTBO, ONpelesuTb, 06/MalaeT Jix
OHO MeTa/lJM4YecKO# MpPOBOAUMOCTbIO? IDTO MOXHO CHeNaThb He Bceraa:
IpaBna, Bce MeTa/ibl XapakTepH3yIOTCH BBICOKOH OTpakaTenbHOH CHO-
COOHOCTbIO B BHAMMOM 06siacTH CrekTpa, T. e. 006J1afal0T KayeCTBOM, KO-
TOpOe Mbl Ha3blBaeM MeTannudeckuM OieckoM. OnHaxo J06OH IHIIEKTPHK,
Y KOTOpOro 3HepreTHyeckas lle/ib MexIy 3amoJHeHHOW W MyCTOH 30HaMu
MeHblle 1,5—2 38, Takxke oOJagaer Gosee MM MeHee MeTaJJMYECKHM
6seckoM. IDTO siBJeHHe Jerko OOGBACHUTH: NMPU TAKOW LIMPHUHE LUEeJH U
npyU HaIUYUM B KPHUCTa/jle CBOGONHBIX pa3pelleHHBIX 3JEeKTPOHHHX SHep-
TeTHYeCKMX YpOBHe# Ha HUX B pe3yJ/bTare NOIJOLIEHUS KBAHTOB BUIH-
MOrO CBeTa MOTYT NepeHTH 3JEeKTPOHH U3 3alOJHEHHOH 3O0HHI.

Tak, Hanpumep, UMCTBIi KpeMHUH, Yy KOTOPOro IWMPHHA LUEJIH CO-
-crapasier 1,10 38, oO6JanaeT XOpOLIUM OTpaXkeHMeM BO BCell BUANMOH
06/acTH M Ha BUA NpeAcTaBiseT co0o#f cepe6pUCTBLI MeTass, TOrAa Kak
HHXKe KOMHATHOM TeMIeparypH Ol — HeNJOXOH H30JATOp.

Mbl MOXeM HalesiTbCs AOCTHFHYTb HEKOTOPOro MNporpecca B MOHM-
MaHUW TPUPOAbl PA3/NHYMA MEX1y NMPOBOLAHHKAMHM U H3OJSATOPAMH, TOJbKO
ec/iM JOMOJHHM TeOPHI0 CBOGOIHBIX 3/MEKTPOHOB YYeTOM B3aUMOLEHCTBHUA
3JIeKTPOHOB C NepUOLHYECKO} pelleTkoit TBepaoro Tesia. Ilpu 3TOM Oka-
HETCsl, UTO 3JIEKTPOH B KpHUCTa/se npuoGperaeT psal YAMBUTEJbHBIX
CBOMCTB: HaNmpHUMep, BO BHELIHEM 3JEKTPUYECKOM HJH MAarHUTHOM TMoJje
3JIeKTPOH BedeT cebs Tak, Kak ecau Obl ero Macca W3MeHWaach, M 3Ta
HOBasi, TaK Ha3biBaeMas 3ddexTuBHas Macca m* Moxer OHTb Kak 0oJblie,
‘TAK M MeHbllle Macchl CBOOOLHOrO 3JEKTPOHA, W NaXe NPUHUMATL OTpH-
uateqbHble 3HaueHus. OkasbiBaercs, Jajnee, UYTO B HEKOTOPHIX CJy4asx
yA06HO HOGUTeJSIMM TOKa B KPHCTaJljle CYUTaTh OCOOble MOJIOXKUTENbHbIE
31psabl —f-|e|, HasbiBaeMble NBIPKaMU. IIbIpKH SBJSAIOTCS MPAMOH NMPOTHBO-
NOJIOXKHOCTbIO 3JIEKTPOHAM, KOTOphle BeAyT ce6s Kak OOblYHble 3JeKTpH-
YeCKMe 3apsibl BeJMuMHOM —|e].

CoryacHo MogenH CBOGOIHBLIX 3JEKTPOHOB, paspelleHHble 3HAYeHUs
‘9HepruM pacrnpefiejieHbl KBa3UHENPEPLIBHO OT HyJA N0 GeCKOHEUHOCTH.
B npexabiayieft riaBe GHJIO YCTaHOBJEHO, UTO

2 o2 0 2
E= - (Ko ky—+ £2),
rle B ciaydyae ky6a co cropono# L

koo by k=250, £1, £2, £3,...),
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BoJioBble (YHKUHU CBOOOAHBIX 3JEKTPOHOB HMEIOT BHL
q) ~ plkr

., ONMUCBHIBAKT Oeryuiue BOJIHBI, HeCyllue, COMJIACHO COOTHOLLEHHIO:
4 Bpo#as, umnybc p=hk.

Bbllle, NPH M3JMOMXEHMH BONPOCa O PacCNpOCTPAHEHMH PEHTreHOBCKUX
Jvue#t B KpDHCTaJJle, Mbl BHIICHUIM, UTO GP3rrOBCKOE OTPAXEHHE ABJSETCH
paKHOH M BecbMa XapaKTepHOH P
0c0o0eHHOCTBIO PacClpOCTpaHeHus
30JH B TIEPHOJAMYECKMX CTPYK-
rypax, B TOM YMCJEe M B 3/eK-
TpPHYECKUX LeNAX, COCTAaBIEHHBIX
113 HAEHTHYHBIX KOHTYpOB. Bpar-

OBCKOE OTpaXKeHHEe UMeeT MecTO

It A8 3MEKTPOHHBIX BOJH B KPH-

craane. Onwvitel  JI3BuccOHa u  Hmpan
Jl)kepMepa, OATBEPAMBLIME BOJ- 77"

1I0BYI0 NPHUPOAY 3JEeKTPOHOB, 7Bz
/’EZ.-@"!_;\X

z)

CBOAMJIUCb, B CYIIHOCTH, K Ha- . 7 i
OmoaeHUl0 Gp3rrOBCKOro OTpa- pZ%’ZZﬂ. ! i
)KEHUS JIEKTPOHHOTO MNYYKa OT wawsoma ; '
NIOBEPXHOCTH KpucTaana. Hau- ! : #
GoJlee BaXHBLIH BBIBOX, KOTODBIA -Z & Z

MLl MOXEM clenaTb Ha OCHOBe Puc. 6.9 o

uc. 6.2. a—rpaduk 3aBHCHMOCTH 3HEprHH
" HBIX K
S/MI0MKEH cooGpa gﬂuﬁ M OT BOAHOBOTrO 4HCAa 1A% CBOGOMHOrO J€K-
pesy/bTaToOB H3yueHUSA OpIIrTOB-  rpoya; 6 — rpaduk 3aBHCHMMOCTH SHEPTHH
CKOrO OTpaXeHus, COCTOMT B  OT BOJHOBOrO BEKTOpa MAsl LEMNOYKH H3
TOM, UTO B 9HepPreTHYecKOM OAWHAKOBHIX aTOMOB (AHHEiHas pewerka)

C paccTOsHHEM MexJy aToMaMH (IOCTOSH-
acrnpeneJsieH eK- .,
pacnpenesetiit CocToaHukt a1 HOJt peweTkH), paBHbIM a. [loka3ana sHep-

TPOHOB NPOBOAMMOCTH CYLUECT-  reryyeckass Ieab, OO6YCJOBJEHHas Tnep-
BYIOT CBOEro poja IUeJH, WM  BbiM  Op3ITOBCKMM  OTpaXC€HHEM  NpH

3agopbl. HMuaue rosops, Moryr k= + 7/a.
BO3HUKATb OMpele/ieHHble HHTEep-
BaJbl 3HayeHMH 3Hepruu, AJS KOTOPHIX pellleHHH BOJHOBOIO ypaBHeHUs
He cyuwecTByeT. Takne 3SHepreTHdeCKue ILeJH, MM 3alpellieHHbE 30HbI
(kaKk MX YacTo Ha3bLIBAIOT), MMEIOT pelialollee 3HayeHWe AJS BHIACHEHUS
BOIpOCa O TOM, NOYeMy OJHO TBepAOe TeJO OTHOCHTCA K KaTeropuu
NPOBOJIHUKOB, @ Npyroe — M30J/i9TOPOB.

3onbl BpraaiosHa B OfHOMEpPHOM cayuae. IlonbiTaeMcss BBIACHUTD
Gu3nyecKHH CMBICA CYLIECTBOBAHMA 3alpelleHHOH 30HbI; s 9TOrO pac-
CMOTpUM CHayala Npoctyilo 3asayy o0 onHoMepHOH pemeTke (AuHeHHOMH
lenouke), cocrosilet U3 ONMHAKOBBLIX aToMOB. HixHu# yuacTok sHepre-
THYeCKOro pacrpeneseHns Tako# cuUcCTeMbl rpaduuyeckd H300paxeH Ha
puc. 6.2, rge nokasaHbl KpHBble 3aBUCMMOCTH SHEPruM OT BOJHOBOIO
YMCJIA: @) NS MOJHOCTbIO CBOOOAHBIX 9AeKTPOHOB M O) A/ NMOYTH CBO~
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GOIHBIX 2JIEKTPOHOB, HepPreTHYeCKOe pacnpeleleHde KOTOPbIX XapaKTe
pusyeTcs paspbiBOM npd k= T m/a, uTO M co3naeT 06NACTb 3aMpelleH-
HOH sHepruu. B onHoMepHom cayuae cdopmyna Bparra 2dsinf = p)
TPUHUMaeT BHI

=T, (6.1)

TlepBble OTpaxkelus HMMelOT MecTO NpH k2= tw/a, u nepsas 3HepreTH-
yeckas lleMb OKa3biBAeTCH COOTBETCTBYIOWlEH HMEHHO ITUM 3HaueHUsM &,
[MTocnenytouie sHepreTHyeckHe LieJH COOTBETCTBYIOT CJEYIOLIMM MOJIO-
KHUTEJbHBIM U OTpUUATENbHBIM 3HaueHuaM k. Orpaxenue npu k= t n/a
BO3HHKaeT BCJeJICTBHE TOrO, YTO BOJHA, OTPAXKeHHAs OT aTOMOB C HOMe-
pamu (p = 1), ycuauBaercs B pesyibrate HHTepdepeHUHH C NMepBUYHOH
BOJHOM, OTpaXeHHO# OT aToMa C HOMepOM p, NpUYEM pa3HOCTb (a3
npu IaHHOM 3HavyeHWn k OyneT cocraBiasTb Kak pa3 12w, Odjnactb
k-NpOCTpaHCTBA MeXy 3HaUeHUSAMM R, PaBHBIMHU — /@ M - ©/a, B 3TOM
npuMepe HOCHT Ha3BaHue nepsoli 30H6. Bpussosna. BHyTpu 30HBI
BpuaosHa sHeprusi KBa3uHeNpephiBHA; HAa TPAaHHLAX 30HBI SHEPTUS MOXKeET
MMeTb pa3pbiBbl. Mbl He cJyyalHO TOBOPMM O KBa3UHeNpephBHOCTH,
a He O HenmpepHIBHOCTH 3HEPrHH B 30He, NMOCKOJAbKY HMeeM B BHLy 00s-
3aTeJbHOE HaJMuMe B 3alaye IPaHUUHBIX YCAOBUH.

IMpu k= = w/a BOJHOBbHlE (QYHKUHMM CTAILHOHAPHOTO COCTOSIHMA He
OMUCHIBAIOT GeryliuX BOJH, KaK B C/ayyae MOJAeJH CBOOOAHLIX 3/1EKTPOHOB;
pellleHHs BOJIHOBOIO YpaBHEHUs MPH YKA3aHHBIX 3HauyeHUsX & OyayTt npex-
CTaBJATb COGOM 1Be OLMHAKOBblE BOJIHbI, PACAPOCTPaHAIOLIHeCS B MpO-
THBOMOJIOXHBlE CTOPOHBI, T. €. AaBaThb CTOAYYyl0 BOJHY. lleficTBuTesbHO,
3TH pelleHUs INpd BHINOJHEHMH YCJIOBUSA DBpsarra, OueBHAHO, He MOryT
onzcyBaTh Oeryuiux BOJH, NMOCKOJAbKY JI00as BoJHA, Oerywias B AaHHOM
HanpaBJ/ieHHH, NMocae GPITrOBCKOr0 OTPaXKeHHs CTAHOBUTCA Gerylieit B mpo-
TUBOTIOJIOXHOM Halpas/eHuH; cjelyiolliee OPIrrOBCKOe OTpaXKeHHe BHOBb
obpaluaeT HanpaBJeHUs pacrnpocTpaHeHus. ENMHCTBEHHBIM CTaUMOHAPHLIM
COCTOfIHMEM, COTJIaCyIOLMMCS C OMMCAaHHOR KapTHHOM}, ABAAETCA CCCTOsHUe,
npejacraasiollee cob6ol crosuve BOJHBH. B HauHusleMm npubanKeHUH
npu k= t x/a Mb MMeeM .1Ba He3aBUCUMBbIX peEIUEHHS, OMMCHIBAIOLLUX
€TOSYUE BOJHBI:

$, = sin (nx/a) = (ei™*/a — g—irx/a), <o
$y = CcOs (nx/a) =z (ei™¥/2 - g~ ivx/a ).} (6-2)
Tlpy k=-+4=/a (u npu R=—m=/a) oba 5TU pelleHUs COBMANAIOT.

Kaxloe u3 pewieHuft, Kak Jierko yCMOTpeTb W3 Buia npasbix yacreft (6.2),
COCTOMT M3 1BYX OLMHAKOBHIX BOJH ei™/a y e—irx/a  pacmpocTpaHsio-
WMXCA B NMPOTHBONOJIOXKHBIX HAaNpPaBJEHUAX. .

Tenepb Halo MoKa3aTh, 4TO pewleHMs $; M $p COOTBETCTBYIOT Pa3HBIM
3HAYEHUSM 3HEPrud Jaxe NP4 OLHOM H TOM KE 3HAYEHUH BOJIHOBOrO
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JeKTOpa. HanoMHUM, YTO B KBAaHTOBOM MeXaHuke BenuunHa |¢|2 xapak-
[epiayeT TUIOTHOCTb  BEPOATHOCTH HAXOXKACHUS 4acTHUH B JNaHHOR
,H)qKC.

Ha puc. 6.3, a npuseneH rpaduk, WINOCTpUPyOILMi 06WKH XapakTep-
ji3McHeHHH 3JeKTPOCTaTHYECKOR NMOTEHUHAIbHOR SHEPTHH 3/IEKTPOHOB MpPO-
1JO/UIMOCTH B TIOJIe OJMHAKOBBIX MOJIOXHUTENbHBIX HOHOB, PAaCNONOKEHHBIX

ormenyuarelas nepeLs, V

a)

he—— 2

ARYER /SRVaRYE

Tnormocrms sapsda, el gl ¢
ag) | ;6 |12

Taockos
sarna

Puc. 6.3. a — uameHeHHe NOTEHUHANbHOH SHEPrHH 3JEKTPOHA

NPOBOAHMOCTH B TMOJE TOJOXKHTENbHBIX HOHHBIX OCTOBOB

B Llenouyke OJMHAKOBHIX aTOMOB (ONHOMepHas peLIeTKa);

6—pacnpejeieHUe MJIOTHOCTH BEPOATHOCTH (IIOTHOCTH 3apsija)

B TOH Xe Lenouyke B cJy4Yae BOJAHOBOH ¢yHkuuu |¢, |2 =

~ sin? (zx/a), B ciyyae BOAHOBOI dyHKuuH | §y 2 = cos? (nx/a)
M B Clyyae NJIOCKOH Geryiied BOJHbI

B nvHeHHOH Lemouke. Mbl cuuTaeM, YTO MOH HecCeT HOJIOXKHTeJNbHBIH 3apsl,
NOCKOJILKY KaXIbli M3 HUX Npu oOpa3oBaHUM MeTassla TepsieT OIUH HIH
Gonee BaseHTHHIX 3JexkTpoHa. Ha puc. 6.3, 6 cxemarnuecku nsaoGpaxkeHo.
pacnpenesenne NMJIOTHOCTH 3apafa, OTBeualollee BOJHOBHIM (YHKUMAM )
11 Yy, ONMUCHIBAIOLIMM CTOSIUME BOJIHBI, U BOJHOBOH (pyHKLMM, OMUCHIBaOLieR
niaockyio Oeryllylo BOJHY. 3aMeTHMM, 4YTO pellenne B Buge Oeryuef
BOIHB ~ e%¥ cooTBeTCTBYeT OIHOPOAHOMY BAOJb LEMOYKH pacnpele-
JEHUI0 3JeKTPOHHOro 3apsza (YTO M MNOKa3aHO Ha puc. 6.3, 6 WTPUX-
nyuxTupHod Jnmnuet). Crosuas Bosana ¢, ~sinwx/a naer pacnpene-
JleHMe 3apsja C MaKCUMyMaMH B cCepellHe MeXLy MOHaMH, a CTOf-
uas BOJHA Y, ~ COSTX/a@ NJaeT pacrnpelelieHde 3apsaa C MaKCHMYy-
MaMM Ha uoHax, rle NOTeHUMaNbHAst 3SHeprus uMeeT MuHumyM. Eciu
MBI pelllMM BHIYUCAMTL CpelHee 3HAueHHE IOTEHLHAJIbHON SHeprud Mas

.
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K&XIO0ro cjy4as pacnpefeseHus 3apana, TO MOXHO OXHAATb, YTO NMOTey.
uuabHas SHeprus Aas ¢, OyNeT MeHblie, yeM /s MAOCKOH BOJHBI, a Mo-
TEeHIMaNbHas 3Heprus s ¢, — Gouabure. Ecian noTeHuManbHble SHepruy
s §, M, oraMualoTcs Ha Beauuudy AE, To, obpawasce kK puc. 6,2, 6,
Mbl YBMIMM, YTO OHAa paBHa KaK pa3 yKa3aHHOH TaM LIMDHUHe 3ampelleH-
Ho# 3oHbl. ToukaM A COOTBETCTBYeT BOJHOBasi GyHKUHA Yy, 3 TOUKAM B,
JexaluM Hal 3anpeuieHOW 30HOW — BOJIIOBAA GyHKUMA P,

[ToabiToxkUM B KpaTkOH KauecTBeHHOH ¢opMe Bompoc 06 06pasoBaHuu
3anpelleHHOR 30HbI. Tlpu 3HauyeHHAX BOJIHOBOrO uucjaa k, ropasno 60Jb-
IIUX TeX, KOTOpble COOTBETCTBYIOT rpaHuuaM 30Hb Bpuanosna (8 = t =/a),
MOXHO CYHTATb, YTO BOJHOBblE (DYHKLUM OMUCHIBAIOT MJIOCKHE BOJAHBL elkx,
OnHako mno Mepe nNpUGJIKEHMS K TIpaHALAM 30HbI, Tae HMeeT MeCTo
6parroBckoe OTpaxceHue, pellleHUs BOJHOBOIO YypaBHEHHS TPaHCHOPMHU-
PYIOTCS; B «YMCTOH» MJOCKOH BOJIHE BCe CHJbHEe MPOSBJASAETCH «NPUMECHY
M BOJHA NpUHUMaeT (opMmy

e—ilk—(2x/a)] x,

HakoHeu, Ha rpaHule 30Hb, Npu k= 1:m/a@ pelueHde NpuHMMaeT Bul

einx/a i e-iﬂx/a .

310 BUIOM3MeHeHHMe peLleHHS, TNPUBOAALLEe K CTOAYUM BOJIHAM, OMUCAHO
noapo6uo B npunoxenuu A (B koHue kuuru). Ceftuac BaxHO JuuIb NOA-
YepKHYTb, YTO KOMOMHALWM pelleHud Aas B = & w/a 0al0T CTOAYHE BOJIHBI
Pa3HbIX 3Hepru#f M 4TO 3TO pasanyue oOyC/AOBJEHO He KMHEMaTHYECKHUMH
yJeHaMH, a NOTeHLUaNbHON SHepruelt B3aNMOLEHCTBHS SNEKTPOHOB C HOHAMH.
Pacnpenenenne 3/eKTPOHHOrO 3apsfia B NOJE LENOYKH MONOXHUTENbHBIX
MOHOB B COCTOSIHMAX, OMHCHLIBAEMBIX BOJHOBHIMM (yHKUMAMU ¢, U §y, OKa-
3bIBAaeTCA CYLIECTBEHHO pasuyHbIM. Pasinune B noTeHuMabHOW SHepruu
BeleT K DPaspbiBy 3HEpreTH4ecKOro cnektpa npu k= =+ w/a.

Xou o6Gpa3oBaHusi paspellileHHOH M 3anpelieHHOR 3HepreTHYECKHX 30H
MoJIe3HO NPOCJeAUTb TaKXe M C MHOR TOYkW 3peuus. ByreM ucxonutb
M3 COCTOSIHMA, B KOTOPOM HMeeTcss COBOKYIMHOCTb YIaJeHHbIX APYyr OT
pyra HeHTpPaJbHBIX aTOMOB, KaiJbif M3 KOTOPHX, eCTecTBeHHO, 006.a-
naet coO0CTBEHHOH CHCTeMON SHepreTHYeCKHMX YPOBHeH, U MpocCaelUM, YTO
OyleT NpPOMUCXOAMTb C 3HEePreTHYeCKMMH YPOBHSMH MO Mepe cOJmieHus
aTOMOB M TEPEKPHITHA MX 3JEKTPOHHBIX 000JI0YeK B npouecce o6paso-
BaHHA M3 ITOH COBOKYMHOCTM aTOMOB MeTal/Juyeckoro kpucraana. Ilpu-
YHHLL  paclMpelinsi YPOBHeH SHepPruu CBOGOLHOrO aToMa B 30HbH MNpH
COMMKEHMH aTOMOB MOXHO BBIACHHTb M3 DAcCMOTPeHH MPOCTOrO MpH-
Mepa CHCTeMBl JBYX aTOMOB BOLOPOZA!), B KaXI0M M3 KOTOPHIX 3JEKTPOH

1) Monpo6uoe paccMoTpenHe BOMPOCAa O CHAAX CBA3H MEXAY aTOMaMu BOAO-
poma B MoJekyae Boxopoaa umeercs B KHure [losuHra u Yuacona [1]. (Cm.
Take M060H M3 O06CTOATENbHBIX KYpCOB KBAaHTOBOH MEXaHHMKH, HampHMep,
A. C. NlaBninosa [2].) (/Tpum. nepes.)
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}1aXOANTCA B OCHOBHOM ls-cocrosuuu. Ha puc. 6,4 npusenennl cxema-
riiecKue TpaduKH BOJHOBLIX ylKUUA 3TUX aTOMOB $,4 M Y5 (puc. 6.4, a)
u ux coBokynuoctd (puc. 6,4,6 u 8). Ilo Mepe cOamKeHUs aToOMOB
11X BOJIHOBble (DYHKLUMM MNEPEKPHIBAIOTCS W Mbl NPUXOAMM K HeoOXOiu-
MOCTH PacCMOTpeHus ABYX KoMmOuuauuh: ¢, i-¢p. B kawno#t us komGu-
j1altiit 3JEKTPOHHOEe pacnpejeelye MexAy ABYMs MPOTOHAMHM COXpaHsercs,
10 .il000H 3JIeKTPOH B COCTOA-

mmt Y4 ¢p Oyler uMeTb He- /\L M
CKO1bKO MEHbIUYIO 9HEPTHIO, UeM . *

g cocrosHun  $, — g, Tlep- o

BOoc COCTOfIHME, MOKa3aHHOe Ha

piuc. 6,4, 6, xapaxkTepHo TeM,

4TO 3JEKTPOH «IPOBOLUT» 4acTb 4+ 5%
ppcMeHd B o6sacTH  mocepe-
JlMle  PAcCTOSHUSA MexLy NBYMs &
[IPOTOHAaMH, rle OH HAXOLMTCH

1104 BJHSHHEM TNOTEHLHANbHOTO

11019 NPUTSAXEHNS OJHOBPEMEHHO

060OHX TIPOTOHOB, TeM CaMbIM %-4,
yBeJqUUMBAS ~ SHEPrUI0  CBSA3H. . ¢
B cocrosHun ¢, — $p, TOKa-

3aHHOM Ha puc. 6.4, 8, naor- 6/

HOCTb BCPOATHOCTH B TOYKE, OT-  pyc 6.4, g—BoaHOBHE DYHKUHH 3J€KTPO-
Beyaiolllel cepeliHe PACCTOSIHUA  HOB B JABYX BOAOPOAHBIX aTOMaX, paclo-

Mex 1y fiipamu, oOpaliaercsi B  JIOKEHHBIX 1ajdeKO ApYr OT Apyra, 6—.iu-
HyJdb, M TOSTOMY HMKaKo# mo- Hefnas KOMOHHAIMS 3THX  BOJHOBBHIX
6aBKH B SHEDIMIO CBA3M HE BO3- ¢GyHKuui, onuceiBaloas cOCTOsHHE c6au-

p XEHHBIX aTOMOB; 8 — JHHeHHas KOMGHHa-
nukaer. Takum 0O6pasoM, MO pua, onuceBawIas BO3GYXIEHHOE CO-

Mepe cOJMXKeHHS JBYX aTOMOB CTOsIHHe.
W3 KaXAOro YypOBHA H30JHPO-
BaHHOTrO aToMa o0pasyeTcsl 1ABa pa3JMYHBIX SHEPreTHYECKHUX YDPOBHA CH-
creMbl u3 AByX atoMmoB. CienoBaTesbHO, ecan Mbl uMeeM cucTeMy us N
aTOMOB, TO KaXIblif YpOBeHb H30JMPOBaHHOro aroMa naet N ypoBHe#
cucteMsl, u 3TH N ypoBHe#t 00pasylOT OIHY MJH HECKOJBKO 30H.
Cnyya#t wecTH BOLOPOIHBLIX aTOMOB, PACMOJIOXKEHHBIX B JHHEHHOH
LenoyKe, cXeMaruyeckn uaobpaxen na puc. 6.5. ITo Mepe cOmkenus
CBOGOAHBIX aTOMOB KYJOHOBCKOE B3aMMOLeHCTBHE MeXAy aTOMHBLIMH OCTO-
BAMU M NePEKPBbIBAOLIMMUCA YACTAMU 3JNEKTPOHHBIX 000/I0YeK NPUBOAUT
K pacuienjeHuio 3HepreTMYeCKMX ypoBHelt B o6pasylouiefcs Ca0XHOM
CHCTeMe, pacluMpsf YPOBHU B 30HB. Kaxabi#t u3 ns yposxe#t cBO6GOAHOTO
aToMa npu 06pasOBaHMM MeTasja paclIMpsieTc B IHEPreTHYeCKyl 3O0HY.
31ech n— raaBHOe KBAHTOBOE YMC/IO, a S YKasbiBaeT, 4TO OpOMTanbHbIH
MOMeHT paBeH Hy/io. LllupuHa 30HB NPONOPLHMOHAJIBHA MHTEHCUBHOCTH
B3aUMOLENCTBUA, WM CTeNeHH TMNepeKpbiTHd 000/04eK COCENHMX aTOMOB,
KaAblh M3 KOTOPHIX HAaXOLMTCA B COCTOsIHMM nS. 3oHbH Oyayr obpaso-
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BLIBATbCA Takxke u3 p, d ... yposHe#t ({=1, 2 ...) cBoGoaHOro aroma,
Kaxapi#t u3 2/ 1 yposHe#, BHIpOXAeHHBIX B CBOGOAHOM aTOMe, Gyner
06pa3oBEIBATL 30HY, M BCe 3TH 30HB OyayT, BOOOLIe TOBOPS, MMETh
pa3Hble 9Hepruu B N1060# 001aCTH 3HaUeHUt BOJHOBOrO BeKTOpa. B neko-
TOPBIX CJyyasX, Npu OcO6bIX KOHdurypauusax 30H Bpunamosua, Moxer
MMeTh MeCTO COBMaleHMe 3Hepruft AByX Hiau Gosee noJoc.

Nearnmosoe
\ COCIMORHUE 2S

= Janpewenran

&x Jona

Q

X

o

Hearnmosoe
cocmoskue 7s

[TocimosrrHas pewermnii

Puc. 6.5. O6pasoBanHe sHepreTHYeCKHX YpOBHeH B cHCTeMe
U3 IIeCTH BOJAOPOAHBIX aTOMOB IIpH HMX COAHKEHHH (T. €.
NpH yMeHbIIEHHH NOCTOSHHOH peuIeTKH).

Hoxaaauo, KakK oépaaylo‘rcsx pa3pellieHHble MW 3aMpelleHHble sHepre-

THueckHe 3oHbl. [lo mepe c6aMKeHUs aTOMOB CBSAI3b MeXay HWUMH BO3-

pactaeT, YPOBHM paHee H30JHPOBAHHbBIX aTOMOB pacllelNJfIOTCH. ta

3ajaya aHaJOrvyHa 3anaye O UeNnovyKe CBA3AHHBLIX 3JEKTPHUECKHX HJH
MEeXaHHYEeCKHX OCUHANATOPOB.

[Mpu6anKeHHYI0 TeOpHIO, B KOTODOH HCXOIHBIM AYHKTOM SIBJSIOTCS
BOJIHOBble (PYHKLHMM CBOOOLHBLIX aTOMOB, HA3bIBAIOT NMPUOMMKEHUEM CHJIb-
HOM cBsA3u. IIpocToM npuMep ee NpPUMEHeHUs OMMCAH B MpPUJIOkKeHun 5
(B xoHue KHuru). ITpubamxeHne CHAbHOR CBSI3M IV BHYTPEHHHX 3JeK-
TPOHOB aTOMOB JaeT, BOOGILEe rOBODS, BMOJHe XOPOIUHE Pe3YJbTaTHI,
OJHAaKO IJfl 3JEeKTPOHOB NPOBOAMMOCTH OHO, MO-BUIMMOMY, He BCeria
M03BOJIsIeT NOCTPOUTb NPABHJbHYIO MHTEPNPETAUUIO SBJEHUM.

Jaa npuOGJMIKEHHOTO ONMCAHMA HEeKOTOPHIX fBJMEHMH 4YacTo paccma-
TpuBalOTCs d-30HbI MEPEXOAHLIX MeTaqioB. B sToM caydae mpuGamxerue
CHJIbHOH CBfI3M AEHCTBUTEJbHO J3eT BO3MOXHOCTb YETKO YCTaHOBUTb COOT-
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jolieltie MEeXIY UYHMCJIOM aTOMOB M UHC/IOM COCTOHUH B 3HepreTuye-
CKON 30HE.

Te ocoOble 3HaueHus R, NPU KOTOPHIX MMeOT MECTO Pa3pbiBbl (PyHK-
uni £, ONuChIBaiolWe# 3aBUCHMOCTb 3HEPrMH OT BOJIHOBOTO BEKTODA, OKa-
3pIBAETCSH, HE 3aBUCAT OT TOTO, KaKOe UMEHHO KOHKDeTHOe MpHOIMXeHHe
JICIIO/b3YETCA M BBLIYUCAEHHS BOJIHOBHIX (PYHKUMH HaM 3Heprud; OHu
onpelensioTCs JMIb OO6LMMU CBOWCTBAMU IMPOCTPAHCTBEHHOH TPyMmbl
KPHCTATINYECKOR CTPYKTYPHI. BepHyBlIUCb Ha MHHYTY K Halleil juHeHHOH
jlcrioYKe M3 O/JIMHAaKOBHIX aTOMOB, BCIIOMHHMM, YTO nepBas paspelleHHas
sllepreTHUecKas 30Ha COOTBETCTBYeT MHTepBa/ly 3HadeHu# £k, orpaun-
4C1iHIOMY HEpaBEeHCTBOM

k

i
/2N

I
N

T

71'.

B sTOM MHTepBaje £ NpUHMMaeT 3HaYeHUs
20, £1; £2 ... E(L20),

OtHoweHne L/a paBHO Kak pa3 YUCJIYy aTOMOB B JHHeHHOMH Lenouke,
TIOCKOJIbKY @ — pacCTOsiHHEe MexAy aroMamu, a L — AJuHa MHTepBaja,
lia KOTOPOM 3alaHbl MepHoJAHYeCKHe IpaHHyHble YCAOBHA. BcmomHus, urto
COCTOSIHUE, COOTBETCTBYIOLlee R = w/a, He OCYLLEeCTBJSETCH He3aBH-
CUMO OT COCTOSIHMS B = — m/a, a WIEeHTHYHO eMy, MBI cpa3y yGenumcs
B TOM, 4YTO oOllee YMCJIO He3aBUCUMBIX 3HauyeHU# R paBHO L/a. Ianee
OYeBMAHO, YTO I KaXAOTO 3HAaYeHUs R MMeeTCs ellle MO 1Ba 3HaueHHs
CNMUHOBOrO KBAHTOBOTO YHCJIA M.

Ma cka3aHHOro BLITeKaeT BaXHBI pe3y/abTaT, COIJIaCHO KOTOPOMY
30Ha, oOpa3yeMas L/a npUMHUTMUBHBIMU fiuefikamu, comepxut 2L/a co-
crosHuit. Ecam kawnpas npumMuTHBHAsS siyellka paccMaTpUBAeMOrO KPHC
Talja COLePXUT MO OLHOMY aTOMy, NpHYyeM KaXAH# aToM OTILAaeT B dHep-
reTHYECKYI0O 30HY 1O OLHOMY (BaJleHTHOMY) 3JIEKTPOHY, TO 30Ha Oyner
3amoJIHeHa HamnoJOBHHY, M TBeploe TeJo OyneT o6aaaarb CBOHCTBaMu,
XapaKTepHbIMU ass MeTanana. Eciau kawabil aToM OTAaeT .1Ba 3JEKTPOHA,
TO 30Ha GyleT 3anoJHeHa LleJUKOM, NP YCJOBHUM, 4TO JaHHAs 30Ha He
nepeKkpLiBaeTcs HU C OLHOH M3 ocTanbHBIX. Ecau nepexpbiBaioLinxcs 30H
HeT, TO paccMarpuBaeMas 30HAa He JaCT HUKaKOro BKJaia B NpPOBOLH-
MOCTb. Bce cocTosHus B 30He 3aHATH, TaK uTO BHellHee 3JeKTPHYECKOE
nojse He MoxXeT ObITb NPHYUHON U3MEHEHUS] COCTOSHUA SJIEKTPOHOB
B 30He W, cJefOBaTeJbHO, OHM He MoOryr npuobGpectu yckopenus. Ilo
STOW npUuMHe 3OHBI, 3aHATHIE JMEKTPOHAMM BHYTPEHHMX 3aNMOJHEHHBIX
06osouex atoMa, OOGBIYHO He CBA3aHBI C ABJEHHEM NPOBOJAUMOCTH. DTH
30HBl JIOBOJIbHO Y3KH, MOCKOJbKY BOJIHOBblE (YHKLUHM BHYTDEHHHUX 3JeK-
TPOHOB M30JIMDOBAHHBIX aTOMOB NMpPH OGPa30BaHMM MeTajna JHULIb He3Ha-
YUTEILHO TNepeKkpLIBAIOTCA MexAy COGOH. Y3KkHe HHU3KO Pacno/OXeHHble
3OHBI He MNepeKpbIBAIOTCA HM C BHEWIHMMM BAKAHTHBIMM 30HAMM, HHU
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C YaCTUYHO 3anoJiHeHHbIMH. IlOCKOJIbKY 3aMKHYTble OO6OJIOYKH BCeria
COJlEpPKAT YeTHOE YMCJO 3JeKTPOHOB, COOTBETCTBYIOL(HE SHEpreTHYeCKHe
30Hb OyNyT Bcerja LEJUKOM 3aMoOJIHEHBI.

TakuMm 06pa3oM, TBeploe TeJO, COCTOfilliee W3 AaTOMOB C OAHHM Ba-
JIEHTHBIM 3JeKTPOHOM, OyAeT mpencTaBasiTb cOOO# MeTans B TOM Clyuae,
eC/iM Ha KaXAyl0 NMPUMUTUBHYIO fueflKy NMPHUXOAMTCA MO OLHOMY aTOMy,
T. e. ecam atoMbl ofpazywor peuerky Bpase. B ToM cayuae, koria na
NPUMUTUBHYIO sYeHKY MPUXOAMTCA MO ABAa aToMa (KaXAb# U3 KOTOPBIX
uMeeT MO ONHOMY BaJeHTHOMY 3JeKTPOHY), BewecTBO OyaeT H30.1-

TOPOM, €C/M 3IHepreTHYecKue
A 30HBI He MnepeKphIBAIOTCS.
: Yro6sl TBEpAOE TEJIO BBIIO
I 430JIATOPOM, Ha KaXIbl# ero
: aTOM, MJM Ha Kauayl Ipu-

g Jﬁgfﬁbw@ﬂ” MHUTHBHYIO AYeHKY KpucTal-
1yl Gy IEK -

Tz saamay  "MHECKOR  DELIeTKH  LOJIKHO
NPUXOAUTLCA UYETHOE HHCJIO
afekTpoHoB. Ilanee, Heo0Xxo0-

4 IUMO, 4TOObl caMas BBICOKas

colepxallas 3J1eKTPOHbI 30Ha
6bi1a  oTaeseHa OT APYrux
PacnoJIOXKEHHBIX BhIlIE  30H

4 3HepreTH4YecKo#t Lie/blo, 3Ha-
Puc. 6.6. CxemaTnueckoe usobpaxenue nepe- 4ATeNbHO Goabwed kT npu
KpHITHR 30H A u B, KOTOpOE MOXeT MMeTb  MHTEPECYWOLIMX Hac TeMnepa-

MECTO B KPHCTAI1ax JABYXBaJEHTHBIX 3JEMEH-  Typax.
TOB H MPHBOAHTbL K METaMIHYECKOH MpOBOAM- LLenouHo3eMeMbHEE  Me-

MOCTH.
TaJl/Ibl, XOTA OHU U IBYyXBa-
3onn 3anoauensl BNJAOTh 10 ypoBHs Pepmu, HO Tak,
4TO 30Ha A OKa3biBaeTCH 3aNOJHeHHOH moyth ueauxom, JIEHTHBI, TEM He MeHee He

B T nor oA Trora’yes", IROICKE"  SBISIOTCH MIOIATOPAMMH UMeH-
nust B k-upoctpaucrse. HO BCJEACTBUE MepPeKPbITHS
30H (puc. 6.6).

Takum 06pa3oM, 30Ha, KOTOpas B OTCYTCTBUe NepeKPbITUA Morja Obl
OLITb LEJMKOM 3aNoJHEeHa, OKa3biBAETCH 3aHATOM He MOJHOCTBIO, a 30Ha,
KOTOpas B OTCYTCTBME MNepeKpHITHA Morja Obl GbITb BAKAHTHOM, OKa3bl-
BaeTCs 4acTHyHO 3aHaTolt. lllesounbie M GaaropoaHble MeTallibl SBJASIOTCS
XOpOLUMMH MPOBOAHHKAMH, BO-TIEPBLIX, MOTOMY, 4TO OHH OAHOBAJEHTHHI
M, BO-BTOPbLIX, MOTOMY, 4YTO 30HbHl NPOBOAMMOCTU MX 3aMOJIHEHBI JHLIb
HanoJsoBuHy. TBepab#t BOXOPOA NpPeACTaBAAIOT COOOH H30.ATOP, TAaK KaK
KPHCTann cocTOUT M3 MoJjekyn H,, 006/analolminx YeTHBIM YUCIOM 3JeK-
TPOHOB. AJIMa3 sfBJAETCS M30JATOPOM, MNOTOMY YTO MMeeT YeThipe Ba-
JEHTHBIX 3JIEKTPOHA, a COOTBETCTBYIOLUHE 30HBI Yy Hero pasfielieHbl
uwesblo WUpUHON 5 38. KpeMuu#t u repmanui uMeloT TY e BaleHTHOCTb,
YTO M yrnepos, ¥ 06JaLalOT TOM Ke KPUCTAaNIMuecKOH CTPYKTYpoH, uto
W ajMas, HO OHH SABJSAIOTCA MOJYNPOBOAHMKAMH: DHEPreTHuyeckas Lielb

Fnepeun
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y 1MX WMeeT IWMPMHY Juiib nopsaka ! s6. Kpucrann xaopucroro na-
7pust ABASETCS W3OJSTOPOM, MOCKO/bKY Fpymma NaCl, cBsizanHas c ka-
,;(10f TOUKOH peleTKH, CONepKUT 28 S/MeKTPOHOB, T. €. YeTHOe WX
qinc10. TakuM 06pa3oM, cyllecTBeHHble Pa3auuus MexAy MPOBOLHMUKAMH
i H30JATOPaMM  MOTYT ObITb CBSI3aHBl C pa3aMyMeM BaJeHTHOCTeH,
4 MIOTAA TaKXe C pasinyHeM B CTPYKTYpe SHepreTHyecKuX 30H.

BOJIHOBBIE ®YHKLWH 3JEKTPOHA B NMEPUOJHYECKOW PEWIETKE

BaoxoM [3] 6ulla 1n0KasaHa BaxHas TeopeMa O TOM, uTO pelLicHUe
ypapiieHus Lllpenusrepa ¢ mepuoLMYeCKUM MOTEHLMAJIOM MMeeT BUI

be = up (r) e'*, (6.3)

rie ip(r) — Hekoropas ¢yHkuus (3aBucslias, BooOlle roBops, OT BOJ-
10BOr0  BekTOpa k), mepuHoanyeckas OTHOCHUTENLHO X, Y W 2, UMeloLlas
1y e TNMepPUOAMYHOCTb, YTO M MOTeHUMAJ, T. €. UMelollas MepHOLMYNOCTD
pewerku ). B cywHoctH, 3T0 —nuockast BoJaHa e'®7, MoayauposaHHas
¢ nepuonoM pewerkd. Pewenns (6.3) HasbiBaloT ¢yHkuuamu Baoxa.

OO0bluHOE [10Ka3aTeabCTBO 3TOH TeopeMbl uMeeTcs B kHure Morra u
IwoHca [4] Ha crtp. 57—>59. IlokasaTe/bCcTBO, NpPHBELEHHOE B OPHrH-
naibHot pabore Baoxa [3], ocHOBLIBaeTCH Ha 3jJeMeHTapHOR Teopuu
rPYnn M SIBASIETCA HECKOAbKO Gosee CTPOruM. 3dech Mbl daduM JHLb
KParKkoe M HemoJIHOe M3JM0XeHHe XoAa paccysuienuft. Paccmorpum N
y3/10B pelleTKH, Pacmo/OXeHHbIX BLOAb KOJblUAa AAuHo# Na, u mpenmno-
JOXKUM, YTO NMOTEHLMaN MepUOIMYEeH C MEepUOJOM &, T. €. YTO

V(x)=V (x+ga), (6.4)

rie g -—ueaoe uucao. B cuay cuMMeTpHM KoOJIbLA Mbl HLIEM TakKue
cobcTBeHHble GYHKLUMK §, KOTOpble YAOBJAETBOPAIOT YCJOBHIO

b (x4 a)=C¢ (x), (6.5)

rie C — KOMMJeKcHas KOHcTaHTa, a0coJI0THas Be/auyMHa KOTOpPOH paBHa
caunuue. Toraa

b (x + ga) =C5 (x), (6.6)
u ccan coberBeHHble OYHKUMM AO/MKHBI ONMpPeNe/fTbCs OAHO3HAYHO,
¢ (x + Nay=¢ (x) = C"y (x). (6.7)
Takum odpasom, C ectb oaud u3 N KOpHeH M3 elMHULbI, a MMEHHO:
C=e¢?¢/N (g=0,1,2, 3,..., N—1). 6.8)

Toraa nawwum TpeGoBaHusM yLOBJETBOPSieT pelueHue

§ (x) = et2mgiNay (x), (6.9)
-
') B MaTeMaTuke 3TOT pe3yabTar u3BecTeH Kak TeopeMa Pioke.

11 4. Kurrean
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rie QyHKUMs U4, (X) UMeeT MEepPHOAUYHOCTL a. [Tonaras

2
k= FE, (6.10)
N0y YMM
b = e'mxu, (x), 6.11)

T. e. pe3yabrar buoxa.

Mbl MOXeM cKasaTb, YTO 3HaeM 30HHYIO CTPYKTYpy TBepLOro TeJa,
ecmu 1A KaXIOH 9HepreTMYeCKOM 301bl 7 HAM M3BECTHa 3Heprus E,,,
KaK (YHKUHS BOJHOBOTO BexTOpa R.

BoaHoBbie (QYHKUHMH AJ8 HYJEBOro BOJHOBOTO BeKTOpa. Y uuTa-
Teasl MOXET CJAO0XMUTbCA BIEeyaT/JeHHe, 4TO HUMeeTCd HEKOTOpoe NnpOTHBO-
peure MexAy YTBEPXAEHUAMU Mpenblaylued riasbl, rie Mbl NOAYEPKHUBATH
NoJIE3HOCTb TNPUMEHEHHUA MOLdeJHn CBO6OJ.1III>IX 3JEKTPOHOB K 06’bﬂCHeHHIO
HEKOTODBIX CBOMCTB OJHOBAJEHTHHLIX MeETaqJI0B, M HacTosled rJaBoH,
rile MOoAUYEepPKUBAETCS POJb COCTOSIHUH M30MPOBAHHOrO aToMa M B3anWMO-
aeictTBuit MeX1y 3JeKTpOHaMH NpPOBOAUMOCTH W HOHHBIMMU OCTOBaMH.
K CYyacThlo, OKa3biBaeTcs, 4YTO B C/Jy4yae OMAHOBAJEHTHBIX METAJNJOB 3TO
NpPOTUBOpEYHE MHOTLA YUCTO Kaxylueecs. Bo3MOxHBI cayyau, Koraa
3aBUCUMOCTb 3SHEpruvu B 30HE OT BOJHOBOro 4ucaa 6y,£l0’1‘ MPUMEPHO
TakKo#N xe, Kak v Aiad CB0601lHOF0 3JeKTpola, HO B TO Xe BpeMsi BOJ-
HOBasi (YHKLUMS BOBCe lie TpeacTasafeT co60H MIOCKYI0 BOJHY M ONu-
CbhIBaeT 6()Jlb1].lee CKOMJeHUe 3SJeKTPOHHOrO 3apsila Ha MOJOXHTEJIbHbIX
HOHHBIX OCTOBAX, 4YeM 0ObLIYHO HMMECT MeCTO B H301MPOBAHHOM aToMe.

B npenbayme#t r.aase Ha oOcHOBe MOJeaH CBOOOLHBIX 3/EKTPOHOB
OblsI0 MOoJy4YeHO cJelylollee BaXHOe COOTHOLUEHHE:

2
Ep= 1o k2. (6.12)
MoxHo pacuupurb 06/1acTb NMPUMEHHMOCTH 3TOFO COOTHOLUEHHA, MCXO.s
M3 TOrO, 4YTO €ro OCHOBHOW Bax<1iOW yepTOH sABJAseTCA KBaapaTHullag 3a-
BUCHMOCTb 3HepPrud OT BOJIHOBOrO uucnaa. Bce cBfzaHHbIe ¢ 3THM COOT-
HOlIeHHEM pe3y/bTaThl MOXHO B Haajexalie MoauduuupoBaHHo#t ¢opme
COXpaHWTb M B TOM cJaydae, Koria ko3dduuUMEHT NMPONOPUHOHAIbHOCTH
He fBJAETC KOHCTAHTOM M COOTHOLUEHHE WMeeT BUL

h?

Ek == om*

k2, (6.13)

roe m* — BeqMuuHa, 1a3biBaeMas 3ddekTHBHON Macco#t. Mbl  Moxem
NpOCTO 3aMeHUTb m Ha m* B BbIpaXeHuaAx Aad sHepruu depmu, aas
TEeN/JA0eMKOCTH, BOCIPUUMYUBOCTH, 3AEKTPONpPOBOLHOCTH.

CHayana BBISICHUM, KAaKO# CMBICH COLEPXHTCA B YTBEPXIAEHHH, YTO
coorHowenne (6.12) uMeeT MecTo MU B TOM Ciayuyae, KOria BOJIHOBHIE
¢yHkuMu He ABJAIOTCA NJIOCKHUMM BOJHaMu. ITpelflonoXuM, yTO Ml pe-
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pniad  BOJIHOBOE YpaBHEHHe C NMepUOAMYECKMM TMOTEHLHAJIOM Aas cJydas
k=0 " MOJYyuYWIH pelleHUe

b =uy(r),

rae U (r) — dyHKuMs, uMelollan NepUOLUYHOCTb PelleTKH, KOTopas OT-
paxaer, €CTECTBEHHO, XapaKTep M3MEHEeHWS MOTeHUHaNbHOH SHepruu
poauan HoHOB. CocraBuM nanee QYHKUHIO

b=uy(r)e'. (6.14)

dra ¢yHKuMs umeet Bui ¢yHkuuu bBaoxa (6.3), Ho He Oyaer, BooOuwie
roBOPs, TOYHLIM pellleHHEM BOJHOBOrO ypaBHEHHs, MOCKOALKY Mbl HCKJIO-
ynad 3aBUCUMOCTb # OT R. OueBMIHO, OIHAKO, YTO 3Ta QYHKLMA BCE XKe
OyaeT JyylluM NpuG/IMXKEHWeM K TNPaBUIbHOM BOMHOBOM QyHKUMM, YeM
n.10CKast BO/MHA. DHEpPrus, COOTBETCTBYIOILAsA BLIGPAHHOMY TPHOIHKEHHOMY
peweHuio, GyaeT elle 3aBuceTsh oT R Kak (h%/2m)k?, T. e. TOYHO TaK Xe,
KaKk ¥ LI NJOCKUX BOJH, XOTS MOLYJSLMM, BHeCEHHble HanuyueM (yHK-
WK Uy (7), MOTYT OBITh BecbMa 3HAYMTENbHBLIMU. Bhluucanm cpenuee 3na-
yelMe SHEPruH, BOCMOIb3OBABIUUCH KAHOHHYECKHM DELENTOM HaXOXIeHHs
KBaHTOBOMEXaHHYECKOTO CpeLHero:

E= f uy(rye—ter [ —_ 2"—; vVi4v (r)] etkry, (r) dr. 6.15)

Hanee,
Velkry (r) = ike'*ruy(r) + e'*rVu, (r),
V2 elkry  (r)=— k%'*ruy (r) —+ 2ike'*r Vuy (r) -+ e'*7V2u, (r),
Tdas 4TO
— hz . h2 X h2
E= mki’—i—/‘ uo(r)[—m V2—|—V(r)] Uy (r) di =5 k2 + E,

(6.16)
YaeH, conep:auutl

f ug(r) Vu, (r) dx,

PaBeH HyJI0 B CWJIy CHMMETPUM: MOXHO MOkas3aTh, uto npu BR=0 co-
CTOSHHe, OmUchiBaeMoe (yHKUMeR u,, HLOJKHO ObITb JHGO yeTHOH, JaAuU6O
lieyetHo#t ¢ynkuuett r. Cnenoatesbho, (6.16) u ectb kak pas TOT pe-
3y/MbTaT, KOTOPBIA Mbl XOTeJH MOMYYHTb.

Torna npencrasasieT 6OJbLIOR MHTepec BBLIYUCAUTH SABHBLIR BUL PyHK-
unn  u,(r), mOCKoJbKY 3Ta (YHKLMA TMO3BOJAET MOJYYMTb XOpoluee
ONMcaHue pacnpeleseHHst 3apsaja BHYTPH 3JeMeHTapHO# suefiku. Burnep
W 3eftTy, pas3paGoTanu MPOCTOH M HCKIIOYUTENbHO TOYHBIH METOH BbIYH-
ClleHUst 1, (r) B -cAyvyae, KOTr1a H3BecTHO moJe cBo6oaHoro uoua. Co
BpeMeHu mnosBaeHus 3THX pabor Buruepa u 3e#tua ObIO NPEAIONKEHO

1* -
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MHOXECTBO MeTOJOB BBIYUCJEHUS BOJHOBBIX (YHKUMH B TBeplAblX TeJaax.
Ho wu3i0xeHWe UX BBIXOAHT 33 PaMKM HACTOSILER KHUIH.

Ha puc. 6.7 nokasana BoaHoBas ¢ynkuus Burnepa—3efitua aia
HaMHM3ILErO COCTONHUS B 30HE MPOBOAMMOCTH (3S) MeTaJHYEeCKOro Ha-
Tpua. MOXKHO 3aMeTHTb, 4TO 3Ta (YHKUMA ABJASETCH NMPAKTHYECKH KOH-
crantot B Oouabiied uactu (~909%) aromHoro o6bema. B obOmnactu
6oabinX kB 3TM pellenits MOryT OBITb aNMpOKCUMMPOBaHB (PYHKUHAMH

% T T T T

—

0
g

T T T T T
[

QN Dy

=2

# -4
-4
-8

=70

A ! ! ! !
J 7 2 7 4

7, OQposcrue eduny! arure/

11

FrTTTTd
111

Puc. 6.7. I'paduk Haunusmeil BOJHOBOH GYHKUHH
MeTaJjiauyeckoro Harpusa. BopoBckas eqMHHLA IAHHBL

paBHa 0,529 . 1078 ca.

Buna e'#7 y,(r), anasoruunpiMu  (6.14). CoOTBETCTBEHHO MbI MOMXeM
yTBEpMXAaTb, YTO BOJHOBble (DYyHKLMH B 30He NPOBOLMMOCTH HMelOT Xa-
pakTep MJOCKHX BOJH B 0OJblue#t yacTM aTOMHOro o6beMa, HO B 06JacTH
MOHHOIO OCTOBAa OCUMJIHPYIOT M 3aMeTHO BO3PacTalorT.

B psane cayuyaeB HeoOXOAMMO NPUHUMAaTb BO BHMUMaHWe 3aBUCUMOCTb
or kR ¢yHKuMH up (r), Bxoisuwe# B ¢yHkuuio Bioxa, a He annpokcumu-
poBaTtbh ee QyHkuue#t u,(r).

Yutatenr 6e3 oco6oro TpYyaa MOXeT yOeIHTbCS B TOM, 4TO, AeH-
cTBys oneparopoM [amuabToHa

— 25 V(@)
2m
Ha Qyukuunio bioxa
elkruk (r),

MBI TIpUAEM K cjepyioleMy nuddepenudansHoMy ypaBHeHHIO 148 Qynk-
uuu u, (r):

[— g = WYV O] ue ()= (B — ) us (). 6.17)

Unen, comepwxawuit RV, 4acto paccMarpuBaloT Kak BoO3MylieHue. Peuiast
3TO ypaBHeHHe [l KyOUYECKOro KPHUCTalJIa M 30HbI, KoTopas npu R=10



rJ. 6. 30HHAS TEOPHUS TBEPAbIX TEJI. 30HbI BPHUJJIIO3HA 165

jic sIBAAETCH BBIPOXIEHHOH, MblI MpUIeM BO BTOPOM NPUOG/MXKEHUH C TOY-
jocTbio 10 k% K crenylouleMy Bbpaxeluio 1Js SHepruu:

h2k2
Ek:EO_i_W' (6.18)
r1c BeaduuHa m* B ofueM clydyae He paBHa Macce CBOGOJHOTO 3JeK-

q‘pOlIa.
B 3akaloueHue npuBelneM 3HAYEHWS OTHOLUEHWS m*/m Ias LIEJOYHbLIX
MCTaJJ0B, BblUMC/IeHHble Bpykcom:

Meraan Li Na K Rb l Cs

m*[m 1,40 0,98 0,94 0,87 l 0,83

3OPEKTUBHAS MACCA 3JIEKTPOHOB B KPUCTAJUIIE

CootHolweHune (6.18) mokasbiBaeT, YTO 3JeKTPOH B KpHUCTalje Beler
cebst Tak, kak OYATO ero Macca OTJIMYaeTCs OT MacChl CBOOOLHOrO 3.eK-
TpPOHa. DTOT YAMBHUTE/bHLIA pe3y/NbTaT TEM He MeHee MpPaBHWJEH: HU3BECTHHI
KpUCTa/Ibl, B KOTOPLIX 3pdeKkTuBHag Macca MOxeT ObITb Kak GoJblue, Tak
1 MeHbllle Macchl CBOOOAHOrO 3JIeKTPOHa m; 3¢¢eKTHBHAA Macca MOMXeT
ObITh aHU3OTPOMHON M 1axe OTpHUATeJbHOH. IKCNepUMEHTaAbHO Oblau
o6HapyxeHbl 3HaveHus sddexTuBHOH Maccel, MeHbiune 0,01 m.

Ecan sddekTHBHas Macca m* MeHblle m, TO 3TO HUKAK He BJMseT
na kpucraan, Bropolt 3akon HblOTOHa Takke NO-NpeXHeMy OCTaercs
crpaBeLJUBBIM A8 KpucTaaaa B ueaoM. CyiiecTBeHHOe 3HaueHHe HMMeeT
TO 0OCTOATEILCTBO, YTO YCKOpenue, MnpuoOperaeMoe 3JeKTPOHOM nop
JNeHcTBHEM NEPUOLMYECKOrO0 MNOTeHUWasa TMPH HaIMYUH BHEILIHEro 3JieK-
TPHYECKOrO MJM MarHUTHOrO noJs, onpeaeasercss ero 3sddeKTUBHOR
Macco#l, KOTOpYI0 Mbl cefuac onpereuM.

Konuenuuio s¢dexkTuBHO#t Maccbl Mbl OOCYAMM C HECKOJbKHUX TOYEK
3peruss. CHayana paccMOTPUM [BH)XKeHHe BOJHOBOrO NaKeTa BO BHELUIHEM
snckrpuyeckoM noae §. IlpeanonoxuM, uto BOJHOBOH MakeT COCTaBjeH
U3 cocTOSIHUM, COOTBETCTBYIOWHMX HaOOpy 3HaueHHH BOJHOBOrO uHcaa,
0JM3KUX K KaKOMY-TO IaHHOMY 3HaueHul0 B B KakoH-TO OLHOM sHepreTu-
ueckoit 3oue. ITo onpefe/eHHI0 TPYNNOBOR CKOPOCTH U, HMeeM

__do
&~ dk’

J10 — u3BecTHLHIN pe3yabTaT (usMyeckol ontuxu. J[lanee, NOCKOAbKY
sueprus E, coorBercTByloLias onucbiBaeMOMY AaHHON BOJHOBOH pyHKUUeN
COCTOAHMIO, CBS3aHAa C YacCTOTOM cooTHolleHueM o = E/h, To

-1 dE
e=h"" . (6.20)

v (6.19)
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Pa6ora 3E, sarpauennas mosieM § Ha mepeMellieHHe 3JeKTPOHa B Teye-
HHe BpeMeHH Of, paBHa

OE = e€v, ot (6.21)
3ameTuM, OfHaKO, uTO, corjiacHo (6.20),
2E =25 3k = lv, Bk, (6.22)
WUrak, cpasHuBas Mexay coGo#t (6.21) n (6.22), monyuaem
=L, (6.23)
win
W — et (6.24)

AT10 BaxHOe COOTHOLIEHWe MOKa3blBAeT, YTO B KPHUCTaJJje BHELIHAR CHuJa,
NeHcTBylollass Ha JeKTpOH, paBHa hdk/dt, Torna kak B cBOGOLHOM
NPOCTPaHCTBe BHEWIHAA cUJIA, pa3yMeercs, paBHa m dv/dt. ITOT pe3yib-
TaT BOBCe He O03HAayaeT HapylleHuss Broporo 3akoHa HbloTona. Ieno
B TOM, YTO 3JeKTPOH B KpHCTalle MoaBepraeTcs AeHCTBHIO KaK BHeLl-
HUX MoJlelt, TaK M CUJA CO CTOPOHBI KpHUcTaanuyeckofl pewerkd. Ecau Ml
XOTHM B 3TOM CJyyae OMNMCAaTb ABHXeHHe 3JEKTPOHA TaK, Kak ecju Obl
Ha Hero AeHCTBOBAaAM /MHlIb BHEIWUHWE CHJB, TO HEYIUBUTENbHO, YTO
ypaBHeHHe IBWXeHUs He OGyleT MMeTb MPOcToro Buaa F =ma. YiuBu-
TeJbHO, YTO TaKOW MOAXOI — CBelEHHEe ypaBHEHHUS K BHLY, COOTBET-
CTBYyIOlleMy LeHCTBUIO JHLIb BHELWIHUX CHJI— BOOOWEe naeT XOpoLiHe
pe3yibTaThl, OLHAaKO Mbl yBUIMM, 4TO 3SPdexTHBHAA Macca sBafETCS
HaunboJiee ynOOHON AJS TaKo# MHTepnpeTalHH BeJuMYUHOMN.
M3 ypashenus (6.20) umeem

dv,  _, dE . (425 dk
=" g =17 (g ar) (6.25)
Hcnoabsys nns dk/dt Beipaxenue (6.24), nonyuum
dv d?E e
£ & (6.26)

at . dr® e

(CpaBHuBas noayuyeHHOe YypaBHelHMe C KJACCHYECKUM ypaBHeHHeM [BH-
weHus
dv _ e§
dt T m

HEeTPYAHO 3aME€TUTb, YTO BEJHYHHA

h2
d’E/dk?
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yrpaet poJb Macchi; Mbl OyleM Ha3biBaTb ee 3(dekTUBHON Maccof,

h?

m* =
3qMerHM, YTO eC/N SHEePruio 3amucatb B BHle

E=1 1

2m*

ro Gurypupyloias 3aecb Beauuuna m* corjaacyerca ¢ (6.27).

dopmyay (6.27) nerxo o606wuTh Ha caydadl, KOTAa SHepreTHyeckas
110BEPXHOCTb aHU3O0TPONHA; MPH 3TOM 3(ddeKTHBHAA Macca CTaHET TEH30-
pOM, KOMIIOHEHTHl KOTOPOrO ONpelensioTCs COOTHOLIEHHAMH

2

(7,2”'7).;—;”7—" x| (6.28)

ij 12 dk; dk;
rae i, j— JeKapTOBbl KOOPIMHATHI.

dusnueckuit cmbica addexTuBHON Maccw, Tenmepb mnonbiTaeMcs
BLIACHUTb, KaKWUM 00pa3oM MNOJYYaeTcss, YTO 3JEKTPOH C Maccolh m, oka-
3aBIIUCb B KpHCTa//le, pearupyer Ha
piielliHee NOJe TaK, KaK ecau Gbi ero &
macca GOblia paBHa m*. Cpady ykaxew,
yTo pasnMuMe Mexiy m u m’ 0Gy-
C/I0BJIEHO B3aUMOLENHCTBUEM 3/IeKTPOHA Ve 2l
C peluerKoM. g 1

B cB#3u c 3TUM Mose3HO BCMO- I
MHUTb O OP3rrOBCKOM OTPaXEHHH 3JleK- !
TPOHHBIX BOJH B KPHCTaJJIHYecKOR :
peluerke. |

Ilns BBISICHEHHS PU3HYECKOrO CMBIC- A :
Ja 3¢ ek THBHON Macchl BOCMO/b3yeMco L
H3BECTHLIM HaM MpuOamKeHueM caaboh & #
coazn (Tlpunoxkenue A). BosbMeM O1HO-  pyc, 6.8. 3omnas cTpykTypa, bbi-
McpHbIl cayyat. [lycTe unen BO3Mylle-  3BaHHasi BO3MYILAIOIIHM MOTENLHA-
s, OMUCHIBAIOILMA B3aUMOAeHCTBHe aoM BHaa 2V cos Gx.
3JCKTPOHa C pelleTKOH, HMeeT BHA:  CobcTsennsie gynkuuu P, MOXHO npuGau-
V= 2V,c05 Q. Crpykiypa suepres  Kewo smcsiars v uric ameapsy i
THYECKMX 30H NOKAa3aHa Ha pHuC. 6.8. ¢ Ko3(PHULHENTAMU (AMIIHTYAAMH), 33BHCA-

B Ttouke A B Huxie# uactu 30- Lmmm OT k.
Hbl COCTOSHHE 3JeKTPOHa MOJHOCTbIO
OnucbIBaeTcs NJAOCKOH BOJAHOH elR+; OTpaxeHHas KOMMOHEHTa MaJja H
MCJlellHO yBeJMuMBaeTcAd MNpu Bo3pacraHuum k. Takum oOpasom, B 3TOH
00aacTu MOXHO cyuraTth, 4ro m* =~ m. [lepenaye UMMy./bCa OT 3JeKTPOHa
K peuwerke COOTBETCTBYeT yBe/qHueHWe OTPaXeHHOH KOMIOHeHTl. B Touxe
B orpaxennas komnosenta pasia e!(k-0)¥ ¥  [0BOMLHO BeJMKa;
B Touke C ona eme Gosbie. Hakoneu, B Touke D ona no amniauryire
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cTaHOBMTCS paBHOH ei®*. B sto# Touke (a Takxke B Touke E) cobcrsen-
Hble OGYHKUMH SBJSIOTCA yXe CTOSUMMH, a He Oerywumu Boauamu. ITo-
3TOMY HeT HUYero HeOXHIAHHOTO B TOM, YTO B obaactu Mexiy B u D
3HaYeHWs m OKa3bIBAIOTCA OTpUUaTenbHBIMUH. OTpuuUaTelbHOCTL m* O3Ha-
yaer, yTO NpH Nepexole U3 COCTOAHMA k B cocrosnue & —+ Ak umnyisc,
nepelaBaeMblft pelueTke, OTpHUATe-
JeH, T. e. 4acTb MMMyabca, fepe-
naBaeMasi 3JeKTpoHy, 6oblue. XoTa
noia IedcTBueM BHELIHEro 3JeKTpH-
YeCKOro MOJISt & yBelMuMBAeTCH Ha
BeauuuHy Ak, HO B pe3y/bTaTe
OGp3rroBCKOr0 OTPaXXEHHU UMNYJbC
3JIeKTPOHA B leJ0M YyMeHbLIaercs,
YTO MOXHO ONMHCATb Kak MOsBJeHHe
y Hero oTpuuatelbHOH 3ddeKTuB-
HO#l Maccul. [Jlanee, npu nepexone
or Toukn E k Toyke F amnau-
tyna e!k-0)* yMenbwaercs u m*
CTaHOBUTC MaJOH TMOJOXHUTEAbHOR
BeNMYMHOM, T. e. yBequuyeHHe CKO-
pOCTH 3/eKTPOHA, BbI3BaHHOe Iefi-
CTBHEM BHellHe#t cuabl, O6oJblie,
yeM Obl10 Obl y CBOOOAHOrO 3JeK-
TpoHa. Pellierka KoMneHcHpyeT 3TO
pasauuue Osarolaps OTAaye, KOTO-

V7. .
wucmanrn N ¥ Cemna

i Bon
” 47/7&,1*/;7“7']#0&

a)

6)

Puc. 6.9. K o6bacHenuio Maaoro 3sHa-
yennss 3bdeKkTUBHOH Macchl BOJM3M
rpaHdubl 30oHb Bpuaniosua.

B cayuae a) sHeprusi SNeKTPOHOB B Myuke,
najaamouleM Ha TOHKHM  KpHCTaaJ, HEMHOro

MeHnbule MJAH HeMHOro Oosbllle 3HayeHHs, YLo-
paeTBOpsAOlULero ycaoBuio bBparra, u myuok
NPOXOAMT CKBO3b KkpucTaan. B cayuae 0) na
ceTky moxano Heboablioe HaNpsKeHHe TaKoil
BeJAKHUMNB, 4TO Yycaosue Bpsrra Bbimoansercs.
Ipn sTOM B3neKTpOHubIA myyok Oyrer OTpa-
KaTbCH OT COOTBETCTBYIOLIMX AaTOMHBLX TMJ0-
ckocTedt kpuctanna. Takum ob6pasom, neGodab-
u10€ M3MeHeHHe HCPrMH SNCKTPOHOB B myuke
MoXeT Bbi3BaTb oOyelib 60ablIOe H3IMEHEeHHE MX
WMNyabCa; TAKOM CAy4al COOTBETCTBYeT Masoil
stdexTuBHOIl  Macce. B paccmatpuBaemoMm
sKcnepuMenTe sgipekTHBIIa Macca MoXeT GbiTh
KaK IMOJA0XHTEAbIIOH, TaK M OTPHUATEAbHOH,
B 3aBUCHMOCTH OT TOTO, Kako# Obina Hayafb-
Has 9Heprus, T. e. GoJblle uAH Menblle 3Ha-
yeuus, yAoBAeTBOpsiowero ycnaosuio bparra.
IMpu oTpaxkeuuu nyuyKa caM KpUCTaaa MCMLITH-
BaeT OTAayy B COOTBETCTBMH C 3aKOHaMH Kaac-
CHYeCKOH MeXanukH. .

PYIO OHa UCTBITHIBAET MPH yMeHbLle-
HUM 10 HYJ aMIIMUTyIb ef(k=G)x

HM3noxeHuble coobpaxceHus mo-
sicHsloTc Ha puc. 6.9. HauGonee
HeMmoCpeACTBEHHBIt croco6 ompene-
neHus 3¢pgekTHBHOH Macchl  AaloOT
9KCMePHUMEHTHl 110 UUKJIOTPOHHOMY
pesoHaHCy, KOTOpble OyAyT pac-
CMOTPEHbl NPH M3JM0XeHUH (UHKH
MOJMYyNPOBOAHUKOB.

[MpeanonoxumM A4S TNPOCTOTHI,
YTO B YaCTH paccMaTpuBaeMolt
30HLI BCE COCTOSIHUSI MOXHO OfM-

CbIBaTb, MOJb3YSICb OAHMM U TeM e 3HaueHHeM 3(pdeKTHBHON Macchl m™.

CornacHo ria. 5,
Ep(0)=

h?

m*

(3n2N)",

U3 sToro cooTHOlleHus cjelyeT, yTO sHeprus depmu £y u TeMnepatypa
©epMu T BHIPOXIEHHOrO 3/JEeKTPOHHOrO rasa 0GpaTHO MPOMOPLHOHAIbHbI
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s¢ppexTuBHON Macce. [lanee MBI MOXEM BO BCeX TeOPETMYECKHX PaccMo-

rpeHusX MOCEAOBAaTENbHO BBeCTH m* BMecto m. TakuM nyTeM MOXHO

MOAHGHULUUPOBATL PAl Pe3y/bTAaTOB TEOPUH CBOGOIHBIX 3/EKTPOHOB.
Hanpumep, 148 3JeKTPOHHOH TENMJIOEMKOCTH MNMOJydYaeM

C,~m". (6.29)

Ias cnuHoBo#t BocmpuuMuuBocTH [layau umeem
Y5~ m*. (6.30)

ITponopuudHaAbLHOCTL TEMIOEMKOCTH M CMHHOBOM BOCHPUUMUYMBOCTH
s(pdexTuBHOM Macce m* aBageTCa NPAMBIM CJeACTBMEM TOrO, WYTO IJOT-
110CTb COCTOSSHMH B BepxXHel uacTu pacnpelenenus $epmu NpoONOPLHO-
naabHa sddexTuBHON Macce. Onupasicc Ha pe3yabTaThl 1. O, Mbl fafee
3aMeTHM, 4YTO 3JIEKTPONMPOBOIHOCTb ¢ U NOABHXKHOCTb | TaKXe nponop-
LUHOHAMbHBL 1/m*:

o =Nt (6.31)
p=%. (6.32)

V3 npuBeieHHBIX pe3y/bTaTOB MOXHO MOJYUYMTb PSil KauyeCTBEHHBIX
clencTBUit. ATOMBI MeTanJ0B MNepeXOAHON TpYyNMnbl NepPUOAUYECKOH cH-
CTeMbl MMEIOT, KaK H3BECTHO, He3amoJHeHHble BHYTPeHHHEe 3JMeKTPOHHbIE
000/I04KH, NO3TOMY COOTBETCTBYIOLUHE HM 3HepreTHYeckue 30HBI TaKKe
MOTYT ObITb He3anosaHeHHbIMH. [Tocko/bKy nepekpbiTHE BHYTPeHHUX 060-
JIOYCK COCEJHUX aTOMOB, NO-BUAUMOMY, OTHOCHTENbHO HeBEJNMKO, 3SHep-
rerudeckue 30Hbl OyAyT BecbMa Y3KHUMHM M, CJeJOBaTeNbHO, IJIOTHOCTb
cocTostHUft B HuX OyleT ouveHb Besuka. [109TOMYy MOMXHO OXMIATb, 4TO
B MepexOAHLIX MeTajnax oOTHoWeHWe m*/m>>>1 u, caenoBaTe/bHO,
OynyT BeJMKH HX TeMI0eMKOCTb M IapaMarHUTHas BOCHPUUMYHBOCTD.
Doabias AuaMarHuTHas BOCHPUUMYMBOCTD OyleT HadmoaaTbcs mnpH
m*/m <€ 1 B coorBerctBuu ¢ Teopue#t Jlanmay.

AKkcnepuMeHTa bHble JaHHble MOATBEPXKAAOT 9TH BbIBOAL. Odpalasch
K 1aba. 6.1, Mbl BHAMM, 4TO MHOTHMe MepeXOoAHble MeTa/bl, B TOM YHCIe
KoOanbT, XKene3o, MapraHel, HMOOMH, HUKeab, Naaiaiu#t u niaTua,
IIMeloT HeoOblYyHO OoJblliMe 3HAaYeHHS JNeKTPOHHOH TENna0eMKOCTH, OT-
Kyla cJaenyeT, 4YTO OTHOLIeHWe m*/m uMeeT BeauuyuHy mnopsaka 10 umm
Goabme. 3HayeHus MarHUTHOW BOCMPUMMUYUBOCTH MEPEXOLHBIX 3/EMEHTOB
TaK)Ke npuBeneHbl B Taba. 6.1.

CoraacHo Teopun anst coctosHui, GIM3KUX K TOYKAM paspeiBa SHep-
TeTHYeCKOro CMexkTpa, CJacAyeT OXMIaTh BecbMa MaJblX 3HayeHMH OTHO-
wenus m*/m (<€ 1). IxoHc Ha 3TOf OCHOBe OGBACHUN CHJIbHBIR nHa-
MarnetusM BucMyTa M Y-JaTyHM, KOTOpHe 00salal0T nMaMariHuTHOH
BoCnpuumunsoctelo npuMepHo B 5—10 pas Goabiue#t o6biuHolt. Yrtolwl
OGLACHHTD aHOMaibHYI0 BOCTPHMMYMBOCTh KPHCTa/lJa BMCMYTa M, KPOMe
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Ta6auna 6.1

MarHuTHass BOCIPHHMYHBOCTb NMEPEXOJHbIX MeTaJlJoB
npH KOMHaTHOH TemnepaTtype
(u3 pa6otsl Kpucmana u Koaena [5])

daeMenT X-108, 9a.-mazun. €0/2 daement X-108, 34.-mazH. edl?

Ti 3,2 Mn 9,7

Zr 1,3 Re 0,37

Hf 0,42 Ru 0,43

\Y% 5,0 Os 0,05

Nb 2,24 Rh 0,99

Ta 0,84 Ir 0,18

Cr 3,3 Pd 5,23

Mo 0,94 Pt 0,97

w 0,30

TOro, AaHU30TpPOMUIO ero BOCNPUUMYHUBOCTH, Heo6X0aHUMO NMPUHATb, UYTO
B HEKOTOPLIX HaNpas/IEHUAX OTHOLUEHHUE m‘/m uMeeT BeJUYUHY TOo-

panka 1072

JAbIPKH — HOCHTEJIH TOKA C MOJIOXHUTEJbHbBIM 3APAI0M

SddekTHBHA Macca 3/MeKTPOHA B dHepreTHYecKoH 30He MOXeT ObiTh
KaK MO0JI0XHUTeAbHOH, TaK U oTpuuateabHOR. CocTOsHUA, COOTBETCTBYIOLME
NnoJIoKUTeIbHOR 3¢deKTHBHOH Macce, pacrno/oxeHbl BOJN3M AHA 30HBI,
NOCKOJIbKY MOJIOXUTeAbHAst 3¢¢eKTHBHAS Macca COOTBETCTBYeT 3Jlie,
o6pauleHHO# BHIMYKJOCTHI0 BBepx (Besuuuna O02E/0k? monoxurenbHa).
Cocrosinusg ¢ otpuuatebHoi 3ddekTUBHON MaccOi pacnoJioxeHbl B BepxX-
Hefl uyacTM 30HBl; 3TH COCTOSHMS TepMOAMHAMMYECKH HeyCTOMYUBLI, K
3/JIEKTPOH, HAXOISIWMACS B TAKOM COCTOSIHMHM, CTPEMUTCs MOTEpATb SHep-
TMI0 M TepelTH B COCTOfIHME C MOJOXHTeJbHOR Maccod. B oboux cay-
yasx 3JeKTPOH BeleT ceOf KaK yacTHlia C OTPHLATEJbHBIM 3apAAOM, Kak
9TO M LOMKHO ObITb.

HMnaue oGcTouT Neno, eciu MOYTH BCe COCTOSIHUSI B 30He 3aNOJHEHbI,
a cBOGONBI TOJNLKO COCTOSHUS C OTPHLATENbHON Maccokt (BeanuuHa 0°E/0k?
oTpuuaTtenbHa). BakaHTHble cOCTOsiHHS, WJAM JAbIpKHM, BelyT ce0si Tak,
KaK ecad Obl OHM ObIIM YaCTULAMH C MOJOXHTe/JbHBIM 3apsAOM U NOJO-
KureabHoN 3ddekTHBHON Maccolt. HanomnuMm npexnae Bcero, uyTo npH
3anonHeHHO# 30He TOK He MOXeT BO3HHKHYTb, TaK KaK B Hefl HeT CBO-
060OnHBIX COCTOSIHUMA, B KOTOpble MOXeT nepefiTh 3siextpoH. Crelosa-
TeAbHO, 9JEKTPIUecKOe HJIH MarHUTHOe Ti0Je He BbI30BET HUKAKHX
3¢deKTOB, ecau TOJNbKO OHO He HACTOJbKO CHJbHO, 4TOOB nedOpMuU-
pOBaTb 30HHYIO CTPYKTYPY. .

JdBuxeHne abipok. To 0O6CTOATENbCTBO, YTO BAKAHTHble COCTOAHHSR
B BepxHe#l YacTH nNOYTH 3amoJHeHHOH 30HH BelyT cebf BO BceX OTHO-
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pIcHMAX KAK YAacTHUBI C MOJOXKUTENbHbIM 3apA10M | e, ABaseTcs omnuM
13 HauboJee MHTepecHbHX 0coOeHHOCTeH 30HHOR TeopuUM TBepaOro TeJa.
5+0T (GaKT HMMeeT Takxe M 0O0Jbllioe MPaKTHYECKOEe 3HAYeHHe, TaK Kak
paboTa TPAH3UCTOPOB (MONYNPOBONHHKOBLIX 1HOLOB H TPHOLOB) HeMocpel-
CTBEHHO CBfidaHa C TeM, YTO B NMOJYNPOBOLHHUKOBHIX KpHCTa/JJaX OIHO-
BpPEMEHHO CYLIECTBYIOT M IbIPKH, H 3/1eKTPOHbl. [lepBbiM 3KCMepuMeHTab-
HbIM N0Ka3aTeNbCTBOM CYLIECTBOBAHHS AbIPOK MOCAYXHAO OGHapyxeHue
11010)KUTENbHBIX 3HavyeHu# mocTosHHOR Xo.ana, 0 yeM Mbl GyldeM rOBOPHTb
jike. B omBITax MO UMKAOTPOHHOMY pe3oHaHCy [6] ¢ ucno.1b30BaHueM
9.iCKTPOMAarHUTHLIX BOJH, MOJAPU3OBAHHBIX MO KPYry, ObIIO YCTaHOBJEHO,
yTo ABIPKM U 3JEKTPOHbl BPAILAOTCA B MArHUTHOM MOJE B NMPOTHUBOIMNO-
JI0XKHBIX HanpaB/eHUsX, KaK H NO/MKHO ObITb B Cayyae 3apsioOB MPOTHBO-
1I0JIOKHOTO 3HAKa.

HeTpyaHo nNOHATb NPUYHHBL TakoOro MoBeleHHMs AbPOK. PaccMoTpum
6o/ee NoApOGHO [BWXKEeHHE ABIPKM BO BHEIUIHeM 3JEKTPHYECKOM IoJe
(cM. xHury Llokau [7]).

Ias HarasiHoCTH MBI BO3bMeM ONHOMEpHBI# cayuyalf, cXxemMaTHuecKH
HzoipaxeHusit Ha puc. 6.10. TlepsoHauanbHO 30HA, ecau He CuuTaTh
¢IMHCTBEHHOTO BAKAHTHOTrO COCTOsHMA F, 3amoJHeHa LeAUKOM. DTO CO-
crosHde F pacnonoxeHo B caMoift BEpxHe#t Touke 30HbBI, 3aTeM BIOJb
11010 MTEILHOTO HaMpaB/eHHsds OCH X BKIIOYaeTcs 3JeKTpuyeckoe nose €.
Bbi3BaHHOE UM IBHXEHHE 9JeKTPOHOB OMUCHLIBACTCA YpaBHeEHHEM

h e P e, (6.33)
NpHYeM s BCeX SJEKTPOHOB CKOPOCTb H3MCHEHHA BeJMYHHBI R, OlHa
1 Ta Ke. YpaBHeHue (6.33) yrBepxaaer, uto npupaulenne Ak, B ycao-
BisX, u306paXkeHHHIX Ha Hallel cxeMe, OyAeT oTpuuaTteabHbIM. BakaHTHOoe
COCTOfIHME, MEepBOHAYaJbHO HaXxOluBlleecs B ToYyke F, CMeCTHTCS
i Touky E, a 3ateM B Touky D. Muaue roBops, AbipKa ABMXETCS OLHO-
BPEMEHHO C 9/JeKTPOHAMH B HAmpaBJeHUH YMeHblUeHHs R,.

Ina TOro yuyacTKa SHepreTHYecKO# NOBEPXHOCTH, KOTOPHI pacro-
JI0%KeH cJeBa OT TOYKH F, Hak/IOH, XapakTepusyeMbit npouasonxott dE/ok ,
Cymer nonoxuteabHbiM. CrenoBaTe/bHO, TPYNNoBas CKOPOCTb, KOTOpas
coraacto (6.30) pasHa

vg=h"(—}0£, (6.34)
()yﬂ.eT TaKXe nNnOoJOXHTeJbHa. Mbl BUIUM JaJnaee, 4YTo CKOPOCTb ﬂblpKH
BO3pacTaeT B HaNpaBJeHHH 3JAEKTPUYECKOrO Moas. ITOT pe3yabTar caM
no ce6e COBMeCTHM KaK C TMNOJOXUTEJbHBIM, TaK MU C O'PPMLlaTeJ]belM
3HAKOM 3apﬂ,£la U MAacCChbl IlblpKH. HOCJIe,D.yIOLLlee paCCMOTpelme NMOoKa3bl-
Baer, yrto ﬂpaBHJ'leOn ABJAE€TCA TOJbKO ﬂepBaﬂ BO3MOXHOCTb: TMNMOJOXH-
TCJAbHBI U 3apﬂﬂ M Macca. yCTaHOBl/lM CBA3b Me)K}'ly HanpaB.ﬂeHHeM NMOTOKA
3ﬂpﬂ1.'la H Hal‘lpaBJlelmeM MOTOKAa 4acCTHil.
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Puc. 6.10. a) Ipu ¢ =0 Bce cocTOsHHA 3aHATHI, 32
HCKJIOYEHHEM COCTOsiHHs F B BeplIHHe 30HHBI;
6) 3JeKkTpuyeckoe mnoje §, HaJNONKEHO B MOJOKH-
TeAbHOM HanpaBjeHHu ocH x. Ha saexktpon neii-
CTBYET CHJAa B HaNpaBAeHUH — Ry, H BCE 3JEKTPOHBI
OJHOBPEMEHHO IepeMeLIaloTcs BNpaBo, TaK YTO Ba-
KaHTHOE COCTOsIHHE (AbIpKAa) CMellaeTcs BJAEBO H
3aHuMaeT nosuuuio E; 8) naiabHeilree nmepemelieHue
9JIeKTPOHa CABHraeT MABIPKY clile Jajblle BJEBO, H
ona 3aHumaer nosuuuio D. Takum o6pa3om, Abipka
nepeMelliaeTcs B HanpaBJeHHH yMeHblIeHHs 3Haye-
HHH Ry, COOTBETCTBYIOLIMX GOMbIIHM MOJOXKHTE/b-
HbIM CKOpOCTSIM.
YBeanueHHe MOJOXKHUTENBHOH CKOPOCTH corjacyeTtcs
C MPEeANOJOXKEHHEM O NMONOKUTENbHOM 3apaAfie NbIPKH.
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Ecan 30Ha UeJMKOM 3amoJ/HeHa, TO NOJHAA CKOPOCTb — CYMMa CKO-
pocTefl BCEX 9JeKTPOHOB 30HbI — OyleT paBHa HymoO, T. €. B 3anoi-
jcHHOK 30He TOK BO3HHUKHYTb He MOXeT. BkJal B MOJHYIO CKOPOCTb
3a CcyeT [IBHXXEHUS OLHOrO 3JEKTPOHA, HAXOAMBIUETrOCA B COCTOSHHUH,
xapakTepuayeMoM Touko# D, nosnoxutened. Ecau e Teneph Bce co-
cTOSMSA 30HBI, 32 HCKJOUeHueM [, 3anoJiHeHbl, a COCTOAHUE [ BAKAHTHO,
TO TMOJHAas CKOPOCTb BCeX OCTa/MbHBIX 3JEKTPOHOB 30HH NOMKHA GuITh
oTpHLaTeIbHA:

-1 0E
'vx——h mv

NOCKOJbKY 1751 LeJMKOM 3arnoJiHeHHOH 30HbH OHa pasHa uymo. Koraa
ALipKa MoJyYaeT yCKOpeHHe, SJeKTPOHbl NPHOGPETalOT YCKOpelHe B Mpo-
TIUBOMO/JOXHOM HaMnpaBjeHud. B pesyiabTaTe NMPOHUCXOAHT MepPeHOC OTPHU-
uaTeNbHOrO 3apsia BAEBO, uTO M NOKadaHo Ha puc. 6.10, Ho AbIpKa
npy 3TOM INepeMelllaeTcs BMPaBO M, CJeNOBaTe/bHO, NBHXKeHHE ABIPKU
CBOLUTCS K [epeHOCY BMpPaBO MOJOXHTeabHOro 3apsaa. IlosToMy Mbl
JODKHB TIPUAKCATh AbIPKe MOJMOXUTeNbHbIN 3apsaa. Ho s Toro uToGH
coriacoBaTb M* M CKOPOCTb H3MeHeHHS CKOPOCTH, Mbl 1OJDKHB MPHMHUCATDH
IblpKe TaKxe M MOJOXHUTeNbHYI0 3((deKTHBHYIO MacCy:

* n?
m}lblpKM = 025/0k,2r * (635)

[Tone3H0 npuBecTH OCHOBHblE YpaBHEHHs, OMHUCHIBAIOILKE ABHXKeHHE
IBIPKH B 3aMoJHeHHONW (KpOMe ONHOrO COCTOSHMSA) 30He:

: 1
hh, ——|e| (g—|—7[«o,,m), (6.36)
IlE,,:V,,E. IJs IbIPOK. (6.37)

1 1 O
S S 6.38
(m; )‘j n® ok; ok, (0:5%)

CrenyeT mnoIuyepKHYTb, YTO BCe 3alaud B paMkKax paccMarpHBaeMoi
TEOPUH MOXHO pellaTb TOJbKO IS 3JMeKTPOHOB, HO €C/H 30Ha 31MoJ-
lcHa MOYTH UeJHKOM (HO He ueaukoM!), To yno6HO MMETb Je/No C BaKaHT-
HBIMM COCTOSIHUSIMH, HJAM AbIPKAMH.

3aMeTuM, 4TO €eCau
h2

E=E)— 5

k2,

TO
= hk
h— m*

mv,=+|e| (8 + 4 [o,H]).
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Addexkr Xoana. ddpdext Xoana sBaseTcs HaubGonee ybGeaHUTeNbHbIM
9KCMepHMEHTAIbHbIM 10Ka3aTe/]bCTBOM, CBHMAETENbCTBYIOUIUM B MOJb3y
BBENleHUS] KOHILEMUHH TMOJOXHUTEJbHbIX HOcuTenel Toka (abipok). Korma
NPOBOLHMK MOMELLEH B MarHUTHOE MoJe, MepneHAMKYAspHOe K Harpasie-
HUI0 TOKa, TO nonepek o6pasiua B HanpaB/eHWH, MePNeHIUKYIAPHOM
K TOKY M MarHHTHOMY 10/110, BO3HHKAaeT PasHOCTb MOTeHUuanos (puc. 6.11).
OHa HasbiBaeTCd XOJIOBCKOM pPasHOCTbIO MOTeHlHanoB. [IpuyuHa storo
SIBJIEHUS. COCTOMT B TOM, YTO IBMXYLIHeCH 3d/MeKTPHYECKHe 3apsaibl, CO-

CTaB/AIOLINe TOK, CMELAIOTCS B OLHY
/ CTODOHY  IIPU/JOXEHHLIM  MarHUTHBIM
noJieM.

3apanpl  cKanauBalOTCA  Ha  Mo-
BepXHOCTH O6pasua 10 TeX mop, MOKa
3/eKTpUYECKOe TMoJe, CBA3aHHOe C

S

+++++++ +++
HaKanJMBAIOUIUMHUCS 3apslaMi, He IL0-

£
A ¥ CTHIHET BEAMYHHBI, HOCTATOYHO €OJ -

__________ wok, 4TOObLl CKOMNEHCHPOBAaTb Jef-

#, .
CTBHE MarHuTHoro moJas. Meroun,
Puc. 6.11. dddext Xoana. OCHOBAaHHBIX Ha HCCAeNOBAHUM 3PdeK-
DneKTpOHBI, ABHKYIIHECT CO CKOPOCTbIO T, Ta Xo0JJa, §BAfETCA BecbMa apdek-

BIOAb HanpaBieuus x nox AedcTBueM  TUBHBIM, OCOOEGHHO IJf noJynpoBoJ-
MarHUTHOTO noas H,, Hanoxennoro napaa-
MeabHO OCH Z, OTKAOUSIOTCH K Huxuedt mo-  HAKOB, MOCKOJBKY NpH NOMOLLH BeCbMa
BEPXIOCTH 06pa3ua, KoTopas B peaysbtate  [IPOCTHIX CPEeACTB OH MO3BOJAET He-
npuobpeTaeT 3apal, CO3RAMILMA 9AEKTPH "
yeckoe mnoae. JToT npouecc npoucxoaut MOCPEACTBEHHO OLEHUBATH KOHUEHTpa-
RO TeX TMop, M0Ka He HAaCTYMHT KOMMeHCa-
uus S!bleI?TOB pPe3yabTHPYIOWETO 9JEKTPH- LUK _HOCHTe el TOoKa.

4ecKOro # MarHuTHOro nosei. [Tpn BblYKHCACHUM XOMTOBCKOH pa3-

HOCTH noTeHuua 0B MpeinloJararworT,

yTo o6paseu uMeeT GOPMY TOHKOH MJIACTHHKM M BO3HMKAIOULAS Pa3HOCTD
NOTEHUHAJNOB TMepneHAHKYIsIpHa K ee TJOCKOCTH, KaK TMOKa3aHO Ha

puc. 6.11. Cuna JlopeHua, neficTBymolas Ha HOCUTeNM TOKa, PaBHA
F=e(E + ¢ IoH]). (6.39)

Onextpuyeckoe nose Xoana B HanpaBleHHH OCH 3 OMpedensercs
H3 yCJOBHA

Fy=0=e(E,— 1 v,H,), (6.40)

€C/M B3aMMHOEe DPACMO/NOXEHHE MAarHUTHOTO MOJsi, TOKa M 06pasua oTBe-
uaeT cxeMme puc. 6.11. Torna

U, e,

Ey - ¢ - NeC 1 (6.41)
rie J, —IMJIOTHOCTb TOKa, /N — KOHUEHTpauus HocuTesel  Toka.
OTHolueHKe .

Ey : 42
Ry = Jef, = Nec (6.42)
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nasbiBaeTCd NocTosHHO# XoJana. Js cBOGOLHBIX 3JIEKTPOHOB NOCTOSHHASA
Xosna orpuuateabHa. IlocrosHHas Xo.anaa B 31eKTPOCTaTHYECKOR cucTeMe
cIMHHALL HMeeT Pa3MepHOCTb
3A.-Cm. e0. NOMEHUUAAA + CM
“3a.-Cm. ed. moKa - 3pcmeod

’

i1 B 3THX e€AWHUUAX AJd O6BbIYHBIX METaqJOB ee BeJHYUHA COCTaBJsET

okono 1072, Ona swaunTenbHo Gosblie A5 MOAYNPOBOAHHKOB. ITO

CBSI3AHO C TeM, YTO BeauuuHa N Yy MNOJAYNPOBOAHMKOB 3HAUUTENBHO

MeHblIe, YeM y MeTaa/J0B. B mpakTuueckux elMHuuax (8 - cm/a - 3pcmeod)

nocrossnHag Xoana B 9. 1011 pa3 Gosblie, 4eM B 9/eKTPOCTATHYECKHX.
Yacto GbiBaeT yn0O6HO BBECTH XOJJIOBCKMH yroa
Ey oH, etH wH

b= = e = = (6.43)

ucnoab3ys gopmyast (6.31) u (6.32).
VMes B Buay 3amauy 6.2, 3aMeTHM, UTO OTHOLUEHHE

eH

m*c

pPaBHO KaK pa3 LUMKJIOTPOHHOH yriaoBoft uacToTe , AAf CBOOOAHBIX
yacTHll ¢ Maccol m* B MaruutHoM nose H. Torna

¢ =T,

rie t-—BpeMs peJakcauud. XOJUIOBCKUH YroJ paBeH cpelHeMY UHCaY
paiMaHoB (OOBLIYHO 10JS palnMaHa), OINHUCHIBAIOLLEMY «3aKpyuMBaHUe»
YACTUULl B MEPHOL MeXIY CTOJKHOBEHHSAMH. DKCMepHMeHTalbHble 3Haue-
1iUsi NOCTOsIHHOM X0J/1a IS HEKOTOPBIX MeTa/JIoB npuBeneHbl B Tabua. 6.2;
TaM jKe IaHbl 3HayeHHs, BHIYHC/JEHHble HEMOCPEACTBEHHO U3 KOHUEHTPalluu
BAaJEHTHBIX 9/1eKTPOHOB. J/Ns ONHOBAJEHTHBHIX METANJOB COrJacHe MexLy

Ta6aunnga 62

NMoctosiHHbie Xoana AJSl HEKOTOPbLIX MeTaJJoB
-1 o
(B enmuuuax 107'° 6. cu/a - spcmed, npu komnarhoi Temmeparype)

Briuncaennoe Bhiuncaenuoe
Merann | Habmoraemoe | no reopun cobon | Meraan | Habaonaemoe | no reopun csobon-
3Hauenue X 31€KTPOHOB 3HayeHue HbIX 3JCKTPONOB

Li —17,0 —13,1 Au —7,2 —10,5
Na —25,0 —24.4 Be -+24,4 —2,5
K —42,0 —47 Zn -+3,3 —4,6
Cs —178 —73 Cd ~+6,0 —6,5
Cu —5,5 —74 Al —4 —

Ag —8,4 —10,4 Bi ~—1000 —4,1
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SKCMepPHMEHTAJIbHbIMU M BBIYMCJEHHBIMH 3HAYEHUSMH BMOJHe YIOBJAETBO-
pureabHoe. OpHako 3Hak 3¢ddexrta y Gepuaaus, UMHKA U KaaMus Mpo-
THBOIMOJIOXEH TOMY, KOTODbi Teopua NpeiCKa3blBaeT B TOM CJayuae,
KOr1a HOCHTEJAMH TOKa SBJAIOTCA 3JEKTPOHb. ITOT (aKT OTHOCHTCH
K 4uC/ay 3arallouHbIX HepeliCHHBIX NpoGaeM, NOKa elie He Halledllux
00DbsicCHeHHs B 30HHOM TeopuH.

IMonoxuteabHass noctosHHas XoJa/a1a 0O3HauaeT, 4YTO HOCHTEJISAMH TOKa
ABJRIOTCA MEGA0XKUTEAbHbIE 3apsibl. Mbl BHUAE/H, YTO BaKAHTHBIC COCTOAHUA
B BepXHeH 4acTH NOYTH 3anoJHeHHOH 30HBl BelyT Ce0s Tak, Kak ecau Obl
oHM 06Ja1and NMOJOXKHTENbHBIM 3apanoM. AHoMa/abHO 060./blIOEe 3HaueHHe
NOCTOSAHHOH y BUCMYTa O0O0DBACHAETCHA B 30HHOR TEOpPHH HHU3KOH KOHLeH-
Tpauue#t 3JEKTPOHOB BHE MOYTH 3aMOJHEHHBIX 30H.

3JIEKTPONNPOBOJHOCTb METAJIJIOB

D/IeKTPONPOBOAHOCTb MeTaJJIOB HMeeT KOHEYHYI0 BeJHYHHY TOJbKO
M3-3a TOrO, 4YTO pellleTKa MeTaala HUKOria He ObiBaeT HIeanbHOHR.
23 OTk/10HeHUs MoryT ObiTb 00y-
ciaoBaeHbl  aM00  KOJeOaHUAMH
pelleTKH, JH60 CTATHCTHUECKHMHU
HeCOBepILIEHCTBAMH,  HanpHMep,
HaJMYHEM BaKaHCHH U mpuMe-
ceft. Ecau 6bl pewerka 6biaa co-
BeplLIeHHOM, 3JeKTPOHHBLIE BOJ-
Hbl, OMHCHIBaEMbIE DYHKUUAMHU Pp,
npoxoiuau Obl yepe3 Hee, He
UCMBITBIBAS paccesiHusi, T. e. Ge3
CONMpOTUBJEHHA, TMOAO0OHO TOMY
KaK CBeT MPOXO.AHUT Yepes ulealb-
HBI  KpHUCTANJ, He HCMBITHIBASA
paccesiHus v norJoilenus. Beaen-
CTBHE TeMNJOBOro IBHXeHUs pe-
IIeTKH 9JeKTPONPOBOAHOCTb UH-
CTHIX 00pasuoB MpH BLICOKHX
I | temneparypax (T > 6) Have-
0 ar a2 L 04 g5 'IAeTcs  nponopudoHaabio T,
7/6 TOra KakK NpH HU3KHUX TeMne-
Puc. 6.12. Temneparypnas 3aBucumocth PaTypax (T K B) oHa wmoxer
conporuBaenus (1o Bapauny). ObiTe  npomopunoHaabHa T 5,
Cnsownast xpusast noctpoena no ¢opmyae Ipio- (311er yepe3 (&) 0603HayeHa TeM-
Haitsena, Ykasanbl IKCMCPHMEHTAAbIIbIC TOYKH aasd
HCKOTOPHIX METaan0B. neparypa [Hebas.) 3aBucumocts
COMPOTHBJ/IEHHS OT TeMmepaTyphbl
nokadaHa Ha puc. 6.12. B HeynopsmoueHHBIX CNAaBaxX Aa<eNPH KOM-
HATHON TeMnepaType COMPOTHBJAeHWe MOXKeT OOYCAOBIUBATHLCS TJIABHBIM
00pa3oM HEOLHOPOJHOCTAMH, TOI'Ad KAK B OYEHb YHCTHIX MeTa/JaxX Bbille

o AU O=/75%
021 aNa @=202
o Cu =337
v AL 8=395
o Ni @=472
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qeMIepaTypbl JKUAKOrO BOLOPOAA OCHOBHYIO pPOJb Wrpaer TelJA0BOE

BHIKEHHE.
ConpoTuBAeHUe 115 BLICOKMX TeMMepaTyp BBIUMC/HTb Jierde, yeM a4s

JI3KHX. MBI MOXeM JIerkO CjleJlaTb HeOOXOLMMYIO OUEHKY, paccMaTpuBas
ko.1e0aHUs pellleTKM C MOMOLIbI0 NpelJOXeHHOR ORHIITeHHOM Molenu
oT/1CIbHBIX OCHHJIATOPOB € 4acTOTOM mE=k8/h.

B kaxaoR TouKe pelIeTKH ee OTKJOHEHHe OT HMAeANbHOR CTPYKTYpHI
MOKHO XapaKTepu3oBaTh aMIINTYA0# d TenaoBbIX KoaeGanuit. [Tpu 7 > O
jMeeM

I

raK 4to
(5.44)

ric M —Macca HOHHOrO ocToBa. PasyMHO npuusTh, uTO BenuuuHa d?2
npHOTHKEHHO XapakTepusyeT 3S¢@eKTHBHOe ceueHue paCCeAHAS 3BJieK-
TPOHOB Ha aTOMax MeTajana; TOTAA CpelHsis AauHa cBoGoAHOro mpobera

1
A=, (6.45)

rac N — koHueHTpauus wuoHoB. Ecau U — GepMueBckas CKOpOCTb, TO
BpeMs peJaKcauMd AJs 3JeKTPOHOB ONpelesUTCA KaK OTHOLUeHHE A x Vp:
A 1
= e (6.46)
2
Vg vFNd
Ecau KOliuerpauuﬂ 3/71eKTPOHOB paBHa N, TO 1S 3/1eKTPONPOBOLHOCTH

HMeeM
Neit e? Me2k 62
= T mu.d® " mbPu, T (6.47)

Mpu M/m =105 v,=10% cm/cex, B =~T =~ 300°K Mbl noayuaem,
YTO 3/]eKTPONpOBOAHOCTb o =~ 10¥ a.4.-cmam. ed, uto coorBeTcTBYET
CONMpOTHBJEHHIO mopsaka | mxom - cm. ITO npaBuiabHBIM MOPSIIOK Be-
JUUMIB; XapaKTep TeMNepaTypPHOH 3aBUCMMOCTH NPOBOLMMOCTH TaKxke
CooTBeTCTBYeT Hab/100aeMOMY B 0GJACTH BLICOKHX TeMMeparyp.
OctaTtoynoe conporuBiaeHue., CoOnpoTuBieHHe MeTall0B, COlep-
KaUUX MpUMeCHble aTOMbl, MOXIO OOBIYHO NpelCTaBUTb Clelylolilett

$opry.ioh:
pP=p;+ 0L (6 48)

e p, — conporuB/ienue, OOYC/AOBJeHHOE TEMIOBbIMU  KOJeDaHUsAMY,
P; — conporus/ienne, O0O0yC/OB/IEHHOE paccesHHeM 3JEeKTPOHHBIX BOJI
Ha TNpUMecHBIX aTOMaX, HAPYWaAOWMX MepPUOAMYHOCTb PCIUETKH,

12 4. Kurreas
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Eciu KoHueHTpauus npuMeceft Mana, TO p, He 3aBHCHT OT TeMnepa-
Typhl. ATO NocJelHee yTBep#AeHHEe M3BECTHO Kak npasuro Mamuccena,

OcTraToyHOe CONpOTHB/AEHHE — 3TO COMPOTHBJEHHE p;, KOTOPOE Mbl MO-
»KeM OMpeneqHTb SKCTPalloJiiuHet KpHBOH TeMnepaTypHOH 3aBHCHMOCTH
conporusienuss kK T =0°K (npu T — 0°K conporusaenue p, ucuesaer),
H3mepeHus COMPOTHB/IEHHS MOKA3BLIBAIOT, YTO BeJHYMHA OCTATOUHOroQ
CONpPOTHUBJEHUS MOXeT H3MeHATbCA OT oOpasua k o6pasly, TOria Kak
cONpoTUBJEHHE, OGYCNOBIEHHOE TENIOBLIM IBHXEHHEM, OT MHIUBHAYAb-
1oct obpasua He 3aBHCHT.

30Hb! BPHJIJIIO3HA

Tenepb Mb NPUMEHHM 30HHYIO TEOPHIO LS KaueCTBEHHOTO OMHCAHUS
psla ¢u3MYeCKHUX CBOMCTB MeTanJaoB M cnjaaBoB. [Ipexne Bcero Hac
6yleT HHTEpPeCOBaTb CBA3b MEXIy IOJOXeHHeM MOBepxHOCTH PepMu
M rpanuuelt 3oHb Bpunniosna. Tlockonbky B cnaaBe npu n006aBieHHH
K MaTpHuue YyXepoIHBIX aTOMOB, HMEIOWMX APYTYI0 BaJEHTHOCTb, YUCIO
3/eKTPOHOB MNpPOBOAUMOCTH H3MEHSeTCS, TO NPH STOM H3MeHseTcd u
B3aMMHOe pacnosoxeHue noBepxHocTH Pepmu u rpavuubl 30HH. B He-
KOTOPBIX CJy4YafiX 3TO MOXeT MPHUBECTH K H3MEHEHWI0 KpPHCTaJJorpagu-
YecKO# CTPYKTypH CnJaBa, B APYI'UX MOTYT H3MEHUTbC (pU3HYeCKHe
cBOMCTBA CMJaBa, & HMEHHO: MOCTOSIHHAA PelUeTKH, YNpyrue MOCTOSHHbIE,
MarHuTHas BOCMPHUMUYHMBOCTB, 3(PdeKTHBHOE YUCAO 3MEKTPOHOB MPOBO-
OAMOCTH. MarHuTHble CBOHCTBA MepPeXONHBIX MeTaJJOB OYEHb YYBCTBH-
TeMbHBl K BBeJEeHHIO aTOMOB IPYroro Mera/ja.

Kak 6bl10 ycTaHOB/JeHO B Hauaje Hacrosilel riasbl [cM. (6.1)], pas-
pbIBbl  9HEpreTHYeCKOro CMeKTPa B CJyyae OIHOMepHOH pelleTKH U3
ONAHAKOBHIX aTOMOB HMEIOT MeCTO MNpPH 3HayeHMsIX BOJHOBBIX uuCes,
onpele/isieMblX COOTHOILEHHEM

R=1T, (6.49)

rie n — npou3BOJbHOE LeJaoe MOJOoXUTeabHOoe uduciao. Takum oOpasoM,
HMEHHO OTIe/JbHble 3HaYeHUs BOJIHOBOrO YHMCJIA HrpaloT o0co6ylo poJb
I/ Pa3pbIBOB B SHEPreTHYeCKOM CreKTpe. B TpeXMepHOM ciyyae Takylo e
poJab MIpaeT BOJHOBOH BekTOp R, Kak MOXHO BHIeTb W3 ypaBHeHUs
Bparra. Bua ypaBuenu#t, onpeneastouiux, rae OyAyT MMeTb MecTO pas-
pbIBbl SHEPrUM, 3aBHCHT OT THNA KPUCTANIHYECKON pelleTKH.

B cayuyae omHOMepHOR peluerkH, COCTOfEH M3 OLMHAKOBBIX aTOMOB,
JMHUA 3HauyeHUH K [enuTcs TOYKAMH PaspbiBa Ha Y4aCTKH, COCTOsLLMe
M3 OTpe3koB AJauHO# w/a (puc. 6.13). DT yyacTkM HOCAT Ha3BaHue
301 Bpuaawsna. Tak, nanpuMep, yyactox — w/a < k < ©/a apasetcs
nepBo#i 30HOH Bpuaiodna, yuactkn — 2w/a < k< —w/a u wnla < k <
< 2x/a cocraBasior BTOpYI0 30HY Bpuamoska u 1. 1. Tlpenacraienue
O TakuxX 30Hax OblI0O BBedeno BpuaniosHoM, KOTOpHI# yKa3aj, YTO MHOrHMe
BaXKHble M XapaKTepHhle 4YepThl [ABUKEHUR 3JEKTPOHAa B MePHOLHYECKHX
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CTPYKTYPax MOXHO OMHCaThb, MO/b3YSCh MpENCTaB/AeHHEM OO SHepreTu-
4eCKHX 30HaX B MPOCTPAHCTBE BOJHOBHIX uuced. [lonoxenus rpanuiy
,riX 30H He 3aBHCAT OT leTaleH B3aUMOLEHCTBHS 3JEKTPOHOB C pelier-
ofl W OMpenefslTcs CTPYKTypo# kpucranna. PaspuiBbl sHepruum umeror
\icCTO Ha T'PaHHLAX 30H.

3otbl bBpuamosHa Haubo.see HENOCPeACTBEHHO MOXKHO oONpenesiTh,
110163y9Cb ypaBHeHueM bparra B dopme

2% .G+ G2=0, (6.50)

rie G —BekTOp O0O6GpaTHO® pelleTKH, YMHOXEHHHH na 2w. B kauecrse
npiMepa, uyroObl MOKas3aThb CBA3b MeXAy ypaBHeHueM Bparra u 3oHamu

[lepaar so1a
] ] | | ] ] 1
. 3n en U4 o z r Jn
- @ T a a a
N ——rt N
. 7
Bmapar 3orna

Puc. 6.13. 3oubl Bpuanosna ans auneitHolt pemetku
M3 ONMHAKOBBIX AaTOMOB C [MOCTOSHHOH  peIIeTKH,
paBHOH a.

Dpuanosda, paccMOTpUM NpOCTYI0 IABYXMEPHYIO KBalpPaTHYIO pelleTky.
Bekropel oOpatHO# pelleTkM MOXHO B o6lieM cJayuyae 3amucaTh B Bule

n . ny
al+a !

rile @ —nocTtodaHHaa pelleTkd, n;, n,-— Leable 4Yucaa. Toraa umeem

2 . ,
G=T"(n,t + ny4).

Ypastenne Bparra B Bume (6.50), onmuchiBaloliee OTpaXKeHde BOJH MEPHO-
Auyecko#t pelueTKo, MpUMET BHI

R
ﬂ;’i. (6.51)

kyn + kyny=

I'pannusl nepso#t 30Hbl Mbl HaHlem, noaaras n,=*1, n,=0, u no-
Jyunm

ky=1%Z. (6.52)
Haaee, nosaras n,=0, ny=* 1, nonyuum
ky=* . (6.53)

12*
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Yeroipe npsambie (6.52) u (6.53) onpeneadioT rpaHdibl NEpPBOR 30w,
npeicTaBasioued co60i kBagpaT co cTopoHolt 2m/a (puc. 6.14).

BHewue rpanuubnl BTOpOH 30HH Mbl HaltieM, moJjaras nl=i1,
n,= 1, uTO naeT HaM ypaBHeHUs YeTHIPEX MpPAMBbIX

2w
* kx + ky = = (654)
rie BCe 3HAKM NJIOC U MHUHYC 6epyTcs He3aBHCHMO.
OGo6uleHre 3TOrO MeTOLa HA Clyyait TpeXMepHBIX KyOWueCKHX pellie-
TOK (npocToit, 00beMHO- M TpaHeUeHTPUPOBAaHHOH) NPOM3BOANTCA Ges

lepsan 30Ha

Bmapar 3o1na

Tpemvs 301a

Puc. 6.14. 3oHbl Bpmuuoaue IJisl TIPOCTO# JABYXMeEpHOit
KBaJpaTHOM pelIeTKH.

Mepsue Tpu 301 3aLITPUXOBAHDI.

Tpyaa. IlepBas 30Ha Bpuamosna B ciyyae npocToit Ky6GHuecKoft pelueTki
npeacraniser cobo#t ky6, pebpo koroporo paBHO 2xm/a. [lepBuie 30mbI
B cayyae 00beMHO- M TpaHEUEHTPUPOBAHHBIX KYOMYECKMX pellerToK
nokasaubl Ha puc. 6.15; monpoGHee OHM OOCYXIAAIOTCS HHXKE,

B GosbluMHCTBE 3alay MOXHO, OKa3hBaeTCsl, OrpaHlyYMTbCAd PaccMo-
TpeHHeM nepso#f 30HB DBpuaaiosHa, NOCKOJbKY BOJHOBOR Bektop R
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yosct OWTb BCerla CBenldH K BekTopy R, Jexawemy B mepBo# 3ome
| moayualolleMycs M3 R BLIYMTAHMEM HEKOTOPOrO BeKTOpa 06paTiiof
pCUICTKH, YMHOXEHHOro Ha 2w, Tak, uTOGbl BHA BOJHOBOH YHKUUM
paoxa coxpanuaca. JleHcTBuTeabHo,

b, =e*ru, (r)=e &=0ry (r)e'Cr=e'*'ry,, (r)=19,, (6.55)

B
nockoabky ¢yHkuus e‘6r — nepuonmueckas ¢ nepuonom peiuerku. Cxema,
B KOTOpOM BCe BeKTOPH R pAaccMaTpPUBAIOTCA Kak Jexaliue B MepBOH
sone, M3BECTHA KAK MPUBEOCHHAS 30HHAA CXeMa.

['paHuubl 30HBI OMpELeJAIOTC U3 ypaBHeHUS

9%kG -+ G* =0,

»
rac G — BekTOp oOpaTHOM pellleTkH, YMHOMeHHHN Ha 2. M3 ypaBHenus
BIHO, YTO KaAas IpaHuua 30HbBI NpelcTaBaseT COGOH MJIOCKOCTb, nep-
HCIAMKYASpHYI0 K BekrTopy @, ynupaioulemycs B ee leHTp. [lpexne

a) 2

Puc. 6.15. Tepsble 30ubl Bpuaiiosva B @) 06'beMHOLEH-
TPHPOBAHHOH M 6) TpaHELEeHTPHPOBAHHOH KyOHUECKHX
pelieTKax.

BCEro HaM HYXHO HaWTH BblpaxeHwe A48 BekTopa @, MOAL3YACh Onpe-
JlefieHUsIMM BeKTOpa OOpaTHOW pelueTKH.

B kauecTBe BEKTOPOB OCHOBHBIX TpaHCAAUMNH OObHEMHOLEHTPUPOBAH-
1o# kyGuyeckolt pelleTKH, NokaanHo#t Ha puc. 1.5, moryr ObiTh B3ATHI
cilenymouMe BEKTOPHI:

a=5+Jj+k.
b=§(—i+j+k). (6.56)-
c=3(—i—j+h, |

rie @ —nauna peGpa COOTBETCTBYIOLErO 3/1eMelTapHOro kyba, a i, j,
k — enunuunbie B3aMMHO OPTOTOHA/bIILIE BEKTOPHI, HArpaBaeHHble BIO.Ib.
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€ro peGep. OGbeM NPUMUTHBHON suefikM ONpenessieTcs BblpaXeHueM

V=a(be] = a® (6.57)

[TpaBuabHOCTL STOrO pe3yabTaTa MOATBEPXAAETCS TeM, 4YTO 9Je-
MenTapubiit ky6 o6bema a® comepkuT 1Be TOukM peweTkd. OCHOBHbe

2/

0)

Puc. 6.16. Ilepsas u BTOpas 3oHbl Gpuanwoswa B cayuae
reKcaroHa/ibHOH MJIOTHOYMAaKOBaHHON CTPYKTYpHI.

B 3Toil cTpyKType B HampaBAeHMSX K BepxHed M Kk HHUXKHed rpauav

nepsBod 30HK PA3pbiB SHEPruu He uMeeT MecTa. B monobubix caywasx

Mbi YacTO CTaAKHBAaCMCA C COCTaBHOH 30110W, Ha3nBaeMoO# mepsoil

3onoh JIxoHca, KOTOpasi OrpaHHYyeHa OOKOBLIMH TpaHAMHM 30HB a U

BkAlouaetT B cebs BCe YacCTH 30HM 6, PAacMOJOXEeHHNE Bbillle M HHXe
JMHMH NepecedeHns 30uW 6 ¢ 30HOI a.

-fpaHcisiuMM B OGpaTHOM pelueTke, a uMeHHO @, b*, ¢, onpenessiorca
BLIP@XKEHHAMU BUIA

a__lbe]
a = albel” (6.58)
"“Takum o6pasom, BocmoJb3oBasluuch (6.56), moayyum
o' = G+ ),
+ 1 . ,
b =—(—i+j) (6.59)
w1 .

TlonoOnbIk e BUL HMMEIOT OCHOBHbiE BEKTOPHl TpaHeLeHTPUPOBAHHOM
KyGunueckofl pemerku. Toraa aas Bektopa G uMeem

G = 2n (ha" + kb* +Ic") = 2= ((h—k) i + (k—1) j + (R + D} k). (6.60)

rae h, k, | — uenbie uucaa.
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Mmeercss IBeHAaALATh KparualliMx He PaBHBIX HYJI0 BEKTOPOB

2n e, 2m L 2.
T(it_l-./), T(Lj_lik), T(it‘_"k). (6.61)

[paHuubl 301B, oOnpeneiseMble ypaBHeHueM (6.50), npexncraB/fioT
co0OM NUIOCKOCTH, KaxAas U3 KOTOPbIX MepHeHAMKYIsipHA K OLHOMY M3
pckropoB (6.6), ynupawowemycs B ee ueHTp. [lepsas 3oHa BpuanosHa
GvIeT COCTOSITh M3 BCeX KparTuyakliux BeKTOPoB @, B YMCAO KOTOPBIX
BXOAST M 1BEHanuaTh BeKTOpoB G, onpeleneHHbiX BhipaweHuamu (6.61).
C.ienoBaTe/IbHO, TNepBas 30Ha npeacrasaser co6o# pomOuuecku#t noze-
Ka31p, u300paxeHHbIl Bolllle HA puc. 6.15, a. 3amerum, uto poMGuyeckuit
/I00€Ka3p, MOCTPOEHHbI! TOJABKO 4YTO OMUCAHHBIM NyTeM, MOXeT ObiTb
NPUHAT 33 NPUMUTUBHYIO fueflKy TrpaHeueHTPUPOBAHHON pewleTkH, MNO-
CKOJbKY TakHe (Urypbl MOTYT 3aMOJMHUTb BCe MPOCTPAaHCTBO, a Kaxaas
¢urypa COLEpKHUT TOMLKO OAHY TOYKY pelueTkd. Jlajee 3anmuiueM BeJu-
unHy o6beMa 30HB B R-NpOCTPAHCTBE:

L s (2.

Yucao coctosHuM Ha enMHULy o6beMa R-mpocTpaHcTBa paBHO 2/\Sm)’
Ha elMHULY o6beMa KPHCTalna, TaK YTO Ha efMHHLY o6beMa KpHCTa/ia
BO BCelt 30He GyneM uMeTb 4/ad coctosHu#t. B 06'beMHOLEHTPUPOBAHHCM
KyOGuueckOM KpHCTa/se B elMHHle o6beMa MMeeTcs 2/a® aTOMOB; TakkM
06pa3oM, Ha KaxAblft aTOM NPUXOAMTCA B 30He NBa COCTOSHHMS, COOTBET-
CTBYIOILME NBYM ODHEHTAUMSIM CMHMHA. DTOT pe3y/bTaT HAXOLUTCH B COTJIA-
CUM CO CHeJaHHBIM paHee yTBepXIAeHHEM O TOM, YTO Ha KaXAbt aToM
KDMCTa//a B 30He UMeeTcs ABa COCTOSIHHSA.

MHTepecHo yKa3aThb ellle Ha HeKOTOpble ()aKThl, OTHOCALLHECS K XapaK-
TepUCTHKaM NepBoft 30HbI 00DbEMHOUEHTpUpPOBaHHOM pewetku. Paauyc
ceprl, BnucaHHo# B 3o0ny,

b o— Y 2n

‘ a

’

a ofbeM 3TO# CchepLl paseH
41: 23/21{*
5

W, C/lefOBaTe/bHO, coOCTaBaseT /3 (2)'/’=O,74 ot o6bema 30Hb. Ecau
nosepxHocTb PepMu uMeeT chepHueckyio (GopMy, TO NPH KOHLUEHTPAUUH
3/eKTPOHOB NPOBOAMMOCTH, paBHOW 2.0,74 = 1,48 Ha arom, ona Oyner
KaK pa3 KacaTbCs rpaHuil 30HH. [IpeAcTaBieHHe O KacaHMM C TpaHulei
30Hbl, KAK MBI YBHAMM B AajbHeflieM, uMeerT G0JbluOe 3Hau€HHe B TeO-
puu cnaasos.
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I'paneneHTpupoBanHas kyb6uueckas pemertka. B kauectBe BekTopon
OCHOBHBIX TpPaHCAsIMH rpaHelleHTPHPOBAHHON KyOUUeCKOR! pellueTKH MOXHo
B3ATb caenyioune:

@+,
i+ k), (6.62)

(J+ 5.

Il

| & w]g NI&

O6beM NpuMUTHUBHOH siuelkH paBeH

a [bc] :% ad

[Moabaysacs ¢popmyaamu tuna (6.58), onpenensiomumu BeKTOpsl o6par-
HO} peleTKH, Hal1eM BEKTOpPbl OCHOBHBIX TpPaHCAAL Uit B 0OpaTHOH pelueTke:

@=L (—i—j+h),

V:d
b =Lt(—itj—h. (6.63)
* 1. .
4 C=—(—Jj— k).
n0ﬂ06Hbln Ke BUI UMeIOT OCHOBHLIE TPAHCJIAULNU

00 BbCMHOLEHTPUPOBAaHHON peleTku. Mrak, umeem

6= (—h—k+Di+

Puc. 6.17. GocraBnas

3oHa B Caydae rek- +(—h+k—=Dj+(r—k—1k]. (6.64)
CaroHaAbHOH MAOTHO-
YNaKoBaHHOH CTPYKTY- Hmeerca BoceMb KpaTyafliux He paBHbIX HYJIO
pot (M3 pa6otsl kou-  pektopoB G-
ca [8]). Gr
— (it jlR). (6.65)

[panuubl 30Hb OnNpefesfioTcd B OCHOBHOM BOCEMbIO MJIOCKOCTAMH,
Kakaas M3 KOTOPEIX MNeprenfuKyasipHa K ONHOMY M3 Bektopos (6.65),
ynupapouieMycs B ee uentp. OANAaKO MOXHO 3aMETHTb, YTO BepIUUHLI
YyrA0B MOCTPOEHHOrO TaKMM TYyTeM OKTA31Apa Ccpe3atbl IJIOCKOCTAMH,
MeprengHKy IpHLIMU K GHCCEKTPHCAM YT0B MEXIY WIECTbl0 MOMapHO B3si-
THIMH BEKTOPaMH

2n L2 4. 2m

HMrak, nepmas 3ona npencraBiaser co60H OKTasnAp CO CpPe3aHHBIMHU Bep-
LIHHAMY, Tokasanubift Ha puc. 6.15,6.



rJ. 6. 30OHHASl TEOPHS TBEPIOBIX TEJI. 30Hbl BPHUJJTIO3HA 185

Dra 30Ha MoOXeT OBITb MpPHUHATA 332 MPUMUTHBHYIO siYelKy 0GDbeMHO-
LenTpUpoBaHHO# KyOuueckoh pewetku. OOGbeM ee paBeH
1 (4m)\3 (27 \3
(=) =4 (— .
2\a a
C.eaoBaTeqbHO, B 30He umeercs 8/a® cocrosHu#t Ha enuHuuy oGbema
kpHcTania. [paHeueHTPUPOBAHHBI KyOHueCKHH KpUCTann comepkutr 4/ad
aTOMOB Ha elMHULY oObeMa, CJel0oBaTe/]bHO, Mbl ONATb MMeeM MO 1Ba

COCTOSIHUSI Ha aToM.
Paauyc coepbl, BnUCaHHOH B 30HY, paBeH

ki=&-
a
a o6beM 3TOR cdepbl paBeH
4 3%g3
3 ad

u, CJeNoBaTe/bHO, COCTaBJsieT 3’/’1r/8=0,68 or ob6beMa 30Hb. Ecau
nopepXHoctb depMu UMeeT chepHyeckylo GOPMY, TO NMPH KOHUEHTPAUUH
ssexTpoHoB 2 - 0,68 =1,36 na aroM ona OyndeT KacaTbCsi FPaHULL 30HBI,
lekcaroHajbHas CTPYKTypa ¢ NJOTHOH ynakoBkoil. B kauectse
BCKTOPOB MPUMUTHUBHBLIX TPAaHCAAUMR TeKCaroHa/ibHOR MPOCTPAaHCTBEHHOH
pelueTKH, MOKasaHHO# Ha puc. 1.8, MoryT ObITb B3ATH C/CAYIOLLHe:

a . KX AN
a=x3 l—l—( 5 )J.
a ., 3%qY , 6.67)
c=ck.
O6beM NMPUMUTHBHOM AuefikH paBeH
3'g 9
35— a’.

Basuc rekcaroHaqbHOR CTPYKTYPBl C MJOTHOH YMaKOBKOH coldepxuT
IBa atoMa. 3aMeTHM, YTO reKCaroHajbHaf IVIOTHOYMaKoBaHias CTPYKTYpa
SIBJASIETC MMEHHO CTPYKTYPOH, a He MpOCTpalcTBeHHON pelreTkoit. I1po-
CTPAaHCTBEHHOM pelleTKOR B JAaHHOM cJayude SIBJISieTCS TreKcaroHa/bHas
NpOCTpaHCTBeHHas pellleTka. BexTopbnl NpUMHTHBHBIX TpaHCAAUHH B OG-
pariioft peuierke cjaeLylOULIHe:

. 1,
a —;‘ i +(%)J-

* !, 1 '
b =——z—|—(—)j, (6.68)

a 3'zq



186 IJ. 6. 30HHASl TEOPUSI TBEPIBIX TEJI. 30Hbl BPUJIJIIO9HA

HerpyaHo BuaeTb, uYTO OCH OOpaTHOR pellleTKH COBMAAAIOT C OCSMH
ucxonHo#t. B Tom, uro pelerka ¢ Tpaucasuusmu (6.68) nefictBuTenbHo
o6paTHasi, MOXHO yOeduTbCfl, HEMOCPeACTBEHHO BBIYUCAAA CKaJfPHbIE
npousselexns aa* u T. 1. Hdas sexropa G umeem

G=Qn[l(h—k)i—|—<+)(h—|—k)j+llk]. (6.69)
a 32 ¢
ViMeercss BOoCeMb KpaTqaanX He paBHle HyJ'l]O BeKTOpOB
2n T
i+ i
a [—l—(3‘/2)JJ'
el

c

[NepBas 30Ha, moka3anHad Ha puc. 6.16, @, orpaHuyeHa MIOCKOCTAMH,
Kax/Jas M3 KOTOPBHIX IlepHeHAMKYJIpHA K ONHOMY H3 BekTopoB (6.70),
ynupamoluemMycs B ee LeHTp. Moxo nokasarb, uyto i 0asuca rekcaro-
HaJbHON MAOTHOYMAKOBAHHON CTPYKTYPHI HeT HHKaKMX Pa3pLIBOB IHEPrHH
B MUIOCKOCTAX, TNepNeHINKYIAPHbBIX K TFOPH3OHTA/NbHBLIM TPaHSM MepBoi
30Hb. DTO O6GCTOATEJLCTBO BeCbMa CYLIECTBEHHO, TaK KaK OTPaXXeHWs OT
aTOMHOW TMJIOCKOCTH, pPAacroJIOXeHHOH MewAy INJIOCKOCTAMH, OrpaHUuH-
BAIOIMMH MPUMUTHBHYIO AyelKy, UMeIOT Kak pas Takyio ¢asy, uro 6yayt
racuThb OTpaxenus OoT 6a3ucHoH naockoctd. Takum o6pasoM, Mbl Npuxo-
OUM K paccMoTpeHulo BTOpo#f 30Hbl Bpuaniosna. Bropas 3ona nokasana
Ha puc. 6.16,6; ee MOXHO ONMpeNETHTb TeM Xe MeTOAOM, KOTOPHIH Mb
NnpuMeliaan Bbillle. YYeT COUH-OPOMTaNbLHOrO B3aMMOAENCTBHS HECKOJBKO
BHI0OM3MEHSET MOJNYYeHHble Pe3y/bTaThl: HMEHHO, NPH 3TOM MOYTH HA BCEX
FOPU3OHTAJbHLIX TpaHAX NepBOH 301bl MOSBATCA Yy3KHE MJIOCKME 30HbI
3anpelleHHBIX 3Heprufl.

[epBast 30Ha COMEPHUT [Ba COCTOSIHUA HA MPUMUTHBHYIO fueflky, T. e.
oaHO cocrosHue Ha atoM. OO0beiluHeHHe MepBOH W BTOPOH 301 COLEPHHT
yeThipe COCTOSIHUS Ha MNPHUMHUTUBHYIO siueliKy, T. e. IBa COCTOSIHMS Ha
arom. Bcero cocrasuas 3ona (cm. puc. 6.17) comepxur

n=2——‘3—(€-)2[1——%(%)2J 6.71)

cocTosHM# na aroM. Jrta 30Ha npelcraBiseT co6of HauMeHbLIYIO 00JACTD,
OrpaHMYeHHYI0 NIOCKOCTAMH, Ha KOTOPHX 3SHeprus Tepnurt paspeis. Takyio
30Hy uHOrAa HasblBalT 30H04 [xonca, mnockoaeky JKoHC nepBbiit
BBEJ ee.

2a 1eTUM, YTO 3HauyeHue BekTopa B Ha maockoctd A (cM. puc 6.17)

paBHo 2r/3'%"a, a na naockocru B pasHo 2x/c. Jlnsa uwpeanbHO MJAOTHO-
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| 1AKOBAHHOTO PACIOJIOKEeHHs

a 3
1t NOITOMY b _—(E)%
kp —\9/) "
OTLI0Nd OTHOWIEHHe 3Heprui CBOGOAHBIX 3JEeKTPOHOB B Toukax A u B
Eal
Eg 9

(,.1cII0BATEJbHO, MOXHO OXUIATb, UYTO MOBEPXHOCTL PepMu KOCHeTCH
rpaHull 30HbI Tpexae Bcero B Touke A. OTHOWeHHe ocelt ¢/a UMHKA U
K4/ MU 3HAUMTE/IbHO OTJHYAETCS OT WAEAJIbHOrO, a MMEHHO, y LMHKa

c k )
— —1,86, Tak uro -4 =1,07, —=A=1,15.
a kB EB

Kacanue noBepxHocTH depmu ¢ rpaHHueil 30HB MOXeT NpPOU3OHTH (Ha-
yana B Touke B.

30HHA4 CTPYKTYPA METAJIJIOB

Ilenoynbie MeTanJbl. ATOMB 1LIEJOYHBIX METa/JJOB HMEIOT OIWH
BaJIeHTHBI §-3J€KTPOH Ha aToOM: Yy JMTHS STO 2§-3JeKTpOH, y Hart-
pus — 3s-, y Kanausa— 4s-, y pybunus — 5s-, y uesus — 6s. B wesoy-
HLIX METalnaX S-yPOBHM aTOMa pacWIMPSIOTCS B LIHPOKYIO 30HY, M
B HEKOTOPHIX OTHOIUEHUAX 3JEKTPOHbl NPOBOAMMOCTH BeAyT ceGsi Tak,
Kak ecau Obl OHM OblaM CBOOOLHBLIMU. Bce lluenoyHble MeTasibl MPU KOM-
HATHON TeMNepaType HMeloT O0beMHOLEHTPUPOBAHHYIO KYOHUECKYIO CTPYK-
Typy. MIXx s-mosoca 3anosiHeHa HamnoJIOBHHY, H MO3TOMY, €CAM NMOBEPXHOCTD
depmn nmeer cdepuueckyio ¢opMmy, TO ©Ha CBOOOAHO pacrioJaraercs
BHYTpH NepBo#t 30Hb Bpuamosna. Beiie 6blJ0 ycTraHOBJEHO, uTo cdepa
depmu BnUCHIBaeTCs B NEPBYI0 30HY, KOrAa YKCAO CBOGOIHBIX 3JEKTPO-
110B Ha aToM B cpelHeM cocraBaser 1,48. Jlas autus Obla BbINOAHEH
TEOpeTHYEeCKUR pacueT, M3 KOTOPOro cjelyeT, 4TO ¢opMa MOBEPXHOCTH
depMu B 5TOM MeTasje MajJ0 OTKJOHsieTcs OT cdepuyeckot. Kcu u
Pocrokep BbIYMCAMAM SHEPrUHM Ha noBepxXHOCTH PepMH B HanpasJe-
limax [100] u [111] m wawau, yTo OAHAa OTJHYaeTCs OT IAPYrofl JUllb
na 3%/,. OnHaKo BbluKC/IeHHOE 3HayeHHe 3¢pdeKTHBHON Macchl paBHO 1,4 m.

Baaropoansie MeTtaaabl. Menb, cepe6po U 30/10TO ABJAAIOTCA OLHO-
BaJeHTHHIMM MeTaJJIaMM, HO OHH OTJIHYAIOTCA OT ILUEeJOYHBIX MeTaJlJIoB
TeM, 4TO y aTOMOB 3TUX MeTa/JIOB B M30JMPOBAHHOM COCTOSIHUM BaJIEeHT-
lIOi s-060/04Ke NpelleCTBYeT LEJIMKOM 3anojHeHHas d-060J0uKa, Kak
MOXHO BHMIETb U3 CXeM CTPYKTYpbl 3JeKTPOHHHX 060/M04YeK aTOMOB
B nepuoanyeckod cucreme 3jeMeHTOB. Bce 3TH Meraanbl uMelOT TIpaHe-
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LUEeHTPUPOBAHHYI0 KyOuueckylo CcTPyKTypy. Ecau y mesnounsix Merannop
pasMepbl MOHOB HeBeJMKM M COCTAaBJAAIOT JHIUL YacTb OOJBLILOrO ATOM-
Horo o06bema, y G6JaropoiHbIX MeTa/J/OB 3amoJHeHHble d-000/M04YKH MOYTY
‘CONPHUKACcalOTCs Mexay cOO0H M B3aUMONEHCTBYIOT Kak TBepible cheph,

Paccrosiue Mexay OamkalliuMu coceiiamMu B HaTpuu paBuo 3,71 A,
a auamerp wuoHa Na' paben 1,9A, rak uro ocraercs 3a30p B 1,84,
B Meau paccrosHue Mmexay Oumka#uiuMmu cocelsMu paBHO 2, 55A aua-
merp nona Cu* pasen 1,92 A roe sasop cocrasaser 0, 63A. y cepe-

6pa 3a30p MeHblle: 0,364, a y 3oJqota auib 0, 14A. Cxumaemocts
e ouHblX MeranioB B 50—100 pa3 Goablue, 4eM y COOTBETCTBYIOLUMX
6/1aropoAMbIX; SHEPrUH CBA3H y LIEJTOYHBIX MeTasoB B 4—>5 pa3 meiiblue.

Jd
-
AN\
M 55
N ; N
§¥r g >N>>
4
'\§ 4 1 ; 4p
; a4r 45
Q
> 6} 3d
§ s=0
Yasr /
“: ho d,l:'a 1 1 1 1
7 2 ) 4 5 & 7

Paccrmosnue smexcdy ripamu, am. G,

Puc. 6.18. Pacmnpenne sHepreTHu4ecKMX YpoBHeH
B 30HbI B Clyyae MejH.

TMpusenena 3aBUCHMOCTb 3HEPrHH OT MeXATOMHOrO PaccTos-
uust. TTyHKTHPOM NOKa3aHO paBHOBECHOE MeXaTOMHOE PacCTos-
HHe B Kpuctaane menu (u3 paborel Kpyrrepa [9])

Manas cxuMaeMocTb OGJAaroposHHIX MeTa/VIOB ABJAETCA CJEACTBUEM
npuHuuna Ilayau: BbicOKas 3JeKTPOHHAas MJIOTHOCTb d-000/10YeK Mpe-
NATCTBYeT B3aMMONPOHUKHOBEHHIO. Dosblime 3HaueHus 3HEPruM CBA3U
0o06yC/0BJIEHBl, MO-BHAUMOMY, B3anMOLeHcTBUeM Mexay d-000/J04YKaMHU.

CuuratorT, urto d- M §-30HbH MNepeKpLIBAOTCA, KAaK TMOKa3aHO Ha
puc. 6.18. M3 pacueroB Xayspca caedyeT, uTo wupuHa 3d-301ibl y MelH
paBua 3,46 58 u urto nosepxHocTb Pepmu, sexaulas B 4s-30He, pac-
110/10:KeHa Bbille BepxHero kpas 3d-3oHbl Ha 3,7 98. Ouenka, ClenaHHas
Ha OCHOBE MOAeJH CBOOOLHBLIX 3.1eKTPOHOB, MOKa3blBaeT, YTO MOBepX-
HocTe Pepmu aexur Ha 7,1 38 Bbile AHA 4S-30HBI.

M3BecTHO, uTO y uMCTOH MelM MOBepXHOCTb PepMH KacaeTcs TpaHHML
30Hbl B LEHTPAX TeKCcaroHalbHbIX rpaHedl, Kak NMokasaHo Ha puc. 6.19.

ITpunaro cuurath, 4TO 3¢ ¢eKTHBHAS Macca 3/JeKTPOHOB NPOBOAMMOCTH
B 0aropoaHblX Merajaax Oau3ka K Macce CBOOOLHBIX 3JEKTPOHOB.
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JlcHicipuTeabHO, pacuethl Kombaa nanu crenyioune 3Hayenus:

Meraan| Cu Ag  Au
m*/m |1,012 0992 0,994

9/ICKTPOHHAA TEMNOEMKOCTb cepeOpa OueHb O0aM3KAa K BbIYUCIEHHOMY
3na4eHHI0, HalAeHHOMY B TNpPELNONOXEHMH, YTO m*==m; coraacue AJs
yedM TMOJYyyYaercs, ecau Mpennosio-
aitth, 4T0 m* =~ 1,4m. Cueayer
jiMeTb B BHAY, YTO pasjiMuHble
3(pPeKTbl, KOTOpbHle MOTYT H3Me-
1iTb 94@eKTHBHYI NJIOTHOCTb CO-
c7OsIHUH Ha noBepxHOoCcTH Pepmu,
OK43bIBAIOT BJIHSIHME W HA 3JeK-
TPOHHYK  TEMN0eMKOCTb. Mbl He
311aeM, KaK BBIYUCIATb 3TH 3ddek-
Thl  CKOJBbKO-HUOYIb HAadeXHO, H
1103TOMY CJelyeT co6aaaTh Heo0b-
XOAHMYI0 OCTOPOXKHOCTb NPH HH-
Tepnperauny  SKCHepHUMeHTaNbHBIX
/lalHBIX, BO3/epXUBascb OT uepec-
MYyp  KaTeropuyecKuX 3aKJ/IoueHuH.

JByXBasieHTHbIE MeTaJsIbl.
JdByxBanenTHble Meraaabl (Gepua-  Pue. 6.19. [losepxnocts Pepmu aas
Jul, Mardiuft, kaabuuh, UHHK, CTPOH- mean (no Iunnapay).
unit, kaamuh, 6apuft u pTyTH) UMEIOT
BHELIHHe 3/MEKTPOHBI, XapakTepuaylolluecs KOHUrypaune#t s2, T. e.
B $-COCTOSHUM CBOGOJHOTO arOMa OHH MMEIOT [BA BAJEHTHBIX 3JEKTPOHA.
Yro kacaercsi CTPyKTyphl, TO Gepu/aui, Maruuil, Kaabuumi, UMHK M Kaid-
MHH HMEIOT FeKCaroHaJbHYl CTPYKTYPY C MJIOTHOH yNaKOBKOM, KaabUUi
I CTPOHUUA — rpaHelleHTPUPOBaHHYI0 KyOuueckyl, Oapuit — 06beMHO-
UeHTPUPOBAHHYIO, PTYTb — CJIOXKHYI0. ITOCKOMbKY YMCIO BaJEHTHBIX 3JeK-
TPOHOB y 3THX METa/JOB YETHOE, TO OHM JOJKHBI Obl ObITb H30JMSATOPAMH,
OaKO BCJ/EACTBUE, TM0-BUAUMOMY, HMEIOLIErO MECTO IEPEeKPBLITHA UX
S-30Hbl ¢ OoJee BLICOKMMH 30HAMH OliM  00/anal0T 3JeKTPOMPOBOA-
HOCTBIO.

Bepunau#i, unmHk M KaaMuil HMeIOT, KaK H3BECTHO, MOJOXHTEAbHYIO
noctosannyio Xossa. JTO JaeT OCHOBAHUA CYUTATb, YTO Y HUX OCHOBHOM
‘BK11 B MPOBOJAMMOCTb OGYCI/IOBJEH JbIPKAMH B BepXie# 4acTi S-30HbI,
,KOTOpbIE OCTalOTCA MOC/AE «SMUTPAUUH» 3JEKTPOHOB B COCENHIOW 30l11y.
[Mepexpbitne nosepxiocti PepMu, 10-BUIMMOMY, OCOOEHHO Maa0 y Gepui-
.ug, csofictea koToporo 6.M3KM K cBoficTBaM u3oasropa. boubluas Beau-
sHuHa nocrosHHo# Xosaa y OGepuanus MOKa3blBaeT, yToO JHIUL OkoJso 109%
O01ICro 4ucaa BaneHTHBIX 9/eKTPOHOB NPHHUMAIT 3(EKTHBHOE yyacTHe
1% npouecce 371eKTPONpPOBOLHOCTH.




190 I'Jl. 6. 30HHAS TEOPUY TBEPALIX TEJI. 3OHbl BPUJJIIOOHA

TpexBajieHTHHE MeTaJbl. TpexBajleHTHHIMM MeTa/lJaMH SBJAOTCy
60op, amoMuHuM, raanuit, MHAMA W Taaaui; 3JEKTPOHHAS KOHQHTypauug
BHieliHeH uyacTH 9/7eKTPOHHOH O000JOUKM aTOMOB 3THX 3JEMEHTOB HMeer
BuL s?p. Cpelinm HUX JMIUb  AJIOMUHuH
MOXHO CYUTATb THUIUYHBIM  MeTaJlJioM
(puc. 6.20). bop sBasercs mnoaynpo-
BOLHUKOM M HMeeT CJOXHYI0 KpHCTaJ-
JHYEeCKYI0 CTPYKTYypy. OTHOLIEHHe 3JeK-
TPONPOBOAHOCTH K MJIOTHOCTH Yy alio-
YMUHUs OoJiblle, 4YeM y Melu. AJIOMUHUR
MMeeT TpaHelUeHTPUPOBAHHYIO KyOuue-
CKylo cTpykTypy. laanuft naaButcs npu.
30°C; ero Kpucraaiuyeckas CTPYK-
Typa — poMmGuueckas.  Muau#t  umeer
IPaHeleHTPUPOBAHHYI0  TETParoHaAbHYIO
CTPYKTYPY, KOTOpYyl0 MoOxHO cebe npen-
Puc. 6.20. Tosepxnocts Pepmuu  CTaBUTL KAK TPAHELEHTPUPOBAHHYIO KYy-

AAsl aNOMHHHSA. 6HueCcKyI0, pacTAHYTYI0 BAOJAb ONHOrO M3

pebep ky6a Ha 89 . Taanu#t BcTpeua-

ercd B IBYX KPHCTANINYECKUX MOAMPHUKALUMUAX: ONHA MMeeT reKcaroHalb-

HYI0 NIOTHOYNAKOBAHHYIO CTPYKTYpY, ApPYras — 06 beMHOUEHTPUPOBAHHYIO
KyOu4ecky.

BHHAPHBIE CIJIABDI

Mbl HauHeM C paccMOTpPeHHst TBepAbIX PacTBOPOB THMNA 3aMelleHus,
KOria B NaHHBLIH MeTann nobasasercs apyroft. Mrak, Hawel ueasio Gyaer
BhISCHEHHe BOMpOCa O TOM, Kak OyAyT M3MeHATbCs (H3HuecKHe CBOHCTBa,
ckaxeM, Meraana B npu BBeleHUM B Hero artoMoB Nerania A. [lpen-
TMOJIOXKHUM, YTO aTOMbl MeTaana A BBOAATCA B MeTann B u pacnpenensiorcs
cayyafiHbiM 00pasoM MO y3aaM pelleTkd B, T. e. NO HEKOTCPBIM y3aawm,
KOTOpbie paHee Oblin 3aHATH atoMamu B. Ocob6ble 3¢¢exTh, BO3HUKAW-
e B TOM CJy4ae, KOria aToMnl A pacno.jaraiotcs B pelleTke B
He c/Jy4alHO, a B HeKOTOpPOM MpaBHJIbHOM MopsiKe, OYAYT PacCMOTPEHB
B KOHLE HacTosiuef raaBbl, B pa3fesie, NOCBSILIEHHOM TNpoLeccaM yno-
psaoueHHs.

IOM-Posepul) ycranoBua psaa o6WMX 3aKOHOMePHOCTEH, KOTOPHIM
MOAYMHSAIOTCS MH3BECTHbie TBepAble pacTBOophl. OH 3aMeTH.1, YTO 06.JacTb
CYLLECTBOBaHUSI TBEPALIX PacTBOPOB ONHOrO MeTajja B IPYroM CTPOro
orpaHuyeHa TpeGoBaHWeM TOTP, YTOOB aTOMHbIEe AHAMETPbl PACTBOPHUTE.]S
M pacTBOpseMOro MeTaana OTJHYaIMCh He Oosee uemM Ha 15%. 3a
aToMHbIft  QuamMeTp OOBLIYHO MNpPUHMMaeTcs TNpH  ITOM HauMeHblluee
PaccTOsHHe MeX1y aroMaMH B KPHUCTalle [AaHHOTO 3JeMeHTa (cM.

1aba. 1.2). Takum 06pasoM, Hanpumep, pa3mepbl aTOMOB Medu (2,55 A)

") Cm. xnuru IOM-Posepu [10] — [12].
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4 unika (2,66 A) 6naronpuaTCTBYIOT 06pPAa30BAHMIO CHCTEMbl TBepPAbIX
pacTBOpOB Cu—2Zn. YcTaHOB/JEHO, 4YTO LMHK PpacTBOpSeTCA B Meld,
o0Opasya TBeplbifi PacTBOpP C rpaHelleHTPUPOBAHHOH CTPYKTYpo# BmioTh
40 KouuenTpauuu 38 arT. % Zn. OObeMHbit (aKTOp B cayyae mnapbi
wielb — KaiMu#t He GaaronpustcTByeT 06pasoBaHuio TBEPLbIX pacTBopos,

IOCKOMbKY aTOMHBIA auaMetp Meid pased 2,55 A, a kaamua 2,97 A;
;5 pe3y/bTaTe PacTBOPUMOCTb KaiMus B Mead orpanuyena 1,7 at. %.

OO6beMHbIl (aKTOP BLIPAXAIOT B NPOLEHTAX, HAaNpUMEp, AJA CHCTEM,
3 KOTOPbIX pacTBOpHMTe/]eM fB/SEeTCA Melb, OH COCTaB/seT 49% B cayuie
cncreMel Zn —Cu u 16,5% B cayyae cucrembn Cd — Cu.

O.aHako gpaxe mpu O/aronpusTHOM o6beMHOM ¢akTope 00pasoBaHue
TBCPABIX PACTBOPOB MOXeET HE MMeTb MEeCTa, €C/au 9/EMEeHTH MpPOSAR/AIOT
TellAeHUMI0 K 00pa3OBAHMI0 YCTONYMBBIX MHTEPMETa JIMYEeCKHX COeldHHEeHHH.
Toraa, ecad pacTBOpUTe b UMeeT OOJbWIYI0 3/EKTPOOTPULATEIbHOCTD,
4 pactBopsieMblft 3jeMeHT OO/bLIYI0 3JEKTPOMOJAOKUTEALHOCTb  (UJIH
112000pOT), TO BecbMa BepOSATHO, 4TO oOpasylollleecss MHTepMeTa JIMYecKoe
coelWHeHue Oyner Bblmazarb M3 pacTBopa. [lapa Melb — MBIWBLSAK UMeeT
OnaronpusTHbeii 06 beMHbIfA pakTOp (2% ), 0JIHAKO PACTBOPMMOCTb MbILIbSI a
B Meau pocruraet auwb 69%. Ias pacrBopa cypbMbl B MarHuu oObeMHBbIH
¢daxrtop Takxe OaarompusreH (9%). HO pacTBopuMmocTb Sb B Mg ouenb
MaJja.

B caenyouiux pasfenax Mbl pacCMOTPUM pas/iMuHble BOMPOCH, Kacaio-
1Mecs 9JeKTPOHHOH CTPYKTyphl cnjasos. Ilpu 3ToM Mbl GyleM NOJb-
30BaThCsA MOHATHEM CpELHEro YMCJa BaJEHTHHIX 3JEKTPOHOB Ha 1 arToM.
Hanpumep, KoHueHTpalus 3/aekTpoHoB n B cnaae 509% Cu —509% Zn
pasna 1,5; B cnaaBe 509% Cu —509% Al umeem n=2,00. Bynem npea-
noJaraTh, YTO SHepreTHYeCKUe MOBEPXHOCTH HMEIOT CepuyecKyo dopmy
I YTO OCHOBHBLIM pe3y/bTaTOM 100aB/eHUS K JaHHOMY MeTa/ay 3JeMeHTa
MHOH BaJIEHTHOCTH SABJSETCA WU3MeHeHWe KOHUEHTPAaUMU 3JeKTPOHOB. Bbl-
BOIbI, KOTOpble Mbl MOJAYYMM NpHU TAKHX NPELNOJOXKEHHSX, YaCTO OKa3bl-
BAIOTCS B MPEKPACHOM COrJAacHu C ONMBLITOM, BbI3biBasi M3yMJeHHEe (HM3UKODB-
TEOPeTHKOB.

Pesy/ibTaThl U3MepeHHH MeXATOMHOrO PAacCTOSAHMA B peleTKe CIJIaBOB
Li — Mg, uanocTpupylouue ero saaBUHCMMOCTb OT coldepxanus Li B cnaase,
nokasanbl Ha puc. 6.21.

B o6aacTd KoHLeHTpaUM#t, K KOTOPbIM OTHOCHUTCS TNpUBeleHHasd Ha
puc. 6.21 saBucumocTb, KpucTaaabl cniaasa Li— Mg umelor o6beMmio-
LUeHTpUpOBaHHyl0 Kybuueckyio cTpykTypy. CHavana npu noGaBiennn Mg
B Li pewerka cxxnumaercs. Koraa cozepxanue qutus cHmkaerca 1o 50 at. %,
4 COOTBETCTBYIOLIAS CPELHSS KOHUEHTPALMs 3JEKTPOHOB IMOBLILAETCS
10 Beauyunsl, Gosblwe# 1,5 Ha 1 aToM, pelseTka HAYMHAeT PacIIMPATHCS.
Brime 6bi0 ycranosneno, uto npu cepudecko#t nosepxHocTH Pepmu
nocsennss KacaeTcs rpaHULL 30HbLI (B cJlyyae OGBeMHOLEHTPUPOBAHHOH
KyGnyecKofl pelueTkH) Npu cpeiHel KoHueHtpauuu n = 1,48 azexrtpoua
Ha 1 atoMm. CuenoBaTe/bHO, PACIUMPEHME DPEIIETKH NPOUCXOIMT, NO-BH-
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IMMOMY, C TOrO MOMEHTa, KOraa BO3HHKaeT MepeKpbiTHe C rpaHuUamy
30Hb. DTO paclidpeHde MpeAcTaBAseT coO0# oaMH U3 3¢eKTOB, B Ko-
TOPHIX CYIECTBEHHYIO POJb MrPalOT KOHUEHTPALUMUsA 3/JeKTPOHOR M IPaHuig
3oHbl Bpuaaiosna.

3530 T T T
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Puc. 6.21. Wamenenne mnapameTpa pewmaTKu

Kpicraana cniaBa Li—Mg, uMerowero o6beMHO-

LSHTPHPOBAHHYI0 Ky6GHYeCKyl0 CTPYKTYpy, MpH

yBeaudeHHH cojiepxanua autva. (M3 pabotsl
JleBnncona [13].)

TlpaBuna 1Om-Po3depn naa ¢a3 cnaasoB. HOM-Posepu nepsnifh
o0paTH/ BHMMaHWE Ha BaXHOCTb BeJUUYUHBI CpefHCH KOHLEHTpaUuu Ba-
JIEHTHBIX 3/IEKTPOHOB KaK YHHBepCaJbHOrO MapaMeTpa MNpH OMHCaHUM
cBo#icTB cnnaBoB. OH YCTaHOBWJ Ha/uuue oOnpeleNeHHOR CBA3M MEXAY
CTPYKTYpO# ¢as HeKOTOPBLIX CM/IAaBOB M BeJHUUHOH cpenHelt KOHLEHTpa-
UHH BAJEHTHBIX 3/EeKTPOHOB Ha aToM. PaccmorpuM, nampumep, ¢asosyio
auarpammy cucteMsl Cu — Zn, nokasausyio Ha puc. 6.22. HauGoabuui
MHTEpeC AJs HAC MPeICTaB]SIOT caelyloliue ¢asbl: x-¢asa (rpaHelleHTpH-
poBanHas kyGuueckas), B-¢dasa (o6beMHOLEHTPUPOBAHHA® KyOuueckas),
1-¢asa (caoxnas Kybuueckas suyetika u3 52 aromoB), e-pasza (rekcaro-
Ha/abhas "C MJOTHOH yNakoBKO#).

Yucras meab (n=1) orBeuaer a-¢ase, KOTOpas COXPaHseTCH BMJIOTb
N0 KoHuentpauun n==1,38; B-cdasa nMeeT HauUMeHbIUYI0 KOHLEHTpPa-
unio n, paBHylo npumepHo 1,48; vy-dasa cyuectsyer B HHTepBajie KOII-
uenrpaun#t n Mexay 1,68 u 1,66, u, wnakoueu e-¢asa nosBaAseTCA
npu n=1,75.

Ins cucreM cniaBoB, NpOMeXxyTouHble (a3bl KOTOPLIX HMEIOT CTPYK-
TYpBl, COOTBETCTBYIOILME ONMpele/JeHHbIM 3HaYeHUSAM CpelHel KOHUEHTPaLHu
BaJIEHTHEIX 3JEeKTPOHOB Ha aTOM (1), MOJb3YIOTCS TEPMHHOM «3/EKTPOH-
nble CoelHHelllss». JTO COOTBETCTBHE MeX1y IMMHPHYECKN HaHleHHLIMH
3HaueHUSMU A ¥ TUNOM ¢asbl CrjaaBa, W3BECTHOE [0/l HA3BAHUEM MpPaBUI
IOM-Po3epu, cocTouT KOHKpPeTHO B TOM, uTO 3HayeHuio n=3/2 (1,5)
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orpeuact B-¢asa, n=21/13 (1,62) — y-dasa, n=7/4 (1,75) —e-¢aza.
3KCMIepUMEHTa/IbHbie  JaHHble

Xapakreplibie

nas

Codepxcanue Zn, am. %

TAKUX 3SJEKTPOHHLIX
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Codepweare In, 6ec.%
Puc. 6.22. ®asosan puarpamma cnaasa Cu—Zn.

coelnHeH U NpuBeaenbl B Ta6.1. 6.3 (Mpu BbIYMCIEHHIX UCTONBL30BaHB OOEIYHO
NPUMHUCHIBAEMblE YKA3aHHBIM MeTaJ/1aM 3HAaUeHUS XMMHYECKOR BaJleHTHOCTH).

Ta6aunga 63

CpeaHsis KOHUEHTPaLUHs BaJIeHTHbIX 3JeKTPOHOB (Ha aToOM)
B 3JEKTPOHHBbIX COeJHHEeHHSX

Ipauunua, Fpanuua,
P B O e T R
Cu—2Zn 1,38 1,48 1,58—1,66 | 1,78—1,87
Cu— Al 1,41 1,48 1,63—1,77
Cu— Ga 1,41
Cu—Si 1,42 1,49
Cu — Ge 1,36
Cu —Sn 1,27 1,49 1,60—1,63 | 1,73—1,75
Ag—1Zn 1,38 1,58—1,63 | 1,67—1,90
Ag —Cd 1,42 1,50 1,59—1,63 | 1,66—1,82
Ag — Al 1,41 1,55—1,80
*) MuHUMaabHble 3HAYEHHS.

13 4. Kurrean
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Mpasuna HOM-Posepu MOXHO NPOCTO OGBACHUTL Ha OCHOBE 30HHOM
TeOpUH, MO0Jb3ysch NPUGAMKEHHEM NMOUTH CBOGOIHBIX 3/71eKTPOHOB. IlkoHc
nokasaj, 4Yto HaGaloaeMble TpaHullbl o-(a3bl  (TPaHeUEeHTPHPOBAHHAg
Kybuueckasi CTPYKTypa) COOTBETCTBYIOT CpelHeH KOHLEHTPALUH 3INEKTPO-
HOB, BecbMa GJam3ko# k n=—1,36, npu koropo#l chepa depmu kacaercyg
M3HYTPH FPaHUYHBIX MOBEPXHOCTEH 30HbL BpuANIO3Ha rpalleleHTPUPOBAHHON
KyGuueckod peutetku. MasectHo, uTO B yucToit memu (cM. puc. 6.19) no-
BepxHocTb depMu KacaeTcs TrpaHUIl 30H B "CepelMHe TIeKCaroHaabHbix
rpaHe#t. BoamoxHo, uto npu n=1,4 MMeeT MecTO KOHTaKT C KBalpar-

HBIMM TPaHSMH M YTO UMEHHO 3TO 00y-

440 7| croausaer a— B-npespauenue. HaGuo-
7% naembie 3Havenus cpeldlief KOHLEHTpa-

930 a UMM  3JMeKTPOHOB B [-¢ase (06beMHo-
LLEHTpUpOBAHHass KyOuueckas CTPYKTypa)

@ /z,zuur 6nu3kn K 3HaveHuio n=1,48, npu
N4 KoropoM cepa depMmu Kacaercs U3HYTpH
/ rpaHHYHbLIX NoBepxHocTelt 30HH Bpuamo-

/ 3Ha, COOTBETCTBYMOLlEH OOBEMHOLEHTPHU-

a0 poBaHHOH KyGuuecko#t pewerke. [Has
v-dassbl, coraacHo JxoHcy, cdepa Pep-

MM KacaeTCsi I'paHML, 30Hbl MpH cpenHeH

I ! 1 | L {
g 7 2 3 4 6§ 6 7 8 9 KoHueHTpauuu snektpoHoB n = 1,64. Ka-

Inepeun, 36 caHue B cayyae e-¢aswl (rekcaroHanbHas
Puc. 6.23. Uncno coctosuuii CTPYKTYpa C MJIOTHOM YNaKoBKO#) uMeer
N (E) Ha eamHuuHHii suepretn- Mecto npu n=1,69, ecian oTHolleHHe
YecKM MHTepBa., Kak QYHKUMA  ¢/@ UMeeT BeJMYMHY, COOTBETCTBYIOLLYIO
ST A0% SPAICLCITAPOUL  acanuiol peweric.
KyGHUECKHX pelIeTOK. Takum oO6pa3oM, HMMeeTCs, OYeBHMI-
HO, TecHas CBS3b MeXAy CpeiHel KOH-
LeHTpalue#t 9JeKTPOHOB, NpPH KOTOpOH nosiBaseTcss HoBas dasa, U
cpelHelt KOHUeEHTpauHe# 3/eKTPOHOB, MPH KOTOpPO# NOBEPXHOCTh PepMH
KacaeTcs TpaHMYHBLIX NMoBepxXHocTe# 30HB Bpuanossa. HauGosee oGiuee
o0bAcHenne 3ITOH CBA3M COCTOMT B TOM, YTO A00aB/eHHE 3S/EKTPOHOB
Ha y)e 3anoJiHeHlbie ypOBHH BOJM3M TpaHHUL, 30Hb HeBbroaHo. Jonoa-
HUTE/NbHbie 3/EKTPOHB MOTYT pa3MellaTbCl TOJbKO Ha TeX YPOBHAX, KO-
TOpHIE PAaCMOJIOXKEHH Bbillle 3JHEPreTHYeCKOR 1iesH, XapaKTepusylolueh
TpaHully 30Hbl, AU XKe BOJAM3M YIJOB NepBOo#t 30HbI. Yuca0 cocTosHuH
KaKk (YHKUUS SHepruu BOJM3M YrJOB 3aMeTHO yMeHbluaercsl. IIpu 3tux
YCJOBHSIX YacTO OKa3blBaeTcsl, 4TO Haubo/ee 3IHepPreTHYeCKH BBIIOJIHBIM
ABJISETCA M3MEHEHMe caMoM CTPYKTypHl KpHMCTa/jna, TNpuyeM KOHeyHas
CTPYKTypa OyleT ONHOH M3 TeX, KOTOpble mnoMellaloT B cebe 060JblIYIO
nosepxHocts $epmu. Torza nociaenoBaTe/lbHOCTb

daza a B 1 € .
n 1,3 1,48 1,564 1,69
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jiMeeT  BIOJIHE TMPaBlonolo0Hoe OODBACHeHHWe, TaK KaK 3HAYCHHUA 7 KaK
ya3 COOTBETCTBYIOT CONPHKOCHOBEHHsM Cdepbl PepMH C rpaHMUAMH 30H
cOOTBETCTBYIOLUUX CTPYKTYP.

[lepexold rpaHeUeHTPUPOBAHHOH KyOuuecKOo# CTPYKTyphr B 0GbeMHO-
JICHITPHPOBAHHYI0 KyOHuecKylo uamocTpupyercs puc. 6.23, rae npuBesneHa
giicpreTHyecKass 3aBUCHMOCTb YHMC/Ia COCTOSHUH Ha eJIMHMUYHBIf SHepreTH-
yeCKUM MHTEpBaJ I/ TI'paHeUeHTPUPOBAHHOW U OOGBEMIOLEHTPHPOBAHHON
xyOuueckux cTpykryp. U3 rpaduka BuaHO, 4TO NpU BO3pacTaHUM 4Yuca
51cKTPOHOB HAaWBBICLIAA TOYKAa OCTHTaeTcs B Cayyae 06bEMHOLEHTPUPO-
pallHOW KyOuuecKo# CTPYKTYphHl, B KOTOpOH, TakuM 0o06pasoM, jerue pas-
MCCTUTb N06aBOUYHbBIE 3JIEKTPOHBI.

B coBpeMeHHO#t IuTepaType MO MeTal/oOBelelHI0 MOXHO HalTH Apyrue
MHOTOUYMC/IEHHbIE TPUMEPHl MPUMEHEHHUs M3JI0KEHHBIX Bbillle TEOPETHYECKHX
NpeACTaB/JeHUA K CTPYKTypaM, OTJHYHBIM OT yXe OMUCAHHBIX.

3JIEMEHTbI NEPEXOIHBIX Py

IOns ynoGerea Mbl npuBeleM MepedyeHb 3/EMEHTOB TpeX TPyMm mnepe-
XOMHbIX METa/JoB:
Sc Ti V Ct Mn Fe Co Ni
Y Zr Nb Mo Tc Ru Rh Pd
La Hf Ta W Re Os Ir Pt.

s BCeX NepeXOUHBIX 3/EeMeHTOB B MeTa/lJIMYeCKOM COCTOSHMUM Xapak-
TEPHO HaJWyYMe YAaCTHYHO 3amnoJHeHHOH d-000/104KH, a HUMeHHO 060-
nouku 3d Aas nepso#t rpynnel, 4d — aas BTOpoR M Sd — nas TpeTbeH.
HecMoTpst Ha sHepruunble ycu/aus (uaukoB, 06 3JeKTPOHHOH CTPYKType
3TUX METa/JIOB MMeeTcs Majo LOCTOBepHHIX JaHHbIX. Oiements Fe, Ni,
Co, Pd u Pt uayuenbl Jayumie oOcCTajbHBIX, MOXeT ObITb, MOTOMY, 4TO
5TH NSTb MeTa/JOB NMpHBJeKaaud OOJblIu# HHTepec H3-3a CBOMX MATHHUT-
HBIX CBOMCTB.

HekoTopbie XapakTepHble CBOHCTBA NepexOAHLIX MeTaJsn0B O6YC/a0B-
JeHbl  MepeKpLITHEM S-30HLI TPOBOAMMOCTH M d-30HB, 3SHepreTHYecKH
pacrmo/ioxeHHOH cpasy mol S-30HO#. B nmepexoanmx Merannax d-30Ha
00bIYyHO 3anojaHeHa He UeaukoM. Onnako, Tpexie 4YeM MEePEXOAUTD
K HCNO/Ab30BaHMI0 3TOro (aKTa, PacCMOTPUM COOTHOLIEHHE MeXa1y 30-
HamMu d M S B MelId, y KOTOpo# d-30Ha 3ano.HeHa UeaukoM. Ha
puc. 6.24 usobOpaxkena cxema, BbITeKalollas U3 PacCMOTPEHHS 30H MeiH,
NPHBCNEHHOrO BhIlIE B Hayajge HacTosule# TJIaBbI.

Mexny BepwnHoft d-30HB M MnoBepXHocTblo PepMmu, Jexauiett
B $-30He, MMeeTcCs WIMPOKAs 3HepreTHyeckas uenb. Vimesa B BHAy JAajb-
Helllune npuUMeHeHHAA, MO/NE3HO M300pasuTb 30HBI pa3le/qeHHBIMH Ha JBe
PaBlble yacTH, KaxJas M3 KOTODHX OTBeyaeT OAHOM H3 OpHeHTalHH
cnuia snexkrpona. Ha puc. 6.25 mokaszana cxema d-30Hb Menu, pasie-
JIelNON na 1Be MOA3OHBI, B ONHOH H3 KOTOPBLIX CIIMHBI 3JEKTPOHOB

13*
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HanpasJ/ieHbl BBEPX, a B Apyro#t — Buu3. Kaxcnas noasoHa coAepKHUT nsry

9JIEKTPOHOB.

Tenepb paccMOTPMM HHKeldb, uMelowu#t B d-060/70YKe HA  Ofuy
9/MEKTPOH MeHblue, veM Melb. Hukenb — deppoMarHeTnk u npu aGeo-
JIOTHOM HyJle HMeeT HaMarHHYeHHOCTb HachilleHus, paBHylo 0,6 MarheToHa

Nosepzwocms Pepsnr -
[
1%
778§ é 7/ *
3 ; /// 746 38
% 4 v
485 0 srenimporos
id

Puc. 6.24. Cxema sHepretuueckux 4s- u 3d-30oH B Me-
TaMJMYeCKOH MelH.

B 3d-30ne pasmemaercs 10 91eKTPOHOB Ha aTOM: 9Ta 30HA LEAH-
KOM 3aMo/NHeHa; 45-30Ha MOXeT COLepXaThb B CpeiHeM ABAa sJek-
TPOHA Ha aTOM; 9Ta 30Ha 3aMo/iHeHa HAaMONOBHHY, TOCKOJbKY
Melb HMMeeT BHE 3aMOAHeHHOH 3d-0060104KM OQMH BaJCHTHBIH
9aekTpoH. IlpuBelennbie 3HAYEHUS BDHEPrHi B3SATLI H3 PacyeTos
Xayspca. JHo o6eux 301 0Kka3aNOCh HA OJHOM YPOBHe, TaK Kak
COOTBETCTBYIOLIIHE 3HEPrHU Ouenb 6.M3KH OIHA K APYroi.

bopa ua arom. [locie BBeleHus HeOOXOAMMBIX MONPAaBOK, YYHTHIBAIO-
WHMX HeOOAbIWIONH BKJaL B HAaMarHUYEHNOCTb OT OPOUTAbHBLIX MOMeEH-
TOB 3JEKTPOHOB, CJEAyeT CYUTaTb, YTO HHUKeAb MPU HACHILEHUH HMeeT
0,54 snekTpoHa Ha aTOM. MpUYeM CIMHBI OPHEHTHPOBAHbl NpPEHMYyLLeCT-
BEHHO B O0NHOM Hanpas/ieHud. CTOHep mokasasJ, 4YTO APOGHOCTb 4YHMCJ/a
MarHeTOHOB Ha A4arOM MNpPH HACHILIEHUH MOXHO HHTEpPNpPEeTHPOBaTh Ha
OCHOBE 30HHOH TeopuM.

B cayuae nukens Mbl J10MKHB pa3MecTUTb 10 3/eKTpOHOB BHe 3a-
NOJHEHHbIX GHyTpenHnXx obosouek. Ecau mbl pacnpenenum 3ti 10 snekrtpo-
HOB TaK, KaK NOKa3aHO Ha cxeMe puc. 6.26, TO Mbl eCTeCTBEHHBIM RyTeM
MoxeM 00DBACHUTL Hab/l0LaeMOe 3HaueHHe HaMarHUYelIHOCTH HAaChILUEeHHS.
ITpu Takom pacnpenesenuu obecreunBaeTcs JAO/KHBI MarHUTHBI MOMEHT,
M npu 3ToM B 4s-3oHe ocraetcs B cpeaHeM 0,54 snekTpoHa. JuepreTH-
yeckOe pacuienaenue 3d-30Hb 11a ABe MON30HbI SBJASAETCH *PE3Y/bTATOM
OOMeHHOro B3auUMOJeHcTBUS, KoTOpoe OyleT paccmoTpeHo B ria. 8.
Korpa wmeraan warpeBaior Bbille TOuku Kiopu, AbIpKM pacnpelensiorcs
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NopOBHY MeXIy MOL30HaMM, OOMeHHOe B3aUMOJEHCTBME TNONaBAAeTCS
rern 10BHIMU 3@deKTaMH, M CaMONpPOM3BOMbHAS HAMarHMYEHHOCTb HMCue3aer.
Ha puc. 6.27 cxeMaTHYeCKM TNOKa3aHO, Kakas KapTuHa OyIeT uMeTb
\eCTO B HuKese Bhile ToukH Kiopw.

B Hawem pacnpele/ieHUM 3/1eKTPOHOB NO MOA30HAM B CXEMe Ha
puc. 6.26 uMeeTcs HEKOTODHIfl MPOM3ROJ, TaK KaK Mbl MOXEM MepeHecTH
5:1eKTPOHbI U3 06enx d-noa- —
4011 B S-30HY; TNpH 3TOM
po3bMeM M3 OIHOH noA30-
i Ha 0,54 3sexTpoHa
6o.bllle, 4eM H3 Apyro#.

Joka3are/abCTBOM TOTO,
yTo Hallla KOHKpeTHas cXe-

Ma MOXeT OTBeuaTb peab- 954 spenmpona

HLIM YCJAOBHAM, OCYLILECT- 254 by
[I0BEPTHOCTIE //
| \i\\ P 7 707
NN\ 2 3V
I 4 45 46 suenmpona S uenmponas
S snenmporos 5§ anenrrporol 74 E/4]

Puc. 6.25. 3anmoaHennas 3d-
30Ha MejH, u3obpaxceHHas B
BH1€ ABYX OTAENbHBIX MOA3OH
C NPOTHBOMNOJIOXHOH OpHEHTa-
umeil cnuHoB. B kascaoi noa-
30HE CONEPKHMTCA NO NATb
31eKTpoHOB. [TockoabKy Kax-
lasi MOA30HA 3anOJHEHa LeJH-
KOM, TO CYMMapHbIH CIHH
3d-30HBl (M, CJEXO0BaTeJbHO,
pe3yabTHpYlollas  HaMarHu-
YEHHOCTb) PaBEH HYIIO.

Puc. 6.26. CxeMbl sHepreTHueckHX 30H B HHKeJe
npH a6CONIOTHOM HYyJe.

dHepruu 3d-noa3on (C MPOTHBOMOJOXKHOM OpHeHTauHeil
CIIHHOB) Pa3/HYalOTCH Ha BeJHYHHY 9HepruH obMeHHOrO
p3aumoneictBus. ITor3oHa co CMMHAMH, HaNpaBAEHHBIMH
BBEDX, 3aM0/MHEHA LEJIHKOM; IMOA30HA CO CIMHAMH, Ha-
NpaBAeHHLIMH BHH3, COLEPXHT B cpenneM 4,46 91exTpoHa
u 0,54 abipkn. OOBIYHO CYHTAIOT, YTO 45-30Ha NMPH STOM
CONEPXHT NMPHUMEPHO PAaBHOE HYHCAO 3JEKTPOHOB CO CIH-
HaMH TPOTHBOMOJOXHBIX OpHEHTAUHH, M [03TOMY HeT
HeO6XONMMOCTH LeANTb 45-30HHI Ha MOMA3OHBI. PesynbTu-
PYIOLIHit MATHUTHBIA MOMENT BeJanuuHoii 0,54 pg Ha aToMm
co3gaeTcsi H30bITKOM CMIMHOB B NpPaBO# N0OA30HE MO CpaBHe-
HHIO ¢ JeBoi. YacTo yaobnee roBopHTb O HaMarHHyeH-
IIOCTH, €031aBaeMOH JbIPKAMH B JNeBOIl MON30HE, YHCAO

KOTOpuX B cpexnem paBho 0,54.

BISIOLIMMCSA B HHMKeJe, MOXeT CJAYXKHTb SKCNEePUMEHTaJbHas 3aBUCUMOCTb,
npuseneHyHas Ha puc. 6.28. Irtor rpadMk nokasmbiBaeT, KaKk H3MeHsercH
UMCI0 HecMmapeHHbIX 3/JeKTPOHOB Ha aTOM INpH MOCTeneHHOM A06aBienuu
Men B HUKeab. Ilockoabky Mbl n106aB/isieM Melb, TO KawAblfi aTOM Meld
IIPUHOCUT B CHCTeMY OIMH JOMOJHHUTEAbHHH 3Jjektpon. IlaoTHOCTh CO-
CTosiHuft B d-30He MOXHO cuutaTh mnpuMepHo B 10 pa3 Gosabuie#t, ueM
B s-30He, M03TOMy no KpalHett Mepe 909 H3OLITOUHBIX /MEKTPOHOB NONa-
ner B d-3oHy, u Menee 109 B s-3oHy. Ha6.01aeMoe unc/0 MarHeTOHOB
Bopa, kak BuaHo u3 puc. 6.28, ob6pauiaetcs B Hyab npuMepHo npu 60 ar. %
Menu. TlonmblTaeMcs BBISICHWTb, YTO NPOUCXOAMT NpHU NOOGABAEHUM MeIH.
Ilpu  ykasanno#t konuentpaumu ™Mbl ywe noGasuanm npumepio 0,54
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snexTpoHa B d-sony u 0,06 ssexrpona B s-sony. Onnako 0,54 3sek.
TpoHa, no6aBieHHBX B d-30HY, coraacHo cxeme puc. 6.26 Kak pay

—

G54 anermpora
4927 Gsppnt
/T0BEDTHOCITI
e |
4 ? / /
;/; 473 snexmpona 473 aMERT7PONT

F/4 Jd\

Puc. 6.27. Cxema 3HepreTHYeCKHX 30H B HHKeJe Bbllie
touku Kiopu. PesyabTHpylomuii MarHMTHBIE MOMEHT
paBeH HyJIO, TNOCKOJbKY 4YHCAO ABIPOK B MOA30HAX
C TMPOTHBOIMOJOXHOH OpHEHTaLueH CIHHOB OAHMHAKOBO.

3anoHsT 06e d-NoA30OHH U AaiyT HYJeBYI0 HaMarHUYeHHOCTb B GJecTslieM
COrJIaCMM C SKCIIEPUMEHTOM.

} a7 Jna npocTorhl Ha nNpuBelfeH-
N HBIX Bbllle CXeMax MJIOTHOCTb CO-
§i’ CTOstHU#t M300parkeHa KaK OJHOPOJ-
8 g5 \ Hasi QyHKUMA SHepruu. B neticTsu-
NN ” TeNbHOCTH XKe MJIOTHOCTb COCTOSHUN
§§ ’ \\ MOXeT OBbITb 1aJeKO He OiHOpOi-
N s 43 HOU. DTO WIIOCTPUPYETCS pacuera-
:;z § \ mu Kocrepa nas Hukeas (puc. 6.29).
N4 AN [llupuHa 30HH paBHa NpPUMEPHO
§ a7 Ne 2,8 56. Mn BuauM, uTO d-30Ha
] AN xapakTtepuayercss 604blIOH N 10THO-

CTbIO COCTOSIHUMA: B Mpejeaax 0KoJ10
3 26 pacnonaraiotcs 10 3n1ekTpoHos,
TOrla KaK B §-30He MMEercs TOJbKO
Puc. 6.28. HamarnuueHHoCTb HACHINE-  nyy 5/eKTPOH B HHTEPBAJie OKOJIO

HHA (CpelHee YucaO MarHeToHoB Bopa
Ha ‘aTom) cuctemnbl cnaaBoB NiCu kak 7 38. CpenHsas MNJIOTHOCTb COCTOSAHUN]

(yHKUMA CONEPKAHHS HHUKEs. B d-30He npuMepHo B 20 pa3 60.ib-
we, 4eM B S-30He. D10 LOOTHOIIEHHE

NMJAOTHOCTE# COCTOSAHUN MO3BOJIAET CAeJaTh KaYeCTBEHHOE 3aKJ/IOYEHUE, UTO
Heq)eppomarnmuble nepexoAHbie MeTan bl JOMKHB UMETD 606/b1IMe 3HAUEHUA

N
I~ - w0 W W oW
Codepncanue Cu, 7%
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,.CKTPOIHOR  TEM/IOEMKOCTH M NapaMarHuTHOM BOCMPUMMUYHBOCTH IO
cpapliciiuio C OIHOBANCHTHLIMU MeTalaaMH.

EcTb OCHOBaHMS CUHTaTh, YTO Y NMa/Jaius pacrnpeieneHue 3J1eKTPOHOB
4114 10FMYHO  pacrpeleiennio y Hukenas. [Ipu koMHaTHOM TeMneparype

£~

N(EF)
1IN NN W Dy
|

1 | ] | ) ] | |
12 -]0-48 -G6-44 -42 0 42 44 46 406
Tnepeus (6 e0uriyar Ly=1349 36)

Puc. 6.29. IMaotHocth cocrosuuit N (E) B d-3oHax
HUKens Kak ¢yHkuus sHeprun E (B eluHuuax
Ey= 1,349 38). (U3 pa6ors Kocrepa [14].)

y nalnains CXeMa pacrnpejie/ieHdsi 3/MeKTPOHOB CXOAHAa C NpHBENeHHOH
na puc. 6.27 419 Hukeas Bhle TOYKM KiOpH; OT/IHuUHEe COCTOMT B TOM,
YTO BMECTO 4S-30HEI MBI HMeeM

5s-30Hy, a BMecTO 3d-30Hbl —
4s-30Hy. YMeHblueHHe MarHut- 600
110/f BOCTIpUMMYUBOCTH METaNJIHU-
UCCKOro na/jiaius TNpH pacTBO-
peiiud B HeM BoAOpola noxa-“g””
3aHo Ha puc. 6.30. ’;
Bonopoa npu pacrsopeHun 55,
B NaanalM4, NO-BUAUMOMY, HOHU-
3yercs, U 0CBOGOAMBLIHECS DJIEK- \
TPOHBI pacrnpelensioTCA B 30HAX g R —
Naanaius TOYHO TaK XKe, KaK _gp
BaJleHTHbIE  3JIEKTPOHBI Meau Vi q20 g0 g0 G40 100

pacnpenensilOTcs B 30HaX HHU- Ormowenue codepweanes TH]/ [Pd]

Keas. Tlpu 3tom uMmeeT MecToO .

1 p Puc. 6.30. M3MeHeHHe MOAAPHOH MarHmt-
) $dysus MPOTOHOB B PEWeT- o4 pocnpuUMUMBOCTH NANMANKS B 3aBHCH-
Ke Meranna. DKCMEPUMEHTH MO  MOCTH OT KOJAMUECTBA PACTBOPEHHOIO B HeM

HpOTOIIHOMY  pe3OHaHCy noa- BOJopoAa.

TBEPXAAIOT 3TH MNpPeLCTaB/IEHHUS.

Koraa B cpensem no6asreno 0,6 snextposa Ha aroM, 4d-30Ha 3amoJ-
HdeTcAa, M pajdbHefillee MOBLILIEHME COLEpXKaHUA BOLOpOAA He Jaer
3aMetHoro s¢¢ekra. IlapamMarHuTHas BOCMPHUMYUBOCTb MOXET ObiTh
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GosbLION JMIUb N0 TeX HOp, MOKAa d-30Hbl He 3aMOJIHEHbl LEMHKOM,
MOCKOJIbKY d-30HB XapaKTepusyloTcs 6OAbIIOA MJIOTHOCTHIO COCTOSIHHUH,

CpenHue 3HayeHHss aTOMHOrO MOMeHTa OMHApHLIX CMJABOB 31EMEHTOB
rpynnbl jese3a B 3aBUCHMOCTHU OT KOHUEHTPAUMU 5JeKTPOHOB MpPUBEIEHb
Ha puc. 6.31. T'/aBHasg noC/1e40BaTE/NbHOCTb CMJABOB, pAaCMONOXEHHBIX
BLOJb NpaBo# HUCXOIALle#t BeTBH NMpPHBELEeHHOW KpHUBOM, cienyer cdop-
My/JMPOBAaHHOMY Bbillle NPOCTOMY MpPaBu/ly, HO MO Mepe YMEeHbLIcHUs

30 | I

25 —
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Puc. 6.31. CpexHne atoMHble MarHHTHbie MOMEHTH GMHAPHBIX CNIABOB
3J€eMEeHTOB rpynnsl xenesa (no bosopry).

KOHLEHTPAllMKH 3/IEKTPOHOB JIOCTUraeTcs TOYKA, HHXE KOTOPOH HM GaHa
u3 3d-moA30H He OyleT Le/MKOM 3aloJHeHHOH.

PaccMoTpuM KparKo elle BOMPOC O MPOBOAUMOCTH MEPEXOAHBIX Me-
taajg08. Ha nepsbiff B3risn kaxercs, 4TO Hajiuuve d-30HBl, KoTopas
napsaly ¢ S$-30HO# MoxeT obecrneyuBaTh MPOLECCH MepeHOca, HLOMKHO
vBeJnyuBaTh npooauMoctb. OIHAaKO OKasbiBaeTCA, YTO 3TO He TaK.
Huxe npusoaarcs 3Hauenus conporusienus npu 18°C Tpex mepexoaHbix
meraanos (Ni, Pd u Pt) u tpex Gaaropoansix meramioB (Cu, Ag, Au),
C/eLYIOUHMX 38 HUMU B NMEPUONHYECKOH CHCTEME 3/IEMEHTOB:

Ni Pd Pt
7,4 10,8 10,5
Cu Ag Au
1,7 1,6 22

3HaueHHss COMpPOTHBJEHMA NpHUBeleHbl B eluHuUax MxoM - ¢ npu 18°C,
QueBHAHO, YTO COMPOTHBJEHHe YKa3aHHBLIX MEePEeXOAHbIX MEeTANNO0B MpH-
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McpHO B MATb pa3 GoJblie, 4YeM y COOTBETCTBYIOWMX 6aropomHbIX.
CuuTaloT, 4TO 6OJbLIOE COMPOTHBJEHHE TNEPEeXONHBIX MeTall0B 06ycio-
13.1cHO CTOJNKHOBEHHSMHU, IPY KOTOPHIX MPOHCXOMHUT paccessHiue S-3/1eKTPOHOB
s d-30HY, TIpHYEM 3TOT MeXaHU3M paccesHus N00aBAfAeTCH K OOBIYHOMY,
KOTOPHI HMeeT MeCTO B TeX CJyuyasx, Koria d-3oHa 3amoJHeHa YacTHYHO.

Huskas CXXMMaeMOCTb NepeXONHBIX MeTajsnoB, MO-BHAMMOMY, SIBJSCTCA
c1e[CTBHEM MNepeKpHITHS d-000J04eK, XOTH YIAOBJETBOPHUTENbHON KBAHTO-
po# TEODHH I3TOro sBJEHHS ellle He co3faHo. TakuMm o6pa3oM, xoTsa
5.1eMeHThl TNepBOH nepexoNHOH TrpynMbe MOXHO HAa3BaTb MeXaHHYECKOH
OCHOBO# COBpeMeHHO# UMBMJM3ALMH, MBH NOKA YTO JHIIb BeCbMa Heylo-
B.JIE€TBOPUTEJBHO MOXeM OOBACHHTb MX CBOHCTBA.

MPOLECCHI YNIOPANOYEHHUSA )

XoTa BompocH ynopsinoueHHs B CMJAaBaX He MOMNAIOTCS MPOCTOH HH-
TePNpeTalud Ha OCHOBE 30HHOM TeOpHH, Mbl CuMTaeM HauboJjee yNOOHBIM
paccMOTpeTb MX HMeHHO 3lecCb. [IpuMepoM YMOpALOYMBAIOLIMXCS CMJIABOB

Puc. 6.32. YnopspoueHnoe (a) ¥ HeynopsjaoueHHoe (0) pacnoJo-
skenue voHoB A u B B cniaBe AB.

MoxeT cayxurb cucrema Cu—Zn, ¢pa3oBas nuarpaMma KOTOPOH mnpH-
BeleHa Ha puc. 6.22; ropusonTaabHble MyHKTHPHblE JHHMU HA AMarpaMme
yKasbiBaloT Touky Kiopu ynopsmoueHus 3THX CM/aBoB.

PaccmorpuM Ounaphbift cnias AB, cocroswu#t H3 aTOMOB MeTal-
n0B A u B B oaunakoBoM koaunuecrse. Cnsas nasbiBaeTcs ynopsndo-
yenusm, ecall atomol A u B pacnpeseneHbl Mo y3naM pelleTkH B onpe-
ZCaeHHOM TOPANKe NO OTHOWEHHIO APYr K APYry, Kak [OKa3aHO Ha
puc. 6.32, a. CniaB Ha3bIBaeTCs HeynopAadoueHHbiM, eCiH aToMbl A u B
pacnpeseneHbl MO y3naM ciaydyafiHeiM oOpa3oM, HanmpHUMep, Kak TNOKa3aho

) Cm. o0630psi Huxca u Lllokau [15], Jluncona [16], Myto u Takaru [17).
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Ha puc. 6.32,6. Muoruc cBOWCTBA CM/IAaBOB YYBCTBUTENbHBl K CTeMeHp
nopsaka. OOBIYHO yLOPALOYEHHBLIM PpACMOJIOXKEHHEeM Ha3bIBalOT TaKoe,
NpH KOTODOM KaxIbift aToM, ckaxeM, B, uMeeT cBOMMM OJuKaHLnMy
cocelssMH TOJbKO atoMbl A, u HaoGopor. Takoe pacnosoxeHue HuMeer
MeCTO, Korlla NOMHHMPYKOIINUM BHAOM B3aUMOINeHCTBUA MeXILy aTOMaMu
ABAseTCA CHJbHOE MNpuTMXKeline MexAdy atomaMH A n B. Ecanm xe pas-
HOPO/HBIE aTOMBI «M30€ralT» Apyr Apyra, To oOpasyercs NABYXdasHas
cucrema.

Cuntaercs, 4TO NOJHOE YNOpPALOYEHHE NOCTUraeTcss Julib MpH abco-
JIOTHOM HyJe; MO Mepe NOBLILIEHHS TeMMepaTypbl CTeMeHb YMOPALOUYEHHUS

7

Sapamemp
ynoprioyenus

Abcoromras memnepamypa

Puc. 6.33. 3aBucuMOCTh OT TeMnepaTypbl NapaMeTpoB
nanbHero (8) u 6amxHero (¢) mopsaka 1Ja CnJjaBa THNa
AB; (u3 cratbu Hukca u Lokau [15]).

yMeHblIaeTcsas BMJIOTbL N0 TeMIepaTypbl NpeBpallleHHs, Bbllue KOTOpO#H
yCTaHaBJNBaeTCsd TMOJHOCTbIO pPa3ynopsioueHHOe cocTofinue. Bripaxasich
6oJiee TOYHO, TeMnepaTypoH NpeBpalleHUs HA3BIBAIOT TeMMepaTypy, Npu
KOTOpOH wucue3aeT OaubHuli nopsadork, T. e. MOPANOK HAa PacCTOSHUSAX,
BO MHOrO pa3 MNpeBHILIAIOWNX MeXaTOMHOe, HO NMPH ITOM OAuxcHuill no-
PAOCOK, T. e. KOppeJslius B NOJOXKeHMAX OJikafiiux cocele#t, Moxker
COXpaHATLCA M Bblllie TeMmepaTyphl Nepexona. KauecrBeHHoe Fpaguyeckoe
npejacTaBJeHHE 3aBUCUMOCTH PaBHOBECHOH cTeneHH mopslika OT TeMmepa-
Typel maHo Ha puc. 6.33 (u3MeHeHHMe Na/bHero mopsika uaobpaxeHo
CrIOIIHOA JMHHeN, u3MeHellMe OJIMKHEro NMOPSAKAa — MYyHKTUPHOR).

Ecni ¢naaB OblCTpO OXsaauTh (3aKaJMTb) OT BbICOKOM TeMmepaTypsl
L0 TeMnepATYpbl HHXe TOUYKM Mepexolda, TO MOXeT BO3HUKHYTb MeTa-
cTabuibHOe COCTOSHME, B KOTOPOM CTPYKTypa COXPaHM/Ja «3aMOpo-
XKEHHON» HepPaBHOBECHYIO Da3yMOPANOYEHHOCTb. YMOpALOYeHHAd CTPYK-
Typa B oOpaslle MoxeT OblTb cleJaha pa3ynopanouyeHUON npu AaHHOMR
TeMnepaType B pe3y/abTaTe OOJYy4YeHHS THXKEJALIMH fIePHbIMH  YacTH-
UaMH.

CreneHb TNOPALKA MOMHO 3KCMEPUMEHTaJIbHO HccaenoBath 1ecKoIb-
KHMH MeTOJaMH; HauOoJ/ee MOIUHBIMU SIBASIOTCA pPeHTrel-AH(ppaKLMOHHbIE
(puc. 6.34).
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Pa3ynopsiioyeHHas CTPYKTypa, MOKasaHHas Ha puc. 6.32, 6, Gymer
qasaTh AMQPAKUMOHHBIE JIMHUK B TeX )XKe MeCTaX, YTO H B TOM Ciyuae,
joria BCe Y3Jbl peuieTKH 3aHAThl aTOMaMW OLHOrO TUNA, TaK KaK d¢ddek-
cuBlias paccenBalOLlan CHOCOOHOCTb IJIS KaXIOR M3 MIOCKOCTEH paBHa
cpeaHed pacceuBatoueft cnoco6xoctH aroMoB A u B. VYnopsnouenHas
CTPYKTypa THMa npuseleHHo# Ha puc. 6.32, @ naeT momojHuTe/bHble
nandpaKU{OHHbIE JIHHHM, KOTOpble He HaG/I0NAlOTCS B Ciyyae Heymnops-
7104eHHOR CTPYKTYpbl. ODTH NOMOJHHTEeNbHblE JUHMM HA3LIBAIOT JMHHAMH
CBCPXCTPYKTYPHI; OHM XapaKTepu3yloT AMdpaKuMIo HA NMoApeLIeTKaX aTo-
moB A u aromoB B mno oraeabHoctH. Tak, Hanpumep, ynOpAHOYEHHbIH
cnias Cu—Zn uMeeT CTPYKTYPY XJOPUCTOrO LEe3Hsi C aroMaMh, pacro-
{I0’KeHHBIMM B 00beMHOLEHTPHpOBaHHOH KyOuuecko#t peuwterke. Takyiw

- Puc.6.34. le6aerpamMma nopoukosoro obpasua cnaasa CuzAl.
a — HeynopsAOYeHHast CTPYKTypa, 3adHKCHPOBaHHAA 3a-
kaiakoil or T > T, 6 — ynopsjoueHHas CTPYKTypa, MNoJy-
yeHHas B pe3yJbTaTe OTXKHMra IpH HEKOTOPOH TeMmepa-

type T < T, (no Bapperry).

pelleTKy MOXHO TnpelcTaBuTb cebe Kak JABe NpPOCThle KyOuueckue pe-
LIETKH, BIBUHYTHle OAHA B APYryl0, MpUYeM ONHA M3 DEIleTOK MOCTpoeHa
n3 aromos Cu, a apyras — u3 aromoB Zn. Hanpumep, oObeMHOLEHTpuU-
poBaHHas pellieTka, COCTOflllas W3 aTOMOB OJHOTO THMa, He HaeT IH-
(pakuuonHbix auHu#t oT muockocred (100), Tak kak oTpaxeHus or aro-
MOB B LEHTpax 3JeMeHTapHHX Ky6oB cMeuleHbl no ¢dase Ha 180° u racar
orpameHus OT rpaHeit ky6a. ITO TOBOpPUT HaM, uTO (OPM-akTop
&§{100} =0, kax yxe ykasmBanoch B ra. 2. Tor e pe3ysibraT HMeer
MECTO M A/ pa3ynopsioyeHHOM O6BbeMHOLUEHTPHPOBAHHON CTPYKTYpH,
0JHAKO B yMOpsAO4YeHHOH 06BEMHOLEHTPUPOBAHHON CTPYKTYPE aMMJIUTYIbl
oTpaxkeHU#t OT LEHTPOB 3JeMeHTapHbLX ky6oB OyayT, BooOlie rosops,
OTJIHYATbCA OT aMILIMTY], OTPaXeHUH OT rpaHeit KyGoB; Temepb raieHue
Oyzaer HemoJHbIM, W Mbl OyleM HMeTb JUHMM CBEPXCTPYKTYPH OT MJO-
ckocret (100).

Conporubiaenne (puc. 6.35) B ynopsio4eHHOM COCTOSIHHM Mellblue,
UCM B HeYNOPANOYEHHOM, KaK M C/el0BaJ0 OXHAATb COTJACHO TeOpHH
paccesiHus 3/1eKTpoHOB. TenoeMKOCTb OOHAapyXKBaeT aHOMa/nHi0 BO6U3U
TOuYKM npespallenus (puc. 6.36). AHomanus cBfizaHa ¢ U3OBITKOM Blly-
Tpennet 3Hepruu, TpeOylOWUMCA AAR pa3pylieHus yMnopsanoyeuus B

CTPYKTYype.
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Puc. 6.35. 3aBucuMocThb 3JeKkTpoconpoTuBieHus cnaasa CuzAu oT
Temneparypnl (u3 cratbu Huxca u Llokau [15]). PaBHOBecHOMYy
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Puc. 6.36. 3asucumocth Tenaoemkoctu cmaasa Cu—Zn
(B-natyub) or remnepatypnt (u3 craTbu Hukca u Wokau [15]).
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dbeppOMarHuTHble CBOMCTBA CMJIABOB TaKXKe MOTYT GbiTb YYBCTBUTE/bHBI
x YNOPALOYeHHI0. B HEKOTOPHIX cayuasx (MPUMEPOM MOXET CJIYKUTb
cnaaB NigMn) B HeynmopsnoueHHOM COCTOSIHUM CMJiaB OGHapy»XuBaeT cJa-
Guie (eppoMarHHTHble CBOMCTBA, a B YMOPsSIOYEHHOM (eppOMarHeTH3M
1IPOSIBIIACTCA BeCbMa CHJBHO.

3AJIAYH

6.1. B ciyyae aHM3OTPOMHOro KPHUCTa/JIa SHEPrui0 Kak ¢YHKLHIO
KOMIIOHEHT BOJIHOBOFO BEKTOPAa MOXHO MNPeACTaBUTb B BUIe

E = a,ks+ aykl+ a k.

HaliTu ypaBHeHHe IBH)KEHUSl, COOTBETCTBYIOLlee HbIOTOHOBCKOMY ypaBHe-
o F= md®r/dt2.

6.2, Tlokasatb, 4TO YrjoBas 4YacTOTa BpallleHHS JIEKTPOHA, HMEIo-
1ero 3dHepruio

h2k?
Ek p—t syl
2m
B MarHutHoM noJe F pasHa
_ e
Oe = ¥

6.3. Omnpeneautb, Kaxko# BHUIL HMMeeT mnepBasd 30Ha BpuaniosHa naa
npoctolt kyOuueckolt perieTky.

6.4. IMocrpouth rpacuueckn nepsble 1Be 30HH Bpuaniosna 1as 1Byx-
MepDHOH INpOCTO# TNPAMOYro/JbHOM pelleTKH C MeXaTOMHBbIMM paccros-
uuaMu @ ¥ b (B cayvae, koraa b=3a).

6.5. a) Ilokasarb, 4TO L/ AByXMepHOH mpocTo#t KBaapaTHOH peleTKu
KHHeTHYeCcKass dHeprus cBOGOLHOrO 3JEeKTPOHA B yrije MepBo# 30HH BABOE
6oablue, yeM B cepeniHe OGOKOBOH CTOPOHBI 30HBI.

6) KakoBo cooTBercTBylolllee pa3auuMe B cayuyae TpexMepHo# mnpo-
cTOl KyOuuecko# peleTKu (Yyrosa M UeHTP OOKOBOH NMOBEPXHOCTH 30HBI)?

B) Kak Moryr ObITb CBsI3albl aHAJOrHYHble COOTHOLUEHHS IS SHepruf
B pasHbIX TOYKaxX 30HbHl C MPOBOAMMOCTHIO ABYXBAa/JEHTHLIX METaJJoB?

6.61), OHepruio cBS3M KpHCTa/l1a L(eJOYHOrO MeTaana rpy6o npu-
6/1MKEHHO MOXHO TPaKTOBaTb KaK KYJOHOBCKYI0 SHEPruio MoJoXuTess-
HLIX 3apslOB, pacrnoJioxeHilblX B 00beMHOLEHTPHPORAIIION pelieTKe
H MOrpPyXeHHHX B ONHOPOLHYIO OTPMLATEJbHO 3aPSKEHHYIO Cpely 3JeK-
TpoHOB mnpoBoguMocTH. [To Gonee TOYHON TeopUM KYJOHOBCKYIO IHEPruio
Nno106HON Mozend MOXHO MOJYUYHTb, BHIYHCJAS SHEPrHI0 3JEeKTPOCTaTH-
YecKOro B3aMMOLEHCTBHS TOYEYHBIX [MOJOXHTeJbHbHX 3apsanos -+|e|
M OTpHUATeNbHbIX 3apsnoB — |e|, ONHOPOLHO pacrnpeleseHHBIX BHYTPH
o6bema s-cdepbl. Ta yactb 3TOH SHepruu, Kotopas 06yCaOBJeHa OTTa-
KHUBaHMeM ONHOMMEHHbIX 3apsIOB, ABASETCH SHeprueH 3JeKTPOCTaTHYECKOTO

') dra 3ajaua AOBOJIbHO CJ0XHa, HO BMECTE C TEM IOYYHTEJbHA.
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B3aUMOJIEHCTBUS 3JEKTPOHOB APYr C APYrOM M KUHETUYECKOH SHepruef
9JeKTPOHHOTO rasa.
a) ITokasaTb, YTO 3/eKTPOCTAaTHYeCKas SHeprus
2
fom—
ro
K 4YTO 4acTb €€, paBHas
3 e?
_??'

06yCJIOBJ'leHa B3auMoleficTBMEM TOYeUyHBbIX 3apaaoB C 3/JEKTPOHAMH B yKa-
33aHHOM pacnpeje/ieHdH, a OCTaBLUAACA 4YacTb

3e?

5r,

00yc/oB/IeHa B3aUMOJEHCTBHEM 3JEKTPOHOB LPYr C LPYrOM.
6) [Mokasarth, 4TO CpelHsAs KMHeTHYecKass Heprus sjektpoHa npu 0° K
= 3 h? /9= \h 1
E _—”—( ) '

- 10 m* rg

B) [Toanas sueprus cucremmt E=E,—+E, ectb dynxuus r, Hainru
ee MHMHHUMYM Kak ¢yukuuu r,. OuenuTb BeauuuHbl E u ry B cocrosiHuu
paBHOBeCHs B TPENNOJOXEHUH, YTO m = m"*, U CPaBHUTb C HA6./I01aeMbIM
3HaYeHHEM SHepruM CBA3H W mapaMeTpa pelleTKH Aas Hatpus. Ilpoussons
3T0 CcpaBHeHHe, [003aBUTb K SHepPrud CBA3M SHEPrHI0 MOHM3AUUM aTOMA
HaTpHS.

r) BbluMcauTh CKUMaeMOCTb.

6.7. loab3ysch ZaHIIBIMH, MMCIOLIMMHCS B KHUIaX, PeKOMEHIOBAHHBIX
K Hacroswelt riase, onpenenuTb o6beMHble (AKTOPBl M KOHLEHTPALUOH-
Hble TpaHHULbl TBEPABIX PACTBOPOB MeTaNJI0B HHU3KOH Ba/JEHTHOCTH mJd
clelylouux cucreM cniaBoB: Ag — Mg, Ag—Zn, Ag — Al, Cu— Mg,
Cu— Al, Cu—Si, Cu—Pb, Cu—Bi.

6.8. Boluucantb 148 COCTaBHOM 30HBI KMAeaJbHOTO TIeKCarOHaJbHOro
KPHCTa/1J1a ¢ MJIOTHOW YMaKOBKOH KOHLUEHTPAaUHUI0 3/eKTPOHOB, MPH KOTO-
po# chepa depmu kacaercs: a) rpaHett 3oH (rpaHu tTuna B Ha puc. 6.17),
NepeceKaloluXcs ¢ IVaBHOM reKcaroHaabHOH ocblo, 6) OOKOBBIX rpatiet
nepBo#t 30oHbl B nmosoxennu A (cMm. puc. 6.17).

6.9. IloxasaTb, uTO KOria KOHUENTPAaUMs 3JeKTPOHOB paBua N,
a KOHUEHTpauus Abpok pasia N, To Kkoddduuuent Xoana pasen

w ]
ec (INOFNp2)”
rae b= y,/ir, — OTHOLICHHE MOABHNKHOCTEH.
6.10. a) ITonbayach kpupo# Ha puc. 6.23, OueHHTb BeJMYHHY 3JeK-

TpOHIOH Tena0eMKOCTH HuKes. CpaBluTb MOJyueHloe 3Hayeliie ¢ Habao0-
IaeMbLIM Ha OfbiTe.
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6) KakoBo 3HaueHue cpelHeEt s¢pexTHBHOR MacCChl, COOTBETCTBYIOLLEH
j10.1yYEeHHOMY B n. a) 3HayeHMi0 TeM/JIOEeMKOCTH, €eCJH CYMTaTb, 4TO
xaKAbIA aTOM 1aeT BKJIaL B Jony B cpelHeM B Koauuyectse 0,6 siex-
Tpona?

6.11. B cnumase CugAu (759% Cu, 25% Au), Kotopui#t ynopsmo-
qupaerca Huxe 400°C, atoMBl 3os0Tta 3anuMawT y3asl 0 0 0, a aromul
wean — yaasl 1/2 1/2 .0, 1/2 0 1/2, 0 1/2 1/2 (rpaneuenTpuposaHHas
pelieTKa). Hanucate MHIEKCH pPeHTreHOBCKHX OTPaXeHu#t, KoTopble Mo-
qBATCA, KOTAd CMAaB nepeflieT u3 HeyNoOPALOYEHHOTO COCTOAHMA B YMO-
paloUyeHHoe. IlepeuncnuTb BCE HOBble OTPAXEHUA C HMHOAEKCAMH, MeHb-
wiMd u paBHbiMH 3. MOXHO su chopMyauposaTh obulee NpaBuiIo
118 WHAEKCOB NOTMOJHUTEIbHBIX oTpaxeHHi?



FTABA 7

®HU3HUKA TMOJYNTPOBOIHHUKOB
Y MOJIYPOBOAHHUKOBBIE YCTPOWCTBA

K nonynpoBoiHMKaM OTHOCAT 3JeKTPOHHbIe TNPOBOJHHKH, COMPOTH-
BJeHHe KOTOPbIX npn KOMHATHOH TeMMNepaType JeXMT B HHTepBale

or ~107% 10 ~ 10° ox - cu. Takum 06pa3oM, MOAYNPOBOAHUKH MO Be-
JUYUHE COMPOTHUBJEHHS HAaXOAATCH MexAy XOPOIUMMU MPOBOAHHKAMH
(~107° om - cu) u wsonsropamu (o1 ~ 101 no ~ 102 ox - c.h).

[1pu abconOTHOM HyJle YUCTble M WAealbHble KPUCTaa/bl GOJNbUIMHCTBA
MONYNpPOBOAHMKOB HO/KHBI BeCTH ce0s KaK HM30JATOPBI; MX XapakTepHble
NoNyNpOBOLHUKOBble CBOHCTBA OOHAapYXHMBAIOTCSA NMpPU TEMIOBOM BO3OYyxae-
HUH, TPHM HaJMUMM TIpHMece# WJM AeeKTOB pelleTku. MHOrouuc/eHHble
MO/NYNPOBOAHUKOBHE YCTPOHCTBA, HMeIOlMe ILMPOKOEe MpPOMBLILIIEHHO.
npHMeHeHHe, OCHOBaHbl Ha CBOHCTBAX, MPHUCYLIUX MOJYNPOBOAHHKAM.
K TakuMm ycrpo#icTBaM OTHOCATCS MOJNYMPOBOLHHUKOBblE BHIIPSIMHUTEH,
MOIY/ATOPbI, HNeTEKTOPH, TEPMUCTOPHI, (OTOINEMEHTH U KPHUCTaLjHyecKue
TpUOIbl (TPaH3UCTOPBHI).

B nacrosweft rnase OyAyT onmucaHbl OCHOBIIble (U3MYeckue XapakTe-
PHCTHKH TNOJYNPOBONHHKOBBIX KDHUCTaJVIOB M IPUHLMMNL PpaBoOTHl MCAY-
NPOBOMHHKOBLIX BBHIIPAMUTE/EH M KPHUCTAMIMYeCKHX TPHOLOB (TPaH3UCTO-
pos). OcHosloe BuuMaiue GyneT yaeneHO FrepMakHio U KPEMHHUIO, MOCKOJbKY
B HacToOflllee BPeMSi MUX CBOMCTBA M3YUeHBl, NGC-3UAMMOMY, Jyulie BCero.
HmeloTcs u  apyrue BaXKHble TOJYMPOBONHMKOBLIE BeLECTBa; K HUM
orHocarca 3akuck Mean Cu,O, ceneH, Temnypun csuxua PbTe, cyabdun
cBuHua PbS, kap6un kpemuuss SiC u aHtuMonua uuaus InSb.

COBCTBEHHAY MPOBOJUMOCTDb

Ecau uck/I0uMTh 061aCTh OYEHb HU3KHUX TEMNEPATYP, NOAYNPOBOAHUKH
BHICOKOH CTeMeHH YHCTOTBHI YaCTO OOlAPYHKHUBAIOT TaK HA3BIBAaeMyl0 o6 -
CMBERHYIO NPOBOOUMOCMD, KOTOPYID C/ElyeT OT/ANYATb OT NpuUMeCcHO i
nposodumocmu MeHee UNUCTHIX 06pasuoB. Mbl BBeldeM B CBSI3H C 5TUM
ellle NMOHATHE memnepamypuoll o6.racmu co6Cmeennol nposodumocmu
KaK 00/AacCTH TeMnepatyp, rie HaJuuMe B KpHCTalje MpuMecedt cyue-
CTBEHHO He BJIMSeT Ha SJeKTpUuecKHe CBOHCTBA MOJAYNPOBOLHYKA.

Ha puc. 7.1 npuseneHa cxeMa 3/eKTPOHHBIX IHEPreTHYECKHX 30H,
06bACHAIOLas BO3HHKHOBEHHE COGCTBEHHOM MPOBOAMMOCTH. Mul mpeamno-
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JlaraeM, uYTO nNpu a6GCOJMIOTHOM HyJie MOJYNPOBOAHMK o6sanaer nycrof
30HO#l NpPOBOIMMOCTH, OTHAEJNEHHON OT 3anOJHEeHHOH Ba/JIEHTHOH 30HBI
SHEepPreTHYecKOH 1esblo Eg. [To Mepe BO3pacTaHHA TeMmepaTyphl B pe-

3y/1bTaTe TeEMNJ0BOro 3036)7)K}16HHH JIEKTPOHbLI NMEpexonar u3 BaJIEeHTHO#

lyermar 3orna nposodumocmu

3al7peu{i<ffﬂ ”:f\ - £,3 - : -~ “Cepru
QMW ANANNNNNN
AR NN

Puc. 7.1. Cxema »sHepreTHYeckuX 30H, MOSCHsAIOWIAR SBAEHHE
CO6CTBEHHOH MPOBOAMMOCTH.

ITpu aGcoatoTHOM nyJae NPOBOAHMOCTb OTCYTCTBYyeT. Bce cocrosiuus Ba-
JIEHTHOH 30HM 3aMOJHEeHbl; BCe COCTOSHHS 30HB NPOBOAHMOCTH CBOGOAHM.
ITo Mepe yBeauuenus TemnepaTypbl NPOBOAHMOCTb YBe/lHUHBAaeTCs BCael-
CTBHE TeNa0BOro BO36YXAeHHS 3JEKTPOHOB, MNPHBOASAILETO K Mepexody
9THX 3/IeKTPOHOB B 30HY NMPOBOAHMOCTH, TL€ OHH MOTYT ABHTaThCH.

30HbBl B 30HY NpPOBOINMMOCTH. Kak 9JIEKTPOHbI B 30HE MPOBOIJUMOCTH, TAK
U IbIPpKH, oépasoaaamnecn B pesyJbTaTe YyXoAa 3/EKTPOHOB H3 BaJIEHT-
HO# 30HBI, 6y1.ly1‘ ABJATbCA HOCHUTEJSAMU TOKa

W IlaBaTh CBOH BKJAal B BEJHYHHY TPOBOLHU- 5_
mMoctH (puc. 7.2).
Ilpu TemmepaTypax, nexauux Huxe o6Ja-
CTH COOCTBEHHO# NPOBOAMMOCTH, 3JIEKTpHYE- T®'T

CKkHne cBolcrTBa MoJayNnpoBOAHHKA OMNMpenedaoTCs
npuMecaMH, W B TAKOM CJyyae roBOpAT O NpH-

MeCHOH, uau «Hecob6cTBeHHON» (extrinsic), npo-
BOLUMOCTH. @%“{;'

YT10o6bl BHIYUCHHTL COOCTBEHHYIO MPOBOJH-
MOCTb TpH NaHHOM Temneparype T, Mbl JLOJIXK-
Hbl MpexJie BCEro HaTH PaBHOBECHYIO KOHLEH-

TPALMIO SLEXTPOHOB B 30HE NMPOBOAUMOCTH 7, Tpg'gl'_lozz(éz)l“"ﬂ““;*b':"oi"‘(”';
KOTOpas B yC/IOBHAX, KOrAa AOMHHUPYeT C006- L 31eKTPHUECKOM gone 8.
CTBE€HHAdA TMPOBOJUMOCTb, PaBHA KOHLEHTPALHH IMoka3aunbt HanpaBJeHHud
JAbLIPOK B BaneHTHOH 30He n,. Mb poMmxHbl  CcKOpocTH (v) u TOKA (J).
TaKKe 3HaTb MOABHXHOCTH P, T. €. OTHOLUeHHE

IpeHdoBOKH CKOPOCTH K BeJHYHHE 3SJeKTPHYeCKOro moas s o0oux
THUIIOB HOCHTeJeH TOKa, T. €. NMOABUXHOCTb 3JIEKTPOHOB [, H ABIPOK ..
Torna, B cOOTBETCTBHM C BBelEHHLIMH BHIILE OMpeAeNeHUsMH, AAS MPO-
BOIMMOCTH G MOXHO Hamucarb

o=|e| (R0, + nuep) 7.1

14 4. Kurrenn
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Ins yno6crsa uyMC/EHHBIM 3HAYEHUAM MOABHKHOCTEH (., W (L, TMPUMUCHI-
BAeTCs MOJIOXKHUTEbHBIH 3HAK; CJelyeT, OIHAKO, MOMHHUTb, YTO HalmpasJje-
HUe 1pel¢oBO# CKOPOCTH 3/]EKTPOHOB MNPOTHBOMOJIONKHO MOJIO, a Abl-
POK — coBmajiaer c noJeM (cM. puc. 7.2).
Ecthb ocHOBaHHs TMpPeANONOKUTb, YTO TeMINepaTypHas 3aBHCHMOCThL
KOHLEHTPAUHH 3/eKTPOHOB B 30HE MPOBOIMMOCTH HMeeT Bul e—EkT,
8 [TockoabKy Majo BepOSITHO, YTO MOJI-
07— = BIDKHOCTb GyleT CTOJb e CHJAbHO
3aBUCeTb OT TeMNepaTypLl, MOXHO
/ OXU1aTb, 4TO cOOCTBEHHass MNpPOBOLH-
MOCTb H3MeHSeTcsi C TeMmeparypo#,
/cu,_o kak e~ERT (4, cnelosartenbHO, CO-
nporusicHue p, kKak eF*T).  Ecan
swepruio E  npuusits  pasHoit E /2

(Eg— wupuna sHepreTMyeckol wienu
Mex 1y 30HaMM), TO MOXHO HaMHCaTb:

S
]
o
I~

Fe,0,

s«x
\\

Yoeasnoe conpomuererue, oy - cm

02 /
E_/2kT
p=Ae & ; (7.2)
0° / OoTCl0aa
Vs e Eg 3
i Ge Inp=1In A4 . (7.3)
2RT
w* /
L4
L/ dra ¢opMyna npeickasbiBaer, 4TO
7 B 0621aCTH COOCTBEHHOH MPOBOAMMOCTH
_4 Inp MoxHO npuOGIHNKEHHO CYUTATDb
0 -p .
0 7 2 3-10 auHeHo#t dynkume#t or 1/T. Kak
/1, %™ BUIHO M3 pHuC. 7.3, SKCMEPHUMEHT MOA-
Puc. 73, I TBEPXKIaeT 3Ty 3aBHCHMOCTb.
uc. 7.3. Tpaduku sapucumocty In p Tenepb, MOab3yAChb  BEJAUYMHOM
or 1/T ais HEKOTOpPHIX MOJYNpoO-
BOAHHKOB B 0o6aacTH cobctennoii  2HEPriu Pepmu Ep, moncunraeM yucao
nposoAuMocTi (o Bekkepy). 9/eKTPOHOB, MNepeXOAfllUX B pe3y.b-

taTe BO30yX/IeHHS B 30HYy INPOBO/IH-
MOcTH npu naHHo# Temmeparype T. B ¢usnke monynpoBOIHMKOB 3Hep-
ruio Ep HaswBawoT yposnesm Pepuu, wiH XUMHUYECKUM MOTEHLUAIOM.
duepruto E Mbl OyleM OTCYUMTHLIBATL OT MOTOJKA BajJeHTHOH 30HMI
(cm. puc. 7.1). Tlpn HM3KHX TeMmMmepaTypax MOXKHO MpPEIMOJOXHTb, YTG

E—Er>> kT,
nosToMy ¢yukuua pacnpeneienus Pepmu — Jlupaxa npumer Bui

f = eEF=E)HT, (7.4)

Beanunna f naer BepoATHOCTbL TOro, 4TO 3JAeKTPOHHOE COCTOSHHE B 30t
NPpOBOAMMOCTH ()ylle'l‘ 3aHATO.
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Ecau NpeAnosiOKuUTb, UTO 3JEKTPOHb B 30HE MPOBOAWMOCTH BedyT
cebs Kak CBOOOIHbIE, TO MJOTHOCTb COCTOSHHH B 30He MPOBOLMMOCTH
MOXHO MPUHATb PABHOM MJIOTHOCTH COCTOAHWH 1A% CBOGOAHBIX 3/EKTPO-
110B, CUMTas, YTO MX SHEpPrus COOTBETCTBYeT AHY 30HLl. Toraa coraacHo
(5.48) uncno cocroaHuit c sHeprue# B uHTepBane mexay E wu E-dE
Ha eluHuLy oObeMa paBHO

2m,

] 3/2 12
ge () dE = 5z ()" € — B ak. (7.5)

rae m, — 3¢¢eKTUBHAA Macca 3JEeKTPOHAa B 30HE MPOBOAMMOCTH.

31echb BCe dHEPrMU OTCYUTHIBAOTCA OTHOCHTEJbHO MOTOJ/KA BAaJEHTHOH
soubl. Mcnmoabsys (7.4) u (7.5), moayuuM Ans uuclia S/eKTPOHOB B 30He
NpPOBOAUMOCTH HA eluHHIY O6beMa

N,= '/‘ge(E)fe(E)dEs

Eg

3. -
=2%(2};’;e) g EFIRT / (E—E)" e " gE, (7.6)
ER’

HJAW, BBIMOJAHUB HHTErpupoBaHHE,

2nm kT \*2 (Ep-E,
N, =2 ()" e, 7.7)
B npo6aeMax Takoro xapakrepa omnpenefeHue ypoBus PepMu uHoria
MOXeT BbI3BaTb TPYILHOCTH, OAHAKO ©Ge3 HAXOXJAEHUS STON BEJHYUHBI Mbl
He MOXeM pellnTb 3ajayy. B JaHHOM c/yyae MOJME3HO BBIYUC/IMTH PABHO-
BECHYI0 KOHUEHTPauuo AbpoK N,. PyHKuuA pacnpenefeHus Aas AbIPOK f,
cBazana ¢ yHKuueH pacnpeleleHns A4S 3JEKTPOHOB f, COOTHOLIeHHEM

fo=1—fo (7.8)

MOCKOMbKY KaX1OH JbIPKe OTBEYaeT KaKOW-TO CO3JaBWINK 3Ty ABIPKY

anekTpoH. Mrtak, umeem
f=1— 1 _ 1 ‘
= JE- EF)/kT+l e(EF—E)/kT+l ’

oTCl04a, B Cjayuae, KOria
110/1y4uM
E— EF)/RT
faeE- BRI, (7.9)
Ecan ewe npeanoaoxuTs, 4To ABIPKH BOAM3H MOTOMNKA BaeHTHOW 301ILI
BelyT cebf Kak CBOGOAHble dYacTuubl C 3pdexrnBHON Maccoit my,, To

14*
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A/ MJIAOTHOCTH AbLIPOYHBIX COCTOSiHUH 6yneM UMETb

2 3 1
gy (E) dE = w (—Z;—”) (— E)" gE. (7.10)

HanoMuum oOnsiTb, .4YTO SHEpPrus 34ecb OTCYUTHIBAeTCS OT HOTOJKa
BaJieHTHOM 30HBl M CuMTaeTc MoJoxuTeabHOH. IleficTBys ldanee TeM ke
nyTeM, Kak M paHee, AN KOHUEHTPaUWU IbIPOK B BA/NEHTHOH 30He mO-
nyuyaeM

/ g4 E) fh(E)dE_Q(M) e EFRT (7,11

IMepemHoxas Buipaenus aas N, u N, norydum Iis cOCTOAHHR
paBHOBecHs NMOJIe3HOE COOTHOLIeHHe

N,N,=np=4 (2""’ ) (mymy)’ e~ FeT, (7.12)

31ecb Mbl BBEJM 0003HaueHUs
n=N, p=N,,

B COOTBETCTBUM C OOBIYHBIMM O00GO3HAYEHUSAMHM [/ YaCTHUL — HOcHTeneh
TOKAa B 3JIeKTPUYECKOM TNo.Je.

OrMeTuM caelyolwuit BaxHbi#t GakT, BhiTeKaOWHH U3 dopMyast (7.12):
npousBefeHne KOHLEHTpauufl 3/1eKTPOHOB M ABIPOK fBJAAETCS BEJHYUHOH,
MOCTOSHHON LS NaHHOTrO MaTepuana NMpu (UKCUPOBAHHON TeMmepaType.
I1pu BBeleHun NpuMecH, MNOBHILAIOLEH, CKaXKeM, BeJMYUHY I, KOHLEH-
Tpaluus AHPOK p OyAeT yMeHbLIaThCH, TaK KaK NMpOU3BedeHHE NP NOKHO
0CTaBaThCs MOCTOAHHBIM. CielyeT MOAYEPKHYTb, YTO eUMHCTBEHHOE Mpel-
NoJIOXeHHe, CleJaHHOe MpH BbIBOAe 3TOH (OPMY/bl, COCTOMT B TOM,
yTo ypoBeHb Pepmu Ep nomxed ObiThb yAaneH OT KpaeB o0euX 30H Ha
paccTosiHue, AOCTAaTOYHO GOJblIOe MO cpaBHeHUIO ¢ RT.

Ins 11071ynpoBOAHHKOB ¢ COOCTBEHHOM NMPOBOAMMOCTbIO UMEeM 1 = p,
MOCKOJIBKY Kawaasi .Iblpka oOpasyeTcsd B pe3y/bTaTe TelaoBoro Bo30y-
AIAEHH 3JeKTPoHa M3 BaseHTHOH 30Hbl. Takum oOpasoM, u3 Gopmy/nl
(7.12), BBems unpexkc i Anf TOro, 4ToGbl OTMETHTb THM MPOBOLHMMOCTH
(intrinsic — co6cTBeHHasn), NOAYYUM

n=p _2(2nk7) (m,m )a/‘ Eg[2kT (7.13)

dra dopMyna mokasbiBaeT, YTO BO30OYMKIAEHME SKCMOHEHLMANbHO 3aBUCHT
oT Eg/2kT, rie E,—wupuna 3anpewenHoft 3onbl. Ilpupasuusas (7.7)

u (7.11), 1. e. monaras N,=N,, umeem

JEERT ( mp ) Eg/*T (7.14)

me
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HJH \ 3
. mp
bF—iEg—'—TkT lﬂm—

e

(7.15)

Ecau my=m,, 10 Ep=E,/2, 1. e. yposenr depMu nexur B ce-
pelvHe 3amnpelleHHON 30HbI.

W3 dopmyn (7.1) u (7.13) caenyer, 4to B 06aacTH coOCTBeHHOM
NPOBOAMMOCTH 3/IEKTPOMPOBOAHOCTb MOJAYNPOBOAHUKA OMUCHIBAETCH COOT-

HOLLIEHUEM
2akT \* 3, —E_J2rT
°z=2|e|(_h2—) F(momy)" e el (4.

(7.16)
[Tocko/bKYy MOABHXHOCTH 3aBUCAT OT TeMMeparyphl, MO-BUAUMOMY, MO
NpOCTOMY CTeneHHOMy 3aKOHy BO Bceft paccMaTpuBaeMo# 06.acTu, To
TEMMEPATYPHA 3aBUCUMOCTb 3/EKTPOMPOBOAHOCTH OYAeT ONpenesThCs
9KCMOHEHUMANbHO! 3aBUCHMOCTbIO, CBAI3AHHON C M3MEeHeHHWeM KOHLEHTpa-
UMM HOCHTeseH TOKa. 3HaueHMs WIMPHHLI SHEPreTHYeCKOH Liean Aas psia
BelleCTB npuBeleHbl B Tabn. 7.1. BoJablIMHCTBO 3HaueHu# onpeneseHo
no rpaduxky JauHeHHO# 3aBucumocTd Ino ot 1/T, oTAenbHble 3HayeHust —
no AJWHHOBOJNHOBOH rpanulle ONTHYECKOTO MOrJOLLeHUs, O0YCJI0BIEHHOMR
NEPeXOA0M 3/IeKTPOHA U3 BaJEHTHOH 30HBI B 30HY MPOBOAMMOCTH, COMpO-
BOX/IaeMbiM norJolleHuem ¢otona. Ecau aasa suepruu ¢orona Av suinos-
HAieTCs ycoBUe hv>E,, TO MOXKET HMETh MECTO CHJbHOE OMTHYECKOE MOrJo-

LleHHe; eCJM XKe hv<Eg. TO MOrJollleHHe OOGBLIYHO 3HAYMTEbHO cJalee.
Ta6baunnpa 7.1

3HaYeHHs UWIHPHHbLI IHEPreTHYECKON WeJH MexAy BaleHTHOH 30HOM
H 30HOW NMPOBOAHMOCTH B MOJYNPOBOAHHKAX NPH KOMHAaTHOH

TeMnepatype
Kpucraan Eg' 98 Kpucraan Eg, 94 Kpucraaa Eg' 36
Anmas 6 GaP 2,25 CdS 2,42
Si 1,10 a-Mg;Sb, 0,82 CdSe 1,74
Ge 0,68—0,72 Ca,Si 0,9 CdTe 1,45
Sn (cepoe) 0,08 Ca,Sn 0,9 ZnSz 2,60
InSb 0,18 Ca,Pb 0,46 Agl 2,80
InAs 0,33 ZnSb 0,56 Ag,Te 0,17
InP 1,25 GaSb 0,78 Cu,O 2,1
GaAs 1,4 PbS 0,34—0,37 Mg,Si 0,7
AISb 1,6—1,7 PbSe 0,27 Mg,Ge 0,7
InSe 1) PbTe 0,30 Mg,Sn 0,3

MogsuxHOCTL B 06GJaacTH cOOCTBEHHON MNpOBOAMMOCTH. IloaBux-
HOCTb p. ompelenseTcs Kak ApeHdoBas CKOPOCTb, OTHeCeHHas K eluHHLe
HanpAXeHHOCTHU 3JIEKTpUUYECKOro mnoJs. B uneanbHOM noaynpoBoAlHKe
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¢ cnOCTBEHHOW NPOBOAMMOCTBIO BeMMUMHA TNOJABWXKHOCTH OMpelefsercy
paccesiHHeM Ha pelleTKe, T. €. pPaccesHHeM 3JEKTPOHHBIX BOJH Ha KOJe-
GaHusix pelleTkH. B peasbHbIX MOJYNPOBOAHHKAX C COGCTBEHHOH Tpo-
BOLUMOCTbIO BCEr[a MMeerci HEKOTOpOe KOJMYeCTBO MPMMECHbIX aTOMOB,
KOTOpble i OGYC/NOB/IWBAIOT, B OCHOBHOM, paccesiiue 3JeKTPOHOB TMpu
HU3KMX TeMneparypax, Koraa kojeGanus pelieTkH 0C/1aGeBalOT, ONHAKO
npu BHICOKMX Temneparypax npeoGjajaer paccesiine Ha KoaeGaHusx
peleTKH.

IKCnepuUMeHTa/bHble 3Ha4YeHHs TMOABHXHOCTH MPU KOMHAaTHOH TeMme-
parype npuBelleHul B Taba. 7.2. [lns CpaBHeHUs yKaxeM, YTO LI Meau
NpH KOMHATHON TeMMepaType MOLBWXHOCTb cocTaBisieT 35 cM?/8-cek.

Ta6auna 72

IMoaBHKHOCTH HOCHTeJel TOKa NPH KOMHATHOH Temnepartype
(60JbLUIMHCTBO NMPHBEJAEHHBIX 3HaYE€HHH OOYCJOBJEHO, MO-BHAHMOMY,
paccesiHHeM Ha KoJeOaHMAX DELIeTKH)

IToaBuxHoC1b, CM?/8-cOK MoaBuxHOCTDL, CM?/8-CEK

Kpucraaa Kpucraaa

3.1€KTPOtIbI LBIPKH 31€KTPONbI ABIPKH
Anvas 1 800 1200 GaSb 2 500—4 000 650
Si 1 600 400 PbS 600 200
Ge 3800 1 800 PbSe 900 700
InSb 77 000 1250 PbTe 17 0600 —
InAs 23 000 ~ 100 AgCl 50 —
InP 3 400 650

Hns 60JblUMHCTBA BellecTB MNpuBeledHble B Taba. 7.2 3Hayenus
MOABHXHOCTe# 06YC/IOB/IEHb, BEPOATHO, paccesHHeM Ha KojebaHusx pe-
wetkn. Creayer oOGpaTUTb BHHMAaHHe HA TO, YTO KPUCTAAABl C Y3KOM
aHepreTHyeckoit wienbio (cM. Taba. 7.1) uMeloT 6oJbluMe 3HAUEHUS ieK-
TPOHHOH NOABMXKHOCTH. [leso B TOM, UYTO y3Kkas 3HepreTuyecKas lueb
NPUBOAMT K MaaoCcTH 3(pQPeKTHBHON MacChl; M3 TeOpUU IKe Cllelyer,
YTO 4eM MeHblle 3¢deKTUBHBIe MAacChl, TeM OoJbllle noaBwxHOCTH. He-
6oablUMe 3HAYCHHUS MOABHKHOCTEN, XapakTepHble /S AbIPOK B JBYXaTOM-
HBIX KpHCTaMIaX, [0-BUAMMOMY, CBfI3aHbl CO CJOXHOH BBIPOXAEHHOH
«¢OpMOH 3HepreTHYeCKOH MOBEPXHOCTH B TAKUX KDHUCTaJl/IaX B BepxXHelt
YacTH BaJCHTIION 3OHBI.

NMPUMECHAS, HJIN «<HECOBCTBEHHAS», MPOBOJAUMOCTD

HekoTopble npuMecH M HeKOTOpble BHIbl NedeKTOB PpelleTKH MOryT
BecbMa CyLeCTBeHHbHIM 00pa3aoM BJAMATb Ha 3JeKTPHYECKHe, CBOHCTBA
noaynposoaunkoB. Hanpumep, noGaBnenne 60pa B KpeMHUH B KOauuecTBe
oauH aroM 6opa na 105 aToMOB KpeMHHs yBeJMYMBAeT INPOBOAMMOCTD
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yHCTOTO KPEeMHHUS B THICAYY pa3 (MpH KOMHAaTHOH TeMmepatype). B ciox-
jipIX TIOJYMPOBOAHUKAX HEAOCTATOK (MO CPABHEHUIO CO CTEXHOMETPHYECKHM
¢ocTaBOM) OJHOH U3 KOMIMOHEHT MOXET .1aBaTb TOT Xe 3(hdeKT, uTo u
npumech. [TOITOMY TaKue MONYNpPOBOIAHMKH, KAK 3aKMCb MeAH MU OKHCh
1IHHKA, Ha3bIBAIOT MHOTJa MOJYNPOBOAHMKAMH C HAPYIUEHHBIM CTEXHO-
MCTPHYECKMM COCTABOM.

Puc. 7.4. Kpucraaanueckass cTpyKkTypa anmasa. [To-
Ka3aHO PacCloJOXKEeHHe TeTParoHaJbHbLIX  CBA3ei.
Ty e CTPYKTypy HMelOT TepMaHuil, KpeMHHH U
cepoe 040B0. MHorue JByXaTOMHble IOJYNPOBOI-
HHKH HMEIOT CTPYKTYPY LMHKOBOH oO6MaHkHu (ZnS),
KOTOPYI0O MOXHO paccMaTpHBaTb Kak CTPYKTYpYy
a/Ma3a, Pa3/NoKHB €€ Ha JBe IPaHEeLeHTPHUPOBaHIbIE
pelueTKH, OfHAa M3 KOTOPHIX COCTaBJEHA M3 KaTHO-
HOB (Zn), a npyras M3 aHHOHOB (S). (M3 kuuru
lokau [1].)

Ilas npuMepa paccMOTpMM BaufAliMe npuMecel nHa CBOHCTBA KpeMHUS
Il repMaHus. OTH 9JEMEeHTH KDHUCTaJJIM3YIOTCA B CTPYKType a/jMasa
(puc. 7.4). B takoll cTpyKType Kaxabli atoM o6/anaer 4eThIpbMf KO-
BaJEHTHBIMH CBA3AIMHM, Ha KaXAYI0 H3 KOTOPLIX OH MNpHCOeAuHseT Mo
OIHOMY aTOMYy M3 ueThIpeX ero OJmkaHuuX cocefe#l. DT cBA3K pac-
1107I0XeHb  BAOAb peGep TeTpasdiapa, TOYHO Tak e, kak cBasu C—H
B Merane CH,.

Eciau Temepb 1006aBUTh TPHUMECHLIF aToM € Ba/JeHTHOCTbIO, pPaBHOM
Nty (HanpuMep, aroM (ocdopa, MbIILbAKA, UAM CYPbMbl), TO Ol 3alMer
B pelleTke MeCTO OJHOr0 M3 OCHOBHLIX atomoB. [Ipu 3TOM, korma uerbipe
KOBa/JIEeHTHbIE CBA3M Peau3ylOTCS Ha dYeTblpex OauxaHlINX cocelsX, MpH-
MeCHbIf aTOM moTepfieT OJAUH BaJEHTHbIH 3JeKTPOH; WHauye roBoOpd, BHel-
penue npuMecHOro aroMa B peLIeTKY TNpPOM3ONAET MNMPU HAMMEHbLUEM
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BO3MOXHOM HCK@XEHUH CTPYKTYPH. ITO CXeMaTHYeCKH MWJIIOCTpU-
pyercs Ha puc. 7.5, rie TMOKa3aHO, 4TO B CTPYKType MNOSBASeTCs
NOJIOKHUTE/AbHbIH 3apsil, CBA3AHHLIA C BBeNEHHBIM NPHUMECHBHIM aTOMOM,
KOTOpbLIf MOTepsil OAMH 3JEKTPOH (MpM 3ITOM MNOAB/IAETCA TaKKe W H3-
ObITOYUHBIA 3JeKTPOH). V3MepeHHSs NOCTOSIHHON pelleTKH U OmpeleneHde

HabsimoyHbld SNERmpod
U3 aImoma MelUbAKa

6)
£ \
f \ 9
[lonoxcumersian
Ovipra

Puc. 7.5. Pacnonomenue 3apAloB NpH HAJHYHH B PELICTKE KPEMHHSA TNPHMECHBIX
aTOMOB DA3JHYHBIX THINOB.
a—kpeMuud a-tuna. [puMecHbIMM aTOMaMu SBASIOTCS aTOMbl MATHBAJNEHTHOTO MbillibiKa, OTAAI0-
He 9NEKTPOHBI, 06yca0BAMBAIOlUIHE NPOBOAMMOCTb; 6—KpeMuui p-tuna. TIpuMecHbivH aToMaMH
ABASIOTCS aTOMbl TpexBaJeHTHoOro 6opa. IMPoBOAUMOCTb OCYLIECTBAAETCH MOJOXKHTEIbHHIMH ABID-
Kamu. OO6o3HauyeHHe 1 OTHOCHTCH K OTPHUATENbHBIM HOCHTENSIM, P —K TMOJONHTEAbHHM. AToM
MblIbAKA Ha3biBaeTcs OOHOPOM, NMOTOMY YTO OH NPH MOHH3aLMH OTHAET 3JEKTPOHH B 30HY mpo-
BOAMMOCTH. ATOM 60pa Ha3biBaeTCHd AKYEnmopoM, MOTOMY HTO OH IIPH MOHM3AIMM MpHCOeauusieT
9JEKTPOH W3 BAaJeHTHOM 30HbI, co3faBasi B Heit Abipky. Huaye rosops, HOHH3auMd, co3naiowas
ABIDKY 33 CYeT aToMa-aKuenTropa, CBOIMTCA k 106aBJAeHHI0 K HeMy 3aekTpona. [Monoxurenbnas
ABIPKA BO3HWKAET B ONHOH M3 cBR3eH SI—SI, a MOKHHYBUIMA 3TO MCCTO 3/MEKTPOH HCMOAb3yeTCH
aTomMoM 60pa 1A GopMMpOBanus CBOMX TeTpasApHueckux caseil. C TOUKH 3PEHHS MPOBOAHMOCTH
3lech ABHXYUIAfACA ABIPKA MFPAaeT Ty e POJb, UTO W BNEKTPOH B NDELbIAYLIEM Chayuae.

MAOTHOCTH HOCHTeJeH TOKa TNOATBEPXIAIOT MPaBH/IbHOCTb OMUCaHION
KapTHHHl W TOKa3blBAalOT, YTO TNpPH BBeleHWM MNATUBANEHTHBIX aTOMOB
NpHUMECH B PELIETKY OHM 3aMeLIalOT OCHOBHbiE ATOMbI, a He Pa3MellalnTCs
B MeX10y3auax. [TpuMecHbic aTroMbl, KOTOpble CNOCOGHB MOHM30BATLCH,
Tepas NPU 3TOM 3/MEKTPOH, HA3bIBAIOT JOHOpaAMU.

H36biTounbIft 91€KTPOH ABHXKETCH B CO31aBaeMOM MPHMEGHBIM MOHOM
KYJIOHOBCKOM MoJie C MOTeHIUaIOM e/er, rie & — IWUJIEKTPUUECKas Mpo-
HUUAEMOCTb cpelbl. MEOXMHTENb 1/e yuUTHIBaeT YMeHbllEHHE BENHUYHHDI
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Ky/AOHOBCKMX CHJI, NIeHCTBYIOWMX MexAy 3apsaaMu, oGyC/IOBJEHHOE SJeK-
rponnofl nonspusauneit cpeib. Takas TpaKTOBKa NPHUroaHa 1 OpowT,
70CTATOYHO GOJBIIMX TO CPAaBHEHWI0 C PACCTOAHWEM MEXLY aTroMaMu M
115 HACTOJIbKO MelNJIeHHLIX IBHXeHHH 3JeKTPOHOB, 4TOGb Bpems Tpo-
XONCIeHUs! 3/JeKTPOHa MUMO aToMa GblJI0 LOCTATOYHO BENMKO MO CpaBHe-
IO C NEepUOAOM OOpalleHUss BHYTPEHHHUX CBS3aHHBLIX MEKTPOHOB aToMa.
DTH YCNOBUA YAOBJETBOPAIOTCS LA BHEWIHWX 3JMEKTPOHOB aTtomoB P,
As, Sb npu BBeleHUM MX B repMaHu#l WM KpeMHHH.

Tenepb HAM HYXHO BHIYHC/WTb SHEPrUI0 CBA3M NMPHUMECHOrO aTOMAa —
anopa. B 9TOM ciyyae MOXHO HCHONb30BaTh GOPOBCKYID TEOPHIO aTOMa
BH10pOaa, [OMOJHHUB ee, BO-NEPBbIX, YYeTOM AMINEKTPUUECKOH TpOHHIlae-
MOCTH Cpelbl U, BO-BTOPHIX, 3aMeHUB Maccy aJjexTpona ero sddexTusHoN
MaCCOM B MEpPUOLMYECKOM [OTEHUMAJbHOM MNoje pelietkd. PopManbHO
fe10 CBOAMTCH JWIIb K 3aMeHe e2 na e®’e u m wa m* B CoOTBeTCT-
BYIOLIMX HM3BECTHBIX pe3yJbTaTaX YKa3aHHON Teopuu (CM. HHXKe).

MPUMECHBIE COCTOSIHUSA

PaccmoTpum 6opoBCcKyl0 Moleab BOJOPOAHOrO aToMa, BOCMOJL30BaB-
Ulicb  «CTapoH» KBanTOBOH Teopuel. YcnoBHe KBAHTOBAHHA KMMeeT BHI

&pdq=nh. (7.17)

rie n —raaBHOe KBaHTOBOe 4ucno. TakuM o0O6pa3oM, ILas KpyrosoH

0pOHTH HMeeM
(m*rle) (2n) = nh. (7.18)

ITonmas sneprua paBHa CyMMe KHHETHUECKOH W MOTEHUMAJbHOH 3Heprui:

2
B=— Gty (7.19)
Ycnosue paBeHcTBa CHJI Aaer
m*wir . 7.20
er? * (7.20)y

IMoxncrasass Bepaxenne Aas w? ua (7.18), noayuyum 44 paauyca opGUTHI

2hK2
o SR (7.21)

e2m* °
Hcnoassysn pasencro (7.20), moayuum

E e 22
=% (7.22)
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W, HaKOHell, WCKJ/uas r c nomouwpio (7.21), 11 3Hepruum mpuMecHmyx
COCTOSIHUI GyleM MMeTb BbipaxeHue

e‘m*
E=— 2e2h2n?

(7.23)

Atu puipaxenus mas E u r coraacyiorcs ¢ NOAyYeHHbIMH BHILIE pe-
ayabratamu. Oum cosnafailorT ¢ pesyabratamu bBopa, ecaum B nocneannx
m 3aMeHuTb Ha m*, a e? —mHa e?e.

[TpuMenenne 3TuX OPMYJ K TrepMaHHI0 W KDEMHHIO 3aTPYLHsSeTCs
TeM, YTO B KpPHUCTadnaXx ITHX BellecTB 3pdeKTuBHAas Macca 31eKTPOHOB
NPOBOLAMMOCTH SIBJSETCS aHH3OTPOMHOR BeaMuuHON. DTOT BOMpoc Oyner
paccCMOTpeH no3iHee B pasiede, NOCBAIEHHOM UMKJIOTPOHHOMY Pe30HaHCY.
31ech Mbl OTMETHM MOKa TOT (aKT, YTO AM3JAEKTPHYeCKas NMPOHULAEMOCTb
BXOANT B BblpaxkeHue (7.23) B kBajapaTe, a 3d¢eKTHBHAT Macca Jdub
B neppol cremenu. OOblee BblpaXceHHe LA 3HEPrUM MPUMECHBIX YPOBHe#
MOKHO MOJIyYHTb, BOCTMO/Ab30OBABUINCH YCPEAHEHHbIM 3HaueHHeM aHU30-
-Tponuoft acdexTuBHON Macchl. BymeM cuuTaThb A/A 3/1EeKTPOHOB B repMa-
wuu m* =~ 0,12m, a ans 371eKTpoHOB B KpeMuun m* =~ 0,25m. uanek-
‘TpUYecKasi TPOHULLAEMOCTh repMaHus umeer Bejanuuny 15,8, kpemnua —11,7.
OTH BeAMYMHBl MOXHO HCMOJb30OBaTh C XOpouUle# TOYHOCTbIO OT HHU3KHUX
4yacTOT MO 4YacTOT, COOTBETCTBYIOIIMX JHEPrHd Ilesu; TakuM o6Gpasom,
OHM TMPHUrOAHBl W J1Js paccMaTpuBaeMoit 3alau¥, B KOTOpOH uyacroThl
OpOHTAILHOTO JIBMXKEHHS 3HAYMTE/bHO MeHblE YacTOTHI, COOTBETCTBYIOLEH
SHEpruu lequ.

[MoTeHuuan uMoHU3auuu CcBOOOJHOTO aToMa BoJoposa paBed 13,6 ss,
u moJyuyaerca no ¢opmyne (7.23), ecam B3aTh e=1, m*=m, n=1.
B cnyyae repMaHHs MOTEHUMAN MOHM3ALMM 1A PacCMaTpPHUBaeMOH Molenu
‘6yneT MeHblle, 4eM y BOJOPOAA, MOCKOJbKY OH YMHOXaeTcs Ha (haKTop

*
L2=&12=4,8 1074,
me 250
T. e. Oyder pasen
13,6 - 4,8 107" =0,0065 ss.

B cayuae kpemHus Aas TOH e BenauuuHbl Mbl noayunm 0,025 s8. Pac-
yeThl [2] —[4], npoBeleHHBle NpPH yyeTe TOro, Yto 3¢p¢eKTHBHAs Macca
2aHU30TPOMHA M ABAAETCA TEH3OPHOM, a He CKaNAsPHOM BeNMYHHOM, AAIOT
clefylOlIMe 3HayeHus moTeHuMana uonusauuu: 0,00905 98 ans repmanus
u 0,0298 298 ans xkpemuus. lanbHeitiune yTOUHEHWA A KPeMHUs pac-
cMatpuBann Jlarunmkep u Kon. HabGaonaemble 3HaueHUst SHEPruM HOHH-
3aUMK LOHOPOB, B KayeCTBE KOTOPbIX Opanuchb aTOMBI MSTHBAJEHTHBIX
3/1eMeHTOB, 100aB/seMblX B repMaHu#t U KpeMHH#t, npuBeleHbl B Taba. 7.3.
DTH 3HayeHUs MOJyyeHHl B OCHOBHOM M3 06paGOTKHM TEMJIOBHX AAHHBIX,
0 KOTOpbIX Oylder uATH peub HWxke. HekoTopele 3HaueHus JioayyeHsl
TaKKe U3 TPAMBIX HM3MepEeHHH ONTHYECKOrO MNOrJolleHHs. 3aMeTHM, 4TO
pannyc nepsoit GOPOBCKOH OpOMTH BO3pacTaeT NMPONOPUHOHANBLHO em/m*
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0 CpaBHEHWIO C ero 3HayeHueM AM8 CBOOGOJHOrO aToMa BOA0POJa, pab-
nom 0,53 A. Cootsercrayiouut panuyc n/is repManus pased 132 - 0,53 =

—70A; nns xpemuns 470,53 =25A.
Ta6anna 7.3

JDHeprus HOHH3aLHH AOHOPOB (NMPHMECHBIX aTOMOB
NATHBAJEHTHBIX 9JIEMEHTOB) B repMaHHH H KPEMHHH
(3HaueHHs 3HEPTHH JaHbl B 3JEKTPOH-BOJbTAX)

Bewectso P As Sb
Kpemuuit . . . . . .. 0,045 0,049—0,056 0,039
TepmaHuii e 0,0120 0,0127 0,0096

[Tono6HO TOMYy KaK 3/EKTDOH CBSI3aH C' MPUMECHBIM aTOMOM MATH-
BAJIEHTHOTO 3J/1eMeHTa, AblpKa MOXeT ObITb CBSI3aHAa C NMPUMECHBIM aTOMOM
TPeXBA/NEHTHOTO 3J/IeMEHTa B TFePMaHWM WJIM KpeMHuH. IDTH 1Ba cayuas
COMOCTaB/eHbl CXeMaTHYeCKM Ha puc. 7.5. THMHYHBIMH TIpUMepaMH Tpex-
BaJEHTHHIX MNpuMecelt MoryT cayxutb B, Al, Ga u In. Takue npuMecHble
ATOMBl Ha3bIBAIOT AK{enmopamu, TOCKOAbKY OHH MOTYT 3aXBaThBaTh
3/IeKTPOHBl W3 BaNEHTHOM 30HLI, CO3MaBas B Hell Ablpku. 3aldaya 00
aKuenTopax B MPHMHLMIE aHANOTHYHA 3ajaye O NOHOPaX, XOTa GopMH-
poBaHHe HarJsAHBIX MOJJbHEIX MNpeiCTaBleHU# B ITOM cayuae Tpebyer
OT uMTaTeNs HEKOTOPOTrO YCH/HMA. DKCrepUMeHTa/lbHble 3HAUEHUS SHEpruu
MOHM3allM{ aKLUEeNTOpPOB B TePMaHUH M KpeMHuU npuseleHbl B Taba. 7.4.
Jlerko BuAeTb, YTO B CJyyae aKLeNTOPOB SHepPrMH HOHU3AUMH He OueHb
CHIBHO OT/IMYAIOTCA OT 3Heprui HOHM3aLUMM NOHOPOB. [lpuMenenue
K IblpKaM 9KBHBaJeHTHOH GOPOBCKOH MoZLeJd B TNPHHUHMNE HPOXOAUT
TaK e, Kak W I/ 3MEKTPOHOB, 3a MCKJIOYEHHEM TOrO, YTO B repMaHuu
M KPEeMHHM MMeeT MeCTO, KaK Mbl Jajee YBUIWM, OpOHTalbHOE BBIPOXKIE-
HUe B BepXHe# 4yacTH BaJEHTHOW 30HBI, KOTOPOE€ HEBEPOSITHO YCJOXKHSET
TeopeTHYeckoe PacCMOTPeHHe.

Ta6auna 7.4

JHeprusi HOHH3alHH aKUENTOpPOB (NPHMECHbIX aTOMOB
TpeXBaJeHTHbIX 3JIEMEHTOB) B repMaHHH H KpPeMHHH
(3HaueHHs1 SHEPrHH JaHbl B 3JEKTPOH-BOJIbTAX)

BewmecrBo B Al Ga In
Kpemuuit . . . . 0,045 0,057—0,067 0,065—0,071 0,16
Fepmanuit . . . . 0,0104 0,0102 0,0108 0,0112

Bernoe comnocraBneHne AaHHBIX, NpuBeldenHblx B Taba. 7.3 u 7.4,
NOKa3biBaeT, YTO 3HEPrudM MOHM3ALMM LOHOPOB M ALENTOPOB MO MOPAAKY
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peauuunbl 6au3kn Kk AT npu komuaTtHo#t Temneparype (kT = 0,026 ss),
[105TOMY MOXHO OXHAATb, YTO TeM/JOBass MOHM3ALMA NOHOPHBIX M aKuen-
TOPHBIX npuMecelt GyleT CYIIECTBEHHO CKa3blBaTbCS MPH KOMHATHOH
TeMnepaType Ha 3JeKTPONPOBOIHOCTH FepMaHUf M KDeMHHUS.

Ecau KOMMYeCTBO [HOHOPHBIX NpuMecell 3HauuTeabHO O6OJblle, ueMm
aKLENTOPHBIX, TO TeNa0Bas WOHW3ALMA NOHOPOB OyldeT MOCTABJATL 3/eK-
TPOHBl B 30HYy NPOBOAMMOCTH, M NMPOBOAMMOCTb o0Opasua Oynper ompe-
IelaTbcs 3MeKTpoHaMU (OTpuLaTebHBIMU 3apsiaaMu). B aToM ciyuae roeo-
PAT, uYTO NaHHbI# Marepuan oTHocutcs K n-tuny. Ecau ke npeobaanaior
aKUENnToOpH, T. €. B BaJeHTHOW 30He 00pasylOTCs NPeUMYLLECTBEHHO
JBIpKK (MOMOMUTENbHbIE 3aPs/ibl), TO NMPOBOAUMOCTb OyAeT omnpenenaThCcs
B OCHOBHOM MMM, W TOTla MaTepuan OTHOCAT K p-tumy. Hamomuum, uyro

Tonu npososuMocIY

7

Y e

¢ Jcnosrod jposexs Gorgpa
Fanpeyer-
. HaR sona
CHOBHOU YPOBEHE GRYERTIONT

[; ________________________
7

BaNeHinHas sona

Puc. 7.6. Cxema 3HepreTHyecKkHX ypoBHeH, MOKa3blBalolias
pacnosoxeHne HEHOHM30BAHHBIX OCHOBHBIX COCTOSIHHit 10-
HOPOB H aKUeNnTopoB. ECTECTBEHHO CUMTATh, YTO 3JAEKTPOHBI
CTPEMATCH «IOrPY3HTbCSA», @ ABIPKH «BCILIBITb». JHEprus
MOHH3aUUK JOHOPOB paBHa Eg — Ej, 3HEPrHi HOHH3ALMH

aKuenTopos pasHa E,.

B OTCYTCTBME TMNpUMeceH 4YUCN0 ABIPOK paBHO YHC]Y 3JEKTPOHOB, H
Martepuas ONMUCBIBAaeTCH Kak 06jalalouinit co6CTBeHHOH NpPOBOAUMOCTBIO.
KonuenTpauus 3/1eKTPOHOB MpH COGCTBEHHONH MPOBOAUMOCTH, 0003HaYeHHas
panee uepes n;, cocTaBaseT s repManus 2,5 - 1013 cx ™3, a naa kpemuus
1,410 cx=3 (mpu T = 300°K).

ConpoTrus/enie B clydyae MaTepHana ¢ COGCTBEHHOH MPOBOAMMOCTbLIO
pasno 43 om-cm nas repmaHus u 2,6 - 105 om - cm nns Kpemuus.
IMockoNbKY HauMeHbluas AOCTHFHYTas B HacTosllliee BPeMs KOHUEHTpauus
npumeced cocrasiser 1012 npuMecHbix atoMoB Ha 1 cu3, TO MOXHO, Oye-
BUIHO, OXHIaThb, YTO NPH KOMHATHOM TeMnepaType repManu#t Gyner paGo-
TaTh KaK MarepHa’i C cOGCTBeHIOH MPOBOLHMOCTBIO, Yero, OLHAKO, Helh3d
yTBEPXKIATh OTHOCHTENbHO KpeMHUsA. [IpuMecn,®He BAUSMIOLIHE HA KOHLEH-
Tpalli0 HOCUTe/ed TOKa, MOTYT MPHCYTCTBOBATh B OO/bIUMX KOJHYECTBAX.

TennoBas HOHM3auus npUMecHBIX arTomoB, PaccmoTpum Tenepb
BaXHYI0 CTaTUCTMYECKYI0 3anadyy o6 onpelefeHMM KOHUEHTPAUMH HOHH-
30BaHHBIX [JOHOPOB W AKUCNTOPOB B COCTOSHWU TEMJIOBOro PasioBecus
npu temneparype 7. Cxema 3HepreTHueckMX YpOBHe#t nokasaHa Ha
puc. 7.6; sHepruM OTCYMTHLIBAIOTCA BBEPX OT MOTOJKA BaJeHTHOH 30HHI
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(ypoBeHb, 0603HaueHHbIA Llepea 0). I'chn KOHLEHTPalKs 10HOPOB paBHa N 4,
axuentopoB — N,; uepes NS u N% 0603naunm KOHUEHTpauuu HefAtpann-
nHX  (HEMOHU3OBAHHBIX), 4 yepe3 Nz, Ng — KOHUEHTPalHH HOHU3OBAN-
yBIX NOHOPOB H akuenropoB. HanomHuM, 4TO @yHkuus pacnpeneneHus
depMH OMHUCHIBAET pacrpele/ieHue 32eKMPOHOE TO COCTOAHUAM MNPH
aHHON SHepruu; TakuM o6pa3oM, MMeeM:

Ny

0 QU
Nd — l +e(E2_EF)/kTv (7.24)
N, — N0 —— Na .
Ng =N4g—N;= 1+e’(ﬁz‘EF)/"T' (7.25)
_ Nav '
= —————, .2
Ne =11 . E-EpT (7.26)
Bsenem 0603HauyeHus
2 kT \ 2 kT \%:
ny=2 (rc_n;;_) y D=2 (L’;’;_—) . (7.27)

BuinucwiBas (7.24), Mbl 149 OpPOCTOTHI OMYCTUAM MHOXHUTeb /s,
KOTOPHIff UYACTO MOMHO BCTPETHTb [Mepel SKCMOHEHTOH B ¢opMyax
nogo6HOro0 pona. ITOT MHOXHUTeJb MOABJASETCA MOTOMY, YTO CIMHOBO-
BbIPOXKIEHHBI LOHOPHBIf ypOBeHb, 3aHATHIL ABYMS 3JIEKTPOHAMH C MpO-
THBOMOJIOXHBIMU HAaMNpaB/ieHHAMH CIHHA, B CHJAY 3JAEKTPOCTATHYECKOTO
B3auMoLeficTBUA IBYX S/EeKTPOHOB JIEXKHT OueHb BHICOKO, U MOITOMY
MOHO CYATaTb, YTO YPOBEHb 3aHAT OOLIYHO /HllIb OLHHM 9JIEKTPOHOM.
Ilns paccmarpuBaeMOR 3agaud 3STO YNpOLUEHHE HE NPHUBOLUT K KaKMM-
An60 OMmacHbiM C/AEACTBHAM.

Ilas cucTeMbl B LlesiOM Mbl TpeOyeM BHIMOJIHEHMs yCJAOBUS HeHTpaib-
Hoctd. Jto TpeboBanue, CBOAAlLEECd K TOMY, HTOOBl YHCJIO MOJMOXH-
Te/ibHBIX 3apaloB OBIIO PaBHO uUCAY OTPHLATENbHBIX, Bblpaxkaercs
COOTHOLLEHHEeM

p+Ni=n-+Ng, (7.28)

rle, KaK M Bbillle, 1 — KOHLEHTPALUs JCKTPOHOB B 30He MPOBOLUMOCTH,
a p — KOHLEeHTpalus AbPOK B BaJeHTHOH 30He. BoCrno/ib30BaBIINCL Bbi-
paxenusamu (7.7) u (7.11), nepenuwem (7.28) B Bune
—Ef/kT Ny (EF—Eg)/kT N,
Doe —+ . = n,e g —_ . (7.29
’ 14 e~ GamER)AT v +1+Q(E.-EF)/” (7.29)

Paccmorpum Tenepn uyacTHbit cayua#t N,=0 (akuentopbl oTCyT-
CTBYIOT). YINOOHO MpeanoNOXHTb TAKAKE, YTO YHCAO LOHOPOB LOCTATOYHO
BEJMKO, M B pe3y/abTaTe KOHLENTPauus 3JeKTPOHOB MPOBOAUMOCTH 1
HaCTONLKO «NONAB/AET» KOHLUEHTPAUWIO ABIPOK p, uTO BeauyuHa p Gyaer
MHOTO HMXe 3HauyeHust p;, omuchisacMoro gopmyaoit (7.13), orHocsielcs
K Cly4aio TOMbKO COOCTBEHHOR UPOBOUHMOCTH.
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310 «mnonapaeHie» OCyLIeCTBUMO B cuay ycaosus (7.12), xoropoe
BLIPAXAET, B CYLIHOCTH, 3aKOH NeRCTBYIOIMX Macc, Tpebys MOCTOAHCTBaA
npou3BeleHHss np; KOTIa 7 BO3PacTaer B KAKOE-TO YMC/IO Pas, Bequ-
YHHA p BO CTOJLKO e pa3 yMeHbluaercsl. IIpeHeOpexenne BeJHUHHOH p-
9KBMBAJEHTHO BHIMOJHEHHIO YC/AOBUSA

e(EF=Eg)[*T >, o= EF/FT, (7.30).

Torna (7.29) cBoaMTCS K PaBeHCTBY

N —Eg)/kT
= E;—EF)//JT = nOe(EF oI, (7.31y
14e7¢
KOTOpOEe MOXHO TMepenucaTb B BHle KBAaLPaTHOrO ypaBHeHuss OTHOCH-
renbho e F/*T.
2Ep/kT —(Ey +E)/kT Ep/kT —F kT
e*EFIFT [noe ~ (B2 T EQ)RT | L oFFIRT [ o= Te/*T| — N, = 0.

Takum o6pasoM, sHeprus depmun Ep B paccMaTpuBaeMOM CJyuyae orpe-
Jle/ifieTcsl COOTHOLIEHUeM

(E,—Eg)/kT 2
= {—1+h+4$f§f,7ﬁf A B

Ouexnm BeanunHy Ep B ABYX npelenbHbIX cayyasx. [lepsmit coort-
BETCTBYeT MPeNNoNOKeHUIO

4 ld JE P 1, (7.33)
0

dtor cayualt orTBevaeT MaibiM NN, uiu ke BHICOKMM TeMnepatypam. Toraa

- [kT N, E_IkT
FFIFT ~ Zd pFgl*T

ny
H, cJjaeloBarteJibHO,
Ep=E,+ kT In ’:: (7.34)
Orciola noJayyuM
n=ner M ~ N, (7.35)

ITOT pe3yabTaT O3HauyaeT, YTO NpPH YKA3aHHBIX BhIlE YCJAOBHAX UHC/IO
9/IeKTPOHOB NMPOBOAUMOCTH MPUMEPHO PABHO YHUCJIY ILOHOPOB.
Bropoit npeneasHbl cayyall cOOTBETCTBYeT NPeLNOJIOKEHHIO

4l (B BT, (7.36)
0

droT cayyah oTseuaer GoablwuM N, MAM Ke HM3KMM TEMIepaTypam.
Hrak, umeem .

ePF/*T ~ (ﬂ) " ot E/T (7.37)
ny
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yro A1acTt

1 [ *s -
n—(@N,)" (%) ¢~ Eal™T (7.38)

riac sweprus E,, pasHas E,— E,, onpelensercs Kak SHeprus HOHH3aUuH

noliopa. B 3TOM mnpenenbHOM cayuyae KOHLEHTpaLMf 3JeKTPOHOB MNpoO-
OPLIAOHA/IbHA KBAIPaTHOMY KOPHIO U3 KOHUEHTpaLuu 10HOpoB. [Tpu Hu3kux
TeMIeparypax 3/eKTPOHOB NPOBOAMMOCTH OOGBLIYHO MeHbllle, 4YeM aKlen-
TOPOB, MPUCYTCTBYIOLIMX B BellecTBe B Bule Heu30e}HOH npumecH.
HekoTopoe 4uC/IO LOHOPOB HOHM3YeTCs, M 9/eKTPOHbl INepexolsT Ha
AKUENTOPBI; 3TOT MpPOLECC CTPEMUTCS «3aKPenuTby ypoBeHb depMu BO/I3H
suepruu E,, a He Npu 3HAaueHWH, ONpelenseMOM COOTHouweHueM (7.37).
[lp# 9TOM n M3MeHeTcs MO 3aKOHY e Fal*T 4 we no saxony e Fa/*T,
AHanoruynsie pe3y/bTaThl Mbl MOJYYUM K AJS AKILENTOPOB, NPOBOAS COOT-
percTByiollee paccMoTpenue B mpeanonoxenun N, =0. Ecau koHueH-
TpaUnn N0HOPOB U AKUENTOPOB MO MOPAIKY BeNUYHHBl CPABHHMBI MeXIY
co6oMt, Neno 3HauMTeNbHO YCJIOXIIAETCH, U TOrAa Halo oGbIUHO npuberarhb
K rpaduyeckuM MeToiaM pelueHus ypaBHenus (7.29).

TloaBHIKHOCTh HOCHTEJEH TOXa B PHUCYTCTBHU NPHMECHLIX AaTOMOB,
[lpu OTHOCHTeJbHO MaJOM KOJHMYecTBe NPUMECHBIX AaTOMOB WM MpH
BHICOKHX TeMIlepaTypax MONBHKHOCTb OyIeT onpelensaThCs paccesHUeM
na pewerke. PaccesiHue 3/eKTPOHOB Ha NMPHUMECHBIX ATOMaxX MOXeT OKa-
3aThCl CyLIeCTBEHHbIM NpH 6oJee BBLICOKMX KOHLEHTpALMUAX NpuMecell.
PaccesHue Oynmer 3aBuceTb OT TOro, KaKOBbl MNpuUMecH — HefTpa/bHble
MJIH HOHM30BaHHble. B cayuae HeliTpajbHBIX NpPHUMECHBIX AaTOMOB 3Ta
3aj1aya SKBMBajeHTHA 3alaye O paccesHHH 3JEKTPOHOB aTOMOM BOLOPOILA,
HO C YyyYeTOM TMOMPaBKH HAa IUIJEKTPUUECKYIO TNPOHULAEMOCTb Cpelbl.
3aMeTuM, 4TO B Cc/Ayuyae JM3/MeKTPUYeCKOH cpeibl miollaib nepBo#t 60poB-
CKOH opGuTH yBeiuuuBaeTcss B (em/m*)? pa3, T. e. B CJlyyde KpeMHus
B 472 pas.

ToyHoe pelleHHe 3alaud MO OMNpele/eHHIO [OMNEePeyHoro CcevyeHUs
paccesHuss B 9HepreTuuecko#t o6jacTd, NpencTaBAfIOLIel HMHTepec IS
NOJYNPOBOAHUKOB, SIB/IAETCS BeCbMa C/IOXHbBIM.

3ajaya O paccefHMH Ha HOHH3OBAaHHBIX JOHOPaX M/H aKuUeNTopax
Obina pewena KoHyaan u BaitckondoM, kotopsle ucnoabszoBaau dopMmyay
paccesinun Pesepdopaa.

Paccesnne Ha npuMmecsaX NPUBOAMT K YMeHbIUeHHIO MOLBHKHOCTH; 3TO
IJIIOCTpUPYeTC KPUBOH, NMpuBeneHHOH Ha puc. 7.7.

AHaJM3 9KCNepUMeHTaJbHbIX pe3yJbTaToB. JL0BO/ILHO NOJHOE npes-
CTaB/ieHHe 0 M3MYECKNX CBOKCTBAX M MOBeLeHUH MOJYIIPOBOAHUKOB MOXHO
NONY4YHTb M3 M3MepeHHH 3aBUCHMOCTH SJEKTPONPOBOLHOCTH M KO3(du-
luienta XoJ1a OT TeMrepaTypbl M OT KOHLEHTpPAUWU NpHMece#t B LIMPOKOM
Adana3oHe M3MeHEHUs STHX BeJIHYUH. 3xecb Mbl 0OCYyNMM pe3y./ibTaThl,
noayuyenusle Kouysan u [lebaem (cm. [5], [6]) npu uccaenosaHuu
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repMaHus n-tuna. IJTH pe3y/bTaThl AaAyT U3BECTHOE MpPeLCTaB/eHHEe O TOM,
KaKoro pola MHQOpPMauuio Mbl MOXeM MOJYYMTb M3 CHCTEMaTHYeCKOoro
anaan3a JaHHbix 00 3JeKTponpoBoAHOCTH u 3¢pdekte Xosaa.

Kak 6bi0 BbilIe ycTaHOBJAeHO (CM. ria. 6), B NPOCTHIX MeTanaax IJja
ko3pduumnenta Xoana MMeeT MeCTO BhIpaxeiine

1

rae N — KOHUeHTpauHus 31eKTPOHOB. B mnosaynpoBomHukax Mbl 4acro

MMeeM Jlef0 C MaKCBeJJIOBCKMM pacrpelefeHHeM CKOpOCTe#t, MOITOMY

cBasb Mexny Ry u N Moxer

Conpamzenene, wt-cH HECKOJIbKO OT/AMYaThcd oT (7.39),

4”2.;4//57 q028 420 [80 775 a  HMMeHHO, MOXeT TMOABUTbCH

- MHOXMUTeab, GJN3KUM K eluHHLE,

L] YUHTHIBAIOLUMY XapaKTep 3aBHCH-

/ MOCTH CpelHeH AJHMHBI CBOGOX-
o ) Horo npobera OT CKOPOCTH.

/ Ha puc. 7.8 npuBenens na-

iﬂu

Hble O 3aBHCHMOCTH MNJIOTHOCTH
HocHTe/J e TOka OT Temmepa-
/ TYpbl, MOJY4YeHHble M3 H3Mepe-
HUH XOJJIOBCKOH pa3HOCTH TMoO-

7
9 8 7 o
V4 //07 w” w” w” w® 2 tenumanos wa pame repMaHueBbIX
ADTIHOCTITE HOCUITIENEY 1770 -
Taors emmponsats oy KPHCTAJII0B, C 106aBKaMH MBILIbS
Ka B KauecTBe JAoHopa. [lpu-

Puc. 7.7. Teoperuyeckas KpuBaa 3aBMCH-  BelleHHble KpUBbie TOKa3biBAIOT,
MOCTH NMOABHKHOCTH OT TMIOTHOCTH HOCH-  yro p purepBade OT TeMnepa-

TeJelt Toka B repMaHud n-tuma npu 300° K.
Hinkuas mkana (m10THOCTh) — ucao aaex- 1Y PPl HIKOTO BO3AyXa 10 KOM-
TPOHOB B | M3, BepxHsis — CONpPOTHB- HaTHON MOYTH BCe NOHOPH HOHU-

aenue (B OM-cu). Ilpeanonaraercs, uto  3oBaHbl. TakuM 0Gpa3oM, KpH-
BC€ IOHOPHBbIC ATOMbI HOHH30BaHbl, a aKuen- crain Ne 55 nMmeer 8. 1012
Topot otcyTeTsyiot (o Konyaaa). H3GBITOUHBIX AOHOPOB Ha 1 cM3,
TOraa Kak B Kpucraiie Ne 54 ux
yncac cocrapaser 7 - 10, Heckoabko Bblllle KOMHaTHOH TeMMepaTypbl
kpuctaaa Ne 55 mepexoaut B o6jactb cOGCTBEHHON MPOBOLUMOCTH, U KOH-
LleHTpauus HocuTenel Toka B Hem pe3ko BospacTaeT. Hike 20—50°K kon-
UeHTpauus HOCHTeNel yMeHbluaeTCs, NOCKOAbKY JLOHOPH CTAaHOBATCS
He MOHM30BaHH%Mun. V3 HaK/JIOHA KPHUBBIX MBI MOXEM OLEHHTb 3HEpruio
HOHH3alUuK: oHs paBHa npumepso 0,01 6. B xpucranne Ne 58 koHueH-
Tpauusi A0HOpoB (~ 1018 cx~3) nocratouHo Beauka. [losToMy cocenHue
JNOHOPHBIE COCTOSIHMA 3aMETHO «MepeKPLIBAIOTCA®, M IHeprus HOHU3ALMH
INOHOPOB CTaHOBUTCS, NO-BHAMMOMY, HHUYTOXHO Majaol; KOHUEHTpaLHs
HocHTene# yxe He 3aBUCUT OT TeMMepaTyphl.
TemnepaTypHas 3aBHCMMOCTb 9JIEKTPOMPOBOAHOCTH TOM e rpynmbi
KpUCTa/IJI0B npuBeleHa Ha puc. 7.9. TloHMxeHHe 3JEKTPONPOBOAHOCTH

V7774
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npu HU3KMX TEMMNepaTypax BbI3BAHO yMeHblUEHHeM KOHUEHTPAaLUH 57eK-
TPOHOB NPOBOAMMOCTH. [ToHMKeHHe B uHTepBate oT 78 10 300°K phispano
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Puc. 7.8. TeMnepatypHast 3aBHCHMOCTb NJOTHOCTH
HOCHMTeNell TOKa s pAla KPHCTANIOB repMaHus
C MpHMeCSAMH MbIIbAKA (Y KPHBBIX yKasaHbl HO-
Mepa o06pa3uos). [lyHkTHpHAs JHHHA ONMHCHIBAET
MJIOTHOCTb HOCHTeJded B 06JacCTH COGCTBEHHOM
nposoanMocTH (no Kownyaax).

BO3pacTaHWeM pOJH pacCedHUA Ha pelleTke.

15 4. Kurrean

Heoxunannoe nosbieHue
3/MeKTPONnpoBoAHOCTH KpucTtaaia Ne 55 suiwe 300° K cBsizaHo ¢ Havanom
o6Gaactu cobctBeHHO# mpoBoAuMocTH. Haxaou kpusoft B

o6JaacTu
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cOGCTBEHHOH NMPOBOANMOCTH NMO3BOJAET ONPeleUTb WHPHHY 3anpeLieHHoN
30HBl 115 TrepMaHusi; oHa pasxa 0,7 3s.

Ecan anextpuyeckutt Tok 06YC/I0OBAHBAETCA TMPEHUMYIULECTBEHHO KaKHM-
au60 OLHUM THUTIOM HOCHTesleH, TO HX MOLBMXHOCTb MOXHO BBIYHUC/IHTHL
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Puc. 7.9. TemmepartypHas 3aBHCHMOCTb IIpPOBO-
AMMOCTH I TOTO e, YTO M HAa puc. 7.8 psna
KPHCTa/JIOB TEPMAaHHA C MPUMECAMH MblIIbSKa.
TlyukTHpHas JMHHS OMMCBIBAET XOJ HM3MEHEHHs
CO6CTBEHHOH npoBoanMocTH (o Kowyaan).

(C TOYHOCTbIO 10 MHONHTE]S TMOPSAKA eNIMHHMUBI), NPOCTO MepeMHOKas
NpOBOAMMOCTb M KOo3pduuuent XoJaa:

cRyo=c (WLIC) (%) =%=p. (7.40)

Berluuc/ieHHble TAKUM CNIOCOGOM NOABHKHOCTH (KaK (YHKLMM TeMmepa-
TYpL) /s psila FepMaHMeBBIX Kpucraano ¢ noGaBkamu Mbifubaka npu-
BeleHbl Ha puc. 7.10. Kpusas TemneparypHo# 3aBMCHMMOCTH NOIBHXK-
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joctH Aas HauGonee uncroro kpucramaa (Ne 55) onucwiBaercs npuGau-
;KeHHO 3aKOHOM T~'h, korTopw#i mpeinckasbiBaeTcs MNpPoOCTO# TeopHeft.
Kpusas 118 kpucrasna Ne 61 nokasbiBaer, 4TO MOABHXHOCTb MPH HM3KHX
reMnepaTypax yMeHbluaeTcs. JTO CBA3aHO, MO-BMUAMMOMY, C paccesHHeM
jocHTee Ha HOHM30BAHHBLIX ATOMax NpHUMecH.
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Puc. 7.10. TemnepaTypHas 3aBHCHMOCTb MOJBHIKHOCTH [Jsl TOFO XKe,
4yTO ¥ Ha puc. 7.8 1 7.9 pAla KPHCTaNJOB repMaHHs C NPHMECHMH
MbllIbsAKa. [IYHKTHPHAs JHHHS COOTBETCTBYeT TeOpeTHYecKoi 3aBu-

-3
cumoctit no 3akony T2 nns a6coMOTHO WMCTOrO KpHCTAAaa, KOTjAa
NOJBHHOCTb OrpaHHYMBAETCH TOAbKO paccesHMeM Ha pelleTKe
(no Konyaan).

Bpems xu3HH u mpouecchl pekoMGuHanuu. CyliecTByeT HeCKOJbKO
Croco60B MOJyYeHHs KOHUEHTpalUHR# 3/eKTPOHOB H ABIPOK B MOJAYNpO-
BOIHMKAX, OTJHMYAIOLIUXCSH OT 3HAuYeHU#H, COOTBETCTBYIOLIUX TEMJOBOMY
paBHoBecHi0. K uicay MX OTHOCATCA MHXKeKLMS HOCUTeseft TOKa B 0Opaselt
yepe3 MeTajqMYeCKue KOHTAKTHl MAM 00pasoBaHHe Nap 3/7eKTPOH—IbIPKa
npu o6ayyeHun o6pasia cBeTOM UM npu OGomOGapAHPOBKe 3apsAkEHHBLIMHU
yactuuamu. Bynyun Bo3GyxkaeHa, cucTeMa CTPeMHMTCA BEPHYTbCA B pPaBHO-
BeCHOe COCTOSHME, YTO OCYLUECTB/SETCA MyTeM PeKOMOHHALHU U3GBITOYHBIX
37eKTPOHOB M AbIpoK. CKOPOCTb PEKOMOMHALUH MOXHO ONpele/uTh,
H3Mepsasa BPeMeHHEle BapHaluK NPOBOLMMOCTH 06pasua nocie Bo30yKieHHs,
WIH, Uccaenys Opeiid M3OBLITOUHBIX HOCHTe/elt TOKA B 9JIEKTPUUECKOM MOJe
MexAy TOH Toukoit o6pasua, rie OHM Oblan BBeleHbl, M Kako#-1uGo
Lpyroft TOUKOH.

15*
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B npocrefiieM ciy4ae MOXIIO CUYMTaTb, YTO HM3OBITOYHBIE 3JEKTPOHBI
M IbipKH 06pasylorcsi B PaBHOM UHC/IE U YTO CKOPOCTb pPeKOMOWHalliy
M Tex u Apyrux oauHakoBa. O003HaunM uyepe3 An M3GHITOYHYIO KOHLEH-
TPaUMI0 3JAEKTPOHOB MO OTHOLIEHHIO K ee 3HaueHHIO, OTBevaiollleMy
COCTOSIHUIO TENJOBOIO PaBHOBecHs, a yepe3 Ap — COOTBETCTBYIOLLYIO Belu-
yuHy nas Oelpok. CoraacHo mnpexnonoxenuio, An=~Ap. Tlpu Manbix
KOHLEHTPAUMAX U3OBITOYHBIX HOCHTeslelf NMpolecC BHPABHUBAHMS KOHLEH-
Tpaliu NPOTEKAeT MO SKCMOHEHLHANLHOMY 3aKOHY C BpeMeHeM >HM3HH tl).

Torna umeeM :

Ha npakTtvke HeoaHOKpaTHO Hab/04anoCh, YTO MpOLecC BbIPaBHMBaHUA
H36BITOYHOH KOHUEHTpauuu HEOCHOBHBIX HOcHUTeNnel B MaTepuanax n- u
Pp-TuUNa MpOTeKaeT € pPa3NM4YHOR CKOPOCTbIO, M MOSTOMY CJlelyeT BBOLUTD
B PacCMOTPeHHe pa3Hble BpeMeHa XU3HU T, @ UMEeHHO, T, LA M30BITOYHBIX
3J/IEKTPOHOB B MaTepuanax p-Tyna, v 'tp ana H36bITO'-IHbIX J.'lblpOK B Marte-
puanax n-tuna.

Mexauusm peKOM6MHaLlHH elle He BbIgCHeH, HO uaaecm_—no, 4yTo npsmaa
nanyaneanaﬂ peKOM6HHal.lH$I SJIeKTPOHOB 7 .llblpOK, conpoeomnaemaﬂ
HCMTYCKaHUEM CpO’l‘OHa, B repMaHuu # erMHI/IH OTHOCHTCA K ‘IHCle MaJno-
BepOHTHbIX HpOLleCCOB. U_IOKJIVI BbIYUCAUJ, UYTO Ta He60J1bl.Llaﬂ 4acTb
HeOJCHOBHBIX HOCHTe/JeH TOKa, KOTOopas ydyacTByeT B Npolleccax HM3Jy4eHUs
Npu KOMHATHOH TeMIepatype, L0/KHA UMETb BpeMs XHM3HHU nopsaka 1 cex.
B HCKJIOYUTEJAbHO YHUCTBHIX KPHCTAJ/JAaaXx repmaﬂua H&6.’IIOJ18J1HCb BpeMeHa
sku3Hu nopsinka 0,01 cex, TUNHYHBIM XKe ABAAETCA BpPeMs KM3HU MOPALKa
100 mrcex, xapakTepHOe 1A MaTepuaJa MaccoBOro TNpOM3BOACTBA.
I/ICHyCKaHHe uanyqeuua, conpoaomnalomee UHXEeKUHI0 HEOCHOBHBIX HOCH-
Tene#l, Hab/1101aN0Ch SKCMEPHUMEHTAJbHO.

BHII0O ycTaHOB/EHO, YTO MpolecChl pekOMOMHALMK UAYT KaK B o6beMe,
TaK W Ha M>BepxHocTH KpucTania. HabGaonaemoe BpeMsi HM3HU T CBA3aHO

C BpeMeHaMu KU3HM B oObeMe T, M Ha MOBEPXHOCTH T, COOTHOIUEHHEM
1 1
— 4= (7.42)

1 —
T T, Tg '

Bknan kaxaoro M3 npoueccos pasiuyaioT OGHIYHO NyTeM HU3MepeHUH Ha
TOHKHX HUTAX, BapbUpys MX paaMepbl M MOBEPXHOCTHYIO 06paboTKy.
BpeMeHa »u3HH T, M T, MOTYT ObITb Pa3/H4YHBIMM y PasJH4HBIX 06pas3LOB
ONHOTO W TOrO e Marepvana, a TaKxe 3aBUCAT OT TeMnepatypul. Besau-
4uHa <,, B YaCTHOCTH, 4YYBCTBUTE/IbHA K MajeflIUM NPUMECAM Men,
Wese3a M HMKeJs; MpUMech HUKeis B koaudectBe 1012 atomos Ha 1 cu3
3aMeTHO yMeHblliaeT BpeMs XuaHu. BpeMsi xu3HH L9 06beMHOH peKOM-
OMHAUMK YYBCTBUTE/bHO TaKXe K JAeeKTaM pelleTKH: HCKAXKEHUAM, BBI-

3BaHHBIM 3aKa.JKOH OT BLICOKMX TeMINeparyp, Nn.iacTuyeckoll nedopmaumett,

") K coxanenuio, B HayuHOH JuTepaType 3TO OO6O03HaueHHE 4aCTO HCMOJb-
3yeTcs OJHOBPEMEHHO TaKie M 1/si BPEMEHH DeJaKCaluuH.
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panvalOHHBIMU TOBPEXKIEHUAMH; BCe 9TH (AKTOPbl, KaK MOKa3biBaer
ONbIT, PE3KO CHHKAIOT BPEMS HKM3HW, LOBOAS €r0 B HEKOTOPHIX CJYy-
yasx D0 1 MKcex W MeHblue. .

BpeMsa »U3HU 119 NOBEPXHOCTHOH peKoMOUHAUUN T, OCOOEHHO YYBCTBH-
TeIbHO K MeXaHH4eCKO# M XuMHuecKolt o6paboTke moBepxHocTH. ITockoabky
JIOCHTEJIH, YuYacTBylOlUMEe B TNOBEPXHOCTHOH peKOMGHHALUM, AOCTUraIOT
MI0BEPXHOCTH 3a CyeT NUPPy3uu u3 BHyTpeHHeR wacTn oOpa3ua, BpeMms
HU3HU T, 3aBUCHUT OT pasMepoB obpa3ua. YioOHee HMeTb AeJO CO CKO-
pOCTbI0 MOBEPXHOCTHOR peKOMOHHALMHK, MOCKOJbKY 3Ta BeJWYHHA OT pas-
MepoB o6Gpasua He 3aBucuT. CKOPOCTb NMOBEPXHOCTHOH DPEKOMOHHALMK §
ornpefie/ifeTCs KaK OTHOLIEHWe YMC/JA HOcHUTesefl, MOABepPrunxcs pekoMou-
HAUWM Ha elMHULEe NJIOLWANM MOBEPXHOCTH B ENUHHULY BpPeMeHH, K W36bl-
TOYHOH KOHUEHTPALMH HEeMOCPeNCTBEHHO MO MOBEPXHOCTHIO.

3HaueHHss S LS TepMaHWs NPU KOMHATHOH TeMNepaType Jexar, Kak
coo6uianoch, B uHTepBate ot 15 o 10000 cum/cex. HauGoabiuume cko-
pPOCTH MOBEPXHOCTHOM pekOoMOMHAauuH oOHapyxeHb Ha O6pasuax, noBepx-
HOCTb KOTOpbIX Obljla 06paboraHa cTpye#i MeJKOro mecka: HauMeHbLIMe —
I8 MoBepXHocTel, TJalKO OTMOJMPOBAHHBIX W 3aTeM MpPOTPaBJAEHHBIX
CrelnanbHO nogobpaHHbiMu coctaBaMu. Jlas nonbopa Hauayyliero cocraBa
TpdBUTe/I HYXHA, MO-BUAMMOMY, HHTYHLHS.

[lokau BbIBEN COOTHOLUEHHsS, CBA3LIBAIOLIME MexAay coOoH T, s H
pasMepbl MONEPEeYHOro ceveHus (Lad Cayuyas ILJAMHHOTO CTEPXKHS NPAMO-
yroabuoro cevenns 2B X 2C). O moayuyun nas Goabwux s

1 2D (1 1
I/ MaabX §

(s — 0) %:s(%+%). (7.44)

[peneabHuift cayua#t, onuchiBaeMeift ¢popmyaoft (7.43), cooTBeTcTByeT
npeo6/1aaHUI0 MOBEPXHOCTHOH peKOMOUHALMH; BTOPOH MpenenbHBIR cayyatt
[dopmyaa (7.44)] — npeobranannio o6beMHo# pekoMGuHauuu. Beanunna D
B ¢opMyse (7.43) osnauaer kospduuueHT uuddy3uM 119 HEOCHOBHBIX
Hocurtesedl. Beanunny D MOXHO BBIYHCAUTL MO MOABMKHOCTH NPH MOMOLLM

COOTHOIIEHUs DiHIITeHHa !):
pkT =eD. (7.45)

) 310 COOTHOUIEHHE BBIBOAMTCH OYeHb MPOcTO. [IpeXnosoKHM, UTO YACTHIH
€ 3apsjoM e Haxoaarca B 3jekTpuueckoM moae E. [lo 3akoHy pacnpene-
aeHus BoJbiMaHa KOHUEHTpauus 4acTHu n(x) B TOYKE x MNpPOMOPILHOHAAbHA
exp (— eEx/kT). YcnoBue TOro, 4TO MPH PABHOBECHH HE MOXET CYIIECTBOBAaTb
HUKAKOro pe3y/bTHPYIOILEro MOTOKAa, HMEET BHJ

dn .
pne—{-DW:O,

OHO W sBasieTcs onpeleneHueM Koadduuuenra nuddysun D kak CyMMapHOro
MOTOKA YaCTHL, NMPH eJHHHYHOM TIpalHeHTe KOHUeHTpauHil. M3 3TOro ypaBHeHus
BHJIHO, YTO KOHUEHTPaUXA n (X) nponopuHoHasbHa exp (— pEx/D). Popmyna (7.45)
TOAYYaeTCs, €CAH NMPHPABHATb 3KCIIOHEHThL.
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B repmanun npu KOMHaTHOR TeMmeparype

D,=93 cu*cex; D,=44 cn?/cex.
.

B creaywolleM paslene NpU PacCMOTPEHHH p — n-nepexonos Oyner
BhIBeJEHO BbipaXeHHe I CpellHero MepeMellleHHsl HOCUTe]s 3a BpeMs
€ro KM3HM (1Js TNPOCTOTH B cayvae Jullb O6beMHOH peKOMOMHAUUM).
B cTauuoHapHOM cOCTOsIHMM OOllee rUApOAMHAMUYECKOe YPaBHeHHEe Hempe-
PHIBHOCTH MOXeT ObITb 3allMCaHO AJs ALIPOK B BHIE

op ; .
W—}—dlv po,=AN,; (7.46)

AN, —uncno 06pasyloluXcs ALIPOK MHUHYC UYHC/IO PeKOMOGMHMPOBABLIMX
B eNMHULY BpeMeHH B eluHUUe 00beMa.
3necb v, — npefidposas ckopocTs Abipok. C yuerom onpelesenus

Ko3¢d¢puumreHTa Auddysun 3anuileM ypaBHeHue Auddy3uu:

pv,=—D, grad p. (7.47)

PaccMOTpMM CTallMOHApHBIR MOTOK JBLIPOK M3 06JacTH, B KOTOPOH
oHu obpasyiTcsl, B 064aCTb, Tle NPOMCXOAMT HMX peKOMOMHalusa (CKO-
poCTb pekoMOGuHauuu cornacHo (7.41) pasua p/t,). B cuay craumonap-
HocTH Op/ot =0 u ypaBHenusa (7.46) u (7.47) cBomarca B o6aactu
peKkOMOUMHAUMK K YPaBHEHHUIO

D,V’p—L =o. (7.48)
P

B sune#iHOM ciyuyae A MOJIOMUTE/AbHBIX X MIIeM pellleHHe B BUAe
-x/L
p=p.e s (7.49)

[Mpeanonaraercd, uTO ABIPKM 06pa3yloTcd B 06JaCTH OTPUUATENbHBIX
3HaYeHWH X M PEKOMOMHMDPYIOT B 06JACTH MOJIOXKHUTE/NbHBIX 3HaueHU# X.
Moxncrasasa (7.49) B (7.48), MBl MoayyuM ycaoBHe

L,=(D,x,)" (7.50)

Benuuuna L, nasviaercs aAucddy3uoHHOM NAUHON LIS ALIPOK M CAYXKHT

MepO# CpelHero paccTOsiHUA, KOTOpOoe NPOXOAMT AbIPKa 3a cueT Aud-
¢y3uu 3a BpeMs ee (KM3HM. AHAJIOrMYHAsA BeJMyMHA BBOILUTCA M IJ#
9/1eKTPOHOB: .

L,=(D,,)". (7.51)
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B repMaHuu NpU KOMHAaTHOM TeMmepaType ABIPKAa CO BpeMeHeM KU3HHU
1073 cex vmeer AU(PY3UOHHYI IJIMHY

,=(44-107%" =02 ca. (7.52)

[Llok/au NpelnoXul MeXaHu3M PeKOMOMHALMM, OCHOBaHHBIH Ha mpen-
MOJIOXKEHUH O TOM, uTO JedeKThl B KPUCTAJe CIyXaT CBOEro pojaa
KATaqu3aTopaMu [Jis Tpolecca PeKOMOMHALUMM. DTOT MeXaHU3M WIIO-
cTpUpyeTCs CXeMoH, mpuseldeHHo# na puc. 7.11. Ha nepso#t crazmm (a)
9JIeKTPOH U IbIPKA CBOGOIHBI, HAa BTO-

po#t cramuu (0) SJEKTPOH 3axXBaThi- —

BaeTCA LUEHTPOM pekoMOuHauuu, a \D

JbipKa  Tpub/aMKaeTcs K HeMy non g] D
necTBMEM 3MEKTPOCTAaTHYECKUX  CHJI + +
NpUTSHXKEHUS M Ha moc/aennel craanu (8) ay 5) s

3/MEeKTPOH  MOrJOLAeTCA ABIPKOH H

LeHTP PpeKoMOUHAUMM BHOBb TOTOB  Pyc. 7.11. CxeMa, moscHsomas Ka-
MOBTOPUTb 3TOT TMNPOLECC C HOBLIMM  TaNMTHYECKOE ACHCTBHE LEHTpa pe-
3/1eKTPOHAMK M AbIPKOH. KOMOHHALMH, KOTODbIH 3aXBaTbiBaeT

Ja 3JEKTPOH eM  IBIPKY;
Tlpouecchl nepeHoca HeOCHOB- g;lg'lioimaﬂmp%’. 6331:8 ngxg)ab)lr-’
HbIX HOCHTEJeH H MHXEeKUMS ABIPOK. pajor  nocaesoBaTeabHbie  3Tambl
Xe#inc u Llokaum mocTaBuaM 3KChe- atoro npouecca (no Llokau).
DUMEHT, KOTOpHI# TOKasal yuacTue
HEOCHOBHBIX HOCHTeNeH B Npolleccax NepeHoca B TBepAbIX TeaX M KO-

TOpb]ﬁ MOXeT ObiTb TOJIOXKEH B OCHOBY MeTOAa MNpAMOro wu3Mmepeting
auddysuu u aperda.

Hwyprsereid
- eanzpamyy %

ala

Puc. 7.12.11puHuunuaibHas cxema onbita A4 Ha6aio-
nenus apeHda 1 nudpdysuu IBIPOK, HHKEKTHPOBAH-
HbIX B repmaHuil n-tunma (no Xeiincy u [lokan).

+

[TpuHuunuanabHas cxeMa YCTaHOBKM Noka3aHa Ha puc. 7.12. OGpasel
repMaHus n-tuna umeer ¢opmy crepxis. K ero xKoHuaM NpUIOKeEHO MO-
CTOSIHHOe ToJe, Cco3laBaeMoe Garapeetl. Hanpasienue mojs TakoBO, uTO
3/IeKTPOHBI B CTepxHe IABWXYTCs cnpasa najseso. Ecau B o6pasue noMumo
S/JIEKTPOHOB OKaXyTCH ABIPKW, TO OuuM OydyT ABMrarhCsl CJeBa Hampaso.
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CneBa NOKa3aH MMIYyJbCHBI TeHepaTOp, COeAMHEHHbIf C TOYEYHbIM
KOHTaKTOM Ha cTepXHe (3MUTTEPOM), Ha KOTOPHIH MOLAHO MOJNOXKHUTE/bHOE
CMewawllee HanpsikeHne. Koria sToT reHepaTop BK/IOYEH, B 3MUTTepe
€03Jal0TCA AbIPKH, KOTODhie MOCTynawT B obpasel, T. e. MPOUCXOAUT
HH)XKeKUMS ObPOK. 3aTeM 3TH ABIPKU MOA defcTBMEM MOCTOSHHOTO MOJA
IBUKYTCA BLOJb cTepxHA. Uepea HeKOTOpOe BpeMs OHM LOCTHUTAIOT KOJ-
JeKTOPHOTO KOHTaKTa, Ha KOTOPbIM, KaK MOKa3aHO, MOJAHO OTPHULATENb-
Hoe cMeluaolliee Hanpsbkedne., OHO cole#cTBYeT NPUTSAKEHUIO ABIPOK,
TaK YTO 4YacTb M3 HUX MOCTyMmaeT 4Yepe3 KOJJIEKTOD B LeNb W CO31aeT
TakuM 06pasoM TOK B LieMd KoJuleKTopa. DTOT TOK MIeT yepe3 HArPy3Ky;
HanpshkeHue, MNajaloluee Ha HAarpyske, MOLAeTCs Ha BepTHKaJbHble NJa-
CTHHBI 3JIeKTPOHHOTO ocuuanorpacga. B MOMeHT £, K/MIOU B LeNnd 3MUTTepa
Ha KOpOTKOe BpeMs 3aMblkaeTc. MOMEHT 3aMblKaHHS MOXeT ObITb 3ape-
THCTPHPOBAH MO MNUKY KpuBOK Ha 3kpane ocuuaiorpada. Ilocie storo
HUYero He MPOMCXOAMT BIUIOTb 1O MOMEHTa f,, KOTJ1a HEKOTOphle AbIpKU
NOCTHTaloT KoJulekTopa. KoHueHTpauus AbIPOK HEKOTOpOe BpeMs BO3-
pacTtaeT, a 3aTeM UYHMCJI0 ABIPOK YyMeHblUaeTcH, MOCKOJbKY OHHM yXOAsT
yepe3 KOJIJIEKTOPHBIR KOHTaKT. KamepeHue BpeMeHH, B TeueHHe KOTOPOro
AbIPKM NMPUOLIBAIOT Ha KOJIMEKTOD, AdeT BO3MOXHOCTb OMpPENeNUTb KO-
¢uunent audpdysuu. Murtepsan Bpemenu f, — £, CIyKUT Mepolt MOIBHXK-
HOCTH, MPHU YCJOBHH, YTO HA MYTH OT SMUTTEPAa K KOJJIEKTODY HOCHTe/H
He 3aXBaTHIBAIOTCA W He 006pa3yloTcs. BH/AO ycTaHOBMeHO, UTO Takue
3aXBaThl JeHCTBUTENBHO HE WrpaloT CYLUeCTBEHHOH poOJIH.

ITOT OMBIT NMOKa3biBaeT TaKxe, YTO BO3MOXHO OCYLUECTBUTb HHXKeK-
M0 ALPOK B MNOJAYNPOBOAHUK, €CJAM B IMMTTEpHOH TOuke nonobpaTh
NOAXOMAAILYI0 KOHTAKTHYI0 Mapy MeTass-— MoJynpoBoAHUK. MeTann nox
NeHCTBUEM MOJIOXHUTEJIbHOrO CMEWAIOILEro HanpsXKeHUs 3aXBaThIBAeT 3JeK-
TPOHBI U3 BAaJEHTHOW 30HLI MOJYMPOBOLHWKA, CO34aBad TeM CaMbiM ABIPKH
B BajJeHTHOH 3one. Ilpouecc WHmeKUMH ABIDOK BecbMa BaxkeH 14si Mpak-
THYeCKOro MPUMeHeHUs MOJYNPOBOAHUKOB, 0COGEHHO MOJYNPOBOAHHKOBHIX
IMOL0B U TPHUOLOB (TPAH3UCTOPOB) C TOYEUHBLIMM KOHTAKTaMH.

OnpiTel 1O WLHUKJIOTPOHHOMY pe3OHaHCy. B HekoTophx BewlecTBax
¢opMy 3HepreTHueCcKO# MOBEPXHOCTH 30HB MPOBOAMMOCTH M BajieHTHOM
30HbHl y KpaeB 30H YHaAOCb OMNpeNeqHTb SKCNepHUMeHTaNbHO, T. €. yaAa-
JIoCb OmpejetuTb 3aBUCUMOCTb 3Hepruun E (R) oT BonHoBoro BekTopa R.
Onpenenenne ¢opMmbl 3HEPreTHUECKOH MOBEPXHOCTH SKBUBAJIEHTHO OMNpe-
DeseHnio TeH3opa 3¢deKTHBHON Macchl, MOCKOJNbKY, KaK Mbl yXe 3HAeM,

1\ _ -2 O
(m*)ij_h Tk (7.53)

EnnncTBenHbiM crnocoG6oM npsMoro omnpegenenus addexkTuBHbIX Macc
B MOJYNPOBOAHUKE SBARIOTCA SKCIEPUMEHTHl MO UMKJAOTPOHHOMY pe3o-
HAHCY, B KOTOPBHIX HOCHTeNM TOKa B TBEPAOM Teje YCKOPSAKTCA MO Chu-
pajbHbIM Op6UTaM B MOCTOSHHOM MarHuTHOM noJe f1. Yraosas uyactora
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ppallcHUst HOCHTesNell w, BbIpaXaetcs OOBIYHOR (OpMYy/aOR AMA yacTOTHI
BpallleHdss Y4acTULLl B UMKAOTPOHe 1),

o, =% ;—Hc (7.54)
rae m*— cooTBeTCTByOWas 3¢pdexTHBHas Macca. Pe3oHaHcHoe Tmorio-
l1CHWe SHePruM U3 BHICOKOYACTOTHOTO MOJSA, HAMOXEHHOTO MepleHAuKY-
JSIPHO K TIOCTOSHHOMY  MArHUTHOMY
nomo (puc. 7.13), npoucxoaut npu Hrocrmosn -
COBMafeHUH YacTOTHl STOrO MepeMeH- e e
HOTO MOJIA C UMKJIOTPOHHOH yacToTo#
f.=w,/2x. [po#uo#t 3Hak (L) B
¢dopmyse (7.54) ykasbiBaeT, yTo ecau
HOCHUTE/IAMH TOKAa SBJAIOTCH IbIPKH, e ey
TO BpallieHe OTHOCHTEeJbHO AaHHOrO Ly
HalpaB/ieHUWss MarHuTHoro moas Gynser
NIPOMCXOAUTL B MPOTHBOMNOJIOKHOM Ha-
npasieHud (MO CPAaBHEHMIO CO CNY-  Ppyc. 7.13. Pacnoaoxenne nosei B
yaeM 3JeKTPOHOB). 3KCMEpPHMEHTE MO LHKAOTPOHHOMY
HHTepecHo COMOCTaBUTb MOPSALKHU PE30HAHCY B MOJYNPOBOJHHKE.
BeJIMYUH HEKOTOPHIX (U3MYECKUX Xa-
PAaKTepUCTHK, OTHOCAWNXCA K 3Tomy SkcrmepuMeHty. OLeHKM MOXHO
nesaTh, B3SB 3a OCHOBY BeJHuYnHy oOTHoweHus m*/m~=0,1, koTopas
apaseTca Gonee uau Menee xapakTepHoft. Ilpu f,==24000 Mzy, 1. e.
npu  o,=1,5-10!! pad/cex pe3aoHaHc GyzeT MMeTb MeCTO TpH
H=860 apcmed. Ipn Temneparype 4°K cpenHsas CKOpPOCTb L] MaKc-
BEJ/JIOBCKOTO pacrnpeneseHns paBHa 4 - 109 cu/cex, u nosromy panuyc
Op6UTH

pourma apenTo0Ha
ury depnd

LLlupuHa peaouaﬂcuon JUHUYU oOnpenensercs, KaK Mbl HHXe YBUIAHM,
BpeMeHeM peJakcauuu, 06yCJ‘|0B.ﬂeHHHM CTOJIKHOBEHHUSAMH; YTOOHI MOJYYHUTDb
OTYeTAUBBIH Lll/lKJlOTPOHHblﬁ pe3oHaHc, HeOOXOAWMO BBIMOMHEHHE ycJioBus

0> 1.

WHbiMM csoBaMH, cpelHsisi AJMHAa CBOOOAHOro mpo0era 4acTuLbl AOJ/DKHA
6LITb JOCTATOYHO BeJHKA, YTOGH B CpelHEM HOCHTENb MEXLy ABYMsS [O-
clleloBaTeJIbHBIMK CTOJKHOBEHHSMH MOr ycneTb npo#itu 1/2= moato nyru
no kpyry. Ilpy o,=1,5- 101 cex~! Tpebyerca BpeMs peaaxkcaluu

) 310 cooTHOIEHHE JErKo BBIBECTH 3AeMeHTapHbiM myTeM. LleHTpoGexknas
*
cHna m wfr paBHa cuae Jlopedtua =+ ew rH/c, rne r — paauyc opbutn. Coxpa-
mas Ha ogr, Cpasy MOJYYHM o, = =+ ef/m*c. 3Hakn * YYHTBHIBalOT BO3MOXHOCTb
HMCNONb30BAHMA 3TOH GOPMYNbl KaK IJf 3JEKTPOHOB, TaK M AJA JbIPOK.
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v=10""" cex nm Goabue. ITpu KoMHAaTHOH TeMnepaType BpeMeHa peJiak-
callui HOCHTe et B KpUCTaJLTe JekaT 06b1uHO B uHTepBate 10™3—107" cox,

Ias moayuenuss BpeMeH peJsaKcalMu, J[AOCTaTOYHO GOJMbUIMX, YTOOHI
CTaJ0 BO3MOXHBLIM HabJloJeHue LMKJIOTPOHHOrO pe30HaHCa NMpH MOMOLIM
o6biyHOM anmapatyphl, pabortawowe#t B K-auanasone (~ 30000 May),
Heo6X04MMO MMeTb KDUCTA/UIbl BBLICOKOM CTeNneHW YUCTOTH U NMPOBOLHTH.
9KCMepUMeHT TMNpHU TeJHeBHIX HAM BOLODONHBIX TeMMepaTypax. JTH Tpe-
60BaHUs MOTyT ObITb 3HAaUMTEJbHO OC/IA0JeHbl, ecC/H MOoJb30BaThCs Nepe-
MeHHbIMU MOJIAMH MHIIMMETPOBOTrO WIM MH(PAKPacCHOTrO AHAMNa30HOB.

Tenepb Mbl HaIMM KpaTKO€ KJacCHYeCKOE DacCMOTpPeHHe LUHKJIOTPOH-
HOrO Pe30HAalCHOTO mMorJoulleHus!) Aas cayyas usoTponHo# 3ddexTHBHOH
Maccel m* W W30TPONHOrO BpeMeHW pesaKCaluWM T, CUHTas WX He 3aBM-
CALIMMH OT CKOPOCTH.

YpaBHenne nABHxeHufl I8 ApeHdoBO# CKOPOCTH HMeeT cJeLyiOuuH
BHA:

m* (%+% 'v) =e(E+—[%]—). (7.55)

INycte H — nocTOsiHHOE MAarHWTHOE MoJie, MPWIOXKeHHOe BHOJb OCH 2.
HasnuneM nepeMeHHOro BbLICOKOYaCTOTHOrO MarHUTHOro noJs GyleM mpe-
Hebperatb. B ciayuae NJOCKOMONSAPH3OBAaHHOTO M3NYyuYeHus, T. e. cyuTas,
YTO MMeeTcs, CKaxeM, Jullb E, -KOMMOHeHTa 3jekTpHyeckoro mo.as E,
nMeeM

m*(im—{—%)'v,(:eEx-{-_i-fayH,
m*(t(o_}-i)v e fuH (7.56)
y Tt YT c Jxt

Pa3pewasi 3Ty CHCTeMy OTHOCHTENBHO U,, HalleM KOMIIEKCHYI Mpo-
BOJMMOCTb

Jx Nev, l-:{—im':
—_ == = - , .5
° E, E % [ 14 (wg — ml) 1:2+ in't] (7.57)

X

rae BeJUYUHA
Ne?t
m*

°0=

npeiacTaBaser co6o# CTaTHYeCKYI0 NPOBOAMMOCTb, a N — KOHUEHTpPALHUIO
HocuTeNe ToKa. DTOT pe3y/nbTaT MOKA3bIBAeT, YTO NpPH ® = w, HMeeT
MeCTO Pe30HaHC.

KpaeBble TOYKM 3OHE MPOBOAMMOCTH B TepMaHHM M KpeMHuH oGpa-
3yloT chepounanbHble 3HepreTHYecKue TMOBEPXHOCTH, PAaclOJIOXKeHHbIE
B R-NpOoCTpaHCTBe B SKBUBA/NEHTHbIX NoJoxeHuaX. ITol kpaeBo# Touko#

) CchiikM Ha mepBble PaGoOThl 1O UHMKJOTPOHHOMY PE3OHAHCY HMMeloTCA
B cTaTbe [7]; TaM xe JaH 00630p sKCNePHMEHTaNbHBIX METOJOB.
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301l MBI TOHUMAeM TOYKY HauMeHblle# SHepruH B 30HE IPOBOJAUMOCTH
i TOUKY HauGoJbluiet SHepruu B BaneHTHOH 3oHe. PaccmoTpum Temeps
TCOPHIO UMKJIOTPOHHOIO pe30HaHCa AJA CJyyas SHepreTHYeCKHX NOBepX-
pocre#t, uMelowux ¢opmy cheponnos.

IlexapToBE KOOpAMHATHL BhibepeM Tak, uToOH oCb 2 Oblia mapad-
JeabHa T/JaBHOH ocu cdepoula; KOMIOHEHTH BOJHOBOrO BeKTOpa OyleM
OTCUMTLIBATL OT LeHTpa cdepouna. Jlas Touex R-npocrpaHcTa, AOCTa-
TOYHO O/MU3KMX K KpaeBOH TOUKe B30HBI, SHePrus OIMUCHIBAaeTCA ypaBHe-
nueM

G ),
= (ffh ),

(7.58)

3]1eCh My -—MNapaMerp NpoNOJb-
HOM Macchl, a m,— napamerp
nomnepeyHol Maccwl.

llokan npan pelueHue 3a-
Jayd O UMKJIOTPOHHOM 4YacToTe
118 obuero cJayyas SJJHNCOU-
JanbHBIX SHEPreTHYeCKNX NoBepX-
nocreft. TIycTb cTaTyeckoe mar-
HUTHOE [I0Jie HampaBJ/AeHO 1ol ;. aw 2w aw aaw e
yrjom 0 x mauHHOM ocu 3Hep- Maekuimwoe g, 3
reTHYeCKOH MOBEPXHOCTH; TOrAa
B chayyae cdepounanbHolt sHep-  Puc. 7.14. TunuuHas KpuBast LMKJIOTPOH-
reTuyecko HOBQPXHOCTH, Oonu- HOr0 PE30OHAHCHOrO MOrJOoLEeHHd, Moay-
cuBacuon Gopwyon (7.58), no-  JSER Ve, Ipicrene  repyais npy
Jy4uM - Caelylolllee BBIDAKEHME  ypugas npeacraBaserT coGoi  Hemocpex-
a5 3¢¢deKTUBHOR Macchl, ONMpe-  cTBEHHOE BOCIPOH3BEJICHHE aBTOMAaTHYECKH

leasiollel UMKJOTPOHHYI0 ua- SaIHCaHHOH 3aBHCHMOCTH  NOIMIOWAEMO
MOWIHOCTH OT BEJHYHHBl CTAaTHYECKOro

— L
|

— .?JE//JP/O//&/

URTPOH!—]

g

v

P

[I02A0UYERLE, 7POLIEaNHEE EOUHLYE)
b/

—~——

croty: noJisi, pacnosoxeHsoro B mrockoctH (110)
( 1 )2 __ cos?b + sin? 6 .(7.59) kpucTanna nog yraom 60° k ocu [100].
m* m? mym,

TunuyHbl# X04 KPUBOM UMKJIOTPOHHOIO pe3oHaHca (IS TrepMaHus)
nokasan Ha puc. 7.14. Ha puc. 7.15 npuBeleHb SKcnepHMeHTaJbHble
JaHHble, XapaKTepH3ylolue 3aBUCUMOCTb 9¢deKTUBHON MaCCH 3/1eKTPOHOB
B repMaHud npu 4°K oT yria Mexaly HanpaBleHMeM CTaTHYECKOrO Mar-
HITHOrO mnoJs, pacnoJoxenHoro B miockocrtu (110), u oceio [001], se-
Kalllef B TOH ke MIOCKOCTH.

W3 3TuX 3SKChepHMeHTaJbHBIX JAaHHBIX MOXHO N0 (opMy.aM TeOpHH
paccyutaTh 3HauYeHWs NapaMeTpOB NpPOAOJALHOR W MomepeyHo#t Macc:

m;= (1,58 = 0,04) m,
m, = (0,082 £ 0,001) .
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[Mpeanonaraercs, 4YTO HMeeTcs cUCTeMa KpPUCTaJIorpaduyecks 3KBU-
BaJEHTHBIX 3HepreTHYeCKUX MOBEPXHOCTeH, MMeloWMX (OpMY cheponios,
OpPHEHTHPOBAHHHX BAOJb Hanpasaenn#t (111) B 3one Bpuamosxa. dto
npeanosoxenve GbLIO BHEPBbE BbICKas3ano Jlakcom.

B kpeMHHH 3HepreTHyeckue MOBEPXHOCTH BOJHM3M Kpas 30HB MPOBO-
IUMOCTH sBJIAIOTCA CcdepounaMH, OPHUEHTUPOBAHHHIMHM BIOJb HampaBjaeHuR

tuna (100) B 3one Bpunnosna. Jas

940 napaMeTpoB NPOAOJbHOH U Nonepey-

- HOM Macc uMeeM B CJyuyae KpeMmHust

' fﬂ‘ m, = (0,97 £ 0,02) m,

2 \ A m,= (0,19 + 0,01) m.
8§
N 128 f \ [ToBepXHOCTM MOCTOSHHOH 3Hep-
g k My CXeMaTH4YeCKH uao6pa>|(eubl H&
¥ puc. 7.16.
§ 424
: %
R4 f
3 / \
§ ool LA LN

T
(24 -\}’ o
Fack,,

s 4

04 S

3 NERES

‘Q N
ol T ~ T #
-1 O W0 20 040 30 60 0 R 90700
Yeon , epad

Puc. 7.15. 3aBucumocts 3ddextusHodt  Puc. 7.16. daauncouab NoCTOSHHOMK
Macchl 3JeKTPOHOB B repmaHuu nipu 4° K sHepruu s SJCKTPOHOB B Kpem-
OT yria MexJ1y HampaBJeHHeM Mar- HHH ('”;/’”t= 5)‘
HHTHOTO MOJIS, JNEXallero B MIOCKOCTH
(110), u ocbio [001]. Teoperuueckue
KpHBBIE MOCTPOeHb Aas m;= 1,58m wu

my=0,082m. (U3 pabotu [7].)

Kpas BajeHTHOH 30HB B KpDeMHMH W TepPMaHUM HUMEIOT JLOBOJbLHO
CNOXKHYIO CTPYKTYpPY. B kpucrannax 3TuX BelleCTB AbIDKH XapakTepi-
3yl0TCa IByMs 3(PdeKTHBHLIMU MaccaMH, B CBSI3U C YeM TFOBODSAT O JIErKHX
H TRKeJAbX Ablpkax. HabGmwonaercs HekoTopasi aHU30TpOMNUs, Jerko o6Ha-
pyxuBaeMas 175 TskeablX Ablpok (puc. 7.17). dopma sHepreTHyeckux
NoBepXHOCTeN OMNpele/feTcs C/AELYIOLIUM BbIPaXXeHHEM:

E k)= AR = [B%' 4 C* (262 + k262 + BBV (7.60)
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rne konctautel A, B u C (B einHuuax h%/2m) uMeioT cielyioliue Npu-
6. KEHHBIE 3HAYEHHS:
A B IC|

Kpemuuit  — 4,2 09 33+05
Fepmannit —132 —89 10,5

3uaku MaOC uad MuHyc B (7.60) Gepyrcs B 3aBHCUMOCTH OT BHOOpa
onHo#t wu3 nByx Macc. ['py6o npubinxeHHO ABLIPKH B CJyyae repMaHus
umeror Maccel 0,04m wu 0,3m, B

kpeMuuu: 0,16 m u 0,5m. 440y
Hasnuuve IBIPOK IBYX PpasHbIX o
6- E a3 n’d A o
Macc 0o0bsACHAeTCS CAeAYIOWUM O § 7 ~
pasoM. B uentpe somm Bpuamo-
s1a (R=0) suepreTuyeckue 30Hb, 457 A
BO3HMKIIME M3 P-YPOBHS M30AMPO- R
8

BAHHOTO aTOMa, O06ManaloT TpeX- X ool dac]
KpPaTHHIM OpOHTa/MbHBIM BbHIpOMNKIAE-  §
HHEM, XapaKTepPHBIM LS p-COCTOSA- §122¢ J
nut. [TosToMy MOXHO cuuTaTh, ut0  § I
npu k=0 mb uMmeeM dakTHueckn § -
TPU COBMAjJaloLide APYr C Apyrom %”
BaJEHTHBle 30HBI, KOTOpble M JalOT
Tpd 3¢d¢exTHBHBIe Macchl. Bcno- 404 ~ R
MHUM, OIHAaKO, YTO B H30/1UpO- § N '§

- 712 h h
BaHHBIX aTOMaX CIHMH-0POHTa/IbHOE o TR TR
B3anmoneicreue B opme L - § pac- Yeon, epad

luen/seT p-ypoBeHb Ha [Ba YPOBHS:

p,, M P, C TOAHHIMH MOMEHTaMH Puc. 7.17. dddexTnBHas Macca AbpPOK
/2 /2 B repMaHHM OpH DPa3JHUHLIX OpPHEHTa-

KoJauyecTBa JIBHXEHUSA COOTBETCT- LHAX MArHUTHOrO MOAfs B IJIOCKO-

BenHo J=3/2u 1/2, B 3aBucumoctu ctu (110). Tlpu ocn abcuuce oTnoxen
OT OTHOCHTEJbHOM OpueHTauuu op-  YLOA MEXILy HalpasiCHHEM noad H
ocbio [001). HMamepenus mnpoussopu-

GUTaJbHOTO M CMHHOBOrO MOMeEH- nich mpn Temneparype 4° K.
ToB. B BajenTHo 30He cocTos-

HUAl, CBS3aHHbIE C YPOBHEM p,, ABJAIOTCA CaMbIMH BEPXHUMHM U 06pasylOT
Kpa#t BaneHTHOR 30Hbl. Ecau Mmeer Mecto cnuH-opGuTalbHOe B3auMoldei-
CTBHE, TO M3 TpeX 30H, coBmafawuux npd R=0 B ciyyae ero orcyr-
CTBUS, 1BE 30Hbl OCTAIOTCH CBA3AHHBIMH C YDOBHEM p, , TOTla KaK SHep-
rus 30HMI, OTBeyaiolled YPOBHIO p, , yMEHbIIAETCH HA BEAHYUHY, DaBHYIO
SHEPrUM CMUH-OpPOMTAIbHOrO B3auModelcTBusi. B repmanuu cnuH-op6r-
TaJbHOE paclluen/eHne YpOBHeH, COCTABJSIOLMX BaJeHTHYIO 30HY, PaBHO
no nopsixky seauuunsl 0,2 s8. Jle 30Hbl, CBA3aHHble C ypoBHEM p,,
KaKk pas3 W MPUBOAAT K TOSBJEHHMIO [ABYX THMOB [AbIPOK C Pas/HuHbIMH
Maccamu.
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B InSb s¢dekruBnas Macca 3JeKTPOHOB M30TPOMHA U paBHA MpH-
mepto 0,014 m. Maioe 3HayeHue 3dpdekTUBHOR Macchl 06yC/I0BAEHO Manoh
IWHPUHON 3anpenieHHolt 30Hbl, KoTopas y InSb cocrapaser qumb 0,18 3.

Paguauuonnsie 3¢¢ekThl B noaynpoogHukax. Ilpu obayuenuu
Kpucranaa yacTuuaMid GOJbIIOH SHePrHH B HeM BO3HHKAIOT AedeKTH.
OCHOBHBIM pe3y.hbTaroM o006ayuyeHHs sBJseTcd OOBIYHO CMellleHHe aTOMOB
KpHCTalaa M3 MX MOJNOXKEHHH, COOTBETCTBYIOIUMX NPaBHbLHOM pelieTKe,
B CJyyaHHble IPOMEXYTOYHLIE MOJOXeHUs, B pe3y/bTaTe yero o6pasyioTcs
BAKaHTIIBle Y3Jbl, a HEKOTOPble aTOMbl OKAa3bIBAIOTCA B MEXI0Y3eJbHbIX
noJoXeHusx (Mexaoyaausx). IlonynpoBOAHUKOBbIE KDHUCTaMIBl MOTYT
CIAYXUTb MpeKpacHbIM O0GBEeKTOM [/ u3ydeHHs HeHCTBUA u3TyuyeHUH,
Kak 93TO OblJIO yCTAaHOBJEHO B MNepBHX (YyHIaMeHTalbHBIX paborax
Jlapk-T'opoBuua u ero coTPyIHMKOB, KOTOpble HMCMOJb30BaIH 00ayyeHUe
IeHTPOHAMH, a-YacTHUAMH, OBICTPHIMM HEeHTPOHAMH U  3SJEKTPOHAMHU.
D.1eKTpUYeCKHe CBONHCTBA MOJYNPOBOAHMKOB B 06JacTH NMPUMECHOH mpo-
BOJMMOCTH B BbiClUIelf CTeNeHM YYBCTBHUTEJbHBI, Kak Mbl Yyxke 3HaeM,
K W3MEHEHHIO KOHLEHTpPaluM#H [AOHOPOB M akuenTopoB. bBwlio ycra-
HOBJ/IEHO, 4TO NpH 0O6JYyYeHHH repMaHHs OCHOBHBIM 3(QeKTOM s[BiAfeTCH
oOpasoBaHMe AaKLENTOPOB; NO3ITOMY NyTeM O0OJyYeHUS ¥MOXKHO HM3MEHHTb
THIl NPOBOAMMOCTH ofpasua M MNpeBpaTHTb MaTepuaj r-THNA B MaTepuan
p-THna co3nanueM HeGoiblIoW KouueHtpauuu (~ 1:107, B 3aBucuMoCTH
oT o0pasua) pannalHOHHBIX Ae(eKTOB.

Ha puc. 7.18 npusenensl 3aBUCHMOCTH NMPOBOJMMOCTH OOpasUOB rep-
MaHus OT BeNMYUHB HHTerpanbHOK 103bl 06JayuyeHHs NMYYyKOM NeHTPOHOB;
OnMH U3 00pasuoB Obla MepBOHAaYalbHO MaTepHalioM p-Tuna, APyro# —
n-Tuna. YMenblleHHe NPOBOAMMOCTH 00pasua p-THNa BbI3BaHO 00paso-
BaHMeM [1e(peKTOB, Ha KOTOPbIX MPOMCXOAMT AONOJHHTEJbHOE paccesiHue
Hocurenedl Toka. MameneHue mpoBoauMocTi 00pasua, NepBOHaYalbHO MpHU-
Hal/eXxaBlUlero k n-tuny, o6yc/oBjeHo o6pa3oBaHHEM aKUENTOPOB, KOTO-
pble MOCTENEeHHO, MO Mepe BO3PacTaHMsl 103bl, KOMIEHCUPYIOT UMeBILUHCS
B Hayaje rnpouecca u30ObITOK LOHOPOB B o6Gpaslie, TeM CaMblM NpeBpaiuas
oOpaseu n-tuna B obGpaseu p-Tuna.

MuuuMyM npoBoaumoctu s o6pasua n-tuma (cM. puc. 7.18) npu-
OMHEHHO COOTBETCTBYeT Kak pa3 ONTHMAJbHOR KOMMeHCaUuMH n =2 p.

Hanbueftmiee 06ayueHne oGpasua yxe YBeJMYUBAET MPOBOIHMOCTD,
NOCKOJIbKY OOlee 4uc/Io -HocuTe/ et Bo3pactaeT. B cBs3u ¢ 3TUM Bompo-
coM ofpaliaeM BHMUMaHWe uuTaTeJed Ha 3azayy 7.2 (B KOHLUE TJaBHl).

KnoHu u Jlapk-T'opoui onpenensyin noporoByl0 SHEPrHIO CMeLUCHHS
aroma repMauus (npu KOTOpoR omucaHHbi#f 3PPEKT CTAHOBUTCSH 3aMETHBIM)
nyreM oO6JydyeHus snektpoHaMd. OHM yCTaHOBW/HM, YTO IS 3TOrO Tpe-
6yerca 30 s8. dra BeanuuHa 6.au3Ka K SHepruu, TpeGyeMoH, Kak moka-
BbLIBAIOT OLEHKH, IJs CMellleHUs aToMa repMaHus U3 OGBLIYHOrO MOoJOXKe-
HUS B pellleTKe B Mexaoysate. B cayuae KpeMHMA yCTaHOBJEHO, uTO
ofuwas KOHUeHTpauHsA HocHrene# Toka B oOpasuax 006ouX THNOB (Kak n,
Tak ¥ p) NIABHO yMeHbluaercs noj IeficTBueM 0OJyuyeHUS, H MX MPOBO-



rJ. 7. TTOJAYINIPOBOAHHUKH U TOJIYIIPOBOJHHUKOBBIE YCTPOMCTBA 239

AUMOCTb CTaHOBUTCA OJHMBKOM K COGCTBEHHOW; MNpM KOMHAaTHOH TeMImepa-
-4
rype conpoTusienne npesbiwaer 107" ox - cu. U3 Takoro noseneuus
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Puc. 7.18. 3aBHcHMOCTb NpPOBOAHMOCTH 06pa3LOB TepMaHHA

OT BENMYHHBI HHTErpajbHOH [03bl OONYYEHHAA NEHTPOHAMH.

OznuH u3 06pa3uoB Obln MepBOHAaYaJbHO MaTepHalOM n-THMA,
npyroit p-tuna. (JauHble rpynnbl ynusepcureta [lapiio.)

KpeMHHs CJefyer, uro ofayyenue CO3LaeT B HeM M IOHDDHBIE M aKLeM-
TOpHBIE YPOBHH, OIHAKO pe3yAbTHPYIOWIHK 3(PeKT 3aBUCHT OT MOJONKe-
HHsi ypOBHA depMu.

NPUHLMMbI JEACTBUSL BbIMTPSIMUTEJS

BuinpsiMuTean — 310 yCTpOHCTBA, BOJAbTaMIepHas XapaKTepHUCTHKA
KOTOPBHIX HeCHUMMETPHYHa OTHOCHTENbHO HaMpsKeHWs, KaK MOKa3aHO Ha
puc. 7.19. Ilas ocyuiecTB/ieHUs Tpolecca BhLIMPSMJIEHHS HEOGXOIUMO Ha-
Jauyne «6GapbepHOro» CJIOS BellleCTBA C HH3KOH NPOBOAMMOCTBIO MeXiy
IBYMsl MartepuajaMih C Da3JuYyHOM NDOBOAUMOCTbIO; 3THMH IBYMA MaTte-
puanamu OOLIYHO SBASIOTCA MeTall M MNOJYNPOBOIHMK. Bhimpsamure.s
BCerja sBJAETCS HECMMMETPHYHBIM yCTpoHCTBOM sauG0 no BbHGOPY Mare-
puaaoB, Ju6o no ¢opme KOHTAaKTOB, 1HOO, HaKoHel, no crnocoby obpa-
60TKkU moBepxHoCTef.

dusnyeckue npoueccol, NpuBoidAune K 3¢¢ekTy BHINPAMIEHUS, JErkKo
MOHATb, paccMaTpuUBasd CHUCTeMYy, COCTOSILLYI0 K3 [ABYX MeTa/JJIOB C pa3-
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JituHO# paGoToH BhIXOla, paslefeHHbX caoeM n3onsTopa. CxeMa Takoft
cucTeMbl npuBeneHa Ha puc. 7.20. OTHOCHMTeNbHOE DPACMoJOKEHHe 3Hep-
reTMYECKUX 30H, YCTaHaBIUBalolleecs IpU PaBHOBECHH, OMpelenserTcd Ha
GCHOBE C/AELYIOUIero MpPUHLHMNA: O4f 8CEX 34eMEHMO8, HAXOOAUUXCA

8 Kkowmarxme, yposHu Depnuu

4 00aHCHBL GbiMb 00UHAKOBBLMU.
ToTyac moO ycTaHOBJEHHWH KOH-
7 takra (cM. puc. 7.20,0) norok
/ S/MeKTPOHOB YCTPEMUTCS uepe3 Mo-
30 TeHUHabHBA Gapbep HM30JAHPYIO-
a/ ero cnos, T. €. yepe3 IMyCTYiO

30Hy TPOBOLMMOCTH  H30JATOPA,
NpenMyllleCTBEHHO B HampaBJeliiu
/ 2 — 1, NOCKOJbKY 3JeKTPOHBI B 30-

N o8
\

He MPOBOAUMOCTH MeTaJjlia 2 Haxo-

Cuna moxa, M2

5 asrcst 6JM3KO K BepluuHe 6apbepa.
[Teperexanue 3JekTpoHOB 6yleT

G NPOUCXOAUTb 10 TeX TNop, MOoKa He
/ o6pasyercss ABOHHOH ciol 3apsaoB

5 (cM. puc. 7.20, s), npuBo;AuMH
K BLIPAaBHUBAHUIO YpOBHelt Pepmu

0 — IByX Meraanos. Hanuuue nosoxu-
—10 TeJIbHBIX 3apsAA0B B MeTa/ne 2 ABJs-

17./'40 30 20 15 G g5 jp CTC7 CACACTBUEM BOSHWKIIErO Tay
HeldocTaTka 31ekTPoHOB. Kak Toub-

Hanpscenue, s KO ypoBHU epMH BHIPOBHAIOTCH,

Puc. 7.19. BosabrammepHas XapakTe-

n .
DHCTIKA BLINPAMHTENs M3 3akucu menn L oPeTCKaHHE S/EKTPOHOB mpekpa

THUTCA, H YCTAHOBUTCA paBHOBECHE.

a —upsMoi Tok; 6 — obpaTHuit Tok. (MacwTab A
no ocsiM B o6e CTOPOHLI OT Haya/a KOOPAHHAT — Ha puc. 7.21 nokaszaHo, u4TO
pPasJnynbi.)

Npou3ONAeT, ecaH K Takoh cucreme
NpUIOKUTh Hampsbkenuwe. B cayuae a c ommo#t cropoubl 6Gapbepa moTo-
JIOK 30HBI MPOBOAMMOCTH IOBBLICUTCS, O/1arONPHUATCTBYS «IMUCCHU» 3JeK-
TPOHOB M3 MeTajana ¢ HU3KOM paboTo# BbIXONa B MeTaMl C BbICOKOH
paboTo#t BbIXOla; B cayuyae 6, KOria NpHJIOXKeHO o6paTHOe HampsiKeHue,
TOK pe3ko mnanaeT. YtoObl 3¢ddekT BbinpsamieHus OblI LOCTATOYHO OOJb-
1IUM, TIpOM3BelleHHE 3apsila 3JeKTPOHA € Ha BeJHYUHY TNPHJIOKEHHOrO
HanpsHkeHUs LOKHO ObiTh cpaBHUMO ¢ kT (mpu KOMHaTHOH TeMmepa-
type AT = 0,026 38). Caenyer 3aMeTutb, uYTO BhicoTa Gapbepa co CTO-
poubl Mertaana / He 3aBHCHT OT MPHUJOXEHHOIO HANpsKeHHs.

B GoablinncTBe NpHMeHSEMBIX HAa MpPaKTHKe BhIMpsAMuTesiell GapbepHblft
cioft obpasyeTca MexAy MeTalIoM M moJynpoBoanukoM (puc. 7.22).
B srtom cayuae BbipaBHuBanue ypoBHeit depMU NMPOUCXOLUT YACTUYHO 32
CyYeT 3JeKTPOHOB, NepexoAflluX B MeTajsa ¢ NPUMECHBIX YPOBHGH aoHO-
poB B MNOJYNPOBOINHMKE, a YaCTHMYHO 32 CUET BJUSAHHS TOBEPXHOCTHBIX
cocrosiunil. BeaeacrBue 1HaMMuus JIOKaNbHBIX YPOBHe# y NOJOXHTENbHO
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JIOHU30BAHHBIX TIPHMeECHBIX aTOMOB 00pa3yeTcsl 3/]eKTpHueCKU# nBOHHOMN
cJ0H, TaK Kak 3JeKTPOHbl B MeTajje MNPUTATUBAIOTCA K KOHTAKTHOM

LHO 3008
TP080GUMOCITIY
S ——— : R
1
- —— -_— 1
- Mema]  Meman 2
H3or8mop
Memam ! Memam 2 Memaw] Memam 2
Hsaramop Haonmmop
a) d) 8)

Puc. 7.20. OG6pasoBanHe BBHIMPAMAAIOLIETO CJAOS MeXJ]y ABYMA MeTallaMH
C pas3anyHOil pa6oToil BbIXOAa.

TTyHKTHPHBIMH JHHHAMH TOKa3aHbl MOJOXeHus ypoBHs Pepwu. [Tpu TensoBov paBHoBecuu,

KOrja yCTaHOBUJICH KOHTAaKT, ypoBenb PepMH OIMHAKOB AN BCCX TPeX 4acTeH CHCTeMH:

a—10 YCTaHOBJIeHHS KOHTaKTa; 6—TOTYaC MNOC/Je BOIHHKHOBEHUS KOHTAKTa, 6—paBHOBeC-
HOe COCTOsIHHeE.

noBepxHoctd. O6aacTb MONYNPOBOAHMKA, MPAaKTHYECKH NOTEepABILAA CBOH
9/IEKTPOHbl NPOBOAMMOCTH, TNpeACTaBiAseT co00H OGapvepusd cao0i.

li) ipleV T
— —-—

1%

Puc. 7.21. CxeMa, uamocTpupymoias BAUAHHE TpPH-
JIOXEHHOro HAaNpsXXeHHsA Ha TOK uepesd KOHTaKTHBI it
caoit (cm. puc. 7.20) M BosHHKHOBeHHe 3ddexTa
BHINDAMJIEHHA.
a —nanpsxxenne E mpuaoxeno B MpAMOM HampaB/eHHH;
6 —muanpskenue E  npunoxkeno B 0GPaTHOM HAaMpaBJeHuH.
B cayyae a) 9/eKTpOHHBA TOK HieT M3 o6aacTu 2 B obaactb /
TIPH Ma/oM COMPOTHBJEHHH, B cayyae O) 3NeKTPOHHBIH TOK
naet u3 obaactu 2 B o6aactb / mpu 60JAbLIOM COMPOTHUBJEHHH.

ConpoTuBienue 3J1eKTPOHHOMY TOKY, MIylwieMy W3 obnactu /
B 00/acTh 2, OAMHAKOBO KaK B cJAyyac @), Tak u B caydae 6).

Tlposoanmocte GapbepHOro €08 B pe3y/bTaTe NOTEPH 3J1eKTPOHOB YMEHb -
11aeTcd, TaK YTO 3TOT c/A0H 06salaer BCeMu CBOMETBAMHM M30/ATOPA, He-
OOXOIMMbIMH a5 3hdeKTa BhINPAMIEHHS.

16 4. Kutrens
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Bnoab Bce#t kpuBO# noreHuuansa 6GapbepHOro CcJOS BeJHYMHA eV
OCTaercs 3HauuTeabHO OGoablieit T, U MOSTOMY NpH OLeHKe XapaKTepa
M3MEHEHUS II0TeHUHa a TNJAOTHOCTb 3/JEKTPOHOB NPOBOAUMOCTH B 3TOff

,ﬂﬁo OHb!
r :npaa ocmu
______ [———

Sanorverran
3ona

.

fanyrposodrus
a)

s\\\§

N

Puc. 7.22. Bumpsamasiomuit 6GapbepHblff cJ0if MexXay MeTannom
H NONYMPOBOJIHHKOM 7-THMA.

nyHK‘I‘HpOM MOKa3aHo NMOJO0XeHHe ypOBHSA ¢CPMHZ a — 10 yCTaHOBJEHHUS KOHTAKTa;
6 — TOTyac noc/je BO3HHKHOBEHHS KOHTaKTa, 68— paBHOBeCHOe COCTOfIHHE.

06/1acTH MOXHO CuHMTaTh paBHOH Hyalo. TakuM o6pasoM, MOXHO Hanu-
caTb (B rayccoBoft cucTeMe)
div D = 4mp, (7.61)

WIH, npelnonarad, 4TO YMCJAO HOHM3OBAHHBLIX NOHOPOB B elMHHUE oObeMa
6apbepHoro cios paBHo N M cuuTass 3Lecb € MOJOXHUTEJNbHBIM, IAs TNO-
TeHLHaNa ¢ MOJy4YaeM ypaBHeHHe

29 4zNe (7.62)

0x?2 ¢

<

Pemenune ypaBuenus (7.62) nmeer BUA
o= (-%TN"—) X2, (7.63)

Ilas nepenala norteHuuana, PaBHOTO @y, TOJIIMHA GapbepHoro cios D
cocTaBasieT

D= (2:2*}\, )"‘. (7.64)

[Monaraa N =108 cx~3, e=12, ¢;=20,5 6, noayuuu
D~3.-10"% cu

BapbepHbl#t coff Takoro pona urpaet poab Hsoastopa (cM. puc. 7.21);
6o/blwias yacTh Nepenaja HaMpsoKeHHss HA KOHTAKTAaX NPOMCXOAMT Ha
6apbepHOM ciOe.
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Bun ¢yHKuMH, npeicTaBasiolled BOJbTAMIEPHYID XapaKTEPUCTHKY
78 BHIIPAMJAIOLIETO C€J0A, TOKa3aHHOro Ha puc. 7.20 u 7.21, moxuo
ycTaHoBUTL 6e3 ocoboro Tpyaa. Ecam v — cpeaHss ckopocTb 3/eKTpoHa,
TO COrJaCHO 9/eMEHTapHOM KUHETHYEeCKOH TEeOpHH 4YHCJIO 3JEKTPOHOB,
KOTOpHle TNepeceKalOT, ABWrafAChb CJeBa, elNNWHHLY NOBepXHOCTH Gapbepa
B eAMHULY BpemeHH, paBHO (1/4) Nu, rae N — KOHUEHTpPaUHA 3/EKTPO-
1oB. IINOTHOCTb 3/JEKTPHYECKOTO TOKAa, TeKyLlero uepe3 Gapbep cieBa,
coctaBaser rtoraa (1/4) Nev. PesyabTupylomuii TOK, TeKyLlMH uepes
Gapbep C/eBa HampaBo, OyleT paBeH 3TOH BeJMYHHE, YMHOXEHHOH Ha
9KCMOHeHTY exp(— egy/kT), KOTOpas XapakTepuayeT BepOSITHOCTb TOTO,
YTO 9JIEKTPOH UMEET SHEePTHIO, NPEBLILAILLYI0 BLICOTY 6apbepa ep,. Iliot-
HOCTb TOKa, TNPOTeKalollero uyepe3 6apbep B NPOTHBONONOXHOM Hampa-
B/JIeHHM, T. €. CMpPaBa HaneBO, NAaeTcs BeJHYHHOH

1 nppe—c@=VIRT

4

eC/IM HampshKeHWe, NMPUAOXKeHHOe K KOHTakTy, paBHo V. OnucanHas kap-
TUHA HATASAHO WAMIOCTPHPYyeTcss cXeMo# Ha puc. 7.21. Pesyabtupyoias
IVIOTHOCTb TOKa, TNpOTeKaloLlero uyepe3 Oapbep, paBHA PadHOCTH MEXLY
TOKaMH NPOTHBOMNOJIOXKHBIX HamnpaBsJjeHult, T. e.

J = Neve™ T (VT _1), (7.65)

Korna sHeprus eV otpuuatenbHa M no BeauuuHe npeswviilaer kT, To
IVIOTHOCTb TOKA Majia M COCTaBJfeT NMPHOAHMKEHHO

1 Negemeoi,
4

ATOT TOK, TeKyluit B OOPaTHOM HanpaB/ieHWH, CYLIECTBEHHO He 3aBUCHT
OT BHEIIHEro MPHJOKEHHOrO0 HANpsiKeHHs B PAMKaX CHeNaHHOro Npenmno-
noxenus (1. e. eV < 0 u |eV| > kT). Korna aveprus eV nosoxurensna,
TOK ONucbIBaeTcs QyHKIMeH

1 Nege™co/*T geVIrT
4

I'Ipﬂmoﬂ TOK MOXeT ObITb OUY€Hb BeJHK, €CJIH BBINMOJIHAETCH yciaoBue
ev/kT > 1. dopmyaa (7.65) npeactaBaseT coboft, B cyuHOCTH, 060061ue-
HUEe 3KCNepUMeHTaJ/IbHbIX pe3y/JbTaTOB THNA 3aBHCHMOCTH, ﬂpI’lBeJleHHOﬂ
Ha puc. 7.19.

BbIMPSIMJISIIOLLEE IEACTBUE p — n-MEPEXOJA

MOXHO pas/MYHBIMM NMYTAMH NMOJAYYMTh FepMaHHeBble HAM KPeMHHUeBble
KPUCTalibl, B KOTOPHX OyAyT OINHOBPEeMEHHO CYLIECTBOBATb 06/]acTH
C n- M pP-NPOBONMMOCTBIO, C OYeHb TOHKMM TPaHHYHBIM CJOEM MeXLy
HUMH. DTOT CAOH MexAy 061acTAMU NPOBOLMMOCTH ABYX Pa3HbIX THIOB

16*
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B ONHOM M TOM e KpHUCTanle Ha3blBaeTC p — n-MepexoioM. Iru
p — n-nepexoabl 06/1aJA0T BaXKHBIMH 3/MEKTPUYECKHMH CBORCTBaMU, B TOM
YuC/lle MOTYT OCYLLeCTBAsTb BHINPAM/AEHHE M TakHe (QYHKUMH, KOTOPhle
BBINOJIHSIOT 3/1eKTPOHHbIE TPHOIBI.

Teopusi p — n-NepPexoAGB Jerna B OCHOBY TMOJyuYuBUIe IIHPOKOe
paspuTde (M3MKM KPH. Ta.TIHYECKUX TMOAYNPOBOLHMKOBBIX AHONOB H
TPHOIOB.

O6sajalolide HYXHBIMII CBOMCTBAMH p — ri-niepeXoAbl B repMaHuu
CO3MAIOTCA HECKOJbKHMH pa3auyHbiMu crnocobGamu. Ilepsuift cnoco6 — no-

JyyeHUe p — n-mepexoia MpH BhHi-

© © O@| Mecefl, TO MB BhpaCTHM KpHCTaAL
n-tuna. OLHAKO eCAU HA HEKOTOPOi
CTaliM TNpolecca BLIPALIUBAHUA B

Puc. 7.23. O6pasosaHite p — n-nepe- pacniaB GhLICTPO BBECTH aKLENTOp-

X0la MyTeM CO31aHHA 06JACTH p-THMa
BBe/leHHeM H36bITOYHOro KoauyecTBa Hbl€ MPHMECH, TO BblpallleHHas Ha

aKUEeNTOPHOH mpuMecH, mnojaBasiomeii TNOCJAEAYIOUIMX CTAAUAX 4YaCTb KPpHU-
LOHODHl M CO3MAIOLIEH p-TIPOBOAHMOCTb.  cTadla OyleT OTHOCHUTLCA YKe K
Kpy>xKaMH NMOKa3anbl yXe HONH3OBaHLble MPH- p-Tany. Hpu 3TOM aKuUenTopb BBO-
e e e r}f,ﬁ';‘;::‘,i??:;‘"ﬁ;;;}.ﬁ';ﬁ‘“"“° AATCA B TAKON KOHLEHTPAlUHH, YTOOB!

CKOMIIEHCHPOBaTh JeHcTBHe NOHOPOB
M c031aTb HEKOTOPbIH W3OBITOK aKuenTopoB (CM. cXeMy Ha puc. 7.23).
B neBo#t nososuHe kpucranna (06snacTb n-THNA) MMEOTCS TOJBKO [10-
HOpHI, B NpaBoit moaoBuHe (061aCTb p-THMA) MMEIOTCH M HOHOPH, M aK-
LenTOpPbl, NMpHYEM aKLUENTOPbl — B 3HAYMTE/IbHOM H3ObITKe. Bo/BLIMHCTBO
aKUENTOPOB HAXONMTCA B HEMOHHU30BAHHOM COCTOSIHHM M HAa PHCYHKe He
NOKa3aHo.

Ilas cosnanus p — n-mepexola MOXHO HCMOJB30BaTh Npolecc M.a-
BleHuss. MajeHbKie IIapHKH, HanpuMep, WHAMA, NMOMeLUAIOTCS HA NMOBepX-
HOCTb KpHCTajaa repManus n-tuna. [Ipu HarpeBaHMM lapuku pacnaa-
BJAAIOTCA U PacTBOPAIOT YacTb repmanus. Ecau nanee oxaaxaare Kpucrand,
TO pacTBOPEeHHBI B >KWUAKOM HHAMM repMaHu#t Oyler BbMalaTbh Ha mno-
BEPXHOCTb KpHCTaana, oOpa3ys uMHAuM-repMaHueBbI cloff, obaanaioluni,
OYeBH]HO, NMPOBOAMMOCTBIO p-THMA. DTO BTOPOH CrMocob.

Tperu#t cnoco6 monyyeHus p — n-NepexoloB OCHOBAaH Ha HCMOJb30-
BaHHM Pa3JHyHBIX cKopocTte#f pocra. [leno B TOM, YTO PacTBOPUMOCTb,
B YaCTHOCTH CYpbMbl B TBepIOM TrepMaHWH, BO3PAcTaeT C yBeaMyeHHEM
CKOPOCTH pOCTa Kpucraiia. Ecaum ckopocTs pocTa KpucTaliia Beauka,
OH OKa3blBaeTcsi OOOTaleHHbLIM CypbMO# M, cJeAoBaTelbHO, OyleT 06.a-

#p-rneperod pauwMBaHUU MOHOKPHCTAJJIOB MeTO-
V& ‘ o177 IOM BBITATMBaHUA, MNpPH KOTOPOM
i No Mepe POCTa KPHCTaAl MelJeHHO
- ! © © ©OO| surarusaerca u3 pacniaB/ieHHOTO
® @ IO ® * | repmanus.
_ I ® 0 006 Ecan B pacnaase nepBoHayalfb-
® ® i ® .+ ® *| Ho nmencs H30BITOK JOHOPHBIX NPU-
|
|
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aTh TPOBOAMMOCTbIO n-Tvna. EciM ckopocTh pocTa Maja, TO aKuenTop-
Hele NPUMECH PacTBOPAIOTCA /erye W OKasblBAlOTCA B KPUCTalae B Inpe-
o6JalalolleM KOJHYeCTBe, TaK YTO IOJy4yaeTcs NPOBOAMMOCTb p-TuMA.
C/1e10BaTe/bHO, TMONEPEeMeHHO MeHSs CKOPOCTb POCTa, Mbl MOJYYUM KpH-
CTalll TepMaHuf, COCTOSIUMH U3 C/I0eB C MEeHSIOUIUMCA OT CJA0f K CJ0I0
THMOM NPOBOJIUMOCTH.

YerBepThilt cnoco6 HocHT Ha3Banue IAudEY3HOHHOrO. IDTOT cnocob
COCTONUT B HarpeBaHuM oOpasua B arMoctepe rasa U3 INOHOPHBIX WJH
aKLeNnTOPHbIX aTOMOB 10 BBICOKOH TeMMepaTyphl; MPH 3TOM HYXHas MpH-
Mecb fonajaeT B KPHUCTalJa U3 rasa nyTeM IudGY3HH Yepe3 MOBEPXHOCTS.
KpeMHueBble 3JeMeHTHl COJHeYHBIX GaTapedt H3roTOB/NEHBl UMEHHO 3TUM
cnocoboM. It Gartapen sBaAOTCA Haubonee 3PPeKTHBHBIMU, YCMELIHO
paspabaTbiBaeMbiMH TNpeoOpa3oBaTeiMM COJIHEYHOH SHepruv Hemocpeln-
CTBEHHO B 3/eKTPHYeCcKYyl0 (OTHOLleHMe TOJYyYaeMOit 3/eKTpuyeckoh
SHepruM K noJHo#t najamowel Ha OaTapelo conHeuHOR IHepruum cocra-
BaseT 129%).

TonuuHa nepexoaHOro caof Mexiy o00JaCTAMH - U p-TUNAa NOJKHA
6bITh Majga 1Mo CpaBHeHHIO ¢ IU(Y3HOHHOH LAUHOM, T. e. paccTosHMeM,
KOTOpPOe B CpeIHeM TMpPOXOAUT HOCHTeJb TOKa 3a BpeMsl €ro >H3HH.
CooTHouleHue (7.52) noka3biBaeT, YTO B FepMaHWH NMpPU KOMHATHOH TeM-
nepatype aud¢dysnonnas aauia L, (aaa avipok) pasHa 0,2 ¢, nockonbky

-3

BpeMsi Xu3HM IbIpok cocTaBaseT 10™° cex. Ecau 6bl BpeMst XH3HM CO-
-7

craBasno aumwe 1077 cex, 10 AuddysuoHHas Aauna Gblra Obl NOpsiKa

1073 ¢ W npuMeHeHWe KPUCTAaNNOB C TaKMMWU CBOMCTBAMM B MpaKTiYe-

CKUX ycTpoiicTBax Obljo Obl 3aTpyAHeHO. TakuM 06pas3oM, Jierko BHUIAETh,
YTO eCcJM MBI XOTHM HMeTb MaTepHas, colepxkauiuft p — n-nepexol, WK
CO3LaBaTb KPHCTA/NMHYECKHe TPHOIBI, TO BpeMsl XHU3HH HOCHUTeJeH TOKa
D07 KHO J1eaTb Bbllle HeKOTOPOTO HWXHero mnpeneJa.

CHavyana Mbl OMMLIeM B KayeCTBeHHOH (opMe BHNpAMAsOLIee deli-
CTBHE p — n-TMepexola, a 3aTeM OCTAaHOBMUMCS Ha HEKOTOPbIX JeTa’asx
pacyeTHOro KOJAMYECTBEHHOr0 XapakTepa.

Ecau B kpucTaaie uMeeTcs p — n-NepeXOd, TO MOXHO OXHIATh,
YTO NMpPH TENIOBOM PaBHOBECHH 3JMEKTPOHBEI APOBOAMMOCTH, NOCTaB/seMble
noHOpaM#, OYAyT HaXOAHTbCA B OCHOBHOM B 0OGJAaCTH n-TUNA, rle 3JeK-
TPOHBl OyAyT ne#Tpanu30saTh MPOCTPAHCTBEHHBI 3apsl LOHOPHBLIX HOHOB,
B TO BpeMs Kak [ABIPKH, NMOCTaBJseMble «aKLENTOPHLIMM HOHaMu», OyiyT
HaXodHTbCA TNpeHMyllecTBeHHO B o06aacTH p-tuna. B orcyrcrBue 9jek-
TPUYECKOI'O MNOJS NPH pPaBHOBECHH 3/JEKTPOHBl M ABIPKHU, OUYEBUIHO, He
MOTYT OCTaBaTbCsl MPOCTPAHCTBEHHO pa3leNeHHbIMH p — n-NepeXOoioM.
Ecan Kk nepexody He NpUIOKeHO 3JeKTPUYeCKOe MoJe, TO BCJAEACTBHE
Iuddysun 3JeKTPOHB U AbIpkM OyAyT «nepeMellnBaTbcs». Ecau npen-
NOMOXHTb, YTO MepBOHAYAJAbHO HHKAKOrO TMOMNepeyHoro (OTHOCHTE]bHO
nepexona) 3.1€KTPHUYECKCTO MOJA He CyllleCTByeT, TO IbIpKM OyayT Aud-
¢yHaupoBaTh B OAHOM H:{NPaB/JEHHHM, OCTaBAsAsA 3a COGOH OTpULATENBHO-
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3apshkeHHble HOHBl aKLeNnTOPOB, a 3JMeKTPOHBl — B TNPOTHBOMOJIOXHOM
HanpaB/eHHH, OCTABJSsS NMOJOXKHUTEIbHO 3apsKeHHble HOHBI 1OHOPOB. Takum
o6pasoM, 3Ta nepBuyHas Aupdysus OyleT npUBOAMTL K 00pas3oBaiuio
Ha TpaHHlle NepexoAa 3/MeKTPOCTaTHYECKOrO AMMNOJLHOIO C/Of, 3JMeKTpH-
yeckoe noJe KOTOPOro TMpensTCTBYeT najbHellie# auddysun uepes
rpaHuuy.

B cuay BO3MOXHOCTH pPEeKOMOMHAUMU JbIPKH M 3JEKTPOHA, COMpO-
poxnamoolilefica uaayyenneM ¢OHOHOB MaM GOTOHOB, GyIeT CylUeCTBOBAThH
cnabbift TOK INBIPOK M3 p-obnactH B n-06JacTb, TaK KakK ABIPKH, nona-
nawoue B n-ob6aactb, OGynyr pexomMOunupoBaTh. IToT TOK [, Oyaer
ypaBHOBELIWBATbCA TOKOM IbIpOK, oOpasyowuxca B n-06JacTd Bclel-
CTBHe TeM/IOBBIX (IYKTYyauu#t u 1dpgyHaupywowux B p-o6aacts (Tok /).
I1pu paBHOBeCHH TOK, OOYCJOBJAEHHHIH MpPOLECCOM PeKOMOUHALMH, M TOK»
BO3HUKAIOWMH BC/AeACTBUE 00pa3oBaHUs NLIPOK B Pe3y/bTaTe TENJAOBLIX
.baykryauutt, OyniyT paBHbl NMO BeNUYHHE H MPOTHBOMOJOXHBLI MO Hanpa-
BieHuto (puc. 7.24, a).

Tenepb Mbl MOXeM ONHCaTh BBHINpSAMJsIOlee NeHCTBHE p — n-nepe-
xona B Kpuctamie. Jlas nmonyyeHus o6pATHOro CMeWIAIOWIErO HANpPSKEHHs
(cMm. puc. 7.24, 6) Ha p-06JacTb Hak/JalblBaeTCsi OTpHULUATENbHOE Hanps-
eHMe, a Ha n-00/acTb — MOJNOXKUTENbHOE; B pe3yabTaTe PasHOCTb MO-
TeHLHA/I0B MeX Ay 3THMU IBYMS OOJACTAMH YBe/JHYUBAETCS.

Tenmepb mnpakTHYeCKM HU ONHA ABHIPKAa He MOXeET Npeolo/eTb MOTeH-
uManbHbI Oapbep, M TOK pexkoMOuHauuu [/, nagaet A0 oueHb Masoh
BequunHbl. Ha BenwunmHy Toka /, cMellaioulee HanpshkeHHe NOYTH He
BJIMsIET, TaK KAaK paccTosiie, KOTOpoe MOXeT NMPOHTH AuddyHIMpyIOLLas
AblpKa 3a BpeMs CBOelt XHM3HH, BeJUKO IO CPaBHEHWIO C LUUPUHOH Ou-
NOJBHOrO C0A Ha p — n-nepexone. Ilpu npaMoM cMellaloLleM Hampsxe-
Hun (puc..7.24, 8) Tok /, cornacHo 3akoHy pacnpefedenus BosbuMana
.BO3pacraeT B COOTBETCTBMH C COOTHOLUEHHeM

I, =1 ,e¢VIHT, (7.66)

3ameTnM, 4TO TpH HyleBOoM CMmeuleHud [, =1/, KaKk M LOKHO ObITb NpH

paBHOBecHH. Pe3yabTupylomuft Tok ABIPOK M3 p-obaacTw B n-o6.acTb
nosnyvaercs Kak pasHocTb [cM. (7.65)]

I, —1 =1, (esVIFT —1), (7.67)

Ipu V=0 tox /, —/, paBen Hymo; npu yBeiauueHuin V OH 9KCnoHeH-

LMaJTbHO BO3pacTaeT A0 O00JblUMX 3HAYeHHH U yMeHbluaercs, Korza eV
OTpHLATE/NbHO, 1OCTHras B Npejefe 3HaueHus HacbieHus —/,.
DNeKTPOHHBIM TOK, TeKyliu# yepe3 p — n-Nepexon, BedeT ceba aHa-
goruyHo. HasloxeHHoe HanpsbkeHHe, KOTOpOe YMeHbLIaeT BLICO®Y MOTeH-
uuansioro OGapbepa IJf ABIDOK, yMeHbluaeT ee W /i 3JEKTPOHOB, U
f109TOMY TIPH TAaKOM HAJOXKEHHOM HAMpsiKeHUH, KOTOPOe NMPUBOLNT K 3HA-
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yUTeNbHOMY IbIPOYHOMY TOKY H3 p B n-06.1aCTb, 60/blIOE YHCIO 3jeK-
TPOHOB TNepeTeKaer M3 7-061acTH B p-06/1acTb. ITH TOKH CKJIAALIBAIOTCH,
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Puc. 7.24. 3aBHcHMOCTb TOKOB OT CMELIAIOLIErO Hampske-
HUS Ha p— n-mepexoje, a HMEHHO TOKa, CBS3aHHOro
¢ pekom6uHauueii (/,), 1 TOKa, CBA3aHHOro ¢ BO36YyKie-
HHEM JBIPOK TemaoBuIMU GaykTyauusmu (/).
CMelenue NPUNO0XKEHO 110pMaabNO K p— n-mepcexony. IMaocamu u
MHHYCaMH TMOKAa3aHO pacnpenejieHHe HOCHTeJieHl TOKa; @ — COCTOsHHE

TENJOBOTO  PaBHOBECHf,  CMeIlalolllee HampsKenue OTCYTCTBYeT;
6 — obpaTHoC cMellcuue; 8 — npaMoe cMeuienue (no Ilokau).

TaK uyTO [Ja IOJHOTO pe3yabTHUPYIOLUero TOKa, OOYCJOBJEHHOro Kak
ILIPKAMH, TaK M 3JEKTPOHaMH, OyleM HMeTb BbIpaXeHHe
I =1, (ecVIkT —1), (7.68)
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rne /;—cymma IByX ykasanHbiX TOkoB. Kak nokasbiBalot xpusbie, npu-
BeleHHble Ha puc. 7.25, dopmyna (7.68) xopowo noarsepxiaaercs i
p — n-nepexolos B repMauuu. luddysuoHHas Teopus BmINpaMAfOLIEro
JENCTBUA p — n-NepexoloB, H3JI0XeHHas Bbille, MOATBEPXKAAETCH TaKiKe
u3MepeHuaMu GOTO3/MeKTpHYe-
00 © CKHX 3¢¢eKTOB, TNpoBeleH-
HbiMu TayyepoM u ero co-
TPYAHUKAMH.
w Teneps, ouennM Beauuuny
ToKa Hachilenns /.. Ieranb-
J bl aHa/iu3 3TOr0 BOMPOCaA
6uin nan llokan. Sror awa-
o JIM3 OCHOBLIBAJCH Ha BeCbMa
r NpOCTOH MOJe]d MNPOLeccos,
} NPOUCXOAAINX B 06/aCTH Me-

Py P ,_o——] pexona. Paccmotpum mpexae
’ / BCEro TOK JBIPOK, 06Gpa3yio-
LMXCcA B pe3y/bTaTe Temjo-

/ BbIX BO30YXIeHuH; MIOTHOCTD

o A 3TOr0 TOKa 0603HauuM ye-
pe3 Jj,s Tlpeanonoxum, uro
TOJIIMHA MePeXOJHOro ¢Jos
oo Maja MO CpaBHeHHW ¢ Aud-

a0 07 10 0. oo PysuoHHOR  nauHO#, M mo-

[lnomuocms moxa, ma/cme 3TOMY MBI MOXeM NpeHe6Gpeub
npoleccaMu  pekOMGHHALMUH,

Puc. 7.25. BoabTaMmnepHas XapaKTepHCTHKA |
p— n-nepexona B repmanuu (no Lllokau). NPOUCXOAALIUMI B CAMOM nie

pexoae. Hurepecywowne Hac
Cuaounsie KpuBbLIe — TEODETHYECKHE, KPYXKKAMH MOKa-

3aHH 9KCMIEPHMEHTAJbHBIE NAHHBIE. IblpkH 00OpasyloTca B n-06-

aactu (cM. puc. 7.24) u aug-

¢yHaupyoT B p-o6aactb. TOK, MepeHOCHMbI# 3TUMH AbIpKaMu, Npubau-

XEHHO paBeH NpPOM3BeleHWI0 MX 3apsla |e| Ha PaBHOBECHYIO NJOTHOCTDb

IbIPOK p, B n-061acTH M Ha CPeaHiOl0 CKOpocTh Auddysuun v,. Ilo-

C/EJHIOI Mbl MOXeM NpPHHATH PaBHOM OTHOLIEHWIO AM(GY3HOHHOR AIHHBI

_ 2
L,=(D,t,)" K BpeMeHW XW3HM AbIPOK T,, T. €.

_ (Dprp)" Dy
v, = T - L,

(7.69)
P
Hns nplpox B repManud TNpu KOMHATHON TeMmepaType, HMeEKIMX Bpems
wusnn 107% cex, Benmunna v, MoxeT 6uiTo nopsaka 200 cu/cex. Torna,
BOCIMO0./1b30BaBIIKCL (OPMYJI0# DiHIITEHHA .

_ ukT
D= et
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MnoJyYHM HCKOMYIO MJIOTHOCTb AbIPOYHOrO TOKa

j~ pnle| D, _ PipkT

- L, L,

(7.70)

Aty ¢GOpMyay MOXHO BBIBECTH W HECKOJbKO WHbIM myTeM. PaBHoBecHas
NJAOTHOCTb AbLIPOK B 72-064acTH, 0603HayeHHas paHee Yepe3d p,, ocraercs
MOYTH HeM3MEHHOR BMJIOTb 10 CaMOr0 MEPeXOLHOro CJaos (CO CTOPOHB

n-o6aactu).
Ecnu Tenepb nepneHAMKY/JIAPHO K IJIOCKOCTH INepexona HalO0XHUThb
noreduuan V, TO KOHUeHTpauus IAbIPOK B n-o6aactu B6AM3M Gapbepa

CcTaHeT paBHOM
p”eeV/kT,

a u36bITOuHas KOHLeHTpauua AbIpOK MO CpPpaBHEHWI0 C pAaBHOBECHLIM 3HaA-
yeHdeM OyleT BO3pacTaTb MO 3aKOHY
Po=p, (e?VIFT —1). (7.71)

[To Mepe ynaneHHs OT nepexoia B rayOuHy n-o6JacTH 3Ta U3OBLITOYHAR
KOHUEHTPAalUs BCIeACTBHe PeKOMOWHAUMM HM3MEHAETCA 1O 3aKOHY

p=pe """ (7.72)

B coorBercTBUU ¢ (7.49).
IOas naoTHocTH TOKa Auddysuu uMeeM

| —— |e| D, grad p — 15122 3
Jjo=—/\e| D,gra p=—p P (7.73)
B o6nacti nepexona
. le|D ,
j,= ”"L_p"’ (e¢VIRT —1). (7.74)

Urak, pe3yibTupylollas IMJIOTHOCTb TOKAa, TeKYLIero uepes p —n-ne-
pexon,

i . Pnlel Dp nylel Dy .

J =J,,+fp — ( ” + P I (eeV/IRT I)Ejs (eeVIRT — 1).

DTOT pe3yabTaT HAXOAMTCA B corjacuu ¢ gopmynamu (7.68) u (7.70).
Bunxo, uto ecau o6e nuddysuouusie Aauubl L, u L, poctatouno se-
JUKM, TO TOX B O0OpaTHOM HanpasieHuu Maja. CielyeT OTMeTHTb, uTO
TOK JOCTHraeT «HacbllleHus» (MJAOTHOCTb TOKA HaCbleHHs ecThb ),
korza V B Heckoabko pa3 Oosblie, YeM BeanuuHa kT /e, pasuas npu
koMHaTHO# Temnepatype — 0,026 8, u 4TO KO3pPuUUEHT BHNpPAMIE-
HUS TpH
kT

V==x—
e
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cocrapasier e=2,73. [l HecKkOJbKO MeHbIINUX 3HaueHu#t V' nepexop
6yieT B OCHOBHOM HIpaTb POJb OMHMUYECKOTO COMPOTHBJEHHUS.

OTH KayeCTBa, KOTOPBIMU JeHCTBUTEIbHO 06aalaeT peanbHb#t Mepexoy,
eCTb CJelCTBUe TOro (akTa, UTO HOCHTeJH TOKAa HMMEIOT 3JeKTPHYeCKuy
3apsal, paBHbii OIHOMY 3/J€KTPOHHOMY 3apsaay. BoabTamnepHeie xapak-
TePUCTHKH BBINMPAMUTENEH C p — n-NepexolaMu SBJSIOTCA JyYIIUMH H3
BO3MOXHBIX I/ MPOCTBIX CTPYKTYP, KOrla HOCHTEJIH TOKAa HMMEIT 3JeK-
“TpUUYeCKHUH 3apsill, paBHbI OLHOMY 3JIEKTPOHHOMY 3apsny.

TyHHeJbHble AHOAB. TyHHeAbHBIR AMON, BrepBble NpelNOXeHHbIH
Acaxun [8], [9], npeacraBaser co6oi noJyNmpOBOANHKOBBLIK JAHON, H3ro-
‘TOBJIEHHBI U3 CHJIBHO JIETHPOBAHHOTO KPEeMHHs WJM repMaHus. B onpe-
lleJIeHHOM OrpaHHYeHHOM MHTepBaJje HanpshKeHUR, MPUJIOKEHHBIX B NPAMOM
HanpaB/eHHH, TYHHEJAbHBIH 1HOX o6sazaeT OTpMUATEJbHBIM COMpPOTHBIE-
HueM. [IpHM BBICOKHX YaCTOTaX M HM3KHX BBIXOLHbIX MOILHOCTSX TYHHe/b-
Hble IMOLBl MPUMEHAIOTCS B KaueCTBe yCHAUTeNeH M reHepaTOPOB; Kpome
TOrO, OHM MCMOJBL3YIOTCA TaKxke B KayecTBe NepekioyaTeneft B BBIYMC/IH-
“Te/IbHBIX MaLIHHAX.

KoHueHnTpauuss npumeceft B TYHHeJbHOM IAHOLE MOXeT HUMETb Beju-
unpHy nopsaaka 102 cux~3. TIpn TakOH KOHUEHTPAUHH NOYTH BCe NOHOPHI
M aKLeNnTopsl fBJAAIOTCS MOHU30BAHHBIMM NpH M060# Temnepatype. Takoe
‘COCTOSIHHE MOXHO XapaKTepH30BaTb KaK BHIPOXIEHHOe, U PaCCMaTPHBATH
NOMYNPOBOIHUK KaK MOJyMeTasll.

s paGoThl TYHHeNLHOrO AHONA HeOOXOAMMO, YTOObl KOHUEHTpauus
3/IeKTPOHOB MO OJHY CTOPOHY Nepexolda M KOHUEHTPauus IAbIPOK MO Apy-
Iyl0 ero CTOPOHY OblJa NOCTaTOYHO O0OJbIUIOH, TaK KaK TOALKO B 3TOM
c/lyyae BHICOTa MOTeHUHanbHOro O6apbepa OyleT AOCTaTo4yHOH, YTOGHI
cMecTuTh ypoBeHb Pepmu B mpeneibl BaleHTHOH 30HH B p-006.1aCTH H
B Npeesibl 30Hbl MPOBOAUMOCTU B n-00/1aCTH, KaK NMOKa3aHO HAa puc. 7.26.
Ilpu Gonee HU3KUX KOHLUEHTPAUMAX, KOTOpble HMCMOAL3YIOTCH B OOGBIYHBIX
p — n-nepexonax, yposeHo PepMu no obe CTOPOHB OT p — n-nepexoia
JeXHUT B 3anpelleHHON 30He.

B TyHHelbHOM IUOJe BePXHAN 4acTb Ba.leHTHOW 30HBI MepeKpbiBaeTCs
€ HIDKHEH YacTbio 30HBI MPOBOLUMOCTH; BEAHYMHY NepeKpbiTHA 0603HAUUM
yepe3 A. DNeKTPOHBl MOTYT NMPOHHKATb Yepe3 Gapbep U3 06.JacT n-THNA
B obBaacth p-tuna. Takoe npoHUKHOBeHHe MpeacTaBasier co6o#t crmeundu-
YyecKoe KBaHTOBOMEXaHHUYEeCKOe fIBJeHHe M HOCHT HA3BAHUE MYHHEAbHOZ20
pgexma. TyHHeNbHLIK 3¢¢ekT Obla BNepBble paccCMOTpeH 3HMHEpOM,
KOTOpHIM TMOKa3aj, 4To NoA UeHCTBHEM CH/IbHOIO JIOKAMbHOTO 3JEKTPH-
YeCcKOro MoJisl 3JeKTPOHbI, He U3MeHAA CBOe# 3Hepruu, MOryT COBEpILMTH
TYHHeAbHBI!l Mepexol U3 BaJeHTHOM 30HBI M 3aHATb CBOGOAHbIE COCTOAHUS
B 30HE IIPOBOAUMOCTH, HJAM, HAOOOPOT, aHA/JIOTMYHBIM 06Gpas3oM NepeHTH
M3 30HHl MPOBOAMMOCTH B BAaJCHTHYIO 30HY.

Ilns onpencacius BUAa BOJLTAMINEPHOH XapaKTEPUCTHKH & TYHHeb-
HOro 1MOJa PACCMOTPUM IASl NIPOCTOTLI TMepeXOol TOJAbKO B OLHOM Ha-
TipaBJieHuu.
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B oTcyTcTBHe BHElLUHEro HampsiKeHHs CMellleHHs Pe3yJabTHPYIOWHH TOK
paBeH Hymo: 6apbep HMMeeT KaK pa3 TaKylo BBHICOTY, KOTOopas oGycuo-
BIMBAET OTCYTCTBHE TOKa. BMecTe ¢ TeM pe3yJbTHPYIOIMH TOK AOJDKeH
OTCYTCTBOBaTb M B TOM CJyuae, KOTa K NepeXOly MPHJIOKEHO B MPAMOM
j1anpaBaeHu HanpshkeHne cMelllenus V = Afe, KOTOpOe NPUBOIKMT K yCTpa-
JIeHUI0 MepeKpHITHs 30H. IIpH NpPOMeXYTOUHBIX 3HAYEHUSAX HAMPSKeHUs
cMelllelinsl yepe3 MepeXOof INPOXOAUT HEKOTOPHIH pe3yJbTHPYIOLIUMHA TOK

D n
Jowna
nposodumocie
THEDZEMUYECHAT
UENS

£, 2
br = 0 ﬁ ————— 7
Iv—>c lic—v)
Frepeur ) ! £e

TENTTIPOH A
srenmy IHEpemuYEcHan

Barermras 2yenk
JoHE

Obracmp

| nepexoda

Puc. 7.26. Cxema pacnosoxeHHs 3HEpreTHUeCkMX ypOBHel

B6JH3H mnepexoja B juoie IDcakH (TYHHEAbHOM RHOAE) NpH

TenJoBOM paBHOBecHH. ITpu a6coMOTHOM HyJle BCE COCTOSIHHS
C 3Hepruc, Menbumed Eg, 3aHATH 3JEKTPOHAMH.

B NpsSMOM HanpaBieHHH. Ha 3TOT TyHHenbHBIR TOK HajaraloTcs Iud-
¢y3HoHHBIE TOKH (CM. puC. 7.25), UMeloluMe MeCTO B p — n-Nepexone,
TaK YTO OKOHYaTeJbHasi BOJbTAMIepHas XapaKTepUCTHKAa HMeeT BUA, MO-
Ka3aHHbI Ha puc. 7.27.

Mbl MOXeM HamucaTb (OPMajbHOE BblpaXKeHWe N/ TYHHEJbHOTO TOKa.
PaccvoTpuM TOK, OGYC/NOB/EHHHIM 3.1eKTPOHAMH, COBEpIIAIOIMMH TYH-
HeJIbHbI Tepexol M3 BaJeHTHOR 30HB B 30HY NMPOBOAMMOCTH M 006Janaio-
wHX sHepruet dE B mpenenax 06/1aCTU NePeKpPHITHS.

ITOT TOK NPOMOPUHOHAJIEH YHUCAY BaleHTHBIX 3JeKTPOHOB, 06.analo-
LIHX SHeprue#t B mpelenax 3TOrO HHTepPBaJa, YUCIY CBOGOILHBIX COCTOSTHHR
B 30He MpPOBOILMMOCTH, JMeXALlUX B TOM Ke HHTepBaJe SHEpPruu, U Be-
POSITHOCTH TYHHEJbHOrO Mepexola W3 BaJeHTHOH 30HEI B 30HY MpPOBO-
OUMOCTH.

O6o3Hauum uepes p,(E) u p, (E) NI0OTHOCTb COCTOSIHUEA B 30He mpo-
BOOMMOCTH M BaJNEHTHOM 3oHe, a yepes f,(E) u f, (E) — cooTsercTByomue
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¢yHkuMM pacnpelieleduss PepMH, XapaKTepH3ylOliue BePOSATHOCTH TOro,
YTO ILaHHOE COCTOSIHME 3aHATO; MyCcTb Zy,e W Z, TNpeicTaBasIOT
co00ft BepOATHOCTM MepexoJa B OAHOM M ApPYroM HampasieHuu. Toraa

v -
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3 /
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Puc. 7.27. BoabTaMmepHas XapaKTepHCTHKa

KPEMHHEBOTO TYHHEJbHOTO JHOAA MpPH Hajo-

JKEHHH HanpsaXeHus B NpPAMOM HamnpaBJA€HHU
(no dcakh).

Beanuuna f, (E)p, (E) npencraBaser COO0H MIOTHOCTb 3aHATHIX COCTOS-
HU#t B BajeHTHOH 30He B uHTepBase dE, a BeauuuHa

(I —fo e (E)
PaBHA MUJOTHOCTH HE3aHATHIX COCTOSHHA B 30He MPOBOAMMOCTH B WHTEp-

Bane dE.
Takum o6GpasoM,

lyye=K [ Z, 0, o, B [,(1 = [)4E.  (1.T5)
EC

rae K —mnocrosudas. Murerpan Geperca or xpag E, 30Hbl NpoBOIUMOCTH
8 n-obnactu no kpas E, BaneHTHOH 30HH p-06nacT. AHanoruumo,
E

lisy =K [ Z,,,0,E)p(E) f,(\ — f,)dE. *
E

(4
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Ecau NPUHATb, Y4TO Zye = Z; 5y, TO Pe3YAbTUPYIOWMA TOK GyaeT pasen
E

I=1,—lye=K [ Z(fo—f))om, dE. (7.76)
E

(4

[Tpu Ten10BOM paBHOBECHM BePOSTHOCTb TOrO, YTO COCTOsIHHE C A i-
Ho#t 3Heprved E 3aHATO 3/MEKTPOHAMHM, HMeeT OAMHAKOBYI0 BeaHuHHY
B 30He TMPOBOAMMOCTH M B BaJeHTHOM 3oHe, Tak uto f,(E)==f, (E).
CaenoBatenbHo, lopy=1Iy5, n I=0. Ecau K nepexoiy npuaoxeno
B NPAMOM HampaBJeHHH HanpsbkeHHe cMelleHus V, TO B p-06.1aCTH yPOBHM

1—51/ -[:I/

V=0 Vv>g V<yg
a) o) 6)

Puc. 7.28. CxeMma, uanocTpupylowas pacnpejeieHie 3JeKTPOHOB
1 BO3HMKHOBEHHE TyHHeabHoro Toxka npu 0° K npu pa3anuHbix cme-
IAIOUHX HanpsKeHHUsX.

3Hepruu, ypoBeHb PepMu u Kpas 30H CMellalorcs BHM3 Ha BesJHuuHy eV no
CPABHEHHIO C COOTBETCTBYIOLLMMH YPOBHAMH B n-o6aacTh. TakuM o6pasow,
NpH Ha/JOXEeHUH HAMpPSIKEHUS CMelUeHMs B MPAMOM HANpaBJeHHH BeJUYUHA
NepeKpLITAS U3MEHSeTCs; NPH STOM MeHsIOTC U 00e KOMMOHEHTHl TOKA.

Ilpn V = A/e nepekpbiTus He OyneT, TyHHeabHb#l 3¢ddeKkT ucyesHer,
u o6e KOMNOHeHTbl Toka obparsiTc B HyJb. TakuM oGpa3oM, npu eV = A
nocrosHHas K paBHa HYya0.

Yro6bl npeactaButh cebe, KaK BO3HMKAeT OTPHUATENLHOE CONPOTH-
B/eHMe, PacCMOTPUM TYHHeJbHbIH Nepexol npu aGCOJIOTHOM HY.Je.

B coorserctBuM ¢ ¢yHkuueit pacnpenenenus f,(E) B p-obnactu Bce
COCTOSIHMS, JeXallie Hidke YPOBHA depyu Epp. 3aHATHI, a BCe COCTOfA-

HHA BbllIE 3TOrO YPOBHS CBOGOIHBI. AHaloTHYHOe yTBepxIeHHe CrpaBes-
auBo u nas ¢ynxkumn f,(E) B n-ob6aactu. Ha puc. 7.28, a sawmtpuxo-
BaHbl 06.1aCTH, B KOTOPbIX NMPH OTCYTCTBHH CMellleHHs! 3aHATH BCE COCTOSI-
Hus. lpu stom o06a Toka paBHbl Hymo. Ilpu HaaoweHuu cMeluenus V'
B NpSMOM HamnpaBieHWH KapTuHa HM3MeHseTca (cM. puc. 7.28, 6).
TyHHe/bHBLIH Nepexol W3 Ba/JeHTHOH 30HBI HEBO3MOMEH HU NMPH KaKHX
3HayeHMAX NPSMOrO HanpseHus CMelleHHs, TaK Kak BCeM 3aHATHIM
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COCTOAHUAM BaNeHTHOH 30HLI COOTBETCTBYIOT 3aHSATHIE K€ COCTOSIHHS 30HKy
nposoaumocti. Takum o6pasoM, npu V > A/e ok [y, TOXIeCTBeHHo
paBeH HYyJIO.

OnHako TyHHeJbHbI Nepexold M3 30Hbl MPOBOAMMOCTH MOXET OCy-
LLLeCTB.IATLCSA, TMOCKOJAbKY HEKOTODBIM 3aHATHIM COCTOSHHSIM B 30He MpO-
BOJAMMOCTU COOTBETCTBYIOT CBOOOLHLIE COCTOSIHUS B BaJeHTHOH 30He; TaKMM
06pasom, /o, > 0. IMockoabky npu V = A/e Tok [, ., onarb paBeH HY.I0,
OH 10JKeH uMeTb MakcuMyM B uHTepBaste 0 <<V < A/e. Cutyauus, umeio-
1iasi MecTo Npu OOpaTHOM HanpshKeHHHM CMellleHUsl, TNpeAcTaBjJeHa Ha
puc. 7.28, 8. Paccyxias aHaJOrMYHbBIM 0OpPa3OM, HeTPYLHO MOHATb, YTO
HU TP KAaKOM 3HaueHMM OOGDPATHOrO CMelleHHs TYHHeJbHBHIH Mepexod u3
30HBHl NMPOBOAUMOCTH HEBO3MOXEH, MOCKOJbKY B 3TOH 30He CBOGOLHLI BCe
COCTOsIHMSI C SHeprue#, npesbiwaiowel Ep,. TakuM oGpasoM, TOok /..y,
TOXIOEeCTBeHHO paBeH Hy.J10. Hao6opor, TyHHelbHb#t TOK B OGpaTHOM Ha-
NpaBJeHUN OTJIHYEH OT HyJas U GBICTPO BO3pacTaeT C yBelMYEeHHEM CMe-
1eHHs, TOCKOJbKY NpH 3TOM BO3pacCTaeT MepeKphHITHE.

BeposTHOCTb TyHHeabHOro nepexona Z B popmyie (7.76) moxHO onpe-
JeMuTb 3IKCMEepUMEHTATbHO MO BOJbTAMMNEPHBLIM XapaKTePHCTUKAM. JCaKH
M Musxapa Hawau, 4TO LJS TepMaHus

7 — e-210%F,

rie F — sjekTpuyeckoe noJe Ha nepexoile, BLIPAXeHHOE B €NUHUUAX 8/CM.
STOT pesyJabTaT XOPOLIO COrjaacyercs C OUeHKaMH, CAEJaHHBIMH C T1O-
MOLbI0 Teopun 3uHepa.

KPHUCTAJIJIMYECKHE TPHOIbI C TOYEYHBIM KOHTAKTOM

Kpucranauueckue TpuOAbl C TOYEYHBIM KOHTAKTOM, H300peTeHHbIE
bBapaunoM n BparrefiHom [10], sBis0TCA MepBbLIMU MOJYNPOBOLHUKOBBIMU
yCTpOHCTBaMM, KOTOpble MOTJAM BHIMOJHATb TakHe (YHKLHMH BaKYYMHbIX
TPUOLOB, KaK ycuJeHHe ¥ MOAyasuus. Tenepb CTajl0 BO3MOXKHBIM cOOpaTh
COBPEMEHHYIO CJO0XHYIO0 3JeKTPOHHYI0 CXeMy COBeplUeHHO 0e3 BaKyyMHbIX
Jamn, M0Jb3ysaCb JULIb MOJYNPOBOLHUKOBBIMU BHIMPAMHMTE/IIMH U TPHO-
namu. Takne cxeMbl 06/MaJalOT PAAOM NMPEeHMMYLIECTB: He COdepPXKaT uenelt
HaKa/ja, MMEIOT MaJjble rabapuTel U MOBbILEHHBIH CpPoK xu3HU. Ilns uaro-
TOBJIEHHS] KPHUCTAJIMYECKUX TPHOLOB 4Yallle BCero NnpuUMeHseTcss repMaHufl,
TaK KaK MOABHXHOCTb HOCHTeJef TOKAa B HeM Bhlillle, yeM B JIOObIX ApY-
rux OOLIYHBIX TOJAYNpOBOAHMKAX. ITpuMeHseTcs TakXke W KpeMHMH{t, Koria
ycaoBusi paboTbl cXeMbl TPeOyIOT YCTOMYMBBIX XapaKTepUCTHK B LUIUPO-
KOM MHTepBaje TeMHepaTyp.

B Hacrosiilee BpeMsi MMEIOTCS KPHCTA/LIMYeCKHE TPHOIAbl Pa3JIHYHBIX
THMOB. Mbl CHayala paccMOTPHM TNePBOHAYaMbHBIA BAPHAHT, MPEAIONKEH-
Hboit BapanHoM u BpaTTe#HOM, KOTOpHIf M3BecTeH KaK KPUCTaginyeCKu#
Tpuon tHna A. 3rtOoT TpHOL NpeAcTaBiseT co00# HeOOJbUIOR KpUCTAJIT
repmaima n-tuna (puc. 7.29), Ha HMKHeH YaCTH KOTOPOTrO MMeeTcCs
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OCHOBHOH 3.1eKTpOA, uaM 6asa, ¢ 6OJbLWION KOHTAKTHOH MOBEPXHOCTHIO,
TOrda Kak CBepXy MOMellaloTcsl ABa O6JU3KO PacrnoJOXEeHHBIX TOYeYHBIX

KOHTaKTa (paccrosiie Me- L— K -—1

xay Humu pasHo 0,01 cm).

BXOIHOM KOHTAKT, HIH 3MUT- py.u0s Smurmmep HKarnermap

Tep, OOBIUHO BKJIOUYAETCA B - Hazpyara < Ky
npAMOM  HanpaBieHun  (Ha- /‘////,éi"}’””’ _
npaBjeHHe C MaJbiM COMpo-  + —L Aucmart / ="
THBJAEHHEM), 2 BEIXOLHOH KOH- —T {}%f’flfgggﬂ%ﬁéia -E+
TAKT, WM  KOJIJIEKTOp, — B I

00paTHOM Hanpasienun (Ha-  pyc 799, Kpucrananuecknit TpHox ¢ toueu-
npaejenue 06o/iee BLICOKOTO  HBLIMM KOHTAaKTaMH, BKJIOYEHHbI B CXeMy YCH-
CONPOTHUBJIEHHS). JleHHs NepPeMEHHBIX CHI'HAJOB.

- TTokazano npunATOC HalpaBJeHHe TOKOB. an HOp-
eficTBME KpHCTaIHyeC p P P

MaJbHOM CMCILEHHH Ie H Ve MOJIOXKHTE NbHbI; Ic,
KOro Tpuola CBfA3aHO C TEM Vc OTpHUATE T,

06CTOATENLCTBOM, UYTO TOK H3
9MHTTEepa NpeACTaBjseT CO60# B OCHOBHOM NMOTOK MOJOXHUTEIbHBIX AbIPOK.
Ibipku NPUTATHBAIOTCA K KOJIEKTOPY 3JEKTPHYECKMM MOJEM B rep-
MaHHeBOM KpHCTalle, CO31aBaeMbIM TOKOM, TEKYIUM K KOJJEKTOPY, Ha
KOTOPOM HMeeTCs CHJIbHOe CMellaloliee OTPHLATENbHOE HAampsikeHHe (CM.
puc. 7.30). XoTs IAbIpKH, HMelO-
Suummep Komermop wnecs BHYTPH 06JacTd BbINPAM-
Jasioulero  Gapbepa, HaxodATCd B
00/1aCTH KOJJIEKTOPA, OHH H3MEHSIOT
CBOMCTBA BhIMpsiMasiolLero 6apbepa.
Ias Toro yToGbl KOHLEHTpauMs Abl-
pOK BOJHM3M KOJJeKTOpa CTaja 3a-
MeTHO 6O0Jbllle KOHUEHTPAUUH 3JeK-
TPOHOB NPOBOAMMOCTH B FePMaHHH,
JLOCTaTOYHO €1a6Oro ALIPOYHOrO TO-
ka. Bunaronaps uaMeHeHHIO CBOMCTB
peinpaMasiolero 6apbepa  BOJH-
34 KOJJIEKTOPA BC/AENCTBHE HMHMEK-
LMK ILIPOK SMHTTCPOM, KOJIJIEKTOP-
HBHIf  TOK MOXHO MOLYJHpPOBATb
TokoM amuTrepa. Koadduumnenr
yCHIIeHHs MO TOKY & Onpelensercs

Puc. 7.30. Cxema nHeHcTBuMAL KpHCTaJ- COOTHOLUEHHEM
avueckoro tpuoaa (no Paitnepy u Kup- — — (%) 7.77)
uepy). - ol, v, = const B

BesuunHa a okasbiBaerca mopsixka 2. Ycuaende MO MOIUHOCTH MOXKeET
OniTb BecbMa 3HauuTeJbHbIM (nopsaka 20 96 uan 60.blue), MOCKOJALKY
KOJIIeKTOPHBIA TOK TeyeT B HanpaBuaeHWH 60abIIOrO conpoTisiaenns. Jaxe
Ge3 ycuaeHns MO TOKY BO3MOXHO I0Jy4aTb YCHJIEHHE M0 MOLIHOCTH.
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KPUCTAJIVIMYECKHE TPHOIbI C p — n-NEPEXOJAMH

[Wokan, Cnapkc u Tua [11] onucaau BaxKHbI# THN KPHCTAJJIHYECKOro
repMaHHeBOro TPHOAA, HeHCTBME KOTOPOTO CBA2aHO C HA/IHuYUeM Mepexo-
0B Mex1y o6JacTAMH n- ¥ p-NPpOBOAUMOCTH.
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Puc. 7.31. Kpucraanuuecknit tpuog ¢ n— p — n-nepe-
XO[OM M CXeMa ero sHepreTHYecKHxX ypoBHeH (M3 pa-
6orbl Llokan, Cnapkca u Tuaa [11]).

a v 6 —cocTosiiHe TeNJI0BOr0 PaBHOBECHA, 8 W 2— HAOAKEHO M 3=

CTOSIHHOE CMelualliee HampsKeyue; TPHOAL MOXET AeACTBOBATH

Kak ycuauteab. Illnpuna o6.aacTH, COOTBETCTBYIOWIEH OCHOBHOMY

saekTpony (6ase), 10/KHA ObITh 3HAUNTEIbHO MeHblle AHPDY3HO.1-
HOH INMHBI.

B03MOXHOCTb OCyLlecTBIeHHst TpHOAA C p — n-nepexolaMu Oblna
npeackaszana padee Llokau [12] Ha ocHoBe auddysuoHHo#t Teopuu
p — n-nepexonos. Tako# Tpuoa ¢ n — p — n-nepexolaMu MOKa3aH Ha
puc. 7.31. Ecau rpuon ucnoab3yercs Kak YCUuTe]b, TO Ha p — n-me-
pexon, oGo3HauyeHHbl# Ha puc. 7.31 uepes J,, mnomaercs CMelieHUe
B «0OpaTHOM» HampaBJeHWM, KaK MOKa3aHo Ha cxeme. IJostomy naad
3/MeKTPOHOB B 00JIaCTH KOJIJIEKTOPA 3aTPYAHSAETCS ABHXEHUE K OCHOBHOMY
3/JeKTPOLY; MO TOH e NMpUuMHe AbIPKM 3alepXUBAOTCA B HO6JACTH OC-
HOBHOI'O 3JeKTpoJa. JJIeKTPOHbI, Haxolswuecs B O0OJaCTH 3SMHUTTEpPA,
MOTVT JIErKO NepeXoiuTb B 00JaCTb OCHOBHOIO 3JeKTPOAa, a 3areM
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And@ynauposatb uyeped mpasbit p — n-nepexol. Ilotox Hocurtenel 3a-
pada, TeKYyLMH yepe3 MOTEHUHAIbHBIA Gapbep, MOXHO H3MEHSITh, BAPbUPYS
NOTEHUNA A SMHTTEpa M MOMLNEPKHBAS NPHU 3STOM TNOTEHUHUAT OCHOBHOIO
5MeKTPOLa nocTosiHHbIM. OO6aacTh 3MuUTTepa nenaercs 6oJee NpoOBOAsLeH,
yeM 007aCTb OCHOBHOTO 3/EKTPOAa, M MO3TOMY TOK, TeKYIUMH uepes
JeBbI 7 — p-TNepexon, COCTOMT MPEHMYILECTBEHHO M3 3/EKTPOHOB, IBH-
JKYLLMXCH HanpaBo, a He M3 JbIPOK, ABHXYILMXCA HaJteBo. Ilpu aTux
VCJAOBHAX OIUMCAHHOE YCTPOUCTBO MO XapaKTepy CBOero LedcTBUA BecbMa
01U3KO K BaKyyMHOM Jamne; neHCTBUTeNbHO, 06/acTb 3MHTTEpa COOT-
BCTCTBYET KaTony, 0O0/acTb OCHOBHOrO 3JeKTpoaa (6a3bl) — CeTOUHOMY
1IPOCTPAHCTBY, @ KOJJIEKTOD — aHO.y.

Korzna Ha KOJ/MEKTOP MOAAHO MOJIOXHTEJNbHOE OTHOCHTEJILHO OCHOB-
110r0  3JEKTPOJda CMellaloliee HanpsikedHe (T. €. B «OOpaTHOM» nJs
p — n-llepexona HanpasJieHHH), yepe3 KOMJIeKTOpHbRt Gaphep Oyner Teub
Jib  cJalbit OOpaTHBIM TOK 3JeKTPOHOB W IbLIPOK, OOYC/IOBJIEHHBIH
andodyasuet. Ecau tenepb nmonarb Ha sMurTepHuit n — p-6Gapvep orpH-
1laTeJbHOE MO OTHOLIEHWIO K OCHOBHOMY 3JIGKTPOAY CMelualollee Hamps-
»enue (B MPAMOM HampaB/eHHMH), TO uepe3 MNOHU3MBLIWACA SMUTTEPHBIN
Oapbep B 00/aCTb OCHOBHOTO 9JeKTPOAA MOTeYeT CPaBHUTE/bHO OO0Jb-
1woi 3JeKTpoHHbIR Tok. Ecau cioff OCHOBHOro s/JeKTpora NOCTATOYHO
TOIOK M, CJelOBaTe/JbHO, 3JeKTPOHBl, MAYLIME OT 3IMUTTepa, He DPeKOM-
OMHHPYIOT C AbIPKAMHM B p-00JaCTH OCHOBHOIO 3JeKTPO/A, TO 3MeKTPOHbI
Oynyt nuddyHaupoBaTh uepe3 KOJJIeKTOpHbIt Oapbep, a 3atem colu-
paTbCca KOJIEKTOPHBIM noJeM. [1OCKOJAbKY MNpH BBeIEeHHH 3JEKTPOHOB
B KPHMCTAaAJ OHM NMPeOLOJeBalOT Manoe NpsiMOe MOJHOe CONpPOTHBJEHHE, a
l1a MyTH K KOJJEKTOPY MpeonoJeBaloT GoJblioe oOpaTHOe MOJHOE CONpo-
THBJeliHe COBOKYMHOCTH OOOMX p — f-NepexonoB, TO B pe3y.abraTe Oyaer
MMeTb MeCTO 3HauuTe/JbHOe YCuJeHue uanpskeHus. IIpu 3ToM ycuieHue
N0 MOLIHOCTH MOXeT pgocturate 50 06.

B To#i e cTeneHu, Kak p — n-nepexol MOXeT CJYXHTb MOYTH
uleajblibiM BHIIPAMUTENEeM MNMPH KOMHATHOR TeMneparype, KpHCTajlauuye-
CKHH TPHOL C p — n-NMepexonaMH MOMXeT MOYTH UIeabHO BBHIMOJHATH
GYHKUMM BaKyyMHOH 3/ekTpoHHOR Jnamnbl. CrneuuduyHOCTb KPUCTAJIH-
YeCKOro TpMOZA COCTOHT B TOM, YTO TOK B HEM 3aBHCHT OT Hampsxe-
HUSL HACTOJNbKO, HACKOJAbKO 3TO MAKCHMaJbHO BO3MOXHO A/ YCTpo#cTBa
C HOCHTeNsIMM TOKa, 00/1alal0lHMH SJeKTPHYECKUM 3apAlOM, PaBHbIM
OIHOMY 3JeKTPOHHOMY 3apsay. Ilpuuuna 3TOro cocTouT B TOM, YTO TOK,
HIDKEKTHDYeMBbIft yepe3 3MHTTeD, H3MeHSieTCA C HaNpsHKeHHEM 110 3aKOHY
Boabumana exp (eV/kT), TOYHO Tak ke, KaK STO MMeeT MeCTO Ha Npo-
CTOM p — n-nepexofe. [To3TOMy B KpHCTaMIHYeCcKOM TpHoLe, padoTaio-
lleM TNpuH KOMHAaTHBIX TeMnepaTypax, TOK KOJJIEKTOpa BO3pacTaer
B e=2,72 pasa npu yBeauyeHuu Ha RT /e HanpseHHs, NPHIONKEHHOTO
B NpPAMOM HanpaB/eHNH MepNeHAUKYAAPHO K Nepexody B OCHOBHOM 3MuT-
TEPHOM 3JekTpole. ITO — HaubOJbIIAA YYBCTBUTEJbHOCTb, BO3MOMNHAA
I CTPYKTYPH € HOCHTENSIMM TOKa, O00/JalaloLIMMH e€AHHMYHBIM JIEKTPHU-

17 4. Kurrens
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yeCcKMM 3apALOM M ynpaBaseMoft noreHuuasbhbiM OGapbepom. CBoficTsa
p — n-TNepexonoB TAKOBH, UTO KPUCTaNMMyeCKHe TPHOAB MOTYT paGoTars
NpH OYeHb MaJblX HanpskeHuax. JlefcTBUTeNbHO, HANpsKeHUe Bean-
yuno#t 0,1 — 0,2 g, npujaoKeHHOE K KOJJIEKTOPHOMY MNepexony, AOBOIMT
KOJJIEKTOPHBI TOK 10 3HaueHn#, OJMBKMX K HACLIIEHHMIO, TaK YTO Mpu
oyeHb GOJILIIOM MOJHOM COMPOTHUBJEHHH KOJJIEKTOPA MOJYYaloTCH Xapak-
TEPUCTHKM THMA NMEeHTOAHbIX. JTO 0O/bIIOE MOJII0e CONMPOTHBIEHHE HIpaeT
OCHOBHYIO pOJb B MOJYYeHUH BBICOKHX 3HaYeHUH YCH/IEHHS, XapaKTepHBbIX
IS KPUCTAJNMMYeCKHX TPUOLOB.

Heo6x0auMOCTb HCNOJb30BaHUA HeOOJbIUMX HanpskeHUH Ha KOMJeK-
TOpe CBA3aHa C BaAMAHMEM G6OJbLMAHOBCKOTO MHOXHTeNs B 06/1acTH KOJ-
JIEKTOPHOTO Mepexola; TOK LOXOAHT A0 HACHILEHHMA YXe NPU Hanpsxe-
HUSX, PaBHBIX HeCKOJbKUM RT /e, T. €. MPU HECKOJbKMX AECATHIX BOJbTA,
TOYHO TaK Ke, KaK U B CJyyae MPOCTOro0 p — n-mepexoia.

Teopust KPHCTaNNMYeCKMX TPHOLOB C p — N — p-NepexolaMd aHa-
JOTUYHA TEOPUH A5 TPHOLOB C 4 — p — n-TNePexonaMH; 1eJ0 CBOLMTCH K
cMelie posedt: 3MeKTPOHBl GYAYT HIrPaTh POJb ABIPOK, a ILIPKH—POJb 3.eK-
TpoHoB. MMess B cBOeM pacmopsieHud TPHOILBI MPOTHBOMOMOKHON MoJsp-
HOCTH, MBI MOJYyuYaeM HOBble BO3MOXHOCTH B KOHCTPYMPOBaHHM CXeM, U B
YaCTHOCTH TaKMX, KOTOPble HAa BAKYYMHbIX JaMNaxX BOOOLLEe HEOCYLLeCTBUMBI.
STO NpeHMYLIECTBO YKe HMCMOJb30BAHO B MHXKEHEDHOH NpaKTHKE npu
KOHCTPYMPOBAHUU MNYIUMYJAbHBIX YyCHJAUTEJeH, MyAbTHBHOPAaTOpPOB W T. M.

Kpucrananueckue TpHOABI C p — n-NMepexoiaMd MOryT LeHCTBOBATb
Ha OuYeHb HU3KUX YPOBHAX MOIUHOCTH (NMOpSiAKAa MUKPOBATT), M NMO3TOMY
MOryT OBITb MCMOJb30BaHB NS MajoraGapuTHbLIX YCTpo#HcTB ¢ Oarapeit-
HbiM nuTaHueM. OHH TaKxe HMEIT 3HAauuTeJbHO 6oJlee HU3KHH ypoBeHb
LIYMOB, 4YeM TPHMOLBl C TOYeYHbHIMH KOHTaKTaMH. Bo MHorux cayuasx
TPUOLBI C p — n-fepexonaMd 00/1a1aloT 3HAYUTeNbHBIMK MpPeUMyLIeCTBAMU
nepel BaKyYMHBIMH JammaMu. Tpuoabl ¢ p — n-mepexojaM# MO CpaBHe-
HHIO C TPUOZAMHM C TOYEYHBIMH KOHTAKTaMH MMEIOT ellle TO MpeuUMylle-
CTBO, YTO C HMMH MBI 3aCTPaXOBaHbl OT OMACHOCTH KOPOTKOI'O 3aMblKa-
HHd, TaK KaK BXOJHO€ M BLIXOLHOE TIOJHble COMPOTHUBJ/EHHS Bceria
MOJIOKHUTENbHBI, HE3aBUCHMO OT TOrO, YTO 3a3eMJAeTCs — IMUTTEP, OCHOB-
HOHM 3JeKTpod uad koajdekTop. OHu uMelOT G6OJbliIOe YCHJIEHHE, Hanpu-
Mep, MO MOIHOCTH Mbl MOxeM nosayyaTb 40 — 50 00 Ha kackan. Besuxa
TaK)Ke HX 3KOHOMHYHOCTb: B KkJaacce A MOXHO NOJYYUTb KO3PULHEHT
noJie3Horo nelcteus mopsiaka 48 — 499 (Torma Kak uieatbHbHIR K. M. 1.
A1 Takux yctpoticte paseH 509 ). Maable pasmephl (Tpuoa noMelaercs
B MJACTMAacCOBLIN Kopnyc NuaMeTpoM 4 — 5 wm) 06ecreynBalOT BHICOKYIO
ME€XaHMYEeCKYI0 NpoYyHOCTb. Ycmo/b30BaHHe STUX TPUOAOB B HMU3KOYACTOT-
HBIX YCTPOHCTBAX 3BYKOBOCHpPOM3BeNEHHS] MOKa3blBaeT, YTO OHM MPAKTH-
YyecKH He OOHapyXHBalOT MHKPOGoOHHOrO 3ddekra. IToTpebaseMas uMU
MOLIHOCTb [OBOMbHO MaJa: HHM3KOYACTOTHBI ycuauTeab Mnorpebaser
MHKPOBATThl, TOr4a KaK aHaJOTHYHOE YCTPONUCTBO C BaKYYMHBIMU JaM-
naMu W uendamMu Hakana nortpeGJseT BaTThI.
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3AJIAYH

7.1. NaBectho, uto y kpucraanos InSb mmpuHa 3anpeienHoft 30HBI
E,= 0,18 38, e=17, m,=0,014 m. BbluuciuTb: a) SHEPrui0 HOHU-

3alUMK JOHOpPOB, 6) paauyc OpOMTHl B OCHOBHOM COCTOSHHM, B) HalTH,
npH KaKo# MHHMMAJbHOW KOHUEHTPAUMH JOHOPOB CTaHYT 3aMETHbIMU
5(peKTH, CBA3aHHbIE C MePeKphTHEM OPGMT COCeNHMX MPUMECHBIX aTo-
MOB, T) ONMpele/HTb KOHLUEHTPALHIO 3JeKTPOHOB MpOBOAUMOCTH npu 4° K,
ccau 4as JaHHoro ofpasua Ny=1-1014 cx~3

7.2. a) PaccMoTpeTh KaueCTBEHHO fIBJIeHHe MPUMECHOH KOMIEH-
callud, T. €. YMeHblleHHMe KOHLEHTPAaUuM HOCHTeqell M YyMeHblueHue
NPOBOAUMOCTH MOJNYNPOBOAHMKA, KOTOPBHIA NEpBOHAYAJILHO HMMea Mpo-
BOLMMOCTb LAHHOTO (7 WAM p) TUma, npu noOaBjieHuH mpuMecel Ipy-
roro THMa.

6) IlycTb B 06pa3ue repMaHus npu KOMHAaTHOM TeMnepaType KOHLEHTpa-
wusi 1oHopoB N, = 1017 cx 73, OueHuTb BeANYMHY 1 10 M NOCJ]E TOTO, KAK
B oOpasell ObliM BBeleHbl aKUENTOPbl ¢ KOHueHTpauue# N, =107 cn~3,
[1puHATb, YTO M, ==1M,, ¥ 4TO 3HEPrHM MOHW3ALUMU LOHOPOB M aKLENTO-
pOB paBHBI MexAdy COGOH.

B) Moxer 1M CJAyXHTb N0OKa3aTeJbCTBOM BBICOKOH 4MCTOTH 06pa3ua
TOT (aKT, YTO ero NPOBOAMMOCTb OJu3Ka kK COGCTBeHHON? MoxeT au
NpoBOAUMOCTb ObiTb Goablie coOGcTBeHHOH? ITouemy?

7.3. B o6pasue repMaHus NOABMXHOCTb  3JeKTPOHOB  paBHa
3600 cm?/8 - cex, a nvipok 1600 cm?/s - cex. B stom oGpasue sddekr
Xoana He HaGmonaercs. Kakas 4acTb Toka NMepeHOCHTCS IbIPKaMu?

7.4. KoHueHTpauus aKuenTopoB B MOJAynpoBOAHMKe pasHa 1018 cu~3,
DHepreTuyecKuit ypoBeHb 3THX akiuentropoB Ha 0,5 38 Bhlille, YeM MOTO-
JIOK Ba/NEHTHOMR 30HBI KPHCTanaa. BbluMCIUTL 3MEKTPONPOBOAHOCTL Mare-
puana npu komHatHo#t Temneparype (300°K) u npu TemnepaType XHIKOro
kucaopona (90°K), ecan nNOABMAKHOCTL NBLIPOK B BaJeHTHOH 30He KpH-
cranna pasHa 100 cx?/s - cex.

7.5. Tloxasatb, uro ecam N, u N, cpaBHMMH MO BeJHYMide H B CBOIO
ouepenb Beauku mo cpasienmio ¢ n% u n®, 10 nmeer mecro npuGau-
XeHHOe COOTHOILEHHE
n (me>’/z Ny o~ Fa*T

P~ \my] N, e Ed*T’

riec E;— sHeprus uouusauumu noHopos, E, — axuentopos.

7.6. TloyeMy repMaHui M KpeMHMH uMeloT MeTanandeckuh Gaeck H
lia r1a3 npoM3BOAAT BMeyaTJeHHEe MeTanloB, a ajaMa3 — HeT?P

7.7. PasHoctb paGoT BHIXOLAa IBYX MeTaan0B paBHa 2 38. Ecau 3Tu
METanaL NpPUBECTH B KOHTaKT, TO HEKOTOPOE KOJHYeCTBO 3JEKTPOHOB
nepedner M3 omHoro Meraiana B Apyrofl. OAHAaKoO 3TOT npouecc Mpouc-
XOIUT TOMbKO BOJIU3H 11OBEPXHOCTH COMPUKOCHOBEHHS.

17*
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MoxHo NMpeanoJIOXKHUTb, UYTO 3SJEKTPOHbBI MEPEMELATCA JIMIb Ha

paccrosnue 3 - 10 "8 cx. Boiumcauts, CKOAbKO 3JIEKTPOHOB NepeMeluaeTcy
Ha YYyacTKe TpaHMuHON MOBEPXHOCTH Muowanbio 1 cu?.

7.8. IaTb petanbHoe OOGBACHEHHE MeXaHW3Ma, MOCPEACTBOM KOTO-
poro p — n-nepexol noi JAeHCTBHEM CBeTa OTAAeT B LieNb 3JEKTPHue-
CKyl0 3Hepruio. (MIMenuo Ha 3TOM mpouecce OCHOBAaHO NeHCTBHE KpeM-
HHEBbIX COJIHeuHHX Garaped; cM. [13].)

7.9. KpaTko omucaTh KOHCTPYKUHMIO M TNPUHUMNB PaGOTH CJELYIOLIUX
YCTPOHCTB:

a) ¢OTOTPaH3UCTOP,

6) xpuctanmuyeckut TpHoa ¢ p —n— I — p-nepexolamu (CM. pa-
6oty [14)).

7.10. KosdduunedT BbIpAMIeHHs OMNpele/seTcd KaK OTHOLIEHHe
NpAMOro TOKa K 06parHOMY HpDH M3MEHEHHHM NPHJOXEHHOTO HanpsKeHHs
coorBerctBeHHo or —|V| mo —|V|. BuiBecTu ¢opmyay aas storo
Ko3dduumenta B cayyae, KOria BHIMPAMIAIOLIUM CJIOEM CJAYXKHT p—n-
nepexoa, M HauepTuTh rpaduk ero 3sasucumoctd ot |V| (B sorapucd-
muyeckoM Macwtabe). MMers B Bumy, uto ¢opmyna Barhepa He yuuTh-
B4eT COMPOTHMBJEHUS MaTepHana BLIMPAMHUTES.

7.11, TlpennonoxuM, 4TO H3BLITOUHBIA 3apsil B AMMOJLHOM CJOe,
o6pa3oBaBlIeMcsl Ha p — n-NCPeXOlde, B HaNpaB/leHHWH, HOPMaJIbHOM K Te-
pexony, AuHeHHO HM3MEHMTCH OT MOJOXHTEJbHHIX K OTPHUATE/NbHBLIM 3Ha-
yenusiM (C APyro#t CTOPOHHI Mepexona). BHIUKCINTL BeAUYHHY HBGBITOY-
HOrO 3apsla Ha OAHOM CTOpOHe mnepexola KaK (YHKUHIO 0OGpaTHOro
notenuuaia V u toawunsl Gapbepa L. ITokasaTe, 4TO eMKOCTh Nepexona
3aBucHT ot V no 3akouy vy

7.12. CnpoexkTupoBaTb NPOCTO# OXHOKACKaHbif HU3KOYACTOTHHIH
YCHAHTeAb HA KPUCTAJJIHYECKOM TpHOLE, MPEAHA3HAYCHHBIH A/ MCMOJb-
30BaHMA B CJYXOBOM annapare, MCHOMb3ys XapaKTEPHCTHKM OOBLIYHBIX
IIMEIOLIMXCA B MPOJAXe TPaH3HCTOPOB.



FJTABA 8
MATHETM3M U MATHUTHBIA PE3OHAHC

Hacrosimas raaBa HauMHaeTcs C M3J0XeHus paspaGoTanuo#t JlaHwe-
BEHOM KJACCHYECKOH TeopuH NMAMarHMUTHOH M NapaMarHUTHON BOCMpPHUMM-
YMBOCTH Ta3oB. 3aTeM JaeTcs KBaHTOBOMexaHHueckass TpakToBka. OO-
CYXJIATCA CBONCTBA NapaMarHUTHBIX MOHOB B TBepABIX TeJaX U OMHCHI-
BAeTCs MOJIyyeHHe OYeHb HU3KMX TeMNepaTyp MeTOAOM alAHabaTHYeCKOro
pa3MarHHYMBaHMA MNapaMarHUTHBIX coJe#l. H3moxmeHB OCHOBH TeOpHH
MarHUTHOTO pe3OHaHCca B fANepPHBIX M 3JEKTPOHHBIX CHCTeMax, B MNepe-
MCHHBIX 3JIeKTPOMarHUTHBIX MNoJjsAX paiuoyactotHoro u CBY-zmanaso-
#HoB. JlaloTcsa OCHOBHble cBeleHHs O (eppoMarHeTHKax M aHTH¢eppo-
MarHeTHKax.

JHAMATHETH3M

JlnaMarHeTMKaMM Ha3bIBAIOTCS BeLECTBA C OTPHLATENbHOM MAarHMTHOM
BOCTPUUMYHBOCTLIO. BellecTsa ¢ MonoxuTe bHOM MArHMUTHOM BOCHPHMM-
YHBOCTHIO Ha3bIBAIOTCA NapaMarHeTHkaMu. Mazdiumuasn socnpuumuu-
gocmb ¥ (Ha enuHuly oObeMa) onpeleseTcl Kak OTHOLIEHHE

M
1="F"

rie M — MarHUTHbIH MOMeHT eldMHHUB o00beMa, Ha3biBaeMbIf OOBIUHO
HaMarHMYeHHOCTbI0, JH — HanmpshKeHHOCTb MaruuTHoro mnoas. Hapany
C 9THM oOIMpelejeHHEM BOCNPHUMUMBOCTH (Ha elMHULy oObeMa) 4acro
MCMOJ/Ib3YeTCs BOCMPHUMUMBOCTb Ha eNMHHLY Macchl HJIH Ha MOJb (MO-
JisipHas BOCNPMMMUMBOCTb). B nocnenneM ciyuae npumensiercs o603Ha-
YeHHE Yy

[Toutn BO BCcex pabGoTax, MOCBALIEHHBIX HCC/IEJOBAaHUAM MaIHUTHBIX
CBOHCTB, B MHpOBOM HayuHOM /JuTepaType HCHOJb3yeTcs rayccosa (a6-
CONMOTHAsA) cucTeMa enuHuu. [To0STOMY HeT cepbe3HbIX NpPHYHH OCHOB-
Hble COOTHOLUEHHS, KOTOphle OyAyT laHbl B HacToslle# riaBe, 3alUCbl-
BaTb M B rayccoBolt cucreme, u B cucreMe MKC, kak Mb 31O Zenanu
B . 4, MOCBSALIEHHON NMSJEKTPHKAM.

B rayccosolt cucTeMe elMHHI, HaNps)KEHHOCTb MAarHUTHOrO MOJA Bbl-
paxaercs B spcTelax. EcaM HaM H3BECTHO UMC/IO aMnep-BHTKOB Ha MeTp,
TO BeJMYHHY COOTBETCTBYIOLIEr0 MAarHMUTHOrO MOJS B 3PCTEAaX Ml
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4

NOJYYMM, YMHOXKUB 3TO 4uc/i0 Ha 4x/103. B rayccoso#t cucteme Marhur-
Has MHAyKuMA B Buipaxaercs B rayccax. Eciu Ham u3BecTHa Beau-
yMHAa MHOYKUMM B eNMHUUAX 8e6ep/M?, TO 3HayeHHe B rayccax Mb mo-
JyuuM yMHOxeuueM 3To# Beanuunsl Ha 10%. Ecau B cucteme MKC mue

nMeeM
B=ppH=p,(H+ M),

TO B TrayCCOBOH CHCTEME elHHHIL
B=pH=H- 4=M,

a CnenoBaTeNbHO, I/ MAarHUTHOW NPOHULAEMOCTH (B TOH ke CHCTeMe
EIMHULL) TOJYYUM
p=§=1+4n(%-)=1+4nx.

ﬂHaMaI‘HeTHaM CBfi3aH C TeHAeHlHeH 9JEKTPHUYECKHX 3apAad0oB YaCTUYHO
9KPAHUPOBATb BHYTPEHHIOKD YaCTb TeJda OT BHELWIHEro MArHUTHOTO noJjf.
N3 yuenuss 06 sjeKTpoMarHeTHaMe HaM H3BecTeH 3akoH Jlenua, co-
rj1acHO KOTOpPOMY BCAKOE€ HW3MeHEHHWE MAarHUTHOro MOTOKa 4epe3 3./eK-
TPHYECKHUH KOHTYD MHIAYUMPYET B KOHTYPE TOK TAaKOTrO HANpaBJ/ieHUs, 4TO
ero MaruutHeit sdgexr OyleT NpoTHBONEHCTBOBATL YKA3aHHOMY H3Me-
Heno. B uenu Ges conpoTuB/eHHs, HanpuMep, B KOJIblle M3 CBepX-
NpOBOAHHKA HJIH B SJIEKTPOHHOﬂ op6wre aToMa, HH}lYLalOBaHHbIﬁ TOK
coxpaHseTcs 10O TeX NOp, MOKa CYWEeCTBYeT MOJe; MAarHUTHBIA MOMEHT,
CBSI3aHHBLI C 3TMM TOKOM, M €CTb IMaMarHUTHBLIH MOMEHT.

BriBog ¢opmyant JlaHweBeHa B cJayuae auamarHetuama. OOblu-
HBI KJaccHueCKHM#t BBIBOA OCHOBaH Ha TeopeMe JlapMopal), cormacHo
KOTOpOﬁ ABHXXE€HHE 3JIeKTpOHa B aToOMe IMOL neficTBHEeM MArHUTHOTO
nons H c TOYHOCTBIO 1O MNepBOro nMopsiiKa OTHOCHTebHO H mnpoucxo-
AHT TaK XKe, KaK H B OTCYTCTBHE [0/, TOJbLKO HMeEeT MeCTO 0611133
npeueccuss ¢ yrioBo# 4yacToToH

e
0)L=—'m, (8.1)

un f,;=1,401 May/s. Takum 06pa3oM, eciu Noje Hak/JadbiBaeTCa Mel-
JeHHO, ABHXeHWUe PacCMATPUBAEMON CHCTEMbl BpALLAIOLIMXCS 3JIEKTPOHOB
OyJeT TakuM Ke, Kak M N0 Hanoxeuus moas. [Tpeueccus cucteMbl 3Jek-
TPOIIOB 3KBMBA/JEeHTHA JHAMAarHUTHOMY TOKY

_ Ze(eH/[2mc)
[=— —ome 8.2)

(B 3MEKTPOMarHUTHBIX eIMHHUAX).

') O reopeme Jlapmopa cM., Hanpumep, kuury Toaacreitna [1].
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[TocKOJbKY MarHUTHBIR MOMEHT | KPYTrOBOrO TOKa paBeH Npou3Be-
jcHHI0 CUJBL TOKa Ha M/AOWIalb KOHTYpa, TO MJs Z 3/JEKTPOHOB MMeeM

" Ze? —
_H__—_W {)2. (83)

rac p?= x®—-y? —cpeliee 3HaueHue KBaAPaTa PacCTOAHHA 3/EKTPOHA
of OCH 2, NapaalefbHOM TMOMO, B IIOCKOCTH, MepNeHIHKyAAPHOH
x ocu 2. EcM BOCMOMBb30BATbCA NMOHSTHEM CPeIHEro KBaapaTa paccTosi-
ms rP=x2— y2— 2% 1NA S/MEKTPOHOB aTOMa, B3AB 32 HAYAIO KOOP-
AMiar fApo, TO B CAyuae, KOTAAa paclpeiefeHue 3apsia B CpelHEM
1MeeT CQepHUECKYId CHMMETPUIO, MOXHO CUMTATh, UTO X2 == y?= z7,
i TO3TOMY

—_ 3 =
2 =
rt=-<p% 8.49)
Torla AuaMarHMTHas BOCNPHMMYHBOCTb Ha eAMHHLY oObeMa
ZeN —
1= —W "2, (8.5)

rne N — uuC/I0 aTOMOB B elMHMlle oObeMa.

[Moayuennas c¢opmyna (8.5) mnpeicraBiaser coGo#t JaHMueBEeHOBCKOE
BbipaxeHHe I JLMAMarHUTHOM BOCNPHUMYHBOCTH C YuYeTOM IONpPaBoOK,
BHeceHHbx [layau.

Tunuunele 3KCMepUMEHTaJbHble 3HAYeHHS MOJAPHOM IdHaMarHUTHOM
BOCNPUMMYHBOCTH I/ HHEPTHBHIX Ta30B [1aHbl B NPHBOAUMOH HHKeE
Tabauie:

las He Ne Ar Kr Xe

v 107% ca/mons| —1,9 | —72 | —194 | —280 | —43,0

Buisod meopems Jlapmopa 0as wacmuozo cayuas. Paccmotpum
9/eKTPOH, ABHXYIIMACA 1O KPyroBo# opOuTe paauyca r BOKpPYr Herno-
JBHXKHOTO flpa. YCJIOBME PaBEHCTBA LEHTPOOEHHON CH/bI CHJe KYJIOHOB-

CKOTro MNpHUTAXKEHUd NaeT
2

e
melr = —,
) r?

OTKYyla

oy = (= )/ (8.6)

mr3

Tlpy wHanuuuu BHELUHEro MarHUTHOTO noJs H, mnepreHIMKYJPHOTO K
ILIOCKOCTH OpOHMTH, BO3HMKaeT cuna JlopeHTia

e
=?‘0><H,
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H, CJeloBaTeJbHO, YC/JOBME paBelCTBa CHJ NPHUMET BHI
e

e2
mo?r = _Ter'
OTcioma 09 4acCTOTHl NOJY4UM
2 2 \q'2
— + eH e )] . eH
@ - [( 2mc) +(mr3 2mce ° (8.7
Ecaun "
e
00> G !
TO NpUBIIDKEHIIO0 Moay4YuM dopmyny .
o e
O =Ly — 5, (8.8)

BTOpO} uJleH KOTOPO# ZaeT BblpaxceHWe /IS 4aCTOTHl JapMOpPOBOH Tmpeuec-
cun o, (cM. (8.1)). Jlerko 3ameruTb, uTO A48 CBOGOMHOTO 3JEKTPON2
eH
me’

dTa Be/MUMHA M3BECTHAa KAK LMKJOTPOHHAA (MM MarHeTpOHHAf) YacToOTa.
Ona, ou4eBHMAHO, paBHa YABOCHHOHM uYacTOTe JapMOpOBOH Mpeueccuu nas
CBSI3aHHOTO 3J/IEKTPOHA.

Ilns TBepAbIX Ten BKJal B MarHUTHYIO BOCMPHHMYHBOCTb, 00yC/0B-
JIeHHbIt [IMaMarHeTH3MOM HOHHBIX OCTOBOB, OMMCbIBaeTC MPUOGIHKEHHO
¢dopmyo#t JlaHwesena (8.5). 3HaunTeNbHO TPyAHee OLEHMTb BKJAl 3JeK-
TPOHOB npoBoAMMOCTH. OTMeTHM JHlb, YTO HOCUTEJNM TOKA C OYeHb
Majol 3¢pdexTUBHOH MacCOW Nal0T IMaMarHMTHYIO BOCMPHUMYHBOCTb, KO-
TOpas MOXeT 3HauYMTeJbHO mpeBuLWaTh (Aaa m*/m <€ 1) BKaas cBo-
60IHBIX 3JEeKTPOHOB, BeJHYHMHa KOTOpOro Obina oueHeHa B ra. 5.

OObluHble MeTOLB H3MepeHWss NUaMarHUTHOM M MapaMarHuTHOM BOC-
NIPUHMYMBOCTH CBOAATCA K ONpeleseHuI0 CHJ, AeHCTBYIOWMX Ha obpasew
B HEOLHODONHOM MarHMTHOM IMoOJe, NMpPH JIOGOM KOHKPeTHOM crmocobe HM3-
Mepends. Bemuuuna cuanl F onpelessercs rpaiMeHTOM MarHHTHOH 3Hep-
TuH, T. e.

F= % grad /.XH2 av, (8.9)

rae y — o6beMHas BOCIIPHUMUYHBOCTD.

ITAPAMATHETH3M

OJ/leKTPOHHBIM NapaMarHeTH3MOM (TMOJIOXKHTE/bHLIM BKJal B ¥) 06-
JIaAa0T: .

1. Bce aToMbl M MOJIEKY/bl, HMMeEOLIHE HEYeTHOE YHCJIO SJEKTPOHOB,
NOCKOJIbKY B 3TOM CJyvyae NOJIHBIA CHMH CHCTeMbi He MOXeT OHBITb pa-
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pell  HYJIO, Hanpumep, cBoOOAHbE aTOMBI HAaTPHA, ra3006pa3Has OKHCb
asora NO, opranuueckne CBOGONHBIE PaauKanbl, Takue, KaK TpHdeHU.-
merua C (CgHg)s.

2. Bce cpoGoatibie aTOMbl M HMOHBl C He3alMOJHEHHOR BHYTpeHHeH
060J0YKON (3/1eMEHTH NMepexXONHLIX TPYMN, W303/JeKTPOHHBIE HOHBI 3THX
91eMEHTOB, pPelKO3eMe/bHble MeTa/uIbl W 3JeMeHThl TPYINIbl aKTHHWIOB).
[Tpumepamu Moryt cayxuts Mn?*, Gd3+, U+4. Muorve us 3TMX HOHOB
00HapYKUBAIOT NMapaMarHUTHble CBOMCTBA M B TBEPIBLIX COENMHEHHMAX, U
B pacTBOpax, HO I'e BCeria.

3. Pan cMeWaHHBHIX COGAMHEHMH C UETHBIM UYHC/IOM 3/EeKTPOHOB,
BKJII0Yas MOJIEKY/APHBI/ KMCIOpOA M OpraHuyeckue GHpalMKalebl.

4. Metaans. ([lapamarHeTuam 3JeKTPOHOB MPOBOILIMOCTH pacCMa-
TpuBaacs B ra. 5 u 6.)

Teopus napamarHetu3ama JlanweBeHa. PaccMoTpuM cpely, B KOTO-
poit Ha enmnuuy oObeMa npuxoaurcs N aromos. Kawab#i aToMm obaanaer
MAarHUTHBIM MOMeHTOM, paBHbIM . [Tox ne#cTBMeM BHelIHero MarHuT-
HOTO MOJIl B Cpelle BO3HMKaeT HAMarHMYeHHOCTb, OOYCJOB/EHHAs OpHEH-
TalWel MarHHTHBIX MOMEHTOB BIOJb 3TOTO MOJA. YCTaHOBJEHHIO 3TOH
OpHMEeHTALNH NPensTCTBYeT Tel/aoBOe IBHXEHHe aTOMOB. DHeprusi B3aHMO-
nedctBust V' MOMeHTa { C BHEIIHUM MarHMUTHBIM ToJeM H Bbipaxaercs
CKaJApHBIM NPOM3BeleHHeM:

V =— Hy. (8.10)

HaMmarHHyeHHOCTb TPH TEN/JIOBOM DPaBHOBECHH BBIYMC/SETCS TOYHO TeM XKe
crnoco6oM, 4TO M neGaeBckas OpHEHTAUMOHHAs NojsipudyeMocTb (ria. 4),
TOJbKO p 3aMehsercs Ha p, a £ wa H. CrenoBarenbHo, AJs HaMarHu-
YEHHOCTH MBI MOJNYYHM

M= NulL (a), 8.11)
rae a =pH/RT, a L(a) dynkumus JlanxkeseHa
N 1
L (a)=cth a——.

Mprn a <€ 1 runep6o/vyeckuit KOTAHFEHC MOXHO pa3OXKHTb B PAL,
OrpaHHuYMBLIKCL TEPBLIMM IABYMS 4YJeHaMu, TOrAa

a
L(a’);gt

H, cJjenoBaTesNbHO,
— Nw2H
M= 3RT " (8.12)
Ecan MarHuTHeIR MOMeHT OGYC/OBJEH TOJBKO CIHHOM 3JEKTPOHAa, TO

OH MMeeT BeJMYHHY mNOpsAKa MarsetoHa bBopa, T. e. p =~ 1072, Ipu
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komuatHo#t temnepatype (T = 300°K) B none H = 10* 5 noayuum

piH 1

kT = 400 '

¥ nostoMy ¢yHkunio JlaHeBeHa BMOJIHE MOXHO NPHHATL paBHOH pH/3RT.
ITpu HuU3KMX TeMnepaTypax HabuonaloTca 3ddexTsl HachiLenus (puc. 8.1).
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Puc. 8.1. 3aBuCHMOCTb MarHHTHOTO MOMEHTa OT OTHO-
wenns H/T pasa cpepuyeckux o6pasuos [2].

I — xpoMoBoOKaaneBbie KBacubl, //—)Keae30amMMouueBblec KBACUbI,

I1l —cyabgpar ragoaunusi (oktormapar). MaruuTnoe nacblileHue,

npesbiawwee 99,5%, aocruraercd npu Temnepatype 1,3 °K un
noae 50 000 zc.

B npenenbnoM ciayuae pH/RT <€ 1 nns MarHMTHOH BOCIPHUMYHBOCTI
OylieM uMeTb .

c
=5 (8.13)




rJi. 8. MATHETU3M U MATHUTHBII PE3OHAHC 267

rae C— nocroaHHas Kiopu:
Np?

C=—.

3asucumoctb ¥ = C/T usBecTHa kak 3axon Kopu, a olllee Buipaxe-
nue (8.11) kak ypaBuenue JlaHxeseHa.

Kganmosasn meopus napamaznemuama. Tlpexie BCero pacCMOTpHM
napaMarHeTH3M CHCTeMbl 3JEKTPOHHBIX CIIHHOB, MOMEHT KOTOPHIX B elH-
nuuax n pased 1/2. B maruurnom none H sHepreTnueckue ypoBHM pac-
wenasorcs. CoraacHo sneMenTapHo#t Teopuu sddekra 3eeMaHa BeJsH-
4uHa paclieneHus

S,
AW —2|p,|H = , Z’
eh / ) ¢z 7
=g —H=gpH, (8.14) /
~__</ ﬁwzz,ua/f
rie L8 CNHHA  3JIeKTPOHa N
KO3 PHUUEHT g, Ha3biBaeMbft SOy Y -
- 8

HAKMOPOM CheKMPOCKONU -

4ecK020 pacujentends, pa-  pye, 82. Cxema paclienfieHHsi SHepreTuue-
sed 2,00, marneron Bopa CKMX ypOBHeil 3JeKTpPOHa B MarHUTHOM noe 7,
HanpaBAeHHOM 1O OCH 2, NpH yuyeTe Jullb

pp= QLh- = CMMHOBOTO MOMEHTA.
mc
—90 3aMeTnM, uTo MarietoH Eopa pB=eh/2mc 31eCb HC-
=—0,927 .10 ape/a. M0Ab3yeTcsl KaK OTPHLATEJbHOE YHCJO.

Pacuweniesne ypoBHs, 00yc/OBJIEHHOE HaJNHUHEM SJIEKTPOHHOrO CHHHa,
WJIOCTPHpYeTcs cXeMo# Ha puc. 8.2. B cayuae cBOGOLHBIX aTOMOB
MOTYT CyLIeCTBOBaTb M OpOHMTa/bHBIE MOMENTH; TOTAa g-(aKTOp Bblpa-
waerca Gopmyio# Jlanme:

JU+D)F+SES+)—L(L41
g=1+ 21((111; 2 (8.15)

rae J, S, L — KkBaHTOBble YHMC/IA COOTBETCTBEHHO TMOJIHOrO, CHHHOBOTO
¥ opGHTaILHOTO MOMEHTOB KOJIMYECTBA IBUXKEHHS.

Ecau B cucteMe MMeloTCHS TOJbKO ABa ypoBHs, | 1 2, To B MarHuT-
HOM 110Jle NPH TEMIOBOM PpABHOBECHM OTHOCHTEJIbHOE 3aloJHeHWe 3THX
YPOBHEH ONMUCHLIBAETCS ypaBHEHUSMH

Nl ep.H/kT

N HRT  p=wHRT *

N, o —V-HIRT (8.16)
N e[J.H/kT_}_e—p.H/kT !

rie Ny u N,— uic/a aTOMOB B COCTOIHHAX, COOTBETCTBYIOLUMX YPOBHAM
1 u 2, a N=N,-+ N,—o0utee uucino atomos. ITpoekiuus MarHuTHOro
MOMEHTa aToMa, HaXOHsllerocs Ha BepXHeM ypoBHe (1), Ha HampaBieHue
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noAs paBHa gpp/2, a aTOMa Ha HWXHeM YpoBHe (2) —gppg/2. Creno-
BaTeJbHO, Pe3y/AbTHPYIOLLas HaMarHMuyeHHOCTb N aTOMOB (Ha enMHULy

o6beMa
) Ngpp ef—e™* Ngp g 0 8
T FFer g mx (8.17)

M=

rne x=gugH/kT. Tlpn x <& 1 runep6onuyeckuit TaHTeHC MOXHO
cyuTaThb NpUOIHKEHHO PAaBHBIM CBOEMY apryMmenty, T. e. thx=x, n
No3TOMYy
M ~ ey ﬁ‘f’ﬁ.
- 2 2-RT
ATOM C TNOJHBIM MOMEHTOM KOJIMYEeCTBa IBHXEHUR, XapaKTepHU3yeMbM
KBaHTOBbIM 4MCJAOM J, B MarHMUTHOM MoJie MOXeT MMeTb OAHY M3 2/ 1
OpHeHTalM#t, KawJAOH M3 KOTOPHIX OTBe4YaeT SHepreTHYecCKH#H ypoBeHb.
Toraa 449 HaMarHHYeHHOCTH GyleM HMeTb

M= NgJpgB,;(x), (8.18)
rae x = gJugH/kT, B;— dynkuua Bpuanosna
2J 41 2J 41 1

B,= 2+ cth(‘ —L)x)—wcth%. (8.19)

[lpn x <€ 1 nns BOCIPHMMYMBOCTH ¥ TONYUHM

NI(J4+1) g%,  Npwh
= T BT (8.20)

rie p —3ddexTHBHOE YMCIO MarHeToHOB Bopa, onpeznenseMoe COOTHO-
LIeHHeM

p=glU—+ )" (8.21)

OueHUM NOpPANOK Benuuunbl o6beMHOM BocnpuuMmuuBocTH. Ilosaras
NpHOIHKEHHO, 4TO uMcao aroMoB B 1 cu® paBHo N =~ 102 (mas Tsep-
abx Ten), p~ 1072 ex. CTC, noayunm y =~ 17400 T. Mpu T = 300°K
BOCMPHHMUYHMBOCTb ¥ NOPAIKa 107°, npu 0,3°K — nopsaka 1072

Hons peoro3emesrsnolx memanrnros. TlpuBeleHHOe HHXKe pPaccMo-
TpeHHe OTHOCHTCH TNpexle BCero K aTOMaM, Y KOTOPHIX B OTCYTCTBUE
MarHMTHOTO NOJA HMeeT MeCcTO BLIPOXAeHHe OCHOBHOTO COCTOSIHMS KpaT-
HocTH 2/ 1. 3710 BHIpOXKZEHHe CHUMAETCs TNPH HaJI0XKEHUH BHelIHero
MarHUTHOro mnoJs. BiusHHeM BceX COCTOSIHUMM BBLICOKOH 3HEPrHH NpH 3TOM
npexe6peraeM. Kak MOXHO BHIeTb M3 JNaHHBLIX, NPHBelCHHHX B Tabx. 8.1,
3TH YCJOBHS BBIMOJHAIOTCA IJs1 psila HOHOB pelKOo3eMenbHbLIX MeTasJoB,
3a uckaiovenneM Smd+ u Eud+t,
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Ta6auna 8.1

dipPeKTHBHOE YHCIO MarHeTOHoB Bopa Ans TpexBaJeHTHbIX HOHOB
PelNKHX 3eMelb
(o6aacTb KOMHAaTHHIX TeMmeparyp)

Hou Koudurypauusa (;?,'(’,‘,’,2',',‘,’," Pyga=& WU+ 1)~ (npuﬁfjlsp:\‘ﬁcguuo)
Ced+ 4f15s2p8 °F,, 2,54 24
Pri+ 4£2552pb 3H, 3,58 35
Nd** 43552 pb ‘L, 3,62 35
Pm3+ 4f15s2pb s/, 2,68 —
Sm3+ 4f5552pb °H, 0,84 1,5
Eud+ 4f6552 pb 'F, 0 34
Gd** 4f75s2pb 857, 7,94 8,0
Tb** 48552 pb F, 9,72 9,5
Dy3+ 4£9552pb °H.q, 10,63 10,6
Ho®+ 410552 p6 A 10,60 10,4
Erd+ 4f11552p6 5, 9,59 95
Tm’+ 4f12552p6 3H, 7,57 73
Yb*t 4113552 ps 2Fy, 4,54 45

3HaueHus Py, (3bdeKTHBHOe 4HCIO0 MarieToHOB Bopa) BBIUMCIATMCDH
npu g-daxkrope, onpelreneHHoM no ¢opmyae Jlanxe (8.15) ana ocHos-
HOTO COCTOfIHHMS, NpelCKa3biBaeMOro TeOpHeH CHeKTpaibHBIX TEPMOB
Xynna. TlpaBuno XyHnaa yTBepxIaer, 4To AJS SKBHBANEHTHHIX 3JEKTPOHOB
OCHOBHOE COCTOsSIiMe MMeeT MAaKCHMaJbHYI0 JONYCKAaeMyl MPHHUUIIOM
IMayau myabtunaernocts 25 -+ 1 u MakcuMa/ibHoe 3HauyeHHe OPOHTAILHOTO
KBaHTOBOrO 4uMcaa L, coBMecTHMOe C [JaHHOW My/bTHIIeTHOCTbiO. M3
3TOr0 NpaBuia CJelyeT TaKXKe, YTO KBAHTOBOE YMCJAO NMOJHOrO MoMeHTa J
paBHo |L— S|, ecau o6onouka 3anojHeHa MeHee, ueM HaMoOJOBUIY, M
|L—+ S|, ecan oGonouka 3anonHeHa Gojee, Y4eM HAMOJNOBHHY.

Honut epynnu sicesre3a. Nannvle Tabn. 8.2 nokaswBawoT, 4TO MJ1s conelt
3/7E€MEHTOB TpYMMNbl XeJje3a (B NepHOAHYECKOR CHCTeMe — 9TO NMepeXolHas
rpynna 3/7eMeHTOB C HelocTpoeHHOR 3d-060/104KOH) IKCNEepHMeHTaAbHbIE
3HauYeHUs p IJIOXO COrJACylOTCs C NpenCKasbiBaeMbiMu (popmysoft (8.21),
01HaKo, Kak 3ameruan 3omMmepdesba, Bose u CroHep, ecau B3ATb 1as
3¢dexTUBHOrO yucia MarueronoB Bopa dopmyay

p=2VSS+1) (8.22)

TO COrjacHe noJyuyaeTcsi BHOJHe XopowuM. Popmyna (8.22) oanauaer,
YTO OpOUTa/JbHLIM MOMEHTOM MEl BoOOle npeHeOperaeM. KMenno 310
OObIYHO HMeIOT B BHUALY, KOrAa TOBOPSAT, 4YTO OpGHMTaibHble MOMEHTHI
«3aMOpOXKEHBbI» B KpUCTaJJe.
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Ta6aunuma 82
3¢ exTuBHOE YHCIO MarHeToHoB Bopa aif MOHOB Tpymibl xejne3a*)
-lo it P, = D =

Hon Kogél‘ﬁ‘:l;y ycl.:::(o)aaen:b =g (3121;_‘. k| =2 [; tl; + 1)) Paken &sken
Ti*t, vt 3d! D, 1,55 1,73 1,8 —
vt 342 5F, 1,63 2,83 2,8 (1,98)
cett, v 343 ‘Fy, 0,77 3,87 38 | (197)
Mn3+, Cr2+|  34* 5D, 0 490 49 20
Fe3+, Mn2+| 345 555/2 592 592 59 2,0
Fe2+ 3ds 5D, 6,70 490 5,4 2,2
Co2* 3d’ ‘Fy, 6,63 3,87 48 | 25
Ni?* 3d® 3F, 5,59 2,83 32 2,3
Cu?t 3d? *Dy, 3,55 1,73 19 2,2

*) B croabue Payen MPMBeEREHDI Haubosee XxapakTepnble 3nadyenus; B croabue &aken
RANBL BeAHUMNBI, BouHCAennble O popmyre g=p, [V S (S 1)

OcHoBuas NpUYKHA Pa3/Hyus B MOBeleHHH cojel 3/1eMeHTOB TpyMbl
pelKHX 3eMelb M 3JeMEHTOB TpYNNbl Kele3a COCTOUT B TOM, uTO
4f-o60s04ka, 0OyC/I0OBNMBAIOLIAs NapaMarHeTH3M pelKO3eMelbHbIX 3Je-
MEHTOB, /IeUT y HHUX TJyGOKO BHYTDH HQHAa M YaCTHYHO 3SKPaHHPYyeTCs
OKPYXAIOWHMH ee Os- U Op-000J0YKaMH, TOTAa KaK B HOHAX 3J/eMeH-
TOB TPYNNLI jKeJe3a napaMarHeTHam oGycnoBiaeH 3d-060/104KOH, KOTOpas
B MOHHOM COCTOSIHHM aTOMa OKa3blBaeTCHi BHellHeH, C/el0BATENbHO, HaHU-
GoJee ynanenHo#t ot aapa. Takum o6Gpa3om, 3d-060/104Ka B KpHCTasjie
NOABEPraeTcs BO34eHCTBHIO CO CTOPOHBI CHJbHBIX JIOKaJbHBIX 3JeKTpH-
YeCKHX MoJed COCeIHMX HOHOB M [MMOJbHHIX MOMEHTOB MOJEKYl KpH-
CTa/ 1/ M3aUHOHHOM/ BOAb. B3auMoneHcTBHe napaMarHMUTHBIX HOHOB C BHY-
TPHUKPHUCTA/JIHYECKHMH 3JEKTPUYECKHMH MOJAMH MPUBOAMT K ABYM Cylue-
cTBeHHLIM 3(deKTaM: BO-NepBHIX, CBA3b BekTOpoB L W § B 3HayuTeabHOH
CTeleHH pa3pyllaercs, TaK YTO COCTOSHUA YXKe Heab3sl 0OJblle KJacCH-
¢uUHpOBaTh C TMOMOLUBIO COOTBETCTBYIOIUMX 3HAayeHU# J, H, BO-BTOPBLIX,
2L+ 1 noasypoBHeH, OTHOCAIMXCA K [aHHOMY YPOBHIO L, KOTOpBI
IBJI€TCA BBIPOX/ICHHBIM B CBOGOLHOM HOHe, MOTYT TellepPb PacLIENAATbCA.
B nexoTOpbix Cayuasx 3ToT 3ddekr Mmoxer ObiTb BeCbMa 3HAUUTEJbHBLIM
M, CJel0BaTebHO, BK.JIal OpPOMTaJbHOIO ABHUXEHHS B BEAWYUHY MArHuT-
HOTO MOMeliTa — GOJbIINM.

«3amopascuganuey opbumanrsiox momenmos. B snekrpuueckom
nose, 0OPa30oBaHHOM KAaKUM-TO (UKCHDOBAHHBIM LEHTPOM, HampuMep,
ANPOM, MAOCKOCTb KJacCHYeCKOH OPOMTHI OCTaeTCs HeHU3MeHH®H B Mpo-
CTpalicTBe M, CJel0BaTeqbHO, KOMIOHEHTH OpOGHTaJbHOrO MoMeHTa L,,
Ly, L, aBasl0TCA NOCTOAHHBLIMM. B KBaHTOBOK TeOpHM TOJbKO OHA M3
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5THX KOMMNOHEHT (OGBIUHO MPUHUMAIT L,) W KBAApat MoJHOro opGiraib-
HOrOo MoMeHTa L2 0CTal0TCA MOCTOSHHBIMU B LEHTPaibHOM moJe. Ecau na
LleHTpaJbHOEe [MOoJe HaK/JalbiBaeTcs HeOJHOPOLHOE 3JeKTPHUUYeCKOe MoJe,
TO MJOCKOCTb OPOUTH GyAeT MOBOPAYUBATHLCHA; KOMIIOHEHTH MOMeENTA yike
ne OYAyT MOCTOAHHLIMM M MOTYT Jaxe oOpallaTbCad B HyJab, HHaye
roBops, BeJquunHa L, yxe He OyleT MHTerpajoM [IBHXEHHS, XOTS Besau-
upHy L? ¢ XopoluM npuGAMNKEHHEM elle MOXHO CYMTAaTb MOCTOSHHOM.
Ecan L, npu ycpeasenun obpauiaercs B HYJb, TO TOBOPAT O «3aMopa-
KUBAHUM» OPOHUTAIBHBIX MOMEHTOB.

MarHuTHHIE MOMEHT B HEKOTOPOM COCTOSHHM MOXHO ONpeleuTb Kak
cpellHee 3HaueHHe BEJMUMHBI, ONMUCHLIBAEMOH OMepPaTopoM

pp(L—+25),

B 9TOM cocTosHuu. Ecan MareuTHoe mnoJje Hanpas/eHO MO OCH 2, TO OPEH-
Ta/lbHasg YaCTb MarHUTHOrO MOMEHTAa MPOMOPLMOHA/JIbHA OXUAAEMOMY 3Ha-
yeHno L,; MosTOMy, ecaM MeXaHMueCKMH MOMEHT OTCYTCTBYeT, TO OpOu-
Ta/JbHas 4aCTh MAarHUTHOTO MOMEHTa paBHAa HYJIO.

Ecau BBecTH B paccMoTpeHHe cNHMH-OpGUTaNbHOE B3auUMOAeHCTBHE Kak
LOMOJHUTEIbHOE BO3MyLIeHHe B CHCTeMe, TO «3aMOPaXXUBAHHE» MONKET
GbITb YaCTHYHO CHATO, TAaK KaK K CMIHHOBOMY MOMEHTY YaCTHYHO Jno06a-
BUTCA 0pOUTaAbHBIR. Ecii 3Hak cnuH-op6UTaNbHOrO B3aUMOJEHCTBYS TAKOB,
YTO mapajjelbHas OpHEHTalUUs CIMHOBOrO M OpOGMTaNLHOTO MOMEHTOB
ABAsleTCA NPeANOYTUTENbHOM, TO MOJHBI! MarHUTHLIHE MOMeHT OyaeT GoJblle
YHCTO CNMHOBOTO MAarHHUTHOrO MOMeHTa U g-dakTop Oyler Goublue 2.
OkcnepuMeHTalbHble JaHHbBle, NpuUBeleHHble B Taba. 8.2, coraacyworcs
C XOpOLIO M3BECTHbIM XapaKTepOM M3MeHEeHHs 3HaKa CNUH-0POUTaIbHOrO
B3aUMOLeHCTBUA, a UMeHHO, g > 2, koraa 3d-o6osouka 3anoaneHa 6oJee,
yeM HamoJoOBMHY, g =2, KOrija OHa 3afo/HeHa TOYHO HaMo/JOBHUHY,
M g < 2, Korja OHa 3aMo/HEHa MeHee, YeM HAIMOJOBHHY.

Soepruoli napamaznemu3m. ATOMHBlE SiApa UMEIOT MarHuTHbie MO-
MEHTbl MPHUMEPHO B THICAYY Pa3 MeHbILUHME, YeM MartHUTHbIH MOMEHT 3JeK-
TpoHa. CaenoBartenbHo, cornacHo (8.12) smepHas napaMarHuTHas BOC-
IPUMMUYMBOCTL CHUCTEMBI, COCTOsILUEH M3 IaHHOrO 4YMcaa vacTiu, Gyner
npuMepHo B 106 pas MeHblue, ueM 3/eKTPOHHAA NapaMarHuTHash BOCIPHHM-
YUMBOCTb CHCTEMBI, COCTOsIle# M3 TOTO e YHMCJAAa YacTHl,. 3HauyeHWs Mar-
HHTHBIX MOMEHTOB HEKOTOpPHIX silep NpueseleHbl B Taba. 8.3.

llonyueHne HU3KMX TemmepaTyp MeTOAOM aaHaGaTHyeckoro pas-
MarHHYMBAHHA NMapaMarHHTHBLIX coJeil, AnnabaTHueckoe pa3MarHuuiBa-
1iMe AB/ISETCH YHUBEPCAALHBIM METOLOM MOaydeHus TeMnepatyp Hixe 1°K.
OTHM MeTOLOM yaaiaoch noctuyb Ttemnepatyp Huke 0,001°K. Meron
ocnoBaH Ha ToM (akTe, 4ro MoA AeHcTBMCM MarHMUTHOrO MoJs IHTPONHUS
CHCTEMBI MAarHUTHHIX MOMEHTOB yMeHbluaeTcl. DHTPONMUS BCeraa sBASeTCH
Mcpo# ynopsLOYEeHHOCTH CHCTEeMbl; YeM 06oJbllle HeyMOpsAOYeHHOCTb, TCM
Gonbwe sntponust. IIpn HaJAMYAKM MO MArHUTHbE MOMEHTBI YaCTHHIIO
OPHEHTHPYIOTCS MO MOJIO, T. €. YaCTUYHO YMOPSILOYMBAIOTCA; B Pe3y/bTare’
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Ta6aupma 8.3
sinepHble MarHHTHbI€ MOMEHTbI

(aﬂaquHﬂ MArHuTHbIX MOMEHTOB Adibl B AA€DHbBIX MArHeTOHAax

eh —24
b, == _505.10 spz/s)
P oM ¢
Slapo Craun Mm;:‘g,‘:;m Sapo Cnun Mir;;?g::lii
Heiitpon 1/2 —1913 Na28 3/2 2,217
H' 1/2 2,793 Mnss 5/2 3,468
D? 1 0,857 Co% 7/2 4,648
Li’ 3/2 3,256 Tats! 7/2 2,1

3TOrO 9SHTPOMUA YyMeHblUaeTcsa. OHTPOIMS yMeHbLIaeTcsl TaKXKe IpH
MOHMXEHUH TeMMmepaTyphl, MOCKOJbKY NPH 3TOM Oo0Jbliee YUC/IO MOMeEH-
TOB CTAHOBUTCSl OPHEHTHPOBAaHHbIM B ONHOM Hanpas.ieHuu. Ecau mone
MOXHO CHSiITb, He W3MeHA SHTPOMMUH, TO BO3HUKAKOLIAA HeYNOPALOYEHHOCTD
B CNHHOBO# cucteMe OyleT OTHOCHTbCA K OGoJjiee HHU3KOH Temmeparype.
IMpu axuaGaTuuecKOM pa3MarHMYMBaHuWM o6paslia TelnOTa MOXeT MpHTe-
KaTb B CMIMHOBYIO CHUCTEMY TOJbKO OT peLIeTKH. DHTPOMUSI PelIeTKU NpH
HHTepeCyoIUX Hac TeMleparypax InpeHe6GpexuMo Maja, NMO3TOMY NpH
annabaTHyecKOM pa3MarHM4YMBaHUM 00pa3lia SHTPOMUIO CNHHOBOHM CHCTEMBI
MOXHO CYUTaTb MPAKTHYECKH MOCTOSAHHOM.

Haitnem npexie Bcero BbhipakeHue LJst CMUHOBOM MJIM MArHUTHOM 3HTPO-
nuu cucreMsl N HOHOB, KaXAbift U3 KOTOPHIX MMeeT CnuH J, mpuucM TeM-
NepaTypy CHUCTEMBl MBI CYMTaeM CTOJb O60JbLIOH, YTO B OpHEHTAUUH CIH-
HOB MMeeT MeCTO MOJIHaf HeynopsaoyeHHOCTb. Klhaue rosops, npennosna-
raercs, 4To TeMmneparypa I 3HauyuTeJbHO GoJiblile, YeM HEKOTOpas
TeMneparypa 0, XapakTepusylouias 3HEpPrui0 B3aUMOLEHCTBHUS, CTPeMs-
LYI0Csl OPUEHTHPOBATb CMUHbLI B KAKOM-TO MpeMMyLLeCTBEHHOM HaMpasJe-
HUM. B pesyabTare LS SHTPONMUM MOAYYHM

S=NkIn(@2J+1). (8.23)

ITOT pe3yabTaT BbITCKAET HeMOCPEACTBEHHO U3 H3BeCTHON dopMy bl Boabu-

Malia nasd Sll’l‘pOHHH
S=kInW, (8.24)

rie W — 4uc/o He3aBUCMMLIX PacnoJIOKEHUH 3/eMEHTOB CHCTEMBI, COOT-
BETCTBYIOLUMX JAllHOMY 3akoHy pacnpelesenus. Ecaun Temneparypa nocra-
TOYHO BeJMKa W BCe MOAYPOBHI CHCTEMDbl 3aMOAHeHbl MPUMEPHO OAUHAKOBO,
TO YMC/I0 yKasaHHbIX pacrmosoxenu#t W ecrtb uucao cnocobos pacmpelne-
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genuss N cmuuoB no 2/ 1 noAypoBHSM CHCTEMBI, MOCKOJbKY B 3THX
yC/IOBUAX 3HEPreTHYeCKH BO3MOXHO MPAKTHYEeCKH J1060e Pacrojoxenue.
Takum o6pasoM,
W=@QJ/+ 1)V (8.25)
H, CJeNOBaTeNbHO,

S=kIn(2J-+ 1)¥ = Nk In 2/ + 1). (8.26)

D10 M ecTb Ta SHTPOMUS, KOTOpPas MOxeT ObITb CHHXKEHa Hajoxe-
HHEM MarHUTHOTO MOJSA, TaK KaK MAarHUTHOe MoJe pacllenseT SHepreTH-
yeckne ypoBHu. TeHIeHLUMA K NMpPeUMYLIECTBCHHOMY 3aMOJHEHMIO HH3LIHX
JHepreTHYeCKHX ypoBHeH (du3uyecKH OueBMAHAs) MNPUBOLMT K TOMY, UTO
TaKoe, OCYLIECTBJIAIOLIeeCs NPU HANOXKEHHH MarHUTHOrO MOJS pacnoJno-
)KeHHe CMUHOB C TOUKH 3peHHss YMCTOH KOMOMHATODHUKH MeHee BEPOSTHO,
ueM pacrnoJsoxeHue, OTBeYawllee CAy4ald PaBHOMEPHOro 3aMoJIHeHHst Bcex
ypoBrelt. Ho aro MeHee BeposTHOe pacnoJjoxenue, Oyiayun 6o.ee ymno-
PSIAOYEHHBIM, COOTBETCTBYET MeHbllUed SHTPOMHH.

ITpumep. Tenepb BbIBedeM BblpaXeHWe A/ 3aBHCHMOCTH SHTPONMH
oT noas nas tTo#f o6JacTM TeMmnepaTyp, rie BblmoJanserca 3akon Kiopu.

[Mockoabky surponust ectb ¢yHkuus H u T, umeem

S = (%)leﬂ- (g’%)ﬁ ar. (8.27)

an M30TEPMHUYECKUX YCAOBUAX BTOpOﬁ HJIeH MOXHO NOJ0XHTb PaBHbIM
HYJ10 M, CJenOoBaTeJ/]bHO,
N

dS = (W)r dH. (8.28)

3aMeTHM, 4TO COTrJacHO Mozmqmuupoaauuomy TEpMOAUHAMUYECKOMY COOT-

HolueH!0 MakcaeJa
( )T ( )
oH 07 ].['

U MO3TOMY
ds — (‘;—’;‘)HdH.
Takum 06p330M, B Cﬂy‘lae HBOTepMW-IeCKOFO HaMarHu4uBaHusg
H
S(H. T)— S0, T)=6/ (‘(’,—’;‘)HdH. (8.29)

B o6aactu npumenumoctu 3akoHa Kwopu, noas3dysce ¢opmyaoft (8.20),
MOXKHO Hamucarb

, H\2
[ Pig ) . (8.30)

1

18 4. Kurreas
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[MocaenoBaTe/bhble 3TaNb NpolLecca OXJaXAeHUs NoKa3aHbl Ha puc. 8.3.
ITone HakaaabiBaeTCs Mpu TeMnepatype T, mpuyeM B 3TOT MOMEHT oGpa-
3ell HAXOAWTCA B XOpOLIeM TelJOBOM KOHTaKTe C OKpyxaioule#l cpeno#
(AT = 0); na nnarpamme (puc. 8.3) aror 3ran uzobpaxeH usorepmoit AB,
3arem o6paszeu Tenuouszonupyercs (AS=0) u none BuikMoyaerca. Idror

npouecc, H3o0paxaeMbll  u3-

S\ suTponuyeckolt kpuso#t BC, 3a-
KaHuuBaercs npu remneparype T,.
Hoctuxenne Haubosee HU3KHUX
TeMnepaTyp MeroloM ainuabaTu-

A p=p UECKOTO pa3MarHUuuBaHHs Orpa-
HUYMBAETCA TJAaBHBIM 06pasoM
) €CTEeCTBEHHBIM pacuenieHneM
CNIMHOBBIX SHEPreTHYeCKUX YpOB-

Helt, MPOUCXONALIMM NlaxKe B OT-

CYTCTBME BHEIUIHEro MarHUTHOro

noas. [1pu nynesoM noJe paciue-

njeHue MOXeT ObiTb BbI3BAHO

> 9/JeKTPOCTaTUYECKUM B3auMoneH-

7 cTBMeM HOHOB B KpHCTalle,

Puc. 8.3. Jurponuiinag AuarpaMma Aajas  B3aUMOLENCTBMEM MarHUTHBIX MO-
a;maGaTuqecxoro pa3MardH4eHus. MEHTOB ApYT C leerM WJU B3a-
uMoje#icteueM ¢ anpamu. Pac-

luleneline B Hy/neBOM MoJe NMpHUBedeT K TOMY, YTO SHTPOMNUS NpPU TeMIe-
parype Ty (puc. 8.3), xorna H =0, O6yner MeHblie, yeM oHa Obl1a Obl
Npu MeHblleM paclienJeHdd; B pe3y/dbTaTe KOHeyHas TeMIepaTypa He
CTO/Ib HU3KA, KaK Morga Obl ObITh, ecau Obl TAKOro pacuielneHus He Oblao.

|

N
T S

MATHUTHBIA PE3OHAHC

[TpumelleHHe BBLICOKOYACTOTHOR TeXHMKHM MO3BOJMJIO OCYLIECTBUTb Psl
HCCAeNOBaHHH MarHUTHBIX CBOMCTB CHCTEM 3JEKTPOHOB M CHCTeM siiep.
AT uccaenOBaHUS Nalu OvYeHb MHONO A/ BHIICHEHMS CTPOeHUs TBepAblX
Teaq M xuikocte#t. I'oBops 06 aro#t o6aact ¢u3uku, yLOOGHO MOJB3O-
BaThCA TEPMHHOM MA2HUMHbLE Pe30HAHC, NaXe KOrla peub nier o6 uccie-
JIOBaHUSAX, KOTOpble MNpPOBOMATCA B YCJAOBHAX, JAajeKMX OT pe3oHalica.
Hixe ™Mbl ocraHoBMMCA Ha 3TOM BONpoce. 3aMeTHM elle, YTO MEXAY
MarHUTHLIM PE30HAHCOM H LUK/JIOTPOHHBIM (I1/1a3MEHHBIM) PE30HAHCOM CYylLe-
CTByeT (yHAaMeHTalbHOe pa3juyde: NMPH MarHUTHOM pe30HaHCe siBJelile
ynpas/seTcd JHIUb MardHUTHBIM MOJeM 3/]eKTPOMAarHUTHOH BOJHBI, KOTO-
poe neHCTByer Ha MarHuTHbIf MOMEHT CUCTeMBl, @ MPH UHMKJIOTPOHHOM
pe3oHaHce I'MaBHYI0 POJb UrpaeT 3JeKTPHYeCKOe MoJe 3/eKTPOMarHHTHOH
BOJIHDI, BHI3bIBAIOLLEe CMelleHHe dMeKTpUueckoro 3apaia. YroOur noayyuTh
npeicraB/ieHue O TNpOLECcCaX, MPOMCXOASIIUX TNPU SKCNEPUMEHTAIbHOM
OCyL1ecTBJIeHHH MarHUTHOrO pe30HaHCa, PacCMOTPHUM CHayajla cBoOGOAHYIO
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yacTHUY CO CMUHOM S, MOMeEILEHHYI0 B MOCTOSHHOE OIXHOPOIHOE MarHuT-
noe moae H. U3 snementapHo#t Teopun addexra 3eeMaHa Mbl 3HaeM, YTO
npu H =10 Bce 25 4 | snepreruyeckux ypoBHe# COBNANAIOT, @ NP BKJIO-
ycHUM M0/ MPOMCXOLMT paclieleHie ypOBHeH, NpHYeM BeJH4YHHA paclie-
nieHust 4as BceX ypoBHeW o0Ha u ma oice. Takum 00pas3oM, BCero Msl
noayyum 28—~ 1 MarHuTHHIX ypoBHel, KOTOPHIE MMEIOT KBAaHTOBHIE uHCaa
mg=S8,S§—1,8—2, ..., —S-+1, —§5. Ksanropoe uucno m; yka-
3LIBAeT BEJMYMHY 2-KOMIMOHEHTHI CMHa S B NoJe, HAanpaBaeHHOM MO OcH Z.

B MarHuTHOM 1mOJe pa3HOCTb 3HEPrHH MewAy COCeNUHMH YPOBHAMHU

3/1eCb, KaK OGLIYHO, /sl 9/EKTPOHOB BEeNHYMHY [y CUHTAIOT PaBHOH Ma-
riietrony bBopa, T. e.
!"'(3"[)=l"‘ == ._e.h_
0 BT 2m,c’
a oJas saaep P, — 3TO slepHHIf marneron bopa
m—y — _eh
Py ==ty = 2M e °

BenuuuHy g Mbl onpeleluM KaK MHOXUTenb, oOeclneyndBalOUIUf BbI-
noJienye pasenctsa (8.31). ITOT MHOXKUTeAb g HA3LIBAOT g-PAKMOpPoM

W PaKmopom CcnexmpocxKonu-

weck020 pacuensenus. PaBeHcTBO N\ 7 /

(8.31) 3anuchIBalOT Takke B Cle-

nLytowe# dopme: _a

R Y

|E(m)) — E (my— 1) | =| byH]|, i E 4
(8.32)

/e BeJHYHHA 7, KaK Mbl yCTaHOBHM / Y N\

HiKe, MPENCTaBAfeT COOOH OTHO-  pyc 84, Cxema skcnepuMeHTaabHO
lIeHHe MArHUTHOrO MOMEHTa K MO-  yCTaHOBKM JAf H3YYEHH CHHHOBOrO

MEHTY KOJIHYeCTBA JABHXEHHS CH- PE3OHAHCHOrO MNOrJIOLEHHS.
CTeMbl. j—s.rlek'rpomarnwr, 2—obpasen, 3—coaenonn,
— K BBLICOKOUACTOTHOMY TIeHCpaTo cxe\
Cnempocxonuqecxue npaBuJa uamcpcuui HSTQ].[)b. Py u e

ot6opa AJs MarHUTHBIX (AMMOJbHBIX)

NepexonOB, C KOTOPLIMH Mbl HMeeM 0, CBOAATCS K yc/aoBHIO Am,= X1,
T. €. 9TH TlepexOolbl MPOUCXOUAT TOJbKO MeXILy COCeLHHMH YPOBHSMHU.
Takum o6pa3oM, u3 paseHcts (8.31) u (8.32) caenyer, uto sHeprusi 06.y-
Yaowero 9JeKTPOMAarHUTHOIO TM0Js, HMeIOLIero KPYroByl 4YacTHLy o,
OylleT MOrJOWATbCA CHCTEMOH, Koraa

ho = gp,H = hyH. (8.33)

Pagencrso (8.33) mpeacraBasier coGo#t ycaosue pezonanca. CxeMa
ycTpotictsa Aas HaG/0AEHUS MarHUTHOTO pe3oHalca Nnoka3aHa Ha puc. 8.4.
Oo0pagewn. nomeuaercs B CTaTHYeCKOe MarHuTHoe noJe H,, co3nasaemoe

18%*



276 IJ1. 8. MATHETU3M U MATHUTHBIF PE3OHAHC

saekTpoMarHutoM. Ilepementoe (paauoyacToTHoe) noge H, ¢bukcHposau-
HOM 4acTOTHl ® HAK/JalAbBaeTCs MepPNeHANKYASPHO K CTaTUYECKOMY MoJio.
MoluHocTb, norJgouaeMast o6pa3uoM B 3TOM MnoJje, onpelendercds 0Obly-
HHIM MyTeM MO M3MepPeHWIo N0GPOTHOCTH Q KaTyLiKH.

DKcrnepuUMeHTablible JaHHble, MOJYYeHHBIE MPU U3YYEHUM MPOTOHHOTO
CMMHOBOrO pe3oHaHca B Bole (Coldepxkalled HEKOTOpOe KO/MMyecTBO pac-
TBOPEHHOrO0  a30THOKHCJIOT O
Kenesa), noKasaHbl Ha puc. 8.5.
B cayuyae snekTpoHHOro crnu-
HOBOrO  pe3oHaHca, Koria
g =2, ycioBue pe3oHaHca
uMeeT BUL,

f g = 2,80H, (8.34)

[floarowerve

rae wa — yacToTa B Mera-

repuax, a H — HanpsxeH-
HOCTb moJis B 9pcrenax. Ana-
JOTHYHO, B c/yyae MPOTOH-
HOro pe3oHatHca

—

Yacmoma ) f(Kzu)~4,26H, (8.35)

Puc. 8.5. TpoToHHOEe CMHHOBOE pE3OHAHCHOE
NOrZI0WEHHE B PACTBOPE a30THOKHCIONO ele- rpe f  —4acToTa B KWJIO-
3a (MOCTOAIHOE MACHHTHOE N0Je (PHKCHPOBAHO, e H
yactoTa u3Mensercs) (u3 paotsl [3]). repuax, a — ONATL-TaKK
B none 7050 5 pesoHanc HacTymaer npu B 3pcTedax. Hanpumep, npu
yacrore 30 Mazy. H=5000 5 wyactora 31eK-

TPOHHOTO Pe3oHaHCa COOTBET-
CTByCT CaHTHMeTpOBO# o6.acTH, a uacToTa NPOTOHHOrO pe3oHaHCa —
06/1aCTH KOPOTKHX (METPOBBIX) PalHOBOMH. YKaxeM ellle, 4TO MarHMTHbIR
pes3oHaHc Mo3BOJMJI pa3paGoTaTb BecbMa TOYHbIE METOLL Ompeleneiins
BeJNHMYMHBl HAMPAKEHHOCTH MarHUTHOrO MOJA.

Marpocrkonuneckue ypasHenusn. IlonesHo euie paccMOTpeTb fBJje-
HHE MarHMTHOrO pe3OHaHCa MaKPOCKOMHUYeCKH, He MOJb3YSChb MOHATHAMHU
06 3HepreTHYECKUX YPOBHSAX, COCTAB/SIOLINX CHCTEMY HOHOB. B ocHOBY pac-
CMOTpEHHUS TMOJOXHUM MOBeldcHHMe MArHUTHOrO MoMeHTa 06pasua B IelOM.
ITycrb M — HaMariMyeHHOCTb (MaruuMTHBLIE MOMeHT eIMHHMUB 06beMa),
a J — nJ1oTHOCTL MOMeHTa KoJuuecTBa ABW:keHus. Knaccuueckoe ypasiie-

HUe ABHIKEHUS
dJ __ Bpamaouwuii MOMeHT
dat — O6bem

B NAaHHOM CJjyuae, €CJd BOCNOJb30BaTbCA H3BECTHHIM W3 SJIEMeHTapHOﬂ
q)VlBHKH BbIpaxxeHueM AJd MOMCHTA BpallleHUs MarHuta, MMeeT BUL

aJ
S =MXH. (8.36)
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Ecau AHU3OTPOIHbIE B3aUMOdeHCTBUSA B pelueTKe He OKa3biBalOT BJMA-
yug Ha noBeldeHWe CNHHOB, TO MOXHO CYUTATb, 4YTO

M=1J, (8.37)

rie | B Cayyae 3/IeKTPOHOB, KaK MHl 3HaeM, omnpenenserca GopMyJof
e

1=%. (8.38)

Toraa ypaBHeHHe JBH)XeHMl BEKTOPa HAMAarHUYEHHOCTH MpPUHUMAET CJe-

AywOlui BUL:

aM
SF=1MX H. (8.39)

Tenepb noayuuM oyeHb NPOCTOe NMPHGAMKEHHOE pelleHite 3TOrO ypaB-
nenus. IlycTb cratuyeckoe noje hamnpasieno mo ocu z (H,), nepementoe
pPaaMoYacTOTHOE MoJie HampaBjaeHo Mo ocd x (M) M 3aBUCHT OT BpeMeHu
no 3akoHy ei®. [lepenuiieM BekTOpHOe ypaBHehHe (8.39) B KoMNoHeHTax
no ocsm:

t(l)Mx =] TMsz,
loMy=1(MH, — M H,). (8.40).
e — —ym,H, =o0.

TpeTbuM ypaBHeHHEM MOXHO, BOOOIIE TOBOpHA, NMpeHe6peyb, NMOCKOJbKY
M, < M,. B HanpaBieHud ocu 2z BCeraa GyLeT CYLLeCTBOBAaTb MOCTOSH-
Hasi COCTaBJSOLIAs HaMarHWYeHHOCTH, OGVCJOBJEHHat HaJIM4YHeM CTaTu-
yeckoro mous H,. MoxHo serko onpeaeauts M,, uckmouns My,

— My =1 (M,H.H, — M.H?),

HIH X-KOMIOHEHTY BOCIPUUMHYUBOCTH

M M. H
e = FE = Gl = (8.41)

Orciona, OYeBHLHO, CPa3y NoOJAydYaeM YCJIOBHe pe3oHaHca
o=1H,,

KOTOpOe HMeeT TOYHO TOT e BMA, uTo u (8.33). HMrak, Makpockomu-
YeCKHH MOLXOL K pelleHHI0 3alayd O pe3oHaHce NpHBes HAC K CJaelyio-
lieMy pe3yabTaTy: BeKTOp HaMarHuueHHocth M npeueccupyer BOKpyr
nanpaBaexus cratuyeckoro noas H. Ilpn MakpockomHuecKOM paccMOTpe-
I MOXHO BBECTH B ypaBHeHHe IBWXKEHMS UJeHbl, MPUOIHKEHHO OMUCHI-
Balol(Me MPOLECCH 3aTyXaHUs M YIIHPEHHe JMHUA DPe30HaHCHOro NorJo-
LEeHUS.

Peaaxcayus npodoasHoli u nonepeinHoli KOMNOKeHM HAMAZHU-
weHrnocmu. TINOTHOCTb MarHUTHOM SHepruy paBHa no onpenenennio — M, H,.
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Cnenona'renbuo, sHeprus napaMarHMTHOro 06p83113. Haxoausluerocs nepBo-
HAaya/J1bHO B HeHaMarHWyeHHOM COCTOSIHMH, NMOHMXKAETCA MNPHU HAJOXeHuy
BHELIHEro MarHUTHOro noJs. YMeHblleHne MarHUTHOM 9HEpPrun KOMIEHCH-
pyercsa BO3pacraHueM SHEpruu peweTkH, HO l'lpOllECC HAaMArHu4yMBaHug
He MoxeT mnpolti ObicTpee, 4eM NPOLECC MOTAOLIEHHA peLIeTKOH H30bi-
TouHo# sHepriun. CKOpPOCTb Mepexoja 3Hepruu K pelleTKe OMpenessercy
2apaKTepoOM B3aNMOJEHCTBUA peIUeTKM CO CNHHOBOH cHCTeMOH. Bpewms
cnun-peuemounoll pesarxcayuu T, Mb ONpelesuM ypaBHeHHEeM
(sz) _ MMy (8.42)
dt penakc T,

rae MO—SHEI'-ICHHQ Mz Nnpy TENJOBOM paBHOBECHH B TeX YCJOBHAX, NMpPH
KOTOPBIX OCyllecTBAsieTcs: akcrnepuMent. M3 (8.42) nerko ycmorpeTh, uto
-eCJH MNMOCTOAHHOE MAr{HUTHOE I0J1e BKJAIOYEHO B MOMEHT t=0, TO BpeMs,
HeoOXoauMoOe OJs U3MeHeHHSi BeJUYUHBI Mz' onpenensercda 3aKOHOM

M, = My(1 —e=tIT), (8.43)

INonepeunble KOMNOHEHTH HaMarnuyeHHoctd (M, u M) He nalOT Heno-

CPeNCTBEHHOTO BK/2Jla B MarHUTHYIO 3SHEPrHI0, M OTHOCALIMECS K HUM
npouecchl pesakCauMd MOTYT NpOTEeKaTh B M3BECTHOH Mepe He3aBUCHMO
OT IpOLECCOB, OTHOCAUIMXCH K MNPOAOJAbHOH KOMIOHEHTe HaMarHuyeH-
noctt M,. Bpems penakcauuu nas nonepeynnx KommoHeut (T,) onpe-
lle/ISeTcs ypaBHEHMAMHM TOro ke Buia, uto u (8.43), a uMeHHO:
(dM,, My [dMy M, 8 44
dat /penaxcn— Ty’ ( dat )penakc_ T, "’ ( ’ )
‘Orciofa BHIHO, YTO BpeMa peJakcaunu T, onpeneiserT WHPHHY JIHHUH
pe3olalcHoro morJouleHus; spems Ty CayXHT Mepolt ¢a3oBo#t Korepeur-
HOCTH TNpeueccHpylolweflt cucTeMbl cnuHoB. IIpu nosiBleHUM B cucTeMe
HEOAHOPOAHOCTH JI060r0o THMA (TaK AKe KaK M MPH HAaJOXKeHHH BHeIIHero
noas) T, ymeubnaerca. MarnurtHoe rnose mo6oro cCnuna kak 3/eMentap-
HOTO MarHHTHOTO MOMeHTa JeHCTByeT Ha MarHMTHble MOMEHTH COCeNHHX
CMIUHOB, CJly4yallbiM 06pa3oM OPUENTHPOBAHHBIX B IPOCTPAHCTBE; ITO NpH-
BOIUT K JIOKAAbHBIM Cay4aHHbLIM HEOJHOPONHOCTAM BHYTPEHHEI'O MarHuT-
HOro NoJf, BeJqH4YMHAa KoTophix |AH | nopsiaka p/rd, rie p — MarHutHbifl
MOMeHT, @ P — paccTosHHe Mexay cniHamu. [Tpu HekOTOpHIX 06CTOSITEIb-
crBax 3TOT 3¢dexkT naeT Beanuuny 1/T, mopsaka

1 !
Tz—z-r|AH|z%:—. (8.45)

MarnutHoe AHMoJabHoe B3aMMOLeHCTBHE Ha3bIBAIOT CMUH-COUHOBEIM B3aUMO-
NelCTBUEM.

Paannunble Tunmel B3anMoleHCTBU#, O0O6YC/IOBJAUBAIOIKHE NPOLOILHYIO
penakcauuo T, o6biudo jgaloT BKaax M B nonepeunyio (T,), HO obpat-
Hoe yTBepicaenie crnipaBenanBo He Bcerda. CieloBarenbHO, HEOAHOPOU-
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10e CTaTHYecKoe BHeWHee MArHMUTHOE MOJe MPUBOIMT K YWIMPeHHIO pe3o-
HaHCHBIX JMHMH M cnocoGeTByeT nomepeuHo#t penakcaunu (T,), Ho sTo-
fiofe He CBSI3AHO C pelleTKOH M TNOITOMY HEe MOXET B/AMATb Ha Beu-
uniy Ty

Ecau BKJIIOYHTL PeNaKCaUMOHHbIE 4JEHBl, TO MOJYYHUM MOJHBIE ypaB-
jiciiusl ABHXEHHUS BEKTOPa HAMAarHUYEHHOCTH:

dM M

dtx =1(Msz—MzHy)—T—:, (8.46)-
dM, My
_(1T=T(M2HX—MXHZ)_T—2’ (8.47)
aM M,—M
'-dt_z:T(M"Hy — Mny)_zT_lO, (8.48)-

[Tpexae Bcero Hac HuTepecyeT cBfi3b Mexay T, M WHPHHOK JHHUM.
B cayyae cnabbix nepeMeHHLIX NoJeH MOXHO, KaK M paHblie, mpelie-
6peub dM,/dt. Torna noayuum

i o—75) M, =0,My— 0 .H, (8.49).
i
i (m — T—z) M,y =wH, — oM, (8.50).

3zece Mbl BBeanm 0Go3HaucHus wy=v7H, n w,=1M, Ynobuo BBectH
BEJIMYHMHBI

MY =M, +iM,,

H* =H,+IH,.
Torna, o6benunuss (8.49) u (ymMHOXKeHHOe NpelBapUTeNbHO Ha [) paBeH--
crBo (8.50), moayuu

T P
U
— m* — Ws
H™ ™ odoy—(i/Ty)

ITorsnowaeMas MOLIHOCTb BCeraa nponopuuoHaibHa MHHMOH YacTH BOC-
NPpUUMUHUBOCTH

x* (8.51)

t= ws/Ts 8.52
A= e F T (6:52
[lpy o = — wy=— 7H, umeer Mecro pe3onauc. OTpuuateibHbfl 3HaK

CB3aH C BHIGPAHHBIM HampaB/ieHHeM BpalleHUs KPYroBO# mno/spu3auun
+ .

nepemensoro noas (a mMenno ¢ TeM, uro mul BBean H'). 3amernm, uro.

npu  pe3oHaHce (w=—w;) MHUMas yYacTb X MMeeT MaKCHMyM,
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pasubiit oy, pu w+w0y=1/T, Beanuuna Im y* paBHa nosoBHHe CBOero
MakcuMaabHoOro (pesoHaHcHoro) sHauenus. Takum o6pasom, 1/T, MOXHO
Ha3BaTb YacTOTHOM MNOJYIWIHUPUHON, COOTBETCTBYIOUIEH MOJOBUHE MAaKCH-
MaJbHOro mnornoleHusi. MOxHO BBECTH M IM0/€BYI0 MOJAYIIHPUHY (AH)V2

{(eci BMeCTO ® OTKJaAbiBaTb MO OCH abCuMcC BeNTMYUHY MOJfA), COOTBET-
CTBYIOLLYI0 BBELEHHOH BbilUe YACTOTHOW NONYLIUPUHE;, 3STH BEAHYMHBI
CBAI3aHbl MeXAy c000# OuyeBHIHBIM COOTHOLUElHHEM

1

—. 8.53
T, (8.33)

(AH)1/2=

Bpems cnun-pewetousioff pesakcauun T, MOXHO ONpeleluTb 3KCHe-
PHMEHTAbHO, H3yyas peaklui0 CHUCTEeMbl Ha YPOBHSIX MOUIHOCTH BHEUIHEro
NepeMeHHOr0 MNOJA, JNOCTATOYHO O60JbIIMX, 4YTOOH BesnynHy M, yxe
Henb3s OBLIO CYMTAaTh MOCTOSHHOHM (cM. 3azauy 8.7 B KOHUe Hacrosiueh
rnasnt). Jlns onpenenenus T, MONHO TaKke HCNOJb30BaTh APYroit MeTon,
OCHOBAHHBLI Ha sBieHHM CMMHOBOrO 9Xa, MpeicTaBisiolleM cOGOH peak-
LIMI0 CHCTEMBbI Ha CH/bHBIE KOPOTKHE HUMNY/IbChl NMepeMeHHOro mnosas. Me-
TOA CNMHOBOrO 3Xa MO3BOJIAET TaKxKe OTAeJIUTb BkJaal B T, 06ycio-
BJICHHBIH HEONHOPOAHOCTbIO CTAaTHYECKMX MArHMUTHBIX MoJjeH, OT BkJana,
06YyC/IOB/IGHHOrO JIMHAMMYECKUMH B3auMOIeHCTBUAMH. AHamu3 sKcmepH-
MeHTanbHO HalleHHbX 3HaueHu T, u T, naer BaxHylo uHdoOpmMaluio
-0 (pU3NYECKHX CBOMCTBAX TeX MJH MHBIX KOHKDETHBIX CHCTeM.

Meroa flepHOM HHAYKUMM TMO3BOJSET M3MEPATb KOMIOHEHTY HaMar-
HHYEHHOCTH, CABMHYTYIO MO (pase OTHOCHTE/bHO BHEIUHEro MepeMeHHOro
noas. Ilpu sToM u3mepsieTcs B OCHOBHOM BeleCTBeHHas YacTb BOCMpH-
umunoct (Re x*), Toraa kak npu HM3ydYeHWH Pe30HAHCHOrO MOTJIOLIEHHS
MBl HMeeM Lesio ¢ MuuMOH uactbio ¥t (Im ™). Pacuer zaer cuenyiouee
BhIDaXKeHHE:

+ o5 (0 - 0g)
ReX = oo T (T (8.59

Koraa o mpoxoaut pe3oHaHCHOe 3HaueHue (— wg), 3TO BbIDAXeHHe Me-
HfleT 3HaK Ha o6parHbift. [1pM BBLICOKHMX uYacTOTax, AaJeKMX OT pe3OHaHca
(Jo|>>]wy[), MBl noxyuuM npu6aMKEHHO

+ o Os +a0s
Re ~ — v Imy ~ T

ecau, kpome Toro, wTy,>>> 1. OTciona ciedyer, 4TO NP YacToTax, JNa-
JeKHX OT pe3OHaHCa, BelleCTBeHHas 4acTb IMHAMUYECKOH BOCHPUMMUM-
BOCTH Nnpeobaanaer. DToT akT AexHuT B ocHoBe pab6oTht CBY-ycrpoticts
C Ma/abIMM TOTepsIMH, TaKWX, KaK THPaTophl, Bpallalolige MAOCKOCTb
NoJSpHU3alUNH 3NEKTPOMArHUTHOH BOJIHBI.

DuexmpoHHoe pacuensedue 8 Hysesom nosae. Kak ywe ormeva-
J0Cb Bbillle, BO MHOTMX TBEpPLbIX TejlaX OCHOBHOH ypOBeHb MapaMarHuT-
HOrO HOHA pacluenasiercs BHYTPUKPUCTANIMYECKUM JIEKTPUYECKHM MOJIEM,
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M MOXHO HabnionaTb BLICOKOYACTOTHHIE Mepexoldbl MexAy NOLYPOBHAMIL,
JlaXe He HaknalblBad BHellHee CTaTHYeCKOE MarHWTHoe noje. JT0 sBje-
une Bnepsble HaGmionan Buunu ¢ corpyanukamu. OaHako OOBLIYHO npu-
MelisieTcs MOCTOsHOe Mone, a sBJelHe paculellieHus ypoBHeH B HY/eBOM
fione OGHApYKMBAETCA MNPU TeOPeTHYECKOH HHTepNpeTauly HEeKOTOPbIX
JMHUR NorJouleHus, hHa6ai01aeMblX B 3THX YCJAOBHAX (KOMOWHALUA BHYTpH-
KDHCTAJJMYeCKOro M 3eeMaHOBCKOrO paclleneni#t). B napamaruurhoix

T i e =

Puc. 8.6. CBepxrolikasi CTPYKTypa CHEKTpa MOrJAOLEH s
noHa Mn % (B BogHom pacrtsope) (13 pabotbt [4]).

Slaepunlit cnun /=05/2, sackrponnslii cnun §=>5/2.

CONfiX, pa30aB/eHHbIX HeMarHUTHLIMH H30MOP(HBIMII  COJSIMM, HacTO
yaaeTcs paspeliuTh CTPYKTYpPY JHiuH, 00yc.J10BaeHHYI0 B3auMoLeiicTBiieM
9NEKTPOHOB €O CMHHOM sipa. 1ot 3ddexT RaeT BecbMa LEHHYI0 BO3-
MOXHOCTb OINpele/cHH 3/eKTPOHHOK CTPYKTYpbl AedeKTOB B TBEPAbIX
rejax. CBepxTollkas CTPyKTypa aunu# Mona Mn?' B BoanbIX pacrBopax
nokasaHa Ha puc. 8.6, B3sToM M3 paGoru [4].

deppomariuTHoe pesoHaHcHoe norJowenne, Cnuii-pe3onaiiciioe
norJjouleHne B (CPpPOMariMTHLIX BeLECTBAX IPH MUKPOBOAHOBBLIX YacTO-
TaX C IKCMNEPHMCHTAALHON CTOPOHB! B TMpHIILLIINE aHATOTHYHO ONMHCAHHOMY
BLILIC f1ePHOMY H 3JEKTPOHIOMY CNHIIOBOMY PC30iaHCHOMY MOT/IOLLeHHIO.

[Monubid maruuTHEIf MOMEHT o0pasua NpeueccHpyer OTHOCHTE.IbHO
HanpaBaeHHS CTAaTHYECKOTO MArlHTHOIO  110J18;  3ileprus HaJ0XeHHOro
B NOMEpPeYyHOM HAaMpaBJeluuu TMepeMelHoro nojas CHJIbHO TMOT/0MIaercy,
KOrja 4acToTa MOCJAeMHero PdBHA uacroTe MpeueccHu. DTy KapTHuy
B PaBHOX Mepe MOXHO ONMCLIBATL, OCHOBLIBAsCL Ha NPEACTaBJCHHH NPO-
CTPalCTBEHIIOr0 KBalTOBAHMA B CHJbIOM CTaTHYCCKOM TMoOJe BeKTOpa
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TMOJIHOTO CIMHA HAaMarHWYeHHOro A0 HAChllleHHsl eppOMarHeTHKa; sHepre-
THYECKHE YPOBHM paslesieHbl MHTEepPBaJaMH, COOTBETCTBYIOLLMMH OGBIYHBIM
3eeMaHOBCKHM uyacToTaM. PaspelneHuble nepexoibl MOTyT MNPOHUCXOAHTH
TOJILKO MeXIY COCeIHHMH YDOBHSMH W ONpelessioTcs NpaBUIOM oT6opa
Amg= 1.

deppoMarHHTHBI/ pe3oHanc Obla1 BriepBble OOHapyXeH 3KCHEpUMeEH-
TaabHo [pudpdpurcom b). HMurencusHocTs MuHUK (eppoMarHuTHOrO peso-
HaHCHOTO TOTJIOLEHH OOBLIYHO HCKAIOUHTEILHO BelHMKa, OCOGeHHO no
CpaBHEHWIO € JMHUAMH MapaMarHUTHOro pe3oHaHca. [IpuuMHa sroro ces-
3aHa ¢ GOJIbLIHM MaKPOCKOINHYECKUM MArHUTHBIM MOMEHTOM ¢(eppoMarHe-
THKOB, KOTOpBIH# Mpu KOMHATHOH TeMnepaType no kpatine#t Mepe B 1000 pas
00.Ibllle, YeM y 3/1eKTPOHHbIX NapamarneTHkoB. Ec/u pesyiabTaTel 3KcIe-
pHMeHTOB no peppoMarHUTHOMY Pe30HaHCY MOMNbITaTbCs HHTEPINPETHPOBATh,
no/b3yscb 06bluHOR [cM. (8.33)] pe3oHaHcHo# ¢opMyJiOH

© =2_§’ne7 H, (8.55)

TO Aaf g-PaKTopa 4acTO MOJMY4alOTCA OYeHb OOJblIME BeJHUMHBI, 3HAUM-
Te/bHO NpeBbIlIalOLIMe BeJUYUHY g LS CBOOOIHOro 3JeKTpoHa (koria
g=2,00). Eciu xe yuect» Bce pa3MarHuuusaiomde PdeKTH U BOC-
No/b30BaTbCA OOLIYHBIMU IKCNEPHMEHTANbHBIMU CPELCTBAMU, IpHMeHse-
MBIMH TIpM H3yyeluu CBOMCTB MeTa//1o0B, a MMEHHO, B3fiTh, B YaCTHOCTH,
obpaseul B ¢opMe TOHKOrO IMCKA M MOMECTUTb €ro B NOCTOSHHOE noje H,
napa/iie/ibHOe MJOCKOCTH JHMCKA, TO YCJIOBHE Ppe30HaHca OJAf TaKoro
.Cyyast MpUMeT BUI
® =% VBH, (8.56)
rae B=H 4 4xM. Toria oxkaxercs, yTo 3HauyeHHs g-¢pakTopa, NOJIy-
yeHHble nO 3To# opmyne (8.56), Masno OT/MYAIOTCA OT 3HaueHHH Ans
cBOOOJHOTrO 3JIEKTPOHA.
Hanum npocto#t BhiBoa ¢opMyasl (8.56). Bynem ucxozutb M3 ypa-

BHEHHH IBHXKeHUs

aM
—r = TMXH,

rae Y= ge/2mc. Ecan HanpaBuTb OoCb y MeprnenauKyAspHO K MIOCKOCTH
TOHKOro 06pasua, TO MOJYYHM cJeLyiolllde 3HayeHHs pa3MarHMYMBAIOLINX

aKTOpOB:
N,=0, Ny=4r, N,=0.

') CnpaBeNJHBOCTH paiH CAelyeT OTMETHTb, YTO sBAEeHue (PeppOMarHHTHOro
pesoHanca mnpeackaszano B. K. Apkanbesbim eme B 1913 r., M 3aTem uM e
6blJI0 1aHO 3KCMEpHMEHTaJbHOEe MOATBepkaeHHe. OIHAKO UIMPOKOE H3YueHHe H
npuMeHen1e GeppoMarHMTHOrO pe3oHaHca Havanocb ¢ 1946 r., koraa nosBuaach
pabota I'puddurca. (ITpunr. nepes.)
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B caydae csoboatof npeueccud BEKTOP H wvMeeT KOMNOHEHTDLI:
Hx=0; Hy=—41:My, HZ=H,

npHyeM Hy=—4-n:My npexacrtaBiasgeT co0o# pasMarHUyMBaloLLee ToJe,

KOTOpPOe BO3HMKAeT, KOrJa B Xole MNPeLecCHH y BeKTOpa HaMarHuyeH-
HOCTH TOABASETC KOMMOHeHTa B Hanpasiewud ocu y (1. e M), H —

5TO CTaTH4YeCKOe ToJe, HampaBjeHHoe Mo ocu 2. Ecnu mepeMennoe nose
JI3MEHSIETCA CO BpeMeHeM 10 TapMOHHYECKOMY 3aKOHY e'® u ecsu mpeld-
noaoxuts, uyro M,, M, << H, w nosroMy npeHeGpeub KBaipaTamu H
NpOU3BeNeHUAMH 3TUX BEJHUYHH, TO MOJAYYMM
oM, =1 (M H + 4= M M), (8.57)
oMy, =—1M,H.

DTH ypaBHeHHs ONHOPOLHB OTHOCHTedbHO M,, My M uMeIOT HeTpUBHaDL-

lible pellieHWs] TOJLKO TPH paBeHCTBE HYJIO NeTepPMHUIIAHTa H3 Ko3ddiu-
LIUEHTOB TNPU HEHU3BECTHHIX, T. €. MpH

oo =By 8.58
1H iw | 7 (8.58)
Orciona cpasdy noayuum ¢opmyay Ajsi 4aCTOTH pe3oHaHca
w=1 VBH. (8.59)
®EPPOMATHETH3M

Mbl Ha3biBaeM BellleCTBO (peppOMarHeTHKOM, €C/M OHO 00J/afaeT caMo-
NPOM3BOJIbHLIM MAarHUTHBIM MOMEHTOM, T. €. 06/aJlaeT MarHUTHBIM MOMEH-
TOM JaXe B OTCYTCTBHe BHeIHero MarhutHoro mnoss. Hamarnuueinocts
nachileHuss M, onpenensercs KaKk caMONPOM3BOJbHBLI MATHUTHBIM MOMEHT
eIHHUUb o6beMa. B TexHHyeckof snuTepaType 4acCTO NpHUMEHsleTCS BeJd-
UMHA HMHAYKOHM HackileHns B ==4xM,. Touko#t Kiopu T, HasuiBaer-
ca  TeMneparypa, BBIlIe KOTOpPOH caMonpon3Bo/ibHast HaMarHM4eHHOCTb
ncyesaer.

Ecan 6bl B napaMarHHTHOM BeluecTBe CYLIeCTBOBAJO B3auMoZeficTBMe,
3acTaBJisiolllee MOHHbIE W aTOMHBIE MarHUTHblE MOMEHThl OPHEHTHPOBATLCA
B OILHOM HANpaBJCHHH, TO TMOJYYMJIOCh Obl (heppOMArHUTHOE BeLLeCTBO.
[TpeanosoxuM, uTO TaKoe B3auMolefcTBHe NeHCTBUTENbHO CYIUECTBYeT;
ycaoBHo OyleM CYMTaThb, YTO B3aMMOLEHCTBE 3IKBHMBAJEHTHO HEKOTOPOMY
noaio, Kotopoe HasoBeM noJseM Beficca. Dto mosie Ha3bBalOT Takxke
MOJIeKY/IAPHBIM MOJieM, MM OOMeHHHIM moJsieM. Beitcc GbIT nepBbIM, KTO
BBe/ MnpeiacTaB/ieHHe O TakoM noJe 1).

') INpexacrasaeHne O MOJAEKYASPHOM NoJje B GpeppOMarHeTHkax GbliO BHEPBHIE
BBeleHO pycckuM ¢usukoM PosunroM eme B 1892 r., 3a 15 jer A0 M3BECTHOM
pa6otel Beiicca no atomy Bonpocy. (/7pum. nepes.)
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OpuenTupyloweMy AdeficTsuio nosas Beficca Melaer TennoBoe ABHxe-
1Me 3JeMeHTapHBIX MarHUTHHIX MomenToB. [lose Beficca Mbl cuurtaem
9KBHMBAJICHTHLIM HEKOTOPOMY 3(dekTHBHOMY MarHuTHomy nomo Hp, neti-
CTBYIOLLEMY HA CIMHBI 3JEKTPOHOB. JHEprus B3aUMONEHCTBUA CHHHOB
¢ noaem Be#icca ZomkHa GBITb TOro )e MOPAAKA BEJUYUHBI, YTO M Tem-
JoBasi sHeprus cnuiios B Touke Kiopn T,. CaenoareibHo,

gSpgHg =~ kT, (8.60)
MM
o _ATe
Hp =~ Sy (8.61)
B cayuae xenesa T, =~ 1000°K, g =2, S=1, u nostomy
10-1 106
A RTEEA

DTo noJie 3HAYUTEJbHO CHJAbHee, UYeM [M10J€ MarHUTHbBIX MOMEHTOB Apyrux
MOHOB B KpHUCTa/jie, TaK KakK B3auMoJeHCcTBUEe MATHUTHBIX MOMEHTOB NaeT
‘TOJIbKO

[
~_B 3
d3 ~10 3,
rae d — nocToAHHAs pelleTKH.

[Tbep Beticc (1907) nokasan, yto NMpeACTaBJAeHHWE O MOJEKYAAPHOM
moJie NpUMEHMMO B HEKOTOPBIX BaXXHbIX BOMpocax ¢eppomMarHeTusma,
npuyeM cjelyeT CYHTaTh, YTO 3TO noJie H g NPONOPUHOHAJILHO HaMarHu-
yenHoct

Hg=2\M, (8.62)

rie \— HeKOTOpas MOCTOSHUAA, Ha3biBaeMas MOCTOSHHOH MOJIeKYJSpPHOrO
noss. BocnpuumunBocTb Bele TOuKkM Kiopu, mpelnosaras cnpasenu-
Boctb 3akona Kiopu (8.13), MOXHO NONyuYuTb, €C/AM CYUTaTb MAarHMTHOE
nosie paBlibIM CyMMe BHellllero noJas /H u MoJekyaspHoro nons FHpg.
Toruna

M C
HOM =T (8.63)
HJIH
M C

Orclona cjleayeT, 4YTO He paBHasg HYJaI0 HaMarHMH4€HHOCTb MNpH HYJICBOM
BHELWIHEM T10Jie MOABJAETCA NPU TeMmMnepartype

T,=C), (8.65)
T. e. B Touke Kiopu. [TosToMy MOxHO Hamucathb
C -
X:—?‘——T‘-. (8-66)
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310 BbipaxeHWe, M3BeCTHOe Kak 3akoH Kiopu — Beficca, oyeHb xopouwo
onuceiBaeT HabJolaeMble M3MeHeHHs] BOCTIDUMMYHUBOCTM B MapaMarHUTHOH
o6nactu (sbiwe Touku Kiopu)l). M3 (8.65), umes B BHLy onpenenenus
nocrosuno#t Kiopu C, cornacvo (8.13) u (8.20) Mbl Moxem Ha#iru mno-
CTOSIHHY 10

1 C  Ng'S(S+1)pd

=T, = 3T, (8.67)
Hanpumep, aas xenesa
-13
A~ 2107 5000,
8.10-"7

YTO COTJacyeTcs C NPHUBEleHHOH Bhile oleHKoR Hp.

dusnyeckoe NPOUCXOXKIAeHHE MOJEKYNIPHOTO MOoJfl, KaK YCTAaHOBHIIH
1. Y. dpenkensd u I'eftsendepr, 06BbACHAETCA HA OCHOBE KBAaHTOBOM Me-
XaHWKM HaanudeM OOMeHHbIX cui. Ha ocHoBe HEKOTOPHIX NpPeano/ioxeHu#
MOXHO TOKa3aTb 2), yTO 5Heprus B3aUMOLEHCTBUS aTOMOB i M j, MMel0-
IUMX CNHHOBBIE MOMEHTHl §; M §j, COLEPXKHT ujeH
E,,=—2JS;S;, (8.68)
raie J—oOMeHHBIt HHTerpas; HajauuMe OOMEHHOrO WHTerpana CBSI3aHO
¢ nepekpbiTHeM o6sactefl pacnpeliesieHHsl 3JeKTPOHHOro 3apslia aTOMOB
i u j. OOMeHHass 3Heprus He HMMeeT KJACCHYECKOr0 aHajora, XoTd H
MiMeeT 3JIeKTPOCTaTHYecKoe npoucxoxienne. OHa XapakTepuayeT pas/iuuue
B JHEPIrHM KYJOHOBCKOIO B3aMMONEHCTBMA CHCTEMBl B CJayyasX, Koria
CNUHBl MapajjebHbl M KOTAA OHM aHTHNapaJuiebHb. IDTO ABJIAETCA CaAeld-
creueM npuxuuna Ilaynu. B ksanToBOMexaHuuecko# cucreMe H3MeHeHue
OTHOCHTE/IbHOH OpHEHTAaUWW ABYX CNHHOB NO/KHO CONMPOBOXIATLCA H3-
MeHeHHeM TPOCTPAHCTBEHHOTO pacnpeleseHns 3apana B 00jacTu nepe-
KpbiTHA. Pe3ysibTupylolllee H3MeHeHWe KYJOHOBCKOM SHeprun CHCTeMbl
yno6Ho 3anucate B Buie (8.68)3). Dro BbipakeHue BHILASAMT TaK, Kak
6ynto cnuubl §; W §; HEMOCPeACTBEHHO B3aHMOJAEHCTBYIOT MeXLy COGOH.

YcranoBuM npuOMMKEHHO CBA3b MexAy oOMeHHbIM HHTerpajoM J H
NnocTofiHHOR MouekyaspHoro noss A. IlpexnosnoxuM, uTto paccMaTpuBae-
MbIf aTOM WMeeT 2 OJaMxalwux cocelel; B3auMOLeHCTBHE KaXIAOTO U3 HUX

) SkcnepuMeHTanbHO BOCTMPUMMYHMBOCTb 3HauMTEJbHO Bbilie TOUKH Kiopi
C Xopoluei TOYHOCTbIO onucbiBaeTcs 3akoHoM ¢ (T — B), rae 6 nHasbiBaeTca napa-
MarHUTHOH TOuko#i Kiopn; oHa MOxeT ObiTb HeckoJbkO GoJablie, yeM ¢akTHue-
ckas Temneparypa ¢a3oBoro mpespauieHus (dbeppoMaruutHas Touka Kiopu T).

?) 310 menaercs BO MHOrHX YyueOHHKAaX KBaHTOBOH MeXaHHKH (CM. TaKxke
0630p Bau-Paexa [5]).

%) Boipaxenue (8.68) aBiseTCA ONEPAaTOPHBIM COOTHOLIEHHEM, MOCKOJAbKY §;
H §; — onepaTopbl CNHHOB, HO BO MHOTHX 3afauax (peppoOMarHeTH3Ma ¢ XOPOLIHM

NPUOAHIKEHHEM CIIHHBL MOXHO TPAKTOBATb KaK KJAAaCCHYECKHE BEKTOPBI.
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C leHTPaJbHbLIM AaTOMOM XapakTepuayercsa o6MenHbIM uHrerpasoM J. Hag
6onee nanekux cocelel OyleM cuuTaTb MHTerpaid J PpaBHEIM HYyJio.
Toraa, npeHeGperas KOMIOHeHTaMH S, neprneHAMKYJISpHbLIMU K Halpabiie-
HHIO CpellHeit pe3y/bTHDYIOLle#l HaMarHM4eHHOCTH, SHEPrui0 B3auMonelf-
CTBUS MOXHO 3amucartb B BUle

E,.=—2J,8*=— gSupHp=— gSuph(gSp27").

ex

rle MHOXHTe/b, 3aK/II0YeHHBI! B ckoOkH, paBed Kak pa3 M, (3mech @ —

cpeanu#t o6beM, npuUxoAAuMMCA HA aTOM).

Hrak, )
A\g?
J=_5"5 (8.69)

229

uiu, yuuteiBas (8.67) u BcnomHus, uro N = 1/Q,

3kT,

I=wmsErn

(8.70)

9To BBHIpaxeHHe, BHITEKANOLIEE U3 TEOPHH MOJIEKYJISPHOrO MOJA, Ader
CBA3b MexAy OOMEHHBIM uHTerpajsoM M Toukoit Kiopu. Bosee Toynmift
pacyer, OCHOBAHHHI/t Ha KBAHTOBOM CTaTHCTHKeE, NMPUBOANT K HECKOJbKO
MHOMY De3y/bTary.

TemnepatypHas 3aBHCHMOCTb CNOHTAHHOH HaMarHMYeHHOCTH.
CoracHo Teopun Beiicca, yTo6bl HaHUTH 3aBUCHMOCTb CaMONPOM3BOJbHOM
HAMarHMYEHHOCTH OT TeMMnepa-
TYphl, HeOOXOQUMO BOCHOJbL30-
BaTbCl  MOJIHLIM  BHIPaXeHHeM
(8.18) 1A HaMarHUYeHHOCTH.

Mbl umeem:

M, =NSgyB, (x), (8.71)

rlle B cilyuyae OTCYTCTBUS BHeLl-
HEro MarHHTHOro Moad

Sgp M
Puc. 8.7. Meron onpeneneHus caMonpous- X — 288", .
BOJBHOH HAMArHHYEHHOCTH IPH JAAHHOMH kT

temnepatype I no Teopuu Beiicca.

3nayenne M noaydJaeTcsd IpH nepeceyeHdu ABYX np” T<Tc MBI nOleun MS
KPHBBIX, rpacuyecku, HaHOCS  3aBHCH-

Mocte M, or x, HOJBL3YACH

cdopmyaamu (8.71) mu (8.72) M Haxodd TOYKH MNepeceycHHs NBYX KpH-
BbIX, Kkak Tmoka3aHo Ha puc. 8.7. Touka Kiopu sBasercs Hausuicluedt
TeMrepaTypo#, NMpH KOTOpoR KpuBbie elle Nepecekalorcs. OnpenesneH-
Has TaKMM TNyTeM BeiMuMna Temneparypsl Kiopu corzacyerCs c paree

noayyenHo#t ¢opmynao (8.65).

KT
Spg gA

Y74 =7.

M=NSgps . (z)

z

(8.72)



rJ. 8. MATHETU3M WM MATHHTHDLIFI PE3OHAHC

287

3aBUCHUMOCTb Ms or T, noJjydyeHHas yKa3aHHBbIM cnoco6oM, B OCHOB-
HOM CorJjacyercsl ¢ 3KCINepHMeHTa/bHbIMAU JaHHBIMH, KaK 3TO BUAHO U3

KpUBOH 1/ HUKessl, NPHBeLeHHOH
na puc. 8.8. Ilpu HUBKMX TeM-
nepaTypax KBaHTOBOMeXaHHYecKoe
paccMoTpeHHe C TNOMOLIBIO MeToAa
CIIUHOBHIX BOJIH HaeT GoJsiee TOYHOE
npubanKeHHe.
CaMonpou3BoJibHasg HaMarHu-
YeHHOCTh NMPH aGCOJIIOTHOM HYJae.
B rta6n. 8.4 npuseneHbl THIHYHbBIE
3HaYeHUs CaMONPOU3BOMbLION HaMar-
HHHYEHHOCTH, 3¢ EdeKTHBHOro uYucjia
MarHetoHoB bopa u TeMmnepatypu
Kiopt  HeKOTOpHIX  MarHeTHKOB.
OddeKTHBHOE UYHUCIO MarHeTOHOB
bopa 7,44 cBA3aHO C BeJaMUUHOH
HaMarHMYeHHOCTH HACBHILEHHS U €ero
lle cjlelyeT CMeWIHBATb C UYHMCJIOM
P — 5QPeKTHBHBIM UYHUCJIOM MarHe-
TOHOB /15 NapaMarHeTHKOB, KOTOpoe
onpeneasercs ¢opmysiont  (8.21).

1o o

N
(S

M, (TYM, ()
N S

S

g 42 G406 a8 10
T,

Puc. 8.8. 3aBiCHMOCTh HAMArHHYEHHOCTH

HaChILIEHHS HHKeJas OT TEeMNepaTyphbl.

Cnaouwnasg KpuBasi — TeopeTHYeckass 1ad cay-

yasg S=1/2, BbluMcieHHAs no Teopuu Beiicca.

OKCMepHMeHTaNbHble TOYKH B3fATH H3 PabOTht
Beiicca u ¢doppepa [6].

Ha6aonaemoe uyucao MarHeroHos bopa oObIYHO 3HAUMTENbHO MeHblUe,

Ta6bauuma 8.4

9t dexTHBHOE YHCAO MarHeTOHOB Bopa 1,44, MpHXOASALIEECH

Ha aToOM MarHeTHKa, HaMarHHYe€HHOCTb HacCblIlEeHHA H ToYKa Kiopu
(u3 kuuru Bosopra [7])

HaMarun4ennocTb nacolieuus
n
BemectBo . 9‘1’3’ Tg&)’?acn;(aigna'rl!’z;g

el T IR g
Fe 1707 1752 2,221 1043
Co 1400 1446 1,716 1400
Ni 485 510 0,606 631
Gd 1090 1980 7,10 289
Dy 1830 (80° K) — — 105
MnBi 600 675 3,52 630
Cu,MnAl 430 (580) (4.0) 603
MnSb 710 —_ 3,53 587
CrO, (500) - 2,07 390
MnOFe;0, 358 — 5,0 *) 783
FeOFe,0, 485 — 42 %) 848
UH, — 230 0,90 180

l\‘a‘ruo*u) 3naycuus, oTHeceunble K omnoii Moiexyse MOFe,Op rze M — 1ByXBaJeHTHbIL
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yeM TeOpeTHyecKoe 3HayeHHe, BBIYUCASieMOe M3 JAAHHBIX O CBOGOMHBIX
MOHAX, M, KpOMe TOro, HaG/iofaeMble 3HAUEHHS YaCTO LEJBIMH UMCAaMy
He BbipaxaioTcs. [TepBbift GakT MOXHO Oblio Obl MOMBITATbCA OODBACHHTHL
C TOMOWbIO KaKo#-anbo MNoaXodsdiled HOHHOM Modenu, nyTem noabopa
CMecH aTOMOB C pa3HOH CTenmeHbi0 HOHH3a-
unu. OaHako 1 OOBSICHEHUS BTOPOro
¢dakTta (1po6HOCTb 3pPeKTUBHOrO yKc/Ia Mar-
HETOHOB Ha arToM) 6oJjee eCTECTBEHHO
MONBITaTbC  NPUMEIHTb  30HHYIO TeOpHUIO,
COIMIaCHO KOTODOH 3/IEKTPOHBI, Hampumep,
pacnpefensiotcss MO ABYM 3HepPreTHueCKUM
30HaM, KaK CXeMaTHyeCKM TIOKa3aHO Ha
/ puc. 8.9. B onno#t u3 3on HaxXOAATCH 3JieK-
TPOiBl CO CMMHAMH, HanpaB/eHHbLIMU BBEpX,
B IpYyroft —co CNHHAMK, HanpaBJ/EHHLIMU
BHM3. 3O0HBI paslesieHbl  HepPreTHYeCKUM
MHTEpBAJIOM, BeJJHYUHA KOTOPOrO paBHa sHep-
o) run oOMeHHOTro B3aUMOLEHCTBHS.
Puc. 89. CxemaTiueckoe PeppomaruTHbie aoMeHbl. [Ipu Tem-
obbachenne (aas 3d-anek- TNepaType HUKe TOUKH I(ropu MarHUTHbLIE
TPOHOB) APOGHOCTH CPENHETO  MOMEHTHI 3/1eKTPOHOB (PeppOMarHuTHOro 06-
uicAa MarketonoB bopa M0 pagiia g ocHOBHOM yCTAHABAMBAIOTCS B O11IOM
30HHOH MOZEJH.
HanpasJ/IeHMH, eCJM PaccMaTpuBaTb HMX C
e 2 0 2 W% MUKDOCKOMHMYeCKOR ToukM 3penus. OnHaKo

noNMTEIbHAS» 30HA. 30Hbl @ M O
comepxar mo maTh CocTosuuil A ey paccMaTpuBaTL 0Gpasel KAk LeJoe, TO

atoM. B caywae cemn snekTpoHoB
Ma 0NNy 3oHy MPHXOLMTCA B Cpel- CYMMaprlﬁ MOMEHT MOXET OKa3aTbCHd 3HAYHU-
Dere s, S T ehe.  TeALHO MeHblie TOM BEJMUMHLI, KOTOpas
"flg?";‘;';Il(}’a:::gpa;ﬁ}mecae""u"oagf" COOTBETCTBYET COCTOSHHIO HACHILLEHUSA, H 1JIS
TOro, 4roObl J0OMTbCS HACHILIEHHs, MO-
XKeT noTpe6OBATLCA BHelIHee MarHHTHOe TMO.Je; B 9TOM CMbicJae IO-
BeleHle MOHOKPHCTA/JIOB aHAa/JOTHYHO TMOBEJAECHHIO MOJMKPHCTAIIHYECKHX
006pa3uoB.

1o fABJeHle, 00yC/I0B/NBAIOLLEE CYLECTBOBAHHE TEXHNYECKOH KPUBO#H
HaMaruuuusauus, Beflcc 00BACHMI, UCX09 U3 NPEANOJIOKEHHS, YTO peallb-
Hbifl o6pa3ell cOCTOMT U3 psAna oOaacTelt, HA3BIBAEMbIX LOMEHAMH, BHYTpH
KaOXA0H M3 KOTOPHIX HaMaruMyeHHOCTb pPaBHa HAMarHMYEHHOCTH HACLI-
LeHHs; 0J1HAKO HalpaBJ/eHHsl BEKTOPOB HAMATHMYEHHOCTH PA3JIHUHBIX JOMe-
HOB He 00s3aTe/ibHO napasiesbinl Apyr apyry. CxemaTuueckoe pacnoJo-
)eHue JOMeHOB B MOHOKPHCTAN/JIMYeCKOM oOpaslie C paBHOM HyJ10 pe3y.ib-
THUpYyIOlllet HaMarHiyeHHOCTbI0O NoOKasaHo ua puc. 8.10, a; MarHuTHas
CTPYKTYpa TOJMKPHCTalAa CXeMaTHyeckM Noka3aHa Ha puc. 8.10, 6.
BospacraHue BeqMYMHB Pe3yabTHUPYIOLLErO MAarHMUTHOrO MoMeHTa ofpasua
noj ne#cTBMeM BHELIHEr0 MarHUTHOrO MOJIA MOXET NMPOMCXOJHUTb COrJIacHO
TEOPHH NOMEHOB, KaK NpenanoJoxua Bekkep, B pe3y/nbraTe ABYX Hesa-
BUCHUMBIX npoueccoB: 1) BcaencTBue yBequdeHUS 06beMa LOMEHOB, MMeElO-

\
\

SN\
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IIMX BBITOAHYI0 OTHOCHTE/NbHO HAaNPABJEHUA BHELIHErO MOJA OPHUEHTALHIO,
3a CyeT APYrdX AOMEHOB (C HeBHITOAHOH opueHTauuelr); 2) Bciencrsue
MOBOPOTa BEKTOPOB HAMarHWYEHHOCTH NOMEHOB B HANpPABJEHHH BHell-
Hero mnoss. DTH ABA TpolUecca, NPUBOAALLME K W3MEHEHUID Pe3yabTu-

pyiolle#t HaMarHHYeHHOCTH, CXe-
MaTHYECKH MJJIIOCTPUPYIOTCA HA W=d{~ /)~
puc. 8.11. } s \ X

Bosee Twarenbunoe- uccreno- N 4 /
BaHWe 3TOro BOMPOCA MOKA3ano, | “\ 7 v -
4To B cnaGux moasx Hamarhu- | ! X | ”
YCHHOCTb ~ M3MeHsieTcs  OOBIYHO | 7 __\\ NS -
33 CYeT CMelleHUs TpaHuL 10- |Z A =/ N >
MEHOB, T. €. pa3Mepbl J1OMEHOB a) 6)
H3MEHSIOTCA. B CHJBHBIX NMOJAX  Ppyc, 8.10. Cxema pacnonojenus Havar-
HaMarHM4eHHOCTb H3MeHseTCA HUYEHHOCTEH JOMEHOB, npH KOTOpPOM pe-

06BINHO 32 CYET MOBOPOTA BEKTO-  3YAbTHDYIOIIH MarHHUTHbIi MOMEHT
o6pa3lia paBeH Hy.lo,

poB HaMarHM4eHHOCTH. KpHBaﬂ
a— MOHOKDHCTaMJ; 6—MOAMKPHCTaAAHYeCKHH 06pa-
TEXHHYECKOro HaMarHH4YMBaHHA seu. Jas MpoCTOTH CAe]aHO NpPeAnoJoXeHHe, YTo

NnpuBeneHa HA pHC. 8.12, TaM e  noauxpucTainndeckuii o6pas’en COCTOMT M3 OXHO-
LOMEHHBIX KPHCTAAAUTOB (4TO OOBIYHO He HMeeT

IlaHbl THMUYHbIE 0003HAYEHHs Xa- mecTa). B 3aBHcuMOCTH OT pa3ubiX 06CTOATENLCTB

- noMelibll MOryT ObiTb Kkak MeHblie, Tak H Goablue
PaKTEPUCTHK KPUBOU W MX onpe <prcranmitos,

JeneHus (B MOAMUCH K PHCYHKY).
IomeHnas cTpykTypa (eppOMAarHUTHHIX MAaTepHaNoB TeCHO CBA3aHa
C UX TeXHMYeCKM Ba)XKHbLIMH CBOMCTBAMH, K KOTOPBIM OTHOCATCH, Hanpumep,

rd
\\ — // \\ — \\ / ,
N LY N7 N
/
) ”T NI
7 N \ 7N\
’ \\ // // N\
// AN // e s \ \\
a) 6) 8)

Puc. 8.11. CxeMa, HJIIIOCTPHPYIOLIAs OCHOBHBIE MPOLECCHI
HaMarHMYMBaHHA. a—HEHaMarHHYeHHOe COCTOAHHe; O—MNpo-
leCC CMELIeHHs IPaHHL; 6 — NMPOLEeCcC BpaLeHHS.

BLICOKAsi MPOHULIAEMOCTb (MaTepHasbl I/l CepleYHHKOB TPAHCHOPMATOPOB)
M BbICOKAs KOSPUMTHUBHAA cuaal) (Marepuanbl AJsi MOCTOSHHBIX MarHWUTOB).
3arpyaHss BO3MOMXHOCTb CMELUEHHs TPaHHL, MbI MOXEM MOJYYHTb 6Ob-

') KospuntuHas cuna—3To Mojde, KOTOPOE HYXKHO HAJOXKHTb B OGPaTHOM
HanpapneHHH, 4TOGBI JIOBECTH HMHAYKIHIO B uau HaMarHuueHHocTb M 10 HyJe-
BOro 3HayeHus, HauYMHAsA C COCTOAHHA, COOTBETCTBYIOLIErO MarHUTHOMY Hacbllle-
Hulo. OGBIYHO 3TO omnpejeleHHe OTHOCHTCS K MHAYKUMH B (MckaioueHde cocra-
BJISIOT HEKOTOpblE TeopeTHuYecKHe pa6oThl). Ecau OTHOCAT onpeneneHHe K Hamar-
Hudennocru M, to muwyt , H wwm H

19 4. Kurreas
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1Ke 3HAYEHUSI KOIPLUUTHBHOR CHIBI;, STOFO MOXHO LOOUTLCS MyTeM MCHOJb-
30BaHMA BecbMa MeJKUX MOPOIUKOB, MJM, Kak B chiase AnHuKOo V,
BhiajleHneM ONHOM u3 (a3 cniasa, Aa0lMM 06pasibl C BeCbMa AHCMEpC-
HOH reTeporeHHoi CTPYKTYpO#H. HsrotoBasis OZHOpOZHBIE MaTepHanh
BHICOKOM cTemeHM YHCTOTHI, Mbl oO6JieryaemM CMelleHWe TPaHUL, M TeM
CaMbIM MOXeM IOJIyYUTb BBICOKYIO MpOHH-
g - uaeMocTb. B neyatu Gblau coobuieHus o Ma-
Tepualax C NpOHULAeMocTblo a0 3,8 - 106,
lpoucxoxnenne aomeHoB. Tenepb Mol
nokaxeM, cieays pabore Jlaupay u Jlug-
wuual), 4TO BO3HUKHOBEHHE JOMEHHOM
CTPYKTYPbl fB/IIETCS €CTeCTBEHHBIM CJAeNCT-
H BHEM Haauuus B GeppPOMAarHUTHOM KpuCTalie
c Pa3/anYHbIX BHAOB B3aMMOILEHCTBUA, KaXIbI#
M3 KOTODHIX [aeT CBOH BKJal B BeJUYHHY
3Hepruu ¢GeppoOMarHUTHOrO Tesa; STH BHIBI
SHEepPrud chaeldyiouiye: 3sHeprus OOMEHHOTO
B3aUMOJeHCTBUA, 3SHeprus aHU3OTPONUU H
MarHuTHas Heprus.
CyuiecTBoBaline JOMEHOB TNOLTBEpPKAa-

(g%

A

Puc. 8.12. KpuBas TexHuue-

CKOro HaMarHWYHBaHus (neras
rucrepesuca). 1, —xo3pyu-
musHas cuaa — noje, Heoo-
XOAHMMOE JJf TOro, 4HTOOMI
clenath HHAYyKLUMIO B paBHO#
Hymo. B, —ocrarouHas wuH-

eTCsl CaMUM XapaKTepOM KPUBOH HaMarHuuu-
BaHuf, OJHAKo 6oJjiee HenocpeacTBEHHBIM
10Ka3aTe/IbCTBOM CYLIECTBOBaHHA JOMEHHOH
CTPYKTYpHl CiyXaT MukpodoTorpapuu rpa-
HUL, AOMEHOB, MOJy4YeHHble M2TOLOM MOPOLI-

NyKuMs — 3HaueHne B npu
H=0;, By—uHndyxyus naco-
wenus, KOTOpas onpejeaser-
cfl Kak npeleibHOe 3HaueHue
B npu 6oabmux moasx H.

KoBbiX (uryp. DTOT MeTOA, MNepBOHAYaNbHO
npuMeHeHHbt Butrepom 2) (1931), nan yGe-
IHUTe/bHblE 10KAa3aTe/JbCTBA CYLECTBOBAHHS
ILOMEHOB M MOATBEPAHJ MX CBOHCTBA, npel-
CKa3aHHble panee Teopueit. Meron nopoui-
KOBHIX GUryp COCTOUT B cjeldylolleM. Kanas KoJjiounanbHOH cycrneHsuw,
M3rOTOBJIEHHOM M3 KAaKOro-jiu60 TOHKO H3MesibYeHHOro GeppoMarHUTHOroO
Martepuana (HampuMep, MarHeTUTa), HAHOCUTCA HA TLLATEJbHO OTHOJHUPO-
BaHHYI0 MOBEPXHOCTb MCCaedyeMoro ¢eppoMarHuTHOrO Kpucraaia. Ha6io-
ZleHus NpU TIOMOLLM MUKPOCKOMNA MOKA3bIBAIOT, YTO KOJIIOHAA/IbHBIE YACTHILLI
B CYCMEH3UH KOHUEHTPHPYIOTCA BIOJb HEKOTOPHIX XOPOLIO 3aMeTHhIX
JUHAR, KOTOpHIe SBJAIOTCA TpaHUUAMH Mexkay JAOMEeHaMM, HaMariuyet-
HbHIMH B Pa3HBIX HanpaBJeHHSX.

[Tp1YMHOY KOHUEHTPAUUH KOJNIOUIAIbHBIX YAaCTHL BOJH3U THX TPaHuL,
ABJSIIOTCA CHIIbHbIE JIOKA/MbHBlE MarHUTHbIE NOJI, CYLLECTBYIOLIME B OKpeCT-

) ABTop uMeer B Buay u3BecTHylo pa6ory JI. I. Jlanmay u E. M. Jlud-
wuna [8). (/7pun. nepes.) .

?) HesaBuciMo OT BHTTepa M MOYTH OAHOBPEMEHHO C HHMM 3TOT METOX 6bla
paspa6oran H. C. AkyaoBuiM ¥ M. B. Ilexrapem. (/7pusm. nepes.)
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HOCTH TPaHHull, KOTOpble W NPUTATMBAIOT K ce6e MAarHMUTHbIE YacTHLbI.
MukpodoTorpadus nopowKOBLIX GUryP OTHOCUTENbHO NPOCTOR LOMeHHOM
CTPYKTYpbl Ha NMOBEPXHOCTH MOHOKPHCTAa//J1a KPEMHHUCTOTO XKeJ/e3a Nnpuse-
geHa Ha puc. 8.13; INOMEHHYI0 CTPYKTYPY MOXHO Takxe Ha0/onaTh,
noJab3yach noJjspu3oBaHHbiM cBetoM (Paymep m dpabep).

Puc. 8.13. Tlpumep nOpoOIIKOBBIX (tmrFYp IS MpOCTOH 1O-

MEHHOH CTPYKTypbl MoHOkpiicTaana Fe—Si. (M3 paborbl
Buabsmca, bosopra n Lokau [9].)

BoanukHOBeHHe NOMEHOB MOXHO OOBSCHUTH C MOMOLIBIO CXeM CTPYK-
1Typ, npuBeleHHbXx Ha puc. 8.14. Kaxman us cxem usobpaxaeT none-
pedHoe ceyeHue (PeppOMArHUTHOrO MoHokpuctaaiaa. Ha puc. 8.14, @ mbl
HMeeM HaCbILEHHYI0 KOHQUrypalHno, COOTBETCTBYIOLYI0 OLHOMY AOMEHY;
BCMEACTBME MArHUTHBIX «IMOJIOCOB», 06pPa30BaBLIMXCS HA MOBEPXHOCTAX
Kpucraja, 3ToH KoHpurypauun Oyier oTBeyaTb 60Jbllas BeAdYUHA Mar-

HHUTHOH 3Hepruu
L /' H2dV.
8n

Maruutnas Stieprus AJd KpucTa/ja C KBaAPaTHbBIM MOMEpPeYHbIM CeYeHHEM

Oyner nopsaaka Mf_:_ 108 apz/cmd (M, — HaMarHMYEHHOCTb HACBILLEHHA).
Ina koudurypauuu puc. 8.14, 6 MaruuTHas sueprua OyleT NPUMEpHO
BIBO€ MeHbllle, MOCKOJbKY KpUCTa/l1 pa3oObeTcs Ha ABa JoMeHa, HaMar-

19*
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HUYEHHBLIX B NPOTHBOMOJOXHBIX Hanpasjenusx. Ilpouecc aanbhehero
Apo6/aenuss NOMeHOB OydeT TPOMCXOAMTb, HanpuMep, Kak NOKa3aHO Ha
puc. 8.14, 8; Koraa YHMCIO AOMEHOB NOCTMrHeT N, MAarHWTHAs 3Heprus
6yner cocraBasTb npuMepHo 1/N 4acTb MarHWTHOW SHepruu, COOTBETCT-
Bylollel KoHpurypauun puc. 8.14, @ (310 06YC/OB/EHO YyMeHbleHHeM
NPOCTPAaHCTBEHHOH NPOTAKEHHOCTH MOJIA).

N ~O
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Puc. 8.14. Cxema, uanocTpHupyloias BO3HHKHOBEHHE
ILOMEHHOH CTPYKTYphL.

IMpouecc npobaerus 6yrer NPoOLOMKATLCA 1O TeX NOP, NMOKA SHeprus,
Heo6xoauMas A 00pa3oBaHMS HOBBLIX TPAHHYHBIX CJAOEB WJH BHYTPEHHHUX
MOBEPXHOCTEH, OTAeAIOLIUX APYr OT APYyra NPOTHBOMOJOMNHO HaMaruu-
YeHHble JOMeHbl, He cTaHeT OoJbllle, YeM YMeHblleHHe SHePruM MarHuT-
HOrO MoJisl, COOTBETCTBYIOllee Aa/lbHeliieMy ApobaeHuio. I'paHudHbIE CI0K
061a1210T HeKOTOPbIM KOJIMYECTBOM CBA3AHHOM C HUMM SHEPruM, MOCKOJbKY
Ha NPOTHUBOMOJOMXHBIX CTOPOHAX FPaHHLBl HAMarHMYEHHOCTb HampaBjleHa
aHTunapaniensHo. TTockoabky oOMeHHble CHJbl 6/1aroOnpUATCTBYIOT Mapas-
JNelbHOR W MPOTUBOCTOAT AHTUMApasjelbHOH OpHeHTAUMH HaMarHu4eH-
HOCTU, AAA 00pa3oBaHUsl TPaHUYHBIX cJjoeB Oyxer HeoBXoLMMa COOTBET-
cTBylollas 3Heprufi. Huxke Mbl BBIYUCAMM 3Ty 3SHeprulo M Ha#iem, 4To
oHa nopsanka 1 apz/cu? Ecau Mbl NpeanosioxuM, Hanpumep, 4TO HMeeTcs
N =103 nomenoB Ha 1 cM, TO nOJHas 3Heprus TPaHUYHBIX CJOEB B
KpucTanie, uMelollleM ¢opMy Ky6a c pebpoM, paBHbiM 1 cu, Oyner
nopsanxka 103 spe, a MaruuTHas sueprus Gyaer Taxkxke nopsaska 103 spe.
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9toT caydah mMpuGJIHXKEHHO COOTBETCTBYeT PaBHOBECHOMY YHCIY LOMEHOB
18 PACCMOTPEHHOrO TeOMEeTPUYECKOTO DacMo/ONKeHHS.

MoxHO npexctaBUTb cebe Take HLOMeHHble CTPYKTYpbl THNa MOKa-
3aHlibIX Ha puc. 8.14, 2 u 0, 419 KOTOPLIX MarHMTHas SHeprus paBHa
nyM0. 31ech TPaHULbl TPEYTObHBIX NMPU3MATHYECKUX NOMEHOB Y BepXHeH
ji HIOKHell moBepxHOCTeH KpHCTaMia, Ha3blBaeMblX 3aMbIKAIOLIMMH JOMe-
pamu, o6pasyior yros 45° kak ¢ HanpaB/leHueM BeKTOpa HaMarHuyeH-
HOCTH 3aMBIKAIOLUIMX HOMEHOB, TaK M [OMEHOB C MeplNeHIUKYJAPHOH K
nepBbIM HaMaruudenHocTblo. ClleoBaTe/bHO, KOMMOHEHTa HaMarHWyeH-
HOCTH, HOpMa/bHas K rpaHuue, OyleT H3MEHATbCS NMPU Mepexolde TpaHHULbI
HeNpepLIBHO, M MO3TOMY HMKAKMX MOJIOCOB HHUrLe B KPHUCTajjne He BO3-
nukHer. ITOCKOJAbKY HeT MOJIOCOB, TO HeT M MAarHUTHHIX noJe#, cBA3aH-
1IbIX € HaMarHMYeHHOCTbIO; MOXHO CKa3aTb, YTO MarHUTHbIH NMOTOK 3aMbl-
Kaercd BHYTpPM KpucTaiana. TeM caMbiM ONpaBiaH TEPMHH «3aMBIKaloLlHe
JOMeHBI» 151 JOMEHOB, PACNOJOMeHHBIX BOMM3N nMOoBepXHOCTeH KpUcTana,
KOTOpblE LeJaloT MarHUTHYIO Lenb 3aMKHYTOH.

B oaHoocHbix KpucTaanax (Takux, Kak, HanpuMep, Ko6a/jbT) SHep-
rus, HeoOxoauMasi AJas oOpa3oBaHMs 3aMBIKAIOLIMX [IOMEHOB, CBfA3aHa
B OCHOBHOM C TaK Ha3sbiBaeMOR rkpucmansozpaguieckold mazrhumuod
anu3omponueli. DHeprus aHU30OTPONMHUH «3aCTABJAET» HaMarHUYEHHOCTb
JOMeHOB pacnoJsaraTbCsi BLOJb HEKOTOPHIX KpHCTajaorpaduyeckux ocef,
KOTOpBle, TakUM 00pa3oM, 3aHHMAIOT 0CO60e TMOJOXEHHE W W3BECTHbI
KaK «MpeuMylllecTBeHHbIe» OCH, HJH OCH Jerkoro HaMarHuuusanus. Xopowo
H3BECTHO, YTO N/ HaMarHuumBaHus oOpa3ia 0O HACbILIEHHS BAOJb MPOU3-
BOJIbHOH OcH Tpe6GyeTca 3HauuTeNbHO 6OJbLiass SHeprus, yeM NPH HaMarHu-
U¥BaHUU BLOJb ONHOHN M3 Ocelt Jlerkoro HamariuyuBaHus. B cayuae kobasabra
TOJIbKO FeKcaroHa/lbHafl OCb KPHCTaJJa SIBJSeTCH OCbI0 JEerkoro HaMarHu-
YiBAHMA, M MOITOMY KOOalbT OTHOCHTCH K YHCJY MAarHMTHO-OLHOOCHBIX
KpucrannoB. B cayuae jkenesa, KOTOpoe HMeeT KyGHYecKyl0 CTPYKTYpY,
OCAMH JIerKOro HaMarHMYMBaHHA fBJAIOTCA pebpa KyOa; B ciyuyae HHUKe.d,
TAKKe UMelolero Ky6HYeCcKYI0 CTPYKTYPY, OCAMM JIETKOro HaMarHH4MBaHus
ABJAIOTCA MPOCTpPAaHCTBeHHble AuaroHaau ky6a. Ha puc. 8.15 mpusenenbl
KpHBble HAMarHWYMBAHUSA I dKene3a, HUKeJasd, koGanbTa B HanpaBleHHSIX
JIErKoro M TPYAHOrO HaMarHWYMBaHHUS.

B ko6anbTe, ecin BEKTOP HaMarHHYeHHOCTH OCHOBHBIX JOMEHOB napaJ-
JIe/IeHi0CH JIeTKOro HaMarHUYMBaHHs, BEKTOP HAMArHMYEHHOCTH 3aMBIKAIOILMX
JomeHoB OyneT o006si3aTeJbHO HampaBjeH BAOJAb TpPyAHOH ocu. B ky6u-
YeCKMX KpHCTaJJax (HampuMep, B CJyyae »XeJe3a) KaK OCHOBHbBE, TaK
Il 3aMbIKalOLIME JOMEHb MOI'YT MMeTb BEKTOP HaMarHMYeHHOCTH Pacno.o-
YEHHBIM BJIOJIb Pa3/MMYHbIX OCell Ierkoro HaMarHUyuBaHusa. 3atpara sHepruu
B 3TOM CJydYae CBSi3aHa C MarHMUTOCTPHMKUMEH, T. . C U3MeHeHHeM AAMHbI
B HanpaBMeHMHW HAMarHMYMBaHusA. 3aMbIKAIOLINE JOMEHbl HaMarHMYHBAIOTCH
BI0/b pPa3/JUYHBIX OCefl MO OTHOIIEHHIO K OCHOBHBLIM LOMeHaM u 6ynyT
BC/IEACTBHE MArHUTOCTPUKUMWHM YIJIUHATBCA B COOTBETCTBYIOIIMX Hamnpa-
BieHusx. [TosToMy nns monlepxaHWs PaBHOBECHOTO COCTOSHMS B CHCTEMe
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LOMEHOB KpHCTalJa Heo6XOAMMO 3aTPaTHThb HeKOTOPYI0 paboTy nporTus
yOpyrux cui.

PeanbHble fOMeHHble CTPYKTYPHl, OGHApYXKeHHble C MOMOIIBIO MeToaa
MOPOIUKOBBIX (Uryp, YaCTO OKAa3biBAOTCA 3HAYMTENbHO G0Jee CJOKHBIMH,

10 == sool-L2L (o09))
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Puc. 8.15. KpuBele HamMarHM4MBaHHUS MOHOKDHMCTAJIOB )KeJe3a, HMKeas U KobaabTa
(13 pabornl Xouna u Kaiis).

yeM B TeX MPOCTHIX CJAyYasX, KOTOpble Mbl Bbillle PacCMOTpe/H, OXHAKO
npoucxoxcoenue w0605 OOMeHHOE cmpykmyps. 8cezda C8A3AHO
C BO3MONCHOCMBIO YMEHbULEHUS 3HEP2UU CUCMeMb. 8 pe3yasmame
nepexod0a Om HACHLUEHHO
KOHguzypayuu ¢ Ooavuwol
MAZHUMHOU 3Hepeueld K 00-
MEHHOU KOHPUzypayuu ¢ Hu3-
Kol 3nepeued.

OunHa M3 MPOCTHIX LOMEHHBIX
CTPYKTYp moka3aHa Ha puc. 8.16.
Srta cTpykTypa Oblia moayueHa
BuabaMcom u Wokau [10] ¢ mo-
HOKPHCTa/JIOM KPEMHUCTOTO Ke-
Je3a, KOTOpbt Obl1 Bbipe3aH
B OpMe NpsAMOYroJbHO# paMkH,
CTOPOHB! KOTOPO# TOYHO coBMa-
JajdH C KPUCTALIOrpadHyecKUMH
ocamu kpucranaa [001] u [010].

[Tpu NOJHOCTbIO HAacCHILUEH-
HOH KOHHUrypauuu rpaHaubl 10-
MEHOB pacnoJaraloTcs Mo yrioM
45° K BEKTOpaM HaMarHUYeHHOCTH (puc. 8.16, a); korna vacTb Kpucraiia
HaMarHuyeHa «no 4YacoBOH CTpejke», a Apyras 4acTb — B MPOTUBOIO-
JIOXHOM HanpaBJeHHH, TO AOMOJNHHTEJNbHO NOSBJIAETCS ellle HAHA rpaHula
npaMoyroJbHo#t popmsl (puc. 8.16, 6). MaMeHeHue HaMarHuueHHOCTH B MO-
C/lelHeM CJyyae MMeeT MeCcTO B pe3yJbTaTe CMelleHHd NPAMOYro/abHOH

N . N
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-
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a) o)

Puc. 8.16. [lpoctas nomeHHas CTpyKTypa

MOHOKDHCTaM/Ia KPEMHHCTOIO KeJe3a, BbI-

pe3anHoro B ¢opMe NPAMOYTOJNbHOH PaMKH,

CTOPOHB KOTOpPOH (@) napaajeibHbl OCAM
[001] u (6) — ocam [010]
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rpatuibll KOMHYECTBEHHOE H3MEHEHHe MOTOKA COOTBETCTBYET CMeLUEHHIO
-OMEHHBIX T'PaHHL.

KoapuutuBHas cuaa M rucrepe3dnc. Kospuutusnas cuaa, noxanyt,
jranbosiee YyBCTBUTENbHOE CBOMCTBO (heppOMAarHMUTHLIX MaTepuasaos, Noa-
1aiollleecs HalleMy KOHTPOJIO, U B TO XK€ BpeMs BeJHMYHHA KOIPLUTUBHOM
CHJBL ABJASETCS OILHMM M3 BaKHeHIUMX KPUTepueB MPH BbIGOPe MarHUTHBIX
MATEPHAIOB I/ TeX HJAM MHBIX NpaKTHYeckuX npuMeHenu#t. OcHOBHOM
XapaKTePUCTUKOMH, MO KOTOpPOR pasnuyaloTcs MaTepHalbl A/ MOCTOSHHBIX
MATHMTOB W MaTepHanbl 4S5 CepILeYHHKOB TPaHcHOPMaTopoB, sB/ASETCS
KaK pa3 KOIPUUTHBHAS CHJA, BeJHYHHA KOTOPOH MOXeET H3MeHSTbCS OT
600 » B Maruurtax nAas penpoiayktopoB (Aaxuko V) pmo 20000 s
B CreuuanbHbBIX, 00/aJal0lNUX BBICOKOH YCTORYMUBOCTHIO cnJjiaBax AJs
noctosiHHbix MaruutoB (FePt) wam noxomuts 1o 0,5 5 B cepaeuHukax
CUJ0BBIX TpaHcdopmaTopoB, HMewowuxcs B npojaxe (FeSi) m naxe no
0,004 5 B uMnybcHBIX TpaHchopMaTopax (cynepMamiolt). Takum o6pasoM,
KOSDLUHMTHBHAA CHJa MOXET NPUHUMATb 3HAYEHWS] B HMHTepBaje WIMPHHOMN
5.106 3,

3anauett Teopun aBasercd o6 bAcCHeHHe HAONI01aeMbIX 3HaYeHUN KOIPLM-
THBHOH CHJIBI Ha OCHOBe NaHHBIX O (PU3HYECKMX CBOUCTBAX M COCTOSHUH
MaTepuana. B 3ToM HanpaBneHMM YXe LOCTHTHYTH HEKOTOpble ycCrex,
XOTs pelleHHe 3alayM HaTaJKUBAeTCH Ha OOblYHble TPYLHOCTH, CBS3aHHbIE
¢ HeoO6XOLMMOCTbIO KOJMYECTBEHHOrO ONpeleseHHs psila UMEIOUIMX Herno-
CpeACTBEHHOE OTHOILeHHe K Aey (GU3HYeCKMX XapaKTepUCTHK MaTepualna,
nanpumep npuMecel, nedeKTOB pelleTKM M BHYTPEHHHX HampsKeHuHt.
Takoe fBJeHHe, KaK HacblllleHHe MOTePb HAa TUCTepe3uC NMpPU HHU3KHX ya-
CTOTaX, TECHO CBA3aHO C KOIPUMTUBHOR CHJOH, MNOCKOJbKY mJOLIALb
neTad rucrepesrca NPUO/IMAEHHO PaBHA MPOU3BeJeHHI0 MHAYKUHUH HACHI-
uenuss B; Ha Kkospuutunyio cuiy. KospuutuBHas cuna yMenbiaercs
IIpH  yMeHblUEHUH COAePXaHHs BbiNaBlUel MeakoAucnepcHO# ¢asbl i
npuMeced, a TaKxKe KOr4a BHYTPEHHME HANpPsKeHUs CHUMAIOTCH B pe3yib-
TATE OTIKMFAa AW LOCTaTOYHO MelJeHHOro oxaawieHus. CnaaBel, colep-
’kaiuue BHINABLIYI0O MeJKOAMCNEPCHYIO a3y, MOryT ObiTb MarHUTHO-)ecT-
KHMH.

[TpoucxokieHne KOIPUHTUBHON CHJABl HEKOTOPBIX MarHUTHO-XKECTKHX
MaTepua’aoB MOxeT ObiTb OODBACHEHO Ha OCHOBE COBEpLIEHHO JpPYrux
npexncraBieHnit. Peub uiaeT o Marepuasnax, COCTOALIMX M3 BeCbMa Ma/blxX
3epeH WJM M3 TOHKOTO MOPOIIKA, B KOTOPOM KaxIass 4aCTHUA CONEpPXHUT
TONbKO ONMH [JOMEH M BCerja HaMarhuyena 10 Hacbienus. H3secTho,

UYTO [JOCTATOYHO Masble YacTHLB C OUAMETPOM MeHee 1074 —107° cu
colepxar TOJbKO OAMH HOMEeH; 3Ta BO3MOXHOCTb CJAelyeT U M3 TeopHu
JlOMeHOB, XOpOLIO NOATBepXialolielics Ha onsite. MoxHo mokasats [11],
[12], uyro B TakMX MaJbIX YacTMUax 0o6pa30BaHHE AOMeHHOH CTPYKTYpM
SIBASIETCS SHEPreTHYeCKM HEBHIFOLHBIM, MOTOMY UYTO CJAMLIKOM OOJbIIYI0
Yactb oObeMa MasoH 4YacTHUB 3aHMMan Obl TFPaHUYHBIA MeXIOMEHHbIH
CJI0H, TOMIMHA KOTOPOrO OT Pa3MepOB YAaCTHLblI HE 3aBHCHT.
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ITockoMbKy Masiasi 4acTHUA BbIHYXJeHa OCTaBaTbC OLHOLOMEHHOH, ee
nepeMardH4uBaHue He MOXET NMPOMCXOAMTb 3a CYeT MPOLECCOB CMELleHuy
rpaHul, IJas KOTOPHIX OOBIYHO AOCTaTOYHbl OTHOCHTEJbHO c/abbie MoJs,
BmecTo 3TOro BeKTOP HAMAarHHYEHHOCTH YacTHUB AOJXEH MepeBOpayu-
BaTbCA Kak Llesoe, a 3TOT Mpolecc MOXeT NOTpeboBaTh 60JbILIKUX MOJe,
3aBUCALUNX OT SHEPrHH aHM3OTPOMUH MarepHasa U OT (OPMbl YACTHILI.
3TO CBA3aHO C TeM, UYTO Mbl JO/MKHB, NMOBOPAayYMBAs BeKTOP HaMarHUYeH-
HOCTH, MPeoJ0/eTh SHePreTHYEeCKUH MaKCHMMYM, COOTBETCTBYIOLIMH Hamnpa-
B/JEHWI0 TPYAHOro HaMarHWYMBaHU4.

BesnunHa KOSPUMTHBHOH CM/bl YACTHULL TOHKOTO KeJe3HOTO MOPOILUKaA,
KOTOPYI0 MOXHO OXHIATb M3 TEOPETHYECKHUX PacueToB, OCHOBAHHBIX Ha
NpeanoOXKEeHHH, YTO MNpH BpalleHHMH BEKTOPAa HAMArHHYEHHOCTH HAalo
npeono/eBaTh CHIB aHM30TPOMMM, paBHA npuMepHo 250 3; no mopaaky
BeJUYHUHBl ITO 3HAYeHHe HAXOJMTCA B COTJNaCHH C pe3yabTaTaMH HEKOTO-
pbix uccienoparenefl. Eiue 60/biune 3HaueHUs KOIPUHTHBHOM CHJIBI OOHa-
PYXE€HB B Cayuae YIJMHEHHLIX YAacTHLL »eJ/e3a, TAe BpAalLleHUO Mpenar-
CTByeT CHJbHas aHU30TpPONMUA (OPMBI, MNPHUBOAALIAA K BO3HUKHOBEHHIO
3Hepruu pa3marHyuuBanud. [Togo6HO 3TOMY 6GoJblIas KOSPUMTHBHAA cuja
nopowkos MnBi (,H, > 12000), cornacho I'ufto, Moxer ObiTh 06bAC-
HeHa Ha OCHOBe NpeiCTaBieHUH O BpallleHUH BEKTOPAa HAMArHUYEHHOCTH
YacTULl NMPH HAJHYUM CHJA aHMU3OTPONHH, TNPENATCTBYIOLIUX ITOMY Bpa-
LIeHHIO.

O6paTtumas npoHHLaeMoCTb. VHTepBan HanpsieHHOCTe# MarHUTHOTO
nosis, rie NMPOHHLAEMOCTb fBJsfeTCS OOPAaTUMOH, omnpeleaseTcd TeM pac-
CTOSiHHEM, Ha KOTOPOE MOXET IlepeMeCcTUTbCA FPaHuLla JOMeHa, He NpoxXons
MaKCMMYMOB KpPHUBOH, OMUCHIBalOlEH 3aBUCHMMOCTb 3HEPrud TPaHHUbl OT
Be/MUYMHBl CMeLleHHs.

OOpatuMass MPOHULAEMOCTb OMpene/seTCs HaluuMeM HeperyJspHocTed
Ha KPHMBOH, OMMCHIBalOLleH 3aBHCHMMOCTb 3HePrHH TPaHHULb OT BEJHYHHBI
CMelIeHHUs, U, CIeN0BaTe/NbHO, ONpeeseTcs B OCHOBHOM TeMH XKe (usuye-
CKMMHU (HAKTOPAMH, YTO M KOSpUUTHBHAS cuaa. CpaBHeHHe 3HaueHUH Hayab-
HOH NMpPOHHLAEMOCTH {1, M KOSPUMTHBHOR CHAb ff, BO MHOIMX MarHHTHBIX
MaTepuanax, WamocTpupyeMoe puc. 8.17, nokasbiBaeT, YTO MexALy STHMH
XapaKTepUCTHKAMHU MMeeTCsd OuyeHb TecCHas CBfi3b, a UMEHHO: MaTepHa.bl,
ob..anaowne 60JblIOR KOSPUUTHBHOA CHAOH, MMEIOT HH3KYI0 NpOHHMLAE-
MOCTb, M Hao0OpOT.

Llupoknit MHTepBal XapakTePHCTHK SBJAAETCS HAarasfiHOR HAAIOCTpa-
et YyBCTBUTENbHOCTH TPOLECCOB, CBA3dHHBIX C NOMEHAMH, K BHYTpeH-
HUM HanpshKeHUsIM, MMUKPOCTPYKTYype, 3HayeHHAM KOHCTAHT aHU3OTPOMHU
¥ MarHUTOCTPHKUMH (eppOMAarHUTHHIX MaTepuanos. ITpu paspaborke marte-
pHa/oB C BHICOKOM NpPOHMLAEMOCTbIO Mbl 100HMBaeMcsi TOro, 4To6Hl rpa-
HULUBI [JOMEHOB MOIJM MepeMeliaTbCs 10 BO3MOXHOCTH CBOGOAHO, He
3axBaThiBaJHCh LeHTpaMH AeopMauuit, MeXXKPUCTAMIUTHLIME CJAOAMM, NPH-
MeCsSIMH, BK/IOYeHHAMH M mnoJocTaMu. Jlis 3TOro Mbl cTpeMuUMCs K TOMY,
yTOOH MaTepHanbl OblIM XOPOLIO OYMIIEHHBIMH, O6Jalajd KpucCTaaiorpa-
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¢dnyecKOH TEKCTYpPOH, OTHHMraeM WX, NOOMBAACH CHWXEHWS aHHU30TPOMUH
M MarHUTOCTPHKLHMHM, CBA3aHHBIX C BHYTPEHHUMH HanpsikeHusmu. I[lpu
pas3paboTke MarepuajoB L/ MOCTOSHHbBIX MAarHUTOB MBI CTAPAEMCH yMeHb-
IUHTb YHCJAO AOMEHHBIX TPAHULL MM MaKCHMa/lbHO 3aTPYNHUTb WX IBUKe-
HHE M COXpaHfeM JIMLIb MPOUeCcChl BpalleHHd BEKTOPa HaMarHUYeHHOCTH
JLOMEHOB, KOTOpble ONATb-TAaKH CTPEMUMCS MO BO3MOXHOCTH 3aTPYIAHHTb.
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Puc. 8.17. Ouarpamma, NOKa3blBalOI[as CBS3b MEWAY HauyaJbHOH MPOHH-
LIaeMOCTbI0O H KO3DUMTHBHOH CHJOH IS psla MarHWTHbBIX MaTEpHanoB.

dHeprus aHU30TPONMMHM. DHePrus aHW3OTPOMUM, WJIM, KaK ee MHOria
Ha3LIBAIOT, JHEPrus KpHucrasiorpaduyeckod MarHHTHOH AHU3OTPOINM
¢eppOMarHuTHOrO KpHUCTa/l/a, SIBJASETCS NPUYMHOH TOro, YTO CaMOMPOM3-
BOJIbHAsl HAMArHWYEHHOCTb CTPEMHMTCS PacMoJIOXHTbCA B KpDHUCTadle BHOJb
HEKOTOPHIX ONpeneNeHHbIX KpHCTamtorpaduueckux ocett, KOTopule NO3TOMY
H Ha3bIBAIOTCA OCAMH JIErKOro HaMarHuuuBaHus. Hanpas.exus, BAOJb KOTO-
PLIX HAMAarHUTHTb KPUCTANT TPyIHee BCEro, Ha3blBAIOTCA OCAMU TPYAHOTO
HaMarHMYMBaHHUs.

B kauvecTBe npuMepa MarHuTIO-aHH3OTPOMHOrO KPUCTANIA MOXKHO MPH-
BecTH K0GanbT, KOTOPHI HMeeT TeKCcaroHalbHyl0 CTPYKTypy. Hanpasieuue
TeKCaroHa/bLHOH OCH sIBJISIeTCS OCbIO JIerKOro HaMarHUYMBaHus (MpH KOMHAT-
HO# TeMmeparype), B TO BpeMs Kak Ji06Goe HanpasjeHHe B MJIOCKOCTH
6asuca, HOpMaJbHOe K TeKcaroHaibHOR ocH, GydeT ABJAATbCS OCbIO TPYI-
HOro HaMarHnuusauus. KpuBele HaMarHM4MBaHUs MOHOKPHCTaJla KobOa/lbTa
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npusedesbl Ha puc. 8.15. [To 9THM KPHUBHIM SHEPrUI0 HAMAarHU4YMBAHUS Ha
equHuLy o6beMa MOXHO ONpeNe/]HTb KaK HMHTerpan

fHdM.

M36biTOUHAs IHEPrus, T. €. SHePrus aHU3OTPOMHH, BBLIYMUCIACHHAs no
3TMM KpPHMBBIM, COCTaBaseT Lasi KoGaabTa npumepuo 5. 106 spz/cmd.

B cayyae xo6anbTa ObIJIO YCTAaHOBJEHO, YTO SKCMepPHMeHTa/bHble NaH-
Hble OYeHb XOpOWIO OMHUCHIBAIOTCA (GOPMYaOH 149 CBOOOAHOM 3Hepruu
aHM30TPOMHUHU, colepxalied ABa uyieHa:

fe=2Kj sin?0+K,sin*0, (8.73)

rie 6 — yron Mex.ay BeKTOPOM HaMarHW4YelHOCTH M reKCaroHa/JbHOM OCblO.
[Tpu KOMHaTHO# TeMnepatype

Ki=4,1-108 apz/cu3, K,=1,0.10% spz/cud.

MarnurocTpukuus. YiccienoBanus ¢peppoOMarHiTHBX MOHOKPHCTA/IIOB
MOKa3blBAOT, YTO [JAMHA KPHCTaAna B JAHHOM HANpAaBJEHUH OTHOCHTENbHO
KpHCTaaa0rpaguyeckux oce#t, BoOOLle FOBOPS, 3aBUCHT OT HANpPaBJeHHS
BEKTOpa HaMarHUYeHHOCTH OTHOCHTENbHO 3THX ke oce. B cayuae xyGu-
YeCKHX KpHUCTAJI0B OTHOCHTE/NbHOE H3MeHeHWe [MUHbLI B MPOM3BOJIbHOM
HanpaB/ieHUd NPUONHIKEHHO BbipaxcaeTcs (GopMyaon
3l 3 202 202 2,2 1
— =5 hoo (alpl - agf2 - azfBs — g) +

—+ 311y (0029By By - 090385B3 +- 230, B5By).  (8.74)

rie a;, G, 03— HalpaB/fiOllHe KOCHHYCbl BeKTOPa HAMAarHW4eHHOCTH MO
OTHOLIEHHI0 K KyOuueckuM ocsM, a f;, By, B3 — HanmpaBJsioliHe KOCHHYCHI
HanpaBJeHHs u3MepeHHs Of, @ Ajpy M Aj;; — 3HaYeHUs TNpPH HACHILIEHHH
LA MPOROJbHOH MarHuToCTpHKUMM B Hanpasieuuu [100] u, coorserct-
BeHHO, B HampasJjenuu [111].

SKCnepHMeHTaMbHble 3HAUEHHS Ay M Apyy Cledyloliue:

Aygo- 108 , Ayyp- 108

Kpucrana
Fe 19,5 —18,8
Co —46 —25

B cayuae nukens gpopmyna (8.74) HelOCTaTOUHO XOPOIWIO COrJacyercs ¢
OMbLITOM; B 3TOM CJyuyae 4aCTO NMpuUMeHseTCs Apyrad ¢opmynaa, colep-
Kaulas yeTblpe MNapaMeTpa BMeCcTO [BYX. .

$u3nyecKH eCcTeCTBEHHO CYNUTATh MarHUTOCTPHUKLMIO CJeICTBUEM 3aBH-
CHUMOCTH 3HepruH KpHcTaanorpaduyeckod MarHuTHOH aHM3OTPOMHH OT
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nepopMauMil  pelleTkH; TakMM o6pasoM, Heboablias Aepopmauus Kpu-
cTajAla, HeCKOJbKO HCKaxalollas KyOGUYeCKYI CHMMETPHIO, MOXeT oKa-
3aTbCAl SHEPreTHYeCKU BHIFOAHOH, eciu 3Ta dedopMauus GyleT yMeHbLIaTh
5HEPruio aHU30TPOMNHU CHAbHEe, UeM YBeJHYNBATb YNPYTYI0 SHEPTHI0 KpPH-
craana.

[Ipu co3naHuM MaTepUanoB C BBHICOKOH MPOHMLAEMOCTbIO YacTO CTpe-
MATCA COCTaBHTb CMJaB C HU3KOH MarHUTOCTPHUKUMeH Tak, 4TOOGLl BHYT-
peHnue MedopMalMM He OKa3blBaJM BJHMAHMA Ha JOKAJbHYI0 SHEPrHIo
ainuzorponuu. HanpuMep, B nepMajnoe oueHb Majbl KaK 3Heprus auuso-
TPOMHH, TaK M MAarHUTOCTPHKILHS.

CTEHKA BJIOXA

MMon «ctenxo#t bBuaoxa» noxpasymeBaloT oGLIYHO MepeXOLHBLIA CJOH,
paslensiowii 1Ba IOMeHa, HAMarHMYeHHbHIX B DA3/MYHBIX HANPaBJEHHAX.
OcHoBHas uOes BBelleHHs MpelcTaBjeHuss O crTeHke bBioxa cBssana
C TEM, UYTO M3MEHEHWE HAnpaBjJeHHss CINUHOB [PH Mepexole OT OLHOrO

ECSSSSSSSISINETY)

Puc. 8.18. CTpykTypa nepexoJHOTO cJ0si Mexay JAoMenamu. B kenese
TOJLIHHA TAaKOro CJOs paBHa nNpHOAH3uTENbHO 300 NMOCTOSHHBIM pelleTKH.

JOMeHa K APYroMy, MMCIOUEMY HHOe HanpapJ/enie HAMardiM4eHHOCTH, He
MOAKeT MPOMCXOAHTb CKAYKOM Ha Kako#-To aroMuo#t niockocru. Ckopee,
9TO H3MelieHHe HarnpasJenits MPOUCXOAUT NOCTENEHHO U 3aXBATbIBAET MHOTO
aToMublXx maockocte#t (puc. 8.18). Ilpuunna nocteneHHOCTH 3TOro mepe-
xoma o6ycloBleHa TeM, YTO IS 1aHHOrO MOJHOIO W3MeHeHWs HanpasJje-
HUA CNUHOB O6GMeHHas 3Heprius MeHblle, KOrJa W3MeHeHHe pacnpelelieHO
MO MHOTUM CNHHAM, YeM KOria 3TO M3MeHeHWe MPOHUCXOANT CKAYKOM.
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STOT mpouecc MOXHO OMUCATh CJAEIYIOIMM BbipaX{eHHEM:
Woem = JS2CP2’ (875)
NAIOLUIAM BeJU4YHHY OOMEHHOM 3HepruH Mex Ay ABYMS CHHAMM, MMeIOLluMy
Mexay co6oit Maabift yron ¢. 3aecb J— oOMeHHBIH uHTerpan, a S—
CMMHOBOE KBAaHTOBOE YHCJIO.
Buipaxenue (8.75) noayyaercs, ecau untepnperuposars (8.68) kaaccu-
1
YeCKH U 3aMeHHMTb NPH 3TOM COS ¢ Ha (l —3 ch). IMycts noaHoe u3MeHe-

HUE HanpaB/eHUs XapcKTepHU3yeTcs YIJIOM ¢, eC/lH 3TO H3MeHeHHe pa3-
6uBaercs Ha N paBHBIX 3TanoB, TO U3MeHeHHe yraa Mexay COCeIHUMH CIH-
HaMu paBHO ¢y/N, a oOMeHHas 3SHeprus Kaxio# napel COCEIHHX aTOMOB

2
Wy = JS? (%) . (8.76)
[Monnas obmenHas sHeprus uenoukun u3 N -1 atomoB
JSQtpg
E06M == —N— . (877)

Ecan nosHoe u3MeHeHHe yraa Mexay BeKTOPaMHM HaMarHHYeHHOCTH
COCeJHUX IOMEHOB @y ==T, YTO COOTBETCTBYeT M3MeHeHHIO HanpaB/eHHUs
BEeKTOpA HAaMarHWYeHHOCTH Ha NPOTHUBOMOJONKHOE, TO OOMeHHas 3Heprus
UeMOYKH aTOMOB NPH «TOJUIMHe» cTeHkH, coctaBasiowedt 100 atomos,
6yner nopanka kT,/100, T. e. B 100 pa3 Menblue, ueM B CJIyyae CTeH-
K{ TOJIUMHOW B OJLHWH aTOMHBIK C.0#.

IMockoabky, cornacHo (8.77), obGMenHas 3Heprus cTeHkun 06pPaTHO
NponopLUHOHa/IbHA ee TO/ILIMHE, TO CTeHKa MOoraa Obl LOCTHraTh MO TOJ-
LUHHE pa3MepOB KPHCTa/daa, ecad Obl He OrpaHUYUBAIOLLEE BJUSHHE CHJ
aHU30TPOIIHH, KOTOpHIE NMPHBOAAT K TOMY, YTO NMepexonibift c/joft umeer
KOHeutible pa3Mepbl. Tak Kak HanmpaB/eHHs CMUHOB, HAXOIALIMXCA BHYTPH
CTelKH, KaK MpaBH/O, He COBMAAlOT C OCAMH JIerKoro HaMariuiMBaHuUs,
CO CTEHKOH CB3aHO HEKOTOPOEe KOJMYEeCTBO IHEPrHH aHM3OTPONUH, rpydo
roBOpsi, NPONOPLHOHAJbHOE TOJLINHE CTEHKH.

JeficTBuTeIbast TOJILMHA MEepPeXONHOr0 CJ0S M ero 3leprus onpe-
IeNAl0TCA pPaBHOBECHEM Mex1y culaMd oOMeHa M CH/IaMH aHU3OTPOMHM;
nepBble CTPEMSITCA YBeJHYUTb TOALMHY CJOS, a BTOPble — yMeHLIUUTb €e.

[TpousBeneM rpy6yio, NMO MNOPSAKY BeJAUYMHB, OLEHKY TOJLIUHBI U
SHepruu creiikd Bioxa. PaccMOTpUM cTeHKy, MJIOCKOCTb KOTOpPO# mapai-
JebHa rpanu kyboa npoctoft KyGuueckoit pemerkd. Cretika pasieJiser 10-
MeHbl C MPOTHBOMOJIOXKHBIMH HAMPABAEHHSIMH HAMarHMYeHHOCTH. MBI XOTUM
BHIPA3UTh TOJLUHHY CTEHKH 4Yepe3 4uc/JI0 /N aTOMHBIX MJAOCKOCTeH, cocTaB-
JAIOUINX CTEHKY, a TaKXKe ONpeleNUTb SHEPrHi0 HAa eIMHHHLY MOBEPXHOCTH.

OHeprui ¢ XOpOIIMM NPUO/IHKEHHEM MOXHO TNpeACTaBUTb B Bule
CyMMbl OGMEHHOHM 3HepruM W SHepruu aHU3OTPOMUH

Oy = So6m 1 Sanua (8.78)
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OO6MeHHYI0 SHEPrui0 MOXHO NPHOJIMKEHHO BBIPA3UTL C MOMOLIbLIO ¢op-
Myanl (8.77) Aaf KamAOM UENOYKM aTOMOB BAOJb JMHWHM, NMEPNeHIHKY-
AApHOA K MAOCKOCTH CTeHKH. TakuX Lenoyek Ha eNMHHLY MOBEPXHOCTU
creHkd npuxomutcs 1/a?, rae @ — nocrosuuas pewerku. Urak,
n2/§?

[¢] = .

o6M Na? (8 79)
DHeprus aHU30TPONHMH — MOPAAKA NMPOHU3BeNEHUS] KOHCTAHTH AHU3OTPONUK
Ha o0beM cios, T. e.

Oauns = KNa. (8.80)
CunenoBaTteJbHO,
— ©2J§?
Ow:W—‘—KNa. (881)

MunumyM o, oTHOCHTeNbHO N HMeeT MeCTO NMpPH YCJOBHH

da nJS?
o = 0= ——zr +Kai (8.82)
OTCIONa CMeLyeT, uTO
n2/82\ s
N= (W) . (8.83)
B cayuae xese3a Mo MOPAAKY BeJMUMHBI MMEEM
1 -13 1
N= (%) L (%) " ~ 300 noctosmuix pelIeTKH,
T. e. npumepuo 1000 A.
[TonHas SHeprusi, OTHecelHas K eIMHHUE MOBEPXHOCTH CTEHKH,
2 \1!
w:Qw(”fls )/’. (8.84)

B Cclyyae eJsesa NMO MOPANKY BEJAHYHHBI A4 o, HMeeM

([ RT KN\ .
o _(T) =~ 1 spz/cu

w

[pousBoas 5TH OLUEHKH, Mbl JOBOJbHO MPOW3BOJLHO NpenmnoJaraiu,
YyTO NMOJHOE HM3MeHeHMe HampaBJeHWs CMNHHOB pacrpeie/eHO PaBHOMEPHO
BIOMb MNPAMOH, NpOXonslle# BHYTPU CTEHKH HOPMaJbHO K ee NMOBepX-
nocru. Kpome Toro, Mbl oueHb rpybo OLEHHBA/JIW SHEPrul0 aHU3OTPOMHH
CHCTeMbl CIMMHOB, COCTAaBJAOLMX NepexXonHbift caoii. Bosee TouHbift pac-
yer aas 180-rpanycHoro nepexoiHOro Ca0si, PACMOJOKEHHOrO mapaJf-
JAeabio nuaockoctu (100), naer

2K,JS? \'h:

cw=2(—'—) ; (8.85)

a

B Cayuyae jejesa, MoJb3ysch 3TOH dopmyo#t, noayunM o, = 1,8 sp2/cm?.
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PA3MEPBI 1OMEHOB

Bonpoc 0 pasMepax IOMEHOB Mbl H3JOXUM, Caeays YMOMAHYTOH
Bbile pabore Jlaumay u Jluduuua, ucxoms M3 pacCMOTpeHHs KOHHry-
pauu# NOMeHOB C 3aMKHYTHIM MAarHuTHeIM notokom (puc. 8.19) B mar-
HUTHO-OJHOOCHBIX KpHUCTaanax. Dleprus NepeXOLHOro CJ0si, OTHeCEeHHas

K elMHULEe NMOBEePXHOCTH B KpPH-
—~ 0 ]~ cTanie, NpUOAUKEHHO BhIpaka-
NN N erca dopmyoft

L Oyl
g -7 Werenkn = 5 *
[S]
=3
I
§§' T l T 1 3aMbIKaoLWMA NOMEH MMeeT Bek-
93 L Top HAMAarHMYEHHOCTH, Hampa-
& BAEHHBI BHOJb OCH TPYAHOrO
HaMarHuuyeBaHus, a ero o6beM
cBs3aH ¢ sHepruel K Ha enu-
(AL ALAA Huny o6beMa (K — KoHcTaHTa
< ~J auu30TPONUK). YuuTbIBasA, uTO

Puc. 8.19. Pacnonoxenue 3amblkaoimux SaMbIKaiollhe JOMEHBl HMMEIOTCA
ZIOMEHOB B  MArHMTHO-ONHOOCHOM Kpu- Ha 00eux CTOpOHaX MOBEPXHO-
cTajae. CTH M YTO OTHOlIeHHe uX oObeMa
K HMX TOBEPXHOCTM Ha TpaHu
KpHCTania ¢ OLHOM M3 ero CTOPOH paBHO D/2, s SHeprHH aHM30TpO-
NHUH HA €NMHHMLY MOBEPXHOCTH MOAYUYUM
anuz = KrTD . (8.86)
DHeprus MepexOAHOrO C/A0S CTPEMHTCS YBEMHYUTb Pa3Mepbl LOMeHa,
TOr4a KaK SHEPrUs aHMU3OTPOMMM CTPEMUTCS YMEHBIUUTH HX.
[TonHas SHeprusi, OTHeCEHHAs K eNMHHMUE MNJIOLIALH,

MMHMMyM 3TOHN SHEepruM OTHOCHTE/IbHO auetoro pasMepa nomeHa
MOXXHO OIpeneauTb U3 YCJOBHA

ow swl K
=" T2 =0
OTKyla cJjenyeT, 4TO
20wl \'2
D=( = ) . (8.87)

B cnyuae Kenesa, moxcTaBass npuOMMKeHHble 3HAYEHMSA BXOMALUIMX
B (OpMYJIbl KOHCTAHT M mpuHuMas L=1 cux, noayuum

D= (34—210—:)’ —3.107% ca.
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AHTH®EPPOMATIHETH3M

AHTH(hEPPOMArHUTHOE COCTOfIHME XapaKTepPUsyercd ynopsLOoYeHHLIM
aHTMNapa/jeNbHBIM PacnoJoxeHueM 3JeKTPOHHBIX cnuHoB. Koraa o6men-
Hbifl uHTerpan J, ¢urypupyowuft B Beipawenun (8.86), nonoxureneH, Msl
uMeeM ¢QeppomarHeTsM, Koraa OOGMeHHHIH HHTerpan J oTpuuateneH, —
antudpeppoMarterusm. Koraa TemnepaTypa aHTHeppoMarHeTHKa cny-
ckaercd Huxe ToukM KiopH, CNUHBL CPHEHTHPYIOTCA aHTH 1apajje/bHo

Odmennsrd unimezpan >0 Obmenneill unmeepan < 0
Prreeett ) Hititititd
Peppomacrernnum AHmUPEPPOMAEHEITUSM

Puc. 8.20. CpaBHeHHe yNOpSIOYEHHOrO PacmoJOKeHHs CIHHOB
B ¢deppoMarHMTHOM H aHTH(EPPOMArHUTHOM COCTOSIHHSX.

(puc. 8.20). B Touke Kiopu BoCnpuuMuMBOCTb aHTU(EppOMarHeTHKa
nocruraer Makcumyma (puc. 8.21). AnrTudeppoMarHeTHaM 0OGHAapyKUBAIOT
MMEHHO MO XOpOINO BblpaXKeHHOMY TropOy Ha KpHUBOH 3aBUCHMMOCTH
BOCMPH IMUHBOCTH OT TeMnepaTyphl. Touku Kiopu o6HapyxuBalOTCA TaKKe

- Mapamagremisn Qeppomacremusm  AnmupEnpomMacHenum

Bocrpuumvusocimn =7’:,-’ X

=L =
Z = 7 X = 77— 7(':
Saron Kwopu Sarwon Nigpu-Bedeca
(T>7)

Puc. 8.21. KpuBble TemnepaTypHOH 3aBHCHMMOCTH MarHuTHOH BOC-
NPHUMYHBOCTH, HJJIOCTPHPYIOIIHE pA3aHYHE MeX1y NapaMarHeTH-
KaMH, $eppoMarHeTHKaMH M aHrHdeppoMarHesTHKaMH.

B ob6aactu ot 0 10 Tc B caydae QeppomarHeTHama 3aBHCHMOCTb OT T HOCHT
CIOXHBIA XapaKTep.

N0 aHOMa/JusM TeNJOEMKOCTH M KO3(h}HLMEHTa TENJOBOr0 PpacLIMPeHHs.
BaxHeHlIUM SKCMepHMEHTAJbHBIM IOKa3aTe/bCTBOM AHTUNAPanieNbHOro
pacno/ioxeHusi CUHOB B aHTH(deppOMarHeTMKe MOCAYKUAM UCC/IENOBAHUSA
Auppakuuu HeHTPOHOB HAa aHTH(EPPOMATHUTHBIX KpucTannax!).

") CymecrBoBanue aHTH(QepPPOMarHeTHKOB OblIO TEOPETHYECKH MPeACKaB3aHO
JI. 1. Jlaunay (1933). (/7Tpum. nepes.)
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B Ta6a. 8.5 coGpaHbl BaxcHeHlne HaHHble, OTHOCALLMECH K aHTHUdep-
poMarHeTHkaM. J¢dexTuBHEIE uucaIa MarHeToHoB bBopa, onpenenseMbie
no nocrosHiod C B 3akoHe Kiopu — Beficca 419 BOCHPHUMYHBOCTH
NpH BLICOKHX TeMmeparypax, B Tabauily He BKIo4eHbl. OTMETUM TOJBKO,
YTO 3HAaueHHs ITHX Yucesa, BOOOIle roBOPS, XOPOLIO COrJIacyloTcsl CO 3Ha-
YeHUsIMH, MOJYYeHHBIMH U3 H3MepeHHHt Ha OOBIYHLIX MapaMarHUTHBIX COJAX.
QIHAKO MarHUTHble MOMEHTBI aTOMOB MapraHiia M XpoMa B MeTaJJIHYeCKOM
COCTOSIHHM 3HAYUTEJbHO MeHbllle, YeM Y CBOOGOAHBIX HOHOB. IIpuMeHss
HefiTpoH-audpaKunonHbift Metoxn, Lllysn Hamen, YTO MarHUTHLIH MOMeHT
aroma xpoMa paBed 0,4 Ug, a y a-Mn Heckonbko 6oablie, a HMEHHO
0,5 pg. Pesynbrathl, noayyaembie 3THM METONOM 1/ XPOMa, MO-BMIM-
MOMY, CHIbHO 33aBUCAT OT KayeCTBa HCMOJb3YeMbIX B 3KCIepHMEHTe
00pasLos.

Ta6aunga 85
CBoAKa JaHHbIX 06 aHTH(deppoMarHeTHKax*)
Tun pewerku TemnepaTypa - 5 1 (0)
BewectBo napam;ggmux nepexoaa Ty, °K gt;czt’)ngk TN 7(77)—
|  MnO r. 1. K. 122 610 5,0 2/3
1  MnS r. u. K. 165 528 3,2 0,82
MnSe . Il K. ~ 150 (?) ~435(?)| ~3 —
| MnTe reKC. CJOHUCT. 307 — — —
{ MnF, 0. 1. TeTp. 72 113 1,57 ,76
{ FeF, 0. 1. TeTp. 79 117 1,48 0,72
FcCly reKC. CJOHCT. 23,5 48 2,0 < 0,2
FeO r. 1. K. 198 570 2,9 8
CoCl, reKc. CJAOMCT. 24,9 38,1 1,53 —
CoO r. . K. 291 — — —
NiCl, reKC. CJOHCT. 49,6 68,2 1,37 —
NiO . I K. 523 — — —
a-Mn CIOXKIIAs ~ 100 — — —
Cr 0. I K. 475 — — —
CrSb I'eKC. CJOHCT. 725 ~ 1000 1,4 ~ 1/4
Cr,0,4 CJAOXHas 310 — — —
1 TiCl, » ~ 100 —_ — —
FeCO, » 57 — — ~ 1/4
*) Bubanorpapua SKCNEPUMEHTAAbHLIX AAHHBLIX 06 aHTH(EPPOMAFHUTHEIX BELIECTBAX
nMeercs B o63ope [13]. 3nauvenus O moayueHbl NyTeM MCNOAb30BAHWUA BbIPaXKEHUS ANS
BocnpuuMuuBocTy B ¢opve y— CAT -4 0) nam obracTu TemmepaTyp Bbillle TeMmepaTyphbl
nepexona. B coBpemecnHolt auTepaType TemicpaTypa Mmepexola YacTO Ha3blBaeTCH TeMile-
patypoit Heeas u o6osnayaercs TN'

Mogeapr aByx mnoapemertok. [Ipocrefimyio moaeab aHTudeppomar-
HETHKA MOXHO f1peaCTaBUTb cebe B BHIE pelleTkyd napaMardivgHblX HOHOB,
cocrosllet “3 IBYX BCTaBJEHHHIX ApYyr B Apyra mnoapelierok A u B,
TaK yTO BCe OJMmalLIMe COCeAM KaxIOro HOHa moapemletku A sBISIOTCH
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WOHaMu nojpelleTkn B. DTUM yCI0BUAM YIOBJETBOpSieT, Hanmpumep,
rpaHeneHTPUPOBAHHAA M OGDbEMHOLEHTPUPOBAHHAA KyOuueckas pelleTKH,
HO He YLOBJIeTBODsieT NpocTas ky6uueckas pewerka. Ecau yuuteiBath aHTu-
¢eppoMarHuTHOE B3aMMOLEHCTBHE TOMLKO Mexay OnvaallinUMU COCensMH,
TO, TNOJb3YACb TeopHel# MOJEKYJISPHOrO MOJs, A HaMarHUYeHHOCTeH
noipeuerok Bbille TOYKH KiOpH MOXHO Hanucarh:

TM,=C'(H—\Mp),
TMg=C'(H—\M)y).
31ecb C’ — nocrosnHas Kiopu — Beficca n/1f Kawaol M3 mnoapelerox.
A¢dextusHoe none B moapeumerke A paBio H —AMp, nonoxutenbHoe

3HaueHMe A OTBeyaeT aHTU(EepPOMarHUTHOMY B3aMMOLENCTBHIO Mexay A
u B. Kpome Toro, umeem

TM =T (M, ~+ M) = 2C"H — C'\M,

(8.88)

TaK 4TO
— aQC/
A=TFCn
HJIH
X=T_—I-0’ (8.89)
rae
c=2C"; 6=C\ (8.90)

Temnepartypa nepexosa — 3TO TeMmneparypa, HHXKe KOTOPOH Kax.ias
u3 nonpewerok A u B ob6nagaeT MarHUTHHIM MOMEHTOM Naxke B OTCYT-
ctBue BHewHero noas. Huke rtouku Kiopu cuuTaTe MaruutTHbif MOMeHr
JuHetqon ynkumed 3¢ppeKkTHBHOrO Mosas HE3aKOHHO, OLHAKO, MOCKOJbKY
NpeanoJOXeHHe O HACBILIEHUU Heab3s CYHTATb XOPOLIMM MPHUOIHAKEHHCM
s o6aacti, 61uskoit k Touke Kiopu, mpu cocraB/ieHUH ypaBHeHUH Njs
Touku KIOpH MOXHO NMpenno/soXHTb, YTO JHHERHOCTb MMEET MecTo.

Torna temneparypa nepexona T, Oyzner To#t Temnepatypo#t, npu ko-
Topo# ypasHenus (8.88) uMel0T HeTpuBHAMbHbLIE peLIEHHS IJIA HaMarHu-
yenHoctH npu H=0.

YcnoBusi, npu KOTOPHIX 3TO CNPaBeINMBO, BHIMOJIHAKTCH, €CJAH Jie-
TEPMUHAHT, COCTaBJAEHHbIA N3 KO HUUUEHTOB NPU HEU3BECTHHIX M4, M,
paBeH HYy.JIO:

T 6
HE

HIH XKe
Ty =9. (8.91)

CorsnacHo sTo#t Momeau rtemmeparypa Heens T, nomxHa GbiTh paBHa
nocrosHHo#t 6 B 3akone Kiopu — Bettcca (8.89). IlaHHble, npuseneHHble
B 1a6a. 8.5, NMOKa3bBAlOT, YTO SKCMEPUMEHTANbHbE 3HAYEHHH OTHOIIEHUS

20 4. Kutrean
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0/T y umeior Benuunusl ot 1,5 1o 5. BeanunHsl Takoro mopsaka Moryt
MOJAYYHTbCA M TEOPETHYECKH, eCIM TNpPH MOCTPOEHHH TEOPUH YUYeCTb He
TOJLKO MEPBBIH, HO M BTOPOH caoi Gamxadmux coceldeft u, kpoMme TOroO,
BBECTH B pacCMOTpeHHe He IBe, a GoJblllee UYHCIO MarHUTHBIX Moipe-
1weToK. B KayecTBe ympakHeHHs HETPYAHO MNokasaTb (cM. 3aldauy 8.10
B KOHLE TJaBbl), YTO eCAd A8 ONUCAHHUS B3aUMOLEHCTBMS MeXIy MOA-
peleTKkaMu HCMOJb30BATh NOCTOSHHYIO MOJEKYISPHOrO noJas —e, TO
Ade

A—e’

(i
Ty
AntudeppomMariuTHbiii pe3oHanc., CnuHOBOe pe30HaHCHOE MOrJoLIe-
HMe B aHTH(EepPOMAarHWTHBIX KpPHCTaJAnaX NPH TeMmnepatypax BbllIE TOY-
ku Kiopu ananoruyso nor.o-
LieHHIo, Hab./i01aeMoMy B ma-
paMarHuTHeIX Kpucrainax. Ho
Npu TeMnepaTypax HHXKe TOuY-
ku Kiopu umeercs Hexoropoe
cuiabHoe 3¢¢exTHBHOE IOJe,
npUBOLsllee K pacllenIeHHIo
Pe30HAaHCHBIX JMHUH B Hy.e-
BoM nose. B mnpocrefiiem
cayyae npu 0°K s sddek-
TUBHOTO MNOJS, NeRCTBYIOLLErO
IOMOJHUTEJNbHO K BHEIUIHEMY
MarHUTHOMY TOJIO, MOXHO
NPHHATb BbipaXceHue

Hopp = [Hy QHg 4 H 1",

(8.92)
rae H, — sddexrusHoe noae
Mazrumras Cmpyrmypras  AHW3OTPONMM OLHOH mnoape-
GIIEMEHITIAPHAA SHEMEHITIAPH AT _
veine M wertkd, a Hg— oOmennoe
noJae.
Puc. 8.22. Pacnosnoxenue CNHMHOB HOHOB B cayuae dropucroro map-

MapraHua Mn?+ B pemeTke OKHCH MapraHua
(MnO), onpenenensoe HeitTpou-nudpakuuon- aHla a¢d¢pekTHBHOE MOJE 10-
HBIM METOJOM. cruraer 1,0 - 105 9; Benvunna

pacluen/eHus B Hy.eBOM MoJe
COOTBETCTBYET NJHMHE BOJHbI, paBHOH 1 mm. DTH pe3dy.braThl OblaM MO-
JyyeHbl 3KkcnepuMeHtanbHo JlxoHcoHoM u Herepkorom.

Onpepnenenne MarHUTHON CTPYKTYPbi CNIHHOBON pelleTKH HeHTPOH-
AuppakuMOHHBIM MeTOAOM. LIy no6u.ics 3aMeuarenbHOro ycnexa B onpe-
HeNeHHH DacrnoNOXeHUusi CIMHOB B pelleTKaX ¢GeppOMarHUTHLIX M aHTH-
¢eppOMarHUTHLIX BeLIeCTB HeHTpOH-AWPPAKUMOHHBIM MeTOlAOM. J[laHHble
O pacnojioxenuu CNHHOB B pelleTKe OKWUCH MapraHila B aHTHdeppoMar-
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HHTHOM COCTOSIHHH, TMOJIy4YeHHBIE STHM METOIOM, HIIIOCTPUPYIOTCS puc. 8.22.
Haubosee nopasutenbHO# 0COGEHHOCTbIO Hab.1101aeMON CIMHOBOH CTPYK-
TYpHl fIBJASETCA TO, YTO OHA MOATBEPXAAeT NPELNOJIONEHHE O HAMUYUM
CHIBHOTO B3aUMOIEHCTBUS MeXAY COCelsMH, CAeNYIOHMH 3a OanKatuumu.
JT10 cuabHOe B3aMMojJeficTBMe HAXOIMT OODBACHEHWE HA OCHOBE BBelEH-
noro KpamepcoMm npeacraB/ieHHs O KOCBEHHOM OOMEHHOM B3aUMOIEUCTBHH
(Ha3biBaeMOM TaKxe cBepxoOMenHbM B3aumoneHcrBueM). CoraacHo Kpa-
Mepcy BO30YXJeHHOe NapaMarHUTHOe COCTOSHHE IMPOMEXYTOYHOro HOHa
(B JaHHOM CJyyae KHC/JIOpPONA) <«MepPeHOCHT» OGMeHHOe B3aMMOJIeHCTBHe
«yepes» aHUOH, OCYLIECTBJ/AS CBA3b MeX Iy CMMHAMM MOHOB MapraHua, pac-
MOJOXEeHHbIX Ha TAKOM PaCCTOSIHMM APYr OT APYra, YTO HeMOCPeACTBeHHOe
oOMeHHOEe B3aUMOIEeHCTBME MEXIY HUMH He Wrpaer pOJIH.

SEPPUTDI

[Tpocretiine Qepputhl, NpencTaB/sIOliHe UHTEPEC KaK MarHUTHblE Ma-
Tepuanbl, OTHOCATCA K Tpynne coenuHeHu#, obLias XuMHuyeckas ¢GopMyna
kotopnix umeer Bui MOFe, O;, rme M — uOH IByXBajJeHTHOro MeTanana
(nanpuMep, Mn, Co, Ni, Cu, Mg, Zn, Cd, Fe?*); k s3To# xe rpynme
OTHOCATCA M CMellaHHble (EepPUTH, B KOTOpble BXOAAT HOHBI OLHOBpe-
MeHHO JABYX MeTalNO0B U3 YMC/IA YKa3aHHHX. DTN (eppUTH — KyOudyecKue
M MMeIT CTPYKTYpY uinuHenu (OT Ha3BaHus MuHepana Mg Al, O,). Crpyk-
Typy ¢eppHTOB MOXHO MpelncTaBuTh cebe, B3AB 3a OCHOBY Maruetut FesO,
¥ 3aMeHss B HeM OLMH 13 MOHOB ieise3a (Fe?*) nByXBaJeHTHHIM HOHOM
KaKoro-iu60 MeTaqja M3 YHC/Ja Nepevnc/IeHHBIX BhILIE.

depputel npuobpean GoJblioe MPAaKTHYECKOe 3HaueHHe KaK MarHuT-
Hble MaTepvajbl C BBICOKMM COMPOTHB/EHHEM, YTO BeCbMa BAaXHO /s MPH-
MeHeHHH B BBICOKOYACTOTHBIX YCTpo#cTBax. Bhimyckaemble mpoOMBblILJIEH-
HOCTLIO eppuThl HMetloT conpotuBieHne 102 — 106 ou - cm, Torza kax

COMpPOTHBJ/IEHHE Kesie3a 107 om - cu. PaspaGorka ¢deppuTOB Kak npo-
MBILIJIEHHBIX MarHUTHBIX MaTepuaaoB cBs3ana ¢ pa6oraMu CHoeka, Bepses
M IpYyrux coTpyaHuxkoB nabopatopuft ¢upmbl Puaunc (Toananaus). Ham-
60/IbIIMA MHTEpeC MPeNCTaBIAIOT MaTepHalbl, Ha3BaHHble MU (heppOKCKYO 3
(Mn — Zn-depput) u peppokckyd 4 (Ni — Zn-deppur).

Mbl KpPaTKO OCTAHOBHMCSl Ha HEKOTOPHIX MOJIOXeHUsIX TeOpHH HaMar-
HuyennoctH ¢eppuros, npeanoxeqHot HeeseM. Ilpexne Bcero sameTum,
yTo npuBeleHHoe B Tabsn. 8.4 3HaueHHe HAMArHUYEHHOCTH HACHILLEHUS
marnerura (Fe; O4), paBHoe 485, coorBerctyer suumb 4,2 pp Ha Mose-
kyny Fe;O4 Ecau uCXOOMTb M3 TOrO, 4YTO MAarHUTHBlE MOMEHTbl HOHa
Fe?* u nByx nonos Fe3* B Mosekyne Fe;O, opHeHTHPOBaHb B OLHOM
M TOM )Ke HanpaBjieHHH, TO cJelyeT OXHAATb 3HAYeHHs, PABHOTO NMpH-
MepHo 14 pp Ha MoJekysy.

Heenb cuuraer, uro skcnepuMeHTanbHble ()aKThl MOXHO OOBACHHT,
€CH NpPeANoNOXKUTb, YTO MAarHUTHble MOMEHTH HOHOB Fed* pacnoJoxeHbl
aHTHUMapanienbHO OXMH IPYrOMYy, a pe3yJbTHPYIOUMA MOMEHT 0GYCA0BJIEH

20*
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aumb  uonamu Fe?*. 3ro uamoctpupyercs cxeMol, npuBeneHHOM Ha
puc. 8.23. B TaoM cayuae Mbl MOJYYUM MOMEHT, PaBHHI# 4 pg (4TO CoO-
OTBETCTBYeT CMUHY, paBHOMY 2). TakuM oGpasoM, corniacue ¢ 3KCnepu-
MEHTa/MbHBIM 3HAaueHHeM, PaBHbIM 4,2 g, MOJYYaeTCsd BIOJHE YI0B/ETBO-
putenbHoe. Ilaa MarHMTHHIX CBOWCTB Takux cucteM Heeab BBen Tepmun
deppunaznemu3m. [IpURLUTHATbHASA BOBMOXKHOCTb T0A0GHOr0 06 bACHEHHUS,
6bi1a npenycMorpeHa B pabote 'uito o coeluHeHusx MapraHua tMna MnBi.

Fe,0,
gre’’
YURRNY
TEmpasipivecyve
103Ut
(5) .
15/ 4/
Okimasdouvecyrue
O3UY LY
A ! sre?
dFe

Puc. 8.23. CxeMa CIHMHOBOrO pacmoJIOXEHHs1 B MarHeTHTe
FeOFe,03, uamocTpupylomas KOMMNEHCAUHI0 MOMEHTOB
HoHoB Fe3* (MarnutHbii MomeHT uoHa Fe®+ pasen S ).

Pe3yabTHpylomas HaMarHH4€HHOCTb CO3/1a€TCA MArHHUTHBIMH
MoMeHTaMu HOHOB Fe?t, KoTOpble OCTalOTCS HECKOMIiEH-
cupoBaHHbIMH. Kaxabiii 1o Fe2+ uMeeT MarHUTHbBI MOMEHT,
PaBHbI it 44 g MIOCKOABKY Ha fiueKy NPHUXOAHUTCS BOCEMb

TaKHX HMOHOB, TO HAMArHMYEHHOCTb Ha sAvelky noMmKHA
OuiTo  paBHa 8-4p =32 p, u3MepeHHs ke JaloT

8-4,0-71LB=32,56 g

Heenv npennosoxusa, uto Bce B3auMoneHcTBUsi B deppuTax HMMEOT aH-
TUEPPOMATHUTHYIO MPUPOLY, HO TNpPH ITOM OH MNOKa3al, YTO YC/AOBHA
MUHAMYMa CBOGOINHON 3SHEPIruM CHCTEMbl, €C/JH OHa CONEPHHUT HOHBI ABYX
TUMOB, YaCTO MOTYT MPHUBECTH K He DABHOW HY/1I0 MNOJHOWH HaMarHuueH-
noctu. Y ¢eppumarserukoB Bbiwe Touku Kiopu saBucumocts 1/y or T
OMUCHIBAETCS 110J0FOH KPUBOH, HeCKOMbKO BbLIrHYTOH BBepX. [Ipumep Ta-
KOH 3aBMCUMOCTH (/9 MarueTuta) nMpuBeleH Ha puc. 8.24.

Teopus Heens ykasbiBaer ecTeCTBEHHbLI NyTh OODBACHEHH 3aBHCH-
MOCTH HAMAarHHYEHHOCTH HACHILLEHU HEKOTOPBHIX COLepalliHX LHHK CMe-
waHHbIX GeppuTOB OT colepkauus nuHka (puc. 8.25). 3HaygHuA Maruur-
HBIX MOMEHTOB ()epPHUTOB, He COLEPHALIMX MHHKA, XOPOWIO COraacyioTcs
C NpennoJo:eHueM O TOM, uTO uonbl Fe3™ He 1nalOT Hukakoro Bk.1ana



TJ. 8. MATHETU3M WU MATHUTHbBIM PE3OHAHC

309

i | oo

25 e

r/rr

Y/ -o
=~
[

7

550 600 650 00 750 a0
Teunegpanypa, C
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Puc. 8.25. HamarnuueHHOCTbL cMeWaHHBIX ¢ep-

putoB MnZn, FeZn u NiZn kak dyHKuus

coaepxanuns uuHka. (M3 pa6orel Benra u ['op-
Tepa [14])
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B HaMarHuyeHHOCTb. CTpem/eHHe BeMMUMHBl Pe3yAbTHPYIOLIEr0 MArHUTHOrO
moMeHTa K Hyaio (aas ZnO - Fe,O;) mo Mepe yBeqMueHUSt COJepxaHus

Dmasdouvecrie NOJUGLY
1 ¢ 1 L T l 1 & T J t ‘ T * t lliz/moa Fej}oi/zammé’a/i

TEmpasdpuyecxie noyiy ”
O 00O OO0 O 0O 8 woros In

Puc. 8.26. Cxema pacmoJOXeHHs MarHMTHBIX MOMEHTOB B ILIMHKOBOM dep-

pute, O6GBACHsAIONAs, NMOYEMy HAMarHHYEHHOCTb HACHIIEHHs LHMHKOBOTO

¢eppuTa paBHa Hyao. MOHB UMHKA JHAaMarHMUTHBL H 3aHHMAIOT TETPasdApH-

yeckue no3uuuu (cM. puc. 8.27). MaruuTHas CTpyKTypa artoro ¢eppHra

XapakTepusyeTc aHTHQEPPOMArHHUTHHIM DACMOJOXEHHEM HOHOB Kenesa
B OKTa3ApHYECKHX MO3HLHUAX.

UMHKA TAKXKE MOHATHO, MOCKOAbKY WOHBI LMHKA AuaMarHutHul (puc. 8.26).
B o06s1acTH NpOMEKYTOUYHHIX KOHLUEHTpaUMA MOHBI LLMHKA He AAI0T KOMNEH-
CaluuH, U MOJHBIK MarHUTHHIA MO-

MEeHT yBeJHYuBaeTcs. IJTOT BOM-
poc paccmarpusaiacs BenroM u
Foprepom [14].

CTpyKTypy LINUHEAH MOXKHO
npencraButh cebe Kak KyOHuuye-
CKYI0 TJIOTHOYNAaKOBAaHHYIO pe-

1eTKy WOHOB Kucaopoga O,
B MeXAO0Y3/aMIX KOTOpPO# pacno-
naraiotcs  voHbl Fedt y M2+
(puc. 8.27). Iauna pebpa 3ne-
MeHTapHOH siueHiKu paBHa npu-

MepHo 8,4 A; squeilka uMeer

. 64 TeTpasipUYECKUX MEWKAOY3AUS
Puc. 8.27. Kpucraaauueckass CTpykTypa (A), Kakioe U3 KOTOPHIX B Ka-
muHepana mnunens (MgAl,O,). Monsl Mg2+  yecTBe  Oamkaiiunx  cocele#t

3aHMMAIOT TeTpadApHueckHe NO3uuuH (Ka- 2
WABH 1HOH Mg2+ OkpyweH vueTpippma 1MEET HETHIpE —HoHa 0 "
wonamun kucaopona). Mowe AlS+ zamu- 32 okrasapuuecknx (B), umeio-

MalT OKTadApHYeCKHe MO3uUuM (KaXAblH  LIMX B KauyecTBe OJuxaluiux co-

3+ 92—
o Al OKpYXeH ~WIECTbIO  HOHAMH .o pop et wonos O°7. 3aHarThl

kucaopona). Takoe PpacnonoXeHHe HOHOB 8 16
B WNHHEALHON CTPYKType HasblBalOT HOp- TETPasApHYECKUX H OKTa-

ManbHbM (HOPMaJbHAsi LIMHHENb). 9ApUYeCKUX Mexnoyaaufl. Takum
00pasoM, 3J/eMeHTapHasa suye#ka

conepxut 24 MeTajaanyeckux noHa. OOMeHHbie B3auMMOZEHCTBUS THNA
A— A, A—B u B — B HOCAT aHTH(epPOMarHUTHEIH XapaKTeps OLHAKO
B3aumozneicTere tuna A — B cuuraercs HauGoJsiee CHAbHBIM, TaK YTO pe-
wetkn A 4 B no oTAeNbHOCTH PaccMaTpuBaloTCs KakK (eppOMarHuTHbIe,
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HO BEKTOpPH WX HaMarHuueHHoctet M, u My HanpaBiaeHb aHrHnapaJj-
JIeJIbHO.

Ho eciu M, =0 (xax B uunkoBoM deppure), 3ppexkTHBHLIM ABJSETCA
ob6MeHHOe B3auMoleHcTBMe TOMbKO THna B — B, a NOCKOAbKY MOMEHTHI
MOHOB B uUMeloT aHTH(deppOMarHUTHHA mnopsaok, 10 u Mg=20.

To 06CTOSATENBCTBO, YTO TPH aHTUGCPPOMArHUTHBIX B3aUMOIdeHCTBUSA
MOTYT NpHBECTH K ¢eppoMarHeTHsMy, 3aciayxupaeT O6oJee MOAPOOHOrO
paccMoTpenns. MoJeky/asipHble noJsi, ILefcTBYlOlUlMe Ha MarHMUTHbIE CNHU-

HOBblE MOMEHTHl MOApelieTok A u B, MOXHO 3anucaTb B BHIe
H,=—M,—uMyg,

A A—pMp (8.93).

Hg=—pMy— Mg,

rlie KOHCTaHTHl A, [, V Mbl CUMTAeM MOJIOXKHTEJbHBIMH, eCH BCe B3aUMOJeH-
CTBUSL MMeloT aHTudeppoMarHuTHb xapakTep. Torma sHeprus B3auMo-
neHcrTBus

5 1 1 1
E=—(H,M,+H,Mp) =3 M+ pM M+ 5 vMp. (8.94)

Beanuuna sHepruu E npu antunapannenbHoM pacnodoxednnn My u My
Gyder MeHblle, YeM NpU napaieibHoM. [Ipu aHTHnNapananelbHOM pacrno-
JIOKeHHH DHEPruio CJelyeT NPHPABHATb HYMO, YTO HMeeT MeCTO MNpH
M,= Mpg=0. TakuM 06pasoM, Npu BHIOJHEHUH YCJIOBUS

M, My > + (LM 4 vMB) (8.95).

OCHOBHOMY COCTOAHHIO CHCTeMbl COOTBEICTBYET aHTHMMAapa/e/bHOe pacno-
noxedne M, u Mg. B atom cayyae pesy/ibTupyiowlas HaMarHHYeHHOCTb

HacbllleHNUd
Ms = | MA + MBl .

deppur-rpaHaT HTTpuA, uMeouwuit dopmyay 3Y,0, - 5Fe,05, npex-
cTaBasier cOOOf KPHCTaNAHueCKHit NM3NeKTPHK, obOjanalouu# ¢eppumar-
IIMTHBIMU CBOHCTBaMH. DTOT (peppUMarHeTHK WMeeT BaXKHOe 3HaueHHe LJd
WCC/IeNOBaHUA NHHAMHYECKHX MarHUTHHIX CBOMCTB (TAKHMX, KaK Pe30OHaHC H
peJaKcalud) U NPOLECCOB, CBA3AHHBIX CO CMHHOBHIMM BoaHamMu. Ou Guin
orKphiT Bepto 1 doppa. B HayuHOH .auTepaType Ha aHrAMHCKOM s3biKe €ro-
cokpaiuenHo HasuiBaloT YIG (Yttrium Iron Garnet). CTpykTtypa ero caox-
Hee, UeM CTPYKTypa WIMHHeNM — 3TO CTPYKTypa rpaHaTa, KCTaTH, TOxe
kyOuueckass. Mousl uTTpus Y3t NMaMarHuTHB, @ Bce MOHbBI eje3a Tpex-
BanenTHbl (Fe3*) u 0o6nanaioT MarHMTHHIM MOMEHTOM, paBHBIM 5 p.g. Ha
KaxAble TPH HOHA ene3a C JNaHHLIM HanpaBJeHHeM MarHUTHOTO MOMEHTA
NPUXOAUTCS ABa HOHA )Kele3a C MOMEHTaMH NPOTHUBOMOJIONKHONO Hampas-
JeHusi. Bce MarHMTHBIE HOHBI OMHAKOBbLI, H HET HUKAKUX COMHEHU{t B BeaH-
YMHE BAaJIEHTHOCTH MI060I0 M3 1HX, 3aHUMAIOUIero AaHHOe MeCTO B pe-
werke. TakuM 06pa3oM, MarHWUTHas CTPYKTypa ¢eppura-rpaHata HUTTpHs
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60Jee coBeplieHHa, YeM Yy (eppUTOB CO CTPYKTYPOH LUMUHEJH, Tle HOHbI
Fe3* u Fe?t yacto oGMenuBaloTcs MectaMd. CTPYKTYpHOe COBEPILIEHCTBO
¢eppuTa-rpaHaTa UTTPUA U YCTOHYHBOCTb €ro XMUMHUYECKOro cocTaBa ObinM
NPHUYAHOR TOrO, YTO Y OTHAe/]blBIX MOHOKPHCTAJAHYeCKHX 06GpasuoB cde-
pvyeckoit ¢OpMbl M OYEHb TILATENbHO OTMOJHPOBAHHBLIX YAAJOCb NMOJYYUTH
WCKJIIOYMTENbHO OCTpbie Pe30HaHCHbIe JMHUM ¢ wupuHod mopsaaka 0,1 3.
CnuHOBbIE BOJHBI. B ¢usuke TBepaoro tena npu pacCMOTPEHUH CJOXK-
HbIX CHUCTEM Mbl 4aCTO BCTpeuydaeMCsi C KOJJIEKTUBHBIMHA BOBﬁY)KlleHHHMH He-
60MbLIOR SHEPrHH, PacnpOCTPAHAIOLIUMHUCA B BUAEe BOJH GOJbIIOH IJIMHBE

Puc. 8.28. CxeMma, manocTpupylomas pacnpocTpaHeHHe CIHHOBOH BOJHBI B/0Jb
LIeMOYKH aTOMOB.

(OTHOCHTENILHO MeXaTOMHbIX paccrosiHuit). ITlpuMepoM MOTYT CayXHTb
ynpyrue BoOJHb ((OHOHBI), mpelcTaBJsiolliye co60f pacnpocTpaHsIoLHecs
B KPHUCTaNIHYeCKOH pelleTke koJeGaHus C 3Heprueit BO3OYuIeHHUS, Ma-
JM0M no cpaBHeHHIO C SHeprueit, TpeGyeMoit AJa ylajneHHs aTOMa M3 KpH-
craana. Manele B036yxAeHusl, PacnpOCTPaHAOIMECS B CUCTeME CNHHOB,
CBA3aHHBIX OOMEHHBIMH CH/IaMH, HA3bIBAIOT CRUHOBbLMU BOAHAMU (Ma2-
HOHaMu); B CNMHOBOH BOJHE OTKJIOHEHHE KaXAOrO OTAEIbHOrO CMHHA OT
Hanpas/eHUs WX oOlued mapanneNbHOCTH H3MeHseTcd BAOJb HanpaBJeHHs
pacnpocTpaHeHus BoJaHbl (puc. 8.28). CocrosiHus, COOTBETCTBYyIOLiMe ne-
peBOpAuYUBAHHIO CNHHA, eCTb, BoOOLle FOBOPS, COCTOAHMS HauOoJbluel
SHepriu.

AHannTHYecKOe OMUCaHWe CMHHOBBLIX BOJIH MOXHO MOJYYUTb AOBOJbHO
NpocTHIM NyTeM. PaccMOTpUM (eppoMarHeTHK, HaMarHuueHHblfl B TpenteM
Blosb ocu z. Ilyctb

§=8§,+-=
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rie S, — HeBO3MYIIEHHbLIR CMMHOBLI BEKTOpP, & BEKTOP & OMUCHIBAET CMH-
HOBYI0 BOJIHY MaJo# amMnauTynsl. KoMNOHEHTBl BEKTOPa € MOXHO MCKaTb
B C/elyiOlleM Bule:

e, =g sinwfsink, xsinkyysink,z,

€, ==¢gycos wfsink, x sink,ysink,z. (8.96)
MoxHo nokasatb, yro (8.68) MpuBOIMT K 3aKOHY AMCNepCHH
ho =257, (8.97)

rie @ — NMOCTOfiHHas pelleTKH A1 CNHHOB, PAacroJ/oXeHHbIX B MPOCTOH
KyOuuecko#t peuierke. CHHUHOBble BOJIHBI HaGJIONAAHCh HEMOCPEACTBEHHO
B psille ONBITOB C HCMOAb30BaHHEM MHUKPOBOJHOBON TeXHUKH.

3A0AUN

8.1. BosHoBas ¢yHKUMA aTOMa BOXOPOAA B OCHOBHOM COCTOSHUU
(1s) umeer BUA

q) = (ﬂag)—'/ze—’/aw s

rie a,=h*me?=0,529 - 10-8 cx. [TnoTHOCTb 3apsna p (x, y, z)=-e |$|2
COrJIaCHO CTATHCTHYECKOH HHTepnperauud BOAHOBOH ¢yHkuuu. ITokasats,
YTO B YKA3aHHOM COCTOSHHMH

72 3,2
r _3a0,

M BHIYMCAHTD MOJSPHYIO AMAMarHUTHYKO BOCMPHHMUYHBOCTb aTOMapHOro
-6
poxopona (— 2,36 - 107° cu3/mo.s).
8.2, IMoka3arh, yTO cor/iacHo Teopun JlaHxeBeHa mepBble [1Ba yJeHa
B pasnoxeHud nuddepeHuHatbHOR BOCNPUUMUHBOCTH HMEIOT BHL

_dM __ Np? 1 (pH\? J
X="4H = 3T [1 —g(ﬁ) +

8.3. Hexoropbie opranuyeckue MOJeKy/bl UMEIOT TPHTJIETHOE BO3GY K-
neHHoe cocrosHue (S==1) He HAMHOrO BbIIIE CHHIJIETHOrO OCHOBHOTFO
cocrosuus (S =0).

H306pa3urb rpaguyeckd BOCNPUMUMUMBOCTD KaK (YHKUHMIO TeMnepa-
TYpHl, ecid pacluenjeHye B HyneBoM nose A/k=100°K, rze k-— no-
crosHHas boabumana. Ilokasate, uto npu A7 >>A BOCNpUHMUYHMBOCTD
MOXHO CYMTaTb NpPHOJMIKEHHO He 3aBucsllel oT A.

8.4, Ilyrem rpyOblX OLEHOK CPAaBHUTb SHTPOMUIO CHUCTEMBI 3JeK-
TPOHHBIX cnuHOB (Aasa cayuas H=0) npun 2°K B 1 cnx3 xeneso-ammo-
HueBbix kBacuoB FeNH,(SO,), - 12 H,O u sutponuio cucreMu (OHOHOB
B pelleTke cBMHLUA (TO e Ha 1 cm3 W npu TOR ke Temmeparype).
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PesynbTar cpaBHeHHs MOKa3biBaeT, YTO YKA3aHHYIO COJIb MOXHO HMCIO/b30-
BaTb A OXJawAeHUsl IAPYrux BelecTB.

[Ipu 2°K ans kese30-aMMOHHEBHIX KBacuoB oTHoweune 7/6, > 10
(kB, — Beanunna paciueneHus B Hy1eBOM none). dddexTamu, CBA3aAHHHIMHU
€O CMHMHOBBIM MOMEHTOM $1pa, MOXHO mpeHeGpeub.

8.5. IMapamarnuTHas coib coldepXuT 1022 u0K08/c M3, MarHUTHBIR MO-
MEHT KaXJOro HOHa paBeH lppz. a) BblYMCANTb, HACKOMBLKO YMCJIO MOHOB
C MarHUTHBHIMM MOMEHTaMH, NMapa/ebHbIMM MarHUTHOMY NOJI0, GyLeT npe-
BHIIATL YAC/IO MOHOB C aHTUMApaNNeJbHHIMH MOMEHTAMH, €C/AM BeNHuUuHA
mons cocrasaser 10000 5, a temneparypa pasia 300°K. 6) Buuucauts
HaMarHM4eHHOCTb B TOM e MoJe.

8.6. Beanunny Imy*, onpexesennyio cootHoweHuem (8.52), Bhipa-
3UTb Yepe3 CTaTHYecKylo MPOAOIbLHYIO BOCMPUUMYUBOCTL Yo = M,/H,. ITo-
Ka3aTb, YTO NpH pesoHalice

Imy+ H

%o =TH2T2=('°0T2=E-°

Dra BeJMuMHA XapaKTepu3yeT BO3PaxeHHe BOCTPUUMYMBOCTH (MaM Q-dak-
TOp) NMpH pe3OHAaHCe.

8.7. a). [Ipu pesoHaHce CKOPOCTb TMOTJIOLIEHUS! IHEPrUH CUCTEMOf
cnunos  (S=1/2) nponopuuoHaibHa Hff Imy*. a cneloBaTenbHO,
H Hfﬂ‘g An, rie An — pa3HOCTb MeXAY YMUCJIOM YAaCTHL B OCHOBHOM CO-
CTOSHMH M YUCJOM YAaCTHL B BepPXHeM COCTOSHMH. MBI MCMOAb3OBaMM TOT
daxT, yto M, ~ An. [Tokazarb, BOCNONb30BaBIINCH (8.42), YTO, MOCKOMbLKY
B CTALLHOHAPHOM COCTOSHUM peJaKCAaUHOHHble NMOTepH TOYHO pPaBHHI BBO-
JMMOH SHEpPIHH, MMeeT MeCcTO COOTHOLIeHHe

(An — An)
T,

= CH},T, An,

rae C — KOHCTaHTa, & Ap — 3naueHue An NpH TeNJOBOM paBHOBECHH.
2 1 —
Pewnts Ty ke 3anauy npu Takoft Beauunne H,y, Ans xoropo#t An = 7 An.

DTOT pesybTaT WHOrIa MCMO/b3yeTCs Aad omnpefededus T, HO B NPUH-
uune OH npuMeduM M B ciaydyae, kxorpa T, =T, 06) Pab6ora oaHoro us
BHIOB NMapaMarHMUTHOrO YyCH/AMTe/s (Ma3depa) CylUeCTBEHHO 3aBMCHT OT BO3-
MOXHOCTH CO31aTb B Haua/JbHbIK MOMeHT { =0 HHBEpCHIO TeNJOBOH Ha-
cejieHHocTH ypoBHe#t An (0) = An. 3atem (£ >0) cucTeMa npelocTaB/seTcs

camoit cebe (cBoGoiHa). BuiBectu BbipaxceHus uas An (£) Aas AByX cay-
uaes: 1) Npu HanMYMK PaLMOYACTOTHOTO NOAs F,;; 2) B oTCyTCTBHE NOAA H /10
CpaBHeHne pe3y/bTaToOB LOKHO NMPUBECTH K 3aKJIOYEHMIO, uTO nose H,
MHLYUHPYET HCIYCKAaHHe SHeprHH. .

8.8. ITokasarh, uTO ycaoBHe ¢eppOMarHMUTHOrO pe3OHaHca Aas MPO-
M3BOJILHOTO 3J/IMNCOUAA C pa3MarHuuuBaowuMu ¢daxrtopamu N, Ny, N,
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uMeeT BUA
o=1 {[H+ (N, —N)M][H~+N,— N,) M}}"*,

rile H — nocrosHHoe mose, HanpaB/jeHHoe no ocH 2. [Ipexnonaraercs,
YTO pa3Mepbl JMJMNCOMIA Majbl MO CPaBHEHWIO C AJIHHOU BOJHBL. Daiun-
COMI M3rOTOBJEH M3 HenpoBOAsALIEro MarHUTHOrO MaTepHuasa (Takoro, Kak
¢deppuT), ¥ NMO3TOMY 3ddexTaMH, KOTOPbIE CBA3aHbI C BUXPEBLIMH TOKaMH,
MOXHO NpeHeOpeub.

8.9. Ilokasatb, uTo A5 Manoft ChepHyecKON ONHOLOMEHHOM uaCTHLLbL
3¢ dekTHBHAs NMPOHMLAeMOCTb B cJ1a0OM IoJe, TNPHIOKEHHOM B Hanpas-
JIeHMH OCH J1erKOro HaMarHWYMBaHMSA, Bblpaxcaercs dopmysoit

M?
P.=1+21C< KJ),

W TMOKasatb Jajee, uTO BequuuHy 2K/M; MOXHO paccMaTpuBaTbh Kak 3¢-
¢eKTUBHOe MOJe aHM3OTPOMHUHM, a TaKHke, 4YTO HeoOXOAMMOe AJf NepeMar-
HHYMBAHUS YaCTHUBl B OOPaTHOM HAmpaBJeHMH MOJe

2K
Mg’

H=

Dra BeJMYHHA U ABJASAETCH KOSPUUTHBHON CHJION 1/t ONHOAOMEHHOH YaCTHLLbI.
8.10. Ilyctb sddexTHBHbIE MOJS B aHTU(eppOMarHeTHKe M3 ABYX MOA-
PeleTOK HMEIOT BHI

Hy=H—AMg—eM,,
Hp=H—\M,—eMp.
Ilokasatb, uTo
b At
T—N— A—e

8.11 *, Teopus BBICOKOYACTOTHBIX TMPAaTOPOB MpeloxeHa XoreHoM
[15); o63op mnpumenenuit nan PaysHom [16]. TlaockononspusoBaHHas
SMeKTPOMAarHMTHas BOJIHA MajaeT HOPMAaJbHO K MOBEPXHOCTH Ha cdeppu-
TOBYIO NMAACTHHKY TOJIUNHOM [. B1O/Ib HanpaBJ/ieHUsi PaCIPOCTPaHeHHS BOJIHBI
Ha/lOXEHO BHEIUHee CTaTMYeCkoe MarHuTHoe mnoje [, [IpeneGperas
3aTyxaHueM, IIOKasaTh, YTO YyroJ MOBOPOTA TMJIOCKOCTH MnoJspusaunn O
B (peppute npubIMKEHHO OMUCHIRAETCH GOPMYJIOH

6;—21—6'/2(911,
rie e— AM3JEKTPUYECKas NpPOHULAEeMOCTb (eppura, o, == 4cMy=1H,
(Y —onpeneneno dopmynoit (8.38)). Haubonee npocToit nyTh BHBOLA —

noncraBute M =1 M X H B ypaBHenue MakcBeana aaa rot E, yto naer

¢ rot E=—(H—|—u)1><H).
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Jan:ze oObIYHBIM MyTeMm NOJyuyaeM BOJHOBOe ypaBHenue njas H. Yio6uo

NMOJMOXHUTb
h* = Hx + iHy

M ucKaTb pewciine B Buae el (“!=%2, Cuutath o, <o u H, < 4nM,.
ITpu 3.7eMeHTapHOM paccMOTpeHuH 3SddexTa pa3MarHUUMBaHUE MOKHO
ydecTb, nojoxus 4nM = H, nna HexoTOpO# cpelHe#i HaMarHM4YeHHOCTH
(He paBHOI 3HAYEHHWIO NMPH HachblleHUN). BHYTpH NMIaCTHHKH Z-KOMIMOHeHTa

‘CTaTU4eCKoro noJs
Hy— 4zM =0,

H €0 MOXHO npenebpeub.



FTABA 9

JUCJOKALMHU U NMPOYHOCTDb
TBEPbIX TEJI

Hacrosuasa rnaBa nocBsilleHa raaBHbIM 06pasoM MHTeprnpeTauuu Mja-
CTHYECKHX CBOMCTB KDUCTANJIMYECKHX TBepAbIX TeJ Ha OCHOBe NpejcTaB-
JeHUH TeopuUH AHC/IOKALUH.

[11aCTMYHOCTb YHUCTHIX MOHOKPUCTANJIOB MHOTHX TBEPAbIX Tes fBJIAETCH
BeCbMa XapaKTepHOR yepTOM MX MeXaHHYeCKMX CBOMCTB. JTa XapakTep-
Hasi «MOJAT/IMBOCTbY» MOHOKPUCTAJJIOB NPOAB/IAETCA B 3aBUCHMOCTH OT NpPHU-
POZLbl KOHKPETHOrO BellleCTBa BeCbMa pa3/HuHbIM 06pa3oM. MOXHO CYUTaThb
NpPaBUJIOM, YTO YUCTble MOHOKPUCTAMIbl 00/1a1a10T BLICOKOH MJIaCTHYHOCTHIO
¥ HH3KOH NMPOYHOCTbIO, XOTH 3TO NPABUJIO, €CTECTBEHHO, HMEET UCK/IOYeHHS.
Yucroe xsopucroe cepebpo nuaasurcs npu 455°C, HO W npH KOMHATHOH
TeMlepaType OHO uYpe3BblYafHO MAACTUYHO, W U3 HEro MOXHO NMpPOKaTaTb
NAaCTUHKY. UMCTBle KPUCTAaNIbl aMIOMHHHA COXPAHAIOT YNPYrocTb JHIIb A0
nedopMaunu nopsaka 1075, a saTem NpH yBeJMYEeHUH HATPY3KH MNJIACTH-
yecku Odedopmupyiorca. MeJikMe KPUCTaMIbl YHCTOTO Teanypa AedopMi-
pyloTcs NpU KOMHaTHOR TeMnepaType Mnoi AeficTBMeM COOCTBeHHOro Beca.
Teopernyeckue OLEHKHM Npelena YNpPyrocTH HIeatbHLIX KPUCTAJNNOB YacToO
NpUBOAAT K 3HaueHusM, B 103 — 10¢ pa3 npesbimaiowumM Haba0LaeMble
Ha OMbITE, BNPOYEM, ualle 3TO pacXOxieHMe OKasbiBaeTcs mopsaka 102,
ViMeercss psiL BelllecTB, YMCTble KPUCTaJNIbl KOTOPHIX MOUYTH He c6ianaior
niaacTuyHocThio. Hanpuvep, xpuctanasl 0co60 4HCTOrO repMaHus M Kpem-
HUsS NMPM KOMHAaTHOR TemMnepatype MNPH HaJOXeHUU HANPKeHUH AAOT TH-
MUYHYI0 KapTHHY Xpynkoro paspyuiexus. CTekn0 npH KOMHaTHOH TeMme-
parype TakxXe XPYNKO, HO OHO He SBJAETCA KPUCTAJJIMYECKHUM TeJOM.
I1puHATO cuuTaTh, YTO XPYMKOCTh CTeKJa OGYCIOBJAEHAa KOHIUEHTpallueH
HafnpsxeHU® Ha MUKPOTPeLIMHAX.

ConporusJieHHe CABHIY B MOHOKpHCTaJaax, $petkenb!) nan npo-
CTO# MeTONL OLEHKH TeOpeTHYeCKOro 3HAaYeHHs CONPOTHBJEHUS CABHUrY
B COBEpLIEHHOM KpHCTaale. PaccMOTpUM cXeMaTHYeCKYI0 MOLelb KpUCTaJlia,
u306paxeHHyl0 Ha puc. 9.1, c nMoMownbi0 KOTOPOH ompelejsuM CHIy, He-
O00XOLMMYIO 114 TOro, yTo6bl CABUHYTb OLHY aTOMHYIO MJAOCKOCTb KpH-
CTajana OTHOCHTeNbHO Apyro#t — cocenvel. B o6GaactH Manabix ynpyrux

') Asrop umeer B Bugy paboTy coserckoro ¢dusuka 5. M. Ppenkeas [1].
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lepopMaLUui BO3HHKAIOLlee HANpPSMXEHHe G MOXHO CUHTATb MPOMOPLHO-

HUIbHEIM CMeLleHHUIO
a
=— X, 9.
o=-7 X 9.1)
rie d — paccTosiHie MeXIy aTOMHBIMH MAOCKOCTAMH, a G — MOLY/Ib CABHTa,
paBHbI B KyOMYeCKUX KPHCTalnax ynpyro#t MOCTOSHHOM c,4 NpH CHBHre
naockoctedt {100} B Hanpasaenusx (100). B xozme cmewennus, 10 Tex nop,

NnoKa aToM A He OKameTcs HenocpeACTBEHHO Hal aToMoM B (cM. puc. 9.1)
M HanpshkeHue He OOGpaTHTCS B

HYJb, aTOMlble TIIJIOCKOCTH 6y-

!
& @ G’ G’ G> AYT HAXOIAHUTbCA B COCTOAHUMU He-

ycro#iunBoro paBHosecus. B nep-
O O O O BOM TIpHO.IHXKEHUH MOXKIO CBA3b
MeXIy CMellleHMeM M Hanpsxe-
HHeM OMHUcatb cielylolled 3aBu-
CHMOCTBIO:

Ga . 2nx
0= o7 sin——, 9.2)

~

Al

\/ Cuewenie o

rle a — MeXaToOMHOe paccros-
HUe B HampaBaeHuu capura. I[Tpu
Masnblx x cootHouweHne (9.2) mne-

Puc. 9.1. Bsepxy — cnBur oaHoil atomHoit ~ PeXOIHMT B (9.1). Kpurnueckoe
NOCKOCTH OTHOCHTEAbHO Jpyroift (moka- CKa/biBaiOllee HanpskeHHe o,
3aHO B CEYEHHH) B OJHOPOAHO AedopmH- MpH KOTOPOM pelieTKa CTaHO-
POBaHHOM KDPHCTAJJ€; BHH3Y — HAMpSKe-  oon.o HeycTOHUMBOH, COOTBET-

HHE CIBHra KaK (YHKUMS OTHOCHTEABHOrO
CMelLeHns MNocKocTell M3 ux paBHoBecHpx ~ CTBYET MaKCHMaJbHOMY 3Haue-

noaoxenud. MKHpPHBIM NyHKTHPOM NOKa3aH HHIO &, T. e.
HayaabHbli  HAKJAOH, COOTBETCTBYIOUIMH Ga
Moayao casura G. 0, =57 (9.3)

Hanparcenue covea &

Ecmu a =d, a o, =~ G/2®, TO KpHTHYeCKOE CKa/blBaiollee HanpskeHue
6yneT coctaBasTbh npuMepHo 1/6 or Modyas casura.

DkcnepuMeHTaabHble NaHHble, NMpuBeleHHble B Ta6a. 9.1, Moka3bBAIOT,
Y10 Habsi0JaeMble 8HaueHHs Npelesna YNPYroCTH OKa3blBAOTCSA 3HAYUTEIbHO
MEeHbIUMMHU, YeM TNpelcKa3biBaeMble cOOTHOLIeHHeM (9.3). (3ameTuM, KCTaTH,
YTO YHC/eHHble 3HaueHHf, MPUBOIUMblE B CNPABOYHMKAX, AAIOTCA OGBIUNHO
B elMHHLAX K2/MM2, W LAs TOrO, 4TOOBI MepedTH K eduHUUAM OuUHa[cM?,
ux cienyer yMHoxatb Ha 0,98 . 108, a 3HaueHus, NaHHBlE B ANMHHBIX
tonHax (1016,047 k2) wa kBaapaTHbi# NioAM —Ha 1,54 - 108.)

Teopernueckass oueHka MOxeT ObITb yJyullleHa, €CAH NPUHATb KaKOH-TO
6oJiee TOUHLIH 3aKOH, OMUCHLIBAIOLUIMHA CHJIBI MEXMOJIEKY/APHOTO B3aHMO-
JleficTBUS, M y4yeCTb BO3MOXHOCTb BO3HMKHOBEHMS TpH CIBWre ILpYrux
MeXaHHUYeCKM YCTOMYMBBIX KOHGMIypauuih aTOMHBIX IIOCKOCTEH B Dpe-
HIeTKe.
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Ta6aunua 91
Moayns caBura u npeapena ynpyroctu (mo Morry)
Moy Ipenen G
Marepuan 0'1181‘71 C’é"""a,o’z‘ ynpyroctu B, -
X , OuHa/cm duna/c;uz
OnoBo (MOHOKDHCTaM) 1,9 13 15 000
Cepebpo (MOHOKpHCTAJLT) . 2,8 6 45 000
AnmomyHuit (MOHOKpHCTaJIJl) 2,5 4 60 000
AmoMuHui (tmcnm, no.um(pn-

cTaaauyeckui) . . 2,5 260 900
Amomunui (Texuuqeculm, Tsmy-

THIH) . . ... ~2,5 990 250
,Z[lopamoMuHMn . . ~25 3600 70
XKeneso (Mﬂl‘Koe nonm(pucra.'l-

JHYecKoe) . . 7,7 1500 500
anepolmc'raa “ctamb (noche

TEpMOO6paboTKH) . . ~8 6 500 120
Hukenb-xpomoBas cram ~8 12 000 65

MakkeH34 TnOKasaJ, YTO yyeT STHX ABYX (paKTOPOB MOXeET CHH3HTb
3HaueHHe TeOpeTHYeCKOM mnpoYyHOCTH Ha caBur, npumepHo no G/30, uyro
COOTBETCTBYeT KPUTHYecKO# ledopMauMH CIBMra, paBHOH NMPUMEPHO ABYM
rpanycam.

fIcHO, 4YTO COMpOTHB/EHHEe CIABMFY Heab3s TPAaKTOBaTb NyTeM MNpo-
CTOI'0 pacnpoCTpPaHeHMs TCOPUM YMNPYrocTH Ha cayyait Goabwux Aedop-
Mauu#. Heo6x0aMMO, OuYeBMAHO, HCXOAMTb M3 TeX HapylueHU# HAeabHOH
CTPYKTYPHI, KOTOpHle BCella CYLIeCTBYIOT B peasbHbIX KPHCTaanax M
Moryt ObiTb NpUYHHON Hab./l0daeMblX MN/aacTH4eckHXx cBoficTB. Teneps
yxe OOLLeNPHHATO, YTO OAMH M3 BHUAOB TAaKUX HApyuleHH# cOBeplUeHHOR
CTPYKTYpbl, HasbiBaeMblf IMC/JIOKAUUSAMH, NPUCYTCTBYeT MNOYTH BO BCeX
KpUCTaJJaX, W MMEHHO HaJM4Me AHCJOKauHi 0OyCJOBJHBaeT CKOJbMXeHHe
NpH OYeHb MAbIX NPUJIOKEHHBIX HaNpsHKEeHUsX.

Bo MHorumx kpucrannax niactuyeckas NegopMalus NpoTekaeT MyTeM
TPAHCAALUOHHOTO CKOAbICEHUs, WLIOCTpUpyeMoro ¢ororpapueit na
puc. 9.2,

Buino, Kak OJHM 4acTH KPUCTaJaa COCKa/b3blBaJdH KaK lieJ0e OTHOCH-
TeAbHO APYrUX COCeNHuX yacTel. [loBepXHOCTD, BAO/Ib KOTOPOH MPOUCXOAHUT
CKOJb)KeHHe, YacTO ABJAeTCS MAOCKOR M NMOSTOMY Ha3blBaeTCs MIOCKOCTLIO
CKOJAbxenusa. Hanpasienue nepeMellleHHss Ha3blBAIOT HanpaB/ieHWEM CKOJib-
weuuda. Ha d¢otorpadun MowHo BuzeTh Takxke 00/1aCTH TNepeceyeHHs
MJIOCKOCTeR CKOJIbXXeHHSI C TNOBEPXHOCTbIO KpMCTa/JJa; HX Ha3bBaloT
nonocaMu ckoabxenus. Ias npoueccos naactuueckoit tegopMauun BecbMa
CyllleCTBeHHa CTPYKTypa pellleTKM KpHCTa/Jna. DTO CTAaHOBUTCA OYEBMI-
HbIM, €cad OOpaTHTh BHHMAaHME Ha Ype3BHIYAHHO aHU3OTPOMHBIA Xapakrep
CKOMbXeHuss. B MeTa/nMueckux KpUCTaldjaax Aaxe KyOuuecKO# CTPYKTypu
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cMellleHHe MPOUCXONMT JIMILb BAOJb BIOJHE ONpeledeHHbIX KPHCTal10rpa-
¢dHUCCKUX MIOCKOCTER ¢ HeOOLIINMI 3HAUeHHAMH HUHAEKCOB MuJiepa, na-
npuMep, B MeTaJ1aX ¢ TpaHeUeHTPHPOBAHHOM KyOuueckOd CTPYKTYypoH
B10Jb ni0ckocTe#t {111}, B 06beMHOLEHTPUPOBAHHBIX — B0JIb MIOCKOCTeH
{110}, {112} n {123}. B GoabluuiicTBe c/lyyaes HAMPABJEHHE CKO.bKEHHS
copnajaer ¢ Hanpas/einudeM HauGoJsee MJIOTHOW YMAKOBKH aTomMoB. B Me-
Taanax rpaHeLeHTpUPOBAIHON
KyOHYeCKO#t CTPYKTYpHl TaKOBbLI-
MU SBJSIOTCA Halpas/eHHs THMA
(110), B 06beMHOLEHTPUPOBAH-
ubix —ruma (111), B rexcaro-
HaJbHBHIX C TUIOTHOM yMaKoB-
xo#t — tuma (2110).

Hedopmauusi, o6ycnoBentas
CKOJbXEeHUEM, He fBJgeTCs 0.1HO-
POLHOH: cMeluelust Npu ciBure
NPOUCXOAAT B/OJb HECKOILKHX
[1a.1€KO OTCTOSALMX OJLHA OT APY-
rou mnJjaockocreft  CkKO.JIbXKenud,
B TO BpeMs KaK Te YaCTH KpH-
CTajJJa, KOTOpbIC JIEKAT MeX-
Ly STUMHU TJIOCKOCTAMH, TOUTH
He MOABepraioTcs AedopMallHH.
Ckoabxehue obnamaer ele 0.1-
HUM BaXXHBIM CBOMCTBOM, H3Be-
CTHBHIM 1101 Ha3BaHWEM 3aKola
[IIMuna o0 nocrosHcTBE BeaU-
YMILI KPHTHUYECKOrO CKaJblBalo-
wero uanpskenus. Coraacuo
Puc. 9.2. Tpancasunonnoe cxoabxkcnne ITOMY 3aKOHY  CKOJIbXEHHE B

B MOHOKpHCTaJJaxX LHHKA. NAaHHOM MJOCKOCTH M B Aali-

HOM  HampaBJ/eHWH HayMHAeTCs

TOrAd, KOrZa COOTBETCTBYIOLLAS KOMIOHEHTAa HAMPSKEHUs CABUra OLOCTH-
raet HeKOTOPOH ornpefelNeHHON KPUTHUYECKON BeJHUHHBI.

IpyruM BHIOM MJacTHYeCKOH NedopMauMu sIBASETCH TaK HasbiBaeMoe
080lHuKO0BaHUe, HAGNIOAICMOC B pSille KPHCTAMI0B, OCOOEHHO HMEIOIINX
[JIOTHOYNAKOBAHHYI0  reKCaroOHaJLbHYI Miad  O0GbeMHOLEHTPUPOBAIIHYIO
KyOunueckyio crpykrypul. Kak yke ormeuanocb, B mpouecce AedopMaiiu
B10Jb HEKOTOPBLIX TMJOCKOCTeH CKOJAbXKeHUs, LaJeKo OTCTOSLIMX O0AHA
OT APYrofl, N0Kanu3ylTcs 3Ha4uTe bHble cMelleHus. [Ipu ABOHHMKOBaHHUY,
112060pOT, He3HauWTeqbHbIE CMelleHUS (MeHee ueM Ha MOCTOSIHHYIO pe-
LIETKU) MCABITHIBAET Ka/1as M3 MHOTMX COCENHHUX KpHUCTajnorpaduueckux
niaockocteh. Ilo sapepwienun npouecca nedpopmauun AedopMupoBaHHas
4acTb KPUCTaa OKa3LIBAeTCA 3epKajbHbiM OTpPaxeHueM HeledopMupo-
BaHHOH uyacTH, 4TO U 6bLIO MPUYUHON BBeNeHMS] TePMUHA 080 LHUKOBAHUE.
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O6a 3Tu BMAA MJacTH4ecKO# AedOpMallUH, CKOJbXEHHe M NBOMHUKOBAH Ae,
00yC/IOB/IeHbl ABHKEHMEM [IHC/JOKAUW#, ONHAKO 31eCh Mbl PAaCCMOTPHUM
JULS TepBbI M3 HUX.

Hducaokauuun, Huskue HabGnonaeMble 3HaueHHS KPUTHYECKOrO CKaJjbl-
BAIOILEI'O HAaNpshKeHUs MOMHO OODBACHUTb, pacCcMaTpHBas IepeMelleH ie
B pelweTrke 0co60ro TUMA HeCOBEPLIEHCTBA CTPYKTYPbl, H3BECTHOTO
NOA HAa3BaH 1eM AHMCJOKALKHU.

CHayana MBI OCTAHOBMMCH Ha OMHCAHUM KpaeBBIX JAucaokauud. Ha
puc. 9.3 cxematuuecku u306paxeH mnpocToi KyOuuecku#t KpucTami,

Puc. 9.3. KpaeBan aucaokanus B IJIOCKOCTH CKOJbXKe-
wus ABCD. B o6aactu ABEF atombl cMeiieHbl 6o.iee
YeM Ha MOJOBHHY MOCTOSIHHOH pelteTkH; B o6aacth FECD
aTOMbl CMellleHbl MeHee, YeM Ha MOJOBHHY MOCTOSIHHO
pemetkn; EF — auuua aucaokauuu, A’F’ — HanpaBaeHue
ckoabxenus (no Korrpeay [2]).

B KOTODOM BepXHMH aTOMHbI CJAOH CHOBMHYJCH Ha OIHO MeEXaTOMHOe
paccTosiHHe B JeBOH YacTH MJIOCKOCTH CKOJbXKEHHS; B TNpPaBOH uacTu
3TOro He mpousowno. I'panuua Mexay TOH uyacrblo, Tie CABHI M O 130-
Wwesa, M TOH uyacTblO, rie OH He MPOM30LUeJ], HAa3bIBAETCA LHUCJIOKAlLHeH.
Takum o6pa3oM, AMCAOKaUuus NpeAcraBaser cOGOR JnHeHHBIR HedekT
KPUCTA/UNIHYECKORt CTPYKTYpHl, MOJMOXEHHe KOTOPOro YKa3blBAeTCH «./HUII-
Hefl» BEPTHKAJAbHOW aTOMHOH MJIOCKOCTbI0O B BepXHeH [MOJDBHHZ KpPH-
ctaana (puc. 9.4). BOau3u AncIOKaLMHM HCKaXeHHE CTPYKTY Bl HauboIbluee.
IMpocras kpaeBas AMCAOKALMA HEOrPaHWYEHHO MPOCTHPAETCH B MAOCKOCTH
CKOJIbXEHHA B HAaNpaB/JeHWH, HOPMAJbHOM K HalMpaBJ/eHHIO CKOJbXEHHUS.
Ha puc. 9.5 npusenesa cororpacdus LuCIOKALUH B ABYXMEpHOM CHCTEM:
MeJKHX MBLIbHBIX My3bIDbKOB, MOJMYYeHHbIX MO METOLY, NMpPeiJOXeHHOMY
Bparrom u Haewm.

MexaHu3M nepeMelleHHs [IHUCJAOKAUMKM M CONMYTCTBYIOULEE CKOJbXeHue
CXeMaTHYeCKH WIOCTPUPYIOTCA Ha puc. 9.6. Koraa aToMul, pacmanox. Hiule

21 4. Kurreas
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Puc. 9.4. CrpykTypa KpaeBodl aucaokauun. MoxHo cuurats, uto nedopmauis
BhLI3BAHA MOSBJAEHHEM JHMIIHEH aTOMHOH MJNOCKOCTH, COBNAJAlOLiell Ha PUCYHKe
¢ BepXHeH M0JOBHHOH ocH y. B BepxHedl monoBuHe kpuctaana (P) umeer Mecto
CXaTHe, B HwxHe#d noaoBuHe (Q) — pactskenue. Takas aucaokanus HasbiBaeTcs
nonowHuTeNbHOH. Ecau JWLIHAS aTOMHas IIOCKOCTb MPOXOAHT B HHXHEH MOJO-
BHHE KDHCTalJla, TO AMCAOKAauMs Ha3blBaeTcs OTpHuaTeabHoil (mo Korrpeay).

Puc. 9.5. Moneab atoMHOH MJIOCKOCTH, MEPNEHAUKYAAPHONR K JMHHH IHCAOKALHH
B IBYXMEDHOH CHCTeMe MeJKHX MblAbHbIX MY3bIpbKOB. JHCJOKaLHIO vierue Bcero
3aMeTHTDb, €CM NMOoBepHYTh (oTorpaduio Ha 30° B ee NAOCKOCTH H PaCCMaTpPHBAih
noa MaabiM yraom. (Portorpadus caenasa Jlomepom no merony bpsrra u Has.)
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N0 OIHY CTOPOHY OT TJOCKOCTH CKOJbXEeHHS, MNepeMelaloTcss OTHO-
CHTE/IbHO 4TOMOB, PpACMOJOXEHHbHX MO IAPYryl CTOPOHY, TO YacCTb aTo-
MOB, HaXOIIMXCS B MJOCKOCTH CKOJbXeHHs, OyIeT OTTaJKHBATbCA
CBOMMH COCelSMH MO Ty CTOPOHY MJOCKOCTH CKOJBXEHHS, a 4acTb MpH-
TArUBATLCA. B nMepBOM NMpPHOAMMEHMH 3TH CHJbI B3aUMHO KOMIEHCHPYIOTCH,

Puc. 9.6. [lBmxkeHue JAHCIOKAUWH B MNpPOLECCE CABUra; BepXHAs
NMoBepxXHOCTb 06pa3la CMeLlaeTcss BHpaBo.

M MOITOMY BHelUHss CHJa, HeoOXOAMMas /A NepeMelleHusl AMCIOKALMUH,
Gyzer oueHb Mano#. Ecam JHHHS Auc/OKaNMM He ABAseTcCA MpPAMOH, ToO
KoMneHcauuss Gyner naxe Oosee noaHo#t. PacueThl mokasbiBaloT, uTO
ONMHOYHAs LHCJOKAlLUS B KPHCTalIe, KOTO-
pHi He CONEPXHT HHKAKHX IADYruX Hapy-
IIeHWH, MOXET mMepeMelllaTbcsi NPH BecbMa
Ma/NblX HAMpPSKEHUSAX, NO-BUAHMOMY, MeHb-
wux 105 dun/cm? Taxum o6pa3om, HaiHyue
AMCJOKAUMH NeJaeT KPUCTaIn OYeHb TMJac-
THyHbIM. [IpoxoxieHHe NHCIOKALHUH 4Yepe3
KPHCTa/JJ SKBMBAJEHTHO CIBHFY Ha BeH-
YHHY OLHOTO M3 OCHOBHBIX BEKTOPOB TpPaHC-
aaumud pewerku. Ilepemelenne uepes Kpu-
CTaaabl KpPaeBOH IMC/IOKALMM MOXHO YIoO-
LOOGUTbL MEpeMELIeHUI0 CKJalkH 1o KoBpy. Puc. 9.7. Cxemarnueckoe uso-

Cknanka nepeMellaercs Jerue, yeM BeCb KO- GpaxeHHe BUHTOBOI IHCAOKG-
uuH. BepTukaabHas NyHKTHp-

Bep ONHOBPEMEHHO, HO NPH MNEPEMEWLEHMH oo’ niivia * pie henows
CKJaAKU HUMeeT MeCTO H HeKOTopbln CABHUT 1Hd; BOAU3H 3TOH JAHHHH CO-
KOBpa B LIe/IOM. CPENlOTOYeHB MaKCHMalbHble
Ipyroi npocroff THRN IMCAOKAUMH — HCKaWEHHA PELIETKH.

310 8uUHMOBAs OUCAOKAUUS, CXEMATH-

yecku u306paxenHas Ha puc. 9.7, rle yKkasaHa rpaHHUa Mexi1y CMe-
lIeHHOM W HeCMelLUeHHOM uacTAMM Kpucraana. I'paHuua Ha 3T1OT pas
pacnoJaraeTcs napajjielbHO HAanpaBAEHUID CKOJbXKEHHSl, 4 He MepreHiu-
KYMSpHO K HeMy, Kak B c/ayuae KpPaeBbIX AHCJAOKauui. Buurtosylo nucio-
KALMI0O MOXHO MpeACTaBUTb cebe, eCJH MBICJAEHHO CLeNaTh B KpPHCTalle
paspes, a 3aTeM CABHHYTb YaCTH KPHCTaJna no obe CTOPOHL pa3pesa
HaBCTpeyy [APYr APYry Ha ONHO MEXaTOMHOE PAacCTOSHHE MapainefbHO

21*
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Kpalo pa3spesa. OTMeTHM, 4YTO Ha/JMuue BHUHTOBOR AHMCJIOKaLUH npespa-
niaeT AaTOMHble MJIOCKOCTH B- KPHCTAMJIC B TE/JHKOUIANbHYIO MNOBepx-

HOCTb, MOLOGHYI0O BHHTOBO# JeCTHMLe

nemas

.

Puc. 9.8. O6wnii Meton o6pa3oBaHus auc-
JIOKALMOHHOH NeTJH B CIVIOWHOH cpelde
(no 3e#Tuy).

Cpena orpanidena npsMoyroabubim 6iokom. Pac-
CMOTPHM 33MKHYTYIO MPOCTPAHCTBEHNYIO KPHBYIO,
pacnonokenuylo BHyTpu 6aoxa. Cpena pacceuena
N0BEPXHOCTLIO, OMHpAIONIEHcs HA 3Ty KpHBYIO.
BeuecTBO MO 0any CTOPONHY MOBEPXHOCTH CMe-
waeTcs OTHOCHTEAbHO BeWECTBAa MO APYrylo CTO-
POHY MOBEPXHOCTH; CMellleHHe OMHCHIBAETCH Bek-
TOPOM b, MOCTOSNNLM TNO BeJAHYHHE W Hanpashe-
HHIO 278 BCCX Toyek mopepxnoctd, OpuenTHpOBKA
BekTOpa & MoxeT G6uiTh a06oit. [as ocywecrsae-
nug cmeweHus tpebytorca cuanl. Ilocae Toro kak
cMmeuleliHe TNPOH3BCAeHO, 1Af COXPaHCHHA Hempe-
PLIBIOCTH MOXeET 0Ka3aTbcs Heo6XoAuMbiM n00a-
BMTb MaTepuan B TeX MecTaxX, riae mnosBATCH
non0CTH, H Y6paTh JAWLINWI MATEPHAN TaM, TaC BO3-
HUKAO repeKkpbiBanne. 3aTeM MPOUIBOIUTCA CKACH-
patue. locae cufiTHA MPUAOKEHHOrO NAMPAIKEHHS,
yaepKUBaBLIErO Kpas Haape3a B CMELLEHHOM MO~
JIOKeHHH, YCTalaBJAMBaeTCd HEKOTOpOe paBHOBec-
Hoe mnoae Hanpskeuuii. Bektop b HasmBacrcs
BekTopon: bioprepca mauno#t aucnokauwu.

6e3 cTymeHeK, OTKYAA M BO3HHMK
TEePMHH — BUHMO08AS OUCAOKQ-
yus.

ITpoHM3BO/ILHYIO JHMCIOKALKIO
MOAHO CUMTaTh cocTosilied u3
OTPE3KOB, MMEIOUIUX KpaeBYyw U
BUHTOBYI0 KOMMOHEHTH. bDlop-
repc mokasal, uyTO B HauOoiee
obuiet ¢dopMe CHCTeMYy AMCAO-
Kalu# B KPHUCTaJJe MOXHO OMU-
caTb, MCXO0IA M3 CXeMbl THMNA
npuseleHHo#t Ha puc. 9.8. Pac-
CMJTPHM PaCMOJIONKEHHYIO BHYT-
pH  KpHCTa1na MNPOHM3BOJBHYIO
3aMKHY1y10 KpHBYI0 (He o00s3a-
TeNbHO TJIOCKYI0); 3Ta KpHBas
MOXeT ObITb M He 3aMKHYTOH,
HO Toria o6a ee KOHLA NO/MKHbI
BBIXOAUTb Ha MOBEPXHOCTb KpH-
cTasia.

[MpousBeneM ceueHue KpH-
CTajla HeKOTOpoH mnpocToft no-
BEPXHOCTbIO, OMUpawuledcs Ha
9Ty kpuBY10. CMeCTHM BelLeCTBO,
Haxozslleecss MO ONHY CTOPOHY
MOBEPXHOCTH, HA paccTosHHe b
OTHOCHTE/IbHO BellecTBa, Haxo-
AAulerocs no Apyryio CTOPOHY.
Bekrop b ¢ukcuposaHHo#t aju-
Hbl Ha3bIBaIOT gexmopom Bop-
2epca. B obnactu, rie Bektop b
He mapajjeneH Cekylle# mo-
BEPXHOCTH, 3TO OTHOCHTEJbHOE
cMelleHHe JOKHO MPHUBOILMTDL

au6o k obpasoBanuio 3as3opa, Au6O K nepekpoiTHIO od.aactelt, oGpa3o-
BaBLIMXCS 1OCJe cMelleHus. B mepsoM caydae BewlecTBo caeayet nola-
BUThb, 4TOOBI 3anO/JHUTL 3a30p, BO BTOPOM — yOpaTb uacTb Marepna.ia,
yToObl NMpenoTBPaTHTh MNepekphiBaHue. [locre 37T0ro «ck/aeuM» CTOPOHBI
pa3pe3a B WX HOBHIX MOJIOXEHUAX, MPH ITOM B KDHUCTalle COXPaHATCA
CMeLIeHHs U HalpSHXKEeHHs, OTBeYalollHe HOBOMY COCTOSHMIO PaBHOBECHSI.
PesynbTupylouiee pacnpenenenne jaedpopMaun#h Kak pa3 u Oyider AaBath
KapTUHY JHHMUH JUCIOKalM#H, XapaKTepH3yeMyl0 TIPaHM4YHOH KpPUBOH u
BekTopoM bBroprepca. flcho, uro Bektop Bioprepca nosiken ObITb OQHMM
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W3 IMCKPEeTHBIX BEKTODOB pelleTKH, KOTOpble [OMYCKAOT OMHCAHHOE
«CKJeUBaHWe» NPH COXPaHEHMH KPHCTANNMYECKOH CTPYKTYpbl BellecTna.

B cayuae BuHTOBHIX Aucaokauuft Bextop Bloprepca mapaanened aunuu
JMCJIOKAaLMK, TOrla Kak BekTop Bioprepca kpaeBo# Auc/OKauWu neprneu-
OUKYJspeH K JIMHUM JIUCIOKAUUM U Je-
JHUT B MJIOCKOCTH CKOJIbXEHHS. b

Hanpswenus, cBg3aHHble ¢ Kpae- 3
BBIMH JHCJOKanHAMH, Kak MOXHO BuleTb
u3 puc. 9.4, aTombl, HaxonsiLMecs BhilLIE
JMHWU IUCAOKAUUHK, PacmonoxeHb Oojee
NAOTHO (MMeeT MeCTO CXaTue), a HHKe
JUHUK  OMcaoKauuu — 6osee  cBOOOLHO
(umeer MecTo pacuiupenue). Ecau umeiorcs
IBe OLMHAKOBLIE KpaeBble [AUCJOKALHH,
ONHa Haj .1pyro#f, TO BBI3BaHHbIE HMH +
HanpsikeHust 6yILyT CTPEMUTbCH CKOMIEH-
cHpoBaTh APYyr JApyra, 4TO NpuBeleT K
TMIOHIXKEHUIO IHEPrUM cUcTeMbl. Takue 1Be
ILHucaoKaunu nputarusaiotcs. Ecau kpae-
Bble JMCJOKALUWM PAaCnoJOXeHH PANOM,
TO NOJS BBI3BAHHBIX MMM HanpskeHut +]
CKJaNbIBAIOTCA, JHeprus Bo3pacTaeT H |
OHU CTPeMATCcS OTTOJKHYTbcA. Tak, Ha- )
npuMep, cucteMa AMCJIOKaUu#t, pacnoJo- \—I

Puc. 9.9. Tpannua 3seped ¢ Ma-

b
Qe

JKeHHas Kak NokasaHo Ha puc. 9.9, 6y-

IeT uMeTb GoJiee HHU3KYI 3JHEPruI0, uyeM
B CJayuae, KOria [HMCJOKAaUHK pacnoso-
XKEHLl pALOM.

IpaHuubl 3epeH ¢ MaJjbiM YrJoM

pa3opueHTHPOBKH. DBioprepc Bhickasaa
Nnpeano/oxeHue O TOM, UTO TI'pPAHULBI
MeXAYy AsyMA 3€pHaMH, pacnoaoxet-

JAblM  YrJIOM  Pa3OpHEHTHPOBKH
(no Bioprepcy). 3Hauok | yka-
3bIBaeT  MOJOMXEHHA  KpaeBbiX
Aucaokauuii.  BepxHHM  CBO IM
KOHIIOM 3HaYOK yKazblBaeT M0JO0-
WeHHe JULIHeH aToMHO# moJy-
MJI0CKOCT .

HBIMH NOL MaJbiM YrJaOM APYr K Apyry (T. e. rpaHuubl 3epeH C MajbiM
yrioM pa3OpHeHTHPOBKH), COCTOSAT 13 COBOKYMHOCTHM Aucaokauui. [Tpo-
CTHIM MpHUMepOM Moleau bBioprepca Moxer clIyxuTb cxema Ha puc. 9.9.
31ecb MPUHATO, YTO TrpaHula pacnosoxena Broab naockocth (010)
npoctoff ky6uyecko# pewieTKM M AeJHT KPUCTAl1 Ha JBe 4YacTH, A4
kotopeix ocb [001] sBastercs obuie#. ITO — mpocTast HakJOHHas rpa-
HWLA;, B I1aHHOM c./yuyae pa3OPUEHTUPOBKY MOXHO OMHUCaTb KaK MaJbifl
nosopot (#a yron ) onHO uwacTM KpHCTaana OTHOCHTENbHO LpY-
rot u okoso obwelt ocu [001]. [panuua, usoGpaxenHas na puc. 9.9,
COCTOMT W3 COBOKYMHOCTH KpaeBbIX JHCJAOKalHH OIMHAKOBOrO 3HAKa,
pacmonoxeHHbIX Ha paccrosuun D =>5/0 onna ot apyroit (b — nauHa
Bextopa bBioprepca). M3 npusenenHoro Belllle paccMoTpenus cui, Aeft-
CTBYIOLLUX MeXILy KpaeBLIMH JAHCJOKAUMIMH, siCHO, uTO H306paenHas
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Ha puc. 9.9 koHdurypauus pacnoOXKEHHbIX ONHAa Hal APYro# AMcJo-
Kauui OAMHAKOBOrO 3HAaKa ABJAETCA YCTOHYUBOH.

[psaMble nonaTBepxeHus Molead biloprepca nalOT Ko.JH4eCTBeHHble,
PEHTIeHOBCKHE H OMNTHYECKHE HCCIENOBAHUS TPaHUL MeX1y 3epHaMu

Puc. 9.10. fIMku TpaBaeHus Ha mnosepxHoct (100) o6pasua repma-
HHS BJOJb IPAHHUBI C MaJbiM YrJIOM Pa3OpPHEHTHPOBKH. YTOa MeMay
KpHCTaaautTaMu paseH 27,5 yraoBoH cCekyHAbl. ['paHHIA JexHuT
B muockoctH (011). HanpaBaewue sanHMM IHCJAOKAUMH COBMAfaeT
¢ HanpasJaeHueM [100]. Bektop Bioprepca B naHHOM cayuae siBaseTcs
KpaTyailIHM M3 BEKTOPOB  TPAHCAALMH pelIeTKH, a HMEHHO

|b]=aV2/2=14,0A (no Poreno [3)).

C MajabiM yriaoM pasopuentHpoBku. Ciaelyer ykasaTh, Hampumep, Ha pa-
6otel doress M ero COTPYIHMKOB, BLIMOJHeHHble HAa repManuu. Iloacuer
fIMOK TpaBJIeHHs Ha NMOBEPXHOCTH FepMaHUs Ha JMHHM TepecedeHHs 3TOH
TIOBEPXHOCTH FpaHulledl C MajbiM yr/oM pasopuentuposku (puc.’9.10) man
UM BO3MOXHOCTb ONpele/uTb PAcCTOsHUE Mexay aucioxkauusmu D. Tlpu
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9TOM NpeANo./aranoch, YTO Kax/1af fMKAa TPAaBJEHUS COBMAJaeT C BHIXOAOM
JMC/IOKAUUY HA NMOBEPXHOCTb Kpucranna. Janee onu mo ¢opmyne 8 = b/D
onpefeNUad YroJ pPa3OPHEHTHPOBKH M CPAaBHUAM MOJYUYEHHble 3HAYEHHUS
C pe3sy/ibTaTaMH MNpPSAMBIX PEeHTTeHOBCKMX M3MepeHu#t storo yriaa. Kak
MOXHO BuMLeTb M3 puc. 9.11, pesyabTaThl 3THX IBYX METONOB MPEBOC-
XOLHO COrJAacylTcsi APYTr C APYrom.

VinTepnperauus  rpaHul,  Mexa1y
KPHUCTAa/JUIMTAMH C MaJbBIM YrJoM pas-
OPHEHTHPOBKM KaK CHCTeM J[HCJIOKa-
UM noaxpenaseTcs M TeM (aKTOM,
4yTO rpaHuubl, obaalalolMe  Tako#
CTPYKTYPOH, MOXHO 3acTaBHTb nepe-
MellaTbCsl MpPH  HaJOXEHHM Hampsike-
Hu#t. ITO0 OBIIO MPOAEMOHCTPHPOBALO
TOHKMMH 3KCNepuUMeHTaMu Youwb6epHa
u [lapkepa. Onun u3 ux pesyiabra-
TOB mokazaH Ha puc. 9.12. O6pa-
3el mpexcTaBasa co6oi OUKpUCTaNN
LIMHKA; YroJ HakJaoHa Obla paBeH 2°.
Jucnokauuu OBIIM  PacnofokeHbl Ha
paccrostun npumepso 30 Mexnio- 7 Z 4
CKOCTHHIX PAcCTOSIHMH OAHA OT Ipy- Yeon wanrona 8, 10~ pad

ro#t. C onHo#t ctoponbl obpasel, Obla Pric. 9.11. Tpad¥k 3aBHCHMOCTH pac-

3akpenjieH, a MO JAPYTyl CTOPOHY  crogyua Mexay AMCAOKALMAMH OT
rpaHullbl B HEKOTOPOH TOUKE K HEMY  yria pasOpHEHTHPOBKH; 3KCIEDH-
6blna npuaoxena cuna. IlepemellieHHe  MEHTaNbHbIE TOYKHM MOJYYEHBI MO

rpaHuubl MPOUCXOAMIO B pe3yabTare SMEPEHHAM  DACCTORHUH — MEMIy
IMKaMH TpaBJeHHus. 3HaUeHHs yrioB

nepeMelleHst AMCNOKALUA BHYTPH IPa-  oyparusaior uHTepBaa or 17,5 1o
HULBI, TpHYeM Kaxnas OuCJAOKauus 85 yraosbix cekyHn (no Poreao).
B CBOEH IIOCKOCTH CKOJIbXEHUS CMe-

ulanach Ha OLHO W TO e paccrosuue. IlporuBonexaluiue Kpas rpa-
HUUbI, BbIXOMfLIME HA NMOBEPXHOCTL KPUCTal/ia, NepeMellaJvCb NPUMepPHO
Ha OJMHAKOBOe pacCTosiHue. JlBMXeHHe TPaHULUBI MPOUCXOAMIO NOL [IeH-
CTBUEM HanpsiKeHu#H, KOTOpbEe MO TNOPAAKY BeJHUUHBl OblAH OGJIH3KH
K Tpeleny TeKY4eCTH I/l KDUCTaJJI0B UMHKA. IJTOT (DAKT MOCIYKHI
CH/IbHBIM apPTryMEHTOM B MOJb3Y TOro, 4TO OObI4YHBle AedopMauuu sBJs-
I0TCA CJeACTBUEM ABHXEHHS LHCIAOKALMH.

B psane paboT oTMeuasn0Ch, YTO MEXKPHCTAJJIUTHbie TPAHULE M IUCJIO-
Kauuu JIMWb He3HaYyUTeNbHD 3aTPYIAHAIOT npouecc Auddysuu, no cpas-
HEHUI0O C TeM, KaK 3TOT MNPOLECC NPOTEeKaeT B MAeaNbHBIX KPHCTa/laax.
BbiJI0 yCTAHOBJEHO, YTO HEKOTOPOe YycKOpeHHe Aupy3uH BAOJb AHC/IO-
Kauuit, Habal01aeMoe B IPaHMLAX MeX1y 3epPHaMH C MaJblM YrJOM pas-
OpDHUEHTHPOBKH, TOTO Xe MNOpfANAKa, uyTO M B HEKOrepPeHTHbIX TpaHHULAX
¢ 0O0JbIUMM YIJIOM Pa3OPHUEHTUPOBKH. B onHOM M3 skcnepuMeHTOB GblaAO
TaKXe YCTaHOBJEHO, 4TO JAM(pGY3Ms N0 TrpaHule C MaablM  YriaoMm
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Puc. 9.12. [lBnxeHne nox JAeHCTBHEM HanpsKeHHH rpaHHLBI
C MaJblM Yr2OM Pa30OpPHEHTHPOBKH B OHMKpHMCTaJJie LHMHKA.

Ipanvua BMIHA B BHe BepTHKaAbHOA AuHMH. PoTOCHEMKA MPOM3BOAHAACH MPH
BepTHKAJbHOM OCBelleHHH, TaK LTO NO Pa3/HYHIO OCBElleHHOCTeH! Ha MAOCKO-
CTH CHIaWHOCTH /IeTKO BbifiBJASETCS HANMYHE Yria Pa3OPHEHTHPOBKH (paBHOTO 2°).
Henpasuibhasi ropu3oHTaAbHas JHHHA YKa3biBaeT Ha HaJHyHe CTYNMEHbKH Ha
NJAOCKOCTH cnaiHOCTH M oBaeryaer HabaloneHHe nepemelleHHs rpaHuun. Kpu-
CTaAA 3aKpemJeH C/AeBa; COPABA Ha KPHCTaAA NeHCTBYeT CHAA, MPHAONKEHHAH
NepneHAMKYAILHO K MAOCKOCTH ¢OTOrfaduu. Bepxnud kadp — ucxolHoe mno-
J0XKEHHE TPaHHLb; cpedruli — rpavnua cMectuaach Ha 0,1 mm BNpaBo; nuJC-
Hull — rpaHHua NepemecTHAaCb B 06paTHOM HanpaBACHWH (BAeBO) Ha 4 amm [4].
Hayuubid knHOGHAbM, B KOTOPOM I10K23aH A01 3TOT0 W APYFHX aHAMOTHYHHX
onuToB, O6bia co3nan Ilapkepom B Kaanpopuuiickom ynusepcutete B Bepkau.
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Pa30PHCHTHPOBKH MOIL NPAMBIM YrJIOM K JHHUSAM LHCJAOKaUuW#h npoTekaer
npu 450°C B 10—100 pa3 mennenHee, yeM BAOJb AHCJOKaLMH.

Tepnban nokasan, uTo aud¢dy3us B MeXKPHCTANIHTHBIX TpaHHlax
onpeienfeT B HEKOTOPHIX C/y4YasX CKOPOCTb NpPOLECCOB TNPCUHMUTALUH
B TBep/Joi ¢ase (BbNadeHHe HOBOM MeJKOIMCnepCHOR TBepAOi (hasnl).
Hanpumep, npeuunurauus onosa u3 TBepiAblx pactBopoB PbSn npu
KOMHaTHOR Temneparype mnpoucxoaut B 108 pas GbicTpee, ueM MOXHO
OXHMAAaTb, MCXONS M3 MexaHu3Ma /HlIb peryaspHot o6beMHOR nnd-
dyasuu.

IInotHocTh Ancaokaumii. ITnoTH(CTb aucaOKauu#t onpernessieTcs Kak
YUCIO IUC/JOKAUMOHHBIX JNMHUH, TNepeceKaOUX eNHHUYHYI0 TIOLIAIKY
BHYTPH KpucTajana. Bo3MOxHble 3HAYEHMS MJIOTHOCTA NHUCJOKAUMA Npo-
crupatorcs or 102—103 cu~? B HauGosee COBepLIEHHBIX KPUCTANIaX.

repMauus u kpemuus 1o 1C11—10'2 cx "2 B cuabHO 1epOPMUPOBAHHBIX
MeTaJJMyecKUX KpHCTalaax.

HauGosee Toutible H3MepeHHs MJIOTHOCTH AMCAOKAUHA OblIH NMPOBefeHbI
Ha TepMaHUM W KPEMHWH NyTeM MOACYeTa SIMOK TPaBJeHHs HAa OTMOJH-
pPOBAHHOM 1 NpOrpaBAcHHOM MNOBEPXHOCTH KpHCTauaao0B. Yucno sMOK Ha
1 cu? Ha nyuwux kpucramnax cocrasasgao 102—103, a Tor dakr, uro-
YMCIO SMOK TpaBJeHHs TOYHO COOTBETCTBYeT YKCJIy AMC,OxauuP, Obla
ycraHoBned doreneM M ero COTPYAHHKAMH TPH VCCIENOBAHMM MEXKDH-
CTAJJNTHBIX TrpaHuu. KplcTaaauTe MeTanuyecknx OTAMBOK M MeTa K-
YyecKHe MOHOKDHCTa/Jbl, MOABEpriiMecs MJAacTHYecKo# nedopMauuu H
3aTeM OTOXKEHHble, WMEIOT MIOTHOCTb AMCJOKauu{ B unrepsate or 105

20 10% cx™2; orin 3HaueHHs ObIAM TMOJMYyYeHHl METOLOM SIMOK TpaBJIEHHSA.
Te e 3HaueHHs MNJIOTHOCTH MOMYYalOTCA M W3 NAHHBLIX MO 3IKCTHHKLMH
M YUIMDEHWIO DPeHTTeHOBCKMX JMHHHA. DTH J1aHHBIE MOKa3bBAOI, YTO
OTOXKEHHbIe MOHOKPHCTaANbl OOBHYHO 06/1a1aI0T MO3aHYHOH CTPYKTYpOH

¢ pa3MepaMu GJOKOB MmoOpsaiKa 104 A u yrjioM pa3opHEHTHPOBKH MeXIy
6nokamu — nopsaka 10 yriosbix MuHyT. [Ipu Takux 3HauyeHHSX Yriaos
paccrosiiine Mexay AMCAOKAaUMSMH B rpaHuuax Mexay O/JcKaMH MO3auu-
HOM (TPYKTYPHl COCTABJfSET HECKOJbKO COTEH MeXMJIOCKOCTHBLIX paccrod-
HUH H, Ce10BaTe/blio, MAOTHOCTL AMCAOKaUMH coctapaser ~ 109 cu™2.

B s1uTOM MeTanne M B OTOMXOKEHHBIX MOHOKPHUCTANNAX NMCIOKALMH
U060 cocpenoroyeHbl B OCHOBHOM B IPaHHULAX C Ma/blM yrJOM Pa3OpHEH-
THPOBKH, 116D ob6pasyloT TpexmepHble ceTku. Ha puc. 9.13 B kauecrse
npumepa mnprBeleHa ¢oTorpadus xpucraana AgBr, B koropom oGpaso-
Banach TpexMepHas cerka JuHui diucaokaumui. IUcaokauun cranum 3aech
BUIUMBIMM B pesyabTaTe BblleJ]eHKS Ha HUX MeTaaauueckoro cepebpa
npu o6blYHOM oTorpacduyecKoM NpoOsBJIEHUU.

B cayyae cuibHO 1edOpMMPOBAHHBIX KPHCTAMJIOB TNJIOTHOCTb ANCJO-
Kalui BeNMKa, U TeXHUKA TPaB/ei U CTaHOBUTCHA HEMPHUronio#, Tak Kak
C ec MOMOWbIO Heab3s paspewl.Tb CTAeJbHble JAHCAOKAUMW, KOria pac-

CTOfINME MeXy HMMII CTAHOBHTCS Mekblie npuMepHo 107 ¢y,
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OnHaKO HEKOTOpble OLEHKH MJIOTHOCTH NUCAOKauu#h B NeOPMHPOBaH-
HBIX KPHCTa/N/aX MOXHO ClenaTb, OMNpelelss BeIHYMHY 3SHEPrUH KpH-
CTajana, HaKannuBaeMoW B Npollecce MiacTHyecko#t aedopMmaluu.

Puc. 9.13. TpexMepHas ceTka AHCIOKAaUMH B MOHO-
kpuctaane AgBr. ([To Xuawecy u Mutueany [5].)

Ecan, ucxons wu3 sHepruM cuensieHMs, CYMTaTh, YTO SHEPrud, NpH-
XONAIWAACA Ha aTOMHYIO MJAOCKOCTb, uYepe3 KOTOPYI0 MPOXOMUT AHCJO-
KauuonHas JuHug, paBHa 5—10 38, To 9Heprus Aucaokauuu Oyner
nopsaaka 5 - 107* apz/cm.

MakcuManbHas 3Heprusi, KOTOPYIO MOXeT 3amacTH pelleTKa 3a cuer
MCKaXeHUH, BbI3bIBaeMbIX ray6oKo#l naacTHuecko#t nedopmauueit, Hanpu-
Mep CKDyuYuBaHMEM, pacTArMBAaHHEM HAM CXaTHeM, H3Meps/nach KaJopH-
MeTPUYECKMMH MeTOAaMH A/s psina MeTaanos (taba. 9.2).

Ecan nedopMauus He CAMIIKOM BesiMKa, TO B PellleTKe HaKan/MBaercs
npumepHo 109 sHeprun, satpaueHHoi na naactuyeckoe reveHue. OnHAKO
€C/M MJaCTHYeCKOe TeueHHe MPOLO/MKAETCH, TO BeJHUMHA HaKan/iuBaeMOH
KpHUCTa110M 3Hepruu npubamkaercs K Hacblenuio. HaGmonaemblie 3Ha-
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Ta6aunma 9.2

MakcuMaabHasi 9Heprus, HakanJiuBaemas
NpH NaacTHYeckod Aedopmauuu

MeTann Al Cu Fe N1 Jlatynp

Aueprus, kaafe| 1,1 0,5 L2 ] 08 0,5

4yeHUs HAKOMJEHHOW SHepruw, npuseleHHbie B Taba. 9.2, cOOTBETCTBYIOT
npumepo 2 - 108 spe/cud. Ecnau sHeprus AMCIOKAUMH HAa ELMHULY ee

aanub pasha 5 - 107* apz/em, o va 1 cud kpucranna npunetcs 4- 101 cu
JOUCNOKALMOHHBIX NHHMHA, T. €. MAOTHOCTb AMCIOKauu# OyleT coCTaBas1b
B cpeaneM 101 cx~2. Muaue rosops, uepe3 KBaApaTHYI0 N/OIWALKY
co cropoHo#t 100 MexaTOMHBIX pPAacCTOSiHUM GyLeT MPOXOAWUTb B CpelHeM
OlHa JHMCIOKAaUMA. ITY OLEHKY, TaKxe MO APYrMM NMPHUUYUHAM, MPHHATO
CUMTaTh MAOTHOCTLI AMCJAOKAUMH, XapakTepHO# 4as rayGoko nedopMHu-
POBaHHBIX MeETa/IOoB.

Bennuuna sHepruM, HaKOMJAeHHOM mNpM mnaacTHyecko#t nedopMaunwu,
Gblna onpejeneHa A4S NaTYHM TaKke M3 aHalNW3a YIIMPEHUs PEHTreHOB-
ckux AndpaxkunoHHb% JAuHuit (Yoppen u Asep6ax). Iloayuennoe snave-
Hue, pasHoe 1,4 rax/e, OKa3anochb TOro e MOpsilKa, Y4TO M HaHdeHHOe
M3 KaJOPHMEeTPUYECKHUX H3MepeHuH.

PasmHOoXeHHe JAHMCJIOKAUM# M CKoJbXeHHe. Jlpyras npoGaema
BO3HHMK/IA B CBfI3U C HEOOXOAUMOCTbIO OODBACHUTb KOJOCCaNbHOE YBeaH-
yeHHe MJIOTHOCTH NHMCIOKaUMH, BbI3bIBaEMOe MJacTHYecKoit HedopMauuedt.
ViaMepeHuss NIOTHOCTH IMCJOKAauUM# TNOKasaau, 4YTO B mpouecce gedop-
MauM{ TJIOTHOCTb [IUCAOKauu# Bo3pacraeT npumepho ¢ 108 cu~?
no 101 ¢u~2 1. e. B 1000 pa3. He MeHee uHTepeceH W ClenylOLLu#t
<akr. Ecin oaHa nucaoKauus npoxoAMT BAOJAb BCeH MAOCKOCTH CKOJb-
*Kelust, TO 3TO JAOMKHO COOTBETCTBOBATb CMEILEHUIO TOJbKO Ha OLHO
MeXaTOMHOe pacCTOsHHe, TOrla Kak B NeHCTBUTEJbHOCTH, KaK MOKAa3bl-
8al0T HaG/ioleHus, CMellleHHe OKasniBaeTcs B 102—103 pas Goablue.

dpavk n Pua npennoxuin Mozenb Pa3MHOXEHHS AMCAOKAUuH, C mO-
MOILbIO KOTOpPO# MOXHO OOBACHUTL HaOmonaeMble @akTbl. [ToapoGhee
3TOT BOMpPOC paccMaTpuBaeTcs Huxe. PaccMOTpUM 3aMKHYTYIO IMCJIOKa-
UHOHHYI0 MeTJI0 paluyca r, KOTOopas OXBaThiBaeT 06/acTb, NMpeTeprnes-
wyto casur. Takas aucaokanus OydeT 4YacTUYHO BHMHTOBOM, YaCTHUHO
KpaeBoH, a Ha CoJjblleft yacTH IJIMHBI — CMEIIAHHOrO THNA.

[Mockoabky sHeprus nedopMauu#t, CBA3aHHBIX C JIHCJIOKALHOHHOM
fieTneft, BO3pacTaeT MPOMOPUHOHANBLHO AJMHE TMeTJH, TNocielHss OGyrer
cTpeMuTbCst cokpatutbcs. OMHAKO eciu MpuU 3TOM LeHCTBYeT CKaJblBalO-
ulee HamnpsbkeHHe ¢, CNOCOOCTBYylOlLuee PAa3BUTHIO CABUra, TO meT/s OGyner
CTpeMHTbCsl pacliuputbes. Mbl 6ydeM HCKaThb CBfA3b MExILY BeJHYHHOM
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CKa/LIBAIOLIEr0 HampskeHUss M PAaAMYCOM MeTqaH, KOTopas MO3BOAMAA Obr
HaM OMpelelnTb, NMPH KAKOM paauyce meT1s GyAeT HAXOANTbCS B PABHO-
Becun (BooGie rosopsi, HeycToftuusom). a1 ynpolleH4ds pacyeToB ynpy-
TYI0 SHEPrui0 Ha eIMHULY AJMHBI AMCAOKAUHM MBI MpuMeM rpy6o npu-
6nmxenno pashnod (1/2) GH?, rme G —wmoaynb casura, a b — nanna
BekTOpa Broprepca.

Torna ynpyras sHeprus JIUCJOKAUMOHHOM meTad panzyca r Oyier
paBHa Beanuune, B 2nr pas Cosnvlue#t, 1. e. «rGbH2. Ecau meras obpa-
30Bafacb NpPH HAMMUMM HATPsDKEHUs CABUMra 6, TO SHepPrus Kpucra.iia
YMEHDbIIUTC Ha BelUYMHY, DABHYI0 TPOU3BeleHHIO ob Ha maowalb MeTd,
T. e. na wrleb,

PesyabTipyiollee H3MeHeHHe 3Hepruu, CBA3aHHOe C 00pa3oBaHueM
LUCTOKALMOHHON MNeT/H, MOXHO 3anucaTb B BUAE Pa3HOCTH

AE = nr Gb? — =r? ob. 9.4)
dynkuus AE NMPOXOAMT uyepe3 MaKCHMYM MNpPH
dAE
dr =0
T. e. Koruia
2r a
= (9.5)

TakuM 06pa3oM, Mbl MOAYUHIH, UTO OTHOLIEHHE KPHUTHYECKOrO AMaMe!pa
Kpyrio#t neriu K Bejauuute Bekropa Bioprepca paBHO OTHOLIEHHIO MO-
Ayas COBMra K HanpsXeHWl0 ciaBura. ITO MnocaelHee OTHOIeHHe 1.1
GOJIbIINHCTBA KpUCTaa10B nopsaka 103—104

Kpyrabie mnertau, uMelowne auaMerp, MeHbliu# KpuTuyeckoro, OyayT
CaMONpPOM3BOJIbHO CTATMBATHCS, a METAM C AMaMeTPOM, GOJbILINM KDHTH-
YeCKOro — CaMOIIPOM3BOJBHO pacwupaTbes. [Ipu KpUTHYECKOM Inamerpe
JHepIrus neTau

AE, — nG2)3
4q

cToab 3HauutesibHo mpesbiwaer RT (npu G/e=103 u T =300° K or-
vowenne AE kT =3 - 105, uyro TennoBas aKTHBaUHR He MOXeT ObiTb
NPUYUHON MX BO3HHKHOBeliusl, MO3TOMY Mbl BHOBb NMPHXOLMM K HE0GXO-
I IMOCTH MpPeANONOXUTb, YTO IMCJOKALUMH CYWECTBYIOT B KPHCTa/je elie
IO Hauala CKOJbXEeHUS W YTO BO3HHKHOBEHWE HOBBIX IMCJOKAUUK CBA3AHO
C YMCTO MeXaHMYeCKUMU MPOLECCaMH.

®pank U Pun ycTaHOBMAM, YTO JAHMCAOKAlUMH PEIKO pacrnojaraiorcs
CTpPOro B OXHOM o6GnacTu cKoJbxehus. Kak npaBuno, oHu nepexoasar us
OJHOR TJOCKOCTH CKOJLKSHHS B APYrylo, MOKa He NOCTHrHYT MOBepX-
HOCTH KPHCTanJa WAM He TepeceKyTcs C APYrUMM LMCAOKAUMAMH B y3Jax
aMcaokaunoniolt  cetkn. OTPeadK NMCAOKAUMM, Jexawnh B 110CKOCTH
CKOJIbXKEHUs, MOXHO CUMTAaTb 3aKPer/ieHHbIM Ha KOHUAX B TeX TOuKax,
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TAe AMCAOKAaUMs BHLIXOAMT M3 mJockoctu. Korna k kpucranny npunoxeno
BHEIlIHee HanpskeHMe, 3TOT OTPE30K HE MOMET CKOJb3UT> Kak Ledoe,
NOCKOJAbKY €ro KOHLBl 3aKpernieHbl; eANHCTBEHHBLIH BO3MOMXHBIR 1.s Hero
crnoco6 ABMXKeHMs — 3TO BBITHYTbCS B AYrY.

Buiwe Gbino yxe BHIYHCAEHO, YTO PaBHOBeCHBIHl pauuyc Tako# ayru
onpejenserca cootHouwleHueM (9.5), T. e. 2r/b= G/s. Io Tex mnop, noka
2r > L (roe L —wuavaiabHas OauHa
oTpe3ka), KOHUrypauus ocraercsa cra-
6ua5HOM, MOCKOJBKY AajbHefiliee ABU-

XeHue IUCJIOKALMH MPUBOAUT K YMeHb-
wennio paauyca ee kpusuaHbl. Koraa
We BHelIHee HANMpsKEHHe YBeJHUMTCH
HaCTOJbKO, YTO COOTHOLLIEHHE 15

L G
T=% o/

TiepeCTaHeT BLIMOJIHATLCS, paBHOBecHe
Hapywurcs, AMCJAOKALMOHHAs Ayra Hay-

HeT HeOrpPaHWYEHHO pacTH, OTILHYpO-

BbIBaeTcs M 00OpasyeT OTAEJbHYIO IH- 5
CHOKAUMORHYIO TIET 0. Puc. 9.14. Cxema, HAMOCTPHDYIO

ATOT NPoUecc He CBOAUTCH TOJbKO mas  HPCIIOKeHHYI0 ¢paH£05y g,
K TpeBpalleHuio OTpe3ka AAMHOM L Pyjom momeab pasHOXeHHss Awc-
B 06o/blyl0 060COG/IEHHYI0 TNeTaio. Jokanuii.

B o6aactu BHYTPH PacWIMPsOWENCS  TMokasanm nocrenosaTeabnbie sTimb o6pa-
ETA OCTACTCH OTPE3OK, Ha KOTOPOM  J0SANs Mcioxawioumiy neres vo e
BECb Npouecc MOXeT NMOoBTOPATLCA. dro 1ecc MOXET MOBTOPATLCA MHOrOKPATHO.
UIIOCTPUPYETCA CXeMOH, npuBeleHHOR

Ha puc. 9.14. OTpe3sok AMC/IOKALHOHHOK JNUHUM, 3aKpeneHHOW Ha KOH-
1axX, Ha3blBaeTC UCMOUHUKOM Ppanka — Puda; Mbl yke BULemH, Kak
M3 Hero B OJIHOH W TOM e MIOCKOCTH CKOJIbXECHUA MOMET Pa3BUTbCA
60/bLI0E YUCTO KKOHLUEHTPHUYECKUX» IMCJIOKAUUOHHBIX IEeTellb.

ITOT MeXaHW3M pa3MHOXEeHHsl AWCJOKAaUu#t NMPHBOAMT K BO3HUKHOBE-
HHIO CIOBHFOB M ecTecTBEHHbIM 00pa3oM o00bAcHseT BO3pacTaHue MNAOT-
HOCTH AMCJIOKaUM# mpu niactuyeckodt nedopmauuu.

Ilpyro#t Mexauu3M paaMHOXeHUS AMCAOKAaUMR Obl1 npeanoxed [ui-
mManoM u Jlxonconom [6] Ha oOcCHOBe NpPOBENEHHBIX UMH METOIOM
Tpap.ienus uccaenoBanuft kpucraanos LiF. Oum yctaHoBuaHM, 4TO npu
NJAacTiyecKON JegopMauMu HOBble IMC/IOKALMOHHBIE NeTau 06pasyloTcs
CnelloM 3a ABUAKYyLleHcs AucaOKauued. DTH HOBbIE METAM BO3HHKAIOT BO
MHOTHX TOYKax BOJM3H NIOCKOCTH CKOJbXEHHS WCXOLHOH IucaoKauuu H
MpH 3TOM HMEIOT TaKo#t Xe BekTOop Dloprepca, uTo M MCXOAHas AHMC/O-
Kauua. [To Mepe pacliMpeHHss KaxIOM HOBOH meTau, TaM, r'le OHa Npo-
xodiaa, cpasy o6pa3yiorcs HeGouabluwe HoBble nerau. Takum 006pasowm,
0AHa (nocodHas K [epeMelleHHI0 HMCXOHHAA [IMCJAOKAaUMs MNPUBOAMT
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K TMOSABJEHHIO UeJOH IWHNPOKOH NoJoCH CKOJbXeHusd. [IpuMeHeHue sTux
npeicTaBIeHUt HMEET PAl BaXHBIX CAEACTBMH, CYLIECTBEHHBIX LA HMHTep-
npeTalud Pa3/MUHBIX MeXaHHYeCKUX MNpPOLECCOB.

a) Mexanuueckoe ynpotrerue. Tlpu OBMKEHWH OUC/JIOKAUMH Laxe
B TaKOH MNJIOCKOCTH CKOJIbXEHHSl, O KOTOPOK HM OLHAa AMCAOKAlLMA elue
He MpollJa, BO3HMKAIOT TOPMO3SILIME CHJIbI, CBA3aHHbIE CO CBOEOOPA3HbIMK
cnellaMH, OCTABJSEMbIMH NMpPH ABHXEHUH. DTH CHUAbl HeJb3st ITHOPHPOBATh
NP1 pacCMOTpPeHMH npoueccoB Aedopmanuu. MoxHO OXHaaTh, 4TO TOP-
MOXEeHHe 3HaYUTeJbHO BO3pacTeT, KOrAa AMCJIOKauus OyleT NepeMellaTbCs
B MJOCKOCTH CKOJIbXEHHs, y)Ke HCMbITaBlUe# NMPOXONIeHHe AHCIOKAUUH U
nosToMy HakonuBiue# caeabl. Cneayer mnosaraTh, YTO MeXaHHuYeckoe
yNpoYHeHHe STOrO THUMA NpPONOPLUUOHAJIBLHO KaK BeJHudHe AedopMalliH,
TaK ¥ TJIOTHOCTH IMCJIOKaUMH, YTO, KCTaTH, MOATBePXAAeTcs Ha OfbiTe,

6) ITossyuecms. HeycraHoBuBLIafCA NOA3y4yeCTb ONpelenseTcss COB-
MeCTHbIM JefcTBMeM IBYX (DaKTOpDOB: BAI3KUM COMPOTHBJAEHHEM IBUIKEHHIO
OUCTOKALM# U MEXaHHYeCKUM YNPOYHEHHWEeM. YCTAHOBMBILAACH NOJA3YuecCTb
3aBUCUT TakKxke OT npoueccoB Bo3ppara. OObLIYHO CYMTAIOT, YTO BO3BPAT —
3TO MNPOCTO «CTHPaHHe» CJeA0B NMpoXoxieHuft, obycioBieHHoe Aupdy-
3ueft BakaHCH{t, a caMO fBJeHHE BO3BpaTa CJeldyeT MO3TOMY CUHMTATb
NpoLeccoM, OGPaTHBIM MeXaHHUYeCKOMY YNPOYHEHHIO.

B) Ycmaaocms. OLHUM M3 TUNOB C/e1OB, OCTaBJISEMBIX AUCIOKaLHeR
NpH NepeMelleHUd, SBJAAIOTCA LENOYKH BaKAHCUHM, M KOrAa KOHUEHTpauus
BAKAHCM#t B KPHUCTaJJe CTAHOBUICA [OCTATOYHO GoJbluoi, MoryT obpa-
30BbIBaTbCA YCTAJOCTHBIE TPELHHb!,

MexaHuueckHe CBO#CTBA cNJaaBoB. YucThie KpucTaansl 06sanaior
NJIaCTHYHOCTLIO M TeKYT NPH OuYeHb Manbix Hanpskenuax. CyiuecTsyer
yeTbipe OCHOBHBIX CMOCO0a YNpOYHeHHs CIJAaBOB, NO3BOJAOIINX LOOUTLCA
TOro, 4ToObl MaTepuasn BblAepXHBaJ HanpsHKeHUs CABUra, LOCTUramoLiue

1072 G. 3t cnocobw caenyioume: 1) MeXaHHueCKOe TOPMOKeHMe ABH-
*KeHus LUCIOKALMH, 2) 3aKpeNn/eHne IMCIOKAUMA PaCTBOPEHHBIMM aTOMaMH,
3) npoTHBOAEHCTBHE [ABHXKEHMIO AMCIOKAaUMH MyTeM CO3AaHuA GJMIKHEro
nopanka ¥ 4) obulee 3HauyMTeNbHOE YBeJHYEHHe MJIOTHOCTH LUCJIOKalLUH.
Takum 06pa3oM, yCnex NpuMeHeHHs M10060ro MexaHuaMa YNpOuHeHHs 3a-
BUCHUT OT TOrO, HACKOJAbKO 3¢dexTUBHO ylaeTcs 3aTOPMO3UTb IBHKeHHe
aucaokauuit. CylecTByer erle OAMH, MATHIH MEXaHU3M, CYLIHOCTb KOTO-
pOro CBOAMTCA K YOAJEHWIO M3 KpHCTaana BCeX HHCJOKauufi. JToT cno-
¢)6 npurofeH Ans HEKOTOPHIX TOHKHX HUTEBHIAHBLIX KPHCTAII0B W Gyaer
paccMOTpeH Huxe B pasjielie, NMOCBALEHHOM POCTY KPHUCTANN0B.
Hau6onee HenocpeACTBeHHBIM CHOCOOOM CO34aHMA MeXaHHYeCKOro
TOpMOXKeHUsl Aucaokauntt sBASETCS BBeleHMe B KPUCTAMI MENKHMX YaCTHIL
apyro#t daael. DroT NPOUECC MMeeT MeCTO, Hanpumep, NMpPH AMCMEPCHOH-
HOM TBEPIEHUHM CTajau, e B MaTpuie — xejnese — MNPOUCXONUT Bhinaie-
Hue KapOuua Kedesa, HAM TP CTapeHWH aJIOMUHMEBOH OpOM3bI, Trie
suinanaiot yactuunl Al,Cu. Ecam L — cpennee paccrosinue Mexay ua-
CTULAMH B IUIOCKOCTH CKOJIbXKEHHS, TO HanpsikeHHe, KOTOPOe HEOGX0AMMO
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IpUIOKUTb, YTOGH NMCAOKALUMS MOT/A «MPOPBATLCA» MeXIY YacTHLAMH,
penensieTcs COOTHOLIEHHEM
o b
=T (9.6)
coTopoe TmpelcTaBaseT co6o# TOuHbIA aHanor cooTHouwenus (9.5). Yem
MeHbllle pPAaccTOsHHEe Mexnay uactuuaMmu (L), TeM 6oJjblle AOJKHO OHITh
janpsheHue a.

OpoBaH pacCcMOTpesl MeXaHM3M AMCIEPCHOHHOTrO TBEPIAEHHS M yCTa-
10BMJI, YTO B CaMOM Hauyaje MpoLecca BbNaAeHUs MENKOAUCHepPCHON da3kt
L Beauko, a NMpoyHOCTb Maja. Kak To/bKO mpouecc BbinadeHus B OCHOB-
HOM 3aKOHUMJICS M 06pasoBajnoCh NOCTATOYHO MHOFO MeJKHX YacTHL,
peJuuuHa L [OCTHraer MHMHUMYyMa, a NPOYHOCTb — MakcuMyma. Ecau
BLIIEPXKMBATh CNAAaB MPH BLICOKOH TeMmnepatype, TO HEKOTODbiE YaCTHILbI
HaYHYT PacTd, LpYrue pacTBOPATLCH; B pe3yibTaTe L CHOBa yBeaMUHTCH,
a NPOYHOCTb YMEHbIIUTCA. MeXaHuyeckoe TOPMOXKeHHe MOXeT BbI3biBaThCH
TaKe TPAHULAMU 3ePeH B MOJMKPHCTAJJIMYECKHX MaTepuanax ujid MUKPO-
CKOMHMYECKUMHU JIOKAJbHLIMU MOJSAMH HAmpsKeHWH, KOTOpble BO3HHKAIOT
MHOr4a BOKPYr YacCTHLl MpPH BbiNaleHUH MeJKOLMUCTepCHOH ¢asbl.

B cayuyae pas6aBieHHBIX TBEpPABIX PacTBOPOB NMPOYHOCTb OOYC/OBIU-
BaeTCs 3aKpenJeHWeM [IMCIOKAaUMH pacTBOpeHHBIMM aToMamu. Korrpen
YCTAHOBUA, YTO PACTBOPUMOCTb MHODOIHBLIX ATOMOB BOJM3M AMCJOKauuh
BLILE, YeM B HEMCKaXKeHHOHM uacTH Kpucranna. Jleno B TOM, YTO HHOPOL-
HLIH aTOM, CTpeMsIUMHCS «DPa3nBUHYTb» pelleTKy Kpucranna, Gyner no-
najath HpeMMyLIeCTBEHHO B Ty 06sacTb BOMM3M KpaeBbIX IHMCIOKaLu#
KPHCTa/UIMYeCKON pelleTKH, rie MMeeTcs pa3pexeHue. B pesysibrare
TaKOe CTpPeMJieHHe pacCTBOPEHHHX A4aTOMOB K JIMCIOKAUMsM TpHBelLeT
K TOMy, YTO BOKPYr Kawao#t auciokaumu OyldeT co3naBaTbcsi 00JaKO
pacrsopenHbix aTomoB. Ocobenno 3¢dexkTHBHO 3TOT npoiuecc Gyrer npo-
TeKaTb NpH 3aTBepPIEBAHHM PACNIABOB M MPH OTHUIE KPHUCTANOB, KOIrAa
NOABUKHOCTE PAcCTBOPEHHBLIX aTOMOB BeJHMKa. [Ipu OXJaxleHMM 0O HU3-
KUX TeMmepaTyp, Koraa Iuddysus pacTBOPeHHBIX aTOMOB pe3KO 3aMel-
asietcsi, 9TM obaaka, oGpas3oBaBliMecs BOKPYT AMCJIOKAaLUMH{, 3aKpenJsioTcs
B kpucraane. Koraa aucnokauus mnepemelllaeTcs M MoOKuaaeT o6.7ako
pacTBOPEHHbLIX aTOMOB, 3Heprus Kpucrania Bo3pacraer. [Tostomy nas
niacTuyeckodl nedopmauMu KpucTanna, B KOTOPOM AMCIOKAUWM 3aKpen-
JeHbl 0o0JakaMM paCTBOPEeHHBIX aTOMOB, TpeOyiorTcsi 60Jiee BLICOKHE Ha-
npsikenns. TakuM 0Opa3oM, HaiauuMe B KpUCTaie 06/1aKOB PaCTBOPEHHEIX
aTOMOB BeleT K ero YNpOYHEHHIO.

B uucTHIX KpUCTannax npoxoxJeHHe NAMUCIOKALMM B MAOCKOCTH CKOJb-
JKeHUs He M3MEHSeT SHePruu CBA3M B 3TOH MNJIOCKOCTH. BHyTpeHnHss sHep-
IMs KpUCTaana ocrtaercs npexuel. To e cnpaBeanuBO W B OTHOLIEHHH
HeynopsalOoYeHHbIX TBEPABIX PacTBOPOB, MOCKOJbKY M TMOC/AE CKOJbXKeHUs
PacTBOpeHHbIE aTOMbl PaCnOJOXKeHbl B MAOCKOCTH CKOJIbXEHHA NO-Tpex-
HeMy HeynopsaouedHo. OnHako GOJbIIMHCTBO TBepAHX PacTiBOPOB
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o6aanaer 6JAMKHUM MOPSAKOM. ATOMBl pa3/jUYHBIX COPTOB PacHoJaraioTcs
B y3/1aX pelleTKH He GecropsloyHO; OHH CTPEMATCS PacCMeCTHThbCS Tak,
yTOGbHl MMETb BOKpYr ce6s M3ObLITOK WJIH, HA00OPOT, HELOCTATOK aTOMOB
Apyroro copra. dulep nokasas, YTO HE3aBUCHMO OT MPHPOILBI KPUCTaLIa
nepeMelleHne NUCJAOKALMA BeleT K HapyuleHHIo OauxHero nopsaka. ITpu
5TOM BHYTPEHHf SHEPrus B MJIOCKOCTH CKOJbXEHHS BO3pacTaer.

Xopowo u3BeCTHO, UTO MPOYHOCTb KPHCTAJIHYECKMX MaTepualos
B pesyibTaTe NIacTHYeCKOf Aedopmauuu Bo3pacraer. DTO yNpOuHeHUe,
KOrZa peub HIAET O XOJOAHOK 0OpaGOTKe MerannoB, NPUHATO HA3bIBATh
HakjenoM. CuuTaloT, UYTO B 3TOM Cayyae MNpPOYHOCTb BO3pAacTaeT M3-3a
yBeauueHUs TMAOTHOCTH AMCIOKAUM#t, TMOCKOJMbKY MepeMelleHre NaHHOM
JUCIOKAUUM B MJOCKOCTH CKOJb)XXEHWA, NMPOHU3AHHOR MHOTMMH IPYrUMH
JAUCMOKAUUAMHU, OueHb 3aTpydHeHO. XoJao1lHas o6GpabOTKa IIHPOKO HUC-
nosb3yeTcs I/ MOBHILEHUS MPOYHOCTH MaTepHaloB, HO ee 3ddeKTHB-
HOCTb, BOOOWIEe TOBOPA, OrpaHMYeHa HeOOXONMMOCTbIO BeCTH NpoLecc
06pabOTKM MpH OTHOCHTENbHO HHU3KMX TeMNepaTypax ¢ TeM, 4TOOHI
NpelOTBPAaTHTL MPOLECCH OTAbIXA.

Jlio50# 13 yeTbipex MepevyncJeHHbIX MEXaHU3MOB YIPOYHEHHUsS MO3BOJIsSeT
NOBLICUTb Npelen NMPOYHOCTH A0 BeIMUUHBl MOPAIKA 107 —1072G. Kom-

6uHauuu 3THX crnoco6oB ynpoueHUs MOTYT IaTh TaKxe He Goaee 107%G.
K coxaneHuio, Bce 4YeTbipe MeXaHU3MA CTAHOBATCA He 3(deKTUBHBIMH,
KOrja TeMneparypa LOCTUraeT TaKO# BeNMYMHBI, NPH KOTOPON CTAHOBATCA
CyllecTBEHHbIMU npouecchl auddysun. IIpu Takux Temmneparypax 4acTHLbI
MenKOAMCNepCHON (pa3bl HAYHHAIOT PaCTBOPATHCH, 00/aka PacTBOPEHHBIX
aTOMOB BcJelCTBMe AUPdy3uu nepeMellatbCss BMecTe C JLHMCIOKALUSMY;
OMvXKHUI TMOPALOK MoC/Je MPOXOXAeHWd IUCIOKaUu# BOCCTaHABAMBAETCS;
nepenosn3aHue JAUCJAOKAUMH W OTHUT BeAyT K YMEHbIUEHWI0 MJIOTHOCTH
aucnokauuit. Takum 00pa3oMmM, npu BLICOKHX TeMmmepatypax MarepHai
MOHUKAET CBOI0 MPOYHOCTb M MOXeT OOHapyXKWBaTb HAapacTaoLLYIO
€O BpeMeHeM OCTaTO4Hyl0 nedopMmaumnio (noasydyecto). IIpu pa3paborke
CreunanbHblX CNJAaBOB, MPHUrOAHBIX Al MCMOAb30BAaHMA MPU BLICOKHX
TeMmepaTypax, OCHOBHOM 3amayeft sBasieTCs, CJeLOBAaTeJbHO, 3HAUYUTE/Ib-
HOe MOHWXKEHUE CKOPOCTH ANPPY3MOHHBIX MPOLECCOB, C TeM UYTOOBI yKa-
3aHHbBIE YeThipe MeXaHW3Ma yMNpOuHeHUs COXpaHsau Obl CBOWO 3deKTHs-
HOCTb BMJIOTb L0 BBLICOKUX TeMMeparyp.

JHUCJIOKALUHH H POCT KPHCTAJJIOB

dpankoM ') u ero coTpyaHMKaMu ObIJIO YCTAaHOBAEHO, YTO B HEKOTO-
PHIX CayYasX AMCIOKAUWM MOTYT HUrpaTh OMNpele’siolUyl0 poJb B Mpo-
ueccax pocra kpucrannaos. [Ipu BbIpallMBaHUM KPUCTANNOB B YCJIOBHAX

!) UM 6bin ony6ankoBaH 10BOJLHO MOJMHBIA 0630p BOMPOCa O «POJH AHCIO-
Kauui B mpoueccax pocrta [7]; AetaabHble pacueTbl OblAM BbiMOJAHeHbl Bepronom,
Ka6pepa u dpankom [8].
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HeOO/bIIOro mepechilieHuss (mopsaka 19¢) Obln0 3ameyeHo, 4TO HAG6.1I0-
llaeMas CKOPOCTb DPOCTa 3HAYMTEJIbHO MNpEeBbIlIAaeT TEOPETUYECKH paccui-
TalHyl0 AAA uieatbHOro kpucrania. OOGwbscHeHue Ha6.1101aeMOH CKOpPOCTH
pocra nan PpaHK, MCXOLS M3 NMCJIOKALMOHHBLIX MpeICTaB/ieHuH.

- Teopusa pocra umeaibHBIX KPUCTA/LJIOB, OCHOBaHHAas Ha paborax
['u66ca, doabMepa, Bekkepa U Ap., MpenCKa3blBaeT, YTO MPU POCTE KPH-
CTajna u3 NMapoB INepechillieHde (OTHOLIEHMe JAAHHOrO [1aB/elius Mapos
K pPaBHOBECHOMY) IOJKHO ObiTb mnopsika 10 aas BO3HMKHOBEHUS! KpH-
CTa/VIMYeCKUX 3apoibliieff, nopsaka 5 — jang o6pa3oBanus KUIAKUX Kare-
JeKk ¥ oKkosno 1,5 — 45 co3laHMA Ha MOBEPXHOCTH MIAEaJbHOTO KpHCTalaa
IBYXMEpHbLIX MOHOMOJIEKYNSIPHLIX 3apoibiliet.

Onnako <doabmep u Llyabue HaGal0xaaM pocT KpUCTal1oB Hona
NpH MepechlllleHHH NapoB Hona nopsaka 1% uanm naxce MeHblle, MpuyeM
MHHMMaJbHas Hab/l0NaBIIasCs UMM CKOPOCTb pocTa Obiia B e300 paz
6o/bllle MpencKa3biBaeMO 1O TeopMH pOCTa HACAJIbHBIX KPHUCTAJJIOB.
Takyio BeqMyMHy pacXOXIeHHS MexAy TeopHe#A M 3KCNepUMEHTOM cie-
IyeT CYMTaTb CBOEro Pola PeKOplAoM, He HMeloluM cefe PaBHBLIX B MCTO-
puu ¢du3nuecko#t HaykH.

dpaHK yCTaHOBUM NPHYMHBL 3TOrO OrpoMHOro pacxoxienus. Jesao
B TOM, YTO CO3JaHMe Ha TNOBEPXHOCTH KpuUCTaaia 31podbliiefl HOBHIX
MOHOMOJIEKY/ISPHBIX CJI0EB uYpe3BbIYafiHO 3aTpyaHsAeTCs B TOM C/ydae,
KOrja noBepxHoCTb KpHCTalja coBeplueHHa. Ecau e uMeeTcs BHHTOBas
IMcJOoKaluA THna u3oOpaxeHHOM cxematuyecku Ha puc. 9.15 wu 9.16,
TO B 3aPOX(IEHHH HOBOrO C/IOf HeT HHKAKOH 11e00XOAMMOCTH, MOCKOJBbKY
Kpuctaaa Oylder CnUpaibHO pacTH OT Kpas CTynmeHbkH. Beluucrenue
CKODOCTH pOCTa, OCHOBAaHHOE HAa 3TOM MeXaHu3Me, f1aeT pe3y.bTaThl,
XOpolo coraacyouiuecs ¢ HaGaiogeHusamu. I[Tostomy caenyer, Buaumo,
CYMTaTb, YTO BCe KPHUCTaJ/Jbl B MPUPOAE, BLIPOCLIHE NMPU MajablX Nepe-
CBILIEHHAX, COJepPKAT AUCJIOKAUUM, HOO B MPOTHBHOM CJyyae OHH He MOT-
Jau Obl BHIPAcCTH.

FpudpduH u apyrue aBTOPH, HCMOJB3YSA ONTHYECKUR M SJEKTPOHHBIH
MUKPOCKOMBI, Ha6M104aad KapTHHB CNUPAJbHOTO POCTAa HA TMOBEPXHOCTH
MHorux kpuctaanosl). IMToayuennele ¢otorpapun caywar ybeinTelbHHIMU
JOKA34aTeNbCTBAMH CYILECTBOBaHUA HucaOKauu#. [1pekpacHbIM mpumepoM
CMUPAdbHOrO POCTa HA OTAENbHON BHHTOBOH AMCJAOKALNM CHAYXKUT KpH-
craan napaduHa, ¢ororpapus Koroporo npusefenia Ha prc. 9.17. Ecau
CKOPOCTb POCTa He 3aBUCHT OT HanpaB/JeHn HAa TJIOCKOCTH TPaHH KpHU-
CTaana, KapTuHa pocTa MoxeT OLITb onucasa cnupaibio ApxuMmena:

r=ab, 9.7)

rae a—mnocrosHHad. Takas cnupadb WMeeT HEKOTOPHH npele/bHElf
MMHMMA/JbHbLIA paiuyC KPUBH3HBI BGJM3H IUCIOKALUM, BEJHYHMHA KOTOPOTO

D] ﬂopeaocxonuue ¢dororpapun cnHpasbHOTO pOCTa HMEOTCA B KHHre
Bepma [10]. .

22 Y, Kurtenb
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onpenensercs CTeneHblo nepecbllyeHus. Ecan painyC KpHUBU3HBI CJIHUIUKOM
MaJj, aToMbl Ha 3TOM Yy4acCTkKe KpVIBOﬁ HCNapaTCa 40 TeX MNOop, INoKa

2)

Puc. 9.15. BuHTOBasf JAMCJOKauMs @) RaeT Hayajo NpPOLECCY CNHPaAbHOFO POCTa,
nocse0BaTe bHble 3Tanbl KOTOPOro MOKa3aHbl Ha pHCYHKax 0)— 0). BunroBas
JHUCIOKAIHs ABJASETCH OJHHM W3 BHIOB HapylIeHUH peryJspHOH aTOMHOH CTpyk-
Typbl KpHucTaana. CTPYKTypy STOro HapylIEHHs MOXHO OMHCaTb CJeAYIOLIHM
o6pa3oM: clejaeM B KpuCTaJJe BEPTHKaAbHBIH paspe3 Ha Bclo raybuHy oT cepe-
ZMHbBl GOKOBOH CTEHKH 10 LEHTPa, a 3aTeM HEeCKOJbKO CJABHHEM YYaCTKH KpH-
craana no o6Ge CTOpOHH OT pa3pe3a HaBCTpeuy ApYr ApYyry — JeBbH BBepx,
a npaBblii BHM3. B pesysibTaTe Ha BepxHed NOBEPXHOCTH 0Opa3yeTcs CTYNEHbKa,
TIONIOKEHHE KOTOpOii onpejeasieTcss JuHHeH pa3pesa. MoJekyibl, ocaxaalouiyecs
Ha NOBEpXHOCTb M3 ra3oBoH (aswl, 6yAyT pacnosaraTbCsi BAOAb ITOH CTYMEHbKH,
BCJENCTBHE 4YEro OHA, HApallMBasCbh, HAYHET INeEpeMellaTbCs BNpaBo (pHC. 8)).
IMockoabKy OIMH KOHell CTYNEeHbKH 3aKpemJeH, CTYNeHbKa, UCKPUBJAASACH, HauHeT
JBHraTbCsl BOKPYr TOYKH 3aKpenJeHWs, NpHYeM BHEIIHHE TOYKH OTCTAlT OT
BHYTpeHHHX. B pesyabtare Ha noBepXxHOCTH o6pa3syeTcs cBoeobpa3Hasi CTyneHya-
Tas cnoupaap (puc. 0)).

He YCTAaHOBUTCA paBHOBECHAasd KPHWBH3HA. ITo Mepe yaaJjneHus OT UEHTpa
JJi1 COXpaHeHUs1 NMOCTOAHCTBA CKOPOCTH 3anoJIHEHUA

dr
7=const
TpebyloTcsl BCe HOBbHle W HOBble aToMbl. Cnupaab B npouecce pocrta
npeacTaBaseTcs pasBopauMBaiolleiics ¢ NOCTOAHHON yTrJOBOR CKOpPOCTBIO,
a TNOCKOJbKY, caenoBaTeasHo, db/dt = const, To u dr/dt 6yner nocrosiu-
HOH BeJWYUHOH.

Ha6nonaBwuficas npu GO/MbIINX MepechillieHUIX POCT TQHKHX HHUTe-
BIINBIX KPHCTaJJI0B (YCOB), MO-BMUIAUMOMY, He CBS3aH C HEOOXOMMMOCTbIO
Haiauuyus GoJiee yeM OLHOH AHC/IOKauuH. Bo3MoXHO, 4TO Tako# KpHCTaAA
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COLepXHUT eIHHCTBEHHYIO BHHTOBYIO AIICJAOKALHIO, KOTOpas OGycCJ]OBJH-
BaeT ero mnpeuMyLeCTBEeHHbI# pOCT B ONHOM Hanpasienud. Ecau npexn-
MOJOKHUTb, YTO HUTEBHUAHbIE KPUCTAJALI BOOOGUlEe HE COXEpKAT LUCJIOKa-
uUMH, TO MOMHO OXHIAaTb, YTO OHH OyayT o00saalaTh OYeHb BBLICOKON
NPOYHOCTLIO, GAN3KOH K BHIUNCAEHHOMY TEOpeTHYeCKHM 3HaueHWI0 MOpsiKa

Puc. 9.16. CryneHbka pocTa B BuIe 3aMKHYTOH MeTJH @) MOXeT BO3HHKHYTb H3
CTyNneHbKH, KOTOpas HauMHAeTCi M KOHYaeTcs B Npejenax BepXHeil rpaHH KpH-
CTaaJa, COeIMHASA BHIXOAbI JBYX BHHTOBBIX JHMCJOKAUHMH pa3HbiX 3HakoB. Takas
CTynmeHbKa 3aKpenJeHa Ha OOOHMX KOHLAX H MOXeT AaTb HAayajdo POCTy CJAelyio-
mero caos. Ha puc. 6) nokasau nepssiit 3Tan pocta — 06pa3oBaHie OKPYraeHHOH
CTyNeHbKH Ha NMOBEPXHOCTH KPHCTaa/a; jJajee Ha PHC. 8) BHAHO, KaK 3aKpyrieH-
Hble «Kpasi» CTYNeHbKH COMKHYJHMCb NMO3a]AH €e HCXOJHOro noJjoxeHus. B koued-
HOM HTOre (pHC. 2)) BHYTPEHHHH y4acCTOK COMKHeTCs (3apacTeT) U Hal HUM MOJHH-
MeTCS HoBas CTYNeHbka, Takas Xe, kak H Hcxoauas. Ha puc. g) nso6paxena
yeTbIpexcaoiiHas CTyneHbka, OOpa3’oBaHHas# YeThIpbMSA GJAH3KO PACHONOMEHHBIMH
JHCAOKAUMAMH OXHOro 3Haka. boabluve rpynnbl AHCAOKAUHWil 1alOT MHOrOCNOi-
Hble CTYMeHbKH.

G/30, o koropoMm Bhille 1ia peyb. [IpUCYTCTBME €LHHCTBEHHOH BHUHTO-
BOH IMCIOKAUMM, HAyule#t BAOJb OCH KDHCTalana, HE MOKET MOHU3HUTD
€ro MpPOYHOCTb: MPH PACTSKEHHUH KPHCTANJa HAa 3Ty AUCAOKAUUIO He Heh-
CTBYIOT CWJIB, TaK KaK BekTop bBloprepca anciokauuu mapajneneH npu-
JIOXKEHHOMY Hanpsokenuio. Xeppuur u [0AT B CBSI3M C 9TUM MCCAeNOBAIH
HUTeBHAHblE KPUCTaMIbl (YCbl) 0JI0Ba, HMeloLilie PannyC OKOJO 107 cu,
M YCTaHOBMJM, Y4TO MX ympyrue cBOHCTBAa OJM3KM K TeM, KOTOphle TeO-
pust Npencka3blBaeT IJS MAealbHbIX KpHUCTannoB. MaMmepeHuble umu Je-
¢opmauuM y npesena TeKyyeCTH COOTBETCTBYIOT HaMpsiKeHHSIM CIOBUra

22*
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nopsaka 1072 G, 1. e. okasuBawTca B 1000 pa3 GoJblue, YeM A Mac-
CH3HBIX 06pa3uoB 0/0Ba. DTO MOATBEP}AAeT OLEHKa NMPOYHOCTH, CHE/aH-
Has paHee 1 WAeaJbHBIX KPHCTaJIIOB.

Puc. 9.17. KapTuHa cmupaJbHOrO pOCTa Ha ORHOH BHHTOBOI
AHCAOKALHM Ha IOBEPXHOCTH MOHOKpHCTaana napaduna nCaHy, [9).
(3aexTpOHHO-MHKpOCKONHYeckas ¢oTorpadnus.)

HureBuiHble KpPHUCTaN/NBbl jKesle3a, BblpallleHHble M3 NMAPOB, MOKAa3aHbI
#Ha puc. 9.18. TosmuuHa sTHX KpHCTaanoB mnopsiaka 15 mk; kpucrannv-
Yyeckasi CTPYKTypa — Ky6Guueckasi 06beMHOLEHTPHPOBAHHASA, NpUYEM KpPH-
cTa/bl  MMeloT uerhipe rpanu {100}, napa/ienbHble OCH KpHCTalia.
HauGosbume ynpyrue nepopmaunu, HabniofaBlivecs AIs TaKuX ieses-

HBIX KpHcTa/aaoB, Oblin nopsiaka 1,4%, uro 6JHM3KO K TEOPETHYECKOMY
npeaeny.



rJ. 9. JUCJIOKAUHWH H NMPOYUYHOCTb TBEPAbLIX TEJ 341

Ynpyrue XapakTepucTHKH, OMH3Kue K TEOPCTHHECKHM /s WAeadbHbIX
KpHCTan10B, Ha6.ai0Maaduch A4S psila BewiecTs, B ToM uuciae naa Cu, CdS.

Puc. 9.18. HuteBuanble kprucTaannl (ycol) xesesa, noJayyeHHble

BbIDAIMBAHHEM M3 NAapOB NYTEM BOCCTAHOBJEHHA KeJe3a

BOilopoAoM M3 Gpomucroro kenesa npu 710° C B xenesuoit
JIO0YKE.

Puc. 9.19. HurteBuaublit kpucraan Meis, aedpopMHPOBaHIIbIH
no 1,5%.

- p-TOYHIHIA, rajoreHuaoB Kaaus. Pororpacdus 1eopMHPOBAHHOTO HHTE-
BHIHOIO KpHCTaana Meau mokasana na puc. 9.19
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3AIAYHN

9.1, [lokasatb, uyTO HanpaBjeHHs INJOTHeAlle# aTOMHOH yNaKoBKu
L5t KyOHUECKHX TPaHeleHTPHPOBAHHEIX CTPYKTYP CYTh Hanpasaenus (110);
1as KyOuueckux O0GBbEeMHOLEHTpHpOBaHHBIX cTPyKTyp — (111), ana rek-

CaroHa/bHbIX TJOTHOYNAKOBAHHBLIX CTPYKTYp (2110).

9.2. K unannapuyeckoMy KpHUCTaaly C nonepeyHelM cedyeHueM A npu-
J0Xeno pacrarupaiollee Hanpsbkenne T. Halrtu Bbipaxenue ais 3akoua
MOCTOSHCTBA KPHUTHYECKOTO CKaJblBAlOlero HanpsbkeHus (3akoH LlImuma)
npH J1aHHOM yrie A MeXAy HampaBleHHeM CKOJbXEHHS U OCbI0 pacTsie-
Hust, aanHoM yrie 0 MexIy OCbl0 pacTsKeHHs M HOPMaablo K MJAOCKOCTH
CKO/bKEH NS,

9.3. Hatttn napy Aucioxaumit: a) SKBMBA/JEHTHYI0 PSALY BaKauTHLIX
y3a0B, 0) SKBMBAJEHTHYI0 DALY aTOMOB B MEXIOY3JaHAX.

9.4. VMmeerca xpucrana B ¢opMe ky6a co ctopoHol L, comepxaruis
KpaeByl0 IucaOKauuio ¢ BekropoM DBioprepca b. K Bepxueit u HuxHeH
rpaHsM KpHCTalla MNPUIOXKEHO HanpsKeHWe CIABHUI@ ¢ B HANpaBJaeHHU
ckosbxeHus. ITokasaTb, npupaBHuBas pPaGOTy NO NepeMeLIeHHI0 IUCAO0-
Kauun paGore BHelllHefl CHMJIBI, YTO HA €NMHHMLY LJUHBI AMCJHOKaUMH JaeH-
creyer cuna F = ba.



ITpuaoscenue A

BO3MYWEHHE NMOYTH CBOBOJHBIX JJEKTPOHOB
NEPUOAHYECKHM NMOTEHLUHAJDbHLIM MOJEM

Iyctb BO3MylUeHHe CO CTOPOHbl KPHCTANIMYECKOR pelleTKH 3anucaHo

B BHle panxa dypee
2rninx

+00
H=XV,e ¢  (V,=0). (A.1)

Ecan BoamyuieHne MOXeT ObITb ONHCaHO Takoh npocTo# ¢yHkuueft,

KaK, Hanpumep,
2nx

a ’

V,cos

10 H' npumer crenyowui Bua:

v onix _2_1ti_x
H’=2—'(e a Lo a).

Marpuynble 3/7eMeHThl OnepaTopa 3Hepruu BoO3Myllenus H’ B npexcra-
B/eHUH TIIOCKUX BOJIH ONpPeNefioTCs BbPAXKEHHEM
YV . _2nlax
(k’|H’|k)=2‘T” /'e”'”"‘e a gikx dx, (A.2)
n 0
Hurerpan B (A.2) He o6pawaerca B HY/Jb, TOJLKO KOraa

2nn
"

kR'=hk—

(A.3)

B 3ToM cayuyae MaTpuuHbI#t 3/1€MeHT paBeH COOTBETCTBYIOLIEMY 3HaueHuio V.
Boanosas ¢yukius nepsoro npubaumxenus uMeeT BUA

1 (k' |H'" | k) .
q,k_ﬁ [eikx+ E ﬁem x] =
2rinx

! Vi “Ta X
=VT[1+2W8 ]e”‘ (A4)
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ans k' =k — 2xn/a. Pewenne (A.4) u ecTb uckoMOe 6I0XOBCKOE Bhipa-

wenue. TToMusa, uro Ep = h?k'*/2m, nns sHepruv BO BTOPOM NpuG.u-
MeHUIl TONYUYUM:

h2k? Vol
Ev =3 +),,:' ' (A.5)

k_Ekl
Buiuncnenne 3tux Bblpa)KeHl'lﬁ OCHOBAHO Ha npeJmonomeHnn. 4yTO
3HaMeHare/b
h? 2nn \2
— Fp =22 [k2— b —
E k 2m a

He cauwkoM Mai. Ias R = wn/a snaMenarenb Gyder o6palaThCs B HY.Ib.
B stoM cayuae pacuerl caenyer NpoBoauTh GoJee Twaredbo. Ilycrb
BeMyuHa k 6au3ka K wn/a@; Toraa s BOJHOBORH (YHKUMM HMeeM

_21!:!/11‘
“p = e‘kx (AO + Ane )

TaK Kak Apyrue Kospduuuents Pypbe Oyuyr maan. Koadpouuments A,
n A, onpeleisloTcs M3 yCJOBUH MHUHHMyMa SHepruu:

B A E A2V, A4,

: (A.6)

n-'n

A+ 4

B (k —2nn\2
h2k? a .
2m ’ n= 2m ’

(A7)

31ech

E0=

cpenHee 3HayeHue V npuHHMaeTca pasibiM Hyao. Kpome Ttoro, npex-

nosaaranocb, 4TO V,,_-V,, Bass papuauuu 84, u 8A, ana onpenenenus
MHUHMMHUBHPYIOUHMX 3Haveuu#ht A, u A, noayuum cm:'remy ypaBHeHu#

924, (E —Eg)— 2V, A, —0,
- 2VnAO + 2An (E e En) =0,
KOTOpbIE UMEIOT OTJ/AnYtible OT Hy.ﬂeBblx pelleHus, JaUlIb Korjua

(E—E)(E—E)+Vi=0,
HIu

— B+ B [(Bs— By 4 4V ", (A.8)

Hanbonee uHTepecHOR OCOOEHHOCTbIO 93TOr0 pe3yabTara sABJAAETCA
pa3pLIBHOCTL SHEPrUH NpPU kK = mn/a;, NpH ITOM 3HAYeHMH R Mbl HMeeM:

AE=2|V,]|, (A.9)
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Y1, CJeldOBaTe/ibHO, 3HEPruu, Jexaulue B HHTEpBaJe

2 (),
2m \ a n
fIBJAIOTCA 3anpeLleHHbIMH.

3aMeTHM, 4YTO OPIrrOBCKHE YCJIOBUS OTPaeHHUS TAKKE MMEIOT MeCTo
fiph R=mn/a, M 3TO Ke YC/IOBMe ONpelefeT TPAHHYHbIE SHEPTHH
8 Molean Kpouura — ITennu. Ha rpaHuue BoJHOBHE (QYHKIUMH MMeIOT
BHUI CTOAYHX BOJH, KOTOpHle, pa3yMeeTcf,, He MOI'YyT HeCTH TOKa.

JIinsa 3HaueHuR R, nexallux YyTh Bhille NepBOH 3anpeleHHOM 30HBI,
pasnaras (A.8) B psl ¢ TOYHOCTbIO LO YJEHOB MepPBOro MOPAAKA OTHO-

curenvio (Ey— E,)? w nonaras k' =k — w/a, HaihgeMm, uto
h? \2 ’ 4E AE
Exo [(2) +#7 (1 +F2)] + . (A.10)

rile E,— sHepretuuecku#t MHTepBa/] OT UEHTPAa 1O BepXHero Kpas nep-
BOH 3ampelleHHOM 30HHI, TIPUYEM €ro 3aBHCHMOCTL OT R’ onpepeasercs
COOTHOILEHHAMHU

h?

E-—Ea=m—ak’2; a=1-+4

4E,
iE (A.1D)
¥3 KOTOPHIX CJelyeT, YTO 3JeKTpoH BeleT ceOf Kak uyacThua ¢ sddex-
THBHOH Macco#t
="
m'=—. (A.12)
Cayua#t Tpex uaMepeHu#. B caydyae TpexmepHo#t npocroit
KyOuyecKOH pelieTKH
H — 2 VgelGr,
G

ycaoBHEe CYLIeCTBOBAHHA HE PABHBIX HY./1I0 MaTPHYHBIX 3/71E€MEHTOB UMEET BUJ

P
3anpelieHHO# 30He COOTBETCTBYIOT 3HAYEHHS, YAOBJETBOPAIOLLHE YCJIOBUIO
k2= (k+ G, (A.13)
yuJau
% .G+ G =0, (A.14)
Y4, HAKOHel, B DasBepHYTOH ¢opme,
. 2 3 n? .
kxn1-|-kyn2+kzn3="—('w, (A.15)

rne n,, ng, ng— NOJOXHUTEJbHbIE HJIH OTPpHUATE/JIbHbIE Lie/Able YHCaA.
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[Tpuaorxcenue B

NPUBJANXKEHUE CHJAbHON CBSI3U JJISl JEKTPOHOB
B METAJUJIE

ITpeanonoxuM, 4TO OCHOBHOE COCTOSHHE 3JEKTPOHA, IBHXKYILLIErocs
B MOTEHUHANbHOM TMOJie H30JMPOBAHHOTO aToMa C noTeHuuanom V (r),
ONUCHIBaETC BOJAHOBOH dyHKuMeHt ¢(r) ¥ uTO ero 3Heprus pasHa E.
[TpennonoxuM, Aajnee, YTo BOJHOBAas (YHKUHA ¢ COOTBETCTBYeT S-CO-
CTOSIHHI0. 3OHHas TPAKTOBKAa Ha OCHOBE PAaCCMOTPEHHA BBIPOKIAEHHBIX
p.d, ... aTOMHEIX ypOBHeli sBasieTcs 6osee caoxHoR. Ecan BausHue aTomMon
ApPYr Ha Apyra Manad, TO B HYJeBOM NpHO/IMKEHUH BOJHOBYI0 (YHKUHIO
3JICKTPOHA B KPHUCTa/j/le B Lle1OM MOXHO 3anucaTb B Bule

%l
bp (=D Cpjo(r—r), (B.1)
J
rae cymma Gepercs no scem yaaam pewerkit. Ecan C,; B3ats B Buze e'*'7,

to (B.1) npuser Bun ¢yukuun bioxa
NGES ; e*io(r—r). (B.2)

Mbl 10KaxeM 3TO, paccMaTpHBas TPAHCJAWMIO HA BEKTOP &, COelM-
HAIOLMHA JABa y3.J1a pelleTKH, a WMEHHO, PacCMOTPUM (QYHKUHUIO

bpr+ o= ior+g—r)=
— et D * I olr —(r; — @) =" ¢, (). (B.3)

Orciona BHANO, YTO 3Ta QYHKUUA YLOBIETBOPAET TpeGOBaHHAM, NpeLbsB-
JasgeMbiM K ¢ynkuun bBaoxa.

AHepruio B nepBoM NpHOAHMEHHH Mbl HaileM, BBHIYMCAMB AHAroHalb-
Hble MaTpPHYHbBle 3/1EMEHTH OnepaTopa BoaMylieHus [’ (r), BhipaxeHHOro
yepea pa3HOCTb NOTeHUHMasla B KpuCTaaae BOGJM3M HOHa M MNOTeHuHaJa
OTAeALHOrO aToMa. Mbl MMeeM

(R|H'|k) = }] D Cirm) (o | H [ (B.4)
j m

BBOAS 06O3HAYeHHs pm=rm—rj W CcuHTas BCE y3. bl DPELIETKH 3KBH-
BaJeHTHbLIMI, NOJYUYHM

(k|H' k)= N Y, e~ *om [er—p) Ho(rav. (B.5)

Ecau Temepb nmpeHe6Gpeub BCeMH MHTerpajaMu, 3a HCKJAIOYEHUEM TeX,
KOTOpbie COOTBETCTBYIOT BEKTODAM p, COeAMHAIOLIUM Oankahiiux cocedef,
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TO AJs KpHcTaaia, COCTOfALLero u3 N aroMoB, MOXKHO HamucaThb

f S (NH AV =— 5, (5.6)
/30* (r—p Hg(ryaV =—4-, (B.7)
¥ Mbl TOJYYHM
(R|H'|k)=—a—1 Ze_i(”(’m)_
¥lrak, 11 sHepruu B nepBoM NpPUO/IMKEHHH NOJYYHM
E=Ey—a—qy e (*om), (6.8)

m

B caywae npocto#t kyOuueckoft pelwieTkH KOOpAMHATHl OaixaRIInx
coceneit caenyiouue:

pm=1_(%a, 0,0), (0, £a, 0), (0,0, La), (5.9)

#, CJjJeloBaTe/NbHO,
E=E;—a—2y(cosk,a—cos kya-cosk,a), (b.10)

TaK 4TO paspelleHHble 3HAYeHHA SHepPrHM OrpaHHyeHbl 30HOM B Npe-
nenax 6. Iaa manvix k

E=E,—a—67 -+ k%2 (B.11)

DHeprusi, COOTBETCTBYIOLIAS [HY 30Hbl, He 3aBHCUT OT HANpaB/eHUs JBH-
weHus. DdodeKTUBHAA Macca
* n
m ——TEE?. (5.12)

Mbl BHAMM, YTO KaXAOMY COCTOSIHHMIO 3/eKTpoha B CBOOOJAHOM aToMe
COOTBETCTBYeT B KPHCTa/je SHepreTHueckas 30Ha.

31ecb MBI paccMOTpeld OLHO COCTOsiHHEe CBOGOJHOro aromMa M MoJay-
4UAM OJHY 30HY. YUHMC/IO COCTOSsHMH B 30He, COOTBETCTBYIOLICE HEBbI-
POXIEHHOMY aTOMHOMY YpoBHIO, paBHo 2N, rie N — uucio aTOMOB
B Kpuctaxie. B 3toM MOxHO yGenuThcs HenocpeacTBeHHo. Pynk-
uus (B.10) -— nepuonnueckas no R, u nMo3TOMy Mlib Te 3HayeHus R, KO-
TOpble B R-TIPOCTpPAaHCTBE J€XAT BHYTPM HEKOTOPOro MHOrOrpaHHHKa,
OyayT onpeleasTb He3aBHUCHMble BOJIHOBble GyHkuMH. B ciayuae mpocro#t
kyOuyeckoft pelleTKM MHOrorpaHHuk OyleT ONpene’asiTbCA  yCAOBHAMH
—mn/a < k,<w/a n1 1. O6bem mHororpanuuka pasen 8r3/ad. Taxum
006 pa3oM, YMCA0 COCTOSIHUA HA eflMHULY 06beMa R-MpOCTPAHCTBA, yYUTHIBAS
o6e opuentauuu cnuHa, pasHo 1/4 nd u, caenobarenabHo, ofuiee UYHUCIO
cocTosHu# paBHO 2/a%=2N.
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NPHUJIOKEHHE B

ITpusoxcenue B

NEPEXOJHbIE MHOXHUTEJU MEXIY BAXHEWIHWMH

EJWHULAMU
(ckopocTb cpBeTa nputara npuGamieHHo pasHo#t 3 - 1010 cu/cer)
Hano stor
YTobH 13 p:aé’::::;:vx'””pame"mro MMoayuutn 3Hauenue B eLMHULAX, ys:gi(-"l{lﬁa'll‘la
80/ M2 2¢ 104
2c 66/ M2 10°;
a-8/M 3 4n . 10
3 a-8/m 10%/4r
8 CGSE — ea. noTeHuHana 1/300
(cTaT.-BOALT)

CGSE — ex. notenuuana (cTat.- | 8 300

BOJIbT)
a6c. amnep (ex. CGSM) a 10
CGSE —en. cuabl TOKa (cTat.- | a 1/(3-10%)

amnep)
OM-CM 3M.-CT. €l. CONpOTHBJEHUS 1/(9-1011)
3/1.-CT. €. CONPOTHBJEHHS OM - CM 9. 1011
3J.-CT. €1. NPOBOJAUMOCTH oM~ /em (Mo/cH) 1/(9-10'Y)
oM~ cm (Mo/cu) 3/1.-CT. €I. MPOBOJAHMOCTHU 9.10"
31.-CT. €]l. TPOBOAUMOCTH oM~ /m (mo/m) 9.10°
K/ M2 3J.-CT. el. 3apana/cm? 3.108
3J.-CT. ell. 3apsjga/cm? K/ M2 (1/3 - 10%)
CGSE — en. noreHuuana - cx 1 "
CGSE —en. cuabl Toka 8- (M a 9-10

Ipunosncenue I’

3HAYEHHS HEKOTOPbIX ®U3HYECKHX IMOCTOSHHDLIX *)

Beanunna

3Hayenune

Yucao Asoraapo L
3apsan aJeKkTpOHa e
Macca nokos 3aeKTpoHa
Mocrosunas Iaanka A

» » h

(6,025438 +0,000107) -

—(4,802233 +0,000071) - 107'° a4.-cm. ed.
(9,107208 +0,000246) - 10™% 2
(6,623773 +0,000180) - 10™%" apz - cex

(1,054206 +0,000028) -

*) 3uauenns pastol u3 csoxku Hio-Monna u Kosna.

1023 2. oo~ ! (du3.)

107% spz- cex




ITpodoarcenue npuroxc. I”

Beauuuna

3Hauenne

CkopocTb cBeTa ¢
Mocrosnnas Papages, FF= Ne

YieapHbl#t 3apall 3JeKTPOHaA,
e/m

KoMntoHoBckass  miauHa
3JEKTPOHA, g, = h/mc

Panuyc nepBoit 60poBckoit op-
6uThl, ay = h?/me?

Knaccuueckuit papuyc sJex-
TpOHa, ro = e*/mc?

AToMHbIH Bec Bofopoaa (B du-
3UYECKOH IlKaJje)

OTHolmeHHe Macchl npoToHa
K Macce 3JIEKTpOHa

Mocroannaa BoabuMmana, &
Marueton Bopa, p o = ehi/2mc

ana

Jlauna BoaHbl POTOHA € 3HEp-
rueit 1 38, Ay

Yactora,  COOTBETCTBYloLIas
dotony c sHeprueit 1 36, v

BoanoBoe uucao orona ¢ suep-
rueit 1 38, &,

dHeprus,  COOTBETCTBYIOLIAst
1 38
dHeprus,  COOTBETCTBYloLIas

€MHHYHOMY BOJHOBOMY UH-
cay
DHeprus,  COOTBETCTBYIOILAS
OJHOMY pHAGepry
CKOpOCTb 3/1eKTPOHa, HMEl-
wero 3sHepruio 1 s

dHeprus,  COOTBETCTBYlOLIAs
1°K
«Temnepartypa», COOTBET-

cTBylomas 1 36

(299790,22 +0,86) x.x/cex

(2,893556 +0,000021)-10!3 9.2.-cm.ed-2- #OAL™!

(1,758898 +0,000032) - 107 s.4.-maz.e0/e
(3,8612050 =+0,0000516) - 10~11 ¢
(5,291508 +£0,000035) - 10™° cx
(2817515 £0,000056) - 10" cu
1,0081284 0,0000030
1836,1388+0,0339

(1,3802565 =£0,0000615) - 10~"° sp2/zpad
—(0,92712031 +0,0000219) - 10™%° 5pz/2¢

(12396,44:0,174) - 10™° cx
(2,418357+0,000032) - 101 cerc—"
(8066,832+0,113) car—?
(1,601864+0,000024) - 10~'% 5p

(1,985742+0,000054) - 10™"° 5p2

13,60353+0,00210 s
(5931099 0,000055) - 107 cat/cerc
(8,616562+0,000357) - 10™° 26

(11605,556 +0,480) °K

Uucao Jlommuara, ng

(2,6874440,000067) - 1019 ¢4~3
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TeNlell TOKa B repMaHuu n-tuna 224

— MPOBOAHMOCTH T€PMaHHs C MbllibSA-
KOM OT TemnepaTtyphl 226

— SHEPrHH OT BOJHOBOTO YHCAA AJA
ceo6ofHOro 3JjekTpoHa 153

—————— LeMnoYKH
153

«3aMopaxuBaHHe» OpPGHTANbHBIX MO-
MEeHTOB B KpHcTasle 269—271

3cHa Bpuamosna nepsas 154

— BaJeHtHas 209

— [IxoHca 184, 186

— 3anpelieHHas, onpenesnexue 151—153

aToMoB

3oHa nposoauMoctu 209

— —, KOHUEHTpalHsa 3JeKTpoHoB 210

3oubl Bpuamosna 178—187

— — B OJHOMepHOM cJayyae 153—161

— -- peuleTKH TpaHeUeHTPHPOBAHHOI
181, 184

—- -— — obbeMHoueHTpHpoBaHHOH 181'

— — — mnpocToli JIBYXMepHOM KBan-
paTHoil 180

— — CTPYKTYpbl reKcaroHaJbHo# nJot-
HoynakoBaHHoit 182, 185

— B MeraJjunyeckoll menu 196

— — Hpkege 198

— —- —, MJIOTHOCTb cocTosiHui 199

—, nepexpoitHe 160, 161

—., 3JeMeHTbl nepexoaHbix rpynn 195
H O.

Hunyabe kpucraana 69

HMupykuus  MaruuTHas,
262

Hurterpan o6menubiii 285, 286

Houusauns TensoBasi NMPUMECHBIX aTo-
MoB 220—223

Houbl, paanycel 31 u a.

—, —TeopeTHyeckHe 32

—, — 3MnHpHyecKkue 33

onpenenexHne

«K;aggﬂpoq:a nosasipusaunonnas» 103,

KBanToBaHus ycnoBus Goposckhe 217

Knaysuyca — Mocottn ¢opmyaa 84

Kone6anuss kpucraana ynpyrue npo-
noabHbie 60, 61

KoHueHTpauus cpemHsii  BaJIeHTHBIX
3JIEKTPOHOB B 3JIEKTPOHHBIX CO€AHHe-
Huax 193

KoopauHauuonHoe uucio 22

Kosdduunedt aucdodysun HeoCHOBHBIX
Hocureseil 229

— TenJoBoro pacliupenus 73, 74

— TtenaonpoBoasoctd 70, 71, 120

— YCHJIEHHs! MO TOKY KPHCTaJIHYecKo-
ro tpuoaa 255

Kpucrannel nonuwe 26, 27

—, onucanue 12 u a.

— nHpo3JeKkTpHuyeckie 98

— CETHETOZJIeKTPHUYeCKHe, KJacCcH(HKa-
uua 99, 100

Kiopun — Beilicca sakon 284, 285

—-30—5 — aas aHTH(deppoMarHeTHka
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Kwpu 3akon 267

— TOYKa MarHeTHKoB 287

—- — CEeTHeT03JIeKTPHKOB 99,
105—108 ’

—- — THTaHaTta Gapus 102

100,

Jlanne dopmyna 267

Jlanxesena — Jle6as cdopMyna 92

JlanxeBeHa TeopHs MNapaMarHeTHsma
265—267

— ypaBHeHHe 265

— dopMysa aJa AHamarHeTHama 262,
263

— ¢yukuus, rpadpuxk 90, 91
— — 1Js HaMarkudyeHHoctH 265
Jlapmopa TeopeMa, BhIBOA AJs yacT-
Horo cJaydas 263, 264
Jlays  AuGPAKUHOHHHE
37—40
— Meton 46, 47
Jlaysrpamma 48
JlopenTua noJe 78, 80
— uycgo 121, 122 R
Jlopenu — Jlopentua ¢dopmysna 84
Jlowmuara unciao 349

ypaBHeHHs

Maruvroctpukuusa 298, 299

Macca HocHTeasi ToKa MonepeyHas, na-
pamerpbl 235, 236

— — — npoaoJabHasA, napaMetph 235,

Merton Bpaulesus Kpucraana 46, 48

— KoJeGaHuil KpHcTaana 48

— nopoluKoBbii 46, 49

MeTtoabl Hccne0BaHHA CTPYKTYpHl 3KC-
nepuMenTaJbHble 46—49

Munaepa uHgekcnl 17 H &

— — AJA TJaBHBIX IJIOCKOCTER KyGH-
yeckoro Kpucraana 18

Monesb nByx noipelueTok B anTudep-
pomarserusme 304—306

Moayap caBura  pasHbiX  BeleCTB
319
MoMeHT MarHHWTHbIA CMOHTAHHBLIA enu-
HHUK  o6GbeMa tdeppoMarHeTHka
283

— — 3JIeKTPOHA, CriuH 265

McMeHTH MarHuTHbE aTOMHbLIE CpefHie
GHHAPHBIX CMJIaBOB SJEMEHTOB Cpyll-
Rbl Kesesa 200

— — snepHbie 272

MowHocts paccenBaeMas 96, 97

TPEOIMETHbBIN YKA3ATEJIb

HamarunueHHocTs Haceiwenus s Nj
156—198

— — Marsetukos 287

— —, onpesnenenne 283

_”l_l ¢depputoB, Teopus Heens 307—
3

—, onpenesnenne 261

— napaMarHeTHKa 265, 266

— — I'0 KBaHTOBOH Teopun 268

— cnoHTaHHas npu 0°K 287

—qq—. TCMNepaTypHas 3dBHCHMOCTb 286,

HamarnnuuBanue texunueckoe 289, 290

Heens rtemnepatypa 304, 305

Oma 3akon 114—116

Op6ura Goposckas meppas, paanyc 349

Opuentauua aunoneil B TBEpAbIX Te-
nax 92

Ocu Kpucranjorpaguueckue 12

OcuuanaTop aHrapMoHHYecKuil 74

— rapMOHHYeCKHi1 55

MapamarHetnam 264 u 1. .

— Ilayan 139

— sajepHbiit 271

IlepeHoc HEOCHOBHBIX HOCHTeJel TOKa
231, 232

TNepuonnueckass cHcTeMa 3JE€MEHTOB,
3J/IeKTPOHHBI® KoHpurypauun 27

IMernst rucrepesuca CerHeTo3/eKTPHKOB
103

— — d¢eppoMarHeTHkns 290

— pucaoKaluuoHHas 333

ITnasmonsl 143

Ilnanka nocrosinnas 57, 348

IMnoTHocTs cocTosiHME  Kak
sHeprud 130

p — n-nepexon,
crehe 243 u n.

— — —, crnoco6bl moJayueHus 244, 245

IToBepXHOCTH MOCTOSHHON 3HEPruH AJs
3/leKTPOHOB B KpeMHHH 236

IMorJowenyne pesoHaHCHOe, MaKpOCKO-
nHYecKHe ypaBHeHus 276, 277

— — CNHHOBOE NPOTOHHOe 276

— — —, ycaoBus 275

— — — 3JeKTpoHHOoe 276

— — ¢eppomaruuTHoe 281—283

IToaBuKHOCTL B 06JaCTH cOGCTBEHHOM
nposoauMoctd 213, 214

— HocHTeJNel ToKa B NPHCYTCTBHH MpH-
MeCHbIX aToMoB 223—227

byHkuus

BHIMPAMJSsIIOlLee OCH-



NPEAMETHBIR YKA3ATEJTD

IMo.aBHXHOCTb, onpeieneHue 120

INokasaTen, npenoMJaeHHs KOMILIEKC-
Hblll 144

Ione BHyTpeHHee 3JeKTpHuecKoe 77—
83

— nenoaspusyiouee 77—80

— aunodeit suytpu noJoctu 80, 81

— MoJsiekyasipHoe 284

— MJOCKOrO KOHIEeHcaTopa € IH3IJIeKs
Tpukom 81—83

IMonayyects 334

INMoaynpoBonHHKH, PpaguauHoHHble 3¢-
¢ekTol 238, 239

IMoaspusauns, onpenenenne 77

— cernerodaektpukos 99, 100, 103, 104

— cnoxTanHas TutaHata 6apus 103

IMoasipusyemocts 83

~— reTeporeHHbix MaTepHa/ioB 85

— HoHHas 85, 88

— MoJaspHas 84

— opueHTauuoHHas 85, 88—92

— noJHas 92

— 3J1eKTpoHHast 85—88

— — wuoHoB 86

IMopsanok 6anxuuf, onpenetexHne 202

— aJbHuf, ompeaenenne 202

TocTosiHHas MoJeKyJspHoro noas 284,
285

TNoteHunan XUMHYeCKHA B mOJynpo-
BoaHuKax 210

ITotok TennoBoit 3neprun 70

IMpeuunurauns B TBepioi dase 329

IMpuuuun TMayau 123

IlpoBoaiMoCT repMaHHsi, 3aBHCHMOCTb
or obayuenns 239

— Heco6CcTBeHHas MM npumecHas 208,
209, 214—217

— nepexonHbix Mertaanos 200, 201

— cob6cTBeHnas 208, 213

— —, TeMnepartypHas o6aactb 208

IMpo3pauHOCTb  LI@NOUHLIX ~ MeTaJl/ioB
B yabTpaduoneroBofi obnactu 144,
145

INpoxnuaeMocTs MariuTHas obpatHmasn
296, 297

— —, onpenesenne 262

— — 3(hdekTHBHas MaJsoR 01HOJOMEH-
HOll cepuyeckoR wactHub 315

Pa6ora Bbix0oxa 9nekTpoHa 146, 147

Pasmaruuunsahue anuabaTHueckoe
271274

PacnpeneneHie naoTHOcTH 3apfijia B
Lenouke atoMoB 155

363

Pacnpenenenue ckopocrei mo Makce-
seany 140

—M_é — craructuke ®epmu — JIupaka

Pacwnpenne tennosoe 73 u A.

PacuennieHne ypoBHell 3JieKTpoHa B
rnoJjie MarHuTHoM 267

————— HyJeBoM 280, 28l

Pesonanc antudeppomaruutHuiii 306

— MarHuTHuii 274 u n.

—- teppomaruuTHbii 281 —283

— UHKJOTPOHHBbIH 232—238

PekoM6GHHaUHA 3JEKTPOHOB H  ALIPOK
227—231

Penakcauus, BpeMs no [Hebaio 93, 94

—, —, noHsaTHe 114

— B TBepabXx Tenax 94—96

— aunoJbHas 93—96

— HaMarHHYeHHOCTH
277—280

— CNHH-pelleToYHasi, BpeMs 278

Pewerka kpucraiasnuueckas 13

— Ky6HuecKasi  rpaHeleHTPHpPOBaHHaf
15, 16

— — cObeMionedTpupoBanias 15, 16

— -- npocras 15, 16

— o6paTHas 40

— —, BeKTOopbl B oflweM Buge 179

Pewertkn Bpase 15, 16

— Ky6HuecKHe, OCHOBHbIE XapaKTepHc-
THKH 17

— mnpocTpaHcTBeHHble 15, 16

Pmlligncoua — Jlewmana ¢opmyana 146,

Pocr 340
341

— — cnrpagabhbiit 337, 338, 340

npH  pe3oHaHce

KPHUCTANJOB HHUTEBHIAHBIX

Csf3H B KpHCTAMJaX, KJacCHpuKauus
smnupuyeckas 25 U A.

Cssasb Bopopoanas 30, 31

— romononspHas 28, 29

— HonHas 10, 26

— KoBaJentHas 10, 28. 29

— Metaaauueckas 10, 29

—- MoJsekyJasipHas 29, 30

— CHJbHas 3JIEKTPOHOB B MeTasie 346,
347

Cernerosa coanr 100

CerneroasiekTpukun 97—111

Cx2mmaemoc1-b nepexoaHbiX
01

Culla KO3PUUTHBHAsI B CErHETO3JEKTpH-
kax 103

MeTa/NIoB
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«CHla KO3DUMTHBHas B (eppoMarHerH-
kax 289, 290, 295, 296

Cuabl aucnepcHortble 30

CumMetpus, ocn 14

—, IJJocKocTH 14

— ToueyHas 13

CkoJbxeHne TpaHcasuuonHoe 319, 320

Ckopoctu auddy3nu Ablpok 248

— cBera 348

— saektpoua apeiidbosan 114, 116

— — depmuesckasa 130

Coii 6apbepHbli Mexay MeTasljloM H
noJynpoBoAHHKoM 242

— — noaynpoBo/HHKa 241, 242

— —, TonuKHa 242

Cweulchie cpenuee no Boabumany 73

CMelienus, 3/1eMeHTapHble BeKTopbl 12

ConpotusJetne 116

— ocratouHoe 177, 178

— caBury B MoHoKpHucraatax 317—321

Cocrosiuust npuMecHsle 217 u n.

— —, 3Heprus 218

CnsaBbl 6uHapHbie 190—195

—, MexaHHYeckHe cBoiictBa 334—336

Crpykrypa anmasa 19—21

- rekcaroHajbHasi ¢ MJOTHOH ymaKoB-
Koit 19

--- 30HHAaA MeraioB 187—190

-—- — —. GaaroponHbix 187, 188

—— -— —- [ByXBaJIeHTHHIX 89

—- -— — TpexBaneHTHbIX 190

—- — — LeJIOYHBIX 187

— mkpucrananyeckas 13

— — OCHOBHBIX 3J1eMeHTOB 24

— Ky6nyeckas, npumepsl 21, 22

— —- ¢ nJoTHo#H ynakoBko# 20

— MarHuTHas cnuHoBoi pewetkH 306,
307

—. CBEePXTOHKas CMeKTpa MOIJIOWEeHHS
280, 281

-— rtuna neposckura 101

—- -— —, BHyTpeHHee moJse 106, 107

— tHraHara 6apus 101

— ¢ropucrtoro Kanabuusa 21

— XJOPHCTOrO HaTpus 22

— -— uesus 23

— unBKoBoH o6MankH 21, 22

C'rpéw'rypu KpPHCTaNIHYeCKHe TpOCThIe

H A
Cxema 3oHHas npuBeueHHas 180, 181

‘TemnepaTypa npeBpalleHHs,, onpesgese-
uue 202

Teanf‘neparypa, cooTBeTcTBYlollas 1 38
9

TMPEIMETHBIN YKA3ATEJIb

Teopuss KBaHTOBas
267—271

—- — — cnuHoBoro 138, 139

— — cBOGOAHBIX YacTHIU B 3aMKHYTOM
cocyae 123—131

— — TenJoeMKocTH rasa 135—137

TennoBoe pacwupenne 73 u 1.

TensioeMKOCTb aHrapMOHHYECKOTO KJac-
CHYecKoro ocuuaastopa 74

— rapMoHHUYecKoro ocuuJaastopa 55,

napaMarHeTHama

— — — no J#HwrelHy 58

— ABYXypoBHeBOH cHcTeMbl 76

— peletkd, Teopusa [ebGas 59—66

— —, — J#Hwreina 56—59

— cBoGoaHOH YacTHUB 53

— 3JIeKTPOHOB MPOBOANMOCTH
121, 122, 131

Teﬂé'lOHPOBOIIHOCTh TBepAbIX Ten 69—
7

TepMonunamnka ajanaGaTHYeCcKoro pas-
MarHuuuBauua 272, 273

Turanat Gapus, teopus 102—108

Tok auaMarautHbii 262

66—69,

— [BbIPOYHBI  uYepe3 p — n-nepexon
249

— MOJHbIH yepes  p — n-nepexon
249

— TYHHeJabHBIH 253

—- uepe3 GapbepHbiii crioit 243

Tpancasuuy, rpynnet 12

— OCHOBHHIe B 0OOpaTHOH  pelleTke

—., 3JleMeHTapHble BeKTOpH 12

TpaHcasuus, onpenesnenue 12

Tpuoabl KpHcTaslJH4UECKHE C
nepexonaMu 256—259

— — — TOUYEYHLIM KOHTaKTOM 254—-
256

— — Ttuna A 255

p—n-

Yroa norepp 97

— pa3sopueHTHPOBKH 3epeH 325, 327

Ynopsaouenue B cniaBax 201—205

—, PeHTreHAH(PaAKUHOHHbIE METONbl HC-
cneposanus 202, 203

YnpoueHue MmaTtepnasta HakJjernoM 336

— MexaHHyeckoe 334

VnpoueHnss pasHble MeXaHu3Mbl 334—
336

YnpyrocTs,
wect 319

YpaBHeHHe HeNpepbIBHOCTH A/ ABIPOK
301

npenea 4Jid  pasHbIX Be-
-



TIPEOMETHBIM YKA3ATEJIb

YcnoBus rpaHuuHble TMepHoaHyeckHe 61,
62, 126, 127
¥Ycranocts 334

¢a13883b1e nepexofibl B THTaHaTe 6apus

dzKTop Aemnossipusyiowuil 79

—- pa3marHuyusatouluii 282

— paccesiHHsl aTOMHBIH 42, 43

— CNeKTPOCKOMHYECKOro paculenJeHus
267, 275

— CTPYKTypublit 44, 45

dapanes nocrtosuHas 348

depmu-upaka pacnpeneneHue
137

— -- — BHIpOXJeHHoe 134

<= —- — nas aeipok 211

— — — — 3JIeKTPOHOB
vunop 210

— — — M 3JeKTponpoBoAHOCTb [39—
142

— — — HeBbIpOXJAeHHoe 134

Qepmu Temnepatypa 129

— yposenn 128, 129

-- — B noJaynpoBoiHukax 210

— — HeKOoTOphIX MertasioB 129

— sHeprus 134

Peppumarnetuam 308, 311

®epputnt 307—313

«peppomarHetusm 283 u na.

Dououbl 69

—, cpefHsia [JMHa cBoGojHOro npoGe-
ra 72

‘DoTOH,
349

—,— — — OJMHa BOJHH 349

—,— — — yacrota 349

OyHKUHY BOJHOBLIE [Js HYJEBOTO BOJ-
HoBoro BekTOopa 162—165

<Dyxg;unn BOJIHOBasi BurHepa — 3eiitua
1

— — COBOKYMHOCTH JIByX aTOMOB BO-
nopoaa 157

— — 3JekTpoHa 124—126

— —- -— B Kpucraane 346

—- -— — — nepHOAHYECKOH
161—165

— — — nouTH cBoboaHoro 343

131—

MoJynpoBe1-

njas 1 38 BOJIHOBOE YHCJIO

pelueTke

Xarena — PyGenca ¢opmyaa 149

Xoana ko3bduuHeHT ANa 3anaHHOH
KOHUEHTPALMH 3JEKTPOHOB M ABIPOK
206

365

Xoana noae 174

— nocrosHHas 175
— yroa 175

— 3ddekr-174—176
XyHaa npasuyo 269

Llentp pexomGuHauuH, AeiictBue 231

Yactotra JsapMopoBoii npeueccun 264
— nJa3MeHHas 142—144

— UHMKJOTpOHHas 263, 264

Yucna kBaHTOBble atoMa 123

llIMuaa 3aKOH MOCTOSIHCTBA BEJHUMHBI
CKaJbIBaIollero HanpspkeHus 320

lnuuens HopMaJbHas, onpejeseHue
310

Illpeannrepa ypaBHeHue 124

Llens  sHepreTHyeckas,
1561—153

onpeanenue

ditHwTeiiHa cooTHolueHHe AN Ko3pdu-
uuenta audoysnn 229

— TteMnepatypa 59

Saekrpernl 98, 99

DJIEKTPOH B MNEPHOJHYECKOM MNOTeHUH-
anpHoM moJe 341—345

—,3apan 348

—- KJaccHueckuit paauyc 349

—, KOMIITOHOBCKas aiauHa 349

—, Macca nokos 348

—-, OTHOLIEHHe K Macce nmpoTtoHa 349

—, ckopocTb npH 1 38 349

—, YReJbHbIR 3apsan 348

DJIeKTpOHHBle coeanHeHHs: 193

DJIeKTPOHOB UYMCJIO Ha eJHHHLY 06beMa
B 30He nmpoBoaMMocTH 211

SJTEKTpOOTpHLlaTEJH)HOCTb 3JIEMEHTOB

dnekTponpoBogHocTb 116, 121

— MeranioB 176—178

— — npu 0°C 119

— 3JieKTpoHoB 177

OMHCcCHS  TepMO3JIeKTpOHHas 145—148

DHepruM YpPOBHH 3JIEKTPOHA MNPOBOMLM-
moctH 128



366 NMPEOAMETHBIN YKA3ATEJIb

JHeprusi BHYTPEHHAS COOGCTBEHHBIX KO-
ne6anuii 60—63

— rasa $epmu npu 0°K 135

— rapMOHHYECKOro OCLHJIsATOpa Mo
Inauky 57

— — — cpennsa 55, 57, 58

— e/IHHHUbl NOBEPXHOCTH cTeHKH bBio-
xa 301

— HMOHH3alHH AoHOpa 223

— MarHuTHas Kpucraana 291, 292

—, HaKan/uiBaeMasi NpH MJacTHYeCKOH
zegepmannn 331

—- obmena 285

— — uenoukd aromoB 300

— ToTeHuHaJbHasi 3JEKTPOHA MPOBOAH-
MOCTH B MoJie HOHHBIX OCTOBOB 155

—, CBA3aHHas € QHCJOKAaUHOHHOM neT-
neii 332

— CBA3M KpHcTaaaa 25

—, COOTRETCTBYIOLLAST €AHHHYHOMY BOJ-
HOBOMY uHcay 349

—,— 1°K 349

—,— 1 38 349

—, —- Pun6epry 349

— CpeNHAI  YacTHUBI
paBHoBecuu 52, 53

npu TenjoBOoM

Oueprus ®PepMu B clyuae NpPHMECHO
NPOBOAHMOCTH 222

Sutporus, dopmynn 272, 273

AbpekinBHas Macca Abipku 173

— —, dusnueckuit cmbicn 167

— — 3JleKTpoHa 162

KpHcTaJje 165—170,

— — — B
347
AddekT TyHHe bHBIH 250

A¢dekTBHOE YHCaO MarHetoHoB Bopa
268

— — — — /17 HOHOB TpYMNBbl XeJe-
34 269, 270

—————— penKux 3eMelb
269

— — — — Ha aTtoM wMarHetHka 287

Om-Posepy npasuna ans ¢as cnaasos
192—194

flyefika sJeMeHTapHas 13
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uuu M o6nactu npuMenenus, 1958, 148 ctp., 22 kon. (Cepus «Pn3uko-mMare-
MaTHYyecKast GHGJHOTEKA HHXKeHepe»).

KHueu npodarorca 8 KHudHbIX MA2Q3UHAX, @ TAKKCE BbICLIAAIOTCA NOY-
TOl HaroxeHHbIM naaTeicom Ge3 3a0darka ecemu pecnybAuKanckumu, kpae-
goumu U 06aacTHoIMU OTOesenuamu <Kruea — nodrod».

B cay4ae OTCYTCTBUA KHU2U 8 MECTHbLX MQ2A3UHAX 3AKA3el caedyeTr
nanpasaaTe no aodpecy: Mocksa, B-71, Jlewunckuid npocnekr, 15, B/O
«Coro3kHuea», 0TOea TeXHU4eCKOL AUTeparypoL.
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