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IMPEUC/IOBUE PEJAKTOPOB NEPEBOJIA

B nocaeanne roasl Bo BCEX TEXHHUYECKHX By3ax H B GOJbIIMHCTBE
YHHBEpPCHTETOB (HMelOWHX ¢H3HUeCKHe HJIH (DH3HKO-MareMaTHYecKHe
(pakyIbTeTH) B YueGHBIE NPOrpamMbl BKJloueHa $HH3HKa TBEPAOro Teaa
(nanee cokpamenno: PTT). HMuorpa sto kypc PTT kak Takosoii,
HHOTJl2 €ro OTJE/JbHHIE pa3fe/bl (HanpuMep, $H3HKa NOJYIPOBOAHH-
KOB, MeraJJodH3HKa), HHOraa oThesbHble pasgesasl PTT Braouaworcs
B Kypchl 3/J€KTPOHHKH, P3aAHOTEXHHKH, 3JEKTPOTEXHHKH, MaTepHaJo-
BEJEHHS M T. J.

B oGunpro# MoHorpaduuecKoi u yuyeGHOH JIHTEPAType 1o (H3HKe
auteparypa no PTT 3annmaer Goabluoe H BaXHOoe MecTo. B smoxy
HayyHO-TEXHHYECKOH PEBOJIOLHH 3TO BIIOJHE €CTECTBEHHO, NOCKOJBKY
PTT crana opHoH H3 OCHOB coBpeMerHOH TexHHKH. K Temaruke OTT
OTHOCHTCS B HACTOSIIEe BpeMH IIOYTH IIOJIOBHHA BCEX BeQYIHXCH
(PH3HUECKHX HCC/AENOBAHHA H COOTBETCTBYIOUIAS JOJS OPHTHHAJBHBIX
HayuHBIX NYGIHKANHUH.

Kypcsl Jekunii B By3ax oGbIYHO CONPOBOMKAAIOTCH CEMHHAPCKHMH
3aHATHAMH (YIPaXKHEHHS W PellleHue 3a7au), HMEIOWHUMH HEJbi0 OCBOe-
HHEe W YrjyGJeHHe JEKUHOHHOro Marepuana. Opxako B cayuyae OTT
3TOT HEOOXOAMMBIF 3/1IeMeHT yueGHOro npouecca KpaiHe cKyaHo obecre-
YeH JHTepaTypofi. XOTA yNpaXKHEHHS H 33Ja4yd AATCH BO MHOTHX
yueGHrkax no PTT, Ho OOLIYHO OHH «IIPHCIOCOGIEHB» CHEIHAJBHO
K COIEPXaHHIO Kypcd, KOTODHIE JIEXKHT B OCHOBE Yy4Ye(GHHKa, U He
CHHMalOT noTpeGHOCTH B 3ajauHHKe (ojiee yHHBEPCANBHOrO Ha3Haue-
nHus. B 3agaunukax mno obmed- ¢usuke 3agaun mo PTT obwruno
orcytcTByloT. Jlo HejaBHEro BpeMeHH HEe TOJLKO B COBETCKOM, HO H
B MHPOBOH yuyeGHOH JHTeparype He ObLJIO H3JaHO HH OJHOTO 33J1ayHH-
ka no PTT *).

ITpepnaraeMblii HalllKM YHTATEJSIM B IIEPEBOJie 3afaYHUK IO/l pejakK-
uveit I'. JLk. Tonpcmupa siBasiercst OfHOH H3 NEPBHX B MHPOBOH
JMTepaType MONHITOK PEMHTb 3Ty npoGieMy. 3TOT 3aRauHHK COCTaBJEH
rpynnofd B OCHOBHOM aMEPHKaHCKHX H aHIJIHHCKHX (QH3HKOB, CNeiHa-

*) MNossupmKecs HemaBHO OTewecTBeHHble 3afaynuxu no OTT HAM MO oTgenn-
HHM ee pasje/iaM TMpHBeJeHH! B JOMOJHHTEJNBHOM CITHCKE JIHTepPaTYpH.
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JHCTOB N0 pa3nH4yHbiM pasgenam PTT. M3 ornaBienus MoXHO BHIETD,
YyTO B KHHre oxBaueHol Bce ocHoBHble obsacth PTT kak co cTopoHH
CBONCTB (3/IeKTpHUYECKHe, MATHUTHLIe, TENJIOBLIE, ONITHYECKHE, YIIpYyTHE),
TAK U CO CTOPOHbl THIIOB TBEPAbIX Te€1 (AHIJIEKTPHKH, MOJYNpPOBOJ-
HMKHM, MeTallbl)). KpoMe Toro, orpaxeH H TakKHe CyHIECTBEHHHE
pas3fenbl, Kak, HanpuMep, reoMeTpHuyecKas KpucraJiorpagus, npo-
1IeCChl POCTA KPHCTAMIOB, POJb Ae(PEKTOB, MAarHHUTHBIA DE30HAHC.

KoHeuHo, xotenoch Obl HANTH 34€Chb H APYTrHE pasjesibl, HanpHMmep
fiBJIeHHs1 1HPGdY3HH, Nbe30- H CerHeTO3JEeKTPHYECTBO, SAAEPHO-MarHHT-
HbIl pe3oHaHc, apdext Mécc6ayspa, TRepAOTeAbHbIe Ja3ephl, KPHCTA/IO-
aKyCTHKA M MHOTMe Apyrie; U HeT COMHEeHHs, YTO 3aJauyHHKH Gouee
IIHPOKO# TeMaTHKH 6yayr B Gyaywem co3aanel. OpHako ecTb Bce
OCHOBAHHSA CYMTATb, UTO H 3TOT 33JJaYHHK MpPHHeceT 6OJbILYIO NOJb3Y,
NIOCKOJIbKY, NOMHMO HHTEPECHOrO Coiep»KaHus, OH o6Jajaer U Apy-
THMH  TOJIOXKHTE/JLHBIMH KauecTBaMH. Bo-nepBuiX, pelleHHs, Kak
NpPaBHJIO, JAOCTATOUHO OOGCTOATENBHBLI H COAEpPXKAT MHOTO JOTOJHH-
TeJbHOM noJie3Hol HH¢popMaluu. Bo-BTOphIX, 3alaUYHHK B LEJIOM OTpa-
»kaet onbir npenojasaHus PTT B 3apy6exxHuIX By3ax, ¢ KOTOPBHIM
HALMM JIEKTOpaM, IIpenojaBatesiiM M PYKOBOAHTE/]SAM CEMHHAPOB
MO/Ie3HO MO3HAKOMHTLCH.

Kak ormeuaer cam [oJncMHA B CBOEM NpPEAHC/IOBHH, MaTepHa.
3a7a4YHHKA HEOJHOPOJEH, YTO CBA3aHO He TONBLKO C pa3jHUHAMH B NpEJ-
CTaBJEHHAX 4BTOPOB O TOM, KaKOB JOMKeH OuThb 3ajauHuk mo OTT,
HO M C T€M, YTO AaBTOPhl He ObUIM HajJdexalHM o6pa3oM «3ampo-
rpammupoBaHbly [onacMuaoM. C TOUKH 3peHHsi TPajMUMH COBETCKOH
HayyHo-yueGHOH JHTepaTypnl 3Ta OCOGEHHOCTH BOCIPUHHMAETCS KaK
HejocTaToK KHHUrd. C JApyroi CTOPOHbI, B 3apyGeXHBIX HAayYHBIX H37a-
HHAX, CO3JAHHbIX KOJJIEKTHBOM aBTOPOB, TAKAaf HEOJHOPOAHOCTb —
O6LIYHOE fIBJEHHE, H B JaHHOM ciayuae [oJacMHA BbICTyNaeT Ipexpe
BCEro B POJH MHHIMATOpa, OPraHH3aTopa H COCTaBHTE/]A, 4 He pejlaK-
Topa (B HallleM NMOHHMAHHH 3TOTO CJIOBA).

ITo Mepe BO3MOXHOCTH, PEeNAKTOpbI I€PEBOJA CTAPAJNHCDH BLINPABHTD
M YCTPaHHTb MHOTOYHCJEHHble HeOPEXHOCTH M HETOYHOCTH, AOMYIUEH-
HLle B aHTJMicKOM TekcTe. OnHAKO peaakTopbl HE COUJIH BO3MOMXKHBIM
H3MEHATL YTO-IHG0 B TEX CAy4yasix, KOT/Aa 3aja4ya COCTABJIEHA MO peab-

" HbIM 3KCN€PHMEHTAJbHBIM [3aHHbIM, HA KOTOpble OOBYHO MMEETCS JIHTe-
paTypHasi CCbUIKA.

Pycckuit nepeBon KHHIH J2eTCfi TNOJHOCTbIO, 0€3 KaKuX-J1HGO
cokpamieHuii. B HeMHOTHX MecTax c/eJdHbl HEeNPHHUMIHAJIbHBIE H3Me-
HEHHsl, HMEIOILHE LEbI0 MPOSICHUTL GOPMYJIHPOBKH HJH YTBEPXKIAECHHA,
YCTPaHHTb ONHMCKH. IDTH CJy4YaH CIEUHA]bHO HE OroBapHBAIOTCA.
BoJjee cioxHbie 3aa4d OTMEUEHB! 3BE3/|0UKAMH.

Mbl cOYJH 11€/1eCOOGPa3HbIM TIPHBECTH B KOHLE KHHMTH CITHCOK
ocHOBHbIX yueGHHKOB 10 ®TT, H31aHHBIX r1aBHHIM 06Pa3oM B NOC/Ie]-
HHE roibl Ha PYCCKOM S3bIKE.

Paspenn 1 — 7 u 11, a Takke npeguciopue nepepenenst M. . Kyry-
30BbIM, pasaensl 8 — 10, 12, 16 —H. B. IlepenomoBoii, paspens 13 —
15— A. B. IlaxHeBbIM.
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Mmu HazieeMcsl, 4TO 3Ta KHMra OyAeT HHTEDECHOH A/f HpenojaBare-
Jell W CTYAEHTOB BYy30B, rje B Nporpammnl BkawoueHa OTT unu ee
pasgeanl. OHa 6yler TakKe MNOJE3HOH A MOJOJBIX CNELHAaTHCTOB H
HHXKEHEPOB, 3aHHMAIOIMHUXCA caMOCTOATENbHbIM H3yyeHHeM OTT B ne-
JAX NOBHILIEHHA KBaIH(GHKAUMH M PACIIHPEHHS HAYYHOrO KpYroaopa.

A. A. T'yces, M. II. Ulackoasckas

M3 NMPEJVCJIOBHST K AHTJIMVUCKOMY M3JAHUIO

B GoablIMHCTBE KYPCOB JeKIIMH B YHHBEPCHTETAX H KOJIE[KAaX
IejlaeTcs CYIIECTBEHHBI# YNOP Ha H3y4YeHHe TBEPJOTO COCTOSHHSA
BElIECTB4d, 4 BO MHOTHX CJyHasiX 3TO M3y4YEHHE BEJETCA M JOCTAaTOUHO
ray6oko. HMMeerca Takke MHOTO KypCOB JJISl aCIIHPAHTOB MO Pa3HbLIM
pa3nenaM (H3HKH TBepAOro Teja. YrtoGwl yJOBIETBOPHUTL TPeGOBaHHUAM
Clyllaresell TaKHX KypPcOB, HMEETCS MHOrO Pas/HYHBIX YueGHHKOB,
M B HEKOTOPHI€ M3 HHX BKJIIOUEHO HEMa/0 3ajlai M YHpaXKHEHHH AJd
yuraresedi. TeM He MeHee, NMO-BHAMMOMY, BO3HHKJ/A HaCTOSITEJbHAs He-
006X0MMOCTL GoJlee IIMPOKOTO BHIOOpA 3a/lau ¢ pPelleHHAMH AJs Neja-
roroB M cryzneHtoB. C 3TOH ne/blo NMOATOTOB/JEHA HACTOSAIIAS KHHra.

BOMbIIKHCTBO aBTOPOB 34€ch CTapaluch GOPMyJHPOBATH 3aj]4YH
TaK, uTOOBl MATH OT CPaBHUTENBHO HPOCTHIX K JIOCTATOYHO CIOMHBIM,
a TakXe OXBaTHTb Bce HauboJiee CYLIECTBEHHLIE aCMeKThl JaHHOH
o6a1acTH HaykH. 3ajauH, KOTOpHE aBTOPHEI CUMTAIOT HauGOJee TPy.HbI-
MH, OTMEYEHBblI 3BE3/IOUKOH, HO 5TO He JO/KHO YIEpHHBATb CTY/EHTOB
OT TONLITKH pemnTs HX. Iloxkanmyii, Jaydiie Bcero mnOCOBETOBATh
pewarb 3ajaud 0O NOPSAKY HOMEpPOB.

51 He TpefoBal OT MOHX COaBTOPOB OJIHOPOJIHOCTH CTHJS HJIH
noAXona, a INpPeJoCTaBH MM H3JaraTh MaTepHan Tak, KaK OHH 3TO
HaxOMH/MH HyXHbM. Moe JoBepHe K HHUM HOJHOCTHIO ONpPaBAanoCh,
H f BecbMa 6JjarojapeH BCEM aBTOpaM 3a TIIATeJLHOE H TepHeNHBOe
COCTaBJIEHHE KaXKJOro M3 Da3jelioB. _

Boof6liie roBopsi, HH K ONHOH M3 IJ1aB He TpeGyeTcs 0co6oro BBeje-
HHA. OCHOBHOH MarepHa/] MOXHO HalTH B JI060M H3 OOLIENPHHATHIX
yYyeOHHKOB, Hanpumep BO «BBeneHuH B U3MKY TBepJOro TeJa»
Y. Kurrens. Tam, rae Ham Kasanoch 5TO HEOOGXOAWMBIM, MBI jafu
CCBIIKM Ha 6oJiee CrelHanH3HpOBaHHbE YYeOHHKH.

Tloxany#, 0co60 OCTAHOBHTBCA HYXXHO Ha CJe]YIOUIHX ABYX pasje-
aax. JI-p Xapn (paszen 2) BKIIOYHI B PaCCMOTPEHHE TaKHe BOMPOCHI,
KOTOphIe 4YpESBbIYAHHO BaXKHH JyA H3ydawollero ¢H3HKY TBEpAOro
TeNd, HO OGBIYHO HENOCTATOYHO MOJMHO TPAKTYIOTCA B OOLIMX Kypcax.
Ilostomy, npexzie uem pewmats JO6YI0 M3 3ajay pasjena 2, YHTaTelb
MOYTH HaBEDHSAKA JO/KEeH OGPAaTHUTLCA K CrellHaJnHOH JHTeparype.
Il-p I1paG6a (paspen 4) npu H3NOMKEHMH YNPYrOCTH NPHMEHHJ HE COB-
ceM OObIYHBIH METOj, MO3TOMY BO BBEJEHHH K pasaeny 4 AaHH NOsicHe-
HHA K 3TOMY Merojy.

Asryer 1968 r. I'. Ioc. F'oadcmud



agaumu

1. Kpuctannorpadus M CTPyKTypa KpHCTaMioB *)

1.1. a) Jlokasarh, uTo 6ecKOHeYHas TOUeuHas pelleTKa MoxeT obna-
IaTh BpallaTeJbHOH CHMMETPHEH TOJNIBKO BTOPOrO, TPEThEro, YeTBep-
TOIO M LIECTOTO MOPSAKOB.

6) BoiBecT 3akoH 30H (3akoH Beiicca), KOTOpHIH IJIacHT: ecid
[4vw] — ocb 30HH, a (hkl) — rpaHb 3TOR 30HH, TO hu -+ kv--lw=0.

B) [loka3ath, 4YTO B KyOWYecKoH cHcTeMe HamnpaBJeHHe [hkl]
neprneHfMKyJIapHO K rpanu (hkl).

r) [lokasaTb, 4TO B KYGHYeCKOH CHCTEME YroJ @ MeX1y HOpMa-
AfMH K rpaHaM (hykil;) U (hyk,l;) onpenenserca ¢opmyJiok

hhy + Ryky + Ll .
V(R85 (+E+HE)
n) Jlokasath, 4TO B CHcTeme HHAekcoB hkil Muanepa — Bpams

h+k4+i=0.

1.2. Y kpucraina pomGuueckod cephl rpanb (hkl) Jexur Ha
nepeceuennu 30H [230] u [041]. Brun uamepennt cieayiomue yrisi:
51°28" —mexnay rpansmu (100) u (hkl);
70°18 —wmexnay rpanamu (010) u (hkl).

Onpenenuts HHAEKCH rpaHu (hkl), yron mexnpy (001) u (hkl) u

OCEBLIE OTPE3KH a H ¢, eciu b=12,94 A,
1.3. ITokasarb, 4TO B reKCaroHaJbHOH I/JIOTHOYNIAKOBAaHHOH CTPYK-

Type MeTa/sia TEOPETHUYECKOE OTHOIIeHHe ocelt c/a =27 6/3=1,633.
BBIUHCJIHTE TaKXKe . CleAYIOMHUe YIJIbl:

o —mexay (0001) u (1011);

B—mMexay (0001) u (1121);

v—mexay (1011) u (0110).

1.4. U3 Tteopemnl Diisiepa 0 BO3MOXKHBIX COYETAHHAX TPEX OCEH Bpa-
HEHHS, POXOAAIIMX yYepe3 OJHY TOYKY B TPEXMEDHOM IpOCTPaHCTBE,

CoS @ =

*) R. A. Sullivan (Bath University of Technology).



BBIBEIEHO CJIEAYIOUIEC COOTHOULIEHHE:

cos (C/2) + cos (4/2) cos (B/2)

cose= sin (4/2) sn (B]2) .

rfle ¢—yrojl Mexjay JABYyMs OCSMH CHMMETDHH C YIJaMH MOBOpPOTa,
paBHuMH A 1 B. ¥YroJa nosopora s TpeTbeil oci CHMMeTpuH pasen C.

Ucnonb3ys 3T0 COOTHOLIEHHE, ONPeNEIHTb, NONYCTHMH JH COYeTa-
HUS TIOBOPOTHHIX ocelt cHMMeTpHHM 432, 532 u 643. B kaxaom nony-
CTHMOM CJyyae yKa3aTb, CKOJBKO NO/DKHO OHITb OCEH KaXKJOro THIA.

1.5. JleHTOYHHIMH rpynnaMy (MMHEHHEIMH MOTHMBAMH) Ha3kIBalOTCH
JBYMEDHBIE TOJIOCH, OECKOHEYHHEe B OJHOM HANpaBJeHHH H KOHeu-
Hele —B JPYroM. 3epKajbHble IJIOCKOCTH CHMMETDHH MOTYT pacroJa-
rarbC BAOJb TNOJOCH HJH IEeplneHfUKY/JIsSpHO K Hed, a TJIOCKOCTH
CKOJIB3SILIETO OTPAXKEHH 1 BO3MOXKH B JIHILB BAOJIB No10ckl. OcH cHMMeTpHH
BTOPOrO MNOPSAKa MOryT GhITh TOJBLKO NEPHEeHAHKYJSAPHLIMH K I10J0Ce.

CKOJIBKO CYWIECTBYET TAKHX JIEHTOYHBIX Tpymnmn?

1.6. BeiuHcauTbL nocTofiHHyl0 MagenayHra jj1a GecKOHeYHOH mIo-
CKOH CEeTKH H3 TIIOJIOXKHTENbHLIX H OTPHLATEJIbHEIX HOHOB, TOKa3aH-
Ho Ha puc. 1.6.1. Bepasute 3TY
TNIOCTOSIHHYIO uYepe3 pacCTOSTHHE MEXJyY

' 1 1 ' 1
' 1 ! 1 ¥
1 ! ! ! 1

'"?_CT)—| ?_cﬁ_?—? "~ GmwxalwnmH cocensivi AB. Pekomen-
---®-0—@—0—@—0—@--  Jyercs NPHHHMAaTb BO BHUMaHHE G6JH-
o s b s S xaiume HeH{Tpa/IbHble TPYIIE HOHOB,
I 1 T Iglgl | OKPYXaIOWMX [aHHBIA OTPHLATE/bHKIH
——@—-0—0—0-&—O0—0-- HOH, H B OKOHUATEJLHOM pe3yJbTare
-——c1>—c1>——c!>—J®—cl>—|@—c£>——— OTPAaHHYHTBLCH UYETHIPbMS 3HAYAIMMH
Pt b uHdpamu.
"'?—?—?—?_?_?'C?"’ Bulubc/uTh  fajiee MOAHYIO 3HED-
- ®—O0—®—0—®—0--- THIO KpHCTa/JuiHueckod pewerkn U,
]

e ecid umeercss 2N HOHOB Ha paBHoO-
Puc. 16.1. Tnockas c'ema wy BECHHX DACCTORHHAX ro, NPHUEM 3a-
TIONOKHTEALHEX W oTpuumatens- PRI K&XIOro HoHa pased - g. Ilpu-

HHX HOHOB. HATb, YTO MEXJY HOHaMH JEHCTBYIOT

KYJIOHOBCKHE CHJIBl TIDHTSIKEHHs, a

NOTEHIHA/IbHAS 3HEPrHsl OTTANKHBAHHA MeXJy OamxaluMMH coce-
USIMH paBHa K/r".

1.7. BHYHCIHTL OTHOCHMTENBHYIO JOJIO NPOCTPAHCTBA, 3anOJIHEH-
HOro cthepamd, B CJeyIOMUX CTPYKTypax: npocTas Ky6uueckas
CTPYKTYpa; OO0LEMHOLUEHTPHpPOBAaHHAs H I'paHeleHTpHpOBaHHasi Ky6u-
yeCKHe CTPYKTYpH;, CTPyKTypa anmasa. Ilycte uernipe cdephl
KacaloTcsi Jpyr JApyra B BepIUHHAX NpaBHJAbHOrO Terpasipa. Kakas
YacThb TeTpasjpa 3anojiHeHa 3THMM cgepamu? [loueMy HEBO3MOXKHO
3aNOMHHTL NPOCTPAHCTBO TaK IJIOTHO?

1.8. UccnenoBath, Kak pacnojioeHsl B INPOCTPAHCTBE TPH B3a-
MMHO NEepINEeHIHKYAAPHbie OCH CHMMETDHH BTODOrO NOpPsAKa B Kaxjoil
M3 yeThpex NpPOCTPAHCTBEHHHIX rpynn P222, P222,, P2,2,2, P2,2,2,.

1.9. MoHokJHHHYI0 TIpOCTpaHCTBEHHYIO rpynny P2,/c, H3MeHHUB
HanpapJ/ieHHe oceil, MOXHO 0003HauuTh: P2;/n.
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Kak Hano mis 3Toro u3MeHuth ocH? C IOMOIUIBIO KAKOA MaTpHIL
MOXHO TepeBEeCTH WHHAEKCHl ILIOCKOCTH (fyR,l,), CBfi3aHHBIE C MpOCT-
paHcTBeHHOH rpymmoit P2y/n, B wuHAekcn (h;k;ly), OTHOcAUIMecs
K npoctpaHcTBeHHOU rpymne P2,/c? Iloka3arb, uto cucTeMaTHyecKue
noracaHus, npucyue P2;/c u P2;/n, coryiacylorcs ¢ STHMH IIpeob-
Pa30BaHUAMH,

* 1.10. HM3BecTHo, 4TO cerHeroBa COJb (BUHHOKMCJEIR Kajauif —

narpuit, NaKC,HqO; - 4H,0) nperepnesaer dasosuit nepexop npu 24°C.
Briure 3TOi TeMneparyphl OHa 3aBEJJIOMO HMMeeT POMOHYECKyio Ipo-
CTpaHtTBeHHYIO rpynny P2;2,2 u He ABJSETCH CErHETO3/IEKTPHKOM.
IIpennosiaraetcsi, 4TO HHKE STOH TEMIEPATYpPbl OHA NPHHAIJIEHKHT
K MOHOK/JIMHHOH NpocTpaHcTBeHHOH rpyhmne P2;11 u sBasercs cerue-
TOSJIEKTPHKOM. 3aMETHOro HW3MeHeHHH pa3Mepos. SIYEHKH B TOYKe
nepexoja He OGHAPYMKHBAETCH.
" Kakue pasiHyus MOXKHO OOGHAPYXKHTb Ha DEHTTCHOTPaMMax, CHA-
THIX Bblllle H HHXKe TOYKH Nepexoga? Yro eije MOXKHO CAEJNATh, YTOOH
YCTAHOBHTbL MCTHHHYIO NPOCTPAHCTBEHHYIO TPYyIIy STOr0 KpUCTalja
B CEerHeTo3JIeKTpHYeCKoil ¢ase?

1.11. 3anuiieM KOOPAWHATH SKBUBAJEHTHHIX OOUIMX IOJIOKEHUH
/IS HEKOTOPO# IpPOCTPAHCTBEHHOH T'PYINHL:

x4, 2, x4 2

X, 7, 2, x, 4, 2

Lon e o don b
%~L%—%%—L ;+%2+%% 2,
%y %—Z. %néh 5o

x, p.-%-%z. % Y 5t

%—~x, % 4y, 2 '%‘-i-x- %—y- z,
%-}-x, —;— —y 2 %——x, %-H/- 2.

KakoB O6WENpUHATHIL CHMBOJ 3TOH INPOCTPAHCTBEHHOH IPyNIHI?
Kakue cucreMaTHyeckue IOracaHusl PEeHTTEHOBCKHX peduIeKCOB MOXHO
OXHJATh NI KDUCTaJJa C TaKoi NMPOCTPAHCTBEHHOH rpynmnoi?

*1,12, MaBectHo, uto pas kpucraana SbTel (troueynass rpynmna
mmm) HeHyJeBhle HHTEHCHBHOCTH HMEIOT CJeAYIOIHE THIHYHHIE
PEHTTeHOBCKHe OTPaMeHHA:

111, 121, 211, 231, 241, 331, 021, 041, 101
301, 501, 110, 120, 130, 210, 220, 230, 200
400, 600, 020, 040, 060, 002, 004.



OnpenenuTb NPOCTPAHCTBEHHYIO TPyInny H, COBMECTHB HAuaJo
KOODAHHAT C ILEHTPOM CHMMETDHH, HayeDTHTb CXEeMhl paclpefeseHHs
3JIEMEHTOB CHMMETDHM M [IpaBHJIbHhIE CHCTEMBl TOYEK. YUHThIBaf,
4YTO 3J€MEeHTApHas fuefika CONEPHKHT HeThipe (opMyJibHblE €AHHHILBI,
3amMcaTb BO3MOMKHBIE KOODAHHAThI 3THX aromoB. CKOJBKO BCero
IIEHTPOB CHMMETPHH [IPHXOJHTCA Ha 3JIeMEHTapHylo fAuefiky?

1.13. JoxkasaTb, uro:

a) IpOCTPAaHCTBEHHOH peleTKOH, oOGpaTHO# KybGuueckoH rpawxe-
LIeHTPUPOBAHHON pelleTKe, 6yAeT Kybuueckas OOBEeMHOLEHTPHPOBAH-
Hasi H Hao6opoT;

6) oOpaTtHOH pomOuueckoil 6a30lEeHTpHpOBaHHOH C-pemeTke
Oyner npyras pombuueckas C-pemerka.

1.14. Ha neGaerpamme HeKOTOPOTro KyOHYECKOrO KpHCTaJj/a, CHATOH
Ha u3nyyeHun Mmemd K, (A=1,542 A), BHAHBI JIMHHH IIOJ YIJaMH
Bparra 6: 12,3; 14,1; 20,2; 24,0; 25,1; 29,3; 32,2 u 33,1°.

[MpounauuupoBars 3TH JauHuM. OnpenenuTb, SBJAAETCH JU 3Ta
pelleTKa NPHMHTHBHUH, I'DAHELlEHTPHPOBAHHOH HJIH OOBEMHOLEHTPH-
POBaHHOH, H BHIUMGIHTL JJMHY pebpa sueliku. [lrorHocTh sTOrO
BemectBa paBHa 8,31 2-cu~3, MosnexyaspHbli Bec paBeH 312. Haiitu
YKCJIO MOJIEKYJT B OfHOH KyGHuecKoi 3/leMeHTapHOH fAvefike. Exununy
aTOMHOH Macchl MOXHO NpHHATH 3a 1,660 107 2. _

*1.15. PenTtreHorpamMMa MeTaslJIA4eCKOro MOPOIIKA CHATA B DEHT-
reHoBckoll kamepe JleGas—Illeppepa Ha u3nydeHHH Mosan6aeHa K
(A,=0,7107 A). IOns nepBbiX IecTH HaGmoOJaeMuhX JMHUHA Jebaes-
ckhe yrasl 8 oxasaauch pasHemu: 7,35; 7,82; 8,33; 10,7; 12,8
u 13,9°.

Onpenesutb THN pewleTKM H NPOHMHAMIHMPOBATb 3TH JIHHHH.
BrIuMCIIHTL aTOMHHIA Bec BelllecTBa, ecJH ero IJOoTHOCTb 1,74 2-cm-3.
Enuuuny aTtoMHOM Macchl MOXHO IIpHHATH paBHoi 1,660-10-2¢ ¢,

*1.16. CufAta peHTreHorpaMMma BpalleHHA C TETPAroHaJbLHOrO
MOHOKpHCTa/ia. JlaMHa BOJMHH DPEHTTEHOBCKOrO H3JyYeHHA paBHA
1,542 A; peHTreHOBCKMil MyuyOK NMepIeHIMKYJAAPEH K OCH BPAIIeHHs,
KOTOpasi fBJIfIETCH OCbIO € 3TOr0 KpHcraana. Papmyc kamepnl 3 ca,
navaa — 10 cu. Ha HysneBo#i cj10eBoit JIMHHM BMAHBI [IAITHA HA pac-
crosuuax 0,54; 0,75; 1,08; 1,19; 1,52; 1,63; 1,71 u 1,97 cu ot
MecTa BhIXOja NpAMOro Nyyka, T. €. OT LeHTpa IJieHKH. Paccrosnue
NepBOH CJIOEBOH JHHMM OT HyJeBOH JHHHH cocTaBaser 0,66 cu.

IlpoungunypoBath Ha6OfaeMble NATHA Ha HYJAEBOH JIHHMH,
BbIUHCJIUTbL [1apaMeTphl AYEHKH H PACCTOSAHHE KaxAoR HabuojaeMoil
CJI0EBOH JIMHHUH OT HYJIEBOH JIHHHH.

*1.17. a) Buwuncauts yroa bBpsrra 6 ana  aunaua (300) Ha
nebaerpamme nupHura FeS, (ky6uueckas cucteMa, a=05,42 A),
CHATOH Ha u3nyueHHH wmene3a K,. Kak 06bACHHTH TOT ¢aKT, YTO
Ha caMoM Jesie Ha DeHTreHOrpaMMe JIHHHA IIOJ TaKHM YIJIOM [OsIB-
JsleTcsi, TOJbKO ecJM HM3jJyyeHHe He OTQHJAbTpoBaHHOe? ([HamHBL
BOJIH: xeJje3o0 K= 1,937 A, xeneso Ka=1,757A.)

6) Ilpn xakoM HauMeHbLIEM 3HaueHHH OP3rrOBCKOTO yria Gyjer
paspemeH ayGaer Megd K, ecad feGaerpaMma HEKOEro BellecTBA
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cHATa B O06bluHONl KaMepe auamerpoM 6 cu? CyHTaTh, YTO IIHPHHA
jaunuK paBHa 0,03 cm, a 115 TOro 4ro6bl Pa3jEqHTh AYOJIETHI, HYXHO
B/BOE INPEBLICHTh IMHPUHY pa3pewendd. (JuHs BoaH: Menb Ko, =
= 1,5405 A, menp Ko, —1,5443 A.)

*1.18. Kaxublit u3 TpHALATH ABYX KPHCTaJJIOrpapuyeckKux KJac-
COB SBJISIETCA IIPEACTABJIEHHEM HEKOTOpOH aGCTpakTHOH MaTeMaTH-
yeckoi rpynnsl. [Topfil0K 3TOH rpynnel paBeH YHCJAY 3KBHBAJEHTHHIX
TOYEK Ha cTepeorpadHyeckod IPOEKIHH COOTBETCTBYIOUIETO KJIacca.
Hanpumep, knacc 2/m npeacTaBiser TPynny uyeTBEPTOro NOPALKA,
KJaacc 4/m —rpynny BOCBMOrO NOPAAKA.

CocraBbTe Ta6auiUbl MepeMHOXeHUH rpynn (kBaapaTthl Kaau) ans
KaxJoro M3 KpucTaJdjorpapuuecKkux KJaccoB, I1PeACTaBJSIOMUX
rpynnel yerBeproro nopsAka. Kakue xpucraiaiorpaduyeckue KJaacchl
06.,1a1a10T H30MOPGHLIMH TPYNIaMH?

*1.19. OnpegenuTb, Kakue pPeHTTEHOBCKHE OTPaKeHH CHUCTEMa-
THUECKH TracATCd B CJy4Yae TIpaHEUEHTPUPOBAHHOM KybOuuyeckon
pewerku. Hafina ynpouleHHoe BbipaxeHue F? ISl CTPYKTYPH ajIMasa,
OMNpeENHTh, KAKHE OTPaXKEHHUA HAGMOAAIOTCS B 9TOM cay4dae. Pemerka
ajJima3a KyOH4yecKas, ¥ NO3HLHHH aTOMOB B HEH OMpPEJS/IAIOTCH CJEeRy-
IOWUMH KOODJAHHATAMH:

11 1t o1 11

0,0,0; 0. 5, 53 07 590
1t r 133 313 331
A4 4 A4 go 444 144

*1.20. Haiitu xs1accel CHMMETPHH, KOTODbIE BLIBOIATCH H3 HEKPH-
cTaqjorpaduuecKux OCeH CHMMETPHH IIATOrO M BOCBMOrO MOPSAKOB
H KOTODHIE MOXHO Ha3BaTb NPHHAMJIENKAUMMH K «[IEHTAarOHAJbHOH» U
4OKTAaroHaJbHOH» * CHCTEMAM.

*1.21. PentresoBckue peduieKCHl OT MOHOKPHCTA/IOB  4acTo
cO6MpaloT INpH TOMOWLH Kamepnl BeficcenGepra, H3MeHSfi yroa p
MEXIY HOPMAa/MbiO K OCH BpAIEHHA U DPEHTIEHOBCKHM IYYKOM.

YuuTbIBafi, 4YTO HeT HEOGXOAMMOCTH coGuparh BMecte F (hkl)

¥ F (hk!), ykasaTb 3HaueHHE |L, IPK KOTOPOM YRAETCH HCC/IE0BAThH
MaKCHMaJbHbI# O6BEM OGPaTHOr0 MpPOCTPAHCTBA M cOGpPaTh HaHGOMb-
mwee 4yHCAO pedilekcoB Ha ORHOR nueHke. Kakywo uacTh eIHHUYHOM
nonychepbl YAdeTCS HCC/AENOBATbH HA PACCTOSHHH JABYX E€IHHHL, OT
HayaJa KOOpJAHHAT OOpaTHOro NpOCTpPaHCTBA?

1.22. PentreHorpamMma KauaHusi Kpucra/iaa anarasa (TiO,) chsra
Ha u3nyuyeHHH Mean Ky (A=1,54 A); ecau och BpauleHHs COBnajaer
¢ [001], To paccTosiHHe MEXAy HYy/JeBOH M TpeThell CJOEBHIMH
AuHMsaMu  paBHo 1,70 cm. Ha apyroiéi peHTrenorpamme, rie ochbio
BpauleHHsl Onito HanpasJenue [111], paccrosnue Mexay HyJeBOi
H BTODOH CJOEBbIMH JHHUAMH paBHo 2,10 cm. Paauyc kameput
paBeH 3 ca.

Ha naysrpamme, cHeATO#l Takum 06pa3oM, YTO NMYYOK PEHTTEHOB-
CKHX Jyuyeit napamienen [001], o6uapyxuBaercsa cummerpus 4mm,
a ectM nyuok napasgenaeH [100], To cuMMerpus JaysrpamMmul 2mm.
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3Hasi, uro nepuopg Baoab ocH [100] pasen 3,73 A M uro nJoT-
HOCTb KPHCTa/I/IMYECKOro BelecTsa paBHa 3,9 2/cm®, ONpENENMTh:
a) THN pelerky; 6) Jays-CHMMETPHIO (ITePEYHC/IHTD TAaKKe BO3MOXKHLIE
KDHCTa/I/THYECKHe  KJaccHl); B) 4HCI0 GOPMYJbHLIX €IMHMI[ Ha
ajeMeHTapHylo snAveliky. (Aromube Beca: O—16; Ti—48, wMacca
aToMa Bojopoaa 1,66-10-* 2.)

*1.23. B xamepe puameTpoM 9 c# Ha OJHOM H TOM XK€ HaJlyueHHMH
CHAITHI TIOPOIUKOBbIE pEHTreHorpamMmnl JAByX ofpasuoe A u B,
O KOTOPHIX H3BecTHO, 410 o06a OHM mNpHHALJEXAT K Ky6GHuecKoH
cucreme. [TyyoK pEHTTEHOBCKHX JIydeil BXOJIMT B OTBEPCTHE B LEHTpE
NJIEHKM M BHIXOJAMT B IUeJb MeXly ee KoHuaMu. OpHO M3 BellecTB
YHCTOe, JPYro€ COJEPXKHT HEKOTOPOE KOJIMYECTBO IIPHMECH, UTO
BEI3BIBAET IIOSIBJIEHHE TPEX BHAHMBIX JIMHHH Ha peHTr€HOrpamme.

Ta6anma 1.23.1

O6paszim PaccTosiHue MeXY COCTBETCTBYIOUIHMM JIHHUAMH, CX
A 25,28 24,60 24,02 23,51 23,04 22,20 21,81
21,45 21,10 20,76 20,43 20,11 19,48 19,21
B 23,94 22,09 20,80 20,62 19,33 18,16 17,06
15,99 14,95 13,93 13,50 12,94 11,88 11,20

B rtabn. 1.23.1 naHn u3mMepeHHbIE BeJIMUMHBLI DACCTOSTHHH MEXTy
HEKOTOPBIMH COOTBETCTBYIOIUMMH JIMHMSIMH C JIEBOH H C mNpaBoH
CTOPOHH Ha KaxXJOM H3 CHHMKOB. Pe6po sjieMeHTapHOH fueikH AaA
o6pasua A pasno 6,576 A. TpeGyercs:

a) ONpejesIUTb MpEANoJaracMble THIH pelieTku AAf A u aas B;

6) onpeleNMTb Ha OJHOM H3 pEHTIEHOrPaMM Te TPH JIHHHMH,
KOTOpHIE OTHOCHTCH K ITDHMICH,

B) HallTH JIMHY NPHMEHSBIUErOCS M3JyuyeHHsI H pasMep SUeHKM
s B;

) 10Ka3aTh, 4TO HaliJEHHOE pelleHHe TOAMTCH A BCEX JIMHHH,
NPHUCYIIHX YHCTHIM BEUeCTBAaM, H TPOMHAMIMPOBATL 3TH JIMHHMH.

2. Poct kpHcraaaos *) [1, 2]

2.1. BoiBecTH ypaBHeHHe, ONMCHLIBAIOLIEE paACNpeJe]eHHE PacTBO-
PEHHOTO BelECTBA ¢ KO3((HIMEHTOM cerperanuy £ B C/IUTKE JJIMHOM
L nocne npoxoja 30HH JUIHHOH [ C IOCTOSIHHOM CKOPOCTbIO, €CJIH
H3BECTHO, YTO HayaJbHOE paclpejieJieHHe BellecTBA B CJAHTKe Oblo
OAHOpOAHLIM ¢ KOHieHTpauueil C,. Kakosa cpepuss cTeneHb OYuCTKH
npu nepebix 10 30HHHX npoxogax ans Bewecrsa ¢ £=0,1? [Ipunars,
gro L>111.

*) D. T. Hurle (Royal Radar Establishment, Great Malvern).
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2.2. BoiBeCTH ypaBHEHHE, CBH3biBawowmiee 3GPeKTUBHBIN KOoa(ppuIK-
€HT DACNpeleJeHHN C NOBEPXHOCTHHM K03(HIIHEHTOM pacClpeneNeHH A
JJIs KPHCTaJJ1a, PacTYIIEro CO CKODOCTBIO ¥ H3 DacljaBa, COAEpKa-
MIEro BEIECTBO € Ko3(ppuuuHeHToM nudGY3HH B paciyiaBe, PaBHHM
D. TomuMHa rpaHHYHOrO CJOA MacconepeHoca paBHa & (B cm).
PacniaB CONEPKHT f[Ba HEB3aHMONEHCTBYIOUMIMX BEIECTBA C KOHIIEH-
rpauamu 0,2 u 0,1 at.%. Kosdbduumuent nuddysun oboxx BeliecTs
paBeH 10-% cm?-cex~!, a KOI(HIUEHTHI CerperauHi — COOTBETCTBEHHO
0,1 u 0,3. C kakoi CKOPOCTHIO HYXHO BHIPALYBATb KPHCTAN U3
pacnjaBa, YTOOB KOHLEHTPAlHH ODOHX BEIIECTB B TBEPAOM COCTO-
SIHMH OblIM DaBHHI, ecaH 3agaHo, yro §=10-2 cu? Yemy paBsHa
3TA4 KOHLEHTPALHsA?

*2.3. Kpucrannm HeKoero XHMHYECKOTO 3JEMEHTA BHIDALIEH K3
pacmiaBa ¢ NOCTOSHHOH -CKOpocThio 4,1 1073 cu - cex!. KoagpduuueHt
nuddysun BemecTsa B paciiape paBeH 1074 cm?-cex!, a xospduiu-
et cerperanus paseH 0,4. HMcxopgnass KOHIEHTpauMs BellecTBa
B pacnsape papHa 0,5 aTr.%, a HakJOH JHHHH JHKBHAyca /s
CHCTEMB! PacTBOp — pacTBopHTenab paseH 4 °C (atr.%)!. B pacrase
CYLIECTBYET NOCTOSIHHBIH TeMneparypHbifi rpaguent, pasHuA 100 °Clem,
a ToMMHA rpaHHyHOro gucggy3HoHHoro cjaost paBHa 1072 cm.

Kakas jpoas pacnjaBa JO/MKHAa 3aTBEpAETb, YTOOW B MEPBHIH
pa3 nosiBHJACh 30Ha RH(D(PY3HOHHOrO -NEPEOXTAKACHHSA?

- 24, Jlpa saeMeHta A u B 006pa3yioT HIeaabHyl0 OHHApHYIO
CHCTEMY TBEDHOE TEJIO — XHAKOCTb. OVIEMEHTbI XapaKTEPH3YIOTCH
3HAYEHHAMH CKPHITOH TemJoThl nuasaeHusi 600 u 200 xaa-e-amom™t
M temneparypaMH 3arBepaeBaHus 1200 m 500 °K coorBercTBeHHO.
Kpucraan Boipamen H3 pacTBopa, oforalleHHOro 3JeMeHTom A,
C TeMmepaTypoil Ha paBHOBECHOH IIOBEDXHOCTH pasjea, paBHOH
1175 °K. :

KakoBH cocTaB pacnJjiaBa H KOMPGHUMEHT Cerperamdd 3JIEMEHTa
B pns storo cocraBa? UeMy paBHa TemmepaTypa pasfiesIEeHHS JHHHH
JAMKBH/yCA H COJIHAyca VIS 3TOrO COCTaBa?

*2,5. Ocaxjende MeTasya Me H3 napa Ha MOAJIOXKKY, HArperymo
no 1000 °K, npoHcxonuT NpH NpPOAYBAHHH CMECH JIETYYero XJOpHAA
MeCl,, razoo6passoro HCl u Bomopona Ham 3TOH INOAJIOKKOH
B OTKPHITOH «JIOJOYKE» NPH arMocthepHoM AaBjeHHH. IIpu 3TOM npouc-
XOIMT OOpaTHMasi peakUHs

MeCl, + Hy = Me 4 2HCI.

Hamenenus sHraqbnuu W 3HTponud AH u AS B xoje 3TOH peakuuu
paBnsl — 30 kkan - moab 1 — 43,8 xkan - moas™' - 2pad~! COOTBETCTBEHHO
(cuMraercs, uyTO OHM HEe 3aBHCAT OT Temneparypbi). OrTHowenue
TNOJIHOTO YHCJIA ATOMOB BOMOPOAA K YHCJY aTOMOB XJIOpPA B HCXONHOH
cmecu pasHo O,1.

KakoBa MuHuMaJjbHast KoHueHTpauus MeCl;, npH KOTOpOH ocax-
JeHue Me TEPMOIHHAMHYECKH BO3MOXHO? ['a3oByi0 CMEChb MOXHO
TPaKTOBaTh KAaK HJAEAaJbHHH ras.
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3. ‘XuMHuecKHe CRA3H H IHEPTHA peleTkH *)

3.1. MouHble KDHCTa/JIBI COCTOST H3 MOJOXKHTEJIbHO H OTPHIA-
TEJbHO 3apSKEHHBIX HOHOB. JTH HOHH CepHYECKH CHMMETPHUHEI,
a4 CHJIaMH B3aHMOZCHCTBHSl MEXKLYy HHMH SBJSIOTCA IEHTPAJbHLIE
KYJOHOBCKHE CHJIBI H HEKHe CHJIbI OTTaJKUBAHHS, MPHPOJiA KOTOPHIX
He MOXeT ObITh ONHCaHAa B paMKaXx KJacCHYecKoi Teopuu. Iloatomy
BHIDAXKEHHe U1l 3HEPrHH B3auMojeicTBUst &, Mex1y IByMS WOHaMH
i 4 jB kpHcramie cocraBa XY, 06pa3oBaHHOM M3 HOHOB C 3aps-
lamMu -+e H —e, CONEPIKHT [BAa YIeHA H 3alHCHLIBAETCS TakK:

2
g -+ 2 L0 3.1.1)
] - n ?
’i/ ’“-
TOA€ ri; — pacCTOAHHE MeXAy ABYMA Da3sHOMMEHHBIMH HOHAaMH, a b H
n — 3MIUPUYECKHEe KOHCTAHTHI.
MaMmepsass r;; B €IMHHUAX DacCTOSIHHAL 7 MeXJy OJaHKARIIHMMH
cocelsiMH, T. €, loJaras

ry = ayfr, (3 1 2)

M CyMMHDYf M0 BCEM HOHaM MNpH j 7 [, HAXOAuUM 3Hepruio &; i-ro
HOHAa B [0J1€ BCEX APYTHX HOHOB:

f=—22 1 B (3.1.3)
rjae
A=Y *af, B=bY aij (3.1.4)
P i#i

Ecnu paccmaTpuBaeMbiit (-l HOH 3apsiXeH OTPHIIATENbHO, TO IUIIOCH
H MHHYCHl B BbipaxeHud (3.1.4) mnsa nocrosHHot Mapenynra A
OTHOCSATCS COOTBETCTBEHHO K [IONIOXKHTEJBHBM H OTPHUATENBHBIM
HOHaM.
M3 (3.1.3) BmiTekaer, yro nojsas 3Heprusi pewetrku U(r) Kpu-
cranna, copepxamero 2N HOHOB, paBHa
U(r)=NE——N (25 — o) (3.1.5)

4 rn

€CJIM NPENNOJOKHTh, YTO N JOCTATOYHO BEJNHKO, YTOOGH MOMKHO GhiIO
npeHe6peyb MOBEPXHOCTHLIMH 3(PheKTaMH.

Ilokasats, uto 3ueprus pemerkd U (r,), COOTBETCTBylOMIas pas-
HOBECHOMY KpaTYadileMy pacCTOSIHHIO MeXAY HOHAaMH r=r,, 3a1a-
erca B BHJIE

U (rg) = — A€t (1 —l). (3.1.6)

o n

3.2. OnpenenuTh NOKa3aTesnb CTENEHH 1 B BhIDaXKEHHH IJIA MOTeH-
IiMaja CHN OTTAJKHBAaHUs B ypaBHeHHH (3.1.5) mas xpucranna NaCl,

*)J. L. Brebner, E. Mooser (Cyanamid European Research Institu-
te, Geneva). :
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eC/H  M3BECTHO, UYTO CXKHUMAaeMOCTb 3TOTO  BEIUIECTBA  PaBHA
3,3- 10" cm?-Jun!, mocrossHHas Mapenydra A =1,75, a paBHOBec-
HOE pPAacCTOSTHHE MeXAy OJHXailHMH cocefsiMH r,= 2,81 A. A6co-
JIOTHasi BeJHYMHA e 3apsiia HOHAa MPHHATA DaBHONM 3apffy 3JIEKT-
poHa: e=4,8-10"1° ex. CI'C3.
Vkasanue. CKHUMaeMOCTb KPHCTa/j1a 10 ONpEleNeHHI0 eCTh
1 dVv

M‘————TI— W’, (32.1)
rae V—o6weM kpucraina, a p—paasnenue. [Ipy 0°K dU = —pdV,
T. €.
1 -V d2U

" VT (3.2.2)
Bripasute V uepes r,.

3.3. Kak wuaMensaTcs HauMeHblee PaBHOBECHOE pAaCCTOSIHHE 7g
Mexny HoHamu u sHeprus U pemerkn NaCl, ecnu sapsiy HOHa BO3-
pacTer BJBOE? "

3.4. Unen B/rt B Bupaxennd (3.1.5) AN 3HEPruH pelueTKH,
COOTBETCTBYIOWMH CHJIaM OTTaJKHBaHMH, YacTO 3aMEHHIOT YJIEHOM
C exp (— r/p), BHA KOTOPOro Jerye OGBACHATb TEOPETHYECKH.

Uemy paBHO paccTOfiHHE MEXIYy ONHXaHIIHMH COCENAMH 7y =
= ro(n, p), IpH KOTOPOM 3TH J[Ba NOTEHLHAJa OTTAJKHBAHHA NAfyT
OJIMH AKOBLIE 3HAYEHHS 3HEPrHH pEeIeTKH?

3.5. Brnuucaute mnocrogHHylo Mapenywra A ans  aHHeRHO#
LENOoYKH PaBHOYJAJEHHKIX HOHOB C yepelyIOUIHMHCH I0JIOXKHTEbHEIMH
M OTpHIATE/IbHBIMH 3apsiJlaMH.

* 3.6. Psagnl, ¢ KOTOPHIMH MPHXOAMTCS HMETb €0 IpH BHIYHC-
JeHHH mnocTosiHHO# MagenyHra, cxoparcsi yciaosHo. ClefoBaTenbHO,
€C/IM EPECTaBUThL UJeHb!, YTOGH YCKOPHTb CXOJHMOCTb, TO MOXHO
NpUATH K OLIHOGOYHOMY pe3yJIbTarTy.

Iloka3atb, uTO psAA H3 3anaud 3.5 MOXHO 3aCTaBHTb CXORHTBLCH
K Jo6OMy 3HaueHHI0 S, ecJH NeperpynmnHpoBaTh €ro 4WIeHbl Tak,
yTO6H BEPOATHOCTb P HAXOXKJAEHHS TOJOXHTEJbHOTO YJeHa B HOBOM
pany 6uaa

___exp(29)

T 4-+texp (25)° (3.6.1)

MEeXJIy TeM Kak MNOpAJOK. 4YJEeHOB OJHHAKOBOrO 3HAKa OCTaHeTcs
HEH3MEHHBIM.

Vxasanue. Ilyctb S, —cymMma nepBbIX 7 4JIEHOB II€PECTABJECHHOIO

psiga, CpeiH KOTOPbIX HMEETCH R IOJOXHTENbHLIX H [ OTPHILATENb-

HbIX YJIEHOB, TpHYEM
lim £=p n lim L=1—p.

n— o n — oo

Beipasuts S, uepe3 cymMmy

hm=1+%+%+%+...+%=lnm+0+7m. 3-6.2)
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rae C =0,677... — nocrosiHHas Diiyiepa, a OCTaTOK 7, CTPEMHTCS K HYJIIO
npu m, crpemsuieMcsi K GeckoHeuHocTH. BoiBecTH ypasuenue (3.6.1).

3.7. IlpeanoxeHHbl IDBbLEHOM METOX BBIYHCJECHHS [OCTOSIHHOK
MajgesnyHra COCTOMT B TOM, UTO KPHCTalJ pa3bUBalOT Ha HeHTpafb-
Hble TPYMNH HOHOB — ¢sueiKH DBbeHa» — H IIOC/EIOBATENbHO CYMMH-
PyIOT BKJajbl OT 3THX siUeeK B 3IHEPTHIO PacCMaTPHBAEMOrO HOHA.
Pasbuenue kpucranna Ha siuefikH IJBbeHa NPOM3BOAMTCH TakK, HTO
HOHY Ha [OBEPXHOCTH SIEHKH NPHIHMCHIBAIOT APOOHLIM 3apsaj, a Be-
JHYHHA 3TOH JApPOOH omnpejensieTcss AOJEeH NPOCTPAHCTBEHHOro yrJa,
BHIPE33eMOro I'PAHHYHOMN OBEPXHOCTHIO fUEHKH B TOM MecTe, rje Ha-
XOJMTCA AaHHBIA HOH. TaK KaK NOTeHUHAa] HEeATPaNbHOH TPyl HOHOB
C yBeJHUEHHEeM pacCTOfHHS najaeT ObicTpee, YeM NOTEHIIMAJ OTAENb-
HOFO MOHA, MeTOJ JBbeHa NPHBOAMT K OBICTPO CXOASLIHMCH psilaMm.

ITpumenuTs MeTOn IJBLEHA JAJS BBUHCIEHHS MNOCTOSHHONW Mage-
JYHra JuHeiHOH uenouku H3 3agauu 3.5. Jas storo ciyuaa yno6-
HO# fAueliko#i JBbeHa Oyjer sueiika, COCTOAIAA H3 HOHA M JBYX €ro
cocefieli: y UEHTpPaALHOrO HOHA 3apAx paBeH ‘e, a y aByx cocen-
HUX 3apf] clefyeT CUMTaTh APOOHBM, paBHbM = 0,5e.

Bri6paB MCXOfHbIl HOW B LeHTpe LENOYKH H3 n sueeK, noKasarhb,
4TO CYMMHPDOBaHHE IO 3THM SiYeHKaM 1acT NpuOJHKEHHOE 3HAayeHHe
nocrosHHo# Mapenyura A,, OTKJIOHeHHe KoOTopoi &,=[A —A,]
OT HCTHHHOH nocrosiHHO# Majenyura A Oyler MeHbine, uew 1/n2.

Kpome roro, nokasatb, 4TO HeNoCpeACTBEHHOE CYMMHpOBaHHE
no 2n voHaM 3TOH uEemouKH Ge3 yuera BHIJIEJEHHOrO WOHA I[pHUBeJeT

v —0 1
o) J
O i o-’.

*

Vg

0 O 0
O o-/ ;
é? O*E ("
N ,0_ oL
. QO+
2 !
O o ¢ o] 7 ]
1 8 5
%
Puc. 3.8.1. flvefixa dBbeHa s CTpPYK- Puc. 3.9.1. fIvefixa IBbena 1a1s cTpyk-
Typat NaCl. Typat CsCl.

K MeHee TOYHOMY 3HaueHuio An, Tak 4TO OTKJOHeHHe 8, =|A —Ap|
oT A 6Gyier meHbine, ueM 1/n.

3.8. Ha puc. 3.8.1 nokasana siueiika IJBbeHa (cM. 3azauy 3.7)
ans crpykrypual NaCl.

Haittu npuGauxeHHoe 3HaueHue nocrosiHHOH Maneayura ans NaCl,
BRIUMCJIAS I10CJIEI0OBATENILHO 3IHEPTHMH BHIETEHHOrO HOHA, pacnoJio-
}KEeHHOro B ueHTpe Kyba, cocrosmero M3 1, 8 uau 27 sdeék IJpbena.
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* 3.9. Moxer moKa3aThCsi €CTECTBEHHHIM pAacCMaTpHBaTh KY6
Kak sfuedky JsbeHna cTpyktypnl CsCl (puc. 3.9.1). Onuako oxasajoch,
4TO 3JICKTPOCTATHYECKHH MOTEHUHAJ B UEHTpPe Kyba, COAepIKallero
(2n)® TakHx sueek, OT/MYAETCA OT MOTEHUHAJa B UEHTPe Kyba
H3 (2n— 1) Aueexk Ha BeJMYHHY, KOTOpas MPH BO3PaCTaHHH 7 CTpe-
MHTCSl K IOCTOSHHOMY KOHEYHOMY 3HaUEHHIO C.

O6bACHHTD 3TOT GAaKT M HA#TH ¢. Kak MOXHO, CyMMHpPYfl MO
AvefikaM OBbEHA, MOKa3aHHbIM Ha pHe. 3.9.1 U copepxammumcs
B Ky6ax C IOCTENEHHO BO3DPACTAIOMMMH CTOPOHAMH, BCE-TAKH IOJY-
YHTh MPHOJMXKEHHOE 3HAUEHHE MocTosAHHOH Maneayura? Haittu npu-
GiMXEeHHHE 3HAUeHHS MOCTOAHHOM MapesyHra, paccMmaTtpHBasi KyOul,
cofepxamue no 64 syeiikH IBbeHA.

*3.10. Ilpn BouHCAEHHH nocTosiHHOA MajeayHra no merony
OBbEHA MOKHO H306€KAaTb HEOMPENEJEHHOCTEH THNA OMHCAHHBLIX
B 3ajaue 3.9, ecan BbiGpaTh fiueHiKM DBbeHA TaK, 4TOGH Ha TpaHsX
HE ObIO HHKAKHX 3aDsAj0B.

HaAtn Takywo sueliky, COZEPXKAIIYID <MOJOBHHY» MOJEKYJIb
B crpyktype CsCl. BuluMCJAHTL MOC/efOBaTesbHhle MPHG/IHKEHHs
nocrosiiHolt Magenynra pasi CsCl, cyMMHpYsl MO HOHAM B KOHUEHT-
pHuecknx pomGojolekasapax, cojepxaux 4, 32 wan 108 sueex
SBbeHa.

* 3.11. Yrto6pl BhIUHCAHTbL NOTEHLHas V HOHa B IPHCYTCTBUH
BceX JPYrHX HOHOB KpHCTa/Ja, 3Bajbl MNPENJIOKHI CJAeNyOUHi
MEeTOl, KOTOPHIA NPHBOAMT K GBICTPO CXOAAIIHMMCS psAAaM.

K toueuHomy 3apsiny ¢; Ha MeCTe KaxJOro j-ro HOHa, He COBMa-
JAOIEro ¢ (PHKCHPOBAHHBIM (-M HOHOM, JOGAaBJISIETCS rayccoBO pac-
npejeneHye 3apsja (rayccoBbl 3apAfsi)

by (r) = — g (n/m)/2 exp (—mr%) (3.11.1)

¢ ofHM 3apAgoM — ¢;; T — MOATOHOYHBIA MapaMerp, ONpeaeJsIOm Ui
IIHPHHY rayccoBa pacnpejeseHHs. BxJajsl OT TOUEUHBIX H raycCOBBIX
3apsAf0B BO BceX MecTax, rae j+#i,

’!j fo sy
q; ,%,*71;§ p(r)dr — S 20 g
’l-l-
HpHBO}.IHT K HOTeHuPlaJIy
Vi
V=2;’—f | — 5 exp (— s?) ds (3.11.2)
P h

H3 i-M MecTe.

Hanee ¢ mnomoupio pa3sioxkenus B pAx Pypee MOKHO J€rko
nosyuuth noteHuHasa V” Ha i(-M mecrte, 0OyCJOBJEHHHH BTOPO# COBO-
KY[HOCTbIO TaycCOBHIX 3apsloB -¢; Ha 6cex MECTOIMOJIOXKEHHAX

HOHOB!: .
lf__ifr-__ —ib. -2 ,_. ._k_!_
V= Z{Zq,exp( ik-r)k exp(\ 4n)}' (3.11.3)

&
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rie Rk — BeKTOp OGpPaTHOH peleTKH, YMHOXEHHBIH Ha 2m, H rie
e/MHHYHas syeiika o6bvema D, cBfizaHHas C KaX/AbM Y3JIOM PEIIETKH
bBpaB?, CONEPKHT HOHH C 3apAJaMH §; B MECTOIOJIOXKEHHAX, OTCTOf-
HIHX Ha r; OT y3Ja pelIeTKH.

B BesnuuHy V" BxomuTr BkJaad V™ or BTOpPOH COBOKYITHOCTH
rayccoBBIX 3apfAAOB, PACIOJOMEHHBIX B i-X MOJIOMEHHAX:

V" =2,V n/n. (3.11.4)
CnenoBatesbHO, HCKOMBIH TIOTEHIHAJ PaBEH

Vuor i

V=V 4V —v"=3U|1 - § exp (—s%) ds | +
i

rij
+ %Z{Z giexp (— ik - r;) k2 exp (— —f;,-) — 24, (%)”2}- (3.11.5)
] 4 .

IpeumylnecTso 3TOro MeToja MNepej, APYTHMH IIPH CYMMHPOBaHHH
B peuleTKe 3aKJIOYaeTcsi B TOM, YTO IIPH pa3yMHOM BhiGope napa-
Merpa 7 o6a psna B ypaeHenuH (3.11.5) Gbictpo cxopsTcs.

IpoBeputs Buipaxkenus (3.11.2), (3.11.3), (3.11.4) aaa pasinu-
HbIX BKJIAJIOB B MCKOMBIA IIOTEHLHAJ.

a) Haiith npuGamKeHHOE 3HaueHHe NOCTOSHHOH Majenynra pis
CsCl, orpaHH4YMBUIHCh CYMMHDOBAaHHEM TOJIbKO IO OJIHXKAHIIMM coce-
AsM (nepBas KOOpJAMHALMOHHAs cjepa), NPeICTaBiAf BEKTOPH K
kak 2n/a{*1, 0, 0) u nonoxus n=16/3 a.

OGo6IHMTL BHIYHCJIEHHS Ha CJydyaH, Korja:

6) BKJIOYAIOTCH CJIEAYIOIHE COCEAHHE HOHH (BTOpas KOOpAMHaA-
uuoHHas ctepa), a ektopsl R=2mw/a (1, X1, = 1);

B) BKJIIOYAIOTCH TPETBH cocead (TPEeThbf KOOPAHHAUHOHHAs cdepa),
a BeKTopH R=2m/a(*+2, 1, 0);

r) npoaenath Te e BbiuHcaeHHs A NaCl, yunTeiBas Omxaii-
IHX H CIeIYOWMX 33 OGaHKaiUMMH cocefel, a BEKTOpH K npen-
crasaas B Bujae 2m/a(*+1, =1, =1) u 2n/a(=*3, =1, *1).
ITapaMeTp v nNOJOXHTH paBHBIM 16/a®. YuecTb, uTO BEKTOPHI OOpAT-
HOH pemleTKH R, HCIIOJNB3YIOIHECA IPH BLYHCJIECHHH TIOCTOSHHOM
Maneanynra, aas NaCl u CsCl MoryT okasaTbcsi HEOAMHAKOBHIMH.

3.12. Jlna GoJbIIMHCTBA HOHHBIX KDHCTAJUIOB II0Kasarelih 17t
B TMOTEHIHANE OTTaJKHBaHMA BeJHK (cM. 3ajady 3.2), Tak dTO
B TEPBOM IDHOJHKEHMH MOXHO DacCMATPHBATDL MOJOXHTENbHHE H
OTpHlIaTELHbIE HOHB B TAKHX KDHCTA/UIaX, KaK MECTKHE aphl
C paguycamH r, H r_ COOTBETCTBEHHO.

M3 dopmyan (3.1.6) ciefyer, 4TO B TaKOH MOJENH MKECTKHX
11apOB PEINeTKA OMNpeje/eHa TOJAbLKO sHepruell ManenyHra — Ae*/ry,
Y€ ry— Kparuafimiee DABHOBECHOE pacCTOSHHME MEXIY UEHTPaMH
pPasHOMMEHHHIX HOHOB. Ha mnepBulii B3r/jsj MOXET I0Ka3aThCs, 4TO
U3 CTPYKTYp, COOTBeTCTBylOIHX coctaBy XY, eqMHCTBEHHO YCTOM-
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#3.9, Mower xy6
xaK seliny Dpvena c1pyxtypul CCl (prc. 3.9.1). Oguako oxasanocs,
4TO_3MEKTPOCTATAMECKNI NOTCHREAA D LEHTPE Xy0a, COlepwamero
(2n° TAKEX WNCEK, OTAHYAETCH OT INOTEHURaZd b UEHIpE XyGa
3 (2n— 1) SWEOK 114 BETHWKHY, KOTODasi DK BOIPACTAHHK A CTpe-
MKICH K DOCTORKHOMY KOHCTHOMY SHAGEHWIO C.

Juscuuts 10T Gaxt n maktd c. KAX MOKHO, cysMuMpys uo
AnchKaY JBLeHd, LOKAMUMLM 1A PHC, 3.9.1 H CONCPMANMMCHA

B Kybax c Be-TaKH nomy-
aHTe 3Havene A ? Hatirs npe-
anasemin i Masenynra, Ky,

coaepaune o 64 mackni Ipvene
.10, TIpg  swamcrenus nocrosniofi Magcaywts m  weTogy
Smbewa MONHO MIGOWATH HEOMPEIEACAUOCTEH TANA OMKCANHMX
B sauaue 3.9, ecum BE6PATH ANCHKH DRbEHS TAK, WIOGH 1 TPAHAX
He GHI0 RIKZKKX 3apRI0B.
Haits rarguo iy,  Colepayo  enososye wonck s
crpyKType
Hocrcnmod Mareayira 1t CiCl, CyvvApya N0, HOHaW B KoHUEHT-
puveckix  poMonozeKasApax, corepmaukx 4, 32 wan 108 mieen
mbes
#3.11. Urobu suumcnuTs uOTEHWwRAN V WOUE B IPHCYICTSMK
BCEX ADYTMX HOWOR .
MeToN, KOTOPME MPHBONHT K BHCTPO CXOLHIMMCH DHRAM.
K roueuony sapizy ¢ v2 wecre xeworo j-To MoRa, we casma-
i

s o, rayctono pac.
Apeenexue pae (rayecoms Sapmgi)

1 (r) = — g (/)2 exp (%) @I
C OSuKM FAPRAOM — g Tl — MOAOHOUHH MAPAMET, Onpeiensiomui

UPHAY TAYCEOBE pacupe.ucneuux Blmaau OT TOYEYHEIX U [YCCORLX
33AAOB BO BCEX MECTAX, x;.z]

o } P — S"‘,”dv

2]
Ty

TPHBOIRT K nOTeHUHATY
¥ivy,
_yYu{r_\ —
v ,Z"'([ n\ exp( s']ds) (3.11.2)
HA i-M MECTE.
DNanee c TOMOUIMI pAATOMEHHS B psn Dypbe MOXHO AErKO

HoaysT, noTestuan V' Ha i ecre, 0ByC1oBACHHLH BTOpON Coo-
KYMHOCTHIO TAYCCORHX 3APAAOD +-g; HA &CX  MECTONONOKEHHHX

Horon:
VA E{Emexp (— ik rRtexp(— ﬂl)}. (3.103)
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Ta6bnuua 3.15.1

KoopuuHaTh Macca 3apan

ﬂnpo Ra (Xa, ya, Za) Md Zae
a=—1, 2, ven g )

DexTPOK ry (Xes Yos 28) m —e
k=1, 2, ..., n)

3.16. Jlna omMcaHMA JBHXKEHHS 3JIEKTPOHOB B CHCTEME, COCTOSA-
meit U3 N sAaep M n DJIEKTPOHOB, MOXHO, OCTaBasich B npelenax
JOCTATOYHO Xopoluero NpHOIHKEHHA, CYHTATb, 4TO SApa HaxoAATCH
B TIOKOE, TNOTOMY 4TO HX MAacChl HaMHOro Gosbllle MacC 3/EKTPOHOB.

3anucath ypaBHenue Ulpeaunrepa mas cucrembl H3 N HENOABMXK-
HEX sAep H n 3JeKTpoHoB. IIpH 3TOM HCNOAbL30OBAaTh aTOMHbLIE €fu-
HHUbI, T. €, CYMTATh YHC/JACHHbIC 3HAYEHH# 3JIEMEHTApHOro 3apfja e,
Macchi 3JeKTpoHa m M nocrosiHHoit Ilnanka 7% =~h/2n paBHbBIMH
eAHHHLE,

*3,17. Hecmorps Ha TO, YTO COGCTBEHHOE 3Hauenue &> B ypas-
nwenun Ilpepnurepa Ina JABHKEHMA 3JEKTPOHAa (CM. ypaBHeHHe
(3.16.1)) BxmouaeT B ce6s MEXBANCPHOE OTTAJKHBAHHE

Z,Zye?

dnd ]Rb—‘Ra' !

a<b
ero OGLIUHO HA3WBAIOT «3HEpruell 3jeKTpoHa». B Hero BXOAST Kak
napaMerphl MEXDbSJEPHHE pacCTOAHHA, M OHO HrpaeT Pojb I[OTEH-
LIHaJbHOM 3Hepruu B ypaBHenuu lllpenunrepa ans ABHXKEHHs sjfep.
Eciy npeanosioXuTh, 4TO LEHTP MacC JBYXaTOMHOI MOJIEKYJbi Henoj-
BHXeH, To ypaBHeHHe llIpeannrepa, onuceHBaiOmEee ABHKEHHE JBYX
ee sanep A u B, Gyaer uMerb BHA

(— g A+E=(R) ) Wraern — Eameon, (3.17.1)
rae MM
bl (3.17.2)

— 37O NpHBEJEHHAaf Macca MoJeKy/aH, a R=|R,—R,|.
Hajith Warers y € pis noreHuuana BHAA

831(R) =Y,k (R — Ro)?. (3.17.3)

Takoit nmoTeHuUWan COOTBETCTBYET CHJIE, AeficTByouwlel MeX1y atoMamy,
NPONOPUHOHANbLHOH OTKJIOHEHHIO MEXbsIepHOro paccrosinusa R or ero
paBHOBeCHOro 3HaueHHs R, (3neck k —cuaoBas nocrosiHHas). s
NpPOCTOTHI MOJIOXKHM, YTO 3IHEPrHs BPAIICHHS MOJEKYJ/bl 3a/aeTCs €e
3HaueHHeM npH R =R,.
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Ykasanue. 3ajaua aHalOrMYHa 3ajaye O €AMHCTBEHHOH dYacTHue
C Maccoil [ B LEHTPANLHOM noTeHuuaibHoM mnone €31(R). Cuenosa-
TeNbHO, B cepHueckux koopauHarax K, ©, ¢ BoaHoBas QyHKUMS
WHAREPH yMeeT BUA

Y asepn — i@ 0 (8) D (9). (3.17.4)

3.18. Ypasnenue lllpenuurepa pnsi ABHXKEHHUS 3/1€KTPOHOB B NPO-
creilliell MonekyJie, HanpuMep B MOJEKyJaspHOM uone Hj, B aTOMHBIX
€HMHULAX MMEEeT BHUJ

(_?__,a__+%>qr(r)=8(R)\1f(r), (3.18.1)

THE€ 7, U rp— PAacCTOSHHSA 3JIEKTPOHAa OT npotoHoB A u B coorsercr-
BEHHO, a R — paccTosiHHe Mex1y AByMs nporoHamu. Eciu BBecTH
cbeponsanbHble KOOPAMHATH §, 1, @:

;—_—ra——gﬂ.’ IQCQm’
s o (3.18.2)
nz——y - \n\ ]
R

¢ — a3UMYTaNbHEIM yrOJM OTHOCHTENBHO OCH MOJIEKYJH, TO B 3TOM
yPaBHEHHH MOXHO Da3sjieMTh IE€pPeMeHHbe.
3anucas ¥ B BuIe

YE m 9=XE)Yn)0(), (3.18.3)

HaiTH auddepennHanbHue ypasHeHus aas X, Y u @,

*3.19. CoGcTBeHHBlE 3HAYEHMS M BOJHOBHE (YHKUMM ypaBHEHHA
Ipexunrepa ana mona Hj (cM. 3apauy 3.18) Hemb3st mosyuutb
B KOHEYHOM BujJ€. TeM He MeHee BO3MOXKHO YCTAHOBUTb KOJHYECTBEH-
HYIO CBA3b MEXJY SHEPTHSIMHU 3/I€EKTPOHOB, COOTBETCTBYIOIUMH HoHy HY,
M HEPrHAMH, COOTBETCTBYIOIIUMHM HJM <¢€JMHOMY aTOMy», B KOTODOM
ABa ITIPOTOHA CJAHBAIOTCH, HMJH <«Pa3feNeHHEIM aToMaM», y KOTOPHX
OfH M3 NPOTOHOB yAaneH B GeckoHeuHocTb. JLns 3THX ABYX CaydyaeB
XOpOUIO W3BECTHHl CIIEKTPbl, NMOAOGHHE CNEKTPY BOAOPOAA, NO3ITOMY
TaKMM 00pa3oM MOXHO KOe-4TO y3HaTb M 06 3JEKTPOHHOH CTPYKType
MOJIEK YJTbl.

Y CTaHOBHTb 3TY CBA3b, UCNONb3YS TOT (AKT, 4TO GOPMBI y3M0BBIX
NopepXHOCTe BOJHOBHX QYHKUHHA 3aBHCAT OT MEXBAAEPHOTO paccTos-
HHS R, a 4YMC/IO MOBEPXHOCTEH OCTAETCH INOCTOSHHLIM (XOTSl HEKOTOpHE
M3 HHUX CTPeMATCd K OECKOHEYHOCTH BMECTE€ C OJHMM M3 NPOTOHOB
npu R — co).

Yrasanue. B chepuueckux xooppunarax r, 6, ¢ poaHosuwe (yHK-
MM €JHHOTO aTOMa HMEIOT BHJ

¥ (r, g, 9)=R (r)8 (8) D (g). (3.19.1)

Mex1y KBaHTOBHIMM 4YHCJAaMHM n,, Hg, Ng Y3JNOBBIX [OBEPXHOCTEH
R(r)=0, 6(8)=0, ®(p)=0 mobSoil H3 ITHX BOJHOBHIX GyHKUUI
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¥ ee rJjaBHbIM, a3HMYyTaJbHLIM H MArHHTHBIM KBAHTOBLIMH YHCJ/IAMH 1,
L, m CyUlIeCTBYIOT CJEeJyIollHe COOTHOIIEHHSA!:

=fl,-+ne+ﬂ¢+l, l"_—n6+nlp’ lfTI.Iznq,. (319'2)

3.20. Ypasuenue llpenunrepa AJs CHCTEMHI n 3JieKTpoHoB (3.16.1)
pasnessieTcs no KOOpJAHHATAM 7= (X;, Y;, 2;) PA3JIHMYHBIX 3JIEKTPOHOB,
€cJIM [OTEHIHAJbHYIO JHEPTHIO MOXHO allIPOKCHMHDOBAThH CYMMOH 7
¢yHKUMHA, Kaxk[asd M3 KOTODHX 3aBHCHT OJMHAaKOBLIM 06pasoM OT
KOODAHHAT TOJBKO OJHOro 3jeKTpoHa. Ecuau

n

Vr, ra ..., r) =Y, v(r), (3.20.1)
i=1
TO0 BoJHOBhE PyHKuHH ¥ u3 ypaBsenus (3.16.1) u cooTBeTCTByIOLIME
COGCTBEHHbIE 3HAUEHHS IHEPrHH & NMPHHHMAIOT BHJ

IF(fl, | TR r,,)=fI IFi (ri), (3.202)

i=l1

=3 e, (3.20.3)

rie ¥;(r;) u e; onpenensiorca u3 ypasHenus [lIpenunrepa nas ogHoro
3JIEKTPOHA

— 5 AY (7)) + v (r) =&, (7). (3.20.4)

[Mpunuun ITayau tpebyer, uToGH BOJHOBAS PYHKUHUSA AJSA CHCTEMBL
3JIEKTPOHOB, BKJIIOYAIOLIAsA CNHH, GblJIa aHTHCHMMETPHYHA OTHOCUTE/BLHO
NepPecTaHOBKH JIOGLX JBYX 3JIEKTPOHOB. B pamkax npuG/IMKeHHS,
IOCTAaTOYHOTO JJISl PElieHHs 3324 O XHMHUECKO# CBSI3H, FaMUIbLTOHHAH
THIHYHOTO yPaBHEHHA MIsi ofHoro aJjektpoHa (3.20.4) He Bausier
Ha CIHHOBYIO KOODAHHATy ¢ 3JjekTpoHa. [ToatoMy npou3seneHue

¥i(ri, 0) =qitv) =¥, (r;)n (o) (3.20.5)

pewenus ¥, (r;) ypasuenus (3.20.4) Ha COOTBETCTBYIOILYIO CIIHHOBYIO
¢yukumo n; (0;) caMo siBaseTcs peweHHeM ypaBueHus (3.20.4). .
CrnenoBaresibHO, 4TOGH NMOMYYHTH BOJHOBYIO (QYHKIMIO CHCTEMB! H3 N
3JIEKTPOHOB C YYETOM CIIHHA, MOXHO 3aMmeHHTb ¥;(7;) B ypaBHeHHH
(3.20.2) cnHHOBHIMH OpGHTAJNSIMH @; (T;), @ U3 MOJYYEHHBIX NPOH3Be-
n

nenuii | | @; (t;) o6pasoBath aHTHCHMMETpHUHbIE JHHEHHbE KOMGUHA-
i=1

UMH, HMelollHe (Pu3uueckHit cmbica. Mx MoxHO 3anucats Kak jerep-

MHHaHTBI (371€Cb A — HOPMHPYIOIAs KOHCTAHTA):

e1(t) ... ¢(Th)
O=4.9M - ®E)) (3.20.6)
(Pn (Tl) LI} (Pn (Tn)
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Iloka3zaTb, 4TO €c/iH ¢, OPTOHOPMHPOBAHHI, TO (D HOPMHPOBAHMI NIPH
_ 1
Val’
3.21. V3 opbutanelt a u b, COOTBETCTBYIOIHX COCTOAHMIO ls nais
IByX aTomoB Bogmopona A u B, Talitnep u Jlongon jaisi onucanus

COCTOSIHHH € HaHMeHblIeH 3Heprued MosekyJan Bogopoxa H, noctponsu
CJELYIOMHE BCIOMOraTejbHule (QYHKIHH:

OCHOBHOE COCTOSIHHE Y.=a(l)b(2)+b1)a(2), (3.21.1)
Bo30yxneHHoe coctoaHue ¥,=a (1)b(2)—b (1)a(2). (3.21.2)

3necb apryMeHTel 1 W 2 03HAaualOT KOOPAHHATH INEPBOrO H BTOPOro
3JIEKTPOHOB COOTBETCTBEHHO.

3anucats BoJHOBble (PyHKIMH B BHJE ONpefesHTeNell, Kak B ypas-
HeHHH (3.20.6), KoTOpLle BMecTe C ABYMs CIHHHOBbIMH (yHKIHSMH o
H B Moryr OHIThb NOCTPOEHbl H3 BOJHOBHIX (QYHKUMH @ H b B COOTBET-
creui ¢ (3.20.5). IlokazaTb, UTO 3TH ONPENEJIUTENH MJIH HX JIHHEH-
Hhle KOMOMHAllUH MOXHO 3amHcaTb B BHIE

faMb@xb(Ma@}x(l, 2), (3.21.3)

rae ¥ (1, 2) — KByX3/IeKTPOHHLIE CIIHHOBLIE (QYHKIHH.

Kax yvacrtHuii ciayvyadi nycts @ H B GyAyT COGCTBEHHHIMH (YHK-
IHAMH ONEpAaToOpa S,, COOTBETCTBYIOIIErO 2-KOMIOHEHTE CIIHHA 3JIEKT-
pOHa, T. €. MmycCTh

se="a, sp=—1p. (3.21.4)

IlokasaTtb, UTO B 3TOM cJydyae ¥ — cOGCTBEHHEIE QYHKIIMH onepaTopa
KBajpaTa IMOJIHOrO cnHHa |S|? ABYX3JEKTPOHHOH CHCTEMH, NpHHAJ-
Jexaliue K coGcTBeHHbIM 3HaueHHsM |S2=0 u |§[2=2. HssecrHo,
yro Toraa ¢yHkuuu Iaitaepa—Jlongona ¥, u ¥, orBevaoT CHHr-
JIETHOMY H TPHIJIETHOMY COCTOSIHHSIM MOJIEKYJIn BOJOpPOJA COOTBET-
CTBEHHO.

¥raszanue. Tlpumenss x @ H P COOTBETCTBEHHO ONEPATOPH Sy H Sy,
KOTOpHie CBfI3aHBl C X- H y-KOMIIOHEHTAMH CIIHHA 3JIEKTPOHA, IOJYUYHM

s:a=1,B, s.B=Yea, s,a=1,ip, s,B=—1ia. (3.21.5)
Kpome TOro, A/ HOMHOro CHHHA § CHCTEMBI 71 3JEKTPOHOB HMeeM
S=58+8+S8+...+ 8,
a KOMIOHeHTH Sy, S,, S; 3Toi cHcTeMH GyAyT paBHHI
Sy =5x +8x,+ e, +.. .+ 55,
Sy =5y, + 58y, +58,,+...+5y,, (3.21.6)
S; =5z + 82, + Sz +... + 52,

3aMeTHM, HaKOHel, YTO KPaTHOCTb COCTOSIHHS, COOTBETCTBYIOIIEro
co6cTBeHHOMY 3HaueHHI0 S (S-+1) oneparopa |82, pasHa 2S+-1.
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3.22. Tlyctb @ u b —BoaHOBbie QYHKUMH ABYX aTOMOB BOJO-
pola (COOTBETCTByIOUIME COCTOSAHHAM ls), o6pasylomux MoJe-
Kyay H,. :

[TocTpoHTb cO6CTBEHHYI0 AHTHCHMMETPHUYHYIO 3JIEKTPOHHYIO BOJHO-
Bylo QyHKUHIO @ Aas Mosnekyasl H,, rie aBa 3jekTpoHa uMmelOT mpo-
THBOIOJIOXKHBiE CTHHBL (¢ = a -+ b). [TokasaTb, uTo 3Ta BO/MHOBas ¢yHK-
ILHA TecHO cBsi3aHa ¢ pyHKuHed aiitaépa — JloHgona (cM. 3agauy 3.21)
I8 ocHoBHoro coctosiius H,. Kpome Toro, B Hee BXoIAT eue g06a-
BOYHple undeHbl. KakoB uX cMeica?

3.23. C moMowplo JHHEHHOH KOMOHHALMH BOJIHOBBLIX (YHKIHI
aToMa MOXHO 00pa3oBaTh TaK Ha3blBaeMble T[HOPHAHLIE BOJIHOBBLIE
¢byHKUMH, KOTOpBle OyAyT 06.1a0aTh HEKOTODBIMH 3aJ@HHLIMH CBOMCT-
BaMH CHMMETPHH. DKBHBAJIEHTHbIE rHGPHIHBIE BOMHOBEIE GyHKIHH MOTYT
6biTh 06pa30BaHbl H3 MOAXONAULHX aTOMHBIX BOJHOBBIX QYHKUHI TaKuM
0o0pa30oM, YTO NpH 33aJaHHBIX NPEOGPA3OBAHHHAX CHMMETPHH KaxKAbUl
rH6pHA npeobpa3yercs caM B ceGsi HIH B APYroil THGPHA AAS BOJHO-
BbIX (YHKUMA THNA O, HIH K€ caM B cebA, B OTPHUATEJbHBIH H/H
B Apyroft rubpuj AJA BOJHOBBIX QYHKUMHA THOA .

Hafitn rubpuanyio BonHOBYI0 ¢GYHKLIMIO O, KOTopas oGpa3oBaHa
H3 HOPMHPDOBAHHEIX ATOMHBIX BOJHOBbLIX OQYHKUHH S, Dy, Dy, P: W
OPHEHTHPOBAaHA BJOJIb HEKOTOPOrO HampaBjieHHA, 3aJaHHOTO Hampas-
JAIUHMH KocHHycamH. Toka3artb, yTo ecsin & — yrosm Mexay AByMs
TaKHMH 3KBHBAJIEHTHBIMH THOPHAHLIMH BOJHOBBLIMH QYHKUHAMH, KOTO-
pble CUHTAIOTCA OPTOrOHANLHBIMH W HOPDMHPOBaHHBIMH, TO T/2 <O <
=< 3n/2. IokasaTh, YyTO MO Mepe TOro, Kak yroa ¢ npuO/amKaercs
K T, BKJaJ BOJIHOBBIX QYHKUHH S CTAHOBUTCA Gojie€ CyUECTBEHHBIM,
yeM BKJAJ BOJHOBLiX QYHKUHH p.

*3.24. Cpean aTOMHbIX BOJHOBbIX QYHKUHE S, p, d BBIGpaTh Heob-
XOAHMEIE H JIOCTAaTOYHBIE AJ151 0Opa30BaHHA SKBHBAJIEHTHBIX [HOPHAHBIX
BOJIHOBBIX (YHKUMH €, PACNOJOKEHHBIX BAOJb:

a) YeThIpex TETpa’ApHUECKHX HaNpaBJeHHH;

6) 1ecTH OKTa’]pHYECKHX HAMpaBJeHHIt;

B) 1IECTH HanpaBJeHWH TPUTOHAJLHON MPH3MBL.

*3.25. M3 BosHOBEIX QYHKIHI s- H p-COCTOAHHI aTOMa MOCTPOHTD
YeThblpe 3KBHBAJIEHTHbIE OPTOrOHAJIbHBIE THOPHAHBIE BOSHOBLIE ¢y HKIHH
TaK, yToGbl HX OCH COBNAjajJH C YeTbIpbMsA HaMpaB/JeHHAMH pebep
Terpasapa. Jsas omHcaHHA BOCIOJNB30BAaTHCA CHEAYIOUEH CHCTEMOH
KOOPAHMHAT: Hauajo KOOPAHHAT B LEHTpe TeTpasfpa, OCb Z COBMajaer
C OCbI0 OHOM H3 BOJHOBbIX QYHKUHH, a OCb BTOPOH BOJHOBOH (yHK-
IIHH JIOKHT B MJIOCKOCTH y = 0.

*3.26. YraoBble BOMHOBbie (QYHKIUHH H30JIHPOBAHHOTO aTOMa HJIH
HOHa B CBOGOJHOM MpPOCTPAHCTBE — cpepHuecKHE rapMOHHKH. OHH
NpUHALIEXKAT Pa3JHUYHBIM MPEACTABJCHHAM IOJHON TPyNbl BpalleHH
IJoc HHBepcHA. YacTHble NpeacTaBJaEHHs TOH FPYIIbE ONpeesaIoTcs
Op6HTaALHLIM MOMEHTOM KOJIHYeCTBa ABHMKeHHA. Eciau HOH HaxomuTcs
B KPHCTa/le, TO €ro CHMMETPHsi CBOAMTCA K MOATpYIMIe [OJHOH
rpynnsl  BpauleHHsA, JONyCKalouleH HEeNpuUBOAMMOE [pEACTaBJEHHE
HCXOHOM rpynnsl B fjaHHOi noarpynne. MHaye ropops, AJf HEKOTOPBLIX
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COCTOSIHRI, B3aHMHO BEIDOXAAIOILHXCA B CBOGOJHOM COCTOSIHMM, BHIPOX-
J€HUE YBEJUYUBAETCA B NMPUCYTCTBHM OKDPYXKAIOUWUX HOHOB.

Haiitu, xakuM 06pa3oM BHPOXKIEHHBIE COCTOSIHHSI C Pa3MYHLIMK
MOMEHTaMH KOJIH4eCTBA JBHXEHHA HOHA B CBOGOJHOM COCTOSIHHH
M3MEHSIOT CTeneHb BHIPOXAEHHA, KOrja HOH OKAa3hBaeTCs B OKTa3[-
pHUECKOM OKDYXEeHHH. BhISCHHMTB JJf cl1yuas OKTa3ApHYECKOro OKpy-
KEHHUs, KaK CKaXercsl Ha CHMMETPUH 3pPeKT BOIMYIEHHs, CBA3AHHBIH
¢ YAJHHEHHEeM KDHCTaJL1a BJOJb OJHOH M3 OCeHl CUMMETPHH TPEThEro
nopsiaka. CnuHOBH 3xpeKT He YYHTHIBATh.

¥Yrasanue. Chepuyeckde rapMOHMKH L-ro nopsiika o6pasyloT 6a3uc
npepcrasiaedusa I') nosHolt rpymnm BpameHus. Mcnoassysi cooTHo-
HieHye

RoYim (8, @) =exp(—iMa) Y1y (8, ¢), (3.26.1)

rae R, —omnepaTop, COOTBETCTBYIOIHH MOBOPOTY HAa yroJ o BOKpPYr
OCH 2z, HaWTH XxapakTep mpeacrtasieHus I'(F) kak ¢yHkuuio o. Boc-
NI0JIL30BATHCA UM JJISl HAXOXAEHWA XapaKTepOB NpPEeJICTABJEHHH rpyn-
ol Oy, K KOTOPOH NpPHHAjAJEXKAT chepHYecKHe rapMOHHKH, M onpeje-
JIUTb, NPHBOJHME 3TH IPEACTABJEHHS WJIH HeT.

*3.27. Hasa cBoGoOQHOrO 3JIEKTPOHA BOJIHOBasA (YHKIHSA HMEET BUJ
miockoii BoaHel W =exp (ikr), a ero 3Heprus & =h*%%*2m. Ecau
ITOMECTHTb 3JIEKTPOH B NEPHOAHYECKYIO peLieTKy, TO OH I[epecTaHer
6HITh CBOOOAHLIM. TeM He MeHee, eCaM pacCMAaTPUBATh MOTEHIMAJ
PEIIeTKH KaK MaJjioe BO3MYIUIEHHE, TO MOXHO CYHTAThb J/IEKTPOH «IIOYTH
cBOGOAHbIMY. BosHOBOH yHKHHEH Takoro 3jekTpoHa GyJeT

¥ —exp[i (K+ k) r]. (3.27.1)

rie K —Bektop o6paTHO#i peleTkH, a K — NpHBEJAEHHHIH BOJHOBOMH
BekTop. COOTBETCTBEHHO 3Heprus Gyner & = A2 (R + K)2/2m. ®ynkuus
(3.27.1) npeoGpasyercss B COOTBETCTBHH C NPEACTABJEHHSMH TIpYIIH
k ;

Haiitu, kakuM o6pa3soM COCTOSIHHA NOYTH CBOGOAHOrO 3JIEKTPOHA,
orBeyaiomve 3xausenusam K tuna 2x (1, 0, 0), 2n(1,1,0) u 2n (1, 1, 1)
B Toyke R =0, CBSI3aHH C COCTOSHHAMH, ONHCHIBAGMBIMH MpUBJIMKE-
HHEM CHJIBHOH CBfI3H, KOTOpPOE OCHOBAHO Ha MPEACTABJEHHH O pac-
IIEIVIEHHH ATOMHHIX GYHKHME 3ajaud 3.26 B KpHCTAJITMYECKOM IIOJIE.

4. ¥Ynpyrocth Kpucramios *) [3—8]

B ofmenpuHATHX yueGHAKAaX GH3HKH TBEPAOro Tesa AAsl CTYAEHTOR CTapiuHX
KypCcoB NpeaMeT TEOPHH YNPYroCTH OOGLINIHO He pacCMaTpHBaercs. BoOJLWIKHCTBO
KHHT OrpaHHYHBAeTCs ONpejelieHHeM TeH3opa AedOpPMALHH (TONLKO AN GECKOHEUHO
Manux jehopManmuil) H TeH3opa HaNpAXeHHH M CBA3YIOIHM HX 3MIHDHYECKHM
COOTHOLIEHHEM, T. €. 3aKOHOM [yxa.

3agaun sTOl rJ1aBW OCHOBAaHW Ha APYroM NoxXoze, NPH KOTOPOM TEPMOAWHA-
MHYECKOE COCTOSIHHE TBEPAOro Tesa ONpejeieHO yepe3 KOMIIOHEHTH TeH3opa xedop-
Mauuf. OCHOBHLIMH yDaBHEHHSMH TEODHH YNDYFOCTH 3JeCh #BJSAIOTCH BbIPAXKEHHS
TepMOAHHAMHUECKHX NIOTEHIHA/IOB Yepe3 KOMIIOHEHTH TeH30pa jedopMauui. Ynpyrue

*) J. R. Drabble (University of Exeter).



KOHCTaHTbl OmNpeje/eHbl 4Yepe3 NPOH3BOAHLIE OT 3THX NOTEHLHAJOB NO KOMIMOHEH-
TaM jedopMalrH.

Urobbl ro/Hee pPa3BHTb 3TOT NOAXOA, BaXKHO HayaTh C TOYHOTO OMNHCAHHA
AedopMaUMH, IS Yero B HEKOTOPHIX NPHMEPAX HCMOMb3yeTcf TEH30pP KOHEYHbIX
nepopmauuii. OpHako 4TOOH COXPAHHTh CBfI3b C OGBIYHLIM MOAXOAOM, B APYTHX
MpHMEpaX HCNOJIb3yeTcs TeH3op OeCKOHEYHO MainX aedopmauuit. 3agaud 3TOH
r1aBel BHUIBJISIOT DPa3jHyHe MEXAY 3THMH ABYMf NOAXOAaMH H NOKAa3WBAKOT, NpPH
KaKHX YCJOBHAX MOMHO C JOCTATOYHOH TOYHOCTBIO HCMOJIB30BaTh Gojee MPOCTOe
ONHCaHHe Yepe3d TeH3Op MalbiX aedOpMauHi.

HyxHo emwe 106aBHTb, 4TO B 3ajayaX 3TOR r/iaBH NPHHATO, YTO MEXJy KOOp-
AHMHATaMM MaTepHalbHOR TOYKH B HCXOAHOM H JethOPMHDOBAaHHOM COCTOSIHHSIX
cymecTByeT JHHeHHas CBSI3b. 2TO CAeslaHO, YTONH H30EXaTh HEHYXHHIX CJIOXKHO-
creit. HyXHO OTMeTHTb, HYTO MNpH JOCTATOYHO MaJLX OGBLEMAX Cpexbl jaxe Ajifl
HeoJHOpOAHOK jaethOPMalHH BCerja MOXHO NMPHHATL TaKoe JIMHEHHOEe COOTHOIIEHHE.
Jna oasopomHol ke jedOpMalHH 5TO COOTHOLIEHHE SBJSIETCA BIOJHE OOLHM.

ONPEAEJIEHUA U CHMBOJIbE

Tensopubie o603nauenus. [ToBTopsouiics (HeMOH) HHAeKC B JIIOGOM BHIpaXke-
HHH O3Ha4yaeT CYMMHpOBaHHe MO BCEM YHCJEHHHIM 3HaYeHHSM, KaKHe NpPHHHMAET
,

ator uujaekc. Tak, BbpaxeHWe o.;a; rie 4 —KOOpPAHHAaTH TouKH (=1, 2, 3),
03HayaeT

10y + Cyals -+ 3.

Koopaunare. Bciogy HcmoneayeTcss QHKCHpPOBaHHAas OPTOTOHAAbHAs CHCTEMa
xoopauHaT. KoopaHHAaTH MaTepHa/JbHOX TOYKH P B ecmecmeenxom COCTOSHHH
C Hy/leBbIM HanpsbXeHHeM H (UKCHPOBAaHHOH TeMNepaTypoit o0Go3HAyalTCa a;
{{=1, 2, 3). Koopaurathl TOH XKe caMoR roykH P B peaabnom COCTOSIHHH 0003HA-
4aoTCA 4eped x;. B HEKOTOPRIX c/Ayyasix pacCMaTPHBAETCS PaBHOBECHOE LCXOOHOZ
(HayanbHOE) COCTOSIHHE, OTVIHYAIOUIEECH OT ECTECTBEHHOTO COCTOSIHHS, M KOOpIH-
HaTH TOYKH P B 3TOM cocTosiHHH ofo3Hadaiorcess X;. EfuHUYHBIE BeKTOpH BJOJb
KOODAHHATHHIX ocelk oGo3navaworcsi: Iy, Is, Ia.

Cmewenne. KoMnmoHeHTB BeKTOpa CMelleHHSl # 3aNECHIBAIOTCA CJIETYIOLIHM
o6pa3oM:

Up=x;—a (unn X; —ay).

Fpapuenth AedopmManuu:

J/k =ax,/aa,,.

[lnoTHOCTB: P — peasibHafl MJIOTHOCTb, Og— NMJIOTHOCT B HexehOpMHPOBaHHOM
COCTOAHHH.
JeabTa-cHMBOM:

Ojp=1, ectm j=k; 8p=0, ecm j*k.
Tensop GeckoHedHO manbix pedopmanift. KOMNOHEHTH 3TOr0 (CHMMETPHYHOrO)

TeH3opa
__i au_,' au,,
= (E 9y, )

Ten3op xoneynnix nedopmanuhi. KoMnoHeHTaMK 310r0 (CHMMETPHYHOrO) TeH30pa
ABJISIOTCS

1
e =5 (L o1 pr — Sye)-

Tensop wanpskenuf. KomnoxeHTH ero aanmuchiBalorcsi: 0;;. PaccMaTpusaercs
€IMHHYHLIA Ky6 B JeHCTBHTEJILHOM COCTORHHH; TPaHH Ky0a NapaluIeNbHBl KOOPIH-
HaTHRIM TulockocTM  Torpa o eCTh i-f1 KOMIOHEHTAa CHJK, AEHCTBYIOMleR yepes
NepeHsHKYASPHYIO j-My Hanpas/eHHI0 rpaHb Ky6a Ha MaTepHal BHYTpH Ky6a.

TepmoRHHAMHYeCKHE BeAH4HHB: U — BHYTPEHHSS 3HepTHS Ha eQHHHLY MacCH,
F —cBoGonnan sHeprusa Ha exmHuUy Macchl, G—¢ypxuus Tn66ca Ha eguHuny
Macchl, S—3HTPOMHA Ha eJMHHLY Macch, T — aGCo/OTHas TeMIeparypa.
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Yopyrne xospduunenTh. AnuabaThuecKHH Ko3(DdHIMERT KECTKOCTH BTOPOro
nopsaKa

H3otepMuyeckuit KOXPOUIHEHT KECTKOCTH BTOPOro NOPsSiXa
T —p ( a2F >
L. kT \ Gy 0 Jo
H3orepmuyeckuit Ko3pdHUHEHT NORATIHBOCTH BTOPOro Nopsixa
T 02G
i = Po\ 35 dou o
’ 4 00k /0
H3aorepMuyeckuii KoadxpHIMEHT XECTKOCTH TPeThero NopsjaKa

T 0F
Cij, k1, mn= Py .
et 67]:']' Mgy a0
Marpuynwe oBo3nayenust. JlBoliHoe coyeTanMue i (i, j=1, 2, 3) 3ameHsercsa
€JHHCTBEHHBIM CHMBOJIOM OT | 5o 6 mo cnenyionelt cxeMe;

I1->1; 22-2; 33-—3; 23,32—+4; 31,13>5; 12,21—6.
B Taxkoll 3anHCH KOMNOHEHTH aehOPMalMM HMEIOT BHA
M=N Mee=Te Nu=TN, MNaa=Np='/rMN U T. &

Uro kacaercss KO3(pHHIHEHTOB YNPYrocTH, TO KOMIIOHEHTH! XECTKOCTH npeoGpa-
3YIOTCH HENOCPEACTBEHHO NO 3TOH CXeMe, a KOMIOHEHTH NMORATIMBOCTH npecbpa-
3YIOTCH CJEAYIOIHM 0Gpa3soM:

Sij, ke =2 (1 46;) Yo (1 482) 5m1ms

811,11 = $11, HO S$11,23~>1/aS14, @ Sgg, 23 > 1/aSas-

T. €.

4.1. Cpepga oanopoaHo aedopMHpyeTcs, TaK 4YTO
X =a;+ ayay,
rie a; — KOOpAHHAThl MATepUaNbHOH TOYKH P B MCXOJHOM COCTOS HUH
B OpTOrOHaJbHOH JEKAapTOBOH CHCTEME KOODAWHAT, X; — ee KOOpAHM-
HaTH B JeQOPMHMDOBAHHOM COCTOSIHHH, @ — KOHCTAHTHI.

IToxazatb, uTO ecaM a;; —GeCcKOHEYHO MaJble Takoro nopsjixa,
YTO WX NPOM3BENEHUSMH MOXXHO NpeHeGpeyb, TO KOMIOHEHThbl TEH30pa
6GecKOHEWHO MaJuX AepopMalHil 3aal0TCA CJAEAYIOUMM 00pa3oM:

28,-k=i;"i£——l.j'ik,
Tle BEKTOpbl {; —MaTeépHaJbHble €IHHHYHbIe BEKTODbl, HanpaBJeHHhE
N0 TpeM KOOpPJMHATHBIM OCAM B MCXOJHOM COCTOSIHMH, a {j — BEKTODH,
B KOTOpHl€ MAaTEpHAJbHbIE BEKTOPHl MEPEXOAAT NpH AeGopMHPOBAHHH.
Paszobpate reoMeTpuHYecKMH CMBICJ 3TOTO BHIPAXKEHUSA.

O6o6ImuTy NONYYEHHBIH Bbllle pe3yJbpTaT, YTOObl NOKAa3aTh, YTO
B TeOpHH OGeCKOHEYHO MajnXx AedopMauui

(bj-bp—ci-cp)
leyllent '
Tl€ BEKTOpH C; — MaTepHajbHble BEKTOPH, He 06f3aTe/bHO eJMHHY-

HOH JJIMHEI, NEPBOHAYajbHO PAClOJaraBIUHECH BJ0Jb KOOPAMHATHRIX
ocet n npH AeOPMHPOBAHHHM NEPEXOJsfuiMe B BEKTOPHl b;.

28/k =

27



Haxonen, nokasath, 4TO B TEOpHH GECKOHEYHO MaJnX aedopma-
uuMit o6bmeM V, B HCXOZHOM COCTOSSHHH mepexoiuT B o6wem V, rae

V="Vo(l +&11+ s+ &s3).

*4.2, Pewnts 3azsauy 4.1, HO Tenepsp Ge3 mpeanoJIOKEHHS, YTo
TNPOH3BEJICHHAMH Q;; MOXHO npeHe6peub. Iloxasars, 4TO KOMMOHEHTHI
TEH30pa KOHEUHHX AehOpMANHH MOMKHO 3aaTh B BHIE

bj-by—cj-cp)
Oy — PP Be—Ci-Cy
e =" e Tew]

Iloxasath, 4yTo 0OBEM Kyb6a CO CTOPOHAMH EJHHHUHOA JJIHHBI,
napaJ/eJbHBMH KOODAHHAaTHLIM OCAM, MocJe jedopMalHy CTaHOBHTCSH
paBHeM V:

14oy; oy 2501 14+2my; 21, 2Ma
V=] an l+o,m ax ' V2= 2n, 14+ 215 21y
[£3T] L 213 2Mga 14213,

4.3. CTpyKkTypy repMaHH MOXHO ONDENEJHTh Kak KyGHUEecKyIo
3/EeMEHTapHyI0 HYeHKY CO CTOPOHOH @, B KOTOPOH aTOMbI 3aHHMAKOT
CeAYIOUHE T0JIOXKEHH:

1. (0, 0, 0); 2. (—;*, ;, 0); 3. (—é~, 0, %) 4. (O, ;, %),

111_(331_313\133
5. (zvzvz)- 6. {7 '4"?)' . (74', e ‘4‘)' 8. ('4“' Tv?)'
KoopaunaTel onpeneneHsl B 10X BEKTOPOB, OOP33YIOUIHX 3J/€MeH-
TapHyl0 fYeHKy. DJHMAHIIHMH cOcesMH 5-ro aTtoMa sBJAIOTCH Ye-
ThIpe aTOMa, TaK 4YTO aTOM HAXOJMTCHA B HEHTPe NMPaBHJILHOTO TETpasj-

pa, o6pa3soBaHHOr 0 MEPBLIMH YETLIPbMSA aTOMaMH. KpHcTana nmoasepruyT
JAedopMallHi, TIDH KOTOPOH TEH30p KOHEUHOH netopMalHH HMeeT BUJ

0 0
0 mny 0 |
0 0 mng

BHIUHCIHTD [JHHBL CBSI3efi MEXKIY D-M aTOMOM H OKpPYXAaIOUIHMH
YETbIPbMS aTOMaMH H YrJB MexJy Hanpap/eHHAMH 3THX CBs3el
B AehPOPMHPOBAHHOM COCTOSHHH, NPHHHMas# BO BHHMaHHE, 4YTO pac-
CTOAHHA H YIJbl BHYTPH 3/€MEHTaPHOH SUYEHKH H3MEHSIOTCH B COOT-
BEeTCTBHH C MaKPOCKONMHYECKOH jedopmaliHel.

*4.4. Cpena onHOpPOAHO feoOpMHpyeTCs H3 COCTOSHHS C HyJe-
BhIMH HaNpsSIKEHHSMH B COCTOSIHHE, B KOTOPOM OHa HAXOLHTCH B paB-
HOBECHM NOJA JEHCTBHEM CHCTeMbl HANpsXEeHH#, 3a1aBaeMOH TeH30-
poM 0 (j, k=1, 2, 3). [ledpopMallusi OMHCHLIBAETCH COOTHOMIEHHSMH

Xi=a,+aya,
TA€ @;— KOOPAMHATHl MATepPHAJLHOH TOYKI P B HEHAMPSIKEHHOM

COCTOAHHH, Xl—ee KOOpPJAHHATHI B ll(ﬂpOpMHpOBaHHOM paBHOBECHOM
COCTOAIHHH, &;;— KOHCTAHTbl pPaBHOBECHOrO COCTOAAHHS.
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B 3ToM HOBOM COCTOSIHHH [POH3BOJHTCH elle OJHa GeCKOHeUHO
MaJnas jebopMalus TakuM 00pas3oM, YTO KOOPAHHATHEI X; mepexoiaT
B x;, rue x;= X;+PyX; (B — O6eckoHeyHo MaJbie BEJNHUHHH, [POH3-
BeJEHHSIMH KOTOPHIX MOXHO NpeHeGpeub, H JOCTATOYHO MaJIne, YTOOH
TEH30p HanpsKeHHH NpH HOBOH JepopManHH H3MEHSJ/CH He3HayH-
TesIbHO). KoHeuHoe cOcTosiHHe MOXeT GObiThb CBfI3aHO € HCXOAHBIM
COCTOSIHHEM BHIPaXKEHHSMH CJIEeIyIOIero BHAA:

X, =a;+ (a” —+ GGU) a;.

ITokasatb, ut0 8wy =Py Pipl,;. IlokasaTe Takke, uTo ecan
HauajbHOe Je(OPMHPOBAHHOE COCTOSTHHE MOXKHO JOCTATOYHO TOYHO
ONHCATb TEH30pOM OecCKOHeYHO Masoi jpeopMalHH &7, TO €ro Hame--
HEHHe NpH janbpHedined nedopmaund Gynetr 28es, = PB;. -+ By

Kpome ToOro, mokasaTb, 4TO H3MEHEHHS KOMIIOHEHT TEH30pa KOHey-
HOH speopManuH 3aJaloTCA CAEAYIOHM 00pa3zoM:

817 = (ks -+ Cps) 884y By -+ 0yy) = J nibegrd
rae Oe, onpeneneHo Bouue, a Jy, — 3HAauYeHHd TpajHeHTOB jaehopma-
LIHH B HCXOIHOM Je(OpMHPOBAHHOM COCTOSIHHH.

*4.5. B ycnaoBufix, OnHCaHHHX B 33jaue 4.4, paccMaTpHBaeTcH
B HayaJbHOM J€QOPMHDOBAHHOM COCTOSIHHH EIHHHUYHEIH Kyl c rpa-
HfIMH, [AapaJjl/e/IbHBIMH KOOPJAHHATHBIM OCHM.

ITokasatb, uTO Mexanuueckas paGoTa NOCTEAyImeHd GeCKOHEUHO
Ma/JgoH JaedopMalHH EJHHHYHOrO O00BeMa, COOTBETCTBYIOIIETO 3TOMY
cocrosiuio, paBHa 8W; =o,08e;. Hcxogs H3 3TOro coorHoweHus,
noKa3aTb, 4TO paboTa, NMPHXOAALIAACA HA eIHMHHIlYy MacCH npH Gecko-
HeYyHO Mano# pedopmauud, paBHa

SW = oi,6e,/p,

rje 9 — IJIOTHOCTL JAHHOH Cpelpi.

ITokasary Takxe, uto ecqau pa6Gora W, npuxoafimascs Ha eu-
HHIly Macchl IPH KOHEYHOH nedopManiH, 3aJaHHOH TEH30POM 1;;, B3ATa
KaK (yHKUHSA 7, TO KOMIIOHEHTH TEH30pa HaNpsXEHHH 33jaK0TCH
BLIpAXKEHH AMK
ow

o
4.6. Iloxkasarb, 4TO ecjH cpeia AeOPMHPYETCH IPH MOCTOSTHHOH
3HTPONHY, TO MO TEOPHH GECKOHEYHO MAaJhX AedopMaluii

—c

O =Cj, ktCat-

0= pjikj

4.7. Hcnonb3ys OCHOBHBIE TEPMOJHHAMHYECKHE OlpejeIeHHs YIpy-
THX [OCTOSHHBIX BTOPOrO NOPsAKA, HAUTH YHCIO 3THX YIPYTHX MO-
CTOSIHHBIX H COOTHOLIEHHS MEXAY HHMH JJI5 KPHCTAJJIOB KyGHUECKO#H
CHMMETPHH.

4.8. K mareprany c Ky6HuyecKoii cummerpueli npu temnepatype T,
H30TEPMHYECKH [PHK/IAJLBAeTCsl HANpsXKeHHe B HanpapJjeHHH [100]
H H3MepRIOTCH JeQOpMALHH €q), €5, €33, BHI3BAHHBIE ITHM HalpsKe-
HHeM. CocTosiHWe C HYJIEBLIMH HaNpsXEHHSMH NpH TeMmnepatype T,
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NPUHUMaeTCA 3a HavajbHoe. JledopmalMH NOCTATOUHO MaJlkl, TaK UTO
MOXKHO IIDHMEHATbL TEOpHIO OecKOHEYHO Mainix aedbopMmanuii. Ilpu
temneparypax Ty AT, 6au3kux K T, H30TepMHUECKH IPHKJAJbI-
BAIOTCS HaNpsKeHUS TaKuM oO0pa3oM, 4ToObl ofuue jaedopMaluu,
BKJIOUas TepMHuYeCKHe ae(popMalMH (BOSHHMKIIHE 32 CUET H3MEHEHUH
TeMIepaTypH), OCTaBaJHCh TAKHMH K€, KaK U paHblle.
IloxasaTb, 4YTO HeoGxOIMMas JA 3TOTO KOMIIOHEHTAa Hampske-
HHS Oy MEHAETCH C H3MEHEHHEM TeMIlEpaTypHI 110 CJIEfyIOMEMY 3aKOHY:
ou____ @
or sl7;+2s£ ’
rae SZ.—HBOTEpMHlIECKHe Ko3(phUIHEHTHl YTpyro#f »*ecTKocTH, a —
KO3hQHLIMEHT JIMHEHHOrO0 TEPMMYECKOro pacIIMpPEHHs H Bce Ko3ddu-
LMeHTH BoluHcaeHs npH T =T,. [lanee nokasaTh, 4To CKOPOCTb M3-
MEHEHUS SHTPONHUU S Ha €AMHHILy MaCCHl IPH U3MEHEHHH KOMIIOHEHTH
neopMalHH E;; NIPH TOCTOAHHOH TeMnepaType paBHa

0 <as ) a
0 =T T
Og, /T s+ 25

4.9. Kpucraan KyOHYeCKOH CHMMETPHH TNOJBEPrHYT TMADOCTATH-
YECKOMY CXKATHIO p NPH NOCTOSHHOH B TEUEHHE BCEro 3KCIEPHMEHTa
temnepatype Ty.

Iloka3aTh, 4TO 3aBHCHMOCTb MEXJY JAaBJ€HHEM H OGBHEMOM NpH
MaJlbIX JaBJEHMAX €CThb

AV T
Vo =—3(h+2])p,
rpe 5171’ slTi—HsoTepMqucxne Ko3(bHIHEHTH YNpyroii NoaaTaHBOCTH,
AV — npupamense nepBoHauajsbHOro o6bheMa V,. Ilokasarh Takixke,
YTO €CJIH JaBJ€HHE CKAauKOM MEHSeTCS OT p JO HyJs, TO Ccpasy ycra-
HaBauBaercsi temneparypa To-+ AT, rae
AT — — M;
Copo
3necb @ — KO3GGhHUHEHT JHHEHHOro pacCliMpeHHs, Po— IJIOTHOCTD
B HEHaNPAXKEHHOM COCTOSHHH, a Cy — yJe/IbHas TeJOEMKOCTh NIPH TI0-
CTOSHHOM HanpsixeHud. Boludcautb 31y Beqnuuny aas KCl, noa-
Bepruytoro Aasnenuio 10° dun/cm® npu 300°K (a=3,7-10-° 2pad-1,
C;=06,86-10% spe-2lepadt; py=1,98 2-cm3).
*4.10. B MaTpMuHOM 0GO3HayeHHM CBOGOAHAN SHEPTHA Ha EIH-
HHMIy MacChl MaTepuaja KyOuuecKol CHMMETpDHM KakK DYHKIHS KOMIIO-
HEHT KOHEYHOH JegopMandy HMEET BM

PoF = paFo -+ (€11 (M 413+ 1) -+ Cag (f -+ 2+ i) +

+ 2¢12 (N2 + MeMs + M)} + % {er (i +mi+mi) +

+ 3e112 [M7 (M + M3) +- ME (M3 + 1) + 3 (M2 + M) ] -
~+ 3544 (MM + MMz + MaME) + 3108 [ME (M2 +ms) + .
=+ ns (Ms =+ Ma) + Mg (e + M2)] + 6cr23MmimeNs + 60456"]1"]5"]6} .



[Toxa3aTb, 4TO CBA3b MeXAy O6HEMOM M IHAPOCTATHUECKHM JaBJie-
HHEM p JJI TAKOrO KPHCTaJJa IPH TaKOM IOPsAKE TOYHOCTH 3a-
RAeTCHA COOTHOMICHHeM

—p=y B[ F @R —1)+ @ 17,

rae y=V/Vqo, a=cy1+4 21, b=1, (€111 + 6C112 + 2¢125). TIokazats,
yto eciH V =Vy+AV, 10 c yueTom wu3MeHeHHII o6beMa BTOPOro

nopsaka .
—o= Falif) + 46308

4.11. PemnTbh ypaBHeHHE paclpoOCTpaHEHHs YIDPYrux BoJH Gec-
KOHEUHO MaJIoH aMIJIHTYABl AJIA Nbe303JIEKTPHYECKOr0 TBEPAOro Tesa
KyGHUECKO}H CHMMETDHH, ec/Id HanpasJieHHe pacnpocrpanenss a) [100];
6) [110].

Beuin moJsyueHsl cjefyoliHe pe3yJabTaThl AJ8 CKOPOCTH aKyCTH-
YyecKHX BOJH B KpHcrajue InSb npu 20°C (raba. 4.11.1):

Ta6nuua 411.1

Hanpasnenue Hanpasnenue CkopocTs,

PacTIPOCTPAHEHKA NMONADHIANHH 10% cmecex—t
[110] [110] 3,1664 + 0,0003
(110} [110] 1,6251 + 0,0002
[110] [001] 2,2862 + 0,0002
[100] [100] 34068 + 0,0003
[100] [010] 2,2864 + 0,0002

Ilokasatb, uto xoTs InSb He ABAsSETCS NbBE303JIEKTPHKOM, IIPHBe-
JeHHble pe3yJIbTaThl COIVIACYIOTC B MpeAenax 3KCIepHMeHTaJbHOH
OWHOKH C pe3yJbTdTOM, KOTOPbIi MOXHO OXHJaTb OT IIbE303JeK-
TPHYECKOT0 KpHcTaada. OnpegesdTs TPH YIpYrHe MOCTOSTHHBIE,
XapaKTepH3yiOllHe 3TOT MarepHan (IIOTHOCTb InSb MoMHO NpHHATDH
paBHOk 05,7747 2-cm73).

5. Tenaosbie CBOHCTBA KPHCTAJNJIHYECKOA peleTkH *)

5.1. TemnoeMKOCTb NHpH NOCTOSHHOM o6beme C, AJf HEKOTOPOro
37eMeHTa B KpHCTaJLTHueckoM coctosiuud 1npu 100°C  paBHa
16 0xc-e-amom='.2pad-'. Haiith sennuuny C, nmpu —100°C.

5.2, B npeanonoxenun, yro ¢pyHkuus Jle6asi ¢ xapaKTepHCTHUe-
cKoil Temneparypoil, paBHoi 280°K, naeT TOYUHOE 3HaueHHe TeILJIO-

*y J. A. Morrison, DO M, T. Newsham, R. D. Weir (National
Research Council of Canada, Ottawa).
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€MKOCTH KPHCTAJJMYECKOTO XJOPHCTOTO HATPUS, BHYUCIUTL €ro
sutponuio S npu 10, 25 u 50°K.

5.3. 3HaueHus TeNJIOEMKOCTH NPH HH3KHX TeMIepaTypax s
KPHCTaJlJIMYECKOTO TepMaHus npHBejeHnl B Taba. 5.3.1.

Tab6awua 5.3.1

T, °K Cp, Ka.1-2-amom ~1.epad-1 T, °K C", xaa-c-amom~1-zpad—1
2,461 0,0001283 7,131 0,003845
2,675 0,0001766 7,510 0,004668
2,971 0,0002337 7974 0,005757
3175 0,0003008 8,465 0,007220
3481 0,0003918 8,048 0,008950
3,713 0,0004876 9,434 0,01104
3961 0,0005763 10,006 0,01391
4,364 0,0007935 10,442 0,01679
4471 0,0008362 11,015 0,02103
4814 0,001077 11,458 0,02479
4,963 0,001170 12,011 0,03039
5,283 0,001446 12,471 0,03559
5,503 0,001636 12,902 0,04187
5,774 0,001915 13478 0,04946
6,024 0,002188 14,002 0,05829
6,284 0,002513 14,536 0,06767
6,506 0,002802 15,002 0,07647
6,784 0,003247

Bocnoib30BaBIIMCh AAHHBIME Ta6a. 5.3.1, Buuncauts Of — mpe-
JelbHYI0 XapaktepucTHueckylo Temneparypy J[e6as npu 0°K, »
cpaBHHTb ee ¢ 8;”, BHIUMCIEHHOI 10 CKOPOCTH 3BYKa (4,26 - 108 cu - cex 1
npH HU3KUX Temnepatypax. (O6bem rpamm-atoMa repmanus npd 0°K
MOXHO CYHTAThb paBHuM 13,606 cm3.)

5.4. Ynpyrue nocrosHusie LiF npu 0°K, nonyuenHwie skcrpa-
NoJIsiuMel OT TEeMIepaTyphl XUJAKOrO TeIHsi, PaBHH €y = 12,46- 104,
€12 =4,24 101, ¢y =16,49- 10" Gun.cm2,

Bocnosb3oBaBiukch 3THMH JaHHBIMH M Tabauuamu [9], BIYHCAMTD
6;" nna LiF. IlnorHocTs npuHsTh, paBHOR 2,644 2-cm3.

*5.5. Ilo panueM Tabu. 5.5.1 Ras TBepAOrO KPHNTOHA BBIYHC/IUTD
(c TouHocTbio N0 1%) XapakTepucTHueckyio Temnepatypy 8¢ (T) npu
yCJIOBHH TNocTosiHHOrO o6vema V =V (0°K).

*5.6. Bocnosp3oBaBiuMch 3HAUEHHSIMH TEIVIOEMKOCTEH IIPH IOCTO-
SHHOM 00beMe /s YHCTOro repMaHus M3 TaGa. 5.6.1, ouenuts
HYJIEBYIO 3HEDPrui0 KoJebaHul.
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Ta6nuxa 5.5.1

INyoTHOCTR K?r:‘g(ggrl;l:re:T Haorepmuueckan
T, °K Cp. Ka.1-2-amom ~1-2pad-" Paperty T pacunpenns, ;§";?:%Z%fo
epad=?
|

0 —_ 3,093 0 0,29. 10710
2,317 0,0164 3,093 0,03-107¢ 0,29. 10710
3,969 0,0927 3,003 0,05.1074 0,29 . 10710
5,710 0,314 3,003 0,15 1074 0,29 . 10-10
7,643 0,759 3,093 0,58 - 104 0,30 10710
9,555 1,286 3092 1,45 1074 0,30 16710
11,723 1,916 3091 237104 0,30 1010
15,870 3,001 3,087 3,70- 107 0,30-10710
20,765 3940 3,080 5061074 0,31.10710
30,254 5,012 3,062 6,80. 1074 0,33- 10710
40,983 5,651 3,038 7951074 03710710

Ta6nuua 5.6.1

T.°K C,d. Ka.l-2-amom~t-z2pad-t T.° K C-u‘ Kaa-e-amom~t-zpad—!
10 0,014 160 4,580
20 0,217 180 4,828
40 1,067 200 5,022
60 1,879 220 5,177
80 2,640 240 5,303
100 3,301 260 5,406
120 3,835 280 5,491
140 4,256 300 5,567

5.7. BuuHMcaHTE HYJEBYIO KoJjebatesbHyio sHepruio E, TBepaoro
KpHNTOHA, eCJH JHaHO, 4TO @g,=65 °K u @fo=59°K. Onpenenuts
CTaTHYECKYIO SHEPTuio peweTkH E,, ecin Temiora cy6anmauuu AH g6,
npu 0°K paBHa 2666 xaa-e-amom*.

*5.8. OueHHTb paciIMpeHHe CTaTHYeCKOH pEILeTKH KPHUCTaJJIHye-
ckoro KCl, BH3BaHHOE HYJICBBHIMH KOJeOaHHAMH, UCIOJbB3YH CJELYIO-
mue Janusle (y(n) — napamerpsr ['pioHai3eHa, y—CXKHMaeMOCTb):

v(—3)=0,34, y(0)=1,45,
v(—2)=0,87, v(2)=1,65,
v(=1)=121, y@4) =141,
E.=1040 xaa-moae~, V (0°K)=236,7 cm®- moav?,
%r (0 °K) = x5 (0°K) = 5,08 - 1012 cm?- dun-t.
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5.9. IlpoaHanuaupoBaTe TEMNEPATYPHYIO 3aBHCHMOCTb KO3H-

I /dl
IIMEHTa TeIJIOBOro pacliHPeHHs a=7<:—r>p ana Nal, ucnoabsys
JauHble Taba. 5.9.1 ua pa6otut [10], TouHOCTh KOTOpPHIX He HHXE 5Y%.

Ta6auna 5.9.1

T, °K 4 5 6 7'84 10

14

a, 1677 zpadt 032 | 064 | 1,15 2,0‘ 33

5.10. Ompepesuth BTOpPOH MOMEHT V2 B pacnpefesIeHHH 4YacToT
pelleTKH KPHCTAJJIHYeCKOro KpeMHHs H3 JaHHbX Ta6a. 5.10.1. B 3Ha-
YeHHs TENJIOEMKOCTH IIONpaBKa Ha aHrapMOHHYECKHE 3GhGeKTH yxe
BBeJIeHA.

Ta6auma 5.10.1

T, K C'u' Kar-2-amom~ 1-2pad ! T. °K Cw, xaAr-z-amom~!-2pad 1
110 1,963 190 3,581
120 2,200 210 3871
139 2,429 230 4,118
140 2,630 250 4,330
150 2,860 270 4511
170 3245 280 4,591

5.11. Tlokasath, 4YTO OAMH M3 IPHUBENEHHBIX HHXKE MOMEHTOB
yacrotHoro pacnpeneneHus KCl HecoBMECTHM ¢ TpeMst ADYTHMH:

v=23,63-10' cex?, +2=1,45-10% cex?

Vi=1,75-10% cex?, +6=5,90-10% cexs.

5.12. B Ta6a. 5.12.1 naHu 3HaueHUHA XapaKTEPHCTHYECKOHR TeM-
nepatypnl JleGasi, H3MEpeHHHE LIS KPHCTa/JIOB TPEX XHMHYECKHX

3/IEMEHTOB B (DYHKIHH TEMIIEpaTypHI.
TlokasaTh, YTO YACTOTHHIE paclpesieleHus IS JBYX H3 3THX 3Jie-
MEHTOB HMEIOT OJHHAKOBHIH BHI.
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Tabnwua 5121

e T ! Sweear 1T 1

200 8120

*5.13. Hakti i TOISPATYPION, SIMMCIMOCTE XSDSKIEpACTH:
neckix_ Tewueparyp Jetas O (T) u @M (T) B ofimery 0° < T <<
<<300°K zns penrerkic xpum‘annxqecxou vexu [OM (T)— xapaKrepu-
CTHICCKEN TCMOCPATYPE, COOTBETCTHyioWan Gakropy Jle6as — Ban-
a2pa) MPH SUAEEKAX MOMENTOR WACTOTIONG PACHPENCIEHHA

-3 s

voim={=5"v"
zanmux n radn. 5.13.1.

TaGauus 5134

},. 2 4 5

vplul, 02t | 7190 | G703 ‘ G50 | 6618 | 676 | 6748

* Ha ociose sllavellvll TenjiORMKOCTA  KPHCTAAMHHECKOTO

628 73 Ta6. 5.14.1 BRBECTH OGmie CBORCTAA YACTOTROTG PacTipe-
Heneuus peeTA.

2n »



Ta6auma 5.14.1

T, *K Cp, KaAa-Moak 1-epad ! T, *K CP' xa.1-moab Y.epad—? Cp-—(:v
2,144 0,000418 28,05 0,883 —
3,114 0,001278 31,64 1,665 —
4,151 0,003180 35,46 1,251 —
3,182 0,006486 39,62 1,449 —
6,258 0,01261 48,52 1,837 —
1,246 0,02123 62,63 2418 —
8,786 0,04141 7301 2,821 —
11,098 0,09154 82,42 3,163 0,002
12,549 0,1362 91,93 3,732 0,003
14,509 0,2119 100,69 3832 0,005
16,502 0,3034 121,74 4,489 0,013
18,957 0,4226 145,43 5,135 0,029
20,78 0,528 169,42 5,842 0,052
21,060 0,5348 187,20 6,339 0,075
24,20 0,700 205,32 6,935 0,106
25,089 0,7503 224,36 7,519 0,147
27,034 0,8509 242,40 8,048 0,189

5.15. Uto MOXHO cKa3aTb 06 3JeKTPOHHOM BKJaaje C,, B TENJoeM-
KocTb C, HAa OCHOBaHHM 3HAYEHHH TENIOEMKOCTH MEAH (Taba. 5.15.1)?

Ta6anuna 5.15.1

c_, C_.
T. K 102 xa.z-.-arﬁo.u’"-zpaa 1 T.°K 10 ‘2 xaa-2-amom—1.2pad—?
0,118 0,0070 3020 0,0809
0,517 0,0087 3,498 0,1065
0,787 0,0136 3,579 0,1109
1,252 0,0229 4,023 0,1407
1,452 0,0275 4,606 0,1867
1,968 0,0410 5,301 0,2567
2,603 0,0621 6,013 0,3464

*5,16. U3 tabn. 5.16.1 3naueHuit KosduuMeHTa JHHEHHOro pac-
INHPEHHS METAIHYeCKOro BaHaAMs ONpPEeAEeNUTh 3JEKTPOHHBIM W KOoJie-
6aTe/bHbLI BKJ4Abl B KODODHUHEHT JHHEHHOrO paCUIMPEHHS .

Ta6auruna 5.16.1

T, °K

12

15

a, 1078 zpadt 2,5
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BLIUHCAHTE 3/1eKTPOHHBIE U KoJieGaTe/bHbll BKJaJbl B MOCTOAHHEIE
I'pioHali3eHa Y,, U Yyones NPH 1°K, Hcnoaw3ys cienyrouiue JONOMHH-
TeJbHblE JaHHBIE:

C,,=9,2-103T fxc-e-amom=*-2padn',
Crones = 3,0 10°5T3 gxc- 2-amom™' - 2pad?,
¥r=6,37-10"1% cu?. Jun1,
V =8,32-cM® - e-amomt.
*5.17. OleHUTL 3HTANBMHIO O6DAa30BaHUS BAKAHCHH hA; B TBEDAOM

KPUITOHE, €ca JJIS Hero 3ajdHsl CJaeAylolulHe 3HAYEHHA TEIJIOeM-
KocTeli B o6aacTd Huxe TpoiHod Toukm (115,78 °K) (ra6a. 5.17.1).

Ta6anuna 5.17.1

T, ‘K Cp. Kan-e-amom t-epad—?! T, °K Cp. Kaa-e-amom~ 1-zpad—1
60,715 6,325 97,395 7,454

66,088 6,489 103445 7,783

71,642 6,619 109,481 8,114

79,059 6,801 112,142 8,292

84,801 6,961 114,280 8,488

90,938 7,179

*5.18. a) B rta6a. 5.18.1 npuBefeHE 3HAYEHHMA TENJIOEMKOCTH
KpICTa/JIHYECKOrO TeépMaHHsi, B KOTODHie BHECeHa nonpaska Ha V =
= V (0°K).

Ta6auna 5.18.1

T, °K 240 260 ' 280 300

C,, Kaa-ez-amom™1.2pad ! 5,303 5,406 ‘ 5491 3,967

CpaBuutb 3T4 AaHHble ¢ C, (rapPMOHHYECKOH), BHIUHC/IEHHOH B mpe-
Aellax [ONyCTHMOH TOYHOCTH AaHHbX (+-0,2%) u3 05 =401 °K [V =
=V (0°K)], u 3arem nokasarb, 4TO

AC =C,—Cyrypu=3NRAT (A = const).

6) INokasaTs, 4TO NPH BBICOKHX TeMIEPATYpax

dinv
A=— <-—6T—g>v '

rae v,-—CpeiHee TreoMeTpPUUECKOe 3HaueHHe yacToTu. IIpH yciaoBHH,
4T0 v, =0,77 = 0,03, BBMNHCIHTE B NPOHEHTAX H3MEHEHHE Vg IIDH
HarpesaHud Kpucraasia ot 100 go 700 °K.
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CpaBHUTL NOJYYEHHHE pe3yJbTaT €O 3HAyeHHEM CpeRHero 4acToT-
Horo ciasura 100-Av/v=(—4,630,6)%, nonyueHHnM 43 Hei-
TPOHHBIX CHEKTPOCKONHYECKHX H3MepeHuH [11].

V (100 °K) = 13,60 cu3z-amom, V (700 °K) = 13,74 cmPz-amom1,

5.19. Ilo npuBeseHHnM B Taba. 5.19.1 paHHBIM AJs1 YeTwipex
oOpasnoB LiF pa3Hofl TOMUKHEI ONpEAE]HTL TEMNEpaTypHYIO 3aBHCH-
MOCTh TemjonpoBogHocTd K B mnpenene npu T — 0° K. Ilokasats,
YTO TENJONPOBOAHOCTE 33BHCHT TAKKE OT pa3MepoB ofpasna.

Ta6auna 5.19.1

TenJonpoBOJHOCTL, 8m ca t-zpad—! TenaonpoBOAHOCT,, &mi-ca 1-2pad—1
o T, °
K 7,25 xs |4,00 MM | 2,14 mu | 1,06 um K 71,25 mm | 4,00 um | 2,14 MMJ 1,06 M
1,9 0,50 0,30 | 0,135 | 0,078 6 32,0 19,0 10,1 3.0
2 1,20 0,70 | 0,37 0,185 7 47 28 16 7,3
3 4,00 2351 1,25 0,61 8 61 39 23 10
4 950 | - 560 | 2,96 1,47 9 79 51 30 14
5 18,6 11,0 590 2,80 10 94 64 38 18

5.20. OnpenesuTh BHI TEMNEpATypHOH 3aBHCHMOCTH TEINJIONPOBOJ-
HOCTH K TBepJOro aproHa npH temnepaTypax Boiue 10 °K 1mo naHHbM
taba. 5.20.1. BeposTHas omu6Ka 3THX NAHHLIX COCTaBJasieT =594,

Ta6auna 5.20.1

T, °K K, Mem-cx—1:2pad—!? T, °K K, mem-cu~t.2pad-1
10 35 30 79

12 28 40 5,7

14 22,5 50 46

16 18,5 60 39

18 15,5 70 35

20 13,1 80 3,1

25 98

*5.21. MaMepeHHsl TeIIONPOBOJHOCTH 0COGO YHUCTOTO KaJjHs MPO-
BOJMJIHCh BIIOTh J0 Temmepatyp nopsaka 2°K[12]. HMcnoawsys pe-
3ysbTaTH Taba. 5.21.1, pasaenuTh BK/Majnl B 3JEKTPOHHOE TEILIOEOE
COMpOTHBJIeHHe OT GOHOHHOrO paccesiHuss W OT AeheKTOB.:

Ta6auma 5.21.1

7, °K K, em-cu~1l.cpad—1 K, ‘K K, em-cx ‘.2pao-?
2 3,31 5 7,28
25 4,40 6 7,00
3 5,18 8 5,86
4 6,31 10 4,63




6. HedexTnl B KpHCTAAMAX *)

6.1. Ha ocHOBaHMH XHMMHUECKHX MPEACTaBJeHHHt pacCMOTpPeTh,
KaK 3aBHCHT OT TeMIepaTypsl IIpelesl PacTBOPUMOCTH OJHOTO Belle-
cTBa B JpYroM /s TBEpAOTO pacTBOpa.

*6.2. HccnenoBanne TBepAblX PacTBOPOB 3aMeleHHs] NOKA3biBaer,
YTO B TBEPJAOM pACTBOpPe PaCTBOPHMOCTb OJHOTO 3JeMeHTa B JAPyroM
CTaHOBHTCA BeCbMa OrpaHHYEHHOH, ecJH aTOMHble AHAMETPbl 0GOHMX
971EMEHTOB pa3/HyaioTcst Gosblue yeM Ha 159%. (ATOMHBIM JHameTpoM
97leMeHTa CUMTAETCs KpaTyaMiuee paccTOsiHHe, Ha KOTOPOe MOTyT
cONMM3HTBCS JBa aToMa B KpHCTajje.) 31O HasslBaercsl IPaBHJIOM
pa3mepHoro dakTopa IOM-Po3sepH pisi TBepABX pacTBOPOB 3aMEIlEeHHUS,

[lokasath, uTO gelcTBHTENbHO B GeCKOHEYHOH H3OTPOMHON MaT-
pHlle HaJHYHe H3OTPONHOH HecorJacyiomeicsi cgepH HeNpHEMJeMo,
eCJH ee DaBHOBECHBIH pa3Mep otruuaercs GoJbiue uem Ha 1595 ot
pa3Mepa MOJIOCTH, B KOTOPYIO OHa BHeApsieTCH.

6.3. BbIMHCAHTE pPAaBHOBECHYIO KoHUeHTpauuio a) jaedexkrtoB [lot-
TKHM, 0) JedexkToB PpeHKenss B KpHCTasJe.

Hedexkr IlloTrTku —3TO0 BakaHcusi, ofpasyouasicsi, KOrja aroM
YXOZHT CO CBOEro MecTa B pelleTKe Ha HAapYXHYIO NOBEPKHOCTb KPH-
craana. depekt Ppenkensi — Bakancusi, o6pasyiouiasicsi, Korja aTom,

o
-
Lezewm Wommuu Aegerm Ppesnean

Puc. 6.3.1. Jedektnr otk ¥ dpenkens B KpuUCTaLIaX.

YXOIsi CO CBOEr0 MeCTa B pelleTKe, NEPEXOAHT B MeXy3eJbHOE IOJIOo-
XKeHHe. 3TH 1Ba TuUna AedeKToB H3ofpakeHsl Ha puc. 6.3.1.

*6.4. CBepXCTPYKTYpHl OOGBIYHO COCTOSIT H3 JOMEHOB, TpaHHIHI
KOTOPBHIX MOXHO YBHMAETb B 3JEKTPOHHBIH MuKpockon. CompHkacaro-
ImHecs JOMEHBl OTJIMYAloTCA ApPyr oT jApyra Ju6o mo cBoeil npupoje,
Ju60 MO CTeNeHH NOpsAKA AAJbHOAEHCTBHS.

C noMoupl0 NMDOCTBIX CTATHCTHYECKHX PACCYXKIEHHH PacCuMTaTh
3aBHCHMOCTb 3TOTO NOPSIKA OT TeMnepaTyph Aas ciasa AB ¢ OLIK
CTPYKTYpO#.

- 6.5. BroiBectH 3akoHbl PuHka s Auddy3uH BHeAPEHHBIX aTOMOB
B pasGaB/eHHBIX TBEpABIX PacTBOpax.

IlepBuiit 3akon Puka: J=—D g—i

*) K. H. G. Ashbee (University of Bristol).
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e _a
. ot~ ox
pyiouix aromoB, D = b*f — koapuuuent auddysun, f-—uacrora

nepeckokoB JHGOYHIUPYIOIEro aroMa H3 OJHOr0 MEXY3e/bHOro I0Jo-
JKEeHHS B Jpyroe, b—paccrosiHHe, Ha KOTOpOE OH IepecKaKHBaeT,
0c/0x — rpafiveHT KOHLEHTpALuH, ! -— BpeMd.

Cunras, uro andpysus ecTb NpocToil Ipouecc CAYYaHHbIX Gayx-
JaHMif, 3anHcaTh YypaBHEHHEe [Js1 4YacTOThl IepeckoKoB f. YKasarb
rPaHUIB [IPHMEHHMOCTH 3TOTO JONYUIEHHS.

*6.6. Kak Buausior Ha pgudpdysuio: a) CTPyKTypa KpHCTalaIa,
6) TemnepaTtypa, B) AeHCTBYIOIIEE KacaTeNbHOE HaNpsKeHHe?

6.7. Murpanuio MajblX 1OP MOXHO H3y4aTh HEIOCPEJCTBEHHO
C TIOMOINbIO 3JIEKTPOHHOH MHKPOCKOIIHH.

Cunurasi, YTO CKOpPOCTb MHIPAlUH OIPENENSETCH OBEPXHOCTHOM
auddysuel, nokasaTh, 4TO OecropsiouHasi MUrpauus chepHuecKol
nopul JO/KHA NPOHCXOJUTb ¢ Koapdunnentom puddysuu, obpaTtHo
NPONOPIHOHANBHEIM YEeTBEPTOH CTENCHH pajuyca NopH. Kak 3aBHCHT
CKOpOCTb MHIPALMH OT Pajuyca IOpHI?

* 6.8, 3ajaul TEODHH YNPYrOCTH PEIAOTCS OGLIYHO IIPOUIE Yepes
cMeuleHusi, uem uepes jgedopmanuu. PaccmaTpuBaercsi nose ynpyrux
CMEIIEHHA KPaeBOH [HMCJIOKALMH B GECKOHEYHOH H YIpPYro H30Tpol-
HO#l cpeje.

Onun H3 croco60B OO6pPa30BaHHs KPAaeBOH JHCJAOKAIMH 3aKJIO-
yaercd B TOM, 4YTOObl YJAJIUTb CJOH MAaTepua/ja M CKJIEHTh BMECTE

Bropoii 3akon ®uka: (D g—i). 3peck J —norok aupdynau-

Puc. 6.8.1. OfpasoBanye KpaeBoil JHCIOKALHAH.

ABe nogyuuBiuMecs rpaHu (puc. 6.8.1). Bosuuxuue npu stoM ympy-
rHE CMEUGHHS BCe IapaJjJiesbHbl IIJOCKOCTH, HOPMAaJbHON K JIMHUH
JMCJIOKAallMH, H HX Jierko onpejenautb [13], paccmarpuBasi cooTHoiue-
HHA MEXAY KpaeBOH M KJHHOBHAHOR pucaokamusmu. Ha puc. 6.8.2
NOJOXHUTENbHAA KJIHHOBHAHASA JMCJIOKALWs CcJeJaHa TaK, YTO CHa-
yana (a) yAanaeH kauH AOB c maimm yriom €, a 3areM rpanu A0
H BO coeguHeHH u CKJeeHH (0).

Has orpunarensHod KJAHHOBHJHOH AMC/IOKALHH CAENAJH Pajualb-
Heii wajpes (2), Baoab AQ BABHHYJM KJHH C MaJbiM yriaoM Q u
cHOBa CckJeuaH. EciaM cmenats pajuansHbiii paspes mo OC (6),
TO Marepual pasonjercs (s), o6pasys weab COD c yraom €, a manps-
XEHHS YHMUTOXKATCHA. Pe3ysabraT mosayuaercsi Takodt ke, Kak el Obi
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cexrop BOC Gbl1 NpOCTO NOBEPHYT KAK MKECTKOE Lieloe H3 CBOero
HAuaJIbHOI'O IOJIOXEHHs Ha puc. 6.8.2, a.

Ecnu teneps B wens COD BABHHYTH KJAHH C YIVIOM §, TO HHYEro
He H3MEHHTCS: TEJO OCTAeTCs HeHanpshKeHHBIM, HO TeM He MeHee ¢op-
MaJIbHO eCTb NOJIOKHTEJNbHAasA KJIHHOBHAHAA AucHoKauds Boab OA u
OTpHLATENbHAA KJIHHOBHAHAA AUCHOKAUHsi BRoab OC. 3ro O3Hauaer,
YTO NOJIe HANpsKeHHH OTPHUATEILHOH KJIHHOBURAHOH AHC/IOKALHMH

a) 4 J}LI\ J.) Y
7 N
& |4 sl

)

Pre. 6.8.2. KnuHoBUAHASL ¥ XpaeBas AUCJOKAUHHU.

BAOJb JI060ro pagHyca ypaBHOBEWIHBaeT 1oJie HanpsnKeHHH OT noso-
JKUTETbHOA KJMHOBHAHOH JRHCJIOKAUMH BAOJL JIIOOOro Apyroro pa-
z4yca, T. €.

1) uX nons HanpsKeHHH PaBHBI H TPOTHBOIOJOXHEL,

2) noJje HanpsiKeHu# KIHHOBHAHOH RHC/IOKALUHMH LHJIHHADHYECKH
CHMMETPHYHO.

YrBepxieHue (1) o3HayaeT, Yro HaNpsXKEHHA, MOJyHaloUIHeCs
OT ABYX CMEIEHHH Uw+ H — Uy—, PaBHEL KHaue rosopsi, OHH MOTYT
OTJIHUATECSl TOJBKO CMeIlEHHEM BCEro TeJa KaK JKeCcTKOro Ueoro.
Ecnmn ofpasyioTcsi ABe KJIHHOBHAHHE JHC/IOKALHH C OOWEH BepIUM-
Ho#t O u ofHuM OOWMM HanpaBieHdeM (kak OA Ha puc. 6.8.2, q, &),
TO

uw+—;—uw~.

ITpu 3ToM co3jaercst NOJOXKHTENbHAS KJIHHOBHAHAA JRHCJIOKALHSA,
a 3aTeM OTpHLATe]bHAsl KJHHOBHAHAA JHC/JIOKALHsA, BEpUHHA KOTO-
poil cABHHYTa BHH3 Ha HeGoJsbluoe paccrosude d =00’ {puc. 6.8.2, 9).
OznuH 13 crnoco60B ROGHTLCSA 3TOrO TAKOB:

1) paspe3sath Mmatepdan Broas AQ, BO;

2) cABHHYTb KJHH BHH3 TaK, 4ro0bl BepWIHHA ero 0Kasajach
B TouKe O’, H CHOBAa CKJIeHTb MarepHal Bponb AQ’; ocraercs HeHa-
NpsXKEHHOe TeJo, COfepMallee PaqabHYIO WEAb ¢ NapalJesbHEIMII
KpasMH wHpHHOH b = Qd;

3) 3aMKHYTb H CKJEHTb liedb.
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B pesysbTaTe 3aMblKaHHsi LIEJNH € NMapajJeJbHLIMH KPasfMH LIHPH-
Hoit b obpasyercs KpaeBasi MMCJOKalMf ¢ BeKTopoM Dioprepca pesn-
yyHoR b. OueBHAHO, YTO

u. (%, Y) = Bor (X, Y) T Bo- (X, Y+ d) = thw+ (X, §) — Bu: (X, Yy 1 d).

Buipasus 310 B audxbepeHuuanbHoit dopMe M moacraBuB b = Qd,

TNOJTYYHM
b

Be=— g o Bur .. (6.8.1)

%Im

HHaue ropopsi, noJie HanpskeHHH KpaeBOH JHCJOKALHH MOXHO IIO-
JYYHTb H3 TOJS HaNpsIKEHHH KJMHOBHJAHOH JHCIOKALMH IIPOCTHIM
nuddepeHHPOBaHHEM.

Henonbayss KoopauHaTHyIo cucreMy pHc. 6.8.2, e, mokasatb, uTO
yIpyrue cMeIeHusi, co3/laBaeMule KpaeBoH [HC/IOKalHeH, 6y11y'r

u= [ardg tsai=y 2(1—v) xy] v =2% [21(7—2\;) ~ toa= v)g-]

3nech v — xo3dpunuent Ilyaccona.

6.9. Hanpsikenusi, cosgaBaeMule Juc/oOKaiuei, o6paTHO npomnop-
LHOHAJbHHl DACCTOSIHHIO OT ee sjpa.

Hanpumep, B ciayuyae kpaeBoil AMCJOKAllHH HaNpsXKeHHs, BhIpa-
XeHHble yepe3 QYHKUHIO HanpspkeHHs JpH Y, GYAyT

P o P P
T o2 Y7 gxz? =oxou"
Tak kak ¢yHKuHs 7y JAMHeHdHO CBsi3aHa €O CMellleHHeM # {(cM. 3a-
Jauy 6.8), To MOXHO NOACTaBHTHL ¥ BMecTo #. Pewenne Oyner cie-
LYIOLIHM:

. _ —Dy(3x24-4?) o __ Dy (x*—y?) . _ Dx(e*y?)
X (x2+y2)2 ’ ¥y (xg+y2)g "y xy (x——-'2+y2)2 N
___ub
rae D=5

B sape NHCIOKALMH HanpsiKeHHS NO/LKHLI CTPEMHThCs K 6ecko-
HeyHocTH. UTO6H HCKalOuuTh HX, PpaHk [14] npeanonoxun, 4ro
B HEKOTOPBIX MaTepHasaX MOXET O0Ka3aThbCf BLITOJHHIM, YTOGH f1pO
IMCJIOKaluH 6umo mosnbiM. MccienoBaTb 3Ty BO3MOXHOCTL JJi Kpae-
BOH H BHHTOBOH JMCJOKaIHi#.

ITpeanonoXuTL fajee, YTO H3-3a yIpPyroro B3aHMOJAEHCTBHS MEXIy
JMCJOKALHAMY H PacTBOPEHHBIMH aTOMaMH y MarepHana B flpe Juc-
JIOKallHH TeMIepaTypa IVIaBieHHs HHxke, yeM y MaTpHubl. IIpH xakux
YCJIOBHSIX MOXHO OXHJAATh, YTO MaTepHaJ B fijipe NHCIOKALHH Gyjer
IJIaBHTHCHA?

*6.10. Ha ocnoBaHHH TIPOCTHIX 3HEPreTHUECKHX COOGpaXkeHHH
NOKas3aTh, 4TO MpH cobJiofeHu 3akoHa ['yka ympyras gedopmauus
TeJa noj JAefCTBHEM I[OBEPXHOCTHHIX CHJI HE 3aBHCHT OT HaJHuHsA
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B HEM CTAaUMOHAPHHIX mucnokauuii. Hackonsko HeoGxoiHMO mpesmo-
noeHHe o cobmoneHuH 3akoHa [yka? OueHuTs NpHMEpPHO, Kakasd
IJIOTHOCTb CTAHHOHAPHBIX AMCIOKAUMH Heo6xoJuMa, uToObl MaTepHas
Bes cefs, KaK ynpyrui, Ho NpeABapuTensHO AePOpMUPOBaHHRIH Ha 194,

*6.11. BuBecty c¢opmyny Iluua — Kénepa nns  cunel F =
= b,0;;x dl, nefictyomeil Ha cermeHT @/ NWHUH JMCJIOKALMHU C BeK-
Topom bioprepca b;, 06yC/0B/J€HHOH NPHIOKEHHBM HANPSIXKEHHEM 0.
ITpountrocTpHPOBaTh NDHMEHElHe 3TOH (QOpMyJnl Anf caydas CIABH-
rOBOTrO YCHJIMSI, NPHJOXKEHHOTrO mnapanjensHo Bektopy DBroprepca u
ACHCTBYIOIEr0 HA CKOJB3ALLYIO JHCIOKAHHOHHYIO TNETJIO.

6.12. BLIYHCTHTL DAaBHOBECHOE PACCTOSIHHE MEXJIy ABYMS YacTH4-
HeIMH pucnokauusamMd B I'LIK meranne. Ilokasarts, uto Ha gBe 4acTHY-
Hble JMCJIOKAallHM, COeJMHEHHhE Je(peKTOM YNaKOBKH, OJHOpPOJHOE
HAanpsDKEHHE MOXET ~JeHCTBOBATb C MPOTHBOMNOJOXKHEIMH GHJIAMH,
4 4to0bl MNOJHOCTBIO PA3JENHTHb JBE YaCTHYHHIE JHMCJIOKANMH, 3TO ORHO-

POJHOE HAaNpSKEHHE JOJKHO HMeTb BenuuuHy ~ 2)/6 y/a (3nechy —
SHeprys jpedexTa YNaKOBKH Ha eIHHHNY [IOWAAH, aQ-— NapaMerp
PeILeTKH).

* 6.13. IlokasaTh, 4TO CKOPOCTb NMJACTHYECKOrO CABWIa ANA KpH-
cTanna, JehopMHDYOIErocss NyTeM CKOJbXEHHS 10 €IHHCTBEHHOH
CHCTEME CKOJIbXKEHHSI, OTNpeNeNsieTcsl Bbipa)KeHHEM

1

=b

-l

Slfa-ndl.

3neck b — BeKTop Broprepca cKonb3sKX AHCAOKaUHH, a (1/V) S - ndl

i
—IpOM3BEJeHHE CYMMapHOH JTHHBI CKOJb3AIIU X THCIOKAUHH B e[HHUIIE
ofbeMa Ha HX CPEeJHIOI CKOpPOCThb. BHIUHCIHTBL OTCIOAA CKOPOCTh IJa-
CTHUECKOH Je(opMauHU OJHOOCHOrO PACTSXKEHHS.

6.14. Jlucnokanuu, CKOMb3flIME N0 MePeceKaUIHMCS CHCTEMaM
CKOJIb)XEHHSI, MOI'YT YNpPYyro NDHTSHYTBCS APYr K Apyry. Kakos npu
3TOM BHIMIDHII B 3HeprHH? BuiBenurte BhIDakeHue A/s1 HanpskeHHS,
HeoOXOIHNMOro, UTOObl pa30pBaTh TAaKOH Yy3ead H MO3BOJHTH JMCJIOKa-
IMSM M[pPOJIOMXKATh ABHraThCsl caMmoCTosATeNbHO. Dyner nu 310 BmIpa-
xenre oguuakoBbM Jaa OUK u I'IK merannos?

6.15 *). Ilpsimoe HaGnofeHHe B 3€KTPOHHBIN MHKPOCKON MOKa-
abiBaet, uyto B [1LK cnnaBax, y KOTOPHX Mana yJlelbHasi SHEprusi
IepeKTOB YNAKOBKH, He BCTDEUAIOTCH Y3Jnl TAKOrO THNA, Kak B 3a-
naue §5.14. Bmecro 3TOro pacTAHyThle NepeceKalomuecs AMCIOKALHH
NpOCTO [IpOpes3aloT OfHa APYryo.

Ha ocrHoBaHuM cxeMbl nonyuawelicsl KOHQUrypalid aToOMOB pac-
CUHTATb 3HePruIo, HeOOXOAUMYIO 1715 06Pa30BaHH A TAKOIO NepeceyeHus.

6.16. Bcakuit pas, KOrga JOMCIOKalUHs Mepenoj3aeT, MorJjomas
TOueuHhtH JedeKT, BRICBOOOXKAaeTCsl HeKasl SHEPrys BeJHUMHOH NOpsAaKa
SHepruu obpasoBanus ToueyHoro aedekra E;. ITostomy, ecnu umeercs

*) 3azaua B3ara W3 paborhl DwbH [15]. .
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nepecellleHHe TOYEYHHIMH JepeKTaMH, TO CyIIeCTBYeT TeHJeHUHs
K [epenoc/3aHHI0 JHCIOKAUHH, a CO CTOPOHBH H3GHITOYHHIX (IpeBH-
AKX PABHOBECHYIO KOHUEHTPAUHMIO) TOYEUHBIX ACHEKTOB HA JHC-
JIOKAUHIO JIEACTBYIOT HAIpsIXKEHHA,

BhluMCIHB H3MeHeHHe CBOGOJHOM 3SHEeprHH, OTHeCeHHoe K IOrJIo-

IIEHHOMY TOYeYyHOMY JedeKTy, MoKasaThb, YTO 3TO HalpsKeHHE
_le c

ag = na.—,
-Tae k— nocrosiiHas Boabumana, T — abcomorHast temneparypa, b —
BekTop Dloprepca nepenonsawomeii AMCIOKAalUHH, a ¢ H Cy — COOTBET-
CTBEHHO pealbHAasi H DPABHOBECHAs KOHUEHTPAUHMH TOYEUHHX Aedek-
TOB. OUEHATbL BEJHYHHY 3TOrO HANpSIKEHHS LS aJIOMHHUSA, 3aKa-
jgenHoro ot 600°C 1o KOMHATHOH TeMmMmeparypel, H CpaBHHTL ee
C mpejeJioM TeKyuyeCTH NpPH KOMHATHOH TeMmeparype.

* 6.17. PaBHOBecHOH (OpMOH cMEIIaHHOH JHCJIOKAUHH B KpH-
cTaJjJje, NepechbilleHHOM TOYeYHLIMH Je(eKTaMH, SIBJSeTCS TeJHKOHI,
oCb KOTOpOro napasieibHa BeKtopy bBioprepca. O6wsicHuTh 310. IlO-
Ka3arb, YTO 3HAK TeJIMKOHAA 3aBHCHT OT NPHPOALI HMEIOUIHXCS ToYey-
HBIX JedeKTOB.

* 6.18. Dueprus KpHCTaNLIa, IEPECHIEHHOr0 BaKAHCHSIMH, MOXET
MOHH3HTLCS, eC/IH H3OLITOYHBIE BAKAHCHH KOAJIECHHPYIOT, 06pasys nopy.

Iloka3ate, yTO Takas 1opa AOJXKHA 3apoXAatkcsi B opMe chepsl,
a 3aTeM, KOrJa OHA JOpacTeT A0 KPHTHYECKOTO pasMepa, ee SHEeprufl
YMEHBIIATCA, €CJH e yJactcs npeo6pa3oBaTbCsi B JHCK H 3aXJION-
HyTbCHl, 06pa3ysl NPH3MATHYECKYIO JHCJIOKAUHOHHYIO METJIO.

B HEKOTOpHIX MarepHalaX BhINAJeHHE JHCKOB I[IPOHCXOAMT Ha
TPaHCJAALMOHHHIX JBOAHHKAX, MOTOMY 4YTO COKpallleHHe JBOHHHKA
BeJleT K BHICBOGOXKIEHHIO H30BITOuHOH 3sHepruH. OGpa3oBaBiuHecs
IIpH S3TOM IpPH3MAaTHYECKHE JHCJIOKAUHMOHHEE TMETJIH CIEepKUBAIOT
CKOJIbXKEHHEe YAaCTHUHBEIX JHCJIOKAIHH, 3aKaHYHMBAIOUIHXCS Ha TpPaHC-
JIIUMOHHEIX JABOHHHKAX.

BriBecTH BhIpa)eHHe JJs1 BEJHUYHHE BO3PACTAIOLIErO COIlPOTHBIIE-
HHS CKOJIBXKEHHIO,

6.19. Oroxxennsie I'IIK XpHcTaldnbl yacTo COAEPXKAT JHCJIOKA-
IHOHHEIE CETKH, B KOTOPHIX NpPSIMOJHHEHAHbIE AMCJIOKAUHH BCTPeYaroTCs
IpYr € APYrOM TOJBLKO IO TPOHHBIM Yy3JaM.

Hcnonwsys kpurepust Ppanka, yrBepxAaOWHMA, YTO anreGpauue-
cKasd cymMma BeKTopoB Bioprepca B yajne no/okHa GHITb paBHa HyJIoO,
NOKa3aTh, YTO BO3MOXHHI Ba THNA TaKHX y3J0B. IlaTb oGbsCHEHHE
3THM [BYM THIaM Y3JI0B, YYHTHIBAfl PACTAHYTHE JHCIOKAUHH, H
[I0KAa3aTh, KAK MOXHO INPHMEHHTE TEOMETPHIO OJHOTO M3 HHX JJifl
H3MEpeHHS YJeJILHOH SHepruu JedeKra ynaKoBKH.

6.20. Ha nosepxHocTAX pasjoMa XPYNKHX TBEepARX TeJ Yacro
BHJIHBLl XapaKTepHble cJeAbl psiOH, pacroJsarariuHecss Ha OJMHAKOBBLIX
paccrossHHAIX nopsaaka 1 mem.

Ilonaras, uto 3TH cJeabl co3AalOTCsl KoJeGaHHSIMH KOHOa Tpe-
WHHBL NIPH ee B3aHMOJAEHCTBHH CO CJBHTOBBLIMH BOJHAMH, PacCUHTaTh
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CKOPOCTb BEPIUMHBI IPOABHIAIOMEACS TPEIIMHBL. H3/I0ME], IPH KOTOPRIX
BHIHA pA6b, YaCTO COINPOBOXKAAIOTCH 3ByYaHHEM. ITO HABOJUT Ha
MBICIb [16], YTO cABHroBhlE BOJHLI B JaHHOM CJiyya€ TEHEPHPYIOTCH
caMMM IponeccoM paspymenus. CyliecTByeT JH BEPXHHME Ipeaes
I/l CKOPOCTH NIPOJBHIKEHHS! BEPIUMHBI TPELIHHbI?

7. Juanextpuku *)

O, — 3/eKTPOHHAS TOJSPHIYEMOCTS;
&5 — CTaTHuECKOE 3HAYEHHe AM3JIEXTPHYECKON IIPOHHIAEMOCTH €,
€00 — 3HAUEHHE € 32 BBIYETOM [3()beXTOB, OGYCIOB/JEHHHX AMHMONAME

C TOCTOSHHHIM MOMEHTOM;
n —ONTHYEeCKHH NOKa3laTe/b NpPeJIOMJICHHS;
0 — NPOBOAUMOCTb TUINEKTPHKA;
B —3JeKTPHYECKHH AHIOJBHBIH MOMEHT;

D=¢E =g, E; e,=¢ —ig".

7.1, UTo6bl CpaBHUBaTh IIPHTOAHOCTEL Pa3/MYHEIX MaTepHaloB A/
IaHHOTO YacTHOrO IIPHMEHEHHHA, YIOGHO IMOJb30BaThCS IIOHATHEM
Koa(puurenra kauvecrBa (Zo6potHocTH). IIycTh HeKHH [HM3/JeKTPHK
CO6MpAlOTCA INPHUMEHHTh AJS HAKOIVIEHHA 3/EKTPHUYECKOH 3HEprHH.
IlpoBoguMocTh O AM3/IEKTPUKA NPUHMMAeTCs PaBHOM HYJIO, HO MNpo-
6GHBHOE HalpsIKeHMEe MpefnoJaraercss KoHedHuM. [ToKasaTh, 4TO Mak-
CHEMa/IbHasl 3HEpPTrHf, KOTOPYIO MOXXHO HAaKONHTh B KOHJEHCaTope
C TaKMM IM3JEKTPHKOM, 33BHCHT OT o6beMa JM3JCKTpPHKA K IPOGHB-
HOTO Hamnps)XEHHMS, HO HE 33aBHCHT OT FEOMETPHH KOHIEHCAaTopa.
B ofliem ciyyae MpPOBOAMMOCTRIO IM3JEKTPHKA NpeHeGperaTh HEMb3s,

BuiBecTH BhipaxeHue AJs JOOPOTHOCTH B AByX caydasax: ¢ =0 H
o # 0. Pe3ysnbraraMu MOMXHO IOJI30BaThCs, 4YTOOBl CPaBHMBATh INPH-
MEHMMOCTb Da3JIMYHBIX JH3JCKTPHKOB JJs HAKONJIEHHS JHEPruH.

7.2, lllap M3 1M3/EKTPHYECKOr0 MaTepHa/ja IIOMelleH B OJHOPO.-
Hoe 3JeKTpHyeckoe moje E,. Beiuucauts:

a) HaNpXKEHHOCTb IOJIS BHYTPH MaJoii cepuuecKoil MNOJOCTH B
IEHTPE [uapa;

6) moJje B JIOPCHUEBOH IIOJIOCTH BHYTPH IM3jeKTpuKa. (CUMTaTh,
YTO CTPYKTypa IHM3/JEKTPHKa TaKoBa, YTO IOJSpH3aUHUA BHYTPH ,IO-
PEHIICBOH TMOJIOCTH HENOCPEJACTBEHHO HE BJHAET Ha IoJie B CaMoH
ITOJIOCTH. )

OnpeneMuTh KOJMYECTBEHHOE pa3/jMyHe 3THX JBYX pPe3yJbTaTOB,

Kakoll creneHH 3/eKTpOCTaTHYECKOrO 3KPaHMPOBAHHS MOXHO J0-
CTHYL C TIOMOIULIO OGOJIOYKH M3 JHM3JCKTDHYCCKOH KEpaMHKH C €, =
= 5000?

7.3. Uto6n! onpejesuTh BPEeMsl peaKCallMH T MOJISPHOrO IH3JEKT-
pHKa (npM 3ajaHHOM TeMmIeparype), B HEKOTODOM HHTEPBAJIE YacTOT
IpoBeJieHbl W3MepeHHMsi E°. I3 NojyuyeHHBIX pe3yJbTaToB BEIAACHHIOCH,
YTO T COOTBETCTBYET YacTOTe 3HAUMTEeNLHO OOJbilel, ueM MPEACKa3bl-
BaeT TEOpHMS 1/ YKa3aHHOI'O MHTEpBa/ja 4acToT,

*} T. H. Beeforth (University of Sussex).
45



ITokasatb, YTO ecaH HabmaojaeMas YacTOTHAs 3aBHCHMOCTh OITH-
cuBaercs ¢yuxuueil &’ = (L — Mf*)f (f —ugacrora), 10

2= M/4n2L.

Ecau pusmeKTpHk o6sajaer 3aMeTHOH 3JeKTPONPOBOAHOCTHLIO, TO
JAJIS OCTpPOeHHs rpadHKa 3aBHCHMOCTH € OT [ yJOGHO HCIOJIL30BaTh
Jorapudmuyeckuit Macwra6. IToyemy 3to Tak?

* 7.4, B xamepe, B KOTODOH C031aH BaKyyM, HaXOAHTCH HEKOTO-
poe KOJHYECTBO IBYXaTOMHHX MoJekys. K Hell IpPHJIOXKEHO BHeLIHee
ajekTpHyeckoe noge Ej.

IlokasaTb, 4TO pe3yJbTHPYIOUAS [OJIAPH3ALHSA CHCTEMB MOJEKY/
3aBHCHT OT OpDHEHTALHH MOJIEKYJ [0 OTHOLIEHHIO K IOJIO.

Ecnn Moseky bl rasa mossipHele, 3eKT OpHEHTalHH NpPH NOMOIILH
CHJIBHOTO 3J/IEKTPHYECKOrO MOJIA MOXKHO Clesnarth Gosiee 3aMETHHIM, OCO-
6eHHO NPH HH3KHX Temneparypax. ONTHYecKHe NOKAa3aTesH [pesIoM-
JIEHHS TaKOro rasa JIJ/d cBeTa, NOJSIPH30BAHHOrO NepPNeHAHKYJISDHO
K HanpaBJEHHIO IPEUMYINECTBEHHOH OpHEHTalHH Oceldl MOJIeKyJs H
napaJjiieslbHO 3TOMY HallpaBJjieHHIO, — Pa3JiHYHBL.

BriBecTH BbIpaXieHHe [1Js DPa3HOCTH MOKa3artesell MpeJoMJIEHHS,
npeanoJarasi, 4yTo <«JJMHa» ABYXaTOMHOH MOJIEKYJ bl [ H YTO y OGOHX
aTOMOB, BXOJAAIHX B 3Ty MOJIEKYJy, 3JEKTPOHHAas MNOJAPH3YeMOCTh
OJHHAKOBas. (3TOT NpHMED JAEMOHCTPHDYET NPHHIHKI AeHCTBHSA SUEHKH
Keppa.)

7.5. K KoHAEHCATODY NpDHJIOXEHO MNepeMeHHOe HanpsKeHHe Mo-
CTOSIHHOHM aMIINTYAb. KoHAeHcaTOp 3anoJiHeH MOJISAPHBIM IH3JIEKTDH-
KoM. Bpemsi penakcauuH T, NpH NaHHOH TeMIepaType H3BECTHO.

BriBecTH BhIpaxkeHHe IS TEIUIOBHX NOTEPh B 3aBHCHMOCTH OT ua-
CTOTBI H IOKa3aTh, YTO MaKCHMaJ/bHOe 3HayeHHe e” NMPUXOAUTCH HA
YACTOTY Wpe, (®pey= 1/T —HYacTOTa peslakcalliH), NpH KOTOPOH norepH
COCTaBJISIIOT [OJIOBHHY CBOETO MAaKCHMaJlbHOrO 3HAYEHHA.

Moxer nokasarbcsl, 4YTO 9TO YAOGHHII NPSAMOH METoJ OmpejeJe-
HHA YaCTOTbl PEJaKCAUHH Wp.,, HO HA CaMOM jejie IJs HCIOJE30Ba-
HHsl Ha NPaKTHKe OH He CJaHWKOM Xopou. IToyemy?

7.6, IlycTb B mja3Me NPH HH3KOM AABJCHHH KOHUEHTDAIMS CBO-
GOnHBIX 3/EKTPOHOB paBHa n. ITokaszath, 4TO YacCTOTHAas 3aBHCHMOCTb
JHU3IEKTPHYECKOH NPOHHIAEMOCTH IJIa3Mbl OMHCHIBaeTcs (OpPMyJIOH

ne?

e=1-— 4nf2me,’

rie [-—uacToTa 3JMeKTPOMarHMTIOro nojs (= 2mf).

PaccMoTpeTs, Kak pacnpocTpaHsercs uepes 3Ty JasMy 3JeKTpO-
MarHHUTHOE H3JlyueHHE pas3JHYHbIX yacToT. C 3TUM SIBJIEHHEM BechbMa
CXOAHBl $BJIEHHS B HEKOTODHIX MaTtepHafaX, OGJajalomUdX 3JEeKTpOo-
NPOBOAHOCTHIO. IIPHMEHHTD MONYYEHHHIH PE3YAbTAT K META/IHYECKOMY
HaTPHIO H CPaBHHUTh C 3KCNEPHUMEHTAJbHO HaGJIONaeMEIMH 3HAUEHUSAMH

KPHTHYECKOE 3HAYeHHME HacTOThl, IPH KOTOPOH €. CTAHOBHTCH PaBHOM
HYy.JIIO.
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7.7. a) IlycTe npOM3BOJMTCA H3MEpEHHE IMIJNEKTPHUECKOH Mpo-
HHI2eMOCTH BOJHI, a 3aTe€M TOH e BOAbL IOCJIE ee NpeBpalleHHs
B Jel. Temnepatypa o6pasua NOHHMKAETCH OT HECKOJBKHX . TPajfycoB
poiiie 0°C 1o HeckobkKux rpaaycoB Huxe 0°C. Ecau npu TeMme-
parype nuxe 0°C He NMPHHATL HEOGXOIHUMHIX I1PEIOCTOROKHOCTEN,
TO MOXHO TOJYYHTb COBEPIIEHHO IPOTHBODEUHBHIE pPE3YJLTATH.
Bkparue 0O6BSCHHTB, NOYEMYy 3TO Tax.

6) [lnacTuHE KOHJEHCAaTOpa cleJaHhl H3 MarepHana C BhICOKOM
JAM3JIEKTPHUECKOH NMPOHHL@eMOoCThIo, ToauuHa ux 0,5 mm. K coxane-
HHIO, OOKJIaIKH NPHJIEraloT He IVIOTHO H B HEKOTODHIX MECTaX MeXAy
o6KJ1anKaMH H JH3JEKTPHKOM €CcTb 3a30pHl TOMIHMHON nopsiaka 1 mgm.
" OnpenemuTb KOJHYECTBEHHO BJIMSIHHE 3THX 3330DPOB Ha pe3yJbTH-
PYIOHIYIO €MKOCTb, NPOGHBHOE HaNpsDKeHHe KOHAEHCAaTOPa H IOCTOSH~
HYIO BpPEMEHH.

OGDbACHHUTL KAUECTBEHHO, KaK H3MEHSTCH 3TH XaPaKTePHUCTHKH, i
KOHJEHCaTop CXaTb TakK, YTOOBl YMEHBIUMTH IIHPHHY 3330DOB.

Jusnekrpuueck utt
MarepHaJa 3aaop
e 1000 1
Ipo6GuBHOE Hampsixe-
nue, Mea/m 2,5 25
IMposoguMocTh, ox 1 M1 10-e 0

7.8. IlaockonapadJensbHbll KOHAEHCATOD 3a0JHEH H30JMPYIOHHM
KHIKHM JH3JEKTPHUKOM. B 1u3/eKTpHKe HeHM36eXHO NPHCYTCTBYIOT
YaCTHLLI IIPHMECH, H 3TO MOXKeT NPHBECTH K 3JeKTPHUECKOMY Mpoboio,

a) [Tycte Manas cpepuyeckass uyacTHla IpuMecH, obsanaiomas
3JEKTPONPOBOAHOCTBIO, CONPHKACAETCS € OXHOH M3 IJACTHH KOHJEH-
caTopa M 3axBaThIBaeT 3apsj], AOCTATOYHBIN IJs TOro, 4TOGH! ee COG-
CTBEHHKIH NOTEHLHa] YPABHOBECHJ IOTEHLHaJ 3/eKTPoja.

[ToxasaTs, YTO BpeMs, KOTOpoe norpedyercsi JJsd TOrO, UTOGHI
3Ta yacTHL@ J0WJIa 10 BTOPOH OOK/IajKH, OGPaTHO IPOMNOPUHOHATLHO
KBaJApaTy IPHJIOXKEHHOTO HanpSXKeHHs M He 3aBHCHT OT pa3smepa
YaCTHIBI,

6) IlycTb X O0QHOH M3 OOKJanOK NPHJHINIO MaJjeHbKoe moJycde-
pHUecKoe HHODOJHOE TeJO C OYeHb BLICOKOH AMAJEKTPUUECKOH mnpo-
HHI3eMOCTBIO.

Iloxa3aTb, YTO HANPSKEHHOCTL 3SJEKTPHUECKOro NoJs B BEpIUHHE
nojycgepel NPHMEPHO BTPOE GOJblle, YeM CPEAHSISl HaNpsXKeHHOCTh
B KoHneHcatope. Pa3o6paTh, Kakve npakTHuecKHe 3aTPYAHEHHs BO3-
HHKHYT, €CJH IPHCYTCTBYIOT HENDOBOJSINHE IPHMECH, H CONOCTABHTh
IPUJIOMKKEHHOE HaNpsXEeHHe CO BPEMEHEM, KOTOpOe JO/KHO IIPOHTH
Jo npobos.
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*7.9. Onpenenuts xapakTep pacnpocTpaHEHHH 3JEKTPOMATHHTHOM
BOJIHH IIDH IIE€pexojie U3 BaKyyMmMa B AHIIEKTPHK, 06/1a1at0UHI MAJBIMH
norepsaMu. OTpaxkeHHe 3/E€KTPOMArHHTHBIX BOJH OT H/eaJbHO IIpO-
BOJAAIINX IIOBEPXHOCTEH B INPHHLUMIE MOXHO JOBECTH J0 HYJEBOTO,
HAHOCA HA 3TH IIOBEPXHOCTH IOKPHITHSA HajjIexauled TOMIMHL H3
JAU3/IEKTPHKA C MaJhIMH notepsamHd. IIycTh A/ HEKOTOPHIX I pHMeEHe-
Hu# BbIOpaHbl 3HaueHus & =400, a AIHHA BOJHH B BakKyyMme paBHA
3 em.

Kakasa wmuHHMa/nbHAas TOMIIHHA JMSJIEKTPHKA NPENOTBPATHT OTpa-
JKEHMSl TIPH HOPMAaJbHOM MAJEHHH H KAKOH NPOBOAHMOCTBIO JOJ/IKEH
B 3TOM CJyuae oGnanath nuanekTpHk? [Ilorsomenne snektpoMarnut-
HOH BOJIHBI, NIPOXOAAINEH uepe3 MarepHal ¢ MaJjblMH IIOTEPAMH, T. €.
C NPOBOXMMOCTBIO O <K &'€(®, NPOINOPUHOHANBHO exXp(— kd) aif
TOMUHHB d; 31eCh & =1/,0} /€ gq.]

7.10. Monekyan BettectBa (XO)H,C —CH, (OX) cocroar u3 aByx
unentHunnlX rpynn CH,OX, coexuHeHHBIX Mexny coGoH eXHHCT-
BeHHoli cBfA3nlo C—C. Kaxnas mnoarpynna — CH,0X noasipua
C MOMeHTOM, paBHbM 2,5D (D —endHHUA JQUIOALHOTO MOMEHTAa —
ne6ai), OpPHEHTHPOBAHHBIM NOA YoM 45° K HanpaB/IeHHIO EQUHCT-
BeHHOH yraepoxno#l cBa3u. IIpHGIHXXeHHOE 3HAueHHE €, IS 3TOTO
BelecTBA B ra3000pa3HOM COCTOSIHHM [PH KOMHATHOH TeMmmeparype
H armocdeproM nasieHus pasHo 1,01. OntHueckoe uaMepeHHe noka-
3atens MNpeJoMJIeHHsl jaaeT pesyJastar: 7= 1,0005.

Onpenenurs B3aHMHYIO OPHEHTHPOBKY NOATPYII.

*7.11. OrtnenpHbHe NPOTHBONOJIOKHO 3apSXKEHHBIE HOHH JBYX
THIIOB UEPENYIOTCH IIONEepeMeHHO B OECKOHEeYHO /JHHHOM IIPSIMOM
pAny. PaccrosiHusi MeXIy COCeHHMH HOHAaMH BCE CTPOI'O OJHHAKOBHI.

BeiBecTH BhIpameHHS S JIOKAJAbHBIX [OJEH Y Ka)kJOro THIA
HOHa, NpejnoJaras, 4YTO 3/EKTPOHHHE MOJAPH3YEMOCTH HOHOB pas-
auyHel. Onpepenuts yc/oBHA, NPH KOTOPHIX 3TOT PSJ HOHOB OOHAa-
PYXKHBAET CErHeTO3/IeKTPHUECKHE CBOHCTBA.

oo

(Crienyer uMets B BHALy, uTO Cymma paxa S= ),

n=I

4

e n—

uenoe uucao, pasHa S A~ 1,202))

7.12. B uneanbHO HenmpoBoOAsALMH KpPHCTA/lJM BBEJEHAa IIPHMECh
B KOJHYECTBE OJHH IPHMECHHH aToM Ha Kaxjsle 10 aToMoB OCHOB-
HOrO BemecTBa. KaxJblf aToM NPHMeCH BHOCHT IO OJHOMY HOCH-
TEMO TOKAa C 3apsioM, paBHHM 3apsaxy sJekTpona. IlycTs uMcio
4TOMOB OCHOBHOH pelIeTKH KpHCTalaa (Ha eQHHHLY o0heMa) paBHO
1028 x-3, ¥YcraHoBneHO, uTO npu uactoté 1 Mey npuMecHbie HOCH-
TeMH 3apsjoB BHocAT B &” BKaaj Ae” =10,

Onpenenuts ko3dpHUHEHT AHGpY3HH NPHMECH H IIPOBOXHMOCTD
pemecTBa. IIpUMEHHTL pe3yabTaT Aas TPyboH OUEHKH BEJHYHHB
¢’ (npu uacrore 1| Mey) repManus, o6rajaiouiero co6CTBEHHOM mpo-
BOJHMOCTRIO.

7.13. Tlonsipusauusa turtanara Gapusa (BaTiO,) npu mnekoropoit
TeMnepaType cocrasiasier okoao 0,25 g/m2,
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KakoBa HanpsKEHHOCTb 3/IEKTPHUYECKOrO INOJS B ILJACTHHKE H3
THTaHata Oapus, BHIPE3aHHOH IEPNEHAHKYJIAPHO K CErHETO3JIEKTPH-
yeckofi ocu? KakoBa OKOHuUAre/NbHAs HANPSXKEHHOCTh IIOJS I0C]e
HEKOTOpOro BPEMeHH BBUIEPKKH Ha Bo3ayxe? 3Has, 4YTO THTaHAT
6apus ofsnajgaer Ky6GHYecKOH CHMMETpHEHl C IapaMeTpoM peIleTKH
okono 4A, onpenennTe BeNMUMHY JMNONEHONO MOMEHTa HA OIHY
sneMeHTapHyO sAdYeliky. Ecau 6w HaGmonaemas nosasipusanus GbLia
ofyc/OB/IeHa IIPOCTO CABHIOM OTHOCHTE/IBHBIX [IOJIOXKEHHH HOHOB
THT4HAa, TO KaKoBa Ghia O aMIVINTy[a 3TOrO CABHra?

Kakx npaBuio, B JHM3JEKTPHUECKHUX SIBJEHHSAX HOHHAS IIOJISA-
pH3anus Hrpaer OTHOCHTENBHO Maaylo poab. Ilouemy B THTaHate
6apHs OHa CTOJB CYLIECTBEHHA?

*7.14. OcHOBHHIE napaMeTphl MbE303/JEKTPHKA MOXHO CBS3aTh
ApPYr € APYroM ABYMS yDPaBHEHHSIMH

S=Ed+SET,
D=87'E+Td-

Hoka3are, uTO0 nocrosiHHas d B S3THX BEIPaXKEHHAX OJMHAKOBA.

JlBe IpOTHBONOJOXKHBIE I'PAHH KyOHKAa H3 IHE303/1EKTPHUECKOro
MarepHaja MeTalJH30BaHbl M COGQHHEHBl IIPOBOJOM (3JIEKTPHYECKH
3akopouennl). Ky6 MepneHHO aedopMHpYeTCs BHEWIHHM J[aBJIEHHEM,
4 3aTeM COeJMHHUTE/NBHHIH IIPOBOJ PA3MBIKAETCH H AaBJEHHE CHHMAIOT.
ITokasath, uro BLICBOGOXKIAEMASl B STOH CHCTEME 3JIEKTPOCTATHYEC-
Kafl 3Heprusl B k? pa3 GoJblie MeXaHHYeCKOH SHeprdH, 3aTpadyeHHOH
Ha CXaTHe, npHueM k2= d%/sger.

Tor e Ky6 HchnoAB30BANM LIS JBYX H3Mepemm JOH3JIeKTPH-
YeCKOH [POHHLIAEMOCTH: IIPH IIEPBOM H3MEPEHHH Ky6 MeXaHH4ecKH
¢uKcHpoBaH (3axar), NIpH BTOPOM — cBoGoxmeH. Ilokasark, uto pas-
HOCTh H3MEpEeHHBIX JH3JeKTPHYeCKMX NpOHHIaeMocTeli paBHa kAPer.
Kak npH 3TOM MOXKHO NpaKTHYECKH OCYILIECTBHTb MeXaHHYeckoe 3a-
xarue?

7.15. Cersetoa/leKTpHYECKHH MaTepHaJ MOXHO HCIIONIb30BATh,
4TO6bl CTAaGHJIH3HPOBAaTh €ro COGCTBEHHYIO TEMIEpaTypy BGJH3H ero
TeMnepatypul KiopH, a 3HauuT, M TeMmepatypy OKpyxKalowel cpeps,
€C/H IIPHJOXKHTE K HEMy IIePeMEHHOE 3/eKTPHUYEeCKOe IoJe JOCTa-
TOYHO OOJIbUION HHTEHCHBHOCTH.

HenocpencrBenHo Humke Toukdn Kiopu T ¢ nonsipu3anusl HacH-
meHHs P,,. HEKOTOPOro CErHeTo3JEeKTpHKa C HIeaJbHO NPSMOYroJb-
HOH NeT/el rucrepeauca JHHEHHO 3aBHCHT OT TEMIEPAaTyphl ¢ Koad-
¢unpertoM 0,1 x-m-2.2pad-t. KospuutupHas cuna Ec, o6ycloB/eH-
Has# JOMEHHOH CTPYKTYpOH CErHeTO3/JIeKTPHKA H ero BHYTPEHHHM
noseM, GoJjee HJIH MeHee IIOCTOSIHHA, BIJIOTH [0 HAaNpSKEHHOCTH
nopagka 105 g-m~L., JlomycTWM, UuTO 4YacToTa NEPEMEHHOro IoJs
paBHa 50 ey.

Cunrasi, YTO XapakTepHasi IpPsSMOYroJbHas IeTJs CHCTepesHnca
COXpaHsieTcsl, HalTH CKOPOCTb BHIEJEHHS TEnJa, ecaH TeMIeparypa
nanaer Huxe Tc.
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8. JlnamardeTH3m M napaMarHeTH3M ¥)

8.1. PaccmoTpeTh 3/1€KTpPOH, ABHXYIHMHCA IO KpyroBol op6ure
BOKPYr fifipa c 3apsaaoM - e. Mcnons3ysa ¢opmyay aas cuisl Jlopenna,
NOJyYUTh BRIPAXKEHHE A CHJILI, AEHCTBYIOIIEH HA 3/EKTPOH B NMPUCYT-
CTBHH MarHuTHoro noas FH, M mNoOKas3aTh, 4TO KpyroBas 4acrora

5JeKTPOHA paBHA
eH eH \2 et |'/
= — m— + — R—
@ 2mec — [<2mc) + mr3] :

OueHuth BeTHYHHY KaX/OTO M3 CJaraeMblX NpaBod 4acTH ypaBHe-
HHSl M C/les1aTh COOTBETCTBYIOUIME NPHOJIMMKEHHA A8 pacyeTa JapMo-
POBCKOH 4acTOThI.

8.2, Paccuutarh 3HaueHHe r% 1/ 3JE€KTpOHa B aTOMe BOJOPoAa
B OCHOBHOM cocTosiHMM. CpaBHHTB 3Ty BeJIHUHHY C KBafpaTOM pajauyca
GOpOBCKOil OPGHTHI 3JEKTPOHA B aTtoMe Bojopoaa. PaccuuTare puamar-
HHTHYIO BOCIIPHHMYMBOCTb MOJIfl aTOMADHOI0 BOAOPOJA.

8.3. Paccuutarh AMaMarHUTHYKO BOCIPHHMYHMBOCTb MOJS Ta3000-
pasHoro reqMs B OCHOBHOM cocTosiHMH. MHcnosb3oBate aTOMHYIO
BOJIHOBYIO (yHKIHIO

23 '
¥ (11, 1) = Eexp (— ),
0

a

8.4. AtoM co cdepHuecKH CHMMETPHUHLIM PACIH PefieJIeHUEM 3JIeKT POH-
HOTO 3apsija TomeilleH Bo BHemiHee noje H. Ilokasarb, 4TO MHAyiiH-
POBaHHMHI JHAMArHUTHBIE TOK CO3JaeT B TOuke, TJ€ HaXOLUTCA AAPO,
noJie

AH = — 2 o (0,

3mez

rae @g (0) — aneKkTpocTaTHYeCKHH NOTEHIHAJ] B 3TOH TOUKe.

8.5. 3anucaTh KJaCCHYECKYIO CTaTHCTHYECKYIO CyMMy Z A/ 3J€K-
TPOHHOrO Ta3a B BHJe HMHTerpaljla ¥ NOKa3aTh, YTO IO KJACCHYECKOH
TEOpHM MarHHTHas BOCIIPHHUMYHBOCTb TaKOTO ra3a paBHA HYJIO.

* 8.6. Ilycte maruutHoe moJe / HanpaBsieHo Bjo.b ocH 2. [loka-
3ath, 4TO /I KaXJOro H3 CJAEAYIOIHX Tpex BHAOB BHIOOpa BEKTOD-
HOTO TIOTeHLHaJa:

a) Ax=—4 Hy, A,—4Hx, A,=0

6) A=<Hy,  A,=0,  A=0;

B) Ax=01 Ay=Hx, Az=0
MbI NIOJIYYHM OJHO H TO K€ 3HAU€HHE A/ MarHUTHOrO MOMEHTa CBO-
601 HOTO 3JICKTPOHHOTO rasa.

8.7. Paccmorpers cBoGOAHBIH 3/1€KTPOHHEI ra3 B MarHUTHOM ToJe
H, 3ajaBaeMoM BeKTODHbIM IOTE€HLHAJOM, AJf CJAY4aeB, YKasaHHBIX

*) A, H Morrish (University of Manitoba).
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B 3ajaue 8.6. Ilycts L, u L, — pa3smepsl o6pa3ila MeTa/ja B Halnpas-
JEHHSIX X U Y COOTBETCTBEHHO. PaccuHTaTb KPaTHOCTb BHIPOXKACHHSA
YPOBHEHl TapMOHHMYECKOTO OCHHJJIATOPA B MPEANONOXKEHHUH, YTO LEHTp
OCUHLIATOPA HaxoAMTCA B O0BEME MeTasna.

. 8.8. Jlns mapaMarHMTHOrO OJHOATOMHOrO rasa (4Mcso aTOMOB Ha
1 cm® paBuo N, L=0, S=1/,) HaliTH HaceJeHHOCTb OGOHX YDOBHEH
B noae H npu temneparype T. PaccuutaTb BETHYHMHY De3yJbTHDY!O-
miefi HaMarHHYeHHOCTH. BHIUHCAHTL 3TH BeqHudHH 7151 N = 1022 cu3,
H=25 k3, T=300 u 4°K.

8.9. Jlnsa rasa, omucanHoro B 3ajaue 8.8, paccyutaTbh CBOGOAHYIO
sHepruwo I'n66ca G=& — TS (rae S —3HTpPONHUs) ANs CIydyasi, KOraa
GOJILIIHHCTBO ATOMOB HAaxXOAUTCS B HAWHU3NIEM 3HEPreTHYeCKOM COCTO-
auud. HaliTH 3HayeHHe MarHMTHOH BOCIPHHMYHMBOCTH ¥, BOCIIOJIB30+
BaBLICh TEM, YTO B CJyyae TePMOAMHAMHYECKOro PaBHOBECHS CBOGOA~
Has »Heprusi I'n66ca G MUHHMaJbHA.

8.10. Ins cnyyas HyJeBOro nosnst HaATH MArHMTHYIO BOCIIDHHMYH-
BOCTb CHCTEMHl YacTHlL [ABYX THHOB 1 M 2; KaMKAblii THII 4aCTHI[ UMeET
AyGaeTHobi}l CIIHHOBBIH YPOBEHb (T. €. NOJCHCTEMA YACTHIL AdHHOTO THIA
HJICHTHYHA CHCTeMe, paccMOTpeHHoHd B 3ajauax 8.8 u 8.9). (Bmyrpen-
HAS 3ueprua nogcicreMsl 1 pasma &;, a moacucremm 2 — &,, npuuem
& > &,, pasnocts 8, —&, o6osnauum AE.)

*8.11. BosHOBBIE (PYHKIMH NATHKPATHO BHIPOXKAEHHOIO COCTOSIHHUA
3d-3/1eKTPOHa MOTYT GHITH BHIODAHH B CJEAYIOIEM BHJE:

Vy=xzf(r), Wo=yzj(r), Ys=xyf(r),
Ve=(2—y)f(r), Ys=0@B2—1)f(r).

B cayuae poMGuueckoil pelleTKH BHYTPHKPHCTAJJIHYECKOe I0JIe, ONH-
chiBzeMoe MOTeHIHanaoM Buaa V = Ax2- By®-+ C2%, .cHUMaeT BHIPOXK-
IeHue,

HaiiTn nosble 3HepreTHYECKHe YPOBHH 3d-3NMEKTPOHA MOC/E CHSATHS
BBIpOXKAeHHA. [loKa3aTh, YTO B 3TOM CJIyyae MOMEHT KOJHUECTBA JBH-
XKeHus ofpamaercsi B HyJb. PaccMoTpeTs Takxe ciyuaif, Korjga noJje
KDHCTAJ/IIYeCKOll PeIleTKH HMEeT TeTparoHanbHy o cuMmeTpuio (A =B).

8.12. PaccmoTpeTs napaMarHUTHLIA a3, COCTOSIIIMA U3 OJMHAKOBHIX
MOJIeKyJs, B NIPEANOJIOXKEHHH, YTO KaXKAas MoJeKysaa o6/1ajaeT IMocTo-
SIHHBIM MarHHTHBIM MOMEHTOM W H YTO IIPH H&JOXKEHHH MarHHUTHOrO
nosiss H BO3MOXHB JIIOGHE OPHEHTAllHH MarHUTHOrO MOMEHTa OTHOCH-
TeJILHO Hampas/eHus noss. PaccunTaTh HaMarHWYEHHOCTb B OGLIEM
clyyae M B cJayyae, Korja Bemoausercs ycnosue pH/RT <L 1.

8.13. Iloka3aTb, YTO MarHMTHas BOCIPHHMYHBOCTb IOPOLIKA, COC-
TOSAIIEr0 U3 OPHEHTHPOBAHHBIX NPOU3BOJIBHEIM OGpa3oM KPHCTAJJIOB,
onuckiBaercss ¢GopMyIoi

x=§ (14 %2 + %a),

rle ¥, Y2, ¥s — [VIaBHEIE BOCIPHUMYHBOCTH KDHCTaAa.
*8.14. Paccmotpers Matpuunue 3gementsl (V;|V|W¥;) noren-
IKa1a BHYTPHKDPHCTANIHYECKOro mnoist V aJs BOJNHOBHIX (PYHKIMH
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3d-3/1eKTPOHa ¥ pas3Jjioxkutk V no cpepHueckHM rapMOHHKaM THIA
ARr"P i (cos B) em®,

Pasnoxutk cHayaja no cpepuyecKMM rapMOHHKAM IIpOU3BeleHHE
¥, *¥; u nokasaTb, 4TO UJEHBl ¢ 7>>4 OTCYTCTBYWT. [€M caMmbM
OyZeT MOKa3aHO, YTO MaTpHYHEIe 3JEeMEeHTH AJA n>>4 paBHH HYJIO.
[loka3ath Takxe, 4TO MATpPHUHBIE 3JEMEHTH! A/ HEYETHBIX 3HAaueHHH
n paBHH HYJIO.

8.15. Ilokasarb, 4YTO AJIA NapaMarHUTHOrO MaTte€pHaJna, KOTOPHH
noauuusercs 3akoHy KiopH, pasHocTh yAesbHEIX TelJoeMKOCTel 3aja-
ercsl COOTHOLUE HHEM

Cy—Cy=CHYT?,

a CJiel0BaTeJIbHO, TEINVIOEMKOCTbE CHCTEMEI CIIHHOB MOXKET OBITH 3arH-
caHa B BHJe

Cu= (b + CH?)/T?,

rae C — nocronunas Kiopu, a b=CyT2.

8.16. Pacuiensienue Ha pBa Ay6JeTa OCHOBHOIO COCTOSIHHMS XPOMO-
KanueBwX KBacuos, Cr, (SO,)s K,SO; - 24H,0 npu HyJeBoM nose coot-
BercTByeT Ttemneparype 8, =0,25 °K. IToctpouts rpadux tTemnepatyp-
HOH 32aBHCHMOCTH YAeJbHOH MAarHHTHOH TEIJIOEMKOCTH B HHTepBaJie
temneparyp Huxe 1 °K. CpaBHHTb YJAEJBHYIO TEIJOEMKOCTbH A2HHOM
COJIM C YHAEJBHOH TeNJIOEMKOCTBIO KAaKOro-JM60 MeTa/ula B TOM XKe
TeMIepaTypHOM HHTepBaJie. PaccuMTaTh TeMIepaTypy TaKoH coJlH
nocJie BHKJIOUeHHs nodas H =15-10% 3, ecain HavaspHag Temneparypa
coau 1,5°K.

8.17. Tlo teopun Kasumupa u g Ilpe uacroTHas 3aBHCHMOCTB
BEILECTBEHHON ¥ M MHHMMOH %" wacTell BOCIPMHMYHBOCTH MNapamarHe-
THKa HMMeeT BHJ

. Ar—As . (Xr—Y¥s)or
x —XS‘*‘I_*_mzﬁ, X = 1-*—(1)2'[? 1

rle %r M Ys— M30TepMHuecKas U aguabaTHueckas BOCIIPHHMYHBOCTH,
Ty — BpeMs CIIMH-PELIeTOUHON peJiakcalMH, ® — KPYroBaf 4acToTa.

IToctpouts rpaduk 3aBucHMocTH Y'/¥r OT X%'/%r.

Jlns Xopipl C HAYaJIOM B TOYKE [epeceyeHHs] OKPYKHOCTH C OCLIO
%' /yr HallTH BHIpaXKeHHWe JJA tg ¢, rAe ¢ —OCTPH YroJ, cocTaBise-
MBI XOpJ0il C OChIO ¥'/Xr-

*8.18. Kpamepc u Kpouur mnokasanu, uro BemiecTBeHHas ¥ M
MHHMag %" 4acTH NOJIHO# BOCIPHUMMHYHBOCTH HE SBJIRIOTCS HE3aBUCH-
MBIMH, @ CBSI32HBl CJIEAYIOIUMH COOTHOILUEHHSIMH:

=2 | O L, )= | GL e

)y oi— 7 w— w3
0

[Tokasars, uto ¢opmynn Kasumupa — mio Ilpe (cMm. 3agauy 8.17)
YJIOBJIETBOPSIOT 3THM COOTHOMIEHHSM,
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*8.19. IlokasaTb, yTO y napamarHeTHKa, aTOMBEl WJIH MOJIEKYJE
KOTOPOro MOTYT HAaXOAHThCS B HECKOJILKHX 3HEPreTHUECKHX COCTOS-
HHSIX C SHeprusMi &;, BpeMs CIHMH-DEIETOYHON peNaKcauHH T, onpe-
JeNsieTcsl BhIpaXEHHeM

1 nZP,',' AEij

T ZA&} !

rIe CyMMHpOBAaHHMe BeJercsl 1O BCeM 3HaueHHsM [ H j, P;;— BeposT-
HOCTb NEpEXOja MeXAy YPOBHAMH i M j; A&, — pasHocTh 3Hepruix
YPOBHEH [ M j; n— 4HCIO 3aceseHHHX YPOBHEH.

8.20. Ilpy S=1 paccyuTaTh 3HEPTrUI0 YPOBHEH H paclleNJeHue
B HYJEBOM NOJe I/ CHCTEMBbl, OIMHCHIBAEMON CIHHOBBIM aMHJBTO-
HHaHOM

K s= ungH S 4 wsgy (HeSe+H,S,) +D[S: =S (S+1)],

TAe g H g, — napajjieNbHast ¥ NeprneHanKy s PHash KOMIOHEHTH g-haK-
TOpa IJIsl AKCHAJBLHOTO KPHCTAJNJIHUYECKOro Nojs, a D — KOHCTaHTa
KPHCTAJIIMYIECKOrO OIS,

*8.21. [lna H{z u S=1 paccyutath 3HEpPTHI0 YpPOBHEH AJs CHC-
TEMbI, ONMHCHIBAEMOH CIIHHOBHLIM 'aMHJLTOHHAHOM

H = pgH - gS+D[Si— S (S+ 1)]+&. (S:—S),

rae unen &, (S;— S}) onpenensier pacuienyieHHe B HYJIEBOM Iofie, o6y-
C/IOBJIEHHOM BHYTDHKPHCTAJJIMUECKHM moJieM GOsiee HH3KOH CHMMET-
PHH, ueM aKCHaJbHaf. _

*8.22, HMon Cu?* B OKTasapuuyeckOH MNO3HUMH (OKpPYaKeHHbIH
mecthio Monekynamu H,0) Haxomuress B cBOEM OCHOBHOM COCTOSIHHH,

Hpucmanmiechoe Bunsobore

none
Teld!
Henamenue eyt

HNybuvecroe 2
none

bpls VByz, Y52z

3
G Yoz
5 Llpbodkeni
ugH
£ Bzt
N Tty

Puc. 8.22.1. TuarpamMma, HJMIOCTPRPYIOWAs paclienJeHue HOx felcTBHeM BHYTDH-
KpiCTaknnyeckoro nonsa ypoBHeii uoHa Cu2', Haxonsulerocs B OKTa3APHYECKOM
OKPYXeHHH mecTH Monekya H,O.

T. €. B COCTOSHHH, KOrJa HMMeET MECTO PacllellVIeHHe BHYTPHKPHCTA-
JYECKHM IOJIeM, KaK Nokasano na puc. 8.22.1 (Tam e BhNMCcaHH
YIJIOBLIE YAaCTH BOJIHOBOH (PYHKUHHM I/l KaMIOrO COCTOAHHSA),
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BLIUHCAHTh NapaneNbHyl0 H NEepNeHAHKYJasPHYI0 KOMIIOHEHTHI
g-haKTopa yepe3 KOHCTAaHTY CIHH-OPGHTAJbHOH CBA3H.

8.23. IlycTh CnMHOBLIH raMHJIbTOHHAH NapaMarHHTHOH COJM 3ajaH
BLIpaXKeHHEM

@%/‘s=g;:}"BHzSz+gLP'B (Hxsx+HySy)+ASsz+B (Sxe+Sny)v

rie A ¥ B —nocTosiHHEIE CBEPXTOHKOTO B3aMMOJEHCTBHSA.

Ins cayvas Hiz, S=1 u J=1 cocTaBuTbh J€TEPMHHAHTH /15
pacueTa 3HEepreTHUeCKHX YpPOBHEH.

8.24. Hacrosimas 3ajaya OCHOBaHA Ha HHTepecHOM ombite [17].
IlpeanonoxuM, YTO sijlepHOE CIHH-CIIHHOBOE B3aHMOJICACTBHE B KDH-
craane LiF cooreercrtByer sgxpexkTiBHOMY nomto Hg =30 3. Ilpexmno-
JIOXKHM TaKXe€, YTO KPHCTajJ NomelaloT B noJse, pasHoe 100 3, npu
Temnepatype 5°K. Kpome Toro, npeanosioxuMm, YTo 3a Bpems, Majoe
N0 CPaBHEHHIO CO BpeMEHeM CIHH-CIHHOBOH peJaKcaluuH, NPOHCXOMHT
HeajgHabaTHyeckoe u3meHeHHe noas jgo —100 3. Torpa cnuH-ciHHOBaA
Temnepatypa sjep T, ocraHercs paBHOH b °K, HO 3eemMaHOBcKast
Temnepatypa sjep T, Gyaetr paBHoit — 5 °K.

Cunras, yro none H=— 100 3 nopmepHBaercsi NOCTOSHHLIM,
PacCuHTaTh KOHEUHYIO PAaBHOBECHYIO CIIMHOBYIO TeMmIepatypy siaep.
{ITpn pacuete crepyer npeHeGpeyb SIICPHBIM CHHH-PELIETOYHLIM B3ay-
MOJEHACTBHEM, KOTOPOE B STOH CHCTEME ABJISETCH BechbMa JalbHONEHCT-
BYIOHIHM. )

Kaxko# GyjeT KoHeuHasi COHHOBas TeMNepaTypa sifiep NpPH BHIKJIO-
yenHoM nose? Kakoit GyzeT ykaszaHHas TeMmmeparypa, €CJH IOJe
BHOBb JIOCTHTHeT BeJuuuHu 100 37

9. deppomarneTusM, aHTH(eppomarHeTHsm M cdeppumarseTusm *) [18]

9.1. HMcxoas u3 MOZeaH MOJIEKyJsIpHOTO MOJsl, NOCTPOHTb TEOPHIO
deppoMarHeTiisMa INOJYKJACCHYECKHM I1YTEM, T. €. BOCIOJb30BAaThCS
¢ynxuueit Jlamkesena L (y). Ilokazats, urto aaa T/Te<<1 (rne T¢—
Temnepatypa Kiopn) cocTosiHue, 7151 KOTOpOro BHIMOJHSETCS COOTHO-
wenne M (T)/M (0) # 0, aBnsercs cTabHILHBIM.

9.2. Tlokasats, uto B ciyuae J==1/,, g=2 yAe/bHas TerJoeM-
Koctb B uHTepBane TemnepaTyp 0 < T << T cBsi3aHa CO CIIOHTAHHOMH
HaMar HHYEHHOCTLIO COOTHOILUEHHEM

¢~ Lol U~ lwal)

LGS
Tel\Te M (0)/
Hicxons u3 aToro, mokasarb, uto B6au3u Touku Kiopu (T = T¢)
AT\
Copm y (35 7<) N,

*) A. H. Morrish (University of Manitoba).
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*0.3. PaccMOTpeTh OZHOMEDHYIO ULENOYKY U3 N aTOMOB, Kanubif
H3 KOTOPHIX HMeeT cmMH S=1/,. B aToM cilyuae OGMeHHBIH raMHJIb-
ToHuaH [ alizenGepra umeer BHJ

H =21, 'S, (9.3.1)
if

rae J,— O6MeHHBIH HHTErpaJ.
Haiitu ycaopne, npu xotopoM BoJHOBasi (byHKUMA

X= Z CoXw

siBJsleTcsl coOCcTBeHHOH (yHKuuelt ypaBHenus llpexunrepa ¢ ramuin-
toHuaHoM (9.3.1). 3pech GYHKUHH ¥, HMEIOT BHJ

Xw = Xa,Xa, - ++ Xa (w-1) ABuwXa (w+1) - - - Kay;

%o H Xg — CIIMHOBbIE BOJIHOBblE (yHKUUH

=(o) %=(i)

IMonb3ysach 3THM pe3yJbTAaTOM, BEIBECTH JHCIEPCHOHHEIH 3aKOH
A/ CIIMHOBBIX BOJH B ¢epPOMArHETHKE.

*9,4, IIpUMCHHTDh KJACCHUECKOE YDaBHEHHE JBMXXEHHA [HPOCKOIa
6e3 satyxauus dG/dt=T (rge G — yriosoi MoMeHT, T — BpalaomHUii
MOMEHT) A/ Cjayuas, KOrja JAeHCTBYIOT TOJBKO OGMEHHLIE CHJIHI.

| |
he— & —>

Prc. 9.4.1. CxeMa pacnosioeHHs CUHHOB npH 0Gpa3oBaHuH CIHHOBOH BOJIHEL

PaccMoTpers JHHEHHYIO LENOUKY aTOMOB, KaxIbld H3 KOTOPHIX HMeEeT
ciMH S =1/, ¥ Cle1aTh annpOKCHMALHIO Ha CJydai S=V S(S+1).
Hcnonr3ys cxemy Ha puc. 9.4.1, nokasaTh, 4TO JJIsd MaJbIX 3Haue-
HHil K ypaBHeHHe [IBH)XXEHHs IPHUBOAUT K JHCNIEPCHOHHOMY 33KOHY

AJs CIMHOBBIX BOJH .
ho=J k%
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9.5. Ilokasatb, uTO M3 TEOPHH CHHHOBBIX BOJH C/lefyeT HeBo3-
MOXHOCTb CYIIECTBOBAHHSI JAByMepHOH (eppOMarHMTHOH peIleTKH.

*9.6. B Teopun deppomarHetHama, OCHOBAHHOH Ha MOJENH KOJ-
JIEKTHBH3HDOBAHHLIX 3JEKTPOHOB, MPHHHMAETCH, UTO 3HEPIrHIO 3JIEK-
TpPOHA Ha He3amoJHEHHOM 3d-ypOBHE MOXKHO 3alHCATb B BHJE

&= + NyMus,

2m* —

rae m* —abddekTHBHas Macca, Ny — NOCTOSIHHAsi ~MOJIEKYJIsiPHOTO
noasi. 3hech NEPBbLIH uJ/eH eCcTb KHHETHYeCKasi 3HEPTHsl 3JEeKTPOHa,
a BTOpO# —3Heprus OOMEHHOrO B3aHMOJEHCTBHA MEXAY 3JeKTpo-
HaMH, 3anHcaHHas B NPHOIMXKEHHH MOJIEKYJSPHOrO MHOJs.

Haijity BrIpaxkenue NS HaMarHHYEHHOCTH NPH TeMnepatype a6co-
JuotHoro Hyas T =0°K. Haiitu ycnoBHe cyliecTBOBaHHA CHOHTaHHOI
HaMarHMyeHHocTH, T. €. M 70, npu T=0°K, a Ttakxke ycjoBHe
pasenctBa [ =1 ({=M/Npg).

9.7. B teopun ¢eppomarnerHsmMa Borcorckoro — 3unepa npuHATO,
YTO JIOKaJH30BaHHbIE HenapHble 3d-3/1eKTPOHBI OJHOrO HOHA «IMOJMAr-
HUYHBAIOT» 4S-3/IEKTPOHBl (JIEKTPOHB IPOBOAMMOCTH), a 3TH 3J€K-
TPOHBI B CBOIO Ouepejb «IOAMarHHUYMBAIOT» APYrHe HoHbl. ITpeamnoso-
JKHM, 4TO S — d-B3aUMOJEHCTBHE MOXKET GbIThb ONHCAHO B NMPHOIHKEHHI
MOJIEKYJIIDHOTO MNOJAA H 4YTO B3aHMOJEHCTBHEM MEXny 3d-3JIeKTpOoH-
HbIMH O6OJIOYKAMH M 4S-3JIEKTPOHAMH MOXHO NpeHe6peub.

IlokasaTb, YTO ec/H HAMarHWYEHHOCTb HOHHLIX OCTOBOB MOAUMHS-
ercs 3akoHy Kropu, 1o Temneparypa Kiopu T¢ onpepensiercss coot-
HoweHHeM T'¢ = Yp,paCNYy, TA€ Yqapa — MayJIHEBCKAs BOCHPHHMUYHBOCTD
3JIeKTPOHOB  HNPOBOAHUMOCTH, N, w— NIOCTOSIHHAsl ~ MOJIEKYJSPHOrO
noJas. .

*9.8. IlycTb cHCTeMa COCTOMT M3 JBYX YacTHI|, MOJOMXEHHE KOTO-
puix ¢uKcHpopaHo. Kaxkaas wacTHUA HMeeT MOCTOSIHHBIH MarCHHTHBII
MOMEHT, PaBHHIH M; MAarHHTHLI MOMEHT MOxeT OBITb OPHEHTHPOBaH
TOJBKO BAOJb MNOJOXKHTENbHOIO HJH OTPHIATENLHOrO HAanpaBJeHHi
OcH z. Mexay vacTHuamH AefCTBYIOT CHJBl OOGMEHHOrO B3aHMOpeicT-
BUf, TaK YTO MOJHAasi SHEPTHs CHCTEMBl paBHAa JHG0 + ¢ (Korga nBa
MOMENTa nNapajJenbHel), JH60 —c (Korja OHHM aHTHNAapaJJesbHbI),
npuueM ¢ = const. Ha cHcremy geficTByeT BHellHee MarHUTHOe IOJe
H, nanpaeieHHoe BIOJb OCH 2.

YTo6ul OGBLACHHTL MArHHTHOE MNOBEJEHHE HEKOTOPOro TBEpiOro
MarHeTHKa, NpPHMeM -B KauecTBe ero TeopeTHYecKoH MOJeaH aHcambJb
CHCTEM OMHCAHHOrO BhbIllE THMA, T. €, MArHHTHRIX 4YacTHI. [lycrb
B ¢IMHHIE ofGbeMa cojepxurcss N Takux cucreMm. [Ipeanmonaraercs,
UTO OTHEJbHBIC CHCTEMbl TAKOrO aHCAMOJS He B3aMMOZEHCTBYIOT ApYT
C APYroM K C OKDyXawolei cpefoll, Hck/awouas HeGOJbIIHE B3aHMO-
AeHCTBHSA, JOCTATOYHBIE AJA YCTAHOBJEHHS TepMOLHHAMHYECKOro pas-
HOBECHH.

BoisecTH TouHylo ¢opMmysy AJAs HamarHHueHHOcTH M Takoro mar-
HeTHKa, Haxojsiierocsi B TeDPMOZMHAMHYECKOM DaBHOBECHH NpPH Npo-
H3BOJIbHOH Temmeparype T B noJie ¢ HanpspKeHHOCTbIO H,
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BriBecTH M OGCYAMTbL NpPHGIMXKEHHHIE BHIDAXEHHS A/ HAMATHH-
YEHHOCTH JJIfl CJEAYIOWIMX HACTHHIX CJyyaes:

1) |pH | <ET, lc|<KT;

2) |pH | kT, |c|>kT, c<0;

3) |WH | LEkT, |c|>kT, ¢>0;

4) |pH | > kT > |c|;

5) AT <uH < lcl, c<0;

6) k(T pH L |c], ¢>0.

9.9. Paccmorpers ofpasell MOHOKPHCTaJ/sa 2KeJe3a, BHIPe3aHHBII
B (opMe IJIOCKOrO JKMCKa, MOBEPXHOCTH KOTOPOrO NapalliefibHbl KPH-
crajsorpaguyeckoii niockoctu (001).

[TpepnonoxkuM, 4YTO AHCK IOMellleH B MarHuTHOe noje H, mnpu-
JoxeHHoe B miockoctd (001) moa yraoM 6 x Hampasiaenuio [100].
JlonycTHM Takxe, YTO MOJe HACTOJNbLKO BEJHKO, YTO Bech OO6beM
o6pasua 3aHMMaeT OJHH MarHHTHHIA JOMEH; HAMarHWYEHHOCTh JOMEHa
M cocrasasier yroa @ c Hanpasjaenuem [100].

Halith ycnioBusi paBHOBecHsi ofpasua. PaccuuTaTs Bpallaoliic
MOMEHT AJs cJydyass GecKOHeUHO NpOTSKeHHOro mnogas. Paccuutarts
TaKXKe BpallaloWMi MOMEHT MJISl JHCKa, BBIPE3aHHOIO NapallielbHO
nyockoeru (110).

9.10. Iloka3sath, u4TO Korja K (heppoMarHeTHKy NpPHJIOXEHO Hamps-
JEHHE O, TO BHINOJHAETCS COOTHOIIEHHE

1/ 0l oM
1), =3, 0101
rae ! —pauHa ofpasua, M — HaMarHHYeHHOCTb.

9.11. PaccuMTaTh MarHHUTHHI NOTEHLHAJ OJHOPOJAHO HaMarHHuYeH-
HOH cdepbl paguyca a B TOUKe, HaXOAAWEHCH HAa DAacCTOSHHM 7 OT
LueHTpa cepu, A8 clyyaeB r >a H r <a. Wicnonb3ys nonyueHHble
pe3yJbTaTh, BHIMHCJHTL JJA cepH pasMarHuuHBaiowWui ¢akrop D.

*9.12. PaccunTaTh 3HEPrHIO OJHOPOJHO HaMarHWueHHoro o6pasua
06BeMOM Uy, HMelowero ¢GopMy 3JUIHICOHAA, BHYTPH KOTODOro HMe-
eTcs INOJIOCTh O6GbeMOM U, JIMnonbHuili MoOMeHT ofpasua paBen
M (v, — vy).

9.13. DJIeKTPOMarHWT C OJHOPOJAHOH HaMarHHYeHHOCThIO M HMeer
NOJIIOCHEIE HAKOHEYHHKH B BHJIE yCeUeHHBIX KOHyCOB; Ga30Bbli pajHyc
HaKOHEYHHKOB paBeH b, a paiauyc B 3a3ope papeH a. lleHTp BO3-
JYIUHOrO 3a30pa COBNAjaeT C BepPIUMHAMH KOHYCOB, 3aalOlIHX (GOPMY
TOJIIOCHEIX HAKOHEYHHKOB.

Paccuurats mnose B neHTpe Bo3jyiuHoro 3asopa. Ilokasars, uto
€csiM npeHe6peub NeACTBHEM IIOBEPXHOCTH IIOJIOCHHX HAKOHEUHMKOB,
TO MakcHMajbHoe Iojie 6yaeT NOCTHFHYTO INPH yrJae KoHyca 0=
= 54°44’.

9.14. IlycTb MOHOZOMEHHas 4YacTHUA HMeeT (QOPMY YAJIHHEHHOro
SJUIMINICOMAA BpalleHHs C NOJAPHOH NOJyOoChl0 @ M 3KBAaTOPHAJbHOH
noayocnio b. O6o3HauuM uepe3 D, u D, COOTBETCTBEHHO NPOJAOIbLHYIO
H IIONepeyHyl0 COCTaBJIAIOINE pa3MarHHYHBAIOWIEro ¢GakTopa M mpe-
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TIOJI0XKHM, YTO 3HEeprusl KpucraJJorpaduyeckoil MarHHTHOH aHH30TpO-
TIMHM paBHa Hymo. IIpeanosoHM TaKXKe, 4TO MarHMUTHOE MoJe MpH-
JIOXEHO NOA YrjoM 6 Mo OTHOUIRHHMIO K NOJSPHOH OCH.

Ilokasatb, yTo HeoGpaTHMOE BpaLIEHHE BEKTOpa HaMar HHYEHHOCTH
(CKauoK HJM H3MEHEHHEe ODHEHTAlMH) BO3HHUKAET INPH KPHTHYECKOM
7oje, ONpeAEsseMOM COOTHOLIEHHAMH
A VI1—w?tus
KpUT = T T [ @t Tt »
rjie

Hy
—_ RPUT — tgl/3
h“P"T_(D,,—Da)M u w=tglM,
OueHnTb KpHTHYeckoe moJe gas 6=10; 45; 80 u 90°.

*9.15. PaccmoTperb uemouky W3 ueThipex cdep paiumyca a

C AMMONBHHIM MOMEHTOM w. [lycThb HaMarHMYEHHOCTb KaxIOH cepbl
OZHODOJHA H €JUHCTBEHHOE B3aUMOJEHCTBHE

“ Mex1y cdepaMH — IHNOJb-AMMNONbHOE. Mar-
HMTHOE TMoje MNPHJI0XKEHO MapasiellbHO OCH

a H ” UEINOUKH.
BoiBecTH BblpaxkeHHe AJisi MOJHOM 3HEp-

ﬂ a TMH LENOYKH AJAA [ABYX CJIyuaeB; KoOrja
BEKTODB HAMAarHUYEHHOCTH Bcex chep OpH-
Q"‘ ” €HTHDPOBaHH Mapa/iellbHO OZHOMY Hamnpas-
JIEHHIO U KOTa OHH HMEIOT «BEeDHYIO» OpH-
a) 5 entauuio (puc. 9.15.1). MarHHTOCTpHKUHM-

Prc. 9.15.1. [lBa Thna op- OHHOH (MarHWUTOYnpyrof), KpHcTasiorpagm-
€HTALHM BEKTODOB Hamar-  yeCKOl M OGMEHHOH 3HEPrUsfMH IpeHeGpeub.,
HHHEHHOCTH. OueHHTD M CPaBHUTb 3HAYEHHS KOIPUH-
@ Tapannenbras, 0) «meep-  THBHOH CHMJIBl IS 3THX IBYX CJIyyaeB.
' 9.16. PaccMOTpeTb TOHKYIO IVIEHKY C
OJHOOCHOH# aHu3oTponMWedl B HamnpapJjeHud ocH 2. Ilokasath, uro
€C/IH NPUJIOKEHO KAK NPOJOJbHOE, TaK M MONEepeyHoe MoJie, TO KpH-
THYECKHE NoJIA A Heo6paTHMOrO MOBOPOTA BEKTOpA HaMarHUYEHHOCTH
YAOBJETBOPAIOT YPaBHEHHIO

R34 R =1,
rie
Hx Z QKI
hx:H_’ h.=-* H HK:W_'
HaiiTn ypaBHeHHe KacaTenbHOH K acTpoOHJE.

*9.17. PaccMoTpeTb CHCTEMY MOHOJOMEHHBIX YaCTHI, HMEIOWKX
¢opMy YAJHHEHHBIX 3JIMICOWAOB BPAIIEHHS C NMOJAPHBIMH TOJYOCAMU
@ ¥ 5KBaTOpHaJbHEIMH noayocsMu b. IlycTb nonsipHble ocH Kaxjoi
YacTHIUbl NMapaJiieJbHbl HEKOTOPOMY HAaNpPaBIECHHIO, HAalpHMED OCH 2,
M BEKTOD HaMarHHYeHHOCTH JJIS TMOJIOBHHB YacTHIL pacroJjaraercs
BIOJIb [1OJIOXKHTEJIbHOTO HaNpaB/J€HUs OCH 2z (MojJHas HaMarHWYeH-
HocTh M.;), a Ana ApYyroft MOJIOBUHBI 4HacTHI — BAOJIL OTPHIATENb-
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HOr0 HanpaBJeHHs OCH 2 (nosJHas HaMarHMueHHocTs M. ). CuHTaTs
CHJBl B3aUMOJEHCTBHS MeXJy 4YacTHUAMH H KDHCTA/JIMYeCKYl0 aHH-
30TPONMHI0 NpPEHEeGPEXKHMMO MaJbIMH; BHYTPEHHHE HANpSIKEeHHS M BO3-
MOXXHBIE HECOBEPIUEHCTBA HE YYMTHIBATH.

PaccyuTaTh H4YaJbHY0 MarHMTHYIO BOCIIPHHMYHBOCTE A, TaKOM
CHCTEMEl, BbIpa3HB ee yepe3 pasMmarHuuHBawoumue dakropsl D, u D,
OTHOCSIILMECH K HanpaBjeHHAM ocelt @ U b. MarHuTHoe noje CyuTaTh.
OPUIOKEHHHIM NePIeHIUKYAAPHO ocH z. HaiiTH uuc/eHHble 3HaueHHS
4 cayuas, Korga a/b=10; 5 u 1. Paccyntath HayajbHYIO BOCIPH-
MUMUHBOCTb JJIS Cjiyuyasi, KOrja nojie npHJIOXKEHO MoJ yrJoM B K ocH 2.
IIpeanoxuTe MOAH(HMKAUHMIO MOALJAM M pacueTa, JJs KOTOPOH BhIlLe-
H3JI0KEHHbIe MPEeACTaRJEHUS INPHMEHHMBI K CJAYyYald MarHHTHO-MATr-
KOro marepHaJja. '

9.18. IlycTe MarHUTHO-MATKHH (¢eppoMarHeTHK COJAEPXKHT HeMmar-
HUTHBIE BKJIOYeHHs B ¢opme cdep pajguyca r, pacnofararliHXcH
B y3JaX NpPOCTOil KyGMueckofi pelmeTkd C IOCTOSAHHOH pemeTku [.
Korjga goMeHHas TpaHHLA [epeceKaeT BKJIOUYEHHE, IJIOLIajb [PaHMILBL,
a CcJeJoBaTebHO, H €€ 3SHEeprus yMeHsIIalTcs.

PaccuurtaTh HayasipHyI0 Mar HHTHYIO BOCIPHMMUHBOCTb A, MaTepHana,
eciM 1ockocTh 180°-HOM rpaHMupl pacnosaraeTcs NapaliesbHO
[OBEPXHOCTH DEIIeTKH BKJIIOUEHHIl,

9.19. Ilycte B MarHdTHOM MaTepHaje HMeloTcs BHYTPEHHHe
HanpsXKEHUs o;, npuueM A0, >0, rae Ay;=0[/[ — MarHMTOCTP HKLIKA
HacelilleHHs, O/ — OTHOcHTeNbHOE H3MeHeHMe JJMHbI ofpasua B Mar-
HHTHOM TIOJIe TIpH HachleHHH. IlpeAnosnoXuM, 4YTO Hanpap/eHHs
TMIPHJIOKEHHOrO BHEIHEr0 HANpANXEHHS ¢ M MarHuTHoro noas H
COCTaBJIAIOT YroJ ¢ C HalpaBJeHHeM BHYTPEHHHX HaNpKEHHH O
pacnipejesieHHe BHYTPEHHHMX HANpSXKEHMH INpeanoJiaraercss OZHOPOA-
HEIM B Npefesax Kaxjoro JOMeHa.

PaccuuTtarts npoussogHywo 0M,/do, rae M, —ocratouHass Hamar-
HHYEHHOCTh, JJIS CJyyasd OJHOrO JOMeHa M JJIA cJyvailHoro pacnpe-
JeJEHHsT BHYTPEHHHX HanpsKeHHH B MaTepHaJe.

—{ d fe— ———)‘d}(—‘

_1H

HAMAEHUSEHUR

AVAVAVAVA

a) o)
Puc. 9.20.1. JTomenrast cTpyKTypa.

a) Ucxopnas, §) nocne DO3HHKHOBEHMS 3aMLIKAIOWHX AOMEHOB.

|
!
1

Hanpasrenie .1eeroio

9.20. PaccmoTpeTh OJZHOOCHBI MarHMTHHIE MaTepuas, JOMEHHas
CTPYKTypa KOTOpOro (B CeueHMM) nokaszaHa Ha puc. 9.20.1 (fomenst
HMEIT opMy NJOCKMX TJIACTHH AIHHE L W Tomuuuel d). Ilpeino-
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JIOXKHM, YTO HAnpaB/leHHe BeKTOPa HaMarHHYEHHOCTH JOMEHOB JIEXHT
BAOJIb HANpaBJEHHS JErkoro HaMarHHueHHs. Paccuutath TOMUMHY
JOMEHOB.

Hanee, nycrs xyGuuecku#t kpucraaa ¢ K; > 0 o6aajgaer 1OMeHHOit
CTPYKTYpOH aHAJOCHYHOrO THNA, INPHYEM [OBEPXHOCTh JIOMEHOB
napanneasHa mjockoctd (100). Paccuutarh TOMUHHY JOMEHOB A/
3TOr0 Ccayyas.

9.21. lns rpaHelleHTPHPOBAHHOH KYGHUYeCKOH pelleTKH, COCTOS-
wefl M3 OJHOTHNHBIX aTOMOB, HalTH MWJ/JIePOBCKHE HHpekchl (hkl)

nJocKocTe#, KoTopnle He OyAyT Aa-
BaTh HeHTPOHHHIX peduiekcoB. Pac-
T-80% CMOTpeTb KOHKpeTHHIH cJaydall KpH-
craisa MnO, ssnsowerocss aHTH-
(heppOMarHeTHKOM C TeMIlepaTypoi
Heens Tny=122°K u mnocrosiHHOH
KpHCTa/NTHYecKo# pemeTkH a=4,43A
(s XHMHyecko#i  3JIeMEHTApPHOIT
siyekH).  OOBACHHTD KapTHHY
JubpaKIHH HeHTPOHOB, HaGmaoxae-
MyI0 TIpH OG/JydYeHHH KpHCTaaIa
1 . MnO neATpOHaMH C JJHHOH BOJIHBI
F 5w B 2w 2z A=106 A (puc. 9.211).
9.22. Hcxoms H3 mofenH Mo-
Puc. 9.21.1. Kaprunm muefitponHoll  JleKyJISIPHOrO NOJIsSt, IOCTPOHTH TEO-
pupaxuud ua MnOQ. PHIO JBYXMNOJpPeIeTOYHOro aHTHgep-
poMarHeTHka (0603HAYHM  IOApe-
wetkd uyepes A u B). O6MeHHOe B3aHMOJEHCTBHe (OTPHILATEJNLHOE)
YYHTHIBATD TOJIbKO MeXJY Pa3HhIMU nojpeietkamu (tuna AB).

9.23. OGOGWHTL pe3yJbTaT A NPOJOIbHOH MAarHMTHOH BOCIIpH-
HMYKHBOCTH aHTH(eppoMarHeTHka, HailJeHHbIH B 33ja4e 9.22, BK/IIOUHB
B paccMOTpeHHe OGMEHHOE B3aHMOjJeiicTBHE BHYTPH IOJIPEUIETOK,
T. €. THIOB AA u BB, onuchbiBass ero npH MOMOIUH NOCTOSIHHLIX
MoJiekyasipHoro noasi Ny, OueHHTb BeJHYHHY NPOAOJBHOH BOCIIpH-
HMYHBOCTH JJIsl CJyyaes:

1) T=0°K; 2) T>Tn 3) T=Tnx 4) S=15; 5) S= o0
(knaccHyeckHil cayyaf).

9.24. TlokasaTb, 4TO NIPH HH3KHX TeMIepaTypax Ionepeynas mar-
HHTHast BOCHIPHHMYHBOCTb 06pa3ua JBYXMOJpELIETOYHOr0 aHTHGeppo-
MarHeTHKa Jaercsl COOTHOLIEHHeM

_ Ngtpy
L 421,

T=291K

Hrmencubinocme, yen.ed

rje 2 —4HCa0 GMHKAHIIMX COCEeJHHX HOHOB.

*9.25. AHTH(pepPOMATHETHKH, OG/ajaloUHe PAHEIEHTPHPOBAHHOM
KyOHYeCcKOH peweTkoil, yJ06HO ONMHCLIBATh, BBIAE/SIS B PEUIETKE Mar-
HHTHBIX HOHOB aHTH¢eppOMAarHeTHKAa uveThipe nojpewetku: A, B, C
H D, xak nokazano Ha pHc. 9.25.1. B Takoll cTpykType B3aHMO-
JeficTBHE MeXJy KaTHOHAMH, O0Gpa3yIOLHMH BTOPO# CJOH OMHXARUIMX
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cocezneit, sABasiercs Gosiee BaXKHbHIM, YeM B3aHMOJEHCTBHE MeXAy OJIH-
KAALIHMH COCE/SIMH.

ITokasarb, UTO NMpH TeMmnepaType Bhuile ToukH Heenss ansa mar-
HHTHOH BOCIPUHMUYHBOCTH NOJy4Yaercss oGblYHOE AJiA aHTHeppomar-
HETHKOB BhIpaxeHue, T. e. 3akoH Kiopu — Beiicca, B KOTOpOM

8 =1/,C(Nap+3Nu),

rae N 45— NOCTOSIHHAS MOJIEKYJISIPHOrO NOJIS, YUYHTHIBAOWAA B3aHMO-
JeHCTBHEe JAaHHOrO HOHA (M3 pelleTKH A) ¢ HOHAMH BTOPOro CJIOH,
a N, — noCTOSIHHAasi MOJIEKYJISIpPHOTO NOJISl, YYHTHIBAIOWIAA B3aHMopeM-
CTBHE MexAy OJNMKARIIHMH COCEISIMH.

Puc. 9.25.1. Tunu ynopsgoueHus B anTudeppoOMarHeTHKaX.

Ha puc. 9.25.1 .nokasaHbl Tpu THNA MAarHHTHOrO YNOPSAOYEHHSA
cnvHoB nmo noapemetrkam A, B, C, D. Cayyail (@) M Ha3oBeM Tnep-
BbIM THIIOM yNOPANOYEHHSA, CAyYal (6) — yJYUILIEHHEIM TEpBBIM, THIIOM,
(6) —BTOpPHIM THOM yNOPSAOYEHHS.

Paccyurarp Temneparypy Heeas ansi 3THX Ppex THNOB ynoRAjo-
YEHHS W BbIBECTH YCJIOBHSl, HEOOXOAHMbIE AJISl OCYUIECTBJIEHHS Kax-
JIOr0 H3 3THX CJIy4yaes. _

*9,26. PaccMoTperh npocTOH ABYXMOAPEIIETOYHBIH (eppuMarHe-
THK ((eppuT); nycTb Ngp, Nas U Npg— NOCTOSIHHBIE MOJIEKYJISIPHOTO
noJiA, oTBevaioUHe OOMEHHbIM B3amMmojeicTBusM THna AB, AA
H BB coorBerctBeHHo. [loka3aTh, yTO NpH TeMneparypax Bhlle
Toukn Kiopu — Heens Tpy MarHutTHasi BOCIPHUMYHBOCTDL ¢eppHMa-
THETHKa HMeEET BHJ
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rae C, %, 0, 6" — koncranTtel. [TokasaTs Takxe, yTo I/l HAEHTHYHHIX
IOJIPEIETOK 2TO BbipaKeHHe npeolpasyeTcs B BhpaXKeHHE j/1s aHTH-
(eppomarHetHka. [laTh reoMeTpUUYECKYI0 HHTEpPNpeTauMIO ypaBHEHUS
IS BOCHPHUMYMBOCTH (beppHMarHeTHKa.

9.27. Ilonw3ysck pe3yabTaTaMu 33jaud 9.26, nokasaTb, YTO YCJO-
BHe cymecTBoBaHust ¢eppumarnetuama (Tpy>>0) cBOAMTCA K BHINOJ-
HEeHHIO COOTHOIIEHUSA

af=1, rne a=Naa/Nap, B=~Npp/Ngs.

*9.28, [loka3ars ANf JBYXIOJPELIETOYHOrO (PeppHMAarHeTHKA, YTO
ecJId
a > Mg (0)/M,(0),

1o npu T=0°K M, <<M4(0); 3nece M, (0)=N 4gupSa, Mg(0) =
= NpgupSp. O6CyIuTh NOBeferRKe pe3yJbTHPYIOUWeH HaMarHHUeHHOCTH
B6a13n abconoTHOro Hynd. IlpelnoKUTh BapHAHT MAarHUTHOH CTPYK-
TYpbl, CTabUJbHOH npu o> Mp/M,.

9.29, Ilpunumas, uto Mojexkyaspuse noias H,, ¥ H,g AByxnoa-
peweroyHoro ¢eppuMarHeruka npd T =0°K paBHbl N0 BelHuMHE,
N0Ka3aThb, YTO

M 4O/ M(0) = (N s+ Npg)/(N g5+ N 44).

Hai#itn M4 (0)/Mg(0), ectn npoussognas dM/dT — 0 no Takomy
e 33KOHY, uT0 U T — Tgp.

9.30. Ilokasare pgns ¢QeppumarHetuka, uyto ecau N »p(T) =
= Ny5(0)(1+pT) u a, p=const, 10

11 P

¢ =T oo
rae C, 1 C — COOTBETCTBEHHO 3HAUYeHHH Ha0MofaeMoll U BLIUMCJIEHHOR
nocrostiHoi Kiopu,

0y = — &5 [CaN 44 (0)+ CN 5 (0) -+ 2CACN a5 (0))

10. MaruuTHni pesonanc *) [18—21]

O epunuuax. B JMTepaType IO MarHMTHOMY pe3OHaHCy NMOYTH BCETAA HCMOJb-
aywtes éautunn cucremsl CI'C. Opnako Bce GoJee  paciuMpsiomeecss NpuaMeHeHHe
paunoHau3upoBaHHoi cucTemn MKC, wumeiowiell onpejenenHule NpeHMyu(ecTBa
NPH YHCJOBHIX PacyeTax, TIOK33aJoCh aBTOPY CTO/h BaXKHLM OGCTOATE/BCTBOM, YTO
OH cyesl LenecoolpasHHM HCIOJNB3OBATh ee B HacrosiweMm pasnele. OTBeTH 6yayT
AaHHl B OCEHX YNOMSHYTHIX CHCTEMaX, W M CTy#eHTa, KOTOPHH IpeAncdHTaeT
cucteMy CI'C, He coctaBur ocoGoro Tpyaa NepeiiTh K 3TOH cucTeme,

0O6o3HaueHns:

T;—BpeMs CIHH-pelleTOYHOA HJM NPOROJLHON pesaKcalHu;
T, —BpeMsl CIHH-CIHHOBOA WJIH NoNepeyHoR pesaKcauuH;
YPer Ya— THPOMAr HUTHBIE OTHOIIEHHUS A/ 3JEKTPOHOB U sjep;
» pg—MarHeToH Bopa (MarHHTHHA MOMEHT 3JIeKTPOHA);

[n— SIZEPHLI MATHETOH (MarHATHHA MOMEHT NpOTOHa).

*) P. T. Squire (Bath University of Technology).
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10.1. CurHan sgepHoro pe3oHaHca As™ B o6pasie GaAs B mar-
HHTHOM TI0JI€ C HHAyKuMeA B 1 ma naGmojaincs NpH TeMmmeparype
300 °K.

OueHHTb BENHUHHY HANpPSKEHHsI, COOTBETCTBYIOMYIO MAaKCHMYMY
TOTJIOWIEHH 1, KOTOPOe GYNeT HHAYUHPOBAaTLCS B HACTPOEHHOH KaTylIKe
BO30yxjaeHHs, uMeiomeii 10° BHTKOB Ha MeTpP, HHAYKTHBHOCTL 1 mMKeH
u jpoGporHocts Q, paBuyio 100. ®axTtop 3anoanenuss F=0,5.

Honoanumensrvie dannvie:  y (As™)=45,7-108 pad-cex?-ma1;
J=3/y; Ty=0,1 cex; nonywmpuHa JnuHHH AB =3.10% ma; nnor-
HocTh Kpucraana GaAs p=5,3.10% k2. m3,

10.2. SnexTpoHHbii crniHHOBHE pe3onaHc (DCP) spaserca opuum
H3 HauGoJee YYBCTBHTEJNbHEIX METOJOB ONpENEeeHHsI NpPelH3HOHHEIX
KOJIHYECTB  MATHHTHRIX  [pHMeceil
B KPHCTaJJIHYECKOH DEIIeTKE HCXO[-
HOTO BEIECTBA.

Ouenntbs MHHUMAJBHYIO KOHIEHT- § I
paunio atomoB ¢ocdopa, kotopylo  S@icmseyt $L L []A’

MOXHO OGHApyXHTb B  KPEMHHH
[IPH CJAEAYIOWIHX YCJOBHSAX.

PImeetcs 3CP-cnektpomeTp
(puc. 10.2.1), B KOTOpOM reHeparop,
paboTalollHii Ha pe30HaHCHOH ua-
CTOTE @, TNOJaeT TOK nocrofad- Puc. 10.2.1. Oxeupanmentan cxema
HOH aMIIMTYAsl [, B HACTPOEHHHLIH SCP-cnexTpomerpa.
KOHTYp ¢ HOGPOTHOCTBbIO Q (ILyHTH-

POBaHHEIH CONpOTHBJIEHHEM R), KOTOPHIH COeIMHEH C JHHEHHLIM JeTeK-
TOPOM yepe3 BXOIHOE cOnpoTHBJAeHHe R.

a) 3anucaTbh BHIPAXEHHE /51 H3MEHEHHS! HANpSKEHHs, 00YCJIOB-
JIEHHOTO MAarHHTHBIM PE30HAaHCHHIM IIOIJIOWIEHHEM, IPH NPOXOXKIEHHH
CBY BosHbl uepe3 pesoHaTop ¢ 06pasiuoM.

6) 3anHcaTh BbIpaXKEHHE JJISl HAaNpSKEHHS IIYMOB Ha BXOJe
IeTeKTopa.

B) BhiBecTH BHDaxKEHHE AJS MHHHMAaJbHOTO YHC/IA PETHCTPHPYEMBIX
3JIEKTPOHHBIX CIHMHOB N, €CIH OTHOLUEHHE CHrHajl —lyM pasHo 2:1.

r) PaccyHTtaTh COOTBETCTBYIOMIYIO KOHIEHTpaiHio aToMoB ¢ocdopa
B KPEMHHH.

Honoanumenbnsie dannsie: Temneparypa T =4,2 °K; wy/2n = 10 lay;
MowHocTh Ha Harpyske P =1 msm; Q=5000, oOpeM pesoHaHCHOI
nojoctn V,=3 cm?®; dakrop 3anoanenuss F=0,b; mHpHHA mOJOCH
nponyckaHusa jerektopa b =1 ay; koa¢gmument wyma G = 50; wHpHHA
pesoHaHcHOK JuHUH Aw=8 Mey; sauepHnii cnuH docpopa J=1/;
T,=5-10¢ cexr. '

©10.3. Vcxoxst M3 BhIpaMEHHS JJs1 CIIHH-TAMUJALTOHHAHA

[8Hg,

Aemermap

H',=gS-B+D|[Si—5S(S+1),

OnpefieIuTh HEPreTHYECKHE YPOBHHM NapaMarHHTHOTO HOHA ¢ 3ddek-
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THBHBIM CIOMHOM S =3/,, HaXOHfLIErocs B KpPHCTAJJIHYECKOM IoJe
C 0CEBOH cMMMETpHeli NoJ JeACTBHEM NOCTOSTHHOTO MarHHTHOro noJss B.
Paccmorpers ciywau, korza: a) B0z, 6) B|Ox. Cxemaruyecku
H306Pa3uTh 3HEpPreTHyeckHe YPOBHH JJIs 3HaueHuit B, Jexamux
B uHTepBasie or 0 1o >D/gB. Ilpunsith BO BHHMaHHe, YTO MaTPHY-
Hule 3jeMeHTHl A5 Si—1/3 S (S 1) TabynupoBann (cM., Hanpumep,
[21]). YuecTs Takxe, yTO B OGOHX C/lIyyasiX HETEPMHHAHTHOE YypaB-
HeHHe pacrnafaeTcsi Ha IPOCTHIE MHOXHTEJIH.

*10.4. OnpepesuTs BePOATHOCTh HHAYIHPOBAHHHX NeEpexofoB W,y
(B exMHHMLY BDEMEHH) MEX]IY 3€eMaHOBCKHMM COCTOSIHHSIMH |a ) H {b ).

Ilepexonsl MHAyUHpYIOTCH CJaaGLEIM
Y  BHemHMM nepeMeHHnM noNeM B,

AT 3 UMPKYJISIPHO MOJSPH30BAHHLIM B
”'25I7> Mﬁlz >+Mg! 3)3 ILJIOCKOCTH, [IePIIEH UK Y15l PHO# CHJIb-

; HOMY TIOCTOSHHOMY  MarHMTHOMY
) 1oJIIO.
20y .
a gz|i>,g_ J7|L>, a ]Jl_l PaccmoTperh  KOHKPETHBIH — Ca1y-
Z 2 2/;  vai xpucTasaa pyGuHa (KpHCTal-

Juyeckasi perierka — kopyup Al,Os,

Puc. 10.4.1. Duepretuueckue yposuw AKTHBHAafA InpHMech— HOHH Cr3t),

TBEPAQTE/LHOTC Jasepa. Ha puc. 10.4.1 usobpaxenn 3Hep-

retuyeckie ypoBiu Cr3+ B Al O,

B TBEpAOTEJbHOM Jasepe. [leiictBHe 3Toro npuGopa OCHOBAHO Ha

¢MHBEPCHH» HaceJeHHoCcTed ypoBHeH 2 M J, JHOCTHraeMoil B pe3yJb-

TaTe BHEIUHEH «HAKauKH», NEpPEeBOASILIEd 3JKTPOHH ¢ ypoBHs [ Ha

ypoBeHb J; IIPH 3TOM HACeNEHHOCTH 7, H Ny YPAaBHHBAIOTCA H BO3HH-
Kaer MHBEpCHS: Mg > fl,.

Onpepenuts:

a) MOImMHOCTL MHKDOBOJIHOBOH HAKayKH pe3oHaTopa, TpeGyemylo
AJsl CO3JaHHA DAa3HOCTH HaCeJEHHOCTEH Mz —n;, COCTAaBJIAIOLIEH HE
menee 109% OT paBHOBECHOrO 3HAYEHHS;

6) MOIHOCTbL, aKTHBHO morJiomaemylo uoxamu Cr®* npu Hakauke.

Jlonoanumensnsie dannsie. Cuntats, uto nepexop I <> 3 xapakre-
pu3yeTcsl JiHHMe# JopeHHeBo# (OpMEI C MOJYIIMPHHOU (Ha IIOJIOBHHE
BLICOTHI), paBHOH 50 Mey, M uyactoTolt pesakcauud © =50 cexL.
Cunrath Takxxe, yTo ofliee KoJuyecTBo HoHoB Cr3+ B o6pasie n = 1020,
o6bem obpasua 5 cu®, npubop paGoraer npu Temnepatype 4,2 °K.
Biusinue ypoBHeit 2 u 4 He yuutnBath. CuHTaTh, YTO JOGPOTHOCTH
pesoHatopa Q=1000 ¥ uTO pe3oHAaTOpP UEJMKOM 3anoJiHeH of-
pasuoM.

10.5. N npoBepKH TEOPHH YIUHDEHHs IHMIIOJLHOH JHHHH XOpO-
mK¥M MaTepuanoM spiasiercsi ¢ropun Kanawuus CaF,. EguHcTBEHHEIMH
MarHMTHBIMH SIDaMH B 3TOM cJaydae sBasiorcs F1%(J=1/,), Kotopue
06pa3yloT KyOH4YECKyIO PeieTKY ¢ NOCTOSIHHOMH pellleTKH, paBHoi 2,73 A.

OuenuTh MHPUHY JUHHM SIEPHOro pe3oHaHca jgas F'¢ B gByx
Cayuyasx:

a) oyeHsr NMPHOJHKEHHO, YYHTHIBAS MAarHUTHOE AMIOJLHOE B3aUMO-
JeHCTBHE JIMIIL COCeRHHX nap sigep F1%,
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6) BOCNOJIL30BATHCS BhIpaXceHHeM Ban-®uieka 1J1si BTOpOro MomeHTa
(cM., Hanpumep, [19, 20]).

Paccmorpets MoHokpucrann CaF, M yuecTb nepBHX mecTb cocefe,
CJEAYIOWUX 32 OnmxaniuuMy . CYHTaTh noJie B HanpapJeHHbIM BJOJb OCH
Ky6a, a Marepuas — nomuKpucramioM (y=2,67-10° pad.cex ‘ma-t).

10.6. TemneparypHbIi X0 LIMPHHBI JIMHHH SAEPHOTO MarHHTHOTO
pesoHanca Ha sapax Na® B wmeraqsMyeckoM HaTpHM II0OKa3aH Ha
puc. 10.6.1.

Hatb KauecTBEHHOE OGDBACHEHHE OC- g, 4% pujoen”
HOBHBIX ocobeHHOcTeH KpuBoH. Pac- T T
CYUMTaTb nNpUCIHKEHHO 3HAayeHHe Ko-
spdunuenra aupdpysuu D, Hatpus,
nosnarasi, Yyto TEMIepaTypHas 3aBHCH-
moctk D jpaercs BupaxenueM D —
= Dyexp(— Ep/RT), rne Ep— sHep-
rMsl aKTHBAlMH, CBS3aHHadA c AUPdy-
3uelt, R — yHHBepcasibHas rasobas no-
crosgHHasg. CuMTaTh Takxe, YTO BpEMSA
penakcamuu T, Aad Audpdy3uH pasHO w0 B0 200 W
r?/8D, rae r (paccTosiHue Mexny GJH-

XaAllMMH aTOMaMH HaTpus) pasHo Puc. 10.6.1. Illupuna nosocs: pe-
3,7-10-1° g, 30HaHca Na2 B MeTanHyeCcKoOM

*10.7. B HEOJHOPOJHOM  3JIEKTDH- Han"“;(aﬁMi]p;';}Lﬁe:;e: Ay mw
yeckoM IIoJie 3JEKTDHUEeCKHH KBajpy-

NOJIBHBIA  MOMEHT fJlep, HMeIOUHNX
J >1/,, BoI3bIBaeT ylUHpeHHe JHHHH sijepHOro pe3oHanca. Ilpu nepe-
X0lax me>m —1 BeIUYHHA YIIMPDEHHS OIKCLIBAETCS BhipaKeHHeM

ﬂ 1 1 l

3Q(2m—1)
Ave=gr@r=na =

riae Q — 3JeKTPHYECKHH KBaApYNOJbHBIH MOMEHT sigep, V,,— ycpen-
HeHHHIHl N0 A4paM TpajueHT 3JEKTPHYECKOTO MOJIf.

Takoit apdekT Habmopajcs Ajd pe3oHasca Ha sjapax In'ls g InSh
[22], npuuem rpapuent V., Gbla oGycioBieH BBeseHuem npumecH Te,
YpennueHHe KOHUEHTpaUWH Te KOHTPOJHPOBAJIOCH NyTeM H3MepeHHs
BEJIMYUHBL P —- MAKCUMyMa NTPOU3BOJHON OT aMIIUTYAR JIHHHH INOIJIO-
UIEHHA N0 4acToTe. _

Ouenuntb peqauuuHy V., npeanosnaras, 4To NpH KoHIeHTpauuH Te,
paBuoit 10%* »-3, Bk/Naa BeJHYHHE P, BO3pacTaioWeil NpH nepexofax
3/, «» 1/, yMeHbIIACTCA JO OAHOH TpeTH 3HaueHHs B ofpasue Ges
npumeceli. CpaBHUTH HaiileHHOEe 3HaueHHe V., C BeJHYHHOH, KOTO-
pasg nosyuaercs TIPH HCNOJb30BAHHH MOJENH TOYEYHOro . 3apszna
AAs NOHOPHHIX aToMOB Te, H OOBACHUThL NPHYMHY PACXOXIEHHS B 3Ha-
YeHHAX V.., NOJYYEHHHIX C NOMOUIbIO Pa3HEIX METOHOB.

Honosrnumenohsie Oanuvie. POpMy pe30OHAHCHON JMHHH CYHTATH
rayccosoit, J =% Q=12-10" x.x? Aw (GecnpuMecHoe) =
=4,6-10° pad - cext;, qusjeKTpHueckas nponunaemocts InSh £ =15,9.
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10.8. PaccMorperb cHCTEMy 3JeKTPOHOB (S=1/,) H nporoHoa
(/ =1/;) c pacnosoxeHHeM 3HEPreTHYECKHX YPOBHel, [OKa3aHHLIM
Ha pHc. 10.8.1. PaccMoTpeTh Takxe MEXaHH3M CBS3H, KOTODHIH Jomy-

me m, ~ CKa€T BO3MOXHOCTb  BO3GYXKJe-

; HHA nepexojoB I «> 4.
e i) Paccunrars MaKCHMaJbHOE
Té‘ g1 yBeJIHUEHHE HHTEHCHBHOCTH CHI-
z Hala TIpH SAJIEPHOM pe3oHaHCce,
06YC/IOBNIEHHOE HACHULEHHEM IIe-
A pexoja I «» 4, NpeanoNOKHB, UTO
pelaKCcalusl YHCTO 3JEKTPOHHBIX
nepexofoR ([ <«>3 u 2« 4) npo-
.l wucxoaut MrHosenHo. Kakosa Gy-
Ta 2, Jer s50xDeKTHBHAsg CIIMHOBAfl TEM-
*7 Tlepatypa [POTOHOB H CTeleHb
Puc. 10.8.1. Duepretuueckue yposuy cy- HX MOJMADHIAUHH P, ecan sKc-
CTeMHl ITPOTOH — 3JIEKTPOH. [NIEpHMEHT NPOBOAHUTCA B MACHHT-
HOM T1ione, paBHOM 1,2 ma, npu
temnepatrype 4,2 °K? IIpHHATbL BO BHHMAaHHe, 4YTO BeJHYHHA P
onpejessieTcss KaK OTHOWeHHe (n, —n_)/(ny-n.), rie n+ — HaceJeH-

HOCTH COCTOSIHHE sJep, HMEeWIHX my;= "t 1/,.

10.9. PacCuHTaThb OTHOCHTE/NbHYIO DPa3HHIY B IOJOXEHHH JIHHHA
AnepHoro pe3onanca Na% B MerajsiHuecKOM HATDHH H BOJHOM pacT-
Bope NaCl. Uro npoH3oiifier ¢ 3TOH BEJHYHHOH B CJYyuae HachllleH-
HOTO 3JIEKTPOHHOro pe3oHaHca? Hackoibko OyJeT cMelleHa JHHIA
3JIEKTPOHHOTO pe30HaHca MO CPABHEHHIO C e MOJOXEHHEM B clyuyae
cBOGOIHOrO 3J1€KTPOHA, NPH HAJTMUKH CBEPXTOHKOIO B3aHMOAEHCTBHA?

Temneparypy cuurare paBno#i 300°K. Cunrarb Takxe, uTo A1
METalJa MOXXHO BOCIOJBb30BAaTbCA BOJHOBOA (yHKIHEH CBoGOJ-
HOTO 3JIeKTpOHa. KOHCTaHTA CBEDXTOHKOrO B33aHMOAEHCTBHA 171
Na? 4 =0,0296 cx L, J =3/y,v, = 7,06 - 107 pad - cex! - ms~'; BOCIpHHUMUH-
BOCTb 3JIEKTPOHOB NIPOBOAMMOCTH XS = 1,19 - 10-5 06bemubix eaunuit MKC.

*10.10. Omnpexenants NEpPBYI0 KOHCTAHTY KPHCTAJJIOr PadHYecKoH
MArHHTHOH aHH30TPONMHH KoGasabra Kj MO M3MEDEHHAM 4YacTOThl (ep-
POMarHHTHOIO pe30HaHca Ha cgepHueckoM obpasie. BeiBecTH uiH
HAaHTH B CIIPABOYHHKE NOAXOAAIYI0 GOopMYJY AJs YacTOTHl PE30HAHCA.
M3 Tabnnubl pasMarHHYMBAKOIKX (PAaKTOPOB LIS 3JIIHICOHIOB Bpalile-
HHA (CM., HanpuMmep, [18]) ompemennTh CTeNeHb OTKJIOHEHHA (OPMbI
o6pasia oT chepHyecKoi, NpH KOTOpPO# pe3oHaHCHAsA YyacroTa obpasua
OTJHMYanach Obl OT YACTOTHL JAPDMOPOBCKOMH NpELieCCHH MeHee ueM Ha 109, .

[lycts npuioxeHHOe IIOCTOSIHHOE MarHuTHoe mnose B,, Hanpas-
JIEHHOE BJOJIb HANpaBJEHHS JIerKoro HaMarHHYHBaHHA (OCH 2), SBJA-
€TCs JOCTATOYHO CHJIbHBIM, YTOOHB CO3AaTh HachiueHue. Ileprnengu-
KyJaapHo noJo B, npuiaoxeno cjaaboe Bo36yxaaolee BEICOKOUACTOTHOE
noje B,. Bausunem K npene6peun (Kj = 4,1-10°0x - »3, Hamarun-
YEHHOCTb Hachiennss Mg =1,4-108a. »71).

IlpexBapuTenbHO 1enecoo6pa3Ho BLIBECTH BbipaxeHHe s 3¢dex-
THBHOTO 110JI1 aHH3OTPONHH H 3alHcaTh ero yepes 3pdeKTUBHHE pa3z-
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MarHMuHBalomye pakTopu, NpHHUMAs BO BHUMaHHE MOMEHT BpallleHHs
ofpasua, oOyclOBJIEHHBI# aHU30TPONMEl.

10.11. Ha puc. 10.11.1 noxasaH cnexTp CIHHOBHIX BOJH B TOH-
Kot nyenke nepmannos (809% Ni, 209% Fe), monyuennnii npu mpusio-
EHMH MarHuTHOro nojs ¢ ¢guMxcuposannoit wactoroit 24,0 ey nep-
NEeHAUKYJIAPHO K IUIOCKOCTH MJeHKH. TosuuHa myeHkd 1480 A.

HCUILHUE Lxl‘/fuﬂb’ﬂﬂé‘,_)}

§ 0% 1
S g
Sl A
] Y
]
S
N
12 14 ) 18

8., mn

Puc. 10.11.1. CnuHr-BONHOBOf CNEKTP nepMannos.

a) b ————-%
N/
Vs
— T T T T T Iz
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S d
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R £
k)
3 " ;i
§|@ f
1 1 1 1 i I\ A VZ
5 4 2 0z 4 &
U, MM/CEX ' A

Puc. 10.12.1 Mécc6ayspoBckuil cnekTp Metaaauyeckoro Fe®? B HysneBoM noje (a)
H 3HepreTHuecKHe YpoBHM Fed?, HaIOCTpHpYIOUIHEe paspelieHHbie MéccOaysIpoBCKHe
nepexoasi (6).

Ctpesnka Ha pHc. (a) NOKa3bBaeT NOJOXKEHHe BHeUlHe# JHHHH B NP KIOKEHHOM NoJie, PaBHOM 2 ma

Paccuntarh 3HaueHMe HaMarHMYEHHOCTH HacbieHuss M, obpasua
H OoOMeHHBI MHTerpaj J,, HCIOJb3ys XapaKTEPHUCTHKH CIEKTpa, IpH-
BefleHHule Ha puc. 10.11.1 (6yabTe BHMMaTesNbHbl M NPaBHJIBLHO MIEH-
tuduuup yiite Moan CBY nonsa). Ilpunars g=2,1; S=1/,, nocrosx-
Hylo pewieTku a=3,5 A.

10.12. Méccb6ayapoBckuii cnektp Fed? B MeTannnueckoM xenese 1 co-
OTBETCTBYIOIIME SHEPreTHYECKHE YPOBHH NpejcTaBaeHs Ha puc. 10.12.1.
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PaccunraTs: a) 3HaK H BeJHYHHy IOJIS CBEPXTOHKOrO paCUieN/IeHHs
Ha ganpax Fe%”;, 6) g-GakTop nepBoro BO3OYXKAEHHOTO COCTOSIHHSA;
B) HaHMEHbIEE 3HAYEHHE BPEMEHH JXH3HH BO30YXKAEHHOTO COCTOSIHHS,
IlpruusaTh g-dpakTOp OCHOBHOrO COCTOsSIHHA paBHbM 0,181.

11. dnexTponHas TeopHs MeTannoe *)

11.1. BriBecTn BhipaxeHue jpJisi 3Hepruu DepMmu Ans mojenH CBo-
GOIHBIX 3JEKTPOHOB METajsa IPH abCOMIOTHOM HYyJEe TeMIepaTyphl.
Hcnonn3ys paHubie ta6n. 11.1.1 # jgpyrue KOHCTAaHTH, BHIYHCIHTD
aHepruio PepMH /14 LHEJOYHLIX MeTaNIo0B. [IpenioHTh METONB H3Me-
peHus sHepruH PepMu 118 3ITHX METANJOB.

Ta6amma 11.1.1

Merann Li Na K Rb GCs
ITnoTHOCTS, 2-CcM 3 0,534 0,971 0,86 1,53 1,87
ATOMHHIt Bec 6,539 22,99 39,102 85,47 132,905

11.2. Haiitu BbipaxeHHe 1 OTHOMEHHS KOPPHIIHEHTOB TEILJIO-
NPOBOXHOCTH H 3JIGKTPOIPOBOAHOCTH (%/0) AJAS MOIENH CBOGOAHBIX
3JeKTPOHOB MeTasna. BriunciauTs 3Hauenue uncnaa Jlopewua

L=w0oT,

rae T —.abconoTHas teMmnepatypa. OOBACHHTb pacXOXJeHHE MeXIy
BRIYHC/ICHHHIM 3HAYEHHEM H 3KCIIEDHMEHTaJbHO H3MEepPEHHLMH 3Haye-
HHAMH L gns Na npH HH3KHX Temneparypax (ra6n. 11.2.1).
3Hauenua yncia Jlopenua B3AThl H3 paborth [23].

Ta6aunma 11.2.1

T, °K 10 20 30 60

L% gm . om - 2pad2 1,7-108 0,7-1078 1,0-108 1,2-108

11.3. Cuuras cepeGpo OJHOBAJEHTHBHIM METAJLJOM CO ChepPHYECKOMH
noBepxHOCThI0 PepmH, BLIYHCIHTH CAEAYIOUHE BEJTHYHHLL:

1) snepruio $epmu H Temneparypy Pepmu; )

2) papuyc kr cbepst PepMH B R-IpOCTPaHCTBE;

3) ckopoctb PepmH;

4) mjowajab IONEPEYHOro CEeUeHHs NOBepXHOCTH Pepmy;

5) UHKJOTPOHHYIO 4actoTy B nojae H = 5000 3;

6) cpenHIO AJHHY CBOGORHOro npobera 3JEeKTPOHOB IIPH KOMHAT-
HOH TeMmneparype H BOJH3H aGCOJIOTHOrO HYJS TEMIEparyp,

*) P. M. Lee (University of Lancaster).
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7) paaMyc IMKJIOTpOHHO# opOuTel B nose H = 5000 3;

8) nuHy pe6pa KyGuUYecKOH 3j1eMEeHTapHOH AuYeHKH;

9) AJHHY BeKTOpPOB OOpDaTHOH DeIeTKH NepBHX [OBYX KOODAHHA-
IKHOHHBIX cdep B K-IIPOCTPAHCTBE;

10) o6nemM mepBo#t 30HW BpuiiosHa.

Hcnoan3oBath B pacueTax cjelyiouue JaHHbe 1js Ag: NVIOTHOCTb
10,5 2.-cm3; aromHuii Bec A =107,87, ynesbHoe CONpPOTHBJ/IEHHE
p=1,61-10% om-cmu mpu 295 °K u 0,0038-10-¢ omx-cm npu 20 °K.

11.4. TokasaTs, 4TO CpenHfifi SHeprusa &, NpuxofAmIasca Ha ONHY
gactuny npu O °K 451 3/€KTPOHOB, NOAYHHSAIOIUXCH CTATHCTHKE
®epvn — upaka, paBHa 8 =3/€r(0), rue &p(0) —sueprus depmu
mpu T=0°K.

IMonaras & (T) (cpenHiol0 3HEPrHi0 3JEKTPOHA NMPH KOHEYHOH TeM-
neparype) paBHO#

€ (T)= % € (0) [‘ + %’ (a’i:m)a}’

HafTH BeauuyuHy OTHOweHUSA (C.)rp/(Cp)x, AJAA 3JIEKTPOHHOro rasa
c sHeprued Pepmu, paBHOH 7 38. (C,)rp — yA€/JbHAs TEMJIOEMKOCThb
rasa, COCTOSIIIEr0 H3 YaCTHI, NOIYMHSAIOUIHXCA cTaTHCTHKe Depmu —
HOupaka, a (C,), — yAenbHas TENJIOEMKOCTh rasa, MNORYHHSIOLErocs
KJAacCHYeCKOH CTAaTHCTHKe.

11.5. BblYHCAMTE TOK TEPMO3JEKTPOHHOH 3MHCCHH OT BOJIbPAMO-
BO¥ NpOBOJIOKH JnuHO#M 3 cm u paguycom 1 mm, Harpero# po 2 000 °C
" (paboTy Bhixoga ¢ A8 BoJndpaMa NPHHATb PaBHOR 4,5 38).

11.6. IlokasaTh, YTO 3JEKTPOMarHUTHas BOJIHA, Najawwas Ha
NOBEPXHOCTh MeTaJja, OLICTPO 3aTyxaeT IO Mepe NpPOHHKHOBEHHSA
B MeTa/a (CKHH-3(xpeKT). BHIYMCIHTL KJ4aCCHUECKYI0 TJIyOHHY CKHH-
Cnos M MOKa3aTh, 4YTO OHA 3HAYHTEJLHO MEHble CpejHeHd NJIWHBI
CBOGOAHOrO mpofera B YHCTOM METajje NPH HU3KHX TEMIepaTypax.

11.7. Ilokasats, YTO KOrAa K METaJIy MNPHJOKEHO MarHHTHoe
none M, BONHOBOH BeKTOp R JAHHOIO COCTOSHMSA H3MeHseTcs, OIH-
chiBasi B R-NPOCTPaHCTBE OPOMTY, ONpefe/sieMylo nepecedyeHHeM SHep-
FeTHYECKOH ITOBEPXHOCTH INIOCKOCTBIO, MEpNeHIHKyJAApHOA nomo F.
INokasars, uto uMKJIOTPOHHas 3PPexTHBHAA Macca JJIS JaHHOM

OpOGHTH paBHa
. 2 dA
m* =

on d§ '

rie A —nnomans 3Tofl OPGHTH B R-mpocTpaHcTBe, a & — sHeprus.
11.8. Haitu naBJieHHe rasa 3JeKTPOHOB, [MORYMHSIOUIMXCH CTAaTH-
cTuke QDepmu — Jupaka. BulUHCAHTL BEJAHYHHY JaBJEHHS JIA Cay-
Yasg MefH.
11,9, ITonb3ysach KJAaCCHYECKHMH METOAAMH, BLIYHCJIHUTL 4YacTOTY
NPOAONLHBEIX IVIA3MEHHBIX KOJIeGaHHU B 3JEKTPOHIIOM rase C OfHO-
POOHBIM MOJIOKUTENBHO 3apsikeHHmiM (oHoM. Kak, mo Bauemy
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MHEHHIO, TIOBJUSAET HA pe3y/ibTaT KBaHTOBOMEXaHHUECKOE PACCMOTpEHHE
3TOH 3ajauu?

11.10. CorsiacHo npocToil MOAEJH OJHOBAJEHTHOIO METaJJa, COCTOS -
IIEr0 M3 TOYEYHHIX IIOJIOKHMTEJbHHIX ATOMHHIX SAEp, TOTPYXKEHHbIX
B OJHOPOAHBLIH 3JIEKTPOHHHIH ra3 (MOAENb «XKeJe»), CPeIHAS IHEprus,
NpUXOAAILAACA HA OAHH 3JEKTPOH, pPaBHA

R A
10 1 10mr? \ 4n ?
rae r — paauyc chephl, COAEpXKamed OfUH 3JEKTPOH.

HaiiTu paBHOBecHoe 3Hau€HHE ry, MOAYJIb BCECTOPOHHETO CXaTus B
npu 0 °K u cKopocTb 3ByKa.

*11.11. IIpujoxeHHOE IepeMEHHOE I'aPMOHHUECKOE 110JIe (YaCTOThI @)
BBI3bIBAET BO3MYIIEHHE ILIOTHOCTH Tras3a CBOGOAHBIX 3JIEKTPOHOB.
OrpanuuuBasch YJeHaMH NePBOro NOPAJKA 10 BO3MYILEHHIO, T0Ka3aTh,
YTO pEaKUHA 3JIEKTPOHHOrO ra3a Ha TAKOE BO3MYILIEHHE OIMCHLIBAETCH
JIU3JEKTPUYECKOH TNPOHUIIAEMOCTbIO, PABHOH

ane®  fo (Exgq) —To (5s)
8((1), q) q2 ; gk+q_gk——ﬁm .

*11.12. Tlonb3ysicb pesyabTaToM 3ajauu 11.11, nokasaTh, uTo
CTATHYECKOE BO3MYIIEHHE BJIMAET HA AUINEKTPHUECKYIO T1POHHILAEMOCTD,

B De3yJibT4aTe YEro NPOMCXOAHUT NMOJHAS SKPAHHPOBKA BHELIHEro [J/MH-
HOBOJIHOBOrO (@ —- () mossi, Tak yTo npu g — 0

A2
a(q, 0)—)1+_q?1

rae A2=4ne® N (8p) [N (€r) —nnoTHOCTb cocTOsHHHE Ha TIOBEPXHOCTH
Depmu]. ITOT pe3yJibTaT U3BECTEH KaK npubmuxenne Tomaca — Gepmu,

BuiBectd oTCIOA2, YTO BOSMYIIAOMMH NOTEHILMAJ TOUYEUHOTO 3apsaa

e/ B 3JICKTPOHHOM rase HMeeT BHJ

V(r)=2Lexp (—n).
BhiuHcauTh  pajMyc 3KpaHMPDOBaHHS B MeTalle CcO CBOGOAHEIMH
3JIEKTPOHAMH TIPH IUIOTHOCTH 3JIEKTPOHOB, COOTBETCTBYyHOmed Ag
(cm. 3apauy 11.3).

*11.13. TlokasaTb, 4YTO JJIA MOAGNM CBOGONHEIX 3JEKTPOHOB
MeTaslJla AMaroHasbHasi KOMIIOHEHTAa TEH30pa CONPOTHBIEHUS He 3aBM-
CHT OT MAarHHTHOrO noJs (T. €. u4To 3PeKT NONepeyHoro MarHeTo-
CONPOTHUBJIEHHS OTCYTCTBYeET),

*11.14. a) OGBACHUTD CMBICT BPEMEHH PEJAKCALMH T U OGCYAHTH
BONIPOC O TOM, NPH KaKUX YCJIOBHAX 3TO NOHATHE IPHMEHHMO.

6) MHOrHe KHHETHYECKHE SBJEHHS B GJAarOpPOJHEIX METaJIax
MOXHO ONHCAaTb TMpOCTOH JBYX30HHOH MOJENbIO, B KOTODO# ABYMS
TPYNNaMH HOCHTENIEH SBJAIOTCH 06JacTH «I€eKk» (MHAEKC 1) M «B3ay-
THA» (MHAEKC 2) noBepxHocTH Pepmu.
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BriBecTH H3 JAaHHOH MOJENH BHIpAaXEHHE [JIf OTKJIOHEHH# OT
npaBH1a MaTHCCeHA NpH BBICOKMX Temneparypax. Jasi 3Toro Hauo
paccMOTpeTh CJAepYIolHe BONPOCHI.

1) IloxasaTb, YTO BhLIPAaXEHHE€ JJIA OCTATOYHOrO CONMPOTUBJIEHHS
CIJIaBa MOXHO 3aMHCaTb B BHJE

1
po By, 4 By,

rae€ T, U T, —BpPEMEHA peJaKcCalHd JBYX Cpynn Hocuresed, Kaxkumu
napaMeTpaMH 3TOr0 CIJIaBa ONpPENEJAOTCH Koapoduuuentst B, u B,?

2) IlpepnonoXuTh, 4TO BPEMA pejaKCalUd, OOYCJIOBJIEHHOE 3JeK-
TpOH-(OHOHHLIM B3aMMOJEHCTBHEM IIPH BLICOKHX TEMIEpaTypax, OfH-
HAKOBO J/Ifl INeeK H A/ B3AYTHH W paBHO T,. PacCMOTpeTh jpanee
TOBKO pa3baB/eHHbLIE CIJAaBhl NIPH BHLICOKHX TeMIeparypax, i
KOTOPbIX MOXHO CUHTAaTb Ty, Ty > Tp.

3) OrtkJ/0OHeHHe OT mpaBHJa MaTHCceHa MOXHO XapaKTepH30BaTh
BEJHUHHOH OTHOMEHHA A/py, LA

A= Pcnnasa (T) — Pancroro weranaa (T) — Po-

OnpejendTh, KaK 3aBHCHT BEJHYHHA A OT KOHUEHTpal[MH CIVIaBa H
OT TeMIeparypHl.

4) Iloka3aTb, 4TO 06b4HO A =0, H yCTaHOBHTb, B KaKOM CJyyae
A Goabuwe: g CniaBa U3 ABYX METaJJIOB ONHHAKOBOH BaJIEHTHOCTH
(06bIMHO Ty =DT,) HJAH JJA [ETEPOBaJEHTHOro (QObIMHO T; = 21,)
cniaBa. 3Has, YTO B mepBoM caydae A/p,=0,2, onpeaenadrb, Kakas
yacTb TOKa OOYCJOB/ME€HA IIEHKaMH B UYHCTOM MeTajljie, €CJH TaM
3JIEKTPOHBI ABJSIOTCH HEOCHOBHBIMH HOCHTEJISIMH.

*11.15. HaifiTd uHCJIO 3SJEKTPOHHBIX COCTOSHHH (OTHeCeHHoe
K OJHOMY aToMy) BHYTpH ctepbl, BNHCAaHHOA B nepByio 30HY Bpua-
mosHa, aaa T[HK, OLK pemerok W pemerkd THna y-JaTyHH.

KakuM yC/IOBHAM JO/DKHBL YIOBJETBOPATh Pa3/HUHbIE UJIEHBI,
Jaioliiie BKJaj B CBOGOJHYIO SHEPLHIO, YTOObI BHIOJHAIMCH NMpaBHJA
IOm-Posepu nns dasoBbix nepexonoB B GMHAPHBIX CIIaBax?

*11.16. IIpoBoguMocTh MeTajula HE 3aBHCHT OT TOJIIMHW d
ofpasna A0 Tex NOp, NOKAa CpenHAA jJJHHA cBOGOZHOro IpoGera A
He CTaHeT CPaBHUMOH ¢ d.

Cuuras paccesiHHe Ha NMOBEPXHOCTH XaOTHYECKHM, NOKa3aTh, 4TO
ecld CBOOOAHLIH npoGer OKAaHYKHBAETCH HA NOBEPXHOCTH, TO NPOBO-
JHMOCTb H3MEHseTcH c.nenyloumm oﬁpasoM:

[ A

R it R
3JeCk ¢ — [IPOBOAHMOCTb 00pasiia B BHJE TOHKOH IJIEHKH; Oy — MpO-
BOJMMOCTh MacCHBHOro o6pasua, A H Ay —CpejHue JJIHHL npobera
COOTBETCTBEHHO /ISl MJEHKH M JJI MAacCHBHOro oGpasua.

*11.17. PesyabTarel 3agaud 11.7 mokaseBaiT, YTO KOrAa METaJsLI
nomenien B MaruutHoe noie H=(0, 0, H), BOJHOBO# BEKTOp 3J€K-
TPOHa ONHCHIBa€T OpGHTY B R-pocTpaHCTBe, NMpHYeM Kk, H & MOCTO-
SIHHBI HAa BCEM IYTH.

lnz“‘-’-
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Beeasi TperHd napamerp ¢, CBSI3aHHLIA C H3MEHEHHEM HanpasJe-
HHSl BEKTOpa R CJEAYIOMMM COOTHOILEHHEM:

_ Hdk
T mup

(rne dk;— Masoe npupaimeHnHe R, TaHreHUHAJbHOE K NYTH, a Up—
nepneHANKyAspHast K /{ KOMNoHeHTa CKOPOCTH), BBIBECTH ypaBHEHHE
Bonbumana B nepeMmeHHHX &, k, U @ JJf CHCTEMbl, Ha KOTODPYIO
JeficTByeT cJjaboe sgekTpuueckoe mnose E. CoxpaHsasl 4/eHH JHUIb
NepBOro TOPSJAKa OTHOCHTENLHO 3JIeKTpHuecKoro noas E, HalTi
BbIpaXXeHHUs [ MJIOTHOCTM TOKa M TeH3opa nposopumocTH. IToka-
3aTb, YTO B CJyyae 3aMKHYTHX OpOHT, JeXalux B NJ0CKocTH (K, k),
MarHeTOCONPOTHBJIEHHE B CHJBHBIX TOJSX JOCTHraeT HacHIIEHHA,
a B CJyyae OTKPHITHX OpOMT — BO3pacTaeT MpPONOPLHOHANbLHO FZ,
*11.18. ITokasaTb, YTO CONPOTHBJEHHE XHJKOIO MeTasa

2k1.‘
3nm N

p=tirs, % { IS@FIVa@P (L] (L)

A

rae | S(qg) | — kBagpaT abCOMIOTHOM BEJIMUMHE CTPYKTYyPHOro ¢akropa
Ans xuakoctd; |V ,(q) | —kBajapar MaTpHuHOro ajemeHra cJaboro
TICEBJONOTEHIIMA/ILHOTO  B3aUMOJIEACTBHS MEX1Y COCTOSSHHSIMH KR
u k+q; Er—sueprus Pepmu; Qy — aTOMHEIH O6BEM.

CudTtaTh, uTO 1) NOJNHLIA TNCEBIONOTEHIHAJ] SBJAETCS CYMMOH
c1abbiX TNCEBJONOTEHIHAJIOB C LEHTPAMH B Pas/HYHBEIX aTOMHBIX Y3-
Jax; 2) BepoATHOCTL paccesiHHs onpejenasieTcsi GOPHOBCKHM npubJH-
MEHHEM.

Bhunc/IMTL 3HaueHHe p AJ15 HHKA, MCXOAS U3 AaHHHIX Tabu. 11.18.1
(3nauenusn V,(g) B3ath u3 [24], sHauenus N |S(q) 2 —u3 [25)).

Ta6awnuya 11.18.1

atkp V}g;”" NIS @i 9%F Vr}zz;”)' NIS(@) ] 9rF Vr}rz;")' NS
0,0 | —4,69 0,0 0,8 —2,3 0,5 1,6 —0,1 1,0
0,2 —4,27 0,06 1,0 —1,75 0,57 1,8 0,34 1,79
0,4 | —3,65 0,15 1,2 —1,19 0,53 2,0 0,67 1,38
0,6 —2,85 0,3 1,4 —0,6 0,64

*11.19. Ilna MeTanan0B, y KOTOPHX Ha FpaHHle 30HH Dpusamosna
IieJb MEXAY 3SHEPreTHYecKMMH 30HaMH MaJa, CYLIECTBYET BepOu:T-
HOCTb NEpeXofa 3JEeKTPOHa 4yepe3 3Ty IIeJb, €CJIH IIPHJIOXKEHO MarHHUT-
Hoe 1oJie; 3T0 fIBJIEHHE Ha3HLBalOT MAarHUTHRIM Npo0oeM.
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INloka3saTh, YTO MarHUTHBIA NPOGOK MMEET MECTO NPH YCJIOBHH
ho &
&

rie &r—sueprus Pepmu, &€, —mupHHa SHEpPreTHuecKod menH, o, —
IHMKJIOTPOHHAA 4YacTOTa.

*11.20. a) Paccmorperb cJaenyionlylo MofeJb OJHOBAJEHTHOro
Metassa: B ofnweMe Goublloi chepnl pagMyca R pasMenieHsl CBOGOJ-
Hble 3JIeKTPOHBI H OJHOPOAHO pacnpejesieHHhIE TOJIOXKHTE/NbHbE HOH-
HHE UEHTPBl (YHCJO HOHOB DAaBHO UHCJY 3JIEKTPOHOB).

Haiith B nepBoM npHOIHKEHHH TEODHH BO3MYILUEHHH H3MEHEHHE
3Heprud, Heobxogumoe s 0Opa3oBaHHA BaKaHCHH C 3aJaHHBIM
noteHuuaJjoM Bo3amymeHHs V (r). Hcnoabsya acumnrotnueckyio dgop-
My BOJHOBOH (yHKUHH, NPHMEHHTh npaBuso Ppugens aaa daso-
BbIX C[BHFOB H MNOKa3aTbh, YTO BeJHYHHA M3MEHEHHUS IHEPrHH CBO-
RUTCA K BenMuuue 2/3€r, rae 8r—sneprus PepMu. YuTs H3MEHEHHe
SHEePruM, BHI3BAHHOE BO3pacTaHHEM OGBeMa BCJEACTBHE TOrO, YTO
BLICBOGOXKIAEMBIH HOH YXOAHT HAa MNOBEPXHOCTb C{epBl, NOKa3aTh,
YTO NOJIHOE H3MEHEeHHe 3SHEPruH DaBHO

>1,

4
Agv—ﬁg[:‘.
6) 3Has, 4YTO JJA H30TPONHOrO TBEpPAOro Tesa je6aeBCKas TeM-
neparypa © nponopuMoHaJbHa CKOPOCTH 3BYKa, NOKa3aThb, UTO
1/2
ezAgF/ ’

rie A — MHOXUTENMb, 3aBHCAIMHH OT aTOMHOro ofreMa 2 H Maccul
atomMa M. Hcnoab3ys pe3yabpTaT NyHKTa (a), OKa3aTb, YTO BeJIHYHHA

AE, \—172
MQ*3 )

OOJIKHA O6BITh KOHCTAHTOH, H BBIYHCJHTbD €€, HCXOAA H3 JaHHLIX:

Metaan | 6, °K Agv. 9 | Metana | 8, °K Agy. £

Au 165 0,94 Al 428 0,75
Ag 225 1,09 Pb 945 0,53
Cu 245 1,17 pt 229 1,4
Mg | 406 | 089 Ni | 441 | 15

Cunran, uyro Temneparypa 7, nJjaBjeHusi MeTajsa NPONOPHHO-.

HanpHa A&, BhniBecTH cooTHOweHHe JIMHaeMana mexay © u Ty:
9 t Tf \1/2
=const-{—5=] .

(Mszm)
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12. JHepreTHyeckas 30HHAs CTPYKTypa*)

12.1. DJeKTPOH ABUIKETCS B OJHOMEDHOM NEPHOJHYECKOM [OTEH-
L[HAJBHOM II0/1¢, CO3/aBaEMOM aTOMaMH, HAaXOASLIMMHUCS HA paccTos-
HUH d Jpyr OT Apyra.

IlokaszaTb, UTO BOJIHOBHE (DyHKIIHH 3JIEKTPOHOB MOTYT UMETh BHJ
u (x)exp (ikx), rae u(x)—dyHKUHA TOH K€ NMEPHOAMYHOCTH, YTO H
norediuan. Ilpepnosaras, 4To B TpexXMEpPHOM CJy4yae BOJIHOBAfA
(yHKUMA HMeeT aHAJOTHYHLIA BHA: u (#)exp ({Rr), onpenesuTh 3Ha-
YeHHs] BOJIHOBOTO BEKTOpAa R /sl IpaHELleHTPUPOBAHHOH KyGHUeckoil
PELIETKH.

12.2. Ilyctb B TpexMepHO#l KYGHUECKOH pelleTKe (B ejHHHIE
o6nema) comepxurci N aTOMOB, NMpHYEM KaxJuli H3 aTOMOB HMEET
Z BaJeHTHHIX 3JIEKTPOHOB.

BeiBecTH BhipaxeHue najs paauyca chepnt Pepmu (B o6paTHOdR
pelleTke) B NPHOIMMEHHH CBOGOAHBIX 3JIeKTpOHOB. Ilafl cayuyass ABy-
MEpDHOH KBajJpaTHOH peIeTKH TOCTPOHTh (B OGPATHOH peIIeTKE)
noBepxHOCTh PepMH AJs aTOMOB C OIHHM, JBYMS, TPEMS M UETHIPbMS
BaJICHTHLIMH sJeKTpoHaMH. Mao6pasutk nosepxHocTs Pepmu B nep-
BoH 30He bpuimosHa n7s coyvas, KOraa Ha aTOM IIPHXOJMTCH
YeThIpe 3JeKTPOHA.

12.3. IlokasaTh, uYTO Ha TrpaHHUAX NEePBOH 30HH b pHJIIO3HA
BOJIHOBble (DyHKIMH CBOGOZHOrO 3/1EKTPOHA B OJHOMEDHOH IepHOAIN-
YeCKOH penleTKe ¢ nepHoioM d BeIpOXjAeHu. IlokasaTh, uTO eciu
KaX/Jul aTOM BHOCHT MaJjioe BO3MYUIEHHE, TO B NEpPBOM NMpPHOIMKEHIH
N0 BO3MYIIEHHIO BOJHOBblE (DYHKUHH Ha IpPaHHLE 30HH IPONOPLMO-

HaJIbHHI

PR (£18 4 nnx
sin—— M COS—— (n — uenoe).

12.4. TlokasaTh, 4YTO AJsl CJyuyasi OJHOMEDHOH peLIETKH CyIIeCT-
BOBAaHHE >HEPreTHYeCKMX pa3pbiBOB Ha TIpaHHULle 30HH D pHJIII03HA
5KBHBAJIEHTHO YCJOBHIO GP3ITOBCKOTO OTPAaMEHHS! 3JICKTPOHHBIX BOJIH.

12.5. PaccmoTpeTh sHepreTHueckHe YPOBHH B OJHOMEDHOl peleTKe
C nepHojoM d, rie NOTEHIHA/bHAasA SHEPTUS] UMEET BUJ

V=V, nmpu —b=<<x<<0,
V=0 n1pu O<<x<<d—b,
Vix+d)y=V (x).

OnpenenuTh 3HAaueHHS 3HEPTHH I/ BEPXHEro Kpas NEPBOH 30HHI H
HHXXHEro Kpasi BTOPOH 30HH Ha rpaHuue 3o0H, ecaM V,=0,1; d=8
U b=3 ar. en.

12.6. Ilokasath, uro B cjayyae, Korja JBHIKEHHe 3JIeKTpOHa
B KpHCTajjle MOXHO PAacCMATPHUBaTh KaK pacnpoCTpaHEHHE IJIOCKOH
BOJIHBI exp (iR-r), KBaHT HR cooTBercTByeT HMNyJbCy. IlokasaTs,
YTO €CJIM Ha KPHCTaJJ AefCTBYeT BHeIIHee 3JieKTpUueckoe IoJie, TO

*) P. M. Lee (University of Lancaster).
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CKOPOCTh HM3MEHEHHH MMIyJ/bCa B 3aBHCHMOCTH OT BpeMEHH TaKOBa,
4TO 3JEKTPOH MOXXET paccMaTPHBAThCA KaK 4acTHIA, ofpaTHas Macca
KOTOPOH ABJAECTCA TEH30PHOH BeJIMYHHOH, HMEIOIIeH KOMIIOHEHTH

Ly 1
(:;?);,- ~ K% Ok, Ok

12.7. OGCyauTb pPasNHUHS MeXIy METaJJIOM, NOJYIPOBOAHHKOM
M IH3JEKTPHKOM C TOYKH 3PEHHS CTPYKTYPbl HX 3HEPreTHYeCKUX
3oH. [larb cxemaTHyeckoe H3o0pakeHHe noeepxHoctH Pepmu ABy-
MEpHOro KyOHYECKOro KpHCTaJ/ja, KOTOPHH HMeeT HeGoJbiloe YHC/IO
-HocHTeNeH 3(PdEeKTHBHBIX 3apPsAJoB Ha artoM (noxymerann). OGbACHUTh
3TO SIBJ€HHE C TOUKH 3PEHHS] KapTHHH 3HEPreTHYeCKHX 3OH.

12.8. HuxHss rpaHHuId 30HB NMPOBOAMMOCTH BHCMYTa Xapakre-
pu3yeTcs TeH30pOM OOpaTHbIX 3(PbheKTHBHLIX MacCc BHAd

o, O 0
0 a, a,l.
0 QLzy Oz

Haiitu KOMIOHEHTBHI TOTO TEH30pa H ONpele/]UTh XapakTep 3Hep-
FeTHYECKHX TMOBEPXHOCTEH BOJH3M HHXKHEH DaHHILI 30HBl NPOBOMH-
MOCTH.

12.9. HaiitH BbIpaxeHHe 1A CTPYKTYpHOro ¢akropa M BBIUHC-
JUTh ero JJIAl PEMeTKH, HMelouleH reKCaroHaJbHYI0 NJOGTHOYNaKo-
BaHHyl cTPyKTypy. Ilokasars, 4uro ansi 3Tofi CTPYKTYpHl HIHDHHA
3HEPreTHYeCKOH WEeJNH I/ COCTOSIHMH, COOTBETCTBYIOUIHX reKcaro-
HaJbHOH rpaHH 30Hbl BpuaniosHa, ofpauwiaercst B HyJb.

12.10. Iloxkasath, 4yro ypaBuenue Illpegunrepa anst BOJMHOBOH
¢yHkuuH W,p (7) MOXHO 3amlHcaTh B BHJE

(LEE LV (7)) i (7) = (k) i (7,

rje HHAEKC 7 OTHOCHTCA K n-H 3HEpPreTHUeCKOH moJsoce, a (PyHKIUHA
Upy (F) MMEET TNePHOAHYHOCTb PEMIETKH.

Onpenenuts 3aBucumoctb  &,(k) B6au3M Kpas 3ombl (k=0),
BLIPA3HB NPaBYIO yacTh yepes &, (0) H MaTPHUYHbIE 3/IeMEHTHl HMNYJIbCa
¢ GYHKUHAMH u;g (#) AN Bcex 3Hepreruyeckux nojoc {. ITomyuuts
OTCIO]la KOMIIOHEHThI TeH30pa o6paTHbIX pdeKTHBHHIX Macc (uepe3
T€ XKe MaTPHuHble 3JeMeHThl HMNyabca). Ilokasars, uTo npu yuere
B3aHMOJEHCTBHSL 3JIEKTPOHOB JBYX Pa3HbIX 3HEPreTHYECKHX MOJOC
appekTHBHAR Macca JLIPKH, COOTBETCTBYIOLIAS HHXKHEH Tnojioce, H
sdpekTHBHAA Macca 3JIEKTPOHAa, COOTBETCTBYHOWIAA Kpailo BepxHeH
NoJIOCH!, GyAYT PaBHbl NO BeJHUYHHE.

*12.11. lokasath TeopeMy bBJsioxa ansi TpexmepHOH peIUETKH.

*12.12. Hcnonb3ys pa3nomeHue BOJHOBOH (DyHKLMH 3JEKTPOHA
B DAL no NJIOCKHM BOJMHAM, HAHTH BHJ AETEPMHHAHTHOIO ypaBHEHHS
LAl onpejesieHHst COGCTBEHHbIX 3HAaYEHHH 3SHEPrHM B CJaydYae OAHO-
MepHOro KpHcraana. HallTH coGcTBeHHBIE 3HAY€HHS 3HEPrHH LA
NoCJ/IeIoBaTeIbHbIX NpPUOIHXEHHH, TOJMy4YaeMeIX MPH yBeJHYEHHH
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YHCJa NJIOCKHX BOJIH B pa3JjIOXKeHHH, €CJIH B TAKOM KpHCTaJljlé NOTEH-
uHaJ C IIepHOJAOM Tt HMEET BHA

V (x)=—3—2cos 2x.

#12.13. Hcnosbays [is 3JeKTPOHOB aTOMOB B OOBEMHOUEHTDH-
pOBaHHOM KyGHUYECKOR peuleTke NpPHOJHXKEHHE CHJbHOH CBfI3H H
npeanosiarasi NpH 3TOM, YT S-PyHKUHMH MOryT OuITb B3SIThi B KauecTBe
SJIEKTPOHHHIX ATOMHBIX BOJIHOBBIX (yHKUHMH (aTOMHbiX Op6MTaJei),
NOKa34Thb, YTO 3HEpPreTHYecKHe NOBEPXHOCTH TaKOH CHCTEMEl IpH
k=0 umeror chepuueckyio cHMMeTpHio. OnpenenuTb 3ppeKTHBHYIO
Maccy y Kpasi 30HH (BGnu3u k=0). '

*12.14. Tlosb3aysce NpHOJHXeHHEM CHJABLHOH CBSI3H, MNOKa3aTb,
YTO JIHHEHHasi UEenoYykKa aTOMOB C OXHHM CBOGOJHLIM KOHUOM MOMET
HMETb YPOBHHM B 3anpelleHHOH 30He, T. €. B LIeJH MEXAy HOpMallb-
HHIMH 30HAaMH (B TPEXMEpPHOM CJydYae 3TO OTBEYAeT YYeTy aTOMOB
Ha NMOBEPXHOCTH).

*12.15. Paccmorperp 3HepreTHYecKHe YPOBHH H NOBEDPXHOCTHbIE
COCTOSIHHS CHCTEMHl, ONHCaHHOR B 3ajave 12.14, B cayuae, Korza
NOBEPXHOCTHHIN aTOM SBJSAETCH INPHMECHEIM,

*12.16. Ilospaysice npHOIMKEHHEM CHJbHOH CBS3H, HaWTH cO6-
CTBEHHble 3HAYyeHHs 3HEPrHH HHXKHEro Kpas 30HH AJIf cJydasi OAHO-
MepHOHl pelleTKH C NEepHOAOM 7, eCJIH €€ NMOTEHLHAJ HMEeT BHJ

V (x) =—3 —2cos 2x.

ITpeano/oKuTh, YTO aTOMHHIE BOJIHOBHE QYHKUHH TaKHe Xe, Kak
H Y NPOCTOrO0 TapMOHHMYECKOro OCUMJJIATOPA,

W (x) =exp (—ax?),

rje a— NOATOHOYHLIH napaMeTp, BLIOHpaeMuIH Tak, YTOOH! SHEprus,
orBeuatomas cocrosiuusaM ¥ (x), 6b1a MHHHMAaJbHOH.

*12.17. DHeprerHueckHe YpPOBHH B BepXHell YacTH BaJIEHTHOH
30HE B repMaHHH npH R =0 sBjsAiOTCA BHIPOXKAEHHBbIMH. [leTepmu-
HaHTHOe ypaBHeHHe JJs 3Hepruil cocrosuuid BOJH3M k=0 MOXHO
NOJYYHTb, HCNOJB3yS TEOPHIO BO3MYILEHHH; OHO HMEET BHJ

Aki+B (R4 k) —& Chyky Ch b,
Chyks Aky—+ B (k3-+kx)—& Chyk, =0,
Chzky Choky Ak + B (ky-+ky) — &

rae & —sneprus coctosuuit k= (k,, ky,, k;); A, B, C — KOMIOHEHTH
TeH30pa 06paTHHX 3(peKTHBHBIX Macc.

PaccmoTperb Xop H3MeHeHHs sHepruH B6aHM3H R=0 BIOJb OCHOB-
HpIX Hanpassenuit [100], [111] u ap. B R-npocTpaHCTBe H AJS NpO-
M3BOJIbHOTO HanpasjeHusi. IJokasaTb, YTO NOBEPXHOCTH NOCTOSIHHOM
sHepruM BOJaH3M K =0 oriMuyaiorcs or cpephl.

*12.18. Jlokasatb, uro (pyHkuud BaHbe M coGCTBEHHHE QYHKUHH
onepaTopa HMIyJhCca NpPaBHJBLHOH TPEXMEPHOH PEUETKH NOoJy4aioTCs
OfHa H3 jpyroit npeo6pasoBaHueM Pypoe. Ilokasath Takxe, 4ro
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¢yHKkuuH BaHbe 1451 atoMOB pas/MuHbBIX Y3JIOB PEINETKH OpTOro-
HaJIbHHL.

*12.19. B pnByMepHO#l KBajpaTHOH pelIeTKE C NOCTOSIHHOH pe-
metku d Ans touku (m/d, m/d) B 30He DpHANIOIHA BHIpOXKAAKOTCA
4eThipe INOCKHE BOJHBI,

IlokasaTb, 4TO BHYTPMKPHCTA/JIHYECKOE [IOJIe B PEIIETKE CHHMAeT
310 BolpoxjeHHe. OnpejesuTb B 3TOM Clydae YHCJIO H CHMMETDHUIO
HOBHIX COCTOSIHMIi.

¥12.20. PaccuuTaTbh 3HEPreTHYEeCKYIO 30HHYIO CTPYKTYDPY aJIOMH-
HUS, MCXOAS U3 CJIEAYIOUIHX NAHHBIX:

2
H= gV,

rie m*¥=1,1716m. Ilorenuuan V umeer TONMbKO J[Ba HeHyJeBHIX
ko3bdunuenTa Pypne [26]:
VUH](K,,)=0,0295 Ry npu K,,“[l“],
V2001 (K») = 0,0550 Ry npu K, |[200].
3navenust V (K,) paBHbl npu OfHMX M Tex xe 3HaueHusax |K,|.
Ilapamerp pewtetku da;=7,633 A.
Bripasute BoaHOBYIO ¢GyHKIUIO uepe3 HAa0Op uYeThlpex ILTOCKUX
BOJIH, ONHUCHIBAIOLIMX BHIPOXMJEHHOE COCTOSIHHe B Touke (1/,, 0, 1)
30Hu Bpuamosna.

13. CepoficTBa ORHOPOAHBIX NOJYNPOBOXHHKOB *) [27]

13.1. O6cyauTbh KaueCcTBEHHO NPUYHMHBI TOTO, IIOYEMY TAK JIerKo
OCYIIECTBASIETC  MOAYJSIHS TNPOBOAMMOCTH B NOJYINPOBOJHUKAX
H Tak TPYIHO — B MeTajax.

13.2. BuBecTH 3aKOH JeHCTBYIOLIUX MacC Jds KOHUEHTPauui
OCHOBHHIX U HEOCHOBHBLIX HOCHTE/EHl B IIOJYIPOBOJHUKE, NpejmnoJaras,
uTO J/isi HOCHTEJell TOKa B 30He NPOBOJHMOCTH H B BAJIEHTHOH 30He,
TaK e KakK JJs KJ1aCCHYECKMX CBOGOAHEIX 4acTHI, NpHMEHUMAa cTa-
THCTHKa Makcpensa — BoabuMana d uto QyHKIHSA JIOTHOCTH COCTOAHUR
napaGoauvueckass AJas O6Geux 30H. SPpekTuBHHIE Macchl my  (Aas
3JIEKTPOHOB) ¥ m) (4151 ALIPOK) CYHTATb U3BECTHHIMH M IOCTOSTHHBIMH.

13.3. Haiitu snepruto PepMu 1ns coGCTBEHHOTO MOJYNIPOBOIHHKA,
NpuHHMasi, 4YTO CTAaTUCTHKA Makcsenna — BonbiiMana npumeHuma
U AJs 30HBl [IPOBOJMMOCTH, H JJISi BAJIEHTHOH 3OHBI.

13.4. SIBneHHs, BO3HMKaoWMe NpU A06GABJEHUU B I0J1YIPOBOAHHK
JNOHODHLIX MJIM AKUENTOPHHX MpUMeceH, MOXHO OGBSACHHTb, Npeano-
Jlarasi, uto KaXIplii atoM JOHOpa (MJHM AKLENTOpa) APHBORHT K [OfB-
JIEHUIO JIOKaJbHOTO 3IHEPreTHYECKOro YPOBHA B 3anpelleHHOH 30He
YyTb HHXXE€ JHAa 30HH IIDOBORHMMOCTH (WJH 4YyTh BHIIE M[OTOJIKa
BAJIEHTHO} 30HHI), C KOTOPOTO 3/1EKTPOH (MM JAIpKA) JIErKO BO3GYXK-
laercsl NpH TEPMUUYECKOH HOHHM3aIHH.

*)J. P. McKelvey (Pennsylvania State University).
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OGocHoBaTh 3Ty KAapTHHY MCCJEJOBAHHEM BOAOPOAONOA0OGHOTO
aToMa, NOTPYKEHHOTO B OJHOPOAHYIO H3OTPOIHYIO JU3JEKTPHUYECKYIO
cpeny. ATOM JOHOpA CYMTAaTh MATHBAJEHTHBIM, MOJaras, YTo BHYTpH
pelleTKM 4YeThIPE BAJEHTHHIX 3JIEKTPOHA OCYIIECTBJSIOT XHMHUYECKYIO
CBA3b, a CBOOOJAHBIA NATHIH BaJEHTHHIH 3JEKTPOH HAXOJMTCH B KYJO-
HOBCKOM I10JI€ [10JIOHTEIbHOIO HOHHOTO OCTOBA ([IPUMECHOr0 LEHTPA);
JAHM3JIEKTPUYECKYIO TTPOHHIAEMOCTb CPEJhl CYUMTATh PABHOH JHUIJEKTPH-
YeCKOH ITPOHHIIAEMOCTH MOJYyIPOBOJHUKOBOrO KpucTaiana (e= 16 aas
Ge, e=12 aaa Si). B wacTHocTH, paccyuTaTh pasMep 3JEKTPOHHBIX
OpOHT M 3HEpPrHI0 HOHU3AUMH OCHOBHOIO COCTOSIHMS. MOXKHO HCIIOJB-
30BaTb GOPOBCKYIO TEOPHIO BOJOPOJHOTO AaTOMA C KPYTOBLIMH 3JI€K-
TPOHHBIMH OpPOUTAMH.

*13.5. Ilokasats, uto BenexcTBme npuHumna Ilayau M ABykpart-
HOTO CIIHHOBOTO BBIPOM/IEHHS YPOBHA OCHOBHOrO COCTOSIHHSL JOHOpa
GYHKUMSA pacnpejfeneHHsl 3J€KTPOHOB HA 3THX YPOBHAX HMEET BHI

{8 =5 {1 +yexp [(B—8neT]} .

13.6. B nonynpoBoxHHKe, B KOTOPOM BCE JOHOPHBIE M aKIENTOp-
Hble daTOMbl HOHHU30BAHBl, HAHTH KOHUEHTPAUMH 3JIEKTPOHOB Iy
H JLIDOK pg, BHIPA3HB HX Yepe3 KOHUEHTPAUHMH JOHOPHBIX M aKLel-
TOpHBIX npumecedt N4, N, U uepe3 KOHUEHTpALUIO COGCTBEHHLIX HOCH-
TeNen n;.

13.7. Haiitu Buipaxenue pns sHeprud PepMH B NPHMECHOM
TNOJIYNIPOBOJIHUKE INDH YCJIOBHH, YTO YPOBHH JIOHOpPa M aklenropa
TOJIHOCTBIO HOHM3OBAHLI, 06CYJMTb YCJOBHS, NPH KOTOPHIX 3TO Mpej-
noJioxeHHe 3aKOHHO. ITpHHATB, uTo cratucTHka- BosblMana npume-
HUMA H K 30HE IIPOBOJHMOCTH, H K BaJEHTHOH 30He, a Takke
K JOHOPDHbIM H AKIENTOPHBIM YPOBHSIM.

13.8. Hcxons u3 ypaBrenus nepesoca BosbuMana u ucnosns3ys npu-
GJMKEHHE BPEMEHM peJaKCALMH, 0Ka3aThb, YTO 3JEKTPHUECKYIO Npo-
BOJMMOCTb OJHOPOJHOrO IOJYIIPOBOJHUKA, paccMaTpPHBAEMOTO Kak
GObUMAHOBCKHA Tra3 3/MeKTPOHOB M JBIPOK, MOMXHO 3alHCaTh Kak
0 =¢e(np,+ ppy), THE M, H W, — MNOABHIKHOCTH, T. €. CPEJHHE CKO-
poctu jpeiida B 31EKTPHYECKOM TMOJIe €IMHMYHOM HAIPAKEHHOCTH.
Jlnst 31eKTPOHOB M JbIPOK OHH COOTBETCTBEHHO PaBHbI

_ e (v, (v)) e (v, (v))
P«n—*,:,;W, Bo=0 (52) )

rae T, (v) 4 T, (v) —BpeMeHa peJlaKCalMH AJs 3JEKTDOHOB H JBIPOK.

13.9. PaccmaTpuBas KpHCTall Kak COCYH, COAEPMAUUH (OHOH-
HbIH ra3, ¥ MCNoMb3ys NpPHOIHMKEHUS TEOPHM TENJIOeMKocTH JleGas,
M0Ka3aTh, YTO NJA TeMnepaTyp, Go/lbIIHX 1O CpaBHEHHIO C TeMIepa-
Typoit [le6as, WMCJIO aKyCTHYECKMX (OHOHOB B eNHHHLE ofbeMa
cocraBnsier 9NT/20 (raze N —uucjO aTOMOB pelmieTKH B ejHHHLE
obbema, a © — remnepatypa [le6as).

3aTeM MOJyKONMUECTBEHHO [0KAa3aTh, YTO B MOJYIPOBOAHHKOBOM
Kpucrajjie pjsi Temrepatyp, OGOJBIIKX 1O CPaBHEHHIO C TeMIepaTy-
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poii JleGas, paccesiHHe 3/IEKTPOHA MJH JLIPKH Ha aKyCTHYECKOM
¢oHOHE MOXHO paccMaTPHBaTh AHAJOTHYHO B3aHMOJEHCTBMIO 3JI€K-
TPOHA HJIH JBIPKH C HEHTPaJbHOH 4YacTHLEH, Macca KOTOpO# HaMHOro
6osbe 3theKTHBHOR MacCh 3JeKTpoHa WJH AwnphkH. IlokasaTh, uTO
NPH TakOH TPAKTOBKE Mbl NPHAEM K HE3aBHCHMOCTH CpPeJHEro cBo-
6onHoro npofera OT CKOPOCTH.

13.10. [na BemecTB, B KOTOPbIX pPacCesiHHe Ha aKyCTHYECKHX
¢oHOHax ABJAETCH OCHOBHbIM MEXaHH3MOM pacCesHHs, 10Ka3aTb, 4YTO
NpH TeMnepaTypax, MpeBblalOMMX Temnepatypy Jlebas, noasux-
HOCTb 3JIEKTPOHOB (a 3HAauWT, JJSA NOCTOSHHON IJIOTHOCTH HOCHTe-
Je#l, H 3JEeKTPONPOBOJAHOCTb) JAOKHA OBbITb NPONOPIHOHAAbHA 71
B MeTa/nax ¥ T—*: B nonynposoaHHKax. CpaBHHTb 3TH pe3yJbTaThl
€ 9KCNIEePHMEHTA/IbHBIMH JIaHHBIMH A METAJJIOB M TNPHMECHHIX M10Jy-
NPOBOJHHKOB H OODBACHHTb NPHYHHBL OGHAPYMEHHOrO PacXOXKJAEHHA.

}
p 4
B016ITME/7,

5 F4

]-—><_.—-= E ﬁ F !
Sttt et

B,= i;8,
Puz. 13.11.1. O6pazen p-tuna B ogHopogHOM MarHutHOM none By,

13.11. O6pasen, npUMeCHOro MOJYNPOBOJAHUKOBOrO KpHCTana
p-THNA BHIpE3aH B BHJAE NPSAMOYTOJbHOIO NapaJjuieNenunesia ¥ moMe-
1eH B OJHOPOAHOE [OCTOSIHHOE MarHWUTHOe noje B, Kak NokasaHo
Ha puc. 13.11.1.

Iloka3arb, YTO NpPOBOAMMOCTb OOpa3sia yMEHbINAeTCs C YBeJHue-
HHEM MarHuTHOro noaf. B wactHocTH, ecan wyt, L 1 (wy, =eBo/m}c)
H cpejHsd JAJHHa CBOGOAHOrO npofera He 3aBHCHT OT CKOPOCTH, TO

e?2B] A2 4—-nmn

(30eCb Oy — IIPOBOAMMOCTL B OTCYTCTBHE MAarHMTHOro mnoJas, a A —
cpeaHsas AJauHa cBoGopHoro mnpo6era). Ilpeanonaraercs, uro addek-
THBHash Macca M30TpPOMHA H, CJeJoBaTeNbHO, H303HEpreTHUECKHe
NOBEPXHOCTH B HMI1YJILCHOM TIPOCTPAHCTBE UMEIOT cepHUecKyo GopMy.

13.12. IToka3aTb, 4TO B CXeMe OMLITa, NOKa3aHHOH Ha puc. 13.11.1,
Ha KaemmMax A ¥ B nosiBisiercs Hanps»KeHHe, KOTOpOe COOTBET-
1

T2
CTByeT »3JIeKTpHuecKoMy nomo E,= <(i)_2> NpH YCJAOBHH, 9YTO

PogC
oyt < 1 (apdekr Xosna). ITokaszaTb, 4TO KOrAa ANHHA CpELHero
©  3In
cBobopiHOoro npofera He 3aBHCHT OT CKOPOCTH, TO o F
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13.13. Haditu Bnipaxenue jpas koxdpduuuenra Xoana nosaymnpo-
BOJHHKA C GOJBIIOH KOHUEHTpPAlHed KaK 3JIEKTPOHOB, TaK H AHPOK
npH ycnoBHH, uTo 0j12 <1 a1 ofoux THnoB Hocutenefl. K uemy
B 3TOM (Jlydae IPHBOIMT HE33aBHCHMOCTb OT CKOPOCTH JJHHBH
CBOOGOAHOrO InpoGera 3JEKTPOHA H AbIPKH?

13.14. Hafitu 4YacTOTy H OTHOCHTEJNLHYIO HHTEHCHBHOCTh BCEX
IIHKJOTPOHHBIX PE30HAHCOB, OXHIAEMBIX IJS KpPHCTalJa KPEMHHUSA
n-tuna. [TocTosHHOE MAarHUTHOe M0J€ NPHJIOXKEHO: a) BAOJbL Halpas-
denus [100], 6) Bmoan [110], B) Bmoas [111].

*13.15. HafiTu KOMNOHEHTH TEH30pa MPOBOJHMOCTH B CHCTEME
KOOpJHHAT, B KOTOPOH OCH pacrnoJioKeHbl BAOJb HanpaBiaeHu# (100).
Bronb Tex xe nanpasaennit [111], [111], {111}, [111] oprHenTupoBann
3JIMTNICOMAANbHBIE 30HbI NPOBOAHMOCTH, IPHYEM MHHHMYMBI HEPrHH
pacmoyoxKeHn! Ha TEX XK€ HanpasieHusX (cJayyall KpUCTasiJa repma-
uus). [lokasatb, 4yTo cyMMapHasi NPOBOAMMOCTb KPHCTaJJ1a H30TPOIIHA
HEeCMOTDPS Ha aHH30TPOIHIO, CBA3AHHYIO C KaXIhIM OTJEIbHHM 3JIJHI-
COMJOM, NP YCJOBHH, YTO HET BHEIIHEr0 HANPSIKEHUS HJIH JPYTHUX
BO3JeACTBHH, KOTOpble MOrJH Gnl HapyUIMTh 3KBHBaJEHTHOCTb UYEThi-
pexX MMHHMYMOB JHEpTrHH.

13.16. IlokasaTb, 4TO eclH B HOJYNPOBOAHHKOBOM KpHCTaJJjle
CO37aH TpajHeHT KOHIEHTPAILHH, TO YCTAaHABJIHBAaeTCH AU Y3HOHHBIA
MOTOK HOCHTEJeH, [PONOPUHOHAJbHBI [PagHEHTy KOHIEHTPaUHH
€ KoxpbHUHEHTOM, paBHHM — AC/3 (Ie ¢ — cpeJHAs TEILIOBAasd CKO-
pocTb). Ilpegnonaraercsi, 4TO OTHOCHTe/NLHOE H3MEHEHHE KOHIEHTpa-
UMH Ha pacCTOfHHH NOPAAKAa cpejHed IJHHH cBOGOAHOro npo6era
Masn0, 4TO cpeiHsAs AJHHA CBOGOAHOro mpoGera He 3aBHCHT OT CKO-
POCTH M U4YTO (YHKIHIO pacnpele/eHH MOXHO 3alHCcaTh B BHJE
NpOH3BeieHHsT n (r) ¢ (), rie n— KOHUEHTpauHsd B NAHHOH TOUKe,
a ¢0)—dyHKUMA pacrnpeleneHH? CKOPOCTeH, KOTOpas HE 3aBHCHT
OT KOOpJIHHAT,

13.17. Iloka3aTh, YTO MOABHKHOCTH 3JIEKTPOHA H JHPKH CBA3aHHI
C COOTBETCTBYIOUIHMH KO3ppHIHeHTaMH JHPPY3UH COOTHOUICHH SAMH
diinurreiina

D,=up,kT/e, Dj=npykT/e.

[IpuudATsh, 910 JAMIHHA cpegHero cBOGOAHOro npo6era AJsi 3JEKTPOHOB
H JBIPOK He 33aBHCHT OT CKOPOCTH.

*13.18. Haiitu nuddepenunanbHoe ypaBHEHHE, OMHCHBAIOLIEE
ambunonspuyo auddysuio u gpefid pacnpegeneHus H3GHTOUHBIX Map
3JIEKTPOH — JuIpKa BHYTPH IIOJyIIPOBOJHHKA, UMEIOLIEro paBHOBECHHE
KOHUEHTPAUHH 3JEKTPOHOB f, U AWPOK p, KOTOphle CPaBHHMH
HO BeJIMYHHE INPH NPHOJH3UTENLHOM BHIIOJHEHHH YCJIOBHS 3JIEKTPO-
HEATPaJbHOCTH BHYTPH KpHCTaJJIa.

13.19. Ha ocHoBaHuMH pe3yssTaToB, IOJyYeHHHX B 3ajaue 13.18,
MOXHO CKa3aTh, 4YTO B NOJYNPOBOJHHKE H-THIA H3GBITOK 3JEKTPOH-
HO-AHIDOYHEIX nap ApefidyeT B HaNpaBJeHUH MNPHJOKEHHOIO IOJS,
HECMOTPSI Ha TO, YTO OCHOBHBIE HOCHTEJIH TOKA B KpPHCTajJe (T. e.
3JIEKTPOHH) JABHXXYTCH B NPOMUBONOAONCHOM HATNDABJEHHH.
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Hccnenys nBHXKeHHe HMIyJbca HM30bITKA HOCHTENEH MOCTOSHHOM
IVIOTHOCTH TP YCJIOBHH, YTO B INpeAeNax CTYNEHYaTOH MJIH IV1aaKoN
HapYy>KHOH TOBEPXHOCTH HM3OWTOK HOCHTeNell &n=8p = comnst, oGbsc-
HHTb Ha OCHOBaHMH (H3MUECKHX COOOpaXKeHHil, 1mouemy 3TO NoBeje-
nue Habaofaercsi. PaccMOTpeTs OJHOMEDHBIA CJIy4aif, T. €. CYMTaTh,
9TO KOHIEHTPAUUH H MNOMAS SABJIAIOTCH OQYHKUHAMH TOJBKO OJHOM
KOOPAHHATHEI X.

*13.20. B wusBectHoM 3kcrmepumente XaitHca — lllokau (cxema
noka3sana Ha pdc. 13.20.1) apeidoBasi NOABHKHOCTE HEOCHOBHHIX
HOCHTesJedl 3apsifa B NMPHMeCHHX 00pasuax MOMyNpOBOAHHKA Ompese-
JISIETCH IO Pe3y/IbTaTaM H3MepeHHS BPeMEHH, HeOGXOLHMOro AJIs TOro,

HmnyscHend

Suermporers
2BHEpamop ocyoepad
i -
'1 a— [ ] @
IMUTingp Ko kimopn
/!Jé fﬂ I
Hmaynsc >
usiﬁmm . zd
L#ogumened J'|.
—1[r 1

Puc. 13.20.1. Cxema akcnepumenta Xainca -— [lloksu.

yTOOB! H3OBITOK HOCHTENEH (MHXKEKTHPYEMbIX Yepe3 TOUEUHHIH KOHTAaKT
IMUTTEpPA) MPoApeidoBad K TOUEYHOMY KOHTAKTy KOJJEKTOpa, pac-
NO/IOXKEHHOrO Ha H3BECTHOM PacCTOSHHH, TOJ AefCTBHEM MOCTOSIHHOIO
nonst E, BHYTpH KPHCTAANA.

MoxHO cenaTh MPOCTOH aHaJH3 pe3yJ/bTAaTOB H YGEAMTHCH, 4TO
ApeidoBass CKOpocTh HOCHTenel paBHa W*E,, a Bpems f,;, HeoGxo-
AHMO€ JAfl TOro, 4YTOOGLI HOCHTENH TpPEONOJeNH DacCTOSIHHE d Mexjy
30HaMH 3MHTTEpPa M KOJJIEKTOpa, GYJeT MNo3ToMy paBHO d/p*E,
oTkyaa p* =d/Ey,.

B npeanonoxenun onHoMepHOR auddy3MH, KOrRa HHIKEKIHIO
H30LITOYHLIX HOCHTeNeH B KpHCTa/Mmle B Touke X =0 npH { =0 MOXHO
ONnHCHBaTh 8-hyHKUHEH, NMOKa3aTh, YTO NMPH PaccMOTpeHHH 3dpexTon
Aupdy3HH M pPeKOMOMHAIHH MaKCHMAJbHHH KOJIIEKTODHBIA CHIrHAJ
(KoTOpuIii TMpoOnMOpUMOHANEH BeJHuHHe 8p npH x=d) HMeeT MecTo
npu t=1, Beanuuua f, HaxoguTcs H3 COOTHOIIEHHS
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IToxBHKHOCTL U * cBsI3aHA ¢ f;, COOTHOILUEHHEM

P'* = Edt (1/T Fx? X),
oty
3JieChb

T eEod

UT [ty | 1\ ntp
<T+2)n—p'

13.21. Ha puc. 13.21.1 npuBeneHbl pe3y/bTaThl H3MepeHHH Apeii-
¢$oBO} NMOABHXHOCTH HMNYJbCca H30LITOYHLIX HOCHTENEH 34apsina B rep-
MaHHH p-THNA B 33aBHCHMOCTH OT TeMIepaTyphl.

10000,

S

Todguncnocms, ch? 6 ! cex !

00
00 g w00 3000 -T,°K

Prc. 13.21.1. TemnepatypHas 3aBACHMOCTb ApefidOBOH TNOABHMHOCTH HMIY.JbCa
H30HTOYHEIX HocHTeNedl 3apsga B Ge p-THna.

O6bsicHHTD nOJy4aloOUYIOCST KPHBYIO M B OCOGEHHOCTH OCTpBIM
H3JI0M Ha Hell npu Temneparype okoJso 300 °K u naGmonaeMoe 3arem
OniCTpOe yMeHblIEHHEe NOABHXKHOCTH HMINYJbCA.

*13.22. lns nosynpoBOAHHKA n-THNA B CTalHOHAPHOM COCTOS-
HHH BepOSITHOCTb TOTO, YTO HEOCHOBHOH HOCHTENb NPH CTOJKHOBEHHH
C NOBEPXHOCTBIO KPHCTaJJa He UCNbITAaeT pPeKOMOMHALMH, Onpenessi-
eTcsl Ko3hpUUHEHTOM NOBEPXHOCTHOrO OTPaXKeHHs R,.

IlokasaTh, YyTo rpaHHYHOE YCJOBHE JJI5 YDPaBHEHHS HelpephBHO-
CTH Yy TOBEPXHOCTH KPHUCTAJJIa MOKHO 3aNHCaTbhb B BHAE

o(p) 1 __ &p 1—=Ry
_Df‘[ ox ]s_[ap]s 2 TFR,’
rpe MHJAEKC S OTHOCHUTCHA K 3HAUY€HHUAM COOTBeTCTBleUlHX BeJIJUUHH

y noBepXHOCTH obpa3ua.
13.23. M3 kpHcrajJa NpPHMECHOrO TepMaHMsi N-THNA BHpE3aHhl
6oJIblIHE TOHKHE TJIACTHHKH ORMHAKOBOH TOJIIMHLI, paBHo# 2a. JiuHa
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H IUMpHHA 06pa3sua JOoCTATOYHO BeIMKH AJA TOro, yToObl NpeHeGpeds
KpaeBoiMH 3DdeKkTamu u, CJeJ0BaTeNbHO, FapaHTHPOBATH, YTO Mepe-
HOC H30bITKa HOCHTeJeH BHYTDH o6Gpa3la IPOHCXOJHT B OJHOM H3Me-
peHud. IloBepxHocTH oGpabaThiBalOTCA TaKHM 06GpasoM, 4TOGHI HA
ofeHXx NOBepPXHOCTSAX 06pasla CKOpPOCTh NOBEPXHOCTHOH PEKOMGHHA-
UMK S Obl1a OQKHAKOBOH. 3aTeM KpHCTaL1 OGJNy4aeTcsl CBETOM,
AJHHA BOJIHBI KOTOpOro JOCTATOYHO BEJHKA IS TOro, YTOGHI NpoO-
HHKHYTb B KpDHCTaJ 6e3 3HAa4UTeJbHOrO [IOrJIOIEHHS, HO TeM He
MeHee G6/M3Ka K Kpald OCHOBHOrO norJomeHds (rae Ao —AE&)
HACTOJbKO, YTOOH €O3JaTh 3aMETHYI KOHIEHTPAIHIO 3JEKTPOHHO-
JBIPOYHKIX TIAp.

HafiTh cTanHOHapHYI KOHUEHTpPAlHI0 H3GHITOYHHX HOCHTesed
BO BCEX TOYKaX BHYTPH KDHCTa/Ja H ONHCAaTh CTAlHOHAPHBIH 3ddeKT
(OTONPCBOAHMOCTH, BO3HHKaMOMEH B ofpaslie.

13.24. Hcnose3ys ycJOBHSL mnpeaslAylied 3ajauyd, NokKa3aTb, 4TO
OTBET, KOTOpHIH MoOJy4yaeTcs, Korja S NPHHHMAeT CBOe MaKCHMaJb-
HOe 3HauyeHHe Ep/2, H De3ysbTaT, NOJNy4YEHHbIH, eC/qH YCTPEMHTh §
K OecKOHeYHOCTH, IO CYIIeCTBY OJHHAKOBHI, ec/H AH(DYy3HOHHAA
AHHA HAaMHOro GoJjblle, 4YeM cpejHsas QJHHA cBOOGOAHOro mnpobera.

*13.25. O6pa3en, NpuMeCHOro repMaHHsl n-THINA HMEET Te Ke pas-
Mepel, opMy H OOLeM, KakK M ofpa3ell, pacCMOTDEHHHIH B 3ajaue
13.23. TlocepenuHe Memxay MOBEPXHOCTSIMH 06Pa3la COAEPKHTCS 3€PHO
C IJIOCKOI rPAaHHUIEl, Tapasye/lbHoi NMoBepXHOCTAM o6pa3na. Jduciaoka-
I[HH, CBA3aHHEIE C TPAHHIEH 3€DHA, JEACTBYIOT KaK LIEeHTPH PEKOMOHHA-
IHH, NIPHYEM BHINOJIHAETCH [PAHUYHOE YCJIOBHE YpaBHEHHS Helpe-
poiBHOcTH B GiopMe (13.22.12) co cKOpPOCTBIO pPEKOMGHHAIHH .
CKopocTh PeKOMOHHAIMH, CBA3aHHAasi C OGEHMH HAaPYXKHBLIMH NOBEpX-
HocTAMH o6pa3la, paBHa Sj.

Haiiti pelleHHe ypaBHEHHs HENpPEPHBHOCTH JJs H36BITOYHOR
KOHIEHTpaUWH HocuTened 3apsaga Op(x, {) NpH NAHHBIX YCJIOBHSX,
nojiarasi M3BeCTHBIM HayaspHOe pacnpejeseHHe (npu ! =0} H36HTOU-
HBIX HOCHTesneld 3apsna, a WMeHHo, B Buze f(x)=208p (x, 0). Haiitu
COOTHOLIEHHE, BhIpaXalolnee Sy KaK GYHKIHIO Sy, TOMIHHE 06pasua a
H BeJMYHHH A =13’ —7T°!, rie T-—BpeMs KHU3HH OOBEMHOro H3GHTKA
KOHIEHTPAlHH HOCHTesel 3apsiia, a Tp— NOCTOSTHHAS, XapaKTepH-
3ylomas BpeMsl 3aTyXaHMsl HeyCTaHOBHBLUEHCS (OTONPOBOJAHMOCTH,
KoTopas HabJwofaercd B TeYeHHe [OCTATOYHO JJIMTENLHOrO Ipome-
XKyTKa BpPEMEHH.

14. MonynpoBoaHHKOBLIE mePexonul *) [28]

14.1. Bolpa3uTs KOHIEHTPALMH PaBHOBECHBIX HOCHTEJIEH TOKA 7y H Py
B OJHOPOJHOM HEBBLIPOMJIEHHOM [10J1yIIPOBOJHHKE 4YEPE3 SHEPrHI0 YpOB-
H QepMH, OTCUHUTHIBAA MOCJEAHION OT JHA 30HBI ITPOBOIMMOCTH HJIH
OT NOTOJKAa BajeHTHOH 30Hbl. OnpegenuTs KBa3uypoBHH PepMu npu
HHKEKIHH HePaBHOBECHBIX HOCHTesed.

*} A. K. Jonscher (Chelsea College, University of London).
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14.2. BriBecTH ypaBHEHUs, ONpeleNsoOlMe pachpejeeHHe paBHO-
BECHOr0 MOTEHIHaJa BOJH3H IPAHHIE OAHOPOAHOrO IMOJYNPOBOAHHKA
C NOCTOAHHOH KOHLEHTpauue#d JOHOpPOB N,, npeanosaras, 4YTO INpH
JIaHHO# TeMnepatype aToMbl IPHMECH MNOJHOCTbIO HOHH30BaHHI.

14.3. O6nacTb OGBEMHOrO 3apAja p— n-nepexoaa o6JajaeT eMKo-
cThi0. BbiBecTH BHpaXe€HHe [J @MKOCTH B ciydae CKauKooGpasHOro
nepexoaa.

14.4. OGBACHHTL CMBICT YTBEDXIEHHHA, UTO p — N-TEPEXO] MOXKET
CJIyXKHTb YCTPOHCTBOM, 33JdiOlIMM KOHLUEHTPALMIO HEPaBHOBECHHIX
HOocHTeNed Ha Kpasix o6JacTH, coAepxKauled oGbeMHbIH 3apsii. Boise-
CTH 3aBHCHMOCTb M3OBITOYHOH KOHLEHTpPALMH HOCHTEJEeH OT HpPHJIO-
JKEHHOrO HANPSIXKEHH .

14.5. Mxexuns H3OHTOUHLIX HEOCHOBHHIX HOCHTEJIeH 3apsiia uepes
p—n-niepexoq B NPHMECHBIH MOJYNPOBOAHHK OOHYHO HE HapyluaeT
HEeHATPaJIbHOCTH Marepuana.

O6cynnTb KOJMMYECTBEHHBIE CTOPOHBI 3TOrO YTBEPXKAEHHS.

14.6. Ec/n H36bITOYHBIE XOHLEHTPALMH JIEKTPOHOB M ABIPOK BBECTH
B ONpeJieJIeHHy!0 MJIOCKOCTb, HampHMep B IJIOCKOCTb p — n-nepexoja,
TO Pe3yJbTHPYIOIMH 3JEKTPHUECKHA TOK B XOpOLIEM NPUGIHXKEHHH
MOXXHO CYHMTaTh OOYCJIOBJIEHHBIM JIHLIb HEOCHOBHBLIMM HOCHTEJISIMH.

OG6GbsicHHTb, NOYEMY M NPH KaKMX YCAOBMAX MOXHO NpeHe6peub
OCHOBHLIMH HOCHTEJISIMH.

14.7. OnpenenuTh NpsIMble BOJIBT-aMIEPHHE XapaKTEPHCTHKH JMO-
JIOB C DeallbHbIMH p — n-IepexojaMH.

14.8. OGpaTtHas XapaKTepuCTHKa MA€aJLHOrO p — n-nepexona
AO/KHA OblTh HachllleHHOH. PeasibHule p — n-nepexopl B 60/bIeR HIH
MeHbIleH Mepe OTKJOHSAIOTCH OT TAKOro HJeajbHOro MOBENEHHS.

OGbACHHTb, MOYEMY 5TO IPOMCXOJMT.

14.9. KoHTaKTHBIi TPaH3HCTOP MO CYyWECTBY COCTOHT M3 ABYX
p — N-TIEPEXOMOB, pa3fie/IeHHbIX OTHOCHTENbHO Y3KOH 06GNacTbio 633w

Dbnacme obvemnoze
aapsin

Juummep baza Howrenmap

Puc. 14.9.1. Cxema KOHTaKTHOrO TpaH3HCTOpA.

ajas n— p— n-kougurypauuu (puc. 14.9.1). HeocHosHble HocHTeNH
3apsija, BBeJEHHble uepe3 UMEIOIINH INOJOXHTEIbHOE CMEIEHHE 3MHT-
TEPHBIH mepexon, AuGpyHAMPYIOT uepe3 06JacTe 6asbl H, 32 HCKJIO-
YyeHHeM INOTePb HAa pEKOMOGMHALNIO, COOMPAIOTCA Ha OOPATHO CMelleH-
HOM KOJJIEKTODHOM Iiepexoge.
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OGcyHTh OCHOBHbIE (DAKTODH, BJHAIOIME HAa XaPaKTEPHCTHKK
TPaH3HCTOpA IIPH ITIOCTOSHHOM TOKe.

*14.10. Onucarb MaJblfi pPe3yJbTHPYIOIMA HMIyJbC (CHrHaJ)
H GONBbIIOA INEePEeXOAHHBIH (HEeYCTAHOBHBIUMACA) HMIYJLC TPaH3HMCTOPa
NIPH NIEPEMEHHOM TOKe.

15. OnTHueckHe CBOACTBA TBEpABX TeJ *)

15.1. B npoH3BOJMIBHBIX OPTOrOHAJBLHBEIX OCHAX TEH30PHl AMIJEKTPH-
HecKOH IIPOHHIIAEMOCTH € JUIA HeCKOJBbKHX KPHCTAJJIOB NpPH TeX AJH-
Hax BOJIH, IIDH KOTOPBHIX HET IIOTJIOIEHHHA, MMEIOT BHA

a) /2 0 0, 6) /310 8 /310 1)/ 1 I\
0 2 0f 13 0} 13 0| 1 3 1} (15.1.1)
00 2 00 4 003 113

YKasaTb KpHcrasjaorpagHyeckHe CHCTEMbI, K KOTOPHIM MOTYT IIpH-
HajJexarb 3TH KpHcTaaabl. HaliTH rJuaBHbEe OCH M COOTBETCTBYIO-
IHe ONTHYECKHE OCH KPHCTAJJOB, ONMChHIBAEMEIX TeH3opaMH (a) — (r).
J1f KakMX CHCTEM TIJaBHBlE M ONTHYECKHE OCH MOI'yT 3aBHCETh OT
JUIHHBl BOJIHBIP

*15.2. IlokasaTb, uTo TeH30p 3JeKTpoonTHuYecKoro 3¢dexta nep-
BOTO NOPAAKA Y [29] ans KpHcTania THna cpaneprra ZnS (ToyeuHas
rpynna 43m (T,)) ¥MeeT TOJbLKO OfHY OTJHUYHYIO OT HyJs He3aBHCH-
MY10 KOMNOHEHTY ¥. IlycTh 3sekTpuyeckoe nose E NpHIOKEHO K KPH-
cra/ly no ogHomy u3 HanpabJienwil: [100], [111] nam [110]. Ha#tn
ri1aBHbIE 3HAUEHMS M OCH TEH30pa JHMIJIEKTDPHUYECKOH NPOHHIIAEMOCTH
H ONTHYECKHE OCH Tocje TNPHJIONKEHHA IOJA.

Kak H3MeHHMTCH peiieHHe Jf CTPYKTYDH THIA KaMeHHOH COJH
NaClI?

15.3. OnTHueckHe NOCTOsIHHbLIE HENpO3pauyHOro KyGHUYECKOro Mare-
pHasia npM 3ajJaHHOM JJIMHe BOJHBL A MOXHO OIpEefeNHTb, H3MepAs
KOMpDHILHEHTH OTPaXKEHHA IS yIJa NMajeHus ¢ JHHEeHHO MOJAPH30-
BaHHOTO CBeTa C JJHMHOM BOJIHB A IIpH INIOCKOCTAX IIOJSADH3alMH,
napaJsensHoll (R)) ¥ nepneHANKyaspHO# (R |) K IJIOCKOCTH NaAEHHA.

IlokasaTb, 4TO 3TOT METOJ HENPHrofeH AJa ¢, O6auskoro K 0,
45 n 90°.

*15.4. JlaH kpucraan (nanpumep, ZnSe), y KOTOpOro AEHCTBH-
TEJbHLIH HEJHHEHHBIA 3JEKTPOONTHUECKHH TEH30p NepBOro Nnopsiaka
HMeeT BHMJ TakoOH, Kak B 3agaue 15.2.

Iloxka3aTb, 4TO yJABOEHHE 4YaCTOTEI HMEEeT MeCTo A IIOCKOH
BOJIHHI, pacrnpocTpansomeiics BRoab Hanpasjaenuit [111] » [110], Ho
He s [100]. Ilokasats, uTo onTuMansHoe yaBoeHHe [30] nonyuaercs
npy e(@)=¢(20), rae &{w)—JuHe#HasA AH3JEKTPHUYECKAsA IPOHH-
11aeMOCTb Ha OCHOBHOM 4acToTe ®, a & (2w) —TO XKe Ha 4acTOTe BTO-
poit rapmoHMKH. Bo3MOXHHHA cnoco6 KoMIEHcalH# COGCTBEHHOM

*} M. Cardona (Brown University, Providence, Rhode Island).



JMCIIEPCHH KPHCTA/I/a M BHIIOJHEHHA YCJIOBHA &(0) =€ (20) 3aKJI0-
yaercss B TOM, 4YTOObl BBECTH IIPHMECHEIE IIEHTPBI, /Il KOTOPBIX
4acToTd MOIJIOWEHHS (AMCIIEDPCHH) JIEXHT MeXiay o H 2.

Kpucrana ZnSe umeer & (w=0)=5,9. CoOGCTBEHHYIO IHCIIEPCHIO
MOXHO [PEJCTaBHTb TapMOHHYECKHM OCUMJ/LIATOPOM C 3Hepruei
¢orona 6,5 s8. Bpenem He BHI3bIBaIOI[HE IIOTE€PL NPHMECHBIE LEHTPhI
THIIA TapPMOHHYECKOrO OCUMJIIATOPA C PE30HAHCHOH 3SHeprueil &, —
= 1,5 9 u cuoit ocumiisitopa f=1 nHa arom (ex. CI'C). Berunc-
JIHTh, Kakas KOHIEHTPAIHA TAaKHX LEHTPOB HEeOGXOAHMA, UTOOLl CO3-
JaTh ONTHMaJbHOE YJBOCHHE 4YacToThl (OTOHOB ¢ fiw =1 38.

15.5. IllenoyHO-raJOHAHBIH KPHCTA/I HMEET CTATHUECKYIO JH3JeK-
TpHUECKYIO npoHHUaeMocTs & (0) =5,9. Ero HexucnepcHoHHAsi gu3Jjek-
TpHUECKasi IIPOHHIAEMOCTb B OaHXHEeH HHppakpacHOH obJjacTu
€ (00) = 2,25. KosapuuneHT oTpareHHs KPHCTA/LJa PaBeH HyJIO NpH
AauHe BOJHBI 30,6 mrm.

BBIUHCIHTE 4aCTOTH NPOJOJIBHBIX H IIOINEpeuHbiX (OHOHOB mpH
k=0. Pesysnbrathl Bhipasutb B 38, °K M cex! (o6blYHAsi, WIH Yr.JIO-
Basi uactora). Hauepruts rpadux 3aBrcHMocTH Koa(pHUHEHTa oTpa-
MEHHA OT JAJMMHBl BosHel. HMenoab3ys rtabauust [3], onpepesuts,
KaKOH 3T0 KPHCTAJA.

*15.6. BoiBectn mnpaBusa or6opa AA  CTPYKTYp cdajepuTa,
KaMEeHHOH COJH M a/aMasa, LA CIeNYIOUWHX ONTHYECKHX MpOLECCOB,
B KOTOPHIX YYacTBYIOT (GOHOHLL ¢ B = 0:

OAHO(OHOHHOE MOIJIOWEHHE, IBYX(OHOHHOE INOIJIOUEHHE, OIHOPO-
HOHHOE GPHJLTIOSHOBCKOE paccesiHHe, OAHOQOHOHHOE KOMGHHAUMOHHOR
paccesinue, ABYX(OHOHHOE KOMGHHAUKOHHOE paccesiHHe (TaG/IHIhI
HeOOXOJMMbIX BeJHUHH HMeloTcsi B [31]).

15.7. PaccMoTpeTh TOT e KpHCTauaa, uTo H B 3ajaue 15.5.

Onpene/uThb, NpH KakoH JUIHHE BOJIHBL INOrJOmEHHEe (OTOHA IpH-
BOZHT K OGPa30BAHHIO TpPeX (DOHOHOB C HYJIEBHIMH KBA3HHMITYJIb-
CamH. )

Paccuutath OTHOIIEHHE HHTEHCHBHOCTEH COOTBETCTBYIOWIMX IOJIOC
nor.iowennst npu 300 °K K HHTEHCHBHOCTAM Tex e noJoc npu 77 °K.

OrnpenesnTh IMHHB BOJIH, NPH KOTOPHIX NOSIBHTCH ABYX(OHOHHOE
(nas1 oGoux (oHOHOB K =0) KOMOGMHAIHOHHOE paccesHHE CBETOBOro
nyda ¢ AaHHOH BoaHbl 5000 A. PaccunTaTh OTHOLIEHHE HHTEHCHBHO-
cTedl paccesiHHOro csera npu 300°K K COOTBETCTBYIOIMM HHTEHCHB-
HocTsiM npu 77° K.

15.8. JlMCIepCHOHHRIE 3aKOH JIsi ONITHUECKHX (OHOHOB KPHCTAJLIA,
HCIIOJIb30BAHHBIA B 3ajayax 15.7 u 15.5, MOXHO pasjoXHTL B pax
0 cTeneHsAM K B okpecTHocTH k=0.

OrpaHHUHMBILHCh B 3TOM Das/OXEHHH UJEHaMH BTOPOTO MOPAIKA,
OnpeleHTh GOpMY IBYX(DOHOHHOIO CIIEKTPAa KOMGHHALMOHHOrO paccesi-
HHSl, OOYCJ/IOBJIEHHOrO (OHOHAMH C KBA3WHMITYJbCAMH, JIEXKALMMH
B OKpecTtHOocTH R =0.

15.9. KoHuentpauus cBOGOAHBLIX 3JEKTPOHOB B IOJNYNPOBOAHHKE
paBHa N. DJIEKTPOHB! pacloJaralrcs B JOJHHE, /IS KOTOPO# TeH30p
5(peKTHBHBIX MAcC HMEET IJIABHbIE KOMIOHEHTH M, My, M, (AHH30-
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TponHas 3d¢dexkTHBHas Macca). K Kpucranny npHkiageBaercs mocro-
SIHHOEe MarHuTHoe moJse B.

Onpenenuts BK/aaj CBOGOXHBIX HOCHTENEH B JU3JEKTPHYECKYIO
TIPOHHILAEMOCTb KPHCTaJ//1a (CUHTATh, YTO IJIABHBIE OCH TEH30Pa AM3JEK-
TPHYECKOH MPOHHMIAEMOCTH COBNANAIOT C IJaBHHIMH OCSIMM TEH30pa
3¢deKTHBHHX Macc).

*15.10. Jlna cnaluix MarHHTHHX ToJel (apajeesckoe BpaleHHe
B KyGHUYECKHX KDHCTaJuIax H30TPOIHO,

Hcnonp3ys 3HaueHHe JU3JEKTPHUECKOH INMPOHHIAEMOCTH, MOJyYeH-
HOE B npeibiAyliedl 3ajaye, pacCUHTaTb BKJaX CBOGOAHEIX HOCHTeJsel
B dhapajeeBckoe BpalleHHe KYOMYECKOro KPHCTaNJa NpPH YCJIOBHH, UTO
3JIEKTPOHH HAaXOAATCA B 3KBHBAJIEHTHHIX NapaGOJHUYecKUX JOJHHAX
B OKpecTHocTH R=0 (T. e., Hanpumep, CJyyall repMaHHf U KPEMHHS
n-TUNa).

*15.11. Tlycrb B KyGHUYecKOM MOJYNPOBOAHHKOBOM KpHCTaJIe
{(KpeMHHI1) KOHIIEHTPAL U5 3JEKTPOHOB B 3KBHBAJIEHTHHX JOJIHHAX BOJb
HanpaBnaenuit [100] paBra N, a anaroHasbHhe KOMIOHEHTH T€H30pa
sdbekTHBHHIX Macc my, m, H m,. Ilox pelicTBHEM Harpysku, NpHJIO-
XEHHOH K KPHCTa/Jly, BHPOXJIEHHE JOJHH CHHXKAETCH U pacllenieHHe
ypOBHEH SHEPrHH OIHCHIBAETCH BHIPAXKEHHEM

AE,=&, (nen—1/;Spe), (15.11.1)

rae n — eIHHUYHBLIH BEKTOD M0 HANpaBJEHHIO TOH NOJHHEI, € — TEH30D
zedopmanu (em. [32]).

Paccunrars BkJIa[ CBOOOAHRIX HOCHTEJEH B KOMIIOHEHTH TEH30pa
yIpYroONTHYECKHX KO3 HUHEHTOB (TEH30D YeTBEpPTOro paHra), cuu-
Tasl, YTO IOJYNPOBOJHHK MOJHOCTBIO BHIPOXJEH.

*15.12. B xpucranne KpeMHHs n-THIIAa KOHIEHTPAlUA HOCHUTENel
N =108 cu3, Byaem cuuTaTb, YTO OHAa MOCTOSHHA.

MoxHO JHM B cayuyae OJHOOCHOTO CXATHA 3TOTO KpHCTalnia
B Hanpassienud [100] npUMEHHTb TEH30p YNPYrOONTHYECKHX Ko3du-
I[MEeHTOB, IMOJYYeHHHH B 3ajaye 15.117 Beauwunna Harpysku —
10%° Gun . cm~2. OmnpefesuTh COCTOSIHHE TIOJAPHU3AIMH MOHOXPDOMATH-
yeckoro Jyda (A =4 mxm), Najaioumero NepneHiMKyJasapHO HampasJe-
Huio [100] ¥ mnosnsipusoBaHHOro MOA YrioM 45° K HalpaBleHHIO
[100], mocne mnpoXoXAeHHS MM CJIOA 3TOrO MaTepHana TOJLUMHOH
0,25 mm, Haxoisulerocs Nox JelicTBMeM JaHHOH Harpysku. Ilpeamno-
JIaraercs, YTO TOJYNPOBOZHHK BBIDOXKAEGH. YIpPYyrue IOAATJIHBOCTH
KpHCTajsia paBHH §;; = 0,768 - 10-12 OQun - cm2, s, = — 0,214 X
X 1012 Qun-cu?, €,=9 36, m;=0,8m u m, =0,2m. duanexrpu-
yecKas NPOHMILAEMOCTb pelIeTKH g = 12,

15.13. B xpucraane InSb (n-runa) KOHLEHTpalHU#A 3JEKTPOHOB
N =108 cu3. Tlpenamosoxkum, uTo 3(pGdEKTHBHAsA Macca 3JeKTpOHa
paBua 0,015m W He 3aBHCHT OT BeJIHYHHH JHEPrHH (T. €. 30HA fpo-
BOJIMMOCTH HMMEeT HjeajbHYI0 NapaGoanueckyio ¢opmy).

OmnpenenuTh NJasMeHHYIO 4acTOTy M AJHHY BOJHBI, TIPH KOTOpOH
B OTPaxaTeJibHOM CIOCOGHOCTH NMOSBJISAETCS COOTBETCTB YIOUWMH MUHHMYM.
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KoHueHTpaLHIO 3/IEKTPOHOB MOXHO CYHTaTh NOCTOSIHHOHA. [lu3asekTpu-
yecKasi [POHHLAEMOCTb pewieTkH & = 16.

*15.14. PaccMoTrpeTb MOJYNPOBOJHHK CO CTPYKTypoH cdasepHra,
B KOTOPOM MHHHMYM HaHHH3leH 30HBI MPOBOJMMOCTH DPAaclOJIOKEH
B okpectHocTH R =0 (nanpumep, InP). Ucnons3ys k- p-npubnuxenue
raMHJIbTOHHAHA JJ/IS1 3JEKTPOHOB [33] M ABYX30HHYIO MOJe/]b, Pa3Jo-
XHTh IHEPrHI0 3JEKTPOHA B 30He NPOBOJHMOCTH B PSiji 10 CTEleHSM
| k| B okpecTHOcTH MHHHMYMa K =0 (B ABYX30HHOH MOJ€/IH YHYHThI-
Baercs TOJIbKO R - P-B3aHMOJIEHCTBHE MeX/y HaHHH3UIEH 30HOH NpOBO-
JMMOCTH M BepXHell BaseHTHok 30HO¥). CuuraTh, UYTO BCE ApPYrue
COCTOSIHHSI BEeCchMa YAAJ€HbI H He BHOCAT CYUIECTBEHHOrO BKJIajfa
8 k- p-psaumopeircTBre. COCTOSIHHE 3JIEKTPOHA B 30HE IIPOBOIMMOCTH
npu k=0 sBaserca cocrosHueM s-tHna (I';), a cocrosiHHe 3jeKTpoHA
B BaJEHTHOH 30He —cocroaHHeM p-THna (I'y;), npuueM TpexKpaTHO
BHIPOXK/JEHHHIM (MpeHeGperaeM CNHH-OPGHTA/IbHBIM B3aMMOJEHCTBHEM).

Hcnonb3ys nosiydeHHbie DPe3y/bTAThbi, ONPENEJNHTh CONTHUYECKYIO
3¢d@deKkTHBHYI0 Maccy» [34] 3J€eKTPOHOB B 3TOM Marepualie, T. €. MacCy
m*, KOTOpasi BXOJMT B BhIDaXKEHHEe, Ompejessionee BKIaJ CBOGOIHBIX
HOCHTEJ/IEH B JHIJIEKTPHUYECKYIO [POHHUI[AEMOCTb,

4nNe2
Ae=— o

(15.14.1)

¥ ee 3aBHCHMOCTb OT KOHUEHTpauuu Hocureseif. Cuurath 0OJynpo-
BOJHHK MOJIHOCTBIO BhiDOXIACHHbIM. [l/Ifi KaKHX M3 MOJYNPOBOJHHKOR
InSb, GaAs, InAs, GaSb, InP, AlSb, GaP ponycrumo npeHeGpexeHue
CIIHH-OPOHTAJILHLIM PaCUIENJIeH HeM?

*15.15. PaccuritaTe B k- p-npub/JMKEHHH BapHAUMH ONTHYECKOR
3¢xpeKTHBHOA Macchl CBOOOJAHBIX 3/1eKTpPOHOB B InSb B 3aBHcHMOCTH
OT KOHUEHTPAaUuH 3/eKTpoHOB N. CuMTaTh, YTO BE/IHUHHA CNHH-OpPOH-
TaJbHOTO pacuienyieHusi BaJeHTHOH 30Hu (I'y;) A; paBHAa GECKOHEUHOCTH
(3TO MpeamnosioKeHHe NOMYCTHMO, TaK KaK A; HAMHOro GoJiblle UIHPHHbE
sanpeuienHoil 3oubl &,). PaccMorpers o6pasey [nSb n-thma ¢ N ==
= 108 cu-3. OnpenenuTb NJIMHLL BOJH A,, COOTBETCTBYIOUIHE [1/1a3MEH-
HoMy Kpaw (R=1 paa A> A, 1 R <1 ana A <A,) 4 COOTBETCTBYIO-
LiMe MHHUMYMY OTpamares]bHOH croco6HOCTH. CuMTaTh KOHUEHTPAIHIO
3/IEKTPOHOB HeH3MeHHOH. JfxbeKTHBHAs Macca 3JIEKTPOHOB Y JHA 30HB
m*=0,015. [uanexTpuyeckass MNpPOHHUAEMOCTb peleTKH &, = l6.
[lupuna 3anpemenHoit 30Hel 8,=0,24 38. CpaBHUTbL NOJYYEHHblE
pe3y/bTaThi C pe3ysnbTaTaMH 3ajgaut 15.13.

*15.16. PaccMoTpeTh AM3NEKTPHYECKHH KPUCTAJLI, UMEIOIHH CJIOH-
CTYIO TeTpParoHaJIbHyIO CTPYKTYPY, TaKyl0, UTO B3aHMOIEHCTBHEM MEXIY
CJIOSIMH MOKHO IpeHeGpedyb (IBYMEpHLIH Kpucrasaia). BaneHTHas soHa
T4KOr0 KPUCTA/LIA MMEET HYJIEBYIO LIMPHHY, T. €. &, (k) = const. Buipa-
JKEeHHe J/1 30HK! [POBOJHMOCTH MOXXHO 3alHCaTb B BHIE

€. (k) =&, (0) — A (cos ak, +cos ak,), (15.16.1)
TAe a—napaMerp peulerkd, A —3aBHCAIAA OT CTPYKTYPHl 30HKE
nocrossHHas. CuyutaeM A MOJIOXKHTE/NBHOH.
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Onpeneantb ocoGeHHocTH Ban-XoBa [35] a1 npsAMBIX MEXK30HHBIX
NepexofoB MexAy 3THMH 30HaMH. OnpejesnTb (OpMYy MHHMOH 4YacTH
JIM3JIEKTPHUECKOH IPOHHIIAEMOCTH €; OKOJIO KaXKJAOH H3 3THX OCOOeH-
HocTredl, mpeamnosarasi, 4YTo nepexoisl SBJAAIOTCA pa3spellieHHbiMH. Cxe-
MaTHYeCKH H300pa3uTb IHEPreTHUECKHH CIeKTp.

*15.17. Paccuutath (opMy &; BGH3H ocoGeHHocTeln Ban-Xoga,
NONYYEHHKIX B 3alaue 15.16, B npeanosiokeHHH, 4TO nepexosl nepBoro
NopsjKa ABJIAKTCA 3anpelleHHbiMH. CuMTaTh, YTO /s 3aMpeileHHbIX
NepexofioB MaTPHUYHLI 3JEMEHT p HMeeT KOMIIOHeHThl p.=CAk, u
py=CAk, (Ak—KBa3HHMNyJ/bC KPHCTaJJIa MHHYC KBa3HHMIYJbC
ocobenHocTH Ban-XoBa). Cxemaruueckn H306pasuth ¢GOpMy 3Hepre-
THYECKOT'O CNEKTpa g; AJs KpHcTaldsna H3 3amayu 15.16, cumras Bce
KPHTHUYECKHe ToYeuyHple Mmepexoisl 3anpelleHHhIMH NepexoiaMH NepBoro
nopsuxa.

*15.18. Haiitn ¢opMmy BellecTBeHHOi YacTH AM3JEKTPHUYECKOH Mpo-
HHIIAeMOCTH IJs MNpSAMBIX paspellieHHbIX MePeXOJ0B B OKPeCTHOCTH
JBYMEDHbIX KDHTHYECKHX TO4YeK (cM. 3aaauy 15.16).

¥kasanue. CunTaTh 1J151 BCeX 3HaYeHHH 3HEPrHH NJOTHOCTb COCTOS-
HH¥H Takoil, Kak B 3agaue 15.16. Crporo roeopsi, 3TO BEpHO JHILb
BOJIM3M KPHTHYECKHX 3HEpreTHUecKHX 3a3opoB. BocnosbsoBarbes
cooTHomeHHsaMH Kpamepca — Kponura {36]. Cxemarnueckn H306pasuth
CNeKTP &, A KPHCTaN/a, PaccMOTPeHHOro B 3ajaue 15.16.

*15.19. Onpenennrb 3aBHCHMOCTb MATPHYHOrO 3JieMeNTa P IJd
NpSIMBIX MEX3OHHBIX NepexonoB B okpectHocTH k=0 m1s noaynpo-
BOJIHHKAa CO CTPYKTypoi#l canepura, paccMOTpeHHOro B 3ajade 15.14.
Hcnonb3oBaTb ABYX30HHYIO MOJeJb. _

*15.20. [lonynpoBOJHHK THMNA repMaHHsl HMMEET Y IDAaHHIbI 30HHI
BpuamosHa NOYTH H3OTPONHYK ONTHYECKH pAa3pellieHHVIO IUHPHHY
3anpeuieHHoN 30HH &,, W3-32 uero y 3TOrO NOJNYNPOBOZHHKA HMeeTCs
CyHIeCTBEHHOE TnorJoueHne. JIusiekTpHueckas npoHULAaeMoCTb B 6/1H3-
KOM uH(ppaKpacHO# 06JacTH /s 3TOro MarepHaJia paBHa 12, a mapa-
METD pellleTKH G = 5,42 A.

PaccuntaTh NpHOIM3HTENbHYIO BEIHUMHY 8, B 3/1€KTPOH-BOJIbTaX
[35]. -
15.21. PaccMoTpeTh KpHTHUECKYl0 TOUKY MHHHMyMa M, /s nps-
MBIX MEX30HHHIX [€pexoioB, IipeanoJsaras, 4YTo MapaboJHyecKoe
pasJioKeHHe MJIOTHOCTH COCTOSSHHH BOGJH3H M, crnpaBeAJHBO BILIOTH
JI0O 3HaueHHH 35HEPruH, paBHbIX OGECKOHEYHOCTH, M UYTO MaTpHUHLIe
3JIEMEHTHl p MOCTOSIHHBIL.

Paccunrath (opMy COOTBETCTBYIOWIEH JAEACTBHTENBHOH 4YacTH
AH3JIeKTpHYECKOi npoHHiaeMocTH. CXxeMaTHYeCKH H300pa3HTb GOpMHI &,
sl IPYCHX THIOB KpuTHYecknx Touek Ban-Xoa [37].

*15.22. IonynpoBoauuk co crpykrypoit Bropuura (CdSe) nmeer
HIMPHHY 3anpelueHHof 30HH (npH k=0), paBHywo 1,6 36. CummerpHs
notoska BasJeHTHOH 30HH I'y (Toueunas rpynmna Cg,), 8 CHMMETpHSA
AHA 30Hbl NMpoBOAMMOCTH I',. MaTDHUHBHIH 3/IeMEHT JJIs NPSMLIX nepe-
XOJIOB MeX1Y KpasiMH 3THX 30H paBeH 6,1-10720 z.cm-cex?, a npu-
BefleHHasi adepekTHBHas Macca cocrasaser 0,08m. Kospdpuumnenr
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IIPEJIOMJIEHHSl /IS JAJIMH BOJH, ONH3KHX K &, paBeH NPHOMH3H-
TeJIbHO 3.

OnpenenuTs NPOM3BOAHYIO OTpamaresbHOM CHOCOGHOCTH R 110
3HEPrUH (OTOHOB, GJIH3KOH K &,, 1na cayuas HOPMAJIBHOTO MajeHHs
CBETa, paclpoCTPAHAIOWIErocst BAOMb OCH C, B IIPEAIOJIOKEHHH OJHO-
3JIEKTPOHHOrO Nepexofia 30Ha — 30HA.

(¥xasanue. lokazaTb, yro BOMH3H HaHMEHbUIEH gg BeJIHYHHA
dR/d€ nponopuunonanbHa de,/d€, W HCNIONBL3OBATbH PE3yJ/IbTATH, NOJY-
yeHHble B 3ajave 15.21.) CxemaTHuecKH H306pa3HTb XapakTep H3MeHe-
HHS STOH IIPOM3BOJHOH IIPH yueTe BJHAHHUS KYJIOHOBCKOrO B3aHMO-
JEHCTBHS MEXIY S/E€KTPOHOM H JbIpKOH (3KCHTOHHBIH 3(dekT) [37].

*15.23. OnpepenuTb ¢GOpPMy pa3pelieHHBIX IIepeXOJoB M 3ampe-
LWIEHHBIX HENpPAMBIX TePEeXOfOB NEPBOro NOPSJKa HA SKCHTOHHHIH ypo-
BeHb C KBasuuMIyJbcoM K, JexamuMm y Kpas 30HH DpuanosHa.

15.24. MHuMas 4acTb AHINEKTPHYECKOH IIPOHHLAEMOCTH &, O6YC-
JIOBJIEHHASA NPAMBIMH pa3pEHIEHHBIMH IE€PEXOJaMH Ha OIlpefiesIeHHbIH
JHCKDETHHIH 3SKCHTOHHBIH YypoBeHb, Jjaercs ¢opMyJaol Jlopenna
{c HeCHMMETPHYHBbIM YUIHDEHHEM)

8 ~ l/zrex+2Al(8_gex) . 15. 1
81( ) (g_gex)z'*‘(l/!rex)2 ( 5 24 )

PaccyHTaTh BEHIECTBEHHYIO YyacTh AHOJEKTPHYECKOH [POHHIAEMOCTH,
KOTOpasi COOTBETCTBYET TEM XK€ ONTHYECKHM IIpOIIecCaM.

*15.25. OnpenenuTb Xapakrep CHMMETPHH 3KCHTOHHHIX YDOBHEIl,
00pa30BaHHLIX BAJEHTHBIM 3JIEKTPOHOM CHMMETPHH I'y H sjekTpoHOM
NPOBOAHMOCTH cHMMeTPHH I'y, ans kpHcranaa Tuna repmanus [31].
Orpanuuntbess S-06pa3HBIMH  orubarmouuMd  GyHKuuAMH. Kakue u3
3THX YpPOBHEeH OYAyT pa3perieHHBIMH [JIf JHIOJNbHBIX ONTHYECKHX
NepexofioB, a KaKHE A/ KBaJpYIOJbHBIX?

15.26. B repmanHH B Ba/jIeHTHON 30He mpeacTaBneHue 'y U B 30He
NIPOBOTHMOCTH NpeacTasjaenus I'y u I'y; monyuvarorcs pacinennieHHeM
BOCbMHKPAaTHO BHIPOXJeHHbIX 2m/a[l111] ypoBHel MofenH CBOGOAHBIX
3/IEKTPOHOB.

OnpenenuTb MarpuuHele sjeMeHTHl p Mexnay Iy, I's u I'yy B npu-
ONHXXEHHH CJ1a00i CBA3M (MpeAno/iaraeTcst, YTO B3aHMOAEHCTBHE MEX Y

2n
3JIEKTPOHAMH HA 7[111] YPOBHSIX CBOOOIHLIX 3JIEKTDOHOB M 3JI€KT-

poHaMH Ha BceX JAPYrHx ypoBHAX ¢ R=0 mnpeHe6pexxuMo Malo).
CummeTpH30BaHHBIE KOMOHHALMH IJIOCKHX BosiH Tuna [111] mpepnyo-
xeHnl Mapuotom [38].

16. CeepxnpoBoaumocTtb *) [39]

16.1. DneKTpHYECKHH TOK HHAYUUDPYETCS TaK, YTO OGTEKAET CTEHKH
TOHKOH CBHHIOBOH TpYyOKH, HMeloilell yka3aHHee Ha puc. 16.1.1
pasMepel M moAJepxHBaeMol npu Temneparype 4,2° K. Mamepenus

*) H. J. Goldsmid (Bath University of Technology).
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NoKasank, 4TO 3aTyXaHHe Toka 3a Bpems 2,5-10% cex cocraBuso
MeHee ueM 29.

OnpenenuTs BepxHee MpefielbHOe 3Ha4YeHHE 3JEKTPOINPOBOLHOCTH
CBHHIOBOro o6pasua. IIpeanosokuTs, 4TO MarHUTHOE NOJE IPOHHKaeT
B CBEPXIPOBOJAHHK Ha TIayOHHY
5.10¢% cu. (3ta 3ajjaua ocHOBaHa 7~

P P

Ha 3KcIepuMeHTaxX, NpoBe/ieHHBIX -~ -~

Kyunom u HrrHepom [40].) L
16.2. Merasinueckuit wap, 50 5cm -~
NOMeleHHE# B MarHWTHOE IOJe, ifz:::—_—] o
: —Gdm— |1
oXJaxjaaercsi HHUXXe HEKOTOpOi —— = —————— /
KPHUTHUECKOR TemnepaTypu 7., < 8 45em —>
IpH KOTOPOH METAJNJ CTAHOBHTCA  Puc. 16.1.1. Paamepu o6paiua u3 cauH-
CBeprpOBOJIHHJ.HM. ua jss H3MepeHHH CBEpXIPOBORHMOCTH
Hao6pasuts CXeMaTHYeCKH [40].
KOHQHUrypalHKio JHHKHA MarHWTHO-
rO IIOTOKA BHIIIE H HHXKe TeMnepaTyphl T, U CONOCTAaBHThL CBORCTBA 3TOrO
MeTajia cO CBOHCTBAMH APYroro merasna, Ajasi kotoporo npu T << T,
CONpPOTHBJEHHE CTAHOBHTCSI INIPOCTO paBHBIM HyJO, HO KOTOpHIH,
C Apyroii CTOpOHEI, He OOHapy>KHBAaeT CBOKCTB CBEPXIIPOBOJHMOCTH.
ITokasaTts, 4TO CBOHCTBA CBEpXNpPOBOLHHKA COIJIACYIOTCH CO CJe-
AYIOUIMM TIpEATIONOKEHHEM:

290 6m

j=—""4, (16.2.1)

rie j— NJOTHOCTh TOKAa; A — BEKTOPHBIH NOTeHNHMas, OINpeJe/sieMbli
COOTHOIIIEHHEM ’
rot A= H,

H — marnuTHOe mONe, 7 — KOHLEHTpaluf 3JEKTPOHOB B MeTaJe;
¢ ¥ m — COOTBeTCTBEHHO 3apsfi K Macca 3JeKTpoHa.

16.3. Kpurnueckas TeMnepaTypa CBepXIPOBOJSILErO OJI0Ba B Hy.Je-
BOM MarHuTHOM noJsie paBHa 3,7 °K, a kpuruueckoe noJsie npu 0°K
paBHo 306 3.

Haiits B cBepXInpoBOAAILIEM COCTOSIHHH IPHOJHXEHHOE 3HaueHHe
MAaKCHMaJbHOTO TOKa, IPOTEKAIOLIEero B OJOBSIHHOK NPOBOJIOKE JHaMeT-
pom 0,1 cx npu 2°K. Onpejenurs AHamMeTp NPOBOJOKH, IPH KOTOPOM
no Heii MoxeT nporekate ToK B 100 a Gea mepexona 0J10Ba B HOp-
MaJbpHOE COCTOSIHHE.

16.4. daauncoujaibHHE ofpasen cBepXnpoBojiHHKa 1-ro poxa,
HMEKOIIero KpHTHueckoe nofe H,, nomemeH B MarHuTHoe moge H
(0<<H<<H,. Och ofpa3ia OpHEHTHpOBaHa NapaJjJeNbHO Hampas-
JIEHHIO T10J51.

OnpejieuTh 3aBHCHMOCTb HaMarHWYEHHOCTH obpasna oT noas H.
ITokasats, uto npu H B nHrepBane H. (1 —D)<<H <CH. B ofpa3sne
JIOJDKHE CYIECTBOBATh KaK HOPMANbHEE, TaK H CBEPXIPOBOASILKE
obnactu (3nech D — paamarHuuuBaiomuil ¢axrop). ITocTpours rpadux

3aBHCHMOCTH HAMAarHMYEHHOCTH or nons H pas: a) OecKoHeuHo
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QPOTAKEHHOr0 LMJAHHAPA C OChbio, napannensHor M, 6) chepu. Lna
9/I/IMICOMAA BpalEHHA, OPHEHTHPOBAHHOrO B HANpPAaBJEHHH MoJA,
BeqduMHa D 3ajaercsa COOTHOIUEHHEM

1 1 14-e
tae e=)1—b%0a% a—ochb 31IMNCOMZA, B HANPaBJEHHH MOJISA;
b — och 3/MHNCOMAA, NMEPHEHAUKYAAPHAA HAlpPABJEHHIO MOJIA.

16.5. s cBepxmpoBoiHHKA 1-ro poja BBIYHC/IMTH pPa3sHOCTb
€BOGOAHBIX aHepru#t 'n66ca A/A cayyas HyJEBOTO MOJA H /A CJy-
yas OJHOPOAHOH HaMarHHuYeHHOCTH BO BHeluHem noae H. Orciona
yepes KpHTHueckoe mnoJie H, no/JyydTb BHIPAMKEHHE IJA DPa3HOCTH
SHTPOMHH H YOEJbHRIX TENJOEMKOCTeil, COOTBETCTBYIOMUX HOPMaJib-
HOMY M cBepxmpoBoaflleMy cocToaHHAM. Ilokasats, 4TO npu KpH-
THYECKOH TeMmepaType HMeeTCS CKAaYOK yAeJbHOH TelJIOEMKOCTH,
CKayoOK € CKPHITOH TEeMNJOTHl Nepexofa OTCYTCTBYET.

16.6. B Ta6n. 16.6.1 npuBeseHsl 3HaYEHHA YAEJLHBIX TENJOEM-
KOCTejl 0JI0Ba, COOTBETCTBYIOLIHE cBepxnpoBoisfuemy Cs; ¥ HOpMaib-
HoMy C, COCTOSIHHAM (NOCJIELHHE BEJHYHHEI MOJYUYEHH MPH BHEIIHMX
MarHUTHBRIX NoJdAx, 60abmux H,).

OnpeneuTs BEeNHYHHY BKJ4Ja 37€KTpOHOB C,s B YAEIBHYIO
TENJI0OEMKOCTb B CBEPXMPOBOJSAIEM COCTOAHHH M MOCTPOMThE rpadmk
3aBHcHMOCTH Jorapudma C,s ot 1/T. Kako#t cMBIC] HMEET NOCTPOEHHLIH |
rpadux?

Ta6aunua 16.6.1 Tab6aana 16.7.1
T K Cs: MHONC-MOR6™—1-2pad—1 Cn- MOxc-MoAb—Y-2pad—1 M HC (0}, 5 To.(n- °K
2,48 10,39 8,29
1,91 5,01 5,10 113,6 312 3,786
1,62 3,03 3,89
1,46 2.10 33 118,7| 304 3,712
1,24 1,14 2,62 123.8( 298
1,08 0,65 2,18 ’ 3,641

16.7. B Taba. 16.7.1 npuBemeHH! pe3y bTaThl H3MEPEHHH 3aBH-
CHMOCTH KpHTHYeckoro mnoas H, or TtemnepaTypnl Aas OGHLIYHOro
0J10Ba (cpeaHee 3HayeHHe aTtoMHOH Maccsl M =118,7) u ana mByx
00pasuoB 0/10Ba C JAPYrod KOHIEHTpAalHed H30TONOB (3mech Tgq —
TeMmneparypa, npH Kortopoét otHomenue H./H.(0)=0,01). Bwuio
HafJeHo TaKxKe, YTO Bc€ 0O6pa3lipl YHOBJETBOPAIOT MOJHHOMHA/E-
HOMYy COOTHOLLEHHIO

h=1—1,082—0,06¢* 4 0,35¢ —0,21¢8,

rae h=H,/H.(0), H,— xkputuueckoe mnoje, paBunoe npu 0°K sesu-
upne H.(0), t=T/T, (T.—KpHTHuecKas TeMnepaTtypa B HYJ/EBOM
noJae).

92



Hafitu kpuruueckyio Temnepatypy 7, Aas Kaxkjoro oGpasua.
Haiiti orciona xapakTepHoe CBOHCTBO cooTHOuwleHHsi Mexay T, u M
AN M30TONIOB OJIOBA H JJA H30TONOB PTYTH H OOBACHHTL €r0 Ba-
HOCTb. KpHTHYeckue TeMmepaTypu Aas 0GpasLOB PTYTH, COfepiKa-
HIMX Pa3THYHbIE KOHUEHTPAUHH H30TONOB, NPHBOAATCSA B Taba. 16.7.2,
(3ta 3ajnaya ocHoBaHa Ha aKcmepumentax Cepuna u ap. [41, 42])

Ta6auua 16.7.2

M 199,5 200,7 202,0 203,3

Te °K 4,185 4,173 4,159 4,146

16.8. DnexTpHuecKuél TOK NPOXOJHT 4Yepe3 KOHTAKT JBYX MeTan-
JIOB. CBHHIA H AJIIOMHHHSA, OTJEJICHHBIX APYT OT ApYra OYeHb TOHKHM
-usosupyomum ciaoem. Ha puc. 16.8.1, a cxemaTuuecku H3oGpaxkeHa
3aBHCHMOCTb TYHHEJIBLHOrO TOKA OT NPHJIOMKEHHOIO HanpsKeHHs [pH
temneparype 0,5°K, npHueM MakcHMyMy TOKa COOTBETCTBYET Hamnps-
xkenue V, =11,8-10"* g, MUHHUMYMY — HanpsikeHHe V,=15,2.10% a.

OOGbACHMTD, TIOYeMY KDHBasi HMeeT TaKyio GopMy, H HaHTH BeJH-
YHHY 3HEPreTHYEeCKOH IIeNH JJA CBePXNPOBOAALIHX CBHHIA H afio-
muuus. IIpH Kako# TemmepaType MOXHO OXHAAThb, YTO MAaKCHMYM H
MHHHMYM TOKa HCYe3al0T H 3aBHCHMOCTb TOKA OT HanpsixKeHHus OyjeT

I I
A /

< |-
Ny
<

a)
Pac. 16.8.1 3aBucuMoCTL TYHHENLHOrO TOXa [ OT MPHJIOKEHHQro HanmpsikeHHA V.
B cayuae (@) remneparypa Huxke, yem 8 cayvae (6).

XapaKTepH30BaThCA KPHBOMH, H3oGpaxenHok Ha puc. 16.8.1, 62 [Ipexn-
MOJIOXHTL, 4TO B TemnepaTypHoM uHtepBaJje ot 0°K jpo 7./2 Bean-
YHHA 3HEPreTHYECKOH IeJIH CBEPXNPOBOJHHKA H3MEHAETCA He3HauH-
TeJBHO.

16.9. JIBoiiHOK JKK03e()COHOBCKHH KOHTaKT HMEET BHJ, MMOKa3aH-
Hue Ha puc. 16.9.1. OGHapyxkeHo, uTO Korpa Tok [, NpPOTEKalOHA
yepes JBa CBEPXNPOBOJHHKA, JOCTHrAET KDHTHUECKOH BEJNMYHHH,
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HanpsiXeHHe CKAaykoM yMeHbllaeTcs JO HyJss. B cayuyae cBoGoaHOTO
OT MOTEPb TOKA KpUTUUECKU# TOK [, ABAsieTCA MOAYJIMPOBAHHLM,

7 KOrja HPUJIOKEHO MarHUTHOE IIoJie, IepIeH-
IUMKYJISIPHOE IIOCKOCTH KoJbla, OOGHapy»xeHo
f TaKXe, YTO NIPH YBEIMUEHUH MOJS MOAYJALHH

KPUTUYECKOro TOKa SIBJIAIOTCA INEPUORHYECKOH
! yHKLIMEeH noJs.

OGBACHUTHL 3TO SIBJEHUE M DPAacCUMTaTbh Ie-
puon MoayasuuH. Ilokaszatb, KakuM 03pa3oM
3TO sIBJIEHUE MOXeT OhITb HCHOJBb30BaHO MPH
M3MEpEHHM OueHb Masulx Hanpsxenui. One-
HWTb HauUMeHblllee U3MEHEHUEe HanpsxeHus,
KOTOpOE MOXHO ONpENeNUTh B CJayyae, KOrjaa

2 HOCTOSIHHAsE BPEMEHM He npeshlnaer 1 cex.

16.10. HM3BecTHo, YTO J/18 MAcCHBHOUO 06-
pasna CBepXHPOBOJHMKA 1-ro poaa KpuTHue-
ckoe mnose paBHo 500 3. Haiineno, uto pus

Puc. 16.9.1. [lBofHok  preyyy rommuuoit B 5-108 cM KpuTHyeckoe

JAX03e(COHOBCKHA KOH-

Takr  Mexay asyms [0/€ paBHO 550 o.

CBEPXNIPOBOAHHMKAMH. Kaxoit 6yaer BeJuuHMHA  KDPHTHYECKOIO
noass Ana obpasua tomuuHon 1076 cu?

IlpeanosoXuTh, 4YTO NPOHHKHOBEHME IIOJIS B CBEPXIPOBOJHHK
3aj|aeTCsl JIOHAOHOBCKOM Teopuelt u rjyOMHa NPOHMKHOBEHHS He 3aBH-
CHUT OT MarHUTHOro noJs; s¢peKTamy pasMarHMUYMBAHMA npeHeOpeyb.

16.11. OueHuth riayOUHY TPOHHMKHOBEHUS JJIs UHCTOrO OJIOBA,
OCHOBBLIBASICb Ha HEJIOKAJbHOHM TEOpUM M UCHOJb3YSA CJeAyIOlIiHe AaH-
Hble: KpuTHueckas Temnepatypa 7T.=3,7°K; mJoTHocTh paBHa
7,3 2-cm~3; atomHas macca M = 118,7; sdxpexTuBHast Macca m* = 1,9m
(rie m —wmacca CBOGOJHOrO 3JEKTPOHA).

Ouenuts riayOMHY NPOHUKHOBEHMS JJsi o6pasla 0JI0Ba C MaJjblM
COJIlepXXaHHEM WHJUSI, B KOTOPOM OCTAaTOYHOE YJEJbHOE COMpPOTHBJE-
Hue {(ompenessieMOe M3 HM3MEDEHHil INPOBOJAMMOCTH B HOPMAJbLHOM
cocrosHuu) paBHo 4-1076 om.cm. Dro ocraTouyHoe YAEIbHOE COMNPO-
tuBiedue B 10° — 10* pa3 npeBocxoguT BeJMYMHY CONPOTHBJIEHHSA
JUIsi HOMHMHAJBHO YHCTOrO OJIOBa.

16.12. PaccmoTpers ycToluMBOCTb CBEPXNPOBOAsIIEi ¢a3nl cepX-
NpPOBOJHMKA, MOMEIEHHOr0 B MAarHMTHOE IoJie, 10 BEeJIMYHMHE MeHb-
mee, 4YeM TePMOAMHAMMUYECKOEe KpUTHYecKoe moJse H.; npu paccMmoT-
PEHMH MCNOJb30BaTh JJIMHY KOreDEHTHOCTH § M IJIyOMHY NPOHMKHO-
Benus A. Mcnoabays Tot ¢akr, uro napamerp Jlanaay — 'mnsbypra »
Ans cjayvyas, Korja MOBEpXHOCTHAasi SHEpTHA B KPHUTHUYECKOM [I0J€

SBRISETCH [OJIOXHUTEILHOM, NoJkeH 6uTh MeHbue 1/)/2, nokasaTb,
YTO MPENTIOJIOKEHHE O CBS3M MEXJy OTHOLIeHHeM A/E M IapaMerpoMm x
SBJISETCSl BIIOJIHE INpHeMseMEM. IloueMy CBepXHPOBOJHHUK LEJHKOM
1le [EepeXOJUT B HOPMaJbHOE COCTOSIHME IPU BHEIIHHX INOJAX, MHpe-
BHIIAOMUX H,., Korja NOBEPXHOCTHAsl 3HEpPrusi OTpHIaTes]bHA?
Haiineno, uTo HeKHii CBEpXHpPOBOAHMK, y Kotoporo H, =165 s,
BefieT cefsi, KaK CBEPXNPOBOAHMK 2-ro poja, xorja rjyOuHa mpo-
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HHKHOBEHHA IIPH BBEAEHHH HpHMECEI';[ YB&JIHYUBACTCA He MEHee UeM

Ha 103 cm. Onpenenus % Kak }/ 2e*H AYfic, paccuntaTh 3HageHHe
BeJIMUYMHbLl e*, HMMelmed pa3MepHOCTb 3apAja, H OGBACHHTH CMBICH
nosiyyeHHoro pesyabrata. [lycTh mpu jfasbHeHIeM yBeJIMYEHHH KOH-
LUEHTpaUWH IIpHMeced TIJyOHHa [POHHKHOBEHHS BO3pacTaer J0
2-10-5 ¢cm. KakuM TOoraga JOJ/DKHO GHITh MAarHMTHoe MoJie, HeoOXOIH-
MoO€e JJIA TOJaBJIEHHUS BCEX CBEPXINPOBOAAMIUX CBOHCTB?

16.13. Hcnmonb3ys ypasHende JIoHjoHOB H mnpepnonaras, 4To
JUIMHa KOrepeHTHOCTH & MeHbile, 4eM TrJyOMHAa NPOHUKHOBEHHA A,
BBIBECTH COOTHONIEHUS, MO3BOJIAIOIIHE CBA3aTh HaMarHUYEHHOCTb
cBOGORHOrO OT JedopMallHd CBEpPXIPOBOJHHKA 2-rO poxa C BeJHYH-
HOH NpUJIOXKEHHOro noJs. IIpeanonoXuTs, 4TO B Clyyae CMEIIaHHOTO
COCTOSIHMA JIOMEHHAasi CTPYKTYPa CBEpPXIPOBOJHMKA SBJISETCHA JaMH-
HapHO#. BhipasuTb HauGO/IbIIEE U HAMMEHDIIEE 3HAYEHHA KPHTHUE-
ckoro nonsi H, u H,,, onpelejsioline rpaHUILI CMELIAHHOTO COCTOS-
HHMA, yepe3 E, A U TEPMOIMHAMHYECKOE KPHTHUYecKoe moje ..

DKCrepUMEHTaIbHO YCTAaHOBJIEHO, 4YTO KPHMTHUYECKHe moas H u
H_, n/1s XOpOLIO OTOXMXEHHOrO cIljlaBa paBHH coorBercTBeHHO 300
H 5400 3. Kakum Oyjer 3HaueHHe TEPMOJMHAMHUYECKOrO KPHTHYECKOTO
MoJIA JUIf 3TOro CIJaBa?

16.14. Belio o6HapyxeHO, 4YTO KpuUTHYecKOe 3HaueHue nons H,
IJ1s HEKOTOpOro CBepXmpoBojfllero cniaBa paBHo 400 3 M yro npu
HajioxeHur mnonass 500 3 HAMArHMYEHHOCTh TAKOTO CIJ1dBa YMEHbIa-
eTCA [0 TOJIOBHHBI €r0 OTPMIATENbHOTO 3HaueHus npu H.

Hajitu paccrosiHue MexAy UEHTPaMH BHXPEH NOTOKAa, NPEArnoJo-
XHB JUIS CMELIAaHHOTO COCTOSHUS CIIPaBEeJIHBOCTh Mojedd AGpPHKO-
COBa.

16.15. 3Has mapaMarHHTHYIO BOCIIPHHMYHBOCTb 3JIEKTPOHOB B HOD-
MajJbHOM MeTajljle, OLUEHUTb MAaKCHMaJbHOE 3HAYeHHE KPHUTHUECKOro
nois H.., KOTOpoe MoxeT ObITb MOJYYEHO JJIf CBEPXNPOBOJHHKA
npu 0°K. IlpennosioXuTb, YTO HH OJMH CBEPXIPOBOJHHMK He obuia-
JlaeT KPUTHYECKOH TeMmmeparypol, npessimatomei 20 °K.

16.16. dxcnepumenTaiabHO 06HapyxeHo [43], uto B ciayuae nedop-
MHPOBaHHOrO CBEPXIPOBOJHHKA 2-TO pojia NMPH IOJsAX, 3HAYUTEIbHO
MeHbUMX H,, MJIOTHOCTh KPHTHYECKOrO TOKa j. 3ajaeTcA COOTHO-

IIEHHEM
. 2

cTB+HH?
rie o u P—nocrosHHee paa ofpa3na JaHHOrO Matepuana, H —
JIOKaJILHOe II0JIE.

Hcnonb3ys 3TO COOTHOLIEHHE, HAHTH BhIPaXKEHH$H, ONHCHIBAlOI(HE
H3mMeHeHHe moyis H; BHYTpPM [JJIMHHOH UMJHMHADHYECKOH TpPYOKH
C TOJIMHOM CTEHOK w, JUIA CJaydasi, Korja BHemHee nosne H, Bo3-
pacTaer OoT HyJf A0 HEKOTOPOH BenHuHHbl H, W 3aTeM BHOBb yMeHb-
maercs 0 Hyas. KakoBo HauGojblee 3HAYEHHE IIOJs, KOTOpoOe
MOxeT ObITb 3KPAHMPOBAHO OT BHYTPEHHEr0 € IOMOMbIO TPYOKH
M3 criaBa NbsSn (Tonmuua creHok TpyGku 1 cm) npu 4,2°K, ecnu

9%



a=>5-103-a.cu? 1 f=6000 37 Ecaim 6 1Js Takoro mojs notpe-
foBasiach JIOByIIKA BHYTPH TPYOKHM, KaKoe BHeIUHEE [0Je HYXXHO
661710 6GH NPHJOXKHTbL CHauyaja?

16.17. B cayuae nedopMHpOBaHHRIX CBEPXIIPOBOXHHKOB 2-r0 poja
B IIPHEMJIEMO BBICOKHX MOJIfIX COOTHOIIEHHE MEXJIY INVIOTHOCTBIO KPH-
THYECKOTO TOK4 M MArHHUTHHIM II0JIEeM HMeeT BHJ

jema/H.

B0 HailiieHO, YTO M3MEHEHHEe NapaMeTpa & B 3aBHCHMOCTH OT TEM-
nepaTyphl NOTYHHAETCA 3aKOHY

{a — ba)/kT = const.

Iloka3aTh, 4YTO 5TH (aKTH HAXOAATCA B XOPOIUEM COOTBETCTBHH
€ MOJIeJIbIO, COFJIACHO KOTOPOH NyYKH MarHHTHBIX NOTOKOB 3aKpenJs-
I0TCA Ha JeJeKTax pelueTKH.

Hcnoabayss Monedh BA3KOTO TEYEHHS NOTOKA, HAaHTH 3aBHCHMOCTb
OT BpPEMEHHM H3MEHEHMS MAarHMTHOTO INOJA BHYTPH JaHHOM TOHKO-
CTEHHON CBEPXNpPOBOAAIIER TPYOKH, AJAf KOTOPOH BHINOJHAETCS NpPH-
BEJIEHHOE BHIILE COOTHOILEHHE JJfA NapameTpa d.



Pemeununs

1. Kpucrannorpadus M CTpyKTypa KpHCTaJNJIO0B

1.1. a) CymecTByer MHOro J0Ka3aTeJbCTB 5TOrO (DyHJaMEHTAaJb-
Horo noJioxeHus Kpucramnorpapuu. OgHO M3 CaMBIX M3AIHHIX JOKa-
3aTeJqLCTB NpHHAIMIEXUT Dapaoy {44].

Ha puc. 1.1.1 A —BHXOI OCH CHMMETDHH r7-rO nopsajka, B —
6avKaNiuMii K HEeMy BHIXOJ OCH CHMMETDHH TOI'O XK€ MNOpAjKa 7.
Tak kak B o6safaeT BpamwaTeabHOH 5
CHMMETpHel n-ro nopsaika, To JOJ/XK- A
Ha cymecTBoBaTh Touka A’ Takas,
yro yron ABA’=2n/n. Touno Ttak
Xe CylecTByer Touka B’, notomy
yTo Touka A’ (CHMMETpHuYHAs TOUKe N\ 21
A) ofnajaet BpaulaTeNLHON CHMMET- A B
pueit n-ro nopsaaka. Ecim n=25, 10 Puc. 1.1.1. K noxasarenscrsy nenos-
231/”.:720 U B’A <BA, HTO HpOTH' MOXHOCTH CYIIECTBOBAHHA OCH CHM-
BODEUMT YCJIOBHIO, COIJIACHO KOTOPO- METPHH IATOTO NOPAAKA.

My B — touka, 6nuxkaiimask A. Ecan

xe n>6, To 2n/n<<60° 1 A’A <<BA, T. e. NpuxofMM K TOMYy Xe
NpOTHBOpEYHio. BO3MOMHBEIMM 3HAUEHHAMH N ABJSIOTCH TOJNBKO /1= 2
(mpaMaa JuHMA), n=3 (nokasaHo ra puc. 1.1.1), n=4 (kBaapar),
n=6 (PaBHOCTOPOHHHI TPEYroJLHHUK).

MoXHO Tak»Ke MCXOAMTb M3 TOro, YTO CYILECTBYET SBHOE TOXKAE-
CTBO MEXAY MAONYCTUMBIMM 3HAYEHHAMH N M NOPAAKAMH TAKHX ONM-
HAKOBHX HPABUJIBHHIX TPEYroJLHHKOB, KOTOPHIMH MOXHO 3aNOJHHTh
6ecKoHeuHYI0 IJIOCKOCTh. J[leficTBHTE/NbHO, BHELIHMH YTOJ 71-CTOPOH-
HEro MHOroyroJbHuka paBeH n—2mn/n. Ecaum B ofHO# BepmHe
BCTPEYalOTCAd ¢ TAKMX MHOTrOYrONLHHMKOB, TO

2n n

ﬂ'——n—=T, HJTH (n—2)(q—2)=4.
CnenoBaTeJLHO, # MOXMET paBHATbcA TogdbKo 3, 4, 6. 3tiM, oue-
BHJIHO, JOKA3bIBAETCH, YTO M3 BHIIYKJIBIX MHOIOrPaHHHKOB TOJBKO
TPEYrosLHUKYM, KBafpaTH M LIECTHYIOJbHMKM MOTYT 3aNOJHHThL IJIO-
CKOCTb 6€3 NPOMEXYTKOB (TPH NPaBUJIbHHX 3aIOJHEHMS MJIOCKOCTH).
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6) EpuHu4HHI BEeKTOpP HOpMaJH K rpanu (hkl) ectb F=icosa 4-
+ jcos B+ kcos ¥y, rae cos o — HaNpaB/sIOIMHE KOCHHYC YI/a C OCHIO
x u T. A. Torzaa no onpejesieHHo
HHAeKCOB Mujsepa (puc. 1.1.2)

dn
a

. d d
F=2; %y Dy

Puc. 1.1.2. K onpenenenuio uupexcoB Puc. 1.1.3. K pokasaTensctBy cBfAau
Munnepa. . MeXJy MHAEeKCaMH B YEThIpEeXOCHOHA CH-
cTeMe KOOPAHHAT.

HanpasneHue OCH 30HE ONHMCHIBAETCH BEKTOPOM
Z = uai +vbj+ wck.

Tak xak F u Z B3auMHO nepneHpukyJsapHu, To F-Z=0. Creno-
BaTeNLHO,
hu+ kv+ lw=0.

B) B xy6uueckoii cucreMe eAHHHYHbIH BEKTOP HODMalH K pPaHd

paBeH
dh

a

F =

a HanpaBlAIHE BEKTOD

. de . dl
i +T.’+’_k9

a

Z=hal+ kaj+ lak;
F u Z napaanesnpHsl.

r) Fy=d; (hi+ ki g+ LiR)/a,

Fz = dZ (hzi‘*"kz’.-*" lzk)/a,
Fl . Fz =COS Q= dldz (hlhz + klkZ + lllz)/aa.

Tak xak
1 _ Ak
[
TO
hyha+-kyey +Uily

COS = .
Y VEIErh @D
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1) Y3 puc. 1.1.3 BuaHo, yTo maomans OAC 4-nmowaas OBC =
= nowais OAB. CnepoBaTtenbHo,

%sin 60° — -Li—lf—sin 60° = !

a a . o
2% 5 7 & Sin60°

N)lr—
>a

OTKYJIa

h4+-k4i=0.

1.2. CoraacHo 3akKoHy 30H (3akoH Beiicca) hu--kv-lw=0.
CnenoBatennHo, (hkl)=(328). ¥Yron mexay (001) u (hkl), paBHbI#
45°0’, MOXHO NOJIYYUTh, HUCIOJIbL3Y# ChHEepHYecKHe TPeyroJbHHKH HJIH
TOT ()aKT, YTO CyMMa KBaJpaToOB HANpaBJAIOWMX KOCHHYCOB B CH-
CTEME OPTOrOHAJNBHLIX OCeff KOOpAMHAT paBHA eluHMie. 3arteM, npH-

N

MEHSS TO XKe ypaBHeHHe K HopMmaau, umeeM: acos [(100) (hkl)l/h =
=b2cos [(010) (hkl)]/k = ccos [(001) (kk!)]/! w nonyyaem a=10,5 A,
c=24,6 A.

1.3. Ha puc. 1.3.1 ABCD — Gaauc rekcaroHaJbHOH 3/€MeHTap-
Ho# sueikM, AD=AB=a. B caenyomem cioe chepa UMeeT UEHTP

,.'
a/.
a
A a/}/J— E
Puc. 1.3.1. OcHoBaHKMe reKcaroHaJbHOR Puc. 1.3.2. K pacyery orHo-
SJ/IeMEHTapHOH AYeHKH. LIeHHA c¢/a.

B Touke F, xak pa3 Hag E, u gacaercs Tpex cdep C LEHTpaMH

B Toukax A, B, D. Beauuuna AE=% MeJHaHbl AG=%—12—3 =
—. 8 _c\_aVe e _2V6
=3 Orciona FE(- 2) =3 (puc. 1.3.2), u =
Hs puc. 1.3.3 u 1.3.4 BuaHO, yTO
e & 2c>=4V§=
ga a cos 30° aVs3 3 1,8853,

OTKyla mosaydyaeMm a = 62°03",
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U3 puc. 1.3.3 u 1.3.5 umeem
tgp=20 = 21X _ 3965,

OTKyfAa ciefpyer, uro P =72°58.

A o
a
1 \woin
(4
acisdl®
Puc. 1.3.3. Crepeorpacduueckas mpo- Puc. 1.3.4. K pacuery yriloBHX COOTHG-
eKIHs TeKCAarOHaJbHOrO KpHCTalia. IIEHHH B TeKCaroHaJIbHOW MJIOTHOYNAKO-

BaHHOH nAueliKe.

Urobel HabiT y, Hago pewMTs chepuuecKuii TpeyronpHuk ABC
C NpAMBIM yrJioM npu BepumHe B (puc. 1.3.6), Hcnonwaya npaBuia
Haneepa, 1. e.

ZA
ogon
cos y = cos 60° . cos 27°57,
OTKyAa caeiyer, 4yto y=63°48,
A
Y
C
27°57
60°
a2 -u B
Puc. 1.3.5. K pacuery yrsIoBHX COOTHO- Puc. 13.6. K pewenuo chepuue-
IIEHHI B reKCAaroHaJnHOH IIOTHOYMNAKO- CKOro Tpeyl'OJIEHHKA.

BAHHOA sAyeiike.

MoXHO TaKXxe HCNo/b30BaTh CAEAyOuyio GopMyay s yraa @
Mexay (hkil) u (WERVT):
[hh' kb’ 4+ (AR’ 4 WR)/2] a*? 4 11 c*?
V Q (hRil) - Q EI'T)
rae Q (hkil) = (K2 +hk+ k%) a*" + %*°, a* =2/a V'3, c* =1/c.
100

cos @ =



1.4. Teopema Diinepa BecbMa NOAPOGHO PAacCMOTPEHa B KHMre
Byprepa {45]. W3 nee caenyer:

CoueTaHns A B [ cos ¢ 4 K;{x}c{;gl?oo‘;-er‘:na
432 90’ 120° 180° I/V3 54°44’ 3, 4, 6
532 795 1200 180° 0,7947 3722’ | 6, 10, 15
643 60° 90° 1200 | V2+V3>1 — _

Ipynna 432 npuHajNeXHMT K KyGHUECKOH CHCTEME, B Hell ¢ —
yron mexny HanpasneHduamd [100] u [111). T'pynna 532 sasnsercs
HeKpHUCTanIorpadhuieckol, IPHMEPOM €€ CJYKHT HKOCA3Jp.

Coueranue 643 sABnAercs HEZONMYCTHMBIM.

1.5. O603Ha4HM IJIOCKOCTb 3€PKaNbHOTO OTPaXKEHHHA, Napalelb-
HYI0 [oJioce, uepe3 /m, NepleHIHKYIAAPHYIO K IoJoce — uyepes M, a
[JIOCKOCTh CKOJIL3SILEr0 OTPAXEHHS — YEpPe3 g; OCh "CHMMETPHH BTO-
poro nopsajgka obo3HauuM LHppo#t 2. Bcero cymecryer 7 rpynn 1,
2, m g M, 2mM u 2gM (ocv 2

. ) ] ] lI |I
BO3HHMKAET HA [IEpECEYeHHH n.nocxocreli)l T'—e_(a_(?_é?_?_c?_?“-
.6. Boiuncnenue =y — ||
1.6 bIUHCJIEHH M Al S o 6—b—0ke—-
i | T gl Iel |
(+1 p19 NOJNOKHTENbHEIX HOHOB, —1 ---0—0—0=~0—0-0—6---
ANS  OTPHIATE/]bHLIX) INPOBENEM CHa- It gl l |
.y ---2—-0—o—0teo-0—e---
yana 1A KsajpatHod rpynne EFGH L1 gl dgl
(puc. 1.6.2), npuuem OT aToMOB, Je- ---t?—(?—ﬁ)—e? (?—(la (?——-
XKamux Ha pe6Gpax, BXOJIHT TOJIBKO IIO ——-@—9’16—9—@—9’1@———
[IOJIOBHHE, a OT JIEXALIHX HAa BEPILH- C T 17 17 1 1 1
Hax —no uerBepTH. AB MoxHO npy- O O@—0—0—0—8—0---
HATh 3a eMHHLY. Torja e
4/2 4/4 Puc. 1.6.2. Ilnockas wuouuasd
M, = T T y2z 1,2929. CeTKa.

Onuako 370 npHOIHXKEHHe rpy6oe W Halo YuecTb CJIeAyIoulyl KBaj-
patayio rpynny KLMAN. Ksanparnas rpynna EFGH Ttenepb cuu-
TaeTcs BCH LEJHKOM,

M2=(’% : >+<i’3——4£—ﬂ4§)_1 6069.

V2 Vs 2 V'8
AHanoruuno
A_ a0\ (42 82 82 4 _
M3_11716+(V5 : Vs/( VeV Vﬁ> 1,6105,
8 8 4
My=1, 1716+01635+< +T/—13_V—ﬁ_17—1“§>+

(8/2 L 82 8/2 42 82 44
V1T V5 4 V20 Viﬁ)



B panuonamnsvpoBaHHoR cucreMe emuHHn MKC
NMg* . NK
U(r)=— 4neor + m -
Benmuuny K MOXHO BHPasuTh M3 ycJoBHA MuHHMyMa U (r) npu
r=ry

dU) _ . NMg _ nNK _
dr jr=ry = 4meyr rotl -
OTKyJa
Mg 1 U Nmg? 1
K= dnegn | (ro)=— 4regr, n

1.7. Ilyetb Z — ynca0 mapoB, NPUXOAAIIMXCS HA 3/1EMEHTapHYIO
A4yeiiKy, N; —UHCJIO 1IapPOB BHYTPH 3TOM SUelKH, N; — YHC/I0 1IApOB
Ha ee rpausx, N,—Ha pe6pax, N,—Ha BepumHax sveidku. Torma

Z=N;+ —;— Ny+-+ N+ % N, u Jons 3anojHEHHOro NPOCTPAaHCTBA
/11 KyOHuecKoH s/eMeHTapHOR syeHKH ¢ peGpoM a
F=Z.%aZ.
3HauuT, 418 NPUMHTHBHON KyOHUecKOH sueixku
Z=1, a=2r, F=0,524;
Q11 O6BEMHOLEHTPHPOBAHHON KyGHUeCcKoit
Z=2, a} 3=4r, F=0,680;
JAJIA TPAaHEUEHTPHPOBAHHOH KyOHuecKOH

Z=4, a}/2=4r, F=0,740;
JUIA ajaMasHo#
Z=8, a)/3=8r, F=0,340.

Ias pemeHuss 3afayd O TeTpasApHUECKOM PACTOJIOKEHHH HYXHO
HafTH 00b¢M, BHIPE3aHHBIH H3 Majoro mapa TeTpasipoM, OJHA M3
BEPIIHH KOTOPOI'O JIGKHT B LEHTPE 3TOrO
mapa. ¥Jo6Hee Bcero 5TO CAENATh, BOC-
T0JIb30BABIUIHCE chepUYECKOH TPHIOHOMET-
pueil M crepeorpaduyeckoil mpoekiHen.
Ha puc. 1.7.1 nokasanel Hanpas/ienus
Tpex pebep Terpasgpa, pacHOIOXKEHHBIX
nmo [110] u npoxopsmux yepes UEHTP
stoil ctepel. Hanpasmenue [111] Toxe
" fABJAETCA paguycoM 3TOH chepH U OfHOM
H3 OCeH CHMMETDHHM TPETBEr0 MOpsAKa

IJs TeTpasjpa.
Puc. 1.7.1. Crepeorpaduye- Yron mexay [101] u [011] pasen 60°,
ckas npoekuss pebep u rpa- YIWIbl TMpH BepmmHax A, B u C paBHbl
Bell TeTpasgpa. 70°32' xaxppifl (KaK yrJael MEXJy rpa-
HsMH TeTpasppa). OcraBmascs jons cege-
puueckoro yrza paBHa 3 X (70°32') — 180°=31°36" u OTHOCHTEJNBHHI
o61eM, Bhipe3aHHHI H3 cfepn, paeeH 31,6/720=0,04389. OGneM
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TeTpasgpa ¢ peGpoM a pased a3/6) 2 (M. 3agauy 1.3). Cienopa-
TE/JIbHO, OTHOCHTE/IbHEIA 3aMOJHEeHHBII OGLEM B 3TOM CJyyae paBeH

8_13 . % r3-4.0,04389-6 1/ 2 =0,780.

1.8. P222: BceTpH OCH CHMMETPHH BTOPOTO NIOPSIKA I1€ PECEKAIOTCH;
P222,: 2, nepecekaer H 2, M 2, 2, u 2, mexny coboit He
e peceKaloTCs;

P2,2,2: BMHTOBHIE OCH BTOPOTO NOpSJKa NEPECEKAIOTCH MEXKLY

co6oi, OCb 2 ¢ HHMH HE INepeceKkaeTcs;
P2,2,2,: Tpn BHMHTOBLIE OCH MEXKIYy COGOH He IepeceKaloTcs.
1.9. Ha puc. 1.9.1 npusenenn! npaBu/IbHas cHCTEMa TOYEK (a)
H COOTBETCTBYIOW(AA CHMMETpHH (6) A IPOCTPAHCTBEHHON T pYIIhE

14

7
o+
/Q—
/-'o+/ @
Cé _l_/ VA
2o+
N z
®/ OHZ

Nl
N
+
(Ol
i

a,
4
4
57
”””"\ﬁz TraCKIET S
2) z, 5)

Puc. 1.9.1. CxeMsl pacnonoXeHHs NPaBHABHLIX CHCTEM TOUeK (@) M 3JIEMEHTOB
CHMMeTpHH (6) AAA NMPOCTPaHCTBEHHOR rpymmsl P2,/c

BexTop b; mampaBJied OT [/IOCKOCTH YepTeXa Ha UHTaTessd.

O+
/@—
Z,

P2/c. Tlokazausl cTapee (A P2,/c) ocu ayb,c; ¥ HoBwie (nisi P24/n)
ocH ayb,c,. Buawo, uro

G=—0, by=—0b, G=a+c¢,
No3TOMy MaTpuua npeoGpa3oBaHusi 1 —2 HMeeT BHJ

100
A=(010)_
101

Martpuna, obpatuas A, ectb MaTpuua npeoGpasoBanusa 2—1 mis
oceif uJM AJs MHAEKCOB. B HauieM cayuae A-1=A. CaegoBatensHo,

hy 10 0\ /A
()= 1))
4 10 1) \i

103



orcioga I, =h;+1,, T. e. eciM HAa [; HAKJI3JHBAKOTCH YCJAOBHA 4HET-
HOCTH /ISl CyLIECTBOBAHHS HEHYJEBOro F, OHHM HaKJAaJbIBAKIOTCHA TaKXKe
H HA hz—*—lz.

1.10. Tlpu nepexofie K MeHee CHMMETDPHUYHOH MOHOKJHHHOH CHH-
TOHHHM YroJl o H3MEHHTCS TakK, 4To GYJeT Tenepr oTauuarscs oT 90°,
a4 3TO BRI3OBET CMEIIEHHS HEKOTOPHIX Hu3 JuGPAKIHOHHEIX [ATEH.
MexnuockocTHele paccTosiHus d nateH hkl 3ajawrca opmydoi

h2 k2 2 2kl cos a
-2 " .
d*= + b2 sin? o + c2sint o bcsin?o °

a?
OqEBH}IHo, 4yTO quBepr"l;I YJeH B 35TOM BbIpaXE€HHH H BbLI3LIBAET

pasnuuusa Mexay d(hkl) u d (hkl) (wau d (hkl)), KOTOPHIX HET B POM-
6uueckoii cucreme, rae cosa=_0.

Touno tak xe F (hkl) u F (hkl) (uau F (hkl)) He paBHE B MOHO-
KaAuHHOK cucreme. Kpome toro, F (0R0) c HeueTHBIM R OTCYTCTBYET
B POMOHYECKOH CHCTEME, HO MOXET NPHCYTCTBOBATH B MOHOK/JIHHHOH.
BnpoueMm, Bce 3TH pa3/iHuHs oyeHb MaJnl. Hanpumep, @ oriuuaercs
or 90° npumepro Ha 3'.

Eme MoxHo BruucauTh cuHTe3 Pypne mo (001) wuam (010).
B MOHOK/JIMHHOM CJy4Yae MpOeKIHH (pg) He NEeHTPHPOBAHEl, H HeNo-
CPeACTBEHHOE BHLIYMCJEHHe, MHCNOJb3yloulee H3MepeHHbe F (hkl) 6Ges
¢asoBoro ¢akropa (T. €. OTIMYAIOUIMECS IIJIIOCOM HJH MHHYCOM), NPH-
BeJleT K JIBOHHOMY OTOODa)XeHHIO, IjJe JeHCTBHTEJNbHAs CTPYKTypa
OKaXXETCA HAJIOMEHHOH Ha IeHTPOCHMMETPHYHYIO OTPAXKEHHYI0. TaKHM
00pa3oM, ecsiH CTPYKTypa AeHCTBHTEJBHO MOHOK/JHHHAS, TO BCE NTHKH
Ha Auarpamme Pypoe OKaxKyTcsl cJerka pasiBOEHHBIMH.

Ha camom slene HCTHHHBIE Nepexojl HECKOJNBLKO CJOXKHEE, NMOTOMY
UTO KOrJla TEMNEparypa, CHHXKafAch, NpoxoxuT uepes 24 °C, KpH-
CTaJJBl IBOHHUKYIOTCA (nogpobHee cM. [46]).

1.11. EciiH HauepTHTL CXeMbl 3KBHBAJEHTHHIX TOYEK, a MO0 HHM —
CXeMBl DAaCIOJIOKEHHS 3/IEMEHTOB CHMMETDHH, TO MOXHO YBHJETb,
YTO MPOCTpAHCTBEHHaA rpymnna 6yaer /bam, ee HWHOTAA 0003HAYaAIOT
eme u kak Jcen [47].

UTo Kacaercsi CHCTEMAaTHYECKHX IOTaCaHHH, TO OTpakeHus obJa-
JAI0T HEHYJIeBOH HHTEHCHBHOCTBIO, €CJIH BHIIOJHEHH CJefylouue
YCJIOBHA.

Hna orpaxenu#t tHna (hkl) h+k--1 yeTHoe (OGHLEMHOIEHTPHPO-
BaHHafA); Aas (Okl) k2 yeTHoe, CKOMbXeHHE b MEpNEHJHKYJASAPHO K 4,
nostoMy u [ detHoe (M3-3a /), TaK YTO CKOJIb2KEHHE C NEPIEHIHKY-
JApHO X a; Ansa (hOl) h dveTHOE, CKOJBXKEHHE 4 TNEPIeHAHKYJ/SAPHO
K b; nostomy [ uerHoe (M3-3a /), BCJEACTBHE 4YEro CKOJIbXKEHHE C
NepnesAHKyJasapHO K b; ana (hRO) A+ k uernoe (H3-3a /), mostoMy
CKOJIbKEHHEe 71 NepNeHAMKYyJaspHo K c; aaa (h00), (Ok0), (00/) coort-
BETCTBEHHO h, k& HJH [ uyeTHmle,

1.12. [as (kkl) Her ob6wux noracauuii; AnsA (OkRl) k uetHoe,
CKOJIBXEHHE b neplneHJMKyJasapHO K a; jas (h0l) k-1 ueTHoe, CKOJb-
XEeHHEe 7 TepneHJMKyJaspHo k b; ana (hk0) HerT noracaHui; Aas
(r00) h uernoe; ana (0k0) k uernoe; nns (00/) ! ueTHoe.
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Tpu TNOCMEIHHX NOracaHuf OJHO3HAYHO MOJIYYaIOTCH H3 IepBHIX
JABYX, T. €. H3 IUIOCKOCTH CKOJIb3AIIEro oTpaxeHus. (JeLOBaTeNbLHO,
npocTpaHCTBeHHas rpynna — Pbnm. Ha puc. 1.12.1 nokaszann npa-
BHMJILHBIE CHCTEMbI TOUEK (@) H
pacnpeje/ieHHe 3JIeMEHTOB CHM-
meTpuH (0). Tak Kak B 3/1eMeH-
TapHOH fAiuefiKe HMeeTCA TOJNbKO
[0 UYETHIPE aTOMa Ka)xJOoro 3Jje-
MEHTA, TO KaXIbli aTOM JOJXKEH
HaXOIMTbCA B 4acTHOM (YETHl-
pexKpaTHOM), a He B o6WeM
(BOCLMHKDATHOM) MOJIOXEHHH.

YacTHBIMH ~ NOJIOXKEHHAMH
Ha TJIOCKOCTH CHMMETPHH fB-
JISIIOTCA

1 3 1
X, y, _4; x! yy _4—; "2_+x1

1 3 1 1 1
Y T TR gt g

CylecTBYIOT JB€ CHCTEMbI 4acT-
HblX TIOJIOXKEHHH Ha lEHTpax
CHMMETDHH:

1

0,0, 0 0,0, ;
1 Lo 111
g2 2 9 g a .
" L 5 L
1 0. O: 1 0 1,
2 7 2 7 2 Puc. 1.12.1. INpaBunbHan cucreMa TO4YeK M
1 1 1 3JIEMEHTBl CHMMETPHH  IIpOCTpaHCTBeHHOH
0, T 0, O, 2y rpynmst Pbham.

ATOoMBI Tpex COPTOB MOTYT 3aHHMarb JOOYI0O H3 3THX CHCTEM YacT-
HbIX ToJIoKeHHH. Ha egHHHuHylo sAYedKy NPUXOLHUTCA IO BOCEMb
IIEHTPOB CHMMETPHH.

1.13. BekTopn o6partHoit pewerkd A, B, C BbpaxawTcs uepes
BEKTOPHl NpPAIMOH peleTKH @, b, ¢ CAeLYIOUHMH COOTHOIICHHAMH:

A=bxc/V, B=cxa/V, C=axb/V,

rne V —o6beM 3/eMEHTapHOH siueiKH B NPAMOM I[POCTPAHCTBE.
Ilycts £, j, B —opTOroHajpHbl¢ HaNpPaBJEHHA B NPAMOM NPOCTPaH-
CTBe BJOJb Oceil KyOMUECKOH HJM DOMOHUECKOH fAUEiKH.

a) IlpuMuTHBHasi poMOO3JpHUEcKas siyeliKka MOXeT ObiTb OMHCAaHA
KaK TpaHEleHTPUPOBAHHAS KyGHuecKas (C MIHHOH pebpa, paBHOH a).
Bexrtopnl pefep 3TOH AYEHKH:

. 1 .
a= —;— aj+ ——; ak, b= % at+—2 ak, C=a +-2 aj.
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CaenosaresbHo,

la 0 -1—a
2 2 az ,. .
VA=bxc= la %a o |=— T E—J—h),
' i k

rae V=a-(bxc)=a?4. Orciona

A=(—i+j+R)a
H aHaJIOTHYHO
B=(+i—j+k)a, C=(+i+j—Fk)a.

D10 BEKTOPH IPHMHTHBHOH DOMOO3ADHYECKOH fAYEHKH, BbIpAMKEHHBIE
yepes OLLK pemerky. Tak xak npsaMas peiierka TOXe sB/Isercss obpar-
HOH IO OTHOLIEHHIO K cBoell ofpaTHOH pemeTke, 3HAYHT, O6PATHOH K
OLIK pewerke siBasierca TIIK pemerka.

2/b

Vi
1))

Puc. 1.13.1. Pombrueckaa C-aueliga.
a) Ilpsmas, 6) o6parnas.

6) IlpumuTHBHaA sAuefika MoxeT GHITh COBMElIEHA C OPTOPOMGHYe-
ckol C-svefikoil, Kak nokasaHo Ha puc. 1.13.1, a. Takum obpasowm,

, 1 . 1,., abc
a=ai, b=?az+?bj, c=ck, V=—2-,

Sra pemerka Toxe C-opropomGuueckasi, Kak [OKa3aHO Ha
puc, 1.13.1, 6.

1.14, W3 3Havenuit 6 nonyuumm sHaueHHs sin?6, JlnAa aaHHBIX
BOCbMH JIHHHH: '

sin?8~ (h®+ k24 12) ~ 3, 4, 8, 11, 12, 16, 19, 20.

CnepoBarensHo, HCKoMble MuAekch Oyayr 111, 200, 220, 311, 222,
400, 331, 420, Ywuurwisas, uro d-?=(h2+k*+1%)/a® u A =2dsinb,
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HaxoanM a=6,30 A. Mcnonb3ysa Buipaxenue p=ZM/V, rae V =a?,
HaXOArM 3HaueHHe Z =4.

1.15. M3 3Havenuit 8 noJly4nM 3HaueHHd sin®8. Marepnan He ky-
6HueckHH, a rekcaroHaJbHbH IJoTHOYNakoBaHuui. HMugekcn: 1010,
0002, 10I1, 1012, 1120, 1013. Wcnoan3ys BupaxkeHHe ma d-2 =

=[4h? —i—hk—i—k"")/Saz] + 2/c* u dopmyay Byanda — Bpsrra, Haxonum
a=3,21 A u ¢=5,21 A. 3uas, uro p=ZM/V, rre V=V'3a%/2,
Z =2, Haxoxum M=24,3 (Maruwuit).

1.16. [lo paHHLIM 3HAYEHHSAM DACCTOSIHMA X TOJNYYHM 3HAuEeHH S
A 8, moacTaBHB x/r=20; 3areM BLIMHCAHM sSin®8 a8 Kaxiaoro

naTHa. DTH 3HAYEHHS MPONOpUHOHan bHH 1, 2, 4, 5, 8, 9, 10, 13~

~ (h? 4+ k?). CnegoBaresbHO, HHAEKCHI 6y11y'r 100, 110, 200 210, 220,
300, 310, 320; a =8,64 A, ecain Mui noacTaBum smze—xz(hz—i—k"’)/z}a’—i—
+ 731""/40z npu [=0

Hana ocu ¢ BOCHOJIbayEMCiI BLIPAXKEHHAMH h/r =tga u nh/c =sina,
rie h—Buicota n-it cioesoit Juuuu. Otciona ¢=7,18 A. 3nauur,
GYRyT BHIHBI TOJMLKO NepBas, BTOpasi M TPeTbsl CJOEBble JHHHH Ha
paccrosuuax 0,66, 1,43 u 2,53 cu Hax HyJeBOH cJOeBOH JHHHEH.

1.17. a) Orpaxenue (300) oTCyTCTByeT NOTOMY, UTO ITMPHT 0fJsa-
ZaeT TpaHeUCHTPHPOBAHHOH KyOHUeCKOH CTDYKTYpOH, A/ KOTOpOH
BHIIOJIHAETCA ycaoBue: A, k, [ nH60 Bce ueTHHe, JHEO BCe HeueTHHE.
31O JOCTHraeTcA NpH 3HAYEHHAX 0, YROBJETBOPSIOUMX YCJIOBHIO

lu=2dsin6=§asin6.

Orpaxenune P, nonyqaiomeecs mpd 3TOM ke 8, umeer cumson (hkl).
CrenosartesbHO,
2 .
A.ﬁ:—,__a_.____.——Slﬂ e,
| AR TR
OTKyza

%—‘ =w§ﬁ= 1,216 u W44 L2=11.
B

CumBon (hkl) = (311), uTO He fAIBJfieTCA CHCTEMATHYECKHM [OracaHHeM.
6) A=2dsin6, cregosare.]bHO,
dL

dh=dcos - L =

rie 20=L/r, r—paguyc Kamepu, L — paccrosiHue, H3MepeHHOE HA
mieHke. Mmeem

—ctgs- 4=

=Clgli-5.»

otkyzaa 8=176,1°.

1.18. Heob6xoaumule omepauud IpeacTaBJeHH C IOMOILILI0 CTere-
Hell HX MeXAyHapOAHbLIX CHMBOJIOB; { COOTBETCTBYeT HHBEPCHH B IIEHTPE
CHMMeTpuH, a | — onepaTopy TOXIECTBEHHOCTH.
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MoHokanHHaas 2/m Pombuueckaa mm 2
11 m 2 i |1 my my 2

2 i L'yl my my 2
i 2 melme 1 2, my
I m myimy, 2, 1 my
m 1 2,12 my m; 1

Pom6uueckan 222 TerparonansHas 4

i1 o2 2, 2% 1 4 2 4!
111 2, 2_1} 2, 1 1 4 2 41
202 1 2, 2 clal 1 4 9
212 2% 1 2% 2 |2 411 4
2,12, 2, 2, 1

1 2 1t
1|1 4 2 41
44T
2 |2 4t 1 1
4 |14 2 4t

3nech 4 n 4 — npeacraBneHys LMKJIAYECKOH TPyNnbl YETBEPTOrO IMO-
panka;, 2/m, mm2 u 222 sBAAOTCS NDPEACTABJEHHUAMH €IUHCTBEHHOM
OCTaBIIEHCA TPYNNbi YeTBepTOro nopsika (vierergruppe) V uau ksa-
paTHuHO# rpynnnl @, o6Go3Hauyaemoli MHOrAa eme H Kak D,.

1.19. Hmeem

F (hkl) = 3 [ exp [25 (x4 yn+ [2)].

n

Has TIK pewerku
F = {1+ exp i (k+ ]+ exp [mi (k- + D]+ exp [i (b4 B)]},

rae
41, ectu n uerHoe,

exp(min) =
P(min) {—l, ecJIM # HeueTHoe,

Ecau h, k, | pasHoii yetHocTH, TO aBe M3 cymMm k41, h+1, h+k
HeyeTHble, a TpeTbs — ueTHas. CJefoBaTeJbHO, B 3TOM cayuyae F =0,
Ecau h, k, | — Bce onnHakoBo# ueTHocTH, To F = 4f.
Jas anmasa
F=F{14exp [ (k4 )] +-exp [mi (1+ 1] +exp [ (o + &)} +
+ flexp [Yani (h 4+ D]+ exp [Y/omi (b + 3k 4 3] +
+exp [Yomi (3h 4 k+ 31)] 4+ exp [Yomi (3R 4 3k 4 D]},
OTKYJa
F=f{l4exp[Ypni(h+k+ D]} {1 +exp[ni(k+1)]+
+exp [wi (A4 )] +exp [ (A +5)]}.
108



Ecau h, k, | pasHOil ueTHOCTH, TO BhIPaXKEHHE BO BTOPHIX (HUTYpHHX
ckoOkax paBHo Hymo u F=0. Ecau h, k, | Bce oJHHaKOBOH ueT-
HOCTH, TO MOTYT OBITb ABa Caydas:

a) h, k, | Bce HeueTHble, TOrJa cyMMmbl A+ k- HeuerHnle U F =
=f(1=3=1i)-4=4f(1 3=i), cnegoBatennno F?=F.F*=32f%

6) h, k, | Bce uerTHnle, Torja mpH HeueTHwX (k- k- 1)/2 nep-
Bas} CKO6Ka fpaBHa Hymo U F=0, a npu (h+k-1)/2 uerHnx F =
=f-2-4=8f.

1.20. «IlenTaroHaJbHEIMH» KJaccaMH GyayT:

5, 5, bmm, 52m u 522

(ne 5/m=10 u ne 5/mmm =="10m).
«OKTaroHaJIbHEMHY KJIaCCaMH GYIyT:

8, 8, 8/m, 8Bmm, 82m, 822 u 8/mmm.

1.21. Paccmorpum puc. 1.21.1. 3pech X — HampaBJieHHE DeHTre-
HOBcKkoro nyuka, AO —ocb BpauieHHs, a OKPYKHOCTb — 3KBATOPHAJb-
Hoe ceyeHue cdepul orpaxkeHHs. OOwYHO paauyc 3TOH chepe CuH-
TAOT €JWHHYHBIM, 3J€Cb OH paBeH 4.

Uckombilt 06beM —3TO TOT, KOTOPBHIH 3aMeTaercs IVIOLIALKOH
ABCDO 3a Bunuerom nuowagki OPAQ npu Bpamenuu Bokpyr AO,

Puc. 1.21.1. Cxema cwemku peHr- Puc. 1.21.2. Yriaosue cooTHOMEHHS
reforpamMMu 1o Beificcenbepry. Ha peHTreHorpamme Be#iccenGepra.

NOTOMY H4TO IJIOCKOCTH 130T OTPAXKEHHf, TOJbKO €CJH COOTBETCTBYIO-
Im{e ¥M Yy3/au 06GpaTHOR pemleTKH MNepeceKarT MOBEPXHOCTh Chephl
OTpaXKEeHHS.

Y106HO NpPHUMEHHTb MOJsPHblE KOOpPAHHATH (r, 6). Ilpu Bpamenuu
BOKDYr OCH Y 3J€MEeHT o0beMa paBeH IPOM3BEJEHHI0 ILIOWAAH
OMN Ha 2n-PG, rae G—ueHTp TskecTH TpeyroabHuka OMN (cM.
puc. 1.21.2). Hmeem

dV=%r2d62n%rcose=—§—nr=’cosed8,

r=2acos (u—_6).
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INoacraBnas 3HAYEGHHA r, MPOBOAA HEOOXOAHMBIE TPeoGpa3soBAHHA H
HHTErpupysa mo 8, moJyuuM
; | B 1 .
V=na® [29 cOS p4sin (26 — ) 4 sin (20 — 3p) + -5 sin (48 —3p)].
Ham Tpe6yerca maiiTh o6beM B mpeaenax or 8 =0 go 8 ="1/,x 4 p.
IoacTaBHM 3TH 3HaueHMs O B BhIpaxeHue Aas V M mpou3BesieM
BhluMTaHHe. B pesysbTare moJyuHMm

Vi=nad® [(n +2p) cosp - % siq p,+—;~ sin Sp,]

(a1 MpOBEpKH: npivl uw=0 Vy=n%?3, npn u=n/2 V,=0).

YTo6H MOJNY4YHTh 3HAYEHHe [, NPH KOTOPOM JOCTHraercsi MaKCH-
MaJpHoe 3Hayenue Vi, mpoiHugpdepeHUHpYeM H MPHpaBHAEM MOJYYEH-

Hoe Bhipaxkenue nymo. Iloay-

/v YMM CJELYIOlIEe TPAHCIEHEHT=
HOE ypaBHEHHe:
2,5cosp+1,5cos 3p —
48 LT — (4-2p) sinp=0.
TTpuGamxKenHoe peleHne 3Toro
\ . ypaBHEHHA  JacT  3HAueHHe
as \ p = 30°23'23". O6veM eauHHY-
\ HO#t noaychepsl Vi paBel

— 2 9a)?®

84 Vr= 77(2a).
o 20° 40° &0° A
Puc. 1.21.3. 3asncmmocts V,/V, o B

Ha puc. 1.21.3 nokasan
rpaguk 3aBucHMocTH Vy/V7
OT W, OTKyAa BHIHO, YTO IIHK
JIOBOJILHO TI0JIOTH; MakcHManasHoe 3HaueHuwe Vi/Vr pasno 0,820845.

1.22. Ilepnoa moeropsemMoctH Baoab [001] paeen c. Ecau Bricora
n-# C/oeBOil JIMHHH paBHA A, a paguyc KaMmepw 7, TO h/r=1{ga u
nh=csina. Orciona ¢=9,40 A. Tak kKak a=3,73 A, ofpeMHas ana-
rOHa/Mb TeTpParoHaJbHOH 3JeMeHTapHO# suehku Gyaer 10,78 A. Ilo
BHICOTE CJIOEBOM JIMHMM HaXOAHM, YTO NEpPHOJ MOBTOPSEMOCTH BJIOJb
[111] paBen 5,38 A. OxasmBaercs, uto sta of6veMHas AMATOHAJB
paBHa YABOGHHOMY IIepHOJY MOBTOPHEMOCTH, 3HAUYHT, peLIeTKA
O00BLEMHOLIEHTPHPOBAHHAS. .

Jlays-cumMerpusa 4/mmm, CJA€IOBaTEILHO, BO3MOXKHBI CJEAYIOIIHE
KJaccel cHMMeTpHH: 4mm, 42m, 422 uaun 4/mmm.

Z=pV/M =pa’c/M,

rie M=(484-2-16)-1,66-10-%, 1. e. Z=4.
1.23. Ilpexxne Bcero no H3MepeHHRIM PACCTOSSHUAM L HAf0 BHIYHC-

JHUTb 3Ha4ycHHUA s§in%0,- McnoJae3ys cooTHoweHHe L/r=2n — 46, Turaa
90° — 6= 3,183L.
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Huas obpasua A:

L 90° — 6 sin2 0 N hkl sinz @
95,28 80,2 0,0290 2 110 0,0277
94,60 782 0,0418 3 111 0,045
24,02 76.4 0,0553 4 200 0.0553
2351 748 0,0688 5 210 00692
23,04 732 0,0835 6 211 0,0830
92,20 70,6 0,1102 8 220 0,1106
21,81 69,2 0,1260 9 300, 221 0,1245
21,45 68,2 0,1379 10 310 01383
21,10 670 0,1527 11 311 0,152
20,76 66,0 0,1654 12 292 0,1660
20,43 65,0 0,1786 13 320 0.1798
20,11 64,0 0,1921 14 321 01936
19,48 62,0 02205 16 400 0.2212
19,21 61,0 0,2351 17 410, 322 02351

Cron6eu N =h?{ k%4 P nonyueH H3 3xaueHui sin?6, nockosbKy
N =4a?sin?6/A%. IlosToOMy MOXHO CUHTaTb, UTO DEINETKA IPUMHTHB-
Has (He OOBEMHOLEHTPHPOBAHHAf, IIOCKOJbKY TOTAa IPHCYTCTBO-
Bano 6bl N=28). Ilo nauGojbmeMy 3HauyeHHI0 yraa 6 4 a=
=6,576 A HaxoguM A=1,656 A, B nocaegnem croabue npuBegeHb!
3HaueHUs1 Sin?0, BHIYMC/EHHHIE JJIs STOH JJIHHBL BOJIHBI.

Hnas o6pasua B:

L (90 — 6)° sin? @ N hk! sin? B
2394 76,2 0,0569 2 110 0,0568
22,09 70,4 0,1125 4 200 0,1135
20,80 66,2 0,1628 5,74 IIpumect —
20,62 65,9 0,1667 6 211 0,1703

-19,33 61,5 0,2277 8 220 0,2270
18,16 579 0,2824 10 310 0,2538
17,06 54,3 0,3405 12 222 0,3406
15,99 50,9 0,3978 14 321 0,3973
14,95 476 0,4547 16 400 0,441
13,93 44,4 0,5105 18 411, 330 0,5108
1350 430 0,5350 18,82 | TIlpumece —
12,94 41,1 0,5679 20 420 0,5676
11,88 378 0,6244 22 322 0,62.44
11,20 35,7 0,6595 2320} TIlpumecp —

Pemerka o06BeMHOLUEHTPHPOBaHHAH (HE NPHMHTHBHaf, NOTOMY UYTO
Torja npucyrcrsoBago Obl N =7). HMcnoabsys auHHIO HauGosblIero
yraa 6, noayuum a= 4,60 A.
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2. Poct kpHcTaaion

2.1. CxopocTh H3MEeHEHHS! KOHLEHTPALMH PacTBOPEHHOrO BElLIECTBa
B 30HE paci/aBa 33JaeTcsl BbIPaXKEHHEM

2 (IC1) = Ctm — Cy;, @.1.1)

rze Cr, Cn, C; —KOHIEHTpPAaLHH pPacTBOPEHHOro BewlecTBa B pac-
nJaBe, B pacliaBJseMOM TBEpJAOM Tele H B TOJbKO YTO 3aKpHCTas-
nu3oBaBieMcss TBepioM Tene (C;=~Cr); U, H Uy —CKOPOCTH pac-
NJIaBJIsieMOHA H 3aTBepJeBalolieil NOBEpPXHOCTEH pasfiena.

Hanee

Z—£=v,,,—v,, ' (2.1.2)

H €CJH U, H U/ ITOCTOSAHHBI, TO
1(t) =1 (0) 4 (v — 07) .

Orciona, cornacHo ypasHenuo (2.1.1),
ac, Cotm—[Vm— (1—4) v, ]C,

ar 10)F@mn—v)7 (2.1.3)
Hurerpupys, nonyuaem
1 CrVm—fv,—(1—k) u!] C, 4
T T et e 17 LA W U mer TR

rie C,— KOHIEHTpauus B pacrasieHHod 3oue NnpH f=0. Jas 30Hb
¢ nocrosiHHOH anauHod [(f)=1(0) ¥ v,=v,==v, clegoBaTeNbHO,
ypaBHeHnue (2.1.4) mepeiizer B crenyougee:

Cc
é:l—(l—k)exp(—?), (2.1.5)

rae Co=C,, =const (McxoqHoe OHOPOAHOE pacrpele/eHHe) U X = vf —
paccTosiHHe BIOJIb CJIHTKA, OTJIOXKEHHOe OT TOTO KOHI@, C KOTOpPOro
H4yaJscs Ipolecc.

¥YpaBHenHe (2.1.5) Gyger crnpaBelJHBO N0 TeX IOP, NOKa NOBEpX-
HOCTb pacrJjiaBa He [OCTUTHET KOHIA CJMTKa. Torja mocjegHsis 30Ha
OylleT MIOCTENEHHO 3aTBepAeBaTh (Tak Ha3wBaeMoe «kHOpMaJbHOe 3aTBep-
IeBaHHE»), H paclpejeneHde B 3TOH ofaactd Gyler 3ajaHO perme-
HueM ypasHeHHs (2.1.5) npu v, =0. druM peuenuem 6yner

C/ [ — x\k—1
cf(0)=< ) (2.16)

rae Cy (0) —3nayenne C; u3 ypasrenus (2.1.5) mpu x=L —/.
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CpenHssi CTeNeHb OYHCTKH IIPH MEPBHIX 7 30HHHIX NPOXOAaX MO-
keT OniTh BuipaxeHna Kak C/C,, rae

nl
C:l-llT S Cy (%) dx=Co{1 —lk;,,k[l —exp (—kn)]}-
0

Ecaw n=10, a k=0,1, To C/C,=0,43109.
2.2, Ypasnenue aas 3sbdexTHBHOro Ko3dxpuuueHta pacnpenesne-
HUS kypy HMeET BUA (cM. [48])

b k

sbd = I (T—k) exp (—vd/D) (2.2.1)

OGo3Hauas KOHUEHTPAUMH JABYX PACTBOPEHHBIX B XKHIKOCTH BEUIECTB
kak C; u Cp, a ux ko3hbUUMEHTH cerperauuu Kak k; u k,, noay-
yaeMm, uTo

Rapp, 1C1 = Rapg, 2C2- (2.2.2)
Tloncrasass (2.2.2) B (2.2.1) u pewas, nosyuaem
_D kaCo—k(Cy N
v="5 1“(1+_——k1k2 ) (2.2.3)

HckoMasi KOHUEHTPalusA B TBEPIOM COCTOSIHHH paBHA Kagg, 101 =
=Ropg, 2C3. Taxum obpasoM, v=1,466-10-2 cm/cex, u KOHUEHTpaUUs
B TBEpJOM cocTosiHMM paBHa 6,50-10-2 ar.%.

2.3. KpurtepueM CyleCTBOBAHHA mepell NOBEPXHOCTHIO I'PajHEHTa
Audxpy3HOHHOrO MEPeOXJaXICHWS B MpoUecce pocTa KpHUCTAalIa U3
InepeMenIHBaeMoro paci/iaBa CIyXHT cepyroumee ycaosue (eM. [49]):

muCy, (g) (1—k)
Dk +(I1—F) exp (—ub/D)}

>Gp, 2.3.1)

rae (i — TeMnepaTypHold TpPajMeHT B paciviaBe, /M — HAKJOH JIHHHH
JIMKBHJyCd JJIl CHCTEMb! PACTBOP — PACTBOPEHHOE BemecTBo, a Cy (g) —
KOHIIEHTpPAaUUs PacTBOPEHHOrO BEUIECTBA B pacijaBe, KOria 3aTeep-
gena uacth paciiaBa g. OcrasbHBE BeJHYMHBI —T€ Ke, 4YTO H
B NpeAbAYUIMX 3amavax.

OueBujHo, \ 1
Cr{g)=CL(0)(1 —g)"ee™", (2.3.2)
rae kspy 3anaercs GopMyJioi
k
kn¢¢=k+(1_k) exp (— /D) (2.3.3)

(cM. 3apauy 2.2). IlogcraBasia (2.3.3) u (2.3.2) B (2.3.1), uaiinem,
9T0 30H4 AUGXPY3UOHHOTO NEpPeoX/JarKAEHUS NPHUCYTCTBYET NPH

CL O mo(1—8) }ﬁ 2.3.4
] 3,

g>1 _{GLD A+ (1—F%) exp (—o8/D)
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ToncTanisAs cioja 3ajaHHble 3HAYEHHs, HAXOJMM, 4UTO Kyyq =0,5,
a nudpy3HOHHOE TEpPeoXJaXKIEHHE CyIIECTBYeT, ecan g>62,29%,.

2.4. YpapHenue Ban-Jlaapa [50] ansa snuHHMA JHKBHAYCa H COJIH-
Ayca JJis ujeajbHOH OHHApDHOM CHCTEMHL:

expA,—1

L

*h = T e (A (2.4.1)
expA,—1

B~ exp (gt Ag)— 1" (2.4.2)

N _AHA 1 1 k—-AH 1 1),
ATTRA\T " T, MTTR\T T/

T, u Tg— TemnepaTypH NJaBJeHHs cocTaBiasiiomux A U B; AH, u
AHpg —ux CKpHITHE TENJIOTH IJIdBJIEHUS, Xg— aTOMHas JoJsd  3Je-
meHta B. Munexcel L 1 S oTHOCATCA K XHAKOCTH H K TBEPJOH ase.

Orciona koadpduument cerperaund B B A npu temneparype T
paeeH

rne

"S

k(T)—-———exp(—- Ag)s (2.4.3)
B

a TNoJIoXKeHHe JIMKBHAyca OpH 3TOH TeMmepaType x§ (T) 3anaerca
ypaBueHuem (2.4.1).

Temneparypa conuayca Ts C TEM XK€ COCTABOM XAeTCs pelUeHHeM
ypaBHEHHS

exph, (T5)—!
exp[Ay (Ts)+2g (T)]—1°

Peurenve ypaBHenus (2.4.4) ana Ts MoXHO monyuuts rpapu-
YeCKM HJM BhluMCIeHHeM. Brnpouem, B HaweH 3ajaue MCKOMBIH TeM-
neparypHuii unrepBan AT =11756—Ts Maj, ¥ MOXHO TNOJYYHTb
NpHG/IHKEHHOE pelieHHe, pA3JIOKHB ypaBHEHHE (24.4) B pap u
OrpaHHYHMBIIHCH YJIEHAMH nepsou crenend no AT. Hmeem

exp Ay (TS)—-<1+ kT A AT)exp As(T) wmrT. A,

x5 (T)=x3 (Ts) = (2.4.9)

rne T —Temnepatypa Jukeuayca, paBuas 1175°K. B peaynbrate

HMCEM
AT_RT{ (1—exp Ay) (1—expAp) [exp A, —exp (—Ag)] exp (—h)
= AH [(expA,—exp (—AB)]—{—exp Ag (1—exp lA) (AH,—AHy)

(2.4.5)

rne As ¥ Ag BoiumcsieHw npu Tp.
W3 ypasuenus (2.4.3) xoadepuuxesT cerperau#y k2 npu temnepa-
Type 1175°K paeen

k=exp[— 400 (55 — 175) | = 0,68.
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Cocrap pacnsiaBa paercs ¢opmymoi (2.4.1)
1 1
exp | 1200 ——————) —1
xh=—s [ (1“75 11200’] ~0,0:102=5,5 ar. %.
1200 { —— — —=~ )] —0,63 .
e"p[ (1175 1200)J '
H3 (2.4.5) nosyyaem npHGIHKEHHOE 3HAYEHHE TEMIIEPATyPHOIO HHTEp-

pana AT =15°K.
2.5. KosppHuueHt AeHCTBYIOLMX Macc s AaHHOH peakuHH paBeH

K(T) = -Fhe 2.5.1)

Pyect, Py, ’
rae
RTInK(T)=TAS —AH, (2.5.2)

T — TemMnepatypa peakuud, a P; —mnapudanbHble JaBJEHHS Ta30BLIX
KoMnonent. Ha aty cucremy HanoxeHsl CIefyIoUiHe YCJIOBHSA:
aj MOJMHOE faBjeHHe paBHO aTMocGepHOMY:

Puci+ Pmect, + Py, = 1; , (2.5.3)

6) oTHOIIEHHE KOHUEHTDAUHH XJopa K KOHUEHTpaUMH BOAOPOja
B rascpoil (ase cOXpaHSeTCH NOCTOSHHLIM:

[C]  2Pyect,+Pual
[H — PHC1+2PH.

CoBMecTHoe peweHue ypaBHeHHH (2.5.1)—(2.5.4) naet paBHOBecHmie
napudaisHble JaBJeHHS Ta30BHIX KOMIIOHEHT MOC/TIe peakUHH TMpU
temnepatype T mas 3ajanHoro a. CiefoBaTenbHO, OTHOLIEHHE KOH-
ueHTpanui Me K KOHUEHTPaUWH BOJAOPOAA NpH PaBHOBECHH A/ 34-
AaHHoi TeMnepatypbl T Oyaer
[Me] —p— Ppec, ) (2.5.5)
[H] PHCl+2PH.

=o (HayaJbHOe 3HayeHue).  (2.5.4)

Onpene.n;m SKBHBA/ICHTHYIO BEJIHYHHY A/ CMECH TEX XKE rasos B Ha-
‘"YaJbHCM COCTOSIHHH Kak

[Mel, . Phec,
[l — Po= Plg+ 2Py, 20.8)

(rme ungekc 0 ofo3HayaeT HayalbHOE COCTOSIHHE JO peaKUHH), yBH-
MM, YTO OCAXJEHHE TEPMOJHHAMHYECKH BO3MOMHO, €CJ]IH

B < Bo» ' (2.5.7)

T. €. €ClH MocJie peaKUWH PaBHOBecHasi KOHUEHTpauus Me, oTHeceH-
Has K paBHOBEeCHOH KOHLEHTPAUMH BOJOPORA, MEHbIIE, YeM KOHIUEH-
Tpauus rasa, BTEKAIOUIErO B CHCTEMY.

Heo6xoaumMocTh XxapaKTepH3oBaTh KOHUEHTPAUMH OTHOLICHHSAMH
BLITEKAET H3 HEKOHCEPBATHBHOCTH cHcTeMbl. OGuiHe METOAb pelleHHs
33jlay TaKoro THma omucaHsl B [51, 52].
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M3 ypasuennii (2.5.1), (2.5.3) u (2.5.4) nonyyaem

Pu,= g {— (k) VIR TEI R, (258
Pycy =06 —2Py,, (2.5.9)
Ppect,=1—08+ Pu,, (2.5.10)

rae 0=2/(14+a), a k=1—4/K(T). Danee 6=2/1,1=1,818, a us3
(2.5.2) K(1000)=1,0-10"3; oTcrona k~~—4- 103
Hrtak, ¢ JOCTaTOYHO BHICOKOH CTENEHbI0 TOYHOCTH,

8 6 b
PH==?iVﬁ(e_2)’ PHCI=¢2V7@(G—2)-

3uak nepex KopHem Bu6npae'rc;1 H3 YCJIOBHSA ITOJIOXKHTEJIbBHOCTH PHCI-
Torna Pch = 9,09 . 10’3, PH’ = 0,909 —_ 4,5 103 y»

Prect,=0,091 —4,5- 103,

Orcrona
B 0,091 —4,5-1072
=7 2.0,909

ITonyyaercs, yYTO OCaXKAEHHE TEPMOAHMHAMHYECKH BO3MOXHO, €CJH
Bo=>4,75-10"2, 1. e. ecan xoHueHTpauus MeCl; paBHa HJH Gojibiue
8,65 moa.% (npu a=0,1).

=0,0475.

3. XnMHuecKHe CBA3ZH H SHEPrHs pelleTKH

3.1. B paBHOBeCHOM COCTOfIHHH (ME€XaTOMHOE DacCTOSIHHE r = rg)
sHeprusi U (r) munumanbHa. Tak xak

U(r)=—N(A79”—,5,,), @3.1.7)
TO
(%), =N (% —25)=0 3.1.8
&) =N () ©1.8)
OTKYAA4
¥ U N Ae? 1
(rd =— 222 (1— ). (3.1.9)

3.2. Bruiyucans
DY U D Y[ &
dve ~ dr dvz T dr2\dV ] *

3ameTHM, uto B peumletke NaCl xy6 c peGpoM, paBHEIM MeXaTOMHOMY
PACCTOSIHHIO 7, COMEPXKHT «IOJIOBHHY» MoJieKysnl. CiiefoBaTesibHO,
o6bveM V KpHcTassa, cocrosmero u3 N MOJIEKYJ, paBeH

V =2Nr3, (3.2.3)
OTKYAa

(&) =
dv ]/ = 36Nt
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BcnoMHHMB, 4YTO

dU
(—El’n = O'
MOy UM
1 1 dU ,
* = T (@) (3.2.4)
a u3 ypaBHenus (3.1.7)
ay 2Ae? nn4+1)B
dare — N< s T snte > (325)

INocrosnnyio B MOXHO BHIYMCIMTB M3 ypaBHenuit (3.1.8) u (3.2.5),
TaK YTO B KOHLE KOHUOB A1d 1/% nojyuum

R (3.2.6)

% 184
INoacrasnns clofa 3ajaHHBe 3HaueHus %, A, ry, e, HaxooUM
nnaci = 9,4.

3.3. U3 ypaBHéHHﬂ (3.1.8) caeayer, uto

e _nb
o nth
orxyaa nB \1/(n—1)
ro@) =(e) s
TIO3TOMY
ro(2e) = (14s) " = 410= ry(e). (3.3.1)
Ucnoawaysa (3.3.1), u3 ypaBHeHus (3.2.6) monyuum
%(20) = Sy = (e) - 4G+ =), (3.3.2)
a u3 ypasHeHus (3.1.9)
. 4N Ae? 1
U 2e) —— g (1 - ;)=U (e) 4n/n—1), (3.3.3)

3.4, BumnuieMm BuipaxkeHue aas U (r), COOTBETCTBYIOILEE YCAOBHAM
3ajauu:

U(r)=—N [ﬂ’ﬁ_ Cexp<— %)],
M BhipaxKeHHe Al [POHU3BOAHOH NpH 7 =7y
(@) v —gcen(-3)]

U (rg) = — A& (1—1’-), (3.4.1)

Ty

CrenoBarenbHo,
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M, cpaBHHBas c ypaBHeHueM (3.1.6), momyuum
ro=np.

3.5. Jns nMHeHHON LEMOYKH U3 paBHOYJAAJNEHHHIX APYT OT JApyra
HOHOB ypapHeHHe (3.1.2) npuHuMaer Buj

Tip= Qi = nr,
e n— uenoe uucao. Orciofa mocrosinHas Magenynra A= )] & o
i#i
paBHa

A=2(1_%+%—}+...)=21n2.

3.6. Cymmy S, nepBhX n =~k NONOKHUTENBHHX U OTPHIATENh-
HHIX UIEHOB MOXHO 3alucaTh B BUJE

1 1 1 1 1 1 1
Sa=(1+5+5++g=)—(z+s+e+tTa)-
3anuchiBasi 3TH PAAN Yepes A, MOJyUHM
Su=hu— gy — g h=102%— 1 lnkl+ry— 3 (re+r).

Ilpu n— o0, & —> 00, |- 0o nonyuaem

limS,=8 = limln% = L In 22,
OTKyZa A= —F
__ exp(29)
T 4-4-exp (25)°

3.7. 3anumeM pAIbl NI NPUGIHIKEHHBIX 3HAYEHMH MOCTOSHHOM
Mapenyura A, u A,y

1

n n !
A=2(1— 5 +5- 4+ A D),
11 1 !
Ani=2(1— 5+ 5~ +---+(—1)”‘7+(—”"“m)-
1
Ans— An= (=10 (). @.7.1)
O6o3nauas
lAn+1_Anl=un+lv
HMeeM

A=1+u2—u3+u4_

3HaKM [0OC/EI0OBATENbHHIX WJEHOB B 3TOM Psily YepedyloTcs.
Kpome TOro, npu BO3pacTaHMM 7 UNEHH 3TOr0 pSJA MOHOTOHHO
y6uBalorT M lim u,=0. [Ins mo6oro 3pauenuss n cymva A Takoro

n—oo

pana nexuT Mexay A, u A,i1, T. €.

1 1
lA_Anl<|An+1_An|=un+1=m<rﬁ.
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To4HO Tak xe

1 1 1 1
=2( —7+'§—T+---+(—1)"+17).
M MBH TIOJIy4aeM
14— 4] <| Ania— Ad| = -

3.8. HemnocpencTBeHHOE CyMMHPOBaHHE BCEX 3apsi0B BHYTDH JaH-
HBIX Ky6oB H ApPOGHBIX 3apsiZOB Ha IpaHsAX KyOGOB HaeT

1A=1,4566, 24=1,752, 34 =1,747.

TogHoe 3Hauenne A —=1,74756.

Bce 3TH BeJIHUHHHEI OTHOCATCA K NOCTOAHHOH Magenyura, ompeje-
nexHolt ypapueHusimu (3.1.2), (3.1.3) u (3.1.4) uepe3 HaHMeHbLlee
MEXXAaTOMHOE paccTOsiHHe r=1/,a, rae a — pebpo sivefiku IJBbeHA (CM
pruc. 3.8.1). BMecTo r Mul MOXEM, KOHEUHO, B35Th 3a XapaKTEPHHI
pa3Mmep SIUEAKH BEJHUHHY 4. Tor;xa BHIpaXKeHHe

Age? B
Ej=—22 +

a

LISl SHEPTHH PaccMaTpHBAEMOro HOHA ONPeJessieT HOBYIO OCTOSHHYIO
Mapenyura Ag, cBA3aHHYIO ¢ A, 3aBHCHMOCTBIO

Ag=2A,.

3.9. HeonperenennocTs B psifax, IOJYYalOWMXCA IPH CYMMHPO-
BaHHM N0 siveiKaM 3BbeHA, 3aKJIOYEHHHIM B KyOaX BO3pacTaioulero
ofbeMa, CJYXHT IPU3HAKOM YCJOBHOH CXOJHMOCTH psaja MapeayHra
(cm. 3agauy 3.6).

Yro6H II0Ka3aTh, KAaKHM O0pa3oM BO3HHKAeT 3Ta HEOINPEAeJeH-
HOCTh, PaccCMOTPHM Ky0O C OTDHUATEJbHEIM HOHOM B LEHTPE, COAEp-
xkamui (2n— 1) siueexk IBbeHa. [lpuGaBasis Kk HeMy KyOHdeckyio
060/10uKy ¢ ANHHOH peGpa 2n H TOMIHHOHA, paBHOR 1/2 (3a exmHHLY
JUIHHH IPMHHMAaeTcs pebpo a siueikH JBbEHA), IONyYHM KY6, COlepxKa-
mHi (2n)° siueek IDBbeHa.

BHeuss ITOBEPXHOCTh 3TOH ©OOOJOYKH 3aHATA OTPHUATENLHEIMH
HOHAMH, BHYTPEHHSS — NOJIOXKHTE/IbHEIMH. EcCIH He CUMTaTh HOHOB,
Jexamux Ha pebpax, TO 3apsii KaXAOro H3 3THX HOHOB paBeH +1/2,
T. €. IpH GOJbUIMX 3HAueHHAX n 3Ty OOOJOUKY MOXHO paccMaTpH-
BaTh K4aK OJHOPOAHHI ABOHHOM cJI0f 3apsAA0B, 9JeKTPHIECKHA MOMEHT
KOTOpHIX Ha €QWHHIY IJIOmAajH paBeH m = 1/4 H HampaBJ/ieH K UEHTPY
060JIOUKH.

Bknag sneMeHTa NOBEPXHOCTH dx dy 3TOH OXHOPOXHOM AMNOJbLHOM
060I0uKH B TMOTeHIHasa B ueutpe xyba O paseH

dP,="""2 dx dy=

’2 mdx dy. (3.91)
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THe r H ¢ onpefenenst Ha puc. 3.9.2. IloreHunan Py, nonydawomuics
OT Bceil O0OOJIOUKH, CJIeJOBaTeJhHO,

n

n
Py=6-4mn % S 924y ogmpe § dy

(n2 4 224 )2 (n2+y?) (2n2 42"
YuuTHIBas 3TO BHIpAXEHHE, a TaKXe TO, UTO
dx . 1 (@—c)'2x
S(x2+c2) T @
A a® > c¢? noayddm
Po=24m arctg (1/'3) =4nm = =. (3.9.2)

IpepnosoxeHHe 06 OXHOPOAHOH AMIOJNLHOH 0B0JOYKE AONYCTHMO
TOJILKO NpH n—0o. ToJbKO B 3TOM NPEAENbHOM ciaydae P, npej-
cTaBisieT cob60i pasHOCTh MeXAy IMo-
teHumasoM II,, xy6a, coxepxaiero
(2n)® sveek, u norenuuasom Ily,
KyOa, cogepxamero {2n—1)3 sugeek.
Orciona caenyer, uto ¢c= Py=r.

Kpome TOro, oueBupHO, YTO NOCTO-
AnHas Mapneayura A,, omnpefiensiemas
yepes pefpo sYeHKH a4, [JO/KHA HB-

* 1 const,

Jndl‘d_l/

%l

JATbCA CpPefHHM H3 3HaveHud Il,,_,
u II,,, Mexjay KOTOpPHIMH KoJsieGJercs
NOTCHIMAJ B [IEHTpe Kyba [pH 1 —-00.
Takum obpa3om,

A= lim Honctllen _ piy 7,

an n—o n-+0o 2°

3uasn, uro II, = 1,1546, II, = 3,5388,
I1,=0,5074, II,=3,5820, MOJXHO
HalTH TNOCJeNOBaTe/bHEE IPHOJIHKe-
Bud A, nocrosuuoli Majenyura

ansa CsCl:
2A,=2,3467, *A,=2,0447.
Puc. 3.9.2. K pacuery sueiikn
Ssbena. Tounoe 3Hauenne Oyper paBHO A, =
= 2,0354.

3.10. Ha puc. 3.10.1 nokasan HauMeHbHH POMOONOAEKA3AD,
KOTOphIl MOXKHO Buipe3aTh H3 cTpyKTypw CsCl Tak, 4Tobbl B Kaxjoh
€ro BeplIMHE HaxXOAHJCA HOH. 3alITPHXOBAHA OJHA M3 YeTHIPeX siyeek
DBbeHa, cojepKalluxcs B 3TOM pomGoJoaeKasjpe, H 1pocTaBjeHkl Apol-
Hble BEJHUYHHB 3apSJ0B 3THX HOHOB.

[Toab3ysack 3TUMH yKa3aHHSIMH, MOXHO cpa3y HadTH NOC/iefoBa-
TeJbHLIE NpuUB/IMKEHUs nocTosiHHOR MajeayHra:

14,=1,309, 24,=2,173, 34,=1,994,
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yTO OTBEUAET CYMMHPOBAHHIO 10 KOHUEHTPHYECKHM POMGOiOfeKaspanm,
COfIEPKALINM COOTBETCTBEHHO 4, 32 u 108 sueexk.

Puc. 3.10.1. Haumenswuii poMmGononekasap, KOTOPHIA MOKHO BHPE3aTh B CTPYK-
Type CsCl.

3.11. B crpykrype CsCl Benvunna D =a® B koopauHaTHOR cH-
cTeMe, OCH KOTODOH COBMNajdloT ¢ ocsiMH Ky6a, 6GasHCHLEIE BEKTODH
npsimoit pemetkH BpaBs @; u obpatHoil peweTku b; paBHbI

a=a(l, 0, 0), & =al(l, 0, 0),
a,=a(0, 1, 0), .=a1(0, 1, 0),
a;=a(0, 0, 1), b3=a?(0, 0, 1).
Panunychi-BeKTOpH 7, HOHOB BHYTPH €AMHMYHON siueiixu GyayT
re=0, 0,0), ri=%Ya(, 1, 1)
CoorBeTcTBYIOIHKE 3apsijpl: §o=—1, ¢, = -+1. 3anucas
R =2 (hb, + kb, -+ lb3) = 2nja (h, &k, 1),

HalineM
0 mna (h-+k-+1) ueTHnx,

—2 pns (h-+k-+ 1) HeueTHBIX,

T. €. B BHOCHT HEKOTOpHIH BKJaj B A,, TOJBKO €CIH CYMMa KOMIIO-
HeHT R no Ky6Hueckum ocsiM GyjeT HeueTHOM KpaTHOM 2m/a co 3Ha-
KoM MHHyc. M3aMepsis Bce AnMHBI B efMHHUAX @, MOJYUHM!

a) n=16/3a?, Tonsko 8 GamxKaiuux coceneit Ha PacCTOSAHUSAX 7y =

=1,a}/'3 u 6 BektopoB k= 2n/a (%1, 0, 0):

zl]qtexl)(—k'ft)={

2 .
14 161 _ — s ds|— 12 o 8
A“—Vs{l §e.xp( s)ds} nexp( 16)—}—1/35 2,0488.
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6) Yurem ewe 6 coceneit BTOpPoil KoopAMHALMOHHOH cdepbl Ha
paccrosiHusiX ri;=a H 8 BekTopos k=2m/a (X1, *I1, *1):

4/V3
24, = 92,0488 —6[1 — S exp (— ) ds] — 2 exp (— 91—’;‘) —2,0357,
[}

7T

B) Yurem ewe 12 cocepedf Tperbeidl KOOPAHHALHOHHOH cepsl Ha
paccrosnuax ry=al/2 u 24 Bekropa k=2w/a (X2, *1, O):

34, =
4V2/V3

= 2,0357 — 6]/5[1— 48 (_ 1502

exp (— s?) ds] — 5 €XP T) =2,0354.

r) B koopauHaTHO# cHcTeMe, OCH KOTOPOH COBHNEJAIOT C OCAMH
Ky6a, GasHCHBIE BEKTOpH @; NMpAMOH pemieTkKH BpaBs u b; obpaTHOH
pewerku aas NaCl 6yayr caepyouue:

a;=%Ya(l,0, 1), b=al(l, —I1,1),

a,=%a(l, 1, 0}, by=al(l, 1, —1),

as=11,.a0, 1, 1), bz=al(—1, 1, 1).
Jnaa o6rema D eauuuuHOM sAueiikH uMeeM

D =a%/4,
a A paguycOB-BEKTOPOB #; HOHOB BHYTpH SIMEHKH
r=(0,0,0, r=a(,l,Il).
CoorBercTByomue 3apsgsl paBHbL
p=—1, q=+1L

Bekrop k=2n(hb;+ kb, - 1b;) mokeT GbiTb 3anucaH yepes ero KoM-
TIOHEHTH NI0 OcAM Ky6a

E=2 (hpb—l, —hth+l, h—k+D),
OTKYyAa

S qexp(—k-r)=
‘ 0 gas h 4k yerHoix,

=—l+exp[—in(h+i+D)] ={ —2 ana h4- k-1 HeverHbiX.
Tak Kak h-+k—1I, —h-+ k41 uh —k-4-1 nevernne, eciu h+ k& -1 He-
HEeTHHIE, TO NPUXOAMM K BHIBOIY, YTO B A, BHOCAT BKJaj TOJNBKO Te
BEKTOPH R, Y KOTOPBIX KOMIOHEHTH MO OCAIM Ky6a paBHbl HEYETHOMY
qHCaY, KparHoMy 2m/a. OnsTh-TakH, H3MEPSs BCEAIHHBI B €MHULAX a,
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noaywem: n=16/a% Tonuko 6 CaMAadLInX r:ocenen Ma PACCTORMMAX
,,,:l/,a w8 nex'mpos k=21 a(+l ERNESE
’A,:]Q[] —Sexp(— s")ds] o exp —5)-,—8r” - 3,5025.

Yarmaean eue 12 coseaeh cieyousi (s1opofl) xoopamatotod

apepts NpH ry;=*ha K 24 sekTopa k =2n/a (£ 3, £ 1, 2 1), noayuun
1,

e
=a,5o25_1z;/z[1 - \exp(—s')ds‘l fens(~ 1) =305

2.12. Ha pac. 3.12.] uoKasaMsl 3ABHCHNOCTH OT /7. Sieprnil
Magenyiira gns CsCl, NaCl # ZnS. Topisonanshee yuacTes Kpu-
BHX  CODTRETCTBYIOT TEM OGJACTAM, TAC fo AVIA 3ARaRIOE CTPYKTYDH
OMPREAFIOTEA  RACAHHEH HOWOB .o

Gombiero pasMepa B, caeaopa- 2

TEAbHO, 32BHCAT ToTbKO of pa- "MK 1
aHyca STHX  ROMOB. BopXame
OPEXeH 3THX TOPHIOHTAMLELX
BeTBel: GyayT CHCAyIOUHe: o e

CCl: ryjr.=V3-~ B
NaCl: ryr =V 2~
st rr =V~

i}

| =
Towcn nepcxona, orpaniHza- LEAC
WHe O6AECTH YCTORMHBOCTA
CsCl > NaCl:  rujr.=0,71;  Puc. 3.12.1. Sasucamocre suearins Ma-
SEE TR peaywrs (n eannRuax ﬂ/r)sar lr_Ens

NaCl>ZnS:  #,/r-=0,32. €C1, NaCl

.13, KyJOHOBCKHE CHAM NPHTANEHHA, ¢ KOTOPHNH UeHTPanLilai
HOH A feficTBYeT Ma noM B, BnHykaawr ToRM B ABHTATECA TaK,
KTOGHl HX UCHTPBE JEKALH Ha CPEPE PAANYCA 74-+7n C lEHTPOM
B A. Tak Kax WAKIAR 3 STHX CHJ yDABNDBEUMBARTCR COOTAET-
©YBYIOUIHM KOMTAKTHBIM 4B/CHMCM, TO HX MOKHO HE PACCMATDABATH.
Pasnoxws cuay, neucmynmym Ha Mon B B none BCRX OCTANBHbEX
HOHOB, Ha TaMr [ yeugn,
wTo npn 1 Has
B Hyab. KpoMe T1OrC, XOTR® pPaIHaNbRAH COCTABANKINEA MaAGIOr0
OTAeAbEOrO HOuA B HE JOAKHA GTh PAaBHA HYAHO, Pe3yABTHEYIOUIAS
X PATVAILILIR COUTBIMLIE Jonka O6paTHTRCS B Myh. 3aNe-
THM, HZKOMEU, 4TO IPH PAEHOBECHH LEHTP TAXECTH HOHOB B comna-
BAeT € neHTpoM mma

a} Jas Toro uroba cywa PAAHANLHEX COCTABAMIOUX CHA, Jefi-
CIBYIUMX Ha IBA HoWa B, GHAA DaBHA HYMO, HOMM XOMxHM pac-
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110J1aTaTbCH ¢ TPOTHBOIOJOXKHBIX CTOPOH OT LEHTPAJbHOrO HOHA.
Ciie0BaTeNbHO, B 3TOM CJyuae DAaBHOBECHas KOHQHIypauHs COOTBET-
CTBYeT JIHHEHHOH MOJekyJe.

6) Jns Toro 4ToOnl HE GbLIO TAHTEHUHAJbHHIX CHJI, AeACTBYIOIUHX
Ha By, ueHTpH HOHOB B, M Bj; JOMKHBI J€XKaTb B IJIOCKOCTH, MpO-
Xoasiuel uepes meHtpbl A W B;, H, KpoMe TOro, yroa a@; JOJKEH
6biTh paBeH yray a; (puc. 3.13.1).

IToBTOpAs 3TO Ke pacCyXJeHHe NPHMEHHTENbHO K HOHam B,
Bg, HalijeM, 4TO B TMOJOXEHHH paBHOBecHA IleHTpbl By, B; u Bj
pacroJsiaraloTcs B BepLIHHAX PaBHOCTOPOHHETO TpeyroJibHHKa, BIIH-
caHHOro B Gonbluo# Kpyr cdepsl, NpoBeJeHHOH H3 TOUKH A.

B) TaHrenuuanbHble CHIb, AeHCTBYIOUIHE HA By W B, (pHuc. 3.13.2),
BO3HHKAIOIUKe H3-3a B3aHMHOrO OTTAJKHUBAHHA 3STHX JABYX HOHOB,
JeXaT B MJIOCKOCTH AB.B, u
ABNSAIOTCA 3epKajbHbIMH  OT-
paeHHAMH Apyr Apyra oOT-
HOCHTEJIbHO IJIOCKOCTH, IIpO-
XOAAIUEH  Yepe3  CepejuHy

Puc. 3.13.1. Chepwt nedictBus monos  Pue. 3.13.2. K pacyery cun B3an-
Au B. MONEHCTBHE B MOJEJH IKECTKAX
wapos.

orpeska BB, nepneHaukynspHo K HeMmy. as Toro urofu 3TH TaH-
T€HLUHANbHbIE CHJBl YDABHOBEIIHBAJMHCh CHJAMH, AEHCTBYIOIHMH CO
cTopoHnl By u B, Ha B; u B,, paBHOBecHble MoJoXeHHs B; H B,
JAOMKHB YAOBJETBOPATL OJHOMY H3 JABYX YCJOBHHA: 1) OHH AOMKHBI
Jexatb B IJIOCKOCTH AB;B, W ObiThb 3epKAaJbHbBIMH OTPaXKEHHSMH
APYyr Apyra OTHOCHTEJIbHO 3€DKaJbHOH ILJIOCKOCTH, IPOXOARAIIEH MEXAY
By ¥ By, WK 2) OHH JOMXHBI JI€XKATh B 3 PKAJNBHOMN IVIOCKOCTH MEXAY
By H By H 6HITb 3€DKAa/JbHBIMH OTPaXKEHHSIMH [APYr ApPYra OTHOCH-
TeNbHO MJ0cKocTH AByB,. Cnyua#, COOTBETCTBYIOIHH BTOPOMY YCJIO-
BHIO, TIOKa3aH Ha puc. 3.13.2.

[loBTopsis Te e paccyXAEHHS OTHOCHTE/NbHO DPAa3JHUHHX [ap
HOHOB B, Mbl [OJTy Y4M, 9TO [IPH PaBHOBECHH HOHBI B;, By, B 1 B, 10/KHH
JIeXaTb HJIH B BepIIMHAX KBajpaTa, BIIHCAHHOTO B GOJbINO# Kpyr
chepbl ¢ ueHTpPOM B A, HIH B BepIIHHAX MPaBHJIBHONO TETPasApa,
BITHCAHHOTO B 3Ty cgdepy.
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C Ipyro¥i CTOpOHH, TaK KaK UEHTP THAXEeCTH HOHOB B coBnapaer
c uedTpoM A, MBl AJA cjydyas, IOKa3aHHOro Ha pHc. 3.13.2, umeeM
a=fp. B 3TOM cJayuae Jerko MHHHMH3HDOBAaThb TOJIHYIO 3HEprHI
orTankuBaHus & uonoB B. TIDHHSAB r,g 3a eIMHHIUY, HAXOLHUM:
ris=rs=2sina,
rig="ris="roz="rys=(4 — 2sinfa)'.

Ecnu raxauit HOH B obnajaer efMHHUHLIM 3apsaoM, TO

g—_1 4

sin a. (4 —2 sin? a)'/’
H
d€ _ cosa 8sinacosa
da sin?a {4 —2sin? a)’/’ ’

OueBunno, d€/da=0 npu cosa=0 u npu sina=1'2/3. B nepsom
c/yuae MOHBI JiexxaT B BEpIIMHAX KBajpara, a BO BTOPOM c/yyae —
B BepUIHHAX TeTpas’Apa. BLIUHC/IAS 3HEPrHH, COOTBETCTBYIOUIHE STHM
JABYM DaBHOBECHHIM 3HAUEHHMAM &, MOXHO BHJETb, YTO TeTpasipHue-
CKOe pacnosioxeHHe ofJajlaeT MEHbIIeH SHeprHeH H, CJIeJOBaTeIbHO,
OKa3bIBaeTCsl yCTOHUHBEIM.

3.14. a) B pamkax Hamel MOJeJH BbIpaX€HHe JJIf SHEPrHH MoJle-
KYJbl COCTOMT M3 JABYX UJIEHOB, 3aBHCSIIHX OT Yr/a MEXAy CBA3fMH,
4 MMEHHO: OT 3HeprHH V HHIYUMPDOBAaHHOrO JAHNOJAA (HOHA A)
B To/le HOHOB B ¥ OT 3HepruH OTTaJKHBaHusf W Mexay HoHamu B.

1) Ins monekyan AB, umeem

a2 AL
V—”“2<mBC“gJ. (3.14.1)
W= efﬁ_ (3.14.2)
2’AB sin o

rae e —3apsaj uoHa B. M3 tpeGoBanus

dV+W) _ e B 1 4o . B
L = 05 | — —— + 5—sin -\ =0
d(pD) Tag 2 ( 25in2g + 5 2
NOMyYHM
p .. B raAB
cos 3 =0, sin®5 =—¢

MoxHO JIerko NpOBepHTh, UTO JIMHEHHAS MOJleKyJia (cos L —0) yCTOR-

YyuBa, TOJbLKO eCyH o << ras/8.
2) dna Monexkynn ABj; umeem

3 2
Vz—%hgww% (3.14.3)
—_— e!

125



TAe y— yron Mexjy cBs3pi0o A —B M OCblO CHMMETPMH MOJIeKYJIH,
U3 tpeGoBanus

d(V+W) e <_ V3 4 S

dy T rap sin?y rin

sin v) cosy=0

HOJTY4HM
1 B
3V3 a

cosy=0 mm sindy=

. 213 .
IloacraBasa siny =23 gin -g-,

5 HaiijJleM, 4To

. 3 o . r
sin % = _12__' p=120° sm”-g— = ;GB .
OnsTe-Tak¥ HETPYAHO BHJAETh, 4YTO IJIocKas wmoJgekynaa (ff = 120°)
yCTOHYHBA TOJBKO NPH a < rap/8.

6) dnsaH,0 ao=0,225-102% cu® aas NH; an=0,247-10-2% cm®,
dxcnepumenT aaer 3HaueHus ao=0,77-10-* cu3; an=1,13-10-24 cud,

3.15. MckoMoe ypaBHeHHe GyJeT MMETb BHJ

N n
h2 A k2 -
(__2__—‘ I—\A!:_,_E XAk.*.V)\{I:g‘F, (3.15.1)
k=1

a=1

rie A, 1 A, —oneparopn Jlansaca, JefictBylomue Ha sjaepHsie R,
3JIEKTPOHHELIE 7, KOOPJHHATH COCTBETCTBEHHO, a MOTEeHUHa |V 3ajaercs
B BHJIE

_ e2 i ! Zaez ZaZbe2—
V=Y = Xt T D Rk 315.9)
i<k k, a a<b
3.16, Mckomoe ypaBHeHHe HMeeT BHJ
1 \
(=5 D0tV ) ¥ =y, (3.16.1)
rae k
— 1 _ Zy ZaZy
Ve mmnT 2kl T D R (3.162)
i<k k a a<b

3.17. Ypaenenue lllpeaunrepa B ctepuuecKHX KOOpAHHATAX
HMEET BHJ

he 1 0 0 1 a? 1 0 X FR eon
- EF[FT)E(IPW) + stinzﬂcrqa-"_*—stinﬁ'a?(smﬂ?ﬁ)]‘Y nep |
+gan (R) Wareps = EYanepy (3.17.5)

TloacraBass
yarewn — LC0 6 (8) @ (g)
W pasliejHuB Ha fg?) 8 (¢) @ (), npusenem ypasnense (3.17.5) x suay
K21 d3 1 1 d2@ 1 1 d/. de .
— 2 |7 i T 76 @ dg T Towmw e as Sin® gy | + & =8.

(3.17.6)
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yYMmuoxas Ha R2¥sin?®, noayuum, uTO usNeH, 3aBHCAUMH OT ¢, paBeH
wleHy, He 3asHcfilleMy OT @, T. €. paBeH KoHcraute, QG03HauMM
sty KoHcTauty —M?2, Toraa

__Z:D — — M, (3.17.7
HopMmupoBaHHbIE pememm 3TOr0 ypaBHEHHS XOPOIIO H3BECTHEL
Dy (o) = ,exp;M(p, M=0, 1, %2, ..
Ecnu yuects ypaBHenue (3.17.7), To ypaBHenue (3.17.6) nmpumer Buj
2 TR df M 1 d .
___[Tﬁ_erm@E(smﬁ )]+R2?;s —R¥%. (3.17.8)

Bropoi#t ¥ TpeTHH uJieHbl ITOrO yPAaBHEHHA He 3aBHCAT OT R, a ocTasb-
goe ne 3aBHcat or O. IlpuHsB, uTO uneH, coaepxkamuis ® ¥ 3akao-
yen#bli B ckoOKax, paBeH — C, MOXKHO pa3le/IUTh EepeMEHHBIE H
NOJYUKTb OTAEJbHHIE YpaBHEHHS Aas © u aasa f:

1 d ([ . de
mﬁ(m 0~) mzﬁe+ce 0, (3.17.9)
h2
( % e+ & + B 2 Ra)f &.  (3.17.10)
Tlppu C=J (/+1), /=0, 1, 2,... ypaBHeHHe A15 O HMeeT U3BeCTHOE
(HOpMIPOBAaHHOE) DeuIeHHe '
2J4-1) (J—M)l /2
@(0)=[‘ 1 ‘U+MH PyM!(cos®), . (3.17.11)
rae P! —npucoenunennas oyukuus Jlexauapa crenenn J H mo-
paaka | M|=<J. BennuuHa J ompenesnsieT 3HaYeHHE MOMEHTA KOJIH-
yecTBa ABHXKEHHS MoJeKyaw kak A Y J (J+1).
IMoxcraBum &> w C u3 ypasuenuir (3.17.3) u (3.17.11) B ypas-
svenne aas f. Toraa Bmecro (3.17.10) moayuum

[— 55 dre + 2 FR—Ro+ 2 LRED =81 (3.17.19)

Ynen h2J (J+1)/2uR? npesacraBasier co6oif BpalaTesqbHYIO 3HEPTHIO
MOJIEKYJIbl H NMPH MajulX J MOXeT ObiThb 3aMEHEH CBOHM 3HaueHHeM
npy R=R,. 3ameHHB R — Ro Ha p, NMOJYYHM

(— 55 gor + k0t F= (8- E5EN L a7y

I1o ypaBHeHHEe rapMOHHUECKOrO OCUM/JATOpa. Ero cofcTBEeHHbIE 3Has

qeHUda
h2J (J+ 1) 1

TRE O — YIJIOBaA 4YacTOTA COOTBETCTBYIOUIErO KJACCHYECKOTO rapMOHH-
QecKoro ocumsnstopa @ = Vk/p u n=0,1,2, ...
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Hopmuposannse @yHkuus f(p) 6yayT uMeTb BHJ

fn(P)=V2"7<i—(;i)>l ( ]/_” >exp( 2;’ ), (3.17.14)

rae ¢byukuuu H, —noauHomMsl SpMHUTa,
3.18. Ypasnenune Ilpenunrepa (3.18.1) B cHcTeme xoopauHaT ,

M -
—mziﬁ{ [@2 D g+ oy [0 =m0 oy ]+
+ (g + ) e Y M O — e ¥ G 0, 0) =
— (8_%)\1%, m 9). (3.18.4)

[Tonb3ysce ypaBHenuem (3.18.3), noayuum
d>@

= m"‘(I), (3.18.5)
2l e-n ‘fj;‘] (2Rg+xg2 AV X =0,
U /
- L o (3.18.6)
i [“—" ) g+ [ ‘tﬁf*")y=°-
rue A__Rz (’E ) A — nocTosiHHas, BO3HUKAlOILAA IIpH pasjeeHyuH.

3.19. KaK 6bL10 NOKa3aHo B 3ajave 3.18, 3NMeKTPOHHHIE BOJHOBHLIE
¢byukumu gas Hi umeoT BHI

UG n @)=X{OY M (p), (3.19.3)

rge G, M, ¢ —cdeporianbHbie KOODAMHATH, ONpelesieMbie ypaBHe-
Op HHAMH (3.18.2). Ilpn R, crpemsemcs k
' HYJII0, 3TH KOOPJMHATH NepexoisT B cte-
pHUeCKHe KOODAMHATH 7, B, ¢ «eguHOro
aToMa», COIJaCHO COOTHOILUEHH M

_Tatry 2r
;‘" R —>R!
n= Tq—17y

aY
oY

o—>¢ (3.19.4)

(puc. 3.19.1). Tak Kak KBaHTOBBIE YHCJA
g, My, Ny Y3JI0BLIX ToBepxHocTel X (§) = 0,

A
&— @ Y (m)=0 u @ (¢) =0 ocraiorcs HeH3MeH-
A g HeiMH npH R — 0, To, cJejoBaresiLHO,
K
H

Puc. 3.19.1. ypaBHEHHAM
(3.19.3) u (3.19.4). ng=~n, Ny=~ne Ng=ne (3.19.5)

Cootrowenus (3.19.2) moryT 6HTHL MCNOJNB30BAHEL L5 NOJNYYEHHUS
nepBeIX IBYX cTOos610B Ta6a. 3.19.1, B kOoTOpOH ycTaHaBAMBaeTcs
CBA3b MEXJAY MOJIEKYNSPHEIMH COCTOSHHAMH M COCTOSTHHSIMH «E[H-
HOoro aTtoMa». B 3Toil TabGnuue ucnonb3yloTcsi OObIUHBIE OGO3HAUEHMS
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MOJIEKYAPHBIX cocTosiHui. CumBosamu ns, np, nd 0603HAYEHHl ATOM-
HBEIE COCTOSIHHSI, KOTOPbIM COOTBETCTBYIOT MOJIEKYJISIPHbIE COCTOSIHHS.
HUnpexcsl o, 1, § ykaswBaloT cocrosHUf ¢ |m|=1, 2, 3 coorBercr-
BEHHO, a MHJEKChl g M K YKa3blBAIOT HA YETHOCTh MJIM HEUeTHOCTb
COOTBETCTBYIOLEH BOJHOBOH (QYHKUHM IIPH MHBEPCHH KOOPAHHAT OTHO-
CHTEJbHO LEHTPAa CHMMETDHH MOJIEKYJIbI.

Ta6aruna 3.19.1

<EguHu# aTtoM» Mounek yna PasjeneHHbe aTOMB
n l [m| n n n n n
g n ¢ 2 n ®

ls 1 0 0 Iso 0 0 0 0 0 0 ls
2s 2 0 0 250 1 0 0 1 0 0 2s
2p, 2 1 0 2po, 0 1 0 0 0 0 ls
20, 2 1 1 2pm, 0 0 1 0 0 1 2p.
35 3 0 0 350, 2 0 0 2 0 0 3s
3p, 3 1 0 3po,, 1 1 0 1 0 0 2s
3p,4, 3 1 1 3pmn, 1 0 1 1 0 1 3p. 4
3d, 3 2 0 3dog 0 2 0 0 1 0 2py
3d, 3 2 1 3d:rtg 0 1 1 0 0 1 2p
8d,, 3 2 2| 348, 0o 0o 2| 0 0 2 3,
45 4 0 0 | 4so 3 0 01| 3 0 0 45
4p, 4 1 0 4po, 2 1 0 2 0 0 3s
4p4 4 1 1 4pm, 2 0 1 2 0 1 4p4,
4d, 4 2 0 | 4dog 1 2 0 1 1 0 3p,
4, 4 2 1 4dn " 1 1 1 1 0 1 3pj 1
d,, 4 2 2| 45, 1 0 2 1 0.2 4,
4f, 4 3 0 4fo, 0 3 0 0 1 0 2p

CooTHOLIIEHHE MEXIY MOJIEKYJAPHBIMH COCTOSIHUSIMH M COCTOSTHHU SIMH
paszfesieHHBIX aTOMOB GoJiee caoxHoe. [1py yraneHuu ofHOro U3 mpoTo-
HOB, HanpuMmep B, B 6eCKOHEUHOCTS, T. €. NPU R — 0, ‘BOJHOBHE yHK-
uud U (C, m, @) nepexomaT He P
B BOJIOPOAHLIE dyHKIHH
¥(r, 9, ¢) B chepHyecKuX Ko-
OpAMHAaTaX, a B BOJOPOJHbIE g
BOJIHOBhIE (PYHKIMH : ~@® —> o0

W0, b =LA MW@ A f ;
(3.19.6) Prc. 3.19.2. K ypasHenuio (3.19.7)

7 T3

B napaGoJMYecKUX KOOPAMHATAX A, W, ¢ ¢ uedtpoM B A. H3
puc. 3.19.2 BuzgHo, uto mpu R — co

_rgtry rg(l—cos8) AL

_re—ry ra(l-4-cos) o (3.19.7)

P—0.
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Ecau n,, n, ¥ ny— KBaHTOBHIE YHC/A Y3JIOBBIX NMOBEPXHOCTeH L (A) =
=0, M(u)=0, ®(p) =0 COOTBETCTBEHHO, TO MOJYyYHM, KPOME TOro
(cM. ypaBhenue (3.19.2)),

n=n+n,+n,+1, (3.19.8)

TAe n— TJaBHOE KBAHTOBOE YHCJO, COOTBETCTBYIOLIEE COCTOSIHHIO
W 9).

Uro6bl YCTAHOBHTL CBA3b MEXAY My, My, Mg, C OAHOH CTOPOHLI,
H H, Ny, Ng, C APYrod, HajO TOJLKO PACCMOTPETL INOJOXKEHHE Yy3JO-
BLIX MOBEPXHOCTeH 10 OTHOIIEHHIO K INVIOCKOCTH, IPOXOASINEH uepe3
cepeqHHY OCH MOJIEKYJHl. Bce y3/0Bble NMOBEPXHOCTH, JIeXKAIIHE LETH-
KOM Ha TOH »e CTOpPOHE, YTO H NPOTOH B, H INpHHajNexallHe
K cemeiictBy noBepxHocreit Y () =0, crpemsitcs K GeCKOHEYHOCTH
npu B-—oo. Bonee Toro, ecaH n, HeueTHO, TO IVIOCKOCTb, MPOXOASA-
asi yepe3 cepeJHHy OCH, CaMa H €CTb y3J0Basl MOBEPXHOCTb Y (1) =
=0 u TOXe yXoauT B GeckoHeuHocTb. OTcloja HMeeM

2n,, ,
"n={ n, €CTH 1, YETHO (3.19.9)

2n,+1, ecan n, HeueTHo.

Bce ocranbHbie y3/0BbIE MOBEPXHOCTH NMpH R — 00 oTcTodT OoT A Ha
KOHEYHOE pacCTOsiHHe, T. €.

m=~n, N,=n,=|ml. (3.19.10)

M3 ypasaenuit (3.19.8), (3.19.9) u (3.19.10) nonyuaercs Ttperuii
cron6en Ttaba. 3.19.1, 3ajaomHi CBA3b MEXAY MOJIEKY/ISIPHLIMHE
COCTOSIHHSIMH H COCTOSIHMSIMH pa3JleIeHHLIX aTOMOB.

3.20. YTo6nl HalTH 3HaUEHHE HOPMHPYIOWEH KOHCTaHTHl A, HYKHO
BHIYHCIHTE HHTET pal

S O*d dr (d'r = ﬁ d‘t,\ ,
/

(=1

IPHYEM HHTETrPHPOBAaHHE BKJIOYaeT CYMMHMPOB2HHE 1O JBYM BO3MOX-
HBLIM COCTOSIHHSIM CITHHA KaxKIOro 3JEKTpOoHa.

Ilycte P u P’ — gBa oneparopa, MeHSIOUIHE MOPSAOK /JEKTPOHOB
cpead n QyHKUHMH @, H MyCTb p H p’ — YETHOCTH COOTBETCTBYIOIHX
NepecTaHOBOK. Mcmonn3ys 3TH CHMBOJBI, NOJYYHM

for@dr =3 3 (= 1)+ P[of (3)... 0% (wa)] X
P P
X P @1 (71) ... 9s (Ta)] d7. (3.20.7)
ITockonbky GyHKUMH @; MpeANOJaaraloTcs OPTOHOPMHPOBRHHBIMH, T. €.

S (pr(pj dTi dT/ = 6,'/,
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To ypaBHeHMe (3.20.7) nerko cBOZHTCA K BHAY
S(D*(D dt=
=D PLof () 1 (v0) 95 (1) @2 (%) .. % (%) @ (va)] dr =nl,
P
OTKYZa
1
A _ﬁ.
3.21. M3 nByx xoopauMHaTHBIX QYHKUME @ W b M IBYX CIMHOBHIX

¢VHKUME @ ¥ P MOXHO 006pasoBaTb ONpPeEAHTENH:

L laa() a@a(@
Yoo — :(1;:8 252;:((2;'=[a(1)b(2)—b(1)a(2)]a(1)a(2),

w2 (DB 2 BB 2 (1)b @ —b (a1 () B (@)

¥ | S () 5oy 5y | =2 6@ a()BE@—b(a@a()p@),

e | | =a(Nb @B a@—b()a@a(l)p@.

pe w3 atux odyuxumil, ¥** u Y88, yxe umeor ux (3.21.3). Uro
xe Kacaerca ¥ uy WP TO 1 nosyueHHs MX B HYXHOM BHJiE
npujercss oGpa3oBHIBATL JIHHEHHBIE KoMOMHAuWH. Jlerko HafTH, uro

WP+ WP —{a (1)b(2) —b (1) a(@)] [ (1) B (2)+B (1) @ (2)],
PP W2 =Ja(1)6(2)+b (1) a@][x(1)p(2)—p(1)a(@2)]

Uro6rl nokasaTh, YTO CIIMHOBHE (YHKIHH

X =ea(l)a(2), WE=B(1)B(2),
xePBe=a(l)B @)+ B (N a(2), x*Pr=a()p@)—p(1)a(®
ABASAOTCS COGCTBEHHBIMH QYHKUMAMY | S |2, HYKHO NPOCTO NMOAEHCTBO-

BaTb Ha HHX onepatopoM ;S 2%
Bocnonp3oBaBumce cooTHowenuamu (3.21.5) u (3.21.6), noayuum

1812 =Sz + Sy + Sz = (8x, +5:)% + (54, +54.)% + (52, +52,)%,
OTKyZa HeIoCpeACTBEHHO CJejyeT, YTO

{8 2y = 2y, S 12yPB — yPB,
is 52 xaﬂ+ﬁa — 2X“ﬁ+ﬂa- ]S iz xafs Ba 0.

Bonee Toro, Jierko npoBepHTb, YTO
Sy = g%, Szxﬁﬁ=_xﬁﬂ', Szxaﬁ‘*ﬁ'l:O, S‘_xflﬂ—ﬁaz 0.
3.22. KoMGuHHDYA KOODAHHATHYIO BOJHOBYIO GYHKUMIO a-+b
C AByMS CIIHHOBHMH QYHKUHAMH @ H P, nonyuum

¢ = [a(D+boM]a(l) [a@+b@)]a(2)] __
[aM+&(DIB) [a(+E(2]P(2)

=[a(1)b@+b()a@+a(l)a@+b(1)b @) x
x[a(1)B (2 — B (1) @]
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3a wuckmouyeHnem uneHoB a(l)a(2) u b(1)b(2), s3ta GyHKUHA
coBnajaer ¢ ¢yHkuueii [afitnepa — JIoHAOHa (BKJIOUYANOWEH CIIHMHBI)
HcxopHoro cocrosinuss H, (cM. 3apauy 3.21). [IBa MONOMHHTENBHBIX
4JleHa COOTBETCTBYIOT OJHOBPEMEHHOMY IIPHCYTCTBHIO OGOHX 3JEKTPO-
HOB HJIM B OKPECTHOCTH NpOTOHAa A MM B OKDECTHOCTH IIPOTOHa B.
TlostoMy OHH 4acTO Ha3hIBAIOTCH WOHHbLMu dneHamu. VI3-3a Toro, uro
3HEPrHsi MOHM3ALMH aToMa BOJOPO/JA BEJHKA 110 CPAaBHEHHIO C 3HEp-
rHell 3JEKTPOHHOTO CPOACTBA, HOHHLIE 4YJIEHbl CYIIECTBEHHH! TOJLKO
IPH MAaJblX MEXbAJEDHBIX pAacCTOSTHHUAX, KOTJ3a KAaM[blH 3JIEKTPOH
CHJILHO B3aHMOJEHCTBYeT ¢ OOOMMH INPOTOHAMH.

3.23. 'u6GpujHble BOJHOBLIE (YHKILMH MOXXHO 3alHCaTb B BHJE:

hl =as + bxp.r+ bypy + bzpn

rie a, by, b,, b, —Ge3pasmepHnie napamerphl. Tak Kak S-QyHKUHS
cepHyecKH CHMMETDHUYHAsi, HaNpaBJeHHOCTL h; BO3HHKAeT H3-3a
p-pyHKUHE, KOTOpble H3-32 HX HEM3MEHHOCTH IIpH IpeoGpa3oBaHHH
KOOpJAHHAT BeAyT ce0si KakK BEKTODbl, HAaNpaBJieHHLe 10 X, ¥ H 2.
Tloatomy ko3dpuLHEHTE! p-yHKIHIA IPONOPLMOHAILHEL HATl DA B SHOUHM
KOcHHycaMm [;, my, fj, T. €.

hy=as4-b (LLpe+mp, 4 n1p;).

3KBHUBaJeHTHas TI6GPHAHAS BOMHOBasi GyHKIMS BJOJb BTOPOTO HAaNpas-
neHus ly,my,n, 6yaet

hy=as+b (lapx+ mepy + napy).
Tak kak aToMHble QYHKUHH ODTOTOHAJLHL! H HODMHPOBaHH, a [ -}
+ mi+nj=1, 10, HOpPMUDYSA h;, NOJYyYUM
a?4-b2=1. (3.23.1)

Kpome Toro, nockonbky hA; u A, OPTOrOHaNbHH, TO

24 b (1)1 nyny) =0,

a®+ b* (Lly -+ mymy - nyny) (3.23.2)

a2+ b2cos® =0,

rae O — yron Mexay HanpaBleHHSIMH hy H hy. M3 ypaBuennit (3.23.1)

# (3.23.2) nonyuum
a?

cos ¢
= cos®, a?=

~cosO—1"

(3.23.3)

OrHoweHre a?/b? MO¥eT 6LIThb TOJLKO IOJOXKHTEJIbHLIM, M CJEL0Ba-
TENLHO, a/b MOXeT GbLiTb JCHCTBUTEJLHBIM, TOJbLKO ECJIH

T << & << 3/,m.

N3 coorHowenus (3.23.3) BHAHO, 4TO OTHOMEHHE a/b, KOTOpOe Xapak-
TEPH3yeT OTHOCHTENbHbIE BKN3Abl §- M pP-COCTOSIHHH B THGPHAHYIO
BOJIHOBYIO (PYHKIMIO, MAaKCHMalbHO npu & =n.

3.24. Jlns peweHus 3TOH 3a]aud HEOGXOJMMO HANTH XapaKTepol
MaTpHL Nepexoja, NepeBOASALIMX APVr B ADyra rHO6pHAM3HPOBAHHEIE
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BOJIHOBLIE QYHKUMH (OpOGHTA/M) NpH Npeo6pa3oBaHHH CUMMETPHH YacT-
HbIX TOYEYHBIX TPYII, HAIpUMep TPYNIE CHMMETDHH TeTpasapa,
OKTa3/pa HJIH TPHUTOHaJLHON NPU3MBL.

MoO:XKXHO WM HaWTH MAaTpHIbL NEPEXOAa M BHLIUHCIHTbL CYMMEI HX
3/7€MEHTOB (3TO M €CTb XapaKTephl), HJH IPUMEHHTbL CJEAYyIollee
npasusio: xapakrep ¥ (R) ans uactHoro npeoGpasoBaunsi R, npume-
HEHHOTO K T'HODHAHBLIM BOJIHOBHIM (YHKIHAM, paBeH 4ucaAy THODUA-
HBIX QYHKIHH, He H3MEHAIOWMXCA IpH npeoGpasoBaHud. Haiins
XapaKTepul IPEACTABJICHHA THODUAHBIX QYHKIHH, MOXXHO 3aTeM BLIpa-
3HTb 3TO IpPEACTaBJIeHHE 4Yepe3 HEeNpPHBOAMMLIE NpeiCcTaBJEHUSA 4acT-
HEIX TPYINIL. N

a) B Toueunyw rpynny T,(43m) Terpasapa BXOAST C/eYIOIHE
3JIEMEHTLl CHMMETDPHH: E — TOXAecTBeHHOe npeobpasoBanue, C; — MOBO-
pOT BOKDYT Oceil TpeThero nopsaka, C,— NOBOPOT BOKPYT ocelt BTO-
poro mnopsiika, G, — oToOpaxkeHHe OTHOCHTENLHO IJIOCKOCTEMH, Cojep-
XKallluXx OCH BTOPOro NopsiKa, S;— NOBOPOT Ha yroJ /2 BOKPYT OCH
BTOPOTrO NOPAAKA C MOCJAEAYIOUIHM OTPaXK€HHEM B IIIOCKOCTH, HOpMaJlb-
HOH K 3TOH OCH.

Hns ToxaecTBeHHOro mnpeoGpa3oBauus E xapakrtep X (E)=4.
Ocu C; nexar BROJbL TETpasipHUECKHX HanpaBJjeHHH, M, c/1eA0Ba-
teqsHO, ¥ (C3)=1. Ocu C, HOpManbHBI K TIpaHaM Ky0a, cojepxa-
IEro 3TOT TeTpasip, M mnostomy ¥ (C,)=0.

Touno Tak xe HaxoAATCH ¥ (04) U ¥ (Ss), U HCKOMBIM MpeACTaBJIE-
HHMeM Oyner )

Tg(43m) E 8C; 3C, 6S; 6oy
Trep 4 1 0 0 2

pencrasnenne T, MOXHO 3amucath Kak [y = a9, rge
i

') —i-e HenpuBOAMMOE mpejcTaBjeHHe. Bocno/sn3oBaBuIKCL COOTHO-
LIeH1EeM

o= %}’; X (R) = (R),

rae %9 (R) — xapakTepnl (-r0O HENPHUBOAMMOrO IPEACTABJIEHHS, A —

NOJIHOE YHCJIO Olepanuii B rpynne M cCyMMiIpDOBaHHE [POH3BOAHTCA

o Bcem onepanusam R, M3 TaGJMnel XapaKTepoB NOTYYHM
FTETp=A1+T2‘

M3 taGaunsl xapakTepoB BHAHO, 4TO S-PYyHKIHMH Npeobpasyrorcs
Kak A, MeXLy TeM KakK py, Py, p: ¥ dyy, dy;, d.. NpeoGpasyiorcs
Kak T,. CaepoBatesbHO, YTOOB NOCTPOHTbL THOPHAHBIE BOJIHOBHIE
GOYHKOHH O TeTpasjpHuecKoll CHMMETDPHH, HYXHO BOCIIOJIb30BaThCA
JU60 GYHKUUAMH S U Py, Py Pz, JHO0 QYHKUHUAMH S H dyy, dyz, dae.

6) AHa/JOrMYHO MOMHO IIOKAa3aTh, 4YTO mpejcraBjeHue [ .. Anan
FHODUAHBLIX BOJIHOBLIX (YHKIUI O C OKTa3JpHUEeCKOM CHMMeTpHel Gy aeT

Oy (m3m) E 8C3 6C, 6C, 3C} i 6S, 8Sy 30, 60y
Tor 6 0 0 2 2 0 0 0 4 2
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IlpencraBnenue I' , MOXHO NDHBECTH CJeAyIOMHM 06Gpa3oM:
FOKT=A1£+Eg+ Tya,
H TO3TOMY HCKOMBIE (QYHKIHH
Sy Px: Py Pz dz, drpp.
B) Jlnsi cHMMETDHH TPHMIOHAJLHOH NPH3MB!
Dy, (6m2) E 2C; 3C, o5 2S; 30,
Tipur 6 O 0 o6 o 2
Popw=A1+E +A;+E".
Hckomble pyHKUHH GyayT
Sy Pxi Pyr Pzr Gxzy dys.
3.25. O6wu#t BHA BOJHOBHIX (DYHKLHI
fi=as+bipe+cipy+ dip.,

rae a;, b;, ¢;, di—noCTOAHHEE, KOTOpHE Hajgo onpeaenuts. [lyers
fi coBnajaer ¢ ochio z, a f, Je-
XKHT B IJIOCKocTH 2 =0 (puc. 3.25.1).
S-QYHKIHMH cpepHUECKH CHMMETpHY-
Hbl, ¥ NIOCKOJIBKY T'HGpHJHEE BOJIHO-
Bhle (QYHKUMH BCEe 3KBHBAJIEHTHEI,
_CNIelOBATE/IBHO, BCE @; PABHBI MEK1Y
coboii. Torza

fi=as+d,p,,

fz =as +b2px+ dzpn

fs=as+bsp+cspy + dsp.,

fa=as+bype+capy+ dyp,.
Paccmorpum - npeoGpasopanus

Puc. 3.25.1. Buop xoopauuation QGYHKUHMH f;, momyuaeMele npumeHe-
CHCTEMBI 11 ONMCaHuA Op6uTazefi. HHEM ONEpalHi CHMMETPHH TeTpa-

sapa. O6osnauuB wyepes [;C;] ome-
paunio C, (noBOpPOT Ha 27/3) OTHOCHTENBHO OCH BOJIHOBOH QYHK-
uMH f;, Hailgem M3 puc. 3.25.1

[163] fz =fay
[:Cs] (@s+bypx+ dops) = as + bapx+capy +dap,.  (3.25.2)

Tak kak nopopor ¢yHkuHH Ha yroa & BOKpyr HekoTopoii ocH
COOTBETCTBYET NOBOPOTY CHCTEMBI KOODAMHAT Ha yroi —®& oTHocH-
TEJILHO TOH 2Ke OCH, TO ypaBHeHHe (3.25.2) mepexoauT B TaKoe:

bap cOS (— 27") —bypy sin (— r%“) +dop; = bspy +csp, - dap,,
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H NoJiy4YaeM
1 V3
b3=—-2'-bz, 03=—'2—bz, d3=d2' (3'25'3)

Ananoruuno [,C3]f, =4,

4
bypy cos ( ;’ ) byp, sin (— —) baps+capy +dop.,
OTKYyAa B
bim— by C=Llb, di=d, (3.25.4)
PaccMoTpuM jgaJiee

[ZC3] f1=f3-

Onepanysa [,C;] MoxeT G6HTb BbIIOJHEHA CJEIYIOUIUM 06pa3oM:
CHCTEMAa KOOpJAHHAT IIOBOPAYHBAETCH Ha YroJ (¢ BOKPYT OCH Yy Tak,
4TO HOBas OCb X JEXHT BAOAbL [,. Torga yHkuus f, nepexogut
B fi B HOBHIX KoopauHaTtax x', y’, 2’. 3ateMm f{ moBopauuBaeTcsl Ha
2n/3 BOKpyr ocm X', W INoJlydaercss HoBas (YHKUHMS g’', KoTopas,
€C/JIH 3aNMMChIBAT: €e B CTapblX KOOpPAMHATax, fnaeT (yHKUHIO gy,
TOXIECTBEHHO PaBHYIO [;. YUHTBbIBasi, 4TO Py, py, P, NpeobGpasyiorcs
KaK x, Y, 2, NOJY4YHM

fl (xv Y, Z)=f; (x'v y,v Z’),
as+dip,=as+dycosg p;—d; sing p;,
, . 2m\ ., 21\
[+Cs]fi=as+d,cos g [sm (—— —3’1> py+cos (~ —:;1> pz] -
—disinppr=g1(x', ¥, 2').
BosBpamasch K HCXORHOH CHCTEME KOOPAHHAT, MOJYYUM
&%y, 2)=
3 .
= as — 5 d; SinQcos @ p—

r—

3 3
V2 dycosQ p, + d; (1 — 5 cos? (p) Dz-

ITo onpenenenuio

1 2V?

sin(p=§, cos @ = —7—,
TaK 4TO

7
(% 4, z)=as—‘~/3—d1p, ve 2 4p, — Ldp.  (3.25.

Ho rtak kak g;=f,, To moacraHoBka (3.25.3) B (3.25.1) mpusogut
K CJIe[yIOleMy BbIpaxKEHHUIO:

1 3
gi=as—y bsz—VT bapy+ dap- (3.25.6)
Cpasnenue (3.25.5) u (3.25.6) maer
=2 V 2 _ (3.25.7)

135



M3 ycioBuii HOPMHPOBKH f; HMeEM

ai+di=1. (3.25.8a)
W3 ycnosuil opToroHaJbHOCTH f; H [y
a;+dd, =0. (3.25.86)
W3 coornowenuit (3.25.7) — (3.25.86) caenyer, uro
1 3
4G =75, dy= V

a OCTaJIbHbIE KOHCTAHThI ONPEAENAIOTCA U3 (3.25.3), (3.25.4) u (3.25.7),
TaK YTO B KOHEYHOM CueTe IOsyyYaeM

fl’_‘? ‘/23 Pz,
fZZ—;—_ +'{l/—§ Px— :/:T Pz
1 1 1 1 (3.25.9)
faz'fs_rs:px_ﬁ:py 213 5177 Pa
1 l
f4=—2—- V px V2 Py— !/3

3.26. Tlomnas rpymna BpallleHHA B TPEXMEPHOM IPOCTPAHCTBE
HMeeT KOHEYHOe YHCJI0O HENpPHUBOJAUMEIX INpejacraBieHud. Cepuueckue
rapMOHMKH, HCIOJb3yeMble JJs IOCTPOEHHA BOJHOBBIX (PYHKUHH AJA
COCTOSIHHH € 33JaHHBIM OPOGMTAJBHBIM MOMEHTOM KOJHYECTBA JBHXKE-
HHf, ABJAKITCA YAOOHHIMH 0a3HCHBIMH (DYHKLMSMH 3THX MpejCTaBJe-
HUH, T. e. 2L+ 1 oyHkuui Y, u obpasywr Gasuc I') mpencrasJe-
HUSA TOJHOH rpynnul BpauleHuil. ITo npejacTaBieHue o6BYHO 0603Ha-
yaerca D;.

BonHoBasi (PyHKIMA COCTOAHHA C OPOHTAJbHRIM MOMEHTOM KOJIH-
YyecTBa JBHKEHHA L €CcTb

+L
FL = Z aMyLM,
M=—L
OTKyja, cornacHo ypasreruio (3.26.1), crenyer:
4L
RaFL= Z €xXp (——'lMa) . aMYLM.
M=—L

3nauuT, MaTpHuUa NpeICTaBJeHUs [, OMHMCHIBAIOIAS IIOBOPOT Ha
yroal a BOKPYT OCH z, GyIeT nuaroHajbHOH, H ee xapakrep % (x)
3aa€TCA BRIpAXKEHHEM

+L 2L

AP (@)= D] exp(—iMa)=exp(—ila) Y (expia)*=
k=0

M=—L
iLa) exp[{ CL+1)a]—1 =sjn [(L_{_%) a]
exp(1 uz)-—l sin (—;« a) .

—exp (— (3.26.2)



Hcnoabays pesyssTar (3.26.2), moxHO HaflTH XapaKTephl Npej-
craBieHuit Dy a1 npeo6pa3oBaHHi, BXOAAWMX B Ipynny oktasapa O

% (Co) =% () =(—1)F,

) [ 1, L=0, 3, ...,
xCo=u(3n)=1 0 L=1 4 .,
|1, =25 ..
1, L=0,1, 4,5, ...,
x(C4)=x(—;-n)={_1, L—2 3 6 i (3.26.3)

I'pynna oktasgpa O, COAEPHHT ONEPAaTOpP HHBEPCHH, H II0ITOMY
BOJIHOBHiE (DYHKLHH HOHA B OKTa3APHUYECKOM OKDYXKEHHH OYAyT UeT-
HBIMH MJIH HeueTHhiMH. HO Tak Kak chepHuecKHe apMOHHKH TOXe
YyeTHble HJH HEueTHhie, TO NPH Mepexoje OT H30JHPOBAHHOI'O HOHA
B CBOGOJHOM MpPOCTPAaHCTBE K HOHY B OKTa3APHUYECKOM OKDYKEHHH
3TO CBOHCTBO (YETHOCTH) COXPaHAETCH, BBIPOM(JEHHE CHHMaeTrcs, HO
TPH 3TOM K3 KaXJOro 4YeTHOro (HEUETHOro) uYJeHOB O6pa3yercH
COOTBETCTBYIOIEE UHCJIO YETHHIX (HEYETHBIX) YJIEHOB.

CrejoBaTenbHO, uTOGhl HAMTH paclleneHHe, o6yc/OoBJIEHHOe KpH-
CTaJJIMUECKHM [10J1eM, HET HEOGXOAHMOCTH DacCMaTpHBATh ONEpaliH,
BKJIOUAIOLHE HHBEPCHIO, TaK KaK OHHM He JaloT JONOJHHTEJNLHOIO
paculenieHHsi, M MOXHO HMeTb Jeno c¢ rpynnot O (432) BmecTo

0, (m3m).

Ta6auua xapakTepos Ta6auua xapakTepoB ANS TPYIBI

aas rpynns O (432) BpalWeHuit, BXoAamwuX B rpynny O (432)
O| E | 8y | 3C; | 6C, | 6C, O| E | 83 | 3C, | 6C, | 6C,
ALl 1 1 1 1 Dy| 1 1 1 1 1
A1 1 1 I —1 ] —1 D, | 3 0 —1 1} —1 1
E 2 -1 2 D,{ 5| —I 1 1} —
T,{ 3 0] —1 | —I 1 Dy | 7 1 [ =1 —1 [ —1
Ty | 3 0| —1 1] —1 D, 9 0 1 1 1

Wa tabimy caepyert, yrTo:

Dy=A,, He MOXeT paclelIsThCcH, OXHOMEDHBIH Cilyuai;

D, = T;, paciuienieHue OTCYTCT3YeT;

D,=E+T,, OCHOBHOH NATHKPAaTHO BhIPOXIEHHBLIH ypPOBEHb pac-
ensasiercs Ha JBYKPaTHO ¥ TPEXKPAaTHO BBIPOXKJAEHHBIE YDOBHH;

Dy=A,+4T;+T,, OCHOBHO]l CEMHKPAaTHO BHIPOXIECHHHIH YDOBEHb
pacllen/isieTcd Ha TpPH: HEBBIPOXAEGHHBIH H JBAa TPEXKPAaTHO BBIPO-
JKJEHHBIX YDOBHS;

D,=A;+E-+T+T, O0CHOBHOii JAEBATHKDATHO BbIPOXIEHHBIA
YPOBEHb PaCIUEIIAeTCs Ha 4YeThipe YPOBHS: OJHH HEBBLIPOXKIEHHbIH,
OfMH JBYKPaTHO BLIDOXIEHHH M [Ba TPEXKDPAaTHO BhIPOXAEHHBIX
YPOBHA.
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Tlog BiHsiHHEM 3TOrO BO3MYILIEHHSI CHMMETDHSA cHuxxaeTcs o Dj.

Tabanua xapakTepos Tabauia xapaktepos
Ans npejpctasieHuli rpynnnl Dy ansa npeacrasneskR rpymnw O B Dy
Dy E 2C, 3C, Dy E 2C, 3C,
A 1 1 1 Ay 1 1 1
A, 1 1 —1
Ay 1 1 —1 E 2 —1 0
Ty 3 0 —1
E -2 —1 0 T, 3 0 1

¥YpoBHH, cooTBercTBylomHe A;, A, u E, ocTaiorcs HeH3MEHHBIMH,
T, pacuenssiercs Ha E+4+ A a Ty—Ha E-+A; (cM. cxemy pac-
enJjeHus ypoBHel, NOKasaHHyio Ha puc. 3.26.1).

A, A
rd < T B
5 T e
L=3 A <:::_~~ A
~ ~ I o £
Ntz T A
£ £
2, T
L=z —=—<C r __E£
~~—E =TT 7
2 7 <
’ e ——
L] ——————— —_—IT /lz
g g Hw o ﬂ,
Lsatioduoe Hybuvecwae JpuoHansHoe
”/005' mpancmes none UCKHATLENUE

Puc. 3.26.1. TpexmepHas rpynna BpauleHHs.

3.27. B oTcyTCcTBHE BO3MYINAIOIIErO NOTEHIHANA KPHCTANIHIECKOTO
NoJisi BCE IJIOCKHE BOJIHBI C OJAHHAKOBBIMH 3HaueHUsIMH | K- R | onu-
CHIBAIOT BHIPOXIEHHHE cocTosiHHA. [as k=0 B caydae KyGHUECKOro
KpHcrasia BoiHe ¢ K= 2n (100), 2x (010), 2n (001), 2n(100), 27 (010),
2n (001) o6pasyioT noJHuH HaGop BHPOXAEHHHIX (YHKIME, IPECG-
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pasylolUEXcs IPYT B ApyTa B pe3yJ/ibTaTe JEACTBHS ONepauHii CHMMETpHH,
BXOAsWMX B rpynny O, ¥ o6pasyromux 6a3nc IIECTHMEPHOTO MpH-
BOJMMOIO NpEACTaBNeHHs rpynnsl 0.
AR
;AANN L@
- (3) // / v\ \/_a'_ (7)

Z \ A &)
w— /) N\ Hah——r
@) A A W 1
() —— ({T.@, N\ &
i S\ I
- Lgtel ===
Wl XE@ 6|
Se~SL K] 7
/ et Ul 4s
7o %) / s
gﬂ /
rar. =%
o G2 |Ba T Ad
) ——— S ) 1 @] )
£q (8] /le{_____ o
_ﬂ)_______;/_——llﬁ)____ij“.
’
e
(¢ M__{/______E} (3)
~ —
o) — (3% 40w
o (1) A, A ) ,
(@) Coobodnsd — fTovmu.,  Pacwenmewde Haanigpodan-
SAERmpon  CE0RONGId 8 Kpucmanae- Kol c80057-
JIIEKIMDON vecKomnaReE Hold amos
—_—
Hlomeryvar peaemry

Puc. 3.27.1. IoTeHuuan NAOCKHX BOJIH B BO3MYILEHHOM KDHCTaJJe.

HckoMble xapakTepel MOXHO HafTH, DaccMaTpHBas pe3yJbTaThl
JeACTBHA KaxJOH H3 THINHUYHLIX omepaunHit kjaacca O, Ha rpynny
HIM po3eTKy K-BEKTOpOB, MOJOOHO TOMY KaK Mbl HaXOJMJH Ipel-
cTaBjeHusl TMO6PHAHLIX BOJMHOBBIX ¢yHKuui B 3agaue 3.24. Iloryuae-
Masi Ta6IMLA XapakTepoB TAKOBA:

O E |8, |6C |3|6C,| i | B8Sy| 6Sy |30, | 604

(000) 1
(100) 6
atoy | 12
(111) 8

NO O -~
O O N =
O O N =
O N O ™
O OO -
QOO O w
-~ O O
(=R
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3aTeM 3TH IpeJCTaBJEHHs BHPAXKAKTCA uYepe3 HeNnpHBOJHMEIE
npejcTaBiaeHns rpynnsl O, cjefyioldM o6pa3oM:

(000) Ay (110) Ayg+Eg+ Tuut Tog+ T
(100) ArgtEgtTow  (111) Argt Tag+ Ayt Toa
INo 3THM pesysbTaTaM, a TaKiKe II0 CBEJEHMSM, HOJYYEHHbIM H3
3ajayd 3.26, MOXHO HayepTHUThL CXeMy paclielseHHs YPOBHeH 3Hep-
rHd JJd cJaydaeB cJ1a60iff ¥ CUJIBHOH CBfI3H, NOJb3YACh NPABHJIOM
HenepeceyeHHsi. ITO IPaBUJO TIJIACHT, 4YTO JIMHHM, COEJHHSIOLIHE
mexjy co6oil COCTOSIHMS OfMHAKOBOH CHMMETDHH, HE JOJIXHBI Ilepe-
ceKaThes.
dra cxema H3obpaxkeHa Ha puc. 3.27.1.

4, Ynpyrocth KpPHCTRIIO0B
4.1. KoMnoHeHThl TeH3opa GeckoHeyHo MaJgofi jedopManuu 1o

OIlpeJeJIEHHIO DPaBHbI
1 / Oy duy,
®e=9\ o t 55,

B stoM npumepe u;=a,;q; 4, CJIeOBaTEJLHO,
1
En=%g (“/k + o).

PaccvoTpum oauH u3 BexTOpoB £, Hampumep i;. Ilo onpenene-
HHIO OH COeJHHAET B HCXoaHoM coctosfinuu Toukd (0, 0, 0) u (1, 0, 0).
KoopaiHartel 3THX Toyek B JeOpMHpDOBAHHOM COCTOSIHHH, MOJY4YeH-
Hple H3 JedOpMalHOHHOrO COOTHOIIEHHS, COOTBETCTBEHHO OyAyT
0, 0, 0) u (140, %4, %), T. €. KOMIOHEHTAMH i; HABIAKTCH
(1 4+ oy, &1, &3;). TouHo Tak xe

Iy=(op, 14ag, ag), i5=(%a, %, 1+ Aag).

Vckomuiit pesynptat nonyuuM, nogarasi i;-ip=2~8;. Ilpu j=k
CKaJsipHOE Inpou3BejeHue I}-i; ecTb KBaApaT MJIHHbI BeKTOpa i;
B 11€(GOPMHPOBAHHOM COCTOSIHMH, €C/H NepBOHAayalbHas JIHHA - i;
6biia epunuunoi. Orciona ciepyet, uTo, NpeHefperasi IpoOH3BeEje-
HHAMH Q;;, NOJYUHM

i ij=1420;=1+42¢; (n0 j HE CyMMHDOBaTh),
H CJIeJOBaTeNBLHO,
[ |=(1+2a;)' 2 =14a; =148, =i +e;.

Taknm 06pasoM, B 3TOM NpPHGIHXEHHH €;; —3TO YN/IHHEHHE Ha eu-
HHLY AJHHBI B j-M HalpaBJeHHH.
Hna npousBejeHHii BHAa ij-i5 B TOM e NPHOJHXEHHH HMeeM
L= (1 o) @1yt (1 - 0p) + g1 gy = &35 -+ Ay = 245,
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C npyro# CTODOHBI,
iy -iy=|1;]| i3] s b,

rge 6, —yroa Mexay i; u I3 TakuMm o6pasoM, npeHeGperast BhiC-
IUMMHM CTENEHAMM, MNOJYYHM

CcOoS§ 6]2: 2812,
HJIH

1
bp= g P12.

(12 €CTh M3MeHeHMe yrja Mexnay f, U I,, u3MepeHHOe B HalpaBJe-
Hu¥ 1 > 2. Torpa
sin Q19— 2812.

TlocKoaBKY @y, Mald, TO MOXXHO 3alMCaTh: Q1p= 2€y5, T. €. 285 —
3TO M3MeHeHHe B pe3ysbraTe JedhopMalMH Yrja Mexjpy MarepHalb-
HbIMH BEKTOpaMH B HanmpaBieHusax | u 2, MaMepeHHOe B HampasJje-
HuM 1 2.

Bce npensigyliue paccys;kAeHHs Jerko o6oOUIMTb Ha cayuad Bek-
TOPOB IIPOM3BOJILHOH IJUHBL

Hnsa 3agaun o6 ofbeMe pacCMOTPHM HCXOAHBIH Ky6, NOCTpOEHHBIH
Ha Bextopax &, &y, is. Hauanouwill ob6peM V, paBeH eJHHHLE.
Koneunniii o6veM Gyner o6weMoM V napasnenenunena, o6pasoBaH-
Horo BeKTopaMmu ii, I3, 3. Ilnomags ero OCHOBaHMA B HalleM IpH-
6auxeHuH OYIeT paBHa

|11 ig|sin By = (14 &51) (1 4-&p0) cOS 1= (1 +811) (1 +e49),

BbICOTA €0 paBHa |-} es, T. e. KOHeuHnl# o6beM (npenebperas
NpOM3BeJeHHAMH €;;) MOXKHO 3allHcaTb B BHIe

V=14e;+ &3+ eam.

Aro paccyXjeHue Jerko ofOoOLMTb Ha JioOble ApYrHe OOBEMBI.
4.2, KoMnoHeHTH TeH30pa KOHeuHbIX Jepopmauui omnpejeseHb
Kak

ik = J pjd pp —§; (J pj = 0x,,/0a;).
B namem cnyyae J,;=08,;+ a,;. Hanpumep,

Ju=1+ay, Jyp=0a H T A4,

HJIH
2y =Jn+ I+ —1=(1+ay)’?+aytay—1,
M3y = J11d 12+ Ja1daa + Ja1d 32 = (1 4 0q1) 02+ gy (1 - Qp0) + 031 2g5e

PaccMOTpUM OJiMH M3 3aJlaHHBIX BEKTODOB, CKaXeM, €;. B Hauaib-
HOM cocTOsiHMM OH cBsAswiBaer Toukd (0, 0, 0) u (¢, O, 0). Hns
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3aJ1aHHOr0 BhIpaKeHHA JedopMallMH KOHEYHble MOJIOKEHHSA 3THX TOYEK
6ynyt (0, O, 0) u (c;+@y,61, Q€1 @zi6y). Takum 06pA30M,
b, =cy (1404, 01, Agy),
by=cy(ays, 140, as),
by =c3 (o, O3, 1+ ass).
Orciona, Hanpumep,
by-by—c-r=cil(l +ay)+aj +a3 —1=c;- 20y,
bi-by—ci- =010 (1 + o) gy 0y (1 4 otp) + a3y 23y — 0] =

= 162My3,
4gTO U Tpe6oBasoch NOKa3aTh.

HOna 3sapnaun 06 MaMeHeHMH OGBEMa MOXHO B3STb €; €AHHHUUHOMN
Anuesl. Torna nepBoHavanbHe KyG MepexojuT B napajiesenunen,
NocTpoeHHHH Ha Bektopax by, b, bs. Ero o6nex 3anaerca B cre-
AyIolieM BHIE:

l4a; ay Qg Juy Ja Iy
V=0;-0,xb3=| a; Iton o =it J» Jgp].
%3 Uy T4 og Jia Jaa Ty

Hs cBoiicTs AETEPMHHAHTOB K ONpeneleHus N CAERYET, YTO

14-2n,;, 2ny 2y,
21y, I+2m0  2ng, .
21 2Maa 14 215

4.3. Ilycts p, M P — BEKTOPH!, COENHHSIOUIME 5-f aTOM ¢ A-M

aTOMOM COOTBETCTBEHHO B HeJepOpMHpPOBaHHON M AehopMHpPOBAHHOI
KoHnpurypanusix. Torga, nanpumep,

1 1 1 ’ 1 i 1
h=—7C— 5 C—5Cs Px—"—'—jbz-'g‘bz—jba,

Vi={J|[Ji=|8p+2Mp|=

rae €1, €3, €3 — BEKTODbI, ONpefensioutHe (KyGHUECKY) 3JeMeHTap-
HYIO AMEHKY B Ha4ajAbHOM COCTOSIHMH, a by, by, Ds—Te ke BekTOpHI
nocne AepopMauuu. Torna

C1-C1=Cy C,=C3-€3==0%, €1 €, =€y -C3=C;-C3=0.

Hcnonbayss pesynbTaThl 3agauu 4.2, Jerko HaXofuM, uTo npH
3ajadHoit aepopmaiuu

bx'b1=cx‘(-'1+cf27]n=az(1 + 2ny),
by - by =a* (1 4 2n,),

b3 -bs=a® (1 4 2n,),

bl'b =b2'b3=b3'b1=0-

CaienosarensHo, B 1ehOPMHPOBAHHOM COCTOSHHH 3J1eMeHTapHas syelika
OyZeT NpAMOYroMbHBIM Napasienendnefod. Jlmuaa g, HanpuMep,
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HAXOJMTCA H3 BLIDAXEHHA AJS CKAJASPHOrO IPOM3BEJEHHS P; C CAMHM
co6oi:

pi- Pl = (p)* = (b - by + by by 1 by - by) =
3a2 4 21s: a
— 158 (B 4nyg - 2man) — g (14 HE2e) g () 4 St

AHaJoriuHo
’ 14 ’ ’ ’ ’ 3a2 4 A
05 Py =P} -9 = pi-pi =g ( 1+ —ET),

H, CJel0BaTeNbHO, AAS 3aJ]aHHOH JeopMalMH JJIHHBL BCeX CBs3eH
paBHBl APYT Apyry.

[yctb 6pp M 6, — YIJIBL MEXAY CBA3bIO, COEAMHAWOMER 5-H aToMm
C m-M aTOMOM, H CBSI3bIO, COEJMHAIONEA 5-H aToM C 11-M aTOMOM,
B HeaeGopMHPOBAaHHOH H JedODMHDOBAHHOH KOH(HrypaUHAX COOT-
BeTcTBeHHO. Torjaa MOMHO 3anHcaTthb

b1 4 = pip} COS By —
1 1 1 1 1 1
=(~gbi—gh—gb) (g bty b b=
1
= - Tﬁ—-az(l + 4My; — 2ngg).

W3 nepBoii yactu Cjelyer, 4To P;=p;, T. €. P1p3=(p))? ¥

(144, —2135)
3+4ny+2Mg ¢

Jna HeneopMUPOBAHHOIO COCTOSIHHA

cos B, = —

1
CcOS 612 = —?-

Anasoruyto
1 -} 2144
34-4my 421
€OS 8f; = €OS B33 = c0s 85; = cos 873,
€0s 63, = COS 67,.

coS B3 = —

Takum 06pasoM, yribl ME&XKAY CBA3SMH, KOTODhHE BCE OJMHAKOBBI
B HefedopMHpOBaHHOH KOH(HUrypauuH, nociae aegopMauuu He 6yAyT
OJYHAKOBBLIMH.

4.4. Hacroamasn 3ajaya J0JKHA NOKAa3aTb CYIECTBEHHYIO 3HAYH-
MOCTh 6eCKOHeuHO MaJjoro npupauieHus aedopmaunu. Ilepsas wactsb
'33Jla4d  peulaeTcsl HeNoCpPEeACTBEHHbIMH MOACTAHOBKAMHM B COOTBET-
cTBylomue cooTHouenns. Hanpumep,

X=X+ By X;= (@ + %ipap) 4 Bij (@, + Tjpay) =
=a;+ (Gip + Bip + Bi%sp) ap = @y + (@ip + O2yp) ap,

8ot;p =Pip + Bij%jp-

TaK 4TO
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Ecau nepopManuio MOXHO BCIOLY 33[aTh KaK GeCKOHEUHO Maljylo,
Torja, Kak M B 3ajaue 4.1,

28, =0yt 0y, 208, =00, -+ 80; =P+ Pjn,

TOCKOJIbKY uieHaMH B8, MOXHO npeHeGpeys.
Jas TouHoro onucaHHWs KOHEYHOH JAehopMalMH 3aTIHILEM

21’],-1- = Jp[Jpj - 6,‘1'.

Torpa n/s GecKOHEUHO MaJbIX OTKJOHEHHH OT HcXogHoro aedopmu-
POB2HHOTO COCTOSIHHSI HMeeM

261’],/ = -7,,16-];-]‘—}" 6Jp,'jp/,
rae ~ B
Jp,:Jp,—}—GJp,:Gp,—}—&p,—}—Gap,:Jp,-—}—Gap,.
Orcroza . ~
8T gt = 805 = Bpu A= By = Bpj (84 @ja) = Bpyd 1,
26Myy = J piB pad oy -+ Bord 1id g7

OGo3HayuB HeMble HHIEKChl OJMHAKOBHIMH GYKBaMH, IOJYYHM
20m;; = jkiﬁktJ_tj'+ JeiBied i = T 1t (Brs - Pre) I

61’],‘/ = .7,,,-.7,]-68,,,.

OrMeruM, 4TO pelleHHe 3aJaYd MOXKeET GbiTh 6oJiee MPOCTHIM, ecH
BOCIO1630BaThCA METOJAMH TEH30PHOTO aHa/K3a.

4.5. B npenbilylHx 3ajauyax Mel OOCYIH/JIH KOHKDETHHE CIOCOGHI
3ajanusl geopMandil H ux QU3HUecKHH cMbICa. B HacTrosed 3agave
MBbl BOCIMOJIb3yeMCs 3THM OGCTOSITENLCTBOM, YTOGH MOJYYHTh KOP[LEKT-
HYI0 (GODMYJHPOBKY TeDPMOJUHAMHUYECKHX COOTHOIUEHHH TEODHH YIIpY-
TOCTH.

Onpenenenne KOMMOHEHT HanpsKEHHH JaHO BO BCEX CTaHAApT-
HBIX YUYeGHHKaX.

Ecnu B3ATb eIMHHYHBIN KY6 ¢ pe6pamH, napa/ieJbHbIMH KOOp-
JMHATHBIM OCSIM, TO O;; €CTb -l KOMIIOHEHTa CHJIbl, AeHCTBYIOLEH Ha
NepHeHJMKYJISAPHYIO j-My HanpabjeHHI0O rpaHb Ky6a. Ortciofa cae-
IyeT, 4TO €CJH Mbl BO3bMEM BEKTOp E€JHHMYHOH JJHHBI, HCXOAA M3
ueHTpa Ky6a mnapajnenbHO HanpaBJMeHHIo 1, TO Ha KOHUBI 3TOrO
BeKTOpa OYAyT NeHCTBOBATb CHJH Oyy, Oy, Oy B HampaBieHusx 1,
2, 3 COOTBETCTBEHHO.

Ilpu panbHeiimeli GeckoHeYHO MaJjoH JAepOpMallMH, 3afaBaeMOH
Kak Oe;, 3TOT BeKTOp YAIMHHTCA Ha Og,; B HanpasJjeHHu 1 (cM.
sajayy 4.1). Ilostomy cuaa oy; coBepiuut paBoTy, PaBHYWO Oy gyy.
AHna/orn4HO NMONYYMM BKJIalbl B PaGoTy Oy 86y, U 03368,

UTto Kacaercsl OCTaJbHBIX KOMIOHEHT, TO [AHHHIH BEKTOp MoBep-
HEeTCH Ha YroJ 0Oy OTHOCHTE/IsHO HaNpaBJeHHs 2, 4TO JacT HaM
PaboTy, pPaBHYIO OpOly;. TOYHO TaK K€ BEKTOD B HANpaBJeHHH 2
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[I0OBOpAYHBAETCA Ha YroJ a;, OTHOCHTEJLHO HampasJ/eHHs 1, M npH
3TOM COBEpINAETCs pafoTa Oyp0l;;. TaK KAK Ojp = Oy M IOCKOJLKY
(kak noxasaHo B 3ajaue 4.1) o, 4 oy = 20e;, = 8gy,+ 88y, TO 3TOT
pe3yJbTaT, BMECTe C TAaKHMH € pe3yJbTaTaMH /ISl BCEX OCTaJbLHEIX
Hanpas/eHH, MOXKHO 3amicaTh B BHJE

6W1 = 0'1]68[].

3necy 0 W, npeacraB/isieT cCO60H padoTy, OTHECEHHYIO K €IMHHYHOMY
o6veMy B JebODMHPOBaHHOM COCTOSHHMH, KOTODYIO HAJ0 3aTpaTuTh,
yTOOHE! COBEpIIHTL JaJbHeHIyl0 GecKOHeyHO Manylo jepopmanuio Oe.

ITockoabKy 3TOT pe3yJbTaT OTHOCHTCS K KaKOMY-TO OIlpeJeJieHHo-
My KOJIHYeCTBY MaTteplaJfa, KoTopoe B rpolecce AeopMannu MeHsieTcs,
TO BesTMyHHa OW,; He MOXET CJYXXHThL TEPMOANHaMHUYECKHM IapaMeT-
pom. Ilostomy yaoGHee paccmatpuBath paboty O W, npuxoasmylocs
Ha enmHHny Maccu. OueBumHo, W cssizaHa ¢ 8W; ciaenyouium
ofpasom:

W =38W,/p,

rae p — ILJOTHOCTL B J1epOPMHPOBAaHHOM COCTOSIHHH.
Jns noKa3aTenbCTBa IOC/TEIHEr0 COOTHOMIEHHS HayHeM C TOro,
yto W =o0;,0¢;;/p. TTonyunm o;;=p0dW/de;;. Paccmarpusas W Kak

GYHKIMIO TNy M BOCHOJL30BABIIMCH DABEHCTBOM 0Ny = Jipd ;108

[0Jy49HM
ow 67][,[ - ow

C4j =0 Gt Feyy =P 5ol

3T0 BLIpaXKeHHE HfABJSETCA BAXHLIM, TAK KaK OHO JaeT TOYHOe
COOTHOIIIEHHE MEXJAY HalpSKEHHSMH H JAeopMalisMHU.

4.6. V3 npempaymux 3ajad claeqyeT, 4TO OCHOBHHIM COOTHOLlIe-
HHEM TEOpHH YIDPYTOCTH SIBJfAETCS 3aBHCHMOCTL MEXAY TepMOAMHaA-
MHMYECKHM [IOTEHIHAJOM (HAalpuUMep, BHYTpDEHHeil 3Heprueii Ha eju-
HHiy Maccst U), ¢ 0OJHOH CTOPOHBI, H NapaMeTpaMH COCTOSIHHA, T. €.
3HTpONMEN M KOMIIOHEHTaMH jedopMallHH, —C JApYroi.

IlockoNBKY KOMIIOHEHTH JedopMalnui Majibi, TO COOTHOLIEHHE MeX-
ay U wu xomnoHeHTamMH AedOpMAalHM IpPH I[IOCTOSHCTBE SHTPONHH
MOXXHO 3almHcaTh C J1000H »KeJlaeMOi CTeNEeHbBI0 TOYHCCTH B BIiAe pas-
Joxennss B pajg Teiinopa. Taxkoe pasnoxkeHHe uMeeT BHJ

ouv \ 1 02U
U_U°+< on;j ,/o.én"+ 2 <6Y1ij Mey
THe NpOM3BOJAHLIE BLIYHC/JEHH IIPH YCJIOBHH IIOCTOSTHHOR 3HTDOIHH.
UneHn, suHeiiHbie 1o jeopMalHAM, ofpamaloTcsi B HyJb, TaK Kak
COCTOSIHHE HYJeBHX jepopMalHil ecTh COCTOsIHHE pAaBHOBECHS H
JHEprUsl ero MHHHManbHa. AnHaGaTHyeckHe KOHCTaHTHl YIPYTOCTH
BTOPOro NOpPSIAKA IO ONpEJEeNeHHIO CYTh

>07]if’f]kz+---.

o°U
€Oy, = Pa < Miy My )o'
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IIpu GeckoHeuHo MaJiofi jedopMauui B 4YleHaX BTOPOro NOpfAAKa
BEJIHYHMHY 1);; MOXXHO 3aMeHHTb Ha &, NIPH TOM JONYIUIEHHH NOJydYaem

l s
pol = polo + G Cii, k1€ijEp1-

IIpH ycnoBHH NOCTOSHHOH IHTPONHH OCHOBHOE ypaBHEHHE TepMo-
quHaMMkH dU =T dS 4+ dW cBoputca x dU = dW, u torna u3 3afauu 4.5
noayvyaeM Anf GeCKOHEYHO MaJjblX JedopMauHi

ou
P dU = 01}681}’ HIH Gy=0p (—6—517)8.

Pasnaras U B pajx, nonydyaeMm
oU S
Po (W)S= Cij,ki€p
(saMeTuM, YTO Kaxaasa aedopMauHd BXOAMT ABaXIbl, 4 KpOMe TOrO,
10 ONpeJeJeHHIO, Cij, ;1 = Cpt, ), T. €.

S P
O =C ! Epp —.
ij tf, k! Ept 0o

ITockonsky u3 3agauu 4.1 cieayer, uro

p_Vo_ 1

Po Vo (I4-e+emtes)’
H T4aK Kak 6oJee BLICOKHMH CTelneHAMH 8,-,‘ MBI y)Ke npeHerer.rm,
TO B 4YJeHax IIepBOro mnopfaika 3TO 3KBHBAJEHTHO BbIPAXXEHHIO

S
Gy =Cif, ki €py-

Wrtak, B JaHHOM NPHGJIHKEHHH 3aBHCHMOCTh MEXJ1y Hamnpske-
HUAMH U JedopMalHAMH JHHeHHad.

4.7. 3toT npHUMep B pa3NHYHLIX YYeOHHKAaX TPaKTyeTcs I0-pas-
HoMy. [ToyuuTessHO HCMOAB30BaTh A/ BLIBOAA OCHOBHBIE ONpejiesieHus

e =00 (G

B ofuieM cnyyae, Korja HCHOJNB3YIOTCH BCe AEBATh KOMIOHEHT
AeopMauuu, 370 Aaer 81 xodcradty. Bnpouem, To, 4to 1;=nj;,
YMeHbIlldeT YHCJIO HE3aBHCHMBIX KOMIOHEHT JAeOpMalHy_JI0 LIECTH,
a YUCJIO He3aBUCHMBIX YNDPYIHX KOHCTAHT — A0 36. Ilpu stoM o6uiuso
BBOAATCH MAaTpHUHble OOO3HAUEHHHA, TJe He pasjuvaircs ij H ji.
Takne KOMOMHAUHH 33aMEHAIOTCA CJAegyIOUIMM 0Opa3oM:

11>1; 22-2; 33-53; 23, 32-4; 31, 135; 12, 21 » 6,
YTO JaeT, Hanpumep,
C11,11 = C11) C12,23 (=Ca1,23 U T. A.) = Cgy.

U3 onpejeneHus fCHO, YTO B MATPHUYHOM OOGO3HAUEHHH Cpnp == Cap.
TeM caMmplM UYHC/IO HE3aBHCHMEIX KOHCTAaHT CBOAHTca ¢ 36 g0 21;
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CTOIBKO KOHCTAaHT HMeET TBepjoe Telo, He obaajaioiee HHKaKOMH
CHMMETpHEH.

Jna BewmecTBa, HMelowlero Ky6HYeCKyl0 KPHCTA/IHYECKYIO CTPYK-
Typy, CYUIECTBYIOT AONOJHHTENbHEe cooTHomeHHs. OcHOBHOe CBOH-
CTBO KyOHYecKoro KpHCTalna — 3TO TO, YTO Hanpaemenus £ 1, =2,
—+ 3 B3aHMHO NEpNeHAHKYJADHHE H NOJHOCThIO 3KBHBAJIEHTHH]; T. €.,
HanpuMmep, Bropas npou3BofHas or U no n;; Takasa e, Kak H no
Tpz ¥ NO Mgs, @ OTCIOAA

€11 = Cop=1C33-

TouHo Tak e npou3BojHass or dU/dn;; 1O M, paBHa NpPOH3BOXHOH
or dU/dn,, no M;; B paBiHOBeCHOH KOHGQHIypauHH, T. e.

Clp==Cy3=C31=Cy H T. .
AHanoruyso
C44 = C5p = Cag,
a TaKxe
Cla=Cys=0Cg H T. I,
C45 — C38 == Cg4 H T. HO.

TMocnegHHe COOTHOWIEHHS MOMHO HCCJAENOBaTh M jJanbine, Pac-
CMOTDHM, HanpHMEp, C4. DBylneM paccMaTpHBaThb HCXOOHBIH Ky6 H
npou3BeieM AebopMauHIo Myp (Ne) H Taa (M4),
a BCe OCTaJbHBIE KOMIIOHEHThI IIOJIOXKHM PaB-
HEIMH HyJi0. B pesynnTare H3MeHATCH TOJb-
Ko yram 8, M 8,5 (cM. 3amauy 4.2). $lcHo,
YTO BpallleHHe, Hanpumep, ocH 2 OTHOCH-
TeJIbHO HanpasJeHHs | MOMHOCTBIO 3KBHBA-
JIEHTHO ee BDAINEHHIO OTHCCHTENbLHO Hanpas-
nennss —I1 (puc. 4.7.1), H IpH OJHHAKOBHIX
caBHrax OyJeT 3aTpauyMBaThC OJHAa H Ta XKe
pa6ora. Muaue rosops, H3MeHeHHe 3HEPruH
dU npu H3MeHeHHH drn;, He 3aBHCHT OT 3Ha- Puc. 4.7.1. K nuguoupopa-
Ka 1. 3TO 3HAauYHT, YTO B paBHOBECHOH HHIO IO OCHM.
KoHpurypaunu oU/odn,=0, T. e. U Kak
QyHKUHA 1)y, NPHHHMAeT 3KCTpeManbHOe 3HaueHHe. To Xxe camoe
HMEeT MeCTO H Il T.g. EciH npou3seneHnl ofe aedop™mauuH, To
MOXHO 3anMcaTh AJA Clyyas MaJjbiX AeopMmauHi

QU = (5 ), () + 5 (S )y (nan)® + (g ), A .

SIcHo, utO ecan ock 2 Bpauaercs OTHOCHTeNsHO I (dn;, momo-
XKHTENbHO), 4 34aTE€M OTHOCHTENLHO -+ 3 (dn,s TNOJOXKHTENBHO), TO
3TO NOJHOCTBIO 3KBHBAJEHTHO CJIy4alo, KOrja och 2 BpalaeTcst GTHO-
cHTenbHo ocH —I1 (dv;, OTpHMUATENLHO), a 3aTeM OTHOCHTENBHO - J.
Taknm o6pa3zom, B 060HX Clyuasx MOJydYaeTcss OJHO H TO e 3Ha-
uenne dU. Ilpnu 3ameHe 3HaKa dv,, nepBbie [Ba 4Y/IeHa He H3MEHATCH,
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3aTO nocJefHuil u3MeHHT 3Hak. CJieloBaTesbHO, 3TOT WIEeH JOJKeH
OblTh paBeH HyJIO, OTKYAA
64620'

AHanorvyHele pPacCyXIeHUs NPUBOAAT K BEIBOAY, YTO AJA KyOH-
YeCKOro KpPHUCTaana

C11 =Cop = C33, €13 = Cp3 =1C51, C44 = C55 = Cgs,
a BCe OCTaJjibHble KOMIIOHEHTBLI DaBHbI HY/J/IIO, 4TO Ad€T TPH HEe3dBHUCH-

Mbleé KOMIIOHEHTHI.

4.8. D1y 4 cuaenylmylo 3ajayd Jydyile BCero pas3o6parb, BBEis
OTHECEHHHI K eJMHHIle Macch noreHuuan [u66ca G:

G=U—TS— é oiey, dG=—SdT — %e,.j doy;. (4.8.1)

OH BhIpa)kaeT COCTOSIHIIE TBEPJAOro TeNa B He3aBHCHMEIX IepeMeHHHIX
T u oy
3aBHCHMBIE TepeMeHHble S M &; 3alal0TCA KakK

Tax e, KaK MH IIOCTYIIaJ4 AJisl BHyTpPeHHell sHepruu B 3ajgaue 4.6,
yHkuMio [HO6ca MOMKHO pasJIOXHTbL B CTeNEHHOH Dsifi IO IepeMeH-
HeM AT, 0, KOTOpHle AalOT H3MeHeHHe 3ITHX MepeMeHHHX IO OTHO-
IUGHHIO K HAYyaJbHOMY COCTOSIHHIO ¢ Temnepartypod Ty U HyJeBbIMH
HanpsikeHUsIMH. EcaM orpaHuYHTbCS KBajpaTUUHRIMH YJIeHAMH, TO
pan GyneT uMeTb BHA

G(To+AT, o) =G(T,, 0)—}—%[(3%62) (AT)2+<3%2§'>0 o} 4
+2<0032%m) if ’"+2<0Tao > (AT)U] (kl#ij). (4.8.3)

BuiuvciuM 3HaueHHs1 KO3GM(QUIMEHTOB JJsl JAHHOrO COCTOSIHHS.
U3 ypaBHenus (4.8.2) caeayer

20 _ (&) ——lc
aT: oT Jioy T "o

rie C,— ylenbHasi TeIJIOBMKOCTb, M3MepeHHasi IIPH IIOCTOSIHHOM
HanpsikeHuu. B ofluem ciyuae

< &G L[ o0 ) L,
_ —_ — — — —— §4.
00;; 4oy Po \ 00g; /T po il kb
rAe sl ., ONIpejessieMble 3THM COOTHOLIEHHEM, IPEACTaBAAIOT COGOM
u3oTepMuueckue ynpyrue xoddduiMeHTH noaatauBocTH. Hakower,
02G 1 ae,-,- \ 1
oo = o\ AT iy = — oo
oT duyy po \ 0T /{a} Po
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e O, ONPEJeeHHbIe 3THM COOTHOLIEHHEM, — 3T0 Ko3(xpHLHeHTs! Ten-
JoBoi jgedopManuH (TensoBoro pacuMpenss). Mcnoas3ys 3ta onpe-
neneHds ¥ ypasHenusi (4.8.2) u (4.8.3), B pamkKax Haulero npu6/aH-
JKEHHS HMeeM

T

&y —:S[l' 1 Ukl-{—a” AT (4.8.43)‘
AS— a,,o,,-{— C AT. (4.8.46)
Has Hawed 3agayd DacCMOTpUM cJefylol{e cJay4dad OOpaTHMBIX
npoueccoB. IlepeBeneM TBepioe TeJO H30TEPMHUYECKH H3 Haya/LHOTO
COCTOSIHHSA C HyJeBHIMH HallpsbkeHUsAMH (coctosinde () B coctosHue 1,
rjie Oy; — €IMHCTBeHHas HeHyJ/eBasi KOMIIOHeHTa HanpsixeHHs. [ledop-

Mauud OYAYT €1y, €, Ess. K13 ypaBHeHus (4.8.4a) umeeM

T T
€11 = 5110131, E9p == €33 = 5190713,

81j=0

BCe OCTaJbHbIE

(MBl YYHTHIBaJH OTDaHHYEHHS, HaJjaraeMole KyOHYeCKOH CHMMeTpHeil
Ha X03pdUUHEeHTh YNpYyrod NOJaTIHBOCTH).

M3 cocroands 1 nepexoiuM B COCTOfIHHE 2, IIPH 3TOM TeMIiepa-
Typa yBeauunBaercss Ha AT, nedopmauniu OCTAIOTCH NMOCTOSTHHEIMH,
a4 KOMIIOHEHThl HampsKEHWH Tenepb CTAaHOBATCH Oy, Oy, Oz, Jas
3TOTO COCTOSIHHSA

gy =slo= STU“-{—2S 0, +aAT,

.

822=812011—Sls 11+su 22-{—3120“-{—(ZAT,
TaK KaK M3 COOGpa)keHHWH CHMMETPHUHM SICHO, UTO Oy =03 H O =
= Olyp = O3z = a. HMCK/IIOUMB 03y M3 3THX YDaBHEHHH, NOJYYHM
a AT
T T
8¢y 255,
H, ycrpemuB AT — 0, nonyyuM TpeOyeMulli pe3yJbTar.

Jlais BTOpOH yacTd 3ajayd IpOLle BCEro PaccMOTpers CBOGOIHYIO
3Hepruio F Ha €IUHHLY MAaCCH:

ZU—TS, d_F=-—SdT+OLU(1d8U.
20

oF 1 oF
=S=(3r)u o o= (eg)r
— <_‘3§> _L<a°u>
deir /T~ po \OT /{e}’
Besauunna crnpaBa onpejeneHa B nepBOd 4acTH 3ajaud.
4.9, B 3apaue 4.8 GbuH BbIBE]IEHbI ypaBHeHus (4.8.4):

gy = “ klokl-{—a AT,
AS— a,,o,]-{—T C,AT.

r
0131 — O =—

Orcrona
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PaccMoTpuM clieqyiomMi IMKJ: TENO NEePeBOAMTCH M3 HauaJbHOro
COCTOSHUS C HYJIeBLIMH HanpshkeHUsiMM M Temneparypoit T (cocTosi-
uue 0) B cocrosiHMe 1, umeiee Temnepatypy 7T, ¥ JlaBjeHHe p;
MTHOBEHHO€ CHSITHE HaNpSXEeHH# COOTBETCTBYET agMaGaTHUECKOMY
Nepexoly M3 COCTOSHHS 1 B COCTOSHME 2, rje AaBJeHHe PABHO HYJIO,
TeMmnepatypa paBHa T+ AT, a 3HTpONUS TaKas e, KaK B COCTOf-
Uy 1. L[MK1 MOXKHO JOMOJHHTE HM3MEHEHHMEM TeMIIepaTypnl TeJaa
ob6patHO o0 Ty NpPH HYJEBbIX HANPSKEHHAX.

B cocrositHMM | KOMMOHEHTBI HANPAXKEHHUS Opp = Oy = Ogg=— P,
a BCe ocTaiabHple Oy =0. Mcnonb3ys M3BecTHHIE OrpaHHUEHHs, HAna-
raeMele CHMMeTpHeH Ha sl ., moayumM JedopManuy B 3TOM CO-
CTOSIHHH:

enn=— (ST, +2s%) p =&y, =€33, Bce ocTambHue g;=0.

Hanee, u3 3anauu 4.1 peiTekaer, 4TO B 3TOM cJjyuae

AV .
Vo =—3(L+2%)p:

Hcnonp3ys yc/l0BHS CHMMETDHH, HajlaraeMbl€ Ha o, MOXHO IONy-
YUTh WU3MEHEHHE 3HTPOMHMK [MpH Nepexofe 43 cocTofinus 0 B cocTosi-
Hue 1;

AS = _32P
Po

B cocrosuud 2 3HaueHne AS Takoe e, Kak K B COCTOSHHH 1,
a KOMIIOHEHTHl HaNpSMEHUH paBHH Hymo. Ecau Ttemmeparypa paBHa
To+AT, TO U3 BTOPOTrO ypaBHEHHS

3ap _ C4 AT
Po T,

yTo 4 TpeGoBaJOCh A0KA3aTh.

4.10. Tlpm ruapocTaTHYeCKOM HABJEHHMH KOMIIOHEHTH! TEH30pa
HanpsokeHHl GyAyT O3 = Oy =0Cg3= —p.

Jlna matepHana ¢ KyGHYECKOH CHMMeTpHeH 3TO IIDHBOLHMT K Ode-
BUJIHOMY pe3yJbTATy: MaTrpHIla rpajueHToB JedopManuu K Marpuia
KOHeuHHX fAedopmanuit MMEOT BHA

Ju 0 0y m 0 O
J=(0 J, O ), Nn={0 7, O
0 0 ‘,ll 0 0 Th:l

rre My =Y (/i —1).
N3 3anaun 4.2 crepyer, urto

V=Vl Ji=Voi,

= 5[ 1)
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W3 sagagn 4.5 umeem

OF P s OF 1 0
011 =— — = J8 ——— 3 ) — — .
1 P=0Iug-= b Polug =1y P01y 35— aTh = Inom (poF)
Jiudxpepennupys BrIpaxkeHHe Ois poF M BOCIOJL3OBABIIHCH TEM,
qTo "111=7122=7133, Mg .-..=0, UO-’IY‘*HM

—P=7: [(011 4+ 2¢19) My + (0111 - 6¢112 -+ 2¢125) 7]%1] .
EcJd IIOJIOXHTH

a=cy+2, b="1(C111+6c1124-2013),
TO MOXHO 3allHCAaTh COOTHOIUEHHE MEXAY A4BJEHHEM H OGDHEMOM:
—p=y~P['m (y*3 — 1)+ sb (y*3 — 1)?],
rae y=V/V,. 3anucsk
V=Vo+AV, y=1+4x,
rae x=AV/V,, u nocieayiomee pasioxeHue B P MO X TPUBOJAT
K COOTHOIIEHHIO

—p=gx+ (0 —3).

4.11. YpaBHeHMs [BUXKEHHS MaJoro sjleMeHTa ob6BweMa moj jeii-
CTBHEM HaNpsKEHUH HMEKT BHJ
azx,- . aG,-j
0~ Lo Ox;
1
rfle 0;; — KOMIOHEHTHl TEH30pa HanpspkeHHH. Jlna majbX nepemelne-
HHUH, paccMaTpHBaeMBIX HaMH,

ad,'j 00'”
x,:a,—{—ui, —b—x—l—z-a—ai-, P = Pos .
a’-u; adi/

Po o T L da; *
i
KOMHOHEHTBI TEH30pa Hanpﬂ)KEHPU‘;I Ui/ CBfI3aHBI ¢ KOMIIOHEHTaAMU
HEPEMEHLEHHI';{ CJIeAYIOUIHM COOTHOILEHHEM:

S 1 fou du
0;i = Cij, mn€mn = Cij, mn '?<%,.ﬂ ﬁ)
Orciona
2y 1 0%y Pu, \ __ 0%,
Po g = 2 g Cijumn (aa, da, +aa, dam) 2 Cij.mn 3a. 3a,,
I,m,n f,mn

(Tak KaK Cij, mn=="Cyj, nm)-

a) ITpuMeHUM pemeHUsl STHX ypaBHEHHil AJs NJIOCKHMX BOJH, pac-
npocTpaHsioliixcs B Hanpas/ieHuu [100]. DTH BOJHBI BHI3OBYT cMe-
IEeHHUs

u=Aexp[i(ot—k-r)}
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TAE ©— IUMKJIHYecKas uacToTa, a R — BOJHOBOH Bektop. Bekrtop R
HalpaBJeH 110 HOPMalH K (QPOHTY BOJHBEL H B 3TOM CJY4ae MOXET
ObITh 3anucad Kak ki, rje {; —elMHHYHHIH BEKTODP B HanpaBjIeHHH
ocu 1. Ilockonbky r=api,, TO

u=Aexp[i (of — ka,)].

Orciona cienyer, 4TO H3 BCeX NPOH3BOAHBIX OT KOMIOHEHT ¥ OT/HUHBI
OT HYJISl TOJIBKO MPOU3BOAHBIE MO a;. Takum o6pa3oM, ypaBHEHHSA

[IPHHUMAKT BHJI
0%y Puy
Qo o0z Cil,ml aa% ’

HJTH

o

Po 5z i =Cn, mlim.

Yuer orpaHuueHuil, HajJaraeMbIX Ha €,y KYOHUECKOH CHMMeT-
pHel, naer
s =1 pevtuy =cyuy,
A (=2  pyviu, = Cpulis,
I i =3  pyviug = Cyuits,

Tae v=) w/k— CKOpPOCTE.
PemennamMu stux ypasHeHH# GyayT

u=uqiy = Aqiy exp {io [ —(@/v)]},  v1=V cu/pos
u = uyly = Agiyexp {io [t — (@1/09)]}, v =1V Cas/po-

V3-32 HAEHTHYHOCTH YDaBHeHHH 1A U, H Uy Ji0Goe NepeMelleHHe
BHAA W = Uyis} Ugly YIOBNIETBOPSIET STHM YDAaBHEHHAM, DTH CMEUICHHUSA
TIOTNIEPEYHBI N0 OTHOLIEHHIO K HANpPaBJEHHIO PACIpOCTPAHEHHS BOJHEL.
Pemenne ans u; cooTBercTByeT NpPOAOJLHON BOJHE.
6) Jdas cayvas pacnpocTpaHeHHs B HanpasiaeHud [110] pemenue
HMeeT BHJ
u=Aexp[i(ot—k-r)],

rae k=k (@, +5)/V 2, 1. €.
u=Aexp im(t—la‘+,a’ ;
\ v V2 .
3/1eCh U — CKOPOCTb. M3 BceX NpPOM3BOAHBIX OT KOMIOHEHT 4 OTJIHYHEI

OT HyJfl TOJILKO IIPOH3BOJHEIC TIO @; H @,. TakuM oGpasom, ypaBHe-
HHUAL TIDHMYT BHJ

¢ 4+¢ catc.
povUy = 11"2 a4 m; Hu,,

C12+Caa €11+ Caa
PovUy = 2 uy + ) 2 Uy,

Pov%Us = Cyqlis.
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TpeTbe H3 HHX JdeT HaM pelleHHe

= Uala = B.i : a,+a,
0= ugls 1ia€Xxp [zm(t 3V2>]

rie U=} C44/Ps — CKOPOCTb MONEPEYHOH BOJIHBI, MOJAPH30BAHHOK
B HanpabJjexud [001].

IlepBele aBa ypaBHEHHSl peIUHTb HENOCPEACTBEHHO HE/Ib3sA, HO
ec/lH pewaTb HX COBMECTHO, TO, OYeBHJHO, MpPHJIEM K JBYM peiue-
HHSAM:

) Uy =ty = A exp [im <t—‘ﬁ‘%>];

Us— ‘l/ c1 1 +2650
4 2p0 )

310 pemeHde onpejenser BOJHY, Y KOTOPOH Bce CMeLIEHHE HanpaB-
JeHo Baoab [110], T. e. BosHA npoposbHaA.

@) Uy =— u; = Agzexp [im <t—‘it”—3>],

v,V 2
rjpe
. L1 —0Gg
Uy = V %0

Bce cMmelnenus, c/efoBaTenbHo, HanpasiaeHsl mo [110], 1. e. 3to
BOJIH2 TONepeyHasd.

31ech

5. TennoBLie CBOHCTBA KPUCTANAHYECKOH PEILETKH

5.1. XopoiunM npUGIHKEHHEM JJd ONHCAHHA KoJebaTelbHBIX
CBOMCTB TBEpAMX TeJl CJayXdT Mojesab [eGas. B Helt npuHATO, yTO
YHCJIO YacTOT, 3aKJIOYAIIHXCA B IPOMEXYTKE OT v A0 v-dv, npo-
nopixoHaasHo vE. I103TOMy pacnpejeseHde 4acTOT MOXeT ObITh 3anu-
CaHO B BHJE

G(v)=apvl, v<vp,

G () =0, v (5.1.1)
YTO B CYyMMe aaer
vm
{ G dv=3N (5.1.2)

(]

(N —uncno Bcex aromoB). Ecam pacnpepenenne (5.1.1) noactaBHTh
B BHIpaXKEHHE JJ/1s TelJ/JOEMKOCTH, NOJY4YeHHOe H3 KBAaHTOBOH CT4TH-
CTHKH.

Cot 2 e (5.1.3)

i=1 (e /_1)2 ’
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rae x;=Hhv,/kT, TO nonydum

e/T
C, T\3 xleX __/LV_
m—:s(é—) § -(e'\.__—l)de, x—kT. (514)

3nech © — neGaeBckas XxapakTepUCTHYeCKas TeMneparypa (O = hvn/k).
Ecau 6u1 Mojenn [le6ast BIMOJHe COOTBETCTBOBAJA NEHCTBHUTELHO-

CTH, TO EIHHCTBEHHb mnapamerp © Obl1 Ghl OGHHM H TeM Ke LJIf

BCeX KPHCTalaoB, a ypaBHeHue (5.1.4) Obl10 Gn yHHBepCaAJbHBLIM

cooTHouleHHeM. B oTBeTax Ha HeKOTOpHE JaJjbHeiune 3ana4du Oyger

MI0Ka3aHO, 4YTO Ha caMoM Jese 3HauyeHHs © Moryr OT/JHYaThCs OT

3KCIIePUMEHTANbHLIX 3Hauenuid TemnepaTyput [e6as smiore go 30%.
3nauenus C,/3Nk gauwl B Taba. 5.1.1.

TaGnuua 5.1.1

@
~
~

0,0 0.1 0.2 0.3 0.4 0.5 0.6 0,7 0,8 0.9

1,0000 |0,9995 | 0,9980 | 0,9955 [ 0,9920 | 0,9876 | 0,9822 | 0,9759 | 0,9687) 0,9606
0,9517 |0,9420 0,9315 | 0,9203 | 0,9085 | 0,8960 | 0,8828 | 0,8692 | 0,8550] 0,8404
03254 |0,8100]0,7943 | 0,7784 | 0,7622 | 0,7459 | 0,7294 | 0,7128 | 0,6961| 0,6794
0,6628 |0,6461 |0,6296 | 0,6132 | 0,5068 | 0,5807 | 0,5647 | 0,5490 | 0,5334| 0,5181
0,5031 | 0,4883|0,4738 | 0,4595 | 0,4456 | 0,4320 | 0,4187 | 0,4057 | 0,3930| 0,3807
0,3686 | 0,3569 | 0,3455 | 0,3345 | 0,3237 | 0,3133 | 0,3031 | 0,2933 | 0,2838/ 0,2745
0,2656 -| 0,2569 | 0,2486 | 0,2405 | 0,2326 | 0,2251 | 0,2177 | 0,2107 | 0,2038| 0,1972
0,1909 |0,1847]0,1788 | 0,1730 | 0,1675 | 0,1622 | 0,1570 | 0,1521 | 0,1473| 0,1426
0,1382 |0,1339{0,1297}0,1257{0,1219{0,1182}0,11460,1111} 0,1078) 0,1046
9 10,1015 |0,0985]0,0956 | 0,0928 | 0,0901 | 0,0875 | 0,0850 | 0,0826 | 0,0803| 0,0780
10 | 0,0758 |0,0737}0,0717 | 0,0607 | 0,0678 | 0,0660 | 0,0642 | 0,0625 | 0,0609] 00593
11 {00577 |0,0562 | 0,0548 | 0,0534 | 0,0520 | 0,0507 | 0,0495 | 0,0482 | 0,0470} 0,0459
12 10,0448 |0,0437 | 0,0427 | 0,0416 | 0,0407 { 0,0397 | 0,0388 | 0,0379 | 0,0370| 0,0362
13 |0,0353 |0,0346 | 0,0338 | 0,0330 | 0,0323 | 0,0316 | 0,0309_ 0,0302 | 0,0296{ 0,0200
14 10,0284 |0,0278 | 0,0272 | 0,0266 { 0,0261 | 0,0255 | 0,0250 | 0,0245 | 0,0240{ 0,0235
15 | 0,0231 |0,0226|0,0222|0,0217 | 0,0213 | 0,0209 | 0,0205 | 0,0201 | 0,0197| 0,0194
16 |0,0190 |0,0187]0,0183 [ 0,0180 {00177 0,0173]0,0170 | 0,0167 | 0,0164| 0,0161
17 | 00159
18 | 0,0134
19 | 00114
20 {0,00974 cC T\3 e

22 | 0,00732

23 | 0,00640
24 | 0,00564

O~ O U wN— O

Ins peuleHus JaHHOH 3ajayu cjexnyer Haith © c noMouibio
tabna. 5.1.1, ucrmoaL3ysi MPpHBEIEHHOE B YCJOBMM 3HadeHue C, mnpHu
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100°C,

nas — 100°C.
[Tonyyaem: npu — 100°C C,=5,2 dxc/e-amom - zpad. Beposruyio
TOYHOCTb OTBETAa OLEHHUTb HeJb3sl, MOCKOJIbKY

5.2, e6GaeBcKoe pacnpepesieHue
B ypaBHEHHE KBAHTOBOH CTATHCTHKM JJIfl SHTPOINHM JH3JIEKTPHKA

S=¢k

Jﬁlef—l

Ilocnie noAcTaHOBKHM MOJYYHM

S

3NE

(L)

e/T

3N

—k ¥ In(l—e

j_

2
\ 2l
b

.)-

7

In (1 —e-x)]

UncneHHble 3HayeHUs 3Tod QyHKUMH jaHBl B Taba. 5.2.1.
Ta6aunma 5.2.1

a 34TEM, cudTaf © [OCTOSIHHOH, paccuyuTaThb BEJII‘I‘{HHy C

HHMYEro He M3BECTHO
0 JeACTBHTE/NbHOM paclpeleseHHH 4acTOT B KpHCTaJle.

(5.1.1) MoxHO mnoAcCTaBUTH

(5.2.1)

(5.2.2)

s ,
e/T a_fri e/T INE o/T 3%,7 | e/T a—f,;
1 1,358 9 0,0351 17 0,00529 25 0,00166
2 0,734 10 0,0258 18 0,00446 26 0,00148
3 0,429 11 0,0195 19 0,00379 27 0,00132
4 0,261 12 0,0130 20 0,00325 28 0,00118
5 0,164 13 0,0118 21 0,00281 29 0,00107
6 0,1060 14 0,00947 22 0,00244 30 0,000962
7 0,0709 15 0,00770 23 0,00214 31 0,000872
8 0,0491 16 0,00634 24 0,00188 32 0,000793

XapaxrepucTHyeckye TeMneparypsl B ypaBHeHUsX (5.2.2) u (5.1.4)

OJHH H Te 2XKE.

CJIE}IOBaTEJIbHO, Mbl MOXEM BOCIIOJIB30BATLCH 3Hauye-

HueM ©=280°K aasa Bruuciaeduss sHtponud NaCl no rtaba. 5.2.1.
ITonyyum caepyroomue 3HadeHusa aasa S (taba. 5.2.2).

Ta6nuua 5.2.2

Heob6xonuMo cllesiaTh JBa 3aMeYyaHHA.

T, °K

10

25

50

S, kaa-mons™1-2padt

0,0141

0,222

1,54

1) Uro6bl NOMy4YuTb OTBET B Kaa-moab~l-epad-!, HAlO CYHTAThb
N=2N,, rne Np—uucao Asoragpo.
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2) Caepyer OTMETHTh Da3iHuHe MeXAY XapaKTepPHCTHYECKHMH
TEMIIepaTypaMH, BLIYUC/JAEHHBIMH MO 3KCIIepHMEHTa/JbHBIM 3HAaUeHHAM
TENJIOEMKOCTH M 10 SHTPOINHH.

5.3. /3 onbiTOB C JAMSJAEKTPUKaMH HaHJeHO, 4YTO NpPH HH3KHX
4acToTax (IPUMEPHO v << V,/25) YacTOTHOe pacnpejiefeHHe NpHHHUMAeT
BHJl CTENIEHHOTO pAja

G(W)=oVi+avitagvéi+..., (6.3.1)

KoTophlft cxopuTcs acumntoTuyeckd [53]. IlosToMy BhipareHue ans
“TE[JIOEMKOCTH IIPH NOCTOSHHOM oObeMe NPHHHUMaeT BHJ

Co=aT3+bT5+-cT"+... (5.3.2)

Ina xapakTepHCTHHECKOH TeMIepaTypsl CYUIECTBYET aHaJIOrHYHBLIA
pak: T \2 T
4
C — PC
O¢ (T) = 6¢ [1—,4 (-e—c} —B<G—C) ] (5.3.3)
0 0
B srom ypaBHenuu OC (T)-— neGaeBckas XapaKTepHCTHYecKas
‘TeMIepaTypa, COOTBETCTBYIOUIAS TemsioeMKocTH C,, TOJYYEHHOH H3
9KCNepIIMEHTaMbHbIX JaHHbIX; OF —ee mpesesnbHOE 3HaueHHe INpH
T —0°K (M1 6yaem 0603HayaTh IPOUCXOMKAEHHE XapaKTePUCTHYECKOH
TEMIlepaTyphl C NOMOLIbIO BeDXHero HHJekca). 3HaueHue ¢ (T) MoxHO
[O/yuuTh, MOACTaBJsAS 3HaueHus C, NPH HEKOTOPOH 3ajJaHHOH Temile-
parype B Ta6a. 5.1.1, Haxoas no MM &/T, a 3arem O,
Cpsasp mexay popMynaamu (5.3.2) u (5.3.3) 3ajaercss COOTHOLIEHHEM
120N R\ 1/3
Cc
o _< - ) . (5.3.4)
Hrobbl MOJMYYHTb YHCJAEHHYIO OLeHKY O M3 1aHHbIX N0 TeNJ0eMKOoCTH,
VAOGHO nocTpouth rpaduk saBucuMmocTH C,/T3 uau OC€ or TZ. B nep-
oy BOM ciayuyae rpadHMk npeicTaBisier
5,/T% 10 wan-z-amom ™ 3pad cOGOl KPHBYK, y KOTOpOH IIpH
T% -0 oTcexaeMblf Ha KOODAHHAT-
20 HOM OCHM OTPE30K, TAHTEHC Ipejeshb-
5

HOro0 yrJa HakJOHAa K KpPHBH3HA
COOTBETCTBEHHO paBHW Koadduiu-
eHram a, b, c.
B cayyae  repmanus  npH
T <100 °K pasHocts Mexay C, u
C, npene6pexuMo Mana. Cnejpopa-
L ! ! TeJIbHO, YTOGB HAHUTH @, MOXKHO IO-
/] 50 00 50 T¢ crpouts rpaux saBucuMoctd C,/T3
Prc. 5.3.1. 3asucumocts C,/T% or OT T?, KaK 3TO CIEJaHO Ha DHC.
T? pans kpucrannuueckoro repvanus.  5.3.1. B pesynprate nonyuum
a=38,9-10"% xaa-z-amom™ 2pad—,
u orciofa B¢ =374 °K. BeposiTHas TOYHOCTL 3TOH IIOC/MEJHElN BesH-
yuHB NpuGau3uTesbHO paBHa 0,5% [54].
Ilns mpoBepKM CKa3aHHOTO MOXKHO CPaBHHUTb NOBeJEHHE TeIlo-
€MKOCTel M CKOpOCTeHl MaKDOCKONHYECKHX 3BYKOBBIX BOJIH MPH
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T — 0 °K. 3necy npumeniva Monens JMebasi, a xapaKTepHCTHUECKHe
TEMIIePaTyPhl, BLIYHC/ICHHBIE M3 TEMJOEMKOCTeH M M3 CKOpOCTel 3ByKa,
JOJDKHEI COBNAfaTh.

Eciu 3ajgana cpennas CKOpPOCTb, KakK 3TO CheslaHO B JAHHOH
3ajave, TO O3 MOXHO NOJYYNTL H3 COOTHOLICHHA

g ()

o Tk \4nV V3
rae V —wMonsapHeiii o6beM, a ¢ —cpexHss ckopocth [55]. Okonua-
TeNBHO NI repMaHns iMeem 037=374 °K.

5.4. CylecTByeT HeCKOJbKO 3KCNEpPHMEHTAJbHHX METONOB IJIA
OnpefeNeHHs YIPYTHX MOCTOAHHBIX KPICTALIa UM CKOPOCTeH pacnpo-
CTpaHeHMs BOJH B 33aJaHHKIX KPHCTaJJorpaduuecKMX HanpaBleHHSX.
1 KPHCTaJJIOB BBICOKOM CHMMETPHH JIETKO BBIYHC/IHTH ONHH M3 ApPY-
rux. Ho pna Ttoro, 4To6bl BHIYMCAHTH XapakTepHCTHUECKHE TeMIepa-
TYpHl, HaJO B3AThb CpejHee IO BCEM HANpaBJI€HHSM B KPHCTaJIe.
Hanpumep, ecnn HMEIOTCA CKOPOCTH ¢;, TO HYXKHO BBIYHCIHTH MHTEr paJt

S D1¢;°dQ, rne dQ — sseMeHT NPOCTPaHCTBEHHOrO yria.

(5.3.5)

I Ecnu 3ajasHnl ynpyrie TNOCTOSIHHbIE KyGMYECKOro KpHCTAMId, TO
XapaKTepUCTHUECKYl0 TeMNepaTypy mpolle BCero BBMUHCIHTB U3 Tab-
aur, [9], rme tpeGyemoe YycpegHEHHE YxKe IPOJENaHO YHCJIEHHO.
XapakrepucTHyeckas TemnepaTypa 3ajaeTcid B BHJe

@ =N (i)a (‘*4)3’2 — 2 (5.4.1)
inV \ & P 184+V'3
Bce 6yxBeHHble 06O3HaueHHs OYEBHJHBI, KpoMe f, KOTOpoe fIBIsETCA
¢yHKuMell aHH30TPONMUM KpiuCcTaina, JTa BeJMYHHa JAaeTc B TabJu-
max [9].

ITpuBenenssle 1as LiF 1annble npuBonsT K 3HaueHuio 0371=735 °K.
BeposiTHas TOYHOCTb 3TOrO pe3yJbTaTa cocTaBiser Gosbuie geM 19 .

5.5. 3HayeHHA TEIIOEMKOCTH IIPH TIOCTOAHHOM OOLeMe M IIpH
IIOCTOSIHHOM JaBJEHHHM CBA3aHB MeXAy cOGOM CJefyIOLIUM TepMOJIH-
HaMHYeCKHM COOTHOIIeHHEeM:

C,—Cy=PY¥T (5.5.1)
p—Co="—, .0.
rae P — obwvemHbIH Koagduuuent pacmmperus, V — MoaspHeii o6bem,
a ), — H30TepMHYECKasi CKUMAEMOCTb. Mcrnonb3ys JanHble 3TOH 3afauH,
MOXHO ¢ nomowbio (5.5.1) Beraucauts C, M 3arem u3 Taba. 5.5.1
noayuuts OC¢ (T).

Heo6xoniMo mnopuepkHyTb, HTO 3TO 3HauyeHHe TelJoeMKocTH C
BBIUMCJIEHO JJIS Tpoliecca, NpH KOTOPOM 0OGbeM OCTaeTcs NMOCTOSHHEIM
M paBHBIM pPaBHOBeCHOMY 0ObeMy KpHCTalJaa B KaxAok Touke. [Ipu
M3MEeHEHHH TeMIepaTyphl o0beM H3MeHseTcs, a, 3Hauut, C, He coor-
BEeTCTBYET NOCTOSHHOMY o6GbeMmy. IIpu6.aiKeHHyI0 NONpaBKy Ha H3Me-
HeHHe o0beMa MOXXHO HAWTH M3 COOTHOLICHHA

68%(Vy) _ [Va'\¥o
o= (Vl) , (5.5.2)
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TIAe Voo — Npeje/bHOe 3HayeHue mapaMerpa [ 'ploHafiseHa nMpH BHICOKHX
TeMrepaTypax; MOXHO CYHTaTh, YTO 3TO Ta BEIHYMHA Y, KOTOpas
OPUBOJUTCA B y4eGHMKAX M CTaTbfX. '

OGbiyHo y onpenensiercsi Kak
_ BV

¥ xch )
B Hameit 3ajaue MOXHO MPHHSATH vy=2,8.
Ha puc. 5.5.1 pesyabTaTsl BhiuMc/eHHH TPHBElEHH B BHAE Tpa-
¢uka saBucumocTH BC or TemnepaTypw T npH NOCTOAHHOM 0Gbeme
V=V (0°K). B obnactu temneparyp T <20 °K KpuBas umeer o6biu-
Hyo ¢opMy: OC(T) cuauana yGuiBaeT
¢ yBennuenueM T, a 3aTeM NMpPOXOAHT
05, % yepes MUHMUMYM. Ecnn 6ul KoJe6aHHfA
OB CTPOrO rapMOHHUYECKHMH, TO MOX-
HO ObLTO Obl OXHJATh, YTO MpPH BBICO-
KUX TeMmepatypax KpuBas Oyaer 6o-
70+ Jee noJioroit. ITpuuMHOH MNOCTOSHHOrO™
: BO3pacTaHMs, KOTOpoe BHAHO Ha
pre pHC. 5.5.1,0303M0xmo, AIBJIIETCH aHrap-

MOHHYECKHl BKJAj B TeMN/JOeMKOCTh.
: 5.6. KBaHTOBOCTAaTHCTHYECKOE BbI-
g 2 7 pakeHue A5l S3HEPTHH aHCaMGJ/I9 OCLIUJI-

7, IATOpOB HMeeT CACAYIOMHMI BHA:
3N

. 5.5.1.
Pic 5 Exo.-xcﬁ =kT Zl
[:_;

(5.5.3)

B

X

(5.6.1)

X
e/ —1

IMpu BoICOKHX TemnepaTypax (X << 2m) BeIHUHHY x/(e* — 1) MoXHO
pasNoXHTh B cTeneHHofi psa no x [96]:

.e_xﬁ__l.=30+131x+%zxﬂ+..., (5.6.2)

rie B,-—uucna Bepuynau. Ecau 3TOT psi NOJICTABUTL B YpaBHEHHE
(5.6.1), To Buipaxenue ansa E ;.. MPHUMET B
1. —/ h\2 1 </ A\
Exon26= 3NkT[1 +§T ! Bz ¥V2<k-7-> — 4 l B4r vi (ﬁ) + .. .], (563)
rie v%, V3, ...— MOMEHTHI, 11O OMpeJe/eHHI0 PaBHbIE
Vi =g S VG (v) dv. (5.6.4)
INockonbky
Exone5=Ez+ET1 (565)

T

rpe £, — HyJeBasi sHeprus, a ET:S C, dT — TensioBas 3Heprud, TO
b

ET=-—E,+3NkT[1 +§l|‘]Bz|§72<Eh7,)z— ] (5.6.6)
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Ecnn TeMneparypa IOCTaTOUHO BhICOKA, TaK YTO 4JeH B KBaj-
paTHEIX cKo6Kax O6JHM30K K exuHHue, To rpaduk 3aBHCHMOCTH Er
or T 6yaer npamo# JjuHHed. OTpe3ok, OTcekaeMbli 3Toli MPSAMOI,
npu T =0 6yaer paBen —E,.

[pajpuxk 3aBucuMoctH E; oT
T, nocTpoeHHBIH 1O JaHHBIM JJs /gj
repMaHus, NpHUBeJeH Ha puc. 5.6.1.

C BhHICOKOTEMriepaTypHOH CTOPOHH
3Ta KpHBas CTPEMHTCH K Ipelelb-
HOH [yHKTHpHOA JuHHMH. Touka %
nepeceueHusl Jaer 3HaueHue E,= /A
= 580 xax - e-amom. TouHoe 3Haue- g
Hue E. pasHo 833 * 3 xax-e-amom™! o
[54]. D10 3HauMT, 4TO npejenLHan [ 77 200 E77]
JMHHS, TOKa3aHHas HAa pHCYHKe, _ LK
He MoXeT ObIThb BepHOfl. Ha camom Puc. 5.6.1. 3aBHcCHMOCTb TENJOBOH
Jene rpajpuk 3aBucumocTH Er or smeprum E; or T aas Kpucraaam-
T B o6nactu T >300 °K cuJabHO 4eCKOro repMaHmus.
3arubaercsi BBepx.

5.7. HuxHHE HHJIEKC Y XapaKTEPHCTHUCCKHX TEMIIEPaTyp o5 u 03,
0603HayaeT MnpejeihbHble 3HAYEHHS MPH BHICOKHX TeMnepaTypax. JTH
TeMIepaTypsl JIErkO BHIDA3NThL uYepe3 CpeJHue 3HAUEeHHS UYaCTOTHOrO
pacnpeiesneHusi. B uyactHocTH,

c 5 -3 s
6= v, eS—env,

e v, — CpellHee reoMeTPHYECKOe 3HAYEHHE YacTOTHI.
Oka3niBaeTcsl, UTO HyJIeBasi 3HEpPrusl COOTBETCTBYET CpelHeMy 3Ha-

E. nan-z-aman”’

YEHHI0 MeX]y V, H KODHEM KBaApaTHbIM H3 BTOPOrO MOMEHTa, v
(cM. Takxe pa3bop 3aiau 5.8 m 5.13). CrnenoBarensHo, Ans1 Haumed
3ajlaun Gyzner Xopomlei annpokcuMmauued BholuHciaeHHe E, u3 cpel-
c S
Hero apugpmetHueckoro O, u O, T. e.
c s
9 4y 8t 65

E,=- Nk

_ P e . 2. -1
§ 3 139 xaa - e-amom=1t.

CraTtHueckasl 3Heprus peierku Eg
Ey=—AH 4, (0 °K) — E; = (— 2666 — 139) kax - 2-amom™ =
= — 2805 Kaa-e-amom.
5.8. Ilapamerpm [I'pronait3eHa, oGo3HaueHHBle y(n), IO onpele-

JIEHHIO DPABHBI
1 din vn

Y(”)z—;m (5.8.1)

H BLIDAXAaiOT 33aBHCHMOCTL MOMEHTOB YAaCTOTHOIO pacCrnpeneeHHs OT
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o6bema. Ecnu TBepjoe Teno mNoOAUMHSAETCS YPaBHEHHIO COCTOSHMSA
[proHaiisena, To y(n)— nocTofiHHas, He 3aBHCALlAf OT n W paBHa#
TepMOAMHAMHUUECKON (PYHKUMH y M3 ypaBHeHHs (5.5.3).

HyneBass sHeprusi 3KBHBAJEHTHa NEPBOMY MOMEHTY YacTOTHOIO
pacnpejesieHusi, Tak YTO HaM Hajo HalTH y(l). MoxHO nocTpouts
rpadMK 3aBUCHMOCTM Yy OT 7 H TOAY4YHTe y(l) HHTeprnosasuue
Kpusoit B obnactd mexay y(0) u y(2). B pesyasrare noayuum
v (1)=1,55. M3menenue obvema npu 0 °K, BeI3BaliHOe HyJIeBOH 3Hep-
rHefl, 3ajaercsl (NpHOMIDKEHHO) C/IeAYIOWHM COOTHOIeHHeM [35]:

AV (0°K)
VOK)_ VO'K?Y

(1) E,. (5.8.2)

IMoacTaBHB YMCNeHHLIE 3Ha4YeHUs B NpaBylo 4acthk (5.8.2), momyynm
—=0,93%.
V (0 I:K) 1] /0
5.9. Bhipaxenue AJsi IHTPONMHMH AH3JIEKTPHKa B O06GJaCTH HU3KHX
TeMIepaTyp MOXKHO MOJy4YUTb HHTerpnpoBaHnem orHoweHus C./T,

. ecnn C, 3anaHo ¢opmynoit (5.3.2). Tak,
efT 10 "epad noJjy4yaem

SZ%T3+-’51T5+%7‘7+... (5.9.1)

Ha ocHoBe H3BeCTHOrO TepMOAHHaMHue-
CKOIr'O COOTHOILUCHHSA

(3v); = % (5.9.2)

Ins B (=3a) MOXKHO MONYYUTb

. aS / .
Puc. 5.9.1. 3asncumocts /T3 B=1%r (517) =Ar [aL (§;7Z> T34

ot T2 gias Nal. T 1 /3b \ T
c-nuHefinnit koshdHuHENT TepME- + 5 <7>T T5 + .. ] (593)

YecKOro paclIHpeHHs. av

[lo rpaguky 3aBucumoctd PB/73 orT T? MOXKHO ONpeNenHTh KO3(pbH-
udents! npd T3, 75 u 1. g. Ha puc. 5.9.1 nokasaH rpaguk 3aBucH-
MocTH @/T3 ot T2 BHjpHO, 4TO B Npeienax €ero TOYHOCTH 3KCHepH-
MEHTa/IbHbIE Pe3yJIbTaThl ONUCHIBAIOTCS CAEAYIOULUM YCEUeHHbIM PAAOM:

a= AT+ BTS, (5.9.4)

rre A=4,3(*+0,2)-10- 2pad—, B=3,2(*0,6)- 1012 2pad-s.
5.10. ITpoauddepernnposaB ypaBHeHue (5.6.3) mo Temmeparype,
I0JIyYHM Da3/NoxeHHe TENJOeMKOCTH IIPU BLICOKOH TeMmneparype

Co=(Zggt) —3Nk[1 =301 Bo V(i) + 4y 1 Ba¥ (i) — -]
(5.10.1)
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Ilannbe AJs BhICOKOTeMNepaTypHo#t obnactd (T > hv/2mk) MOXHO
NpoaHaJu3upoBaTh, NOCTPOMB rpaduk 3aBucuMoctH C, ot 1,72
B 1O e BpeMs 3KBHBaJEHTHHIH pAf Ci25 e
IJIfl XapaKTepUCTHYECKOH TEeMIepaTyphl (610K

455~
C

[6¢(T)]* = (6%) [1 —A <6T<°)z+

eC AY 4‘”
+ B’ <—T°°-) — ] (5.10.2)
g5
1 )i 1 L
cXoauTcs GbICTpEe H UM yroGHee Moab-  J 2 7
30BaThCH. wyré

3aBucuMocTb BeqHuuHbl [OC€(T)]? 0T  Puc. 5.10.1. Onpesenense BToporo

1/T? nokasaHa Ha puc. 5.10.1, ¥ H3 Hee MOMEHTa u4acTOTHOrO pacnpene-
C - o JleHHd Aas KpHCTaMIHYeCcKoro
nonyyaeM Oy =675 °K. Orciona u u3 KpeMHEA,

(5.7.1) Haxonum vZ=1,18.10% cex2,

5.11. MoMeHTb! V" pa3/H4HBIX MOPAAKOB MOXXHO TNIPHBECTH K OJHOMY
H TOMY e NOpAJKY, B3fB OT HHX KOPHH n-H cTenenu. Tak Kak
3TH MOMEHTBHl SBJSIOTCSl Pa3JHYHBIMH CPEIHHMH OJHOIO H TOIO XKe
pacnpeneneHus G (v), TO MOXHO OXHWJAaTb, 4YTO INpPH BO3PaCTaHHH A
HX KODHH n-H cTeneHd GYIyT H3MEHSITbCSl MOHOTOHHO. KOpHH 3THX
MoMenToB i KCl papHbl

v—3,63-101 cexl, /¥ =3,81.101% cex1,
V¥ =3,64.10% cext, V%8 =4,25-10 cex1,

Orciona cpasy BHAHO, 4TO v* HECOBMECTHM C OCTaJbHEIMH TpeMs
MOMEHTaMH.

K Ttakomy e BbIBOAY MOXHO NpHATH G6oJee TOYHBIM METOI0M,
Hcrosb3yss Mofeadb Jle6as M NpHHHMas 3a HCXOAHBIE YpPaBHEHHS
(6.1.1) u (5.1.2).

Ecnn vp (n) — MakcuMasabpHas yactoTa B Je6aeBCKOM paclpefele-
HUH, 00/afaI0Ias TAaKHM K€ MOMEHTOM A-TO NOPsAKa, Y4TO H JeHCT-
BHTEJbHOE pacnpefeseHHe B KpHCTaaae, TO MOXHO MOKasaTb, YTO

vD(n)=(E;f_‘°’ vn)"" 6.11.1)
npu n>—3 u n#0. Ha camom gene,
k8¢
vp(—3) = lim vD(n)=T°, (6.11.2)
n——3
vp (0) =lim vp (n) =e'/3v,. (5.11.3)
n—>0

U3 paunbix aaa KCl Haxomgum

vp(1)=4,84-10"% cex, vp(4)=4,50.10" cext,
vp(2) =4,92- 10" cex™!, wvp(6)=>5,11.1012 cex~1.
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IlocTpouB rpaduk 3aBHCHMOCTH Vp (1), MOXKHO yOeauTbcsd, uTO0 vp (4)
(a crenoBatenbHO, H vY) He MOXKeT OBITb BEPHBIM.

5.12. Tak KakK YHCJEHHblE 3HAaYE€HHUA XapaKTEPHCTHYECKHX TeMIle-
PaTyp CHJABHO OTJHYAOTCA APYr OT Apyra, TO HeOGXOLHMO Ipexae
BCEro NPUBECTH HX K TAaKOMy BHAy, 4TOGH YAOGHO GBIO CPaBHHBATh
HX TeMmnepaTypHee 3aBHCHMOCTH. CaMbiMH yquHmMH ABJIAIOTCA: na-

paMeTp NpHBEAEHHA O¢ u rpaguk 3aBucumoctn 0°/0F or T/6E. Ta-
Koil rpadux nokasaH Ha puc. 5.12.1.
O6uiuit Buj TemmepaTypHoll 3aBucumocTH OC(T) ana mo6oro 3age-
MeHTa pas6upaics B 3ajaue 5.5. JlBe H3 KDHBHIX OJMHAKOBH M
6%/ HMEIOT pe3kHit MHHUMyM. OrkJo-
HeHust OC(T) oT nocrosiHHOrO 3Ha-
YeHHS] NPEACTaBJAIT coGoll OTKJo-
HeHHe JeHCTBHTEJBHOr0 YaCTOTHOrO
pacupejeJeHdsT OT YCJOBHOTO Je-
Gaesckoro pacnpejesnenus. Orcioaa
OO m0r . caeflyeT, YTO OJUHAKOBbie KpPUBHIE

0%

248

a8t ans snementoB [ u Il o3navaior
OAIIHAKOBOCTb THIIOB MX 4aCTOTHOrO

pacnpejesneHus.
471 ; Kpyrusna y6mBanus OC(T) no
mepe pocra T or 0°K coorBer-
a5l . l . 1 CTBYE€T CKOPOCTH, C KOTOpoH jel-
I 12 77 CTBHTEJBHOE paclpefeseHHe HauH-

7/g¢ HaeT OTKIOHATBCS OT Je6aeBCKO-

Y ro pacnpejeneHHsi 3a NpeleNaMH

Puc. ‘5.12.1. 3asucumocts 8°/6f KOHTHHYAJbHOTO PacCMOTpEHHUS.

or T/8% ans XpHcTannos repManms Kpome Toro, MoxHO ciesaTh HeKo-

(1), xpemaus (II), aamasa (IIN).  roppe ofmpme BuBOgb M3 cpaBe-

Husl KpuBbix ©C(T). Hanpuwmep,

ONHOM H3 BO3MOXHBIX NPHUMH OT/IHYHA GopMbl Kpusoit BC(T) mas

snementa //] sABAfETCA TO, YTO B €ro 4YaCTOTHOM paclpele/eHHH

IVIOTHOCTb MOJ, JAOCTHTaeMBIX Ha BBICOKMX YaCTOTaX, OTHOCHTEJbHO
6osee BbICOKaA.

5.13. B mnpouecce pemeHHs npegbIAYWIHX 3aj4aY IOKA3aHO, YTO

OC¢(T) MOXHO NpPEeACTAaBHTb NPH HHU3KUX TEMIEpaTypax B BHJIE CTe-

nenHoro psaa (5.3.3), a npH BhHCOKHX — Gopmyaoit (5.10.2). ITpe-

c
JelbHOoe 3HaueHHe O CBSA3aHO CO BTOPHIM MOMEHTOM YypaBHEHHEM
(6.7.1), a xospduuuentet A’ u B’ B ypasHenuu (5.10.2) —c orHo-
IIEHHAIMH MOMEHTOB [57]:

A'=1(L_§>, 3'=L(_1"_—§—100A'). (5.13.1)
100\ (v?)* 21 1400 \ (v3)® 81

AHalOrMYyHO MOXKHO MPEeICTaBUTh XapaKTepPUCTHYECKUE TeMmIepa-
TYpH, cooTBeTcTBYIOUHe (akTopy [le6ass — Bannepa M (T), B Buge
creneHHBIX psafoB [58], Koropwie MBI npHBeseM 6e3 BHIBOJOB H 6e3
JOKa3aTeJIbCTB.
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Ilpn HH3KHMX TeMmepaTypax

M : ,leM 3 T .\2
8" (1 =0,"11+6,580{1 — =) (=] + ...}, (5.13.2)
o) |\o7)
a4 MpH BHICOKHX TeMmeparypax

M M 85 \ /e
oM (T) =8 {1+72m[<6£) J T>+...}, (5.13.3)

hv, (—1 vy (—2 —
@Mz___“Dl‘z ) ;;‘___fc ) ®C=h—""z D (5134

rjae

[lo NaHHBIM Q8 MegH MOXHO TeNepb BHIUHC/HTD Gg, ef, o,
oM of (T) u ™ (T) B obnactn T>6/2n u M (T') npu oueHb
HH3KHX  Temneparypax (~T<< _,
<< 8/50). Pe3aynbraThl BHIYHCIEHHIH 6K
npejacras/ens Ha puc. 5.13.1. Ilynk- s}
THpPHBIE YYaCTKH KPHBBIX COOTBeT- N
CTBYIOT TeM offacTaM, JJs KOTO- ]
PHIX HeT pas/oXeHHsi B psansl. [lis t\\_——g,;,_——*’_"_ré——*’:s:
3THX ofnacTedl HyXHBI GoJee ClOXK- ~-” 6
Hble HHTePIOJLHOHHbe MeToab [59]. 1
W3 pucyHKa BHJIHO, YTO XapakTe- L
PHCTHYECKHE TeMIepaTypH, COOTBeT- 5 Y/ 70 K77
CTBYIOIUHE pasHLIM THNAM KoJe(a- T.K
HH#, MOTYT 3HAUHTEeNbHO . PA3/NH- Puc. 5.13.1. 3aBHCUMOCTE XapakTe-
gaThCs MexIy coboi. pucTHuecknx TemnepaTyp OC (T) K

5.14. CnekTpbl OMTHYECKOrO IO- OM (T) nas menn.
TJIOLIEHHS] KPHCTAJJIOB JbAa MOKa-
3LIBAIOT, YTO B KPHCTaJJe COXpaHsieTcsl TOX/IECTBO MOJeKky.a. 3To
JO HEKOTODOH CTeneHH 3aTPyAHsieT MHCC/IeloBaHHe KoJeGaTenbHbIX
CBOJCTB, MOTOMY YTO MBI He MOXeM CKa3aTh alpHOPH, YTO MNPOHCXO-
IMT C BpallaTelbHHIMH CTeneHsMH CBOGOALI MOJIEKYJ pelleTKH.
Ho HekoTOpble BbIBOALI MOXHO Cc/e/aTh HAa OCHOBaHMH TeMnepaTtyp-
Hoil 3aBHcuMmocTH 8¢ (T).

B dopMyny ans ©¢(T) BxoguT N —uHCIO aTOMOB B KpHCTalle,
TaK KaK OHO ONpefensieT NOJHOe YHCJO HOpPManbHbIX Mod. B cayuae
Jbla HX ToJHoe yHcao paBHO 9N,. OnHako HeKOTOphle M3 MOZ
(HanpuMep, BHYTpHMOJIEKY/1sipHHe KosnebaHHs nopsiaka 1600, 3100
Wi 3200 cm~!) oTBeYalOT CTO/b BHICOKHM YacTOTaM, YTO OHH He GYRAYT
BO3GyXAaThCci B KPHCTA//Ie CKOJbKO-HHOyAb 3aMeTHO. 3HauHT,
MOXXHO OXMJAaTb, yTo NpH BuiuHcaeHHH OC (T) ynoGHee HCNOML30BATH
MeHblLIEe YHCJIO HODMaJbHBIX MOJ (pa3yMeeTcCsi, HHXKHHH npejen 10.1-
eH ObiTb 3N ,).

Ha puc. 5.14.1 nocrpoensl rpadpuxu OC (T) aas Tpex KoseGaHu#A:
3Ny, 6N, u 9N, B obnactu T << 50°K ¢opmbl BceX TpeX KPHBHIX
OAMHAKOBH,, H HeT HHKaKHX OCHOBaHMH Kak-HHOYAL pas3inyaTh 3TH
pasubie npubamxkenus. s 50° << T<< 100 °K kpusas ©¢ (T) npu 3N 4
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KoJieGaHHSAX CTAHOBHTCA OObuHO OoJjee MOJOrof, Mexjay TeM Kak
Te e 3aBHCHMOCTH JJs JBYX JAPYrux mnpubaumeHHH OBICTPO BO3-
pacrator. Ilo aToMy noBogy MOXKHO NPEANONOXKHTb, YTO IIPH HHM3KHMX
TeMllepaTypax MOJEKYJsADHEIH XapakTep JbJa He OKasblBaeT HHKa-
Koro BausiHus. Brime 100°K kpuBas ans 3N, KojgeGaHHH KpyTO

6% K najaetr, a kKpusas aaa 6N, xoue-
GaHuii 37echb criaaxuBaeTcs. Bos-

lzm}- MOXHBIM 0ObsicHeHHeM 3Toro (akra
ABASIETCS TO, yTO B 3TOH 06JacTH

1000\~ JobaBouHne 3N, KoneGaHHH BJIH-
8 AT Ha TePMOJHHAMHUeCKHe CBOI-
ctBa. CpejHIOIO Y4acToTy 3TOH Ipyi-

0 mel  KoJieGaHMuH MOXKHO OLEHHTD
[0 TeMmmepaType, NPU KOTODOU OHH

41 HAYMHAIOT BHOCHTb BKJaJ B Tell-
R JOEMKOCTL. Takasi oleHKa Jaer
200 3HaueHHe ~~600 cu!, DBo =Bceit

otnactu T > 50 °K 3nauenne ¢ (T)

| 1
g o0 200
LK
Puc. 5.14.1. Xapakrepucruueckas
Temneparypa e“ (T) ans Jabja, BH-
Unciennasn ¢ yuetom 3N 4, 6N 4, 9N ,

qns 9V, kKome6auuit GLICTPO BO3-
pacraeT. JTO CBA3aHO C TeM, 4YTO
BHYTPUMOJNIEKYJsApHEe 3N, KoJe-
G6anusa He Bo30yxjatorcd. B cym-
Me YaCTOTHOe paclpefiesieHHe I/

KosieGanmil. JAbJa, T[O-BUAHMOMY, COCTOHT H3
3N, XoneGaHHE € 4YaCTOTOH v <<
<210 em™t, 3N, xoneGauuii co cpenmeit uactoroit 600 cm~l, 3N,
BHYTPHMOJMEKYJAAPHHX KoJe6aHui ¢ GoJee BLHICOKHMH YacTOTaMH
(3nech OHM BBIpaXKEHHI yepe3 ONTHUECKHE BONHOBbIE YHMCJA).

5.15. B HecBepxmpoBOAfillleM MeTasJe 3JEKTPOHHLIE SHEPreTHue-
CKHe yDOBHH BbIIE OCHOBHOTO COCTOSIHHAI o6pasyioT KOHTHHYyYM. Co-
IJ1acHO npocTeHiled TeopUM, KOTOpAas IIOCTYJHPYeT COCTOSHHA €1H-
HHUHOrO 3/1eKTPOHa B COOTBETCTBHH €O CTaTHCTHKOH Pepmu, ucko-
MBI BKJaJ B TENJIOEMKOCTb GYyAeT paBeH

C,,=%T + (uwienn Gosee BHICOKMX mopsiakos ¢ T3, T5 u T. 1.).
(5.15.1)

Kosdxpuument y npsAMo NpoNOpuHOHANeH I[IOTHOCTH 3JEKTPOHHBIX
CocToAHMA Ha ypoBHe PepMH. Uaenbl GOJee BLICOKOTO MOPAAKA
B ypaBHeHHH (D.15.1) oueHb MaJnl jaxe IIDU KOMHATHOH Temmepa-
Type [60].
Ecau  cuuraTh, uro KosneGarenpHble M 3JEKTPOHHBIE BKJAAb!
B TEMJIOEMKOCTb AJJUTUBHbI, TOrAa B 06/14aCTH Oue€Hb HHU3KHX TeMile-
paryp Mel MoxeM cKoMOuHHpOBaTb ypasHeHus (5.15.1) u (5.3.2) u
N0nyyuTH
Co=yT+4+aT?®+bT5+... (5.15.2)
Has nonyuenuss Kosh@UUMEHTOB 3TOr0 YpPaBHEHHS M3 SKCIIEPHMEH-
TaJbHLIX AAHHHX HaA0 NOCTpOMTb rpaduk 3asucumoctu C,/T or T2
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Ham pano C, nns meau, Ho B obaactu T <6 °K pasnocteio Cp—C,
MOXHO IpeHe6peub. JHAuHUT, MOXHO IOCTPOUTh rpaduk 3aBHCH-
moct C,/T ot T2, KaK mNOKa3aHO Ha ;
puc. 5.1p5/.1. [,},b(}', Vi l’nm-z-a/nan'{z,mi'z

B npejgenax omMGOK H3MEpeHHE
aToT rpaduk Oyler nNpsAMOH JHHUeH.
Touka ero nepeceyeHUst C OChbIO OPAKHAT 4l
ngaer 3Hayenme y = (1,66 0,01).10-¢
Kaa-e-amom~l.2pad-?, a HakJOH Q=
= 1,132X% 10-3  kaa-z-amom™'-epad-4. 2L

[Tocnennsis BeJaMYHHA COOTBETCTBYET 7 15 Ziﬂ Jb

0F =(345+0,5)°K [cm.  ¢opmyay re

(5.3.4)1. Puc. 5.15.1. Pasgenenre anex-
Uro6ul HaWTH KO3UIIHEHTH b U ¢, TPOHHOrO H DELIETOMHOrO BKA370B

HaJ0 BOCINO/JIb30BATLCS JAAHHBIMH, T0JIY- B TENIOEMKOCTL MEAH.

yeHHBIMH Ju1d obaactu T ot 10 go 15 °K.

5.16. IlpeanonoxuB, Kak H paHbllle, YTO 3/JEKTPOHHLI H KoJe-
GaTesbHBIH BKJ3JAbl B TEpMOAMHAMHYeCKHe CBOMCTBA MOXHO pasje-
JHTb, IO aHAJOCHH C ypaBHeHHeM (5.9.2) sanmmem:

(%) — tjr (5.16.1)

Ilockoabky .S,, =%T, TO
Baa=1tr (35, T- (5.16.2)

O6venunsis 3ToT pe3dyabrar ¢ ¢opmysoi (5.9.3), noayuum kosddu-
LIMEHT TEIJIOBOTO pacIIMpeHHs MeTajia

sl 73 ()
(5.16.3)

/T, 10 %zpad 2
551

&0+
45 No3TOMy M Ha rpacduke 3aBucHMOcTH P/T
or T? ko/ieGaTeqbHBIE M 3JIEKTPOHHHIH
BKJaAH  JO/MKHE  pasgensaTscd, Ha
puc. 5.16.1 npuseseH rpaguk 3aBHCHMO-

4.0

1

1
a 0

1

!
200

72 cu o/T or T? (a1 MeTa/JIMUECKOro
BaHagus f =3a).
Puc, 5.16,1. 3asucumocts /T B npeagenax ommuOGOK H3MepeHHH
or T? jas MeTanauyeckoro
BaHa U 5. o= (3,9i0,2) 10T 4 (7XE1) - 101273,
o — ArHeRH Ko3ddHuHeHT Tep- (5164)
MHYECKOro pacuiBpeHHs.

Pasymeercsi, IpH BHICOKHX TeMIIepaTypax 3THM BLIDaXXEHHEM He BCerja
MOXHO II0/1b30BaThcs (CM. pelienue 3ajaur 5.9).
Jlns pemenuss BTOpOM 4YacTH 33fay¥ HauHeM C ONpEJEJeHHS Y
(cM. dopmyay (5.5.3)). 3anuuem:
— ﬂsnv — ﬂxone()v
st_xrc”: Yxone6 chxonea'
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INoacTaBHB uHC/IeHHble 3HaudeHHs, ana T =1°K noayunm
Y:=1,70,1, Yrores =0,9+0,1.

Jas rasa H3 CBOGOAHBIX 3JEKTPOHOB 7,,=%/3 (cM. [61]). Has me-
TaJJI0B 3HAaYeHHE 7Y,, 4acTO OKa3biBAeTCH GGJIbIUHM.

5.17. B TBepsoM Tene BOIH3H TeMIepaTypbl INJaBJeHHA Olpeje-
JIEHHbIH BKJajl B TEIJIOBMKOCTb MOXET BHECTH o6pasoBaHKHe BaKaH-
cuii. B uactHocTH,

AC,= ("%T"—)p (5.17.1)

rjge mng—4uCI0 BaKaHCHH, a h;—SHTaJIbHHS{ oﬁpaaoaaﬂuﬂ BAKAHCHH.
Uncio ng 3a]aeTcad COOTHOLLEHHEM

n,:NAexp%’-exp(—kﬁ;-.), (5.17.2)

afecb N ,—uncao ABorajapo, a s,— 3HTpPonHsl 06pa3oBaHHA BaKaH-

2 cud. Ecan npHuATb, uTo A; H S, He
Lol 7% 3aBucaTor 7,710 H3 (5.17.1) 1 (5.17.2)
N0 TyYHM

Ay

KT/
(5.17.3)

DHTAbOKI0 O6PAa30BAHHS BAaKaHCHH

TOT/Ia MOXHO ONPEIC/]HTb N0 HAKJO-
Hy rpadmka sapucuMoctH In (AC,T?)

B e Ss aen!
ACpT==7exp—k—exp\—

or 1/T.
] Ha camom pene ouennts AC,
20 0  3KCIEPHMEHTA/JbHBIM  JAHHBIM

/5,027  mempocto. B obaactH npeansa-

Puc. 5.17.1. 3aeucumocts lg (AC,T2)  BAJIBHBIX TEMIIEPATYD B NOBBILIEHHE

ot 1/T n718 TBEpPAOrO KPHNTOHA. TEIIOEMKOCTH MOXXET BHeCTH BKJIaj

HEe TOJbKO oOpa3oBaHHe BaKaH-

CHH, HO, HapHMep, H AHr aDMOHHM3M HJIH HaJHuHe npumeceil. B cayuae

KPHIITOHA MOXHO ouedHTb AC, M0 pasHOCTH MeXAy TaGJHYHBIMH

AaHHBIMH Aast C, ¥ 3HadenreM C,, TOJyuYeHHBIM NyTEM 3KCTpAIoJs-

nuu  rpapuka C, B obaacth 60—75°K. [paduk 3aBHCHMOCTH

1g(AC,T?) or /T nnst NOJyYEHHHIX TAaKHM OOGpasoM 3HaueHuit AC,
(n1s TBepAOro KpHnTOHA) NOKAa3aH Ha pHc. 5.17.1.

B peaysnbraTe noayvaercss 3HTaJAbIMA 06PAa30BaHMA BaKaHCHI,
paBHas 1770 kaa-moav™*-2pad-l. AHanM3 [aHHBIX O TepMHYECKOM
paciiHpeHHH NPHBOAMT K BecbMa G/H3KOMy pesyJbTarty [62].

5.18. a) B obwewm cnyuae MoxHo nokasarb [63], uTo npu pocra-
TOYHO BBICOKHX TEMIIEPaTypax aHTapMOHHYECKYIO COCTABJISIOULYIO
TEIJIOEMKOCTH IDH [OCTOSIHHOM OGbeME MOXHO 3aJaTb B BHJE

Co—Corape = ACuuropu = SNEAT. (5.18.1)
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BuiunciuB  Co,,, 3 GopMyJnl s 85, ucrnonan3ya Ttaba. 5.1.1
(1a crp. 1564), a 3areM mnoctpouB rpaduk 3asucumoctH AC or T
(puc. 5.18.1), Haiizem, uro pasencrso (5.18.1.) yrosJersopsieTcs B npe-
Jenax ouMGok uamepenuii C,. Ilo HakJso-

» . -{ -7
Hy [0psAMOH onpepensieM BenHunHy A: AL.nanz-qmonzpad

A=(6,2+0,6)-10"5 zpad-!. ot % H’{
6) Ecu aHrapmoHHuecKasi COCTaBJIsIO- N
Ias TENJIOEMKOCTH 3aJaHa ypaBHEHHEM e
(6.18.1), To cooTBeTCTBYIOWIWH BKJaJg B s e
SHTPOMNHIO 6YAET paBeH " L7
rd
d AC,urapu /’
rd
AS purape = 05 P T — 3NEAT. | Ea— ’é’l’l,f

- (6.18.2) Pnc, 5.18.1, Aurapmonndeckrt
BK.1a]l B TeI/JIOEMKOCTb XKpHC-
Bolpaxenne nss sHTponuu aHcamGasi rap- TaJLIR4ecKoro repMaHus.
MOHHYECKHX OCLH/JIATOPOB NPH BHCOKHX
TeMNepaTypax MOXHO JIETKO BhIBECTH H3 ypaBheHHus (5.2.1). [Toayuaem

hvg
Smp,=3Nk<1 —lnk——>. (5.18.3)
Orciona caegyer, uto

A A
S_Srnp.v:ASaurapmz — 3Nk 11’1(1 +_V_g‘>~__ 3Nk—VY£ (5.18.4)
4

Ve

3nech aHrapMOHHYECKHH BKJaJl paccMaTpPHBaJjCH KakK TeMIepaTrypHO
3aBUCHMbIl CIBHI CpefHEero TreOMETPUYECKOr0 3HAYEHHA YaCTOTH.
Cpasuupas Bupaxedus aaa AS (5.18.2) u (5.18.4), nafinem

dlnwv
A :-(-{W—g>u. (5.18.5)

Uro6bl HAHTH NOJHBIA CABHI YACTOTH Vv, NPH HarpeBaHHH KpH-
craaaa or 100 go 700 °K, Heo6XoguMO OT[E€/1bHO BLIMHCJIHTHL CHBHTH,
ofyc/ioB/eHHble H3MeHeHHeM o0neMa H H3MeHeHHeM TeMIepaTyphl.
CpBur vg, BhI3BaHHHIE H3MeHeHHeM oObeMa, 3a1aeTcsl BhiPaXKEHHEM

dlnvg Av, AV
<_—61n v>T = — Yoo, HJIH (—;g—)r =— Yooy (5.18.6)

TToncraHOBKA YMC/IEHHBIX 3HAYyeHHH B MPaBYI0 4aCTh YyPaBHEHHA
A
(5.18.7) aaer cienyolee 3HayeHHe: 100(’\;{)7 = — (0,77 %+ 0,03)%.

o g/
CxBHT Vg, BLI3BaHHBIT TeMIepaTypPHLIM H3MeHeHleM, 3ajaeTcsl ypas-

HeHueM (5.18.5) B BHIe
A
(_LE> — _AAT. (5.18.7)
‘Vg v 7
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. A
Tpu A = (6,2 % 0,6) - 1075 2pad-* umeem: 100 (-vv—") = (—3,770,4) %,
(4

H, CJeJ0BaTeJbLHO, 100<%,5>m”m =(—4,51+04)%.

Stor pesyabTaT xopgomo corJacyercs C pe3yJaLTaToM, IHo-
JYYEHHbIM I1yTE€M HEMNOCPEACTBEHHOr0 HaOMIOfeHHs 38 M3MEHEHHEM
YaCTOThbl [IPM H3MEHEHHH TeMIlepaTypel AJf HEKOTOPHIX HOPMaJ/lbHHIX
MOJ PpelleTKH repMaHHsl.

5.19. B Hactosinlee BpeMs He CYUIeCTBYeT CTPOrOil TEOPHH TelJo-
IIDOBOJAHOCTH TBepAuIX Teld. B To ke BpeMs H3 aHa/jM3a COOTBET-
CTBYIOIIHX 3KCNEPHMMEHTAJILHBIX JAaHHBIX MOXHO M3BJIeyb CBEJEHHS
O HEKOTOPLIX XapaKTePHCTHKax TemjonpoBoaHocTH. CyulecTByer He-
HIT? o apad TOYHOe, HO yA0GHOe COOTHOLLIEHHE A5 TenIo-

NPOBOJHOCTH TBEpAOro TeJa:

0./5( 2 K =1/5C,cA, (5.19.1)

rae C,— TeNnJoeMKOCTb, € — CPEHSAs CKO-

° pPOCTL pacnpocTpaHeHHs BOJH B pelleTKe,

4wt 400 a A —cpeauas JQnMHa UX CcBoGOAHOTQ IIpO-
) Gera [64].

Mul yxe BHpesnH, YTO NPH HH3KHUX TeM-
w25 nepatypax C, MOXHO pasJOXHUTh B psj
oo, (cM. dopmyay (5.3.2)). To 3HAUUT, yYTO
IS aHaJW3a JAHHEIX 95KCIEepHMMEHTOB IIpH
HU3KOH TeMnepaType Ha OCHOBe (HOpMYy.JILl
J ¥ 7~ (5.19.1) ynoGHO CTPOMTb rpaduK 3aBHCH-
Te! MocTH K/T® or T. 3t0T rpaduk nokasaH
Puc. 5.19.1. 3asmcumoers H@ pHC. 5.19.1. s kaxaoro u3 obpasuos
K/T3 ot T ans LiF. K/T? cTpeMHTCS K NOCTOSIHHOMY 3Hauy€HHIO
B ofaactH T <C7°K. Tak Kak XapakrepH-
cTHyecKasi Temnepatypa ajas LiF pasha 735°K (cM. 3ajauy 5.4), TO
B obiactH T << 8/50~ 15°K C, I0/DKHO 331aBaThCsl NEPBLIM WIEHOM
BhipaxeHus (5.3.2) ¢ TouHocThlo, Gosswelt 19, . Orciona caenyer, uto
pe3koe YOmBanue K/T°® nmpu T >7°K Boi3piBaeTcfi M3MeHEHHEM OT-
JUYHBIX OT C, BEJMYHH.

CpenHsisi CKOPOCTh BOJIH PeIIeTKH c/1a00 3aBHCHT OT TeMIepaTypsl,
HO CpelHsisi BeJHuMHa CBoGOAHOrO npobera A0/KHA H3IMEHATHCS Kak
1/T [64], ecnn BenuunHa A 1O NMOPAAKY BeqHUMHBl O/MHM3Ka K pas-
MepaM oOpas3ia.

I'padux sasucuMoctu K/T? (T <<7°K) or pasmepoB ofpasua Aj1s
o6pasuoB LiF npeacrasasier coGoit npsMylo JHHHIO (TpadHK He NpH-
BojuTcs). Ha HeM xopomo BHAHH FpaHHuYHBIE YCJOBMA A1 K npu
HHM3KHX TeMnepaTypax. JletaibHblil aHaaus [65] IpHBOJUT K BLIBOAY, YTO

K=(0,21+10,02)8T? em-cu*-2pad?,
rae § —mmpuHa o6pasia.

5.20. Ilpu npoMexyTOuHHIX M GoJlee BBLICOKMX TeMIlepaTypax Tep-
MMYeCKOe COIIpOTHBJIeHHe JH3JeKTpHKa B OCHOBHOM OIIpeje/siercs

168




paccesiHHeM TelJIOBOH 3HEePruH, BbI3bIBAEMbIM B3aMMOAEHCTBHEM BOJH
pewieTKH (T. €. B3aumojedcTBHeM ¢oHoHOB). Ilpu pocratouHo Beico-
Kux TteMneparypax (T==0) BepoATHOCTb pacCesHHS CTaHOBHTCH
NPONopLUYOHaIbHON T. DT0 MOXHO YBHJETb HENOCPEACTBEHHO U3 cile-
ayomux coobpaxeHuii: C, CTpeMHTCS K TOCTOstHHOMY 3HAueHHIO,
3aBHCHMOCTb CpejHell CKODOCTH OT TeMIepa- N
TYpbl HeCyllleCTBeHHas H, cieloBateipho, K X1 #imc
B BhpaxeHuH (5.19.1) cunbHee Bcero 3a- ¢
BHCHT OT A, KOTopas B CBOI0 ouepeib 3a- §
sucuT ot }/T (cMm. 3apauy 5.19). ‘5
JokasaTe/nbCcTBO, OMHpaloieecs Ha Mo-
Zenn He6as [64], nokasmBaer, uro Huxe I
KJaccHueckoll 06/acTH  TeNJoNpoBOAHOCTh
JOJIKHA 3KCTOHEHIHaAbLHO YOBIBaTh NP BO3-
pacTaHHH TemnepaTypul. B npeaene TenJo-
NpOBOJHOCTD GYJeT, pa3yMeeTcs, orpaHHueHa 280y %%
npejenbHbIM paccesHHeM, KakK Obuio IIOKa- ;’%‘}' -
3aHO B 3ajaue 5.19. 3
Ha puc. 5.20.1 npuBezed rpaduk 3a- T
BucuMocTH KT ot T A/ TBEpAOro aproHa. pu. 590.1. 3apucHMOCTE
B npenenax owmubok HamepenH# KT npH- KT or T and Teepioro
HMMaeT IOCTOSTHHOe 3HaueHHe, DaBHOE IPH- aprosa.
mepuo 235 msm-cm~! npu T>30°K. Pes-
koe Bo3pacranue KT B obnactu T <C30°K cooTBercTByeT 3KCIO-
HeHUHAJbHOMY H3MeHeHHI0 K, HO AnaA onpeleneHus TOUHOH GOpPMHE
TeMIepaTypHOH 3aBHCHMOCTH K HMeIOIHXCHA AaHHBIX HEJOCTATOYHO.
5.21. [TonHoe BHIpaXKeHHe LJA TENJOBOrO CONPOTHUBJIEHHS MeTaja
JOJ/DKHO COAEPXKaTh [Be COCTaBJAIONMe: BKJaj OT pacceAHHs (oHO-
HOB (cM. 3ajaud 5.19 ¥ 5.20) u nononHHTe/NbHBE BKJAajbl, BO3HH-
Kalolue H3-332 HaJHYUA 3JEKTpoHOB. B To xe BpeMs B 60JbIIKH-
CTBe METa/JI0OB TOJIbBKO MaJjafd YacTh TeNJa NepeHOCHTCA (HOHOHAMHU.
Insa peiieHHsa Haiued 3aJadd Hajo PaccMOTPeTb TOJBKO JEKTPOHHOE
TensioBoe conporHsienre W,,. Ero MoxHoO pa3jenuTs Ha aBa BKaaja [64].
a) Ilepsoit BkAaj W, BO3HHKaeT H3-3a pacCefHHA JEKTPOHOB
CTaTH4YeCKUMH JedekTaMd (IpHMeCH, HM30TONH, BAaKaHCHH H T. A.).
Ecau iucnodb3oBaTh ofimee cooTHoiieHHe aas K, T. e. dopmyay
(5.19.1), To A CTaHOBHTCA HEe3aBUCHMOH OT TeMIIepaTypHI, €CJH V CY-
mecTBeHHO. A TakK Kak Mul MoxeM cuutath C,, = yT (cM. 3ajady 5.15),
TO noaydaem

Wo=p/T. (5.21.1)

6) Bropoit Bknag W;, BO3HHKAIOUME H3-32 paccesiHHA 3JeKTpo-
HOB KOJIeOaHHAMH pelleTKH, MOXHO OINpPeAeNHTb, TOJNbKO €C/IH B fB-
HOM Buje u3BecTHa (yHKUHA G (v) (lonylleHHHA, NPHHATHE B MOAEJH
Jle6as, oka3nBawTcsd HeJOCTAaTOYHRMH). B ofnacTd AJHHHBIX BOJH,
rae B ypaBHeHusx (5.3.1) m (5.3.2) npeobnanaioT nepBbe YJEHHI,
BeqnuHHa W; JO/KHA ONpefesATbCA BhIpaXKEHHEM :

W; = aT?4- (unennt Gosee BhcOKoro mopsigika ¢ T u 1. 1.). (5.21.2)
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O6rvenuuas (5.21.1) u (5.21.2), nonyuuM
= WVa=Wot Vi=5 +aT24 .. (5.21.3)

T

Uro6sl pa3fequTb 3TH AB3 BKJAaAa, HauepTHM rpadux 3aBHCHMO-
cth T/K ot T3 pgna xanusa (puc. 5.21.1). Ilepeceuenue 310l npsamoi

/K, cw-cpad’tm™

2

14 10° %*

Puc. 5.21.1. Paspenerne Bxjagos

B 3JIEKTPOHHOE TeNJIOBOE CONpO-

THBJIEHHE KaJuf OT pACCEAHMA
Ha jedexTax B Ha (QOHOHaX.

¢ oceio opAuHaT (72 = () naeT XOBOJNBHO
Toyxoe 3Hayenue @ = 0,5530,03.

KoaddHuimeHT & MOXKHO ONpefeNHTh
Mo npeje/ibHOMY HAKJOHY, MOKa3aH-
HOMY NMYHKTHDHOH JIHHHEH, HO, KOHeu-
HO, NpH 3TOM BO3MOXHAa GoJbllas
owHbKa.

6. Hedektn B KpHCTaAAax

6.1. PaccMoTpuM  HekuH  TBepblit
pacTBOp ¢ OOMWIMM YHCJOM aToMoB N.
Ilycte ¢ — KOHUeHTpauus aromos A,
a (1 —c)—aromoB B. Yro6ul HaHTH
CBOGOJHYIO 3HEPrHI0 3TOH CHCTEMH!, He-
OGXOOMMO  BBIYHCJIHTH  BHYTPEHHIOI
snepruio E,(c) v sHTponHio S.

ITycte V44, Vg, V 45— 3Hepruu
CBA3M JJIA Tpex mnepBuix OmnHxKafHX

KOOpAHHAIMOHHLIX opep. Uucao ceaszeds AA, BB u AB 6yner coorser-
ctBeHHO paBHO N 44 =1/,Nzc?, Ngg=1)3 N2(1 —c)?, Npg=Nzc (1 —c);
3/1eCh 2 — KOOpAMHAIHOHHOE WHCJHO.
Eo(c)=NaaVas+NpsVes+NapVas=

=1Nz[cV g5+ (1 —c) Vea+¢c(1 —¢) 2V 45—V 24— Vgg)].
I'paduk 3TOf dyHKuuH mokasaH Ha pHc. 6.1.1, a.

Vg Vs Vs

Vg~ Voa* Vog Zhs 4

ias
,J% 2
Y Vs hs® 5

A &~—3=
a)

8 A c—> £
)

Puc. 6.1.1. 3aBucumocts BHYyTpeHHe#h sHepruu E, (g) ¥ auTponnH cMeumleHHs Scyem
(6) or cocTapa HeymMOPANOYEHHOTO TBEPAOro pacTBOpa.

PaccMoTpuM Tenepb 3HTPONHIO CMELIeHHA S,ey. I1yCTh 2 — UHCIIO
aTromMoB A, BXxogsamux B obuee uyucho N atomoB. Tak Kak S=~kInw
(# — nocroannas BojbumaHa, w — TepMOAMHAMHUYECKas BEPOATHOCTb),
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TO

Sa=FklIn(n!), Sg==kIn[(N—n)!], Sis=FkIn(N!).

Ecan Bocnoab3oBaThes NpubauxenueMm CTupJauHra,

Inxl~xInx—x pna x>1,

TO SHTPOMHUIO CMEIUICHHA MOXKHO 33anHCaTh KakK

SAB-—SA—SB=k11’1

Nt

A= = — FN [elnc+(1—¢) In(1=0)].

Dra ¢yHKLMA noxa3saHa Ha puc. 6.1.1, 6.

{9115

CeoGonuas sHeprus cuctemul npu Temnepatype T °K paBna

F=E—TS=E; () —TSecweu+K (¢, T),

T Cp
K T)= S CpdT—T \ =7 dT.
0

c{/}.ﬂ

Ha puc. 6.1.2 noxasaHn TpH BO3SMOXHBIX BHJ3a 3THX KPHBBIX

B 33aBHCHUMOCTH OT COCTaBa HEyNOpAJAOYEHHOro TBEPJAOro pacTBopa,

Puc.

—— e

-Is

2Y57a* Vo
£—>»
6.1.2. Tpn BHRa 3aBHCHMOCTH CBOGOJHOR SHEPrHH OT COCTdBA HEYNOpf-
ROYEHHOro TBEPAOro pacTBopa.

a Ha puc. 6.1.3 —oxuH W3 BHJOB PyHKuMH F npd pa3HbIX TeMnepa-
Typax. MUHHMyMBl Ha KpuBhIX puc. 6.1.3 ¢ poctoM Temneparyphl
MOCTENEHHO craaxuBarcHd. 1o aTMM MHHHMyMaM MOXXHO ONpPENENHTH

npeaessl pacTBOPDHMOCTH NEPBHYHOrO TBEPJAOro pacTtsopa, NnoJqb3yAch
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NpaBHJIOM pmiYara (kKak mokasaHo Ha puc. 6.1.4). Xapaxtep 3aBu-
CHMOCTH IIpejieJla DPacTBOPHMOCTH OT TeMIepaTyphl onpelensercs

Phlh

£—2 c—

Puc. 6.1.3. 3asuchmocts cBoGogHofi Puc. 6.1.4. Ilpegen pacTBOpH-
SHepruH F oT cocTaBa TBEPAOTO PACTBOPA,  MOCTH B TBEPAOM COCTOSHHH AJf
B KOTopoM 3Hepruu cBasu V,, H  OuHapHOH cHCTeMHl, H306paxeHHOH

Vpp PaBuw, a 2V > Vaat Vg Ha pHc. 6.1.3.
caenyromum o6pasoM. ITycts V aa = Vg, A =1,2(2V 45— 2V 24), TOr'AA
Ey(¢) =%oN2Vgg+NAc (1 —c).

B Touke mMuHHMyMa

oF

- = 0=NA(1—-2)+4+TNk{Inc4+1—1In(1—c)—1].
Hckomoe BoipakeHue JJ/is Npejesa pacTBOPUMOCTH HMeeT BHJ,

2c)/kRTY,

4
l—c
uny, ecmm ¢ <L 1,
c=exp (—A/kT).

Temnepatrypa Tmax, BbILIE KOTOPOH NpH JMOGOM COCTaBE HMeEETCA
NOJIHAs PacTBOPHMOCTb, OTBeYaeT KOHUEHTpauuH ¢ = 1/2. 3anncas

S L A ,(1—20)[1—%(1_@]:

l—c¢
u noxacraBuB ¢ =1/2, nonyuuM A = 2kT qax, 0TKYAA Tmax= A/2k.
6.2. IlpusaTa us3oTponHas ynpyras MOAEJNbL TBEPROro pactsopa
3aMelleHusn. V;— aToMHbI# oGBeM pacTBopsieMoro BemecTsa A, a V, —
aToMHBIH ofGBeM pacrBoputens B.
Uro6n BHEIPUTL aTOM pacTBOpSeMOro BEINeCTBA, HEOGXOAHMO
CHayasa cxaTb o6veM V; no pasmepoB Vj, Ha uro norpeGyercs

3Heprus
——K( Vp—-Vs )2 Ve,

S

rie K —Mony/nb O6BeMHOro CIKaTHA.
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KOria aTOM pCTROPREMOTa DEECTR BHEAPCH, A CHUIANUHE
Al CHATH, TOrMA A A W D ACPOPMHPYIOTCS, B PaBHORECHAR SHep-
FH7 HANEHACTCR HR BCTHIHKY

Viecporal®
I‘[ - )

TEE p—wonydh CABMTa, ©—cpennuik ATOMHi OGBOM, Viecomra—
Ofkewioe HCCOOTHEICTRNE MeMJly OficMNIt PELeTKaMIt B HENEHOpNE-
POBAIHON COCTORMNN (ROSGQULMCHT [IyaccOHa MpHHAT paBHbM 1:3)

[66].

Tlycrs ofiuee wnCno aTOMOB aBHO N, 8 atoMHas XOHLEHTPALA
pacTROpeRKoTO BemecTra pana ¢. TorAa 10 saxoRy Berapia ofsew
PACTHOPEHHOTO BCINeCTRS paBet

Ve = Ne@LViecoma) +N (1 =) Q.
B pacrsope obteMa mH
HIMEHCHNH KOHUCHTPANAN DANIO
av _
v T
nasoMy ot n0e AuameTpa atoma
Poda ! Vieoors _ fa™"
@ d ¥ A

3acCh 74 H rg—ATOMMHE PRjHYCH COOTBCTCTECHHO PaCTRODETHOIG
BEWeCTsa M PACTBOPHTENH, 7 — 3HANERHE DAfAYCa, CDEJIHCE MEXIY
74 W rg. Ouewnio, SwepIA, saTpaunBatMas Hn BRCAPCLME aToMa
A, papin 4pe’Q, n IR, KOTODYIO HAIO 43TPATHTS, TODM BHEX-
pith No atomos A, pasha 4pe’QNe.,

Anagorsuito, s BEIPHTS (1—c)N zTOMOB B 5 pacTsopk-
T A, UYRMO SETPATHTD SHEPriO, paunyio 4petQN (1 —c). (ae-
e, Moayal CABKTE MATPMIL # BKJKUEHHR CHMTOTCA OAHKAKO-
B

OTcofa CAGAyer, UTO GHYTPEHNfn SHEPIHA CHCTEVH (cM. saauy
§.1) samaeTcn panescTaON
Eo(0) = 4pe*@Ne (1 — o).
970 NAPEGOMNUECKS SABHCHMOCTS OT KOMIICHT PALUH, CXOIHAR & HDH-
CHMOCTS0, KUTODAR na ocnoe Mozeaw
(cM. samawy 6.0), HO ¢ mocToAnol poahmofeHicToms A= dpuc'.
Tlonomns A - 9T ryex H PRERE pAayMHill KPETCRHH NACTIOPHMOCTH,
@ HMEHHO, Tmax < Tpy (THIEDATYDE NARBACHAR), NOJYUHM KPHTH-
Hecko® IuaUCAHE ABPOPMAIMORHAIO NAPameTDa

1/ *To,
=V =
0CTONB3YONCH MaBHAGM  Puuapla: SHTDOMWA CMEHRKA JI%

B
METaZIOB 1O NOPSJY beAHTHAI PABHA ra3USOH TOCTORKHOM, T.e.
173

|e



Q../Toa~R, rpe Q,,— CKpHTasa Temnjaora IVIABJEHHA, H MPaBHJIOM
Bparra: ygeasHaa (Ha 1 cs®) ckpeitas TensoTra IVIaBJEHHA paBHa
0,034p. Torpa

anll — RT“}I J— inl

pR BV pVa’

rae V., —moaspunit o6vem. Orcioga noaydaem |e|=13%.

6.3. a) Ilycte U —sneprus, Heob6xoaumasa JanA o6pasoBaHUA
nedexra IlloTTku, n — 4xcA0 BaKAHTHBIX y3JOB peuleTkd, a N — unciao
y3JIOB pelIeTKH, 3aHAThIX aroMamd. Torga cymMmapHas 3Heprud,
HeoGxoiumasn A ofbpasosanus n jedexros, paBHa E =nl. Surpo-
nusa cucteMd S =4k Inw, npuueM BEPOATHOCTb W ONpENEsAeTCA Kak

_ (N+n)

w nl N1

Orciona ciegyer, 4TO eCJ/IH BOCIHOJb30BaThesl npuGmmkenueM Crup-
JIMHra

Inxla~xlnx—x p1a x>1,
To cBoGofHas sHeprua npu Temnepatrype T °K nonyuutcsa pasHoH
F=E—TS=nU—kT[(N+n)In(N+n)—nlnn—NInN}.
Ilpu paBHOBECHH

Y 0=U—pTIn NEn

on n !
n

m = €Xp (——U/kT) =,

rle ¢— KOHUEeHTpaluus JedexToB B pacueTe Ha YHCJO aTOMHBIX Y3JIOB.

Has merannos o6uiuno U == 1 38, Tak 4TO paBHOBeCHasi KOHLUEHTPaLUHA

B4KAHCHH TNpH KOMHATHO# TeMieparype mnoJydaerca mnopsigka 1075,

Ecmu n £ N, To uncno jedexkTos Oyner

n=Nexp (—U/kT).

6) Ilycte U — sneprus, HeoOXofuMas, YTOObl BHEAPHTb ONHH aToM,
N —ofuiee uxcao y3/108 peweTkH, N' — YHMCJIO BOSMOMKHBIX MeXy3e/b-
HBIX TIOJIOXKEHHH, a N —UYUC/JIO0 MeXKy3eJbHbIX TONOKEHHH, 3aHATHIX
atomami. BeposiTHocTh w paBHa
M Nt
T al(N—n) nl(N"—n)"

TloxcTaBnas 3HaueHHwe w B BbipaxceHue A cBOOOJHOH 3Hepru,
1io/y4YaeM, 4TO NPH PaBHOBECHH

w

U =1 n2?
BT T n(N——n)(N'—n)'
2
wmw—m = P (ZUAD),
B —exp(—U/2kT), e n<N, N'.

Y NN’
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HOna xy6uueckoro Kpucraiaa N’ =N, nosioMy paBHOBecHas
KoHUeHTpauusa pedekroB Ppenkens npH Ttemneparype T °K okasbi-
Baercs paBHOMN g

c=exp (— U/2kT). :

6.4. Ynopsapouennas OUK crpyk- | !
Typa COCTOHT H3 ABYX B33aHMHO IPOHH-

1
KalOLUX NpPOCThIX KyOHUYecKHX pelue- H I
TOK, 0003HaueHHHX Ha puc. 6.4.1 iLLf_’_
6ykBamH @ H . YnopsifoueHHe NOJIHOe, |
€CJIH KakJad H3 peleToK COAePKHT PPt et
TOJILKO OAHH COPT aTOMOB, //a

B xauectBe nmapamerpa ynopsaoue-
HHSl MOXHO BLIOpaThb OTHOIUEHHE YHC/A f: :;-m ?l-:-r:- o{}::g";"gm‘:cx“"?“g‘
aToMoB A B a-pelleTKe K UHCTY BCeX LLETKH, H3p xoropui cocrannepﬂa
aroMoB A, T.e. Ny o/Na, HO yHoOHE®  ynopsnouennas OLK pemerxa.
BeiGpaTh napametp (2N 4, o/Na) — 1, no-
CKOJILKY TOrJa ABa YMNOpsJOYEHHHIX COCTOSHHSA GyAyT 3alHChIBATLCH
kak * 1. Oro BHAHO H3 Taba. 6.4.1.

Ta6baupga 641

- A aToMOB B pelleTKe &
apameTp
ynopunoqennu
BCE 509% HH OfHOro
N
_%5 1 172 0
A
N
2 A’,‘ z_1 1 0 —1
A
CocTosinue
NOJHOCTLIO NOJIHOCTBIO NOJTHOCTLIO
ynopsjgoueHHoe | pa3ynopsIO4eHHOE |  YMOpAZOYEHHOE

Hrak, ynoOHbniM napaMeTpoM ynopsigoueHHs Oyper
2N 4N
w= A}A % __]= Ara
A
rae N —uucio Bcex atomoB, OueBHpHO,
Nao=1N(14+w)=Npgp,
Nap='"N(1—w)=Np,q;
3[ecb JIATHHCKHMH HHJEKCaMH OGO3HAYeHBl aTOMbl, & T'PEYECKHMH —
PELLEeTKH. :
OnpeznennM (QyHKIUHIO p cJefyiOWHM 06pa3oM:

N-“'B
p(NA,B)"—— N4 ’

-1,
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PaccmoTpuM Teneps uucsa NepBbIX OaMKafumx cocefed Aas
Kax<joro copra atomoB. O603HauuM UX N ga, Ngg, Nag:

NAAzl/zNPNA,a'SpNA.ﬂ:N(I _wz)-

Takoe e paBeHCTBO noayuuM ais Ngg. Yucao cesasedt AB, orHocH-
muxcd k atoMam A B P-peuwserke, paBsHO

? TN 5 NONag-8pN5 o =N (I — w2,

Yucio ceszeit AB, OTHOCHAIMXCA K aToMam
A B a-peuwerke, paBHo N (1 +w)?. Orciona

<>+

-1 ¥ crenyer, uTo

| /_\ Nas=[(1+@)*+ (1 —w)’] N =2V (1 + ©?).

s Ecin Vga, Vpp, Vap— cooTBercTByIO-
IIMe 3HEPruH CBSA3M, TO I[OJHASA 3HEPrus

Puc. 6.4.2. 3aBucumoctu CBSA3HM

BHyTpeHHeH 3Hepruu E n

SHTPOH}{HﬁS or napamerpa E =V g4Naa+ VgNpg+ VasN ag=
Aa/IbHOAEHCTBYIOLIEro yIo= . 2
pafoYeHHus. _con5t+ NVw '

rjpe V= 2VAE_ VAA — VEB'
Durponusa stolt cucreMsl npH Temnepatype T °K pasua
(Na, at¥p o)l (Na pt¥pp)
Ny o Np ol NA,ﬂl Ng ﬂl

S=kh[

3nech k— nocrosHHas Dosbivana. Bocnosib3oBaBmuch NpHGIHKEHHEM

£ —
/’/ | \\ ‘ // o \\\ .

-7 ) lw -1\ ) Al w

A / \\f /

\ / AN 7

\ /
\ //
75
Boicone T

Puc. 6.4.3. 3aBucumocTs cBoGogHo#t 3Hepruum F or napamerpa
Ja.TbHOAEHCTBYIOWLEro YNOPSACUEHHS @ JJIS BHICOKHX M HH3KHX Temneparyp.

Of6paTHTL BHYMaHHE HAa TO, YTO NPH BHCOKON Temneparype F MHHHMA/JbHA NPH NOJHOM
pasyuopsfodeHny, T. e, upH w =0,

Crupannra Inx! ~xIlnx—x s x<£ 1, nonyuyaem
S=—Ne[(l+w)in(l+w)4+ (1 —w)ln{l —w)—21n2].

Ha puc. 6.4.2 cxeMaTH4eCKH NOKa3aHbl 3aBHCHMOCTH BHYTpEHHeMH
sHeprud E u sHTponuu § OT napaMeTpa JaJbHOAEHCTBYIOLIEr0 yHnops-
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joueHus w. 3aBucumoctd E,— TS, F or w npu pasueix T paHbl Ha
puc. 6.4.3.

PaBHoBecHast cTeleHb YNOpAAOYEHHS OIlpelensieTcss YCJOBHEM
MIHUMyMa cBOOOAHON 3HepriM F=FE — TS no oTHoLeHHIO K Napa-
meTpy ynopsapouenus w. Huddepenuupys F nmo w, nonydaem

) NeT | 14w
I'paduk 3aBHCHMOCTH w OT TeMIepaTyphbl [peicTaBJsieT cCOB0H MOHO-
TOHHO crnajaluyl Kpusyw (puc. 6.4.4). KpHruueckoii TeMnepaType
npespaumeHus T, (korma w=10) orBeuaer yciaoBue 0%*F/0w?=0. Oue-
BHAHO, uTo E =NVw?® 4 const, a B6sau3u

w=0 T

1
S= 5 Nkw? 4 (uneHsl, comepxamue w?). w
Orciona caeayer, 4to

F:N<V+—;»kT>w’.

"—ifz_=2N<v+ng>, =

Ow Puc. 6.4.4. 3asucuMocTh na-
O°F oy pameTpa JajbHOAeHCTBYIOLIEro
A — — yNopsiA0YeHHss w OT Temmepa-
o 0, ectu T=T, R Typhi.

Tak kKak gns HeynopsiioyeHHOA CTPYKTYp V =2V 53—V 40— Vgg
OTPHUATEJBHO, TO, OYEBHAHO, 3HaueHHe T, O6yjgeT [OJOXH-
TeJILHBIM.

6.5. PaccMoTpuM jBe napa/sienbHbie €IHHHUHBIE ILIOWIAJKH M3
MeXXy3eJbHEIX aTOMOB, HaXoJfLIHeCH Ha PaCCTOAHHHM [ APYT OT Apyra

lom?

I

fe— dz

n, amomof 1y amomol
a) 4)

Puc, 6.5.1. Mogenn, no KorophlM BEIBOAATCH 3akoHW DHka gasg anpdysnn Mex-
y3€JIbHEIX aTOMOB.

(puc. 6.5.1, ). IlycTb cOOTBETCTBYWOIHE UHC/IA 33HATHIX Y3J0B
paBHBl n; M ny. OuH aToM coBepluaeT f CKaukoB B ceKyHAy. [Tostomy
N aromoB cosepuwawT Nf ckaukoB B CEKYHAy, T. €. B LEJOM, €CJIH
N — ofluee yuc10 aToMOB, TO B CEeKYHAY NPOHCXOAMT Nf CKaukoB.
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Orciona

f YHCJO aTOMOB, COBEPIUAKIIMX CKAaykKK 3a | cex
- ofiiee YHCAO ATOMOB

Ilotox AudpynaupylowKx yepes miouwaadky AB aTomMoB paBeH

J =";—n1f—"é' ﬂszf.
(MHoxuTens 1/2 BBelleH NOTOMY, 4YTO NOJOBHHA ATOMHBIX CKayKOB
NPOHCXOAMT B OJHOM HaNpaBJ/eHHH, a BTOpas NOJOBHHA — B NPOTHBO-
TIOJIOXKHOM. )
O6beMHast KOHUEHTpPAUMA MeXYy3eJbHbIX aTOMOB C=n/l, U ecqH
l~b, TO '

1 dc
J=§'bf(C1—C2), C]_'—Cz:-a‘;b.
Orciona noJsyuaem
. oc
J=—D-,
X

rae D= % b*f — xosdduuuneHt auddysuu.

PaccMOTpHM Teleph e1HHHYHYIO IJIOWAAKY Ha DACCTOSHHH dX
{puc. 6.5.1,6):
aJ

< dr.

%dx:!—(!+%—dx>=~

U 0 9 ( D &
3MEHEHHe KOHUEHTPAUHH BO BPEMEHH —p = \ ax>-

Ilna  nepeckoka MEXY3eJbHOTO aTOMa H3 OJHOIO IOJIOXEHHS
B COCEJHEE HyXHO COOGUIHTb €My JONOJHHTENbHYI 3HEPrio, YTOGHI
OH MOl «TPOTHCHYTHECH» MEXAY MEeIHaromIuMu
€My aToMaMH MaTpHunl. JIONyCTHM, 4TO 3TOT
npouecc mnpeacTraBaseTr coboi  caydaiiHoe
6ayxnaHue. MoxHo noJaraTe, 4YTO YacroTa
ero GyJeT BHIPaXaTbCA TakK:

f=vexp (— AV/ET),

rpe v —rmnocrosuHas, AV — noreHuwuasnbHbI
6apbep MeXJy COCEXHHMH MeXY3eJbHEIMHU
nonoxeHusmu, T — abcosoTHas TeMnepary-
pa, k— nocrosinnas bBoabumana.
Puc. 6.5.2. Koppeasiunos- INocKosbKy HEeO6X0ZMMO, YTOGH! PANOM C
Hele 3‘1’4’:’“”’3:"" CaMO"  3aHATHIM MEXAYY3aHeM G6LUIO He3aHsToe,
RHGDYH. NpPEANOJIOKEHHE O CJAyYadHBIX GAyXKIaHHAX
FOAMTCA TOJBKO A Juddy3un Mexysens-
HHIX aTOMOB B O4YeHb pa3baBJeHHLIX PacTBOPax. JTO MPERNOJIONKe-
HHE€ HEJONYCTHMO B CJyd4ae Ju(Py3HH aTOMOB 3aMellleHHs, rle BeChb-
Ma CyUleCTBeHHbl 3pdeKTsl Koppeasuud. PasbepeM npumep Takoro
KTa.
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Ilycts (pHc. 6.5.2) atom 3aMeineHHs S mnepecKakHBaeT B BaKaHT-
il ysen V., Ho ecan He yiizeT HoBas BaKaHCHS HJHM HeE IOAOHAET
Apyrad BdakaHCHd, BecbMa BeposiTHO, uT0 S H V cHOBa oOMeHsIOTCS
MecTaMH, T. e. Aubdy3uda He GyleT MPOIECCOM CJAyYyaHHOro GJayX-
JAHHA.

6.6. a) Kpucraianuueckas CTPyKTypa HajaraeT reOMeTpHYECKHe
orpanHueHHs Ha KospduuueHT auddyanu. Kakx npumep paccMoTpum
IH(pysnio BHeapeHHbx atomoB B OlIK
CTpYKTYpE.

Ha punc. 6.6.1 mnokasaHn pBe cMex-
Hbie miaockoctH (A u  B) u3 Mexysesn- ]
HbIX aTOMOB B 3jemeHTapHOil OLIK aueii- ¢

|
|
|

I
l

ke. Ha naockoern A mumeerca oguu (4/4) °
MeXYy3eJbHblH aTOM, KOTODBHIH MOXeET Ie- °® ®
pecKouHTh Ha IJocKocTh B. W3 xaxawix |~
ABYX MeXy3e/JbHbIX aTOMOB OfHH HE MO- A1
JKeT IepecKaKHBaTb, NOTOMY YTO Ha NYTH
HaxoauTcAd 00bEMHOUEHTPHPYIOLIHA aToM.
Tlostomy H3 1,5 MEXkY3e/ILHOIO 8TOM3 HA .. g6 1 Mexysensume
njaockocTH A ToNMbKO 2/3 MOrYT mepecKa- nonowenns B 3/leMeHTa pHOT
KHBaThb Ha mjockocTb B. Takum o6pa- OLIK suefike.

30M, 3dxbeKTHBHAaA 4acTOTa CKaYKOB paBHA

fapp =2/af. JlAnHa nepeckoxa b=1/,a, rie a—napaMerp peweTKH.
Tostomy KoadppHuHeHT midpy3un aa8 Mexy3elnHoH AHUPDY3HH B
OLIK xpucranne 6yaer paBeH

]
Loe\
|

|

|

\
[
\\
Ny
R
\
\

¥

D =1/,a2 . 2/of =1/ea®v exp (— AV/kT).

6) TemmepaTypHas 2aBHCHMOCTL OYEBHAHA H3 KJACCHYECKOH CTa-
THCTHKO-MEXaHHUECKOH TPAaKTOBKH YaCTOTH! CKAuyKOB (cM. 3ajauy 6.5).
JlanbHelilune TepMOANHAMHYECKHe OrpaHHYeHHS KospduuueHTa Aud-
ty3uH o6yc/oBJeHbl TeM, YTO NOTeHUHasabHoe moJje V (x), B xoTopoM
JIBHKETCA MeXy3eJbHbll aToM, $BJIfAETCA MoJeM KoJebaTeJbHHM,
nostoMy V (X) HYXHO 3aMeHHTb TOJIEM .

V(x)—rV(x, y! Zv X! px: p_l/! pzv P)v

rge X —KOOpAMHAThHl BceX aTOMOB, KpoOMe aToMa, HaXopsuierocs
B Touke (X,Y,2), a P —ux MoMeHTH. CrnegoBartensHo, AV HyXHO
3aMeHNHTb H3MeHeHHeM cBOGoRHOH 3Hepruu AG, HeoOXOAHMbIM, UTOGH
MeJJIeHHO JABHrath AHGGYHAHpYIOWMH MeXy3elbHHH aToM OT JHA
K BeplHHe MOTeHUHalbHOro Oapnepa. (Beauunna AG HasbiBaercs
cBo6GoaHOH 3Hepruell aktnBauHu.) Toraa KoappuuHeHT JHPDY3HH A1s
MexyseJpHOH Au(dy3nn, Hanpumep B OLIK kpucranne, MoxHO 3anu-
CaTh Tak:

D =1/4a?vexp (— AG/kT),

rae BesnunHa AG Ha ocHOBaHMH ypaBHeHHsI ['H66Gca — [enbMronsua
179



paBia AG=AH —-TAS= AH—}—TQAQ Cuurans AH u AT He 3aBu-

CAIMMH OT TeMIlepaTypsl, NoJyyaeM
D =1/4a%v exp (AS/k) - exp (— AH/kT).

(3ameruM, uto HakJoH Kpuso#t InD (1/T) paBen AH, a He AG.)
OO6BIYHO 3aNHCHIBAIOT:

D =Dgexp (— AH/kT),

rae D &/%a VAT e 10-15- 108 ~~ 10-3. DkcnepUMeHTaIbHO NOTYUEHO,

yto Dy~ (0,1 - 10). Ata aHOMa/us OGYCJOBJEHa SHTPONHIHBIM (ak-
TopoM exp (AS/k), KOTODbI MOXHO OLEHUTb CJEAYIOUHM 00pa3oM.

PaccMoTpuM Mojeslb, NMOCTPOEHHYIO Ha OCHOBAaHHMHM TEOPHH YIpy-
FOCTH:

AG = const - p,
rae p—MoAyas caura. Mmeem
3G dp
AS = — 3T = — const - ar
AS 1l dp _ d(np)
AG p dT dT *

T. e. AS/AG onpefe/nsiercsi CKOPOCTbIO H3MEHEHHS MOAyJfl CABHra

npu MameHeHMH TemnepaTypsl. IloicTaBasis % du ~ (—3-10%) °C,

6 AH ~AG~=2 38, nonyyaem
exp (AS/k) ~ 102+ 108,

a Dy~ 10%—=+1. [Takasn xe nonpaeka
OTHOCHTCA M K DacTBODHMOCTH (3aja-
ya 6.1), rae exp (AS/k) ~ 10—+-102, u
6—> <% «x o0pa3oBaHHIO BakaHCH# (3agava 6.3),

\ / rae exp (AS/k) ~ 108.]
B) PaccmoTpum xpuctamn, K Koro-

poMy NpDHJIOXEHO YHCTO CIBHIOBOE Ha-
npsixkenue (puc. 6.6.2). IlpuaoxeHHoe
6 HanpsKeHHe MOXEeT COoBepulaTh pabo-

Prc. 6.6.2. Murpauus toueunnx TY, POXAAasd BaKaHCHH Ha DAaCTAHYTHIX
AedeKToB no] NeACTBWEM HANDPA- TpaHAX H NepeHOCcs MX K CXAaThIM rpa-
HeHud. HaM. Ilycts U —3Heprus ofpa3oBaHus
Cfpenxg;f;*nBﬁ;g:ﬂﬁl’zﬂ;gﬁ“sﬂ"“ BakaHCHU. B npucyrcTBuM npHioxeH-
HOTO HanpsikeHusi cisura o)/ 2 sta

sHeprufl yMeHblaerc ao U —oa3, ecnu cuurats, uto g% — niomans,
NpUXOAAIIASCH Ha OAMH aToOM, Ha KOTOPYIO AeHCTBYeT HOpMalbHoe

HanpspkeHue, a oa® — paboTa, KOTOpPYIO Haj0o 3aTpaTUTh, UTOOH yia-
JIUTH 3TOT 4TOM.
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Taxum 006pa3oM, NPH TENJIOBOM PaBHOBECHH KOHLEHTPALMsl BAKaH-
CHH Ha pAaCTAHYTHIX IpaHAX OoJblle, YeM HA CXKATHIX, Ha BeJHUHHY
exp (20a0%/kT), T. e. >pdeKT NPUIOKEHHOTO HANPSIKEHUS 3aKJ/IOUAETCA
B TOM, YTO H3MeHseTCs TPajHeHT KOHLEeHTpPAUHH BaKaHCHH.

Cunras, 4YTO K pe3yJabTHpyloweil Audxpy3uH BaKaHCHH MOXKHO
anMEHﬂTb33aKOHbI duka, nosyyaeM, YTo MOTOK aTOMOB paBeH const X

—a%—-?kg;—, rae ! — pauna o6pasua, D — xosdpuumert nuddysuu,
a oa® < kT.

IlpupocT AaepopManuH, o0OYCJIOBNEHHLH Kaxjofi nNepeHeceHHOH
BaKaHCHeil, paBeH a3/[, NO3TOMY CKOpoOCTb JedOopMallMH OKa3hnBaeTcs
paBHOH

s t 20a®*D
€ = Cons “RET

6.7. Oty aagauy Bnepsnie pewasau [ puuByn u Crneittr [67] ans
¢1yyass MHMIpalMH Ta30BHX INy3bIPbKOB IIPOAYKTOB pacIienieHHs
B slepHOM TOpIoYeM.

PaccmoTpuM cepuueckyio nopy ¢ IMaMeTpoM, PaBHBIM LEJOMY
YMC/y MeXaToMHbIX paccTosiHuil na. O6beM Takoll Nopb!, paBHBIX
Ye (na)®, B 1/gnn® pas Gosbiue ofbeMa aToMa MaTpuudl. [losTomy,
€CJIH aTOM C NOBEPXHOCTH NepecKakHBaeT HAa PacCTOsSIHHE a, TO MY3bl-
pex rasa nepeckakuBaeT Ha paccTtosiHue 6a/nn®. Kpome Toro, Tak Kak
Ha TOBEPXHOCTH My3hnpbKa HMeeTcss nin? aTOMOB, 4acTOTa CKayKOB
ny3slppKa paBHa 7n?f, ecau f— yacToTa ckauka jAas aroMa, aupodys-
JMpPYIOUIEro CKBO3b IOBEPXHOCTb Ny3bipbKa. CuuTas JIBHXKEHHe TaKoMl
NOpH AHAJOTHYHBIM GPOYHOBCKOMY IBHIKEHHIO, NPHXOAHM K BHIBOAY,
uyto kKoaddUuMeHT AHPPY3HH D nponopuHoHaneH NPOH3BEAEHHIO dac-
TOTHl CKayKa Ha KBajpaT AJHHBI ckauyka (cM. 3agauy 6.5), T. e.

__6a¥f

nnt”

Ecan cuurats, uro BHJ [ Takoil ke, Kak B 3ajavuax 6.5 u 6.6,

TO 3Ty GOpMyJy MOXHO IlepenHcaTh Tak:
6av AS AH
N ]

rae v — aebaeBckas yacrota, k—rnoctosHHas bBogabumana, T — abco-
JI0THas Temnepatypa, a AS u AH —COOTBeTCTBEHHO H3MEHEHHS
3HTPONMH H 3HTAJNBIIHH IIPH H3MeHEHHH CBOGOAHOH 3Hepruu AG,
HeoGXOJMMOM JJIsi TOro, YTOObl NPOABHHYTb AHGGYHAHDPYIOWMI aToM
CKBO3b 3HEPreTHYeCKHil Gapbep MexJAy COCEIHHMH Yy3JaMH pelUeTKH.

INlockoabKy AJMHA CKayka o6paTHO NPONOPLHOHANBHA n3, a va-
CTOTa ero NPsIMO MNPONOPLHOHAJNbLHA 7%, TO OYEBHAHO, YTO MHIPALUA
NOPH B pe3yJbTaTe MOBEPXHOCTHOH AuGPY3HH J0MKHA IPOHCXOAMTH
CO CKOPOCTBbIO, 06paTHO NpoNoplUHOHaJbLHOM n. Huaue roBops, cko-
POCTb MHTPallHH OOpATHO NPONOPLUHOHAJIbHA PagHycy IOpHL.

6.8. Ilose wnanpsykeHHH KJIMHOBHAHOH JHCIOKAalHH 06JajaeT
IHIHHAPHYECKON CHMMETPHEl M He MEeHSeTCH IpPH OTPaXK€HHH B ILJIO-
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CKOCTH CHMMETDHH, Npoxoasuied uepe3 mo0o#l paguyc Ha puc. 6.8.2.
INosToMy aBa rJaBHBLIX HaNpsXKeHHs ABJAIOTCA PaJHAJbLHEIMH H IoIe-
peuHLMH N0 OTHOLIEHHIO K PafHYyCy, a BEeJHYHHh HX He 3aBHCAT
or 6. D710 3HAYHT, YTO ecJ¥ HaHeCTH Ha pHc. 6.8.2,2 moaspHy
CeTKy, TO Ha pHc. 6.8.2,6 cerka moayuHTcs Takofi XKe, HO paccrosi-
HHA MeXAy pajAMycaMH OKaXKyTcs HeMHoro GoJibiue (XoTd OyayT
paBHBl APYr APYrY), @ PacCTOSHHS MeXJAY COCEIHHMH KDYraMH OKa-
JYTCA HEOAHHAKOBbiMH. TakHM 06pa3oM, Ug IPOINOPLHOHAJLHO 7 H
JIHHeHHO 3aBHCHT OT 0, a 4, He 3aBHCHT ot 6.
Ha ocHoBaHuu reomerpuu puc. 6.8.2,a u 6 HMeeM

/
o — 55 (05 7).
Jas yno6ersa sanuinem
Q
Ur=5- rf(r).

KoMnoHeHTbl OTHOCHTEJbHHIX CMEUEHHH B INPAMOYTOJbHOHA CHCTeMe
KoopauHaT 6yayT

u:%[x—(ﬂ—{—g-)y], v=§%[<6+%)x+fy]._

Hcniosb3ya ypaBHenHe (6.8.1), HaXOXHM KOMIIOHEHTH CMEWIEHHH AJA
KpaeBoH JHCJIOKalHH

w= gt 0=R]+
v=ge[~F+U—m %] - £

3nece b/4 u b/2n—TpaHCAAUHMH TeJa KaK JKECTKOro IEJI0ro; HMH
MOXKHO NIpeHefpedb. DTH CMeINEeHHs JO/IKHH Y/0BJETBOPATL YpaBHe-
HUAM DPaBHOBECHA

i/ a
(1—20)Vut =0, (1—2v) Vi +g =0

(6.8.2)

ou , Ov v
TIe e= 5. + 3y npeacrasiser cob0H AHJIATALHIO,
Ecaun BBecTd BpaineHue
©— 1 /v _ Ou
2 ﬁa} )’

TO ypaBHEHHA DaBHOBECHA IDHMYT BHJ

d(ae) 0w d(ae) 0w
ar  ay’ dy — ~ ax:
rae a=(1—v)/(1 —2v). B Touke (r, 6) moayuyum
o] 1 o
) = %, (6.8.3a)
% ag*;’ - ‘;_‘: (6.8.36)
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U3 puc. 6.8.2,a u 6 caenyer, uto
Q by
o—p (04 7).
CoraacHo ypaBHeHuwo (6.8.3a) nonyuaem
ae =) (In 7+ const). (6.8.4)

Ecau BBOIHTCH KJIMHOBHAHAS IUCJOKALUS, TO 0OBEM JIHUCKA efu-
HWYHO TOMHIMHBL M PajgHyca r HU3MeHsercs Ha

2nru, (r) = S 2mer dr,
b
uTO j@er

rf(r)= u,—-— In r+4-const - 7,

npHueM NpOH3BeleHHEM const-r, npejCTaB/AIONUM co00i TpaHCasA-
I[MI0 Tejla KaK JKeCTKOro LENoro, MOXHO NpeHe6peub.

IToncraBasa BennuuHy [ B ypasHenus (6.8.2), Haxo MM cMeweHns,
06yCJI0B/IEHHbIE JUCIOKALHeH:

b xy
u=y- [arctg +2(1 v)r“‘]

b 1-% ¥
”“2::[2(1_\;) +2(1 —v) r~]'

6.9. Ecau Tpy6uaTtag nosocTb NPOXOAMT BAOJb LEHTPa BHHTOBOK
JIUCJIOKALHH, TO HMEIOT MECTO 1Ba OGCTOSITEJNbCTBA:

I) u3-3a Toro, uro ynajneH HanpsKeHHHI MaTepHas, BHICBOGO-
KJAeTCH ynpyras SHeprus;

2) nobapjasieTcsi NOBEpXHOCTHAS 3HEPrHsl, CBA3aHHAfA CO CTEHKaMH
TpyOKH.

PaBHOBecHRIl paaHyc ry, TpyGKM HalileM M3 YCJIOBHSl paBeHCTBA
3TUX BeJIHUHH!

a pe? i n\_ .
—a—r"’<2ﬂfo’v +E In;o“)—o,

3jech Yy — yAelbHAas NOBEPXHOCTHAas SHEPTrus, | — MOIYJb CJBHra,
b — sexTop Broprepca. Orciona nosayuaeM

b
ro:m.

HIas GoabmmHerBa KpHcTamios v ~ O,lpa, rae a—mnapamerp
pemeTKH. SIApO JMCIOKAILMH SIBJAETCS NOJbIM (B GH3HUECKOM CMbICJE),
eCNIH ro>a, T. e. eciu b>3a. s Meramnos b ~ a, no3ToMy
Hesb3Sl OXMUJATh HAJWYUSA [OJbIX BUHTOBBIX NUCJOKALHUH.
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O6nacte MaTepHa/ia IOl 3KCTPa-NOJYIJIOCKOCTBIO KPaeBOH AHC-
JIOKALHH BHIVIAAWT, KakK 3apoipnu Tpemuust (puc. 6.9.1). Bompoc
B TOM, MOMET JIil M3 3TOr0 3apojplllla MNOJY4YHTbCA NOpa.

Kak omnucaHo Bhille, NpH 0OpPa30BaAHHH TAKOH MOpPbI BBICBOGO-
JKJAeTCA HeKasi ynpyrasi 3Heprus M J00aBJsieTcl HeKas [OBepX-

HocTHas sHeprus. [To Teopuu [puddurca [68]
TpellliHa pa3MepoM 7 MOXET pacTH NOJ AeH-
CTBHEM HOPMAJIBHOTO HAINpsXKeHHA O, eCJH
[pHpalleHHe SHeprHH

__n(l—=v)o?t

3 m 4-29r > 1,
e S rpe v — ko3dduument Ilyaccona. Orciona
r C/lefyeT, uTo
16py [
2 A
0r>:rt(1—v)' rae ¢ 2n(l—v)r-

SIApo AHC/IOKAaWUM SBJASETCHA MOJBIM (Tpe-
IIMHA CYLIECTBYeT), €C/H r>a, T. €. eC/H

Puc. 6.9.1. Totenyuans- b>4V ¥zn(l —v) a~ 3,ba.

HbI}  3apOABII TPEIHHH
(3ALUTPHXOBAH) MOX KCTPa- OueBraHO, B META/JIaX KpaeBhle QUCJIOKA-

NOMYIIOCKOCThIO KpaeBol LHH He OYyAYT MOJIbIMH.
XHCJIOK AUHH . Hrak, npuxoauM K BEIBOAY, UYTO B YHC-
THIX MeTa/jJax siipa AUCJOKALHH He fBJifl-
T0TCH IOJIBIMH, a IIOCTPOEHBI W3 IIJIOXOrO KPHCTaJ//IMYeCKOro MaTepua-
Jia; OT GeCKOHEYHBbIX HanpsiXKeHWH, CIEAYIOIHX H3 TEOpHH, H30aB-
JISIOTCSL yTeM BBEJEHHUS HEJMHEHHBIX YIPYTHX CMelIeHHH.

Eciu B pe3ynbTate cerperaliMd TBEpAOro pacTBopa SIAPO AHCJIO-
KallHH OKa3blBA€TCH COCTOSIIIMM W3 MaTepHaja C MeHblLIeH TeMIlepa-
Typo#l [1aBJeHHA, TOTAa NPH HarpeBaHHHU Bhlllle 3TOM TeMnepaTypsl
SI1PO NJIABUTCS A0 PaBHOBECHOI'O pajaHyca

ub?
8Py e |

THE Yuewpasu — YASJAbHAA 3HEPrHsi IOBEPXHOCTH pasfena TBepPAOH
4 xuakoit ¢as. Ilpu stom

Ifad

Y Qcyﬁmm Z1Bepn
~J ~J

~ 10,
Ymemgaau Quaana Zxugk
31€Chb Qcysaux H Quaasn — CKPHITHE TEIVIOTH CYGJIHMALHK M IIABJIEHUS,
a 2z — KOOpJAMHALHOHHOE YHCJIO.
370 03HauaeT, YTO B JAHHOM CJydae y COCTABJ/fET AECATYIO YacTh
OT BeJMUYMHLI, BXOJMBIIEH B BhIYHC/JEHHe pajuyca IOJOro fAxapa.
CJle0BaTeIbHO, MOXHO OMHJAATh, UTO SIAPO NMC/IOKAIHH OYAET MOJBM
[pH BHICOKHX TeMmIeparypax, eciu b>2 A.
$lcHo, uTO B GOJBLIIHHCTBE METAJ/JIHUECKHX CHCTEM IPH IOBbILIe-
8MH TeMIepaTypbl MaTepua/j B fiipe AMCJOKAalUMH OyjleT HcnapsaTbes.
B KepaMHuYeCKHX «cIJiaBax» AM(Oy3HOHHbIE KOHCTaHTHl OOBIYHO BhILE,
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H II09TOMY peajJbHO BO3MOXHO CYHIECTBOBAHHE paclJaBJeHHHIX JHC-
JIOKAlLlMOHHBIX fiflep.

6.10. PaccMOTpHM HeHanpsKeHHOe HM30TPOIHOE TeJO, He colep-
Xaiee AMcaAoKauui. JlomycTuM, 4ToO BHEWHsA cuiaa £y, JeficTByio-
1as Ha eJMHHIY IJIOUaAH, CO3/aeT OJIHO3HAYHOE YIPYroe CMeieHHe
U,. Ynpyras sHeprusi TaKOH CHCTeMbl pdBHa

U1=%§F1-u1ds,

rie S —nJowags NDOBEPXHOCTH, Ha KOTOPYIO JEHCTBYET BHEIIHSS
cuza.

BBeneM Tenepb QHMCAOKallMIo, clesaB paspe3 Il IPHJIOXKHB 3aTeM
IBe CHJB K IJIOCKOCTSIM paspesa: CHay £, YTOGhl COXPAHHUThL TeJjO
ECTKHM, IIOKAa IIPOM3BOJMTCH paspes, U cuay F,, yTo6H IPOM3BECTH
OTHOCHTEJBLHOE CMellleHHe IOBEPXHOCTEH paspe3a Ha U,. Ynpyras
3Heprusi caMoll JMCJOKalMH PaBHA

U2='é‘§ Fz'usz,

ecli A — IJIoWwaas NOBEPXHOCTeH paspesa.
Ynpyras sHeprusi Bcell CHCTeMH paBHa

U=U,+U,+ pabora cuan F, npH cMemieHWH U,.

(3ametuM, uTo cuaa Fy coBepiuaer paGoTy M Ha IJoWagH S, M, yepes
NIOCPEICTBO NOJA HanpsikeHud, Ha A.)

U=U,+Up+§ Fi-u,dS+§ Fy-udA. (6.10.1)
S A
HMsmeHuM Tenepb IIOC/ENOBAaTeNbHOCTL COOBITHH, T. €. cHaya/ja
obpasyeM JIHCJIOKAaLMIO, a IIOTOM IIPHJIOXKHM BHeliHIo0 cHay. Torzaa
ynpyrasi 3Heprus Bcell cHcTeMul Oyjer

U=U1+U2+S Fz'uldS+SFz'u1dA. (6.10.2)

S A

Ho Ha naowanke S cuna F,=0, a 3Hauur, u S F,-u;dS=0,.
S

KpoMe Toro, ecjiu cMellleHHe #; OJHO3HA4YHO, TO HO 0Ge CTOPOHH
OT paspe3a OHO OJMHAKOBO, a cuna F, 1o ofe ero CTOPOHH HUMeeT
pasHue sHakH. [IpaTomy pa6oTra, BHICBOGOXJaeMmasi C OJHOH CTOPOHHL
paspesa, ypaBHOBelllMBaeTcsi paboToH, NOTepAHHOU C JPyroil CTOpOHBIL.
CrepoBatensHo,

SFz'uldAZO H U=U1+U2.

A

TakuM o6pasoM, 3Heprusi Haumel CHCTeMBl He 3aBUCHT OT IOJO-

Jelus JHCIOKAuuM, M TeJo Beler cebs, Kak YIpyroe, Kak eciH
6b HHKaKHMX JUCJOKalWil B HeM He OwLJO.
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Kosdpuuuent 1/2 B BoipaxenuH ajas U, 03HavuaeT, 4TO BHIIOJ-
Hsaerca 3akoH ['yka. 2to HeBepHo B ToH uacTH A, GJIU3KOH K Hiic-
JOoKauu, rjae F, pacTteT o O4YeHh BBICOKHX 3HauyeHHH, a4 MOJHIH-

1
TerpasnbHOe BhpaXKeHHe YOhBaeT 10 5 \ Fp-updA.

Jonywenue, 4T0 B OTCyTcTBHe F; cuaa F, (T. e. ciraa, HeoGxo-
JAuMMas I/ OJHOPOJHOrO CMeleHHs IIOBepXHOCTeR paspe3a) Takas
XKe, KAK W B NPHCYTCTBHH F,, Toxe TpefyeT, YTOOb! BLINOIHAJCSH
3akoH ['yka. OpHako Gosbwmasi cuja F, BOJAH3M MUCJOKALUMH ILIIOC
cuna F; paHo HJH TO3ZHO CO3AAAyT OTKJOHeHHs OT 3akoHa [yka
B COOTBETCTBHH C HanpaBJeHHEM CHJIH F;.

Ortciona caepyer, 4To ecjqH 3akoH ['yka He yJOBJeTBOpseTcs,
1o U, B dopmyse (6.10.2) u U, B dopmyse (6.10.1) pasnnunm, u
paccyjieHHe HeBEpHO. :

PaccunraeM mioTHOCTH AHCJIOKAUHI, HeOGXOAUMEIX, YTOOHI AaHHOE
TeJO Ka3aJoch IIpefBapHTe/]sHO JAefopMHpOBaHHHIM Ha 1%,

Jas  OpocTOTH  pacCMOTPHM TOJMIBKO BHHTOBBIE JIHCJIOKAIIMH.
BunTOBas jaHCIOKauis, pacnoJioKeHHas BAOJb OCH  LHJAMHApA
PaguycoM 7, cO3j4eT cABMroBylo Aepopmauuio b/2mr = 1/100.

OueBuaHO, KaXjuil LUMJIMHAP PpagHycoM r =< 16b jpomKeH OHITh
NpoHM3aH OAHOM jauciokauuedt. OTcioga caenyeT, YTO YHCJIO JHCIO-
XaluuH, [POHM3LIBAIOWIMX eJIHHHUHYIO ILIOUIAAKYy, OyAer paBHO n =

= (6" Ioxcrapass b~ 2A (3HayeHHe, THIIHYHOE I/ MeTaJlia),

nonyyaeM n~:3-102. Wnave rosops, INIOTHOCTb JHCJIOKAIHH
mopsaka 3-10' cu~? cospacT nmpeaBapHTeNbHYIO JdedopMalHiO MeTas-
JUYecKoro Kpucraana Ha 1%. (B peanbHoM Kpucraasae sta uudpa
M3MEHUTCH, [OTOMY 4YTO HalA0 NPHHHMaTh BO BHHMaHHe HaJHYHE
JHC/JOKAUHA ¢ pa3sHbIMM OPHEHTAlUMsMH, pasHHIMH BeKTopamH bBiop-
repca 4 pasHHIMH 3HaKaMH.)

6.11. IHycts Ha puc. 6.11.1 cerMeHT JMHHM AHCAOKAaUMH dl
JBMXKeTc Ha OECKOHEYHO MaJsioe pacCTosiHHe ds TOA  JeHCTBHeM
HanpsoKeHHs 0. B pesyabraTe HaveHsercs sHeprus E Bcelt CHCTEMHI,
T. €. KPHCTa/ula, COJep»auero 3Ty AHCJAOKAaUMIo, Haxoffulyocs
IO, HANpAKeHHEM.

Cuna, neiictByromas Ha dl, paua F=VE. Ilnomanb, 3amerae-
Mas CerMeHTOM AHCJoKauuu, paBha dlxds, a ycunue, JeHcTByoulee
Ha 3Ty IJIOWAAb, PaBHO Oy - (Al X ds). OrnocuTebHOE CMeleHHe ABYX
CTOPOH TaKoii 3JeMEeHTapHOH mJowaiAkH cocrabaser b,. IIpu atom
NpoU3BOAUTCA pabora

b/ . (O'U [dl X dS]) Zb,‘()'[/ . (dl)( dS) = (bl-O'UX dl) -ds.

(Bocnonb3oBasuch TeM, uto a-(bxc)=(axb)-¢ paBHo 0Onemy
OHOrO M TOro Xe napanjeienunega (puc. 6.11.2).) Orciopa moay-
yaem

F=VE=b,"0'i,'Xdl.
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dro u ecth dopmyna I[luya — Kéaepa [69]. M3 ypaBHenus chenyer,
yTo cuia F HanpaBleHa NO HOPMalH K JHHHH JMCJAOKaOHH. 3ame-
THM, YTO

by\ (011 Oz O3 01161+ 012 by 1013 by
b/Uii =|by |0z Oz Op3|= |Ouba+ 09 ba+03b, |=F;
bs) \03 O3 Og 031031 O3 b3+ 033 b3

M 4TO f; MMeeT TPH KOMIIOHEHTH H NpejcTaBjseT coboh cuay. [Toay-
YeHHBIH pesyJbTaT sBAseTcs OOLMM, T. €. HamnpabjeHHe f; HMeeT
KOMIIOHEHTHI, COOTBETCTBYIOIHE CKOJbXKEHHIO H Iepeno/3aHHIo.

b

Puc. 6.11.1. Cyemenne ds, cosnasaevoe  Puc. 6.11.2. Ob6reM napannene-
HampsKeHHeM Oj;, TPUJIOKEHHHIM K Cer- TNHIeld paseH
meHTy di pHcaokanue c BektopoM bBiop- . _ .

repca by. a-(bxe)=(axb) ¢

PaccmoTpuM Teneph cayudali cABHroBOro YcHJHA, NapajileNbHOro
pekTopy Dioprepca M jelicTBylOIero Ha CKOJB3SIYIO AHCJAOKAIHOH-
Hywo nermio (puc. 6.11.3). UrtoGu

dl /'b, He JONYCTHTb BpallleHHs MaTepH-
ana, HYXHO ellle NPHJIOMKHTD CABH-
roBbl€ CHJIbl, 0G03HAUYEHHbIE NYHK-
THPHBIMH CTpPeJIKaMH, 3TO CHJH f;,
JeHCTBYIOIHE HA TPaHULIY MeXIY
CIBHHYTOM M He CABHHYTO}H HacTs-
MH KpHcTaana. Takum oGpasom, f;

F~
5;. : S~ fl-zl,’/qj
|
| A |
T R |
* 1 |
-
%

Puc. 6.11.3. K BuiBogy popmyant [Tuua —  Puc. 6.11.4, Kowmnonents dopmynet M-
Kénepa pns ckonb3sfimiedl AMCIOKANHOH- ya— Kénepa Ans  npaBoro cerMeHTa
HOH IeTJH, Kpaepofi AHCJOKAUMK, H306paKeHHOH Ha

pHc. 6.11.3.

HanpasJieHa IOJ NPSIMbIM YIJIOM K b, H A/l IPaBOro KpPaesoro CerMeH-
Ta JUCJOKALHMH OHA JOJXKHA ObITh HanpasieHa BBepx (puc. 6.11.4).
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Ouesupno, F=b,0,;xdl nefictyer napanneasHo Bektopy Biop-
repca, 4 TaK KakK JAHCAOKALMOHHAf TeT/s, Ha KOTOPYIO JeldCTBYyeT
oy (cM. puc. 6.11.3), 6ymer pacwupsTecs, T. e. F jpeficTsyer
B Hamnpas/JeHWH B, To HaNpapJeHHe JUHUH JAUCIOKALHUH JOMKHO OLITH
TaKHM, KaK Ha puc, 6.11.4.

Wrak, cuna Ha eAvHUNY AJHMHBI, KOTOpas ABHXKET AUCIOKAIHIO
B ee IIJIOCKOCTH CKOJbXEHHSl, paBHa NpOU3BeaeHHIO BekTopa biop-
repca Ha KOMIIOHEHTY CABHMIOBOTCO HaNpsikeHHs BAOJMb BekTopa Biop-
Tepca.

6.12. Ecau paccrosiHie MeXJy 4aCTHYHBIMH -AUCJOKALUSAMH DAaBHO
7, TO CHJIa OTTAJKHBAHUS HAa EAMHHULY JJMHBI KaXA0H U3 HUX OyaeT

TIOpAAKa ubyb,/(2nr) = pa?/(24nr), Tak Kak b1=b2:%[112]. Cuna

Ha eIUHHMIY AJMHHBEl, KOTOPAas CTPEMHTCS CHOBA COEJMHUTb YACTHY-
- Hble JUCJOKalluHd, paBHa y. [IpupaBHAB
100 JpYyr Apyry 3TH JBe BeJUYMHbI, HaH-
JeM paBHOBECHOe DACCTOsiHHE MeXAY
YaCTHYHLIMH JHCJIOKALHUAMHU:

_ et
r_24nv'
PaccMorpuM pacimenJienue AMC/IOKa-
. P
uun ¢ Bektopom bBroprepca - [110]

2
Ha naockoctd (111). Hs puc. 6.12.1
HAXOJ UM
Puc. 6.12.1, Pacuennenue nuc.n(‘)(-
11y r )
san v o (DTS2 10y 2 (121] 4 2 f211),

Y 3THX YaCTHYHBIX AMCJOKALHMH OJMHAKOBEIE KPAEBble KOMIOHEHTHI
a 3 ariy a
T [110], a BunTOBbie KOMIOHEHTH 5[112] u E[HQ] [ POTHBOINO-

JIOXXHE [0 3HAKY. (XOTS NOHAA AUCJAOKANMSA Pa3jle/uach Ha 4acTUHU-
Hbl€, [O-IIPEKHEMY OINpejesseM KpaeBble U BUHTOBHIE KOMIIOHEHTH
o OTHOWEHHIO K BeKTopy Dbroprepca monHo# pucaokanus.) Kaca-
Te/IbHOE HalpspKeHWe O, Hampas/ieHHoe Bioab [112], npeifictByer Ha
5TH JB€ BHHTOBLIE KOMIIOHEHTHl C CHJIAMH DPaBHHIMH, HO IIPOTHBOIO-
JIOXKHO HanpaBJeHHHIMH. KpaeBble KommnoreHTs! coctasisor ¢ [[12]
NpAMOH YroJ, MO3TOMY OHM He HCIHITHIBAIOT JeficTBHA cuubl. Cuna
Ha €IMHMIY JIMHBI, PacTaJKMBAIOUlasl YACTHUHBIE NUCJIOKALMH, PaBHA

F=ob, a Tak kak b=15[112], 1o

F=0a/2)6,
¥ uYaCTHYHBIE AMCJOKAlUMM COBCeM pa3soiilyTces, Korda F=y, T. e.
=2V 67v/a.

6.13. PaccmorpuM (puc. 6.13.1) uuauHapudecKuM¥ MOHOKDPHCTAJII
JTHHON Lo ¥ MJOUabio nonepedynoro ceueHuss Ay, BAOMbL OCH KOTO-
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poro gelicTByeT pacTtsarusamomas cugaa P. IlycTh HavasabHblEe YriH
HAaKJOHAa IJIOCKOCTH CKOJBLXEHUS! M BeKTopa Bioprepca no OTHoOUIEHHIO
K OCH pacTsikeHHsl 6yiAyT COOTBETCTBEHHO ¥p H Ay,. MrHoBeHHHIe 3Ha-
yeHHs 3ITHX YrJIoB GyAyT COOTBeT-
cTBeHHO Y M A. /ledopmanus nnactuue-
CKOTo CABMra

Y

. B
T Ly sin g

rie B — cMemeHue, co3faBaemoe CABH-
rom. CkopocTb pedopmauuy nJjadcTH-
YeCKOro CABHra

B

Y:Losinxo'

Yro6ul HaiiTh B, paccMoTpuM pa-
60Ty, COBeplIaeMyl0 KacaTeJbHOH KoM-
noHeHroit HanpsikeHusa o. Ecau du —
cpejHee OTHOCHTEJbHOE CMelleHHe, Ko- Puc. 6.13.1. Cxema monokpucraz-

Ja 10 (a) k1 nocae (6) miaacTHye-
TOPOE  MOJy4aeTCs, KOrja CKOJL3AWAR  cxoh qedopMAUMH CKOMBNKEHHS.
JHCJOKAIHsA 3aMmeraeT nJowmanxky dA
Ha NJIOCKOCTH CKOJIbMeHMs, To paboTa, OTHeCeHHas K eIMHHIe JIJH-
Hbl JIMHHMH JUCJAOK4UMH, Oynrer
Ay
sin ¥

o du=obdA.

Orciona cnenyer, 4To
b sin ¥,
dy ==~
u ;%
npuyeM o =dA/A —3TO Ta 4YaCTk IJIOCKOCTH CKOJIGIKEHHS!, KOTOPY!O
sameraer auciokauvs. IlosHoe cmelienue, KoTopoe co3paioT N CKOJb-
3AMMX AUCIOKANMH, paBHO

b N
—_ 25 %
B= 2, E o

i=1

CrejoBareJbHO,
N
__bsinyg W
B = T s a;.

i=1
Jas micjoKauuH, CKoJb3flllell CO CKOPOCTHIO 0,

¢.Zi= S’v'ﬂdl,
I

2

rjie 71— eIMHUYHLIH BEKTOD HOPMaJ/H, JeXalHié B IJOCKOCTH CKOJIb-
JKeHHs W HanpaBJeHHbI Hapyxy. Hrak,

{;:bvlgra-ndz,
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npuueM V = AoL,. Tak Kak naactuueckasi AepopMauusi pacTsKeHUs
paBHa &= (L — Lg)/L,, TO CKOpPOCTb 3TOH AedopMaiuuv Gyner €= L/L,.
M3 puc. 6.13.1, 6 Haxogum: L= Bcosi. Orciona OKOHYAaTeNbHO (CM.
[70]) monyuaem
£ B cos A
Ly

%4

6.14. Ynpyras 3Heprusi AMCJOKALHH IPONOPLHOHANbHE KBAAPaTy
Monyns ee Bektopa Droprepca. CnejpoBare/nbHO, [Be AHC/IOKALKH
c Bekropamu Dbioprepca b; u b,, CKoab3slMe M0 IepeceKaroiMCs
TJIOCKOCTSIM, MOTYT B3aHMOJIeHCTBOBaTb APYr C APYroM H 06pasoBbi-
BaTh TPETHIO AHCJOKALHIO C BekTopoM Bioprepea bs, ecan by + b3 > b3.
BricBoGoXlaemMasi NPH 3TOM 3HEPTHs pacCeHBaercs, Nepexois B 3Hep-
FHIO aTOMHBIX KoJie0aHHH H B KOHIE KOHIIOB B TeIo.

Ha puc. 6.14.1 H306paxeHsl fABe Nepecexarouluecs IUCTOKAIHK
A —A u B—B. JlonycTuyM, 4TO OHH B3aUMOJEIICTBYIOT H 06pasyIoT cer-
MenT TpeThe Auciokaunu C — C, pacno/oXKeHHbH BAOJb JIHHUK Nepe-
ceueHHsl 06eMX TJOcKocTed cKogbxeHus (puc. 6.14.2). Ilpuaoxennoe

— Ysiny- cos A =250 ko= cOsh S v-ndl.

Puc. 6.14.1. [Tepecevenne aucaoka- Prc. 6.14.2. JJHCTOKaUHOHERIE y3en

uud A—A u B— B, ckoapsssmuxno € — C, o6pa3violiuiicd npH B3auMmo-

NepecekaloumHMcs TJIOCKOCTAM CKOAb-  peficTBHK quciaokauwi A —An B—B,
JKEeHHA. NoKasaHHHIX Ha pHc 6.14.1.

HanpsKeHHe ¢, CIABHrawllee AHCJAOKALHMIO HAa PaccTOsIHHe dx, coBep-
maeT (Ha eAMHHLY AJMHBL JHHHH JAMCJIOKALMH) paboTy, PaBHYIO (CM.
sagauy 6.11) o-(bxdl)dx.

Takywo paGoTy HYyKHO 3aTPaTUTh Ha KaK/AYIO H3 TPeX y4acTBYIOLIUX
JucaoKauui, 4YTOGHl pa3pyLIMTh y3es, MOKa3aHHbIE Ha puc. 6.14.2.
B pesynbrare 3TOr0 paspylleHHs] H3MEHHTCHl AJHMHA KaXjoH H3 Tpex
aucaokauuii. CoejoBaTesnbHO, yOpyras 3Heprusi KaxAoM H3 HHX
H3MeHHTCS (Ha eAMHHLY AJIHHBE) Ha BEeJMHYHHY NOPAAKa (cM. 3ajauy 6.9)
pbZ,

‘Tnln;;.

BripaxeHHe JAJis G MOXHO TIOJyYHTb, NPHPAaBHHBas BCIO COBep-
IIeHHYI0 paGoTy IOJHOMY HM3MEHEHHIO YINPYroi HepruH. JTOT pacyeT
MOXHO YIPOCTHTh, €CJIM IPHHATh ClejyIouiHe AOMyU\eHHS:

a) yaen cUMMeTpHueHd, T. €. Ha pHC. 6.14.2 ¢, =@, =¢;

6) NPHJOKEHHOE HaNpsKeHHe O OPHEHTH[POBAaHO OJIHHAKOBO MO
OTHOILEHHIO K b, ¥ K by;

B) cBasymomas (ysnoBasi) aucnokauusi C— C HenoABHKHa,;

I') bl—:bz—_—ba:b.
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Ilpu TakuX ZRonyuieHUAX nNoJHas pa6oTa COKpaUleHHs Y3J0BOd
IMCJOKaunu Ha dl paBna 4obx d/, npuyem x dl —3To paccTosiHue, Ha
KOTOPOE TMPOABHTaeTCs CErMEeHT JJIMHOH X KaXI0i HCXOAHO#R aMCJ/I0-
KalHMH,

IlonHoe H3MeHeHHe YNPYroil 3HEpPrUM IPH COKPAUIEHHH Y3J0BOi
IMcnokauun Ha dl paBHo (4T cos¢—2Ts)dl, npuuem Ty u T3 —
JUHellHple HATXKeHUd HCXOAHOH M y3/0BOH JUCAOKALUHUH COOTBETCT-
BeHo. Ecan Ty=T3;=1/,ub% TO, npupaBHHBas 3ty paboTy u3MeHe-
HHIO yNpyroit 3HepruH, nojyuaem

o =aub/x,
rje o — KOHCTaHTa.
B OLK wmerannax Bekrop DBioprepca ckone3smell guciaokauuu

paBeH —az—(lll). INepecekarouiyecs napel TaKMX JUCAOKAaUMH MOryT

B32MMOJEfCTBOBAaTb, 00pa3ys Y3JIOBhle AMCJIOKaluK ¢ BekTopamu Biop-
repca ¢ {100), 3nauutr, T3> T,. B 'lIK wmeraanax, HaobopoT, Bek-

Topel Broprepca ckoJab3suieit H y3/10Bof AHcJaoKanuil GyayT —‘21 (110),

tak uto T3=T;. Y3 storo ynpoueHHoro pacuera BugHo, uto B OLLK
MeTaJsax ¢ Jo/MKHO ObiTh Meubie, yem B ['LIK merananax.

6.15. BenuuuHy H HanpaBJeHHe BEKTOpPOB Dioprepca noaHslx u
yacTHYHHX Jaucaokamuit B K merannax ynoSsHo u3obpaxarth Ha
npaBuIbHOM Terpasppe Tommncona [71]
(puc. 6.15.1).

Ha pnc. 6.15.1 BekTOp cMeuieHHA
JedexTa yNakoBKHM, TeHepHPOBaHHOrO
CKOJIbXeHUeM, umeeT tHn Ay (He yA!).
Artomnyio KoHourypaiio, o6pasyio-
ulylocsl IpH nepeceyeHHH KaKHX-J1H00
IByX Jae(eKTOB yNakoBKH, YA0OHO HC-
Clef0oBaTh, HAPHCOBaB ee NpOeKiHU
BAOJbL JIMHMH nNepeceueHHsa. Paccmor-
pEM nepeceueHus jedeKTOB yNakoBKH 4
Ha IJIOCKOCTAX y M 6.

IIJ.IHO; gca):no:o ng-ropa CMeUleHH buc. 6.15.1, Tetpaszp Towncona

., - s BekTopos DBioprepca s UK
JedexTa Ha ORHOI H3 TVIOCKOCTEH MOXHO petueTxe,
BRIGpATbL 1O TPH BEKTOpA CMelleHHs Je-
tekTOB Ha nepecekaiouleiic NJockocTH. Jlnsg gedekTa ynaKoBKH Ha
niiockocTH § BeiGepem BekTop cmemienust | R | =C8. CooTBercTByromumi
¢aBHr Dy Ha IJIOCKOCTH 7 CO37aeT aTOMHYIO KOH(DHTYpalHIio, H306paXKeH-
Hyio Ha puc. 6.15.2, [lsa aApyrux caBHra, BO3MOXHBIX Ha IJIOCKOCTH 7,
a umenHo Ay u By, C031&10T aTOMHYIO Komimrypaumo. H300paxeH-
Hylo Ha puc. 6.15.3. Ha puc. 6.15.2 u 6.15.3 Toit u3 nepecekaio-
MMXCA [HUC/IOKAalHKi, KOTOpas €ABjifeTca JHIAMpyloleR YacTHYHOH
JIUCIOKalHeH, NPHUIIOCh HEMHOTO «Iepenoj3THs, YrToOnl «100paThecs»
o nepBoro jedekTa YNaKOBKH.

Iepeceyenus auciokanvi Ha puc. 6. 15.2 1 6.15.3 MOXHO Ha3BaTb
Ay6aeraMH 4acTHYHHX JicjoKauuii. X 3Hepruu ckaagbiBalOTCa H3
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3HEpPruil AMCJOKALMOHHBIX fJep, a OLEHHTh HX MONXHO [0 JHJaTa-
IHAM; M3MeHeHHe obbema (B pacuere Ha 3JeMEHTaPHYIO siUeiiKy) onpe-
Aesasercs MJIOLIAAbl0 MapaJJesorpamma, KOTOpLIH BHJAEH Ha Mepece-

YeHHH, YMHOXEHHOH Ha %[110].

Ha puc. 6.15.2 zusarauus noJ0XKHTeNbHE, NpPHYeM He XBaTaer
JABYX aTOMOB M3 J1eBATH. EcJH 3Heprus o6pasoBaHus BakaHcHM E,,
TO 9Heprus o6pa3oBaHHA 3TOrO MepeceyeHHs NPHOIU3UTEIbHO paBHA
2E,/9 (3Heprus paccyMThIBaeTcsl Ha OAHY aTOMHYIO IJIOCKOCTh).

Ay unBy /G}
Ty & N /!
" / ojo o
>\ o YA G o|o o|o/fy .
o oo - “Jojo © i Bl Py /
- ANCEE-RRCREYA /o c|lo o
L 4 & o Vil hd o o Py °
o olo o S o olo o e ejo o L 2
° od\O O - ° ojlo cjo o
o olo olo olo olo o e o|o o]0 ° °
Py Py ~ . ojo c|lo o
. 2 bl 'o i . o &
o olo o/_< S olo olo o e o0 o * °
° /010 o - ° ele e\° ©|0 ©
o olo o olo o l o o | [ ] L 4 9
> .
Puc. 6.15.2. Ilpoexkumst Ha nmaockocrs . Puc. 6.15.3. [Tpoekums Ha IJ0CKOCTh
(110) mepeceueHHs: nedeKTOB YIAKOBKH, (110) mnepeceuerHs pepexToB yna-
CO3JAI0MIET0 [ONOXKHTEJbHYIO JHJIaTa- KOBKH, CO3JAI0Ier0 OTPHHATEIhHYIO
HHIO. AHJIaTaHHIO.
YepHHIMH KDYXKaMH H300pa’KeHH aTOMBI B O6o3Hauerns Te e, yto Ha pHe. 6.15.2.

NJIOCKOCTH ueptexa, OejblMH — aToMbl, pac-
MONIOKEHHLE B [JIOCKOCTH, OTCTOswWeN Ha

% [110] or naockocTH uepTexa.

Ha puc. 6.15.3 na kaxjpie 9 aTomMoB npuxomutcs | JHIIHMAHE,
JunatalMs orpuuartesbHa. CooTBeTcTByOllas 3Heprus o0pa30BaHHA
6yner E;/9 Ha opHy aTOMHYIO NJIOCKOCTb, ecau E;—3Heprus o6pa-
30BaHHs MEXY3eJbHOro atoma.

Tak kak £, > 2E,, To OueBHIHO, YTO Jlerye o6pasyercs Mo.JI0KHTeb-
Has jauaarauusa (pdc. 6.15.2).

6.16. /Ins BakaHCHHM 3Heprusi obpa3oBaHlisi ropasjo MeHblle, YyeM
JJIl MEXY3eJbHOTO aToMa, no3toMy OyjgeM paccMaTpHBaTh TOJBKO
negektsl HloTTKH.

U3 3amauu 6.3 BuaHo, uto ecau U — 3Heprus, HeoGxoauMas AaJs
obpasoBanus gepekta UlorTkH, k— nocrosHHast DosabiMana, To—
TeMrepatypa H ¢— KOHLEHTpPallMs NepechillleHHs, TO H3MEeHeHHe CBO-
GoxHOl 3HEprvH, o6yC/JIOBJEHHOE TeM, YTO BaKaHCHA yujJa K JHCIO-
Kauud, 6yger oF/on =U+kTylInc. [eficTBuTesnHas paBHOBECHas
KOHIeHTpauHus cp=exp (— U/kT,). Orciona crenyer, uto

oF c
é; == kTolna-
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Hanpsxenue, Heo6xoauMoe, YTOGH 3aCTaBHTh JAMCJIOKALHIO Iepe-
1on3aTh, PaBHO IPOCTO M3MEHEHHIO cBOGOLHONH 35HEPrMM Ha €JHHHUIlY

oO6neMa, T. €.
oF

v

kT, c
=0=-2In—.
b3 Co
Has xpucranna, KOTOpHH 3aKajeH OT BHCOKOH Temneparypu T
H 1O3TOMY [IpH TeMnepartype T, IepechlllleH BaKaAHCHAMH,

o= (l-n):

Jas amomunua U~ 0,7 36, nosromy 3akaaka or 600°C 1o xom-
HaTHOJ TeMIepaTypbl CO37aeT HanpspkeHwe ¢ nopspaka 300 kec- mm~2,
YTO NOYTH Ha [BA MOPfAJAKA BEJHWYHHLI NpEBLIILAET Npejes TEKYYEeCTH
IIpH KOMHAaTHOH TeMIepaType.

B peaibHOM KpucTasie ¢ 6yler MeHbiie 300 kec- mm~2, notoMy
yTO M30LITOYHAS [0 CPABHEHHKIO C PABHOBECHOW KOHIEHTPAilMs TOYed-
HE!X 7eEeKTOB CYIIECTBEHHO CHHXXAeTcsl HM3-3a KoaJjleCUEHUHH (cM. 3a-
Aauy 6.18). ;

6.17. Ha puc. 6.17.1, a uszobpaxena aucnokauus AB Ha numms-
JpMYECKOH MOBEPXHOCTH CKOJILXEHMS B KPHCTaJlje, MepecHIlleHHOM

Puc. 6.17.1. Cunnl, aeficTByWIUHE Ha AKCJOKANHMIO B KPHCTaJJe, NEepechIeHHOM
TOUEYHLIMH JedeKTaMH.

ToyeuHLIMH fnedexramMu. UTOGH 3acTaBHUTbL KpaeByio RHUCJAOKALHIO ITe-
penonsaTh B HampaBJIeHHH, NEPHEHAMKYJASPHOM K b, MOMKHO AeHcT-
BOBaTh Halpsi:KeHHEe O, pPaBHOe
o=FT1hE
T gt
CooTBeTCTBYIOLIAA CHJIA HA €JMHMLY JJIMHBI JHHHH JHMC/OKAlHH
6yner
ke
b gt
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PaccMoTpuM MaJTstil 3/1eMeHT JIHHHH QHCJIOKalHH dl, KOHIB KOTOPOro
coCTaBJsAT ¢ BekTopoM Bloprepca b yraum ¢  @'.

Ilucnokauus 6yner B DaBHOBECHH, €C/IH OHa OPMEHTHPOBaHA TaK,
YTO CHJIAa JHHEHHOro HaTsbkeHuss T ypaBHOBeWIHBaercs CHJOH F.
YcnoBre paBHOBeCHst 1J1s1 KOMIIOHEHT CHJIbI HATsiXKeHHs, NapaJiielb-
HHX b, Gyner

Tcosgp’=Tcosg, T. e ¢=¢ =const.

JIns KOMIIOHeHT CHJ, HNepneHauKyJaspHeix K b (puc. 6.17.1, 6),

yCJIOBHE PaBHOBECHSI NPHMET BHA

9T singsiny — F dl.
Ioacrasass sin d0 = d =dl/R w BripaxeHHe pas F, pjsi paBHO-

BeCHOro paauyca UHJHHAPA CKOJbXKEHHS MNOJy4daeM

-
R Thsing _ const.

= &T In (c/cg)

JIuHusA, A KOTOPOU @ H R MOCTOAHHBL, 6yJET reJIHKOHAOM C OCBIO,
napaniensHoit b, paaHycoM R W HAKJOHOM ofpasyiouel @.

Uro6rl onpefeNHTh, KaK 3aBHCHT 3HAK TEJHKOHIA OT NPHPOAHI
TOYeuHnX JAedeKTOB, HaJ0 CHayana ONpelesqHTb Bekrop bioprepca
aMcJoKanuy. ByneM noss3oBarhest
npaBuioM RH/FS (npaBuso «oT
KOHIA K HayaJly 1O NpaBOMY BHH-
Ty»). [aa srtoro:

1) BoiGepeM  1OJIOXHTENBHOE
HanpasJieHHe BJOJb JHHHH JHC-
JIOKAIHH;

2) nposenem koHTyp Broprep-
ca, CYMTas  NOJIOXKHTENLHBIM
HamnpasJieHHe 006X0Aa 1O ApaBoOMy
BHHTY;

3) nposeneM BekTop Broprep-
ca OT KOHIAa KOHTypa DBioprepca
K ero Hagasjy.

Hs puc. 6.17.2 Buaso, uto
JJ1s1 BAHTOBOTO AMCJIOKAllHOHHOTO
CerMeHTa MOJIOXKHTEJbHOe Ham-

Nanowumensuoe
sanpalnesue odxroda

Puc. 6.17.2. [Ilpumenenue mnpasuna

RH/FS nna sektopa Broprepca ckonb-
3fWeR NHCIOKALHKHK.
[MyHKTHDHLIME JTHHHAMH O0003HAYEHH KOHTYPH

Broprepca ¢ o6x0o0M Mo Y4aCOBOR CTpesKe Kns
KpAGBOro K BHHTOBOI'O CErMEHTOB.

paBJieHHe 06x04a [1POTHBOMOJOX-
HO HanpasneHuio b. Ilpesparum
Tenepb 3TOT BHHTOBOH CerMeHT
B IeJIHKOH ], 3aCTABUB €ro B3aHMO-
JeHCTBOBATL C INPH3MATHYECKOH

OMCJOKAUMOHHOA neT/efi. 3HaK TreJMKOHAA Ofpeae/siercsl TeM, 4YTo
ero BekTop Bloprepca nonxeH OCTAThCA HEH3MEHHHIM.
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Ha pHC. 6.17.3 H306pa)KeHu TeJIMKOMJH, 00pa3oBaBUIHeCs INpH
B3aUMOJEHCTBUY «BAaKAaHCHOHHOH» H «MEXY3€JLHOH» NPH3MATHUECKUX

Toromumensnoe lanomumensroe
wanpalinenus ranpalinenue
ohroda Y Y uxode

T

Barancus Memyaenvrvil
amom

Pue. 6.17.3. TequkonpanbHbe AHCIOKAUMH, 0Opa3oBaBlIMeCH NMPH B3aHMOLEHCTBHH
€ BaKaHCHeH H C MEXy3eJbHEIM ZTOMOM.

netrenb. Jns BaKaHCHi TreMMKOMJ HAnpapjieH N0 4acOBOH CTpeJike,
a /g MeXy3eJbHEX aTOMOB — IIDOTHB YaCOBOH CTPEJIKH.
6.18. DHeprus ctepHYecKoil NOJNOCTH M3 n BakaHCHH COCTaBAsET

Es~ybn23,

rie y— yAelbHas IOBEpXHOCTHAfA 3HEPIHs.
DHeprusi NpH3MaTHYeCKOH MAMCIOKAUHOHHOH mneTnd, o6pa3oBas-
weicsa U3 JHCKAa, COCTOSAIIEr0 M3 7 BaKaHCHI,

El ~ l.lbs }/-E an;,

ecid p —Molynb cipura, b—Bektop broprepca. Ornomenne stux
IBYX SHEDPrHil

Es ¥ R
E, “ps " TpH f<6.

Hna Manblx n sHeprusi cgepnl MeHblle, YeM DHEPrusl JUCJIOKalu-
OHHOHl NeTnH, a Ads OGoabwiux n Haob6opor. Ciepa cTaHOBHUTCA He-
yCTOHUHBOIl 1T0 OTHOLUEHHIO K MeTJie, ec/d YMC/I0 BAaKaHCHH B cKonje-
HHH COCTaBaseT

R

Ecnau n,>10, To pns nepexona or chepnl K neT/ie CKOIJEHHE JOMKHO
npoiiTH uepe3 ¢opMul ¢ GOALIIMMH 3Heprusimu. Ilpousolizer u Takoe
H3MeHeHHe, 3aBHCHT OT BeJTHUHHH 7.

Ecau pekrop Broprepca muc/iokauHOHHOH MeT/H NepneHaHK yIspeH
K BexTopy Dloprepca ckonbasiieli 4acTHYHOH IMCAOKAUMH, TO NPH
peakuuHd ofpasyercs AMCJOKauud ¢ BeKTopoMm DBioprepca, Hak/oHeH-
HHM K IIJIOCKOCTH TPaHCJ/SILLMOHHOrO JABOWHHKA.
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YTo6bl CKOJIBXKEHHE MOIJIO MPOJOJKATECH B IJIOCKOCTH TpaHCJA-
HOHHOTO JBOHHHKA, Pe3yJbTHPYIOWAS NHCJIOKALHA JOMKHA U CKOJb-
3uTh H nepenon3atb. OueBHAHO, HEOOXOAHMO, 4YTCOBI TOYEUHHIE Je-
(peKTH, CKOHJEHCHPOBABIIHECS HAa TPAHCJSLHOHHOM JBOHHHKE, «HCHA-
panauch»., i 3Toro HeoGxoAHMa 3HEpPrus, BeJUYHHA KOTOPOH Ha
€AMHULY JJIMHBl YAaCTHYHOH JHUCJIOKAlHH COCTaBJfET

Nare ub?
Z an(I—v)

r
ln?.
3nece N — 4HC/IO JMHC/IOKAUMOHHEIX IeTeJb Ha EQUHHIY [JIOLIAJH,
r —cpenHuit pajguyc netnd, U —3Heprusi o6pasoBaHHs BaKaHCHH,
Y — yleJAbHas I[OBEPXHOCTHAS 3HEPrHf TPAHCISALMOHHOIO JBOHHHKA,
v — koadpuuuent Ilyaccona.

CoOTBETCTBYIOIIYIO CHJIY MOXHO omnpejenuTb Kak grad, E.

6.19. Kaxnas u3 yernipex nJjockocreli ckoabxkenus {111} B T'IK
KpUCTa/LJe COJAEPHKUT [0 TPH HanpaBjaeHHA cKoabxeHus (110). [IBy-
MepHas rekcaroHa/JbHasl CeTKa, COCTOfAIAf U3 JHCJIOKAUMH CO BCEMH
TpeMs BekTOpaMH Dioprepca, BO3MOXHA, TaK KaK TPeTHH H3 BEKTO-
pOB ImpeicTaBaser coGoll MPOCTO pe3yJabTaT PeaKUWH JABYX JPYTHX.
HHaye roBopsi, cyMMa BeKTOpDOB
Broprepca B soGoM yane paBHa
HYJIIO.

E= U+ Nar?y — N2nr

4l Yro6el ONMcaTh TAKYIO CETKY
C TOMOIIBIO TeTpasjpa TOMIICOHA,
s [IpHMEHSAEMOro AJA 0003HAUEHHSA

BektopoB Broprepca B 'K xpu-
CTajnax, IIOMecTHM HalbJIofaTe-
K-yaen P-ysen J9 B KaXJIOM y3Jle H OTMETHM
: JHHUH JUCIOKAUMH, HAYLIHE CJe-
Puc. 6.19.1_. K-ysen u P-ysea pucno- g Hanpaeo.
xaunt B I'IK kprcrane. B kayecTBe nmpuMepa paccMoT-
ivggilng_g_vofﬂ E?;:P%_gg;a’(-ﬁﬂiéﬁi PHM y3eJl Ha NJOCKOCTH & Ha
+BC=o0. puc. 6.15.1. Ectb TOMIBKO Ba THNIA
pAacroJIOXKEeHHH#, KOTOphle YIOB-
JIETBOPAIOT KpuTepHio Y, b=10; o6a oHH wu306paxeHsl Ha puc. 6.19.1.
Wx npunsto HasmBath K- W P-yanamu [72]. B HenpepuiBHOH jBy-
MEpDHOH TreKCcaroHaJIbHOH ceTKe IMCJIOKAUHH Ha ONHOH U3 MJIOCKOCTEH
{111} P- u K-y3nel JOMXKHBI YepelOBaThCsA (POBEPHTH 3TO!).
Uto6el onucath P- u K-y3JH ¢ IOMOIIBIO PACTAHYTHIX JUCJOKAIHH,
BOCNOJIb3yeMcs 0603HAaueHUAMH TeTpasApa ToMncoHa Ha puc. 6.15.1.
Paciensienust JHCJIOKAUMA Ha IJIOCKOCTH § TAKOBHL:

AB—>A8+4+6B, BC->Bb+6C, CA-—>C8s16A.

Ha puc. 6.19.2 ciesa moxa3aHsl YaCTUYHEIE AHCIOKAUMHY H HX BEKTOD
Broprepca ans K-yana, oGO3HaueHHble MO YKa3aHHBIM [PaBHJIEM.
JIeHTE cMREIKAOUIHXCHA JedeKTOB YNAKOBKH OFpPaHHYEHbl YaCTHUHREIMH
JAMCJIOKALHAMH C OJHHM M TeM e BeKTopoM DBioprepca, mostomy
JaCTHYHHE JAUCJIOKAUMH COENIHHAIOTCA II0 Pa3JBHHYTHIM APYT OT Jpyra
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KpHBbIM. PaBHOBecHBIll pajinyc sTHX KPHBOJIMHEHHBIX CErMEHTOB B mep-
BOM NPHOJMXKEHHH ONpelensieTcss TeM, YTO CHJIA JIHHeHHOro HaTsKe-
HUSl YaCTHYHBIX JucJoKauu# T, KoTopas CTpPeMHTCs pacTSHYTb y3ed,
YPABHOBEIIHBACTCA YleNbHOH sHepruell JedeKTa ynakoBkH y, CTpe-
msLleiicss ero CTAHYTE.

QueBupno, uro R=T/y, a T ~ Yyubi,.. Orciona cieayer, uTo

Y~ Fbgacr/2R’

rAe 1 — MOAYJb CABHTa, a b, — BekTOp Blroprepca yacTuuno# Aucsio-
Kaliuu.

Yacro sHeprus y 6bIBaeT HACTOJBLKO MaJld, YTO PACTAHYTHIE Y3JIHl YAa-
eTcs HAbMOAAaTh B 3JIEKTPOHHEIH MHUKDOCKOI, TOT/d 3HAUEHHE Y MOXKHO
HENOCPe/ICTBEHHO ONpPEJeJIUTh N0 H3MEPEHHOMY 3HAUeHHIO pajuyca R.

Ha puc. 6.19.2 cnpaBa u3o6paxeH P-y3en pacTAHyTHIX JUCJIOKALUE.
YacTuyHple AHCJIOKALMH, KOTOPHIMH OrpPaHHYEHH CMBIKAIOUIHECS je-

Facmanymend yaen Cmamenl yaen

Pue, 6.19.2. PacranyTeiff K cKaTollt y3/Ibl AHCJIOKANMA.

theKTHl yNakoBKH, HMEIOT pasjnyHuele BeKTOpH Bioprepca. UtoGul Bek-
Top bBroprepca uameHuJscs, HeoOXOAMMO, 4YTOOH NMPOH3OULIA peaKUus
MeXIy IOJHBIMH JHCJOKAUHAMH. UTOOB OHAa OCYLIecTBHJACh, Heo6-
XOAHUMO, UYTOOBl Ka)kAasl U3 TPex PACTAHYTHIX AUCJIOKALHH COKpAaTH-
Jachk, T. €. JHAUDPYIOWAS U XBOCTOBASl YACTHUYHEIE JUCJIOKALMH KaXKI0H
PacTAHYTOM JAMCJIOKALMH JOJDKHE BoccoeXHHUTheS. ClleOBaTe/BHO,
y3esn GyjeT OrpaHuueH OTIeJeHHBIMH APYT OT JApYra KPHBBIMH, 4TO H
nokasano Ha puc. 6.19.2 cnpaea.

Hrak, ecnu nosin30BaThCsl NpeJCTaBJEHHEM O DPACTAHYTHIX JAMCJIO-
KauuaX, TO HAjO CKa3aTh, YTO CeTKa MOCTPOEHa M3 4YepelyHolHXcs
PacTAHYTHEIX M CXKATHIX Y3JIOB. _

6.20. CxopocTh NpoJBHMKEHHS! BePHIMHBI TpeIWHBl O003HAYHM v,
YacTOTY CABHTOBRIX BOJIH V, JJUHY BOJHH cJeloB pa6u A. BepiinHa
TpeLKHE NPOJBHraeTcsl Ha paccrosiHue A 3a Bpems 1/v = A/vu. 3HauuT,

v=vA.

TunuyHoe 3HaUeHHe YACTOTH! 3BYKOBBEIX BOJIH JJISi XPYNKHX KPHCTaJ-
JIOB HMeeT NopsfoK 5-10°% ay, tak uto v~ 10% cm-cex™.

Bepxuuil npenen CKOpPOCTH pacnpoOCTPaHEHHS! TpPELIMHH B Xpym-
KOM MarepuaJjie OnpellessieTcsl 4acToToH aTOMHBIX KoseGanui. CBf3b
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MeXJy aroMaMH Y BepLIMHHEl TpPEUIMHE He MOXET pasOpBATbCA 3a
BPeM#, MeHbllee yYeM Nepuol AaTOMHuIX KojeGanuii. Ilostomy Makcu-
MaJbHOe 3HAaYeHHe CKODOCTH JBHIKEHUS BEPLUMHBI TPELIMHBl Umax ~
~ 105 cm-cex L.

7. NHanexTPUKH

7.1. DHeprus,, HakanJuBaeMas B GeCKOHEYHO MaJiOM 3JeMeHTe
o6neMa Ju3/MEKTPHKa du, paBHa D - E dv, wau npoue e,e,E? dv. 3ua-
YUT, MAKCHUMaJIbHAs 3HEpPrusi, KOTOPYI0 MOXHO HAKONUTL B TaKOM
3JIeMeHTe, OrpaHHdeHa TeM MaKCUMaJbHBHIM 3HauyeHueM HanpsiXKeHHO-
ctd E, KOTOpOEe MOXeT BLIAEPXKAThb AUINEKTPHK, T. €. HanpsxKeH-
HOCTbIO Nojs npobos E,.

Xopowo CKOHCTPYHPOBAHHHI KOHJAEHCATOP AJA HaKOIJIEeHHs Hep-
THH JOJDKeH ObITh T4KHM, YTOOB HanpsixkeHHOCTb nousis E 6bl1a OfHO-
pPOAHOH MO BceMy o0beMy JIM3IJMEKTPHKa; TOrAa 3Heprusd, HAaKanJH-
BaeMas [M3JEKTPMKOM JJs Kaxjoro 3Hauenus E or E<CTE, no
E=E,, 6Gyaer MaxkcUMaJbHOH BIJIOTb JO 3JEKTPHYecKoro mnpobos.
Tlpu npoboe n06poTHOCTDL E€,80E} Ha efuHuny obbvemMa GyLeT HauGoJb-
weil. OyeBHIHO, 5TY BeJHYMHY SHEPrMH HEJb3s TPEBLICHTb, KAKOM
O6bl HU Obl1a reoMeTpus OOKJaJOK U AW3JEKTPUKA.

B npoGnemMe HakonJieHUs SHEPTHH B JU3JEKTDHUKE CYUIECTBEHHH
IBa ciydas.

a) Ilpy E=E, o=0. PaccmaTpuBaeMnii OGBEKT MOXET NpPOCTO
COXPaHATb MAaKCHMAaJLHYIO 3HEPruio B 3ajaHHOM obbeme. CooTBercT-
BymOlllasl JOOpOTHOCTh paBHa €,Ej.

6) Ilpu nannom 3nadenuu noasd E o=£0. Ilocne HayanbHoil 3a-
PHAIKH OGBLEKT MOXET COXPAHATh HAKOMJEHHYIO 3HEPrHiO LOCTATOYHO
J0Jro. 3jiech CyllecTBeHHO, YyTOOH BpeMeHHas! NOCTOfHHAasA Ghia Jo-
cratoydo Goasiuoil. IIpH HanpskeHHOcTH mnojs E TNJIOTHOCTL TOK4
paBsHa Ec (rie o — npoBOAMMOCTL); 3HEPTHSl PacCEHBAETCH CO CKO-
pocthio E%c Ha eaununy ob6bema. Ecsau 3Heprus, Haxkan/jupaemas
B efuHHle oGbeMa, paBHA &.g,E?, TO BpeMeHHas NOCTOSIHHAS paBHA
£,8y/0 U COOTBETCTBYIOIAsA JOGPOTHOCTL OyJeT paBHa &,/C.

STH /Ba 3HaueHUS AOGPOTHOCTH MOXHO CONOCTABUTbL APYT C JPYroM
He BO BC€M HHTepBaJie 3HaYeHUH BeJUYHH, BXOJASAIUX B BhDAXEHUs A5
HHMX, 4 JHUb B YaCTHHIX cJydasx, KOTJa TOYHO M3BECTHa OTHOCH-
TeJILHAA POJIb KaxXkaoro u3 gaxkrtopos (E,, e,, 0).

7.2. JIna pemeHus 3TOH 23J4ayd HYXkKHO NPHMEHUTb TEODHIO 3JIeK-
TPOCTAaTHYECKOTO TNoTeHnHana. IlockosabKy CBOGOAHHIX 3apAJOB HeT,
TO JAJA peuleHUS 3a3Jayd CcHelyer BOCNOJb30BaTbCH YpaBHEHHEM
Ilyaccona

v2y =0.

CucreMa 3apsJ0OB MMEET LMJIMHJPHYECKYIO CHUMMETDHIO, TI0O3TOMY pe-
meHHs A8 V umeT BUA
Bcost

V=Arcost + —z
HanpsokeHHOCTb NOJsi MOXHO HaiTh no Qopmyne: E=—grad V.
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a) Jta YaCTb 3ajayH YNPOULAETCH, €CJH MNpPEeNOJOXKHTE, YTO
MOXHO npeHeGpeuh BJIMSIHHEM MaJIOi MOJIOCTH Ha moJie BO BceM ofb-
eme aM3JekTpHueckoro imapa. IloctosnHne A, B u T. A. HaiiayTcs
H3 COOTBETCTBYIOI{HX TPAHHYHBIX YCJIOBHH.

Ecnu HanpsikeHHOCTL BHelIHero moJis paBHa E,, To nojie BHyTpH
mapa ORHOPOAHO H paBHO E,=3Ey/(e,+2), a nojie BHyTPH MaJsIOH
nojoctd E,=3e,E /(1 4 2¢,), oTkyaa

. e,
E, = (er+2) (1+2¢,)

E,.
Ecan e, > 1, Hanpumep e,=5000, 0 E,/E, = 9/2e, = 0,0009.

Y KepaMHK 3J/IeKTPONPOBOAHOCTh OGHIYHO OYEHb MAasa, a MAarHHT-
Hasd [POHHLAEMOCTL MOPAAKA eAHHHLH. [lo3TOMy MarHHTHbBlE [OJIS
He 5KpaHHpYIOTCH.

6) BuyTrpeHHee nosie B JIODEHIOBOR MOJOCTH MOXHO PacCMaTpH-
BaTh KaK pe3yJsbTaT HaJOXKeHHs: 1) BHemnero mouss; 2) aenossipu-
ayioitero nois — P,/3gq, 0GYCJIOBJIEHHOrO NOJApH3anuel HapyKHOR
TOBEPXHOCTH AH3JIEKTPHYECKOro mapa; 3) nonsa -+ P,/3e,, 00ycJoB-
JNEHHOro 3apfAfaMH Ha BHyTpPeHHeHl MOBEPXHOCTH MOJIOCTH JlopeHua,
H, HakoHell, 4) BO3MOXHOro BKJ/afa OT mNOJIAIPH3AIlMM MaTepHasa
BHYTPH CaMOA JIODEHIIOBOA MOJIOCTH (B 9TOA 3ajade MH NoJiaraeM, 4ro
MOJApU3aLMsA MaTepHasa BHYTPH
TNOJIOCTH HENoCPeACTBEHHOTO BKJIa-

Ja He paaert). X
TTocKOJIbKY AH3JIEKTPHK MOJIfA- _/
PH30BaH OAHOPOAHO, TO P, =P,, ) ~
K pe3yJbTHpylolllee mosie BHYTPH \_/‘
JIOPEHLIOBOA MOJIOCTH Kak pa3s —
paBHO BHeumHeMy nosio E,. ) P

Ecsin MaTepHas, HaxoAsmuAcs
B JIODEHLIOBO# ITOJIOCTH, HE BHOCHT
HEIoCpeACTBEHHOr O BKJ1aka B 1oJie
BHYTpM Hee, TO MOXET IIOKa-
3aThCsd, UTO Pe3yJbTaThbi A1 CJY-
yaes (a) 1 (6) AOXHB! GBITH OAHHA-
KOBBIMH. Ps3/iMyMe MoJiyyaeTcs MOTOMY, YTO MOJIsIPH30BAHHBIH Mate-
PHaJl BHYTPH I10JIOCTH CaM MOJIAPH3YET AUJIEKTPHUECKHH Iap CHAPYXKH
OT MOJIOCTH, B Pe3yJbTaTe uero nosiBjsercs A00aBOYHOe noJie BHYTPH
nosioct (o6patHoe movsie). Ilonspusauust Ans o6OMX cllyyaeB MOKa-
3aHa Ha puc. 7.2.1. B ciyuae (a) BHyTpeHHee nosie, oOycJ/OBJ/ieHHOe
nonsipusauueii P,, OUEBHAHO, HEJOCTATOUHO AJIA TOro, YTOObl CKOM-
TIeHCHpPOBaTh INoJie, BLI3BaHHOE MNOJApH3anved — Py, nostomy noJe
BHYTPH MOJIOCTH B STOM CJy4yae MeHblue, ueM B ciyuae (6). Kosuue-
CTBEHHO Pa3HOCTL PaBHA MPOCTO OGPAaTHOMY MOJIKO, 00YCJIOB/JIEHHOMY
NIQIAPU30BAHHOK cepolt, MOrpyXeHHOH B JHINEKTPHK, T. €.

Puc. 7.2.1. Pacnpenenerne nonspria-
LKK BHYTPH AHMINEKTPHUECKOH obephl.

a) Peanwuast nojaocts (Py>P,), 6) nopes-
HoBa nojaocrs { Py = P,).

2(e,— 1) P
3eo (2e,+1)

rae P_—_—_M.’.__l)_Eo_

e, +2
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7.3. V3 ofmweii TeopuH NONADPHBIX JAH3JEKTPHKOB H3BECTHO, UTO
3aBHCHMOCTb &” OT YacCTOThl ONpeNeasieTcs BhipaKeHHeM

s”_(e,—eoo)mr
T 4o

rfe T — Bpems pesnakcaudd. Ecan o <L /7, To 0?2 L 1 v (1 4+ 02?1~
~ 1 — o®?, orkyaa
g" = (s — Ex) 0T (1 — w?1?),
HIIH
g” = (B — Eco) OT — 0373 (E5 — Ecc).

CpaBHuBas 3TOT pe3yJabTaT ¢ Bmipaxenuem &’ = (L— Mf?)f, Bu-
JHM, YTO
2= M/4AnL.

Ilpn HanHYHH NPOBOAMMOCTH BO3HHKHET TOK, COBNAJAIOMHKH 10
¢ase c noneM, a MO3TOMY BO3HHKHYT aKTHBHhE IIOTEDH, KOTOphIE
NpUBEYT K BO3DacTaHHIO 3HaueHus &".

Ilycts B BakyyMe cHcremMa ofkJagok uMeeT emkocth Cy. Ilocae
3aII0JTHEHHSl CHCTEMBbl AH3JEKTDHKOM NDH HanpsikeHHH V BO3HHKHET
TOK C IJOTHOCThIO jo (8" — je") CoV. Ecan auanektpuk obaajaer npo-
BOJIMMOCTBIO, TO IIOJIHBIH TOK 4Yepe3 KoHAeHcarop 6yjer paBeH

Inoan = jm (S' - jS") COV + inponon'

SDKcnepHMeHTa/bHbBIE LAHHBIE 10 3aBHCHMOCTH ipg,, (0) MOXHO ONH-
cath ¢opMmyaoi
. , .
Inoms (@) = jo (6' — J€3ken) CoV,

e Eixen =€ + lnposor/ @Co V.

QueBuHO, NPOBOAUMOCTbL GYJET BCEro CYIIECTBEHHEE CKa3biBATHCH
IPH HH3KHX YACTOTAX, [IPH KOTOPBIX Esken A% lnposon/@CoV, T. €. BeJIH-
YHHA Ej.. 0 OKA3bIBAETCH NOCTOSHHOH.

TakuM o6pa3oM, ec/IH NPOBOJHMOCTb JOCTATOYHO BeJHKA, TO rpa-
(UK 3aBHCHMOCTH Ejxcn OT © B JIOTapH(MHYECKOM Maclurabe OKasml-
BaeTCsl NPAMOH JIMHHEH C TAHI€HCOM HAKJOHA, paBHBIM —l.

7.4. Kaxnii aTOM JBYXaTOMHOH MOJIEKYJhl B JOKaJbHOM II0J€
E nonspusyercs ¥ npuoOperaeT AHNOALHLIH MOMEHT, paBHEH a,.FE.
MNonspusopannmii arom cospgaer noae E,, AelctByromee Ha Apyroi
4TOM; OHO 3aBHCHT OT OpHeHTauuu jaunoa#A. [lone E, nponopimo-
HasbHO a.F, a umenno Ey;==xaE.

Ecan ocp Monekyan napannenbHa E, 1o » == 1/2ney/3, a ecan
OHa nepneHAukyaspHa E, 10 x=x | = —1/4neg,l3,

J1s cyMMapHOro moJs, JeHCTBYIONIErO Ha KaX/bli aToM, HMeeM

E=Ey+ Es=Ey+na,E,

rne E,— BrewHee none, T. €. E = Ey/(1 — na,). TakuM o6pa3om, 3/ek-
TPHYECKHH MOMEHT atoMa pameH a.F = a,Ey/(1 —na,), a snekrpuye-
CKHA MOMEHT BCEH MoJIeKyJnl paseH 2o.Eq/(1 —=xa,).
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Ecin na, £ 1, To nonHasi monsipHayeMOCTb MOJEKYJBl paBHA
2a, (1 +xa,).
BocnosibayeMcst teneps ¢opmydioit JlopeHu — JlopenTua

n—1  Na,

P2 3g '
rie n—noKa3jaTeqb mpenoMmieHusi, N —4HCIO 4YacTHL B eJuHHUe
obvema. TlockonbKy B JaHHOM cjy4yae # MajJo OTJHYAaercsi OT €flH-
HHIBL, TO n24-2~3, a (N2 —1)=(n+41)(n—1)~2(n—1), orkyna
n—1~sNa,/2e, Torga paasHocts nokasatenef npeaomieHds, An =
=nmn—n,, paBHa
N(Aap) _ N(%—2)) Nep

-
An=s %, 5o = —so—(x"-—u_L).
IMoxcrasnsis ciofia pasHoCTb ¥y — %, OKOHUATEJHLHO NOJYYHM
L
= Trem *

7.5. Tennosble NMOTePH B MH3NEKTPHKE CBA3aHbl C MHHMOH YacThiO
AM3/EKTPHYECKOH INPOHHLIAEMOCTH. [l «XOPOLIEro» IOJAPHOTO JH-
3JIeKTPHKA
(8s—8x) OFT
T14en®

n

B ofuiem ciyuae 3HAYeHHE TOKa, TEKYLIEro yepea KOHJIEHCATOD,
nponopuHoHansHo @ (" — je'). B naHHOM cayuae cpeinee paccesiHHe
SHEPTHH NPONOPuHOHANEHO we’, IlofcraBnss 3HaueHHe &”, HAXOLHM,
YTO BEJHYHHA I[OTEPbL nponopuuoHansHa ?t/(l1 4 w?t?). Sra senu-
YHHA pACTeT, ACHMIITOTHYECKH JOCTHTAs HACBHULEHHHA IIPH @ — 0O.
HerpyaHo BuIETh, uTO NpH @ = 1/T paccesiHHe 3HEPTHH PaBHO NOJO-
BHIi€ BETHUHHBI IOTEPL NIPH @ — CO.

[TocKOMIbKY T 3aBHCHT OT TEMMEpPATypPHl, TO ITH PE3yJbTaThl MOXHO
NPHAMEHATH TOJNBLKO TOrJd, KOrja TeMmIeparypa o6pasla NOIJEPKH-
BaeTcH TOCTOAHHOH. I[lo3TOMYy MaMepeHHe TEIVIOBBIX IIOTEPL DPA3HHX
o6pa3unoB Hajfo NPOBOJMTL NPH OJHOR H TOH K€ TeMIeparype.

7.6. B nepemenHoM sJeKTpuYeckoM mnoje Esinwf Ha 3JeKTPOH
meiicTByer cuaa eE sinwf, coofmarouias eMy yCKOpEeHHe. Y paBHEHHe
JNBHXEHHS 3JIEKTPOHA HMEET BHJ
d’

eESin(l)t=mHF,

Te X — BeJIMUHHA CMENICHHH 3JIKTPOHA M3 MOJIOXKEHHS PaBHOBECHS.
Orciona
x=xpsinef  (xg=—eE/mw?).

PeaynbTupyronas NOJNAPH3ANKA (INEKTPHUYECKHH MOMEHT €IHHHIILI
o6beMa) MO onpejeneHH:o paBHA (— eE sin wf/mw?) ne. Juanexrpuue-
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CKasi BOCIIpHHUMYHBOCTb (HO OI‘IPEIIEJIEHHIO) HAXOAHTCA KaK OTHOLUCHHE
BE&JHYHUHBI NMOJISIPDH3AIHH K HANPS2KEHHOCTH I10Ji, yMHO}KEHHOﬁ Ha g4l

ne2
A= e,

CJIeI0BaTeIbHO, JJIS1 JAMAJEKTPUUECKOH NPOHHIAEMOSTH &, =1 49 no-
JIYYHM
_ ne?
&, = _Tn(_o?s_o-
JlonmycTuM, 4TO 3TOT pe3yJbTaT NPHMEHHM K MeTasly, HamnpHMEp
K HaTPHIO, Y KOTOPDOTO Ha KaXIbli aTOM IIPHXOAMTCS IO ONHOMY
CBOGOAHOMY 3JIEKTPOHY, NOJCTABJAA 3HAYEHHHA n, m, € H g, NOJYUHM

1,8 1082

gl — =

BroT pesyJbTar MOXKHO rPy6O MHTEpIIPETHPOEATH CJAELYIOMHM 00-
pPa3oM: [pH OYEHb BHLICOKMX HYaCTOTAX €, CTPEMHTCS K €JHHHUIIE H Me-
TaJlJ1 OKa3bBA€TCH [PO3PayHLIM JJIf 3JEKTPOMATHMTHOTO H3Jy4EHHH,
4 IPH HU3KHX 4YacTOTax €, OYJET OTPHIATEJNBHOH M PACNpOCTPAHEHME
3JIEKTPOMarHHTHHIX BOJIH CTAHOBHTCS HEBO3MOXHBIM,

Kpuruueckass uacrora, OTBeyaomas 3uauenwio & =0, B JaHHOM
Clyyae COOTBETCTBYET AJHMHE BOJHE okoJo 1400 A. Ilockoabky mpu-
6Ji1KeHHe OBbIIO OYeHb IpYOhIM, TO HE YAHBHTEJNBHO, YTO HET TOYHOTO
COBN3jJeHus ¢ HabJonaeMod JUIMHOH BOJIHBI, OTBEYAIOIIEH Kpaio no-
raoumienus (~ 2000 A).

7.7. a) Eciu ne npuuATh Mep B MOMEHT, KOTJd IDOHCXOIMT 3a-
Mepsanue, TO B TBEPAOM TeJje MOryr o6pa3oBaTbcsl MOpH. JlHs.aeKTpit-
YECKME CBOMCTBA INOp OGLIYHO COBCEM HE€ TAKHE, KaK Y TBEPACIO
JM3JIEKTDHKA, II03TOMY 3HAYEHHS JUIJNEKTDHYECKOH [IPOHHIIAEMOCTH
MOTYT HOTEpPSATb CMBICA (MexdasHasi NoJspH3ayus).

6) CyMMapHasi €MKOCTL pacCMaTpUBaeMOTrO KOHAEHCATopa €ecCTb,
B CYUIHOCTH, EMKOCTb TpPEX IIOCJIEJIOBATEJBLHO COEJUHEHHBIX KOHJell-
CaToOpOB: JBa M3 HHX 0Opa30BaHBl 34a30paMH y KaxJOH OOKJaiKil,
a Tperni — CaMHM JH3JEeKTPHKOM.

HenocpeacTeenHoe BHIYACJIEHHE NOKa3bIBaeT, YTO B 3TOM CJY-
yae 3¢peKTHBHAS JMIIEKTPHUECKAs] IPOHHLUAEMOCTL MOXeT OhTh
He Gosee 200, T. e. cocraBisieT 1/5 OT MCTHHHOI sl JAHHOTO MaTe-
puana. Ecau of6kaagku cxaTb, TO 3(hdeKTHBHAS JUIJIEKTPHYECKAS
NPOIHIIAEMOCTb YBEJIMYHTCSA JO MCTHHHOTO 3HaueHHsi, paBHoro 100J;
CHTyauus YJY4LUHTCS.

DnekTpuyeckass HHAYKuMs D =¢€,e,E HenpepbiBHAa NpH mnepexone
yepe3 BCce TPH CJIOS, TAK YTO HAMPSKEHHOCTb 3JIEKTPHYECKOro moJs
B 3asopax 6yner B 1000 pa3 Goubue, yem B ausjexTpHke. IIpo6us-
HOe HamnpsDKeHHe M JBYX IOCJAEeR0BATCJbHO COEJHHEHHBIX 3a3050B
pPaBHO 58, YTO COOTBETCTBYET HANPSKEHHIO B AKINEKTPHKE, paBHOMY
1,25 6. CymMapHOe TPOGMBHOS HanpsKEHHE BCEro KOHAEHcCATopa Co-
crasiT BCero 6,20 6.
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CpaBHHBasi 3TOT pe3y/bTaT C OXUA3EMbM 3HAYEHHEM, pPABHBIM
1,25 k8, BHAMM, HACKOJBKO IJIOXO OGCTOMT ZAeno. JIOBOJNBHO-TAKH
HEOXKHJAHHO, YTO CXKaTHe Majio NOMOraeT, ecld He YAACTCH JHKBH-
AUpPOBaTh NOPHUCTOCTD.

Hannuie KOHEYHOH NMPOBOAMMOCTH O 3JIEKTPHYECKH 3KBUBAJCHTHO
COTIPOTHBJIEHHIO R, MOAK/IIOYEHHOMY NapaJiie/ibHO JaHHOMY MatepHainy.
Ecnu y nvanexTpuka HeT mop, TO npu nJowaad KoujaeHcaropa A u
tomuyile d umeeM: C=c¢,€,A/d ¥
R =d/Ac, otkyna : b |

T=RC =¢,¢,/0, | I P l
[}

!
|

T. €. NOCTOSIHHaS BPeMEHM T He Sasap | P
33BUCHT OT reOMETPHH KOHJeHca- Py Aurexmpur\Jasgp
TOpa C IH3JIEKTDHKOM. Puc. 7.7.1. OxBuBaneHTHHU KOHTYp ANS

npe}mo.TIO)KHM, YTO SKBHBa- KOHJeHCaTopa C Népamu.
JIEHTHBIH KOHTYP HUMEeT BHJ, H30-
OpaxeHHbI# Ha puc. 7.7.1. HerpyaHo BHpaeTs, 4TO B 3TOM clyyae yxe
He CYILecTBYeT YHHUBEpDCaJLHOH MOCTOSAHHOH BpEMEHH.

JeiicTBUTENNILHO, PACCMOTPHM KOHJEHCATOp, COEAWHEHHHH C MCTOY-
HHKOM HaNpsXKeHHsl, a4 3aTeM OTKJIIOYEHHHIH; LEeHTpaJbHbIA KOHIEH-
catop C, paspskaercsi C NMOCTOSHHOH BpeMeHH RC,;, MeXAy TeM Kak
3330pel, B NPHHIMNE, HAKOrAA HE PaspARATCA.

7.8. a) Ecan paguyc npoBoasine# uacTHIBI 7, TO €€ €MKOCThb
C =4neg,gr. Ecny uacTuua 3apsiKaeTcs OT HanpstkeHust V, To 3apsn
Ha Heft Q=4ne,e,rV. B saeKkTpuuecKoM noje HanpsKEHHOCTHIO £
Ha 3TOT 3apsn AeficTsyer cuna, paBHasa EQ. Ilostomy, ecam pac-
CTOsIHHE MeXJYy 3Jektpolamu paBuo d, 10 E=V/d, a cuna, pe#icr-
Bylolllasi Ha yactuuy, paBHa F =d4me e V?/d.

B paBHOBEeCHBIX YCJOBHAX CKOPOCTbh HaCTHUUH 333€TCA 3aKOHOM
Crokca: F = 6nnrvu, oTkyaa

_ 2g80V2
- 3yd

a Bpems, TpefyeMoe ans TOro, 4ytaGbl JOATH RO BTOPOH OOKJankH,
6yner pasHO
g @ _ 3na
v 2,V
T. e, ! He 33aBUCUT OT 7.

7 6) HanpsikeHHOCTb 3JIEKTPHUECKOro MOJA B BepuivHe nonychepnl
MOMXKHO HaWTH MeTogaMH TeODHH MNOTEHUHANIA, WCNOAB3Ys CHOCcob
u3o6pax<eHnii. Pacnpenenenye HanpsiKeHHOCTH noJs Ha puc. 7.8.1, a
TOYHO TaKOe Xe, Kak U Ha BepxHeH mnoJsioBHHe puc. 7.8.1, 6.

Ilonyyaercsi, 4TO HaNPSXKEHHOCTh INOJA B BeplMHe nOJyceph
paBua

e,
(e2 + 281) Eo,

rae E,— HanpsKeHHOCTb ORHOPOZHOTO NOJS B TOYKAX, AOCTATOUHO
YAa/ZeHHHX OT MecTa HapylleHusi €,. [lockonbky &, > &, TO Hamps-
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YEHHOCTh 110151 B BepliyHe 3To# noxychepn pakTHuecky Brpoe Goablie,
yeM CpeAHss HanpAXEHHOCTb NOJSA B JM3JEKTDHKeE.

Jlio6asi He NMPOBOAALIAA NMOJAPHASA NPHMeCh OyJEeT MOJAPH30BAThCH
noseM H Ha Hee OyjeT JeHCTBOBaTh pe3y abTHpylomas cuaa Pdiv E,
rae P n E 1nponopLyOHaNbHE TNPHIOKEHHOMY HanpsxkeHuio V.

W\
Rl |
; i

a) &)

Puc. 7.8.1, Pacnpesesenne HanpsKeHHOCTH MoJISt B NoJycpeprHyeckoR JU3JIeKTpH-
yecKoif HeOJHODOAHOCTH Ha OXHOM M3 3JIEKTPOAOSB.

a) VicTHuHan xongurypaunus, 0) sKBHBaneKTHAas KOHQHrypauus.

ITpo6ofi npoucXOAMT NOTOMY, YTO YAaCTHILI NPHMECH HEIpephLIBHO
ABHXYTCH K 3TOH noaycdepe, B KOHLE KOHLUOB NPUJAMNAIOT K HeH M
NocTeNIeHHO 00pa3yloT MOCTHK MeXay AByMs o0kjaaxkamu. Bpewms,
HeoOXOxMMOe JJA 3TOro npolecca, oGpaTHO NPONOPLHOHAJNBHO CKO-
poctd yactuu. Bocnosnb3oBaBumich cHoBa 3akoHoM CTokca, noJyuaem,
uTOo NpoGOM NPOHM30HJET 1O HCTEUEHHH BpPEMEHH, IIPONOPLHOHAJDb-
Horo V-2,

7.9. OcHOBHHIE pa3/uuus B PACIPOCTPAHEHHH 3JIEKTPOMAarHHUTHBIX
BOJIH BO3HHKAIOT H3-38 H3MEHEHMS €, OT eIHHMUL a0 & —ig", rje
B ofuem cayuae &' £ 1, a &’ # 0. Pacnpocrpanenne BOH BO3MOXHO,
noka ¢ >0, HO ¢ Pa3HLIMH CKOPOCTAMH, H €Can e" >0, To umeer
MECTO DAaCCesHHE SHEePrWH M, CJIEHOBaTe/]bHO, IOrJOLIEHHE,

M3 3akona coxpanenmus suepruu c/iefyeT, uTo ecau no obe cTo-
POHEl OT NOBEPXHOCTH pasjena 3HAYEHHS € Pa3jHyuHB, TO XO/DKHA
CYLIECTBOBATh OTPaMEHHAs BOJIHA: TAHIEHUMAaJbHasA COCTABJSAOLIANA
HanpsHKEHHOCTH 3JeKTpuyeckoro noas E oauHakoBa no o6e CTOPOHHI

OT TpaHHUlEl, a8 NMOCKOJbKY IIOTOK 3HEPrHH INPONOpPLUHOHAJIEH Ve E?,
TO JIO/DKHA CYLIECTBOBATb TPETbf BOJHAE, KOMIIEHCHDYOLULAH Pa3HOCTb
Ve E*—V e, E2.

Ecau MBI XOTMM, uTOGH OTpaXEHHS OT AM3JEKTPHUECKOrO NOKPHI-
THA BooOWle He OwJIO, TO Haj0 paccMaTpPuUBaTh Bce TPH  BOJIHHI
(puc. 7.9.1). IlycTs aMnauTyfsl HANPSDKEHHOCTH SJEKTPHUECKOro
nons Ey, E; u E,, TOTAa U3 yC/IOBHA HENPEPHIBHOCTH HAl PAXKEHHOCTH
AJIEKTPHYECKOro 1oJis Ha S caejyer, uTO

Ei =Et +El'l
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4 H3 3aKOHa COXpaHEHHUA 3HEPIHH BHITEKAET YCJOBHE

E}+ Ve Ei=V ¢ E:.

Torma u3 cooTHomwerua Mexay E, u E; onpeaenuTcs TOJUIHHA RH-
3/IEKTPHUECKOr0 IIOKPELITHA. s

Pentast npuBejeHHbE BhILIE ypaBHe-
HHUA, IOJydyaeM

E g —1 E £
E _Vel  gop g b
E; Ve 41 <T—
-
Ho E, —3To BoaHa, KOTOpas UfET BHa-
yane or S kak E;, a 3areM orpa- /
JKaeTcl OT IIOBEPXHOCTH MeTajya H i} 7 i}
uzer o6patHo kK S. IoaTomy Banygm | Cwid  Hdemaomond
| Pusnenmpuna \mpoboduun
E, = Puc. 7.9.1. OrpaxkeHHe =2JeKTpo-
/2 MAarHUTHOR BOJIHH OT [IOBEPXHOCTH
= E,exp [l (T 2d + ﬂ:)] exp (— k- 2d), MOKPHITHS,

rae d — TOMIIMHA CJI0S JH3JeKTpHKa. Ecnu 3aryxanue B JU3JEeKTpHKE
HeBeJUKO, TO Beauuuny E,./E; (cM. Beipaxenue (7.9.1)) MoxHO cuH-
TaTh BEIECTBEHHOH H, CJENOBATE/LHO, BEJHYHHA

exp [i (2—;‘ 2d+ n)]

Toxke OyJeT BellecTBEHHOH. ¥Y/OBJIETBOPSIOLIEE 3TOMY YCJIOBHIO MHHH-
MaJbHOE 3HaueHHe d = A/4.

J1¥BEa BOJIHE B JU3JEKTPHKE COCTAaBJSAET TOJLKO (E')~'/+ yacTh
OT JJMHH BOJHB B BaKyyMe; INO03TOMY MHHHMMaJbHAfA TOJIHHA CJOS
RU3eKTpHKa paBHa 3/(4 ) 400) =0,375 ma.

Hckomyo npoBOJMMOCTE OmnpejesisieM, pemias ypaBHEHHe

exp(~ 34 = 53

{UTO JaeT NOYTH TOYHO: */,RA=0,1) 1 yuuTHIBas, YTO R = /50 V 1po/e'e,.
[poBeseHHOE pacCMOTPEHHE BEPHO TOJMBKO INpH 0 K 8w, T. €.

ecau 2RV e'eo/ppy <L ', HIH
k<0 €equpg = /A

(rne A=0,0015 »). B Bamem npumepe 3TOT KpuTepuH BIOJHE YAOB-
JIeTBOpAETCH.

7.10. Ilpu HOpMaNLHBEIX YCJOBHSAIX AM3JEKTPHYECKas NpPOHHILAe-
MOCTb rasa onpejensiercs ¢opmydoii Kaaysuyca — MocorT

f::;; = %(ae + —3%).
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a ONTHYECKHH II0Kas3aTelb INpeiaoMieHus n— copmynoi JlopeHiy —
JlopenTua
nf—1l  Na,
o R T
Orciona, nonarass €,—38,8-10%, kT =4-10"% gx (nupu HoOp-
MaJlbHBIX ycaoBHsix), a N =27-10* x~3, monyuum

Npz 0,01 0,001
9e,kT ~ 3,01 3,001 ~=0,003.

PesynbTUpYIOMMA MOMEHT MOJIEKYJH  NPHOJHIKEHHO paBeH
6-103° x-m, unu 1,8D.

B monekynax TaKoro THNa OGbIMHO BO3MOMKHE! TPH CTPYKTYDHEIE
konpurypauud. OxHu wu3zobpaxennt Ha puc. 7.10.1. B cayuae
(2) pesyabTHpyOUKE AUNONLHBIE MOMEHT paBeH HyJ 0. B cayuae (6)

250

4 A A | A
£ooh
250
250 Pesymomupymngir 450
al HomeHm
250 9
A A
\_o__>§é.é,,
2)
a1,
A Pesymomupyrougui
| Moresm
O
A | A
a

Prc. 7.10.1. JunonbHue 3KBHBAJEHTH MOJEKYJH, COCTOAWleft H3 ABYX HAeHTHY-
HBIX HOATPYMI.

a) MouoknuHuas cHmMeTpus, 0) poM6uyeckasm CHMMETDHs, 8) CBOGOAHOE BpaINeHHE BOKPYT
ocu C—C. 2) nPOMeXxyTOYHOE MONOKEHHEe AAA (8), 3) KOHEYHOE IONOXKEHHE RAR (6).

II0CKOCTh, HopmanbHast K cBfA3d C—C, CHYXHT MJIOCKOCTBIO CHMMET-
PHM MOJIEKYJbl; Pe3yJNbTHPYIOIUHA AHIOJNbHLIA MOMEHT paBeH 3,5D.
‘B cnyuasx (8), (e) u () ogHa moJOBHHA MOJeKYJ:! CBOGOJHO Bpalia-
€TCHl 110 OTHOIUEHHUIO K JpYroi noJoBUHe MoJIeKyJbl BOKpYr cBsizu C—C.

ITpeacraBum ceGe, uTO OXHa MOJIOBHHA MOJEKYJbl 3aKpenJjeHna
HEMOJBHKHO, TOrJa CPEAHHUN JHUIIOJNBLHBIA MOMEHT BPaLIAIOeHCcs I10J0-
BHHBI, HanpaBleHHb# Bloab cesasu C—C, pasen 2,5/)/2 D. B coue-
TAHHH C HEMOJABHIKHOH IMOJIOBHHOH MOJIEKYJH 3TO JaeT Pe3yJbTHPYIO-
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ui - MomenT 2,5/)/2 D, HopmanbHuiit X cBsisu C—C, T. e. npHOGaH-
autensHo 1,8D.

OueBH/IHO, YTO NPH HOPMaJbHEIX ycJOBHAX MoJeKyan (XO) H,C —
—CH, (OX) cpo6oano BpauiaroTcsi BOKPYT YIVIeDORHOH CBSI3H.

7.11. U3-3a cuMMeTpHH 3JIeKTpHUecKOe IoJle, CO34aBaeMoe y Kax-
JOro JaHHOro HOHa APYTHMH HoHamH, Oyner paBuo Hyaw. IlTostomy
CerHeTo3/JIeKTpHYeCKoe COCTOSIHHE MoMeT OhTbh OOYCJOBJEHO JIHUIb
JMIOJBHEIMM TIOJSIMH, BO3SHHKAIOWMMH H3-3a 3JeKTPOHHOH MOJSPH-
3YeMOCTH.

OueBHHO, YTO CcerHeTO3JeKTPHYeCKOe COCTOSIHHE C [OJSPHOH
0CbI0, HOPMaJILHOH K HalpaBJ/IeHHIO Psiia HOHOB, HEBO3MOXHO, IIOTOMY
YTO y KaXJA0ro HoHa 3TO noJe OyheT NPOTHBOAEHCTBOBATb MOJSPH-
3alUM (XOTS JONMYCTHMO CVINECTBOBAHHE aHTHCErHeTO3JeKTPHYECKOro
pewuenns). ITosToMy mossipHasi cerHeTO3JeKTpHUeckasi OCb, €CJH OHA
ecTh, AOMKHa ObIThb mapaJjijiesbHa psiAy HOHOB.

O603HauuM iBa pasHbIX HOHA 4Yepe3 X H y, a HX 3JeKTPOHHKLIE 105~
PH3YEMOCTH — yepe3 @, M a,. JIOKaJbHLIE MOJsA y 3ITHX HOHOB GYAYT
cooTBetcTBeHHO E, u E,, a pesyJbTHpPYIOIWME NHNOJbHEE MOMEHTHI
MOHOB GYAYT px H p,. Toraa

t
Ee=b—Etaptbu, E,= ' =E+op+dy,
rie E —npunoxenHoe BHewHee mnone, a a, b, ¢, d — KOXppHLHEHTH,
XapakTepH3ylolie TMoJs, CO3AaBaeMble B IIOJOXEHHSIX X H Yy APY-
FHMH JHIOJNSIMH psja.

YcaoBHe HanHuMs cerHeTO3JIeKTPHUYECKOro COCTOSIHMA (CIOHTAaH-
HOH MOJAPH3ALMH) 3aK/JIIOYAETCH B TOM, YTOOBl HH W, HH p, HE
ofpamanuck B Hyab jgaxe npH E =0. 3to NpHBOAMT K YCJIOBHIO

be=(4y 1) (a;— )
i

PaccvaTpuBasi GecKOHEUHHH Dsifi AHNoOJeH, nosyyaeM CJaeldylomuH

pe3yJibTarT: ) ) ) )
a=d=m(¥+zg'+—ﬁ3—...),

1 1 1
b=0=m(1 —{—-33‘ + ST)'

rae lo — paccTosiiHe MeXJy COCefHHMMH HOHaMH.

Ecan —i— + -—215— + —:;3— ...=S8, 10
A
144 + ‘51-7---=S—('213—+21:T+‘61?---)=S—% SEAN
7.12. TlpeamnosioXHuM, YTO KPHCTalJl HCIOJb3YeTCsl B KauecTBe
JAHM3JIEKTPHKA, TIIOMeLIeHIIOro MeX1y 3JIEKTPOAAMH. HYCTb E€MKOCTb
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CHCTEMBI 3JIeKTPOJOB B BakyyMe paBHa C,. Emxocts C cucreMmnl
C JUIJIeKTPUKOM Torja pasHa e,C, Ecsiu npusoxeHo nanpsxenue V,
TO LA pe3yJbTHPYIOWEr0 TOKA HMeeM

fpea= jOCV = jwe,CyV.

1 pacueTa KOMIJIEKCHOH JM3JEKTPHUYECKOH IPOHHIAEMOCTH
HYXHO 3anHCcaTh NOJHLIA TOK:

losn = JO (B — je") CoV.

B naHHOM ciyyae, oueBHAHO, coBnajaromas no ¢ase KOMIOHEHTa
Toka paBHa ©e’CoV. Be3oTHOCHTEJLHO K TeOMEeTpHH KOHJeHcaTopa
JIerko II0KasaTh, YTO TOKY, COBNAJAOUIeMy IO ¢ase c noJjem, OTBe-
4aeT NPOBOJMMOCTE

o = ©e"gy,

OTKYyla B Hauem cJayyae nosyyaeM o ~z5,5-10-% om~t. m~L.
Kosdduuwenr auddysus D MoXKHO HAHTH, BOCIOJb30BABILHCH
topmy.10i i HIUTEHHA
D =FkTule

M COOTHOLIEHHEM MEXJIy MOABHXXHOCTBIO H IPOBOJUMOCTHIO
0= Nyu.e om™ - u1

B namem cnyuae nmpu T == 300°K nmoayuum D~=9-10-° x2.cex1.

ITockoILKY COGCTBEHHAs! NPOBOAMMOCTL epMaHHsl HMeeT I0PANOoK
0,5 ox1- x4, To cooTBeTcTBYIOImHe 3HaueHuss e” 6yayr B 1000 pas
Goselie, T. €. €" =+ 10000.

7.13. IlpuMeHsii K «ALIMKY C lIapaMd» Ha NOBEPXHOCTH CErHeTo-
aJeKTpuueckoro BeulectBa ¢opMyny [aycca — OcTporpazgckoro
(§Dds={qdv), nonysaem, uro Tam He nOMKHO GriTh CBOGOAHEIX
3apsagos, D H0mKHO _6HTh PaBHO HYMO, T. e. gE — P =0, oTkyna
E=28-1019¢.-u71.

CrnyvaiiHble 3apajbl M3 OKDPYXaIoOWlero BO3AYXa OYeHb OGHICTPO
OCefaloT Ha IOBEPXHOCTH, II0KAa He CKOMIIEHCHPYIOT 3apsjsl Ha IO-
BEPXHOCTH, O06ycJoBJeHHHe nonaspusauueil. OueBHAHO, IIOTHOCTDb
ITHX 3apsAloB JOKHA OblTb paBHa — P, OTKyja, CHOBA IPHMeHAA
Ty e dopMyay, HaxoauM, uto g, —P=-— P, T. e. B pesyabTare
HaIPsKeHHOCThL 3JIEKTPHUYECKOro MoJs najaeTt, 10 HyJ.

Ky6uueckass peulerka c napaMerpom 4 cogepxur 1,56-10%
MOHOB THTaHa Ha 1 M®. 3apsaj Kaxzporo u3 HuX paseH 4-1,6.-10-1° g,
TaK 4To B npuHuune noaspusamus B 0,25 x/m? po/mkHa Guiia Ol
NONYYNTECH OT CABHIAa MOHOB THTaHa npuMepHo Ha 0,25 A.

JunonsHuIll MOMEHT HA OJHY 3JIeMEHTapHYIO fuedKy paBeH, oue-
BUIHO, NOJAPH3AUMH P, JeleHHOH HA YHCJIO siyeek, COAEPKAUIMXCA
B 1 M3 7. e okomo 1,6.10°2 x-mx, umu 4,8D. IlepoBcKUTHAA CTPYK-
Typa THTaHaTa Oapusi TakoBa, 4YTO JIOKaJnbHOe moJje y HOHoB Ti%*
ropasjo GoJsbllle, 9eM MOJs Y HOHOB B GOJBIIHHCTBE APYTHX BELIECTB,
a TO3TOMY M BO3HMKAET HEOGHUAHHO GOsbIuast MOJNSpH3AUHMSL.
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7.14. Bueprus U, cofepxamascs B Ihe303JeKTPUKe NPH MOCTO-
SIHHO} TeMmeparype, .sBasiercs (yHKUHeHd HanpsixKeHHoCTH noas E,
MexaHuyeckoro Hanpsukenuss T, depopMauuu S B HHAYKUMH moas D.
Manpie wameHenuss E ¥ T  BoI3LBAIOT Majne u3MeHeHus U,
a HMEeHHO

dU=DdE+SdT.

Haeecto, uro U sBnsercad mojHeM AudxpepeHUHANOM, TO3ITOMY

aD\ _ [dS
(W)E - (ﬁ)r
Orcioga c/eayeT, uTO Nbe303JeKTPUUEeCKUH MOAYJAb d B 0GOHX ypaB-
HEHHSX — OJHH K TOT Ke.
MertannusoBaHHLe OGKJ/IaJKH 3aMHIKAIOTCA HAKOPOTKO IIPH CXKa-
THH, AJad Toro 4to6ul moJse E Gu1o paBHo Hymo. Torga S =sT u
D = Td. MexaHuuecKasi 3Heprus, 3aTpaueHHas NpH JedhOpMHUPOBAHUH,

pasua {TdS, 1. e. { (S/s)dS mmm S%/2s wHa equnuuy ofmema.

B nmnpouecce cxkatusm 3apaj Q, CTEKAWINHE C OJHOTO 3/1EKTPOjAa
Ha Jpyro#, JAOCTaTOueH, YTOOLI ypaBHOBECHTb 3JIEKTPHUUECKYIO MOJf-
pusauuio. Ho D =gyE + P, unu B faHHOM cydae Q=P =D =Td =
= SdJs.

Korja mnpoBoj 3aMhiKaeTcss ¥ MeXaHHYecKOe HampsiKeHHe CHUMa-
ercd, 3TOT 3apaf ( CTAHOBHTCH H30JHPOBAHHBIM U OCTAeTCH 3JIeK-
TpocraTHueckas 3Heprus Q%2C, unu d2S%/2s% Ha enuMHHUy obbema.
Ha npakTuke OTHOlIEHHEe 3JIEKTPOCTATHYECKOH IHEPrHH K MeXaHH-
yeckolt paGore k? MoxkeT Jocrurath 3HaueHHs 0,5 (ecau BuiGpath
MOAXOAAIIHE AU3JEeKTPHUECKHH MaTepHad).

Ecnu MexaHuyeckoe cxKaTue KpucTaana ¢pukcupoBaHo, To S=0,
T. €.

D—erE+Td=erf — 25,
E

H H3Mmepsemasl JU3JEKTpHueCKass NMPOHHUAEMOCTb 6y}1€T paBHa

Ecan o6paseu mexanuwyeckd cBobGofeH, T0 T=0u D=erE (T. e.
£r — «OOBIYHAs» JU3JIEKTPHUYECKas MPOHHILaeMOcTh). PasHocTh Mexny
ITHMH [JH3JEKTPHYECKMMH [POHUIAEMOCTAMH paBHa k?er. OueBHIHO,
I MeXaHHYeCKH 3axaTtoro ofpasia JH3JeKTpHuecKas IPOHHIae-
MOCTb MOMKET OKa3aThCfl 3HAUMTENLHO MEHblIeH, yeM I CBOGOLHOrO.

Ha npakTeke u3MepeHHsi €& IPOHM3BOJATCH HA YACTOTaX CTOJb
BEICOKHMX, YTO Kakue-quG0 MexaHHuecKHe JeopMalMH KPHCTA/I4
MOXHO CYHTATh OTCYTCTBYIOLIIMMH, UTO 3KBHBAJIEHTHO MEXaHHYECKOH
UKcalHuH.

7.15. DnekTpocTaTHYeCKas SHEPrus AU3JEKTPHKA (B dx) Mo ompe-

JeJIeHUI0 paBHA MHTErpafay SDE dv, a B epeMeHHOM rapMOHHYECKOM
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‘oJie 3Heprus, BhjeJifieMasl 3a OJWH NEPHOJ, PaBHA IVIOUAAH METJH
rucrepesdca B koopauHatax D —E.

Y haHHOTO CErHeTOZJIEKTPHKA 3Ta MeTJs NPSAMOYrojikHasi, H IJo-
majb ee B OAHOM KBajpaHTe paBHAa P,..[Ec, T. e. mjaomans Becei
netau papHa 4P, ... Ec. [Toatomy, ecin Temneparypa najgaer Huxe T'c,
TO 3HEprus, paccedBaeMasi 3a OJUH NepHOX, 6yAeT paBHa 2 - 108 em/m3,
HIH 2 em/cM® NPU NOHHKEHHM TeMnepaTypsl Ha 1°. Oro BnosHe nmpH-
rogHas And NPaKTHKH CHCTeMa CTaGUJM3al¥H TeMnepaTypel, HO OHa,
KOHEYHO, OrpaHHyeHa TtemnepaTypaMd KiopH [AOCTYNHHIX CerHero-
3JIEKTPUKOB.

8. /luamMarHeTH3aM M napaMarHeTH3IM

8.1. ®opmyna mas cuasl JlopeHna uMeeT BUI

F=e(E+;oxH).
Ina xkpyroBoii opGHTH
F=mo?rry,, 9xXH=—wrHr,, E= —,2 r
H, CJeJI0BaTeJbHO,

(mrm’-}- —z- rHo — %) ro=0,

rl€ rpy— €AHMHHUYHHH BEKTOD, COBIAJAIOUIHA 10 HAaIpaBJIEHHIO C 7.
Pemas nocsegnee ypaBHeHHe OTHOCHTEJIBHO ®, IOJy4YaeM

: eH eH \* e?
O =" e iV(ch) +m_r3'
B emunuuax CI'C m=a= 1072 2, c /= 10'° cm/cex, e &~ 10-10 eg. CI'C,

ra10"% cm u o6uyHo H =< 100 x3; orcooaa

(e” )”mlou K mL:n%lO”.

2mc
CrenoBarebHO,

2me T mr3 *

[locnennuit uneH mnpexcTaBasieT COGOH Yr/IOBYIO CKOPOCTh IIPH
H =0. JlapMopoBcKkast 4acToTa 3ajaeTcs BHIpaXKeHUeM
eH
2me *
8.2. Ilns OCHOBHOrO COCTOSIHHS aToMa BOAOPOAA

W, =—

¥=_— V_ exp /—é),

rae a, (= 0,529 .i\)—panuyc 6GOPOBCKOH OpGHTHI,
9

rt={W*rWdr=3a}, 2= < a
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®opmyaa JlamxeBena AJs MOJISAPHO# BOCTIPHHMYHMBOCTH HMeeT BUJ

_ Ne o
A= " Bme Z ri.
i
Jna aTomapHOro BogOpona uUMeeM
3Naze: .
X =— Do 0,78 10~ &M
me MOAb

8.3. HerpyaHo nokasats, 4TO
i 6a
r + ry = %.
oTCioAa
x=—1,64-10¢ ex. CI'CM/m0asb.

8.4, Ecan p(r) —¢dyHKUHAA IJIOTHOCTH 3apsja, TO 3apaf  3Jje-
MeHTa o061eMa dr paBeH

Q=2np (r) r*sin 640 dr.

Hanoxenue nons H BioAb OCH 2 NPUBOJZHMT K BPAUIEHHIO CHCTEMBI
3apsAI0B C YIJIOBOH CKOPOCTHIO ® = —ef/2me.
Jlis BeJIMYMHBL TOKA HMeeM

i =—2%Q=mp(r) r2sinfdidr.
Ilo sakony AMnepa co3faBaeMOe TOKOM MarHHTHOE MOJI€ PAaBHO
dH— & dsxr

crd

(ecnu Tox i Buipaxer B el. CI'C3).

Baarogaps cMMMeTpHH KOMIIOHEHTBI 3TOrO NOJSA, NEpPIeHJHKYIsAp-
Hele ocu 2 (HanpasaeHue F), orcytctByoT. Ilosie B HampaB/ieHHH
OCH Z paBHO

dH=_#sin26d®=—i;(—'lrsin"’ﬂd@dedf-

HuterpupoBanue naer

eH
3mic?

AH =—

0O gnrtdr—— 0.0,

r 3me*

oty

[e2]

rae (PE(0)=%—plrL)4m2dr ecTb BeJMdMHA NOTEHUMANna B Hayanqe

0
KOOpAHHAT, 00ycJOBJeHHas chepHYecKH CHMMETPHYHBIM pacrpeje.e-
HHeM 3apsaja.
Caenyer OTMETHTb, YTO Korja BeauuuHa @g(0) oTpHuaTesbHA,
AH autunapannejasHo H (3apsajx 3JeKTPOHA e Bcerda OTPHUATENEH).
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8.5. CratHcTHueckas cymma Z 3ajaeTcsi BhIPaXXEHHEM

z=2(0...{exp (—ﬁ;’;ﬂ)dxdydzdp,pydp,,

M I CBOGOJHOrO 3JEKTPOHHOrO rasa & = (mo)*/2m. KaHoHHueCKHi
UMIYJIbC p H KHHETHUYECKHH HMIYJbC m® CBS3aHBl COOTHOILEHHEM

mo=p— % A,
rae A — BEKTOPHBIH NOTEHLHAJ.
Ilepexoas OT KAHOHHYECKOrOo HMIYJhCa K KHHETHUECKOMY, Ipeol-
pa3yeM sjaeMeHT ofnheMa (a30BOro npocTpaHCTBA
dp.dp,dp, = (J) m® dv, dv, dv,,

rae (J)— skoGHaH

Opy Opy  Opy

ov, ovy, Ou,

m 0 0
(J)=% apy opy aPy =__1__<o m o):],

ov, Ov, o, m\0 0 m

9p; op, 9p,

vy Odv, Ou,
uMes B BHAy, uto A ectb QyHxuus ot H, x, ¥, 2 H He BABHCHT
OT Uy, Uy, U,. [l03TOMY CTaTHCTHUECKAs CyMMa OKa3nlBaeTcsl He 3aBHCH-
mei ot H:

o]
8 2 2v
75V S exp (— (mo) ) (mo)? d (mv) = 3 (2amkT)'h,

h3 2mkT
0

ChnenoBaTennHo,

dinZ
M=NkT 2= =0,

a nostoMy H %=0, YTO COOTBETCTBYET KJACCHYECKOMY CJYYaio.
- 8.6. JInsa yacTHuw!, HaxoAsweHcHd B MarHHTHOM IOJ€, FaMHJbTO-
HHaH 33JaeTcs BhIpaXXKeHHEM

rae A — BEKTOpHBIi NoOTeHuHaJ.

Ins cBoGoaHoro saektporHoro rasa V =0. Jlanee, kommyTatop
[p, A]=0, Tax kKax A—oaHa H3 OQYHKUHH KOOpAMHAT, JAHHHIX
B 33jaue, ¥ nostomy p-A=A-p. Toraa

P, £ 42
H = om TP AT A

2mc?

a) B cayvae A,=—1,Hy, A,=Y,Hx n A,=0 pna snek-
TPOHHOTO T'aMH/JLTOHHAHA HMeeM

2 H 212
'9{=’§’# - ;—mc‘(xPy—ny)-*-%mF (x+y?) =
2 H 22
=~ o Lo e 1),
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H ero yjao6HO mepemucaTb B BHE

H = Jir°+2 +2m'
e K8 1 e2H?2 | , 2
°_2m (px+py)+r) 4mc? (x +y)

Mockoneky onepatopu €%, X'y, L, 4 p, KOMMYTHPYKT ApYr
¢ xpyroM, To coGerBenHas QyHkuus ¥ m,p y HuX obwas (n, m

H p,— COOTBETCTBYKIIME KBaHTOBRIE YHCJA). ‘CoGcrBentoe 3Hauenue
/'y —3TO 3Heprus, CBsA3aHHas C ABYMEPHHIM OCIMJJIATOPOM, KOJeG-
JIOWMMCS ¢ 4acToTodl w= —eH/2mc B NJOCKOCTH XYy.

TakuMm obpa3oM, uMeeM

1 1
K ¥nmp,p,= (xt 5 +1y4 ) 00¥am,. 5, =(n+1) B0y m,

LY m, P, = MY s, i, Py p:¥s, m,p, = pYn mp.p,.
Tlostomy

HY, m.p,=
F4
p; p:
= [2—m+(n+m,+ l)hm]‘lf,., m,, pz=[2—m +@n+1) hm]‘l’,,, My By
rae 1=0, 1, 2, ..., NOCKOJbKY 7 H m; OJAHOBpeMEHHO fABJAIOTCA

JH60 YEeTHbIMH, JHGO HEYeTHBIMH, W NOJHAsl SHePrusi He MOXeT OHTh
orpuiaTenbHoil. CieaoBaTesbHO,

(nl&”lfv———(-? +1)fl
= ag _(2 +1)5— 2mc
6) B cayuae Ax=——Hy, Ay=0 HA, =0
eHy

Tak Kak ONepaTophl Py, P U < KOMMYTHPYIOT, 8 X H 2 — LiUK-
JIHYecKHMe KOODAMHATEI, TO coOCTBeHHad GYHKIuA 3THX ONepaTopoB

6yner uMeTb BHJ
W =exp (ik,x) exp (ik;2) F (y), (8.6.1)

rae F (y) yIAOBIETBOPHET ypaBHEHHIO

2 H 212
(P Sy ) F ()= E'F ()

8/1eCb BBeJEHO oﬁoaﬂaqeﬂue_
, Py | P;
€ ~$—<‘ﬁ+”ﬁ .
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Nycrs yo =cpe/eH. Torna
p; 1 e2H? , . P -
[Pty oo —vo| F) = (8 +5=) F)=(6— =) F &)
Mgt noslyuusi ypaBHeHHe AJIi OJHOMEPHOrO rapMOHHYECKOrO OCHMJI-
JsATOpa ¢ cOGCTBEHHOM 4acToToM w; = — el/mc. CnejoBaresbHo,

1 2 :
$n=(n+7-)hm1+—§,in=(2n+1)nm+.2’1”7,

TIOCKOJIBKY ©; = 20.
H, Hakonen,

]
p=0@2n+1)—,

T. €. MBl IOJIYYHJIH TOT XK€ pe3yJIbTaT, 4To H B cJydae (a) npH n=m.
B) DTOT cJayuail aHaJorM4eH cayyam (0), TOJNBKO 3Jechk OfHOMEp- -
HBIl OCUHJIATODP KoJsiebJieTcsl BJOJIb OCH X H TIOJIOKEHHEe paBHOBECHS
Xa= —cpyleH.
8.7. CorsiacHo (8.6.1) aasa BoJHOBOH (QYHKUHH HMeeM
Yok, b, =€XPp (ik,x) exp (ik,2) F (y)
H TOJIOXKEHHe PaBHOBeCHS OCHHJIATOpA
__ chky
07 TeH
BBejedHe nNepHOJHYECKHX TPAHHYHBLIX YCJAOBHH B HaNpaBJIeHHH
OCH x jaer
exp (ikyx) =exp [ik, (x+ Ly)], wnan exp (ik.L,y)=1,
1IO3TOMY

k,=2nn,/L,,
rae ny,=+t1, &2, ...

IlycTs 3HaueHHe &, JeXHT B o6sacTd R << k< k,, rle HaHMEHb-
uee ¥ HahGoJbllee 3HAYEHHS KBAaHTOBOTO YHCJA 7, COOTBETCTBEHHO
paBHH R L,/2n w k,L,/2n. Uucao cocTOsiHHM AJf MHTepBaJa 3Haue-
HHH k, paBHO

Ly
N=—27 (kz—kl).

Ho ecan norpeGoBaTh, 49TOGH y, Jexano BHYTpH ofbveMa o6pasua,
TO HHTEepBaJ paspelueHHLIX 3HaueHHi y, Oyier L, H, cjepoBaTelLHO,
obsiacTe pa3pelleHHHX 3HaueHHHd k, Oyner

TlogcraBasis 3HAueHHe R, —k; B coOTHolenHe Anas N, mnoaydaeM
clefyioulee BhIpaX<eHWe [/ KDPaTHOCTH BbIPOXKJEHHS YpPOBHe#l rap-
MOHHUYECKOI0 OCLHJIJIATOpA:

H
N==2L/l,
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8.8. dna L =0 umeem: S=1/,, J=1/, u M;=1/,. Tlockonbxy
HaceJEHHOCTb YPOBHS mpomnopiHoHansHa exp (— &/kT), rae & =
= —wH= —M,guyH, 10 115 uynucen atomoB N, ¥ N1, (B endHuue
obLeMa) Ha COOTBETCTBYIOWIMX YPOBHAX ¢ M;=1/, u M;=—1/, umeem

Nx/,=Cexp (gHBH/QkT), N__l/. =Cexp (—gplBH/QkT}.

Bennuuna C onpenensieTcsl M3 yCJOBHSA

C lexp (gusH /2kT) + exp (— gugH/2kT)] =N

N N exp (gugf/2kT) N Nexp (—gugH/2kT)
*s T "2ch (gugHIZT) * ' T TTOch (g /2T
HamarnuueHHoCTh B JaHHOM cJlyyae paBHa NMpPOH3BEAEHHIO PasHO-
CTH HaceJieHHocTell ABYX YPOBHeH Ha ATOMHHH MATHHTHRIE MOMEHT:
A — B " Nexp (gugf/2kT) _ Nexp (—gugh/2kT) .
g 2 2ch (gugH/2kT) 2 ch (gngH/2kT)

N,
— B th (gugH/2kT)

Ilpu T=300 °K: N.,=4,97-10%* cu3, N_,, =5,03-10% cu3,
M =0,516 ea. CI'CM, . . xomens " CH 3.

IMpu T=4 °K: N,,=3,0.10" cu3, N_,, =7,0-102 cu3,
M= 3712 €. CrCMuurH. MOMENT M3,

8.9. Ms cratucruyeckoil MexaHHKH H3BecTHA opMyJia A SHTPONUK
S=%InW. B paccmaTpuBaemoi 3asaue gas W umeeM

N1
W=m H N=N1,'.+N__x/..

Orciona

Hcnoanays npubnmkennyio ¢opmyay Crupiaudra (InN!=NInN — N),
NOJMyuiM
~1/s >'

O6osnauyuMm pasuocte A=N_., —N:,. Toraza N_y,=(N+A)/2,
Nl/. = (IV —_— A)/2 H

S= k Nx/,]n

—*—N__l/2 ln

N—A
S——~<N1n A1),
Jlanee nAs BHYTpPeHHel 3Hepruu cHcTembl umeeM & =1/,gpugHA,
[I03TOMY VoA
G=g gustA — - (N In 5 + A In 1),
ITpu TepMoauHamuyeckom pasHoBecHH dG/dA =0. HcnoansoBanue
3TOr0 YCJOBHA Jaer

N—-A gugph

e quH
Nia = P

wi A=—Nth—=



CrnenoBarenHoO,

1 1 gugH
M=— AgP'BZ?NgP‘BthTBT'

[To onpepenenxio BocnpHHMuYHBOCTh Y == M/H. ITpn BeInoNHEeHHH
ycnoBus gugH < kT HeTpyaHO NOJYYHTH N4 Y BHIpaXKeHHe, He 3aBUCA-
mee or H. B stom cayuae

gugl gugh
2%T

Ng2us H Ng2us
M~ gl gUp

th %®T ®wT ' X~ &t

8.10, Y3 pesyasraToB 3azaun 8.9 CJ/Ie/lyeT, UTO MArHHTHA® BOC-
[IPHHMYHBOCTb JBYXYPOBHEBOH CINHMHOBOH CHCTEMB IpPH YCJOBHH
gupH/ET L1 3apaetca coorHowenueM y = Ngup/4kT.

[TpeanonoxuM, yro g-GakTopsl YacTHU THNAa | H 2 pas3JHYHBL
g1 4 g,. Torna

_ exp (— &1/kT) +xa exp (— Ey/kT) _ Nging i—1. 92
exp (— Ey/RT)+exp (—EkT) * M= g » T &
CnegoBartenbHa,

Npj  gi+egjexp(—A/RT)
T 4T T 1+exp(— A/kT)
3nec A—=8;—&,, rae &, u €, — cOOTBETCTBEHHO BHyTpEHHHE 3Hep-
run nopcereM | u 2; &, > &,

8.11. ITyctb & — sHepreruyeckuil ypoBeHb 3d-3.nex'rpona IO CHf-
THA BLIPOXJEHVWA. DHepreTHyeCKHe YpPOBHH (=1, 2, 3, 4, 5)
MOryT ObiTh HaHJEHEl H3 pellleHHA ceKy.rmpHoro ypaBHemm HO CHa-
Yana HaAO BLIYHCIHTH MATPHUHBIE 3JIEMEHTH

PaccmorpeM, Hanpumep, o

H iy = S ?S |f (r) |2 xy2® (Ax?+ By®+ C2?) dx dy dz.

TlockoNbKy NMOARHTEr paNbHAA QYHKIHSA HeyeTHa 110 X H Y, TO H 15 =0.
AHAJIOTHYHO B MaTPHYHRIX 3JeMeHTax ¥ 13, 14 160 235 ots
a4, o/ 35 NOALIHTEr pajibHble (yHKIHH HeYeTHHl XOTHA Gbl NO OXHOM
nepeMeHHOH H, CJEJOBATeJIbHO, OHH TaKXe PaBHBL HYJIO.
BBeneM oGo3HayeHHA:

Si={If(NExdi={|f() P dr={|f (" [Py*2dv n 1. A
S, = S |f(r) 2 x%2%dt ® 1. 1.,
Sa=S |f(r)|22%dT u 1. A
Toraa HeTpyAHO NMOKa3saTb, YTO
S | (r) 1?2 x?y?2? dv =1/3S,,
C1F(r)Pxtdr=3S,, (if(r)Px*dv=58,.
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Orciona caenyer, uto
Hu=(A+5B+C)S;,  Hu=(3A+B+C)S,
Hn—(A+B+5C)S:, Hu=4(A+B+5C)S,

X 's=9(A+B+5C) S, —6(A+B+3C) S,+(A+B+C) Ss,
W45=W“=2(A—B) (SI_SZ)'

Martpuna 5x5 cocroMT W3 AuaroHasJbHOH 3X3 M HelHaroHaJbHOR
2x 2 marpuu. [ns xMaroHalbHOH MaTPHMIE HMeeM

81 = ‘9{'11’ 8; = ‘?%fzz ’ 8:; = @%33-
CekynsipHOe ypaBHeHHe, COOTBETCTBYIollee MaTpHIE 2X 2, uMeer

BUA
Hu—8 H a5 —0
> Hs—8E' )

CJaefoBaTensHo,

o=y (Kt H £V ( Ha— H )+ 4K ).

ITocKOMIbKY MOAKOpPEHHOE BHPAXEHHE NOJOXHTEJIbHO, To &;  &;.
CrefoBaTeNbHO, NoJe pOMGHYECKOH pellleTKH pacllenJsieT NATHKPaTHO
BLIPOXIEHHKIA SHEPreTHYecKHid ypoBeHb & Ha NATh HEBHPOXKJEHHHX
ypoBHeH.

Jas nons TerparoHasbHoH pewerkH (A = B) Bce HequaroHanb-
Hble 3JIeMEeHTH MaTpHULl 5X5 paBHm Hymo M &{=&;; 3To o3nauaer,
YTo B 3TOM Cjyyae ypOBeHb & DaCIUENIsfeTcss Ha TPH CHHIJIETA H
ouH paybaJer.

YTo6u YCTAaHOBHTb OOpallleHHe B HyJb OpPOHTaNbHOrO MOMEHTa
KOJIHYEeCTBa JBHXKEHWS, HaJ0 I0Ka3aTb, YTO

L= (¥i|L,|¥)=0,

rrei=1,2, 3,4, 5, L,=—if (x (—%—y;%\); Y — cobeTBenHble GyHK-

UMH, OTBeYalollHe BO3MYILEHHIO 3d-ypOBHS BHYTDH KDHCTaJJIHYecKoH
pPOMOGHYECKOH pelleTKH.
Ilycts
Ly={¥:|L,|¥).

Herpyaso ycraHnoBHTb, 4TO
Ly= Lzz =Lgz= L44 =0,
TI0CKOJIbKY NOJILIHTEr PaJIbHBE BHPAXKEHHS ABNAIOTCH HeYeTHHIMH GyHK-
NUAMH XOTA Obl ofHOH nepemenHoi. Kpome Toro, Lg; =0, IOCKOJIBKY
LZ‘FB =5 0.
Ilanee, nockosnbky onepatop L, —spMutoB, To L= L}%. Ho kax-
Anlii eMeHT L;; uMeeT MHOXHTenb — i, mo3ToMmy
Lu=-—Lﬁ, HJIH Lij+Lji=0'
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Tlockonsky BosHOBHe yHKIHH Wi ABASIOTCA JAMHEHHEMM KOMOHHA-
uusaMH QyHKUHR W, c BemecTBeHHmIMH KO3(pHIMeHTaMH, TO

(WilL|¥i)=0

aas Beex i=1, 2, 3, 4, 5. CrnenoBaTeJibHO, MOMEHT KOJHYECTBA
JBHKeHHs1 JeACTBUTE]bHO 0OGpaillaeTcsi B HYJb.

Jns cayuast TerparoHaJIbHOM DEIeTKH MCXOAHWE BOJIHOBbIE ByHK-
{HH OCTAIOTCH TEMH Xe M INpPH YyueTe BO3MyweHHS. M3 npexpiaymux
pesysbTaToB AAsl Ly; HeMeJJIeHHO ciiefyeT, YTO OpOHTaJIbHBLI MOMEHT
KOJIHYeCTBa JBHXKEHHS BHOBb HCUE3aeT H B 3TOM CJyuae.

Hpyroit cnoco6 A0Ka3aTesbCTBa 3aKJ/IOYACTCH B TOM, YTOGHI 3ami-
carb onepaTop B BHJE

. 0
Lz=—l’l%.

DyHKUMH OT r, TaKHe Kak [ (r), BXxoAsuMe B cOGCTBEHHHE (pYHKIIHIM,
HHBAapHAaHTHH OTHOCHTENbHO L,. Kpome Toro, u3 Buja coOCTBEHHBIX
QDYHKIHH H 3alHCH

Ly=\¥iL¥.dt (i=1,2 3, 4,5

BHIHO, UYTO 3JIeMeHTH L; Bcerja 6yayT COAepPXKaTb MHOXKHTENb iff,

Tak 4Yto L; Oyger sub0 KOMILIEKCHOR BeJHYHHOH, JHOO HyJeM.

Ho L, — spmuToB oneparop. [TostoMy L;; 10/MKHK GHTH BellleCTBEH HRIMH.
ITockoabKy 1o onpejeleHHI0

Ly={ ¥ILY¥, dv=¥,L,¥t dv=({ ¥IL,¥, dv)* = L%,

TO, CJEJ0BATENLHO, AHArOHAJLHLIE MAaTPHUHLIE 3JIEMEHTH PABHH HYJIO
BO BCeX NATH CJayyasix.
8.12. TlockoabKy mnpoCTpaHCTBEHHOE KBAHTOBAHHE OTCYTCTBYET,
TO MOXXHO HCIO0JIb30BaTh KJIACCHYECKYI0 GOJIBIIMAHOBCKYIG CTaTHCTHKY.
Has HamarHuueHHocTH B ofWIeM cjydae NoJy4YHM

I
§ 1 cos 8 27 sin 6 d6 - exp (uH/kT)
]

M= -
S2:1:sin6d6-exp (nH/ED)
[/}

rae 09— yroa mexay pm u H. BseleM oGo3HayeHHA x=57£,cos 0, a=

=%Hf. Torza B ofmem ciyuyae

xeX dx _a :
m=" —§ =N(:f:1—%)=Np.(ctha—7)=Np,L(a),
e*dx
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rae L(a)—odynknua Jlanxkesena. Jlna a<€1 3KCDOHEHTH MOXHO
pa3JoXHTb B PAL
a? a? at ab as a’
+a_ |-+ Y S T L T A L S L
€ Itat 5 F 5 +orF 15T 700+ 500 — -

OTC]O}Ia nyreM anreﬁpaﬂllecxoro JAeJIEHHA MHOro4/JieHOB HaxOAQHM
at até
2 _ .
{tha~~ et g T 1 _*__‘I__La_*_?“i
¢ N2a+izj‘_+i a  a 3 45 1 945"
3 T 60 T 320

HTaK, A HaMarHH4YE€HHOCTH IIOJYYHM

. a al 208 NuzH
M‘””(E“E+945 )”‘“‘ 3T
BripaxkeHue B NpaBoOH 4aCTH OTBeyaeT ciayyaw a=pH/RT L1, 1. e.
Korja 4jeHsl ¢ @® H a5 MOXHO OTGPOCHTbD.
S1oT pe3yspTaT MOXHO TNOJYYHTb TAaKXKe Pa3NoXeHHeM SKCIIOHEHT
NOALIHTETPA/IbHLHIX BRIpaXKEHHH B ICXOJHOM BHpaxeHHH aaa M.
8.13. [Ina MOHOKpHCTaJJja C BOCIPHHMYHBOCTLIO %, HaxoAfulerocs
B MaruuTHoM mnone H, sueprus & B obllem cryyae 3ajgaeTcsi Bhpa-
JKeHHEM

§=— 5 H-y-H,

rae
A1 Y12 Yas
=1 %2 ez Yo |.
Y13 X2a Xas
B raasHBIX ocaX TeH30pa BOCITpDHUMYHBOCTH HEAHATOHAJbHLIE 3Jle-
MeHTH Y12, %13, Y23 PABHB HYJIO, H MOXHO 3aNHCcaTh
=%, XAe2=%2» Ysz3=—Ya-
Ins naupasieHus nonas H, 3agaBaeMoro ejHHHYHbIM BEKTODOM
C KOMIIOHeHTaMH [, m, n 10 OTHOLIGHHIO K IJaBHLIM OCfIM, HMeeM
]2
A= Yal® + Yam?® + yan®.
Ecan ofpasen cocTOMT H3 6OJBLIOr0 4YMc/1a XaOTHYECKHM OpHEHTH-
POBaHHBIX KDHCTAJJIOB, TO

A= Xal?+ xam?® + xsn?.
Ho B
PRB=m?=n?=cos?9,
rle 60— yroa, coctaBisfieMbii HanpaeiaedueM nojas H ¢ raaBHHMH

ocamu. ClefoBaTesbHO,
k14

\ cos? 6+ 27 sin 6 do
20
cos?8 = = =

§2n sin 0 do
0

1
x="y (a+ %t X

1
3
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8.14. YrnoBad 4acTh BOJHOBWX (yHRuHHA 3d-37€KTpoHA MOXKeT
ObiTh 3allMcaHa B BHJE

M M
Yi—a=cmP2 (cosb),
rae PM (cosB) — nexaHAPOBCKHA MHOTOYJIEH BTOPOrO MOPSAAKA OTHO-
cHTesbHO c0s 8. Jlio6oe yMHOMeHHe BOMHOBHIX (QyHKumMHl 3d-3/1€KTpo-
HOB YM'YM' pnaer MHOrouseH 4YeTBEpPTOr0 HOPSAKAa OTHOCHTENBLHO

cos . Hoa-romy €ro MOXHO NPEACTaBHTb B BHJE CYMMH chepHYECKHX
rapMOHHK JI0 YETBEpPTOro nopsmxa. Hanpuwmep,

P} (cos 8) P; (cos 8) = 105 [P1 (cos 8) -+ 5P; (cos 6)].

B o6uem cayuae
4

yMyM— ) Z‘.al (—1) P} (cosb) exp (iMg).

M=—41=0

Cheprueckne rapMOHHKH 06GPa3yiOT INOJHYIO OPTOHOPMHPOBaHHYIO
cHcTeMy GYHKIHE, H IOTOMY HNOTEHUHan V [OYTH Bcerja MOXHO
samucaTh B Buje psja

V=233 A"r"PT (cos b) exp (img).

3aBucHMocTb OT pajdyca B JaHHOM cJlydae HeCymecTBeHHa H JJIs
npocToThl Gyaer omyuleHa. CienoBaTesnbHO,

M|V, | My = 2 ZZZa, 1)MALml§nexp[i(M+m)q3]x

=—4l=0m ~n

n
X [§ P (cos 8) P (cos 6) sin 8 de] do.
Hanee
+1

m 2 (+M)
S Pi¥ (x) PT! (x) dx = AFT EI+M;! 8 (n, D,
—1

rae x=cosf. Ilockonbky npH [=<C4 3TOT HHTerpana paBeH HYJIO, TO
ama n>4 (M|V,|M)=0.

UTo6n mNOKa3aTh, YTO MATPHYHBIE 3JIEMEHTH PABHH HYJ/MO ANA
HEUeTHhIX 1, PACCMOTPHM OTPaXKE€HHS OTHOCHTENBHO Hayaja KoOop-
auHat. PajuanbHas 3aBHCHMOCTb B 9TOM CJy4ae He MEHSI€TCH, OJHAKO
9—>@+n ¥ 8> n—6. Torga

exp (iMo) exp [iM (¢ +n)] = (—1)" exp (iMg),
PM(x)=(—1)"TMpM (—x).

Orciona cretyer, u4To npd MHBepcuH Y  yMHoxaercss - ma
(=" (=M T = (—1)}, taK uro Y3 —uernan ¢ynkuma. das n
HeuetHoro (M |V,|M')=0, NOCKONbKY NpPH OTPaKeHHH NOJLIHTE-
rpanpHOe BLIpaKeHHe yMHoXaeTcs Ha (—1)"= — 1.
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O6uiee a0Ka3aTenbCTBO TpelGyeT 6oJiee JeTaJbHOrO 3HAKOMCTBA
CO cBOACTBaMH ctepuyecKHX (QYHKUMH H MOXeT OHITh IIPOBEJIEHO
CIeylouHM 06pa3oM.

PaccMoTpuM BOJIHOBYIO GYHKUHIO

W, 1, m=F(r) P™! (cos ) exp (img) =F (r) SI" 8, ©),

rae SI" —30Ha/MbHAs, TeccepalbHas MJIH CEKTOpHaJbHAf TapMOHHKA
crenenu /. PaccMoTpum

O tm a1, e =|F () 'ST* 68, 9) ST (9, ).

! .
Ipoussenenne r'S;" =fi(x, ¥, 2z)—ONHOpPOAHAsH (YHKUHMA KOODIH-
HaT X, Y, 2 CTeneHH [, MOCKOJbKY OHA fBJfAETCH IPOCTPAHCTBEHHOH
(Y] ‘ .
rapMOHHKOH cTenenu [, W aHamoruyHo r'S;” =g (x, y, 2) — TaKKe
opHopoaHas ¢yHKuus crenenu /. Orcioaa

S ST =ha (x, y, 2)

— ogHopoaHad yHKuMA cTeneHH 2/ (ogHaKo He 006f3aTelbHO Npo-
CTPaHCTBEHHAS TApMOHHKA).
Teneps o6pasyem

V=h2l (xr Y, Z) _(xz+ya+zz) k‘21—2 (xi Y, Z)=‘

:'hz[ (%, y, z)_‘r!kzl-2 (x, ¥, 2),
tae Ry -2 (X, Y, 2) —IPOH3BOJIbHAA OJHOPOAHAA (QYHKUHSA X, Y, 2 CTe-
nend 2/ — 2. OHa comepXHuT ! (2l — 1) npOH3BOJMLHBIX MOCTOSHHBIX H
ABJAAETCA OLHOPOAHOU GYyHKUHEH X, y, 2 cTeneHu 2{.

Ecan V k ToMmy ke yJAOBJeTBopsieT ypaBHeHuio Jlamnaca ViV =0,
To V — mpocTpaHcTBeHHas cdepuyeckasd TapMOHHKA CTeleHH 2/, Tak
g0 V=Y.

IIycts pefictButensHo V2V =0, Ttorga !(2/— 1) npoH3BOMBHBIX
KO3(xpHIHEHTOB QYHKUHH Ky, 5 (X, Y, 2) OYyAYT OnpenenssTbc IyTeM
cpaBHeHus Ko3pduuuentoB. Torga (yHKUHIO kg (X, Y, 2) MOXKHO
CUHTATh H3BECTHOH M 3amKcaTh

rAST ST =hy (%, ¥, 2)=Ya+ rPkas (x, ¥, 2).
IlpogenaB To xe ¢ Ry q (X, Y, 2), TOTYUHM
ST Sl =Yu+r*Yuus+rigus(x, y, 2).

Ilpogomkas 5Ty npoueaypy, Mbl, HaKOHeW, NOJyYaeM OJHOPOAHYI
GyHKUHMIO OT X, Y, 2 HYJEBOH CTelleHH, KOTOPAsA ABAAETCHA NPOCTpaH-
cTBeHHOM ctepuyeckoil rapmoHukoit. CieloBarennHo,

IZIS;TI‘S;"’ = YQI—{—IZYQI_Q +Y4Yﬂ_4 + e —{—fﬂyO,
HJIH

* ’ Y y . y _
SUSI =3+ G5+t Y=

= th + th—z + T21—4+ v + To,
rje Q)yHKU,HH T2, ABJIAIOTCA IOBEDXHOCTHLIMH TapPMOHHKAMH.

221



Bce 310 MOXHO 3anucaTe B 0O603HAYEHHAX CEKTOPHAJAbHLIX, Tec-
cepaJbHbIX H 30HAJbHBIX [apMOHHK, T. €. [73]

k
3 ™Sy
m=—R
CrenoBaTesibHO,
FST =3 % dvs
m==—k
rae k=0, 2,4, ..., 2. HaxoHeu, a1a BoaHoBoil ¢yHKuMH THna 3d
4
m m Iﬂ.\
YiomWPaom =|f () |° /Co-}— > cMST 4 > cs ’84),
m=—2 m=—4
HJH

Wiam¥aam: = (r) * [co +-c2T2 +-CaTa).

PaccMoTpUM MaTpUUHBLIN 3J1€MEHT S‘I’;‘WV‘FMMI dt, rie

V= Z L A7r"P™ (cos 8) exp (img).

n=0m=—n

QyHKIHIo V MOXHO 3anucaTh B BHAE

V=Y Bur"T,,

n=0

TOTZa MaTPHYHBLIA 3JeMeHT OyleT cyMMOHi HHTErpajoB BHAA

N

[e e} 19

k19
cuBy { r'T,T, dv=c,B, | r**dr{ { T,T,sin 040 do.
0 00

Ho nockoabky aas k =~ i 61arogaps OpTOroHaJbHOCTH NOBEPXHOCTHBIX
rapMOHHK

N

£14

{ T4T,sin0d8 dep=0,
0

Ot Y

o
10 unehnl V= Y, B,s"T, ¢ n#0, 2, 4 He AajyT BKJaja B MaTpHU-
n=0
Hulfi 3jemeHT. IlosroMy B pasnoxeHuu ajas V chiexyeT YUMTHIBAThb
TOJLKO WieHH ¢ n=2, 4 (41eH ¢ n=0 jgaeT TOJbKO KOHCTaHTY).
CrefoBaTenbHO, MOXHO 3anHCaTh

V - Bgrsz + B4r4T4

H cpa3y noJyuuTb TpeOyeMLH pe3yJbTar.
8.15. W13 tepMoauHaMHKu HSBCCTHO, 4YTO

Cy—Cy= T( o (gﬁ)
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B cuay 3akona Kiopy M =CH/T umeem
M\ _  CH (aH T
(W)H__—T’_' W)r_?'

TloxeT a - aM " oH
OACTABJAA 3HAYEHMA | —mm | W)r B HCXOXHOE BhipaxXeHHue,

noJiysaem TpeGyeMulfi pe3yJbTaT.
8.16. CorsacHO cTaTHCTHKe DoJbuMana goJia HOHOB, HaXOAAI{HXCA
HA BepXHeM 3JHepreTHYecKOM ypOBHe, paBHa

exp (— 6/kT)
1 -exp (— 6/kT)
rie 8 —passHocTh 3HepruM YypoBHe#i. 1 MOJMHON 3HEPTHH HMeeM
&— NG exp (— 8/kT)
= Texp (— 8/kT)
Torza ans yxenwHol TensoeMKkocTH Cy = (38/0T)y moayunm

C, — 8N exp(—8/kT)
H= "7 Tl +exp(— kT *

ITockoNbKy R ~~ 2 xax-epad—" -moav™ M 1J5 XpOMO-Ka/JHeBHX KBac-
uoB 8§ =*k/4, To ana Cy—y (B Kan-zpad='-monrs') uMeeM:

Coro — exp (—1/4T)
H=0 ™ T2 {1 f-exp (—I/AT)[E"

Ipadux ynenvHoli TemoemkoctH Aaa T <1°K npuBenen Ha
puc. 8.16.1. Jlna MeraqsioB npH HH3KHX Temnepatypax Cy=AT +
+ BT?. Ilpu T << 1 °K nuHelnwll uieH, 06ycJoB/eHHbIH 3JIeKTPOHAMH

Gy, xan- Mot pad !

075

T

Dy (5031, 50,2410
o501

025t

X 'l

/i 42 04 0.6 a8

Pac. 8.16.1. TemnepaTypHas 3aBHCHMOCTb YAeNbHOA TEIJIOEMKOCTH XPOMO-Ka/iMe-
BHX KBacuos B wHTepsane Temneparyp or 0 go 1 °K.

NPOBOAMMOCTH, NOMHHHMPYET, YTO [OKa3aHO NpAMOA IyHKTHPHOH
JuHHeR Ha rpaduxke. CrenyeT OTMETHTb, 4TO JAA METANJIOB MaK-
CHMyM YJeJbHOH TEIJIOEMKOCTH OTcyTcTByeT. IIpu ajmaGaTHUecKoM
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pasMarHHYHBAaHUU
kﬂo
gugh?
rpe Ty u T, — cOOTBeTCTBEHHO HauaJbHasi © KOHEUHAas TeMIlepaTypH.
Ucnosb3aya Hcxoauble paHHue, nogayuaem T,=0,19°K.
8.17. Uckmouas 43 BhipaxeHHH AJaf ¥ M ¥° BEJMYHHY OT; H
NIpHPABHUBAA De3y/IbTaThl, TIOJYYaEM COOTHOIIEHHE

¥ As 1\2 /"2 1 xs \?2
(""‘"2——?>+ ) =\e 79,
rr rT xr “lr
KOTOpOe IpeACTaBAAeT coGoil ypaBHEHHE OKPYXHOCTH, UMEIOILEH LEHTD
AsT AT

2y
%s/Yr ¥ 1, KaK mnokasaHo Ha puc. 8.17.1.

T2:T1

B Toqxe< , 0) U nepecekawoleiics ¢ ocblo abcuucc B Toyxax

A
lr
&
74
-w, w, o
Puc. 8.17.1. 3aBucamocts '’/ OT Puc. 8.18.1. Konutyp C.

X
HerpyaHo Takxe noJyuuTh BhHpaxeHue Ajs tg ¢
XMy

WA — (s

8.18, ToxcraBnas BupaxeHue A8 ' (o) B cooTHomeHHe Kpa-
Mepca — Kponura aas " (wg), nosyuaem

tgp=

" 150, ( do O (ir—%s) ( do
X(‘ﬂo)=~sos 9 (xr c)S

n 02—} = (14 o™} (0 —ed)”

— 0 — o

TpaaunuoHHLH cnioco6 pelleHHs 3aKJ/odyaeTcs B HHTEr pHPOBAHHH
B KOMILJIEKCHON NJOCKOCTH. JTOGH BHUYHCJIMTL TNEPBBRIA uJIeH NpaBoH
YacTH, pacCMOTPHM HHTerpas no KoHrypy C

& dz
2w}’
Cc
rae z=ow-ip (koHtyp C nokasaH Ha puc. 8.18.1). Torna
;z—d% = 2ni X (cymma BhiuetoB B mnoJsiocax BHyTpH C)=0.
— %
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Ho

d —P;‘Dn d @o—P d R 4
z ® ® ©
22— S wz—u)';;+ S mﬂ—m§+ S mz_mg'*"
—R p—y We+p
dz dz dz
+\ gt Vot + { 25
Cp Cp Cp
Hanee
11 . 11
S dz_| _ S iRebds | __( Rdo _ =R
& 22—oj p (R2i28 — )2 RP—w; R—@j *

Ilpu R — co 3TOT HHTErpan CTPEMHTCSH K HyJMO, Kak 1/R. Kpowme Toro,

. dz . "
lim \ —— = — [t X (BLIYET B TOUKE 2= 0)y) = — ~—.
p—0 zz‘—wg ( 0) 2(‘)0

p
AnanorvuHeiM 06pasoM MNOJYYHM

. S dz i
lim \ o0—— = -

p—0 9 Z—0f 2w’
p
[22]
CnenoBartensHo, npH R—o0o0 0 p—0 nMeem: S F‘%zo_ Hnrer-
— Wo
— o0

pan BO BTOPOM WjJ€HE MOXKHO 3anucaTb B BHJE

©

S do _ 5 do
TFor) (0" —w}) (@ + o) (@ — ) (0 +i/T1) (© —i/T,)*

— O — 0

anMEHﬁﬂ METOJ, aHaJOrMUHbLIH HCINOJAB30BAHIIOMY paHee, HAaXOJHM

©
do 25 ) _ i 1
S T—om =) — 1 [(quer B TOYKE Z“‘ﬁ) + 5 (Bhuer B
1 Ty
TOYKE Z= — W) + 5 (BHYET B TOUKE Z =) | = — {—o 7 -
T Woll

Hrak, aaa y” (wp) OKOHYATEJBHO MONYyYaeM

(Xr—%s) 9oy

¥ (@) = o

Jins BeulecTBEHHON yacTH CHauajna noayuaeM: ys=7y (co). Toraa

, (r—Xs) Ti & wido
X (o) =15+ | e

8 3apaun no duanke 225



HHTeraJI MOXHO BbIYHCJIHTb, €CVIH Y4€CTb, 4YTO

RS 0?do _
I i i -

— oo m‘f“,r— 0 —— | (0 ag) (@ —ayp)

1 1
2ni i 1
= —T—._,—[(BbmeT B TOYKe z=T~1> + 5 (BblUeT B TOuKe 2z =)+
3 .
1 n
+35 (BHYET B TOUKE 2= —mo)] = Tame
CrenoBaTesbHO,
Yr—Xs

x’ (mo):xs+ l+mg,r? -

Caenyer OTMETHTb, 4YTO HHTErpaJisl MOryT ObITb HemocpencTBeHHO
BBIYHC/IEHBl 3JIeMEHTAPHBIM CIIOCO60OM, €CJIH HX Pa3/IOXHThb Ha 3/1eMeH-
TapHele JpoGH H yu4ecTb, 4TO

1

o0
1 ds T :
S—Td(l)— §?—§_‘r‘;, rne (D—(l/Tl)th.
8.19. Ilo onpenenenxio Bpemsi CITHH-DELIETOYHOH peJaKCAlHH Tj
onpejensercl ypaBHEHHEM
dM,
d¢
rae M, 1 M, — COOTBETCTBEHHO 3HAYEHHUSI MTHOBEHHOH H paBHOBECHOMH
HaMar HHueHHoCTeH.
ITyets N, N, ... —paBHOBecHble, a n;, n; ... —MICHOBEHHbIE
HaceJeHHOCTH [-r0 H j-ro ypoBHed. Torpa

N=NZ L BB . _ o2 & B8

— ——%(MZ—MO), (8.19.1)

rae p=1/kTs u Bo=1/kT,. 3nech Z= )} exp(— P& — cratucruue-

]
ckasg cymma, N —rosHas 3aceleHHOCTb, T — CIIMHOBas TeMmmeparypa
u T, — peweroyHas Temneparypa. Ecin pé; <1, 1o umeem

N
N;=% (1—Bo&), m= (1—PE). (8.19.2)
ITpn paBHOBecHH
Z Nipi]_ ZN/Pﬂ:O'
/ /

Ho ycraHoB/eHHSI paBHOBECHS

dn;
— d—; = ZniPU—Zn/Pﬁ.

1 1
BbiuHTas oxHO BbIpaxeHHe H3 ApYroro, mojydaeM

- dT':" =Z[(ni_Ni)Pli_(nj_Nj)Pﬂ].
J
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INoacraBnsaa n; v Ny, HaXOJlPIM

— 2[(8 Py —EPy) (B—Boll.

Hanee, ecin pAE; <1 u Py=Py, 10

_%';i = %Zpti(gf—gi) (B — Bo)- (8.19.3)

YMHoxast ofe yacTH ypaBHeHMst Ha &, ¥ cyMMupysl 1O {, HOJyYaeMm
dn; N
—~ 28. B = 7 XY P8 (&) (B—Bo).
iE£j

AHaJIOTHYHO® BLIPAXKEHHE MOJYUHTCH, €CJAH IOMEHATb MECTaMH
uHjekcH §{ M j. CloxeHHe 3THX IBYX ypaBHEHHMH jaeT

_228, - 2281 = —; ZZP:/(&—W@—%)-
et (8.19.4)

3atem, ymHOXasi o6e uyacTd ypapueHus (8.19.3) na & u cymmmupys
no i U j (KpoMe cayyas [= j), nmonyyaem

— Zzgi%— = %Zzpﬁgi & — &) (B— Bo)-
T T Y

AHaJIOTHYHOE BHIPAXKEHHE MONYYaeTcs, €CAH MOMEHATh MeCTaMH
BHiekcH { M j. CloxeHWe 3THX JABYX IOC/IEIHHX ypaBHEHHH AaeT

dn; N ,
—2 Y &G =5 Y NP, (E—E)B—Bo)- (8.19.5)
i£7 [E-Y]
CpaBHuBasi ypaBHenus (8.19.4) u (8.19.5), Mbl BHZMM, UTO

26’, L Zzs‘, i A 2;&28,%':—‘. (8.19.6)
[y

Hs (8.19.2) cnenyer, urto iid"t—‘= - —ALS,%. Torza
zzs, dmi _ 28, L (8.19.7)
dn; __N
—2Y Vg2 7222&’8, 2. (8.19.8)
i£J i£j
d N
28, an 728, . (8.19.9)
i
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Ypasuenus (8.19.7) u (8.19.9) umeor n ujeHos, cozepxawux &%,
a ypaBuenue (8.19.8) comepxutr n(n—1) urenos ¢ 2€,&, rae
n—IIO/IHOE YHCJIO 3SHEPreTHYECKHX ypOBHEH. YMHOXas ypaBHEHHSA
(8.19.7) u (8.19.9) Ha (n—1) u cknageiBas ypasBueHus (8.19.7),
(8.19.8) u (8.19.9), a rakxke ucnoas3ys cootHomeHue (8.19.6),

nosnyyaem v
dn; d
2n28,- dn 72; &—&)2 % (8.19.10)
3 t+1
CpaBuuBas ypasuenus (8.19.4) u (8.19.10), naxonum
P,.AE2;
a8 __ _ n_“‘lj_i’_li (B — Po)
dt 07+

Z AEY
i

YuuteiBas 3akod Kiopy M =CH/T, 310 ypaBHEHHe MOXHO 3alH-

€aTh Tak:
M n 3P, A€
z __ if _
dt  — ZAEf[ (Mz Mﬂ)-
i
CpasuuBasi ero ¢ ypasneHueM (8.19.1), Mbl NpHXOauM K crexylomeMy
pesyJbTarty:
n P, A&
LA —
e PN
i

8.20. Maa S=1 umeem: M;=1, 0, —1. Hanee:
J (1) = (gpusH + D) | 1), K| 0)=—12,D|0),
H 5| — 1y =(—gusH +sD) | — 1.
OCrciona
QK| 1) =gupH +YsD, (0|H5|0y=—"2,D,
(— 1K 5| — 1) = —gusH +Y/sD.

HenuaronasnbHble KOMIOHEHTHI MaTpHUbl paBHel HyJio. [IpupaBHuBas
HYJI0O ONpeje/HTeNb, NOJYYHM CeKYJfpDHOE YypaBHEHHe, pelueHHe
KOTODOFO JaeT

Ea="tgusH+D n &=—2,D.

B aroM cayuae cuHraeTHu#t ypoBeHb (Mg =0) sABJAseTCs OCHOBHKIM
COCTOSIHKEM, B TO BpeMfi KaK B030yKIEHHOEe COCTOSIHHE ABJIAETCA
aybnerom (Ms==1). Pacliensende B Hy/€BOM MOJ/€ OTBEUaeT pas-
HocTH ypoBHelt A&, paswoit D.

8.21. Kak ofnuHo, npuMem

Se=8,FxiS, 8.21.1)
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Torga S;—S;=1, (S} +S). Hanee aaa H|z, S=1 cnuHoBHi#
raMiJabTOHHAH HMeeT BHJ

A= gopupHS: + D (83— ¥3) + 128, (8% + S2).
[Ipu BBIYHCTEHHH MATPHYHEIX 3/1eMEHTOB [I0JIE3HO HMETb B BHAY, UTO

S, My=[SS+1)—MM+ 1] M+1),

S_IMy=[SS+1)—-MM-1]"|M—1).

@9{51 1) =g.npH | 1)+1/sD | l>+8cl_ 1),
TaK Kak S| 1)=82'":|0)=2|—1). [danee

Hs|0) =—*:D|0),
H's|— 1y =—gapiptl | = D)+ /D | — 1)+ & 1).

(8.21.2)
Toraa

Orcrona
|0y =(—1[H [0y =(0{eX 5| 1) =(0|X 5| — 1) =0,
(|| 1) =gupH 43D,
<_l,%s|—l>=_‘gzl‘-BH+l/3D.
0]#5| 0y =—"2sD,
<ll€’%s|_l>=<_'”%sll>=gc

CexynsipHoe ypaBHeHHE HMeeT BHA

gMgH+1:D—8& 0 &
0 —2.D—-& 0 =0,
& 0 —gupt+:D—&|

HJAH
(/5D + &) [(/sD — &)* — gipbH* — €2 =0.

Hs [epBoro COMHOXKHTEAS IIoJdYydaeM, HTO
€1=_2/sDo

&,5="/sD = (gippH* + €2)"s.
8.22. Ilo onpelieneHkio

gi]=2(6ii—AfAlj)- rae AII=Z<1|Lt;n)<;|Li|1>'
n n— ©1

| 1) —ocHoBHOe cocrosiHHe H 8;; —cumBoa Kponekepa. [lo cyuecrBy
3ajaya CBOJAMTCA K pacueTy MAaTPHUHBIX 3JIEMEHTOB.
3anHieM onepartophl:

Lx=iﬁ(zc%—y(%).
Ly=iﬂ(x%—zc%>,

L,=iﬂ(y‘%—xa%).

a M3 BTOPOTO

229



Tockonbky Ly |1 ) =— ik 15yz=—ir|4), To, cenoBaTelbHO,
@L| )= |Ls [ )= Ls| 1) =0,
@|Le| D=—ih, (1|L;|4)={4|L;|1)*=ih.

AHajoruuso
L,|1)=—i#k|5).
CaeoBaTesibHO,
2Ly 1)=@|L,[1)={4|L,| 1)=0,
(8|Ly|1)=—ik, (1|L,|5)=ik.
Hasee
L.|1)=2ik|3),
TaK 4TO
<21Lz!1>=<4lell\=<5!Lzll\=09
B|L,|1)=2ik, (1|L,|3)=—2ik.
Hakonen,
A =<1|Lx12)<2lLy|1) ([ Le[3) B[Ly [ 1)
i 85_81 83_81

JSHE [ ALy | L[5 Bl Ly

' 84—81 85—81

0,

TaK KaK XOTA OW OJMH M3 MHOXHTEJEH KaXIoro 4YHCJHTEJS paBeH

HYJIIO.
AHaJIOrHYHO HaXOAHM

szszx =A,Jz= Azy =A.=0,

h2
|
XX 84 _ gl ’
Ay, é’aﬁgl = Ay, (nockoseky 8,=E)),
4h2
A, =——-.
22 ga_gl

Orciona

AN 4\ h2
= Bxx— H=2 1_——‘9 = z=2 1 — .
81=8 8yy ( &—8) 8i=8 ( ga-&)

8.23. ina yKa3saHHBIX YCJOBHH B BbIpaXeHHH M Sy, onpee-
JeHHoM cooTHoweHnueM (8.21.1), J+=J,* i/, H CIHHOBBIH raMu/b-

TOHHAH MoOXeT ObITh 3anHcaH B BHJIE

9%15 =gl|p‘BHSz +Asz']z + 1/2B (S+J— -+ S_J+).

Marpuunbie sneMeHTH (Mgmy | <X | Mgm,;) MOTYT GHITh JIerKO paccu-
TaHbI C IOMOLbIO COOTHOLIEHHH (8.2].2) N aHANOrMYHBIX COOTHOUIEHHH
s Jy u J_. PesyabTaTel Takoro pacuera npupejieHs! B Tabi. 8.23.1.
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Ta6anuna 8.23.1

=l 1 T e | T T
— — g — ojo
(1] legupH+4] 0 o |of o o |olo 0
(—1:{ 0 |epsH—4l 0 |B| 0 o {ofo| o
(—11/1 0 0 |-gusH—alB| 0 o |ofo 0
{00 0 B B 0 0 0 0]0 0
0| 0 0 0 o|epsr| o |Blo 0
(—10:] o0 0 o o] "o |-eusH|0|B 0
(01} 0 0 0 0 B 0 0]0 0
©—1:| 0 0 0o lo| o B |o]o 0
(—1—1 0 0 0 0 0 0 0|0 [—gupH+A

OueBuano, YTO A/ NEPBBIX JABYX 3HEPreTHYeCKHX YpPOBHeil
gl,2=ig”p'BH+A‘
Pemenne ypaBHeHHS
gup—A—8& 0 B
0 —guyH—A—€ B|=0
B B —&
HaeT ellle TPH 3HEPreTHYECKUX YPOBHS.

[NocaenHue yeTsipe 3HepreTHYeCKMX YPOBHS MOTYT GbIThb MOJy4YeHH
M3 ypaBHEHHA

gppt—& 0 B 0
0 —gpgH—& 0 Bl
B 0 —& 0
0 B 0o —&

8.24. CnvHOBBII raMUJBTOHHAH CHCTEMb! CTMHOB MOXXHO 3amHcaTh
B BHJe .
H =K 55-1—@%" 2

rae o# ¢ — oOneparop CNMH-CIMHOBOrO B3aUMOAEHCTBHA
Enilnj | 3(riy- Iy (rip- I
J‘55=HEBIIZ r2 l"’l",/'— : ]'

>t ¥ i

e/, —onepaTop B3aMMOIEHACTBUS C MOJEM (3eeMaHOBCKasi 3Heprus)

ni It

H,—— M H, rie M:=ps D8 m
{

(30ech MHIOEKCHl /1 OTHOCATCH K AOEPHBIM BeJHYMHaM).
BHyTpeHHSA 3Heprus & 3ajaercss COOTHOIIEHHEM

&= (Hy=Sp[p],
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rpe p-—Marpuua nJIOTHOCTH
pmesp e 72 3o St 7]

Tak xak ¥ < kT, TO 3KCIOOHEHTy MOXHO paslOXKHTb B DA
H npeHe6peub lmeﬂawm BTOpOro u GoJiee BHICOKOro nopsjxos. Toraa

p=(1— T~ 52) [ se[1 — 552 - 522]

3ameyas, 4ro
Sp [W“] =Sp [&rz] =Sp [@%lssgqrz] =0,
MOXKHO 3aNHCaTb

8 —(HY=Sp [ ff 4 ]/s gl

JlokanbHoe CHMH-CIMHOBOE NOJe OnpeaeasseTcsas Kax

H 4 =Sp [¥%)/Sp [M3].
CrnenoBarenbHo,

g— (J\_—Sp[H“M*—}—kT ;]/sp[1]=const-_<¥§+;i:).

ST0T Xe pe3yJbTAaT JIETKO NOJYYHTh KJaCCHYeCKHM NyTeM, HCNOMAb-
3ys cTatucTuky DosbumaHa.

Iepeonayanbio H=—1003, H;c,=303, T,=—5°K u Ty;=
=+ 5°K, B To BpeMs kKak B cOCTOSsHMHM paBHoBecus H=—100 3,
Hi =303, T,=Ts=T,.

U3 3akoHa coxpaHeHHs 3HEPrHH HMeeM

(3024-(100)2 __ (30)2 (1002
T, — 5 T "5
T. e. To=—06 °K.

Brikmouas noJe, nonyyaeMm aguabatuyeckoe oxJaxjieHue. B sTom
cayyae

T, _&
T, go

rae &, u &€, —sHepruwu J0 ¥ Nocje BHIKJKOYEHHS N0, paBHoro 100 3.
CaenoBaTesbHO,

Ty H A\ (30)2 172
Ty = (H:;T m | e (8.24.1
¥ nockoabky To=—6°K, 1O
T]_ = 1,7 OK.

Y, Hakoneu, B cayyae, Korja noJe afnaGaTH4ecKH JOCTHTaeT
snavenus 100 3, us ypaBHenus (8.24.1) noaydyaeM, 4yro TeMnepatypa
CTaHOBHTCH paBHOH — 6 °K
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9. deppomarneTHam, aHTH(EpPpOMarHeTHam
H deppUMarHe TH3IM

9.1. MarHdTHBI# MOMEHT eJUdHHIbLl 00beMa, Ha3nBaeMblii OGLIYHO
HaMarHHYEeHHOCTBIO, 33/1aeTCs ypaBHEHHEM

M = NuL(y), (9.1.1)
rjpe ‘
1 H
L) =cthy—, y=t

(n — aTOMHBIA MATHHTHBIA AHNOJLHBIA MoMeHT, H,--nosHoe MarHur-
Hoe rnoJie, ReficTByIOee Ha AMNOJb). B cooTBeTcTBHH ¢ BefCCOBCKOH

Teopueil MOJIEKYJADHOrO MNoJs (eppoMarHeTdama mnpeanoJsaraercs,
4TO

H,=H4N'M;

afecb Hp,= N'M —BHyTpeHHee 1OJ/le, Ha3hlBaeMoe MOJEKYJISPHHM

uaM oO6MeHHBIM moJieM, N’ — nocTosiHHas MoJekyaspHoro noas. Ilpu

T << T¢ ¢eppomarHeTHKHd 006/13[A10T CNOHTAHHOH HaMarHUYEHHOCThIO

H MoxHO noJoxute H =0, Cie-
JIOBaTeILHO,

MM T) MM 1.7

y=—7— (9.1.2) T

Ecann nonoxure M (0) =
tTo ypaBHendus (9.1.1) u (9. 1 2)
MOTYT ObITh 3aNHCAHK B BHJE

M(T) _

A I

M@0 — =L,
M(T) _ kT —>4
M(0) p.2NN' L Puc. 9.1.1. 3apucumocts M (T)/M (0)

or y=uN'M (T)/kT.
914 ABa ypaBHeHHS MOTYT ObITh

pemieHnl rpaduueckuM mnocTpoenueMm 3asucumoctH M (T)/M (0) ot
y (puc. 9.1.1).

B o6aactd T << T¢ BO3MOXHBI JBa cayyasi, a uMeHHo: M (T)/M (0) =
=0 u M(T)/M (0) # 0. O6o3nauum uepea U, 3HayeHHe BHyTpeHHeH
SHEPTHH B OTCYTCTBHEe HaMarHH4YeHHOCTH. Ec/HM HaMarHHYeHHOCTb
deppoMarHeTHka OTJHYHA OT HyJsl, BHpaX<eHHe ]I ero BHyTpeHHed
BHEprUH HMMeeT BHJ

M
—\ HpdM =U,— S N M(T).
¢

Tak Kak HamarHoyeHHoe COCTOsIHHE XapakTepuayercsi Gojiee HH3-
Koii BHyTpeHHeft 3Heprueii, cocrosiuue ¢ M (T)/M (0) # 0 sBasercs
crabuibHbeM B obaactd 0 <<T << T¢.
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TemnepaTypa, COOTBETCTBYIOILAA TOYKe KacaHHs NPAMOH JHMHMH
C KpHBO/, onpeaensiercs Kak Temnepatypa Kiopu. 3r1o nMeer Mecro
npu y=0, rae M(T)=0. Has cayuas, Korma y <1,

L)~d 2

TS‘-
IpupaBHuBas yriosble Ko3ppHUHEHTH ABYX KPHBbIX, HaXOJHM
2
Te =42,
Ianee MOXHO 3anHcaTh
M(T) T
M©)

C

Bénnau Tc y-— 0, H, cienoBareqbHo, B 3TOH 06JacTH
M(T) T
[M(O)] ?<l —“>'

Tc

B napamaruuTHoit oGnactu, Korga T > T¢, y Majad, No3ToMy

M) ="ty =8 H 1 vm).
B stoM ciyuae IS BOCIDHHMYHBOCTH NOJYYHM
M N3k c
A= T TN T—T
rae C=N%23k nu Tc=N'C.

9.2. Kak mu3pecTHO, yleJbHasi TENJOEMKOCTh ONpEAEISeTcs Kak
NpoM3BojHas BHyTpeHHel sHeprun U, no remneparype

dU 1 d ,
Coo=—giZ = — 5 N' Z[M D).

W3 nmonykaaccuyeckoil TeopHH (eppoMmarHeTHaMa, oCHOBAHHOH HAa MoO-
JleIn MOJIEKYJsipHOro roJifi, H3BeCTHO, YTO

M(T)
M (0) B.I( )-
rae B;(x) —¢yrkuns BpramosHa,
BJ()_2J+1 th2.1+1 cthw,
x= g" B (H +N'M).
Hanee,

CTefyS TeM Ke NyTeM
TOJTy YHM

YTO0 M NPH peleHHH 3agaun 9.1
NggpJ(J+1) ~ M(T)_J+1 T
M©) =Ngpsl, Te=—p—N'. @)= a5 7%
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HCHOJIbByﬂ 3TH COOTHOIIEHHUs, HalaeM BhIpaKeHHe s y}leJIbHOﬁ
TelJOEeMKOCTH

C. — 3INE  d[M(T)M (0))
SPTTT2(T4) d(T/T¢)

Has cayvas J=1/2, g=2

1 d (M (TyMm (0))?
Csp _— "2_ Nk —{!(TT.
B sTom cayyae
MT) T
M) = Tgx.

CnepoBartesnbHo, aas ovHowenuss M (T)/M (0) umeem

M(T) _ th[M(TYyM(0)]
M@© TIT, g

Tenepb MOXHO  HENOCPEACTBEHHO  BHIUMCJHTb  NPOH3BOAHYIO
2
dm;((’{l")//r )(0')_] , UTO Ccpa3y DOpUBOAMT K TpeGyeMOMY BhIPaXEHHIO
C
/
past Cyp. Tlpu T A T, MCNOBb3YS PasoKeHHE B DAL M”_;/T_%m
C

InoJydaemM

M(T) _ M(TyM(©) 1 [M(TYM ()T
M) — T T/T, _i[ T/T, ]+

C.ne,zxosaTe.ano, B 3TOM HpH6JIH)KEHHH
M) g(Ty( T _r
[ror [ =3(r) (1 =) ~3(t =rc)

nockosbKy (T/Tc)?==1. TlogcTaHOBKA 3TOro pe3yJbTaTa B TOYHOE
Buipaxkenne aas Cgp Raer

3 2T
Cop =5 (3 — 75 V.

3aMeTHM, YTO IOJYYEHHOE BHIpDAXKEHHe fBJSETCH IJIOXOf anmfpoKcH-
MauueH a5 TemMmepaTyp, 3HAuMTeJbHO MeHbMX T¢ (T. e. NpH
TLToe). i}

9.3. O6MeHHBIH FaMHJIbTOHHAH MOMKHO 3amucarth B BHAe

H =—2J, Y [ 5:(SIST+SiS)+ SuS.l,

rae St=38,+(S,. 3amerum, uro

Stlap =11%a)» S~ 1xad=1]{%p)
S lup)="21%a)r  Szl%a)=—"2|%p)-

CHayasa paccMOTPMM WJeHBI, He COAepXailye OnepaTopoB, OIH-
CbIBalOUIHX 00paileH!e CIHHA (TaKHe onepaTopbl CHaGA UM HHAEKCOM W).
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Torpa
— 2Jc E SziSszW = —1/4Jez (N - 2) Yw AIA i: ] 4= w.
3necb z—umucn0 GaMKaMIMX CcOceledl (B HalleM ciyyae OHO pPaBHO 2);

Ko3ppuument '/, BBeleH, yToObl B3aUMOJAEHCTBHE MeXAY Napamu aTo-
MOB YUHTHLIBAJIOCh TOJILKO OAMH pa3. [afi 4WIEeHOB C [ = HaXOAUM

z 1 . 2
=2, Y 5 (SiSets+SaSbr ) Xw=—"Je 3 Yas

k=1 k=1

TA€ Y y+r— CIIMHOBAA 4YacTb BOJIHOBOM (YHKIMHM aToMa C HOMEPOM
Wk, B KOTOPOM CHHH NOBEPHYT (HanpaBjieH BHH3), KOrJa y aToMa
€ HOMEPOM W CNMH HanpasjeH BBepx. Hrak,

3 1
— 2Je Z SthZ(ﬂH'k)xw =7 z"eXw-

k=1

Chnenosartenbho, ecan X sBjsercs COOCTBEHHOH BOJHOBOH (pyHK-
~ 3’
nueir oneparopa <, To

N N
2 Cw [g'i'é“ (N""4) Je] XW+Je Z Cuy (XW~1+XW+1)=O-
w=1 w=1

TpeGoBaHHA BLINOJHEHHS UMKJMYECKHX I'DAHMYHLIX YCJIOBHH CBO-

JIATCA K PAaBEHCTBY Cyuy =Cg. TOr[a NOCHAEAHHMH WIEH MOMHO 3afH-
caTtb B BuJe

N
Je Z (Cw+1 + Cw—-l) Awe
w=1

IlosTromy ypaBHenne ans c, CHpaBelJIMBO AJA BceX 3HAauYeHHH W,
YJOBJIETBOPSAIOMIUX PEKYPPEHTHOMY COOTHOIIEHHIO

Cw 8 —/5 (N —4) J ]+ Je (Cuna + Cu1) = 0.

Pemenne Bupa ¢, = exp (ikwa) ynoBJETBOPSAET 3TOMY COOTHOLIEHHMIO
(3necb k — BOJIHOBOE YMCJIO, @ — PAaCCTOSIHHE MEXAY COCEIHMMM CIIH-
Hamu Uenoyku). LMKjMueckHe rpaHuuHble YCJIOBHA Cpa3y Adi0T pas-
pelieHHble 3HAYeHHA k:

BN _o, +1, x£9, ..., =¥
2ﬂ 1 ¥

voeres — g

Honcraﬂom(a Cy B DEKYDPEHTHOE COOTHOLKHHE AAE€T JUCHEDCHOH-

HbIH 3aKOH
8+1/2(N—4) Jo+2J,.cos ka=0.

HucnepcHoHHbI 3aKOH JJIAi CHMHOBBLIX BOJIH OTBEYAET CJYYAI0 MaJbIX
3HavenuPr k; noJsaras coska=s1—1/,a%k2, nonyunm

& —&,=J %2,
rie &y=—1/,NJ,—3Heprus OCHOBHOTO COCTOSIHHMSA.
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9.4, CymecTByeT MHOro pasjHyHBIX ClIOCOOOB pelleHHs 3TOH
33JauH, HO HCIOJNb3yeMbl HHXKe NMOoAX0] fBaseTcs ¢u3HueckH OoJjee
HarJsJHbIM.

Cs3aHHbH cO cnHHOM §; yriosod MoMeHT ectb @ =1hS;. na
cnydasi, Korja JeHACTBYIOT TOJbKO OOGMEHHbe CHJbI, TdMHJIbTOHHAH
IS aToOMa ¢ MAarHMTHBIM MOMEHTOM M; MOXHO 3anHcaTh B BHJE

a 2J
J:=——2Jestzsi=—gllasiT;ES/=—M1H¢»,
i i

rne H,— sxBuBasentHoe o6MeHHoe moJe,

m=%2&

Iockonbky Bpamamomiii MOMEHT, AEHCTBYIONIMH Ha MarHHTHBIH Mo-
MEHT, paBeH BeKTODHOMY IIpoH3BedeHHI0O u;X H,, TO B uTOre MMeeM

d(ns) _
—F‘—”@XZ&-
7

3a MCXOAHBIA MBI B3fJIH CHHH §;, KOTOPbIH JIeXHT B IJIOCKOCTH
y—2z o
8;=JjSsin6-4-kS cos 6.

Biuxajiiune cnuHB B JMHeHHOH uenouke §;, n 8, 6yayT mosep-
HYTH COOTBETCTBEHHO Ha yriel —ka ¥ 4-ka no OTHOWEHHIO K 8.
Tax,

8;;1=—1ISsinbsinka+jSsinBcos ka-+ kS cos 6,

81 =1ISsinbsinka-+} jSsinb6cos ka4 kS cosb.

Ecnn o — yriopasi cKopocTh NpelieccHH, TO H3 ypaBHEHHH JBHXEHHA
MOJTyYHM '
ihop =1i252sin6 cos 6 (1 — cos ka).

Jna manuix k nonoxum cos ka ~ 1 —1/,k%?, Ttorja
Hiwp = 2J ,S%2a? sin 6 cos 8.
Ilockonbky S =1/,, sin6=p/S u cosb~=1, 1O
hw = J k2t (9.4.1)
9.5. B aBymepHOM cjiyuae uwHCJO COCTOSHMH Mexay k u k- dk
3a/laeTcs BHIpaXKeHHEM

2k V dk
(2n)? *

C (k) dke =
s cnuHoBok Boanu &, = J,k%? (cM. 3ajaun 9.3 u 9.4), Toraa
vV 1
C () d8y = 1 1oz dEs.
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Hasee o
n= S ﬁkC (gk) dgln
0

rae f,—cpeiHee YHCJIO CNHHOBHIX BOJH C BOJIHOBBIM BEKTOpPoM R
npu temneparype T, a 7 — cpeiHee YHUCJIO BO3OYXKAEHHBIX CIHHOBLIX
BoaH. «[a3 CIMHOBHIX BOJIH» MOAYMHAETCHA cTaTHcTHKe Bose — Jiix-
mTefiHa U ABJAAETCH MOJHOCTBIO BHIPOXJAEHHBIM,

1

np=——orpr———,
exp (E/kT)—1
CrrefloBaTes1HO,
i VeT ¢ dx
T 4ndat Yex —1°
0

rae x=&,/kT. U3 HemocpeACTBEHHOro MHTEr [HPOBaHHUS

o

Se;’" =[x —ln(— D
Y]

BHAHO, YTO 3TOT HHTerpasj PacXOAHTCH Ha HHIKHEM IpejeJe.
HsMeHeHHE CINOHTAaHHON HaMmarHMyeHHocTH AM B pe3yJbraTte
BO30yX/E€HHA CIIHHOBBLIX BOJIH OIHCHLIBAETCHA COOTHOLIEHHEM

n_ AM
N T M)
rae N —4Hc/I0 aTOMHBIX MarHHTHeIX AunoJeit.  OueBHAHO, YTO NpH
fi—+o0 M (0) -0, nostoMy cymecTBoBaHHe JABYMEpHoil ¢eppomar-
HHTHOH DEIIeTKH B 3TOM CJIy4ae HEBO3MOMKHO.

9.6. HamarHMyeHHOCTh B RaHHOM CJy4Yae paBHa MPOU3BEACHHIO fig
Ha DasHOCTb MEXAY WYHCJaMH 3JEKTPOHOB C NPAMBIM H IPOTHBOIO-
JIOXHbIM HanpaBJ/IeHHEM CIHHOB:

M=p {{F[8 (k) — LNy Nup]—F [€ (k)+CNwNpB]}C‘$) €.
3necs F (€) —¢yHkuus pacnpenenenus depmu — upaka

F(§)=—— ,

®) exp [(E—&p)kT]+1
rae &r—osHeprus ®Pepmu, C (&) d€ —ioTHOCTL coCTOSIHME  AJIA
3JIEKTPOHHOrO rasa

c148 - o 5

u & (k) = h2k22m*. Tlpu T =0°K umeem
F@&=1 ann E<INNywus+&,

F& =0 pia E>INNyub+Ep.
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CnenosaTenbHO,
by 2\ Ep+INN b Ep—INNynp B .
M=) \ vew- | Vis)=
1] 1]
= 2 (22" [+ LN w35 — (B — LN i) 7]
ITpexkze yeM nepedTH K OKOHYATEJNbHBIM pPe3ysbTaTaM, 3amuileM
k8 =NNyps, C(E)dE=20V &d8,

rae b=const (Ge3 yyera MosekyasipHoro noss), a sxHeprus ®epmu
Onpeﬂe.ﬂﬂeTCﬂ yCJIOBHeM
éf

N=2S C(&’)d&’:%b&’m.

(=]

Orcrona
b =3 NEF2,

rae N —uHcio 3d-3/IeKTPOHOB B CHCTEME.

Cuavana OGyjeM cYMTaThb, YTO BCe 3HEPreTHYECKHE YPOBHH BIJIOTh
go yposisi Pepmn &p 3anonHEeHBl M HA KaX[AOM —IO JBA 3JEKTPOHA

&

& TS

(] L)
a) &)
Puc. 9.6.1. 3anosHeHHe 3JeKTPOHAMH SHEPTreTHYECKHX YPOBHeH.

a) HedeppomarsiutHas cucrema, O) deppoMarHuTHasi CHCTeMa (JeACTBYET MOJIEK yJaspHOe MoJe).

C NPOTHBONOJOXHBIMH cniiHamH (pHc. 9.6.1, a). Cucrema 6yner ¢ep-
POMAarHMTHOH, ec/JH TlepeBOpPAaYMBAHHE HEKOTOPHX HAanpaBJeHHBIX
BHHM3 CIIMHOB GyJeT yMeHbLIATh 3HEPryi0 cucreMbl. Kaxibli nosep-
HYTLIH CIIHH YBeJIMYHBAET SHEPruio Ha A, KaK noKasaHo Ha pHc. 9.6.1, 6.
UHC/I0 3/1EKTPOHOB ¢ NOBEPHYTHIMH CNHHAMH PaBHO

n=C@E)A=bVEqA,
H YBEJIH‘ICHHC 3HepFHH B 3TOM c.nyqae 6y11eT
nA=C(&pA.
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PesyanprlouLaﬂ HAaMAriMH4eHHOCTb 3daJd€TCHA BbipaXKEHHEM
M= 2’1}13 = 2“'BC (gp) A.

kb’
IlockonbKy MoJseKy/sipHOe [oJe pPaBHO WM' TO H3MeHeHHe Mar-
B

HHUTHOM 3HEPrHu CHCTEMbl MMEET BHI

VA R k0" 2 A2
Fe=— g My M=—2%-C* (5 A%
Ecan cucrema sBasiercs ¢eppoMarHuTHO#, TO anre6panyeckas
CyMMa 3THX H3VMeHeHHH 3HEepPrHH JO/MXKHA GbiTh OTPHIATENLHOM,
d HMeHHO

’ . ’ 2

cEa—2¥ 2 Eynr <o, um B2,

N €. 3

Ecnn cucrema ¢eppoMarsuTHas, OTCiofa elle He CJeayeT, 4To
B OCHOBHOM COCTOSSHHH HMMEET MECTO HachluleHHe, T. e. 4To M = Nug
t=1).
( PaccMoTpum cocTosinMe, Korjia Bce CNHHBI, KPOME OfHOrO, Halpas-
JIEHBl" BBEPX; TOrJa BCe COCTOSHHA CIOHHOB, HanpaBJeHHBIX BBepX,
3aHATHl BIJVIOTH 10 3HepruH &nm.x. Ecau mepeBopaunBaHHe OfHOrO H3
CIIHHOB, HAalNDaBJIeHHBIX BHH3, [IOHHXAET 3HEPruio, TO OCHOBHOE
cocTosiHHe GYReT cCOCTOSHMEM HachilleHHs. UTOGb nepeBepHYTH CHHH,
HaNpaBJeHHbI BHH3, €My HYXHO COOGUHTH SHEPrHI0 & max, ONpefe-
JIIeEMYIO COOTHOIIeHHEM

’fmax
N= | C(&)d8,

0

Bnax = 2°°€ ..

TaK 4TO

Tak kak nepeBopauMBaHMe HAMPaBJEHHOTO BHHM3 CIHHA TPOHCXOAHMT
B nojie k6'/upz, TO H3MeHeHHE MAarHMUTHOH SHEPrHH CHCTEMBl PaBHO

kB’ ’
Fo——ou," o,
]
CrnenoBate/IbHO, OCHOBHOE COCTOSIHME GYIET COCTOSIHHEM HACHILeHHS,
€CIM CyMMapHOe H3MeHeHHe 3HEPrHM OTPHIATeJbHO, T. €. KOrjaa
238 — 208" << 0, waK

B — 91 (=0,794).
gl’

9.7. Tlycte M, 1 M, — HaMarHu4yeHHOCTH, 06ycJOBJeHHbe 3d- H

4s-anexktponamn; H, u H,—>sbdekTHBHBE nO0AfA, AeAcTBYyIOHHeE
COOTBETCTBEHHO Ha 3d- M 4s-3/IeKTPOHHI.

PaccmorpuM cayuvail, korga npuioxeHo MarnuTHoe mnone H.
Torna, ucnonb3ys npHGAHIKEHHE MOJIEKYJISPHOIO MOJS, NOJYYHM

Hiy=H+NwyM,, H.=H-+NyM,.
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B coorBercrBun ¢ sakonom Kiopu miaa M, umeem
Mg _C
H - T

H BBIpaXEHHE A l'Iay.IIPIEBCKOPl BOCIIDHHMYHBOCTH JJIA 3JEKTDOHOB
NPOBOJHMOCTH HMe€eT BHJ

CnejosaTeTbHO,
TMy=C(H+NwM.), Mc="Ypaps (H+NwMy).

Yrofbl CyleCTBOBATO HETPHBHAJAbLHOE pelleHne A1 M, u M,
npu H=0, JeTePMHHAHT, COCTaBJIEHHBIH H3 KO3(xDHLHEHTOB TOJLKO
YTO BLIMHCAHHOII CHCTEMB! ypaBHEHHH, JO/KEH 06pau1,a'rbc;1 B HYJb,
T. €.

T —CNw |

=0.
—%napaV W 1 :

Orcio1a
TC = XnapaCN%V'

9.8. [IpeanonoxuM, 4TO Ka)iast yacTHua ofiajgaer CIHHOM, paB-
HbIM 1/,. B atom cayuae cocroauus S=1; M;=—1; 0; +1 coor-
BETCTBYIOT 3HepruaMm c—+2uH; c¢; ¢—2uH; a npu S=0 sHeprus
craHoButc paBHoii —c. CoenoBaTenbHO, cymMma COCTOSHHE ((yHK-
UHS pacnpefleleHHs) HMeeT BHI

Z= Eexp(— :’;’:)=
_exka+exp/ )+exp/ 2”"\+ XP( C+i”")—
=2 (chﬁ+ exp(— k%) ch %]
INockonsky M = NRT a]nz, Td I/ Halllero cayyast
M—4N”exp( )sh 2””

3ajauy MOXXHO pELINTh TaKKe KJaccCHueckum crocoGoM. Jlerko
0Ka3aTh, YTO IPH KJACCHYECKOM DellleHHH pesy.anTaT A1a M OGyer
¢popmaabHO TeM XKe, 33 HCKJIOYEHHEM TOrO, 4TO Telepb

Z=2[exp ;—T+exp(— k%—.)chQ;:—g].

npﬂﬁﬂﬂ)KeHHble BhIpAXXEHHA JJaA HaMarHH4eHHOCTH JVIA NepEedYHC-
JIEHHBIX B YCJOBHH YaCTHLIX CJIY4YaeB.

2p,H 2uH 2uH ¢ c
)sh 2B ot chfsl, exp(— )1
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Orcioga
2Np2H

kT -~
Ilonyuennoe cooTHoumeHde npeacTaBJsier coGofi 3akoH Kiopu. Takum
o6pa3oM, cucreMa Bejer ce6f, KaK mapaMmarHeTHK. 3Toro pesy/sbTara
C/IefIOBAJI0 OXKHMAATh IS CJaydas, KOrja 3HEPrusi TemjoBOro BO3MY-
IeHHs 3HAYHUTEJBHO NPEBHIIAeT MAarHUTHYIO 3HEpruio.

M=~

9 Z=2ch g+ 2exp < ) ~ 3 exp < ﬁ) H COOTHOUIEHHE

8NpH 2N (2p)*H
kT 3&T

M~

cHOBa wuMeeT BHA 3akoHa Kiopu. Opuako Tenepb oTjenbHEE NAPH
CBsi3aHhl ¢ OOMEHHBIM (peppOMAarHHTHHIM B3aHMOJEHCTBHEM, H 3Ta
COBOKYIIHOCTL Nap Bejer cefs, Kak napaMarHeTHK.

3) Z= 2ch +2exp<—;—r)mexpk~c—7,,

M=8ivk';?—ﬂexp <—k~2—;,)m0,

T. €. MBI NOJYYHM pe3yJbTaT, KOTOPOro M CJEI0BAJO OXHAATh,
NOCKOJLKY napu csﬂsaﬂu anmtpeppomammﬂum B3aHMofelcTBHeM,

4) Za~och 2 paconptn 22 onp,

Hoc.nezmee COOTHOIIEHHe cnpasezumso pit)t:] Hacblll.lQHHOI‘O napa-
MArHe€THKa, Korja oOMeHHOoe B3aMMOJeHCTBHE MaJl H INpHJIOXKEHHOEe
1oJie BE€JIHKO.

5) Z_exp< )<1+2ch2p‘H)
ANy sh (2uH/kRT)
1+ 2ch (2uH/RT)

T. €. Mbl NOJYYHM NOJHOCTHIO YNOPSAAOYEHHLIN (eppomarHeTHk.

6) Z~exp ;—T,

M= ~oNpth 28 ony,

= 4Np exp ( ) sh = 2"” =~ 2Np exp ( 2“;#”’)

~2Np,exp( )NO

CJIEJIOBATENLHO, MNOCJEAHHA CJIYY4ad OTHOCHTCH K YNOpSAZOYEHHOMY
aHTHeppoMarHeTHKY.

9.9. CeoGonHas sHeprus KpyucTasiorpapHyeckol aHH30TPONUH AJs
Ky6HUYeCKHX KDHCTAaJUIOB MOXET OHTh 3anHcaHa B Bupe

Fy= K, (aia; + aje; -+ ajai) + Kyajaias,

rjae a;, o, H a3 — HanpapJAIOIIHE KOCHHYChl, ONpEAe/AIollHe OpHEH-
TalHI0 BEKTOpAa HAMArHHYEHHOCTH IO OTHOLUEHHIO K pe6paM Ky6a,
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K, 1 K, — KOHCTaHTH MarHMTHOH aHHM3OTPONHH IIpH AAHHOH TeMile-
parype.

Jdna cayyasi, Korja BeKTOp HaMarHWYeHHOCTH M COCTaBjsier
yroa @ c HanpasiaeHueM [100], a;=cos@, a,=sing, a3=0.
ITockoneky sin2¢ =2cos@sing u sin®?2¢ = (1 —cos 49)/2, T0O

Fy ="K, (1 —cos 49).
BripaxeHne A1l MarHMTHOH CBOGOJHOH 3HEPrHH HMEET BHJA
Fy=—MHcos (6 —9).
Ecau gpyrHMH BHAEMH 3HEPrHH MOXHO IIpeHeGpeub, TO OGUIAsl CBO-

6onHasn oHeprus Oyjer paBHa F;=Fy+ Fy. IlpuMeHuTensHo X yc/o-
BHAM paBHoBecHs (OF;/0¢p=0) 310 paer

1/,Kysin 49 = MH sin (8 — ).

B none, opHeHTHPOBAHHOM POH3BOABHHM 006pa3oM, BEKTOp Hamar-
HHYEHHOCTH O6yJeT napajnJjeseH IMpUJOKEHHOMY NOJI, H CJeJ0Ba-
tenpHo, 8 =¢. Tak Kak Bpawamoiuii MOMEHT O ONpele/]eHHI0 paBeH
T = —0F,/06, To HaxXoQHM, 4YTO

T = — 1/,K, sin 48.

I1s aMcKa, BHpe3aHHOro napajJenbHo mniockoctd (110), 3unage-
HHSl HANpaBJsIOUHX KOCHHYCOB cJlefyioltie: o =(cos0)/} 2, o, =
= (cos8)/)/ 2 u az=sinb, rie, Kak 1 paHbure, § —yroa Mexay M
(v H) u Hanpasnennem |100]. B stom canyuae

FK=—;—K1(cos46+4sin’ﬂcos’ﬂ)—{--;- K, sin?0cos%8,
OTKYJa CJepyer, 4TO
T——§ Ky (25in 2043 5in48) — oy K, (sin 28+ 4 sin 48— 3 sin 68).

9.10. CsoGoaHnas sueprus ['u66ca onpegensierca kak G=& — TS,
rae

E—U— HM—ogd@)

3neck & —suranbnus, U — BHYTpeHHssl 3HEPrus, S — 3HTPONHS H
6//! — oTHOCHTeLHOE YJAJHHeHHe obpa3sla.
[Ipu nocrosiHHOH TeMIleparype
dG=—MdH - do,
nockoabKy dU =T dS+ H dM. Tockonbky dG — nomuniit pudxpepen-

HaJga, 1o
(‘ﬂ __!,(ﬂ)
a«:);{_ 1 \of /s~
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9.11. CxansipHplii MarHuTHBIl NOTEHUMANX 3ajaeTCs BbIPAKEHHeM
1
O=—M S V- do.

B cnyyae r > a (TOYKH BHe ciephl)

M l/’ml
o=\ do= 3 a5,
re . 3
0

re

Jas r<<a BewecTBO BHe cdepu, corJacHo 3akony [aycca, He
6yaer maBaTh BKJajza B moTenuuas. CnefoBaTeNbHO,

M 0/,,1"1
@=Mcost 5 dy = % aMr cos 6.

re
0

Ilockoanbky
oo .

H=—VP=——

1 oo,
ar br

100, 1 o0,
r %6 rsnoop @
TO OTCIOfa CJeAyeT, 4TO Noje BHYTpH o6pasua

H = —*%snM (cos0-£,—sin 8- lg) = — ¥/3nM.

Ho, no omnpenenenuio, H’'=—DM, u nostoMy jna cdepsl pa3Mar-
HUYHBaOmWui ¢akTop
D:4/3ﬂ.

9.12. B ofmem cayyae co6cTBeHHash MarHMTHas 3Heprus 3aja-
€TCsl COOTHOLIeHHeM

Fp=— S M-H dy— %SMV(pdv.

PaccMoTpum
1 S V (Mg) do= ﬂ OVMdo + 5 S MV do,
1 1
CaeaoBaresLHO,

Fp=— \ ppdo+ 5 | ooas,

raje p=VM —obvemHas MarHHTHas MJOTHOCTb, a 0 = M- n — noBepx-
HOCTHAf INJIOTHOCTb «MArHUTHBIX 3apSf0OB».

Ilyets S; U S, — BHelIHAA M BHYTPEHHAA INOBepXHOcTH o6pa3ua
COOTBETCTBEHHO, @ 0; M O, — COOTBETCTBYIONIHE IOBEPXHOCTHblE Mar-
HUTHbie NJIOTHOCTH. [anee, nmycth ¢, — noTenuuan, a H;=— Vo, —
nose, co3xaBaemoe 0;. Ilockoabky p=0, TO mosydaem

-1 1 1 1
Fp=+ S 0,9 dS; +— S 03¢, dS; + & S 0201 dS; +-5 S 03¢ dS,.
S; S., sn Si
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IlepBLlit unen npeicraBasieT cOOOH 3HEPrHI0 IOBEPXHOCTHBIX
MarHHTHBIX 3apAJ0B O; B HX coGcTBeHHOM nose Hi, KOTOpoe OAHO-
poaHO B ofbeMe v,. JTa 3JHeprus sBJIfAETCA TOH Xe, UTO H JAJH

YacTHIB!, Haxoaslleicsa BHE IIOJOCTH C O}IHOpO}IHOi’I HaMarHH4eH-

1

HocTel0 M, a HMeHHO: — -5 S M. Hidv.

Ty

Ilocaenuuii uneH npejacrasasier cOGOH 3HEPrui0 NOBEPXHOCTHLIX
«MAarHMTHEIX 3apsjA0B» O, B UX coGCTBeHHOM noje Hj, KOTOpoe OHO-
poaHo B oGBbeMe U,. JTa DHeprusl sABJAAETCA TOM »Xe, UTO H A/
YacTHILI, KOTOP4sA MOXET 3anoJiHHThL IOJIOCTh C OAHOPOZHOH Hamar-

1 r
HHYEHHOCTBI0O — M, a uMeHHO: -+ 5 S M- H; dv.
. Uy
- - O;

Bropoi#i M TpeTuii uneHEl paBHbl, TaK KaK ;= S -r'—dS,-. Bumecte
OHH COCTaBJSIOT B3aUMHYIO HEPruio pacnpejiejeHHH JABYX CHCTEM
«MarHHTHEIX 3apH10B».

. Ilockonbky mnose H; onHopopHo B OObeme U, HO HEOZHODOZHO
B ofnheme v, (3a NpefeNaMH v,), TO Mbl MOXKEM 33aMEHHTb BTOPOH

wieH TpeTbUM. TpeTHlt d/aeH npeacTaB/ifeT co6od 3HePruIo TeJa,
CIIOCOGHOTO 3aNMOJHWTE IIOJOCTh € OJHOPOAHOH HaMar HUYEHHOCThIO

—M B none Hj, 1. e. +—;— S M-H,;dv. B 3TOM cJayuae MOXHO
3anucath:
FD=—é—SM-H{dv+ SM-Hl’dv—'}——;—%M-H;dv.
Ty Uy r;, :

Hpelmo.nox(m{ JaJjee, 4TO S,- HMEET IJIaBHBIE OCH, COBIajarouie
C OCAMH X;, Yi,» 2;, B 3TOM CJjy4vae TE€Hn30p PasMarHHYHBAKOUIHX (pax-
TOpOB HMMEET BHUJ

D,; © 0
D—{0¢ D; o)
0 0 D,

INpeanonoXuM TakXKe, YTO BEKTOP HaMarHWyeHHOCTH M HMeeT
HanpaBJIsIIOIHe KOCHHYCH I;, m;, #; 10 OTHOWIEHHIO K OCAM X;, Yy, Zi.
Toraa

H;=—DM=—M (LD iy + D i+ mD, k),
Hy=M (1D iy + myD 5 f, + 12D 0ks).

Orciopa mosyuaeM, 4TO

Fp = [(1iDs1 +m3Dys +13Des) (03 — 205) + (3D o+ m3D o + 13Dz o)

9.13. Ilockonpky @ = g M—r'—'idS, TO MOJie B LleHTpe 3a30pa

M

-n .
—cosadS,,

re re r

H=§M'"cosad8=2§ M'"cosad81+2§
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tae S; M S; OTHOCATCA K TOPUY H K KOHHYECKOH NOBEPXHOCTH
TIOJIOCHOTO HAKOHEUHHKA, a CMBICJ OCTaJbHHIX O0O3HaUeHHH sceH
u3 puc. 9.13.1.

4 ~~
a L r~<
Ty s

Puc. 9.13.1. Cxema 31eKTpOMarHuTa € MOJIIOCHBIMH HAKOHEUHHKAMH B BHAE yce-
YEHHBIX KOHYCOB.

Hns nosepxHocTH S,
M-n=M, r*=x%cos?a, dS,=2nydy,
y=xtga, dy=xcos?ada,
TOrla KaK 1JIsl TOBEPXHOCTH S,
M. n=Msin, dsz=ﬁd§, =5 cos @ =cos0.

sin 8 sin29°
Cle0BaTeNILHO,
8 b
H=4nM lg sin & da +sin?6.cos 8 § ‘%Ejl_:
0 a

=4nM [l — cos 84 sin?8cos 6 In (b/a)].
Ecau npeneGpeun BKJIAgOM OT S;, TO MOJYYHM
H =4nM sin%6cos 6 In (b/a).

Has Toro 4to6bl noJse OLIO MAKCHMAJBHBIM, JOMKHO YAOBJETBO-
pAThcs cooTHowenue 0H/00=0; ucnoan3oBaHHe 3TOrO YCJIOBHA Raer

tg0=V2,

wix 8=0504°44". Ecan Haxoquth MaKCHMaJbHbE S3HAYEHHA CyM-
MapHoro noss (¢ yueroM U Sy, u S;), T0 8 6yjer ABAATbeA PyHKIHeH
OTHOLIEHHA b/a.

9.14. Ilycts @ — yroaq Mexay noJAPHOH OChIO M HanpaB/ieHHeM
BEKTOpa HaMarHWyeHHocTd M; ¢ —yron Mexay H u M, toraa ¢ =
== §-4-a. CBOGOAHAS 3HEPrHs pa3Mar HHUIMBAHHUS 3aXaeTCH BhHIpaXKeHHEM

Fp =5 M? (D, costa+ D, sinta) V =
= X (Da+Dy) MV — % (D,— Do) MV cos 2,
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rie V =%/gnab® Ilpu HanuuuM BHeIHero moss cBoGOAHasi 3Heprusg
Fy=—HMYV cos g,

Ecay npeanonoxuTb, 4TO BCe OCTalbHHE BKJAAH B CBOOOJHYIO 3Hep-
ri0o B CyMMe JaiyT HyJb, TO NoJHas cBoGOIHas 3SHeprus Gyner
uMetTs BUL: F;=Fp+4+Fp.

Kpurrueckoe none, HeoGxoiyMmoe AJs CKaukooOGpa3HOro HM3MeHe-
HMS HaMarHW4eHHOCTH, BO3HMKAaeT TOrja, Korja noJHas cBoGojHas
9HEprusl U3MEHSeTCH OT MHHMMYMa IO MaKCHMyMa. 3To yCJOBMe 3aMHu-
ChHIBAeTCA B BHIE

oF, _ &F,
T = oy = 0.
P Jp
W3 storo ycioBus CiefyloT JBa ypaBHeHHs
. 1.
Pypue SiN @ + 5 sin [2 (¢ — 8)] =0,
Ppuz COS @+ c0s [2 (9. — 8)] = 0.
HickaoueHHe BeMHYHMHH Ayp,, HA€T
2tg 6+ ) =1tg2a,.
Ilocne pasnoeHHs TaHrEHCOB HaXOAHM, HTO
tgfa, =tgb=uw?.
Teneps, nockonbky ¢, =0- arctgw,

tgb4o w 1

tg(Pc = I—wigh = 1—w? =—2—tg2ac,
TO
Sil'l2ac= H  sin Q, = —.—.w—-——'-
w241 Vi—wr+uws
ITosromy KpHTHYecKoe 10Jie PaBHO
h o lsna,__Vi—wituh
XpUT T D sin @y 14 w?

Has 8=0; 10; 45 u 80° Ay, =— 1,000; —0,674; — 0,500 u
~— 0,674 COOTBETCTBEHHO.
9.15. JIna 3HepruM B3aWMOJEHCTBHS JBYX JHMOJei#l HMeeM

e
r'.;_,” [cos (8; —8;) — 3 cos b, cos 6],

Fdd=

rne 8 W 6;— yriml, cOCTaBJjisieMble i-M M j-M JHNOJbHHIMH MOMEHTaMH
C BEKTODOM 7;;, COEIMHSIOUNIMM LEHTPH Coep.

Ecay BeKTOph HaMarHHYeHHOCTH NEPEBOPaYHBANOTCS BC/ENCTBHE
PaBHOMEpHOTO MapajjeabHoro Bpaulenns, To 8;=6;. Toraa

3 1 1 3556 p?
Faa =l (1 — 3cos?0) (3+T + 37) = 705 g (1 — 3 ¢05°0).

247



DToT pe3yabTaT MOXHO O6OGWIMTB: A1 n cdep

)‘ "—’ (1 —3cos26).

1=1

Faa= (2a)3

ITockonsky nose H npHJOXKEHO BAOJb OCH LeNnoukH, Fy=4uH cos8,
TO NOJIHASL SHEPTHsL B ITOM CJlyuse SIBJSETCH CYMMOM STHX IBYX CBO-
Gopunix sHepruit. Ilpu paBHoBecun OF7/09=0, U nostomy
335 p
=5 6.
H=%1% @ap €08

Ha paccmorpenusi BTOpOH NpPOM3BOJHOM M 0COGEHHOCTEH MNeTJIH [H-
cTepeanca BMAHO, 4YTO KO3PUMTHBHA CHJIa cooTBercTByeT 0 =0°.
ChenoBarebHoO,

H = 493-—

2a)p"

B cnyyae «BeepHOMH» OpHEHTALHMH
B, = — B; = 0, = — 65,

Fuya= [(cos 26 — 3 cos?0) (3+ ) + % (I — 3cos? 6)] =

(TaF

(;:)3 (g? cos 20 — 35ﬁscos2 6)
3ameruM, uTo AaS n Chep
=< i< n
Fau= oo ) Lo (1 —3cos*0) +
l l%(n—l)<1<-,l;—(n+n
+ Z "(—Ti(w— (cos20 — 3cos?0) |-

i=1

CeoGojHast 3HeprHs B3auMojelcTBHA cdep C BHeUHHM nojeMm op-
MaJIbHO COBHNajaeT ¢ 3SHepruell BpauieHHs, MNOCKOJbKY COS (— 8) ==
= cos 0. Ilpu paBHOBecHH
_ B (3355 _§2> 5
H_(za)a('z jog — 27) €08
INoacrasass B npepblayuiee cooTHoureHHe 6=0, A1 KO3pLHTHBHOK
CHJIBI NOJIyYaeM 3HayeHHe
H,=189%1.
(2ap°
9.16. Ilonnasa cBoGogHasi 3Heprusi fBJSETCS CyMMoil CBOGOAHOI
3Heprud aHU3oTponuu Fyx=K{Vsin®6 u cBoboiHO# 3HepruH, ofy-
CJI0BJEHHO! B3aHMOJEHCTBHEM C [PHJOXEHHBIMH TNOJAMH, Fy =
= — (H,Mcosb-4HMsinB) V, rie 6 — yroa Mexay BeKTOpOM Hama-
THHYEHHOCTH H OCbl0 2, V — o6neM ILIeHKH.
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IMockosbky ycnoBue ajsi HeoOGpaTHMOro noBOpOTa (CM. 3ajauy
9.14) ectp O0F7/08=0%F7/062=0, TO KOMNOHEHTH KPHTHYECKOTO
MOJIA JOKHH YJIOBJIETBOPSATH CHCTEME ypaBHEHUH

1

5 sin280+h,sinf—h,cos6=0,

cos 204+ h,cos8+h,sin6=0.

HUckmouast orcoga h,, nojyuaeM, 4To h,=— cOs?6; aHaJOrHYHLIM
obpasoM h,=sin®6. Bo3ssons h, W h, B creneHs %/3 W cCyMMupys
UX, IloJyyaeM YypaBHeHHe acTpOHJHI
(THIIOUKKJION]Y C YeThIPEM A JIeeCTKaMH)

=1,

YpaBHeHne KacaTeJhHOH B TOYKe
(Pxgs hzo) K ACTPONJE HMMeEET BUJ

hx T x0 f”i_x.
h,—h,  dh,’
CJ1€40BaTEJNbHO, -
hy,—sin8 _ sin8
hg-}cos®b  cosB?
3510204 A, sin6—h, cos8=0,
Puc. 9.17.1. CxeMa pacno.oke-

4TO KaK pa3 M COOTBETCTBYET paBeH- HHA CYMMapHHX HaMariHyeH-
HOCTEHM MOHOAOMEHHHIX YacTHU

crey 9F7/08=0. nocae BKMOUEHHS MaTHMTIIOTO
9.17. Ilosanasa cBoGoaHas 3Heprus nons H.

ansa 1,N uactuu ¢ Bektopom M, opu-
€HTHPOBAHHHIM B IOJIOXKMTENIbHOM HaNpaBJeHHH OCH z, B OTCYTCTBHE

NoJISi MMEET BMJ
Fr = [%M2 (Dy sin? a+ D, cos? &) — MH cos (p] % NV =
= const -[—% (Dp— D,) M2 cos 2a — MH cos (p]% NV,

Insi cucTeMs! ocTalbHuIX /,N dYacTull MmeeM aHaJOrHuHOe BhIpaxe-
HHe C 3aMeHOl o W ¢ HAa a' u ¢’ cooTBercTBedHo (pHc. 9.17.1).

Ipu paBHoBecuu OF7/0¢ ='—dFr/da=0 u 0°F7/d¢* >0, caeno-
BaTeNILHO,

hsing —sin2(0—¢)=0, hsing’' —4sin2 (¢’ —¢)=0,
hee
TA€ N = 3 (Dp—Da)
Ias cayuas, korga 6=0'=mn/2, a=a', p=¢’, ycrosus paBHo-
BecHs NPHUBOAAT K CJE1YIOUIMM COOTHOILEHHSAM:
hsing—cos@sing=0, M h=cosq (sinp==0).
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Hauasabhas BOCIIpHHMYHBOCTb I10 OIIPEACJACHHIO €CTb IIPOM3BOJHASA
oM
H
%o= 711_ s
rae My=M cose. Orciona
1 n
w=p-5, (°=3)

Has b/a=10; 5 u 1 umeem: y%,=0,169; 0,191 u oo.
BosBpamasick k ofiieMy CJy4aio, 3aMeTuM, 4TO

1 , L
My =5 M(cos@+cos@’), mm  my= (Mmy+my),

rae my=Mpy/M. PaccMoTpuM pasnoxenne myy (h) npu h=0:

dm 1 d2m
Moy (1) = men O+~ |, _o Bt g gt |, _o i+

Hna h=0 ycnosus pasHoBecHss TpeOyioT, 4TOGH Sin (8 — @)X
X cos (8 —@)=0, nau 6=¢. CienoBartesbHo,

my (0) =cos @ =cos 6.

h=0

Yro6ut HafTH dmy,/dh, onpenenuM CcHaydala my, =COS@=x,
(1—x?)V2 =sing, a—=sin20, b—cos 26. Toraa ycsoBHe paBHOBecHs
sanuuiercss B BHJE

(1 — x®) (x4 2hbx + h®) = a?/4,
H, CJe0BATEJNbLHO,
dx _ 2 (1—x23/2
dh™ gx (3—2x%) —2b (1 —x) 32 °*

Ilpu h=0 umeem: ¢=0=0, U Mbl HaxoauUM

dx . g
dh [ = SI°0-
Jlasee MBI BHIHM, UTO

dx —6a Vit dx

dnt [ax (3—2x2)—2b (1 —x2)*2 P dn

u npu h=0
d%x

- J—— in2
it gy = —3cosBsin? 6.

Ilostomy
myy (h) =cos84sin®6-h —3/,cosBsin%06-h%2+4-. .,
Amnanoruyso
My (h) =cos 0’ 4-sin® 6’ - A — 3/, cos 6’ sin?6’ - A2 4. ..
Ho #=n—0 u cos®’ =—cosh, sinf’ =sinb, orciona caenyer, uto
my (h) =sin?6-h+4-...,
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NOCKONbKY KOoxpduuueHT npu A? pasen Hymo. OKoHyaTesnbHO
__ sin%0
%= p,—D,"
YTO JJIf BTOPOrO NpHOIMXEHUS ABJISAETCA BIIOJHE XOPOIUMM pe3ylib~
TATOM.

Hacrosmas Mopmenb MoxeT GbIThb NpUMEHEHA K MAarHUTHO-MATKOMY
deppoMarHeTHKy, KPUCTa/NIMYECKME 3€PHA KOTOPOTO OPHEHTHPOBAHLL
BJOJIb ONpeJie/IeHHOTO HanpaBJeHus.

Heo6xomumo Takxke, y106bl b—>a H uyroObl JOMEHHBlE CTEHKH:
6ul1M  3aKpensieHsl Ha TrpaHunax 3epedH. Crefyer OTMETHTb, YTO
MOJie/lb NpPHMEHMMa UM B cJyyae KepaMHKH C OPUEHTHPOBAHHBIMH
KpHCTaJMJIaMu (Hanpumep, AJs (GeppHTOB).

9.18. HauaabHylo BOCNpHHMUYMBOCTD MOXHO 3amluCcaTbh B BHJE

_ dM/dx
xo— dH/'dx H:U'

Ilpu nepememenuu opHo#t 180°-HOA rpaHunbl HA dx H3MEHeHHe Ha-.
MarHMyeHHOCTH 6yJler
dM =2M dx.

O6o3sHauum uyepe3 F,, NOJHYHO SHEPTHIO HAa eMHUNY IOBEPXHOCTH:
JIOMEHHO# rpaHuIiH! ¥ uepes F,,—B0O3pacTaHhe SHepPruu Ha eAUHHILY 110~
@Ay rpaHulBl, JOKAJTH30BAHHOH B ONpe/ie/IeHHOM nonoKeHuu. Ecau
JIOMEHHasl TPAHHI|A PAcNOJIOXkKeHa Ha PACCTOSHMM X (x < 7) OT IieHTpa
chepbl, TO IUIOUEAb TPAHMIEI yMEHbINAETCA Ha BEJHYHHY T (7% — x%),
Ecan uMclI0 BKJA0OUeHM# Ha efuMHuny o6vema paBHo N (N = 1/°),
TO 3HEpPrMs Ha eIWHHIY ILIOIAAH T'PAHHILHI

Fo=Fa[1—~NBn(r—x0)] (x<1).

Korna none H npuioxeHO napaijeNbHO TJIOCKOCTH JOMEHHOH
TpaHuIpl, MOJHas cBOCOAHAS IHEPrUs

Fr=F, —2HMx.
Ilpu pasHoBecun OFr/dx=0, clepoBaTeNbHO,

_ nFgN¥®  dH _ nFu NP

H=—%—x a=—n
Orciona
oM
o= Sk N

TaK Kak F,=K,0, rae 6 — TomuuHa rpaHumbl.

9.19. Ilyctp 6 — yroq MeXJy BEKTOpDOM HaMarHMYyeHHOCTH M -
HanpasJeHueM o;. (OcTaToyHass HaMarHWYEHHOCTb 33JldeTC BHIpaXxe-.
HueM M, = M cos (p—6). Torzna

oM . 3]
3 =M sin (@ —8)5-,

NOCKOJMBKY OM /00 ~ 0.
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oM 1 ral
Hanee B CHJY COOTHOLICHHSA { )H = (

\ 7o T 67?)0 (cM. 3apauy 9.10)
Be;iHudHa OM,/00 He 3aBHCHT OT O K MOXeT ObiTh OleHeHa Aasf ¢ —0
npu 8 —0. CnegoBaTensHo,

M, g (8

30 = Msing (56)6=0.

ITonnas cBOGOAHAS 3HEpPTHA — 3TO CYMMa MarHMTHOH CBOGOXHOHM
IHEpPruu

Fyy=—HM cos (p—0)
H MarHHTOYNPYIHX CBOOGOJHLIX 3HEpruf-
Fo,= —3/,As0;c0828,  Fg=—3/,A0 cos? (p — ).
Ilpu paBHOBecuu
HM sin (¢ — 08) = 3A; [0; cos 8sin 8 — cos (¢ — 8) sin (¢ — 0)].
OcraToyHasd HaMarHWYeHHOCTb cywectByeT npu H =0; takum ofpa-
3oM, aasa 6 — 0 HaxopuMm, 4TO
f= ::—l_sincpcosw.
CrejoBarebHO,

M, M .,
3 = g; Sinf @cosg.

s cayuaiiHoro pacrnpejeneHusi oy

oM, _ M
oo ~ 40;°

HOCKOJIBKY
n/2

S sin? pcos cpdcp=~;—.
0

9.20. [ns OAHOOCHOrO KPHCTaNJa 3HEPrus JOMEHHOR CTEeHKH,
NpPUXOAALIASICA Ha eguHHUY ee o6beMa, paBHa F./d, ¥ Maruuro-
CTaTHYecKas 3Heprusi, OOYCJOBJIeHHAasA MOBEPXHOCTHBIMH 3(deKTHB-
HbIMH MarHHTHBIMH 3apfilaMH, NpHOGAHXKeHHO paBHa M32d/L Ha epu-
HHUy oGbema. Torzaa

F M4
Fr=4+71

Ilpu paBHoBecuu 0Fr/dd =0, nostomy
_VFL
d ==

Hna kyOuuecKOro KpHUCTaldla K 3HePrud CTEHOK JobaBiasercH
TOJNLKO MAarHUTOynpyras SHeprusi, CBA3AaHHAA C HaNpKEHHAMH,
BO3HHKAIOUIMMH B 00JIaCTH 3aMbIKalOKMX JomeHOB. OTHOleHHe o0bema
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24 d
“Id T 2L
B 3TOM cJayyae MarHMTOynpyrasi SHeprust paBHa cyAied/4L, rae
€y — yOpyrue MOAYJH, @ Ajgp— MAarHHTOCTPHKLHS BAO/Ib Hanpasie-
Hus [100]. M3 ycnoBust MHHHMYyMa NOJHOH SHEPrHH NOJyYyaem

4= (2LFe)?,

c1rioo

3aMbIKAIOIIHX [JOMEHOB K OﬁbeMy KpHCTa/l/Ja paBHO

9.21. Bektop p, »DpOBeieHHH H3 HEKOTOpOro BbIGPAHHOTO
Haya;ja KOOPJHHAT B MECTO HaxXOXIEeHHs OMNpeje1eHHOr0 aToMa HJH
HOHAa, MO’KHO 3anuCaTb Yepe3 TDPAHC/SALHOHHblE BEKTOpH &, & u €
3/JJeMeHTapHOH suelKH

p=u/a+vl-b+w,€.

CTpyKTypHEI (GaKTOp AJs HefTPOHOB MOXeT - ObiTh BhIpaxceH
B BHJE

Fu (hkl) = D} b;exp [2ni (hu; 4 kv, + lw))],
7

rie b, —aMnaMTy/Ja sAepHOTO paccesHHs.

Ecii 3a Havano KOOpPAMHAT BLIOpaH onpeleneHHBH aToOM, TO
KOOPIMHATH UeThIPEX aTOMOB, 0Gpa3yloulHX rpaHeueHTpupoaaH}{y}o
3J1ever'rapHy}o SUeHKY, 6y11y1‘ 0, 0, 0), (M2, Y3 0), (Yo 0, Y5) ®
0, Y, 1/,). CaeroBaTenbHO, CTPYKTYPHBIA (pakTOp HMeeT BH}I

Fp (hkl) = b [1 4-emithi) g pmi(Aed) 4 pmi (k)]

dra BelMUHHA HMEET OTJAHYHblE OT HyJs 3HauyeHHs, eclH BCe Lesbie
yucna h, k, ! aBasiores 60 UETHhIMH, JHGO HeveTHhMH. [losTomy,
eCNd OJHH HWHJEKCHl UYeTHble, a Jpyrue — HeueTHnle, TO pegdJeKchl

OTCYTCTBYIOT.
YpaBHeHHe Byanta — Bparra
nh=2dsiné
BMECTe C COOTHOLIEHHEM
d=
VEIETE k2+ta

MOXHO HCIOJIb30BaTh, YTOOBl HAHTH 3HAaYeHHS HHAEKCOB, COOTBET-
crByiompe HabiaogaembiM pedaekcam. s n=1,a=4,43 A u A=
= 1,06 A Haxomum:

h%}-k%4-[%=8,33sin0. 9.21.1)

TMpumeneHne MeToAa moabopa K cnektpy npu T =293° K paer, yro
nukd npu 6=12; 14 u 23,5° oTBeyalOT OTpaxKeHHAM COOTBETCTBEH-
Ho ot miaockocredr (111), (200) u (311). Ilockoabky oTpaxkeHHS,
COOTBETCTBYIOIUIHE BCEM HEYETHHIM HHJEKCaM, 4yeTde, YeM OTPaXKeHH,
COOTBETCTBYIOIME BCeM YeTHHIM HHJeKcaM, TO 3HaKH aMIUIMTYA pac-
cessHusl Ha sAApax A1 Mn H O JOMKHB ObITb IIPOTHBOIOJIOXKHALIMH.
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JlonosHuTebHBIE THKH, HAG/0KaeMbie HHxKe TeMnepaTypbl Ty (npu
T=80 °K), no/xHbl BO3HHKAaTb BCJEACTBHE MAarHHTHOrO PacCesiHHs.
Jis 3THX NHKOR He CYIIECTBYIOT TakHe KOMOGHHALMM, B KOTOPBLIX
BCe HHHIEKCHI (hkl) Obiiin Gbl JMGO TOJILKO HEYETHHIMH, JIHGO TOJBKO
YeTHHIMH M YOBJeTBopsaH Obl ypaBHeHuio (9.21.1). OpHako eciu
NPHHATH, YTO 3JleMeHTapHas MarHHTHas s4elfiKa KBHBAJIEHTHA YABO-

eHHOHl XMMHYecKOH 3jeMeHTapHO# sueiike (22=8,86 A), To mMoxHO
NoK43aTh, 4YTO NUKH npu 8=06; 15,5; 18,4° COOTBeTCTBYIOT OTpaxe-
HusAM ot naockoctedt (111), (331) u (511).

3aMeTHM, YTO €JHHCTBEHHBIMH IJIOCKOCTSIMH, KOTOpble AAlOT 3a-
METHblEe OTpaX{€HHA, SBJSIOTCA ILJIOCKOCTH CO BCEMH HeueTHbIMI}
HHREKcaMH h, &, [.

MoxHO 3aKJI0YHTh jajlee, YTO MarHUTHAasl CTPYKTypa ofpa3oBaHa
HMOHaMH M, KOTOphHle pacnoJioXeHbl B aroMHhix caosx (111) Tak,
YTO ecJH B OJHOM CJIoe OHH pachoJIoXeHH B ¢eppoMarHHTHOM
nopsifike, T0 B cocefHux cJjoAx (111) 3TH HOHHL pacnoJoXKeHbt
B aHTH(QEeppPOMarHHTHOM IOpsJKe, OYEBHAHO, YTO 3TH CJIOH CO-
OTBETCTBYIOT IJIOCKOCTAM C IIOJIOXKMTENbHOK (-+) H OTpHUATeNb-
HOH (—) MAarHHTHHIMH aMILVITYA3aMHM pacCesHHs, [0CJIe0BaTelbHQ
yepeAyIOIUMHCSA BRoJbL Hanpasnenus [111].

9.22. Ecnu npuJoXeHO BHelHee mnoJie H To noass Hy v Hy
Ha aTomax nojpeweTrok A ¥ B cOOTBETCTBEHHO 3ajal0TCS BHIpAXKeE-
HHAMH

HA—:H—'NABMB H HB=H—'NABMA,

rie N4 p—NOCTOsIHHAsl MOJIEKYJISIPHOTO TNOJS JJ1s B3aUMOAEHCTBHSA
tina AB; My u Mp— HamarHuyeHHOCTH nojpewerok A u B.

Ilpu TensoBOM paBHOBeCHM MIsi HaMarHHYEHHOCTEH NOAPEILeTOK
MOXKHO 3anHCaTh OGBIYHBIE BbIPAXKEHUSA

My=":NgusSBs (ta): tre 12— Hy,

Bs(x4) —dyukuua Bpunmosna, N —uyucio MarHMUTHHIX aTOMOB Ha
eauHHuy obpema. Ianee

S
Mp=1/,NgupsSBs(xp), rxe X5=k—?-—HB-

Ilpu Bpoicokux Ttemneparypax T >Ty (Tw—touka Heens)
x Mand H GYHKUHIO BpH/MI03HA MOXHO NPUGJIHIKEHHO BBIPA3HTh

S+41
Bs(x) ~>2" x.

Torzra
_ NgwhS(S+) ., C _C
My="EE T = o Ha, Mp=g Hp,
Ng2u3S (S 41
rae C=.g—%%_
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IMpu Ttemneparypax T >Ty HamaruuueHHOCTH M4 u Mg nexar
BAOJIb Hanpapiedusa H, Tak uro

HA=H_NABM81 HB=H_'NABMA-

Ianee, nonHas HamMarHW4eHHOcTs M 6yneT paBHa mpocTo cymme M,
U Mg M=M,+ Mg. Ilostomy

M= @H—NyM), wm M:T—i—e,

rae 8 =1/,N44C. 3ameruMm, uro 8>0.
Yto6ul Halitu Ty, monoxuMm H =0. Toraa

¢ c
Mpa=57(—NasMp), Mp=355(—NasMs).  (9.22.1)

B6au3u touku Heens HauuHaercs ymopsjoueHHe MarHMTHBIX MOMEH-
TOB M 3Hauenus M, M Mp He pomkHel obpamarscs B HyJab. M3
3TOTO YCJNOBHA CJEAyeT paBEHCTBO HYJ/IO JETePMHHAHTA CHCTEMHI
(9.22.1)

| CN 4p
2T,
CN 45 =0,
2Ty,
HJ/IH
Tw=5Nas=0

ByneMm npennoJsiaraTs, YTO MPH 3THX YCJAOBUSIX MMEET MECTO OZHOOC-
Has aHU3OTPONHA, T. €. YTO MPH TemmnepaTypax HUxke ToukH Heens
B KDHCTaJljle CYUIeCTBYET BhIJEJEHHOE Halpas/jieHHe JJIf BEKTOPOB
M, v Mg. B npoTHBHOM ciyuae aHM3OTPONHEl MOXHO NpeHeGpeub.
Ilycts none H npunioieHO BIOJb 3TOrO BhIAEJNEHHOrO HamnpapJeHHA,
KOTopoe SIBJIIETCA HaNpaBjeHHEeM JIerKoro HaMarHW4eHHs, NpHUeM
Mjp napaaneabHo, a M, aHTUnapajsiennHo emy. Toraa

2ungS

Xp= k; (H - N 48Mp),
gu

Xg = B ~7—(—H - N 48M 4).

Ins H=0 yzo6HO MOJOXHTb

MA—-—‘—MB:MD, Xp = —Xg=Xg,

angs
TIe Xo= 7 (N 48M).
Ilpu ycaoBuH, urto 5dxpeKThl HACHIUEHHA He BAXHH, (QYHKUUIO
Bpuamosna momxHo pasnoxkuts B pai Teitnopa nmo H. Coxpausas
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JMib JUHeHHue no H ujeHHl (mepBoro nopsifka), NOJyYHM
gnyS
Bs (xa) ~ B (xo) +~g7— [H + N ap (M5 — Mo)] B5 (xo),

Bs (xp) =~ Bg (xo) — [H+Nap (Mo — M 4)] Bs (x).

TTockoabKy HHAyUHpPOBaHHAs# HaMarHuueHHocTs M paBHa My — Mg,
TO BHIpa)KeHHe il BOCIPHHMYHBOCTH % HMEeT BHJ]
_ Ng*ppS™Bs (xo)
X\ = BTN, pp5gSNBy (%) °

gl‘[g

(9.22.2)

Koraa sremnee nose H npusoxeHo B HanpaBJEGHHH, NeprneHjH-
KYJIIPHOM HanpaBJIEHHIO JIEFKOTO HAMATHHYEHHS, IOJIHLIH BpalaTesb-
HHI MOMEHT, [eHCTBYIOUIHH Ha oGe NoApelleTKH, A0keH OHTh paBeH
Hymo. Toraa, Hanpumep, ansa M,

]M,‘X(H—NABMB)IZO
HJIH .
MaHcos@— N 13M ;Mgsin29=0,

rie @ — yroJ, Ha KOTOpHIH IlOBOpauyHBaeTcs BeKTop M, no oTHouue-
HHIO X HanpaBJeHHIO JIETKOr0 HaMarHHYeHHS,

Teneps NS NoONHOH HAMarHWYeHHOCTH M BAONb HanpaB/ieHHA
BHeuHero noas H noayuum

M =M+ Mp)sing=2Mpsing,

nockoneKy M 4= Mp. Cienosaresisso, NonepeuyHas BOCIPHUMYHBOCTD
X: A4eTcs BHIpajXKEHHEM

XL =—5—- (9.22.3)

9.23. YueT B3auMOAEHCTBHSI BHYTPH Kax/0H H3 MNOJApeIeTOK IpH-
BOJMT K pe3yJbTaTy
1 (T) = iS55 (%)
' kT +1/3 (N -+ N 2p) BE8*S*N B (%)

gugS
e xo= k’;- (Nap— Ny) Mo u

Bs (-’l’o)=—~(g%)icsch2 (”—gLXO) (— ) csch? (%)

1) TIpu T =0 °K, npumensas npasuno JlomuTans, noJayuum
XHZO.
2) IIJIH T>TN, Xo<ls

S41 S41
Bs () ~ S350, BS (xo) =35
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Orciona

C
X =75

Ng?u3S (S+1) 1
rae C=——83k—, 6=-5 C(Niu+ Nap).

3) Ilpepnonoxum, uto Mul npubauxkaemcsas kK Ty cBepxy, Torza

__C
6= T

Opunako, HCroONb3ys MeTOH, NpejJIOKEeHHbt B 3ajaye 9.22, MoxHO
nokasatb, 4T0 T = 1/,C (N 45— N;;). IloacTaBass sHayeHue T B Bbl-
paxkeHue HJIs Y, Noaydaem

=5

a8
4) Mna S=1/,
Bij, (xp) =thx,,  Bi, (xo) = sch?x,,
OTKyJa
Y Ng?py sch?x
(N =—gr7; (NN 4p) Bpg*N schix

Oro Beipaxenue, oueBHjaHo, npu T =0 °K paBHo Hymo, a npu
T =Ty, KaK ¥ paHbwe, paBHO 1/N 4p.
5) dnsa S=o0
B, (x0) =L (xo) = cth xo — x7*,

riae L (xp) — dyukuus Jlanxesena. [anee
B (xo) = — csch? xp 4 x;*,

M gugS —p, TAe WU — KJaCCHYeCKHH pumonbHbliii MomeHT. CaenoBa-
TeJIBLHO,
Np? (x5* — csch? xg)
Xt = BT 77, (N N 45) 2N (x3® — cachixg) *

Cuosa npu T=0°K =0, a npu T=Txn 5% =1/N sp.
9.24. IlonepeyHass BOCIPHHMYHMBOCTb JlaeTcs BoipaxeHueMm (9.22.3)

X1 = l/Nyp.
TamuabToHMaH Talizenfepra 3amucbiBaeTc B BHJE
H=—2{J.| 388

Ycpenusisi o BpeMeHH, HaXORHM,

4 Je
H = — 22| 1 [(Su) (S =— 2 (5,9 Ma,
TaK Kak Mp="/,Ngus(Sz).
I'aMu/NbTOHMAH, 3aMMCAHHbLIA JJAA MOAENH MOJIEKYJIAPHOrQ oM,

MMEeT BHJ
H = —gup (Su) N asMs.
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CpaBHeHHe [BYX BBIDaK€HHH I/l raMHJbTOHHaHA JaeT

4z J, |
AB = "Fgmz

H A ¥, Cpasy JXe NOJy4YaeTcs OXHUJaeMblil pe3yJbTaT.

9.25. ¥ aroMa IaHHOH NOApPEILeTKH HMeETcH ABEHaALaThb OJHKai-
IIMX COCeAeH, PABHOMEDHO paclpeje/eHHbIX CPefH TPeX APYTHX NOA-
pelIeTOK, H IIECTh COCEEH, CACAYIOIIMX 33 OMMKAHIIMMH H3 TOH Xe
nofipewierkd. HamarHuueHHocTh moGofi noApelleTKH INPH TeMmnepa-
Type Bhille TeMnepatypw Heena T, 3anaeTcs COOTHOLUEHHEM

C \
M;=—77(H—NsM;— ZNHM/ )

2y
NghugS (S + 1)
e C=——g——

o6vema. Bobue Touku Heens nonnas HamarHMyeHHocTh paBHa M =
=Mas-+Mp+Mc+Mp, 1. €.

M= o (4H — N M — 3N ;).

H N — uMc10 MarHMTHbIX aTOMOB Ha €IHHHUILY

CrnenoBatenbHoO, c
=Ty
rae 6=1/,C (N a5+ 3Ny).

Hns ynopsgoyeHHs MepBOrO THNA MAarHHUTHRIH MOMEHT JAHHOTO
aToMa napaJijie/leH MOMEHTaM OJHON TpeTH OJMXaNIIMX cocejell, aHTH-
napajjiesieH MOMEHTaM JBYX TpeTeH OJHXaHIIMX cocefell M InapasJe-
JIeH MOMEHTaM BCeX cocelled, caelyioluX 3a Omamxaiumu. [IycTs
H=0u My=—Mg=Mc=—Mp. Ilpu T=Ty u3 yc/OBHS HEHY-
J1IeBOH HaMarHHYEHHOCTH TNOAPEILETKH CJIEJAYeT, UTO

Tn="C (Ny— N 2p).

Hna yJayulieHHOH YNOPANOYEHHOCTH IIEPBOrO THNA MAarHUTHBIN
MOMEHT JaHHOro aToMa, Kak H B NpejbAylueM cjayuae, napasJieneH
ORHOM TpPETH H aHTHnapasJeNeH [AByM TPETAM MOMEHTOB ero GJH-
XaHIIHX CcOcefied; HO Tenepbh OH NapaJJjejeH ABYM TPeTAM M aHTH-
napajiyiesieH OfHOH TPETH MOMEHTOB COCEJeH, CJeYIWMX 338 GaHxail-
wumu. Otcrofa creqyer, 4TO BTOPOH W/€H B BhIpaxeHun mif Ty,
cofepxalu it 0603HaueHue N 45, yMEHbIUaeTcs B TPH pasa, H NOITOMY

TN—:%C(N”——%—NAB).

Hnst ynopsinoyeHus BTOPOro THNA KaXAYK NOAPELIETKY CJELyeT
CUHTATh COCTOAINEH M3 JBYX NOJApelleTok. loraa

C C
MA1=“‘Z7TNABMA~29 MA«1=“ rvd NABMAI-

Yrobwm Halith TemmepaTypy Heeas, cocTaBMM JReTepMHHAHT U3
KOpHLUEHTOB NpPH HEH3BECTHHIX Mu; M May M NpHpPaBHAEM ero
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HyJI0. 3TO jact
=1/,CN 4.

Kouburypauus c caMofl HH3KOH CcBOGOAHOH 3Heprued H, caejosa-
TeJbHO, € caMmoil BrIcOKOH Temnepatypol Heens Gyaer ctabuinHoil.

CpaBHenue Ttemnepatyp Heens nokasbiBaer, uto ynopsjoueHue
BTOpOro THHa GyneT BCTPeYaTbcs Yalle, YeM YNOpSJIOYEHHEe [epBOro
THNA, NPH YCA0BHH, UTO N 43> 3/,N;. C npyroi cTopoHH, ynopsajo-
yeHde Inepsoro Tuna OyJeT HMeTL MeCTo B cayyae, Korja N p=<
=< 3%/,N,. ¥Ynopsapgouenue nepporo tumna Gyaer CTaGUABLHEIM TOJBLKO
npu ycaoBuH, yto N,4p<<0, T. e. B3auMojelicTBHE JAHHOrO aToMa
C COCEASIMH, CJEIYIOWMMH 33 OaMKaUMHMHU, sABJASETCH CKOpee tep-
POMArHHTHBIM, YeM aHTH(eppPOMarHUTHEIM.

9.26. Briue Tyy B OOLIYHOM NpPUOMHIKEHHH HMEEM

Cy Cy
Ma=—AHs  Ma=—LHp,
rie

Ng2u3Ss, (S;--1) Ng uBS (S +1)
CA:E 3 » Cn 2 .

‘3pecs N, —yuci0 aToMOB cO cIMHOM S; Ha efMHHIYy O6BeMa Mojpe-
nietkd A # N; —cooTBeTCTBYIOIasA BEJHYHHA JJ1s MOApeleTkd B.
Bripaxkenuss Ans MarHWUTHeX noned H, u Hy B 3T0M cayuae uMme-
10T BHJ

Hyi=H—NpaMs—NpgMp, Hg=H — N pM 4~ NppMp.
IofcTaBifs 3TH COOTHOLIEHHS B 3HAaueHus M, u My, nonyyaem
Cy (T+ CBNBB) —CACI:NAB
(THCaAN42) (T+CNpg)—C,CpNjp
Cp(T+C N 5) —CpCpN 4
(THCAN 44) (THCyNpy) —CCpNip

Ma

H’
(9.26.1)

Mp= H.

CxaajpiBast BeipaxkeHus: aias M4 U Mg ¥ nens Ha H, ans BOCIpHHM-
YHBOCTH %X NOAyuuM %= (Mp+ Mp)/H, a nna o6paTHOH BeJHUHHH

1 T 1
Rl R (9.26.2)
rjae
C= CA + CBv

. ,
Lo Yo} (CaN g4+ CBN g+ 2C,CgN 48),

p{
C,Cp i .
0=—c {Ca(Naa— Nan)*+Ch (Ngg— Nap)® —

—2C4C3[Nap— (Nga+ Npg) Nag+ N aaNpslt,
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B uactHoM cayuae autupeppoMarHetHka C,=Cg=1/3C, Ny ==
= NEEZNii- Torlla
1 NH+ NAE
Yo 2 ’
0=0, 8=—C(Niu—Nup).

B 3TOM cJayuae, Kak H CJeJ0BaJO OXHIATb, NOJYYUM

_C
xX= T+e ’
rae 8=",C (Ny-+ N 4p).
O6iee ypaBHeHHe BTOPOH CTENeHH HMEET BHJ

A2+ Bixy+Cy? + Dix+ Eyy -+ F,=0.

3zecb y Bcex KO(pGhHIHEHTOB CTOMT HHJEKC |, YTOGHI OT/JHYHTL HX
OT paHee BBejeHHHIX o00o3HaueHud. Ecmu nomomutrs x=T, y=1/y,
TO ypaBHeHuke (9.26.2) sanuiuercs B BHIE

Xox® — Cxoxty — (C -+ %08") x -+ Cxo8'y 4 (CO” — Cx,p0) = 0. (9.26.3)
IlocKobKY JUCKPHMHHAHT
B} —44,C,=(—Cx)* >0,
T0 ypaBHeHHe (9.26.2) onuceiBaer runepGoay. B ypaBrenun (9.26.3)

HMeeTCsl CMeUIaHHblH YjeH, H I03TOMY OCb Trunep6oJbl He napads-
JnenbHa ocH x (1. e. T), a cocraBasier ¢ Hell yros 8, mpuueM

By
=G

tg20= =—C.
Ileutp rumepboJibl He COBNAJaeT C Haya/JOM KOOpAMHAT, a Haxo-
aurcs B Touke (h, k). Ilycets x=x"-+h, y=y' -+ k. TloncTaBum 311t
3HayeHHs B YypaBueH#e (9.26.3). [IpupaBHAB Hymo KO3hDHIHEHTHE
opH X' 4 y’, HaXONHUM

1 8’

h=6" k=——+4 +.

Yo Te
Ecsm BBecTH cucTeMy KOOpAHHAT X" H 4”, OCH KOTODOH MNOBEpPHYTHI
Ha yroa 6 BOKpyr (h, k), TO ypaBHeHHE LJfi BOCIDHHMYHBOCTH MpH-

MET BHJI s l__—l;-ci— x,,]___CXO_ ”S=C g
s Ve ey - e

Ilpsamas x=10" sBasercs aCHMNTOTOH.

9.27. Temnepatypy Heens ans ¢eppuMarHerHka MOXHO omnpeze-
JHTb, [pHPABHHBAs HYJ/I0 3HaMeHaTesqb [pPaBOH YacTH ypaBHEHHS
(9.26.1). Bro paer

Ten =
= — ;— (CaN aa-+CpNpg) -+ 'é‘ [(CaN aa — CN p)® + 4C sCsN 4812,
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YcaoBue c¢eppumarHetdama paer Ty >0. YUro6w onpepeuts rpa-
HMUbl 06JaCTH (beppUMarHeTusMa, NOJOXUM T gy =0, UM

CaNaa+CeNpg=[(CoN ga — CpNp)® +4C4CpN2as]'/s,

OTKyJa cJaepyer
Niyp=NpsNgg, wmu af=1.

B ofwem cayuyae o6sacTe eppUMarHeTu3Ma ONpelessieTC YC/JIOBHEM
af < 1.

9.28. Ilpexnonaraercs, 4To HamarHWueHHocTH M, u Mp auTuna-
pannenbHbl. MoJieky/fipHOe nojse Ha arome B y3je peuetkd A
paBHO

Hmp=— NaaMa+ N M3y,

rae N, p>0. JonyweHye aHTHnapa/eqbHOCTH NOAPa3yMeBaeT, 4TO
Hna>0 npu paccmaTpHBaemoil Temneparype. Mcnonbsys onpenene-
Hue a =N 44/N 25, NOSYUHM

N M (0)

ﬁ mi‘@, W N gaM4 (0) — N 4pMp (0) > 0.
CnenopatenbHo, npu abcomorHom Hyne (T =0°K) none H,, 6yaer
MMETb 3HAK, MPOTHBONOJOXKHbIA TOMY, KOTODbI OHO HMEeT I[pH
6oJsiee BLICOKHX TeMmrepaTypax.

BoJabllioe aHTH(EpPOMarHUTHOE B3aHMO- : F
JIeHCTBHE BHYTPH NOApeIeTKd A NpHUBOIUT g
K 3HAUEHHI0 HaMaTHHYEHHOCTH M,, Kotopoe My My,
MeHbllle MAKCHMaJIbHOTO, OTBEYAKOIEero Hachl- 4 A
eHuio (N 4g1sS ), T. €. MeHbllle, yeM Hamar-

HMUEHHOCTb NIpH aGCOJIIOTHOM HYJe. M

Ecnmu Mp>M,, TO nosHas HaMarH-
yeHHOCTb M =Mg— M, Oyzer yBesuuu-

BaTbCcA 1O Mepe NpUb/ImXeHHs K aGCOJIOTHO-

MY HyJII0, ciefoBatesbHO, npu T == 0 °K nmeem b
dM/dT <0. Eciu My > Mg, Tonpu T =0°K, Ppne. 9.28.1. Tpeyroashoe
_HaoGopoT, npousBopHas dM/dT > 0. pacIIOioXKenkue  BEKTOpOB

O6a 5TM cayyas 3anpelieHbl TeopeMoji —H2WarHMueHHOCTH (eppH-
HepHcTa (TpeThbHM HAua/loM TePMOAMHAMUKH). o ro ia G Doppeuerka:

pHCTa (TPeTh pMoz ) mME A u B,

BoamoxHasi KOHQUrypauus — TPeyroJb-

HOe pacroJ/IoXKeHHe C MOjIpeleTkod A, noapasjeneHHol Ha ABe nojpe-
merkd A; ¥ A, ¢ BeKTOpaMH HaMarHW4eHHOCTH M, U My, — noka-
3aHa Ha puc. 9.28.1.

Hpezmo.nomuM,u uro Mg, =Ma,=Y,M, u Ngg=0. Csoboguas

SHeprus B3auMOJIeHCTBUSA

F= 2NAB(1/2MA)MB cOSs 9+ NAA(l/.iMj}) cos 8=0.
dra SHEeprud MHHHMaJIbHA II0 OTHOHIEHHIO K 6B ciaydae, Korjaa
sin@ (MAMBNAB_' M%NAA cos 6) =0,
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CuietoBarenbHo,

MBNAB
Cos f=zr 5.
avaa
@aKTHUeCKH peasM3yIOTCA 3HAYEHHs, ONpeaesifieMble YCJIOBHEM
1 M M
B B
—_— " = -
= MA\I, HIH a/M

YTO SIBJISIETCH YCJIOBHEM CTa0MJILHOCTH CHCTEMh! C TPEYroJLHOX KOH-
¢urypaunueil BEKTOPOB HaMar HAYEHHOCTH.

Ecnmn a<<Mp/M,, 1O sin6=0 u, crxeposarensuo, 6=0. 3r0
COOTBETCTBYET TOMY, YTO BEKTOPH HaMarHHYEHHOCTH IIOjIpelmeTok A
H B pacnosioxenbl aHTHIAPaJJIENbHO.

9.29. Ilockonbky HaMarHuueHHocTH M, u Mp aﬂmnapamenbmﬂ,
TO

Hua=—NaaMas+NagMp, Hpp=NsM4— NpgMp. .
JaJnee
Ma(T)=M4©0)Bs(xa), Mp(T)=Mp(0)Bs(xp).
Ipu T=0°K Bg(xs4)=Bs (xg)=1. TlpousBoas sameny gnss M, u
Mp u nonaraa H,,=H,g, noayuaeM, 4T0
My©  NygtNg
Mp(0) = Nyg+Nyy,*
Jns temMnepatyp, 6nM3KHX K TOouke Heens,

Cy Cp
MA=—T—HmA, Mp=—5 Hpp,
rie
My 0) (Spt1)gapp Mp(0) (Sz+1) ggg
Ca= 3, » Cp= 3% :
Hanee, M= M, — Mp; ciieposarennHo,
aM 1 - 1
=7 = 77 Callma—CpHmp) +— ( A CB i / (9.29.1)
rje
dH, , dM, dM, dH . dM dM,
~ar =~ NG+ N4, —F 2 =Nap—g7- dT —Nes ~g7—
Ecan lim (dM/dT)=0, 10 B npegene
T"'TFN
M,  dMy
dT ~ dT °
Ormerum Takxe, uro mockonbky lim M =0, TO Mb MMeeM
T_'TFN
lim (CpHma— CpHmp)=0.

T——vTFN
262



Orcrona ypasnenue (9.29.1) B npegene pact
M, (0)= (Set+1)gg Nas—Ngg
Mg(0) — (Sat1l)es Npp—Nyy*

9.30. BoipaxeHue 18 BOCNPHHMYHBOCTH (eppHMarHETHKa MOXKHO
sanucatb B Buje (9.26.2)

3nauenue nocTosHHOH KiopH MOXHO NOJMYYHThL 3KCNEpHMEHTAJBHO
H3 rpapuKa 3aBucHMOCTH 1/y oT T. YpaBHeHHE aCHMITOThH HMeEET
BUI

r_r_ .t
x c %o '
1 1 9
TS L=~ (CuN 44+ CENgg+2C sCyN 45). CnenosaresibHo,
dilfy) _ 1
dT ~— C*

Onnako ecau _
Nag(T) =N 5 (0) (1 +pT),
Naa=aNg(T), Ngg=PNs(T),

TO YPaBHEHHE aCHMIITOTbLI INPHMET BHA

1 T 1
x = T (e
Orcrona
L_4ddm Y e L _ 14 e
cC — dT - Cg %o (0) ' Ce - c %o (0) :

10. MarHuTHBIH pe3oHaHC

10.1. Hanpsokenue, HIAyuupyemMoe B KaTyllIKe, MOXKeT OHIThL 3amu-
CaHO B BH/ie
8V =FQx"Vo; (10.1.1)

3/1eChb Vo—awmm'yna BBICOKOUACTOTHOI'O Hanpmxemm, [IPUJIOKEH-
HOro K KaTyluKke:
Vo= QulLI,, (10.1.2)

rge Jo— aMmMniauTyJa BBICOKOYAaCTOTHOIO TOKa OT reHepartopa. TOK,
NPOTEKAIOWH#A B KaTyllKe, 3aJaeTcs BblpaxkeHHEM

I.=QI, (10.1.3)

TaK KaK KaTylwKa HacTpoeHa B pesoHaHc. M3 coornowenuii (10.1.1) —
(10.1.3) maxomum, uro
8V =FQy'wlLlI.. (10.1.4)
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Jnsi MHHMOH 4YacTH KOMILJIEKCHOH BHICOKOYaCTOTHOH BOCI pHUMUHBO-
cTd (06YCJIOBJMBAIONIEH IOTJ/IOUEHHE) HMEEM

_ 1/20)0Tz‘Xo .
¥ = T (@ —oP T +VBTTs (10.1.5)

3J1eCh Yo — CTaTyueckasa sjepHas BOCIDHUUMUUBOCTL.
MaxkcuMaiLHOe HanpsKeHHe JOCTHraeTCs B clyyae, KOrja o = @y 4

yEBiT,T,=1. (10.1.6)
Ycnosue (10.1.5) onpepensier ontuMasnbHOe 3HadeHHe By, Kortopoe
B CBOIO ouepelb Onpeje/sieT 3HaueHue [, MOCKOJbKY

By, =penl,, (10.1.7)

rjle n—4HCJIO BHTKOB Ha 1 M JJAHHBH KaTyuwiku (KpaeBeiMH sddex-
TaMd Mbl npeHeOpersu). BesauwuuHa 7T, MOXeT ObITb MOJydeHa H3
IIMPHHBI JUHHH AB, Tak Kak AJs JOpeHUEBOH (DOPMBI JIHHHH

T,=2/yAB (10.1.8)
M aHAJIOrMYHOE BhHIpAaXKEHHE CYLIeCTBYeT JJ/IfA APYrHX MPOCTHIX (opM
JHHHH.

Hcnoanaya ucxoiHble AaHHble, 3 BhpaxeHus (10.1.8) Haxoaum
To~1,5-10"% cex; wus (10.1.6) B;~5,6-10% ma, a us (10.1.7)
I,~4,5 ma. 3areM, HCNOJbL3YSl CTAHAAPTHYIO (POPMYJY, HAXOMHUM

_ Moy (J+1)
0T T T
rae N —uucsao aromoB As™ B 1 #%. 3uas uuciao Asoraapo N, mior-
HOCTb p H MOJIEKYJADHEIH Bec M, Haiinem: N =pNy/M = 2,2-10%x-8,
orcioaa ¥o = 1,910 U3 dopmyan (10.1.5) momyuum %"= 3,3-1077
H, HakoHel, 43 (10.1.4) nafifeM 8V =3 mxs.
10.2. a) I/I3MEHEHHE Harl psKeHH Av B pesoHatope, obycsioByeH-

HOe MHHMOH 4YacTbiO ’x KOMIIJIEKCHOH BBICOKOYaCTOTHOH BOCIIDHUHUMYH-
BOCTH, 33aJa€TCA COOTHOIIEHHEM

Av=FQy"v. (10.2.1)

6) Hanpsxenune myMoB v, Ha BXOfe JeTeKTopa OGYCJ/OBJIEHO
HarpeBaHHEM COINPOTHBJIEHUS HCTOYHHKA R, nostoMy

v, =V GETBR- (10.2.2)

B) OrHolleHHe CHIHaJ — IIyM noJydaercs 43 BuipaxeHu# (10.2.1)
u (10.2.2):
An ” 2 1/2
= Fx <GkaR> :

B stoM cayuae 2v%/R — o6uias MowlHocTs P, NojaBaeMasi reHeparo-
pOM, IIOCKOJBKY TOK PaBHOMEDHO pachpefiejsiercsi Mexjay pe3oHaTo-
.pOM H JETEKTOPOM. CJIE}IOBaTEJIbHO MOXHO 3allHCcaTh

1/2
S —FQx ( e ) ) (10.2.3)
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Haiizem OTCI0/la MHHUMAJIBHOE YHCAO PEHCTPHPYEMHIX CIIMHOB. 3aMe-
THM, YTO IIDH pe30HaHce :

7 YaoweTs
¥ TEeRnT (102.4)
rae
npog?2s (S+-1)

n — YHCJO 3JeKTPOHHHIX CIHHOB B efuHHIE OGheMa, f — MarHeToH
Bopa. 3aMeruM nanee, uTo A1s JOHOPHHIX aTOMOB g=~=2, S =1/2. U3
(10.2.3) —(10.2.5) moayyaem

o o ALEYBITITs) kT (2GRTY \1/2
S o T P '

(10.2.6)

r) Ham usBecTHs He Bce BeqMYMHBI, HeOOXOAuMBE A/ pacuyera
Amin TNpu nomomy (10.2.6). Yro6u paccyurats Bi, MH BocHoab-
3yeMcsl omnpejenendeM ( M BbipaxeHHeM JJf I[JOTHOCTH 3HEpPrHH
B MAarHdTHOM I0Jie, KOTOpO€ JacT HaM BEeJHUYHHY MOUIHOCTH, pac-
cedBaeMOil B pe3oHaTope. 3Ta MOULHOCTb, KaK MHl 3aMETHJIH, DaBHa
II0JIOBMHE MOIIHOCTH, NOCTaB/aseMoil reHeparopoM. TakuM ofpasoM,

o (2B1)*V, __ P

2uQ 27
(AMnauTyna nons B; paBHa NOJOBHMHE NOJMHOH aMIIKTYIB! HCXOLHOTO
nepeMeHHOTO BBICOKOYACTOTHOrO MarHuTHoro mojas.) Orciona

. JoPQ (10.2.7)

Bi= 4o,V "

—td

Bpemsi penakcanmuu 7T, CBSI3aHO C IUHPHHOM DE@30OHAHCHOM JIHHHK

A® COOTHOLLIEHHEM

Ta = 2 (10.2.8)

KOTOpOe ClpaBelJMBO JMA JOpeHUEBOH (OPMbI JHHHMH; aHANOrHYHOE
COOTHOLIEHHE HMEET MECTO M 1/ raycCOBOH (JOPMHI JIMHHH.

[MoxcTaBnss COOTBETCTBYIOUlMe jaHHbie B Beipamenus (10.2.7),
(10.2.8), (10.2.6) u 3ameuyass, uro xoraa J=1'/,, pesoHaHcHas
JHHHS 3JMEKTPOHOB paculenyiseTcs Ha JBe paBHHE KOMIOHEHTHI,
HaXOJIMM, YTO fimin == 10 x~3, (OTUM Noka3aHO, HACKOJNBKO YYBCTBH-
TeJBHBIM MOXeT ObITh HacToOAmKE MeToA. [Toapo6Hoe onucaHKe NpHGO-
pPOB MOXHO HalTH B pagote [74].)

10.3. IlpegmosoxeHHe O TOM, YTO CIHH-raMH/JIbTOHHAH H
MMeeT NpPHBeJAEHHBI BHJ, O3HAyaeT, YTO B ITOM cJjydyae A1s pacyera
pacllen/ieHusl CIHHOBBLIX COCTOSIHMH |mg) HOH& MOXHO IPHMEHHTB
1epBoe NPHGIMXKEHHe TeOpHM BO3MYyIIeHMi. MarnutHoe mnojse B u
BHYTPHKDHCTa/lInYecKoe Inone [ cHHUMAIOT YeThIpeXKpaTHOe BbIpO-
Kjenue cocrosiHui | 3/), |15,
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Ta6auma 10.3.1

S 1w 12|
D [teos| o | o | o
I T TV O
y_%> 0 0 —%y—D—g 0
L_%> 0 0 0 SR
TaGanna 10.3.2
PRI IR
]%> D—-E& ]/:gjy 0 0
SV | e | e |
\ %> 0 Yy —D—§& gy
l 3\ 0 0 }/gy D—¢&

HepeuneM Tenepb K COCTaBJIEHHIO JeTEPMHHAHTa, NpPUpaBHHBaHHe
HyJII0 KOTOPOro jaeT CEKYJfDHEle yPaBHEHHH, KOTOphe ONpeAe/sioT
sHepreTHuecKHe ypoBHH. IlpaBuya JeHCTBHil CO CIHMHOBLIMH Olepa-
TOpPaMH NPOCTHI:

1
lem_;):mslms), Sx=‘§’(S++S_),
rjpe

Se|my=VSE T DM ET) | m, 1),

HMcnonb3ys naHHple pabotm [21], cocraBHM (3nech y=gfB, rae
f — MarneToH Bopa) nas cayuas (a) taba. 10.3.1, a aas cayyas
(6) Tabn. 10.3.2. Ilas sHepruu & nosyuaem

8=Di7y, —Di?y.
Takum 06pa3oM, JeTePMHHAHT MOXHO 3aMHCATh Tak:
(6*—y& —D*+Dy— 3 ) (8 + 48 —D*— Dy — 5 ),
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4yTO HRae€T

§— 3y VF-Dy D% —4y+V§FIDyIDr

Pe3synbTaT (a) MOXXHO rpaduyecKH ONHCATb CXeMOH THNA MOKAa3aHHOH
nHa puc. 10.3.1, a.

JHEpEUA

A

1 1 1
177D ai 47 gph

a)

Puc. 10.3.1. Sxepretuyeckue yposuu mis Biz (@) u B L z (6).

Urtobbl cxeMaTHYecKH H306pa3HThb 3HEPreTHYECKHE YPOBHH B CJy-
yae, noxka3anxwoM Ha puc. 10.3.1, 6, oTMerum, uroO:

npu y<D: E~D, —D*y,
npu y=D: 8=%D, —%D, +V'3D;

3 1 1 1
[IpH y>D: g%_‘—2—y——2—D, i—?y+~2—D.

[[1pumedanue. ns cnydas, korpa HanpaejeHwe nosas B cocras-

asetT ¢ ochio z yron arccos (1/)/3), nerepMuHaHT TOXe pacnaja-
eTc Ha MHOXHTENH, HO BHYHC/EHHS B 3TOM C/iyuae I'DOMO3AKH.]

Yrobbl OMHCaTh CJydYal OCEBOH CHMMETDHH, TpefyeTCs HMMETb
TOYHBlE 3HAYEHHA ABYX KOMNOHeHT g-hakTopa. IIpakTdueckH, oaHako,
3Ha4YeHHA gy H g, vacTo BecbMa OJH3KH K 2, H B 3TOM CJyuae
BONPOC MOXHO DacCMaTp#BaTh B YNpPOIEHHOM BHJE.

10.4. BepoATHOCTb HHAYLHDOBAaHHOrO NEPEXoja B pa3/JHUHBIX
BapHaHTaX pacCMaTpHBaeTcs B GOJIbIUMHCTBE KHHT 1O KBaHTOBOA
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MexaHuke. HauGosee y106HLIH 1Js1 Haulero cjay4yast BapHaHT IIpHBO-
IuTcs B KHure Ileiika [19]:

Wap =B [(b]|Jx|a) | £ (V). (10.4.1)

Uro6ut B oblieM cJayuae pacCYHTaTh HACEJEHHOCTH A; H N3 YDOBHEH
1 u 3, 3anmHleM ypaBHEHHf, OIHCHIBAIOIHE CKODOCTh H3MEHEHHS
HACeJIEHHOCTH MOJi JeHCTBHEM H3JyYeHHS C YYeTOM peJlaKCalHH
(cM., Hanpumep, [19]).

Ilo omnpepeneHH0

% = — 1 (W1a+ W13) + 13 (Wa1 + Wa). (10.4.2)

Kpome Toro,
(1) ~ o 1, (10.4.3)

rle n--obuee udcao HoHoB Cr3+. (3ameTHM, uTO Mbl npeHeGperaeM
BJHSIHHEM YypDOBHeH 2 H 4, 3TO Jesnaercs s YNpPOLIGHHS Dacyera;
MOXHO CYHTAaTh TaKiKe, 4TO hvy3/kT <€ 1, NOCKOMLKY 3TO TOXKeE
[IOYTH He BJHMSET Ha TOYHOCTb pacyera.) Tenepn

.W13=W31=W, (1044)
w31=w13exp’%§mw13<l +":;3). (10.4.5)

IloacraBass Boipaxenus (10.4.4) u (10.4.5) B ypaBHenHe (10.4.2)
u pewas ypaBHenusa (10.4.2) u (10.4.3) ana crauyHoOHAapHOro
cocrosiHus (dny/dt =0), HaxogHM, 4TO

_ nhv wy
n;—na ———ll——le—;.—m (1046)

B yc/lOBHSX TeNJIOBOrO PaBHOBECHSI 11/fia = exp (Avia/kT), oTKylAa
nosiyyaem

e
(nl - na)panu::%ﬁg- (1047)

Ham HyxHO noayuntn BeamuuHy (n; — ng), cocrabasiomyw 10%
or paBHoBecHoro 3HaueHus. M3 (10.4.6) u (10.4.7) HenocpeACTBEHHO
CJleflyeT, YTo 5TO YCJAOBHE YJOBJETBOpSieTcs NpH wis/(W 4 w;s) = 1/10,
T. €.

W = 9wqs. (10.4.8)

a) MouxocTb, mnorJomaeMasi B NMOJNOCTH Pe3oHAaTOpa MHKPOBOJIHO-
BOI'O H3JyYyeHHS, ONpEJeNsieTCs BhICOKOYACTOTHHIM MATHHTHBIM IIOJIEM
B,, BenHuHHa KoToporo BXOAHT B ypaBHeHHe (10.4.1).

OnpeneJqHTh TOYHOE COOTHOWiEHHe MexAy P W B; npakTHYecKH
CJIOXXHO, NOCKOJNLKY MHKPOBOJHOBOE II0JIe HEOJHOPOAHO H YCTAHOBHTH
COCTOSIHHE €ro NOJAPH3alHH Jajieko He npocto. Mu He GyJieM HCKaTb
TOYHOE BLIP)XKEHHE, a MNPOCTO CAeJaeM OUEHKY, KOTopasi IO JIOTHKe
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BEleH JO/MKHA OTJAHYATLCS OT TOYHOrO 3HAYEHHSA MHOXHUTEJIEM, 6113~
KHM K €AMHHIE. COOTBETCTBEHHO MOJIOMHM

BiaV
P=g7- (10.4.9)
M3 coornowenus (10.4.1) nonyuaem
w
B! = Pt ) (10.4.10)

rie O —MaTpUHYHBIA 3JeMEHT. Ilpd pacyete G2 NPUMEHSIOTCS TE XKE
CaMmbleé NIpaBH/a, KOTOpHIE CNpaBelJHMBHl 151 AEHCTBHil C omnepaTopoM
YTJIOBOro MoMeHta J,=1/y(J, 4 J_). B peayanTate nonyuum

0?=0,20. (10.4.11)

Crnenyer o6GpaTHTh BHMMaHHE Ha 3alMCh BHIPAXEHHA Aas g (V).
Ilpy HHU3KMX YPOBHAX MOUHOCTH MHKPOBOJIHOBOrO M3JIyYeHHS 3TO
He NpeACTaB/isieT TPYAHOCTH, HO Mbl HMEEM JeJIo ¢ GOJIBLIMMH MOL{HO~
CTAMH, TakuMmi, uto y2BiT,T,>1. Uro6bl nokasarb, 4To GYHKUHA

g (v) obnander cBOHCTBOM S g(v)dv=1, Hano 3anucats g(v) B BUAE

(v) = 2T L+ PBITNTy) 2
g 1 y2Bi T T, + 4T3 (vo — V"

IlpakTHuecKH v =V, TaK UTO
g (vj =2T, (1 — y*BIT\T,) . (10.4.12)

INoactaBnas (10.4.8), (10.4.11) u (10.4.12) B Bepamenue (10.4.10),
a 3aTeM MCIIONb3yS YHCJOBHIE 3HAYEHUSH, HAXOLHUM

B;~:8,5-107¢ ma

(3ametuM, uto Ty=~s1/2wy,, Ty =2/Ae u vB}T\T,>1).

IloacTaBuB 3Hayenue B, B (10.4.9), noayuum P = 18 msm.

6) BriparkeHue 27151 MOILHOCTH MUKPOBOJIHOBOTO H3JIy4Y€HHsI, aKTHBHO
nornomaeMoii voHamu Cr, MOXHO 3anucaTh B BUJE

P,=W (n, — ns) hvis.
Benuuuna ny — n, noayyena Benue (cM. (10.4.6)), Tak urto

P = n (hAvyz)'w W
2= BT (W +w)

Ucnonways (10.4.9) ¥ noAcTaBisia UHCIOBRE 3HAYeHHs, MBI, HAKOHel,
nojyuuM, yro P,=23,4 msm.

OnucaHHuil OYTh pELIEHHS, pasyMeeTcsi, KpadHe YUpOIIEH,
HO B I[IPOTHBHOM CJlyyae IpUILJIOChE Obl [PEOJ0JETH 3HaYHTeJNbHEIe
TPYAHOCTH BBHIYUCJIHTEJBHOrO Xxapakrtepa. Ilogpo6Hoe paccMOTpeHHe
npuBeaeHo B [75].

10.5. [HupuHa AMHUM MOMET GLITH ONpPEJeseHa HECKOJbKHMH 3KBH-
BaJIeHTHBIMH crocoGaMu. B mnpepsokeHHOM BapHaHTe BCE BEJHUHHEI
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Mbl Gy/leM BLIpa)KaThb Y€pe3 MATHHTHOE 110J1€; NOJIHYIO IIMPHHY JHHHH
o0603HauuM uepe3 AB.

a) JlunonbHoe B3aMMOJEHCTBHE MOMKHO JIErKO OL@HHUTh, BHIYHCJIAAA
BeJIMUMHY JIOKAJLHOrO MarHUTHOIO IO/, CO34aBaeMOTO JaHHbIM JHIIO-
JeM Ha JPyrom (cocefHeM) HHIOJE.

Tocronbky cocepHHe AUTIONH MOTYT ObITh OPHEHTH DOBAHBI [10-PAa3HOMY
(Hanpumep, B ciaydae, Korga J =1/, — napasjespH0 MM aHTHNApaJ-
JIe;1bHO), CYLLeCTBYET pa3bpoc 3HAYEHHH BEJHYMHEI JIOKAJbHOTO MarHMT-
Horo mosig. ['pybas oueHka aaer

AB =~ 2B .,
rae

Biox= 42 Y[ (J+ 1)]%a%,

31ech @ — pacCTosiHKe [0 GJuxkaitwero cocepnero aunods. [Toacrasnsas
COOTBETCTBYIOLUIME HYKCJIOBblEe AaHHbE, Haxoaum AB~2,2-10-% ma
(2,2 ec).

6) Popmyna Ban-Pseka ajs BTOporo MOMEHTa B CJyya€ OJMHAKO-
BLIX CIIMHOB MOXeT ObIThb 3allUCaHa B BHJe

AB =2 (4“';)2 ¥ (7 4+ 1) (1—3cosBy)2 1,
k

rie r,—3HaueHHe pajuyca-BEeKTOPa, COENHHSIOUIEro AAPO (MJH 3JEK-
TPOH) C R-M COCENOM; 8, — YroJl MeXay NpPHJIOKEHHLIM IIOJEM H BEKTO-
POM 7p.

Yrobul NONYYHTL JHENaeMYI0 TOYHOCTh, CYMMHPOBaHHE IIPOBOJHUTCS
N0 10BOJILHO GOJILIIOMY udcay cocenelt. UmeH r—8 rapaHTHDPYyeT OEICTPYIO
cxonnmoctb. [is ynpouleHds pacuera ucnosb3dyeM Taba. 10.5.1.

Ta6auna 10.5.1

O6oaoyka (5)2 cos? 8 (1 — 3cos? 8)2 (g) -6 Y uc/I0 aTOMOB
| 1 0 1,0000 4
1 4,0000 2
0 0,1250 4
1, 00313 8
1y 0 8
0 0,0156 4
4 4 {1 0,0625 2
0 0,0080 8
5 5 1. 0,0013 8
45 0,0157 8
1 0,0012 16
6 6 s 0,0046 8
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AToMHbIE spa, PacnoOJOKEHHLE B KPHCTAJLIE 110 COCEACTBY C JaH-
HbIM, MOXHO CrpyNIHPOBAaThL II0 CBOEro poja CcJI0AM (KOOpAHHA-
IIHOHHBIM cepaM), KaXKAbl H3 KOTOPHIX XapaKTepH3yeTcsl OrnpejeJeH-
HelM 3HaueHueM r. Jlns Kaxjoro Takoro cjosi GyJeM MMeTh OJHO
HJIH HECKOJIbKO 3HAYEHHH KBajJpaToB HANpaBJRIONIAX KOCHHYCOB
c0os? 6, MpHUEM Kax/bli M3 HHX MOXET OTBeYaTb HECKOJbKHM SAPaM.
ITpoBens cyMMHpOBaHHe, MOJyyaeMm

ABE=9,9 (5&)2 V2HT (J A1) a-o

(uncnioBol Ko3(ppHIHEHT B HCXOAHOM BblpaxeHHH Ban-®ueka Obla

pasen 10,0). BoiuucauB npaBylo uwacTb, HaxoguM, uTo AB? =
= 13,9- 108 ma®. B cayuae nOJMKPHCTA/NJIHYECKHX MATepHaJOB CJe-
JAyeT HCXOAHTb H3 TOr0O, YTO JMIOJH OPHEHTHPOBAHH CJYYaHHLIM
obpasomM. PopMysna Ban-Paeka [19] B 3ToM cayuae HMeeT BHJ

B g () vers 0+ X e

Ucnonsays gamneie taba. 10.5.1, naxoguMm, uto ABZ=7,1.10-8 ma?.

CBsi3b MexAy BTOPHIM MOMEHTOM W INHDHHOH JIMHHUH 3aBHCHT OT
GOpMBl JIHHMH, HO B CJyyae YHCTO AMIIOJALHOrO YUIHPEHHS NPHO/IH-
JKEHHO MOXHO BOCNOJb30BaThest pyHKmued I'aycca. Jonycrum Hako-
Hell, YTo

AB =2V 2In2AB?,

raie AB onpejensieTcsi KaK MOJIHAS INMPHHA MEXIY TOUKAMH pe3o-
HAHCHOH KPHBOH, OTCTOSI{MMH OT BEPLIMHBI NHKA HA IOJOBHHY €ro
BLICOTHI. JTO YIpoOmaeT Npejbylllee BhIpaXKeHHe, KOTOpPOe IPHHH-
MaeT BHJ

AB =2,36V AB,

OTKYJa HAXOAHMM JJIi MOHOKpHcTajdjga B ~=8,8.10*ma (= 8,8 20),
J1si MOJMHKpHcTaaa B ~6,3-10~% ma (= 6,3 ec).

10.6. Ha xpusoit puc. 10.6.1 MOxHO BLjeAMTL TPH OGJacTH:
a) 0<<T<<170°K; 6) 170°K << T <<220°K; B) T > 220°K.

a) Ilpy HM3KHX TeMmnepaTypax IUHDHHA JIAHHH TIOCTOSIHHA H
6/M3Ka K 3HAuYeHHIO, OXHJAeMOMY JJs KecTKOH JHNOJILHOH
pewietkd. Pacuer no nopsiiKy BeJHUMHBI NMOATBEPXKJAET 3TO, IMPHHA
JIO/KHA GbITh HecKoabKo GoJblue, ueM 2yB, ., rie B, — JOKaJbHOE
noJe, cosfaBaeMoe OfHHM sjapoM Na* Ha cBoeM GamXaHumeM coceie,
T. €.

B ntol¥h

[oxK T 4n,:T ’

YTO TNPHMBOAHMT K 3HaueHu0 Aw =3- 108 pad/cex, KOoTOpOE HECKOJ/ILKO
HHXKE 3KCIIePHMEHTAJbHOrO.

6) YMeHbmenne Aw B o6Gaactd Beiue 170°K o6yc/0BJEHO BO3=
HHKHOBeHHeM MexaHu3Ma cyxeHnus [19, 20]. dudxpysus aroMoB
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HATpHs CKBO3b PEUIETKY CO3xaeT (MIYKTYHPYIOUIHE JIOKAJAbHHE 0.,
Ecnn ckopocts aupdy3uH BeHKa, TO KaxJoe JOKAaJbHOE MoJe
IefcTBYeT B TeYeHHE TAKOrO KOPOTKOrO BPEMEeHH, YTO MOlepedHbIe
COCTABJAOUIME HAMArHHYEHHOCTH HE MOTYT CYLIECTBEHHO PAa30HTHCh
no ¢asze. KpHTHUecKoe YcCJIOBHe JOCTHraeTcs B TOM cJyuae, KOraa
BpeM$ KOppeNflHH CTAaHOBHTCH CPaBHHMLIM C BEJHUHHOH, 06paTHOH
LUHDHHE JHUIOJLHOH JHHHH, T. €.

7, ~ T (10.6.1)

B) Ilpu TtemnepaTtype Bhime 220°K BenHYHHAa T, CTAHOBHTCA
HAacTOJILKO MAaJIOH, uTO CpefHAs BeJHYHHA JIOKAJILHHIX JHIIOJbHBIX
noseit cTaHOBHTcA 6su3KOH K Hymo. Hanuude ocTaTOYHOH IIHPHHBI
JHHHH CKOpee Bcero OOGbSCHAeTCH OrpaHHuUEHHOCTBIO CDEACTB
u3MepeHuda. B npuHuMme cBOH BKJajg BHOCHT BpeMs XXH3HH YIIHpe-
HHS JHHHH (~ 1/T;), HO A8 wenounelx Mera/noB Ty~ 1/T, u npu
YKa3aHHBIX TEMNEPATYpax OHO CTOJL BEJHKO, UTO €ro HEJh3f YYecTh.

Urto6sl paccunTaTh Koapdpuuuent aupdy3un D, yuTeM, 4TO

=g (10.6.2)

ED
D=Doexp{ — 57 | (10.6.3)
W3 coornomennit (10.6.1) —(10.6.3) HaxoguM, uTO MeXaHHU3M CYXKe-
Husl, OGYCJOBJEHHHIA TENMJOBLIM JBHXXEHHEM, HAaYHHAeT JelfCTBOBAThL
npu temneparype T,, OmpelesieMOH BhIpAXKEHHEM

r2 Ep
Dy= 8T, eXP &7, *
Hanee HmeeM
V2
ZZ-A_&);'
rae Aw,— craTHueckash UIHPHHA JHHUH TIPH JQHNONLHOM YUIHpEHHH
B IPEANOJIOXKEHHH, YTO JHHHS HMEeT rayccoBy GOpMYy.

as untepnperaunn kpuBoit puc. 10.6.1 HeoOXOZHM HEKOTOPHI
KpHTepuil 1J4s onpenejseHdHs T,. KpaTKo 3TO H3/JOXHThL JOBOJILHO
TPYAHO, HO €CJTH Mhl GyaeM INOC/eJ0BaTe/lbHLI, Mbl MOXEM IIPOJeJATh
C JOCTaTOYHOH TOUHOCTBIO OTHOCUTENbHble H3MepeHHS Dy U ¢ MeHb-
mel TOYHOCTHIO — a6COMOTHbIE H3MepeHHs D,

Ecan MBI OPOZOMXHM KDHBYIO B CTOPOHY HH3KHX TEMIeparyp,
cuMTas ee XOA JHHEHHbIM, TO TOUKA [epeceyeHHs JacT HaM T, ==
= 175°K, npu 3ToM Mbl mosayuuM TakKe Awyz=1,7-10* pad-cex,
Torna uncnenHoe 3HaueHue Dy=3,0-10-3 m2.cext. Hamepenus
¢ MOMOMIbI0 MEYEHbIX aTOMOB JaioT 3HaueHHe Do =2,42.10°5 m2.cex 1,
Mbl 6buTH 6B AaHXKE K HCTHHE, ecJH Gbl HCXOAMJH W3 TOrO 3Haye-
g T,, npu KotopoM Aw CTaHOBHTCA paBHBIM Aw,/2, 0OMHAKO 3TO
3HaueHHe T, TPYJAHO OIpele/HTh.
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Touynas uHTepnperalysi NpPHUBEAEHHOH KPHBOA M NONOGHHIX el
YCJIOXKHAETCA TeM OOCTOATeIbCTBOM, YTO PopMa JHHHH, Oyayud rayc-
COBOH, H3MeHsieTcsi JO JIOPEHUEeBO# NpH BLICOKHX TeMnepaTypax.
I'opasno 60/blas TOYHOCTE MOMKET GBITh AOCTHIHYTA NPH NPAMBIX
H3MEpeHHAX METOJOM CIHHOBOro 3Xo [76]; KoHUeNnuUWs TeMmepaTyp-
HOro CYXeHHs LIHPHHBI JHHHM oOcyxaaercs B [77].

10.7. Bo-nepBbiX, Haj0 YCTaHOBHTb B3aHMOCBSA3b MEXIY IPOH3-
BOAHOH BHICOTHI NHKAa P no uacrote M wHpuHOH MuHHH Aw. Has
JHHHH rayccoBoil ¢opMbl aMmauTyaa (BbiCOTa) JHHHHM MOIJIOUEHHSA
3a]aeTcsl COOTHOLIEHHEM

A =aT;exp (— &?T3),

rae a— Ko3GpHUHEHT, 3aBHCAIIHH OT H3MEpPHTEJNLHOH amnnapaTrypsl,
() — 4acToTa, H3MepseMas OTHOCHTEJbHO pEe30HAHCHOH 4YacTOTH .
Hraxk,

O 200Tjexp(— Ty,
O — — 2aTjexp (— w?T}) + 40T exp (— wPT%).

HauGonbiee 3Hauenue 3TOH IPOH3BOJHOH JOCTHrAETCH HPH ® =
= = (2T3)— V2. CnegoBartensHo,

— 0A 7 2 1 2

pP=|% _VZaTQexp<—7>NTg.

max

Takum obpasoMm, T3~ (A®)™}; 3T4M YCTaHABJIHBAETCH CBA3L MEXILY
P 1 Aw.

Mpl BHAMM, 4TO AJs1 TOro 4TOGH BeNHUYHHA P YMEHBLIHJACh B TPH
pasa no CPaBHEHHIO CO 3HAaUeHHEM B HeJErHPOBAaHHOM 06paslie, BeJH-
unHa (Aw)® 10MKHA yBeNTHYHTBCS B TPH pasa NO cpaBHEHHIO ¢ (Aw,)?,
rae Aw,—3Hauenne Aw B HenerHpoBaHHOM ofpasue. [lupuna rayc-
COBOH JMHHH HAXOJAHTCS H3 COOTHOILIEHHS

(Aw)? = (Aw,)?+ (Awg)2.
Jas Toro 4TOGHl GHIIO CIPABENTHBO BHIpAXKEHHE
Aw)? =3 (Aw,)?,

HeoOXOJHMO, UYTOOH BBIMOJHAJOCH ycaoBHE (Awg)?=2 (Aw,)?. Ilo
ycaoBuio sajgaun Aw=4,6-10° pad-cex!, cnenosatensro, Awy —
= 6,5- 10° pad - cex*. TloacTaBnsisi fajee COOTBETCTBYIOUIHE BEJHUHHbI
B BeIp@XKeHHe 118 Awg, nosayuaeMm

A(DQ = %Qﬁ V”.

Tenepb Mbl MOXeM paccuHTaTh TpeGyeMuldl rpajgueHT noas. Haxoaum
V,.=17-1086-m7% (= 1,7-108-cx?. Ecan Aas HOHOB-I0HOPOB
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Te HCIIOJIb3YyETCA MOJEe/Nb TOYEYHOro 3apsaja, TO ITOTEHI{HaJ, co3ja-
BaeMbli HOHOM Ha pacCTOAHHHA r, MOXXHO 3anicaTb B BHAE

_ e

™ Aner’
CaenoBatenbHo,
>V e
orf — 2ners”

sz =

Ilpn xoHuentpauuu Te, pasBHoit 10%* 473, MOXHO NpPHUHATHL, 4TO
r*=10-2 43 B ciryyae TodeyHoro 3apsja 3to aaet V,, =1,8-10%g. »~2
= 1,8-10 g.cu~2).

CylecTByeT pacXOXueHHe MEXJy TeOpeTHUYECKH PacCYMTAHHOHA u
3KCIIEPHMEHTAIbHO H3MepsieMOH BelH4YHHOH V... D10 pacxoxneHue
B HEKOTOpPOH Mepe CBf3aHO H C TeM, 4TO B pacyerT He NMPHHMMAJACh
NoNApU3alMA JH3JEKTPHKA, HO [VIABHBIM 00pa3oM ¢ TeM, 4TO He
yYATHIBAICH 3(OGEKT MOMAPHU3ALMH 3JEeKTPOHOB dTOMHOrO OCTOBA
B YCHJIEHHOM 3JIEKTPHYECKOM IOJIe, CO3JaBAEMOM SAPAMH, — TAK Ha3HI-
BaeMblii aHTHIKpaHupymomui sddekr CreprxeiiMepa [20].

10.8. Ilyctb N —4uCI0 371€KTPOHOB, a 11— YHUCJIO IIPOTOHOB B €1H-
Huue ofGvemMa. OGO3HAYMM HACENEHHOCTH SAEPHLIX COCTOSHHH my =
=+1/, uepes n4, a HACEJEHHOCTH 3JIEKTPOHHBIX COCTOSHHH ms =
= =+1/, uyepes N.. KpoMme TOro, o603Ha4WM HACEJEHHOCTH, COOT-
BETCTBYIOLME COCTOSIHHIO TeIVIOBOrO paBHOBecHs, HHieKcoM f, a
HaceJeHHOCTH, COOTBETCTBYIOLIHE HACHILEHHIO nepexoga | < 4,
HHIekcoM s. Toraa

HHTeHCcHBHOCTD cHrHana Z SAJepHOrO pe3oHaHC@ NpONOpLUOHAJLHA
n,—n., CJIeI0BaTeNIbHO,

Zt=h (e, —nt) =t (expn— 1),

rae A —koHcTaHTa. ITosTOMy B GOJBIUMHCTBE CJay4YaeB NpH 6/kT<1
An &

ZtN_Z—k_T' (10.8.1)
IIpn HachiueHuH nepexoja | <4
N.ns =N_ns. (10.8.2)

Ilockoabky BcaelcTBHE GHICTPOH 3/E€KTPOHHOM penakcalui Mexay N,
1 N_ mojjepXuBaeTcsi paBHOBECHOE pacHpejeseHHe HaceJeHHOCTell,
TO HMEeM

N A
N—;=expﬁ. (10.8.3)
Hs coornowennii (10.8.2) n (10.8.3) noayuaem
ng‘r A
7 = €XP (— k-T). . (10.8.4)
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Kpome TOro, MOXHO CYMTaTh, 4TO, 32 HCKJIOYEHHEM 3KCTpPeMaJibHBIX
cayvaes, Bhnosusiercs ycaoBue A/kT < 1. Takum o6pasom,
An A
s — S __ps _hr o
Zs=A(ns —n’) =~ 5 BT (10.8.5)
MakcuMmaspHOE YCHJIEHHE OnpelessieTcsl BeJWYUHOM OTHOLIEHHUS
Zs5/Zt. VI3 puipaxenuit (10.8.1) u (10.8.5) caenyer, uro Makcumanib-
HOe yCHJIEHHe pPaBHO INpocTo oTHomeHHo A/§. anee

§=v.hB, A=vy.hB. (10.8.6)

TakuM o6pa3oMm, AJS 3JIEKTPOHOB, y KOTODbIX BeJHYHHA g MaJo
OTJMYaeTCH OT 3HAYEHWH, OTBEYAIOWEro CAydYar CBOGOAHBIX 3JIEKTPO-
HOB, UYJCJEHHOE 3HAaYeHHe MAaKCHMAaJbHOrO YCHJEHUsI paBHO 657.
2ddeKkTHBHAN CIMHOBAs TeMnepaTypa cHcTeMul sinep T onpejensieTcs
U3 COOTHOIIEHUSA

n [}

n—t—expk—rs. (10.8.7)

Korna nepexop 1 <> 4 Hacbuuen, u3 (10.8.4) u (10.8.7) caenyer,
yto T,=—0T/A. dna T=4,2°K Haxomum, uto T;=—0,0064 °K.
Npu T=4,2°K u B=1,2 ma nonsipusanus sgep P =13%. Urobu
MOJYYHTb TAKyIO CTENE€Hb MO/IAPH3AUUM CHCTEMbl SIEP OOBIYHEIM CIIO-
coB6oM, Heo6X0auMO NoHu3uTh Temneparypy jo 0,16 °K u nosbicuTb
noae po 10 ma.

3aMeTHM, YTO ONMCAHHLIA METOJA, M3BECTHHH 0] Ha3BaAHHEM Me-
TOJA AMHAMMUYECKOH MOJfpH3alUu sjep, HE ABJAETCH €LHHCTBEHHBIM.
Xopomuii 0630p METONOB NMOJAPH3AUMH siiep AaH B [78].

INoasipuszauusi, paBHas 70%, MOXET GbITb I0JyYe€Ha JJIsi CUCTEMH
npoTonoB B kpucrasne La,Mg, (NOs)yy- 24H,0, neruposannoM Nd**.
WHTepecHoe paccMOTpeHHe STOH NpoGieMbl uMeeTcst B crathe [79];
YYTATEM0, MHTEPECYIOUIEMYCSI 3THMH BOIIPOCAMH, PEKOMEHJyeM TaKikKe
no3HaKOMUTbCS ¢ paborort [80].

10.9. CmeuieHnue pe3oHaHCHOM JIMHHH INIPEACTaBJsieT cofoil Tak Ha-
3biBaeMblit capur Haiita, xapakTepusyeMbil OTHoueHHeM AB/B =
:2/3x:|u(0) ,1%, rae |u (0) |2 — IJIOTHOCTb BEPOSITHOCTH HAXOXJEHHS
3JIEKTPOHOB IPOBOAMMOCTH B Toduke r =0, ycpeiseHHasi 1o BceM
3JIEKTPOHAM, HaXOISAIIUMCH Ha TOBEPXHOCTH PepMHM, U HOPMHUPOBAH-
Has Ha eIUHUYHHIH Oo6BeM (SApPO CUMTAeM pACIOJOXEHHHIM B TOUKE
r=0—B Hauaje KOODJIMHAT).

Iasi MeTassoB - Bbiudcaenye BenuuuHsl |u (0) |7 fABIsiercs OuYeHb
TPyAHBIM, HO €CJM NPH pacyeTe B Kaue€CTBE BOJHOBOH QyHKLHH B3fTh
BOJIHOBYIO (hyHKUMIO cBoGOnHOro aroma y, (0), To pesyabTaTsl IoJy-
yaTcs BIIOJIHE [1PHEMJIEMBIE.

HaitToBCKHft CABMI CBSI3aH C [IOCTOSIHHOM CBEPXTOHKOH CTPYKTYPHI
COOTHOILIEHHEM

A= % POYeYnhz "qja (0) izv
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rae ¢yHKUHA P, (0) HOpMHpOBaHa Ha aToMHbi obvem V,. Crenoa-
TeAbHO, B HAIeM NPHOJHXKEHHH MOXHO IOJOXHTb

=Val%a 0) %,
oTkyza Aas casHra Hafita mosyumm
AB  yV,A
- =———=0,1619%.
B BoYeValt? 0 1%

Uamepennoe 3HauenHe casura Hailita cocrasasier 0,113%; pasanune
0GYCJIOBJIEHO TEM, UTO CeNaHHLIH BHIGOD A5 OUeHKH |u (0) |f fiBaseTcH
Bce e rpyOuM npubmixeHHeM. JPOEKT HACHIUEHHS 3/1€KTPOHHO-
CIIHHOBOrO PE30HAHCA OTBEYAET CHTYAllHH, NDH KOTOPOH YHCJIO 3JeK-
TPOHOB NPOBOAHMOCTH CO CIIHHAMH, HANpaBJEHHLIMH BBEPX, CTaHO-
BUTCSI PaBHBIM 4HCJAY 3JEKTDOHOB IPOBOJMMOCTH CO CIHHHaMH,
HanpaBJeHHbBIMH BHH3; B 3TOM CJyya€ CABHI JOJ/DKEH Hcue3aTh. CaBHT
Y4aCTOTH 3/E€KTPOHHOrO pE30HaHCa, OOYC/JOBJEHHBIA MOJsApH3alHel
siiep, OIMHCHIBAETCH COOTHOIIEHHEM

(55 ), = 51l O I#,

31ech xn—socnpunmqusocm cucreMul sigep. s y, HMeeM

By (J+1)
xn 3kT )

rA€ n—UHCJO0 sAep B equHHUE o6beMa. UHC/NEHHBIH pacueT Aaer
3HaueHus ¥, =>5,3-101 u (AB/B),=7,7-10~°; 3sHauenne (AB/B), oka-
3bIBAETCA CTOJMb MaJbiM, YTO €r0 OYeHb TPYAHO ONpPEAEJHThL 3KCIe-
pumenTtansbHo. OnHako nofoOHble CABHIH HAaGMOJAJHCh Y HCKYC-
CTBEHHO MOJAPH30BaHHHIX sgep [20, 81].

10.10. Haunbonee noaxoasmee ANA HAWIErO caydasi BhIpaMeHie
JJIS 4acTOThl (peppOMArHUTHOrO pPE30HAHCa (), HMEET BHJ

o, =7 {[Bo+ o (Dy — D+ Dgy — Dk.) Ms] X
X[Bo+po (Dy—D:+4Dgx — Dg;) M]}'/s, (10.10.1)

rae D, —reoMeTpPHUECKHH pa3MariWuHBamOUMA (akTop BAOJL OCH I,
Dy —3¢xpexkTHBHBIE Pa3MarHHYMBAIOWIKE (aKTODhl, CBf3aHHLIE C KPH-
crannorpadHueckoll MarHHTHOH aHusorponued. (BrBop dopmyan
(10.10.1) maercs BO MHOTHX KHHMrax; cM., Hanpumep, [18].)

BeipaszuM rtenepnh Dyg; u4epe3 CTAHAAPTHYIO KOHCTAHTY MarHHTHOH
aHu3oTponuH Kj, KoTopas onpejensercss OObIYHO BhIPAXKEHHEM s
NJOTHOCTH CBOGOAHOH SHEPrHH MAarHMTHOH aHHU30TPONHH:

= K{sin?8
(3neck Mbl npenebperaeM Kj;). Mer moxem onpenesntb ¢deKkTHBHOE

auusoTponHoe mnone Ky uepes MoMeHT Bpaumenus M;, cunras ero
06yc/IoBJIEHHBIM 3(kpeKTHBHLIM noJeM aHu30TponuH Hy:

OF
[poMs X Hy | = == —2K1sm6 cos®8, (10.10.2)
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Ha puc. 10.10.1 noxasan caydaii, xoraa nonae B, NPHJIOXKEHO BIOIbL
HanpaBJeHHs JIerKoro HaMarHHYWBaHHS (COBNAjaloOLIEro C OChIO 2),
a pajguoyacToTHOe nosne B;—B nHanpaBneHuun ocu x. ITockonbky
B, < By, To BeKTOp HaMmarHHYEH- z

HocTH M; ocTaeTcs INOYTH napas- A
JenbHeIM By, T. e. 8~a<0. ITosTomy 8
MOMeHT, Bpamamomud M, Oyayr
CO31aBaTh TOJBKO KOMIIOHeHTBl Hy,
nepneHauKyaspusle B, Hanpumep,

Korja none B, HanpaBieHO BJOJb

OCH X, TOoNepeyHasi KOMIIOHEHTa

M,, T. e. KoMnoHenta M,, 3ajaercs

B BHJE

My =M,sin6. (10.10.3)

-——

. fl
W3 ypasuenus (10.10.2) BunHo, yTO gﬂ iz
IIOCKOJIBKY 80, T0 Puc. 10.10.1. OpHeHTauus npuio-
MEHHOTO MarHHTHOTO TOJIA X Pe3yJib-
THDYIOILHE BEKTOPhH  HaMarHMueH-

— peMHygr ~2K1sin8, (10.10.4) HOCTH.

£

&)
= R
5o

rie Hg, cBa3aHo ¢ M, u pasamarHuuuBanomuM ¢aktopoM Dy, 06by-
HpIM COOTHOLIEHHEM

Hyy=—Dg:M,. (10.10.5)
M3 (10.10.3)—(10.10.5) naxomum, yTo
2K}
DKx=m.
ToyHO TaxK e MOXHO IIOKa3aTb, 4YTO
2K{
DK_!/ = m.

Onnako Dg,=0, nockoasky Hg, He co3faeT MOMEHTa, Bpaulan-
mero M, H, crepoBarenbHo, Dy, ROMXKeH OHITb PaBeH HYJIO.

O6pamascs teneps K Boepaxkenno (10.10.1), moxHO BHpmeTs, uTO
s sanuncouaa Bpamenus (D, =D, D,)

©, =Y [Bo + Ho (Dx —D, +DKx)]-

Baiusinne GOpMEL H BJIMSIHHE MarH MTHOH KPHCTAJ/IMYECKOH aHH30TPOT UKk
Ha YaCcTOTy ©, HEepasJHYHMbI, IIOITOMY, €CIH HaM HYXHO IIOJYYHTb
pocTopepHble 3HayeHHs] Dgy, Mbl JOMKHBI yOEIUTBCS B BbIIOJHEHHH
ycaosusi (D, — D, | < Dgsy.

[To ycnoputo 3apauu |D,—D,|<<0,1Dg,. [dns xo6aabta K;=
—4,1-10° Oxc- M3, Mg=1,4-10° a- u~, caepoBaTenbHo, Dy, =~ 0,3.
[To3TOMY MBl MOXEM rapaHTHpoBaThb, 4to |D,—D,|<<0,03.

Brons koshUIMEHT CHEePHUUHOCTH M, ONPEAe/sieMbll KaK OTHO-
[IeHWe MOJYOceHl 3JJIMNCOHAa b/a, ¥ monb3ysch Tabnvuedl pasmarHu-
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yyBaroux ¢daxktopos [18], AokaxeM, 4TO 3TO ycJOBHE SKBHBAJEHTHO

YCJIOBHIO
|1—m|<0,0l.

YTo6al ¢ Tpe6yeMol TOYHOCTHIO H3MePHTh Kj, MBI JO/XKHH ObITH yBe-
peHbl, UTO OTKJOHEHHE OT C(HEPHUHOCTH JAJS HCIOJb3yEMOro B OIbITE
«ceprueckoro» o0pasna cocTaBaseT He Gosee 19%. 3ameTuM, 4TO
KOGa/lbT HMEET BBHICOKYIO SHEDrHIO MAarHHTOKDHCTaJJIHYeCKOH aHH30-
Tponud. Eciu Gbl 3KCNIEPHMEHT NPOBOAHJICH C XKEJIe30M HJIH HHUKEJEM,
reOMeTPHYECKOe COBEpIIEHCTBO JOMXKHO OblIO Obl ObITh eme Go.ee
BRICOKHM [82].

10.11. Korja BHellHee MAarHUTHOE MoJi€ TPHJOXKEHO NeprneHgHKY-
JSPHO K TJIOCKOCTH IJIEHKH, YCJIOBHEM DE30HAaHCa CJYXHT COOTHO-

HIE€HHe
® 2Ak2
B_]_=—Y—+poMs—‘ Ms, (10111)

rie ® —QUKCHPOBaHHAS 4acTOTa MHKDOBOJHOBOTO noas, A — obMeH-
Hasg KOHCTAaHTa, ONpese/sfeMas BLIDAXXEHHEM

A=2J,8%a, (10.11.2)
£ — BOJIHOBOE YHCJO CIIHHOBOH BOJIHBI
k= pr/L (10.11.3)

{31ech p — nOpAAGK MOAbI, L — TO/MIHMHA IJIEHKH).

Ipaduk 3aBucumoctd B, OT p? JaeT BO3MOXHOCTb DaccyH-
-Tatb M% u A, a craenosaresibHo, H J,. TakoH rpaduxk MoxKHO mno-
CTPOMThH, HMesl CHEKTPaJbHYI0 KDHBYIO THIa INDHBEJEHHOH Ha
puc. 10.11.1.

Ec/qu MMeeT MeCTO NOJHOE 3aKpeNJeHHe CIHHOB, TO Ha [OBEpX-
HOCTH IJIEHKH TIOSBJAIOTCS HEUYETHBIE MOJBI, €C/IH JKE€ 3aKpellieHHe
HEIOJIHOE, TO CTAHOBHTCH BO3MOXKHBLIM MOSIBJEHHE YETHBIX MOJ MaJoi
HHTeHCHBHOCTH. Tak, NMHKH, KOTOpble BHAHGI HAa rpacduke puc. 10.11.1,
coOTBeTCTBYIOT MoAaM p=1, 2, 3, 4, 5, 7 (cnpaBa HajeBo). 3aBu-
cHMOCTb B oT p? MOXHO ONHCAaTh ypaBHEHHEM

B, =1,78—0,0112p® ma. (10.11.4)

CpasuuBasi Boipaxenue (10.11.4) ¢ (10.11.1), (10.11.2) u (10.11.3),
BHAEM, uT0 M;=7,63-10% a-# ! (=760 3), A=9,4-10"12 Goc . m1,
T. €.

J,=6,6-10"% g (=6,6-10"1 3pe).

QOueBujHo, NoNyyeHHOe 3HaueHHEe J, HMEET OXHAAeMBIH NOpSIOK Be-
auuuebl [18, 83].

10.12. s caBura 3HePreTHYECKOro YPOBHHA C JA3HHBIM M, MO
CPaBHEHHIO C TOJOXKEHHEM 3TOTO YPOBHA IIpDH HYJIEBOM IIOJIE CBepX-
TOHKOI'O DAaCIUEN/IEHHS] MMEEM COOTHOUIEHHE

A8 = —m,gp,B,, (10.12.1)
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rne B,—nose CcBepXTOHKOro paclienyeEuss Ha spape. IIpaBuso
or6opa: Am=0, =1, paspemeHHHe nNepexojn [OKa3aHsl Ha
puc. 10.12.1, 6.

Hcnonbsys Bupaxenue (10.12.1), Haiinem

A8py—=AE,, =8, (10.12.2)
Agaf=361+60, (10.12.3)

riae Agbd—aﬂepremqecxaﬁ pasHocTh Mexny nukamu b u d, a 8, u &,
nokasanel Ha puc. 10.12.1, 6. aJee

80 = gotaBas (10.12.4)
81 = giaBns (10.12.5)

HHIEKCH Y g 03HAualoT OCHOBHOe H B036yxaeHHoe cocrosinus. CooT-
HOLIEHHE MEXIYy CABHIOM ypoBHS A& M OTHOCHTEJBHOH CKOPOCTHIO U
HCTOYHHKA M IOTJIOTHTENAs 3ajaercss GopMyJoi

A& = ZA,
c

onucelBaomeld kjaccuyeckuii sbdexkr Honnepa. Hna A=14,4 ks
NOJIYYHM
: A8 =7,67v-10¥ dx

(cxo%ocrb v BulpaxeHa B mu-cex'). [To cnektpy 3amepsieM A8, —
=Aé,=4,0 mm.cex, uto coorsercrByer 3,07 . 1026 Goc.

a) Hcnonpsys Bepaxenus (10.12.2), (10.12.4) u 3zayeHue, nau-
HOe IJ go, NoJyuuM B,= —34 ma. 3HaK MHHYC NOSBJSeTCA
BCJIEICTBHE YMEHBUIEHHS! CABMra NPH HAJOXEHHH BHEUIHEro moJisl.

6) Hcnonpsys eoipaxenust (10.12.3) u (10.12.5) u paccuutanHOe
Bblllle 3HayeHHe B,, moJayuaeMm, uto g, =—~0,10. 3HaK MHHYyC 37ech
CTOHT HE NOTOMY, YTO OH ONpEeJeJIeH MO CHEeKTPY; A/ ONpeleseHHs
3HaKa HeoOXOIUMO ellle HM3MepeHHe C IOJISIPH3OBAHHHLIM HCTOYHHKOM
H norJjortutesieM. OQHAKO 3HEpreTHYECKHE YPOBHH, NPHBEAEHHBIE HA
puc. 10.12.1, 6, cTpousuce ¢ y4yeToM NpeANOJIOMEHHSH, YTO g, HMeEeT
OTpULATE/ILHBIN 3HAK.

B) HuxHuli npenes BpeMEeHH XH3HH BO3OYXKIEHHOTO COCTOSIHHUSA T
MoXeT ObiThb OnpefeseH IO M3MEHEHHIO UIHPHHBI CHEKTPAJIbHOH JIH-
Hun 68. Vmeem

t=1/68.

ME NOJIyYHJIH BeJHYHHY 88 s vA<0,5 mm-cec?, T. e. A8~
~24-10% 0. Dro cpady npaer 1==2,5-10"7 cex. PaxkTHyeCKH T =
= 1,4-10"® cex. 310 o03HayaeT, YyTO BKJA3J B BEJHYHHY BDEMEHH
XH3HH MOT'YT JAaBaTh K JPYrHe MeXaHH3MBI YIIMDEHHS.
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11, dNeKTPOHHAA TEOPHA METAJJIOB

11.1. PaccMOTpuM uMcJIO 7 BCeX 3JIEKTPOHOB Ha €LMHHIY oObeMa
MeTaJsa

[oe]
n={ N (&) d&,
4]
THE N(8)~—Tax HasbniBaeMasi (YHKIMS TJIOTHOCTH COCTOfHME M,

TakMM 06pa3oM, N (&) d€ — uucio 3/7eKTPOHOB, NPHXOJAIEECH Ha
uHTEpBas 3Hepruit ot & o & d€.

ITpu aGcoMIOTHOM HyJle BCe YDOBHH 3HEDTHH JI0 & BKIOUMTEILHO
3aHSTH JBYMS 3JEKTDOHAMH Kaili, a BCe ypOBHM Buile &g CBO-
6oaubl. s (YHKIMH IJIOTHOCTH HMeeM

N )=l 2V E.

2n?
ClenoBaTeNLHO, (
& (0)
1 /2m\3/2 P ne .
n=gm(an) | VEME &)=y, Guinyn

0

Bbiuuc/ieHnpe EEH7nCa y sKCnIepUMEHTANbHbIE E3T 3HAueHUS SHEPrUH

QepMu npusefeHs! B Taba. 11.1.2. DxcnepuMmeHTanbHbIE 3HAauyeHHUS
TIOJyyeHbl U3 ONBITOB C MATKMMH DEHTT€HOBCKHMM JIyyaMH.

Ta6anuua 11.1.2

MeTtann Li Na K Rb Cs

g;uqucn (0), 28 522 {3,156 |205] 1,78 | 1,59
g;xcn (0), s 4,72 | 3,12 | 2,14 1,82 | 1,59

11,2. [Ans cBOGOAHLIX 3JEKTDOHOB MOMEHT P M BOJHOBOH BeK-
TOp R CBf3aHBl BHIPAXXEHHEM

p="Frk.
Ilpunoxennas cuna F usMeHseT R clenylomuM o6pa3om:
_dp 4 dk
F=Gr="1%-

Tlox pelicTBMeM CMJBl BO3PacTalOT mnapaJjiefbHble F  KOMIIOHEHTHI
BEKTOPOB K BCEX 3JIEKTPOHOB, OJHAKO DABHOBECHOE COCTOSIHKE JOCTH-
raercs 3JeKTPOHAMH M3-3a BO3BPAUIEHUS UX K CBOHUM IlepBOHAYAJLHBIM
COCTOSIHUAM. EcaM T— BpeMsl pesakcanMy AJs 3THX CTOJKHOBEHHWIl,

TO B PaBHOBECHOM COCTOSIHMHM npupalieHde OR BOJHOBOrO BexkTOpa R
ects npocto Ok = Fv/h.
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Ecau snekTpuyeckoe noje E peficTByeT ¢ cuyof F, TO IJIOTHOCTE
HHIYIH POBAHHOTO TOKA J= nedv, rge §¥ — cooTBEeTCTByIOllEE H3MEHE~
HHE CKODOCTH, H, CJEJOBATEJLHO,

j="TE.

Hckomas 3JeKTponpoBOXHOCTL paBHA
o = ne?t/m.

EcJH NpHHATb, YTO B TOM K€ 3JEKTPOHHOM ra3e HMeeTcsl rpa-
nueHT TeMmnepatyp V7T, TO yacTHIBI CO CKOPOCTbIO ¥ IpOXOAAT 6e3
CTOJKHOBEHHHi PpACCTOSIHHE UT H COOTBETCTBYIOUHH TEIJIOBOH IIOTOK
paBeH & =1/3nctw®VT, rpe c-— TenJocofepaHHe Ha ONHY YaCTHLY.
TensonpoBogHOCTb %, TAKHM 06pasoM, paBHa

% =1/,Cv%t

(C — yneqbHasi TeMJOEMKOCTb). J3HAYEHHE YHAEJbLHOH TemJoeMKOCTH
MOXHO NOJYYHTh M3 HHTerpaJja rnosHoH sHepruu U Ha eguHHny o6beMa

U= S EN (&)f (&) a8,
0
rge N (§) —obyHkuus mioTHOocTH cocrosHME, a f (&) — dyHKumMs
®epmu — [upaka. VlHTerpupoBaHHe IO 4YacTAM H Da3JjOXEHHE B DAl
Teinopa no &r naior

U=U"4% (kT)2 NI& (0)],

TaK YTO
C=n%*%nT/2Tk.

3uas, uro AT p=1/,mv?, nojyuaem

n? nk?T
3 m
Taxum o6paszou,
o _ e Ei T
o 3 e ?
2 2
L=3;—% = 2,45-10-8 gm -om - 2pad 2.

[IpH xoMHATHOH TemnepaType 3KCIEDHMEHTAJbHbE 3HAayeHHd L
OYEHb XOPOLIO COBMNAJAIOT C NOJYYEHHBLIM 3HaueHHeM L, OJHAKO NpH
Gosee HM3KHX TeMneparypax (Huxe TemnepaTypsl [eGasi) BpeMeHa
peslakcanuyu NJsi CTOJKHOBEHHH, NAlOWIMX BKJAX B 3/EKTPOIPOBOA-
HOCTb M TEILIONPOBOAHOCTb, CTAHOBATCH pa3/inyHeiMH. IIpH Temnepa-
Typax oxono O °K 3TH BpeMeHa CHOBA CTAHOBSITCS CPABHMMBIMH, YEM
H OODBACHSETCAd MHHHMYM, KOTOphI HaGmiomaercs IJs HATPHA.

11.3. 1) 5,51 38 (0,405 Ry, 0,202 ar. ex.), 63800°K; 2) 1,20 x
x 108 ex1; 3) 1,39-10% cm-cext; 4) 4,52- 10 en?; 5) 1,4-10%1° 2y;
6) 5,2-101% cx npu 295°K, 2.10-? cu# nmpu 20°K; 7) 1,6.1073 cm;
8) 4,09-10%cx; 9) 1,33-10% en?, 1,54 10% en?; 10) 1,45.10% cu3,
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11.4. CorsacHo (byﬂxupm pacipeaesieHd s d)epMH——IlnpaKa YHCJIO
3/IEKTPOHOB dn ¢ 3Hepruefi B untepsase oT € 10 & 4 d€ pasno

_ c Vg dé

 1texp[(E—&p)/kT)’
Tie c=ﬁ (%’;)3/2. ChepoBatenpHO, CpeAHSSl 3HEprus CBOGOJHBIX
3JIEKTPOHOB

. §’ &V & d&
o 1+exp [(8—8,,-)//:7’]
] §° VE g )
o 1-exp [(& —&F)/kT)

Ilpu T =0 ona paBHa

3
83*5— gF (0)-
Ecnn BocnoJsb30BaThCA BhIPAXX€HHEM 1J1d g IIpu KOHEeYHOH TeM-

neparype T: - 5w [ KT 2
s=stol L) |

TO IIOJIHASL SHEPrusl eXMHHILI 06BeMa
U= ng’,
rJe n— YHCJIO 3/IEKTPOHOB B €AHHHUE ofbeMa. TakuM oGpa3oM,
bn2 / kT \2
U—-—né’ 0 [1 ( )
FO |1 +— .0

oU _ a2 kT
(CU)FD aT = 2 n SF(O) .

Jl1s ogHoro Mosst rasa nk=R,

C-v =n_2 kT .
(Co)rp 2R8F(0)

Knaccuueckuit pesymbsrar (C,),, =%.R, Tak 4ro

(Co)ep _ # kT
(v)xn B 3 gF(O).

Ilpu T=2300°K u =7

( u)FD 2
Conr ~1,2-102,

11.5. DIeKTPOH, JBHMXKYWIMACSA K NOBEPXHOCTH, JOJDKEH IIpPeosio-
JIeTh NOTEHUHAJNbHBIH 6apbep BRICOTOMH

8, = $F+ P,
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npyyeM & OTCYHTBLIBAETCH OT HHUXKHEro Kpas 30HHI. Ecnu TIOBEPXHOCThL
nepnesauKy/aApHa K OCH X, TO YCJIOBHE BbIXOJa 3JI€KTpPOHA

P;
E>$F+ .-
TTosiHO® YHCJO 3JEKTPOHOB C X-KOMIIOHEHTOR HMMIyJbca B npe-
Jenax oT py A0 Px-+dpy, NPOXOASIMX Yepe3 eMHHUHYIO MJIOWAAKY

[OBEPXHOCTH 32 eJHHHUIYy BpeMeHH, PaBHO

2 1
B 1texp [(E—&p)/kT]

vydp.dp,dp,=

2 1
= - 8 [ 3
h 14exp [(E—&p)/T] dé dp, dp

HcKoMblii TOK paBeH

+‘oo+oo+oo 1

j— 2 S
w4 Vexp[(E—&p)kT]
+ 0+ o
2ekT ¢ o+ (p2+ p2)2m
— 5 S 1n<1+exp—(—ykr—)’—> dp, dp,.

— 00 — 00

dg dpy dpz =

O6bIYHO NOTEHIMAJ § IOPAJIKA HECKOTBKHX 3/1eKTPOH-BOJILT, a BeJIH-
ygHa kT cocTaBisieT Majble JONH 3JeKTPOH-BoJbTa. Pasnaras Jora-
pudM B PAX H coxpaHAf TOJBKO NEpPBbIA uleH, nosayyaeMm GopMmyay
Puuapacona — [lenmana:

= 2 exp (= 2] e = B 4, o
=4nm (i?z exp (— l%)': AT? exp(— le>

IpakTHuecK¥ HeKasi JOJS r 3JeKTPOHOB OTPa)aercsl OT IOBepX-
HOCTH, I103TOMY

i=(1—r)AT? exp(— %),
rae A =4nmek®h® =120 a-cm?-2pad?. Tlpu T =2273°K umeem
i=013a.

11.6. Tlycth NOBEpXHOCTh MeTaJJa NEpPneHJUKYJAsipHA K OCH 2.
SniekTpuyeckoe NoJie BOJHbI Ha NOBEPXHOCTH HUMeeT BHI E . exp (iwf)
H ypaBHeHus MaKcBessa JaioT

PE, _ 4nie .
0z2 = 2 &
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Ecnu Buinonusiercs sakoH Oma (T. e. j,=0E,), ToO

OE , 4si
= Z’;” 0Ey u E;=Eexp(—Ax),
rIe
x=(1+i)‘/2f“’°.
JlekpeMeHT 3aTyXauus paBeH )/ 2nwo/C M Tay6HHA CKHH-C/IOS § =
= ¢/} 2nwo.

Jlns ofpasua yucToro MeTtanaaa c nposoaumocteio B 1 eq. CI'CM
npu 4°K B BuicokoyacToTHOM mnoje 3-10' 2y BesuuuHa § nopsaxa
10-6 cm. Tunuunas cpepHss RJIMHA cBOGOAHOro npobera Mexay CTOJK-
HOBEHHSIMM NIPUMEDHO PaBHAa 3TOH BesJuyuHe. 3HAUMT, 3JEKTPHYECKOE
noJie 3aMEeTHO H3MeHseTcH Ha pacCTOSHUM, KOTOpOe 3JIeKTPOH Mpo-
XOJIMT MEXJy CTOJKHOBEHHAMH, H, CJEJ0BAaTE]bHO, I10Jb30BaThCH
3akoHoM OMa, KakK 3TO CIeJAHO BBILE, YK€ Helb3sd — Heobxoguma
foJiee TOUHAsg TPAKTOBKA.

11.7. Cuna Jlopenua, aeficTBylomas Ha 3/1eKTPOH, paBHa (e/c)v X H.
- Tak Kak CKODOCTb ¢ HOpPMaJbHa K 3HEpPreTHMYeckoil IOBePXHOCTH
B k-TpocTpaHCTBE, TO cuia 6yAeT TaHreHUWadbHOH, TaK 4YTO HEprus
OCTaHercs Heu3MeHHO#. Benuuuna fik meHsileTcs Tak, YTO BeKTop R
OIIMCHIBAET B R-TIpOCTpAHCTBE OPOHMTY, OMNpPEJAEAEMYI0 IIepeceyeHUeM
NOBEPXHOCTU IOCTOSIHHOH 3HEPIHH ¢ MJOCKOCTbIO, NepIeH/IHK YA pHOU
x H. Ecau 83sTb jgBe OpOUTHI, COOTBETCTBYIOLIME 3HeprusM & wu
&€ + d€, 1o paccTosiHMe Mexj1y HMMHM B JI060H TOuke GyAEeT paBHO
d€/ grad, & |, wan d€/hv. Ecan dl — npupauienue AJuHbl OPGHTBI, TO
IJIOW3/Ib KOJblid, OrpaHMYEHHOTO TUMH OpOHTaMH, paBHA

f’g@"%:m.

44 __ 1 @ 4
d€ AJ v’
rjae uHTerpan Gepercs no opbure.
Cuna, jeficTByiomlasi Ha 3JIEKTPOH, N0 BeJMYMHE paBHA (e/c) vH,

a Bpems, 3a KOTOpOe 3JIEKTPOH IIPOXOAHT 3JeMeHT dl, paBHO
chdi/evH. Tlostomy nepuosa JABHKEeHHS 1o OpGHTe paBeH

3nauyur,

ch al chz dA
—®—, UM —
eH v eH d&
a HP[KJIOTpOHHaH YyacToTa
_ 9nmeH [dA 1,
 ch2 d$> !

AN CBOGOAHBIX 3JIEKTPOHOB w, = eH/me. Tlostomy sthdexrTHBHYIHO
UMK/JIOTPOHHYIO Maccy /5 JaHHOH OpOMTBI MOXMHO OIpeje/uThb
OTCIOJIa KakK
r_ 1 dA
o dE€
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11.8. CpenHsist sHeprus, NPHXOJAIIASCH HA ORHH 3JEKTPOH, BhIpa-
XKaercss uyepes 3Hepruio Pepmu chaeaymomuM ofpasoM (cM. 3aja-
uy 11.4):

% N \2/3
.___ 232/3( 1V
280 =5 5 Gan2e (17,
rie N —moJiHOe YHCJIO 3JIeKTPOHOB B o6beme V.
ITonnast sHeprust paBHa

@ fi2 N5/
NE = ? o (3n%)2/3

V0/3 ’

OTCl0Ja JaBJieHHe

P=—

o(nvE) (3B ﬂ<N>5/3'

oV 5 m\V

Hns sneKTpoHHOro rasa ¢ NJOTHOCTBIO, COOTBETCTBYIOIlEH MefH, OHO
paBHo 3,8- 10" dun-cm 2, uau okono 4-10° amm.

11.9. IlycTe ONHOPOAHHIA 3JIEKTPOHHBI ra3 MJOTHOCTH P mHpeTep-
nepaer cpepHuYeCKH CHMMETPHYHOe cMelleHHe ((r) Ha NMOBEPXHOCTH
cgepel paguyca r. Ecau cMelleHHe SIBISieTCH Me[JIEHHO MeHsoOUmeHcs
¢yHKuHel r, To cepy MOKHAAIOT NpHOGAM3HTENLHO 4mpril (r) snexT-
poHoB. Ilostomy Ha cgepe ocraercs H3OGHITOYHBIH I10JIOXKHTEILHEII
3apsa 4mepr?C (r) ¥ 3JEeKTPOH Ha NMOBEPXHOCTH IOJABEPraeTcs AeHCTBHIO
BO3Bpamammei cuinsl 4me?pf (r).

3anuueM ypaBHeHHe aneruﬂ'

dt" + 4me?pl =0,

310 ypaBHeHHe NPOCTOro rapMoHHYecKoro KosneGanns. OHO onucHIBaeT
npofoJibHble Koae6aHusA NJIOTHOCTH (NJ1a3MEHHBIE KoJieGaHHs) B 9/1€KT-
poHHOM rase. LlukjHuecKas yacToTa 3THX KoJeGaHHH paBHA

dnep

0, = - e,

Ina takoro merasna, Kak meap (p=0,85-10% cu-3), 3nauenne w,
paBHO 1,6-10% pad-cex'=2,5-10' ey.

[To aHalorH¥ C KBaHTOBOMEXaHHUYECKOH 3ajayelf O IPOCTOM rapMo-

HHYECKOM OCUH//STOpPe M3 KBAaHTOBOMEXaHMYECKOrO pacCMOTPEHHMs

N/a3MEeHHBbIX KOJeGaHHH CJEAYeT, YTO 3HEPrus KosnebaHHH KBaHTyeTCH

COrJiacHO YCJIOBHIO
1
gn = (fl +‘2_> hﬁ)‘,,

rae &, — 3HaueHHe 3HEPrHH IAA n-H MOJH KOseGaHHH.
11.10. PaBHoBecHOe 3HaueHHe r, HalAeTcst M3 ypaBHEHHS

z’é:ii__3_<4 P 12 0.
T

or 10 2 5mr3

_9m [ 9\23
Fo= g (7] = 1,304,

Orcroaa
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Jli151 eTOYHbIX METAJIOB SKCIe pUMEHTA/IbHEIE 3HAUEHH S Fy COCTABJAIOT
0KoJio 2
Mojy/nb BCECTODOHHErO CXKaTHs

az(NE)_V<ar\zazg <1 azs_g’—\

B*——V——=V

ave av) Bt T \T2ar 0r% Jr=r,"
CkopocTe 3ByKa onpejensiercs paBEHCTBOM
v B m [ 1\279°23
Us= 4 = T8M \7om \4::/ ’

rfe njaotHocTs p = 3M/4nri, a M —mMacca aToma.
HakoHen, ucnojb3ys BuipaxeHue s ckopoctu PepMwu,

hk 1 9 \2/3
o ir L[V,

m mry \ 4n
nosyyaem

vi= vk

ST 1M T

Boiync/eHHas BeJHyMHA CKOpocTH 3ByKa B Li (modn3yeMcsi 3Haye-
HueM &y, nailieHHbiM B 3ajgave 11.1) paBua 3- 10% cm - cex™'. Dkcnepu-
MEHTaJIbHOe 3HaueHue 3ToH ckopoctd paBHO 4,8- 105 cm-cex?.

11,11, CucreMa cBOGOJHBIX 3/7EKTPOHOB ONHCHIBAETCS HAOOPOM BOJ-
HOBHIX byHk1H#A W,, KOTOPLIE ABMAIOTCA NJOCKHMH BoJIHamMu. B cucreme
JeficTByeT moTteHuuan V (r, £) camocorjiacoBaHHOro noJjs. 3TOT NOTEH-
IlHaJl YYUTBHIBAET NPHJIOXEHHOE M3BHE MOJE H CO3JaBaeMyl0 3JIEKTpO-
HAMH 3KpaHUpOBKY. [IpH 3TOM MOMHO CYHTaTb, YTO [aMHJBTOHHAH
3TOH CHCTEMBI HMEET TOT XK€ BHI, YTO M JJIf HE3aBHCHMBLIX YaCTHil:

= Q%‘O + V (r’ t)’
rjae (-ﬁg'(): p2/2m, Jf&l’,,:&,‘l’,,.
OHpe,lIe.HHM ONEpaTop «MATPHIE MNJOTHOCTH» P CJACAYIOIIHM COOTHO-
III€HHUEM .
po¥e = fo (Ex) Fs,

rie [, (€x) —dbyHnkuus pacnpemenenusi ®epmu. O6obueHue 3TOro one-
paTopa Ha BO3MYIIEHHHE COCTOSIHHS JaeT ONeparop P, KOTOPhIH yJo-
BJIETBOPSET ypaBHeHuio JIMyBHaMs

in () =1 o
JonyctuM, YTO p OT/IMYAeTCH OT Py JHIIL MaJbIM BO3MYIIEHHUEM p:
P=po+P1-

[oncraBasis p B ypaBHenue JIMyBuaNs U npeHeGperass dWieHaMH,
COJIEPKAIIUMH TpPOU3BEJeHHs Buaa Vp,, nosyyaeM JMHeapH3OBaHHOE
ypaBHeHHe

m;%(lyhipﬂlyh-kq) = (¥ |[H 0, p1] | Fat q) +(Fe [V, po] [Yerqg) =
= Er—Ehig) (Yu || Yat o) +[fo (Err ) —fo BW]V (g, 1),
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rae V (q, !) —kosdpduumnent dypoe byrxkuun V (r, {) 141 BOIHOBOroO
BeKTopa q:
Fe|Vi¥erg)=VI(q, 1.

Uro6nl HaHTH JUIJEKTPHYECKYIO IIPOHHI@EMOCTb, pPacCMOTPHM
Teneps Vg, T. €. Ty uacte V, KOTOpylO cO3/aeT HHAYUHPOBaHHKIM
3apsaj ¢ IJIOTHOCTBIO 1 (7 — YHMCJIO YACTHI B €lMHHLE o6beMma). Benu-
yHHEl V M n caMocor/acoBaHHO CBsi3aHH ypaBHeHHeM Ilyaccona

V2V o= 4mne’n.
CnenoBaTesLHo,
47e? ,
VS (q’ == 42 ;(Th' pllqu’-{-q)-

Ypaeuenue JIuyBuaas A48 V npHHHUMAeT BHJ
) .
it () Cala| oy o) = (Ba—8ay ) (¥ Loy | Way )+
44
o [fo (Bav- ) —Fo (84)] 2 (o1 ¥art o)

3aBHCHMOCTL OT BpeMeHH A1 V JOMKHA OhITh TOH KE CaMOH,
YTO M /IS IPHJIOKEHHOrO NOTEHLHaJla, a8 HMEHHO — IePHOLHYECKOH,
BHAA €,

IMonsipusauusa P cCHCTEMH CBfA3aHA C n COOTHOWEHHeM V. P=en,
a ¢ 3JEKTPHYECKHM IOJIeM — JAM3JEKTPHYECKOH IPOHHIAeMOCTHIO
€ (w, ) MO COOTHOWIEHHIO

4nP(q, t)=le(w, q)—11E(q, ?).
YureM, uTO

E@ 0) =4V @ .

Uckmouas E u3 npuBeleHHHX BhIIE YPaBHEHHH, INOJydaeM JJif

JH3JEKTp HUECKOH IPOHHLAEMOCTH

ane? N\ fo (Bayq) —Fo (Ba)
2

q n 8,,+q-$,,—hm

e(w, q)=1—

11.12. Ilpy Manex g Aas pasHOCTH 3HEPrHil NMPHOAMKEHHO
BBIMOJIHAETCA PaBEHCTBO
$,+q—8,,mq-v,,3,,
H

FoBhiq) —fo(Er) ~q- é'ﬁ Vil
k

3anucniBas CyMMHpOBaHHe 1O R Kak HHTerpa, HMeeM

4ner  q-V, &, Of 4me?
e, O~ 14— q_v:g: 05;’, dire 14— S N(g)dgw

~1 +"—N €9,
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(3nech N (8r) — IOTHOCTL COCTOSHHME Ha moBepxHocTH Pepmu), Tak
Kak Ofy/08, Bener cebs, xak aeabTa-Qynkuus npu & =&, Takuu
o6pazoM, & —co npH g —0.
SKpaHUPOBAHHBIH MOTEHIHAM NDUMECH TOJyyaeM JEJEHHEM IOTeH-
I(Majia HE3KPaHHPOBAHHOIO TOYEUHOro 3apsjaa Ha (g, 0):
|4 , 0 4nZe?
V“p (q' 0): n:axp (q ) =— 82 )
(g 0) g2 +-2

ITepexoa ¢ nomowmpbio npeoGpa3oBanus Pypbe K oObIYHOMY Z-IPOCT-

PaHITBY JaeT
Ze?

r

stp (r)= exp (— Ar).

ITockoabKy ¢ caMoro Hauala Mbl [OJb30BaJIUCh OrpPaHHYHBAICLIMM
npubmmKeHneM ¢ —0, TO 3TOT pe3yabTaT HeBepeH BOJH3HM OT TOUEY-
HOTO 3apsfifa, TJ€ CTAHOBSATCH CYLIECTBEHHLIMH BLICIIME UJIEHBI B pas-
JIOXKEHHH TI0 (.

Ilns Ag paauyc skpaHupoBaHs A=3-10-% cu.

11.13. M3 3anaun 11.2 cnenayer, uto cMeumieHue OB OT paBHOBEC-
HOTO TIOJIO)KEHHS GepMH-cdephl ONpeJesisieTcss YpaBHEHHEM

h<:—t+%)6k=F,

rie F—pu/ioeHHass CHla, a T— BPEMS DeNakCallMH JUIf CTOJIKHO-
BeHMH uacTHl. B jaHHOB 3ajaue CHJIOH siBAasieTcs cuaa Jlopenua,
ofycnoBieRHas JeHCTBHeM aJekTpuueckoro E u MarnurHoro H
noJie:

d 1 1
ITonaras
E=(E., E,, 0), H=(0, 0, H,),
HMeeM
60, = — 1o (Ex— 0cTE,),
Su, = ————l—f('m'—':ﬂ?(Ey—i—m;cEx),

rae w,=eH/mc.
BEKTOp INIOTHOCTH TOKa J CBA3aH C 3JEKTPHYECKHM II0JIEM E

dopMmy.1oit .
ji=0uExg,
. M TIOCKOJbKY j,=nebV,, T10
yo —aoaya 0
O = | @, TY0 Yo 0],
0 0 o)

rae C_ne'br . 1
Re 0=-—4— Y= 14 (w72 °
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TeH30p cCONpOTHBJEHHSA, ONpefessieMblH BhIpaXKeHHEM

E;=0ipfp
ABJAETCH 0OpaTHLIM TEH30pYy O
p oTp 0O
Pir ={—ocp o 0}:
0 0 e

sgeck p =1/c. Takum o6pasoM, AHaroHaJbHEIE 3JEMEHTHI HE 3aBHCHAT
OT MarHMTHOrO MOJIA.

11.14. a) UueH, onucbiBalolMH paccesiHHe B ypaBHeHHM DBoubll-
MaHa, OOLIMHO 3aMHuChIBAETCS B BHIE

<0f \ f—Fs

‘ar/cro.mm - T

Bpemsi penaxkcalMH Kak YHHBEpCAJbHAas BeJHYMHA CYUIECTBYET
TOJILKO B TOM CJyuae, ec/]d OHO He 3aBHCHT OT SHEPrHH M Hampas-
jeHusi. OBbIYHO MOHATHE BPEMENH pEJIAKCalHH OMNPENeJSIOT SMITHPH-
YecKM [MDHMEHHTEJBHO K H3MepseMoMy cBOHcTBY. OnpeneneHHbie
TakuM 00pa3oM BpEMeHa peJlaKCalliM AJA 3JEKTPOHHOH TemJonpo-
BOAHOCTH M JJISl SJIEKTPONPOBOAHOCTH PABHEI TOFJAa M TOJBKO TOrAa,
KOr4a MMeeT MeCTO YNpYyroe paccesiHHe HJIM paccesiHye NpeHMYyIecT-
BeHHO Ha OOJIbILHE YrJIb.

6) 1) IlBe 5TH rpynmel He3aBHCHMBI, CJIEIOBATEJBHO,

1 . .
o =O0=0t 0 =B+ By B =y 0rd,

rae Ur—cpeanss cxkopocte Pepmu, a A —niomaabr ITOBEPXHOCTH
depmu.

2) IlpeanosioxkuM, UYTO B npejesiaX KaxK/JAoH FPYNnul, NPH HaJH-
uMM TakKe H QOHOHHOrO paccesiHHs, BEPOATHOCTH CTOJIKHOBEHHIT ajqu-
THBHBI. Torja

. B
E * 1
o*=o0f+4o0} =

B

+ A,
ILENPRL N SV
To + Ty To T2

rae 3Be3loukoil 06o3HaueHo ofwee 3Hauenne o. CuurtaeMm, YTO Ty,
T, > Tp. loraa

To

o* = B;1, <1 —'%‘)‘*—B?‘To( -—;).

3) Kax u Bhume, A4s yAeNLHOrO CONPOTHBJEHHS CIJaBa

1
£1 (T) = or?

AJd YA€JNBbHOrO CONPOTHBJIEHHA HUCTOrO MeTtaJina
1 1
()= e% T BntEm
Orcrona A . . .
1~2 1 2
o= masy (T2 (11.14.1)
10 3anauu no du3auxe 289



(3ameruM, ut0 A/p, HE 3aBHUCUT OT
TaK u4T0 A BO3pacTaeT JNHHEHHO C

OT TEMIIEPATYPHL.)
4) B,, B;, 0y NOJNOXUTEIbLHHl U

T
T2

+ -2

T

JUIA
OMMHAKOBOH BaJIEHTHOCTH

KOHUEHTPAUXH H TeMIepaTypHl,
KOHHEHTpauHEﬁ H HE€ 3aBUCHUT
T

T
4 2 =2, 3nauur, A=0;

2 T

CIJ1aBa U3 METAJJOB

AJA reTepOBaJIEHTHOrO
CIlJiaBa

TakuM ob6pasoM, A Gosbule B IEpBOM CJyuyae.

A 1

BB,

— = =2 .3
0o 5 (B, By)?
IlosTomy
BB, _l_
(Bi+Byr 157
Ilycts B, > B, Tak uro
__ BB Bi
(Bi+By)?  By'
Torna
By _ 1, B _ L
—E; 15 Bg'ro Rt

3HaudT, meAKaMH, ecJH OHH B MEHLUIMHCTBE, cosadercs 1/15 uacto

TOKa.
11.15. 3oun Bpunmosna pas

N

A W oo

Tk ERMPBHE!

-
-

£

Puc. 11.15.1. Cxemartuueckuii rpagdux
¢y HKIHH IJIOTHOCTH cocTostHuR as LK
1 OLIK xpHcranos.

3THX CTPYKTYpP OrpaHUUEHHl CJIe-
NYIOMUMH [JIOCKOCTAMH:.

FOK (111), (200);
OLK (110);
y-natyns (330), (411).

Yucno aTOMOB B 3JeMEHTapHOM
Ayeiike o6vema V =a® (rge a —
JAnuHa pe6pa Ky6a B KaXKJIOM CJIy-
yae) COOTBETCTBEHHO PaBHO 4; 2 u
52. Brnucanuble ceprr uMeIOT pa-
mayeel a/V'3, a/V'2 u a/Y 18 u
COJIEPXAT COOTBETCTBeHHO I,36:
1,48 u 1,54 31€KTPOHOB Ha aToM.

Bujg ¢y#Hknuu nioTHocTH AnA
31eKkTpoHoB B [IIK pewerke noka-

3an Ha puc. 11.15.1. 3oHHasA CTPyKTYpa NPHBOAMT K HAJTHUHIO NTHKa

H4 KDHBOH IIJIOTHOCTH COCTOSIHME.

ITuk ects u B cayuae OLIK

PElIeTKH, HO NPH HECKOJNLKO Goubiteli sHepruu. OyHKUHA IJIOTHOCTH
COCTOSIHMH B HEYNOPSJOYEHHOH CTPYKType Oyaer GauxKe K KpHBOi
C HaJMCBIO «CBOGOJHBLIE 3JIEKTPOHLI» HA TOM 2Ke DHCYHKE.
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Hns toro yroGhl Obl1 BO3MOXeH (Has’oBbIH TNEpexoj, KPHUBHU3HA
CYMMBI pa3HOCTell 3HEPrHil OTJeJNbHBIX YacTHL JOJXKHA I1PEeBbIAThb
KDHBH3HY JJs ujeHa cMmeuleHuss B 3HTponnH. OcoGeHHOCTH NoBeje-
HUS (QYHKLUMH TJIOTHOCTM COCTOSHHH, €CTeCTBEHHO, 3aBHCAT OT 30H-
HOH CTPYKTYpHl, HO I/ CIJIaBOB, B KOTOPHIX IpPH 3aJaHHbLIX OTHO-
HIEHHAX YHC/I4 3JEKTPOHOB K YHCIYy aTOMOB HMeET MecTO (ha3oBble
nepexojbl, 4JeH, XapaKTePH3VIOIMHA CMeLIeHHe, paBeH JOJAM 37eK-
TPOH-BOJIBTA HAa aTOM, MeXIYy TeM KakK BKJIaj IN3MeHeHHH 3HeprHH
OT/IeIbHEIX HaCTHI[ COCTABJASIeT HECKOJbLKO 3JeKTPOH-BOJLT HAa arToM.

11.16. Hacrosumas 3agaua no CyuecTBy ecTb yNpa{HeHHe Ha
npocToil nepecuer cpejHell AJMMHBI CBOOOAHOrO npofera B IJEHKE
C YYeToM TOro, YTO HacTb 3JEKTPOHOB 6ECNOpPSIIOYHO paccerBaeTcs
Ha MOBEPXHOCTH, He MPOMHAA elle CPEHIOI IJHHY Ag.

ITycrs uyacTHI@ HayMHaeT ABUraTbCf, HCIBITAB MOCAELHEE CTOJK-
HOBEHHE Ha OCH X, HAa PaccTOSHHH X OT nosBepxHocTH. IlycTh HOBoe
HanpaBJeHHe ee [BHXKeHMS cocTaBiseT yroa 6 ¢ ocbio x. Ee cpen-
HAs AJAMHa cBoGojHoro npoGera A Gyner Temepb GyHKuHell yraa 8,
TaK KaK A=Ay TOJLKO INpH B; <8 <6, npuuem

d—
cos b = M" , coSl,=—

X
—X'.T-
Ilpn 0=<<B=<B

d—x
rMO= e
unpu b,<<6<im
b4
MO =— %5

Orciofa cpejHee 3HaueHHe AJHHBI CBOGOAHOrO mpobera

d 18
1 , 3, d,y A
A—WSMSMMmML_4+§mT.
0 1]
Takum oGpa3om,
o _ A _ 3 d
O ho g %y d "

11.17. 3agagum G6e3pasMepHYI0 YIJOBYKO [EpPEMEHHYIO ¢ paBeH-
CTBOM . . .
dk,+ i, \ Y/ e
d¢=F<W> =

COBOKYIIHOCTLIO NEPeMEeHHHX @, %, H & y106HO ONMCHLIBATbL JABHXKeE-
HMe BexTopa kB mo op6ure. ¥ paBHenne DBosnbnvana B 3THX nepe-
MEHHBIX

d& of dhe Ay do A _ (% = .

_dt—Bg" dt Ok, dt oJe¢ ot )cmmm R

37iech MNpeAnoJaraeTcss BO3MOXHBIM BBECTH BPEMSA peJlakCcauuu.
10~ 291



Ilpu Haiuuuu snexrpuueckoro noas E usmenenus &, k. u @
C TOYHOCTLIO 4O JiMHEHHBIX no E wieHOB ONpejeJsiioTCA paBeHCTBAaMH

d€ de, e
= E =L
do e / v_,‘Ey—vyEx)

dt T mc T TH@Ito) [

Pewenne ypaBueHrss DBosbumana, Toxe ¢ TOYHOCTBIO JI0 JIMHEHHBIX
no E 4JeHOB, MOXHO 3anHCaTb B BHjE

f=fotetE- s"g’

rae fo— dynkuua Pepmu, a ana § u3 ypaBHeHHs BojbimMana B nep-
BOM npHOJHXeHHH 1o E nojyyaeTcss COOTHOLIEHHE
et as

Takum o6pasoM,
o8 me me

a_q:“*— A0 = et O

TlonoxuM y==mec/(eHt) W 6GyneM HMCKaTb pelieHHe ISl CHJLHBIX
MAarHuTHBIX [OJed, T. e. A1s MaJjelx y. IIJIOTHOCTL TOKa TOrja paBHa

J_' 4_‘_‘3“ S ‘Uf dar.
SiemeHT o6beMa dr B nepeMeHHHX dé€, dk, u dg uMeeT BHR
dr =3 d& dk. do,
M MCKOMBIHl TEH30p NPOBOJHMOCTH DPaBeH
() =™ S, 9
o (H) =0 Sw_.s, o dE db. ag.

Ilpepnonarasi, 4T0 AJs1 METaJJIOB afo/a&-’ Bejer cebs, Kak O-pyHk-
LKA, NOJyUYaeM

o, (H)= 4 3h2 Srv,S, do dk,

(unterpan Gepercs mno mnosepxHocTH Pepmu). VYpasuenue s S
pemiaeTcss C IOMOWIBIO PA3JIOKEHHS COCTABJSAIOUHX § B CTeneHHble

pAAsl IO Y:
= Z C;IY".
n

Yro6hl MOJIHOCTHIO ONPEAEIHTL KaXAYI0 cocTaB/somyo §, gocTa-
TOYHO OAHOrO rPaHHYHOro ycJIOBHA. MHTerpas B BhIpaxeHHH AJf O
Gepercss mo OpOHTe; W €CAM OHAa 3aMKHyTa, TO S, M S, AOMXKHH
6HTh MepHOANYECKHMH No @ GyHKuHsAMH. B cayuae ompmou OpGHTHL
Sy u S, NOMKHBI BCIONY OCTaBaThbCsl KOHeuHeMH. Ha S, HuKaxux
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OrpaHHueHHH He Hanaraercs. Ec/IM onpese/uTh cpenHee sHaueHHe

HEKOTOPOH BEJIHUMHBI #(() CJENyIOUIHM 00pasoM:

R
P
ﬁ —
|
I

u (p) do npH 3aMKHYTOR opGHTe,

(=)

u () dp npH OTKpHITOH opbuTe,

OLwg SOl

rae @¢— nepHoj (BpeMs o6xoja) 3aMKHYTOH OpPOGHTH, TO CTeneHHbe

pPAAbl NIPHBOAAT K CJICAYIOUIHM pelleHHaM:
1) ans 3aMKHYTHX OpPOHT

Se=" (b~ k) +¥'Ci+ ...,

Sy=—"T" (ke —F) +YCY ...,
S,=Ci+...;
2) AnA OTKPHLITOH OPOMTH B HaNpaB/IEHHH R,
S,=0.+vCi +...,
i1 = 2
Sy=—Y" (ke —k) +¥Ci+...,

S,=C;+...
Hanpumep, niaa 3aMKHYTOH OpOGHTHI

Oxx = 4n3m TS 6q) ‘

ok
k) dodb, g v § CE L dode ..

B nepeoM uneHe HHTErpPHPOBaHHE 1O OpOHTE JaeT HyJb, TAK KaK
k, —nepnommecaaﬁ nmo ¢ ¢ynxkuusa. Ognako BTOpPoH uneH (mporop-
uuonanbm;m v?) He Hcue3aeT. AHAJOTHYHOE HCCJENOBAHHE OCTA/b-

HbIX 4JIEHOB NPHBOJAMT K TE€H30DYy IMPOBOAHUMOCTH BHJA

Yayx Yaxy Yaxz
O =\|va,e Yy Yay:|,
Y3zx Y8zy Gz
a COHPOTHBJIeHHe 0, cJienoBaTe/JIbHO, HMEET BHJ

by Y-lbxy byz
p={v"by byy by |.
bax bzy b,2

I OTKPHTHX OPOHT B HanpaBleHHH R, HHTerpaJhbl Aal0T

Axx Yaxy axz bex Y lbyy bz
O=|Vayx Yayy Yayz |, P ={Vbyx ¥ by, YV by: ).

azx Yazy 8zz bze Y lbzy bzz
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PesysnTaThl A1 3aMKHYTHIX OPOMT IIOXOXH Ha pe3yJbTaThl,
MOJyUeHHHe [J5 MeTaJla CO CBOOOJHLBIMH 3JIEKTDOHAMH; TEH30p
CONPOTUBJIEHHS YKa3biBaeT TOJbKO Ha Hanuumne sddekra Xoana, u
B CHJBHHIX I[OJfX CONDOTHBJEHHE JoCTHraetr Hachienus. Oxpuako
ANl OTKDHITHIX OPOMT B HanpaBJeHMU Kk, BeJHYMHA p,, HEOrpaui-
YEHHO BO3paCTaeT NPOMNOPLHOHANbLHO 2.

KoM6uHalMH 3aMKHYTHIX M OTKPHITHIX OPOMT MOryT 1aTh TeH30p
CONPOTHBJIEHHI, Yy KOTODOrO KaK JMaroHajlbHBIE, TaK M HEAHAro-
HaJbHBIE KOMIIOHEHTEHl JOCTHIAKOT HACHIIEeHHS. .

11.18, IlonHBIE NCeBAONOTEHIHAJ 3alMCHIBAETCS KAK CyMMa cra-
OLIX NICeBJONOTEHIHAJOB C LIEHTPAaMHM B OTJAEJBHBIX HOHHBIX Y3JaX

V)= Va(r—ry),
i

TAaK YTO MAaTpPHYHLIE 3JIEMEHTHI INIOTEHIHAJa B3aUMOJEHCTBHA Mexny
IJIOCKHMH BOJIHAMH HMEIOT BH]J

k+q| V()| B)y=S(q){k+q|Va(r)E),
rae

(R4+-q|Va(r) | k) =—Qlu— S e~ i+t Ty, (F)etr dr,

a S(g) — cTPYKTYpHBI (BaKTOp, 3aBHCSINMA OT pACIpeJeJNeHHS AaTO-
MOB B XHJIKOCTH. 3TOT NOTEHIHaJ MaJl, ¥ BEPOATHOCTL PacCceAHHsA
MOXHO BBLIUHCJIHTE C IOMOINBI0 GOPHOBCKOrO NPHOJIHAKEHHUS:

Prigr= _inl V(@) 28 (Bryq—Ea),

rie V(g)=(k+4q|V (r)|k). D10 BhIpaXXEHHE COCTOMT M3 JABYX
uiCTell: 3aBUCALIECH OT CTPYKTYDH IocpeicTBoM S () 4 3aBUCAINEi
or notenuuana V,(q). Y3 teopuu nepenoca u3BecTHa ob6wiyHas op-
MyJia AJA CONPOTHBJIEHHUS

It

z 2nS 1 8) (1—cos6) sin6 de,

0
rae I (8) — BeposTHocTL paccesinuss ka yroa 0. IloncranoBka Jaer
HCKOMBIH pe3yJibTat

p=

%p
3nm

0= o, V% } IS@F Vo @1 (L] e 1)

\F g

Bennuuny N|S(g)|? MOXHO M3MepUTL Ha ONLTE C MOMOILLIO /M-
(paxLMHu PEHTreHOBCKHX Jyueli, a 3HaueHUe V, (g) MoxeT GHThb BRIYMC-
JIEHO JJA psjia MeTa/lIoB.

UucneHHOE HHTErPUPOBAHHE 3THX BEIHUMH JaeT JJs KHUJAKOI'O
IIMHKa 3HaueHHe p, paBHoe 39-10-¢ om-cm, 4YTO XOpOLIO COOTBETCT-
ByeT 3KCIEePUMEHTAJbHO HaiifieHHo# BesunuuHe 37 -107€ om-cm.

11.19. [as Ttoro yrtoGhbl mnpou3owesn NpPoGOH, 3JEKTPOH JOJIKEH
COBEPIIMTL Nepexox yepe3 o0JacTh 3anpellleHHbIX 3HAYeHHUH 3HepruH.
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B sTolt 06s1acTH OH HMeeT MHHMBIH BOJIHOBOH BEKTOP H OIIMCLIBAETCA
SKCIIOHEHLNaJbHO 3aTyXaloled BOJHOBOH QyHKuueH

lp — wbe-ik.v ~z g—Kx
(K — meiicTBuTENbHOE). 'aMHU/IbTOHMAH COAEPXKHUT UJIEH, [POIOPLLHO-

. o 1
HaJIbHbIH JIOPEHUEBOH CHJIe vc—’UXH, rje v — CKOpPOCTb 3JIEKTPOHA,

a H—wmarHurHoe nosie, KOTOpoe (B IEPBOM NpPUG/IMMKEHHH) U BhI3b-
B4eT Mepexof.

Jlas pemleHus 3ajaud oGpaTHMCH K aHaJOrud ¢ npooeM 3uHe-
pa — nepexo oM 3JIeKTPOHA Yepe3 Gapbep MOJ BO3AEHCTBHEM 3JIEKTDH-
yeckoro noJs. Mcnonb3ys BOMHOBYIO (DyHKUHIO IIPUBEIEHHOrO BhLILIE
BHjJa, [OJyuydM c¢ mnomoitbio Metona BKDB (merox Benuens — Kpa-
Mepa — BpHitio3Ha) BepOSATHOCTL MEpexoja JJis 3J1eKTPOHA

P=exp[—le i ],

rae F — peficTByoll{ass Ha 3JEKTPOH CHJId, @ — IIOCTOSIHHASA DelIeTKH.
Takum o6pa3zoM, TyHHeJbHbIH 3PHEKT MMEET MEeCTO NpPH YCJIOBHH
e& Fa
sl
&z
B cnyuae maruurHoro nons F ~=uvH/c, u, cyutas sHepreTHyecKHe
noBepxHOCTH cdepamu, UmeeM v=iks/m. CrepoBaTesbHO,

ﬁk aH
eg —F—.,‘ l,
me &g
H TaK KakK k2 M0 NOpAAKY GJHM3KO K efUHHIEe, TO
hmcg,;
&z
_Jlnsg nosielt, JOCTHXHUMBIX B /1a00paTOpPHBIX YCJOBHAX, IIpoboil
BO3MOKEH, TOJILKO €C/H BenuunHa &, COCTABAAET MaJble AOJMH 3JeK-
TPOH-BOJIbTa. TakHe MaJible sHepreTHYeCKHe IiesH OOGLIYHO CO3Aal0TCA
CnHI-0pGHTANLHBIMH B32HMOJEHCTBHAMH B TaMHJLTOHHAHE.
11.20. a) IlepBoe mnpuOGnuKeHHe TEOPHH BO3MYIUEHHH daeT A
3aTpaThl 3HEPruH Npd 0Opa30BAHWHM BAKAHCHH CJefyioulee BhIpa)KeHHe:
ke §
r— 2
Agv_ﬁé S V () 4nr? dr,

0

> 1.

aneck R — paguyc chepsl CBOGOJIHBIX 3JIEKTPOHOB, V (r) — BO3MyllleHHE
NOTeHUHaJbHOR 3SHEPrHH OKOJIO BaKaHCHH, RE/3n? — HeBO3MYLIEHHAA
IJIOTHOCTb 3J1eKTPOHOB. IIpHM HAJMYHM BO3MYLIEHHA ACHMIITOTHYECKHH
BHJ BOJIHOBHLIX Q)YHKUHH H3MeHAeTCHA

oT r-tsin(kyr —Yyln) no rtsin (kr 4+ —1/pln),
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rae [=0,1, 2,..., an;,—$a30BLiil CIBUr NapLHAJbHOH BOJHBL C HOMe-
pom [. Otu a3oBble CABMIM MOAYHHAIOTCHA NPABHJY CyMMHPOBaHHS
®pupens [85]

2
Y@+ (k) =—1;
]
3JleCh CHUTAaeTcd, 4YTO B OJHOBAJIEHTHOM MeTaJJi€ BaKaHCHA HMeEET

H306LITOYHYI0 BaJeHTHOCTb — 1. B GopHoBcKOM npubixxeHuH JeBas
4acTb BbIPaXKEHMA paBHA

R
k
- hi:’:: % V(r) 4nr?dr,
0
oTCloja "
, %% 2
Agv = W = '3* gF.

K 3toMy MBbl JO/MKHB J00aBHTb H3MEeHEHMe SHEpPrHH BCJelCTBUe
BHIX0Jla CMEHIeHHOro MOHA Ha IIOBEPXHOCTb Cephl U, cJeloBaTesbHO,
u3-3a yBeauueHus obwvema. Jsisa N cBOGOAHBIX 3/EKTPOHOB B JAHHOM
o6veme V cBoGoaHas sHeprus paBHa %/;N&p u &p nponopuuoHainHa
V—2/3, TlosTomy uameHeHuio oOpema OV coOTBeTCTByeT H3MeHeHUe
YHepruu

» 2 3 14 2
Agv=——3-—5"N8F§V= ——S‘gF-

Orciona ciepyer, 4To 3Heprus o6pa3oBaHHsl BAKAHCHH DaBHa
A8, =AE, + A} = ,1‘35 &
6) dnemenrtapHan Teopusa [lebas AJsi M30TPONHOro TBEPAOro Tesla
Jaet
QU h ( 3 )1/3

T Q' ky \dn

rie U;— CKOPOCTh 3ByKa, § —ofbeM aToma. M3 3Toro pesyJbrara,
Bblpaxasi CKOPOCTb 3ByKa 4epe3 cKopocTb PepMu vp claelyIOmuM
obpa3zoM (cm. 3azasy 11.10)):

0. — Zm \l/2 v '
s \Iom £
N MeTalsa ¢ BaJleHTHOCTbIO Z W Maccod aroMa M mnoJyaum

h 3\1/3 7 Zm \1/2
8=—p ()" (S Um
kgQ'/s <4n> <15M>

CJIEJIOBaTeJIbHO, AJIA OJHOBAJIEHTHOIO MeTaJlJa

o=t 2\ L (2
kp \4x) @/ \15M | °



IloacraBasis pesyabrar (a), HMeeMm

e=£ EAYOR 2AE\1/2
ky\dn} Qr\ M )

IlosTOMY OTHOIEHHE

___ 8
(A&F/Mg’h)‘“

JHO/DKHO  ObITh  NOCTOSIHHBIM.  PesyasTaTsl nojcuera JaHsl B
taba. 11.20.2, (TlorpewHocts, KOTOpas cocTasaseT okoao 109, MoK HO
OTHECTH 3a CYET TOYHOCTH M3MepeHuit A&y.)

Ta6aumwa 11.20.2

. ( Ay \—1/2 . Ay \—1/2
Merann | ©, °K |Aéy, 38 | © m) Merann | 6, °K | A&y, 20 €@ (m)
Au 165 0,94 34,2 Al 428 0,75 328
Ag 225 1,09 32,0 Pb 94,5 0,53 32,7
Cu 245 1,17 32,2 Pt 229 1,4 372
Mg | 406 | 089 3383 Ni | 441 1,5 33,1

Ecan npunsrs, yto Temneparypa naasJjenHsi T; NPONOpUHOHAIbHA
A€y, To nonyuaem cooTHomenue JIuuaemana [101]

[Ty
6 =const \m) .

12. JHepreTHueckas 30HHAs CTPYKTypa

12.1. YpaBHenue Ulpeaunrepa Ansi 3TOrO CJAyyasi HMeeT BHA
L +[E— V(¥ =0, te V(0)=V (x+d).

3ro puddepeHuuansHoe ypaBHEHHE BTOPOro NOPAAKA HMeeT JBa
HesaBHcHMbIXx pemeHust ¥y, u W, Ecam kakasn-nu6o pynkuus ¥ (x)
SIBIAETCS pEelleHHeM 3TOro ypaBHeHHs, To pyHkuus ¥ (x4 d) Takxke
ABJaAeTcs ero peeHneM. B obmem ciayuae

¥ (x+d) = ay 'V (x) + o' (%),
¥, (x+d) = oy ¥; (x) + an¥; (%),
Ile o — KOHCTAaHTH, Onpeje/sieMsle BelHunHamu & u V, BXopsmuMu
B 3T0 YypaBHEHHE.
Hckomoe pemende ¥, oueBHIHO, sBJIAETCA JHHEAHOH KOMOHHa-
uueit ¥, u ¥,:
¥ =AY, (x) + BY, (x) = u (x) exp (ikx).
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Taxum obpa3som,

exp[ik(x+d)] - u(x+d)y=AY, x+d)+BY: (x+d)=
= (Ao; + Bayy) ¥y (1) 4 (Aays 4+ Bogy) ¥, (x) =
= exp (ikd) - exp (ikx) - u (x) = exp (ikd) - [A¥, (x) + BY, (x)].

IpupasuuBas xo3dpduunentn npu ¥y (x) u ¥, (x), nonyuaem cucremy
ypaBHeHMH LA HaxoxjeHHs A u B:

Aoy —exp (ikd)]+ Bay, =0,
Aoy, + B [a,, —exp (ikd)] =0.

Jlast Toro 4to6H 3Ta clcTeMa HMesa HeTpUBHAIbHbE PellleHH s, 1eTepMHU-
HaHT, COCTaBJeHHbIT H3 KoxpduuventoB npu A u B, nomxen o6pa-
aTbCs B HyJb, T. €.

Gy —exp (ikd) COay -0
Qo Qay —exp (ikd)| — °

D10 KBajpaTHOe OTHOCHTeNbHO exp (ikd) ypaBHeHHe, uMelollee 1Ba
KOpHsl, KOTOphle COOTBETCTBYIOT JIBYM HE3aBUCHMBbIM pellleHHsiM. 3Ha-
YyeHHsl k, oNpejensieMble 3THM KBaJpaTHHIM ypaBHeHUeM, OyIyT
BEIeCTBEHHEIMH HJIH KOMILJIEKCHEIMH B 3aBHCHMOCTH OT 3HAYeHWH
CoBOKYIIHOCTb peIleHMH C BellecCTBeHHHIMH 3HayeHUSIMH B COOTBETCT-
Byer QyHkuHsaM bJaoxa.

OTMeTuM, YTO [OJKHBl CYLIECTBOBaTb M JpyTHe pellleHHs, H
OHHM TOJEe3Hbl NPH OOCYXIEHHH TAKHX COCTOSIHMH, Kak CBSI3aHHbIE
COCTOSTHMSI Ha cBOGOJHOH MNOBepXHOCTH . TBepaoro Tesna. OnHako oHM
He COOTBETCTBYIOT CTAllHOHAPHLIM COCTOSTHMSIM 3JIEKTDOHOB B pelleTKe.
3HaueHHs k onpejlesleHH C TOYHOCTBIO JO ciaaraeMoro £ 2mn/d, rpe
n—uenoe uucio. B cayyae TpexMepHOH pelleTKM BOJIHOBOH BEKTOP
3JIEKTPOHA K onpepnesieH ¢ ToyHoctelo g0 K,, rae K, ynoBneTsopsier

YyCJIOBHIO
Ri ) Kn = 2“p,

p—uenoe uucao, R;— BeKTopH pelleTkH. TakuM o00pasoM, Mkl
JOJDKHH PACCMOTPETb TOJIBKO 3HAaueHMs R, Jexaulne BDHYTPH HJM Ha
TIOBEpXHOCTH fYeHKH (B oOILEM cayyae MHOTOrpaHHHKa), obpas3oBaH-
HOM MJIOCKOCTSIMH, KOTOpble JeJT IONOoJaM JIMHHH, COeIHHSIONHE
y3eJ pelleTKH € ero «OJIHMANIIMMHU COCeLSIMH», COCeAAMH «OJIKaM-
LIKHX coceneft» M T. 1. Jra svefika Ha3piBaeTcsl nepBoi 3oHoii Bpui-
JIIO3HA.

Jlns rpaHeleHTpHPOBAHHON KyOHYecKoH pellleTKH o6paTHas perier-
Ka — 06beMHOLIEHT DHPOBAaHHBIH Ky6, M IJs 3TOM CTPYKTYphl 30HA
Bpunmosna npencrasiser coboit siveiiky Burhepa — 3eiitua.

Eciu B orpaHuyeHo 3HAYeHHSIMH BHYTDH HJIH Ha IIOBEPXHOCTH
30HbI, oOOllee BHIpaxkeHHe 3anumercs B Buie R+ K,, rie K,—
IIPOM3BOJILHBIE BEKTOp O6GpaTHOfl peleTKH.
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12.2. B npuGmmkeHHH CBOGOAHLIX 3JEKTPOHOB 3HEpreTHYecKHe

COCTOAHIA 331al0TCA COOTHOIlIeHHEM

12
€= 2m

rae
2n 21
k.v =L Ny, ky =1

k2,

2

Ny, k,==n;

L

L — nnmna pe6pa xpucTania, uMewouiero gopMy xkyéa; n,, n,, n,—

neJLie yxcaa, T. €. 3HAYeHHA R AB-
JIAIOTCA KBA3HHEIN pepbIBHLIMH.
Takum o6pasom, paspeli€HHhLE
. COCTOSIHHSI MOKHO INPEACTaBHTb CH-
cTeMoll TOueK B R-NpOCTpPaHCTBE, C
(L/2m)® Toyex Ha elAuHHLY OO6BeMa.
IloeepxuocTs PepMu NpEACTaBASET
coboi chepy panuyca kr, comepxa-
uryi0 NZ 3/1eKTpPOHOB. DTH 3JEKTpO-
Hbl TION2pHO BLIPOXK/EHHI, TaK YTO

3 4 _,,
2 Bos . T{ﬂkF ﬂNZ,
OTCroJa
ke={0% zn2>" } — BnZay),

rAe N — 4IC/I0 3JeKTPOHOB B €IHHH-
e ofbvema.

PesynbTaTsl rpaguyeckoro perue-
HUSA 33]aYd /IS MJIOCKHX 30H Bpui-
JI03Ha NpHBeleHbl Ha puc. 12.2.1.

12.3. Tpanuuamu nepBOH 30HbI
BpuaniosHa pans  ogHOMEpHOH  pe-
IeTKH C mnepuogoM d ABJSAIOTCA
TOYKH, HaXOAsIIHecs Ha paccTos-

)
»

/

N

aj

AN N p
E AN

8

Puc, 12.2.1. Cxema noBepxHocTeit

QepMH AAA ABYMEpPHOH KBagpaTHOH

pelleTKH C ORHHM, ABYMS, TpeMs X

9eTHPLMA EKTPOHAMH Ha aToM (a)

H A1 JBYMEpDHOH pelleTKH ¢ de-

TBIPbMSA 371eKTPOHAMM Ha aTOM B Iiep-
Bo# 3oHe Bpuamosna (6).

HMH ~*/d OT Hayaja KOOPAHHAT; T'PaHHUbI MOCJAEAYIOUHX 30H HaXO-
IATCA Ha paccTosiHMsiX, KpaTHhix & q/d. Takum o6pa3oM, 3HauyeHHS
BOJIHOBOTO BeKTOpa B INPOU3BOJILHOH TOYKE 3aldlOTCH BhIpaX<EHHeM

14 2n
k=?+7ﬂ,

rie n=0; *=1; =2; =3 urT &

Ecnu 6Gpate napu 3HaueHHH:

0, —1)% (1, —2); (2, —3) u T. 0., TO BOJHOBblE (PYHKIHH, COOT-
BETCTBYIOLUIHE 3THM 3HAUGHHSM R, HMEOT BHA

exp (i »g- x) exp (i 3 x)

d
exp(—i —:x)

exp(——i%}x) ! exp(-i%x)

. bre
exp (l "a— X)
H T. I.



ITockonbKy s 3THX yHKUKA
g *) =ﬁ2k2

2m?

TO COOCTBEHHLIE 3HAYEHHS I[ONAPHO BLIPOMAEHHI:
h2. n2 flﬁ.gnﬁ H2 . 25n2
2md? ' 2md? ? 2md?

IMpy HanMyud MajJoro BO3MYIIAIOUIEr0 NOTeHuHMana V wuckomoe
pemenHe Bce eume uMeer BHA ¢ynxkuuit Baoxa. Pasnaras ero B psg

10 HCXOAHLIM BOJIHOBEIM (PYHKUHSIM, HMEIOWUM BHI IJIOCKHX BOJH, H

OrpaHHYHBasiCb B Pa3JIOKEHHH BOJHAMH, KOTOpbIE€ ABJSIOTCA BHIPOXK-
JAEHHLIMH Ha TpaHWLE 30Hbl, NOJYYHM -

‘P=Aexp<i% x)—{-Bexp(——i-;ix).

Ioacrasnss ¢yukuxio ¥ B BOJNHOBOE ypaBHEHHE, yMHOXas €ero Ju6o
na exp (inx/d), au6o Ha exp (— inx/d) H MHTErpHpys pe3y/bTHpPYIO-
mee BhIpaXKeHHe, NoJyYaeM CHCTEMY YpPaBHEHHH

/ Fi2p2 ;L
Aké’-———)——BV —0,

H T. .

2md?
—AV’+B<8 "2“2)_—-0,

" 2md?
rae V' —xospduunent dypve noreHuuana V, cOOTBETCTBYIOUHH BeK-
Topy 2n/d obpaTHoit pemetku. [lonyuaeM caenyioue 3HayeHHs &
u A

TakuM 06pa3oM,

Hacrosinuit Merol npHMeHHM Ais Jii06Or0 M3 BEIPOMKAEHHBLIX CO-
CTOSHHH HAa TpaHHue 30HHL,

Topasgo npome BOCNONB30BAaTLCH COOOPaXKEHHAMH CHMMeETpuH,
NOCKOJLKY BOJIHOBas (YHKIHS, NpeAcTaBJsfiomias coboH JHHEeHHYIO
KOMGHHAUMIO ABYX IJIOCKMX BOJIH, JO/KHA ObiThb JHGO CHMMETPHYHOM
(vetHolt), nH60 aHTHCHMMETPHYHOH (HeyeTHOH) NIPH 3aMeHe KOOPAH-
HaT x——x (MHBepcHs). STH cooOpaxieHH NPHBOAAT Hac K Tpeby-
€MOMY pe3yJbTaTy. .

12.4. B opHOMepHOH pemieTke ¢ nepHoaoM d TpaHuLEl 30H COOT-
BETCTBYIOT CJEAYIOIIMM 3HaueHHsM k: k=t n/d; = 2n/d; ... ¥Ypas-
Henne Byabppa —Bparra 2dcos6=n)A aas oxHOMEpPHOro ciydas
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sanumercd B Buje: 2d=nk, a NOCKOMbKY A= 2n/R, To k= nmn/d
(rae n==*x1, =2; ..).

B TpexMepHOM cJjyyae 3HepreTHyeckHe pasphiBHl 3HEpPrHHM COOT-
BETCTBYIOT TaKHM 3HaueHHsM R, s KOTOPHIX

k2= (k+ K,).

Bexktop K, cBSi3aH ¢ MHJJIEepOBCKuUMH HHAekcaMHu (l/,l3) miockocTed
KPHCTaJ/1a COOTHOIIEHUEM

Takum oGpasoM,

l.k— 2
T

rje

1=V E+5+5=11,

4TO Cpa3y AaeT yCJOBHe GPSITOBCKOTO OTPaKeHHs 3JEKTPOHHLIX BOJH.

12.5. 2ra 3ajaua Gul1a BepBbie NOCTaB/JeHa M pemteHa KpoHuroM
u Ilennu. Korga norenuuas V paBeH HyJi0, pemieHHsIMH ypaBHeHHSA
Hlpennnrepa €BJASIOTCA IJIOCKHE BOJHBI exp (iax), exp (— iax), rze

a=%v omé.

BosnoBas ¢yHKUMA InpeacTaBaseT coGOH JIMHHeHHYI0 KOMOHMHALHMIO
5THX penleHH#H:
¥, = A, exp (fax) -+ A, exp (— iax).

B o6nacti, rie mnoTeHUMas] V uMeeT INOCTOAHHYIO H OTJIHYHYIO OT
HyJs BeJHYHHY, BOJHOBYIO QYHKIHIO MOXHO 3allHCaTb B Bilje

¥, =B, exp (Bx) -+ By exp (— fx),
~ 2V om (Vo —8).

3t QyukuuH 6yayT cobcTBeHHBIMH (GyHKUMAMH YPaBHEHMS IIPH II0-
JIOKHTEIbHBIX 3HaueHHAX &, Tak uTO BeJHUHHA O SBJSIETCS BEllecT-
BeHHOii; OfHaKO BeauunHa f MoxeT OHTb KaK BelleCTBEHHOH, TaK H

MHHMOH.
3uauenns € onpegensioTcs TPAaHHYHBIMH YCJOBHAIMH B HadaJje

KOOP/AHHAT, TZe BOJHOBaf (QyHKUHMA H ee NPOM3BOJHASA JOJIKHBI ObITh
HenpepLIBHBIMH, M, pa3yMeeTcsl, TaKxe TPeOOBaHHEM OrpaHHYHTLCS
KJaccOM pelleHHi THNa GJIOXOBCKHX YHKIUMH:

¥y (0)=¥,(0), W(—b)=exp(— ikd)¥(d—b),

¥ ¥ dY. e e [d¥
<d—xl)x=o = ( dx2>x=0’ (dx2>x=—b_exp( R\ ) ap®
DTH yCJOBHMS JAalOT COBMecTHOe ypaBHeHue Aasi & u k:
g Vo>§& .
cos (2tkd) =& 7 sh B sinfa (d — )]+ ch B cos [ (d — b)]

2
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g Vo<
cos (2nkd) =

g2 g2
:::%%Fﬁ_mumgmmﬂau—wn+cmququau—bn
Co6cTBEeHHble 3HAYEHHHA, COOTBETCTBYIOULHE MOTOJKY BEPXHEH 30HBI H
JHY BTOPOH 30HBI, COOTBETCTBEHHO PaBHbI 2,32 u 4,31 38.

12.6. Koraa nuaockas BosHa exp [i (kx — wf)] pacnpocTpansercs
B paccenBalouieil cpeae, ee $a3zoBas CKOPOCTb w/k, a rpynnoBas cKo-
pocts dw/dk.

BosHOBas MexXaHHKa II03BOJIseT HHTEPIPETHPOBAaTh TO XKe ABJle-
HHe B TEDMHHAX JIOKAJIM3OBAHHbIX YACTHIl NPH YCJIOBHH, YTO TaKyio
YacTHLY Mbl paccMaTpHBaeM Kak BOJHOBOH NaKer; JIOKaJH3auus
B IPOCTPAaHCTBE JOCTHraeTcsi B NPEANOJOMKEHHH, YTO BOJIHOBOH MakeT
npeicTaBiseT coGoi Cyneprno3uLHI0 MHOTHX MJIOCKMX BOJH, a cpepn-
HfIS CKOPOCTh YacTHLbl MAEHTHUHA TPYNNOBOH CKOPOCTH BOJIH,

Hrns TpexMepHOro ciaydas NPHBEJEHHOE BhIIIE COOTHOLIEHHE AJISA
rPYNNOBO# CKOPOCTH 3amuiueTcss B GoJjiee OOUIEM BIiAe

U =grad o.
Inst nJocko# BOJHBI  MMIYJbC ONpPEAEJNSAETCH COOTHOUIEHUEM
-y O . .
— il 5 exp [ (kx —wf)]=hk, a 3Heprus & = . CKopocTh BOJIHOBOIO
nakeTa MoxeT ObiTb 3anHcaHa B BHJE
v=grad, & =#'grad, 8.
Eciy 30HHas CTPyKTypa KPHCTaJsla H3BECTHA NOJHOCTbIO, T. €. W3-
BECTHbl BCe 3HaueHus 6 A KaXioro B, TO, NDHMEHSSI NPEAJIONKEH-
HyW BhIe ¢OpMyJay B CJyyae CTaUMOHAapPHOrO COCTOSIHHS, MOXHO

NOJIYYHUTh CPEAHIO CKODOCTh.
Ec/iM 37eKTPOH HAXOAHTCS BO BHEILIHEM 3JEKTpHYecKoM nose E, To

‘% =E. o,
E (ngrad, ) dt — d€ —grad, & - dk,
nek _ E.

3TOT pe3ysnbTaT O3HAUAeT, YTO peaklus Ha JeHCTBHE BHEUIHEH CHJIBI
TakKoBa, Kax OYATO 3JeKTpPOH o6JajaeT uMmnynncoM fk. Jlns ycko-
peHUs HMeeM

do dé

- =htgrads o, =N grads (E-grad, 6).

CpaBHHBasi 3TOT pe3yJbTaT C YypPaBHEHUEM JBHMEHHSH, H3BECTHBIM
B MexaHHKe, Mbl MOXEM 3alHCaTb KOMIOHEHTbI YCKOPEHHS B BHJE

3
dv; 1
af 2 (H"‘—)UE"'
=1
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rjle KOMIIOHEHTH TeH30pa 35¢heKTHBHBIX MacC paBHHI

(_1 ) _ g2 O€
\m* Jij Ok; Oky *

12.7. Puc. 12.7.1, a npexacraBnsier co00Oi KapTHHY H3MeHeHHS
SHEPrHy B 30HE BJOJbL OJIHOrO HanpaBineHuss B E-npocrpaHcree. Or-
CIOla HAaXOAUM, YTO €CJH YHCJO BaJeHTHHIX SJEKTPOHOB Ha aToM

|
kK k=0 Ay
6)
Puc. 12.7.1. DHepreTHueckue 30HB M NOBepXHocTH @epMH, HIMOCTPHDYIOIHE

MeTa/nHuecKne (@), AHdJIEeKTpHueckHe {6) H NONYNPOBOXHHKOBLIE (g) CBOACTBA TBEP-
JILIX TeJ.

SIBJII€TCH JOCTATOYHLIM, YTOOHI 323N0JHHUTh COCTOSIHHA TaK, 4rolul ypo-
penb ®epMu (NYHKTHp) NpoXoAua, Kak B cJaydasax [ wiad 2, TO
BelllecTBO sIBJsieTcA MeranjoM. Ecan ypoeeHb Pepmi NpOXoIHT, Kak
[I0Ka3aHO B ciayyae §, T. €. HaXOAMTCA BHYTPH 3alpEelleHHOH 30HH,
TO BEILECTBO SBJIAETCH JAHIJEKTDHKOM.

s Toro utobnl KpHCTaJsa Gbll AM3JEKTPHKOM, ypoBeHb Pepmu
JI0JDKEH OKa3biBaThCsl B 3aNpelleHHOM 30He s Beex 3Havenuii k. asee,
1715 GOJIbIIMHCTBA AM3JEKTPHKOB HMECTCH LIMPOKasi, [IOPSAAKa HeCKOoJb-
KHX 5J€KTPOH-BOJIbT, SHEPreTHYecKas liejb MEeXAy BaJEHTHOH 30HOH
M 30HOH NpOBOAMMOCTH. Ecou 3sHepreruyeckas Iie/b Yy3Kas, TakK 4TO
9JEKTPOHBI MOCYT NPH TEIJIOBOM BO3DYXXAEHHH NPEOJOJEeBaTh €e He-
TIOCPEACTBEHHO WJIM NPH NOMOL{H NpUMeced (3JEKTPOHBI MOTYT 3aHH-
MaTb SHEpreTMyeckHe YPOBHM IIPDHMECHBIX aTOMOB BHYTDH LieJH) H,
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C/1e[0BATE/ILHO, NONACcTh B HTOTe B 30HY NMPOBOAHMMOCTH, TO BELECTBO
obnagaeT MQJYyNnpOBOAHHKOBLIMH CBOHCTBAMH.

Jas MeTansoB M MoXeM H300pasuTh B R-IPOCTPAaHCTBE NOBEPX-
HOCTh, KOTOpasi SBJAETCS IIOBEPXHOCTHIO MOCTOSHHOH 3HEPrHH Ha
rpanune @epmu. Jaa gByMepHoro ciyuasi, IOKa3aHHOTO Ha
puc. 12.7.1, 6 u 8, sHepreTHueCKHe 30HH H HOBEpPXHOCTH PepMH H30-
GpaxkeHbl Aas HanpaBaewuit [1,0] u [1,1].

B naHHOM ciyyae Tak Ha3biBaeMble KapMaHLI — COBOKYIHOCThL 3a-
HATHIX COCTOSIHHIl BO BTOpOH 30He Bpu/osHa (3auepHeHHhle 06.1a-
CTH B) —B TO e BpeMsl NPHBOAAT K NOSBJIEHHIO «NYCTHIX» Kapma-
HOB — COBOKYITHOCTH He3aHSThIX COCTOSHHH (IBIPOK, O6G0O3HAYEHHBIX
6ykBoii A). O6a THIa KapMaHOB 06pa3ylTcs OGLIMHO BOIH3H I paHHIL 30-
HBI, T7le XO1 H3MEHEeHHs SHEPTHH B 30He 3aMeTHO OTJIHYaeTcs OT napao-
Juyeckoro H rae 3¢hdekTHBHAA Macca 3HAUHTENLHO OTJIHYAeTCs OT
Maccel CBOGOZHOrO 3/eKTpoHa. BcnencrBHe GHM30CTH KapMaHOB K 3a-
npelleHHLIM 06/1aCTAM 3HEPTHH YHCAO 3P(EKTHBHLIX HOCHTeNeH TOKa
B TAKHX CIy4yasiX HeBeJHKO.

12.8. KoMnoHeHTs! TeH3opa 3¢theKTHBHOH Maccel MOryT GbITh MOJY-
YEHBI H3 KOMIIOHEHT TeH30pa oOpaTHuX 3(p¢deKTHBHLIX Macc. Heuyne-
Bble KOMIIOHEHTHI TeH30pa 3((eKTHBHBIX MacC HMEIOT BHA

1 ®Lzz
Mex=—"—", myy, = —— T s
Oyx @y 0, — 0,
Qyy Qyz
mzz = 3 myz = mzy 2 .
Cyy% 2z — %z FyyPzz — %z

YTo6sl ONpeResnTh BHA SHepreTHYecK X noBepxHocTel, HAaA0 paslio-
*uTh € (k) no k B HMXKHell uacTH 30HHL. Mcnone3ys pasnoxewe
B pAx Tefimopa u paccMaTpHBasi uJieHsl NMOPAJKA HE BHINE BTOPOrO,
noJsyyaeM

&k °+2 k‘+22632§k kiky.

I'Ipezmonome YTO JHEPrHsl OTCUHTHIBAETCS OT HHXKHEro Kpas
sonsl (§,=0). Torga BKJax YJEHOB C MEpPBOH MPOM3BOAHOH oGpa-
waercs B HyJb, NOCKOMbKY & B ofeM cayude sBISIeTCS YeTHOH
¢yHkuneit 2. Bropbie npousBogHme oT & NMpPOMOPLHHOHANBLHBL KOMIIO-
HEHTaM TeH30pa oOpaTHelX 3(QEKTHBHEIX Macc (cM. 3ajgauvy 12.6).
CrenoBartentHo,

1 s °
&= D} h? (axxk; + ayykf/ + azzki +- Qa.vykykz) ’
H, C/IeIOBATENLHO, NOBEPXHOCTH MOCTOSIHHONH 3HEPTHH HMEIT (GopMy
3JIJIMIICOHAOB.

12.9. Ecau 3anmHcaTh noTeHuHaJbHyl 3Hepruio V (r) kKak cymmy
BKJIAJOB OT BCEX aTOMOB B 3/IEMEHTAaDHOH suefike KpHCTansa, TO

Vin= Zu(r S,
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aneck V (r) —nepuonuueckas (yHKUMS C NMEPHOIOM peuleTkH. Besu-
YHHBI §;, BXOASLIME B aPryMEHThI U/J€HOB CYMMBbI, NIPEICTaBAAIOT COOOH
BEKTODbI, OnpefessiollHe MOJIOXKEHHEe ATOMOB B siueike. Torjga

V() =XV (K exp (K, r) = ZZ (Kn) exp [iKn- (r —s))]=

Z Kn) S n) exP (lKn * r)!
rae S (K,) — CTPYKTypHBI# ¢akTOp:
S (Kn) =D exp (— K, 8).
{

B cayuae rexcaroHaJpHOH NJOTHOYNAKOBAHHOH CTPYKTYpHI IOJO-
XKeHHA ABYX aTOMOB BHYTDH aTOMHOH siuefiKM 3aJaiOTCs BEKTOpaMH

1 1 1
§1=0, S=ga+ ga+5as

i€ a1, @, G3— eIMHHYHBIE BEKTODHI, HANPABJEHHLIE BJO/b pe6ep
stueiiKiy BpaBs paccMaTpuBaeMo# CTpPYKTYpHI.

Jlns mo6oi TOuKH, HAXOASAIEHCsS Ha reKcaroHaJJbHBX IPaHsX 30HLI
BpunmosHa, cTpYKTYpHbIH ¢akTop obpaiiaercss B Hy/Jb, NMO3TOMY Ha
3THX IPaHAX B 3HEPreTHUECKOM CNEeKTpe HeT pa3pLIBOB H, CJ/eJ0Ba-
TeJbHO, 3aNpelleHHble HHTEPBAJ/Jbl IHEPTHH OTCYTCTBYIOT.

12.10. Urobut noayunts Tpebyemyio dopmy ypaBuenus [penun-
repa, HyXHO clenaTb NOACTAHOBKY

Y.e (F)=exp (ik-r) tne ().

[Tocne nopcraHOBKH ypaBretine [lipeaunrepa MoxeT GHTH 3aNMHCAHO
B Bule

(J‘*‘J ) Uns (r) = nunk (r),

rae A
P ' P
o?i"=2;+V(r), H = ~£,
& —&, (k) —F

s manbix k Mbl paccMarpuBaeM <’ KaK BO3MyLIEHHE M pas-
Jaraes i, (#) no nosHoi cucreme GyHKUHMH u;y (Bce i), onmpeaeeH-
HeIX npH B=0. I[lo Teopuu Bo3MyIEHHH

’ ’ ’ @971 ;n’@%;l’rl
A (k)=gn O)+H 7+ Z W’
ntn
rjge .
Jr’m’ = _——hk : p,;:n’ (0‘) s Pnn (k) = Su:k (r) (_" iﬂV) Unk (r) dr

AIBJSIIOTCS MATPHUHLIMH 3/JE€MEHTAaMH OMNepaTopa HMOYJbca MeXAY
(GYHKIHSMH, COOTBETCTBYIOUIHMH rpaHHuaMm 30Hbl, Korga kB=0. I[Ipu
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k=0 BooOLle HET uJI€HOB, JHHEHHLIX no K, H

fi2k2 h2 k- nns 0)-%- n'n 0
€, (k) =6, O+ 57 + 72 pg ((()))_g p(O)( .
n’£n " "’

310 BhHIpaXKEHHE MOXET ObITh 3aMHCaHO B BHJIE

fi2k2
g(k)=8(0)+2_m_:.,
rjae
(@) (B)
1 _ Bap 2 Pnp (0) pprr, (0) .
(ﬁ)ua_ m T m £ o€, 0 *bB=nuez

Ecan umeer MecTo B3auMojeiicTBHE MEXJY 3JeKTPOHAMH Da3HBIX
-30H, Hanpumep I u 2, TO

1 _M__(L Bap
(mx)uﬁ m mz)uﬁ—*_ m

u 3bdpexkTHBHBIE Macchl 6YAYT paBHHl Mo BeauuuHe. Hanpumep, B rep-
MaHuu 30deKTHBHAas Macca m, 3JEKTPOHOB MOYTH H30TponHa (3TO
OTHOCHTCH H K 3(PQEKTHBHOH Macce IBIPOK m,). IJKCIEPHMEHT [aeT
m,=0,036m u m; = 0,042m.

12.11. PyHKuMA noTeHuMaJbHOH 3Hepruu B ypaesHeHiH lpexus-
repa o6;ajaeT CBOHCTBOM

V(r=V(r+R),

rie R; — TPaHCJASAUHMOHHBIA BEKTOP KPHCTAJHYeCKOH DeLIeTKH.
Pacemorpum rpynny TpaHcasuuii, T. e. omepauns cummerpHu T,
¢ MOMOUIBIO KOTOPHIX KPHUCTAJJHYECKOe IPOCTPAaHCTBO II€PEHOCHTCH
Ha BekTOp R;:
Tir=r-+R;.

Ouerngno, uro ¢yHxkuus V (#) MHBapHaHTHAa 1O OTHOIIEHHIO K 3THM
onepauusaM. CieloearteslbHO, onepaTopu T; KOMMYTHPYIOT ADYT € APYy-
roM H C raMuJbTOHMAHOM. TakuM o6pasoM, pemeHus ypasHeHus Ilpe-
JUHTepa SABAAIOTCA TaKXke COOCTBEHHBIMH GYHKUMSMH omepatopa T

Ti¥e () =An¥e (),

rie Ajp— co6CTBeHHbIE 3HaueHHs onepatopa T, OHM MOryT OHITh 3a-
TIHCaHBl B BHJE

}»,-,,zexp (thl)

Ipuvenenue ABYX mnocaefoBaTebHBIX TpaHcasauuit T;-T; cBORMTCH
K ymHOXeHHI0 Wy (#) Ha Aphje =exp[ik- (R;+ R;)]. Taxnm o6pa3om,

W (r-+ Ry) = exp (k- R;) Vi (7).
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Ecau Mol onpenensieM ug (r) Kak
ug (r)=exp (—ik-r) ¥, (),

ur (r)=ux (r+R))

u W (r) umeer BHR OyHKuuu DBioxa

TO

Wi (r)=exp (ik-r)ux (),

rae GYHKUHH Uy (#) MMEIOT TY K€ NepHOAMYHOCThL, UTO M pelleTKa.

Haa GecKOHEUHOrO KpHCTalla KOMIJIEKCHLHIE 3HaueHHs K 14T
pellieHIis, KOTODble ClefyeT OTOPOCHTb, TaK KaK OHH NPHBOAAT
K (yHKU1AM, HEOrPAHHYEHHO BO3DPACTAlOIMM II0 HEKOTOpHM Harpas-
nennaM. OnHako Ans KOHEYHOH pewerkd, T. e. Aas o6pasua,
UCII0.1b3YEMOro B J1a6OpATOpPHH, HJIH /ISl TOHKOH IJIEHKH, TOJIIHHA
KOTOPOH MOKeT COCTaBJATb BCErO0 JIMIIb HECKOJNbKO MEXATOMHLIX
paccTOsIHIH, 3TH pPellleHHs C KOMILIEKCHLIM R MOTYT MrpaTh BaXKHYIO
poJib NDH TPaKTOBKe HalmoaeMHX GH3HYECKHX CBOHCTB 00pasua.

B GeckoHeyHOM KpHCTaJj/ie BEpPOATHOCTL HAXOXAEHHHA 3JEeKTPOHA
B moboii suejixe oguHaxoBa. Cam 1mo ce6e nepHORMUECKI(H NOTEHIHA
He JaeT pacceAaHUs 3JIEKTPOHOB, NPHBOAALIEIO K 3JIEKTPOI POBOAHO-
CTH METaJlJIOoB.

12,12, BekTtopbl ofpaTHOH pemeTku ans 3Toil 3agaun: 0; £2;
+4, +6... [loTeHuuan HMeeT BHA

V (%) =—3 —2cos 2x = —3 — 2 [exp (2ix) 4 exp (—2ix)]/2.

Takum o6pasoM, HMeeTCH TOJbKO TPH HeHyJeBblX KoxbipHIHEeHTa
Dyppe: V(0)=—3; V(2)=V (—2)=—1. Ecau BoaHOBasg GyHKUHSA
pas/jo)keHa Mo IJOCKHM BOJIHAM

Yo ()= 3)v (k+ Ko exp i (k+Kn) 1]

Kn

H B TAKOM BHA€ IOACTaBJeHA B ypaBHEHHE IIIpe}erepa, TO aeTep-
MHHAHT AJ8 3HEPrHH HMEET BHJ '

| th—H2—3—¢ —1 0
—1 (k—22—3—¢ —1 0
0 —1 k23 -& —1 -0
0 —1 k+22—3—8& —1
0 —1 k+492—-3—¢

IerepMuHaHT o6pamlaeTrca B Hy/b, KOrJaa &€ sBiseTcs ORHMM H3
MHTEpeCYIOUMX Hac co6cTBeHHbIX 3HaveHu#. [dns k=0 paccmaTpu-
BAaeTCH HEUEeTHOE UYHCJO BOJIH, TOrAa KakK ans k=] (coctofinHe Ha
rpaHule 30Hb) AMAroHaJbHHE WJeHbl PaCIIeNJIAIOTCA Ha Napbl OAH-
HAKOBLIX U/IGHOB H B pasJioXKeHHe BXOAHT UETHOE WYHCJO BOJH.
Pe3y/ibTaTel A5 PA3JMUHBIX YHCEJ BOJH H DA3JIHYHBIX 3HAUEHUH k npu-
BejeHsl B taba. 12.12.1.
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Ta6anna 12.12.1

k| vom €
00 | 1 —3,00
3 —34495 1,00 1,449
5 — 34551 00172 13715 1308 1308
7 —34551 09170 13713 1296 1303 3305 2313
o5 | 3 —32056 —0,3731 34187
» 5 —33073 —04625 33486 935 1732
0 | 2 —300  —1,00
4 —31098 —1,1400 6,108 6,142
6 —311025 —1,1409 6045 6078 2206 22,06

CymecrsyiloT [86] TouHbie pelmeHus 3TOM 3ajaud, KOTODbIE JalOT
cnefyomue 3HaueHus &: —3,4551; —3,3075; —3,11025 118 Hux-
Hux yposueit npu £=0; 0,5 u 1,0 cooTBercTBeHHO.

3aMeTuM, 4YTO Ha rpaHule 30Hbl 3HepreTHyeckas wenbs —1,1409 1-
+ 3,11025 =~ 1,97 nouTu BABOE npesbilaeT Kodhduuuent Pypoe V (2),
NOJIYYeHHBIH W3 TEOpPUHM BO3MYILEHHS.

J s 3TOR 3ajayM MOMKHO TakKe IOJYYHTH 3HAYEHHMS COOCTBEHHBIX
¢ynkuuit umnyasca v (R+ K,). Oun npusesens B Taba. 12.12.2 pas
k=0,0; 0,5; 1,0 an1% HauMeHbluero coOGCTBEHHOTrO 3HayeHus. Beau-
yuHH v2 (R + K,) N1pOnopuHoHa/bHbl BEDOSTHOCTAM TOTO, YTO 3.JE€KTPOH
uMmeer umnyJbc (k4-K,).

Ta6awnna 12,12.2

k v (k) v(E—2) | v+ | ve—4) \'(k+4)7
0,0 0,5370 0,122 0,1222 0,0074 0,0074
05 05177 02089 0,0795 0,0166 00039
1,0 0,3965 0.3965 0,0437 0,0437 0,0017

12.13. B npubiaumkeHun CUJBHOR CBA3H B TPeXMepPHOM c/yuyae
BOJHOBYI0 (GYHKIMIO MOXHO 3amucaTh KakK JHHEHHYIO KOMOIHAIIHIO
4TOMHBIX BOJIHOBBIX GYHKUMH (atomHbix opOuTaneil), cOCpeAOTOuYeH-
HpIX BOJIM3YM PA3JIMYHKIX ATOMOB,

¥ () =D exp (k- R) ¢ (r—R).
R;

Ucnoab3ys 3Ty BOJAHOBYIO GYHKLHIO B KayecTBe NMpPoGHOHM, HaxoauM,
YTO cpejHee 3HayeHHE SHEPTHH JO/KHO OBITb PABHO

&= (vt (r) K e (r) dr.



BBoass obosHaueHus

H (Rn)zs(P* (r)g%1(P (r+Rn)dr) S (Rn)=S(P* (r)(P(r—*—R,,) drv
rie uHTerpanm GepyTcs 10 BceMy OOLEMY, mosyyaeM

X exp (—ik-Ry) H (Ry)
Ry

T Y exp(—ik-R)SRY)
R

n

Teneps
Ao (r—R)=(—V2+V) g (r—R) =
=[—V2+U(r—R)] o (r—R)+[V—U (r—R)] ¢ (r—R),

rae V —noteHuuan KpHCTaAIHuecKo# pewerkH, U — aTOMHBIA NOTeH-
1Maja, cocpeJoTOueHHbIH Ha R;, Tak 4ro

[— V24U ("_—Ri)] Ps. (r—Ri)=gA(Px(r—Ri)

u &, — co6cTBeHHOE 3HAUEHHE SHEPTMH ATOMHBIX BONHOBHEIX (YHKIHIA.

OcHoBHBIE NPHONHXEHHMA 3TOrO METOJA 3aKJIOUAioTCH B TOM, YTO
Mbl npeHeGperaeM BcemH S (R,), Kpome Tex, Ajas KoTophix R,=0,
H BCEMH HHTErpasaMH

§oi (r—R) [V —U (r—R)]or(r— R dr,

Kpome cayyasi, xorla R;= R, (OLHOLEHTPOBHIE HHTErpassl) H Korxa
R; v R; —G6nuxa#iune TOYKH peEeTKH (ABYUEHTPOBbIE HHTErPaJbi).
Ilycrs

= S @i (r—R)[V—U(r—R)¢.(r—R)dr,
Br(R) =( @} (r—R)[V—U(r— R)l . (r—Ri— R)) dr.
Torna & umeer Bug
E=8,+a, +;exp (ik-R)) B (R)),

CYMMHPOBaHHE NPOBOAHTCH TOJBKO N0 Gamxaiimmkm cocegsiM. Koraa
¢, ABASAOTCA S-PYHKUHAMH, Bee P, (R;) paBHL:

€=, a,+b dlexp (ik- R)
R;

H A1 O0BEMHOLEHTPHPOBAHHOH KyGHUECKOH CTPYKTYPH CO CTOPOHOM
sJeMeHTapHoro Kyba a cyMMHpOBaHuHe jaeT

&—8&, - a, 8P, cos (—} kxa) cos (—;— kya) cos (% k‘a) .
CrefoBaTeNbHO, IS MaJeX R HMeeM

€ =28, 1 a) 18P, — a2, (ki -+ k- k).
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JHepreTHyecKHe [OBEPXHOCTH B 3TOM CJy4yae IpeICTaBJAIT coOoi
chepnl, 3HepreTHuecKHe 30HBI —NapaGosni, 3¢dexkTHBHAA Macca H30-
TponHa: m*=—1/a%f;.

12.14, IlponymepyeM atomnl B uenouke 0, 1, ..., N. OGo3nauum
4TOMHbIE BOJIHOBhIE (PYHKILMH (aTOMHHE opOuTanu) AJS (-r0 aTroMa
uepes @ (r {) W NpeiCTaBHM BOJHOBYIO (PYHKIMIO A/1S1 LENOYKH B BHJE
JHHelHOf KOMOGuHauuu ¢ (r, i):

¥ (r) = ZCiq; (r, Q).

CoGcTBeHHBIE 3HAUEHHUs MONYYalOTCS M3 OJHO3JEKTPOHHOI'O YpaBHe-
Husa [lpepunrepa
HY—=EVY.

IlopcraBnsis ¥ u npeHeGperast nepekpouiTHEM MexAYy QYHKUHAMH @,
MOJNyyuM CJIEAYIOULYIO CUCTEMY JIMHEHHBIX ypaBHEHMH:

[g_ g%/.mm] Cm = Z’ Cn@%'mm rae @%-Imn = S (P* (I‘, m) (39{1(]} (r, n) dr.

n
[Tonoxum wmmz'a (m +#0), @%/.00:‘1’1 _J.m .n=ﬁ6m,milv
T. €. NpeHe6peXxeM MaTPUUHBIMH 3J€MEHTaMHM o/ , 32 MCKJIOUeHHEM
MaTPHYHBIX 3JIEMEHTOB MexXJy OmikaiuiuMi cocepsiMH. MaTpuuHbIf
asniemMeHT npd m =0 OTAMYaeTCA OT OCTAJbHBLIX, NOCKOJbKY OH COOT-
BETCTBYET KOHIy aTOMHOH LENOukd, Teneph ypaBHeHHs Al & Mo-
ryT ObITh 3alMCAHbl B BHJE

(€—a)Cn=B[Cni1+Cny] ama m=0,
(S—G)CD—BC]_.

Ilpennonoxum, uTo Ha jApyroM KoHue uenoukd (m=~N) Cy=0.
Ecin N Benuko, TO 3TO He OKa3biBaeT B/IMSIHMSI HA CBOHCTBA NOBEpX-
HOCTHRIX cocTosiHMEA. Torjaa

Cn=sin[(N —m)8], &=oa-2Bcosb.

['paHHyHble YCJTOBHSI YAOBJETBODSIIOTCS B Haya/le KOODAMHAT, €CJH
8 —onun u3 N KopHell ypaBHeHud

‘“—‘B“—"Jrcoswrsinectg (N8) =0

Ilycte & = (& —)/2B, Torna as peuwieHuil, COOTBETCTBYIOLIMX
HEJIOKA/IM30BAHHLIM (T. €. 30HHBIM) cOCTOsIHUSM, —1 <& <1, Cyue-
CTByeT 1o KpaiHe#l mMepe N — | Takux KODHEH, H OCTaBIUIHACH KOPEHb
§ sABJMsETC KOMILJIEKCHBIM TNPH YC/IOBHH, YTO

Ilo Mepe ypaneHusi or CBOGOJHOrO KOHIA LENOYKH 3Ta BOJHOBAs
(QYHKUHS, COOTBETCTBYIOWIAS [1OBEPXHOCTHOMY COCTOSIHMIO, GBICTPO
3aTyxaer. Benuuuna 6 umeer Buj (E, uau n - iE, rae £ — BeulecTBeH-
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Has ¥ TOJIOXKHTENbHas BenuuuHa. Jlng 6 =i sequuuHa &’ nonoxu-
TeJbHA H

8=G+25 Chgi

B TO BpeMsl KaKk Aaa 6= m--it BeanuuHa &’ oTpuuaTenbHa H
€=a—2pchE.

TakuM 06pa3oM, MOXHO OTAENHTb COCTOSIHUS 3JEKTPOHA, HAXOLHB-
1Ierocsl y BepXHero Kpasi 30HBl U OTPAKEHHOrO OT «IOBEPXHOCTH», H
HAaXOMMBIUErocs y JHA 30HB M NPUTSHYTOrO K «IOBEPXHOCTHY.

12.15. OGo3nauuM npuMecHsli aToM uepe3 A. B sTom criyuae pac-
CMaTpUBaeMble MATPUYHLIE 3J1€MEHTHl MMEIOT BHJ

%mm:a, %ooza’, (J%m.mil':ﬁl
H, KpoMe Toro,

al, - (3 (7754
H =o', Hy=H5y=p.

ITpumecHblif aToM B3aMMOJENCTBYeT TOJBKO C aToMaMM BOJH3H «IO-
EEPXHOCTH» KpHcTanna. HoBele rpaHuuHble YCJIOBHS Ha IOBEPXHOCTH
3aMUIIyTCH CJELYIOIMM 06pa3oM:

(& —a’) Cy=PBC,-+p'Cy,
(& —a") C,=p'C,.

Kak u npexze, npeanonaraeM Cy=0 ¥ BBOIMM 0603HaueHHUA:

a—a' r_a—a’ B ,_S—a
=5 =" "=y T
Hns xosdpunuentos C uMeeM pelneHHs
Cpn=sin[(N —m) 8] (m=0, 1, ..., N),
_ msin NO
C"——z’-}—.‘lcose'

DuepreTHUeCKHe YPOBHH 3aJal0TC COOTHOILEHHEM
& —=cos 8,
rae 6 — sHaueHuss N-}-1 xopHedl ypaBHeHHSs
(2} cosf-}sin6-ctg N6) (2" +2cos 8) =12

BemiecTBeHHBIMM ABJSIOTCH no Kpaiineit Mmepe N — 1 pemenuit, a n8a
MOryT 6HITh JHGO BellleCTBEHHBIMH, JHO0 KOMIJIEKCHBIMH B 3daBHCH-
MOCTM OT BeJMUMHBl H 3HaKa MAaTPHUHLIX 3/eMEeHTOB oneparopa o/ .

Korga BosHoBble ¢GyHKIIMM 3aTyXaioT, OHH COOTBETCTBYIOT OJHOMY
COCTOSIHMIO, JIOKQJM30BAaHHOMY OKOJIO NPUMECHOro aTtoMa, # Opy-
roMy, JOKa/JM30BAHHOMY BG/IH3H INOBepXHOCTH. B 3Tol cuTyauuu
BO3MOXHO ¢(OpMHPOBAHHE JIOKAJH30BAHHLX KOBAJIEHTHHIX NMOBEPXHOCT-
HEIX CBS3ed MeXJy NpPUMECHHIM aTOMOM H NOBEPXHOCTBIO KPHCTAJIa.
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12.16. Ilockonbky moreHuuan B6/M3H MHHHMyMa sIBJIS€TCH Hapa-

GOJIHYECKHM, ATOMHBbE BOJIHOBblE GYHKIMH MOXKHO allllpOKCHMHPOBAThb
cenyomuM 06pasoM:

¥ (x) =exp (— ax?).

Wurterpansl, Gurypupymolne B pacyete, HMEIOT BHJ,

oo

S(—nn)= | exp[—a (x4 nn)?|exp (— ax?) dx =

) = (g{;)m exp (— %an’n”),
H(—nn)= §° exp [— a (x 4 nn)?][(2a — 4ax® —

—3—2cos2x)exp (—ax?)]dx=
v/l

=exp (—- % ann?) {(E na>”2 (1 —an2n? —
— (2341_)1/2 [% + exp(— 710—) cos (nn)j]}.

TlpeneGperasi npH CyMMHPOBAaHHH BCEMH 4JE€HAaMH, KpOMe ABYX, COOT-
BETCTBYIOUIMX ABYM COCEJHHM sYefiKaMm, IOJyyaeM

E=a—3— 2exp (— %) -+ {2cosnk) exp (— a—;—a) [a—n”a”—B-{—
-+ 2exp (— E%):“’[l 4 2cos(nk) exp(— -'HFE)] -1
YcaoBHE MHHHMyMa BeJHuMHE 6 Kak GyHKuuH a, T. €. 06/0a =0,

JaeT ypaBHEHHe A COSTR A/ KaxAOro 3HauyeHHs a. 3HaueHus &,
a ¥ k, noJyyeHHble TAaKHM CIOCOOOM, HpHBeneHH B Tab6a. 12.16.1.

Ta6auga 12.16.1

a 0674 | 0680 | 0700 | 0750 | 0800 | 0900 | 0910
k 0,0 0,37 0502 | 0623 | 0703 | 0925 | 1,0
& | 3463 | —3363 | —3217 | —3,163 | —3070 | —2,884 | —2,870

3ameTHM, YTO Ha TpaHHLE 30HbI Pe3y/bTAaThl 3TOrO pacyeTa MoJjy-
YaloTcs MEHee TOYHBIMH, YeM MoJyyeHHbe B 3ajauve 12.12. 310 06b-
sICHAeTCH TEM, YTO BOJIHOBAs (GYHKLUHS COCTOSIHMA Ha TPaHHIE 30HH
Jyyllle OMHCHIBAETCA KOMOHHALMell BOJHOBOH (YHKUHH OCHOBHOrO
COCTOSIHHS ¥ aTOMHBIX QYHKUHHA BOMYIIEHHBIX COCTOSIHHH, 4 B HaleM
pasJioxkeHHH INOC/eIHHE ONYIIEHHI.
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12.17. Bpoab HanpasieHus [100] pacriosioxkeHst AB€ 30HDI: OJHO-
KPaTHO BHOXIEHHAs ¢ JHepruelt coctosHui & = Ak} ¥ AByKpaTHO
BbipoXJeHHas ¢ & = Bk 1J KaxA0ro ypoBHf.

Bpoar nanpasnenns [111] cHoBa HMMelOTcsi: 30Ha ORHOKPATHOroO
Brpoxkaenus € = (A4 2B — 2C) ki ¥ 30Ha ABYKDATHOrO BHPOXKIEHHS
&= (A+2B+2C) ki ans Kaxioro ypoBHs. :

Broab Heocobbix HampaBjeHuil (T. e. HanpapJeHHH, He obJajaio-
IGMX CHMMeTpHed) cymecTByloT Tpu 30HuL. [Ipu k=0 Bce ypoBHH
TpexkpaTHO BeIpoxieHn. Ha naockoctv k., k, KpHBHIE NOCTOAHHOX
HEPruH MNPEeACTABJAIOT COGOH OKpPY)XXHOCTH

&=B (k1 k)
H KpHUBbE, YJOBJETBOPSAIOIHE PaBEHCTBaM
&= _% (A +B) (k;+k; =x [—;— (A — B)2 (k; __k;)z]l/z + Czk;k;'

BBITCKAIOIHUM H3 ypaBHEHMS

Ak;+Bki—& Chkiky 0

Chyky Ak-y-’+Bk;—$l= .
Ecau C—wManas BeJIMYMHE, TO Mbl NOJYYMM
Ck2k?
2 2 X'y

Akt BEt Gy =gy

€ —

= Chik:
Bl + Ak:— 2y

W—_B)(—k;———kj)_' ’
HCKJioyasi obnacTe BOJM3H Rk, =£k,, rie
&= (A4 B) k2 Ck2

DT KpuBbie 00YCJIOBJHBAIOT ¢HCKPUBJIEHHE» JHEPreTHYeCKUX NOBepX-
HOCTEH AJH AHPOK BOJM3H II0TOMKA BAJIEHTHOH 30HH B repMaHMH.

12.18. Oyukuusa Banbe a(r—R;) Ans o1HOH 30HH olpeje/siercs
COOTHOIIEHHEM

a(r—R)= é S ¥, (r) exp (— iR;k) dE,

rje MHTerpaJ G6epercsl O BCEM COCTOSIHMAM BHYTPM 30HBI, H Qg—
o6beM 30HH Dpuamosna. CooTHolleHHE ODPTOrOHAJLHOCTH HMEET BHJ

{ a*(r—R)-a(r—R)dr=

all sp
~a5 § d’§ W () exp R, k) dk \ Wi (r) exp(— iRy - k') db’ =
all sp .Z
= # S exp(iR;-k) exp (—IiR;-k')dk dE' S Yo () ¥ (r) dr,
z - allsp

rre allsp o3HauaeT, YyTo MHTerpaJ Gepercsl 1O BCEMY IIPOCTPAHCTBY,
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Z —no 3o0He. Tak kak BTOpO# HHTerpan o6painaercs B HyJ1b IpH R=FR’,
a nepBbli HHTerpaj ofpamiaercs B HyJdb npu R; == R;, TO

a(r-&-):é g W, (7) exp (— iR, - k) dk.
VA

Paanaraa W, (#) no coGetenHbIM QYHKUMAM uMnyasca v(k + K,), iimeeM

a(r—R/)=g—;;§ exp (—iRy- Ky dk Y\v (k+Ky) exp[i (k+Ky) - r] =
K

=05 | X+ Kn) exp i+ Ko) (7~ Ri) d,

Tak kak exp(—iK, R)=1.

MHrerpupoBanie no 30He H CymMMHpoOBaHHe no BceM K, 3KBIiiBa-
JIEHTHO MHTErPUPOBaHHIO 1O BceM 3HaueHusM K. [Tockonbky Qp=
= (2n)%/Q2 (rpe Q —o6beM sYEHKH peuIeTKH), TO M0JydYaeM

a(r—R,)=(—2%E S v (k) exp[ik- (r— R:)] dk.
’ k-sp
B yacrHOCTH,

a(r) =(2—%5 S v (k) exp (ik - r) dk.

k-sp

3pech k-sp o3nauaer, yTo HHTerpan Gepercsi NO BCeMy R-IpocTpaH-
CTBY.

12.19. BoJiHOBble $YHKUHH 3JEKTPOHOB (BBIYKCJIEHBI JIH OHH IpH-
611X eHHO, HJTH HET) JOJIXHbl 1Pe06pa3oBLIBAThCS Kak GasucHblehyHKIKH
HENPHBOJAKUMBIX IIPEACTaBJIEHHH TPYNIbl CHMMETPHH BOJIHOBOI'O BEKTO-
pa k. Takas rpynna nu60 ocraBjsier K WHBapHaHTHHIM, JHGO npe-
o6pasyer ero B BekTop R+ K, rze K, — BeKTOop 06paTHOM pEILETKL.

Hns k= (n/d, n/d) sTa rpynna onepauui cuMMeTpru npeobpasyer k
crepyomuM obpasom:

E (w/d, n/d)y— (n/d, n/d) — TOXZeCTBeHHOe Npeolpa3oBanue;
2; (n/d, n/d)y— (— n/d, — n/d) —NOBOPOT Ha T BOKPYL OCH Z;
Zg g;:g: ;ﬁ;:%n_/d:{/g ::r:ﬁ;} — NOBOPOT Ha /2 BOKPYL OCH 2}

my (v/d, n/d)y—(— n/d, m/d)| -—OTpaxeHHe B IIOCKOCTAX, MePNEHANUKYIAPHLIX
my (n/d, n/1)~ (n/d, — n/d) OCAM X H y;

mg (n/d, /d)— (n/d, n/d) —OTpaXKeHHe B  BeDTUKAJbHWX NJOCKCCTHAX,
mg’  (w/d, n/d)—>(—n/d, —:ﬂ:/d)} NepleHANKY/JIAPHHX &k H cogepXaluuX k.
Kak nokasano Beiwe, rpynna onepauuii CHMMETPHH BOJIHOBOIO
BEKTOpa pacnajaercsl Ha MATbh THIOB PA3JHYHBIX ONEepauui; TakuM
06pa3oM, MMeercsi NATb Pa3JHYHBIX. HENPHBOAUMBIX MpPEACTABJEHHI.
[TockosnbKy y Hac uMeeTCst TOJIbKO HeThIPe MJIOCKHEe BOJHBI, TO MbI
MOXeM MOCTPOHTb camoe OoJibllee yeThipe GA3UCHBIX DYHKUHH, KOO
TaKHe (QYHKIHMH AO/XKHbI ObITh HE3aBUCHMEI M OPTOrOHANbLHB. Ilo/ib-
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TaG6auua 12.19.1

E 2 4, m, my
R 1 1 1 1 1
R, 1 1 1| —1 _

R, 1 1| =1 1 —1
R, 1 1| — —1 1
R, 2 —2 0

3ysicb TabJauuell XapakTepoB Aad 3ToH rpynnum (taba. 12.19.1),
NOCTPOMM YeThipe Ga3ucHHE (QYHKUHM W TNOJY4YUM: OfHY (yHKUHMIO,
npeoGpasymwiycs: Kak R, Apyrylo —kak R, u jaBe —Kak R

cos X cos™ (R,

d d
. NX . Ty
sin—- sin—~  (Ry),
cos %x sin %
(Rs).
sin™ cos ¥
d d

Ha s3bike Teopuu 3HepreTHuecKoil 30HHOH CTPYKTYPH MOXKHO CKa3aTh,,
UTO YeTHIPEXKPAaTHO BHIPOXKJEHHOe cOocTOsiHWe npu (n/d, m/d) B npu-
6aMKeHH:E CBOGOAHLIX 3JIGKTPOHOB pacllenJisieTcsi B peajbHOM KpI-
CTaJle Ha YeThlpe YPOBHS: JBYKPAaTHO BHIPOXKAEHHBIH ypoBeHb (KRj)
M JiBa OJIHOKDATHO BLIPOXKIEHHBIX YpPOBHA (R;, R,).

JlByKpaTHOe BLHIDOXJAEHHE COXPaHseTcsl jJs JIo00ro cKoJb YrOAHO
6oJs1bIIOr0 BO3MYILEHHS NPH YCJOBHH, YTO OHO He HapyllaeT CHMMeT-
PMIO pelleTKH.

12.20. 3rtor pacuer OCHOBLIBaeTcs Ha ToM (hakTe, YTO NMOTEHIHAJ
B pelleTke siBjsieTcs cJabhIM MceBjonoTeHnMa oM. YeTeipe MIOCKHE
BOJIHBI, HCIIOJIb30BAHHBIE B pasJ/ioKeHUHM BOJIHOBOH (yHKIMM, 3ajza-

J0TCH B BHpE
exp[i (k —Ky) - 71,

rae K,=(000), (002), (111), (111).

ManHua, onpeaeddomads coO6CTBeHHble 3HAUCHHUS SHeprui, HMeeT-
BHA

%—8 V (200) Vv (111) Vv (111)
V (200) L"_Z”(IM_g vV (111) Vv (111)
v (111) vV (111) [”——t(r-ll,,ﬂ]i—g V (200) )
v (111) vV (111) Vv (200) [_"_—%lﬁﬁ_g
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Ta6ruuxa 12.20.1

2 €g, Ry & €, Ry & &g, Ry P &s, Ry

(000) | —0,002 (;é %) 0,610 (701) 11012} ©o1)| 0,799
9,506 " | os6s 1,012 0,904
9614 2318 1,063 1,652
3417 9,381 1181 1,766

Uro6sl MONYYHTh COGCTBEHHBIE 3HAUEHHS /IS TOYEK Da3HOM CHM-
MeTpPHH, MaTPHILy CJIefyeT NPHBECTH K AUaroHaJbHOMY BHAY, B Pe3y/ib-
TaTe uyero moJayuum Taba. 12.20.1.

& Xon & pns 1pOMEXYTOUHBIX
12+ 4  Touek mokasaH Ha puc. 12.20.1.
i 13. CsojicTBa ORHOPOAHBIX

10r -] NONYNPOBOAHHKOB
- 7 13.1. B meraisie u36LITOYHYIO
a8t 4 MO OTHOLIEHHI0O K HOPMaJbHOH
KOHIEHTPAIHIO 371eKTPOHOB MOXHO
B 7  co3xaTh, TOMBLKO BHOCA Ha o6pa3el]
a6+ B R | N 4  anektpocraTuueckuil 3apsan. IIpu
TaKUX OOCTONTEJbCTBAX B BHICOKO-
B 1 1 1r i MPOBOAALLEM BelLlecTBe H30LITOY-
a4l b Jk dE 4 Hble 3apsiapl O4eHb GHICTPO pacnpe-
Jeadiorcs no obpasny Tak, 9rO
N 10 1r qr 7 BCKOpe YCTAHOBUTCH PaBHOBECHOE
a2+ 4t 4F 4 4 cocTosiHMe, DY KOTOPOM JIEKTPH-
yecKoe MoJie B KaXI0i TOUKe BHYT-
B T r r ] pHM CTaHeT paBHbIM HyJO. B npoc-
a0 e TeifleM cJydyae HeNoCpeacTBEHHO
[ 000 (301 (377 kzz 000 wnazakoHa ['aycca (a Takxe u33a-
Puc. 12.20.1. Buepreruueckue sonzr Al KOHa KyJsona) cienyer, uto 3t
RS Cayyas yeThlpex IUTOCKHX BOJIH. yCJIOBHE BBIIIOJHSAETCSA TOJIbKO TOT -

Ia, Korja CcyMMapHBI# 3/eKTpo-
CTaTHYECKH# 3apAj pacnoJjaraeTcs Ha MOBepXHOCTH oOpasua [87]. Jlo-
Onie M3OLITOYHLIE 3J€KTDOHBI, BBEJEHHbIE TAKUM 06pa30M, NMOABJSAIOTCH,
CJlefoBaTeNbHO, KaK IOBEPXHOCTHBIE 3apA/bl, OCTABIAIOLIYE HEH3MEeHHOI
OGBEMHYI0 KOHLEHTPALMIO 3/EeKTPOHOB, a 3HAYUT, U 00bEeMHYIO Mpo-
BOJANMOCTb.

Slssenus, HabJofaeMble B MOJYHNPOBOJHHKE, MOXHO NPaBHJIbHO
ONHKCATh, €CJH NPeNNoJOXKUTh, UTO CYLIECTBYET ABa THIA HOCHTeJeH,
UMeOLIMX 3apAlbl IPOTHBOMNOJOKHOIO 3HaKa, a HMEHHO — OTpHIA-
TeJIbHbIE 3VIEKTPOHBL U MOJOXKHUTENbHbIE APKH. Kaxanlit TN HOcHTesel
AaeT He3aBHCHUMEIH BKJ1aJ B 06BbEMHYIO 3/1EKT pONPOBOAHOCTE. MI36hiTouHbBE
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3JeKTPOHBl U JBIPKH MOXHO BBOLHTb ndpamu TaKuM oGpa3oMm, 4TOOH!
o0beMHas KOHIEHTpPaUHs HocuTesiel 0OOMX THIOB MOIJa H3MEHATHCH
6e3 06pa3oBaHKMA pe3yJbTUPYIOWEH [IOTHOCTH 3JIeKTPOCTAaTHYECKOro
3apsaja. MOAyJAUMR MPOBOAMMOCTH HabJ/IOfaeTCs COOTBETCTBEHHO
BCAKIIA pa3, Koraa o6pasyrorcs H3OLITOYHBIE Maphl 3JEKTPOH — AbIPKA.
3T0 MOMCHO OCYUIECTBHTH, 06/1yuasi KpHCTal CBETOM, 3Heprus QOTOHOB
KOTOPOro AOCTATU4YHA JJIA TOr0, YTOGH BHIPBATH 3JEKTPOH M3 BaJIeHT-
HOI 30HBl M «MepeGPOCHTBH». ero uepe3 3anpeuleHHYI 30HY B 30HY
IPOBOAHMOCTH, OCTaBHB JLIPKY B BaJIEHTHOH 30He, HJIH NPHKJaabBas
TaKYyl0 PasHOCTh MOTeHUHAJIOB, NPH KOTOPOM 3J1eKTPOH MOXKeT NPOATH
yepe3 p-— n-nepexoj HJIH uepe3 KOHTAKT MeTasl1 — MOJTYIIPOBOAHHK.

KoHeuHo, MOXHO MOAYJIUPOBATh [1POBOAHMOCTb METAJ/L1a, MORYJTHPY
MOZBMXKHOCTh HOCHTesel 3apsja, a He HUX KOHIEHTPAUMIO; 3TO MOXHO
clenaTh C MOMOUIbIO BHEIHEr0 MarHMTHOrO Mojs. JTOT crocol uame-
HEeHUs] IPOBOJMMOCTH OCHOBAH Ha 3¢deKTe MarHeTOCONPOTHBJIEHHS.
OnHako ray6uHa Takod MOAYJSIMH IPH JOCTYIIHBIX HaNpSKEHHOCTHAX
MarHMTHOTO IIOJI COBCEM MaJ/ia U He N03BOJISeT PeasiM30BaTh CHJIbHbIE
H TpakTHUeCKH IoJe3Hble 3hdeKTnl, MOAOGHHE YIOMAHYTHIM Bhillie
3¢eKkTam, KoTophie CBA3aHB ¢ 06beMHOH MopyaslUMed NpoOBOAUMOCTH
IT0J1yNPOBOgHUKA.

13.2. B mo6oM mnonynpoBOAHHKE pPABHOBECHHE KOHUEHTPAILHH
3JIEKTPOHOB 1, (B 30He IPOBOAHMOCTH) H JBIPOK po (B BaJEHTHOH
30He) MOXHO 3alucaTh B BHAE

no={ fo (€) g: (6) d&, (13.2.1)
po =1 —fo (©)1g.(8) d8, (13.2.9)

rie fo(6) —dyukuus pacnpenenennss Pepmu — dupaka
fo () = ! (13.2.3)

L+exp [(& —&p)/kT] '

DYHKUHK TJIOTHOCTH COCTOSHHMH gc(6) AN 30HB NPOBOAUMOCTH
M g,(6) 118 BaNeHTHOH 30HBI MOXHO ANNPOKCHMHPOBATh (YHKUHAMH
IVIOTHOCTH COCTOSHMH CBOGOAHON yacTHub! [27]:

gc(8)dé =8V 2 nh3m332 (8 — &E,)\2 d6, (13.2.4)
g.(6) dé =8V 2 nh3mp3r2 (8, — E)\2 d&, (13.2.5)

Hurerpanst B Bepaxenusx (13.2.1) u (13.2.2) GepyTcs cooTBeTCTBEHHO
10 30He NMPOBOAUMOCTH ¥ BaJIeHTHOH 3O0He.

W3 seipaxennit (13.2.1) u (13.2.2) cneayer, 4TO BeJHYHHBI 7o
H pg MOI'YT TPaKTOBaTbCf KaK MJomaay obnsacTefi mop KpHUBBIMH
fo (€ g (&) u [1—fo(€)]g.(E) (cM. sawrpuxoBanHele 06JacTH Ha
puc. 13.2.1). Ha puc. 13.2.1 3tH KpHuBble npuBeleHH LI Tpex
clyyaeB: ofpasell «MOYTH COOCTBEHHOTO» MOJYIPOBORHHKA (Mg A< Po),
obpasell CHJBLHOJErMPOBAHHOIO IOJYNPOBOAHHKA A-THNA (Mg > po),
obpasel, CHJLHOJETHPOBAaHHOrO MOMYNPOBOJHUKA p-THNA (ng < po)-

317



W3 npuBefeHHLIX rpadHKOB BHAHO, YTO YpOBeHL PeprH HOJKeEH
pacrnosaratbCfl OKOJIO CepeluHbl 3alpelleHHOH 30Hbl Aas 06pasioB
C NPOBOAHMMOCTBIO, GJH3KOH K COOGCTBEHHOM (ecsu Gul 5TO OBLLJIO RHe TaK,
TO Ny U py He 6bIM Gbl NMPHOIH3HTENbHO DaBHLIMII).

&) 58 5
gl > & T & ! & f ]
/
8 \fi8ig, e &/
N S LS €5
& dtil«'__ i gg
& G, Anyermopssie
&) 48 & Yool
¢ SR i s
N (] ~ v ~
{3 1,8lg,® \\\ I-4(&lg, ) \\\
!]y(gl\\‘ %@ \Ji-8lg, %
\
«[loymu cobembennsiiy Cunenonesupolonnend Cunsronezupobarseni
nanynpolodun nonyngobodsum n-mung nenynpolageun p-muna
( ”” ’A"‘pg) ( ”” ))/00 ) (”” «p ”)

Puc. 13.2.1. Pacnpegeniene 3JeXTPOHOB M ALIPOK B NOJYNPOBOZHHKE,

V3 aHaJOrHYHOrO pacCyXKAeHHs CJeAyeT, yTo B o6pasue 7-THna
ypoBeHb Pepmu Jjo/KeH ObiTh Bhile, 2 B ofpasie p-THIA — HUXKe,
yeM B ofpasle ¢ nouTH coGCTBEHHOH MPOBOAMMOCTLIO, 3aMETHM TaKXKe,
YTO ecsd o6pasell COAEPAKHT JHIUb HeGOJbILOE KOJHUECTBO JOHOPHBIX
WJIH aKUENTODHHIX IpuMeced, ypoBeHb PepMu JokeH ObiTh Ha
HecKosbKo £T janblne OoT Kpas Gauxafimedl 3omnl. (BcmoMnumw, uro
kT =1/40 38 npun 300 °K, AE—=€.— &,=0,72 38 115 Ge u 1,15 58
aas Si.)

[lpn TakuX YCJIOBHAX MJA KaxIOrO 3HAYEHHS 3HEPrHH B 30HE
npoBoguMocTH (6 —&f)/kT > 1 U ANl KaXKAOro 3HAUEHHS SHEPrHH
B BajeHTHOH 3o0ue (6p—&)/kT>1. D10 03HauaeT, yTO A5 30HHI
npoBopuMocTH (€ > €,)

fo (€) ~ exp [— (€ — &) /kT], (13.2.6)

a JJs BaJEHTHOH 30HEI

L—f, (8) ‘

" Trexp [(,—E)RT]

v exp [— (Er— &)/kT]. (13.2.7)

OTH BbIPaXKEHWS O3HAYAIOT, YTO NP ONUCAHHWX BHIUE YCJIOBHAX
pacnpenenerre Pepmu — Jlupaka 3/1eKTPOHOB B 30HE NMPOBOAHMOCTH
M JBIPOK B BAaJIEHTHOM 30HE MOXCHO OueHb XOPOILIO aNNpPOKCHMHPOBATh
pacnpenenenieM Makcsenna — Bombimana (13.2.6) u (13.2.7).
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IToacraBum Beipaxenus (13.2.4) u (13.2.6) B (13.2.1) u (13.2.5),
a (13.2.7) B (13.2.2). Ilpu stOoM mnpejennl jAJas WHTErpaja no 3cHe
POBOAMMOCTU C/EAYeT BHIOpaTh Tak: OT JHA 30HH NPOBOjUMOCTH &
10 +co, M A8 MHTErpaja Mo BaJeHTHOH 30HE —OT —oo J0 &,
(noroska BaneHTHOH 30HBI). Torpga, COOTBETCTBEHHO HM3MEHSAS HayaJo
OTCUETa SHEpruil AJAf Mg U pPg, NMOJYUYHM BBIPAMKEHHS

o

no=§—‘-2y— (mzkT)32 exp [(8r— &)/RT]- \ %" exp (— x.) dx., (13.2.8)

Oe

po=2V2 % gk T) exp (B, — ErkT] - \ xiexp (—x) dxy, (13.2.9)
0

rjpe
x,= (& —8)kT, x,=(8,—8&)/kT. (13.2.10)

BepxHuii npegea uHTErpajia no 30He MPOBOAMMOCTH MBI B3SlIM paB-
HbIM -+ cO, @ He JeACTBUTEJbHOH 3HEePrud, COOTBETCTBYIOIEH Bep-
LWIHHE 30HBI [POBOJMMOCTH; BO3HMKAIOWASA [PH STOM [OTPEIIHOCTh
HeBeHKa, MOCKOMbKY 3Hauenue GYHKUMM pacnpeaenenus fo (€)
c yBeaqjueHueM & yMeHblaeTcs TaK GHICTPO, 4TO B JIOGOM Ciyyae
CKOJNIBKO-HUOY/Ab 3HA4yWTEJbHHIH BKJIaJX B WHTErpas jAaeT JUub 4acThb
30HBI [POBOJUMOCTH. AHAJOrMYHO MOMXKHO OGBSCHHTb, IIOYEMY 32
HIXKHHE [pejes UHTerpana jjis BaJeHTHOH 30HH BeiGpaHa — oo.
Huterpanst B Bupaxendax (13.2.8) u (13.2.9) MOXHO OLEHHTH
C MOMOIBIO TabJMI WM 3aMETUB, YTO KaXKAbIA HHTErpaj CBOJHTCA

x ramva-gynkuuu I (%) =1/ /2. [loxcraBass 5Ty BEAHYUHY, MOXKHO
NOJYYUTh
ny=U_exp[— (€. — &F)/RT], (13.2.11)
po=U,exp[— (Er— &,)/kT], (13.2.12)
rue
U.=2 (2nmikT/h?)3/2, »=2 2numzkT/h%)32. (13.2.13)

Cornacuo (13.2.11), (13.2.12) u (13.2.13) npousBeneHHe nypo (npu
(GuKCUPOBAHHON TeMIlepaType) MMEET MOCTOSIHHOE 3HayeHHue

nopo =UU, exp (— AE/RT) =
<2n: (mrmy,

/
4 ——,;L”T) exp (— A8/kT), (13.2.14)

rne AE=8,—8,—mMpuHa 3anpeleHHOd SHEPreTHYECKOoil 30HHI
MEXAY 30HO# [POBOXMMOCTH W BaJEHTHOH 30HOH. 31O M ecTh 3aKOH
JefiCTBYIOIHX MAacC JJs MOJY[IPOBOAHMKOB. 3aMETHM, YTO NPHGIU-
weHue DBoablmaHa (4, C/lefOBaTeNbHO, 3aKOH JAEHCTBYIOWIMX Macc)
He BLINOJHAETCH, KOTAa SKCIOHEHUHAJbHb MHOXHUTEIs B (13.2.11)
utd B (13.2.12) paBeH eaunuue uax Gosblle, T. €. Korha 7y >U,
uad po>U,. B repMaHud ¥ KpPeMHHH NpPUH KOMHATHOH TeMmmeparype
3Hayenus U, u U, nopsaka 10 cu 3.
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B coGcTBeHHOM IOy NPOBOJHHKE KOHUEHTPAUMH Mg M Py PaBHHL
IlogcraBnaa ny=py=n; (N; — KOHUEHTPAUHs 3JEKTPOHOB H JbIPOK
COGCTBEHHOTO NOJYNpoBoAHHKA) B (13.2.14), nonyuum

nopo=ni (T), (13.2.15)
rie

ny=Y UU,exp(— A&/2kT) =
2n (m*m*)1/2 RT\3/2
= (#h;’)—k) exp (—A&/2kT).  (13.2.16)

KoHueHTpaluHs HocHTeJNeH ToKa B COGCTBEHHOM INOJYNPOBOAHHKe
6yZAeT, OYEBMIHO, 3KCNIOHEHUHANBHOR QyHKUMEH TeMnepaTtyphl C 3uep-
rueit aktuBauun A&/2.

13.3. B ob6mux Boipaxenuax (13.2.11) u (13.2.12) s ny u py
CONIEPXHTCA TaKXKe 3dBHCHMOCTb Mg H p, OT 8r. OpHako aas cob-
CTBEHHOTO TOJYIPOBOLHHKA Mg = Po = N;.

[NpupaBHHBad npaBele wacTH BuipaxenuH (13.2.11) u (13.2.12)
M pellas NOJNyYeHHOE ypaBHEHHE OTHOCHTENbHO 6y c yweToM (13.2.13),
nonyuaem

&=y (B.+E)+ATIn (m/m), (13.3.1)

Orciona fiCHO, 4YTO NpH mp=my; ypoBeHb PepMH 1eXHUT B 3amnpe-
IEHHOA 30HE TocepeHHE MexJy KpasfMH 30HBl IIPOBOJMMOCTH
M BaJIEHTHOH 30HBI; ecAu mp>>m;, TO OH CMeIaeTcs CJerkKa BBepX
M3 3TOTO MOJOMEHMs, eclH mp=>my, OH CMellaeTcs BHU3.

INockonbKy AT 0ORIYHO MHOrO MEHBILE ILIHPHHHL 3alpeleHHOMN
3oun A8, To naxe ecniu oaHa 3pdeKTHBHAs Macca MHOrO GoJbiie
Apyroil, cmeileHHe ypoBH @PepMH OT CpeflHero IOJOXEHHS MEXAY
30HaMHu (B Macwrale 3HepTrHH 3anpelleHHOH 30Hn!) OyheT He OuyeHb
60ABLIMM.

13.4. B teopuu bopa Ans BOAOpPOAONOOGHEIX aTOMOB OpOHTa/b-
Huli YIrJIOBOi MOMEHT KBaHTyeTcsl,

L,=nh (n=1, 2, 3, ..). (13.4.1)

Kpome TOro, AN KPYrOBEIX OpPGHT UEHTPOCTPEMHTENBLHYIO CHIY
mv?/r =mr®? MOXBO TNPHPaBHATL CHJE KYJIOHOBCKOrO- NPHTSAXEHHS
—e%/er?, rhe &— OU3NEeKTpHYecKasi NpPOHHMUAEMOCTb CPEeJHL:
g2
o1 = MAra®n, (13.4.2)
n
3[€Ch 7, — paiMyC OPOMTH, a ®, —OpOHTaNbHAA YIJIOBas CKOPOCTb
A1s OpGMTHI, Ha KOTOpPOH yr/oBoii MomeHT paBex nfl. M3 coorHo-
wenuit (13.4.1) n (13.4.2) nerko HaiiTu 7, ¥ ©, (HanOMHHM, YTO
L,=mjro,):

,.:%”f:, (13.4.3)
m'i
m,.=ez—,,a"%' (13.4.4)
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Kunernueckasi 3Heprusi 3JEKTPOHA B 71-M COCTOSIHHH
miet

1 s 1 '
3k=§-m’r“.va=7m}‘ir§wﬁ = QiR (13.4.5)
a' [OTE€HIMaJbHAas] 3HEPTHUSA
o2 mie?

CyMma JByx nmocleIHMX BEJMYMH MpPEACTaBJsET CcOGOH MOJHYIO

3HEepPTHI0 CHCTEMHI

B
2e2n2h2’

g, = (13.4.7)

Ilpu e=1 u mf=m 3TH ypaBHeHHS OTHOCATCA K aToMy BOJO-
pPOAa, /ISl KOTOPOTO 3HEPrHsi MOHH3AlMH OCHOBHOTO COCTOsiHHS &, =
= 13,6 36, a pamuyc Haumenbuiefi op6utel 7;— 0,528 A. B cayuae
repMaHus, J1s Kotoporo &= 16, a m§~~1/,m, us (13.4.7) u (13.4.3)
creyeT, 4YTO SHEPrUsi MOHHM3aUMH OCHOBHOrO COCTOSIHHSA JOHOpA
npubnusurensio B 1000 pas meHblie, a nepsblit G0POBCKHUH pajguyc
npu6aM3UTENLHO B 64 pasa GoJbuie. 310 03HAYaeT, YToO &, ~ 0,013 38,
ri=34 A. ToT QakT, 4TO paCCUMTAHHBIH GOPOBCKMH PajMyC MHOTO
Gosblie, yeM MeskaToMHoe paccrosinve (2,4 A), cormacyercs ¢ mameit
MOJIeNIbI0 (BOZOPOONOAOGHLIH aTOM B OZHODOAHOM H30TPOMTHOM JM3JIEK-
Tpuke). Eciu 6bl OKa3asnoch HHaue, BO3HHKJHM Ol cepbe3HLHie COMHe-
HUs OTHOCHTEJILHO MpPaBOMEDHOCTH Takod Mofend. ITockonbky 3Hep-
THSl HOHH3aLMM TNpH OGLIYHLIX TEMNeparypax MHOro MeHbiue R7, TO
npyH HOPMAJBLHBIX YCJAOBHSIX JOHOPHbIE YPOBHHM OYAYT IMOUYTH MOJ-
HOCTbIO MOHH30BaHHEI. TakuM 06pa3oM, NOJYYeHHbIE BeJHYMHBI YIOB-
JIETBOPHTENILHO COTJIACYIOTCSI C OLleHKaMH 3HEPTHM MOHHW3alMH JI0HOpa,
NOJYYeHHLIMH M3 M3MepeHHH HH(PpPaKPacHOTO MOrJOHIEHHS] H HH3KO-
TEMNEPAaTyYpPHOH MPOBOTUMOCTH.

ITono6HEIM ke 00pa3oM MOXHO pacCMOTpeTb M aKIUENTOpHbIE
YDOBHH.

13.5. MIMeercsi 0cOGEHHOCTb, CBSI3aHHASl CO CTATHCTHKOH 3aHSTHUSA
JIOHOPHBIX YPOBHE# B IOJYNPOBOLHHKE, KoTopasi Tpefyer, 4ToObl HX
byHKIMS pacnpefeseHHsl HECKOJIbKO OTJHYaJlach OT OOBIYHOTO BbIpa-
xkenuss Pepmu — dupaka. Kaxnawii ypoBeHh OCHOBHOTO COCTOSIHHMSA
JIOHOpA MMeeT [BYKpaTHOe CIHHOBOe BbIpoXjeHHe. Eciu oapun u3
IBYX HMEIOHIMXCSl YPOBHEH OCHOBHOTO COCTOSIHMSI YXKe 3aHAT, TO
Apyroii He MOXeT ObITb 3aHAT, TaK KaK HEOOXONMM TOJbKO OIHH
3JIEKTPOH, YTOObI YAOBJETBODHUTb TpPeGOBaHHSIM BaJEHTHOCTH JOHOP-
HOro aroma.

PaccMoTpUM cHCTEMY, B KOTOpoi yposuH snepruu 8,, &,, &, ..., &,
CO CTENEHSIMH BBIDOXKAEHHS gy, 83, &3y ..., g, MMEHHO TakoBbl. [lis
i-TO ypOBHSI HEDTHM MMeEeTCsl g; KBAHTOBBIX COCTOSIHMH M, CKaXeM,
N, s1eKTpOHOB, KOTOpHE MOTYT 3aHHMaTb 3TH COCTOSIHHS. YHCIO0
CrocoGOB pa3MellleHHs] OJHOrO H3 3THX 3/EKTPOHOB IO HMEIOLIMMCS
COCTOSIHMAM paBHO, KOHEYHo, g;. UYHCJI0 CrnocofoB pasMeiesus
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BTOPOTO 3JIEKTPOHAa, OJHAKO, €CThb g;— 2, TaK KakK IpPHUCYTCTBHE
NEPBOr0 3JIEKTPOHA MCK/IIOYAET MPHCYTCTBHE APYroro M3-3a TOTO, YTO
COCTOSIHHE C MPOTHBOMOJIOXHEIM CIIHHOM 3aHATO. (COOTBETCTBEHHO
UMeeTcs g; —4 COCTOSIHME, TJ€ MOXKET pa3MellaThCsl TPeTHH 3J1eKTPOH, -
H Tak jaJjee.

Ynucno cnocoGoB pasmeumieHdss N,; HepasIHuMMBIX MeXIy COGOH
3/IEKTPOHOB M0 g; COCTOSIHUSAIM TAKOro Buja Gyger

/8
a@- @@= @MWt ___ 2 el (35
; 2 TN (g — N

Muoxureab N,! nosiBasercs B 3HaMeHaTesJe HMEHHO H3-3a HepasJu-
YUMOCTH HHAMBHAYANbHEIX 3JEKTPOHOB; pa3MElIeHHs, pa3/HuaioLiuecs
TOJILKO TIE€PECTAHOBKAMH 3JIEKTPOHOB MeEXAY coGOM, HeJlb3sl paccMaT-
pHBaThb KaK Pa3/IHuYHHE.

TlosiHoe uHMC/IO CrnOCOGOB pa3MEUIEHHA 3JIEKTPOHOB IO YPOBHAM
SHEPTMH TaKoe, uTo N; 3/JEKTPOHOB 3aHUMAIOT ypoBeHb &;, N,
3anuMaioT &,, N; 3anuMaoT &; ¥ T. 1., U OHO PABHO NPOM3BENEHHIO
mHOXuTesmedr Buaa (13.5.1), oTHOocAWMXCA K OTAE/NBHEIM YPOBHSM.

O6o3Hauas 310 uucao yepes Qq (Ny, Ny, ..., N,), MOXKHO Hanucarb
n N.
_ K 2 (Yo
QWi N .. N")—;I:Il__-”i' . (13.5.2)
Tenepr HeoOXOAMMO y3HaTb, NMPH KaKuX 3HaueHHAX Ny, N,, ..., N,

BesqHyMHa Q GyJeT MakCHMaJbHOH M B TO e BpeMsl OYAET yHOBJeET-
BOPATb YCJOBHfAM TMIOCTOSIHCTBA MOJIHOTO YHC/IA YacTHIL B CHCTeMe
H TOCTOSIHCTBA HMX IIOJHOR 3Hepruu (npH (PUKCHPOBAHHOW TEMIepa-
TYype).

OrBeT Ha 3TOT BONPOC MOXKHO IIOJYYHTb, MCIOJb3yS METO
Heorpee/eHHEX MHOxuTened Jlarpamka [27]. HMcnonb3ys 3ty mero-
JAMKY, HeoGxoauMo® cocTaBHUTb ¢opMy M3 Qy (Ho Jayume InQy)
¢ Jo6aBJIeHHEM YMOMSHYTHIX JONOJHHTEJbHLIX YCJIOBHIl, BBOAS HEOI-
penesieHHbie MHOXHTENH @ M f, ¥ HCKaTb YC/JOBHHIA 3KCTpEMyM 3T0i
¢opMbl OTHOCHTENTBHO N;. D10 NMPHBOAMUT K CHCTEME YpaBHEHHH

~ 9(InQu) 99 o _ P
—W‘}"“B_N_,‘}"fﬂamfo Gj=1,2, ..., n, (13.5.3)
Tae
Q (N1, Ny, ..., N))=N;=N =const, (13.5.4)
4

PNy, Ny, oo, No) =D 8N =U=const.  (13.5.5)

Pemenue ypaBuenuit (13.5.3) paer MakcMMaJbHOE 3HauyeHHE Be-
JuuuHbl InQy, a He Q4 HO sACHO, yTO pAA BeauuuH Ny, N, ..., N,
NPHUBOAAIMA K MakCHMaJsbHOH BeauuuHe InQ,, GyleT AaBaTbh TaKme
H MakCHMa/bHYIO BeJHUYMHY Q. YpaBHenus (13.5.4) u (13.5.5) Bbipa-
XKaioT ToT GaKT, YTO MOJHOE YHC/I0 YacTHI B CHCTEME H HMX MOJHAA
3Heprusl JO/UKHW OHTb IOCPOSIHHRIMHM. JIpyrHMHM cJI0BaMH, MOTyT
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GHITb JONYWEHH TOJNbKO HaGopwl 3HaueHHHA Ny, N, ..., N,, KoTopue
OCTaBJISIOT 3TH JBE BEJHUYHMHH NOCTOSHHHMH. Ho, npumeHnss x Benu-
ypHe (13.5.2) npHOIHKEHHYIO GOpMYTy

Inx)~xlnx—x, (13.5.6)
BLINOJIHAIOULYIOCS TEM Jyuwe, YyeM GoJblue X, MOXHO 3alHCaTb

InQy= X N;In2+4 Y Y,og1n (Yog) — 3N In N, —
q : -

i
— Y (agi—N) In (Yo 8i—N)). (13.5.7)
i{
BenomuHas, uto BeaHYHHbl Ny, N,, ..., N, (32 HCKJIIOUEHHEM oOrpa-
HHYEHHH, YIOMSIHYTHX BhIIUE) HE3aBHCHMEI, IIOJIyYaeMm
aNN, oY EN,
{ . i{ .
3N, =1, o, =& urT A,

YTO NPHBOAMT K CJERYIOUIEMY:
0(inQg) __ 4, 2 & —tnl(&
——W—-_lnN—l—Hn(—él N,)-ln(m—fl), (13.5.8)
op __ o _
a_N,"l' a—Nl—gj. (13.5.9)
Cucrema ypaeHenu#t (13.5.3) cBonurcs B 3TOM ciayyae K Habopy
HE3aBHCHMHIX YpPaBHEHHH BHAa

1n(1%— 2)=-—a— pg,. (13.5.10)

Kaxnoe ypaBreHHe (13.5.10) MOXHO pewHTh OTHOCHTENBHO N,/g.
Otnowenue N,/g;, Hmeoumee OAMHAKOBWA BHA gas JoGoro J,
ABJAETCS O onpeaeneHHI0 GyHKIHeR pacnpeneneHus. HUrtak, nomyuum

_N_ s
fo &) =3 = torem (—a=88) (13.5.11)
B ofmem cayuae HeonpefeJNEHHYIO KOHCTAHTY @ MOXHO MAEHTH-

¢uuuposaTh ¢ sueprueii Pepmu &r, a HMEHHO
a=8r/kT, ' (13.5.12)

a BeJHUHHE § HYXHO NpHNHCaTh BeanunHy — 1/RT [27]. Cnenas ath |
NOACTaHOBKH JJ1f AOHOpa, IOJYUYHM

i
&)= 2 . 13.5.13
s ) 14+, exp [(E —ER)/RT] ( )
B cayyae fOHODHHX ypOBHeA B IOJYNPOBOAHHKE gy =2Ny4, rae Ny—
YHCJO AOHOPHHIX ATOMOB, BHI3BAHHHIX ABYKPATHHIM CIIHHOBBIM BbIDOX-
AeHueM, u ¢opMyaa (13.5.11) naer ans uMcsia 3JEKTPOHOB My, 3aHH-
MAIOUIHX AOHODHBIE MECTa,

1+ pexp[(Ba—E)kT )
rae Sd—a}iepruﬂ 9JIEKTPOHA Ha JAOHOPHOM YDOBHE,
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B nonynpoBOAHHKOBOM KpHCTadje, COAEPXKalleM AOHOPHBIE NpH-
MeCH, JAEHACTBYIOT Torja JBe (YHKUHH pacnpefeseHHsl, a HMEHHO:
obbiunoe pacnpegenenne Pepmu (13.2.3) ans 3MEKTPOHOB HA ypoOB-
HAX 30HBI NPOBOJAHMOCTH H BaJEHTHOH 30HHI, H (yHKuHA (13.5.13) —
IJS 3JEXTPOHOB HA JOHOPHHIX ypoBHAX. IlonHylo KoHUEHTpaiuio
anexkTpoHOB N (Kak Ha JIOHOPHBIX YPOBHSIX, TAK H B 30HE IPOBO-
JAMMOCTH) MOXHO CUHTAThb IPOCTO CYyMMOH fg H ny:

o

N=ﬂo+nd=§fo(g)gc(g)d$+l+l/ep[évéid &yt (13.5.15)
3 €X — ©@F)

c

IIpu s1om Benuuuna &g, Gurypupyiomas B o6eux GyHKUHAX pacnpe-
nenenus fo (6) wu f4(€), Gymer, oueBHaHO, OAHA M Ta Xe, H ee
MOXHO HaiiTH, pemas ypaBHenue (13.5.15) orHocurensHo 6.

13.6. B kpHcTanne, KOTOPbIH HBJSETCH 3/eKTPHUECKH HEHTpalb-
HBIM, MOJHAS CyMMa 3apfANOB BCEX HOCHTeJNEH H NPHMECHBIX HOHOB
JAO/DKHA ObITh paBHa HYM0. Eciu Ha eaMHHLy ofbeMa NMpPHXOAHICH
N, NOHOpHBIX aTOMOB, H3 KOTODHX My HE OTAAJH CBOH 3JEKTPOHHI
(d, crenoBaTesbHO, HEHTPAsbHB), TO OcraBmuecs Ny —ny JAOHODPOB
(12 enuuuuny ofbema) OyAyT HOHH30BaHBI (C/€QOBAaTENLHO, MOJOXH-
TEJbHO 3apfXEHHI).

AnanoruyHo Ha emuHHLY ofvema npuxoautcs N, — p, OTpHuA-
TeJLHO 3apSKEHHHX HOHH30BAHHBIX AKUENTOPOB, IAE p, — UHCJO
aKIEeNTOpPHBIX aTOMOB, HE 3aXBATHBIUHX 3JEKTPOHHL. ¥ C/IOBHE 3JieK-
TPOHEHATPATBHOCTH MOXHO TOTAA 3anmucaTb TaK:

e(po—no+Nyg—ns—N,+ ps)=0. (13.6.1)

Ecnn e Bce JOHOPH H aKUENTOPbl HOHH30BaHH, TOrAa ng=p, =70,
u paseHcTBO (13.6.1) npumer BHA

Po— o+ Ny— N, =0. (13.6.2)

Ho cornacho (13.2.15) py=n}/n,, rie n; onpeieneHo COOTHOIIEHHEM
(13.2.16). IloactaBnss py,=ni/ny B ycaosue (13.6.2) u Haxoas u3
HETO ng, MOJYYHM

n =; (Na— No)+ 1/% (Ng— No)? 41, (13.6.3)

B nosyueHHOM peleHHH KBaJDaTHOrO YPABHEHHS 3HAK paJuKaJa
(KOpHS) MOXHO B3fTb MOJIOXKHTEJIbHBHIM, TAK KaK KOHUEHTPAUHH Mg
JO/DKHA yMeHbIaTbes 10 -1, ecin Ny=N,=0.

AHaJOrHYHO BMECTO f; MOXHO TOJACTaBHTh ni/py B (13.6.2) u
PEIMThL NOJYYeHHOe ypaBHEHHE, YTO JacT

po=—y Na—ND+)/ § Wa—NJ24rt (136.4)

3aMeTHM, 4TO €cTH Peub HAeT O 3aloJHeHHH YPOBHEH 30HBI Ipo-
BOAMMOCTH H BAaJEHTHOH 30HH HOCHTENSIMH TOKa, TO UHCTBIE KDH-
CTaJaBl, B KOTOPHX Ny==N,=0, 0 CKOMIIEHCHPOBAHHEIE KPHCTAJLJIbI,
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B Koropuix N ;= N,30, COBEpILIEHHO TOXIECTBEHHbI; B O00HX CJY-
4yasix fy=po=~n;. JlAg CHUABHOJErHPOBAHHHX KPHUCTA/NJOB #-THIA

Ng—Nz>n)
ng~Ny—N,, po~ni/(Ny—Ng);
A CHJBHOJIETMPOBAHHBIX 00pasuoB p-tuna (No—Ng>n;)
Por~N,— Ny, m=n}/(N,—Nyg).
13.7. Tlonb3ysice ¢opmynamu (13.2.11) u (13.5.14), cocraBum

OTHOIIEHHe KOHLUEHTPAUMH 3JEKTPOHOB NPOBOAHMMOCTH M, K IOJHOH
BO3MOXHOH KOHLEHTPALUH 3JEKTPOHOB HPOBOJUMOCTH Mg+ 4!

ngy i 1

no—-nq 1_+_2%°d exp [— (Ec—&q)/eT)

. (13.7.1)

TlpeanonoxuM panee, uTO 3KCIOHEHIHAJbHHIH YJEH B 3HaMeHartene
MHOTO 6Oblle eAHHUUb. Pasnocts &, — &, ecTb 3HEpPrusi HOHH3ALHH
JOHOpa, KOTopas AJst repMaHdsi NpH Temneparypax Bbiumle 150 °K
06bIYHO MeHblie RT.

Ilpy 3THX YCHOBHSIX YINOMSHYTas BhIIE IKCHOHeHTa OJu3Ka
K eauHuue, n Ttoraa, ecad N,y< U, yka3zaHHoe OTHOUEHHE OYZReT
OyeHb MaJLIM, 4TO OyAeT COOTBETCTBOBATh NMOJHOH HOHH32aLHUH JOHOP-
HbIX VpoBHe#. [/ KpeMHUS HEPrHH HOHH3AUMH JNOHOPOB HECKOJBKO
O0nplune, ueM AJS1 TepPMaHHs, U YCJIOBHA INOJHOH HOHHU3ALMH JOHOP-
HBIX ypoBHeli GoJsee crporue. Bo BcsiKOoM cayuyae sicHO, YTO A1
KOHLEHTpaluii NPHMECH MHOrO MEHbIIMX ueM U, U Ans TeMnepaTyp He
CAMUIKOM HH3KHMX HOHH3allMsl JOHODHBIX M AKLUENTOPHHIX YpPOBHEH
6ymeT JAOCTaTOYHO IOJIHOM.

MoxHo omicaTe 3To W mo apyromy: u3 puc. 13.2.1 BuaHo, uro,
NOCKOJIbKY 3Heprusi (PepMu IO MeHblIEH MEpe Ha HeckKoabKo kT
BbIllIE aKUENTOPHBIX YPOBHEH MMM HiDKE JOHOPHBIX YPOBHEH, 3HaueHHe
¢yukuud PepMu Ha 3THX ypOBHAX OyAer 6JM3KO K €IUHHIE HJIH
COOTBETCTBEHHO K HYJIO, YTO OTBedYaeT MNOYTH NOJHOH HOHH3aLMH.
Takum of6pa3oM, Haualo HENOJHOH MOHM3ALMM BCErja CBSI3aHO
¢ HapyuleHdeMm npuGauxeHdss BonbumaHa Ass JOHOPHBIX HMJM aKlen-
TOPHBIX YPOBHeil IO OTAEJNBHOCTH HJH XK€ U AJSA NOHODHBIX H JJA
aKIENTOPHLIX YPOBHEH M COOTBETCTBYIOIIEH SHEPreTHUECKOH 30HBI.

[Ons monynpoBojHHMKAa, B KOTOPOM CTaTucTHka BosbumaHa npu-
MEHHMa K NPHUMECHbIM YDOBHSIM, K 30HE NPOBORMMOCTH M K BaJeHT-
HOM 30HE, ¥ B KOTOPOM BCe NpPHMECHble YPOBHH IIOTOMY HOHH30-
BaHbl, MOXHO, HcxoAsi H3 ycqoBus (13.6.2) ¥ moAcTaBUB Ansl fy H
po Bemnuunsl (13.2.11) u (13.2.12), nonyuuTb paBeHCTBO

U,exp[— Br—8.)/kT] — U exp[— (8, —8p)/kT]+ (N4 —N,) =0.
- (13.7.9)

Hanee, BBOAS 0603HAUYEHHUS
a=exp (BrkT), B.—exp (—8/kT), Bo—exp Bu/kT),  (13.7.3)
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MOXHO nepenucatb paseHcTBo (13.7.2) B BHAE

N “Na vPo .
ar—YeNeq chc_o (13.7.4)

Iocneanee MOXHO pPEIMTh OTHOCHTEJBHO @, H, CJEAOBATENbHO, JJA
&r nonyuum

8 — len[wcﬁc“-}-]/ e ) g] (13.7.5)

Tlpu peweHHH KBajgpaTHOro ypaBeeHHsi (13.7.4) 3Haxk KOpHsS clienyeT
B35%Th IIOJIOXKHTENbHbIM, YTOGHl OGECNEUHTb INOJIOXKHTEJbHOCTh O =
= exp (85/kT), Kak 3TO0 JROMKHO GhiTh, ecan &p/kT — BelulecTBeHHas!
BejHurHa, PeayabTaT MOXHO YHPOCTHTb, €CJIH YUYecTb, 4TO

In{x+V x* +a%} =n a+ Arsh (x/a). (13.7.6)

Hcnoneays stor peayastar H dopmyan (13.7.3), (13.2.13) n (13.2.16),
MOXHO B KOHIE KOHIOB NpDHBECTH BupaxenHe (13.7.5) x BHay

(8. +8)+4TIn (""’) /s 4 kT Arsh Na=Na ”d‘”“ (13.7.7)
HJIH
8r= 8 kT Arsh 1"2;& (13.7.8)

rae 8; — sHeprusi PepMH AJs COGCTBEHHOrO NOJYNPOBOAHHKA NpPH
TeX yc.nommx NPH KOTOPuIX Ansi 87 mosnyueno Bupaxenue (13.3.1).

EcnH pa3sHOCTb KOHUEHTPAUMH JOHOPHHX H AKUENTODHBIX NpH-
meceii N;— N, BeiHxka H no BeJHUHHe CpaBHHMa c #;, To (13.7.7)
NPHHHMaeT BHA

=8 T InNa—Nal (‘+' Aas n- “‘““) (13.7.9)

ny «—» 19 p-THN3

C YYETOM TOFO, 4TO AJsi GOJIBIUHX X MOXKHO cuuTaTh Arshx~~s—In|2x]|.
13.8. KHHeTHueckoe ypapHeHHe DoJblMaHa MOXHO 3amHCaTh
B BHJIE

Y — 0.Vf—F-V,f— (m)cm“ (13.8.1)

rae f— QyHKuHs pacnpenefeHHsi, F—mobasi cuja, KOTOpas MOXeT

BO3/IeHCTBOBATb Ha BCE YACTHUBI AAHHOH CHCTeMHI, a (g—{)cmx“ —_
CKOpDOCTb H3MEHEHHsS (YHKUHH paclpeAe/]eHHs H3-33 CTOJKHOBEHMS
YaCTHIL C UEHTpPaMH paccesithusi. Cumson V, o3nauaer omepaTop rpa-
IHEHTa B IIPOCTPAHCTBE HMNYJbcOB: V =t, (9/9ps) +i, (0/0p,) +
+ i (9/9p.).

Ypassenre (13.8.1) MOxHO pewHTh H HaHTH (PYBKUMIO pachpe-
REeNeHHst AJS CHCTeMbl, KOTOpas He HAXORHTCH B paBHOBecHH [27].
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B npuGauxenHn BpeMeHH peNaKCalHH WIEH, YYHTHBAIOUHA CTOK-
HOBEHHS, NPUGIHKEHHO 3anuuercs B BuAe — (f— fo)/t (v) (rne fo—
paBHOBecHast (YHKUHS pacnpejeteHus, a T— BPeMs peJaKCauHH,
KOTOpoe B OOLIEM Cay4Yae 3aBHCHT OT CKOPOCTH).

PaccmorpuM  oHopoanmit 06pasen NoaynpoBOAHHKA, B KOTOPOM
nocrosHHoe mnoje E, co3jaeTcs NPHJIOKEHHOH H3BHE 3. J. C. Tak,
YTO0 B 06pasile YCTaHABJAHBAeTCs NOTOK 3/JEKTPOHOB M AMWpOK. B cra-
IHOHApHOM cocTOSiHHH df/df=0. Ecam mnone E, ogHopoaso, ToO
Vi=0 u cuna F, feficTBylomas Ha IbIPKH M 3JEKTPOHHI, paBHa
HeE, (3Hak nuioc OTHOCHTCH K JMPKaM, MHHYC — K 3JICKTPOHAM).
He Ttepsis oOuHoCTH, MOXHO BHGDAaTh CHCTEMY KOODPAHHAT TakK,
YTOGB OCb 2 COBNajaia C HanpaBJEHHEM 3JIEKTPHYECKOro MOJs,
Torfa Eo=i.E,. Vcnonb3ys st ycioBHs u BBoas B (13.8.1) Bpems
peJaKcauuu T, ¢ y4eToOM TOro, 4YTO p,= Mpy;, MOXKHO HOJYYHTb JJIS
GyHKUKH pacnipeseseHHs ABIPOK CleAylollee ypaBHEHHE:

Fo O — I=h (13.8.2)

midu;, — T t,(0)"

Beauunna t, ecrb BpeMs penakcauMH Asipok. Jlas ¢yHKuMH pac-
npenesieHHs 3JeKTPOHOB ypaBHEHHE OYJeT TOYHO TAKHM e, TOJBKO
e HaJ0 3aMEHHTb HA —e, a mp H T, (V) —Ha mi U T, (V).

HonycTuM, 4TO BO3MyMIAIOUIEE 3JEKTpHYECKOe MOoJe JOCTATOYHO
MaJé u nostoMy f H f, He3HayHTeNLHO OTJMYAIOTCA APYr OT APYra;
NpH 3THX OOCTOATEJNBCTBAX MOMKHO NpeHeGpeub pPa3HOCTBI0 MEXIY
0f/dv. H Ofo/Ov, u noacraBute B ypaBeenHe (13.8.2) dfo/du, BMecTo
df/dv,.

Kpome ToOro, mocko/pKy paBHOBecHasi (YHKIHS pacrpefeseHHs
AJfl 3TOH CHCTEMB HMeeT BHA fo = A exp [— m} (vi+ vj + v3)/2kT], 10
OYeBHIHO, YTO

0fo m; Uz

2 2 | *
% moe m (v 4 vy +02) _ _mpvzfo_ (13.8.3)

Aexp——5= = " %T

TloacraBasa (13.8.3) B (13.8.2) u pemas nocjenHee OTHOCHTENBHO
HepaBHOBECHOH (GYHKLHH pacnpejeseHHs f, HaxoquM

eEytpu,

f=fo(l——ﬁ.—>=fo(l—£;;ﬁvcoso), (13.8.4)

rae 0 — moJsApHBA yroJ MeXAy ¥ H OCblo"Z.
[TnorHoCTE TOKa Jp, MOXKHO 3amHCaTh 4Yepe3 cpejHee 3HaYeHHe
2-KOMIIOHEHTHl CKOPOCTH CJEAYIOIHM 06pasoM:

S v.f (v) d®v
{Foydo *

npuyeM MHTerpaanl GepyTcsi mo BceMy NPOCTPAHCTBY CKOpOCTER.
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IMoncrasasa B (13.8.5) dynkwmo f(v) B Buge (13.8.4), nepexons
K cdepuueckuM KOOpAMHaTaM H, B UYacTHOCTH, 3ameHas d’v =
= p?sin 6 dv df dp, nosyuum

S°

2n

gfo(v)/l— BT vcose)v-"cosesmedvdedq)

— - . (13.8.6)
S §fo(v) 1— BT vcosb)vﬂsmbdvdodq)
0

J g = pe

S
S

B 3TOM BHIpaXeHMH OYEBHJHO, YTO OJMH H3 MHTErpajioB B UHC/MTEJE,
conepxauui TOMBKO fo, Aa€T NPH HHTErPHPOBAaHMH HYJb, TakK Kak
paBHOBECHOE pacrpejie/ieHHe He MOXeT BHI3HBATh pe3yJbTHPYIOWHMil
TOK.

310 MOXHO IIOKa3aTb M NpPAMHIM pacueToM, 60 MHTerpasa 1o 6,
cofepalliii B IOJHIHTErpaJbHOM BBIDAXEHHH COS 0 sinf=1/,sin 29,
npu uuTerpupoBaHuu oT 0 IO m jgaeT Hysb. 3TOT e caMulif MHTer-
pan no yray, KpoMe TOro, NOSIBJIAETCA B CBA3M C 3aBHCAUIUM OT
Mo/ YJEHOM TOALIHTErpaJjbHOro BbIPaXXeHHWst B 3HaMeHaTese, H
NO3TOMy 3TOT MHTErpajl TaKXe He JaeT BKJaJa B OKOHYATeJbHbli
pesyJbTaT. YuMThHIBasg, 4TO 003 3TH HHTerpaja ofpalllaloTcs B HYJb,
¥ npeanoJarasi, 4TO T, (V) $BJASETCH (QyHKUHMEH TOJNbLKO BEJMUHMHH U
(a He yrJa), BHIpaXKEHME Ans NJOTHOCTH ToKa (13.8.6) MoXHO npwu-

BEeCTH K BHAY
o

§ v, (v) 4P, (v) du .
Jpe = =280 (o, (), (13.8.7)

S fo (0) 4n0°fo () do
[y

rge cpexnxee (@) (B MaHHOM ciyuae OT v®1, (v)) Gepercs 1O paBHO-
BECHOHM (pyHKUHMM pacnpejenieHus, T. e. pyHKUHH Makcsenna — Bobu-
mana. IlockonbKYy cpenHss KHHETHuecKasi 3HEprdsi 4acTHIWl paBHa
3/,kT, TO

(g mEv?) = 5 m3 () =5 kT,
WJH
3kT = m} (v?). (13.8.8)
IMoncrasasis ator pesyastaT B (13.8.7), MOXHO 3anucaTh
pet (vitp (1)) pe*t,
Tpe = a3 <‘;2) o= E,, (13.8.9)

rie T, — HEKOTOpOe CpejHee 3HAaue€HHe BPEMEHHM peJlakCauMH B Npo-
CTPaHCTBE CKOpOCTEH, KOTOpOe ONpelessieTcsl KaK OTHOLIeHHe cpej-

HHUX:
27
T, =<"_<:2)“’_’>. . (13.8.10)
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AHa/IOTHUHEIM NyTEM MOXHO PAacCYMTATh 2-KOMIIOHEHTY 3JIEKTPOHHOIO
TOKa, HCHOMb3ys COOTHOLIeHHe bBosbumaHa Anst 3/eKkTpoHOB. Bhipa-
JXeHHe JJ1si Z-KOMIIOHEHTHl 3JEKTPOHHOIO TOKa OYAeT HMeThb CJ/eAyio-
WHMH BHA:

I, =2 o T g (13.8.11)

Comy (0% my

ITockoneky J,, 1O onpejeseHHo ecTb IVIOTHOCTL 3apsja pe,
YMHOXXEHHasi Ha CpexHIol0 ApeddoBYIO CKOPOCTb ABIPOK B HalpasJe-
HUHM Z (T. e. IJIOTHOCTb ALIPOYHOrO TOKA), TO, COTJIACHO YPaBHEHHIO
(13.8.5), ara xpeigopas cKOpocThb paBHa et,Eq/mj. IlpeidoBas cko-
POCTb HA EeJMHHIY HANPSAKEHHOCTH 3JIEKTPUUECKOro NOJS NOCTOSHHA
H paBHAa eT,/mj. AnanoruyHo japeHcdoBasi CKOPOCTb 3JEKTPOHOB Ha
e[MHUIY HaANpPSXKEHHOCTH 3JIEKTPUUECKOro MOJf INOCTOSHHA W paBHa
ex,/my.

[lo onpeaenenuto cpejHss jpeddoBas CKOPOCTb Ha eRHHHIY
HANpSXKEHHOCTH IPHJOXEHHOIO0 NOJf eCTh INOJBHUXHOCTL COOTBET-
CTBEHHO JBIPOK W, HJIH 3JIEKTPOHOB W,, TaK 4TO

et, €T,
pp:mTv p.u=m—* (138.12)
P n
[MonHas NJOTHOCTH TOKA €CTh CYMMa JBIPOYHOH M 3JEKTPOHHOM
IJIOTHOCTEH TOKa

Jo=Jdp: 4 dn.=e (npn+ puy) Ey =0E,. (13.8.13)
o =e (npa+ pp) (13.8.14)

€CTh HE UTO HHOe, KaK MO0JIHas POBOAMMOCTb, a ypaBHeHue (13.8.13)—
310 npocto 3akoH Oma. EcTecTBenHO, uTO B ofwieM c/ydyae paccMar-
puBaloTCc 062 BKJ/aja B NPOBOAUMOCTb — H 3JIEKTPOHOB H IHIPOK.
B Merasie, rje HOCHTE/NH TOKA NOJYHHAIOTCS CTATHCTHKe PepMH —
Iupaka, aHanoruudbii aHamu3 (cM. [27]) npuBOAMT K pesyJ/bTary

Uzne"r (:%’F) ’
m

3nech

(13.8.15)

rae v (6p) —Bpems penakcanuu, OnpeseseHHoe BOJH3H SHEPTHH
PepMH.

13.9. CornacHo cxeMme, OOBLIYHO HCHNOJb3YeMOH B TEODHH TeIlJO-
emroctd [le6as [27], HOpMa/bHBIE aKYCTHYECKHE KOJNEOaHUS pELUETKH
pacrnpefensloTcs IO YacTOTaM CJefYIOWUM 06pa3oM:

3w?do
= 2n2v} *

g (w) do (13.9.1)
rie g (w) do —uucio HOPMaNbHBIX KoJeGaHWH B equHHHe o6beMa
KPHCTa/1a B HHTepBaje 4YacToT dw B OKPECTHOCTH ®; Up — CKOPOCTb
3Byka IpH o —0.

PDyuknus g (w) ecTb B CYWHOCTH GYHKHHSA IJOTHOCTH COCTOSHHH
an1s ¢onoHHoro rasa. IlosHoe 4HC/IO aKyCTHUECKHX (POHOHOB MOMKHO
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OINpERE/HTb, YMHOXHB BhipaxeHHe (13.9.1) nHa dynkuuio pacnpeze-
JeHHsl (KoTopasi B JaHHOM cJjyy4ae fBJseTcs QyHKIHeH pacnpeneneHus
Bose —JiiHmrefina (e®*T — 1)1, rpe & =Hhw) u npoHHTErpHpOBaB
110 9acToTaM.

HHTerpHpoBaHye HYXHO NPOBOAHTH 0T @={0 [0 HEKOTOPOH MaK-
CHMaJIbHOH 4YacTOTH ®Wmax, KOTOpass B TeopHH [eGas onpenensercs
H3 YCJOBHS DaBeHCTBA TIIOJHOTO YHCJAa HOPMaJbHHX KoJeGaHHH
B efuHHLEe O0bEMa HHKE STOH YacTOTH YHCJAYy cTeneHe#dl cBOGOAH,
T. €. B JaHHOM caydae JN. Jlerko nmokasarb, 4TO

Wmax = Yy (GﬂﬂN) 1/3 (13.9.2)
H YHCJIO q)OHOHOB n, B [1020:9500(S o0nema OIIpeAeNACTCA TOrJa Kak

©Omax (@) d 3 Omax 2 g
_ g (o) de _ 0?2do
np - § exp (h(})/kT) —1 - 2”203 § exp (h(D/kT)— 1° (13.9.3)
BBoas o6o3naueHHs

x=ho/kT,  © =homlk, (13.9.4)

MoxHo 3anucatb (13.9.3) B Buge

n,=9N & S “, (13.9.5)
0

ITapamerp O, onpemesnsieMn# BrophM paBeHcTBoM (13.9.4), umeer
pasMepHOCTL TeMIepaTyphl H HasmBaeTcs TemnepaTypod [leGas.
Ipexnonoxum Tenepb, uro T >© (BLICOKHE TeMIepaTypH),
toraa ©/T MHOro MeHblle €AHHHIH. B 3TOM cayyae B nopmHTEr-
paJbHOM BLID2XEHHH OCHOBHOH BKJIaA AaeT 00JacTb MaJblX X; MOXHO
cuHTaTh ¥ — 1 ~zx. BuinosuuB HHTErpHpoBande B (13.9.5), nmoayuum

e/T
9N
n,=9N 5 5 xde=2T (13.9.6)
" PaccMOTpHM B3aHMOJEHCTBHE aKyCTHUECKOro (JOHOHA C 3/IEKTPO-

HOM KaK CTOJKHOBEHHE JBYX YaCTHI[, H NONLITaeMC OLEHHTb Maccy
¢oHOHA, HCMONb3Ys H3BECTHhIE CBOHCTBA (OHOHAa H 3JEKTPOHA.

MOXHO HCXOAMTb H3 TOTO, UTO CPefHsis 3Heprus (oHOHa paBHa §.
Ilpu Bhicokux TteMnepatypax (T > 8) uncio ¢oHOHOB B epuHHIE
o6nema, corsacHo (13.9.6), paBHo 9NT/28. B cooTBeTcTBHH C Kaac-
CHYECKOH CTaTHCTHYECKOH TeOpHed TenJoeMKocTH {27] mosaHas BHy-
TPEHHAS SHEPrHs peUeTKH IIPH 3THX YCJIOBHfX paBHa NPHO.JIH3H-
TeapHO 3NART (Ha eauHHny ofveMa). O603Hayas BHYTPEHHIO 3HEPTHIO
peineTkH U, npHpaBHsieM ee¢ SHEpPrHH (GOHOHHOro rasa

U=8n,=F TE—_3NeT. (13.9.7)
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W3 sToro paBencTBa clegyer, 4YTo
P 2
$=hm=—3—k8. (13.9.8)

3pece noapasymeBaercs, uto A T >O cpemHss uyacTora & €CTh
2kO/3k uMu %/30max. ITOcKOMBKY (OHOH MBI paccMaTpuBaeM Kak
YacTHIly, TO, HCXOAfl H3 PaBEHCTBA (13.9.8), MoXXHO 3anucath:

§=218 =) m,u, (13.9.9)

M TOrla BEJMUHHY & MOXHO TPaKTOBaTh KAK 3HEPIHI0 YacCTHIbI
(doHoHa) c Mmaccodl m,, ABHXYLIEHACA CO CKOPOCTBIO 3ByKa U, Jad
m, u3 (13.9.9) nonyuum

My =5 o5 (13.9.10)

HOna orHomeHuss maccol (GOHOHAa K Macce 3JeKTpoHa m* uMmeeM
mp 4 kB

m* = 3wl (13.9.11)
OroT pe3ysNbTaT MOXKHO IOJIyYHTb APYTHM NyTeM, YMHOXAf 4HCJIH-
TeJAb M 3HameHaTenb BuipaxeHus (13.9.11) Ha cpegHiow TEnJOBYIO
CKODOCTb 3JIEKTpPOHA T, BeJHYHHA KOTOpPOH, KaK JIeTKo yGeiHTbCH
[27], paBHa

(vy=c=} %L (13.9.12)

nm*’

u mnopctapass (13.9.12) B 3nameHaTens mnpasoit wactH (13.9.11).
[MTonyunm : '
mp 4 k8 ne/e\2
F='§W=FT< )

— (13.9.13)
Yo

Jnsi THNHUHBIX KOBAJEHTHLIX IOJYNPOBOJHHMKOB IPH KOMHATHOR
Temiieparype €~ 107 cm-cexl, a CKOpPOCTb 3ByKa Uy MO MNOPAAKY
BeJMUHHH cocTaBisier 108 cu-cex). MHOXuUTENb (C/Uy)?, TakuM obpa-
30M, HMeeT BeJHuMHy mnopsaaka 10%, mexay Tem kak 6/T Moxer
GuITb YyTh MeHblle egHHHIE *). Macca ¢oHoOHa, onpeneneHHas TakHUM
cnocoGoM, npuGnuanTeanHo B 10* pa3 Goseie, uem sdpekTHBHAS
Macca 3J1eKTPOHAa H JBbIPKH,

ITpumem 3Ty rpy6yl0 H O4YEHb YMNPOILEHHYI0 Mojesb (oHOHA 3a
MOJe/1b, KOTOpas B OTHOIIEHHH 3JEKTPOHOB M JABIPOK BejeT celf Kak

*) HecvwoTps Ha TO, uTO AJfA repMaHHsl NPH KoMHaTHOX Temneparype T =6,
npubamxennoit $opmynodt (13.9.6) MoxHO NoNL30BaTLCHA; MOANHTErpanbHoe BHpa-
wxenre B (13.9.6) npy x—=1(T=86) pasno 1,000, a B TouHoM Bupaxerun (13.9.5)
OHO HMeeT BenHuHHy 1/(e—1)=0,582, flcHo, 4TO pa3HHNA HE CTOJb BENHKA, YTOGH
MOBJAMATL Ha NOPANOK BeJHYHHW pesyabrata (13.9.6). To ke MokHO cKa3aTh
o npeanonoxeruH, yro U =~ 3NkKT, Tak KaK np¥ T =0 pelaesckas TEN/I0EMKOCTh
yxe cocrapaser Gosee yem 909 cBoero npenenbHOrO 3HaYeHHA.
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KBA3HCTALMOHAPHLIA MaCCHBHBEIH HEHTPaJbHBIA PacCeHBAIOMMHA LEHT.
Toraa MOXHO JIETKO MOHATb, MOYEMy BO MHOTHX cJyudasix chpaBef-
JHBO YTBEPXKJEHHE, UTO CpelHssa [HHa cBobojHoro npobera 3Jjek-
TPOHA MJIH [BIPKH He 3aBHCHT OT cKopocTH. Ilpu atux obcrositens-
CTBax NyTb, NPOHJEHHBbI 3JIEKTPOHOM B KpHCTaJe, ONpefensercs
B OCHOBHOM YHCJOM H TEOMETDHUYECKHM paclpe/e/ieHHEM pacCeHBalo-
mHx yactHi{ (GOHOHOB), T. €. 3JIEKTPOHBI C PA3JHYHHIMH [EPBOHAYAJIDb-
HEIMH TOJIOXKEHHSIMH M HANPABJACHHSMH JBHXKEHHS, HAYaJbHbLIMH H
NOC/IEAYIOUME CKOPOCTAMH IIPOXOAAT MEKAY CTOJNKHOBEHHSIMH OJMH
H TOT XK€ IyTh.

Cpennee paccTOsSIHHE MeX/y aKTaMH PacCeAHHsl ecTb, TAKHM olpa-
3oM, (yHKIMS 4YHCIAa H PACHpPEJENeHHs PAaCCeHBAIOUIMX LEHTPOB, H
Ha Hero He BJIHfET, KaK OBICTPO 3JEKTPOH NPOXOAHT CBOH NYTh;
APYrHMH CJIOBAMH, 3TO O3HAYaeT, 4TO JJHHA CBOGORHOro npobera,
rpy6o roeopsi, He 3aBHCHT OT CKOPOCTH.

13.10. B BemecTBe, B KOTOPOM IJIABHHIM MeXaHH3MOM paccesHHs
3JIEKTPOHOB fIBJISIETCH paccesiHHe Ha aKyCTHUECKHX (OHOHAX, CpeaHss
AJHHA cBOGOAHOro npobera He 3aBUCHT OT CKOPOCTH (a CJIENOBATeJbHO,
or sHepruu). Ilo 3Toif npuuMHe BpeMs penaKcalMH KakK (yHKIHMIO
CKOPOCTH MOXKHO BHIPa3HTb CJIEJYIOLHM OGpa3oM:

T (v) =AM, (13.10.1)

3feck A —cpeiHsis AJAMHa cBoOoxHoro npoGera, He 3aBHCAILAS OT
ckopoctd. Bripaxenue (13.8.11) ans nosnynpoBoAHuHKa (CTaTHCTHKA
Makceenna — bosbliMana) MOXHO 3anucaTh B ciepyioued gopme:

_ e (@) _d@ _ 2 2
p= s R = ED L) 2 (3109

3neck Mbl BOCTIOJIB30BAMHCH TeM, 4TO, corjacHo (13.9.12), (v)=¢ =

=)/ 8kT/nm}, a u3 (13.8.8) {v®) = 3kT/m%. B cootsercrsuH c (13.8.14)
Ansi Metanna (cratucTHKa Pepmu — dupaka)

er(g )
=—mi (13.10.3)
T(gp):%:=ll/%:, (13.10.4)

Ifie Ur— CKOPOCTb, COOTBETCTBYWoWas & (oTkyaa !/,mivk = &r). dop-
myay (13.10.3) moxHO nepenucath B BHE
_ eh

V omigr

SlcHo, oxmako, uTO ec/M paccessHHe Ha aKYCTHUECKHX (POHOHAX
AIBJIIETCA JIOMHHHPYIOIHM, A JOJ/KHA GHITh 06paTHO NPONOPIUHOHANBHA
KOHUEHTPALHH PACCEHBAIOIIHX YacTHL n,. Ho NOCKO/IBKY, cOrjacHo
(13.9.6), n, npsmo nponopunonansna Temneparype T, TO A IOMKHA
OuiTh o6paTHO mponopuuoHanbua T. TlostoMy 3 dopMyan (13.10.2)
AN TOJNYNIPOBOJHKHKA CJAEAYET, 4TO WU,~ T—3%2, a jna Mertajana u3
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(13.10.5) —uro p,~T-1 (Mn npene6peraeM oueHb cJaGoli 3aBHCH-
MocTblo &€p OT TemMmepaTyphi).

BhIO yCTaHOBJIEHO, YTO TakKoi XoJ H3MEeHEHHSI 3JIeKTPOIPOBOJ-
HOCTH C TeMmepaTypoll corsiacyercsi C 3KCIEPHUMEHTOM JJsi MHOTHX
MeTa/JIoB. B INpHMECHOM repMaHHM A-THIIA 3KCIEPHMEHTANLHO ObLIO
HaliIeHo, 9T0 p, ~ T, 310 OT/IMYHO COBMajaeT C NpeicKasaHUEM,
C/eNaHHBIM BbllUe; JJIS FeDMaHHS p-THNA HaHAEHC, YTO W,~ T—2:3,
s n-Si p,~T-25, ana p-Si p,~T—23. Pacxoxaenus c Teo-
puelt B cayuae n-Ge u n-Si cBSI3aHbl C HeyYTEHHBIM BKJ/I3JOM OITH-
yeckuX (OHOHOB M BJHSIHHEM MeXJIoJuHHOro paccesnusi [89, 91].

13.11. Jlnsa o6pasua, 3apsjbl HOCHTEJEH KOTOPOrO IOJOXKHTEbHhI
M Ha KOTODHH JeHCTBYIOT IIOCTOSIHHOE 3/eKTpHyeckoe nose *) E =
=i.E,+i,E, u MarsuTHOe nose B,=i,B,, Kak INOKa3aHO Ha
puc. 13.11.1, cuay, AefcTByOmyI0O Ha TakOH HOCHTE€Jb, MOXHO 3aIlH-
caTb B BHJE

F=m3% —¢E+ % 0xB,. (13.11.1)

3r0 ypaBHEHHE€ JBHXEHHS MOXHO 3amnHcatb B COCTaBJISIIOINIHX no
KOOpPAHHATHbBIM ocsaM
du, ek,

G = T o, (13.11.2)
i f%_mou,, (13.11.3)
%20, . (;3.11.4) :

e mo:%- (13.11.5)

Vpasuenue (13.11.4) BhpaxkaeT TOT NpoCTOH ¢axT, YTO NPHU/IOKEH-
Hble [OJIS HE CO3JAI0T 2Z-KOMIIOHEHTHl YCKODEHHH (3TO ypaBHeHHe HaM
B JafnbHeiieM He IOHaI06HTCH).

Vpasuenus (13.11.2) u (13.11.3) pematorcs audppepeHunpoBanueM
Ka)XJIOTO M3 HHX II0 BpeMEHH M IIOJCTaHOBKOH TpeGyeMOH BeJHYHHH
dv,/dt unu dv,/df u3 Apyroro ypaBHeHHsS 3TOH CHCTeMHl. Pe3synbTu-
pyloliMe ypaBHEHHS BHIJIAAAT CJETYIOIHM 06pasoM:

d?uy °E,

%+mgu,=f%, (13.11.6)
d%y wekE
T:—}—mﬁvy:— m; s (13.11.7)

*) 3anHcuBas BHpaXKeHMe J1f SJEKTPHUECKOrO IOJA, HeoGXOAHMO mpeny-
CMOTPETb BEDOSITHOCTb TOrO, YTO Y-KOMIIOHEHTA MOXET NIOABJATLCA BCHKHA pas,
KOrja HOCHTENIH 3apfja, KOTOpHe OTKJCHSIOTCH BBEDX HJH BHH3 cuJjol Jlopenua,
CKAaINIHBAIOTCH y BEDXHETC HJH HHXKHEro Kpas KpHCTalJa.
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pelIeHUs KOTODbIX, KaK JIErKO I10Ka3aTh, HUMEIOT BHA

E
U (t)= A cos ot + B sinwt + ——%, (13.11.8)
0P
uy(t)=ccosmot+nsinmot—(joi=,, (13.11.9)
]

rae A, B, C u D —npousBo/bHbE nocTosiHHEE. [nddepeHunpys 3TH
pelIeHHusl M NOACTABJAS HX 06paTHO B ypaBHeHus (13.11.2) n (13.11.3),
noJlyyaeM OYEBHIHBIH DE3yJabTAT, UTO YPaBHEHHS yAOBJETBOPSIOTCS
JUIst BceX 3HaueHuit £ Toapko npy C=B u D= — A. Hcnoaws3ys stor
¢akT ¥ BHIOHDAas B KauecTBe PAHMUHLIX YCJOBHA HayajbHbIE CKO-
POCTH Uy = Upx, Uy="Uy, (npH {=0), npusoanm Bupaxenus (13.11.8)
u (13.11.9) x caenyrowmeMy BHAY:

eE eEx\ . eE
vx(t)=(va—ﬁ>cosmot+<voy+mom;>smmot—{-momy;, (13.11.10)
E ¢ E . E
v, () =(voy+ © €0S @of — ( Ugx— b sin wof — ? . (13.11.11)
4 4 w,m3 w,m¥ wgm¥

OTH KOMIIOHEHTbl CKOPOCTH HEOGXOAMMO YCPeAHHTDb IO 3KCIOHEHIHAJb-
HOMY pacrpefe/eHHI0O CPeIHHX BpeMeH cBoGojHoro mnpoGera [27].
CpefHHe nO BpeMEHH 3HAYEHHS (Ux)s M (V)¢ (AIS ABIPOK) 3aIHCHI-
BAalOTCA B CJEAYIOIEM BHAE:

S Uy, y (1) exp (— t/tp) dt
(Vs )t =" , (13.11,12)
§ exp (— #/1p) dt

rae T, (v) —Bpemsi penakcauuu aas Ablpok. Ilpu sTtom aast ynpome-
HHA OTMETHM, 4TO NOCKOJBKY (Us)s M (U,); JO/KHBLI 33aTEM ewe pas3
YCPENHATBCA 110 MaKCBEJIOBCKOMY DacIpeiesIeHHI0 HauyajbHBIX CKO-
pocreil, a 3TH cpeiHue (Upx ¥ Tpy) PaBHBI HYJIO, TO WIEHH, cojep-
Xaue 3TH BeJHuMHb! B Buipaxenusx (13.11.10) u (13.11.11), moxkHo
OTGPOCUTh C CAMOro HauyaJja,

IMocse HeCJOXKHLIX Npeo6pa3soBaHHM, BKJIOYAIOMIHX HAXOMXCHHE
Onpeje/eHHbIX HHTErpajioB, UbH 3HAYEHHS JIETKO HaXOAATCHA MO Tal-
JHIAM, TIOJYYHM

e TP E (I)OT; E —
(v.:)tzﬁ <1+(D(2]T; <+ 1+m31-; V) -
e w0pTh 0Ty
- m—;[<rp—-—l+Tm)Ex+ F«T:.EEy]' (13.11.13)

]
(no‘l.'p

e Tp
= (- e Bx e Ey>. (13.11.14)

p
Tenepp 5TH BEJHYMHBI MOMHO YCPEIHMTBb IIO Paclpeje/IeHHIO Haya/lb-
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pelleHHA KOTOpPbIX, KaK JIErkKo N0Ka3aTb, HMEIOT BHJ

E
Ue (£) = A c0S oot + B sin wof + «:T{“ (13.11.8)
p
vy(t)=Ccosmot+Dsinmot—;D’f:,, (13.11.9)
p

rie A, B, C u D —npousBoibHele nocTosiHHbe. Juddepesunpys stu
pelieHHs H MOACTaBJsAsA HX 06paTHO B ypaBHenus (13.11.2) u (13.11.3),
noJyyaeM OUYeBHAHBIA pe3yJbTaT, YTO YPAaBHEHHS YJOBJETBOPSAIOTCH
AJf Bcex 3HaueHH# ¢ Tombko npy C=B u D= — A. Hcnonsays stor
¢akT ¥ BbIGHpasg B KauecTBE I'DAHHYHLEIX YCJOBHA HayaJLHLIE CKO-
POCTH Uy = Upx, Uy=Up, (NpH {=0), npuBoguM BbipaxeHus (13.11.8)
u (13.11.9) x caenyomeMy BHAY:

e

ek, x\ . ek,
vx(t)=<vox— >cosm.,t+<voy+r>smmot+m, (13.11.10)
0""p

E
* *
wymy o3

X

eE, ek, . eE
vy(t)=<voy+m>cosmot—<vox—mom;>smmot—mom;. (13.11.11)

STH KOMIOHEHTH CKOPOCTH HEOGXOXHMO YCPeIHHTDb 10 3KCIIOHEHIHAMb-
HOMY pacnpeje/leHHIO CPelHHX BpeMeH cBoGonHoro npoGera [27].
Cpennne 1o BpeMeHH 3HauYeHHsl (Ux)s H (U,)¢ (AJNA IBIPOK) 3amHCH-
BAlOTCA B CJEAYIOUleM BHJE:

§ Ux.y () exp (— Yzp) dt
(Or, =" . (13.11.12)
OS exp (— t/tp) dt

rae T, (v) —BpeMs penakcauuu Aas Aslpok. ITpu sTom aas ynpome-
HHSI OTMETHM, 4YTO NOCKOJBKY (Uy) H {U,) AO/KHHI 3aTEM eme pa3
YCPEAHAThLCA II0 MaKCBEJJIOBCKOMY DaclipefiesIeHHI0 HAYaJbHBIX CKO-
pocreit, a 3TH cpeaHHe (Upx M Upy) PaBHHI HyJIO, TO WJIEHH, comep-
KalKe 3TH BeJHYHHb B BelpaxeHusx (13.11.10) u (13.11.11), Moxuo
OTGpPOCHTL € CaMoro HawuaJja,

Ilocne Hec/OXHBIX Npeo6pPa3’oBaHHM, BKJIOYAIOUIHX HAXOXIEHHE
onpejesieHHbIX MHTErpasioB, YbH 3HAYEHHS JIETKO HAXOAATCH MO Tab-
JIHIIAM, TIOJYUHM ;

e Tp (oo-r;
<Ux>t=m—;<l+mz_r; Ex+ 1+(03T; Ey) =
e @ T2

- (og-r; H
= ,,7;[(% - T+Tm>5x+ ———Ey], (13.11.13)

202
+(oo-rp

2
@y

-2 "p Tp
(vy>t—m;<—m5x+m%ﬁ5y>. (13.11.19)

Tenepb 3TH BeNHYHHBI MOXKHO YCDEAHHTb IO paclpeeseHHIO Hayajb-
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HbIX CKOpOCTeﬁ. PeayanaTm 3HAYHTE/JbHO YyIIpouwialwTcsa, €CJaH Ipen-
MNOJIOXKHTh, 4YTO
o<1, (13.11.15)

3to npexnosoxeHne (kak jerko Bugeth M3 (13.11.5)) o6uyHO BhinoO-
HAETCA AJA KOCTAaTOMHO c/JaGeiX MarHWTHHIX nogaelt By. IlostoMy yero-
BHA, IIPH KOTOPBIX YAOBJeTBOpsiercss HepaseHcTBo (13.11.15), dacro
Ha3bIBAIOT YCJOBHAMH cjaboro moas. HauGonbiwe 3Hauenus Hanps-
AeHHOCTH B,, ansi Koropelx HepaBeHcTBO (13.11.15) eme umeer cuay,
MOXHO JIETKO ONpPEAENHTh, €CJH H3BECTHH T, H mp, 3TH IapaMeTpsl
MOXHO OLEHHTb M3 pE3y/IhkTATOB H3MEepEeHHH IOJBHXHOCTH M AaHHEIX
UMKJIOTPOHHOrO pe3oHaHca. Mcnosnbayst ofiienpuHATLHIE 3HAaYEHHS 3THX
BeJMYHH JJI TEepPMaHHs, MOMHO JErko NoKasaTh, YTO HEPaBEHCTBO
(13.11.15) npM KOMHaTHOM TeMnepaType BHINOJAHSETCH s moJei
nopsaka 10 x3. Ilpu Gosee HM3KHX TeMIepaTypax BpeMs peJaKcalHH
CTaHOBHTCH GOJbllle, OJHAKO M NpEIE/NbHAsl BeJHYHHA By MOXeT GLITh
2HAYHTeIbHO HiKe, UHTaTeqIo NpeaocTaBasercss BO3MOXKHOCTb CaMOMY
onpeje/uTh Npejessl NPHMEHHMOCTH AaHHOIO NMPHO/IMXKEHHA AJ1A pas-
JIUYHBIX BellecTs.

Ecan ycaosue (13.11.15) BuimosHseTcs, BEJHUHHOM @pT; MOXHO
npeHe6peys 1O CPaBHEHHIO C €IMHHIEH B 3HaMeHaTesnsix Jpober
B ypaBHenusax (13.11.13) u (13.11.14). Ilocne ycpenHeHust mo pac-
Npeie/eHHI0 Haua bHBIX CKOPOCTEH ITOJNyYHM

Ox = g (T,Ex — OiE«+ @0TE,), (13.11.16)
p .
m:ﬂ%(@@—wﬁﬁ&). (13.11.17)

Ilpu sToM cpeanue (c yepToi) ONMpPENENSAIOTCHA O NPaBHIY

{v’a (v))
KOoTOpoe, B 4YeM MHl YOeIWJHCh NpH pelleHHH 3sajaun 13.8 (cp.,
nanpumep, ¢ (13.8.10)), cnpaBeasMBO NpH ONpEeAEJEHHH CPEXHMX
B TEOPHH KHHETHYECKHX HBJICHHH,
Hrak, a1s x- ¥ y-KOMIIOHEHT IIJIOTHOCTH TOKa HMeeM

Js= oty =2 (1,E — i+ o{TE,),  (13.11.19)
i

o= PoeBy= 25 (2,E, — 0gB3E,), (13.11.20)
P

TI€ po— PAaBHOBECHas KOHUEHTpPAUM# IbIpoK. SICHO, UTO B TaKoM
reOMeTpHH OnelTa, Kak Ha puc. 13.11.1, HyXHO JOOMThCH CTauHO-
HapHOro COCTOsIHHS, NpH KotopoM J, = 0. Iloka crauuoHapHoe cocTos-
HHE He YCTaHOBHJOCh, TOK MOXET HMEThb H BEPTHKANbHYI KOMIIO-
HeHTy (Mo ocH Y).
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Vicnonb3ya 3Tu BhIpaXKeHUs (A pasHLIX #71), MOXKHO JIErKO IIOKa-
3aTb, YTO [IPH 3TUX YCJOBUAX cooTHowenue (13.11.22) aaer crnepyio-
liee BhIpaXXeHHEe I/ [P OBOJUMOCTH *):

N PR S U AR B L e
°(B“)*°°[l m"}‘<<v> <u2>>} G"(I mpc kT 8 )

(13.11.25)

13.12. BripaxxeHue A/ y-KOMIIOHEHTbI 3JIeKTPHYECKOro IoJjs 6uiio
yxke noayyeHo— (13.11.21). Tak kak 3aBucsHfi OT MarHMTHOrO
nons ujeH B Beipaxenuu (13.11.22) man no cpaBHeHuo ¢ o, (mo-
CKOJIbKY BTOpPOH w/JeH B CKoOKax Inopsajka ojts, a opt; <& 1), 10O
B MEepBOM INpPUGIMKEHHH HM MOKHO INpeHeGpeus W 3aMHCATh

Eyndx = 1= (13.12.1)

o Po?lip

Moacrasnas (13.12.1) B (13.11.22) u Beipaxkas, corsaacio (13.11.5),
@y uepe3 By, u u3 (13.8.12) p, —uepes T,, moayyaem

E_(/:RJxBOv (13.12.2)
rjae '

_! T_; 13.12.3

 peec (1) (13.12.3)

Iose E,, nponopuHOHaIbHOE TIPOU3BEAEHHUIO J, By, Ha3biBaeTcs nojeM
Xosna, a Ko¥{xpuUHEHT NPONOPUMOHAJLHOCTH R — KO3(UIHEeHTOM
Xomna, Ecau cpegusis JQnuHa cBOGOAHOro mnpoGera He 3aBHCHT OT
ckopocTd, TO, coriacHo (13.11.23) u c yuerom (13.8.8) u (13.9.2),
HOJY4HM

T (v¥) kT nm}  3n

p P _
o w8 (13.12.4)

Jna mpuMecHoro MNOJYNPOBOAHHKA n-THNA PacCyXAEHHs aHaJo-
rMYHBI, Pa3HMUa JHUIL B 3HaKe 3apajga. 3To 03Hayaer, YTo Ko3dduLu-
ent Xosna 6yjfer OTpHUATeNeH, H ero BeJHUYMHA paBHa (— l/ngec) X
x| 72/ (1,)*]

Kostbpuunenr Xosana Jerko HAXOIUTCS IKCIIEPHMEHTAJIbHO U3
u3Mepenusi Hanpsukenus Xosna Ha KiaemMmax A M B Ha ycTaHOBKe
THna u3o6paxeHHoil Ha puc. 13.11.1. 3to no3possier Jerko ycTaHO-
BHTb, fIBJfETCA JM o0pasell NOJYNPOBOAHHKOM n- WM p-THIIA, H
onpeAeauTh KOHUEHTPAlMIO HOCHTENIeH 3apsja.

13.13. Korja umMeloTcst gBa TUIla HOCHTE/eH, pacCMOTpPEHHe, Ipo-
pefeHHoe B 3ajade 13.11, MOXHO OCyWIeCTBUTH JJIf1 KaXKJAOro THIA

*) ABrOp BLIHYMJeH OGpPAaTHTb BHUMAaHHME UMTATeJsl Ha OWHMOKY, KOTOPYKO OH
ponycTHa B Gonee paHHeM oOnucaHuM 3toro sddpexrta [27] HA nanHom sTane. OH
oW GOYHO CAENAas BHIBOJX, YTO MHTErpas, MCIONb3yeMbIH MpH OHEeHKe T3, COrylacHo
(13.11.23), pacxoauTcs. JT0 HENMPABHJLHO; JIETKO BHUJAETh B REHCTBHTE/IBHOCTH, YTO
urTerpaan B (13.11.23) xopowo cxoasiTcss A Beex n << b.
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oTaenbHo. Pesvabrar nomydaercs B Buge (13.11.16) u (13.11.17) aaa
KOMIIOHEHT cpeiHell ckopocTH (B JaHHOM caydae Aas Abpok). Hdas
3JIEKTPOHOB COOTBETCTBYIOIIMH DE3YJLTAT NOJYYAETCH MYTeM 3aMEHbl
+e Ha —e.

Ecau pns apipok

apx=,%;(TpEx—map?;Ex'*‘mop?gEy): (13131)
Opy = iz (oEy — 0oy ToE ), (13.13.2)
TO TOCJE 3aMEHH -+ ¢ HAa —e TOAYyYUM AJA éneKTpOHos

Onx = 5 (— TuEx + OaThEx + 00 TR E ), (13.13.3)

==
Ony = 5 (— TaEy — 00, TaE ), - (13.13.4)
npuyeM JJis JBIPOK "
mop=f’%'—c, (13.13.5)
a Jad 3JCKTPOHOB
on = 2. (13.13.6)

B cooteerctBuM ¢ ypaBHenusmu (13.13.3) u (13.13.4) neoGxomumo
OTMETHTb, 4YTO KpPOME NpsAMOH 3aMeHH -}-e Ha —e, pa3yMeercs,
JeNIaeTCH TaKxXe 3aMeHa — g, Ha -} Wgp, NIOCKOJbKY 3apsHjl HOCHTEJs
BXOJMT B ONpEJIeNeHHe 3TOM XapaKTePHCTHYECKOM YaCTOTHI.
BoipaxceHHsl Al X- W Y-KOMIOHEHT MOJHOM IJOTHOCTH MOMKHO
3anucaTh B BHAE CYMMBI 3JIEKTPOHHOH M JBIPOYHON COCTABJSIOLIMX:

Jx = n0€5,|x+ Poe‘_’px = %07: (TnEx - manﬁEx - (Do,,'l_'EE_,,) +
“+ %O;; ("l._'pEx — map'—r_zEx'*‘ QOp;gEy)’ (13 137)

Jy = —Nlny -+ Ptlpy =
= 2 (TaE y+ QonTaE ) + 2% (2,E, — 0o, TEE,).  (13.13.8)
n 4
INonaras, kak paubwe, J,=0 u yunTniBas cooTHouwenue (13.8.12)
(T. e. BBOAA e/mj= W,/T, U e/ms=,/T,), BupasuM E, uepes E,:
Pol‘pmop'_f?p _ ﬂol“nmonﬁ
Nolip + Poprp

E,= E,. (13.13.9)

3amensns jnanee wg, M @, cornacuo (13.13.5) u (13.13.6), npeacras-
nas E, KaK J /0y = J «/e (ngl -+ Polp) B 3amuchiBas, corsnacho (13.8.12),
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MHOXHTEJIH My ¥ m; B UHCJHTEJNE B BHAE €T,/i, H €T,/\,, NMOJYIHM
cootHoweHue (13.4.9) B Buze

E,.=RJ.B,, (13.13.10)
rjae
Po3TS  nopiTy T ™
a5 P —:———-+ﬂob2——_———-
1 (Tp)z (Tn)z l ’ (Tp)a (Tp)z

T e (nohn+ Polp? e (ngbFpoP

311er BBEACHO OTHOLICHHE HOJIBHX(HOCTeﬁ
b=pa/pp. (13.13.12)
Ecan anuHa cpegHero cBOGOZHOTO mpofera He 3aBHCHT OT CKOPO-

CTH H AJ4 3JC€KTPOHOB H A/ ABIPDOK, TO, HCMOJB3YA TAKHE XK€ apry-

MEHTHI, KaK B 3ajade 13.12, MoXHO noKa3aTs, uTo T3/(T,)% = (15)/(T,)? =
= 3n/8, uTO Aaer

(13.13.11)

__ 3 po-tngb?
R_Sec———__(ngb+po)ﬂ' (13.13.13)

13.14. N3o3HepreTuueckde MOBEPXHOCTH 30HLI [1POBOXHMOCTH KPEM-
HHS n-THNAa He chepHuHbl, KaKHMH OHHM OkIBAIOT HHoOrja B GoJee
MPOCTHIX META/JIHYECKHX M [OJynpOBOAHHKOBHRIX KpHcraJJaax. B naH-
HOM cJyyae OHH 06pa3ylor KOHQUIypauui0 H3 LIECTH 3JJHIICOHAOB
BpalllcHHA, OCH KOTODBIX pacro-
JIOXKEHH BROJIb IIECTH S3KBUBAJIEHT-
Hux Hanpassexuit (100) B k-npo-
CTPAHCTBE KpHCTaJJa.

Taxas koH$Hryparua usobpa-
eHa Ha puc. 13.14.1, Ha koto-
pOM H303HEepreTHYecKue MOBEpX-
HOCTH IPEACTABJICHH KaK QYHKIUH
KOMIIOHEHT BOJIHOBOTO BEKTOpa
(ks kys ko).

KoMNOHEHTH BOJHOBOrO BEK-
TOpa CBA3aHH C KOMIIOHEHTaMH
KBazuumnyJasca (p., Py, Pz) C€O-
orHoweHHeM nae bBpoitas

p=ﬁk. (13,14_1) Puc. 13.14.1. HsosHepreruseckre no-
BEPXHOCTH 3OHBI TNPOBOAHMOCTH B Si
YpaBHeHHE 3JUIHICOHAA C UEHT- n-THNa,
pom B Touke (0, 0, &,,), moBepx-
HOCTb KOTOPOTO €CTh MOBEPXHOCTb MOCTOSIHHOM 3Hepruu & (k), MOXHO
3anHcath B caegywouei dopme:

8 () — 8=

(13.14.2)

ky-+-kj (kz—kzo)’)
2m% 2mIT ’
agec m%Y u mf —>bdekTHBHHE Mmacchl, CBfi3aHHbIE COOTBETCTBEHHO
¢ (x, y)- H 2-KOMIIOHEHTAaMH HMMMYJbCa. YPaBHEHHS APYTHX 3JJHIICO-
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HJOB I10Jy4alOTCs COOTBETCTBYIOIIHMH I1€PECTAHOBKAMM MHIEKCOB H
3HakoB. Tak kKak u3 ypaBHenus (13.14.2)

€ € m € _ n 028
oF; — ok —mtc Ry m% M Ghgoks O A1 27 B,

TO ACHO, YTO TeH30p 06paTHHIX 3(p(EeKTHBHLIX MAacC, 3JEMEHTHl KOTO-
poro ecthb

Ly ) 0% 13.14.3

(nT*)aa " K% Okg Okp’ (13.14.9)

BbIpaxaeTca AJIs 3TOTO YACTHOIO 3JJIJIMIICOMJA CJelyIoUIUM 06p330M:

nT_";_—o 0
Lo L o 13.14.4
m*¥ m* (13.14.9)
0 0—1—
m

dyeKTpHUECKas IPOBOAUMOCTD, 06YC/I0BIEHHAS HOCUHTENSIMH 3apsina,
CBA3AHHBIMH C 3THM 3JJIMIICOMIOM, AaHHM30TPONHA, XOTH IOJHas
3JIeKTpHYecKas [POBOJAMMOCTh KpHCTaJja, INoJayYeHHasdA. CYMMHpOBa-
HHEM IO BCEM 3JJIHICOMAAM, H30TpONHA MU3-32 CHMMETPHYHOrO
patmojioxeHus LIECTH 3JJHMICOMJOB B HMITYJLCHOM IIPOCTPaHCTEE
(koTOpoe 06YCJ/IOBJIEHO CHMMETDHEH KpHCTalJa).

PaccMOTpUM IHKJOTPOHHHE pe30HAHC, CBS3aHHBIH C €JHHHYHBIM
3JVIMIICOMIOM, YpaBHeHHe KoTtoporo ecTh (13.14.2). TlpucytctByer
[IOCTOSIHHOE MarHuTHoe noje By, koropoe o6pasyeT yron § ¢ ocnmio
3JJIMIICOMJA, BMECTe €O C/labbiM BHICOKOYACTOTHBIM 3JIEKTPHYECKHM
roJjieM, KOTODOe CBfI3aHO C 3JEKTPHUECKUM BEKTOPOM 3J/IEKTPOMArHHT-
HOHl BOJIHBI (4acToThl @). KosjeGanue 3/eKTpUYECKOTO BeKTOpa AOJ-
KHO ObITb NEePHEeHAUKYJNAPHO HANpaBJEHUIO IIOCTOSTHHOTO MarHHTHOTO
nons By, ans yno6cTBa INpUMEM, YTO IIepeMeHHOE 3JeKTPUUYECKOoe
noje uMeeT TOJBKO X-KOMIOHEHTy (nuHeiiHas mnonsipusanus). [lpu
3THX ycnoBuax B,=Bycosb, B,=B,sinb, B,=0, B To BpeMs Kak
E,=E,=0 n E,=Eg*.

Y paBHeHHe IBHXKEHHS JJI5l JEKTPOHAa MOMHO 3aIHCaTh Kak

1 du,
m 0 0\ [ at
1 1 dv do
» — _ . F = huid | —_
— + F= 0 T 0 y at | = a5 (13.14.5)
0 0 1 F, du,

mlT dt
KOMHOHeHTbl CHJIBI €CTb IIPOCTO KOMIIOHEHTbL! CHJIbI JIopeHua
F= —¢E— 29X By, (13.14.6)
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TEeM CaMBIM
F,= —eEwe! —e (By, cos 6 — Byu, sin6) /e,
F,=(ev,Bycos b) /e,

F,= — (ev.Bysin6) /c.

BRrIMONHAS MaTpPHYHOE IepEMHOXKEHHe, YKa3aHHOe B YPaBHEHHH
(13.14.5), n noacTaBnsis NpHBeZEHHBlE BHINE BHIPAXKEHHS JI151 KOMIO-
HEHT CHJIbl, II0Jy4aeM YypPaBHEHHS AJS TPeX KOMIIOHEHT YCKOpPEHHS
B caenywouei ¢opme:

L

dv eE fi oy o
dtx - _ n_l*fe “+ | (v;3in6— v, cosb),
dv
i = 0L0s cosb, (13.14.7)
dv ;
~f = — @uxsiné,
npHyeM
eB B
Q'Z_*oc’ (ﬂL:,;*Z- (13.14.8)

I
my 1

[TpeanosoxkuM, YTO ypaBHEHHF HMEIOT aPMOHHYECKHE pelIeHHS
BHAA X = Xe!¥, y=ye”, z=2z," TloacTaBUM HX B ypaBHEHHS
(13.14.7) u Gynem HcKaTb aMIJIMTYABl Xo, Yo H 2. B pe3ynanrate
MOy YHM

x,— Eo I
07 m* ©®—? cos?6—0 @, sin?6>
eE, iw, cosB
=—_7 - 13.14.9
Yo m% 0 (0?—e? cos?6—, @, sin?6)’ ( )
E i@, sin 6
zo_e 0 |

= m¥ 2__ 2 26 in2g) °
mlm(m mLcose m“mlsme)

AMNANTYABl CTAaHOBATCA O4YeHb OOJBLIMMH, KOrRa 4acToTa NpHOJIH-
JKaeTcsl K Pe30HaHCHOH 4YacToTe, KOTOpas ONpEe/sieTc COOTHOLIeHHEM

0= (0} cos? 6+ w0, sin? 6)1/2, (13.14.10)

Srta ¢opMmysa sB/seTCs OCHOBHOH AJA OObACHEHHS BCEX AaHHBIX IO
IMKJOTPOHHOMY pe30HaHCy AJS BEIeCTB C «MHOTOJOJHHHBIMH» H30-
3HEpPreTHYECKHMH NOBEPXHOCTSMH.

a) [Ipeanonoxum, uto B, coBnanaet c HanpasJaenueM [100], Hanpu-
Mep HalpaBJeHO BIOJb OCH k, Ha puc. 13.14.1. [as aByx snnuncom-
JI0B, OCH KOTOPbIX OPHEHTHPOBAHBI BJOJb 3TOr0 HanpaBjaeHus, yroJa 6
MEXJly OChIO 3JJIMICOMAA K noJeM B, paBeH HyJIO; TOrAa, COrJIacHO
(13.14.10),

0o=0; =0, (2 3aIuncouna). (13.14.11)

Jas AByX APYrHX 3JAHICOKAOB By nepneHAMKyJspHO OCAM 3JIHI-
COMIOB; AJNS 3THX noBepxHocrtel yroa 6= 90° n soipaxenne (13.14.10)

Jaer
o=0,=}) 0,0, (4 3a1Hnconna). (13.14.12)
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Ipu 3Tux ycioBusAX OyAyT HaGMIOAATbCs 1Ba PE30HAHCAa, H pe3o-
HaHc npH o=} w0, GyaeT B ABa pa3a 60/ee HHTEHCHBHLIM, NIOTOMY
yTO B MpOUECcCaX, KOTOPhe ero BhI3LIBAIOT, Y4YacTBYeT B jBa pasa
GoJbllle 3JIEKTPOHOB.

6) Ecnu nose B, npuioxeHo BAoab Hanpasaexus [110], To ans
AByX annuncounoB §=90°, a &if ocTa/lbHLIX uyeThpex §=45° (uru
135°). dns nepBuX ABYX 3aauncouuoB Buipaxenue (13.14.10) naer

o=0,=) o, (2 31mMnconsa), (13.14.13)
a A8 OCTA/bHBIX YeThIpex

m=mz=]/—“’ﬁ§ﬂ%— (4 snnmnconma).  (13.14.14)

CrenoBaTesibHO, BTOPOM PE30HAHC B BAa pa3a CMJIbHEE MepBOro.

B) Eciu none neiictByer Baoab nanpasienus [111], To yram
MEXJy M0JEM H OCHAMH BCEX JJHMICOMAOB TakHe, 4To sin6=72/; u
cos?0=1/;, uTO naeT eAMHCTBEHHYIO PE30HAHCHYIO HacTOTy

®° 4 20,0
m=]/l—3-—”—£. (13.14.15)

13.15. B repManud H303HEPreTHYECKHMMH MOBEDPXHOCTAMH B 30HE
IPOBOJMMOCTH ABJIAIOTCA YeThipe 3JIJIMICOMAA BPAINEHHA, TIJABHbIE
OCH KOTOPLIX Hanpas/ieHbl BIOJb YEThIpEX 3KBHBAJIEHTHHLIX HalpapJie-
umit: [111], [111), {111} u [111]*). PaccmoTpuM nepBbli 3/IHICOHT
¢ ocbio Broas [111). Ecau cucreMa oceit ki, kj, k; BEIOpasa B UMNYyJbC-
HOM MNpOCTPaHCTBe Tak, YTO OCh k; JeXHT Bioab (l11), To ypasHe-
HMe 3/JIMIICOMAa B 3TOH CHMCTeMe Ocedl 3amuuieTc B BHJE

AR A (4
2m¥ +

g (p) 8 2 —kz0)? 13.15.1.
) —8, ml). 315

Ecin 3T0 ypaBHeHHe 3anucatb B CHCTEME. KOODAMHAT, OCH KOTOpOH
pacnoJiokeHsl BAOJMb KyOuueckux Hanpasaenuit (100), To 3neMeHTH
TeH3opa ofparHunXx 3PPEKTHBHEIX Macc mnoJgyuaiores H3 (13.14.3),
a oTcloja cpa3y MOMHO MOJYYHTb TEH30D NPOBOAMMOCTH.
PaccMoTpuM 1Be TPOHKHM eIMHWUYHLIX BEKTOpOB: (i, £,, £;), onpe-
Jessiolylo KoopauHatHyio cucremy (100), u (£, iy, £z), onpenensio-
Iyl KoopauHaTuyio cucreMy (l11), mokaszanubie Ha pHc. 13.15.1.
Bekrop i; ecTb enMHMuHLIA BeKTOp B HampabJjenuu [111], ¥ nosTomy

MOXXHO 3anucaTth ~ _ -
a 3. '3 . 3.
AV YA, (13.15.2)

*} B nefiCTBHTENILHOCTH HMeEeTCS BOCEMb NOJNY3JJIHICOHROB BJOJAb BOCBMH
Hanpasjenuit (111), KoTOpHe 33aKaHYMBAIOTCS IJIOCKHMH NOBEPXHOCTSMH — IDaHH-
namu 30HB Bpuantosna. Ofkaxko AAs BCeX NPAKTHYECKHX Nejed OHH MOTYT CYH-
TaTbCH COCTABJEHHBIMH M3 4YeTHpeX MNOJHHX 3/UIHIICOHZOB, OPHEHTHPOBAHHEIX
B YeTHipeX HanpaB/JeHHAX, yKa3aHHHX BHILUE,
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Hafinem 1Ba B3aHMHO nepneHAMKYJADHHIX BEKTOPa B IIOCKOCTH,
NepneHUKYyAApHOH #;, TaKuM 00pa3oM, YTOOH ONPENEeNHTb CHCTEMY
(ke, kg, k7). OnuH K3 3THX BEKTOPOB JOJ/UKEH JIeXaTb B IJIOCKOCTH Y2
H, CJIE/IOBATE/IbHO, HE JOJKEH HMETb

x-KOMHOHeHTy. STO MO2KHO 3alHCaThb "i
TaK: i
f=—Y2i+ Y2, (13153 g

YTO COOTBETCTBYET BEKTOpY &, Ha

puc. 13.15.1. Ipyroii BekTOp MOX- Ul

HO HalTH JBEKTODHHIM TIepeMHOXxe- > k
HHeM iy W i, OTKyja

>y s’ 27 6 -

t,=tyx:,=—V—3:,+ ke

Puc. 13.15.1. [lse TpHagW eauHHu-

Vb ]/6 HBIX BEKTODPOB, Ollpeje/sioline Koop-
—s—dyt+—5b.  (13.15.4)  pypamue cucremu {100) u (111).

Tpu NpHBE/IEHHEIX BHINE YPABHEHHS MO)KHO PEIIHTb KaK COBMeCTHHIE
ypaBHeHust aas i, iy, i, uepe3 iy, iy, i;. (Anajorpunmii pesysbrar
MoOxerT ObTb TNOJydYeH IPOCTO nepememeﬂnem CTPOK H cToGIOB
B MarpHue KoappuuueHtoB.) B pesysbrare nmosyynM

' /6

ix= l 6 'x+ V3 i;s

i,= ‘26 i V2 i+ V3 . (13.15.5)

R /6 2 ., .,

i,= '6 it V 45 V3 i,

npHYeM
k=Shido=Nkdss  a=x,, = (13.15.6)

a

BRINHCHIBAs NOJHOCTBIO JIEBYIO CYMMY, BHpaxas i uepes ig C NOMO-
mpio ypaBhennit (13.15.5) u cobupas KoapduuueHTH npu ix, iy, iz,
MOXHO JIerKO IOJYYHTh (QOpPMYJH NpeoGpa3oBaHHsA

k;= ]/6 x+ V6 y+ VG zy

M= — 1/2 b+ Y2 V2 o (13.15.3)
/3

PR L A
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¥Ypasuenue smuncoupa ¢ oceio [111] (13.15.1) MoxHO 3anmcaTs *)
B BHJE

B () — 8, — o (k3 kB — kb, — 2k k. — 2k ,k)+
1

n s 1 g
g (6h Ky k2 2kl + 2k, + 20,k,). (13.15.8)

OnemeHnThl TeH3opa 3(beKTHBHBIX Macc mnoayyamorca u3 (13.14.3),
OTKYAa CJefyer, 4TO

- @ —B —p
(#)“‘”:%(—a a —5), (13.15.9)
- —B —B
rjpe
2 1 2 1
a—m,i F' B—m—.,i— ’"ﬁ . (13.15.10)

Jas TeHsopa npoeogumoctH 3aauncouga [111] nmoayyum

_ - a —pf —B
0(111)=%<#>(111)= nﬂel;n (_g g —ﬂ), (13.15.11)
—B — a

TAaK KaK B OTCYTCTBHE BHENIHHX CHJ, HAapYUAIOUKX 3KBHBA/JIEHTHOCTb
SHEPreTHYeCKHX MHHHMYMOB, C KaXIbIM H3 YeThIPEX MHHHUMYMOB
JIO/DKHO ObITH CBSI3aHO #p/4 3/EKTPOHOB.

TeHzopbl NPOBOAMMOCTH AJS APYTHX MHHHMYMOB HAXOAATCH TaK:
ypaBHeHHe 1iA 3aauncoupa [111] moxkHO HAaHTH U3 ypaBHEHHA
(13.15.8), u3MeHHB NOBCIOAY Ha OGpaTHbe 3HAKH R, H K,; ypaBHEHHE
ans sanuncouia [111]— usmenuB suaku k, u k,, a ypaBHeHue /A
snauncouna [I111] —usMeHuB 3Haku k. u k,. TeH30ps 3¢eKTHBHBIX
Macc HAaXOAATCH 3aTeM H3 MOJYYeHHBIX TaKHM 06pasoM ypaBHEHHH
npu nomomu (13.14.3). TeH3ophl NPOBOAMMOCTH MOJYYAIOTCHA Cpasy
a3 (13.15.11). STuM xe crocofoM MOKHO NOKA3aTh, YTO

(,(m)=ﬂ<§ " _E) (,(rlx):"_of;i< B ; ‘E)
2 \p B « . —B B «
_ o -_ﬁ
ofifn) — "0192%" (_5 o 5)_ (13.15.12)
B B a

Ilonnyo npoBOAMMOCTb KPHCTAJ/Ia MOXHO HAHTH, NpeHefperasi Jbip-

*) Tlpu aTom B BuipaxernH (13.15.1) KoHcrawty k., Clexyer MOJOXHTL paB-
HOR Hym 0. 3TO yNpolleHHe MOXKO ClelaTh, TaK Kak ageMeHTH (13.14.3) Tenzopa
06paTHHIX 3¢¢eKTHBHLIX MacC 3aBHCAT TOJIBKO OT K PHBH3HH [10BEpXHOCTH, IOCKOJILKY
OMNpejeasloTCs BTODHIMH TPOHM3BOAKLIMH, H OHH GYAYT OJAMHAKOBH HE3aBHCHMO OT
TOro, rie pacnojoXeH 3/JIANCOHJ—B Hayaje KOODAHHAT H/JH B TOYKE k;o_
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KaMH, NPOCTO CJ/OMEHHEM 4YeTbipeX TEeH30POB AJA OTAENbHARIX MHHH-
MyMOB. B pesyJabrarte NOJyYHM

a/3 0 0
0=Zo(")=noe"‘i',, 0 a/3 0 =L'e;ria—1, (13.15.13)
0 0 /3

rae 1 -—eIMHHYHBIA TEH30D, 3/EMEHTHl KOTOpOro paBHul 1,5=08,p.
Orciona BHAHO, 4TO [OJHAS NPOBOAMMOCTbL H30TPONHA, HECMOTPs Ha
TO, YTO NPOBOAHMOCTb, CBf3aHHAA C OTAEJbHHIM KOHKPETHhIM MHHH-
MyMOM, aHH30TponHa. CHMMETpUYHOE PACIIONOXKEHHE IJIUIICOMIOB B K-
MPOCTPAHCTBE, KOTOPOE B CBOIO OuYepeap OGYyC/IOBJIEHO KyGHyecKoH
CHUMMeTpHeHl KpuCTaadna, OGYCJOB/IMBAET H3OTPOMHOCTH [OJHOH INpo-
BoAMMOCTH. O6HapyXeHO, 4TO TaKOe Xe IOJOXEHHe HMEeT MeCTO H
B KPEMHHM, 4YTO JETKO IOKa3aTh, MCIOAb3ys Buipaxende (13.14.2)
H COOTBETCTBYIOUIHE BhIDAXKEHMA A APYTHX JHEPreTHYECKUX 3JIJIHII-
COHJIOB.
QPopmyay nas npoBogumoctH (13.15.13) ¢ yuetom (13.15.10) MoxHO
NpeACTaBHTL B BHJE

- 1/ 2 1 ""f,.
0=n0e“rnra—(ﬁ+7nf>l="'le, (13.15.14)
rae
1 1/ 2 1

3anucaHHasi TaKHM 06pa3oM NMpPOBOJMMOCTH MMeeT Ty Xe (opmy, 4TO
u npoBoauMocTs B (13.8.11), ecau BBecTH, Kak 31O yxe (aKTHYECKH
6u10 cresano B (13.15.15), Hekoropyio cpepHiolo 3hheKTHBHYIO Maccy

BenuuuHa mg o6bMHO HasbiBaercs 3(deKTHBHOM Maccoll HOCHTeNs
B 30He mpoBoguMocTH. IIpHBejieHHbie Bhlllle pPacCyXJAE€HHS OCHOBAHHI
Ha JONYLIEHHH, 4TO BpeMs pesakCauMH T, A/ KaxJOro 3JJHICOH]a
H30TPOMHO, HECMOTPA HA AHU3OTPONHIO 3¢peKTHUBHOH MacChl.

13.16. Ecau B KpucTanje cywecTByeT TpajHEeHT KOHIEHTDalHH
HocuTesell, To PyHKIHSA pacrpele/neHHst B JI0G0H Touke obpasua yxe
He 6yJeT ofMHaKOBOH. BuiGepeM KOODAHHATHYIO CHCTEMY TaK, uTo0Obl Ha-
npaB/ieHHe TpaJMeHTa KOHIEHTPAUWH 3JIEKTPOHOB COBNAjaJ0 ¢ Hampa-
BJeHueM ocH z. IIpM 3THX ycJIOBMSX KHHETHYECKoe ypaBHeHHe Boasl:-
maHa (13.8.1) aaA cTanHOHAPHOro COCTOSIHUS TIPUMET BHJ

daf of f—h :
Wz—vzé? — T, (0) =0, (13161)

Ve B caMOH 3aMUCH KHHETHYECKOro YypaBHEHHS COJAEDPIKHUTCA
NPEANOJICKEHHE O CIIpaBeJJIMBOCTH NPHG/IMXKEHHsT BPEMEHH peJlakca-
MK 4 06 OTCYTCTBMH BHEIIHHX moseil. Pa3dpewuM ypaBuenue (13.16.1)
OTHOCHTE/ILHO SIBHO BXOjsLieH q)yﬂxuuu f:

f=fo—vitn () L =fy— v, () cos0 L. (13.16.9)
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PasyMHO ZONyCTHTb B 3TOM CJydae, 4To QYHKIHSA pacnpeneneHus f
He CH/JbHO OTJIHYaeTcs OT paBHOBecHOH fo. Bymem HckaTp ¢yHKuHIO
pacnpejesieHHst f B BHAE NPOH3BEJEHHSA

fo, r)=n(r)e(v), (13.16.3)

rie n(r)— KOHLUEHTpauHs B TOUKE 7 C KOODIHHATaMH X, Y, Z H
¢ (v) — yHKUHA pacnpenefeHHst CKopocTeH, He 3aBHcALlas oT r.
[Moacrasnas (13.16.3) B ypaBuenne (13.16.2) u pemas mnocienuee
OTHOCHTEJIbHO @ (D), MOJYYHM

(@)= fo (0) — (13.16.4)
"(f)[l-i-_vt,,(v)cos_e . ___]

3nech vt COS 0 — BelHUHWHA NOpsAAKa cpefHeH AJAHHBI CBOGOJHOro Mpo-
Gera A, CnenoBatensuo, ecad (dn/dz)/n <L 1/A,, TO BTOpOR ujeH
B 3HaMeHaTeje GyZeT MHOrO MeHbiie €JHHHIBL. DTO YCJIOBHE MOXHO
nepenHcats B cienyiomei ¢opme:

A, d(lnn) <1

Orciona sicHo, 4YTO YyCJOBHe, NPH KOTOPOM BTODOH 4Y/eH B 3HaMeHa-
Tesie BuipaxeHus (13.16.4) MHOro meHsue eqUHHUUH, BHIIOJHSAETCS,
Korja OTHOCHTEJbHOe H3MeHeHHe KOHIEHTpPAlMH Ha pacCTOAHHH,
paBHOM cpenuelt Anauue cBoOogHoro npoGera, mané. B atom npexno-
JOxeHHH BhipaxkenHe (13.16.4) MoXHO NpHOIHIKEHHO 3aMHCATh B BHAE

9 (o) ~ Lol [ — T, (v) cosB - - ZZJ (13.16.5)
OTKYJa .
(@, r)=n(r)e(©)= fo(v)[l—m,.(v)cose ‘3’:]. (13.16.6)

Cpenuee 3HaveHHe U, = vCOS8 MOXHO OnpeaensaTs nmo o6wuHOH ¢op-
MyJe
Svcosef(w, r)dsy

S f(o, r)ddv

IloncraBuB cioxa f(o, r) B Buae (13.16.6) u mnepexogs k cdepuye-
CKHM KOOpAMHATaM (3JeMeHT o0beMa d°v=v?sin6dv dfde), BHno.-
HUM HHTerpupoBanve. Kak u B 3ajaue 13.8, mepsmit HHTerpad
B YHCJIHTeJe H BTOpPOi B 3HaMeHATeJle CTPEMATCA K HYJI0, a [ocjie
MHTEr pHpOBAHUS [0 @ OCTAeTCs

oo 7

Mv»r,. (v) fo (v) cos? B v® sin 8 do d8

D= —— 2" — . (13.16.8)
§’§fo (v) v sin 8 dv db

(13.16.7)

U, =

Bssas wHuterpanm mno 8, kak B 3agave 13.8, H opeamonaras, 9ro
M6



cpenuss AJIHHA cBoGOAHOrO npobGera He SaBHCHT OT CKOPOCTH, H TeM
caMuM T (U) = A/, ToJydaem

o
vfo (V) V2 dy _
_ A 1an§ ¢ __ Ancy On
|

=

(13.16.9)

Ve=—73 na 3n 07

Jo(v) v2dv

TAE€ BBEJCHO 3HAuEHHE cpeRHEA TeIJIOBOR CKOpocTH &, no dopmyJe
(13.9.12).

Ilotox uactun F,, N0 onpeneseHHl0 paBeH NPOH3BEAEHHIO ni,,
H TeM caMuM H3 (13.16.9) nmonyunm

Frg=n0y=—D, 3% — —D,Vn, (13.16.10)
rae D, — xo3ppunnent padpysnn
A'Ill"ll
Dy= =" (13.16.11)

AHaJIOTHUHKIA pacueT MOXHO BBINOJIHHTE JJIS ALIPOK; pe3yJLTaT,
OueBHAHO, OYyIeT CJeAYIOUIHM:

F”=_D,g_i;=_ppvp, (13.16.12)
rpe

A
D,=-%2. (13.16.13)

13.17. U3 sapaun 13.16 M 3naeM, uto
Aptp

D, =%~ (13.17.1)
Hanomuam Takxe, YTO AJIf NOABHXHOCTH, coryacHo (13.8.12), umeem
By =e%,/my. OnHaKo eciH cpeaHss AJMHa cBoboaHoro mpoGera He
8aBHCHT OT CKOpocTH, To ¢ ywerom (13.11.23), (13.9.12) u (13.8.8)
BpeMs peJlakcanuH @@ o) N

— v2p (U p (v m¥*c

B=Th T (@ wr (13.17.2)
Ha (13.17.2) nmeem

P__m_;t'r__e;m_;- et',, » (13173)
Age RphT
D,=—3~=—= (13.17.4)
AHaJIOrHYHO MOXHO JIETKO NOJIYYHTh
D, =tAT (13.17.5)

Coornomenun (13.17.4) u (13.17.5) HocaT nasBaHHE COOTHOWEHHR
Sfinwrrefina.
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XoTa npu HX BbBOAe OLIIO CAENAaHO MPEANONOXEeHHe O TOM, uTO
cpeqHsas JANMHAa CcBOOGOJAHOrO mnpofera He 3aBHCHUT OT CKOPOCTH, 3TO
NpeAnoNioXeHne He o6s3aTe/bHOE H COOTHOIIEHWS SiHTEHHA crpa-
Be[JINBbI, JlaXe Korja OHM He YJOBJeTBOpsioTCA [3].

13.18. HauneM ¢ ypaBHeHHH HenpepHBHOCTH AJA 3JEKTPOHOB H
JbIPOK B MOJYNPOBOAHMKOBOM KDHCTaJlJe, KOTOphle ONMHCHIBAIOT H3Me-
HEHHe 4YHCJIA HOCHTejel KaXJoro BHA2 B JOOOM 3JEMEHTapHOM
ofbeMe NPDH HA/JMYHH TOTOKOB BTEKAIOIUHX M BLITEKAIOWHX HOCHTE-
Jeil W NPH HaJHYMH TNPOLECCOB reHepalHH H peKOMOHHAUMH BHYTDH
storo o6vema [27]. YpaBHeHHe HeNMpepbIBHOCTH MJIf ABPOK MOXHO
3anucath B BHAe

Vg, - =P (13.18.1)
PYEP T T, T ot o
H COOTBETCTBEHHO JJ/1A 3JEKTPOHOB
Vg — =2 (13.18.2)
T, ot

B atux ypaBHenusx J, u J, —NJIOTHOCTH INOTOKOB 3JEKTPOHOB H
ABIPOK (@ He TMJOTHOCTH 3JIEKTPHYECKHX TOKOB), g, H gp— CKOpO-
CTH eHEepaLHH 3JEKTPOHOB H JbIPOK (CKOPOCTb reHepalHH — 3TO YHC/I0
HOCHTe el JaHHOro BHA2, 00pa3yoluXca B euHuIe 06bemMa 32 eJUHHILY
BpeMeHH), @ T, H T, — CPe/HHE BPEMEHA XH3HH 3JIEKTPOHOB H JLIPOK *).

IloTokH uacTul o6yC/0BJEHH 4YAaCTHYHO Aupy3uel (3TH NOTOKH
NPONOPIHOHAJbHB! JIOKAJAbHBIM TpajiHeHTaM KOHLEHTpAllHH) H 4a-
_ CTHYHO — 3JIEKTDHUYECKHMH TOKAaMH, CO3[aBaeMbIMH 3J/IeKTPHUYECKHMH
nonsmu. CornacHo cooTHowenusm (13.8.11), (13.16.11) u (13.16.12)
B NPHCYTCTBHH 3/IEKTPHYECKHX TMOJEH W rPajAHeHTOB KOHLEHTpaIWH
JAJS TJIOTHOCTEH NOTOKOB YacCTHIL MOXHO 3aNHCaThb BhIpaXKEHHSA

Jo,=—D,Yp+ pu,E, (13.18.3)
J.=—D,Vn—nu,E. (13.18.4)

3mech 3HaKH TOCTaBJEHbl C YY4eTOM TOro, 4TO XOTH 3JEKTPOHHBIH
TOK HanpaBJeH MO MO0Jio, NMOTOK 3JEeKTPOHOB Hanpas/eH NpOTHBO-
nonoxHo. IlofcTaBasisi 5TH BhpaKeHHA B ypaBHEHHS HeNpephIBHO-
ctu (13.18.1) wu (13.18.2) um wucnoOIb3ys BEKTOPHOE TOXKIAECTBO
V.(pA)=A -Vop+o¢div A, rae A — npou3BONLHLII BEKTOpP H ¢ —
NPOH3BOJMbHAA CKaJfApHAsA QYHKLUHSA, TMOJYyYHM

D,Vip—p, (E-Vp+pdivE) +g— L = oF,  (13.18.

on

D,Vin+py (E-Vn+ndiv E) +g,—— = 3¢, (13.18.6)

*)} 3aMeTHM, uTO HCHoJb3yeMmhle 3jech M HHXKe O603Ha4eHHS T, H T, OTHO-
CATCH K CPEefHEMY BPEMeHH MeXAy pOXKIeHHEM HOCHTe el H HX «rH6esiblo» (aHHH-
rHAfALHeR) B pe3yJbTare pexkomMOuHauuu. Brolle 3TH 0603HaueHWA HCNOJAb30BAJIHCh
a8 o6o3HaueHHA BPeMEeHH pPeJaKCallHH HJAH CPEefHErO BPEMEeHH MEXAY CTOJKHOBe-
HHAMH. Kicnosb3oBaHHe OJHHAKOBLIX O0O3HAYEHHHA JJA PA3HBIX [0 CMLICAY BEeJHYHH
ABJIAeTCH HeyJaiHbIM, HO ONpaBAaHO IJAHTEJbHBIM YyNOTpeGJEeHHEM B JHTEpaType,
W Tenepb fB/IfeTCA GoJlee MM MeHee cTaHAapTHuiM. Bpemesa xu3HH o6nuHO Gojee
AJAUTE]bHBI, YeM' BpeMeHa peJaKCaludH, [OCKONBKY HOCHTesh 3apsja 3a BpeMs
MH3HH HCOLITHIBAET MHOCO AKTOB PacCestHHS.
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Cxopocn, reHepaluu g, MOXHO CYHTaTh COCTOAMIEH M3 ABYX
yacTeli: CKOPOCTH T€HepalMd 3JEeKTPOHHO-ABIPOYHBIX Nap, BbI3BAHHOH
TEPMUYECKHM BO30YXKJIEHUEM, Zyp, H CKOPOCTH FeHepaiuH, ofyc/0B-
JEeHHO! HepaBHOBECHBIMH IpOLEcCaMH, gp. Takoe e pasne/eHqe
MOXHO CAeJaTb ‘M JJIf 3JEKTPOHOB.

Ilpu paBHOBECHH CKODPOCTb TepMH‘{ECKOH reHepanyi AOJ/KHA OBITh
paBHa CKODOCTH DaBHOBECHOH DEKOMOMHALMH po/Tpo MJIH Mg/Tno,
TA€ po ¥ Ny — DABHOBECHLIE KOHUEHTPAUMH M Tpy M Tpo — BPEMEHA
H3HM, CBA3aHHHE C PABHOBECHHIMH COCTOAHUAMHU. IT03TOMYy MOXKHO
HanucaTb

. , g
DPV’p—p.p (E-Vp -+ pdiv E)—{—g,,—( p T’;z) =% (13187
DV + p (E- Y+ n div E) + gh— (i—-}%>=%}. (13.18.8)

B stux ypaBuenusx nox nosem E noxppasymeBaioTcs Kak NoJs OT
BHEIUHHX MCTOYHHKOB 3. A. C., TAK H NMOJs, BO3HHKAIOUIME NIPH H3Me-
HEHHSIX BHYTPEHHEro pacnpejeeHusl 3apsia, MOCKOJIbKY HOCHTEIAMH
3apsja SABJSIOTCA 3apAXKEHHBIE YACTHLL! € PA3/IMUHLIMK TIO[BHMKHO-
cTAMH (M, pasymeeTcsi, C pa3JHYHLIMM KospduuueHTaMu Audxby3ui,
KaK 3To cneayeT u3 cooTHouweHuit (13.17.4) u (13.17.5)). Dt BHYT-
pPEHHHE TNOJS BO3HUKAIOT, HAINpHMEp, NPH HHXKEKUHH H3ObITOUHLIX
3/IEKTPOHHO-ALIPOYHHX Tap, KOrJA 3JEKTPOHBI, MOJBHIKHOCTL KOTO-
pHiX 60JblIe MOABHMHOCTH JBIPOK,- ONIEPEXKAIT JLIPKH.

OtpuuaTenbHblii OGbeMHBIH 3apAk, CBA3aHHBIA ¢ GHICTPO NMpPOxH(-
GYHAMPOBABIUMMH 3/JE€KTPOHAMM, H MOJIOXHTENbHHH 0ObeMHBIH 3apAk,
MOABMBUIMICA B O6JACTH «OTCTaBIIMX» ALIPOK, CO3JAIOT BHYTpEHHee
noJie, HanpaBjeHHOe, OYEBHAHO, TaK, 4TOOGBI 3afepxaTb ObIcTpO Aud-
GyHAMpYIOIHE 3JEKTPOHE H YCKODHTb Oojie€ MEAJIeHHLIE [IbIPKH.
C Toro MoMeHTa, KaK 3TO BHYTPEHHee I10Jle YCTAaHOBHTCH, 3JIEKTPOHLI
M IuIpKH OyayT auddpyHAMpoBaTb H jpeddoBaTh COracOBaHHO, HO
CO CKOPOCTbIO, IIPOMEXYTOUHOH MEXAY COOCTBEHHOH CKOPOCTHIO 3/1€K-
TPOHOB M COGCTBEHHOH CKOPOCTbKO ABIPOK. IIpH OGBIYHBIX YCJIOBHAX
B KPeMHHM U B repMaHHM AJf 06pa30BaHHs 3THX BHYTPEHHHMX MoJeH
TpebyeTcs JHIUb OYEHb HeGOJIbLIOH OTHOCHTENbHBIH pasbajiaHc B KOH-
LEHTpaUMAX 3JIEKTPOHOB M JBIPOK, M TNo3ToMy Audxpysus u Apelid
H30LITOYHOrO pacnpefie/leHHs HOCHTeJeH XapaKTepH3yloTCA COCTOS-
HHeM NpPUOIH3UTENbHON 3JIEKTPOHEHTPANTLHOCTH, B KOTOPOM

Sp=p—py=n—ny=>~06n. (13.18.9)

Hanee, NMOCKOJbKY TNpH BO30GYXKIEHWH 3/1€KTPOHA M3 BaJIEHTHOH
30HK B 30HY MPOBOAMMOCTH 3JIEKTPOHbl M [ABIPKH, KaK HOCHTEIH
TOKa, Bceraa o6pasyiTcs B o0bemMe napami, TO MMeeT MECTO paBeH-
CTBO gn=gp. HakoHen, crefyer yuecTb, YTO TaK KaK B KaKIOM
aKTe pEeKOMOMHAIMM HCYEe3alolMi B KayecTBe HOCHMTEJA TOKa 3JIeK-
TPOH YHHMYTOXA€T TOYHO OAHY ABIPKY, CKOPOCTH pPEKOMOMHAUUH
9JIEKTPOHOB H JIBIPOK f/T, U p/T, AOMXKHB ObITh BCErfa paBHBI.
Hcnonways 3TH COOTHOLIEHHA BMECTE C YC/IOBHEM HEeHTpPaJIbHOCTH
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(13.18.9), Bripaxas KouueHTpauuu uepe3 8, u §,, rae 3To BO3MOXHO
[sameuas,, uyto yn=y (8n)=v (0p), On/Ot=27 (6n)/0t=2 (6p)/ot
HT. I.], MOXHO 3anHcaTth ypaBuenus (13.18.7) u (13.18.8) B BHAe

D,V* (80) — iy LE-v (6) + pdiv El-+ g — 2 = 282 13.18.10)
D% (8p) + i [E- (69) + n div E)+ g’ — 2% = 207 (13.18.11)

rie T —o6ilee BpeMs KH3HH H30OLITOYHBHIX HOCHTENeH, onpenesasemoe
KaK

S __potbp  p __mtdp  n (13.18.12)
T Tp Tpo Ta Tno

Tenepw uckmounm div E u3 ypasHenus (13.18.10). 3rto MmoxHO cpe-

JaTh, 3aMETHB, YTO ILIOTHOCTb 3JIEKTPHYECKOrO TOKAa paBHA MPOH3-

BeJIEHHIO Pa3HOCTH NJIOTHOCTEH IOTOKOB YAacTHI[ Ha 3apsij

I=e(Jp—Jp). (13.18.13)

TopcraBasis B 31O ypaBHeﬂue Buipaxkenus (13.18.3) u (13.18.4) u
HCIIONIb3ys cooTHoweHus OSiHwrediHa (13.17.4) u (13.17.5), Moxwo

NNOJIYYHTDb
I=0E+pkT (b —1) v (6p), (13.18.14)

rae b=p,/u,=D,/D, a o onpeneseno copmyaon (13.8.14). Tak
KaK B KpHCTaJJle HeT BHYTPEHHHX MCTOYHHKOB TOK2 MJIH CTOKOB,
IuBepreHudss / B CTAaHOHAPHOM COCTOSIHHH JIOJDKHA CTPEMHThCS
K HyJo, T. €.

div/=E-vyo+ o div E+ pkT (b— 1) V? (8p) =0. (13.18.15)

Pewas 3to ypaeHenHe oTHocHtensHo div E ¢ yuerom o =ep, (nb--p),

HaXoJuM
. kT b—1
div E=— REY

V2 (8p) —

b+1
w55 E-v (6p). (13.18.16)

Tlopcrapnas (13.18.16) sm6o B ypaBHeHue (13.18.10), aubo
B ypaeuenue (13.18.11), co6Gupas unenn c¢ V2(8p) u E-y(6p) u

ynpoiuasi, NOJYYHM, HAaKOHell, HCKOMOe aMOHINOJISIpHOe KHHETHYecKoe
ypaBHEHHE

D*V* (8p) — p*E-v (6p) +-& — L = 202 (13.18.17)

TAE
DDy (n+p) b(n+p)
D* = aD, oD, — AbTp D,, (13.18.18)
(no— Po) Kaltp b (no—po)
* __ —
=i Te, ~— WFp Wp. (13.18.19)

Ypaeuenne (13.18.17) umeer dopmy o6niuHoro auddysuoHHO-Apeddo-
BOrO KHMHETHYECKOrO YpaBHEHHs, 32 HCKJIOYEHHEM TOro, YTO aMOH-
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noasipusiit  KoadxpuumeHT aupdpysun D* u sddekTHBHAn aMGunonsp-
Has MOJIBHXXHOCTh U* SBJAIOTCH CPESHHMH BEJHUHHAMH, COAEPXKAIIMH
KuHeTHyeckHe KO3 pHUIMEHTH AJs 3JEKTPOHOB H JLIDOK H HX OTHO-
CUTeJbHBE KOHUEHTpPauuu. 3HaueHHs D* O6GLIYHO HAXOAATCH MEXAY
3HaveusMu D, u D,, B To BpeMs Kak u* OGHYHO MEHblie W, H
6oabllie . :

Ypasuenue (13.18.19) Bripaxkaer ¢u3nuecKui (akT, yNIOMAHYTHIH
panee npH OOCYXKIEHHH OXHOBpeMEHHOH IHGMY3HH 3JEKTPOHOB H
IupoK. IlpuMeuaresnsHo, 4TO eca 8p Mand mo cpaBHEHHIO C KOH-
LeHTpalyel OCHOBHHX HOCHTeJeH 3apfla NPH PaBHOBECHH, TO 3aBH-
ciMocThio D* w p* OT KOHIEHTpPamHH MOXKHO IpeHeGpeyb H HX
MOXXHO CUMTaTh IIOCTOSIHHBIMH (B 3TOM Jerko yGeiuThcsl, ecqd 3ainu-
catk n="ny+6p, p=po+ 6p B ypaBHenusnx (13.18.18) u (13.18.19)).

Jlnf CHJILHOJErHPOBAaHHOrO MaTepHana n-tuna (n>> p) NpuBeeH-
Hele Bhille COOTHOWeHHs faloT D*=D, u p*=p,, B TO BpeMs KakK
I CHJbLHOJErHDOBAHHOrO MaTepuana p-THna (p>>n) mnoJaydaeM
D*=D, u p*=—p,. Ilostomy B nmpuMmecHnXx o6pasuax Audxpysus
U fApeiidp H36LITOUHBIX HOCHTEJEH XapaKTepH3YITCA KHHETHUSCKHMH
Ko3bdHIHEeHTaMH HEOCHOBHHIX HOCHTEJIEH 3apsja.

13.19. PaccMorpuM [Bi:KeHHe u36GHITKA HOCHTeJed B o6pasne,
nokaszanHoM Ha puc. 13.19.1. B stom ofpasue ogHOPOAHAA KOHILEHT-
pauMs 3/JeKTDOHOB H ABpoK (8n=~8p=const) co3nana B npejenax

[—> J—> I—
-~y | < } -y
4 [ 4 :
o> al 2 g W e
b—> | L : fp——
7 e 1
A=ny. T neny*ép T A=y
P=p Ppoop PP
;) Jnewmporis!
,,ﬁ”,,’,’y’,‘,’%ﬁ‘,’ cnprufaomes

amy obnaems 3deco

Puc. 13 19.1. Hpeitp u36HTKAa 3/1eKTPOHHO-AHPOYHHX Nap B NOJYNPOBOJHHKE
n-THMNA.

onpeieJeHHo! - 061acTH KpHCTaljaa, a BHe 3ToA 00JacTH  H36HITOK
HocuTesleil paBeH Hymwo. Kpucraan sBjsieTcsl MOJYNpPOBOAHHKOM -
THNA, TaK 4YTO My > Po, H 3JEKTPHUECKOE II0JEe, JeACTBYIOIIEE B M0JO-
JUTEJLHOM HaNpaBJeHHH ocH X, o0ycJOBJHBaeT BHYyTpH o6pasia
nJjotHocte TOKa /. JlomycTHM, uTO BpeMsi XH3HH H30bITKA HOCHTE-
Jleil T HACTOJIbKO BEJIHKO, 4TO 3¢xpeKTaMH, BbI3BaHHLIMH peKOMOHHa-
uMedl HocuTened, MoxHO mnpeHeGpeus. IIpeHeGpexkeM Takke nugdy-
3HOHHBIMH 3peKTaMH, CBSI3aHHEIMH C Da3HYMAMH B KOHIEHTDAIHH.
SlcHO, 4YTO 3TH npeANOJONKEHHS MOTYT H3MEHHTb KOJHYECTBEHHEIE
XapaKTEeDHCTHKH JBHXKEHHS HOCHTeNed, HO He (H3Hyeckoe NOBeje-
HHE CHCTEMBHI. '
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¥YpaBHeHHEe HeIPEphHIBHOCTH AJA 3JEKTPHYECKOTrO TOKa Tpelbyer,
yTO6nl AMBepreHuus [/ Oblia paBHa (CO 3HAKOM MHHYC) CKOpDOCTH,
C KOTOpOH CO3/|aeTCH IIJIOTHOCTb 3JEKTPHYECKOro 3apfifia BHYTpH
moBoro sjeMeHTa o6beMa; B JAaHHOM cJydae 3Ta CKOPOCTh paBHa
Hymo. [lnsa oaHoMepHOro cayudas, nokasaHHoro Ha puc. 13.19.1,
3TO CBOAMTCH K TpeOoBaHHIO, 4Tobnt d//9x =0, uau I = const Bcroopy
BHYTPHU KpHCTaJJja. '

dnextpuueckoe mnoje npu nomomH (13.8.13) MOXHO BBEIPasuTh
yepe3 IJIOTHOCTb TOKa / W KOHUEHTPALHIO 3JeKTPOHOB H JBIPOK.
Takum o6pasom, ecad noJje BHe 06.1aCTH, B KOTOPOH CO3fAaH H30HI-
TOK 3JEKTPOHHO-JBIPOYHBIX mnap, ectb E,, a mnoje BHYTpH 06JacTH
ectb E=Ey+8E, TO

I=e(ppy+np,) E =el(po+6p) pp+ (o +8p) pal (Eo+0E) ~
Az e (poptp + Nopy) Eo+e€ (hn+1p) Sp Eo +e (poprp + nopn) 6E. (13.19.1)

Unenamu 6p8E BTOporo mnopsamka npeneGperaeM. Pemas (13.19.1)
OTHOCHTeNbHO OF, MOXHO HaHTH

0E = —akE, bp, (13.19.2)
rje o
__b+1
o= b pe - (13.19.3)
flcHO, uTO
E=E,+8E=E;(l —abp), (13.19.4)

cnefoBarensHo, E Bcerpa Menbme E,, NOCKOJABKY @ BCerja IoJo-
HTENBHO. JTO He SIBASETCS HEOXHJAHHOCTBIO, TAK KaK B LEHTPaJb-
HOH o6aacTd 6OJbille HOCHTEJEH, KOTOpble NOAJEPIKUBAIOT TOK TaKOMH
e, KaK CHapyXH.

BosHHKaeT BONpoC: ABJAETCA JU 3/J1€KTPOHHLIA NOTOK B LEHTPAJb-
HOH yacTH G60OJbIIMM (MJH MEHBIIMM), YeM TMOTOK, CYIIECTBYIOUHHA
CHapyxH. JleCTBUTENBHO, C OAHOH CTOPOHBI, B LEHTPAJbHONH 06JacTH
KOHLEHTpalusa Bbllle, a C JAPYrod CTOPOHH, ApeidoBas CKOPOCThb
3MEKTPOHOB TaM MEHbIIE H3-32 MEHbLIETO0 3JEKTPHYECKOro MOJA.
OrBer Ha 3TOT BONPOC HENb3A AaTh Cpa3y, HCXOAA W3 NPOCTHIX (HU3H-
yecKuX paccyxpaeHu#i. HerpyaHo BuAeTh, OAHAaKo, 4TO

an—ﬂlln = (ﬂo+5P) anO (1 —aap) ~2
—~ __ (no—po) 8p
~ J,,o( |~ bk (bno_m)>, (13.19.5)

rae Jno= i, Eg— NJIOTHOCTb 3JEKTPOHHOI'O NOTOKA CHAPYKH LEHT-
panbHOH 06JacTH, NMPHYEM B OKOHUATEJLHOM pe3yJbTaTe Mbl IIpeHe-
6peraeM unenoM (8p)?. Tak Kak B M0GOM KpHCTal/le n-THOA Ny >
>p, TO, coraacHo (13.19.5), J, mno BennuMHe BCerja MeHbIIE,
ueM J .

ITpu 3THX yCJAOBUAX NOTOK 3JEKTPOHOB B A Y JeBOH CTOPOHK
obnacTd U30bITKA HOcUTeNefi OyJeT MeHblle, YeM NOTOK, BLIXOASALKH
U3 3TOH o06JacTH; 3Ta 06JacTb NMO3TOMY OyAeT «pacXofoBaTby» H3OhI-
TOK 3J1eKTpoHOB. ITOTOK 3/1eKTpoHOB B B ¢ mpapBoil CTOPOHBI 06/1aCTH
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H30LITKa HOCHTeJeH OKa3nBaeTcsi GoJiblle, YeM MOTOK M3 3ToH o6JacTH,
H, CJIe0BATe/ILHO, 3fech OyleT cO3AaBaTbCH H3OLITOK 3JEKTPOHOB.

PeaysabTaT 3toro pasfasnaHca TaKOB, YTO ¢MaKCHMyM» H30LITKA
3JIEKTPOHOB JIBUXKETCS HAmpaBo, HECMOTPS HA TO, YTO CAMH 3JIEKTPOHEI
6yAyT ABHraTbCA Ha/leBO. 3TO COrJacyercs ¢ BHIBOAOM Npeibiaymiedt
3ajayd O TOM, 4TO jpeiid pacnpeneneHuss B MPUMECHHIX NOJYNPOBOJ-
HHKax TaKOH Xke, KaK ¥ HEOCHOBHHIX HOCHTeNeH 3apsfa. B jpaHHoM
npuUMepe MMOYJbC JBHXETCS B HampaBJE€HHH MepeMelleHHUs IBHPOK
noJ jneficTBHEM NPHJIONKEHHOro MHOJs.

AHa/OrMYHO MOXHO ONpeJenHTh ABIPOYHbIE MOTOKH B LEHTPaJbHOM
U BHelHe#l o6JacTax; A LEHTPaJbHOH HacTH MOXHO 3amucaTh

b (no— py) 6p
J,NJ,O(I-{-m), (13.19.6)
rae Jp0=poluEq— NOTOK BO BHemHe# 06JacTH.

Tepepr BHAHO, YTO A/l KPHCTAJJIOB N-THNA MOTOK JBIPOK BHYTpPH
UEHTpaJbHOA 06sacTH HeH3MeHHO Gosblie, uyeM CHapyxdH. B pesysb-
TaTe 3TOTO MOTOK ABIPOK B A MmeHblle, ueM U3 A, W, cJef0BaTe]bHO,
KOHUEHTpauus JBIPOK B 3TOM 06JaCTH HCTOMaeTcsi. AHaJOrHYHO
MOTOK AHIPOK B B GoJblle, yeM H3 B, 4 NO3TOMY ABIPKH B 3TOH
obnactd HakansuBawoTca. OueBHAHO, YTO HMIYJbC H3GHITKA ALIPOK
ABHXKETCS HanpaBo, B HanpaBJeHHH NOJsA, BMecTe ¢ U3GLITKOM 3/eKT-
POHOB.

Heranbunl ananu3 ypaBHeHud (13.19.5) u (13.19.6) y6enut uura-
TeJasl B TOM, YTO CKOPOCTH, C KOTOPHLIMH 3JIEKTPOHHW H JBIPKH CKaf-
JUBalOTCA B obnactd B, paBHbl, TaK KAaK 3TO €CTb CKOPOCTH, C KOTO-
PBIMH 3JIEKTPOHB! M JLIPKH MOKHAAIOT obsacTh A.

13.20. B onmite XaitHca — IIloKau MMOysibc H3GRITOYHBIX HOCHTE-
Jelt vHXeKTHpyeTcs npu {=0 yepe3 SMHTTEPHLIH KOHTAKT, pacnoJo-
eHHu npu x==0, ¥ nMoj AeACTBHEM NOCTOSHHOIO 3JIeKTPHYECKOIro
noas E, MelneHHO nepememaeTcs K KOJJIEKTOPY, PacHOJIOXKEHHOMY
Ha paccTosiHUH d. KOJJIEKTOPHBI CHrHajl NMpONOPUHOHAJNEeH H3BHTKY
HocuTesnefl B Touke x=d. JlonycTuM, 4YTO M3GHITOK HOCHTeseH B Jio-
Goe BpeMs { M B /OO0l TOYKe x paBeH 8 M yTO MepBOHAYaJbLHO
HHXEKTHDYeMbIl HMNYJbC oGpasyeT nepBOHaYa/IbHOE pacrpejefeHue
tuna §-byHKuuu, Tak uro 8p (x, 0) =06(0). B stom cayuae ypashe-
Hie HenpepniBHOCTH (13.18.17) ans M3OLITOYHOH KOHUEHTPAUUH HOCH-
Tesiedl (KOrja MOBEPXHOCTH 00pasuoB ABJSIOTCH HIEAJbHO OTpaxKaro-
LMY H KOr/la I03TOMY KOHIIEHTPaluH H3MEHSIOTCA TOJbKO B HanpasJie-
HHH X) 3amn{iIerc B BHIE

D+ &0) _ “*ant(’ip) _% _otn (13.20.1)

dx2 T o

PeweHneM 3Toro vpaBHEHHSI, KOTOpoe BeleT ce6si nofo6HO 6-GyHKLHH
Jdupaka 6 (0) npu £=0, Gyner

8p (x, #) = S el %] (13.20.2)

A
— X
(4JID’I)”2 p[ 4D*¢
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Peienue JErKko HaHTH, €CIH BOCIO/b30BaThCA XOPOLIO H3BECTHOR
¢yuxumeil I'puna (4nDt)—'2exp (— x*/4Dt) pnsa npocroro augdysHoH-
Horo ypaBHeHHfI D (0%u/0x®) =0Ou/0t. Ilpu 3TOM Hajo yuecTb, uTo
pacnpeje/eHHe KOHIEHTpauHH, KOTOpOE ONHCHIBAETCH YPaABHEHHEM
(13.20.1), tak xe Kak M AupdyHAHpOBaHHE, ApeHdyeT cO CKOPOCTHIO
u*E, B NOCTOAHHOM IOJIE H 38TyXaeT SKCIIOHEHIIHaJbHO CO BPeMeHeM
JH3HH T B pe3yJbTarte pexomdnﬂaunﬂ

CurHan, perucTpHpyeMuli KOMJIEKTOPOM B TOuKe X==d, 6yjer
NP O OPIHOHAIEH 8p(d, ) u Oyner yBenuuMBaThCA A0 MaKCHMyMa
B HEKOTODHIH MOMEHT BpEMeHH [, (KOTOpoe, €CTECTBEHHO, Ompesens-
eTcsl KaK H3MepsieMoe BDeMs Nepexojia) U 3aTeM BHOBb YMEHLIUAThCH.
Takum ofpasom, Bpema nepexoia f, €CTb BpeMfl, IIPH KOTOPOM
o0[6p (d, £)])/0t=0

[MoacraBnas x=d B ypasBuedue (13.20.2), puddepenunpys no
BpPEMEHH H TNpPHDaBHHBAA NPOH3BOJHYIO HYJIO, MOXHO IOJyYHTh
KBaJpaTHOE ypaBHEHHe OTHOCHTEJLHO f, B ¢iopme

(B + i)tﬁg =0, (13.20.3)

PemeHne 3TOro ypaBHEHHHA OTHOCHTENbHO f; BHITIAAMT CJELYIOLIHM
obpasom:

=g | (1 +55) —1]. (13.20.4)
rje
pER 1 euyEl b(n—p)?

C==pF T T T BT Fp)ntp) +

(13.20.5)

Iocnepuas c¢opma Buipaxkenua (13.20.5) coepyer u3 BbipaxkeHuH
(13.18.18), (13.18.19) mu coorHowenu# IjHwresna (13.17.4) u
(13.17.5). Ha (13.20.4) nAcHO, uTO Aaxke B OTCYTCTBHE NOJS BpeMs
nepexoia 6yJeT KOHEYHHIM, TaK KaK HOCHTENH MOIYT NepeMeliaThCH
OT 3MHTTEDPA K KOJJIEKTOpY 3a cuer AuGdy3uu. /18 npeaennHoro
cllyyasi CHJbHBIX IONeH NpPHBEJEHHHIE BbIIE YPaBHEHHH IPEACKashl-
BalOT, YTO BpeMs nepexoja NpubamxaeTca K BenuunHe d/(u*E),
KOTOpasl OXHJaeTcs NPH PacCMOTPEHHH TOJBKO Apei¢OBHX [POLECcCOB.

Ha (13.18.18) u (13.18.19) u coornowenuni itHmTeRHa A8 OTHO-
weHuss D¥/p* MOXHO NOMYUHTh

Dt _ ntp AT

o = —p e (13.20.6)
HMcnonbays 310 OTHOWIEHHKE A5 HCKMoueHHsA D* u3 ypasHenus (13.20.3)

H pelas mojyuaolieecsi KBaJpaTHOe ypaBHeHHe Ans u*, IOCJEe MHO-
THX YTOMHTEJbHBIX, HO HECNOXHHX anrefpanueckux npeoGpasoBaHHi

MOXXHO JOKa3aTb, UTO
=7£—0(V T Fx—x), (13.20.7)

rje
__ 2kT n+p (4 1
=eE,d n—p (7" + 3)- (13.20.8)
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Korna none E, BeNIHKO, X CTAHOBHUTCA OuYeHb MaJbM, a AN
IOJBMMHOCTH W* ONATL NoJydaercs BeauuuHa d/(f,E), oxuaaemas
IPH PacCMOTPEHHH OIHHX TOJMBKO JpeldoBhX npoueccos, [as MeHb-
wux noneit E, nuddysHOHHble NpoOUECCHl CTAHOBATCH CTOJb Ke
CyLLeCTBEHHEIMH, Kak M jpeiipoBrle. [ns Boipaxenus ApeiidpoBoii
IIOIBH2KHOCTH Yepe3 HaMepseMoe BpeMs Nnepexoa HeoGXOAHMO HCIONb-
30BaTh BUJOH3MeHeHHOe Boipaxenue (13.20.7).

13.21. Ha puc. 13.21.1 HaHeceH pSAA H3MepeHHH NOABHUXKHOCTH
MMIYJIbCa H3GBHITOYHBIX 3JEKTPOHHO-ALIPOYHBEIX nap B ob6pasle repma-
uua p-tuna, Huxe 300°K uucio cobcTBEHHBIX HOCHTeNell 3apAna
JOCTaTOYHO MAJIO 110 CPABHEHHIO C YMCJOM HocHreneil (ablpok), o6y-
CJIOBJIEHHBIX 3aXBATOM 3/eKTPOHOB akuentopamu. Takum o6pa3oM,
KOHLEHTPALMA OCHOBHBIX HOCHTeNeHl (AbIPOK) HaMHOro GoJbile, 4YeM
KOHLEHTPAlUA HEOCHOBHBIX HOCHTeN€H (3JeKTPOHOB), H NpPH 3TUX
06CTOATEILCTBAX MMIYJ/BC TOABUXHOCTH W*, onpeje/isieMblil Bblpae-
uueM (13.18.19), paBeH 1no BeaHuHHe ApeHdOBOH MOABHMKHOCTH He-
OCHOBHBIX HOCHTeJeil 3apfia .

Haknou, paBumiit — 1,65 Ha rpadHke B siorapHpMHYeCKHX KOOp-
OMHATax, OTpaXKaeT TeMIepaTypHYIO 3aBHCHMOCTb BPEMEHM peJsakca-
MM AJH 3/JEeKTPOHOB B repMaHuH, KOTOpas B 3TOM CJydyae HEHaMHOro
oTauuaeTcs OT 3aKoHa T2, mpeiackasbiBaeMOro Teopuel anasi pac-
cessHMs Ha akycTuyeckux ¢oHoHax. Bweime 300°K koHueHTpauus
COGCTBEHHBIX HOCHMTEJeH 3apsfja OhICTPO BO3pacTaeT, H IpPH TeMnepa-
Typax, Hamuoro npesbliaiomx 300 °K, 4ucno tepmuyecku obpasyro-
ILMXCH HOCHTE/i€Hl 3HAUUTENbHO NPEBOCXOAHT YHCJO ALIPOK, o6paso-
BAHHHIX 3aXBaTOM 3/IEKTPOHOB aKUENTOPHBIMM IIPHMECSMH.

Ilpy 3THX YCAOBHSX NPOBOAUMOCTb 06pasla CTAHOBHTCH IOUTH
COGCTBEHHOH, OTHOLLUEHHE py/fly YMEHBILAETCS NMOYTH A0 €IHHHUB H
p* pe3ko yMeHbiuaercs (coryacHo (13.18.19)), yeM u ob6bscHseTCs
peskoe CHUXKeHHe H3MepAEMBIX B 3TOH TeMIepaTypHOH 06JacTH BeJH-
YUH NOJBHKHOCTH.

13.22. B cayuae, Korja 3/IeKTPOHHO-IbIPOYHAA PEKOMOGHHALMSA
MOKET NPOUCXOAUTb Y TOBEPXHOCTeH KPHCTaNa NPH MOMOLIM Mexa-
HH3MOB, HE 3aBHCAILMX OT OGBEMHOH peKOMOMHALUH, NOBEPXHOCTH
YIOOHO OMNHCHIBAaTh, BBOAS KOXPPHLUHMEHT OTpaXKeHHs R, KOTOpHhIi
XapaKTepH3yeT BEPOATHOCTb AN HOCHTEJS BbIAEPXKAaTh CTOJKHOBEHHE
C MOBEPXHOCTbIO 6e3 peKOMOHHAUHH (C HOCHTesNeM NPOTHBONOJIOXKHOTO
THIA).

[panuyHOe YC/JOBHE HAa NOBEPXHOCTH MOXHO INOJIyYHTb, AETaJbHO
aHa/JM3UpYys B3aHMOOOMEH II0TOKOB HOCHTEJeH MeXJAy BHYTPEHHHUM
06BEMOM H NOBEPXHOCTbIO KpHcTaana. Cxema HauboJiee CyleCTBEHHBIX
IOTOKOB mOKa3aHa Ha puc. 13.22.1. Ha 3toit cxeMe noBepXHOCTHbIE
¥ BHYTPeHHHe OGbeMHble 00JIacCTH NOKa3aHbl OTAEJbHO HAa 3HAYHMTEJb-
HOM PpaccTOSHHM JJisi YAOGCTBAa H300paXi€eHHs INOTOKOB HOCHTeJeH
MeXJy 3THMH 06,aCTsIMM, HO HEOGXOAHMO IOMHHTb, YTO B J€HCTBH-
TEJILHOCTH 3TH 06/1aCTH SIBJSIIOTCH CMexKHbIMH. Ha pHCyHKe BuaHO,
YTO CYMMapHBIH NOTOK ABPOK A MOCTYNaeT K IOBEPXHOCTHOH 06JacTH
KpHCTa/la M-THNA M3 BHYTPeHHero OGbeMa. IJTOT MOTOK = COCTOHT
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13 o6pa3oBaBIIMXCA BHYTPH KpHCTaj/a ABIPOK, KoTopHe AubdyHau-
pyloT K nmoBepXHocTH. Ecsi Obl HeKoTOphle H3 3THX HOCHTEJE} peKoM-
GHHHPOBaJH Y IOBEPXHOCTH, TO Pe3yJbTHPYIOIIMH TOK ALIPOK K mo-
BEPXHOCTH HMeJ Obl MECTO Jaxeé B COCTOSIHUH DaBHOBECHS.
[Tocko/bKY B COCTOSSHHM PaBHOBECHS HE MOXET GbiThb PEe3yJIhTH-
PYIOIHX IIOTOKOB 3/€KTPOHOB HJIH ABIPOK HH B OLHOH TOYKE B KpH-
cTaJJje, TO HeoGXOLHMO, YTOOB! CYIIECTBOBAJ NOTOK B fIPOTHBOIOJIOXK-
HOM HanpaBJ/IeHHH, KOTODHIH B PaBHOBECHLIX YCJIOBHAX cOajlaHCHPOBAJ

Cpmapnoni |7 vmﬂmmlllgalm-
3] A 4.‘7"_ n%mmu oo
%’”g%%u%a% Wﬂwﬂymmla
¥ nefeprnocm Symperiudt e npuemannd
f—
F
T
Oeemuvit K ' Kosqipequenm
plsss e e o

HOSPPUEAIERT
omparemin 8 y nollegrnocme py 4 nobeprnom Ky

Puc. 13.22.1, BsaumoofMeH OOTOKOB HOCHTe/JEeR MeXZy BHYTpPEHHHM OOBEMOM H
NOBEPXHOCTDIO KPHCTaJ/Ia,

6nl motok A. IloTok ablpoK, paBHHA 1O BeJHYHHE H IIPOTHBOIOJIOXK-
HbIfl 10 HANpaBJ/IEHHIO JaHHOMY NOTOKY A, MOXeT OBITh JIHIIb Pe3y.ib-
TAaTOM TEPMHYECKO} reHepalHH 3JeKTPOHHO-JLIPOYHLIX NAp y MOBEpX-
HoctdH. OO6pasywoomuecs npH s3ToM AuIpKH O6yayT nuttdyHIupoBath
BHYTpb oOBneMa ofpasua.

10T TepMHYECKHM reHepHPOBAHHLIA NOBEPXHOCTHLIA NMOTOK 0603Ha-
YeH Ha pHCYHKe g;. KIMeercs onpexeneHHasi BEPOSITHOCTb TOTO, YTO
HOCHTENb, IOCTYNAIOMHA B o6beEM C IOBEDXHOCTH, B pe3yJbTaTe
XaOTHYECKOro JABHXKEHHS BO3BpaTHTCA OOpPaTHO, HE HCIHTAB PEKOM-
6uHanMH. 3Ta BEPOATHOCTb ONHUCHIBAETCS OOBEMHEIM KO3DHIHMEHTOM
orpaxenusi B. IToannie noroku F; u F{, mpoTeKaliollHe MeX1y NOBEpX-
HOCTHOR M 0GBLEMHOM 00/1aCTSIMH, MOXKHO ONPEJE/HTh, €CJAH 3aMeTHTh,
yro motok F; cocrour M3 mnotoka A nJioc Ta yacte Fi, Koropas
OoTpaxKaercs OT BHYTpeHHero o6nema, a F; COCTOMT M3 IOTOKa g,
IJIIOC Ta 4YacTb Fj;, Koropas OTpaxaercs OT noBepXHocTH. TakuM
00pa3oM, MOXHO 3aIHCaTh

Fy= A+ BFj, (13.22.1)
Fi=gs+Rof1. (13.22.2)
W3 3Tux AByX ypaBHeHu# MoXHO HafitTH F, u Fi:
A+ By,
Fy=112%, (13.22.3)
i -1 gs+A&
F} = l—R;,BD' (13.22.9)



Ha ocHoBe cratucTHkM MakcBessa — BosibIMaHa JIerko nokasarth,
YTO CyMMapHHIE NOTOK HAaCTHI, ABWKYIHKHACA B 1POX3BOJLHOM Hanpas-
JEHHH uepe3 IPOH3BOJNBHYIO INIOCKOCTh, €CThb KakK pas 1/,pf,, rae
p— KOHIEHTpAllHA H Cp,— CpelHsAf TeIIoBas#s CKopocTb. IToCKOJBKY
B COCTOSIHMH TEIJIOBOI'O PaBHOBECHSl p = Py, NOTOK F; JloMKeH cae-
CTHCb K NOTOKy Fy:

Fy=F{ =1 PoCp. (13.22.5)

INopcrabass 310 Boipaxenue BMecto F; u F{ B ypaBHenus (13.22.1)
H (13.22.2), Hafinem gs v Ay (Ag— BenHuHHA A NpH TEIJIOBOM paB-
HOBECHH):

1
8s=7 Polp (1—Ry), (13.22.6)
Ao=5 Po?s (1 —B). (13.22.7)

Ecnu cocTosiHME CHCTEMBI He SIBJISIETCS PaBHOBECHBIM, TO B KpH-
cTajsie GYAyT CYLECTBOBATh I'DAJHEHTH KOHUEHTPAlHH H NOTOKH Fy
H F| B mo6of Touke of6pasua GoJblne HE GYAYT paBHH. EciH oTKJO-
HEHHE OT paBHOBECHs JOCTaTOYHO MaJo, TO QyHKUMS pacnpepeseHHs
Oyjer Bce e NPHGIH3HTENbHO MaKCBENJOBCKOR K CyMMapHHIE IIOTOKH
B IIPOH3BOJILHOM HaNpaBJeHHH OGYAYT Bce XKe 1aBaThC BHIPAXKEHHAMH
Toro xe obmero Buaa, uto u (13.22.5).

OnHako NOCKOJbKY WYACTHIBI, NOCTYNAIOMHE C1eBa K TOYKE X,
HayaJH CBOE JBHXXEHHE B CPENHEM M3 TOYEK Ha pPacCTOSHHH NOpsiKa
cpegHell AJHHEI cBoGoaHoro mpobera cieBa OT X, a YacTHIbI, NOCTY-
nawiHe K TOUKe X clpaBa, HauaJH CBOe J[BHXXEHHe B CpeJHeM
H3 TOUEK Ha PAacCTOSHHM NoOpsiXa cpeHeH NJHHH CBOGOAHOrO mpo-
6era cnpaBa OT X, TO KOHUEHTPalUWH, KOTOPhE HYXHO HCIOJb30BATh
B 3THX BHIPaXEHHNX, €CTh JIOKAJbHbIE KOHIEHTPAalKH Ha MaJjoM pac-
CTOSHMHM CJE€BA MJH CIpaBa OT TOYKH, B KOTOpOH ONpeJessoTcs
notokd, Ilo3ToMy MOXHO 3amucarth

, ¢ ¢ op

Fi=2pectan~2(pw+ary), (1322
! 0,

F=2pe—an~2(pw—ung), (18229

rae A — cpeanss AJHHA cBoGoAHoro npobera, a & — YHC/IOBas NOCTOSH-
Has NOPAAKA eIHMHHUb. BhlpaKeHHs cnpaBa NOJYYaKOTCH C IOMOIILIO
pasnoxeHuss B paj Te#inopa; npeanosaraeTcA TeM caMbiM, YTO OTHO-
CHTeJIbHOE H3MEHeHHe KOHIEHTPAUKHK B Npenesax AJHHBI CpDeLHEro cBo-
GonHoro nmpoGera Manad, ¥ MOSTOMY ujeHaMd GoJiee BHICOKHX NOpAJ-
KOB MOXHO NpeHeGpeub.

Ha (13.22.8) u (13.22.9) serko BHIeTb, YTO B paccMaTpHBaeMOM
cayuyae cyMMa F; W F{ Ino/mxHa G6uITb paBHA /,psCp, TAE Ps— KOH-
ueHTpauus y mnosepxHocTH. CkiajsBas Buipaxenus (13.22.3) »
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(13.22.4) u npupaBHuBAg CymMMmy BeJmuHHe /,p.C,, An8 A noaygum

2 TR pep C2RCER 132210
+Ro 4 1+ R,

Heo6x0qUMO OTMETHTb, 9TO NPH HAPYLIEHHH DPABHOBECHS IOTOK A
BCIEACTBHE reHepauuu H3OWTOYHRIX HOCHTEJIEH, HMEIOmeH MecTo
B ofbeme, OyleT OTJAMYATHECA OT CBOEro PABHOBECHOro 3HaueHus A,
XOTsl, KOHEYHO, NMOTOK g OyleT Takum xe.

Pasnocte Mexny Fy ¥ F{ ecTb npocTo CyMMapHBIH IOTOK ALIPOK
y TNOBEpXHOCTH, KOTOPBIH JOJ/DKeH paBHATbCA AU(PPYy3HOHHOMY mo-
ToKy — D0 (6p)/0x B 310l TOuKe. BhlwnTasm (13.22.4) u3 (13.22.3) u
noacraBsssa 3HadeHde A B Buae (13.22.10), okOHYATENBHO NOJYYHM

— 1—R a(d
(ps—Po) tp o gxp)l. (13.22.11)

’
F1—Fl=—————=——DP[
510 BHIpaXKeHHe H ‘SABJIAETCA TPAHUYHLIM YCJIOBHEM AJA YpaBHEHHS
HENpepLIBHOCTH Yy INOBePXHOCTH Kpucraana. OHO oOLIMHO 3amuChl-
BaeTcsl B cjenylomei gopme:

ad
—D,[ T2 = sopls, (13.22.12)
e I—R
tp 1—Ry
8=§‘m—o. (13.22.13)

ITapamerp s uMeeT pa3MEDPHOCTb CKOPOCTH H OGHIYHO Ha3bIBAETCA
CKOPOCTBIO NOBePXHOCTHOH peKoMGuHauuH. Benuunna ero kose6aercs
OT Hyss (B 3TOM cayyae KOHIEHTDAIHOHHEIA rpajHeHT y NOBEpPXHO-
CTH paBeH HYJIO) 10 MaKCHMaJbHOH BEJHYHHBI !/,C,, COOTBETCTBYyIO-
el NOBEepPXHOCTH, HAa KOTOPOH OCYILeCTBJseTcs peKOMOWHAIHS Kax-
Jlofi momajaouleil Ha Hee IBIDKH.

13.23. Ilycte och X mepneHAMKyJsipHA IJIOCKHM rpaHsM o6pasua,
a HayaJO KOODAHHAT IIOMEIleHO B UEHTP KpHCTaJJa TaK, 4TOOHl I1O-
BEDPXHOCTH Haxoiuauch nNpH x==ta. [locKo/bKy B CTalHOHAPHEIX
ycaoBusx V (6p) He MoXeT HMeTh y- M 2-KOMIIOHEHT, a 3JIeKTpHue-
CKOe moJie He MMeeT X-KOMIIOHeHTH, To 4aeH E-.V (§p) B ypaBHeHHu
HenpepeIBHOCTH o6pamaercs B HyJb. KpoMe Toro, B CTauHOHapHHIX
yenoBusx 0 (6p)/0f = 0. Ilaparomuit cBeT co3naeT NOCTOSTHHOE KOJH-
YeCTBO 3JEKTDOHHO-JHIPOYHEIX Iap g’ B €AHHHue ofbeMa 3a equHHIY
BpeMeHH BO Bcex TouKaX BHYTpH obpa3sua. Hakowenu, cummerpus
obpasua TakoBa, yTo H3OLITOYHAS KOHNEHTpAUHs HOCHTENeH He H3Me-
HfAeTCs BJOJb HanpaBleHHH ¥ HJAH 2, [TOITOMY

V2 (6p) = d? (6p)/dx?.

Ilpu sTuX ycioBHAX ypaBHeHHe HenpepruBHoCTH (13.18.17) mpumer
BH]

ae®p) o _ _ g
prail . (13.23.1)
rae
L,= (D7) (13.23.9)



3amumem pemerne ypasHenus (13.23.1) B cnenytomem Buge *):
8p (x) = Ach~+Bsh-+g'r, (13.23.3)
P P

rre A u B —npousBosibHeie nocrossHHee. Ho u3 cuMMertpum 3agaum
SICHO, 4TO Op Mo/KHA OHITh 4YeTHOH (YHKIMeHd x M, C/Ie10BaTE/bHO,
B =0. Ha nosepxHocTsaX (npH x==}a) NOMKHO BHIOJHATbHCH rpa-
HUYHOE YCJI0BHE '

a8
iD”[ gxp)]ia =5-6p (L a). (13.23.4)

YuutnBas B ypaBHeHuH (13.23.3), yto B=0, u ucnons3ys rpanuy-
noe ycaosue (13.23.4), MoxHO ompenesHTh NOCTOSTHHY!0 A, KoTopas,
KaK JIerKO NOoKasaTb, €cTb
_ —sg'tv
A= T D, @ " (13.23.5)
§C Z;+Eshl;;

ITocne storo umeem:

schrx-
op(x)=g't| | —————— . (13.23.6)

sch-—-{——’-’sh——
Ly "L, " Ly

[TpupocT NPOBOXHMOCTH KpHCTaA/Na MON AEHCTBHEM OGJIYYEHHS
6yfeT mnponmopuHOHaNeH ofimeMy 4YHcaAy H3OWTOYHEIX HOCHTENeH
B 00pasue; MOC/JeIHEe BBLIYHC/SETCS NYTeM HHTErPHPOBAHHS KOH-
LEHTpaLMH W3OBITOYHEIX HOCHTE/NEH Mo To/ulMHe o0pasua ¥ yMHoXe-
HHeM peaysabTaTa Ha mJomanb ceveHuss S. Takum o6pasoM, ecau
8P — 4yuc/0 H3GBITOYHBIX ABIPOK, @ ON — a0 H3GHITOYHBIX 3/1€KTPO-
HOB BHYTpH ofpasua, TO

8P=6N =S § 8p (x) dx, (13.23.7)
—a
TaK KaK B KOHIe KOHLOB 0p=208n, Briuucass sToT uHTErpas, Jerko
BHAETh, UTO
a

sLp sh I,

6P =2g'tS| a — (13.23.8)

N a Dp a
sC L—p+L—p-Shz—o

STo BLIPaXKEHHE ONMHCHIBAET 3aBHCHMOCTb BO3HHKalome# ¢oromposo-
IMMOCTH OT CBOHCTB KpHCTa/Vla M [EOMEeTPHYECKHX IapaMeTpoB
ofpa3na.

*) PemeHne JOMKHO EMeTh (GOPMY DellleHHS ORHOPOJHOrO ypaBHEHHA, B KOTO-
poM mpaBas uacth (13.23.1) paBHAa HYMO, MAKC 7ACTHOE pelIEHHE HEOAHOPOKHOrO
ypasuenHs (13.23.1)., TaKKM d4aCTHHM pemleHHeM GyAeT, O4eBHAHO, npocTo bp =

= g'L;’;/Dp =g'l.'.
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13.24. CornacHo dopmyne (13.22.13) MakcuManbHOe 3HaueHHe
CKOPOCTH TIOBEPXHOCTHOH PEKOMOHHALHM S PAaBHO IIOJIOBHHE Tell0BOH
ckopocTH, coorBercTByloell R,=0. Korna s npuHuMaer 3To 3naue-
Hue, Buipaxenue (13.23.6) MOXHO 3anHcaTh B BHAE

Cp X
—ch-—
’ 2 LP
60 =gt |~ | (13.24.1)

PR PR =

Ecan xe cuntaTh CKOpOCTh § GecKoHeuHo Gousbuofl, To (13.24.1)
IpHMeT BHJ

p()=g{1——2] (13.24.2)

OTH 1Ba pe3yJbTaTa NOYTH OJMHAKOBH BCSAKHH pas, KOIJa MOXHO
npeneGpeyb BTOPhLIM WIEHOM B 3HameHaTese ypaBHenus (13.24.1) no
CPaBHEHHIO C NEPBHIM. JTO HMEET MEeCTO NPH BHIIOJHEHHH HepaBeH-
cTBa

> 2 (13.24.3)

Onnako nockoseKy, coraacHo (13.16.13), D,=Y/sA,C,, TO Hepasen-
ctBo (13.24.3) moxHO 3anucaTe B 6oJiee NPOCTOM BHje:

L, 2 '
ﬁ>§. (13.24.4)

Takum ofpaszom, korza auddy3HOHHAs [JHHA HAMHOCO I1PEBLILIAET
CPeJHIOI0 JJIHHY cBOOOZHOro mnpoGera, He OyneT GoOJbLIOH OLIMGKOMH
CUMTATh MAaKCHMAJbHYIO CKOPOCTh s 6ecKOoHeuHo 00JIbILO, a He paB-
HOH 1OJOBMHe TENJIOBOH CKOPOCTH. JTO 3HAYHUTEJILHO YIpOILAeT
pacyeThl NpONECCOB epeHoca.

B repMaHHM ¥ KpDEeMHHH, NpH HOPMAJbHBIX YCJIOBHAX INIPH KOM-
HaTHOH TemnepaType, CpeAHsis AJHHa cBoGogHoro mnpobera mo-
paaka 1078 cu, a Aucdy3HOHHbe AHHBI OGHYHO He MeHblue yeM 1073 cu,
Jaxe B KPHCTaJJlax € CAMhLIM KODOTKHM BpeMeHeM >XH3HH H3GHITOY-
HHX HOCHTeJel 3apsna. B aTux marepuasax yciosue (13.24.4) npak-
THUECKH BCErja YJOBJIETBOPSETCH, XOTA B APYTHX IOJYNPOBOJHHKAX,
OCOGEHHO € MaJhHM BpEMEHEM )KHM3HH H3GHITOYHEIX HOCHTeJsefl, 3To
YC/IOBHE MOXET H He BHINOJHATHCH,

3ametuM, uto Bupaxkenue (13.24.2) npeackasuBaer, 4to §p y no-
BEPXHOCTH paBHO HYJIO, B TO BpeMs Kak, corJacHo (13.24.1),
-0p MMeeT TaM OYeHh MaJjyl, HO OTJHUHYIO OT HyJs BeJHUYHHY. DTO
pasigHe MeXJy [BYMfA BHIPaXKEHHSAMH s §p CylecTBYeT TOJbKO
8 npejgesax HECKOJNbKHX JJHH CBoGoAHOro npofera OT NOBEPXHOCTH,
ecay ycnosre (13.24.4) ynosJeTBopsieTcs NpPH pacdere NOBEPXHOCT-
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HHX II0TOKOB, TOKa (OTONPOBOAHMOCTH HJH IDYTHX H3MepsieMbIX
BEJHUYHH, TO 3HAYHUTEJbHBIX OLIMO0K OOLIYHO HE BO3HHKAET.

13.25. [Ina cHTyauuH, ONHCAHHOH B YCJOBHH 3aJauH, ypaBHeHHe
HEOPEPRIBHOCTH i/ HM30bITKAa HOCHTENIeH 3apsja MOXHO 3alHcaTh
B BHJE

#(6p) bp(x,t) _ d(dp)
D, — T = 0F, (13.25.1)

I‘pauwmble YCJOBHA Y NOBEPXHOCTH

a(8 '
;D,,[-f?xﬂ]i =510 (Fa, 9), (13.25.2)
a y rpaHuubl 3epHa BHYTDH KpHCTaJIa
£D,[ 202 —s08p 0, 1. (13.25.3)

Mul  JO/XHH TaKXe yuecTb, YTO B HavyaJbHEIE MoMeHT (£=0)
op (x, 0)=f (x), (13.25.4)

rae [ (x) — sanaHHas ¢yHKUMA HauyaJbHOrO pacnpefeseHHst H3OHTOU-
HBIX HocHTeJed 3apsja.

Ipepnonaras, uro pemende ypaBHeHus (13.25.1) wumeer BHR
6p (x, )= X (x) T (f), 4 pa3jenss nepeMeHHLe, MOXXHO NPUATH K ypas-
HEHHAM

1 d2X 1 dT
YF = W E + DPT='—a2 = const. ] (13255)

3nech mepBoe BhHIpaxkeHHe (cJ€Ba) ABJfeTcA (QyHKUMeH TOJMBKO X,
B TO BpeMs Kak BTopoe —GyHKUMel Toabko f. Ecau 3t jBa
BLIPaXXEHUS] paBHB MEXJYy COGOM JAJs BceX 3HaueHHit x Hu f, TO
Ka¥joe H3 HHX RO/DKHO OHTh paBHO KoHcraHre. KoHcraHTy Gepem
B BHAe — 0%, AJIs TOrO YTOOB! GHITH YBEPEHHHIMH B TOM, UTO OHa Gy-
JeT OTpHUATENbHOH, TaK Kak (NO3jHee B 3TOM MOXHO yOeQHThCs)
0JIOKHTEIbHBE BEJTHUHHH IPHBOAAT K PELICHHUSM, KOTOPHIE C YBEJIH-
yeHHeM [ BO3pPacTaloT, a He YMEeHBIUIAITCH.

Hrak, (13.25.5) cBoaMTcss K JABYM OTAeJbHBIM NpocThiM pubde-
peHuMaJbHLIM YypaBHEHHAM: ofHo aaa X (x) u apyroe aas T (f),
B crepyiowed gopwme: :

d2X
= —a%X (x), (13.25.6)
dT
= (a=Dp+%) T (0. (13.25.7)
D1 ypaBHEHHS JIETKO PELINTh, B pe3yJbraTe NOJYYUM
X (x)= Acosax-} Bsinax, (13.25.8)
T (i)=Cexp|— (D, +1)¢], (13.25.9)
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rie A, B u C —npou3BoJIbHbIE NOCTOSIHHEIE. STH peleMus YAOBJeET-
BopAOT ypaBHeruio (13.25.1) ana mo6bix 3HAaUYeHHH @, a [OCKOJBKY
ypaBHenye (13.25.1) sBnsiercs nuHeliHbM autdepeHLHaNbHEIM YpaB-
HEHMEM B UYACTHBIX MPOU3BOAHBIX, TO Jobafd JHHeHHAs KOMOHHALMA
pewenuii, umeromas ¢opmy npoussesenus X (x) T (£), 6yner Taxxe
VIOBNETBOPATL AubdepeHLMalbHOMY YDaBHEHHIO, Jaxe €CJIH BeJH-
YHHA © Ppa3NHYHA [J18 pasIUYHBIX CJaraeMblx JHHEHHOH KOMGH-
Hanuu. O6wee pewenne ypaBHeHus (13.25.1) MoxHO mo3ToMy
3amucath B BHJE

op (x, )=
= Y [4xcos (a,,x)-}—B,,sin(a,,x)]exp[— (a: ,,+%) t], (13.25.10)

rae koadpduuuentst A, u B, onpegenasioTca Tak, utobel npu {=0
pax aaeaa 6p (x, 0).

Pan (13.25.10) 8ynet, KOHeuHO, YJAOBJETBOPATh FPAHHYHEIM yCJIO-
suAM (13.25.2) u (13.25.3), ecnin uM OyneT yAOBJETBODPATb KamAblf
ynexH cymmul. Hanpumep, mog-
CTaBJAA IPOU3BOJbHBIA  n-it
uner paaa (13.25.10) B yciroBue
(13.25.3), monyuum

. 5An fy
B, =aD." (13.25.11)
[IpomenniBas To ke camoe
C HCIOJb30BAHMEM  YCJIOBHSA
(13.25.2) u yuurhiBasg Aas yo-
poierus peayastar (13.25.11),

IOy UUM
iD2—s,s
toq,q=—2ncp 01
I8 %% =5y (o +-5)
Puc. 13.25.1. Tpaduueckoe pemenHe ypas- (13.25.12)

wennst (13.25.12). 310 TpaHCUEHAEHTHOE ypaBHeE-

HHUe MOXHO PELIHTh YHCJIOBEIM
uIM rpaduuecKHM MeTOfOoM, Haiiis GeckoHeuHHH HaGop KopHedl {a,}
(puc. 13.25.1).

Co6cTBeHHEIE 3HAUEHHA {@,a} onpeaensioT pAnsl GyHKLu# {sin (a.q)}
u {cos (x,a)}, KOTOpHE, KaK MOXHO IOKa3aTh, HABJIAKTCA OPTOro-
HanbHbIME *) B uHTepBane (—a, a). Kosdpduuuentet A, u B, MOXHO
BBIUMCJIHTh, €C/JH YMHOXHTb (YHKUHMIO pacnpeneneHHs f (x) =6p (x, 0)
A t=0 B8 suge paga (13.25.10) ma cosa,x uaH sine,x W npo-

*) Co6erBenEnle GyHKIMH JOMKHH ONTh OPTOroHa/jbHH J MuofoM cilydae, Tak
KaK CHCTEMa $BJIAETCH YacTHHIM cayyaeM 3amaud IlItypma—Jluysuans. Uuraremo
N0/Ie3HO B KauecTse YNpaXHEHHS [0Ka3aTb 3TY OPTOrOHAJbHOCTB,
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HHTErpupoBaTh OT —a A0} @, HCNoJMb3ys! OPTOroHaJbHOCTb COBCTBEH-
HbIX (YHKIHH, B pe3yJbTaTe NOJYYHM

§ f (x) cos (a,x) dx

A,==5 _ —, (13.25.13)
a(l + 51“2((3’:#1))
B § F(x) sin (%) dx
Sofin —a
Bn =d'(:|Du = ( sin (2“nﬂ)) . (13.25.14)
af{l ——>xTr"C
2a,a

dopmanbHoe pelleHHe 3aJa9H 3aKOHYEHO.

U3 rpadukos Ha puc. 13.25.1 u u3 Buma psana (13.25.10) scHo,
yTO nepBH WJIEH 3aTyXaeT ropasgo MeJJeHHee, 4YeM uJeHH GoJee
BBICOKOrO NOPAAKa 3Toro psjaa. Jas Gosee NO3MHHX MOMEHTOB Bpe-
MEHH MOXHO pacCMaTpHBaTh TOJNbKO INEPBHE 4JIeH, OTHOCAI[HHCS
K co6CcTBEHHOMY 3HaweHHIO oy, IIpH 3THX oO6CTosITenbCTBaxX 3aTyXa-
HME fBJAETCA 3KCIOHEHIHATbHBIM C BPEMEHHOM KOHCTAHTOH Ty, KOTO-
pas cBfisaaHa ¢ T H a, (cornacro (13.25.10)) crenyiomum oGpasom:

o= ?—}-alD,. (13.25.15)
Ortciofa sicHO, 4TO L .
- __ A
o —737(?3 _T) =p. (13.25.16)

Pemas TpaHcueraertHoe ypasHerue (13.25.12) nns co6erBeHHbIX
3HayeHHH OTHOCHTeNIbHO S, H NOACTaBasAs o, B Buue (13.25.16),
MOXKHO BBIPAa3UTb S, 4Yepe3 H3MEpseMble BeJHUHHB Sy, T H 4, UTO
I103BOJISIET ONpeNeTHTh CKOPOCTb PeKOMOGHHALMH, CBSI3aHHOH C rpa-
HHLEH 3ePHA BHYTPH KPHCTasJa, H3 H3MEPEHHH KOHCTAHTHI 3aTyXaHHA
¢OTONPOBOAMMOCTH, DTO BbIPaXKEeHHe IJf S, HUMEET CJAEAYIOUHH BHI:

. DA—s, VD ActgaVAD,
" s&+VD,ActgaVAD,

(13.25.17)

14. [MoaynpoBoAHHKOBBIE Nepexoanl

14.1. Ha puc. 14.1.]1 nokasaHm 3HepreTHuecKHe YypPOBHH IOJY-
NPOBOJHHKA n-THNA., B HeBHIPOXKIEHHOM NOJYNPOBOJAHHKE YPOBEHE
®epMH JeXHT B 3anpelieHHOA 30HE HA pacCTOSHHM, MO KpaiHeH
Mepe paBHOM 2T oT AHAa 30HBHI NPOBOAMMOCTH HJIH IOTOJIKA BaJI€HT-
HOH 30HbI, TaK 4TO L, =>2kT u L, = 2kT. KoHueHTpauuH HocHTeJeH
TOKa ABJAIOTCA (YHKUHAMH L, H {p, nojoxeHnus ypoBHs Pepmu 1o
OTHOIWEHHIO K Kpasm 30H. JInd HEBHIPOMKJEHHOrO NOJYNPOBOXHMKA
HaXOLHM

no=n,expy =N exp (— L,/kT), (14.1.1)

po=n;exp (—y) =N, exp (—E5,/kT), (14.1.2)
363



YTO jJaeT B pe3y/bTaTe 3aKOH, CIpPaBeJIUBHH IJsi HeBHLIPOXKIEHHOrO
no.nynposo,zmuxa:
nopo=ni = NN, exp (— eg/kT), (14.1.3)

rie e, =18, L, —nmmpuna sanpemeHHo#t 30HE, a N, (4/1s 30HBI IpO-
BOA¥MOCTH) U N, (1151 BaJIeHTHOH 30HHI)

Jona npobodumocm , OlpeneneH COOTHOLIEHHSIMM
i 2nim,, pkT\3/2
f T;” Neo=2 (2D (1414
y— & m, ¥ my— peKTHBHEIE MacChl 3JIEKT-
gAT POHOB H JHIPOK.
& Uuc/leHHO uMeeM
— :
"! —9,5.101 [Me.n T\2 g
5 N, ,=2,5-10 (MO 300) cH3,

Ilorenuuan P — GeapasmepHasi BeJIHUUYH-
Ha, usMepsieMas B eguHuuax k7T no or-

T g, Homeﬂmo8 K SHepruu «Co6CTBEHHOro
/ / é// // ypoBHsi» 8;, TaK KaK B COBCTBEHHOM IIO-
///// E”MWMHW JIYIIPOBOJHHKE, 110 onpejeeHuIo, P = 0.
Puc. 14.1.1.  Duepreruueckue Jlerko nokasathb, uto &, JeXUT npu-

YPOBHH B HEBHPOXAEHHOM NOAY- G/M3UTEIBHO B CepeliMHe 3ampelleHHOoH
NpOBOAHHKE 71-THIA. 30HkhI:

Crpesixkolt 0603HAYEHO NOJOXKHTENb- gi — % (86 - 8_0) + % ET In ';,__h (14. 1.5)
e

HOe HBNpapJeHHe OTCYeTE 3HepPrAH.

ITpu uHXeKuMH H3GHITOYHEIX HOCHTeJeH JeHCTBUTENbHBIE KOHIEHT-
paluy HocUTeJedl BO3pacTawT: n>>n, # p >> py. KBasuypoBuu Pepmu
JJIsl 3JEKTPOHOB M JIBIPOK, &Fe " S,.-h, MOXKHO HaHTH M3 BhIPAKEHUH,

agajorvuinx (14.1.1) u (14.1.2):
n=N_exp (— {n/kT), (14.1.6)
p=N,exp(—,/kT). (14.1.7)

MOXHO BHJETh, YTO IPH HHXKEKUHH KBasHypPOBHH Pepmu JexaT
6/Xe K COOTBETCTBYIOIIMM KpasM 30H M CMELIeHH 110 OTHOLIEHHIO
K paBHOBecHOMy ypoBHI0 PepMH, ¥, KpoMe TOro, 4To AJIsi HEOCHOB-
HBIX HocHTesedl 3apsiia KBasuypoBeHb QPepMH cMellaeTcsi CuJbHee,
yeM 7151 OCHOBHEIX HOCHTEJEH.

14.2. B oxHOopogHOM NOJYNPOBOAHMKE B PABHOBECHOM COCTOSTHHH
[OTEHUHaJ OTKJIOHSIeTCS! OT IOCTOSTHHOIO 3HAYeHHs TOJbKO BOJH3H
rpaHuyHoOil 06JacTH, B KOTOpOH (puauyeckHe yc/IOBHS 00yCJIOB/IHBAIOT
pasMMUHYIO BeJMYHHY NOTeHIHa a. DToH rpaHHYHON 06/1ACThIO MOXET
OHTL p— n-nepexofi, NOBePXHOCTh WJIM rpaHuina pasjgena ¢as, Kak,
Hanpumep, B cjJy4yae KOHTaKTa MeTaJJ — MOJYNPOBOIHHK.

PaccmaTpuBasi OJHOMEDHBI caydail ¢ nepeMeHHO! KOOpJHHATOR X,
npejnoJjaraeM, 4To paBHOBecHoe pacnpelenende Bosbumana

n (x) = const - exp (eV/kT) (14.2.1)
crpaBepiuBo Beane, rae V=V (x) usMeHseTcs c pacCTOsIHHEM. Bri-
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6Gop 3HauYeHHMs IIOCTOSIHHOA 3aBHCHT OT BHGOpa HagaJia OTCYETa MOTeH-
uuajsa V; B 4acTHOCTH, OH MOMeT OHITb paBeH 7;, €CIH 33 HauaJjo
OTcYeTa mNoOTeHUHMana NpuHATh &;/e. (OTMETHM, UYTO 3HEPTHA €cTb
npou3BefieHHe 3JeKTPOHHOrO 3apsiia Ha IOTEHIHAJ.)

Byner yno6Ho npunsath V=0 B oxHoponHOA uacTH ofnema Ma-
Tepxasa, T. €. Ha OeCKOHeUHo OoJbIIOM DAaCCTOSHHH OT I'DaHHIHL.
Torga nocTosiHHasi CTaHOBHTCH OO0beMHOH KOHLEHTpalHed n,, pas-
Hoit N4, €c/M IpeANOJOXKHTb, YTO JOHOPHl HOHH30BaHBI IOJHOCTBIO.
Takum obpa3oM, HMEEM

n=N, exp (eV/kT)=Nyexp o, (14.2.2)

rxe @ — Gespa3vepHbii mepeMeHHH noteHuuajs. C Apyroit- CTOpOHH,
ypaBuense [lyaccona naer
dzv e . '
_d_ﬁ:eﬁ(n_}vd)' (14.2.3)
37eCh 89 — AUIIEKTPHUECKasi IPOHHIIAEMOCTb BaKyyMa, a & — JU3JeK-
TpUUecKasi IPOHHUIAEMOCTD 1101y poBoAHHKA. Onpenensisi AMHHY BOIHH
Jle6asi A npH NOMOMIM COOTHOMIEHHS :

A= (%"%)”2 (14.2.4)

M BBOAs 0€3pa3MepHYIO IeDPeMEHHYI0 KOOPAMHATY 2=X/A, MOXHO
HCKJIOUMTh KOHUeHTpauuio uyactuy u3 (14.2.2) u (14.2.3) u noay-
YyuThL ciaenylomee aubdepeHlHaNbHOE ypaBHEHHe, ONpejeJsiollee pac-
npefesieHHe INOTEHIHAJA: -
A=l : (14.2.5)

ATo TpaHCUEHJEHTHOE YpaBHEHHE, KOTOPOE HEJb3sl DEIUHTh B O6LIEM
BHJe, HO MOXHO PacCMOTpeTh [Ba NpeJebHBEIX CJIyyas.

B cayvae ¢ <1, T. e. B MOYTH OJHOPOZHOM OOBEMe MaTe-
puasa, 3KCIIOHEHTY €¥ MOXHO pa3/IoXHThb B Dajf M BMmecTo (14.2.5)
NIOJTY YHM

dg

iz =
CJIe0BaTe/IbHO,

9 =Ce, (14.2.6)
IPHHKMAs, YTO OJHOPOJAHOMY OGBEMY COOTBETCTBYET 2z = — 00. TaKuM

0o6pa3oM, K PaBHOBECHOMY IOTEHIHAJy ¢ MBI IIPHXOJAHM ACHMIITOTH-
YeCKH, IPHYEM XaPAKTEPUCTHUECKUM pACCTOSIHHEM GYRET CAYKHTb A.
3uak nocrosiHHOR C 1NoKa He onpefiesieH; OH IIOJOXHTeJNeH, KOraa
npu NPHOJHXKEHHH K IDaHHIE KOHUEHTPAlHsl HOCHTeJeH 3apsija rnpe-
BoimaeT Ny, M OTpHIATeNeH B ciaydae ofeHEHHS] HOCHTESIMH, YTO
npeacraBasier GOMbIIMH HHTEpeC B CJyuae p — n-lepexofia.

Hpyrofi npegenbHuI ciydadl Bo3HHKaeT, KOrja NOTEHIHaa ¢ Be-
JHK U MMeeT OTPHIATEIbHRIA 3HaK, TaK uro ypaBHeHue (14.2.5)
NDHHAMAET BHA
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PeinenneM, yI0B/IETBOPSIOIMM 3TOMY ypPaBHEHHIO, SABJSETCA
o= (z—2)% (14.2.7)

Thae 2z, (NOCTOsiHHAs) BHIOMpaeTcs Tak, YToOH pewenue (14.2.7) coraa-
coBasoch ¢ pemerueM (14.2.6). Tounne pewenus ypasHerus (14.2.5)
o/ P npuBenens: Ha puc. 14.2.1 Bmecre
4 C PpelIeHHIMH JJIs BTOPOTO [pe-
° / JENLHOTO  cayuasi. MOXHO BHAETb,
WR ‘ ¢ J5 UTO 3TO TPHOJMMXKEHHe SBJSAETCH
' JIOCTATOYHO XOPOLIHM (BHE mnepexof-

HOH 06J1aCTH IHPHHOH NOPAAKA A).

: . @ . Jlas KOHLEHTpauMM HocuTeJel
0,50 : 1 B ofneMe
”/”d. n=Ngexppa~Ny(l4+¢) ~

~ Ng(14+Ce?),  (14.2.8)

5 Torma Kak B obJjactH ObCTpo na-
Jammeil KOHLEHTPAaUHU HOCHTEJeH,
rjie pacnpene/seHye NOTEHIUAaJa Ol-
pezne/fercs CyMMapHBIM OObEMHBIM 3a-

0 psinom HOHH30BaHHHIX JOHOPOB, HMEEM

025

0-=“

Z

Puc. 14.2.1. ITorenuman ¢ ¥ KOH- ~ [_l . 2]
HeHTpauus HocHteselt n/NgzB oxHo- n#< Nqexp 2 (z—20)%). (14'2'9)

POZHOM NOJTYNPOBOJHKKe BOIHAH Ipa-

HHLAL TouyHoe pemeHwe a8 # ¥ 1npu-
CIJIOIUHEE JTHHHH COOTBETCTBYIOT TOUHABIM 6/MKEHHOe JAJIsi BTOPOrO IpelieJib-
ClUGEHAM, KDYKOUKH — DELICHASM AJH .
1rampatio.mmecxoro cnyyasi (4YepHnie — pas HOTO CJaydas Takxe H306pa)xenm
n/Ng, cBetanie — ana ¢). Mcxopuas pas Ha pHC. 14.2.1.
BRIYUC/IEHHA DPHOJIHXKEeHUs TOUKa TOKa3daHa HpHBelIeHHbIﬁ aHaJH3 JaeT oc-

CTpesaKOo# (cnpasa BBEpXy).

HOBY A/ O6HleﬂpHHﬂT0rO MeToaa
pasjge/ieHust p-— n-nepexoja Ha o06JacTb OGbEMHOro 3apsaa, MJs
KoTopoil cnpaBemiuBnl pemenus (14.2.7) u (14.2.9), u Ha KBasu-
He#ATpaJbHEE 06/1acTH, A1 KOTOPHX CnpaBeluBe peunenns (14.2.6)
n (14.2.8).

74 b 107° 07
5y 2 5 2 A m
1 1 1 1 1 1 1 1 1 1 i
T 1 1 1 | T T ng
v’ " b /i oo™

ggekT -
22
uuy npumeceit Ng npn e=10 1 7'=2300°K.

Puc. 14.2.2. 3aBucumocrb jeGaeBcKOR JAMHHE BOJHE A = V OT KOHIIEHTpa-

Ha puc. 14.2.2 nana jpauna BoaHH [leGas A Kak ¢yHkuusa N,.
dr1a BeJMYMHA ONpejessieT NPOCTPAaHCTBEHHOE M3MEHEHHE IOTeHIMaJsa
C paccTosiHHeM (rpajueHT MoTeHuuaJa). HanomMHHM, YTO H3MEHeHHe
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noTeHn4asa Ha 1 BosibT, cooTBeTCTBYIONMEE ¢ = 40 NpU KOMHATHOM TeM-

nepaType, OTBEYaeT IUMPHHE NePeXOHOro cos 2z =}/ 80~ 9.

14.3. TINOCKOCTHOH KpHCTaJIM4eCKHH JHOJ COCTOMT H3 JABYX
npuMecHbIX obaacTedf: 06aCTH C OTHOCHTENBLHO HH3KUM COIPOTHBJIE-
HHEM M I[POMEXYTOYHOH 06JacTH OGBLEMHOro 3apfia C BLICOKHM
CONPOTHBJIEHHEM, O6YCJOBJIEHHBIM OTCYTCTBHEM CBOGOJHHIX HOCHTEJed
3apsjna. [lokuHyBIHe 3Ty 06/1aCThb CBOGOJAHLIE HOCHTENH OCTaBJIAIOT
HECKOMIEHCHPOBAHHbIl OOBEMHHH 3apsj MOJHOCTHLIO HOHH30BAHHBIX
JOHOPOB W axuenTtopoB. IlpocTpaHcTBeHHoe pacnpejesieHde 3THX
JIOHOPOB H aKIIENTOPOB MOXKET ObiTh NPOH3BOJLHOH (YHKIHMEH KOop-
AHHAT (B JI@HHOM CJyyae TOMbKO X), N (x) =Ny—N,, rae Ny u N, —
COOTBETCTBEHHO JIOKAJbHEIE KOHIIEH-

Tpald JOHOPOB H aKILENTODOB. At

Toze B o6aacTi oGbeMHoro 3aps- | 1obmem

p
Ja 3ajaercs ypaBHeHueM Ilyaccona
dE

i = V. (143.0)

["paHHYHLIM YCIOBHEM CIYXKHT YCJIO-
Bue £ =0 Ha xpaio o6aacTd obneM-
Horo 3apsja, x=a (puc. 14.3.1).

Bri6upaeM Hauasno x =0 B Touxe,
rie N usMeHnser 3Hak, T. €. Ha
nepexojie OT 4YHCTO JOHODHOH 06-
JacTH (p-THNa) K YUCTO AaKUEnTop-
Ho#i (n-tuna). Ilpu x=0 axexTpu-
yeckoe Tlose E JOMKHO HMeTh Max-
cuMalbHyl0 BenuuuHy. K3 ypaBne-
Hust (14.3.1) nonyuaem

JeJieHHe T1oad B P — n-nepexoxe.

Hd /] z ad <z

e o Pue. 14.3.1. Konuentpauus nplme—'

E (x)=—£; 5 N (x)dx. (14.3.2) ceh u pesynbrupyollee pacrpe-
X

PesyabTupylolllee pacrnpefieleHde  II0Jsi  Takxke  MNOKasaHO Ha
puc. 14.3.1. 5

3aMeuaeM, YTO TOYHOE MNOJOMEHHE I'PAHHMILI @ 3dBHCHT OT JAEHCT-
BylOIe#l Pa3HOCTH NOTeHLHa/IoB B 061aCTH OGBEMHOro 3apsja, KOTO-
pas ofpasyercs u3 audodysHoHHoro mnoreHuuana V., ¥ NPHIOMKEH-
HOro BHemHero noteHnuana V. Ilocsennui Bhuurtaercs U3 Vi A4
NpSMOro CMEIEHHs W NpUGaB/IseTcs AJas 06DaTHOrO CMEIEHHS.

[NpunoxuM x nepexony HeGoubiuoe AutxpepeHnuanbHOE CMeIEeHHe
AV, KoTopoe Bhi3LBa€T CIBHI kKpas o6GjacTH 00BeMHOro 3apsja 1o
o’. HoBoe pacnpejenenue nosas GyJAeT UMeTh BHJ

gNmu. (14.3.3)

X

E'(x)=é
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T. €. B IEJOM HOBOE [I0JIeé CMelIeHO OTHOCHTeJbHO noasi E (x) Ha
BeqHuHHy AE:

AE=E' () —E ()= = S N@de=52,  (143.4)

rae AQ — npupaileHHe oGneMHoOro 3apsiia, Heob6xomWMoe ISl TOro,
yTo6hl co3maTh noreHuuaa cmeileHdsa AV. Hrak, pas AV umeem

AV = (a+b) AE=5$AQ, (14.3.5)
[IOCKOJIbKY Te€ € coo6pax<eHusi NPHMEHHMbl H K 00JIaCTH p-THIA,
rae AQ umeer TY e BeJHYMHY, HO I1DOTHBOINOJIOXHEI 3HaK (s
COXPaHeHHs 3/1eKTpoHeiTpaabHoCTH). 3neck b—paccrosnue oT x =0 10
Kpas o6saacTH o6beMHOro 3apsAna B 06/acTH p-THOA.

ITepemenienne 3apsina AQ or oaHO# CTOPOHH! O6JacTH O6BLEMHOrO
3apsiia 1o BHEIIHEMY KOHTYPY K APYrod COOTBETCTBYET €MKOCTH

_AQ e

C_—A—V—&—-}—_b (14.3.6)
Ha elMHMUY IJIoWAAd mnepexoaa. Takum o6pasom, BHAHO, YTO €M-
KOCTb 06J/1acTH OGBEMHOrO 3apsiia TakKas e, KaK eMKOCTb OOGHYHOro
IJIOCKOr0 KOHJEHcAaTopa € MeTalJHuecKHMH OOKJaakaMH, 3anoJiHeH-
HOTO JAH3JEKTDHKOM C TOH K€ JH3/JEKTPHYECKOH . [POHHIIAEMOCTLIO,
YTO H NOJYNPOBOAHHK, H C TOJMUIMHOHA, paBHOH MHPHHe 06/acTH o6beM-
HOTO 3apsna.

Tak kak a---b ectb QYHKUHSA pa3HOCTH NOTEHUHAJOB Ha Kpasix
06J1acTH OGBEMHOrO 3apsila, TO eMKOcTb fiBJfeTcs (pyHKuUMed NpHJo-
JKEHHOTO cMelleHusi. B uyacTHOCTH, Aaf cKadKooOpasHOro nepexoja,
B KOTOPOM IPOHCXOQMT Pe3KHil NepeXof OT IOCTOSAHHOH KOHIEHTpA-
UHH aKuenTopos N, K [OCTOAHHONR KOHUEHTPAUHKH NOHOPOB Ny, MyTem
COOTBeTCTBYIONIEl OGpaGOTKH peeHHA THIA ONHCAHHHLIX B 3ajaue
14.2 naxonum :

2eq,e\1/2 (1 1\1/2
a+b=<_eo—) (N;_*-N—a) (Vu@_ V)l/z' (14.3.7)
B nauBosnee THIMIHOM cJyyae, KOrja OfHa CTOpPOHa Ilepexona Jeru-
poBaHa cHJbHee, 4eMm Apyrasi, Hanpumep B ClIyyae p,— n-nepexona,
8 KotopoM N> N4, uMmeem dopmyay
I 2(Vag—V)

G = (14.3.8)

T. €. eMKOCTb olpejessieTcss KOHUEHTpauue# npumecei Ny B MeHee
JIETHPOBaHHOM oOGJAacTH. 3aMeTHM, YTO B HallEM CJydae IOTEHUHaJ
V orpuuarteneH Ans OGPATHOrO CMELIEHHH.

s ckaukooGpasHoro p— n-nepexona 1/C? — nunefiHas GyHKUHSA
NPUIOKEHHOrO CMelleHHs H KoHueHtpauuss N, naercs TaHfeHCOM
yraa Hak/oHa (3ameTuM, 4To C OTHOCHTCA K EJMHHUE IJIOWajiH
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nepexoaa). Otpe3ok, orcekaemuil Ha ocn V, naer BennunHy auddy-
3HOHHOro noTeHuHana Vq.

14.4. CxonbKO-HHGYAb cTporasi H3HuecKas HJH MaTeMaTHYecKas
TPaKTOBK2 TAKOH CJOXHOH CHCTEMB, KaK TOK, NPOXOAAlIHH yepe3
p — N-Nepexojl, CONpsKeHa C HeNnpeojoJMMHMH TDPYAHOCTAMH. TeM
He MeHee cJelyloliee mpocroe NPUOIHMEHHe NaeT pe3yJ bTaThl, J0CTa-
TOYHO XOpOWIO CONIacylollHecs C KCNEPHMEHTOM, Mo KpaliHeH mepe
AJ5 NepexojoB C «XOpOIUHM IOBEJEHHEeM» B repMaHHH H KPEMHHH.
Hauxem c Toro, 4To BhijendM B ZHOAE TPH OOJACTH: LEHTPAJLHYIO
06.1aCTh [POCTPAHCTBEHHOTO 3apfja W ABe KBa3HHEHTpadbHBIX, p- H
n-o61acTi no ofe CTOPOHE OT UeHTpasabHOH. [Ipennosoxum, uro
KOHILIEHTPallWH HOCHTeNeH B 3THX p- W n-06/1acTAX KBa3WpaBHOBECHH,
a caMu 06JIaCTH OTAEJIEHH OT LEHTPaJbHOH NOTEHIHaJbHEM GaphepoM
BLICOTOH V0 — Vs, rie V,—uacTh BHelIHero cMelenus, OpUXOAs-
ascs Ha BHYTPEHHIOK 00/1acTb NpPOCTPaHCTBEHHOro 3ap#Aja, T. e.
CMeLleHHe ¢ TONpaBKOH Ha MajeHHe HanpsXeHUs B KBa3HHeHTpaJb-
HoIX M- H p-o6nactax, a V,,.—BbicoTa paBHOBecHoro G6apbepa,
«AHDDY3HOHHAA MOTEHIHAN.

M3 sToro npeanosoxeHus ca€LyeT, YTO Ha KBa3HPaBHOBECHYIO
KOHIIEHTPAllHI0 HOCHTEJEH TOK, TEKYILIHH uepe3 Nepexof, 3aMeTHO He
pausieT. BeqHuHHY TOKa MOXHO Onpele/uTh yepe3 H3ObITOUHLIE KOH-
LeHTpAlLHH Ha rpaHuuax o6racTu OOBEMHOro 3apsijla M YCJAOBHS
nepesoca BHe ee. M3 TpeGosanus paBHOBecis Ha Gapbepe V., — Vs
crenyer HeoGXOAMMOCTb BRHIOJHEHHs! YCJOBHA

\ |
PO 20 exp[— g Vo= V3], (44

rje TOYKH a U b COOTBeTCTBYIOT rpaHHIAM 06.1acTH o6heMHOro 3apaja
C p- ¥ n-061acCTSIMH COOTBETCTBEHHO.

BpegeM H3GHITOUHBIC KOHLEHTPALUHH HEOCHOBHHIX HOCHTEJEH 3apsjia
Ap (b) v An(a) ¢ yueTOM COOTHOLi€HHSH

np Pp

— = —=€Xp (evnud)/kT)'

np Pa

KOTOpOe cnpaBeA¥iBO B OTCYTCTBHE BHEIUNEro CMeleHHs, W ITOJYUYHM

P+ Aps _ np+Ang Pn eVs

np eV 1
PoFan, ¥ oy by P AT o, XPgre (144.9)

3neck n, U p, 03HAYAIOT COOTHETCTEEHHO PaBHOBECHBIE KOHIEHTPAIlMH
OCHOBHBIX HOCHTEJIEH TOKa: 3JEeKTPOHOB B n-06/14CTH H ABIPOK B p-
061aCTH; n, M P, — KOHUEGHTPAUHY HEOCHOBH:IX HOCHTeq el (3.1eKTpo-
HOB B p-06/1aCTH M JAHPOK B n-06/1aCTH) ONSTL-TAKH B YCJOBHAX
TENJIOBOTO pAaBHOBECHS.
[Ipn HHU3KHMX YPOBHAX HHXKEKUHH, Koria Ap, Ln, 1 An, L p,, noay-
yaem
Bpy _ Ang
P np
13 3apaus no ¢uanke 369
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Orciona BHAHO, 9TO KOHUEHTPAUUH H3OLITOUHbLIX HOCHTEJNEHR y rpa-
HHI @ M b CBs3aHbl APYr C APYrOM H 4TO M3GHITOMHAas KOHUEHTpa-
nust u3-3a 6osiee BLICOKOH KOHUEHTPAaUMHM HEOCHOBHBIX HOCHTENEH p,
HJIH n, B MEHee JIETHPOBAHHOH 00JacTH BO3pacrailT ObiCTpee (cp.
c 3akoHoM (14.1.3)).

Ilpx JOCTATOMHO BLICOKOM YPOBHE HHXEKUHH [DPEINOJOKEHHE
0 KBa3HPaBHOBECHHM Ha TpaHHUAX o0JacTH OGLEMHOrO 3apsja MMeeT
csiefyioliee BaxKHOE CJeJCTBHE:

p(b) n(b) =p(a)n(a) =niexp (eV/kT). (14.4.4)

3ro o3nauaer, uTo 3(EKTHBHAS MIMPHHA 3allpelleHHOH 30HBI KaK 6hl
yMeHbIUIKJIAaCh Ha BeJH4YHHY eV, KoTopas NpeacTaB/seT coGoi pac-
wenJeHne KBasuypoBHed Pepmu. ITOT pe3y/bTAT MOXKHO TPaKTOBATh
Kak oboGuieHHe cooTHoweHust (14.4.1).

Ilpn ZOCTATOYHO BHICOKOM YDOBHE HHXKEKUMH TIOJHAs KOHUEHTpa-
IMsI HEOCHOBHBIX HOCHTEJEH 3apsia C MeHee JIerHPOBAHHOH CTOpPOHLI
CTAHOBUTCS CPaBHMMOH C KOHUEHTpPauMedl OCHOBHBIX HOCHTeJeH,
JlonycTHM, YTO TWJIOCKOCTb b COOTBETCTBYET MeHee JerHpOBaHHOH
CTOpPOHE, TOrJ@ NMPH BBICOKHX YDOBHSIX HHXXEKUHH HMeeM

p (b) ~s 1 (b) ~ n; exp (eV o/2T). (14.4.5)

BuaHO, 4TO B 3TOM NpeieJbHOM CJY4a€ KOHUEHTPalUWsi PacTeT 3KCHo-
HEeHUHAJBHO C noka3areneM eV /2kT, T. e. Kak KBagpaTHHH KOpeHb
M3 H306LITOYHOM KOHUEHTPAUMH TDH HH3KOM YDOBHE HHXKEKUHH
{cm. (14.4.3).

14.5. PaccmMoTpuM KpHCTaJ1 p-THNA, B KOTOPOM paBHOBeCHas
KOHUEHTPAUHsl ALIPOK pDaBHA pp; HMEIOTCHA TaKXKe HHXEKTHPOBaHHbIE
H36LITOYHbIE HEOCHOBHBIE HOCHTEJNH — JEKTDOHBI C KOHIEHTpauuei
An. TIlycTe wH36bITOuHasi KOHUEHTpauHst ABIPOK paBHa Ap U xela-
TeIbHO, YTOOH OHa Ohiia MeHblue, 4eM An, PesyubTHpytomas mjor-
HOCTL OOLeMHoro 3apsiia paBHa e (Ap—An), H, ciexoBaTenbHO,
ypaBueHue IlyaccoHa GyneT MMeTb BHJI

oE e
= = é‘oE— (Ap — An).

Hanee npeamnoJiaraeM, 4To CyillecTByeT o6JacTe wHpuHOi 10 mkm,
B KOTOpOH paBHOBECHOE COCTOSHHE HaDyLIEHO, NpHYeM B 3TOl o6.a-
cti An—Ap= 10" cu3, (3ameruM, uro o6wWwas cOGCTBEHHAA KOH-
UEHTpaUHsi B TrepMaHHH MpPH KOMHaTHOH TeMmepaType [peBbILIAeT
1083 cu-3.) Tlose E, Bo3HHMKalollee B 06/1acTH IIHPHHON [, cjenoBa-
TeJIbHO, PaBHO (Mbl NpHHAIH €= 10)

E 1,6.10718.1017. 1078
T T 885101210

SroT pe3yabTaT HAaBOAMT Ha MHIC/Ib O TOM, 4TO B HEGOJBLIHX
06beMax OTHOCHTEILHO GOJIbILOE NOJie MOXEeT ObiTh CO3JaHO 33 CYeT
JaXe OTHOCHTEJBHO MaJoro cymmapHoro oOremuoro 3apsaa. Coorser-
CTBEHHO GOJIbIIHE MOJS DAacnpocTpaHfAJHch OH Ha OoJbliHe pac-
CTOSTHHSL.
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PdexTH, 0OYCJIOBIEHHBIE TAKMMH MOJSMH, NOAABJAAIOTCH OCHOB-
HBIMH HOCHTEJNSMH, KOTOPBIE CTPEMSITCA HEHTPAIH30BaTh 3apsijl H30bl-
TOUHBLIX HEOCHOBHHIX HOCHTE;ell, H 3TO NojaBJjieHHEe SBJSETCs JHIIb
JIeJIOM BPEMEHH, TpeOYyeMhiM s JOCTHXEHHS HYXHOH CTeneHH HeH-
TPaJbHOCTH.

YMenbueHHe OGLEMHOrO 3apsila P CO BPEMEHEM Jerye BCero ole-
HUTb, NOJb3YyAch ypaBHenueMm Ilyaccona

div E=p/ese (14.5.1)
¥ ypaBHEHHEM HENpPEepPBIBHOCTH

—% —divi=odivE, (14.5.2)

rjae U—E)JIEKTpOHpOBO}IHOCTb, KOTOple, KdK MbI npeuno.nara.nn,
B JaHHOM C/yuae MOXHO CuMTaTh nocrosiHHod. [loayyaeMm ciaenyouee
ypaBHeHHe:

' dp g [y

il

rie Tg—TaK Ha3bIBAEMOE BpPEMsi JMIJEKTPUUECKOH DPEJAKCALUH.
Ypasuenue (14.5.3) osHauaer, uro JO00E JIOKaJbHOE HapyIIEHHE
o0LeMHOro 3apsijia Hcye3aeT ¢ NMOCTOSHHOH BDEMEHH Tt

p =py €xXp (—t/1y). (14.5.4)
3HaueHHe T, JErKO OlLEHHTh, 3Hasl NMOJBHXHOCTh OCHOBHBIX HOCHTe-
Jeii 3apsiia . M KOHLEHTPAILMIO OCHOBHBIX HOCHTENEH p, (MIH 71,):
Be® _ Ef
g eupy’

INpennonarasi, yro &=10, p=10%cm? 671 -cex? (4To THNMHYHO A%
Si), HaxoauM

Tg=

S U
d [ iy

37€Cb pp BLIPAXEHO B cM™® (3aMETHM, YTO NPH BBIYMCIEHHH BCe
BEIHYHHBL JOJKHHE ObITh mpeacTaBaeHsl B ennHuunax MKC). B coSer-
BEHHOM TIIOJIYNIPOBOJHHKE, Hanmpumep B KpemHuu (p;=101 cum 3),
BpeMa JHM3/JeKTPHUECKOH peJaKcalMH MNOpsAAKa | Mxcex; 1715 MaTe-
puaja, uCNOJib3yeMoro B TpaH3ucropax (p,~ 10 cu~%), 3Hauenue
T, HAaXOAHTCS B HAHOCEKYHIHOH 0061acTH.

14.6. Mmxekuus H30bITOUIEIX HOCHTEJEH NPHBOAMT K BO3HHKHO-
BEHHIO TDAjMEHTOB KOHLEHTpallid, HO MNpPH 3TOM B CTAllMOHADHHIX
YCJAOBHAX IS COXPaHEHHH HEHTPaJbHOCTH JIOKAJLHble H3OLITOYHbIE
KOHLEHTpaLMK OYyAyT BCIOAY ONHHM M Te K€, DJEKTPOHHBIE H AbIPOY-
Hble TOKH MOMKHO IO3TOMY 3amucaTb TaK:

I, =epnE+eD, o, (14.6.1)
In=epnpE —eDy 32 (14.6.2)

13+ ’ ' 371



3pech TOABHNKHOCTH [, Wp H KOXXpuUMeHTH ancdysuu D,, D, cBs-
3aHH MeXJy COGOH COOTHOLUEHHSIMH SDHHIUTEHHa

D, D
pe=08,  pa=T0R. (14.6.3)

IlepBuifi unen B npasodi uactH ypaBHeHuit (14.6.1) u (14.6.2)
npeacraBasieT coboit Apeiid nox aeficTBHEM 3JeKTpuHueckKoro noas E;
BTOPOH 4jeH cooTBeTcTBYeT AH(py3nu. ITockonbKy Ha 3JeKTpOHH H
JALIDKH JEACTBYET OJHO H TO Xe moJae, TO jpefidhoBble TOKH nponop-
IIHOHAJBHBl COOTBETCTBYIOIMM JIOKAJbLHLIM KOHUEHTPAaUWAM n H p.

PaccmoTpuM, Hanpumep, MaTepual n-THIA TPH HHU3KOM YpPOBHe
HHXEKIMH, TaK 4YTO BCIOAY 7 >>p. DNeKTPOHHHH ApefidoBHil TOK
3/lecb HaMHoro Gosblue, 4eM JBIpOYHBIA ApelidoBLIi TOK, B TO BpeMs
Kax aH(dY3HOHHBE TOKH OJMHAKOBH (HC IPOTHBONOJOMHOrO 3HAKa),
nockoasky D, u D, npumepHo pasHu. Ilone E 3aBHCHT OT Besu-
YHHB! 3JEeKTPOHHOrO TOKa, KOTOpasi B CROIO oOuepeib 3aBHCHT OT
rPaHMYHHX YcJaoBHH. Hanpumep, B CHIbHO aCHMMETPHYHHIX Jerupo-
BaHHHIX p, — n-NEpexXofax 3JIEKTPOHHHHA TOK B p,-06/14CTh HE3HAYHM-
TeJleH [0 CPaBHEHHIO C JAHPOYHHIM TOKOM B £71-06/1aCTh (3271aHHHE
KOHUEHTPauMH BHE Nepexoja HeCcKOJbKO HeOJAMHAKOBH). B atom ciy-
yae apeiitoBas KOMINOHEHTa /, TMOYTH TOYHO KOMNEHCHpPYyeT audpy-
3HOHHYIO.

Orciopa caegyer, YTo B TO Bpemsl Kak JpeidoBhlii TOK OCHOBHHIX
HOCHTes el (3/1€KTPOHOB) MO NOPSAKY BeNHYHHH paeeH Aupdy3HOH-
HOMy, /JpefdoBBIl TOK HEOCHOBHBIX HOCHTEJEH NpeHeODeXXHMO MaJ o
cpaBHeHHIO C AH(pysHOHHBIM. Takum o6pasoM, NpH HHU3KHX YPOBHAX
HHXEKUHH C/elyeT YYHTHBATL JHIBb JAH(PY3HOHHYIO KOMIIOKEHTY
TOK2 HEOCHOBHBIX HOCHTesefl, a caM mnpouecc Aub(Py3HH B NepBOM
NpUG/IHKEHHH MOXHO CUHTAaTh He 3aBHUCAIHM OT INOJS.

3ameTHM, 4TO 3HAKH 4/IeHOB ypaBHeHn# (14.6.1) u (14.6.2) TakoBHi,
YTO AJ5 OCHOBHHEIX HOCHTes el ApeiichOBLIH TOK NPOTHBONOJOXEH Aud-
(y3HOHHOMY TOKY, TOrA2 Kax JJ/s HEeOCHOBHHX HocuTeled o6a 3Ty
TOK2 TeKYT .B OJ[HOM HanpaBjeHHH. [ledicTBUTENBHO, 13-32 3TOro
3¢rpekTa NPH BHICOKHX YPOBHSIX HHXKEKIHH

dn
¢dx

1, %D

KpoMme Toro, oofuie roBops, CHJIbHAA HHXEKUHS HE MOXET GhbiTh
HE3aBHCHMOM OT 10,8, TaK KaK 3TO OTBeyasio OH HepeasJbHOMY YCJ/0-
BHIO [,=—bI, tae b= /ps Ilo 37Ol npuunHe B caydyae npemmy-
mecTBeHHo AHGdY3MOHHOrO MNOTOKA HEOCHOBHHIE HOCHTEH 33psgja
AuhhYHAMPYIOT TaK, KaK ecaH Obl OHH OJHH IPHCYTCTBOBAJIM B CHCTEME,
B TO BpeMsi KaK OCHOBHHlE HOCHTEJH TOJIbLKO 00eCNeyHBaIOT 3apsiAHbIH
thoH, HeOOXOAMMSIl JJI HEHATPAaJILHOCTH.

14.7. Ecan X p — n-nepexoay NpHJOKHTEL BHEIUHee cMelleHHe V, o
3TO BHI3HIBAET HapyllueHHe DaBHOBECHHX KOHHUEHTpauui BOIHM3H 06aacTH
o6beMHoro 3apsifia. Ilpu cMeiueHusx, NOCTaTOYHO HH3KHX /A TOrO,
yToOH pacilernyieHne KBa3uypoBHel PepMHu GbL10 HAMHOTO MEHbIE V 1y,
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A/15 M3GbITOYUHHIX KOHUeHTpanuit Ap, U An, y KpaeB obaactH o6beM-
Horo 3apsajga umeeM (cMm. (14.4.3)):

A An, 14
pL:=T':_=exp%Ti— 1. (14.7.1)

B ciyuyae npsIMOro cMelleHHsl NOTeHUHan V noJoxureseH, H3OH-
TOYHLIE HEOCHOBHbIE HOCHTENIH 3apsiia, - HHXKEeKTHPOBAaHHLIE uepe3
p — n-nepexoj, TOYHO HEHTPaNH3YIOTCA BCIOAY COOTBETCTBYIOUIMM 3aps-
JIOM OCHOBHbIX HOCHTEJEH, NOCTYNAlUIMX 4Yepe3 3aJHHH KOHTaKT.
[ToTOK HEOCHOBHLIX HOCHTEJEH MOXHO NpPHOJHAKEHHO ONHCATh Kak
auddysuio B OTCyTcTBHe mnoas (cp. ¢ 3agaued 14.6), Tak 4YrO TOK
N PONIOPLUHOHAEH CO3JaHHbLIM KOHILEHTpauusaM An, u Ap,, m03TOMY
MOMHO 3anHcaTh HJeaJH3HPOBAHHOE COOTHOIIEHHE

= Io[exp (eVs/kT) — 1], (14.7.2)

rie [, — KOHCTaHTa, 3aBHCAIAS OT reOMETPHYECKHX H (PU3HUECKHX
napaMeTpoB npugopa.

BosibT-aMnepHasi XapakTepHCTHKa CTOJb HAeaabHOR GOPMH PEIKO
BCTpeyaeTcs y peasbHbIX TEpeXoj0B; yalle NpsMas XapaKTePHCTHKA
HMeeT BHJ

I ~exp (eVs/akT),

rae 1 <<a<<2. B peiictBuTesbHOCTH rpaduk In/ B 3aBucuMocTH OT V
MOM(ET OKa3aThCs He MPSAMOM, a HU3BUJIMCTOH JHHHeH, CpefHHH TaH-
reHc yrJja HakJOHa KOTOPOH cooTBeTcTBYeT e/akT.

Ecrb jaBa MexaHH3Ma, KOTOphie, KAK MOXXHO MOKa3aTb, NPHBOJSAT
K T4HTeHCY YrJa HaKJoHa, paBHOMy e/2kT. IlepBbiii HMeeT MecTo
B Hayaje CHJILHOH HHXeKUMH. BTOpOHl, NPUrOAHBIH NpH HHU3KHX
UpsIMbIX CMELleHMAX B KPHCTa/naX, MOJOOHHX KPEMHHIO (HUMEuX
OTHOCHTE/bHO GOJIbILYIO IUMPHHY 3anpelleHHOd 30HHI), 00yCJ/OBJEH
pexoMOHHalue# B 0671aCTH OOBEMHOrO 3apsja.

B kpHcraniax ¢ JOCTaTOYHO IIHPOKOH 3aMpelleHHOH 30HOH KOH-
LleHTPAlUHH HEOCHOBHBIX HOCHTE/JeH sapsia f, H p, OueHb MaJkl, H
103TOMY AUt Yy3HOHHbIE TOKH A/151 JAHHOrO MPAMOrO CMeLIeHHs! HAMHOTO
MeHble, YeM B KpHUCTaJjje C OTHOCHTEJbHO HeGOJbIIOH WIHPHHOH
sanpemenHoft 30Hbl. C Apyro#t cTOpOHH, KOHEYHOE pacLienJ/ieHHe KBa-
auypoBHeit depmu B 06s1acTH 0OBEMHOrO 3apsijia NoApa3yMeBaeT KOHey-
HY10 peKOMOHHAIHIO, KOTOPasi, KK MOXHO 10Ka3aTh, y BeJTHYHBACTCS KAK
exp (eV/2kT). Iro o3nayaet, yTO B 06,1aCTh NIPOCTPAHCTBEHHOrO 3apsja
CO CTOPOHH OOJIACTH 7-THNA BXOAMUT 3JEKTPOHHBIH TOK GOJIbIIMH, 4eM
YXOAMT H3 3TOH 06/1acTH CO CTOpPOHB 00s1acTH p-THMA.

[pu oueHb BBICOKHX NPAMBIX CMEIIEHHSX, GOJBIIHX 4eM V.,
MOTYT BO3HHMKaTb JBa Ipele/]bHbIX C/ly4as, B ogHom H3 3THX clyuyaeB
nepexoj JIOCTATOYHO y30K JJis TOro, YToObl peKOMOMHAls Obia OTHO-
CHTEJIbHO HeGOMbIIOH, H, CJeJ0BaTe/NbHO, HHXEKTHPOBAHHLIE KOHIEH-
TpauUH HOCHTEJNEH 3apsja OyAyT Besje npeobsajaroLiHMH.

[TepeHoc BK./OYaeT KoHeuHsle noss (3azaua 14.6), ¥ MOXHO
[I0Ka3aTb TEeOPeTHYeCKH M TOATBEPAHTb 3JKCIEPHMEHTaJ/bHO, 4YTO
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XApaKTePUCTHKH HMEIOT BHJ
I~ (V—Vae)

Hao6opor, pHox MOXET MMeTh IUHPOKHE 06JacTH p- M A-THOa,
TaK YyTO pEKOMOWHalusl sABJAsErcs no4yTH noasod. B 3ToM cayvae
OMHYECKOe NajieHue norteHnuasa /R Ha HEMOJYJHPOBAHHOM OGHEMHOM
conpoTuBJeHMd R npubopa sBJaseTcs Npeol6JafalolluM, M TOrAad
agekTUBHOE CMElLIleHHE Y Nepexoaa ecThb

Vi=V_IR,

B MNpejese XapaKTePUCTHKA CTaHOBUTCA JHHeHHOH, nepecekas oCh
HanpsukeHUH B Touke V4.

14.8. Ilpu o6paTHOM CMelLlEHHM HAa p — n-Nepexoje BO3HHKAKT
OTpHIlATe/bHble H3GLITOYHBIE KOHIEHTPalHH An,=—n, 4 Ap,=— p,
(eM. (14.4.3)); ApyruMu CJOBaMHM, B 3TOM CJyyae NOJHbIE KOHIIEH-
TpalMH HEOCHOBHBIX HOCHTEJEH DaBHHI HYJI0. TO NPUBOIHUT K 06ejHe-
HHIO HEOCHOBHBIX HOCHTe/JeHd B 06/1acTAX IIHPHHOA B HECKOJLKO
Iudy3UOHHEIX IJIHH M BO3HHKHOBEHHIO [€HEPallMH, KOTOpas IPHBO-
JUT K BOCCTAHOBJEHHK PaBHOBECHHIX KOHIIEHTpaluH,

Ilponecc reHepanuu sBAsieTcs OGPATHHIM MO OTHOMWIEHHIO K OpO-
neccy pekoMmGuHanuu. OGpaTHbIH TOK B pe3yJ/bTarTe 3TOr0 MEeXaHH3MA
Hachl[AeTCsl, TAK KaK 3a0ac HOCUTEJEH 3aBHCHT OT BPEMEH HX XKH3HU
M KOHUEHTpauuit n, u p, B AByX O6JACTSX, HH OJHA H3 KOTOPHIX
He 3aBHCHUT OT O6paTHOro cMellleHdsl. BesauuMHa 3TOro reHepanuoH-
HOI'O TOKa COOTBETCTBYET NEPeHOCY KOHLEHTPAllMH fn, HAa PaccTOsHHE
L.. last repMaHusl Opy KOMHATHOH TeMnepaType THNHYHblE 3HAYEHHS
caenyomue: n, = 101 cpu~3 (cooTBercTByoL1asi KOHIEHT PAILHS OCHOBHBIX
Hocutened p,= 101 cm3), L,=0,10 mm (coorBercTByIOIIEE BpeEMs
Wu3Hd | mxeex), D, = 100 cm?- cex'. TlonyyaeM o6paTHHIH TOK 3JEKT-
POHOB H3 p-00JacTH

np  1,6-1079.102. 101

Iﬂachlm ~eD, i, = 102

10-% .cm2.

%

CoOoTBETCTBYIOUIMM TOKOM IBIPOK H3 n-06/1aCTH MOCHO OBbLIO Gbl npe-
HeGpeub, ecau Obl 06/1acTh n-THN2 Oblja JErHpoBaHa HAMHOTO CHJIb-
HEe M HMMEJO MECTO YC/IOBHE p, <& n,. OnHako mo00H MexaHH3M,
KOTOpLIH yBEJHUMBAaeT 3amac HocuresaeHd B o6sacTH 06bEMHOro 3apsiia
npH O6paTHOM CMELEHHH, BLI30BET yBEJHYEHHE 06PAaTHOI'O TOKA BhIIIE
npefensHOH BesHuHHEL. Hanpumep, B TpaH3HCTOPE 3MHTTED YBEJHYH-
BaeT Nojayy HocuTesell K 00paTHO CMEIIeHHOMY KOJIJIEKTOPHOMY negpe-
xony. B 3ToM ciyyae npu NOBLIUEHHOM YPOBHE HHAKEKIHH TOK OObIYHO
OcTaercs HachIUleHHBIM.

Jlpyrue MeXaHH3Mbl UYBCTBHTEJbHBl K CMELUEHHIO M BbI3bIBAIOT
OTKJOHEHHs OT HachieHus. OpgHuM H3 HHX SBJSETCS reHepanus
BHYTpH caMmoil 06.1acTH OGBEMHOrO 3apsiid. JTOT MEXAHH3M He MOXeT
GLITb paccMOTpeH ¢ noMolslo npoctodf Teopud. OH sBaAsieTcs cBoe-
of6pa3sHLIM aHAJOroM MeXaHM3Ma PeKOMOHHAUHH B 06/12CTH O6BEMHOrO
3apsja, ynoMsiHytoro B 3ajaue 14.7. BosHMKHOBeHHE TOKA reHepainuy
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o0yc/0BIHBAETCS JBHXEHHEM HEOCHOBHBIX HOCHTEJNEH 3apsja BHe
ob/sacT OOBEMHOrO 3apsija, H PEKOMOWHAIIUS OCHOBHBIX HOCHTeJel
BHYTpH o6sacTH 0o0LEeMHOro 3apsjia NMPHUBOAMT K aHAJOrHYHOMY [Ipo-
neccy.

CropocTb reHepalHy B eflHHHIE 061eMa 06/1aCTH O6BEMHOTO 3aps,1a
paBHa g~ n/T, TAK 4YTO TOK TeHepallud uYepe3 06sacTh nepexoaa
CTaHOBUTCS NpPUGJH3UTENBHO PaBHLIM

n
Ig%elTi.

CpaBHHBast 3TOT Pe3yJbTaT C BEIPAXKEHHEM /IS TOKA HACBILEHHA [ yperim,
3aMeuaeM, 4To [ — mHprHa obaacTH o6beMHOro 3apsijia — oOhYHO He-
CKOJMBLKO MeHble, ueM auddy3uOHHAs JIUHA, COCTABJAIOLIAS, CKAXEM,
10-% c#, B TO BpeMsl KaK KOHLEHTpAalHs A; HAMHOro 60Jbllle KOHIEH-
Tpauuii HEOCHOBHEIX HOCHTeJeH.
Insi OTHOUIEHHS JBYX TOKOB MOMHO 3alHCaTh
Ig ln,

T yacrim o Leng?
H 3TO OTHOIIEHHE B KPHUCTajJje C OTHOCHTENBHO GOJbIIOH IIMPHHOH
3aNpeLIeHHOH 30HY (TAKOM, HAMpHMep, Kak KPeMHHH) MOMeT ObiTb
GOJIBbILIHM.

Tox reHepauHH 3aBHCHT OT OOGPaTHOrO CMEICHHSs!, TaK KaK LIHPHHA
o6aacTH o0BEMHOrO 3apsijga mnponopuuoHaibHa VUm, rpe m=2 ans
CKaukooOpa3HbIX M€peXofoB H m=3 ANs MEPEXOJOB C JHHEHHbIM
rpajueHTOoM,

[Ipd TaKHX BBHICOKHX OGPaTHBIX CMEIIEHHAX MOXET MPOH30HTH
TakXKe CJAeIYWLUIMH [poIecc: HOCHTENH TOKa, INepecekas obJacTb

Dénacmo
olfivemnoze
sapsia
Bmapaneie : Bmopusmeie
in//]/eu | ——— " S/IEAMIONb
3
t‘:= o<~ -
lepBuswei o<
HOCUMEND
(ZAEHMPON )}

Puc. 14.8.1, Cxema napHHOOGPa3HOrO BO3pPaCTAHHA KOHUEHTPAUHH 3JEKTPOHOB H
AHPOK B 061acTH OGBEMHOrO 3apAja B pe3y/ibTaTe TPeX AKTOB YIAPHOHA HOUMIAUMH

06BEMHOro 3apsifia, MOJYYalOT OT MOJS 3HEepruio, JOCTaTOUHYHI /A
yAapHOH HMOHH3allMH aTOMOB KPHCTajja, o6pasys maphl 3JEKTPOH —
ABIPKA. DNEKTPOHbl M JBIPKH MOTYT caMH GhITb MPHYHHON AajbHEHIed
YAapHOH MOHH3alHH, I B Pe3yJbTaTe MOXET IIPOH30HTH J1aBHHOOGPAas-
HOE yBe/JHYeHME KOHUEHTPAIlMH 3JEKTPOHOB H JAbipoK. CXeMaTH4HO
3TO MpeACTaBJeHO Ha puc. 14.8.1, rie nokaszaHel TpH aKTa yJapHOH
HOHH3alMH, JalollNe B pe3y/bTaTe LIECTb HOCHTEJEH B JONOJHEHHE
K TepBOHAYa/bHbIM.
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Pesynbrupylomunii kKoxpgunuent ycuneHus M odyeHb CHJIBLHO 3aBH-
CHT OT HaNpSKEHHS U CTAHOBUTCH (ECKOHEYHLIM NpH npoBoe.

Eme oaun mnpouecc MoXeT BO3HHKATb B CJydyae OTHOCHTE/BLHO
CHJIBHO-JIETHPOBAHHOTO P — n-Nepexoaa, B KOTopoM 00s1acTb 061eMHOTO0
aapsna y3ka W nogae, HeoGXoouMoe A/s CO3AaHMS NaHHOrO CMEHIEHHS,
NOCTaTOYHO BbICOKOe. B 3TOM ciyyae npeoGafaloliUM MOXKET ObiTh
npsMoe KBAaHTOBOMEXaHHYECKOE TYHHE/IHPOBaHHE W3 BaJIEHTHOH 30HHI
B 30HY MpPOBOAMMOCTH. 3TOT MPOUECC NPOXOAHT OYEHb PE3KO M MpH-

tnf BOAWT K OBbICTPOMY  YBEJHYEHHIO
A ecinaiam <smonams TOKa. 3TO sBJEHHE UH3BECTHO NOJ
nofearsecmnL momg- Jaburpei Ha3BaHHEM 3MHEPOBCKOTO npodos.
K2 4 Bce 3TiH MexaHH3MBl fABASIOTCH

o6BEeMHBIMH; B peaJsbHBIX NpHbopax
npoueccs reHEpauWd YacTo HAYT
JUUWb Ha MNOBEPXHOCTH U MOryT
npeo5,anaTh Hajg OOGBEMHBIMH; Kpo-
Me Toro, OHH HecTa0HJbHLI BO Bpe-
MEHU U 3aBHCAT O OKDYXKawoWux
yciopui. Tam, rpe ofsacTb 0dneM-
HOro 3apsiia BHIXOAMT K [OBEpX-
HOCTH, BO3HHKAWOT CHJbHbIE M0,
oSpasyloumre 06.,acTH BLICOKOH akK-
THBHOCTH; TaM BO3MOXHa HHTEH-
, cusHas reHepauna Hocureneid. IToas
Puc. 14.8.2. Paanuukne Tunn oGpart- MOryT 6LITh Gouee CHJBHBIMH,
HBhIX yYaCTKOB BOJIbT-aMnepHHX Xa-
PaKTEPHCTHK p — n-Nepexoaos (u3ot- 4yeM B O5L€ME, B 3aBHCHMOCTH OT
paeHn CXeMaTHUHO), NnoTeHlHaJ a [OBEPXHOCTH. Taknm
V , — nanpmKeRuc npocos. 06pa3oM, NOBEPXHOCTHLIE SIBJEHUS
MOU'YT YBEJAUYHTL OOpaTHuId TOK,
NPUBECTH K OOUIEMY «CMSTYEHHIO» XapaKTEPHCTHKH H K HECKOJBLKO
fo.1ee HH3KOMY HaNpsDKEHHIO Npo6od. _

[Tpumepsl 06paTHBIX YYaCTKOB BO.1bT-AMMEPHBIX XapaKTEPHUCTHK
CXeMaTH4YecKH MoKa3anhl Ha pHc. 14.8.2 ans pasaudHBIX Cayyaes,
KoTophle 00CYy»XJAaJqUCh BbIlE.

14.9. [Ipu NOCTOAHHOM NPSMOM CMEUWEHHH H3OLITOYHAA KOHLEH-
Tpauus An, co3naercs y MJOCKOCTH a B ob6saacTd Gasul. JlBuxXeHne
HOCHTeJ/Iefi B NONEPeYyHOM HAMpaBJEHHH MOXHO NMPHOJHXKEHHO CYHTATD
CBOAAMMMCH K cBofopHoll oT noas Andwpysuu (cp. ¢ 3anadein 14.6),
TaK YTO ypaBHEHHEM HENpPePLIBHOCTH MOYKET CJYXHTb PABEHCTBO AMBED-
TeHIIMH NOTOKA YaCTHL CKOPOCTH PEKOMOMHALHH.

Ina nugpdy3uoHHOro ToKa HiveeMm

Je= —De ;—n' = e ﬂ-
x dx
CkopocTs pexkoMOHHauWu paBHa An/t, rae T — BpeMs XH3HH HEOCHOB-
HbIX HOcHTeded 3apsana. TakuM ofpasoM, nuMeeM
4% An An An

v

dax =U,‘=Lf’

ini 'T:TV

—-D (14.9.)

(14.9.2)
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rae L, — pudxbysuoHHas AIMHA ]/ HEOCHOBHHIX HOcuTesel (B AaH-
HOM cJsyyae 3JIeKTPOHOB).
['paHnuHbIEe YCJIOBHSA:

An=An, npu x=0 (y sMurTepa),

An=0 npy x=1w (y KOJAJIEKTOpa).
Sro naer peuieHHe
X w X
An=An, (ch 4= —cth{-sh L_,)' (14.9.3)

3HaueHue TOKa B Jo00i TOUKe X B oOJacTH 6a3hl MOMHO HAHTH,
nupdepenuupys (14.9.3) u ucnonbsys (14.9.1), Takum o6pasoM MOXHO
HalTH OTHOIUEHHME TOKa, BhITEKawillero H3 6as3sl y KOJJEKTOPHOro
KOHIA, K TOKYy, BTeKawuieMy B 0a3y y sMuTTEpa:

= de® _
B 7.0 scl L= 1 o (14.9.4)

npHyeM InocJeHee NPHOJMXEHHOE DaBEeHCTBO NPHUMEHseTcs, KOoraa
wl,.

KosbpuuneHT nepesoca P »KejgaTeJbHO COXPaHATH KaK MOXHO
Gosee GJM3KHM K €IMHHUE; I1s 3TOro wupuHa 6aspl A0MXKHA OLITh
MaJjoil no cpaBHeHHo ¢ L.

Ha puc. 14.9.2 nokasaHm cooTHoweHus Mexay L, D, p u
B 06/1aCTH 4acTO BCTPEYAIOUXCH 3HaueHHH. BpeMs KH3HH B repma-

u. o’ Toen”?
~19
/017 N LN N N (\-\’
) N \ \ \ %, |
x 4 = Zs
LF I ANANR AR
xl0 J-be
R IR \ e < \ N \-ﬂ-Cq
PR KON NN Y
X N -5t

w? w? w? ont wt w!
1, cex
Puc, 14.9.2. 3asucumocrs xoadpuurenta Auddysud D M MOABHKHOCTH W OT Bpe-
MeHH XHK3HK 1npH pas3Hof Au(Dy3HOHHOA ANuHe L=V Dr.

Ilkana moasmxHoCTH W cooTBercrByer 300 °K; nw—=eD/kT; Cnpapa Ha BepTAKANLHON WwKane
MoKa3aHbl HEKOTODHE THUIIMTHNE [I0JYIPOBOXHHKOBHE MATEDHA/H.

HHMH BBICOKOH UHCTOTH MOXeT ObiTh nopsaka 1 mcex, HO B npubope

NocJe ero H3roTOBJEHHS OHO MOXET OKas3aTbCsl B NpejenaX Mexuy

10€ u 102 cex. Bpems xusuu B GaAs nopsaka 1078 —10-% cex.
3ameruM, UTO 4aCTh TOKA HEOCHOBHLIX HOCHTeJEH, KOTOpas Tepsercs

B pesyspTaTe peKOMOMHALMH, PaBHa

©w?

l—P=~ 5D,

377



BcnomMunas, uTo cpepHee BpeMsi MHM3HM HOCHTEJEH T B CYLIHOCTH
paBHO cpejHeMy BpeMeHH, NOTpPayeHHOMY HOCHTeJeM Ha mnepexoj
yepes 6a3y, noJyudaeMm
w?
T = <T 14.95
2D, 2Le T< ( )

14.10. B cnyuae HeyCTaHOBHMBIIErocs mNpouecca CJEAYET MCNO0.b-
30BaTh 3aBUCAlLEE OT BPEMEHH YyDaBHEHHME HENpepLIBHOCTH

0% An An 0An
DET‘(T:T—*—T (14101)

ITpeanonaras cHayana, YTO CHrHaJ SIBJAAETCH C1a0bIM H HMEET CHHYCO-
HAaJbHYIO QOpMY (exp iwf), NOoJyduM
02 An
L ——— = (1 +ioT) An*, (14.10.2)
.rae An* —nepeMeHHas KOMIIOHEHT2 KOHUEHTPAlHWM HOCHTE.Tefi; Tmo-
CTOSIHHAas KOMIIOHEHTa 3aBHUCHT OT BeJHYHHL INPAMOrO CMEUIEHHUS
(paGouelt Touku) U o6JajaeT CBOACTBAMH, ONMHCAHHBLIMH B 3aflaue 14.9.
¥YpasHenue (14.10.2) ume=t Buj, aHajordunmi (14.9.2), 3a uckiwo-
YeHHEM TOro, YTo Teneps H AMgxby3HOHHAs AJMHHA, U KO3dxbMuMeHT
nepesoca ABJATCA 3bPEKTUBHLIMH KOMIJIEKCHBIMH BeJHUHHAMHU:

L

p*=sch[% V1+fm] = B, - ip.. (14.10.4)

KomnaekcHbiii xapaktep PB* o3Hauaer, 4TO TOK He TOJBKO 0CJal-
JsieTca H3-3a f,, HO Takxke OTCTaeT no (ase u3-3a f;. ITO NPOHCXOTUT
H3-33 XOpOIIO H3BeCTHOH «HHepUMH» JU(DY3HOHHLIX IPOLECCOB, KOTO-
pbie He MOTyT GbICTPO PearupoBaTh Ha H3MEHEHHUS I'PAHUYHLIX YCJOBH.

IMpenenpubiit cayuaih ©t<€ 1 (T. €. HH3KHME YacTOThl H MaJble
BpeMeHa JXH3HH) NOYTH HE OTJMYaeTcs OT CJyyast NOCTOSTHHOIO TOKa.
B npyrom npeneabHoM caydyae @t >>1 Mbl HaXoauM

p* =sch [(1 -}«#) Y2 (“’D_“”:)’/z] A sch [(1 4-1) (wT,)'7],

rae T, — BpeMs nepexona (cM. Boipaxkende (14.9.5)).

Pasnaras B pajp runepGo/MYecKH#i CeKaHC, HAaXOAHM, 4TO BeJH-
yuHa B* HayMHaeT GbICTPO MajfaTh C YaCTOTOH, Koraa wt, ~= 1. Yacrora,
npu KoTopo#l | f* | = 1/}/ 2, H3BecTHa KaK a-BHIK/IOYAKLIAS YACTOTA [q,
15 KOTOPOH HMeeM NpHGIMMKEHHOE BLIpaXKeHHe

1 De
2ty T mw?”

(14.10.5)

far
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Ecmu D, =10 cm®-cex™! ¥ w BbIPaKeHO B MHKPOMETPaX, HAaXOLHM
POCTOE COOTHOLIEHHe AnA fq (B [ey)

1
nw?”’

fa e

PaccMoTpuM janee ciyuait CHIBHOrO CHrHa/ja, BO3HMKAIOWIErO KaK
OTKJIHK Ha BHE32IIHO [IPUJIOXKEHHOEe NpfAMoe CMelleHHe B BUAE CTyNeHya-
toit GyHKunH. KonllenTpauus npu x= 0 ycranap/uBaercs GaKTHUECKHU
MIHOBEHHO, a CO3JaBaeMas H30bITOYHAs KOHUEHTpaius (B ofbeme) —
C KOHEYHOH 3alepKOH. B mnpegesne T— 0o HAM AN BpeMEHHBIX
HHTEpBAJIOB, MaJbIX 10 CPAaBHEHHIO CO BpPEMEHeM KH3HM, peakius
CHCTeMbl ONHCbIBaeTcA pemeHHeM ypaBHeHHs (14.10.1) Buga

An = Angerfc ——, (14.10.6)
V4D,
rae erfc z—u3BecTHas GYHKUHMA OWHKGOK, NpeicTaBJsieMasi- NMPHOIH-
XEHHO BblpaXKeHHeM

1
erfczas ————.
Vnzexp(z?)

Ona sBasiercss GbLICTPO yMeHblalolefics GyHKIHeH CBOEro apryMeHTa.
MozxHO cKa3aTb, YTO HOCHTe/NH 3apfjAa NPHXOAAT B 3HAUHTE/bHBIX
KOJIMUEeCTBaX Ha IJyOHHYy @ B MOMEHT BpeMeHH
w2
tlmwe, (14.10.7)
koropoe paenaer apryment erfc B (14.10.6) paBHbM -exunuue. Kak
BHJHO, 3TO TECHO CBf3@aHO C TEPEXOAHLIM BpEMEHeM Ti.

15. OnTHueckue cBoHcTBa TBEpPAbIX Tea

15.1. Kpucrann (a) Ro/nkeH NpHHaA/IeXaTb K KyOUUecKod cucreme,
TaK KaK IJaBHble 3HAaYEHHS TEH30pa AM3JIEKTPHUECKOH NMPOHHI2eMOCTH
OJMHAKOBBI (H3 PAaCCMOTPEHHA HMCKJIOYaeM caydaiHoe COBNaJeHHe ITHX
TIaBHBIX 3HAYeHHH, KOTOPOE, eCTECTBEHHO, MOXXET UMETb MECTO H A
HHU3LWEH CHMMETDHH). ['VIaBHLIMH OCAIMH MOryT ObiTb JIOGble NPAMO-
yroneHble JAEKAPTOBH OCH KOOPDAMHAT, & MOHATHE ONTHYECKOH OCH
3[eCb JIHIIEHO CMbICJId, TaK KaK KPDHCTaJ/J ONTHYECKH M3OTPOIEH.

[naBHbIE KOMIIOHEHTb! (COOCTBEHHble 3HAY€HUAA) € AJA KpPHCTaNI1a
(6): 2,4 u 4. IIBe W3 HHUX paBHBI, H, CJELOBATeNbHO, KPHCTaMLI
LO/KEeH HMeTb OCb CHMMETDHH TpETbero, YeTBePTOro HJM LIECTOro
nopsAAKa (TPHrOHanbHasfA, TETParoHa/bHas HWJM reKcaroHaJjbHas CH-
crembi). ['V1aBHBle ocH (COGCTBEHHBIE BEKTOph) B 3TOM cayuae: [110],
[110] u [001] (3ameTHM, uTO 3TOT BBLIGOp OCeil He €IHHCTBEHHO BO3-
MOMHBIH). Kpucrann ONHOOCHBIH, H ONTHYECKOH OCbIO SIBJIAETCH

nanpasnerue [110].
[1aBHBIMH KOMIIOHEHTaMH € Ans Kpucranna (B) sBasiorces 2, 4
u 3. KpHcTana ABYOCHbIi M MOXET NPHHALAEXaTb TOJMLKO K POMGH-
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YeCKOll, MOHOKJMHHOH MJIH TPHKJUHHOH CcHcTeMaM. [JaBHbE OCH
Te Xe, UTO M Y KpHctaana (6). OnTHuecKHe OCH JieXaT B MJIOCKOCTH
(001) u nmpoxomat (puc. 15.1.1) uepe3 TOukM mNepeceyeHHs 3JUNCA
M Kpyra (B CHCTeMe KOODAMHAT, OCH KOTOPOH COBMajaioT C IJ1aBHLIMH

ocamu): x1422=1/2, £+y*=1/3, otkyma x=1 V6, y=
= = 1/)/6. CnegosatenvHo, ontuueckue ocd 6yayt [100] u [010].

|/ alhwe ocu

s

IVE£ -G
w3y il
Dnpypmrocme

Puc. 15.1.1. PacnosnoxeHne ONTHYeCKHX oced B KpHCTalje C JH3JEKTPHUECKOi
NpOHHUAEMOCTbIO, 3anauHol Ten3opom (15.1.1s).

A

KpucTana (r) ofHOOCHEIH H MOXET O3TOMY NPHHAIIEXKATDL K TEM XKe
cucremaM, 4To M Kpuctaan (6). [naBHble 3HaueHus e: 5, 2 u 2.

[naBubie ocu (He epuHcTBeHHme) [111], [110], [112]. Ontuueckoi
oCbl0 siBisieTcsl HanpaBaeHue [111].

HanpaBnenuss rnaBHBIX M ONTHYECKHUX OCEH MOryT 3aBHCETbL OT
IJIMHBl BOJHBl TOJbKO B TOM CJjyuae, KOTJa OHH HE ONpefeNsiioTCs
cummeTpueit, OnTHYeckHe OCH NOJHOCTHIO ONpefesneHb CHMMETDHeEH
B reKCaroHa/NbHOH, TeTparoHaJbHOH M TPUTOHAJBHOM CHCTEMAEX (OfHO-
ocHble Kpucranabl). [losokeHuwe Tpex TIJIaBHBIX oOcefl 3ajaeTcsi cuM-
- MeTpHell KpHCTalla I/s 3THX CHCTeM, a TaKXKe I POMOHUYECKOH
CHCTEMBI.

15.2. Hanuuue ueThipex ocell CHMMETDHH TPETLEro MNOPSJKa H
nnockocteil cummeTrpuu (110) naer

A = N123 = Yez1 = Y312 = Y213 = Y132 = X321-

Jlerko BHIETb, 4TO BCE OCTAaJbHHE KOMIOHEHTHl ) DaBHBI HYJIO,
Hanpumep, npou3Boisi NOBOPOT BOKPYT OCH CHMMETPHH BTOPOro
nopsjaka, coBnajawmoinei ¢ (1), Haiizem

Yz = — X112 = 0.

Ecau none E npumnoxeno Bgoab [100], TeH30p aM3/MEKTpHUECKOi
NPOHUILAEMOCTH HMEET BHJ

g 0 O
e=|0 e yE
0 yE ¢

['naBHbIMH (COGCTBEHHBIMH) 3HAYEHHSMH & OYAYT &y, & +XE, & —(E,
a riaBHBHIMM OcsiMu (coGcTBeHHLIME BekTopamu) [100], [011], [O11].
Ontuyeckue ocu HanpasiaeHe Bioab [001] u [010].
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Ecnn nose E nanpasneno Baoab [111], To umeem

| xE yE
] V3 Vs
E E E
E=—=[111], e=[X> ¢ X2
A 17 S
'X_E: l—E_—_ Eg
V3 V3
31ech TIaBHLIMH 3HAYEHHSAMH € ABJAAIOTCA eo—{—l—/% vE, 60_.1% xE,
I
eo—l—/?xE . CienoBatenbHO, KPHCTaJ/1 CTAHOBHTCHA ONTHYECKH OAHO-

ocHuM. [aBHble ocH (He epuHcrBeHnme): [111], [110] u [112],
ONTHYeckas och HanpasJ/eHa Baoab [111].

B cnyuae noss E=VE—§[110] HMeeM

yE
) 0 .Sl
[ 0 V—2
E
e = 0 g xE
V2

XE xE.

Ve Va2 ’

[naBHble 3HAueHHA € g, =+ yE; rmasmme ocu: [110], [1, 1,12},
[1, 1, —V'2]; ontuyeckne ocu: [001], [110].

KpHucraan co CTpyKTypoil THNA KaMeHHOH COJH 06/1ajaeTr LEeHTpoM
unuBepcud. [Ilpumenas cumMmerpuuHoe npeofpa3oBaHHe HHBEpPCHEH
K BHIpaXeHHO Agy=1y,E,, noayunm ¥, =0 (Aey; He mMeHseT 3Haka,
a E, menner). CnegosaTe/ibHO, B KPHCTAJNIaX CO CTPYKTYpOil THNa
KamenHol coau (NaCl) He MoxeT 6Tk 3JeKTpoonTHyecKoro adxpekTa
NepBOro MOpsAAKa.

156.3. HOna ¢=0° Ry=R, (31 nonsApuH3auuu He yaaercs pasiu-
YHThL), MO3ITOMY H3MepfeTcs JHIbL OAMH MapaMerp, a No HeMY HeBO3-
MOXHO OMpPEAEJHTh JBE ONTHYECKHE KOHCTAHTHI.

Has ¢=90° (ckoan3niiee mnajgeHHe) Aea0 OOCTOHT eille XyxXe,
NOTOMY 4YTO AJf Takoro yraa Ry=R | = | He3aBHCHMO OT ONTHYECKHX
MOCTOAHHBIX.

Ona ¢ =45° umecM

_[sin (@—¥)7? _[tgl@e—P7P
R“—[sin (q:+w)] » Ry _[tg((p+1p)] ’ (15.3.1)
rue sing = (n,-+in)siny, a n, u n,— nelcTBUTEIbHAA H MHHMasA
yacTH noxasarens npenomnenns. M3 (15.3.1) naxoaum [92]

Ry— [(V§/2) cos p — (V' 2/2) sin \p]z
WV E R cosv+ (V2/2) sin )’

R = {[(V 2/2) cos p— (V' 2/2) sin 9] [(V'2/2) cos v— (V' 2/2) sin w]}
LW 272) cosp+ (V272) sin $][(¥'2/2) cos ¥ + (1 2/2) sin 9]
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3pecs R; ana 9=45° onpepensercs uepes R; (mas Apyrux
yrJ0B NMajeHHs 5TO HEBEPHO), H ecqH R) H3MepeHO, TO H3MepeHHe R,
He JaeT Huuero HoBoro. I103TOMy H3MepeHHe TOJIBKO OXHOH He3aBH-
CHMOI XapaKTEPHCTHKH He JaeT BO3MOXKHOCTH ONpPEAeNHTb A, H ;.
[Tockosbky H3MepenHs Ry H R He AABAAIOTCA 11€3aBHCHMbIMH NPH
yrnax nagenus 0, 90 unm 45°, u3-3a wenpepuBHOCTH R | (9) H R ()
cuMTaeM, 4TO R | u R He ABJIAIOTCA «COBCEM HE3aBHCHMBIMH» B 06JIACTH
yrJIOB NajieHHs, 6MM3KHX K 3THM 3HaueHHAM. Ecau Tpebyiorcs TouHble
H3MepeHHA N, H n;, TO HYXHO H36eraTh 3THX o6iacTei.
15.4. Tlonspusaunu, HHAYUHpOBAHHAA B MarepHale [oOJeMm
E ~ ¢ paBHa
Pi = xi,-kE,Eke‘”i“”. (154 1)

YTo6hH MONYYHTh YABOEHHE YACTOThbl, HYXHO, 4TOOH CYIECTBOBANA
HeHyJieBasd KOMIIOHEHTa 3TOH nonaspu3aldH. MHaue roBops, RO/IKHbI
ObITh 110 MEHbIIEH Mepe [Be HEHyJeBnle KOMNOHeHTH E BRomb oceit
Kpucranna. [IosToMy yiBOEHHE 4aCTOThH MOXHO MOJYYHTD JJ5 Cly4aes,
korga E Hanpasneno Broab [110] u [111], Ho He xns E, napannens-
Horo [100].

Ecan nanpaBnenne pacnpocrpaHeHHs BOJHBI coBmajaer c¢ [100],
T0 E MOXHO Da3JOXHuTb Ha CyMMy ABYX nojefi: Bgoab [011] u [011).
OTH moas Co3AaKT nonspuaauHio Brosabs [100], a 3HauMT, BO3MOXHas
BOJIHA C YacTOTOH 20 He JOMXHAa pacnpocTpanatscs BAOJbL [100].

AMIIHTYJa 5JEeKTDHYECKOrO MOJs C YacTOTOH 2w, MOJyYarolerocs
[ocJie NPOXOXKAEHHs CJIOfA BellecTBa TOJILUHHOH d B HAalpaBJeHHH X,
paBHa CyMMe BKJIAAOB OT KaXXAOrO 3JeMeHTapPHOro CJIOA TOJHHOH dX.
Jna cnos, OTCTOsIEro Ha X OT HAayasa KOOPAHHAT, 3TOT BKJaj paBeH

dE (2w, x) ~exp{2i[k(w) x —wt]} -exp {i [k (20) (d —x)]} dx. (15.4.2)

IlepBuifi sKcnoOHeHUManbHHA uneH B Gopmyae (15.4.2) npeacraBaser
co6Oi paclnpocTpaHeHHe BOJHBI C YacTOTOH w OT HayaJjda KOODJHHAT
Io x, a BTOpoi — BoaHy ¢ uvacroroii 2w or x go d. Cymmapuyo
HanpsKeHHOCTb 3JEKTPHYECKOro I0Jf 4acTOoTOH 2w HaijeM, HHTer-
pupys ypaBHenue (15.4.2):

E (20, d) ~§exp {2i [k (0) x — wt]} - exp {i [k (2w) (d — x)]} dx ~

~exp (i [k (20) d—20t]} - exp {i[2 (@) — k 0)] 3} X

d2 sin {Y/, [2% (0)—k (20)]d}
2 (@)—Fk Q)] d  *

(15.4.3)

HurencuBHOCTy &7 cBeTa C YABOEHHOH YaCTOTOH

sin {Yy [2% (0) £ (20)] d}\2
I ~EE~ (e & (15.4.4)

PasencrBo (15.4.4) nokasuiBaer, yro ¢ MakCHMa/lbHa 418 JaHHOTO d,
ecin 2k(0) =k (2w), T. e. ecnn & () =& (20),
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BKJIalI oT npnmeceﬁ B IN3JIEKTPHUECKYIO [1POHHUIIAa€EMOCTE COCTABJISET
4ne? f N

Ae. oo g N
npUs Fl 2
p m 0} —0

(15.4.5)
MJIH, €C/M B3ATh B KAUYECTBE NepeMeHHOl He ®, a 3Hepruio &; (B 96), TO

dme? o (300m\2 N 10z N
m f( e ) glg_g,—lﬁs 10 g (1546

Aeppm =

Konuentpauusa npumeceir N, Heo6xoauMasi, 4ToGbl KOMIIEHCHPOBATh
COBCTBEHHYIO JUCIEPCHI0 KPUCTAJ/a M TeM CaMbiM OO0YCJOBUTE MaKCH-
MajkHOe yABoeHue mnpu 1 38 nmns obpasua ZnSe, moaydaercsl, eciau
pemuTh Bhipaxenue e (8) =e (26) nas & =1 38, npuuem e (§) onpe-
JieJIseTcsl TaK:

1,38.1072. N

2,25 — &2

49
1 g\
~(ss)
Orciona noaydaem N =1,9-10% amom - ca3.

15.5. Tlocko/mbKy KO3hdHIMEHT OTpaxkeHHs paBeH HYJI0, MOXHO

CUMTATh, YTO BpeMs KH3HH ¢oHOoHa OeckoHeyHo. I[lostoMy pmssex-
TpHYeckas NPOHUIAEMOCTb paBHa

e(0) =4 <1 +ﬁ>, (15.5.1)

rie o7 — YacToTa ITonepeuHbX (OHOHOB.

Tak kak e (c0) =2,25, To BenmunHa A jponxHa ObITE paBHa 2,25,
Urobn noayuuts ¢ (0) =5,9, 3Hauenus B M @r AOMKHBEL YAOBJIET-
BOPATh CJEAYIOIEMY COOTHOIUEHHIO:

e @) =1+

+ (15.4.7)

2,25(1 + m%):5,9, (15.5.2)

WM, 4TO TO Xe camoe, B =1,620%. KosdbduumeHt oTpaxkeHus cra-
HOBHTCH PaBHLIM HYJIO OpPH 4acToTe oy == 27c/Ay=6,15-10 cox?
418 € (0g) =1, orciona

2,25(1 +_B—>= 1 (15.5.3)

07 —0F
M3 coorHomenudt (15.5.2) u (15.5.3) Haxogum
w7y = 0,505 0wy =3,1- 1013 cex 1,

Yacroty npoaoJsHHX (POHOHOB JIErKO MOJYYHTh, HCHOJbL3YS COOT-
HomeHHe JIuagaHa — 3akca — Teqnepa

o, =1/ 2% 3.1.101 cex ' =5,03- 10" cex-!
L=V 3595 cex = =0,U3- K
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Kospduuuentamu nepexona or cex! (0) k 98 u °K 6yayr caeayrouwmue:
SHEprud B %=3(1l!m= 6,6- 101,
sepris B °K=— 0 =7,6-10"1%,

Orciona

or=0,02 36=236 °K, «;=0,033 38=2380 °K.
Ilo Tabauue AM3JEKTPHYECKHX npoHHuaeMocTed [3] HaxomuM, u4TO
paccMaTpHUBaeMBIli KPHCTALT — 3TO

f_- ' ] 1 l | NaCl. 3aBncHMOCTb BHIYHMCJIEHHO-
: ro Ko3gbHIHEHTA OTparKeHH S K PH-
cranaa NaCl or AJuMHBL BOJHBI
nokasaHa Ha pHc. 15.5.1.
65 1 15.6. Onrtuyeckue GOHOHH
SIBJSIOTCS TPHIKALI  BRIPOXKJIEH-
HoiMH n0pH k=0, ecau npede-
0 1 ! 6peyb 3/1EKTPOCTATAUECKHM B3aH-

I !
& 0 150 200 A,
Puc. 15.5.1, KosdduuueHt orpamenus
kpucranta NaCl, ofycnoBaeHHsIl oqHO-
(POHOHHEIM NOrJOIEHHEM.

MOZeHCTBHEM JA/NbLHEro MNOpfjKa,
KoTtopoe co3sgaer LO—TO pac-
wensenue. IlockoabKy OHH npen-
CTaBJAIOT COBOH BEKTOpDHHIE CMe-
INEHHSI ATOMOB, HX CHMMETPHS
Takas xe, Kak cHMMeTpus B (x, y, 2). OHM npHHAQIeXAT K Nped-
crasaenuio I'y, ans cpanepura (T,—43m) W A4 KaMeHHOH COJH
(Op — m3my).

B ajama3se Haio NPHHATbL BO BHHMaHHE HECHUMMOD(HYIO NpPHpOALY
ToueyHo# rpynns. 1o oTHOIEHHIO K aTOMaM 3TOR CTPYKTYPhl HHBEDCHS

Onmuseckue porons
I
|
I
<0 o> «por <o o
! iy

|
HiBepcun + &1 mpancasyus

b

H
o ¢por <o o

Anyemiriecnue Qonons:
|
|
|
S0 ¢ e
|
|

|
HaBepeun «3 (111 mpancasuus
|

|
94 9 O Ve

Puc. 156.6.]. BuiusuHe onepauui HHBEPCHA M TPAHCJAALHH Ha BeJAHUHHY a/4 B Ha-
npasneHud [111] Ha axycTHuecKHe H OnTHYecKHe (POHOHW aaMasa npu k=0.

He S$iBJSIETCSl onepaiueli CHMMETPHUH, €CJH OHa HE CONPOBONKIAETCH
o a o o
TpPaHC/ASILHEH Ha T[lll]. JHeficTBre 3TOH onepanMH Ha NPOAO.JILHYIO

ONTHYECKYI0O MOAY (B Hampasiaenuu [111]) nokasaHo Ha puc. 15.6.1.
Sra onepaius OCTaBJsET ONTHYECKHE MOJL HHBADHAHTHLIMH, H OSTOMY
u3 TabJMUK NpeAcTaBJeHHH TOYeuHOH rpynnbl Op MOXKHO BHIETh, YTO
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onTHyeckHe (QOHOHH anMa3a npuHagnexaT K rpynne I'gy. Takue xe

paccyxjaeHus nokasbiBaiorT (puc. 15.6.1), uTo akycTtuueckue (oOHOHHI
orHocaTes K I'yj.

Yro6bl MONyYHTD NOTJIOILEHHE 1151 BceX PaccMaTPHBAEMBIX K pPHCTaN-
noB, npouspelenne I'); (npubam:KeHHE 3JeKTpPHUECKHX OuNofeil) Ha
[pe/CTaBleHUs BCeX y4acTBYIOUHX (OHOHOB NOKHO CofepxaTh ;.
Ons xKoMOGHHauUMOHHOro (onTHyeckHe (OHOHL) i OpPHJNIOIHOBCKOrO
(akycTuyeckue (POHOHLI) paccesiHus ITO MPOU3BENEHHE JOKHO COJep-
KaTb HEHYJ€BOH JH3JEKTPHYECKHH IMIOJbHBIA MOMEHT, 3HAYHT, OHO
JomKHO copepxath I'y;. :

Bocnonb3oBaBpuikch TabiHMUAMH XapakTepoB npexacrasieHui [31]
¥ CTaHJAPTHHIM METOJOM NpHBENeHHs HX NpoH3BeneHH# [93], nonyuaem:

Hra ciharepuma

OIHOPOHOHHOE MNOrJoLIeHHEe

Fls ' Fls = Flﬁ + Fzs +Tp+TI, pa3peiueHo;
JNBYx(OHOHHOE MOr/oLIeHHE
[y5:Ty5: Ty =4T15 4 305 +-2I', + 'y + Iy paspeuseno;
oqHODOHOHHOEe GPHJNIO3HOBCKOE H PAMAHOBCKOE paccesiHHe
I'y; Ty =T454... paspeweHo;
JByXOHOHHOE paMaHOBCKOe paccesHHe
Iy,-Ty, Ty =4Iy, +... paspeleHo.

s kamenrod coau
01HODOHOHHOE MOrJoUleHHE

Iy, Ty =Te+T1s+T1e+ T paspeweno;
By X()OHOHHOE NOr/oWeHHe
Iy Ty Ty =404 3+ 2I'y27 4Ty + Ty 3anpetueno;
onHothoHOHHOE GPUJMIOIHOBCKOE H PAaMAaHOBCKOE paccesiHHe
I'y, Ty, He comepxwur I'y;, 3anpeuieHo;
IBYX(OHOHHOE PaMaHOBCKOe paccesiHHe
Iy, Iy Ty =4I+ ... paspeleno.

Han armasa
0NHODOHOHHOE MOrJIOLIeHHE

Iy Ty =T4; 4 T'15+T'1e’ + 'y 3anpemeno;
JBYX(hOHOHHOE MOrJIoUWEHHe
Toy - Tygr - Ty =415 4 3Tg5+ 2N + Ty 4-T'p+ 3anpelnieno;
onHopOHOHHOE PAaMAHOBCKOE pacCesiHHe
I'zy - Ty =T154... pa3spelueHo;
385



oAHoDOHOHHOE GPHJIIIOIHOBCKOE paccefiHHe
I'ys-T'ys He comepxkuT I'y;, 3anpemieHo;
IBYX(POHOHHOE paMaHOBCKOe paccesiHHe
[y - Tgy - I'yy =4I, +. .. paspermeto.

15.7. [na TpexdoHOHHBIX TpPOLECCOB HOIJIOMEHHS M OTHOUIEHHH
HHTEHCHBHOCTEH 3THX 1poueccoB HMeeM Taba. 15.7.1.

3Hak «umocy (- T0) cOOTBeTCTBYeT HCNYCKaHHIO GOHOHOB, a 3HaK
«MHHYC» — norJiomeHHio ¢oHoHOB. OTHoWeHHe HHTEHCHBHOCTEH Obljo
PAaCCUMTAHO C ITIOMOILbLIO BbIYHCJIEHHS (OHOHHBIX YHMCEJ 3aiOJHEHHS
f(T4u/T) =[exp (Tgu/T) — 1], rae Ty, — 3Heprua ¢onona B °K.

BuipaxkeHue 118 MHTEHCHBHOCTH JAaHHOIO IIpOUECCa COAEPXHUT
MHOXHTeb |+ f Ana Kaxkgoro akra HcnyckaHus ¢oHOHa (f — uucio
3an0JIHEHHA COOTBETCTBYIOULero (OHOHA) H MHOXHTENb [ — 78 KaX-
JOro aKTa norJoueHus (oHoHa.

BeposiTHOCTb CTHMYJIHPOB4HHOTO HCIYCKAHHA HYXHO BbIYECTb W3
COOTBETCTBYIOIEH BepoATHOCTH mnoraomeHnda. Jas AByx paccMatpu-
BaeMbix (oHOHOB (LO u TO) umeem

f(LO, 300 °K)=0,39;  f(TO, 300 °K) = 0,63;
F(LO, 77 °K)=0,007; f(TO, 77 °K)=0,049.
HO 3TUM npasn.naM JIETKO HO.’Iy‘lHTb OTHOILIEHH A HHTEHCHBHOCTEI';l I‘lpH

300 °K K cooTBercTByIoUlHM HMHTeHcHBHOcTaM npH 77 °K. Ilas asyx-
($OHOHHOr0 KOMOMHAUMOHHOrO paccessHUs HMeeM Taba. 15.7.2.

Ta6nuuna 15.7.1 Ta6anrna 15.7.2
E- « :!- t’b.. ?:E- m<' EEP
Tun npouecca g EEai Tun npouecca ‘3 z g 3
&3 | H8%| &y A% | &S |
LTO+TOLTO | 0,06 | 207] 35 +TOFTO | 2,440 5080 | 24
—TO—TO | 2520 4920 | 160
TO-+TO+LO | 0073| 170| 27 ,
+T0+T0+ +L0+10 | 2414|5140 | 1,9
+TO-+LO+LO | 0086) 144 29 —LO—LO | 2,546 4870 [3000
+LO+LO+LO [ 0,099 125] 26 +L0—TO | 2,467| 5030 [ 18
' +TO—LO | 2493| 4980 | 91
+T0+T0—LO | 0007|177 | 96 LLOFTO | 2427] 5100 | 21
+LO--LO—TO | 0,046! 26,9| 20 —LO—TO | 2,533 4900 | 700

15.8. PasznoxeHne A1 uyactoT (GOHOHOB B OKPECTHOCTH R=0
HMeeT BHJ
(1)L=(1)L(O)+A1_|klz, (1)T=(1)]—(0)+Ari iz.
Tak Kak R He W3MeHdercsd, a KBa3UMMIlY/bCcOM (DOTOHA MOXHO IpeHe-
6peur, AJA ABYX(DOHOHHBEIX NPOUECCOB IIO/yYHM IpPaBHJO
*ThFk=0
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(3HaK «III0C» COOTBETCTBYET 00pa3oBaHuI0 GOHOHA, a 3HAK «MHHYC» —
ucuesHoBenuio ¢oHona). s u3MeHeHHS dYacTOTH A® B pe3yJbTaTe
npollecca paccesiHHS NOJyUHM

Ao==Fao, (0) F o, 0+ (FAFxA) 5.

PaccvmorpuM cayuait AByX(OHOHHOrO DacCesiHHA H IPeANoJIOXKHM,
uro A, -+ A, >0. HaiizeM ¢yHKuHIO NAOTHOCTH COCTOAHHMH:
a8 Ao — o (0) — o, (0) >0

4n2k2 1 dk

1 1
= i (A 1A

A Ae—o; (0) —e, (0) <0
Nd=0.

Ecm A,+ A, <0, 10 BhipaxeHHe A1 QYHKIHH IJIOTHOCTH COCTOS-
HUH HMeeT BHUA:

[Ao— o, (0) — @, (0)]'2do,

ans o (0)+ @, (0) —Aw >0 TA
|
—-L,__l__. ,’ I ~

Nd do= 4n (A1+Az)3/2 [(!J] (O)+ I, } \\\

+ 0, (0) — Aw]'?, / | \
T

s 0 (0)+ 0, (0) —Ae <0 da ——>{<——I A —> “

N, do=0. '

Puc. 15.8.1. ®opMa kpuBoit 1ByXoHOH-

TaKHe xe pe3yﬂbTaTH HOJIy- HOTO KOMGHHAHOHHOTO paccesHHd,

NQTCR M AU BCEX OCTA/ILHBIX BO3-  [ymtapman tpusas soomiercmayer cryamo
MOXHLIX KOMOHHAUH#i (OHOHOB. Has KPHBAH — OBDATHOMY CAY4al0.
CoorBeTcTBYIOIHE GOPMBI KPHBBIX
nokasansl Ha puc. 15.8.1. Ecnu peun wuper 06 HCIyCKaHHH JABYX
(OHOHOB, TO IYHKTHDHBIE JMHHU COOTBETCTBYIOT caydaw A; + A, <0,
CrlomHbe JHHHM COOTBETCTBYIOT caydaio A; + A, > 0.

15.9. YpaBHeHUe [BHXXEHHS 3JIEKTPOHA B MepeMEHHOM 3JIEKTDH-
geckoM none E ~v e ® 3anumercs B BHJE

ds e
m—d—tz“—*-?vXB—_—‘—EE. (1591)

[pennonaras, 4TO pelueHHs AIS S HMeOT GopMmy s~ e mojcra-
BuM ux B (15.9.1) w 418 KOMNOHeHT §; (i=1X, Y, 2) TMOMYyYHM
CHCTEMY YypaBHEHUH

iwe iwe

— m”mxsx——z— Bcos y-sy—{——c——B cosfp-s,=—eE,,
iwe iwe

— o?’m,s, + —C—B cos y-sx——c—B cosa-s,=—ekE,, (15.9.2)
iwe iwe

— w?m,s, + —C—B cos a-s,J——E—B cosPrsy=—eE,,
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rie cosa, cosfi M cOsy— HanpaBAsIOWHE KOCHHYchl BeKTopa B.
Ina npocToThl 3amHcH BBejeM oGo3HaueHue (eB/mic) =w, W nepe-
numeM (15.9.2) B BHze

. . E
—m’sx—1mmcxcos?-sy+tmmc,cosﬂ-s,=—em—”,
X
. 2 . Ey
{00, COS Y- S, — s, — 0w, cosa-5,=—e—, (15.9.3)
my
. . E
— iww,; cos f -5, + iwo, cosa-5, —wis, =—e m’ .
r4

Pemas cucremy (15.9.3), nonyuyaem § kaxk ¢pynxuuio E. Beau-
qUHY BKJaJa CBOGOJHBIX HOCHTEJeH B TEH30D AM3IEKTPHYECKOH Npo-
HHMI[AEMOCTH HAXOJUM H3 COOTHOIEHHT

AeE=—4nNes. (15.9.4)

Onpenenutens cucTeMbl ypaBHeHHE (15.9.3) MOXHO 3anucarh Kak

—o — (@ COSY i@, cos p
@ | i@, cos —o —i = — ! (0? —0});
cy COS Y iog cosa|=— @* (W wg) ;
— i, 08B iw.zcosa —o

37eCb  ®, —4YacToTa UHKJ/JOTPOHHOIO pe€30OHaHCa, KOTOpas JaeTcd
COOTHOULIEHHEM

0 = COS? a - ¢, Wz + COS% P - 0,00, + OS2 Y - 00,

TogcraBnsas pewenns ypaBHeHuit (15.9.3) B (15.9.4), noryuaem cie-
LyIOLIHE BBIDAXKEHHS 1151 KOMIOHEHT Ae:

WezWOcy o2
————=cos’a
Ae.. — 4nNe? ®?
xx m, 0*— @} !
(15.9.5)
. Ocy WeyOcz
— — — cosa cos f
Ae* — Ae,. — 4nNe? (0] ®2
Bry = D8yx = m, 02—l

OcrajbHbe KOMIOHEHTH Ag MOXHO NMOAYYHThL M3 ypaBHeHHi (15.9.5)
LMKJ/IMUECKOM NepecTaHoBKOH x, y, z M cosa, cOsfP, cosy.

15.10. Bxiaax B KOMMOHEHTH TEH30P2 IHMIJIEKTPHUSCKOH IPOHH-
112eMOCTH, OBYCJIOBIEHHLI 3JEKTPOHAMH B IKBHBAJEHTHHIX JOJNHHAX,
C TOYHOCTLIO [0 NepBOro nopsixa no B (Ha OCHOBaHMM [e3yJLTa-
TOB 3ajayd 15.9) onuchiBaeTcd BHIPAXKEHHAMH

4nN je?
Asxx="—_mx—(;2-:
15.10.1
Ago — i 4nN;e38 1 s (15 )
By =13 mm, cosy,

rre N; — 9HCIO 3JEKTPOHOB B nanHO¥ joanHe. Bripaxenus (15.10.1)
JaNHCaHEl B CHCTEME TJIaBHHX OCed TeH3opa 3(deKTHBHOH MAacCHI.
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Vickomullt BKJIaJ MOXHO 3amHcaTh B BHJE TEH30pa

Ao =00 [— i 2 o (B (15.10.2)

m

3nech e — IOJHOCTBIO KococummeTpuqnmﬁ TEH30p TpeTLero paHra,
npHYeM ey, =0, ecau yobble 1Ba WHAEKCAa PaBHH. EcCNH Bce HHACKCH
pasHble, TO éj,==F1 B 3aBHCHMOCTH OT YeTHOCTH MHepecTaHOBKH
HHJICKCOB.

dapajeesckoe BpailleHHE H3OTPOMHO, MOITOMY BKJaJ BCEX IKBH-
BaJeHTHBIX JNOJHH HaxoguTcsi nyTteM ycpeanenust (15.10.2) nmo Bcem
BO3MOXHBLIM OPHEHTHPOBKAM 3JHNcoHia 3PdeKTHBHOH Macchl. Jra
cpelHsisi BEeNKWYHHA 3KBHBAJEHTHA CYMMapHOMY BKJajy, HoJyyYaro-
WeMycs, €C/H paclpefeaHTb 3/eKTPOHbl IO TPeM JOJHHAM BJOJL
KaxJoH H3 ocel Ky6a. Ecau nanpasute B Broab {001], 1o monyyum

Bews = —Ta (7 + 7+ ) = Be (B=0),

. __ 4nNe*B i 1 1 1 . 15.10.3
Aeyy=—Aey, = @ 3 <m_rmy mym, momy )’ ( )
Ae,,=Ae,, =0.

IT0 TOT Xe TeH30pP [AH3JNEKTPHYECKOH IIPOHHMIIAeMOCTH, KakKo# Gbla
noJay4yeH IS M30TPOMHBLIX Macc, €cJH TOJAbKO 3aMeHHTb B COOTHO-
IIEHHH LJIfI CTATHYECKON AH3JCeKTPHUYECKOH NPOHHIAaeMocTH PpeKTHB-
HyI0 Maccy Bblpa)KeHHeM

3w+ + )

B uneauaronanbHelX uyneHax m* 3aMensercs cpepueit adipekTHBHOM
Maccod W, KOTOpas HAaXORHMTCH H3 COOTHOUIEHHS

1 1 1 1 1
e §<mxmy + mym, + mzm_\.)' (15.10.4)
BenuunHa (hapajleeBCKOro BpamieHHs OKa3hIBAaeTCsl PaBHOM
_ 27NB de®
- wncu?

15.11. Ecan  E; — KOMOONEHTB! TeH30pa yNpYyro-OoNTHYECKHX
Ko3pduuuentoB [29], TO M3MeHeHHEe BENHUYHHLI €, BhiI3BaHHOE TEH30-
poM jfetopMalHH €, MOMHO 3aNHC4Thb KaK

Aejj= ) Eijmirr- (15.11.1)
&l

Ilnsi He3aBHCHMBIX KOMIOHEHT f yJI0OGHO HCMO./1b30BaTh CTaH1apTHbE
0603HayeHHS TEODHH YIPYrOCTH

Ell = Elllh Elz = EIIZZ! EGG = 1/ZEIZIZ'
Komrnoneita Tenzopa aedopvauuu ey, He pacuwenasier foauHsl [100],
3HAYHT, COOTBETCTBYIOWIMH YIPYrO-ONTHYECKHH KO3DPHUMEHT Eg =
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= B =Eu=0. [edpopmauus e,; NPHBOAHT K CHATHIO BBIPOXAEHHA,
T, €. K pACUIeNJIEHHIO YPOBHe# 3HepruM B [OJIHHE

Ag[mo] = 2/381eu, Aglolo] = Agrom.‘ = — Y380y (15.11 .2)

(B KpeMHHH BenuunHa &, TOJOXHTENBHA).

H3-3a monmxenus ponud [010] u [001] xoHueHTpauus saekTpo-
HOB wu3MeHsieTcsi. HoBas sueprus Tepvu &y, usMepsieMas OTHOCH-
TeqpHO AHa JgoauH [010]) u [001], nonyudaercss B NpeanoJIOXKEHHH,
YTO KOHLEHTpAalHs HocuTesell N ocTaeTcsi HeH3MEHHOH; Torna ans &y
HMeeM

287" + (6, — &:11y)"" =38 (O], (15.11.3)
H, CJeJoBaTeJbHO, OrpaHHYHBaACH YJICHAMH MNEPBOro nopajaka Io &y,

32 @32 &en
&y _ &3 (0)(1+-——28F(0)>.

Dueprus Pepmu mas poauu [100] sanmuwercs B BuIe

$F—$Ie11=$,:(0)<1 _%”%>.
“F

JIM3IeK TPHUECKYI0 TNPOHHIAEMOCTh, OGYCJIOBJEHHYI0O CBOGOIHBIMH
HOCHTEJIAMH, 1ocse AeGOPMalKHl MOXKHO pacCuuTaTh, 100aBiAs BKJIaLbl
oT Bcex Tpex aosauH. [ons snekTpoHop B HanpaBsenuu [100] mpo-
nopuuonaneia &, a B Hanpaenenusx [010] u [001] mpomopuuo-
nanbHa (Er—&,e,,)32. Tlonyuaem

By = — Mi[(] _8_“’1_11_>+2<1 +_ﬁﬂ_>_l__]=

30 [\ & O m 28,0 /m;
— 4ntNe? (L L) gleu <_1____1_> 15 11 4
S [’"n VAR R mp o m ) (-4
a u3 ypasHenuil (15.11.1) u (15.11.4) naxoaum
. 4Ne2 &, ( 1 1
=——— e —— — —— 15.11,
&1 3w? gF(oy my m“) ( 5)
¥ aHaJOTHYHO Na & , 1
P\ - My L I 15
127 302 -0 <m_L my ) (15.11.6)

15.12. KomnoHeHTH TeH30pa AedopMallMH DPaBHH
eu =Sn ' 1010: — 7,68 ' 10~3, ezz=e,';3 =51z' 1010 - + 2,14 ' 10—3.
Pacuienieine yposrelt jonuus & [100] — & [010] =&, [e); —ep5) =

= —0,088 38. Yposeur ®Pepmu &€r(0) HeEHarpyXeHHOro KpHCTasia
HaXOJMTCA M3 BhLIPAKEHHA

1 2m* \3/2 2
N=10°=6 5z '") &Y (0). (15.12.1)

he
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MuoxuTeqb 6 B mpaBofi uyactu ypaBHenus (15.12.1) ompegenser
CTEMeHb BLIPOXKAEHHS AOMUHEL; 3¢ex THBHAA Macca IJIOTHOCTH COCTOS-
Hu#t m* = (m%my)'/*=0,32m.

W3 ypasmenus (15.12.1) noayuaem &r(0)=1,2-10- 38, caeno-
paTesibHO, &r(0) L &[100] — & [010], T. e. pe3sy.bTaTh 3apauu 15.11
He npuMeHuMbl. Ilpu Takux GOJbLIMX HAarpy3kax U3MeHeHHe u3JeK-
TPUYECKOH NPOHULAEMOCTH He fABJfeTcs JUHeAHOH GyHKuHeil aedop-
Mauuu.' [leficTBuTe/bHO, pacluenyieHHe AOJHH HACTOJbKO BeJHKO
(~0,1 38), uto Bce HOocuTeau MoryT nepeiiTh B Joaunbl [100]. Io-
3TOMY TEH30p AM3.1eKTPUYECKOH [POHHIAEMOCTH IPHMET BUJL

4nNe?

g, — mumﬂ 0 0
4nNe?
e—=| O L o | 5129
2
0 0 g, — 4:rtNez
m, o

IMpsaMoit pacuer aaer [4nNe?/(mw®)]n— 4 sau=0,144, oTKyna
" _]/12— 0184 _ 5 44, ni—]/IQ— 014 335  (15.12.3)

Pasnocts ¢a3 aByX Jyded, M0JAPU30BAaHHBIX [1apajyiesIbHO H Mep-
TeHUK YIS DHO HalpaBJeHHIO HarpyXeHHs,, Ha BbIXOAE M3 KPHCTa/Ia
paBHa

on (m—ny) & =n, (15.12.4)

C/e0BATENbHO, BLIXOAAWMHA U3 KpHCTanaa Jyd OyJeT TOXe JMHEHHO
NONSPH30BAHHLIM, HO IJIOCKOCTb [oJsipu3almud nosepHyta Ha 90°
OTHOCHTE/ILHO IIJIOCKOCTH MOJAPH3aLHM Nafaiolulero Jyua.
15.13. Il1a3meHHas YacToTa @, paBHa
4nNe2 \1/2
©,= ( ! ) —1,15- 10 cex . (15.13.1)

m-eg;

MuHHMYM B OTpaxaTe/bHOH CIOCOGHOCTH NOSBJASETCH NPH KO3dipu-
HeHTe IpeaoMaeHus n=1:

m!
sL<1 —m>= 1. (15.13.9)

CaenoBatesbio, @ (R=0)=0,/0,968 =1,19-10" cex !, a A (R=0) =
= 15,8 MkM.
15.14. Kak u3BecTHO, R:p-raMuIbLTOHHAH HMeeT BUJ

&f_Jifﬁ_-_}_# (15.14.2)

OTauyHble OT HY/ MaTpHYHblE 3JIEMEHTH f Mexjy Ba/IeHTHOH 30HOH
¥ 30HOH MpPOBOJMMOCTH 3aMHUINYTCH Kak

(Stpel X)=S|py|Y)=(S|p:|Z)=P
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3necs S — BonHOBas GyHKUMS 30HH IpoBoauMocTH npH k=0, a X,
Y, Z—sBonuosbie ¢yHKkuuu I';5, KoTOpble npeofpasyloTCs Kak X,
Y, 2. Brbupaem ¢asy Z-tak, 4To6bl P Gbl10 BellecTBEHHBIM.

YToGh paccuMTaTh SHEPreTHYECKHe 30HBI AJI  IIPOM3IBOJBHOIO
HanpaB/IeHUs R, yno6Ho ucnosb3oBaTh BMecTo X, Y, Z HOBuIE opTO-
ronanbueiit 6asuc X, Y, Z, rne X = [k, X + &, Y+k Z]/k B atom HOBOM
Gasuce (S |k- plX) Pt u (S|k- p[?) (S|k-p|Z)=0 wu
raMUJIbTOHHAH IDUMET BHJ

h%2 A
etgm P O 0
h h2k?
e " Pk o 0
= hop2 . (15.143)
0 0 0
2m
h2p2
0 0 0 5

Snepruio GyjeM OTCUHTHIBAT BHM3 OT IIOTOJIKA BAaJEHTHOH 30HHI.
Ouaronanu sauus ramuabToHuana (15.14.3) naer ans 30HBI mpoOBO-
JHMOCTH

& — fi’k2

+ & + [(_%g_)g + %pzkz]lﬂ_ (15.14.4)

310 BbpaxeHHe JIerko pasJoXHUTh B pAJ o cTenedsm k%, Ontuue-
ckas sbbekTHBHas macca AJa8 cfepHUEeCKHX SHepreTHYeCKHX NOBepX-
HOCTeH (B IIDEANONOMEHHH, YTO NOJYNPOBOAHHK BLIPOXKJAEH) HAaXO-
autcs [34] M3 ypaBHeHHS
1 1 /1 o0& 1 1 o/ &Ee\2 | H2 g 12
= (5 a)er = w P58 o P

(15.14.5)
B ypaBHeHuH (15 14.5) _kr— kBazuuMnyabc chepsl Pepmu (uMnyise
depMu), KOTOPHI MOXHO NOJYYHTb M3 KOHUEHTPAUMH CBOGOAHBIX
37eKTpoHoB N, HCIOJNb3YH Bblpa)KEHHe

N = oy & kb, (15.14.6)

ITockonbKy CNHH-OpOMTAAbHOE B3aHMOAEHCTBHE MHl CYMTAEM IIpe-
HeSpexXHUMO MaJblM, TO CIHH-OpOMTAJbHOE pacllellieHHe BaJIEHTHOH
30Hbl A; nomxHO ObITb HAMHOIO MEHbLIE INMDHHH 3alpelleHHOoH
30Hbl &, (IpM KOMHATHOH Temmeparype) A/s coefuHeHuH Tuna A By.
3Haqemm CIHH-OpOMTaJbHOrO pAaCelJIeHHA IIpHBeJeHH B Tabi.

15.14.1 [94].
>4 Ta6auna 15.14.1

AlSb GaP GaAs GaSb InP inAs InSb
8g o8 1,62 2,240 1,43 0,7 1,26 | 0,36 | 0,80
A, 58 0,75 0,13 0,33 0,81 0,18 | 043 | 0,98

392



BykBoil a noMeueHbl 3HAYEHHs UIHPHHbI 3aNpelleHHON 30HH A1
HenpsiMbIX nepexojoB. [las NpsAMEIX Nepexonos npH k=0 3HaueHHR
IIMPHHK 3aNpelLieHHONH 30HB HECKOJbKO GoJblue.

CrnenoBaTenbHO, CIHH-OPOMTAJIbHBIM B3aUMOJEHCTBHEM HABEDHAKA
MoXHO npenebpeus ana GaP, InP u, Moxer OwiTh, ans GaAs.

15.15. TlpeHeGperaem R -p-B3aUMOREHCTBHEM B 30HE I1POBOJHMOCTH
M CYHT2eM, YTO B HMXKHeil BaJIEHTHOW 30He HMEeT MECTO CIHH-OpOH-
TaqbLHOE paculenJyieHue, NOoCKOMbKY Ag>>&,. 1as BOMHOBONH QyHKUHIL
3JIEKTPOHOB Yy MOTOJIKA BaJEHTHOH 30Hb! BbIGHpPaeM JIHHEHHbIE KOM-
6uHauud X, Y, Z, KOTOpbl€ COOTBETCTBYIOT BOJHOBBIM YHKIHAM
MOMEHTa KOJH4YecTBa ABMKeHusl jaa J =3/, u J,=+3/,, = 1/,, oTHO-
CALHMCA K HanpaBJeHHwo k:

[ 3 T,5, - 3 3 1,5 .
(2.3 Vsw+on (3.-3) V-
3 1 T v, 25
(5. 5)1 ]/-g (Y +iZ)| - ]/%XT;
3 ! T, .7 2
(3. - %) ]/g(Y+z2)¢+]/§x¢. (15.15.1)
Paccmorpum S4 30HY NpOBOAMMOCTH. B npHO.IHXKEHHHM JIBYX30HHOH
MofenH 30Ha S4 B3aMMOJEHCTBYET C BONHOBBIMH (PYHKLHSMH BAJIEHT-

HOM 30HK TOJABKO THNA (%/a, 3/5) U (%/z, Y/z). COOTBETCTBYIOUIHIT FraMHIIb-
TOHMAH 3aMKILETCH B BHIE

s (52) 309)

Hzk2 2
& 2m 3 Pr 0
Hy= (15.15.2)
2p = o
3 2m
fi2k2
0 0 2m

rae P=(S]|p.| X). Bubupaem dasy S Tak, uToOH P okasaics Belle-
cTBeHHbIM. JlMaronanu3saiusa raMuabToHHaHa (15.14.2) paer ans 30HbB

[1pOBOJHMOCTH e € &2  2m? 72
122 ; Ee / =
b= 1+ (5 e (15:15:9)

Buipaxenue (15.15.3) umeer Ty xe ¢opuy, uto H (15.14.4), 3a uckmo-
yeHHEM MHOXUTend 2/3 B NOAKOpeHHOM BupaxeHuH. ONTHYeCKasn
sxpeKTHBHAA Macca OlpelensieTcss COOTHOLIEHUEM

- l(§)2+3ﬁpﬂkﬂprm. (15.15.4)

m* 3m? 2 3m?

Wmnyasc Pepmu kp noayuaetcsa u3 (15.14.6):
kp=(3n2N)'? =3,1- 10¢ cm L,
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ITepenHmeM (15.15.4) B BHze
2K * —172 4p
_1+K<1+Emkp> v re K=73

IMocrosnuyio K nerko omnpejenuTh N0 3HaYeHHIO 3pGpEeKTHBHOH MACCHI
y aHa 3ouul nposogumoctd m* (0) =0,015m:

=14+K=66,7, K=65,T7.

(15.15.5)

m* (0)
[Toncrapasis sto 3uauenwe K H kp=3,1.108 cu~! B (15.15.5), nony-
yaeM m* = 0,032m. VckoMoe 3HaueHHe NJAa3MEHHOH YACTOTH PaBHO

4nNez 172
p= <mL—) =7,9-10" cex?

M, ciefloBaTenbHO, A, =23 mxu. Hynesas (MuHMMasibHAs) oTpaxa-
Te/NbHAs CIIOCOBHOCTD COOTBETCTBYET 3HAUEHHIO &= l:

eL<1—£';—)=1.

Orcioga HaxoguM A (R=0)=24 mxm. B 3anaue 15.14, nonaras 3oHy
uleanpHO napaosnuueckol, Mbl nonyuunau A (R =0)= 15,5 uxm. 3Ha-
YMT, (ONpaBKa Ha HenapaGOJMYHOCTL 30H BechbMa CYIIecTBeHHa.

15.16. OcoGenHoctd Ban-XoBa uMelOT MECTO B TeX Todykax k-npo-
CTPAHCTBa, JJIs KOTOPHIX

Ve (B, —8,)=0. (15.16.2)

3anumem: 8, — &, =8, — A[cos (k.a) + cos (k,a) — 2] (€, — wupuHa 3a-
npeweHHo 3oH npu k=0). Ocob6erHoctn Ban- X oa ABJSIOTCH
COBMECTHLIMM pelleHUSIMH ypaBHEHHH

% (8, — &,) = Aasin (ak,) =0,

. 15.16.3)
%(gc—gu)=Aa51n (ak,) =0. (

Ecnu orpanuyuM 3HaueHus k nepBoil 30HO# Bpuimosna, TO 3TH oco
GeHHOCTH (ky, R,) GYIYT MMETh BHJ

0, 0)
0+ %)
b= (25, 0) (15.16.4)
(¢ 3.+ 3)
0, 0) — MurHMyM (m), <i x ig) — vakcuMyM (M), a ocTanbHbie

KPDHTHYECKHE TOUYKH HABJAOTCH CELJOBhHIMH TOYKAMH (S)
394



Utobnt HaiiTu GOpMBEl €; B OKPECTHOCTH KPUTHYECKUX TOYeK, pa3-
JIOXKHM 3HEPreTHYeCKHe 30Hbl BOJIM3M HUX B PARbl 1O ki U k:

sGmsn [0, Of: & — &, =5 A[AR A= A (AR)?,

B61M3H [% %]: 8 —8, (M)=— A[AR+AR)] = — 3 A (AR),
(15.16.5)
s6anan [0, 5 |: 8—8,(S) — 5 A[AR; — AR,

TlnoTHOCTL COCTOSIHHA OKOJIO ABYMEPHOrO MHHHMYyMa (2 TaK»Ke€ OKOJIO
MaKCHMyMa) Jerko rnoayuaercs JudepeHuupoBatueM 1o & (k) dbyHk-
LM TJIOTHOCTH COCTOSIHMA BHYTPH OKPYXHOCTH paauycoMm Ak:
d [ 1 1
Nym=—|—n@Ak? = — ma E>E,
™ =g [W () ] nA? ' (15.16.6)
Ny(m)=0 aa E<&,.

AHa/MOrMYHO AJSi OKPECTHOCTH ABYMEDHOIO MaKCHMyMa
N,(M)=0 s E>8,(M),
1 (15.16.7)
NyM)=—z7 a1a E<E&,.

[170THOCTb COCTOSSHMA OKOJIO CeIJ0BOH TOYKHM HaXOAMTCs 1o GhopMyJie

_1(_a ;
N, (8) = WLS T (15.16.8)

rae dl —>sJeMEeHT HM309HEPreTHYeCKofd JHHHH (B ABYX usmepeﬂumg,
a [ — r10/1Hasl W303HEPreTHUeCKas JUHUS, COOTBETCTBYIOUIAs SHEPrHH 8.
IoacraBasa & —&,(S) B (15.16.8), naxoaum

Aky Max
1 Sdk,, 4 dk,

mA P dky  wA g0V Bk —2(E—E (SNA

(15.16.9)
rae ki max — MaKcHMaibHas BeJHUMHa k&, (mopsjgka pasMepa 30HBL
BpuiatiosHa 1/a), a kymin — €€ MHHAMAJ5HOE 3HaYeHHE, PaBHOE Hy.Io,

ecin € <8, (S), uan Vo (E—8,)/A n1n E>&,(S). Unrerpupys
ypaBHeHHe 515.16.9), noJayJaem :

N,[E—E& (9)]=

4 . 218—E&,(S)]\12 20E—&.(S
Nd ~nA {lﬂ [Akx Max '{_ (Aki Max — L——-A—g—)]) ]— In i—rﬂ}

(15.16.10)

Cief0BaTeNbHO, TJIOTHOCTb COCTOAHHHA MMeeT JorapuGMHYECKYK 0cCo-
6eHHOCTh BOJM3H ABYMEPHOH KPHUTHUUECKOH TOUKH.
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IHas paspelieHHBIX NepexofoB g mponopuuoHanbHa Ny/e?. Ecau
Hac HHTEpecyeT TOJbLKO NMOBEJeHHE ocoGeHHOCTed, TO 3HaMeHaTedb w?
A MOXKHO CYMTaThb NpHOJH3UTENBHO
NIOCTOSSHHBIM  BGJIH3H  KPHUTHYECKOro
suepreTyueckoro 3asopa. Caenosa-
TeJLHO, & OYAeT UMeTh CTYyINeH-
yaTele ocobeHHocTH (cM. (15.16.6)
u (15.16.7)) BOMM3M MHUHUMAJbLHHIX
M MaKCUMaJLHEX KPUTHYECKHX TO-
yek M JorapupMuyeckyo ocobeH-

L l > HOCTb (cM. (15.16.10)). Kpusras

. @m & oM © jpepreTuueckoro CIEKTPa  CXeMa-

Puc. 15.16.1. [Ipeanonaraemas 3aBH- THYECKH p[3o'3pa;xeﬂa Ha puc,
CHMOCTL E; OT 4acCTOThl q)OTOHOB ANnA 15161

MpAMBIX P‘“,f:p”;i*;;g‘;f MEMIOHHEX 15.17. B okpecTHOCTH JByMmep-

HOrO MHHHUMYMa [pU YCJOBHMH, 4TO

MaTpUUHLIN 3/7eMeHT p nponopuuoHasen CAR, us (15.16.6) naxoaum

e~Ng | (py2~8—& ma €>E,
(15.17.1)
g =0 s <8,

B OKPECTHOCTH ABYMEPDHOO MaKCUMyMa [Js IPAMBIX 3anpeleHHBIX
NepexojoB MNEPBOro nopsaika HUMeeM

g, ~8,(m)—& nnn E<E, (M),
(15.17.9)
g =0 s 8>8,.

Jlns OKPecTHOCTH CENJOBOM TOYKHM pacyeT HECKOMbKO ciloxHee., Ecun
{p|)=CAk, 10 (cM. (15.16.9))

{ —=-claep Akamx dh SEA A
e‘-r\/ i~ =
D %] o V(dkp 2088, (S
Aky Max AL —a
= dk, e, (15.17.3)
Ak min VAk; -

rae o =2[& —8&,(S)[/A. Hwxuuil npesen uuTerpana B ypaBHEeHHM

&

(15.17.3) ectn
Akpin=0 g a<<0,

Abpin=+Va m1a a>0.

Bepxuuit npegen — nopsjka "pasvepa 30Hei Dpuumosna,
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BospMeM uHTerpan B ypasHenuu (15.17.3):

Ak
x.Max Ak; — 1y
8[ ~ 2dkx by ——
V (Akxmln)z—'a’

ARy min

— Ak S
= (Akx VAki - a) Akl::‘:: = Akx Max-‘/(Akx Max)2 —&.
CrnenoBaTe/ibio, MHHUMasi 4acTb & BOJM3M 3HEPreTHYeCKoro 3a3opa
MOHOTOHHA JUIsl 3allpetieHHBIX 1epPexofoB MepBoro MopsakKa OKOJO
JIByMEpHOH cef1oBOH TOoukKH. Popma
KpHBOH BCEro CHekTpa CXeMaTHye- §
CKM H306paxeHa Ha puc. 15.17.1.

15.18. B OKpecTHOCTH JAByMep-
HOro MHHMMyMa (cM. 3agady 15.16) 1

MHHMasi 4acThb  JAHM3.JeKTPHYECKOH i
NPOHMIAEMOCTH paBHa (npeamosa- !
iy -

raeM, 4TO MaTpHYHbIC JJIEMEHTHl P 7 - m -
N10CTOS HHE) wym o, o, w
g, =KS—-2 _Aas 8> gg! Puc. 15.17.1. [peanonaraemas 3aBu-

CHMOCTh € OT YacTOTH (DOTOMOB Aas
(15.18.1) npaMeix 3anpelieHHEIX MeXIOMHBIX

g=0 s 6 < Sg_ nepexonos.

HonycruM, uro peadyJabTartsl (15.18.1) cnpasegnusn ans mo6oro 3ua-
uyenus suepruu €. CoorHomeHus Kpamepca — Kpouura pawior
foo)

w{__a
LI (&*-&) g~

g

e (8)— 1= (15.18.2)

3aMeTuM,- 4To MHOXHTenb 62 B (15.18.1) cymecTseH ans cXoiu-
mocTH uuTerpasa B (15.18.2). BeimonHssi WHTerpupoBaHHE B NpaBoil
gactd (15.18.2), Haxonum

o 12K 8
er(g)—l— " <2$2m 18'2—82]>€g
=n—’;zmmsg_m(fsﬁg)_mgzg_é’l]. (15.18.3)

AHajoryuyHo B OKPECTHOCTH ABYMEPHOTO MaKCHMyMa [Jis paspeuiex-
HBIX 11€pexo;l0B
% By
g
2 L) 14 " ,
o ®—1=5\ G g E ) e
-0 g 2 (812_82) g:

- = ;5;-__[21;1 8, —1n(8,+8—In8 8 (15.18.9)

Tak kak OCOGEHHOCTb B € OKOJIO ABYMePHOH CelIOBOH TOYKH
SIBJISIETCA JIOrapUMUUECKOH, TO MOXHO MPEeANONOXHTh, 4TO ocobeH-
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HOCTh B &, Oyler cTyneHuatodi ¢yukuued. JleAcTBuTeNbHO, BOJIH3M
0coGeHHOCTH m-THNA (MHHHMYM) HMeeM

e—1~ é;— [— —:I—lnlg — &, |+ i X (cTynenyaras (pyﬂxum)]. (15.18.5)

®yuxkuus B npaBoi vacTH (15.18.5) no/mkHa 6uITL aHATHTHYECKOR

B BepXHell NOJIOBMHE MNJOCKOCTH &.

End ®ynkuus i (e— 1) Takxke sBAsSETCH .

AHAJMTHYECKOH B BepxHeil INOJIOBH-

He >5TOH 1mJocKocTH. Ee MHumas

4acTb COJEPXHT JorapudMHYeCKylo

0COOEHHOCTb, H, CJe/J0BaTeJbHO,

OHa NpeAcTaBasteT €— 1 ans ABy-

MepHOH ceAnoBoii Touku. Ee Beuiect-

.a’”’ / BEHHAs YacThb SIBJSETCH CTYNeHuaTodH

@ (QyHKIUMeH ¢ OTPHIATENLHBIM 3HAKOM.
ITosTomy

———————

@, m i, (S)

=A ans E<§&,,
(15.18.6)
e,=B p1n €&,

Puc. 15.18 1. [Ipegnonaraemas 3asu-
CHMOCTh €, gas ABymepuux paspe- npuyeM A >B. ®opma Kpusoi
lueHHLIX NPAMLIX NEPEX0j0B. NIOJIHOTO CIIEKTPa CXEMaTHYeCKH H30-
GpaxeHa na puc. 15.18.1.

15.19. PaccunTaem MaTpuuHbIE 3JEMEHTH! P MEX]Y BAJEHTHOH 30HOH
¥ 30HOH NMpPOBOAMMOCTH AJsi COCTOSIHHS C KBa3MHMmyJbcoM K. B kaue-
cTBe Ga3uca AJ5 BaJeHTHOH 30HN BHOHpaeM ¢ymkuun X, Y, Z,
OHpC}leJIeHHble B 3a11aqe 15.14,

- (k X+ k)Y +k.Z),
(kX —B,Y), (15.19.1)

~l
I

Vk’+_k*

VEtE a8 +kJ+4kz
Ins cobcTBeHHBIX ¢yHKUMH K- p-ramunbToHMaHa B Bujge (15.14.3)
(BmbupaeM ¢assl S, yToSh P OBLIO BEULECTBEHHLIM) HMEEM

S {21 Gy

N
I

(kxX + k)Y + 2k, 7).

AT T2 T
B _f_i_’Pk\IS>——{l<_> (\_ﬁkP)J }Il)?”'
Sianca mAC)b

[V);=1Y) 1V);=12).

1Cy=

V) (15.19.2)
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3a ocu X, Y, 2, npeicTaBjslouye p, BhIGHpaeM OCb, COBNAZLAIOULYIO
c k, H 1Be NEpIEHAHKYJSpHbe K HEH OCH:

1
Px= & k- D,
1
Py = g CePs— ki),
1
P:= 1w 1o (kP kyp, — 2k.p.).

HaxopuM MaTpuuHBIE 3/EMEHTEl, HCIOAL3Ys BOJHOBHE (PYHKIMH
(15.19.2):
P

<C|px| Vie= (1 N 45:;;;2 ‘)l/2 ’
(€ 1Py VY= (ClPel VI =g TR
el -] )

(15.19.3)
=(C1p,i V)i =(Clpxi V)i={(C|p:| V)i =0.
15.20. InvHHOBOJ/IHOBas 3JEKTPOHHASN AUIJEKTpPHYECKas NpOHHIae-
MOCTb AJIs NOJYNPOBOAHHKA C H3OTPONMHOM LMPHHOM &, npuéauxeHHO
paBHa [35] 5 '
2
Boo = 1+(—”> ) (15.20.1)
&g
3nech &, —nouTn W3OTpONHAA WIMPUHA 3aNpelieHHOH 30HH y Kpasd

30HBI Bpn.nmoaﬂa, a gp—n.ﬂa3MEHHaﬂ 3Heprus BaJIEHTHBIX 3JIEKTPO-
HOB, AJA KOTOpOI‘;I MOXXHO 3anHcaTth

8,=h (4“:”)"’, (15.20.2)

rae N — KOHIEHTpalHs BaJeHTHBIX 3JEKTPOHOB. ¥ 3TOro maTepuana
Ha aTOM NPHXOAHTCA 4 (BaJIEHTHBIX) 3/1EKTPOHA, a Ha 3JeMEHTAPHYIO
AyeHKy — 8 atoMoB, N03TOMYy N =4-8-a3=2,01- 10% asexkmpon - cm2.
Us dopmyast (15.20.2) naxoanm &,= 15,8 26, a u3 dopmyn (15.20.1)
8,=15,8/)/11=4,75 s8.

15.21. MuuMas 4acTb AH3J€KTPUYECKOH NPOHHIAEMOCTH 3aNHIIETCS
Kak

2nthe?

& (0) =— fN, (), (15.21.1)
rze f=7(§7l<lp-e|)‘2—cn.na ocumanATopa, a Ny,— cymmapHas
IIOTHOCTb COCTOSIHME 1/ 3HEprud 8 = Aw:

; 1 /9m* 32 /o

Ny (&) = _2?(_;’;_) VE—¢,.
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Jas ynpouweHdHs npHMeM

7] ((D)=‘f"2‘l g—sgv

e
npHYeM
*3/2
A=22C07 \(pei)P. (15.21.9)
BeliecTBeHHYI0 4acTh € HaleM, HCIIO/L3ys COOTHoweHHs: Kpamepca —
\ Kpornra
2 (&) g
o &) —1=2p cal) o _
Lo
94 . ¢ VE’—&,,
=P — d&€',
] . S €& _&)
Gg

(15.21.3)

rie P o3Haya€T, 4TO HHTerpaa B
ypasHenuu (15.21.3) Gepercs B
CMBIC/IE [JIaBHOrO 3HAY€HUA, KOTO-
poe Jerko HaWTH, HCIOJb3yd KOH-
Puc. 15.21.1 Koutyp muterpuposa- TYP, TOKa3aHHbNi Ha pHC. 16.21.1.
Hiff, HCNOJb3YeMEI! s pacvera Be- Vl3-3a TOuUKM BETBJIEHHS TOA-
eCTBeIIHOH 4aCTH IHINEKTPHUECKOH HHTerpaanQro BbIpa)XEHHA OKOJIO

MPOHMUEEMOCTH B OKPEeCTHOCTH oco- € __ £ HHTErPHPOBaHKE N0 5TOMY
€enHoctH Ban-Xosa s npsMbx 8 )

paspelmieHHBX  MeX3ORubX mepe- ~KOHTYPY €T y1BOCHHOC SHAUCHHE HC-

X0a08 KOMOI'O HHTErpaJia. ﬂo:—nomy HaxoiduM
. A P
a,(é)—1=g;[2V8g_V$g+$] s €8,
(15.21.4)

a',(as)_1.—.é[2w§g—v8g_g_l/gg+z] an <8,

15.22. OTpaxaTenbias CrnocoGHOCTL A NPH HOPMAaJbHOM NaJeHHH

CBE€Ta HAXOAMTCH U3 COOTHOleHHs PpeHess
(?,—1)"—"i

R = —‘—L—“——.; 15.22.1

(n,+ 1) +ni’ ( )

rie n=~n,-}-in; — KoMIIeKCcHbBIH Ko3dduuuerT npenomnerus. [Ipowus-

BOAHAA OTpaXKaTeJbHOH CIOCOGHOCTH N0 3Hepruu (oToHOB & Hmeer

JBE COCTAB/IfIONIHe, H3 KOTOPLIX OJHA NpPONOPUMOHANbHA dn,/dE,

a apyras dn;/d§é. Bropoit cocTaBasiowell B6iu3M HaumeHbeld &,

MOXKHO MNpeHeGpeub, TAaK K4K €e 3HAaYeHHE BCErJa HAXORHUTCA YMHO-

JKEHHEM Ha BEJH4MHY n;, KOTOPasi PaBHa HyJiO HHXKe HauMeHblero &,.

BemecTsennas uacTb n, T. €. n,, NO3TOMY paBHAa n,~ V¢, u
dR ni—1 dn, e,—1 1 de,
AT S VO o
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H3 (15.21.4) nonyuaem

%:E’;—z(gg—g)—‘ﬂ s E<E,,
(15.22.3)
2;: =0 s E>E,.

B Buipaxerusx (15.22.3) Mbl coxpaHsieM TONBKO CHHTY/ISIDHbLIE Y.I€HH,
npornopuroHanbHue (&, — &)~ !/, Bce npyrue u/eHbL HAMHOrO MeHblue &
U OoYeHb OJU3KH K 8g. Ilo 3TO# ke NMPHYHMHE MOXHO NPENNONOXHTL,
YTO KO3(xpHUHMEHT, HA KOTOPHIH yMHOXaeTcs de,/dé B COOTHOWEHUH
(15.22.2), nocrosineH u papeH 1/48. CieaoBaTennHO,

4R _ A @12 a1
i€~ ®.2(6.16 100 &,— & spt.  (15.22.4)

U3 (15.21.2) raxomum nocrosirnyio A =3,4- 10718 5p2-3/2, TloacraBnss
370 3Hauenne A B (15.22.4), monyuaem, ecnu sHeprust GoToHa Bhipa-
XeHa B 3prax:

% =1,4-104 (8, — &7, (15.22.5)

HJIK, eCJIH 3HEPrusa (bOTOHa BbIpaXX€Ha B 3JIEKTPOH-BOJLTAX,

4R _ @i
X =008, &'~ (15.22.6)

M3aMeHeHue B OTpaxaTe ILHOM CIIOCOGHOCTH, 00YCIOBJIEHHOE SKCHTOH-
HuME 3tdexTamMu (3/1eKTPOHHO-ALIPOYHOE B3aHMONEHCTBHE), U COOT-
BeTCTByIOllee H3MeHeHue dR/d€ cxemaTHuecKM M300pa)eHol Ha
puc. 15.22.1.

&R
R ﬂ\ d&h ;7((1)11/770/!0/

N A
— \ lem sncumonal

Hem swcumornod
/

(W3
X

< — L.

& N7 8

Puc. 15.22.1. 3aBucuMocIb OTpaxkaTebHOft crmocoGHocTH R M ee NpOM3BOIHOH
dR/d€ or sueprun & BGAM3M HauMeHblledl IUMpHMHBL 3ampemensod 3oum B CdSe
A5 TIEpeXoj0B 30HA — 30Ha.

nyHKTHpOM TIOKa3aHO BJHAHHE 3KCHTOHHOIO B3aHMONEiiCTBHR Ha 3TOT CNEKTP.

15.23. PaccMoTpuy, . Hanpumep, MakCHUMyM BaJIEHTHOH 30HBI IIPH
kE=0 #H MMHUMYM 30HH IPOBOAMMOCTH Yy Kpas 30HW bpuJmosna K.

14 3apazu no duawke 401



OKCHTOHHBIE COCTOSIHMS, OGDA30BaHHBIE H3 3THX 3JEKTPOHHBX H
HAbIPOYHBIX COCTOsIHHMH, uMeloT 3Hepruu (aaf K B okpectHocTH Kj)

2 (K — Ko)®
& (K— Ky) = S (mirmy) + Eexc (Ko). (15.23.1)
3nechk é’m (K,) — cobcTBEeHHOE 3HAueHHE YPaBHEHHA [/l OTHOCH-
TEJLHOrO JIBHXXKEHHMS 3/€KTPOHA H JhIpKH IJIIOC 3HEPreTHYeCKH#A
3a3op. [IpsiMBle ONTHYECKHE IIEPEXOJbI HA 3TH IKCHTOHHLIE COCTOSHHA
3anpelleHtl B CHaY YycJ0BHA coxparHeHus K. DTH Iepexofisl, OJHAKO,
CTAHOBATCH pa3pelieHHbIMH, €CJIH H3Jy4aeTcs HJIH HorJomaercs GoHOH
¢ umnyascom K, MHumas HacTb € (a Takxe KO3(pdHUHEHT NorJole-
HHSI) NPONMOPUMOHA/BHA IIJIOTHOCTH 3KCHTOHHBIX COCTOAHHME N4, KOTO-
pasi u3-3a napaGoJHYECKOro AMCIEPCHOHHOro 3akona (15.23.1) pasna

NdNVg_gexc-

ITosToMmy /151 paspelleHHLIX IE€PEeXOJ0B BeJHUYHHA E; NPONOPIHOHAJbHA

€ —&,.., TaKk KaK MaTpHuHBIA 3/EMEHT nocTosiHeH. Jlas 3anpelneH-
HhIX IEPeXOJIOB IIEPBOrO MOPSAKA HYXHO JA0GABHTb Ellle MHOXHTEJb
& —&.,., urobnl yuects, uto ( |p|)=0 n1a K=K, u g))NIK—KoI
a1 K B okpectHoctn K. ClefoBaTennHo, & ~ (€ — o )¥?.

15.24. Bruipaxenue aas e (€), 3anannoe ¢opmymoit (15.24.1),
SABJISIETCH MHHMOH 4acTbio (yHKLHH

FO) ~ g
gexc_g_ /2Ty
dra (yHKUMS YAOBJETBOPAET BCeM TPeGOBAHHAM, KOTOPHIE JO/IKHBHI
BBIUIOJHATLCH A/ pasHOCTH e— 1 (peryjasipHoe MnoBefieHHe HA 6ecKo-
HEYHOCTH, IOJIOCH TOJBKO B HIXHEH mosaynmockoctd &):

Beoxc —E—TA
5, — 1 = — )~ e . 15.24.
’ Re (=D~ g e Byt oy (15.24.3)
15.25. Tlpoussenerne npeacraBaenuit I'y u I'e MoxHO 3amucats
(ucriosb3yst, HanpuMep, Tabauubl xapakTepoB B [31]) B Buze

I‘;I‘G_=I‘15+ F25+r12’. (15.25.1)

JnA JMNOJBLHBIX NEPEXON0B SKCHTOH JO/KEH HMETh CHMMETPHIO X,
T. e. I';;. CrefoBaTesbHO, €IMHCTBEHHO pa3pelICHHBIMH 3JEKTpHUe-
CKH-AMIIOIbHKIMH TIEPEXOJaMH HBJISIOTCH Iepexoinl B cocTosrHe I'ys.
Jlna KBajpyNOJBLHEIX II€PEXOJI0B 3IKCHTOH JO/KEH HMETh CHMMET-
pHIO X;X;, KOTOpasi NMpH HHBEPCHH COXpaHseT ueTHocTh. Bce npen-
craBneHus B ypaBHeHuw' (15.25.1) HeueTHble, 3HauHT, BCE NMEPEXOAI
HAa 3TH YPOBHH SBJSIOTCH KBAJAPYIOJBHLIMH 3aNpelleHHbIMH Tepe-
XOJIaMH.
15.26. MickoMble MaTpHUYHBIE 3JIEMEHTHI PaBHH

(T 1px| XDy (2l Dy X).
Bce apyrue MaTpHuHbIe 371€MEHTHI JHO0 paBHBI HYJO, JHO0 HX
MOXXHO OITpEAEJHTh C [OMOINbIO JAAaHHRIX MaTPHYHBIX 3jemeHToB. Cob-
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CTBEeHHBIe BEeKTOpH | X),|Y), | Z ) ABAAOTCA COCTOSSHUAMH 3/€KTPOHOB
BaJIEHTHOH 30HEI, OTHOCALMMHUCH K NpeAcTaBjeHHo Iy, KOTOphIE, Npe-
o6pasyoTcsi KaK Yz, 2X W XYy COOTBETCTBEHHO, H |Xx), [Y), |2) —
COCTOSIHMA 3J/IEKTPOHOB 30HBI TPOBOAMMOCTH, OTHOCHIIMECH K Mpel-
cTaBjeHuto I'y;, koTophle npeobpasyoTcs Kak X, Y, 2.

Mapuor [38] naeT cHMMETPH30BaHHYK KOMOHHALMIO IJIOCKHX
Bosd Tuna [111], koropbie cOOTBETCTBYIOT cocTosinusM |X), [Y),
\Z), |T), |x), (), '2); wanpivep,

Ty — "ls (1] 111111 111 = [1T1] —
— 1] =111 =[IT1]},
([111] = [111] [T [1T] 4+ [111] -
—[ITT][I]4[111]),  (15.26.1)
|2) = .V—ls——{[llll—[illl—[111]+[1111—[TTT]+
4+ [1T] 4 [111] (1113}

Cocrosinus [jkl] npeacTaBasitoT co50d MJIOCKHE BOJIHE, HOPMHPOBAH-
Hble Ha OOBEeM KpHcTasna,

|

<

1X)=-

|

8

=

exp[ "2 i (jx-+ hy+12)|,

rie a—nmnapamerp KyGuueckoii pemeTky. OcTajbHbE COCTOSHHSA
MOXXHO TIOJYYHTh LHMKJHMYEcKoi nepecraHoBko# B (15.26.1). Mckombie
MaTpUYHBIE 3JEMEHTH JerkO HaxoluM, JIeHCTBYs oOnepaTopoM p Ha
CHMMeTpH30BaHHbHE BOJHOBble GyHKnuHu (15.26.1), ymMHOXas 3aTeM
cleBa HAa COOTBETCTBYIOUIYKO CHMMETDH30BaHHYKO KOMOMHAUHIO H
MHTErpupys no obbeMy KpucTasaa. Ilomyuaem

2 2
(Tor| pel Xy = g [1H 14 14 14 T4 14 10 1]= T, (15.26.2)
. i 2 2 . .
<Z|py|X>-_—8‘%[1—{—1—{—1+1+1+1_*_1_*_1]:73‘
Ot™eTuM, uTO (ha3oBhie MHOXKHTeNH (i) ypaBHenu# (15.26.2) npous-

BOJIBHHI.

16. CBepxnpoBOJHMOCTb

16.1. W3 skcnepumenTa cJjeayer, YTO BpeMs  peJaKcauHu
2,5-10¢

Asl  3aTyXaHUsl 3/EKTPHYECKoro Toka Cofblie, YeM o=y CeK,
T. e. T=>1,25-10° cex. Bpemsi pesnakcaluMd paBHO OTHOLUEHHIO
UHAYKTHBHOCTH L K conporusienuto R. WHAYKTHBHOCT: paBHa
Ax- 10~*wd/l (B 2n), rie w — 3bdeKTUBHAA UIMPHHA H30AATOpa, d —
sibekTHBHAs [yOMHA M30MATOpa M [ — AMMHA TPYOKHM (BCE pa3Mephl
nAaHbl B caHTumerpax). IlockoabKy uiMpHHa TPYOGKHM 3HAUMTENbHO

14~ 403



Gosblue, uyeM ee rJy6HHA, CONPOTHBJEGHHE paBHO Zpw/tl, rae p—
yAeJbHOE 3JEKTPUUECKOe CONPOTHBJIECHHE H { — TOJNIIMHA CBHHHOBOH
CTEHKH BepXHell MM HHXHeH vactu TpyokH. Her HeobxopuMocTH
pasnuuaTe 3PPEKTHBHYIO IIHPHHY H AEHCTBUTENbHYIO, IOCKOJIbKY
NoC/IeHAA HAcTONbKO GoJiblle [IyOHHbBI IPOHHKHOBEHHA MOJSA, 4TO
3¢dexruBHasd ray6uHa d He O6ojblle, YeM CyMMa JeHCTBHTE/NbHOH
r1yOuHBl W3O0JALMH M YABOEGHHOH I[VYOGHHEI IIPOHHMKHOBEHHSA.
Takum o6pa3oM, Bpems pesnakcalHd paBHO

_4n-10%wd/l  2n-107%%d (c
T 20w/l T P ex)

(3mech p H3MepeHa B oM -cM). YUuThiBasA pasMepel TPYOKH H YKasaH-
HylO TJYOHHY INPOHHKHOBEHHMA, JJIH YIEJLHOIO 3JIEKTPHYECKOro co-
NpPOTUB/IEHUA P (B OM-CM) IOJydaeM
9n.6.1,2.10718

P<—"T125.108

=3,6-10-%,

Cnenyer OTMETHTb, YTO HH B OJHOM 3KCIIEPUMEHTE CO CBEDXIIpO-
BOAHHKAMH l-ro poja He GbLIO OGHApYyXEHO KOHEYHOro 3JEKTDHYe-
CKOrO COINPOTHBJIEHHWA [/ TIOCTOAHHOrO TOKA.

16.2. Kondurypauus JMHHH MarHMTHOrO IIOTOKa, Tpebyemas IO
YCIOBHIO 3ajaud, nokasaHa Ha puc. 16.2.1. Ilpu T > T, HOpMaJb-
HHIA MET&JJl HAacTOJAbKO CJa60 HaMarHH4YeH, 4YTO 3TO IIPHBOJHT
K npeHeOpeXHMO MajiOMy CMEleHHi0 JHMHMA MAarHiTHOrO IOTOKa

Y

. /—\
; —_—
] \ /
N\ Z
o ——

\\_//‘ v >

S

a) d) f)

Puc. 16.2.1, CxemaTHueckas jgdarpamMma, [OOKa3blBaKIas PaClOJIOKEHHe JHHHH
MA4rHHTHOTO MOTOKA.

P
C

T 1T

/

a) Jlns HopmanbHoro, o6ajaiolero aKTHSHbIM COTIPOTHBJEHHEM MeTaJJja. IIOMEeleHHOTOo B Mar-
HuTHoe mnose; 6) ANA MeTanna UupH T<T, mnepcuepuero B caepXnpoROAfIiee COCTOAHHE;

68) AnNd MeTansa, CONPOTHRJIEHHE KOTOpOrO PaBHO HYJAK, HO He oﬁnaaamu;ero CBOiCTBOM CBEpX-
NIPOBOAKMMOCTH.

(puc. 16.2.1, a). B meranne, kortopsiit npu T < T, CTAHOBUTCHA CBEpPX-
NPOBO;HHKOM, Habuiojaercsl INOJHOe BLITECHEHHE MArHHTHOrO MNOTOKa,
3a MCKJIIOYEHMEM TOHKOrO CJIOSi BO/MM3H moBepxHocTH (puc. 16.2.1, 6);
CBepXIPOBOAHKK 1-ro pofa BeseT ce6Gs KaK HeasbHblH AMAMarHETHK.
Takoe BhiITeCHEHHE MarHHTHOrO IIOTOKa M3 BHYTpDeHHeH o06JacTH
CBEPXNPOBO/IHHKA HasbiBaetcs 3sddexkTom MeiiccHepa. ekt Meiic-
CHEpa He SfABJAETCHA De3yJbTaTOM HCUYE3HOBEHHS 3JIEKTPHUECKOro CO-
npotuByieHds. JlefdcTBuTeNbHO, ecid Gbl CONPOTHBJIEHHE HOPMalb-
HOr0 MeTa/jna Hcuesano, 3bdexkt 6wl Obl TAKHM, 4TO IPENATCTBO-
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BaJq Obl JIOObIM M3MEHEHHSIM MArHUTHOrO NOTOKA BHYTPH MaTepuasa
(mokasano Ha puc. 16.2.1, 8, KoTopmit uaentHueH puc. 16.2.1, a).
Bruipaxenue (16.2.1) Moxer GhITh 3aMHCAaHO B CJEAYIOUIEM BHJE:

crot (:g) =—H. (16.2.2)

910 ypasHenue Obi1o noayueno D. Jlongonom u I'. JlongoHoM H uacTo
H43blBaeTCH ypaBHEHUEM JIOHJOHOB.

Ecau nonb3oBaThesi ypaBhenuem Makceenna 4njjc=rot H, To
MOXKHO HalTH, 4TO

rotj==4c—nrot rot H=——%2H,

2
VEH — 4nne H.
me
IlpeanosioxuM, 4TO paccMaTpUBAETCS OJHOMEPHOE pelIeHHE BUIA
H=Hoexp(—- %),
L

raie Hy,— none Ha noeepxHocTH, a H — mojie B CBEPXNPOBOJHMKE HA
ray6une x. Toraa

H x H
o Speno( = £) = .
! mc? \1/2
M——*(;fw> (16.2.3)

IlopctaBuM B BhipaXKeHHe JJaA Ay 3HAYeHHsl 3apsia 3J/EKTPOHA
(e=4,8-10"" ex. CI'C), ero Maccu (m=9-10-% ¢), a Takxke pasym-
HYIO BEeJMYUHY KOHUEHTPAUHH 3/EKTPDOHOB B MeTa/nax (~ 1022 cum-3),
Tlonyuum Bemuuuuy A; nopaaka 10-% cu. Takum o6pasom, Mbl BUAHM,
YTO BeJHYMHA MArHHTHOrO NMoJfA GyleT GBICTPO YMEHbINAThCs A0 HYJIs
Ha OueHb MaJjoi rJyGHHE OT NOBEPXHOCTM CBEpPXIpPOBOJHMKA. 3TO,
OuEBHAHO, corjacyercsi ¢ 3pdexkTom MeliccHepa.

BenuuuHa A, Ha3piBaeTCHA JIOHZOHOBCKOM riyGMHOH NPOHHKHOBe-
HHSl, H ee 3HauyeHue, COrJIaCHO NpPUBEAEHHOMY COOTHOILIEHMIO, He-
CKOJIbKO MEHblIe, YeM 3Haye€HHe IJYOUHB NPOHUKHOBEHUS, HabJojae-
MOE€ B HCTHHHLIX CBEDXIPDOBOZHUKAX. TeM He MeHee (peHOMEHOJIOrHW-
yeckass Teopusi JIOHJOHOB OKa3biBaeT 3HAYUTENbHYIO HOMOULL I1pH
MHTEPIpeTaLHy NOBEIEHUs CBepPXIPOBOJHUKOB.

Cnrenyer OTMETHTb, 4YTO MCNOJNL30BAaHME YypaBHEHHH Makcsenna,
He MoAu(HUHpOBAaHHKIX JIOHIOHOBCKOH Teopueil, AAf c/ayyas, KOraa
3JIEKTPUYECKOE CONPOTUBJIEHUE DPABHO HYJ/iO, AaeT

4 _ ne
dt — m
H TIPUBOAMT K YPaBHEHHIO
. np2 s
Vi =2 gy
ne

KOTOpOe O3HayaeT, YTO CKOPOCTh M3MEHEHHH HOJsA (a He caMmo IoJe)
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oOpamaercsi B HyJb BHYTPH COBEDILIEHHOrO IPOBOXHHKA, KOTODHIH
B TO e BpeMs He o0sajjaeT CBOHCTBOM CBEDXIIPOBOXMMOCTH.

16.3. BesuuuHa KPHTHYECKOro mojs Ais ojosa npH 2 °K moxer
ObITb paccyuTaHa U3 CJeLyHWEro NPHOIHXEHHOrO COOTHOILEHMS:

1= (7]

IToncTaBnsis B 3TO COOTHOILEHHE BEJHYHHEI, AAHHbIC B YCJOBHH 3al1ayH,
HaxoauM np¥ 2°K H =217 3.

BenuyuHa TOKa, KOTODHI MOXeT NpPOTEKaTb B OJIOBSHHOH IpPOBO-
JIOKe, HaxOoAsuleHcs B CBEPXNPOBOASAIIEM COCTOSHHH, MOXeT - ObTh
Halifena mno mnpasuay Cusc6u. MarnuTHoe nose Ha INOBEPXHOCTH
[IPOBOJIOKH PafHycoM 7, HHAYyUMpyeMmoe TOKOM [, paBHo 2//d. TakuMm
oopasom, nipu 2°K aaa npososoku ¢ r=0,05 cu

I max %—;— d-217 ex. CTCM = 54,3 a.

Eme pas Hcnoabsys npaBuao CuicGH, Haxoium, YTO AMAMeTp
NpOBOJIOCKH MOXeT 6hITb yBeawueH xo (100/54,3)- 107! cu~0,18 ca,
ec/M 3HayeHHe KPHTHUYECKOro Toka yBenuuuBaercs jo 100 a.

CrnenyeT OTMETHTb, YTO IJIOTHOCTb KPUTHYECKOrO TOKa B CBepX-
DPOBOJIHMKAX 1-ro pona yMeHbIIAeTCs ¢ yBeJHYeHHeM AMameTpa Ipo-
BOJIOKH, 3 KPHTHYECKHH TOK IPONOpIMOHAJEH AXMaMETPY I[POBOJIOKH,
a He NJIOMAJH ee IOMEPEeYHOro CeYeHHS .

16.4. MarHuTHEE CBOHCTBA CBEPXNPOBOIHHKA MOryT ObITb O6BAC-
HEeHH HaJ¥yMeM [I0TOKa IIOBEPXHOCTHEIX TOKOB, KOTOpblE CO3AAl0T
BHYTpH o00pasna MarHMTHOE IoJe, MO HAaNpaBJeHHI0 I1POTHBONOJOXK-
HOE NPUJIOXKEHHOMY IIoM0. 3ra KoHuenuus TpeGyeT, yToObl MarHHT-
Hasg WHAYKUMA B;, none H; u HamarHuyenHocTs M; BHyTpu obpasna
O6bliM paBHLIMM HyJo. [lasee, cHapyXu ofpa3slia MarHMUTHAs HMHAYK-
nus B paBHa cymme npusoxeHHoro nmoas H u noas H;, obycJaos-
JEHHOTO HaJH4YHeM II0BeDXHOCTHHIX TOKOB. OjHako uacTo ObIBaeT
yaoGHO mnpeHe6peyb IIOBEPXHOCTHEIMM TOKAMH H BMECTO 3TOro pac-
CMOTpeTb CBEDXIPOBOJHUK KaK COBEPHIEHHHIH AMAMArHUTHBIH MaTe-
puaJj, BOCIIpHUMYHBOCTb KOTOpOro paBHa — l/4n. Ecau npuHATH Takoi
NOAXOA, KaK 3TO ¥ OyJeT CHeNaHO NPH pelleHuH 3TOH 3aayd, TO Mhl
COXpaHsieM YCJOBHE TOrO, YTO MarHMTHas UHAYKUMS BHYTpH ofpasua
paBHa Hymo, HO H; u M;, oueBHJHO, He PaBHH HyJIO. BHewHss
MHAyKuUs B Bce eme paBHa cymme H u H,, vo H; ciaenyer
Telnepb PacCMaTpHBATb Kak IoJe, o0YCJOBJIEHHOE HaMarHUYeHHOCTHIO
Bcero obpasua.

Ilpu peweHun 5TOH 3aJauH He BO3HMKAeT HHUKAaKMX TPYAHOCTEH,
korja O0<<H <<H:(1—D). Tor ¢akT, yro obpasel MMeeT 3JJIUICO-
ujanbHyo opMy, O3HAayaeT, YTO HAMarHWYeHHocTh M mocTosiHHA Mo
BceMy oGBpeMy ofpasna no Kpa#iueil Mepe makpockonuyeckd. I[Tone H;
BHYTpH o00pasia jaeTcs BHpaXKeHHEM

H,=H —4aDM. (16.4.1)
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Ilockonbky BHYTpH 0OO6pa3ua 3HaYeHHS UHIYKUHMH DaBHH HYJIO,

B,=H,+4naM =0, (16.4.2)
TO M3 ypaBHeHui#t (16.4.1) u (16.4.2) moayvaem
H

Curyanus cTaHOBUTCA GoJiee CJIOXKHOM B Cjiyuae, KOTAA
H.(1—Dys<<H<H..

PaccmoTpuM, UYTO [NPOMCXORMT, ec/aM NpuJokeHo none H =
=H.(1—-D). Toraa B coorBerctBuu ¢ (16.4.3) M=-—H /4n u
H;=H_. I{pyrumud cJoBaMH, C/JefyeT OXHUJaTh, HTO IIPOBOJUMOCTb
obpasiia cTaHeT HopMaJjbHOH. Ecau Tak, TO HaMarHuueHHocTb M
noHu3urcs Ko Hynas u H;= H <H; nocjiefHee COOTHOLLEHHE ABJIACTCH
yCJIOBHEM TOro, 4YTO ofpa3el; CTaHOBMPCA cBepxmpoBogswuM. Ilapa-
JIOKC MOXET OHTb YCTDaHEeH, TOJIbKO €CJM NPERNOJOXKHUTb, 4TO 06BheM
ofpa3ua pa3buBaeTcss Ha JBe 06/aCTH — HODMaJjIbHYI0O H CBEpXIIpo-
BOJALULYIO.

Ipu ycaosuu H. (1 — D) << H << H, roBopAT, yTo ofpasel, Haxo-
JUTCA B I[IPOMEXYTOYHOM COCTOSIHMHM. BO3HMKHOBEHHE IPOMEXYyTOu-
HOT'O COCTOIHHA CJEAYeT HCKJIOUMTENBHO M3 3PdekTa pasMarHUYHBa-
HHA, CBSI3aHHOrO C reomerpueit ofpasia, B TO BpEMsA KaK CMelLIaHHOe
COCTOSIHME CBEPXIPOBOJHMKA 2-r0 pOJAa HE 33aBHCHT OT I'eOMETpHH.
Il npoMexyTOYHOIO COCTOSIHHA MoJie H,

H pomxno 6biTh GoO/blle HJM PaBHO  or §
nomo H, B HOpMa/JbHLIX OOJACTAX, H
MeHble, ueM H; B CBEpXNpPOBOAALIMX M
ofnacrax. dns obeux obaacteir Mbl
oxupaem,uto H; ~ H,. Takum obpa3om,
cootHowenue (16.4.1) npuHuMaeT Bup

H,~H —4aDM,
4YTO B IIpepese IIPUBOAUT K BhIPpaXE€HHIO

H.—H )
M='——Z‘:§I—D—'. (16.4.4) )
Hamaruuyennoctn jgaerca  Qopmy- ' 24/3
noit (16.4.3) mpy O<H<<H.(1-D) .. 1641 3 )
u gopmynoit (16.4.4) npu Ho(1—D) < jauennoctu or seaamns: npiro-

I/
PR

< H=<H,. JKEHHOTO TIONA IJIA CBEPXTIPOBOA-
BecKOHEUHO  NpOTAXKEHHBIH  IiM- Huka l-ro poaa.

JHHJpP, OCb KOTOPOrO COBMNANAE€T C a--A1% OeCKOHEWHO MPOTARCHHOrO
HaIlpaB/eHHEM II0JIs, MOKET PacCMaT- ~ o o O e .
pUBAThCA KAaK 3J/JIMIICOMJ BpallECHUA

¢ a>b u e=1. PaamarnuuuBaomuit paktop D B 3TOM ciyyae pa-
BeH Hymo. [as chepst a=6 u e-»0, orciona Haxomum, uto D= 1/3.
Ha puc. 16.4.1 npusegen rpapuk 3aBHCHMOCTH HaMarHHYEHHOCTH
OT NpHJIOKEHHOTrO Mojs jgas ciayyae: a) D=0 u 6) D=1/3.
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OrmeTnM, YTO fAif GECKOHEUHO NPOTSKEHHOrO LHMJIMHADA, OCb
KOTOpOro INEepNeHAMKYyJsipHa HaupaBJjieHuio noasg, D=1/2; B 3ToMm
c/lyyae NPOMEXYTOYHOE COCTOsiHHe Habmonaercs npu H = H./2.

16.5. PaanocTs Mexay cBOGORHLIMH 3HeprusiMu ['uG0ca (Ha enu-
HHLY o6beMa CBEPXNPOBOJHHKA) B HyJIEBOM moJje H B none H Gyner

H

G (H) — G, (0)=—§{ MdH

0

L5t 3JMJMICOMaNbHOro 06pasua ¢ OfHOPOJHOM HaMarHuyeHHoCcThio M.

SixpexT MeiiccHepa NMOKa3bIBaeT, YTO CBEPXNIPOBOLHHK $B.IsETCH
WJealbHbIM JHaMarHeTHKOM, Tak 4To paboTa (Ha efuHuny oOBema),
NpOM3BOAMMAas NpPH NpUJNOXKeHUH noisg H, paBHa

oo Hz
\ MaH——¢.
51
0
CnenoBaTenbHO, Ha €IHHHLY oObema
He
GS (H) —GS(O) :81—'(.
Korna BHeiHee mosie CTaHOBHTCSE DPaBHBIM KPHTHYECKOMY,

Ht
Gs (Hc)_Gs (O)‘_‘e?{

Jlns HOpPManbHOTO METaljla Mbl MOXEM NpeHeGpeyb TaKKe MarHHuT-
HOH BOCIPHMMYMBOCTHIO, TAK YTO pa3HOCTb MeXAY 3Heprueil B moue,
paBHOM H., U B HyJIeBOM 1noJjie B HOPMalbHOM COCTOSIHUM DaBHa

G, (H.) — G, (0) =0.

Kpome Ttoro, B mone, paBHoM f., paBHOBecHe JJs nepexoia Hu3
CBEpXNpOBOAsALIeH (a3n B HOPMaJbHYIO TpeGyer, 4TOOL

G (Ho) = Gn (Ho).
Takum obpaszoM, Ha eIUHHLY oOnema
Ga (0)— G, (0) = .
Aurponusa S naercs npousBofHoi — 0G/AT, Tak uro

S, (0) — 8. 0) = g (%57)- (16.5.1)

Hns ynenbHo# TenJoeMKOCTH (Ha efMHMIY 00bEMa) MMeeM COOTHolle-
Hue C=T (0S/dT), cnepoBaTelLHO,

T, d®H, , [dH/\?

cs—c,,=E[HcW (ET) ] (16.5.2)
[Ipu Ttemneparype T = T. KpuTuueckoe noae I, paBHO HyJO, TaK
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4TO
2
Cs_‘Cu=41n<dd—HTTc) ’
9TO, pa3yMeeTcsl, SABJASETCH KOHEYHOH IOJIOXKHTEJLHOM BeJHYHHOH.
Takum o6pasoM, yle/bHas TENJIOEMKOCTb B CBEPXINPOBOJSIIEM
COCTOAHHM Bceraa ©Oosbuie, 4YeM B HOPMa/JbHOM COcTOAHMH. OnHaKO
CKphITas TENJIOTa Nepexoja 3ajaercs cooTHowenueM T (S;— S,) u npu
T =T, cornacuo dopmyne (16.5.1), paBua uymo.
16.6. Mamepennas yje/bHasi TENJOEMKOCTh METa//1a CKJAALIBAETCH
M3 TeIJIOBMKOCTH 3JIEKTPOHOB IPOBOJAMMOCTH M TENJOEMKOCTH pe-
metku C,.
~ Ilpu uuskux TemmepaTypax TemJIOEGMKOCTb peweTku C, nponop-
nuoHasnpHa T° M npeAnojaraeTcsi, YTO €€ BeJMYMHA HE HM3MeHSeTcs

-1 - [
G/ T, miwmans ™ z5a0™% L‘gf’
JL
Z E”
T ! (| L L |
[/ Z 4 g L0
14 guit? YT, opad”
Puc. 16.6.1. 3asucumocts C,/T or Puc. 16.6.2. 3aBucumocts norapugra
T2 pns HOPMaAbLHOrO OJIOBA. 371eXTPOHHOR TenoeMKocTH C,, s CBepx-

Tanrenc yria Hak/OHa OPSAMOR DpaseH nposopsutero osiosa or 1,7,

0,265 mMOc-Monb1.2pad” 4.

NP NEpexojie OT HOPMAaJbHOrO COCTOSIHHS K CBEPXIpOBOASIIEMY. 3TO
TPENONOXKEHHE NOATBEPXKAaeTcs TeM (akTOM, 4TO pas/uuMe B rapa-
METpax pelleTKH H APYTHX MNOCTOSHHBIX, COOTBETCTBYIOUHX HOPMaJb-
HOMY M CBEPXNPOBOAAIEMY COCTOSIHHSM, HE3HAUYMTEJBLHO.
Has Meransa B HOPMaJbHOM COCTOSIHHH TEIJIOEMKOCTh 3/I€KTPOHOB
nposoaumocTH C,, nponopuuonansua 7. Takum ofpasom,
Cn +bT?,
T
rie al' ecTb 3/JEKTPOHHas TemjoeMKocTb C,, METa/lja B HOPMAaJLHOM
COCTOAAHHUH, a bT3 =C,.
Kak Bnauo u3 puc. 16.6.1, no rpaduky saBucumoctu C,/T ot T?
BeCbMa MpPOCTO OnNpeAejHuTh 3HaueHHe C, (WM cHauasla 3HaueHHe D).
Haxozum, uto b=0,265 M0 - moas~L - 2pad—=.
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Tabauuga 16.6.2

1

T, °K °'(Z" uax-uubg"l-epaaﬂ nax-uoﬁis-’l-epno-'i
2,48 | 0,403 4,04 6,35

1,91 | 0,524 1,85 3,16

1,62 | 0,617 1,13 1,90

1,46 | 0,685 0,82 1,28

1,24 | 0,806 0,51 0,63

1,08 | 0,926 0,33 0,32

B ra6n. 16.6.2 naum 3nauenus C, npu TeMmnepaTypax, yKa3aHHBHIX
B NEpBOM cTos0ue, a Takxe 3HaueHus C,;, NOJYYEHHbIE BHIYUTAHHEM
Cg u3 C,.

U3 puc. 16.6.2 cnenyer, uro saBucuMocTs Ig C.s ot 1/T — npsimas
JUHHS C OTPHIATENbHBIM YrJIOBHM KOI(PpHUHEHTOM. DTO HABOAHT Ha
MHIC/Ib O CYUIECTBOBAHHHM AKTHBAIIUOHHOH 3HEPrHM, CBS3aHHOH CO
CBEPXIIPOBOJSIIUMH 3JeKTpoHamMu. Hasuumne sHepreTHueckoll menu
B IIJIOTHOCTH COCTOSIHUH JJii CBEPXIPOBOJHHKA SIBJASETCHA OJHOM H3
OT/IMUMTENbHEIX Oco6eHHOCTel Teopun bapauna — Kynepa — lllpugdepa
(reopuu BKI). Ecau 6H mmMpHHA 3HEpreTHYECKOH INENH HE 3aBHCENa
OT TEMIIEPATYPEI, MOXKHO ObLIO Gbl OXHJATh, UTO €€ BEJHUHHA 33/3€T-
csi mnpousBeleHHeM BeJHuUMHB 2k (& — nocrosiHHas bBoabumana)
Ha OTpUIaTeNbHBIH YIJOBOH KO3(XpULMEHT NPSMOH, Bbipa)aiolleH
3aBucuMocTb JorapugMa C,; ot 1/T. Takum 06pasoM, NOJNyUHIOCE 6bl, YTO
JUIS CBEPXIIPOBOJSLILEr O OJI0BAa 3HEpreTHuecKas menb pasua 1,1 - 103 3s.

B meficTBUTE/IEHOCTH K€ ILHPHHA SHEPreTHUECKOH e/H 3aBHCHT OT
TEMIIEPATYpPhl ¥ NPH KPDUTHUECKOH TEMIIEPAaType CTAHOBUTCH DPaBHOMN
Hymo, Ho B uHTepBaje or O °K jpo 1/,7,. ee BeJIHuHHA H3MEHRETCS HE
OueHb CHJIBHO. '

16.7. Ilpu A< | noiuHOM MOXeT ObITh 3alMCaH B BHJE

h=1—1,08 (1—2x)—0,06 (1 —4x)40,35 (1 — 6x) —0,21 (1 —8%) =
= 1,98x,
rae x=1—{ Takum obpa3oM, KpUTHUYECKAs TeMIEpPaTypa MOMET

6uITh HalfiieHa u3 cooTHowerus T, = 1,987/1,97, rae T — temneparypa,
npu Koropoit h=0,01. [lns Tpex o6pasuos nmeeM:

M 113,6 118,7 123,8

T, °K| 3806 3,731 3,659

Ilpennonoxum, uto T, MpomopuHOHA/NbHA HEeKOTopoH cremenu M.
B 3toM cayuae saBucumocth g7, or lgM OGyner JuHeliHOIL.
Puc. 16.7.1 nokasbiBaeT, uTO Trpa@uKH TaKOR 3aBHCHMOCTH OydyT
JIefiCTBHTEIbHO JMHEHHHMH KaK JJIfi 0JI0Ba, TaK U IJf PTYTH M YTO
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HX YrJoBble KO3(pdUIMEHTH COOTBETCTBEHHO paBHH — 0,46 u — 0,50.
HHave rosopsi, cooTHoienue T~ M—0%5 npubauKeHHO BHIIOJHSAETCS
A 06ouX cJydaes.

CBepxOpoBOAMMOCTb, KOHEYHO, SABJSETCA SBJEHUEM, CBS3AHHKIM
C 3JIeKTPOHAMU; He CJeJyeT [I03TOMY OXHAaTh, YTO OHA 3aBHUCHUT -OT
MacChbl M30TONOB, MOCKOJbKY IOCJAEAHASA OKasbiBA€T BJHSIHHE CKOpee
Ha (OHOHBI, YEM HA 3JEKTPOHH. B JeficTBUTENBHOCTH TemmepaTtypa

240 2 24 Mg

0.58 a67

i ‘

{Sn) L\Hg g

0.58 = o.62
\ \

L
057 \\ o.61
~

0.5 260
205 206 44 208 \gMGn) 2.08

Puc. 16.7.1. Jlorapudmuueckas saBucamocth T, or M zasd oj0Ba H PTYTH.

Ile6as © uamensercss Takxke 1o 3akoHy M—05, Tak yTO AJIs H30TOINOB
JaHHOro 3jeMeHTa OTHoilenue T./B mnocTosiHHO. DTO HABOAUT Ha
MBICJIb, YTO CBEPXIPOBOAMMOCTE MOXET GHIThb C/IEACTBMEM B3aUMOJEH-
CTBHUSI MEXAY 3JEKTPOHAMH M peleTKoA. D10 MMEHHO TaKoe B3aUMO-
AefCTBHe, KOTODOE CBSI3bIBAET 3JIEKTPOHH B KYNEPOBCKHE [apHl
M JexuT B ocHose Teopur BKUI.

16.8. BoJsbT-amnepHylo XapakTepuCTHKY MOXHO IOHSTh, oOpaina-
fcb K AuarpaMMam 3HepruH, NpelcTaB/JeHHEIM Ha puc. 16.8.2, a, 6.
BoamoxHo, 4to Jierde cHayaja pa3o6paThCs B CHTyalldd, KOTAa
CBEDXIIPOBOAHUK HAXONUTCH B KOHTAKTE C HOPMAJLHBIM METaJJIOM;
KOHTAKT OCYIIECTBJISIETCA Yepe3 HENpOBOAAIUME CJIOf, KaK 3TO IIOKa-
3aHo Ha puc. 16.8.2, 6. Ilpu aGcosOTHOM HyJe TYHHeJBbHbII TOK
6yder OTCYTCTBOBaTb A0 TEX IIOp, [I0KA HANpsKeHUe He JOCTUIHeT
HNpUMEPHO BeJH4HHbl Y/3E,. Torma 3anmojiHeHHble COCTOSIHMSI Ha OfHOH
CTOpPOHE KOHTaKTa GyAyT HAXOAUThCS INPOTHB HE3aNOJHEHHBIX COCTO-
SHUA Ha JpYrod ero CTOpPOHE U TOK C BO3PAaCTAHMEM HAIpPSKEHUS
6yner Guictpo pactd. ITpu TemmepaTtypax, otauunbix ot 0°K, Hexo-
TOpble BO3OYXKIAEHHBIE 3/IEKTPOHBI 0Ka3aJuch Obl BBILE IHEPreTHYeCKOR
IEeJd ¥ [PH PAasHOCTH IIOTEHIMANOB, MeHbiel uem /,E,, Habmo-
Jajcs Obl TYHHEJBHBIA TOK, YTO M IIOKa3aHo Ha auarpamme. Opuako
9KCTPANoOJIHPOBAHHOE 3HayeHHe HanpskeHus Vj paBHO Y/,E,.

Kax BuaHo u3 puc. 16.8.2, a, cayuyail, Korjga KOHTAKTHBIH CHOA
HAXOQUTCH MEXAY ABYMS Pa3/IMYHLIMH CBEPXIIPOBOJHHKAMH, HECKOJIBKO
orsMyaercsi oT npepsiayuiero. HekoTopeie asieKTpoHEI BO36yXAalOTCH,
IPOXOAA 3HEepPreTHYecKylo IEJh C OJHOH CTOPOHBI KOHTAKTHOrO CJOf,
M [03TOMY TOK OyJeT MeJJIEHHO BO3pacTaTh C POCTOM HalpsXKeHHd,
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IpH 3TOM MaKCHMyM TOKa OyjeT JOCTHTHYT IIpM HanpshkeHuu Eg —
— Egp, TIOCKONbKY YaCTHYHO 3aMOJHEeHHble COCTOSIHUS 6YyAyT Haxo-
AuThes Apyr npotHB Apyra. Ilpu nanbHefimeM yBeJlMueHMH Hampsixe-
HUSl TOK 6yjeT yMmeHbIATbCs IO TeX 1OP, NOKAa HANDsSKEHHe He CTa-
HeT paBHbBIM 1/ (Eg + Egp), KOTJa 3amojHEHHble COCTOSHHA C OXHOMH
CTOPOHBI KOHT2KTHOr0 CJ0f OyAyT MOSBIATLCA IIPOTHB HE3AMOJIHEH-
HHIX COCTOSIHMH C jpyroif ero croponbl. C 3TOro MOMEHT2 TOK GHICTPO
DACTET C HAampSKEHHEM.

MBI BHIMM, UYTO MOXHO ONpEJENHTh BETHUMHY Hanpsxenuit V,
H V; M COOTBETCTBEHHO 3HAueHHN Y/ (Egy —Egs) ¥ /3 (Eg + Eg).

-7

a) 0)
Puc. 16.8.2. DHepreTnyeckme AMarpaMMbl ANS TYHHENLHEX KOHTAKTOB.
a) Mex/ly ABYMS DaSIHUHKMH CBeDXIDOBOAHHKAMH; 6) MEAKZY CBEPXIMPOBOAHHKOM H HOPMamnh-

HHM MeTanjioM. [J0 BepTHK&NH OTJIOXKeHH 3HAa4eHHA 3HEPruH, MO rOPH3OHTAJH — IJIOTHOCTH
COCTOAIHMA. 3AITPHXOBAKHKE MJOIagH NPEACTABAAIOT COGON 3aNOMHEHHKE COCTOAHNS.

L'ﬂﬁpmpaﬂbiﬂux Hsansmap [ﬂtgﬁlﬂﬂwﬂuﬁ

Takum o6pa3soM, /s cBepXIIPOBOJHMKOB CBHHIA H amoMuHus npu 0 °K
3HayeHHs IIHPHHBL 3HEPreTHUECKOH IIeJH COOTBETCTBEHHO DAaBHHI
27-10* u 3,4-10* 3.

Cornaco Teopun BKII npu 0°K muprHa 3HepreTHyeckoil wenu
paBHa 3,52kT,. [IpuHuMas BO BHHMaHHE, UTO BeJUUMHBEl 3HEDreTH-
yeckux mweseil npu 0,5 u 0°K ornHualoTcs He3HaYMTENbHO, MBI TIONY-
yaeM, 4TO 7, CBMHUA M A/MIOMHHMSI COOTBETCTBEHHO JIEXAT OKOJIO
8,9 u 1,1 °K. OnuH u3 cBepXnpoBOoAHHKOB (amoMuHuil) npu 1,1 °K
NIepexofHT B HOPMAJIbLHOE COCTOSIHME, TaK YTO IIpH 3TOH TemmepaType
6yayT HCUe3aTh MAKCUMYMEI H MUHHMMYMBI, IOKa3aHHbIe Ha puc. 16.8.1, a.

16.9. Habnonaemble CBOHCTBA MOMHO OOBSICHUTh, €CJIM [IPEAINOJO-
XUTb, YTO KOJNBLO MOMXET COJepXaTb leJoe (MIH HyJEBOE) YHCIO
KBAaHTOB MarHUTHOrO IOTOKA, KK/ U3 KOTOPHIX paBeH @, = hc/2e ==
~~2-1077 ac-cm®. TlockONbKY BHeHIHee I0Jie BO3PAaCTaeT OT HYJf, TO
UMPKYIHPYIOUHA TOK 6yjAeT Teub TaKHM 00pa3oM, uTOSHl MPENnsTCTBO-
BaTb BXOXKIEHHIO ToKa B Koabuo, OfHAKO TAaKOH KBAHT (PaK THYECKH
6yneT HAaXOIMTLCA BHYTDH KOJBIA, €CJH II0Jie CTAHET PABHHM IOJO-
BHHE TOTO IOJS, KOTOpoe ObLIO Ghl B KOJblUE, ecad O6bt OHO coaep-
3ajo OAMH KBAHT IIOTOKA.

Ilupkyaupylomui Tok GyZeT Teub B IIPOTHBOINOJOMHOM HampaBs-
JeHHH. Mbl BHAHM, UYTO UMUDPKYJUDVIOUMHHA TOK OyjpeT paBeH HYJIO
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TOJBKO B TOM CJy4ae, KOrja BHeIIHee II0JI€é PaBHO IIOJO, KOTOPOE
COOTBETCTBYeT HEJIOMY YHCJY KBAHTOB B Kosble. Eciau BHemmnee nose
pPaBHO Hy/moO, TOK OYyaeT INOPOBHY pacnpeienaTbhCsi MexAy ABYMS
NOJTYOKPYXKHOCTSAMH  KOJblld, IIPMYEM uYepe3 OAMH KOHTaKT Gyaer
NIPOXOAUTh KPHUTHUYECKHH IkKo3ethCOHOBCKMH TOK. Ecau, ogHako, uMe-
eTCsi UMPKYJHUPYIOUHH TOK, TOria TOK B OZHOH IOJIOBUHE KOJIblA
BO3pacTaeT IO OTHOIIEHWIO K TOKY B JApYrod NOJIOBHHE. DTO O3Ha-
4aeT, YTO BEJIMYMHAZ KDUTHYECKOro TOKa Bo3pacTaeT B cjyuae, KOrja
HanpaBJeHUs] KPUTHYECKOrO M LMPKYJUPYICIIETO TOKOB COBII3AaloT,
M yMeHbIIaeTCH B Cjydae, KOrja WX HanpaBjeHus SBJSIOTCHA NPOTH-
BOIIOJIOXHBIMH..

Ilpeanmonoxum, 4TO nJoulagb KoJbla paBHa S, Torja mnose, cooT-
BETCTBYIOIEE OJHOMY KBAHTY MarHUTHOrO NOTOK2 B KOJblie, PaBHO
(2-109/S 5. Takum o6pa3oM, Mbl BIpaBe OXKHKAATh, UTO IOCKOJLKY
MarHMTHOe Nojie u3MeHsieTcst ¢ nepuojoMm (2-107%)/S 3, To KpuTHuec-
KUH TOK, INpoOTeKawluil uepe3 JBOUHOM KOHTakKT, OyJeT MOAYJIHPO-
BaHHbIM.

CrefyeT OTMETUTb, UTO TaK KaK KBaHT MarHUTHOrO MOTOKA OYE€Hb
MaJ, TO MOXXHO OOHapYXWTb OYeHb HeGo/blIMe M3MEHEeHHMS] MAarHuT-
Horo mnoJs. Jass Toro urobbl HCIIO/Ab30BaTh ABOHHOM KOHTaKT s
U3MEpEeHHUSl MaJIbiX U3MEHEHMil HanpsiKeHWsi, BOCIOJAb3yeMCH MCTOUHH-
KOM 3. 1. C. C CONPOTHUBJIEHHEM W HalpaBUM CYMMapHbil TOK uepes
KaTyIKy, BK/IOYEHHYIO IIOCJEAOBATENLHO C COIPOTUBJEHHEM. Mar-
HUTHOE II0Jie, CO3J2BaeMOe KaTYIIKOH, NpUKJ/aJblBaeTCH K JBOHHOMY
KOHTaKTy, U B JIBYX CBEpPXIIPOBOJHHMKAX NDH HCIIONb30BaHMU OLICTPO
MeHSIoIlerocss KoJebJ/IoIerocs Toka Hab/ogaeTcst ¢ MOMOILbIO 30H0B
HalpsiXeHW# Molyasiuusi KpuTuueckoro Ttoka. Ilpu ucnosnb3oBaruu
3TOr0 METOAA OKa3bIBaeTCHi BO3MOXHBIM OMNpeAeasiTh U3MEHEHUS BeJH-
uuHbl [, mopsaaka 19;.

IlpeanosoxuM, YTO K CONpPOTUBJIEHHIO R NPHJIOMKEHO HANpSKeHHe
M YTO UHAYKUUSl L HAcCTOMLKO MJIOTHO cOeJMHEHa ¢ ABOMHBIM KOHTaK-
TOM, YTO Napa3uTHON WHAYKTUBHOCTBIO MOXHO INpeHeGpeub. Kamene-
HHE TOKa, KOTOpOE CO3JaeTcsi B KOJbile B f00aBJjeHHE K MarHUTHOMY
NIOTOKY KBaHTOB, NPUOJHKEHHO DPAaBHO @y/L, MU3MEHEHUe HANDAKEHHUSA
paBHo Rgy/L. Mbl BUAMM, YTO YKa3aHHBIM CIIOCOOOM MOXHO OOHapy-
JKUTh HM3MeHeHWe HanpsikeHus nopsaka 10-2Rgy/L. OpHako oTHouwe-
uve L/R naerT mepuox NepBHYHOrO TOKA, KOTOPLI He IpeBbimaeT | cex.
Ortciofa HaxoauM, YTO MMHUMAJbHAfA ONpejlesasieMasi BeJUYUHa 3. X. C.
cocTaBasier okoso 2- 10717 6.

Knapk [95] cyMes cTosib OCTPOYMHBIM CIIOCOGOM H3rOTOBHTb JBOM-
HOM KOHTaKT, YTO JOCTMI TOYHOCTM B HU3MEpPEHUM HaNnpAXKeHHH
nopsaka 10714 g npu nocTosiHHOM BpeMeHn, paBHOM 1 cex. OH ykasan
Ha TO, YTO IIPAaKTHYECKH JAOCTUTHYTas MM TOYHOCTb MOXeET OBITh
yJydllleHa JHIb He3HauHTeJbHO.

16.10. CHayana MOXHO HalTH pacnpeje/IeHHe I0Js BHYTPH TOH-
KOfl CBEpXIPOBOAAILEH I/IaCTHHHI, IOMEIEHHOH B MarHuTHoe nove H,.
[TosoxKKM, UTO TOJIMHA IJIAacTHHB paBHa 2a. Torga pacnpegeseHHe
noasi JO/KHO TOAUMHATbCS ypaBHeHuwo deH/dx®=H/A%, rme A—
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ra1y6uHa IPOHHKHOBEHH S, X — PAaCCTOSHHE OT LEHTpa MacTHHbl. Kpome
Toro, npu x=-+g pomxHO 6bITb H = H,.
Penienne ypaBHenusi JIOHIOHOB HMeeT BHJI

H=Aexp(—%)+3exp%.

IlopcTaBasisi rpaHHYHEIE YCJIOBUS, HAXOAHM

ch (x/A)

H=H, ch (@A)

(16.10.1)

Jlanee HYXKHO ONpeJeHTh KPHTUUECKOE IIOJIE TOHKOH TJIACTHHBL,
BhIpa3HB €ro uepe3 INOJYTOJAUMHY @ H KpuTUueckoe moje H, pas
maccuBHOro obpasua. [lnsi o6pemHOoro o6pasua, B KOTOPOM MBI IIpef-
noJiarajiy IMOJHOE BHTECHEHHE ITOTOKa, SHEPrus (Ha eHHHIY oGbema),
CBfI3aHHafl C HAMarHWLEHHOCTBIO CBepXNPOBOAHHKA, cocTaBaseT /8.
Ilpu H,= H_ 31a 3HEprus paBHa PasHOCTH MeX]y CBOCOAHKIMH 3HEp-
THSMH HOPMAJILHOTO H CBEPXNPOBOJSAIIErO COCTOSAHUI B HYJIEBOM IOJE.
OnHaKo ec/qd HMeeTCsl TaKoe NMPOHUKHOBEHHe ITO0TOKa, 4YTO 3HAYeHHEe
BHYTpPEHHEro noja B JoGoi Touxe paBHO H, To 3Heprus (Ha eju-
HUHLy o0Bbema), CBA3aHHAaf C BHITECHEHHEM IIOTOKA, YMEHAIUAETCH B
3Tod Touke po H,(H,— H)/8x.

Takum ofpasom, cpejHee 3HaUYeHHE 3HEPTHH, CBS3aHHOH C BhITec-

HEHHEM IIOTOKa, pPaBHO
a

§Ham—ﬂnu
8na -

O603HauuB TOMUHKHY KPHTHYECKOro MOJIsl TOHKOH mJacTHHH uepe3 My,
MOXEM 3alHCaTh

a
1 He
a5 \ Hy (Hy—H) dx =1
0
Wcnonbsys Buipamenue (16.10.1) ans pacnpepenenus mons, noJiyyaem

a

i § (1 -6 e —

a ch (a/A)
H
H. = c
1= N v th @ (16.10.2)
Ecan a’> A, 1o th(a/A) -1, 1 Mm umeem
Hy~H (14 3. (16.10.3)

AHanorMuHBIM MyTEM AJs caydast, Koraa @ < A, HaxojMM, 4TO

a A
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Ilo ycnosuio 3ajauu BeauyMHa KpuTHyeckoro noas H, aas Mac-
cuBHoro o6pa3ua pasua 500 3, Torna mome H, paBHo 550 3 aas
a=2,5-10"% cm. Dopmyna (16.10.3) cnpaseanuBa B ToM cayuyae,
koraa A=5-10-% cu, IlogcraBnss »1o 3uauenue B (16.10.4), a Takxe
noaaras a=>5-10"7 cm, nosyvaem, YTO BeJMYMHA H; nomwxna 6uTb

paBHo#l 10 V'3 H,, uTo coctaBasier okoao 8700 3.

16.11. B cootBercTBUH c HelOKaJabHO# Teopueil [Tunnapaa B uncToM
CBEPXINPOBOJHMKE 3JIEKTPOHL! CJEAYeT PaccMaTpUBAThb KaK KOTepeHT-
Hbleé Ha PacCTOSHHH, HA3bIBAEMOM «IJIHHOH KOrepeHTHOCTH», KOTOpas
MOXET 3HAyHTeJLHO TNpeBbILATh TIIyGHHY npoHMKHOBeHus. Ilpen-
CTaBJIEHHE O JJHHE KOTepeHTHOCTH HeOSXOAMMO, Hanpumep, IJs
OGBACHEHHS PE3KOCTH HAaGJI01aeMblX I1€peXOj0B M3 CBEpXIpOBOAS-
IEr0 COCTOSIHHA B HOPMaJIbHOE.

Henokanbnas teopus Ilunnapaa Heo6xoauma p/isi OO6BACHEHMs
TOTO 3KCIEPHMEHTAJbHOro ¢pakra, YTO TNPH BBEAEHMH IpHMecel
B YHMCTHI CBepPXIPOBOAAUIM{I 3JEMEHT YBEJHYMBAETCH Iy6HHA IpO-
HHKHOBEHHH, IIOCKOJIbKY B TEODHM JIOHAOHOB I1y6HHA NMPOHUKHOBE-
HHMSl 32BHCHT TOJIBKO OT IJIOTHOCTH 3JIEKTPOHHBIX COCTOSIHMH M 3(rpek-
TUBHOH Macchl. Cuepyer OTMeTHTb, YTO B c/lyyae o6pa3oBaHHs cnabo-
JIETHPOBAHHOTO CILIaBa ITIOCJEJHME [BE BEJHYHHBEI HE JOJMHHL 3HAYH-
TEJbHO H3MEHATLCH.

CornacHo HesokalbHOH Teopud Ilunnapaa nsoTHocTh Toka f H
BEKTODHBIH moreHuuan A cBf3aHLl CJEIYIOUMM COOTHOILEHHEM:;

__ 3ne? gr(r-A) exp (— /%) dr
4ng,me r '

J(r=

KOTOPOE aHAJIOTHYHO yDAaBHEHHIO, OMHCBHIBAIOWIEMY AHOMaJbHBIH CIIHH-
adpeKT B OOBIYHBIX MeTanaax. 34ecb E—o6nacTb KOrepeHTHOCTH,
KOoTopas 3aBHCHT OT [ — IJIMHBI CpejHero CBOGOAHOTO mpobera 3Jex-
TPOHOB B HODMAJIbLHOM COCTOSIHHH M IIPH [ — 00 HMeeT BeJHYHHY § = .
IlpuBeneHHOE COOTHOIIEHHE faeT Cjaeayioulee 3HayeHHe rJyOMHBI IIpO-
HHKHOBEHHA A, oOINpejesasieMoe JJf GECKOHEYHO TOHKOro ob6pasua:

3necs H,— BHemHee mnose, f, —noJse Ha ray6uhe x.
Jas #AByx npepesbHelX caydaeB MMeeM (31ecb Ay — ray6HHA JIOH-
JOHOBCKOTO NPOHHKHOBEHHS)

x=x4/-§z s E<LA, (16.11.1)
A=<§§,,Ai>v3 s ES A (16.11.2)

Cnenyer ormeTuTh, uTO cooTHomeHue (16.11.2), Koropoe p0MXKHO
BHLIIOJIHATLCA JUIS GOJIBIUMHCTBA YMCTBIX CBEPXIIPOBOAHHMKOB, IIpa-
BHJIbHO YKa3biBa@T Ha TO, 4YTO TJy6MHa NPOHHKHOBEHHS JOJIKHA
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ObITh 3HAYUTEJIbHO GOJblLIE BEJHUYHHK AL, 1aBaeMOH JIOHJIOHOBCKO#
TEOPHEH,

Yro6u Hcnonb3oBaTh cooTHomeHus (16.11.1) u (16.11.2) pas
pelleHIIs 3afayH, Mbl JO/KHBI ObITh B COCTOSHHH ONpPEJENHTb 3Haue-
HHe npeleJsHOH [I/MHbI KOreDEHTHOCTH Eg M OXapaxkTepH30BaThb H3Me-
Henne E B 3aBucuMocTH oT [, Korga cpexHui#t cBoGopubléi npoGer
OueHb BEJHK, JJIHHY KOr€PEHTHOCTH MOXHO OUEHHTh, [M0/b3yACh
COOTHOLIEHHEM HeonpejeleHHocTH. Beanuuna § onpenensier Heomnpe-
JEJE€HHOCTb HAXOXIEHHUS CBEPXMPOBOAALMX 3JEKTPOHOB, CBA3AHHYIO
C BeJIMYMHOA UMMyJbca p B HHTepBase Ap cooTHouweHHeM E -~ A/Ap,
Kpome Toro, Ap ~kT./vr (rne T.— KDHTHYECKas TeMmleparypa H
Up — cKOpocTb  PepMH), NMOCKOMBKY JOMHYHO CYUHTaTh, YTO CBEPXIpPO-
BOJfIIHE 3JEKTPOHBI JexaT B obn1actd 3Hepruil nopsaka kT, BOIM3H
nosepxHoctd Pepmu. Otcioza

Eo= hug/kT ..

Teopuss BKIUI naer Gosee TOuHOEe COOTHOLIEHHE
kup
£0=0,18 7. (16.11.3)

Korpa cpepusst nauHa cBoSojHoro npobera 3/eKTpOHAa MaJda,
cre:iveT OMHUAATh, YTO OHa MPHOIMXKEHHO DaBHa pa3MepaM o6JacTH
KOTEpEHTHOCTH, JTO ycJ10BHe OyJeT YyIOBJETBOPATHCA (€CaIH [pH
3TOM ewe £-—>E, npu [—co), Koraa

1t .t (16.11.4)
£ & ' al’ o
rge o — MoCTosiHHasA, GJIM3Kas K eNHHHIE.

PaccunraeM cHauasna riyGHHY JIOHIOHOBCKOrO NMPOHHKHOBEHHS Ap.
Kak u B (16.2.3), ona paBHa

m*c\1/2

M= (), (16.11.5)

rae n— KOoHUeHTpauus 37aextpoHoB (n=N,D/M, D —nnortHocts).

Hcnob3ys Be/MYMHbI, JaHHBIE B yCJOBHM 3ajayd, HAaXOJuM, 4YTO

n=3,70-1022 cm 3 u A, =3,81-10-% cu. CpepHsas ni1uHa CBOGOJHOro

npoGera [/ MoxeT OuITh HalileHA U3 3HAYEHHHA 3JEKTPONPOBOJHOCTH O:
om*vg

= . (16.11.6)

ne?

Ckopocts PepMH 3a1aeTCs COOTHOLIEHHEM
B
Ur= s (3n%n)1/3, (16.11.7)

J1a15 o710Ba (M €ro Maj10/eripoBaHHkIX C11aBoB) Up = 6,26 - 107 cum - cex 1,
Cor.1acHO HaOGMOIEHUAM I/ OTHOCHTE/NLHO YHCTOrO OJIOBa [ MOpsiaka
10-2 ¢m, U AICHO, YTO 06/1aCTh KOrepeHTHOCTH 6yJeT HMeTh 3HaueHHe &,
IMoncraBasis B (16.11.3) 3HaueHHs BeaHYHH, HAXOXHM

E0=2,32-10-% cm.
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OueBuaHO, uTO E; — BeJMUMHA, Ha MNOPAJOK Ooabluas Az, ¥ MOXKHO
OXMAaTh, YTO OHA CYLIECTBEHHO 60/Ibllle (JAaKTHUECKOH TJIYGHHHE MpPO-
HUKHOBEHUA A. Takum o6pasoM, IV clydyasd YUCTOrO 0/I0BA HCIOJb-
3oBaHue coorHowlenus (16.11.2) paer

A=4,53-10"% cu.

BosBpamasce K cljaBy WHAME — 0/0Bo, U3 BhipaxeHua (16.11.6)
HAXOJHMM, UTO CpeHAsA JJMuHa cBoGoaHoro npobera / paBHa 2,85 - 108 cu.
Tlockoabky BeauuuHa [ MHOro meHbiie g5, TO SICHO, YTO § MPHO/IH-
3UTEJILHO paBHa [, XOTA A0 TeX IIOp, NMOKa HEU3BECTHO NOAXOAAllee
3HaueHWe o, Mbl HE MOXK€M HCNoJb30BaTh dopmyay (16.11.4).

Ecid nosoxuth mapameTp @ paBHLIM ejuHUne, TO E=2,5-10-% cu.
Boibupas 310 3HaueHHe KakK Hauw/ydllylo OLEHKY §, KOTOpas MOXeT
6BITb IOJyYyeHa M3 MMEIOIMXCA JaHHblX, HaxonuM E/E=9,3 wu

V Eo/E & 3,0. OkaspiBaeTcs, 4TO A Cl1aBa § CYIIECTBEHHO MEHbIIe,
yeM A, Tak 4to U3 Gopmy.asl (16.11.1) nmonyuaem 3HaueHue

Ar~=1,1.10"% cu.

dopmysaa (16.11.1) nefictBUTENIBHO faeT 60Jee TOYHOE OIUCAHME
MOBeJleHUsl peasbHbIX CBEPXIIPOBOAHMKOB, €CJM AL B IpaBoOH 4YacTH
(GOpMy.JIhl 3aMEHMTb HCTHHHOH TIJyOWHOH IIPOHMKHOBEHHA B YHUCTOM
Martepuase, I[OCKOJbKY JJHHa CcBOGOJHOrO IpoGera CTaHeT IIpH
sToM MeHblte. Ecau, Hanpumep, ydecTb, 4TO JAJs YMCTOrO 0/I0Ba
A~4,5-10"8% cu, TO Ans cnaaBa MoJayuuM A== 1,4-1075 ca.

16.12. Ecu npenebpeus 3dibeKTOM pasMarHMYMBAaHUA M paccMart-
puBaTh OOBLEMHble 3HEPrHH B CBEpPXNPOBOAAINEH M OObMHON (a3zax,
TO MOMHO OXHUJATh, YTO B Noje [, cBepxnpoBoifAllas (a3a CTaHO-
BUTCA HecTaOW/JbHOH, YTO UMEET MECTO B TOM C/Jydae, KOrja 3Heprus,
CBAA3aHHaA C BbITECHEHHLIM IIOTOKOM, AOCTHraeT 3Hauenusa HE/8n Ha
eIMHUly o0nheMa. MbI JO/KHEI, OJHAKO, PacCMOTPETh TaKKe 3HEPTUI0
Ha BHEIUHeH ITOBEPXHOCTH MEXIY CBEPXIPOBOAALICH W HOPMaJILHOH
tazami.

TIpennonoxxum, 4YTO NOBEPXHOCTHAA 3HEPrus paBHa HY/IO UJH
oTpullaTe;ibHa. B 3TOM c/yyae BO3MOXKHO JOCTUYb HaUHM3IIEH 3Hep-
[MH, /JONMYyCKas Iepexoj CBEPXIPOBOJHHKA B CMeILaHHOe COCTOSHME,
cozepiKalulee TOHKHE CBEpPXIpoBOAsSIiMe 06/acTH (TOJUMHOH MOpSAKa
r/yOMHbl NPOHUKHOBEHMS MWJM MEHbIlE), M3 KOTOPHIX IOJHOCTBIO
BuITECHEH MATHUTHRI I[OTOK M KOTOpble pa3jie/leHbl HOpPMaJ/bHbIMH
obaactamu. Ecau cBepxnpoBoasimas (asa spBasercsa cTabW/IbHOH
/IS BCEro MaTepuaja, [OBePXHOCTHAs 3HEPrusl AO/KHA ObITh IOJO-
JKUTEJbHOH.

Mbl MOMEM HU3BJeUp HEKOTOPYI WHPOPMAUMIO OTHOCUTEJbHO
[IOBEPXHOCTHON 3HEPrMM M3 PAcCMOTPEHHs CXeMaTHUECKMX TpagMKOB
MAarHUTHOTO IIOJISS U IapaMeTrpa nopsagka x Jlangay—I'uH36ypra,
NoKa3aHHRIX Ha puc. 16.12.1. Ilpu mocTpoeHMH 3TOH AHarpammel
Ipeano/aranoch, YTo JJMHa KOre PEHTHOCTH GoJIblle, 4eM T1yOMHa Mpo-
HMKHOBEHHSA A, XOTH TaKas CUTyauus HaG/onaeTcs AajleKo He Bceria.
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Ecnu MsTHHTHOe moJie PaBHO HYJIKO, TO SHEPrusl CBEPXNPOBOAS-
wei ¢aspl Ha rpaHune GyAeT yBeJHYHBAThCs A0 3HaueHus [G, (0) —
— G (0)]& (na exuMHHLY NOBEPXHOCTH), T. e. A0 §H7/8n (Ha exMHHIY
noBepxHocTd). Bo BHewudem nose H, 3HEprusi MAaCCHBHOrO CBEpPXIPO-
BOAHHMKA Bo3pacTtaeT o H;/8n (Ha exuHMuy oOGneMma), HO Ha paccros-
Hx ' HHUH OT TrpaHulibl, GOJbIIEM YeM A,
A BLITECHEHHE [IOTOKa He OYEBHJIHO.

CrenoBaTe/ibHO, SHEpPrust CBEPXIpo-
Bofsieil ¢a3sl B MarHMUTHOM IOJie
H, Bo3pacTaeT BcJeiCTBHE TIpaHHY-
HuHX 30deKToB Ha BeJHUHHY (EH; —
— AH:)/8n (Ha eaMHHMLy NOBEpXHO-
cTtH). MBI MOXX€M paccMaTpHBAaTh 3Ty
BEJIHYHHY KaK 3HEeprHio NOBePXHOCTH
MEXJY CBEpPXNpOBOAALIE K HOp-
MaJIbHOR (a3amH. Y CJIOBHE TOTO, YTO
1 —3»  TNIOBEPXHOCTHas 3Heprus Gyjer moJio-
& JXHUTeNbHOH, Koria H, gocTturaer
3Hauenuss H;, ectb £>> A, XoTs 3TO
Pruc. 16.12.1. CxemaTHyeckoe usoGpa- YCJIOBHE HYMHO CYHTATh HEKHM TIpH-
JKeHHe 3aBHCHMOCTH MArHUTHOI'O NoJ s y
H ¥ napawerpa nopsaka x ot nojo.  OVIAMEHHEM, NOCKOJIbKY MBI HCIOJIb-
JXeRHA BOJIHM3H TIpaHHus csepxnpo- 30BaJIH CBEPXYNPOMIEHHYIO MOJEJIb.
BOJHHKa. Mrr BHAHM, 4YTO ycsoBHe A/E <<
<1 npuOMHXKEHHO 3KBHBAJEHTHO

YCJIOBHIO # <C 1/V2. Tecnas cBasp mexay A/E u %, TakuMm o6pa3som,
HE BHIIVISIAMT HEJOrHYHOH. EciM B xpuTHuecKoM nojne H, noeepxHo-
CTHasi 3Heprusl CBEPXNPOBOJHUKA OTPHIATeNbHa, TO CBEPXNPOBOAHHK,
KaK YXe€ yKa3bBajochb, HMEeT CTPYKTYPY CMELIaHHOTO COCTOSIHHS.
OueBHLHO, 4YTO MoOJHAash 3Heprusi GymeT MeHbue, uyem H7/8m, u paxe
B TOM cJyuyae, KOTAa BHeIIHee Noje npesbinaer H,, 6yayT cymect-
BOBaTb CBEPXNPOBOAsIEE 06./1aCTH.

Jas RaHHOrO cjy4dasi CBEDPXIpPOBORHMOCTb 2-r0 poia HabionaeTrcs
Brepsuie NpH A= 10-5 cu. [Ilpy 3TOM 3HAYEHHH TAYOHHB NPOHHKHO-
BEHHS [OBEPXHOCTHasl 3HEPrusi CTAHOBHTCH OTPHIATENILHOH NPH KpPH-
tTHyeckoM nosie H,= 165 3. Takum obGpa3om,

|
|
!
|
|

Paccmosnue

1 V2*.165-1070
V2 1,054.10727

rae e* Boipaxeno B cucreme CI'CM. CnegoBarenbHo, e*=3,2- 10-2
ex. CI'CM.

Koraa Jlanaay u T'uuaGypr Bnepsrie chOPMYJHPOBAJH CBOK TEO-
PHIO, OHH KOHCTaTHDPOBAJIH, YTO HET IPHYHMH IIpeANosaraTs e* oT/Hya-
IEMCSI OT 3apsja 3JEKTPOHA, T. e. oT 3HaueHus 1,6-10-%. Ognako
M3 3TOro NpHMepa BHAHO, YTO e* NpubJH3UTENBbHO B ABa pa3a Gojbiue
3apsja sJexTpoHa. IDTO corsacyercss ¢ TeM (akToM, 4TO, COTJIacHO
teopud DBKII, ceepxnpoBoasiue 3JEKTPOHH CYUWECTBYIOT B BHJE
CBSI3aHHRIX IIap.
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Ecnu ray6uHa TNPOHHKHOBEHHMS YABAaHBAeTCs, % BO3PACTaeT OT
1/V'2 no 2V 2. Cornacio teopuu Jlanpay — [uuH36ypra cepxmpo-
BOAHHK GyleT HAXOJQHTECH B CMEMIAHHOM COCTOSIHHH BILIOTB [0
3Hauenus noas H,,, 33]aBaeMOro COOTHOILIGHHEM

ch _ 0
—HC——V2‘K-

Takum oGpasoM, MacCHBHHIH o6pasel; IOJHOCTBIO NpuoGperaeT HOp-
MaJbHYIO TNpoBOAHMOCTE B noje 660 3. OxHako eciu MarHuTHOE
1I0JIe MMEET KOMIIOHEHTY, NePHeHJUKYJSAPHYI0 K INOBEPXHOCTH, TO
TOHKHH CJIOH cBepXnpoBoasfuied ¢asbl cymecTBYeT BILIOTH JO 3Haye-
HuA nons Hgs, MakcHMalbHAs BeTHYHHA KOTOpOro (I1s moJjsi, mep-
HEeHJMKYJASAPHOrO K noBepxXHocTH) paBHa 1,69H, [96]. Takum o6pa-
30M, MOXHO OXHJAATh, YTO CBEPXIPOBOAMMOCTL HCUE3HET [pH 3Ha-
YeHHH noJss, paBHoM 1120 3.

16.13. Uro6bl peuruTs 3Ty 3afady, CI€AYeT PaclIMPHUTL NpeJCcTaB-
JIEHHfl, HCIIOJb30BaBlIMECH INpH pelleHHH 3afaud 16.12. I{na cme-
wraHHoro coctosHusl ['yamaH [97] ucnosb3oBaJd INPOCTYIO MOAENb
LENOYKH CBEPXNPOBOAAUIMX M HOPMaabHHIX cioeB. IIpexnosoxum,
YTO CBEPXNPOBOASAIINE CIOH HMEIOT TOMIMHY 2a, 2 HOPMaJIbHEIE CJIOH —
ToMuHHY 2b. [las ciydyass TOHKOrO CBepXINpPOBOJASALIEro CJOS pachpe-
JeJIeHHe 1019 W 9Heprus of6CYXJANuCh NpPH pellleHHH 3ajaud 16.10.
Mur BuauM, uTo B noe H 3Heprus, cBs3aHHAs C BHITECHEHHEM IIOTOKa,
Ha eIHHUNY IJOUIAAH paBHA

ar (1—%th%).

Ecnu Bo BHHMaHHe IIPHHHMAETCA TaK¥kKe obJq1acTh KOr¢peHTHOCTH, TO
Ha €JHHHLY ILIOIaAH HEMarHUTHas 3IHEPrUd CJ0A B I10Je H paBHa

(26 +2¢) G, (0) + (22 —28) G; (0),

rae G, (0) u G (0) — cooTBeTCTBEHHO CBOOOAMbIE IHEPTHH HA E€IHHHNY
o6beMa B HOPMAaJbHOM M CBEPXNPOBOAAUIEM COCTOSIHHH B HYJEBOM

H:
nose. 3anucuBas G, (0) =G, (0)——8?'
"CKOe KPDHTHYECKOE II0Je, MBI 10Jy4aeM A/ IOJHOA CBOOOJHON 3Hep-
FHM Ha eIuHHLy o0BeMma

rae  H,— trepmMopuHamuue-

al? [1—(}/a) th (a/A)] (a—%t)H?
G (H) =G, (0) + 8n (a+b) T 8n(atb) *

BBoas cokpaumeHHbe oGo3Hauenuss H/H.=h, a/(a4-b)=x, a/A=y,
E/A =2z, MBI MOXE€M YNPOCTHTb 3TO COOTHOIIEHHE CJIeAYIOUHM 06pa3oM:

G (H) =G, (0) + ’;’f [h=<1 —t—:i) —1 +§] (16.13.1)
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Jns caydasi, Korja CBoGOAHAS 3HEPrHsi CMEUIaHHOTO COCTOSIHHSA
Jgocturaer MakcuMyMa, dG/dy=0; oTClola BHITEKaeT COOTHOLIEHHE
JJS TOJUIHHBI CBEPXIPOBOASLIHX CJIOEB

e =thy—ysch?y. (16.13.2)

Jlns cBepXNMpOBOAALIMX CJICEB cpefHee nose paBHo (HA/a)th (a/M).
O6mee none paBeo H [1—x -+ (xA/a) th (a/A)]. B 3ToM cayuae Hamar-
HHUEHHOCTh J4eTCS COOTHOIIEHHEM

th
4mM = xH (5L —1). (16.13.3)
Ecnu sHeprust umeer snaueHue, Menbinee G, (0), TO ee MHHHMAaJbHOE
3HayeHHe COOTBETCTBYeT caydalo x= 1. Takum obpa3oM, Bupa)eHHe
JJ1i HaMarHH4eHHOCTH HMeeT BHJ

H e
M=———<1———y—/, npuueM thy—y sch2y=%.
Pasymeercs, 3TH COOTHOLIEHH$, ONMCHLIBAIOIIHE CMELIAHHOE COCTOSIHHE,
BLINOJHAIOTCA TOMLKO jAAf cayuas H, << H << H.,. Huxe nons H,
xppextT MeiiccHepa siBasieTc NOMHBIM U M =— H/4n. Buwme H,,
o6pasell LIEJHKOM NEpPeXOAUT B HOPMAaJbHOE COCTOSIHHE (32 HCKJIOue-
HHEM cJyd4asi NOBEpXHOCTHOH CBEPXNPOBOJAMMOCTH) U M ==0.

3nauenne H, HaxoauTcs mnoacraHoBkoid G (H) mas cMemaHHOro
COCTOSIHHSI B YpPaBHEHHE

G, (H) =G (0) +-10-

Ias ofpasna B cBepxnpoBousumieM coctosuuM. Korga x=1, mo-
Jaydyaem

(-

Jas cnyuas cMeIIaHHOro COCTOsiHHS BOJAH3M H., MOXHO OXHAATh,
4TO0 Y > 1, Tak 4YTO HauMeHbllee 3HAaueHHE KPHUTHUECKOrO IOJS
33]12ETCS BLIPAXKEHHEM

Hﬂ=(%)”2 H.. (16.13.4)

HeynuBurtensHo, 4TO 3TO corsiacyercs ¢ pacCMOTPEHHEM, HCIOIb30-
BaHHBIM MIpH pemeHHH -3afaud 16.12, Tak kKak B caydae, Koria
CBEPXNPOBOJSIIHE CJIOH TOJCTHIE, XapakTep H3MEHEHH$ IMOJs BOIM3H
HX TDaHHIB HECYIeCTBEH.

Ins toro uro6bl Haiih H,p, npiuveM 3Hauenue G (H), BepaxaeMoe
cootHomeHnneM (16.13.1), paBuniM G, (0), Toraa

2 _pfp_thy
1 y h(l y). (16.13.5)
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Kom6unupys (16.13.2) u (16.13.5), HaxoauM, uto npu H.
y=Arth (1/n).
Orciona ypaBHeHue, onpefeasiouniee H.,, UMeeT BHJ

§=dm 4 [ 1= () | Arth = (16.13.6)

3aBHCHMOCTh HAMATHHYEHHOCTH OT HPUJIOKEHHOr0 HOJSA HpHBe-
jneHa Ha puc. 16.13.1. Ona yauBMTeNBHO IOXOXKa Ha KPUBHE, NOJY-
UYEHHbIe SKCIIEPHMEHTANBHO LIS _fapy/py
XOpOUIO OTOMKEHHHIX CBepX- |
NPOBOJHHKOB 2-r0 pojaa, 3a /
UCKJITOUEHHEM TOro, 4TO He /
Ha6/ojaeTcs HHKAKOro cKauka ,’
HaMarHU4YEeHHOCTH, KOTOPHIA B /
JIEHCTBHUTEJIBHOCTH HMEET MeCTO /
npu H,.

Hasa cnenuanpHOro cnjaba
H,=300 2 u H, = 5400 5.
Ouesuano, uto (/A <1 u ypaB-
Henve (16.13.6) npHHUMaeT
BHJ

T

7 L >
Hp= 32-2 H.,. Pl FealB; Al
I Pre. 16.13.1. T'paduk uameHeHus HamarHu-
arnee YEHHOCTH B 3aBHCHMOCTH OT NPHJICKEHHOTO

t=3,H4H, u H,=900 3. MOASt RS CBEPXINPOBOJHHKA 2-ro poza.

16.14. XoTa ca0HCTag MOAeJb AIs CBepXHPOBOJIHMKOB 2-ro poja,
HCHONB30BaHHAasA B 3ajade 16.13, NpUBOAMT K KpPUBOH HaMmarHu-
YEeHHOCTH BecbMa COBEDLIEHHOH (POPDMB!, MOXKHO IIOKasaThb, UTO HaMu-
MeHblllee 3HayeHHe SHEPIHH JIOCTHraeTcsl B TOM cJlyuae, KOrfa o6Ja-
CTH HOpPMaJbHOH (hasHl ABJAfAOTCA 6oJiee HJIH MeHee IHJIMHAPHYECKHMH
C OCfIMH, OPHEHTHPOBAHHHIMH B HaHpPaBJIEHHH MarHUTHOrO HOJIA.

Uepes kaxaylo o61acTb HPOXOAHT KBaHT IOTOKAa (ero Has3uBalOT
BHXpEM IIOTOKA, NOCKOJBKY OH OKPYXKaeT CBEPXIPOBOJMAILEE KO.IbIO).
KBaHT IOTOKa g PaBeH BeIMuHHE Aic/2¢,xoTopast paBHa 2,07 - 10-7 ec - cm?.
Ianee, nockonsky B =H -+ 4nM, 10 ana cnjaBa, jaHHOro B ycJO-
BHH 3afiauM,4nM paBHo 200 ec B cnyuae, kKorma H =50023. Orciona
B =300 ec u niotHocTe HUTeH noTOKa B/g,=1,45-10% cm 2.

CornacHo Teopud MaTpukOoHa HauGosee ycToiuuBas KOH(HUrypa-
UMA HHUTEH SBJseTCA TPEYroJbHOH H, KOHEYHO, cJejyeT OXuAaTh,
4To OHa GyaeT NepHOAMYECKOH. IDjIeMEHTapHas sueiiKa peleTKH

HuTell ABJSETCH NPAaBUJIBLHEIM IIECTHYTOJBHUKOM ¢ momanso V' 3 a?/2,
rje a— paccTosHHe MexAy lentpamu Buxpeil. IlnotHocTe HuTeR
paBHa 2/V 3a® u TpeGyemoe 3HaueHue nepuosia a paBHo 2,8- 1075 cu.

16.15. ns cBepXnpoBoAHHKa 1-ro pofa 3HaueHHe KPHTHYE-
CKOro NnoJsl ZOCTHraeTcs B TOM Clydae, KOFAa PasHOCTH CBOGOAHBIX

42t



snepruit G; ® G,, COOTBETCTBYWOUIMX CBEPXIIPOBOASIMEMY H HOp-
MaJbHOMY COCTOSIHMSIM, paBHa — H7?/8n Ha eunuuy of6wema. [las
CBEDXIIPOBOJAHHKA 2-r0 poja 3HEprHsi, CBSi3aHHAasi C BhITECHe-
HHEM IIOTOKa B moJe [, MHOro MeHblue, yeM BejuuuHa H?/8n, Tak
49TO AJS AaHHOH pa3HocTH sHepruit (G; —G,) KputHueckoe mnose H,,
MOXeT ObiTh HaMHOro 6oJbllie, YeM TEPMOJHHAMHYECKOE KPHTHYECKOe
nose H,. :

Ilpesmonoxum, 4TO HMEET MeCTO MNpeJeJbHHIH Caydaid, Korja
BbITeCHEHHe IIOTOKA DABHO HYJIO, TAK 4TO BepxHee KPHUTHYECKOe
nosie JOCTHraeT CBOEro HauGoJsllero 3HadeHHsi. B aToM cayuae, Kak
ObI0 BriepBble yKa3ano KiorToHom [98], ZomxHa GHTL yuTeHa OTpH-
uaTe/bHAasl -3HEPrHsi, CBSi3aHHAs C MAPAMArHeTH3MOM 3JIEKTPOHOB
B HOPMAJIbHOM COCTOSTHHH.

Ilpn aGcosoTHOM HyJie BOCHPHHMYHBOCTh 3/JEKTPOHOB B JH06OM
CBEDXIPOBOASLIEH 06.1aCTH PaBHA HYJIO, HO B HOPMAaJbHOM COCTOS-
HHM 3HEprHsl Ha efHHHIly o6veMa B nose H paBHa — Y/yy,H® u3-3a
HalM4Msl TapamarHuTHOH BocnpuuMuuBoctH [layan y,. Iasee,
B OTCYTCTBHE BLITECHEHHS IIOTOKA M3 CBEDXIIPOBOAHHKA YCJOBHE TOrO,
4TO MaTepPHaJ IOJHOCTHI0 INEPEXOJHT B HOPMAJbHOE COCTOSIHHE,
HMEET BHJ

Gs — G, =— Yoy H%. (16.15.1)

Ecin g-bakTop nonoxuth paBHeM 2, To X, = 21 (0) pk, rae n (0) — naor-
HocTb cocTostHui npu 0 °K u pp — marneton Bopa. W3 teopun BKIUI

HMEeM
G, — Gy =Y, (0) & (0), (16.15.2)

rae &, (0) —wupuna smepretuveckoit menn npu 0 °K. Kpome Toro,
2€, (0) = 3,5kT,. (16.15.3)

Takum obpasom, kom6unupys (16.15.1), (16.15.2) u (16.15.3), noay-
yaeM B KauecTBe BEpXHEro Ipejesa

_ 3,5kT,

TS

[Toncrapasis 3HaueHust k& K pp, MOJyyYaeM
He,=1,84-10°T, 3,

rae T, — KpHTHYECKasi TeMmreparypa, uamepenHas B °K.

Ecan 3arem npennonoxuts, uro T, He mnpesmmaer 20°K, To
fl0/J1y4aeM, 4TO MpejeJbHOE 3HayeHHe BEDXHEr0 KPHTHYECKOTO IOJIS
NpHOIH3HTEIbHO paBHO 370 x3.

16.16. Crayana faf¥uM KaueCTBEHHOE OINHCAHHE OXHIAEMOrO
siBJieHus1. CBEPXIPOBOAHHK CTPEMHTCS BECTH ce6s, KaK AHAaMArHeTHK,
¥ TOK OyJAeT LUHMPKYJHPOBaThb IO CTEHKE TPYGKH TAKHM o6pasom,
qT00bl  CO3/1aBaJIOCh MarHHTHOE IOJe, IIPOTHBOINOJIONHOE MPHJIOXKEH-
HoMy nomo. CHayasa 3TOT TOK GyAET Tedb TOJIBKO BO BHELIHHX CJIOSIX,
HO OH He JO/KEH MpEBHIIAThb KPHTHYECKOE 3HAYEHHE IJIOTHCCTH ISt
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coorBeTcTBYlomero nosas. TakuM o6pa3oM, IIOCKOJNBKY BO3pacraeT
BHelllHee I10J1e, MAarHUTHLIH MOTOK BXOAMT B CTEHKH, M TOKOHECYIIHe
obaacTd GyayT pacIIUpATHCS JO0 Tex NOp, NOKA OHU He PaclpocTpa-
HATCS JO BHYTPEHHUX cJoeB. B KoHeuHOM cuere Bcs cTeHKa Gyjler
COJIEPKaTh KPUTHUECKHE TOKH, U JajbHejilee yBEeJHUeHHE BHEIIHEro
nons GyAeT BbI3biBaTb [IPOHMKHOBEHME NOJfA BHYTPbL TpybKu. B coot-
BETCTBMM C 3TUM BHYTpeHHee MoJje OyJleT YBEeJHUHBAThCH C YyBEJAHUe-
HUEM BHEIIHEro MoJs.

Ecnu 3aTeM BHelllHee MoJie YMeHbluaeTcsl, TOKH GyayT Teub B IIpO-
THBOIIOJIOXKHOM HaNpaB/eHUH, 4YTOObI NPOTHBOAEHCTBOBATh BCSKOMY
M3MEHEHHI0 BHYTPEHHero 1moToKa. Koria BHEIIHee MoJie YMEeHbIIaeTcs
JIO omnpejeJeHHOH BeJUYHHBI, IO Bcelt cTeHKe OyaeT Teub TOK IpPo-
THBOIIOJIOXKHOrO HallpaBJeHUs, U JaJjb-
Heilllee yMeHblleHHe BHELIHEero moJs
GyZeT IIPUBOIMTbL K HEKOTOPOMY yMEHb-
IIEHHI0 BHYTpeHHero mnoJasA. OpHako
BHYTPM TPYOKM Bcerja ocTaeTCs HeKoe
noJse, Jgaxke B TOM cCJydae, KOrAa
BHEIIHEee IoJie yMeHbIIaeTcsl /0 HyJs.

CyliecTBYIOT YeTbIpe pas/iuyuHbie 06-
JacTd usMeHeHus moJseit (puc. 16.16.1):

a) H, yeenuuuBaercs, H; ocraercs
HY/JIeBbIM;

b) H, yBenuuuBaertcsi, [; ypequuu-
Baercqa, H, > H;;

c) H, ymenbmaercs, H; nocrossHo;

d) H, ymenbmaercs, H; ymeHb- Puc. 16.16.1. lamenenne BHyT-

. . penHero nojs TpyGKH H3 cBepX-
aercs, H2<H'.'. b d NPOBOAHHKA 2-T0 poja B 3aBH-
Hdans  oGnacreit ¥ a4, i KO- CHMOCTH OT BHEUIHEro HOJA.

TOpHX Bcsl Tpy6Ka MEPEHOCHT TOK
B KaKOM-TO OJIHOM HaNpaBJeHHWH, MbI MOXEM 3amucaTb H3MeHeHHe
noas AH (B 3pcTemax), KorAa pajauyc s usMeHserca Ha Ar:

AH =& Sonj, Ar

(Tox j. uamepeH B amnepax, r —B caHTuMeTpax). IloacraBass. j. =

= a/(f 4+ H), nonyuum
0@+H)AH _ 4 a,
4no T
HHterpupys no Bcell TOJIIHHE CTEHKH, UMEeM

HZ

S (B +H) dH =+ S dr =+,
i

Orciofa ypaBHeHUe, ONHUCHIBalOLiee H3MmeHeHHe fI; B 3aBUCHMOCTH OT
H, B obnactax b u d, uMeeT BUA

B (Ho— H) 45 (Hi— H) =+ fmow.  (16.16.1)
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W3 ypasHenus (16.16.1) MoxHO onpene/uTh TPAHHLLI MEXAY OTAE/]b-
HbIMH oOfjacTaMH. Takum oOpasoM, ecyiM NONOKUTb H; =0, To pas
H,>H,

s+ 20H, — mzw 0.

310 yKasbBaeT Ha TO, YTO [PaHUUa 00JaCTH @ 3ajaeTcs COOTHOLIe-
Huem (H, B 3pcrenax)

=_ﬁ+]/ﬁz+__mw ~ (16.16.2)

Iockoanbky H,> H;, To, HCNO/IB3ys NOJOXHUTEILHOE 3HAYEHHE Ipa-
BoH uactu ypaBueHus (16.16.1) u noxpcraBnsis B Hero H,=H,,
HaxoQuM 3HaueHue H; Ha rpaHune o6sactu b. Ilpemesn ofnactu ¢
COOTBETCTBYET TOMY e 3HaueHHio H,;, HO C OTpHLATeJbHHIM 3HAKOM
npaBoit yactu ypasHenus (16.16.1), mockoabky Tteneps H,<< H,.
OTpuuaTe/ibHbIE 3HAK ONATh MCIIOAb3YeTCH A HaxoxiaeHus H,,
Korna H, ofpamiaeTca B HyJb; Ijd 3Toro caydas (H; B spcrenax)

H; ——ﬁ—{—]/ﬁ” ———mzw

Koraa BHewHee noJie ofpaulldeTcss B HyJb, BHYTPEHHEE [OJIE COB{la-
RaeT C BHEWHHM II0JeM, KOTOpOe CHayajia BbI3blBAET MOTOK, IIPOHH-
Kalowui BHYTpb TPYOKM (IPH YCJIOBHH CYLIECTBOBaHHs Bcex of.a-
cred).

MakcuMasbHOe 3HaYeHHE [OMs, KOTOPOe MOMXKET OHTh OJHOCTGLIO
SKpaHHPOBaHO M3HYTPH, 3afaeTcs cooTHoweHueM (16.16.2). Iloacras-
Jsis JaHHbE B YCJIOBHM 3afayd 3HauyeHus o, ff U w, HAXORUM, UTO
BHewnee noJie 6yzet paBubiM 106 k3. CieyeT OTMeTHTh, 4TO BHIGpaHHbIE
r1apaMeTpbl a M f peannHnl, Ho 3QPEKTUBHOE K PaHUPOBAHUE NOTOKA HA
IPaKTHKE MOXeT OblTh JOCTUIHYTO TOJILKO B TOM CJy4ae, KOrja BHEUIHee
1oJ1e U3MEHsIeTCS OUYeHb Me/IEHHO, TaK YTO BCE TEIIO, BO3HHKAIOIEe 3a
CYET U3MEHEHH S [I0TOKA, MOXET JUCCUITUPOBATLCA IPEX e, YeM BOSHUKHET
KatacTpodpuueckd OO/bLIOH CKa4OK IOTOKA (MHOrAa, ORHAKO, 3Kpa-
HUPOBaHHUe [IOTOKA JE/IaeT HEBO3MOXKHbIM ME/ICHHOE U3MEHEHHE 110J).
Urto6nl yiep#xaTh B TpyOke none, paBHoe 106 3, HeoG6xoauMo nmpoiTu
BCE YeThlpe 006JACTH, YNOMSHYTHIE Bhllle.

HaumeHbliee 3HaueHHe HEOOXOZMMOrO BHEIIHETO IIOJSI COOTBET-
CTBYeT HyJeBoid wupuHe obsaactu d. Ilone H,, HeoGxopumoe nad
3TOro Cjy4asi, PaBHO 110 Be1MYHHE I10J10, KOTOpOe CO3JaeT BHYTpPEH-
nee nose H;, pasnoe 106 x3 B ofnactu b. CuaepoBatesibHO, HMeeM
6-10%(H,—106-10°% Y/, (H; — 106%- 10%) = 6,28 - 10°, orKyna cue-
AYeT, YTO BeJHYHHA BHEUIHEro noJjsi paBHa 152 k3.

16.17. 3anaua moxer OblTh pewieHa, eC/JM HCIOAb30BAaTh TEOPHIO
BSI3KOro Te4yeHHs IOTOKa, YCNewHOo IpHMEeHeHHylo AnjepcoHoM [99]
u Kumom u np. [100}. IIpeanonaraercsi, YTo HUTH [OTOKA, NpPeACKa-
3aHHble AGDHKOCOBLIM, 3aKPeILISIOTCS Ha JedeKTax B BHAE NYYKOB H
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CBfi3aHHl C 3THMH JedeKTaMM 3HEepreTHYecKUMH 6apnepamu, CpeiHss
BBICOT2 KOTOpbIX Fy. DHeprus, cBsi3aHHas ¢ 06pa3OBaHHEM HOpPMaJb-
Hoil ofjnacth B obObeMe mopsaka d®, 3aHsiToM fedieKTamd, NpHOIH-
XeHHO paBHa Hid%8n, npu stoM 1/d® —njoTHocTh nedeKTOB, M
MOXHO OXHAATh, YTO Fy — BeJJMYMHA TOTO XKe NOpsAAKa. MoxHO noso-
)uth Fo=pH;d?8n, rne p— OTHOCHTe/NbHAs] KOHUEHTpalUMsi EHTPOB
3aKpenJieHHs.

Korpa B cBepXnpoBoJHMKe NEPNEHJMKYMSAPHO K HamnpasjeHuw H
TeYeT TOK IJIOTHOCTH j, Ha HHTH NOTOKa 6yjeT JeHCTBOBaTh CHJa
JlopeHua, paBHas jH Ha epuHHLY oGbeMa. anee cuna, aeficTByiouas
Ha NYYOK HUTeH TOTOKa Ha aedexTax, 6yaer paBHa jHd®. [eucTBys
Ha pacCTOsiHMM nopsinka d, oHa OyneT NOHHXaTb BHICOTY Gaphepa
Ha BequudHy jHd* no 3Havenuss Fo— jHd'. Mn oxuaaem 3atem,
YTO MYYOK HHTEH INOoTOKa OyJeT NepecKaKHBaTb C OJHOTO LEHTpa
3aKpenJieHuss K japyroMy c uactorod Aexp|— (Fe— jHdY)/kT],
rae A — vactotHH# ¢akTop. Takum ofpa3oM, 0pH TeMIepaTypax
Bhlllle abCOMIOTHOTO HYJsi GyAeT MMETh MECTO CMelleHHe MoTroka. Jlis
TOr0 4TOo6bl MOMXHO ObLIO NpeHe0peub BSI3KUM TeyeHHeM IIOTOKa,
3KCNEePHMEHTaNBHO HabuojaeMble TJIOTHOCTH KDMTHYECKOTO TOKa
JIO/DKHE GbITh paBHH BeJHYHHE TaKOrO TOKAa, NPH KOTOPOM CHJa
JlopeHna sHauuTeNbHO MeHelle BesMuMHbl Fo/d4. Tlpemnonoxum, uro
AJISL 3TOTO CJaydas . .

=l —c, (16.17.1)

rae BeauuyuHa C JO/MKHa OHTh GoJiee MJIM MeHee HE3aBHCHMOM OT
TeMnepatypbl. Mbl BHAMM Jajee, YTO NpH JaHHOH Temnepatype
je~ H*. Mbl MoXeM OTOXIecTBUTb @ c cuJoi Jlopenua j.H, Tak
yro ypasHeHue (16.17.1) MoxeT ObiTb 3alHCAHO B BUJE

Fy—ad?
'—TT—':COHSt.
TakuM o6pa3oM, TeOpUsl BSI3KOrO TeyeHHs TI0TOKa corJacyercs
C ABYMS 3KCTIEPHMEHTaNbHO HabmiolaeMbMH (aKTaMH, YNOMSIHYTHIMK
B (IODMYJIMDOBKe 3ajlayH.

Hanee MBI XOTHM HaliTH BhIpaXKeHHe ]Il CKOPOCTH YTEUKH TNOTOKa
B TOHKOCTeHHYyi0 Tpybky. Ilpeamonaraercsi, 4TO Bce Ny4YKH HHUTeH
NIOTOKA NPOXOAAT NyTh d 32 BpeMsi, paBHoe 1/Aexp[— (Fo— jHd*)/kT).
Takum o6pa3oM, 3a 3TO BpeMsl NOTOK ¢ Tomaibio 2mad (a — paguyc
TpYOKH) mnepecekaeT mjomaab na® BHYTpH TpY6KH. CKopocTb BO3pa-
CTaHUSl BHYTPEHHETO MOJSA 3a/aeTcs COOTHOLIEHHEM

dH; _ 2 Fy—jHd*
A _ 2y exp(— _U_kT_) (16.17.2)

rne H,~H; anee
4 .
He—H1=To'ﬂ]w 3,
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eciM | BeipaXkeHO B ammnepax H w—B cu. Orciona

di 10 dH, _ 10Hd '+ Fy— jHd
dt T T 4w dt | 2naw Aexp (— kT )

Ecnu npennonoxurts, uTo npHu £ =0 3KCNOHEHTa OuYEHb BEJHKaA,

TO UHTECPHPOBAaHUE NPEABIYIEr0 BHIPAXKEHHA HRaeT CJAelYIOWuUi
pe3yJ/bTart:

p RT
’=c0nst—wlnt,
TaK 4TO

d " 4nw  djf 4nwkT [ 1
W(H,—H1)="—T-d—t‘= 10H,d% (’{) 3/Cefc, (16173)

T. €. Mbl NOJyYH/H TpeGyeMoe COOTHOIIeHue.

Tabauua HEKOTOPHIX (UIMYECKHX NOCTOSHHHIX
¥ TepeBOJHBX KO3((UUHEHTOB

Yucao Asoraapo N 4 =6,023 - 10% xmoas™!
Maruetord Bopa B ng=9,273- 1072 dxc - ma?
$nepHulit MarueTox Bns B,=5,051-107% dwc.mat
INocrosiveas BoaunMana k=1,381.10"2 dxc.zpadt
Monﬁpﬂaa\raaosa'a nocrosHHas R =8,31 0 - moas1.2pad~t
INocrosinkas Ilnanka h=6,626- 1073 9 - cex
ITocrosaunan Ilnauka/2r i=1,054.1073 g - cex
3apsg 371eKTpOHa e=1,602.10738
Macca smekTpoHa m=0,911.10"% 2
CkopocTtb cBeTa B BIKyyMe c=2,998.108 x.cext
MarsuTHas [POHHL,AEMOCTD

BaKyyMma Po=4x-10"7 en - ML
1 doe =107 spe

1 xar=4,184 dx

1 '4=1,602.1071 g .

1 x=2,998.10° ex. CI'C3 (3apsng)

1 ma=10% zc (MarHuTHas HHIYKUHA)

1 a/m=4mn- 1078 3 (HanpsKEHHOCTb MarHUTHOTO [OJIA)
1 a/u=10"% en. CI'CM (HaMarHHYeHHOCTD)
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