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IMMPEOVC/IOBUE

Ora KHHra HanMCaHa Ha OCHOBE JIEeKIuil, B TeueHWe psja JeT 4H-
TaBHINXCA aBTOPaMH 1/ CTYAEHTOB (usHdyecKoro ¢aky/ibrera MockeB-
CKOTO yHHBepcHTeTa M daKyJbTeTa (pH3HYeCKOH M KBAHTOBOH 3JEKTpO-
HHKH MOCKOBCKOTrO (pU3HKO-TEXHHYEeCKOro HHCTHTyTa. Bmecte c TeM,
OHa He sBJAETCA KOHCIIEKTOM JIeKUHEH, a 3aJyMaHa Kak yyeGHOe I0Co-
6ue M NO3TOMY COAEPKHT JOMOJHHTEbHBIH MaTepHasl JJIfl KeJaloHUX
H3YYHUTB IpeMeT 6oJee noapoOHo. [lepsas nonoBuHa KHuru (rjia, I—XI)
NPHMEPHO COOTBETCTBYET COAEPXKAHUIO JIEKLHH, YHMTaBLIMXCA HA 4-M -
Kypce, a BTopas NpeiHasHaudeHa A CTYIEHTOB 5-ro Kypca, B coot-
BETCTBHH C 3THM IIOCTEIIEHHO H3MEHAETCH CTH/Ib U XapaKTep H3JI0XKeHUsd
MaTepuaJa.

Kuura paccudTaHa Ha JiML, BA3JeONHX MaTepuasioM oOuiedH3nye-
CKHX M MaTeMaTHUeCKMX KypCoB B oObeme INporpamM, IpPHHATHIX Ha
¢$H3HYeCKHX (aKy/JbTeTaX YHUBEPCHTETOB H B (H3HKO-TEXHHYECKUX
HHCTUTyTax. Il HM3yueHHs Iy1aB TeopeTHYECKOIO XapaKTepa HeoGxo-
IMMO 3HaTb CTAaTHCTHUECKYi0 GPU3HKY H KBAaHTOBYIO MEXAHUKY B o0beMe
OGBIYHBIX YHHBEPCHTETCKHX KypCOB.

ApTtopam BceX y4eGHHKOB XOpOILO H3BECTHBI TPYIHOCTH, CBSI3aHHBIE
¢ otGopoM MaTepHaja. DTH TPyAHOCTH oco0eHHO BO3pacTaioT, Koraa
peub HIeT O Takodl IIHPOKOH u OBICTPO pasBHBatomiedcsa o6aacTH, Kak
¢u3nKa noaynpoBoAHHKOB. Ilpn 3TOM uyacTo Heslerko OblBaeT Jaxe
pelunThb, caenyeT JH OTHOCHTL Te WJIH HHble BONPOCHI K COGCTBEHHO
(hH3MKe NOJYNPOBOAHUKOB HJIM yXKe K APYI'HM, CMeXHBIM, JUCIHIJIH-
nam. Jlanee, B yueOHHK €CTeCTBEHHO BKJo4aTh JHILIb MaTepHals, JocTa-
TOYHO ycTosiBiuicsa. OfHaKO NpH 3TOM €CTh ONACHOCTb, YTO KHHUIA ycTa-
peeT, elile HE YCIeB BLIATH U3 nmeuaTH. Hakoden, yyeGHHK mo oOneMy
JOJI2KeH ObITb TaKHMM, YTOGHI €r0 MOXKHO Obijio Ge3 TpyJa MOAHATbL ONHOH
pykofi. EnuHCTBEHHBIH BBIXOA, KOTOPHIH HaM ynajnoch HaHTH (M KOTO-
pbifi, NO-BHAMMOMY, HE ODHIHHAJEH), COCTOHT B 6e3:KajoCTHOM OTceye-
HHH MHOTHX YacTHBIX, XOTSl H BaXKHBIX, BOINPOCOB B COYeTaHUH C A0CTa-
TOYHO TOAPOGHBIM H3JIOXKeHHeM 3aja4 NPHHIHIHAJIbLHOTO XapaKTepa.
Msl onycTHAH TaKkKe BCe pacyeTHBle (B TOM 4HCJ/Ie TEOPETHKO-TPynno-
BBIE) METO/Bl 30HHOH TeopHH TBepJAOro Tesa, METOIbl PeIeHHs KHHeTH-
UyeCKOTO YypaBHEHHSI B CJydYae aHH3OTPOMHBEIX H305HEPreTHYECKHX
HOBepXHOCTeH W HEKOTOPhIe JPYTHe, OrPAHHYHBIIHCD H3JIOKEHHEM JIHILb
TeX BOIIPOCOB TeOPHH, C KOTOPHIMH, KaK HaM KaXKeTCs, NOJDKeH OBITh
3HAKOM 3KCIIEpHMEHTAaTop, 4YToObl CO3HATeNbHO OTHOCHTLCS K CBOeHd
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JesiTeJIbHOCTH. 3Jech 3ajayy aBTOPOB BecbMa 00J€TYMJIO CYHIECTBOBA-
HHE NMPEBOCXOJHHIX TEOpeTUUeCKHX MOHorpaduil, YKa3aHHBIX B CIIHCKE
OCHOBHOH JuTepaTypel. Jly6aHpoBaThb 3TH KHHTH HaM Kasajocb He-
1eJ1eco00pasHbIM.

Takum o6pa3oM, HacToflllas KHHTa He INpenHasHayeHa CJHYKHThb
HCYepNBIBAIOMIMM PYKOBOACTBOM IO 3KCHEPHUMEHTAJIBHBIM H TeopeTHYe-
CKUM BonpocaM ¢GH3MKH NOJynpoBOAHHKOB. Ee 3ajaua — naThb mpen-
cTaB/eHUe 00 OCHOBHBHIX NOHATHUAX M HjefiX COBpPeMeHHOH GU3UKH Moay-
IIPOBOJHHKOB H MOATOTOBHTH UHTaTe/1sl K U3YYeHHIO, B clydae Heobxo-
JIEMOCTH, cliellHaJbHbIX 0630pOB H OPHTHHAJABHEIX paboT N[O OTAEIbHBIM
BONpPOCaM JaHHOH 06JacTH.

B psize MecT Mbl yKa3blBaéM MOHOTpaduM, B KOTOPHIX COLEPKUTCS
6oJiee nopoGHOE pacCMOTpPEeHHe OTAGNbHBIX TpobJeM, JHIIb 3aTPOHYTHIX
B XHHTE (3T0 OcOGEHHO OTHOCHTCH K CPaBHHUTEJbHO HOBLIM H TPYAHBIM
3aziauamM). BmecTe ¢ TeM B COOTBETCTBHH CO CTUJIEM, IPHHATHIM BO MHO-
rux yueOHHKaX, MBI cTapalHCh H30eraThb cCHUIOK Ha He Bcerja JoCTyIl-
Hple CTyJeHTaM MHOTOYHCJ/EHHble ODHUTHHaJbHble CTaTbH (B TOM YHC-
Jie 1 Ha paboTel aBTOPOB). HcK/roueHne cocTapafAoT JMHLIb CCHIIKH HA HC-
TOYHHKH, H3 KOTOPBIX HENOCPEICTBEHHO B3fITHl BOCHPOH3BOAHMbBIE
B KHHT€ 3KCIEepHMEHTaJ/IbHble JaHHblE, a TaKXe OTJEJNbHBEIE CJyyaH,
KOIZla Jpyrue JUTEpaTypHble HCTOYHHKH OTCYTCTBYIOT. MEI HajleeMcH,
4TO HAIUH KOJJIETH, MHTepeCcHBle H BaxKHble pabOoThbl KOTOPHIX HCNOAB3Y-
10TCA B 3TOH KHHUTe, MPaBUJIbLHO MOHMYT HaMepeHHUs1 aBTOPOB H He OyayT
4yBCTBOBaTh cebGsi orpabieHHbIMH. TeMm e M3 HHX, KTO OCTaHETCH He-
JOBOJIEH 3THM OODLACHEHHEM, Mbl MOXKeM JHIIb HAnoOMHHTh, YTO NpPH
H3JIOXEHHH 3akKOHOB HbioTOHA HJIH onMcaHMM onbiToB Papanes cchbli-
KH Ha OpHTHHaJbHble paGoThl 3THX aBTOPOB JAENATCA OUEHb DEIKO.

B KHuHTy He BKJIIOYEHBl 3aJayH H YNpa)KHEHHHA B BHJIE OTIEJbHBLIX
NPHJIOKEHHH, TaK KaK YK€ HMEKTCA COOTBETCTBYIOUIME 3aXaYyHHKH *).
IlpuBeneHHble B TeKCTe pacyeTHBIE TIPUMEPLl HMEIOT LENbI0 TOJbKO
NPOHILTIOCT PHPOBATh HpHMEHEHHe TeX HJH HHBIX INIPUHUHUIHAJBHBIX
HOJIOXKEHUH,

OnuH 13 «GOJBHBIX Bonpocon» COBpPeMEHHO! Hay4HOH JIUTepaTypbl —
Bonpoc 06 o6o3HaueHHAX. lloHATHH, TpeOyroLUX KOJHYECTBEHHOTO
onucarnus, Gosblie, yeM OYKB B o6bltmo ynoTpebaseMblX ajdaBuTax.
Iostomy HEKOTOPBIE CHMBOJIBI T PHIILIOCH ynoTpebGasATh B Pa3sHbIX CMbIC-
Jax. [l 4acTHYHOH KOMIIEHCAIIHH 3TOrO HEIOCTaTKa K KHHTE IPHJIOXKEH
CIINCOK OCHOBHHIX 0Go3HaueHH#. OTMeTHM 37echb, YTO BEKTOpHEIE HH-
J€KChbl 0603Ha4alTCd B KHUTE Yalle BCErO MajbIMH TpeyeCKHMH OyK-
BaMH, a M0 NOBTOPAIOUIMMCS HHIEKCAM IOJpa3yMeBaeTcst CYMMHpO-
Baine, eciin He OTOBOPEHO HCKJIIOUEHHE H3 STOTO NpaBHJa. dopmyJint
B Iipenesiax Kauoi ryiaBbl UMEIOT JBOHHYI0 HyMepanuiw. Ilepsas uudpa
YKasblBaer HoMep naparpada, BTopas — Homep (opMmyJibl B JIaHHOM
-_——

*) B. JI. Bouu-Bpyesuu, H. 1. 3eseun, H. B. Kapnenro, A. I', Muporos, C6op-
HHK 3apay no ¢uswke noaynpopopuukos, «Hayka», M., 1968,
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naparpade (nanpumep, (4.7)). Ilpu cceiikax Ha dopmyast U3 ApyrHX
IJIaB CTaBHTCH eiue puUMCKad uudpa, yKasbiBalowasi HoOMmep TVIaBh{
(nanpumep, (IV. 4.7)). -

Bce ¢opmyasr pamst B cucreMe eanuuu I'aycca. Onsako yHceH-
Hbie 3HaYeHHs HEKOTOPHIX NOJYNPOBOAHUKOBLIX XAPAKTEPHUCTHK INpPH-
BeJIeHbl B IPAKTHYECKHX €JAHHHUAX, KOTOpHie OObIYHO YNOTPeG/sIoTCH
A 3TOr0 B JiMTepaTypé (HanpuMep, NONBHIXHOCTH — B €NMHHLAX
cM?/cek - B).

Mbl Beipaxkaem riy6okyio Gnaropapuocts M. M. KaranoBy, B3sB-
eMy Ha ce6sl TPYJ peueH3HpOBAHHA KHHPH H ClelaBIeMy OYyeHb MHOFO
leHHBIX 3aMeyaHHi. PasymeeTcs, OH He HeceT HHKAKOH OTBETCTBEHHOCTH
32 BO3MOXKHBle HeyJauHble MecTa KHHUTH.

Mbl Gnaromapuwt Takxke B. Jl. EropoBy, II. E. 3unsGepmany,
B. ®. Kucenery, U. A. Kyposoii, A. I'. Muponony, 10. ®. Hosortou-
Komy-Biacosy u A. H. TemunHy, mpouyHTaBUIMM HEKOTOpbIC TJIABBI -
M ClenaBIUMM PAX Mose3HbiX 3amevaHuil. Onun w3 Hac (B. JI. B.-B.)
BecbmMa npusHatesied Q. A. TosnoBunoit, B. B. Bouu-BpyeBruy wu
A. K. KynpusiRoBo#t 32 MOMOLIb NPH MOATOTOBKE PYKOIHCH K NEYaTH.

Adpens 1977 r. B. JI. Bonu-Bpyesuu,
C. I'. Karawnukos
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HEKOTOPBLIE CBOWCTBA TOJIYIIPOBOAHHKOB

§ 1. KuneTHYecKHe fIBeHHS B NMOJAYNPOBOIHHKAX

B HacTosimiedl raaBe Mbl pacCMOTPHM HEKOTQpbIE Pe3yJbTaThl 3KCIle-
pPHMEHTaJBHOTO HCCJelOBaHMA CBOHCTB NOJYHPOBOAHHKOB. DTH LaHHbIe
CYIIECTBEHHO CHOCOGCTBOBAJH TOHHMAaHHIO (DH3HYECKHX IIPOIeccoB
B.OJYIPOBOJHHKAX H SABHJIHChL 6a30fl A8 NOCTPOEHHs TEOPHH.

IpH ncenenosannH noaynpoBOAHHKOB 60ABIIYIO POJb HIPAeT H3Y-
yeHHe TaK Ha3blBae€MbIX sIBJEHHI NepeHoca WJH, HHaye, KHHETHYECKHX
apaenuil. OOlWas NpHYHHA 3THX fBJEHHUH 3aKJdO4aeTcss B TOM, 4YTO
3JIeKTPOHBI IIDOBOXHMOCTH IIDH CBOEM JBHXKEHUH IIEPEHOCAT CBf3aH-
Hble ¢ HUMH ¢Hu3HUYeCKHe BEJHYHHBI: MacCy, 3JEKTPHYECKHH 3apsj,
3HEPTHIO M Jp. BesencTBue 3Toro npy onpeliesieHHBIX YCAOBHSX BO3HH-
KaloT HanpasJjeHHbIe TOTOKH 3THX BeJHYHH, NPHBOASILHE K DALY 3JEKT-
pHUYECKHX H TETMJOBLIX 3(PeKTOB. YKaxkeM KpPaTKO BakKHeHIIHe KHHe-
THYeCKHE SIBJEHHR, OCOOEHHO HHTepecHble IJS HCC/IeJOBAHUA NOAY-
TIPOBOJIHHKOB.

a. 3rekmponpoeodHocms. B oTcyTCTBHE BHEINIHEro 3JEKTPHYECKOTO
NONS 3JIEKTPOHBI B KPHCTaJJle COBEpINAOT TOJBKO TeNJOBOe JBHKEHHE
CO CKOpOCTSIMH Vr. XapaKTep 3TOro ABHXKEHHs TaKoB, YTO 3JeKTPOH
HEKOTopoe BpeMs (Bpems CBoGoAHOro npobera) ABHKETCS NPHOJH3H-
TeJbHO NPSIMOJIHHEITHO U PaBHOMEPHO, HO 3aTeM, B pe3yJbTaTe B3aHMO-
ZEeHCTBHS ¢ KPHCTAJIMYECKOH peilieTKOH, pe3ko H3MeHsieT HanpasJ/eHHe
CBOero ABHxeHHs. TaKue npouecchl H3MEHEeHHS HMIYJbca Mal Oyaem
Ha3biBaTh B JaJbHeHlleM NpoieccaMH paccessHHsl umnyJabca. OHu aHa-
JIOTHYHBI COyILApeHHsIM aTOMOB, pacCMaTpHBaeMblM B KHHETHYECKOM
Teopuu rasoB. Bcaencteue GecnopsaouHOCTH TEMJIOBOTO JABHKEHMs
B 3JIEKTPOHHOM ra3e B COCTOSIHHH TEIJIOBOTO PaBHOBECHS HET IpeHMYy-
IEeCTBEHHBIX HaNpaBJeHuH NBHXKEHHS, H NO3TOMY CpelHee 3HauyeHHe
TeNJIOBOI CKOPOCTH PaBHO HYJIIO. 3TO 3HaUHT, YTO CPENHHH NOTOK 4acTHil,
a cJlenoBaTeJIbHO, H CpeHAs IJIOTHOCTb TOKa AJs J1060ro HaNpaBaeHus
PaBHBI HYJIO.

IlpH HaJl0K€HUH BHELUHETO 3JIeKTPHYECKOTO NMOJIs 3JeKTPOHEl  TOJIy-
YaloT JONOJHHTEJbHBE CKOPOCTH V NOJ AeficTBHeM noas. B sTom cay-
Yyae pesyJbTHpYIOLIee NBHXKEHHE 3JEKTPOHOB YXKe He SBJsfeTCsl coBep-
WeHHO GecrnopsiioYHLIM H BO3HHKAaeT HanpaB/JEHHLIH TMOTOK 3JEKTpH-
YecKoro 3apsiza (yieKTpHuyeckuit Tok). CpenHee 3HaueHHe CKOPOCTH
YIOPSI0UEHHOTO ABHKEHHSA [JiS1 OLHOTO 3JEeKTPOHa (BBIUHCIEHHOE AJf
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NPOMEXYTKA BPeMeHH, OXBaThIBalOWeTo GOMbIloe HYHCJAO COYAApEHHH)
Mbl O6yseM o603HayaTh Yepe3 vV, a CpefiHee 3HaueHHe 3TOH CKOPOCTH
IJs Bcell COBOKYIHOCTH 3JeKTPOHOB — uepe3 (v) == v4. Cpeauioo
CKOPOCTh YNOPSAJOYEHHOTO IBHKEHHR V, HasbiBaloT jpeiihoBoi.

Bo mHorux cnydasx okasmlBaeTcs, 4To ApefidoBast CKOPOCTb I11pO-
NOpIHOHA/IbHA HAMPSXKEHHOCTH 3JeKTpHyeckoro nosns . Ilostomy
BecbMa TIIOJIe3HO TIOHATHe JpeHioBOH IOABHIKHOCTH 3apHAKEHHBIX
4acTHI[ K, KOTOpag, IIO ONpeleseHHIo, eCThb JpefidhoBas CKOPOCTh, MPH-
ofpeTaeMas yacTHilell B [[oJle C HANPSXKEHHOCTbIO efnHuNa. i, nxave,

vg=n8. 1.1
JIns1 3IeKTPOHOB TIOABHIKHOCTb | OTPUIATENbHA, AN IMOJOMKHTEIbHBIX
YaCTHI{ —— NOJOXKHTENbHA.

Ecau umelotcs 3apsKeHHbl€ YaCTHIBI TONbKO OAHOT'O THIIA, TO NJOT-
HOCTL 3JEKTPHUYECKOrO0 TOKa paBHa

j=envy=enu8, (1.2)

r1e e — 3apsAl OfHOH wacTHUH ¥), a n — KOHUEHTPalHs MOABHXKHBIX
gacTHl. C Apyrofi cTopoHH, coriacHo 3akoHy Oma

j=08, (1.3)
rze o— yAelbHas 3JeKTpPONpPOBOAHOCEL BewlectBa. Orciona
g =eny. (1.9)

Tak KakK NpH H3MeHEHHH 3HaKa € OJHOBPEMEHHO H3MeHsAeTCd H 3HAK
NOJBUIKHOCTH, TO O HE 3aBHCUT OT 3HAKa 3apsja YacTHII.

B u3oTponHbIX BeulecTBax jgpeHdoBas CKopocTh HanpasleHa JHGO
mapaienbHo Noo (Y TOMOKHTENbHBIX 4YacTHL), GO MPOTHBOMO-
JIOXXHO NOJTi0 (Y OTPHLATENBHLIX YaCTHIY), NO3TOMY U H O CYThb CKaAsApHI H,
COOTBETCTBEHHO, BEKTOPHl j H § COBNAJAloT N0 HanmpaeaeHuwo. B anuso-
TPONHBIX BEUIECTBAX 3TO YK€ HE HMeeT MeCTa H COOTHOLIGHHE MEXAY
j u & nmMeer GoJsiee OOl BHA:

jx = Gxxgx + nygy + zegzp

fy=0ubs 40,8, + 0,8, (.5)

jz = szgx + 0'zygy + Gzzgz-
Hau, B cokpallleHHOH 3amucH,

jazaaﬂgﬁ (OL, Bzx, Yy, Z), (153)

r1e NOApa3syMEBaeTcs CyMMHDOBAHHE IIO IOBTOPSIOUEMYCS HHIEKCY.
CrnenoBatesbHO, B 3TOM Cllydae siBJ€HHe IepeHoca 3apsifa ompeje-
JisieTCs yKe He eJIMHCTBeHHBIM KHHeTHYecKUM KOa(pPHUHEHTOM, a COBO-
KYIHOCTbIO KO3(BhDHUHEHTOB Ggg, KOTOpblE SIBIASIOTCH KOMIOHEHTaMH
TeH3opa 2-T0 paHra — TeH30pa 3JeKTPOnpOBOIHOCTH.

*) B aT0ii riaBe e oGo3nauaeT aareGpavyecknil 3apAl UacTHURL
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6. 3dpexm Xoasa. TIpH HaJNUHKM BHENIHETO MATHHTHOFO IIOJISI Ha
IBHKYIIHECS 3JEKTPOHBl JeHcTByeT cu/ia JlopeHua, neprneHHKYJsp-
Hasl K HanpaBJeHHSIM MX CKOPOCTH U MAarHUTHOH MHAyKuuH. TTosTomy
JBHMKEHHE 3/IeKTPOHOB B Pa3JIHYHEIX HANPaB/JeHHAX MPOHCXOAHT HO-pas-
HOMY U Jaxe [OJYNPOBORHHK, H3O0TPANHLIH B OTCYTCTBHE MATHHUTHOTO
M0Jis, CTAHOBHTCS AHHM3OTPONHBIM. ITO 06CTOATENBCTBO [1PHBOJHUT K BO3-
HUKHOBEHHIO [a/JbBAHOMATHHTHEIX fiBJeHHHA. Ba)kHeHAuIHMu W3 HHX AB-
asiioTes ekt Xossa 4 H3MEHEHHe CONPOTHB/ICHHS B MATHUTHOM TOJE.

Sdpdext Xoana 3aK04aercs B TOM, YTO B IPOBOAHHKE C TOKOM,

[IOMElIeHHOM B MaTHHTHOe [0Je, NOSBJAAITCA 3JeKTPOIBUKYULHE CHJILI
W, Kak cCJeiCTBHe, BO3HHKaeT
JOIOJHUTEJbHOE — 3JIeKTpHYECKOoe
noje. CyumHocTe 3TOro 3ddekTta
B TpocTefimieM U HauboJaee Bax-
HOM cCJaydae TnosicHaeT pue. 1.1.
PaccMOTpHUM OZHOPOANBIA H H30T-
pONHBIM NPOBOAHHMK B BHIE Mpf-
MOYTOJIbHOTO TlapaJlJlesIermnena ¢
3JeKTpojamu Ha ero Topuax. Ha-
MpaBUM NPSMOYTOJIBHEIE OCH KO- Puc. 1.1. 3¢dexr Xoana.
opauHaT Baosab pebep napasse-
Jenuneaa M [MOJOXKHM, YTO BeKTOp NJIOTHOCTH TOKa j mapaJJe-
JeH ocd X, a MarHuTHas MHIyKuus 83 Hanmpas/eHa no acu Z. B orcyT-
CTBHE MArHUTHOIO TOJS HANPSKeHHOCTb 3JI€KTPHYECKOro MoJjs B IIpo-
BOZHHKe & COBNajaeT ¢ HampaB/eHHeM j U MeXIy NBYMs MONepeuHbIMH
KOHTAKTaMH a ¥ b, pacroJO:KeHHBIMH B IIJIOCKOCTH, IepleHAHKY/IAPHOH
K j, pa3HoCTb NOTEH1MANOB PaBHA HyJ0. [1pH BKIIOUEHUH TIONEPEUHOTO
MarHHTHOTO TOJIST MEXKAY PAa30OMKHYTHLIMH KOHTaKTaMH a U b mosiBjisercs
Pa3HOCTb MOTEHIHAI0B, KOTOpas u3MeHseT 3HAK NPH H3MEHEHHM Ha-
NpaBjeHHst TOKa MJAH MarHHTHOTO MOJf.

TNosiBienue 3TOH pa3HOCTH NOTEHIHMAJNOB IOKasblBaeT, YTO B INpH-
CYTCTBHM MaTHHTHOTO IOJISL B TIPOBOJIHHKE BO3HHKaeT IONOJHHTEIbHOE
anekTpuueckoe noje &,. Hanpabienue pe3ynbTHPYIOWEro 3/eKTpHye-
CKoro moas & Temepb He COBMajaeT ¢ HanpaBleHHeM j, a TNOBEpPHYTO
OTHOCHTEJIBHO j Ha HEKOTOPBI YroJ , KOTODHLIH TNOJYy4YMJ Ha3BaHHe
yriaa Xosja. DKBUNOTeHIHaAbHBIE TOBEPXHOCTH, KOTOpHIE B OTCYTCTBHE
MarluTHOrO NOJS OBUIH TUIOCKOCTSIMH, TEpNeHIHKYJADHEIMH K &,
(onHa U3 HUX MPOXOAHMJIA Uepe3 TOUKH a H b), Tenepb IeprHeHAHKY/sPHbI

, T- €. TIOBEpHYTHl TOxe Ha yroa ¢ (a,b; Ha puc. 1.1.).

OnmuT nokasbiBaeT, 4To HampsKeHHOCTb NoJs 3dopekra Xouia- &,

W Hanpmxenue XoJJ1a 4 MOXHO BHIPasuTb GopmyJiamu

§,= 4 =RBj=RAB ... (1.6)

*8

3nech d — TomuuHa o6pasna, @ — ero LIMpHHA (B HalpaBJeHHH Mar-
HHUTHOTO Toss), { — NOJHAsl CHJIa TOKa, a R — KO3(HITMEHT NPonop-
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I[HOHAJBHOCTH, KOTOPBIH B ¢/1abblX MarHHTHHLIX NOJSIX HE 3aBHCHT OT
MarHMTHOH HHAYKLUHH H XapakTepH3yeT TOJbKO CBOMCTBA BelleCTBa.
OH nonyuus HasBaHWe NocTosiHHOH XoJuia.

- 3Haku yraa Xoaaa H nocTOssHHOR XoJ/1a 3aBHCAT OT 3HaKa 3apsja
MOABHIKHBIX YacTHH, 00YyCJIaBJIHBAIOIMHX 3/1EKTPONPOBOAHOCTb. IATO
nosiciser puc. 1.2. Ecnu marnuTHas MHAYKIMA HanpaBjieHa OT ILIO-
CKOCTH PHCYHKAa K YHTATeRi0 H MOABHMHBIE YacCTHIBLI HECYT MOJOKH-
TeNbHHIH 3apsif, TO MPH yKa3aHHOM HAMpaBJeHHH TOKa cHJa JlopeHua
"F 6yner HanpaB/ieHa BHH3 H HHKHSSI TpaHb KPHCTaJ/I1a 6y AeT 3apsKaTheA
[IOJIOKHUTENLHO, a BepXHAs — oTpHUaTeabHO. Pe3yapTHpylolee 3ieKT-
pHuecKoe noJe & 6y1eT NoBepHyTO OTHOCHTE/IBHO TOKA j IPOTHB YacoBO#
cTpenkd. B 3ToM ciyuae yCJOBHIMCH cuMTaTh Yrod XoJja H MOCTOsIH-
iy©o XoJJla NOJIOKHTETbHBIMH,

- - - - + + + +
g &= |(—> 5 €y§——7
+ ——@f—-
(4
4 50',
J &
a) 7)

Puc. 1.2. 3nak yraa Xoana: a) ¢ > 0; 6) ¢ <O0.

Ipu oTpHuATebHO 3apmxeﬂﬂmx yacTHuax cuiaa F HanpaBnieHa
TOKe BHH3, OJHAKO B 3TOM CJyyae HIKHSS TPaHb KpHCTaaia Oynaer
3apsKATBCA OTPHUATENBHO H XOJJIOBCKGE TNoMe &, H3MEHMT 3Hak.
CoOTBeTCTBeHHO Tojle & OKaKeTcsi MOBepHYTHIM MO YacoBOH CTPeJIKe
H ¢ U R GynyT oTpHLATENbHEL.

Obdext Xosana HaxoauT cebe pa3MHYHbIE TeXHHUYECKHE MpHMeHe-
HHusA. Ero MOXHO HCMONB30BATE /IS H3MEpeHHS HAampsKeHHOCTH Mar-
HUTHOTO MOJISl WJIH, €CJIH MOCJNeLHee HU3BeCTHO, IJIsl U3MEPEHHS CHUIBE
ToKa ¥ MouHocTH. C nomombio s¢pexta XoJ1a MOKHO FeHEpHPOBATD,
MOAY/JHPOBATh H 1eMOAY/1HPOBATh 1eKTPHUeCKHe KoebaHHUs, OCYILecTs-
JATb KBAaJPAaTHYHOE NeTeKTHPOBaHHE KoJeOGaHHil, YCH/JIHBATh 3/IEKTpH-
yeCKHe CHTHaJbl U pelaTb Jpyrue TexHuyeckue 3ajauH.

Yron Xosna H noctosiHHasi Xo//1a BbiPaXKaloTCH HEMOCPEACTBEHHO
yepe3 KOMIOHEHThI TeH30pa 3JeKTPONpPOBOAHOCTH ‘B MAarHHTHOM IoJe
Ggp. DyleM cuHTaTh CHa4a/ia, YTO €CTh HOCHTE/H 3apf/la TOJIBLKO OHOro
THna (o6oblueHHe Ha cay4ail HeCKONLKHX THNOB cM. B § 4). Toraa ux
CKOpOCTb Apeiida HanpasaeHa BRoJbL Toka (ocu X, puc. 1.1.), a cuna
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Jlopenua u nose Xomna jexar B NIocKocTH XY, H B COOTHOMICHHAX
(1.5) &; = 0. [lanee, Mbi cpa3y yurem, 4TO

Oxy=— ny; 0'xxzo'yy' (17)

B cnpaBeJIMBOCTH NEPBOro H3 3THX COOTHOIIEHHH Mbl yOenumcs Nnps-
mbiM pacuetom (§ 3). Bropoe oueBuznHO Ge3 pacueTa, Tak Kak oct X H Y
paBHONpaBHb Mo oTHoweHHio K <B. Toraa, monaras B (1.5) j, =0
(pa3oMKHYTbIe MMOTeHUHANbHbIE 30HAB @ U b), MBI HMeeM
&
]

Oyx  Oxy
x Oyy Oxx

(1.8)

HNanee, uckmouast &, u3 nepsoro coorsouenusi (1.5) u popmy.int
(1.8), Haxonum
Oxy .
g2 +02 ]x'
xx xy

&, =

CpasnuBasn 370 ¢ ¢opmysoii (1.6), nonyyaeMm ansa moctosHHo# Xosaa

1 Oxy
R=— &%, o3, " (1.9)

6. Hamenerue conpomusnrerust 8 maznumuom noqe. Bueiunee war-
HUTHOE IOJIe BBLI3LIBAET HE TONLKO MOSIBJEHHE XOJJIOBCKOro mojs &,
HO H3MEHseT TaKKe TOK j,. DTo 3HaYMT, YTO CONPOTHB/ICHHE MPOBOAHHKA
B INOMEepeyHOM MAarHUTHOM foJie H3MeHseTcs. OnbIT -MOKa3biBaeT, YTo
B HEKOTOPOM HHTepBaje NOCTaTOYHO c/1aObiX MAarHUTHBIX TMOJeH H3IMe-
IlEHHA 3JIeKTPONMPOBOAHOCTH AG| M yINeIbHOrO CONMPOTHBJEHHA AP
NONYHHAIOTCA 32aKOHY
A
foy 201y o, (1.10)
o Y
3nech 0 H p—3HaueHus npH B =0, a x| — «Ko3pdHUHEHT nonepey-
HOTO MAarHeTOCONPOTUBJEHHUS», 3aBUCAWMUH OT CBOACTB MaTepHaja,

AdrpeKT MarHeToCONpPOTHBJICHUSA €CThb HEMOCPeICTBEHHbIH pe3yJ/bTar
TOrO, YTO B MATHHTHOM II0JI€ 3/I€KT POl POBOAHOCTL CTAHOBHTCH TEH30POM.
IlosToMy MarHeToconpoTHBIEHHE MOXKHO BbLIpa3HTb, KaK H yrona
XoJsa, yepe3 KOMIOHEHThI 3Toro TeHsopa. Ilosarasi B COOTHOIGHHAX
(1.5), kak u paubwe, &, = j, = 0 W HCK/IIOYas M3 MEPBBIX ABYX CO-
orHowenuil nose &, nosyyaem

. Oy
Ix= (Uxx +0—;\:> Do

YaenpHast 3/eKTPONPOBOAHOCT B IONEPEYHOM MATHUTHOM MoJe
paBua

.(,L(Jg)%:m, (1.11)

Oxx
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Orclola MOXKHO BBIPa3HTh M- KO3((hHUHEHT MarHeTOCONPOTHBJEHUS X )
yepe3 KOMIIOHeHTbl TeH30pa O,p. ONHAKO MBI OTJIOMHM 3T0 Jo § 3.

Ecnu marHuTHoe nose napajjienbHo TOKy, TO B paccMaTpHBaeMoi
monenn cuia JlopeHua He Bo3HHKaeT, 0 (<4) = @, 0 TpONOJbHOE
marHetoconpoTusiaeHue Apy/p = 0.

OtmeTumM, uyto ¢dopmyanl (1.8), (1.9) u (1.11) cTporo cnpaBensHBH
Juuib anasi G6e3rpaHuHuHON cpeipl. B peaiabHbIX o0pa3smax KOHEUHHBIX
pasMepoB H3-3a HAJTHYHS TOKONOJBOAALINX MeTalJHYeCKHX KOHTaKTOB
BO3HHKAIOT MCKAXEHHS JHUHHU TOKa M JIHHHH NOJs, KOTOphE HYXKHO
VUHTBIBaTb TNPH H3MepeHHsiX. UToObl BJHAHHE KpaeBhiX 3(¢eKToB
6blJI0 Masdo, JIHHA 00pa3noB (B HANpaBJeHHH TOKA) AOMXKHA ObTh
HaMHOTO GOJbllie HX NMOMEepeuHbIX pasMepoB.

2. Tepmosdc. PusnyeckH BblIe/eHHOE HalNpaB/eHHe TMOSIBASETCS
He TOJILKO BO BHEIIHEM MATHHTHOM IoJle, HO M NIpH HaJHYHH TpajHeHTa
TeMIepaTypbl, Jaxe €CJAH MarHHTHO-

z -pr $ *0 Mol HeT. 3TO NPUBOAMT K BO3-
HHKHOBEHHIO TpPYNNbl TEPMO3JEKT-

7 &—> Zz pHYECKHX siBJeHHH. Baxueiummu
TEpPMOINEKTPHUECKHMH 3(deKTaMH B

+ ) - OJNIOPOAHBIX TONYIPOBOAHUKAX SIB-
7 -7 JISIOTCH TePMO3JIeKTPOABHKYILasl Cil

Jia (TepMO3JC) U TaK Ha3BIBAEMOE §IB-
Puc. 1.3, TepMosac. Vxasammmii JieHHe Tomcona.
3HaK HanpsXeuus CCOTBETCTBYET IO- nepBHﬁ H3 HHUX 3akJmwoyaercsa B
"‘O’K“Te“““”MT“";“TT‘?MM 84pAla M oM, 4TO MEKIY KOHIAMH Pa3sOMKHY-
2 B TOrO IPOBOAHHKA, KOTOpble MMEIOT
pasJuuHylo TemnepaTypy, Bo3HHKaeT
pa3HocTh NMOTEeHLUHANOB, 4, 3HAYHT, BHYTPH IPOBO/JHHKA TOSBJIAETCS
3JIeKTPOABIKYIAa cuja (puc. 1.3).

ITpoucxoxeHHe TepMo3ac OOBACHAETCS TeM, YTO IOTOK Auddy3nu
3apsKEHHBIX YACTHI[ OT HATPETOro KOHUA K XOJOJHOMY OGOJbllie, Yer
B o6paTHOM HampasJeHuH. Ilo3ToMy Ha KOHUAaX NPOBOJHHKA (H Ha
€ro MNOBEPXHOCTH) IOABJSAIOTCA 3JeKTPHUYeCKHe 3apsjbl, a BHYTPH
NpOBOJHUKA — 3/MEKTpHUECKoe TIIoJe. B cTauvoHapHOM COCTOSHHU
Pa30OMKHYTOT'O NPOBOJHHKA 3TO II0J1e TaKOBO, YTO BbI3bIBAeMBIH UM TOK
apefiba Kak pa3 KOMIIEHCHpPYET pe3yJbTUPYIOIHH HOTOK Aupy3HH.
OpHako TosHasl BeNHYHMHA HaNpsXKeHHs, PEerHCTPHPYEMOro BOJBT-
MeTPOM MEeXJy MeTaJJIH4eCKHMH aJeKTpopamH a u b (puc. 1.3), ckna-
JIbIBAeTCS He TOJbKO U3 IaJieHHs] HalpsKeHHS BHYTpH ITPOBOJHHKA,
HO ellle ¥ U3 CKAaYKOB NOTEHNnHaNa, CYMeCcTBYIOIHX Ha IpaHHIAaxX Noay-
IIpOBOH HK—MeTaJl1 (KOHTAaKTHasl pa3HOCTb MOTeHIHanAoB, ¢M. § VI.5),
KOTOpBIE 3aBUCAT OT TeMnepaTyphui. Eciu o6a MeTaiHuecKuX 3JeKTpojia
OIMHAKOBEL M pPA3HOCTH TeMmIepaTyp HeT, TO CymMMa OGOHX CKaYKOB
HOTeHIMaaa pasHa HyJio. Ecau ke TemmnepaTypa KCHIOB pasJfuHa,
To BeJUYHHA 0GOHX CKAYKOB NOTeHLHANA YiKe HEOJIMHAKOBa, UTO BHOCHT
JIOTIOJIHHTENBHEIH BKJaRX B TEPMO3IC.
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Beawunny sac dV, mpum Manofi pa3HocTH TemmepaTyp MeXAY
KoHuaMH dT' nmpuHATO BbIpaxKaTh COOTHOLIEHHEM ‘

dVy=a-dT. (1.12)

3mech @, Mo ompeneleHuio, ecTy audxpepennnaTbHag TepMosac. Ecam
o6a MeTa/UIHYeCKHX 3JIEKTPOAA M COeAUHHTEJbHBIE NMPOBOAA CAENaHbI
U3 OJMHAKOBOIO MaTepHa/la H TOY-
Ku ¢ u d (puc. 1.3) HaxomaTcs npwu
OJIMHAKOBOH TemmepaType, TO @ 3a-
BHCHT TOJMbKO OT CBOHCTB NOJYHpO-
popuuka. Tak Kak 3TH MNOC/eqHHe
H3MEHAIOTCA NPH H3MEHEHHH TemIe-
paTyphl, TO 0. TOXE 3aBHUCHUT OT TeM-

nepatypsl. BenuunHa o y MeTansios 4
HeBeJIHKa H OObIYHO HMeeT nopAajgoK +
1+10 MxB/rpang. ¥ nmomynpoBogHu-

KOB QHA MOXeT 6bITb BO MHOI'O CO- Puc. 1.4. TEPMOSOHI[- 3 — Harpe-
TEH U ToICAY pa3 OoJblile. Thifl cTepxeHb, JI — TOJYIPOBOJ-

Onpenensis NONAPHOCT TepMo-  HHK, M —;0;1}?11‘;:’:1 B;e;(aﬂﬁzqiciaﬂ
3JIEKTPHYECKOTO HAIPSIXKEHH S, MOXK- “'22;“:;;' no‘jlommiwi“qam:u_a
HO NMPOCTO yCTAHOBUTH 3HAK MOABHXK- :
HbIX HocHUTeJedl 3apama. [Iad 3toro
HCHOAB3YIOT «TEPMO3OHJ» — HarpeThl METa/JIHYeCKHil CTep)keHb, Ha-
npuMep OOBIYHBIA 3JEKTPHUSCKUH NaANbHHK, KOTOpBIA NpPHKHUMAIOT
K HCC/IeyeMOMY IMOJIYNPOBOAHUKY. MUJIHBONBTMETpP BKJOUAIOT MEXAY
CTepXXHeM M XOJIOJHOH cTopoHoH oOpasua (puc. 1.4).

0. Igesm Tomcona. Ecad B OZHOPOAHOM IIPOBOJHHKE HMEETCH
rpajgueHT TeMnepaTypbl B HalpaBJeHHH OCH X U B TOM Xe HallpaBJeHHH
TeyeT /1eKTPHYECKHH TOK C MJIOTHOCTBIO j, TO B KaXKAOH eHHHIe 00beMa
B €IHHHIY BpeMEHH BBHIJEJSETCH, KpoMe [Koy/eBa Telna j?/o, eme
JOMOJIHUTEJbHOE TellIo

.dT
‘ —or e (1.13)

3necy ar— kosdpduinenT TomcoHa, 3aBHCAWMA OT poja BeULECTBA
U ero cocTosiHuA. B oTanude oT MxKoyJeBa Temsaa, Temsao ToMcoHa Npo-
MOPUHOHAJBHO NepBoi cTeneHy j. IlosTomy npu H3MeHEHHH HarpaBbJe-
HHS TOKa Ha ofpaTHOe Tels1o TOMCOHA H3MEHSeT 3HAK: BMECTO NOrJo-
_LeHUs TenJja HabJ/10JaeTcsl ero BhblaesaeHHe, B HaoOopoT.

Ilpy Hanuuuy rpajdeHTa TemIepaTypbl B IIPOBOJHHKE HMEeTCA
€llle TerJIoBoi MOTOK, OOYC/JIOBJEHHBIH TEeNJONPOBOJHOCTHIO BELIECTBA.
Ilpu 3TOM KO/THYECTBO TemJia, POXOASAIIEE YePe3 eUHHIY NOBEPXHOCTH
B €JIMHHIY BpeMEHH B HampaBiaeHHH X, ecTb

—x 4, (1.14)
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TAe % — KO3bQUIHEHT TensjonpoBoaHocTH. EcjH 5T0T NMOTOK H3MeHsi-
€TCA B NPOCTPaHCTBe (BC/ICACTBHe H3MeHeHHs % wiH dT'/dx), To B o6beme
NPOBOJHHKA TOXe BBLIIEIACTCA Terio

d ( dr
dx\ >
B ofmemM cayuae, korfa HanpaejaeHds j U y7T He coBmajaoT, noJ-

Has reHepanid TenJsa B €AHHHIYY BPEMEHH H B €JHHHIlE 06beMa NPOBOJ-
HHKa paBHA

QV:,{;_ar(j.VT)—[—diV (x-VT). (1.15)

31éch nepBoe caaraeMoe AaeT JKOYJEBO Telo, BTopoe — Temio ToM-
COHa, a TpeTbe OGYCJ0BJCHO TENJONPOBORHOCTBIO. B crannoHapHoM
coctossHHH Qy = 0. IlosToMy B mpOBOJHHKE YCTaHaBJUBaeTCsi TaKce
NIPOCTPAHCTBEHHO® pacrpejieieHle TemrnepaTypsl, TpH KOTOPOM TeIic,
OTBOJIMMOE TEINJIONPOBOAHOCTEIO, KaK pa3 paBHO cyMmme Tenua JIXKoyJst
n tenna TomcoHa.

e. gppexm Ieavmee. OOpaTHMOe BblfesneHHe Temnsa HalJiofaercs
TaKKe Yy Tpanuilbl KOHTAKTa ABYX Pa3JHYHbIX IPOBOJAHHKOB. Ko/HYecTBO
TenJsa, BhijessieMoe Ha elHHHIe TJIOWALH KOHTAKTa B eIHHHIY BPEMEHH,

QS) paBHO
Qs=1,,-j. (1.16)

3nech j — NMJIOTHOCTB TOKa 4Yepe3 KOHTAKT, a [l;; — Ko3pduuuesT
IlenbTbe, 3aBHcAWMIA OT CBOHCTBE KOHTAKTUPYIOUHX HPOBOJAHHKOB.
Wnnekcamu 1, 2 o6o3HaueHo, 4T0 TOK Npearnosaraercs HampaBJeHHBIM
OT NMpoBOAHHKA | K npoBoauuKy 2. IlpH H3MeHeHHH HanpaBJeHHs TOKa
Ha o6paTHoe BMECTO BhIJeJeHHs Temja HalJi0faeTcsi €ro MorJIoLEeHHE,
n HaobopoT. CnenoBartenbHo, [, = —IIy.

. Ilpuynna BoiAeneHHs1 (MOTJIOIIEHUS) TemJa Tennthe 3aKTIOuAETCS
B TOM, YTO CpelHye SHePTHH 3JeKTpoHoB E; U E; B pa3/iuyHbIX NPOBOA-
Hukax 1 ¥ 2 HeoJHHAKOBEI, Jaxke eCJH 00a NpPOBOJAHNMKA HMEIOT ONHY
¥ Ty e TemnepaTypy. IIpH nepexose u3 0QHOro NpPoBOJAHHKA B ApYTroii
M3MeHsieTcsl, BO-MepBbIX, NOTEHUHANbHAs 3HEPTHsl 3JEeKTPOHOB —eéq,
TaK KaK Ha TpaHHLEe UMEeTCss CKauoK 3JeKTPOCTaTHYeCKOTo IOTeHIHa a
H NO3ITOMY @y ¥ @,. M, BO-BTOpHIX, MOXKET MEHATLCH UX CpefHsAs KHHe-
THueckas sHeprus E,. IlocneaHee ecTb pe3ysbTaT TOTO, YTO 3J1€KTPOHHI
NIONYHHAIOTCSA He KJAacCHYeCKOH cTaTHcTHKe Makceenana—Dbosbumana,
a KBaHToBOH craTucTuKe ®epmu—/Iupaka, cormacHo KoTopoil E,
3aBUCHT He TOJbKO OT TEMIepaTyphl, HO ellle H 0T KOHUEHTPALHH 3JeKT-
ponoB. [TosToMy npH HaJWM4YMH TOKa A/ MOANEPKAHHS TeMIepaTyphbl
KOHTAKTa IIOCTOSIHHOH OT Hero Heo6XoAuMO JHO0 OTBOAMTbL 3HEPTHIO,
eciu E; > E, (Boiaenenne Tenja [TenbTbe), JJHOO NOABOAUTL €€ K KOH-
TaxkTy, Koraa E, << E, (norsomenne Tenaa IlesbToe).

Teopusi siBNeHHil nepeHoca 3HepPTHH 3JekTpoHamu (cm. ra. XI1II)
" N03BOJIAET 3aKJIOUHTB, YTO 1, MOXKHO NPEACTABHTBL B BHJE Pa3sHACTH:

My =11, — 1, (1.17)
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rne 1T, u II, — xosbduuuents IlesbThe ans mpoBoxnuka 1 u, coort-
BeTCTBEHHO, mpoBopuuka 2. OHa MOKa3biBaeT TaKXke, YTO TepMO3JIEKT-
puYecKHe KuHeTHYecKHe Ko3(pHLHEHTH @, ar ¥ [T He ABAsAoTCA Hesd-
BUCHMBIMH, @ CBS3aHbl COOTHOUWIEHHSMH

I =aT, (1.18)
ar=T%, (1.19)

U3 ¢opmyawt (1.18) BugHo, uto [T nponopuuoHanen o. [Tostomy
Yy NOJYNpOBOAHHKOB Ko3¢pduuueHT [lenbThe, Tak ke Kak M TepMO3JC,
ropasjio 6oJ/iblie, yeM Yy MmeTasioB. C Apyrofi CTOPOHBI, COOTHOLIEHHe
(1.19) nokaseiBaet, uTo Tensio ToMCOHA 0OYCJOBJIEHO TeMmIepaTypHOil
3aBHCHMOCTBIO TE€pPMO3AC . Eciu a He 3aBHCHT OT TemmepaTyphl, TO
H Tenao ToMcoHa paBHO HY.JIO.

TepmossnekTpuueckHe sBJEHHA HMEIOT MHTEepeCHbie NepCleKTHBbE
TEXHHYECKOr0 IpHMeHEeHHs. TepMO3AC MOXKHO HCHOAb30BAThb  JJisl
yCTpoHCTBAa TepMO3JEKTPHUECKHX TeHepaTopoB HeGOJBIION MOLIHOCTH,
NpeiHa3sHaYeHHbIX JJs MPSMOro mpe-

06pa3oBaHHs TeNJOBOH 3HEPrHH B -2.[
snekTpuueckyto. ITpumensia sdupexr T
[lenbThe, MOMXKHO OCYLIECTBHTH pas- pA | 1{ 5
JHYHbIE TEPMOSICKTPHUECKHE OXIax- v o]

Jaomue ycTpoictBa. Opnako Ha LA

3TUX BOMNpocax Mbl He OYAEM ocTa- )
HAB/IHBaThCSA ‘M OTChUIaeM uuTaTens LAC. 1.5. Ionepediniit repMomarnur-
Bt 3d¢dexr Hepuera — 3rruurcray-
K CrnenyaibHblM MOHOTpagHsM. 3eHa,
sc. Ipgexm Hepuema—3Immure-
ceaysena. Korga nonynpoBopHMK,
B KOTOpOM HMeeTCs TpajHeHT TemiepaTyphbl, MOMELIEH B MaTHHTHOE
nosie, TO BO3HHKAIOT pasjHYHbie TepMOMAarHHTHhie 3bdexThl. Haunbosee
HHTePecHBIM sBJIseTCS nonepeyHbll ¢gexT Hepucra—3TTHArCraysena,
COCTOSIEIME B IMOSIBJACHHH 3JEKTpHYeckoro nojis &, nepneHiMKyJsp-
Horo K y7T u &, T. e. B HanpaBnenuu Bektopa [y7T x 8l. Ecau rpa-
JHeHT TeMrepaTy pbl HanpaeJeH BLOAb ocH X, a MarHHTHAA HHAYKUHSA —
BJOJb Z, TO 3JeKTpHuecKoe Mojie napaJienbHo ock Y. [TostomMy Mexny
nonepeyHbiMi 30HAaMHU @ ¥ D (puc. 1,5) BO3HHKaeT pasHOCTb sJeKTpuye-
CKHX IOTEHHUatoB u. Beanunny &, MOXKHO BbIpa3HTb (OpPMYJIOH
gyzgz‘h@%}z Z—: (1.20)
3nech g — Tak HasblBaeMmasi mocTosiHHas HepHcTa—3ITTHHICrayseHa,
KOTopas 3aBHCHT OT CBOHCTB IOJYIIPOBOJHHKA U MOMXKET ObIThb KaK I0J/0-
XKUTEJbHOH, TaK U OTPHIATENbHOH. :
YTo6bl MOMTYYHTh NpEACTaBJIeHHE O BeJqHUHHE 3TOro 3dekTa, yKa-
KEeM, 4To, - HampuMmep, B TepMaHHH C YAEJNbHBIM -COHPOTHBJIECHHEM
~1'OM-cM npu KOMHATHbIX TemmepaTypax, npH B ~ 10° ['c u
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dT/dx ~ 10® rpan/cm _mabaonaemoe &, ~ 1072 B/cm. 3nauenns ¢,
a cieoBaTesbHO H &, CHJIBHO 3aBHCAT OT TemIepaTypsl ofpasua
H OT MarHHTHOTO NOJS H IPH H3MEHEHHH 3THX BeJHYHH MOTYT Jamke
H3MeHATb 3HaK.

PaccmaTpuBaeMbill 5¢¢heKT BO3HHKaeT IO TOH ke IpHYHHE, YTO
u sbdexkt Xoaaa, T. e. B pe3ysabTaTe OTKJIOHEHHA NOTOKA 3apsKeHHBIX
uacTuy cusoll JlopeHua. Pasnuune, oJHaKo, 3ak/i04aeTcss B TOM, 4TO
npu sbdexte Xossna HanpabB/leHHBIH NOTOK YacTHI, BO3HHKaeT B pe-
3yJbTaTe UX Apeida B 37€KTPHUYECKOM I[OJEe, & B JAHHOM CIyyae —
B pe3yJbTaTe Au(GY3HH.

.Jlerko BHIETb, YTO, B OTIHUHEe OT MOCTOAHHOH XoJJa, 3HaK ¢ He
3aBHCHT OT 3HaKa HocHTesell 3apspa. IleHAcTBUTeNBHO, npH npefide
B 3JIEKTPHUYECKOM IloJle H3MeHeHHe 3HAKa 3apsAja IPHBOAHT K H3MeHe-
HHIO HanpaBJeHHs Apefida, yTo M jaeT H3MEHeHHe 3Haka moasa XoJaJja
(cp. puc. 1.2). B nannom ke cayuae notok auddgysHH Bcerja Hanpas-
JIeH OT HarpeToro KoHua ofpasua K XOJOAHOMY, He3aBHCHMO OT 3Haka

3apaga uactuu. Ilostomy Hampas-
FdT 2 VIAGT JeHHA Cuabl JlopeHuna asa mosoxu-
TeNbHBIX H OTPHUATEJbHBIX YacTHIL

7 = % | B3alMHO NPOTHBOTOJOXKHEI, OAHAKO
; z HanpaBJIeHHe TIOTOKOB 3JIeKTPHYECKO-
flé ro 3apdajia B 000HX caydasax oJHO H
Puc. 1.6. Tlonepeunmii TepmoMarnur- 1O 2KC.
it 3ddexT Pura — Jlegioka. 3. Ippexm Pueu—Jledwrka. B

IONYIPOBOIHHKE, B KOTOPOM HMe-
eTesl TpajaueHT TeMmnepaTypsl, IIpW BXJIIOUEHUH MAaTHUTHOTO I1OJS NOSAB-
JseTcd TakKe NonepevHas (1O OTHOIIEHHIO K MEPBOHAYAJLHOMY TelJlo-
BOMY IIOTOKY M HanpaBJeHuio 83) pasHocTb TemmepaTyp (puc. 1.6).
BennunHy nonepeyHoro TrpajHeHTa TeMIEPaTyphEl MOXHO 3allHCaTh
B BHAe
oT

aT
W_S'G%za;’

(1.21)

rie S — nocroannasi Puru—Jlenioka, XapaxTepHsyiouwas CBoOHCTBa
JaHHOTO BellecTBa.

SpdexT Purn—Jlenioka cssan ¢ TeM, uTo JubdyHAHpYIOUHe HOCH-
TeJIH 3apAja NEepeHocAT ¢ cobod Temno (TENaoNnpoBOAHOCTE). Bes mar-
HHTHOTO OJI MOTOK TellJla HanpaB/eH OT Topsiuero KoHia o6pasna
K XOJOJHOMY, T. €. napajeJpHo —Vy 7. B MarHuTHOM IloJe NMOTOKH
JuddysHH H TelJa noBopauuBaioTcs CHIoH JlopeHna Ha HEKOTOPHIN
yron. IlosToMy BO3HHKaeT cOCTaBJ/IfIOMIAs TENJIOBOTO IIQTOKA BJOJbL
ocH Y, 4TO H IPHBOIHUT K IIOABJIEHHIO COCTAB/AIOWEH TPajHeHTa TeMIle-
patypsl V,7» Tak xak HanpaBjeHHe CHIbI JlopeHUa NpPH JaHHOM Ha-
npasieHnH Anddy3HH 3aBUCHT OT 3HaKa 3aps:KEHHBIX YacTHIl, TO YTroJ
NOBCPOTA TEMJIOBOFO OTOKA, a 3HAYHT, H NOCTOSAHHAA S HMEIOT pasHbIe
BHAKM JJIs1 TIOJIOXKHTEJbHHX H OTPHLATENbHBLIX HOCHTeNel 3apsja.
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u. IIpodoasreie mepmomazrumrste sggexmot. TTomumo paccMoTpeH-
HLIX BBILIE NONEpeuHbIX 3(peKToB, B MOJYNPOBOAHHKAX HAGJIOAATCA
TaKke IMpOJOJbHBIE TepMOMAarHUTHBle 3(dekT. Ecan cymecTsyer
HepBOHAYaJbHBIH HOTOK TeNJa B HalpaBJeHHH OCH X, To IpH BKJIOYe-
HHH JIONEPeYHOro MarHUTHOIO IOJIS HOABJSETCS He TOJAbKO Toneped-
Hasfl pasHOCTb IOTEHIHAaJIOB, HO elle M IpPOROJbHAsA (IpPOROJbHBI
s¢gupekT HepHcTa—ITTHHICray3eHa). ITOT 3(PPeKT MOXKHO HCTONKOBATD -
KaK H3MCHEHHE TepMO3AC B MOMNEPEYHOM MAarHHTHOM MOJIe.

Ecin nocne BKJOYeHHS MATHHUTHOTO II0OJISI TEIJIOBOH MOTOK BIOJB
ocn X (puc. 1.6) nozpmep:kuBaeTcsi MOCTOSAHHBIM, TO, KpPOMe IoIepey-
HOH PasHOCTH TemmepaTyp (BROJb OCH Y), BO3HHKaeT JOHOJHHTENbHas
APOROJIbHAS Pa3HOCTb TeMepaTyp BHOJb ocH X (IpOROJBHBIH 3(peKT
Purn—Jlenoka). OHa mnosiBasieTcsl BCJAEACTBHE M3MEHEHMS TelJONpo-
BOJHOCTH B MarHMTHOM IHoOJe.

OTMeTHM, YTO 3HAUEHMA KHHETHUECKHX KO3(XpHIIHEHTOB MOTyT
U3MEHATHCS NPH H3MEHEHHH TellslooOMeHa o0pasua ¢ OKpyzKalomed
cpepofi. IlosTomy pasnuualoT H30TepMHUYeCKHe M anHabaTHUeCcKHe
adipekTol, M30TepmuuecKHMH Ha3blBalOT 3(ipeKTHl, BO3HHKAIOIIHE IIPH
yCJAOBHH, 4TO HONEpeyYHble IpajueHTHl TeMIepaTypel (B HanpaBJeHHH
ocefl Y u Z) paBHbl HyJsio. AnuabaTHieCKHMH Ha3bBalOTCA S(EKTH
IpH YCJIOBHH, 4TO IONEpeyHbie NMOTOKH Temsa paBHbI HYJ0. Mckiioye-
HUeM fBJsIeTCS, O4YeBHAHO, Jullb 3¢dekT Purun—/Jlenioka, KoTopbii,
1o onpefieseHHIO, He MOXKeT OLITb H30TepMHYECKHM.

ITomuMo yKazaHHBIX 3QDeKTOB, K SIBJEHHSAM NEpeHoca OTHOCATCH,
KOHEUHO, M npouecchl AH(dY3HH H TemJONnpOBOKHOCTH.

BesnuuHBl pa3siHYHLIX KHHETHYECKHX KO3(h(HLUHEHTOB — 3JIEKTPO-
[POBOJHOCTH, TNOCTOSIHHOH XoJJ/a, TepMO3AC H Jp. — CYLIECTBEHHO
3aBHCAT OT CBOMCTB MOABHXKHBEIX HOCHTeJEH 3apsia: UX 3apsaja, MaccHl,
9HEPreTHUYECKOTO CIEKTpa B KpHCTasdje, a Takke OT ocoOeHHoCTefl HX
B3aHMOZEHCTBHA C KpHCTaJIMdecKod pemeTkod. IlosTomy Hccaeno-
BaHHe KHHETHYECKUX SIBJEHHH AaeT obWHpHYlo uHdopManuio o6 3/1eKT-
POHHBIX MpOLECCaX B IOJMYIPOBOJHHKAX.

Teopust KuHeTHyeCKHX siBJIeHHH GyneT gasa B ra. X1V, Onuako
yKe. ceHyac uenecooGpa3HO OCTAHOBHTLCA HA 3JE€MEHTapHOM paccMoT-
peHHH TraJibBAHOMATHHTHHIX SIBA€HHH, TaK KaK 3TO Cpasy IO3BOJHT
HaM HHTEpHNpeTHpoBaTh Pl Ba*KHBHIX KCHEPHUMEHTAJNbHBHIX (PaKTOB.,

§ 2. Bpems peaakcanuu

JIBH:KeHHe 3JeKTPOHOB B KpPHCTajJe NOAYHHSETCS 3aKOHaM KBaH-
ToBOIi MexaHMKU. OnHAaKoO B psie C1yuaeB ypaBHEHHS HX JBIKEHHUSA
MOXKHO HpPeCTaBHTb B KJacCHYeCcKOH (opme, e€CJqH TOJNbKO HpPHIHCATh
3JIEKTPOHY BMECTO.MAaCChl B H30JHPOBAHHOM COCTOSIHHH M1, HEKOTOPYIO
APYTyio BeJIMYMHY, TaK Ha3blBaeMylo 3bdeKTHBHYIO Maccy (cM. . IV).
[losToMy B HacTosimeil ri1aBe Mbl 6YIeM MOJAb30OBATHCS KOPIYCKYJsp-
HBIM COcOOOM ONMMCAHHA M paccMaTpHBATb 3JEKTPOHBI KaK KJjaccHye-
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CKMe yacTHubl. Kpome Toro, Mul ¢Hauana 6yjem cunTaTh 3QGeKTHBHYIO
MacCy cKalfpHOfl BeJHUHHOM.

YToGsl HAaHTH CpejiHIO CKOPOCTh YNOPAAOUEHHOTO RBHIKEHHSA 3JeK-
TPOHOB, PacCMOTPHM 3aKOH paclpejeieRus. BpeMeH CBOOGOJHOTO Mpo-
6era. IlonoxuM, yTo GOJaBIIOE YHCIO 3JEKTPOHOB. N, OJHOBPEMEHHO
HCIIBITANH COyAapeHHe B MoMeHT BpemeHu ! = 0. OGosnauum, jnajee,
yepe3 N (f) KOJHYECTBO 3/JeKTPOHOB U3 3TOH COBOKYMHOCTM, HE HCIIHI-
TaBIIHX COyJapeHHil 3a NOCAeNYIOWHH IPOMeExyTOK BpemeHH oT O po-f.
Toraa MOXHO NOJIOKHTB, YTO YHCIO 3JEKTPOHOB dN, KOTOPBIE HCIILITAIOT
CTOJIKHOBEHHsl B HHTepBaJje BpeMeHM (I, ¢ - dt), GypeTr mpomnopuuo-
HalpHO N M BelHYyHHe HHTepBana df, a YHCIO 3JeKTPOHOB N ymeHb-
muTea Ha dN. CheposaTedbso,

—dN=N%, @.1)

rae kKostgHUIlEeHT NponopuUHOHANBHOCTH oOo3HaueH dvepes 1/1. J1a
BeJIHYHHA, IO CMBICTY, €CTb BEePOSITHOCTb TOFO, UTO OAHH 3JEKTPOH
UCTIBITaeT CoyJaperne 3a eJHHUUY BpeMeHH. MHTerpupys HamucaHHoe
ypaBHEHME H YuHTHIBasi, YTQ B Haua/JbHbll MOMEHT BpemenH -f = 0
HH OJMH 3JIEKTPOH He YCIles elie HCOBITaTbh coyJlapeHHe, Mbl HMeeM

NzNoexp<—%>.

TlostoMy s uucia coyJapeHHH, NPOMCXOASIIHX B HHTEpBajge Bpe-
MeHH OT { 1o ¢ -+ di, noayuaercs

t dt

dN=Noexp(—- ;—) s

BumecTo Toro, 4To6b paccMaTpHBaTh OAHH CBOGOAHHIH NMPOGET Y Kax-

JOTO 13 60JbINOA COBOKYITHOCTH 3J€KTPOHOB, Mbl MOIVIH Gl CJIEIUTH 32

JBHXXEHHEM OJHOTO 3JIEKTPOHA 3a BpeMst, OXBaThbiBaloiee GONbLIOE YHCI0

coynapenuii. IlosTomy, nosyyeHHble pe3yJabTaThl MOXHO TNPHMEHHTh

_ ¥ K IBHXKEHHIO OJJHOTO 3JIeKTPOHA, e€CsH noj N, IOHHMATb NMOJHOe YHCIO

cBOOOHEIX NpOGeroB. PazyMeercs, 3T0 YHCIO JOMKHO GHITL JOCTATOYHO

60J1bHIKM, YTOOB MOXKHO OBLIO NPHMEHSATH 3aKOHBI CTAaTHCTHKH. Bepo-

ATHOCTh KaKOMY-TO OJIHOMY 3JIEKTDOHY HMEeTb BpeMsi CBOGONHOTO Npo-

Gera B npenenax ot ¢ no t +- dt ectb

f(t)dt =‘f{exp(~ {-) (2.9)

Ilpu sToM, KaK Jerko yGeanTbcs,

§of(t) dt =1. (2.3)
0

Bxonsmas clofa NoCTOAHHAA T UMEET POCTOH (PH3HUECKHIT CMBIC.
Bounennm cpensee Bpems cBeGopHoro mnpoGera. - Ilocnennee, - Do
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CIIpefie/ICHHI0 CPEAHETO 3HaYeHHA J0001 BEJHYHHLI, €CTh

©

F=\ tf () dt,
0

rae f (f) — HopMHpOBaHHas K €AMHHIE BepOSITHOCTb paccMaTpHBae-
MO BeJTMYHHE WMeTb 3Havenue £. [ToncraBnsia ciona ans [(f) Boipaxkenue
(2.2), MeI HaxogHM

f=r1 (2.4)

TakiM o6pasomM, NMOCTOsIHHAA T €cTh CpejHee BpeMs CBOGOAHOIO Hpo-
€era. )

Brime Mbl cuuTadu T nocTosinneiM. OnHako 3To, Boobuie roBopf,
HeBepHo. [leno B TOM, YTO, roBOPSl O COYIAaPEHHAX 3/€KTPOHOB, MbI
1IME€eM B BHJY NPOICCCH H3MEHEHHs HX HMIYJbCa, KOTOpPble BO3HHKAICT
BCJIEACTBHE CHJIOBEOTO B3aUMOJEHCTBHS 3/EKTPOHOB C PAa3JHYHBIMH He-
peryJIsipHOCTAMH peleTKH (BHI3BAHHBLIMH TEIJIOBbIM JABHKEHHEM, NpH-
MECHBIMHM aTOMamH H CTPYKTYpPHBIMH Je¢ekTamH). Ho pesyspTaThl 3TOTO
B3aMMOJEHCTBHSA 3aBHCAT OT COCTOAHHSA JBIXEHHSA 3JEKTPOHA H, B 4acT-
HOCTH, OT €ro noJHOH 3HepruH. [TosToMy T MOXKeT ObITh pa3HbIM /18 pas-
HBIX 37eKTpOoHOB. OIHO H3 MpOCTEHILMX MPEANOJNOXKeHH H 3aKII0Y2eTCs]
B TOM, U4TO T 3aBHCHT TOJIbKO OT NOJIHOH 3HEPI'HH 3JeKTpoHa.

Korga Mbl paccMaTpuBaju Bhillle pacrpelesieHHe BpemeH mpofera
Y CGBOKYMHOCTH 3JIEKTPOHOB, Mbl MOJIYAaJHBO TpPEANOJArait, 4To JHGOo
T HE 3aBHCHMT OT 3HEpPIHH, JIHOO SHEPIHH BCEX 3JIEKTPOHOB OJH3KH MO
BEJIMYHHE, TAK YTO T MOXKHO CYMTaThb NMOCTOSHHBIM. TOYHO TaK e,
npUMeHsisl pacnpenesense (2.2) K OAHOMY 3J€KTPOHY, MBI JOJXKHBI CYH-
TaTh, YTO INOJHAs HepPrus 3JeKTPOHA CYUIECTBEHHO HE MEHfeTCH NpH
€ro IBHIKEHHH.

Jlna OoTnenbHOTrO 3JIeKTPOHA 3TO NpPEArNoJoKeHHe BO MHOTHX CJY-
yafgxX CHpaBejlHBO. JTO HMMeeT MECTO, ecJH 3JeKTPHYecKHe MOoJisi He
CJIMIIKOM CHJIbHBI, TaK YTO 3Heprus, npHoGpeTaemasi 3J€KTPOHOM 3a
OZHH CBOOOIHBIH NpobGer B ero ymopsiiOYEHHOM JBHXKEHHH, Mala 10
CPaBHEHHIO C 3HeprHell TeMJIOBOI'O ABHXKEHHS, H €CJIH 5Ta SHEPTHA He
HakalJiiBaeTcs, a nepejaeTcs pellleTke npH coypapenusx. Ilpn ma-
XOXKIEHHH Ke CpEeIHero AAf BCEH COBOKYNHOCTH 3JIEKTPOHOB (T)
HY2KHO YYHTHIBAaTh, YTO 3JeKTPOHLI B TBEPIOM TeJjie MOT'YT HMETh BecbMa
Pa3NHYHYIO SHEPTHIO, H, BOOOHIE I'OBOPHA, HYXHO CYMTATh T 3aBHCSHIHNM
OT 3HepriH. BenHuuHy (T) == T, HAa3bIBalOT BpEMEHeM peJaKCauuH
uMnysabca. bolee noapo6HO CMBICA 5TOH BEJHYHHBI 6y11eT paccMOTpeH ~
B ra. XIHI.

§ 3. daeMeHTapHAA TEOPHHA TANbBAHOMATHHUTHHIX ABJEHHH

Tenaop arexmponposodrocmu 8 maeHumuom nose. Iloab3yack
TIOHATHEM BpeMeNH pesaKcallMi, MOXHO BBIYHCIHTEL- TEH30p 3J1eKTpo-
HPOBOJHOCTH B MAarHHTHOM TOJIE Gqp, KOTOPHIH, KaK Mbl:BHAGMH, ONpe:
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JeNseT Bee rajbBaHOMarHHTHelE 3¢ipeKThl. [/t 5TOro Mbl CHayasa pac-
CMOTPHM JIBHKEHHE OJHOH YaCTHLBl MeKAY ABYMS NOC/IENOBaTeIbHBIMH
coyapeHHsIMH, a 3aTeM YCPEJHHM IIOJYYeHHBIH pe3yJabTaT MO BCeM
cBoGonueM Hpoferam. JTO NO3BONHMT HAaM HAHTU CKOPOCTh jpefida
(v), a cle1oBaTeNbHO, H IJIOTHOCTh TOKAa, OTKYJa HENOCpeICTBEHHO
ONpeeNsIOTC H KOMIOHEHTHl TE€H30pa Ogg.

TonoxkuM, YTO MarHuTHas HHAYKIHA 3? HanpaBJeHa BJOJb OCH Z
NpAMOYIONILHOA CHCTeMBl KOOpJAHHAT. Toraa coCTaBJsIOIIHE CHJBL
Jlopenua, pmeficTBylomed Ha yacTHLy, paBHBI

Fx=38x‘|‘%eg@%, F_,,=€8y-—cl€):’9%, Fz=e£?)n

TJie e— 3apsiji YaCTHIbL, a X U § — COCTaBJIALINE CKOPOCTH IO ocAM X HY s
Y paBHEHHA JBHXKECHHUS MEXAY INOC/Ae0BATe/IBHBIMH COYaPEHHSIMH HME~
10T BHJ,

F=pbatod, j=mbi—od F=gt, (1)

rie uepe3 ®, of03HaUeHa KIHKJIOTPOHHAS» YacToTa:
_eRB

“em’?

¢ (3.2
T. €. YyacToTa pPaBHOMEPHOTO BpALIeHHs YAacTHUH B MATHUTHOM IOJIe,
KOTOpasi He 3aBHCHT OT pajnyca OpOHTHl M HEPrHH YacTHILBL.

B kauecTBe HaualbHBIX YCJIOBHH, KaK H paHblle, MpPUMEM:

t=0: x=y=2=%=§=2=0. 3.3)
Peurenne mnocnenHero u3 ypaBHeHuit (3.1) mnomyuaeTcs cpasy:
2=-5 g2 (3.4)

Tak Kak Npu BbIGpaHHOM HanpasJeHud &3 cusia JlopeHua JexuT B 1J1o-
ckocTy XY, TO [BuKeHue BIOJb Z He U3MeHAeTCS B MAarHHTHOM IOJe,
Pelienus xe mepeblX ABYX ypaBHeHHH (3.1), ynoBiaeTBopsiouixe rpa-
HHYHBIM YCJIOBHAM, KaK HETPYNHO yGedHTbCA HENOCpeACTBeHHOH MOX-
CTaHOBKOH, HMEIOT BHJ,

X—a=—acos wi—bsinold-|bo/l, (3.5)
y—b=—"0cosot+asinot—awd. '
31echb @ U b — MOCTOSIHHBIE PA3MEPHOCTH JJIUHE, PABHBIE
1 e
T eim &ues (3.6)

1l e
b=arm8sr
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3To jBKeHHE HMeeT mpocToli Xapakrtep. Ilociennune csaraemnbie
B (3.5) omuCHIBAIOT MEPEHOCHOE NBHXKEHHE B IIOcKocTH XY ¢ mocTosH-

HOH CKopocThio v Ee cocTaBasiouiye mo ocam
paBHEI

&, &
v,x=b(oc=;%f—, v,y=—awc=——£. (3.7
Ilpn sTOM cKangpHOe mpou3BefeHHe (V,§) =

= UBy 1 0Ury®y =0, a crenoBartesLHO, V, Tep-
MEHJIHKYJISPHO & (M TepreHIHK yasipHo &3).
OcrajbHble caaraemble B (3.5) OMUCHLIBAIOT paB-
HOMEPHOE BpalleHHe C 4acTOTOH ®, T0 OKPYIKHO-
CTH (¥ —a)* 4 (y — b)> =a®+ b2, ueHTp KoTopoi
pacrooxeH B Touke (@, b). B pesysabrarte

CTOXKeHHA O06OMX STHX [ABHXEHHH dacTHua
JIBHIKETCA 110 UHKJouae, H300paxeHHOH Ha
puc. L1.7.

YMHOXAA X, Yy U 2 HA BepOATHOCTH (2.2) ua-
CTHLE HMETb BpeMsl cBoGoAHOro npobera ¢ U uH-

-8
(4
P
Y
b(»—l
7
KRN
\
\
\
\
\
Puc. 1.7. [Jisuxkeune

3apAKeHHOH YacTHUEI B
CKPEIIeHHBX 3JeKTPH-
4eCKOM

M MArHHTHOM
noJaax,

Terpupya no £ oT (0 J0 oo, MBI NOJYYHM cpelHye HepeMelleHHs X, i
H Z A5 ONHOH 4YacTHUEBL, a #esisl TIOJYueHHBle CpefHHe, HA T, HafieM

CpelHne CKOPOCTH Uy, Uy, U, ¥ UHTLIBASA, UTQ

AN dt
exp —-7‘-smwct-—1——

exp (— ~T’—> - COS Wi - dt

°<,;8 01’38

Mbl ToJIydaem

o e T e
Ux'?,{%x Trone + wc?ﬁgy

T
T 1+tope?

T 4o’

1+ oit3?

0] e%
Cm S 14o0it?’

(3.8)

Utobul noayuuth apeiidoBble CKOPOCTH, 3TH 3HAYEHHS HYXHO
ellle yCPeIHNTL MO BCEM YaCTHUAM. BBejeM AnA COKpallleHHA 3amHCH

caenywouie 0603HaAUEHHS:

&

12

Y,
/

&= \T¥om

(3.9)
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rae (..-), K&K W paHblie, o603HaYaeT ycpefHEHHE MO BCEM YACTHLAM.
Torpa pjaf MAOTHOCTH TOKAa ROAYy4aeM

jr=en (o) =" (£,8:+0.L8,),
Ju=en @) =" (— 0y8e + LBy, (3.10)
j.=en(v,) _€£< D 8.

CpaBuuBasi 3T BbIpax<eHusl ¢ cooTHoweHusamu (1.5), HaxoqHM KOMIO-
HeHTDbl- TEH30Pa 3/KTPONPOBOJHOCTH B BHJE

en en
Gxx:cyy:; 1y Oyy=-—0yx =0 ,—n‘gzﬁ -
(3.11)
e2n
<T> Oz =0 =0y, =04, =0,

Ecnu mMarsutHoro nojs Het, To @, = 0 ¥ HeJHaroHa/lbHbIE KOMHO-
HEeHTBl Ogg paBHbl Hyto. [Tpu 3ToM §; = (1) H BCe pHaroHa/nbHBIE KOM-
MOHEHTBl CTaHOBATCA PAaBHBIMH. DJIEKTPONMpPOBOAHOCTDL IpeBpallaercs
B CKa/JAPHYIO BETHUYHHY

e'~’n
£L (). (3.12)
IMoaBUXHOCTL HOCHTe/IEl 3apsiAa B OTCYTCTBHE MATHUTHOrO MOJIsI paBHA

p =5 . (3.13)

Ona omnpenesnsiercsl BeMHYHHOH (M 3HAKOM) YJIeJqbHOro 3apsija M cpef-
HUM BpeMeHEeM peJaKCalHH. '

JIAs nonyyeHHst YHCIEHHBIX 3HAYEHHH Oy HEOOXOAMMO TPOBECTH
ycpelHeHue B COOTBETCTBUH ¢ dopmysamt (3.9) aus &, u L. Jlas atoro
Hano SIBHO ONpPeJe]HTb NpaBHIO YCPeIHEHHS, 0003HAaYaeMOro CHMBO-
aom {...). K stomy mbl BepHemcst B ra. XIII, a cefiuac orpanuuumcs
pesyJbTaTaMHu, KOTOpbie He TpefyIoT q)axmqecxoro MpoBeNeHHs YKA3aH-~
HOrO yCpeiHEeHHs.

6. Yeon Xoara u nocmosHuas Xoara. HOJ.lCTaB.HHY{ HalleHHbIe
suayenns (3.11) ana o, ¥ o,y B dopmyay (1:8), Haxomum Ajas yria
XoJna BrIpaxkenue

tggp= E% =0 2—2 .
Wau, noacrasass nast o, ee snavenue (3.2),
tgm=%uuo%‘. (3.14)
rie BBeleHO 00o3HayeHHe
=252, (3.15)

mly”



§ 3) SJAEMEHTAPHAA TEOPUSR FAJJBBAHOMATHHUTHBIX ABJIEHHNA 29

Tak kak oTHOWeHHe [,/L; uMeeT pa3sMepHOCTb BPEMEHH, TO Uy HMEET pas-
MepHOCTb NMOABHKHOCTH. OIHAKO OHa, BooOlle TOBOps, He paBHa Jpefi-
¢$oBOH TOABIKHOCTH W, Bhlpax<aemoii dopmyuofi (3.13). IHoasuxkuocTs
W, onpenensieman u3 s¢gekta Xosma, NoJy4HJa Ha3BaHHe XOJJ0BCKOl
HOABHMKHOCTH.

B cna6bix MarHMTHBIX TNOJSX, ONpelesAeMbIX YCJOBHEM

g ~wr<l, (3.16)
Mbl HMeeM (; &~ (1), T ~ (1®*). B 3Tom ciyuae
by = 42 (3.152)

IlocTosnnas Xonsa nosayyaercss HeNnocpeACTBEHHO H3 (OpMYJIbt
(1.9). OrpannunBasich cJ1ydyaeMm He OY€Hb CHJIBHBIX MarHHTHHIX ToJeil,
YIOBJAETBOPAIOINX YcaoBuio (3.16), mbr umeeM o,, < 0, H, KpoMe
TOTO, O, ~ O == enn. Toraa

SO L (3.17)
Jot o cen
rae y = py/p. OTCl0na BUAHO, YTO NMPH H3BECTHOM <XOJLIOBCKOM (haK-
TOpe» Y U3 U3MepeHUH NocTosiHHOH X0J/1J1a MOXKHO ONpeNeHTh KOHIeH-
Tpauuw HocHTesell 3apsana n. IlpousBenenue xe nmocTosinnod XoaJa
Ha YIENbHYIO 3JEeKTPONPOBOJHOETh PaBHO

Ro=- py (3.18)

B J2eT XOJJOBCKYIO MOJIBHXHOCTB Wy
OcTanoBuMcs Teneppb Ha dakTope y. Jlas ciabbix MarHUTHEIX MoJjiel
13 gopmya (3.15a) u (3.13) nmeem

T2
v~§1>>2. (3.19)
Tak Kak cpeinee 3Hauenuwe KpajpaTa Bceraa Oosiblue (MAH PaBHO)
KBajpaTa cpelHero 3HayeHus, To Bceraa y == I. Ecau T He 3aBHCHT
OT 3HepruH, To (1) = T, (1*) = 1 n nostomy ¥y = 1. [lna onpenesieHns
3HaueHHA Yy HEOOXONHMO 3HATh 3aBHCHMOCTb BPEMEHH peNaKCallHH OT
sHeprun. Ona onpenensercsa TeM, KakHe THIbI NPOUECCOB PAcCesiHHA
HMIYJICA HTPAjoT IJIaBHYIO POJIb B PACCMATPHBAEMOM MO/YIIPOBONHHKE
npu JaHHON TemnepaType, H NO3TOMY y HMeeT Da3JiHUHOE 3HaueHHe
B pasHblXx cayuasx. Cehiyac Mbl ykakeM Ge3 BHBoga (cMm. . XIV)
HEKOTOpble HauGosiee BaxKHLIC CJIydaH.

Ecnu nonynpoBogHHK OTHOCHTENLHO YHCT (T. €. HE COePIKHT TpPH-
Meceil B GOMbHIMX KOHIEHTpAUMAX), €ro TeMmepaTypa JOCTaTOYHO Bbl-
COKa H, KpOME TOr0, KOHUEHTPAUHs MOABHIKHBIX YacCTHIL He CJIHLIKOM
BeJWKa (TaK HasbiBaeMhplii HEBLIPOXKIEHHLIA IOJIYNPOBOAHHK), TO TJ1aB-
HYIO POJIb HIPalOT NPOLECCH pacCesiHHS HA TEMJIOBHIX KoJeGaHusx pe-
meTkd. B atom cayyae y = 3n/8 = 1,18.
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Ecay, HANpOTHB, NONYIPOBOJAHHUK HAXOAWTCH NPH HH3KOH TemIle-
patype, KOTJla pelleTOYHO® pacCesiHhe MaJjio, H CONePKHT 3HaAYHTe/IbHOe
KOJINYECTBO TpHMecell, aTOMbI KOTOPBIX 3apsiKeHbl, TO TJIaBHBIM IpO-
LHeCCOM SIBJISIETCS paccesiHie Ha 3apsiKeHHBIX NpuMecsx. Torpa pacuer
NoKaswiBaeT, 4To y = 316m/512 ~ 1,93.

HakoHen, ecsin MBI HMeeM MPOBOAHHK C OYeHb GOJbLIOH KOHIEHTpa-
el MOJABUAKHBIX YaCTHI, KaK 5TO HMeeT MeCTo, HalpHMep, B MeTajax
(Tax HaskBaeMble BBIPOXKJEHHBIE NPOBOAHHKH), TO y = 1.

OnHako BO BCEeX YKa3aHHBIX CAyYafAX Y OKasblBaeTCsd MOPS/IKA elH-
HHUIE! M, GoJiee TOTO, pas/HYHbIE €IO 3HAUEHHS JIeKAT B CPABHHUTEIBHO
y3koM HHTepBase oT 1 no 2. IlosTomy Bo MHOTHX cayyasXx, Cje He Tpe-
Gyetca Gosblias TOYHOCTb, BOIPOC O THIE IVIaBHOTO Iporecca paccesi-
HHS He OYeHb CYUIeCTBeH H INPHOGNHKEHHO MOMKHO CYHTaThb y =~ 1.

8. Maenemoconpomusaerue. TloacTaBasis B cooTHowenue (1.11)
3HAYeHHs O,y H Oy, H3 dopmya (3.11), moayyaem

2 2
B = &1 §_)
o ( ) m Cl + W gl .
Halinem Tenepn OTHOCHTEJNbHOE H3MEHEHHE 3JEKTPONPOBOLHOCTH
Ao, /o, tne Ao = o, (B) — 0, a 0 = e?n(t)/m — 31eKTPONPOBOJ-
HOCTH 0€3 MarHHTHOTO IOJs. YYHUTBIBasi, 4TO
T 9
t,— )= —T—-T\=———(o'
1 < > 1+(')ET2 / CC3)

rape A/ KpatkoCTH BBCACHO o6o3HayeHune

3
L= (T'_‘I_T_m—.c_z> (3.20)
nonyyaem
_ B0, _dp, -l
o Tp Ty (3.21)

Tak Kaxk ©, NPONOPIHOHANbHA MarHUTHOH HHAYKUMH B, a Bce BesH-
uypHsl B (3.21) comepxar TOABKO ®©7, TO H3MEHEHHE COMPOTHBJEHHS
B MarHHTHOM NoJe (KaK H CJel0BaJo OXHIATb) €CTb YETHBIH 3(hgexT,
T. €. He 3aBHCHT OT HalpaBJjeHHs MarHuTHoro mojsi. OpHako 3aBHCH-
MocTe Ao ot ¢, BooGuie roBopsi, He KBajpaTHyHast, a Gojee CJAOKHAS.

Kak u n1a sdipexra Xosna, BaXHBIM IpeJe/bHbBIM CJy4YaeM sIBJf-
I0TCA c/1abble MarHUTHBIE 110JI51, ONpejessieMile yeaoBreM (3.16). Torna
BhipaxkeHus Ans {;, { U 3 MOKHO passiOXKHUTh B Psifi 0 CTeneHaMm (o,T)2
H ylepxarb B (3.2]) TONBbKO YieHbl Pas3/oXKeHHs CO CTeNeHbio He Bhlie
(w.%)2. Ilocne storo (3.21) paer

cm

Ao A
— = =wa, (3.22)
roe
L (22 () () —(ane
% = (2] . (3.23)

(v)*
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B cnabbix nojAX H3MEHeHHE COMpOTHBJEHHS B MarHHTHOM NOJ€ Hpo-
NOPIHOHANBHO KBaJpaTy MarHUTHOH HHLYKIUH.

Ecan 6bl T He 3aBHCENO OT 3HEPTHH, TO MBI UMeH 66l ¥ = 0, a cue-
JIOBaTebHO, U3MEHEHUS COTPOTHUBJAEHHUS (B C1a6bIX NOJsX) He OblIo Okl
BoBce. OTMETHM, OJHAKO, YTO NPH HAJHYHH ABYX (MJIM GoJbilie) pasauy-
HLIX THIOB YacTHL, H3MeHeHHe CONpPOTHBJACHHS YXKe He DaBHO HYJIO,
JlaxKe eCJIH T He 3aBHCHT OT 3HeprHH.

PaccmoTpum Teneps Apyroil npeneyibHblid C1yyad — OYE€Hb CHIBHBIX
MarduTHLIX moJeH,

(wTP > 1. (3.24)

Ipu 3ToM, 0ZiHaKO, Mbl JOIXKHBI Cle1aTh BayKHoe orpannyeHHe. Tak Kak
3apsKEHHBle YacTHIEI COBEpIIAT B MATHHTHOM I10J1€ INIpEeleCcCHOHHOoe
ABHXKEHHE, TO 3TO JBHKEeHHe KBaHTyerTcs (moppoGHee cM. § IV.5),
YTto6bl HCOAb3YeMbIH HaMH KJAcCHYeCKH# crnocob onucaHHA OblT NpH-
MEHHM, HeoGXOANMO, YTOGbl KBaHTHI 3HEPTHH f@., CBSI3aHHBIE C 3THM
JBHKeHHeM, ObUIM MaJjbl N0 CPaBHEHHIO CO CpeiHell 3Hepruedl Termo-
Boro asuxkeHus kT. TlosTomy moj CHABHBIMH MOJSMH Mbl OyjleM NOHH-
MaTb TakHe MoJs, KOTOphle, ¢ OAHOH CTOPOHBI, YAOBJAETBOPSIOT YC/HOBHIO
(3.24), Ho, ¢ ApYro# CTOPOHBI, HOAYUHAIOTCA YCJOBHIO

fiw,
<1 (3.25)

([Ins CHJIBHO BBIPOXKJEHHBIX MOJYNPOBOAHHKOB BMecTo kT BXOAHMT
sHepruss PepmH, CM. HUIKe.)

B cayvae cuibHOro nosnsi yjao6Hee paccMaTpHBAaTb He H3MEHEHHe
3JIeKTPOHPOBOJHOCTH, @ CaMO 3HaueHHe 3JeKTpONpoOBORHOCTH. Pas-
Jaras Teneps &, & U {3 B psf MO CTENeHsAM Majod BesnuuHn 1/ ;12
H npeHebperass MajbIMH BTOPOTO NOpPSAKA H BHIlE, NMOCE HECTOMKHBIX
npeoGpa3oBaHuil MoJayyaem

. el -1

® T m\t ¢
SJIeKTpOHpOBOIIHO_CTb B OYEHb CHJABHOM MArHHUTHOM HOJ€ mnepecTraer
33BHCETHE OT MATrHHTHOrO nHOJs1 W JAOCTHUraeT INOCTOSSTHHOI'O 3HauyeHUsA

G.. OTHOLIEHHEe Npefe/ibHbIX 3HAUEHHH 3MEKTPONPOBOLHOCTH HJIH,
COOTBETCTBEHHO, YJEJNBHOTO CONpPOTHBJEHHS PaBHO

(o] Dn 1
e <1><T>‘ (3.26)

DTOT pesyJbTaT, KaK H BCe MpeabiaylnHe, OblT MOJdyYeH B Mpeano-
JIOXKEHHH, YTO 3()peKTHBHAA Macca ¥ BpeMfl pelaKCalldH He 3aBHCAT OT
HanpaBjieHds ABuHxeHHs. OfHAako B AefCTBHTENILHOCTH 3(xpeKTHBHAS
Macca MOXKET CHJILHO 3aBHCETb OT HalpaBJeHHs H sIBfETCS He CKaJsd-
pomM, a TeH30poM 2-To paHra (cMm. ra. [11). Brlpaxkenus A5 nocTOSTHHOH
Xonna u Ans U3MEHEHHs CONPOTHBIEHHS B MATHHTHOM T10JI€ CTAHOBATCA
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npe 3ToM Goliee CJA0KHBIMH. DTO 0OCTOATE/NBCTBO HE BHOCHT MPHHIIHITH-
aJbHbIX HM3MEHeHHH B 3aKOHOMEPHOCTH 3¢¢exkTa Xosana, HO MOXKeT
HMMeTb peluaiouiee 3HAa4YeHHe B fBJCHHAX MAarHETOCONPOTUBJICHHS .
B uyacTHOCTH, B 3TOM cjiyyae MarHMTHOe IOJIe, MapaJJiejbHOe JIeKTPH-
YECKOMY, TOXKe€ MOXET NPHBECTH 'K H3MEHEHHIO CONpPOTHBJEHHSA; OTHO-
UIEHHE P/ P B CHIbHBIX MarHHTHBIX NOJSIX MOXeT OKa3aThcA 3aBHCA-
UM OT MarHUTHOH MHAYKUHH (cM. ria. XIII).

§ 4. CmewmaHHas nPOBOAHUMOCTH

Kak Mbl yBHIMM HHXKe, B MOJYNPOBOAHHKAX BCTPEYalOTCH YacTo
C/lyyaH, Korja HeoOXOAHUMO CYHTAaTb, YTO TNEPEHOC IEKTPHUYECKOTO
3apfAja MPOH3BOJIMTCA dYacTHIAMH pasHbIX THNoB. [loaTomy ans jpanb-
HeHlero Heo6XOAUMO OGOOLIHTL IMOJYYEHHbIE
pe3yJbTaThl Ha CJyuyall OIHOBPEMEHHOTO MpH-
CYTCTBHA pa3JMYHBIX HocHTeJell 3apsja.

a. 3ggpexm Xoana. KavecTBeHHass KapTHHA
s¢pdpexkTa Xoaaa NMpH ABYX pas3HblX THOAX v4a-
CTHI M0Ka3aHa Ha puc. 1.8. [l17 onpenenenHocTit
MPHHATO, YTO YACTHULI OLHOTO THNA 3aPAXKeH:l
HOJIOXKHTENBHO, a IpyTroro— OTpH1aTe/ bHO. Tor-
Ja BEKTOpbl IWIOTHOCTH TOKA MOJIOXKHTEJbHBIX
YacTHLl j, K OTPHUATEJIbHHX YacTHIL in 6y11‘yT
HanpabJeHbl TakK, 4YTO BEKTOp pe3YJbTHpPYIO-

LIET0 3JEKTPHUYECKOrO MO OKaercsl Mo-

Puc. 1.8. Sddexr Xon- BEPHYTHIM OTHOCHTEJbHO j, Ha yroa Xouaja @
J1a MPH CMelllaHHOH npo- : e e
BOLHMOCTH. B MOJIOKHTEJIbHOM HalpaBlIeHHH U Ha Yroa ¢,

OTHOCHTE/JIbHO j, B OTPHLATEJbHOM HAmpas-

NeHHH. Pe3ynpTHpylowas MIOTHOCTL TOKA paBHA j = j, + j,. Habuo-

JaeMblii Ha OIbITe Pe3yJbTHPYIOUIHE yroa Xo//a ¢ ecTb YroJ, Ha KOTo-

peiil MOBEPHYT BeKTOpP & OTHOCHTE/NIBHO BeKTOpa j. JTOT Yros MOXKET

ObITb KaK NOJIOXHTEJIbHbIM, TAK H OTPHLATEJbHbIM, B 3aBHCHMOCTH

OT BeJIHUMH M HANPaBJEHHI j, H j,, T. €. B 3aBHCHMOCTH OT COOTHOLUCHHUSA

MEXIY KOHLEHTPALHAMH H TMOJBHIKHOCTAMH YacTHI OOOHX THIIOB.

Ilna BbIYMCJIEHHA pPe3ysbTHpyoUero yriaa -XoJua BepHEMCS OMSATh

K BbIPaXEHHAM JJf IJIOTHOCTH TOKa, cOo3JlaBaeMOH 4acTHLIAMH copTa
«i», KOTOpbIE, YYHTHIBas cooTHolueHHe (1.8), 3amuiueM B BHIe

O =00 B+ 6,18 00), [ =00 (8, — Betg@®).  (4.1)
CocraBJsiollHe MOJHOTO TOKa, ¢ yueToM (3.11), MOXKHO 3amHcaTh B Buje
o= X i =8, 501+, S ol g,
i

. o ‘ 4.9)
=S ==t oRte0 +a, Kot
i
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Ecau, Kak M paHblie, XOJJIOBCKHE 3/EKTPOJbl Pa3OMKHYTH, TO f, = O,
Orcrona HaxoguMm pe3y abTHpYiomHHA yroa XoJaa:

By Zqﬂ tg ¢
X ngx
Tak kak @'/ Boipaxatotcst dopmyoii (3.14), To oTCloRa MOXKHO HAUTH
tg @, ec1i M3BECTHbl KOHIEHTpauuu (BXONslHE B Oy,) H XOJJIOBCKHE
MOABUIKHOCTH JJIs1 4acTHIl KaKJAOro copra.
Yro6pl HAaHTH NOCTOAHHYK X013, HCK/IIOUHM H3 COOTHOLIEHHH
(4.2) none &;. Torpa moayuum

200 te o i
(Z 0%)2"‘(2 oi‘} tg q)(i))z Xe
CpasHuuBast 310 ¢ dopmy.ioit (1.6), Haxonum

Ry Sobteet

(4.3)

g—)y:

N . (4.4)
(X oP+(X o te o)
Wnu, BBOASL B YUCJHMTE]E XOJJIOBCKHE MOABHKHOCTH,
@),,()
1 3
R=7 Z xeltH (443)

(X0l + (X ol tg o)

B 3T0i1 hopmysie Bce BeJMuHHB! B o0UIeM Ciaydae 3aBHCST OT MATHHT-
HOH HHAYKUHH H MO3TOMY «NOCTOSIHHAsi» XO0J/Ia He SIBJIfieTCs MQCTOfH-
HOH, a ToXe 3aBHCHT OT 8. OfiHako B ¢1a60M MarHHTHOM I10J1e OHA MpH-
HUMaeT TNOCTOSHHOE 3HauyeHHe.

Ecsu HmeeTcsl TOMBKO ABa Pa3/HYHBIX THIA' YaCTHU H MACHHUTHOeE
noje caaboe, TO

tg (p((') < 1 , GS‘) ~ en(f)u(t)
u fopmyna (4.4a) npuuaAMaeT BUJ
R=1L nybyby T+ Molollyy
ce (napy +napa)?

Ecnu eme cuutaTh, UTO XOJJIOBCKHE (DAaKTOp Y ONMHAKOB JJIfi 4acTHH
KaxJoro Tumna:

{4.5)

_t e
My s’
TO nonyquHb{i’{ pe3yJIbTaT MOZXKHO Hpe}.lCTaBHTb B TaKOM BHJC:

2
e ()
R = ¥ +"1 251
o [yt
Ny Py

(4.53)
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Lle BTOPOW MHOMKHTe/b B NPABOH YacTH NpPENCTaBJsET NONPABKY, BHO-
CHMYI0 YacTHUaMu Tuna 2.

B cnyuae ouedb CHIBHOrO MarHHTHOTO TOJSf, YIOBJETBODSIOIENO
ycaoBusM (3.24) u (3.25), Mmbl umeeM tg o) > 1, u nostomy B (op-
MyJie (4.4) MOXHO IOJNOXHTb

. . 1

Softger> Nof, 0k,

@ i
(38 Ncen(”

O iy (@ E

Torpa nosyvaercs
t

ce (ny+ng) *

CrnenoBaTesibHO, B 3TOM IpefielbHOM CJyuae MOCTOSHHAa Xonna Toxe
CTAHOBHTCH HE 3aBHCALIEH OT MarHMTHOro nofs. OHa He 3aBHCHT BOBCE
M OT OTHOILIEHHs TOIBHKHOCTEH y M ONpefensercsl TONbKO CyMMapHOi
KOHOeHTpauHeil yactui. IlosTomMy B NpHHIHIE ONpejesNeHHe KOHileH-
TpaLHH 3aps2KeHHBIX YacTHIL ¢ TOMOLILIC H3MeDEHHs NOCTOAHHOH X oJl1a
B CHJILHOM MarHHTHOM noJe HMeeT GoJbluve npenMyimiectsa. Oniako,
K COXaJIEHHIO, Ha OMNBITe He 4acTo YAAeTCA OCYIUECTBUTL YCJOBHSA, B KO-
TOPBIX OXHOBPEMEHHO BLINOMHAITCA 90a HepapeHcTBa (3.24) u (3.25).

PaccMOTpeHHBIN cayuall ABYX THIIOB YACTHI, 3apsKEHHBIX OJMHA-
KOBO, BCTpeyaeTcsl NOBOJBHO 4acTo. Mbl HMeeM ero, HampHmep, B rep-
MaHHH B KpeMHHH, B KOTOPHIX CYLIECTBYIOT TaK HasblBaeMbie «IerKHe»
H «TsKeJbie» NOJNOKHTeNbHEe OHpKH (cM. ra. IV). Ou peamusyercs
TakXe BO MHOTHX INOJNYNPOBOJHHKAX, COAepXKallUX TpHUMecH, TpH
HH3KHX TeMIepaTypax, KOrja, KpoMe 3JIeKTPOIPOBONHOCTH OOBIYHOro
THNA, HIpaeT 3aMeTHYI0 poJb- elle TaK HasplBaeMas INDOBOAMMOCTB
B NpHMecHOH 30He (cM. §.IV.7).

Eme Gosiee wacTo MH MMeeM: cjydail, KOrla 3JEKTpOIpOBOAHOCTh
OCYUIECTBJISIETC 4YacTHUAMH JABYX pasJiIMYHBIX THIIOB, 3apsKEHHBIMH
pPa3HOHMEHHO (OTpHLATe/bHEIE 3JEKTPOHBL H TOJNOXKHTEeNbHbIE IbIPKH,
cM. Huxke). B 3ToM clyuae Mbl JO/DKHB Be3jie mpHmucats yray Xodna
I/ OTpPHIATEJbHHIX YacTHi[ 3HaK MuHyc. [lostomy, eciu p u n —
KOHIIEHTPALHH TOJOMHTEJIBHBIX H, COOTBETCTBEHHO, OFPHLATEJNbHBEIX
yacrun, B dopmyay (4.6) Bmecto (n, + #1,) Boliger (p — n), Bripaxkenue
14 mectodanHofl Xonana B cnabux nmoaax 6yner

PR M — R Mgy
e pupFany
TAe HHIEKCHL p H n YKa3hBaloT, K YaCTHUAM KaKOro THna OTHOCATCH

3HaueHUs noasxHOCTell. Ecau He TpeGyercs Goapiass TOUHOCTb, TO
- MOXXHO ellle NPHOIHKEHHO MONONKHTD Mopy 2 Ppy WaH & Py, H TOTAR

1 p—nb?
R—Z—e—m, (4.78)

(4.7
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rie b = p,/u,. B sTofi dopMe BeIpakeHHe js1 R HCNOMb3yeTcs: HaH-
6osee uacto. k3 (4.7a) BUAHO, UTO B CJydYae CMEIUAHHONR HPOBOJHMOCTH
nocTosiHHass XoJJa MoxeT OHITb Kak NOJOXKHTENbHA, TaK H OTpHLA-
TeJlbHa, B 3aBHCHMOCTH OT COOTHOIIEHHSI MeXJAy KOHIEHTpauHaMH
yacTHIl 060X THIOB. B 4yacTHOCTH, ecld p = nb?, mocTosHHaa XoJjaa
obpallaeTcsa B HYJb.

6. Maenemoconpomuererue. AHaJorHuHO OGOGIIAIOTCA Ha cJydai
CMELIaHHOH MNPOBOAUMOCTH H (OpMYJBbl A MarHETOCOMPOTHBJICHHA.
Ilonaras B cootHoweHunx (4.2) j, = 0 ¥ uckmouas u3 HUX §&,, HAXOAUM

(Do gy
=8| Doy + 2T,
Zcxx
31ech MHOXHTeNb, CTOAMMKH B CKOGKAX, €CTb 3JeKTPONpOBOAHOCTD

B MarHMTHOM noje ¢ (<), IlostoMmy, yuuThbiBas ete dopmyay (4.3),
foTyyaem

oL (FB)=(1+1gg) X ol (4.8)

Takum o6pa3oM, 3JeKTPONPOBOZHOCTb B MArHHTHOM MOJE€ MOXKHO
BLIDA3UTh uepe3 pe3yabTHpylowuit yroax Xoana W JAHArOHa/bHbIE
y/leHbl TEH30pa 3/JeKTponpoBojHOCTH. Ha HccnenoBaHHH pas3iHYHBIX
HACTHBIX CJ1yYaeB 3TOrO COOTHOILEHHS Mbl OCTAHABJIHMBATLCH He OyleM.

§ 5. HekoTopble aKCnepHMeHTaNbHbIE Pe3yJIbTATHI

a. Jaekmpornan u Osipodnasn npoeodumocms. ONBIT TOKA3HIBAET,
4TO 3HAK MOCTOSHHOH XO0//a H TepMO3C MOXKeT GbIThb KaK OTpPHLIATE/b-
HBIM, TaK H noJoxkuTtedpHbiM. Cnyuait R, o < 0 cOOTBeTCTBYeT OTpH-
UATeJBHO 3apSKEHHbIM MOABMKHBIM YaCTHLAM, ONPENeJSIOINHM 3JIeKT-
PONPOBOAHOCTb, T. €. 3JeKTpoHaM. [loJynpoBOAHHKH Takoro THna
NOJNYYHJIH Ha3BaHHE 3JMEKTPOHHHIX *) HJH nonynpoaommxos n-tHna
(ot negative — orpuuaTeabHbI).

OnHaxo HUYYTh He pexe B MOJYIPOBOAHHKAX, B KOTOPBIX 32BeJOMO
HeT HOHHOH MpPOBOJMMOCTH M B KOTOPBIX, CJIEJ0BAaTe]bHO, TOK 0GYCJ/I0B-
JIeH TOXe OTpHUATeNLHbIMH 3JeKTpoHamHM, Habawopaetcs R, o > 0.
CrnenoBaresibHO, B 3THX caydanx 3¢dext Xosna cOOTBETCTBYET ABHMKe-
HHIO TIOJIOMKHTEIbHBIX 4acTHU. C KNacCHYeCKOH TOYKH 3PEeHHst 3Ta 0Co-
GeHHOCTb He nMeeT obbsAcHeHHs. OHa sABJIseTCs CJIEACTBHEM TOro, 4TO
JBHKEHHE 3JIeKTPOHOB B KpHCTA//€ NMOAYHHSETCH 3aKOHaM KBAHTOBOM
MEXaHHKH, KOTOpble MOKas3biBAalOT, 4TO NpPH ONpefe/eHHBIX YC/AOBHAX
HEKOTOpble $IBJIEHHsI IIDH JBHXKEHHHM 3J€KTPOHOB B 3JIEKTPHUECKHX
I MATHHTHBIX NOJISIX MPOUCXOAST TaK, KaK ecsH Obl BMECTO OTpHULATEND-

*) TepMHH «3JeKTPOHHHII NOJYNPOBOIHHK» ymorpeGiaseTcsl B ABYX CMbICJIaX.
1M, Bo-mepBEX, 0603HAYaOT TO OGCTOATE/NLCTBO, YTO B JAHHOM IMOJYIPOBONHHKE
TCYTCTBYeT HOHHAsl NpPOBOAUMOCTb. Bo-BTOpBIX, OH, 0603HauaeT, 4TO MOCTOAHH2A
Xoana R < 0.
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HHX 3JeKTPOHOB HMEJUCh MOJIOKHTENbHO 3apsiKEHHbIE 4YacTHUBI (CM.
ra. 1V). Takue yacTHupl NOJYYHJIH Ha3BaHHE MONOKHTEIBHBIX NBILOK,
a TOJYNPOBOSHHKH, B KOTOPHIX R H @ >> (O, Ha3bIB2IOTCS ABRIPOYHBIMH
WAM. TIOJYyNpOBOJAHHKAMM p-THna (oT positive — NOAOKHTESBHBIR).

THO 32/1eKTPONPOBONHOCTH (3JEKTPOHHAA HJIM JbIPOYHA) 3aBHCHT
OT pOjla NpHMecel, coiepKAUUXCA B MOJAYNPOBOIHHKe. Tak, Hanpumep,
106aBJIsis K TepPMAHHI0 MAH KPEMHHIO MBHUbAK, CYPbMy HJIH J060H
ApyToil 3JeMeHT V IpyNIbl, Mbl CO3]aeM 3JeKTPOHHYIO NMPOBOLHMOCTD.
Hanporus, nobas/ieHye ramiusa, 6opa HJIH JwOOr0 HHOTO 3j€MeHTA
111 rpynnet coofuaer repMaHHio U KPEMHHIO AbIPOYIIVIO MPOBOTHMOCTb.
M36pToK KHcaopona B 3akucH meaH Cu,O BbI3hIBaeT JEIPOYHYIO NPOBO-
NUMOCTh, @ H30LITOK MeIH — 3NeKTPOHHYIO, H T. A. [lpumecu, coch-
maiouke JaHHOMY TOJYINPOBOAHHKY JeKTPOHHYIO TPCBOLHMOCTD,
Ha3bIBAIOT QOHOpamu, a TpPHMECH, BBI3bIBAIOLIHE ABIPOYHYIO NpPOBOAHM-
MOCTb,— aKyenmopaxu. OTMETHM, YTO OMH M TOT XKe XHMHJYeCKHH 3Je-
MEHT MOXeT OMTb B OGHHX NOJNYIPOBOJAHHKAX LOHOPOM, a B npyrux —
axuemopom

- Tarum oSpasom, BJIQKTPOHpOBOHHOCTb B NONYNPIBOLHHKaX MOXeT
OCYIECTBASTECA HE TOMbKO JBHKEHHEM OTpHUATENbHBIX 3JE€KTPOHOB,
HO M JBHXKEHHEM IOJOXHTEeJbHBIX YacTHLU — AblpoK. B 3aBucumocTH
OT KOJIN4eCTBA M POJla NpHMeceli, a TaKxke OT TeMNepaTypbl COOTHOuIe-
HHE MEXKY KOHUEHTPAHAMH 2JEKTPOHOB H AbIPOK MOXKET ObiTh BeChMa
pasnuunbiM. YacTHlpl, npeicTaB/eHHbe B GOJBIIHHCTBE, HA3bLIBAIOT
OCHOBHBIMH HOCHTEJISIMH 3apsJAa (3JIeKTDOHH! B NIOJ1Y[IPOBOJHHUKE 71-THNE,
AbIPKH B IONYNPOBOJHUKE p-THNA), & IpeACTaBIeHHbIe B MEHBLIHHCTBE —
HEOCHOBHBIMH HOCHTe/IIMH 3apsja (JeKTpPOHHl B 10Ty IPOBONHHKE
p-THINIA, NEIPKH B NOJYNPOBOAHHKE n-THIA).

6. Cobcmeennasn u npumecras npogodumocms. BakHble pesysnbraThl
DaeT HCCJENOBaHHEe 3aBHCHMOCTH NOCTOSIHHOI Xos/a OT TeMnepaTrypol.
Takde TUNHuHBE 32aBHCHMOCTH MNOKasaHel Ha puc. 1.9. ans cayvas
KPHUCTalJIOB IepMaHHs, B KOTOpbIe ObLIH 106aBJICHE PasJM4YHLEIE KOJH-
YecTBa Mblilibsika*). B 06/1aCTH BBICOKHX TEMMEPATYp TMOCTOsIHHAS
Xonna oueHb CHJABbHO 3aBHCHT OT TeMnepatypbl. [Ipu 3TOM Kpushie
LJf BCeX KPHCTA/JIOB MpH JOCTATOYHOM MOBHILLEHHH TeMIepaTypsl
(TeM Gosble, yeM GOJbiE KOHUEHTPALUUsT MBIIILAKA) CJAUBAIOTCA B ONHY
KPHBYI0, KoTopass B KoopauHatax 1g R u 1/T umeer BuA npubiaH3H-
TeJIbHO NpAMOH JHHHH. 3TO NOKAa3blBAET, YTO OCHOBHAS YacTb IOABHN-
HHIX HOCHTeseHl 3apsja B 3ToH 0OJacTH TeMnepaTyp BO3HHKaeT He 3a
CYeT HOHH3AUHMIl NpPHMeCeH, a BCJIeJCTBHE OTUIEIVIEHHA 3JeKTPOHOB
OT aTOMOB OCHOBHOHM peIeTKH, M MO3TOMY JaHHasA o6JacTb. oGo3Haya-
€rcst KaK OOJacTb COOCMBeHHUE npoeodumocmiL.

Kaxk 6yzer BHIHO HHXe, B 3TOH 06JaCTH Mbl HMeeM H OTpHUATE/bHbIE
3JI€KTPOHBI. H TOJNOXKHTE/IbHLIE NIbIPKH, U NDHTOM B PaBHOM KoO.J1MueCTBe
(§ 11.6). Tlostomy, coriacHo ¢opmyne (4.7a) nocrosinHas Xoaja

*) Io maunem paboru P. P. Debye, E. M. Conuwell, Phys. Rev. 93, 693 (1954).
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3[ecb paBHa (n = p)
I 6—1
T en; b1 (.1)
TZe yepe3 /1; 0603HaYeHa KOHLUEHTPALHA /IEeKTPOHOB (AbIPOK) B 061aCTH
COGCTBEHHON TNPOBOJMMOCTH (COGCMBEHHAA KONUEHMPAYUA) B HAHHOM
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Puc. 19. 3apucuMocts nocrosuHo#t Xoaia ot TeMmeparypsl AJsl KPUCTALIOB Tep-
MAaHUS C APUMECHIO MblIbAKA. KOHUEHTpAUMs mPUMeCH BO3pacTaeT ot Kpucraana I
K KpHCTanay 7.

noaynpoBoAHHKe. Tak Kak AJf FepMaHHs NOABHKHOCTL 3/IEKTPOHOB
GoJibIiie TOABUIKHOCTH ABIPOK, TO b => 1 u moc¢tosiHHas XoJja OTpHIa-
TeJLHa. ,
B o6nacti Gosee HU3KHX TeMNEpaTyp KpHUBbIE 3aBUCHMOCTH R
or 1/T CyuwecTBEHHO 3aBUCAT OT KOHLUEHTPALHMH NPHMECH, IPHYEM C
YBEJIHYEHHEM KOJIMYECTBA NMPUMECH R yMmeHbIlaeTcsi, a CJIENOBATeNHHO,
KOHHEHTpalUUs 3/JeKTPOHOB 71 yBeJauyusaercA. B stodl o6GnactH Temme-
paTyp noABUMHEE IEKTPOHB! BO3HUKAIOT 33 CYET TENJIOBOH HOHU3ALHY
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aToOMOB npuMecel, H Mbl UMeeM 0GJacTb npumecHold npogodursocmu.
B caydae npumecHOH NpPOBOAMMOCTH IIPAKTHYECKH HMEETCs OQMH THI
TIOABHIKHBIX 2apsKeHHBIX YacTHIl (B JAHHOM CJiydae — 3JEKTPOHkI)
U noctosiiHaag XoJja Belpaxaercs dopmyaolt (3.17), npuuem R < 0.
[Mosb3ysich yKa3aHHBIMH COOTHOIUEHHSIMH, IO 3HAYEHHSM IOCTOSIH-
Ho#i. Xomja MOXKHO HAHTH 3aBHCHMOCTb KOHIEHTPALUHU 3JEKTPOHOB
IOPOBOJUMOCTH OT TEMIepaTyphl.

w353 M LK g Ona mokasana na puc. 1.10 (cMm.
. ] - npuM. Ha crtp. 36), Ha KOTOpOM
4 TaKXe OTYeTJHBO BHJHKI 00JaCTH
1‘ CcOOGCTBEHHOH M NPUMECHOH NpOBO-
T IumocTH. B o6nactu coGeTBeHHOM
i\ NPOBOMMMOCTH KOHUEHTpAlHA 1y
I 5 Ype3BHIYAHHO CHJBHO 3aBHCHT OT
271 I~ Temnepatypel. Hanportup, B npu-

i 4\ MeCHOH 06JacTH HMeeTcs HeKoTo-
¥ k peIii MHTepBaJ TeMmmepatyp, B KO-
N,

70"

®
s 7071
©

Y] N TOPOM KOHLIEHTPAIHs 3/1eKTPOHOB

N
"

NpPaKTHYeCKH He 3aBHCHT OT TeM-
NG nepaTypml Bosce. D10 OODBACHAET-
csl TeM, YTo B 3TOH 0ONAacTH TeM-

2 \ NepaTyp Bce AaTOMBI  MBILIbSKA

]0]4 N
i \ VOHH30BaHLl, TMpHYEM  Kakblil

/
V4

07 aToOM JaeT OJHH 3JEKTPOH IPOBO-
- aumMoct. I1pu nanbHefileM NOHH-

QK JEeHHH TeMIepaTypbl HOHH3aLHs

aToMOB  NPpHMECH CTaHOBHTCA He-

L

————

§ 7] 72

a

\ NOJTHOH, M KOHLEHTPAUHs 3JEKT-
\ POHOB I1POBOAHMOCTH CHOBA YMEHb-
oL . . , . 114eTCA, OIHAKO Teneph 1o Apyro-

0 qw g# qu gm, g7 MY 38KOHY, HeXeld B obsactu
/4.8 COOCTBEHHOH IPOBOJUMOCTH.
Kpusble puc. 1.9 u puc. 1.10

Puc. 1.10. 3aBHCHMOCTD KOHUEHTpaluH TAKKe ITOKA3BLIBAIOT, YTO NPH 60Jb-
SJAEKTPOHOB OT TEMNepaTypel NS KPH-  [IUX KOHLEHTPAUMAX MbIlIbAKA
CTaMmoB I‘EPMBHII:I?)HKCa NpUMECHK0 MH- 3aBHCHMOCTD R H 1 oT TEMHepa-

) TYpHl ocnabasercs. [IpH KOHIEHT-

pauysax, Goapwmx ~ 10Y oM,

©OHM BOOOLIE I1epecTaloT 3aBHCETb OT TEMIEPATyphl H 3/1eKTpPONpPOBOJ-
.HOCTb NpuoOpeTaeT MeTa/VIMYeCKHH XapakTtep. Otciofa cieiyer, YTo
npH GOJBIIHX KOHUEHTPAUHSAX NPAMECH SHePrHA HOHH3aLHH NpHMEC-

HBIX aToMOB oOpallaercsi B HyJb. [IpHuHHA 3TOro GyIeT paccMoTpeHa
B§ IV.7.

AHasornyHpie 3aBHCHMOCTH HaGMI0ZAoTCsl B IBIPOYHBIX HOJYIpO-

BOJHHMKAX, HAaNpUMEp B [ePMaHUM, COAEpIKalleM KaKOH-IHOO akLenTop

ITI rpynnel nepHOAHYECKOH CHCTEMHI,

L S
— e o o f o
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B §4 wMbl oTMeyaau, uTO B CJyuae CMELIAHHOH NPOBOAMMOCTH
NoCTOAIHHAsE X 0/1/1a MOXKET OGpamarscss B Hy/b IPH HEKOTOPOM OIpe-
JIeJICHHOM COOTHOIIEHHH MEXIYy KOHUEHT[AlUIMH IIOJOXKHUTEJbHBEIX
M OTPHIATEJIbHBIX YaCTHI. JTO AefiICTBUTEbHO HABMONaeTca Ha ONbITe.
Ha puc. 1.11 nokasaHa saBucuMocTb nocrosiHHOM XoJia oT TeMmmepa-
Typel A CYpbMSIHHCTOTO

uaust InSb *). B o6nactu 7000 s00 &0 200 50 K
MPUMECHOH  NPOBOAUMOCTH 4'“" L ! L
KOHIIEHTPAUHA  3/E€KTPOHOB 70 T T T T

MaJjia 10 CpaBHEHHIO C KOH-
LeHTpaLHUel IpIPOK H CorJiac-
HO ¢opmyse (4.7a) R > 0.
Ho npH noBbllleHHH TeMIle- ,
patypol n yBeJUuyBaeTcqd 09 r
H 1npu nb*=: p mocrosiHHAs
Xonna obpamiaercs B HYJb,

R emZ- KT
IR
1 11 ein

T

T TTTTH

[pn nanbHeiiem moBblIlIe- e 27
HUH TEMIEPATYpbl KOHLEHT- B ( i
pauHs 3JeKTPOHOB yBeJHUH- 3

Baercs ele 6oiblue U NOCTo- 702 = \ 1/ e
AHHasa XoJsna  H3MeHseT = .
3Hak. B kpucraiaax cypb- - 4 ]

MAHHCTOTO HMHAWA b>1 u
Benuko (~ 100), 1 moatomy
u3MeHeHHe 3Haka R Habo-
JiaeTcs B MarepHaJe p-THna, /
H IIPUTOM OCOGEHHO OTYeTJIH-
Bo. Ecin 661 NMOABHKHOCTH ] ) { |
3JIeKTPOHOB Obl1a  MeHbIle g § 4 § & 7_8
NOJBUKHOCTH JBIPOK (b << 1), 051K
TO HHBEpCHs 3Haka R mpo- Puc. 1.11. 3asHcumocte nocrosuuoft Xonsa
nexoauna 6H B MaTepHa.ne OT TeMnepatypsl JIad KpHCTaJI.'IOB CypbMA-
n-Tina. . Huctoro uHaudA. I, 2, 3, 4 — p-tun; A, B —
[puBenennsle pe3y.bra- n-THIL,
Thl II0Ka3HIBAIOT, YTO B [MO-
JYNPOBOAHHMKAX HaO/MOfaeTcs XapaKTepHAs TeMIepaTypHas 3aBHCH-
MOCTb KOHIIEHTpPAlHH MOABUKHBIX 3aPAMEHHBIX YaCTHI, OTIHYAIOm|af
HX OT MeTa/1oB. B MerassaX KOHIEHTpauHs 3JeKTPOHOB MPOBOJAHMO-
CTH MpPaKTHYECKH He 3aBHCHUT OT Temmeparypsl. HanpoTus, B THIHUHBIX
NOJYNPOBOJAHMKAX BCErja IMeeTcs Takast objacTe Temneparyp (o6-
JacTb COOCTBEHHON IPOBOAHMOCTH), [Jie KOHUEHTpALHUS MHOJBUMKHBIX
YACTHI, #; CYIECTBEHHO 3aBHUCHT OT TEMIEpaTyphl H IPUTOM YBeJH4H-
BaeTcs NpPH HarpeBaHHH.

3

NI

1.1 1111

*) Kpussle B3nTol M3 Kuutu: ¥, Jauasn, Beejenue B (H3HKY HONYIPOBOJ<
Hikos, WMJI, 1959,
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8. anpewennas Inepeemuseckasn sona. Hannuue onpenenennofi anep-
THH HOHH3alHH B HJeaJlbHOM GeCIIpUMECHOM IIOJYIPOBOJIHHKE MOXHO
H306pa3nTh C INOMOWIbIO 3HepreTHYeckoil aHarpammbl puc. 1.12, rne
110 BEPTHKAJH CHU3Y BBEPX OTJIOKCHBI 3HAUeHHs1 [IOJIHOH SHEPrHH 3JIeKT-
pOHOB B KpHcTaane. HuxHag 3awrpuxoBaHHas Mojoca, HJAH 30Ha
SHEPrHi, COINEPXKHT pasjNyHbie yPOBHH JHEPrHH BANEHTHHIX 3J1€KTPO-
HOB, CBSI3aHHBIX C PeHIeTKO H He YYaCTBYIOUHX B 3/1€KTPONPOBOIHOCTH.
HauBricuiasi, BO3MOXKHasi 3HeprHs CBA3aHHBIX 3/€KTPOHOB H300paxa-
€TCsl BepXHUM KpaeM 3ToH «BanenTHoi» 3oun E,. Bepxnas 3oua («3ona
TIPOBOAMMOCTHY) CONEPKHUT Pa3NUUHblE BO3MOXKHLIE 3HAUEHHs 3HEpPTHH
OTILENJIEHHBIX 3JIGKTPOHOB, HJH 3JIEKTPOHOB IPOBOXHMOCTH, OGYCJIOB-
JIHBAIOUIHX 3JIEKTpONpOBOAHOCTL. HauHu3miee 3HaueHHe HX TO/MHOM
SHEpPrHH H300paxaeTcsi HHKHHM KpaeM 30HBl NpoBoiuMocTH E,.

Torna HaMMenblias SHepTrHsl OTENJIEHHSA
Y W7 A 3JIEKTPOHA OT PEIIeTKH, UJH 3HEPTHsl UOHM-
% 3auMHM, U306pa3HTCA DPACCTOSHHEM MEXLY
kpasmiu 30H E, = E, — E,. [lpomexy-
£ TOYHBIE 3HAYEHHS SHEPTHH, JIeXKaHIHEe MeX-
ay E. u E,, He COOTBETCTBYIOT HHKAaKHM
,  BOSMOXHBIM CTAUHOHADHLIM IBHKEHHAM
T000777/77° *IeKTpOHa («3anpelleHHas» 30Ha SHep-
ruft). B Meraasnax 3Heprusi HOHH3aUMH

Puc. 1.12. K nonstuio sanpe- papHa Hy/Mo, W nostomy E, = 0.
IUCHHOH 30HBI SHEPTHH. CyliecTBOBaHHE SHEPTeTHYECKHX 30H,
BBEICHHBIX  HaMH 37eCb TOJIbKO B CBfI3H
C SHeprHeil HMOHHM3aluMH, OOOCHOBBLIBAETCS TEOPETHYECKH MNpPH pellieHHH
KBaHTOBOMeXaHHUeCKOH 3aRauyH O JBHIKEHHH 3JIEKTPOHOB B.TNEPUOAH-
yeckoM mnoje Kpuctaana (ra..III). Omnako 3Ty mpencrasneHus mo-
JIe3HO BBECTH Y:Ke cefiyac IJs1 HCTOJNKOBAHHSl SKCIEPHMEHTAIbLHbIX

axTOB. '

TemnepaTypHasi 3aBUCHMOCTb KOHLEHTPALHH 3JIEKTPOHOB B 06./1aCTH
COGCTBEHHOH NPOBOJMMOCTH #; MO3BOJISIET ONpEAeNHTh LWUHPHHY 3ampe-
IIEHHOH 30HHI £ .

[losicauM 3TO CHawaja NPOCTHIMHM, XOTSl H HECTPOTHMH paccyxje-
HHUsAMH. TlpeanosnoxuM, 4TO 3/M€KTPOHBI B KpHCTa/lle NOIYHHAIOTCS
craticTike DoJsbiMaHa (4TO HMMEeT' MeCTO NPH JOCTATOYHO BHICOKHX
temneparypax). OGo3HauuM, Janee, . YHCA0 BO3MOXKHBIX COCTOSIHHH
2J€KTpOHa B 30HE NPOBORHMOCTH (IOKA HaM HeH3BecTHoe) uepes N..
Torza 4HC/AO He3aHATHIX COCTOSIHHA B 30HE IIPOBOAHMMOCTH . 6yjer
(N, — n;), a yuca0 BaKaHCHH B BajeHTHOH 30He — n;. Yucio anek-
TPOHOB NMPOBOJAMMOCTH, BO3HHKAIOUIHX B elHHHIE o6beMa H B eIMHHILY
BpPEMEHH BCJEACTBHE TEIJIOBOH HOHH3alMH, AOMKHO ObiTh HDOIOP-
nuoHanpHo (N, — n;) ¥ GonbuMaHoBCKOMY Gaktopy -exp (—£E,/kT).
C npyroii CTOPOHH, 4acTOT2 O0PATHLIX MPOLECCOB — JIEPEXOA0B 3JIEKT-
POHOB TPOBOAHMOCTH B CBSI3aHHOE COCTOSIHHE — JOJKHA GHTh TpO-
NOpPUHOHAAbLHA HAJIHYHONX KOHLEHTPALHH 3/1eKTPOHOB n; ¥ WHCAY
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BaKaHCHH n;, T. €. ni. [lo3ToMy B COCTOSIHHH paBHOBECHS
E
a(N,—n))exp|— bn,,

rie a u b — HexoTopbie KO3PPULUMEHTH MPONOPLUHOHAIBHOCTH. ECJIH
n; < N, 10 aqa n; NOJIy4aeTcss 3KCNMOHEHIHaJbHAS 3aBHCHMOCTL OT
'FEMIIEPATY PHI: :

E
n;=Cexp <—§EA%)'

Bonee crporni pacuer (ra1. V) NpHBOAHMT K HECKOJIbKO H3MEHEHHON
dopmye:

E
"= A ﬂ/aexp<-—ﬁ€f/, (5.9)

KOTopas OTJHYaeTCs OT NpeXbAYLIET0 BhIpa)KeHHs MHOxKHTeneM T'/z.
Onnako BJHSIHHE 3TOTO MHOXKINTeNSl OOBIYHO MaJji0 1O CPaBHEHHIO € 3K-
CIIOHEHIIHAJIbHBIM MHOXKHTEJIEM. ‘

CooTHouieHHe (5.2) NO3BOJAET OMPEACAUTH LIHMPHHY 3anpelleHHO
30Hb E, M0 3KCNepHMEHTAJIbHBIM JaHHBIM O 3aBUCHMOCTH 7; oT T B 06-
JlaCTH  COOGCTBEHHOH  NPOBOJMMOCTH.
OnHako WMpHHA 3aNpeWEHHON 30HH &,
CaMa 3aBHCHMT OT TeMIEpaTyphl H OObLIY- \
HO YBEJHYHBAETC IIPH OXJaXIeHHH.
ITosToMy BO3HHKaeT Bompoc, Kakoe o AN
HMEHHO €€ 3HauyeHHe Mbl ONpefessieM H3
TeMnepaTypHbIX H3MepeHui. lis Bobl-
ACHEHUsl 3TOTO TpPEACTAaBUM  IHHPHHY
3alpelleHHOH 30HbI Pa3J/IoKeHHOU B pAJ
no creneusm. T:

Eg=Eg—al+..., .

g 2

rne Egy—ee mupuHa npu abconoT-

Hom Hyge. Ecan B 3ToMm pasjoxenun Puc. 1.13. K onpefenenmo mn-
OTPaHHYHUTHLCS TOJbLKO JIMHEHHBIM uJe- PHHBI 3aTPCUICHHOR  SOHEL.
oM, To u3 (5.2) mbl onpenenum Egq,

TaK Kak MNpH NOACTaHOBKe ujeHa a7 Mbl MOJYYHM IIOCTOSHHBIH
MHOXKHTeJb €Xp (—a/2k), KoTophlil GyleT BKJIOYEH B NMOCTOSHHYIO A.
Ecay e 3Ty 3aBHCHMOCTL HeJb3sl CYHTATh JIHHEHHOH BO BCeH 06/1acTH
TeMnepatyp, To £,, onpeleieHHas u3 TeMnepaTypHhIX H3MEpeHui, He
Oyner paBHa (paKTHYECKOiHl INMpHHe 3anpelleHHOH 30HH npu T = 0.
3T0 noscHsAET puc. 1.13. Ona Gyner paBHa E,r, KOTOpas nosyuyaercs
skcTpanoasiuuei K T = 0 npsimoll, NpHONHKEHHO ONHCHBAIOIIEN
3aBUCHMOCTb, £, o T B HCClelyemMOM MHTepBaje Temneparyp. Benn-
uiny E,r MHOTJA Ha3HIBAlOT TEPMHUECKOH WIHPHHOH sanpedieHHOH
BOHHI.
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dakTHYecKYI0 LIHPUHY 3anpellieHHOH 30HHI (H ee 3aBHCHMOCTbL OT
TEMIepaTypel) MOXKHO OMNpeleNHTb U3 ONTHYECKHX H3MEepeHHH, Hccie-
IOysl 3aBHCHMOCTb KO3(pbHLIHEHTa MOTJIOUEHHS CBeTa OT 3HEPIHH ¢oTO-
HoB. OnTuyeckas UIHPHHA 3alpEleHHOH 3O0HEI MOXKET HECKOJbKO
OTJIMYaTbCA OT TePMHUYECKOH UIHPHHBL,
' 3HaueHHs WIMPHHB! 3ampelieHHOH 30HH [Vl HEKOTOPBIX BaiKHBIX
NOJIYIIPOBOAHHKOB npHBeJeHbl B Tabauue 1.1,

Tabauya 1.1

Mlupusa sampemensolt 3ouel Eg (3B) M MOABHXHOCTH 3JEKTPOHOB [1, H Jbl+
POK My (cM?/c-B) mpu 300 K ang HeKOToprX nonynposoauukos (M. Podo, Tlony«
NpOBOJHHKOBEHE MaTepHasul, «MeTanayprusy, 1971).

ndp B ckoOkax oGo3HaualOT TeMmepaTypy, ecau OHA oTnuyaercs o 300 K,

nepgggtl:t?elzlxoﬁ BeuecTao Eé‘ B, B,
CHCTEMBI
1V Anmas 5,4 1800 1400
IV Si 1,1 1300 500
v Ge 0,67 3800 1820
V—IV «-SiC 3,1 220 48
Ii—v GaP 2,32 (717) 300 100
II—v GaAs 1,52 (717) 8800 400
In—v InP 1,40 (77) 4600 150
ni—v GaSb 0,80 (77) 4000 1400
1I—-v InAs 0,43 (77) 33000 460
Ini—v InSb 0,22 (77) 78000 750
I1—-VI ZnO 3,2 180 —
n—-vi ZnSe 2,80 260 15
11—-VI a-CdS 2,42 295 —
1—Vvi B-CdSe 1,85 500 —_
IV—VI PbS 0,39 550 600
IV—VI PbSe 0,27 1000 900
IV—-VI PbTe 0,33 1600 550

2. Ydesonan asnexmponpoeodrocme. TeMmepaTypHasi 3aBHCHMOCTb
yIeJbHOH 3JeKTPONpPOBOJHOCTH NOJNYNPOBOAHHKOB, TaK XK€ KaK H Mo-
cTofnHasd XoJaJja, oOHapy:KHBaeT XapakTepHbie ocobeHHocTH. Ha
puc. 1.14 (cM. mpum. Ha cTp. 36) mokaszaHa 3aBHCHMOCTH YAENLHOTO
COMPOTHBJ/IEHHST OT TEMNEPATYpPBl 114 TeX K€ KPHCTa/lJI0B, K KOTOPhIM
oTHocHTcsl puc. 1.10. M 3mech OTUeT/IHBO MOXKHO BHIAETb 0671aCTh COG-
CTBEHHOH NPOBOAHMMOCTH (yHKTHpHAfl npsiMasi) M, npH Gojee HHUSKHX
TeMmIepaTypax, 06/71acTb IPUMECHOH MPOBOLHMOCTH.

B o6aacTH coOcTBeHHOH NPOBOAMMOCTH (7 = p = n;) yAeabHAs
3J1eKTpon poBOJHOCTL paBHa

0 =en; (tn W) (5.3)
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Tak Kak NOABHKHOCTH 3aBHCAT OT TeMIlepaTypHl CPaBHUTENRbHO Caabo,
TO CH/JbHOE H3MEHEHHe O H P B 3ToH 00JacTH OOYCJIOBJEHO CHJBHOM
3aBHCHMOCTBIO #; OT TemmepaTyphl.

B npuMecHo#l 06;1aCTH KOHIEHTPAUHA AbIPOK p NpeHeOpeKuMO MaJa
N0 CpPaBHEHHIO C KOHIEHTpalHell 3JeKTPOHOB 7 H

o zenfl,.

B 3T0H 06/1aCTH G K P 3aBHCAT OT KOHIEHTPALHH MBIIbSKA: YyeM GoJblie
KOHLIEHTpaluysa 5TOH NpUMecH, TeM Gosibilie O 1 TeM MeHbllle p. OnHako,
B OTJIHYHe OT KpuBblIXx puc. 1.9 u
1.10, BMecTo nuato B obJjacTd npu- 2007 20 K n
MECHOH NPOBOAMMOCTH 3Aech HabJio- i
naercst OoJsiee CAOXKHOE, HEMOHOTOH- 3
HOe H3MeHeHHe p. DT0 0O6bsACHSETCA §
TeM, uTO P 3aBUCHT OT POM3BENCHHA 5,
KOHUEHTPAIUH 5JeKTPOHOB Ha HX
NOABHKHOCTD, a NOABHKHOCTb TOXKe
3aBHMCHT OT TemnepaTypol. [1pu nanb-
HeHlleM TMOHHMKEHHH TeMIepaTypsbl
CONPOTHBJIEHHE MOHOTOHHO YyBeJIHYH-
Baercd. OfHAaKO NpH OYeHb HHU3KHX
TemrepaTypax (a/1s pacCMaTpHBaeMo-
To npHMepa — HHXe ~ 4 K) p me-
pecTaeT 3aBHCETb OT -TeMIlepaTyphl.
Ilpuunna sToro 3akawuaercs B Cy-
ILECTBOBAHHH HPOBOAUMOCTH MO TaK
HaskBaeMo# NpHMecHol 30ke (§IV.7).

a. [lodsuxcrocmu. B tabaune 1.1
JAHBI 3HAUeHHs TOJBHXKHOCTEll 3JeK- |
TPOHOB H JBIPOK AIA psAjga TNoay-
npoBoaHUKOB. OHH OTHOCATCH K UH- " 7
CTEIM (MO0 BO3MOXKHOCTH) KpHCTaJ- 4
aam npa 300 K. Ilpu comocragsne- V4
HHH 3THX J4HHBIX CJeAdyeT umeTb B
BHJY, YTO HOJBMIKHOCTH 3aBHCHAT OT g
YHCTOTBl KPHCTAJIOB U UX CprKTyp- ¥/ 2 Q% 408 408 g7
Horo coseplueHcTBa. Ilostomy nns VK
TaKHX KpHUCTa/I0B, KOTOphie B Ha-
cTosilee BpeMs NOAYYAIOT B OUeHb Puc. 1.14. 3aBHcHMOCTh YIEJBHOTO

v o CONPOTHBJCHUS OT TEMNEparypa B

YHCTOM Buje (TepMaHui, KpeMHHMH, KPHCTANaX TePMaHH® ¢ NPHMECHIO
AHTUMOHHWJA HHIHU#),. NOABHXKHOCTH MbIUBSIKA,
XOpOILUO H3BeCTHBI. JIAs MHOTHX XKe
APYTHX KPHCTaJJ0B, TEXHOJOTHS MOAYYEHHs KOTOPHIX MeHee pa3pa-
GoTana, 3HaueHHs NOABHXKHOCTeH XapaKTepH3YIOT He TOJBKO CBO#-
CTBa J1aHHOTO NOJYBPOBOAHHKA, HO, B H3BECTHOH CTENeHH, H Kad4eCTBO
HcC/IeA0BAHHBIX KpHCTaanioB. B Tabauue mpuBeleHbl HanGOJbILHE M3-
MEpeHHBIE 3HaueHud,
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M3 rTab/auMupl BHOHO, YTO IOJABHIKHOCTH B pas3/JHYHBIX KpHCTa/Lnax
~BecbMa pasiauudbi. Tak, B GaP noasnzkHOCTb AbIPOK HMMEET MOPAROK

toabko 100 cm?/c -B (y HEKOTOPbIX BeIeCTB OHa elle 3HAYNTENbHQ
HiXKe). Y CYPbMSIHHCTOTO MHIHS MOABHXHOCTE 3/1eKTPoHOB 1pu 300 K
nocruraer ~ 80 000 cm?/c -B, a npu NoHMXKEHUH TEMIEpaTypbl MOMKeT
npeBeiinath 10° cm?/c -B.

Vismepas R W G npu DasiM4HBIX TEMICPATypax, MOMKHO HalTH
TEMIIepaTy pHYI® 3aBHCHMOCTb XOJJIOBCKOH IMOABHXKHOCTH OCHOBHBIX
Hocuresiell. OIHAKO U3 TaKHX H3MepeHHII MOXHO IpH HEKOTOPBIX YCJO- -
BHSAX HAUTH H 3aBUCHMOCTb JpeH(OBbIX NOABHXKHOCTEH OT TeMIeparypbl -
(ToXe /it OCHOBHBIX Hocmeneﬁ)./ﬂocnenﬂee MOXKHO cJies1aTh, Hamph-
Mep, /51 TOrO HHTepBaJja TeMrepaTtyp B o6/acTH IPHMECHOH IpoBOJH-
MOCTH, T[e KOHIEHTpalHsl 3/1eKTPOHOB (MJH JABIPOK) He 3aBHCHT OT
Temneparypbi (marto Ha puc. 1.9 u 1.10). Toraa temneparyphas sasu-
CHMOCTb 3JIEKTPONPOBOJHOCTH JAEeT TEMHepaT) PHYIO 3aBHCHMOCTD JpeH-
(oBOH MOABHXKHOCTH OCHOBHBIX HOCHTe/eH.

OnbIT NOKa3bBaeT,. YTO B INOJYIPOBOAHHKAX € GOJIBLIOH MOABHXK-
HOCTbIO (HAallpHuMep, B TepPMAHHH H KpPEMHHH) 3aBHCHMOCTb U OT 7'
MOXKHO YAOBJIETBCDHTEJILHO MDPEACTaBHTb B BHAE

p=AT?,

rie A n p 3aBHCAT OT pojia NoJyNPOBOAHHKA, PACCMATPUBAEMOTO HHTEp-
BaJia TeMrepaTyp U THIIA YyacTHIL (3JeKTPOHE! WA AbpKH). B Kpucramsiax
€ MaJIOH KOHUEHTpauued Nmpumeced H IMpH AOCTATOUHO BBICOKHX TeMIIe- .
patypax p <C0, T.e. b yMEHbLIACTCH NPH YBEIHYCHHH TeMIepaTypbl.

Ilpy yBesIMUEHHH KOHIEHTPalHH NpHMeced H XOJJIOBCKas, M Apeii-
doBas MNOABHKHOCTH yMeHblUawTcs. [IpH GoJbIIOH KOHIEHTpalHH
npuMecel U B 00/1aCTH HH3KHX TeMIepaTyp, B OTJIHUHE OT NEpBOTrO
cayyasy, U yBEJUYHBAETCS IPH IOBBHILIEHUH TeMIepaTyphl, 4YTO COOTBET-
creyer p > 0. Ilpumepnbr 3aBHCHMOCTEHl | OT TemrepaTypbl H KOHUEH-
Tpauud npumecH GyAyT NpuBeleHH mo3ke (cM. puc. 14.1 u 14.2 Ha
cTp. 485, 486).

Oﬁuum XapakTep HaG/IIONAEMbIX 34KOHOMEPHOCTEH YAOBJIETBOPH-
TeJbHO OOBACHSETCST Teopuell paccesiHusA, KoTopas OyneT moapoGHee
paccMoTpeHa B cBsi3H ¢ siBJeHUsIMH nepeHoca-B ra. XIII, XIV. Cefiyac
M€ Mbl OrPAHHYHMCS HECKONLKHMH OOLIHMH 3aMeyaHHSIMH.

- KeanroBasi MexaHHKa IOKa3bIBaeT, YTO B HJea/bHOM GEe3IpaHHUYHOM
KpHCTa/le, T. €. B CTPOTO NepPHOAHYECKOM NIOJIe, JCKTPOHBI ABHKYTCA
€ NOCTOSTHHOM 5Hepruefl U HMMyJabeoM (cM. 1. 1V). OHH He HCNBITHIBAIOT
«COypapeHHi», H TOSTOMY BpEMSl PENaKCAluu T, a CJeIOBaTelbHO, i
TIOJBHKHOCTb [, = eT/m paBHBI OECKOHEYHOCTH. Koneuras HOJBHXKHOCTH
06yC/IOB/IEHA NIPOLECCAMH PACCeSHHA HMIYJIbCa, BOSHHKAIOUIHMH B pe-
3yJibTaTe HCKaXKeHuHH uieatbHOH pelleTkH. Haubosee CyliecTBeHHRIMH
M3 HHX SIBJAIOTCA TEIVIOBOe ABHXKEHHE ‘M HOHH30BAHHBIE IIPHUMECHbIe
aTOMBI, Ka#/J0e H3 KOTOPHIX O0YyCJIOB/JIHBaeT HEKOTODBIE ONpeje/eHHbie
BpeMeHa pesaKCaluH Tr (Tel/oBble KoseGaHus) H T; (MOHH30BaHHLIE,
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NpPHMECH) M onpejleNeHHble BepOATHOCTH paccesnua 1/ty m 1/1,. Kak
GyneT mokasaso B 1. XIV, pesyanTHpYyIOlas BePOATHOCTb paccesHus
B xopoulem npubJHXEHHH paBHa CyMMe 3THX BeposiTHOCTeH, T. e.

1 1 1
? - 1"—7' + ,E’

rae T — pe3yJpTHpYIollee BpeMsi pefaKcaluu, 06YCJOBRJIEHHOE 3THMH
JLBYMS TIpoLEcCaMH.

BeNHYKHL! Tr H T; 3aBHCAT OT TEMIEpPaTypbl, H [PHTOM Pa3THYHO.
C yBeauyeHueM TeMIepaTypbl BepOATHOCTb peleTOYHOTO paccesiHus
yBeJaH4KBaeTcA ¥ NO3TOMY Tr yMeHbluaercs. HanpoTus, T/ ¢ NoBbIIIEHHEM
TeMIepaTyphl YBENHUHBAETCA. DTo KaueCTBEHHO ACHO yXKe W3 HKJaccH-
yecKHX NpeacTaBJieHHil, TaK KakK ueM GOsblle TenJoBas CKOPOCTb yac-
THIBI, TeM MeHbIHe W3MeHEHHs! B ee JBHXXEHHH GYJAeT BLI3HIBATb 3/1€K-
TpHYECKOe TNoJle HOHH30BaHHOTO aroMma.

B cooTBeTCTBHM CO CKa3aHHbLIM Bhille, HabJionaeMast 3aBHCHMOCTh
n(7T) B KpHCTaLIaX, COEPKALHX NPUMECH B 3HAYUTENbHBIX KOHILEH-
TpalHsX, B LINPOKOM HHTEPRaJie TeMnepaTyp HMeeT JOBOJBHO CAOKHBIN
xapaktep. Ilpn HH3Kux TemnepaTypax npeo6saiaeT NpHMECHOe pac-
CesilHHe M W[ CHAayaja yBeJHUMBAeTCA NPH YBEJHUYCHHH TEMIepaTyphl.
OnHako npu JajbHeiilleM NOBBLIINEHHH TEMIEPATYpPbl OCHGBHYIO POJb
HayHHaeT HIPaTh paccesiHHe HA KoleGaHHAX PEeLIeTKH H | YMeHbHIAeTcs
npu HarpeBaHud. Ilpu HekoTopoli TemmepaType | MpPOXOAHMT uepes
makcumyMm (cp. puc. 14.1).. TemmepaTypa, COOTBETCTByIOUAH 3TOMY
MaKCHMYyMY, TeM Bhille, yeM Go/ibile KOHUEHTPAalus NAaHHOH NMPHMECH.

B noaynpoBoiHHKaX ¢ OYeHb MAaJOH MOABHXHOCTBIO (Se B, NiO,,
Fe,0,, In,Te; u np.) 3aBucumocts p oT 7' HmeeT Npyroil xapakrep.
A ¥MEHHO, |\ YBEeNTHUHBAETCS MPH MOBLILIEHUH TeMrepaTypbl TpHOIH3H-
TEJAbHO NO 3KCIOHEHIHAaNBLHOMY 3aKOHY M ~ exp(— w/kT), rne w—
HEeKOTOpasi «JHeprus aKTHBAalUUH». TaKOH 3aKOH, COBMECTHO € MaJoH
BeJIHYHHON NOJBHKHOCTH, HO3BOJISIET 3aKJAIOUHTD, YTO B 3THX BelllecTBaX
IBHXKEHHe HOCHTesel 3apala WMeeT CKaukKoobGpasHbiii xapakrep. Hocu-
TeJIH 3apsila HaXOAATCH NPEHMYLIECTBEHHO B CBA3aHHBIX COCTOSHHAX
H TOJILKO BpeMsl OT-BpeMEHH NIePeXolsT U3 OLHOTO NMOJIOXKEHHS B KPyToe.
Tak kKak nafl Takoro mepexojfa HeoOXOIHMO IpeOfOJieHHe HeKOTOPOro
noTeHUHaJNbHOTO 6apbepa, TO ¥acToTa CKAYKOB YBeJMYHUBAETCA C BO3-
pacTaHMeM TemnepaTypbl, ¥ NpPHTOM MO YKa3aHHOMY 3KCIOHEHIHasb-
HOMY 3aKOHY, a W HMEET CMBICJI SHeprHH, HeOGXOLHMOH A1s npeouonemm
~Gapeepa.

e. Cobcmeennas KORUEHMPAYUR INEKIMPOHOB. Coécnseunaa KOHIIEeH-
TPalKsa 7; IBJAAETCH OLHON M3 BaXKHEHIHX XapaKTepUCTHK MOJYNPOBOR-
HHKa. OHa CYWeCTBEHHO BXOJUT BO MHOFHE TEOPETHYECKHE COOTHOIIEHH S,
M TIO3TOMY TOYHOE 3HAHHME 3TOH BEJHUHHBI H €€ 3aBUCHMOCTH OT Temne-
patypnl HeoO6XOAHMO AJISi CaMBIX Pa3jIHYHBIX PaCyUeTOB.

O 3aBHCHMOCTH n; OT TeMIepaTypbl YKe TOBOPHJOCH Buillle, OHa
Buipaxaerca ¢opmynor (5.2). OcranoBHMCH Tenepb Ha BeJHUHHE 7.
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Ee mMoxHO HaliTH, Hanpumep, H3 noctosHHo# Xo/asna B obracTu cob-
CTBEHHOMN NPOBOLUMOCTH C NMOMOLLbI0 cooTHoweHusa (5.1). Onnako npu
3TOM HYXHO ellle 3HaTb XOTA M cJalylo, HO BCce Ke CyHIeCTBYIOHIYIO
3aBHCHMOCTb b == p,/p, oT TemmepaTyphl. Kpome Toro, B ¢opmy.ie
(5.1) npeanosoXeHO, YTO XOJNJIOBCKHE NOJABHXKHOCTH paBHBI Jpefio-
BbIM, H TIO3TOMY JJI51 TOYHOTO OTpefieJieH!s 1; HyKHO OblJIo 6Bl NOJB30-
BaThCs TOUHOM GopMy.T0# (4.7) H 3HATh OTHOLIEHHE 3THX NOJBHKHOCTEH.,

Bosiee TOUHO BeJHUHHY r; MOXKHO HAHTH U3 3/1€KTPOIPOBOAHOCTH.
Kak yxe rosopusoch Bbillle, ApeH(oBLIe MOABHIKHOCTH W, H Up H HX
3aBHCHMOCTh OT TeMmepaTyphl MOXKHO HafTH U3 JaHHBIX 00 3JeKTpo-
NPOBOJAHOCTH H NMOCTOSIHHOM XoJla B KpPUCTa/lsiaX n- # p-THIOB B NpH-
MecHO#t ofmacTu. Eciu 3aTeM NpPO3KCTPanoJupoBaTh 3TH 3HAYEHUSA
B o6i1acTh GoJsiee BHICOKUX TeMnepaTyp, TO U3 3HaYeHHs 3/JeKTPOnpoBOJ-
HOCTH B coG¢cTBeHHOH o61acTi (5.3) MOXKHO onpenenuTs n;. B Tabmuue 1.2
B Ka4yeCcTBe MpUMepa npHBefeHa BeJHIuHa ni (KoTopas 00bIYHO U BXOAHT
B TeopeTudeckue ¢opmyab) npH 300 K A/1st HEKOTOPBIX BaKHBIX 1107y~
NPOBOJHMKOB. TaM Ke YyKa3aHbl BeJHYHHAa COGCTBEHHOTO YAEJbHOIO
conpoTuBjienua o; 1 300 K H skcnepuMeHTaIbHOE 3HAUEHHE MOCTOAH~
Hoit A B dopmyse (5.2).

Tabruya 1.2

CoGcTBeHHBIE KOHUEHTPAUHH 7; H_YAEJbHBIE CONPOTHRACHHA [y
HEKOTOPbIX modynposogunkos nph 300 K

Bemecrso A, cM—8 . K- ny, cM-e p; OM-cM
Ge 3,10'- 1032 5,61 - 1028 47
Si 1,5.1088 1,9 102 2,3.108
InSb 2,0. 1020 2,9. 1032 45.107%
GaAs 1,2.10% 1,2 o 6,4-10?

OtmeTuM, 4TO 3¢wbekT. Xosana U 3J1eKTPOIPOBOLHOCTE He SIBISIOTCH
eIMHCTBEHHLIMM CHOCOGaMH onpene/eHHs #;. B 4acTHOCTH, NOAB3YSACH
COOTHOLIEHHAMH CTaTHCTHKH (TJ1. V) NOCTOSIHHYIO A MOXKHO BBIPa3suTh
yepe3 YHHBepCaJbHbie MOCTOSTHHEIE U 9peKTHUBHBIE MAcChl 3JIEKTPOHOB
H JILIPOK, H MOTOMY 7; MOXHO BBIYHCIHTD, €CJH TOYHO U3BECTHHI 3dpek-
THBHBIE MacChl M HIHPHHA 3anpeteHHoH 30Hb! E,. [1pu 3TOM oKasbiBaercs,
4TO [/ XOpOWO M3YYEHHHIX HOJYIPOBOJHHUKOB TMOJYUEHHBE TaKHUM
oGpa3om 3HaueHust #; O/M3KH K HalJeHHBIM U3 3dpekTa XoJia U jeK-
TpPOI POBOJHOCTH. ' )

B 3akJioueHHe elre YKawueM, YTO U3MepPEHHY KOHUEHTpAalHH 3JIeK-
TPOHOB (MJIH JBIPOK) M YACJIBHOTO COMPOTHBJIEHHS IUHPOKO HCIIOMB3YIOT
ZJIfl OLEHKH CTEMeHH YHCTOThI NOJYNPOBOAHUKOBBIX MaTepHaJIoB. Burimre
MBI BHAE/IH, YTO B 06/1aCTH IIPHMECHOH NTPOBOAUMOCTH JiaXKe HHUTOMKHEIE
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KOJINYeCTBAa HEKOTOPHIX NpHMEceH yiKe 3aMeTHO H3MeHSIOT KOHIIEHTpa-
IHIO 3J€KTPOHOB (NLIPOK) ¥ 3/€KTPONpOBOAHOCTb. Tak, KOHUEHTpauus
3JeKTPOHOB B OYeHb YHUCTBIX KpHcTasanax repmadusi opu 300 K pasna
~10" em3. C 1pyro#l cTopoHbl, B 06JacTH N1aTo Ha pHe. 1.10 kaxapii
aTOM MbllIbSIKa JaeT OAHH 3MeKTPOH NPOBOAHMOCTH, H TMO3TOMY MNpH
KOHIIEHTpauuu Mblibaka ~ 101 cm™ yxke nabniopaetcs 3ameTHoe H3-
MEHEeHHe 3JIeKTPONPOBOAHOCTH. Tak Kak 4Hc/J0 aTOMOB B CM® repMaHus
~10%, To yka3aHHasl KOHUEHTpAUHs COOTBETCTBYET OJHOMY aToMy
MblillbsiKa npubansnTenbio Ha 10° atomoB repManus, uan 1077 atomMHoro
NpOLEHTa. DTO HMEeT MeCTO H B JAPYTrux NMoaynpoBogHUKax. Tak, Ha-
npuMep, B 3akucH mexu Cu,O mpu 300 K comepxkanue Kucaopopa
B 0,1 ar.% wu3MeHsleT 3/eKTPONpPOBOAHOCTb NpuMepHo B 10* pas. dtu
TIpUMepHI TaKKe MOACHSIOT, IoYeMy B psifie c/1yuyaeB K YHCTOTE MOJYINpo-
BOAHHKOBBIX MaTepHaJsIOB NPeABSBAAIOT HCKJIOUHTeNbHbIe TpeGoBaHUS.

OxHako npH 3ToM cjefyeT HMeTb B BHLY, 4YTO ONpeleeHHS! TOJbKO
CONpOTHBJIEHHS, TaK 2Ke KaK H onpelejeHHs TOJbKO KOHUEHTpauuH
HocUTeNell 3apfisa, MOXKET OKa3aTbCAd HEJOCTATOYHBIM LJS1 CYXKIEHUS
0 YHCTOTe MaTepyaaa. EciH B NoNynpoBoIHHKE HMEOTCA OLHOBPEMEHHO
NOHOpHble U AKUENTOPHLIE TPHMECH H TIPUTOM TTPHOJIH3HTENBHO B OIH-
HAKOBbIX KOJTHYECTBAX, TO IPUMECH MOTYT KOMMEHCHPOBATb ApYT Apyra.
Tlpu 3TOM KOHHEHTpamus 3/7e€KTPOHOB MOXeT ObITb Maja, a yIeJbHOe
CONPOTHBJIEHHE MOXKeT Jaxie NpeBHILaTb 0; BCJEACTBHE YMEHbIIEHHS
NOABIXKHOCTH H3-3a MPHMeCHOro paccessHus. [TosToMy TakHe H3MepeHus
BCETHa XeNaTeNbHO JONONHATEL ONpefeseHHeM NOABHXKHOCTH, KOTOpasi
B cJyu4ae KOMIEHCHPOBAHHHIX mnpHmecefl OYyneT BCeria 3aHHXKEeHHOH
BCJIEJICTBHE JONOJHHUTELHOTO NTPHMECHOTO pacCesiHus. ‘

C apyroil CTOpOHbI, HMEIOTCS M TakKHe NpPHMECH, KoTophle cjaGo
BJMSIIOT Ha 3JIEKTPONPOBONHOCTb. [IpHMepOM MOKET CJYKHTh KHCJIODPOX
B repMaHHH ¥ KPEMHHH, COolepKaHHe KOTOPOro MOMKET JOCTHIaTb COTHIX
Jojeli at.% 6e3 CyHmIECTBEHHOrO BJHSHHS Ha 3JeKTPOUPOBOJAHOCTD.

M3 ckasaHHOro Takxe SICHO, YTO BJIMsIHHE NpHMecCell Ha 3/CKTpo-
HPOBOJIHOCTL 3aBUCHT elle OT o6JjacTH TemnepaTyp. ITosTomy oauH H
TOT e Martephai B 06;acTH COOCTBEHHOH IIPOBOAHMOCTH (BBICOKHE
TeMIepaTyphbl) MOKET pacCMaTPHBATLCS KaK OYeHb YHCTHIA, a B 06aa-
CTH INPHMECHOH TIPOBOAMMOCTH (HHM3KHe TeMmmepaTypbl) — KaK O4eHb
IpS3HbIA. v

oc. Maenemoconpomuesedue. B § 3 MBI BugenH, 4To ecaH uMeeresd
OZMH TUIT HOCHTeJef] 3apsAjJa U M U T He 3aBHCAT OT HallPaBJICHUS JIBHIKe-
HHA, TO W3MEHEeHHe CONMPOTHBJEHHS B NONEPeYHOM MarHHTHOM HOJAe
Ap;/p noaxHO 6bITb B c1a6bIX MarHUTHBIX MoJsx ~33%. Tako# ke
pesyspTaT ToJydyaeTcsl M TIpPH yyeTe HECKOJNbKHX THIIOB HOCHTeNed
3apsaa. ONwIT NOKA3bIBaeT, YTO 3TO JAEHCTBHTENBHO HMEET MeCTo.

Onnako Apyrie BHBOAL NPOCTOH TEOPHH He COIIACYIOTCS C OMBITOM,
Briile Mbi y3Ke FOBOPMJIH, UTO B H3QTPOIMHON MOJENH NPORO/AbHOE Mar-
HeToconpoTHBleHHe A py/p RO/MKHO ObITh PaBHO HYJIO, TaK Kak IpH
NnapajjeqbHbiX MATHHTHOM T0J1€ H CKOPOCTH Apeiida cuna JlopeHua
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pasua-uymo. Ha puc. 1.15 nokasana 3aBucumocts Ap/p or yrna 8
MEXIy HanpaBJAeHHAMH TOKa H MaCHMTHOTO TOJIA B FePMAHUM U KpeM-
Hud. H3' pucyHKa BHAHO, YTO MPOROJNBHOE MArHETOCOIPOTHB/ICHHE
Apy/p (npu 6 =0 u § = 180°) oTHonp He paBHO HYJIO, a HMeer
TOT Xe MOPFAOK BelHYHHBI, 4TO K A p | / p.Kpome Toro, Besnyrina Ap | / p
OKa3bIBaeTCsl 3HAYUTeJIbHO GOJIbLIE, YeM BHIYHC/IAEMAasi U3 M30TPOIHON
Mozies. HIMeroTest M Apyrue pacXOXAEHHS POCTOH TEOPHH C OIBITOM.

DTo nokaswlBaeT, 4TO H3OTPONHAS MOAeb HeNOCTATOYHA IS KOJIH-
YECTBEHHOr0 ONMHCAHHS MarHeTOCONPOTHBJICHHS. .

Habionaembie 3aKOHOMEPHOCTH Y OB/ETBOPHTENBHO OGBACHIOTCS
TO/HOM ‘TeopHed, yYHTHIBAIOWEH aHH30TPONHIO 3(PEKTUBHHIX MAcc H

) BDEMEH PeJIaKCaHH, HaJHuHe HO-
cuTesnedl 3apana pasHbIX THIOB H
3aBHCHMOCTb BpPeMeH pejaakcauiq
OT 3Hepruu. YacTuyHo 3TH Bonpo-
£b1 paccMatpuBaioTes B . X111,

CyMMHpYsl pacCMOTpeHHbIE 3K~
CNEPHUMEHTAJIbHbE  JaHHBE, MOl
NPpUXOAHM K CJEAVIOWHM BaXKHbIM
BbIBOJAM:

a) OOpasoBaHHe 3/EKTPOHOB
NPOBOAMMOCTH B  ITOJY{IPOBOAHH-
Kax, B OTJIMYHE OT MeTa/llIoB, Tpe-
Gyer onpesfeneHHOH 3HEPTHH AK-
THBALHH.

6) DaeKTpolnpoBOAHOCTL B MO-

N

4dp/0, omy. £,
~
1

1 [}

o W 150

20 380
8, zpad

* Puc. 1.15, 3aBucuMocTb Marseroconpo-
THBJEHHS Ap/p OT yraia 6 Mexay Ha-
NIPaB/ICHHAMH TOKA H MarHHTHOTO MOJf
B repmaii# (MYHKTHP) ¥ KPeMHHH
(cnmownas kpusas) n-tena. Tok ua-
upasses 1o [100], marauthoe mose Je-

. JYNIPOBOAHHUKAX MOXKET OCYUIEeCTB-

JIATBCA He TOJMBKO 3JIEKTPOHAMH,
HO H TIOJIOXKHTE/IBHO 3apsiKeHHbI-
MH YacTHIAMH — JbIpKaMH,

B) B noaynposonuukax cyme-

Kkt B mockoctn (010). CTByeT COOCTBEHHast  IPOBOAH-

MOCTb, ompefensieMas  TOJbKO

CBOHCTBAMH . OCHOBHOH DelIeTKH KPHUCTAa/l/ia, H [IpHMECHas TIPOBOJIH-
MOCTb, OGYC/IOBJIEHHAsl COAEPXKAUUMHCS B KDHCTajJle I1PHMECSMY.

r) Ilpu onpeneneHHBIX yClOBHAX NPHMECH MOLYT OUYEHb CHJBHO
BJIUATD HA 3/EKTPONPOBOAHOCTD; IIPH 3TOM Pa3/HYHbIE IPHMECH MOKHO
DA3JIeIUTH HA [IBE TPYNNBI: BEI3BIBAIOMME 3JMEKTPOHHYIO NPOBOAHMOCTE
(1oHOpHBIE) H JLIPOUHYIO NPOBOAUMOCTD (aKuenTopHoie)..
1) IloaBrKHOCTH HOCHTeJIEl 3aPSAAA B PASTHYHBIX 10J1yNIPOBOAHHKAX
MOTYT OT/MYaThCs HA MHOLO MOPSAKOB, YTO YKas3biBaeT Ha CHJIbHOE
pasiuune >pGeKTHBHEIX MAacC W BpeMeH DeJaKCALMH.

e) Bpema penakcauMu 3aBHCHT OT 3HEPTHH HOCHTeJe 3apsza.
~Bpems penakcanuu m sexTHBHAT Macca MOTYT 3aBHCETh TaKiKe OT
HANPABJICHAA ABHIKEHHUS.



Frasa I

XUMHYECKHME CBA3U B MOJIYNNPOBOAHHUKAX

TTonHas Teopus TBepAOro Teja JOMXKHA OCHOBBIBATHCH HA KBAHTO-
BOMEXaHHYECKOM PACCMOTPEHHH CHCTeMbl H3 MHOTHX 3JIeKTPOHOB H aTOM-
HBIX silep, B3aUMOJCHCTBYIOMHX MeXAy co6ol. Takolt cTporuft moaxon .
CBA3aH C HeOOLIYAHHBIMH MATEMATHYECKHMH TPYAHOCTAMH, H TNO3ITOMY
NpH NPAKTHYECKOM pellleHHH 3aJa4H NPHUXOAHTCS TipuberaTb K TeM WK
HHAIM pajJHKaJbHbIM YIpoueHusM. Tak nmoCTynaiwoT, HanpeMep, B 30H-
HOH TeOpHH TBEPIOro TelJla, KoTopas 6yAeT pacCMOTpPeHa B clelyrouiel
rsiase. ‘

Onnako, Hapsy C 3THM, BeCbMa MOJIe3HBIMH OKa3bIBAOTCS TaKKe
nosyceHOMeHOI0THYECKHe €Noco0bl aHanu3a CBOKHCTB NOJYHPOBOIHH-
KOB, NIPH KOTOPBIX YacTh MHKPOCKONHYECKHX XapaKTepHCTHK BellecTsa
He BBIYHC/IAETCSH, @ 3AUMCTBYRTCH H3 OMbITa. [Tpu 3TOM HauGosee cymec-
TBeHHbBIE OCOGEHHOCTH B3aUMOJEHCTBHST MEXAY 3JeKTPOHAMH H SiApamu
YYHTBIBAIOTCS aBTOMAaTHYeCKH. OIHH H3 TAKHX CIOCOGOB, KOTOPBIH
MOXKHO Ha3BaTb KPUCTA/JIOXUMHUECKHM, 3aK/JIOYAeTCs B alaju3e oco-
GeHHOCTeH XHMHYeCKHX CBsi3efl B mosynpoBogHuKax. OH ocHOBaH Ha
TOM, MTO SHEPTHsi XHUMHUYECKOH CBS3H aTOMOB BHYTPH.KpHCTa//la 3HAa-
YHTEJLHO MeHbIe SHePTUH HOHHM3alMH BHYTPEHHHX OGOMOYEK ATOMOB.
I'lo 3Tol npHUHHE OKa3LIBAETCS, UTO CONOCTaBAAA Mex1y cobofi: a) pac-
NOJIOKEHHE aTOMOB B CTPYKTYpe JAHHOTO BeliecTBa, ) 3JIEKTPOHHYIO
KOH(QHTYPALHIO aTOMOB, H3 KOTOPBIX [OCTPOEH HOJYIIPOBOAHHK, H B)
THI XHMHUEeCKOR CBSI3H, y[AeTCH OTBETHTh Ha MHOTHE BaKHBIE BOIPOCHL.
Takum crnoco6oM MOXHO OODBSICHWTb, IOYeMY OJHH BeluecTBa OKa3hbl-
BalOTCS IO YT POBOZHUKAMH HJTH H30JATOPAaMH, a IpyTHe ~— MeTa/JIaMH,
M B H3BeCTHOH CTeHeHH MpeicKasbiBaTh HaJH4YMe MOJYNpOBOAHHKOBBIX
CBOHCTB. MOXHO NOHATH, KAKUM 06pPa3oM H3MEHSIIOTCS OCHOBHbIE TOMY-
IIPOBOJIHHKOBBIE XAaPAaKTEPUCTHKH (WIHMPHHA 3anpellueHHOA 30HBl, MOX-
BHXKHOCTD M Jp.) BHYTPH JaHHOTO KJacca aHAaJNOTHYHBIX BEILECTB, .a
TaKKe H psf ApPYTHX OCOGEHHOCTEH TIONYHIPOBOAHHKGS. TaKoil aHasu3
NO3BOMISieT TaKXkKe OODBACHUTb IIPOUCXOMJEHHE IOy POBOJHHKOBHIX
CBOHCTB Y HEKOTOPBIX HEKPHCTANIHYECKHX BEILECTB (aMOppHbIe H Kul-
Kie NOJyNpOBOJHHKH), YTO NOKAa Topasfo TpyjHee cleaTbh APYTHMH
cnocobamu. HepocTaTok 3Toro MeToja 3aKJIOYAETCs B TOM, 4TO GOnib-
UIMHCTBO IIOJAY4YaeMblX pe3yJbTaToB HMeeT KauyecTBeHHbIH XapaKTep.
OnHako ero JOCTOHHCTBOM sIBJsieTcsl 60J/1bluas HarSAHOCTb, H NI03TOMY
MB!I CHaya/Ja OCTAaHOBHMCH Ha 3TOM METOZE. '
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§ 1. Kpucrammueckde pemietkd

B nanbHeiimenm Mbl 6y1ieM yUHTEIBATb, UTO aTOMBI BHYTPH KPHCTAJIOB
PacrooXkeHnb B HpaBI/lJIbHOM HopsiiKe U MOITOMY KPHCTAMIL 06/1a1a10T
CBOHCTBOM MPAHCAAYUOHHOL cummempuy. DTO 3HAYUT, YTO AJs 000N
KPHCTAJJIMYECKOH CTPYKTYphl MOXKHO YKa3aTb TPH HEKOMIJIaHapHbIX
BEKTOpA a,, 4y, a3, 00J121AI0LIHX TEM CBOHCTBOM, UTO J1060€ nepemeltenne
CTPYKTYPHl Ha BEKTOp

n == 31y - 2115 - a3M;, (1.1)

rae fny, f,, Ny — JMOObIE Leble YHCIA, OCTaBJAsSeT 3TY CTPYKTYPY HeHs-
meHHOH. HavmeHbliHé 3HaueHHs BEKTOPOB a;, d, M a3, B COOTBETCTBHH
C TIPUHATON TePMHHOJOrHEH, MBI OyIeM Ha3BIBATb OCHOBHbIMIL 6EKMOPAMU
KPHCTA/I/INYECKOH peuieTKH, a BEKTOD a, — GeKmopom peutemxu, o06o-
3HAYasl HHJEKCOM 7. COBOKYIIHOCTb LEJBIX 4YHcCea (1, f,, Hg).

Pasymeetcsi, TOBOpSl O TPAHCJASILHOHHOH CHMMETPHH, MBI KONYCKaeM
W3BECTHYIO HLEATH3AHNIO, TAK KaK OTBJIEKAeMCsl OT TEIVIOBOTO ABHXEHUs
ATOMOB M He yYMTbIBaeM KOHeuHble pa3Mephl kpHcTaina. OnHako Als
MHOTHX BOIPOCOB 3Ta HJeaNH3auMs HeCYIIeCTBEHHA.

Ecnu u3 1eHTpa Kakoro-JH6o aTtoMa peleTKH (y3Ja pemerkH)
OTJIOXKHTb OCHOBHBIE BEKTODHl a;, d; H a3, Mbl TOJAYUHM HEKOTOphifl
napajjefenine], — temeHmapryro adedxy naunol peietk. Ilpu stom
BECH KPHCTAMJI MOXKHO NPEJICTaBHTL KaK N0CIe]0BaTebHOe MOBTOPerHe
€r0 3JIEMEHTApHBIX AUYEEK.

DneMeHTapHas siueliKa MOXKET COlepkaTb OMH HJH HECKOJNbKO aTo-
MOB. B nepBoM caydae Mbl GyneM TOBOPHTb O NPOCTOH pelerke, a BO
BTOPOM — O CJTIOKHOH pemeTre. Besikyio Cl10XHYIO pemerky, OueBUAHO,
MOXHO paceMaTpHBATh KaK HECKOJIBKO NPOCTBIX PEeLIeTOK, €MeIleHHEIX
onpeneJeHHbIM 00pa3oM JAPYr OTHOCHTEJbHO Jpyra. COBOKYNHOCTb
KOOPJIMHAT Tyq, Tagy +».y Tpg BCEX ATOMOB (OTCUHTAHHBIX OT KaKOro-an6o
y3Jla pelleTkH), BXOASIIHX B COCTAB OQHON quemeHTapHoﬁ sueliKH,
obpasyeT 6Gasuc JAHHON CJOXKHOH pemeTkH.

Feomerprueckue cBOHCTBA pPAa3/MUHBIX BO3MOMHBIX KpHCTaA/ddyec-
KHX CTPYKTYD NOAPOGHO HCCeAyIOTCS. H KJacCHbHULIPYIOTCs B KpHCTaJ-
Jgorpabuu. B 3aBHCHMOCTH OT COOTHOLIEHWS MEXKJAY YrJamH, COCTaB-
JIEHHBIMH OCHOBHBEIMH BEKTOpaMH PemeTKH ApYT C APYFoM, H HX JJUHAMH
pasJuYHble CTPYKTYPhl MOADA3/ENAIOTCH HA CEMB KPHCTAAJHUECKHX
CHCTeM, WJH CHHTOHMi. B 3aBHcHMOCTH e OT HaGopa 3JeMeHTOB CuM-
METpHH, KOTOPHIM 06/ajaeT KPHCTA/J1 B UEJIOM H €ro 3JeMeHTapHble
SIYeHKH, CTPYKTYPbl XaPAKTEPHU3YIOTCS PA3JHYHBLIMH KPHCTAJITHYECKHUMHE
KJIACCaMU M NPOCTPAHCTBEHHBIMH TPYNNaMH (CM., Hampumep, [M41).

JIng nanbHefniero cyumecTBEHHO HMETh B BHAY, UTO BEIGOD OCHOBHBIX-
BEKTOPOB, a CJA€J0BaTeJbHO H 3J1€MEeHTapHOH s4elKH, B H3BeCTHOI
CTereHH MPOM3BOJIeH. PaccMOTpHM ABYMeDHYIO NPOCTYIO MPSIMOYTOMb-
HYIO PEIIeTKY ¢ OCHOBHBIMH BEKTOpPaMH ay H a, (puc. 2.1,a). Ee s/1emen-
TapHasi sidefika eCTb NMPAMOYTOJLHHK, BEPUIHHEI KOTOPOFO MOXKHO HO-
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MECTHTb B Y3Jbl peleTki. TaKk Kak KaxAbll H3 Y3/10B OIHOBpEMEHHO
TPHHA/IEKUT YeThIPEM CCCEJHHM siuefikaM, TO YHCJIO aTOMOB B siueiike

paBHO —}1— +4 = 1. OueBuaHO, 4TO H JIOGOH ApPYrofi NMOAOGHBIH NMPAMO-
YrOMbHHK, TOJYYeHHbI M3 TepsOro napaieJbHHIM ero CMelleHHeM

Puc. 2.1, [IsymepHas npsMOYrosbHas pelleTka: g) mpocras; 6) ULeHTPHPOBaH-
' Has. a;, a, — OCHOBHBIE BEeKTOPH pelleTKH Bpaps.

(puc. 2.1,a), Gyner Takxke 3JeMeHTapHOH sueiKoi. OJHAKO MOKHO
U3MEHATH H GopMY 3J/ieMeHTapHOH AYeiikH, DTO WTIOCTPUpYET pHC, 2.16,
Ha KOTOpOM H300paxkeHa JAByMepHast
npAMOYTOAbHAsA — IeHTpHpoBaHHas
pewerka. B xauvectBe ee oCHOBHBIX
BEKTOPOB Mbl TMO-TIpeXKHEMY MOMKeEM
BbIOpaTe B3aUMHO IEpHEeHAHKYJSAp-
Hble ‘BeKTOpHl a, H a,. Torxa ee sie-
MeHTapHas Adyefika GyneT npaMoyro-
JbHUKOM, COIEpXKAallUM [Ba aroMma,
a ee GasHC OyneT rjp=0 U ry =
=1, (a, + a,). OaHako B KauecTBe
OCHOBHLIX MOXHO BHIOpaThb Takxke
BEKTOPbl a; W a,, NpOBEJSHHbIE H3
MoBoro ysna x ueHTpaM IpHuJeraiwo- "
LINX [pAMOYrOJbHHKOB. B  3TOM Puc. 2.2. TlpamoyroibHas aneven-
TapHas SYeHKa OG'bGMHOU.eHTpHpO-
clyuae Mbl TIOJYUHM SJIEMEHTAPHYIO  painof KyGHeCKoH pellieTkd (OCHOB-
suyedky B ¢opme pombGa, CONEPXKA-  nuble BEKTOPH ay, Ay, ;) H POMGOIA-
LIYI0 JIMILb OUH aTOM. puueckasi siyefika pemeTkd DBpaps
To ke camMoe HMeeT MeCTO W jg  (OCHOBHHE BEKTOPBI a5, aj, ay).
TpexMepHbIX CTpyKTyp. Ha pue. 2.2
MOKA3aHO pAacrosgoxeHHe aTOMOB B KYOHUECKOH IIEHTPUPOBAaHHOH pe-
weTtke. Ecau HanmpaBuTb OCHOBHBIC BEKTOpHl ay, a,, a, BAOTb pebep
Ky0a, MBI MOMyYHM KyOHUECKYIO 3/IeMEHTapHYIo AYelKy. Tak KaK Kax-
bl aTOM B BEPIINHAX NMPHHAA/ICKHT OJHOBPEMEHHO BOCBMH COCENHHM




52 XMMHUYECKHUE CBES34 B MOAYNPOBOAHHKAX [ra. 1

S . . 1
Ky6aM, TO UHCJIO aTOMOB B fyelike PaBHO ~-8+1:2. Ee Ga3uc ectb

re=0, Tu="ha,+"sa,+"a,
a KOOpllHHaTbl y3J10B paBHBI
rn=add.+al,+al, (1.22)
ry=a, (Ly+ o) +a, (I, + 1) +a, (- 41/), (1.20)

rae I, I, 1 I, — mobble ueabie uucaa. Takywo pewerky MOKHO pac-
CMaTpHBaThb KakK [Be NPOCTble KYOHYeCKHe PeLIeTKH, BABHHYThE ApYr
8 Apyra. Ho 3a ocHOBHbIE BEKTOPH MOXHO TaKXKe NPHHATH H BEKTOPHI
alz— /2ax+ /2ay+ /2azs
a2=1/2ax_l/zay+1/2az. (13)
ag — 1/‘)ax + l/zay - 1/232’
KOTOpBIE NQJYYAIOTCH, €C/H M3 JIo6Or0 y3ja pelleTKH NpOBECTH OT-
Pe3KH X IEHTPAM INpHJeEraiolnx Ky6oB. Torma nonyyurcs pomGo-
3NpHYeCKas S/IeMeHTapHast siveiika, nokasaHHas Ha pHc. 2.2. Tak kak
ATOMBI B TaKHMX fYefiKaX pACMOJIOXKEHBl TOJNBKO B HX BEpILHHAX, BCe
AYEHKH CONEp:KAT JHIIb 1O OJHOMY aTOMY,
a pelleTKa, MOCTPOCHHas H3 3THX sYeeK,
OKaspiBaetcs npocrtoit. [Ipd stom koopau-
Hartbel BCeX y3J10B OYAYT BHIpaxarbcs ¢op-
MYJIOH
l‘=alll—|—8212—|—a3l3, ! (1.4)
rae b, ly, l; — mo-nmpexkHeMmy uefsle yic-
aa. Tloncrasassa B dopmyay (1.4) BmecTo
a,, a, U ay ux Boipaxkenus (1.3) v conocras-
JsISl NOJydeHHOe BbIpaKeHHe ¢ dopmyna-
mu (1.2), nerko BuaeTh, uro npu (L+1L,+15)
p 03 N YeTHOM Mbl MOJYYaeM BepllHHbl KyOoB, a
s;ecn;leHTz;p;iaﬂ Ef:g)g;oi};%i? npr (ll+l'%+l3) HEWETHOM —— UX LEHTDBI.
9eCKOM peileTKH ¢ LeHTPHPO- BTopo#l BaxHbIli mpumep TNOKasaH Ha
BAHHBIMH rpaHaMu W pomGo- pHC. 2.3, rle H306paxeHa KyOHueckas pe-
oSapuuecKkas suelika peweTKH  jiieTKa ¢ UEHTPUPOBAHHBLIMM TpaHsMu. Bhi-
Bpass. 6upasi 332 OCHOBHBIC BEKTOPbl ay, a,, 4,
HanpasJeHHble BAOAb pebep Kyba, Mbl Mo-
JIy4aeM CJIOXKHYI0 pelleTky. Taxk Kak KaKAblH aToM B LeHTpaXx rpaHeit
NPHHAJJIEKHT ABYM COCEAHHM siyeilkaM, TO YHCJAO aTOMOB B ONHOH

Aueitke paBHO - -8+ -6=4 n Ga3uc ee ectb

1 —

re=0, ryp="(sta,), rp=(a,+a), ro=Y(a,+ay).
PaCCManHBaeMle CJNOXHYIO PEIIETKY MOXKHO HpeﬂCTaBHTb Kag cmMme-
WEHHBE APYI OTHOCHTEJBHO APYTa YeThipe MpocThie pemerk. OXHAKO
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oHa ofpalllaeTci B NPOCTYI0 pELIeTKY, €CJAM B KayecTBE OCHOBHBIX
BbOpaTh BEKTOPHl, HANpaBJeHHbIE H3 J10O0r0 y3Ja K LEHTpaM Ipuie-
FawlUiHX rpaHed:

a,='(,+a), a="Y(a.+a), a='"(a.+a). (1.5)

Torzna nonyuaercsa poMm6osapuyeckas sdeika, IIoKa3aHHas Ha puc. 2.3..
M3 pucyHKa BHAHO, YTO aTOMbl B siueiiKe pacro/loXeHsl TONbKO B BOCBMH
ee BepIUHHAX, TAK YTO HA OfHY .f4efKy NpPHXOAMTCS oiuH aTom. [lpu
BolOope TakOH pOMOOIAPHUYECKOH SYEHKH KOOPAMHATHI BCEX Y3/08
rpaHeueHTpnpOBaHHoﬁ pelleTKH ONfATb BhIpaxKatoTcs dopmyJoi (1.4).

B kpucrainorpaduu NokaselBalOT, YTO BCEro cymectByer 14 THmOB
KPHCTaJIJIMYECKUX PelIeTOK, KOTOpble MOTYT OBITh CBEJICHbI K [IPOCTLIM.
OHu moJyyHJH Ha3BaHHe pemlerok bpass.

U3 ckazaHHOro BHAHO, YTO YHCJIO AaTOMOB, NMPHHAMJEKALUIHX OXHON
sYeiiKe, 3aBUCUT OT BoiGopa dopmbl (M pasmepon) siueilkn. OTMETUM YiKe
ceifyac, 4TO 3HaHHe HaHMeHbIEro KOJHYeCTBa aTOMOB B OJHOH syelike
CYLIeCTBEHHO JJis NOHHMAHMf HEKOTOPBIX ABJIEHHH B TBEpAOM TeJe.
B 4acTHOCTH, OT 3TOro 4MC/a 3aBUCAT BO3MOXKHBIE THIBl KOJeGaHHH
PELICTKH, KOTOpble 6y11yT paccmotrpennl B 1. XII.

BaxHoft 1/ NanbHeHIIero XapakTepUCTHKON CTPYKTYphl iBJIAETCSA
KOOPJHHAIHMOHHOR YHC/IO k. OHO YyKa3nlBaeT, CKOJIbKO OJIHIKaHIIUK
cocelell UMeeT aToM B JaHHOH crpykType. Tak, Hampumep, B npocCTOfi
KyOHUeCKOH peleTke Ka)Ablil aTOM HMeeT LiecTb OMHKaHWIHMX cocened
H, COOTBETCTBEHHO, R == 6.- B 06beMHOUEHTPHPOBAHHOH KyOHuecKoH
peleTke Kax<Abl aToM (HaxXosiuiicsl, HanpUMep, B LeHTpe KyOuuec-

{0l 3JileMeHTapHOH siueHKH) UMeeT BoceMb OJMKAHUIMX coceAel (B Bep-
IIHHAX sfAYelKH) W k = 8. [dna kyOHuYecKOf rIpaHeLEeHTPHPOBAHHOMH
peiieTku k = 6.

B kpucrannax XMMHYECKHX COELMHEHMH, DEIeTKH KOTOpBIX cojlep-
2KaT HeOLHHAKOBBIE aTOMBI, KOODAHHALHOHHBIE YHCJA /sl aTOMOB pas-
HOTO THNA MOTYT ObITb pasJHyHb. C TaKUM NPHMEPOM MBI BCTPETHMCH
HHXKeE,

§ 2. dnekrponHas koidHrypauus aTomos

Kak H3BeCTHO M3 aTOMHO#l (PU3UKH, COCTOSIHHE 3/IEKTPOHA B H3OJIH-
POBAHHOM aTOMe Olpejie/IsieTesi YeThlPbMs KBAHTOBBIMH YHCJIAMH: IJ/aB-
'HBIM KBAHTOBBIM YHCJIOM 71, a3HMYTaJbHbIM KBAHTOBLIM 4YHCJIOM [, Mar-
HUTHBIM KBaHTOBBLIM YMCJOM 11 M CIIHHOBbIM KBAHTOBBIM YHCJIOM S.
I'1aBHOe KBaHTOBOE YHCJIO MOXET NPHHHMATh MNOJOMXHTEJNbHbIE LeJbie
suadenusi n = 1,2, 3, .. COBOKYITHOCTb 3./1EKTPOHOB, XapaKTepH3yemMbiX
OIMHAKOBLIM T/IABHBIM KBAHTOBBIM HCJIOM, obpasyeT 3/eKTPOHHYIO
000JIOUKY aToMa.

KeaHToBOE uHc/I0 [ (HasbiBaemoe HHOrJA@ KBAaHTOBbIM YHCJIOM OpOH-
TaJIbHOTO HMIY/bCa) ONpejessieT BEIHYHHY MOMEHTa KOJHYeCTBa
IBUXKEHHS I/JEKTPOHa M MOXET MMeTb £ PasAHYHbIX 3HAYEHHIl:
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1=0,1,2 .,,(n—1). B orcyrcTBue BHEWIHHX MarHHTHBIX M’
3JICKTPHYECKHX NoJiell 3Heprus snekrpoHa E = E(n, I).

DJIEKTPOHBLI € OJIUHAKOBLIM KBAHTOBBIM YHCJOM [ 0GpasyloT Ipymnimy
3JIEKTPOHOB. DJIEKTPOHHAsl I'PYIINa €CTh YaCTh 3JE€KTPOHHOH OGOMOUKH.
B cusy ucTOpHueCKHX TPaJMUMi, CBA3aHHHIX C HAUMEHOBAHHEM OMNTH-
YeCKHUX CIEKTpa/bHbIX CepHil (M yCTaHOBJIEHHBIX 3aJ0JTr0 A0 Pa3BUTHA
COBPEeMEHHOH KBaHTOBOH TEOPHH aToMa), pasJ/iHuHLie 3JEKTPOHHEIE
rpynnsl NpUHATO 00603HA¥YaTL GYKBAMH NO CJAefyiouledl cxeme:

1=0,1,2 3, ...
S, p,d, [, ves

B COOTBeTCTBHH € 3TUM COBOKYNHOCTH 3/IEKTPOHOB, NPHHAJJIEKaLIUX
K onpeJie/ieHHOH 00OJIOUKE M onpeneNeHHOfl Tpynmne, Mbi 6yaeM 0603Ha-
YaTh yKasaHHeM IJ1aBHOTO KBAHTOBOIO uUHCJA # U OyKBEHHOro oGo3Ha-
YeHHsl IPYNibl, @ HHIEKCOM CBepXy YyKasblBaTb (AKTHYECKOe YHCJIO
HMEIOUIUXCS B aTOMe TAKHX 3JeKTpoHOB. Tak, HanmpHmep, chMBoa 3p?
ofo3Havaer, YTO B aroMe HMeeTCsi 2 3JIeKTPOHA B KBaHTOBHX COCTOfA-
HHAX, XapaKTePU3YIOIHMXCA KBAHTOBHIMH yHcaaMM n =3 u [ = 1.

TpeTbe KBaHTOBOE YHMCJIO /77 YCTaHABJIMBaeT BO3MOXKHBIC HPOCTpaH-
CTBEHHBIC HaNpaBJeHHs BEKTOpa MOMEHTa KOJHUYeCTBa [BHKEHHA INPH
HAJHYUH KaKOro-1u60 (u3H4yeckH BbIEJEHHOTO HanpaBJeHHSt U MOXeET
npunuMatb (2! 4 1) sHavenuit: m= —1I[, —({—1), «., 0, «.,
(-, L

UeTBepTO€ KBAHTOBOE YHCJIO S OGYCJAOBJEHO HAJHYHEM Y CaMOro
3MEKTPOHA (HE3aBUCHMO OT €ro JBHXKEHHS BHYTPH aToMa) OnpejeseH-
HOTr0 MEXaHHYECKOr0 MOMEHTA KOJIMYecTBa ABHKEHHS («CIHHa») (M CBs-
3aHHOTO C HMM MAarHHTHOrO MOMeHTa). [lyis coGCTBEHHOrO MexaHHuec-
KOTO MOMEHTa 3JIeKTpOHA TaKKE€ MMeeT MecTO NPOCTPaHCTBEHHOE KBaH-
roBanue. OJHAKO CNHHOBOE KBAHTOBOE YHCJIO MOKET IIPHHHMATb TOJIbKO
JBa Pa3/IMUHBIX 3HAuYeHus: § = +1/,,

Cor'nacHo npunuuny Ilaynau B atome (Kak ¥ B J060H Apyrofi cHc-
TeMe 3JeKTPOHOB) B OJHOM M TOM K€ KBaHTOBOM COCTOSIHHH HE MOXKeT
6bITL GOJiee ONHOTO 3JIEKTPOHA. DTOT NPUHIMI NPHBOAUT K ONpejesieH-
HO KOHEYHOH BMECTHMMOCTH 3JIEKTPOHHBIX T'PYIN H 3JAEKTPOHHBIX 0060-
Joyek. CoryiacHo CKa3aHHOMY BMecTHMOCTb Ipynnnl (I = const) paBHa
¥HCJIY Pa3JIHYHbIX BO3MOXKHbBIX 3HaueHHH /M, YMHOXKEHHOMY Ha 2 (BCJen-
€TBHE IBYX BO3MOXKHBIX 3HaueHu#l s) uau 2(2! 4+ 1). d10 Raer A1s pas-
HBIX PpymIL:

rpynnag s p d f ..
i o1y 2 3 ..
BMECTHMOCTD: 2 6 10 14 ...

B xaxjoli 3ano/iHeHHON TPyNne BCeria HMeeTCst HeTHOe UYCIO SJ1eK-
TPOHOB, M HPH ITOM KaMAOMY 3JEKTPOHY C ONpefeeHHBIMH KBAHTOBLIMH
yucaaMu 7, | B m BCerza COOTBETCTBYET APYPOH 3JEKTPOH C TEMH XKe

" KBAHTOBHIMH YHCJAaMH, HO ¢ NIPOTHBOHOJNOXHO HalNpaB/JeHHBLIM CIIHHOM,
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BmectMocTs ofoslouek (1 = const) paBHa
n—1
Z 2(214-1)=2n2,
=0
Aro jaer:
‘ ofostouxa: KLMN O P
n: 12 3 4 5 6
BMECTHMOCTB! 2 8 18 32 50 72

HamnomuHM, HakoHel, YTO 3a0/HeHHble 3AeKTPOHHbIE Pyl 06Aa-
AaT 0co00# yCTOHYHBOCTBIO. Hannuue Takux 3amoNHEHHBIX TpYMN
XapakTepHO 1/ aTOMOB OJarOpOAHbLIX Ta3oB. XHMHYeCcKasl BaJieHT-
HOCTb aTOMOB OIpefiesIfeTCss 3JeKTPOHAMH BHEIIHHX He3alOMHEeHHbIX
rpynn (BaJeHTHLIMH 3JeKTPOHaMH). ATOMBl MeTa/JIOB XapakTepH-
3VIOTCA HeOOMDbIINM YHCJIOM Ba/JeHTHBIX 3JeKTPOHOB, KOTOpbLe Cpas-
HHUTE/bHO JIeTKO MOTYT OTIENJIATbCH OT aroMa. Tak, HampuMep, aToM
THIIMYHCTO MeTajja HaTpHf, HMeloWiui mnopsiikoBblili Homep Z = [1
U obnajarotui, cienosaTenbHo, 11 sneKTpOHaMH HUMeeT 5JEKTPOHHYIO

TPYERY N (192 @97 @) (357 = (N (391,

Y atoma HaTpHsa HMeeTCs TOJBKO OJMH BAaJICHTHBIA 5/1€KTPOH 3s, U mo3-
TOMY HATpPHil SIBJSETCH OJHOBAJIEHTHBIM.

Y aromoB MeTa/JIOMJOB, HANpOTHB, OJHA H3 3JEKTPOHHBIX TPy
MoyTH 3amonHeHa. Tak, HampuMep, Yy aToMa THIHYHOIO MeTasJIOHJa
¥JI0pa 3/IEKTPOHHAs] CTPYKTypa HMeeT BHIL:

CIt7:  (Ne)!® (3s)? (3p)°.

37eck 1151 3aMOJTHEHHA TPYRTBL 3p (BMECTHMOCTh KOTePOH 6 3/1eKTPOHOB)
He XBaTaeT BCero OIHOro 3JekTpoHa. [TosToMy aToM XJ0pa ToXe OHO-
BajsiedteH. OJIHAKO, B OT/IHYHe OT HATPHS, OH He OTJaeT, a JIerKO IIpHCO-
eHHSIeT OJHH SJIEKFPOH, 4eM 00YyC/I0BJICHbL €r0 MeTaJIION/IHbIe CBOMCTBA.,

TpuBesieM elue 5/1€KTPOHHBIE CTPYKTYPbl aTOMOB YT/I€POAA, KPEMHHS
M repvaHus, OCODEHHO HMHTEPECHBIX B CBSI3H C 1071y POBOAHHKOBLIMH
CBOJICTBaMH KpDHCTAJJIOB 3THX 3JIEMEHTOB:

Cs: (He)* (25)* (2p)%,
Sit%: (Ne)*® (3s)* (3p)?,
Ge®2:  (Ar)'® (3d)10 (4s)2 (4p)2.

Bce 3TH 3jeMeHTHl pacmo/ioxeHb! B OQHOH M Foi e moarpynme IV B
NepHOANYECKOH CHCTeMbl M SBJASIOTCA YeTbIpexBajleHTHhIMH. Mx ye-
TLIPbMST BAJIEHTHBIMH 3JIEKTPOHAMH SABJSIOTCA JABa S-3JeKTpOHa M 1Ba
p-3JIEKTPOHA.

OTMeTHM, YTO Y aTOMOB 3THX 3JIEMEHTOB B HE3aTOJHEHHOH Noc/ieHEeH
TpyINe UMeeTcs TOJAbKO ABA 3JeKTpoHa: (2p)? y yraepoaa, (3p)® y xpem-
Hust U (4p)* y repmanus, IToaTomy MOKHO ObIIO OBl OMHAATH, YTO ITH
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37eMeHTHl GyAYT HE YeThIPeXBAJECHTHBIMH, a8 ABYXBaJeHTHbIMH. B neii-
CTBHTENBHOCTH, OJHAKO, 3TH aTOMbI BCTYNAIOT B . XHMHUYECKHEe COeLHHe-
HUS, HAXOASACh He B OCHQBHOM, a B -BO306YyKIEHHOM COCTOSIHMH, B KOTO-
POM OJIMH U3 S-3JIEKTPOHOB NepeXoaHuT B rpymny p. Tak, HanpuMep, Ans

yrJepoaa 310 cootBercTyer KoHpurypauuyn (He)® (2s)' (2p)® u anano-
THYHBIM KOHOHIYpauMaM N APYTHX 3JIEMEHTOB 3TOH MOArpYNMbL.
TlosTomy yka3aHHBble YeThIpe S- H p-3J€KTPOHA OKasblBAlOTCA MNpHHAA-
JeKAWKUMH K He3alOJHEeHHBIM TpynmaM H  ABJIAIOICS BaJCHTHBIMH
3JIEKTPOHAMH, CHOCOGHBIMH. OOPa30BbIBATh TAK Ha3biBaeM Y0 «THOPHIHYIO
§ — p-CBA3bY.

§ 3. THNB XHMHHECKOR CBA3H

- OcTaHoBHMCS Temepb KpaTKO HAa OCHOBHLIX THH2X B3aHMOJEHCTBHSA

'Me)my aroMamyu (ofpoGHee CM. Hanpumep, {1]). Has sroro paccMoTpuM

CHAyana npocTeluni cayyai ABYX
aTOMOB.

Ha puc. 2.4 cxemaTnyecku mno-

Ka3aHa 3aBHCHMOCTb IOTEHLHAJIb-

HOH sHeprud U nByX aTomoB OT

paccrostis R Mexay uX sapaMu

JJA IBYX BaXHBIX THIHYHBIX CAY-

yaep. IIpu 3TOM 3Heprus aTomoB

B OTCYTCTBHE  B3aHMOICHCTBHA

» (R =: co) nmpHHSITA 32 Hayalo OT-

A cyera. B cayuae J 3ueprus Besse

NONGKHUTENLHA W YBEJHYHBAETCSA

NIpH YMeHbILEHHH pacCTOsHUs. DTO

03HAy4eT, 4YTO MEXAY aToMaMH

LefiCTBYeT CHJIA GTTaJKHBAHUS PH

moGoM 3HaueHHM R, a 3HaAYHT,

o0pasoBaHHe MOJIeKYJbl HeBO3-

MOXHO. B cayuae 2 noreHunann-

Ul

Puc. 2.4. 3aBHCHMOCTD NOTEHIHANBHOR

sHeprHM U IBYX aroMOB OT PacCTOSTHHSA
R mexny ux sinpamn. Kpupas 2 pasjo-
JKCHa HA YacTH, COOTBETCTBYIOLINE CHJIAM
NPATSOKEHHsT (—-~—) H OTTANKHBaHHS

— ).

Has SHEPrHs HMMeeT MHHHMYM IIpH
HEKOTOPOM. pacCTOAHHH R,. 31ech
BO3MOXHO 00pasoBaHue yCTOMUH-
BOH JIBYXaTOMHOH MOJEKYJIbI.

KpuBylo noTeHuHanbHOM 3Hep-
THH THTMA 2 MOXHO HCTOJKOBATb
KaK pe3yJIbTaT CyIecTBOBAaHHS ABYX CHJL: TIPUTHKEHHSA H OTTaJKHBAHHSL.
Tlosnas moTeHuHaNbHAsA 3HEPTHA COCTOHT M3 CYMMbl IBYX C/araeMbiX:
nosoxuteapHoro U,, (oTTankuBanHe), GblcTpo yGHIBAlOUIETO NpH yBe-
JHYeHHH PAacCTOAHHA, H OTpHilaTedbHOro Uy, (npmm«eﬂne) yMeHb-
IAIOIIErocsl ¢ paccTosHHeM -GoJiee MelsieHHO (puc. 2.4).

PaziMyajoT. cnenyiolite OCHOBHEIe THIIBI XHMHUECKON CBA3U: a) HOH-
HYIO, MJAH TeTeponosApHyIo, €) KOBAaNEHTHYIO, HAH TOMEONOASPHYIQ,



'$ 3] TUNbl XUMHYECKON CBS3M 87

B) BaH-Jep-Baa/bCOBCKYIO H T) MeTa/l/IH4ecKyto, B THNHUHEIX nosynpo-
BOJHUKAX CYILECTBEHHYIO POJIb UTPAIOT TOJNBLKO [1BA NepPBLIX THNA CBA3M:

a. Honnas cease. B cnyuyae HOHHOH CBA3M CHJIBl TPHTSMKEHHS —
KYJIOHOBCKHE 3JIEKTPOCTaTH4YeCKHe cuibl. Tako THN CBA3H MBI HMeeM
B JIBYXATOMHBIX MOJIEKYJIaX IEJOYHO-TaNONIHBIX COeIHHEHHH, HAPUMED
B moaekyJte NaCl. I[IpH ofpa3oBanyH TakoH MOIEKYJbl €HHCTBEHHLIH
BaJICHTHbIH 3JIEKTPOH HATpUS 3 NIEPEeXOJUT Ha aToM XJopa (y KCTOpPOro
1e XBAaTaeT KaK pa3 ONHOTO JIEKTPOHA JJ1f 3aBepIUeHHS Tpynmul 3p),
BCJecTBHe 4yero obpasyiorca jBa voHa Na® u Cl7, mpursruaiomuecs
ApYr X Apyry. OTMETHM, YTO TaKOH Nepexoln 3JEeKTPOHA NPOHCXOLUT
NOTOMY, YTO OH HEpreTHYeCKH BHITO/EH, HOO BCJAENCTEHE NpPHTSKEHUs
MEXy BO3HUKaIOMMMU HoHaMH Na* u Cl™ ofuias s3Heprus 3Toil CHCTeMbI
CKa3bIBaeTCs1 MeHbllle, HeXeJIH B cJyyae Hempanbﬂmx arcmoB Na
n Cl.

Ha 6onpbmux paccmmmﬂx B3aHMOJIefiCTBHE HOHOB MOXKHO paccMat-
pHBaTh NpHOJMKEHHO KAaK B3aUMOJEHCTBHe TOYEYHBIX 3aPSJOB H CYH-
TaTb, YTO YacTb IHEPTHH B3aUMONEHCTBHUS, CBA3AHHAA C CHJIaMH MpPHTS-
xenus, paBHa —e’/R. C apyro#i cTOpOHH, NPH MajblXx R IOMKHH
NPOABAATECA CHJBI OTTaJKHBaHHA. OHM OGYCJIOBJAEHb B3aUMHBIM fIpo-
HHKHOBeHHeM IDYr B LpYyra 3JeKTPOHHBIX O0OJOYEK aTOMOB; a TAKMKe
OTTaJIKIIBAaHUEM OJHOMMEHHO 3apsiKeHHbIX sflep. Bo MHorux ciyuasx
C JOCTAaTOYHKIM MPHOJHNKEHHEM MOXKHO IOJOMHTb, UTO BeJIHYHHA CHJBL
OTTaJIKHBaHHA OOpPaTHO NPONCPUHOHAIbHA HEKOTOpPOH CTeneHH pac-
crosiHuA Mexay napamu. ITosToMy mo/HylO SHeprHio B3aHMOAEHCTBHSA
MOXKHO NPEACTaBHTb B BHJE HHTEPHOAALHOHHOHK (QOPMYJEI:

e2
U=rtr— % (3.1)
roe a M m — HEKOTOpble NOCTOSHHBIE, XapaKTepH3yIoliHe, CHMBl OTTaJ-
kuBanvg. I1pu m > 1 saBucumocts U(R) n3obpakaerca KpuBoil THa 2
Ha puc. 2.4 H UMeeT MMHHMYM NPH HEKOTOPOM paBHOBECHOM pacmommu
R, ‘Mex1y HOHaMH.

6. lomeonoaspras cease. Takas cBA3b B HauOojee YHCTOM BHEE
OCYLIeCTBJAsIeTC B CJy4yae CIHHAKOBBIX, He3apsiKEHHBIX (B IeJIOM)
aTomoB. Kiaccuueckum npHMepoM fiBJfeTCA MoJeKyJja BOOPOfa.

Bo3HMKHOBeHHe TOMEONONAPHOH CBA3H MOXKHO NOSICHHTBL CJefylo-
HiiM o6pa3oM. PaccMoTpiM ABa aToma BOAOPOJA B OCHOBHOM COCTOSHUM
W NpeinoJIOKHM, YTO CHayaJa o6a atoMa yjaaJeHbl Ha GOJIbIIOE paccTosi-
HHe, Tak YTO HHKAKOro B3aHMOAECHCTBHH MeXAy HUMHU Her. M3 pemennsa
3a71aun 00 aToMe BOZOPONA H3BECTHO, YTO B 3TOM CJlyyae pacnpejieieHne
IJIOTHOCTH OGBEMHOrC 3apsja B KaXKJIOM H3 aToMOB obnanaer cgepu-
yeckoil cumMeTpHeli. OHO cXeMaTHYeeKH H300pakeHO Ha pHC. 2.5, rae
yipouyepueHbl JIMHHH DOCTOSHHOH IVIOTHOCTH 3apsjia, IYyCTOTa KOTOPHIX
NpUOJIU3UTENLHO NMPONCPLHOHANbHA IVIOTHOCTH 3apsaa. Kaxnapid -aroMm
MMeeT B 3TOM COCTOSIHHHM HEKCTOPYIO 3HeprHio Eg, Tak 4TO NoJIHas 3Hep-:
s cHcreMm ecTh 2E,,
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[MpencraBuM ceGe Ternepb, YTO pacCTOAHHE R MexAY sIAPAMH aToMOB
yMeHbiiaercsi. BeslenctBue B3aMMONIEHCTBIS MEXY 3J€KTPOHAMH H Sifl-
paMH, BXOASIUIMMH B COCTaB KaXKJOro M3 aTroMOB, H3MEHHTCS H pacrpe- .
JeJleHHe 3/IeKTPOHHOI IVIOTHOCTH, H TOJIHAs SHEpPrHsi CHCTEMEl, KOTOpas
tenepb 6yner E = 2E, 4 u(R). Beanuunna
u(R) ecTb CpelHsisl 3HEPTHS KyJOHOBCKOIO
B3auMofeiictBua 3apsnos. [Ipu kaaccuye~
CKOM pacCMOTPEHHH 3aa4H OHA OKAa3bIBAET-
cfl BCEraa TOJIOKHUTENBHOM! W YBeJIHYHBACT-
Csl NpH YMEHBbIIEHHH R, TaK YTO Mbl HMEeM
BCEr/a OTTa/JKHBaHKe JBYX aTOMOB BOJOpO-
aa. ITostomy ¢axT cymecTBOBaHHA MOJe-
Kyl H, B KaAaccuyeckoil TeopHH He Ha-
XOIHT HHKaKoro oObsicHenus. -Ilpunuu-
NHaJbHO ApYTroH pe3yJbTaT NoJydaercs B
KBaHTOBOH MeXaHuKe (CM:, Hampumep,
Puc. 2.5. Pacnpenenenne sdex- [M1]). Baaronapsa cnenududyeckum ocoben-
TPOHHOM NVICTHOCTH B OCHOB- HOCTHM TIOBENEHHS TOXKIECTBEHHBIX Ya-
HOM COCTOMY ATOM@ BOLO®  CTHI — B @HHOM C/1y4ae 5JEKTPOHOB —

poRa. CpelHsisi 3Heprus KYJOHOBCKOIO B3aHMO-

~ DeHCTBHA MOXET OKa3arThbCs H OTpHUATE]b-

no#. Ee MOXKHO NpeICTaBHTL B BHJE CYMMBI ABYX Y/I€HOB, OMHH H3 KOTO-
PBIX HMeeT YHCTO KJIaCCHYeCKH# BuJ (4 BCET/a MOJIOXKHUTEJEH), BTOPOH e
MMeeT pas/iHyHbie 3HAKH (M PasJHYHYI0 BEJHYMHY) B 3aBHCHMOCTH OT
OTHOCHTEJIbHOH OPHEHTAUHH CIIHHOB 37€KTPOHOB, JTOT BTOPOH 4/eH

@ €

Puc. 2.6. Pacnpejesienve 31eKTPOHHOR MJIOTHOCTH Y JBYX B3aHMOAEHCTBYIOWHX
aToMoB BOJOPOJA: @) 3JEKTPOHHEE CIHHBI Napa/ae/ibHbl (OTTalKHBaHHUe); 6) /eKT-
poHHble CIIMHBI aHTHNAapa/e]bHbl (Mosekyaa H,).

Haj3piBaeTcs 0OMeHHOH 3Hepruefi. Kak nokasbiBaeT pacyer, ecjH CIHHBL
3JIeKTPOHOB NapaJeNbHbl APYT APYTY, TO 418 MOJHOH 3HEPTHH B3aHMO-
neiicteusi U(R) nonydaercss kpusasi Tuna I Ha puc. 2.4. KpuBkie paBHoit
IVIOTHOCTH 3apAJa B 3JEKTPOHHOM 06/1aKe TaKOH CHCTEMBI CXeMaTHUeCKH
H3o0paxKeHbl Ha pHc. 2.6,2, B aToM caywae miotHocTh 3apsiza mexay
aTOMaMH UMeeT MHHHMYM H OTPHUATEeJbHBI 3apsj JOKAJIH30BaH BO3.I&
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KaXJIO0ro H3 sinep. DHeprusi B3aMMOIEHCTBHs BCErJa NOJIOXHTeJbHa,
a  CJIel0BaTe/ILHO, ABa aToMa H B TaKOM COCTOSIHHH OTTaJKHBAaKOTCH.

Ec/in oba cniba aHTHnapalielbHsl, To 3aBucuMocTs U(R) u3obpa-
Jaercst KpUBOH THna 2 Ha puc. 2.4;-U(R) uMeeT MUHHMYM, OOBACHSIO-
1M BOBMOXHOCTL 06pa30BaHuUsA yCTOHUNBO MoJekyan H, npH R = R,,.
Kpupple paBHOH NJIOTHOCTH 3apsifia AJA 3TOrO CJAyuas IOKa3aHul Ha
puc. 2.6,6. 31ecb 3/71€KTPOHHEIE 06/1aKa 06OHX aTOMOB Kak GH C/MBAIOTCH
BMecTe M 06pasyioT eaHHoe 00/1ako o6bEMHOTO 3apsijid, OXBaTHIBAIOLLEE
oba sjpa. '

BakHpIM CBOHCTBOM TOMEOMNOJSIPHOH CBA3H SIBJsIeTCS €e Hachi-
maemocThb. ITpu c6nmxennn ¢ monekynot H, Tpetbero atoma H sneprus
B3aMMOJEHCTBHS H3MEHSIETCS1 TOJAbKO 33 CUYeT KJACcCHYeCKOro B3aMMO-
NeHCTBHsA, OOMEHHasi K€ 3Heprusi HNpH 3TOM He Bo3HuxaeT, Iloatomy
TpeTuit atoM H 6yner orras- .

KHBaTbCs OT MoJeKyJnl H,.

Hpyras Baxknasi ocoGen-
HOCTb TOMEONOSIPHBIX CBSi-
3eil 3akJ/loyaercss B HX Npo-
CTPAHCTBEHHOA HampaBJeH-
HocTH. OHa BO3HMKaeT NOTo-
My, UTO pe3y/bTHpYIOllee
3JIeKTpOHHOe 00saako, ofpa- 0)
dyeMoe BaJIEHTHBIMH aTOM-  Puc. 2.7. DnexkTpoHHoe 061aKo 2s- ¥ 2p-37ekT-
HBIMH 3JIEKTpPOHAMH, BooOlLlle POHOB aTOMa YIJIepOia (CXeMaTHYECKH) H YeThi-
rOBOpﬂ, He ctj)epmu-lo, a BhI- pe€ €ro HanpasJCHHBIC BaJCHTRHOCTH.
TSHYTO BIOJb ONpefie/leHHBIX
nanpasienuit. C apyrofl CTOPOHBI, IJs1 0OGpPa30BAaHUsI TOMEONOJMsIpP-
HOJ CB5I3H HEOGXONMMO IMepeKpLITHE SJEKTPOHHBIX 06/MaKOB B3auMoneH-
CTBYIOLIHX aToMOB. [loaTOMy CBs3BIBaeMbleé aTOMbl OPHEHTHPOBAHHI OII-
peneneHHHIM 06pa3oM ApYr OTHOCHTENLHO NpYra, 4TO H300paxaercsi B
XUMHH HarnpaeJeHHBIMH 4€PTOYKaMH — BaJCHTHOCTSMH,

CxazaHHOe CXeMaTHUeCKH MNOsCHAeT pHc. 2.7, riae B JBYMEDHOM
NpeicTaBJeHHH TOKAa3aHO 3JEKTPOHHoe o6Jako aToma yrJjepona (a).
OHO xapakTepH3yeT HEKOTOPOe PEe3YJAbTHpYIOLIEE SJEKTPOHHOE COCTOS-
HUe, 06pa3oBaHHOe CyNeprno3HLHed OHOTO COCTOSIHUA 28 H TpeX COCTos -
Hu#l 2p. Tam e H306paKeHbl COOTBETCTBYIOIIME €My YeThpe Halpas-
JieHHbIe BaJIeHTHOCTH (6). B NeHCTBHTENIbHOCTH 3TH YeThipe BaJIEHTHOCTH
Jie)kaT He B OJHOH INJIOCKOCTH, a o0pasyioT TeTpasjipHyecKoe pacloJo-
JKeHHe, COCTaBisist APYr ¢ ApyroM yrasi 109,5°%

OTMeTHM ellle, YTO ueTKOE pasrpaHHYeHHe MeXIy TOMeono/sipHOi
1 HOHHOI CBSI3AMH He BCerjia BO3MOXKHO. I'oMeonosisipHyIo CBA3b B YHC-
TOM BHIE MBI HM€EM B MOJIEKYJaX H3 IBYX OJMHAKOBHIX aTOMOB, HanpH-
Mep B MOJIEKYJie BOIOPOJa, I'ie pacnpefieieHHe 3J1eKTPOHROM IMIOTHOCTH
CHMMMETPHYHO OTHOCHTeJbHO 000MX simep. EciH o6a aToma pasiiMuHbl,
TO H pe3yJbTHPYIoILee 3J1eKTPOHHOe 061aKo B MoJieKyJle Oy AeT acHMMer-
pHUHO M 00a aToMa HeJb3si yKe CYMTaTb HesapsiKeHHuIMH. Honrnyio
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CBA3b MOXHO PacCMaTPHBATh Kak NpejesbHbIH CAy4Yad romeonoJspHoft
CBSI3H, KOT/Aa 3JIEKTPOHHOE 00JIaKO Ba/JeHTHBIX 3JEKTPOHOB COCPeloTO~
YHBaercsi EOKPYT OAIIOrO H3 siiep.
6. Ban-Oep-saaascosckas cea36. HayueHue noBefeHHMS peasibHBIX
'Ta30B MOKA3BIBAET, YTO MEX1Yy HEHTpasnHLIMH ATOMAMH axe B C/lyyae,
KOT/la TOMEONOJIsiPHBIE (BaJIEHTHDbIE) CHIIBI OHOCTBIO OTCYTCTBYIOT, BOS-
HHUKAIOT CHJIBI IPUTSKEHHS, GBICTPO yObIBatoLiKe ¢ paccTosnueM. [Tpouc-
XOXKJIeHHe 3THX TaK Ha3bBaeMblX BaH-JEp-BaaJbCOBCKHX HJIH, HHade,
JHCIIEPCHOHHBIX CUJ TOXKE B OCHOBHOM KBaHTOBOMCXaHHYECKOE.
BaH-fep-BaasbCOBCKHE CHJILI HIPAIOT CYLIECTBEHHYIO pOsib B KpHC-
Ta/lyax GJaropojiHbIX ra3os, a TAKKe B TaK Ha3blBAEMbIX MOJIEKYJIAPHBIX
Kkpuctannax. OmHako B THIIHYHBIX MOJMYIPOBOAHHUKOBBIX MaTepHajgax
" BJIUSIHAE 3THX CH/JA HHYTOXKHO MO CPABHEHMIO € JPYTHMH THIAMH XHMH-
YecKOH CBfI3H, H MOSTOMY Mbl Ha HHX He Gy/leM OCTaHaBJIHBATBbCSH,

§ 4. CtpoeHHe HEKOTOPLIX NOJYNPOBOAHHKOBBIX KPHCTANIOB

AHanu3upysi pas/HYHbIE NOJYNPOBOAHMKOBLIC MAaTepHalIbi, MOMXHO
YCT4HOBHTb, YTO MX [OJYNPOBOJHUKOBbE CBOHCTBA TECHO CBsi3aHH
C THIOM XHMHYECKOH CBA3M. ,

.PaccMoTpuM ¢ 3TOH TOUKH.3PEHHS HEKOTOpBblE THITHYHBIE MpPHMEpH.

a. Honuee rkpucmansie.. B HauGojee 4ucTOM BHIE HOHHAaf CBfI3b-
HMeeTcsl B KPHCTa/l1ax LIEeJOYHO-TANOMHBIX coepuHenuil. Ha puc. 2.8

noxasaHa KyGHYeckasi ~ a/eMeHTapHas

/Q sivefika pemerkd NaCl. Ee MoxHo pac-.
7— CMaTpHUBaTh KaK /IB€ KyOHUecKHe pe-
O~ IIeTKH C LEHTPUPOBAHHBIMH TPAaHAMH,
¢y cocroduke u3 HOJIOKHUTENbHBIX HOHOB
p HaTpHsA H, COOTBETCTBEHHO, M3 OTpHLA-
¢ _./< )/‘( TeJIbHbIX HOHOB XJIOpa, BABHHYTBIE IPYyT
B Apyra. Tak Kak KaxIpll HOH B Bep-

C IIMHAX Ky6a NPHHAIEKHT ONHOBpE-
¢ MEHHO EOCBMH COCENMHHM  siueiiKam, a
K4X/IbIH HOH B LIEHTpEe IPaHH OTHOCHUTCSA
ONHOBPEMEHHO K JBYM fiuefiKaMm, TO Kax-

Puc. 2.8. dsemenrapuan suefixa Aas SJEMEHTApHAs siYeHKa COAEPKHT

" [aCl. 1 1 .
kpucraria Na —8—-8 + o -6=4 uona Na* u 4 uona C|*.

KaXnblit MOJOKHUTENBHBIIT HOH HMeeT 6 OJMXKAKIINX OTPULATENbHEIX
HOHOB, H HaoGopoT. CrefoBaTe/IbHO, B JAHHOM C/J1yyae KOOpAHHALMOH-~
Hele YHCAA AJST MOHOB OOOHX THIOB OJAMHAKOBBI: Ena = ko1 =
JpyruM npuMepoM KpHCTAVIHYECKOH PeIleTKH LIeJ0YHO-Tal0HIHbIX
coenuHenu#l Apnasercs pemerka Csl. Ee aseMeHTapHas suefixa ecTb
LLeHTPHPOBaHHbII Ky0, B BEpPIIHHAX KOTOPOTO PAacHo/MOXKeHh HOHLI Ofl-
HOLO THIA, a B LEHTpe — Apyroro. UYucrto HOHOB B.sAuelike paBHO 2,
a .KOOpAHHAIHOHHBIE - YHCJIA ONATH PABHEL APYT HAPYTY: kcs = k1 = 8,

e
NS



§: 4] CTPOEHHE TNOJYINPOBOJAHHKOBBIX KPHUCTAJIJIOB 61

CunaMyl NPHTAXKEHHSs], YAEpPKHUBAIOMHMA HOHH B pelLeTKe, 3/lecy,
k2K H B MoekyJae NaCl, sBJAAIOTCS KyJOHOBCKHE CHJILI. SHEPTHIO B3aH-
MOJIEHCTBIISI HOHOB B KPHCTAJLIe (3t1epTHIO PELIeTKH) MOMKHO IOJYUYWTD,
cxjanpiBag SHEPrHH B3aHMOAENCTBHS Pa3JHYHBIX Map HOHOB. MoOXKHO
1I0Ka3aTh, 4TO pe3yJbTaT TaKOTO CYMMHPOBAHHS HMeeT BHA

A 2

U=N@ﬁ—a%y @.1)
rie R — paccToiHHe MeKAY COCeIHHMMH (pa3HOMMEHHBIMHM) HOHaMH,
N — uucio nap WOHOB B KpHcTamie, a A — HeKOTOpas HOBast NOCTOSH-
nag. Bxopsmuit ciona MHOXHTeJb & ecThb Ge3pa3MepHasi BeJHYHHA
(noctosnnas MapenyHra), 3aBHCsINas OT THNA -KPHCTALIBYCCKOM
peweTkH. YHcno oo MOXHO BBHIPa3HTb B BHAE NPOCTHIX psaloB. Tak,
nanpumep, a4 peiueTkH Tuna NaCl o = 1,748, a naa Csl o = 1,763.
H B 3TOM Ccayuae npu m > | noTeHUHaJbHAS SHEPDHS] UMEET MHHHMYM,

Jlo cHX nop MEl HHYEro He TOBOPHJH O MNOCTOSHHBIX A U m, Xapak-
TEPH3YIOHMINX CHJBl OTTaJKHBaHHA. MX MOXHO HalTH CHeRyIOLHM

obpasom. B paBHoBecHH 4
U
(%)r, =0 (4.9)

rae R, — W3BECTHOE H3 ONbITa PAcCTOSTHHE MeXAY O1HKalIIMH HOHAMR
B faHHOM KpHcTanse. [losTomy, noacraeass (4.1) B (4.2), Mbl nOAyUHM
ypaBHeHHe, 13 XOTOPOro MOXKHO BBIPA3HTb MOCTOAHHYI0O A yepes rnoka-
3aTtenb m. 3HaueHHe ke M NoAGHPaT TAKHM 06pa3oM, YyToObl BLIUNC/Ie-
HHe pa3JIMYHBIX GH3HYECKHX CBOHCTB KPHCTalla C TOMOUIbIO BhIpaxe-
Hus (4.1) mMpHBOAUJIO K COTJIACHIO ¢ ONMBITHBIMH JA@HHBIMH. Jlas 3Toro,
HampHMep, MOXKHO BOCMOJb30BATHCA MOJYJ1€M BCECTOPOHHETrO CiKaTHA
npH HU3KHX TemMmeparypax, KOTOpblii MOXHO HENoCpeicTBEHHO BBIYHC-
5siuTh U3 (4.1). Takoe cpaBHeHHe MOKAa3kIBaeT, YTO M1 Bhipaxkaercsi Gosib-
M YHCJIOM, JIeKAIIHM /15 HCCeOBAHHBIX HOHHBIX KPHCTAJIOB B 11pe-
nenax ~9-+11. Takum o6pa3oMm, CHJbl OTTAJKHBAHHS OYEHb OBICTPO
YMEHBUIAIOTCA NMDH yBeJHUEHHH PAaCcCTOAHHS MEXNTy HOHaMH.

KpucTanssl 1en04Ho-TaAOUHbBIX COeIHHEHHH NPH KOMHATHHIX TeM-
nieparypax SIBJISIOTCS M30/19TOpaMH. BaneHTHBle $-3JeKTPOHBI aTOMOB
IIEJOYHBIX METAJII0B, Nepexoiss Ha aTOMbl TaJIOHIO0B, OKAa3bIBAIOTCA
B KPHCTaJ/le OYeHb NMPOUYHO CBSI3AHHBIMH C. IOC/IEJHHMH, H TensaoBoe
IBIDKEHHE HEJ0CTaTOUHO [JS1 UX oTienjeHus. [IpH noBwilleHLH TeMne-
paTypsl B TaKHX KpHCTa/jaX MOSBJAETCS 3aMETHAs 3JeKTPONpPOBOA-
HocTh., OHAKO OHA HMeeT He 3JIeKTPOHHYIO NPUPONY, 4 HOHHYIO.

6. Tomeonorspree Kpucmaniet. 1omeononsipiasi CBA3b B UHCTOM
BHJIe CYIIECTBYET B KPHCTA/J1aX XHMHUYECKHX 3/eMeHToB. B uacTHocTH,
CI10/1a OTHOCATCSA MOJTYTIPOBOJIHUKOBEIE K PHCTAJLIBI 371€MEHTOB NOArPYIINbl
IVB — asnma3s, kpemHu#i, repMannii. OHH HMEIOT OAHHAKOBYIO PEINETKY
KyGHUeCKOro THNa. DJjieMeHTapHas fuefika ajiMa3a B NPAMOYTOJLHLIX
OCHOBHBIX BEKTOpaXx IOKasaHa Ha puc. 2.9. Oua npencrasJaser coGoi
Ky6 ¢ DEeHTPHPOBAHHBIMHM TPaHfAMH, BHYTPH KOTOPOTO HMEKTCS  €ule
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yeTHipe aToMa. IJTH BHYTPEHHHE aTOMbl MOXHO TOJIYJHTH CMEILCHHEM
BHeILUHHX aTOMOB SIUeHKH B HANPAaBJIEHHH NPOCTPAHCTBEHHOH IHATOHA/H
Kyba Ha paccTosiHHe 1/, A/IMHBI IHATOHAIH, H TOSTOMY OHH TaKzke obpa-
3YI0T I'DaHeleHTPHUPOBAHHYIO ‘perieTky. VIHBIMH CJIOBaMH, DELIETKY aj-
Mas3a MOXKHO TIPeACTaBHTb KaK JIBE IPaHELeH-
TPUPOBaHHbIE KyOHYECKHE pelleTKH, BIBHHY-
Thie APy B Jpyra. Tak Kak B OfiHOH rpaHe-
LIEHTPHPOBAHHON fYeHKEe YHCc/I0 aTOMOB PaBHO
4, To B KyOuuecKod 3JIeMeHTapHOH suyelike
CTPYKTYPHI aJMa3a COAepkUTCA 8 aTOMOB.
Hamnomuum, 0fHaKO, 4TO BHISOP 3JeMeHTap-
HOM fiueliKu HeoqHo3HaueH. B § 1 mbI Bujeny,
YTO TpaHeNeHTPHPOBAHHAS pelleTKa ecTh 0]~
Ha U3 pelleToK Bpass H uTo npu BeIOpE pOM-
6031pHUECKOl AueliKH B KaxKIOH fyefike Hme-
eTcsl TOABKO ONHH aToM. ITo3ToMy HaumeHb-
Puc. 2.9. CrpyxTypa at- [ee BO3MOXKHOE YHC/IO aTOMOB B OJHOH syeiiKe

maza. [locrosnHas pemler- -
@ paBHa: anMag — KpHCTANAJ0B CO CTPYKTypoH ajaMmasa eCTh

KH
3,56A, kpemnuit —5,42A, JBa.
repmanuit — 5,62A, cepoe H3 cxa3zaHHOTO BHILIE fICHO, YTO A5 06pa-
oqoBo — 6,46 A. 30BaHUA romeonom{pnoﬁ CBSI3H HEOGXOAHUMO,
yTOOBl y B3AUMOJACHCTBYIOUMX aTOMOB OBLIH
3/eKTPOHbI, KOTOPbIe MOTJH ‘661 06Pa30OBLIBAT Mapsl ¢ aHTHNApaJlie/b-
HBIMH CnuHAMH. JIETKO BHIETb, YTO 3TO KaK P43 HMeeT MEeCTO B KpH-
cramnax noxarpymmel IVB. M3 puc. 2.9 BHAHO, 4TO KOOPAHHAIHOH-
HOe YHCJIO CTPYKTYPHI anMasa paBHO 4. TeTpasgpuueckoe pacnoJoxke-
HHE YeThlpeX OIHKAHLINX cocelell KaxIOoTo aToMa MOXKHO H300pa3HTh
IByMepHoH cxemoil puc. 2.10, xoTopas 6onee
yao6Ha aas JanbHedulero. Capyroi CTOPOHH,
KaxXibli aToM 3TOH MOATPYMNNBI HMEET ue-
ThIpe BAaJIEHTHBIX 3JIeKTpoHa: (25)% u (2p)% —
y anmasa, (3s)® u (3p)°—y KpeMHusi U T. [.
IlosToMy uMeeTCs KaK pa3 TaKoe KOJHYecT-
BO 3JICKTPOHOB, KOTOpO€ HEOGXOAUMO JJsi
o0pa3oBaHHsl MAPHO-3JEKTPOHHLIX (TOMEOHO-
JIIDHBIX) CBSI3eH Mexnay AByMA JOGHIMH GJ1H-
KAWIIHMH aTOMAaMH. Puc. 2.10. IsymepHas cxe-
8. Kpucmanavl €O cMeLIGHKbIMI (83AMU, M3 TOMEONONADHLIX CBA3CH
Mexny IByMs1 pacCMOTpPEHHBIMH KpaHHHMH CTy- B PEUIeTKe THNA d1Masa.
YasiMH YHCTOH HOHHOH H YMCTO# FOMEOonoJsip-
HOM CBfI3H HAXOIATCA NPOMEKYTOUYHBIE CY4aH CMEIIaHHOH CBSAI3H, KOTO-
pblé HMEIOT MECTO B KPHCTaJlJlaX MHOTHX XHMHUYECKHX COelHHeHH . Bax-
HBIM IPUMEPOM ABJSIOTCS TOMYIPOBOAHHKOBEIE KPHCTAJLIL COEIUHEH Hi
3JIeMeHToB TpeTbed H matolt rpynm (AMBV): InSb, GaAs, GaP w 1p.
Pacmosioxense aroMoB B TaKHX KDHCTal1axX, KOTOphle, KaK M ajimas,
OTHOCATCA K Ky6uqecxon CHCTeMe, mokasaHo Ha puc. 2.11, W 3gecs
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Kaxaulll aToM umeeT ueTeipex Gaumalmux coceneit. C apyroft cropoust,
atom In (III rpynma) wmeerT 3. BaJEHTHBIX 37€KTpPOHa, a aTtom Sb
(V rpynna)— 5 BaJeHTHBIX 3I€KTPOHOB, TAK YTO BCEI'O HA KaxKAYI0 Napy
aTOMOB HMEETCSi 8 3/IEKTPOHOB, UTO KaK Pa3 U HYXKHO JJsi 06pa3oBaHHs
BCeX NapHO-31€KTPOHHbIX cBA3el. OnHako
3]1eCb, BCJIEACTBHE Pa3JiMuHst aTOMOB 060HX
KOMIIOHEHTOB, 3JIEKTPOHHbIE 00JlaKa OKa3bl-
BAalOTCSl HECHMMeTpUUHEIMH. [JosToMy aTo-
Mpl In 1 Sb npuobpeTaoT OTpHIATeNbHEIA
H, COOTBETCTBEHHO, IIOJIOKHTEJNbHLIN 3a-
pPfAIbl H XHUMMUecKas CBfi3b OKasbiBaeTcs
YacTHYHO HOHHOH H YacTHYHO TOMeONo-
asipaoit. Kpucranaw coepuuenusi ANBY
ABJSIOTCH TOXKE THIIHYHBIMH HOMYIPOBOJ-
HHKaMH.
JpyruM npuUMepoM TOJYIPOBOAHHKO-

BhIX E(};mcmm%a’c% cmema};m%ﬁ cBasbio  PHe. 2.1l Onevenrapnas

i siuefika KpHCTaNia CypbMsiHH-
MOXeT ClYKHTb 3akuch MexH Cu,O. Ona croro mHRua InSb.
HMeeT KyGHUEeCK Y10 PeLlleTKY, 3JleMeHTapHas
AYeliKa KOTOPOH IOKa3aHa Ha puc. 2.12.
Sluefika comepkuT 4 atoma MeiH M- 2 aToMa Kucjopona. Baaummoe
pacnosnioxkeHne aToMoB (4HcJ0 OaMxKaHIIHX coceneli) B Hell MOXKHO H30-
Gpas3uTh MI0CKOl cXxeMoit puc. 2.13. Kaxpli aToM KHCJIOpOAa Henocpes-
CTBEHHO CBf3aH C YEThIpbMSI aTOMAaMH MelH, a KaXIblll aToM Mead —
¢ EByMs aToMaMu KHcjopoza. C pyTrofl CTOPOHbI, KaXbiil aTOM KHCJI0-
pora umeeT 6 BasNeHTHBIX 3J€KTPOHOB, a KamxIbliHi aToM menu — I,

Cu O-0
Purc. 2.12. SaeMeHTapHasn Pne. 2.13. JIsymepHas cXeMa Ko-
auefixa xynputa Cu0O. OPAMHANHMH AaTOMOB B KDHETaLIe

Cuy0: O — KuCJIOpOA, & — Melb.

TTosromy Ha kaxayw rpynny Cu,O npuxoauTca 8 BajeHTHBIX IEKTpO-
HOB, KOTOPHIe KaK Pa3 U HEOOXOAUMbI A4 00pa3oBaHHs YETHIPEX FoMeo-
AONAPHLIX CBA3EH MeKAY KamKIbiM aToMOM KHCJIOpOZa H Hemocpel-
CTBEHHO € HHM CBfi3aHHBIMH YeTHIPbMA aTOMaMH MeAH (CPaBHHTb



64 . XUMHWYECKHE CBSI3H B IOJIYITPOBOAHUKAX [ra. i

puc. 2.12). Onnako u 31eck, Kak U B coenrnerunx A''BY, anekrponibe
ob/aka HeCUMMETPHYHBI OTHOCHTebHO O u Cu, H MO3TOMY CBA3H fB-
JISIIOTCST CMeIllaHHBIMH. , v
IlpuBe/ieHHbIe BhlilE JAaHHBIE, KOTOPBIE ABJSIOTCA THIHYHBIMH, MO-
3BOJISIICT C/le/IaTh HEKOTOpbie O0liHe BBIBOABI. MbI YIKC. OTMEYaJaH, YT
YHCTO HOHHBIE KPHCTAJLIB ABJSIIOTCS H3oasATopamu. Hanpotus, BO Bcex
APYTHX - PAacCMOTPEHHBIX KPHCTA/NIaX, ABJISIOIMXCA MOJYTPOBOZHH-
KaMH, CYWECTBEHHYW) pOJb HIrpada ToMeonossipHas - (KOBaJeHTHasI)
.CBA3h. ITO 06CTOATENBCTBO NPOSIBISETCA MPH aHAIH3€ H APYTHX MOJY-
MPOBOJHHKOBBIX KPHCTAJIOB. IT03TOMY MOXHO 3aK/IIOYHTh, YTO MOJIY-
IIPOBOIHHKOBLIE CBOHCTBA CCOGEHHO BLIPAXKeHb! B TeX BelIeCTBaXx, B KOTO-
phIX OpeoGIajarolluM THIIOM CBSA3H fIBJAETCS KOBaJieHTHas CBsidb. Ilpu
3TOM, KakK -ILPaBHJIO, YeM CHJbHee BbIpaX{eHa HOHHAS COCTaBJSIOAN
CHJI CBA3H, TeM- O/HXKe JaHHOE BeLeCTBO K H30JATOpaM, M Hao0opoT.

'

"~ § 5. HexpucTajiH4yeckue NOSyNpPpOBOJHHKH

PaccMmoTpeHHble BbIllle MPHMCPBI MOJYHPOBOAHHKOB OTHOCHMIHCH K
KpHCTallaM pa3/IMuHbIX BellecTB. B 3THUX c/yyasx Mbl HMeeM, BO-mep-
BbIX, MpaBU/IbHOE pacnojoxenue OJHKAHIIMX cocefeH, CBA3AHHBIX
HENOCPEJCTBEHHO € KaKJbiM' aTOMOM HJIHM HOHOM B peliteTke (GJinKHUM
NOPSAMOK), H, BO-BTOPbIX, KPHCTA/LTHUECKYIO PellleTKY, T. €. [paBHJIbHOe
NnepHOAHYECKOe YepeloBaHHe TaKHX Tpynn B OoJbllof  objacTi
Kpucta/a (ganepHuil nopsinok). IloaTomy Bp3HHKaeT BOMpPOC, Kakoe
HMEHHO U3 3THX OOCTOSITE/ILCTB CYIIECTBEHHO /151 BO3HHKHOBEHUS IMOJY-
NPOBOJHHKOBBIX CBOHCTB. OTBeT Ha 3TOT BONPOC JaeT HCCIeNOBaHHE
9JIEKTPHYECKHX CBOHCTB HEKPHCTATHYECKHX BellecTB. A  HMEHHO,
OMBbIT MOKAa3blBaeT, YTO MHOTHE BeIleCTBA B TAKOM COCTOSIHHH, KOTJa
OHH 3aBeJIOMO He MMEIOT KPHCTAJJIMYeCKOH pelueTkH, O0JafaloT djaeK-
TPOHHOH MPOBOAHMOCTBIO (T. €. 0JA HOHHOH MPOBOAUMOCTH B HUX MaJsa)
U NpHTOM OOHApYKHBAKOT XapaKTepHble PH3HAKH THIIHYHLIX IIOJYIPO-
BOJHUKOB. JTH BellleCTBA MOXHO Pa3le/MThb Ha TPH T[pPYMMNbL.

a. Amopiree noaynposooHury. TIpEMEpOM MOKET CAYKHThH CeseH.
OH umeer nBe KpuCTaNJIMYecKHe MOAGHKAUHH: cephblff, HJIH rekcaro-
HaJbHEIH, cesieH (KOTopbii 06bIYHO HMEIT B BHIY, pacCMaTpHBas CesieH
KaK MOJYNPOBOAHHK) [ MOHOK/JIHHHBI CesieH, HMEIOIHH KPaCHbIf HEeT
H ABJAWMACA H30JATOpoM. OIHAKO NpPH ObICTPOM OXJAXKIAEHHH pac-
71aBJICHHOTO CeJIeHa MOXKHO NOJYYHTh eme aMopdHYIO ero moaupHka-
I[HIO, KOTOpasl TOMAbKO B TeUYEHHE OUeHb JIHTEJNBHOTO BPEeMeHH [OoCTe-
NeHHO MNepexXOoiuT B TeKcaroHanbHyw Moaudukauuio. Hcecaenosanune
3JIEKTPON POBOJHOCTH aMoOpPGhHOTO CeJieHa NoKa3biBaeT, YTO €TI0 ConpoTus-
JIeHHe, TaK e KakK H Y KPHCTa/LTHUECKOTO CeJIeHd, YMEHbIIAeTcsl MpH
[OBBILICHHH TeMIIepaTy Phbl, YTO THITHYHO A4 MOJYHPOBOJHHKOB. B amop-
¢hHOM ceslene HAO/IIONAETCSH TaKXKe H3MEHEHHe CONpPOTHUBJICHHS MpH OCBe-
mweHuH ($oTONpPOBOAHMOCTE), UTO SABJIAETCA ADPYTHM NOKa3aTelbCTBOM
‘HaJIMYHS Yy HETO OIpeNenCHHOH 3alpellleHHOH 30Hbl IHeprHui.
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AMopdHOoe COCTOsSIHHE Y MHOTHX BEIECTB MOXKHO IO/NYYHTb, KOHAEH-
CHpYSl UX B BaKyyMe B BHJe TOHKHX IJIEHOK, €C/IH TeMmIepaTypa moj-
JIOXKH He TpeBblIaeT HEKGTOPOTO KPHTHYECKOTO 3HaueHHs, PasHOro
ANS pa3,IMUHBIX BelecTs. [IpH 5TOM OKa3kIBaeTcsl, YTO TOHKHE (HECKO/b-
Ko coT A) amopdHble N/IeHKH HEKOTOPBIX BEWecTB 00/IafaloT THITHYHLIMA
HOJYIIPOBOJIHHKOBBIMH CBOACTBAMH (IIOJIOXKHTEJIbHBIH TeMIlepaTy pHbIH
KO3GhUILHEHT 3/IeKTPONPOROJHOCTH, HAJHYHE JJIHHHOBOJHOBOTO MOpOTa
‘morsomenus cpera, (oronpeBoaMNOCTh). [lonynpoBonHHKOBBIE CBO¥-
CTBa, KpoOMe CesleHa, Hab/M0AaloTcs B aMOPGHOM COCTOSIHHH Y CYpbMBI,
repMaHHsi, KPeMHHfl, TeJJypa U HEKOTOPhbIX XHMHYECKHX COeAHHEHHH.

IlpuBejenHble JaHHBlE OKa3bIBAIOT, YTO BO3HHKHOBCHHE MNOJYMpO-
BOJIHHKOBLIX CBOMHCTB, N0 KpaliHell mMepe y HEKOTOpPBIX BewiecTs, ofyc-
JIOBJIEHO OJIHKHUM MOPSAKOM CTPYKTYpH. JanbHefline NOATBe pKACHHUS
3TOrO 3aKJ/IIOUEHHA MBI HAXOAUM B HCCJIE}IOBaHHHX 3JI€KTPON POBOIHOCTH
pacmniaBoB.

6. Kudkue noaynposodnuku. Ecau NpH nepexoje B XKHAKOE COCTOS-
HHE KOBAJIEHTHbIE CBSI3H DPa3pPyILAOTCA, TO BO3HHKAaeT XHMHUYECKas
¢BA3b Apyroro tuna. Ecsiu cBOHCTBA aTOMOB H CpefHHE pacCTOSTHHS
MEXy HHMH TAKOBH!, YTO BCE BaJICHTHBIE 3JI€KTPOHBI HAXORATCH B OTLIEl-
JIEHHOM COCTOSIHMH, TO BO3HHKaeT MeTa/ljIiuecKasl CBf3b H 3J€KTpo-
IPOBOJIHOCTH CHJIBLHO YBETHYHBAeTCA NPHU nyaBiaeHud. Ilpu sToM 3nek-
TPONPOBOAHOCTb B IKHIKOM COCTOfIHHH, KaK Yy MeTa/lioB, yMeHb-
HIaeTCsl TNpH yBeJHUYEeHHH TeMIepaTyphl (BCJELCTBHE YMEHbIEHHS MOj-
BHkHOCTH). OnHaKoO MOXeT ObITh M JPYroil cjyvail, KoOrza BasleHTHbiE
3JIEKTPOHB! II0CJIE . pa3pHIBA BaJeHTHBIX CBfi3eH OKaXKyTCSl JIOKaJdH30-
BaHHBIMH Y OTAEJIbHBIX aTOMOB. B 3TOM ci/lydae 3J€KTPOIPOBOLHOCTh
MOKET Pe3KO YMeHBIIHTHCS MpPH IJIABJIEHHH, a e TeMIlepaTypHHIH Koxp-
(HUHEHT MOXKeT OBbITb MOJOXKHTEJbHBIM.

Bo Bcex cyuasix mpH paspbiBe HAaCBHILUCHHBIX M HalpaBJeHHbIX Ba-
JICHTHBIX CBsideli OYHET HU3MEHATHCA OJUKHHH TOPSAJOK M KOOPAHHA-
ILMOHHOE YHCJIO, YTO MOXKHO OOHApyXHTb, HanpuUMep, HO H3MEHEHHIO
TJIOTHOCTH BELIECTBA IIPH IJIaBJIEHHH.

TaknM o6pa3om, NpH pa3pylieHHH BAJEHTHBIX CBA3CH MBI JOJIKHBL
OXKMAAThb BO BCEX CJyuasfX H3MEHEHHS 3JIeKTpPOINpPOBOXHOCTH, IJIOTHO-
CTH U pyrux HU3HUeCKHX CBOHCTB, CBA3AHHBIX C OJIIXKHHM MOPSAKOM.
Onnako 3TH H3MeHEHHS MOTYT GbiThb HE O0S3aTENbHO PE3KHMMH H CKauy-
kooOpasHbiMH. IlpH TemmepaType NJaBJeHHS CKaykKooOpa3HO paspy-
IaeTcsl JHINb KpDHCTAJJIH4ecKasi pemieTKa, T.e. Hcye3aeT JanbHHH
nopagok. PacnonoxeHnue e . OamxaHIIMX cocefiell MOXeT H He cle-
JaThCH BIIOJHE XAOTHUECKHM, T. €. GJIMXKHUH NOPANOK MOXKET YacTHYHO
COXPaHHTECA M B XKHJKOM COCTOSIHHH, HCYe3asl JIHUL NOCTENEHHO INpH
JOCTATOYHOM MOBBIIIEHHH TeMmnepaTypsl. Pazymeercsl, npH 3TOM KOOp-
JAMHAIMOHHOE YMC/IO TNPUCOGpETaeT CTATHCTHYECKHH CMBICT H MOXKeT
okaszaTbcsl gaxe JApcOHbIM. IIpH coxpaHeHHH GJHKHETO MOPSALKA MBI
JOJIXKHBI OKMAATH, UTO BEIIECTBC H ITOC/IE IJ1aBACHHA 6yeT HMETh MoJy-
IPOBOJHHKOBbBIE CBOUCTBA, T. €. OyIeT XKHAKHUM IIOJYIPOBOAHHKOM.
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DTH pa3nHuHble cayuyan jeficTBHTeNbHO HaOMIOAAIOTCA Ha OMNLITE.
TIpuMepoM BemiecTB, Y KOTOPHIX KOBaJeHTHLIE CBA3H paspyllaoTcs
Cpas3y e nocJje IJIaBJAeHHs, MOTYT CJYXKHTh aTOMHbIe NTOYIIPOBOJHHKH
noarpynnsl IVB (cTpykTypa anmasa) M HHTepMeTa/lJIMYeCKHe COoeflH-
nenus AINBY  (crpykTypa LuHKOBOH OOMaHKH).

B 1pOTHBOMONOKHOCTb 3TOMY, MHOTHE BeUIeCTBA COXpPaHAIOT TIO-
JYTIPOBOJIHUKOBbIE CBOHCTBA . mocsie TaBlenns. Cioga OTHOCHATCS,
HarpuMmep, ceJeH W MHOTHE OKCHIAbl H CYJbGHIb METalJICB.

HHTepecHbIM TipHMEpOM TaKHX BellleCTB sABJAfeTcA Teaayp. Kpu-
cTalJbl TeJanypa (KaK M CelleHa) HMEIOT TeKCaroHaJbHYIO peIleTkKy,
a aTOMbI PACIIOJIOKEHbI B Hell B BUJe CITHpATbHBIX lieNoyeK, H300pakeH-

HBIX Ha puc. 2.14 (nokazaHa
¢ fe— a2 —> MOJIOBHHA 3JIeMEHTapHOH fvei-
ku). OIuHAKOBO 3aITPHXOBaH-
Hble aTOMBI B PA3HBIX NeNOYKax
\ > —K - JexaT B OJHHAKOBBIX NJIOCKO-

crax. Kaxaplii TpeTui. aTom B
OJHOH H TpH 2Ke LeNouKe Je-
c @/ JKUT HaJ IpPYTUM aTOMOM TOH

JKe LEMOYKH B HalpaBJeHHH
ocu C. KoopauHaunoHHoe yHc-
\ X Jgo pasHo 2. Kaxnas napa ato-
MOB B OJHOH H TOH 2Ke UeNoy-
ke (pacmosioxkeHHBIX GJH3KO)
Puc. 2.14. Crpyxrypa teanypa. g= 4,44 A, cpasana TapHO-3J1eKTPOHHBIMH
c=0592 4, d= 286 A,
KOBaJIGHTHBIMH CHJIaMH. PasHuie
JKe UENOuYKHM (pacIoJOo:KeHHbIe
ropasjio janblle) cBA3aHel cunamu Ban-zep-Baannca. Beaencrsue Ta-
KOTO paclOJIOKeHHS! aTOMOB 3JEeKTPHUeCKHe CBOHCTBA TeAJypa CHJIBHO
aHuzoTponHel. Tak, ero ynenbHoe corporuBieHune mnpu 20°C pas
Hanpasjaenua BAoJb ocH C paBHO pj = 0,26 OM'cM, B To BpeMsl Kak
o1 = 0,51 Om -cm. Tennyp siBAsieTCsl THITHYHBIM NIOJTYIIPOBOAHHKOM.
3aBHCHMOCTb YLENLHOTO CONPOTHBJIEHHS Telaypa OT TeMmieparyphl
noxasaHa Ha puc. 2.15 *) (HampaeseHre Toka B TBeDIOM COCTOSTHHH
neprneHaMKyJaApHo ocH C). Huxe TemnepaTypbl mJaBleHHA Temnepa-
TypHBIH KO3¢GHIHEHT CONPOTHBJIEHHS OTPULATe/1eH, YTO, KAaK MBI 3HaeM,
XapaKTepHo sl NMoaynpoBogHHKOB. OfHAKO H Moc/Ie Ny1aBleHHs Conpo-
THBJIEHHE MPOJIOJI2KALT eIlie YMEHbIUAThCH IPH Har PeBaHHH B HEKOTOPOM
HHTepBaJe TeMmIepaTyp, T. €. XUAKHH Teqnyp BeneT cebsi Toxe Kak
NOJYITPOBOJHHK.-
Ocobenno HHTepecHOH OKasplBaeTcs TemIepaTypHast 3aBHCHMOCTb
noctosinHoil Xoana B Teanype. Ona mokaszana Ha puc. 2.16 *). Tlpu
HU3KHX TemnepaTypax, B 06/JacTH NPHMECHOH IPOBOLHMOCTH, TEANYp

*) Kpusbie npHBejessl o AanHuM padothl A. S. Epstein, H. Fritsche, H. Lark-
Hocovitz, Phys. Rev. 107, 412 (1957).
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OOBIYHO HMEeT NBIPOYHYI0 NMPOBOXMMOCTb M NoCTosiHHas Xowia R > 0
(312 06aacTh He NoKasana Ha pucyHke). [Ipu NOBHILIEHHH TeMnepaTy phi,
KOTJa TPOBOJAMMOCTL TeANYypa CTAHOBHUTCA COGCTBEHHOH, IIOCTOSIHHAS
Xo/1a MEHSIET 3HAK. DTO NMOKA3bIBAeT, YTO NOABHKHOCTb 3/1eKTPOHOB
B TeJType GoJiblie NMOABHKHOCTH AbIpoK. I1pH fasbHefeM NOBbILIEHHH
TeMneparypsl, npubansuteanno npu 230 °C, nocrosinuas Xosia BTopoii
pa3 MeHseT 3HakK, H BIJIOTb JO TeMaepaTyphl niasjenus R > 0, Takoe
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Pue. 2.15. 3aBuCHMOCTL YAENLHOTO CONMPOTHBICHHA TeAIypa oOT TeMIe paTypHL.
Chemene  CKauka CONPOTMBJEHHMS TIDH  OXJ&MJEHHH  OBYC/IOBIEHO Nepeox-
JaxJeHHeM pacliasa,

ABYKDATHOE H3MEHEHHE 3HaKa R B TBEDJOM COCTOSHUH SBSIETCS PE3Yb-
TaTOM C/IQKHOTO CTPOEHHSI SHEPreTHYeCKHX 30H Teaypa. OnHaKo Mbl
Ha 3TOM OOCTOATEJIbCTBE He OYIeM OCTaHABJAHBATLCH, TAK KAK OHO
HE CBA3aHO C CYIIECTBOM paccMaTpHBaeMOro ceifuac Bompoca. Ilpu
NIaBJIEHAH TocTosiHHAsA XoJJ1a Pe3Ko yMeHbIIaeTcsi W IIpH Harpesa-
HHY DaCIJiaBa NPOAOIKAET YMEHBIUATHCS, OCTABASCH MOJOKHTEIBHOMH.
Ilpu ~575 °C nocrosnnas Xona chosa o6panaercs B HyJIb u B TpeTuil
pas HamenseT 3HaK (R < 0). INocsennee o6CcTosiTeNbCTBO TIPEACTABASAET
ocoGplit uutepec. B § 1.4 Mbr Bugenu, uto noctosinnast Xodna Moxer 06-
pamarecsi B HyJ/1b TOJIBKO B CJ/Iy4ae CMellaHHOH npoBoauMocTH. [TosTomy
MOXHO 3aK/IIOYHTb, YTO B IKHAKOM TeJU1ype ' 3/eKTPONPOBOAHOCTD
o0yc/ioB/ieHa H OTPHLATEJbHBIMH 3JeKTPOHAMH, H MOJOMNKHTEIbHBIMH
AbIPKAMH,
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_Habmofaembie sBNeHMS NPHEOAST K CJAEAYIOUIHM 3aKJIOUEHIIAM.
IMonynpoBOJHKKOBEIE CBOHMCTBA Tesiypa B TBEPAOM COCTOSIHMH 0OV~
CNOBJICHbl KOBAJICHTHEIMH CBSI3SIMM, VIEPXKUBAIOU[MMH aTOMBl B L€NOY-
kax. Ilpw nJjaBjeHMu paspywialoTCsi BaH-Iep-BaaJbCOBCKIE CHJLI,
CBSI3BIBAOLIME LENIOYKH APYT C APYTOM, KOBaNeHTHBIE XKe CBSA3H B Npe-
JeNax OTAEJbHBIX LENOuYeK NMpPH 3TOM B 3HAUUTEJIbHOH CTENEeHH etwle
€OXPAHAIOTCS, YeM H OGBACHSIOTCS MOJVIPOBOAHUKOBHIE CBOHCTBA KM/~ *
Koro Ttesu1ypa. B6ansu Temnepatypbl NaBAeHHS! 3]€KTPOHbI IPOBOAH-
- MOCTH BO3HHKAIOT 3a CueT HOHM3aLMH IenoueK (pa3spbiBa HEKGTOPLIX
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Prc. 2.16. 3apucumocts nocrosuHofl Xoa1a OT TeMneparypl B TBCpJOM
H KHIKOM TeJiype.

KOBAJIEHTHBIX CBf3eH), a OCTaiom}ecs He3aNoJNHEHHBIE CBSSH MIpaloT

- POJIb NOJOXKHTENbHEIX ALIPOK (cp. § 6). To o6ecrosTennberBO, UTO B 3TOM
obnacty Temnepatyp R > 0, NOKasbiBaeT, UYTO MOABMKHOCTb JBIPOK
B XKHAKOM TeJljiype Go/bllie MOABHAKHOCTH 37eKTpoloB. IIpy nanbneii-
uleM INOBBINIEHHH TeMNepaTyphl HAUHHACTCS DPa3pLIB TaKKe KOBaJeHT-
HBIX CBfI3€H, H XHMHYECKasl CBA3L NEPeXOAMT B MeTaLTHUECKYIO. ITO
NPHBOANT K YBETHYEHHIO KOHLUEHTPALHH 31eKTPOHOB, OTUEro NNOCTOAHHAA
XosJa ONSTH CTAHOBHTCS OTPHUATEALHOH.

IToMHMO TpHBEJEHHLIX TIPUMEPOB, B HACTOfIEE BpeMs H3BECTHO
GoJIbILOe WMCJIO APYTHX MOJYNPOBOAHHKOBBIX MatepHaJioB, COXpaHS-
IOIHX B ONpEeLeJIEHHOM TeMIepaTypHOM HHTEpBaJjie B JKHAKOM COCTOS-
HHH TOJYIPOBOJIHHKORBIE CBOHCTBAs .

6. Cmexaoobpasnoie noaynposodnuku. K uncny nosynpoBonHHKOB
OTHOCHTCA TaKxKe 60Jplas Ipynna CTeKA006pasHbiX XHMHYECKHX coe-
annenui. Ciona BXOAAT ABOiiHbie. coennnenusn P, As, Sb u Bi ¢ ogaum
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u3 sneMenToB S, Se u Te (xa/bKOreHHR) H TPEXKOMIOHEHTHEIE COELH-
HEHHSI 3THX 5/IEMEHTOB, TakHe, Kak mAs,Se;-nAs,Te; (rne m u n—
uesple 4Mcaa), H Ap. Xors NPUHIHUIHA/ILHO CTeK/1006pa3Hble NOMYIifo-
BOJHHKH HE OTJIHYAIOTCH OT XKHIAKHX, TaK KaK CTeKJ/a CyTh CHJIBLHO Nepe-
OXJIaXK/JeHHble XKHAKOCTH C 04€Hb 60/bIIOH BSI3KOCTbIO, 3Ta Ipymna
HOJIYyI POBOAHHKOB fABJSIETCSl BecbMa CBOeOOpasHOH H HHTEPEecHOH.
B Takux BewiecTBax HabI0faloTCA: THOHYHBIH 15T NTOJYNIPOBOJAHUKOB
OTpHIaTeNbHbIH TeMiepaTypHblil KO3(HUHEHT CONPOTUB/EHHS; XapaK-
TepHasi CeKTpafdbHasi 3aBHCHMOCTb Ko3dpuiineHTa NOIVIOUIEHUS CBeTa
(HajiHyHe NOPOTrOBOH JJIHHBI BOJIHBI, 3aBHCALIEH OT COCTaBa BeLIECTBA);
OTOIPOBOJUMOCT H JApYrHe MOJYIpPOBOAHHKOBBIE cBoicTBa. Ilozpob-
HOe H3J/IOXEHHe BOINpPOCca O HEKPHCTA/IHYECKHX MOJIYIPOBOLHHKAX
YHTaTe b MOXKET HAHTH B MoHorpagusx [3, 4}

CyMMHpYSl CKa3aHHOe Bblille, MOXHO 3aK/IOYHTb, YTO BO MHOTHX
BellleCTBaX pEIUaIoULyId POJb B BO3HHKHOBEHHH MOJYNPOBOAHHKOBBIX
CBOHCTB UrpaeT O/IHKHHH NopsAaoK. M3/0xKeHHbIe npeicTaB/leHHs 0 BaX-
HOH poJ/iH OJIMKHero nopsijxa OblIH BbicKa3aHbl Bnepehie A. @, Hodge
U BHOCTEACTBHH DPa3BHUBA/JHCh MHOTHMH HCC/AENOBaTeNsIMH, ’

§ 6. 3ahpemeﬂﬂaﬁ 30HA IHEPrHM

Hcxonsa u3 ocoGeHHOCTENl XMMHUECKOH CBSI3H B HOJYNPOBOAHHKAX,
MOXKHO HelloCpeJCTBEHHO OOBSCHUTD CYLIECTBOBaHHe 3aMPelleHHOM 30Hb
sHepruii. PaccMoTpHM B KauecTBe IpuMepa aToMapHble MOJYHpPOBOA-
HHKH noarpynnel IVB u Gyzem nmoka cudTaTh, 4TO B HHX He HMeeTCA
HHKAKHX XHMHYECKHX NpHMeceH H CTPYKTYpHbIX jAedektoB. Toraa us
puc. 2.10° BHAHO, 4TO NpH HeHAapylUeHHHIX CBA3AX B KpHCTa/jle Bce
BaJICHTHBIE 3JIEKTPOHBL KaXkJOr0 aToMa (IBa S-3/1€KTPOHA H [Ba p-3/ieK-
TPOHA) YYacTBYIOT B 00pa3oBaHHH KOBaJIeHTHHX cBA3ell. Ilostomy Bce
BaJIEHTHBIE 3JIEKTPOHB! ABJSIOTCA B H3BECTHOM CMBIC/IE CTPYKTYpHBIMH
3/IEMEHTAMH H HAXOAATCS B CBA3AHHOM COCTOSIHHH. B TaKoM COCTOSIHHH
(TemnepaTypa abCOJIIOTHOI'O HYJA H OTCYTCTBHE BHEUIHHX HOHU3YIOUWHX
BO3JEeHCTBHH) KPHCTaM ABASETCA H30/JATOPOM.

Js1 CO3AaHHs MOJABHAKHBIX 3/IEKTPOHOB HEOOXOJAHM pa3phiB HEKOTO-
pOro KOJMIHYeCTBa CBA3eH. 3TO MPOUCXOAHT IPHU MOBBULICHHH TeMIepa-
Typsl K MOJ ACACTBHEM NOAXOAAIIMX HOHM3YIOIMX H3JYYeHHis (CBeT,
ObICTpBIE 3/MEKTPOHb H T. n.). IIpu paspeiBe Kaxjo# CBf3M BO3HHKAeT °
OJIMH 3JIEKTPOH TPOBOJAUMOCTH ¥ OJHO BAKAHTHOE KBAHTOBOE COCTOSHHE
siekTpona. HaumeHbllee npupallieHHe 3HEpPrHH 3JEKTPOHA . [pPH €ro
nepexojie M3 CBA3aHHOTO COCTOAHUA B COCTOSTHHe MPOBOJHMOCTH (paboTa
pa3pbiBa CBSI3H) eCTb LUMPHHA 3aNpelieHHOH 30HbI 3HepTHH L.

Eciu B ‘MOJyNpoBOAHHKE HMeeTCsl 3JeKTpHYecKoe IoJe, TO 3JeK-
TPOHBI MPOBOAHMOCTH OyAyT ABHFAThCA NPOTHB IOJS, H BO3HHUKHET
3JIEKTPOHHBIH TOK C-HEKOTOpPOH MJIOTHOCTBIO j,. OZHAKO, KpoMe 3TOro
npotecca, BO3MOXKEH ellle M ApYrod MeXaHH3M 3/IeKTPOIPOBORHOCTH.
A HMeHHO, NPH HapYUIEHHbIX BAJCHTHBIX CBA3AX (HaJHYME BAKaHTHBIX



‘70 XUMHUUECKHUE CBS3U B NIOJYNIFOBOJHHUKAX fro. 11

MeCT) KaKOH-TH60 H3 3JEKTPOHOB CBSI3H MOXKET IepefiTH B OAHY H3
5THX BakaHCHH. B pedysbTate Ha MecTe BaKaHCHH OyJeT BOCCTaHOBJIEHa
HOpMaJibHas KOBAJEHTHAS CBfI3b, HO 3aTO NMOABHTCS BaKaHCHA B APYTOM
mecTe. Ha 3Ty BakaHCHIO B CBOIO OYepelb MOXKET NepedTH KaKo#-inbo
JpYToi H3 3JIEKTPOHOB CBS3Y M T. A. IIpH 5TOM, pasymeeTcsi, BO3MOXKHEI
11ePEXOibl 3NEKTPOHOB CBSI3H BO BeeX HanpassieHHsX. OfHaKO NepeXoal
B HanpaB/ieHUH JeACTBYyoIWEeH CUMbl (TIPOTHB NoAs) 6yayT NpeuMyIecT-
BEHHBIMH, H TIO3TOMY BO3HUKHET HEKOTOpLIH IONOJHHTEJNbHBIH TOK jp,
06yCJI0BIEHHBIA NepeMellleHHeM 3JeKTpoHOB cBaA3H. CaMH XkKe BaKaHCHH
6yayT nepeMellaTbCsl B HAaNpaBie€HHH IOJs, T. €. TaK, KaK JBHIAJHCH
6bl TIOJIOKUTEJbHO 3apsiZKeHHble HacTHUB. 2TOT BTOPOH MeXaHH3M
3IEKTPONPOBOAHOCTH H €CTb NPOLECC AbIPOYHOH NpoBOAMMOCTH. Camu
’Keé BaKaHTHble KBAHTOBbIE COCTOSIHHS 3J€KTPOHOB, JOKaJU30BAaHHLIE
y HapyllleHHBIX XOBa/JeHTHHX CBsA3€H M CnocoOHble NepeMellaThbesl 0]
JeACTBHEM NOJdA, CyTh NOJOXKHUTebHEIE ABIPKH. M3 ckasaHHOro sicHo,
uTO B GeCpUMeCHOM TNOJYNPOBOJHHKE KOHLUEHTPALHs ABIPOK p BCETId
paBHA KOHIEHTPAllHH 3JEKTPOHOB NpoBOIMMOCTH 7. B ri. 1V 6yner
N0Ka3aHO, YTO HMEHHO LJA JbIPOK (a He 1/ 3J€KTPOHOB CBSI3H) MOJY-
YajoTCs NPOCTble YPABHEHUS [BUXKEHHS, aHaJOTHUHbE YpaBHEHHAM
JBUKEHHS IOJOXHTEJNBbHO 3apSMKKEHHBIX YacTHL B KJAaCcCHYeCKOH Mexa-
HHKe, YeM H ONlpaBJbIBaeTCsA BBEJEHHE 3TOrO MOHATHA.

OTH NpeiCTaBleHHs O MeXaHH3Me JAbIPOYHOH NPOBOJAMMOCTH, pac-
CMOTpEHHble HaMH KaueCTBeHHO Ha NpHMepe MNOJYIPOBOAHHKOB NOJ-
rpynnyl [VB, cnpaeeafuBel 1/151 IOJAYTIPOBOJHUKOB Ji060r0 Tuna,

§ 7. MoaynpoRoiHHKOBbIE CBOHCTBA M XHMHHECKasi CBf3b

M3 ckasannoro Bhilie caepyeT, 4To IUMpHHA 3anpelleHHOH 30HbH Ej
HEeTOCPeNCTBEHHO 3aBUCHT OT HPOYHOCTH XUMHUYeCKHX cBAsell. K coxa-
NeHHI0, 9Ta NoCeHAsA He MOXKeT GbiThb I1PSIMO H3MEepPeHa KOJHUECTBEHHO.
Oznnako OHa CBfi3aHa C JpPYTHMH (PMU3HUECKUMH XapaKTepHCTHKaMH
BelleCcTBa, ACNYCKAMLIHMH HElOCPeACTBEHHOe H3MepeHHe, H MO3TOMY
MOXHO OXHJaTb, UTO MEXAY 3THMH XapaKTePUCTHKaMH H BeJHYHHOH
E¢ A1 KPHCTAJ/VIOB € OJHHAKOBOH CTPYKTYpOi JOJKHA CYNIECTBOBAThH
onpeneneHHas CBA3b.

B kauecTBe BeJHYMHBl, XapakTepH3YioUlell IPOYHOCTEL CBA3EH, HEKo-
TOpHIE HCC/eNOBaTeNH BpIOHpANH TemaoTy obpa3oBaHus KpHcTadja Q.
Ilpu sTOM OKaskiBaeTcs, uTo MexKLy Eg H Q 1eHCTBHTeNbHO O6HapyKu-
BaeTCsi ONpeJieieHHas KOPeJANsiHA: KaK npaBuio, £, yBelHYHBaeTcs
Inpu yBeaudeHHH Q.

AnanornuHple 3aBHCHMOCTH HMEIOTCHA TakKke JJS TNOABHXKHOCTH
51eKTpOHOB. Tak, HampHMep, B PsLY BelleCTB C ONHHAKOBOH KpHCTaJ-
JorpaguuecKoil CTPYKTYPOH NOABHAKHOCTD [t, 3aKOHOMEPHO H3MEHSIETCSI
€ H3MeHeHHeM TEeNJNOTbl 06pa3oBaHHA O 3aKOHY

Mo =cQ",
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Te ¢ K n — MOCTOsIHHbIE, 3aBUCIIHe OT THNA KPUCTAJIHYECKO! CTPyK-
Typel. Ha puc. 2.17 nokasaHa Takasi 3aBUCHMOCTb /sl Psiia ABOHHBIX
coequneHuli co cTpykTypoit NaCl *). IMogoGHasi 3aBHCHMOCTb HMeeT .
MeCTO M ISl ABOHMHBIX CoefluHeHUH C APYTHMH CTPYKTYpaMu. *

B kpHucTaniax ABOAHBIX coefHeHMii 3ieMeHToB II uw VI rpynm
AUBVI pmeiomuX OJMHAKOBYIO KDHCTAJJIHY4ECKYIO CTPYKTYpy (ZnS,
ZnTe, HgTe u np.), Habmonaercs YeTKas 3aBUCHMOCTb £, OT CPEIHETO
NOPSIIKOBOrO HOMEPa 3/eMeHTOB Z = '/, (Z4 + Zp): E, yMeHblIaeTcs
NpH YBEJHYEHUH Z.
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Puc. 2.17. 3aBHCHMOCTb NOABHIKHOCTH 3.eKTPOHOB OT TEMJOTHI 06«
pasoBaHHA KPHCTaL1a A1 ABOHHBIX coefjHHeRrult co cTpykrypoit NaCl.

CylIecTBYIOT TaKKe 3aBHCHMOCTH E, H W OT APYyrHX MaKpOCKOIHYe-
CKHX BeJIHYMH, OTpaKalolMX XapaKTep XHUMHYecKHX cBssed. XoTd
TaKMe 3aKOHOMEDHOCTH HOCAT IOJNY3MIIHPHYECKHH XapaKTep, OHH TeM
He MeHee IPeACTaBJSAOT 00JbUIOA HHTepec, TaK KakK, BO-NEpBhIX, SAB-
JISIOTCS XOPOUINM TOATBEp:KAEHHEM MPaBHJILHOCTH OOIHUX Mpe/cTaB/e-
HUH O TecHOH 3aBHCHMOCTH MEXJY THIIOM XHMHYeCKOH CBS3H H IOJY-
NPOBOJHUKOBLIMH CBOHCTBaMH M, BO-BTOPBIX, MOT'YT ObITb ITOJE3HBI AJIS
CyxJeHHsl o0 3JeKTpHYEeCKHX CBOHCTBAX HOBEIX I10/1YIIDOBOAHHKOBBIX
MaTepHaJoB.

§ 8. MoaynpoBoAHHKH C MaJoH NMOABHKHOCTLIO

B pas/uyHBIX NOTYNPOBOJAHHKAX [JBHKEHHE 3JIEKTPOHOB MOXKET
MMeTh BecbMa pasJIHuHBIH XapakTep. [l pa3bsACHEHHS 3TOro cGCTOfA-
TeJIbCTBA OLEHHM BEJHYHHY CpPefHeH IJIMHBI CBOOOJHOrO Ipodera 3/ek-

*) Ha paGots B. [1. XKyze, XTD 25, 2079 (1955).
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TPOHOB [ = v7T. 3nayeHHe T MOKHO HaliTH U3 BEJMUKHHBI OABHKHOCTH
p (dopmyna (I 3.13)). Ilonaras ans OUEHKH NODAAKA BENHUNH m =
=1y, =9-10%r 1 vy >~ 1:107 cm-c? (300 K), naxonum

I ~5.10-% (cM),

rae p— B cm? -c1-B7L

CpaBHHM Tenepb 3Ty BeJHYHHY, BO-NEpBbIX, C JJIMHOH BOJIHBE
ne Bpoiins, xotopas npu 300 K (m = m,) paBua A = 7107 cm, H,
BO-BTOPBHIX, C MOCTOSIHHOM - pellleTKH KPHCTalda 4, Kotopas jAisi 6oJb-
INHHCTBA KPHCTAJ/OB JeXHUT B mpexenax (3—~6)-1078 cm. Mbl BuanMm,
YTO B NOJYNPOBOJHHKAX, B KoTopeix p <C 100 cm? -c™'- B!, 3HaueHus
l<< A, a npu noasmxHocTH P << 10 em?.¢t- B Benyuuna [ craHo-
BUTCSl JlaXke MeHbllle TOCTOSTHHOR pelleTKH 4.

TlpuBeneHHble BHILIE OLEHKH I10Ka3bBAlOT, YTO CJefyeT pa3jiu-
yaTb JBa cayyas. B noaynpoBosHnKax ¢ GOJIBLIOH NOABHXHOCTBIO
(v = 100 cm?- ¢! -B™) 31eKTpPOHEI 32 BpeMs cBOGORHOTO npoGera ycre-
BalOT NPOHTH NYTH, COAEPKALIHE MHOIO NIOCTOSHHEBIX PELIeTKH. JT0 JBY-
HeHHe C XOPOILHM NPHOIHKeHHEM MOXKHO paccMaTpHBaTh KaX JBHIKEHHe
B MEpPHOJIMUECKOM II0Jle KPHCTa/JIa, KOTOpoe JHIIL OT BPeMeHH 10 Bpe-
MeHH HapyLiaeTcs NPoileccaMu paccesiHus, CKayKooOpa3Ho H3MEHAIOWH-
MU SHEPIHIO U UMITY/IbC 3JeKTPoHa. FIMEHHO K TaKHM MO/ Y POBOAHUKAM
¢ GOJILINOA TOJBMKHOCTBIO (FepMaHuii, KpeMmHH#l, coefiuHenus AMIBY
M JAp.) NpHMeHHMa 30HHAs TeopH#d, paccmaTpuBaemasi B ra. III, IV.

HanpotHB, B NOTYMNPOBOAHHKAX 'C Ma/JOd  NOABHKHOCThIO
(0 << 10 cm?-c?-B™') nBuxeHHe 3JEKTPOHOB HMEET COBCeM JpYToil
Xapakrep. B 3ToM ciiyyae ropasjo npaBu/ibHee NpeACTaB/IATb, YTO
3JIEKTPOHBl N PEHMYIUECTBEHHO CBA3aHbI C ONpeJe/eHHbIMH aTOMaMH
pelieTKH M CPaBHHTeJNBHO DPeIKO INepecKaKHBAaOT MeXAy COCeLHUMH
y3namu pemeTKH. CyluecTBOBaHHE TAaKOTO <«IPBLIKKOBOTO» MeXaHH3Ma
3JIeKTPON POBOJAHOCTY Gblio BriepBble yKasaHo A. @. HModde 1, HesaBu-
cumo, H. Mortom. K nosnynpoBosnikam ¢ MaJol NOABIKHOCTEIO 30HHAS
TeOpHsi HENpHMEeHHMa. '

Bripouem, Kak moKasbiBawoT ONTHYECKHE H 3JeKTpHueckHe H3Mepe-
HHUsl, H B TaKHX MOJYNPOBOJAHHKAX CYIIECTBYIOT 30HBl paspelleHHBbIX
¥ 3anpelieHHEX 3Hepruil. OTciona MOXKHO 3aKJIIOUUTh, YTO NpeAcTaBie-
HHUe 00 sHepreTHUeCKUX 30HaX ABJAETCS Topa3fo Hosee OOIHM, HeM 3TO
clefiyeT u3 HX o60cHOBaHHA B30oHHON Teopuu (cp. ra. XVII, ri. XIX).

O6a MexaHH3Ma 3J€KTPONPOBOAHOCTH XapaKTepH3YIOTCSl pa3JHYHOH
3aBHCHMOCTBIO IOJIBUXKHOCTH OT TEMIIEpPaTyphl, O YeM y2Ke YIIOMHHAI0Ch
B § 1.5. B uncThIX nOJAYNPOBOAHHKAX € GOJBIIOH MOJABHIKHOCTBIO MOBLI-
1IeHHe TeMIepaTypel BCEra yMeHbliaeT BeHUHHY NOJABHXKHOCTH. B mo-
JIYIIPOBOAHHUKAX C MaJIOH TOJBHIKHOCTBIO NIPH NOBBLILIEHHH TEMIIEPaTypLl
YEEJIHYHBAETCS BEPOATHOCTDb [1€PECKOKOB 3JEKTPOHOB, H MOITOMY IMOJ-
BHIKHOCTH TOXKE YyBeJHYHBaeTCs.

OTMeTUM TaKKe, YTO NPBDKKOBHIN MeXaHW3M 3JIeKTpONpPOBOAHOCTH
MOIKET NpPOSIBASTHCS NPH H3BECTHHIX YCJIOBHSIX M B I0J1yNPOBOAHHKAX
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¢ GoJbiliofi NMOABHAKHOCTBIO NIPH OYeHb HHU3KHX TeMnepaTypax. Tak,
HanpHuMep, B TepMaHHi, COepXKalleM NOHOPH H aKUenTophl (MpH KOH-:
nenTpanuax <10 cm™¥, xorza emie He NposABJSETCA TaK Ha3biBaeMast
IPOBOAHMOCTb B IIPUMECHOH 30H€, cp. Iil. 1V), npH reqneBrix Temnepa-
TypaX KOHIEHTPaUHS MOABHAKHBIX 3J€KTPOHOB HJH, COOTBETCTBEHHO,
IbIPOK B 30HAX HHYTOXKHO MaJa, Tak KaK NPaKTHYECKH BCE OHH JIOKa-
JIH30BaHbl Ha NpHMecHbLIX atoMmax. OnHako U B 3TOM CJjydyae BCE IKe
HabmlofnaeTcss OYeHb Manasi 3JeKTPONpPOBOJHOCTb, KOTOpas, NO-BHAH-.
MOMY, OGYCJIOBJI€Ha IIPBIKKOBBIM MEXaHH3MOM.

§ 9. pumecHble aTOMBbI

KpucTaji, B KOTQPOM Bce y3J/bl pellleTKH 3aloJIHEHB TONBKO aTo-
MaMH JIaHHOTO BellecTBa H pelleTKa KOTOporo 6e3rpaHHYHO NPOCTH-
paeTcs BO BceX HalpaBJeHHAX, Mbl OyJeM Ha3bBATb HJ€AJbHBIM KpH-
ctasioM. OnHAaKO BCe peasbHble KPHCTaJJIbBl HMEKT PasJiHyHble Heco-
BePIIEHCTBA, HCKaXkaiollie CTPOryio MepHOAHYHOCTh KPHCTa/HUECKOH
pelleTKH.

HccnenoBanne ocoGennocTell  AHdpakiuM¥ PEHTTEHOBCKHX Jyuel
NCKA3LIBAET, YTO B peajbHbIX KPHCTaJ/1aX IPaBH/bHOE PaclloJOXKeHHe
aTOMOB B pelleTKe CoXpaHseTcs JIHIb B npefiesiaX HeGoabluux obaacTen
¢ JuHelnbIMH pasmepamu ~0,1 + 1 mkm. Camu e 3TH ofJ1acTH caerka
Pa3cpHeHTHPOBaHbl JpYTr OTHOCHTEJIBHO JApYra (HOBepHYTHl Ha Maisie
yribl), 06pasys TaK Ha3biBAEMYIO MO3aHYHYIO CTPYKTYpY.

JIpyruM THIOM HeCOBEpLIEHCTB SBJAIOTCA NpPHMecHble aToMbl. [lo-
cJiefiHHe MOTYT GbITh B pellleTKe KPHCTaJ/a B JABYX COCTOSTHHSIX: JHOO
3aHMMaTb Y3/l PelleTKH, 3aMmellash HeKOTOpble aTOMbl OCHOBHOTO Be-
miecTBa KpHcTaqaja (TBepAbIHl pacTBoOp 3aMelleHlid), AHGO BHEAPATHCS
MeXJly y3JaMH peleTKH (TBepibli pacTBop BHenpeHus). B o6oux
cJyyadx KaxJAas NpHMech XapaKTepH3yercsi ONpefieIcHHOH MaKCH-
MaJIbHOH PacTBOPHMOCTBIO, T. €. MAKCHMaJbHOH KOHUEHTpauued nph-
MECHLIX aTOMOB, KOTOPYIO MOXKHO CO3/iaTh B peilleTKe NpH JaHHOH Tem-
nepaType NpH TEPMOAHHAMUYECKOM paBHOBeCHH. OTMETHM TaKiKe, YTO
of6a Tuna TBepAbIX PACTBOPOB CHJBHO OTJIHYAIOTCS 1O BEJHYHHE Koa¢>
duunerToB AH(GGMY3HH npyMeced: Kak NpaBHJIO, NpH oAHOH H TOil ke
TeMnepaType Ko3(@uuHEeHTH AHGDY3HH MeXKIOY3eJbHBIX aTOMCB Ha
HECKOJIBKO MOPJKOB 60J11>me, 4yeM Ko3(G:hHIHEeHThl AHGPY3HH Y3€AbHBIX
aTOMOB.

‘HecoeepurercTBanu B peasibHbIX KpHCTAN1aX fABJAIOTCA TaKme
IYCTLIE Y3Jbl PEILeTKH MJIH BaKaHCHH, JHHeHHbIe IMCIOKAIMH H BHHTO-
BbIE JHCJIOKAIHMH (CM. HHXKe). YKa3aHHble HECOBEPILIEHCTBA MOTYT CO3-
JABaTh JOIOJHUTEJbHbIE yPOBHH 3HEPTUH 3JIeKTPOHOB, KOTOPHIE BAHAIOT
Ha MHOTHe (H3HYEeCKHe IPOLECCHl B I10J1yN1POBOJHHKAX.

paCCMOTpHM CHayasna NOBeJCHHe INIPHMECHBIX aTOMOB. HanGoaee
TPGCTON M SICHBIH cayyail Mbl MMeem i npumecell snementoB 111 n
V rpynn neprHoiHuecKoit CHCTEMBI B IIOJYNPOBOJHMKaX nioarpynnbt IVB
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(kpemuu#t, repManuit). Takue npumecH o0pa3yioT TBepAblii pPacTBOp
3amelileHus. Ha 3To, B 4aCTHOCTH, yKa3blBalOT OYEHb MaJible 3HaYeHHSA
X Koa(xpuuueHToB Audbysuu.

Arom mo6oro sneMenta V rpynnsl UMeeT 5 BaJeHTHBIX 3/JIeKTPOHOB,
H, COOTBETCTBEHHO, €0 HOHHBIH OCTATOK HECET MOJOXHTEJIbHHH 3a-
psn +be. OnnHako AJs o6pa3oBaHHA TeTPA3APHYECKHX BaJNeHTHBIX
CBsi3ell B pellleTKe THMA ajMa3a HeOOXOAHMO TOJNbKO 4 3JeKTpoHa.
[MosToMy npu 3ameHe aToMa OCHOBHOH peIUeTKH Ha aTOM NpPHMECH MbI
O/ YYHM OAHH «THIIHHHY» 31eKTpoH. Ilocmenufi OyaeT ABUraThCA B NOJE
HOHHOTO OCTaTKa H OCTaJbHHIX BaJeHTHbIX 3JCKTPOHOB, T. €. B noJe
s(xpeKTHBHOTO 3apsija --e, obpa3ysi cucremy, nojoOHyl aToMy BOJO-
poxa (puc. 2.18, a). DTOT NONOJHHUTE/IbLHBIA 3/EKTPOH MOXKET OBITH

Puc. 2.18. Vaeavuwit aroM snementa V rpynns () u 1II rpynnut (6) B peiwerke
THMNA ajMa3a.

OTIIENJIeH OT CBOEro y3ja pelleTKH MoJ AeHCTBHEeM TemJoBHX KoJeba-
HUH, OCBeLIeHHA H T. I, H TOTJia OH NIPEBPATHTCH B 3JICKTPOH IIPOBOJH-
mocTH. [Ipu 3Tom oOpasoBaHHsi CBOGOLHOM IOJOXKHTENbLHOH IBIPKH
(kax B cayuae pa3pbiBa CBsi3ed B COOCTBEHHOM HOJYIIPOBOJHHKE) He
6ynet. M3 ckasaHHOTrO BHAHO, YTO MPHMECH 3/JeMEeHTOB V TpyNIh B IO~
JYIPOBOLHHKAX C pELIeTKOH ajlMa3a SIBJAAITCA JOHOpaMH.

B ciydae ysenpHoro aroma ssementa III rpymmer (B, Al u ap.)
HMeeTCsl BCero 3 Ba/JeHTHBIX 3/JGKTpPOHa, T. e. He XBAaTaeT OJHOTO JeK-
TPOHA /Il 3aBepIleHHs] BaJEHTHBIX CBsi3eH. DTOT HelocTalouMd sJek-
TPOH MOXeT OblTb 3aHMCTBOBAH M3 UHCJA COCEJHHX 5/IeKTPOHOB CBSI3H.
Ilpu 3TOM OOGpasyeTcss BaKaHTHOE MECTO CpelH COCeAHHX 3JEeKTPOHOB
CBA3H, WIH NOJOXKHTEIbHAA ABIpKa, KoTopasd okaxkeTcd B moJe sapsja
HOHHOTO OCTaTKa (—-3¢) ¥ UeTHpeX 3JeKTPOHOB CBA3H (—4¢), T. e. B moJe
stpexTrBHOrO 3apsana —e (puc. 2.18, 6). Tak kak B 06pa3oBaBLIyIOCs
BaKaHCHIO MOTYT MEPEeXOAWTb JpyrHe 3JIEKTPOHH CBA3H, TO JbIPKa
OyneT OBHTaTbCsl BOKPYr NPHMECHOTO LEHTPAa, H Mbl OMNATb IOJY4YHM
BOZOPOAONOAO0HYIO CHCTEMY, HO TOJBKO C HEMOABHXKHBIM OTpHIATe/hb-
HBIM 3apsAOM H IOJBHXKHBIM ITOJIOXKHTEJIbHBIM 3aPALOM.

Top BIMSIHHEM TEIJIOBOTO JBHXKEHHSs, OCBEIIEHHS H HHBIX BHEIUHHX
BO3JeHCTBHH B 00pa30oBaBLIYIOCA BAKAHCHIO MOT'YT ObiTb 3a0pollieHE!
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GoJlee ylaneHHble 3JMeKTPOHbl CBA3H. Toraa BMeCTO AbIPKH, CBSI3aHHOI
C JlaHHBIM NIPHMECHBIM LEHTPOM, NMOSBHTCS ABIpKa B JPYroM MecTe, H
3Ta JpIpKa, BCJAEACTBHE NOC/IeoBaTeJbHOr0 3abpoca B Hée JPYrHX
37EKTPOHOB CBSA3H, OYAET nepeMeliaTbcsi B KpHCTasle. DTOT Hpolece
aHaJOTHYCH OTPLIBY CBA3aHHOTO 3JIeKTPOHAa OT JoHOpa V TpyNmbl H
MO2keT ObITh Ha3BaH OCBOGOXKJEHHeM CBsI3aHHOMH JLIPKH H I€PEBOJOM ee
B cBoGonHOe cocTosiHne. OOpa3oBaHHA e 3JIEKTPOHA INPOBOJAHMOCTH
NPH 5TOM He NPOHCXOAHUT. k3 cKazaHHOTO BHAHO, YTO aTOMBI 3/1€MEHTOB
111 rpynmnet B perieTke THia aJMas3a fABJAAOTCA aKUENTOPAMH.

IpumecHble 1eHTpPhI, KOTOPbIE MOTYT OTAABaTb HJIH, COOTBETCTBEHHO,
NPHHHMAaTb TOJBKO OJMH 3J€KTPOH H, CJe€[0BaTelbHO, HAXOAHThCA
TOJILKO B JBYX Pas3/jHYHBIX 3apAJHBIX COCTOSIHHAX, MBI GyleM B 1aJb-
HeHlleM Ha3blBaThb NMPOCTeIMH. M3 ckasanHoro Bhile cienyer, 4To npo-
CTOH JIOHOD eCTb TaKOH NPHUMECHBHT A
LEeHTP, C KOTOpbIM IIpH sasgpmenﬂmx o Tz ///E
BAJICHTHBIX CBf35IX CBS3aH OJHMH 3JIeKT- e
poH. M, anamoruyno, mpoctoil akuemn- e o £
TOp €CTb TaKOH NPHMECHHIH WLEHTp, C £y
KOTODBIM MDY 3aBEPIICHHBIX BaJeHTHHIX
CBAI3AX CBA3aHa OJHA JBIpKa. _ 5

INpocThie IOHOPEI MOXKHO OXapaxTe- T 0
pH30BaTh 3aJlaHHeM HAWHH3IIErO YPOBHS
sHepruu E; HEOTIEN/IEHHOTO 3/EeKTPOHA Puc, 2.19. YposHn sHeprun ssex-

TPOHOB B KpHCTalJle HpH HaJl-
(0CHOBHOE - COCTOsIHHE).  AHANOTHYHO,  wuyy ppocTHX HOHOPOB MM K-
IJs TIPOCTOTO aKLEeNTopa MOXKHO 3a- LENTOPOB.
JaTb OJMH YPOBEHb SHEPIHH 3aXBayeH-
HOTO 3/1eKTpoHa., TaKue ypoOBHH, OJHAKO, B OTJIHYHE OT YpOBHeH 3JeK-
TPOHOB NPOBOAHMOCTH, SIBJASIIOTCA JIOKaJbHBIMH, TaK KakK 3JIEKTPOHHI,
HX 3aHHMMalouye, paclosoXeHbl B HENOCPeACTBEHHOH OJIH30CTH OT MpH-
MECHBIX LEHTpPoB (puc. 2.19). DHeprus MOHH3aUUU JOHOPA &4 Ha 3ToM
auarpamme paBHa (E, — E,). AHallorH4HO, 5HeprHsi, HeoOXoaumas /s
3abpoca 3/E€KTPOHA W3 BaJIEHTHOH 30HBI Ha akuenTop (WJIH, APYTHMH
CJIOBaMH, SHeDPTHUs OTPbIBA CBA3aHHOH JBIPKH OT akuentopa ¢7,), paB-
Ha (E; — E,.).

DHepruio MOHM3ALHH IPUMECHEIX aTOMOB B KPHCTaJI/I€ MOXKHO 3Kcrie-
PHMEHTAJIbHO OnpeneNuTh JHOO U3 TemnepaTypHON 3aBHCUMOCTH TIOCTO-
AHHOK X0/ («TepMHYecKas» SHePrust HOHU3ALWHH), JHO0 U3 ClIeKTpaJb-
HBIX 3aBHCHMOCTeH KO3(puieHTa NOIJIOWEHHs CBeTa M ¢OTONpPOBOIH-
MOCTH («ONTHYecKas» SHeprusi HOHM3aLHH).

3HaueHus: sHeprun Honusauuy atomoB 111 w V rpynn B repmanuu
M KpeMHHH, ompeje/eHHble H3 ONTHYeCKHX H3MEPEeHHH NpH CeJHeBhX
TemnepaTypax, npuBelleHsl B Tabnuue 2.1. SHepruu HMOHH3aUMH B Tep-
MaHHH MaNo OTJIMYAITCA APYr oT apyra v G6ausku K 0,01 3B. Iror
pe3y/IbTaT XOpolo OOBSCHAETCS B TEOPHH «BOAODPOAONONOOHBIX» NpH-
MeCHBIX aTOMOB, KOTOPYIO Mbl paccMoTpuM B 1. IV. BeslenctBue Masion
SHEprud HOHM3aLMH aTOMBI 3THX 3JIEeMEHTOB B FepMaHUH IPaKTHYECKH
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Tabruya 2.1

OHeprHA HOHM3AUHH (B MHINHIJNEKTPOHBOJNBTAX) ATOMOB 3JEMEHTO3
HI v V rpynn B OCHOBHOM COCTOfIHHM B IEPMAHHH H KpeMHuH *)

DJiemMeHT Ge Si Tun SnemeHT Ge Si Tun
B 10,6 | 443 P 127 | 453
Al 109 ) 684 Axuenropu, As 140 1 33,5 Hcrophs,

f’: }i; 1553 To=E—E, | Sb | 102 425| Fy=E,—E;
N | sl Bi | 127] 11,0

*) OGsop LI. M. Koean, T. M. Jludwuuy, phys, stat. sol. (a) 39, 11 (1977).

HOJHOCTBIO HOHH30BaHbI, yXKe HauuHas c Temnepatyp ~10K u Boime.
3HepruM HOHM3AaUMH 3THX 3JEMEHTOB B KPeMHMH, OCOOEHHO aKHefTo-
pos III rpymmbi, orinyaiwTcsl 3HaUHTebHO cHibHee. OnHAKO H 371€Ch
(32 uckmwuenueM In) sHeprus MX HOHH3AUHUM HEBeJHKa, H IMO3TOMY
npy Temiieparypax, GIM3KMX K KOMHATHBbIM (M Bbille), aTOMBI 5THX
3/IEMEHTOB TOX€ HOHHW30BaHbl MOYTH MOJHOCTBIO. C ApYyroffi CTOPOHHI,
pacTBOpHMOCTb GosbliuHcTBa 3ademeHToB III M V rpynnm (kpome Bi
u Tl) B repMaHHH M KpeMHHH oueHb BeslHKa (Hampumep, aas In, Ga,
P B repmanuu oHa npuGamxaerca k 10** aromos/cu®). Hostomy, BBOAR
afementsl [1l ¥ V rpynn B repManHit B KpeMHHH, MOXKHO B LIHPOKHX
npeiesiaXx MeHSTb KOHLEGHTPALHIO 3VIEKTPOHOB M JEIPOK H, COOTBET-
CTBEHHO, 3J1EKTPONpoBOAHOCTE. [lono6Hble NpUMecH; co3alcLIie MeJIKHe
YpOBHH SHEPrHH H CHOCOOHble BXOIHTb B peIUETKY INOJYIIPOBOLHHKA
B GOJBIIUX KOHUEHTPAUHUAX, Mbl B JaJjbleiiiiem OyjleM HasblBaTb Jaeeud-
pyrouiumy PUMECSIMH. ~

EcaM rmpuMecHble aTOMb! TNpHHALIEXKAT TpyfNe MepHORUYECKOH
CHCTeMbI, KOTOpasi OTJIHYaeTcst GOJbILe HexXeql Ha eIHHHIY OT TPYIbi
OCHOBHOTO BelLIeCTBa MOJYIPOBOJHHKA, TO CHCTeMa JOKAJbHBIX YpOB-
Heil 3Hepruu okasbiBaeTcs cJoxHee. [IpH 3TOM, BO-TEpPBBIX, MOABJSA-
I0TCs [IBa MJIM HECKOJIbKO Da3HbIX YpOBIIEH SHEPrHH JUIsi OAHOrO H TOrO
e aroMa. I, Bo-BTOpBIX, BO3HHKAIOT MIYOOKHE YyDOBHH SHEpTHU.

Ha puc. 2.20 B xauectBe mpHmepa npHBeleHbl IPHMECHBIE YPOBHH
3HEPTHH B TepMaHHH, KOTOPbIl H3yueH HauboJjee noapobHo. Ocrano-
BHMCSl Ha CMbICJle 5TOH JHAarpaMMbl.

PaccmoTpuM, Hanpumep, Meib, KOTOpasi CO3/la€T B TePMaHUH TPH
aKLeNMTOpHsIX YpoOBHsi, yaaneHHbix Ha 0,04 u 0,33 3B or Bepxa
BaJleHTHOH 30HbI M Ha 0,26 3B or AHAa 30HBI NPOBOXMMOCTH. IJTO 3HA-
YHT,YTO aTOM MEJH MOXKeT NMPHCOeIUHHTL K cebe Tpu 3jekTpoua. [pu-
CoelHHEHWe TePBOr0 3JGKTPOHA (M3 4HC/IAa 3JEKTPOHOB, o00Opa-
3YIOUIMX BajJieHTHble CBfI3H. B KpHCTalLie) TpeGyeT HaHMEHbILeH
sHepruu E, — E, = 0,04 sB. Ilpu stom artom wmeau nmpespauiaetcs
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B OTpHilaTe/ibHLIE MOH Cu™ H ORHOBpeMefiHO o0pasyeTcst NOIABHIKHaf
NOJIOXKHTENbHAA JbIpKA. TT03TOMY Mbl MOXEM TaK»Ke CKa3aTb, YTO 3TOT
3/IeKTPOHHBIN Nepexo/ €CTb OTPLIB CBA3aHHON ABIPKH OT akilenTopa, Ha
4TO0 HeoOGXoAMMA sHeprHsi Houuszauuu 0,04 3B. Jns orphiBa 3axBauen-
HOTO 3/ieKTpoHa oT MoHa Cu™ U IepeBojia €ro B NOJBHAKHOE COCTOSIHHE
Heo0xonnMa HauMeHbiuas sueprus 0,79—0,04 = 0,75 3B, rae 0,79 3B
ecThb INHPHHA 3anpeleHHOH 30Hbl repmanns (npu 0K). Axajgorugno,
sneprua E, — E, = 0,33 3B wHa 3ToHf Aauarpamme ecTb npHpatieHHe
SHEPTHH LleHTpa NPH npucoesuHeHHH K HoHy Cll” BTOPOTO 3JeKTPpoHa
(13 uHCaa 37€KTPOHOB CBSA3H) H NpeBpauieHut ero B HoH Cu*. T1pu aTom
CpenH 3JIeKTPOHOB CBA3H (B BasleHTHOH 3o0He) ofpasyercs BTOpast

W
P> V egyrnel
¢ = — J
U’m g’gz 0’ l 38
e 0’ 2 l
o ox & OB Jog
% 0’3_7 ’
%_Ri—_._.._.___._-._._..‘ _________ q :s_.é_—n.’.s.s_‘..__.—-——--—
N 02z 028 - 1
016 of6 018 ~17,3T
009 g7
E 004 0,03 0,05 0,[1’! O,Q§D 7 318
UV dwenmopy 7 td Mn MU G Fe Cu Au
¥/

Puc. 2.20. 3nepreTnyeckne YPOBHH HEKOTODHIX TpHMece#t B repMaHuM NpH TeMne-
patype aGcoaloTHOro HyJs. Bce ypoBHH — axHenTOpHbE, 332 HCKJIOYEHHEM HAaHHH3-
1Iero yYpoBHS 30./10Ta.

NOIBHXKHASA NbIPKA, H MBI MOXKeM CKasarb, yTo sHeprus 0,33 3B ectb
' 3HEeprus OTpbiBA BTOPOH ABIPKH, CBs3aHHOH ¢ HOHOM Cu~. DHeprus
OTpHIBA 3JIeKTpoHa oT HoHa Cu*~ ectb 0,79 — 0,33 = 0,46 3B. H, naxo-
Hell, 5Heprus NpHcoesHHEeHHS TPeTbero 3JEeKTPOHa, Tenepb yXKe K HOHY
Cu® (uaW, YTO TO XKe, SHEPTHS OTPbIBA TpeTbell IBIPKH), paBHA
E, —E, = 0,79 — 0,26 = 0,53 3B. Ilpu stom o6pasyercs non Cu¥,
JHepris OTpbIBa 3aXBayeHHOTO TPETheTro 3JeKTpoHa ectb E, — Eg =
= 0,26 3B. Taxum oGpa3om, y3eJbHLIe aToMbl MeiH B repMaHHH fB-
JISIIOTCS TPOHHBIMH aKIleNTOpaMH H MOTYT CYIUECTBOBATb B UEThIPEX
sapanubix cocroanusx: Cu®, Cu-, Cu* u Cu*.

Uneno pasnuuHbIX JIOKAJBHBIX YpOBHeH 3HEPIHH IJIsi Y3edbHBIX
AIPHMECHBIX 4TOMOB B TepMaHHM B psije CJyddeB COLIACYETCH C- OXKH-
JaeMBIM Ha OCHOBAHUM 3JIEKTPOHHON CTPYKTYDH aiomMa ¥ TeTpasipHue-
CKOrO XapakTepa BaJIEHTHHIX CBsideHl B repMaHuH. PaccMoTpyM, Hanpw-
Mep, aaemenTsl 11 rpynnet Zn u Cd. HMx aToMbl HMeIOT No 1Ba BaJ€HTHBIX
57eKTpoHa: (4s)® M, cooTBeTcTBeHHO, (5s)®. OnHako nis oOpasoBaHHs
3aBepLIEHHBIX TeTPasAPHYECKHX CBA3eH B repMaHHH HeOOXOAHMO Uerhipe
anekTpoHa. HenoctaTok ABYX 3JIEKTPOHOB NpPHBOAHT K OOPa3OBaHHIO
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ABYX IBIPOK, CBSI3aHHBIX C 5THMH aToMaMH{, H NOSTOMY OHH SIBJSIIOTCA
JBOHHBIMH AKLENTOPaMH.

Anementsl Mn (VII rpynna) n Fe, Co, Ni (VIII rpynmna) Bce umeior
Ha caMoil RHellHedl 06oJouke no jBa 3JekTpoHa (4s)®. Ilo-BHaumomy,
MMEHHO 3Ta Mapa 3JEeKTPOHOB H y4acTBYeT B OOPa30BaHHUH BaJeHTHBIX
csaseit. Ho Torna onsath n/a 3aBeplueHHs BajeHTHbIX CBsi3eH e XBa-
TaeT ABYX 3/IEKTPOHOB, H aTOMbl 3THX 3/IEMEHTOB TOXe SIBJAIOTCA ABOH-
HBIMH aKHeNTopaMu.

Snementsl | rpynnsr Cu, Ag 1 Au HMeIOT 1HO OXHOMY BaJIEHTHOMY
SJeKTPOoHY: (4s), (bs) u (6s). ITosToMy npH y3eNbHOM INMOMOXKEHHH FTHX
aTOMOB C HUMH CBSI3aHbI TPU JBIPKH, U OHH SBJAIOTCS TPOHHBLIMH aKuerl-
topamMi. Oxnako y Au oOHapy:KMBaeTcsl ellle W JOHOPHBI YpOBeHb,
CBSI3AHHLIH C BO3MOXKHOCTBIO OTIUEMNJ/IEHUsl BaJEHTHOT'O 3JEKTPOHA.

Paccmorpum, Hakosen, euie npumep Te (VI rpymna). Ou umeer
ILECTb BAaJNEHTHHIX 3JeKTPoHOB (Ds)® (5p)*, B TO BpeMs Kak Afs 3aBep-
IeHHs] BaJeHTHLIX CBs3eHl HX HeoOXOAHMO TOJbKO ueThlpe. B coorBer-
CTBHH C 3THM y3eJbHble aTOMBI TeJl1ypa CO3JAl0T B repMaHHH ABa JOHOP-
HBIX YpPOBHS,

§ 10. Bakancuu ¥ MexnoyselbHble aTOMbI

Hapymenuss npaBuabHON NepHOAHYHOCTH KPHCTA//a BHI3LIBAIOT He
TOJbKO aTOMbl MpHMecell, HO H COOGCTBEHHO CTPYKTYDHble JAedexThl,
T. €. pas/iMuHble HEMpaBUJIBHOCTH B Paclo/OKEeHHH aTOMOB OCHOBHOIO
BelliecTBa KpHCTasga. Takue CTPYKTYpHbIe JeeKThl, KaK H aTOMbl
npuMeceil, CO3AaI0T B OTAEJNbHBIX y3/aX pellieTKH HapylueHNs MpaBHIb-
HOTO YepelloBaHUs XUMHYECKHX CBsI3el, YTO MOXeT NPHBOIHTD K MOsIBJIe-
HHIO B 3alpellleHHOH 30He JIOKAJIbHBIX YPOBHEH SHEprHH.

TIpocTefuM THIOM CTPYKTYPHHIX 1eEKTOB SABJSIOTCS BAKaHCHHU
(nedextnl mo IlloTTKH), KOTOpHIE MpEICTaB/IAOT COBOH NMPOCTO MyCThIe
y3asl pemnetkd. OHM cXeMaTHYeCKH IIOKa3aHbl Ha npHMepe pelleTKH
coegunenus tuna AB Ha puc. 2.21, a. 3nech GoabliHe KpyKKH H306pa-
JKAIOT aTOMbI A, Manble KpY»KKH — artoMmbl B. BakaHcuu moryT GeITh Kak
B mpocrofi peiierke A, Tak u B npocroii pewerke B. Ipomecc ux o6pa-
30BAHHA MOXKHO MpPEJCTABHTb KaK NEpexof CHayajda OJHOrO M3 MpH-
MOBEPXHOCTHBIX aTOMOB Ha caMy IOBEpXHOCTb KpHcTaldna. B obpaso-
BaBIUYIOCSI TaKWM 00pa3oM INpPHIOBEPXHOCTHYIO BAKAHCHIO TENJIOBHIM
JBUXeHHeM MoxeT ObITb 3a0pollieH ofHH H3 0osee r1yOOKHX aTOMOB,
OTYero BO3HUKHET BakaHCHd, 6osee yjiajJeHHas OT NOBePXHOCTH, H T. I
C nomouibio’ TAKOro mpolecca, KOTOPbIE MOMHO paccMaTpHBATh Kak
nuddy3nio BakaHCHH ¢ TOBEPXHOCTH B IMyGb KpHCTaMJa, BaKaHCHH
MOTyT o6pa3oBaTbCsi B JIOGOM MecTe KpHcTasia.’

Hpyrofi Tvn jedekTa, ToxKe o0pa3oBaHHLIN CMelieHWeM aTOMOB pe-
IIeTKH, MOJNyYaercs, ec/IH CMellleHHbIl aTOM OCTaeTCsl B HEMoCpejiCTBeH-
Ho#l GJM30CTH OT CBOETrO y3Ja, TaK 4TO JetheKT COCTOMT H3 BaKaHCHH
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H Mexaoy3edbHoro atoMa (puc. 2.21, 6). IlpencrasyeHue o nederrax
Takoro poja 6su10 BBeneHo $. M. ®penxenem.

PaccmoTpennple JedekThl CYIIeCTBYIOT BO BCeX KpHCTadjdax, laxe
€CJIH OHH HaXOIATCA B TEPMOAHHAMHYECKOM pPaBHOBecHH. B 3ToM ciydae
nedeKTbl BO3HHKAIOT BCJeACTBHE (AYKTyalHil TENJOBOTO [BHKEHHS,
IIDH KOTOPLIX OTAE/NbHblE Y3Jbl DEeleTKH MOTYT MOJYYHTb 3HEPTHIO,
JOCTAaTOYHYIO AJsi 0Opa3oBaHMsl AedexTa. KOHUEHTpauHs BaKaHCHA H
ledexToB 10 PpeHKeII0 3aBUCHT OT 3HEPTHH HX 06pa3oBaHUsl H TemIe-
patypel H O4€Hb OLICTPO YBEIHYHBAETCA NPH NOBBHILUCHHH TEMIEPATYPHI.

Bosibiiass KoHUEATpaLHst BaKaHCHH MOXeT BO3HHKHYTb B HECTEXHC-
METPpHUECKHX KPHCTa/11aX XHMUYeCKHX COefltHeHHH, T. €. B KpUCTa/laX,
HMeIOIHUX U30BLITOK MJIM HeJOCTaTOK OJAHOTO H3 KOMIIOHEHTOB. X OpOILHM
NpHUMepOM BaKaHCHH SBJAIOTCA TaK HasbiBaeMmble LEHTPH OKPacKH

o (o @Q@@
o O O 0O
o (e o e

Puc. 2.2]. @) Baxancua. 6) BaxaHcHs ¢ Mexpoysenn.
HBIM aTOMOM.

B HIEJIOYHO-TANOUHBIX KpHeTanaax. ONbIT OKa3bIBaeT, YTO NpH Harpe-
Batuu xpucrasioB LiCl, NaCl, KCl u T. 1. B napax cBoero uieJJO4HOro
MeTa/yla KPHCTAJLIBl NPHOGPETAIOT TYCTYI0 OKPACKy: XKe/lTYio B Clyuae
NaCl, cunioo B cnyyae KCl u ap. Takywo ke OKpacky MOXKHO BBI3BaTh
B LIEJOYHO-TAJOMAHBIX KpHCTaJd/lax, o00Jydyas HX pPEHTIeHOBCKHMH
JAyuamu. XHMHUECKHil aHa/lW3 MOKa3blBaeT, 4TO TaKHe OKpaIleHHble
KPHCTaJUILI MMEIOT H30BITOK Lileo4Horo MetaJna. Mx okpacka oGycmaos-
JleHa BO3HMKHOBEHUEM B CIHEKTpe IMOTJIOUEHHA CBeTa omnpejeJeHHON
N0JIOCH IOTJIOLIeH s, KOTOpas pasJHuHa A/1f pasHbIX KPHCTAaMI0B. ITH
M0JI0CKI NIOTJIOLIeH s 6bl1H Ha3BaHel P. B. [Noaem F-nojocamu, a BbI3bl-
BalOlllMe UX LEHTPbl MOTJIOUIeHUs — F-LeHTpaMH (oT Hemeukoro Farb-
zentren). ‘

O6mbsichenre npupoasl F-ueHTpoB Gblio fano H. Morrom u P. Tepuu
[2]. B kpHcTamiax ¢ H3GHITKOM IIENOYHOrO MeTasljJa HMeeTcst HelocTa-
TOK TaJOHJA, YTO NPHBOJHT K BO3HMKHOBEHHIO BAaKaHCHH B pelLETKe
aHHOHOB. [IpH 3TOM NOJOXKHTENbHBIH 3apsii KaTHOHOB, OKDYKalOIMX
JAaHHYI0 BAaKaHCHIO, OKa3blBaeTCA HECKOMNEHCHPOBAHHBLIM, H B, KpH-
CTajjle BO3HUKAeT MOJOXKHTEIbHO 3apsDKeHHbIH HEeHTp, CIIOCOOHHIR
IIPHCOCNHHHTL K ceBe HU3OLITOUHHIN 3JeKTpoH (puc. 2.22). Taxkum
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o0pa3om, oGpasyercs ueHTp noHopaoro tuna. Ilox mefictBueM ¢oroHoB
AOCTAaTOYHO GOJBIIOH HEPrHH 3TOT 3JEKTPOH MOXKeT ObiThb OTILIENJEH
.ot F-nentpa. [IpH 3TOM NPOHCXOAMT MOIVIOLWIEHHE CBETa H BO3HHKAeT
[IPOBOJIMMOCTb KPHCTA/IOB (DOTONpPOBOAMMOCTD). JHEPrHS HOHH3ALHUH
F-ueHTpa npHOJH3HTEbHO PaBHA 3HEPrHH (OTOHOB, COOTBETCTBYIOILEH
cepelMHe M0JOCH ONTHYECKOrO MOIVIOULEHHS.
OnpiT mOKas3blBaeT, YTO INOCAE JIJIHTEJIbHOrO MNOIVIOIEHHS CBeTa
B F-nosoce B OKpalleHHbIX KpHCTalJax 3Ta mojoca ociabeBaer, HO
OJHOBPEMEHHO MOABJISAETCs HOBas I0J0ca MOIJIOUleHHs B Gosee [JIHH-
HbIX BoaHax (F’-nonoca). ITocnenyioutee mnor/omeHue csera B F'-mo-
JIoce ToXKe Bbi3biBaeT Goronposogumocts. I1pu stom F’-mostoca norJome-
HUSt ocjabasiercsi, a repBOHava/lbHasg F-mosoca BOCCTAHAB/IHMBAeTCH.
2710 EOKa3biBaeT, YTo, HapsAly C F-LEHTpamH, B IIEJOYHO-TAJOUTHBIX
KPHUCTAJ/IJIaX MOTYT BOZHHKATDH €Ile [EHTPI
+ — + — + — jpyroro thna (F'-uenrpsi). Hwmerourmecs
— o e + IKCIIEPUMEHTA/IbHbIE JAHHRIE IPHBOAAT K

/ \ BEPOSITHOMY 3aKJIOUEHHIO, YTO F'-HeHTpHI
g -l -4 — TpEICTaBAAT COGOH BaKaHCHIO, 3aXpa-
\ / THBLIYIO 1Ba 3JIEKTPOHA, H YTO BO3SHHUKHO-
— 4 = F.~ -+ Benue F'-nosochl NOIJIOUIGHHS] H CBA32H-

HOH € Hell §OTONPOBOAMMOCTH 0O6YCIOB-

+ — 4+ — + — jeno uonpsaumeii BTOPOro 3aXBayCHHOro
Puc. 2.22. Monenp F-uentpa 3/IeKTpOKa.

no Motry i T'ephs. AHaJOr#YHO 3TOMY, HMEIOTCS YKA3AHHA

Ha TO, YTO BAKAHCHS B KaTHOHHOH pelier-

K¢ HOHHBIX KpHCTaJNJOB NPHBOAUT K 0Opa30OBaHHIO OTPHIATENBHO 3a-

PAMKCHHOrO LEHTPA, C KOTOpPHIM CBS3aHa NOJOXHTEJAbHAA HBIPKA, T. €.

K aKUENTOPHOMY UEHTPY. IleHTpHl Takoro THma MOJYyYHIH Ha3BaHue

V-ueHTpos.

Xoporuum npmuepom JedekToB no PpeHKeM0 MOTYT CAYKHTb Tak
HasbiBaeMble pajHalHOHHble Je(PEeKThl B repMaHuH U KpeMHUH. OHH BO3-
HHKaloT npu OGoM0apaMpOBKE KDHCTAMIOB OHICTPEIMH 3/1€KTPOHAMH
C 3HepPruefl MOPsAKA COTEH KHJIC3/AEKTPOHBOJLT H Bbillie, KOTOPhbie TIpH
COYAapeHHH C aTOMAMH KPHCTa/Ia CMELIAIOT HX U3 Y3eJBHOrO MOJIOKe-
HHA B MexIoyseJbHOe. OnuIT MOKaswBaeT, YTO NpHU 3TOM Ha obpaso-
BaHHe ofiHOro JedekTa HeoGXonMMa B CpeiHeM 3Heprusa okoJo 3,6 3B
B IepMaHHH H OKoJo 4,2 3B B kpemMHHUHU. '

Hccnenosanus spdekta Xonaa, onruueckux H GHOTO3JIEKTPUUECKUX
CBOHCTB KDHCTAJJIOB KPEMHHMs M FepMaHUs ¢ PaJiMalHOHHBIMH Jedek-
TaMH MOKasbiBAIOT, YTO 3TH JE(hEKTHEl CO3LAIT CJIOXKHYIO CTPYKTYpPY
3HepreTHYECKHX ypPOBHEH. Y CTAaHOBJIEHO TaKxke, UTO MO KpaihHeld mepe
4acTh M3 3THX yPOBHeH 0oOycJaOBJeHAa He NMpOCTbIMH jepexktamu Ppe-
KeJisi, a 6Gojee CAOXKHBIMHM LEHTPaMu, OOpa3oBaHHHIMH H3 JedexToB
dpeHkeJass H INPHCOCAMHEHHHIX K HHUM atoMoB Kuciopopa. OnHako
Ha 3THX BONpPOCax Mbl He GyleM OCTAaHABAUBATBCA M OTCHIIAEM YHTa-
TeJd K crenHanbHoli smuteparype [5].
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§ 11. Jducnoxkanuu

PaccMOoTpeHHbIe BbIIIE CTPYXTYPHBIE 1eheKThl — MPUMECHBIC aTOMB,
BAKAHCHH M KOMCHHANHH BaKaHCHI C MEXIOY3eJbHBIMH ATOMAMH —
'HapylWawoT NpaBU/IbHOE DacNoNokKeHHe aTOMOB B npefenax HebOo/b-
moro ofbema, MOpsAjKa HeCKONbKHX 3/JeMEHTAPHBIX fUeeK, U MOITOMY
‘MOTYT OBITb Ha3BaHLI TOYEUHBIMH JedexTamu. Kpome TOro, B KpHucTas-
Jlax MOTYT ObiTb eiue JHHeliHpie CTPYKTYpHEe fedekTsl B BHIE TaK Ha-
3bIBAEMBIX IUCHOKauui. OHu oﬁpaayloTc;l pH nebopMalud ClIBUrA
‘B pe3yJIbTaTe CKOJbXEHHA aTOMHBIX IIOCKOCTeH APYr OTHOCHTENBLHO

apyra,

Bewimop caseez
———
|
| 2 e
[
//:7 1
4 ,/
///
//’4[ 5 ﬁ /g
N
4 casuea A
a) )

Puc. 2.23. a) OGpasoBanne JHuefiHOA IHCJIOKAUHM NpPH CABH-

re. Jlunefinas auciokauusa AD nepneHmHKyJsPHA K BEKTOPY

caBHra. 6) PacnosoxeHnHe aTOMOB B ILIOCKOCTH, NepHEHAHKY-

JIAPHOH K JIHHEHHOH QHC/OKALHH, B NPCCTOM KyOGHUYECKOM KpH-~
) cranne.

Ecnn 6bl CKOJMBXeEHHe MPOHCXOAUJIO MO BCeHR aTOMHOH MMOCKOCTH
KpHCTaJlJla, TO BCe AaroOMbl 3TOH MJIOCKOCTH IEpeARHHVJUCHh Obl Ha
OJMHAKOBLIC PACCTOSIHHMA B OHY MJIH HECKOJbKO NMOCTOSIHHBIX PEIIeTKH
B HanpaBJ/eHHH CABHUTA W 3aHAJH Obl HOBHIE MOJIOXKEHHS, HIEHTHYHbLIC
npexuuM. OgHako B JEACTBUTENBHOCTH CKOJIbXKEHHE IPOHUCXONHT
TOJBKO Ha YaCTH aTOMHOH INIOCKOCTH. 2TO HOKAa3aHO CXeMaTHYECKH
Ha puc. 2.23, a, riae ABCD ectb nsowanp casura. B pesyabrare Bokpyr
Jubaud AD, ornensiouredt 30Hy cABHTra, 06pa3yeTcsl XapaKTepHOe HCKa-
>KeHue pemreTkd. JIuHua AD Ha3sbiBaeTcsl JIMHeHHOR (MJIH KpaeBoi)
IHCJO0KaLmell 1 0603HayaerTcs 3HaYKoM _| . Huﬂeﬁﬂaﬂ’nﬂcnoxauﬂﬂ BCer-
Jla mepneHIUKyJIfipHA K HanpaB/JeHHIO CABHra.

PacnionoxenHe aToMOB B IJIOCKOCTH, MEpNEeHAHKYJSPHOM K JHCJIO-
KauuH, OJAA CJayyass HpOcTofi - KyOHUYeCKOH peilleTkd II0Kas3aHo Ha
pHc. 2.23, 6. B pesysbraTe caBHra o6pa3oBaniach ONHA HENOJHAA aToOM-
Hasi VIOCKOCTb, Kpail KOTOpo# W elTb JiMHeiHaa jpuciaokauus. U3 pu-
CYHKA TaKKe BHAHO, 4TO BOJIM3H NHCJOKALHMH pelerka ynpyro Aegop-
MHDOBaHa, MPHYEM HMEIOTCH KaK 00JIACTH CXKaTHA, TaK U 601aCTH pacTa-
JKeHHsl. -
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3t aebpopMHpOBaHHBIE 06JAaCTM BO3HHKAWT H Y MOBEPXHOCTH
KpHCTajaa BOJHM3H TOUeK BHIXONA AUC/JAOKauMH Ha nosepxuocrts. ITos-
TOMY CKOPOCTb pacTBOpPeHHA KpHCTa//la B DA3JHUYHBIX TpaBATeNsX
naMmensiercss BOJIM3H 3THX ToueK. Ha 3ToM c©6cTOsITeNnCTB2 OCHOBaH
NIHPOKO pacnpocTpaHeHHbI!l cnocof ofHapyxeHHA JHCJIOKauui 1o
«IMKAM TpaBJeHusi». Paszymeercs, AJf MoJy4YeHHSi YETKOH KapTHHBI
HY2KHBI CIeNMa/IbHO N0100paHHble TPABUTeNH, PasHble 117 PasHbIX Kpl-
cTa/IoB (2 WHOrjAa W /s pasHblX Tpadeil). JlUcAOKaUUOHHBIE AMKH
TpaBJeHHs OTJIHYAIOTCH OT ApYrHX MaKPOCKOMUYECKHX AedeKToB ‘(Ha-
pHMep, TOCTOPOHHHMX BKJIOUEHHH, PAKOBHH H T. N.) NpPaBHJABHOI
(opMoOfi, oTpaxaicilefi CHMMETPHIC PacloJIoKelHsi aTOMOB Ha JaHHOM
rpafy.

Besiencteue MeXaHHYECKHX HaANpsSKeHMH BOKDYr AHCJAOKauuii no-
TEHIHaJIbHAs SHepPTHHA MPUMECHBIX aTOMOB BOJIH3H AUCAOKAlMI MelibIne,
HeXeJM BRaJu oT HuX. [lostoMy Jerko JudbdyHAHpYyOLIHE TPHMECH MO-
I'YT HAKaNJHBaTbCA BOKPYI IHCJIOKAUMH, 00pa3ys NPHMECHYKD «aTMo-
cepy» BOKp yr HHX. [Toab3ysacs 3THM 06CTOATENBCTBOM, MOXKHO CAENATh
JMCJOKALUHMN BHAMMBIMH. Tak, HanpHMep, MOXHO BHJETb NMCJOKAUHH
B KPEMHMH, BBOAs B Hero AudxpysHell Mell W nomyuyas 3aTeM H3obpaxe-
HHe BHYTPEHHOCTH KpHCTalJa B GJIH3KOM HHGpakpacHOM cBere ¢ Imo-
MOUILI0 MHKPOCKONA M 3JeKTPOHHO-ONTHYECKOTO NpeobpasoBartes.
Tak Kak caM KpeMHHH XOpOIUO NMpo3paued IJs AJHH BOAH A > 1 MKM,
TO NpU 3TOM TNOJydYaercs 4eTkoe H3oOpaKeHHe IHCJIOKalHi, crenaB-
IWHXCA HENpOo3pauHbLIMH BeJledCTBHe OOpa3oBAaHHs HpPHMECHOH aTmo-
cdepsl MenH.

Jucnokanuu MOTyT BO3HHKATbh CAMONDPOH3BOJBHO B APOUECCE pPocTa
KpUcTania. Takue «BpOXKIEeHHBIE» NHCAOKAUMH MOTYT 00pa3oBaThCsl
BCJeNCTBHE AedopMalii pH HepaBHOMEPHOM OXJaXKJIeHHH KpHCTaJna,
BCJIEACTBHE HEPABHOMEPHOCTH CKOPOCTH 3aTBepCBAHHs KpHCTa/lna,
a TaKxKe B De3ylpTare pacnpoCTpaHeHHs JHCJIOKaUHH M3 3aTpaBKH H
IPYTHX TIPHYHI.

Ecad, HanporuB, B KpHCTal/Ie HEOOXOIHMO CO3ILaTb JMCJIOKAIINH,
TO U 3TOro YAOOHO HCMONB30BaThb MJACTHUECKYIO aedopMailiio H,
B ocobeHHocTH, H3ru6 KpHucranja. Ilpd npoctom H3ruGe nJaOTHOCTH
IHCJOKaUMi (T. . yHCJO JAHC/TIOKauu# Ha | cM?, mepnenanKyJsipHBIf
HanpasJieHUI0 AHCJOKauHi) o6paTHO NPOMOPLUHMOHANbHE PAanUHyCy KpH-
BH3HBI HeHTpaJbHON MNJOCKOCTH H MOMXeT GBITb TeOpeTHYeCKH paccyH-
taHa. KpoMe Toro, npu u3rube MOXKHO NOJYYHTb UHMCTO JIHHEHHLIE
IHMCJIOKalMH, OAHHAKCBO HampamjeHHble M HapajJjesbHble  OCH
H3ruoa.

HuTepecHBI!l cayyail ynopsil0o4eHHOTO PacloOXKEHHA IUCTOKAIHH
HaboJaeTcss Ha TpaHulle JABYX CPOCIIMXCS MOHOKPHCTaJBHBIX OJOKOB,
pa30pUeHTHPOBAHHEBIX Ha Ma/bpli yroJ. ITH TaK HasblBaemwle «Ipa-
HUIIBI 3€peH NOJ MaJbiM YIJIOM» MOT'YT BO3HHKATb CaMOIPOH3BOJBHO
B Npollecce KPHCTAJNIH3aLKHE HIH MOTYT ObITb CO3IaHBI TpelHamMepeHno,
ec/M BECTH KPHCTANJIH3ALHIO ¢ NOMOLIBIO IBYX HAEHTHUHBIX 3aTPaBOK,
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COCTABMAIOIHX MaJblii yrol. B 3tom ciyuyae coenvHenue ABYX ydacreif
OGHKPHCTaJJIa OCYIIECTB/IACTCSA € MOMOLIBIO Psifia MapasiiesbHbIX JHCJIO-
Kauuid, o0pasyiCliuX «IHCIOKALHOHHYIO CTeHKy» (puc. 2.24). U3 pu-
CYIKa BHJHO, YTO CpelHee PACCTOSHHE MEXKY COCEIHUMH JUCIOKAHAMH
paBHo D = b/f, rne 6 — yrom mexny 3epHamu (B pajHaHax), a b —
paccTosiHUE MEXK1y aTOMaMH B HanpaB/JeHHH CKoJbxeHus. I1pu Tpasie-
HUH MOBEPXHOCTH KPHCTAJIA, HAa KOTOPYIO BHIXOAAT AMCIOKAIHH, Oy~
HaeTcs ynopstIOYEHHOe PACMookKeHHe SIMOK TPaBJIEHUs BIOJb onpefe-
JIEHHBIX JIMHHH, YyKa3blBalo- G

miee rpasduy JAByX cja6o Vol
PA30pHEHTHPOBAHHBLIX ofsa-
CTedl KpHcTasdia.

Ilpu TepMmuyeckoi o6pa- —
60TKe KpHCTad1d, B KOTO-
poOM HMEIOTCA MeXxaHHYeCKHe
HanpsKeHHd, B HEM IIPOHUC-
XOIHT mJjacTHyeckas aegop-
Malus. 3TO OCYLIECTB/SETCA
IyTeM IepeMelleHusl JHCI0-
Kauui. ITpy 3TOM yacro 06-
pasyercss uUeJas  cHcTeMa
JHUCJIOKAUHMOHHBIX  CTEHOK,
KOoTopasi IpeBpallaeT KpH-
cTann B coOpaHHe .OTAeNb-
HBIX 3€peH, Pa3sopHEeHTHpO- @
BaHHBIX Ha MaJbple YIabi (AB- Puc. 2.94. T

HCc. 2.24. 'pannua 3epen 1noj MajbiM yIJoM
JIeHHE «TIOTHT OHH3ALUHY). (CXeMaTHyecKu): @) pACHOJIOMKeHHe ATOMHEIX

Eciu  JuHefiHas IJIOT-  nuockocTell B 0GOHX 3epiiax; 6) COeHHEHHE 3e-
HOCTb juciaokanuiéi 1/D Ha  peH ¢ MOMOIBIO Psifa Mapajiie]bHbiX JHCIIO-
TpaHHLAX 3epeH CTaHOBHTCA | kauau.
oueHb GoJbluofi, TO CTaHo-

BUTCA OOJABIUMM H YTOJ pasopHeHTaudH §. IIpu sTom KpHCTaldn yxke
He/Ib3s pacCMaTpPHBATh KaK €IMHBIH MOHOKPHCTAI C HCKAXKEeHHOM CTPY K-
TYpOH, H OH INpeBpalliaeTcd B MOJHKPHCTAMIHUECKOE BEleCTBO.

IToMHMO paccMOTpPeHHBIX Bbllle JHHEHHBIX (MJIH KPaeBbIX) JHC/IOKA-
IHil, CYIIECTBYET -elie IPYrofl THO CTPYKTYPHHIX JedeKroB, Ha3biBa-
€MbIX BHUHTOBBIMH JHCIOKAUHMAMH (CM., Hampumep, [6]).

JlMcnokanut, nofo6HO MPHUMECHBIM aTOMaM H TOYEYHBIM CTPYKTYp-
HUbIM JedeKTaM, CO37al0T JONOJHHTEeNbHBIE 3/JeKTPOHHbIE COCTOSHHSA
B 3anpelieHHofi 3oHe sHepruit. B § 9 mpl Bupean, uro, aHaJU3HPYH
OCOGEHHOCTH XHUMHYECKHX CBA3eH BOJM3H NMPHMECHBIX aTOMOB, MOXKHO
clenath ornpefie/eHHble 3aK/IIOUeHHsI O XapaKTepe BO3HHMKAIOIIHMX J0-
KaJabHbIX ypoBHefi. [TonbiTaemMcsl Temnepb NMOJOHTH C 3TOH TOYKH 3pEHHUSA
K JMCIOKaUMH H paccMoTpHum, cienyq B. IHoknau, JuHefinyio KHCIOKa-
I[MI0 B penleTKe THOA aiMasa (HampuMep, B repMaHHH ‘HJIH KPEMHHH).
Ha puc. 2.25, a u3o6pakeHo pacro/ioxeHHe aTOMOB B PEIIETKE TAKOTO
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THna *). OHO COOTBETCTBYeT 3/eMEHTapHON siuefike anamasa, H30Hpa-
JKEHHOH Ha pHc. 2.9, HO 37eCh NMOKa3aHO GoJbilee: YHCIO aToMoB. Kak
U paHblle, JHHHAMM [OKa3aubl HanpaB/eHHbIE BaJeHTHLIE CBSaH,
KOTOpble CCeMHHAIOT KaMKIbIH 4TOM C YEThipbMsA €ro OJHMKaNAUIHMH coce-
asmu. Ha puce. 2.25, 6 nokasana Ta xe Tpynna aToMoB NpH HaJAHYMH

Puc. 2.25. o) PacrnojoxeHue atoMOB B CTDYKType an-

Maza. 6) OfuH H3 BO3MOXHLIX THNOB JHHEHHOH AHCJIOK2-

UMH B CTpYKTYpe aaMasa (no B. [Moxkawm). ducaokauus

BO3HNKNa BCIEACTBHE YaCTHYHOTO CIBUra mjockocts I or-

HocH1edbHO maockoctH 2. [NokasaHsl TakxKe TPH aroMa Ha

Kpae HenmoJHCH aTOMHON TJIOCKOCTH H MX HeclapeHHLIE,
HAH «BoaTaruecs», CBA3H,

JHHeHHOH ANC/I0KALNY, BOZHHKAIOWEH B PE3yAbTaTe YaCTHUYHOIO CABHIA
aTOMHON NJOCKOCTH I OTHOCHTeJpHO TNocKoctH 2. Ha pucynke orme-
YeHH TaKXe OCHOBHblE KpHCTamjorpaduueckHe Hanpapienus. Cusur

npousowes B mJockocTd (/1/) B nanpasinenun [/10). Jucinoxauns

*) W. T. Read, Phil. Mag. 45, 775 (1954).
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HanpasJjeHa Baoas ocH [01f]. Hax nsmockocTbio caBura umeercs psin
aTOMCH (HA PHCYHKe NOKas3aHbl TPH M3 HHX), JIEKALIUX HA Kpae HemoJ-
HOH aTOMHOM NJIOCKOCTH, KOTOpbie He HMEIOT COOTBETCTBYIOLHX COCenei
cHu3y. ITosToMy kaxaplii U3 3THX aTOMOB UMEET 1O OJHOMY HeCHapeH-
HOMY 3JIEKTPOHY, KOTOphie 00pa3yloT HeHacCblllieHHhle, MU (Clenys
tepMuHoJiorad 1llok/n) «GonTamiyecs», CBA3M.

OTMeTHM, YTO YKasaHHas KOHQUTYpalHa HEHACHUHEHHBIX CBs3ei
He fIBJIfieTCS eJMHCTBeHHO BO3MOXHOMN. Tak, HanpHmep, IpH 4aCTHYHOM
cliBHre MJIOCKOCTeH 2 M 3 OTHOCHTENBHO ApPYT ApYra CTPYKTypa CBssei
okasanacb Obt Ipyroi.

Hecnapennsle 3/1eKTpOHB Ha Kpae HEHOJMHOH aTOMHOH MJIOCKOCTH
H TIPUBOAAT K TOSIBIEHHIO JOMOJHHTENbHRIX cocTosHui. Ilpu 3rom,
‘B [IPHHUHIE, CJelyeT YYHTBIBATL ABE BO3MOXKHOCTH. Bo-nmepseix, Ha
HEHAChIEHHYIO CBf3b MOXeT OblThb 3aXBaueH BTOPOH 3JIEKTPOH, = OT-
Yero BO3HHUKHET [apHO-3/€KTPOHHas CBA3b. Ecau sHeprua storo
3JIeKTPOHA OKaxercs MeHblle, 4YeM B 30He TNPOBOAHMOCTH, HO
OoJlpllie, yeM B BaJIeHTHOH 30He, TO B 3anpellleHHOA 30He Gyner pas-
pEeILEHHOe COCTOSIHHE ANSl 3JeKTPOHOB. [lHMCJ/IOKAaUMsi oOKaxercs Cro-
COBHOM MpHCOEAHHATL K cefe JOMONHHTENbHBIH 3JEeKTPOH H Oyler
npoaBasaTh ce6f NOROGHO akuenTopam. Bo-Bropoix, HeHAachllleHHAN
CBA3b MOXeT ObiThb pa3opBaHa, M TOrla HECNapeHHbIH 3JEKTPOH mpe-
BpPaTUTCA B 3JIEKTPOH TPOBOIMUMOCTH. Ec/H 3Heprus HecrmapeHHOro
3JIEKTPOHA HMeeT MPOMEXYTOUHOE 3HAYEHHE MEeXKAYy SHEprUsIMH 3JjeK-
TPOHOB B 30HEe NpPOBOJAHMOCTH H B BaJEHTHOH 30He, TO AMC/IOKAUHUA
Oyler mofoGHa JOHOpaM C HepreTHYeCKHMH ypPOBHAMH BHYTPH 3ampe-
LeHHOH 30HHI.

Takum ofpa3om, JHHeHHbIE NHCIOKALMH MO 3JIEKTPHUECKHM cBoii-
CTBaM HMEIOT CXOJICTBO C MPHMECHBIMH IleHTpaMH. ONHAKO MeXAy HHMH
HMEIOTCS H CylLlecTBeHHble pas/iHudsg. B ciydyae npUMecHbIX LEHTPOB
JIOKaJIbHhIe YPOBHH B CpejHeMm pacnpejefeHbl HPHOJH3UTENLHO H30-
TPONHO B KaxJ0H MaKpOCKONMYECKOH 06sacTH KpHcTamia. B caydae
Ke JHUC/IOKalHA pacnpeje/ieHye OTIE/NbHBIX «UEHTPOB» KpaliHe aHH30-
TponHo. CpeniHee pacCTOAHHE MEXy HUMH OUYeHb MaJlo BLOJIb IHCIIOKA-
Kt (pacCTOAHHE MeXy COCeIHUMH GONTAOLLHMHCS CBA3SAMH). HOSTOMy
B OTCYTCTBHE IIPUMECHBIX aTMoc(ep AMCJIOKALHM ClefyeT MpeacTas-
JIATh CKOpee KaK OJHOMEpPHble KPHCTA/LIbI, HEXKeIH KaK HepaBHOMep-
HO pacnpee/eHHble ToueuHble UeHTpPbi. COOTBETCTBEHHO BMECTO JIO-
KaJbHbIX YpOBHell 3HeprHH TOYEYHHIX HetekToB (puc. 2.19) B stoM
cJyyae mnpaBHJbHee T[OBOPHTb OO IHepreTHYeCKHX 30HaX, CO3JaBae-
MBIX JUCJIOKALUSMU B 3ampellleHHOil 30He («AHC/JAOKALHOHHBIE 30HBIM).
Ilpu Hanuumu npuMecHuIX arMocep BOJHM3H QHC/IOKAUMH MOTYT BO3-
HUKATb W' QHCKPETHbie JIOKa/NbHbIE YPOBHH.

[Tonb3yachb U3/OMKEHHBIMH TPEACTABIEHIAMH, MOXKHO NPHOINKEHHO
paccMaTpHBaThb  JIHHEHHYIO JHCJIOKALMIO KaK 3apsKEeHHYI JIHHHIO.
Ecinu nposiBNAKOTCS aKuenTOpHble CBOHCTBA NHCJIOKALMH, TO B Marte-
puale n-THma oHa Gyjuer 3apsikeHa oTpuuatesbHo. Ilpu stom, Beaen-
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CTBHE OTTAJKHMBAaHHsA OT HEE 3JIeKTPOHOB NPOBOAMMOCTH, RHCJIOKALHA
6yleT OKpyXeHa HHIHHADHYeCKHM CJ0e€M HHAYNHDOBAHHOTO NOJIOXH-
TeJLHOTO 3apAja.

H3 stoft Moneaw, panee, ciaepyer, 4To AHCIOKALHH, KaK H NpHMeC-
Hble LEHTPH, JOJKHBI BBLI3LIBATH JONOJHHTEILHOE paccesiide 3JEeKTpo-
HOB H, CJIeJloBaTe/bHO, YMEHbLIATh HX NMOABHKHOCTb. IIpH 3TOM MOXKHO
OXHJaTh, UTO €CJU TOK TeueT NapaJjiie/bHO AUC/JAOKALMAM, TO UX BJHA-
HHe GyleT Majo, Tak Kak B 3TOM CJyyae OCHOBHAsl 4acTb 3JEKTPOHOB
OyZer ABHraThCsl BHE IHJIMHAPHUECKHX oGJacTeli oGheMHOro 3apsja,
3a npejesiaMH KOTOpPbIX 3JIEKTPHUECKOE TIOJIe 3apsiKEHHDbIX JUCIOKAHH
paBHO HyJic. Eciu ke TOK TeueT NepneHAHKYJSpHO AHCJIOKaUHAM, TO
TPaeKTOPHH 3JIEKTPOHOB HOMKHE CYLUIECTBEHHO H3MEHATbCH H NOABHXK-
HOCTb 3JI€KTPOHCB JOJIKHA YMEHbLIATbCA CHJIbHEe.

Bunsinde JuHeliHbIX JHCJIOKAlMH HA 3JEKTPHYECKHE CBOHCTBA
HOJYNIPOBOAHIKOB JeficTBHTebHO HabMmecaaercs Ha onblte. Tak, HanpH-
Mep, cOo3IaHMe JHCJIOKAaUHH B FepMaHHMH n-THMa IPHBOIMT K yMEHbllle-
HHIO KOHIEHTPALUHH 3J1eKTPOHOB IPOBOIHMCCTH. DTO IOKasblBaeT,
4YTO B FePMAHHH JAHCJOKAIHH CO37aI0T JIOKAJbHbEIE COCTOSIHHS aKUel-
TopHoro tuna. Ilpn 3ToM yMmeHbilaeTcss H NOABHAKHOCTHL 3JEKTPOHOB.

JuciokauHu MoryT aeficTBOBaTb TaKKe KaK 3bM(PEeKTHBHEIE LEHTPH
pekoMOuHaUHu (cM. v, 1X) U CynlecTBeHHO H3MEHATb KHHETHKY 3JeK-
TPOHHBLIX IIPOLLECCOB,
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JJIEMEHTBI 30HHOH TEOPHHU TBEPAOrO TE/IA,
1. HAEAJIbHASA PEIIETKA

§ 1. OcHoBHBbIe NPeANOOXKEHHS

Kaxk H3BeCTHO H3 KBaHTOBOH MeXaHHKH, Wi TeOpeTHYECKOro HccJs-
JoBaHUsA JOOOH CHCTeMBl YacTHIl, B YaCTHOCTH [Jif BBIYUCJEHHS BO3=
MOXKHBIX 3HaueHUH ee 3HeprHH, HajO pelldTb COOTBETCTBYIOIIEee ypaB«
Henue Ulpenunrepa. Tlociennee npeacrasdsier coboit andpepeHuHa b=
HOe ypaBHeHHe B 4YaCTHBIX IPOH3BOJHBIX, COZEepIKallee CTOJAbKO INepe-
MeHHBIX, CKOJIbKO CTeleHell cB0OOOsl HMeeT paccMaTpHBaeMasi CHCTeMa.
B ¢u3uKe TBepAOro Tesa B 3TY CHCTEMY BXOHAT, CTPOrO roBopsi, BCe
3/JeKTPOHBI H aTOMHEIE fpa aTOMOB, COCTaBJSIONIHX KpHCTa/wl. TakaM
00pa3oM, YHCIO CTerneHell cBOOO/LI, a ¢ HUM H UHCJIO epeMeHHBIX B Y paB-
Henuu lllpenunrepa, okasnbiBaeTcs MaKpPOCKONHYECKH O6OJBIIMM —— MO-
paika 102 -+ 10%. B pesyJbrare B3aUMOAEHCTBUS MEXJy HaCTHLAMH
nepeMeHHble He pas3jeNdiorcsi, H Mbl NPHXOAHM K MaTeMaTH4eCKOH 3a-
Jaye UCKJIOUHTebHOH TpyAHocTH. [IpsMoe peineHue ee B Hacrosilee
BpeMs HeBO3MOXKHO. BoJee Toro, jaxe ecaH 6bl penieHHe MOCTaBJAeHHON
3ajayy yjaajochb HalTH, ¢H3HUecKas MHTEPIpPETAlHs ero npeicTaBH/a
Obi, BUIHMO, HE MEHbLIe TPYIHOCTel, YeM caM IpollecC pelleHHs, HOO
.00beM HHGOpMalMH, TaKHM IyTeM NOJY4YeHHOH, Obl1 Obl HeoGhIYaHHO
BeJIHK. ,

Ilo sTMM npHUYHHaM COBpeMeHHAas KBaHTOBas TeOPUs TBepAOro
TeJla BbIHYXKJeHAa OCHOBLIBaTbCs Ha psafe ynpouleHHH. [locaeaunne
BLIOHpAOTCA € TAKHM pacyeToM, 4tobbl COXPaHHTb JIHMLIL HauboJee
XapakTepHble YepTHl CHCTEMBI, HCKJAIOUYHB BCe, CPAaBHUTEJBHO MaJo
cyllecTBeHHOe. 3OHHAsA TeopHsA (CMBIC] HasBaHus OyleT sceH U3 JaJlb-
Heililero) mpeacras/sieT Co60H, MO-BHAHMMOMY, CaMyi0 IPOCTYIO KBaH-
TOBOMEXaHHYECKYIO CXeMy, YYMTHIBAIOILYI0 Haubo/lee Bax<Hble 0cobeH-
HOCTH [BMXKEHUS 3JIEKTPOHOB BO MHOTHX KpHCTa/jaax. Kak Ml
YBHAHM, OHAa II03BOJISIET YCIIEMIHO MHTEpIpeTHpOBaTbh PN 3KCIEpH-
MeHTaJIbHBIX JAHHBIX.

3oHHas Teopdsa Oasupyercd Ha CJAGLYIOMIHX OCHOBHBEIX IPEANOJO-
JKEHHSX, COCTaB/IAIOMIMX B CBOCH COBOKYIHOCTH TaK Has3blBaeMoe «30H-
HOE NpHOMMKEHHe»:

1) Ilpu H3yyeHHH JBHXKEHHS 3JIeKTPOHOB aTOMHbie fA1pa, BBULY
HX OO/MbIUOH MacChl, pacCMaTpHBAIOTCA KAaK HeENOJABHXKHBEIE HCTOUHHKH
noJis, AeHCTBYIOUIErO Ha 3JIEKTPOHBL,
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2) Pacnojoxkenue sjep B NpPOCTPaHCTBE CUHMTAETCHA, TOYHO MEPHO-
IHUEEKHM: OHH DasMELIAIOTCA B y3JaX HZeaJbHOH peleTKH naH-Horo
KpHCTaJIa.

3) BzaumozeficTBHe 3/E€KTPOHOB APYT C ZPYTOM 3aMEHSIETCs HEeKO-
TOPBIM aq@emusﬂbm BHeliHHM nofem. VIHaue roeops, CHCTeMa 3Jiek-
TPOHOB, B3aMMOLEHCTBYIOMHNX C aTOMHBIMH sIApaMH M APYT € APYrOM MO
3akoBy KyJioHa, 3aMeHsieTcsi CHCTEMOH He3aBHCHMbIX 3JEKTPOHOB,
JBHXKYIHXCA B HeKOTOpoM 3ajaHHou mnode. [locnennee ckaaneiBaercs
M3 TIOJIST aTOMHBIX fAnep H 3(xpeKTHBHOTO 10, MPHOIHKCHHO OIHCHI-
BaIOLIETO B3aHMOLEHCTBHE MEXKIY 3JIeKTPOHaMH.

IlepBoe npeamnoJioxKeHHe TO3BOJSIET pacCMaTpPHBATh TOBEJEHHE 3J1eK-
TPOHOB, HE HHTEPeCyfiCh JBHMKEHHEM TSANKEJIbIX HacCTHL. IJTa BO3MOX-
HOCTb He fIBJIAETCS CaMOOYEBHAHOH, HOO B pe3y/bTaTe B3aHMOAEHCTBHA
MEXNYy 3/J€KTPOHAMH M SApaMH [BUXKEHHS MX He HE3aBHCHMBI:.CTPOTO
roBOpsl, PAacNoJOXEHHe fAlleD He 3aJaHO, a HU3MEHsETCs C H3MEHEHHEM
COCTOSIHHS! 3EKTPOHOB. CMBICA NPELNONOKeHHs 1) 3akiodaeTcst B yT-
BEPKIEHHH, HTO NOCACIHHE 3(DdeKT maJ.

Btopoe npennosioxeHHe orpaHHuuBaeT KJacC pPacCMaTpHBaEeMbIX
CHCTEeM: peub MIET O KPUCTAJIHYECKHX TBEPABIX TeJax, a He O JKHIKO-
CTAX, CTeKJax H T. 1.

Haxkonen, Tperbe INpeanosoKeHue CBOAUT MHOIO3JEKTPOHHYIO 3a-
Jauy K oJHOo3JeKTpoHHOH. Bmecto onnoro ypasnenus llpeaunrepa ans
BCeH CHCTEMBl aTOMHBIX fIep M 3JEKTPOHOB MBI N0J1y4aeM Terephb COBO-
KYTIHOCTb HAEHTHUHBIX, He CBSI3aHHHIX MeXAy cob6oi ypaBHeHnit lllpe-
JUHrepa 1/15 KaXJQro 3/71eKTpoHa B OTAeAbHOCTH. ToT (hakT, yTo paccma-
TPHBaeMasi CHCTeMa COCTOHT M3 MHOTHX YaCTHL, HaiueT CBOe SBHOE
OTpakeHHe JIHLIb TO3JHee, KOraa Mel 6yJeM HHTEpecoBaThbCsl CTATHCTH-
YECKHM paclpeieNeHHeM 3JEKTPOHOB MO cocTOSHUAM (r1. V). Huaue
roBOpsi, BMECTO 3JEKTPOHHOH »HJKOCTH — CHCTEMBI B3aHMOAEHCTBYIO-
WHX APYT ¢ APYTOM HacTHI — MBI PacCMaTpHBAaeM HJeAJbHEIH 3JeK-
TPOHHBIA ra3 B 3peKTHBHOM BHellHeM NoJje. Pa3yMeeTcs, Takas Tpak-
TOBKa MOMKET OLITh TONLKO NPUOJIHAKEHHOH U KauecTBO- altllpOKCHMAaIHH
38BHCHT OT BhIOOpa 3(pekTHBHOTrO NoasA. MeTon nojafopa U sIBHOE BHI-
YHC/IeHHe €ro, paBHO Kak M obmuil Bonpoc 06 060CHOBaHHH M yCTaHOB-
JIEHHHY TIpeJIeJJOB NIPHMEHHMOCTH CIeJaHHBIX TPeANoJOXKeHHH, pacceMma-
" tpuBaiotest B 1. XVII. TaM nokasuiBaeTcsi, 4TO psif OCHOBHBIX Pe3yJb--
TaToB 30HHON TEOpHH NeHCTBHTENLHO yAaeTcss 060CHOBATH C JOBOJLHO
obwux no3uuni. BmecTe ¢ TeM ecTb M BamHbie 3a7ayH, BHXOJALIHE 34
paMKH 30HHOro npubanxkeHus. OHU Takxke obcyxaalorcsa B ra. XVII.

B Hactosiuei rnaBe Mbl NpUMeM IpeanonoxeHus 1)—3) B KauecTse
T10CTYJ/1aTOB.

3ameTHM, 4TO B GOJIBIIHHCTBE 3EKTPHUECKHX, MATHUTHEIX H ONTH-
YeCKHX fIBJEHHH B TBEPABIX TeNaX 3JIEKTPOHbBI BHYTPEHHHX ATOMHBIX
06oJioueK He UTpaloT aKTuBHOH ponH. IlelicTBUTENLHO, 3HEPrHs CBA3H
STHX -3JIEKTPOHOB CO «CBOHMH» fiIPaMH — TNOPAAKA HECKOJbKHMX JecAT-
KOB WMJM Aa)K€ COTEH 3JEKTPOHBOJLT (Ha 3JE€KTPOH). DT0 3HAYUTENBHO:
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~GoJibllle CpenHel SHepriH B3aUMONEHCTBHS HX CO MHOTHMH BHELIHMMH
NOJISIAIH, PABHO KaK W 3HEPTHH KBAHTOB 3J1€KTPOMArHHTHOTO 110J151 B BUJH-
MOl 11 60J1ee AJIHHHOBOJHOBHIX o6sacTsax. [T03TOMY Bo MHOTHX 3ajauax
OKa3blBaeTCsl BO3MOXKHBIM JApyroe (Tak:Ke NpHOJHKEHHOE)' pasie/ieHHe
YacTHIL Ha TAXeJble H JerkHe. FIMeHHO, B «CHCTeMY 3JIEKTPOHOB», pac-
CMaTpHBaeMbIX SIBHO, MOXKHO BKJIOYHTb TOJBKO BAaJIEHTHHIE 3JIEKTPOHBI
aTOMOB, COCTaBJ/ISIOLINX PeLIeTKY; 3JeKTPOHB! 2Xe BHYTPEHHUX 060104k
BMeCTe C fpaMH 06pasyloT aTOMHble OCTOBbl, COCTOSIHHSI KOTOPBIX
NpaKTHUECKH He U3MEHAIOTCS B paccMaTpHBaeMblX sABjeHHAX. [Tpu aToMm
POJIb HETIOABHKHBIX HCTOYHHKOB TOJIA HTPAIOT yiKe He Ajpa, a aTOMHbIE
ocToBbl. COOTBETCTBEHHO Npeanonoxenus 1) u 2) Hapo nmepedopmynu-
poBaThb, 3aMEHUB B HUX CJIOBA «aTOMHBIE f]1Pa» HAa «aTOMHBIE OCTOBBL?.

§ 2. BoanoBas (GyHKUHSA 3MEKTPOHA B NEPHOJAHYECKOM N0Jie

Kak mMbl BuZenu B npeapliylliem naparpade, B paMKax 30HHOIO NpHG-
JHKEHIIS] KBAaHTOBOMEXaHHYeCKas 3a1a43 O CHCTeMe JJIEKTPOHOB B TBep-
JIOM TeJjle CBOJHMTCA K 3ajaue o0 OILHOM 3JeKTPOHE, JABHKYLIEMCS B 3a-
JaHHOM BHelHeM Tojie. O603HAYHM TMOTEHIHAJIbHYIO 3HEPTHIO 3J€K-
TpoHa B Hem uepes U (r), rie r (x, y, 2) — pajauyc-BeKTOp JaHHOH
TOYKH NMPOCTPAHCTBA. SIBHBIN BUA ©YHKUHMK U (r) HaM IOKa Heu3BeCTeH.
B panpreifinieM (ry. XVII) BolsicHHTCA, 4TO jAaxke npHOGIHKEHHOE BbI-
uncaerue U (r) cBsi3aHO ¢ GOJBLIMMA MaTeMaTHYECKUMH TPYAHOCTSIMH.
OnHako MHOrHe BaKHble OCOGEHHOCTH paccMaTpHBAaEMOH CHCTEMb
MOXKHO BBISICHHTb, He 3ajaBas fIBHOro Buaa U (r), a mosb3ysch Juib
HEKOTOPLIMH OOIHMH CBOHCTBaMH 3TOH (yHKUHH. HMIMeHHO 3TuM, 1o
CylecTBY, H OOBACHAETCA ycleX 30HHOTO NMPHOJMIKEHHs] TIPH HHTEp-
npeTaniy 3KCIePHMEHTaJbHbIX JAHHBIX.

Jlns BoisicHeHHs! CBOHCTB ®YHKUMH U (r) 3ameTum, mpexje BCero,
YTO Halla CHCTEMA 3apALOB B LLeJIOM HEHTpasbHA: NOJHBIA 3apsijl BaJeHT-
HBIX 3JIEKTPOHOB paBeH MO BeJHYHHE H TPOTHBONOJIOXKEH 1O 3HaKYy
3apsily BCEX aTOMHBLIX OCTOBOB. [lanee, caeiyeT oXujaTh, YTO He
TOJILKO OCTOBBI, ‘HO H 3JEKTPOHB! GYIYT pacnosioKeHbl B MPOCTpaHCTBe
B CpelneM Nepuojayueckd. (B panbHelineM 3T0 6yIeT NOKa3aHO SIBHO.)
CnepoBaTesibHO, ¥ TIONe, CO3AaBaeMO€ JaHHOH CHCTeMON 3apsjioB,
JOJIXKHO OBITh NEPHOZHYHO B IPOCTPAHCTBE:

U@ =U (r+a,), @.1)

T. €. TNOTeHLHaJbHasA JHEPTHs 3JEeKTPOHAa B KpHCTa/je HWHBapHaHTHa
OTHOCHTEJIbHO CBUTA Ha BEKTOP peLleTKH a,. MTak, My npuiiin x 3anaue
0 JBHXKEHHH 3JIEKTPOHA B NMEPHOAHYECKOM TOJe€.

B 310ii rsnaBe GyapyT -paccMaTpHBaThCA TOJbKO CTallHOHapHHIE
COCTOSiHHA 3J1eKTpoHoB, CooTBeTcTBeHHO ypaBHenne lllpenunrepa nmeer
BHJL

Hy=E¥. (2.2)
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3nech H — omepaTop 3HepTHH (raMHJILTOHHAH) paccMaTpHBaeMOH CH-
cTeMbl, E — ero co6cTBEeHHLIE 3HaueHus1, a P eCTh BOJHOBAasA GYyHKIHSA —
coGeTBeHHas ¢yHKuHsA omeparopa [, nmpuHajgiexauas coOCTBEHHOMY
3HaueHHo £. B paccmaTpuBaemodl HamH 3ajade onepaTop f1 mpejicras-
JisieT co6oil cyMMy onepaTopoB MOTEHIHA/IbHOH 3HEPTuH 3jekTpoHa U
K KHHETHYeCKoH 3Hepruu p?/2m,. 3aech My ecTb Macca CBODOLHOTIO 3JIeK-
TPOHa, a P — oNepaTop HUMNYJbCa:
A P PR . 0

Px=——lﬁ5;. Py=—lﬁayv Pz=—lﬁ3;- (23)
T. € . :
p=—Iihv, 2.3)

Yepes %, kak oObiyHO, OGo3HaueHa nocrosiuHas Ilnanka h, nenennas
Ha 2m.

B COOTBETCTBHH CO CKa3aHHBIM ypaBHeHHe (2.2) NIpHMEHHTENbHO
K 3aja4ye 00 3/JeKTpoHe B IePHOLHYECKOM HOJIe TPHHUMAeT BHJ

— o PO+ UY=E¥, 2.4)

npuueM $yHxuus U (r) oOnasaer coiicTBoM (2.1).

Kousb ckopo noteHnuanbhas sHeprua U (r) He 3aBHCHT OT CIIHHA
3/71eKTPOHA, KaxJAbIM COGCTBEHHOMY 3HauyeHHI0 3HepruH E M KOopJAWHAT-
HOH BOJIHOBOH (PYHKIHH 1P OTBeYaloT JBa COCTOSIHUSA, COOTBETCTBYIOIIHE:
JBYM BO3MOXKHBIM OpHeHTanusaM cniHa. O6 3TOM roBOPSAT KaK O CIIHHO-
BOM BBHIPOXJEHHH.

Tlpu HajOXXeHHH MATHMTHOTO MOJIST 83 CNHHOBOE BbIPOXKJEHHE CHH-
MaeTcs, HOO 3HEPrHs 3VIEKTPOHA CTAHOBHTCSH 3aBHCAILIEH OT MPOEKILHH
MarHMTHOI'O MOMEHTa Ha HamnpasjieHue &3. B OTCyTCTBHE MarHHTHOrO
AOJISi CIHHOBOE BBIPOXK/IEHHE UTpaeT PoJib TOJABKO IPH Mmojcuere ofIero
YHCJIA JO3BOJIEHHBIX KBAHTOBBIX COCTOSIHUM, NPHBOAS K MOSBJIEHHIO
. IOTOJIHUTE/NBHOTO MHOXKHUTed 2.

Hanuyne ABYX CNMHOBBIX COCTOSIHHA MOXKHO OTPasuTh, paccMarpusasf (yHK-
1Mo P KaK MarpHuy:
by
1p=< . 2.5

b2

Dyuxuun P; ¥ P, OTBEYAIOT ABYM DA3HBIM 3HAUCHHAM 2-KOMIIOHEHTH ciiyHa. B pac-
CMaTpHBaeMOM HaMH caydae P, = ¥, = . IlpesicraBirenue (2.5), opHako, ocraercs
B cHJe u B 0Oo.jee oﬁmeM cjayyae, Korja NpUHHMAeETCd BO BHHMAaHHe M CIIHHOBas 3a-
BUCHMOCTb SHEDTHH 3.IEKTPOHA. DTa 3aBHCHMOCTb BO3HHKAeT KaK BO BHELIHEM MAarHMT-
HOM TI0JIe, TaK K B MarHHTHOM M0JIe, 0GYCJ/IOBJIeHHOM OPGHTAILHBIM JIBHKEHHEM CaMOTO
anextpoHa. J[1s yyera nocienHero 3dfeKra B raMH/JIbTOHHAH 3/JCKTPOHA BBOLST one-
patop SHeprHH CIHH-OPOHTAJBHOTO B3auMojefcTBHA H,. SIBHBIH BHA ero BLIBOZHTCA
B peJRTHBHCTCKOH KBaHTOBOM Mexamuke [M2, M3]. Okazeisaercs, 4ro

i a
HSO:ZFTZ%—CZ(U [VUXP])- (26)

3gech ¢ — CKOpOCTh CBeTa B BaKyyMe, 0 — CIHHOBHIH (MarpHuRrel) Bekrop [layau.
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B ycaoeuwax (2.1) npasas uwactb (2:6) nepwopWuecKH 3aBHCHT OT NPOCTPaH-
cTBennblx KoopRunar, CcorpetcTeeHHO mox U B ypapeenut (2.4) MoxKHO (bopmanbﬂo
TIOHHMaTb M CYMMY NOTeHilRanbHOH 3Hepruu U onepatopa (2.6). Ilo 3Toli npuunne
y4eT CIHH-OPGHTANBHOTO B3aUMOJEHCTBHsI He BJHSET HA MOCJAENYIOULHE KayecTBEeHHLe
BLIEOAB 3TOTO naparpadga.

Onpenenus u3 ypaBHenus (2.4) BoNHOBYIO QYHKIHIO P, MBI .MOXKEM
HallTH cpeiHHe 3HaueHUs JOObIX (H3HYeCKHUX BEJIHUHH, XapakTepH-
3YIOUIMX TNICBEjeHHE 3JeKTpOHAa. B 4acTHOCTH, BblpazkeHHe

{p (r) |2 dr (2.7)

,uaeT HaM BepOSTHOCTE O6GHAPYXKHTBL 3JEKTPOH B 3jeMenTe o0beMa dr =
== dx dy dz oxono Touku r. Ilo cMpicny neHaTHA Bepo;mlocm JOJIZKHO
BEITIOJIHATBCA YCJIOBHE HOPMHPOBKH

f1v @ pdr=1, (2.8)

rae MHTerpaj Oepercssl Mo BCeMy OOBbeMYy CHCTeMBI.

Yc/oBre CXOAMMOCTH 3TOTO HHTErpaja UrpaeT pojb OJHOTO H3 JA0-
NOJHHUTENBHBIX VYCJOBHH K ypaBHeHHIO (2.4): (M3UUECKH JONYCTHMbI
TOJIbKO Te pellleHusi, 1Js KOTOpuix uHrterpan (2.8) cxoxmrcs,

Ilponsseaem B ypaBHeHHM (2.4) 3ameHy apryMeHTa

r=r'+4a,.

Ilpnunmas Bo BHHMaHHe paBeHcTBO (2.1) M onmyckas IUTPHX Yy mepe-
MeHHOH r’, mosnyyaem

—%W\P (r+a,)+U @) 9 (r+a,)=Ep(r+a,). 2.4")

CpaBuuBas 310 ¢ (2.4), BuauM, uto ¢oyHxkuuu P (r) u P (r + a,) ynos-
JIETBOPSIIOT OJIHOMY H TOMY ke ypaBHeHuio lllpeputrepa ¢ omHum H
TeM Ke COOCTBEHHBIM 3HaueHHeM 3HepTuH E. Ecan sToMy cOGCTBEHHOMY
3HaYeHUIO NPHHALNCKUT OfHA cobcTBeHHas GyHKUMA (T. €. ecJH 3TO
co6cTBEHHOE 3Ha'eHHe He BEIPOXKAeHO), TO dyHKUHH ¢ (r) B ¢ (r 4 a,)
MOTYT OTJIMYATLCS JIHIIb MOCTOSTHHBIM MHOXHTedeM:

Y (l‘+ an) =CpP (l‘) (29)
ITockosbKy O0€ OHH NOJIKHBI OBITE HOPMHPOBAHEI, abCOMOTHAs BeJIH-
YHHA ¢, AO/KHA OBbITb PABHA CAMHHIE:

lcp|=1. (2.10)
Tagum obGpasom,

| (r+a,) [P =] (r) 2 (2.11)

— 3JIEKTPOH C OAHHAKOBOH BEPOATHOCTLIO MOXeT ObiTb OGHapy:KeH
B 3JeMeHTe 00beMa dr KaK OKOJIO TOUKH I, TAK H OKOJIO JIioOOH 3KBHBA-
JieHTHOIT eif ToukH r + a,. MHaue roBops, Kak Mbl H OXKHIAJH, CpefHee
(B KBAHTOBOMEXaHHUETKOM CMBIC/IE) pacnpesiesIeHHe 3JIEKTPOHOB B DEILETKE
o6JlajaeT NPOCTPAHCTBEHHOH NEPHOAMYHOCTHIO Tocaeanes,
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EciH naHHOMy COGCTBEHHOMY 3HAYEHMI0 3HEpTHH TNpPHHALIKHUT
HECKOJIbKO COGCTBEHHBIX (YHKLMH (T. €. €C/H OHO BBIPOXKACHQ), TO
PacCyXACHHA HECKOJAbKO YCNONHAIOTCA: B IpaBoH YacTH PAaBLHCTBA
(2.9) crenyer, BooGiie roBops, HaNHcaTh JHHEHHYO KOMOHHALHIO BCeX
3TuX $yHguui. Onrako BubOp coOcTBEHHBIX GYHKUHI, NpHHALIEKA-
IIHX NAHHOMY BBIPOXKIEHHOMY COGCTBeHHOMY 3HaueHuio E, He ofgHO3HA-
yeH: JMo6as JHHeHHAs HX KOMOHHALHA TGXKe eCTb coGCTBeHHas QYHKIHA,
NpHHajIexkalas TOMy e COGCTBEHHOMY 3HaYeHUI0. B yacTHOCTH, MOXKHO
BeIOpaTh coOcTBeHHBle QYHKUMH TaK, 4ToOb paBeHcTBO (2.9) BhInoaHsA-
JI0Ch AJIf KaXKJIOH H3 HHUX B OTHAeJBHOCTH (cM. Ilpuiaoxenue I).

’ Jlerko HaHTH ABHBIH BHJ 3aBHCHMOCTH C, OT BEKTOpa a,. Jlas sroit
lleJlH Mpou3BefileM B ypaBHeHHH (2.4) nBa nocaénoBaTeNbHBIX CLBUTA
aprymMeHTa — Ha a, H a,+, TAe BEKTOp a, CTJIHYaeTcs OT a, 3aMeHOH
qucesa f,, Ny, Ny HA Ry, g, hy. [IpuMeHsis nBaasl COOTHOILEHHE (2.9),

ITOJTYYHM
Y (r+a,+an) =cuca (r). (2.12)
C npyroif CTOPOHH!, MO ONpeje/eHHIo

a, _l_ A =Aan 4-nry
H, clegoBaTe/bHO,

Y(rt+a,+an) =V (r+an 1) =Capa (r). (2.12))
CpaBuusas paseHcrsa (2.12°) u (2.12"), Haxomum
Cnlns =Cn4-n'» (2.13)
[IpsMoOlt NOACTAHOBKON JETKO YGenHTbcs, YTO 3TO (YHKUHOHANBHOR
ypaBHeHHe HMeeT peIleHHe
Cn =e*n, (2.14)

rae k — npousBo/bHbIN BeKTOp. B cuny papencrBa (2.10) KOMIOHEHTH
k JOJ/KHB! ObiTh BelLIeCTBEHHBIMH.

Papenctso (2.14) ¢ couetanuu ¢ (2.11) nosBosisieT B U3BECTHOH Mepe
packpulTb BHJ GYHKUHMH 1P (r), yAOBAeTBCpsOHX YpaBHexHio Iipe-
JHHTep&a-C nepHOAHYeCKHM noteHuuasoMm U (r). KMeHHo, nerko yGe-

IUTbCH, 4TO ‘

P (r) =e*rux (r), (2.15)
Tae ug (r) — QVHKUHA, NepHONHYECKAs C MEePHOJIOM pPEeILeTKH:

ug (ry =ur{r+a,). (2.16)

HeficrBuTenibHO, B cuay (2.11) ¢ (r) Moker OTAMYATBCA OT DYHKUHH,
MEepHOAMUECKON C MEepPHOAOM DENIETKH, TOJIbKO (HA30BBHIM MHOMKHTEJIeM:
Buaa e I, rue f — BemwecrBeHHas GyHKuUUA. B cuny (2.14) ona jomkua
ObITh JIMHEHHOH.

Pagencra (2.15), (2.16) cocraBasiior conepmxanue meopemer 5oxa:
BOJIHOBAsT GYHKIHA 3JEKTPOHA, NBHXKYLIErOoCA B NMEPHOLHYECKOM I1OJIE, -
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NpeiCTaBageT Co0oil MOAYIHPOBAHHYIO MJIOCKYIO BolHY. HHave rosops,
3T0 €CThb NPOH3BEeHHe SKCIIOHEHIHANBHON GYHKUMH ek Ha dyHKHIO,
NePHONHYECKYIO € MEPHONOM pelneTkH. Camiu QyHKUHH BHIA (2.15),
(2.16) nuorna HasmBawT gynkyuamu baoxa *).

Bektop k HasbiBalOT K6a3up0aHoebim. OUEBHIHO, €r0 KOMIOHEHTH
KMeloT pasmepHocTb [cM7?]. O6piuno k numyT B BHAE

k,:%, (2.17)
rfie p — BEKTOP pa3sMepHOCTH umnyJbca. OH HasblBAETCH  KeA3LUM-
nYAbCoM.

CoOTBETCTBEHHO

e ’

) =™ " up (). (2159

Ha3sBarusa «KBa3snBOJHOBON BEKTOP» H «KBA3HUMITYJILCY YKA3bIBAIOT

HAa W3BECTHYI 4HAJIOTHIO MEXKAY paccMaTpHBaeMo# 3ajauyed H cayyaeM

CBOOOLHO JIBHAKYLIETOCSi 3J1eKTpOHa. [leHicTBUTeNbHO, NMpH CBOGOLHOM

JBHKEHWH, KOTAa [OTeHUHaJbHas 3HEPrusl ~3JEeKTPOHA IOCTOSHHA

(4 moxeT 6HTb NOJIOXeHa paBHOIl HyJI0), ypaBHeHHe [lpenunrepa (2.2)
HMeeT BHI

2
 2m, Vip = Ey. (2.18)
Pewenns (2.18) cyrs njockue BOJHBI

y=Ner ™, (2.19)

rae N — HOpMHPOBOYHLIH MHOMHTENb. Bekrop p B naHHOM cayuae
€cTb OObIYHBIA HMIYJbC, CBSI3aHHBIA ¢ 3Heprueii E paBeHCTBOM

- (2.20)

2”10

N3  dopmyast (2.17) HenocpeacTBEHHO BHITEKAET COOTHOLIEHHE
ne. bpolins, cpg3biBaiouiee UMNyJbC ¢ BOJHOBBIM BEKTOPOM:

p=1rk.

dopwmyna (2.15") Heckonbko HamommHaer (2.19), npnueMm KBasunM-
NyJEC HTPAET POJib, B HIBECTHOM Mepe aHaNOTHUHYIO HMITYJbcy. Pop-
ManbHo (2.19) ectb uacTHui cayuail (2.15") npu u, = const = N.
W neficTBUTENbHO, BhipaxkeHHe (2.19) MOXKHO NOJAYYHTh C TOMOLLBIO
TeX e paccyxkieHHil, uto n (2.15"), Tpebys JHIIb, YTOOH BEpPOATHOCTD
OGHApYXHTb 3J€KTPOH HE H3MEHsJIach NpPH nepexojie U3 JioboH TOuKH

*) 3a80/ir0 10 TPHMEHEHMS KBAHTOBOH MeXaHMKH K 3alayaM TeCPHH TBEDHOTO
Te1a n}movepﬂun ananor ypaphenusa (2.4) 6b1 MCCICKOBAaH B TeOPHH KoneGannil.
Papencipe (2.15) (B OZHOMEPHOM Cyyae) GBUIO YCTaHOB/eHO XHJAJOM; B CBA3H C 5THM
(YHKIMH TAKOTO BMIA PBa3LBaloT Taxkke GVHKUHAME Xuaaa.



9 DJIEMEHTBI 30HHOW TEOPUH. HAEAJIBHAA PEMIETKA [ra. 1

NpOCTPAHCTBA B JIOOYIO APYryio. 210 yCJIOBHE 03HayaeT, 4TO BEKTOP a,
CTAHOBYTCS NPOH3BOABHBIM. Toraa B cuiy (2.11) noMKHO HMETb MecTo
paBeHcTBO. | P | = const — B cooTBetcTBHHU ¢ (2.19). DH3HUECKH IKBH-
BaJIEHTHOCTb BceX 0€3 HCKJ/IOUEHHs TOYeK IPOCTPAHCTRA O3HAYAET OT-
CYTCTBUE IIOTEHUHMANbHBIX CHJ, AEHCTBYIOLIHX HAa 3JeKTpoH. JIeHCTRU-
TeJAbHO, NPH HAJKYUH TAKHX CHJI NOTEHUHAJbHAA SHEPrHs 3/eKTpPOHA.
6bl1a Obl pa3iUYHON B pasHBIX TOYKax, T. €. 11O KpaiiHeldl Mepe HEKOTO-
pble W3 HHUX OblIM Obl He 3KBHBAJEHTHBI ApPYTHM.

Taxk o6cTouT neno, B YacTHOCTH, B NEPHOAMYECKOM IOJe, KOTAa
-bYHKIHUS 4 (r) OTHIOAb HE CBOAUTCA K KOHCTaHTe M, CJIe[OBaTesbHO,
| 2= const. I1pu 3TOM aHa/OrHs MEKAY MMITYJbCOM ¥ KBAa3WUMMYJIb-
coM (MJH, COOTBETCTBEHHO, BOJHOBLIM. H KBa3HBOJIHOBBIM BEKTOPaMH)
OKa3spiBaercsi He nosHoi. Tak, HanmpuMep, JlerKO NPOBEPHTb, UTO Bhl-
paxkenue (2.19) ectp cobcTBeHHas dbyHKUHA onepaTtopa UMnyJbca (2.3'),
npHHajJexaasa COOCTBEHHOMY 3HA4Y€HHIO p:

£ ki
— ifVem " =pet ™,

C zpyroii cTopoHbl, BbipaxkeHHe (2.15") 3THM CBOHCTBOM He ofsaznaer
u GUrypHpyloiiie TaM KOMIOHEHTHl KBa3HHMIyJbca P He SIBJASIOTCHA
COOCTBEHHBIMH 3HaYeHHsIMH omeparopoB (2.3). MHaue roBops, 3HaueHus
KOMIIOHeHT HMMYJbCa B COCTOSIHHH, ONHCHIBAEMOM BOJHOBOH (yHKUHelt
(2.15"), ToyHO He 3ajaHBI.

Jlerko noHsTb NPHUYHMHBI CXOJACTBA M PA3JHUHA MEXKAY HMIYJILCOM
U KBasHUMIyJAbCOM. [lepBblfi XapakTepu3yeT JABHXKeHHe CBOGOIHOTO
3JIEKTPOHA, KOrja cucrema 00J1aJaeT MHBAPHAHTHOCTHIO OTHOCHTENBHO
cIBUTra Ha mo6oft BeKTOp (BCe TOYKH MPOCTPAHCTBA 3KBUBAJIEHTHH).
Bropo#i xapakrepusyer IBH:KEeHHe B NepHOIHYECKOM CHJIOBOM IOJE,
Korja cucreMa O0/IaJlaeT WHBAPHAHTHOCTBIO OTHOCHTEJIBHO CJBHra Ha
BeKTOpbl peIleTKH a, (3KBHBAJEHTHHl TOJbKO TOUYKH, OTCTOAILHE IPYT
OT JApyra Ha BeKTOpPH a,). Hanuuue MHBapHaHTHOCTH OTHOCHTENLHO
clBHra B OOOHX C/Iy4asX IPHBOJUT K BO3MOXHOCTH OX2paKTepU30BaTb
COCTOSIHHE 3JIEKTPOHA HEKOTOPHIM MOCTOSIHHBIM BEKTOPOM — HUMITYJILCOM
WJIH KBasMHUMNYJpcoM. PasjiHyMe B JONYCTHMBIX CIABHraX HPHBOIHT
K TOMY, 4YTO UMITYJIbC ¥ KBA3HHMIYJbC MPEACTABJAET COOOH CYLUIECTBEHHO
pasHele (bH3HUeCKHe BeJHYHHEL,

§ 3. 3onbl Bpuamosna

BBenenunifi B npenppinymem mnaparpade BEKTOp KBa3HHUMIYJbCa
orpesessiercs paBeHcTBaMu (2.14) u (2.17). KoMGHHHpYSA HX, Mbl IOJY-
yaeM

Pir+ag)=eF " (n). 3.1)

Takum o6pasom, BekTop p (Mau k = p/f) xapakrtepusyer 3aKoH
npeoGpa3oBaHHUs BOJHOBOH (QYHKIMH 3/eKTPOHA IpH CIABHLE ee apry-
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MEHTAa Ha KaKoH-JHOO BekTop pemeTkH. Pa3HbiM cofcTBeHHBIM (yHK-
LHSM COOTBETCTBYIOT, BOOOIIE TOBOpS, pPa3jHYyHble 3HaueHHS KBas3H-
MMITy/1bCa (KBA3HBOJHOBOrO BeKTOpa). [103TOMY KOMIOHEHTH ero (Kak
H KOMIIOHEHTBHI MMIYJbCa B CJyyae CBOOOJHOIO 3JEKTPOHA) CJeAyeT
paccMaTpHBaTh KaK KBAHTOBbIE UHMCJA, XapaKTepH3)IOlUHe JaHHOe CTa-
uHoHapHoe cocrosinve. OfHAKO, B OTJIHYHE OT KOMIIOHEHT HMIYJbCa
H OT KBAHTOBBIX YHCEJ, BCTPEYAIOWHXCA B TEOPHH aTOMAa, KBa3HHMNYJIbC
onpejefercss B MPHUHIHKIE HEOAHO3HAuHO. [leficTBHTEIbHO, 0003HAYHM
uepes ¢ BEKTOp, CKaJspHOE Npou3BeJeHHEe KOTOpOro Ha a, ecThb uLeJoe
KpaTHoe 2mA:

a,C = 2nfi X (eJ0e YHCIO). (3.2

OueBuziHO, BEKTOPLI P H P +- ¢, OyAyuH MOACTaBJEHbl B MPAaBYI0 4acTb
(3.1), ‘nalor ofMH H TOT XKe pe3y/abtar. Ho paBeHctBo (3.1) ecTb efHHCT-
BeHHOe YCJ0BHe, ONpeelsiolllee KBa3HuMnyabc. CleaoBaTelbHO, BEK-
TOPHL P H p + ¢ QU3NYECKH 3KBHBAJEHTHBHI: 06a OHH onpenenmoT OZHO
4 TO XKe npe06p33OBaHHe BOJIHOBOH (DYHKUIUH.

HeTpyaHo Ha#iTH fBHBLIA BHA BekTopa c¢. [las 3TOro cnenyeT JIHUb
BBECTH NOHATHe 00paTHOM pelleTKH. OCHOBHEIE BEKTOPH NocJejHel by,
b,, b; onpezaensorca paBeHCTBAMH

[ap X ay] [agXa,] [a;Xa,]
b1=2ﬂ;T, b2=23'l:——v—0—, b3=23'|:-v_0, (33)
rie Vo = | (a, lay X a4]) | ectb obbem napansenenunena, nocTpoeHHOro
Ha BEKTOpax a,, a,, a3 (o6beM sjgeMeHTapHOH suefiku). B uwacTHoCTH,
B NPOCTOH KYOHUYECCKOI PeLleTKe, KOT1aa; =a, =dg=au by =b, = by =0,
MBI HMeeM

b=2", 3.3

OueBHAHO, BeKTODHI by, b,, b; HMeloT pa3MepHOCTL 06paTHOH AJHHBL.
Ha ocHoBHEIX BekTOpax b,, b,, by MOXHO NOCTPOHTH NEPHOAHYECKYIO
pewretky. OHa M HasbpiBaercs o6paTHOH (MO OTHOLIEHHIO K NPAMOH pe-
IeTKe JaHHOro KpHCTaJlla).

[Tpou3BOJIbHBIH BEKTOP OOpATHOH peIIeTKH HMeeT BHJ

b = m;b; -+ myby -+ mabs, (3.4)

rue m,, m,, My — NOJOXKHTEIbHBIE HJH OTPHUATENbHbIE leJble YHCAa
WJIH HYJH (IPH 3TOM My, My U My He PaBHBI HYJIIO OHOBPEMEHHO), m =

{mu my, m3}

DeMeHTapHas sueiiKa oépaTHou peIleTKH npejcTaB/sieT coboil
napaJ/iieJienunes, IOCTPOEHHbIH Ha BekTOpax by, by, bs. « O6bem» 3TOrO
napassienenunena pased | (by by X byl) | (pasymeercsi, om mmeer
pasmepHocTh o6paTtHoro ofbema). IloncraBasisai cioga dopmyJsl (3.3)
a7si by, b,, by ¥ packpbiBasg moJyuarolleecss NpoH3BeleHHEe, HAXOJHM

| (by [ba Xbs]) | = (27)°/ V. (3.5)
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Kak u B ciyyae npsamoil peuwlerkH, BbOOpD 3/7eMEHTapHOH sAveflku
B OGpaTHOM peilleTKe HEOIHO3HAYeH M OIPeleNsercsl CoobparkeHHsaMH
ynobGceTsa.

_JIpyroit cnoco6 MOCTpoeHHs 3/1eMeHTapHOH sYeHKH COCTOMT B CJe-
aywomem. Kakoifi-to y3en obpaTHOH pelueTkH BbIOHPAOT B KayecTBe
HAyaJia KOOPAHHAT H COEAHHSIIOT €r0 NpPSAMBIMH JIMHHAMH € GIHKaALIMMH
K HeMy y3/aamu. Yepe3 cepeHHBl STHX JIHHHIl NePNEeHAHKYISPHO K HUM
NpPOBOIAT MJOCKOCTH. B KauecTBe 3JeMEHTapHOH si4eHKH oOpaTHOU
peleTKH MOXHO BbIOPaTb HaHMEeHbINMH MHOTOrpAHHHK, OTpaHHYEHHBIH
TaK MOCTPOEHHLIMH MJIOCKOCTSIMH H COflepKalluil BHYTPH cebsl Hayano
KOOpJAMHAT. JITOT MHOTOIPaHHHK -Ha3bplBaercs sadelxodl Buenepa —
Selimya.

Takue MHOTOrpaHHHKY MOXKHO MOCTPOHTb OKOJO JOGOTO yafia pe-
UIETKH; [IPHU 3TOM OHH HE NEPEKPBIBAIOTCHA H COBOKYNHOCTh HX 3aNOMHAET
BCce o6paTHoe npoctpancTBo. O1ciofla cliefyeT, 4To 00beM OJHOTO MHOTO-
rPAaHHHKA Je#CTBUTENbHO paBeH (2m)%/V,, Kak 310 H JO/IKHO ObiTb.
B ornuyde ot mapanseienunena, NOCTPOEHHOro Ha BekTopax by, by, b,
s/MeMeHTapHas siyeiika, BbIOpPAaHHAs YKa3aHHBIM TOJNBKO 4TO 00pa3oM,
obJajaer BCEMH CBONACTBAMHM CUMMeETPHH OOpATHOH peLEeTKH.

U3 omnpenenenus {3.3) BLITEKAIOT PaBEHCTBA

albl = a2b2 - a3b3 = 2”,
a(ibﬂ:Op CZ?‘:ﬂ (ar 621,2,3)

YMHOXHM Terepb Mpou3BOJbHbIA BekTop peiterkd (I1.1.1) Ha Bek-
Top obpatHoil pewerkH (3.4). IToabsysce coorHoweHusmu (3:6), bl
Ho/My4yaem

(3.6)

a,bpn = (nyMy -+ natmy - ngiis) 2m.

B ckobkax B MpaBoil YaCTH 3TOrO PABEHCTBA CTOHT LleJI0e YHCJIO, H, CJie-
J0BaTe/bHO, BEKTOP €, YIOBJETBOPAOWMHA YyC/I0BHIO (3.2), MOXKHO
3anucaTb B BHJIE

¢ =Tib,,. 3.7

Urak, KBasHuUMNYJbC OfipefieJieH JIHIb C TOYHOCTBIO JO BEKTOpa
0OpaTHOH PELIETKH, YMHOMXEHHOTO Ha fi. 3TO 0GCTOATENBCTBO M03BOJsET
OrpaHHYHTb H3MEHEHHE KOMIIOHEHT KBa3HUMITYJIbca KOHEYHOH 06J1aCThiO,
WCUepnbiBaiolied Bce (QHU3MUECKM HEIKBHBAJIEHTHblE HX 3HAYEHHS.
Takas 006/1aCTb — COBOKYIHOCTb BCeX (PH3HHECKH HE3KBHBAJZHTHHIX
3HAYCHHN KBa3HUMIYJbCa — HasmBaercs ool bpuaroana. B cuny
npousBoJbHOCTH BekTopa b, B (3.7) BeIOOp ee HeonHosHaueH. Tak,
MOXHO BBIODAaTh B Ka4€CTBE 30HB DpuitiosHa of/1acte, onpesesiemyio
HepareHCTBAMU

— nf < pa, << nf,

—nh << pa, << aifl, 3.8)
— i << pa; << nfi.
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T4 HepaBeHCTBA ONPENE/AIT HEKOTOPLIfl MapaJnsiesenumnes B p-IpocT-
paHctBe, con,epmamuﬁ B cebe Haya/l10 KoopAauHat. Ero HaseiBaior
nepgotl soHotl bpunaosna.

MOXKHO ONpeNeNHTb NEepBYI0 30HY BpHIIONHA H AAS KOMIOHEHT
KBAa3HUBOJHOBOTO BeKTOpa k: Hajflo JUUIE 3aMEHHTb p Ha k B ‘HepaBeH-
creax (3.8), omycTuB MHOXHTeqH 7i. KBaszuumny/asc (HAH KBa3HBOIHO-

BOH BEKTOp), M3MEHSIIOUMACA B mpejenax mepBoH 3oHb DpuaaiosHa,
“Ha3bIBACTCH MpUBEICHHBIM. B uyacTHocTH, B MpOCTOH KyGHUeckod pe-
UIETKE BEKTOPBI- 4y, a5, @3 OJHHAKOBDI 110 BeJHYHHE (PaBHOM MOCTOSIHHOMN
peuleTKH @) M HanpasJ/eHbl 10 TPeM B3aHMHO NMEPHEHIUKYIAPHBIM OCAM
KyGa. BbIGHpasi 5TH OCH B KayecTBe KOOPJHHATHBIX, mosyuaeM 3 (3.8)
JJIsT JaHHOTO YacCTHOTO C/y4as

nh

i} ’
-—%<pa<7, a=x, y, 2. (3.8
Ilepsass soHa Bpu/mosHa 3gech npeactaBisieT cofoll Ky6 o6beMa
@uhy (@)
Vo a3
@)YV,

[ToyyeHHO® TOJBKO YTO BhIpaKeHWe A8 ofbemMa meppoil 30HH DBpumtosna
Cnpase/IMBO H AJIA POU3BOJIbHO H peweTkH. e icTBUTEIbHO, HHTEpeCYIOULH It HaC 00beM

AAaeTCA HHTErpajaom
J = S dp. dp,dp,,

B3ATHIM 110 o6yacTH, onpenensiemoit HepaseHctBamu (3.8). JIns BBIMMCIGHHA 3TOrO
HHTCrpaia yAoGHO BBECTH mepeMeHHble

. B k-mpocTpaHcTBe COOTBETCTBYIOLLMH OOBbeM paBeH

1 1 1
Pr=—= (Pal)- P2= (pas), @3= F (pay).

SIKoCiaH nepexosa or NepeMeHHBIX §p, ¢y, ¢y K NEPEMEHHBIM Py, Py, P, NPEACTABIAACT
co6oit perepmunant [1]

991 09; 993

Opy Opy apx‘ G Gye dox

om 99 0wyl LY, g, o @laxa]) Ve
dp, Op, Op,| 13 e T
0(;1, acpj a(PZ Q; Ay Qg

op; Op. Op;

Takum o6pasom, Vo
Ay dpy ds = 4 dp.dpy dps
H, CJIefl0BATE/NbHO,

p A (@nhye

. e

I=y 3 doy S' do, S dpy=""-.
—7 — —n

BLiGHpasi Apyrue nepuoibl Py, Py, Pz, Mbl MOJYYHM BTOPYIO, TPETLIO
U T. 4. 30Hbl Bpusmosna. Moxuo pokaszars [M6], 4to oObemMbl HX Bcex
OIMHAKOBL! H paBHel (21/)/V,.



[oF:] SJEMEHTbHI 30HHOW TEOPHUH. UAEAJNBHAS PEIIETKA [ra. 111

BcnomuHas Tenepb paBeHCTBO (3.5), BHAHM, Y4TO 06beM 30HHI Bphi-
JI03HA paBeH of0beMy sJeMeHTapHOH duYeHKH B 0OpaTHOH pelleTke
(yMHOXEHHOMY Ha f?, ecJli peub HAET O P-NPOCTPAHCTBE):

Kak u ssnemenTapHyio siueiiky, nepByio 308y BpHimosHa MOXHO
BEIOpaTh H JApyruMm crocoboM. [leHcTBHTENbHO, MO ONpPENeTeHHI0 OHa
JNOMKHA 06/1aJaTh CJEAYIOIWMMH CBOMCTBAMH: &) BHYTDH Hee NOJKHA
conepxatbca Touka k = 0, 6) JsoSbie 1Ba BekTopa k, BXoasuye B Hee,
MOTYT OTJHuaThCsl JAPYr OT jpyra He Gosee yem Ha (b; 4+ b, + bg)
H B) obGbeM ee paBeH (2m) 3/V,. DTHMH CBOACTBAMH oﬁnanae'r AyelKa
Burnepa — 3eiitua. OHa U mpencTasJjsier co00d NepByio 30HY Bpui-

. JmosHa. B janbHefimeM Mbl OyneM
4z [0Ib30BAaThCA 3THM OIpejieSeHHeEM.

Takum ofpa3som, 30Ha Bpunimos-
Ha €CTb YHCTO TI'eOMETPHYECKOe IO-
HATHe: (GopMa ee 3aBUCHT TOJABLKO
OT CTPYKTYpPHl peIIeTKH, HO He OT
OpHPOABl AEACTBYIOHIMX B HeH CHJI.
Bonee Toro, Kak BHUAHO H3 NpEABIAY-
Hiero, 3oHa BpHagiosHa onpenenaser-
csl TONBKO OCHOBHHIMH BEKTOpaMH
peuteTkd. CllefoBaTe]bHO, OHA OfHA
U Ta € Kak JJd TpOCTBIX, TakK

U s Ga3sHCHBIX peIIeTOK ONHOH H
Puc. 3.1. Tlepsas sona Bpuauosna TOH »Ke CHHFOHMH, HarpHMep AJs
AJs1 pelleTOK THNa ajJMasa H LHHKO- ™ .
BRI OGMAHKH. NpPOCTOil TpaHelEeHTPHPOBAHHOH pe-
IIETKH H ]IS pelIeTKH THMa ajlMasa.
Ha pnc 3.1 usobpaxena nepsas 3oHa BpuimosHa A1s peleTok THIa
alMa3a ¥ IUHKOBOH -00MaHKH. Hekortopble TOUKH B Hell MpeNCTaBJSIOT
0CcOOLIl HHTepec IPH HCCAEAOBAHHH TIOBELEHHS 3JEKTPOHOB H LHIPOK.
DTO — «TOYKH CHMMETPHI», o6jajalollie TeM CBOHCTBOM, YTO OHH
nepexoiAT caMd B cebsl NMPH HEKOTOPHIX NPeoGpa3oBaHHUsIX CHMMETpHH,
JollyCKaeMblX B JaHHOH pemerke. K uyHCIy Ha3sBaHHBIX TOYEK OTHO-
CATCS LIeHTp NepBO# 30HH BpHamiosua (1. e. Hauano KoopauHar B k-npo-
CTPAHCTBE), LEHTPH €e TpaHeil uiu pebep, TOUKH Ha OCAX — JHHHSAX,
COEIMHAIOIHX IIEHTD 30HBI C IEeHTpaMM rpaHedl WaM pebep, H T. .
Hx mnpunato o6o3HauyaTh OOJBIIHMH TPEYeCKHMH HJH JIaTHHCKHMH
6ykBaMH, KOTOpble M YKa3aHel Ha pucyHkax. Tak, Touka I' ecTb He
YTO MHOE, KaK LEHTP NepBoit 3ol BpuamosHa, U T. 1. :

HeonnosnayHoCTh KBasMMMIIYJIbCA ecTb - CNElH(HYECKOe CBOHCTBO
3NeKTPOHA, JBHXKYHIEroCs B mepuopuyeckoM mnojge. OHa cocTaBiser
HauboJiee PE3KOe pPasjMUHe MeKIY KBA3HUMIYJBCOM H HMIYJBCOM:
NOCJIeHUH OnpelieieH OHO3HAYHO, H KOMIIOHEHTHl €r0 Py, Py, P, H3Me-
HAIOTCA B Npefesax OT — co JIo + ©o. 3aMeTHM, 4To MBI MoxeM Gop-
MaJbHO yOeAUTLCS B 3TOM, Tpe6ys, KaK H B KOHIIE NIpeAbIyHIEro napa-
rpada, HHBapHAHTHOCTH CHCTeMbl OTHOCHTE/IBHO CIBHra Ha Jio6oil
BeKTop. [leficTBUTE/NLHO, B 3TOM CJyuae TOUKH, OecKOHeuHO GJH3KHe
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APYT K APYrY, TaKkKe fBJSAIOTCS 5KBHBAJCHTHBIMH, T. €. IIOCTOSHHAA
pelieTKH» @ CKOJAb YLOJHO Masa. YCTpeMss a K Hy/o, BUAUM U3 (3.8'),
YTO KOMIIOHEHTEI Py, Py, P, H3MEHAIOTCA B Mpefesnax oT — oo Ap + oo.
O6beM «30HBI BpHA/IO3HAY IPH 3TOM TAK:Ke OKA3bIBaeTCs GeCKOHEUHbIM:
OHa MpencTaB/sieT COGOH MPOCTO BCE HMITYJbCHOE MPOCTPAHCTBO.

HepaBeuctBa (3.8) onpegpensioT mnpefeisl H3MeHEHHS KOMIIOHEHT
KBa3HUMITYJIbCA, . HO HHUETO He TOBOPAT O (H3HUECKH JO3BOJIEHHBIX
HX 3HaueHHsX. TakoBble ONpeNeNfiOTCS CPAHHUHBIME YCJIOBHSAMH,
HaK/aJbIBaeMBIMH HA BOJAHOBYIO (yHKuHIO . CTporo roBops, rpaHuy-
Hble YCJOBHS NPH3BAHBl OTPakaTh (PU3HUECKYIO CHTYaUHI0 Ha moBepX-
HOCTH o0pasua. dta CHTyalus ompeiensieTcs XapaKTepOM CHJI, JeHCT-
BYIOIHX Ha 3JeKTpoHbl. OfHAKO BCe CHJIbI B3aUMOJEHCTBY A, C KOTOPhIMI
Mbl HMeeM Jeso, Gosiee HJIH MeHee OBICTPO YOBLIBAIOT C PACCTOSIHHEM.
CrieoBaTeNIbHO, YCJIOBHS HA TOBEPXHOCTH HE MOTYT CKOJILKO-HHGYIb
3aMeTHO BJIHATb Ha IOBEJCHHE 3JIEKTPOHOB B TIJyOHHe KpHCTalna,
ecIH pasMepbl ero J0CTaTO4YHO BeTHKH. IlosToMy Ana onpeneseHus
BO3MOKHBIX 3HAUECHHH KBa3HUMITyJbca B GOMbIIOM 00pasile HEeT HeoOXo-
JIUMOCTH paccMaTpHBaTh HCTHHHYIO (HaJeKO He NPOCTYI0) KapTHHY
MOBEPXHOCTHLIX ABJAEHHH, a MOXKHO BOCIIOIb30BATLCHA CJAETYIOMHM
HCKYCCTBEHHRIM TIpHeMoM. Bblles UM Tmpexkpe BCEro «BHYTPEHHIOH
obJacTb» KpHCTaJJIa, ONpeAeTuB ee Kak o0beM, B KOTOPOM He CKasbl-
BaTCA crnenupHyeckHe >DPeKTL, CBA3aHHbIE C HATHYHEM NTOBEPXHOCTH.
BuyTpenHioto o6nacTh pazobbeM Ha pAf AOCTAaTOYHO GOMNBLIMX dacTel,
Hanpumep KyGoB co ctopoHod L. JIiHHA L 1omKHA 3HAYHTENBHO Ipe-
BBIIIATh BCe «pU3HUECKHe» NJIHHBL, GUTYpHPYIOIIHE B 3ajaue, — MOCTO-
SAHHYIO peLIeTKH, IJIHHY BOJHBI 3JIeKTPOHA, IJIHHY CBOGOJHOrO Mpo-
Gera H T. [.; B OCTalbHOM 3HaueHHe L MpoH3Bo/ibHO. [lockoabky pas-
JHYHble KyObl HHYeM He BbLIAETEHBl, eCTECTBEHHO NOTPe6OBaTb, YTOOLI
3HAuYeHHs BOJHOBOH (YHKIHH B COOTBETCTBEHHBIX (OTCTOSIIHMX ApYT
'OT ApYyra Ha pacctosfiine L) Toukax coceqHux KyGOB ObLIM OJHHAKO-
BbIMH:

V(5 ¥ D=9+, g, D=...=p (+L, y+L, 24+0). (3.9)

PagenctBa (3.9) Mo3BONAIOT OFPAHHUNTLCA H3YYEHHEM JIBHKEHHS 3JIEK-
TPOHOB B IIpefiesiaX TOJNBKO OJHOTO KyGa, paccMaTpHBas ero Kak «KpHC-
Tal/l»; BCE, 4TO B HEM NPOUCXOAHUT, OYAeT NOBTOPATbCA H B APYTHX
Kybax. Takum oOpa3oMm, OKa3blBaeTCfi BO3MOXKHBIM (POpMaNbHO BBECTH
' B 3aJa4y «pa3Mepbl KPHCTANLIa», He HHTEPECYSCh B TO ¥Ke BPeMs siBJie-
HHSIMH - Ha -€ro TMOBEPXHOCTH *).

Ycnosusa (3.9) 03HauaOT, YTO BOJHOBAfA (PYHKUHA JNOJKHA OBITh
nepuopuuHa c¢ nepronoM L. CooTBeTCTBEHHO W caMHu ycsaoBHa (3.9)
Ha3LIBAIOTCH YCIOBHSIMH NMEPHONHYHOCTH (WJIH ycaosuamu Kapmana —
Bopua). Cam ky6 co cropoHoH L Ha3spiBaeTcsi KyGoM NepHOAHYHOCTH

*) Moxuo nokasats [2], uto mpu focTatouno Goabllodt AaMHe L pacnpejesiense
COGCTBEHHBIX 3HAYeHUH KOMIOHEHT P C TOUHOCTBIO JO Be/IMUMH nop;mxa L1 pe 3a-
BHCUT OT TPaHUYHBIX YCJIOBHH,
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(ynotpebasioT Tak:Ke Ha3BaHHUs «pyHAAMEHTANbHLIA 06BEM?, «OCHOBHON
06beM» UMM «OCHOBHAs 00JacTby).

ITockonbKy ajuHa L cKOJb YTOAHO BeJHKAa, Mbl BIpaBe CYHTaTh L
LIe/IbIM KPATHBIM @, TA€ @ — TOCTOSAHHAS PeLIETKH 10 COOTBETCTBYIOIEMY
Hanpasaenio. [losTomy, HaxaaawiBass yciaoBus (3.9) Ha ¢yHKUHIO
(2.15) v mpuHHMas BO BHHMaHHe CBONCTBO MePHOANUHOCTH U, (r) (2.16),.
MH TIOJyyaem '

i (R k k_2)
e AL B n'zluk.(x’ Y, 2)=

N RN R LTS AT SEET SRy ) g

R DRI G D @ Ly oy
Orciona
2n 2n 2n
kx=-fnx, kyz-z Ry, kz:ii._ ng, (310)

The Ny Ny A — NONOXKHTENBHBIE WJIH OTPHLATE/IbHbIE LieJble YHCJa
(orpanvuennsie ycaoBusami (3.8)) uau Hyan. CooTBeTCTBEHHO

20k 2nh Onh ,
Px = L Ay, psz— ny, z:—r—- n,. (310 )

‘TaknM 00pa3oM, 3HaUEHHS KOMITOHEHT KBA3HBOJIHOBOIO - BEKTOpa
(WM KBa3MUMMYJAbCa) OGPA3YIOT AUCKPETHYIO COBOKYMHOCTb., Pasmo-
CTH MeXAY COCeIHHMH 3HAYeHUAMH HX, OXHAKO, BeCbMa MaJsbl (paBHHI
cootBeTcTBeHHO 25t/L u 2nfi/L). Tlo 3Tofi mpuulHe yRazaHHas JOHCKpPET-
HOCTb He NpofBJsieTcs B HabJioJaeMbIX -Ha ONbITE 3JEKTPHYECKHX M
onTHUecKHX fABJeHHAX. CHeKTp Takoro THNa Ha3biBaeTCsi KBasuHenpe-
PHIBHBIM.

§ 4. 3HepreTuveckHe 30HbI

OGpativcss K BONPOCY 06 3HEPreTHUeCKOM CHeKTpe 3JeKTPOHa,
IBIZKYLIerocs B nepuoniueckoM noue. Ilonctasiss BoJHOBYIO GYHKIMIO
(2.15") B ypaBHenHe (2.4), mogy4yum

#e 2

ifi 4 .
o Viitp (r)——;ﬁo (p, vu,,)+;2§n;up+U(r) up=Eu,. (4.1

Tlon U 3neck nouumaeTcs loTeHIMATbHAA SHEPTHS SEKTPOHA B NEpHO-
JAuyeckoM noJje *).

*) Ipu yuete cnuH-opfHTATLHOTO B3auMofelicTBHS B JeBod wactH (4.1) nosipu-
Jvch Cbl JiBa JOTIOJIHUTEIBHBIX CJ1aTraeMBbiX:

hi it
Trger (@ FUXPD =y (F[TUX T ]

Jlaabueiimie paccyXICHHs IIPH S5TOM HECKOJBKO YCIOXKHMANCH Gbl, HO KayeCTECHHEE
peayavTartel (4.4), (4.5) u gp. octaauck 6ul B cule (cM., ranpumep, {M7]). Tlpn dak-
THUeCKOM pacyete QyHKUMI 4, B cOGCTBEHRBIX shavennit E yueT cnuu-op6UTaabHOrO

B32UMOJICHCTBHA MOXET, OAHAKO, OKa3aTbCd CYUWECTBEHHBLIM.
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¥pasueHue (4.1) npencrasiser coboft oObIYHYIO 33124y HAa COOCTBEH-
HbIe 3HAYEHHS, B KOTOPOH KOMIIOHEHTHl BEKTOpPA P HrpaioT poJb mapa-
MeTpoB. PasymeeTcsi, OT HHX 3aBHCAT He TONLKO cOOCTBeHHbIE QYHKIMH,
HO H cobcTBeHHble 3HaueHus sHepruu: E = E (p). Ilpu 3apaunbx
BeJIMUHHAX py, P, H p, ypaBHeHue (4.1) uMeer, BooGule rOBOPs, MHOLG
COOCTBEHHBIX 3HaueHHH H NMpHHALJIEeXKALUUX HM COOCTBEHHBIX QYHKIHH.
-Tlponymepyem HX HHIEKCOM /, pacnonoxuB 3HaueHus E B BO3pacTaroleM
nopsiike *):

E= El (p)v Up (l') = Up (l'),

E,p)<<E,(p)<... (4.2)

Takoii coco0 Hymepauuu He obsi3aTeseH, HO y100eH ANs fadbHeiero.

Kak nokasano B [lpunoxenuu II, coGctBeHHbie PyHKUHH ypaBHe-
Hus (4.1), OTBevaiomiHe pasIHYHLIM 3HAa4YeHMSIM [ IpH QHKCHPOBAHHBIX
KOMIIOHEHTaX P, B3aHMHO OPTOTOHA/BbHEL **):

§upmapr dr=6u. (4.3)

3necb 8 — cumBon Kponekkepa (I1.11.9); uHTterpan Geperca mo
OCHOBHOMY 0OBEMY.

3adHuKrcHpyeM BpeMeHHO HHAEKC [ M paccMOTPHM CBOHCTBA 3HEpPrHH
Kak QyHKUHMH KBasHHUMNy/Jbca NpH JaHHOM [. :

3ameHHuw, - npexae Bcero, GYHKUHIO u4p HA up B ypaBHeHHH (4.1),
a Takxe H3MeHHM Tam 3Hak y p. [locienHss onepauus 3KBHBaJeHTHA
3ameHe [ Ha —i B (4.1). MHaye roBops, yxa3aHHble 3aMeHbl Mpespa-
watoT ypasHenue (4.1) B conpsikenHoe emy. CoberBeHHoe 3HadeHue E,
GyAy4YH BeleCTBEHHbLIM, IIPH 3TOM H3MeHHTbcH He MoxeT. Cheposa-

TeJIbHO,
E (—p)=E, (p); (4.4)

JHEepPrusl 3/JeKTPOHA B MNEPHOAHYECKOM IOJe eCTb 4YeTHast ¢YHKIHA
KBA3HHMIYJbca. Jlajee, Mbi 3HaeM, YTO 3HAYeHHS KBA3HHMIYJIbCA,
OTJIMYAOUIHECST Ha /b, - pH3HUeCKH 5KBHBANEHTHHI (LJA KPATKOCTH MbE
He MHieM Tenepb HHAEKC M y BEKTOpa oOpaTHOH. peuieTkd b, ecnu3to
He BbI3biBaeTcss HeoOXOAHMOCTBHIO). (ClefoBare/qbHO, COOTBETCTBYIOLLHE
3HAYEHHS 3HEPTHH JO/KHBI COBNAJATh:

E;(p)=E, (p+7b). (4.5)

Taxkum 06pazom, 3Heprus 3JeKTPOHA B HAEAIbHOH peuleTKe ecTb IepHo-
AugecKas QYHKUHA KBA3HHMIY/IbCa C HEPHOLOM OODATHOH pelieTKH,
YMHOKeHHBIM Ha 1.

npuyem

*) He csieayer nyrarb [ ¢ opOMTANbHBIM KBAHTOBBIM HHCJIOM, YIOMHHABUIHMCH.
B r1. [1. [locnennee nurne Gosee HaMm He BCTPETHTCH.

**) OOparuM BHHMaHue HA TO, YTO B JeBoH 4Yactu (4.1) cpurypupyror dyuxnH,
NpHHAA/eXKAlKe OJHOMY H TOMY e BEeKTOPY P: IPH Pa3HHEIX P 3T0 O6buTH Gbl COGCTBEH-
Hble (PYHKIWH DA3HbIX OTeparopop, He o6f3aHHbie YAOBJETBOPATL KaKuM-AuGo ycJo-
BuaM tuna (4.3).
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To Ke caMoe OTHOCHTCA H K MYHKUMH upr (r):
tpt (F) = ttpn, , (1)- (4.5)

PaccmaTpuBasi 3aBHCHMOCTDL 3HEPTHH OT KBA3HUMNYJIbCA, Mbl MOXEM
OrpaHHYHTLCH H3MEHEHMeM KOMIIOHEHT p B IpelesiaX OJHOTO NepHoja
(T. e. opHON KakoH-HHGYAbL 30HBI BpuamosHa). IlycTe KBazHUMNYJbC
npoferaer 3ouy BpummosHa. MoxHo foka3artb [M6, M7], uto npu 31oM |
SHEpPTHs ecTb HempephiBHasi PyHKuHuA p. FHaue roBops, ee 3HaueHus
KBa3HHeNpephIBHO 3aMNOJHAIOT HEKOTOPbI HHTepBas

El, mingE[ (P)gE[, maxe (46)

B coorsetctBun ¢ Qopmynamu (3.10°) pasHOCTH MexAy noc/ienoBa-
TE€AbHBIMH YPOBHSIMH 3HEPTHH B NpelenaX JNaHHOTO HHTepBajga yGbI-
BatoT Kak l/L. Ilpu yBeanueHuu pasMepoB Ky6a NepHOLHYHOCTH OHH
CTaHOBATCA CKOJBKO YrOAHO MaJIbiIMH, B CHIY 4ero SHepreTHUecKHH.
CNEKTp 3/JeKTpOHa B Npelesnax HHTepBasa (4.6) mpakTHYeCKH HE OTJIH-
yaeTcsl OT HempepblBHOrO. 1o 3TOH NpHYMHE NMPUCTABKY «KBa3u» 4acTo
ONYCKAIOT, TOBOPS NPOCTO 06 06/1aCTH HENPEPLIBHOTO CIIEKTpa.

HutepBan sHepru#t, B npenenax KOTOpoOro 3HaueHus E; (p) usme-
HAIIOTCA HENpepbiBHO, HOCHT Ha3BaHHe B3Hepeermuueckol 30Hbl (AU
nesocel). UHC/I0 pa3/IMUHBIX 30H PABHO YHCAY 3HauyeHWil, NPHHUMAEMBIX
unpexcoM /. Tlo 3Tol NMpHuHHEe NOCJEIHHH HA3HIBAIOT HOMEPOM 30HBI
(MM 30HHBIM HHJEKCOM).

Hnorna yno6Ho paccMatpHBath Bee GyHKUMH E; (p) Kak pasiHvuHble
BeTBM OJHOIl MHOro3HayHOH pyHKUHH. Toraa unnekc / ecTb HoMep BETBH.

Bennuutnt E; min H E; max — MHHHMYM M MaKCHMYM 3HEpruu
B [-Tol 30He — Ha3bIBAIOT, COOTBETCTBEHHO, JAHOM M TOTOMKOM 3OHBI,
Pa3nocTs MeXKIy HUMH eCTh LIHDHHA [-TOH 3OHHI

OGpaTuMcsi Tenepb K 3aBHCHMOCTH COOCTBEHHBIX 3HAUYEHHH 3HEpruu
OT 30HHOTrO HHJekca /. PacCMOTpHM JBe€ cocelHHe 30HbI, XapaKTepH3y-
embie pyHkuuamu E; (p) v Eyy (p). Cornacho (4.2) moxer peanuso-
BaTbCsl OJHA H3 JBVX BO3MOXKHOCTEH:

Jr60

El. max << El+1, ming (473)
Jan6o
El, max == El+1, mine (476)

TtocnenHee HepaBeHCTBO, . pa3yMmeercsi, He NpOTHBOpeddT (4.2), ubo
A&Ho [-ToH H moTosoK (! -+ 1)-# 30HW MOTYT pacnosnaraTtuCs B Pas3jimys-:
HBIX TOYyKax 30HEl Bpuimosna.

B cnyuae (4.7a) Mbi 6yleM roBopHTb, uto l-tag " (/ -+ 1)-9 30HH
pasnefeHsl sanpewjeHHoll sonod. llimpuna nocnepHell ecth Ej 54y =
= Ej1, min — E;, max. 3HaueHHs 3HEPrHH, JieXallue B 3alpelieHHON
3oHe, He OTHOCATCH K COOCTBEHHBIM 3HAUeHHsAM raMuJbToHWawa. MHaue
roBopsi, B OTCYTCTBHE BHELIHHX TOJIeH 3J1eKTPOH B HJiealbHOM KpHCTallle
TaKylo SHEpPTHIO MNeTh He MOXeET, C YeM H CBA3aHO Ha3BaHHe «3ampe-
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IleHHasA 30Ha». B MpOTHBCHONOKHOCTD 3aMpelieHHbIM, SHepreTHYeCKHe
30HbI, O KOTOPLIX MBI TOBODHJIH BHlille, Ha3BIBAIOTCH PA3PELIEHHOIMU.

CuTyauus, cooTBeTCTBylomlas cJayyaio (4.7a), usobpaxkeHna Ha
puc. 3.2, a. Paspeiennbie 30Hbl, B KOTOPBIX Jie)KaT COBCTBEHHblE 3Ha-
UeHHsT SHEPTHH, 3AINTPHXOBAHLI; MEXKLY HHMH paclojo:xKeHa 3ampeLeH-
Hasi 307a-

7/,

447, min

0'0;0;0;0:0;0‘0;0:’

Q

___ e e

@)

Puc. 3.2. Duepretnueckue 30HB: @) HelepeKpHLIBAIOIIMECH; 0) mepeKpLIBatoIUecs.

B cayuae (4.76) mbl Gynem roBoputs, uto [-tas u ([ + 1)-1 30Hb
NePeKpPBIBAOTCA (WM CMBIKAIOTCH, €CAH HMeeT MecTO 3HaK TOYHOro
paBeHCTBa). 3arpeleHHOH 30HbI 37ech, OUeBHIHO, HeT. Takas cHTY-
anus H300paxeHa Ha puc. 3.2, 6. Paspewennsie 3ounl (I-tast u (I + 1)-51)
3AIUTPHXOBAHbl TaM B Pa3HbIX HANpaB/eHHSX; 3HAUEHUs] SHEPIUH H3
00/1aCTH, IOKPLITOH JBOHHON INTPHXOBKOH, NMPHHANIEKAT OGEHM 30HAM.

X apakTepHCTHKH 30HHOTO CIEeKTPa, T. €. IUHPHHBI pa3pelleHHsIX
Y 3anpelleHHbIX 30H, 3HaUeHHsI KBA3UMMITYJ/IbCa, IPH KOTOPLIX QYHKIHH
E; (p) nOCTHr210T MaKCHMYMOB M MHHHMYMOB, M T. Il. ONpele/IsioTCs
KOHKPETHHIMH OCOOEHHOCTAMH JAHHOTO KpHCTallda. X MO}KHO HafiTH,
pewasi ypaBHeuHe Illpepunrepa amd JaHHOH KOHKDETHOH CHCTEME.
IpakTnuecku, ofHAKO, Tpowle ONpeAeafiTh HEOGXONHUMbIE BEJHUMHLI
HerocpeACTBeHHO U3 ombita (eM. § IV.3 u ra. XVIII). ‘

§ 5. Meron CHABHO CBA3AHHBIX 2JEKTPOHOB

HokasanHas B § 2 Teopema BJoXxa mpHBOAMT K BEIBOAY O 30HHOM
XapakTepe SHEpPreTHYECKOro CIIeKTpa HAealbHOro KpucTamia. OHa,
OIHAKO, He PACKPBHIBAET (U3MYECKOrO MeXaHH3Ma OOpPA30BaHHH 30H. .
CymecTBo ae/la MOXKHO NMOHATL, PacCMaTpHBasi, KaK AUCKDETHBIE SHep:
FeTHYeCKHe YPOBHH, XapakTepHble N8 CBOGONHLIX aTOMOB, IpeBpa-
LIAIOTCSl B 30HBI MPH IOCTENEHHOM COMHMKEHHH aTOMOB H OGBbeIHHEHHH
HX B KPHCTA/IIHYECKYIO pewerky. [/ fBHOrO pelreHHs 3Tol 3ajiauu
YA0GHO BOCIO/IL30BAThCA NPHOJIHKEHHBIM METONOM, I1Pe/IOXKeHHbIM
Brepsbie Takke P. BJIOXOM H MpUMEHHMBIM, KOTAA PacCTOSTHHS MEXIY
COCEJHHMH aTOMaMH BETHKH 10 CPABHEHHIO C HX pasMepami. [lis ympo-
LIeHHs BBIK/AZOK OyleM paccMaTpHBAaTh He TPEXMEpHBIA KpHCTANN,



104 2JJEMEHTbBI 30HHON TEOPHUYW. UAEAJBHAS PEHIETKA Irn. m

a OofHOMepHYI0 OecKOHeuHyi0 1enouky OJHHAKOBHIX MepHOLHYEeCKH
pacnosnoXeHHbIX OJHOBaJeHTHhIX aToMoB. O6oOmleHHe Ha cayuadl Tpex
u3MepeHuli W aroMoB GoJbiell BaJeHTHOCTH TpebyeT — B pamkax
JAHHOTO METO4a — JIMillb He NPHHLUUIHAIbLHOTO ycnoxmemm BBIYHC-
JIeHHH.

IlycTe Ham H3BecTH2 BOJMHOBasi (DYHKLUHSA BaJEHTHOLO 3JIEKTPOHA
B H30/1MpoBaHHOM aroMe. OGo3HauMM ee yepes ¢, {r — Ry), rae g —
HOMEp aToMa B lenouke, r 1 R, — painyc-BeKTOPHl 3J€KTPOHA H g-TO
aTOMHOro OoCcToBa *). @YHKUHUA g YAOBJETBOPSET ypPaBHEHHIO

#2
— o Vo0s + Uy (1) 95 = Eotpy. (5.1)

3necs U, (r) — notenunansHag 3HEPrus B3aHMOAEHCTBHA 3JIEKTPOHA
¢ g-M atoMoM, E, — co6cTBeHHOe 3HaueHHe 3HepruH, NMpHHajjIexalee
COOCTBEHHON (GYHKUHH g, T. €. AMCKPETHLIH SHepreTHUeCKH#l ypOBeHb
BaJJEHTHOTO 3J€KTpPOHA B JaHHOM aTome. DByznem cuntaTh, uTOo (PyHK--
UHA @y ONMHUCHIBAeT s-cocTosiHMe. Torja yposeHb ¢ sHeprueil E, BHPOX-
JleH (IBYKPaTHO) TOJbKO MO CIHHY.

BosHoBBIe (DYHKIUH, ONHCHIBAIOUIHE JUCKPETHBIE aTOMHBIE YDOBHH,
OLICTpO yOBIBAIOT TO Mepe YyjajleHWsl 3J€KTpoHa .OT sijnpa. AcHMnTo-
THUYECKH Ha GOJBIUMX DACCTOAHHAX Qg BeleT cebs, B OCHOBHOM, Kak
nokasaTejbHast GyHKUMA:

r—R,!
(Pgrvexp{— Ry — } (5.2)
rne r, — KOHCTaHTa pa3MepHOCTH JIHHBL. OHa HTpaeT poib «xpdek-
THBHOTO pajuyca» aToMa M 4YacTO Ha3plBaeTcs PaiMycoM BaJeHTHGH
opOuTel. Ml OyleM CUNTAaThb ee Majod MO CPaBHEHHIO C pacCTOsiHNEM
MeXIy COCeJHHMM aromamy d:

r,, <£d. (5.3)

B peaanblx KpHCTa/Iax 370 ycnosue KaK NpaBHJ0, He BBHINOJHSIETCS;
TI03TOMY M3JaraeMelfi HH)Ke MeTOJ pacyeTa, OCHOBaHHBIH, MO CYWECTBY,
Ha HepaBeHcTBe (5.3), MOXKET HMETh TOJbKO OpHEHTHPOBOUYHOE 3HAUEHHE.
TeM He MeHee OH TO3BOJIfi€T NOHATH (PH3NUECKYO MpUUMHY 0OpasoBa-
HUSI JHEPreTHYeCKHX. 30H M pa3o0parhCsl B psijie HX XapaKTEPUCTHK.
B cusy npeanofoxeHHst 06 MIEHTHYHOCTH aTOMOB LENMOYKY, DYHK-
IHH @, C pa3jINYHBIMH HOMEPaMH g OTJIMYAIOTCH APYT OT Apyra JHib
TeM, 4TO OHH «LEeHTPHPOBAHB OKOJO pa3JHYHbLIX aTOMOB; YPOBHH
SHEprdH, KOTOpblE MM NPHHAJIEXKAT, pasyMeeTcs, OJHHAKOBBI, NOYEMY
MH W He cfiabauau E, 3HaukoM g. :
Ilpu nocreneHHOM ‘c6nimenni aTOMOB 3JIEKTPOH HAauHHaeT B3aHMO-
AeHCTBOBATh HE TOJBKO CO «CBOMM», HO H C «4YXHMU» ATOMHBIMH OCTO-
Bamu. CooTsercTByloulee ypapHeHue Illpeaunrepa nmeer Bun (2.4).

*) Ecan Hanpaawrh HanpHMep, oCh X BAOJIb LENOYKH, T0 Ry €cTh BEXTOp C KOM-
notenramu {dg, 0, 0}



§.5] METOJ CHJIBPHO CBS3AHHBIX 3AEKTPOHOB E 105

Ycaosue (5.3) 1103BOMsIET OKMAATH, YTO BOJH3H KaXKA0TO aTOMHOTO
OCTOBa BaJleHTHBIH 3JeKTPOH IBHIKETCSI B OCHOBHOM TaK :Ke, Kak H
B H30JHpOBaHHOM aTome. MHade roeops, BG/IM3H g-TO aTOMHOTO OCTOBa
BOJIHOBasA (YHKIHS 3HEKTPOHA B IeNOuke 1 AOMKHA ObITb OJNH3Ka
X ¢g. B COOTBETCTBHHM CO CKa3aHHBIM OyJeM HCKaTb pellieHHe YpaBHEHHs!
(2.4) B BUze

P(r)= 3 a9, (5.4)
]

rie ag— Ko3bduiuMenTH, noanexaniye onpenejentio. Ioacrasass (5.4)
B-(2.4), MBI HMeeM

-+
Fi2
Y aef— g Ve + U = Up) @+ Ugpy — Eqg} =0.  (5.5)
g=—c0
C yuerom ypaBHeHHd (5.1) paBenctBo (5.5) npuHHMaeT BHA
-+ o0
Z ag(Ea—E) 9o+ (U —U,) 9.} =0. (5.6)
g=—co

Jlas onpeneneHHs KO3(XPHIIHEHTOB a, YMHOXKHM 00e 4acTH ypaBHeHMS
(5.6) Ha KOMIIJIEKCHO CONPSIIKEHHYIO BOTHOBYO QPYHKIHIO (F 3JeKTPOHa
B U3C/IHPOBAHHOM aToMe g’ H IPOHHTErPHPYEM 110 KOOPAHHATAM 3JIEKTPO-
na r. Beenem ob6o03HAueHus

S Qi dr = Syrg, S of (U—Upg) pgdr=Ugy. (5.7)
ITosyunM caenylomyo CHCTeMY ypaBHEHHH:
-+ w
Z ag {(Eq—E) Sgg+Ugg} =0. (5.8)
g=—0w

OueBHaHO, Sgg = 1, TaK Kak 3TO NPOCTO HOPMHUPOBOUHBIH HHTErpaJ
s byHRuMM @g. OnHako npu g’ %= g uuHTerpad Sy He paBeH HYJIO.
MokHO JIMIIB YTBepXKJAaTb, YTO OH Maj IO CPaBHEHHIO C elMHHIell:
H3 ycaoBus (5.3) M acHMITOTHYECKOTO BHJAA BOJHOBBIX (YHKLHI
(5.2) BuITEKaeT, UYTO C YBe/JHUYEHHEM pacCTOSHHS MEXLy aToMaMu

(—41g_g)).
nuTerpansl Sgrg 1 Uy, YOBIBAIOT, B OCHOBHOM, Kai exp{— »—]g —gl).

Bennunny Sgy npu g’ = g MHOTAA Ha3bIBAIOT uﬂmeepa/zom Heopmo-
¢OHaAbHOCMU WM MHTErPasIOM nepekpuiThsi. Bennunna Uy, npu g’ = g
Ha3bIBAETCA UNME2PAaoM NepeHoca.

ITockOIbKY BCe aTOMBI LENOYKH OIHHAKOBBI, HHTETpaJlbl Sgg "
Uz, He MOTYT 3aBHCETb OT TOTO, TJie HMEHHO pacnosokKeHsl g-it v g'-i
aTOMBl: CYHIECTBEHHO TOJBKO PacCTOSHHE MEXAY HHMH. DTO O3HauaeT,
uto Sgry U Uyg 3aBHCAT TOJbKO -OT a6CONIOTHOrO 3HAUeHHs PasHOCTH
apryMeHTOB:

See=S(g' —gl), Uge=U(g —2g). (5.9)
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PasenctBa (5.9) mnpeacTaBJasAT CO0OH MaTeMaTHYECKOE BbIPAKEHHE
YCJIOBHS HIEHTHYHOCTH BCEX aTOMOB DEHIeTKH M MOCTOSIHCTBA PaccTo-
SAHMA MeXKJIy COCeNHHMH aromaMmu. llHaue roBopsi, OHH BBbIpaXKaloOT
yCIOBHe TPaHC/IALMOHHOH HHBAPHAHTHOCTH PAcCMaTpUBAeMOH HaMH
CHCTEMBI.

[TpuHuMas BO BHHMaHHe paBeHCTBa (5.9), JeTKO B SBHOM BHJIE Hamu
peweriHe cucteMmbl (5.8). [leHCTBHTENbHO, MOIOKUM

ag = Neis, (5.10)

rlle HOPMUPOBOUHBIA MHOKHTenb N u mapamerp A He 3aBHCAT OT g.

ITockosibKy BOMHOBast (YHKIHS JOMXKHA ObITh KBaAparHYyHO HHTe-
rpUpyeMa, mapameTrp A 10JxeH ObiTb BellleCTBeHHbIM. JleHCTBHTENBHO,
MpH KOMIJIEKCHBIX (HM/IH YHCTO MHHMBIX) 3HAUeHHAX A Koapduuwent
(g (2 C HUM ¥ BCS BOTHOBAs GYHKIHs ) obpamancs 6bl B 6eCKOHEUHOCTD
Ipd g— ©O WIH NpH g— — CO.

Bpibop penierusi B Buje (5.10) ¢ BemecTBeHHBIMH 3HAUEHHAMH A
HMeeT SACHHIN GbH3MgecKui# cMblc]d. B caMom jene, KBaapaTbl MOAYyJeH
OT/IefIbHBIX uieHOB psAfa B (5.4) XapakTepH3yOT BepOATHOCTb HalTH
3MeKTPOH BOIM3H g-TO aTOMHOTO octoBa. UToObl yOeIHTbcs B STOM,
BCHOMHHM, YTO BepOATHOCTb HAHTH 3X€KTPOH B HEKOTOPOM 3JIEMEHTE

- obbema AV paeTcss HHTerpaJom mo aToMy o6bemy S |p|2dr. HOILCTaB-

N5 CIoNIa p B BHJe (5.4) u 3ameuas, uTO B CHIY (5 3) DYHKUHE Qg H @y
npu g’ 5= g NOUYTH He MepeKpLIBAITCH, MBI TIOJYyYaeM
+
§lvPdre~ ¥ lagP {|gePdros|ap,
AV g=—c AV
ecid AV ectb Manpii 37eMeHT 0GbeMa, OKPYXKAMMHA g-H aTOMHbIH
OCTOB.

IMockoanbky, coraacHo (5.10), |a, [® = const 3JIEKTPOH B COCTOSA-
HHH (D.4) ¢ paBHOH BepOATHOCTbIO MOXKET ObITb OOHapyrKeH OKOJO Jiio-
6oro aToMa LEMOYKH — B IOJHOM COIVIaCHH C TPAHC/ISAIMOHHOA HHBA-
PUAHTHOCTBIO CHCTEMBI.

HMoncrasass (5.10) 8 (5.8) u npunumas Bo BHUMaHuUe (5.9), Mbl [IoTy-
qaeM

~+ o
N X {(Ea—E)S(g ~g)+U(g —g)hlete=0

g=—o0

IlpousBefieM 3lech 3aMeHy TMepeMeHHOH CyMMHpPOBaHHs, mojaras
g — g = g". Cokpalas 3ateM Ha e*¢', Haxogum

B alee]
N 3 {E—E)S(g')+U(g e~ =0. (5.11)
g'=—c0

- DTO PaBEHCTBO Y:Ke He COIePKHT apryMeHTa g', 4eM H JOKa3bBaeIcs
NpaBUILHOCTD BhiGOpa pemtenns B Bune (5.10).
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IMockonbky N == 0, paBeHcTBO (5.11) 03HauaeT, YTO B HYJIb JOJKHA
obpamarbest CyMMa 1o g”. JTo ecTb YCIOBHE sl ONpefieeHHss cobeT-
BeHHBIX 3HAYeHHH 3HEPrHH 3JeKTpoHa. 3aMeHsisi HHIEKC CYMMHpOBa-
HuA g’ Ha g, HMeeM:

+o ,
D Ulghe ™
E=E,+-£== . (5.12)

lee]

S S(ghe ™

g=—o0

PaBeHcTBO (b.12) MOXKHO mepemucarth B BHIE

U(©0)+2 D) Ulg)coshrg
E=E,+ £=1 . (5.12)
1+2 3 S(g)cosig
g=1

Cymmel o g B (5.12) man (5.12') npencraBasior coboii MepHonHYe-
CKHe QYHKUMH A ¢ nmepHonoM 21,

Jlerko BHIeTb, YTO C TOMHOCTBIO 1O MHOXMTedst d ' mapameTp A
npefcTaBiseT cofoif He YTO HHOe, KaK OJHOMEepDHEIH aHaJor KBasH-
BOJIHOBOro BekTopa k, BBemeHHOro B § 2 M3 o0mWHX cooOpaxeHHH.
JleHcTBHTENBHO, BOMHOBYI0 GyHKUHIO (5.4) ¢ yueToMm (5.10) moxHO
nepenucarh B BHJE

+o ,
=N Z e*8qg (r— Ry). (5.13)

g=—o00

BseneM Bektop k ¢ xommonentamu {Ad?, 0, 0} H 3aMeTHM, YTO KOMIO-
HeHTH BekTopa Ry cyTb, Mo ompenenentio, {dg, 0, 0}. Torna gpopmyny
(5.13) MoxHO Tepenucath B BHIE

—+ o0 X .
P=N 3 g(r—Rye “Re™VTH ey (1),  (5.14)
§=-—o0

OueBuano, ompeneisieMasi 9THM COOTHOuIeHHeM (yHKUHA

+oo
w (=N Y &Ry, (r—Ry) (5.15)

g=—oo

NepHOoAHYHA C IepHOJOM Halell ofHOMepHOH pemeTkH d. JleficTBHTE/b-
HO, MyCTb a ecTb BeKTop ¢ KomnoHentamu {d, 0, 0}. Ina dyskuud
ux (r-a) Ml HMeeM

-+ oo
u(r+a)y=N Y] ¢ Rg="=3g (r—Ry+a). (5.16)
g=—o00

IMpoussoaa 33ech 3aMeHy MepeMEHHOH CyMMHpoBaHHs g =g  + 1,
yOe:KnaeMcst, 4To npaBbie yacTH paBeHctB (5.15) u (5.16) onuHakoBwl,
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Hrak, sbipaxenue (5.14) ecTb uyacTHBIA caydad obuwred GopMydInl
(2.15): BonnoBasi GyHKUHS P npeacTasiser Cofoi NMpoH3BeacHHe NIoC-
KO BOJHBL-'%f Ha (GYHKIEIO, NePHOAHYECKYIO C TEPHOLOM pEeIeTKH.

®Qopmyibt (5.12), (5.12") Takxe HAXONATCSA B IIOJMHOM COOTBETCTBHH
¢ § 4. B camom geste, nepuos o6paTHOM peleTKH B JAHHOM C/lydae paBeH
b = 2n/d. CnenoBareibHO, COOCTBeHHbIC 3HAYeHHs 3uepruH E nepHo-
JAHYCCKH 3aBHCAT OT k ¢ mepHojoM b, Kak 5TO H LONXKHO ObiTh. HHTep-
Baj (—b/2, 4+ b/2) onpenensier nepBy0 (OZHOMEPHYIO) 30Hy B pH/TO-
3Ha. BunHo, nanee, yto E ecTb ueTHast PyHKUHAA K — OHATb B COOTBET-
CTBHH C pe3y/jbTaTamu § 4.

Ananorudieie GopMyibl (B MPHHATHIX BILIE T1PEATIONOXKEHHAX) cnpa-
BeUVIHBBbL H V1A JBYX- M TpexMepHoro caydas. Tak, AJs 3HEPrHH 3JCK-
TPOHa B NpPOCTOH TpeXMepHOH KYOGHUECKOH pereTke OJHOBAaJeHTHBIX
aTOMOB MBI IOJy4aeM

DU(ghe ™

I —
OIS
g .

rie g — BEKTOp, KOMIIOHEHTHl KOTOPOro CyTb Hesbie YHCAa (HJIH HYdH).
Bextop A 0oueBHIHBIM OGpa3OM CBSI3aH C KBA3HBOMHOBEIM BeKTOpOM k

Ae=ak, urT. A

(6.17)

B cuny nepasenctsa (5.3) sennuunst U (| g |) v S (| g |) Ouictpo
yOuBaloOT ¢ pocToM aprymenta | g | . Ko 3Toit npHunde B pajax, ¢ury-
PHpPYIOMMX B MpaBbX 4acTaX (5.12), (5.12') u (5.17), MOXKHO OCTaBHTD
TOJbKO IepBble u/eHHl. Toraa paeeHcTBO (5 12') npudnMaer BHa

E=E,+U (0)+2[U (1)~ U (0) S ()] cos A. (5.12")

‘Unrerpanet Sg-g u Ugg MOXKHO BBIYHC/IHTD, 3HAA BOMHOBbIE QYyHKUHH
3JIGKTPOHOB B H30JMPOBAaHHBIX aToMax. HHorna, onHako, 3TH BeaH-
YUHbl (WIH NOAXONMiHE HX KOMOMHAIIMH) pacCMaTPHBAIOT MPOCTO KAK
napaMeTpsl, IOAJexauide onpejeNeHHio H3 onmita. [Ipu 3ToM Hepo-
CTAaTKH pPacCMaTpHBaeMOro MeTOAa pacyera UCYe3alT, HO 3aTO TepseTcs
BO3MOXKHOCTb HEIOCPEACTBEHHO CBA3aTb CTPYKTYPY 30H C XUMHYECKHMH
CBOMACTBAMH aTOMOB, O0OpPAa3ylOLWIMX KpPHCTAMJI.

®opmyaa (5.12"), kak, BupoueM, #u (5.12°) u (5.17), sicHo nokasei-
BaeT, KaK BJHfET NOJe KPHUCTANIHYECKOH peuieTKH Ha >HepreTHue-
CKHH CHOEKTP 3JIEKTPOHOB.

Bo-nepBbix, aroMHulii ypoBeHb E, CIBHraeTcsi Ha MOCTOSIHHYIO —
He 3aBHCAIMYI0 OT A — BenuuuHy U (0). CMbiC/I ee 04eBHAeH: COrJIacHO
(5.9) u (5.7)

U © = (0) (U—U,) g (1) dr. (5.18)

Takum o6pasoMm, U (0) ecTb cpepHsisi- 3HeprHsi 3JeKTPOHA, JOKAJIH30-
BAHHOrO Ha KAKOM-HUGYAb OHOM (g-M) aToMe pEueTKH, B NOJe BCex
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OCTaJIbHHIX aTOMOB (pe3yJbTaT, pasyMeercsi, He 3aBHCHT OT g — CABHT
SHEpPTHH /i BCEX aTOMOB OIMH H TOT Ke).

Bo-BTOpHIX, NUCKPETHHIH ATOMHBHI YpOBeHb «pa3MblBaeTcsl» B 30HY:
TpH H3MEeHeHHH TiapaMerpa A OT — @ 10 -+ 7 focjelHee Cjaraemoe
B npaBoit yactH (5.12") HenpephIBHO H3MeHsieTCsi B HHTepBajie OT
210 —UOS)jmo+2jU01)—UI(@©0 S(1)]| (3nak pas-
nrocti U (1) — U (0) S (1) B npuHuHne MOKeT OHITh JMIOOKIM; 115 fab-
HeHIHX BBHIBOJOB OH HeCyliecTBeH). Bce 3HaueHMsl SHEPTHM B 3TOM
HHTepBaJje NO3BOJEHBI: UM COOTBETCTBYIOT BCIOAY OTpaHHUYeHHbE BOJ-
HoBule PyHKUHE (D.14), xapakTepusyemuie (Kak M sHeprus E) pasmuy-
HBIMH 3HaueHHsMM mnapamerpa A. [Hupuna storo HHTepBana, T. e,
«IIMpHHA pas3pelleHHON 30HB®, paBHA

4[U-=U©0) SO

Cornacao (5.9) u (5.7) oHa onpeznensieTcsi CTeNeHbIO NePeKPHITHS BOJ-
HOBBIX (QYHKIMA COCENHMX aTOMOB Qg H (g+y. C yMeHblIeHHeM nepe-
KPHITUS (T. €. ¢ yBEJHUYeHHeM PacCTOSIHMS MEXKIY aToMaMmH d) 1IWHpHHR
30Hbl GHICTPO (KCIIOHEHIIHAJbHO) CTPEMHTCSI K HYJIO — 30Ha «CTATH-
BAETCSA» B JHCKPETHHIH ypoBeHb (BO3MYIIEHHBIH, MOXeT ObITh, MPUCYT-
CTBHEM JPYTHX aToMoB coryiacHo (5.18)). 3asucumocts E ot napamerpa A
IIpH 3TOM HCYE3aeT. /

. 3nax pasnocru U (1) — U (0} S (1) onpenenser, JexXUT JH MHHH-
MyM 3Hepruu (5.12") (1. e. 1HO 30HE) B Touke A = 0 (k = Q) win
B TOUKe A = 7, T. €. B [teHTPe WJIH Ha rpanyle 30Hel Dpunamosna *).
B6ausu MunnMyMma dynkuus (5.127) uMeer Bun

E=E,+d*|U(1)=U (0)S(1)| #, (5.19)

rae E, ecTb MHHHMaJbHOe 3HaueHHe 3HepruH, a BeJHYHHA K OTCUMTHI-
BaeTcs OT TOUKH MHHHMyMa. Beipaxenue (5.19) dopmanbHo coBnapaer
¢ tdopmyJoit a4s 9Hepruu cBoGOLHON uacTHubl F%k%/2m,, ecnn Maccy
rocyiesHell /m, 3aMEHHTb BbIpajKeHHEM

H2
FRE ) —0 0SS

BenuunHa m HOCHT Ha3paHlle adihekmugroll maccel. 3aMeTHM, 4YTO OHA
yChIBaeT BMECTe C yBeJIHYE€HHEM LUMPHHBI pa3pelieH ol 30Hb.

. Ananornuno, BOJIH3H MaKCHMyMa 3HepPTud (NOTONKA 3OHBI) MbI
HMeeM

m (5.20)

h2ke , ,
E=const+§;l—,, m' <0, (5.21)

rie 4uesO k OTCUMTHIBAETCH OT TGUKH MakcHMyMma. KoHCTaHTH 3lech H
B GopmyJe (5.19), pasymeercs, pa3JHuHBl; Pa3HOCTb HX paBHa HiM-
pHEe pa3pelleHHOH 3OHHL.

*) Toukn A= m H A= —n (H3HYECKH SKBHBAJCHTHH, M, KaK YKa3hlpaloch
B § 4, MX cleAyeT PacCMaTrpuBarh Kak OAHY TOUKY.
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IMpasast yacts (5.21) Takxke noxoxa na dopmyny IUIH.KI/IHeTI/II‘{eCKOﬁ
3HEpPTHH CBOGOHON YaCTHILEl, HO Temepb shbekTHBHAs Macca m OTpH-
narenpHa (B caydae (5.12°) oHa no aGCOMOTHOH BelHYIiHe COBNafaer
¢ m; BoOOWIE e BeJMYMHb m W |m’ | MOryT ObiTb H pasiny-
HBIMH). i} ) ‘

Kak yxKe OTMeuanoch, 3JEKTPOH, ONHCHIBAEMbIH BOJHOBOH (YHK-
uueit (5.13), ¢ paBHOi BEepOSITHOCTBIO MOXET ObITb 06Huapy>er OKOJIO
MOBOro aToMa MENOuKH. DTO 06CTOATENbCTBO Ha MepBhIH B3IJIAA Ipek-
CTaB/IsETCs napafokcalbHbiM. JIeCTBHTEIBHO, PPadUK MOTeHIHAbHOH
SHEPTHM 3JIeKTPOHA B PaCcCMaTPHBAEMOl Iernouke MpeACTaBiaseT co0oH
COBOKYIHOCTb YEPEeAYIOUHXCA MOTEHUHNANBHBIX 5IM, CBA3aHHBIX C KaX-
IbIM aTOMHBIM OCTOBOM, M «ropGoB» (puc. 3.3). Kasascch Obl, MOXKHO
«3anepeTby 3JEKTPOH BHYTPH KakOM-IHGO ONHOH sIMbl, eC/H MojHas
sHepTHsA ero E MeHblie NMOTEHIHaNbHO SHEPTHH Ha «ropGe» (nyHRTHp-

Hag JIHHHA Ha pHc. 3.3). 210 pac-
v CY>KJeHUe, OHAKO, HEeJHKOM OCHO-

£ —-—-—7%-———% BAaHO Ha KJACCHYECKHX IMpeJcTaB-
JeHHSX, KOTOpble B JAHHOM CJY-
I \ / \_/ Z  yae HefOCTaTOYHH. B KBaHTOBOMH

MeXaHHKe IO0KAa3bIBAEeTCsl, UTO «3a-
Puc. 3.3. TNoTeHunanbHas 3HePrUs 370eK NepeTby SACKIpON B MOTeRUHah-
'rpoﬁa B ‘O,IlHOMepHOI‘/’I uenoqxep omm?axo- Hoff fiMe KOHEHHOH IyOHHb i
BbiX 4TOMOB KaK QYHKUHs KoopAunarsi LIHPHHBI ~ HEBOSMOXKHO:  CymIeCT-
(cxemaTHyecku). BYeT KOHEYHdsl BepOSTHOCTb 06-
Hapy>KHTb 3JEeKTPOH B 0OJacTH
Gapbepa, OKPYKawUIero AMy (3alUTPHXOBAHHBIE YYACTKH Ha pHC. 3.3).
Ecyii, Kak 3T0 U HMeeT MeCTO B HalleM cJyyae, PsOM C AaHHOI MOTeH-
HHaNbHOH SIMOM eCTh JPyTHe (Ifie 3JeKTPOH MOXKET HMeTh Ty XKe 3Hep-
THI0), TO BO3HHKaeT BO3MOXKHOCTb H303HEPTETHYECKOTO TYHHEJbHOrO
nepexofia 3/JIeKTPOHA U3 ONHOH fIMbl B ApyTyio. [IpH 5TOM OH y2Ke He CBfl-
' 3aH C KaKHM-JHOO OTHEJbHBIM aTOMOM peuieTKH, a OGOOLIECTBISETCS
MeXy HUMH. FIMEHHO 3TOT TyHHe/bHbIH 5d¢eKT U NMO3BOJSET JMEKTPO-
HaM GeCTPENsICTBEHHO NepeMellaThCsl yepe3 KpHCTals1 Ge3 npeaapH--
TeJIbHOH TePMHUYECKOH aKTHBAIHH.

BeposiTHOCTb TYHHENIbHOTO Nepexoia OMpefe/iseTcs CTENeHbio nepe-
KDBITHS BOJHOBBIX (YHKUHMH 3/J€KTPOHA B COCEIHHX NOTEHIHAJNbHBIX
fIMax, T. €., B HAllleM C/1y4ae, HHTerpajaMu Sgg 4 Uyyg. I1pH Ge3rpanny-
HOM Da3JBHKEHHH aTOMOB BepOATHOCTb TYHHEJNBHOTO 3ddexTa obpa-
uaercsi B Hysb. U neficTBHTeN1bHO, B HEHOHH30BAHHOM TI'a3e 3JEKTPOHE
JIOKAJIH30BAHbI Y CBOHX» aTOMOB. ,

B ycioBusAX, HaMH paccMaTpHBaeMbIX (pasMepbl aTOMOB Majiel 110,
CPaBHEHHIO ¢ DPaCcCTOsSIHHEM Mex1y HHUMH), BEpPOSITHOCThL TYHHENBLHOLO,
nepexosa OKa3hiBaeTcss HeOOMbLIOHN: JEKTPOHH JOBOJIBHO CHJBHO CBA-
3aHBI CO «CBOMMH» aToMaMH *),

*) Orcioga — Ha3BaHHe «MeTOJ, CHJBHO CBSISAHHBIX 3JCKTPOHOB?,
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CB#13b MeXK1y BepOSTHOCTBIO TYHHEJBHOI'O Ilepexoja H pacCTOSTHUEM
MEXNy aToMaMH MO3BOJfieT HaTJIAAHO MHTEPIPETHPOBATb 3aBHCHMOCTD
3(h{eKTHBHOH MacChl OT HHTErpaJOB HEOPTOTOHANBHOCTH H MepeHoca
(5.7). VimeHHO yMeHbIIEHHe BepOSITHOCTH mMepexofa (T. €. yMeHblIeHHe
Sgg 1 Ugg) 3aTpyaHACT NepeMellleHHe 3JEKTPOHA IO KPHCTANNY, UTO
BbIpaKaercsi, B YaCTHOCTH, B «yTSIKeJeHHH» ero: m— co npu S (1) u
U(l)->0%*. Tor dakr, 4T0 BepOsITHOCTb TYHHEJBHOTO Meépexoja
NpHOIMKEHHO MPONMOPLHOHAJAbHA LIHPHHE DPA3peIeHHOH 30HEI, He
JOJDKeH BBI3EIBATh YIUBJAeHHs1. JleficTBUTeNbHO, OGpa3oBaHHe 30H H
TYHHeJbHOE NPOCauHBaHMe 3JeKTPOHOB C OJHOrO aroMa Ha JApyTroi
NpeACTaBJAIOT cO6GOH 1Ba aclekTa OJHOTO M TOro Ke sABAeHHs — 00006-
IECTBIEHHS 3JEKTPOHOB MeXAY BCEMH aTOMaMHM pelleTKH, — HacTy-
nawouero 6aarofapsi NePeKpHITHIO aTOMHBEIX BOJHOBBEIX GYHKIHI.

Hrak, sHepreTHueCKHe 30HBH B KpHCTa/JJax BO3HHKAIOT B pe3y.b-
TaTe «pasMBITHs» JHCKPETHBIX AaTOMHBIX YpOBHeH, 0GYCJOBJAEHHOTO
B3aMMOJIeiCTBHEM 3JIEKTPOHOB C COCEIHHMH (H, MOXeT ObITb, Gosee
JaTeKHMH) aTOMaMM pelleTKH W TepeKpbiTHeM BOJHOBBIX GYHKIHH
COCEIHHX aTOMOB. ITOT BBIBOL, K KOTOPOMY Mbl NpPHLUKIH HAa OCHO-
BaHHW MNpPHOJHKEHHOTo pacuera npocTefllefl MoienH, OKasblBaeTcs
coBepiieHHo o6uM. C 1pyroi CTOPOHEI, KaK y>Ke€ 0TMe4aJIoCh, 110/yJeH-
Hble B HacTosileM naparpade KoJHYecTBEHHbIC COOTHOLICHHS Ha 60Jb-
1yI0 TOYHOCTb MpPETeHAOBaTb He MOryT **).

Tem He MeHee METOJL CHJBHO CBfI3aHHEIX 3/J€KTPOHOB HHOIAA OKa-
3bIBAETCS NOJIE3HBIM. 'JlaBHOE ero AOCTOMHCTBO COCTOMT B TOM; 4TO OH
NO3BOJISIET - yCTAHOBHTh CBSI3b MEXKIY XapaKTepPHCTHKaMH 3HepreTHue-
CKHX 30H H XHMHYECKHMH CBOHCTBaMH aToOMOB, 00pa3yIoLIUX KpHCTaJLI,
B YaCTHOCTH — THIIOM XHMHYeCKOH CBSI3H B JAHHOM MaTepHaJe. [leii-
CTBHTEBHO, pacueT, H3JOXeHHBIH B HacTosilleM maparpade, HeTpyJIHO
06o6UIHTE Ha Gosee CJOXKHBIE CJAydaW, NMPHHHMas BO BHHUMaHH2 Tpex-
MEpPHOCTb 3aJauH, HaJHuhe HECKOJbKHX AaTOMHBIX YpOBHeH H T. A.
(em., nanpumep, [M7]). TIpu 3ToM OKasbIBaeTcsi, YTO KaXKIOMY aToOM-
HOMY YPOBHIO COOTBETCTBYeT CTOJbKO 30H, KAKOBA €T0 KPaTHOCTb Bhi-
pOXKJ€eHHsl, TpHYeM pasjHYHBIE 30HBI MOTYT H NepekpoiBaThesl. MHaue
TOBOpSl, BBIPOXKIEHHEIM ATOMHEIM YPOBHSIM OOBIYHO COOTBETCTBYIOT
M BbIPOXKJEHHBE 30HBl. AHAJOTHYHEIM 06pa3oM OOGCTOMT Jeso H B TeX
c1yvasix, KOTJAA YPOBHH SHEPTHH BAJEHTHBIX 3JE€KTPOHOB B aToMax
HE BBIPOXJEHbI, HO JOCTATOYHO GJH3KH IO SHEPTHH.

CoOTBeTCTBYIOLIHE BOJHOBHIE (PYHKIIHH MOXHO NDEICTaBHTL B BHJE
cymMMm Tumna (5.4), ¢ TOH JMub pasHHIEH, YTO TeNepb CYMMHPOBAHHE
BefieTCsl He TOJbKO MO HOMEepaM aTOMOB, HO M 110 ATOMHBIM COCTOSIHHAM,
NpHHUMaeMBIM HaMH B pacyeT. Mnaue rosops, npu obpa3oBaHHH 30H
B pe3yJabTaTe Pa3MBITHs BEIPOXKAEHHBIX MJIH GJIM3KHX 11O 3HEpPTHH yDPOB-
Hell pPOMb «aTOMHBIX GYHKIHA» ¢y HIpalOT JHHeHHble KOMOMHAUHH

*) C 5THM CBSI3aHO ¥ CaMO Ha3BaHHE «HHTETPAJ MepeHOCan,
**) OG30p COBPeMEHHBLIX METONOB pacue1a SOHHOH CTPYKTYPH TBEPAOrO Tesa,
NPeTEeHAYIOIMHX Ha KOJMYeCTBEHHYIO TOYHOCTb, MOXHO HalTH B KHHre [3]
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4TOMHBIX (DYHKUMH, NpUHANIEXKAUWIMX Ha3BaHUbM ypoBHAM. OO0 3TOM
roBOpAT KaK O THOPHAM3ALUMU COOTBETCTBYIOHIHX ATOMHBIX COCTOSIHUH.

3TH KayecTBeHIble BBIBOABl HC CBA33HHl HENPEMEHHO C YCJIOBHEM
(5.3); COOTBETCTBEHHO OHII [AIOT U3BECTHYIO OPHEHTALHIO H B YCIOBHSX,
KOrJa MEeTOJ CHJIbHO CBA3AHHBIX 3JEKTPOHOB B OYKBa/bHOH CBORH dopme
yie He npHMeHHM. To XKe OTHOCHTCST M K BLIBOAAM O CBOMCTBAX CHMMET-
pHH GJOXOBCKHX BOJIHOBBIX (IYHKIHI; 3Ta MHGOpPMAILUS OKAa3bIBAETCs
CyUIeCTBEHHOH BO MHOTHX 3ajadax, HanpHMep B 3a1ade O MOIVIOWEHHH
HJIH HCTyCKaHUH CBeTa NPH Nepexofax 3/JeK1POHOB U3 ONHOH 3Hepre-
THYECKOH 30HLI B Apyrywo (r1. XVIII).

§ 6. 3akon aucnepcuu. H3o3HepreTHYECKHE NOBEPXHOCTH

Curyauusi, ¢ KOTOPOJ Mbl BCTDETHJIHMCH B IBYX MOCJAeNHMX Tapa-
rpadax, xapakTepHa JJIsi COBPEMEHHOH TeopHH TBepjoro Tena. KmenHo,
YacTO OKAa3HBAETCS BO3MOMHBIM, HCXOMsi M3 JOBOJBHO OGUIMX (H3H-
YeCKHX C0oGpakeHUH, BLIACHHTL HEKOTOpble oOuiHe OCOOSHHOCTH |
CBOHCTBA 3HEPreTHYECKOTO CIEKTPA CHCTEMbl, OHAKO MOMBITKA SBHOTO
pacdera, HanpeMep 3aBHCHMOCTH SHEPrUH OT KBa3HUMINYJEBCA, BCTpe-
yaeTcsi ¢_OOJMbUIHMH MaTeMaTHYeCKHMMH TpyaHocTamu. Kak npasiio,
npH 3TOM npuxoumca BBOJUTb DAJ YNPOWAIOWHX MPENNONOKEHHE H
" annpoxcumanyuit. ITo 3Toil MpHYMHE BaXKHYIO POJb HrpaeT KCIepUMEeH-
TAaJbHOS HCCIEeAOBAHHE 3O0HHOH CTPYKTYpel TBepHoro Tena. YrtodSwt
NPaBUJIBHO MOCTABUTL €ro, HAalo Mpexne BCero BbIACHHTh, C IIOMOLIBIO
KAaKHUX TOHATHH M BeJHYHH yJIOOHO OMHCBHIBATH SHEPreTHYeCKHH CIeKTP
3MEKTPOHOB B KPHCTANIHYECKOH pelleTke.

BseneM- npexcre Bcero npeficTaBieHde o 3akoue ducnepcuu. Tak
Ha3bIBACTCA 3ABUCHMOCTb SHEPTHH OT KBA3HMMIYJIbCA B paspeLieHHOR
3oHe *).

3axoH aucnmepcud  yAoOHO H306pa}KaTb rpapuyecku. QOBObIYHO

MOBb3YIOTCST OJHUM M3 JBYX MNpelCcTaBJeHHH.
- Bo-nepBbix, MOXHO (PMKCHPOBATH IB€ H3 TpPeX KQMIIQHEHT KBa3i-
uMnyaeca. IlycTe, HanpuMep, (GHKCHPOBAHBI KOMIOHEHTHI p, H ..
Torna sasucumocTs E; (p,) onpenejsieT HeKOTOPYylO KPHBYIO Ha mjoc-
koctd (E; py). KpHBble Takoro THma Ha3bIBAIOTCH OUCHZPCUOHHLIMU.
COBOKYMHOCTb MX, COOTBETCTBYIOWIAA pPa3MHU4YHLIM 3HAUCHUSIM P, H P,
TIOJTHOCTBIO XapaKTepH3yeT 3aKOH JHUCIEpCHH.

Bo-BTOpEIX, MOXKHO (HKCHDOBATH 3HAYeHHE SHEpPrHU B [-TOH 30He.
noJyiarast

L, (p) =const. (6.1)

YpasHetne (6.1) onpeseaser NoBEPXHOCTb B TPEXMEPHOM IPOCTPAHCTBE
KBa3UMMNY/LCOB. Ee Ha3biBaOT H305HepreTHYeCKOH (H/I1H MOBEPXHOCTHIO

*) Hassauke cBS3aHO € BOVIHOBLIMH TPEACTABACHHAMH 06 sackrpone. JeiicTsu-
TeJIbHO, B CHJY COOTHOWeHWH ge Bpomm 32KOH NHUCMENCHH eCTh He 4TO HHOe, KAK
SOBHCHMOCTb YaCTOTHE 3MCKTPOHHOH BOJIHKI OT KBAa3HBOJAHOBOLO BEKTODA.
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paBHLIX 3Hepruil). ITpunasas pasanunble 3HAYEHHA KOHCTAHTE, CTONAMILH
B npaBoi 4yactd (6.1), u 3anaBas QopMy COOTBETCTBY!OLIEH H303HEpre-
THYRCKOH MOBEPXHOCTH, MBI MOJHOCTBIO OMHCHIBAEM 3aKOH AHCIEpPCHH.

£
G £
Etp)
Pz Fr Pr
| g &
a) 8)

Puc. 3.4, IlucnepcHOHHBE KPHBbiE (CXeMAaTHYeCKH): @) ANA JABYX
HENePeKPLIBAUIMXCS 30H; §) AJAA CMBIKAIOWMXCH 30H.

Msosnepreriueckne MmoBepXHOCTH 0G/1afalOT HEKOTOPBHIMH CBOHCT-

BaMu cummeTpuH. Ilpexxne Bcero, cornacHo (4.4) OHH HMeOT UEHTp
CHMMETPHH, paclo/IoKeHHbl B Touke p = (: MpU U3MEHeHHH 3HAKOB
Y BCeX KOMIIOHEHT P H303HEpreTHYeCKas NOBEPXHOCTb MEpPEeXOAHT cama
‘B ce6si. IAtor PAKT SABIAETCS COBEPHICHHO
o0WHUM — OH He CBSI3aH HH CO CTPYKTYpOH £]
JaHHOH KPHCTA/VIHUECKOH pelleTKH, HH C BH-
JIOM CHJIOBOr0 moJjs B Hefl. JanbHeHinne CBOH- Pr
cTBa CHMMETPHH HAaBSi3bIBAIOTCA CTPYKTYPOi
peLIeTKH: TOMHMO LeHTpPa CHMMETpHH, H30-
alepreTHUecKasi MOBEPXHOCTb obJafaer U BCe-
MH 3JIeMEHTaMH CHMMETPHH JAHHOH KpHCTas-
JINYeCKOH peueTKH. ,

PaccMOTpHM BO3MOXKHBIH BHJ JUCIIEPCHOH-
HbIX KPHBBIX M M303HEpreTHUeCKHMX IoBepx- Puc. 3.5. Tlpumep BLpoxk-
HOCTell BO/IM3M TOUEK SKCTPEMYMa B 30Hax. ACHWT SOH B HOUKS MAKCH-
Ha pue. 3.4, a cxemaTHyeCKH H300paXKeHbI ywa.

KpHUBbIe JHCNEPCHH AJIS CJy4as Henepexpol-

BAIOWMXCA 30H. JLJisi ONpefeleHHOCTH IPUHATO, uTo MHHEMYM (/- 1)-i1
U MakcuMyM [-TOH 30HBI JIOCTHFAIOTCSl, COOTBETCTBEHHO, B TOUKaX
(Pxe» 0, 0) 1 (0,0, 0), npuyem, BooOuIe TOBOPS, Py 7= 0; 3HEPrUd OTCUH-
THIBAETCH OT MOTOAKA HHXKHEH 30HHL

. JlucnepcHOHHBIE KpHBBle U CJydasl, KOrA2 30HBl CMBLIKAIOTCH
. B ueHTpe 30HH DpuiosHa, CXeMaTHUeCKH NpeicTaBJennl Ha puc. 3.4, 6.
3zrech onHO W TO Xe 3Hauenue sHeprun E, (0) = Eyy (0) = 0 nona-
JaeT cpasy B JBe 30HH. MHaue roopsi, OXHOMY H TOMY XKe COOCTBeH-
HOMy 3HaueHHI0 3Heprud E = 0 npuxajiexar 1pe COOCTBEHHBIE QYHK-
WHH: U9, 1 M Uy, 14y, T. €. HMEET MecTO BoipoxkieHHe. COOTBETCTBEHHO




114 3NEMEHTH 30HHOM TEOPWM, HAEAJNBHAS PEWIETKA  [rJ. 111

TOYK4, B KOTOPOH CMBIKAIOTCSl 30HBI, HA3BIBAETCSH MOYKOL BbIpONCOCHUS,
a CaMH 30Hbl — gbipodcOerH oMy B 3TOH TouKe. ToUKa BLIPOXKAEHHS €CTh
ocobas Touka pyHkuuM E (p): B Hell cMblKaoTcs 1Be BeTBu E; (p) u
E i (p), T. . '3T0 ecTb TOYKa BETBJEHHSI 2-ro MOpsilkKa.

. Bosmoxen u Gosee CIOKHBI cayyail, KOrja B TOYKE BBIPOMIEHUs
cMblKaeTcsi Gosiblilee YHCAO 30H. MBI HMeeM Torja TOYKY BeTRJEHHS
6oJiee BLICOKOTO INOpsiKA. MOXKET CIYYHThCs TaK¥kKe, YTO B TOYKE Bbi-
POXKIeHHs1 o6e 30HB (MU OoJbllee HX YHCJIO) HMEIOT MaKCHMYM (HJIH
MHHHMYM). IIpuMep Takoll CHTyallHH NpejacTaBJeH Ha pHc. 3.5.

M3 paccMoTpeHHs BLIpOKIEHHBIX 30H (pHC. 3.4, 6) siCeH CMBICA
ycaoBHA (4.2): KaK BHAHO H3 pHC. 3.4, 6, TOJBKO B 3TOM CJy4yae paBeH-
cTBO (4.4) OKasblBaeTCs CNPABENJUBBIM 1Jd KaxKIoH 30HH B OTHe/b-
HOCTH *).

§ 7. Meraaasl H NOAYNPOBOIAHHKM

TpencTaBieHne o paspemieHHBIX M 3alPEUIEHHBHIX 30HAX B COYETa-
HUM ¢ npuHudnoM Ilaynau nosBosseT BHIACHUTH MPHYHHY TJIYGOKOrO
pPa3HYHsA MeXKAY MeTaJJlaMH H HOJYNPOBOAHHKAMH, BJIEKYLIYIO 34
coboh pasHuue B Ha6J01aeMBIX 3JIEKTPHYECKUX H APYTHX MX CBOHCT-
BaX. JIna sTOH HeMH_pacCMOTPHM, KaK DACIpeeNAIOTCS 3JIEKTPOHI
TO 30HaM B Npe/IeIbHOM C/lyyae TeMIepatypl, CTpemslleiicss K a6CooT-
HOMY HYJIIO.

Kak wmbl 3Haem, 06’beM 30HBI BpI/IJIJIlOSHa cocrapasier (2nk)*/V,,
rie Vo — obpem 3yeMeHTapHON s4yelKm C Apyrofl CTOPOHH!, J03BOJIEH-
Hble 3HAYEHHs] KOMIIOHEHT KBa3HHMNYyJbca jaloTcsi dopmyaamu (3.10°).
U3 HuX c/lefyeT, YTO KaXKIOMY 103BONIEHHOMY BEKTOPY P — TOYKE B 30HE
Bpunawosna — B ob6paTHOH pelreTke COOTBETCTBYeT sUedka ofbeMma
(2ah)*/V, rae V — obvem Kpucraana. Takum ofpasoM, 3oHa Bpuimo-
3Ha COJEpPXHT BCEro

(2mh)® / @QuA)®
Vo / 4 V =G

COCTOSIHHH € Pa3HBIMH KBa3sHHMNYJ/JbCAMH — DOBHO CTOJbKO, CKOMBKO
3JeMEHTapHLIX SYeeK HMeeTcs B JaHHOM KpucTasie. C ydyeToM cnuHa
5T0O O3HayaeT, YTO MOJHOE YHCJO COCTOSIHUH B 30He BpHimiosha paBho
2G. CornacHo § 4 3T0 3Xe €CTh H UHCJIO JI03BOJIEHHHIX KBAHTOBBIX COCTOSI-
HHH, COJlepXKAallMXC B KaxIoH OTAeNbLbHOH E-)HepI‘ETI/I‘lECKOI/I 30HeE.
TMo npunuuny Ilaysan kaxnoe U3 3THX COCTOSHHH MOXeT ObITb 3aHATO
TOJBKO OAHHM 3JeKTpoHOM. IlycTb B ssnemeHTapHOH siuefike NaHHOTO
KPHCTa/lJa COJEPKHUTCA 2 3JeKTPOHOB. Torza obiee YHCIO 37EKTPOHOB
B penleTke ecTb 2G. IIpu mocTarouno HH3KOH TeMnepaType OHH 3aHMYT

*) INpn poxasareibcTBe COOTHOWEHHS (4.4) MBI BOCIOJIL30BATUCH TEM 06CTOATE b~
CTBOM, UTO BelleCTBeHHAS BeJIHUHHA E; (p) He H3MeHsleTCH NpH NepeXxclie K COnpsikKeH-
HOMY ypaBHeHHI0. B TOUKE BLIPOXKNEH!s, ONHAKO, 3apaKee He $ICHO, K KAKUM MMEHHO
30HaM CJielyeT OTHOCHTb OJHHAKOBLIE 3HAuYeuHA anepruu E (p) u £ (—p).
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nepBble 2G 3HepreTHYecKHX yposHeit. IIpu 5Tom HMeloTCsi TPH BO3MOXK-
HOCTH:

a) camasi BepXHsAs 30Ha, cofep:Kaulas 3JeKTPOHLI, 3aHsATa . He
MOJHOCTBIO, @ CONEPXKHT M BAKaHTHLIE YPOBHH;

6) BepxXHfid 30HA, COAEp:KallasA 3JeKTPOHBI, 3amoJHEeHa MEeTHKOM,
HO CMBlKaeTCs (WM IepeKphIBaercs) CO Ciefyoliell — Gosee BRICO-
KOH — 30HOH;

B) BEpXHASA, 1EJIUKOM 3aloJHEHHas 30HA OTAeleHa OT CJenyio-
el — NyCTOH — 30HBI 3aMPeIeHHBIM YYacTKOM KOHeuHOH BeMHUHHH Eg.

Cnyuafi a) 3aBeloMO peann3yercs, €C/AH YHCJIO 2 HeyeTHoe. [{eficTBH-

2G z )
Te/IbHO, YHC/IO 3aII0JHEHHBIX 30H, OUEBHIHO, PABHO 5= = —2A.HpH Heyer-

HOM 2 3TO YHCJO He LeJoe. .

W3 ckasaHHoro, ofHaKo, He CJIelyeT, YTO IIPH YeTHOM 2 HellpeMeHHO
JIOJI3KeH UMEeTb MeCTO C/1y4ail B): pasjMyHble SHepreTHUeCKHe 30HB MOI'YT
TepeKphIBaThcA. BLISICHHTH (He anenaupysi K ONBITY), OyZeT JAH 3TO
MMeTb MecTo (aKTHYeCKH, MOXKHO, TOAbKO ABHO pellas ypaBHeHHe
(4.1). TIpu sToM, 0fHAKO, He 06s3aTENLHO pacCMaTPHBATD BCE 3JEKTPOHB
KpHucTanja. JeficTBUTebHO, 371eKTPOHBI TIOJHOCTBIO 3aII0JHEHHBIX BHYT-
PEHHHX aTOMHBEIX OGOJIOUEK 3aBEJOMO 3aMOJHAIOT 30HBI, BO3HHKAIOLIHE
B pe3yJibTaTe pasMbITHA COOTBETCTBYIOIIMX aToMHbIX yposHefl. [TosTomy
MO/l 2 4aCTO MOXKHO IIOHHMAaTh YHCJO TOMbKO BAJEHTHBIX 3/JEKTPOHOB.

DyekTpUyYecKHe CBONCTBA BelleCTBA B IIePBLIX ABYX H TPeTbeM CJy-
4asxX OKa3biBalOTCA MPHHIHIHAMLHO Pa3aHuYHBIMH. JleACTBHUTeNBHO,
IIOMECTHM KpHCTa/Al B MOCTOSHHOE BHEIHee 3JeKTpPHYeCKoe IIoJe.
-UTo6El BEI3BATH 3JeKTPHUECKHH TOK, NOJe JOJKHO COOBUIHTL 3JEKTPO-
HaM yCKOpeHHe, T. e. IPOM3BECTH HaJ HUMH HeKoTopyio padory. Muaue
roBops, moJe NO/MKHO MepeBecTH 3/eKTPOHHEl Ha BHICLIME 3HepreTHue-
ckie ypoBHH. QueBHIHO, B cjgaGoMm moje 3TH YPOBHH AOJKHBL OBbITh
6/U3KM K 3anoiHeHHuIM. C Jpyroil CTOpOHBI, CaAMH OHH JOJIKHBI ObITh
cBOOOAHKI: MHaue, MO NpuHIMNy Ilay/aH, mepexoid 3/JeKTPOHOB Ha HHX
OKaXKeTCsi HeBO3MOXKHBIM. M3 ckasaHHOro sBCTByeT, YTO B CJydasx a)
1 6) CKO/b YyrojgHo caaboe BHellHee MOJe CO34aCT 3JeKTPHUeCKHH TOK —
BellleCTBO B 3TOM CMbIC/e BefeT ceOs Kak MeTa/ll. SIcHO Takxke, UToO
B cJayuae B) cjaGoe MOJe TOKA BRI3BAaTb He MOXKET: 3/1eKTPOHAM HeKy/a
nepexoauTs *). 3jech A CO3JaHHA TOKAa HYXKHa INpelBapHTe/lbHasd
«aKTUBAIUsI»: YacTb 3JEKTPOHOB AOMKHA OBITh NepebpollieHa B He3amnoJ-
HEeHHYIO 30HY 3a CyeT 3HEprHH TemJOBOTO JIBHXKeHHsd, cBeTa H T. .
Takoli kpucTana o6jajaeT CBOMCTBaMH NOJYNPOBOAHHMKA (B Npejeb-
HOM CJlyyae oyeHb 0OJbMHX 3HaueHHH Ly — H3onsTopa). Hausbicinas
u3 3anonueHueix (npu T = 0) 30H HasbiBaeTcd BaJeHTHOM (eff IPHIHCHI-
BaIOT HHJieKC [ = v), HAUHHU3ILAadA U3 He3aHATHIX -—— 30HOH POBOJUMOCTH
(vupexc I = ¢). BepxHiow rpaHuny (IIOTOJOK) BaJeHTHOH 30HBI IPHHATO

*) B nocTaTouHO CHILHOM TOJe OKA3HIBAETCH BO3MOXKHBIM (IPOCAYHBAHHE: K-
TPOHOB 4Yepe3 3anpelleHHYI0 30HY. (cM. § IV.6). [as sroro, ogHako, HYXKHH NOJAS
C HanpsKEHHOCTLIO nopsigka 10% B/cm,
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o6o3Hauath yepes E,, a HIXKHIOIO TPaHHUIY (AHO) 30HBI IPOBOAHMOCTH —
yepes E..

TlpuMep, Koria 3aBefoMO peanuayercsi cjaydaf a), AaOT HaM KpH-
CTaMJIbl HICTOYHBIX .METAJIJIOB, COAEpXKAlLMX 10 OAHOMY BaJIeHTHOMY
5-3JIeKTPOHY Ha atoM. MeHee TpHBHa/ALHBIH DpHMep NMpPeACTaBAAIOT KPH-
CTaNlJIbl IENOYHO3eMe/bHEIX 3JIEMEHTOB, COJep:KaliHX 110 JBa BaJseHT-
HBIX S-3JIEKTPOHA Ha aToM. MerannHueckHe CBOHCTBA 37eCh OGYCIOB-
JIeHbl NEePEeKPHITHEM 30H, BO3HHKAOUWIMX B pe3yJbTaTe pa3MbITHS -
H p-ypOBHell 57eKTPOHOB B aTomax (peanusyercs cayuail 0)).

Hakonen, B KpucTaniax repMaHMs M KpeMHHs peasH3yeTCs Cay-
vaii B). BaneHTHble 0G0MI0UKH CBOGOJHBIX aTOMOB 3THX 3J€MEeHTOB 0bJa-
LA10T 3JIEKTPOHHON KOHpUrypanuei s°p? (yeTbipe BaJEHTHBIX SJIEKT-
" poHa — 10 JBa B S- U p-COCTOAHHUSAX).

"PasHOCTH 3HEpTHHl s- M p-ypoBHEH CPaBHHTEJIbHO HEBEJIMKH; TO-
3TOMY npH O06pa3oBaHHH KPHCTAMJIOB INPOHCXOAHT THOpHIM3ALNSA
cooTBeTCTBYIOIUX cocTosinnil (ep. § I1.2 u § B). B pesyabrare BoaHO-
Bhie (YHKUUH BAaJIEHTHOH 30HB! (B TPUOIHKEHHUM CHJIBHOH CBf3Y)
CTPOSITCA M3 OfHOH s- M Tpex p-PyHKuud. Takas 30Ha COLEPIKMT MO
YeThIpe COCTOSIHUSI HAa aTOM — POBHO CTOJIBKO, CKOJBKO TaM eCTb BaJleHT-
BpiX saexTpoHoB. Ilpn T'=0 oHa moiHoCTRIO 3amonHena. Chenyiomas
paspeuieHHas 30Ha OTJeNeHa OT BaJleHTHOH 3anpellleHHBIM y4acTKOM.
Tax »xe obcToHT Aeno M B anMase.

3aMeTHMm, YTO Ha/IHYHE 3amnpelieHHOH 30HBI B 3TOM M B JPYTHX
cayyanx oBGyC/IOBJIEHO He reoMeTpHUeCKHMH (Kak ¢opma 30Hk: bpuimo-
3Ha), a JHHAMHYECKHMH OCOGEHHOCTSIMH JAHHOTO KpHCTalja — KOH-
KpeTHLIM BHJOM M BEeNUYMHOH MOTEHUHAJLHOH 3HEpruM 3JeKTpPOoHA.
B npuHUMIE MOXKHO, M3MeHAs €€ IyTeM, HampHMep, H3MEHEHHs MeX-
ATOMHBEIX PacCTOSIHMH (NOf, faBjieHHeM), NOOHUTHCS NEPEKPbITHS BaJNeHT-
HOW 30HBI U 30HBE TposoaumocTH. TIpH 3TOM paccmaTpuBaemMoe BelieCTBO
NPEBPaTUTCA W3 MOJYNPOBOAHHKA B MeTa/s. Bo3MoxeH M OGpaTHbI
cnyuail — BO3HUKHOBeHHE 3ampelieHHON 30HB W Mepexoj MeTanna
B NMOJYNPOBOAHHK NPH JOCTATOYHO CHJILHOM H3MeHEHHH JaBJEHHS Ha
obpasel.

) W3 cka3aHHOTo Bblille SICHO, YTO 3JEKTPOHLI 3aNOJHEHHBIX 30H He

NPHHUMAICT HEMOCPEACTBEHHOrO yYacTHsl B MlepeHoce TIOCTOSHHOTO TOKA,
a Takxke B nepenoce snepruit. OHM 06pa3yioT GoH, HA KOTOPOM ABHKYTCS
3JIEKTPOHBI TIPOBOJHMOCTH H JIBIDKH B BaJeHTHOH 30He. B janbHeliem
Mbl GVIEM Ha3bBaTh 3JEKTPOHBI NPOBOAUMOCTH TMPOCTO 3JEKTPOHAMH
(ecau 3TO He mOBefeT K NYyTaHUILE).

§ 8. 3ddexTHBHAA Macca

3akoH aucnepcHU JaeT AOBOJNBHO TOJNHYI0 MH(GODMANHIO O ToBefe-
HHA 3JIEKTPOHA B JaHHOH pemeTke. ONHAKO €ro TPYAHO ONpejesiTh
U3 OnbITa, M6O B OBLIEM cJydyae pedh HMIET 31eCh 0 HAXOXKIEHHH ABHOIO
BHIa QYHKIMH TpeX NPaKTHYECKH HENpepLiBHO H3MEHSAIOMIMXCs apry-
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MeHTOB — KOMIIOHeHT KBasHUMIyJabca. K cuacTbio, B OOJbIUHHCTBE
3ajay GU3UKH MONYIPOBOJHHKOB HIPAET POJb JHIIb CPABHUTEIBHO Ma-
Jas 4yacTb 30HBl DpuiiiosHa, oTBevaioliast SHEPTHSM Y JHA HJIH Y HO-
TOJKa TOH HJIH HHOH 3HepreTHyecKod 30Hbl. Kak Mbl ceffuac yBHaMM,
IJIs1 ONIHCAHHS 3aKOHA AMcHepcuH BOIM3HM 3KCTPEMYMOB 30HB! HET Heol-
XOJMMOCTH ONpefeNsiTh BClo QyHKuui E, (P) — JIOCTATOYHO 3a]aTh
JIMLIb HECKOJIbKO KOHCTAHT.

Ilyctb 3kcTpeMyM [-TOH 30HBI JIEKHUT B TOUKE P = Po; H 30Ha B HeH
He Bbipoxaena. Torma BOJH3M TOUKHM 3IKcTpeMyMa . GdyHkuuio E; (p)
MOXHO pas/oxkuTh B pax Tsisopa. IlpHHuMasi oObl4HOE CorJiailieHHe
0 CYMMHPOBAHHH IIO JBaXKIbl IOBTOPSIIOLIUMCS BEKTOPHBIM HHACKCAM,
Mbl HMeeM (Onyckasi Wi KpaTKOCTH HHJEKC [ IpH o)

| -
E,(p)=E, (po) + 5 Mag, | (Pa—"Pa, o) (Pg —Pp, o) +- .- 8.1)
3z1ech ’
» °F
b= |y, ®-2)

—— BEJHYUHBI Pa3MepHOCTH OGpaTHOH Macchl, & MHOroTouHeM of0o3Ha-
YeHbl WieHbI GoJiee BBICOKOTO IOpsJKa, KOTOPbIMH B OKPeCTHOCTH 3KCT-
peMyma MoxHO npeHe6Gpeub. Criaraemble, JJHHEHHbIE IO P — Py, OTCYTCT-
ByIOT B mpaBoit uactu (8.1) mo OTpEJIeJICHHIO TOUKH Po.

Tak kKak 3HaueHue BTOPOM npoussozmou He 3aBHCHT OT NOpsIKA
RuddepeHIHPOBAHUS, BENTHYHHBI Mgh, ; 06Pa3yRT CUMMETPHUHBIH TeH-
30p BTOPOrO paHra. 3HaueHHsl fMgg ; 3aBHCAT OT BbHIOOPA CHCTEMBL
KOODAMHAT B P-IPOCTPAHCTBE. B 4YaCtTHOCTH, MOXKHO BbIOpDATh €€ TakK
[M5], uTOObI- KOMIOHEHTB Mg, ; NpPH @ #= B 06paTWINCe B HyJb.
COOTBeTCTBy}OLLLHe OCH KOODJIHHAT Ha3hIBAIOTCH 2Aa6HbiMiU, & KOMIIO-
HEHTBI Migf, ¢ B 9TOH CHCTEMe KOOPAMHAT ~— [VIABHbIMH 3HAUCHHSIMH JaH-
HOro TeHsopa. [ljisi KpaTKoCTH Mbl 6yJeM mucaTb NpPH HHUX JHLIb OJHH
3HAYOK a; CJIeAyeT, OXHAKO, IOMHHTh, YTO 3TO — KOMIIOHEHTDLI TeH30pa,
a' He BeKTopa. -

PagenctBo (8.1), Gyayud OTHECEHO K IJIABHbIM OCAM, [PHHHMAET’
BHU],

E (p) =E; (po)+ /2 Z ms' (Pe — Pa, o) @.1')

a=x, y, 2

Ipu s1toM my > 0 uau my << 0, ecid paccMaTpPUBAEMbIH KCTPeMyM
€CTb, COOTBETCTBEHHO, MHHHMYM HJ/JIH MAaKCHMYM.

Ilockonbky BenuunHa E; (py) npu 3ajaHHOM HHAEKce [ ecTb KOH-
cranTa, ypasHenue (6.1) B 3TOM cnyqae IpHHHUMaeT BHUJ, '

_ 2 2 —
(Px—DPx. 0) n (py Py' 0)/ + p 2.0 = const. (8.3)

2m 1,

(3nech H B NanbHeILeM Mbl ONycKaeM A/l KPaTKOCTH 30HHbIA HHAEKC [.)
Takum 00pa3oM, H30IHEpPreTHUECKHEe IOBEPXHOCTH BOJIH3H HEBbIPOXK-
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JIEHHOTO 3KCTpEMyMa NPEACTaBJIAIOT co00# 3JJUTICOUIBL C oJiyoCAMH,

N PONOPLIHOHATbHEIMH Vim.|, VI my | B Vim,|*), uc LEHTPOM
B TOYKe p = Py. BuGpanHbie Hamu OCH KOOPJAHHAT CYThb IJIaBHbIE OCH
3TOro 3JVIHMICOHIA.

KoHCTanTul my, m, U m, He BCerja He3aBUCHUMBI: OHHM MOTYT ObITh
CBfi3aHbl YCJOBHAMH CHMMETDHH H309HEpreTHYecKol noBepxHOCTH. Pac-
CMOTpHM, HanpHumep, KpHCTaJJl KyOuyeckod cHcrembel. Toraa, kaxk
yKasaHo B § 6, n303HepreTHyeckass NMOBEPXHOCTb JOJKHa 006.1a1aThb
ciMMeTpHell Ky6a. B uacTHocTH, OHa foJ2KHA NepeXoAHThb caMa B cebs
npd noeoporax Ha_90° BOKPYT KaxJoi M3 B3aHMHO NepIeHAHKYJfAp-
HBIX oOcel, TpoXoAfAIUX uepe3 LUeHTp Kyb6a H LEHTPH ero rpaHeH;
caMH 3TH OCH (PM3HYECKH 3KBHBAJIEHTHLI.

31ecb MOTYT NpeACTaBUTLCA JBa cayuas:

1) DkcTpemyM ¢yHKUMH E (P) JeXuT B LEHTpe 30HH DBpHasiosHa:
po = 0. TakoBbl, Hanpumep, H309HepreTHYCCKHE NOBEPXHOCTH B 30He
npoBoanmocTu InSh, GaSb, GaAs H B HEKOTOPHIX APYI'HX COEAHHEHHSAX:
JIHO 3TO# 30HEI OTBeuaeT TaM Touke p = 0. M3 coobpakenuii cHMMeTpHH
5ICHO, YTO IJIaBHBIE OCH TEH30pa mgzj B JAHHOM C/yuae CyTb yKasaH-
Hble BhIILE OCH Ky6a. Ilpu stom m, = m, = m, = m ¥ H303HepreTH-
YeCKHe TNIOBEPXHOCTH y JHA 30HbI NPEACTABAAIOT OGO cdephl ¢ LEHT-
poM B Touke p = O:

E@) =E.+L

2m”*

(8.4)

3akoH aucnepcHu (8.4) HasbiBalOT napaGoOJHUECKHM H30TPONHBIM.

Jla1s yacTHOTO cJyyasi OJHOMEPHOH LENOYKH B NMPUOIHKEHHH CHIlb-
HOI1 CBSI3U paBeHCTBO (8.4) yxke 6blIO NoJyueHo B § 5 (dpopmyaa (5.19)).
Kak u TaM, Benuuuny m B (8.4) HaswpBalOT 3¢xpeKTHBHOH Maccoi.
B naavrefimeM (§ IV.1) Mbl YBHAHM, YTO 5TO Ha3BaHHE UMeeT He TOJLKO
(opManbHBIA CMBIC/I: BeJHYMHA m OIpeliesieT H CpelHee YCKOpEHHE
3JIEKTPOHA BO BHeIIHeM 3JeKTPHUECKOM WM MaTHHTHOM ToJe.

BesnnuuHbl 1y, my, m,, Jaxke KOria OHH HEONHHAKOBHI, TaKxKe Hashl-
BaTcd 3(peKTUBHBIMH MaccaMmH, a COBOKYIIHOCTb  Be/IHUHH moﬁ —
MeR30pOM o0bpamnot a¢)qbefcmueﬂou Maccet.

2) SKCTpemyM JIEXXHT B TOYKe Py = 0, IPH 3TOM BEKTOP Pg, COENH-
HAOIHHA JaHHBIH 3KCTpeMyM € [EHTPOM 30HHI Bpmlmoaﬂa HanpasJieH
BJIOJIb ONIHOM M3 OCEH CHMMETpHM KpucTamia. M3 cBoficTB cuMMeTpHH
M303HEPreTHYECKOA NMOBEPXHOCTH CJIeNyeT, YTO B 3TOM C/yudae JOJKHO
CYIIECTBOBATh HECKO/ILKO (U3NYECKH 3SKBHBANEHTHBIX 3KCTPEMYMOB,
pacroJOXEHHBIX B COOTBETCTBYIOMIHX TOYKAX HA SKBHBAJEHTHBHIX OCSX
cummeTpHH. COOTBETCTBEHHO HAJl0 TOBOPHTE O HECKOJNbKHX BEKTOPAx Po
H HeCKOJIbKHX 3JJIHNCOMAaX BHAa (8.3); Mbl OyleM HymepoBaTb HX
BEPXHHM JIATHHCKHM MHIEKCOM i, }3o3HepreTnueckasi moBepXHOCTb

*) B cayuae maxkceMyma, Korja mg < 0, ROHCTAHTA B npasof: uacrn (8.3) orpn-
uaTeNbHa. 3TO €CTb SHEPrHs, OTCUHTAHHAN OT CBOEIO MaKCHMyMa.
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B JAHHOM C/yyae NMpeACTaBJseT coO0H COBOKYMHOCTL BCEX 3THX 3JIIHII-
counoB. TakoBrl, HaNpHUMep, H303HEpreTHYCCKHE MOBEPXHOCTH B 30HAX
NPOBOAMMOCTH FePMaHHs H KpeMHHf. B mepBOM H3 yKa3aHHBIX Mare-
pHAJIOB JIHY 30HBI IPOBOJMMOCTH OTBEUYAIOT TOUKH, JIEXKaUlue Ha 00BeM-
HBEIX AHaroHansix Kyba (ma ocu [//1] u el 3KBHBaNeHTHHX B oOpar-
HOH pellleTKe); BO BTOPOM — TOUKH, pacrofoxkeHHbie Ha ocu [/00] u
efl 5KBHUBAJIEHTHBIX,

-

VAN ,,:
f‘,“ - /Um J L/ a7 \i 7
; i oy
rd ,’
7 ra k
.
4
al a

Puc. 3.6. a) lse (43 uerhbipex) NMpPOCTpaHCTBEHHKE

nuaroHand ky6a [/11]. 6) TlosoxeHHe H303HepreTH-

YeCKHX TOBEPXHOCTEH 3JEKTpPOHOB B 30He DBpuiiio-

sHa (Ge).Ceuenne miaockoctnio (£10). Ilyukrup — rpa-
HMIBL 30HBl Bpusanioska.

Ha puc. 3.6 u 3.7 cxemaTnuecku H306paAkKEHBl CEUEHUS 3JIEKTPOH-
HBIX M303HEPreTHYECKHX IOBEPXHOCTEH B repMaHHH H KDEMHHHU IIO-
CKOCTAMH p, == 0. B6/M3H Kaxpuoro
MHHHMMYMa H303HepreTHyecKas Io- ooy
BEPXHOCTb 3/1eCh HMeeT BHJ, 3J/JIHII-
coupa (8.3). 3amerum, UYTO 3TO ()
He NPOTABOPEYHT KyGHUeCKOH CHM- _
MeTPHH KpucTanna. JledcTBHTeb- P at

HO, - IIPH JioBOpoTax Ha 90° BOKpyT 1~ ,r"‘:;‘—"\ 1
TpexX B3aHMHO Ile PHeHAHK YA PHEIX S e [y i[a"q’
oceil, NTPOXOAAUIUX Yepe3 KaKylo- N\

HUGYJb H3- TOYEK Pg, BCS H303HEP- EUUJ v

reTHYeCKasi MOBEPXHOCTb OTHIOND )

He 00s3aHa NepexXOoiuTh cama B

1

ot

ce6s. Huaue roeops, cummerpus

BOJIM3H KaxJIoH TaKoH TOUKH HH-
ke KyOuueckoil. M3 puc. 3.6 u
3.7 BHAHO, OJHAKo, 4YTO B pac-
CMaTpHBaeMelX cJayuasax GH3Hye-

Puc. 3.7. ToJsokeHHe H303HepreTHuYe-

CKHX TNOBEPXHOCTeHl 9JIEKTPOHOB B 30HE

Bpuamosna (Si). [TyHKTHp — rpanuisl
3OHBL.

CKH 3KBHBA/ICHTHBIMH ~ OKa3bIBaloTCA Jiobble JABe B3aUMHO neprieH-

AUKYJSpHBIE OCH, JieXKalHe B

IJIOCKOCTAX, MNePHNeHAUKYISFPHBIX
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Bektopam p;. OueBHAHO, 3TH OCH BMecTe ¢ p W 6yayT [1aBHBIMH OCAMH

TEH30pa Mqp AN JAHHOTO 3JJunconpa. [IpuMeM ocb, BAOML KOTOPOH
HaripaBJleH BEKTOP pi, 32 oCb 2, a OCTa/IbHble BE — 3a OcH X, y. B co-

OTBETCTBHH CO CKa3aHHBLIM BLIIIE
c=My=my, M =myFEmy.

Takum ob6pa3om, B paccMaTpuBaeMOM Cyyae H30IHEpPreTHuecKas Mo-
BEPXHOCTb BOJIM3H Ka)KHAOTO 3KCTPEMyMa HMeeT BUJ 3JUIMIICOMAA BpAa-
WEHHA:

E®) = Eot pj J | 2§j'°)+( 2,,1;“). 8.5

IToauepkHeM, YTO BrIpa:KeHHe (8.5) UMEET CMBIC/ JIHLIb BOIH3H KaxKA0TO
OTHETBHOTO 3KCTpeMyMma. 3aKoH jaucnepcuu Buaa (8.5) (uam, obmeée,
(8.1') npu He coBnajawmWuX APYr C APYrom 3(pPeKTUBHEIX Maccax)
Ha3bIBAIOT NapaboqHYeCKUM aHU30TPONHEIM.

OG6nacTH 3Heprud BOJNH3M KaXKAOTO MHUHHMYyMa HHOrJA Ha3bIBaIOT
LOJMHAMH, a4 MOJYNPOBOAHHKH C HECKOJIBKUMH 3KBHBAJE€HTHBIMH MH- .
HHMYMaMH 3HepPrHMH — MHOTOJOJHMHHBIMHA. B 3THX MaTepualax HMmeeTcsd
HECKOMbKO pa3HBIX Tpymm HocuTened 3apsja. Bcee Takue Tpynmsl
HMeIOT OAHHAKOBEIE MHHEMYMBI SHEPTHH, H B 3TOM CMBICJE OHH 3KBH-
BaJICHTHR. B yc/OBUAX TepPMOAHHAMUYECKOIO paBHOBECHS HOCHTENH
3apsja paclpenessioTcA MOPOBHY MEXAY pasHbIMH jonuHaMu. OnHaxo
3¢peKTHBHbIE MacChl, a CJeJOoBaTeJbHO, H TMOABHXKHOCTH HOCHTeJsei
3apsija IpH JaHHOM HamnpaBJeHHH JBHXKeHHs, BooOHle TOBOps, pa3-
JIHYHBL AJA pasHelx JoanH. Habmonaemass Ha onbiTe TNOABHKHOCTD
(1 ApyrHe mnojfoOHBIE BeJHUHMHBI) €CTh HeKoTopas pe3yJapTHpYIO-
mas BejgHunHa. B xpucrannax kKyOuuecKod CHMMETpHH OHa OKa3bl-
BaeTCsl H30TPOITHOH BCJIEACTBHE KYGUUECKOH CHMMETPHH PacIofIoKe-
HHUS 3JJIANICOMAOB M DaBHOTO YHCJA 3/JeKTPOHOB BOJH3H KazKAOro
H3 HHX.

DKBHBAJIEHTHOCTb Pa3/IMYHEIX JOMHH MOXKeT ObITE HapymeHa npu
' HEKOTOPBIX BHEIUHHX BO3JEHCTBHAX. 3TO HMeeT MeCTo, HanpHumep,
TIPH OZHOCTOPOHHEM C)KaTHH, KOTAA 3HEPrus HocHTesel 3apsiia B Ol-
HUX JOJMHaxX YBENUYHBaeTcsl, a B APYIHX — yMeHbliaeTcsd. B pesyae-
TaTe H3MEHsSeTCA pacnpele/eHHE HOCHTesell MeXAY JAOJHHAMH, YTO
NpPHBOAMT K H3MEHEHHIO pe3yJbTHPYIOWeH TNOABHKHOCTH H IIPOSEB-
JAETCA B 3aBUCHMOCTH 3/1€KTPHYECKOTO CONPOTHBJICHHS OT AaBJIeHHS]
(Tbe30CcONpOoTHBJ/EHNE). DKBHBAJIEHTHOCTh Pa3JHYHBIX JOJHH Hapy-
ufaeTcs Takxe IpH BO3AEHCTBHH CHJbHbIX BHEHNIHHX 3JEKTPHUECKHX
¥ MarHUTHBIX TIOJieH, YTO TIPUBOAMT K PAAY HHTEPECHBIX HBJEHHH.
Hekotopple u3 HHX OYAyT DPacCMOTpEHBl HHKE.
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