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IIPEAUCJ/IOBUE MNEPEBOOAYUKA

ABTOp HacTOsIeH KHUTH aMepPHKaHCKHH ¢u3uk Yapaaz Kurrens,
npodeccop Kanudopuuiickoro yuusepcutera B Bepxnu (CILA) xo-
POIIO M3BCCTEH HAINMM YHTATEJAM KaK IO PAAY €ro KHHT, BBILEJ-
UIMX B NmepeBoje B IOCJAENHUC TOAbl, TAK H 10 MHOTOYHCJEHHBIM
OPHTHHAJIbHBIM HCCJEI0BAHHAM B Da3JHYHBIX 06JacTaX (U3MKH
TBEPIOTO TeJj1a, 0COOeHHO GU3HKH MarHeTH3Ma.

B OCHOBY KHUIH aBTOp NMOJOMHJ JEKUHH [0 TECPHH TBEpLOTro
TeJsa, NPOYHTAHHbIE MM JIUIA CTYAEHTOB-(QU3MKOB CTApIUHX KypCoB
Kanugopuuitckoro yausepcutera. [lo XapaKTepy H3JIOXEHHS M Ha-
3HAUCHHIO 3TO y4eOHMK IOBHINEHHOrO YDPOBHS, H3yueHHe KOTO-
poro — nocsie obuiero xypca ¢u3HKH TBEPAOTO Tesa — MOKET cay-
¥WUTb CAEAYIOIIHM 3TaNoM B OBJAJAEHHH 3THM IpeIMeTOM.

B xuure mnpuBoanTCcs HM3M0XKeHHe COBPEMEHHBIX CIOCOGOB OmH-
CaHHA M pACCMOTDEHHS KPHCTAJNJOB, TEOPETHUECKHH aHaaH3 Hail-
Gosiee BaXHLIX CBOMCTB MeTaJJOB, ClJaBOB, IU3JEKTPHKOB, INOJY-
NPOBOJHHKOB ¥ fIBJIEHHH B HHX C IpHBJEUYEHHEM HeOOXOAMMLIX CBe-
AeHH# 06 3IKCNEPHMEHTAAbHBIX HCCJEIOBAHHUSAX. [Togpobuo o6cey-
AHAAIOTCA 3JIEKTPUUECKHE, TEMJIOBbl€, MATHUTHBIE CBONCTBA TBEPIBIX
Tel OCHOBHBIX THNOB. BaXHYyI0 ¥ BecbMa IEHHYIO 4acTb KHHTW
COCTaB/AIOT OpDHrHHAJbHbIE 3a]4auH, NMOMEILEHHbIE B KOHIE KaXI0i
TJ1aBHI.

Hons xuuru KuTTensi XapakTepHO ee COOTBETCTBHE CeroIHSIIHHM
TPeGOBAHHAM, NpPEXbABIAEMBIM K Kypcy OH3HKH TBEpPJIOTO Te.a
KdK HAayuHO-NIPUKAAJAHOH JUCUHIIHHE., DTO OTHOCHTCS HE TOJAbKO
K YDOBHIO H3JI0XKeHMf, HO M K cojaepXaHuio Kuurd. [Iytu nomgxona
K Kax[0# ¢H3uueckod npobieme, MaTeMaTHUeCKHe CpeicTBa, Xo[
PELICHHsA, METOJBl pacyeTa 1f, pasdymeercsi, caM Kpyr BONpPOCOB
TLIATEJIbHO OTOGPAHHBIX aBTOPOM [Js PACCMOTPEHHS B KHHTe —
BCe 3TO «GHIT» JI060T0 (DH3NKA-TEOPETHKA, CAYHHT NpeIMeToM
IMCKyCCHIl, aKTHBHO M3yuaercsi. Kopoue rosopsi, B Kuure OTpa<eHbl
camble akTyajsbHbie NpoGaeMbl (DH3MKH TBEpPAOTO Tesla. B Helt npu-
BEICHH DC3yJbTATHl, yXe BOIUIOWEHHbiE B JeHACTBYIOLIHE NPHOOpLL
M YCTPOHCTBA M elle HAXOAAIIHECS Ha lOPOre TeXHHUYECKOro OCBoe-
HHA, HANpaB/JEHHUs, elie Na/eKO He HCYepnaHHble B HAYYHO-TEOpe-
THYECKOM OTHOIIEHHH M aKTHBHO HCCJelyeMble 3KCIePHMEHTaTO-
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pamu, a T4KXKe Te, KOTOPhle OTKPHIBAIOT NYTH JVifl HOBBIX OTKPBITHH
M NpHMEHEHHUH.

YcBOMB OCHOBHOH MaTepHaJ M TNepepellaB npejjaaraeMble aB-
TOPOM 3aRayH, YHTATEeJIb He TOJbKO INPHOOpETET OmpeleeHHblil
KOMILIEKC HeoOXOZUMhIX 3HaHMH, HO B DyHeT JOCTAaTOYHO BOOpYXKed
I8 TOro, ytoObl M3yuaTh OPHMIHHAJbHble MoHorpa e H 00630pHI,
pa3GupaTbCcd B OPHUTHHAJbHBIX CTaTbAX M Jax<e CAMOCTOSTE/bIO
«06CUMTLIBATb» M aHalM3MPOBaTh HOBble NpobaeMbl. Knaue rosops,
ygTaTeAb OKaxeTcsd Ha ypoBHe, 6/1M3KOM K TOMY, Ha KOTODOM Be-
LyTCs COBpEeMEHHBE HCC/AEeACBAHMSA, H3JAralTCs COBpeMeHHbIe
cratet. OTCIOmAa He caeayer, 0AHAKO, YTo Kypc KuTTens comepXUT
BCe, YTO JOJI2<EH 3HATb MOJIOJOH HayuHblil paGOTHHK, Crelxdasu3n-
pyiouMicss B OIHOH M3 obnacTedl QU3WKH TBEPAOro Teia. JTO CKO-
pee HeOOXONHMbIM MHHHMYM, Td OCHOBA, Ha KOTOPOH MOXKHO
crpouth Oosee rayGokoe M3yueHHe KOHKDeTHbX npobJeM H nepe-
XOJUTb K CaMOCTosiTeNbHOM palGote. Kak cnpaBeIHBO OTMeyaer
aBTOp B CBOEM [PEIHCJIOBHM, TEODHS TBEpAOro Teja CToJb OB-
LWIMpHA, YTO HUKAKOe H3JI0XKeHHe B paMKaX y4eOGHOTO Kypca He Mo-
et ObITb NOJHBIM. Psij BaXXHBIX pa3jesoB, JOCTATOYHO XOPOIIO
H3J/I0’KEHHBbIX B APYTMX JOCTYIHBIX YHTATENI0 KHUTAX HJU CJHHIIKOM
ClellHanbHblX, aBTOD CO3HATEJIbHO He 3arparuBaeT. Ilpumepanmn
MOTYT CJYXHThb 00Ulaf TeopHs NpPOLECCOB NepeHoCa Ha OCHOBE KH-
HETHYECKOrC ypaBHEHHS, TeopHs SAEPHOr0 pe30HAHCA B TBepIbIX
TesaX, TpPAKTOBKA CBOHCTB NapaMarHHTHBIX HOHOB, HCXOAS M3 CIHH-
ramuabTonuasa, ¥ aAp. OnHako uHuTaTenp, A06GDOCOBECTHO H3YYMB-
WKH HACTOSILYIO KHUTY, elBa JH BCTPETHT Cepbe3Hble 3aTpy/HEHHS,
Korga ofpaTHTCs K COOTBETCTBYIOUIHM MoOHorpadusam u ob63opam.
Has ynoGcersa uutaTedeil obuias 6ubauorpacus, faHHas aBTOpOM,
JONOJIHEHA NPH MEpeBOjJe OCHOBHBIMHM, HMEIOUIMMHCA HA PYCCKOM
A3blke MoHorpaduAMH H yyeGHHKAMH no (QHU3HKE TBepaOro Teja I
OTAeabHBIM ee pa3gesnaMm. JTa Oubiauorpagusi NOMellleHa B KOHIE
KHHTH.

MOXHO HagesTbCA, YTO HACTOSALIAS] KHHATA OKaMeTcsl IOJe3HOM
B KayeCTBe JONOJHHTEIbHOrQ MocobHs /8 CTY/JeHTOB YHHBepCHTe-
TOB MW (H3UKO-TEXHHUECKHX BY30B, H3yUalOLIMX Te HJAM HHLIE BO-
npocel ¢Hu3HkK TBepaoro Tesna. IIpenonasaTenu By30B HallAyT B Hed
MHOrO MaTepuana I/ JIeKUMH M CeMHHApOB; HayuHble paGOTHHKH
$u3ukn (KaK TeopeTHKH, TaK M 3KCIIEDHMEHTATOPHI) MOTYT IOJb-
30BaTbCsl KHHIOH KaK CHOPaBOYHBIM I1OCOGHEM MO TeUpeTHYECKHM
BONIpOCaM; MOJOJbLIM CIiRIHafuCcTaM ¥ HHXKeHepaM, padoTaiolluM B
OJIHOM H3 KOHKPeTHUbIX HanpasJjeHuil ¢H3HKM TBepPAOro Te/ja, KHUra
MOXeT NOMOYh B IOBLIIIEHHH MX HAaYYHOH KBaJU(PUKAUMH.

A. A. T'yces
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3anaya HacTosAuiero yueOHMKA — H3J0XHTh OCHOBHBIE TOJOXe-
HHSl KBAaHTOBOM TEOPHMH TBEPALIX Tea A CTYHZEHTOB, MPOCAYyLIaB-
IIHX ToJOBOA KypC KBaHTOBOH MeXaHHKH M Cllel#aJu3HpYOLIuXcs
B 06/1aCTH TeOpPeTHUeCKOH (HU3MKH, a TakXe B o6JacTH 3KCrnepH-
MEHTa/bHON QH3UKK TBepHOro Tesa. KHura npejnasHayaeTca B Ka-
yecTBe nocoOMs IO TOHLOBOMY KypCY KBAHTOBOH TEODHH TBEpIBIX
TeJl, YUTaeMOMY JJH OKaHYMBAIOUIMX MHCTHTYT; TaKOH KypcC cJexRyeT
HenocpeACTBEHHO 3a 06I(HMM KypcoM (DH3MKH TBEpDJIOTO Tejla, COOT-
BeTCTBYIOUWIMM IO CBOEMY YPOBHIO N0 MeHblell mMepe BTOpOMY H3-
nanuio MoeH npeasiaylied xHuru «BsemeHue B ¢H3MKY TBepaoro
Tenay. B Helt n3noxena Gosbllas 4acTb GH3HYECKHX OCHOB TEOPHH,
OJHAKO aBTOD HajeeTcd, YTO B CJEAYIOLIEM H3JaHWUM eMYy yaacTcs
JNOBeCTH (H3HUECKYIO HHTepIpeTalMI0 pe3yJbTaToB A0 YDOBHS, KO-
TOpHIl HEOOXOAUM 11 UTEHHS HACTOsILleH KHHUTH.

51 nblTajaca no BO3MOXKHOCTH BCIOAY NOJYEPKHBAThb €NUHCTBO B
NOAXOMAe K pa3JjuuHbiM BonpocaM. IlepBast yacTb KHHIH NOCBSLIEHA
(OHOHHBIM, MArHOHHBIM M 3/eKTDOHHBIM BOJIHAM H HX HHTeplipe-
TaUHUH; KYJbMHHAUHOHHBIM NYHKTOM 3TOH 4acCTH SBJASETCH Teopus
CBEpXNPOBOAUMOCTH. Bo BTOpOH YacTH KHHrM paccMaTpHBaioTCH
nopepxHocTH PepMu H BOJNHOBble (YHKUHH 3JEKTPOHOB B MeTaJ-
Jax, CrnaaBax, 10JylPOBOAHMKAX M [AMIJEKTDHKAX, NpHYeM 3HAYH-
TelbHOe BHHMMaHHe YJeJEHO HHTeprpeTalu# BaXKHeAMHX THNOB
3KCNIeDHMEHTOB, CYLUEeCTBeHHBIX /5 NOHMMaHHA o0CyXaaeMhlXx fB-
JneHui1. Tperbsl YacTb NOCBSIlEHA KOPpPeJsLHOHHEIM QYHKLHAM H HX
NPYMEHEHHIO K 3aBUCAUWMM OT BpeMeHH sddexram B TBepAbIX Te-
Jax; 3/ech Xe JaHO KpaTKoe BBeJeHHe B METOJ KBAHTOBHIX (yHK-
nuii I'puna. ITocaenoBaTe1bHOCTL IyiaB, 0COOEHHO BO BTOPOH 4acTH,
HeJb3sl NPU3H4Tb CTPOro JOTHYHOH — 51 mbiTasca Hu30exaTb Takow
KOHUEeHTDALlMKM MaTepuaja, kortopasa TpeCGosaja Obl OT uHTaTesn
oco0bix ycuau# HAW pachblieHuss BHUMaHus. [lepsaf uwacts AB-
Jgercs B ONpefeJeHHOH Mepe CaMOCTOATEJbHLIM, XOT H KPaTKHM
KYPCOM TeOpHH NOJA M (PH3MKH 4acTHIl, KOTODLIA, KaK 3aMeTHJ aB-
TOD, OKa3a/]C MHTEDECHbIM TakK»e [Jf CTYLEHTOB, CIIeUHAIH3HPYIO-
wuxcAa B 3TuX obaactax QH3HKA.

Hekotopnie Bakible TeopeTdyeckue pacueTos B (u3Mke TBep-
JOrO TeJMa CMHUIKOM AJHHHBI, CJA0XHbl, TPOMO3JKH H YTOMHMTEJblN
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H NOITOMY He H3JaraloTcs nosHocTbio. C ApYroil CTOpOHBI, cxeMa-
THYeCKOe U3JIOXKEHHE TAKHX pacyeTOB He MMeeT HMKAaKoil mejgaroru-
yecKol LeHHOCTH. B KauecTBe mpuMepa MOXKHO MNDHBECTH IOJHYIO
TeopHi0 OJIOXOBCKHX 3JIEKTPOHOB B MAarHHTHOM I10.1€, pa3BHTYIO
Bnayrom, PotoM, Banbe, KonoM u ApyrumH; 3Ta TeopHs B KHHIe
OTCYTCTBYeT, XOTA MeHee mnoJHas TPakToBKa H3JoxkeHa. pyrum
NpUMEDPOM MOXeT CJYXKHTb TeopHa (epMH-Ta3a, pa3pabGoraHnHas
COBETCKMMH (U3MKaMHy, a Takxe JlaTHHIXKEPOM Ha OCHOBe TEOpiH
Jlaugay; odeBugHO, 4TO 3Ta TIpynma paloT BBIXOJAHT 3a pPaMKH
KHUTH, Ta@K € KaK W PAX APYrHX TEOopeTHYeCKHX HCC/el0BaHHUM
npobaeMbl MHOTHX Tes. Takoir BONpOC, KaK cBOHCTBa mapaMarHHT-
HBIX HOHOB B Da3/MUHBIX KpUCTa/ljax, NMPeACTABJAJCH MHE CJIHUI-
KOM cCrnelMa/bHbIM H NO3TOMY He NOAXOASIIMM AJAS BKJIIOUEHHS B
Hacrosiuli obwwmit kypc. [IpH HanucaHUR KHUMH CTaso0 COBepUIEHHO
OUEBH/HBIM, YTO HHM IIDH KAaKOM YDOBHEe H XapaKTepe H3.10XEeHHS B
yuyeOHHKe, MOXOGHOM LAaHHOH KHHUIE, HelMb3fl CKOJbKO-HUOYAb IIOJHO
OCBETHTb BCe OCHOBHbl@ aCHEeKTbl TEOPHH TBEpPAOro Tesa — 3Ta 06-
AacTb (U3MKH cauuikoM obuHpHa. [IpexgcraBasioch Takxke ecTe-
CTBEHHBbIM He M3.1araTh CKOJbKO-HHOyAb noapoOHO psil BOIPOCOB,
y>Xe OTpa*<eHHbIX B paHee ony0/JHKOBAaHHbIX M AOCTYIHBIX YHTATEIO
KHHT2X; K UHCJAY TaKHX BOMPOCOB OTHOCHTCH oObluHas TeopHs INpo-
LEeCCOB NepeHoca, MMeliasacs, Hanpumep, B KHUre Buabcona wan
B KHure 3admana, npodjeMa B3aHMOAeHCTBHS (POHOHOB, M3JI0XKEH-
HaAa B KHure [laiflepsica, AgepHbil MarHeTH3M, KOTOPOMY NOCBSIEHA
moHorpadpua A6Gparama. B 3TuX KHHrax nepeuiic.eHHble BOINpPOCHI
paccMoTpeHnl CTOJL IICJHO, YTO 6blA0 Obl HeJeno 3aHHMAaTbCs Mne-
peckasoM. fl oTkasaJucs Tak)Ke OT NOMBITKM H3J0XKHTb BeCh MaTe-
puan Mertomom Qysxumit I'puna, Tak xak omaca’cs, 4TO cojepxa-
HME KHWIH CT4HeT TOrjJa MOYTH [O/THOCTbIO HeJOCTYIHBIM 3KCIepH-
meHTaTopaM. OaHako TeM CaMbIM MHOTHM CTYIEHTAM MNpesoCTaB-
JIfeTCsi BO3MOMKHOCTb B3sIThb B KayecTBe TeM /I KypCOBHIX pabort
nprmenenusd ¢yHKUHE [puHa k npobGaeme MHOrHX Tea. 3xech He
paccMaTpUBaeTC TaK)Ke KBAaHTOBAas TEODHSA NPOLECCOB INEepeHoca.
OnHaKo MO MHOTHM OTHOCSIUHMCH K TE€ME€ KHHTH BOIPOCAM HMeEIoT-
Cfl, K CHaCTbiO, OTJHUHbIe MOHOTPaPHH M 0630pbl, B UACTHOCTH (QYH-
Aamentanpnas cepusi kHHr Solid State Physics 1 otaeabnbie Toma
Broporo u3jgauus Handbuch der Physik. Bosee noapoduoe waio-
JKeHHe BONPOCOB, BbIXOAAUIMX 32 paMKIl HAcTOsUlell KHHIH, 4MTa-
TelH MOTYT HaHTH Kak B 3THX H3JAaHHAX, TaK M B JPYTUX KHHTAX,
CHeUnadbHO NOCBAUWEHHBIX OTAe/bHbIM pasgedas (HU3HKH TBepAOro
Tesa.

B HacTofillyl0 KHHTY BKJIOYEHbl 3a4aY, U 1O CBOEMY Xapak-
TPy OHa fABJAETCA Y4eOHHKOM; HCTOPUM DPa3BUTHS TeX HJIHM HHbIX
npoGsem f He Kacanaca. §1 COBepIEHHO CO3HATENbHO CTapajics hi-
GeraTh ynoMMHaHHA HUMEH, NOXYEPKHBAHHMS NPUOPHTETOB H OLEHOK



10 NPEAHCJIOBUE ABTOPA

3ac/yr Tex MJH HMHLIX y4eHbiX. TouHbie jliTepaTyplble CCHIJIKH H
HMeHa JalTcs TOJNbKO TOrJa, KOT[a HEyNOMHHaHHe aBTOpa BHITA-
Aeno Obl mpocTo OecTakTHHIM MM Ke B cayyasx, korpa pabota
TOJbLKO UTO NOABHJACH M elle He OTpax»<eHa B o6G3opax. Ecau 6ut #
nocTaBu.1 cebe Uenblo aath noauyilo Gubauorpaduio, To oHa 3aHsANa
6bl CTOJILKO e MeCTa, CKOJbKO H TeKcT KHurd. Ilo mHorum sonpo-
caM obmHpHasd Gubauorpacdus uMeercs B o63opax, onyGiHKOBaH-
HbBIX B YHUOMSIHYTHIX Bblllle cepufiHblx H3paHuAxX. CrTaHOBHTCA Bce
Gosiee SICHO, YWTO MHOTHE aKTHBHO paboTalolllHe HCClIefOoBaTeNH He
MOTYT HaUTH BpeMf HH JJs TOTO, YTOoGbl NHCaTh KHHTH, HU JJ4
TOTO, — €CJAM OHM y)Ke M DEIIMJHChb Ha 3TO, — 4ToOn OTMETHTb 3a-
CJYTH BCEeX CBOHX KOJJIer, ciae/aBIIuX BKI1aJ B Da3BUTHe Tako# 06-
WHPHOM 00sJaCTH HAYKH.

Psag BecbMa BaXKHbIX pe3y/bTaTOB COAEPXHTCH B 3ajavax, no-
MEIIEeHHbIX B KOHUe OOJbIUMHCTBA IaaB. ABTOP HAacTOSTEJNbHO pe-
KoMeH/lyeT YHTaTeJI0 NPOYHTHIBATb HX NpH NMpopaBoTke TEKCTa, HO
ellle Jiyullle epepewiaTh BCE 3aa4H.

Heckoabko cjaoB 06 o6o3Hauerusx: [,]-— xomwmyrarop; {,}—
aHTHKOMMYTATOp; 0003HaueHHs ¢, ¢+t OOBIYHO UCMNOAL3YIOTCA st
(bepMHOHHBIX onepaTopoB. IIo4TH BCIOAY HCNOAB3YIOTCA EIUHULGI,
B KOTOPHIX NPHHATO h=1, HO B KOHeYHbIX pe3yJbTaTax / NOAB-
agetcs. Jnsi 6.10X0BCKUX (YHKUHYN, COOTBETCTBYIOUIMX COCTOSIHHAM
¢ BOJHOBbHIM BekTopoM k, 1cnosm3yiorcs aupakoBckue obo3Haue-
uus |k). Koraa yno6uo, o6bem o0pasua Q Mbl cuMTaeM DaBHBIM
eIMHHUYHOMY 06BbeMy; Goabiiag 6yksa N oObiuHO 0003HauyaeT noJ-
HOe YHCJA0 4YacTHI, Manas, T. €. A, — HX KOHUeHTpau#iw. Byksa ¥
OOBIYHO HCTOoJb3yeTcsl 418 0O03HAauyeHMs MOJeBHIX ONEpaTopoB, a
(O — gna BeKTOpPa COCTOSIHHSA.

Cuntalo CBOMM IPHATHBHIM J0ATOM no6.JarofapiTb 314ech psl
JUL 32 BCIO OKa3aHHY MHe nomoulb. Koau, Xappucon, Kou, Cya,
®pugens, bnanmen, Aprup, Kynep, Cunbsepcreitn, JHpeidyc,
Xoanu, Maxan, Muac n Wlupa npennoxuan pax yayduesuil B u3-
JIOKEHMH MHOTMX BonpocoB. Mol kosusera Xonduaj ycnelHo pas-
pema’ OecuHc/jeHHble 1AapaJoKChl, KOTOpble BO3HMKAaJd NPU HalH-
caunn KHurd. B Crendopre Cnapkc ¥ ero noMoOUIHMKH (B 4acTHO-
cru, Ya#t, daaep, Hopasen, Motosykn 1 Oprenbeprep) ykasaan
MHOro oIH60K B 11eDBOM BapHaHTe pYKONKCH JaHHOM KHUIH.
[Taftepsic nwGe3ro cormacHacad Ha To, uToObH MOSl KHHra MMeja TO
JKe Ha3BaHHe, YTO M €ro paHee Bhlllefllas H B Bbicllell cTenedH
nonesnas xuura. Ilepereyatka pykonuci ¢ GOJBIIHM HCKYCCTBOM
6blna ocyliecTBiaeHa JauHop TopHxWaa, (e3 IOMOLIM KOTOpol B
Bepkan 6ui10 6B HanucaHo Maao KHur no ¢usuke. Cobio JIuMoau
n106€3H0 IIOMOIJIA MHE B YTeHHH KOPPeKTyp.

Asryct 1963 4. Kurreao
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MaremaTtnyeckoe BBegeHHE

Huxe ans ymo6cTBa naHa CBOJAKA HEKOTODLIX ONpeIesnedHi H
pe3y/JbTaToB, KOTOpHe OYAYT HCHO.1b30BAThCH B XOJA€ H3JOMXKEHHS
B OCHOBHOM TEKCTe KHHTH.

O6parHas pemerka. HanoMHHM HeCKOJbKO BaXHBIX CBOHACTB
o6paTHoR pellleTkd. Ba3ncubie BekTopni o6paTHOH pelleTkd a¥, b*,
c¢* cBaA3aHbl ¢ 6a3HCHBIMHM BEKTODAMH 3jeMeHTapHLIX TpaHCAAUUN
npAMOH pemeTkd a, b, ¢ cOOTHOWEHUAMH

bX¢c * cXa
Texe D=2

*

=2n

c axb .

*
a'=2n a.—be.
910 onpenenenue COAEPKHUT MHOMNHUTeNb 27, KOTOPbI B yyeSHHKaX
KpucTannorpa@uH Npv  BBENEHHM TIOHATHA OGpaTHOH pelleTkH
o6biuHO  OoTCyTcTBYeT. Ilpm paccMOTpeHIM mpoOuLECCOB B3auMoOmeil-
CTBHA BOJIH C NEPUOAHYECKOH peIleTKONR 4acTo NPHXOAHTCH CTaJKH-
BAaTbCA C 38IIMChI0 3aKOHA COXPAHEHHWA BOJHOBOTO BEKTOpA, B KO-
TOpOIl NosABAAETCH RO00AaBOUHBIA 4IE€H B BHJIe NPOH3BejcHHA 27 Ha
BEKTOD OOpATHOA peNIeTKM B KPHCTANJOrpadHuecKOM €ro onpeje-
neHnd. B ¢BA3K ¢ 3THM HaM npeicTaBiseTcss YROOHBIM CPa3y BKJK-
YHTb MHOXMHTEIb 27 B ONpejesieHHe BeKTopa 00pAaTHOI pellleTKH.
Bo Bcex npounx oTHolweHHsiX Halln 0603HadYeHHs COBNAJAIOT C 06-
WEeNPHHSATBIMH, TOJNbKC 3Be3xouka, pa3yMeeTcs, He 03HayaeT KOM-
NJIEKCHOro conpsixenud. Bce Ga3ucHble BEKTOPBl — BELIECTBEHHBIC
BeJMUMHBI. 3aMeTHM, YTo a-a*=2m, a-b*=0 u 1. 1.

¥13 OCHOB BeKTODHOrO HcumC/ieHMs W onpejeneHus (1.1) cpasy
ciaejnyer, UTO

Fy 211)3
vc=("}3 : (1.2)

rae V:— o6bem 3JeMeHTapHo# sAuYefikM ob6paTHOl peuleTkH, a
Ve=a.bXc-—ob6bem 3NeMenTapHOil suefik® TNPAMON peINETKH.
YkaxeMm Takxke, uTO Iepexoa OT CYMM IO BOJHOBBIM BeKTOPAM
K COOTBETCTBYIOUIMM HHTErpanaM INPOH3BOANTCA 1O ClefyiolemMy
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npasuay:

Q N
Sy [y [
Kk c

rae c6bem Q comepxHuT N 3/eMeHTapHbIX AUYeek.
Teopema. Bekrop r*(hkl) Ttoukn hkl oGpats
nepneHAHKyAsfpen niockocTi (hkl) npsiMo#t penleTkH.
Hokasareavcrgo. 3aMeTHM, 4TO
1 1

Ta——Tb

ecTb BEKTOD, JexaliHit B nmaockoctdH (hkI) npAMon
onpegenenunio HHuekcoB hkl). Ho npoussenenue

r' (a2 — b)=(ha"+ kb’ +lc*)(a — 4 b)=

=a*-a—b*.1|

cleJoBATe/NbHO, BEKTOp r* InepneHgHKyJsipeH K ORHC
Jgexauwemy B miaockoctd (kkl). Tem >xe nmyTem MoK
YTO BEKTOD r* mepnelauKy/AsipeH BTOPOMY BEKTOPY
1 1
s a —- T b,
JexaileMy B TOH e njockocTH. Takum o6pa3oM, Be
neHauKyasped niockoctd (hkl) npsiMo#i pelueTky.
Teopewma. Jdnusa sekropa r*(hkl) paBHa npou
Ha OOpaTHYIO BeJHYHHY MeXXNJOCKOCTHOIO PacCTOHHH
meificTBa miockocredt (hkl) B npsiMoil pemeTke.
Hokasareavcrgo. IlycThb N — egHHMYHBIA  BeKTC
K nauHo# mniockocTH. TOrna MeXmJOCKOCTHOe paccT
fr'a - n. [Tockoabky
r*
n-—m‘,
to aas d(hkl) umeem

1 r*.a 2n
d(hkl)=—lTn - a =WI—=W.

Tenepb nepeiiieM K J0OKa3aTeabCTBY JABYX TeopeM
HHY NepHOAHUECKHX DYHKuUL.

Teopewma. @Pyukuio f(Xx) — mepHouyeckyo ¢ I
[IEeTKH MOXHO PasJIoXHUTb B pax Pypee no BekTOpam
pelleTKH,
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Jokasareabcr80. PaccMoTpuM pAn
f(x)= ZG] ageis . 1.7

[loxaxeM, yto pax (1.7) nepuoauueH ¢ nepuojOM pelleTKH, A
3TOro NPHGABHM K BEKTODY X BEKTOP PELIETKH:

x=x+ma+nb+ pc, (1.8)
rae m, n, p — ueJjne upcaa. Torpa

f (x 4+ ma - nb - pc)==
= D agexp (iG - x) exp [{G (ma+nb—+ pc)|.  (1.9)

[Tockoanbky G — BexTOp 00paTHO#H pellleTKH, HMeeM
G(ma+nb+pc) = (ha*+kb*+lc*) (ma+nb+pc) =
=2n(hm+kn+ip); (1.10)

TakuM 00pa3oM, noka3aTesb CTeleHH BTOPOM 3KcrmoHentsl B (1.9)—

Lej0oe YHC/0, yMHOMeHHoe Ha 2n. Ilo onpepgenenuio
f(x+ma+nb+pc) =f(x), (1.11)

¥, cJefoBaTesNbHo, npelcrasnerdue (1.7) oGnapgaer TpebyemoR me-

PHOLHYHOCTHK).

Teopema. Eciu ¢ynkuua f(x) nepuoguueckass ¢ mnepHogom
peweTKy, TO

[ a2xf (x) etk =0, (1.12)

ecan K He sBasieTCA BeKTOPOM OGPaTHOH pelleTKH.

Hoxasareabcrgo. DTOT pe3ysabTar ecTb NPAMOE CleACTBHe npe-
AbIAYLWEHd Teopembl H NpeicTaB/isieT co60MH, B CYUIHOCTH, NPaBHJIO
oTéopa a4 nepexofoB BHyTpu nodocnl (G=0) u BHe ee (G=0).
B cuny (1.7)

f(x)= %} P (1.13)
H

_[d3xf(x)exp(z1(.x)=2a0fd3x exp i (K+ Q) - x] =
G
=0V aAK+G), (1.14)
G

raie A —cumBoan KpoHnekepa, Q — o6bvem o6pasua. Beanuany
A(K+.G) moxHO Takxe 3anucats B Buje g _g-
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Paznoxenus B pagst dypbe no pewerke. PaccmMoTpum psg
g, = N"”}k] Q.ei*r (1.15)

HonyctuMble 3HaueHHs & OOLIUHO ONpeeNSIOT M3 INepUHOjHYe-
CKHX CPaHUYHBIX YCJOBHH

gran=4¢qr,

cyutas e*N=], DTH ycJaoBUS YIOBJETBOPSOTCA Iad k=2nn/N,
Tae n — IpOou3BoabHOEe Hesoe uucao. Cpeau BceXx BO3MOMKHBIX 11
umeerTcs Julb N 3Havenui, paomux N He3aBHCHMBIX KOOpIH-
HaT g,. Y106HO cuuTaTh uHMca0 N yeTHBHIM M NOJb30BATHCH ClEAYIO-

wumMy N 3Hauenuamu n: 0, *1, £2,..., i(-;—N—l), -;—N.

1
3aMerum, uTo uncna 5 N u — 5 /N npuBOIAT K OXMHAKOBBIM 3Ha-
ueHuam e’ nua scex r. [lo 3TOf NpuuiHe NMOCJAEIHHMM # B HalleM
1
Habope HAnO B3ATH 5N. 3nauenue n=0, coorBercTByioumee k=0,

OTBeyaeT TAK HA3LIBAEMOMY HOPMAAbHOMY KOAEOQHUID, KOTHA BCe
4, PaBHLI Il TO3TOMY He 3aBHCAT OT MHAEKCA 7.
Teopewma. Ecau umeer mecto (1.15), T

Q. =N"" g.e-t*s. (1.16)
Horaszameascmeo. Tloncrasum (1.16) B (1.15):
g, =N"" ,Z g, exp [ik (r —s)]. (1.17)

Ecay nonoxuts s=r, To cymma no k paer Ng,, T. e. TpeGyemblil
pesysibraT. Eciu e pasHocTb r — §=0, TIe ¢ — HEKOTOpOe uesnoe
anuca10, TO npH g#0

E exp (iko) == E exp (i2nno/N) =

L Lha
= E exp (£2ano/N) + 2 exp (— i2nno/N) =
n=0 n=1
N-1 . (i210)
. —eX LLN0
= 2 €xp (lQ.’(nO/JV) —:m%m‘:o (118)
n=0

MtaK, Mul IIMEEM COOTHOWIEHHE OPTOrOHAJIbHOCTH
Dl exp ik (r — s)] = N,,. (1.19)

&



MATEMATHYECKOE BBEJEHNE 15

AHaJOTOM TaKuX AMCKPDETHHX CYyMM SIBASETCH IpeACTaBJ/eHue Jeb-
Ta-QYHKUHY B BHAE HHTerpaJa

+o0
[ e k=2 (x) (1.20)

1 1
PaccmOTpuM PAA AJs 3HAaueHHH X B vHTepBae —5 L<x < 5 L,

a MMEHHO DA

g0 =7 X, Que™, (1.21)

rae k— NpOM3BOJbHOE LEJ0E YHCJI0, yMHOXEHHoe Ha 2m/L.
Teopema. Ecau nmeer mecro (1.21), to

7L
Qu=L"" [ dig@)eis. (1.22)
L)
2
Horazameasemso. [loacrasassa (1.21) B (1.22), nonydum

Qe="L""2Qu [deexpik(¥' —R)E] =2 Qudrw =Qn  (123)

IOCKOJIBKY JJs1 BCex R =+ k'

L 1
2sin (4 — k) L

degexp[i(k' —k)E]= ik —&)

L

!—)wln

no| o~

Teopewma. [lorennuan 1/|x| MoxHo pasnoxurb B pax dypse
BUJA
1 i
— = — pta-x
x| 3 7 e (1.24)
q
rae Q —o6beM KpuCTasda.

Horaszamesrscmso. Umes B Bupy (1.22), nonoxum r=|X|,
Torga

fd"x exp (—oar)exp (—igq'x) __
r

+1
=2nf rdr f duexp(—ig'ru) exp (—ar) =
-1

4n
T (129)

Buipaxenue (1.24) noayuum, nepexoas k npegeay npu oa——+0.

~ 2% | dr (exp [ —i (g'—it) rl—exp i (¢' +io) r)) =
0
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CBoZlka OCHOBHBIX COOTHOWEHHM/i KBaHTOBOH Mexanuku (h=1).

Ypasuenue Illpenunrepa:

p=Hy. (1.26)
YpaBHeHHe IBMIKEHHS [Jisi HEKOTOpPOro omepatopa F:
iF=[F, H]. (1.27)

[TepecTanoBounbie COOTHOmIEHMS AJs KOODAMHATHHIX (YHKUHMI
f(x) (paccmaTpuBaeMblXx KaK oOmepaTopbl) u onepaTopa HUM-
AyJjbca p:

[F (), Pl =i (x), p=~igrad——‘;’—A, (1.28)

[F (x), p2]~2t px+(,x2- ' (1.29)

CnyHOBLIE MAaTPHIBL

01 0 —i 1 0
0x=<1 O)' cy=<i O)' cz:<0 __1>» (1.30)

B L

Jlis rapMOHHYMECKOro OCHUAIATOPA:

(nix]n—+1y=(@mo)™"* (14 1)",
(n] p|n-1)y=—i(mo/2)* (2 1)". }

CgoiicTBa LINMYypOB NpPOKU3BeJEHHI ONEepaToOPOB:
Sp{A[B, Cl}=Sp{{4, BIC}, Sp{ABC}=Sp{CAB}). (1.33)

ITosie3HOe COOTHOUIeHHME W3 TeOpHH (YHKUMH KOMILIEKCHOTO Ie-
peMeHHOro:

(1.32)

lim —— = &P~ 3 1d(x), (1.34)

s»40 X TS

rae ¢ — CHMBOJ [VIABHOTO 3HAYEHHUA.
BeposTHOCTb nepexojaa:

W (n—>m)=2n|(m|H"|n)[?6(en— &4)- (1.35)

TlaoTHOCTL YPOBHEN Ha €IMHHLY AAMHBI MHTEpBaja 3IHEPrUH B
cayuae cBOGOJHOTO 3/1€KTPOHA:

Q 3t
Pe = OrT) (2”1,) g /’. (1 .36)
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Cao#tctBa d-pyHrKUMY:

1
fdx F(x)8(ax—y) = I—a,-f(%) (1.37)
\ 1
ﬁ(g(x))—;mé(x—xl), (1.38)
Iie X;— KOpuM ypaBheHus g(x)=0, u, uakouen,
+oo
f dxe'xy = 2md (y). (1.39)
Jln8 HEeBHIPOXKIEHHBIX COCTOSIHHE:
- "1k) (k|H"|m)
|m) () = [m) + S e ‘
1.40)
_ : N [ (m | HY | k) 1 (
E2 = e+ (m|H ]m)+2 T en—er
ToxpgecTBO gas onepaTopoB:
[AB, C]=A[B, C]+[A, C]B. (1.41)

O6masa TeopHs BO3MYIeHHH, 3aBHCAIIUX OT BPEMeHM

paCCMOTpHM raMdJIbTOHHAH
H=Ho+V, (1.42)

rae V — nasosem Bo3myuenuem. [axe korga Hy u V He 3aBucar
OT BpeMeHH, HauboJjee BaxHbIE pe3yJbTAaThl TEOPHUH BO3MYIUEHUH
6oJee ecTeCTBEHHO NOJIYYAIOTCH M3 PACCMOTpeHHs oblero caydas
(c yueToM 3aBHCHMOCTH OT BpeMEHH), YeM M3 OGBIYHON TeOpHH He
3aBUCALMX OT BpemeHu Bo3myuleHu#. Ilpeanonoxkum, 4to co6-
cTBeHHyl0 ¢yukunio @ onepaTopa H, cooTBeTcTBYIOWYIO COCTOA-
HHIO HaMHHU3IIeH 3HEePrHH, MOXHO NOJYYHTb H3 HeBO3MYLIEHHOM
tobctBeHHOH ¢yHKuMu @p onepatopa Hy, npu agmabaTHdecKOM
BKJIOYEHHH B3auMOfeHcTBus V B uHHTepBase BpeMeHH OT -— 0o
Ao 0. dro npeanonoxeHHe He 00s3aTeNbHO CHPABEAJHBO BO BCeX
€1y4asix, M, B YACTHOCTH, OHO HeBepHO, €cJH BO3MYIIEHHe NPHBO-
JMT K BO3HMKHOBEHHIO OJHOTO MM HECKOJBbKHX CBf3aHHLIX COCTOS-
HUH HHXKe HellpephIBHOTO crnekTpa. Takoe NpenosioxeHue Ha3bl-
BalOT aduabaruueckold eunore3ol. s coGCTBEHHBIX (YHKIHI
onepatopa H Mel 6yleM noab30BaThes (TOMBKO 31eck) o6o3Ha-
YeHumeM |), a aas cobctBeHHblx PyHKUH# onepartopa [, — o6o3na-
yenneMm !). Toraa HeBO3MyIleHHOE OCHOBHOE COCTOHHE OYAET

2 4. Kurtens
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onHchiBaTbesd Qynkuuesr |0), a «TouHOE» OCHOBHOE cOCTOsIHHE (BO3-
mymenHoe) — ¢yukuuei |0). Te xe o6osaHauenus OGynyT npuMe-
HATbCA JHUIWDb B IJ. 6 445 aHAJOTHYHOM CHTYyalUHI.

Teopema. Ecau sueprus E, onpenensieTcd ypaBHeHHeM

Ho}0)=Eo|0, (1.43)
a ee u3meHenne AE — ypasHeHHeM
(Ho+ V) |0) = (Eo+AE) | 0), (1.44)

TO TOYHOE CMelleHHe JHePreTHYeCKOro yPOBHS OCHOBHOIO COCTOSIHHS,
BbI3BAHHOE BO3MYIIeHUeM, BhIpaxaercas (popMyJoi

(01 V]0)

AE = 7070)

(1.45)

Hoka3areavcrso. Pesyabrat (1.45) mnoayuutrca B pesyJsbrare
BbIUMTaHHA

(OiHo‘;O):Eo(OlO) (1.46)
H3
(0Ho+ V)0) = (Eo+AE){0}0). (1.47)
[ eficTBUTENBHO, CPA3y HAXOAUM
(0{Vi0)=AE(0]0), (1.48)

YTO Y CNe0BaN0 J0Ka3aTb.
Tenepp npuctynuM k Bbluucaeruio |0). 3anuimem BosMmyule-
HHe V B caepylOlleM BHIE:

lim e-sitlV, s> 0. (1.49)

s> +0

Takas 3anuch B SIBHOM BHJAE OTpakaeT npouecc ajguabaTude-
CKOTO BKJIOUEHHS BO3MYILEeHHs, ODU KOTOPOM B3aHMOJEHCTBHE
MeJJEHHO BKAOUAeTcs B HHTepBaJe BPeMeHH OT f= — oo jo (=0
B uHTepsane or f=0 1o f{=ococ B3aMMOAEHCTBHE MeIJEeHHO BHIK/IO-
yaercAd. B maabHelinieM, robops O BO3MYUIeHHM, Mbl Bcerjga OynaeMm
noApa3yMeBaTh OCYUIECTB.IeHHe NpejelbHoro nepexoxa s — + 0.

Mpi 6yleM ROJIbL30BATLCS ONEpPaTOPOM BO3MYIEHMS B NpeiacTa-
BJEHHH B3aHMOJeHCTBHA

V (ty=expliH¢]|V exp[— iHt]exp [—s|t]], (1.50)

H COOTBETCTBEHHO 3aBHCAIHM OT BpeMeHH ypasuenueMm Ulpenun-
repa BHAA
, 0O

12 =Vv@no, (1.51)
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¢ rpaHHdHbIM vciaoBHeM (D(— oo) =M¢. B npexacrasienun B3anmo-

JAeliCTBHSA
O ({) =exp (iHot) D©4(1), (1.52)

rae ®; — BoJaHoBasAs (QYHKIHA B IIPEIHHIEPOBCKOM MNpEACTaBJEHIH
Jlerko yOeantbcs B TOM, uTo YypaBHeHHe (1.51) 3skBuMBaJeHTHU
o6biuHoMy ypaBHenHio Illpenunrepa. CocrasuM BbipakeHHe

i® = — Hyexp (iH$) O+ iexp (iHt) O, =V exp (iHyt) ®,. (1.53)
Torpna )
D, = (H,+ V)@, (1.54)

T. €. ToJayuaercs obuiunoe ypasHenue llpenunrepa.
Beexem onepatop U (¢4, ¢'), onpeaenus ero COOTHOLIEHHUEM

o t fy_o !t

Ut t')EE(—i)"j ] nj—ldt,...dtHV(tl)...V(t,,),

ne=0 t' t'

(1.55)
KOTOPOE MOXKHO TaKXe MepenucaTh B BHJE

U, =YL J fdt, AL PV (V... V(L))

n

(1.56)

rie P — onepatop vnopsijio4eHHss MO BPeMEHH, T. €. XPOHO.OrHue-
ckuil oneparop [laiicona, KOTOpHIH pacnosaraer BCe BeJTHYHMHLI,
CTOSILlIe CHpaBa OT HEro, B IOCJAEJ0BATENbHOCTH, COOTBETCTBYIO-
Ulel BO3DAaCTaHHIO 3HAUYeHHH BpeMEHH B HMX apryMeHTax. 3jech
oneparop V({) 3amucan B mnpejcTaB]eHWH B3auMopeiicTBisi. One-
patop U(¢, {') MOXKNO TaKkMe IPEACTAbHTb B MHOM BHAE, a HMEHHO
)

U, )=P:exp —i dtV (¢) f (1.57)

L

Teopewma. Ecin mml coctasuau onepatop U(#4 t) Tak, kak
OH OblJ onpeJeneH Bbllle, TO TOYHAHA BOJHOBAs (YHKIHS OCHOBHOTO
cocrosinua |0) onpexensercs yepe3 BOJHOBYIO GOYHKIHIO HEBO3MY-
LIEHHOTO OCHOBHOrO cocTosius |0) caexyioum o6pasoM:

(1.58)

_U© —)]0)
} 0= wGrre =07

2*
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[Ipy 3TOoM Bce BOJIHOBHle (YHKUMM 38NHCAHBI B NpEACTABIEHHH
B3aUMOJeHCTBYA.

Hoxasaresvcrgo. Ecan umeer mecro ¢opmyna (1.58), to ypas-
HeHue

D, (£) = e~ Bt U (¢, — c0) D, (1.59)

LNOJXHO GbITh S5KBHUBAJEHTHO ypaBHeHuio IllpexuHrepa B OGHLIYHOM
sanucu (1.54). [lepenumen (1.59), Bocnoab3oBaswnce (1.57), u
3atem aasa V({) — npeacrasaeddem (1.50); Torza

i % D, (£) = H, D, () + exp(— iH ) V (§) UDy =

= (Hy~+V exp(—s|£|)) exp(— iHt) U (¢, — o) ®, = HD,(f),
(1.60)

yTo ¥ TpeboBastock JnoOKasaTb. Mrtax, npn (=0 umeem @,=
=U(0, — o) ®;. 3namenatess B (1.58) MBI noayuuM, HOpMHpys
Ha eJIHHUIlY CMEeLIaHHOe NPOU3BeleHue

(0]0)=1. (1.61)

Csa3b noaydeHHblx pe3yasbTaros ¢ rTeopuell 803mywenud, He 3a-
sucauux or gpemenu. VI3 dopmya (1.50) u (1.56) noayuum unen
HauHH3LIero MNopAJka B BbIPaKeHMH A MaTpPHYHOTO 3JeMeHTa
(7100, —) 0.

[Tockoabky
0

U@, —oo)=Y =N J' J.dt, e APV ... VE
’ - (1.62)

TO o

(U0, —o0) [0 =—1i [ at(f1V10) exp i (Ey — Eo— is) 1] =
- (V0

T. €. UME€eM TOYHO TO X€ BhHIpaXXEHHE, 4YTO ¥ BpIpAXKEHHE, 110JOY-

yaonieecss M3 OOLYHOA TEODHH BO3MYyuIEHHH, HE BaBHCALIMX OT
BpeMeHd. AHAJOrHyHeEIM IyTeéM HaXOAMM YJ/EH BTODOr0 nopsjaka:

0 1
(1 Va0, —0)| O = (— 7 [ at, [at,x

X VIV 1) exp li(E; — En—is)t] (p|V |0) exp [i (Ep—Eg—i8)ty|=
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0
— i [at, BV Iy exp 18— E,— is) 6] (p] V [0)X

exp{i(E,,—Eo_—is)tll_Z (F1Vip)(p1V]0)
T (

E,—E,—is E;— E,—2is)(E,— E,—is) " (1.64)

BaxHoe npeumylectso GOPMYJHPOBKH TeOpHH BO3MYLIEHHH, 3a-
BHCAULIHX OT BPEMEHH, COCTOMT B TOM, YTO H3BECTHOE COOTHOLIEHME

lim —ee = & — - imb (), (1.65)

s>+4+0 X 1S

rae & — CHMBOJ TJ1aBHOTO 3HAue€HMs, cpa3y yKa3blBaeT HaMm CIIO-
co0 HAaXOXJAEHHA MOJIOCOB, KOTODLIE ROJYyuatoTcs H3 OOLIYHOH Teo-
pHH BO3MYLIEHHH JOBOJLHO CJI0XHBIM NYTEM.

HHTepecHBle ca€ICTBHA MOXHO ROJYUYHTBH TaKKe H3 aHaJH3a QM-
arpaMm a/f BxJaajoB B onepatop U (aTor Bonpoc 3aTpoHyT B I, 6).

Jlpyroe BaHO€ NPEMMYLIECTBO TEODHH BO3MYIIEHWH, 3aBHCA-
LIHX OT BPEMEHH, COCTOMT B TOM, YTO OHA NO3BOJSET Cpa3y Bhje-
JUTb TY uYacTb paccMaTpuBaeMoli npobJseMbl, KoTopasi cBf3aHa
C OTAe]bHBIMH uacTAMHK CHCTeMbl. B 0ObIUHON Xe TEOpHH BO3Mylle-
HEA (GaxkTOpH3aIMI0O MOXKHO OCYUEeCTBHTb JHIIb B KOHIE pacuyera.
IlycTb uBaexchl @ H b OoTHOCATCA K Pa3]HYHBIM 06.1aCTAM NPOCTPaH-<
CTBa, (PM3NUYECKH HHMKAK He cBA3allHbIM Mexay cobof. Ilpeanoso-
JKUM, YTO FAMHJIbTOHHAH CHCTEMbl MOXHO 32aHHCATh B BHJE

H=H{+ Hy-+Vas+ V. (1.66)
CoctaBum onepatop U(0, — o0) pams 3TOrO CaAyuas, NOMHA, 4TO
KOMMYTATOPbI JOJKHbBI COAEPKATL Ogp:

U (0, —oo)=P{exp[—i_£dtV(f)”=

=P { exp [—— i J. dtexp (iHat) exp (iHY) (Vo + V) X

X exp (— iHJt) exp (— iH3¢t) ] } -

¥

=P{exp| —i fdt exp (iHt) Vaexp (— iH) IX
1. 0 -0 _] A
Xexp| —i fdt exp (iHt) Vi exp (— iHY) ‘i=

= U, (0, —o0) U, (0,"—o00). (1.67)
DTOT pe3yabTaT OYeHb NONE3EH; OH OTHOCHTCA K yucay Tex,
KOTOpbIE TPYAHO HOAYHYHTb B OOBIYHOR TEOPHH BO3MYILEHKH.
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3AJAUMN
1.1, [Tokasarte, ytO
. sin kgr — kpr cos ker
3, ik F r F
f d’ke™ * = 4n ( = )- (1.68)
rae nuterpan Geperca no chepe 0 < k& < Fp
1.2. [Tokasars, 4rt0
4zl
3. 0Kx YK
J. d’xe = TR (1.69)
TAe Xy — npoeknua x Ha K.
1.3. [Toxasarh, yTO
+co
8(t)= lim . f ax £ 1
T s>40 27 xx—+—is' (1.70)
—~00
e 1 0
t>0,
t) = .
6 {0. t<0. .7
1.4. a. lNoka3aTh, YTO KOMMYTaTOp
[e#* p] =ke X (1.72)

6. [TokasaTh, uTO

[e= ™% p?] = e~ 8% (2K . p 4 £2). (1.73)



rJABA 2

Axycruueckne OHOHBI

Jlya,aHu3M BOJH H YaCTHI OTHOCHTCA K 4YKCJay DYHAAMEHTaIbHLIX
KOHHEennui coBpeMeHHOI (u3nku. B KpucTannax HMeeTcss MHOTO
noJsiel, KOTophie NPOABASIOT 06a 3TH acMeKTa — H BOJHOBOH, I KOP-
nyckyasipHbl#. KBaHTH 3HepTHH TakUX mojell moayunas cobCTBeH-
Hele Ha3Bauuf. [Togo6HO TOMY, kKaK TepMHH (POTOH ONHUCHIBAET KOP-
NYCKYJSPHBIH acleKT 3JeKTpOMarHMTHOTO MNOJAs B Bakyyme, Tep-
MHHB (POHOH, MarHoH, NJa3MOH, NOJAAPOH M 3KCHTOH ONHCHIBAIOT
HEKOTOpble KBAHTOBaHHbIe NOJafl B KpucTaane. DOHOHH cBs3aibl
C YIOPYTHMH BO30YXXAEHHAMH, B YACTHOCTH aKYCTHUECKHe (POHOHH
COOTBETCTBYIOT OOBIYHBLIM YIDYruM BOJHaM. MarHOHEI — 3TO 3Je-
MeHTapHble BO3GYXAEHHS B CHCTEME 3JIEKTPOHHBIX CIHHOB, CBsi3aH-
HBIX MeXAay coGoil oGMeHHbIMH cHaamu. [1123MOHBI — KOJIEKTHB-
Hble KYJOHOBCKHE BO30YXKAEeHHA 3JEeKTPOHHOrO ra3a B MeTaJjanaax.
OKCHTOHBl — HeATpaJbHblE KBA3HYACTHIL, CBA3AHHBIE C MOJEM [H-
3JIeKTPHUECKOH TOJAPHU3aNHK, A IOJAPOHBI — 3aPSXKEHHblE KBa3H-
YAaCTHUB!, CBA3aHHbIE C nojeM monsipu3auud (oOBIYHO B WOHHBIX
KpHucTananax). Bce nepeurcnennbie Bblllle KBa3H4ACTHUBI, KPOMe
NOASAPOHOB, BeayT cebsi xak Oo30Hbl.. KynepoBckie 3JEKTPOHHBIE
NapLl, BBOJAHMbLIE B TEOPHH CBEPXIPOBOJMMOCTH, BEAYT cebsl B ocC-'
HOBHOM, Kak 0030HB. KBa3nuacTHHbI, COOTBETCTBYIONIHE 3JEKTPO-
HaM TPH HX B3aUMOJEHCTBHSAX C 3JEKTPOHHBIM ra3oM B MeTajjax,
BEeAYT cebs Kax GepMHOHBIL. :

Boasllas yacTe HacTOSUlEd KHHTM MOCBSIlEHAa CBOHCTBAM 3THX
YacTHH — HX KBAaHTOBAHMIO, 3HEPTeTHUECKHM CIeKTpaM, HX B3al-
MozeiicTBUAM. Haudonee ynoGHblfi cnoco6 MaTeMaTHUECKOTO OIH-
C4HMA 3THX YACTHIl OCHOBAH Ha MeTOJe BTOPHYHOTO KBAaHTOBAHHUS,
T. €. Ha KBAHTOBaHHH KOPTYCKYJAAPHO-BOJHOBBIX MoJei. DToT Me-
TOJL OYeHb TIPOCT KaAK JJs H3yueHust, TaK ¥ B npHMeHeHuax. OCHOBbI
er0 TpeKpPacHo H3NOoXeHL BO MHOTHX YueOHMKax MO KBaHTOBOI
Mexanuke, HanpuMep B xuurax ludda [1], Jlanpay u Jlubmuna
{2], Xenau u Tuppuura [3]. PaccmarpuBaeMsie 31ech npoGaeMel He-
PEeNATUBMCTCKOH TEODHH TNOAA NpeAcTaBasfloT coboil Xopowyio ¢
NefarorHyeckKod TOYKH 3PeHHS] WJJIOCTPANHIO OCHOB KBaHTOBOM
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Teopuu noad. [Toas, xoropuie nac wHTepecyoT, Met 6ygem pactMmar-
PHBaTh KakK JUIAl pelueTKH, COCTORued M3 HHCKDPETHBbIX aTOMOB, Tak
M IS HempepbiBHOM cpejbl. XOTS TPAaKTOBKA MHOIMX KOHKPETHBIX
Mojlesiel BO3MOXHa paBHbLIM 06pa3oM ¢ O6GEHX TOHeK 3pEHHA, HO
JJist JUCKPETHOH pEeILeTKH [HCIEPCHOHHBIE COOTHOIIEHHMS M MpaBH-
Jga orfopa MMeOT Gojiee OOUME BHI, 4eM /s KOHTUHYyMa: Kpo-
Me TOro, NOCJAeJHHA MOXKHO paccMaTpHBaTh Kak NpeledbHbill cay-
4ai pelieTKH.

Iuckperdas ynpyras uenoyka

[Tonepeunnie KoseOaHHA HATAHYTOH YNPYro# CTPYHbI mpescra-
BASIOT coGolt npocTeitmit npuMep 6Go3onnoro noas. Hauuewm c roro,
YTO HalHUIeM TFaMWJILTOHHAH LENOUKH, COCTOsUleit K3 IMCKPETHBIX
MaTepHaJbHbBIX TOUEK CHHHHYHOM MacChl, PACIOAOMKEHHBIX HA ONU-
HAaKOBOM (PaBHOM ejHHMUE AJAHHBI) PacCTOSHHMY OJHA OT APYTOH,
CUMTaf, YTO HaTAXeHHe ToXe eJHHHuHOe. Pu3nuecKHe MapaMeTpH,
XapaKTepu3yiouie CBONCTBA TaKoi CHCTEMBI, Mbl BBENEM TIO3XKe,
fOoCJ€e TOrO KK pa3’oBbeM HeoOXOAMMBIA MaTeMaTHUECKHA annapar.
B nyXHbli MOMeHT GYAyT BBeJeHbl M rpaHHUHbIe yCJO0BHMS (nepuo-
auunocts no N). Urak, nycTb p; — NMonepedHsli HMIOYJAbC, a §; ——
nonepeyHoe CMelleHue Macchl B Touke i Ecan cMewenus masel, To

H=%;[pf+(qm—qi)2]~ (2.1)

Dta QopmMa a8 3HEPrux NOJydaeTCs M3 JAarpaHiKuaHa
L = (KMHETHYeCKan 3HePruf) — (MOTEHIHATbHAS BHEPrHN) =

=2 3= N@n—a) @2

nyTeéM BBREACHHS KAaHOHHYECKOro uMnyJabca

Pazgi‘:‘h (2.3)
M NpuBJEYEHHA OOLIYHOK 3aNUCH ¢yukuun ['aMHAbTOHA
H=pg —L. (2.4)
KpauTOoBaHHE BBOAUTCH OOBIUHBIM YCJOBHEM
19 P =i,5 (2.5)

npu 3TOM nojaraem h=1.

Tenepb GyxeM MCKaTb COGCTBEHHble 3HaueHUs (4aCTOTh) H COO-
ctBeHHble (QyHKuuu (Bektopl) onepatopa (2.1). Uro6ui. mepeit-
‘TH K (OTOHAM, OMMCHIBAEMBIM BOJHOBHIMH KOODAHMHATaMH, .Qp,
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npousBefeM npeobpasosanne
G =N"3Que"™, Q=N"Zge ™ (2.6)

Dtu npeobpa3oBanus B3aumoobpathmul. Kak nokasano B ra. 1
dexp[ik(s — r)] = Nb,,.
|4

"KOOpAHHATH g, B KBAHTOBON MeXaHHKe JOJKHbl GLITb 3PMHTOBLIMH
nepeMeHHbIMH, TaK YTO BeJHYHHA ¢, AOJXKHa OBLITh pPaBHa 3PMHTOBO
CONpPAKEHHON BeJNHUMHE, T. €.

g, =g =N"13 Qe =N"13Q e ™. (2.7)
3710 TpeGoBaHKE YIOBJETBOPHETCH, ECAH
Q,=Ql, (2.8)

rae Qi — onepaTop, 3pmuToBO conpsixeHHb# Q. Takum obpa-
30M, MOXHO HamnucaTb

=——-N a Z(Q elkr+ Qk —lkr), ) (29)

rae cymMma GepeTcsd N0 BceM XONYCTHMBIM 3HAaueHHSIM BOJHOBOTO
BEKTOpa R — TOJIOXKUTEJIbHLIM H OTPHUATENbHBIM.

JonycTuMule 3HaueHHs k onpeenfloTcA OOLIYHO M3 MEPHOIH-
YeCKHX TPaHHUHBbIX YC10BHH (cM. ra. 1)

9 N=4r (210)
npnuyem
N =1, (2.11)
dto caenyoune N 3HaueHHH:
2n 1 1
k=57, n=0, £1, £2,..., T35 (N—1), 3 N. (212)

Takoit ux BLGOp He SBISETCH €JMHCTBEHHO BO3MOXHBLIM, HO OH
Han6osee yno6eH.

IMpakTtHueckn yno6uo npeobpasoBanue koopaunat (2.6) ne-
/1aTh YK€ B JarpanKuaHe, TaK Kak TOT[a Mbl MOXeM cpa3y BBECTH
HMIyJabcsl Py, Kanonuueckse no otHowennio K Qx. Ilponenaem 3rto:

(g P =N""3 3 QuQu exp i (k+ k’)rl=§QkQ_,,. 2.13)

Jlaanee uMeeM

S (gra— g =N T AT QQue™ (" — 1) (" — 1) =
=23Q,Q_, (1 —cosk). (2.14)
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Urax,
1 Y A4 4 -y
L=7ZQkQ_k~-L(1—cos k) Q,Q_, (2.15)
oL
= oG, — =P (2.16)
H
1 3
H=1 NPP_,+ Y (1—cos£)Q,Q_,. @.17)
Ilonbaysicb HOBBIMM KOOPAHMHATAMH, MOMKHO 3aMHcath
pk:N_l/’ E q'sel'ks :N—-l/: E pseiks, (218)
Dr :N—l/z E pke—[kr (219)

Torga nmepecTaHoBOYHBIE COOTHOWEHHH Aad Q, u P, KWMET BHJ
—1r — ik ik’
Qe Pe]=N [Z g.e ", Xpe ]:
r 5

=N Za. p]expl—i(br— K=o 5 o0

Ecnn uckniounth cnyva# k=0, uHAEKC BOJHOBOro BeKTOpa B OTHO-
CHTCA K BHYTDGHHHMM KOOPAMHATaM M HHKaK He CBS3aH C MOJHBLIM
umnyabcom cucreMbl. [losHBIE uMnyasc paBeH Xp, M, COLJAacHO
(2.18), MOXXHO HamucaThb

P,=N""3p. (2.21)

ITonupli HMNYJALC COOTBETCTBYET TOJLKO HOpMaJbHOMY KoJeBanHIo
¢ k=0, koTopoe sABAgeTCA OJHOPOJHOU TpaHCAAUHelN BCeH CHCTEMDI.
MuorHe npouecchl B3aMMOJIEHCTBHA B KPHCTaJ/Nl€ NIPOHCXOASIT Tak,
KaK eCIH Obl MOJHLIA BOJHOBOH BEKTOp AJS1 B3auMOAeHACTBYIOLIMX
vacTHl Xk coxpausacs; 1o 3Toi npluMHe BekTOop k HasbBaoT ua-
CTO UMNYAbCOM KPUCTAAAQ, UNH KBasnvMnyabcoM. Ecam cucrema
HHBApHAHTHA MO OTHOIIEHHWIO K OeCKOHEYHO ManblM TPaHCIALHAM,
TO MNO.HBEIT BOMHOBOH BEKTOpD [JEHCTBHTENLHO CTPOTO COXpaHsercs.
KpHucraaanueckas peileTKa He HHBapHaHTHA IO OTHOLUEHHIO K Gec-
KOHEYHO MajiblM TPAHCIAUHAM, HO MHBapHAHTHA NPH TPaAHCARUHH,
KpaTHoH 6a3uCHBIM BeKTOpam &, b, ¢ aneMeurapuoit auediku. Toraa,
KaK Mbl YBUAMM B CJeJYyIOLIMX IJ1aBaX, 3aKOH COXpaHeHUs NPHUHM-
MaeT BHA '

Xk, =G, (2.22)

rae G — nNpoM3BOJLHBEIE BeKTOp obparHoét pewersu. Oauako sror
34KOH COXpaHeHHf CYUIECTBEHHO OTJMYaeTCss OT 3aKOHA COXpaHe-
HHSl MMOYJbCA LEHTPa Macc.
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Famuabpronnan (2.17) BoBce He onMCHIBaeT CHCTEMBl TapMOHH-
YECKHX OCLHMJJIATOPOB, MOCKOJABKY OH CONEDIKHT CMEIUaHHBLIE UJIeHbI
¢ k u —k OgHAaXo HaM HYXHO NOJYYHTL TaMHJLTOHHAH, OMHCHI-
BAaIOLMHA CHCTEMY TapMOHHYECKHX OCUMJIATOPOB, T. €. [aMHJbTO-
HMaH BHJa _

H= Y o,n,= 0,a;a, (2.23)

TA€ N, — ONepaTop 4YHcaa 3anonHenus (GOHOHOR, a*, a — Gose-orne-
paTopbl POXKIEHHH H YHHUTOXCHHS, MNOAUHHAIOUWIHECH mNepecTaHo-
BOYHOMY COOTHOILEHHIO

(2.24)

IlonwiTaeMcss i 3TOH penH HCMOJb30BaTh JHHEHHOE mpeoGpaso-
BaHHUE

[ak’ a,j,] =0,

a} = (ka)—"” (©Q_p — EP,),

, 2.95
2, = (20,)" "(0,Q,+ iP_), (2-29)

uMest B Buay (2.8) u (2.16). Bennunus o, onpejensiioTcs 3jech
COOTHOILLEHHEM

0, =[2(1 — cos £)]" (2.26)

M TOYHO COBNAJAIOT C YACTOTAMH KJACCHYECKHX TFapMOHHYECKHX 0OC-
unsnnTopos. Ilpn manelx k 4acToThl @~k W AHCIEPCHS OTCYTCT-
ByeT. Jllcnepcusi BO3HMKAeT, KOrAa JJMHA BoOAHbl 2m/k Gau3ka K
MeXAaTOMHOMY DACCTOSIHMIO M BOJHBI HAYHHAIOT <«OLEYUIATb» JHC-
KPETHYIO NPHPOAY peuieTkH. 3aMeTHM, YTO ® ABJASIETCS NEPHOJuUe-
ckoft ¢ynkuneir k. Cocrasum [a,, a;]; cornacuo (2.25),

[aw a¢] :(ka)_l(_ fo, [Qp Pr] 0, [Py Q_p]) =18, (2.27)

T. €. (2.24) cnpasepsquBo. [lpeoGpasyeM Tenepr raMuJbTOHMHAH
(2.17), B3sB cyMMy N0 BCeM 3HauyeHusm = k: ‘

S (PP _y+P_ P+ (1 —cos B)(Q,Q_,+Q_,Q) =
= 50, (20, +a,a; +at,a_,+a_,at). (2.28)

MTBK, Halll TAMHJLTOHHAH MOXHO NPEACTABHTL B BHae

1 1
H=Y0,(ate,+5) o0, =[2(1—cosh* | (229
copepxalleM B sBHOH ¢opMe oneparop uHucaa GO30HOB B CO-
CTOSSHUM &

n,=aga,. (2.30)
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Ecan BonnoBast ¢yukuust O ONUCHIBAeT COCTOSIHME, B KOTOPOM

Ny €CTb coOCTBeHHOE 3HaueHHe omepatopa n, To ypasHenne Ulpe-
AVHTepa 3allUChIBAETCH CJIEAYIOIHM 06pa3oM:

HD = ED = (3} n,0,) ©. (2.31)

Korpa u4ucio n, Bo3pacTaeT Ha eQMHMLY, T'OBOPAT, 4TO MHpO-
M30UI10 BO3OYXKJeHHe OJHOr0 (OHOHA C 3IHEPTHEel op.
[TIpeoGpasoBauue, oGpaThoe (2.25), uMeeT BUA

v=1()" @ —a_) Q=(0)"(@,+ar,) (232

IMoacraBnsa 3To Buipamenue aag Qp B (2.9), noayunm

' g, =2 (2Nw,) ™" (a,e* +age=i*). (2.33)

Tlonyuenuni HaMu B pe3y/abTaTe KBAHTOBaHHA HA0Op COGCTBEHHBIX
KonebGaHMil HAEHTHUEH K/1aCCHYECKHM HODMAaAbHBIM KoJeGaHusM
CHCTEMBI.

HMetoTca 3ajaun, OpH PAacCMOTPEHHHM KOTOPLIX B (DOHOHHLIX
pPa3NoXKeHUAX YA00HO HOJIB30BATHCH TOJbKO BelUlECTBEHHLIMH KO-
opaunatamMu. Ho BBenenHble Bbiile (Q, He BeLIECTBEHHH, TaK Kak

Q4 + Q. Beuecrsennnle Qp MMEIOT NMPEWMYLLIECTBO, €CJH MbI XO-
‘TuM 3anucarb ypasaenne [peansrepa ans coGCTBEHHBIX DYHKUHM
|@Qy) HopMaabHbIX KoseGaHui. Ilpocras cucrema BelleCTBEHHBIX
koopauHat (cM. [4]) oTBeyaeT CTOSAYUM BOJHAM

g, = (%)’ Y, (@ cos kr + Q¥ sin &r); (2.34)

k>0

3feck k npuHuMaer 3uaueuus 2nn/N, rjge 7 -— noJoXHUTEILHLIE

nesasie yucaa or 1 po N/2. 3aMeruM, 4TO COGCTBEHHBIE BEKTODH

1, h o,
2% coskr u (-2-)" sin kr opTOrOHA/bLHE M HOPMUDOBAHHL JleH-

‘CTBHTEJNBHO, HANDHUMED,

2 (—1%—) cos kr cos b'r = -117 2 {cos (k+ &')r+cos (k—k')r}. (2.35)

Jaaee

N-1
E cos(k £ &) r=Re Z exp (i2nnr/N)=
T =0

. 1 —exp(i2nn) _
=5 Re TLW_O' (2.36)
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PaBeHCTBO HYJ/IIO MMEET MeCcTo Toabko npu n+0; npu n=0
cymma (2.36) pasna N. [losTroMy MOXHO HamucaTh

2 (%) cos kr cos k'r = b 2.37)
H aHaJOIr'H4HO '
)y (73,-) sin kr sin &'r = dgp-- (2.38)

Usnensl, Cofpepxaline CMEIIAHHLIe IPOM3BeAeHHs THIIA Cos k'r sin kr,
BCETJla DaBHHI W YJIO.
HUtak, uMnyJanC MMeer BHJ

_ (_1%_)‘/2 Z (P(:) coS kr+P( sin kl“) (2383)

R>0

Haligem nepecTaHOBOYHHE COOTHOWEHHA aas P, u Q,:

Q)= (—1%—)'/’ 2 g, cos kr, Q% = ( 13 )‘/' 2 g,sinkr;  (2.39)
4 r
PO = (%)’ Y p.coskr, PP = (—127)’ ¥\ p,sinkr.  (2.40)

C yuerom (2.37) noayuum
[Q¥), PY = (1—%-) 2 19,s D, cOs krcos k's =
rnSs

—_ (%) Z icos krcos B'r= idppr. (2.41)

B o6uieM ciayuae

[QF, PP = idupdre:- (2.42)
I'aMuabTOHHAH MOXHO 3aIHCaTb B BHJE
1
H=Y{ 53 PV -+ Mo} (@)}, (2.43)
ka

rae o NPHHHMaeT 3HAUYEHHWA € M S, NpUYeM INpeanoJaraercs, uTo
o) =0f). 1o M ecTh raMHJIbLTOHHAH AJif HAbOpa rapMOHMYECKHX

OCILHJIIATOPOB € YACTOTOH 0.

Beanuuny Q, MOXHO paccMaTpUBaThb KaK aMILIHTYAY OCHHMJNA-
Topa k. BonsoBas QYHKIUA @, (Q,)=|Q.%,) ynoBreTBOpsier ypas-
HeHHIO LHpemmrepa

i T P RS TP
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BosnHoBasi GyHKUMS BCeH CUCTeMbl OCHHJIATOPOB MOXKeT OHITh 3a-
nucaHa 8 Buje npoussenenusn 11| Q.n,).

Ecnu onepartopul Qj #u P, BLIpa3uTh uepe3 onepaTopbl poxje-
HHUS M YHHYTOXKEHMS a;, Q,, T. €.

QY = (2Mw,)” " (a,, +a},). (2.45)
P(a) ( Mo, )1/2( ay, aka) (2.46)
TO
H=Y, (ﬁ,,a +%) 0. (2.47)
ka

KeaHToBasi Teopust HenpepuiBHOW YyNpyroi cTpysbl
PaccMOTpUM ynpyryio CTpyHy c JnHelHON I[JIOTHOCTBIO p, Ha-
xojsumyiocs nox Hatskenuem 7. Kuaacciiueckiit jarpaHxvan Ta-
KO# cucremel L= j dx.¥ nerko MoJy4lTb, BOCHOJB30OBABIINCE H3-

BECTHBIM H3 KJacCHYECKOH MeXaHIKH Bplpa»eHHeM AJA NAGTHOCTH
JarpadxHaHa

1 - 1 o \2
F=5o—5T (5] (2.48)

rae Y(x, {) — cMelleHHe B TOYKE X CTPYHBl M3 MOJOXEHHS PaBHO-
Becus. Buipaxkenue (2.48) cpa3y ke noayuaercs M3 JarpaHxuana
(2.2) pas OMCKpeTHOM LENOYKH, €CJH NefeiiTH K COOTBETCTBYIOLIEMY
npejpeny.

B KigaccHYeCKOM BbiBOJE YpaBHEHHH JBHKeHH Jlarpauxa
06bIYHO NPUMEHAETCA BAPHALMOHHBIH IPHHIHI

ta
8 [Ldt=0 (2.49)
NPH YCJIOBHAX
op(x, £)=0, (x, £)=0. (2.49a)
Torpa f fb,?dtdx:O rje

0.9 =2 G\I;—r "-5’ bp 2L 30 1 L & (2.50)
(Ox)

3necs bfp=%6¢, 6%:%611;. Toraa
1, ty
0.2 4 .7 . 1° f 0 0.7
:f o) ot op at [aq; ‘P]h (dt d'lb) W (2.51)
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nepBuifl 4JeH B npaBodl wacTtu (2.51) paBeH HyJIO B CHJIYy yCJC=
suit (2.49a) BapuanuonHoro npusuuna. Jlasee umeeM

I%%N’”:_I (%%) Spdx.  (2.52)

ox ox

YCaoBds 3KCTPEMyMa NPHHHUMAIOT BHA

0. 0 0¥ 0 4% __
= oo P ( % ) 0. (2.53)
ox

STo M eCThb YpaBHEHHe ABIDKEHUS AJf .Z, KOTOpOe B cayyae ynpy-
ro# cTpyHel (cm. 2.48) NpHBOAHT K HM3BeCTHOMY BOJHOBOMY YpaB-
HEHHIO

0%y 0%y
[laoTHOCTL WMMNyJbCa, KOTOPYIO MBL oGo3nauuM uepes II, ompe-
JleJINETCH Kak

a
n=2%Z, (2.55)
b
110 aHaJOTHH C OOBIYHBIM onpeaesicHUEeM HMIyJabCa YaCTHIUBL

p=0L/0g.
ITaorHocTy ramuabroHnana ¢ onpejensieTcs BhLIPaKEHHEM

o TId 1 1 ap \2
5 ._nlp—,y_-%m+7r(w). (2.56)

OnpejescHHe NJOTHOCTH uMnyJbca (2.550) HaxoguTcs B COrJacui
¢ onpejeJeHHEM HMIIYJAbCa YaCTHUBI LENOUKH, €CJAHM B JHCKPETHOM
cjayuae nepedTH K INpenesay, ¢4HTasg OOBbEM 3JEMEHTApHOI sueHKH
paBHBIM At:

(AT)H:p:i:M_
og dg

KBanToBanHe B cJydae HenpepbiBHOA CTPysbL. B ciyuae yactuym
KBAHTOBLIE YCJOBHSI HMeEKT BHA [¢,, p=i6,. Ecan HenpepsiBHylo
cpeay (B maHHOM cjyyae CTPYHY) pa3iedTb Ha siuelku (yyacTxki)
nporsxkenneM Ats, To, 3aMeHaAs ¢, 1a y(r), BMECTO KOMMYyTaTopa
[gr, Ps]=1id,s moNyuUM

[\P (r), [I(S)AT_,-]ZL.O,S ' (257)
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WM B TPEXMEDHOM cJyyae
[p(x), II(x")]=ib(x, x’), (2.58)

rae d(x, x') =1/Ar, ecitd X ¥ X’ OTHOCATCS K OAHOM Aueiike Av; ecaH
OHM OTHOCATCA K Pa3HLIM fdelikaM, To O(x, X')=0. Dysxkuus

8(x, x’) oGnagaer TeM CBOHCTBOM, YTO HMHTETpa. ff(x)é(x, x’) dv

paBed cpejHeMy 3HaueHHI0O QyHKUMH [ Qa8 suellKH C KOOpAMHa-
tamu x’. Ilepexogs x npepeny npu At—0, nonyuum

8(x, X)—d(x —x'), (2.59)

rae §(x —x’) — peabTa-QyHKUMA AAA TpexMepHOro cayuas. B npe-
npene At—0 ycioBus (2.58) npuMyT B

[p(x, ), II(xX/, {)]=i6(x —X'); (2.60)

HamOMHHM NpPH 3TOM, 4TO Hallle PAacCMOTPEHHE OTHOCHTCH TOJbKO
K OJHOMY ¥ TOMY e MOMEHTY BDEeMEeHH L.

HmMeetcs, OueBHAHO, KBa NYTH AaJbHEHINEr0 HCCI€JOBAHHA MpPO-
6JileMbl Ha OCHOBE MOJYUYEHHOTO TFaMHUJABTOHMAHA YIPYTo#H CTPYHEHL
OnuH COCTOMT B pElIEHHH KBAHTOBOrQ YPaBHEHHS] RBUXKEHUS HeIo-
cpeicTBeHHO B reH3eHOeproBCKOM npeicTaBjeHHH. B HeKoToOphixX
3ajavyax NPy HCINOJb30BAHHM STHX YpaBHeHMH noMmoraer (Qusude-
ckan gHTYHUHsi. OJHaKo MNoJjyYeHHe 3THX ypaBHEHHH 4acTO OKa3bi-
BAeTCH BecbMa TPyHOeMKMM JenoM. [losroMy w™bl npegnoureM
Apyroft nmyTh, a MMeHHO NIpeob6pasdyeM KBAHTOBble ONEPAaTOphl B ra-
MHJbTOHHAHE TakK, uroGn OH mprobpena ¢opMmy, YAOOHYIO AJas pac-
CMOTpPEHHS.

Orbick#Bas NOAXOAAWHEA crnoco6 npeobpasoBaHHsl TaMHJIbLTO-
HHaHa

1 1 a2
5‘6’=%H2+7T(%) . (2.61)

Mbl MOXXEM HCHIO/Nb30BaTb HAll ONKIT, HAKONJIEHHBIH IIpDH aHaju3e
JMCKPETHOH menoukd. IIpHMeHHM nepHoaHueCKHe rpaHUYHBIE YCJO-
BUS Ha KOHNAX CTpyHbl, uMelomeit pauny L. ITooxum

P =L""F Q™ Qu=0Ql (2.62)
Coraacno (1.22) moxHo 3anucath Q, B Buae

Qu=1L7" [ drp (B) e, (2.63)
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rae murerpaa oepercs Mmexay — L/2 u L/2. Torpa
2 1)\ , . ,
[ () dx:—(-[)zk‘ ]"kk QuQu [ expli(k—+ k)] de=
=Y 2QiQ . (2:64)

k
Oneparopst Pp=PL, Bo3bMeM B Buje

Py=L""[N@E)e™as, 1 () =LY P, (2.65)
Tornaa "
[ax=Y PP, (2.66)
K TaMHJbTOHHAH NDUHUMAET BHA
H= [ stdx="Y (5 PPor+5 THFQQ).  (267)

KsautoBoe ycuaoBue (kommyratop) Aas [Qg, Pe’] maxopurcs Ges
TpYAA:

[Qu Pul=L" [ [[w(x), M(x)]exp [i (¥'x' — k)] dx dx’ =
=L jexp [i (k' — k) X]dX == iber . (2.68)

IMoayuenunit pesyabTar (2.68) aunanoruuen (2.20), ¥ mostoMmy rno-
caeAyOlide npeoOpa3oBaHUA MOXHO NDOM3BOJAHTL TeM e CIOCO-
B0M, KOTOPBIM Mbl NpHILIKM K (2.25) 1 (2.32). B urore nonyuum

af =—1 (20" Pat-(5o=) " £Q_si ‘!

| ok (2.69)
@ ==i(2000) " Py + (5-) "BQu |
rape N
0 = (%) “1 k. (2.70)

AKycTHueckne KoneGanusi ¢ GoAbWOH AAHHOH BOJHBL
®oHOHBI B H3OTPONMHOM KpHUCTaaae

OnepaTop, OTBeualOUWHi BEKTODY CMeUieHHs B TBepaom Teael),
o6o3nauum yeped R=x"— X, I'ie X — Haua/J bHOE NOJIOXKEHHE aTOM4
(vau sneMenta o6beMa) B TBepAOM TeJje, a X — ero NOJQXKEHHE

) Cm. xuury amtopa [5), ra. 4. Bektop R urpaer Teneps ponb ckaaspa P,
NpuMeHnBIerocs B npeiblAyllleM pasjene. B xuure [5] pennunua R oGosnauanacs
uepes p.

3 4. Kurreas
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nocne jgedopmauun. [IpeanosoxuM, 4To KPHCTaad yOpyro H3oTpo-
new, ¥. €. UTO YNpyras 3HePrust Npu JaHHoH RedopmauMH He 3aBH-
CHT OT OpHUEHTAalWU KpUCTanauueckKux ocelt. Oxa3spiBaeTcf, YTO B
3TOM ciyuae (KOTja MJOTHOCTb YIpyroil 3Hepruu H30TponHa) cod-
CTBeHHBIE KOJeGaHHsl CHCTEMbl MOXHO CTPOTO pPa3jeHTh Ha OpO-
JOJbHBIe M ronepeuHbie. Ky6Guueckue KpHCTAaJInl ¢ GOJNBIIHMH 3Je-
MEHTapHbLIMH siuelikaMmu (HanpuMep, QeppHT-rpanar HTTPHSA) MOXKHO
BO MHOTHX C/IyYasiX CYMTaTb YHOPYFrO H30TPONHBLIMH.

CHauvasa HafijleM BBIpaykeHHsi, 3aBHCALUUE OT KBAAPATOB KOM-
noHenT jaedopmaunii 0R,/0x, ¥ MHBapHaHTHbIE OTHOCHTENbLEO MIpO-
H3BOJILHBIX NOBOPOTOB CHCTEMBI KOOpPAMHaTHLIX ocefl. Takux HHBa-
puantoB umeercs TpH: (div R)?% [V R|2, |rotR|2 Onepauns rot R
ABJSeTC YUCTHIM BpallleHHeM Tela KaK UeJoro W B CYUIHOCTH He
MOXeT paccMaTpuBaThes Kak nedopmauns. CooTBETCTBYIOWHHA YyIeH
B BbipaXEHHM JII YNPYroil 3Heprud He nosiButcA. [IpuGanxenHo
(¢ TOYHOCTLIO J0 KBaApAaTHYHBIX YJAEHOB) AJS MJOTHOCTH YNpPYroli
3HEPTHH MOXHO 3amHcaTh

oR, ORy | 1 R, R,

—Ec: Oxy _Q_B Jxy 0xy » (2.71)

1 1 1
U=a(divRE-+ 5B VRE=a

TAe @, B — KOHCTaHTbl, BbIpaykaeMmble uepe3 ynpyrue MOAYJH Cpefbl.
Ilo noBTOpsiOIMMCH HHAEKCAM NOAPa3yMeBAeTCA CYMMHPOBAHHE,
KoopMHaTHbIE OCH X, CYMTAIOTCA OPTOTOHAALHLIMH. [lepBblit unen
(c o) paBen wnypy TeHsopa aedopmauuit, Bropo#t (¢ B) — cymme
KBa/JpaTOB KOMIIOHEHT ITOTO TEH30pa.

[MnoTHocTh ramuabTOHHaHa A8 H3OTPONHOH YIPYroil Helpe-
PLIBHOH cpeibl (KOHTHHYYyMa) 3anuChLiBaeTcs B BHJe

1 9R, 0Ry, 1 OR, OR,

1
= L +50 g o+ 5b o, w272

rge p — o6bluHas MI0THOCTb, a [, — KOMOOHEHTH [MJIOTHOCTH HM-
ny.abca. [IpeanosiouM, 4TO Ha rpaHHUaX €JAHHAYHOTO Kyba Bbl-
NOJMHSAIOTCS UMKJHUeCKHe FPaHHuHble YCJOBHA H ONpeneHM npeob-

pa3oBaHue K (DOHOHHBIM NEPEMEHHBIM Qk(h=x, Y, 2) CJAEAyIOIHM
o6pasoM:

= [ &xR, ) e™™, R, (x)= Y, Qke"™, (2.73)
k

npu ycaosun, uto Qk==(Q%) . Hrax,

. OR, R,
| dox gt T o )k EQEQY 2.74)
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OnpesnenuM Tenepe KOMIOHEHTH! MMIY.bCa Pk caeayomum 06-
pasom:

=3 Ple™™™, Pi=(PL)", (2.75)
— j d’xI0, (x) €™ (2.76)
TOraa
j &I, = Y, PhPLy (2.77)
k

¥ FaMUJbTOHUAH IIDHMET BHJ
o 1 N pupn 1 A LAV 1 Y 2 Al \
_szkdpkp_k+§a)_k‘kukv kQ-k+—2—B)k‘k\.QkQ_k. (2.78)

DTOT raMHJILTOHMAH «YCTPOEH» TaK, YTO OH HHBAPHAHTEH MO OTHO-
IIEHHIO K MOBOPOTAM KDHCTA/NJTHYECKHX OCEH, H MO3TOMY MBI MOXEM
BbIGHpATL HaNpaBJeHHs KOOPAHMHATHLIX OCel, KaK HaMm yaobhxo. Ilo-
CKOJIbKY B useHax (2.78) passinunble K BCTpeyaioTCs TOJBKO B KOM-
6uHausd K, Mbl MoOXeM JAJS KamxAoro jpaHHoro k BhiGpath che-
nHaJbHble OCH KOOpJHHAT. YA0OHO, HAmnpHMep, BuiGpaTb OAHY U3
oceil x; napaJiiensHoil k. Torpga

He= o )pﬁph+)k( aQQlk+ 3 ﬁEQh‘Q‘ik). (2.79)
I

Tenepnr BBeAeM 603€-0OnepaTophl

iy = — (i2000) " Pi+ 0743 (adyr -+ B)* £QY4.
Qxy = £ (2pwk,)” e mku *(ady 4 B) = pQ.

34eck no MOBTOPAONILNIMCH HHAEKCAM CyMMHMpOBaHHe He NOAPasy-
meBaercsl. Mugekc p Tenepn paccMaTpHBAeTCs Kak HHJAEKC NOJf-
pRaldii, CBA3LIBAIOIIHI CMeLleHHe YacCTHHBl C BOJHOBLIM BEKTO-
poM. Jlerko yGeIMThcs B TOM, YTO MNpPHMEHEeHHE NpeoOpa3oBaHMs
(2.80) nossoaseT NONYUYHTh CJAEAYIOllee BbIPAXKEHHE JJIsl SHEPTHH:

E= Y o +5)5 ow=[@du+pro* s  (281)

k, 1

i (2.80)

re HHIeKC [ — OTHOCHTCS K mpojo.bHbiM ¢oHoHam (Qyllk), a nBa
ApYrix BelOopa 148 u — K fHonepeynsbim ¢oHoHam. B H3oTpONHOM
TBEpP/JAOM Teje 1Ba IoNepeuHbX ¢OHOHA C J1aHHbIM 3nayeHHeM k
BLIPOJK Jetibl, HO B 00IueM cayuae LISl JaHHOTO HANPAaBJICHHS B KY-
GHueckOM KpHCTAJJM€ HMeeTcsi IO TpH KoJebanus s Kamioro

3*
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3HaueHHs K; Bce OHM He BLIDOXKJEHH M HX HENb3si CUHTATh YHCTO
NPOJLOJbHBIMU WY YHCTO NonepeunbiMu. M3 Bbipaxeuus s oyy
B (2.81) nonyuaeM pis ckopocTelt 3ByKa

a i
v, = dik“ — [(@d,, + B)/p]". (2.82)

Bhlpaxenue Ajs omepatopa CMelueHus peweTkd R MoxkHo Haiity,
Bocnoab3opasmuch (2.73) u (2.80), B BHaE

R (x)= ‘?“ [ (2903,(“)_’/’ (@™ +ay e tex), (2.83)

TAE €k, — €IMHMUYHBI] BEKTOD B HANPaBICHUH TMOJSPU3AUAH (O-
HoHa. OnepaTop «pacwspenusi» A(X) onpejensiercss BuIpaXKEHHEM

dR . O —fy ; X\ -
300 =90 1%, 20, b (a0 — age- v @84
k

C KJacCHYeCKOH TOYKH 3DEeHHsi A ecTb OTHOCHTENbHOE H3IMeHeHHe
o6bema o V/V.

@OHOHB B KOHIEHCHPOBAHHOM OO30HHOM rase

ITonbsysick merozom Boronio6oBa, nokaeM, Kak B CHCTeMe
¢Jab0 B3aUMOMAEHCTBYIOLIHX YaCTHI MOTYT BO3HHKATh (DOHOHHI.
PaccymorpuM cucTemy, COCTOSIILYIO U3 OOJIBLIOTO YHCaAA c1abo B3au-
MOJCHCTBYIOIMX GO30HOB, OMHCLIBAEMYIO IaMHJIbLTOHHAHOM

I\ 14 oy s 4 r
H= }k_] Qaya,+ o Y,V (k,— k) a,aa, . (k+k—k —k),

(2.85)

rae cuMBoa Kpouekepa A cbecneunBaer COXpaHeHHe BOJIHOBOTQ
BekTopa. Eciu V=0, To B OCHOBHOM COCTOSIHMM Bce YaCTHUBLl CHU-
CTEMBI HAaXOAATCHA B KOHEHCHDOBAHHOM (ase, TaK KakK B CUIY Gode-
CTATHCTHKK B HAUHH3IIEM OJHOYACTUYHOM COCTOAHHH Kk paBHO
uyno. Ilpu nanuuuy cnaGoro B3aMMOAEHCTBHS HA Malbix paccrosi-
HHSIX GOJIBIIMHCTBO YacTHE GyJeT HAXOJMTbCH B OCHOBHOM COCTOS-
HUM H JHIWb HemHorHe (n<N) oKaxyTcst B BO3GYXKAEHHBIX COCTOS-
nusix ¢ k>0. Ilpu pacuerax MakpOCKOMHYECKHX BEJHUMH pasnuype
Cayuaes, KOIJ@d Mbl pPacCMAaTPHBAe€M COCTOSHHA N YacTHn HIH
N+n yacTuu, HeBeIHKO, HO OKHAAEMOE 3HAUCHHE MOJHOIO yucsa
4acTHI JOCTAaTOYHO XOPOUIO ONPeNeSeHO B O6OMX cayuasx. B xua-
koM He* noTeHuian B3auMOJEHCTBHS Helb3S CYHTATbL OYEHL Cyla-
6bIM; HA OCHOBAHMH pPE3y.ibTATOB HEHTPOHO- AN PAKIHOHHLIX HCCJe-
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NOBaHHH MOXHO NPEANOJIOKHTL, YTO B OCHOBHOM COCTOSIHHH Me-
uee 0,1 Bcex aToOMOB 06GJajaioT HyJeBbIM uMmnyabcoMm (cM. [6]). [To-
3TOMY paccMaTpHBaeMasi HAMH MOJEJb MMEET, BHAMMO, JHUIL Ka-
yecTBEHHOE CXOJACTBO ¢ peanbHuiM Het.

Tonarass Vx=V_x, ramMmuapronnan (2.85) MOXHO mepenucarh B
BHIE

H= Y eai ax+ 5 NiVo+NoVoY, aiax—+No ¥, Viaian-+
k k k

1 1/ ' .
+? N, 2‘ Vk (aka_k -4~ a;ajk)—{_—,qneubl 6oJ1ee BLICOKOTO NOPSAKA.
k

(2.86)

3necs Ny=ajfa, v npu CyMMHUPOBAHHH BCIOAY HCKJIOYaeTCs usieH
¢ k=0. Unenst B npaBo#l yactu (2.86) MOMHO HHTEpPNpEeTHPOBATDb
(nepeMeILanch caeBa HAampaBo) CJAERYIOUIHM 06pa3oM:

a. Kunerwueckas sueprusi: €,a,/a,.

6. B3auMojeiCTBUS B OCHOBHOM COCTOSIHKM af afa.a,.

B. Be3oGMeHHble npouecchl, He H3MEHAIOI(HE YHCJAA YaCTHL B
OCHOBHOM W BO30YyXAEHHOM cOCTOsHMAX: atataa, wu afata.a,.
r. O6Men BO36YXAEHHOH YaCTHUBI C OJHOM 4YacTHIUEH# B OCHOB-
Y R +g+
HOM cocTosinmu: alata.a, n atataq,.
4. Bo3byxaesne ABYX YaCTHIL NPH YHHYTOXKEHHH mapbl 4acTHIL
B OCHOBHOM COCTOSIHHH HJIH YHHUTOXEHHe mapsl 4acTdy B BO306Y-
JKJCHHOM COCTOSIHHH IIpDH NOSABJICHHH JBYX YaCTHLl B OCHOBHOM CO-
- atroF +
CTOSIHMM: @faja.a , 4 ajfa’.aa.
UseHol, cogepamnide TPH OJHOYACTHYHBIX ONEpPaTOpa B OCHOB-
HOM COCTOSIHHHM, HCKJIOYAIOTCA B CHJAY 3aKOHA COXpaHEHHA HM-
nyabca. DypeM  cyHMTaTh  OXHAAeMOe 3HaueHHe  BeJHYHHB

<K
N0+% aja, uncaoMm N wactun cuctembl. CoGepem  CoOTBET-

CTByIOI(HE ujeHbl U nepenuem (2.86) B Buze

Hoypw=5 NVt Y (64 NV,)aia,+
k

npus 9
+5N ¥ Vi (@a_ +ara)+ ... (287)
k

TamuabTonnan (2.87) O6yaem nasniBaTh npuBejeHsbiM. Ou npepcra-
BasieT coGoli Gunuuelnyio ¢opMy no 603e-onepaTopaM H ACHOYCKaeT
TOUHYIO AHaroHanuzanuio. [IpuBegeHHnll raMHILTOHHAH HE KOMMY-
THPYET C ONepaTOpPOM YHCJA YACTHL, HO JJaf GOJbIIMX CHCTEM 3TO
OGCTOATENBCTBO HE HNPHBOAMT K CKOJBKO-HHGYAb CYIUECTBEHHLIM
omnGkam (cM. [7]). Merop dynxkumit I'puHa, paccMaTpHBaeMblii B
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ra. 21 nacTosilefl KHHTH, NO3BOJSIET €CTECTBEHHLIM INYTEM BBECTH
MaTpHYHbIE JE€MEHTDb, CBA3LIBAIOLINE COCTOSIHUS C Pa3JyiMUHLIM YHC-
JIOM 4acCTHIL.

Onuako Mbl mpexje BCEero PACCMOTPHM INOJAXOJL TEOPHHM BO3MY-
wenut (neTannhee cM. cratbio bBpakuepa [8]). HepoaMyuenHon
3HEepruei €CTeCTBEHHO CYUTATb ) €,a, &y, @ BO3MYLUEHHEM

% 2 V. (a}a,+aa_,+at,al).

Jlerko mokasaTn, uTO BO3MYILIEHHE MOMKET MPHBECTH- K NOABJEHHIO
pacXoAsIIHXCH 4YJEHOB INIpM pacyeTax BLICUIMX NOPAAKOB TEODHH
Bo3MyulesHil. Boroaio60B Ha3blBaeT pacXOAfLIKHecs uJeHbl «omnac-
HbIMH» JauarpaMmamu. Ha camMom e [Jene, pacXoisllHecs UJeHB
MOXKHO NPOCYMMHMpPOBaTh M NMOJYYHTb KOHEUHble (CXOAsiliHecs) pe-
3yJbTaTbl, HO Jyuylle, €CJH BO3MOXHO, OOOHTHCL 0e3 TeOpHH BO3-
MYLIEHAR ¥ OCYIIECTBHTH TOYHYIO JHAroHaJH3auMIO NPHBEJEHHOTO
ramMuabToHHaHa (2.87), uTo Mbl cefiyac U nipojenaeM.

s BLIMONHEGHHS JHATOHANW3AUUH MBI BOCHOJbL3yeMCS ypaBHe-
HUSIMH JBUXKEHHfi. DTOT MeTOJ YKa3blBAaeT CHCTEMAaTHUECKHH NyTb
HaXxox/ieHusi npeoGpa3oBakui THma (2.25), xotophle aBTOMAaTHyYe-
CKH NajyT Bce, yTo TpeGyercss. Mbl f0/1:HBE HAHTH HOBBE Go3e-one-
paTopbl o, @,, KOTOphie YAOBJIETBOPSNK Obl CJIEAYIOIUHM IepecTa-
HOBOYHBIM COOTHOIIEHHSIM:

[oh, Hl=—hoy, [0, H]=hv,, [o,, a}]=08,.. (2.88)

IlepBbie OBa COOTHOLICHMA YJOBJETBOPSIOTCSA, KOTAA aMHJbTO-
HuaH H MoXHo 3anmucaTh B JHarcHa/jbHOH GopMme

H= Zk A, a, -+ const. (2.89)
IMpencrasum (2.87) B Buze
Hupws— 5 NVo= ¥, Fh, (2.90)
H,=uv (a;a,+ata_ )+ o (aa_,+ara}) (2.91)
e wo = &+ NVy, @ =NVj. (2.92)

3ameTHM, YTO YyDaBHeHH: ABIXeHus iq, = oa, -+ oat, coxep-
KaT TOJbKO oneparopu @, W a_, . BenoanuM npeoGpasopanne

. . 4- de o EO
0, == U, &, — AT, W= 0,a0 --Ta_,, (2.93)

TAe ux, Ux — BewecTBeHnble deTHue ¢ywkiu k. KoMmyrtatop

[ o] ==u;—} (2.94)
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MOXHO CJle/1aTh PaBHBIM €HHHNE NPH HaAJexKalleM BhbOope Uy, Vk.
[Ipy MMEeHHO TakOM BHIGOpE MOAYYUM

a, = u0, + vt .
Bocroas3oBasmuch (2.91) u (2.93), naitzem
[oh, H]=u, (—onf —0g_) — 7 (0e_+0a)). (2.95)

Mub x0THM, 4TOGH 3TO BHIpaXeHue B COOTBETCTBHH ¢ (2.88) Gniio
paBHO
—A(uaf — va_,)

INpupasuuBas k03GQHUKEHTE NP a4}, @_,, NOJYYHM

Wolly —+ 01Uk == ALy, }
O1Uy + WUk = — A.'Uk. (296)
Dra CHCTEMA ypaBHEHHH HMEET PEelleHHe, eCJH
Wy — A o, .
@, w0y 2 =0, (2.97)
MJIH !
M=ol —ol=(, NV} —(NV )2 (2.98)
INockoanky ex = k2/2M, To l
meso = (252 )" 2. (2.99)

ATo npejeabHoe Bblpaxehue AAsf QopMyJab gucnepcur ouo-
HOB, HMEIOWHX CKOPOCTb
NV,

v, =(" )"‘ (2.100)

Ilpn manbix k& MOXHO nNpeAnosioxHTh, uto Vy=V, Peayasrar
(2.99) cnpaBensuB, OUEBHAHO, JHUIIb NPH MNOMOXKHTEIbHBIX V, 4TO
COOTBETCTBYET INOTEHUMAny oTTajkuBanus. [lpu Gosabinux &

lk_.wzek-f-NVk, (2101)

T. €. 10Jy4yaercs ApYroe npeleisHoe BbIpa)ieHHE AT (HOpMynbt
LMCIIEPCHH, KOTOPOE COOTBETCTBYET CJY4ald CHCTEMbl AHCKPETHbLIX
yactuu. Yactora B (2.98) npeacrasasier co60i MOHOTOHHO BO3-
pacTapILyi0 (PYHKIHIO BOJHOBOTO BEKTOpa, B UeM Mbl HeMeAJeHHO
yGenuMca Huxe. CrneKTp Bo3OYXKIEHHH KBA3HYACTHI B XKHAKOM
reqdy ONpelenseTca HemoCPejCTBEHHO M3 Pe3yJbTATOB HCCIENOBA-
HHSl Heynpyroro paccesinus HeidTponos (puc. 2.1). [IpoBas Ha kpu-
BOA jucrnepcHn BOAM3M R=1,9 A-! pmaxoaurcs B NOJHOM COrNacHu
¢ pacuetamu Peitumana u Kosna [9, 10] (cm. taxxke 3anauy 2.6 B
KOHIle HacTosueid raasol). Ilo 3TO# ynpowmesHo# Mouenud TakoM
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npoBasa MoxeT ObIThb CJeAcTBHeMm 3aBucuMoctH Vi ot k. Yuacrox
CnexTpa BO30YyXaeHnit BGAU3K NpOBaJia HA3BIBAIOT POTOHMbIM CIIEK-

TPOM.

Csepxrexkyuecto [9—11]. Daemenrtapuble BO36YXKAEHHA, OINHUCHI-

BacMblc omeparopaMi oF, FBJISIOTCH
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Hamenerue umnynoC a,

Puc. 2.1. Cnektp aaeMenrapiblx BO30y-
wIeHuit B wuikoM remud npu 1,12°K u
IIpH HOPMallbHOM JABJEHHH [1apOB.

dKcnepuMenTaabHan KPHBAas noAyyeHa XeHwoy n
ByxcoM nyTem M3ydeHHs Heynpyroro pacCesHus
HeiiTpoHos. Mcrnoas3oBarubie B OnbTe HEHTPOHBW
MMEAM CKOPOCTh, COOTBETCTBYIOILYIO AJMHE BOAHBI,

paBHOH 4,04 A. [TyBKTnpHag JHHHG, BRIXOASWIASN K3
HMA4aNd KOOPAMHAT, COOTBETCTBYET CKOPOCTH 3BYKa,
paBHOIY 2,37.10¢ cu/cex. Cnjounas napaboanyeckas
KpuBag, BHIXOnALad M3 Haana KOOPAMHAT, 10.YYeHa
nyTeM pacdera ANf C80600HMX 2TOMOB Tenus.

KONJEKTHBHBIM CBOHCTBOM
CHCTeMBl, NpOABASOLLAMCSH, B
4aCTHOCTH, npu Manabix k.
Tlpowe Bcera 310 mnoKasath
nyTeM pa3J/IoXKeHHH apryMes-
TOB (YHKUHI, paccMaTpHBae-
MBIX B 3ajaue 2.5, B psl, Ka-
XKL YJeH KOTOPOro COOTBET-
CTBYET OJHOMY 3J€eMEHTapHO-
My Bo30yxnaeHuwo. Flmeercs,
0/IHAKO, Ba)HOe pa3juyne
MEXAY TeMH (DOHOHAMH, KOTO-
pble MBI cefiuac paccMaTpH-
BaeM, H (POHOHAMH KpHCTan-
nHyecKoll pewerkd. B peluer-
ke (OHOHBI CBfI3aHKW C KOOp-
AHHATHOM  CHCTEMOH H He
HecyT MMITYJ1bca, KaK Mbl yxKe
oTMeuaaH, o6cyxiaasa Bbipa-

-menne (2.21). B rase ¢onos-

Bbie BO30OyXJAeHHs JedcTBH-
TeJbHO NEPEeHOCHAT HMNYJALC H
3T0 00CTOATENbCTBO NO3BOJS~
€T YCTAaHOBHTb KPHTEPUH 145
CBEPXTEKYYEeCTH.
[lpennonoxum, uto B co-
Cyjle ¢ HaxoxfLUMCH B MOKOE
KHAKAM readeM npu 0° K ne-
peMellaeTcs €O CKOPOCTbIO V
te1o ¢ Maccol M. Ecau aro
TEJO NPH [epeMelleH’u B Tre-
QUK MOXET c03jaBaTh B HEM
3JeMEHTADHbIE BO30YXIAeHHA,

TO ABHXKEHHE 1edla 6y11€’l‘ 3aMeAaATbCA. B kaxjaom akrte co3panus
3JIEMEHTAapHOr'o BO36y)K11€HHﬂ Cc SHEPTHEf:l Wk JOJXKHbl BbITOJIHATLCA

33aKOH COXPAaHEHHsA 3HEPruu

%M'v2 = % Mo + w

¥ 3aKOH COXpaHEeHHs UMINyabC4d

Mv=Mv’ +Kk.

(2.102)

{2.103)
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U3 pasencts (2.102) u (2.103) cneayer, uto
0=—v k- g £+ 0. (2.104)

Haumerbluee 3HaveHue v, Npud KOTOPOM ellle MOXET YJAOBJETBO-
psiThesl cooTHoulenHe (2.104), coorBeTcTByeT cayuaio, kKorga vik.
ATa KpUTHUECKAas CKOPOCTh pPaBHa

v, == min (2%_;_“’_:) (2.105)

IMpuy M— oo kpuTHuecKass CKOpOCTb onpefe/sieTcsi MHHHMYMOM OT-
HoleHuss og/k. Ecilu B cnekrpe HMeeTcs 3HepreTHueckas UIedb,
T. e. Bce wgx>0, 10 v.>0. Cayuail, HAJOCTPHPYEMBIE JaHHBIMY, [IPH-
BeJeHHLIMH Ha pHC. 2.1, TakKe COOTBETCTBYET [MOJOXKHTEJIbHOMY
MHHHMaJbHOMY 3HAYEHHIO OTHOWeHHA wg/k. Ecan gucnepcus sJe-
MEHTAPHLIX BO3OY:KIeHUH OIHCHIBAETCS 33KOHOM o ~ k2, COOTBET-
CTBYIOLIHM CJY4al0 CBOGOAHBIX YACTHI, TO KPHTHYECKAass CKOPOCThb
OyaeT paBHa Hynio. IlpoBefeHHOe BbIllE PACCMOTPEHHE MIPUBOJUT
K BhIBOLy, uTO npH v<v, Teqao npu 0°K Oyger nepemeliathcs B
JHAKOM Teaud Oe3 moTepu 3SHepruu, T. €. He NepegaBas JHEPTHUl
FKUAKOMY resnio. B aTtoMm cayuae roBopsiT, 4TO XHAKIY rejuft o6aa-
jaer cepxtekyuecTbio. Habogaemble B gefiCTBUTEIbHOCTH KPHUTH-
YeCcKHE CKODOCTH.B XHAKOM TeJHH YacTo Ha 2—3 nopsiika BeJu-
YHHBl MEHbllle, Y€M BBIYHC/IEHHOE 3HAueHHe. DTO CBA34aHO, IO-BH-
JHUMOMY, ¢ 006pa3oBaHueM o0COObIX 3JeMeHTapHbIX BO30YXaeHHH
MaJloff HEePrHd THNa BHXPeBbIX HHTell. [IpH KOHEUHBIX TeMIepary-
pax ABHXKYlleecs B XUIKOM TeJUH Tel0 GyaeT HCIbITHIBATH CONPO-
tupieHde. OpHa M3 NpPHUNH 3TOrG OGYCJAOBJeHZ PaMaHOBCKHMH
npolleccaMu HeyNpyroro paccesiHHsl TENJOBHIX (DOHOHOB Ha JBHIKY-
uieMcsl Tede.

Bropoit 3Byk B kpucraane. Mol paccMoTpenu akyctHueckue do-
HOHBI B KPHCTa/]J1aX H B XXHUAKOM rejiull. AkycTHueckue (OHOHBI Ha
TPAaHUYHBIX MOBEPXHOCTSAX MeXAYy KPHUCTAJlJIOM M T430M HJH Me-
KAY KHAKOCTBIO H ra3oM aHaJOTHUYHLI OGBIMHBIM 3BYKOBLIM BOJIHAM
B rase. ['oBOps 0 pacnpocTpaHeHHH aKyCTHYeCKUX (OHOHOB IpHMe-
HSIIOT TEPMHUH OOBIUHBIH, UJH nepssil, 38YK.

Camu no cebe akyctuueckue QOHOHBI 06/1aJ210T MHOTHMH CBOM-
CTBAMH, POJCTBEHHBIMH CBOHCTBaM YacTull. Takde yacTnuw caabo
B3aMMOXEHCTBYIOT MeXAy co00OH; 3TH B3aUMOAEHCTBAS ONHCHI-
BalOTCS AHrapMOHHYECKHMHM 4YJE€HaMH B BBIPAXKEHHW JJA IIOTEH-
IHana peweTkd. [lpy HH3KHX TemmepaTypax mOpOLECCH CTOJKHO-
BeHHH Mexay (QOHOHAMH JOJIXKHBI MOAYHHATHLCS 3aKOHAaM COXpaue-
HHMSl 3HEpPTHH H BOJHOBOTO BEKTOpPa (MMIyJbcd), HO MPH 3TOM HeE
06s13aTe/IbHO COXpaHeHHe yucna (oHOoHOB. [IpH BBICOKHX TeMnepa-
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Typax NOJHbIA BOJHOBOH BEKTOp CTaJKHBAIOIIUXCH 4YaCTHI MOXKeT
U3MEHATLCA Ha BeJWYMHY BeKTOopa obGpaTHOM peuerku, [IpoBedeH-
HO€ Bhillleé PaCCMOTPEHHE CTAHOBHTCS HENPUMCHHUMbIM, €CJH TakHe
npoueccel nepebpoca MPOUCKXOAAT YacTo. 3aKOH JUCIEPCHH [Af
(OHOHOB ¢ AOCTATOYHO MaJbIMHU 2 MMeeT BUI o= Ck, e ; — CKO-
POCTb [IepBOro 3ByKa.

Hac uHTepecyer BO3MOMHOCTH BO3HMKHOBEHHSI H DaclpocTpa-
HeHHA B (DOHOHHOM Tra3e KOJJIEKTHBHBIX BO3Gy#AeHHH, npejacra-
BJAIOIUX cOG0H MOAYJ/IPOBaHHOE JOKaJbHOE U3MeHeHHe NJOTHOCTH
UK KOHUEeHTpauuud (DOHOHOB, KOTOPOE NPOSAIBJSIETCH B BHIE oco6oro
poxa BoJsH. [lpouecc pacrnpocTpaHeHUs] TAKHX BOJH Ha3LIBAKOT 870-
poim 38yKom. JLOCTOBEPHO YCTAHOBJEHO, YTO NOZOGHLIE BOJHBI BO3-
HHKAIOT B XHAKOM Tenux II, HO HeT HuMKakuX cooblienuil 06 ux cy-
UIECTBOBAaHUM B Kpucrasnax. [IpoGrema BTOPOro 3BYyKa B XKHIKOM
reJJMA BO MHOTOM CYUIECTBEHHO OTJHYaeTcsl OT IpobJeMbl BTOPOTrO
3ByKa B KpHCTaq/ax. 37eCb Mbl pacCMOTPUM JHUIb [OCJETHION.
Ipexnonoxum, 4To cpexuAs AaMHa cBOGORHOro mpobera (oHoHa
3HAYMTEJbHO MeHbllUE [IJIUHB BOJIHEl BTOPOro 3ByKa. B mnpouecce
CObIYHOM TeMIONPOBOAHOCTH B KpHCTaJje co3JaeTcd Takke TIpa-
OUEHT IJOTHOCTH (OHOHOB, OJHAKO HHUKaKMX BOJH B (OHOHHOM
rase He BO3HHKAeT, TaK KaK BOJHOBOH BEKTOp NPH 3TOM He cOXpa-
HfeTcA H3-3a3 HpolleccoB nepebpoca.

BoiBegem BolpakeHHe [Jf CKODOCTH BTOPOTO 3BYKa B (DOHOH-
HOM rase B KpucTasje. [18 NPOCTOTH PaccMOTDHM TOJbKO MpoO-
gonblbie GoHoHbl. [1ycThb

F(k, x)d%dx

— yucao GHoHOHOB, 061a4a0lUX BOJHOBEIME BekTopamu k B o6Ja-
ctu d®k BGau3u k u Haxogfdwuxcd B oObeme d3x BGIM3U TOUKH X.
CorsiacHO KHHeTHYecKoMYy ypaBHeHuio Bosnbumanal) ans ¢yHKUuH
pacrupejejesus | umeem

of o
I v dpf, (2.106)

rae A.f — ckopocTs usmeneHusi GpyHkUuM pacnpelesenus f 3a cueT
CTOJKHOBeHHH. Mbl onycTuau B ypaBHeHuM ujeH o -(0f/dv), coort-
BETCTBYIOIUMH YCKODEHWIO, NMOCKOJBKY B OTCYTCTBHE BHEUIHHX CH.I
yckopenue a=0. 115 AJHMHHOBOJHOBHIX (POHOHOB V- KOMIIOHEHTa
CKOPOCTH paBHa v,=cCik,/k v BMecto (2.106) noayunm

of ky Of __
_57+cl_k_5x—v——A"f' (2107)

1) O6 ypasuenun Boabumana cm., wanpumep, xuury Kurreas [12].
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3anHuieM Temepp MJIOTHOCTb HMINYJbca KpHcTaana P ¥ miaoTHocTh
sHepruu U:

P= [ a%kf, U= [ d%ckf. (2.108)

ITockosbky MBI CuHMTaeM, 4TO OPH BCEX CTOJKHOBEHHAX BOJIHO-
BO# BEKTOD H 3HEPTUfl COXPAHSAIOTCH, TO

[ dorrd f=0, [ doke,kd f =0, (2.109)
Torna, ymaoxas (2.107) Ha ky, o uHTErpUpYS, TOJAYIHUM
P, 0 cikyky,
5 —{——()-;v d*% —e—[=0, (2.110)
a yMHOXas Ha ¢,f U MHTErpupysd, NOJYYHM
ou 0 ou 2 0Py
LA S fdakcz;kvf=7 + ¢t ger=0. (2.111)

Ecnu BoaMymeHue Majo u3MeHsieT QYHKIUHIO pacnpegeqeHus [ no
CpaBHEHHIO ¢ U30TPOIHbIM CJyyaeM, TO

kyk 1
fdakcl ’\; (o f=6uv§U' (2.112)
n ypasuenune (2.110) mpumer Bujx
0P, 1 oU
> gW;:O. (2.113)
O6weaunss (2.111) u (2.113), noayunm
v & U
0, (2.114)

07 3 Oxy0x,
T. €. ypaBHeHHe Ijd BOJIH, PaCIpOCTpaHAKIIHXCA CO CKOPOCTBIO

c,/l/3. OTHowenue 01/02=V3, T. €. YHGJEHHOE 3HAYeHHe OTHOIle-
HHSI CKODOCTEH NMEPBOT0 U BTOPOTO 3BYKa, NPHUOJHIKEHHO COOTBET-
cTByeT HaG/I0RaeMOMY 3HAUeHHIO AJd XHAKOTO reaus npu I—0;
OAHAKO AOCTHKIIMAS B SKCIepPUMEeHTaX TOYHOCTb H3MEPEHHH HEeHOo-
CTaTOYHa AAsl TOTO, YTOOB! YBEPEHHO 3TO YTBEPXKAATH, NOCKOJLKY
IpH oYeHhr HU3KHX TeMIepaTypax BTOPOH 3BYK CHJLHO 3aTyxaert,
TAK K4aK CpeJHffl QJHHA CcBOOOJAHOTO npobera (OHOHOB CTAaHOBUTCSH
3HaYuTebHO OoJblile AJHHBI BOJHbB! BTOPOrO 3BYKaA.

BosHel, Ha3piBaeMble BTOPHIM 3BYKOM, NpeACTaBJAIOT coOOH me-
pUOAMUYECKHe H3MEHEHHS 3HEeprHH BO30YX/IEHHS, CBS3aHHBIE C Tie-
pPHOJMUECKHMH H3MEHEHHSMH KOHLeEeHTpauuu ¢GoHOHOoB. [IpuBenmex-
Hblff Bhille pacueT Obla cAenan Yopaom M Yunakcowm [13]. B mawmewm
pesyabTaTe Aaf €3 OTCYTCTByeT MHoXHTeAb [l —(pn/p)], HMeio-
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uiics B pabote [13] u comepxaumuil OTHOLIEHHE TJIOTHOCTH addek-
THUBHBLIX BO30OyXIEHUH pn, K NJOTHOCTH cPeabl p. DTOT MHOXKHTe/b
(bUrypHpyeT B TeOpHH JAf XKUAKOTO TeJusi, HO He OYEBHIHO, UTO OH
JloskeH ObITE M B ciyuyae KpHcTaana. MOXHO /UL yTBEpXK/AAaTh,
4TO B 000HMX caydasx JAns ¢oHoHos npu I—0 orHoweHHe pnfp—0.
Bonpoc o BTOpOoM 3Byke B JXHAKOM rejuH oOcyxpaeTcs B pa-
Gote [14].

YacrorHoe pacnpeneneHue aas (ouoHon. PoHouHas PyHKuUSA
pacrpegeiedus 4acToT g(w) AAA KpHcTaana onpeleiseTcd Kak
uyucao coOcTBeHHBIX (POHOHHBIX 4YacTOT HA €JUHHUY HHTepBaja 4a-
CTOT, JeJNeHHOE Ha MOJHOE YHCJO0 coOCTBEHHBIX uacToT. YacToTHoe
pacnpejenenye onpegensieT O0JbUIYI0 4acTb TePMOAHHAMHUYECKHX
CBOHCTB KpHCTaana. IJTO pacnpejerieHde MOMHO HaliTH Npu mno-
MOIUM YMCJEHHBIX pacyeToB, MOAb3ysch GopMyJoll aas agucnep-
cuu ), Ho 06BIYHO 3TOT NIyTh BeCbMa TPYAOeMOK. TouHOe pelleHHe
3ajaur 15 ABYMEPHOH pelUIeTKH C KBaADaTHHIMU fiuellkaMu OhlIo
nosyueHo MoHTpoaaom [16], xoTopelil ycTaHOBUJA, uTO (YHKIUUA
pacrnpefeseHHss B 3TOM cJjyuyae MMeeT Jorapudmudyeckd OeckoHeu-
Held nok. Takasi CHHTYJSIPHOCTL HMeeT BaXXHOe 3HayeHHe HNA Bbl-
yHCJAEHHsT TepMOoJUHaMHuuyeCKUX XxapakTepucTHk. QOO6uee wHccaego-
BaHue CHHTyJsipHOCTeft GyHkuuu pacnpenenenuss nposea Ban Xose
[17] (cm. Takeke [18]), KOTOpBIH HCIOMB3OBAJ TOMOJOTHUECKYIO TEO-
pemy Mop3a. JTa TeopeMa yTBepxpaeT, 4To Jiobad dyskuusa Go-
Jee yeM OJHOH HE3aBHUCHMOH IepeMeHHOMW, NEPUOAHUECKAsl, KaK M
o (k), mo BceM CBOHM NepeMeHHBIM, UMeET ONpeaeeHHOe YHCAO cefl-
JIOBBIX TOYEK. ITO HUCNO Ompejeasercs H3 TOMNOJOTHUECKHX COO6-
pa’KeHHU W 3aBHCHT TOJbKO OT YHC/Na HEe3aBUCHMBIX NePeMEHHBIX.
Hanuuue cexnoBo#t ToukH y ¢yHKuuM THHa o(K) BeleT K CHHIY-
JSIPHOCTH Yy QOYHKUMM pacrnpeleneddsa. B IBYMepHOM ciyuae cHHry-
JASPHOCTb Jorapigmuueckass. B TpexmepHoM cayuae GyHKUMSA g(w)
HempepbiBHA, HO ee npousBojHasd dg/dw uMeeT GeckOHeuHble pas-
PBIBBIL.

Tor daxkr, yro (k) — nepuonnueckas ¢yuxuns, GyneT ycraHo-
BJeH B V1. 9 0 6/0X0BCcKUX QyHKUMAX. Bhlllle MBI yXXe BCTPETHJIHCE
¢ 9THUM OOGCTOSITENLCTBOM B UY4CTHOM [pHMepe, KOTA3 IOJYYH.IH
nepuoAMuHOCTh A8 GyHKUMH @), (cM. (2.26)). [lnotsocts coctos-

anil g(w) npAMO NPONOPIUHOHATbHA fdk, rie unrerpan Oepertcs

no o6bemMy cjosl B K-npOCTPaHCTBE MEXAY [NOBEPXHOCTSIMHM NOCTOSH-
HOM SHEPTHH, COOTBETCTBYIOIMMH w H @ +do. TonllvHa cjaos B Ha-
NpaBjieHlH, HOPMaJLHOM K 3THM HOBEDXHOCTAM, ONpeRessieTcs co-
OTHOLIEHHEM

]Vkm(dk,, == d(l], (21]5)

1} O63op artoro Bompoca fax B [15].
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U, CJEA0BATEALHO,
das
g(0)= f Tho’ (2.116)

rze Vo— o6beM sjeMeHTapHON sdelkd, Z — YHCJIO aTOMOB Ha 3Je-
MEHTapHYIO suelky, /| — pa3mepHoCTb npoctpaHncTsa. MHTerpuposa-
HHE BBHINOJHSAETCS 10 NOBEPXHOCTH S Hpu (QUKCUPOBAHHOM 3Haue-
HUH . MOXHO 0XHIaTb CHHIY.IADHOCTH, KOIJa PaBEHCTBO

kamfz{(%:f_;_(%y—)z]%::O (2.117)

3anyMcaHo Aas cayudass JByX HamepeHuit. OueBHAHO, 4TO aHaJUTHUE-
CKHE CHHTYJNPHOCTH (QYHKUHH g () BO3HHKAOT R KPUTHYECKUX
Toukax QYHKUMH o©(k), Korxa Bce npoussoaubic B (2.117) o6pa-
LIAK0TCH B HYJIb.

3A0AYU

2.1. Tlonb3ysick ypaBHEHHeM [BHXKEHHS /1A NOJEBbIX oONepaTopos | B refl-
3eH6eproBcKOM npeicTapieHdd ip=[1y, ], nokasaTe, 4TO QIR YNPyroik CTPyHH

(rammmproEsad BHpa (2.56)) cnpasennuso cooruowenne P=I/p, uTo comnamaer
€ pe3ysabTaTOM, NOJNYHAIOIMMCH M3 KIACCHUCCKOrO ypaBHeHHs. 3ameTuM, 4TO P
H NPOH3BO.IbHAR QYHKIUA OT VP, HanpuMep OP/0x, KOMMYTHPYIOT, 1 NIO3TOMY ofle-

patop T He maer Bkaazaa B Y. B cuay (2.60) uzen
b [ meedr]= [ e LE e dr +
+[mEee Tear @)

MOXeT ObiTb OMYLIEH.
2.2. TlokasaTtb, YTO /51 YOPYIOH CTPYHH! KBAHTOBOE YPaBHEHHE IBHKEHHS
naeT

=T g ki 2.119)

1 BMecTe ¢ cooTHoumeHHeM P=1I]I/p n03BoJsET NOAYYHTH BOJHOBOE ypaBHeHHe s
10/IEBOTD ONepaTopa 1 B BIiLe
Ay
=T 2.120
o =T33 (2.120)
3ameruM, uTO

= —ir [ ax{ [0, ZEE0] BLD L HED [, 2D,

(2.121)

rue

[H( N aw(x')]__laié(x_x,)_,a_"_b(x_x) (2.122)

Teopems! OTHOCHTENBHO NpPOH3BOAHBIX O-QYHRKUME cM. B xHHre Meccua [19)
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2.3. PaccMOTDHM HENpPEPHIBHYIO YNPYIYIO CTPYHY AJHHON L € 3axpenseHHbiMHA
konuamy, Tak uTto P(0)=19(L)=0. Paznoxenne QyHkuun § B psx HMeeT BHJI

Y(x, )= E Qp (t) up (x), raE
k 2\
Uy = (T) sin kx; (2.123)

ageck k=nn/L, n=1, 2, 3, ... TpebyeTcs BHIOAHHTH CielylOUHE ONEPALHA:

a) QWaroHaJHM3WPOBATL FaMUILTOHHAH 32Jlaud M HaiiTH SIBHbIN BUJ HipeJuHre-
POBCKOH BOJHOBOH (DYHKIHH OCHOBHOTO COCTOSIHMR B Q-IpeacTaBjeHHH;

6) BLIYMCAMTbL CPEIHION KBaApaTHuHyl0 (HIAYKTyanuso P AaS OCHOBHOIO CcO-
CTOAIHUA CTPYHBI (yCpeJHeHWe NPOU3BOAMTb 1O AJNHHE CTPYHBI).

2.4. Iloka3sarb, uTO ae6GaeBckas MOJesb NPH HWU3KHX TemnepaTypax (T € Q)
NaeT 1as TEILTOEMKOCTH Ha CQMHHLY OGbeMa H3O0TPONHOrD OZHOATOMHOrO TBEp-
JIOTO Tesa caellyioLiee BbIpaX<eHHe:

12 T\
C= 5 ninkg (?) ' (2.124)
rge n-—vy4yucao0 aTOMOB Ha eXHHHMUY o06beMa, Kkp— nocTosiHHas bBosumana,
a neGaesckas tTemneparypa © onpejensieTcsl COOTHOIIEHHEM

3 1 1
— =t (2.125)
e e 6
3necy
—_ s — Y
kael = hvl (6n2n) /'y, k8, = hv‘ (6n2n) /s,

2.5. HopMuposka xkomMmyTaropa (2.94) oGecneueHa, ecid DYHKURHM Uy H Uy
B35Th B BUjAe

iy, =chyy, vy =sh%y. (2.126)
a) INoxasats, uto onepatop A (cm. (2.91)) auaroHane, ec.
NV,
th 2y, =—m—- (2.127)

6) IloxasaTts, uTO
ay ay = zgog o + Ui ool o ey (et o) (2128)

B) Bonnosas ¢yHKuMa ocHOBHOTO cocTosigus Dy o6razaeT Tem CBOMCTBOM,
yTO HeficTBHE HA Hee Ji060ro onepaTopa oy AaeT Hyab:

a4 Oy =0. (2.129)

IMoxasats, moasdysice (2.129), uTo cMech 3AeMeHTapHBIX BO30YXK/ICHHHA, Xxa-
paKTepH3yeMbiXx BEKTOPDOM K, B OCHOBHOM COCTOSIHHH ONMCHIBAETCS CPEIHUM OT

oneparopa a;ak TT0 OCHOBHOMY COCTOSIHHIO!
1
2
(aif ag), = (Do | af ay | Qo) = v = 5 (ch 2 — 1) - (2.130)

HapucosaTb cxeMaTHuecKu#l rpaduk nemmmm(aﬁ ak> kak ¢yuaxunn ki, cuuras
V k =const. 3ameTum, uto

g +NV,
(ex+ NV —N2VE)"

ch 2y, = (2.131)
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2.6. TIpennonOXHM, YTO B3aHMOIEHCTBHA B KOHIEHCHPOBAHHOM GO30HHOM
rase TaKkOBBL, YTO NpH MadblX k saeMeHTapHble BO3GYXIEHHS MOXHO TPAKTOBAThb
KaK CBOGOIHble KBA3MYACTHULl M 33KOH JHMCNepCHM AJAH HHX JaeTcsl HeKOTOopoil
¢yukuueir (k). Torma (mpu maanix k) guHaMuueckuit CTPYyKTypHblit (axTop
8 (wk) Beipaxaercs npubmikerHo#t Gopmy.loit

$ (oK) =~ N8 (k) 8 (0 — @ (K) ). (2.132)

rae 8 (k) — cTpyxTypHuit dakTop Anf KUAKOCTH, BBOAHMbIM B ra. 6. Brpaxe-
rue (2.132) ynaoBaeTBOpsieT IpaBHIY CYMM, O KOTOPOM NOiiAeT peun B 3agaue 6.9.
Ioxa3aTh, nOAB3YACh NpaBHaOM cyMM (cM. Hue 3axauy 6.10), uTo CTPYKTYpHBIH
$axkTop Ass KHIAKOCTH onpeneasiercs dopmynou Peinvana

k2
oMS (k)

CTpyKTypHBll (axTop AAA JKHUAKOCTH, H3MEPEHHbI MeTogoM AM(paKUuu
HeliTpoHos (cm. [20), puc. 2), umeeT ocTpuiit Makcumym npu 2=20A-!, uro xo-
pOLUO COrAacyeTcsi ¢ NDEICKa3aHMAMM, BBITEKAIOIMMH M3 TOJIOKEHHS MHHUMYMAa
(YHKUHH JIHCIEPCHH 3J1EMEHTaPHLIX BO30YXaenuil.

3aseuanue. K a0l 3axave caelyeT BepHYTbes INocse u3ydeHust ra. 6 U oco-
6euno 3anay 6.9 u 6.10.

2.7. 1naroHanu3MpoOBaTe ramMH/bTOHHAH

H=wata-{¢e(abtba™),

oK) = (2.133)

riae a, b — 6o3e-onepaTopsl.
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Iaasmoubl, ontHyeckue GoHOHBI
M MOJNSIPH3ALHOHHBLIE BOJIHbI

B sT0#1 ri1aBe HecKo/bKO BaxubiX 3 ¢ekTOB 6yAeT paccMOTPEHO
Ha IIPOCTHIX MpUMeEpax.

a. Cnekrtp B030OyxaeHui#t (OHOHOB, COCTOSIIUMH H3 35 BeTBen,
eclH 3JeMeHTapHas siyefiKa KPUCTansna COXEPXHT § aTOMOB HJH
voHOB. Tpu BeTBH (DOHOHHOIO CIEKTpa, 4aCTOTA KOTOPHIX CTPEMMTCS
K HYJIIO NPH YMEHbIUIEHHH JO HYJS BOJHOBOIO BEKTOpd, HA3LIBAIOTCH
akyctuyeckiMu. OcrtanbHble 3s — 3 BeTBU (DOHOHHOrO CleKTpa Ha-
3blBAIOTCSL onTHYeckumy; npu k — 0 coGcTBeHHBlE 4aCTOTH A ITHX
BETBEH MMEIOT KOHEYHble 3HaUeHHUS.

6. Kpucranaa, Kaaasi 3jieMeHTapHas sdefika XOTOpPOro comep-
KHT ABa WOHA, HMEIOLHX PaBHbIE, HO IIPOTHBOIO/OXKHbIE N0 3HAKY
3apsabl. KysnoHOBckOoe B3aHMOACHCTBHME, HIpAIOILEe BaXKHYI Poilb
W Ha OOMbHIMX PACCTOAHHSX MEXAY HOHaMH, OyneT 3HAYHTEIbHO
YBEJHUYHBATb 4YAaCTOTY MPOAOJbHBIX KOJeOaHHH, COOTBETCTBYIOLIHX
OUTHYECKOH BETBM, 110 CPaBHEHHIO C YaCTOTaMH NONEpe4YHbIX Koje-
Gauuit To# xe onTHyeckoil BeTBU. [losiBieHHe N1a3MeHHON YACTOTHI
B 3/JIEKTPOHHOM rase C NOJO0XHTEeNbHO 3apfKeHHbIM (OHOM MOXKHO
paccMaTpUBaThb KaK npejenbHbll cayuait storo adpdexra.

B. [Ipu HexoTOpBIX OGCTOATENBCTBAX JJHHHOBOJHOBblE Monepey-
Hble KOJIeOaHUsI ONTHYECKOW BETBH OKA3LIBAIOTCH CUJIBHO CBSA3aH-
HBIMH JOpYyr C JAPYrOM M B3aUMOAEHCTBYIOT C 3JEKTPOMAarHUTHBIM
noseM. DT0 OKa3hlBaeT CH/bHOE BJHSHHE HAa XapaKTep LHCIIEPCHOH-
HBIX 32KOHOB.

Taxum oGpa3oM, HUXKe Mbl OyieM UMeTb L0 ¢ TOJSAMH, obyc-
JIOBJIEHHBIMH CMellleHHeM 3apff0B OJHOTO 3HAKA OTHOCHTENBHO 3a-
PSALOB JPYroro 3Haxa.

B xauecTBe nepBOro mpuMepa pacCMOTPHM 3JEKTPOHHHIl ras B
MeTaaje. 1o neranesHee obcyxkigaerca B 1. B H 6. Mol o6eyanm
Takxe Bompoc 00 onTuueckHx (HDOHOHAX B HOHHBIX KpHCTanaax
KaK B OTCYTCTBHE 3JEKTPOMATHHTHOrO IO, TAK U NPH HAJHUHH ero.

MNaa3monbl

PaccMoTpuM MOAEb 3JMEKTPOHHOTO rasa B BHIE HenpephIBHOM
Cpeabl C HEMOABUMHBIM CTaTHUECKHM (OHOM TNOJOXKHTENBHOTO 3a-
pajna. Takas MOZe/b SIBJAAETCS, KOHEYHO, NPUOJIHIKEHHOH, HO OHA
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[O3BOJSIET ONHCATb HEKOTOpHIe OCHOBHBIE 4epTHl NpoBJaeMbl onpejae-
JIeHHsl COOCTBEHHBIX YaCTOT CHCTEMBI NPH HAJHYMH KYJOHOBCKOLO
B3aHMOJAEHCTBHSA, KOTZLa HALO YUHTHIBAThL B3aUMOJAEHCTBHA Ha 6O0.Jib-
mwHX paccrosHuAx. [lycte B eauHulle o6beMa 3JEKTPOHHOTO rasa
COAEPAKHUTCA 1 AeKTPOHOB. B 3TOM O6GBEMe OZHOPOILHO pacmpene-
JieHsl co3jaiuie (GOH HelMOABHXXHBIE NOJOXHUTEJIbHbLIE 3apiabl €
IIOTHOCTBIO pp=fiie|, T. €. C NJOTHOCTbIO, PaBHON WM NPOTHUBOMNO-
JIOXHOW 10 3HAKY cpPeJ(Hel NJOTHOCTH 3J1eKTPOHOB. B Hamem npu-
O/IHXKEHMHM Ha CHBHTOBBIE BOJIHBI He [JeHCTBYKT Kakue-n1160 BoccTa-
HaBJHBAIOWIHE CHJIbl, TOCKOJAbKY TaKHe BOJIHBI He H3MEHAIOT JO-
KaJbHOH HeHTpa/abHOocTH cHereMbl. CleqoBaTesbHO, NONEpeuHbie
cobcTBeHHble KoJebanHd OTCYTCTBYIOT. [IpojosbHbie BOJHE B Maad-
Me BbI3bIBAIOT Da3PeX<€HHH H C>XKaTHA B 3J€KTPOHHOM rase, Hapy-
mas TeM CaMbiM HefiTpajbHOCTb ¥ BBOASL B MTPY MOU{HbIE KYJIOHOB-
CKHE CHJIBl, BoCCTaHaBJuBatowMe uapymenne. CoGcTBeHHBle ua-
CTOTHI MPOXOJBHBIX KosieGaHHi, Ha3biBaeMmble NJAa3MEHHBIMH YacTo-
TaMH, — 5TO JOBOJILHO BHICOKHE YACTOTHL.

[In0THOCTE ramMHABTOHHAHA B 3TOM cJy4Yae MOMKHO 3allHCaTh
aHa Joru4no (2.72), BRJAIOYHB TyJAa 3JEKTPOCTATUYECKHE UJEHBbl M
ONYCKasl CABUIOBLIE:

L1 1 0Ry OR, 1
(—f[:mﬂuﬂu—k?amm—}—?(p—po)(p(x), (31)

Tae n/m — ILIOTHOCTb Macchl ra3a; pa3pexeHHi A 3anHcaHbl Kak
OR,/0x,, o.— ynpyruit MOxy/b cpeabl Js cayyas, KOTAd ra3 MOX-
HO CUMTATb He3apsXKEHHbIM, @ — 3JEKTPOCTATHYECKHH INOTeHuHal,
onpejenseMblli ypasHeHuem I[lyaccona

2p= —4n(p — po)- (3.2)

Mroxuresas !/ B nocjenueM usieHe npaBoil yacTu BolpaxkeHus (3.1)
NOABJAETCA TOTOMY, UTO 3JEKTPOCTaTHUECKHIl YJieH IpeJCTaBJseT
co6o# Kak pa3 cOOCTBEHHYIO 3HEpruio ajeKTporHoro rasa. [loao-
XHTEJbHBH (GOH TOuHO KoMmneRcupyercsi ogHopoxHo#t (k=0) Kon-
TMOHEHTOH MJOTHOCTH OTPHLATENbLHOrO 3apfja, KaK 310 Oyjger [le-
TaJbHO NMOKA33HO B T, .

Ins mManblx NOKaNbHBIX paspeXkeHHH 3NeKTPOHHOrO rasa Quyk-
TyaluuH IUIOTHOCTH 3apsiia dp=p — po ONpedeNHIOTCd COOTHOLIe-
HueM

‘sp_" — —A(x). (3.3)

Hrak,
oR,,
ox, °

4 Y. Kurreas
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Bocnosnb3oBasinck cooTHomwenuem (2.73) sl NPOLOJBHBIX BOJN
(Qgllk), moayuum

R(x) = X Quetex (3.5)
H
dp=—ine .Z kQue*x. (3.6)
[ToreHuuan ¢ npejacrasum B BUAE
= kZ guei’x, 3.7)
TaK 4YTO
V2p = — X Klpyel*x, (3.8)
Torxa ypaenenue Ilyaccona gaer
ox = 4nineQy/k. (3.9)

[Tocsae WHTErpUPOBAHHS NO OOBEMY [OJAYUYUM AJH 3IJEKTPO-
craTuueckoro usexa B (3.1)

f dd3x 5 (0—po) @ 2 f a3x2nn2e?Q, Qw: X
Kk’
X exp i (K+Kk) - x] - (k/-) =212 ¥, QuQt  (3.10)
¥

Haxkonen, BBOAA IJOTHOCTE HMIyJAbca cornacHo (2.75), HMeem

H=5 ¥ (5 PeP s+ 0RQuQ i+ 47wQuQ . (3.11)
k

M3 npsMoit ananorun c¢ peuwredHem (2.81) Haxogum

=21 Rp ol= Annet (3.12)

m

ITO AUCTEPCUOHHBIA 34KOH AJS NJ1a3MOHOB. BeauuuHy wp OOBIUHO
Ha3bIBAIOT NJIa3MeHHOH uacToTok. Bo3Oyxmenue oZHOrO COGCTBeH-
HOro KoJjieGaHusi C 3HeprHell my ONUCHIBAETCA KaK BO30YXAEHHE
nna3moHa. B npegene e’ —0 anexkTpocraTuueckHe 3PhekTh Hcue-
32I0T, ¥ Mbl NPUXOAUM K OGBIMHOMY AHCIEPCHOHHOMY 33KOHY JJfl
dononos B rase w= (a/nm)'kk. 115 3/1eKTPOHOB B 1LIEJOYHOM Me-
taage n=108 cm3, m=~10-27 2, otkyla wp=10'¢ cex!; ecau Be-
JUUKHY (o/nim)'h UpHHATD PaBHOH CKOPOCTH 3BYKa B TBEPAOM
TeJe, a 3HAUEHHE BOJHOBOIO BeKTOpa K B3fiThb GJM3KHM K ero Be-
pPOAITHOMY MakcHMasbHoMy 3HauesHio 108 cu~!, To unen (a/nm)k?
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B (3.12) woXHO cuuTaTb npeHeOPE)XHMO MaJbiM TIO CPaBHEHHIO
c v’

Bripaxtense nas ©p— 4acToThl ofHOpoAHblXx (k=0) xoneda-
HHI — JIeTKO MOJYy4YHMTb NpAMbBIM pacuetoM. [lycTb BeauHuuHa cMe-
UIEHHST 3JAEKTPOHHOI'O Trasa COCTaBJsfeT X; TOILa AHU3JeKTPHuecKast
nonsipuzalusi P=nex. Paccmorpum obpasel B BHAE IJOCKOH Iuia-
CTHHKH M OYyJIeM CYHTATb, YTO CMelleHHe HOPMaJbHO K IJOCKOCTH
NUIACTHHKH, TOTAa MOJsIpU3alusl OIpelesieTcss BeTHUHHOI aernoJss-

pusyioutero noas Eg= —4nP= —4nnex. YpasHenue [ABHXKeHHS
37€KTPOHA B NJazMe liMeeT BHI
mi=eE;= — 4nnelx, (3.13)

H, CJ€10BaTe/bHO, AJ5 PE30HAHCHOH YaCTOThI NOJYUHM

o =21 __ 2 (3.14)
Pe3onaHcHaa udacToTa OAHOPOAHBIX KOJNeOGaHWH 3aBHCHT OT reome-
Tpuueckoft ¢opwmu o6pasua. Ecnim gnvHa BOJHB NJIa3MOHA CTaHO-
BUTCS MaJofl 1o CpaBHEHHIO C pa3mepaMu o6pa3na, TO BJHsIHHE
¢dbopMmbl Mcue3daer.

Tenepp KpaTko paccMOTPHM BOMPOC O AH3JMEKTDHUYECKOH NPOHH-
1[aeMOCTH, COOTBETCTBYIOIEH OZHOPOAHBIM TNJIa3MEHHHBIM koseGa-
HuAM. Ecayu nepeMeHHOe 3jexTpHueckoe noJde £ 4acTOTH @ Hano-
JEHO MapaJ/enbHO I[OBEPXHOCTH MJOCKOro ofpasua miasmbl, TO
MOXKHO CUMTATb, YTO [eloJsdpH3ylolllee NoJje OTCYTCcTBYeT. Torna

b L ¢E __ ne’E
mx=€E, A———W, P___W—’ (315)
u nad lIPI3J1€KTpH‘{eCKOI“{ IIDOHHIIAEMOCTH HMEEM
P 4nne? mi

Eciu 02>wp, TO NPOHHLAEMOCTb € MOJOXHUTENbHA H TNOKa3aTedb
IpesOMJIEHHsl n= €' — BeuleCcTBEHHas Be/MHYMHA. Torga noporosas
uacToTa JJ5 NPO3PAYHOCTH MeTan.ja B yabTpadHoieToBo obaacTe
paBHa @=wp. [Iput 3TOM MM npeHebperaem nosipu3auuedl HOHHBIX
OCTOBOB, KOTOpas He OTHOCHTCH K Ia3MeHHbM 3hdektam. Ecau
ajexTpHueckoe mnoJe E NpUIOXKEHO NepHeHAUKYJAPHO TJIOCKOCTH
o6pasua, TO, O06O3Hauasl BHYTpeHHee moge 4epe3d Egy unMeeM
Epw=E — 4nP=E — 4nyEsy ¥, cornacuo (3.13),
mx = eE,,, Esnzrl‘;nx‘zg

eE
m (\)2'—(0?1) '

; (3.17)
Torna

X=— (3.18)

4%
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CeoGonuble KosieGaHWsi CHCTeMbl, NapajjesbHble TJOCKOCTH I1a-
CTHHKHA (nOnepeusble), ONUCHIBAIOTCS MOJAIOCAME (QYHKIHUH €, 4 CBO-
GojaHble KoJeGdaHuA, NepPneHAUKYJASAPHble MJOCKOCTH TIACTHHKH
(1poJOIbHbIE), — HYJASAMHU 3TOM QYHKIHHU.

JNMHHOBOJHOBBIE ONTHYECKHE (DOHOHLI B U3OTPONHOM Kpuctasae!)

B cBsisn c paccMOTpeHHeM ONTHYeCKHX (DOHOHOB mpeacTaBJsieT
uHTepec o6CyaUTh CIeYIOLHe TP BONpOCa:

a. CnexTp xoJse0aHH{ KpHCTA/N1a, COJepKalllero S HeIKBUBA-
JIEHTHBIX MOHOB B 3j€MeHTapHOil sivefike, OyfeT HMeTb TpPH BETBH
(o132 — B OCHOBHOM NPOAOJbHbIE KOJeGaHus, U LBE — B OCHOBHOM
nonepeuHble), YaCTOTHL KOTOPHIX CTPeMATCHA K Hyaw npu k—0. dtu
BEETBH HA3bIBAOTCA akycruveckumu. Kpome toro, GyaeT cyllecTBo-
BaTh 3(s—1) BeTBei, yacToThl KOTOPbIX NpH k—0 HMET KOHeuHBIE
npegesbHble 3HayeHusl. ITH BeTBM Ha3nlBawoTcs onruveckumu. [lpu
OObIMHOM MaKDOCKOIHYeCKOM aHa/u3e, HanpHMep aHaju3e THIIA,
NPHBEIEHHOrO B IJl. 2 H BBIIOJHEHHOTO Ha ocHoBe Gopmyant (2.71),
ONTHYECKHE KO/jeOGaHus He BLIABIAIOTCA. B MOHHBIX KpHCTaJiaax,
HMeIOUlMX ABa HOHa Ha 3JeMeHTapHYIO fuefiky, Takux, kak NaCl,
H3 TPeX ONTHYECKHX BeTBeH B 06/1acCTH AJHHHHIX BOJH OJHY MOXHO
npnGJAHXKEHHO CYMTaTh TNPOAOJBHOM, & OocTalbHble [IBE nomepeu-
HBIMU.

6. ITpenenvnas (npn k—{0) uacrota ; NpoLOILHON BeTBH B
CHJIy 3JEKTPOCTaTHYeCKHX 3(@eKTOB 3aMeTHO Goiblle HpeaeNbHbIX
YACTOT ¢ [IONEPEYHHIX BOJIH; NMPHOJHIKEHHAS TEODHS [JaeT COOTHO-
LIeHHe

m%:;i—m?, (3.19)
rje €g-— cTaTHYeCcKad JAHJIEKTPHUECKAS NMPOHHULAEMOCTb, 4 € oo —
KBa/JpaT OIITHUECKOro NMOKa3aTes MpeJoMJEHH.

B. DJIEKTPOMArHHTHAA CBA3b MeXAy GoHoHaMH H (GOToHaMu
0COOEHHO 3aMeTHAa A JQJMMHHOBOJHOBBIX TIONEPEYHBIX ONTHYECKHX
¢onouoB. B 370l o6sacTH HMeeTCs HHTEPBaJ 3alPEHICHHBIX 4acToT
MEXAY ¢ M ©; 3JEKTPOMArHHTHOe H3/IyYeHHe, YacTOTa KOTOPOro
nonajgaeT B A4HHBIA MITEpPBa], He MPOXOAHT uepe3 KpHcTada. B ob-
JacTH 3dlpellleHHBIX 4acToT (OHOHOB HAOJI0ZAeTC M0J0Ca CHJb-
HOTO ONTHYECKOTO OTPaXKEeHUs.

PaccmoTpuM Ternepb 3TH BONPOCH, HO HE HygeM OcOo6eHHO Bia-
BaTbCSA B JIETa/H, KOTOpble YMTATeNb MOXeT HaiiTH B KHure Bopha
n Xyan Kyns [l] u B paGore Jlugaeua n Tepudeanpa [2]. Ilpu
k=0 wnopMaJbHble KOJI€OAHHSI HMEIOT IPOCTYI0 (OPMY: COOTBET-
CTBYIOUHE HOHBI B KaXJoi suekixe, no onpegeaenuo (k=0), xo-

1) OcHOBHBIM MCTOUHHKOM CaYXHT MOHorpadus Bopua n Xyan Kyua [1].
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nebaoTesl B (ase U ¢ OJHOH ¥ TOH xe aMOauTYAoH. [lns s HOHOB
B 3JEMEHTapHOM fYeHKe MOXHO Halnucatb 3§ YpaBHeHUH [BU-
JKEHHS.

Tpu Tunma xoneGaHHi COOTBETCTBYIOT HEHCKAXKEHHOMy MepeMe-
IIEHUI0 SYEeHKU KaK LeJOro, H CAef0BaTeNbHO, YacTOThl 3THX KoJje-
fanuii paBHBI HYJAI0. JTO — MpeAE/NbHBIC 3HAUEHHS YacTOT aKyCTH-
yeckix koaeGaHui. Ocranb-
gele 3(s — 1) TunoB xoneba- . g } )

Hait ¢ k=0 ontnueckne. OuH o 9 7 3 o
npeactasasior cobol nepeme-

L(eHUST HOHOB JPYT OTHOCH- « } { §
TENBHO Jpyra BHYTPU siuedkun ° ) i ¢ °
HJIH BpallleHHs] TPYNINL MOHOB

B TOM xe sueiike. YacTorbl H ! 4 .

Bcex 3THX 3(s— 1) THnoBko- °© V 7 ¢ ° al
ae6anuit npu k=0 BoO61IE HE

ofpamanTca B HYJb.

YacToThl JJMHHOBOJHOBHIX e - — e .
nonepeyHbiXx M INPOAOJAbHLIX
ONTHYECKHX KoJeBaHuit pas-

=

MWuHBL B coyuae MOHHBIXKPH- o o™ "= _ =  » -
CTaNJN0B KyOHYeCKOH CTpPYK-

TYpbl MOXKHO OLEHUTb HX

3HAUYEHUS NPH MOMOUIM 3Jie- o =0 <o ="~ o° P
meHTapHoro pacuera. [lome-

peuHble ONTHYECKHe KoJeba- . Awvan

HHA B KDHCTaJJe, collepxa- bazve © " Komyon

ljeM nBa HOH& Ha 3J€MEHTAap- Puc. 3.1. CxeMarnuccxoc uaofpamelusa
HYIO sueiiky, Hanpumep, NaCl Mozems HOHHOrO KpiCTamna, B KOTOPOM.
HIH CSC], cxXeMaTHUueCcKH H30- NPOUCXORAT ynpyrue KOiIeGaHHﬂ, COOTBET--
6paxensl Ha puc. 3.1, a. O6o- CTBYKOI[HE ONTHYECKOH BETBH 4acTOT.
anauny uepes 2 nongpeanue xorcSanut, 6. npotosuie xore:
TOKA33BH CTPEAKAMH.
u=uy—Uu_ (3.20)

OTHOCHTEJIbHOE CMelleHHe NOAPEIIETOK IOJOXKHTEeNbHBIX KW OTpPH-
LaTeJbHBIX HOHOB, IOJYUHM ypaBHEHHE IBHXKEHHS AJs NOoNepPedHbix
KoJe0aHH# B BHIE

Mi 4 Meiu =0, (3.21).

rze M — npuBenennas macca, o; — Pe30HaHCHAfl 4acToTa nomepeu-
HblX KoaeGauuf. Mbl npegnonoxuny, 4To AJIMHA BOJHbI 3HAUYHTEIb-
HO MeHbllle pa3MepoB o6pa3ua, HO JOCTAaTOYHO BE/JHKa IO cpasiie-
HHIO C MEXATOMHBIM PacCTOSTHHEM.

[IpogonbHble onTHUecKHe KOJeOaHMs CXeMaTHUeCKH H3obpa-
’eHol Ha puc. 3.1, 6. Bo3spawmaioilad cuia, AeHCTBYIOULas Ha HOU
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B 3TOM cJyuade, PaBHa yXKe He — meu, a BeJIHUHHe
— 0!Mu = —o?Mu—+ Ee, (3.22)

roge E — BHyTpeuHee 3JeKTPHYECKOE I10J1€, BO3HHKAIOUlee MpH Je-
topmauuu. fone snexkrpuueckoit uuaykuun D=0=E;+4nP u, cae-
poBatejibio, E;= — 4nP. Ecan npenebpeub HHAYIMDPOBAHHON [O-
Asipu3anneit MOHOB, CYMTAA HMX BHYTDEHHE JKECTKHMM, TO P=enu,
rie 1 — 4UCJI0 siveek Ha eAuHuuy ob6bema. Torga Bo3Bpamamuias
cuna paBHa — 0?Mu — 4nn’en wu, cneoBaTeNbHO,

2
of = w2 4 2 (3.23)
Monaras n=102 cn3, M=10"2 2 ¢?=25.10-% (s4. cr. en)?, no-
ayunm (4nne?/M)'n=1013 cex™!, T. e. BeJIHMUMHY TOrO e MODSAKA,
UTO U @; ECJIH HOHB He CYHTAIOT MECTKHMH, TO MOXHO OpPUHTH
K TOMY e BhipaxeHuw (3.23), TobKO BMeCTO e NpuAeTCA nucarth
apdhexTHBHBLE 3apajn e*.

Manaraemas 3gecn MakKpOCKONHYECKAS TEOPHSA ONTHYECKHX KO-
Jebanuil B ABYXaTOMHBIX KpHcTaaaax Onna npemaoxena Xyan Ky-
Hem. na onthueckux kosnebanuil npu k=0 BBefeM KOOpAMHATY

.-
w:“‘wn)},‘%, (3.24)

rfe u*—u~ — OTHOCHTE/JbHOE CMEUleHHEe MOAPEILETOK [0JOKHUTEb-
HEIX H . OTPHHATEJbHBIX HOHOB, M = TVI—+——'— npuseseHHan
M

Macca; n — YHMCJIO sfiueeK Ha egHHUIy o6bema. 3aMeTHM, UTO BeJH-
ugny Mn MOXHO paccMaTpHBaTh KakK 30(EeKTHBHYI MJOTHOCTh
npuBeJeEHo# Macchl. [IJOTHOCTb KWHETHUYECKOA 3HEPrHH, COOTBET-
CTBYIOUlEH ABHUKEHHIO OAHOH NOJpeUIeTKH MO OTHOWEHHIO K Apy-
ro#i, MOXHO Torga 3anucate B Bujge (1/2)w2 [laoTHocTh nporteu-
LHaJbHOH 3HEPrHd MOXeT cogjepxaTb ujeHsl ¢ w2, E? u w. E,
rre E — MakpocKonuueckoe BHYTPEeHHee 3JIeKTpHueckoe mosie. Pac-
cmoTpuM Gosee ofWHEA cayyad, KOrKa HOHBI MOTYT oOJanaTth IH-
JyuuponanHoil noaspu3dauueft {T. e. uexecTkue woHnl). Hag naor-
HOCTH JTarpaHXKHaHa uMeeM

1 - 1 1
= T w2 — (7 v”_w2 — Y1oW E ’Q_‘VQZEZ) ' (3.25)

rae Vi1, 7Yi2, Y22 — KOHCTAHTH[, CMbICA KOTOPbIX OYAeT BaIsiCHeH
ke, [Joabaysce (3.25) jas cocraBiesusi ypaBHeHuit Jlarpamxka,
MOJYUUM YPaBHEHHA JBHXKeHHUSA

W yw — ViE =0. (3.26)
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CooTBeTCTBYIOLLAl W IJIOTHOCTb HMITYJ/1bCa paBHa
a 5’? -
[I _ ——] = 3
ow

a4 IWIOTHOCTb TaMHJILTOHHaHa —
G = % 172 +‘é‘ Y w? - YW - E — % Vo E2 (3.27)
Ilﬂﬂ HOJIHPH(-!aU,HH, 10 onpeueneﬂmo, HMeEeM
P=—2% — yw 4 vE. (3.28)

Bbipasum vyi1, yi2, Y22 4Yepe3 (oJiee NPUBHIYHLIE KOHCTAHTH €, €
¥ ;. [Ipy nomepeyHblX ONTHUECKHX KOJeGaHUAX He BO3IHUKAET fe-
nonspuayiomero mnoas E, u nostomy (3.26) npumer Bug w;+
- 5
+yuw:=0. DT0 ypaBHeHHe HAEHTHUHO YpaBHEHUID W -+-w;W =0,

OTKyZa
Yy = i, {3.29)

B cratuueckoM ciayuae w=0; Ha/JOXKeHHe BHEIUHEro CTATHYECKOTO
3/IeKTPUYECKOTO TOJS IIPHBOAMT, coriiacHo (3.26), K BenuuuHe cMe-

LIeHHA W, OnpeleJaseMOf COCTHOIIEHHEM W — :“ E = 0. Toxcra-
11

Baaa B (3.28) BeJmuHHyw=—¥iE, NOAYYHM I/l CTATHUYECKOro
11

cayuas

i

Y12 —
P= [v” +\22]E— TE’ (3.30)

rne € — CTAaTHYECKasA [JHIJECKTpDHUECKAdA TIPOHHUAEMOCTD, an
oueHb OGOJBIUHX YacTOoTax BeauuuHa w—0 u

—1
P=yyE=S2_"_E, (3.31)

rNe BEJHUHHA €x ONpPERAENsieTCH 3JEKTPOHHOH MOASPH3YEMOCTHIO.
Hrak, nmeem

Yoo = E—m‘in— (3.32)

o= (275 )" o, (3.33)

Jns 1JMHHOBOJHOBBIX IPOJOJbHBIX ONTHYECKHX KoJeGaHuit B OT-
cytcreue BHemHero noas umeem D=E4+4nP=0. Torma (3.28)
Jaer

E+ 4P == (1 + 4nvyg) E + 4ty o0, =0, (3.34).
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a ypapHeHue asuxeHus (3.26) npumer sBupg

. 4avyiy =0 3.35
W A+ \Vu T T gy, ) @ =Y (3.35)
M
4ny?, €
@? =V11+ T+ 4ny,, ='E; (")'tz' (336)

Dtor pesyabrar, BrepBble noaydennbifi Jlnamenom, Cakcom un Tea-
JepoM, corsnacyerca ¢ (3.23), nOCKOABKY TaM Mbl HEIBHO HOJd-
raJu €x=1. FVcononp3ys sKcmepuMmeHTaJbHble 3HAUEHUA =
=3,09- 1013 cex! u cuutasn €;=5,02, €,o=2,25, MOXKHO MOJNYUYHTD
gas NaCl semuuuny o;=4,87 - 1013 cexl.

B3aumoneiicreue onruueckux GoHOHOB ¢ hoToHaAMHU

B n3noxenunoii Bbillle npobJeMe ONTHYECKMX KoJebaHH#H pe-
meTkn npd k=0 Mbl npeHeOperany B3auMOLEACTBHEM ONTHYECKHX
¢douovos ¢ dotonamu (T. €. C 3JEKTPOMATHHTHHIM NoJjeM). ITO
B3aUMOJCHCTBHE CTAHOBHTCH OCOOeHHO CYllleCTBEHHbIM, KOTHa 4a-
CTOTBl (H BOJIHOBble BeKTOpH) (OHOHHBIX H (DOTOHHBIX NOJeHd CO-
Bnagaior. Jlaxe npu csnaGoM B3aumoaelicTBMM 3TUX IoJell B
obnacTy TepeceyeHUss IUCHEPCHMOHHBIX KPHBBIX MOTYT HMETb MECTO
cyllecrBenuble 3¢ dextsl. Mbl He 6ygeM 31ech paccMaTpHBaTb 3aBH-
CHUMOCTh ® OT K /i HeB3aUMOAEHCTBYIOMIUX ONTHYEeCKHX (DOHOHOB;
KCTaTH, B obaacti R=~0 3Ta 3aBUCHMOCTb OOBLIMHO He OuYeHb CHJIbHA.
Pewrenusi a1 He3aBUCHMBIX (POHOHOB B OXHOMEPHOM CJayyae OIH-
caubl B KHHre asrtopa [3]. JlucmepcHoHHbIt 3akoH ans (OTOHOB
HWMeeT BHA o =CKR, I'le ¢ — cKOpOocTb cBeTa. QueBHAHO, UTO ero rpa-
UKk — npaAmMas — nepeceyeT B KAKOH-TO TOUYKE AHCMEPCHOHHYIO
KDHBYIO JUJIA ONTHYEeCKUX (OHOHWOB (TOUHEE — KaXKAYI0 H3 OITHUE-
CKHX BeTBeil).

Hamra 3agaua cocTOMT B TOM, 4TOOH pelIWTh ypaBHeHHsT Makc-
BeJJIa

rotH:—i—(E—j—l&nP), rotE:—%H.
divH =0, div(E+4nP)=0
COBMECTHO C YPABHCHHUAMH ABHXKECHUA DELICTKH
W vuW-—VE=0, P =y,W -+ yuE.

CHauana Oyjaem HCKaTh peLIeHHs, COOTBETCTBYIOUIHE MoOMepeu-
HoiM KoJeGauusim E Lk, cunrtas, uto dorToHHOe mojie HMeeT Takoi
ke XapakKTep, Kak M B CBOBOZHOM npocTpaHcTBe. A HMeHHo,



TIJIABMOHBI, ONMTHYECKHE $OHOHBI 57

NpeANONOXKHM, UTO
E,=E, (O)expli(ot—k2)], P,=2~P,0)expli(of— k2)),
wy =W, (0)exp|i(ot —k2)], H,=H,(0)expli(ot— k2)|.

Tlocne moacTaHOBKM 3THX pewleHHit B auddepeHudabHble ypaBHe-
HHS, TONYYHM

ik, =2 (E, +-4aP), —ikE,=—2H,

(_— w? -+ Ym) W= VIQEx! Px = VW, -+ YQQEx'

OTH ypaBHEHHS MMEIOT HETPUBHAJbHBIE pelleHUs JHIbL B TOM CJYy-
yae, eCJM NETEPMHHAHT, COCTABJEHHBIA H3 KO3(DGHUUEHTOB mpH He-
u3BectHblX Ey, H,, Py v w,, paBeH HyJIO:

[0} 4ne

T o —k 0
k0O —4 0 |_g (3.37)
Yio O 0 @ — yy
Y —I 0 Yi2
PackpbiBasi eTEPMHUHAHT, MOJAYYHM
e, -~ o (07 ¢, - 2k?) + 0¥k =0, {3.38)

rie @?, coraacho (3.29), caexyer paccMaTrpuBaTh Kak 06o3Haue-

HHE HJA8 Vi, @ €, K € — BEJHYHHE], ONpEAEeJEeHHLIE COOTHOUIE-
nuaMu (3.32) u (3.33). Pewernue ypasHesns (3.38) sanvmercs
B BUlE

o =1 (ate, o) [ﬁ (026, -+ 22 — TR (:—2)J’ . (3.39)

(o o] (€] [eo]

B npenene 2 — 0 HaxonuMm cieayiollue pelleHMs AAS YacTOT:

o = w? GL; =} (3.40)
H
@=L, (3.41)
€

JBykpaTHoe BHIpOXKIEHHE KAXKAOTO M3 5THUX pelleHHH oTpakael
ToT (haxt, uTo BekTOop E nMeeT jaBe He3laBUCMMble OpDHEHTAUWH B
NJ0CKOCTH, HopMmaawHol X k. laa cayuas Goabluux asunauenuit k
¥MMeeM pelleHus

c? .
m?=:—k2, o? = @, (3.42)

o0
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Ha puc. 3.2 MoXHO BHAeTb, YTO HH)KHA BeTBb B 06macTH ma-
abix k 6Au3ka K npAMOH, ONHUCHIBAIOILNEH JIHHEHHYIO 3aBHCHMOCTb
4151 GOTOHOB, a npH GoabwHX k NpHG/HKAETCS K FOPU3OHTAJIbHOH
IPSMOH, COOTBeTCTBYIOIIEH (OHOHHOH uacToTe ¢ BepxHas BeTBb
npu Madbix k cHavana cxoAHa c (QOHOHHOH KPHBOM AR w; (Hmaxke

[Jist nonepeuHblx (OHOHOB), a 3a-
TeM, npu Gonbluux k, cauBaeTed ¢

GOTOHHON NpSAMOH.
7 Is 3HaueHMH YACTOT MeXny
wt U 0 HUKaKHX pelleHul, CooTBET-
y y CTBYIOLIMX [MONEpPeuYHbIM BOJHAM,
w, , He cyulecTByer; B 3TOH 006s1acTH
J YaCTOT He CYyIIeCTBYeT M pelueHHs,
I 7 COOTBETCTBYIOLIEro MPOLAOALHEIM
/ BOJIHZM, IOCKOJbKY B W30TPONHON
/4 cpeae (OTOHHOE mOJMe sBJseTCo
# udHCcTO monepeyHbIM. Takum obpa-
Puc. 2.2, 3aBucumocte uvactoTer or  30M, MEXAYy ; U @ HMeeTcs
BOAHOBOrO YMC/AA NPH BlaMMOAEHCT- 3alpellleHHass I10J0Ca YacToT, Ha
g:gk?ﬁmﬂoic TMONEPEUHLIMH ONTH-  gOTODLIX Mepefaya IHEPTHH CKBO3b

M go ogf:u”ﬂe“_ MOHHOM KPH-  ypucTais HEBO3MOMKHA. 10 Obl-

n ) ) JIO YCTAHOBJEHO U 3KCIepuMeH-
YHKTHPHBIE JUHHH ITOKA3WBAIOT XOA TOH Xe
3aBHCHMOCTH B OTCYyTCTBHE B3aumozeitcTsua.  TAJDBHO (C COOTBETCTBYHOILUHMH
L el e KpusoR, TXE x0X 910N MWL onpaBKaMu na 3aryxamHe). Ilo-
¥ KPUBOA. rme oH Oau3oxk Kk QOTOHHOMY.  JIOCd 3alpelleHHbIX YyacToT 06-
HapyxuBaerca no o06JacTH uya-
CTOT, IIPH KOTOPbIX HAOMOAaeTcs BLICOKAs OTPakaTenbHasl CIo-
COGHOCTD.

Peurenns, cooTBeTCTBYOIME MPOAOJIbHBIM BONHAM, MOXHO I0-
JY4HTb, nonaras E,. P, w,~expli(owt — kz)]. Torga E,+4nP,=0
u H=0. B peaynbrare mbl monyunm (3.35) u (3.36) Touno TakuMH
)K€, KaK U B OTCYTCTBHe 3ana3gbpiBaHud. Takum oGpasoM, B 3ToM
clyuae OTCYTCTBYeT 3((EKTHBHAS CBA3b MeXAy (OTOHHBIM MNOJEM
H 1n0JIeM NPOJO0JbHbIX (DOHOHOB.

KsaHToBas Teopus KaaccHueckoro auaiextpuka'). Paccmorpum
Ty Xe npo6jeMy MeTOZaMH KBaHTOBOM TEOPHM NOJA B Kauecrse
ynpaxxHeHHs B OCBOEHWH 3aKaUd O KBAHTOBAHUH B3aUMO/EHCTBYIO-
wHux noseid. Mol He OyseM o6CyXAaTb Kakue-mHGO creuuduyecku
KBaHTOBble 3ddexthl. BO6au3u o6nacTi nepecededuss XUCHEPCHOH-
HbIX KPHBBIX (T. €. KPHBbIX, H300paxKaII¥X 3aBUHCHUMOCTb » OT K),
COOTBETCTBYIOLLMX CJYHAK OTCYTCTBHSt B3aHMOJEHCTBHS (BOTOHHOTO
NoJst W NoJas ONTHUeCKHX (OHOHOB, IPU HAJNHYHK Haxe caaboii
CBAI3I JOJIKHbI. KaK YyXXe OTMeuasnocbh, OOHAPYMHBATLCA 3aMeTHbie

(2]

1) Cwu. [4. 5}.
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5 PexTbl, 06yc/I0BIEHHbIE «CMEUIHBAHHEM» MEXaHHUECKOTO H 3JeK-
TPOMATHUTHOTO noJielt. [l1sl H30TPOMHHIX Cpex H AN KYOHUECKHX
KPHCTALI0B TakHe 30(EKTE MMeIOT MeCTO TOAbKO JIJISl NMONepeuHbiX
ONTHYECKHX (DOHOHOB, MOCKOJbBKY TOJbKO OHH MOTYT B3auUMOJeH-
CTBOBaTh C 3JIEKTPOMATHUTHBIM TI0J1€M, KOTOPOE B H30TPONHLIX Cpce-
AaX BCeraa nonepeyHo.

B cayuae GeCKOHEUHOH K/1aCCHYECKON JAHIJEKTPHUECKOH Cpeibl
H3 XKEeCTKMX HOHOB IJOTHOCTb JlarpaHXHaHA 3JE€KTPOMarHHTHOTO
[0/l MOKHO 3anUCaTh B BHJE

Z = —-(%—A—{—grad(p)a———s%(rotA)?—}—
+% (P? —P?)—P. (%1'\-4r grad (p), (3.43)

rjle % — KOHCTaHTa, KOTOpas B raycCOBOH CHCTEME eIHHHI[ HMeeT
pPa3MepHOCTb KBaJapaTa YacTOThl. YpaBHeHHs! ABHXxeuus Jlarpanxa
JJIA NOJEBBIX nepeMeHHBIX A, ¢ ¥ P 3KBHBAJEHTHH YypaBHEHUSAM
Makcsenna, JOnoJHEHHBIM ypaBHEHHEM HENPEpPHIBHOCTH, T. €.

ay+_(a_oy+o .2

ot 0P, X 0Py \
ua(_qu)

— % (P, w2P )+ (% A4grad (p)a =0, (3.44)

unu, nockoarky E=—(1/c)A —grade,
Bart 3Py == 1Ea. (3.45)

B xyJonoBckofl kaauGposke ¢ divA=0 ypasueHue IBHKEHHA
JIIS @ 3aNMCHIBACTCH B BHIE

—div(grad ¢ — 4aP)=div (E 4 4nP)==0. (3.46)
B ro#t xe xa/nbGpoBke ypaBHEHWE IBHIKEHUs Aas A, nmeer Buj
VA, — o A =~ [(ViF)y — 4nPy). (3.47)

Tockonbky, no onpepencuuio, H=rot A, To Mbl 3aBepuman nony-
yeHWe K3 JarpamxvaHa ypaBHeHHH MakcsBensia M ypaBHenuns
(3.44). ns Mojenu Hu3NEKTPHKA € XECTKMMH HOHaMH (OTCYT-
CTBHE 3JIEKTPOHHONH NOASIpU3YeMOCTH) MOCAefHEe 3IKBHBAJEHTHO
JIUCIEPCHOHHOMY 3aKOHY
e=1 +_——wu~m2' (3.48)
Boiie Mbl yCTaHOBHJM, 4TO TPOAOJBLHLIE BOJHHI 11045 AR3JIEK-
TPHYECKOH 10MADH3AIMH He B3aNMOAEHCTBYIOT C (oroHamyu, U
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NI03TOMY OHM HAacC ceflyac He wuHTEpecyoT. MOXHO OnyCTHTb @.
Torpa Beipaxkenue 11Jm IJIOTHOCTH JlarPaHXHaHa NPUMET BHJ

P = A (rotA -—(P2-m2m)— TA. (3.49)

Bmc?

Umnyase M, conpsixeHnbi#t ¢ A, onpeae/seTcs COOTHOMEHHEM
i 1
=%z _ 1 4 _lp

0= 04y  4mcr ¢ (3-50)
# anajgoruuHo Agas I umeem
0 1
= a;?’ =P (3.51)
[+]

D,.Hﬂ NJIOTHOCTH TaMUJbTOHHAHA OOJYYHM

& = Moy + TPy — . = 21?M2 4 o (rot AP+

+x n+(2 +2 )p2+4ncM P. (3.52)

Temepr BBEAEM DasjoXeHus B psaasl Pypbe ¢ yueToM nepuogu-
qeCKHX TPaHUYHBIX YCJ0BUH (HA eZuHHNY O6beMa):

A=Y (B ) ey, (@t +ags e, (3.53)
kA

s K- ¥+ —ik-
2 —L e (o™ - biae ™) (3.59)
2 (4rx + )
3/eChb €k)— €AMHHUHbIE BEKTOpP B HalpaBjeHUH NoJIsI pH3 ALK
BOJIHBI; A — HHJEKC NoJsipu3aluu; a, a* u b, b* uMewT cBolicTBa

Go3e-oneparopon. [leraau pacueTa MOXKHO y3HaTb U3 UMTHPOBaH-
Holt Boime paboTnt Xonduana [4]. [Tonaras p=y/wZ, noayunm pas

raMHJbTOHHAHA CaEJYIOIIee BpIRaKEeHHE!

H= E { ck (ai&an —{—%) o (1 4 4pm)" (b;{hbn _*_%) +
k2

+ i [rekpag/(1 + 4ﬂﬂ)‘/’] (i bir — auabin — @b, + akabﬁ)} .
(3.55)

Tenepb 3apaua nocramJ/i€Ha, OAHAKO €€ pCUIeHHE Mbl H3JA0XHM
JIMIIL cXeMaTHuyeckH. [ aMHJAbTOHUAH AHATrOHAJHA3YCTCA BBEJEHHEM
OnepaTOpPOB YHHUTOXECHHS

Ok = WAk + Xbx +yale 42674, (3.96)
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rIe W, X, Y, 2 BBIGHpAIOTCH TaK, YTOOBl BBINONHANOCH COOTHOIIEHHE
[ox, A]= oxox. (3.57)

Peuienne 3aJaud o COBCTBEHHBIX 3HAYeHHsx ypaBHeHHs (3.57)
uyMeeT BHJ JUCIEePCHOHHOIO 3aKOHA

of — @2 [(1 4 47B) 02—+ c2R2| 4 w222 =0, (3.58)

TOYHO TaKoro Xe, Kak 1 (3.38).

B3auMojelicTBHE HAMATHHYEHHOCTH C 3JEKTPOMATHHTHBIM MO-
aeM. Peum ypaBHernsi MakcBensia COBMECTHO ¢ YPABHEHHUSIMH CIIH-
HOBOTO pe30HaHca Aafl GeckKoHeyHOH cpejbl. DTa 3ajnaua MOXKeT
CIYKHTb MHTEPECHLIM M SIPKHM MPHMEPOM B3aMMOJEACTBHS C 3JIEK-
tpoMarHuTHbiM nosem. Tlonaras € =1, moxem Hamucathb

rotH——1E, rotE=— - (H -+4z), (3.59)
M=vMXH, (3.60)

I7le y — MarHeToMexaHuyeckoe OTHOWIeHHe, paBHoe ge/2mc, M —
HaMarHHdeHHOCTh. KOMOMHHPYS nepBble [1Ba YpaBHEHHS, MOJYUHM

VH— L (A 4M),  —kH = — o’ (H* +4aM*), (3.61)

rpe HY =H,+iH, M"~= M, -+ iM,. Jluzeapu3oBasnue ypas-
HeHus De30HAaHCA NMoJayuHM, nonaras oy=vyH,, o,=vyM, n cuu-
tasi, uTO cratuueckoe nosae ff, HanpasieHo BIOJb OCH Z:

oM = —i(oM" — o H); (3.62)
oTCI0/a .
+ (DSH
Moxcrasass (3.63) B (3.61). monyuum
4nog
er =21+ E%) . (3.64)

IMpu k=0 3TOT AMCHEpPCHOHHBLIA 3aKOH JaeT MAarHOHHVIO BeTBb:
JeHcTBUTENBHO,

— 0 = g+ 4n0, = vy (A, +4M,)=vB. (3.65)

Hrak, npu k=0 marxonnas BeTBb (pic. 3.3) nonagaer B HAYaIO0
KOOpIMHAT NpH w=vyB, a ne npn w=yH. DTOT pe3y.1bTaT HEe MUMeeT
HAKAKOTO OTHOLIEHHSI K Pa3MarHUYHBAWOUHM OOAAM H obyclos-
JeH uckJaouuTenbHO 3(dektom TokoB cMemenus. OH aHanornued
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soipaxenuwo (3.36), noanyuennomy Jlngienom, Cakcom u Tennepom
JJ151 HOHHBIX KPHUCTANJIOB.
Oanako MarduTHHI pe3oHanc HaGAlOgaeTcs B IJIOCKMX [Jia-
crunkax (korza mose H nepneHg¥KyJsSPHO K MOBEPXHOCTH) npH
o=vH;, roe H; — BHyTpeHHee noJe,
B3ATOE C Y4eTOM pa3MarHAYMABAlO-
mero s¢deKkTa MOBEPXHOCTH, & BO-
Bce He NMpH w=yB; eno B ToMm,
/ YTO B TOHKUX TJACTHHKAX uJeH,
244 I o0yCJ0B/IeHHBIH TOKAMH CMELUEHHSI,
, He MOXeT «CABHHYTb» pelleHue
—= ot H; k B;. Jrtor sddexr xopowo
. M3BECTEH [IJ5 HOHHBIX KPHUCTAJJOB
P v 6bln1 npolemonctpuposan Iluu-
# KycoM [6] mpu TouHOM pemierun
Puc 3.3. lucmepcuonnme kpuswe 331aYH O MAarHWTHOM pe3oHaHce
AN caydan B3anMoOAe HCTBHA q)()'ro- C YUYE€TOM 33aBHCHMOCTH NOBEPXHO-
HOB C NOAEM HaMarHH4YEHHOCTH (Gea CTHOTO UMMNeaaHcada IMNJacTUHKYU Ot
o6mena). ee TOJIHMHLL. I'pyGo rosopsi, casur
PE30HAHCHOIl YaCTOTHI TOKaMu cMe-
LIeHHS NPOHCXOAHT TOMJa, KOTAa TOJNMHHA MJIACTHHKH paBHA JJHHE
BOJHBI MAJaI01ero U3JTYYeHns UJAH GoJbllle Hee.

w

3A0AYH

3.1. I1peanos1oXuM, 4TO B 3/€KTPOHHBII a3 MOMELIEHbl aTOMbl (B KOJHUECTBE
Na HA elMHUUY 06beMa), mpuueM aTOMHas TOAPH3YEMOCTL KaXAOrO paBHa Ya-
Ilokasats, uTo nocnexnee M3 cooTHowenusr (3.15) npumer B aTom Clyuae BHJ

Py = (~ r;’z; +Xa) E. (3.66)

Hns meTannuueckoro cepefpa BHUMCIMTL BilSIHHE Yo Ha BEJAMYHHY 4YacTOTHI, npH
xoTopoii €,=0, ncnonksys npuUGAMMEHHO B KauecTBe 3HAUGHWUA Y, NOAAPH3ye-
MOCTh WoHa Ag B ranoresuiax cepebpa (BeqMuHHY NocjeiHed HaifiT B auTepa-
Type}.

3.2. Tloka3ath, uTO COGCTBEHHbIE 4ACTOTbl [1a3Mbl B CepHUECKON 06070uKe
ONnpeneasioTest COOTHOWEHHeM
L

L1

2 2
0, = (l)p

(3.67)

rue o)'i, =4mne’/m, a L — nopsapox noaunoma Jlexaulpa B BulPaeHHH Lid No-
TEHIIANO0B BHE () W BHYTPH () chepui:

0, = r NP (cos B) 2™, ¢, = rtPP (cos B) . (3.68)

Cuntars, uto 3PdeKTamy, 06YC.I0BACHHBIMH TOKOM CMEILEHHSA, MOKHO npenebpeus.
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Vxaaanue. COGCTBEHHYIO NH3JNEKTPHUECKYIO MPOHHILZEMOCTb MJA23Mbl NPHHATH
paBHO#
2

Op

e=1——2. (3.69)

®?

- Dra 3ajaua aHAJOTHUHA 3ajau€ O MArHHTOCTATHYECKHX Mojax koaebamnuit, pac-
cmoTpennoit Yokepon {7}
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MarHoHb!

Huskonexamune snepretTHueckue COCTOSHHS CHHHOBOH CHCTEMBI
¢ oOMeHHbIM B3aUMOJEACTBHEM MMEIOT BOJHOBOlf XapakTep. 370
nepBoHayasbHo Obi1o mokasaHo Daoxom gaas ¢eppomMarHeTHKOB.
Takue BOJHH Ha3blBAIOT CIHHOBLIMM BOJHAMH. DHeprusi CIMHOBOH
BOJIHBl KBaHTYETCfl; KBaHT 3HCPTMM CHHHOBOHM BOJIHBI HOCHT Ha3Ba-
nve maznonq. CIHHOBbIE BOJMHBI HM3yU€Hbl /8 BCEX THIOB YIOpS-
JOYEHHBIX CITMHOBBIX pACNOJOXKEHHH, B TOM uuciae aas deppomar-
1eTHKOB, eppUMAarHeTHKOB, aHTH(EPPOMAarHeTHKOB, HEKOJJHHEeap-
HbIX H CIIHPaJbHbIX CIIHHOBHIX CTPYKTyp. Mel GyneM paccMaTpuBaTh
CMMHOBBIE BOJHBI B (peppOMarHeTHKax ¥ B aHTH(EepPpOMaTHETHKEX,
B3fB 32 OCHOBY CHauajd aTOMHbIA TaMUJbTOHHAH, & 3aTEM Makpo-
CKOTIHUYGCKHIL.

d)eppomarHuTHble MArHOHbBI

B cnyuae teppoMarHWTHBIX MarloHOB NPOCTEHINMIA FaMHJaLTO-
HHau npenctasiaser cofoi cymMMy oOMeHHBIX (mo OnuWKailum co-
celfiM) Y 3e€MaHOBCKHX UJIEHOB

H=-—J2S8S, —2H XS, (4.1)
< of To ~ )z

I+3

rie BekTop & coexunsier j-#i aTom c ero GaMKAHUIIMH COCENSIMH B
newerke bpase, J-— o6MeHHbIE HHTerpaJd, KOTOpbLIH cudTaeTcs no-
JOKHTETbHBEIM, Wo=(g/2)up — MArHUTHBIH MOMEHT, S; — omepatop
CIIHHOBOTO MOMEHT& [-T0 atoma, Hg-— Hanpsi>KeHHOCTb CTATHYe-
CKOTO MarHHTHOTO NIO.%, HampaBJEHHOIO BAOJb OCH 2. Mul cunTaeM
Hy>0 gast toro, uTofibl MaTHUTHbIE MOMEHTB! pacnoarajich BJOJb
110JI0KHTEIBHOIO NANPABJIEHHS OCH 2, KOTJa CHCTeMa HaXOJHTcH
B OCHOBHOM COCTOSIHHH.

Ilnterpanany anuAicHUs Aas raMmuaprondana (4.1) asaswotes
2

EpajpaTt noJgH0ry  ChnHHa 5"‘=(2 S]) M 2-KOMIIOHEHTAa IIOJIHOTI'0
J

c WY i
conua 8, = 2 8, Ocuosnoe cocrosinue |0) cucremnl N ogunaxo-
J
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BbiX aTOMOB cO cnuHOM S o6jajnaer CielyIOUHMIl CBO#CTBAMHU!:
IV =NSNS+1I0), 8,10)=NS|0). (4.2)

MpeoGpasosanue  Xoacrena — Ipumakosa. Tamuabronnan
COLEPIKHUT MO TPH KOMMOHEHTH Sjx, Sjy, Sj; Kaxgoro cmuua S;. It
KOMMOHEHTH He He3aBHCHMBbI, a CBS3aHbl TOYK/ECTBOM S S;=
=S5(S+1). Bosee yno6uo paGoraTh C ABYM#A ONepaTopamH, KOTO-
phie SBAAIOTCA He3aBucHmblMHM. [lpeoGpasosanue XoncredHa —
[pumaxosa [1] no3Bossier mepeliTH OT CIHHOBALIX ONEPATOPOB K Go3e-
OneparopaM POXKAEHHS W YHHUTOXeHMs af M @; COMJIacHO COOT-

HOWIEeHHAM

+ b
St=8;+ zs,y_(25)"=( -%Si) a; (4.3)

_ . a a+a 2
S7 =8 — i8S, = (2S)"a} (1— 53’) ; (4.4)

IpY 3TOM MBI TpeGyeM BBINOIHEHHS YCJIOBHS
[, af]=20, (4.5)

415 Toro 4toGhl onepatopu ST u S~ yIOBNETBOPANN HAAJEXKALINM
nepecTaHOBOYHBIM COOTHOUIEHHAM.

[Toabaysacy (4.3) —(4.5), MOXHO HamucaTb INPeoGpasoBaHue
aas oneparopa S;,- Omycxas uHAeKkC j, TOJYYHM

SE=5E+1)—Si—S =S S+1)— (s+s + 858N =

=5+ 1—S[{1— %) aa* (1— a+a)/,+ -]
(4.6)

YuureBasg, uto [ata, a*al=0 n[ata, a]=— a, npeo6pasyem (4.6)
K BHAY

=_—S(S—+—1)——S[2a*a(1— “2’;‘)+(1 _“2‘_'8")+_“2:Si]=
=(S—a*ap, 4.7

otCloaa BHAHO, 4TO

S,=S8—aja, (4.8)
Yno0Ho, aanee, NepedTH OT aTOMHHIX NEPEeMEHHHX a, @, K Mar-
HOHHBIM bk, bk, ONPEAE/HB MX Pas3/OKEHHUIMU
\ " ik- . 1 —ik. .
=y N b= M el (49)
i i

S 4. Kurreas
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afech X;— PaAHyC-BEKTOD j-r0 aToMa. MMeoT MecTo u o6paTubie
COOTHOUIEHHHA, T. €.

1 —ik- 1 :
ay =i N b af =i W | (4.10)
K R

3uak B nmokasatese akcinonenth L /K- X; BHOpan TakuM xe, Kak

u B padore Xoacre#ina wu [lpumaxosa. [las onepatopos bk, bi
CrnpaBei MBbH GO3EBCKUE NMEPeCTAHOBOYHLIE COOTHOUICHUS

1 XY ikex. —ik'-x.: 1 I (k~K'Y.
(s bﬁv]=72‘e Yie”™ "ilay, af]‘—‘-lvxe ( * = s
7t J
4.11)
[6%, b-]1=][br, &8]=0. (4.12)
Onepatop by «cos3faerT» MaTHOH C BOJHOBbHIM BekTopoM Kk, a one-
paTop by «yHMUTOXKAeT» MarHo# ¢ BOJHOBbIM BekTopoMm k. [u-

CKpeTHbl€ 3HAUYE€HHUS k, 0 KOTOpbIM BeAyTCA BCe CYMMHDOBanuf,
MMOJMYy4alOTCHA U3 NEPHOAHUYECKUX TPARHUUYHBIX yCJIOBHﬁ.

Tenepb Beipa3um onepatopsl S;, S;, Sjz uepe3 CIHH-BOJNHOBbiE
nepemMensble. Hac GyayT uHTepecoBaThb IMiaBHHIM 00Da3oM cOCTOS-
HUA cucTeMbl, GIM3KHE K OCHOBHOMY, T. €. TaKue, B KOTOPBIX UHC/I0
mepeBepHYTHIX CIMHOB MaJjio, YTO BHIPAXAETCH YCJAOBHEM

(HTSaD _ ﬂs/_> < 1. (4.13)

B sTOM cayuae kBajpartHble KopHH B (4.3) u B (4.4) MOXHO
pa3.’]oKHTb B PAN, 2 UMEHHO, MOKHO 3alHCaTh

. y - * e 28\ y .
S,‘-:(QS)"[“J‘ i’zas!—’-{—...]:(-—}v—) lzexp [— ik - x;] bx —
k

— ey Y explik—K — k)X bibebe + ...] (4.14)

k, k', k"

57= ()" [Zextik- 10 —

— o Y expli(k+ K —K") - x;] bbb + ] (4.15)

K, k', k"

SI.Z=S——a'l'.'a,j=S——l:—,~Zexp[i(k—k’)-x;]bﬁbk'. (4.16)

ki’
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3aMeTM, YTO ONEeparop NOJHOTO CnMHA BCell CHCTEMLl PaBeH
NS—S,::NS—}I__‘,S!.Z =Z_a',‘-a,-.
J

$,= NS 2‘ exp[i(k—k')- x| bi by = NS — Lbkbk

jkk'

(4.17)
ITOT pe3yabTaT ABJAAETCH TOUHBLIM.

Hrak, Beanuuny bxbx MOXHO paccMaTpHBaTh Kak ONepaTop
uyces 3aMONHEKHUN COCTOSSHHS C BOJHOBLIM BeKTOPOM K mist Maruo-
HoB. CoOCTBeHHble 3HAueHHsi OmepaTopa by by paBHBI NOJOXKHUTENB-
HBIM LleJBIM YHC/IaM fy.

[Topuepkuem, yto omepatopsl @ ¥ b Gl.1ajaldT CBOHCTBAMH
603e-aMIILTY/], HECMOTDS Ha TO, YTO 3JEKTPOHH fABJISi0TCcs dep-
MHOHaMIl. DTO He 60Jce YAUBHTENLHO, Y=M TOT (AKT, YTO (GOHOHBI
BeAYT ce0f Kak GO030HLI, XOTH OCHOBHBIE COCTABJSIOWHE CHCTEMY
YacTHUBl (3JEKTPOHBI, NMPOTOHBEl, HEATPOHBLI) TAKXKE NOJUHHSIOTCH
cratictike ®epmu. AMnauTyasl BceX Makpockonuuecku Habaronae-
MbIX TOTelt — 3,0 6G03e-aMIVIMTYAB. AMIJIHTYAB nosel $epMuOH-
HbIX COCTOSIHHH MOTYT NDMHHMATh TOJIbKO OAHO M3 [BYX 3Hauye-
Hu#t — 0 HaM 1 M MO3TOMY He MOTYT ObITb TOYHO H3MEpEHHI.

FamuabTrOoHMaH B CNUH-BOJHOBLIX nepemenHbIX. Ecan Bocmoss-
3oBaTbcs (popMysaMu npeoGpasoBanMs onmepatopos St S, S, K
CNHH-BOJHOBLIM EpPeMEeHHbIM, TO FAMHJIbTOHHAH

H__—»J s - S, 20, Zs

(ecad cuYHTaTh, YTO KaXABIH arOM HMMeeT 2 Ganmxalmux cocenei)
npHMeT CAeAVIOUHH BHI:

H = — JN2S? — QuH NS - 0y H,. (4.18)

3necy 2, — Ouaunefinas ¢gopMa NO CHUH-BOJHOBLIM [E€PEMEH-
HbIM, T. €.

. Js . , .
Ho=— 3 lexp[—i(k—K')- x;]exp [ik - 8] bubir -+
JoKK'
+ exp[i (k—K')-x;]exp [— ik’ 8] by bk — exp i (k—Kk’) -X;] bi b —
—exp[—i(k—K’) - (x;-8)] b b} -+
+ 2o N expli(k—K) X/ bibw (4.19)

JKK*

5‘
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Bolno/iHUB CYMMHDOBAHHE MO j, NOJYYHM
Hy= —J28 ; {v.buby +v_ub b, — 26,6, ) +
+ 2uH, ; biby,  (4.20)

rae
s Y (4.21)
[}

Cymma B (4.21) Geperca no Bcem z Gauxaimum cocepsMm. 3ame-
THM, YTO zyk=0. Ecan xpucrann umeer uLeHTp CHMMETDUH, TO
k

Yy=Y_ H

o= 3 (225 (1 —V,) -+ 2H,) 576, (4.22)

B Boipakenn# (4.18) uMeloTCH ewe usieHbl 4eTBEPTOro U Gojee Bbl-
COKHX INIOPAAKOB 1O MAarHOHHBIM onepaTopaMm; OHH 0GO3HaueHnl ye-
pes ¢, Korga uncio Bo36yxaeHM{l HeBeaHKO, OnepaTop o,
MOXHO [IpH pacyeTax ONycKaTb.

INMepenmuem (4.22) B Hecko.1bKo MHOU dopMe:

Hoy=dno, o =2/5z(1—y,)+ 2 H, (4.23)
k

Bruipaxenue a78 ox npeacraBaser coOoH AHCNEDPCHOHHBIE 3aKOH
JJ8 MarHoHoB B CIIMHOBOH cucTeMe, 06Da30BaHHON pelleTKoil
Bpase. DKcnepuMedTabHEe KPHBLIE AN MArHeTHUTAa NPHBEJEHHl Ha
puc. 4.1. IlpumnrusHan svefixa cnuHosoll pewetxku FezO, coiep-
JHUT HECKOJIbKO MOHOB, H II0O3TOMY, NOMHWMO OJHOH OOBIYHOM akKy-
CTHUECKON MArHOHHOH BETBH, HMEETCH elle HEeCKOJbKO ONTHYECKHX
MargoHHbIX BeTBelf, DTH Ha3BaHUA JNA BeTBeH 3aMMCTBOBAHBL H3
TeopHH (DOHOHOB.

Korma k-8,

2(1—v)~ g X (k- OF .29

0, = 2 H,+ JS 2_‘, (k - )2 (4.25)

Hns npocToll, 06beMHOLUEHTPUPOBAHHON M [DaHeUeHTPUPOBAH-
HOM KYGHUYECKHX pELLEeTOK C MOCTOSIHHOMN PeLleTKH, PaBHOH a4, uMeem

| o= 2uf1, +2JS (ka}. | (4.26)
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3aMeTuM, YTO N1 MarHOHHOH 4acTOThl BKJaj 0OMEHHOro B3aHWMO-
NeficTBHA MMeeT TOT K€ BMJ, YTO H JUCIEDCHOHHBI 3aKOH Je
Bpoina ans cBoOOAHBIX YdCTHL Macchl m*, a HMEHHO

(l)k S —2‘”!._* k2, (4.27)
eC/d NOJOXHTL
9 1 s 1
2/8a* = T HAX m = A/SaT " (4.28)

JAna THOMYHBIX eppoMarHeTHKOB, Touka KiOpH KOTOpHIX Haxo-
JIHTCS B 00M1aCTH KOMHATHOH TeMmmepaTypbl WJH Bblile Hee, HaGJio-
JaeMblil JUCNEDCHOHHBI 3aKOH faeT 3HaueHHe m* nopsjka NecATH
3JeKTPOHHLIX Macc.

0. 7 0 T T T T T T T T T
24°C
- looi] - A

T
1
1

448

" Oﬂmuuecm/ﬁ v
MOZHOHBE

406 2
<
™ - B
3 y
iaﬁ/- Axycmuyeckve™ a
§ MUO2HOHbI
0\. - -
QHZL _
3 =
gl Tl i : | I N N | L
g Hz 94 46 a4 1

ag/ 2%

Puc. 4.1. JucnepcuOHHHE KpHBHE AA¥ AKYCTHYECKHX M ONTHHECKHX
MAFHOHOB B MarHeTure, mnoldydexHnle BpokxaysoM u Bartaumabe [22]
METOJIOM HEyNmpyroro paccesnns HeHTPOHOR.

Bzanmopeitcteue marHonos. OGMeHHbIH FaMHJABTOHHAH B CIHH-
BOJIHOBBIX MepeMEeHHBIX OKasblBaeTcA AMATOHAJbHBIM JHIIb B TOM
c.lyuae, ecqd Mbl npeneGpexeM UYJeHAMH B3aUMOLEHCTBHA &£, B
(4.18). HomuHupyoleil 4acTblo ¢, ABIAIOTCA OUKBaJpaTHYHBIE
YjJeHbl, KOTOpble ONHKCHIBAIOT B3aHMOAEHCTBHE CNMHOBLIX BOJH ADYT
¢ apyroMm. CeueHHe CTOJIKHOBEHHS [BYX CHHHOBBIX BOJIH C BOJIHO-
BbIMHM BekTopaMu Ky n ke Obuio Bblumcaeno Haiconom [2] u okasa-
Jiock nponopuMoHaandbiM (Ria)?(k.a)?a?, roe a — nocTofHHAA pe-
wieTkd. Jlis MAarioHOB, HMEIOUIHX MHKDOBOJIHOBLIE WacCTOTH, Aa
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nopsaka 10-2—1073, u no3TOMYy ANS1 CeYeHHS MArHOH-MarHOHHOTQ
O0OMeHHOrO paccesiHds IoJyyaeM BeauynHy mopsiaka 10725 cm?, t. e.
BEJIHYHHY B MacliTale aTOMHBIX [IPOLECCOB OYeHb Manyio. Pusnue-
cKasi MHTepnperauusi pesynabratoB JlaficoHa umeercs B pabore [3}

Hcnonn3ys (4.14)—(4.16) M BHINOJHAST NIPOCTHIE, HO HECKOJILKO
YTOMWTE/NbHbBIE PACUETH M MEPErpyNNupPOBKH UTEHOB, MOXHO C TOY-
HOCTBIO 0 YETBEPTOTro MopAAKa No onepaTtopam b npejacraButh &%,
B CJIeyIOUIEM BHIE:

[P j Y
Gov= o N 0703000 (K Ky K, —K,) (2, +2v, — 4v,_,),

1,234
(4.29)

rae A(x)=1 npun x=0 u A (x)=0 B0 BCeXx oCTa/bHBIX CIYuasiX.
[lpn k. 8 <€ 1 nmoayuum

2y, 42y, — 4v1 az
2 {20k, - 82 4-2(k; - 8)2 —8(k, - 8)2(k3- 8)?}. (4.30)

8

Orciofa BUAHO, YTO BEPOSITHOCTD Ilepexoja, coaepxamasn | (%) |2
nponopudoHnansHa (ka)*, rie @ — nocTtosiEHas penleTKH. TakuM 06-
pa3oM, oOMeHHBIl TaMU/IbTOHHMAH, AHArOHAJH3HPOBAHHBIA B CHHH-
BOJIHOBLIX MEPEMEHHbIX, MOMXET CJAYXHTb HCKJIIOUHTENbHO XOPOMHM
npubavxeHueM JLJs ONHCAHMS AJMHHBIX CNUHOBHIX BoaH (ka<kl),
KOTOpble SBJASIOTCH AOMHHHDYIOUIWM THIIOM BO3OYXAEHWH NMPH HHU3-
KHX TeMIlepaTypax.

O6cyxenre 3¢@HeKToB MarHoH-MarHOHHOro OOGMEHHOrO B3aH-
MOJeHCTBHA Hd4 OCHOBe NEepeHODMHDOBAHHLIX BbIpazKeHHH 15 3Hep-
r'ifi MarHoHoB jgaertcs HMxe (mocsae dopmyasl (4.131)).

Marnonnas TennoeMkoctb. [lonoxum H=0, npenebpexem
B3aUMOJeHCTBHEM MEXJy MAarHoHaMu u NpelloJioXuM, uTo ka1,
Torpa pucnepcHoHHbIH 3akoH (4.26) npuUMeT BHJI

=Dk2, D ==2S]a2 (4.31)

BuyTpenuss 3Heprus eJMHHLL 0GbeMa MarHOHHOrO rasa B COCTOS-
HHM TEMJIOBOrO paBHOBecH:A OpH TemnepaType I onpenensiercss Bbi-
paxeHueM

\ N 1 1 1
U= L(.Ok (Ilk)rzzmk —eak/—r—l :_-%J. dkaDkze-Dk’/‘—__]:’ (4.32)
k k —

rae t=kg7T. Wiu, o06031auuB Dk"’/r:x, NOJYYUM

4«:?1)”2 J‘ dxxh (4.33)
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3lleCh BEPXHHUH Npejes MOXHO B3ATb PAaBHBIM GECKOHEUHOCTH, eC/H
HAac HHTEpecyeT TOJNbKO 06/1aCTh, Ile T< Wyaxe. 1OM1A HHTErpas B

(4.33) Gyzer paBCHF( )C(—g—. 1). rae I'(x) — ramma-pyuxuus, a
z(S, a) — naera-gpynkuns Pumana (cm. [4]). Uucaennble 35a4eHust
9THX GYHKUMA A8 JAHHBIX apryMeHTOB, a muemxol‘(%):Sn'/’M

5 "
u C(f; 1)-—— 1,341, MOXHO Ha¥iTH B MaTeMaTHuYeCcKuX Tabaulax,
ganpumep B crnpaBouHuke SHke u IAMmjae. Mrak, moayuum

o (5
(T
& 5(2) 045t

~ 2(4aD) T alDM (#:39)
Toraa tenaoeMkoCTh eauHunb 06beMa paBHa
au kT
C =S =0113k, (22" ) . (4.35)

Ecsu TensioeMKOCTb COCTOMT TOJBKO M3 JBYX yacrell — MaTHOHHOI,
nponopuroHansHoit T°2, M GOHOHHOH, nponopuMoHaabHoi T3, TO

1T T T T T 1

| U S U N S
g 4 S5 & 7 4 I 10
7 %2 2pgg e

Puc. 4.2. TennoemkocTs QeppHTa-rpanata MTTpHA.

I'paprk nocrpoed Tak, 4YTO NO3BOARET PAIALAUTH MArHOHHBIA
# (HOHOHHBIA BKAALN B TCINOEMKOCTb. [IpAMaR OTCeKkaeT #Ha OCH
OPAHHAT OTPE30K, COOTBETCTBYIOUMA MArKOMHOMY BKAAAY.

rpaduk 3aBucuMoctd CT—: or T2 Gyjer uMmeTh BUJ NPSMOH JIHHMK
(puc. 4.2). Ilepeceuenne 3tofi npsamo# ¢ ockio opauuar npu I'=0
AACT YHCTO MAarHOHHYIO 4acTh TeMJIOEMKOCTH, a8 HaKJOH NpAMOH —
YucTO (HOHOHHYIO ee uacTb. Hanpumep, uamepenun IlluHoszakm,
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NpoBeJleHHEIe Ha JABYX 00pasuax HITPHeBOro ¢heppUTa-rpaHara,
Jaiu  caeAyoouwue  pesyawratel:  D=0,81-10"2 gpe.cm? u
D=0,85:10"28 apz-cm?, uTO COOTBETCTBYET M™=:6m.

Hamenenue HamarunueHHocTd. YHCN0 nepeBepHYTHIX CNUHOB Ol
pereasieTcsl CpeJHUM 3HaYeHHEeM CNHH-BOJIHOBBIX YUCEJ 3anOJHEHHS.
IToaToMy, coxpaHsis Te Xe NMPeANOJOKEHHUS, UTO H AN TeNJOeMKO-
CTH, NOJAYYMM JAJS HAMaCHAUEHHOCTH HACblUeHHs (HA eJHHHLY
o6bema)

= 2018, == 20, (VS — X} b bu) (4.36)
)44

2 1
M,(0)— M (T) =AM =2, Y, () = 222, f P (437)
k

Ilpn uM3KHX TeMmepaTypax, NPH KOTODPHIX BHINOJHAETCH YC/JIOBHE
2
Dkyaxe >, st AM nonyunm
2nd

3y ' 1
MM =2 (F) .|' dxxls (4.38)
0

rAe WHTEerpan paBeH I‘(%)Z;(g 1). CaenoBarebHO,

a0 (50" 017 (3) ()

HanomuuM, 4to po= (g/2)up, rae up — MarHeron Dopa. 3amerum
eue, yto 2Spo/at=nM,(0), rae n=1; 5 71— JAJ5 npocTo#, oGheM-

HOLLEHTPHPOBAHHOA W TpaHeleHTPHUPOBAHHOM KYOHUYECKHMX peuleTOX
COOTBETCTBEHHO.

B npyroit paGore Jaiicona [5] paccMOTpeHBl 4JEHBl pasJoiKe-
Hust AM no kgT/J Gonee BLICOKOTO mMopsigka, 8 HMEHHO 4JjeHB! ¢ MO-
KazatensiMu 5/, M 7f;, KOTOpble TNOJYYAIOTCH OpH HCIOML30BAHUH
NOJIHOTO BBIPAXKEHUA AJF Yk C yquom B pasnoxeHuu | — yy wie-

HOB OoJiee BLICOKOH CTelleHH, 4eM kn,.. OnHako, ecsqH Mbl XOTHM
BKJIOUMTH 4jeHsl ¢ T ¥ T's, TO NpH HaXOXAEHWH YUCJIEHHOTO 3HA-
yeHus MHTErpana no-d*k ciepyer 6paTh GakTHYeCKylO 06J1aCTh H3-
MeHeHH# 3HayeHHi K, a He 3aMeHAThL BEpXHHH npejes GeckoHeu-
Hoctbio. [lepBuilt fononuuTenbHbl# yied B AM oGyciosien Heule-
albHOCTbX MArHOHHOrO rasa, T. €. MarHOH-MarHOHHBIM OGMeHHBIM
B3aMMOJIEHCTBHEM, U DaBeH 1O NOPAIKY BesuuuHbl (kgl/l)*
Keddep u Jlaypon [3] manum npocToe oGBsiCHEHHe INpHUBHAM
BO3HMKHOBeHMS wieHa ¢ T*. Mcxoas M3 AmHaMH4YeCKMX coobpaxe-

(4.39)
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HHMA, OHM cuyHTaioT, uto B (4.39) RonxHo croATe § BMecTo S; Be-
AnunHa § — 3To cpejHee 1O aHcamGJIl0 OT MPOEeKUMH CHHHA Ha Ha-
npasJeHne COCEJHEro, T. €.

o (5;8j1a)
S=—7p—.

Torna, cornacuo (4.34), S— 8 ~7T%. Ecaum rtenepb B TI1aBHOM

yjeHe 3aKoHa H3MeHeHHMs HaMmarduueHHoctd (4.36) 3ameHuth S Ha
k. T

Y,
S, T. e. B3fTb (;g_’T) M pAa3/JOXKHTh 3Ty BeJHUHHY B DM, TO yXe

- kET :/7 kET 54
caeyiomui 4ien OGvAeT nopsaika (W) (—QW) ~ T4 Orcoaa

BHIHO, YTO MarHOH-MarHOHHOe B3anMoJefCTBHe cn1abo BJaWSeT Ha
TEMNIEepPATYPHYIO 3aBHCHMOCTb HaMarHMYeHHOCTH HachilleHHs!, 3a
HCK/I0ueHHeM o6jactd teMmnepaTyp BGau3u touku Kiopu (obaactb
BBICOKHX TeMnepaTtyp paccMorpeHa B pabore Buoxa [6]).

Mu He Gygem o6GcyxjaaTh 31ech 3ddexkToB, KoTOphle B eppo-
MarHMTHBIX MeTaJJax MoryT o0ycJoBAMBAaThbCA TENJIOBLIM Nepepac-
npejieJieHHeM 3JeKTPOHHBIX cOCTOSHUI B 3oHax. Xeppuur v Kurrean
[7] nokasanu, uto 415 TaKMX MeTaJJIOB TEODHA COTJIACYeTCH C OMBI-
TOM: HH3KOTEMIIepaTypHas TeNOeMKOCTb, nponopunonanbuas T,
ofyc/0BleHa B OCHOBHOM BO3GyXXJeHHEM OJIHO3JIEKTPOHHLIX COCTOM-
HUI, 4 M3MEHEHMe HAMATHHUEHHOCTH, ONHcbiBaeMoe 3akoHoM 77,
06yc/10BJEHO B OCHOBHOM BO30YXXK/I€HHEM MarHoHOB.

UnraTensM, CHelMaJbH0 HHTePeCYIOWHMes PasNRIHLIMA aclek-
TaMd TeopHd GeppOMarHUTHEIX MATHOHOB, MOXHO I[OPEKOMEHJ0-
BaThb 0630pbl [8—11], B KoTopbix mpuBeneHa obLIHpHAs Gubanorpa-
tust paGoT no 3TOMY BOTIIpOCY.

HMeroTes mHOrouucjeHHble 3KCnepHMeHTa bHble HcC/lel0BaHwu,
B KOTOPHIX OBLIO OCYlllecTBJAeHO BO30yxJAeHHe MarHOHOB Da3juu-
HBIX THIOB M HX HAeHTHGHUKALHA; K YHCJHY TaKHX 3KCNEeDHMEHTOB
OTHOCHTCH CMHH-BOJHOBOH pE30HAHC B TOHKHX MJeHKax, Napajjefb-
HAas HaKauka, Bo36YyxJeHHe 3a cueT MarHoH-QoHOHHOH cBS3H, He-
ynpyroe paccesiHie HefTPOHOB, pPacrnpoCTPaHeHHE MAaCHOHHBIX HM-
NyJbCOB B JAHCKAX.

AututeppomMarHMTHLIe MarHoHbI !)
PacemoTpuM raMHJAbLTOHHAH

H=J 2880 — 2ot XS + 20t 4 2} Sian  (4.40)

rie J — oOMeHHBI uHTerpaa ans GauKaWIUX cocefed; B NpHHSA-
Toh 3anuc (oGMeHHBIY YJeH B3AT C NJKCOM) 3HAK CaMOH Bend-

1) Cu. pabornl [12—16].
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4Hbl J AAs aHTHGEpPPOMAarHeTHKOB CHYHMTAETCH IOJNOKHTEIbHBIM.
B nacrosuiem pasgene wmul Beiogy OyleM npeHeGperath agdex-
TaMH, OOYCJNOBJIEHHBIMH B3aHMOAEHCTBHEM MOHOB C COCEISIMH,
clelylolHMy 3a GAMXKaNIINMA, XOTA B peasbHbIX aHTHdeppoMarue-
THKaX 3TH 3¢ dekTbl MOryr ObiTh cylllecTBeHHbIMU, CIIMHOBYIO CTPYK-
TYpy KpHcTaJna Mbl MOXeM INpeACTaBlsiTb cebe B BHjJe ABYX NOJ-
pelweTok a ¥ b, BCTaBneHHBLIX APYT B Jpyra Tak, 4TO Yy KaxJoro
atoMa nojJpellleTKH a Bce GaMxaHIIHe cocefM ABJAAIOTCA aTOMaM#
noapeuerkn b u Haobopor. CTonb nmpocrasg Mojelb, pasymeercs, He
MOXeET ONMCbIBATH BCe CTPYKTYpHi. Beauuuna H, nonoxurennsa i
COOTBETCTBYeT MHUKTHBHOMY MAarHUTHOMY TOJIO, KOTOPOE annpoKCH-
MHUPYET MAarHMTHYIO KpPHCTa/AJOTpadHuyecKyl auusoTponuio. B sTom
noJe CIWHBL, MMEIOIIHE NOJOXHTEJIbHBIA MarHuTHbII MOMEHT ug B
TMOApelIeTKe @, PAacoNaralTcsl B IMOJOXKHUTEJNbHOM HanpaBJjeHnn
OCH 2, a CIHHBI NMoApeleTKH b — B NPOTHBONOJOMHOM HanpasJe-
uun (—2). Mbl BBOAMM Bennuuny H, TnaBHbBIM 06Dpa3oM AJs TOro,
utoObl OPHEHTAUHfA CIHHOB NapaJje/nbHO TNPEeHMYUIeCTBEHHON ocH,
a2 HMEHHO OCH 2, COOTBETCTBOBaja YCTOHYHBOMY COCTOSIHHIO CIIHHO-
Bo# cHcreMbl. Huxe, ognako, OyfeT noKa3aHo, YTO TAKas KOHQHUTY-
pauus CIMHOB, COOTBETCTBYIOU(afi HAMATHWYEHHOCTH HACHIULEHHS
Ka)K/0H TNojJpelleTKe, He fABAAETCS HCTHHHBIM OCHOBHBIM COCTOS-
HHEM.
Ilponenaem npeo6pasosaHue XouscreliHa — [Ipumakosa

1 ata \" - V, ata 7
';,-:(25)/2(1 — 551) a;  Sz;=(298) a;f(1— és’) . (4.4])
! b b "z . oo 'y
St = (2S)" b1 (1 —7131) , s;,=(28)/2(1 .——Q’S—’) b,  (4.42)

3nece b u b;— oneparopbl POXKIEHHS M YHHUTOMEHHS, OTHO-
csAllMecs K aToMy ¢ HOMepoM [ B mojpelieTKe b; OHM He SBJAAIOTCS
MarHOHHBIMH NepeMeHHLIMH. [lanee Hmeem

Se=S—aja, —Sk=S—b'b, (4-43)

rae ans Sp. B3AT 3HaK MHHYC corsacHo jponyckaemoilt (4.7) Bto-

pPOH BO3MOXHOCTH s Bbifopa 3Haka. [IpHYMHBI 3TOTO OUEBHIHH,

TaKk xax oneparop b* accoumupyercs ¢ S;, a onepatop at ¢ Sj.
Teneps BBeseM cileaylOlllMe CIHH-BOJHOBbIE ITepEeMEHHLIE:

1 Y ikex; + 1 —iKx; +
Ck=—= Y, Ja; cx=—7= Y € ia 4.44
= 2,‘ poG=a },: R

dy = y

e Mp, A == 2“ e™ it (4.45)

L
VNI {
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Cymmul 1asi onepaTtopoB ¢ Gepytcsi no BceMm N aTomaM | mojape-
UIeTKH @, a CyMMBl Jas onepatopoB d — no Bcem N atomam [ mox-
pemlerku b. 3anumem pasnoxenus ana (4.41) u (4.42), ocrasasa
JIMOIb OCHOBHBIE UJIEHBI:

Saj = @SIN)* (B exp [— ik - xjlen+- ..., |
_ y , R (4.46)

sa,=(25/1v)=(2exp(+zk-x,-]ck+.. , i

Spr = (QS/N)/’(Zexp[—zk x]d + .. ]
y (4.47)

S5 = (2S/N) (g exp [+ ik - x/] dx 4 I

h=8S— N~ Jexp[i(k—k)-x,]cicw,
L (4.48)
St —=—S4+N! ; exp|—i(k—K’) - x/] dii dy-- I
P4

Ecayn urcso Ganxafmux cocefefl paBHO 2, TO LI TaMHJLTO-
HMaHa B MaTHOHHbIX NePEMEHHBIX MOJYUHM

H=—2NzJ8* — AN H S + S+ 5, (4.49)
rae g€, — Guauneiiiads ¢Gopma NMO MaCHOHHBIM IEpPeMEHHbIM, T. €.
ago_wzs Vi (cuay +c.4)+ (cpe, +did,)]+

+ 2uoH, z (et e +ditdy).  (4.50)

3xech
Vo= Yeit=y_,, (4.51)
L}

NOCKOJbKY MPeRnonaraeTcsi, 4To CHCTeMa HMeeT LEHTP CHMMEeTpHH.
Bemwunuoit &1, cogep)auesi uneHbl 6oJee BbICOKOTO NOPAAKE, MDI
npeneGperaem.

Tenmeps Gyaem Hcxathb npeobpas3oBaHue, KOTOpPoe MO3BOJAMT aMa-
roHanu3oBaTh &¢,. [lepeitleM K HOBHIM onepaTtopaM pOXJAeHHS H
yHuuTOoKeHus &%, o, B, B, YLOBJETBODSIOUIKM IepPecTaHOBOYHHIM
cOOTHOWHHAM [a, of]==1, [B,. Bf]=1, [0y, B,]=0n 1. & 3ra
3ajaya WAeHTHUHa 3ajavye bBorosioGoBa, paccMoTpeHHOH B I, 2,
ecau B (2.91) nponssectn 3aMeny

ax —> Ck, alt-’ﬁt, A_x —> dx, afk—>a’§”, (452)
0, > 2028 + 2 H, o 228y, (4.53)
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Torpa uckomoe npeoGpasoBanue onpefenasercd CJAefYIOIMIMMH co-
OTHOLIEHHSAMH:

+

— _ + — +
O, = w,C, — Uy, o =1, — 04

k’
_ + +__ +
B =, d, — v.6., B =ud, —v.cC,. (4.54)
3nech ug, Uy — BellleCTBEHHLIE BEJMUMHBL, YJIOBJETBOPAIOIHE YC-
JoBuio 42— vl=1.

[To ananoruu c (2.98) nans cobGeTBEHHBIX YacCTOT MAaTHOHOB Wk
HMeeM

0 = (me 4o A)2 — 02y, (4.55)

rne
(.l)e = 2./28, ('OA == 2“’0HA' (4‘-56)

dopmyna (4.55) npexcrasnser coGoél AWCNEPCHOHHLI 3aKOH AT
aHTH(EDPOMATHUTHBIX MAarHoHOB. Ec/iM cUMTATh ®y INOJOXHTENb-
HBIMH BeNUUHHaMH, TO OHAMHEHHAs 4acTh IaMUJbTOHHAHA IPHMET
BH[,

o= —N (0, +0,) + zk} o, (0 o, +BB+ 1) (4.57)

rae npu npeobpa3zopagud (4.50) Hcmosib30BaHBE COOTHOWIEHHS, 06-
patuue (4.54). Kaxpomy 3HaueHu:o k cCOOTBETCTBYIOT JBa BHIpO-
XJEeHHBIX cOOCTBEHHbIX KOJe0aHHS: 0QHO — CBSI3aHHOE C ONeparo-
pamu a, Apyroe—c oneparopamu B. OxoHuaTenbHO MONHLIE ra-
MuabTOHHAH (4.49) npumer Bup

He=—2N2JS (S-+1) — 4mucH, (S + 7)+ Yo, (m + %) + 5%,
k

(4.58)

rIe B cyMMax kaxjoe 3Hauenue k GepeTcs ABa/Ibl U3-3a JBYKDAT-
HOT'O BLIPOXKAEHUS, N — MOJOKHTENbHBIE [ eble YHCIa.
Ecam npeseGpeun wa W cuMrath ka1, To Aas mopocroit KyGi-

uecko#t pewetkn (1— v2)" z%ka, M MBI TI0Jy4YHM

w, =~ 4V 3JSka. (4.59)

3To — QUCTIEPCHOHHbLIN 3aKOH JJA AaHTH(eppOMATHETHKOB B Tpe-
JeJIbHOM cJydae JJUHHBIX BOJHH B IPEATOJOXEHHH, 4TO @k/w. 1.
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lMpu anTudeppoMarHuTHOM pe3oHaHce AJf OAHOPOIAHOTO Kosaeba-
HHS yo=1 ¥ MBl MOJTYUHM

0 = [(20, - © 1) 0] 4.60)

T. e. OOBbIUHBIA pe3y.IbTar.

B onHOpOAHOM BHeUIHEM MAarHMTHOM noJqe f, HaloXeHHOM Ta-
pa/jenbHo OCH HAMarHHYeHHOCTH, AJS PE3OHAHCHBIX UYaCTOT, KaK
JIETKO NOKa3aThb, NOJAYUHM

® g8 _H, (4.61)

o, =0 o =
k H 2me

-
rZe oy -— COOTBETCTBYIOILAN AaHHOMY 3HaueHHlo [ nmapMoposckas
yacroTa.

dHeprusa HyAeBbX KosebGawuii. B cnuH-BONHOBOM NpHOJHKeHUH,
npenetperast H, u &%, nonyunM ang o6MeHHOHN 3Heprud antudep-
POMATHHTHON CHCTEMbEI NIPH abCOMIOTHOM HyJ1e

E,= —2NzJS(S+ 1)+ Doy, (4.62)
k

npUyeM B JAHHOM cJjydae Kaxjaoe 3HauenHe k OepeTcss B cyMmme
oauH pa3. HanomeHM, YTO NOJHOE YHCJIO COMHOB B CHCTEME PAaBHO
2N (aBe moapenretkd). O6uiuHO BhipaxkeHue aas E, 3amuchiBalor,
BBOAS KOHCTAHTY J, B BHJE

Ey=—2NzJ/S (S4-B/z). (4.63)
Koucraura B, ¢ yuerom (4.55), ompejgeasieTcs coOTHOeHHeM
p 1 ,
F=w A0 (4.64)

k

Ias npoctoit kyGuueckoit pemerku B=0,58.

Hamarunuenuocts nojapeuieTkn npu abcoaoTHom Hyne. Xapak-
TEepHOi 4YepTOH TeOpDHH aHTHGEPPOMATHETHKOB SBJSETCH OTJIHYHE
Mar{MTHOr0 MOMEHTA IOJpeleTKH NpH abCoTI0THOM HVJe OT Benli-
uuHel 2VSp, COOTBETCTBYIOLLEH, COrNACHO 3JeMeHTapHbIM coobpa-
HEeHHMSM, COCTOSIHHIO HachllleHns: nojapelietkd. Mmerorcsa skcmepit-
MeHTaJbHble JaHHBIE, OCHOBAHHble Ha HCCJe0BaHUH SAJEPHOro Mar-
HHTHOTO De30HAaHCA, yKashiBalollKe, YTO YMEeHbIeHHe MAaTHHUTHOTO
MOMEHTA [O/IpelieTKH HECKOJIbKO MeHblNe, UeM 3TO C.leiyeT M3 mpi-
BOXMMBEIX HUKE pacuyeTos.

CoraacHo (4.48) u (4.54) Beamumny §8; MoKHO 3anucath B
BIAC
§2 =N 8% =NS—dcjc, =

7 k
=NS — ; (uia:ak—i— U,B, By + Hexuaronasbube wieHs).  (4.65)
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31ech MBl ONATh HCNOJL3OBAJH COOTHOIIEHHSA, oOpartHele (4.54),
a MMEHHO
+ + 0
6= u 0+ 8., d,=ub + v0,. (4.66)
ITpu a6conoTHOM Hysne Bce nyg=0; yunThiBag Kaxjoe 3Hayehue k
OJMH pa3s, NOJYYHM
1

A8, = NS — (8,)= Y vt =5 N (ch 2y —1)=

k k

=5 Y=y —1] (467

k

3xecb MBI NPHHAJN »4=0 W BOCNONb3OBAJHCh, C HAAJEXKALIER MO-
AMduKanHned, pesyanTaramu 3ajgaun 2.5. CaejgosatesbHo, Ha ejH-
HULY o6beMa

1 1 -2
ASZ=~7N+WJ.d3k(1—Yﬁ) , (4.68)

rae mATerpas Gepercd MO BCeM AONYCTHMBbIM 3HadenusMm k. B cay-
yae NpocTod KyOGuuecKol pellleTKW, BLINOJHHB HHTEIDHDOBAHHE, NO-
JYUUM, COrJiacHO AHJEepCOHY,

AS, = 0,078N. (4.69)

TemneparypHas 308UCUMOCTb HAMAZHUYEHHOCTU NOOpelueTKu.

IMonaras w,o=0 u 6eps kaxjoe 3naueHne k oQMH pas, MmoJyuyum H3
(4.65)

(8 (0) — (8, (7)) = Z (m ch 2= (my(1— ) ™" (470)

rae
1

exp | +—|—
kET
B coorBercTBylomell obGjgacTH TeMIlepaTyp BEJHUHHY oy, BBe-
Jlennyw cooTHowendeM (4.59), MOXXHO 3amucathb B BHJE

k Ok '

kmaxc

(m) = (4.71)

Oy =2 4.72)
eclp B3ATb HaAnekanluit uHTepBas 3Haueuunil k. 31ece Oy — xa-
paxTepHas TeMnepaTypa, G/JM3Kas MO TMOPALKY BEJHUHHBI K TeMre-
parype Heeas. [las mpocToil KyGHUeCKOH DeIETKH Ayanxe= *m/a
BAOJb JI06oro pebpa KyGa. YHoGHO nepeonpefesuTb Ryaxe aHAJNO-
THYHO TOMY, KaK 3TO AejaeTcsi A (POHOHHOTO CHEKTpa B TEOpHH

Jebas:

| 4
n =y 3 e (*-73)
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rAe 7n — 4¥cJ0 aTOMOB OJHOM NojpelleTKH, NPHXOJslleecss HA eJH-
HHLY o6bema.

Ina 3aBucsinedt OoT TeMnepaTyphl YAaCTH CIHHOBOH I[JIOTHOCTH
nozppewetkn (cM. (4.70)) monyuum BhIpaxceHite

kMaKC
3' k6, -1
i | el )1} =
0

zﬂ_( T )2fx_“_, (4.74)
0

2 5,2 B R
naky, .\ Oy et —1

CnpaBe/IMBOe AJs HHTepBajla teMnepatyp 1 <Oy. Hamarauuen-
HOCTb TIOJpelleTKH yMeHbLIAeTcs ¢ TeMIepaTypoll O 3aKoHY
(T/®y)?% 3Havenus uMCJAOBLIX KOHCTAHT A8 peurerox tdna NaCl n
CsCl npusenennt B paGore KyGo [15].

Tennoemxocrs. TensoeMKOCTb aHTH(EPPOMATHETHKA, ISl KOTO-
POTo CNpaBe//IMB JUCTIEPCHOHHbIM 3aKOH

0 = [(@, + 0,4 — 0ZVE]"

NpY HHU3KUX TeMIllepaTypax 3aBHCHT OT TeMIlepaTypbl B OCHOBHOM
NO 3KCMOHEHIHAJbHOMY 3aKOHY ¢ nokasatenem — 1/T po tex mop.
noka kg7 >wq, rae wo=[(20w.+w4)wal” Ilpu Gosee BeicOKHX (HO
He uyepecuyp BLICOKMX) TEMNepaTypax IUCIEePCHOHHBIH 3aKOH MpH-
meT BuA (4.72). KaxaoMy 3rauennio k orBeuaioT ABa aHTH(eppo-
MAarHdTHBIX MarHosa (BMmecto Tpex ¢oHoHOB). Ecam yMHOXHTDL
oObiuHbIA neGaeBckuil pe3yabTaT anas (OHOHHOH TeNJOEMKOCTH Ha
2/3, TO MBI NOJY4YHM BKJaJ MarfHOHOB B TEIJIOEMKOCTb (Ha eIHHMILY
o6bema), paBHbLIA
T

4m4 3 .
Cune = "5 20k (g —) (4.75)

DTOT pe3ynbTaT OTHOCHTCH K obGaactu Temnepatyp 1<K Oy, HO IpH
atom aas T>>wo/ks. He caenyer sabwuiBath, uTO BesquunHa Ou,
onpeaeseHHas cooTHowennem (4.72), He cOBmajaeT ¢ TeMmepary-
po#t Heens.

Jpyrue Bonpocs, cBa3aHHble ¢ heppOMAarHHTHHIMH MarHOHamH

Maxkpocxonuueckass Teopus MarHosos. Bo MHorux ciayuasx npwu
H3y4YeHHH HBJeHMH ¢eppOMarHUTHOTO pE30HAHCA U pejJaKcauuH
yaobuee M ¢usndeckn Gosnee onpaBRaHO paGoTaTh ¢ HaMmaruuuyeH-
HOCTBLIO KaK C BeKTOpHbIM noJjem M(X), oTBIexasick OT ee CBA3H
co cnuHaMu S; [paHuib IPUMEHUMOCTH MaKpOCKONHMYECKOH Teo-
pHu moas onpefensioTcsi ToM 0OsacTbio k-mpoctpaHcTBa, KoTopas
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Jlajieka OT KpaeB OpHJNIO3HOBCKOI 30HK. MBI MOXeM HCNOJIb30BATh
MaKPOCKONMHUUYECKYI0 TeopHio, Koria ka<l, rae a — napamerp pe-
weTkH. [TpeMMyuiecTBO MaKpPOCKONMMUYECKOH TeOpHH COCTOMT B TOM,
4YTO OHA He CBA3aHAa ABHO C MOJAEJbHBIMH TpeJcTaBJeHHSMH, KOTAA
KaX/Ibli 3JIEKTPOH CJEeLYeT CUMTATb <JIDHUBA3AHHLIM» K KAKOMY-TO
4romy. B MakpockomHuecKo#d TEODHH aHM3OTPOITHIO, MarHeToylnpy-
TYI0O H MarHeTOCTATHYECKYIO 3HEepPTIHH JIeTKO ONHChIBATh NMPH MOMOLLNA
theHOMEHONIOTHYECKIIX KOHCTAHT.

PaccMoTpHM BeKTOpHBIH ONepaTop CNHHOBOH MJOTHOCTH S(X),
onpejelseMblil COOTHOLIEHHEM

s) =5 ¥,0,0(x— X)), (4.76)
]

rae o; — Mmatpuna l[layaum ans j-ro asnexTpoHa, HaXOAALLEIOCA B
Touke X; Omnepatop s(x) onucbiBaeT NJOTHOCTb CIHHOBOTO MO-
MeHTa B TOUKE X, IOCKOJbKY

_[ ddxs(x)
Q

eCTb no/Hblfl cnua Bo6beme . HMenoabays coornowenns [o;,, 0, | =
= 2iojz(>ﬂ, paccMoOTPp¥M KOMMYTATOop

[s,(x), s, (x')] = —i,— 2 0, 0(X—x)0(x —x)=

Ji
=5 00 (X X) (X' — X)) = is, (X)8(x —X'). (4.77)

31ech MBl IPHMEHHIH TOXKAECTBO
d(x —x))0(x" —x;)=0(x —x,;)d(x —x").
Hamaruuuennocts M(X) BBefeM npH NOMOWM CJleAYIOIEr0 COOT-

HOLICHHA:
gl g

M (x) == gugs (X) =2uys (X), Hy= —5 - (4.78)
Torna
(M (x), M, (x')] = i2u,M, (x) 8 (x — X), (4.79)
oTKyAa, BBOAs M™(x)= M, (x) * iM, (x), noayuum
M (x), M~ (X)) =4u,M, (x)d(x —x'). (4.80)

Teneps Bupa3um M(X) uepes noaessie nepemerune a(X), a* (x)
Tana nepemennnix XoJacre#na m IlpumakoBa, npeanoaaras, 4TO
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OHU y,uosneTBOpSiIOT nepecTaHOBOUHLIM COOTHOHIEHHAM
[a(x), a* (x')] =0(x —X). (4.81)

Ecau, nanee, BBectd M =|M(X)|, T0 a1a M"(x), M~ (x), M,(x)
{1011y 4UM

M (x) = (M) {1 — b ot e} ax),  (482)
M (x)= (M) a* (0] 1 —Tar a) M (a83)
M, (X) =M — 2uya* (X)a (X). (4.84)

YuraTenb MOXET ¢aM Jerko yGeautbcs B TOM, 4TO AJf KOMIO-
HeHT M(X) yZOBIETBOPAIOTCH MEPecTAHOBOUHbIE COOTHOLIEHHSA
(4.79) unu (4.80). B MaxpOCKONHYECKOH TEODHH MBI MOXEM CHil-
TaTb BelUYHHY M =M, KOHCTaHTOf1.

[Tepexon or a*(x), a(X) K MarHOHHLIM MOJIeBbLIM I€PEMEHHbLIM
bk, b (OTHeceHHBIM K ejuHHIle 06beMa) ocyulecTsiseTcs 1o ¢op-
MyJaam

a(x)=§e—ik-wk, a* (x) = X expy, (4.85)
k
A
by == f d’xa(x)e™™, bt = f d’xat (x)e” ", (4.86)

[TepecTaHoBOYNLIE COOTHOWEHHS AAf bk, bk HMEIOT OGHIYHBIA
BUJ, T. €.

[bw, 6] = J‘ Bxd3x |a(x), at (X)]expli(k.x —k’.x')]=
=J.d3xexp[i(k—k’)-x]=6kk:. (4.87)

Jasi koMOoHeHT HaMaruvdenHocTH (4.82) —(4.84), sbpaxeHHBIX
uepes bx, bk, HMEEM

MY (x) = (4™ [2 exp|— ik - X] b, —

—to B expli(k—k' — &) - x] 6 b + ] (4.88)

kk'k”
M~ (x) = (4uoM)™ [ Y ot
k
— 9 2 exp[i (—k+ k' +Kk") - x| bubit:bitn 4+ ...}, (4.89)
kk'k”

M, (x) =M — 2, E exp [ (k —K") - x] o b (4-90)

6 4. Kurreas
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Huxe Opnlio NoOKa3aHo, 4TO B cayuae kyOGHYECKOro KpHCTaana
Makpockonuueckas ¢opma Aa8 NJIOTHOCTH OOMEHHOH 3HEepPruu
B KayeCTBe OCHOBHOrO 4J/E€HA COHACPXKHUT

oM, | oM,
0x, Oxy

56)06»4 =C

, (4.91)

rpe C — KOHCTaHTa; Takas 3anucCh MNoOJPa3yMmMeBaeT CYMMHPOBa-
HME 10 1IOBTOPSAIOLIMMCS IPEYECKHM HHAEKCaM, NPHHUMAIOUIUM
3HAYeHUs X, Yy, 2. Jlaa OWJAHHEHHBIX YJIEHOB HMEeM

oMt oM~ \ ’ ()
T W:zlp.oM%"(k k) expi (k' —K) - x] oubii;
' oM, oM,
Rk b 0. (4.92)

CaenoBarenbHO, NJAOTHOCTL OOMEHHOM 3Heprun (4.91) B nmepsom
nopsjake paBHa

H oo =2CueM 2 exp [1(' — 1) - x] (bubw -+ b 6i) (k - k). (4.93)
Caenyioune usnedsl 60J€e BLICOKOrQ NOPAAKA

0, =200 DB+ £ — 4k . k')A (— KK —K K" bif bbb
(4.94)

MMEIOT TOT K€ BMJ, YTO H B BupaxeHuu (4.29), nonyueHHoM mas
JIOKA/JIM30BAHHLIX CIIMHOB, T. €. JJas re#senbeproBCKo¥t Moae.u.

Ecaiu nose H nanpaBaeHo BaoJb OCH 2, TO AJ8 MJOTHOCTH
3€€MaHOBCKON 3HEPIuH NOAYUHM

FHz=— HoM:=2pothy 3, exp[i (' —K) - xlbiib,  (4.95)

rjle NOCTORAHHBIH ujeH, paBublil — HoM, onyuues.

[1n0THOCTD 3HEPrHH AHU3OTPONMH [N HAnpaBieHHl, OJM3KHX
K OCH JIEerKoro HaMarHuynBaHusa (NycTe 3Ta OCb CcOBNajaer C
OCBIO 2), CIIMCLIBAETCH BhIpaXKeHHEM

e (7%) (M5 M) = —é(%) (MM~ 4 M~ M*) =

=24y - Syexp [i (K —K) - x] (bt bubin).  (4.96)
§ kk'
Hmeercsi pag BaxKHbIX 3¢(eKTOB, BH3bIBaEMbIX pa3MarHHYHBAK)-

UMM [OEeM CHMHOBLIX BOJH. B nepBOM nopsigke TeOpui BO3Mylle-
HUH NPH Da3/IOKEHHH 110 MArHOHHLIM AMIJIKTY/aM CNHHOBasA BOJHA
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¢ kilz re co3naeT pa3mMarnUYMBaIOUIEro noasd, Ho BosHa ¢ k gpyroro
HanpasJaeHnua co3flaer none Hy Bynem HckaTh pewende ypaBHeHUs

divH=—4ndivM, rotH=0. (4.97)
Ecau M u H, B3ars B Buge
M=M,+AM,exp[— i (ot —Kk:x)], H, =HJ exp[—i(onf —k - x)}],

(4.98)
To ypaBHenue (4.97) ynoB.ieTBOpsieTCS NPH YyCJIOBUH
b HY=— 4nk - AM,, (4.99)
KOTOPOE 3KBUBAJEHTHO YC/IOBHIO
H, = — e 00 (4.100)

Jlas cucteMb MarHoOHOB

H, = — 2 (4u,M)" g (ke ™ by + kT e™ o) 7k, (4.101)

rae k* =k, * ik,. [110THOCTb 3HEPrUM PA3MATHHUYUBAHUA C MHO-
xHuTeseM '/, COOTBETCTBYET COGCTBEHHOH 3HEpruM

1
y100HO 3amucath &£, B H4CTHOM CJyuyae, KOrjpa k]|§:

I 4x = 2meM g (&= ™ b + ™65 ) (€™ b + €™ bi¥).  (4.103)

[NMpoudTterpupyeM nosyderHble BbIpa’KeHHs /5 MJAOTHOCTH 3HEpTHH
no eIMHUYHOMY O0OBLEMY M ONYyCTHM BK/I4j HYJEBHIX KOJeOauui. Bol-
nuiueM 4YJeHbl, GuUnnHefiHble Mo oneparopam b

Ho= [ d*x(Fiu~+ F1+ Hx+ Har)=
= Y} (Abil bw—+ BEb b2+ Bubiboids  (4.104)
[}

rae npu K|X
Ax == A_w = 2p0M; [2CR + (HIMs)+ (2K/] M3) + 2x],
By = B _y = 2nuaM;.
Juaronanndauus ¢opmol (4.104) cHoBa BLINOJHAETCA TOWYHO Tak

¥Ke, Xak 4 B 3agaye BoronwGosa (2.91). Ilocre HeGonbwoi Mo-
JUPUKALUK YKa3aHHOH INpoOIefypbl MO2HO BbIIHCATb YpaBHEHHE

} (4.105)

6'
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JIBHKEHHS B BHJE
iby = bk, Ho]= Axbx + 2Bubly, ]

. N 4.106
bty = [bfk, G%’o] = — Axbx — 2Bubx. ( )

Mumev pemeHde 3THX ypaBHeHuH, NpeanoJarasi, 4To 3aBHCH-

— gt
MOCTb OT BPEMEHH HMeeT BUi e ¥. COGCTBEHHHIE YaCTOTH Mbi
110/yYMM KaK KODHHM CEKY/DHOrO YyPaBHEHHs

W — Ak — 23k 0
2By o+ Akl
HJIH ,
o= (A2 —4BY)". (4.107)

Teneph PacCMOTPHM HECKOJbKO YaCTHHX caydaes. Ecam K
MmaJo, a aHusorponust orcytctByer (K=0), To

0o = gl g [Hy (Hy—+ 4aM)]%, (4.108)

YTQ MOJHOCTBIO COTJACYETCs C KJaCCHYECKMM Pe3y/bTaTOM.
Ecan uiens ¢ k%2 u H, npeoGaaznaiot, TO

o = gu g (H,— 2CM 42, (4.109)

YTO COBNAjaeT C MOJVYEHHBLIM BbILIE Pe3y/bTaTOM MHKPOCKOIH-
yeckoii teopuH (4.26).

3aMeruM, 4TO, corsaacho (4.26) u (4.31), 2/Sa? =2gup M ,C =
= 4u,M,C=D. B obuwem caydae, korja BekTop K pacmosoxen
nox yraoM B¢ k ocu 2, CekyJaspHOe YPaBHeHHE Hajo OpaTh
B ¢opme (4.107) u 11a Ax u By noayunm

Ay = 2uM, {2CR2 + (Hy/ M) + (2K | M3) 4 27 sin? 6},

. } (4.110)
By = 2mu M, sin? Oy,

31ech, Kak W Beille, Hy— BHelllHee CTAaTHYECKOE MAarHUTHOG
noae H, ¢ yueToM CTaTHUeCKOr¢ pa3MarHM4YMBAOLIEro NOJas 0G6-
pasua. Ecan o6paseu umeer dopmy coepw, To B xauecTe Ho cre-

4
JlyeT B3SIThb (Ha—Tn—Ms . Ecau xe 0x=0, T0

ox == g5 [2C M, 4 Ho+ (2KIM,)]. (4.111)
O6cyndenue soipascenusn (4.91) dan obmennoi snepeuu. Ham ne-

06X0AMMO 3HATb SIBHbIH BHA BhIPAXKEHHA 1N OOMEHHOR 3HEePTHH NpH
HEOJHOPOAHOM MAaKDPOCKONHYECKOM paclpejle/IeHHH HaNpaBleHHH
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JIOKaJbHOI HamarHuuenuoctH. M3 ofmux coolpaxeHHd SACHO, YTO
NS 3TOro  HeoGXoiMMa feTa/lbHas KOJMYeCTBEHHAs TeOpHA 06-
MEHHOI'0 B3aMMOJIEHiCTBHA B TBEPAOM TeJe, TOUHO TaK XKe, KaK Aad
nocTpoeHus O6INe# TEOpPHH YNPYrHx aedOpManui HeoOXOAWMO Je-
TaJbHOE pellleHHe [pobaeMbl 3Hepruu cuemiexus. Kasecrno, o1-
HAKO, YTO MHOTHe 3ajlayi TEODHH YNPYIHX CBOWUCTB MOXKHO TPakTO-
BaTh, N0.1b3y5Ch MAKPOCKONUYECKHMH YIIPYTHMH KOHCTAHTaMH, €CJi
XapaKTepHCTHUECKEs JJIMHA BOJHbI, CBA3aHHasg ¢ jedopmanues,
AOCTATOYHO BEJHKA IO CPAaBHEHHIO C MEXXATOMHBIMH DAaCCTOAHHUAMHU
W ec/IH OTHOCHTe/bHBle Aedopmanuu Mansl. [Togo6xo stomy, U Mar-
HHTHbIE JeOPMALMK MOXKHO TPAKTOBaTh NPH NOMOIIM MaKPOCKO-
NUYECKHX OGMEHHBIX KOHCTAHT, €C/H BBIMOJHAIOTCA Te Xe OrpaHu-
YHBRIOLIME YC/JOBHS, YTO M NPH HCNONbL3OBAHHM YIPYTHX KOHCTAHT.
Tor ¢axr, uTo B HEKOTOPHIX HePPOMATHHTHBIX MeETajaXx HOCHTENH
MArHUTHOTO MOMEHTA MOryT 006/1a/aTh MOABHXKHOCTLIO, OTpaHHUN-
BA€T BO3MOXHOCTH MaKPOCKOMHYECKOH TPAaKTOBKM He B O6oabiiei
CTENMEeHM, YEM BEICOKAs INORBHIKHOCTE 3JIEKTPOHOB NPOBOJAMMOCTH B
IeJOYHBIX HAM GNaropofHBIX MeTaiiaX OlPaHMYHBAeT NpHMEHH-
MOCTb K HHM MAKPOCKONHYECKOH TEOpHH yNpYroCTH.

BoipakeHne ans MakpOCKONMYECKOA H3OTPONHOH MJIOTHOCTH oG-
MeHHO} 3HEPrHH AOJIKHO GHITb HHBADHAHTHBLIM TI0 OTHOIIEHHIO K NO-
BOpOTaM CNHHOB. HeuHBapHaHTHble BKJAaAbl B 3TY 3SHEPTHIO jaeT
JHIIb MarHHTHas KpucraJjuorpacduuyeckas aHH30Tponusa. Mckomoe
BbipaxeHHe [OKHO .6BITb HHBADHAHTHHLIM IIPH H3MEHEHHH 3HAKOB
KOMIIOHEHT JedopMailny, OOYCJOBJEHHOH HaMarHHYMBAaHHEM; B
NPOTHBHOM CJydyae COCTOSIHHE OJHOPOJHOH HaMAaTrHHYEHHOCTH HE MO-
KeT GbITb OCHOBHBIM COCTOSIHHEM CHCTeMB. Mbl HilleM BhIpaXKeHHe
HaMHH3UIEro NMOP#JIKA, COCTAaBAEHHOE M3 NpOou3BoaHbx M, coBmecTH-
Moe ¢ cHMMerpuelt kpucraJgna. B cayuae u30oTponHo# cpeasl HMEKOT-
cst TPH BeTHYMHBI, KBaJpaTHUHble MO MPOH3BOAHbIM M U MHBa-
pHAHTHbIE TIPH NMOBOPOTAX CHCTEMbl KOOpAHHAT, a uMenHo (div M)?2,
(rot M)2 u |grad M |2 Ecnu nMHuM paBHOH HaMarHWYEHHOCTH Npej-
CTaBJSIIOT COOOH KOHLEHTpPHYECKHE OKpYXHocTH, To divM=0 =
torjga seaununHy (div M)2 . cneayer vckatountb. Ecan auHuM M Ha-
npasieHbr o paaunycam, 1o rot M=0 H HaAO HCKJIIOUHTL BEeNHYHHY
(rot M)2, Tornxa ocraeTcs BhIpaXKeHHE

{grad M P= (VM )2+ (VM2 4 (VM. (4.112)

yaOBJETBOpSIOLIee BceM TpeGoBanusaM. HMrtak, B u3oTpomHoit cpene
- oM, oM

Hoow="C 5! ax: (4.113)

Tie NOJPa3yMeBaeTCsi CyMMHDOBaHHE IO NOBTOPAIOWIHMCH HHJIEK-
cam. dopma (4.113) UHBADHAHTHA 10 OTHOWICHHIO K ONEpaluaM
CUMMETPUH KyOMYecko# TOueynoit rpynms. B obuiem cayuae
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KpHUCTaana HpOH3BOJIbHOl:l CUMMETDPHH HMEEM
oM, oM,

Wodx, dxy’

Hogn=C,

(4.114)

rae Cy, — TEH30p, HMEIOUMH CTPYKTYPY, COOTBETCTBYIOILYIO CHM-
MeTpun kpucraana. Ecam Mg M, — uxBapuaut, 10 u sra ¢opma,
OYEBHIHO, MHBAPHUAHTHZ MO OTHOIUEHHI0O K [OBOPOTAM IIOJHOTO
CNHHA CHCTEMBbL.

B cayuae autudeppomar#eTvkos Mbi J0JKHBI NPHHATbL BO BHH-
Mauue HaJlnuMe OTAEJNLHBIX NOJAPeIleTOK ¥ O0OGMEeHHOe B3aHMOeki-
CTBHE BHYTDH nojapemerok W mexjay uumu. Karawos u LlykepHuk
{17] o606muau sripaxcenne (4.114) ua cayyait autudeppomMarueT-
KOB 1 MOJYUHJH

. oM, oM.,
Hotu = Cliim ~= (4.115)

rae s, s’ — uujgekcht nojppeueTok. MOXHO CpaBHHTL MaKPOCKOIH-
YECKYIO MJIOTHOCTL OOMeHHOH 3Hepruu (4.114) c¢ nnoTeOCTbiO Yynpy-
rofi sHepruu

Oug Oug
up =— Cauﬁv "})XT"})X'T .

S, (4.116)

3Jech U — BEeKTOP CMeUIeHHA YaCTHULI, 4 Cqpupy, — KOMIOHEHTH TeH-
30pa yNPYTrHX NMOCTOSTHHbIX.

Bo3OyxaeHne ¢eppoMardHUTHIX MArHOHOB METOAOM NAapPanesb-
Hoit naxauxu. [Tycrs ueGonsioit cepuueckuit o6paseu u3s deppo-
MAriHTHOTO JH3JAEKTPHKA noMelleH B MarHutHoe none H=Hy+
+h sin 2!, npuuem u cratHueckoe FHy, u nepeMeHHoe A sin 2ot
noJaiA MapaJjiesbHbl OCH 2. BblyMciIMM 3Hepruio, KOTOPYIO MOXKET
norsIoTHTh o6pasen H3 nepeMenHoro mnojs hsin 2ef Gnarogaps Ha-
JIUYHIO KAKAX-TO COOGCTBEHHLIX MATHOHHBIX KOJMeOaHHM, H mOKamKeM,
YTO CyMMapHas nornaoiaemas MOLIHOCTL B HEKOTOPOM MpubJmHKe-
HHH HEcrpaHHYeHHO BO3pacTaeT, KOrpa A npubIHKaeTCd K KDHTH-
yeckoMy 3HayeHHio h.. [loguepkHeM, uTO MexAay 4acTOTOH w (HJH
2w) u Beauunnoi noast My HHKaKOH pe3oHaHCHON CBS3H HET.

PaccMOTpHM KakyIO-TO CTOAYYIO BOJIY C BOJHOBBIM BEKTOPOM kK,
HAIIPABJACHHBIM BJIOJb OCH X:

My ==m,sin kxsinwf, M, =m,sinkxcoswf. (4.117)

[Tpouecc cocToHT B norsouieHin oxHoro ¢GoToHa 4acToT 20 U
NOCJAEAYIOUIero HCIYCKAaHHA JABYX MAarHoHOB C BOJIHOBLIMH BEKTO-
pamu k 1 —k u ¢ zacTotoli @. DTH JABa MarHoHa C OJAMHAKOBbIMH
no a6COJNIOTHOI BeNHUNHE, HO TNPOTHBOMNOJOXKIO HANPABJEHHBIMH
BOJIHOBLIMH BeKTOpaMi M 00pa3yloT CTOAUYIO BOJHY.
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Temnepb BbIYHCAUM
divH=2lx . _ 4ndiv M = —4nmkcos kxsinot, (4.118)
H, = — 4nm, sin kx sinot, H,==0. (4.119)

3anuiieM 2z-KOMMOHeHTy ypaBHenusi Asuxenus M=yMXH B Buge
M, = v (M H, — M,H,) = 4nym,my sin? kx sin of cos of =
== 2mym,my sin? kx sin 20f.  (4.120).

Cpe/iHsisi MOWIHOCTh (3HEPrHs B €JMHHLY BPeMeHH), Moraollae-
mas ofipasnoM obnemom {2, paBHa

P = H - MQ = 2nyhm,m,Q sin? kx sin? 20f. (4.121)

YcpeaHenne no Bpemexn Beanunnsl sin? 2of naer !/, ycpeaense
no o6beMy BeauYHHB sin?ky ToXe paer !/;. OkonuartesbHO TIIO-
nyuHM

n
&P = 5vhm1m29. (4.122)
Y106HO BHIPA3UTb M1y, Yepe3 KBAHTOBbIe ulc/aa ny BO3OYXKaaeMblX
konebanuit, I1peneGperas Hy/NeBHIMH KOJieOAHHAMH, HMEEM

nghp = ((Ms — M) Q),, (4.123)

NOCKOJIbKY B MPHGJHXEHHH my=:fil, UDH BO30YXKAEHHHM KaXJIOTO
Mar{oHa MAarHMTHBI MOMEHT YMEHblIAeTCl Ha gug. YIJOBHIC:
cko6kn B (4.123) o3HaualoT ycpejHEHHe MO BPeMEHU U 10 o6beMy
TONbKO ANf BO3OyxaeHHoro cobcrBeHHOro koaebanus c k. Mrak,
NIOJIOXKHUB My =2 My = M, HAaNHLIeM

(M) = Q([M? — M2 — ME])") ~
2
omafl — MDY afi ™) (a1
s & 4M2

2Ms s
Orciona o
m2
Torga sMecto (4.122) noayuum
& = 2nyMs hgipnk. (4.126).
CoxpaHeHnHe 3HeprHH BOJIHBI ¢ K BbIpa)kaeTcs yC/IOBHeM
dE, 1 _
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rae Ey — TennoBoe cpeauee suepruu Ey Boaust ¢ k, a Ty — Bpems
penakcauuu 3To# BoaHbL. [losaras Ex=nygwx ¥ Hcnoansys (4.126),
NOJAy4YUM

dan, @y —
O — =— T (n, — n)—+ 2yM hgun, . (4.128)
B crauvonapuom cocrosiuuu dny/dt=0, u Toraa
e 4.129
e = T —2nyMhguyTjo, ° (4.129)
-OT0 BbipaXKeHHe UMeeT OCOGEHHOCTD NpH
B )
h, = Mg T (4.130)

Takum obpasom, onpegenenue A, 5KBUBaTeHTHO uamepenuio Ty. Mol
npejpnonaraJy, YTo HaHHH3LIEE NMOPOroBOe 3HaueHHE k. JOCTHraeTcs
TOrfa, Korja ClHHOBas BOJHA 0O6pasyer ¢ ocbio 2 yroa O =:m/2.

Temneparypuas 3aBucumocts sdexTuBHOro o6mena. dta npo6-
JieMa CBOAMTCA K OUEHKEe [AHArCHAJAbHBIX UJIEHOB UYETBEPTOro NO-
panxa no onepatopaM by B 0GMeHHOM raMuibTORHane. OHAa oueHb
6/M3ka X pacCMOTPEHHO# B I, 2 3ajlaue O YKHJIKOM TeJHH, € TeM
JUUL OTJIHYHEM, YTO TaM HEBO3MYILIEHHAs CHCTEMAa HaXOAWJ4ach B
OCHOBHOM CcOCTOAHHH. M3 (4.29) umeem

e J
= D070 bbA (K + K — K, — k) [2v, + 2v, — 4v,_y]-
1234
(4.131)

HeanaronanbHble ufeHsl  0GYCNOBJHBAIOTCS MArHOH-MAarHOHHbBIM
paccesiiueM; nuarouasbible YneHbl 06GeCNEYHBAIOT NEePeHOPMHDPOBKY
3Hepruu. JlnarouanbHble YneHB COjepXKaT TOJIbKO jaBa k, KOTOpLle
Mbl o6o3Haunm uepes k, U Kp.

B (4.131) nMeercs jBa THna AHArOHANbHLIX YJIEHOB:

k =k, =Kk, k2=k4=kb, Z(4ya—4vo)nanb,
k,=k, =k, k,=k,=Kk,, > (2Va + 2y, — 4V._b) n M,

Takum ofpa3oMm, xuaroHajibHas yacts (4.131) uMmeer Bux

Y 1
E\= “,/Vz— 2‘(\’. + V= Yo Vacp) %t =% 2& g (4132)
ab k

rae

El =My [ 21jvz ] 2 (Ve + Yo — Yo— Yiop) % (4.133)

b
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3ech co6paHbl BCe uJEHBl, B KOTOPBIX BCTpEYaercs nk. Caenora-
Te/IbHO, JHEPTHS MaTHOHHOM BoAHbL ¢ k paBHa

’ 2J
& =1, [mk + 223 (9, 4 Y — Yo — Viws) nb] . (4.134)

31ech oy — IHEeprasi BOJHH ¢ K, Korga Bce OCTa/lbHBIC MarHOhbI
HaxoAfATCsl B CBOEM OCHOBHOM COCTOAHHH. '

C TOYHOCTbIO /0 YJEHOB MOPsAKA k* NJIsl PelleTkH, IMeioweH
IeHTp CHMMETpHH Ha K2XKAOM CIIHHE, H HCNIOJb3ys ONPEAETeHHE
BEJIMYHH Y ' '

1
V4 Yo — Yo — Yacs = — 35 Rak3 (4.135)

TOJNYYHM

& = K [mk — 1{;\1 £ 2 k%nb] . (4.136)
b

BumHo, 4TO 3HEprusi yMEHbINAeTCs Ha BeJIHYHHY, IPONOPUHOHAbL-
2 2 .

Hylo k° H >\ kins, xoTOpAs (B HM3IIEM NOPsijike MO k) paBHa 1noa-

HOJl 3HEPrUy CIHHOBOH BONHBL J1€ACTBHTENBHO,

U
¥ £ oy ~ - (4.137)

rge Ur — Tensiopasi sHeprus Marnona (4.33), a D — roHcraHTa B
1

BBIpAXEHHH mk=DK2=§S.Izé2k2=2S.Ia2. Torpa, ecaun o6o3Ha-

4uTh €, = n,03%%, TO TNEPeHOpMMpOBAHHAs SHEPrHs NaeTcs Bbipa-

KEHHEM

S
wpe = (28702 — 5T |2 (4.138)

B uyacTHOM caydae NPOCTOH KyOH4YeCKOH DelIeTKH AJS BCeX k no-
NYyUHM 1
\
mi‘i’"" =0, [1 — 19JNS? 2‘ nk,mk,:l . (4139)
. -

Ucnonesays (4.138), nonyuum past D(T)

D (1)~ Dy 1 —@%-) #=D,1 ——2%73) (4.140)

rae Uy=JNz§.
[l 1pocToit, 06 beMHOLEHTPHPOBAHHOA U TPaHelNleHTPUPOBAHHOM
KyOHueCKHX PeIleTOK Mbl DoJarafu 20?=6a% Pesyabrat (4.140)




90 TJTABA YETBEPTAS

nokaswiBaer, 410 D(T) cnyxut mepoll suepruu marona Up, Ho He
MOMeHTa Hachlllenus. [lonyuenHblfi  pesyabraT npuMmeHum &
B3aWMOJCHCTBUAM MeXAY OAHXKAKUIMMH COCeNsiMU BHYTpHY OJHOH
peuIeTKH.

3amMeTuM, uTO Mbl He 3aTParMBajiM BOMPOCA O AHATOHAMU3ALHH
4J1€HOB BHAA Gyaja,a_, U alata,a,, KOTOpble PacCMaTPUBANUCh B
aHAJIOTHYHOH npo6Jeme AN XKUAKOrO renus. B npoGneme xuakoro
rejqus Mbl MoOrau cumrarb No+2 npakruuecku pasubiM Ny, rae
Ny — BennuMHa NMOpfKa NOMHOrO YMCJa YaCTHIL B cucTeMe. B pac-

CMATPHBAEMO# ceHyac 3ajaye YUCAO MArHOHOB NPH OJHOPOLHBIX
kT
KOoNe6aHHAX HE OUYEHb BEJHKO: (NONT?;“) H HE OYEBHJHO, YTO

MOXHO npeHeCpeub W3MEHEHHEM 3TOH BEJHUMHB HA jBe eIHHUILL.
Bonee rtoro, Bennunna N, xpaitne mana no CPaBHEHHIO C OOJIHBIM
YHC/IOM CNHHOB B CHCTEME, M BJIHMAHMEM Ha JQMCIIEPCHOHHBIH 3aKOW
BesuHHbl Ny camoil no cebe MOXHO npeneGpeun. OxHAKO Apyrue
YNeHDBI, TaKHe, KAK @..a.a,a,, A0/XKHbH PacCMaTPHUBATLCA HA pasb-

HOM OCHOBaHHH C YX€ YUTCHHBIMH, ¥ Mbl OTAaeM ce6e OTYET B TOM,
YTO HAauyHHaThb GECNOKOHTbCH O MPAaBOMEPHOCTH pe3y.abTara (4.134)
CNEAYET TOTAA, KOT/la YHC]AO MATHOHOB YXe Henb3st GyJeT CYUHTATh
NPeHeOPEXHMO MaJbiM N0 CPaBHEHHIO C MOJHBIM YMCJAOM YaCTHIL.

Marnerocratuyeckne co6crBeHHbie KoaeGanus. M3 yPaBHEHHS
JABHXKeHHUA anis M

M=yMXH

HEMOCPeCTBEHHO C/IELYeT, YTO KOTAA CTATHUECKOe MATHHTHOE MoJie
HanpasJieHO BAOJb OCH Z, TO BLICOKOYACTOTHAsA NPOHHLAEMOCTb (ep-
pOMarHeTHka B OTCYTCTBHe OGMeHa ONHCHIBAETCA COOTHOLICHHSMH

B.x:MHx—FEHy, ByZ_EHx—*—p-Hy, (4-141)

rae p 4 § onpexensiorca yepes Hy, w u M,. Ecoiu H B3sTh B BHJE
V¢. 10 ypasuenue div B=0 pns o6aactu suyrpm oGpasua npuMmer
BUJL

2 2
u(ﬂ +ﬂ)+%§=o, (4.142)

TOTAa Kak BHe obpasua Gynem uMers V?p=0. 'panuunse yciaosus
CBOASTCH K TOMY, UTO TaHreHuHanbHas cocrasiasiowas H u nop-
Ma/ibHasi cocTaBisiomlas B noskeBL CcoxpaHfite HenpepniBHOCTL
Ha NMoBepXHOCcTH oOpa3na.

Pewenne ypasnenus (4.142) ans pasnauussix pacnonoxeuui
nosed u pasnnunbix ¢opM o6pasnos paccmarpubaercs B paborax
[18--20].
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3AL0AUHU

4.1. JlokasaTb, uro [8% H]|=0 n |82, H1=0, ecin H umeer Bua (4.1).
4.2, Tloawayack (4.3)—(4.5), noxa3aTb, uToO

1S, Sy] =iS§,. (4.143)
4.3. Tloka3alb, 4TO AN NONHOFO CNHHA & CNpABEANHBU
82 ~ (NS)?4- NS —2NS ) bby, (4.144)
K+£0

uMes B BHAY, UTO
87 = (@SN)" b7
]

O6cynwTb TOT haKT, uTO BO3GYH/IeHIEe MarHOHOB C k=0, ne uameHseT BEJH-
unnb 82,

4.4. BuiBecTH BbipaXkeHHe AJA CKODOCTH BTOPOro 3BYKa B MarHOHHOM rase,
nonaras o= Dk? rae D — koucranra.

4.5. CKOHCTPYMpOBaTh CHHHOBYI0 ¢YHKIHIO, MO3BOJAIOLIYI0 ONUCHLIBaTL CHC-
TeMy CIMHOB B ()ePPOMATHETHKE C OJHMM BO3GYMAEHHLIM MATHOHOM.

4.6. Ucnonbs3ys raMuabTOHHAH

H=—17Y5/5;+5— 2o ) Sja (4.145)
io i

HARTR KBaHTOBHIC YPaBHEHWA NBHXeHWs Aas §;, NOMHA, uTo iS;=[S;, H] n uto
§;X8;=iS;. HanucaTe ypaBHenHe B UACTHBIX Da3HOCTAX LA S'; H S}'. Untep-

NpeTHpYs CHMHOBHE ONEPATOPH KaK KAACCHYECKHE BEKTODh, PEmMTh 3apauy
0 COBCTBEHHBIX YaCTOTAX CMMHOBHIX BOJNH B NpENeNbHOM CAyuyae MajbiX aMIVIMTYR
(S*/S <€ 1). TloxasaTe, ut0 ANA ASuHHBIX BOAH (ka <£1) xnaccuueckoe ypasHe-
HME B YAaCTHEIX Pa3HOCTSIX CBOMMTCA K YPaBHEHHIO B UaCTHHIX POM3IBOAREIX, KOTO-
poe AJs NMPOCTOR KYOHUECKOH PELIETKH HMEET BH]

§ = 2JaS X V25 4 2u,S X H (4.146)

(cM. no sTomy Bonpocy npuaoxenne XV B Kuure [21p.
4.7. Tloka3aTb, YTO AJI8 aHTH{(ePPOMArHHTHbIX MATHOHOB

32=Ns!

1
lT_F‘;—H; I(rzg—{—ng—{—l)—{—qneuu nopsaxka na.  (4.147)

48. Hcnonways (4.64), noka3aTh, 4TO AR OQHOMEPHOH peLIETKH (nuHeHHOA
uenoukn) P=0,726. 3ameTnm, uTo

1, : ),
%=1 (e'*% 4 o= *4) — cos ka, a 1 — Vi = sin®ka; ans P ¥MeeM BbipaMeHHe
n/2a

4
b:%—}](l—lslnkal):—:—.[ dk (1 — sin ka). (4.148)
Rk 0

49. U3 paccMorpenus ES‘J’-I—}-EJ"SIDIz noka3aTb, uTo BO30yMKAenue anTh-
i N

(eppOMarHATHEIX M3rHOHOB CONPOBOXAETCS M3MEHEHWEM 2-KOMNOHEHTH NOJHOTre
CHMHA Ha *].
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4.10. Bo3pbMeM CaMHALTOHHAH MAarHOH-QOHOHHOrO B3aWMOJEHCTBIHS B BHUAE
N] + +
H =Y {oFaja, + ofb} b, +c, (et + ai b)) (4.149)
k

rae ¢ — xosddrunenty cas3M, a a*, a; b*, b — onepaTopsl POXKIEHHS H yHHUTO-
MEHHA COOTBETCTBEHHO MarHoHoB M ¢oHoHoB. Iloka3artn, uto ¢opmysanl npeobpa-
30BaHHA

ap=Apcos 0,4+ BpsinB; b,= B, cos0,— Apsin,, (4.150)

rae B—Bemec‘raeﬂﬂaﬂ BE€JNUYHHA, HAHUArOHaJHU3YIOT IaMUJIbTOHUAH, eCid

QCk

to 28, = . 4.151
g 20, of—on ( )

Iloka3arb, uTo AHMCIIEDCHOHHBIE COOTHOWIEHHS B 3TOM CJ/yyae HUMEIOT BUT

Q4 =0p—C Opg=ay+¢, at=A"4BY, pt=B+_ 4"

Jintepatypa

.Holstein T, Primakoff H, Phys. Rev. 58, 1098 (1940). '

.HQancon &, B c6. «[IpobreMb coBpemenHoit pusuku», Ne 2, ¥HJI, 1958.

. Keffer F,Loudon R, J. Appl. Phys. suppl. 32, 2 (1961).

Yurttexep E, Bartcon [, Kypc cospemensoro anaausza, dusmarrns,

1963.

. Jaficor &, B cb6. «[Ipobremsl cospemennoli ¢usuxu», Ne 2, WUJI, 1958.

. Bloch M, Phys. Rev. Letts 9, 286 (1962).

Xeppuur K, Kutrens U, B c6. «[IpoGremb coBpeMenHO#t (usrKu»,

Ne 5, UJI, 1952.

. Keffer F. B kudre «Handbuch der Physik» Bd XVIII/2, 1966, 1—273.

.Axunesep A U, Bapovasxtap B. I, Karanos M. U, YOH 71, 533;
72, 3 (1960).

.Van Kranendonk J, Van Vleck J. H, Rev. Mod. Phys. 30, |
(1958).

. Kittel C, B c¢6. «Low Temperature Physics», ed. by C. DeWitt a. o,
N. Y. 1962. C

.Nagamiya T, Yosida K, Kubo R, Adv. Phys. 4, 97 (1955).

.3autMan JIx., B c6. «AnTudeppomarderusm», MJI, 1957.

.AnnpepconIl, B c6. «Anrndeppomaruernam», UJI, 1957.

. Kubo R, Phys. Rev. 87, 568 (1952).

.Haxamypa T, B c6. «AnTndeppomarnerusm», UJI, 1957,

. Karanos M. U, Uykepunuk B. M, )KITP 34, 1610 (1958).

. Walker L. R, Phys. Rev. 105, 390 (1957).

. Fletcher P, Kittel C, Phys, Rev. 120, 2004 (1960).

. Damon R, Eshbach J, Phys. Chem. Solids 19, 308 (1961).

- Kuatreans Y, Beerenwe B Gu3uky Teepioro Ttena, Pusmarrus, 1963.

.Brockhouse B. N, Watanabe IAEE Symposium, Chalk River,

1962.

O ~Foon AN —

— s
—_ O

DO N DD bt s et st s s e
N=O@WooNOH UL W



rJ1ABA ¢

®depMuUOHHBIE NOJSA U NPHOJIHKEHHE
Xaprpu — Poka

OcuoBHoe pa3nuune Mexi1y aHcamGiem ¢(epMH-YacTHU M aH-
camOiiem 603e-4acTHL COCTOUT B TOM, YTO, COMVIACHO TpeOGOBAHMAM
npunuuna Ilayaw, cobereennble GyHKuuM, onmuchiBaiiue ¢epMuo-
HEl, JOJMMHB OblTh 2AHTHCHMMETDHYHBIMH TpPH o6MeHe MecCTaMu
JIOObIX ABYX uacTHl. AHTHCHMMMeTpH30BaHHble coGCTBeHHble (YHK-
LMK CACTEMBl HE3aBUCHMBIX QEepMHOHOB MOryr ObiTh 3aNnucaHbl NpH
NOMOILH OJHO3JIEKTPOHHBIX BOJHOBBIX QYHKIHH B BUAE NeTCPMHHAH-
Tos CnaTepa BechMa y100HO, Tak KaK 3anuch BOMHOBBbIX (hyHKUHHA
CHCTeMbl NpocTa M HarasgHa. OQHaKO YTOMHTEILHO BHLIHCHIBATh
WHJAEKCbl, pa3nuyaioliue OT/]e/bHble Hepa3JHYuMble 3JEKTPOHBI H
COOTBETCTBYIOIIME onepaTtops! nepecraHoBkd. CylllecTByer Gonee
H3slHOe, THOKOE M JIAKOHHYHOE OMHMCaHMe, HCIOJAb3YIIlee MeToj
BTOPUYHOr0 KBAHTOBAHUS (EPMHOHHHIX NOJeH. DTOT MEeTO] B IpH-
MEHEHUH K (QEePMHOHHBIM MOJIAM O4YeHb OJH30K K TOMY, KOTOpBIH
nipuMensieTca aas 6o3e-nonefi. Teopus BTOPHUHOrO KBAaHTOBAHMS,
TaK e Kak M JeTePMHHAHTHOe ONHucaHHe, OOLIYHO MpUMEHAeTCs K
ancaM0O.aaM OoJsee UM MEHee He3aBHCHMBIX 4YacTul, c1aGo B3auMo-
JEeUCTBYIOIIUX MeXAY coOoi.

ITpeanomoxum, 4To HaM U3BECTHA CUCTEMA OPTOHOPMHPOBAHHBIX
pellleHHHA OJHOYACTHYHOIO BOJHOBOr0 ypaBHeHUS. DTO ypaBHEHHE
Moxer OblTb ypasHenweM Tuna Xaptpu uau Xaptpu — Poka, rie
B3aUMMOJCHCTBHE MeXJy HaCTHUAMH YYTEHO CaMOCOrJI4COBAHHBIM
00pa3oM (B cpenHeM), HIu e YpaBHeHHeM JJf CBOGOAHBIX ya-
crull. O003HaYMM uepe3d ¢;(X) peleHHe OJHOYACTHYHOIO BOJNHOBOrQ

YpaBHeHHs
Ho; (x) =¢;9,(x). 5.1

3ameTHUM, UYTO KOOpJWHATE X 3/eKTPOHA HE JaHO Kakoro-1u6o HH-
JleKca v, yKa3blBaolllero ero Homep; Mbl He nuuieM X,. Co6cTeeHHbIe
GYHKIMH UMEIOT HHACKC j, KOTOPhIMl OTPAXAECT H CIIMHOBOE COCTOS-
Hue, T. €. coaepxuT B cebe ewe uniekc 41 waum |, o6osHauaeMplit
HHOr/la uepe3 a HUIH f.
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Hanee BBeJleM noaessie oneparopot

W (x) = >_JC @, (x); ‘F*(X)=2;c}(p',(X). (5.2)

rjae c;— oneparop, cBoHcTBa KoToporo OyayT onucaubl Huxe. Cob-
crBeHHas ¢yHKuMA @;(X) ocTaercsa ¢yHKUHEH, a He ONepaTopoM,
T. €. ABJASETCSl C-YHCJOM — 06bluHOH (DYHKIHEH OT KOOpAMHATH X.
IToneBnie oneparopul W (x) u GepMHUOHHBIE ONePaTOPHl ¢; AEHCTBYIOT
Ha 8eKTOp COCTOAHUA, KOTODbIA Mbl 0603HauuM yepe3 . Bekrop O
ABNAETCH BEKTOPOM B IIPOCTPAHCTBE HYHCEN 3alONIHEHHA OJHOIJIEK-
TPOHHKBIX cocTosHMH. TakuM obpasom,

D, =[000...0...)=|Bak) (5.3)

— BAKYYMHOE COCTOSIHHE, B KOTOpOM BCe uHcaa 3allOJIHeHHH n;j
OJLHO3JIEKTPOHHBLIX COCTOSIHHA paBHBI HYJIO, T. €. B CHCTEMe HEeT HH
0AHO# uactuubl. B npubaumeHHn HE3aBHCHMBIX YACTHI{ HEBO3MY-
LIeHHOe OCHOBHOE cocTosiHue cucreMbl N ¢epmuonoB Gynem obo-
3naqath yepe3 @, T. €.

:lll 1213"‘1N0N+10N+2"‘0"'>! (5-4)

rje COCTOSHUSI HYMEPYIOTCS B NOPsiJKe BO3pPacTaHWs 3Hepruu. 3a-
MeTuM (cM. 3ajauy 5.4), uto W*(x) — oneparop, KoTopuii nobab-
ngeT YacTHIY B CHCTEMY IIPH 3HAYEHWH KOODIMHATHl, DABHOM X.

Npunnun Tlayan BoimoausieTcsi, ecllu (EPMAOHHBIE ONEPATODH
€, ¢t yJAOBJETBOPRIOT NEPecTAHOBOYHLIM COOTHOLICHUSM

[P . 4 —
Cl(,‘;l i C’;(,‘l - 6[/71’ Cl m + cmcl ’ + C+C 0. (55)

3TH NepecTaHOBOYHbLIE COOTHOWEHHA MOXHO COKpAalleHHO 3anucars
B BHJE

{C C',t;} 6lm’ {cl’ Cm} '-__:O‘ {clf’ C;-x} =0' (56)

rne ¢urypusie ckoOxu {. , .} -~— clIMBOI aHTHKOMMYTATODa; A5 KOM:=
MYTATOPOB Mbl NQ-npexHeMmy OyjeM INPHMEHATb MNpsIMbie CKOOKH
[., .]. B nutepatype npumensiercst 11 gpyroe o603HAaYEeHHE AHTHKOM-
MyTaTopa, a UMeHHo [. , J,. .

ITepecranopounble cooTHoweHlis (5.5) yJOBAETBOPSIIOTCH TOJbKO
olepaTopaMH ¢ B MATPHYHOM NpPEACTABJIEHMH; 3T0 2X2-mMaTpuub
Hopaana — Buruepa. B cnyuae cucrembl, obaapamouwe#i ogudaM-
CHMHCTBEHHBIM COCTOSIHHEM, ONEPATOPH € KW ¢ MOXHO NMpPeNCTaBUTb
caerywliuM 06pa3oM:

01 0 0
ot == (0 0>—2(0x+wy) Cz(l 0>=—2-(o,——lo,,), 5.7)
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rae o,, 0, — Matpunsl [layan. CaenoBarenbHo,

et =g o)(i o) 41 o)lo o)=(o 1) &2

AHanorvuHo 21 OCTa/JbHBIX [1epeCTaHOBOYHBIX COOTHOILEHHH

nMeeM:
0 0y/0 0y (0 O
“+“=2(1 o><1 o/=<o o)'

.. o 0 1y/O0 1 00
ctet4cte =2(0 0)<0 0)2(0 0). (5.9)

Martprub 2X2 cienyer NMoHMMAaTh Kak OnepaTopbl, JefcTBYIOIHE
Ha JIBYXKOMIIOHEHTHHE BeKTOP COCTOAHHA B NPOCTDAHCTBE YHCE/
3aloJIHEHHSA, 2 HMEHHO

|1)=((1)), |0)=((1)>. (5.10)

CooTBeTCTBEHHO BO3MOXKHbIE 4HcJa 3aMOoJHEHHS COCTOSHMH /4
t¢epmuonoB — 310 | n 0. [efictBue oneparopa c*c Ha ¢GyHKUHH cO-
crosinusi (5.10) onuchiBaeTes TOrjla Clae/ylOIUM 06pa3oM:

c+c|1)=<(1) 8)((1)-)=1<(1))=1|1), (5.11)

cevr=(} () =0(D)=0i0r @

CiepoBaTeabHO,

n=cte (5.13)
— onepaTop YHMCAa YacTHL, COOCTBEHHBIE 3HAYEHHs1 KOTOPOro PaBHb
1 1 0 ans cob6cTBeHHbIX BOJMHOBLIX OyHkumit {1) u [0) coorser-

CTBEHHO.
BujHo, 4TO ¢* — OnepaTop pOXKAEHUS YACTHLEl

=2 NO)=(D=r @

a ¢— ONneparop YHHUTOXKEHUS

an=(" )()=")=10n =0 o
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Hu onno cocrosiune ne moxet ObiTh 3aHATO foJiee yeM ONHKHM ep-

MHOHOM, T. €.

Iloctponm cocrosinne @, B KOTOpOM OJHOUACTHYHOE COCTOsiHMe C K
34aHATO OJHON yacTHUEH

Q=cD,, =c[00...0,...)=]00... 1, ...). (5.17)

AHaNOrHYHRIM NYTEM MOXHO 3alUCATh OCHOBHOE COCTOSIHHE HEBO3“
MyllenHoro depMmu-rasa:
D = YO =crer ...ct ...cr D . (5.18)
0 k] < kp k Bak 12 k kg Bax

Ecau B HanmHuuy umeercs 6onee ueM OjlHA HacTUlla, TO AeHCTBHE
onepatopa c¢%€; HMYEro He M3MEHUT, TOTAA Kak B peaynbrare

NPUMEHEHHs OMepaTOPoB €] M C; (QYHKUHS MOMKET H3MEHHTh 3HAK

B COOTBETCTBHEM C YHCJOM M [0CJ€10BaTeJbHOCTbIO DPAaCIONOKEHUA
APYrHX 3aHATHIX cocTosiHuii. Jlyulne Bcero 3To MOXKHO pa3abparth
Ha NIpOCTOM NpHMepe. PacCMOTPHM COCTOSIHHE

D= CfLC{(DBaK {5.19)
¥ NOJAEACTBYEM Ha HEro ONEePaTOPOM Cp
(,‘2(1) = ("2("1*_("21‘(D Bak C;’ 020’;0‘)5“ =—q (1 —C;L‘Z) (I)BEK=_CI+(DBBK
(5.20)

Pesyabrat pgeficteus Ha (5.19) oneparopa ¢y 3anucbiBaercs B BHJIE

CI(D = clcrc;(paak = (1 - Crcl) ("2+(Daak = c;(DnaK' (521)

Paznuune 3uaxos (5.20) u (5.21) siBasieTcss c/@NCTBHEM TOrO,
YTO ONnepaTopw € H ¢, auTHKOMMYyTupylor. MoxHo chopmynupo-

BATh CJAEIYIOLIEE NMpPABUIO: Mbl OOANCHbL CTABUTbL 3HAK MUHYC 8 Tex
cayuasx, Koz0a 3aHATOE COCTOAHUE | PACHOAONEHO CAesa OT CO-
cTOAHUA |, Ha KOTOpoe OelicT8YeT oneparop ¢t wan c;. Cnosa

«Cl1eBa OT» [0/ pa3yMeBaiOT, UYTO B IOCJAEJA0BATENBHOCTH ONEPATO-
POB ¢ B 3anuch BbipaxkeHus ;s @ ycTaHOBJEH KAKOi-TO MOPSLOK
pacnosoxXeHHsT OAHOYACTHUHBLIX COCTOSIHHH, T. €.

D=cfej ...c3 ... cfP, (5.22)

K
HiMes neno ¢ npon3BefleHHSIMH ONEPATOPOB POMIECHUS H YHHUTOXKE-
HUs, YIOGHO 3aNHCHLIBATE MX B BHIE HOPMAAbHO20 Npou3sedexus,
B KOTODOM BCe ONEpPaTOPhl POXKJEHHUS PACIONOXKEHLl CeBa OT
0NepaTopoOB YHHUTOXEHHS (ec/H TakoBble umelorcsi). Ecau B Hop-
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MaJibHOM NPOH3BeJeHHH KMeeTCs OJMH HJM HecKOJbKO ONepaTopoB
YHHUTOXEHHUS, TO CPa3y MOMHO CKa3aTh, YTO pe3yJibTaT AeHCTBUSA
TaKOro NpoM3Be/IeHHs] ONEepPaTOPOB HAa BaKyYMHYI) BOJHOBYIO (yHK-
IHMIO TOXJECCTBEHHO paBeH HYJI0. B ofuieM ciyyae MOXHO Hanucarb

il oo.ny..)=n’) SRUREDE (5.23)
cf]n,)::(l—n,)@’]lj), (524)

rae’
8/ = (—1)%1. (5.25)

3mech pj— YHCI0 3aHSATHIX COCTOSIHMH C/leBa OT j B BbIPaMeHHU A5
BeKTopa cocroanua O. Muoxurenb 67 MOxHO Gbl10 Gbl H He MuCaTh,
ecaH Obl MBI IO-ADYTOMY ONpefeJHJH MAaTpPUIbl, ONUCHIBAIOUINE Ofe-
paTophl ¢} H ¢;, a UMEHHO

01
cr=T, ... Tj_,(o 0), (5.26)
0 0 ' ]
Cj: Tl P e Tj—l 1 0 3 (b.27)
rpe
r (—1 0)' 8
= 0 1 =-—0,. (52)

Msbr nnuem mHoxutesns T B (5.26) u (5.27) pas kaxkiaoro co-
CTOSIHHSA, PACIOJOMEHHOIO CleBa OT j, He3aBHCHMMO OT TOro, 3a-
HSITO OHO HJH HeT.

3ameTuM, UTO

{¥(x), ¥(x)} =06(x—X), (5.29)

ITOCKOJIbKY
(¥ 0, ¥ (V= B e e)o, 09 ()=, (ej (), (5:30)
a no onpejeieHunIo

S0, (09, x)=b(x—x). (5.31)

7

Beesxem eme oneparop MJOTHOCTH YaCTHIL
p(x)== f ExY (xVo(x —x)W(X)=¥" (x) ¥ (x) =

\ . :
= ctc i (x)9,(x). (5.32)
bj

7 Y. Kurreas
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D70 BhIpaxeHHe H3BECTHO TAKXKE KaK OJHOYACTHUHBIA CTATHCTHUe-
CKuit omepaTop (MaTpuua MJIOTHOCTH). 3aMETUM, UTO EC/AM BOJHO-
Bass GyHxuus |) apaAseTCA coOCTBEHHOH (byﬂxuneu oneparopa uuchaa

YacTHL N, TO

(lp(x) ) =X n,9;(x) 9, (x) = X n,p, (x), (5.33)

rre p, (X)=14; (X) g, (x).

B NnpeacTaB/JeHHH BTOPHWYHOIO KBAHTOBAHHUS TraMuUJbTOHHAH 3a-
Jauy IoJAY4arT, BOCIONB30BABILHCH ob1u1eit Teopemoﬁ, CornacHo Ko-
TOpOﬁ KBAHTOBbI€ OlepaTopbl MOXKHO 3aMUCaTb MO MDpUHIHOY COOT-
BETCTBUA CpPA3y BMECTO KJAACCHYECKUX BeJIUYHH. Hanpumep, A7 KH-
- HeTHYeCKO# 3HEPruH UMEEM

He= f T (%) LW (x) = J d!!x;c;‘c,(p'j(x)%;— o,(x).  (5.39)

rie p—onepatop umnyJasca. [ns cBoOOAHBIX 4acTul, KOMAA

p=—igrad, nmeem
K
H=Y(z5)ese, 639
i

rae MHOXHTENh C;CI 4aBTOMATHYECKH 3allliCaH B HOpDMAaJLHOM BI{1e,

NOCKONBKY SHEPTHIO 3aHATHIX COCTOSHHH Oepyt B TOM IpeicrasJe-
HUM, B KOTOPOM OMEpaTop €} ¢, AHarOHaJeH.

Metoa ypaBHeHu# ABHXKEHHSA ANSA NOJEH YaCTHL.
Ypasrnenue Xaprpu — Poka

PaccMOTpUM CHCTEMY 3J€KTPOHOB, OMUCHIBAEMYIO MOJIEBLIM Olle-
paTtopom

Y (x) == cl(pj( ) (5.36)

rae ¢; — gepMHOHHbBIe OMepaTopbl, a @;(X) — OXHOYACTHYHBIE COH-
crBedHble GyHKUMH. 3axaya COCTOMT B TOM, 4ToOn HalTu npubau-
MKeHHble pelledHs ypaBueHus asuxenus (¥=—[H, ¥]. [lpoueaypa
HAXOXKJAEHWA TaMUJIbTOHMAHA B 3TOM INpEJICTABJEHHWM CBOAMTCA K
3aMuCH BLIDAXEHHA JJI CPexHell >hepruu uepes soganosbie GyHK-
UMM OTAENBHLIX YacTHL H 3aTeM XK 3aMeHe BOJHOBLIX (YHKUHA
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poneBbiM onepatopom W(x') Hrak,
H= [ 2% () [ P+ o )] ¥ () +
S A A L RN TOR L OCE D)

rae V(x'—y) — sneprus B3auMONEHCTBHA ABYX 4acCTHU C KOOpAH-

Hatamu X' ¥ y. MHoxwTenb !/ nogBasiercss Qs TOro, YToGbl 3Heprus

Kax/oi nape He Oblia yureHa jRax/bl. PacrnoJsoxkenne ¢yHKUMA

B HAHHOH 3allUCH CYHIECTBEHHO, TaK Kak W (X ) ¥(y)=—¥(y)¥ (x).
Hdas ynoGersa nonoxum vu(x’')=0, n toraa

H= f Bx (%) o P (X))
+g [ @ ET )Y )V E —y) ¥ WY K)  (5.38)
rae
Jd:"x"l’+ (x')‘l’(x')=f Zc o, (x)o,(x )——zc;fcj=lv
! (5.39)
—onepaTop NMOJHOTr0 YHCJ/JAA YacTHU. nepBblI"l YJiIeH B KOMMYTaTOpe
[H, ¥(x)] (umes B BHAYy, yTO omeparop P ZnelictByer Ha W (x')),
paBen
o [ @ 1 () PP (), ¥ 0] =
— e [ @ (), Y (0} FE () (5.40)
B CHJAY TOrQ, UTO aHTHKOMMyTaTOp
(¥ (), ¥(x)] =0. (5.41)

Cnenyer obpaTuTh BHHMaHHe Ha TO, 4To B (5.40) durypupyior u
KOMMYyTaTophl 1 aHTHkoMMyTarophl. Coraacso (5.29)

— f &5 (¥ (x), ¥ (x) p"F (x) =
= %ﬂ- f d3x'8(x —x) pP¥ (X')=— %ﬂ— Y (x). (542)

7™
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Bropo# unen B kommyrarope [H, W(x)] paBen
3 [ & @y [ 2 ()9 () V& —y) ¥ H) ¥ ), ¥ (0] =

=5 [ &% dy (¢ —y) W &) (¥ (0, ¥ @Y ) ¥ () —
—bdx—x)¥* ¥y ¥ )=
=1 f XV (X —x) ¥ (x) ¥ (x) ¥ (x) —
— W a—p T Ym0 =
= [ -V YOV E. 649
3xecs
— [EW =¥ ¥ WY )=

=~ Yctee, [ a9 y—00 o0, x).  (5.44)

kim

DTO BHIpaXEHHE COJEPNKHUT NPOHM3BENEHHE TPEX ONnepaTopOB.

B naunu3dmem npuGauxeHHH, T. €. B npubauKeHun Xaptpu —
®oka, Mbl pPACCMOTPHM TONBKC Y/eHH!, COAepXKalllie OZHH onepaTop,
YMHOXEHHBIA Ha omnepaTtop uucaa 4acTHy c¢;fc,. Takum obpasow,
MBIl COXPaHHM WIEHH C}C,C, U C}C,c,==—C,ClC,, OTKYAA CIENyeT,
4TO

— [EWy—0¥ MY ¥R~
~— [V (y— (T () ¥ (y) ¥ (x)+
+ [ @YWV y—0F T ) (545)

rae cymmuposaHue juas W(x) m W(y) yxe BBHINONHEHO. YTIJ/IOBHIE'
cKOOKM O3HAYAIOT CpejlHee 3HaueHHe CTOsLledl BHYTPH .BENHUHHH,
BHIUHC/AEHHOE JJIfi OCHOBHOTO COCTOSIHMS. BHJAHO, 4TO BHYTPB yrs10-
BbIX CKOOOK IONAjfaioT TONbKO UeHbl BHIA €} C,, NMPHYEM BeHHUUHA
c}c, BHUHCAFETCH /S OCHOBHOrO cocTosiHus. IlepBelit uJen B

npaeoit yactd (5.45) ABJIAETCHA YHCTO KYJOHOBCKHM, BTOpPO# — 00-
MEHHBIM.
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O6benuuss (5.42) u (5.45), monyuum
(H, ¥ W)~ [ £ — | @V (y— 0T ) ¥ )] ¥ 0+

+ @@V E—0@E HEE),  (5.46)

UJaU
(1, ¥l ~— Y ¢, [ (o 77+ [ 2V (y—0) (T (1) F 1)) 0, (1) —

— [P,V -0 mEE)]. 64

[Tpeanonoxnm Tenepb, uTo @;(X) — cobcTBEHHBIE QYHKUHHU oOre-
paTtopa, CTOsfIIEro B KBaJpaTHhX ckoGKax B mpaBo#t wact (5.47),
a COOTBETCTBYIOUIHE COOCTBEHHbIE 3HAYEHHUS NMYCTh PaBHHI g;. lorxa
ypaBHeHMe JBHXKEHUS 3alMHeTcs B BHAE

[H, ¥(X)]=1i ? €9 (X) = — ; e;c,9;(X), (5.48)
rae

&0, 0= (g + [ @4V (v — 0T 1) T (y)) 0, (00—

— [ s,V (y =0T T ). (5.49)

3to u ectb ypasHenue Xaprpu — ®Poxa. Ecau nepenucars ero B
obbluHofl hopMe, To GYAET BHAHO, YTO @;(X) ompenensieTcss HEKOTO-
PbIM yCPeOHeHHbIM TIOTEHIaNIoM, T. €.

o8, 0=+ [ #4V ty =0 X 8i 910, 1)) 0,00 —

" (5.50)

~ [ @40,V (y— % Xm0 ) 0, ),
i

rae n; — uuc/a 3alloJHeHWs] COCTOSHMs [, NPHHUMAIUIHe 3HAUEHUS
0 uau 1. MaterpuposBanue BKAouaetr B cebs CyMMUpOBAaHHe N0 CMH-
HOBHIM mepeMeHHBIM. Ynen ¢ i=j MoxeT OHITh BKIOueH B obe
cymmbl B (5.50), mockoJibKy JIST HEro BKJAbl NMPSAMOro U oOMeH-
HOTrO B3aHMO/EHCTBHS B3alIMHO KOMIeHCHUpYIoTcs. Bo BTopoM unene
npasoit yactd (5.50) cymma GepeTcsi MO BCeM COCTOSIHMAM M BceM
CIIMHOBHIM OPHEHTalUsiM; B TpeTheM (oOMeHHOM) ujeHe ocTalorcs
TOLKO WYJIEHBI, COOTBETCTBYIOU(ME COCTOSHMAM [, B KOTOPHIX CIIMH
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NapajJjeneH CNHMHY B COCTOAHMH [, MOCKONbKY NPH HHTErPHPOBAHUH
no d3y Mbl GepeM CKaJasipHOe IIDOH3BEJEHUE CITHHOB.

Teopema Kynmana. 3Ta Ba)kHas TeopeMa yTBepXJaeT, 4To na-
pamerp SHepruu g B YypaBHewHH Xaprpu — Poka oTpHuaTeseH
H paBeH 3HEPruu, HeoOXOAUMOH MJIf yAaJleHHs H3 TBEpPAOro Tena
37IeKTPOHa, HaXxoAfllerocs TaM B COCTOSHHM (X), npu ycaosul,
yto ysKUHR @ — 06o6iennbie Pyukunn Braoxa, ¥ uTo 3/7eKTpoOH-
Hasl CHCTeMa OYEHb BEeJUKA,

[TocKosibKy 3/1€eKTpOHHBIN 3apsii «pa3MasaH» IO BCEMY KpH-
cTanny, QyHKUMH ¢ OynyT (akTHuyecKH oAMHAKOBhHI Kak B 3ajaue
C 3JIGKTPOHOM B COCTOSIHWH [, TaK M B ero OTCyTCTBHE. DTO — Hallle
rnaBHoe npeanonoxenne. Pabora, koropyw HeoOXogMMo 3aTpa-
TUTb JAJf YAAJE€HHS 3JEeKTDOHAa W3 COCTOsiHMS @;(X), paBHa pas-
HOCTH

(D[ H| D) — (DIH DY,

rie @, — BosHOBasi (PyHKuus, COOTBETCTBYKOUIAS CJyuaw, Koria 8
cocrosiiMu [ 3/MeKTpoHa Her. B ocranbHoM ¢yskuus @; BAEHTHYHA
dynruny @.

Ecnu ¢yHRuMn @n(X), HCcmosabsyemble B pasnoxenud W (x)=

-,
= ) @ (X), ABNAIOTCH PelleHHsIMU YPaABHEHHS Xaptpu — ®oka,
TO, YMHOXHB cKanspHo (5.50) Ha @F ¥ 3aMenus j Ha [, noayuum

(n15 sHepruH, OTHOCAUIEHCS K OCHOBHOMY COCTOSIHHUIO)

g,={l l;;m! D— ¥ n,(Im|V | Im) —{Im |V | mL)), (5.51)

rpe
(Im |V |imy= [ &°¢ d%q} (X) ¢}, () Vo, () @, ()

(Im|V |mly== J' dox A2y g (X) ¢, (¥) Vo, (X) @, (¥)-
Jaaee, u3 (5.37) nmoayunm
(D|H|D) == <f d’x¥™ (;()71'1’:T W (x)}+

+ (% f &x y¥ TV y—x) (¥ ()  (5.52)
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B NpaBoH 4acTH 3TOrC PaBEHCTBA YIJIOBble CKOOKU O3HAYAIOT AHA-
roHa/bHble MAaTpPHuUHBIE 3/71eMEeHTHl JIJsi cocTosiHHa (@ B mnpeacTas-
neunn Xaprpu — ®oxka. Torga

(@ H| D)= Y, n, (m| £ | m)+

+ 5 3ttty (mp|V | mpy—(mp|V | pm))  (5.53)

my

H, TaKMM o6pa3oM, H3MEHeHHe 3HepridH, o0yc/JOBNIEeHHOE YAaJeHHEM
YaCTHIb], HAXOAAEACA B COCTOSSHHY /, PABHO PA3HOCTH

& | D= rum |V Vim) —m |V | mi),

KoTopas coBnajgaer C BeJUYHHOA &, MNpPUBeJeHHON BhHIlIE B BHAE
(5.51). 3aMerum, uTO NPH BHIBOZE 3TOr0 pe3dy/braTta MNpejanoJa-
raeTcss MHBAPHAHTHOCTb Qm(X) OTHOCHTEJNBHO ONepaluy yAaJeHus
yacTHUB M3 cocTosHua [, ¥ cjefoBaTenbHo, TeopeMy Kynmana
Hesb3s [IPUMEHSITh K MaJbiM CHCTEMAM.

PepMHOHB KaK KBa3HUaCTHUB. Bo30yXKaeHus HU3KOH SHEPTHH
B KBAHTOBOMEXaHHUECKMX CHCTeMax C DOJbUINM YHUCIOM CTeleHeH
cB0GOAB Y2CTO MOKHO NMPHOIMKEHHO ONHCHIBATH, NOJAb3YsiCh Npe-
CTaBJIeHHEM © YHCJIe 3JEeMEHTapHBIX BO30YKAEHHH, MM KBa3uua-
cTHl. B HEKOTOPHIX clyuasix ONUCAaHHE CHCTEMBEI, ¢ HCHOJbh30BaHHEM
CYMM 1O KBa3H4YaCTHIAM, OKa3blBaeTcsl TOYHLIM; B APYIHX clyyasx
KBa3HuYaCTHIA NIpejCcTaBaAeT cOGOH BOJNHOBOM mnakeT ®ounbix cob-
cTBeHHbIX cocTosiHuA. MHTepBan 3Hepruit coOCTBEHHBIX COCTOSIHUI,
COCTaBJAIOIMHKX MAKeT, ONpejessieTr BpeMsi XH3HM MakeTa W, Claejo-
BaTeJbHO, 00J1aCTh NMPUMEHHMMOCTH INpPELCTaBJEHHA O KBa3H4aCTH-
uax. B ciyyae HOHHBIX KPHCTa/JIOB KBa3HMYaCTHUAMH cayxart ¢o-
HOHBI, B Cllyiae CIHHOBBIX pelIeTOK — MAarHoHbl, B cJyyae rasa
CcBOGOJHBIX 3JEKTPOHOB — B030YKAEeHUs, KOTOPhIE ONMUCHIBAKIOTCH IO
OZHO3JIEKTPOHHOH cXeMme,

[Tp1 paccMOTpPeHMM S3JEKTPOHHOHK CHCTEMH YyJ00HO ONpenesnuThb
3aHOBO BaKyyMHOE COCTOSIHME, 8 MMEHHO CUHMTATb €ro 3aTO/IHEHHLIM
¢depMu-GOHOM, a He COCTOAHMEM, B KOTOPOM HET HHKAKMX 4YacTHU.
Ecim B xauecTBe BakyyMa Mbl OepeM 3aloJiHeHHBIH ¢epMi-dow,
To HeoOXOZHMO BBECTH H ClelHalbHble (EepMHOHHBIE OllepaTophl,
HPY NOMOIIH KOTOPBIX MH MOrnuw Obl ONHCHIBATBH MPOLECCHI, MPOHC-
XoAsillHe BBWE WM HHXKe ypoBus @Pepmu. Yiajenne 3nexTpoua,
Haxojusuleroca Huxe ypoBHs PepMH, onuchHIBaeTCH B TaKol HO-
BOH cXeMe, KaK pOXKIeHHMe AbIpKH. Paccmorpum cucremy u3 N cBo-
60/ HbBIX, He B3aWMOJEHCTBYOUIHX ()EPMHOHOB, ONHCBIBAEMYIO
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FaMHUJIbTOHRAHOM
H = S e . cre, (5 54)
0 - k“k “k? ‘

rjie ex — SHEPrusi OJHON YaCTHIBI, IPHYEM egx=g€_k. YCJOBHMCH OT-
CYMTHIBAThL SHEPTHIO gk OT ypoBHA Depmu ey.
B oCHOBHOM COCTOSIHMM CHCTEMBI, ONHcbiBaeMOM (yHkuuer @y,
onpeaenedHot cootHowendem (5.4), BCce OAHOYACTHYHBIE COCTOf-
HUA BILIOTH O YPOBHS €p 3aHf-«
ky Tbl, 4 BHIIe 3TOr0 YpPOBHA —
Bakantub. Cocrosnne @y Oynem
CUHTATh BAKYYMHBIM COCTOSIHHEM
Hawel 3anaun. Toraza wucues-
HOBEHHE 3JIEKTPOHA u3 (epMu-
k o\ ok” doHa yxOOHO OmHCHIBATH Kak
nosijiende aplpkd. Takum 06-
A pa3oM, MBI MOXEM HMeTb fen0
TOJBKO C 3JeKTpoHaMH (A4
L COCTOSIHMA ¢ kR>kp) M C ABIp-
kami (RAst cocTosHudt c k<ky).
Ilpouecc mnepexona 5JIeKTpOHA
c BosHOBHIM BekTopoM k’ (oTHO-
camuMcest K ¢epmu-pony) B co-
CTOSIHHH C BOJHOBLIM BEKTOPOM
k'’ (oTHOCALIMMCH K COCTOSHHIO
BHe (hepMH-OHA) COOTBETCTBYET
aKTy PpOXJAEHHA Taphl 3JeK-
TPOH — Ablpka. Mcrnonb3yeMbll B 3TOH TEOPHM f3bIK aHaJOTHYEH
IpHMEHSIEMOMY B TEOPHH ITO3UTPOHA; MEXY YaCTHLAMH H JIBIPKaMH
MMeeTCsl NoJIHOe (popMaJsbHOE CXOCTBO.
BBeneM 3.aexkTpOHHbie oneparopst o, o, ONPENENUB HX COOTHO-
UIEHUSIMH

Puc. 5.1. Cxema, wuJaocTpHpylIasn
B030y®IEHHE NAPH SJEKTPOH — ALIPKa,

+
T. €. COCTOSIHUS ak,,ﬁl‘f,cbo.

(5.55)

+ o ot —
lak—ck, 0, ==C, AN E > Eq

M IBPOuYHBIE onepaToph f*, B, ONpPEACJHB WX COOTHOLIEHHSAMHU

! By =c¢C_,» B =cF, ana g <g. ‘ (5.56)

BBegenye /s AbIPOK OTPHIATENbHLIX 3HadeHUR Kk WMeeT TO yn06-
CTBO, 4TO NMO3BOJAET €CTECTBEHHBIM 00pPa3oM ONHUCHIBATH Pe3y.bTH-
pyOl(KEe H3MEHEHHs] BOJIHOBOTO BEeKTOpa, WiH uMnyabca. Oneparop
YHUUTOXKEHUsl 3JIeKTPOHa C_x Ha YPOBHE C BOJIHOBbIM BekTopom —Kk
octasasier ¢pepMmu-hon ¢ umnyabcoM k. Takum oOpasom, omneparop
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B ==c_, nopoxpaer awipky c umnyiabcoMm k. IToaHbiii uMnyJsc,
OTCYMTHIBAEMBbIH OT MMINYJbca B COCTOSHUH Dy (9TOT MMIyJbC MpHU-
HHMaeTCs PaBHbIM HYJII0), ONHUCHIBAETCA TOTAA BHIpAXKEHHEM

P= ; K (o, — B/ B,)- (5.57)

Onepatop uncna 4aCTHL AJAS BO3OVKIEHHBIX 3JEKTPOHOB MMeeT
BUJ

N, = g are, (B> k) (5.58)
a IoJa ABPOK —
N, = g Bib, (& <kp) (5.59)

Ilpn nmomown onepaTopoB o u P raMuJabTOHHAH Aas raza @epmu
H3 HEB3aHMO/eHACTBYIOIINX YACTHL MOMKHO 3aluCaTh B BHIE

Hy= > gata, + > &8, By (5.60)
k> kg k< kp

rle ex OTCUMTLIBAETCA OT YPOBHsA &p, NPUHUMAEMOTO 3a HyJ/eBoH;
roraa ex <0 npu k<ky.

OcHoBHoe cocTosinne ¢epMu-GoHa, onHchiBaemoe QyHKuued @,
obnazaer AJs COOTBETCTBYIOLUMX 3HaueHHd K chepylomlHMu cBoii«
CTBAMHU:

o ,=0, D=0 5.61)

«UcrunHoes (paHee BBeZeHHoe) BaKyyMHoe coctosiHHe Dgux ynoB-
netsopsino yciosHo Cx@mx=0 nas Bcex k. Cocrosune albpl®,

COLEPXHUT Napy 3JeKTPOH — Abipka (pHc. 5.1).

AaeKkTpoHHLIR raz B NpHOAHXKeHHHX XapTpu
u Xaptpu — Poka

Paccmorpum  dusnueckue cBoiicTBa cBoBoxnoro hepMHOHHOTO
rasa, cojepxauero B o6bemMe Q coBoKynHocTb N 31€KTPOHOB ¢ 3a-
panoM e. UtoGel oGecneyuTh HEHTPANBHOCTb CHUCTeMbl, HAJ0 BBECTH
OLHODOAHBIA (OH TMOJIOXKHTEJNbHBIX 3apANOB C IJIOTHOCTBIO 3as
psina, paBHOH cpeaHed NJIOTHOCTH 3apsi/ia SJEKTPOHOB.

B npubauxenwu XapTpu, KOrga BCe HacTHLBI CYHTAIOTCA He3za-
BUCHMEIMH, MBI HIleM BOJIHOBYIO ODYHKIHIO B BHAE NPOH3BENeHHSA
OJHOUACTHYHBIX (QYHKUHIT

N
Q(Xp vy xN)=jII_l(pj (x,)- (5.62)
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3Ta QyHKuUsi NOJKHA COOTBETCTBOBATb MMHMMYyMy sneprun. Pemes
Hud Xaprpu YIOBJETBOPSAIOT TeM Ke YPaBHEHHsIM, 4TO M pelleHus
XapTtpu — Poka, Ho 6e3 oOmeHHoOro yjeHa (nocnejHuil uJeH B mpa-
BoR yactH ypaBHemm (5.50)). Urar, umeem ypasuenue pas ¢;(X)

{’iJrJ By T ) @ (¥) @, (y) —

2m

- f sylelptor | o =e0,0. (569

Nlel
——G— — IWJIOTHOCTb HOJOXHTEAbHOro goHa. JTO ypasHe-

rae pft) =

HHME ONHCHIBAET jBHIKEHHE 3JIeKTPOHA B YCPELHEHHOM MOTEHUHAJb-

HOM ToJe, €03]aBaeMoM BCeMH ADYrUMH dYacTHUamu. Takod myTh

Hojxoxa K pelleHHI0 3aj]ayd Ha3blBAlOT CaMOCOr/JacOBaHHLIM, €CJIH

BCe @ sABJAIOTCA COOGCTBEHHHIMH (YHKUHSAMY 3TOT0 YPaBHEHHS.

Cymma B (5.63) Gepercsa mo BCeM 3aHATHIM COCTOAHHSAM, KPOME j.
IToxaxeM Teneps, YTO CHCTEMA IJIOCKHX BOJH

G (X) == - e (5.64)

npeacraeaser cobofi  caMocorsiacoBaHHoe pellleHWe ypaBHeHHs
(5.63). IlnoTtHocTh 3nexkTpoHHoro 3apsiaa B (5.63) ans npounsseje-
Hust (5.62), cocTaBJeHHOrO M3 BONMHOBHIX (PYHKUHY IJIOCKHX BOJH,
sIBJISIETCS KOHCTaHTOM; NeHCTBUTENbHO,

eZ o ~epg,>—2 Qe 1,=0De (565

DTa Be/HYMHA KOMIIEHCHDYET BEJHUYHHY €pf") C TOUHOCTBIO 10 TPH-

BHAJILHOTO uJjieHa, 00YyCJOBJAEHHOrO pasHoCThbio Mexay N u N—I1,
Cesizannass ¢ HuM sHeprua (npn Q~1 cm3) paBHa no mopaaky
BeJIM4YHHbI

~ 107" ap.

V_

Ecau Mbl Moxem nperneGpeub BeJHUHHAaMH TaKOro Nopsiika, To
uJieH KYJOHOBCXOro B3auMojehictsus B (D.63) momxHO oTOpocuTs
¥ 3ajaya XapTpu TOYHO coBnajaer C 3ajayedl jag CHCTEMBI CBO-
60HBIX 3/1€KTPOHOB:

1
T P20 =¢,9- (5.66)

DHeprus 3/7eKTPOHHOrO ra3a B npubauxKeHuu XapTpy sBJASETCH YHC-
TO KHHETHYeCKOH M, c/Ief0BaTeNbHO, TOYHO Ta XK€, 4TO H AJMA CBO-
6oanbix yactHl. Ilpu abconoTHOM HyJe 39Ta 3Heprus (Ha O1HY
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yacTuiy) paBHa
(&) =2 o ks (5.67)
rlie MHOKHUTENb 35 nosyuaercs npd ycpeasenuu k% mo obpemy cde-

pel. UMnynbc, coorBercTBywomuit yposHio ®epmu, T. e. kp, onpege-
JsieTcs U3 paBeHCTBa

2Q 4 ,2
o 3 =N, (5.68)

rje MHOXHTENb 2 MoABAAeTCcA 3a cuet cnuHa. Ecau cpennnin pa-
AUYC 4acTHUbl 7y ONPENeJHTb COOTHOLIEHHEM

Q=N (5.69)
To BMecTo (5.68) nonyuum
2 4 \2 .
B (—3’1) (leplo)? = (5.70)
HJAN
1 4 \'h
b= a= (5 n) =0,52 (5.71)
H, HaKoHel,
3
(6F> = W. (5-72)

Yacto oKasbiBaeTcs IONE3HBIM BBIPA3UTh 7y uepe3 GOPOBCKHA pa-
nuyce ag=0,529 A. Beenem Gespa3MmepHbiii mapameTp r; Kak OTHO-
LIeHHe ro K ay:

2
ro= aLH = rp. (5.73)

O6aacTb peanbHBIX IJIOTHOCTEH METaJ/l0B COOTBETCTBYET 3Ha-
YyeHusiM ry B uHTepsane 2<r,<5. Beoas (5.73) B (5.72), noayuum

3 met 1
ey = T B 22 (5.74)

WJH, €CAH BHPA3uTh (&) B punbeprax (Ry):

IRy =4 25— 13,60 s,

TO
3 221
(8F>.= EF;‘E Ry = 2 Ry- (5- 75)

rs
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OTa BeNMuMHA eCTb NOJHasi 3Heprust (Ha 3JeKTPoH) B npubauxe-
nud Xaptpu. Ortcroza caegyer, 4ro npubauxenue XapTpu He mo-
3BOJIAET OOBACHUTL 3HEPru cUellleHHs (CBsA3H) B MeTajjax:
3JIEKTPOHBI CJIHMIIKOM MHOI'O BDEMEHHM HaXOAiATCA B 06/1aCTH NOTeH-
uuansa orrajnkuBanvs. HeTpyaHo 3aMeTHTb, 4TO B NPHO/IHIKEHUH
Xaprpu cobGcTBeHHAast KYJOHOBCKAasi SHEDPrUsi NOJIOXKHUTENbHOro ¢ouna
BMecTe ¢ coOcTBEHHOH 3Hepriell 3JEKTPOHHOTO ra3a TOUHO KOMIIEH-
CHPYIOT 3HEPrHI0 B3aHMOZEHCTBHA 3JEKTPOHOB C IIOJOMKUTEJIbHBIM
‘(boHOM.

Modugpuyuposarnnan modesv Xaprpu. Mbl ycTaHOBHIM, 4TO /ISt
pelenyfi XapTpH KYJOHOBCKasi SHePrisi 3JeKTPOHOB HCue3aeT NpH
HaJ{4¥d OZHOPOJLHOro ()OHA MNOJNOXKMUTEJNbHBbIX 3apsgoB. Tenepb Ml
HeCKoJbKO MonuuuupyeM monenb. Pacnpegenenne 3jekTpoHos 6y-
JAeM [foJjlarath IMo-ipeXXHeMy OJHODOAHBIM, a @OH MOJOXKHTENIBHBIX
3apsinoB OyiaeM CYMTAThb COCTOSIUIHM H3 TOUEUHBIX 3apfJOB BEJHYH-
Ho# |el. Ilyctb Ha o6bem aroma Q/N NpUXOAUTCS OAMH TOUEHHBIH
[OJIOKUTENbHBIH 3apaa. B xopollem npubIuXKeHHH KyJIOHOBCKas
3Heprusi B 3To#l Mogesau (6e3 oOMeHa) paBHa BLIMMCJEHHOH 3HEPTHH
TOYEUHOro 3apsaa |e|, 3JeKTPOCTaTHYEeCKH B3aUMOAEHCTBYIOILErO C
OAHOPOAHO DacrpejleJIEHHBIME OTPHUATEJbHEIMH 3apsiiaMu BHYTDH
ceprl paguycoMm ro. MOXHO TakXKe paccMOTpeTb 3JeKTpocTaTHue-
CKoe B3aHMOJEHCTBHe 3JIEKTDOHHOIQ pacHpeje/ieHHs ¢ CaMHM CO-
Goi1, ogHako TakoR uyseH OyneT OTCYTCTBOBAaTh, €CJH B paccMaTpH-
BaemMo# cepe HaXOQHTCA BCero oauH sjaekTpoH (a He (1/N)-a pons
or Bcex N anexrponoB). MHaue roBops, coGCTBeHHAs IHEPIHsi B3aH-
MOLEHACTBUSI 3JIEKTPOHA C CaMHM co0OH OTCYTCTBYeT M, HMes B BHLY
JlafibHedllVe pacueThl, HaM HAAC JIKLWDb pPELINTh, CUKTATbL JHU 3JeK-
TPOHBl JIOKQJW30BAHHBIMM M0 siUedKaM WJIH <«pa3Ma3aHHBIMH»,
Huxe Mbl 6yneM BRINOJHSTh pacyeThl B NPEANOJOXKEHHH, YTO KaXK-
ABlil 3JIEKTPOH paclipesieleH Mo BceMy oGpasuy.

IlepBBi#t BKJIag B 3HePruio paBeH

)f4nrdr——-g—ez—, (5.76)

Ty

a BKJaj] coOCTBeHHON 3HEPrMH B3aWMOJASHCTBHA 3JE€KTPOHHOIO pac-
npejeseHust ¢ caMuM coboit —

€2= 82(

Hrak, cornacwo (5.72) u (5.75), B paccMaTpuBaeMoi Mogesau Io.-
Hasl 3Heprus pasHa

=g+ &+ () =—

) f d - (gpgr =2 £ = (5.77)

9e? 3 1,80 221
g =— e 2

10r, = 10a%mri § 2

Ry. (5.78)
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PaBHoBecHoe 3HaueHue ry, paBHO 2,45 60pOBCKO#A €AMHMUH [AJH-
Hnl, T. e. 1,30 A. PaBnoBecHoe 3nauende nonydaercst #3 (5.78), ecan
DNpHPABHATbL HYJO NPOM3BOAHYIO OT 3Hepruu: de/dr,=0.

Mpubarumenue Xaprpu— Poxa. YpasHenue Xaptpu — Poka
6uiic panee noayueso B Buae (5.50). Bsesem B siBHOM Buae cnu-
HoBBie TepeMennble s u s, Torna

€95 (X) = (% + v (x)+ 2 n f dyq;,. (¥) @y, (y)V(x—y))cp 75 (X)—
s’
— Y, (| 2 0,0V x—y)) 9, &) (579

Brie 6uJ0 yeTanoBaeHo, YTo B Npubauxkenun Xaprtpy, ecian QyHk-
IMK @ — [UIOCKHE - BOJIHE, TO BTOPOA H TPEeTHH WJEHH B NpaBoh
yactu ypaBHeuus (5.79) nator B cyMMe HyJb. IlombiTaeMcsi B3fiTh
B XauecTse peweHus (5.79), T. e. B KauecTse coOCTBEHHBIX BOJIHO-
BbIX (QYHKUHA nockue BoaHbl. OKa3biBaeTcs, 5TO MOXHO CHENaTh.
O6MenHnlil ullen (Ha egHHuIy o6beMa) pasen

_2' (J‘ d3yexp[i(kj—k1)-(Y—x)]V(X—Y))X

X expli(k,—k) x|, (x)=— Y, Gk;—k)g;(x}i  (580)

.no.nox(ms E=x—Yy, Nnoayuum n.}iﬂ,(byﬂxuun G (k) BblpakeHue
G (k)= [ dte-™V/ (). (5.81)

Onxo npefcrasasier coboil dypbe-o6pas V(x —y). Takum obpasom,
ypasuende XapTpu — PoKa yROBJETBOPSETCH BOJHOBHIMU (YHK-
HHAMH B BUJE IJIOCKHX BOJH, KOTOpHIE CAYXaT ero co6CTBeHHLIMH
GYHKUHAMH; COOTBETCTBYIOLIHE COOCTBeHHble 3HAYEHHA HMEKT BHA

2 ,
g, =mi— 3, Ok, —k), (5.82)
1

rRe cymMa Gepercs 1O BCeM 3aHATHIM COCTOSHHSAM [/, 3a HCKJiOYe-
RueM j. Caenyiomleft 3ajpauefi sBaAeTCA BLHIYHCJiEHHE BeJHUKHB

Z'G(kj—k,), T, €, 3Hepruu o6MeHa.
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Ilonaras, cormacho (1.24),

2 dne? .
Vx—y) =17 = g o liK-(x—y)l, (583
K
101y UUM
2 . 4 2
Ok, —k) = [ daxSpexpli(k;— k) x| =25 (689

< X4
Termeps BHIUHCAHM CYMMY G (k; —Kk,), xotopas mosBJASAETCH B
[

BblpaKeHUH A% O0JHO3MeKTpoHHO 3Heprau. Cymma OGeperca 1no

)
&
4
.

Z 82k, /Z{r)
P S
<

T

0.
[ () [
H T

]
X

<&
b

Obmenngp 3HEP2UA na Irexmpnn (8 edumy

U M W WY S S T

1 L
g 42 44 (/ﬁ/ af g 12
k /i,

40

Puc. 52. I'paduk 3asucumoctn OOGMEHHOI
9HEPrHH OT BOJHOBOrO BekTopa (TOuHee,

OT OTHOWeHUA Rikg) Ana cBoGOAHOro 3qe-
KTPOHHOrO Ta3a.

Y4acTox KPHBOA BHYTPH OKPYKHOCTH NOKAINH He
OYCHL  TOYHO — HAKAOH CO3HATENAbNHO YTPHPOBAH.
Ipoussoanan B6andu R=~Kp 2aeTcl BHIpANKEUHEM

—0,614=2log (x—1), rae x=Rkp, T. e 1%
lx—1]=3,3.10—5 uaxaod ymenburaercd A0 20: 1.

BCEM TeM COCTOSHMAM |[S), B KOTOPHIX CIHH MapajneneH CNUHY B CO-
cTofHHU |js). B o6Menublx unTerpanax Xaprpu—®oka anrunapan-
JejibHbie mapsl He noABAsfTCA. Torga [ads OCHOBHOTO COCTOSHHA
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nyTeéM 3JEMEHTAaDHOro MHTErpHpoOBAHHA IIOJYYHM

/ N © 1 4ne? @ -
2 G(ki—kl)“4ne2’2 K —kp @  @ap fdak(k,--—k)z—
k

<kF
kg
1 e k4
fk?dk fdu——————- | kdkln ——_ —
P 4 k2+k?-2kk. sk ; e~k
B — R k +
. j F %)
_?( %; In %, +kF). (5.85)

Tenepb, BOCHOAb30BaBWHCHL (5.82), Jerko HalTH 3Heprernyes
ckuit napaMerp XapTtpn — Poka:

K —k2

%
8= %m '2?( %; ~n

kR
k" T l+ 2kF) (5.86)
F

Cpepnioio oOMEHHYIO 9SHEDruio, NPHXOAAULYIOCA HAa ORHY 4acTHLY,
Jerye BCEro MOJYYHTHb HENOCPeNCTBEHHBLIM cyMMipoBanueMm (5.86)
110 BCeM 3aHATLIM COCTOAHMAM (CM. HHXKe). 3aBHCHMOCTb OOMEHHOM
4acTu SHEPruy OT OoTHomeHUs k/Ry n3o06paxkena rpaduyeckn Ha
puc. 5.2

Ouenka oOGmeHHOro MHTErpaira IAs 3AEKTPOHHOro rasa. Ham
tpeGyercs Halitu Beauunny G (k; —k;), npocyMMupoBaHiyio 1o
BCEM 3aHATHIM cocTOfIHMAM j, /. 3ajmaua B CYIIHOCTM CBOLMTCA K
MAXO0MAEHNIO BEHUHHBl HHTErpaJa

. . )
g = J‘ J‘ d3k1d3k2m. {‘)87)
ki Ry < kp
[MonoxuMm p=cos 8, s=k,/ky; Tora

1 1 1 1
_ ——— . (5.88)
[y —hy2 K +B—kkp K 145 —2sm

OnHako AJs AOJYNPOCTPaHCTBA <] Mbl HMeeM XOpOLIO M3BEeCTHhIE
pasaoeyds, a HMEHHO

1
R [Zs P, (u)] = Y stP, W P(n),  (5.89)
LA
rae P, (B)— nmoaunnomul Jlexannpa. Urak,

g=2 [ an | 2nk2dk2dp.2(k’) TP P (590

R < kp Ry < Ry



)BAaBUIHCh COOTHOLUEHHEM

| P P s =2 8 5.91)

UB HHTErPDMPOBaHHe KaK MO NPOCTPAHCTBY k<K, Taxk M
AHCTBY k,<k2, OJYYUM

kz 2L4-2 1
f d3k,fdk2 (2)™ g =

2
<f,¢ dkkamT)*S“ "‘FZ e
F

(5.92)
)16 CYMMy. BBIYHCJAUTDL JIETKQ; OHA paBHa

%—ﬁ)=7+7%(-2L+3— 2L1{—3')=_;' (5.93)

aTeJbHO,
g = 4kt (5.94)

IR OOMEeHHas 3HEPrus paBHa

2 YV 4ne? 1
W)ﬂa Gkj—k)=—— g(k;—kn":

4ne? 274 3¢
=—@wnd =T e T (0%
H paHbe, a:(% n)'/'. Jlanee umeem
3 1 0916
Bobw = o7 Gy RY = ———Ry. (5.96)

11 Xaptpu — Qoka egr=(er) +eu5x (Ha OAHY YaCTHNY)
ACHIBAETCSl B BHAE

2,21 0,916
Em-‘:( 7 )Ry'

rS r‘ J

(5.97)

'HMe JHeprHi Jydlle, YeM 3HaueHHe, BbIUMCIEHHOE B INpH-
XapTp#, HO 0OMeHHAas CBA3b -NOJIY4AETCA BCE Ke CJaHUI-
oit. HezocraTok onuca’HHOro MeToga pacuera COCTOHT



MBI [peHe0perJH KODPPeJALHAMH B TOJOXKEHHIX
Gyc/OBJIEHHBIMH HMX KYJOHOBCKHM B3auMojeicTBueM.
'co6eHHO CyUIeCTBEHHA [JI Nap 3JeKTPOHOB C aHTH-
[ COMHAMM, AJ5 KOTOPbHiX aHTHCHMMETDU3aLHs He-
18 TOro, 4ToObl NOAAEPKUBATL 31EKTPOHHl NapH Ha
pyr ot japyra. (BauaHHe aHTHCUMMETDH3AaUUU Ha
JIBHBIX CIIMHOB PAcCMaTpPHBAETCA B CJAEAYIOLIeM pas-

ppessyuU g onpedesneTca Kax Pas’HocTb Expun— EHFY
lOCT6 MeHOY TOUHLIM BHAYEHUEM Exoun U 3HAYEHUEM
IcAesHbiM 8 npubauxceruu Xaprpu — Poka. Moxuo
JONYCTUMO CUHTaThb KYJOHOBCKOe B3aHMojeHcTBHE
1lEHHEM H BBIUMCJANATh SHEPTHIO € NPU NOMOILHY TEODHH
DT0 BO3MOXHO NIDH BLICOKOM IJIOTHOCTH 3IEKTPOHOB
rpa caepyer obpainath ocoboe BHHMAHHE Ha pacxo-
b (06 3TOM nofiger peub B 1. 6).
TPYAHOCTb, BO3HHKAIOUlas NDH HCIOJb30BAaHWH pe-
i — ®Poka (5.86), cocTOMT B TOM, UTO IJOTHOCTH CO-'
sepxnoctd Pepmu (npu k— kp) crpeMmHurcs K HYJIO,
gj— co. DTa NpoM3BOAHAA MNOABJIseTCS KaK pa3 Ha
e pacuera (5.85). [T1OTHOCTb COCTOSIHHIt COJEpKHT-
1k/de). Hu3zkas niaoTHOCTh cocTosiuuil BOIH3H MOBEpX-
B Mogzedn Xaprpu — DPoKa NPHUBOAHT K BaXKHBIM
dM HAXOXJEHUH TENJIOBBIX U MArHUTHBIX Xapakrepu-
{Horo rasa. HH OJHO H3 3THX CJIeACTBHH He corja-
TOM. YTouHeHHs Mopean Xaprpu — Poxa B Teopuu
X 4aCTHU NPHBOIAAT K SKPAHHPOBAHHIO KYJOHOBCKOIO
1 TOSTOMY INIOTHOCTh COCTOSIHMil He obpainaercsi B
yxHocTH Pepmu.
kKenun XapTpn — Poka MBI BHIYHCJIUIM 3HEPTHIO OC-
AHHA CHCTEMbI 3JIEKTPOHOB NPH HAJUUUH OXHOPOZHOIO
¢oHa mnoJOKUTENBLHBIX 3apafoB. B pe3synbrate pac-
aHOBHJ/IM, YTO KyJIOHOBCKAasi SHEPrMsi B OCHOBHOM CO-
1LIBAETCH H3. TPeX uacTeH: a) cOOCTBEHHOR SHEpPruu
ra3a; 6) coOCTBEHHON 3HEPrHH MNOJOXKUTENBLHOIO
ITHH B3aUMONEHCTBHA 3JIEKTPOHOB C OJHOPOJHbIM IO-
douoM.
HX Tpex BelWuHH pasHa HyJi0. O6e cobGcTBeHHBbIE
[ (6)) monOKHUTEABHBl U KaXKAasl BXOJAMT B BHIPaXKeHHE
<Ol HEPIHH C MHOXKHTENeM /; BMecTe OHH KOMIIEH-
aTeJbHYIO 3Hepruw B3auMogedcTsusa (B). Uurartenio
4aTh Haj BONPOCOM: KaK JKe 3TO INoayYaercs, ecju
4TO IHEPTHsi CUCTEMbI ONpPeAeNseTcsi Kak Npou3Beje-
TeKTPOHOB Ha cpegHIOK . 3nepruo Xaprpu — Poka



la OFMH 3JIEKTPOH), NlaxKe ecJM OHA B3ATa C INONPABKOI
THLHIO.

b HepeizeM K BONPOCY O TOM, KaK 3Ta 3HEPrusi NoO3BO
ENeJUTh SHEPTui0 CLUEeJIeHUs peajbHblX Merasnos. lax
Tefinlero MeraJljia — HaTPUd, LIS KOTOPOTrO XOpPOWIO TOX
leJib CBOOOAHBIX 3/JeKTPOHOB, MMeEeTCs uYeThipe OCHOBHBL
bl, KOTOPbie MBbl JOJXKHBI IpojesaTtb, 4To0bl JOHTH A¢
peajbHOM MeTajljle TOJOXUTeNbHble 3apSAbl JOKAJAM30
y3JlaM JHCKpeTHON uoHHO# pewerkn. Utobwl yuectb 3Tt
IbCTBO B Halled «OyxrajTepuy», Mbl JOJMKHLI BBITOJHUTI
We OIepaluHu:

w1oyuTh  cobcTBenHylo  sHepruio E; MOJ0GKHTENbHOI

<JIIOYHTh SHEPrui0 B3aHMOJEHCTBHS SJIEKTPOHOB C OHO
1010 HUTeAbHBIM (GoHoM E,, uMesi B Bupy, uto E,=-—2E,
'CTb KYJIOHOBCKYW0 3Hepruio Es AHCKpeTHo# pelleTKH.
CThb SHEPTHIO B3aMMOAEHCTBUS 3JIEKTDOHOB C JUCKPETHO!
(E.).

‘oge Burnepa u 3elitua, uanoxensoM B ra. 13, meram
HBAETCHA KAK COBOKYNHOCTb MHOTOTPAHHUKOB, NpUUEM
KIOro CoBNajaer ¢ KaX/ibiM y3J0M pewietku. Muororpan
KTPHUECKH HeATpPasbHH, U KYJOHOBCKOE B3aMMOZEHCTBH
IX MHOrorpaHHMKOB oueHb Maso. IloaToMy cyMma mnepe
X Bbllle YeThlpex SHEPruil AJIS 7 aTOMOB KaK pa3 paBHi
aHororpannukos Burnepa n 3eiitua. CymMma unenoB | u !
ajJ B 3HEpPrHi0 MeTrasna, paBnbiit 0,6 €?/ry (uan 1,2/r,)
‘CTBHH C DacueToM, KOTOPHI MpHBEN HAC K BHIPa)eHMH
yMMa ufeHoB 3 1 4 KaK pa3 paBHa coOCTBEHHOMY 3Haye
rud npu k=0, T. e. rpaHHUHOMY 3HAUEHUIO B 3ajaue Bur
*fiTua, paccMotpesnoit B ra. 13. B 3mepruwo csazn Bxoaw
eprui, T. e.

yrust Xaptpu — ®oka + sneprus Burnepa — 3eittua
(mpu k=0) +1,2/rs+ 3Heprun Koppessiuuy.

yMMa oOTpHLaTelbHa ¥ AAS OOBIMHBIX METaJJoB HMee
10 BEJHYMHY, HO JJIS MeTaanoB, 0COGEHHO YCTOMUMBEIX M
IO K pa3sjesieHWI0 HX Ha HEHTPalbHbIE AaTOMBI, 3Td CYyMM:
> afiCONIOTHOH BesJHYHHE M NPEeBHIIAET NMepPBHIH NOTEHIHAa
U HeATPanbHOIO aToMa, ecJH CYMTATb TOCJENHHH OTpHLA
Pa3gocTs Mexay sHeprueil HOHH3alUMM H Hallel CYMMO]
‘epris CLeNJIeHHs, HAM SHEPrHs CBA3H. 3aMeTHM, uTo ujel
KHO 0Obe/HHTb ¢ OOMCIHBIM BKJIajOM B 3Hepruio XapT
:a, pasubiy —0,916/r,, Torna Mbl noiyuum ko3apdHUHEH
paBubiii +0,284. KonkpeTHnble 3HaueHHsi OTAEAbHBIX uJie
cAayuas HaTtpus Mkl o6CynMM B cJeayiouledl riase,



:TPOHHAR KOPPEAAYUOHHAR @YHKYUA. BBIUHCIUM AJIA

B npubauxenun Xaptpu — Poka  BEPOATHOCTb
Y TOrO, 4TO B 3jemenrte of6beMa d3x ¢ KOOpPAMHATOH X
a yacTdlla ¥ Nnpuy 3TOM B sneMeHTe diy ¢ KoOopauHa-
: apyrad dactuua. Jlaxe eciu B KauecTBe BOMHOBBIX
1 BO3bMeM TMJOCKHE BOJIHEl, MJIOTHOCTh BEPOATHOCTH
ieT He OblTh KoucTaHrtolt. Ecau cnudbl 3THX ABYX ua-
:pansieNbHe!, NJIOTHOCTh BEPOSITHOCTH NOCTOSIHHA, HeH-

X, Vex y)=
[—i(ky-x+Ky-y)expli(k, - x+ky-y)=1. (5.98)

napaJuielbHBIX cnuHoB NpuHuan [layau npuBoauT X
i JIOTHOCTH BEPOATHOCTH; AEHCTBUTENHO,

(exp[—i(k,-x+k;-y)]—

ik, -y-+k-x)])(expli(ky - x4k, y)|—

Gy 4Ky X)) =5 (2~ exp i (k —kg) - (y —X)] —
Ky —Ky) - (y — X)) =1 — cos (k—kKp) - (y —x). (5.99)

5.99) no ocHosHoMy cocrosinuio depmu-dora. Ecau Mol
3JIMYHBIX 3aHATHIX cocToAHHA K, TO AMA cpenuero 3Ha-
SARUUM TNapanjelnbHuix nap (monaras r=y —x) uo-

Y (1 —explitk,—k) - 1])=
5]

W—(!W f d3%k, f d%, (1 —exp|i(k,—k;) - r]). (5.100)

Ha mpencrasiasier cofofl BepOSTHOCTD HAXOXKIEHHH B
'KTpPOHA €O CIIHHOM, AHTHMApajJle/bHLIM CIHHY 3JeK-
ONOXKEHHOr0 B Hayajae KoopAunar., Mosno unanucats

(g(n))y={1— F*(ker)]. (5.101)

1

Fker) = 5 oap

f d3heber, (5.102)
(5.102) Mu yxe suiuucasau (cm. (1.68)); urak, umeem

Rl — Ry
F(kFr)=3(sm ik "°°s""’)a,,l. (5.103)

3,3
Rgr




Wib30UB4HO yCHUBKC

3(2ﬂ)3 k= N. (5.10-
ruM, uto F(kpr) — 1, (g(r)) =0 nmpu r— 0 u F(kgr) —!
+1 npu r—»oo. B KadecTBe HHJEKCOB nesbTa-GyHKIHU
bl B3AJIM NPOEKUMH CIHHA S, S’ HA OChb 2, XKejas Noxuep!
leHeTBO Hyaw (ysxuuu F(kpr) ans anTunapanselbHb
3 (5.104) sennuuna N paBua n/2, rne n — KOHUEHTpauH
0B o0eHX CNUMHOBHIX opueHnTauuil, HesanaThie snekTponam
HyTpu cthepst PepMu Ha3nIBAlOT UHOTAA gepmu-ObipKam.
40BCKO€ B3auMmopeicTsue u BJOPMANH3M BTOPHMHOTO KBat

Ucnoabays ¢ypoe-o6pa3 s  3HEPrHM  KYJOHOBCKOT
siereua (5.83), ramuiabpToHMaH cuUCTeMbl (Hd €NHMHMD
MOXXHO 3alicaTh B BHjE

1 7 2
2p3-+32 e He M=

—2—24 z+22‘ 4’” exp [iK - (x;—x,)l, (5.10!

i/ Ks£0

=0 KoMIeHCHPYeTCS MOJOXKUTeNbHBIM (DOHOM, a WITPH
1a CyMMbl O3HAuaeT, YTO YJEHBH C i=j HCKJ/IOUEHH.

ijla nepenuilieM BblpaXKeHue JAfA NOTEHUMAJbHOH SHeprul
lepaTop AYKTYalWR ILJIOTHOCTH YaCTHU Py, KOTOPBHIA M

(M ceRyomuM o6pasom:

p(X)= )R"J pre®x; (5.10t

:)e-“‘""=fd3x2pKexp[i(K—K')- X] =
K

— 2 pAK—K)=pe (5.10
K
BaTe€JbHO,

o = f dix p(x) e-1Kx, (5.10:

X) — oAHOpoAHas (PyHKuuA (KOHCTaHTa), pPaBHARA N, 1
- JAJ8 TOueuHBIX 3apPAAOB

p(x)= zé(x—x - (5.10



«=[ #x Y o(x—x)e Y =2e-"""/ (5.110).
AYeT, 4uTo !
p.tp.(=.§ exp [iK - (x; —X;)] (5.111)

X —x;)]|= %‘4 exp [iK-(x, — X )| —n=pgp—", (5.112)

1eHTpaLHs 3]eKTPOHOB.
muabTonuad (5.105) MoXHO nmepenucaTh HPH NOMOLLH.
NOTHOCTH Py B BHAE

- ,
=_21_ 2‘ P+ Z‘: (oo — 1) (5-113)
K0

JHO ellle BbIPA3HTb TaMUJbTOHMAH 4Yepe3 (epMHOHHEBIE
(IycTs B npuGaMdXeHHH NJOCKHX BOJH

¥ (x) = 2_‘4 cxse™°*|s), (5.114)

1MHOBasl 4acTb OXHO3JEKTPOHHOH BOJHOBOH GYHKIHH.
uueckas SHepl‘Hﬂ paBha

\ k?
XY+ (x) L o oy (x)= 2‘ ExlrsChsr G =35+ (0.115)
onpegeaenunio (5.32),
=W+ (x) ¥ (x) = k%;s ¢} Chrs eXp i (k' —k) . x], (5.116)
1 (5.108)
vr | Pxexp iR —k—K)-x]= Y 60 oo (5:117)

o =2t kb =0_g- (5.118)

7 SHEpPrus paBHa

A \ I
(Pu‘{Px'”)"E ( Zi Cit 4 KERER —KCxe —n)- (6-119)
K \kk'



"TOHHdH OKOHUATEIbHO IIPHHHMACT BHA

YV 2np?
+ ——
Eaksckscks p KT ck+K scksck' K, s'ck's’ n
ks K kk’

53’

(5.1

qioe Bbipaxeniue. JlnaronasnbHble 31e€MEHTH KYJIOHOBCKG
[ONYy4aTCs W3 WIeHOB, Mjs Kotopuix k4+K=k’, s=s’,
MHOXKHUTENb, CONEPKAWMN YeThipe ONepaTopa, B TOM CJI
T BUJ

ehel e =che. (1 —ctey) (5.12:
{aTeJIbHO,
2ne?
E(lmar)—z‘n“ Cue— N [t Mee (812
kk's

UCIIONb30BAH YCIOBHE XNy, =n. Panee MM yXe ONekt
[22) — 310 Kak pa3 sHeprus Xaptpu — Poka (5.97).
Wrjge BHILUIE He YTBepXKJAaiu (M 3TO BaXKHO NOAYEPKHYTH,
:Hust ypaBHeHus Xaptpu # Xaptpy — Doka 8 BHIE NJC
[H COOTBETCTBYIOT HauHu3wel sHepruu. Osepxaysep [
ke [2]) mokasan, 4TO 06a ypaBHEHHs HMEIOT PEeLIEHHS, CC
'OllHe SHEPTHUAM MEHBLIIXWM, YeM Te, KOTOphle OTBeyaro
TJIOCKHM BOJIHAM. JTH HOBHIE DEIUEHHS MMEIOT BHI BOJI
(JIOTHOCTH, T. €. KakHe-nuOO H3MeHeHHS B TNpPOCTPaH
pacnpenelieHHd MJIOTHOCTH 3apsfa OTCYTCTBYIOT, XOTA UZ
B NPOCTPaHCTBEHHOM paclpefesleHHd CIHHOBOH IJIOTHC
yMeercsi, CyulecTBYIOT. BoJHOBBIM QYHKUHAM CIHHOBO
H coorBeTcTBYeT CoJiee HU3Kas SHeprus, MOTOMY UTO BeJiH
ICHHON 3Hepruy Bo3pacraer BCJEACTBHE JOKAJbHOIO YBE
crerend MapajieNlbHOCTH CNHHOB. TpyAHO cKa3artb, uT
A, €CMM YYHTBIBAThL OoJiee CJAOXKHbBIE KOppenslUHOHHble 3¢
IJI0Th 10 HACTOAIIET0 BPEMEHHM BCE MONPABKH K JHEPTHsl
1 XapTpu — PoKa BBUHCIAAJH B PaMKaX TEOPHH BO3MY
YHTAsl, YTO OCHOBHBIM, HEBO3MYILEHHBIM, COCTOSIHUEM §B
)pMaJ/IbHOE COCTOSIHHE CHCTeMbl B YKa3aHHOW Mogenn. JKc
ajJbHbie JaHHBbE MOACKA3BIBAIOT, YTO C BOJAHAMH CIIHHOBO
A Mbl MOXEM BCTDPETHTbCH B XPOMe NPH HH3KHX TeMIepa
) DCHOBHO® COCTOSIHHE OO/ILIUMHCTBA METaJI0B, NO-BHAM
ONHUCHIBAETCA BOMHOBOM (ByHKUHEH CNHHOBOW MJOTHOATH



3AODAYMH

JAMTbCA B TOM, YTO COOTHOWIEHHR anTrkomMyTanuu (5.6) ynosser-
onepatopoB (5.26) u (5.27). Ilose3no umeT» B BHAY, YTO

r2=1, {c+*,T}=0, {¢. T}=0. (5.123).
Ts, uto onepatopm (5.26) u (5.27) skBUBajenTHH onepaToOpaM.

1 pe3yabTHPYIOWIHH JedMIHT 3JeXTPOHOB B (epMH-AuIpKe, T. €.
an

[ awxr? gy,

enenseTcs coorhowenxeM (5.102).

awanor ypasuenus XapTps — ®oka (5.50) ans cayuas 6030HOB.
ath, 4T0 Gyskuust ¥*(x')|Bak) onuCHBaeT coCTOsHKE, B KOTOPOM:
OH, TOKaJIH3OBAHHBIK B TO4Ke X'.

Tlycts Ha BOJMHOBYIO $YHKUMIO HEACTBYET ONEPatop BJOTHOCTH:

Tt (x#)8(x — x") ¥ (x”). Tlokasats, 4r0

3aK) = j dx"8 (X — x") 8 (x” — x') ¥+ (x”)| Bax) =

=8(x —x’ )W+ (x’)|Bak), (5.124)

10, 0(x — x’) sBAAeTCA COGCTBEHHBIM 3HAYEHHEM MATPHUBI TJOT-

ua W (x') | Bar) — cOBCTBEHHLIM BEKTOPOM.

/iCb_MOZEeNbIo, NpuBoAsmel K (5.78), BBIYMCAHTH 3HEPTHIO OCHOB-

i. CpaBHMTb TNOJY4YEHHOE 3HAueHHE C 3IHEPrHel MEeTa/JHueckoro
Pa3peXERHOrO ra3a M3 HMOHHLIX OCTOBOB M 3/1€KTPOHOB. JKcne-
JHAUEHHE 3HEPTMM CBH3H METAJJHYECKOrO HATPHA PABHO NPHMEPHO-
YTO COOTBETCTBYET IHEPTHH, HEOOXOAHMOR ANS PA3AEACHUA KDH-
Ha HeHTPaJbHbIE aTOMBI.

¥M yepe3 N onepaTop NeAHOTO YHCJIa HYAaCTHLL

_[ BT+ (x7) V(x').
4TO A/1A1 6O30HHULIX HAKW PEPMHOHHBLIX NoJedH
Y (x)N=(N-+1)¥(x) (2.125)

B ramuastonnane (5.37) v(x’) =0, V(x' —y)=gd(x"—vy), rne
TlokaaaTts, 4TO TOUHBIE YPaBHENMST ABHMKEHHSI MMEIOT BHQ

1

v, (x)= B PP, (x)+ g¥ ] (x) Wp(x) ¥, (). (5.126).
T x)=— '217 Y (x) PP — g¥ ] (X)W (%) Wy(x). (5.127).

CN¥HOBME MHIEKCH. Korja B OAHOM ¥ TOM e ylleHe BCTPeualorcs
TO NOJA HMM NOAPa3yMeBaeTcs CyMMupoBaHue. [1pesnoaoxum, yto
3aNHMcaTh B BHAE ‘l’4+‘1’* Hay, no xpafineli Mepe, xaK cymmy

OOTBETCIBYIOWEro eMy noJs, o6pamieHHoroe no spemeny {cm. ra. 9).
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B MATHUTHOM I110J18, ONUCHIBAEMOM BeKTOpHHM noTeHuitagoM A. HMeeM
2 2
2 (x)—»(p——i—A) ‘I’—)(——igrad—% A) v (5.128)
2
TH(x)pP> ¥+ (x)(p-——% A) —»(z‘ grad——%)\) gt {5.129)

‘Pemenne 3Tof 3aaud HCNOJIB3YETCA B TEOPHH CBEPXNPOBOAHMMOCTH, H3jaraeMoir
B ra. 21,
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FTITABA 6

Teopuﬂ CHCTEM MHOrMX 4acTHu H ee NPHMEHEHHE
K 2JIEKTPOHHOMY rasy

Baxublit HefocTaToK npubauxennss Xaptpu — Poka 3akiIw-
yaeTcs B TOM, YTO NpPH BLIYHCJIEHMH NOJHOH 3HEPrud 3JEKTPOHHOTO-
raza NPaKTHYECKH HeJNb3sl Y4€CTb KODPPENALHMIO B ABAMCHHH 3JEK-
TPOHOB C AHTHNIAPAJJIEJNbHBIMII CIHHAMH., PH3UUECKH SCHO, UTO Ky-
JIOHOBCKOE OTTAaJKHBAHHE CTPEMUTCA Pa3feNUTh 3JeKTPOHBI C AHTH-
napanienbHbIMA cnuHamu. PaKTHyecKoe npeHeGpexenue Koppens-
LHedl He TAK CYLIECTBEHHO [/ 3JEKTPOHOB C NapasieabHbIMH
cnHHaMi. Mbl BUJeNH, KOTJa lua peyb O TaK HasblBaeMon depmu-
AblpKe, uTO NpHHUKN [laynu aBTOMaTHHYECKH BBOLHT CHJBLHYIO KOP-
peJsilio B 3TOM NOCJELHEM Cayuae.

B ra. 5 Mbl onpeleluiIy IHepaulo Koppessyuu Kak pasHocTh Me-
KAy TOMHHIM 3HAUCHHEM 3HEPTHH M 3HAYCHMEM, BBINHCICHHLIM B
npubnuxennu Xaptpu — Poka. B HacTofilllelf IJaBe Mbl pPaccMoOT-
DHM MeTOibl NPHGNHXEHHOTO BHIYHC/ICHUA SHEPTHM KOppEIsALUH
LISl BLIPOXK/EHHOTO 3JEeKTPOHHOrO rasa, B UaCTHOCTH IpH BBICOKO#
nnoraocts (ry<1). [1p¥ moCTaTOYHO HM3KOH NJIOTHOCTA 3aj@ua HO-
CHT HECKOJBbKO MHOH XapaKTep: CUMTAETCH, YTO B ITOM CJyHae dJIeK-
TPOHHBIH ra3 KOHJEHCHDYeTCH B KPHCTAMT C 06'bEMHOLEHTPHPOBAH-
HOH KyOuueckoii cTpyKTypoil. Mbl paccMoTpuM npeleabHbIH cayyai
HH3KOM MJoTHocTH (npeaen Buruepa). [lpunsito cuntath [1], uTo
Npu ry>5 3IEKTPOHHBIH KPUCTANI HAXOLMTCHA B YCTOHYMBOM CO-
CTOSIHHHM, TOTJA KAak IpPH MEHbLIWX 3HAYEHHAX fs YCTOHMHBBIM CO-
crosinuem Oyzet rasoBas ¢asa.

B nociaenuue roas 6uio pa3paboTaHo MHOIO MOLIHBIX METOAOB
/1 BHIUHCJIEHUSE CBOMCTB 3JIEKTPOHHOrO rasa. BOMBbUIKHCTBO 3THX
METONOB BEIeT K SKBMBANEHTHbIM pesyabraram. IIpocrediminmu u3
9THX HOBBIX METOJOB SBJSIOTCH NPHOJHMKEHHSA CaMOCOr/aCcOBAHHOIO
noJsi, NpPEeAJOXKEHHbe, C OAHOH CTODOHbI, Dpenpeitxom H Kosnom
[2] 1, ¢ npyro# — lonacToyHoM H TForrdpunom [3]. Tlocne Toro xak
MEl H3J0MKHM METOJ CaMOCOIMIACOBAHHOTO IIOJS, Mbl IOKaXeM,
CKOJb YZOOHO /s DPacueToB CBOWCTB CHCTEM MHOTMX dacTuy He-
NOJIb30BATb AMW3NEKTPHHECKYI0 NPOHHIAEMOCTb Kak ¢YyHKuMIo uac-
TOTH ¥ BOJHOBOro uMcaa. B 3akioueHue Mbl o0CYJMM JuarpaMmu
ToJsgcToyHa ¥ TeopeMy O CBSI3HBIX AHMarpammax.
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Bonpocel, 3aTponyTele B HacTOflEd rlaBe, XOPOLIO H3J0XKeHH
B kuure [lafinca [4], rae naua rakxke O6ub.auorpadusi OCHOBHBIX
pabor.

Haubonee npsiMoii MOAX0A K PACUETY IHEPrHH KOPPEASIUHH CO-
CTOUT B PACCMOTPEHHH KYJOHOBCKOIO B3aMMOJENCTBHSI KAK BO3MY-
WeHHs!, BAHSIOUIEr0 Ha [apbl 3JEKTPOHOB C AHTHIAPalJedbHbIMH
CNHHAMY, ¥ Jajlee B BHIYHC/IEHUH SHEPIUH KOPPEJAUHH MO OOLIYHOM
TEOPHH BO3MYLUEHIHl 10 BTOporo u Oosee BBICOKUX MOpsifikoB. Bo
BTOPOM NOps/Ke KyJOHOBCKas 3ueprusi & aByx cBOGOAHBIX 3JEK-
TpoHoB B oObeme Q B cocrosinuax k; 4, Ky 4 umeer sug

9m (12| V[ 34) (34| V] 12)

8(2)2— v 6.1
ERD TE N N e
e
121V 134y = & [ asxaryexp[— i - x+ ke - y)] X
41e? , .
x( e €Xp [K - (x - Y)l)e"p[‘(ka Xk y)l =
K
=g Ak ko —ky—k).  (6.2)

3pece q=k;—k;=Kk,—k; — uMnyabc, nepefaBaeMblii NpH B3aHMO-
jeicTeuu 31ekTpoHoB C kg # ki, KOrZa OHH 3a CYeT BHPTYAJBHOIO
paccesiHust IpHoOpeTaloT umMnyasco ks u k. Hraxk,

4re? \2 1 1
(2) — [,
e m(*5-) O CEE e 6.3)

CYMMHUDOBAHHE N0 ( MOXHO 3AMEHHTb HHTETPHUPOBAHHUEM

¢ 1
Q 7 1
P Of dg 2 lf it 1o (6.4)

rae k=|ky—K;J/g. n=rcos8. ¥roan 0 orTcunThiBaeTCs OT Hampa-
snenns ky — ky. Uuterpan no do s (6.4) pasen
Lin L ol

K 1—k’

Huterpan no dg naer 1/g® u, OueBUIHO, DPACXOAMTCH HA HUKHEM
npenese (npu g —0).

Ycrpanenue 3TOH PacxXofAHMOCTH MOXeT ObiTh BBHIIOJHEHO MpH
TIATEeJbLHOM aHalH3e jMarpaMm, NepBOHauaJbHO pa3BuroM DBpak-
HEPOM; 0Ka3a/JoCh BO3MOXHLIM NPOCYMMHPOBATh BO BCeX MOPSiAKax
Haubosee BaxKHple YieHbl B PA3/JOMNKEHHUSX TEOPHHM BO3MYIULEHHH. Mot
uanoxum meroll DpakHepa B mpuioxenuu (B KoHne kuuru). Jas
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pacueTa HEpPrHH KOPPEJALMH CYLIECTBYIOT U Gojee NpoCThie Me-
Tombl, no aHanu3 DBpakhepa npeacrasasiercs Ham nauGogee Ha-
FJIAHbBIM H BaXKHBIM,

B npensoxennom Bpaxnepom Merone paciuera sHeprum Koppe-
JAfLHY 3JMEKTPOHHOTO ra3a B Npejle/bHOM Cjyyae BLICOKOH NJIOT-
HOCTH B BEJMYMHE 3IHEPIHH HMeIOTCH BKJajbl BO BCEX MNOPAAKAX
TEOPHH BO3MyillenHH. DTO CBA3aHO C NANbHOAEHCTBYIOLIMM Xapak-
TEPOM KYJOHOBCKHX cHJ. B 3apayax, HemocpeacTBeHHO OTpaxalo-
uX pealbHble QU3HYECKHE CUTYaluH, MOMKHO OXUJATh, UTO KYJO-
HOBCKOE B3aHMOJEHCTBHE Napbl 571eKTPOHOB OyaeT 3KpaHHPOBATHCS
(3a ucknwouenueM 06/1acTH ManblX PaCCTOSIHMA) APYTMMM 3JEKTpPO-
HaMH cuCTembl. MOXHO OXHAATb, YTO HEBO3MYILEHHBIA NOTERLHAJ]
€?/r B clyuae yyeTa BO3MYIIEHHsI NPHMET, NO-BUAKMOMY, HHOH BHI,
Tuna, Hanpumep, (e¥r)el's, rpe I~ ANMHA SKPAHHPOBAHHH —
paBHa no IOPAAKY BeJHYMHH OTHOIUEHHIO cKopocTH PepmH vy
K BJa3MEHHOR YacroTe, T. €.

l m \')
s ’vF ne?

STOT 3KpaHHPOBAHHHHA NoTeHuMaa GyaeT npeacrasiastb coboit Gec-
KOHeuHbii psn no crenedsam (e?)™ Henb3s oxujgats, uTO Takoro:
poma psAabl yaactcs NOJYYHTS NPU NOMOLH TEOPHH BO3MYILEHUN
B KAKOM-TO KoHeuHoM nopsjke. Pacuernl I'ean-Manua u Bpakue-
pa [5] no3BOMIMAM NOAYYHTH BeCbMa CYLIECTBEHHBIE PE3YAbTaTbl, HO
H3 3THX Pe3yAbTAaTOB TaKKe CJAEIYeT, YTO NpUMeHeHHe TEOPHH BO3-
MYIleHHHl He HABIseTCA eCTeCTBEHHBIM NyTeM JJ8 pPacCMOTPEHUs
npo6aembl. HaubGonee ¢usuiecku mpospaueH, RO-BHAMMOMY, NMOI-
XOXI, OCHOBAHHBII Ha METOJE CAMOCOIIACOBAHHOIO moas B (opme,.
onucaHHo# B pabore [2),

Metonp camocoraacosanHHoro noas

PaccMoTpuM OTAENbHYIO YacTHLY, AN KOTOPOH OJHOYACTUUHBIA
FaMuUJIbTOHHAH uMeer BHR H=H,+V(x, ), rne Hy=p?2m, a
V(x, f} — caMocoriacoBaHHbll NOTEHHHAN, ONKCHLIBAIOLIHA B3auMO-~
JEHCTBHE 3TOH YACTHIB CO BCEMH JPOYMMM YACTHIIAMH CHCTEMBI.
Ilycts p — craTHCTHUECKHA omepaTop AJis ONHOM YaCTHIH, T. e. 00-
HO%aCTUYHAA MaTpHlla nAOTHOCTH. Ecau ¢, — pellleHne ofHoua-
CTHYHOro ypaBHenHs XapTpH — oka, TO NPU MOMOIIM COGCTBEH-
neix ¢yukuui |k) onepatopa Hp 310 peieHHe MOXKHO npejcra-
BHTb B BHJe psaza'l)

) =pn(x, )= 3 k) (k m) (6:5)

1}y 3pmecr onepaTop p He HMeeT HHuero OOILEro ¢ ONEPATOPOM ILIOTHOCTH
YacTHl, BBEJEHHHIM B TEODHH BTOPHYHOFO KBAHTOBaHHA (CM. ra. 5).
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Torna Matpuuma nIoTHOCTH MOXKET GbITb OMpejeseHa CJaCAYIOLIHM
obpa3om:

klplk)= % (K'| m) P (m |K), (6.6)

rae P,, — cpeansis no aucam6a10 BEpOSTHOCTb TOro, YTO COCTOS-
HYe m 3aHATO. PaBHOBECHBIH CTATHCTHUECKHH omepaTop pg AJA HE-
Bo3MylleHHOH cHcremsl (V=0) obaagaer ciaelyiolluM CBONUCTBOM:

P [K) = fo (ex) | K}, (6.7)

rae fo(e) — craTucTHYecKass (DYHKUHS paclpefeeHus.
YpaBHeHue JBUKEHUS 115 p=po-Op umMeeT BHI

ip=[H, ol (6.8)

Ecnu e Mbl muneapusyem ypasnenue (6.8), npeneGperas unenamn
nopsagka Vép, to no.nylmM

~ [Hy d0]+ [V, mol- (6.9)

BBepem nanee MarpuuHble 3JEMEHTHE MeXAy cocTosiuusiMu |k)
" \k—i—q)

zy(kléolk+q>=(kllﬂo, ]| k+q) +(k|[V, p] [k+q)=

= (ex — ek+q) (K| 8p [k + Q) +[fo (ex+a) — fo(en)] Va (£),  (6.10)
TAE

Ve@=&IV k-+@y= [ dxV (x, heis  (6.11)

ecTh (-% ¢Gypbe-KOMIoHeHTa noTeHuHana V(x, t). Hpyrue ¢ypbe-
KOMIIOHEHTBl B HACTOSIEM pa3jiesie ONpefensiioTesl MOoACOHBIM XKe
ob6pa3oM.

[Torenuuan V cocTouT u3 NMOTEHUHANa BHelIHEro moas VO u sk-
paHHpyWOIIEro noreHuHana Vs, cBA3aHHOTO ¢ HHAYUHPOBAHHEIM W3-
MEHEeHUEM 3JEKTPOHHOH MJIOTHOCTH 87.

Takum oGpasowm, V° moxer GbiTh, HANPHMEp, MOTEHUHAJIOM 3a-
pPAMXKEHHOH NpuMecH, a V° — NOTEHUHAJOM 3KPaHHDPYIOLIUX 3aPSLOB
B 3JEKTPOHHOM rase, HHAYUUPOBaHHbBIM noreunuanom V, Hrax,
HH/JYUMPOBAHHOE M3MEHEHUE 3JEKTPOHHOH MJIOTHOCTH PABHO

on (X) = ZIm)P (ml—Z Zlk)(k'lm)P (m| k) (k= -
-=l§|k’) (k|(k" |p| k)= ?e"“"‘ g (k’|8p |k’ +q) =§ e='axdny.
(6.12)
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Dxpanupyloluil NoTeHIKHaa cea3aH ¢ On(X) ypaBrenuem [lyaccona
VWV = _—4né’dn, V() =—4ne’ (k |on|k+q), (6.13)

H, CJeR0BATENBbHO,

s 4re?
Vq ()= ::

¥ (k[0 K - q). (6.14)

k'

Kom6Gunupys (6.10) u (6.14), noayuum ypaBHEHHE NBHXECHHSA IS
C/1yuasi OTCYTCTBHS BHEIIHErO BO3MYLIEHUA:

iP5 (K8 |K -+ q) = (bx—ewwa) (K 100 1K+ q) +
252 o (exra) — Fo (8)] Dy (K’ 180 [K'+ ). (6.15)
<

D10 ypaBHEHHE HMeeT TOT e BUI, YTO M nojdydeHnoe BomoM
Mafincom . (cm. 0630p [6]) B npubavkenun xaoruueckux gas.

CeoficTBa 3JEKTPOHHOI'O ra3a, B KOTOPOM MMEET MEeCTO B3auMo-
JEACTBHE MEXJY 3JeKTpOoHaMH, ya0OHO BHIpaxaTbh 4epe3 MpojO/b-
HYI0O IM3MEKTPHYECKYI0 mnpoHuuaeMoctTb € (o, q). Mo Moxem
ONpeleNuTh JU3IEKTPUUECKYIO NPOHHIAEMOCTb DPa3JIHYHLIMU 3IKBH-
BaneHTHbIMH cnocobGamu, CornacHo oO6LIYHOMY ONpefeNeHHio Ju-
3JeKTpUUeCKass NPOHUIAEMOCTb CBS3LIBAET KOMIIOHEHTBI MNOJAPH-
3auus P, ¢ npogonbHelM 3jeKTpUYeckuM nonem Eq crepyiomum 06-
pa3oM:

Eq—+4nPy=¢(0, q) Eq=Dq. (6.16)

Hanompum, utro V=V04 Vs ecTs cymmapHbifi noTexuuasn, rie
V9 — noTenuMan BHEWIHHX HUCTOYHHKOB, a V* — noTeHUMan HHAYLH-
poannoro 3apsja. CoorHomende (6.16) 3KBUBaNEHTHO COOTHO-
LIEHHIO

Vo—Vi=c¢lo, )V, (6.17)

[IOCKOJIbKY NpoJoAbHAsA MoAfpu3anus Pq cosflaeT HHAyHHPOBAHHOE
3JIEKTpHYECKOE MOJe — E3/4n, rae Eq cOOTBETCTBYeT NOTeHUHANLY
Vg Hrak,

VO

€ (o, q)=~V—‘q‘— (6.18)

npeAcraBiaser co6of OTHOWEHHE BHEUIHEro MNOTeHUHana K 3(dek-
THBHOMY NoTeHnuany. Jlanee umeem

divP=edn, —iqgPy=edng, eEq=—IiqV,, (6.19)
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H, CJAEA0BaTEJLHO,
¢20n

€ (o, q)==1+4n(%)=1—4n7;‘7q—. (6.20)
q

rie @ — uacTora, cBa3annasg ¢ Vq. Onpenenenne Ju3JeKTpHUECKOM
NPOHHI@EMOCTH cooTHolenHeM (6.16) HCnoab3yeTcs Takxe HHUXKe,
B ¢opmyae (6.40), Ho TaM OHO OKa3hiBaeTcs YIOOHBIM Ansi 0GCyX-
Aenust (6.42), 1. e. 3aBUCUMOCTH IU3JEKTPHUYECKON NIPOHMIAEMOCTH
OT MJOTHOCTH NMPOGHOrO ¥ MHIAYUHPOBAHHOTO 3apsijOB.

Tenepb, ecnu B ypaBsenuu asukenus (6.10) paccmarpuBathb
noteHunan Vq(f) Kak 3aBHCAILYIO CO BpEMEHEM CHJY, ONpelensio-
1YI0 MOBEAECHHUE CHCTEMBI, TO Mbl HMeeM

To (e +q) — /o (5x)
ferq—tFotis U

Akidplk+q) = (6.21)

npuueM

- =V fora) =l v .
=2 (kitolk+aq) =3 ol b v, (622)

Haxoren, Mbl MoXeMm 3amucaTh Claejyiolllee Bblpaxenue A8 Mpo-
JONBHON JHU3JeKTPHYecKol NMpOHHUAEMOCTH B NPUONMKEHHM caMo-
COTlIACOBAHHOTO NOJA:

. . . Anme? fo (8c1q) — Fo (8x)
€scp (0, @) =1~ lim =5 Z e | 6

STo oueHb BaXKHBIA PE3YJALTAT, Py NOMOLIM KOTOPOTO MBI MOXKEM
BBIUKCJISITE MHOTHE XaPAKTEPHCTUKH CHCTEMBl, BKJAKOYasi M 3Hepruio
xoppeasiuvn. IlpuBejienHoe Buipamxenne (6.23) sBnsercs npuGiu-
JKEHHBIM, MOCKOJbKY NMPH €ro BhIBOAE Mbl HCXOLHJAM H3 OAHOUACTHY-
HOTO, a4 He MHOTOYacTHYHOro ramujabtonuasa. [Ipubauxenue co-
CTOHT B TOM, 4TO 3JIEKTPOH paccMaTpuHBaeTcs Kak cBobojuas
yacTHia, ABMKYLLAfCA B NOJE, ONUCHIBAEMOM YCPEAHEHHLIM IOTEH-
nuanom V(x, f) cucrtemnl. IloayueHHbll pe3yabTaT 3KBUBAJIEHTEH
pesyabraty Hosbepa u Ilaitnca, ycraHoBIeHHOMY B NPUGTHIKEHUH
Xa0THYeCKHX ¢a3. Boluuciedue nonepeysHol AM3JMEKTPHUECKOH npo-
HHIIAEMOCTH 3JIEKTPOHHOTO ra3a TNPEJIOCTABISIETCH YUTATENI0 B BH/E
ynpaxHenus (cM. sanauy 16.3).

B npeneapHoM cayuae o >kpg/m Boipaxenue (6.23) npuuu-
MAET BHA

@; e? of, kg
G((D, q)zl—*'ﬁp—‘}—l Wfdskq.le)—b(m+T); (624)
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3jech BBelleHO 06O3HAueHue m2p=4:rme2/m H HCNOJb30BAaHO U3-
BECTHOE TOXKAECTBO
1

lim FFEwn

540
3pecy & — cuMBoa raaBHoro 3uauenus. [Ipa abGconioTHoM Hyne
norsouleHne, onpenensiemoe BenuuuHo#t Im{e€}, ucuesaer, ecau
w>kpqg/m; B 3TOM ciAydYae Mbl FOBOPHM, UTO MMeeM JA€J0 C [as-
MeHHOH o6nactbio. [Ipn w<kpg/m mHHMas uacTb € npu abeo-
JIOTHOM Hyne paBHa 2m2elw/q3; meliecTBeHHas uacTb ¢ B (6.24)
noJy4yaeTcsl, ec/y 3anucarth

=& - — ind (x). (6.25)

g
Fo(trq) —Fo(6) ~ @ kai (6.26)
14
1 1 k-q
Tl L -s B (6.27)

Bemecrsensas yacTb € uMeer TOrAa TOT Ke BHJ, YTO M AH-
3NeKTPHYECKAs NPOHHAIXAEeMOCTb maa3Mbl npu ¢=0 (cM. ra. 3). Pe-
wue ypaBHeHus asmxeHus (6.15) ans HemomBuKHOH cHcTeMEI, MO-
JiyuuM NnpubauNKeHHble COGCTBEHHblE YACTOTH B BHAE yHKUH OT (.
A1 cobCcTBeHHble YaCTOTH SABJAAIOTCH KAK pPa3 KODHSMH Bbipaxe-
g o €(w, q) B Buje (6.23). Halinenuble ypaBHeHUSt ABHKEHHS
3KBMUBAJCHTHB paccMoTpeHHsiM B pabote {7]. ColcTBenunle 3Haue-
HMA  TOJy4aloTCH  JBYX TMMOB: 3HA4eHUA TEPBOro  THOA —
® =€y 4q—8Ek — ONUCLIBAIOT 3SHEpPruio, HeoOXomxuMylo ans obpa-
30Banusi Napbl 3JIEKTPOH — JbIpKa NYTEM Nepexoja 3JeKTpoHa u3
cocrosnust k ¢epmu-dona B cocrosune K--q sue hepmu-cdouna. Cob-
CTBEHHHE 3HAYeHUA BTOPOro THIA NONBJAIOTCA [PH MalbiX ( U
onpenensiorTcs ypaBHeHHeM w?==4nne?/m. Takum o6pa3om, uMeOTCH
KOJIJIEKTHBHble BO30YXKACHHS U HapsAAy ¢ HUMH BO3OYyXKieHHs, 4o-
CsAIIRE XaPaKTep KBAa3M4YacTHL, HO MOJHOE YHCAO CTeneHell cBoGoaM
paeuo dn.

Mauwumbiit unen B (6.24) xapakrepusyer 3aTyxaHHe Ha3MEHHBIX
KoneOauuii (KoTOpoe Ha3plBAlOT 3aTyxauuem Jlauaay). Beauuuna
3aTyxaHus OIpeje/]sieTCsl YHCJOM 4HAaCTHL, KOMIOHEHTH CKODOCTH
KOTOpLIX k°/m B HanpaBAeHUu q PacNPOCTPAHEHUS KOJJIEKTHBHOTO
8036y /1eHHs paBHBl (Pa30BOM CKOPOCTH (/g pacHpOCTPAHEHHS BO3-
O6yxaenun. KoneGauus MMEHHO 3THX UYacTHIl OKasblBaloTcs B hase
¢ Bo30yXKIeHueM U UMEHHO OHM «OTOHPAIOT» OT Hero 3Hepruio. Ta-
'KOe 3aTyXaHHe CYIIeCTBEHHO NpH OOJbILNHX 3HAYEHHAX ¢; TOrja
N1a3MOHbl yXE HEeNMb3sl CYHTATh «XOPOLIMMH® HOPMAJbLHBIMH KoJe-
GannsMu. B BbipoXaeHHOM ¢epMH-ra3e MaKCHMaJjibHas CKOPOCTb
371eKTPOHOB PaBHA Up; NPH 3HAYEHUAX ¢, YAOBJETBOPSIOLIMX yCJIO-
BHIO ©p/q>Up, B Mja3Me He MOTYT CYUIeCTBOBATb YacTHLB, Hepe-
Mellaloluecs € yka3aHHOH (a3oBofi CKOPOCTbIO. DTO 3HAYUT, UTO



128 TJTABA IHNECTAS

mMHuUMas uacth € (v, q) obpamaercs B HyJb AAA <¢.=@p/UF.
[Monwayace (5.71) u (5.73), noayunm qc/kF=0,48r§/2. Ecau Bce
Konebauus, AN KOTOPBIX ¢>>¢g. Mbl OyneM CuHTaTb KoJeOaHMAMH
OTJEJbHLIX YaCTHI, TO AJAsi OTHOUIEHUS YHCaa NMAAa3MOHHHEIX Koseba-
HUA n’ K. NONHOMY YHCHIY cTeleHel cBo6oanl 3n MOMYyUNM

’ 1 N
g_n = 55 (0,48 r¥2=0,018r%, (6.28)

rie aBo#ilka B 3HaMmeHaTeNle MNOfBJAseTcHs u3-3a CnuWHa. B cayuae
Hatpus r;=3,96 u, cienoBarennsHo, 149 creneset cBoGOAbl CBA3aHO
C NJa3MOHHBLIMHY KoJeOaHUAMH.

Teneps nopsenem uroru. [Ipu Manbix ¢ HopMaabHble KoJeba-
HUS CHCTEMBb! — IJIa3MOHBI; MpH OOJBLIMX ¢ HOpManbHble Koaeba-
HHS B OCHOBHOM IpeJCTaBAfIOT co0ofi Bo3OyXaeHHS OTJeNbHbIX
YyacTHil. '

[lnasmonsl B Merananax Habmioganuck B BHAE JMCKPETHBHIX IIH-
KOB HAa KPHBOM 3aBUCHMOCTH HEpreTHYeCKHX NOTepb OT Hampsixe-
HUSL Ans1 OBICTPHIX 3JEXKTPOHOB, NPOXOAAIIMX 4Yepe3 TOHKHE MeTal-
auyeckue mnenkd. Bonee noppobubie panuble 0 miasMoHax ObuLin
[oJNyueHbl B 3KcNepHMMeHTax No HabJl0JeHHI0 CBETOBOTO H3Jyue-
HHf, MCIyCKaeMoro Bo30yxaeHHBIMH TNJa3moHamu [8, 9]. ¥rnosoe
pacnpesne/eH¥e HMHTEHCHBHOCTH H3JyYeHHH, T. €. €€ 3aBHCHMOCTb
OT HanpaBJeHHs HAOGMIOJEHUS, & TAKKE OT TOJLIHHBI NJIEHKH Obiiu
npejcka3ansl B pabore [10]. _

DHepruu, COOTBETCTBYIOUME NHKAM Ha IKCNIEPUMEHTAJbHO MOMy-
YeHHOH KpUBOH 3JHEpPreTHYEeCKHX INOTEPb, M 3HAYEHHS NJAa3MEeHHbIX
yacToT (B 3JIEKTPOH-BOJbTAX), BLIYMCIEHHBIE [/ RpeanosaraeMbix
BaJIeHTHOCTEH, JaHbl B IPHBOAUMON Hixe Tabaule.

3aement Be B C N‘g Al Si Ge

BanentHocrs 2 3 4 2 3 4 4
g, 38 19 24 25 11 16 17 16
AEg a6, 38 19 19 22 10 15 17 17

[Mpy BbIUHCTIEHMM 3HAuyeHMil TJIA3MEHHBIX 4YacTOT BBEAEHBl MO~
NpaBK{ HA [RIJIEKTPHYECKYIO NPOHHIAEMOCTb HOHHBIX ocToBOB. s
HIeJIOYHBIX METAaNJIOB CPAaBHEHUS IKCIEPHMEHTANbHLIX /J4aHHBIX C
BLIUMCJAEHHBIMH Takxke OOHAapYXHMBAIOT MOPA3HTEJNbHOE COBHAJEHHE:
NUKM Ha KPHUBOH Heynpyrux MOTepb, KaK M CJAENOBAaJO OXHIATh,
oyeHb OJIM3KH K IPAaHHYHLIM HACTOTaM JJs ONTHYECKOH IpO3pay-
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HocTi. B 3TOoM Jerko yOeaMThcs NPH  PACCMOTPEHHH JAHHBIX
caeaymoulell TabaKIbL

DaeMenT Li Na K
Oy, 38 8,0 57 3.9
AE, 38 9,5 54 3.8
Wonr, 38 8,0 59 3,9

Jusrextpudeckas nponuyaemocrts 8 modeau Tomaca — Pepauu.
[Tpn6mikenne Tomaca — PepMu NIPU BLIYHCJIEHHH JHAJEKTPHUECKON
NpPOHUIAEMOCTH 3JIEKTPOHHOTO ra3a COOTBETCTBYET KBa3lCTaTHYE-
ckoMy npubainkeuuio (o — 0), NpUMEHHMOMY B ciydae OOJBIIHX
aaun BodiH (g/kp<1). OcuoBuoe npeanoaoxende [l1] cocrour B
TOM, YTO JOKadbHAsl ITOTHOCTL 3JEKTPOHOB #1(X) Y/10BJETBOPHAET
COOTHOILEHHID

n(x)~ler —V (X)]" (6.29)
rne V(x) — norenuuanbHas sHeprus, a er — dueprus Pepmu. Ta-
KM o0pa3oM, 1as «CJaaboroy NOTEHUMana MOXKHO HaNMUCaTh

3n
HJH /5 COOTBETCTBYIOIMX Qyphe-KOMIOREHT —

d1q z—%;—vq. (6.31)

Ho, cornacno ypasdenmio Ilyaccona (6.13), Bapuauus 8nq coorser-
CTBYET H3MeHeHHI0 noTeHuuaaa Vg, 1. e.
s

dq =17 V3. (6.32)

4ne?

M3 onpeaenenus (6.18) nussekTpuueckoil NPOHHUAEMOCTH HMEeM
415 caysas Mojnean Tomaca — Pepmu

Ve—Va . (4me? dn, [4%)

err (q) = V. =1— —2e; Ong 3y (6.33)
HJH
2 k2
err (q) = %— . (6.34)
rine
B=" (6.35)

9 4. Kutreas
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OtmernM, uro Vq— Vi — sHemnui norenunan, a (Vq — V) +
—+—VSEVq—3(1)(1)€I(THBHbIﬁ noresuuan. MoXHO OXHIATb, YTO Bbi-
paxKeHue IS AH3AEKTPUUECKOH TNPOHMLAEMOCTH B Mojaend Toma-
ca— Pepmu (6.34) Oyner uyacTHBIM CHyYaeM 3ITOrO BHIPAMKEHHH,
NOJIy4yeHHOro B NpUO/IHKEeHHU CaMOoCoraIacoBaHHoro noas (6.23), ko-
ria w=0 u g/kr< 1. HdeficTBHTENLHO, B 3TOM NpeelLHOM caydae

41e? q- ()fo/dk 4ne?\ 8nnkg
esor 0, 0) ~ 1 — () e [ L0 = 1+ () G

(6.36)

310 Bmpa)xeﬂue cosnanaer ¢ (6.34), ToCKOABKY == ki[2ep, a k=
= 3ns’.

HOnaaexrpuueckuit tbopmanusm [12]

Buluucienue AMITEKTPHUECKON NPOHMLAEMOCTH IO METOAYy CaMo-
COrJ1ACOBAHHOrO MOJS OCHOBAHO HAa MOJIENM HE3aBMCHMbBIX HacTHIl
M sBAfercs JHIb NpubsikeHHbM. Tenmepb Mbl BBIMHCAMM Gosee
ofl1ee BhIpaXKEHHE AIf JHINEKTPUUYECKOH NPOHHUAEMOCTH NPH INO-
MOILH MATPHUYHBEIX 3/JEMEHTOB MEXAY TOUHbIMU COOCTBEHHBIMU QYHK-
yusamu cucreMul MHorux Tteq. IlpencraBuM cebe, 4TO MBI BReaAM B
cicteMy npoOHLI 3apsi, pacnpejeleHHe KOTOPOro XxapaKTepH-
3yercsi BOJIHOBBIM BEKTOpOM q M 4acTtoTod . [lnmorHocts nmpobHoro
3apsina OyjeM onuchiBaThb QyHKUHEH

erq[exp[—i(ot+4-q - x)|+exp[i(wf+q- )],

rae r,— BellecTBeHHas BeauunHa. B orcyrcrBue npoGHoro 3apsja
cpexHee 3HaueHMe (pq) OnepaTopoB p, QUIYKTyaUHMA ILIOTHOCTH 3a-

pAla Bcex vactuy OyaerT paBHO Hymaw. Hanomuum, uTo, coryacHo
(5.118),
Py == ; o (6.37)

[Ipu Hanuuuu mnpoGHoro 3apajia (piq)+0. IlonbiTaeMcs pewntsb
3ajauy AJsi KOMIOHEHThl MJOTHOCTH HMH/YUMPOBAHHBIX 3aDPsLOB.
[lo onpenenenuto D u E umeenm

div D =4n (n10THOCTH NPOGHOTrO 3apsaa), (6.38)

div E = 4n (naotHocTts MPOOHOTO 3apaia -+ NJOTHOCTb HHAYHHPO-
BaHHOro 3apsanaa). (6.39)
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Bsons Temeps COOTBETCTBYIOLLYIO 3TOH CHUTyallud AH3JEKTpHYE-
CKyI0 NpoHHUaeMocTb € (w, ), NONYy4UM

—iq-Dq=—ie(0, q)q- Eq=4nerqe~", (6.40)
—iq- E ==4ne(re” 0f + (0g))- (6.41)

Pasnenus (6.41) ua (6.40), nosyuum
T e i 42

Boruuc/uM Terepb BeMudHHY (p,), XapaKTePU3ylUIyk Peakuuio
cucTeMbl Ha BBejenue NpofHoro 3apsija. [aMUIBTOHHAH CHCTEMB
pasen H=H,+H’, rae a1a obpasua eiMHHYHOTO OObeMa HMEEM,
COTJ1aCHO (5.113)

2n
2 +L (0304 — 1) (6.43)

H’ — onepaTop KyJOHOBCKOro Bsaumoneﬁcmnﬁ MeXJy CHCTeMOH
H npoBHBIM 3aps10M — UMEET BHJI

’ 45102 .
H' = = p_grq exp[— iot +-st]+-x. c (6.44)

[Tpu anunabaTHuecKoM BKJIOHEHUH B3aHMOJECHCTBHS BelUuUHA S
Maja H nonoxurensda. [Ipeanonaraercs, yro npobuniil 3apsa J10-
CTAaTOYHO MaJj, NMO3TOMY peakuuss CHCTEMBI HA BHeceHue NpolGHOro
3apsjla HOCHT JiMHeHHbIH xapakrep. Byaem cuurarth, uTo B Hayasb-
HBII MOMEHT (/=-—o00) cHCTEMa HaXOJUTCH B OCHOBHOM COCTOSI-
uun @o. Tlocae Brecenns npobuoro 3apana @y — @o(r ). Pynkuns
Mo(r,) npexcraBasieT cobOH peweHue ypaBHEHUH Ilpenunrepa,

1ialileHHoe B NepBROM MNpUOAHIKEHHU TEOPHH BO3IMYLIEHHH, 3aBHCA-
UIMX OT BpEMEeHd, T. €.

~ ¢ 4me? n|o_,|0)exp(— iwt 4 st)

‘ r (( | QI ) +

qz LA — 0~ Opg — s
n R

(Do(rq):(I_)o—

(] pq|0) exp ({wf + sf)
-+ qﬁ)+mn0+is ) @

rae €, — €=Wng. 1012 C TOYHOCTBIO [0 YJEHOB MNEPBOrQ I0-
pAijlka OTHOCHTEJIBHO 7 o €Xp (—iwf+St) umeem

(@ (rg) [ 0g| o)) == — o g exPp (— it + 58) X
1

Xz<”"qu0>2(m+(uno+i5+—m+w,,,,——is)’ (6-46)

(6.45)

9*
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Ije HCOMb3OBAHO CBOKHCTBO CMMMeTDUH |(n|p, 10} 12={(nlp_,10) 12
TMoxcrasasisi (6.46) B (6.42), monyuaeM TOYHBIH DE3YyJbTAT

1 4ne? 1 1
e(m,q)zl_ q? §l<nlpqlo>l2{m+mno+i5+——m+m,m——is}'

6.47)
Cob6cTBeHHbIe 4aCTOThl CHCTEMbI ONDEJEAsIOTCSl KaKk KOPHH ypas-
uenns €(w, q) =0, nocronbky, cormacuo (6.42), Kaxabli KOpEHb
sBJasieTca 0co0Of TOUKOH, COOTBETCTBYIOWLEH coBCTBEHHOMY KoJeba-
HUIO, BO3HHKIUEMY B Ciliy pe€aKUHW CHCTeMbl HA BHECeHHe Npol-
Horo 3apsjaa. Mcnoae3ys ToXI1ecTBO

lim !
s>+ 0 x xis

I _ .
=& < ind(x), (6.48)
noayyuM Jas MHHMOHR yacte (6.47)

im (oo ) =" ZK 719, |OYP[6 (04 00) — (@ — 0] (6.49)

e (0, q)
[IponuTterpuponas (6.49) N0 BCEM INOJOXKHTENbHBIM YacToTaM o,
Halijiem

d(dmlm(e((ol.q))-—— e V|<n|pq|o>| — 222 (01egeq | O)-
(6.50)

0

HanoMunM, uTo BONHOBBIE (QYHKIMM, HCIOJb30BaHHBIE B Kaue-
cTBe 6a3uca B JaHHOM DPacCMOTDPEHHI, SBJSIOTCS HCTUHHBIMH CO6-
CTBEHHBIMH (YHKUHSMH aHHOHM 3a3ayl C y4yeTOM BHYTDEHHHX B3au-
MOJIeHCTBHH.

CpegHee 3HaueHHe 3HEPTrHH KYJOHOBCKOTO B3aUMOJEHCTBUS B
OCHOBHOM COCTOSTHHH, coraacHo (5.113), MoxHO npeacTaButs B

BH/E 0
Al
(OIZ 7€ (00, — m)10), (6.51)
HJH
j 1 2:tne2]
E sy = &) f dcolm E(m_ q))+ 7 I (6.52)

3To BHIpaxeHie (popmaﬂbuo onpeieasieT KyJOHOBCKYI 3Hepruio
TOYHOrO OCHOBHOTO COCTOSIHHS 4Yepe3 MHHMYIO YacTh JM3JeKTpuye-
CKOU npoHuuaeMocTH. Mbl He NOJy4YUM, pasyMeercs, 3HEpriu TOY-
HOTO OCHOBHOTO COCTOSIHHS, €CJIHM NPOCTO A06aBHM Egsaum K 3HEDS



TEOPHMJ CHUCTEM MHOTNX YACTHLL 133

THH HEBO3MYILIEHHOIO OCHOBHOIO COCTOSIHHMSI, NOCKOJBKY KHHETHue-
CKaf SHEpris TNOoCAeJHero M3MeHAETCH BCJAEACTBHE KYJOHOBCKOTO
B3aumojeiictausa. Muaue rosopsa, @y ectv dyuxkuus e?. Urobel mo-
JYUHTB TOJHYIO IHEPTHIO TOYHOrO OCHOBHOTO COCTOSIHHS, Mbl BOC-
NoJb3yeMCcs cJaeaylolleil Teopemoil.

Teopewma. IlycTe 1aH raMiIbTOHHAH

H:H0+gHsaaﬂw (653)

rie Hy— xuueruueckass 3Heprus, g — KOHCTaHTa CBf3H, a cob-
CTBEHHOE 3HaueHue onepatopa H uMeer BHJ

Es:mm (g) == ((DO (g) I gHBSﬂHM l (DO (g))' (654)
Torla TOUHOE 3HaueHHe MOAHOII JHEpPIr¥u OCHOBHOI'O COCTOSIHHA
Eo(g)::‘(q)o(g)[H0+gHasaﬂulq)0(g)) (655)
OnpeenseTcs BHPaXKEeHUEM
I'4
Eo(8) == Eo(0)+ [ & Eusuun (8) d&- (6.56)
: 0

Hoxaaarenrscrso. Coraacuo (6.54) n (6.55) umeeMm

dE d

dgo = g_IEB:‘amx (g) —+ EO (g) E ((DO (g) l (DO (g))v (657)
rie BTOpPoil wieH B TNPaBOf uyacTH YpaBHEHHA paBeH HyJ0, Io-
CKOJIBKY TIO YCJOBIKO HOPMHDOBKM OH HE 32aBHCHT OT BEJIHYHHBI g.
31ecs Eo(g) — tounoe coberBenHoe 3Hauvenne, a Do(g) — Tounan
coberpennasl pyuxunsa. TakuMm o6pa3oM, Mbl HMeeM 4aCTHBIR Cay-
yai teopembl deruMana

dE _
d—g? =& lEaaaH.\i (g)a (658)
OTKy1a, nocJjie HHTErpUpOBAHHA, Cpaldy noJy4dyaeM HCKOMBIH pe3yib-

taT (6.56).

B 3aznave 06 3JEKTPOHHOM rase JJSl SHEPrdd OCHOBHOrO COCTOA-
HuH Ha equHuLy obbeMma (6e3 KyJOHOBCKOro B3aHMOJEHCTBHS) OBIIO
[O.TyueHO BhlpaMeHHe

Ey(0) == ney. (6.59)

KoHCTaHTa CBA3H g=e% Tak 4TO, Onpele’dds BeaHUHHY Eggauw H3
(6.52) 1M HEBLIM TYTeM, MBI MOXeM, NOJb3yfck (6.56), ualtu
[IOJIHYIO 3HEPTrHi0 NpH HAaMHYHH KYJIOHOBCKOro B3ammoneficrsusa. Ha-
npHMep, €can Mbl NPUBIMKEHHO, MOJAb3yAch BhpameHuem (6.47),
BBlUICAHM  BeauunHy lfe{w,q), B3AB MaTpUYHbIE 3JEMEHTH B
IpeACTaBJIEHIH IIOCKUX BOJH, TO NOJYYHM 3HEPTHK B3aHMOjJEH-
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CTBHA Ejgzayy TOYHO PaBHOM OOBIMHOMY BBbIPAaXMEHHIO /NS 3HEPTHH
obmena B npubarmxenuu Xaprtpun — Poxa. IlockoabKy 8 3T0M 0pH-
G6auxenun B Oy He Bcerja BXOAMUT €2, 3HePrHs OCHOBHOTO COCTOS-
HHS OyneT NpoCTO paBHa CyMMe Epzauw ¥ 3ueprun depmu. 3uauu-
TeJLHO JIyWIMH pe3ynbTaT JUIs JHEPrHH ToJydaeTrcs, €cJH BOC-
NONb30BATbCS BhIPAXKEHHEM JJ5 [JUIJNEKTPHYECKOH NPOHHLUAEMOCTI
(6.23), BLITEKAIOWWM M3 TEOPHH CAMOCOTIACOBAHHOIO NOJS.

Ecay jpenpra-@Qyuxkuuio B3SiTh B BU/E€ WHTErpaja M BBECTH B
(6.49), To noayunm

1
Im (e(w, q))=
4net 1 . , .
= :f ) TS f dt (e'ot — e~ ') (exp [—iq - x; (0)] exp [iq - x; (#)] ),

i (6.60)

rie x; — nepemeHHble B npedcraBaenuu [eifizenbepra. Bocnodas-
ayemcs BBefieHHolt Bau Xose [13] dyukuueit 8(w, q), HasbiBaeMoil
JMHAMHYECKUM CTPYKTYpHBIM (akropoM. 3ta dQyHKUUA onpefe-
JISeTCH CJAEYIOUIHM BhlpaxKeHueMm:

8(0 )= Yo | @t expl—iof|(exp[—iq- x, O] expliq - x, ().
ij

(6.61)

Ona of6napaer TeM CBOHCTBOM, 4TOo IpejcraBaser coboi ¢ypbe-
o6pa3 ¢yHKUMHM NapHOro pacCnpene/eHHs

G (x, t)=N"<2jd3x’6[x— x,-(0)+x’]6[x’~—x,-(t)]>—_—
ij
=N{¥8[x—x;,(0)+x,(1)]). (6.62)
iJ

TakuMm ob6pa3oM,
S (v, q) N f dxdtexpli(q-x —ot)]G(x, £). (6.63)

T 2n
B paJjbHeiilieM npu pacCMOTPEHHU 3aaud O AHGPaKUHH HERTPOHOB
MB YBHAHM, uTO GyHKuus S&{(w, Q) ONUCHBAeT paccedBaolue
CBOHCTBA CHCTEMBl B nepBoM OODHOBCKOM NpubIuXKeHuu (M. Tax-
xe 3agaun 2.6, 6.9, 6.10).
Ucnons3sys (5.110), Mbl MoxeM Takyke NpeicTaBUTE &(w, q)
8 BUJIE

$(0, ) = [ dte=1 (o, (0] O) = X [<n]e5 | 0) 20 (0 — )
" (6.64)
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HUrak, 8(w, Q) IeACTBUTENLHO MOMXHO CUMTATh CTPYKTYPHHEIM (ak-
TOPOM, KOTODbIH OMNHCHIBAET CHNEKTP 3JEMEHTapHbX BO30YXIEHHH,
B JaHHOM cJydae — (JAYKTyaluu MJIOTHOCTH CHCTEMBbl. JTO nNpel-
CTaBJeHHE MOXeT OHITh paBHbiM O6Pa30M MCHOIL30OBAHO Kak [AJA
GO30HHLIX, TaK U 15 QEPMHOHHBIX CHCTEM, TOJLKO B KaX/OM Cay-
yae B Da3JOKeHHM M5l p, HANo Oparth COOTBETCTBYIOWIKE Onepa-

TOPBI.
M3 Beipaxkenut (6.60) u (6.61) umeem

1 47e?
Im (W) =T [8(—0. 9 —5( QI (6.65)
OTO COOTHOLIEHUE YCTAHABIAMBAET CBHA3b MEXKAY [HITEKTPUYECKOH
HNPOHUILAEMOCTRIO H KOppeisluouuoil dyukuuein 8 (o, gq).

JduanekTpuiyeckoe 3KpaHUPOBAHHE TOYEYHBIX
3apsiKeHHBX NpUMeceid

Husnexkrpuueckuit ¢opmann3m npolaemMbl MHOTHX Tesl HAXOAMT
MHTEpPEeCHOe TNpUMeHeHHe B 3ajave o0 3KPAHMPOBAHHH TOYEUHBIX
3apsKeHHBIX NpUMECceH B 3JEKTPOHHOM rasze. KpaHUPOBAHUE KyJO-
HOBCKOI'O TOTEHIMANa 3JEKTPOHHbIM Ta3oM SIBJASETCH BAXKHBIM 3(-
¢dexkTom. Jeno B TOM, YTO 3KpaHMPOBaHHE 3JEKTPOH-3JEKTPOHHOrO
B3aUMOJEHCTBUS B MOJENH CBOOOAHBIX JEKTPOHOB MJIKH B MojJenH
KBa3uuacTul «paboTaeT» CTOJAb »KE XOPOUIoO W B Npoueccax nepe-
Hoca. DKpaHUPOBAaHUE 3apsiKEHHBIX TpHMeceldl NPHBOAUT K DALY
BaXHbIX CIEJCTBHHA H B TEOPHHU CIIJIABOB.

[Tycts 3apsx ToueuHOH npuMecu paseH Z; paclpejaejeHue NJIOoT-
HOCTH 3TOrO 3apsijla MOXKHO ONucaTbh PyHKUMeH

VA
o] (X) == Z 4 (X) = W j a3 qeiq-x_ (666)
IMoTtenuuan 3apsga B cBoboHOM NpoCTPAHCTBE paBEH
VA 1 4
Vo) = F= gy | e e (6.67)

npu HAJU4YMM Cpejbl B 00/acTH, rjpe peakuuio MOMHO CUHTATh JHU-
HEeMHOH, OH NPUHUMAET BHN

zZ . 4n .
|74 (x. (.0) == W J‘ daq m elax, (668)

OO6bluHO MBI HMeeM IeJo C noreanuanom V(X), T. e. ¢ BeJHUUHON
V(x, ®) npu o=0, nockosbky cuuTaeM pacnpejeneHue npumeced
crauHoHapubiM. Hac HHTepecyer TakxXe pacnpejeneHde 3sapfia
Ap (x), HHAYUMPOBAHHOrO 3apsaoM NAOTHOCTBIO Zd(X). Bocnoas3so-
BaBuinch BhipaxenneM (6.68) mas cayuasi @=0 u ypaBuenueMm

V2V = —4n[Ap+Z8(x)], (6.69)
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MONYUUM

z [ 1 .
% 00= g | P4 (e 1) 16:70)

Ecnu ¢yukuus 1/€ (0,q) uMeer MoJOCH, TO HOJKHBI TMOABHThCH
ob6neMHBlEe KONeGaHUs NAOTHOCTH 3KpaHHPOBAHHOro 3apsija. [lonnas
BeJIHuYMHA AP CMEIUEHHOro NPH 3KPaHUPOBAHUH 3apsAja 3amHIIETCH
B BH/I€

Z I .
Ap:: f d3xAp(x)=(—2?Ja— f daq f dSX(?(O,—q)——— 1)6"‘"‘:

=Zf daqa(q)(?&q—)~ I)ZZ(?T&W“ 1) 6.71)

Bxoaswmyw ciona senuuuny €(0, 0) He Bceraa MOMHO CYHTATh
XOpOIlo OnpeJeneHHOHd, Tak Kak OHA MOXET 3aBHCeTb OT TOIO, B
KaKOH NOCAE/0BATEIbHOCTH CTPEMATCH K HYJIO 3HAUEHHS apryMeH-
TOB ® H (.

PaccMoTpuM Tenepb 3KpaHHpPOBAHHE B HEKOTOPBIX YACTHBIX Cay-
YyasiXx, COOTBEICTBYIOWIMX PAa3HbBIM NOpUOJNIDKEHHBIM METOJAM OIH-
CaHHUsl CHCTEMBI.

a. Modeav Tomaca — Pepmu. JlusnekTpudeckasi IpOHALAEMOCTh
B 3TOM npubauxenud onpegeidsiercss Bupamennamu (6.34) u (6.35),
T. €.

K 6rne® 4k 2,6 .
ar (0, s K= — =77sz' (6.72)

31eck ag — GOpOBcKUil paanyc, rs — paanyc cepsl s, BHIpaxeHHbId
B eguHuuax Goposckoro pajuyca. Coraacro (6.68), sxparupyoumuii
NOTeHUKA paBeH

Z 4z iq. zZ _ .
V(x)=———3'fd3q-2—}—2—e""‘=——e Bt (6.73)
(2n) q°+ k& r
a COOTBETCTBYHOLIAS 3ITOMY CJAy4yaio AJUHA 3KPAHMPOBAHHA —
1 ~
ls: —k: ~ fl_lla. (6/4)
B cayyae Meau  Ro~1,8-10% cx~!, 11, CJjaellOBATEJbHO,

1,~0,55-10"% cu. B cayyae xaaus [s npuMepHo B1Boe GoJblie, yeM
JIsi MeaH. DKpasupoBaHue sBJASETCH OYeHb BAXKHOH XapaKTepHCTH-
KO 3/JeKTPOHHOro rasa. SKpaHUDPYIOUUi 3apAj, pacnoIaraoHics
BOKDYr TNpHMMECH, COCDEJOTO4EH B OCHOBHOM BHYTPHM cdepsl, B
LEHTPE KOTOPOM DacCNoJIOXeHA TOueYHAsA IpPHMECh, & B3anMOjei-
CTBHE IIPHMECHBIX aTOMOB MexX1y co6oit MaJo.
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M3 seipaxenus (6.71) caenyer, 4To 3KpaHUpPyOIHH 3apaAx pa-
BeH —Z. [11OTHOCTE HHIYUHPOBAaHHOTO 3apsjia COCTaBJfAET
2
574
4nr

Ap (x) == ——% VeV = — e ks (6.75)
3ta QYHKUHA HMeeT ocoleHHocTs npu r=0; BealuuuHa ee MOHOTOH-
HO yMedbllaeTcss NPH Bo3pacranul r. BreiTekawomee orciofa 6Gecko-
HeuHOoe 3HaueHHe IMEKTPOHHON NJIOTHOCTH HA sj]pe NPOTHBOPEYUT
Habnro1aeMOMy KOHEYHOMY BpeMeHH XKH3HH NMO3UTDOHOB B MeTaJslie
M KOHEUHOMY 3HAYeHHIO HAHTOBCKOro CABHI@ /sl aTOMOB NIPUMECH.

6. Ipubauncenue Xaptpu. Huanextpuueckass IPOHHILAEMOCTDb
onpeie’sieTrcs B 3anade 6.1. BenuunHa s3KkpaHUpYIOLIEro 3apsjia no-
JyuaeTcsl GECKOHEYHOH, TaK KakK KYJOHOBCKOe B3aHMOJAGHCTBHE Me-
K1Y 3.1€KTPOHAMH HE YUHTLIBAETCH.

B. Merod camocoeaaco8anHo20 NOAA uAu npubauxcexiue xaoTu-
yeckux (ha3. B 3tom cayuae 17s AUSJEKTPHUECKON NMPOHHILAEMOCTH
HMeeM Bbipaxkeniie (6.23); nenmocpeJCTBEHHOE CpaBHEHHE TMOCaAed-
HEro C BhIpaXKEHIeM, ToayueHubiM B 3anade 6.1 (B npubainkeHHH
Xaprtpu), naer (148 w=0) cooTHOLIEHIIE

1 35
escr==2—— =1+ 5-2£(9), (6.76)
H q
rie € w — /IM3JEeKTPUUecKas NPOHHIAeMOCTh B NPUOIHKeHHH XapT-
pu. Obuwee obcyxeHue BONpoca O CBA3H MeX1y €y H €5
nMeetcst B kuure [laiinca [4]. B atoM ciyyae Mul BHAMM, YTO TOJ-
HbIM 3KpauHpylomuit 3apsal pasen —Z. Ilpy 0=0 dyuxkuus nau-
57TeKTPHYECKOH  [POHHILAEMOCTH  HMMEeT  OCOGEHHOCTH  THIA
(g — 2k¥) In|g — 2k¥|, 1 MO3ITOMY BRIDAXKEHHE /st MIOTHOCTH 3a-
pfAia COJAEPMHT OCUH/INPYIOUIHE YJEHbl, KOTOphle NMpH GOJABLIMNX r
uMmeloT BHA r-2 cos 2kpr. Ilpumep rpaduka coorpercTayiOlleH 3aBH-
CHMOCTH TIpHBeleH Ha puc. 6.1.

Urto npousoiier npu g=2kr? Ilpu ¢<2ky BEeKTOp MOXKET pac-
MOJOXHTBCA Tak, uTo oba ero xonua Oy1yT JMeXaTb HA INOBEpPX-
goctH ®epmu. Takum o6pa3oMm, 3HepreTHYeCKH#t 3HaMeHaTe b B BhI-
paxennu (6.23) moxer OblTb MalbIM M, CJe10BaTe1bHO, COOTBCT-
CTBYIOWHME BKJAAT B BEIMYHHY IHIJEKTPHUECKOH NPOHHIAEMOCTH
okaxercs 3uayuTenbHblM. O1Hako nmpH g>2ky HEBOIMOMHO yia-
JHThL 3JEKTPOH H3 3aHSITOT0 COCTOSIHMA K W NMepeHecT ero B Hesa-
usitoe cocTosinne K+q Tak, yTobObl 3aKOH COXPAHEHHS 3HEPTHH CO-
6a01aqcs XoTR Obl UpHOGAMXKeHHO. B aroM cayuae ssepreTHueckitit
3HaMeHaTe]b BCerja BeJHK, H NO3TOMY BKJIAa7T BCEX MPOLECcCoB B
BeAHYUHY JH3JeKTPHUeCKOll TpOHULaeMOCTH Ma.l.

Kon noaMerna caenywoulee HHTepecHoe o6cTosiTenbcTBO. BHe-
3alHbll CKAYOK 1HIJMEKTPHYECKOM TNPOHHUAEMOCTH IIpH Bo3pacra-
HHH ¢ BbIE 2Rp JOJXKEH CONPOBOXKAATHCH HEGOMBIUNM BHE3AMHDIM
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BO3pacranveM COGCTBeHHOH uacToThl ®(() KoneGaHH#l pellerkd,
KOrja ¢ JOoCTHraer 3Havenus 2kp. Uem MeHblle au3NEKTpHUECKAs
NpOHHIAeMOCTh (3aBucAllass OT ¢q), TeM CcJjgabee Oyaer peaxkuua
3/IeKTPOHOB HA JIBUKEHHE MOHOB W TeM BHILIe 6YyJerT yacroTa KoJe-
Ganuit pemrerkd. JleTasbHOe TEOPETHUECKOE OOGCYXKAEHHE BIMSHHA

”),4 | T 19 T

-40005 |~ .

~-40019 Il | | |
Z 4 § g 0 2
ke
Puc. 6.1. PacnpejenieHde NAOTHOCTH SKPAHUPYIOUIETO 3apaia BOKPYr
TOYEYHOTO 3apfAjd B CAydae 3JNEKTPOHHOro rasa c rg =3 [18].
KpHBble BbHIMHC/IEHH 10 T€OPHH MHOrHX Tedl.

¢opmel nosepxnocty (PepMu Ha cneKTp ()OHOHOB HMeeTcs B pa-
6ote [14]. Ocraercs Bce Xe HEsICHHIM, NoueMy 3TOT 3QQEKT J0oMxKeH
COXPAHSIThCA M TNPH HAJMYHM CTOJKHOBEHMH 3JEKTPOHOB C (OHO-
HaM{ H IPUMECHBIMH aTOMaMHu. '

YuciaeHnbie pacyeTbl IHEPTUH KOPpeasuHH
Bocnonb3oBaBuikcsk (5.97), BmINHLIEM 3HEPTUID OCHOBHOTO CO-
CTOSIHUS, IPHXOAALYIOCH HA OJUH 3JIEKTPOH:

- (2'31 — O-fls + ec) Ry, (6.77)

5 S

r

rfle nepBble JBa ujeHAa B CKOOKaX — 3HeprHA B NpHOIMKEHUH Xap-
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Tpu — PoKa, a & — 3Heprus kKoppeasiuuu. B obaacTH 3HaueHHA
NJOTHOCTH, COOTBETCTBVIOIMX pealbHBIM MeTaanaM, Hoswvep o
[Ta#nc [15] nonyunsu crefyoumyo HHTEPNOJSAHOHAYI0 GOPMYJy:

e, ~ (—0,1154-0,031 ln r) Ry. (6.78)

Tem, KTO HMHTEpecyeTcs [eTalfimu, clefyeT oOpaTHTBCA K OpPMIH-
HanbHOIT pabore.

[MoyuuTtenbso, Bocnoan3oBaBuiuce (6.77) u (6.78), oueHuTn
3HEPTUI0 CUENJIeHHs NpOCTOro Merajja, 8 UMEeHHO 3Hepruio, Heob-
XOJHMYI0, YTOOH Da3[AENUTh KPHCTAJJ HA OTHe/]bHble HeHdTpaJbHbLIE
aTOMBEl. YJ06HLIM /51 PACCMOTPEHUS MPUMEPOM CJAYMKHT HATPHUI,
MOCKOJABKY B HeM 3(¢exTHBHAasi Macca 3/eKTpoHa m* Oau3ka
K Macce CBOGOJHOTO 3JEKTPOHA /M W MOMKHO npeHeOpeub pa3iHyHeM
mexny m* u m. B3 snauenue ry=3,96, nosyuum

go= (0,14 — 0,23 —0,07) Ry, (6.79)

rxe 4yHcJ/ia B cKobkax PacnoJiOXKEHBI B TOR e nocse0oBaTe/ibHOCTH,
yto H B Qopmyne (6.77) u umeloT TOT Xe cMbica. OgHAKO, KaK Ml
yXKe OTMeyasu B V. O, BHEPrusi gy BBIYMC/AEHA IS OJHOPOIHOTO
(oHa TONOMKHUTENBLHEIX 2apAN0B. ECAH Ke NOJOXHTEJNbHBIH 3apsd
pacnpeejed JUCKPETHO M JIOKAJH30BaH B BHAE INOJOMKHTENIbHBIX
MOHOB, TO B MpPaBYyI0 YacTb BhLIPAXKEHHS /18 g CJef0Bal0 66l joba-
BHTb uJieH, KOTopbikt B dopmyae (5.77) 6wl1 oGo3HaueH uyepe3 Es.
Beniuuna e;=1,2/rs Ry ecTb cobcTBEHHAs IHEPTHA OXHOPOIHOrO pac-
npejeneHus 3JEeKTPOHOB B s-i cdepe, A1 HATPHA 3Ta 3IHEPrus
umeer Benuuyuny 0,30 Ry. 3ameTuM, 4TO gz CTPEMHTCA CKOMMEHCH-
poBaTh OOMEHHYIO U KOPPE/ISIIHOHHYIO HEPTHH.

Pewenne pas k=0 3agauu o6 O/JHO3JIEKTPOHHOM nepuUOAHYe-

CKOM noTeHuuaje B cayyae €Hatpusa naet ¢(k=0) = — 0,60 Ry; Bn-
NoJHEHHREIe pacyeThl ONMHcaHbl B paboTax, KOTOpbIE UHUTHPYIOTCH B
rn. 13. [lo Beanunne sta sneprus cpaBHuma c gr= — 0,38 Ry, 1. e.

C 3Heprueidl HOHM3alUHW HeHTpaabHOro atoMa HaTpusa. Takum obpa-
30M, DHEPTHS CUENJEHHA £y METAJNJIHYECKOro HaTpus (paBHast IHep-
rud, Tpebylomencs 1A pasjedeHHss KPHCTaldJa Ha HeHTpaJbHbIE
aTOMBI) paBHa

acu:_8[+8(k=0)+80+82:—.
= 0,38 — 0,60 —0,16 40,30 = —0,08 Ry = — 1,1 26, (6.80)

T. €. oueHb OJH3KAa K 3IKCIEPHMEHTAJNbHO HAHIEHHOMY 3HAYEHHIO,
pasHomy —1,13 3s.

ANeKXTPOH-3JEeKTPOHHOE B3AUMOJEHCTBHE

[TocKkobKy TaMHJIBTOHHAH 3JIEKTPOH-3JIEKTPOHHOTO B3auMo/ledl-
CTBUS HMeeT HeJHarOHAJNBbHYIO YaCThb, 3JIEKTPOH, PacCMAaTpPUBACMEIH
KaK KBa3sMyacTHIa M HAXONAIIMHCHA, CKaxeM, B coctosiHud K,
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MOXeT OKa3aThCHl BhIBEJEHHRIM B pe3y/bTaTe DaccessiHHd H3 3TOTO

uexonnoro cocroauus. Cpeanss annHa cBoBoanoro npobera anex-

TpoHa BGJH3M moBepxHocTy Pepmu 10BoabHO Beanka. CeueHue pac-

CeSIHHA 3/eKTPOHA, HAXOASUErocst Ha ypoBHe (epMil 3;1eKTPOHHOTO

raza npu Ttemneparype 7, NpHOJHKEHHO ONIChIBaeTcss (GOpMYNoH
kgT \2

Ep !

m%( (6.81)

rae op— CeueHHe paccesHHd Aad CIyyas 3KPaHHPOBAHHOTO Ky.o-
HOBCKOr'0 noTeruuana, a (kgl/er)? — cTaTucTHYecKul MHOMKHTED,
KOTOPBIIT YYUTHIBAET, YTO JIEKTPOH, CAYXKAUIN MHLIEHDLIO, JOJMKEH
obnajate sHeprueit B uHTepBane 2kgT oxoao ypoBusi Depwmi, a
COCTOsIHIIE, B KOTOpPOE OH HEePeXOAMT MOCIe CTOJNKHOBEeHIf, He 3a-
HATO, PaBHBIM 06pa30M KOHEYHOE COCTOSHHE NAaJalolUlero 3JeKTpoHa
JIOKHO OBITb TakHM, 4TOGBl OH MOr 3aHATb OJMH 113 CBOOOOHBIX
ypoBHeil. Takim 06pa3oM, fosist JOCTYNHBIX A/ 3TOrO Npolecca
cocrosiHnit paBHa oTtHOweHHo (kgT/er)2

Agpaxamc [16] BhUMCIHI ceyeHUe pacCedsHHUA [18 3KPAHIPYIO-
lLIero noTeHuHana BUna

eﬂ
V(== e (6.82)

nyTeM pacuera CABMIoB (a3, Tak Kak OOpPHOBCKOe NPHOJMIUKEHMe
B 3TOM CJIyuae He AOCTaToYyHO TouHo. Jlast uartpusi, B3sB 45 [ Be-
JHYKHY, HalneHHvio IlaiiacoM, nmoayuuMm oe= 17may, rae ax— Go-
POBCKHH panuyc. 115 371€KTPOH-3J1EKTPOHHOIO DACCEsIHUS B HATPHH
npn 4°K cpeansis piuHa cBOOOAHOTO npoGera 3aeKTpOHA, HAXo-
Jsiierocss Ha nosepxnHoctd Qepwmi, cocrasasier 2,5 cay npu 300° K
oHa paBua 4,5-107% cu. Orciosa MOXKHO BHIETh, UTO paccesHHe
3J1€KTPOHA Ha JAPYTHX 3JEKTPOHAX He fBASETCS CHJABHBLIM. DTOT 3a-
MedyaTeNbHbldl (AKT NO3BOJAET HCNOJAb30BaTb IS OMHCAHHA HH3«
KOJIeXaullix cocTosHuil 3/eKTPOHHOro rasa npub.auKenHe KBa3u-
YACTHII,

Hpyroi, ortgocaIiliiicd K 3TOMY BONpPOCY pe3y.abTaT OblL1 mogay-
yen Ksuuom # Deppenaom [17]. OHit BRIMHCAAAM AT 3TEKTPOHHOIO
raza npu adbco.l0THOM Hy.Je JJIHHY cBOOojaHOro mpobera pobaBied-
HOTO B CHCTEMY 3/1€KTpoHa B cocTosiHiM k BHe moBepxnocti Qepwmu
(B>ky). Qnst G0JBIIOH IAOTHOCTH 3JEKTPOHOB OHI MOJYYHMJH 1
cpeaneil naHHBI cBOOOAHOrO npobera A BhiDa)KeHue

k—kz\2 398
l\kF_—_(-—F) —_—

. (6.83)

rls/‘

COOTBETCTBYIOLIRE NPEAELIbHOMY CJYy4al0 BBICOKOH NJOTHOCTH. MHO-
XKHUTE/b (k—kF)r"/k% UMeer CTaTHCTHYECKHMH XapakTep M aHa.;orK-
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ueH MHOXKHTEMIO (Rpl/er)?, ¢ KOTOPHIM Mbl BCTpEUaJHCh NIPH pac-
CMOTDEHHH TeMNepaTypHOH! 3aBHCHMOCTH ceueHusi paccesnusi. [lpu
k—kp cpennsa nauna ceobogHoro npobera HeorpaHHuUeHHO BO3pac-
TaeT, H 3TC CJAYXKAT OJHOH H3 NpPHYMH, MO KOTOPOH MHl MOXKeM Tro-
BOPHTbL O De3Koji rpanule nosepxHocTH Pepmu B MeTajse; COCTONA-
HHe, COOTBETCTBYIOLlee k=Fkp, 0Ka3blBAETCH HEHCTBUTENLHO XOpOUIO
OnpeleseHHBIM.,

HOnanexktpuuecknii dopmaausM Ha f3blKe AWArpaMMHOH TEXHHKH

[Tonb3ysace xuarpaMMHOI TEXHHKOH, MOMHO HaIJISIAHO ONHMCATb
Haubosee BaKHble UJeHBl psiga TeOpHM Bo3MyuleHHil, BHocsune
BKJaA B JH3JEKTPHUYECKYIO NMPOHMULAEMOCTh € (m, q) 3.1eKTPOHHOI
(epmH-cHcTeMBbl mpH abcosOTHOM HYyJe. Juarpammbl, KOTOpble Mbl
OyaeM HCIO.Jb30BaTbh, Ha3blBAOT jHarpaMmamu [0a7CcToyHa; 3TH
JMarpaMMbl CXOjHbl C M3BeCTHniMH panarpaMmamu PeilHmana.

[lycTh B OTCYTCTBME BO3MYLIEHMH CBOOOIHLIH 3JEKTPOHHLIT ras
ONHCLIBAETCA raMuabToHHauom FHy B KauecTBe BO3MYUIeHHS MUl
pacCMOTPHM paccesiHHe Ha BHellHeM NoTeHuuasge v (0, ), onepaTop
kotoporo H' (o, q) uMeeT BHA

H' (0, q) = f xW* (x)v (0, q)e” e Y (x) +-k. ¢. =
= 2 (0, q)e-“”’Eckﬁck f dixexpli(k—K' —+q)-X]+xk. c.=
k'k
=7 (o, q)e-i“”20;+qck—+—x.c. (6.84)
k

M3 sToll 3amuci BHAHO, UTO A8 KPAaTKOCTH 3DMHTOBO CONpSKEHHBIE
yj1eHpl He BbiMHcaubl B ABHOH ¢opme. Tak, ecau Gbl, Hanpumep, mo-
TeHuHan v(w®, ) OMHCHIBAJ B3aHMOJEHCTBHE C Y.IbTPA3BYKOBLIMH
t¢oHOAMH, TO B ABHOH ¢opMe Obl1M 6bl NpHBELEHBl JHIIL Te
UJEHbI, KOTODble OTHOCATCH K IMOIVIOUIEHMIO (POHOHA C BOJIHOBBIM
BEeKTOpPOM q M 3Heprueft o. OmepaTtopn! pOMJIEHHS I YHHUTOMKEHHS
Z* W ¢ MOXHO, Kak ¥ B IJI. 5, Bhipa)arh uepe3 3JeKTPOHHbIe W JbI-
pouHbIe oTepaTophl; TakiUM obpa3oM, MOXHO OygeT BCTpeTHTb, Ha-
npHMep, TakHe KOMOHHAUUI: a:+qak, ﬁ_k_qﬁfk, a;_,_qﬁfk, B g
3nech mepBasi mapa OINEPaTOPOB ONHCHIBAGT paccesiHHe 3/eKTPOHa,
BTOpas — paccednHe [JLIpKH, TpeTbd — OO6pa3oBaHHe Iaphl 3JIEK-
TPOH — AbIPKA, UeTBEPTas — peXOMOHHALMIO mapbl 3JeKTPOH —
JIbIPKA.

JpyrdM THNOM BO3MYIieHMH OyHeT KY.JOHOBCKOE B3auWMojefi-
CTBHE MEXAY 3JEKTPOHAMII CUCTEMHL, T. €.

= % V(q) (p5 0 — 1) (6.85)
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ITO B3aMMOJeHCTBHE CTPEMHUTCS IKPaHUPOBATb mOTeHUHan v(wo, ().
B nanpueiiirem mMbl OyneM paccMaTpUBaTh JHIUb JUHEAHBIE OTHO-
CHTEJIbHO NOTeHlU#ana v (o, ) Y/JIeHbl, OAHAKO B KYJOHOBCKOM B3aH-
MOJEHCTBUM Hac OYLyT HHTepecoBaTh uJeHbl Bcex nopsakos. Ha-
TOMHHM, 4TO OMEpPaTop (p;'pq) B (6.85) mpeacraBasieTr coGO# MPOU3-
BeJleHHe HeThipexX OmepaTopoB, T. €. COREPMKHT KOMOHHAUUM THUIA

Porclenve Poxrcieruve Ynvymoncenue  Ywuymomenué
INEKIMPONA doipru Ooipru INEKMPOHT
(k=k) (k<k) (k=<ke) (K ~k¢)

Puc. 6.2. Jlunun Ha puarpammax [oapcroysa [19].
CocTosHNe 3JeKTPoHa BHe depMH-hOHA OmuCHBAeTCd CTPEAKOW, HanpaBaeH-

HOit BHH3; COCTOSHHE ABIDKH (BHYTDH ¢epMu-OHa) — CTPEAKOH, HANpPaBIeH-
HOil BBEPX.

W 1 qCueCi_qlys €C/IH XKe 3amHCaTh ero uepe3 ONEpaTopl o H B, 1o
OKaXYTCA BO3MOXHBEIMH yXe 16 pasuauuHbiX KOMOUHALMH.

Hanee, Mbt OGyleM paccMaTpHBaTb NpPOLECCH paccesiHus, Bbl-

3paHHbBle BHEIIHWM NoTeHUHa.10M v(w, q), B KOTOPOM 3aBHCHMOCTh

. . OT BpeMeHH MMeeT BHJ

Apag By é‘_k-_q“" exp(—iw?), a 3aBUCHMOCTb

T OT KOOpJAHHAT — exp iq - X.

HMrak, Mb yuuThiBaeM B

raMHJIbTOHHAHE YJIEHBI BO3-

MYILEHUA  JABYX  THIOB:

______ \  BHeIIHHH MOTeHUHaa ?V(w,q)

2) 6) 4 KYJIOHOBCKOE B('!al/lMOlIEEI‘:Id

Puc. 6.3. Cxema, namocTpupyioas o6pa3osa- cTBie Nﬁmﬂy SJIEKTPOHAMH
Hue (2) 1 peKOMOHHALKIO (6 ) Taphl 31eKTPOH — V(q). Mbl coxpausem nast
ABIPKa. PACCMOTPEHHST TOJNBKO JIH-

TTyHKTHDHLIE NUHI ONHCHIBAIOT BIaKMOaeilcTBHE. BefiHble Mo v(w, ) uJAeHHI.
[Tpu KOHCTPYHPOBAaHHI

aMarpaMM, nNpeACTaBJSIOUIHX YJEHbl psila TEOPHH BO3IMYUIEHHH,
OTHOCSILHECS K 3/JeKTPOHaM H JbIpKaM, Mbl OyleM INO/JbL30BAThCA
rpaguueckiMi o603HaueHUAMH, MpPUBeIEHHBIMH Ha pHe. 6.2, s
¢epMHOHOB, paccMaTpHBaeMbiX KaK KBa3uHuacTHUB, Mbl OyneMm
nosb3oBaThcA onpeneneHnamMu (5.55) n (5.56), BBeAeHHBIMH B I, 5.
Torna mepexonl BCIeACTBUE pacCessHU 3/€KTPOHOB C BOJIHOBLIM
BeKTOpoM k<kp B cocTofiHHe BHe (pepMu-poHa GyaeT ONHCLIBATHCA
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Kkak o0pa3oBanue napbl 3JeKTPOH — JAbIpKA, YTO II0OKa3aHo Ha
puc. 6.3. ITyHKTHpHaa JMHHA, 3aKAaHUMBAIOILAACST B BepllinHe, CHM-
BOJIHUECKY ONHCHIBAET B3aUMOZEHCTBHe, BHI3bIBAIOllee npoiece,
H3obpaxeHHHH nHarpammoi. Ilpouecchl paccestHHsl 3JeKTpoHa Ha
3/JEKTPOHE ¥ JBIDKH Ha JIbIpKe
B HAaUHU3LIEM TOPSAJKE TEOpPUH
BO3MyULieHHH H3ob6paxkaiores JH- k+g k+q
arpaMMamu Ha puc. 6.4.

W3 nposepennoro Bbiule aga- -—-~-—4 T
JHTHYECKOTO0 pacCMOTpPeHHA 3a- 1
nauu 06 3JEeKTPOHHOM rase Mbl
3HaeM, 4TO 3KDaHUDOBAHHE ur- +
paeT BaXHYI0 poab B ocaabne- Fkeq Pk PBirq P
suyu  3ddexkToB, O6YCIOBIEHHBIX a) 8
HaJH4YHEeM BHELIHErO NoTeHUHaJda Puc. 64. Ilpogeccst paccesdus Ha
v(w, q). [Tpn pacuerax mo Teo- BHemHeM noTeHuuare v (@, g) B HaH-
pHH BosMymeHHi;I 3KpaHHpOBa- HH3LIEM TOPANKEe TEopHu BO3MYUCHHH.
HBEe MO)KHO yl{ec'rb B BLICIIIHUX a — 3NeKTPOH — 3NEeKTPON; 60— ABIpKA — ABpKa.
HOpAJIKAaX, BBHIUUCAAA peaxiHio
3IeKTPOHHOrO ra3a Ha BHelwHH# noTteHuuan. XoTs IPH 3TOM MBI
fepeM JHIIb JHHedHble Mo U(®, q) 4YIEHHl, HO NO MEeX3/JeKTPOH-
HOMY KYJIOHOBCKOMY B3auMofelcTBHIO V(q) YUHTHIBRIOTCS HWIEHH
BCEX BbICUIMX MOPSAAKOB.

YMecTHO NMOCTaBHTL BONPOC O BeJHUHHe MaTDHUHOIO 3JEMEHTa
oneparopa U, ompellescHroro B ra. 1 suipakenuem (1.55)

x
=

© 0 tl _tfl—l
U0, —co)= Y (—iy [at, [ dty ... [ at V)Vt .. V().

(6.86)

B kauecTBe mpumepa MH PacCMOTPHM MAaTpDHUYHBIA 3JEMEHT, Ol-
pelesifieMblil  BOMHOBOM (yHKIMeHd |i{) HEBO3MYIIEHHOH CUCTEMbi
(omuH 3JE€KTPOH B COCTOAHHH K; BHe 3aNoJiHEHHOro (gepMa-QoHa) H
BOHOBOH (yHKumed |f) (omun 37eKTpoH B COCTOfHHH K; BHe 3a-
nonHedHoro ¢epmu-¢ona). B uusmem nopsake, corsaacHo (1.63),
HMeeM

(FlU 0, —o0)| i)y= — 2@ DD Ak, q). (6.87)

ef—el——m—ts

I[Jlﬂ npouecca 3AeKTPOH-3JEKTPOHHOIO pacCesiHHs MOXKHO KpATKO
HanncaTtb

Ui 0, —00)=— ¥ o=5 20w a0, (688)
k
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rie HHJIEKC €€ Kaxk pa3 ¥ YKa3blBaeT THI paccesHud. ITa wacTh
npeicrarieHa rpaduueckd auarpaMmoi Ha puc. 6.4,a. anee mbi
paccMOTpHM HJaeH BTOPOro NopAaka U, (0, — oo) BasiB ero B BHAE
(1.64). Ynens!, AuHEefAHbIE OTHOCHTEIbHO v(w, q)}, UMEIOT BHJ

0 4

([ Uneeliy=(—1iF [ at, [ dt X

— 0

X [Emv(«o, Q)| 7) exp [ (& — & — 0 — is) 1] X

X An|V (@) 8) expli(e, — & — is) b5+ Y 4F1V (@) m) X

Xexpli(eg—em—is)ti](m|v (o, Q)| ijexp|i(em —e—o—is) tg]] .
(6.89)

DTH 4JeHBl COOTBETCTBYIOT NPOHM3BeAeHHI) B Bhipaxenun (V+uv)2
Buimucoisast (6.86), Mbl He OrOBOpH.H OrpaHHUeHHH, HAKJIAZbIBaE-
MBIX Ha TIDOMEXYTOUHOE i KOHeuyHOe COCTOSIHHS TpefOoBaHHEM C€O-
XpaHeHHs BeJHYHHBI BOJHOBOTO BeKTOpa. DTH OTPAHHUEHHT MOXKHO
6e3 Tpyna BBecTH. [IpeanooxuM, KaKk U paHee, YTO B COCTOSIHHH
|i) BHe 3amogHeHHOro (hepMH-GOHA HMEETCH JHIUbL OJHH 3JICKTPOH
€ BO.THOBBLIM BEKTOPOM Kk;.

I. Tlpexcae Bcero paccMOTpHM Cayuall, KOI'la B BLIpaXEHHH 151
KyJ0HOBCKOro B3anMoieicraua q'=0. B uacTHocTH, ecan Mbl umMeem
Je10 ¢ 3JeKTPoHHbIM ra3oM, V(0) =0, u unen ¢ q¢'=0 orcyrcrByer,
OJHAaKO 1151 B3auMojelcTBHH OoJee obulero Bija OH MOXET cylie-
cTBOBaTb. Toraa umeercss jase BoamoxuocTd. [lass V(0) cocrosiume
|n) B (6.89) MOKeT ObITb OTOKAECTBJACHO C coCTOsIHHEM :i). B Teo-
pPHH¥ BTOPHUYHOIO KBAHTOBAHHA 3TO COOTBETCTBYET olepartopam .15
V(0) su1a

1? a:iakir’kﬁ;'

T. €. 00MeH HMOY.JIbCaMH OTCYTCTBYET; JblpKa, BO3HMKIIAA B (epMu-
¢doune npH HekoTopoM K, aHHHTIJIMPYET B TOM »Ke npouecce. JTOT
ujed npeactasneH rpaduueckn adarpammoii ma puc. 6.5,a. Ilpy-
rue BO3MOXHEIe onepaTopsl 118 V(0) umeroT B

ka By By BBy -

B 3ToM cayuae, Kak MokaswiBaer Auarpamma Ha pHc. 6.5,6, cos-
natores gse Abipkn ¢ k u k/, KoTophie 3ateM auuHIUANPYIOT.

II. TIpn q'0 KyJ0OHOBCKOE B3aHMOIefCTBHE MOMXET NPHBECTH
K paccesiHilo MaJaloLIero 3/]eKTPOHA, MEepeBeas ero u3 COCTOfAIHS
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C BO.JHOBBIM BeKTOPOM k; B COCTOSIHME C BOJHOBBIM BekTopoMm kj,
paBHbeIM k;+q’. ITOT npouecc 6yAeT CONPOBOKIATHCS BO3HHKIIO-

A ‘
a | A
v o ™
aki ﬁk k 7’
k;
a) a)

Puc. 6.5. INpoueccw paccesHust ¢ HYyJEBLIM BOJXHO-
BbIM BEKTOPOM.

Hu oavH u3 npoOueccod He BJAMAET HA PACCEAHHE, XOTA HDU-
LeccH @ M3MEHSIOT a¥eprumio 1004BAGHHOTO B CHCTEMY 3.1ek-
TPOHa B COCTORHNM K, 4 upoueccH 0 BHOCHT BK/lL B IHEPrHIO

depumit-hona.

lBeHIIeM mapbl 3JeKTPOH — AbLIpKA, YTO OIHCHLIBACTCA ONEpaTopasH
BH1ad

+ -
a, B . Q.
; k—q B_x k;+q' k;

JudrpaMaa, COQTBETCTBYIOUlAas 3TOMY Ipolleccy, TNpHBeneHa Ha
prc. 6.6, a. 3a obpazoBaHueM mapbl 3JEKTPOH — JAbIPKa C/leayeT ee
AHHHTHASIUMA BCJEICTBHE B3aiIMOJAEHCTBHS C BHEIUHHM IIOTeHI(ia-
JoM BO3Myllenns v(wm, q). AHHUTH/ISUUS OIMCHIBAETCA NpOH3Beie-
HHEM OIepaTOpPOB ax-qf-k. [J€ HaXuWuue ¢ BBLI3BAHO 3KCNOHEHLH-
aTbHOI 3aBHCHUMOCTbIO €4°X, cojepxkauwefics B notenuHane v(w,q).
Ho aunuruasiynio MCObLITbIBAeT MMEHHO Ta napa, KOoTopas A0 TOro
BO3HHK.18, W NO3TOMY BOJHOBOH BeKTOp q’ AoJi#eH OHITb paBeH (.
Taxum oOpa3oum, npouecc paccesunsi k;—k;+q B cryuae HenpsMoro
npolecca, nokaszanuoro Ha puc. 6.6, a, OyIeT TOYHO TaKHM e, KaK
¥ 174 OPAMOro npouecca, nokaszaxHuoro Ha puc. 6.4, a. IlosHocersio
HpOLECC PACCEesiilisg ONIChIBAETCS ONEepaTopoM

b o
; Oy P P qP %, 9%,

Ecin onucelBaTh 3TOT mnpouecc npoussegeneMm v (ty) V(f) B
HaJ1exaulell BpeMeHHO# NOCJe10BaTebHOCTH, TO, B3B NO f» HH-
Terpa. TOrO JKe THRA, YTO U B Bhipaxkenuu (6.89), mosayunnm

I

E_q —e_ gy + ekl+q — Eki_ is

(6.90)

Onnako cielyiollee MHTerpHpoBaHHe 1o f; ofecnedHBaeT COXpaHe-
HHE NO.THOH 3HEPTHH, T. €. O==Ex ,q-— &k M M03TOMy (6.90) n1oxHO

10 4. Kurrens
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nepenncartb B BHIC
1
Ex_q — E_g T O—Is ’

(6.91)

Jlerko mokasaTh, YTO BOJIHOBOH BeKTOp K — q HOJI2KEH OTHOCHTBCS
K 3JIeKTpOHy, a —k — K amipke, nepenucas ewme pa3 (6.91) B Buae

fo (Ex) [1 _fo (ek—q)]

By _q— E_k +o—is

: (6.92)

rie fo — QyBKUMH pacnpejiesieHusi UHCes 3AIOJHEHHS B HEBO3My-
[1€HHOM OCHOBHOM COCTOSIHHH.

o)

Y

Y (7

o(q)

a) d)

Puc. 6.6. [Ipoueccu »aexTpOHHOrO paccesinus ¢ obpa-
30BaHHEM Napbl 3JEKTPOH — JBIPKA B IPOMEKY-
TOYHOM COCTOSHHH.

a— npouecc, OMHCHIBAaeMHH OnepaTopoM
+ g 4
%% — P k% — P "% %+ q %K,
6 — npouecc, ONKUCHBAEMHIl ONEPATOPOM

+ + o+
O, 9% ;B KOs P k%1 q.

Tlpouece, M3oGparaemblil AHarpammoi Ha puc. 6.6, 6, cooTgert-
CTBYCT OlIepaTopy

+ E+
Qa a a, . a
% kirq kis—k K rqﬁ—k k+q’

HJH EO BPEMEHHOI NOCAeZ0BATeJbHOCTH — T[POH3BEJIEHHIO
V(ti)v (L), 1 mo3TOMy MHTerpHpoBaHHe mo I, naeT
1 > fo (e—k) [1 - fﬂ (€k+q)] (6 93)
sk}q——e_k—(-)#is ek;q——e_k——m—is ' ’

YureM jpanec, uto ex=¢e-x. Ilockoapky k 3meck HeMOH HHIEKC, TO
B (€.92) ero MoxHo 3aMmenuTh Ha k+q u nepenncats (6.92) B
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¢dopme
o (tk+g) [1 — (Ek)]

B — &g iqT @ — is

(6.94)

Tlpu s=0 peayabTaT MHTErPUPOBAHUS MO fp AT CYMMB JBYX IIpO-
Heccos, U300paxeHublXx Ha puc. 6.6, Moxuo, ucnoasdys (6.93)
(6.94), 3anucaTh B CaelyOIEM Bue:

M, =X =g lfo @) [ — T Eurgll —
foCurg) [ —Fo (EQ])- (6:95)

[11. ITpoueccsl paccesinusi eule [JOBYX THINOB I[OKa3aHbl Ha
puc. 6.7. B ofoux npoucrxoaut obmeH satexkrponami. Ha anarpamwme,

|
<

4

Puc. 6.7. JInarpaMmbl npoueccos obmexa.

npuBejeHHoll Ha puc. 6.7,a, KyJOHOBCKOE B3aHMOAEHCTBHE Mnpej-
CTaBJ/IeHO ONEepaTopaMH

ta ot
akfskﬁk U‘k,—’

OMUCHIBAIOUIMME pAacCesiHHEe 3JeKTPOHa B COCTOSAHMH Kk; B pesyib-
raTe B3aHMOLEHCTBHUSI C 3JeKTpoHOM (epmu-pora (o6men). B cay-
uae, u3obpaxkaemMoM Ha pHc. 6.7, 6, KYJOHOBCKOe B3aHMOAEHCTBHE
co3jlaeT mapy 3JeKTPOH — [JbipKa B OJHOH BepllMHe, TO[Ja Kak B
JApyrol BeplLIHHE OHO XK€ BEJCT K €e aHHHTHJIALMH.

[Npouece, n3oGpakeHHbl# aHarpaMmamu Ha puc. 6.6, npexacra-
pasieT 0cobbli MHTepec, TaK KaK BCe H3MeHeHHA H300paKeHHBIX
TaM MMIIY/bCOB OJHMHAKOBH M B CHJIY COOODaXKeHHH, BbICKa3aHHBIX
B NPUJIOXKEHHH (B KOHLE KHUTH) O LHHKIMYECKHX (KOJbLEBhIX) AHa-
rpaMMax AJjsl 3HepruH, TaKue QUarpaMMbl JOJKHbI GbITb OCHOBHBIM

10*
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THIIOM JMarpaMM 151 NPOUECCOB PACCESHHS NPH GOJBIIHX 3HAde-
HUAX 3JeKTPOHHOI M10THOCTH. B Tperbem mopsaxe (nepBeM 10 o
¥ OJHOBPEMEHHO BTOPLIM 10 V) nuarpammsl, anajoraunbie puc. 6.6,
npusesiennl Ha puc. 6.8. O TakHX gMAarpaMMax TOBODST, 4TO OHH

x|

g) ) .
Puc. 6.8. Jise juarpaMMbl M3 NOCJAEI0BATEABHOCTH, coCTOAmEed Ha 3!
IMarpaMM, A48 NONAPH3AUMOHHBIX NeTeNh B TPEThEM MOpsKe.

Bo Bcex BePWHHAX o6MeHHOE H3MEHEeHHe HMIIY.1bC3 J0.1HHO OHTh
OAHHAKOBDIM.

COJIEPIKAT N0AAPU3AUUOHHbIE neTAu. TlpuMepbl gHarpaMM, OINHCHI-
BAIOLLHX HEKOTOPbie Ipyrife MPOLEecChl PACCEsIHHSI B TPeTbheM Mo-
psiaxe nokas3anbl Ha puc. 6.9; 3TH npouecchl He OTHOCATCA K Npu-
LeccaM, OMHChIBAEMBIM UHCTO MNOJASAPH3aLHOHHBEIMH METJ/sMH.
[TocnegorareasbHocTh 1uarpamM (Bo Bcex NODPAAKax), €olepxa-
WX TOJLKO MNOJAPH3aUMOHHBLIE NETJH, MozKeT OblTh 3anucana g
BHIe pAxa. B cayuae 3/eKTpOH-3.1€KTPOHHOLO PACCESiHISA NepBLIfl
uJeH TaKoro psjna uaobpaxkaercd auarpamMoli Ha puc. 6.4, a, BTO-
poll ujeH — guarpaMMamu Ha puc. 6.6, TpeTuit — guarpaMMaMH Ha
puc. 6.8. Ecau, cob.1i01asi 1017KHYH0 aKKypaTHOCTb, 060GIHTE 3TH
pe3yJbTaTh, TO NOC/IEJ0BATEJbHOCTh AHArpaMi C IOJIAPH3aUHOH-
HbIMH METJASMH MOCI€ AO0JYKHOIO Y4YeTa 3HAKOB UJCHOB H YHCIOBBIX
k03(QQHULUHEHTOB MOKHO 3aMHCATh B BHJe CJAEAYIOLIErO psija:

(0, ), o [1 — VM (VME—VMP+ ...}, (6.96)

rae M(w, q) ompenedsiercsa Buipaxkenuem (6.95). CyMmmupoBanie
3TOro psfa nacT aafd 3(Q¢eKTHBHOrO IOTeill{Hata BblpaKeHHe

1
Vspep (0 D=2(0, D vy M@ g

(6.97)

,ZIHI-)JIGKTPH‘XQCKEH IIPOHHIAEMOCTb OIpefessieTCsl, KaK H3BECTHO,
OTHOUICHUEM

v (o, q) .
e(w, q)=m¢(T?q)—- (6.98)
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M, CIEAOBATEJLHO, A1 €(0, q) NOJTYyYHM
e, ) =14V (Q) M(®, q), (6.99)

4TO MOJHOCTBLIO COOTBETCTBYET pe3ynnTaTy (6.23), monysenHoMmy me-
TOAOM CAMOCOINTACOBAHHOTO no.as. Mbl BHAHM, YTO B Ja8HHOM BO-
npoce MeTOA CaMOCOTAaCOBaHHOrO HOJS (Tak &Ke, KaK M NPHONMXKe-
HHe XaOoTHUeCKMX (pa3) 3KBUBaJEHTEH AMArpaMMHOMY MeTOAY [0
TeX Nop, NOKa NpH BbIUHCJIEHHH AHIJIEKTPHUYECKOH NPOHHILAEMOCTH

|

I

I§
[

2) 7)

Puc. 6.9. [xarpaMmnl, ONMKCHIBAOUIME HEKLTOPHIE
BO3MOMXHBIE TIPOLECCH paccessHHA B TPETbeM [0-
panke.

(1. e. 3pdexTHBHOIO NOTEHIHA18) YUHTHIBAIOTCSH TOJBKO T€ U.JEHLE
B3aWMO1EHCTBHSA B Pa3.J0KeHHH MaTpuubl [/, KOTOpble OMUCLIBAIOTCH
AHarpamMMaMe ¢ MoJdspH3aLHOHHBIMH NeTAAMH. DddeKkTHBHOe, HAH
3KpaHHpOBAHHOE, B3aUMOICHCTBHE B AHArpaMMHOM MeToje OOBIYHO-
11300pa’K4il0T JBOHHBLIMH BOJTHHCTBIMH JHHHAMU, CO€THHSAIOLHMH
BeplIHHBI, @ MYHKTHPHbIC JIMHUH NO-NPEXHEMY ONHCHIBAIOT «UHCTOE»,
T. €. He 3KPAaHHPOBAHHOC B3aHMOZEHCTRHE.

Teopema o cBA3HBIX aMarpammax. Jlwbod ywacrTok duaepamol,
KOTOpbld HC C8A3GH C OCTUALHOU Ce 4ACTbIO U HE UMEET BHEUIHUX
AUHUE, BEOYUX HADYICY WAL BHYTPb OHa2PAMMBL, HA3bIBOLTCA He-
c8A3HOL HacTeio. [unepansa, He cOOepHauians HeC8A3HLILX 4acTell,
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Ha3visaerca c68a3K0L Ouazpammod. CorJlacHO 3TUM ONpeJeleHUsIM
anarpammsl, uso0paxeHHble na puc. 6.3; 6.4; 6.5, a; 6.6; 6,7,a; 6.8
u 6.9, apasorcs cBA3HEIMH. HecBsizuble HX YaCTH MUMEIOTCS TOJBKO
Ha AuarpaMmax, NpuBeJeHHbIX Ha pdc. 6.5,6 u 6.7, 6. [Tonyuum Te-
nepb 3HaMEHHUTYIO TeopeMy O CBS3HBIX AMWAarpaMmaX TEOPUH BO3-
Myuenuit. JIJas 9TOTO MbI BOCIOJbL3yeMCS! NPHOJMKEHHLIM METOLOM,
pPa3BHTBIM B I1. | npy M3/10XKEHHUH TEOPHM BO3MYuieHHUH, 3aBHUCSIUX
-OT BpPeMEeHH.

Bpemennas nocsefoBaTeslbHOCTh 3J€MEHTOB JIOGOH guarpaMmbl
-oTpakeHa B paclONOMKCHHH ee CBA3HBIX H HECBA3HBIX 4acTedl o,
Cle0BaTeJIbHO, BJAHAET HAa 06JaCTH U TNOCJEJOBATENbHOCTh HHTE-
rpuposBanuit B Boipaxenuu ans Ud, PaccMoTpum Bce auarpamms,
cojepxali{e HeCBH3HbIE HACTH H OTJIMYAIOIIMECH JApYr OT Apyra
JHLIb TEM, YTO «MECTO» BKJIIOUEHHS B3aUMOAEHCTBHS B HECBSA3HBIX
4acTAX pacnofaraercd B JHarpaMMe I0-Pa3HOMY OTHOCHTENBHO
ocranbHol ee yactn. OgHaKo BHYTPH C2MHX CBSI3HBIX H HECBA3ZHHIX
4acTell NOC/eA0BATENbHOCTh BKJIOYEHHS B3aUMOHEACTBAH CUMTaEETCH
t¢uxcupopanuoi. IlycTb BpeMeHa BK/IIOUEHUS B3aUMOLEUCTBHA B

HeCBA3HbIX 4acTaXx obo3Hauenbl uepe3 fy, fy, ..., {, (Opuuem

0>H>6>...>t,), a BpeMeHa BKJAIOYEHHSA B3aHMOLEHCTBHY B CBA3-
17 ’ ’ r . 7

HbIX uactaix — depesfy, fa, ..., tm(npnqu O0>H>L> ... > t,,,).

CyMMa uJleHOB, COOTBETCTBYIOUIMX BCeM 3THM juarpaMmam, HJIH
BCEM pa3/JHYHLIM OTHOCHTEJAbHBIM pDacloJIOXEeHHSIM CBSA3HBIX I He-
CBAI3HBIX 4HaCTed, MoJydaercsd IYTEM I[OCAEZOBATEABHOIO BhIIOJ-
HeHMs BCeX WHTEerpUpOBAaHMil IO BpeMEHH C yYeTOM OJHOTO JHIIb
-orpapiueHns 0> 6H >f6h> ... >f, Hu 0>t{>t;> >t:,,.
drta cymMa, C/lef0oBaTeNbHO, paBHA IPOH3BEJIEHHIO BbIPAXKEHHH,
MOJYYEHHbIX 10 OTJACMBbHOCTH, OT 00euX (CBA3HLIX M HECBA3HLIX)
yacTeit. DTO MO3BOJAET PacCMaTPHBaTh WIEHLI, OTHOCAILHECH K He-
CBAIZHLIM YaCTAM, KaK HEKUEe MHOXKHUTeaAHU. Toraa

U|0) = (2 unenoB or HecBa3Hbix uacreil) X (X u/JeHOB OT CBA3HLIX
yacref).

Ecan e Mbl yuTem YC/IOBHe HOPMHDOBKH 3HaMeHaTels
(0}U|0) = (2 u1eHOB OT HECBS3HBLIX yacTei)

{3To ycioBHe BLIMOMHSAETCA, TaK KaK /ISl JHAroHaJbHBIX 3jeMeu-
TOB BHEIUIHHE JUHUA AaAYT HYJb), TO NOJAYHUHM, UTO

|0) =2 uJieHOB OT CBSI3HBIX YacTeil.
Tenepb BHIMOJHUM UHTETPUPOBAHHUA [0 BPEMeHH B SIBHOM BHJe:

0 ’fl—l
QO) —U l 0) — 2(* [)n J. dtl . J- dt"eiﬂolnve—iﬂalnestnl 0) —_
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= Y (— o fdtl...f dt, exp i (Hy— Eo) t,+st,]V | 0) =

_ n exp [i (Ho— Eo) by -+ Sta_1) _
_2(—‘) f E T Tm V0=

t

:E(— ! J- f dt,_,expliHyt,_,|V exp[— iHyt, ] X
expli (Hog— Ep)t,_ + stp_i) n—1
X Ev—H,F1s V10)= Z( )
n—2 l
xf f -1 XD [i (Hy — Eq+-2i8) tp | V g V[0):
(6.100)
OTciona
. 1 1
|0)=sl_‘)“+‘0§ E—H, 5 i Y B, —H, 3 T(n=1)s V...

1
5 V10 (6.101)
rie ungekc L oaHauaeT, 4TO cymMa Gepercss TOAbKO NO CEA3HbIM
OJuazpamman. Torjla MOXKHO 3anucaTh TOYHHI pe3y/bTaT B BULE

10=¥(5=7")"10 (6.102).
L

TouHoe Bbipakeuue 1J/151 3HepreTHueckoro ciasura AE onpenensiercs
tpopmynoit (1.45), 1. e.

AE = }‘(o‘v( ) 10), (6.103).

rge BKJajgbl B CYMMY BHOCAT JHiUb CBf3Hble JMarpaMMb 6e3 ka-
Kux-1M60 BHeWHHX auHu#A. 3HaMenatesb (0{0) HOpmupoBaH H pa-
BeH eauuule. Hrax, csasnas Ouazpamma — 3T0 Ouazpamma, Ko-
TOPAA He uMeeT HUKAKUX BHewHux AuHul, Ho obaadaer Tem ceol-
CTBOM, UTO B HeH MOXHO HeNpephLIBHBIM 00pa3’oM <«NpPOHTH» MO
BCEM JIMHMAM, KaK, HalpHMep, B cjlyyae AuxarpaMM, HpHBELeHHHIX.
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Ha puc. 6.10,a u 6. Boipaxenus (6.102) u (6.103) npejacrasasior
co0oil psabl M3 4YJeHOB, DAclOJOMXKEHHLIX B IMOC/]€I0BaTeNbHOCTH,
COOTBETCTBYIOIlEH MOpsiAKaM TEOPHM BO3MylleHuil (LemOYKa CBA3-
HBIX guarpamm). Jlpyro#t cnocof BbiBOJa 3THX BblpayKeHHH INpHBe-
neH B padore Baoxa [20]

aq) s)

Puc. 6.10. Ilpumepsl cBA3HBLIX AHArpaMM.

B kauyecTBe TPUBHAJLHOLQ NpHMepa pacCMOTPHM FaMHJIbTOHHAH
cucTeMbt 6o3oHoB H=eata+n(a+at), rne eata=H, Enpuucr-
BeHuasi CBA3lasg jgHarpamma nofay4aercsd IIPH  pasfioXKeHWH Bbl-
pa)seHiis

(Omat 1) (1] —pg=[1)(1|na®|0), (6.104)

KOTOpOE OMHChIBaeT o0pa3oBanue 6030Ha H €r0 NOCJAELyIOllee Hc-
yesnopeuHe. [Ipu sTom

AE - — 1]2/6 (6 105)

npejicTasfeT co0oil TOYHOE BbIpa)KeHHe OJd CABHMa OCHOBHOTO
ypOBHS.

3A0AUYH

6.1, IToapaysich Bulpakenuem (6.47), BblUMCJAHTbL JHIJEKTPHYECKYIO NMPOHHIae-
MOCTb 3.7eKTPOHHOrO raza s npubmuxeuawr Xaprpi. Ilpexiae scero creiyer noka-
3aTh, 4TO

_L__b=wmmjfﬂﬂumﬂﬂmP——Lﬂmw
ey (0. q) (2)f ¢° — k2

k >kr

rae & — cumBoa TaasHoro 3#xavedHs, Ouenka 3HAYeHHHR HHTErpaJaoB NOKaXerT,
4TO
n

1 k
I S 6.107
O 1Tk (49). (6.107)
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rae kg=6nnefe, a

ke q? - g+ 2kp
gq)=14—(1——|In|———|. 6.108
g (g + . < o) 4— %, (6.108)
Yxa3anue. TIpy OlLeHKe HHTErpa’oB CHayajla HaJo YCTaHOBHUTh, YTO
f Ard3R'S (k' +q—k) & ——2,—1—= 0. (6.109)
k' — k2

k< kp
k-> kF

Toraa HCKOMHIt WHTerpaj] paBeH HHTerpany oOT TOH ke GYHKUOHH, B3SITOMY
no obaacTy 3naueHnil 2<kp, HO N0 6cem 3HaweHuss k', Jlerko nokasaTs, 4TO,
BBOJS JeabTa-(hyHKLMIO, MBI Cpasy HalileM uHTerpa.

’ I

3 —
J dsk h—qf—F" (6.110)
k< kF

6.2. a. Tloxasats, uTo BO BTOPOM [OPSIAKE 3HEPrHS BO3MYIUEHUST OCHOBHOIO
COCTOSIHMSA CHCTEMbl BCerAa oTpuuarenbHa. CielOBaTenNbHO, ecaH Yiel NOTeHLHa b~
HOil SHEPrMH B ramHAbTOHMane HMeeT BHA AV, rie A — KOHCTaHTa CBs3u, TO NPO-
nspoduasi 02E./0A? orpuuatennda. 31ech Eg — 3HeprusT OCHOBHOTO COCTOSIHHMS,

0
6. [lokasaTs paiee, 4yTo é) < 0. 3ror peayavtar ®eppena [21] ucnonb-

30Baj B KauecTBe KPHTEPHS TNpPH 3IKCTPANOJALHH BhIPAXKEHHN /s 3HEPTHH KOppe-
JISIUKH 971eKTPOHHOTO rasa.
6.3. TlycTs na10THOCTH NPOBROro 3apsiaa OMHChIBaeTCs GyHKUHE

“erg (exp [—i(ot+4q-x)]+exp[i(of4 q-X%x)]). (6.111)

Tloka3aTh, UTO B HH3[LeM MOPSIAKE TEOPHU BO3MYLIEHHH, 3aBHCSUINX OT BDeMEHH,
H3MEHEHHE 3HEPrUM 5]eKTPOHHOrO rasa, OOYC/IOBJEHHOE BHECEHIeM TpOo6GHOro 3a-
pAja, ONpefenseTcs BbiparKeHHeM

aw 4me2\2 4 2
5= 21w ( 7 ) rql (7 [ Pg] 0Y " [8 (0, — @) — 8o+ w)] (6112)
Conocrasassa s10 Bupaxenue c (6.49), noryynm
aw . 8me? 2 1
'Tt“——‘-—qz—'(x)fq Im (m)' (6113)

6.4. PaccMOTpHM ypaBHeRHe ABHXKeHHs CBOOOIHOrO 3/1€KTPOHHOro rasa, yac-
TOTa pefakcaliy KOToporo 1y

eE

x+nx=—7r-l—. (6.114)
[Noka3aTb, UTO NOJASAPH3YEMOCTD
nex ne? 1
a(m,O)——E—c——rz—-m, (6.”.5)
¥ DpH ©, GIH3KHX K @p, CHPABEIIHBO BHPAXeEHHE '
L L odin (6.116)

€(w, 0) "~ 2 m——mp+%in
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IlokasaTs Takxe. yTo

1
lim I (-):- 5 (0 —w,). 6.117
n—;To mi ond (@ — @p) ( )

Ecax nns BmuncaeHus (6.52) HCHONL30BaH TOALKO 3TOT MOMIOC, TO [TOKA3aTh, HTO
1 2ntne?
Epzaun = 2 (7 Op— g ) (6.118)
q

-O6paTUTh BHMMaHHe Ha BKJIaJ COOCTBEHHBIX HYJEBHIX INIA3MOHHMX KOaeGaHHA B
3HEpPTHUI0 OCHOBHOTO COCTOSIHHS.
8.5. Ilycts B equnuunoMm obneme

n .
—ig-x
0q = 121 e Y

4 TAMHJIBTOHHAH KMEET BHA

Tloka3aTts, uto

1 1 —ldex.

2) Ho gl =— Y9+ (p +ga)emias (6.119)
i
n

©) [[Ho 0gls 0_g] =— - 45 (6.120)
B) B NPEACTABJAEHHH, B KOTOpPOM fy AuaroHanbHO, CIpaBeANUBO COOTHOIIEHHE

n
Y o ([ Qlogim) P+ [Q@lo_gIm P} =2qn  (6121)

m

DToT pesyabraT npeAcrasaser coboit ycranosaenHoe Hosbepom u IMadxcom npa-
BUJIO NMPOAOILHBX f-cymM [22]. OGBIYHO MOXKHO HanHCaTh

{010 Im) P =] (O1p_g|m) P2

YcTaHOBHTDL, NPH KAaKHX YCJOBUAX CIpaBENAWBO 3TO PaBEHCTBO.
6.6. [oan3ysick (6.47) B npefe/bHOM CAYHAE ® > Wno H NMOMB3YSCh NPABUAOM
cymm Hosvepa u [Naitkca, noxasars, 4To

4nne?
e(@ q) =1 —— 5. (6.122)
6.7. Noas3yach pewexuesM 3agaud 6.5, nokasars, 4TO
< 2
fd | ( : ) % 6.123
volm|{ o) =2 (6.123)
0
6.8. 3Has, 4TO €==4mi0/w, NOKA3aTh CNPABENIHBOCTb COOTHOMIEHHS
<
f dwoy (o, q) = % 3, (6.124)

0
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rie 0=0;— {0z OTOT pe3dyabTaT npeAcTasasier CoGoOi BaXKHOE TNPABHIO CYMM.
Ero nprmeHende x nepexody B CBePXNpOBOAsALLeE cocTosHHe oOcysaaerca B pa-
Gorax [23, 24]. Hoka3aTeancTBO Becbma MpocTo. IIpHHUMI HPHUMHHOCTH TpeOYer,
4yT06hl € KAk QYHKUMS @ Obila aHAJTMTHUECKOR B BEpXHEH NOJYNAOCKOCTH .
Hanee u3 (6.47) cienyer, YTO HAa BEIECTBEHHOM OCH WE; €CTh ueTHAs, a Wé; —
HeueTHad (QYHKUMA ©. PaccMOTpeTh KOHTYpHHI HHTerpal, B3sB 06aacTs OT —O
J0 + CO Ha BELIeCTBEHHOH OCH H JONOAHHB €€ NOJYOKDYMHOCThIO lHa CO B BepX-
Hefl NOJYIAOCKOCTH, HCNOJb3ys pe3yasTaT 3afaud 6.6 (acMMOTOTHNECKOE Bhipa-
KeHHe UM €).

6.9. Tloab3ysch AMHAMHYECKHM CTPYKTYpHBIM (PakTODOM B TOM BH/E, KK OH
onpeneneH BhipaxenueM (6.64), noka3arh, uyTo And cucTembl N yacTuu cnpa-
Be[l/IHBO COOTHOUIEHHE

j da8 (o, ) = NS (q). (6.125)
0

TlonyueHHan TakdM nyTeM BesHuHHa & (q) H3BeCTHa TOA HAa3BAHHEM CTPYK-
TypHOro (pakTopa 18 XUAKOCTH M paBHa (ypbe-06pasy MAapHOM QYHKIUMH KOp-
pesfuiH

p(x)=N"1(01p" (0)p (x)10), (6.126)
(@) =N (01pgo; 10) = [ Pxp(x) e (6.127)

6.10. Ucnoandys pewenve 3agayu 6.5, B), mokasarh, uTo

f do- w8 (v, g) = 1\2]3:, (6.128)
0

rRe m — macca yacTdubi. Ilpeanonaranock, uto 8 (w,q)= 8 (w, —q).

6.11. B uukauueckux (KOsbUeBhIX) AMArpaMMax (cM. NpUJIOXKeHHE B KOHUE
KHMTM) Mbl HMEEM J[e/0 CO CBf32HHBIMH COCLITHSMM, ONUCHLIBREMbIMK ONEPAaTo-
pamu

A () =oy, By A (9) =Py, o (6.129)

rge a, at — 3nekTpoHxnie, a i, f* — AnipouHLIe OMEPATORLL.
NMoka3aTs, 410

[Ar (@), A (g)] =0, (6.130)

S

[Ak @), Ag (q)] =8 ,q, k'+q'6kk’ T +qkrq

— By rq kg Plu P & dodyg,  (6.131)

IIOCKOJABKY B HEBO3IMYUIEHHOM BaKyyMlOM COCTCSIHMK 37€KTDOHHOE M QuIpounoe
yHcna 3anojiHenuil paBnw HyMo. 3uMCTHM, UTO B 3TCM NpHOAMXKENHH AAn One-
patopoB A, A* cnpaBepHBLI TE e NEPECTAHOBOMHBIE COOTHOINEHMS, WTO W JIH
GO30HHHX OlePaTOPOB, JIOCKOJbKY Napa 3/MEKTPOH — ALIPKA BejeT cebs, kak 6030H.
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riABA 7

TMoassponst u 3JeKTPOH-QOHOHHOE B3aUMOJEHCTBME

D.1eKTPOHBl TNpPOBOAMMOCTH pPAa3/JHUHBIMM TNYTAMH <«OIUYLLAI0T»
nofoe HapylleHHe Y HAea bHOM MEPHOIMYECKOl! peuleTKIl NOJO0XKH-
TeIbHBIX HMOHHBIX OCTOBOB. Ha 3/eKTpPOHB NPOBOAHMOCTH OKa3Hl-
BaIOT BJHSNHE Jax<e HyJseBble KoseGaHus pemeTkd (QOHOHBI npH
abCoJI0THOM HYJle TeMNepaTypbl). Pe3yJbTaToOM 3TOH CBA3H MEXIY
3.1eKTpOHaMH H (GOHOHaMU sBaAercd pAA 3¢GdeKToB, [1aBHbIE H3
KOTOpLIX Mbl MEPEUHCAAEM HIJKe.

a. Paccednre 3.1eKTPOHOB HAa (POHOHAX, NpHBOjAUlee K Nepexo-
IaM 3JeKTDOHOB N3 OJHOrO COCTOStHMA (C BOJIHOBBIM BekTopoM k)
B 1Apyroe (c BoJHOBBEIM BexTopoum k’). DTOoT npoilecc AexuTt B oc-
HOBe fIBJEHUS 3.1eKTPHUYECKOIO CONPOTHBJEHIHS.

6. BaaumogeflicTBHe 3JeKTPOHOB NPOBCAMMOCTH € (OHOHAMIE
BELI3LIBAET NOIJIOUIeHHEe (HJH HcenyckaHue) (GoHOHOB. DTOT mpolece
SIBJISETCSl OCHOBHOM NPHYHHONR 3aTyXaHHA YJIbTPa3BYKOBBIX BOJH B
MeTa.llax.

B. JDTO B3aHMOLEHCTBME TNPHBOZHT K NPUTAKEHUIO MEXAY
JBYMS 3JIEKTPOHAMH, YTO HIrpaeT CYUIECTBEHHYIO POJb B SBJEHHH
CBEPXIPOBOAHMOCTH H 00YC/JOBAEHO BHPTYaJbHbIM HCIOYCKAHHMEM H
[OIVIOIEHHEM (POHOHA.

r. C snexkTpoHamu, B CHJY HX B3aHMOJEACTBHA C (HOHOHAMH,
BCeria CBA3aHO HEKOTOpoe mnoje noaspusauuu pemeTkd. Cocras-
Hafd KBa3UyacTHLUA — 3JeKTPOH IJI0C (OHOHHOE ToJe — Ha3bl-
BaeTcsl noasapoxos. SPdexTHBHAag Macca HoJaspoHa Oo.blle, yeMm
3¢ PexkTHBHAA MacCa 3.eKTPOHA B HEBO3MYILEHHOM pelleTKe.

B nacrosuleil rJase Mbl pAacCMOTPHM HEKOTOpble BaXHble &acC-
NeKTbl 3JeKTPOH-(JOHOHHOI'O B3aMMOAEHCTBHS, OCTaHABJAMBAACh Ha
TeX XapaKTepHbIX OCOOEHHOCTAX, KOTOpbie MOXKHO H3JOMXHThL 6e3
JUTHHHBIX ¥ N01POOHBIX pacyeToB.

BsauMopeiicTBHe, onuchiBaeMoe moTeHuuanom Aedopmauus.
D.1eKTPOH-QOHOHHOE B3aHMOJEHCTBHE B KOBAJEHTHBIX KpHCTaJJax
4acTO MOMHO CUHTATh OTHOCHTEJIBHO CJalbiM, W KOrZa B NOJY-
[POBOIHUKE KOHUEHTPAUUsl HOCHTeJeHd 3apsaa Maja, HOMYyCTHMO
npeHebpeub 3KPaHHPYOIMKUMU 3G PeKTaMH, 06yCI0BIEHABMHA B3aUMO-



158 [JIABA CEILMAS

ZeHcTBHeM HocUTeqeR mexny coboii. B aTolt cuTyanuu MOXKHO Boc-
No/b30BaThes  npepsioxedsblM  BapauroM #  Ilokiu  Merogom
noteuuasa  jeiopMauyy, TNPUroAHbIM  OJs  NJAYHHOBOJHOBBIX
PoHOoHOB.

[Ipeanosioxum, 4To B HeleOPMHPDOBAHHOM KyOHUECKOM KOBa-
JIEHTHOM KpHCTaJsjle paccMaTpHBaemas 3JeKTPDOHHas 3HepreTuue-
CKasl 30Ha He BHIPOAKAeHA U HMeeT chepHueckyw ¢opMYy, OIHCHI-

Ba€MVYIO BbIpaKEHHEM
2

£ (K) = s - (7.1)

rae m* — apdekTuBHas Macca 3JeKTPOHA IMPOBOJHMOCTH.

[Tycts Tenepb npousounia HeGoNblIAS OZHOPOXLHASA CTATHUECKAs
dedopManns, ONMHCbiBaeMas TeH30pOM faeOpMalud C KOMIOHEH-
Tamu e,,. B pesy.1bTare TAKOrO BO3MYIIEHHS [IOBEPXHOCTb 3HEPrHl
M3MEHHTCH; BH/J €e B IPHHHHIIE MOMXHO BBIUHC/AHTb, H Mbl NOJYUHM

€ (k) - 80 (k) + Cu.veuv + C;vkukveuv _+_ “ ey (7 .2)

Fae COXpaHEeHb! JIHUIb [V1aBHbLIE UYJCHBDI. B cayuae nonynpOBozmuKa

NpeCTaBAAIONINE HHTepeC 3HaueHHs k o6buHO Madsl H uien ¢ Cpy
MOXKHO He YyuuThiBaTh. EcaM 3HepreTHueckas nOBepXHOCTh KpH-
cTanna B HeZe)ODPMHPOBAHHOM COCTOSIHMM HMeEET BHI cdepb!, TO
nocne nedopmauuu (k) He MoXKeT ObiThb HeueTHOH GyHKUMed cuBu-
rOBbIX KOMNOHEHT Teusopa gedopmauuil. CiegoBatesnbHo, A BCEX
pFv nyxuo cudrate C,,=0. Torga nna mansix £ umeem

e (k) = g, (K) + C,A, (7.3)

rae A — oTHocuTenbHOe M3MeHeHMe oGbeMa. 3pneck Cy=0e(0)/0A—
KOHCTaHTa, KOTOpas MoxeT ObITh OnpefesteHa OPH [IOMOIIU H3Me-
pennit mox nam.aenveMm. OboblieHue 3TOrO pe3yabTara Ha Hecdepu-
yeckHe JHepreTHUeCKHe NOBEPXHOCTH paccMOTpeHo B pabore Bpyxca
[1] w ppyrux aeTopoB. Bulio ycraHoBieHo, 4To B Bhipakenue (7.3)
1Hago n08aBHTb 4JEH, cofdep:Kalluil KOMIOHEHTH CABHTOBLIX jaedop»
Maini, B BHje

Ca{Bubiepy —5A). (7.4)
rje k; — KOMIOHEHTH €JIMHUUHOLO BekTOpa K B HampaBjeHHu k.
Kos¢pdnuuent C, obGpaujaercd B Hyab TOAbKO 178 cgepHueckon
sncpretuueckoii mosepxuoctd. 3uauenust |Cyy m |Cy| a8 xpaes
301bl TPOBOJHMOCTH B KDEMHHMH M T€PMaHHU PaBHbI IO NOPAAKY Be-
anunuby 10 28.

Jlerko 110Ka3aTtbh, 4TO [JIA CBOBGOZHOIO 3JEKTPOHHOrO rasa

. 2
kotictanta C; paBHa — g tF, Ile &p— 3HePTHUH Pepmu. Ha
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noBepxHOoCTH PepMH KuHeTHueCKas 3Heprus (Ha 1 3/1eKTpPOH) paBHa

1 32N \%a
anm(T) , (7.5)
rae N — 4Hcao 3nekTpoHoB B odneme Q. Takum 06pa3oM,
oe 20Q 2
& =3 =~§A, (7.6)
HJH
2
e (kr) = €0 (kr) — 5 &0 (kF)A. (7.7

Orciona caefyer, 4TO 3JEKTPOHBl ABUKYTCA TaK, 4TOGH Kaxaas
4acTb KpHUcTaaaa Oblia 3JeKTpUuYecKM HefiTpasbHo#. Ito cobJio-
JlaeTcs NpPH KBa3HCTATHYeCKMX BO3MYIIEHHSX, AJHUHB BOJH KOTO-
PBIX BEJHKH IO CPaBHEHMIO C JJMHHOH 3KpaHupoBauns (cMm. 1. 6).
HonyctymM, uYTO A5 aKyCTHUECKHX HJAHHHOBOJHOBBIX (JOHOHOB
cooTHomenue (7.3) MOXKHO 0GOOMUTL H 3alMCaTh B BHIe

e(K, X) =g (k) +C:A (x) (7.8)

M 4TO Takoe ke 00cOlleHHe MOMKHC pacnpoCTpPaHHTb M Ha uJjeH
(7.4). Brnonse o4eBHAHO, YTO K ONTHYECKHM (OHOHAM ONMHUCAHHLIN
NOAXOA HeNpHMEeHHM; BO-TIePBBIX, NOTOMY, YTO OTHOCHTE/JbHOE H3-
MeHeHHe o0beMa CBSI3aHO TOJMbKO C AKYCTHUECKHMH (OHOHAMH, a
BO-BTOPHIX, NOTOMY, YTO MBI He YUHTHIBAJM [AaJbHOAEHCTBYMOIUME
3JIEXTPOCTaTHYECKHE NOTeHUManbl, KOTOpble BO3HHKAIOT npH pedop-
Mauusx, o0yCcJOBJEeHHBIX NPOOAbBHBIMY ONTHUYECKUMH (POHOHAMH.

B GopHOBckoM NpHO/MIKEHHH MLI HMeeM JeJOo C MaTPHUHBIMH
sseMeHTaMH onepartopa CiA(X), NOCTPOEHHBLIME C HEBO3MYyULEHHbLIMH
OZHO3/IEKTPOHHBIMH Gs0X0BcKMMH (ynkuuamu |[k) u |k’) Buaxa

| K) = efkxyy (),

rae ux(X) — nepHofMueckHe (YHKLUHH C NEPUOJOM pEUIETKH (CM.
ri1. 9). HMcnoapsys pasnoxendve onepaTtopa «paclUIHpeHHS» (CM.
(2.84)) B psj no GOHOHHBIM ONepaTOpPaM, MOJYUHM

H = j d*x¥* () CAX) Y ()= Y, cre, (K| CA k) =

k'k

= iC, E Chey E(meq)l" |q] (aq f dBxuy u expli(k—k 4q) - x]—
k'k q

- af f dxu, u, explik—k'—q)- x];) , (7.9
rae

¥ (x) = g .9, (X) = ; c e *u, (x), (7.10)
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a omeparopsl a., @, ONMHCBIBAKT MPOAOJbHbIE (OHOHE € BO.JHO-
. *

BLIM BekTOpoM q. [IpousBenenue u,(X) &, (X) npeactaBiasieT Hepio-

AHYecKHe 4YacTH OJOXOBCKHX (YHKUHM W mo3TOMYy camo obaajgaer

nepiogoM peuieTKH. Beaegcrsue 3toro uurerpanmp (7.9) He obpa-

LI3I0TCSl B HYJb TOJLKO TOC/a, KOT/1a

k—Kk’'%q=0,
k—Kk’* q=G — BexTop 06paTHO PEIIETKH.

} (7.11)

[Tepeoiit cayuait (k — k’*=q=0) Bo3MOXeH TOAbKO MAIs m.I0-
CKHX BOJIH, TaK KakK 1,18 HHX QyHkUH# ug(X) — xkouctauTel. B cay-
uae MOJYNPOBOAHHKOB IIPH HH3KMX TemnepaTypax caydai k —k'=
+ q=0 BO3MOXKEH TO.IbKO A5 IHEpPreTHYECKH AONYyCTHMBLIX Npouec-
cos. Ecan

k —Kk’ + q==0, (7.12)

TO TOBOPAT O HOpMAAbHbIX NpOUEccax paccesnus, uau N-npouec-
cax. Ecau xe

k—k’'+q=G, (7.13)

rie G — pexkTOp 0OpaTHOM peuIeTKH, TO NPOUEeCccH pacCesHHUA Ha-
3nBaloT mnpoueccaMd nepebpoca umn U-npoueccamu. OTHecenue
npoliecca pacceaHHnss K KaTeropuum N-mponecco unu U-npoueccos
3aBHCHT OT BhHIOOpa GpUMII03HOBCKOIT 30HH. ITox cioBamn «BekTop
o6paTHON pelleTKH» BCErja NOAPa3yMeBaiOT BEKTOp, COexHHSIOUIMI
JBa y3aa B o0paTHOH pelleTKe.

OrpannunMcsl moka paccMorpedueM AN-npouecco. Jas aopo-
CTOTH GYAEM CHUHTATH NPUOBIHIKEHHO, YTO

f ABxug,u, =1.

Torma omepaTop BO3MYUIEEHS, O0yCJOBJEHHOTO NOTEHIHAJOM je-
tdopmauui, MMeeT BHA

, 1 ' ,
H':tclz(ip@q) Q1 (@6 o — i GG (7-14)
kq

3To BHIpaXMeHHe MOXKHO NepenHcaTh CAeIYIOUUIM 3KBHBAJEHTHHIM
obpa3om:

, . 1 iy
H =iC, ¥, (7 p(uq) 19} (2q— 27 )6 o (7.15)

kq

[Ipouecchl pacceanHsi, OMUCbIBAEMblE COOTBETCTBYIOLUIHMH TOJIEBLIMH
onmepaTopaMH, H300paXx<eHbl auarpaMmaMu Ha puc. 7.1
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ITepen Tem xak nepelTn K AaJbHeHlIeMY H3JOXKEHHIO, ciexyeT
VACHHTL Te OTPAaHHYEHHMA, HanaraeMble Ha BeJHYHHY napamerpa
ez Cy, MpH KOTOPBIX Halle pa3je/eHHe 3JeKTPOHHBIX M (OHOH-
HbIX 3Hepruil MMeeT cMulcs. CyllecTBOBaHHE 3JeKTPOH-(GOHOHHOTO
B3aumopencTsua Buaa (7.14) o3HauaeT, 4TO COCTOSIHME 3/eKTpola
C BOJHOBBIM BEKTODOM K npu oTCyTCTBHH BO3GYKAEHHBIX (QOHOHOB
He MOXeT SIBASTBHCA TOUHBIM COGCTBEHHHIM COCTOSIHHEM CHCTEMBI —
Bcerpa OyaeT CyLLeCTBOBATL 0061aK0 BUPTyanbHHIX GOHOHOB, conpo-
Boxaamwmux anexktpod. Cocras-

Has KBa3uUuyaCTHUA, TpexCTaB-

Jasolass cobofl  KOMIJIEKC H3

3/MeKTpoHa u JAePOpPMAauUH pe- keq k-q 9
IUEeTKH, HA3bIBAETCH  NOAAPO-
Hom'). DoHOHHOe 0BaaKO H3Me-

HAieT 3HeprMI0 3jekTpoHa. Ecan « ke
uMCAO  BUpTyanbHbix  @oxonos, 17 -
CONPOBOXKAAMIIIAX 3JEKTPOH, 10- 2k Sk Z0%k-q%
PALKA eIMHUUBl WK OOJbUIe, TO /ozrowenve Henycranue
Mbl yxe He MoxeM OoJblue J0- @orora @onGHa

BepSTb pe3yJbTATaM PacueToB B  Pyc. 7.1. [luarpaMMbl, OTBeuaioilHe
1nepsoM TNpUOGJIMKEHHM TEODHH  npoueccaM 3/ekTpOH-(POHOHHOrO pac-
Bo3myulenu#. Torga yxe Her oc- CesHHA B NepBOM TMOPSAJKE.
HOBAHUH  CYyHTaTh, UTO BOJ-

HOBbIE (DYHKIMH KPHCTaM1a NpeJcTaBMMbl B BHAE MPOH3BedeHlis
3JeKTPOHHON M (GOHOHHOH QyHKUMH. DTOT BONPOC A2NeKO He NpoCT:
JUIS TSKEJbIX 4acTHU, ABMXKYLIMXCH B KpHCTaJane, Hanpumep Npo-
TOHOB, YHMCJIO BHPTYaabHbIX (OHOHOB OYeHb BeJHKO (CM. 3ajauy
7.1). Tlpu atux o6cTOATENLCTBAX MPOTOH MOMKET ObITh «3dXBAuEH»
KPHCTaJIJIOM.

Ouyenra wucaq BUpPTYAAbHLIX (HOHOHO08. BbIUHCAMM, NOJIL3YsCh
TeOpHell BO3MYIUEHHH, YHCAO BHPTYAJbHBIX aKyCTHUECKHX (OHOHOB,
COTNPOBOXAIIAX MEINEHHBIH 371eKTPOH. B KavecTBe HeBO3MYyIIeNH-
HOTO COCTOSIHHS (DOHOHHOH CHCTEMbl BO3bMEM OCHOBHOE COCTOSIHHE,
B KOTODOM HeT B030yxaeHHLIX ¢oHOHOB. HeBo3MylilenHoe cocrtosi-
HMe 3JeKTPOHHOM cHcTeMbl OyjleM ONHMCHIBATb OJOXOBCKHMH (yHK-
uusiMu. Taknm o6pa3oM, 11€BO3MYLLEHHOE COCTOSIHHE CHCTEMBl B Le-
JOM MOXKHC omHcaTh Qvukuuedt k0). Bo3myuiennyio ¢yHxkuumo B
nepsoM NOPSAKe, KOTOPYI Mbl 0Go3nauum uepe3s |k0)(), 3annuiem
B B k 1, | H’ | kO

|k0)(”=|k0)—+—2|k—q; 1.,)( % lq [ 7] ), (7.16)

&, — & —
k k—
q q q

1) TepMuH NOJSIPOH HACTO HCMOJb3YeTCA TaKKe AMA KOMILIEKCA «3JEKTpPoH
MIIoC BHPTYaAbHHA onTiueckuil (oHOH», OcOGEHIO, KOrida OMHCLIBAIOTCA HOHHbIE
KPHCTALTHL.

11 4. Kuarrean



162 [JIABA CEIbMAS

rae H’ — onepartop anextpou-doHoHHOro B3aumojeiictsud. [Nonnoe
udca0 (GOHOHOB, COMPOBOXKJAIIMIKX 3JEKTPOH (00O3HAUMM  3TO
yncno uepes (N)), paBHO cpefxHeMy 3HAUEHHIO BEJHUHMHBI Zaq*aq

1
IaSl COCTOSIHHSA IkO)( ). CyMMHpys no KBagpaTaMm CMeUIaHHBIX KO-
b duieHTOB, HMeeEM

k—q; 1 | H | kO) |2
(N):E“(e G lq[ATIKO P (7.17)
q

— PV
x — Ex_q )

Hns H’ — onepatopa Bo3MyilleHHsl, 0GYCJOBJIEHHOrO MOTEHIIMAIOM
Jedopmauuit (cMm. (7.14)), noayuum

CHql
20c,

[(k—q; 1q| H"kO) = , (7.18)

rjae ¢; — CKOPOCTb NPOAOJBHLIX 3BYKOBBIX BOAH. CuMras, uto 3¢-
deKTUBHAS Macca 3JEKTPOHOB MPOBOAMMOCTH paBHa m*, Ans 3Ha-
MeHatens (7.17) MokHO 3anucaThb

i — Exq — O = 5or (2K - § — %) — Cg. (7.19)

Jns oueHb MeAJEHHBIX 3JEKTPOHOB MOXKHO npeHeGpeus |k| no
cpaBHeNHIO ¢ |q| A B3ATb cyMmy B (7.17) B BHRe HuTerpana, T. e.

%22

N 2m*Cy 3 q
( )= @2n) ocy f d’q (92 4 2csm*q)? * (7.20)

3aech HHTerpas cjaexyer 6paTbh no nepsoit 30He DBpusiosHa aas
npojosbHbiX GoHonos. Jlas yno6erBa Mbl Gyaem 6paTh HHTErpas
no cdepe B q-npoctparcrse oT 0 [0 HEKOTOPOrO 3HAYEHHS §p, Bbi-
6upaeMoro corJacHo TpeGOBAaHUIO paBEHCTBA YHC/Aa COBCTBEHHbIX
KosieGaHHH 4HCaY aTOMOB; TOrd

q”l
| mack g
WNy=4 J 4 aTar

n?  pcg

(7.21)
rae (BBOas BHOBb h) g.=2m*cy/h =~10% cm~!, B cyulHOCTH, paBHO
KOMIITOHOBCKOMY BOJIHOBOMY BEKTOPY 3JeKTpoHa B DOHOHHOM moJe.
Uncnennast ouenka (7.21) 6buia cpenana aas cayuas m*=m,
¢;=>5+10% cu/cex. Cam uuterpan B (7.21) Gepercs Ge3 Tpyna; nei-
CTBHTEJIBHO,

q m

q _
dq (7 + 40)? _m(l+

) — =t (7.22)

Im
qc 9n+qc
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[ToCKONBKY gp, =2 108 cm™!, umeeM gm/G:.>>1, 1 MOKHO NPHUOJHIKEHHO
CYMTaTb, YTO Hall MHTErpa’a paseH NpocTo In(g./g.). Beoaa cHova

h, noayuuM
1 m* ’f I

Ecnu ans BennuuH, Bxoaswdx B (7.23), B38TbL ulCjAeHHble 3Haue-
nusi Cy=5-10"" ape, m*=0,2.-10% 2, p=5, ¢s=5.10° cm-cex!,
(gmlqe) ~ 102, 1o (N)=0,02. Xapakrepuayemble TAKHMH UHCIer-
HbIMH 3HAYEHHSMH YCJIOBHS, NO-BHAMMOMY, THIHUUHDI ]S KOBAJEHT-
HbIX TIOJYNPOBOANHMKOB, M TOrAd cpelHee 3HadeHHe XS uMcaa BHP-
TyaJbHbIX (QOHOHOB, OKPYXAlOUMX KaM/ALIH 3/€KTPOH, 3HAUHTENBHO
MeHblle eJMHHUBL. Ecan He npeneCGperaTh k£ Mo CPaBHEHMIO C g, TO
BMecto (7.23) mbl monyuum Gosee TOUHLIM pPe3yJbTaT, @ UMEHHO

* 2

m C} g.—2k
W) = Gy e, i {("f”%) n qT+qf—2k"]
gm+q.+2k
—(qc+2k)1n|——T+2k—!}. (7.24)

Bpema peaaxcayuu. V3 Buipaenusi mns BOJHOBOH GYHKIAH
|k0YD (7.16) BuAHO, YTO NPH HAJUUKHHM MeKTPOH-QOHOHHOTO B3au-
MOAEHCTBHA BOJMHOBOH Bektop k He siBasieTcs HHTErpaJom JABHIKE-
HHS /18 OTJAEJLHOTO 3JIeKTPOHA; COXPAHSETCS CYyMMa BOJIHOBBIX
BEKTODOB 3Me€KTPOHA W BUpTyasabHoro ¢onona, [lpeAnc.iaoxum, uTo
3JIEKTPOH NEPBOHAYAJIBHO HaXoauiacs B cocTosuuu |k), u nocrasum
BONPOC: CKOABKO BpeMeHH oH GyJeT OCTaBaTbCH B TOM e COCTOS-
HUH? :

CHauasa BbIYMC/IHM BEPOSITHOCTb W TOrO, YTO B €XMHHIY Bpe-
MellH 3JEeKTPOH C BOJIHOBHM BeKTOpoM Kk norsioTHT GOHOH C BOJIHO-
BLIM BekTOpoM q. Hauanabryio HaceleHHOCTh (OHOHHOrG YpOBHS
oGo3Haunm uepes ng. Torna

w(k—+4q; ng— 11k ng)=
=2n{(k-+q: i, — 1 H' 1K, n,) PO(ex+ @ — €xiq).  (7.25)
Ecau oneparop H’ npeacrasaser ro3myulenue, obyc/oBIeHHOE
B3aHMOJEHCTBHeNM € MOTeHUHa oM AedopMaudil, To

2
Ciq
20,

[k +qi ng— 1A 1K, ;) P=

(7.26)

BeposiTHOCTH TOTO, 4TO B €MHHLY BPCMEHH 3JIEKTPOH C BOJHO-
BbIM BEKTOpOM k HCIyCTHT OHOH C BONHOBbIM BeKTOpoM (, Gyner
NponopLHOHaABHA KBAAPATy MAaTPHIHOTO 3/1eMeHTa

Cq
20c

Ik — @ g -+ 1 H'|IG nq) = (ny 4 1)- (7.27)

i1»
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ITonnylo uacTOTy CTOJNKHOBEHHH (cxopocTs penakcauuu) W
asekTpoHa !) B cocrosnuu |k) ¢ cucremoit hoHOHOB mpu abCcoJIOT-
HOM Hy.Je NOJYYHM H3 (/ 27), nonaras ngq =0:

W= 4npc fd (cos Gq)f dqq® (ex — Exmq —0g).  (7.28)

Mpeo6pasyem apryment pesbra-QyHKUHH, BBOAA, K&K H Bhine,
==2m’cg

1 1
o CK-q— @) —cg=-5—-(CKk-q—¢*—qq)  (7.29)

MuHHMaAbHOE 3HAUCHUE k, nns KOTOpOTO apryMeHT MOX€T DaB-
HATLCS HYJAI0, ONIPEACJALTCH COOTHOLIEHHEM

1
kmm =7 (q -+ qc)' (730)
[Tpu ¢=0 coornomwenue (7.30) cBORUTCA K BBHIPANKEHHIO
1 % .
kMHH=—§qL‘=m Cse (731)

Jas sToro 3HaueHHs K& rpynmnoBas CKOPOCTb 3J€KTPOHOB Ug==
=kyau/m* paBHA €, — CKODOCTH 3ByKa. 1akuMm 0OpasoM, 3IMHUCCHS
(POHOHOB 3/€KTPOHAMH B KpHCTaJje onpefejsieTcs TpeOOBaHHEM,
yToOBl TpPYN{IoBas CKOPOCTb 3JIEKTPOHOB INpeBhllllajla CKOpOCTh
3ByKa; 3T0 TpeGOBaHME HaNOMHHAeT MNOPOrOBHIE YCJIOBHS JAs ue-
PEHKOBCKOT'0 H3Jy4yeHUst (OTOHOB B KDHCTajie NPU NPOXOKIEHHH
OBICTPBIX a.nexrpouoa [Toporosoe 3Haqeﬂne JHEPTHH 3JEeKTPOHa

paBHO —é—m*cg 0" . 10" ~ 107" g9p2~1 K. [lnst saekTpona

C aHeprueu MEHbILEH NOporoBoro 3HaYeHUHA, Mbl HE NONYHUHM TOp-
MOXeHHSl B HJA€aNbHOM KpHCTaJdJe IpH a6CoIOTHOM HYJ1€ [Jaxe
€CJIH yuYTeM BbICOKHE TMOPAAKH 3JE€KTpOH- @OHOHHOI‘O B3auMoen-

) MmeeTcs mnpocTast 32BUCHMOCTh MEXKAY MEDEHOPMHDOBAHHON SHeprued
SMeKTpoHa (B MepBOM NOpHAJKE) M CKOPOCTbio pesakcauud (7.28). Idrta ameprus

3/1eKTPOHA PaBHa , ,
_ +Z|(k"q' g ] A"k 0g) |
- 2m* Egq— Oq— IS !

rae nojapasyMesaeTcs npeuenbumﬁ nepexod s -> +0. Cornacso (1.34)
Im {e} = “Zl(k—q- T |47 ki Og) [28 (B — &4_q — ©q)

Conocrtasans 310 Bolpaxcenue ¢ (7.28), noayaum
W =21Im {e}.
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cTBHS (BO BCSIKOM C.Jyyde B rapMOHHYecKOM no (oHoHaM npHO.IH-
JKEHHH) .

Ipu &>>q. moxHo npeneGpeun uneHoM gq. B (7.29). Torxa un-
terpan B (7.28) BulunCasieTcs 3/71eMEHTapHO!

1 1
_lf dp f dqq? (2—;"1)6(2ku—q)=8m*0f dprwr =228 (7.39)

Jns uactorsl aKToB 3aMucCHH Wioy MOIYUHM
QC?m'k2

W (o = —gpe -

(7.33)
3aMeTuM, 4TO 3Ta BeJHUHMHA NPAMO NPONOPLUHOHAJIBLHA 3IHEPrUH
JIEKTPOHA Ek.

ITpu nenyckanun doHoHa mox yraom 6 K nepBoHauajbHOMY Ha-
NpaBJeHHIO JBHKEHHS 3/1eKTPOHA, XapaKkTepu3yeMoMy BeKTopoM K,
yMeHbllIaeTcss KOMIICHEHTa BOJIHOBOTO BeKTOpa, NapaJjuienbHas
3TOMY HaupasJieHHI0O H paBHas g cosB. CkopocTh 3TOrO yMeHblie-
Hus K MOXKHO MOACUMTATL, €CAM HAHTH MHTerpaa no dg B (7.32),
B KOTOPOM TMOABIHTErpajbHasi (YHKLUHS YMHOXKeHa Ha BeJHUHHY
(q/k)cos 8. Torna mmecro (7.32) nwmeewm

1
2m* . 16m* k2
= 5[ dpBkt = =

(7.34)

W, CJEN0BATE/bHO, 115 CKODOCTH YMEHLIUIEHHS £, MOJYYHM
4€¥rn*k2

ompcg

W (k) = (7.35)

B3aumogeitcTBHE 3JE€KTPOHA C TPOAOJbHBIMH ONTHYECKHMH (ioHO-
HaMH. MOXKHO 0KHAaTh, UTO B HOHHOM KPHUCTAJJe 3JEKTPOHbI CHJb-
HO B3aMMOJEACTBYIOT C NPOJOJbHLIMH ONTHYECKHMH GoHOHAMH; 3TO
B3auMojecTBHEe GyJeT OCYUIeCTBJAATLCH Yepe3 3JeKTpHueckoe Mo.e
nOASpHU3aNMOHHOA BOJIHBL. JTO KYJOHOBCKOE B3aUMOAEHCTBUE MPO-
ABJSIETC Ha GOJBIUHX DPacCTOSHHUAX, H OTJIHYaeTCs OT B3auMoneil-
cTBUA, 0OYCJOBJEHHOrO NOTEHUMAJOM Jedpopmauun. Bsammopeh-
CTBHE C IIONMEPeYHbLIMH ONTHYECKHMMH (GOHOHAMH OYIeT MeHee CHJIb-
HBIM, TIOCKOJIbKY CBSI3aHHBle C HHMMH 3JeKTpHueckde moas caabee,
3a HCKJOueHHeM O6GJaCTH OueHb MaJblX (, TJie 3JEKTPOMATHHTHA!
cBA3b MOXeT ObiTh CHAbHOA. Eciu npenebpeun pucnepcHei, To ra-
MUALTOHHAH AJs NPOXOJBHBIX ONTHYECKHX (OHOHOB MOXKHO MpH-
OJMKEHHO 3anucaTh B BHJE

Hy=w; X, 0464, (7.36)
q
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rre b*, b — Gose-omepatopnl. Takast 3amuMCp O3HauaeT, 4YTO MO
uMeem N pasJHuHbBIX COOCTBEHHbIA KOJeOaHHP C pa3HBIMH 3HAaue-
HHUSIMH , HO ¢ OJHOIT M TOH ke uacToTol w,. Bocnonn3ayeMcs Beipa-
KeHneM (2.83) jnust onepatopa CMeLleHHSI, M3 KOTOPOro caenayet,
uTO TOJe JU3JeKTpUuecKoil moasgpusaudd P npormopuuonanbHo am-
IJIUTYe ONTHUCCKMX (QOHOHOB U MOMKeT ObiTh 3aNHCaHO B BHAE

P="F Yeq(bge' ™+ b5e™ '), (7.37)
q

rle £q — eIMHIUHbIH BEKTOp B HampasJeHuHd (, a F — noanexauas
ONpefeNeHHI0 KOHCTAaHTa. JDJEeKTPOCTATHYECKUIl lOTeHUHAn mpel-
CTABMM B Buje psija

¢ (x) = 2 (¢80 + gfe~1a%), (7.38)
OTKyna

E=—gradg=—1i X (g,4* — p}e 9%, (7.39)
q

Ho, nockoabky divD:==0, tax uro E -{-4snP =0, MoxHO Hanu-
caTth
i4:rthq

7 (7.40)

Pg=—

OueHnm Temepb KOHCTaHTY F, HCXOAA M3 TOro, 4TO 3HEPTHA
B3aMMOJeICTBHA NBYX 3JEKTPOHOB B Cpeje C JAH3JeKTpHuecKoll npo-
HULAEMOCTBIO € JOJXKHA MMeTb Bup e2/er. TlycTh a/eKTpoHH Haxo-
JAATCA B TOYKAX X; M X M HCMBITBLIBAIOT NPSIMOe B3aMMOjeHCTBHE ye-
pe3 BaKyyMHO€ KYJOHOBCKOE NoJie H O HOBPEMEeHHO HernpsamMoe B3au-
MopeiicTBHe 6aarogaps BO3MYLIEHHIO (BO BTOPOM MNOpPSKe) MOJsA
ontyueckux gouounos. Hekomuit Bux 3dpdekTHBHOTO raMUnbTOHHAHA
BO3MYIUenus (B nepBOM NOpPSAKe) MOKHO ONMpelesHThb, HAlA cped-

Hee 3HaucHHE onepaTopa NOTEHUHA.IbLHOH 3HEPriH efa’"xp(x)(p(x)

aas cocrosinuss W (x) W' (x,)| Bak), xoTopoe MBI moayuim 0605-
wenuem Boipaxcenns (5.124) Ha cayuail ABYX 3J€KTpPOHOB, JIOKa/M-
30BAaHHLIX B ToukKax x; M xo. Wtak, ana sddekTuBHOro ramuasrto-
HHaHa BO3MYLIeHUH UMeeM
(4
H' (x1, X5) = €9 (x)) +-€(xy) =
. - 1 iq- —iq- iq- —ig-X,

= — t4nFequ (bge'™ —bge V™ L b’ — e ').  (7.41)

Hanee, npy aGCOJIOTHOM HyJe s 3HePrHH BO3MYlUeHHs (BO BTO-
poM mopsike), ofyciaosnenHolt Bo3myilenneM (7.41), noayuum

H’ (xlv x2):—2 \ (0[2(9 (xl)IQ)mfﬂ’eq)(xz)'O) . (7.42)
q
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rie NPOM3BEJEHNs BEKTOpa X, Ha caMoro celsl M BEKTOpa X, Ha ca-
Moro cebs OmylleHbl, MOCKOJbLKY OHH COQGTBETCTBYIT uJeHam col-
CTBEHHO/ 3Heprud. Kosdduunent 2 B (7.42) nospasercss noTomy,
YTO B BBIDAZKEHHH /151 BO3MYLIEHHS X; M X MOXHO IIOMEHATbL Me-
cramu. 3pxeck ;0) — Bosnosas ¢yukuus (GOHOHHOrO BakyyMa, a
|q) — BOJIHOBAst (YHKIMS COCTOSHHS,, B KOTOPOM HMeeTcs OfHH
BUPTYA/IbHO BO3OY/KACHHBIA onTHUeCKMHA (GOHOH C BOJHOBBIM YHC-
JIOM ( M 3Heprued w;. [IpH ucnonbaoBaHuu Boipaxenus (7.42) npei-
nojiaraercs, YTO 3JEKTPOHB JOKAJH30BaHBI M UTO HX COCTOSIHHE B
npouecce B3aWMOJEHCTBMA He H3MeHsieTcd. OTa npolsema TOYTH
coBnajgaeT ¢ npobgaeMoli B3aUMOAEHCTBUS B TEOPUH HEHTPAabHBIX

CKaJAAPHBIX Me30HoB (Ge3 oTmaun).
Beauunny H” nerko oueHHTb, €CJH BOCIONb30BATLCH BbIpare-

Huamu (7.41) u (7.42); nelicTBUTENBHO,
2 2 WY .

H' (%1, ) —— 2282 3 L expliq - (o —xo)],  (7.43)

q

OAHaKO, Kak OBL10 YCTAHOBJEHO paHee, NPH CYMMHPOBaHHH 1O
BCEM { MBI NOAYUHM
4n 1

.
el X —
%qzeq =137 (7.44)

H, ¢jenoBareJbHO, B OCHOBHOM COCTOSHHH

’ 8nfF2? e?
o X == ==

(7.45)

Wrtak, 310 B3aHMOxelCTBHe HMMeeT BU/{ NPUTATMBAIOLIETO KYJO-
HOBCKOTO B3aHMOJEHCTBHSI MeXJAYy 3apsiaaMH e, pacloJOKeHHBIMH
B TOYKAX Xy U Xo. [TonyyeHHoe BhipaKeHHe TOYHO pPaBHO HOHHOMY
BKJ14]y BO B3aHMOJIEHCTBHe. JTOT pe3y/bTaT NO3BOJseT OGBIACHHTH
pasaunune MeX1y €2/ €y U €2/ exr, TAe OM3NEKTpHuecKas IMPOHH-
aeMOCTb €g OOYCJIOBJI€HA 3JEKTPOHHOH W HOHHON TOJSPH3YeMO-
CTAMH, 8 € — TOJIbKO 3JeKTPOHHOII MoAspH3yeMoCTbio. MoHubli
yJeH NOHHKAET 3Hepruio cucTembt. Mmeem

L1 8 (7.46)

€ Exo Wy

Ha ToM 3Tane npoBeseHHOro Bbllle pacuera, rie Mbl IOJYYHJIH
(7.44), cymMMHpOBaHHe NPOU3BOIHJIOCH 11O BCeM (, TOTAa KaK B jeH-
CTBATENBHOCTH CYyMMY CJe0BaJjo OpaTh TOMALKO 1@ TEM 3Haue-
HHAIM (, KOTOpble OTHOCATCS K nepBOH 30He Bpuamosna. MoxHO
10ka3aTb, YTO MNOJJEXKallas HKCKJAIUEHHI0 4YacTh (-NpOCTpaHcTBa
caMa onpejeaseT 3KDaHMPOBAHHYIO [0JI0 KYJIOHOBCKOrO B3aMMO-
Hdeficteua. Ecau BoidecTh W3 1/r BbipameHue [N 3KpaHUpPOBaHHS
‘B3aMMO/IEACTBHS, TO OCTaHeTCs NOTEHIHMaJ, KOTOPHIH Ha OOJBUINX
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pPAcCTOAHUSAX INO-NpeXHEMY ONUChHIBaeTcss B OCHOBHOM (QyHKuMel
1/r, HO NpeBbIIAET €r0 HA PACCTOSHUAX, MEHBIIHX 1/Gm, TIE gm Xa-
pPaKTepH3yeT rpaHHIlY 30HBL

I[Toaspor. Pelmuum Tenepb Aa8 MNpejesbHOro caydas caaboi
CBfA3H 3aJauy O 4YHCJE ONTHYECKHX (OHOHOB, OKPYKAIOIIUX 3JeK-
TpoH. M3 Boipaxkenus (7.16) umeem

(N):Z }(k(—q: PLALINIS 7.47)
q

Ex — Ey_q— ml)2
OJHAaKO Telnepb BMECTO oOneparopa BO3MYUIEHHS, 06yCJIOBJleHHOFO

noreHunanom pedopmauuit (7.14), noayunm, ucnonwsdys aas ¢(x)
suipakenusi (7.38) u (7.40), onepatop Bo3MYUIEHHS B BHJE

H = J’ dxe¥™ (x) ¢ (x) ¥ (x) =

= — i4nFe ¥, 07" (bacitrati — b Ci_qti).  (7.48)

kq
Toraa
, 4neF)?
[(k—q; 1q] A’ |K&; Og) |2=L"q—i’— (7.49)
#, npeneéperas Kk-q no CPaBHEHHIO C ¢, NMOJYyUUM
1
(N = 8e2F2 (2m')? f dg——, 7.50
) ( )0 iy P (7.50)

‘rAe g2 =2m'w; BepXHuii Upeje] MHTErpana Mbl NPHHANH PABHLIM
geckoneunoctd. B cayuae NaCl uneem gp~ 107 cm~!, ecin m* cuu-
TaTh 3¢ QeKTHBHON MacCOd 3neXTPOHA; TOTAA NMPOH3BEJEHHE g, HA
MOCTOSHHYIO pelleTKH GyaeT YHCJAeHHO PaBHO INpHMepHO /.
Vinrerpan B (7.50) pasen ni/4q) BBOAS h, NOJIy4HM (N):

(V) e? (Qm*ml )‘/z (_I__L>:£ (7.51)

~ ko, \" B e, & 2

3To COOTHOUIEHHE Onpeje/seT BeJHUHHY o — Oe3Pa3MepHYI0 KOH-
CTAHTy CBSI3M, HMCHOJIb3yEMYI0 OGBIUHO B TEODHM NOJAsPOHOB [2].
Ecau npuuate m*=m (m — mMacca CBOOOZHOIO 3JeKTPOHA), TO,
pacnosarasi 3KCNEePUMEHTANbHbIMH JAaHHBIMH O JH3JEKTPHYECKHX
csoficTBaXx ¥ MHOPAKPACHOM TNOIVIOIIEHHH, JNErKO BbIUHCJIHTEL 3Ha-
yenusd o, Noab3ysack dopmynost (7.51). Tunuuuble 3HaueHusd o« A8
KPHCTAJJI0B HEKOTOPBIX Ta/OreHH/10B 1LeJOYHbIX MeTaJ/0B, BbIYHC-
JIEHHDbIE YK43aHHBIM NYTeM, JaHbl B NPHBOAMMON HHiKe Tab.aune.



NOJIIPOHBI U 3JIEKTPOH-®OHOHHOE B3AHMOIEWMCTBHE 169

LiF | NaCl| Nal | KCl | KJ {RbCI

a 525| 55| 48 | 59 | 61 | 64
(Ny | 262| 28] 24| 29| 31| 32

Taxum o0pasom, AaA rajoreHUJOB IUEJNOYHBIX METaJ/JI0B HallH
ouennku aawot (N)>1; caenosatenbHo, B 3TOM Cayuae Heqab3s Ha-
ZesiThCS NOJYUHTH NIPH TIOMOIUM TEOPHH BO3MYIUEHHH [OCTOBEpPHLIE
KOJIHUECTBEHHble pe3yabTaThl U TpebyioTcs Gosee MOIIHbIE METOIbI.
TeM He MeHee B paMKax H3/0XKEHHOH TEOPHH MbI BCe Ke MoJydaem
npeAcTaBaeHre 06 HCTHHHOM II0J0XKEHUH Aena.

IppexrTusnan macca noaapora. B cayuae caaboi ¢Bs3u co0-
CTBEHHAst 3HEPrusl MOJSPOHA ONpeAeasieTcs BO BTOPOM MNOpPsKe
TEOpHH BO3MYLIEHHHN KaK

| (k—aq lq | H' |k Oq)l2
=0 _ Om* 7.52
K 2 9°—2-q+g; (7.5

WUau B cayyae HOHHOTO KpHCTa/1a, B3AB (7.48) B xasecTme omepa-
Topa B3aumofelicreus H’ no.ny!mm

e, — € — — 8PP’ fdmmmqu (7.53)

%k-q+q5

3nech Mbl ucnoas3oBadu (7.49) u npunanu 9222’”*‘91-

Bennunny unterpada B (7.53) MOXHO OUEHUTb C M0G0 HYX-
HOW TOYHOCTBIO, HO AJf1 MeJIJEHHBbIX 3MeKTPOHOB (k<& (gp) 3TO jHe-
JIaeTcsl COBCEM MPOCTO: MOXHO PH3JO0XKHTb NOJAbIHTETPAJbHOE Bbl-
pakeHue B pAn

1 2nux 4np2x?
1+x2<1+1+xz+(1+x2)2+---), (754‘)

rae x=q/qp, u=cos B, n=~k/gp. Boimonxeune HHTErpupoBauusi 10
du pact BMecto (7.54) pan

1 8 9 52
TEx2 (2+§ﬂ—(—1+—x2)2—+...). (7.55)

Hanee, uuterpupya mo x ot 0 g0 oo (HHTerpanbl 3gech TaGJaHY-
Hble, CM., Hanpumep, cnpasounuk JBafra [3], popmyay (122. 3)) no-
JYIHM ledﬁJIH)KEHHO

1 .
%_q=_a@+ﬁ?ﬁ+”j. (7.56)
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Vtak, sHeprus ow;, 0GycaoBaeHHAst 3JeKTPOH-QOHOHHBIM B3aH-
MOjeHeTBHEM, CTAHOBHUTCS 3HAUMTEJLHO O0JblUe 3HEPrdd OCHOB-
HOro COCTOSIHMS: NOJHAas KHHETIIYecKas 3HEeprus NoJspoHa paBHa

€ == 2—;-(1 — %a) 2 (7.57)

npu a<€l Macca noasipoHa B HameM NpHOJMKeHMH ca1aCGoi CBA3H
paBHa

1 .
Moy = (1 + 5 ). (7.58)
Xopown# 0630p MHOTQUHC/AEHHBLIX paGoT U 3JeraHTHbIX TeopeTiHue-
CKHX METOJI0B, MCIOJb3yeMblX B TeODHH TMNOJASpOHOB MNpH a>l,
uMeerca B paGorte Hlyaeua [4]. Cnepyer Taxkxke ykasaTw ellle pa-
SoTbl [5—7].

[Tonsipon Gwl1 BnepBble H3yuyeH Jlanpay, a 3atem npobaemo#t
1015pOHa HHTEHCHBHO 3aHumaJjcs Ilekap C COTpyAHMKAMH K JDY-
rue uccaenosatean 8 CCCP. B ymomsinyTom o63cpe Ulynbua [4]
MCNO.1b30BaHbl COBeTCKME DaboTh; CONbIIMHCTBO 3THX pabor mno-
CBSILEHO mnpejlesblioMy CAydalo oOveHb CHJbHOH CBSI3H, KOrpa pe-
opmManus cAefyeT 33 31€KTPOHOM afHa0aTHUECKH.

H3mepenusi noaBHXKHOCTH NOJSIPOHOB B UMCTHIX 00pasilax HOH-
HbIX KPHCTaJJOB MO3BOJAIOT ONpefeJdTh KOHCTaHTy cBf3H a. Oco-
feHHO TIlaTenblo OblaM uccaepoBansl kpuctaanasl AgBr [8]. Ha-
6arogaemasl NOABHXKHOCTB Joctdragna 5-10% cm?/s-cex; B uutep-
Basie Temnepatyp mexay 40 v 120° K nojasHxHOCTL onpelensnach
B OCHOBHOM paccesiHieM Ha ontuueckux doxouax. Jas Temnepa-
TYPHO! 3aBHCHMOCTH NOJABHAHOCTH W TOJYYEHO BhHIDAmEHHE

uw==F(a)(e®T—1), (7.59)

rae ©=195°K, uto HaxoauTcs B NpeBOCXOAIIOM COrJdCHH C ONTH-
YeCKHMH JaHHbiMH. XapakTep 3asucuvocTd Qynxkuun F(a) or xou-
CTAHTHl CBSI3M OMNpejensieTcsl JeTansiMH HCINOJb30BAHHBIX B TCODHH
npuGakxeHnit. Jlerko nousith, noOYeMy TeMmIepaTypHas 3aBHCH-
mocTb 1 umeeT Bua (7.59). Ilpu T O cxopocTb pesnakcallHH 10Js-
POHOB ONpeje/]sieTcs B OCHOBHOM TaKHMMH CTOJIKHOBEHHSIMHM C ONTH-
yeckuMu GONOHAMH, KOTOpPHE 3aKaHYHBAIOTCH NOIMIoleHHeM. Hucao
ONTHYECKHX (OHOHOB C 3Heprueit © NponOPUHOHANBHO THAHUHOMY
115 G03eBCKOTO pacnpejeneHns MHoxurtenwo (e9T—I)-1 u, cie-
JI0BATENBLHO, BpEMS peJaKcauHH MoJAsAPOHOB M HX MOABHKHOCTb
NPONOPUHOHAbHAL (e9/T — ).

AHanu3 3KCNepUMEHTOB MO M3MCPEHHIO NOABHAKHOCTH 3/JEKTPO-
HOB, OCHOB@HHBIH Ha TeopeTHucckux pacuerax Peitnmana u ap. [9],
7aeT Aaf8 KOHCTAHTHl cBS3H o« Bednuuny 1,60, npuuem auas «ronoro»
saexTpona nonyuaercss m*=0,20m, a gas sddexTuBHON Macch no-
JISpOHa lnlj—_—-0,27m. 3HaueHHe m* CBs33aHO C o COOTHOWIEGHHEM
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(7.51) ¥ 3TUM 3HaYeHHEM o MBI MOZEM BOCIOJb30BATHCH JJS TOTO,
uToObl B npubankenny (7.57) BBIUHCIAHTH m;. B 3kcnmepumenTax

N0 LMKJOTPOHHOMY Pe30H4HCY, BHINOJHeHHLIX Ackapenau u bpay-
HOM, OBbIJIM MOJY4YEHBI [JaHHBlE, H3 KOTOPBIX CJaelyeT, uTo 3(deKxTus-
Hag 31eKTPOHHAs Macca noaspona m, =0,27m; 310 3HaYeHue

NPEeBOCXOAHO COTJIACYeTCsi C 3KCAEPUMEHTAJbHbBIMH JdHHBIMH A4
NOJABHXHOCTH. 3aMeTHM, UTO B 3KCHEPHMEHTAX NO UHKJIOTPCHHOMY
pe3oHaHCy Mbl MMeeM 1eno ¢ 3(Q(QEeKTHBHOR MaCCOH HMEHHO NoJs-
pOHA, a8 He «roJoro» 3JeKTPoHa [0 TeX 10p, NOKa UHKJIOTPOHHAdA
4YacTOTA 3HAYHTE/IbHO MEHbIlle YaCTOThl OUTHUYEeCKHX (OHOHOB.

AnekTpoH-HOHOHHOE B3aUMOIEHCTBHE B MeTaaldax. PaccMoTpuM
npex/Je BCero CaMyio APOCTYI0O MOJeab MeTajJaa, CYdTas ero COBO-
KYITHOCTBIO MOJOMKHTENbHBIX TOYEUHBIX HOHHLIX OCTOBOB, NOTpY#KeH-
HbIX B OJAHOPOJHYIO cpeay. Takyio Mojaeap Meraslna HHOrAa Ha3bi-
BalwT «xeqae» (jellium). Ecau cuurarts 31exktTponHoe ob6aako (HKCH-
POBAHHBLIM, 2 COBOKYIHOCTb NOJOXHUTENLHEIX HOHOB PaccMaTpHUBATH
Kak ¢epmuoHHbH (4N G030HHBIN) ras, TO Mbl, OUEBHJIHO, NMPHIEM
K MOJeJi, COOTBETCTBYIOLIEH NpeleJbHOMYy caydaio 3amaud Bur-
Hepa 00 SHepPrHd KOppensiiuu A1 OoJMbUINX 3HAUEHUH rs (CM.
rn. 6). TlonoxHreabHble HOHLL He 00pasylOT ras3a, HO B OCHOBHOM
COCTOSIHKHK OHM paclojaraloTcst yIOopsi0uYeHHO B BHIe 0ObeMHOLEH-
TPHPOBaHHOH KyOuuyeckoil peietkd. [lpepenbuulii cayuaét GoablHUX
3HaYeHUH rs NPUMEHMM K 3TOH CHTyallHi, HO B KauecTBe BopOBCKOTo
paaMyca, Kak eauHnusl 1amusl (f4%/e2m), caenyer 6paTth BENHUUHY
hi2feM, tne M — macca uouna. Bblwe, B 1. 5, 1J4si Takok Mogenu
Obl10 HaiigeHo NpuOIHKeHHOe BbhipaxeHnue (5.78) mast cpeanell (na
OZMH 3JEKTDOH) HEPTHH B OCHOBHOM cocTOsIHMHM. B paccmartpusae-
MOM HaMu clyuyae HMeeM )

e?
e~ = 097 Toqmre

2mr?

(7.60)

rie r Tenepb — pajanyc s-cepwl, a a=[{(4/9)n]". DTy Beanuuny
o He CJeyeT NyTaTb C KOHCTAHTOH CBSI3W, 00O3HAUEHHOH TOU XKe
6ykBoit o 1 onpejenexHol cootHomeHHeMm (7.51). ITocae yuera oG-
Mena ko3pouuient —0,9 craner pasumim —1,36. Ecau BBecTH
B paccMOTpeHHE 3KpaHUpoBanue i rpydo npubIHIKEHHO CUHTATb €ro
NOJNKHBIM JJi BHYTpeHHeR wacTi s-cdepbl, To xos3ddbuunent —0,9
cran 6ol pased —1,00, mockoAbKY Taxkoe NpuUOIHAKEHHE COOTBET-
CTBYET CJYyYalo, KOrjaa Mbl npenebperaem co6CTBEHHOH KYJOHOBCKOM
3Hepruell pacnpejaeneHus 3apsina.

Hawa monenbp Meraana («xene») obnajaer Majoll CABHIOBOIM
XECTKOCTbIO, HO 3HAYHTeJdbHBIM MOIyJeM oObeMHOro cxartus B,
kotophiii ans 0°K onpegensercs caepymoimuum o6pasom:

a2U dr ‘)? U 1 (02&:

oP
B=—V =V im=V(5 o =T (5 e 76D
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rae U — 3neprus, a rp — 3Havedie r npd pasBHoBecuu. Bocnmoas3o-
BaBLIHCHL AJiA € BoipaxenueM (7.60), moayuum

de 9 2 3 1

T =07 5 e (7.62)
a NOCKOJbKY NPH paBHOBeCHH Ot/dr =0, To
ro= o == 1,304, (7.63)

rae of6bluHbLIM NyTeM BHOBb BBejeHa noctosiHas [lnanka hA. Huxe
npuBoAsaTcA HabuaipogaeMble 3HAueHHs rp MPH KOMHATHON TeMrepa-
Type JJIs Tpex LUeJOYHBLIX MeTa/JIoB.

Li Na

Meraan

ro A 17 | 21 2.6

Coraacuo (7.63) Bropas mpoussoanas Npd PaBHOBECHH pagHa
(ﬂ) =, 5 _ % (7.64)
0

orlo 53 ' salmrt  l0rd

Hrax, nns monyast o6beMHOro cxkatus B nmeeM
3e? 1
B—_— 1 == 5 3 ;
40mr 20na mr

(7.65)

TOoraAa Aas CKOPOCTH IPOJOJBbHbIX 3BYKOBBIX BOJIH Cs NOJYYUM

B m 1 2
C§=?=W(W) . (7.66)

3M
3necp p=-—, rae M—macca aroma.
4nry

Tenepn HeTPYAHO YCTAHOBHTL CBA3b MEXAY fo H CKOPOCTHIO
BNEeKTPOHa Ha nosepxHoctH PepMH vy, BOCNOIL30BABUIHCH A Up
BeIpaxenuem (5.71); uMeem

k 1
R . (7.67)

m amry

Hakonen, noacrasasas (7.66) B (7.67), noayunm
m Y

02 T . (7.68)

Ecnu cuuTaTh, uTO CXKUMaeMOCTb OOYCNOBJEHA TOAbKO HaslH-
uypeM ¢epMu-ra3a (T. e. He YUHTLIBATL POAM KYJOHOBCKOIO B3aHMO-
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JIEeACTBUS ), TO AJS €5 Mbl NIOJNYYNIH Obl BhIpaxeHnye

& =537 03, (7.69)
YTO COOTBETCTBYET
B—l muf,
=370,

rne Q. — obbem Ha oaun atoM. Pesyabrat (7.69) Hixe Oyaer
noayueH uHnIM nyteMm (cm. (7.91)).

[1pu BbiBone (7.68) Mbl HesiBHO HpeAnoJarafu, YTO 3JEKTPOHH!
CNeAyIOT 3a fAAPOM KaK IpP¥ CXKATUK, TAK M TNPH IPOXOXKIEHHH
NPOJOJBLHBIX aKyCTHUeCKHX GOHOHOB. Mb! cuuTalm TakKxKe, 4TO MaC+
ca m, BXxojsaluas B Beipa)kehudhe aas 3ueprun Pepmu, paBHa Macce
ceobojiHoro aeKkTpoHa. OpHAKO B CJayuae peasJbHbIX MeTals0B
HyxHO 6patbh 3ddekTHBHYI0 Maccy m*, u, KDOME TOro, YYHTBHIBATb,
yTo m* 3aBUCHT OT rp; UHAYe rOBOps, cjaeqyeT MMeTb B BHUAY, UTO
aneprusi Gepmu — Gosee cnoxkHaa QYHKUUS ro, 4eM MBl 10 CHX IOP
CUHTaJH.

B cayuae Li 3kcnepuMenTasbHOE 3HAueHHe CKOPOCTH 3ByKa
(B/p)" upu 25°C pashoO

. 10 \!

(-12—’01,57130——) 4810 crjcex.

3uauenue ckopoctd, coorsercTByollee 0°K M BblUHMCIeHHOe MO
dopmyne (7.69) (npuuem ans ckopoctu Pepmu vp Gepercs Beau-
upna 1,31 < 108 cm/cex, kak U B cayuae Maccel 3JeKTpPOHA, paBHOH
macce cBoboaHoro 3nektpouna), pasvo 6,7 - 105 cm/cex, torna kak
pacuer no ¢opmy.ae (7.68) naer 3 - 10% cm/cex.

FamuabTonuan cucremsl 3A1eKTPOHO8 U LOHO8 8 meraiie. 3anu-
1IeM 3TOT FaMHJbTOHHAH B BHAE

= 517;1 2 plzi + E v (X1 — X ;) <+ Huon non—+ H:\'y.'mu, (7.70)

i ij

rje CyMMHpOBaHHe 10 [ BLINOJHAETCH N0 BCEM BaJNEHTHHIM 3JEKTpPO-
HaM, a 10 j—mno BceM HoHam. Dynkuua v(X;—X;) onucbipaer
B3aMMOJEHCTBHE 3MEKTPOHOB ¢ MOHAMH, Hyou.uon — B3auMogeRCTBIE
MeXAy HoHaMH, a8 Hyynon — KYJOHOBCKOE B3aHMOAeHcTBHE BaJeHi-
HLIX 3JIEKTPOHOB. MBI cunTaem, YTO METa/Jl COCTOMT M3 OJHHAKOBBIX
aTOMOB (MOHOA4TOMHBIA) M UTO HAa €XMHUNY 00beMa NpPHUXOANTCA
MOHOB. B BblpasKeHHM IJ18 3HEPTHH uJeHbl, cooTBeTcTBylole K=0
M NPOCYMMHPOBaHHbIE MO BCEM KOMIIOHEHTAM 3apsjd, AQi0T HYJb;
noaroMy Takue ugennl B {7.70) yxe He BXOusT.
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0
Orkaonenne 6X; wona or ero pasiorecHoro nooxenus Xjnpex-
CTaB¥M, BOCNONb30BaBIIHCh (2.7), B BHAE pana

i 1 . 0.
80X, =X, — X =(nM)™" X eq Qqel4 “, (7.71)
q

rae €q— BeKTOp, XapaKTepH3YIOWH# NOASPU3ALKIO MPOAOJBHBIX
KonebGauuit. Tlomepeunblx BOJH MBI 3JeCh HE paccMaTpuUBaeM, Tax
KaK KX UYacTOTbl ONpeledslOTCS B OCHOBHOM B3aHMOJEHCTBHEM
Hyou-won, KOTOPOE pE3KO najgaer yxe Ha MAaJbX pacCTOSHUSIX.
Uucto QoHOHHBIA ramuabToHMaun (0e3 yueTa 3NeKTPOH-POHOHHOrO
B3aUMOAEHCTBHS) MOXHO HanucaTh, Bocmosab3oBasluuch (2.17) u
(2.26), B BUjE

1 Y 2
I_lnou Hon =— ) X (pqp—q + QquQ-q), (772)
q

rie Qq — NJd3MEeHHAsa 4aCToTa HOHOB.
LL"]eH, OMHCHIBAIOUIIH B3aUMOJCHCTBHE 3JIEKTPOHOB C HOHaMH,
TaK»Ke MOXKHO NP/ ICTaBHTL B BUJE pﬂﬂa
\l 0O
Dvixi— X)= 2o —X)) -
7

)
[} s . 0
— (nM)~ ’“},‘:‘, Qqleq- Volxi-- XD e ™1, (7.73)

rie NMepBbIl YACH B NPABOHl HACTH MOXHO OOBEMHHHTL C UJIEHOM,
ONHCBIBAOMIMM KHHETHUYCCKYIO 3IHEPrHio 3JCKTDPOHOB,; ADH 3TOM IO~
JYUHTCH 6.’IOXOBCI\'HI':1 raMH/JbTOIlIHAH

p;
2m

+ ¥ ok —X) | =Yoo, (774
j &

Y
H;m == }J
i

rjie B cymMmupoBaHue No k BKJIIOYEHO ¥ CYMMHDOBAHHE MO CIHHAM.
CyMMy (-KOMNOHEHT, COCTaBJAAOINLYI0 BTOPOH unen (7.73), MomHO
nepenycaTth, HCAGJB3Ys BTODHUHOE KBAHTOBAaHNe, B CJAENYyWLLEM
BHJLE:

1 ia- 0
— [ @V ()W () (aM) " Queq -V Jy v (x — X)) ™ =
/
%
=¥ O atuQqvy  (7.75)
k
rae BeJAHUYHHA

vq = — (uM)"* (k + | e ey - Vo lx— X)) W) (.76
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cuutaercs He 3aBucsalled or k. 3ameruM, uto (V_q)*=vq. Hcnons-
3ya Janee onepatop GJayKryauui naoTHOCTH

o= % O 1qCi (7.77)

3alMUIeM W/l1eH, ONHMCHBAIOMME 3/MeKTpoH-QOHOHHOE B3auMoaei-
CTBHE, B BHAE

Hoigp = 2 Qq0q0q- (7.78)
q
Kyaouosckuit uaen B (7.70) past CBOGOAHBLIX 3JEKTPOHOB PaBeH
-y 9rp?
Hugaon= Y “2—b-aPa (7.79)

q

Bsanumodeicreue 31eKTpOHO8 ¢ pewieTkol; pac4eTel no merTody
camocoeaacogartozo noasi. Koopansatel $OHOHOB BXOASIT B Cae-
JLYIOLUHE YJEHBI:

5 2 (PP g+ 2QaQ g+ 204Qup_a), (7.80)

rae cobCTBeHHBIE UACTOTLI NMPOJONBHEIX Koaebaunii Qq daxkTHuecku
paBHBl IJ1a3MEHHbIM YacToTaM HOHOB M MOYTI He 3aBHCAT OT (.
Benuuu#a vq— KOHCTAHT2 MPONOPLHOHAJIBHOCTH, CBA3LBAOIIAESA
JHEPTHIO B3aUMOJAEHCTBHA 3JEKTPOHHOrO pachnpefeneqls ¢ aMAau-
TynaMH ¢oHOHOB Q4. Buiumcass xommytatop [P_q, Hyg+Hsqg),
HoJy4lM YpaBHeHHe IBUXKeHlus 18 Qg B BHAE

Qq+ 2%Qq=— V_qpq. (7.81)

Houbl ABHXCYTCS MEAJNEHHO, H MO3TOMY MX JBUXKEHHe MOYKHO TDaK-
TOBaTb KaK pe3y/IbTaT BHECEHHS KBA3MCTATHUECKOro NpOBGHOro 3a-
psila HEKOTOPoH IJIOTHOCTH B TOM K€ CMBIC/e, UTO H NPH Toayue-
nuu Bbipaxenuit (6.38)—(6.42) npn w=0. O603naunM KOMIOHEHTDL!

MOHHOM IJI0THOCTH uepe3 Py Corsacho (6.42) nmeem
0y = €(q) (o + 05) (7.82)

rje pq — QAYKTYaUMs 3JeKTPOHHOH ILT0THOCTH, a €(q) — cTaTH-
ueckasl AM3JeKTpHuYecKas npoHnuaeMmocts. s (7.82) caeayer, uto
l—eq) ;

HMounas naotHoctb cBAsana ¢ (QOHOHHOM KoopauHaTtoit Qg dury-
pupytomest B (7.71), coorHowenneM

n Y

oh=—i(7r)"9Q, (7.84)
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Urak, ypasuenue (7.81) npunumaer Bujn

Qo+ [+ (F7)) oD vy Qe =0. (7.85)

Teneps Bochosb3yeMcst BbipaxenHem (6.34) ans aHajexkrtpuue-
CKOMt mpoHHu@eMocTd B npubauxeuud Tomaca — Depmu, a HMeHHO

2

1—e () k“ 6nnz
LU I iy (7.86)
err (q) +k tr
Huxe 6yner yCTaHOB.iEHO, YTO A/ ra3a CBOGOAHBIX 3JEK-
TPOHOB
4ne ( n\':
vy = (7) : (7.87)

H, CGJIeJOBaTE/IbHO, B K3aUyeCTBE YPABHEHHUA ABUXKEHUA HMeeM

- r dne’n K
Q- Ts ]
Qq+[ A q2+k§} (7.88)
HId, B Cayuae _ngzhmez/M,
Qq+© ( o k,) 0. (7.89)

Wrak, B npeneabHom cayuyae ¢->0 cobersennas 4acTora o,
paBHa
Qqq

0, = —p—=Cg, (7.90)
rae Ags ¢, — CKOPOCTH NPOAOAbHHIX (YOHOHOB — HMEeM
2 M
CS == —W B (791)

Peayabratr (7.87) cnenyer u3 onpencaends (7.76). Teneps
MOXHO TONYYMTH B SBHOM BHJe U, AJIS cayqas CBOGOAHBIX 3JIeK-
TPOHOB M (OHOHOB, pACHpOCTPaHAIOIIMXCS BAOAb OCH 2, HMes B
BHAY, UTO U(X) =e?/ix!:

z”
=—(nM) e fa’x exp[—zq (x — XO)] PZ
/

:._( n )"'762J dixe—ia-x B

(7.92)

M
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[Nocaennu#t uuTerpaa paseH

1 m

+
J.———QJI J‘ dufdx-x%xu_%e—quu:
-1 0

41
2n iax ___ﬁt_ _ singxm\,
:W.{du(e wxph — 1) =— 2% (1 —208m); (7.93)

HOCKOJBKY X, —> 090,

L= 4";2" ()" (7.94)

3AO0AUHU

7.1. OUEHKTb YHC/IO BUPTYaJbHbiX (OHOHOB, CONPOBOXIAIOIIUX MPOTOH, /IBU-
xywuiica B kpucraane. Ilokaaats, uto (N)“3>1; 370 06CTOATENBCTBO 03HAU4ET,
uTo CcOGCTBEHHHIe KOJeOaHHA NpPOTOHAa ¥ pEINeTKH MaJo OTJHYaITCH JApYr OT

apyra.
¥xasarue. 3aMeTHM, UTO G S>m H, CJeAOBATETLHO, 3HAMEHATENs NOALIHTE-

2
rpajsibHOrC BHIPaMeHHA B (7.22) MOXHO 3ameHMT» Ha ¢, Toraa ana (N) mno-
JYUHM

C? 2
(N} v —1m (7.95)

- 8nlpcch

Crenyer nomuuTb, uto ¢opMyna (7.16) He OTHOCHTCA K Cayyaio CHJALHON
CBA31, W NMO3TOMY pe3yabtar (7.95) saBasercd rpy6o NpHOIHAKEHHLIM.

7.2. UccaenoBath 271eKTPOH-DOHOHHYIO MNOTNPaBKy A€ K 3IHCPIUM 3. IeKTPOHA,
CUMTasn, YTO 3JEKTPOH MMeeT BoJHOBOHM BekTop k, BelnuMHa KOTOpOro y1OB.1€TBO-
pret ycaoshio k,, >>|k|=>>k,. ToxasaTs, uto

2, %52 -
At m Cimk, 107! s (7.95)
4n2pc h

7.3. [TosryueHHble B OCHOBHOM TekcTe BuhipameHka (7.33) w (7.34) oTHocaTcH
K abcomoTHOMY Hymo. [lokasaTh, uto npv KOHeuHofi TemmepaType T, Takoil, uto
ksT >> heek, ANS MONHON uacTOThl 3MuccHH (QOHOHOB (BBOAA fi) moayuumm

2 "
Cim kkgT

nc;pha (797

W(amuccxm) ~

Jas 31eKTPOHOB B TeNJIOBOM DaBHOBECHH MDH HE CAMMIKOM HH3KHX TeMmnepatTy-
pax yxazauxoe Bbile 118 T ycJOBHe Jerko YIOBJETBOpfieTCs A8 CPeAHEKBajpa-
TUYHOTO 3HaueHHA k. DTOT pe3yJbTaT HMEeT TOT e BH1L, YTO W pe3y.abTaT Bap-
anua v Uloknu {10] mas ckopocTH penakcandi B Npoueccax JIeKTPHUECKOR Npo-
BOAHMOCTH B MOJYUPOBONHHKAX (B OeilCTBUTETRHOCTH, OH WHOrXa HE TOJBKO
HMeeT TOT e BW/, HO NPOCTO COBMNajiaer).

7.4. 3anaua ¢ raMRIbTOHMAHOM

H=0, > by by + €9 (X;) +- €9 (X,), (7.98)

12 Y. Kurreas
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rie @(x) sanaerca (7.41), Moxer OnTb peweda TouHo. [loka3aTs, 4TO A7A
B3aHMOIEACTBHS, CBA3LIBAIOIErO JaCTHIL B TOUKAX X; M Xg, €€ pelleHde COBMa-
naer ¢ (7.43).

7.5. B npenenbHoM cayuae c1a6oro B3auMOLEACTBHH HAWTH BbipaxeHHe N4
NOABWIKHOCTH NOASPOHA B HOHHOM KpHCTajje, YUHTLIBAs JHWL NpouUecchl BIaHMO-
AeHCTBHA C ONTHYEeCKUMH (OHOHaMH, obaafanomvMy QHKCHPOBAHHON YaCTOTON .

7.6. a. PaccMOTpeTh HeKOTOpLI raMujnTOHMaH [ U ero kaHOHHYeckoe mnpes
obpasoBaniie e-SHeS. IlokasaTh, 4To NpeoBpa3OBaHHLIl TaMHJILTOHHAH NOC]E pas-
NOXeHHs B CTeNeHHOH PAX M rPYNNHPOBKH WJIEHOB NpPHMET BHA

Fme=SHeS = H4-[H. S] + 5 [[H.S), S|+ ... (7.99)

6. B uactHoM caywae H=Hy+AH’ noxasath, Hcnoabays pedyabrart (7.99),
4TO B Npeo6pa30BaHHOM aMH/ABTOHHAHE YJEHbl, JWHElHbe 110 A, HCue3aoT, ecau
S BHI6pano !) y10BJIETBOPAIOWHM COOTHOWEHHIO

AH' 4+ [H,, S]=0. (7.104)
B npejctaBsenu, B KoTopoM Hy IMAaroHagsio, NOAYYHM [NpH YCJOBHH, YTO
En==Enp,

AnlH 1m)

(m 1S |m) =1~ (7.105)
Hcnoapays peienue s S, Haxoaum
~ 1
H=eSHeS = H 4 [AH’, S} + 5 VU, ST ST+ L (7.106)

Tak uTo H He COJEPXKHT HeAHaroHa/JbHBIX 4/1€HOB nopsiaka A. Buipaxceune (7.106)
MOXHO nepenucats B BHJe

A=H, +% [AH’. S]+ O (A%). (7.107)

') Meroa Bbifopa MOXKHO omMcaTh ciaefyiomium o6pasom. Ecan B mpencras-
aeduu Ulpepunrepa H’ u, cnegosaTensHo S He 34BUCAT OT BPeMeHH, TO B nped-
CT@BJEHUY B3aHMOAECHCTBUS NONYUHM

i§ = 7.100
18, =[S, H}. ( )
to,—-
YTO HernocpeACTBeHHO ClefyeT M3 COOTHOLIeHHS S,:—:e”’" Se—tHd,

Hanee ycaosue (7.104) naet

iS, = MAH,, (7.101)
¢
S, () =ih | dt' Hj(t'y (7.102)
! l( )
—-oo

Jro aABHuIl BUA S; Kak onepatopa. Toraa, coraacue (7.107),
. 0
~ i
B =Ho+5 2 [ at'[H] (), H] O]+ ... (7.103)

-0
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B. B cayuae, Korja raMiJbTOHHaH HMEEeT Bul

H=wata4Alat 4 a), (7.108)
1I0Ka3aTh, 4TO A
-~ 2

(n|H |n) =no—-—, (7.109)

rie n — CpefHee 3HauCHHE Q'G B HEBO3MYLUEHHOU CHCTeMe 6030HOB. 3aMeTuM, 4TO
STOT pe3y/IbT4T COT/IACYETCS € HALUMMH PacueTaMd B OCHOBHOM TeKCTe, OTHOCSH-
WMMHCA K NOASIPOHHOMY B3aHMOXEHCTBHIO.

r. Tlokazats, uTo B ramuibtonuane H B Bule (7.108) 6030HLI B OCHOBHOM
coctosintl @Dy OTCYTCTBYIOT, HO uMeeTcss cocToanne Mg=e5@g ¢ BUPTyansHHIMU
6030HaMH,

7.7. B nbe303neKTPUYECKOM KPHCTa/Ie Noasipu3auus P ecTs auHefinas ¢yHk-
uusi ynpyrux aeopmauni. Ilycrs, nanpumep, P,=Cjpe.., rie Cp — nne3osfex-
TPHYECKAS KOHCTAHTA. ’

a. Halitn Bpipajkenne s 3HepTiid B3aMMOMENCTBIS 3JEKTPOHA € NpPOAO.IbHEIM

o - ;
douonom ¢ qllz, cunras H' ~q 2, [Taq B3AHMO/IefICTBUSA, 00YC/I0BAGHHOrO MNOTEH-
1
uuasioMm Jedopmaudf, H’ ~¢", a ans ontuveckux toHonoB H' ~g-L
6. OnpegenuTb BHA TeMNepaTyPoil 3aBUCHMOCTH NOABHMXXHOCTH B NbLE303JeK-
—1 -
TpHYECKOM noaynpoBojHuke. ITokazath, uto p~T /2, 4 CPABHHTL MNOJYYEHHBIH
pe3yasTaT ¢ pe3yabTartod, npiseldeHHuM B T, XIII kuuru asrtopa [l11], dopmy-
aa  (13.17) 4 cooTBeTCTBYIOWINM HCMOJL3OBAHHIO fOTeHudana pedopamaunii
-9,
(u~T77?) (en. [12]).

7.8. PaccMoTpeTs BONPOC O TOM, KdK CBA34aH BHA BhLIPAMEHHH HAH 3/EKTPOH-
51eKTPOHHOTO B32UMOJEACTBHA C BO3MOMHOCTBIO CYWECTBOBAHWA BHPTYaJlbHBIX
¢OHOHOB B KOBAJIEHTHHIX KpHCTa//IaX; MCNONB30BaTh METOZ MNOTeHUHanma aedop-
Mauni Aa8 ciyyas 37eKTPOH-(QOHOHHOrO B3aUMOENCTRBHS,
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TrTABA 8

CBepxnpoBogUMOCTb

[nst cBepXnpOBOAAILHX 3JEMEHTOB, Y KOTODHIX H3yuanach 3a-
BHCHMOCTb KpDHTHYeCKOH TeMnepatypn . or macce u3otona M,
OblI0 YCTAHOBJEHO C/le/ylollee COOTHOLIEHHE:

M'tT.=const, (8.1)

HMelolllee MeCTO /15 KaxKjOro XaHHOro 3JeMeHTa, 33 HCKJIUeHHeM
HEKOTOPbLIX 3JIeMEHTOB NepexoAHbix rpynn, Bkiaouas Ru u Os. dpe-
JHX NMpPeANONOoXH, 4To pe3yabrart (8.1) csAzan co cBoiicTBaMu pe-
1IeToUHbIX (POHOHOB —— ()OHOHOB, COOTBETCTBYIOIUHMX HYJIEBBIM KoJe-
6aHuAM, MM TEMJIOBLIX (POHOHOB, YYacTBYIOLIHX B CBEDPXNPOBOIH-
mMocTiH. MHaue TpyaHO TMOHATH, KaKHM JAPYIMM CIOCOB0OM MOMKHO
ydecTb aTOMHble Macchi. [sisi 37eMeHTOB, KoTopble 0OHapyXHBAIOT
M30TONMHYEeCKHA 3ddekT, CUMTAIOT, YTO 32 CBEPXNPOBOAHMOCThL OT-
BETCTBEHHO NMPUTHXKEHUE MEXJAY 3JEKTPOHHBIMH napamu B6,M3Hu no-
BepxHoctH ®epmu, obycicoBaeHHoe HX B3aWMofelcTBueM ¢ (oHo-
HAMH, COOTBETCTBYKWIUMMI HyJeBbIM KoJeGaHusaMm. B ajemenrax
MepexofHLIX TPyNN noaspusanusa d-nojockl oOyCr0BAHBAET JOHOJ-
HHTEJbHbLII MEXaHU3M CBA3M, KOTOPBLIH He HMeeT OTHOWIEHHS K H30-
TonyueckoMy sddexry.

Cosjlaiie MHUKpPOCKONHYECKOH TeopuH CBEPXNPOBOAMMOCTH GbLIO
BBIAAIOLIMMCH YCIeXoM KBAHTOBOH TeopHu TBepjaoro Tena (cM.,
[1—3], a Taxxe npeBOCXOAHbIH 0030p TeOpETHUECKHX M 3KCHEPH-
MEHTAJbHBIX HAaHHHIX [4], noAHblA 00630p AAHHLIX O COCTOSHHM HC-
caegoBaHuit 10 co3panus Teopuuw Bapausa — Kynepa — Ulpud-
tepa [5] u 0630p Tunkxama [6], B KoTopoM oco6oe BHHMaHHe yie-
JI€HO 3JEKTPOliHAMHKE CBEPXNPOBOAHHKOB). DTa Teopus — BecbMa
npocras, XoTf H He TPUBHAJbHAS, — NO3BOJseT 00BACHUTL BCE OC-
HoBHble 3(QdeKT, CBA3aHHble CO CBEPXNMPOBOIHMOCTBIO; NDH 3TOM
B GoJIbIIKMHCTBE ciyyaeB nabawogaercs OsecTsilee COraacHe Mexay
Teopuell ¥ oneiToM. BecbMa ecrecTBeHHO OOBsICHSIETCH H H30TOMH-
yeckuil addexT, & TOT (haKT, UTO MATHHUTHBLIA NOTOK KBaHTyercs
MOpPUHAMH, KPAaTHbIMH IIGJOBHHKE BEJHYHHBl cfi/e, cocTaBaeHHON M3
ATOMHBIX KOHCT@HT, CAYXHT yOeiuTe/bHLIM [OATBEPXKICHHEM LeH-
TPaJbHOH pONH CHAPEHHBIX 3/MEKTPOHHBIX COCTOSIHMMA, IpPexCKa3bl-
BaeMblXx Teopieft. Hacrosiuas riasa LesIMKOM NOCBSILIEHA HAJNO0XKe-
HHIO TEOPHH CBEPXNPOBOJAMMOCTH; Mbl, OJHaKo, ue Oyaem 3artpa-
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ruBaTh HH (EHOMEHOJOrHH CBEPXIpPOBOANMKOB, HH TEXHHUECKHX BO-
NPOCOB, OTHOCHILUKMXCH K CNAABAM C BbICOKHM KDHMTHYECKUM HOJCM.

KocBeHHoe 3nekTpOH-3JeKTPOHHOE B3aumoaelicrsue uvepes do-
HOHb, I]ycTh B nepBOoM NPHOAMIKEHHUH 3JeKTPOH-(OHOHHOE B3aHMO-
AefiCTBHE ONHUChIBaercs, coraacHo (7.15), cooTHowenuem

H =i E Dyci,atu(ag—ar)=2ZH, (8.2)

rae ¢* W ¢— cdepmu-onepatopsl, @, a'-— 6ose-onepatopbl, Dq—
c-uMc/aa, Korophle 18 yao6cTBa Mbl OyjJeM CYMTAaTh BEILECTBEHHbBI-
MM KOHCTaHTaMMu # o6o3Hauath uyepe3 D. B nepsoM npubaukenuu
onepatop H’ onuceiBaerT paccesiHde 3JE€KTPOHOB H OODBACHSAET ABJE-
HHE 3JIEKTPUYECKOrO CONPOTHBJEHUS; BO BTOPOM NPHOIMXKEHHH OH
n03B0Js€T HAUTH COOCTBEHHYIO SHEPTHIO M ONPEAENSeT CBSA3b MEXKIY
napaMHu 3JEKTPOHOB. DTa CBHA3b CBOJMTCH K KOCBEHHOMY B3aMMO-
neiictBrio uepe3 doxHoHHoe nose. ONHH 3JEKTPOH MOJSIpU3yeT pe-
IIeTKY, APYroil 3JeKTPOH B3aUMOJEACTBYET ¢ MOoJaspH3alHei.

ITosHLIA raMUAbTOHMAH CHCTEMBl 9JEKTPOHOB H (DOHOHOB, C yye-
TOM B3aHMOJEHCTBUS MEXIY HHMH, HMEET BU]L

H=Hy+H =X oala,+ Decic,+
q
+ szEq O ot (@ —at,)- (8.3)

Ilpoussens xanoHuueckoe npeoGpazosanne (8.3), NoNyuuM HOBIF

ramuabroHiad H=eSHeS, KoTOpEIl HE CONEPXKHUT HEAMATOHAJNBHBIX

unenoB nopsinka D. Tloassysce peayiasratoM (7.102) wu3 3apa-

uyy 7.6, 3anuuem

(r|H'| m)
Em—En '

Urto6bl nonyunTh 3 (EKTHBHYIO CBS3b MEXIY 3JEKTPOHAMH, YHOG-
HO 6paTh MATPHUHLIE 3JE€MEHTH IT15 (DOHOHHBIX ONEPATOPOB, OCTAB-
ass depMu-onepaTophl B ABHOM BHule. Bynem cuurtath, 4yTO cucreMa
(DOHOHOB HAaxoauTCsi NpuU abCONIOTHOM HYJeE, H, CJeJOBAaTEebLHO,
O/ll¥H M3 HH/JEKCOB 71 WJH m OTHOCHTCS K BaKyyMHOMY (HOHOHHOMY
cocroindio. IlosToMy noayuedHnlit HuKe pesyabTaT (8.9) daxrtu-
YeCKH He 3aBHCHT oT Bo3Oyxaenus douonos. Torna

(n]S|m)y= (8.4)

. 1 1
(1S 10y=— tD)k‘c;_qck e (8.5)
.\ 1 )
<0!Sllq>: leZ’ C{.+qck,m—m‘!—_m. (8.6)

Hrak, cornacno (7.107), nonyuaem
~ 1oy .
H=H, +7[H ,» S|+ 0 (D3), (8.7}
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OTKYZa C TOUHOCTHIO JO 4JAEHOB Nopaxka [ HAXOXHM

~ 1 YW\
H=Hyt5 D* %, X, 6 gficbiqfic X
q kk’
X S ‘ (8.8)
(sk—ak_q——mq Ek'+mq_£k’4q). )

Mpl NpuwIH K CPynne 4ieHOB ¢ (OHOHAMM, HAXOAALUMMHCS B NPO-
MEXYTOUHBIX - M —(q-cocTOfHiAX. UaeHsl ¢ unuekcamu —q BHO-
CAT BKNaX B (pOpPMY, T'le wq=w_q, T. €. B BbIpaxelne

Ec+ c.cf, . C ( ! ! )
od k'—q k' “k+q7k g —Egyq — O ek,+mq—sk,_q

[Mpousso;is manee 3ameny k==k’ u nepecrasnsas onepartopsl, Hoay-
quM CYMMY BCEX WIEHOB C HHJIEKCaMu q U —(q
1 i %! 40
—D? Lc*. € Cyf_ oGy - & .
4 k'+q k' “k—q“k (E —¢ )2___(1)2
q kk’ K k—q q

Mrak, 4JeH, ONHCHIBAIOIUHIA 3JEKTPOH-3/IEKTPOHHOE B3AHMO-
JeHCcTBHE, NPUMET BHI

7" W W 0
H = Dzz L (g q = C;,_i qu,Ck"_qu. (89)

2 2
q kx’ VK Ek‘q) Yq

Huarpamma gas H” npusenena na puc. 8.1.

DNeKTpoH-3eKTpoHHoe B3auMoneficTsie (8.9) sBasercs npwu-
TaxenHeMm (OTpULATENBbHO) NPH 3Heprusx Bo30yXjenmns, y/l0BJe-
TBOPSIOIUUX HEPABEHCTBY |exiq—Ek| < Og;
B HMHBIX CJayYasiXx OHO COOTBETCTBYET O7-
TaJKHBaHuw. [laxe B obJjactu HpHTHNKE-
HMS B3auMOJeHCTBHe 3aTPYIHAETCA 3IKpa-.
HUpyloWHM 3(¢heKTOM KyJI0HOBCKOro OTTa-
KUBaHUs, HO HpH JOCTATOYHO OOJBIIHX 3HA-
YyeHHAX KOHCTaHThI B3aumonenctsus D ¢o-
HOHHOEe  B3auMOJIeHCTBMe  mnpeobaajaer.
[TpeaAnos0HM JI18 [POCTOTHI, YTO B CBEPX-
npoBoAHUKE npeobnajdeT  NPUTHXKEHHe;

Puc. 8.1. Inarpamma, orse-

qanimas HENpAMOMY 3.JEK- Toraa
TPOH-3NEKTPOHHOMY B3aH- g, — o, <8, E < &, + 0, (8.10
POH- po y F D k K +q i D
MOJeHiCTBHIO ueped ¢oHO- .

Hbl PCLIETKH. rie wp— nebaepcKkas 3Hepras. 3710 ycao-

B 03HauyaeT, YyTO OOJBMHMHCTBO (HOHOHOSB,
COOTBETCTBYIOIHX HYJA€BbIM KoJeOaHUsAM, UMEET 3Hepruio, GJaH3KYylo
K neGaesckoi. O6aacte orrankusanus aaa (8.9) HecywecrseHHa
M He I[pejncTas/iseT HHTepeca; NO3TOMY 4Ya4CTbh raMHJbTOHHAHA,
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COOTBETCTBYIOIIYIO OTTAJKHBAHHIO, Mbl OTOpocUM U 3anuiiem (8.9)
B ynpolueHHo# dopwme:

H=—V XM €' 4+ qCk ' Cht — qCks (8.11)

G Kk’

rae cymMma GepeTcsi TOJNbKO 10 3HAUEHHUSIM (, Y/IOBJCTBOPSIOLLHM
yeaosuio (8.10) (puc. 8.2). Beanunua V cuurtaercs noaoxuTeabHOM
KoHcTaHTO#. MoxHo cuutaTts, 4TO yHpO-
weHHnlt ramuabtoHuan  (8.11) orpaxaer
BCE CYIUeCTBEeHHble YepThl paccMaTpuBae-
moft npobsaeMbl. Termeph Hawa 3anauya co-
CTOHT B TOM, 4TOOBl U3YYUThL CBOHCTBA dep-
MH-raza, B KOTOPOM JEHCTBYET TapHOe NpH-
Ts2KEHHe, C YUEeTOM OrpaHuyeHHus, Hajarae-
Mmoro ycnosueM (8.10).

‘CBsizaHHble 3JeKTPOHHbIe napbl B thep-
mu-raze. OCHOBHOE TNpENNOJONXEHHUE, CO-
r1acHO KOTOpOMY HeoObluHble CEOHCTBA dep-
MH-T23a  OOYCJOBMEHE  NPUTATMBAIOUMM |, co Onacth oaio-
B3aHMOJCHCTBHEM YAaCTHL, OBLIO CHETAHO  gueyrpoHHHX  COCTORHMI
Kynepom [l]; on nokaaas, uro ¢bepMH-CH- B k-npoctparcree (3a-
cTeMa HEYCTOHYHBA MO OTHOLIEHHIO K oOpa- WTpuxoBaHmas o6aacte),
30BAHMIO CBS3aHHBIX Nap. DTOT BaXKHLI HCHOIb3YeMas apit Gopmu-

. o , pOBaHHH OCHOBHOrO (O-
pe3ysbTaT (KOTOPBI MBI HIXKE NOAYYHM)  cronung s teopsn BKLLL
Cpasy XKe MNO3BOJSET ONMCATh CBEPXNPO- [y s yasoen-
pojasiwee cocTognue. Caeayer NOAYEPKHYTh,  moit smeprum jedas. OGaacts
yto pacyeThl Kynepa camu mno cefe — 3ro  SUePTHH, Meupuix £ - OD, 02

IIOJIHIEHa 1eAiIKOoM, HO He HIpICT
ele He TeopHua CBEDXINPDOBOINKMMOCTH, HO  uukakoit poti b cBepXnponoan-
OH YKa3al NyTh, Ha KOTOPOM 3Ty TEOPHIO A0S Corromus, orieus
yXe MOMKHO OblJO NOCTPOHTb. B TeODHUM B xoasucsoil 0BaacTa (wmpinod,
CBEpPXIPOBOHMOCTH DACCMATPHBAETCS — [PWMEpHO pamnoit &7) okodo-

TPaHMUHOro ypopus ©epsmu (CM.
MHOrO3JIEKTPOHHASA 337a4a, 31aulTelbHO piic. 8.4)
fonee caoxHag, ueM npobaema nap. Coob-
paxkeHus, KOTOPble NPUBEAYT HAC K Bbipa)KEHHAM IS MATPHYHBIX
3J€MEHTOB, BhlTeKkawolwuM u3 cpBoicte (8.32)—(8.34), nokasnBalor,
HAaCKOJbKO Ba)XHbI 3TH napbl. I1I10THOCTh CBepXNpPOBOASILINX 3JEK-
TPOHOB TakoBa, 4yto ~ 103 mnn Gogee KynepoBCKHX 1ap HOJIKHBI
34MeTHO NepeKpLIBaThCA.

PaccmorpuM  nBa cBOGOAHBIX 37eKTpoHa, npeHebperas Ha-
JUUHEM Yy HUX cnuHOB. HepoamyuienHass coOctBeHnas ¢ynxuis
napbl (OTHeCceHHas K eJHHuUe o6beMa) MoXKeT ObLITh 3anHCc4dHa B

BHJC

@Ky, Ko Xp. Xp) = exp[i (K, - X; + Ky - Xp)]- (8-12)
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BBOZIS! KOOPpJHWHATHI B CUCTEME ULeHTpa MacCc U KOOPAMUHATHI OTHO-
‘CUTEJIbHOI'O JBUIKEHUSA

X=g(+X) X=X —X (8.13)

K=K +k, k=K —K) (8.14)
3anumewm (8.12) B Buge

¢ (Kk; Xx)=exp[i(K- X4k - x)]. (8.15)

Kuneruueckass aneprus cocrossus (8.15) paBHa %(-}K2—+—k2).

Hnst vaoberBa wuayumm Jauwb coctosuue ¢ K=0; Ttorna ky=Kk,
ko=—k. MHaue rosops, pacCMOTPUM OLHO3JEKTPOHHBIE COCTOSHHS,
coctaBasiowiye napy +k.

[dance BBejeM B raMWJILTOHHAH 3aXauyd ONEPATOpP IJIEKTPOH-
3nekTpoHHoro B3auMoneiictBus (8.11). Bynem uckartb coGcTBeHHbIE
$YHKUMH TaMUJIbTOHHAHA

1 D] (4 1 (4
Hegr(B+A)+H =P+ H (8.16)
B BUjE
x(X) =3 que=tx= 3 g eime=ton, (8:17)
k k
nonb3ysck onpepenenneMm (8.13). Teneps, ecnu A — cobeTBennoe

3dauenne H, 1. e. (H—A)y(x)=0, 1o, BLIIHCBIBAS MaTpHUYHBIE 3Je-
MEHTBI, Mbl [IOJIyUYUM CEKYJasipHOEe ypaBHEHHe

f dxexp[— iK - (X; — Xo)] (H -— &) 2 &y exp ik’ - (x;—Xx0)] =0,
Kk’
(8.18)
‘WK, BBOAS €, = k/m,

(=X g+ 2 £ (K —k[H" K, —KY=0,  @.19)

rupe
k=k'+q # —k=—k'—q. (8.20)

[Tycth p(e) — NJIOTHOCTH ABYX3JEKTPOHHBIX cocrosHHi k, —k Ha
eJHHHIy 3IHEPreTHYECKOr0 HHTEpPBAJa; TOr[Ld CeKYJAsDHOE YpaBHE«
HHE NMPHMET BHJ

(— Mg )+ [ deo() g ) (el H"|eY=0.  (8.21)

Cornacho (8.11) gns uutepsana sHepru#l OnHOro 3J1€KTPOHA NO OT-
HOLEHHIO K APYTOMY, paBHOrO =+ wp, NOJYYHM, CYUHTAsl BeauuuHy V



CBEPXTIPOBOJIMMOCTD 185

OJOXKHTEJbHOH,

(e| H" |e'y = — V. (8.22)

Bxe 3Toro uHTEpBana Mbl cuMTaeM B3aMMoJeHCTBHE PaBHBIM HY.JIO.
IlpennonoxuM, yro BoaHoBo# naker (8.17) nocTpoen u3 oQHO3JIEK-
TPOHHBIX COCTOSHHH BbllIe NoBepxHocTH Pepmu MeXay er U eF+ wp,
U MeXLY kp M kp, THe k, ONpelesNeHO COOTHOUIEHHEM

o (B, — K =, — e — . (8.23)

Torna cekyaspuoe ypasHenue (8.21) npuobOperaer HMHOH BHI, a
MMEHHO
2e

(e—Ng@E=V [ de'o(e)ge)=C. (8.24)

2%p

3nech KoHctanta C He 3aBUCHT oT €. MTak,
(&
g(s):a—_T. (8.25)

Hcnoas3ys 3To peuieHde B CEKYJASPHOM YPaBHEHHMH, NIOJYYHM BMec-
To (8.24)

28”1
1=V | de' £ o, (8.26)
2SF ’

rjle Tpejenbl OTHOCATCH K nape. B Takom MaJjoM 3HepretuuyeckoM
unTepBaje 3HaueHHe p(g’) MOXHO CUHMTATb [OCTOSIHHLIM H pas-
HbIM Py, T. €. 3HaueHHI0 p Ha ypoBHe ®epmu; TOrna

1 de’

1 2, —2A I ¢, — e+ A
oV ) T T MR

= A .

(8.27)

rape HauMeHbliee coOcTBeHHOE 3HauyeHue JHEPTHU Ao onpepeaseTcs
COOTHOLLUEHHEM

ho == 2er —A. (8.28)
Torna A .
e g 8.29)
HJTH
2
Am— D (8.30).
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ST0 — 3Hepris CBA3YM Naphi MO OTHOWIEHHIO K yposHio Pepmu. Ta-
KM o0pa3oM, HaligeHO, YTO A5l MOJOXMTEeNbHOro 3HaueHus V
(mpuTArubalpollee B3aHMOJEMCTBHE) 3IHEPrHs CUCTEMB OpH BO36y-
XACHHH NMapbl 3JIeKTPOHOB Bbillle ypoBHS Pepmu nonuxaercs. Che-
JIOBaTeNbHO, Halla depmu-cMcTeMa HeyCcToHuYMBa. ITa HeyCToHuu-
BocTb (PepMH-CHCTEMLI NDHBOIHT K MNOSBJEHHIO B He#dl BaXXHOMU 0CO-
OGedHOCTH — 00Pa30BaHNI0 BBICOKOH nJoTHocTH nap. Heob6xopumo
TeNepb TLLATEJNBHO H3YUYHTb NoBepxHocTh PepMu ¢ yyeToM nNpHH-
uuna Iayanu.

3ametnMm, uto coorHouwende (8.30) Henwb3s NpeACTaBUTH B BHJE
crenennoro psna no V. [losToMy pacueTsl 10 TeOpuH BO3IMyLIEHHI
00 M1060ro mMopA;1Kka He MOrYT J1aTh HYXHOTO pe3yJbTaTa.

CeepxnpoBojsiliee OCHOBHOE cocTosiHMe. PaccMoTpum Temepn
OCHOBHOe cocTosiHie ¢GepMH-ra3a npu HaJTHYHH B3aUMOAEHCTBHSA,
onucnBaemoro (8.11). 3anuumeM noaHBIA TaMUJALTOHHAH ¢ 1O-
MOIIbIO 6JIOXOBCKHX BLIp@XKEHHH ISt ONHO3/JEKTPOHHBIX 3HEPTHH gy,
OTHeCeHHBbIX K ypoBHio Pepmiy, OpHHATOMY 32 HYJAEBO# YpPOBEkb.
Torpa, nepectpous HandexalluMm ob6paszom (8.11), moayuum

H= eciox —V X o 1q0n—qCkCic’; (8.31)
3jlecb CIHHOBRIE MHAeKchl onyiledsl. Hanmomuum (cm. (5.23) u

(5.24)), urto pefictBue ¢epMH-ONEpPaTOPOB Ha BOJHOBHE QYHKLMH
OT YHCea 3aNOJHEHHs ONPeeNseTCsl COOTHOLIEHUIMH

c¥Wn, . ...,n; . )=00Y¥n, ..., 1—n,..), (8.32)
eiWn, ....,n5 . y=0,(1—=n)¥(n,....1—n,...) (833
rae
v 3
0;=(—=D"  v,=2n, (8.34)

Wnaue roBopsi, HMesi [eJo C OrepaTopaMiu ¢, €}, ClE1yeT yMHo-

KaTh pe3yabTaT Ha +1 uau —1 B 3aBACHMOCTH OT TOrO, YETHBHIM
HJIM HedeTHBIM ObLIO YMCJAO 3aHATBIX COCTOSAHUH, NMpellecTBYROIHX
-COCTOSIHUIO | B MCXO/HOM Halope COCTOSHHUH.

M3menenne 3uHaka npu JCHCTBMM 3ITUX ONEPATOPOB SHBJASETCS
4Pe3BolHaHO CYULecTBeHHbIM OOCTOATeALCTBOM TPH HAXOMKIEHHH
BhIpaxeHHss OCHOBHOTO COCTOSIHMSI CBEpXIpoBonHMKa. YJeH B3au-
MOJEHCTBHSE B TFaMuabTOHHaHe oObeguHsier GOJNbLIOE YUCAO AOYTH
BBIPOX1EHHBIX KOHOHUrypauuil uau cucreM uucen zanoauenus. Ecnu
Bce ujaeHb! B H” oTpunaTenbHbl, TO Mbi MOXEM IIOJYYMTh COCTOS-
HHE C HU3KOH 3Heprudel, KOTOpoe KaK pa3 COOTBETCTBYET KyIEepoOB-
ckuM napaM. Ho nockonsKy 3HaKu H3MeEHSIOTCS, TO CayyaliHo o6-
pasylomuMcst KondurypauusiMm OyIer COOTBETCTBOBATb NPHMEPHO
paBHOE YHCJAO NOJONKHMTENBHBIX W OTPHUATENbHBIX MaTpPHYHBIX 3Jje-
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menTtoB V. DtoT addekt nomxken ynpasiastbes ocoOLIMH NPaBHIaMH
orbopa KoH(QHrypauHii, no3BoSfIOWMUMY H30eraTh yMEHbIIEHUS
CPEeIHEro 3HAYEHUS MATPHYHOIO 3JEeMCHTA ¥ MNOHHXKEHHe CyMMap-
Horo sbdexra B3aumopeicreun. Teopus, npupoasllas K Kynepos-
CKMM [IapaM, KakK pa3s M 103BosisieT CHOPMYJTMPOBATh STH NpaBHAA
or6opa.

Mrel MoxeM npocienuth 3a 3@deKToM HIMEHEHHA 3HAKa Ha
npoctoM npumepe. CHaualla paccMOTPUM JeficTBUe onepaTopa C%e,

na cocrosimne @ (00111), 1. e. ¢, @(00111) = —¢; P (00101) =
=@ (10101), a sateM neficTBHE Ha HCTO CfCy

ce,®(00111) = ¢; D (00011) = D(10011).

CnenosaTennro, 3nak Marpuusoro saemenra (10101 [cfe,}0011T).
NpPOTHBONONOXKEH 3HaKy MaTpHuHoro ssiementa (10011 |¢iey| 00111).

Mel MOXeM €03/1aTh KOrepeHTHOE COCTOSIHHEe C HU3KOH 3Hep-
rueft, AefiCTBYst Ha NOACHCTEMY KOH(UIypamuil, AJS Nap KOTOPHIX
MaTpHUHble 3JeMeHTH B3aMMOJEHCTBHA BCErja OTpULATe/]bHbl. DTO
ofecnieunBaeTcs NOJOXKUTENbHLIM 3HaKOM V B raMuJbToOHHaHe
(8.31), ecan xaxcpomy 3aHsTOMY GJI0XOBCKOMY COCTOSIHMIO BCErAa
COOTBETCTBYET I1APHOE.

Taxum o6pasoM, B HaweM MOANPOCTPAHCTBE JONYCTHMBL COCTOS-
aus @ (11; 00; 11), ©(00; 11; 00) u T. 0., HO HEZONYCTHMBI COCTOS-
wust @(10; 10; 11) uan @(11; 10; 00) u 1. 0. 3mecy HHUEKCHE ynoO-
psloYEHbl MONapHO H OT/EJeHbl NPYr OT ApPyra TOYKOH ¢ 3ansiToil.
Eciu onuH uied mapnl B Kakofi-TO ZONYCTUMON KoHOUrypauuu 3a-
HAIT, TO H IPYroil uned napel Toxe 3ausart. [Ipn B3auMopnelicteuu
BOJHOBON BEKTOP COXpaHsieTcsi, ¥ NMO3ITOMy MHI ByjaeM paccMaTpH-
BaTh NpEXJe BCEro Te KOHQHIYPALMH, AN KOTOPBIX Napbl HMEIOT
OAMH H TOT e noauulit uMmnyabc k+k’=K, rae sexktop K o6uiuno
paBen nymo. Ecau Bextop K paBeH Hy/ 0, Mbl NodyuyaeMm mapy
k, —k.

Mu noxa He npuHuManu Bo BHHMaHue cnui. O6MeHHas 3IHep-
rust QIS Dapel ¢ aHTUNapasaenbebiMu cnunamu (4 }) o6biuno
MeHbllle, YeM [Jf Naphbl C lapajielbsblMH CldHaMH. Mbl Gynem
paccMaTpUBaTh NMaphl C aHTUNAPaJJeJbHBIMM COHHAMH H He GyjeM
VYHTHIBATb CIIMHBI B BHOM BHie. Huse mol 6ydem npocto cuurars,
4T0 cocToAnue, 3anucanHoe 8 8ule K, umeer cnuw, nanpassennoull
ssepx ( 1), a cocrosxue, 3anucannoe 8 sude —k — cnuH, nanpas-
aennoid snu3 (). Kpome toro, 6yiem npeanonaraTe, 4TO BCernaa
E€x = E&—k.

B cuny ToabKO 4TO NMepeyHC/eHHBIX NPUYHH N OIHCAHMS OC-
HOBHOTO COCTOSIHMSl [OCTaTOYHO paccMaTpuBaTh IOJIPOCTPAHCTBO
nap, HCIONbL3Ysl NpPUBEJEHHBIH TaMHJBTOHMAH, B KOTOPOM YJEHK
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B3aHMOJEHCTBHA CONEPHKAT JINUb YacTb YJEHOB oNepaTopa B3auMo-
.neicreua 8 Buje (8.11), a umeHHo

anuu= Z €k (Clrck+ Ctkc—k) —V 2 CJICik'C_ka. . (835)

SToT raMuJbTOHHAH HM3BECTEH KakK raMuJbTonnan bapnuua — Ky-
nepa — Ulpudoepa (BKIU). Ou peficTByer Jullb B NMOMNPOCTPaH-
CTBe Iap.

Ocuosroe cocrosnue Dy MOXKHO, Kak OYyIeT MoKa3aHO HHUKe,
NpHOGAMXKEHHO 3aMHCaTh B BU/1E

0~ H (”’k + 'kaITCtk) (Daaln (836)
k

rae Mpax — HCTHHHOE BaKYYMHOE COCTOSIHHE, a Uy, Uk — KOHCTaH-
Tol. JIasi raMuiabTodHaHa (8.35) MoaHOe YHCJIO 3JEKTPOHOB fBJSET-
Ci MHTErpajoM JBHXKeHMS, HO cocTosinie Oy — He AUAaTrOHAJIBLHO OT-
HOCHTEJNbHO ONEepaTopa 4yucla 3JIeKTPoHOB. AHaJOorMuHbiM 0OpasoM
obcToMT Aeso U B cayyae 6J0XOBCKHX CTEHOK B TeopHM (reppoMar-
HUTHBIX JIOMEHOB, Tj€e HOJHBIH CIOHH TaK e OObIYHO HEeJNb3s CUH-
TaTh uHTerpanoM nsuxeHus. B rteopuu BKII nokasaHo, uro nus
MaKpOCKONHYECKON CHCTeMbl BEDOSITHOE YHCJIO nap B coctosHuu @
BecbMa 6au3Ko K ero HauboJsiee BepOSITHOMY 3HauyeHUIO, M HO3TOMY
Mbl Hcnodb3yeM @y Tak XKe, Kak 3To OObIYHO jenaercss npu pabore
¢ 6OAbLWIHM KaHOHMYECKMM aHcaMmbjem (CM. B CBs3M C 3THUM 3a-
nauy 8.3). B ocuosHoM cocTosinnu Dy uMeloTcst TonbKo napel. Ilon-
pasyMeBaercs, 4To B BhHpaxeHuH (8.36) vx=—v_g, Tak Kaxk one-
paTtopbl ¢t aHTHKOMMYTHDPYIOT.

Pewenne ypaBuenns BKIL. Meron cnunoBo# ananoruu. Hau6o-
Jgee GHU3MYECKUM METO/OM HM3YYCHHS CBOHCTB I‘aMHJIbTOHHaHa (8.36)

Mbl 06si3anbl Angepcony [7]. YunThlBas, uTO M= Ci Ci: npeobpa-
3yeMm ramunbronnan (8.35) k BHay

Hypw—=— D e (1 =, —7_)—V X et cowews (8.37)

3/1eCb Mbl HOJOXKUAH Nex=0 UJIM NOCTOSHHON AJH9 COCTOAHHUH, CUM-
METPHUYHBIX OTHOCHTEJbHO ypoBHs PepMu B 3HEpreTHyeckoM cioe
*+ @p, 4TO cooTBETCTBYET yciaoBuio (8.10).

Cuauana paccMOTPHM MOANIPOCTPAHCTBO COCTOSIHUi, onpenensie-
MOE yCJ10BHEM

o= 1_y (3.38)

DTo 1N0ANPOCTPAlCTBO, B KOTOPOM cocrosiHus k, —k KynmepoBcKHX
nap Jaubo ob6a 3ansTel, dubo ob6a csoboxubl. PaccMoTpuM neficTBue
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oneparopa (1 — fix — ﬁ-k):
(1—r'i,_(——ri:k)(D(1k, 1)=—®(l, 1_,), | (6.39)
(1 — 7 — 1) D0y, 0)=— D (04, 0_y). i .

CuenoBaTeslbHO, 3TOT ONEPATOP MOXHO [pPEeJCTABHTE B BHAE MaT-
puunl Ilayau

- - 1 0 :
1 —- nk_n_kz(o _1>=0’2, (840)

€C/IM COCTOSHHE Naphl OINHCbLIBATL MATPHUAaMH B BHAE CTONOIOR:

1
(O ) = cBo6oaHas napa <> D(0,, 0_,) «>0, <> «CIHH BBEPX>,
(8.41)

1

3fech o, P — oObluHBIe CIIMHOBHIE QYHKUUM ANA CIIHHA, HalpaBJeH-

HOrO BBEpPX M JJSl CIIMHA, HaNPaB/JEHHOIO BHH3 COOTBETCTBEHHO.
KoMG6iHauuy omnepaTopoB B 4/J€HE I[OTEHIHANbHOH JIHEPrHK

MOXHO MpejcTaBUTh ApyruMu marpuuamu [layau. Masectro, urto

Gen®@(L, 1.,)=0, ¢cr®(0, 0_)=0(1,, 1_) (8.42)

0
( >=33Hﬂ’!‘aﬁ napa «>D(1,, 1_,) <> B <> «CIUH BHHU3Y;

U 4TO
_ . 00
0~ =0, {0, = 9 0; (8.43)
C/le10BATEIbLHO,
1
ehety =50, (8.44)
a A]S 3PMHTOBO COIPSMKEHHOrQ Omeparopa —

Ot =5 O (8.45)

Wtak, raMuabTOHHAH, BLIPAXKEHHBA uepe3 oneparopnl [lay.m,
MOMHO 32NHCATL B BHJE

\ 1 ro-
H,,p,,,,=——}‘8kokz-—TV 2 O On =

KK’
= - Z e Oz — ‘4V— 2 (0K’ xOkx = Ok’ 4Oky)s {8.46)

rIe CHMMETpH3alldsi aBToMaTH4YeckH obecnedeHa CYMMHPOBaHHEM
no scem k” u k. B noanpocTtpaHcTBe COCTOSIHMH Nap raMu/IbTOHHAH
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(8.46) sBasieTCs TOUHBIM raMuabTOHHAaHOM. CyUlecTBEHHO HOMHHTb,
YTQ ¢ HCIOJNb3YETCH 3J€Ch HE KaK ONepaTophl,- AEHCTBYIOILHE Ha
peajbHbie CHMHBL, @ KaK ONEePaTophl, NOPOXAAIOUIME MK YHHYTO-
xawmude napbl ¢ £k Tem He MeHee a1 TOYHOTO pelUeHHs 3aJa4uu
¢ raMuabToHHaHOM (8.46) MOXHO HCIOJB30BAaThH BCce METOAB!, pa3-
BUTBIE B TEOpPHH deppoMarHernsma. B sagaue 8.3 Mbl NOKaxeM,
YTO BO3MOMHO TOYHOE pelleHde B npUOMHMKeHHIl CHJABHOM CBHA3H,
xorna Bce gx=0.

BBeneM (uxkTHBHOe MariutHoe none Hyx, HelcTBywollee Ha ok
caeayiomuM o6pasom:

o=z 5V Y (GexX+ 0y, (8.47)
&

rie X, y, Z — eJIHHHYHblE BEKTOPEl B HAIPaBJAEHHM KOOPAMHATHHIX
oceii. Bug ramunsrounana BKII nossonsier BocnoJb3oBaTbCs NMpH-
6auKeHeM MoJekyaspHoro noas. [lopepHeM cnHHOBBIE BEKTOPHI Ok
TakK, 4TOObl OHH 32HAJIW HAWJYYlllee U3 BO3MOMKHBIX KJIaCCHUECKHX
paclnoJOXKEeHHH, a MMEHHO, YTOOB Kamabii chun k Ob1 nmapadse-
JIeH JEeHCTBYIOIEeMYy Ha Hero ncesjonomio Hy. Ilpubaxkenue Monae-
KYJISIPHOTO MOJS OKa3bIBAETCH 371€Ch OUEHb XOPOIIMM, TAK KAaK HHC-
JIO CIHHHOB, JeXallWX BACAb HanpasJeHUsl NoJdsi Yk, OUEHb BEJHKO,
1 MO3TOMY CaMo IojJ€é MOXHO TPaKTOBAaTh KaK K/JAaCCHUECKHH
BEKTOP.

B nesosmywentnoit depmu-cucreme (V=0) sddexrnsnoe none
PABHO €xZ, [I€ BEJHUHHA Eg NOJOXUTENbHA JJISI 3HEPIHi, JeKallux
Bbillle noBepxHocTH PepMu, U OTPHIAETENbHA /IS 3HEPrHH, Jexa-
WHX HHXKE ee. YCTOMYHUBHIMU CIIHHOBBIMH COCTOSIHHAMM GyayT co-
CTOSIHUSI CO CIIHHaMH, «CMOTPSMMMH» BBepX (cBoGOIHBlE Naphl)
A5 SHeprufl, JeXalldX BHIIEe NOBEPXHOCTH PepMH, U COCTOSIHUS
€O CHUHAMHM, «CMOTPSILIHMHU» BHHM3 (3aHATble Naphl) IS 3HEpruf,
Jexaiux Hinke nosepxuoctd depmu. CHUHBL H3MEHSIOT Hanpasae-
HUE NPU 3HepPIHH, TOUHO PaBHON 3Hepruu PepMmi.

PaccMoTpUM Tenepb OpPHTSATHBalOllee B3aUMOJEHCTBHUE, T. €. CIAY-
yail, korna BseauunHa V nonoxwurennHa. ToUHO Ha HOBEPXHOCTH
Pepmi gx=0, Mo3TOMY eIMHCTBeHHHIM HOJEeM, IeHCTBYIOUIUM Ha
cnun (k| =kp, Oyner Ta vacth 3pdexTuBHOro noas, Koropas obyc-
JIOBJIEHA 4JIEHAMH B3aHMOJEACTBUSA, T. €.

l 4 -
2V ¥ Oex +0,y). (8.48)
-

[TpeanosoKHUM, YTO CIHH C Rp DPAacnojOXeH TOPH3OHTANALHO H

HanpasJieH BAOJb OCH X, Beneacrteue B3aUMOJEHCTBHA CIHH 6)’118'1‘
CTPEMHTBCA 3aCTaBHTb COCENHHE CHHHBI TaKXKe paclOoMOXHTLCA

BAOJ/Ib X, HO 110 M¢De yJdaJICHHST OT 3HaueHHd kp uneHbl KHHeTHue-
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cKkoft sHepruu exz GYNyT BCe CHUJbHee 3aBOPayMBATb CHHHLL B Ha-

npasaedusx tz. CUTyalua oxaxercd BecbMa 6JHM3KOR K cayusalo
pacHoJIOKEHUsT CHUHOB B cTenke DJsoxa B deppoMarserike, Ho B

JaHHOM Caydyae JOMeHHAsl CTEHKa Ha-
xoauTcs B k-npocrpaHcTBe, 2 u3MeHe-
HHEe COCTOSSHHH COOTBETCTBYET mJadB-
HOMY IIOBOpPOTY OT 33aHATLIX COCTOHA-
HU# K CBOOOIAHBIM.

IMpuMensss NpuOJHIKEHHE MOJEKY-
JIApHOr0 NOJS K OCHOBHOMY COCTOS-
HHIO NpH HaJHYHH B3aMMOEHCTBHS,
Mbi BblGMpaeM HanpapJ/JeHHe CHHHOB
OTHOCHMTEJBHO  HamNpasJeHud  cpef-
HEro mnoJs; NpPH 3TOM CaMO MoJe MBl
TPaKTyeM KaK KJI4CcCHYECKHH Bek-
Top. MoneKkynsipHoe noJie ONUCHIBAET-
ca pblpaxenuem (8.47), rae MOMKHO
NOJIOKHT BCe Ony, =0, ecau pad
yno6CTBa HANpaBJeHHUS oOCed  BHI-

N
.?:

z

Puc. 8.3. Cxema, uanocTpupyio-
a8 METOJ MOJEKY/AAPHOTrO NO/f-
IpH pelleHHH 3ajaiH O CBEpPX-
OPOBOIMMOCTH TPH NOMOLLH CIIH-
HOBOTQ aHAJNOra FaMHABTOHHAHA

6paHbl TaK, YTO CMHHbI J€XKAT B MJOCKOCTH x2. Torna, umest B BULY

1.,V
7V X s

cxemy Ha puc. 8.3, noayuum

e  Oke k'

¥y, Okz €k

3peck Okre=sin ks, U MB [ONYUHM
BKIl 8 BUae

—tg0,. (8.49)

HHTErpaJ/JibHOC YpPaBHEHHE

tg ek:%}]'sin Oy (8.50)
e

Bynem uckatb pewenue (8.50), monaras

A=V Y, sinby. (8.51)
-

Torna ypasueuune (8.50) npumer sua tg 9k='gAk— H, COIJIACHO 3Je-

MEHTaPHOH TPUrOHOMETPHH, NOJYYUM
A

(A2+ e;“:)l/‘

sin Gk =

0, —=—% . (8.52)

(A2 + Ek)l/’

IloacTaBass nosayuenHoe Belpaxenue gasa Ox B (8.51), nHaxoaum

A=%V2’ A

- (Az—{—aﬁ,)l/’ )

(8.53)
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[Mepeitnem Teneps oT CyMMbl K uHTerpany. Ilpeneant uHTerpu-
POBaHHUA ONpPEAeNsioTesl 06/1acThi0 OT ®p A0 —w®p, BHYTPH KOTOPOH
notednuag V COOTBETCTBYET NPUTAKEHUIO; wp — BEJHYHHA NOPAIKA
debaepckoit snepruu. Utax, ocHOBHOe ypaBHeHHE NPUHHMaAET BU]

ap
1 de op
1 :7V9F f m:VpF Arsh (T) (854)
—-op

3nech pp — IVIOTHOCTh cocTosiHHE Ha yposBHe Pepmu. Ouenxka HH-
terpana B (8.54) ue npeicrasaser tpyna. M3 (8.54) noayuum aas
cayyas prV <1

A——_D __ 9 : 8
— sy~ wpexp[_ 'VE] (8.55)

Ato n ectb pewenne BKII ansi napamerpa A, xapakTepH3yloilero
WHPHHY 3HepreTHueckoll wenu. Kak Mbl BuauM, Besnunna A nodo-
KUTENbHA, €CIH NOJOXKHTENBHO V.

B kauecrse nepBoro npuOMHKEHUS 5% CHNEKTPa 3JEeMEHTapHBIX
Bo30yxaennit Ex MOXHO NpHHATb 3Hepruio, TpeGyemyio ajsi nepe-
BopayuBaHHsl (QUKTHBHOro cnuHa B noje k. Hcenonwsys (8.47),
HOMYUUM

Ek=21%k|=2(s§+A2)‘/=, (8.56)

rje HCIOJb3yeTcsl TOJAbKO BETBb, COOTBETCTBYIOULAS! INOJOMHUTENb-
Homy KopHio. Haumenblias sueprus so3byxjenus pasHa 2A. Ta-
KiM 00pa3oM, B CIEKTpe 3JeMeHTapHbIX B030yXjeHHH cBepXxmpo-
BOJHMKA MMeeTcs 3HepreThHyeckas itenab. Illupuna 3Tol menau Goina
ofpejeseHa 10 U3MEPEHUSIM TEMJOeMKOCTH NPH HU3YUEHHH TNPOXOXK-
IEHHMA uepe3 TOHKHE IJIEHKH H3JydeHHs Jajekodl HHDpaKpacHOn
o6JiacTH, NpH HCCAEJOBaHHM TyHHeJbHoro 3ddekTa, T. e. nepexoja
3MEKTPOHOB yepe3 6apbep MEXJY CBEPXNPOBOASLIEH ¥ HOPMAJbHOM
nneikamu. [lepeBopauuBanne (HUKTUBHOrO CIMHA COOTBETCTBYeT
Bo30yxjenuio napel *=k B cocrosinue, opTOroHajJbHOE OCHOBHOMY
COCTOSIHMIO TOH e Naphl. Bo3aMoxubl ¥ Apyrue THIbE Bo3OyXaeHuil,
He BKJIOYEHHBIE B HALIC NOJNPOCTPAHCTBO, HanpuMep BO3OYXAeHuS,
B KOTOPBIX [1Ba 3JEKTPOHA B BO3OYXKIEHHOM COCTOSHHH HMEKOT pas-
JHyHble 3Hauends k. Taxue Bo3ByxkIeHUS Mbl DACCMOTDHM MNO3JHEE
M YBHIHM, YTO ¥ B 3TOM C/ydae WHPHHA 3HEPreTHYECKOH wie.i
cuosa paBHa 2A. Huskonexaiue Bo306yxIeHHS, NonobHble Maro-
HaM, He YYATHIBAIOTCH raMuiabroHHaHoM (8.46), mockoabKy cooT-
BETCTBYIOLME CHJIbl B3aUMOAEHCTBHA MMEIOT GOJBLIOA paiHyc 1eit-
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crBus. B paccMartpuBaemoM csiyuae Henb3s, OUEBHIHO, Orpau-
YUTHCA CYMMHPOBaHHEM JHIup 10 O.auxKaluM cocelsM. Ecau B 3a-
Jase O MarHoHaX OJIMHAKOBbiM 006pa3oM cBsi3aHbl Mexay coboit
BCE CIHHBI, TO JIErKO MOKa3aTh, YTO HUKaKHX BO30OYXKIEHHH HH3KOH
3HepruM He Oyaer (KpoMme OAHOPOIHBIX KoJeBAHHH CUCTEMB Kak
LeJaoro).

Cpennee 3HaueHHE 3HEPTMM OCHOBHOTO COCTOSIHHUSI CBEPXIPOBOL-
HHKa B CBepXnposopsiiel ¢ase, OTHECEHHOE K SHEPTHH B HOpMalb-
Ho#l ¢ase, onpepensierca u3z (8.468), (8.50), (8.51), (8.54) caenyro-
muM o6pasom:

\ 1 !
Egz—}dekcosﬂk——fvx Gk'xka+E|€k|:
K

Kk’ k
Y ) Q
= ‘—}‘Sk (cos B+ sin Oy tg Ok)—{—‘,‘._”sk . (8.97)
k
Unen Xlex| yuurblBaer 3Hepruio 2jex| Ha 3JeKTPOHHYW Rapy

BILTOTE 10 ypoBHs PepMu B HopMaabHOH dase. Ecan py — moT-
HOCTh COCTORIHMH Ha yposHe QepmH, To pas E, moayuyum

@p
E,—2, [ d e ar 8.58
e s G o S SR
31eChb UCIOJAb30BAHO COOTHOUIEHUE
o VS N\ S ')
N i sin By tg B, =A }‘——(Eﬁy)w == (8.59)

Hurerpan B (8.58) Gepercsa saementrapuo. Uckmouas V npu no-
MowH (8.54), nmonyuum

A )2]*/2 ] Qppin 1
J

(8.60)

Hrar, do Tex nop noka seauduna V noaomuresvra, Hepeus
KozcepeHTHO20 (C8EPXNPOBOJALLE20) COCTOAHUSL HUNCe, 4eM Hop-
MAABHO20 COCTOAHUA. HHa4e 2080pA, KpuTepuem cs8epxnposobumo-
CTU MOXCET CAYXUTb npocTo ycaosue: V>0. Bennuuna xpHTHYECKO-
rO MarHUTHOrO NOJIS NpPH abCOJIOTHOM HyJe TOJYYaercs, ecaH IpH-
paBusiTh E, Beauudue H;“’/Sn LIS efuHMUbl oObeMa obpasua.

Temnepatypa nepexoma I, MoxeT OHITb onpelejeHa MeTOAOM
MOJIEKYJTAPHOro NoJs, TOYHO TdK e, Kak 3TO JeJaeTci B TEOpHH
¢eppomarnern3ma. Ilpu Hexkoropol KoneyHOH Temneparype cpel-
HYH cnuH aHcam06ss HanpasJeH BAOAb 3¢dekTtusHoro noas I,

13 4. Kurrean
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a ero senuunna (cM. dopmyay (9.19) B knure astopa [8]) omuch-
BaeTcsl ypaBHeHHEM

CARSTTR (8.61)

rpe noJe %k 3alMCaH0 B €QMHHLAX NocTosiHHbX Boabumana. MH-

terpanbioe ypaBHenne BKII (8.49) Torga cooTrBeTCTBEHHO MORH-
duuupyercs 8 cayyas KOHEYHBIX TeMNepaTyp, 4ToObl yuyecTb 3TO
yMeHBIIEHHE Ok; NPH HEH3MEHHOM gk MOJYUHM

|4 ’ €. .
tg 9k=7;;2 th %" sin B = —. (8.62)
kl
3neck 3, coraacno (8.56), pasHo

3, = (e -+ A2 (T))™. (8.63)

B srtoit Mozens TeMmneparypa, UpH KOTOPOH HMMeEET MecTo Nepexoin
T=T,, coorsercrsyer A=0, uau

R Eyr
1=V Y o thr (8.64)

c

rae Mbl ucroansoBaau (8.52), (8.62) u (8.63). Hainennnlit pesyns-
Tar npaBuJeH AJAs MoOJe/MH, SBJAWIIEHCS CNUHOBOH aHaJoTHeH
CBEDXNPOBOXHMOCTH, KOTOpasi, HALIOMHHM, MOJHOCTBIO CHpaBelJaHBa
B CJyyae NOANDOCTPaHCTBA MHap — JOMYCTHMBIMH BO30YXAEHHBIMH
COCTOSTHHSIMH CJYXKAaT TOJBKO peasbHbIe NapHble BO36YXAEHHS B TOM
cMbice, KaK oHH BBousTcs HHxke (cM. (8.103)). Ecam mel paciun-
pUM NPOCTPAHCTBO, pa3pellnB OAHOYAcCTHuUHbIE BO3GYXKIEHHUSA, Kak
310 caenano HuxKe (cM. (8.102) u (8.110)), To uHC/O BO3MOMKHBIX
Bo30yXIeHult yaBouTcsa. Y]BOeHHe uncna BO3DYXIEHHH yABOMT
SHTPOMNHIO, YTO C TEPMORMHAMHUECKOH TOUKH 3peHHs (UMeeTcs B
BHUAY CBfA3b CBOOONHOM 3HEPrHM C 3HTPONMEN), TOUHO IKBHBAJIEHTHO
yABOeHHIO TeMNepaTypel. TorRa T, B ypaBHennu (8.64) caenyer 3a-
MenuTbh Ha 2T, YiBoeHue uncia Bo3OYXIEHHH HE M3MEHHT BKJaja
B CBOOOJHYIO JHEPruIO, TaK Kak, cormacHo (8.167) m (8.168), naBa
OIHOYACTHYHBIX BO3OYXKIEHHS HMEIOT Ty K€ 3HeprHio, YTo U OXHO
peanbHoe napHoe Bo3GyxuenHe ¢ tem xe |k|. Ilepenucsisas mo-
ANODHIMPOBAHHBIA pe3yabTaT B BHIE HWHTErpasa, NOJYYHM

wp mD/ZTc
2 ﬂ e th x
= f th g f dxBx (8.65)
—0p 0

T. €. TOT XK€ pPe3y/bTaT, KOTOpHIK Obll noayued ajas I, B TeOpUH
BKIII.
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Eciu T,<op, To th x MOKHO NPUHATL PAaBHHIM EIHHHIE MOYTH
BO Bcell 06/1aCTH HHTErDUpPOBaHHA BIJIOTh RO X=1; HMXe 3TOroO 3Ha-
uyeHdus th x MOXHo cuMTaThb npumMepHo paBHEIM X. Toraa Haml HHTe-
rpan 6ymer NpUMePHO paBeH

Op
1+1n2—7.£.

Bosiee Tounoe rpaduueckoe uHTErpupoBanve c yyeToM (8.55) nas
cayyasn ppV <1 naer

T.—1,140p exp [— EJVJ : (8.66)
F

Jindg WMpHHBL 3HEPTreTHYECKOH 1UeJH MOJYYHM
2A =3,5T,. (8.67)

B skcnepumente Obiu HaijeHsl caeayloumue 3Havenus 2A[T, [4]:

Ddaement Sn Al Pb Cd
20T, 35 34 41 33°

Uaotonuuecknit spdexr, . e. HabuaiojaeMoe NOCTOSHCTBO NPOH3-
penenus T.M'" npu uaMmenennu maccol M [pas pa3nHYHBIX H30TONOB
LAaHHOTO 3JIEMEHTa, CJelyeT HemocpeiacTBeHHO H3 dopmyan (8.66),
NIOCKOJbKY Be/JMUYHHA ®p HPAMO IPONOPUHOHANBHA YacTtote Koneba-
Huil peleTkH (npeanosaraercst, yto V or M He 3asucur). Hacrora
JUHEHHOro OCUMJJATOPA NpONopuMoHanbHa M-"2 1, ciiegoBaTenbHo,
T .M“=const npuH pasauyHBIX MacCaxX H3OTOMOB A4HHOrO XHMHue-
cKoro 3jeMenta. WMckiaouenuem K3 3TOro NpaBHJa CayMXKar, Kak
H3BECTHO, 3JeMeHThl HepexoAublx rpynn Ru u Os, uro, o-BUAMMOMY,
cBsizaHo ¢ adgekramu noaspusaunu d-oboaouku. Kpome toro, naxe
IJIST NPOCThIX METAJJOB CJIENyeT OXKH/JA4aTh HEKOTOpO#l 3aBHCHMOCTH
V or M, uto Hapyilaer corjiacie pe3y/bTaTOB MNPOCTOH TEOPHH C
LaHHbIMH onmiTa (cM., Hanpumep, [9]).

OnucaHebl Bbllle CHHHOBBIH  @HAJOT OCHOBHOIO COCTOSIHMSI
MOMHO BBECTH TaKxe NpH I[OMOIUH NpencTaBJeHHss 06 onepauuy
I0BOpPOTa CIMHOB M3 COCTOSHHA HCTMHHOTO BaKyyMa, B KOTODOM Bce
napbl CBOGOXHBI, BCE NapHble COCTOSHHS He 3aHATHl (CHHHBI «CMOT-
psat» BBepx). i o6pa3oBaHdsi KAKOro-JU60 COCTOSIHUS CO CIHHOM
B IJIOCKOCTH X2 M KBAHTOBaHHSA 3TOIO COCTOSAHHMS IIyTeM BBelJEHUs
yraa Ok ¢ oCbl0 y NPHUMEHsETCsl ONepaTop CIHHOBOro Bpaiuedus U
(cM. xypc [10], cTp. 534), RelicTBHE KOTODOrO COCTOHT B HNOBOpPOTE
CHHHA Ha YroJ @y OTHOCHTEAbHO OCH y:

1 . .1 1, 1 .1
U =cos 5 0, — igy, sin 5 8, = cos 5 0, — o{0y — o) sin 0,5(8.68)

13*
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JeficTBUE oNlepaTopa ¢~ Ha BaKYYMHOE COCTOSIHME NaeT HyJ/b, fpH-
1 .

yeM O =c¢jcr,. Tarum o6pa3oM, QYHKUHS OCHOBHOIO COCTOS-

HUSI HMEEeT BHI

@, = I (cos 3 0+ cret, sin -6, D, (8.69)
k

3To M ecTb OCHOBHOE COCTOSIHHE, HcnoJib3yeMoe B Teopun BKII (cm.
Huxe dopmyan (8.88), (8.92%, (8.107)). Crnemyer OTMeTHTh, uTO
1

npy k< ky Mbt HMeeM 70k=7 7, a cocroanue Oy B 3TOM 0baCTH

LeTHKOM 3ANOJHEHO 3JeKTPOHaMH.

OcnoBHoe cocrosinne B BHue (8.69) sBaserca auwb npudanxe-
HUEM K TOYHOMY OCHOBHOMY COCTOSIHHMIO, NOCKOJBKY MBI IIPeIHo.10-
KMAH, yTo 372 (YHKUMS uMeer dopmy npoussejenus. Mcrunnas
cobcrBeHHass YHKUHSA ROMKHA OBITh 3HAYHTENbHO OoJee CIAOXKHOIL.
OnuaKo pe3ysnbTaThi pellleHds 3ajiaus 8.3 MOKa3bIBAlOT, YTO BLIGOP
3Tol ¢yHkuuu B BHae (8.69) upessbiuaiiHo ymayen. Op6ax [11]npo-
Jenaj aHaJOTHUYHBIH pacyeT AJs cTeHKH bBioxa B dreppoMarsertike
B YCTAHOBM.I, UTO TOYHOE 3HAUEHHEe IHEPrduM M 3HayeHHe, BLIYHCJIEH-
HOE 1O0JIYKJA4aCCHYECKHM METOAOM, XOPOILIO COrJacyiloTcsl MeXay
cobolf, mpHYEM 3TO coIvlacHe TeM Jyullle, yem OoJblle YHCJIO CHH-
HOB. B HacToslulee BpeMs CYLIECTBYET HEeCKOJbKO BapHaHTOB JOKa-
3aTeabcTBa Toro, uro toymocTh peuieHuss BKIU, ocxHoBanHoro na
NpHUBEJleHHOM TFaMHAbTOHHaHe, nopsaka 1/N.

Pewenue ypaBuenusi BKI. Meron ypaBHenuit nsuxkenus. [lo-
JIe3HO PaccMOTPeTh TaKkxKe JPYrofl NMOAXOA K pelIeHHI0 ypaBHEHUS
BKII. 3anuuieM ypaBHeHMsi ABH)XKEHHS MIJISi ONEpaTopoB €, ¥ €7,

HCXOMSl M3 NpUBeIeHHOTO raMuabToHHaHa B Bue (8.35):
+ + 4+
Hopua = D ek (Ck cx+ C_kC—k) -V 2 CkCiwCoxwek  (8.70)
CocraBuB KOMMYTATophi € YueToM Toro, urto ¢, ¢,==0 u c;c;'EO’
NOJMYUUM
P I's
IOk = ExCk — cka 2 C_k'Ck’s

PRt 4 r o+
lCik = — ExC_ g —(,‘kV 2 Ck'Cik'.

1
i (8.71)
Beenem BesMuuHbl By, ONpelelMB HX CJHAERYIOIHM 06pa3oM:
B,=0c_|0=—B_; B ,=(0]c¢fc,10). (8.72)
Beauyuny (0lc_yxck|0) cneayer moHHMaTb B TOM CMBICIE, 4TO
{0; Nic_xcx!0; N+2). PesyabTupyiolias BOJIHOBAS (DYHKUMS CO-

JEpPXKHUT CMechb COCTOSHHA ¢ HeBoJablIM pa3bpocoM No UHCAY 4Ya-
cTHI. DTH MaTpPHUYHblE 3JEMEHTHl aHAJOrMYHBL TeM, C KOTOPBIMU MBI
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HMeJH AeN0 B IV, 2 B CBsI3N € paccMOTpeHHeM (OHOHHOroO clexrpa
KOHJleHCHpOBaHHOro 6o030HHOro rasa. OHil ecTecTBeHHLIM 06pa3oM
NOSIBASIOTCS ¥ B TEOPHH CBEPXIPOBOAMMOCTH HPH HCIONb30BaHHH
merona ¢ynkumi I'pnaa (cM. pabory [opbkosa [12]). dtor meron
OnMCaH HHXe, B 1. 21,

Tonoxum, uro npu |ex| <wp

A=V ;’Bk; AZ:VkZ"B;v, (8.73)

anpu |ex| >wp—
Ay =Ax==0. (8.74)
Torzxa JIHHEapHU30BAHHbIE YpaBHEHHA ABHXEHUSA 3anHuyrcsa B BUAE
ik = excx — Awclk, (8.75)
ic_y == excly — Agc. (8.76)

dra JnuBeapuzauus npejacrasaser cob6oil mpoctoe 06o6lEHHe Me-
rona Xaptpu — Poka, B KOTOPOM YUHTHIBAIOTCH UJEHB THIIA
¢4 Ckrc_yr- [1pUBe/leHHblE BhIlE YDPaBHEHHS HMEIOT DEeLIeHHs 3KCIO-

HeHIManbHOro BUAa e~ npu ycaosuu

Poa N 0 (8.77)
A Ae, | '
T. €. KOrza
Ay = (g, 1+ 4°)", (8.78)
rae A2 =AMy 3asucumoctbio A or k MBI Tenmeph npeneGperaem.
CofcrBeHHble BEeKTOpbl ypaBHeHuil (8.75) n (8.76) moxHo 3a-

nucarb B BHIE

. _ + . t .
O = U0, — OVl G = UL_ VO

8.79)
+ + R -+ ( °
of =u lf —v.C_,, ef,=uc +v.0.
O6paTHblE HM COOTHOILIEHHS HMEIOT BHI
— + — —_— +
c,=un, +oer, c_ =ud_  —ou,
(8.80)

— + FE— +
€, =uo +oua_,, c ==ugat —vaq.

3nech Ko3dhdULHEHTBl Uy, Ux BEIIECTBEHHBl, Uk — YETHAsl, a Uy —
HeyeTHast QyHkuuu K, T. e. ux=u_x, a vx= —v_x. Herpyauo yGe-
ZUTLCS B TOM, YTO Ok YJAOBJETBOPSIOT NEpPECTAHOBOYHBIM COOTHOILLE-
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HUAM (epMHEBCKOro THIA, eclH up -+ vf =1; nefcTBuTENBHO,

(o ot} = wtty, (O E5}F OV (€240 €y} = O (s +25)s (8.81)
H, Kpome TOro,

{00 oy} =10 {60 65} — v, {ehe ) = w0, — v, =0. (8.82)

Ecan Buipaxenuss aas cx B Buge (8.80) noacrasute B (8.75), TO
npu oy~ e * nonyuum

Ay =g i+ Avy; (8.83)
Bo3eoas (8.83) B Ksaﬂ.pa'r n yuurniBas (8.78), Haxomum
Myl =eul + A%} 4 2¢, Au, v, == (82 -+ A”) u;. (8.84)
Takum obpa3oMm,
A% (uf — v2y=2¢e, A, v, (8.85)

3alumeM U, Uy B CJIELYIOILEM BUHAE:
1 .1
Uy =C0s 50, v ==sin50,. (8.86)

Torza smecro (8.85) noayuum
Acos 0, =¢,sin0,, g0, =Al,. (8.87)

ChenoBatesbHO, HMess B BHIY BhipaxieHusi (8.52), Mbl BMAHUM, YTO
fix MMeeT TOT e CMBICJ, YTO H B Me-
vZ 42 TO/€ CIIHHOBOM aHA/TOTHH.

Boanosan yHkyua 0cHOBHOZ0 cO-
cToanus. TlokaxeMm Teneph, 4To BOJ-
HOBYIO (YHKLHIO OCHOBHOIO COCTOSi-
HHSL MOXKHO BBIP@3NTh Yepes oneparo-
pbl KBA3HYACTHL ay B BHIE

=7 &, /A —_

w/ Ay 7 D, = ]kI e Do (8.88)
Puc. 8.4. 3aBucumocts Koaddu-
LMEHTOB 4, M Uy OT oTHOmeHus HJH

7S cxeMe BKII. .
i P B CXENE @, == [T (— o) (tx + vucis ¢21) Do
k

3aech £k — KHHETHYECKAS 3HEPrus cBo-
€0AHON YACTHUB, OTCUHTHIBAEMAS OT 110- (8 89)

BepxuocTin Pepmy, a Ay = Vsﬁ + AE—

SHEPTETHYECKHIT Mupam |
Hprn(uaanqacmub‘l? i MoxXHO HODMHPOBATH q.)}’HI\U.HIO @y,

ONYCTHB MHOXHTEIH (—Uyx); Toraa

(Dg | Doy = (Dye | TT (22 + vre i) (e + ki € ) | Poax) =
= H (ui —+ 'UI2() ((Dsax | (Dmu()- (890)
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Jlerko y6eautbcst B ToM, uyto ¢yHkuMs (8.88) onucesaer
ocuoBHoe cocrosinie. llonefictesyem Ha @p onepaTopoM YHHuTOMKE-
Huf; TOrna

oy Py == Ok O_ k' Ok’ Hla—-kak(paah' ==0, (891)
k

NockoJabKY aks Oxr=0, ecau a — depmueBckue oneparopsl. Mrak,
B NpHOJHMXEHHN KBa3HYaCTHI, HOPMHPOBaBHas (DYHKIUHS OCHOBHOIO
COCTOSTHHSI MMEEeT BHJ

(DO = H (uk -+ 'vkc:-Ctk) Dy (892)
k

3uayenus u, U v, coraacuo (8.52) u (8.86), paBnu

U2 — co8? - B, :—;-(1+cosﬁk)::—;-[1 +;‘—:] (8.93)
@ =sin? 50, —5(l—cos8) =5 [1 —2]. | (8.94)

['paduKu 3aBHCUMOCTH ue u vh OT &/l npuBejleHbl Ha puc. 8.4.

TTose3no ybequThCs B TOM, YTO Bhipa{e€HHe /5l IHEPTHH OCHOB-
Horo cocrosinust (8.60), BhIUKCIEHHOE METOAOM CIHHOBOW aHaJIOTHH,
nosyyaercss M NpPAMBIM pacyeroM IIPH HCIHOJb30BAHHH BOJIHOBOM
¢vukuuu B Bune (8.88) uam (8.92). CpenHee 3HaueHHe KHHeTHue-
CKolf 3Heprud (10 OCHOBHOMY COCTOSIHHIO) COJEPMHT BEJHUHHY

(Do | il cxr | Do) = (Do | vk-i-aty: | Do) = vr (8.95)

M Ipyrue 4JeHbl, 3HaYEHHS KOTOpHIX paBHHl Hy/mio. CpenHee 3naue-
HHE MNOTEHUHaJbHOH SHEPIHH CONEDIKHT BEJNHUMHY

+ +
= (D | tx V' Ui Vi O O g Qg C g

- ((D() [C;T'Cik'c_k-'ck"

(I)O> = Uy’ Vx’ Uk Uk~ (896)

H JApyrde ujeHbl, 3HaYEHUA KOTOPLIX TAKIKE DaBHbI HYJIO. Caeno-
BatTeJsibHO, YUHUThIBas B BbIpaXKEHHH IJid KUHeTHYeCcKo 3HEeprau pnBe
OpHEeHTaUHKH CNHHA, NOJAYUlM

(D, lanm! | Do) =2 E Gk'UIZ( -V 2 UKVl Vx' =
— Y (1 —cos0)— V Y sinOusinb.  (8.97)

B nocaenHem ujene B nparoit yactu (8.97) cymmupoBaHue, uMes
B suny (8.51), npoussonurcs pBaxkael u jgaer — A%/V. Unen Xeg
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P +
napaMy Tuna a_‘(a_k. TakK 41O

(ﬁk)o = v} = h, = sin? % 0, (8.105)

3nech BBedAeHa BeaHUYAHA Ny, KOTopas OPHMEHSNAch B OPHTHHAMb:
noit pabore bBapmuna, Kynepa u 1lpuddepa B xauecrse cumpona
A8 CpeflHero 3HayeHust umcaa nmap k.—k B ocHoBHOM cocTofi-
Huu @y,

Coorxowenue (8.105) ycranaBuBaeT CBs3b HALINX Pe3y/bTa-
TOB € BBIDAXKEHHAMI, BbIBeJIEHHBIMI 3THMH 4BTOpaMH:

bt = sin 4 O =, (1 — )" =cos O =ux, (8.106)

Dy = H [(1 - kk)l"2 —+ /l;(/:(,‘;t(,‘fk] Dy (8107)
Kk

B wamem npubavakedHud raMHIbTOHHAH, BBIPAMKEHHBIT B omNeparto-
pax KBa3WYacCTHIL, HMeeT BHJ

H= X \q'q,. (8.108)

Oneprud Bo30YKIAEHHBIX COCTOSHIT MOJAVYAIOTCS HENOCPeICTBEHHO
Kak CyMMHl KopHe#l Ax ypaBhenu#l nasmxerus (cM. (8.75)—(8.79))
IJS ONepaTopoB POX/IEHHS KBAa3H4YacTHI|, T. €.

/
\' N 9 1
E, = ,.%;’*w by = (E2 -+ A% 7, (8.109)
rie j— 4HcIo BO3DVIXKIEHHBIX KBA3UWACTHIL
Tlpu aHanu3e pe3yJbTaToB PElIEHUS KOHKPETHBIX 3anay caenver
¥MeTh B BHIY, YTO COMOCTABJATL MexX1y coboii MOMHO 3Hepriu
JHIUb TeX BO30YMXAEHHLIX COCTORHHHA, B KOTOPBIX HAXOIHTCH TaKoe
JKe cpejlHee uUMCJI0 YACTHL, Kak 1 B OCHOBHOM cocrosHuiu. Ecan
B OCHORHOM COCTOSIHHH HMeeTcss N map, To Mbl MOXKEM CpPAaBHHBATH
€ro ¢ BO3OYMAEHHbIM COCTOSTHHEM, HMelounM 2p Bo36GyXKaeHHR W
N—p nap. Taxnm oGpa3om, HaWMeHbllee NO 3HEPTHH JONYCTHMOE
B036YXKleHHOe COCTOSTHHE OJHOYACTHYHOTO THNA JOJXKHO COAepKaTb
nBe BO3OYXKIeHHble YyacTHULI, T. €.

O = o ai-Do =i I (e + e c2x) Doaes (8.110)
k

The cuMBOJ Apom3BedeHHs 1o k o3iauaer, uto B TpPOM3BeJEHHE
BxoauT N—1 napa 11 He yyuThIBAeTCA Halle MPOM3BO.IbHOE Tpebo-
BaHHMe, COMVIACHO KOTOPOMY B 3ITO fpPOH3BeJeHHE 0JXHBI BXOIHTH
roieko N—2 nmapu. B ¢yHKuo peaasHoro napHoro Bo36yik 1eHHs

q)p=0.|:'0.ik'(po (8111)
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aBTOMAaTHUYECKK JoJXHa BXOAUTh N—1 nHeBo3OyxneHHas napa. [as
storo Bo30yxaenus E ==2Ax. BblYHCICHHE 3HEPTHH COCTOSTHHH
(8.110) u (8.111) Mnl ocraBisieM YUTaTeNl0 B KayecTBE YNpaxKHe-
Hug (cM. 3azmauy 8.6). YcraHOBNEHO, YTO BKaaj NOTEHIIHAJBbHON
3HepruH OT BO3OYKAEHHBIX YacTWll paBeH HYJI0; yBeJHuyeHHe [o-
TEHIMAJNbHOH 3JHEPrH¥ 0NpH BO3OYKIEHWH NPOHUCXOJHT 32 CYET
YMEHBIIEHUS YHCAa CBA3el Mexay HeBO3OYKIEeHHBIMM IapaMu
IIPOCTO M3-32 yMeHblUeHHA YHCAa HeBO3OYIKAEHHBIX Hap.
JaeKTPOAHHAMUKA CBEPXNPOBOAHUKOB., TeopHsi CBeXIIPOBOJHMO-
CTH JOJXKHA, npexje Bcero, o6bacHAThL 3ddekr Meiicchepa, T. e.
RBEITAJKHBAHHE MATHHTHOI'O MOTOKA M3 CBEpXNpoBojHuKa. Hanuune
sthdexkra MeficcHepa cpasy clegyer H3 JOHIOHOBCKOrO ypaBHEHHA
(cM., nanpumep, (8], ra. 16); neficTBUTENbHO,
m 4ap?

JW=— AKX, A=—=

ne?

= (8.112)
3mech j — IIOTHOCTB TOKAa, A — BeKTOP-NOTEHUHA, Ly, — JIOHJOHOB-
ckaga ray6uHa NpoHUKHOBeHus. Mul npeanogaaraem, yrto A(x) sasis-
eTCcs MENJIeHHO H3MeHsWeRcsa GyHKuHed KOODAHMHAT; B NIDOTHBHOM
cjayuae JIOHJOHOBCKHE yDaBHeHHS CJAelyeT 3anucath B HHTe-
rpaasHo#l Gopme, npensoxerHon [lunnapaom. 3anuchk B HHTErpa.ib-
Holt opme dakrTHyeckd onpegensieT j(X) OpH MOMOIUH B3BEIIEHHOTO
3HayeHUA A, YCPEZHEHHOrO NO pPacCTOSAHHIO NOpAnKa NJAHHBL Kore-
PEHTHOCTH Ep, OnpejeieHue KOTOpPOHl 1aHO Huxe. Mbl paccMoTpuM
3JIeKTPOJAHHAMUKY CBEDXIIPOBOIHHKA TOJBKO B OCHOBHOM COCTOSIHHH
(npu T=0°K).
Bekrop-noreHu#an BO3bMeM B BHIE

A(x)= aqe'*; (8.113)

[OCKOJbKY OCLHJIIMPYIOUMH NOTEHIHAN JIErye pacCcMarpHBAaTh, UeM
JIMHENHEBI; JIOHJOHCBCKOE YPaBHEHME Mbl BO3bMEM [JASl Ipeaeib-
noro cayyas q—0. Belpaxenue, xoMmmnnexcHo conpskensoe (8.113),
HaM B SIBHOM BHje He NoHajgoOuTCH, XOTH NOCJEAYIOUlee paccMo-
TpeuHe CNpaBeNJHBO H B 3TOM cCaydae.

OnepaTop TJIOTHOCTH TOKA B NpeACTaBJeHNIH BTOPHYHOTO KBaH-
TOBAaHHS UMEeT BUJ

g (x)= —Zngi- (1F+ grad ¥ — W grad 1{J'+)_
“7%‘1”1“’ =9gpX)+ Fp(x). (8.114)
3necs & p— nmapamarhuTHad, a & p— AMaMaridTHasd yacTH onepa-

TOpa IJOTHOCTH ToKa. BuipaxkeHue ana &(X) noayuaercs nyrtem
CHMMeTpH3alli onepaTtopa ckopoctu [p— (e/c) A}/m. Ilpencrasum ¥
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‘(s equnnue ob6beMa) B BHAE PAAa

W (x)= D ¢ eihx; (8.115)
k
TOrga
G p(X) =5 Y, Cirqtue™ 9™ (2k +- ), (8.116)
kq
9o (x)_——zcmcke XA (x). (8.117)

TIpeano.oxuM, YTo B OTCYTCTBHE NOJS TOK HcuedaeT. MHorovacTuu-
Hoe coctosiHue @D crcTeMBl 3aNHILEM B BUJE

=@y, + O, (A)+ ..., (8.118)
rae @, ne sasucur or A, a O, — aunedinas dysxuua A, T. e.
! [V\H,]0
D e (8.119)

31nech NPU KyJoHOBCKOM KanuGposke, T. e. koraa div A=0, raMuib-
touuan H; ¢ tounocteio 10 O(A) umeer BHUjJ

Hy = — f AVt (x) —— A p¥ (x)=

== —— J. d3xcf, O A (X) - Kemlax = — —r:—cz €l (K - 2
kq k
(8.120)
B kyJsonoBcKo# Ka.JMOPOBKE MBI MMEEM
q-a,=0>0. (8.121)

Moxiio mokasate (370 OyaeT CAedaHo HHKe), UTO IIOCTPOEHHas
TAK¥M NYTEM TEOpHs SBJISAETCA KaJHOPOBOYHO HHBADHMAHTHOH.

C TOYHOCTBIO J0 YJeHOB Mopsaka A cpelHee 3HAUYEHHE omepa-
TOpa AMamMarHHTHoro toxa (moitaras g—0) pagno

p(X)=(018,0=— A Y cie,=— 22 AxX). (8.122)

mc
k

DTOoT pesy’abTaT JOAKEH COBNAAaTbh C JIOHAOHOBCKHM YDaBHEHHEM
nas jp=0. Beruuyna n ecTh noaHasi KOHUEHTPALHS 3JEKTPOHOB.
Jdnaa cpeaHero 3HaueHHs BeJIHUMHBI jp(X) — omepaTopa mapamar-
HHTHOTO TOKa, B3ATOTO NO COCTOSAHUIO (D, — MOMYYHM C TOYHOCTBIO
0 uJEeHOB mopsaaka A

ipX)=(0 g} +(1{Fp|0), (8.123)
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rae ¢yuxkuus |1) onpeaeneHa suipaxkennem (8.119) rax, uto

Ol ol )= 5= Ol gD H0)  B124)

Paccmotpuy matpuunbiii snement (1iH;|0). daa ocHoBHOro H
Bo3b6yxaedHoro cocrosaduil B moxenn BKII oH uwmeer He coBcem
O6GBLIYHYIO CTPYKTYDPY. DTa CTPYKTYpa BecbMa CYUIECTBEHHA 118 00b-
sicHeHusa 3¢ dexra Meilicciepa 1 ApyrHX NPOLECCOB, IPOUCXOASALIHX
B CBEpPXMNpOBOJAHHKAaX. Mul HymeeMm

ULH 0y =— (1] Y (k- 3,) 6, 46| O). (8.125)

Paccmorpuy BR1aab!, 06YC/JIOBIEHHBIE HEKOTOPHIM OMpefeJeHHDbIM
BO30YXK/JIEHHBIM COCTOSIHHEM C HOMEpOM [, Bo1HOBadg GyHKUHSA KOTO-
pOro HMeeT BH[

D=0y, 0 e Py =1, o€ II (, + et ) D, (8.126)

B cymme (8.125) 310 cocrosinue obpasyeTcs H3 OCHOBHOTO COCTOSI-
Hisl IPIL NTOMOLIM oneparopa

(K- a) el (O
TakK Kak, corsiacHo (8.80), naeem
e o Co=ty 1 U i (8.127)
o B (8.125) BXOAHMT, KPOME TOTO, OMepaTop
(K = @) 3]t g
KOTODBIfl BHOCHT BKIaj
ChiC o Po= 1V Py (8.128)

3ameuas, uyTo (q-a4)=0, noayunM AJaA [OJHOTO MAaTpPHYHOFO
3JeMeHTa C CoCTosAHuHeM [
1
(U] H[0) = — 2 (K’ - 8g) (i +qTur — lxr D pq)~ SNl i (Bic— Bicyq).
(8.129)

Dra peammsa, ecmu yuects (8.90) u (8.94), crpemuTes K HyJio
npu q—0. B sronm npeaenbHOM clyyae SHEPTeTHYECKHH 3HaMeEHATENb
paset

Ey—E,—— 2 (2 A" (8.130)
H, caenoBaTe1bHo, npy q—0
Olgpll)—0. (8.131)
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Hrak, B 1aHHOM TNpeJe]bHOM CJAyYae MBI IIOJYYAEM JOHJOHOBCKOE
ypaBHeHIe

§(x) = — 22 A (x). (8.132)

B HopmaasHOM cocTosinuu, Kak nokaszan Bapaun [b], napamar-
HUTHLIM TOK NPUMEPHO KOMIEHCHpYyeT AuamarsutHelil. B srtom co-
CTOSIHHY 3HEPreTHUECKas Welb OTCYTCTBYeT, JI;1 OOBLIYHHIX AU3IJIEK-
TPHKOB BHPTYyasibHhle BO30YyXKJEHHBIE COCTOAAHMS 06pasylorcsa NpH
OMHOSJIEKTPOHHBIX IEPEXOJAaX H HUKAKON KOMIEHCAlUH THIA KOM-
neucanuH, BuTekaioulefi U3 (8.129), ne obnapyxuBaercs.

Kann6poBouHyi0 HHBAPUAHTHOCTb TEOPHH MOXKHO NPOAEMOHCTPHU-
pOBaTh HeCKONLKUMH crnocoGamu. Hanpumep, Ulpuddep [13] npusen
pAa coofpaxenuii, OCHOBAHHLIX Ha CBOACTBAX N1a3MoHoB. Kaaubpo-
BoyHoe nNpeobGpasoBaHHe OT KYJOHOBCKON KaJuOpDOBKH O3HAyaeT
JofapjeHHe K HameMy BeKTOP-MOTEHIMANY MPOAO.ILHOH YacTH
iqp(q). Taxo#t ujeH B BBIPAXEHHU HAA NOTEHUHAJa TECHO CBA3aH
¢ MJIA3MOHHBIMH B0306yKIEHHUSMH H JEeHCTBHTEJBHO CABHIaeT MNJa3-
MOHHBIE KOOPAHHATHEI. DTOT CABHI HE HM3MEHAET YacTOThi MI1a3MOHA
H, CJE10BATE/NbHO, HE H3MeHseT H (U3NYECKHX CBOHCTB CHUCTEMBI.
Hpyroi nNOAXoA K BOMPOCY O Ka/JlHOPOBOYHOA HHBAPHAHTHOCTH
COCTOHT B TOM, UTO, KaK HETPYAHO 32METHTb, KalHOGPOBOUHOE Mpe-
o6pasoBalHe 3KBHBAJEHTHO [JA ONepaTopa COCTOsIHMS npeobpa-

30BaHHI0 THIA )
Y > Weikx (8.133)

B sTom cayuae, Hanpumep, BeauuuHy By (cMm. (8.72)) caenpyer
nepeonpeneauTh, Tak Kak

Q¥ (y) ¥ (x)] 0) —> (0| ¥ (y) ¥ (x)| 0y exp [iK - (x+ y)] =
=(0 |kk2 e expi(k+K) - y]ew exp[i(k’+K)-x][0). (8.134)

Jlas napHbIX COCTOSIHMH TOTia HMeeM yC.I0BHe
k=—k’'— 2K, (8.135)

Tak uTO napHas uacth (8.134), KOTOpYIO Mbl XOTHM COXPaHHTH B ra-
MIABbTOHHAHE, o aHadorul ¢ (8.72) 6yner HMETb BHJ

OI¥(y)¥ (x)]0) = g exp[—ik - (y —x)[{0]c_, _g€4_k|0)- (8-136)

C onpeneJeHHBIMM TAKHM NyTeM HOBBIMH NapaMH BCe JajbHeHlHe
pacueTbl COXPAHSIOT CHay 0e3 BCAKHX HameHeHnH. Huxe ato npo-
AeMOHCTPHPOBAHO NIPH PACCMOTPEHHH BONpOCa O KBAHTOBAHHM Mar-
HITHOTO IOTOKA.

IlauHa KorepeHTHOCTH. [lunnaph Ha OCHOBE 3MIIMDHUYECKHX CO-
o6paxeHHil npeaNoXua MOAHQUIHPOBATL JOHAOHOBCKOE ypABHEHHC
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Tak, 4YTOoOBl MJOTHOCTE TOKa B TOYKE 3ajaBaJjiach HHTerpasom OfT
BEKTOpa-noTeHuuasa no obJsiactd, OXBaTblBalouleH 3Ty TOUKY, a
HMEHHO!

— 3 r(r-A(y) e

J0) = — g | @y TEADNETE L (137)
rae r=x—y. Hanuune paunel KorepeHTHOCTH Ep sABAAercs ¢yHaa-
MEHTa/bHbIM CBOHCTBOM BEUIECTBA; /715 YHCTBIX METAJIIOB €€ YHC/ICH-
Hoe 3HaueHye MO0 NOPAAKY BeJuuuHbl cocrasaser 104 cm. Hdna men-
JIEHHO M3MEHSIOUIerocs BeKTOp-noTeHuuana A ypasueude [Tunnap-
na (8.137) npunumaer BWA JOHJOHOBCKOro ypaeHenns (8.112) c
BEJNHUYMHOR A, KoTOpas onpegeseHa tam xe. B marepuanax, copep-
KAUMX NPUMECH, BENHYUHY £ B I[IOKA3aTese 3JKCIIOHEHTHl CJACAYET
3aMeHHTh Ha f, OnpefeneHHyI0 caeaylouuM obpasom:

1 1, 1.
==+ (8.138)

3JeCh o, — 3MIHpPHYECKas KOHCTAHTA NMOPAKa eAHHHUbl, a [ — cpex-
HAs [JHHA cBOOOJHOro npoGera 3/JeKTpoHa NPOBOAMMOCTH B HOD-
MansHoM cocrofiHud. OpHako BeauunHa §,, crosmwas B 3HaAMEHa-
Tese xoshdHuMeHTa nepex HHTErpaJjoM, ocTaercsl mpexHeir. Ecau
E< A1, Kak, HaNpUMep, B HEKOTOPbIX CBEPXNPOBOAALIMX CIJIaBax, TO
CBEpPXNMPOBOAHHK OTHOCAT K YHCJY TaK Ha3biBAEMbIX XECTKHX CBepX-
[OPOBOMHUKOB, 1IH CBEPXIPOBOAHHUKOB 2-ro poxa. Has HUX xapak-
TEPHO pe3Koe H3MeHeHHe CBOMCTB B CHJIBHBIX MarHUTHbIX MOASX !).

Beipaxenue 1718 Toka, aHaJoTHuHoe noayyeHHomy [lunnmaprowm,
puTekaer W 3 teopHu BKI. BriBox 3TOro BHIpaXKEHHs NpUBegeH
B opuruHa’abHoll pabore [2]. B Toit xe reopuun BKIUI nonyueno BI-
paxkenue aada & B BHJIE

Bo=rr- (8.139)

YTto6Bl YACHHTH €r0 CMBIC., HAMOMHHM, YTO MBI MOJAYYHIH JOHIO-
HoBckoe ypapHeHue u3 (8.129) pas cnyuas g — 0. D10 ypasHeHue
IJis MAJBIX ¢ ¥ JJA 3HaueHHH k, ONM3KHX K Ry, 1aeT, CONIACHO
(8.93) u (8.94), cooTHouIEHHE

1 kyq
ll;H.q’Uk—— ukvk+qz4—A(ek+q—£k) ~ m‘. (8.140)
DTOT 4JeH MaJg, ecsu
4mA 4A
g gp= by v (8.141)

1) Cm. o 3TOMy Bompocy, Hampumep, cTartbio AGpukocosa [l4], ocHOBauHyi0
Ha paGote 'un3bypra u Jlannay [15].
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Orciona BHjHO, YTO BEMHUHHA ¢, ONpEIEJNEHHAss TakKHM cnocobom,
paBHA, C TOYHOCTBIO O YUCJIOBOro MHOXurtens 4/m, 1/E.

Pesyabrar (8.139) Haxomutca B XopolieM KOJHYECTBEHHOM CO-
rJ1acMH ¢ 3KCIEPHMEHTANBHLIMH JaHHBIMH. BricKasaHuple sblie
aprymedTtn (cM. (8.140), (8.141)) yGenureasHO CBHAETENLCTBYIOT B
[OJb3Y TOro, uTo |/gy XxapakrepuayeT MUHHMAJBHYIO IPOTSKEHHOCTD
BOJIHOBOTO INIAKeTa, €CJIH H36bITOUHAs SHEPruA NOCJAEHEro Mmopan-
ka A. 3HaueHus E; paBHb! o nopsaky Beauuunbl 107¢ cu. B xecr-
KUX CBEPXNPOBORSLIMX CrJaBax 3HauyeHHe § No NOPAAKY BeJHYUHDI
Moxker coctaBaath 1077 cu. Tny6rna DPOHUKHOBEHHS Ar, IPH HM3KHX
TeMneparypax paBHa mo nopsaaky BenuyuHsl 10-6—10-5 cm, HO BO3-
pacraer npu T—>T..

Marpuunble 3JaeMeHTH, ofyciaoBieHHble 3fieKTaMH KOrepeHT-
HOCTH. [IpM pacCMOTpEeHHHM MaTpUUHBIX 3JEMEHTOB B CBA3M ¢ 3¢-
bekromM Meficcuepa Mbl BHIEJAH, YTO BKJIajy B BO3OYXKIEHHE OJIHO-
UACTHUHBIX BUPTYaJbHBIX COCTOSIHME BHOCAT fABa uieHa. [IpH B
YHCJICHUAX BO BTOPOM TPHOGJMMKEHHU NOABATCH KBaapaThl MaTpui-
HBEIX 37eMeHTOB. BKaajs oT nepekpecTHBIX NPOH3BElECHHH TAKHX IBYX
YJI€HOB 3aBHCHT OT WX 3HaKoB, OGyc/ioB/reHHbiE ITUM 3QdeKThl HA-
3HIBAIOT JfihekTamu KO2epeHTHOCTW. AN ORHHX INPOUECCOB 3TH
ynensl ycuauBawoT 3ddekr, AAd APYrux — ocaabasmor. DddexTst
KOTePEHTHOCTH fIBJSIIOTCA XapaKTepHOH YepTOH SABJEHHA CBepXnpo-
BOAMMOCTH. VX OOGBACHEHHE CAYXKHT 3aMEUATEJbHBIM H yOeddTeNb-
HBIM apryMeHTOM B N0/1b3y (QH3HYECKOH peaNbHOCTH BOJHOBBIX
¢yuxkuust BKUI.

Csasb noJs (OTOHOB C BOJHOBBIM BEKTOPOM ( ONMCHIBAETCH
KBajpaTaM{ BLIBEJEHHBIX BblIIE MAaTPUYHBIX 3JeMeHToB (8.125) —
(8.129). Oasa ¢oTOHOB ¢ IHeprueid, MeHblled WIHPHHBI LUENHd, BO3-
MOXHDLI TOJNbKO Heynpyrde (OTOHHBIE NpoNecChl, HApHMep pacces-
HUE KBA3MYaCTHI, B PE3y/JbTaTe KOTOPOro OHHM Nepexoadar B Bo3ly-
JIEHHOE COCTOAHHE, Mbl Tenepb XOTHM BbIJEANTh UWIEHH C

€1l — CEkC i (8.142)
KOTOPbIE€ BBIMHCAHBl MO OTAEJABHOCTH B BhipaxeHuax (8.127) u
(8.128), Ho He Gynem OpaTh IPEAIIECTBYIOWHX UICHOR THRA Oy, @™,
KOTOpBIE CBSI3LIBAIOT OCHOBHOE COCTOAHME C BO3OYXIEHHBIMH, 32

HCKJIIOYEHHEM 4JIeHa TUIla (l;+q(1k, OTBEUAIOUIETO PACCCAHKHIO KBa3H-

YaCTHILI, COMPOBOXAAIOUIEMYCS €e NEePexoioM U3 cocTosHuA ¢ kK B
cocrosinne ¢ k+q. MTak, BoiIMILEM HHTEPECYIOIYld Hac uacth 6o-
Jee nojapoduo:

A1

-+ —t — + — —
Ch gk Tk _kmq = Bt g k@R +q% ™ UiV q%%icrq + .=

=(uk+quk—}—'vk'vk+q) CREICNES SRR (8.143)
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B BHIpaxenue xJa 4acToTH NEPEXONOB AJA NPOLECCOB PACCeAHHUs
k —k-}q Bxoaur
akek*q-{—A 1

(uk+quk—§-'uk'vk+q)~——— J 1 -+ }‘ (8144)

k+q

STo BEIpa)EHHE OMUCBHIBAET NOrI0WeHHe (DOTOHOB H SAEPHVIO CIH-
HOBYI0 peJakcauuio B cBepxmpoBoguuke. [Ipu abcouaioTHOM HyJe
npouece, onuchiBaemsiit BuipaxkeHueM (8.143), ucuesaer, mMOCKOJbKY
JefcTBHE ONEPATOPOB ok Ha (YHKIMIO OCHOBHOTO COCTOAHHA 1aeT
HVJb,

HiMeloTcsl Tak:ke jgpyrue THIBI NPOLECCOB pacceslius, AJA KoTo-
pPHIX pesynabraTthl 6yayr MHBIMH. PaccMOTpHM norJouieHHe KsBasHua-
CTULAMH YJbTPa3BYKOBHIX BOJH. [lJs 3TOTO BBCJEM TaMH.IbTOHHAH
BO3MyLIeHHs, 0OYC/IOBJICHHOTO NOTEHUHAJOM paedopualHH B BHje

H =iD Z Gt ofu (Bg— aTy). (8.145)

Usensl 3TOrO raMHJbTOHIANA, ONHCHIBAIOMIME paccesHHe KBasHya-
CTHIIEl C UMOYJAbLCOM K 1 nepexoq ee B COCTOAHHE C HMIY/IbCOM
k-+q, conpoBoxaalouieecs TMOrJIoMEHHeM (OHOHA € HMIY.IbCOM (,

IPONOPLHOHAbLHb
Cs gl CWC iy (8.146)

34ech, B OTJIMYHE OT TOTO, KaK MBl IOCTyINaad B caydae ¢ (POTo-
HaMu, Gepercs 3HaK IUTIOC, TaK Kak BeJduuynHa D He 3aBicur ot k
JJIg TIOTEHIHAJa, ONHCHLIBAIOIIETr0 CBA3b ¢ gedopManusiMy H NPUBO- .
nauero X A’. MoxHo ckasatb H B 60/1€e 00L[eEM BHje, UTO CHMMET-
pusi (GOHOHHOTO B3aHMOACHCTBHS HHas, ueM (oToHHOrO.
Toraa, Hves B BHay (8.143) n u3menas napgaexamuM ob6pasom
3HAK, MOJVUHM JI8 paccesins
1

€ E
kK +
(tt:c+ qlic — VuThr q)’ == 7{ e
.

— A2 )
2 (8.147)

O6cyxennie IKCMEPHMEHTOB, CBA3aHHBIX ¢ HabaofenHeM 3 dek-
ToB KorepenTtHoctd THna (8.144) un (8.147), ns1oxeno B oG3ope [4].
KBaHTOBaHME MArHHTHOrO NMOTOKAa B CBEPXIPOBOAHHUKAX. JKcle-
pHUMeHTaJ BHO ycTaHoB:jeHo [16, 17], uTo MarsuTHBI IOTOK B CBEpX-
IPOBOAAIIEM KO.Iblle H.IH TOPOHIE KBAHTYeTCH B eAHHHUAX

3 =207 107 aclen. (8.148)

3aMeTHM, 4YTO 9TY eIMHHLY MOXKHO IIPDEACTaBHTL TaKXe B BHJE
1 2nhc eh mc? 2
—_——— Jrommy B

2 e 2 2mc  e? a, ' (8.149)

rae e — KJaCCHYeCKHH paauyc 3.JJeKTpoOHa.



CBEPXITPOBOIHMOCTDL 209

PaccmoTpum Koabno R c orBepcrieM O (pue. 8.5). OGo3Hauum
yepe3 @ cyMMapHbIi MarHuTHHR NOTOK yepe3 Ko.bllo. OH co3naer-
Csl 110JIEM BHEINHIX HCTOYHHKOB M NOBEPXHOCT-
HbIMH TOKaMM KoJblla. BoaHosoe ypaBhHeHHE
N5 YacTHLl B KOJIBLE HMEeT BHA

{22—}" [p,+§A(xj)T+v}qf-_—_Ew.
J

(8.150)

rie B noreHuHaJ V BXJIOYEHH 3J€KTpOH-(O-
HOHHOE B3aMMOJCHCTBHE M 3SHeprus (QoOHOHA.
Buyrpu o6aactu R H=0, ecan npeueGpeun
MHKDOCKOIMYECKH Maso#l ofsacTeio BOauan  Puc. 8.5. Csepxmposo-
NOBEpXHOCTH KoJibla. MHaue roBops, Mul mpeg- AAWEE KOARRO.
nonaraeM Haauuue 3ddexra MefccHepa.

Toraa rot A=0, a A=grady, rie BeIHYHUHA ¥ HE MOXCT OBITh KOH-
CTaHTOH, TaK Kak OHa AOJKHA obecrnevuBaTtb NOTOK, PaBHLIA

Ay =Ggrady - di=§A-di=[ [H ds=®, (8.151)

Jlake eCJM NVTh JIHHeHHOr0 HHTEerpHpPOBAHHS [POXOIHT TOJbKO MO

ToukaM, rae H=0. Msl Moxer cuHTaTh, UTO Y, =%(Dtp. rie @ —

€IMHHUHBIH BEKTOP BJOJb KacaTejbHOH, 8 ¢ — Yyro.lL

Teneps npon3segeM npeofpa3oBaHHe, NMOMHSA, YTO B HACTOALIEM
paznene W — onHOS/MEKTPOHHAA BOJHOBaS (YHKUHS, a HE IOJeBOH
oneparop. Mrak,

W (%)= (X) exp 3, =y (X;) (8.152)
j
HpPI 3TOM AOJJXHO BBINNOAHATHECH COOTHOLIEHUE
p‘F:{expE%x(xj)}{E[—iV,-—%-%A(xj)}}w. (8.153)
J j

BoanoBas dyukuus W yaoBa1eTBopAeT ypaBHEHHIO

{_21721;3.+V}W=EW, (8.154)
j

koTopoe coBnajaer c¢ ypaBHeHueM (8.150) npu A=0. Oguako
pyukuua ¥ Bcerna nonkHa GuITb 0HO3HAYHOH, TOrAa Kak npu QUK-
cauHH KOOp/JAHHAT BCEX 4YacTHI, KPOME OAHOH, KOTOpas OBHXKeTcHd
no KoJblly, H3MeHeHHe @yHkuuy W onpegenserca notokom @. Ilo-
atomy, coraacHo (8.151) u (8.152), npu ogHOKPATHOM NPOXOKJEHHH

14 4. Kurreas
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ORHOrO 3JIEKTPOHA IO KOJDLLY NOJYyUHM

W > (x) exp [% cp]. (8.155)

B cuny uunMHApUYeCcKOH CHMMETPUH YIrJIOBasi 3aBHCHMOCTh HMeeT
BUJ

¢~exp|i2n,¢,], (8.156)
/

rape n;— ueJjoe, NoJIOXHUTEJIbHOE HJAH OTPHLATEJNLHOC HHUCJO. I/ITaK,
YrioBass 3aBHCHUMOCThL W zanuinercs CJAEAYIOIIUM o6paaoM:

¥ ~exp [i ll{ﬂj-TL-zncﬂ}‘Pj]- (8.157)

Teneps PaccMOTPHM ABYX3JEKTDOHHOE COCTOAHUE

W =exp [in,¢] exp [inyp;] exp [i (2ne/c) D (¢, + )], (8.158)

rae n; U ng—ILeJele 4HcaAa. 3anuCBIBAA 3Ty QYHKIMIO B CHCTEMe
UEHTPa MacC M BBOAS OTHOCHTENbHBLIE KOODJAHHATHI, MOJIYUUM

9=%(<pn+‘pz), @ == — ¢y. (8.159)
Torpaa
W =exp [ (7, — ny) 9] exp [i {(n, + 1y) + (47e/c) D} 6].  (8.160)

Ecau mMHOXHTENb NPH 0 B NOKa3arese 3KCNOHEHTH DABEH HYJIO, TO
Mbl IOJYY2EM KylNepoBCKHE Napwl, T. €.

W =exp['si (n, —ny) i} exp [—oi (1, — ng) o). (8.161)

Unen, copepxawuél 0, pased Hymo, Korja

%‘i ® = —(n,+ n,) = yenoe uuc.o, (8.162)

MJH, BBOAS HENEPEUepKHYTYI0 (He pa3jeneHHyio Ha 2m) moCTOsH-
Hyio Ilananka, Korpa

@ = gres0e 4uc.I0 X —’2%. (8.163)

Takum o6pasoM, ecsid NOTOK yaoBJieTBopsier ycjoBuio (8.163),
Mbl MOeM 06pa3oBaTh Naphl H COCTaBUTh ypaBHeHnuie qias W, Koro-
poe He comgepXHT A. DKCNepHMEHTaJbHOE NOATBEpKIAEHHE 3TOro
peayJbrara H, B YaCTHOCTH, NOSABJEHHE YHCJIOBOIO MHOMKHTEIS, PaB-
HOTO !/, CAYXHT CHJIBHBIM 2PTryMEHTOM B II0JIb3y TNpEACTABJICHHSA
0 CIapUBaHHU 3JEKTPOHOB B OCHOBHOM COCTOSIHUH, CHOPMY/IUPOBaH-
soro v teopun BKII.
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Urobsl noctpoutk Teopuio BKII, ucxoas U3 BOJIHOBOrO ypaBHe-
Bua Aas W, maMm cosepumeHHo Heo6XOAMMO BBECTH [ApPhbl, HO €CJH
NOTOK KBaHTyeTcd B elWHunax hc/2e, To ycnoBus, Hajaraemsle Ha ¥
BBEJEHHEM [ap, COBMECTHMbl ¢ MEPHOAUUYECKMMH IPAHHUHBIMH YCJIO-
BHAMH aas . Jaa o6bluHOro NpoOBOAHHKA HeT HEoB6XOJHMMOCTH
OrpaHHYHBATHLCA NApHLIMH COCTOAHHAMH; B Clyuae HOpPMashHOTO
(He CBepXNMPOBOASILIErO) COCTOSHHA 3TO CnelH(HYECKH KBAaHTOBOE
yCJOBHE /A NOTOKAa HE ABJASETCS SHEPTEeTHYECKH BBIFOLHBIM.

Pacuer MOXKHO BeCTH H MHBIM nyTeM. BospMem cocrosnhus

¥, ~explim @i §;~exp [_i (’h‘*‘%‘i‘ (D) ‘92} v (8.164)
OHU mnepednyT B COCTOSIHUS
W, ~ exp [i (n, +—= (D)(pl], W, ~ exp [—— i(n1 +—= (D)(pz].
(8.165)

Tenepyr Wy 0 W, -— KynepoBcKde Tapsl, Ho Wy yROBJeTBOpsAeT me-
PHOAMYECKMM TPAHHYHBIM YCJIOBHSM TO/JIBKO B TOM CJyuae, eciH
2¢®/hc paBHO HEJHOMY YHCTY.

3AJAUYY

8.1. OuenuTh ANnf OAHOMEPHOTO MeTajna pajuyc BsaumopencTBus (8.11) npu
BeinoaHennn ycnoBus (8.10), ecau peGaeBckas sdeprus paBra 10714 apa.

8.2. a, BuiacHHTh, KaKylo (opMy npumeT BoJHoBas (YHKOUsS KynepOBCKOH
napsl B OCHOBHOM cOCTOsHHH B TPOCTPAHCTBE OTHOCHTENbHBLIX KOOPAMHAT.

6. OueHHTb AJ51 THUAHYHOTO CBEPXMPOBOJIHHKA pa3Mepnl 00:acTH, OXBATHI-
paemofi 3Toit dynkuueft, B398 A=~kgnT., rae T.— KpHTHYecKasi TeMnepaTypa AJN
JNAHHOTO CBEPXNPOBOIHHKA.

8.3. B npubmiKeHHN CuAbHOL C6A3 NPHHATbL PaBHLIMH HYJIO BCe €y, KOTO-
pble COOTBETCTBYIOT TIOBEPXHOCTH (DepMH. JKBHBAJEHTHBIA (CIHHOPHLIA) raMH/Ib-
Tonnan (ecnin V gnsg N’ cocTosiHuil — KOHCTAHTa, a J/1s1 NPOYHX COCTOSIHUH PABHO
HyJI0) HMeeT BHJ

1 14
H=— vy v E (kack’x 'Jf— Gkucky)‘ (8166)
kk’

rae uniekes k, k' npoGeraioT 3Hauenns, coOTBETCTBYUie BceM N cocTOsHHSM.
a. [1ycTh mosublit cOHH 3THX cocTosHi# pased § =Zoy. [loxasars, uto ra-
k

MUAbTOHHAH H MOMHO 3anHcaTb B BiIe

=—V824 vx-§+NT V. (8.167)
Tonmb!e COGCTBGHHHE 3HAUCHHA 3TOr0 raMiIbTOHHAHA pam—mr
E=—V{S(S-{—1)—M2}+1; v, (8.168)

14*
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rie S-— KBaHTOBOE WHCJ0 TOJHOrO cnuea, a M — kBanToBOe uHC10 :. JlonycTu-

1 1 1
Mble 3HAUEHHS] S paBHLI 7N’. 7N’—1, ?N'—Q, ... B COOTBETCTBHH C YHC-

JIOM NepeBEepPHYTHIX CIUHOB M.
6. [lokasaTe Ans coctosuua M=0, uro

E(n)=Ey+nVN’' —Vn(n—1). (8.169)

B stoM cayyae wipuHa sHepretiueckoi wean E(1)—E(0) aomkna TouHo pas-
nsateca NV,

B. BLISCHHTB, 4TO NPEACTaBJAIOT co00H COCTOSHHS ¢ pas.IUYHBIMH 3HAYe-
Huamu M.

r. TlokaszaTh, 4TO 3HEPrHs OCHOBHOIO COCTOSIHHS H 3HEPriH IMepBbIX MApHBIX
BO36Y&KAeHull, BHUHCTEHHble B NpuGaMMKenHH Mojekyasproro noas (BKII), co-
TIACYIOTCH ¢ Pe3YJbTaTaMH COOTBETCTBYIOMIMX PacHeTOB B NPHGJHMKEHHH CHAbHOH
CBSI3H C TOYHOCTBHIO A0 yaeHos nopsiaxa 1/N’. Takoe coBmajeHHe CAyxHT npesoc-
XOJHBIM H BeCbMa BaXHhIM CBHAETENbCTBOM TOYHOCTH OOLIYHLIX METONOB HAXO-
X JeHHs coOCTBEHHBIX 3HaueHuil npuBejenHoro ramuiastonnana BKIII.

8.4. Y6eauTsCA B TOM, yTO AJd ypaBHeRHH 1BHXeHus (8.71) mnoanoe uicao
YaCTHU COXpaHseTCH.

8.5. OnepaTopbl poxIeHHs ¥ YHHuTOXeHHs nap B Teopuu BKII onpenenens:
cleaylouHM 06pas3om:

by =ciactiy b= kytin (8.170)

rae ¢, ¢* — OAHOYACTHUHblE (epMueBCKie omepaTopu. IlokasaTb, 4TO ONepaTOPL
b, b* yA0BAETBOPSIOT cMeIIaHHLIM NePecTaHOBOUHBIM COOTHOIIEHHSAM:

[bk' blt] = (1= —n_yy) diaers
[ ] =0. (8.171)

[bi by} = 2bybyer (1 —Bicr)-

8.6. Hcnoabsys ramuastonan (8.70), noaTBepAHTL HPSMLIM PacyeToM, 4TO
cpejsee sHaueHve sHeprad BosGyxpedus B cocToanuH (8.110) pasuo

E=2Xp 4+ . (8.172)
Tloka3aTb, KpOMe TOro, YTO AAsi PeasbHBIX NapHLIX BO3Gymaenusr (8.111)
E=2}g.. (8.173)

8.7. IlocTpouTb ¥ 0GCYAHTb TEOPHIO TYHHeJbHOrO 3¢dekTa, HCNOAbIys pe-
3Y/bTAaTH SKCIEPHMEHTOB HA CBEPXNPOBOAHMKAX.

8.8. IlpoananHanpoBaTh BOMPOC O IJIOTHOCTH COCTOSIHMA B CBEPXNPOBOAHIKE
BO6MIH3H 3HEPreTHYECKOH eI

Jlutepatypa

.Cooper L. Phys. Rev. 104, 1189 (1956).

Bapann OIx, Kynep JI, Wpudoep Ox., B c6. «Teopus caepxnposo-
mimocTH», UJT, 1960.

.boroawb6os H H, Tcamaues B. B, Wupkos 4. B. Hosuii meron
B TeopuH cBepxnposonumocty, Haa-so AH CCCP, 1961

.Bapaun Ox, Wlpunodep Hx, Hosoe B H3yueHHH CBepXNpoBOAHMOCTII,
®namatrus, 1962

> W o—



CBEPXMPOBOOIMOCTD 213

Bapaun Ix., B c6. «Pu3zuka un3kux Temmeparyp», HUJ1, 1959.
Tinkham M, B ¢6. «<Low Temperature Physics», ed. by C. DeWilt, a. o,
N. Y., 1962, pp. 149—230.

. Anderson P. W, Phys. Rev. 112, 900 (1958).

.Kutrrens Y., Beenenue B duauky teepaoro tena, dusmarrus, 1963

. Morel P, Anderson P. W, Phys. Rev. 125, 1263 (1962).

. Messiah A., Quantum Mechanics, Amsterdam, 1961—1962.

.Orbach R, Phys. Rev. 115, 1181 (1959).

. Topbkos JI. I1, XK3T® 34, 735 (1958).

.Schriifer J. R, B ¢6. «Many body problem», ed. by C. DeWitt, N. Y.

1959, p. 573.

.AGpukocor A. A, KX3TO 32, 1442 (1957).

. Tuua6Gypr B.JI,JlanpgayJ. I, XIT® 20, 1064 (1950).
.Deaver B. S, Jr., Fairbank W. M., Phys, Rev. Letts 7, 43 (1961).
.DollR,Ndbsuer M, Phys. Rev. Letts 7, 51 (1961).



FTABA 9

®dyukuuu Baoxa. O6mue cpoiicrea

B Hacrosime#t raaBe Mbl 06CyauM pAX OGIIMX CBOHCTB COGCTBEH-
HbIX (QYHKUHI AJaA OecKOHEUHOH NEPHOIMYECKOH pelleTKH NDH HaJH-
UMK BHEUIHETO 3JEKTPHUYECKOFO M MarHUTHOrO nojef. 3TH CBOHCTBA
6yayT M3/J10KeHbl B OCHOBHOM B BHJE TEOPEM.

Teopema Baoxa

Teopema |. Teopema Baoxa yreepxjaer, uTo €CIH LOTEH-
uvan V(x) — nepuonnyeckast (QyHKUuHs € NEPHOAOM peHieTKH, TO
pewenue @(X) BOJHOBOTO YPaBHeHHUs

Ho(X)= (55 P+ V (X)) 0 (X) = Eg (x) 9.1
vMeeT BHA
B () = %%, () 9.2)

rje uy (X) — nepHogndeckas QyHKIHS C MEPHOAOM NPAMOH peleTKH.

AHanuTHUCCKOE J0Ka3aTENBCTBO 3TOH IIEHTPANBHON TEOPEMBI MO-
HO HaHTH B OOBIYHBIX 3JeMEHTAaPHBIX yueOHHKAX MO TEOPHH TBEp-
poro tena. Haubonee npamoe # M3AUHOE N0KA3aTEILCTBO OCHOBAHO
Ma HCIOJAb30BAHUH 3JIEMEHTOB TEOpPHH Py,

Hoxa3areavcTso. Ecal IPUHATE, YTO B KPUCTAJJe BBINOTHAIOTCS
HepHOJHYECKHE TpaHHUHBIE YCJAOBHA H 00JaCTb NEPUOSHUHOCTH
npesncraBaser coboi ofmweM, cogepKalui N3 Touexk pemwerku, TO
TpaHcnAauMn ofpasylor abeneBy rpynny. Bcee onepawmnu abeseBoft
rpynnsl KOMMYTaTHBHB. Ec/H BCe onepamiH KakKoH-THO0 TPyNmel
KOMMYTaTHBHbI, TO BCE HENPHBOIHMBIE [IPECTABJACHHS 3TOH TPYNIEI
OHOMEPHBI.

PaccMoTpuM omnepatop TPaHCJAALNH PEIMIETKH, ONpeAeeHHbIR
caepyloudM o6pasoM:

Tx =x--t,,,=x-+ ma—+- nb- pc, (9.3)
rpe m, n, p— ueasle yucaa. Toraa
T % (X) = @y (X + ma—+-nb 4 pc). (9.4)
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Onepaunn T o6pasyior uxkanueckyio rpynny. IToCKONbKY MBI HMEeM
JeJ10 TOMBKO ¢ OLHOMEDHBIMU NpPEACTABJIEHUAMH, TO

7‘mnp(pk (X) = Cnmp(pk (X), (95)
e Cpnp — KOHCTAHTHI. B CHJY TOTO, 4TO
T 0% (X) == @y (X = 8) = €100 (X), (9.6)

TO, B YACTHOCTH, [Js PeUIeTKH, UMeoed Broab pe6pa N yaion,
JNOJIAKHO UMETh MECTO COOTHOILUEHHE

T ooy (X) = @y (X -+ Na) == (C10)" P (X)- (9.7)
HO Mbl IIPEANOJJOXNUJIHA, UTO BBIITOJIHAIOTCA UepHOIIHLIeCKHe rpaHuy-

Hple YCJIOBHSA
oy (x + NVa) = gy (x), (9.8)

H NO3TOMY

(o)’ =1. (9.9)
Caefo0BaTENBHO, Cigo ABAACTCA OJHUM U3 N KOpHEH U3 eXMHHULL, T. €.
Cp=expimE,  g=1,2, ..., N (9.10)

STo yCcJ0BUE BHIIOJHAETCS B OOMEM Cayyae nJsa QyHKuuH
@ (X) == e’*xg, (X), (9.11).
€CJIM U, (X) MMeeT NEPHOJ PEIUEeTKH H
Nk=ta"+nb*+Ic* (& n, {— uenne uucsaa) (9.12)

npesncrasnser co6oil BekTop ofparHoii pewerku. Jdasa Tpancasuun t

peIeTKH HMeeM

O (X +t)=-exp [ik - (x+t)] u, (x +-t)=exp (K- t)exp (iK-X) ux (X) =
— exp (ik - 1)@, (X) = exp [i27 (m% +nn—+ PN g (x)  (9.13)

B COOTBETCTBHH ¢ Tpe6oBanuamu (9.5) u (9.10).

k-t
FHMH CJIOBaMH, € ™ ecTh COGCTBEHHOE 3HAueHWe omepa-
Py
Topa Tpancasuuy pewerkH Ta. T. e.

Tn(pk (X) - eik.tn(pk (X), (9 14)

rae tn— BEKTOp TpaHCAALHH, @k (X) — cOOCTBeHHBI BEKTOp onepa-
Topa Th.

Teopema 2. dyukuma uk(x), Bxoaswas B QyHkuuio bBsooxa
@y (X) = e ¥y, (X), yROBJIETBOPSIET YPaBHEHHIO

(o (- K+ V() i (%) = et (). 9.15)

D10 KBUBAJEHTHO KaJUOGPOBOYHOMY npeobpasoBaHHUIO,
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HoxkazareascTgo. 3aMeTHM, YTO NOCKOABKY p=—iV. 1O umeer
MECTO ONMEpPaTopHOE ypaBHEHHE
pe’*x =el%-x(p 4+ K). (9.16)
C npyroit cToponsl,
PP (X) = %% (p k) g (X) (9.17)
H
Poy (x)=e™* (p+ Ky iy (x), (9.18)

OTKYla HernocpenCTBEHHO BbiTeKaeT ypaBhende (9.15). YpasHenue
(9.15) moXKHO mepenycartb B BH/IE

(= g0 (V220 - V)V (X)) 4 (X) =ty (x), (9:19)
rae
M=t — g (9.20)

31ech g — coberBenubie 3Hauenns (9.15). Ecau V(x)=0, To peuwe-
nie (9.19) HMeer BHA

i (X) = const, =0 9.21)
e =5k, @ (x)=elkx, (9.22)

T. €. Mbl NO.TyyaeM 06slulbie mIocKHe BOHHL. B Touxke k=0 ypasue-
HHe AAs up(X) 3amHchiBaeTcss NPOCTO B BHAE

(_ Tln‘f V24V (x) ) g (X) = €ty (X); (9.23)

CJ1€J0BATENbI0, YPaBHEHHE NS Uo(X) HMEET Ty JKe CHMMEeTPHIO, 4TO
u notexuuas V(x), Kotophlit ob.1agaer CHMMeTpHell NPOCTPaHCTBEH-
HOH TPyIMsl KPHCTAIAE.

Cnun-opburaisstoe siaunodeiicrgue. TlpH HaNHYAH CIHH-OpPOH-
“TAaJIbHOrO B3aHMOJeHCTBHA [all ramMHJIbTOHHAH HMeeT BHA (CM.,
Hanpuwmep, [1])

He= P4V ()4 gz o X grad V (x)-p,  (9.24)

m?c?

r;e o — COHHOBHIH omeparop Ilayau ¢ KOMMOHeHTaMH

0x=<(1) (1)) oyz(? -é), 02=<(1) _(1)). (9.25)

Tameapronnan (9.24) uHpapuanTeH MO OTHOIIEHHIO K TPAHCAALHMH
pewerku T, ecan norennuan V(X) uHBapHAHTEH OTHOCHTEJBHO 3TOH
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tpancasuuu. CoGerBenible ¢Gyukuun  (9.24) umel0oT 6.10XOBCKYIO
topmMy, Ho, BooOuIE roBOpH, OHM He GyAyT COOTBETCTBOBATH YHCTO

CTIHHOBLIM COCTOSIHMSIM o WM B, 1A KOTOpbiX o:00=a, 0.f=—F@f.
B obwem cayuae
.
(pk+ (X) - ‘X.H (X) Q + YHB = el xuk4 (X), (926)

rie CTpeJKH B HHJEKCAaX GJI0XOBCKHX (QyHKUMH @y ,, @y, YKa3bl-
BalOT CNHMHOBOE COCTOSIHHE; HampHMep, B NEPBOM Clyyae CIHH Ha-
npassied, BOOOLIE TOBOPS, BBEPX B TOM CMBICAE, UTO (P 0 O,Pyy)
nosaoxurensio. Ecam cnua-op6uTag bHOE B3aMMOAEHCTBHE OTCYTCT-
BYeT, TO ¢, COAEDPXKNUT TOJBKO @, a @, — Toabko f. Crpeaku B
HHIEKCAaX Yy, H Vi, YKa3bBAIOT JHIIb HA TO, YTO ITH QYHKUMA OT-
HOCATCH K Gy

Teopema 3. [lpn HaaMuHHM CNHH-OPGUTAJBLHOTO B3aUMOJEH-
cTBHs (YHKUHA Uk (X) YIOBJIETBOPSET YPaBHEHHIO

[ (B KPP+ V 0+
o 0 X grad V (x) - (p+ k)] 2y () = ez (x)- - (9.27)

HokasateabcTso caeayer HenocpeactBenHo u3 (9.16) u  (9.18).
Uaennl

1 1 '

4acToO TPAKTYIOT KaK BO3MYIIEHHE, KOraa BEKTopbl k Mansl UM Maao
H3MEHAIOTCH OTHOCHTEJNBHO HEKOTOpPOro oco6oro 3HayeHus Ko.
Bennuuna

1

B npoGieMe CNUH-OpOGHTAJBLHOrO B3aHMOAEHCTBHS HrpaeT Ty XKe
poab, YTO ¥ BeJHYHHA P AJf Npo6aeM, B KOTOPOH CNHH-OpOUTA/BHOE
B3aHMMOJEHCTBHE HE YUUTLIBACTCH

CuMMeTpUsl 1O OTHOWEHHIO K oGpauleHuio Bpemend. IlpeoGpa-
soBanse K, coorsercTByiolllee oOpallieHHI0 BPEMEHH, NEPEBOIUT X
BX, pB—P, 6 B—0¢. [amunbronnan (9.24) uusapHaHTeH 1o OTHO-
HIEHHI0 K M3MEHeHMIO 3HakKa BpemeHl, H nosroMmy [H, K]=0. Hasa
CHCTEMBI, COAEpKauesl oAHH 3/JeKTPOH, npuMeHeHHe oneparopa K,
corsiacko Kpamepcy (cM., nanpumep, [2]), naer

K= — io,K, (9.30)

rae Ko B npencrasnennn lllpeanHrepa ectb onepanisi KOMIJIEKCHO-
ro conpskeHus. [103TOMY 10 OTHOWEHHIO K COCTOSIHHAM @ U
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oneparop Ko o61afnaer TeM CBOKCTBOM, YTO

(9, ¥) = (Ko¥p, Ko9)- (9.31)
Jlasee, NMOCKOJBKY 03:1
(K‘p! K‘P) = (Kolpv U:KO(P) = (g, ‘p)v (932)
a TaKxe
K@ =(—io,)(— io,} ¢ =g (9.33)

BaxHoe npuMeHenue oGpalleHHBIM MO BPEMEHH NapaM COCTOSHHH
nauen Angepcod [3]. O nokasasn, uto B CBEPXNPOBOJHHKAX ¢ G0/b-
IIHM KOJHYECTBOM INpHMecell napsl cJeAyeT Onpejpensitb IpH Io-
MomH oneparopa ofpauieHdss BpeMeHH, a He OJOXOBCKHMH (QyHK-
LHSAMH,

Teopema 4. Ecan Qynkuusa ¢ sBafercs cOGCTBEHHOH OJHO-
aneKTpoHHOM GyHKuMel onepatopa f, ToO B OTCYTCTBHE BHELIHHX
MATHUTHBLIX noJell yHxuua K@ Takxke sABIseTcs ero COOCTBEHHOH
¢dyHxuMel ¢ TeM Ke 3HavyeHHem cobcTBeHnoH Heprun. Kpome Toro,
-pyukunss K¢ oproroHanbpHa ¢. DTy TEODEMY HAa3BIBAIOT TEOPEMOH
Kpawmepca.

Hokazaresscrgo. TaMUIBTOHHAH KOMMYTHPYeT ¢ onepaTopom K.
CaenosaresibHo, ¢GyHkuus Ko poakKHa OLITH COOCTBEHHOH (YHK-
uHeil onepatopa H, ecau ¢ siBaserca ero coGerBeHHofl QyHKuuen.
‘CobcTBeHHbIE 3HAUYEHHS Y HUX oanMHakoBul. Mrak, cormacuho (9.32)
u (9.33), noayuum

(¢, Ko)= (K%, K¢)=— (9, K¢)=0. (9.34)

CaesoBaTenbHo, @k U K@y JUHEAHO He3aBHCUMBbI, 4TO U Tpebosa-
JIOCh J0Ka3aTh.
Teopema 5. Tlockombky cocrosuua Kg,, u K¢, otHocsr-

CSl K OJJHOMY M TOMY XK€ BOJHOBOMY BeKTOpY — K, TO Exp ==€&_gy H
Exy == E_kA.
Hokazareabcrso. [10CKOIBKY

Ko,y =—i0 Ky, =€~ * X (nepromuueckas byHKuus x)y,
TO C TOUHOCTBIO 0 (Pa30BOrO MHOMKHTES

K(Pk+ = (p_k,&' (935)
Hanomuum, uto npHMeHeHHe onepaTopa Gy NPHBOIMT K NepeBopa-

yuBaHUIO cndHA, [lpunumem GyHKuusaM ¢ U K@ cOuHOBBIE CTPENKH
NPOTHUBOMNONOXHOIO HaNpAaBJIeHHUs, NOCKOJbLKY

(@epr OoPrp) = (K0P g Kyp) =—(P_yyr %Pory)-



®YHKUUU BJOXA. OBIUME CBOMCTBA 219

Ilpu 3TOM MBI MCNOJB30BAJIM COOTHOIIEHHE 0y,0,=—0,0, M3 (9.35)
H TeopeMn 4 nmeem

£k4 = 6_k+; £k+'= € k4, (936)

YyTO 4 TpeboBasoCch NOKAa3aTh.

YpoBHY NOJOC ABYKPATHO BHIPOMKAEHHI B TOM CMBICJIE, 4TO KaXK-
Jas SHeprust BCTPEYAETCH ABa/bl, HO HEe OPH OJXHOM u ToM ke K.
IBykpaTHoe BHIDOXKAEHHE NPH TOH Ke JHEPrUHM H TOM Xe kK nmeer
MECTO JHWb NPH HAJHYUM [APYFHX 3JEMEHTOB cumMerpuu. Hanpmn-
Mep, ecJqu onepaTop HHBepcHU I ABAAETCA 3/EMEHTOM CHMMETPHH,
TO JHEepreTHuecKasi NOBEPXHOCTh KakK Obl yJBOUTCH B KaXJAOH TOU-
Ke k-npocrpancTBa.

Teopewma 6. Eciv raMHIbTOHMAH MHBAPHAHTEH 110 OTHOLIEHHUIO:
K onepanuy npoCTPAHCTBEHHOH HHBEPCHH, TO C TOYHOCTBIO A0 (haszo-
BOrO MHOMHTEAA '

Py p (x) == P _ka (—x), (9.37)

H, KpOME TOro.
Egya == E_xA. (938)

Hokasareavcreo. Onepatop npocTpaHcTBeHHOH MEBepcuu [ npe-
Bpamaer X B —X, p B —p, U ¢ B ¢. [I[puunHa coxpaHeHus 3Haka ¢
COCTOMT B TOM, YTO ¢ NpPEACTABJAseT COGOH MOMEHT KOJMYeCTBA ABU-
xeHust H npeoGpa3yercss KakK akcHaabHbelil Bektop. CienoBaTenbHO,
ecan IV (x)=V(x), To raMunbTOHUAH, COAEpP:KALINfA YAEHBl CIIMH-
Op6HUTaNBHOrO B3aHMOJEHCTBHA, HHBAPHAHTEH IO OTHOLIEHHIO K Olle-
pauuu /. Torna ¢yuruus /¢, (X) BbIPOKIEHA, ECIH BLIPOKIEHA

dynxuns @, , (X), OXHAKO DyHKUHSA
Ig,, (x)==e~ %>y, (—X) (9.39)

siBasieTcsa GJOXOBCKOH GyHKIHEH, COOTBeTCTBYIOWEH —K, NOCKO/IBKY

B JAHHOM cayuae coGCTBEHHOE 3HauyeHHe onepatopa I paBHo g~ tn,
Mu MoMeM CYHTATh B_ka (X)= uxs (—X), OTKyna
D_yep (X) =10, (x) (9.40)
u
Exa = E_ga- (941)

[Ipy xenanmu JIerko HenoCcpegCTBEHHO INIOKAa3aTb, YTO (GYHKIHA
u_x4 (X) yaosaetrBopseT Tomy xe nubdepeHEHdaIbHOMY YPaBHEHHIO,
4YTO B Urp (— X).

Hanowmunum, uto onepatop / XOMMYTHPYET C U, M NOITOMY Cpej-
Hee 3HAYCHHE Oy BbIYHC/IEHHOE NPH NOMOIUM GYHKUMA @ ,, CO-

BNAJdeT C BBIYHCJAEHHBIM IpPH NOOMOLUM . CnepoBaTenbHO,
—kA
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noansysach (9.36) M KOMOHHUDYS 3jeMeHTHl cuMmerpuu K u [, mul
NpHAEM K BbIBOAY, YTO C TOUHOCTBIO A0 (DA30BOr0 MHOMKHTENS

£k4 =8k¢, (942)
Py =K/ (9.43)

NpUuEM

Pesynbrar peflcTBUsI npou3BeneHHs onepatopoB K u [, 1. e.
C=Kl=—io ,KI=IK (9.44)

6yneM Ha3bBaTh conpaxcenuem. [IpH 3TOH omepauHu B COCTOSAHMH,
onuceiBaeMoM dyHkuHe#t Bnoxa, nepesopauuBaercss CIMH, HO BOJ-
HOBOI BEKTOp OCTaercsi HeM3MEHHEIM; HHaue roBops, C TOUHOCTBIO
Jo da3oBoro MHOXHTEH, HMEEM

Copp =%y (9.45)

Beisoa pAna TeopeM, CBS3aHHBIX CO CBOHCTBaMH omepatopoB K
i C, npensaraercss YHTaTeNi0 B KauecTBe YIOpPaXKHEHHH B 3ajpauax,
NPUBEJEHHBIX B KOHUE [VIABHI.

Teopema 7. Tlyctb G —Bektop 06pAaTHOH pelIETKH; TOrAa
B HMIYJAbCHOM NpPeACTaBJEHHH MOMKHO HAlHCaTb

P (X) =etx fo (K)ex, (9.46)

rae [ g(k) —c-uucna, yROBNETBOPAIOUIHE BOJHOBOMY YpPaBHEHHIO,
HE CoAepXKauleMy UYJEHOB CIHH-OPGHTANBHOrO B3aUMOAEHCTBHS:

o (kG g (K)+ BV (G—g) [, (K)=t,fq (K), (9.47)
g
rae g — BekTop o6patHoit pewerkd, a V(G) — dypre-o6pa3 dyuxk-
uun V(x), 1. e.
V(G)= [ dxelsxV (x) (9.48)

Vpasnuenue (9.47) noayuaerca, ecnu Ha Qynkumio (9.46) nogeit-
cTBoBaTh oneparopoM H=T+V u cocraBuTh cKaJafapHOE NpOH3Be-
nenue ¢ etkxel6-x U3 npeacrasienus (9.46) cnenyer, uro aas cpen-
Hero 3HaueHusl CKOPOCTH V CHPABENJHBO BbIPaXKEHIE

(viKy =(k| 2]y = ¥, (k+G)| o (k) P—gradye (). (9.49)
G

Jloka3aTebCTBO [IOCAEJHErO PEe3y/bTaTa Mbl NPEJOCTAB/SAEM YH-
tatemo. Jpyrod cmnoco6 BHIBOga JAaeTCsl HUXKE B KAuecTse Teo-
pemur 11.
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H3 nogyyeHHBIX pe3yJbTaTOB TakKXkKe CJIeAyeT, UTO TeH30p 3¢-
(heKTHBHOH MacChl ONPERensieTCs BbipaXKeHHeM

(%)M=@% % e (k), (9.50)
UJAR XKe
(fi*)lz%(Ll+2 i()k}”g(k|) (9.51)

Beieog dopmyant (9.51) npegocrasnsiercss uMTATEN0 B KauecTse
ynpaxueHus (cM. 3azauy 9.8).

Teopema 8. DHeprus ey AB/IseTCS NepHOZUUeCKOR dyHKUueH K
€ IePHOAHMYHOCTbIO 0GPATHON peleTKy, T. e.

Bk == Ek1 G (9.52)

JloxaaateavcT6o. PaccMOTpUM COCTOSIHHE @k C dHeprueit ex. Mo-
2KHO HAmHcaTb

@ — ™%t (x) = exp [{ (k+G) - X] 2, () =y o (9:53)

rae GQyHKIUA _
g +g(X)=e~i0*y_(X) (9.54)

uMeeT NEpPHOAMYHOCTH npamolt pewerku. Torna ¢yHKuMIO @ g
MOXM(HO COCTaBHTb H3 @k, OTKY[a CJIELYeT, 4TO & ==& ¢-

Tenepb chHoOpMyJHPYEM BaXKKVIO TEOPEMY OTHOCHTENBLHO TEH30pa
s¢gektusHoit macest (1/m*),,, onpeaenensoro gopmyaon (9.50),
KOTOpasi IKBMBAJICHTHA BLIPAXKEHHIO

1 m
ak=——(—*)uv kol ... (9.55)

2m \m
k- p-Teopus Boamyuiennii. Teopema 9. Ecau B 30He y cocTosi-
Hue gk npu k=0 He BHIpOKIeHO (€CIM HE CUKTATEL BHIPONKIEHHA IO
OTHOIIEHHI0 K OGpalleHHIo BPeMeHH), TO TEH30p 3dheKTHBHOH
Macchl B 3TOM TOUKe ONpeJessieTcst BhIpakeHHeM

m " ’ (Y0 |7ty l 08) (80 2, | Oy)
( o) = uv+m2 . (9.56)

yo — &30

TAe & M y — HHIEKCHl 30H, a BTOPOH HHJECKC HYJb [OK23biBaeT, 4YTO
coorsercTBylomas BenuunHa Gepercs ans k=0. Ecnu cnux-op6u-
TajlbHOE B3aHMOJEHCTBHE OTCYTCTBYET, TO BMECTO X HAajo mocTa-
BHTb P; 3aMeHa x Ha P OOBIYHO MAET AOCTATOYHYIO TOYHOCThb. Pe-
ayabrat (9.56) Ha3nBalT rTakke npasuaoM f-cymMm mns k=0.

Hokasareavctso. B ypasuennu (9.27) ans uyx(x) Oyzem Ttpak-
TOBaTh BEJUUHHY

1 1
H=7(p—{—4m20><gradV) =—n-k (9.57)
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KaK BO3MYIIEHHE, CYATAH TaMHUJIbTOHHAH NPH k=0 HeBO3MYIICHHBIM.
Pa3noxenre MOXHO Gbli10 Obl BECTH M IO KaKoMy-l1HGO pyromy
BOJIHOBOMY BeKTOpY, Hanpumep 1o k.

PaccMOTpHUM cHayajla JHaroHaJ/bHble MAaTpPHUHbIE 3JE€MEHTHI
onepatopa H’. Eciin KpHCTaa1 UMECT LEHTDP CHMMETPHH, TO B CHNY
YETHOCTH

(y0|x|0y) =0; (9.58)
Ianee (Kak noxasano B 3amaue 9.5)
(vO|=x|Cy) =0, (9.59)

rae uepe3 |Cy) oBo3HaueHa ¢yHXuMs, conpsxenHas |Oy). B npu-
HATHX 37ech 0603HayeHHsAX CIMHOBBIA MHIEKC He yka3aH. Ecau xe
KpHCTA//1 He HMeeT LEHTPa CHMMETPHH, TO Mbl JOJKHBI paccMaTpH-
BaTh MATPUYHBLIE 3/EMEHTHl IS COOTBETCTBYIOLIHMX ONepauuil CHM-
merpuu. Hanpumep, B cTpykType uMHKOBOH oOMaHkKM B Touke T
ABysHaunsie npexcraenedun e u I’y ZBOHHOM TrpyONbl YJOBJIETBO-
psiloT npasuaam orbopa (c. ra. 10)

Fe X Ty =I7+Ty F; X Ty =TTy, (9.60)

rze I'v — BeKkTopHoe mNpeacTaBjIeHde. DTW Npasuaa BMecte C Tab-
auieit xapaxrepos Obliu noayyenn! [Ipeccenbxaysom [4]. [Tockons-
Ky m Tpeo6pasyercsi Kak BEKTOp, TO M3 npasHi orfopa caenmyer,
yro H’ He WMeeT JHATOHAJ bHLIX MATPHYHBIX 3JIEMEHTOB B JBY3HAu-
HOoM npexcraBjienuu. Takum o6pa3oM, MompasKa K SHEPIHH 3a CueT
H’ B nepsom npubauxeHuy ncuesaer, B 3agaue 14.4 mbl BCTpETHMCSH
CO cayuaeM, KOrja NonpaBKa K 3HepTHH B NEPBOM NPHOJHKEHHH
HE Hcye3aer.
Bo BTOpoM NpuG/MKEHUH SHEPrst 3alHCHIBACTCS B BHJE
k? 1 o (Y| myky, [08) (80 [myky [0y) 9.61

Eyo— Ea0
3 Y

rje B NPaBYI0 YacTb Mbl BKJ/IIOUMJIHM KHHETHYECKYIO 3HEprHIio, CBS-
3aHHYIO C MOLyJsiMel MIOCKHX BoJH e'*X. Pesyabrar (9.56) no-
ayuuM, ecan mepenuwem (9.61) B opme

e, (K)=¢, (0)+-2}7( )“v uky+ .. (9.62)

[Tepexoas kK 6oJee BbICOKHM IPHGJIHMMKEHHSM TEOPHH BO3Mylle-
HH, Mbl MOXKEM [IOCTPOHTbL BCIO SHEPreTHUYECKY1o NoBepxHocTh, Qnu-
CaHHYIO 37eChb (GOPMY TEOPHH BO3MYIUIEHHH Ha3biBaIOT HHOrza k- p-
METO/0M.

Co6cTBenHble (DYHKIHH B NEPBOM mopsiike mo k uMeor BuA

lkV)zeik'x<IOV)+’,lI 2,[06) M) (9.63)
4]

m
m*

Eyo— Efo
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Ecan xe B Touke k=0 uMmeercss BbIPOXKJAEHHE, TO C/IElyeT HpH-
MEHHTb TEODHIO BO3MYLIEHHH ANs CAydasd BHIPOXKAEHHA (CM., HAanpH-
mep, [1]). B BaxHOM ciyyae moJynpOBOJHHMKOBEIX KPHCTaJA0B Mbl
¥MeeM JIeI0 KaK pa3 C BHIPOXKAEHHEeM Kpas BaJeHTHO# 30HbL, Pop-
Ma JHEPreTHUYeCKOM NOBEPXHOCTH M/8 3TOro CcJyvasi paccMaTpH-
BaeTcs B N1. 14, oanako opuu npumep Oyzer pasoOpaH HHXe.

W3 paccmorpenns (9.61) mbl moxeM cpa3y e H3BJedb DAI
cnefcTBHi. Ecay pasHOCTh &yp—&g OUEHb Masa, TO (popMa 30HBI Y
B6au3n k=0 Gyner onpegensThcs rJjaBHbLIM 0GpPa3zoM MAaTPHYHBIMH
5JIEMEHTAMH, CBSI3BIBAIOUIMMHM 3Ty 30HY ¢ 30HOH 8, H Haobopor:
dopma 30HB § Oyxer sasuceTb OT y. [lajee, ecaM 3IHEPreTHUECKHH
3HAMEHaTeJNb OYEHb MaJ, TO OTHOWeHue m*/m Toxe OymeT OYEHb
MaJjo. MOXHO NpHBECTH NpHMEep QJS OXHOTO NpepefbHOro Cayyas.
TIpunasito cyutaTh, 4TO IIUPHHA JHEPreTHUECKOH LIEJH B MOJYNIpO-
BoanukosoM kpuctamie Cd.Hgi—.Te (x=0,136) mennwe 0,006 3s,
W JeHCTBHTENbHO IS AHA 30HH NPOBOAMMOCTH 3KCIEPHMEHT Jaer
m*/m< 4. 104 Ilo pacueram X3ama [5] apexTHBHEIE Macchl 3jeK-
TPOHOB B 1IEJNOYHbIX MeTannax npu k=0 B 30He mnpoBOAHUMOCTH
HMEIOT CJepylolue 3HaYeHHS.

Mertasna Li ' Na K l Rb ‘ Cs
Hinexe 3o 2s 3s 4s os 6s
m*m 133 095! 08 | 0,78 | 0,73

TIpexnonoxum, 4TO B ILEJNOUHHIX METAJJaX IOCJAEf0BATENbHOCTD
304 npH k=0 coBnagaer c noc/nexoBaTENbHOCTbIO COCTOSIHMUH B CBO-
6onnom atome. Torma B Li Bce BoamylueHuss B 30He IPOBOJMMOCTH
2s 6ynyT o6ycOBJCHB! pP-YPOBHSIMH ¢ (0J1ee BLICOKOH 3HEprued, uem
y 2s-ypoBHeH, MOCKOJAbKY lp-ypoBens B Li orcyrcrsyer. [las nutus
es0—ep0<0, ¥ nosromy m<m* B cayuae Na zona nposogumocTd
3s HCOBLITHIBAET MPHMEPHO TAaKHE K€ BO3MYILEHHS, HO B3aHMONPO-
THUBONOJIOXHOIO HAanpaBJEeHHsI: CHHM3Y — CO CTOPOHBI 2p-ypoBHEH M
CBEPXY — CO CTOPDOHBLI 3p-ypOBHeH, 3HEPrHH KOTOPHIX COOTBETCTBEH-
HO MeHble H Gosbule 3HepruM 3s-ypoBHe#. B pesyabrare mosyuum
m¥*=m. [lpoasurasce paJblle N0 PAAY UIENOYHBIX METAJNOB, Mbl
VBHHM, UTO BJHMAHHE HMXKeJexKalliX YPOBHell oKasbiBaercs GoJblue
BJHSIHHSA BblUIeNeKaUIUX, U NodToMy m¥*<m. :

k- p-reopua soamyuenull dan sbipoxdennozo cayuaa. Ilpocreir-
LIMM NIPUMEPOM NpUMeHeHuss K-p-meToza K ciayyaio BHIPOXKACHHS
CNAYXHT €ro NPUMEHEHHE K BBLIPOXKAEHHBIM 30HaM, BCTPEYaloUIHMCs
B OJHOOCHBIX KDHCTAJJ1ax ¢ LUEHTPOM CHMMeETpHUH. PaccmoTpum 3oHy
¢ cHMMeTpHe#d s-THna npu K=0 u ¢ sueprueit, Ha E, 6onbiueit snep-
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I'MH Napbl 30H, BhIpoXAeHHbX npH k=0 u npeoBpasyiounxcsa B 310
TOYKe, Kak x H y. [IycTb OCb CHMMETPHHM KpHCTa/Jja cOBIajaer
C KoopauHaTHOH ocblo 2. CocrosiHneMm z-tuna npu k=0 6yazem npe-
HeGperaTh, TAK KaK NPeJnoaaraeTcs, 4To [IOTeHIMaJ KpHCTamsla oT-
LIeNJIsIeT 2-COCTOSIHME OT APYrMX COCTOSSHME Ha 3HepreTHueckoe
paccTosHKe, KOTOpoe BE&JIHKO No cpasHenMio ¢ £, B stom npumepe
Mbl npeHeGperaes CNHH-OPOGUTANbHLIM B3aHMOLEHCTBHEM.
3ameTHM, YTO B epBOM NOPsiKe TeopHH Boamywenue (l/m)k-p
He jaeT NMOMPaBKH K SHEPrHM BCJENCTBHE 4eTHocTH. Bo BTOpoM mo-
pPAZKE 3Ta NONPaBKa COAEPXHT MatpuuHblil anement (s|H|x),
KOTOPHIH TaKXe BCJIEACTBHE YeTHOCTH ofpamaercs B HyJab, T. €.

(s|H"|x) =z Dy (sl DI (1K - plx) =0 (9.64)
j

3nech j=x, y. Hanee

2
(XIH 1) = sz (I D) (SIK PIx) = — i (21 ] 3) P (9:65)
(X H |9 g 1K BlS) (51K - Bly) = — 5t (x| 1) 5Ly )

(9.66)

B cuny cummerpun (s|p, |y) =(s|p,| x), u nosromy aasa i uau j,
PaBHOrO X HJH Y, MOXHO HAIIUCATHL

; | 1 \
GIH)y=— Ay A=—ge|(xips)F. (O.67)

Hrak, cexysaapHOe yDaBHEHHE /s HAallMX TPEeX COCTOsSHHH uMeer
BUJ

E 4 A (R~ K2)—1 0 0
0 —ARL—)% —Akk, |=0. (9.68)
0 — Ak k, — Ak2 — ).
Oano u3 ero peulenuil 3anUCHBAETCA CJAEAYIOUIUM 06pa3oM:
k2 . 1 9
e (K) 45 +h=E,+ 5 B+ AR+ 2). (9.69)

Orciona ciexyer, 4TO BO BTOpPOM NOpPSIAKE 1O k2 3HepreTHYeckas mo-
BEDXHOCTb JJf S-COCTOSIHMSI BOJM3H Kpas 30HbI HMeeT BHA Chepo-
uaa, mpuyeM no ocH 2 3geKTHBHAR Macca COBRAJ4eT C Maccoil m
CBOOOJHOrO 3JeKTPOHA, a 3(M¢EeKTHBHbIE Macchl B NJIOCKOCTH Xy
onpenenstorcs Gopmy.aoi

1 1 2
= T ey

(x| pxl8) P, (9.70)
rae m' < m.
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Duepruu BHIPOXKIEHHBIX 30H ONPERETAIOTCH PEUICHHSMH Yypas-
HEHHUA

AL Akt

Ak, A= ©-71)

HJH
=0 1 A=— (R ). (9.72)

CrnenoBaresnbHO, 3HEPTHH 3THX ABYX 30H, BHIpoxKAeHHbe npu k=0,
BO BTOpOM mopsike no k sanuuiyress B BuAe

o (K) = o 12 € (K) = o B2 — A(K2 -+ 22). (9.73)

Vpapuenne (9.68) He sBasercs Haubosee OOUIHM CEKYJNADPHBIM
ypaBHEHHeM, NOCKOJbKY KO3(pGhHUHEHTb HeaHAaroHasbHbLIX 3JeMeH-
TOB OGBIYHO He paBHbl ko3dduuneHTam auaroHanbHux. Ilpeanono-
XXMM, UYTO TIJe-TO Bbllle 3HEPTHH S§-COCTOSAHHS HMMeeTcss NBa BHIPO-
MKJEHHBIX d-COCTOSIHUS, KOTOpble NpeobpasyioTcs KaK X2 M Yy2.
Torga guaroHaJibHble 3JIeMEHTHl CEKyJsipHOro ypasHeHHsA 6yayT co-
JepKaTh TaKXKe uJjeH

(x|Kk - p|x2) (x2|K - p|x) = k:|{x| p,| x2) [, (9.74)
a TaKxe DaBHHA eMy dJjeH
(y1k - plyz) (yz|k - ply)-

Bxnansl or HepHaroHasabHbIX 3JIEMEHTOB, 00YCNOBAECHHBIX d-COCTOA-
HUAMH, ucue3saior. Torga B obiieM cayuae ypasHenue (9.71) npu-
HHMAaeT BHJ

AR BERAL  Akk,

Abk, AR+ BE AT (9.79)

310 YpaBHEHHEC HMEET HeaHAJHTH4YECKHE co6cTBEHHBIE 3HAUYEHHS
Mo=— 5 [A (8 + )+ 28R = [ A2 (B + )2+ B#I]*. (9.76)

floBepxHOCTH NOCTOAHHON 3HEPrHH NpeAcTaBastioT cofoit nosepx-
HOCTH BpalleHusi OTHOCHTeNbHO ocH 2. OgHa NoBepxXHOCTh (COOT-
BeTcTByIOmas B (9.76) 3HaKy nJaIOC) ONMCLIBAET TSKEJblEe IBIPKH,
apyrasi (COOTBeTCTBYIOUlAst 3HAKY MHHYC) — JIerKHe IBIPKH.

Teopemsbl 06 yckopenuu. Teopewm a 10. B crauuonapHom Brel-
HeM 3JekTpHueckoM none E yckopenue anekTpona B nepHoaunyeckoi
pellleTKe ONHCLIBAeTCS COOTHOLIEHHEM

k = ¢E, (9.77)

15 4. Kurrean
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IIDHYeM 3JIEKTPOH OCTaeTCs BHYTPH ToH k€ 30HH. Mwul upeanona-
raem, 4To 30Ha He BbIPOXJeHa.

Ilepsoe Goxaszareavcrgo. Eciy 37eKTPHYECKOe NOJE YUHTHIBAGTCH
B raMWJIbTOHHaHE OOBLIYHBIM IMyTeM KakK CKaJADHBIA [OTeHUHa)
¢=—eE-X, To HeorpaHHYEHHOCTb 3HaYeHUH X BLI3bIBAET HEKOTOpbIE
mareMaTHueckHe TpyaHocTH. HauBosee mpoctolt noaxox x 3agaue
COCTOMT B OIMCaHHM 3JEKTPHUYECKOrO MO/ BEKTOPHBEIM NOTEHIIHA-
Jom A, xotopbiil auHeHO pacreT co BpeMeHeM & IlycTte

A——cEt; (9.78)
Toraa, kKax u tpebyercs,
. 1 0A
=— grad O— 5 (9.79)
OnHO3/MIEKTPOHHBLIA raMUJBTOHHAH MMEET BHJ
1 2 1
H= -Q-”T(p—%A) +V (X) = - (p -+ €EA2 +V (x). (9.80)

[Tose3ano NO3HAKOMHTLCA C OIHCAHHEM KJAaCCHYECKOTro JIBHKEHHs
cBoGoAHOrO 3J1eKTPoHa B BeKTopHoM noje A=—cEf; B sToM cayuae
FaMUJIbTOHHAH DaBeH

= 71,,7(1» -+ eEtp. (9.81)
YpaBHemm JABHXEeHUs [amuabTOHA HMEIOT BU]I
- oH ") | )
P=— =0 X=r-5-=(p+ eEt)m. {9.82)

KBaHTOBaﬁ TeopHAa Inid CBOﬁOJIHOFO 3JICKTpOHA jpaer
ip==[p, H|=0; ix=[x, H|=1i(ky+€Et))m,  (9.83)

rie ko— coGcTBeHHOE 3HaueHHe omepartopa p— SBJASETCS HHTerpa-
JIOM JBHXKEHHS.

3aMeTHM, uTO raMuabToHHaH (9.80) MMeeT mepHOAMYHOCTbL pe-
LIeTKH He3aBMCHMMO OT HaJuuusg uau otcyrersusi nons E. Caeposa-
TEeJIbHO, PEUIEHHS NOJHOCTBIO COBNAAAIOT ¢ OJIOXOBCKHMH (DYHKIHSA-
MH; B CaMOM jede,

o (X, E, ty=¢e**y, (x, E, ¢), (9.84)

rre ¢yukuun ug(x, E, f) o6nananT NepHOAMYHOCTBIO pPELIETKH.
Bpems { 3gech cjaexyerT paccMarpuBaTh Kak napamerp. Qynkuuu
uyk (X, E, {) mns 30HB Y MOXKHO NpPEACTaBMTb B BHIE JHMHEHHOR
KOMOUHAUMKY QYHKUHA Ugy (X, 0), ABAAIOUIUXCA cOOCTBEHHHIMYU DYyHK-
nUsMH AJ8 BCeX 30H B caydae E=0. Kak Mbl BUAMM, 30HB MOXHO
CTPOrO ONpPEJE]HTh B JICKTPHYECKOM Nojie H K sIB/ISETCH XOPOUIHM
KBAaHTOBBIM YMCJOM, MOCKOJbKY B Hamled (POPMYJHDOBKE 3JEKTPU-
yeckoe IoJe He H3MmeHser k.
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Hrak, Oylem paccmarpHBaTb BPEMS KaK MapaMeTp M CPaBHHM
yJieH, ONUCHIBAIOIIKA KHHETHYECKYIO 3HEpPruio W(p—}—eEt —+ k)2
B 3¢dexTuBHoM ramuabroduane mnas uy(E, f), ¢ uneHoM, onucsl-
BAaIONIMM KHHETHUYECKYI0 3HEPTHIO 2—1ﬂ—(p—+—eEt’—+—k’)2 B TaMHJbTO-
HuaHe 018 uy (E, {). D1u ramuabroHnansl 6yayT COBNagath, eCaH

eEt 4k = cEt’ - K/, (9.85)

H, C/JEeJ0BaTEJbHO, [IPH BBIIOJHEHHH JaHHOTO YCJIOBHSI BOJHOBbIE
&yHKIMK 1 coGerBennble 3ueprun npu k, £ v npu Kk, ¢ oxnHaKoBbL.
Taxkum o6Gpa3om, CBoMCTEA 3J1€KTPOHE B AaHHOM cocrosuuu k, xa-
3a40¢b Gbl, U3MEHATCS N0 CPABHEHHIO C €r0 CBOMCTBAMHM B TOM Xe
cocrosiHHM npu f=0 TaK, KaK ecaH Obl

| k= eE. | (9.86)
Unaue rosopst, 9jieKTPOH, Haxoxsuuica npu {=0 B COCTOSHHH @k,
B 6ojiee NO3JZHHH MOMEHT BpeMeHHM { JOJIKEH 0Ka3aThCs B COCTOAHHH
C HMCXOAHBIM 3HaueHHeM K, HO BCe ADyrve XapakTepHCTHKH 3TOro
cocTostHus (BKJIOuas 3Hepruio) Gyayt coorBerctBoBaTh k— eEf. Tok
B COCTOSIHHM ¢ K 3aBHCHT oT cpexsero 3Hauenuss p—(e/c)A; aror
TOK OyJZeT BO3pacTath CO BpPEMEHEeM IO JHHeHHOMY 3aKoHy, NO-
CKOJIBKY A NpOIOpLHORANBHO {.

Benuunna eE (f—!’) yuBapHaHTHA 110 OTHOUIEHHIO K NPOCTpAH-
CTBEHHBIM TDAHCJSLHUSAM, H MO3TOMY TaKHe TPAHCASLHH HE BHI3OBYT
u3aMeHenua k. Mbl NOJTXKHB! ele nokKasaTh, YTO 3JEKTPOH C KBa3H-
umMnysabcom k B 30He y K MOMEHTY BpeMeHH ¢ OyneT oCTaBaThCsl B
To# xe 3oHe. MHBIMH c10BaMH, MBI JOKHB BOCIONb30BATHCSA aiHa-
GaTHYeCcKOH TeopeMO, COracHO KOTODOH Nepexoix MexXJy COCTos-
HUSIMM @ H y BPS] JIH TIPOM3OHIET, €C/IM U3MEHEHHE TaMMJIbTOHHAHA
B TeueHHe nepHofa l/w,y MaJ0 MO CPABHEHHIO C PA3HOCTBLIO JHEP-
rufl o . e

W Qay, T- € o 1 1
—073—-—<<1. (9.87)
ay

gy

CocTOsiHHSL o0 M y— 3TO COCTOSIHMSI C ORHHM M Tem xe kK, HO oHH
OTHOCATCA K Pa3/HYHBIM 30HaM. YcaoBHio (9.87) ouenb Jierko ynao-
BJIETBOPHTB; TPYAHO OXMAATh, YTO OHM HAPYNIAOTCH BO BceM 0O6B-
eme KpHCTaana.

HoxkaszatenserBo chOpMYJHPOBAHHON Bhbllle TEOPEMbl OBLIO AAHO
Kounom u Illokau. Bektopubifi norenuyuan upa A=-—cEf moxHO
€03/1aTh B KOJbLEBOM KDHCTAJJHYECKOM 06pasile, N1aBHO H3MEHSH
MarHMTHBIA TOTOK IIPH NOMOIIH GECKOHEYHOrO COJICHOHJa, HaBHTOro
Ha KOJbIO.

15*
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Bropoe doxazateavcrso. Nycrs H=Hy+ H’, rae
Hy=w— P4V (), H'=—F.x, (9.88)

a F=eE paccmarpuBaercs Kak CuJa, AefiCTByOLIasl HA JEKTPOH CO
CTOPOHB! 3JEKTPHYECKoro moJs. Jajiee 3aMeTHM, UYTO

grady Gy, (X) = iXQyy (X)+ % grade~ %= g, (x).  (9.89)
Torpa
H= Hg 4 iF . grady, (9.90)
rZe onepaTop
Hy = Hy— ie?**F - grad, e~ %x (9.91)

JIefiCTBYeT TaK, 4TO COXDAHSeTCs HHBAPHAHTHOCTb IO OTHOILUEHHIO
K TPaHCASAUMAM peUIeTKH, NOCKOJbKY ReHCTBHE ujeHa, cojepiKa-
wero F, He NPHUBOAMT K CMELIMBAHUI0O COCTOSIHMH C pasiIHunbiMH Kk,
HO NPY 3TOM OJHHAKOBbIE K OTHOCATCS K pas3jHuYHbIM 3oHaM. Ecan
GYHKUHH @ky{X) — cobcTBeHHbIEe PyHKUMH onepatopa Hy, To

— [ (0k'[e’* *F . grad, e-**|ky) =
=—i | dxexp[i(k—K')x]u},F - grad i,y (9.92)

DTa BenruMHAa paBHA HyJI0 AasA Bcex k, kpome k=k’, Tax Kaxk unen
*
iy grad, #, , HHBapHaHTEH IO OTHOLICHWIO K TPAHCJIAMHAM PeIIeTKH.

Otciofa cneayeT, YTo npH AeficTBHE onepaTopa He cocrosthus pas-
HBEIX 30H CMEUIMBAIOTCH, ¥ MO3TOMY B ramuabTonHane (9.90) uane-
nenre k mMoxer BbI3BaTh Juwb yiaeH (F - grady.

3aMeTHM, YTO B JAHHOM DAacCCMOTPEHHH (B MPOTHBONOJ0XXHOCTh
NpeRLIAYINEMY CJAYYal0 C 3aBUCALIMM OT BPEMeHH BEKTOPHLIM IIO-
TeHIMaNOM) BeJaMyHMHa K He sABIsieTCHA MHTerpajoM IBHKEHHS.

Paccmorpum cayyait cBOGOLHOrO 3JIeKTPOHA, ONHCHLIBAEMOro
dynkuuent

Py == elk-xg—lot (9.93)

M HaXoZAI(Eerocss B 3JEKTPHYECKOM MoJe. 3aBHCsUlee OT BPeMEHH
ypasuenne Illpeaunrepa B 3TOM cilyuyae MMeeT BUR

.dp (1 .
L—Et—__(ﬂp"’—l"-x)cp, (9.94)
HO Anas @, B Buge (9.93) umeem
d d dk . ., dk
7%=-§+?T-graqu>=(——zm+zﬁ-x)cp, (9.95)
TaK YTO " |
ﬁ)——‘it—'xz-ﬁkr"——l:'x, (9.96)



®YHKIUHU BJIOXA. OFIIUE CBOVICTBA 229

WU

dk 7

5= F. (9.97)

Tor xe myTh MOXMHO NPUMEHHTH W Ras KpHCTasana. Beexem cH-

cTeMy QyHKUHH Yky(X), ONpeseswB HX KaK cOGCTBEHHBle (DYHKUHH
oneparopa

Helyy = Eylicys (9.98)
3aBHCHIIEE OT BPEMeHU ypaBHEHHE N/ y MMeeT BHI
i B (He - iF - grad,) ty. (9.99)

Mbul moneiTaeMcs pelIHTh 3TO ypaBHeHHe, OrDAHHYUBIINCE OAHOH 30-
HOH, T. e. HAUTH

=" e” "' g (X). (9-100)
BbiuscauB npoH3BOARYIO, HONTYyYHM
d
P e (ek—-}—t X grad )xk, (9.101)
1, nocae conocrasneHus ¢ (9.99),
dk

Hrak, Mb! ycTaHOBu Y, UTO TeopeMa 06 YCKOPEHHH CIpaBeA/HBa
B TOM cllyuae, KOria B KayecTBe (Ga3uCHBIX GJOXOBCKHX (YHKIMH
Mbl RO3BMEM Yky, NDHYEM NOSAPH3AUHOHHBIE 3P GHEKTH 3JeKTpUUe-
CKOro IIOJIA YYUTHIBAIOTCS TaMUNBETOHHAHOM HF.

Jnsi oyeHb KODOTKHX HMHTEPBAJOB BPEMEHH MOXHO [0OKa3aTh,
YTO IBHXKCHHE 3/JCKTPOHA B KpHCTaJJe Olpele/sieTcs ero obuIvHOH
(cBobonHOl), a He 3thdeKTHBHOR Maccol [6].

JoxaxeM pnajiee TeopeMy, KOTOpas CBs3bIBAET CpejHee 3Hauye-
HHE CKOPOCTHM C BOJHOBHIM BEKTOPOM H TeM CaMHM IO3BOJSET HC-
N0b30BaTh TeOpeMy 00 YCKOpPEHHH AJS YCTAHOBJIEHUH 33aBUCHUMOCTH
MeXJy M3MeHeHHEeM CKOpPOCTH M JeficTBHeM BHelUHEH CHJbL (CM.
Takxke (9.49)).

Teopema 1l. Ecau cpennee 3HaueHMe CKOPOCTH V B COCTOS-
HHu, onuchiBaeMoM ¢yHxuHedn |ky), paBHo (v), To B OTCyTCTBHE
MarHHTHBIX TOJIeH HMeeM

(v)=i{[H, x])=grad, g, (9.103)
Horazamenrscmso. PacCMOTPHM 1Jist 30HH Y MATPHYHHIA 3Jje-

MEHT
(k[[H, xX]{k)= [ d’xu; (x) e=5x[H, x] e, (x). (9.104)
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Tockoasky
gradk (e—ik-xHeik-x) —_ ie—lk-XxHeik-x _1,__
+ fe~Rxfixetx = je--x[H, x]e*x,  (9.105)

a, coraacuo (9.15),

H(p, x)e**=e*xH(p+Kk, X), (9.106)
TO

(k|[H, x]||K)=—i J' doxuy, (x) (grad, e~ *Hel®x) y (X) =
=i f dixuy, (x) (grad, H(p+k, X))u, (x).  (9.107)
Janee ucnonan3dyeMm teopemy PeliHmana, a UMEHHO DABEHCTBO
oK) = (k| 5 [10). (9.108)

rie A — napameTrp B HalleM raMuJbTOHUaHe; corsacHo (9.108) BaI-
paxenue (9.107) npesparturcs B —i gradyex, U Mbl NOAYYUM
(x) = grad, ¢,, (9.109)
9TO M TPeGOBAIOCH N0KA3AaTh.
Ilanee, nockoabky {X) sBiserca (yHKuuedl Toabko k, To

d ., dk -
7 (X)=—r[grad, grad, &] h (9.-110)
uay, coraacxo (9.59),
d ,- dk 1 1
W<xu)=Ttv(m‘)vu=Fv(m')vu. (9111)

Ecau e = £*/2m*, To

m' 4 (x)=F. (9.112)

Crporoe paccMOTpEHHE XBHXKeHMsi 3JIeKTpOHa B pellleTKe [pH Ha-
JHYMH MArHUTHOTO TMO/Nfl OKasblBaercs OGoJsee TPYyJHOH 3agauet.
Hexoropble U3 OTHOCSIIMXCA CIOfA YACTHBIX Npo6JeM 0OCYXAAKOTCH
Huxe. OOwee paccMoTpeHue HMeercs B 063opax Baube [7] u
Pnayuta [8], rie uuraTtesb HaWAeT Takxe oOGWHpHYKO OGubauorpa-
tuo pabor no 3Toft TeMe. B ciyuae 3/MeKTPOHOB B HEBHIPOXKJEH-
HbIX 30HAX W NPH He CJAMIIKOM CH/IbHBIX MAUHUTHBIX MOJMAX MOC1e
JleTaJlbHbIX PacdeToB GbIIO YCTAHOBJEHO, YTO ypaBHEHHE ABMMKEHHR
(9.111) moxuo oBoBuuTth Tak, uto F npumer Buz cuanl Jlopexua,
T. €&

F=e(E+—L—va). (9.113)
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[TpuBeneM Tenepb HECKO/NBKO TEOPEM OTHOCHTEJNBHO CBOACTB
¢yHKnuA creldansHOrO BHAA, HasbiBaeMbix ¢QyHKuusamu Badbe,
KOTOpbl€ HHOTAa HCMOJb3YIOTCA TPH PACCMOTPEHHH JBHKEHHA 3JeK-
TPOHOB B peIIETKe, ONHCbIBAEMOR BO3MYIIEHHBIMM NOTEHIHANAMH
NpU HANHYHY 3JIEKTPHYECKOTO ¥ MarHUTHOTO MoJeH.

®yukunu Baube. Tlycts @uy(X) — dynkuuu Bnoxa B 3ome vy;
$ynxnun Banbe onpegennm crenyiomum oGpasom:

Wy (X —X,)=N"" % e=ik-xg,. (X), (9.114)

rae N — uHC/lO 4TOMOB, X, — KOOPAMHATHI HEKOTOPOW TOUKH pe-
ILeTKH.

Teopema 12, ®yukuun Baoxa BmpaxawTes uepes QyHKUuM
Baube npu nomouu psga

o (X)=N"" P " nw(x —x,) (9.115)
Hoxasareavcreo. U3 onpene:xeﬂnﬁ dysxuuit w caexgyer, 4To
P (x)=N"" 3 exp (k- x,) N7 3 exp (— ik’ « X,) @ (X) =
=N 3 exp[ilk—k) X, 9 () = (). (9:116)

Teopema 13. [lng pasnuyHbIX TOYeKk pelleTKd GyHKuuu Banbe
ODPTOTOHAJIBHBI, T. €.

jdaxw'(x)w(x—xn)=o, x, #0. (9.117)
Jorazameascmso.
.f dixw* (X) w (X — X,) =N"' Z J' d3xe™ %y (X) @y, (X) =
kk’

=N~ Y e M n=p,. (9.118)
- .

B oThenbHbIX y3JaX peIlieTKH X, ¢yHkuun Banbe ctpemsrcs K Ma-
KCHMAaJbHbIM 3HaueHHsiM. PaccMOTpUM 3TOT BONDPOC MpH CHenHAaJb-
HOM TPEANONOXKEHHH, YTO

@y = €%ty (x), (9.119)
rae u,(X)— pyukuusa, e 3asucamas or K. Toraa

w(X —X,)=N""u,(x) § exp{ik.(x—x,)].  (9.120)
B onnoMmepHoM ciayuae (NOCTOSIHHAR pEIUETKH paBHA 4), NOJNYYHM

2n m
k=T, (9.121)
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TAe m — neaoe YHCJAO, NPHHUMAIOllee 3HAYEHHS B MHTepBale
1 .
(—{—7 N, —%N) B atom cayuae opu N>1

¥ exp (i#2) = Yexp [ i 2;‘,’25] ~ Si;g(;f/ﬁz 2) (9.122)
k m
¥, CJef0BaTEabHO,
w (x . xn) _ Nl,’z uo (x) sin {ﬂ (X—— x,,),/a} . (9.123)

{m (x — xp)/a}

B cayvae Tpex u3MepeHHH NOJYyUMM INpOHM3BEACHHE TpeX (YHKUUH
rtoro ke Buga. Orcioga cieayer, uto GyHKUMH BaHbe NPHUHUMAIOT
Haubosblli¥e 3HAYEHHS BOJIU3M TOUKH X, LEHTPAJbHOR siuedKH pe-
[WeTKH ¥ yOLIBAIOT XO HYJis, KaK TOJbKO MBI OKHHEM 06JacTb LEH-
TpaJbHON siuelKH.

Teopema 14. Ecau e(k) — pellenue 3ajauu AAs8 0JHOMED-
HOrO HEBO3MYUIEHHOIrO [EPHOIHYECKOrO NMOTEHUHANA A/ HEBbIPOXK-
IEHHOM SHEpreTHYecKOH 30HB, TO IPH MeLJeHHO H3MEeHSIOLIEeMCH
Bo3MylleHuH H’(X) coOGcTBeHHble OYHKUUM ONPEReNsiloTcs Co6-
CTBEHHBIMM 3HAUEHUSIMU A YpaBHeHHSH

[e(p)+ H' (X)] U (x) =AU (x), (9.124)

rae g{p) — omeparop, Moaydamuics Npu 3aMeHe K B BHIparkeHHH
¢(k) Ha p (uaum Ha —igrad) B 30He y. QPyukuus U(X) oGaapaer
TeM CBOHCTBOM, UTO

Y (X)= 2 U (X,) @ (X —X,), (9.125)

rae y (X)— pewenue ypasBuenus llIpeaunrepa
[Hy—+ H (x)] (%) = A, (x). (9.126)

JHokasateabcTso. $lcHoe n0Ka3aTenbCTBO 3TOR TeopeMbl GHUIO
nado Cosrepom [9]. Awanorvunas npoGjeMa paccMaTpHBaeTcs
HyXe, B V. 14, g cayuas ciabo CBA3aHHBIX JIOHOPHBIX H akiuen-
TOPHBIX COCTOSSHUH B NOJNYNpoBonHuKax. [IpuBeneHHblt METOX AOKA-
3aTeNbCTBA OTHOCHTCH K 4HHCAy HauboJsiee 49acTO HCOOJAB3YyeMbIX B
NPAKTHKE TEOPETHKOB, KOIAa XKEelaloT NOJNYy4HTh KOJHYECTBCHHEIE
pe3yJbTaThl.

Ilpn Haawuuu wmarHuTHoro noas ypasHenHe (9.124) npumes
sz [10]

[a(p—% A)+H' (®)] U (%) =2U (). (9.127)

[Tocne pasioxkenus e(k) B psAg Kaxaoe NpousBeleHHE KOMIO-
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HeHT K RoJKHO GbiTh 3aMHCaHO B CHMMETPH30BAHHOM BHJIE, H TO/b-
KO Nocle TOro, Kak 3TO CHEeNaHO, MOXHO IIpOM3BECTH 3aMeHy
k — p — (e/c)A. TIpuMepH 3(heKTOB, 06YCAOBIEHHBIX HEKOMMYTa-
THBHOCTBIO KOMIOHEHT k npu Ha/JIWYMM MArHUTHOrO 1NOJS, HaHbI
B . 14.

3A0AYHU
9.1. ITycte onepaTtop O; o6nanaer TeM CBONHCTBOM, 4TO
KO K™= 0. (9.128)
TMoka3ats, uTo
(9101 Kg) =0. (9.129)

B kasectse onepatopa O; Mbl MOXEM B3fTb CHMMETPH30BAHHOE NpPOH3BEJEHHE
YETHOTO YHC/A KOMOOHEHT MMNYJbca MM NPOM3BOJbHYIO QYHKUMIO OT X,

9.2. Tlokasats, uto 414 omepatopa O, onpenenexsoro B 3agauwe 9.1, cnpaset-
JIHBO COOTHOLIEHHE

(91 Ol 9) = (Ko | O | Kyp). (5.130)
9.3. ITycTe onepatop O o6aanaer TeM CBOACTBOM, 4TO
KO,K™'=— 0. (9.131)
Ilokasare, uTo
(@[ 0z[9) =— (Ko | O] Kep). (9.132)

9.4. [loxazartb, YTO De3y.abTaTH, NOAyYeHHule B 3agayax 9.1—9.3, cmpasen-
JHBWL # B TOM cayuae, ecad k Bciony zamenuts ga C = KJ. 310 3KBUBajeHTHO
APEANOJI0KEHHIO O TOM, YTO BOJIHOBble QYHKUHH ABJASIOTCA cOGCTBEHHLIMH (YHK-
UMMM TaMAJLTOHAAHAE, HHBAPHAHTHOTrO 1o OTHolWeHuo K C.

9.5. [Tveres COC-t=0*; nokasarh, 4T0

(4k10]k{)=0, (9.133)
rae onepatopoM O Moxer OHWTb Oneparop P, CHMMETPH3OBaHHOE NpoU3BeleHHe

H3 YETHOrO yuc/1a ONePaTOPOB JNHHEMHHX KMINYJbCOB HJH OMEpaTop CHHH-OpGH-
TaJbHOTO B3auMonekcTBus. ITokasaTb, uTO

(4k1O1kt)=(Ik]|O[ky). (9.134)
9.6. Mycts COC™! = — 0; nokazats, uto
{(2k|O1kA) =—(yk|Olk{) (9.135)

rae onepatopoM O MoxeT GhiTh oneparop L wine.
9.7. Nokasate coothowenne (9.49). Ucnmoas3osats npn stom (9.47) u ycio-

BHe HOpMUpOBKH grady Z Ifg (k) [=0.
G

9.8. JTokasars cooTHowenne (9.51).

9.9. BryMCAHTL KOMIOHEHTH TeH3opa sddekTuBHbLIX Mace (9.56), 3amenus
onepaTop T ONEPATOPOM P B NpPeAeNbHOM CAyuae yAaneHHBIX APYr OT Apyra arto-
MoB. BosnHOBbie (yHKuMH MOXHO 3ammcaTh AJNA cAy4ast CHILHOX CBS3H B BHAe

Puy () =N ™ iy (x—x ), (9.136)
7

rie v-— atoMuas GyHkwig B cocTosnuM y. Ilpexnonaraercs, uto (QYHKUHH U,
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JIOKaNN30BaHHble HA pPA3NMYHBIX Y3/Jax DPEIUETKH, HE mNepeKpwBawoTcs. Mo ycra-
HoBuay, uro (yk|plkd) = (vylplvs), rie vy ¥ Vs — pasMuHble COCTOAHHA OAHOrO
H TOro Xe aToMa. Tenepb MOXKHO HamHCaTh

{
7 (VIP18) = (es —ey)(v] x[0) (9.137)
H, CIEN0BATENLHO, NPUMEHAR NMPABHJAO ATOMHBIX f-CyMM, NOJY4YUM
m ’
(m* )xx=[1—2mz (ea —ey) 1 (vl x]6) |2]=0. (9.138)
[\]

[Tokasath, uto dyrkuun (9.136) ynoBAETBOPAIOT TPEGOBAHKAM TPAHCASLHOHHOR
cumMmerpuu (9.14).

9.10. a. Iloka3aTh, noJb3ysick 3aKOHOM COXpaHEHHsi SHEPrHM, YTO NOA AeR-
CTBHEM SNEKTPHYECKOrC MNOJAR & SNEKTPOH B KpHUCTalje GyAeT HCNLITHIBATH KO-
nebaHust, ONUCbIBAEMbBIE YpaBHeHHeM

e(x —X;)- & = e (kg e&) — e (ko). (9.139)

. Ae
Amnauryna xoneGaunit paBHa Ax = Ik rie Ae — WKpIHA 30HBI.

6. QueHuTb BeNHYMHY AX A/ PAa3yMHBIX 3HAYEHHH 3JEKTPHYECKOro moas &.

B. OIeHATb YacTOTY KoJeGaHHui.

9.11. PaccMotpum BoaHoBywo ¢yrkuMio Baoxa, HeBmipoxpennyio npu k=0.
[Noabaysice pasnoxenueM ¢, (x) B psg mo k n18  cayyast o(X) ZO wieHOB nep-

Boro mopsiika mo k-p, nokasaTb HeNOCPEACTBEHHLIM PACYeTOM, YTO B NEPBOM
nopsiake no k ’

m
K| 2 1K) = k() (9.140)
ap
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3oubi BpuasiiosHa u cuMMeTpus Kpucraaga

Mbl yxe Bugen, yto cofCTBEHHbBlE 3HAYEHUs 3HEPTHH 3JEKTPO-
H4, Haxonsulerocs B NMepUOAHYECKOM IIojie, [IEPHOJUUYHBI B OOpat-
HO#l pelIeTKe, T. €.

Ek+G =— Ek.
[ToatoMy masi onHO3HAYHOM HyMepalUud 3THX COGCTBEHHBIX 3Haye-

HUE c/lenyer orpaHuuuTh o6sacts HaMmedeHuss K npeaenaMu npuMu-
THBHON fiue#iky oGpaTHOW peumleTKH. IIpHMUTHUBHYIO fuefiKy MOXHO

R y —l 4
4 |4 ) 4. *
x

x

_— ——

a a
Puc. 10.1. 3oua BpuaniodHa OIHOMEPHOH peumIeTKH.

BLIGPATH PA3/IMYHBIMYU CIOCOGAMH, HO OOHIYHO B KAYECTBE rpaHed 3Toi
siyefiky OepyT IJIOCKOCTH, KOTODble NeNfT NOmOJAaM JIHHHH, Coead-
nHawowure touky k=0 ¢ 6mnxai-

IUKMHA y3J1aMu¥ 0OpaTHOH perer- 4
ku. Taxkas suefxa HagblBaercd

nepso#t 30Hoi bBpunaiosna, unu ’Er P
npocto 3oHo#l bpuanosna. B 5
LanbHeiduleM Mbl 6YIE€M CUHUTATh,

yTO BEKTOPH Kk MpHBEIEHD! K 3TOH 7 Z

30He (ecju He OroBOPeHo 06paT- -7 01

noe). 3oxwa bBpurmosna opgho- 7 YR —=A7
MepHOH pewleTKH MOKa3aHa Ha g &

puc. 10.1, xBagpartHoi pewer-

KH — Ha puc. 10.2, npocroit Ky-

Ouueckol pemleTku—Ha puc. 10.3,

06 bEMHOLEHTPHPOBAHHON  KYOH- -_ZL
ueckol — Ha puc. 10.5, rpane-
HEeHTPHPOBAHHOA KyOuuecko# —
Ha puc. 10.7. Tloctpoenue 3tux
30H ONHCAHO B KHHre [1].
[aMBIbTOHHAH NEpUOXMYECKOro MoJs KpHCTajnta objajgaer om-
pPeleNCHHBIMH CBOACTBAMH CHMMETDHH, KOTOpbie Jlerde BCero pac-
CMaTpPHBATh METOAAMH 3jeMeHTapHOH Teopuu rpymn. Yurarenab, He

Puc. 10.2. 3ona bpuaniossa xBanpart-
HOH pemeTKH.
Toueyuan rpynna cHMMETDHH 4mm.
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3HaKOMBIHl C TEOpHERl rpynn, MOXKeT [0YepIHYTbh HeoGXOXHMMblE CBe-
neHHst U3 KHUrM Jiaugay u Jlugpmwumna [2). CkpomHas ueap Hacrosi-
Imed rnaBbl — aTh BO3MOXKHOCTb UYHTATENI0, BOOPYMEHHOMY 3Ha-
HHEM TEOpPHH TOYEYHLIX FPYNN CHMMETPHH M HX IIpeJCTaBJeHHH,
NPUMEHUTb CBOM TO3HAHHA JJS M3YYEHHS BaXKHBIX CBOWCTB CHM-
MeTpUH 30Hb DBpuasarosna. Mol
npHBejeM Takxke (B BuJe Tab-
f JIML]) HEKOTOphle YaCTO HCIIOJb-
3yemnie pesyabtaThl. Ilpu 06-
;,y P CYX/IeHHH CBOHCTB CHMMETDUH
CIMH CHaua/ja He Yy4YHThIBaeTcH,
N a 3aTeM BBOJHUTCS B PaccMoTpe-
,,‘{/1 7,\1\5 Imei‘
pynmna G raMu/JbTOHHaHA
] < ¢ KpHCTaJlJ1a COCTOHT H3 MPOCTPAH-
&M CTBEHHOHl  rpynmbl CTPYKTYpH
KPHCTa/Na H onepaudu obpaiue-
HHsT BpeMmenH. Hamomuum, uro
pemieTka H, C/1eJ0BaTefbHO, ra-
MHMJIbTOHHAH KpHCTaJJa HHBA-
PHAHTHBl OTHOCHTENbHO  BCeX
TpaHcAsaUnHi BHAA

Tx =x+4-t, (10.1)

/

Vs

Zz

Puc. 103. 3ona Bpuaawosna npocroit
KyOHueckoll pemerk.

ITokasarn OCOOHE TOYKH.

rie t— BekTOp NpsAMOH peUIeTKH, T. €.

t=la+ mb+4nc (!, my n— ueavle uucJa); (10.2)

a, b, ¢ — GasucHble BeKTOpHl NPUMUTHBHOH siueliku. Torpa aas 6.10-
XOBCKOR (DYHKIHH HMeeM

Ty = e o, (10.3)

T. €. (YHKUHH @y Npec6pasyroTcst 0 OJHOMEPHbIM NMDEACTaBACHHAM
rpynnbl TPaHCASLUMA H MM COOTBETCTBYIOT cOOCTBeHHble 3HAYEHHS
exp (k-t). CHayana orpaHyuuMcs JHUb TeMH KPUCTAJJNHYECKHMH
CTPYKTYPaMH, KOTOpble OTBEUaloT pewerkaMm bpase. /IpyruMu cJo-
BaMHM, HCKJNIOUMM M3 DAacCMOTDPEHHS NPOCTPAHCTBEHHble IPyNmel, coO-
Jepxaulue BHHTOBble OCH WJIH ILIOCKOCTH CKoabxenus'). Kpucras-
Jorpaduueckasi KigaccupHuKkauus CTPYKTYp NpHBeleHa B KHure [l].

Ceituac Mbl paccMoTpum onepauuu Todeudofi rpynubl R. [lyers
Pp—oaynH u3 oneparopoB 3To# rpynnbl. PesyabraT ero AeficTBus

1) Jleranbkoe paccMOTpeHHE 5THX MPOCTPAHCTBEHHBLIX IPYNN MNPOBEAEHO B
[(3—3]
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11a GpyHKUMIO f(X) ompexesnserca caexyloUIMM 06pa3oM:
Pgf (x) =1 (R™'x). (10.4)

rie R — Kakoe-TO BeuleCTBEHHOe OpTOroHaJbHOe Npeo6pasoBaHHe.

Bpamenue R npeoGpasyer O6a0XOBCKYK) (YHKUHIO @k (X)=
=exp (k- X)ux(X) B HOBYWO Gyukuuio gk (X), rae k' nonyuaercs
u3 k onepauuen Bpawenusi R, npoussemenHodt B K-npocrpaHctse.
ITOT pe3ynbTaT CTAHOBHUTCA MHTYHTHRHO OUEBHAHBIM, ECJH 3aMe-
THTb, uto k- R-1x=Xx - Rk.

Teopema., Ecanm ¢g(R'X) ecTh pelleHHe BOJHOBOIO ypaBHe-
HHS, TO Qpk| (X} CJOYXHT pelleHHEM, COOTBETCTBYIOLUUM TOH Xe
3HEPTHY, NPH YCJOBHH, 4TO R eCTh OZMH W3 3JeMEeHTOB IPYNIbl CHM-
MeTpHH ypasneHus [llpenunrepa.

Hoxa3sareavcrso. Mbl uMeeM

o (R7'x) = exp (ik - R7'X) ws (R™'%) = exp (iR [K] - X) ux (R™X).
(10.5
PyHKUHA &, (X) CAYKHT PEUICHUEM yDABHEHHUSA )

{2—}n—(p2—}—2k B+ V(0 b ()= (%), (106)
a u, (R™'X) — pewenuem ypaBHenus
{ g (P2 R0+ )+ V ()} (R™%) =i (R (10.7)

Mui BOCIOAb30BaNuCh 316Ch COOTHOUIEHHSAMHU

V(R™'X)=V (x) (10.8)
H
R7'p-Rp=p" (10.9)
3ameuas, uTo
Rlk]-p=k-R™'[p] (10.10)
H
R[k]- R[k]=#, (10.11)

NPUXOAHM K BBIBORY, 49TO0 QPrk(X) ¥ Pk (R7'X) cyTb pewenns of-
HOr0 M TOro e YpaBHEeHHs M YTO OHU COOTBETCTBYIOT OJHOW M TOM
ke 3Hepruu. OTMeTHM, YTO Qg (X) sBAsercs COGCTBEHHOH (YHK-
uveit omepatopa I TpaHCHsUMM DEUIETKH; COOTBETCTBYIOILee coO-
CTBeHHOe 3HaueHHe paBHO exp (iR[k]-t).

Mbel moskeM, cnemoBaTenbHO, NOJAYYHTH MPeACTaBJeHHe TPYNIIbI
R, nehctBys onepatopom R Ha BekTopbl K B K-mipocTpaHcTBE H/IM
onepatopoM R-! Ha BeKTOpH X B peasbHOM npocTpaHcTse. Ecan
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Kaxjaomy k cooTBeTcTBYeT TO/MBKO oAHA GyHKHus gk, To (10.4)
MOKHO 3aMEHUTb COOTHOUIEHHEM

Prok (X) = @r (k) (X)- (10.12)

Ecau toueynas rpynna R COCTOMT 43 n 371€MeHTOB, TO Habop ¢yHK-
LIl @y, OMUCHIBAIOUIMX OJHO M TO XKe BbIPOXJEeHHOe COCTOfIHHe, Ol-
pexensier (Ans HeocoGbix 3HaveHuit k) n-MepHoe npeacrasieHue
rpynnsl cuMMeTpuu ypapHenus lllpegunrepa.

Ecan Hexorophit BekTop Ko HHBapHaHTEH OTHOCHTE/NIBHO HEKOTO-
puix onepauu#t R’, ob6pasyiomux noarpynny rpynnsl R, T. e. ky=
=R’kg, TO 3TH OllepauM¥ COCTABJSIT TPYNNY CHMMETPHHM BeKropa
ko. JIpyruMu cjJoBamy, ecId CYUIECTBYIOT 3JeMeHThl CUMMETpPHH,
OCTaBJIsIOLIMe BHIGDAHHBIA BOJIHOBOM BEKTOp HEH3MEHHBIM, TO 3TH
3JIeMEHThl CHMMETDHM 06pasyloT rpylnmy, KoTopasi HasbiBaeTcs
epynnol JaHHOTO B0AHOB020 BeKTOpa. BBUAY NEepHOZHMUHOCTH 0O-
paTHo#i peweTkd Mbl cuutaem k u k+ G (rpe G — sekTop obpaTHO#
pellerkd) OOHUM U Tem %e BOJHOBBIM BEKTODOM, a8 He IpOCTO
3KBUBAJIEHTHBIMH BEKTOPaMH. JTO YTBepXIeHHe HAXOXUTCH B CO-
r1acuy co crnoco6oM nmojacuera yucsaa cocrossHuit (cm. ra. 1), [lpen-
IIOJIOXKHM, YTO COCTOSIHHSL @, C 3371aHHbBIM Kk BHIpOXIEHBI IO 3Hep-
rud. Torpa omepanuu rpynnbl BekTopa Kk npeo6Gpasyior PyHKUHH
Qxp B (QYHKIUH @ya C TeM ke Kk; B TakKOM cjayyae TOBOPHAT, YTO
$YHKIUHY @ OCYLIECTBJSIOT NpeAcrasaeHHe rpynmsl sektopa k. Ta-
KOe NpeficTaBNeHHe Ha3blBAIOT MAAbIM HPEOCTABACHUEM.

PaccmMoTpuM cHayasa TpHBHAJbHBIA DPHMEp OXHOMEDHOH pe-
IIETKH C NOCTOSIHHOH @; cooTBEeTCTBYIOWlas 30Ha BpuianiosHa noka-
3aHa Ha puc. 10.1. [lepBas 30Ha BpuaniosHa orpaHHYeHa TOUKAMH
—unfa v nfa. Ecnn norenyiuan V(x) ueten, 1. e. V(—x)=V(x), 10
rpynna CHMMETDHH raMUJIbTOHHAHA CONEPXKHUT ONepalnuK) OTpaxe-
HHA B IJIOCKOCTH, IPOXOAsfileH yepe3 HAya/j0 KOODPAMHAT, ¥ BeK-
Tophl ky # —Kk; COOTBETCTBYIOT OJZHOMR H TOH ke 3Hepruu. Onepanun
OTpa>XeHHst B IJIOCKOCTH, NePTEeHAMKYJIADHOH K OCH X, Mbl GyaeMm
0603HAYATE CUMBOJIOM M.

B panHoM npumepe oco6bIMM TOyKaMi B K-mpoctpaHcrBe 6yayt
Toukn —n/a u n/a. OHH OTAMYAIOTCH JAPYr OT Jpyra Ha BEeKTOp
oGpaTHo#t pelweTky 2m/a u, CNeOBATENbHO, TOXOeCTBEHHbI BO Beex
ortHoweHusx. OTcl0fa caeayer, uTo

n n__=n
m |5 ]=—2==%. (10.13)
T. €. ToyKa (7/a) MHBApHAHTHA OTHOCUTENBHO M, Omnepauuu E u
m, (E ectb TOXJecTBeHHoe INpeobpa3oBanue) o6pasylT rpynny
BOJIHOBOrO BekTopa (nt/a). [Ipexcrasienust 3Tof rpynnbl OHOMEPHB!
¥ TPHBMAJbHbI, OHHM JHOO YeTHH, JUOO HEYETHHl OTHOCHTENBbHO My,
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T. €. Qnja = = Q—n/a; OHH HMEIOT BHI JHOO

/e = sin (x/a) Uyja (X), (10.14)
au6o
Prrja = COS (1X/@) rvja (X)- (10.15)

Mbl BHAMM, YTO HA rpaHuuax 30Hel Bpunniosna Groxosckue Qynk-
LMK ONUCHIBAIOT cTOsYMe BosHbL. Pynkuuu u B (10.14) u (10.15) He
0643aTeNbHO OZMHAKOBbl, TOCKOJLKY OHH I[pPHHAJLAEXKAT pa3HbIM
IpEeICTABICHHAM M COOTBETCTBYI)T Pa3/HUHbIM 3HAUEHHSM 3HEPIUH.

OtMeTuM 1pyryio oco0eHHOCTL TrpaHuubl 30Hb DBpuianiosHa,
Touka ky=4ky— (2n/a) coBnagaer c TOUKOH A, TOCKOJbKY OHHM pa3-
JIMYAIOTCS JHWb HA BeKTOp obparTHoR pewerkd. Hanomuum Takxe,
uTO 3HayeHH# T ky; COOTBETCTBYIOT OJHONM u TOH ke 3Hepruu. [lo-
3TOMY /15 3HEepPTHil BHIIOJHSETCS PaBeHCTBO

e(k))=¢ (k) ==¢e(— k). (10.16)
Ecau mbl yetpemum ky X (m/a), To ks Gyner crpemuTbes K — (m/a),
TaK 4TO
. L4 . L4 . k14 3
Jim e (-a- — a) = lim e (_ 2 - es) = lime (— 2+ 6) . (10.17)

DTO o3HAayaeT, YTO IHEPrus — yeTHasi (QYHKIHUH B OKPECTHOCTH TO-
uek = (;/a), oTKyma caenyer, uTo B Toukax = (m/a)

2 e(k)=0. (10.18)

KsazpaTtnas pewerka. 3oHa Bpuanmosua xnis KBagpaTHoH pe-
weTky nokaszaHa Ha puc. 10.2. ToueyHass rpynna CHMMETDHH 3TOH
pewerky o0Go3HayaeTcs CHUMBOJIOM 4mm M COHEPKHUT OCb CHM-
METPHH UeTBEpPTOro MOpsAAKa, 4Yepe3 KOTOPYIO NPOXOAAT JBE COBO-
KYIHOCTH NJOCKOCTeH 3epKaJbHON CHMMETDHH: OfHA COBOKYMHOCTh
o0pa3oBaHa IJIOCKOCTSMH CHMMETDHH My H My, JAPYras — JIBYM#
IMATOHAJBHBEIME TJIOCKOCTAMH, 0003HauaeMblMH CHMBOJAMH My,
Mg, DJIeMEHTbHl CHMMETPHH TAKOrO MHJOCKOr0 KpHCTa/l1a pacCMOT-
peHHl B KHure [1].

B 3oHe BpuanosHa KkBazpaTHOH pelIGTKH CYWIECTBYET UIECTb
THNOB OcOBGLIX TOUEK M JHHHA — 310 Touku I, M, X u suuun
A, Z, 2. Touxa I', xotopo#l coorserctsyer k=0, npu Bcex omnepa-
UHMAX TOYEYHOH Ipynnbl NpeoGpasyercss B camoe cebs. Touxa M npu
3THX oNepaunusx JuOO OCTaeTcss Ha MmecTe, JU60 NMEpexoauT B APY-
rHe BepIIMHbl KBajgpata. BepiuuHbl coelMHEHB! IPYr ¢ APYroM
BeKTopaMHM O0OpaTHOM pelleTKH M, CJICJOBATeNbHO, BCE ueThipe
BepLIHNbl NPEACTABJAAIOT OOKHY TOYKY. IDTO O03HAyaer, 4YTO TOU-
ka M npeobGpasyercs B camoe cebsi. Touka X uHBapu#aHTHa OT-
HOCHTEJbHQ omepauuii 2, my, m,, I[OCKOJbKY OTpaxKeHHe My, H
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NIOBOPOT 2, NMepeBojAT TOUKY (m/a) B TOXIECTBEHHYIO €l TOYKY
(—a/a).

Oco6bie uHun X, A ¥ Z MHBADHAHTHbI 110 OTHOIIEHHIO K OTpa-
KEHHAM Mg, My U My MHBapuaHTHOCTb MHUHUM Z OTHOCHTEJIBHO My
c/lefyer u3 TOro, YTO 5Ta ONEPayus NepeBOAHT KaxKAYIO TOUKY Nps-
MO#t Z B TOYKY, COEIMHEHHYK) C HeH BEKTOpDOM OOpaTHOH pelleTKH.
Tak, Touku G u F, nepexojsilde ojgHa B APYTrYyIO IpH 3ePKaJlbHOM
OTPaXEHMH My, OTJHYAIOTCH HA BEKTOD 0O6paTHOW pelleTkH
(2nt/a, 0, 0). Jlerko BHAETh, YTO B CJaYyuae KBajfpaTHOH pelIeTKH
K KaJ0# TOYKe rpaHHllbl 30HB BpUN/NIOIHA IIDHMEHHUMBI COOTHO-
wedus (10.17), Tak YTO BCKAY HA rpaHHLe 30HBI CIPABEIIHBO CO-
oTHowmeHHe grady e=0. D10 MoBeneHNe 3HEPTHH OJHO3HAYHO BHITE-
KaeT M3 Ha/JWYMs IUIOCKOCTH 3ePKajbHOH CUMMETPHH; YKa3aHHOE
COOTHOLIEHHE He BBIIOJHsSeTcs, Hanpumep, Aas rpaueir (111) rpane-
HEeHTPHPOBAHHOro Ky6uuecKoro xpucraana (cM. Huxke puc. 10.7),
IIOCKOJIbKY B HEM OTCYTCTBYET IJIOCKOCTb CHUMMETDHH, NepPHeHIHKy-
JaspHas HanpaBieHuio {111}

Ta6auna 10.1
XapakTephi mMalblX npejicTaBieHH 0coOBbIX TOuEeKX H AMHMHA KBaJpaTHOH

peleTKH

T, M|E|2,|4, 43| m, my|my my |V, M| E |2,|4, 45 |m, my, | my my,
T, M|1]1 1 1 1 TaM|1] 1] —1} —1 1
Ty My 111 1] =1 —1 {rs, Mgl 2 1—2) 0 0 0
Ta M| 11} —1 1 —1

X E 2, m, m, ‘% £ ZZ

Z m,

X, 1 1 1 1

X 1 1| =11 -1

X! 1 {=1| 1|—=1 AnSnZy | 1 1
X, 1 —1 -1 1 Ay, S5 Z, 1 —1

B Tta6a. 10.] mpuBexeHbl XapakTepbl NpPEACTaBJEHHA 1A 0CO-
ObIX Touek W JMHUR KBagpartHoi pewerkd. OKasbiBaercs YAOGHDBIM
ONMCHIBATh 3HEPreTHUECKYI0 30HY, yKa3hlBash COOTBETCTBYIOLUHE eH
HenpHBOJMMble [NpelcTaBleHHss B 0coObIX TOYKax, HampuMep
F5A1X422M521.

CooTHOIIEHHS COBMECTHOCTH. B npenenax omHoH 3HepreTHue-
CKOM 30HBI IPENCTABJEHHS B OCOOBIX TOYKAX M JIMHHMAX He SABJAKTCH
NOJHOCTbIO HE3aBUCHMBIMH. DTH [pEACTaBNeHHS JOJXKHb ObiTbh €O-



30HBb! BPHJIJIIOOHA 11 CUMMETPHS KPHCTAJIJIA 241

BMecTHHIMH. [lpeanonoxxuM, uto JuHUH Z COOTBETCTBYET NpPEeACTaB-
Jienye Z,, TaK 4TO COCTOAHMS Ha JUHUM Z OyAYyT HEUETHHIMH OTHO-
CHUTENIBHO ONEpauMH OTPaXKEHHS My YKa3zaHHOe IpejCTaBjJeHHE B
Touke X, nexaiuei Ha JUHUM Z, HECOBMECTHO C INpEJCTaBJICHUAMH
X3, X3, KOTOpBIE YETHBl OTHOCHTENIBHO M, Zs HECOBMECTHO TAKXKe
¢ mpeacTasiaeHHaMH My U M;, TOCKOJLKY OHH TOX<e YeTHBI II0 OTHO-
LWIEHHIO K My. 3aCJyXHUBAeT BHUMAaHUA NpeiacTaBiende Ms: OHO mpu-
BOAMMO OTHOCHTeJBHO rpymnbl E, m, u pacnanaercs Ha Z; u Zy,
nostoMy M; coBMecTHO ¢ Z; U Z,. JIerko moJydyuTh BCE COOTHOMIE-
HUSl COBMECTHOCTH M/ KBAaApPAaTHOH pelIeTKH; OHU INpUBENEHbl B
Ttaba. 10.2.
Ta6auuga 102

COOTHOMEHUS COBMECTHOCTH
AAS KBAaJPATHOH pelweTKH

Ipexcrapaexne COBMECTHO € MPerCTaBACHHAMY
Ay Ty, Ta T Xiy X,
Ay T, Ty, Ty X, X5
Z r, Ty, Ts; M\, M,, M;
2, Ty Ty Tsy My, M, M;
Z, Xy X3 My, Ms, My
Z, Xy X My, M, M,

INpocras kybuyeckas pewerka. [TonHast ToueuHas rpynna Cun-

MeTpuu Ky6a 3anmuceiBaercs B Bune 4/m32/m. B xy6e umerorcs ye-
THIpe ocobble Touky R, M, X, T u nsath ocoGeix junuit A, S, T, X, Z
{puc. 10.3).

Touku T' u R. Touka I' naxoautca B UeHTpe 30HH bpuamiosna
H, OueBMJHO, mpeobpasyerca B camoe cebsi NpH BCeX Onmepaunuax
rpynnkl ky6a. Touka R, Haxojgsiiascs B Bepmuue kyba, coelu-
HeHa C JApPYTMMH BepIIMHAMHM BEKTOpaMu OOPATHOH peELIeTKH, H,
CJIeZIOBATEILHO, BCE BOCEMb BEPIUMH NpPEACTABJSIOT -OAHY TOUKY.
Ilpn mpeo6pazoBaHusX rpynnsl Ky6a 3TH BOCEMb BEpIUIHH IEpexo-
xat apyr B gpyra. [Nostomy Toukam R u I’ cOOTBeTCTBYIOT OJHH H
Te Ke MNpeiCTaBJeHus, NpuBeldeHHble B Taba. 10.3 (3Ta Tabauuna
uMeercss B s06oM yue6uuke no Teopuu rpynmn). O6 ynomuHaemon
B 9TOH Ttabnule Touke H Gyner cKaszaHO NMPH PacCMOTPEHHH 00beM-
HOLEHTPHPOBAHHOMA pelIeTKH.

B rta6n. 10.4 npuBenenbt pasjauuHble 00O3HAueHHs IJd Ipex-
CTaBJEHHH Tpynnel Ky6a, a Takxe 0asucHble (QyHKUUH HAWHH3ILETO

16 4. Karrens
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Ta6auna 103

Xapakrepsl ManbiX npejacraBieHdd Touek I'y R, H

*) TMpunarnie cokpauenus: BCB — o603HaueHus, coCTaBJEHHBIE H3
nepBbX 6yxB damunuit aBTopor pabors [7]; JIb — o6o3Havenus, cocTaB-
JeHHBle M3 MepBHX GYKB Gamunuii aBTOPOB pabotwl [6]; XuM. — o6osua-
YeHHs, NpUHAThIE B OOJbIIMHCTBE DPabOT MO XHMHMHM, a TaKXe B KHUre
Xeitne [4].

E 42 4 2 3 ! 142 14 12 I3
r, 1 1 1 1 1 1 1 1 1 1
T, 1 1| -1 | —1 1 1 1| ~11 -1 1
I}, 2 2 0 0 —1 2 2 0| —1
I'is 3 —1 1 —1 0 3| —1 11 —1 0
Iy 3 | -1 - 1 0 3| —1 | ~1 1 0
I 1 1 1 1 1 —1 | =1 | =1} —=1]|-—1
I, 1 1| —1 ] —1 1| —1 | —1 1 1| —1
i 2 2 0 0| —1{—2|—2 0 0 1
Tys 3 —1 11 —1 0] 3 11 —1 1 0
Is 3 -1} -1 1 0| =3 1 1] -1 0

Ta6auna 104
Tunbt cummeTpru B Toukax I, R, H KyGHUeCcKHX peuleToK
Q603na4eHHs ®)
BasucHule ¢yHKunn
BCB 7B Xuut
Iy 1] Ag 1
I B’ Arg | Xt (Y1 =2yt (22— ) 24 (22— y7)
1

e | v | B [{e—g () (o))
Iy o’ Tig |{xy (22 —y?). yz (y2—2%), 2x (22 —"x2)}
Py ¢ Tag |{xy, yz, 2%)
Iy o Ay X7 [x0 (92— 28) 4yt (22 — x0) 24 (22— y?)]
l‘; ! A,y (xyz
I‘;Q Y £y {xyzlzz “--;—(Xz—’r)'.’)]-'xyz (-xz—yz)}
Lis 8 Ty ({x 9 2}
2 e To  |{z2(X*—y?), x(y?—2%), y(2*—x7)}
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nopsika, KOTOpble MpeobpasayloTcsi COIVIACHO 3STHM NpejpcTasJe-
HHAM. BMecTo X, ¥, 2 Mbl ¢ TeM XK€ YCIexoM MOXeM IMHCaTb
k., ky, k, DasucHble (yHkuuu Gosiee BBICOKOTO MNOPAAKA MOXKHO
HaiTH B cTaThe [6].

Touku X u M. Touka, 3KkBUBaJeHTHAas TOuke X, JEXKMT Ha mepe-
CeueHHH OCH k, C HUXHeH rpanbio Ky6a. Touke M 3KBUBaJIEHTHBI
TPY TOUKH, DACNOJOXEHHLHIE Ha TMepecedeHUsAX IUIOCKOCTH Rgk, ¢
BepTUKaJbHEIMH pebpamu Ky6a; Touku X u M HMET ONHH U Te XKe
3J1eMEHTbl CHMMeTpuH, 4/mmm. COOTBeTCTBYIOILHE IpEACTABJEHHA
H THNIB CUMMETpHH NpuBefeHEt B Taba. 10.5. Tabauunl xapakrepos
MOXKHO Ha#itu B [3, 7].

Ta6auua 105

Tunet cummeTpur TOouek X u M Ry6Guueckux
pemieToOK (OTHEeCeHHble K OCH 2)

Npencras- | Basncuwe ¢yux || IIpescran- | Basucubie ¢pyHk-
JeHB s aeHus LK

X, M |1 Xy, M; | xyz(x?—y?)
Xy My | x2—y2 X5 My | xyz

X3 My | xy X5 My | z(x2—y?)
X, M| xy (22— yY) X;» M|z

X5 Mg | {yz, z2x} Xi, Mg | {x 9}

Touxku na aunusax A u T. Touka Ha auuun T 3KBUBaJEHTHA TpeM
JpPYTMM TOYKaM, DacCOJOXEHHbIM Ha BepTHKaJbHbIX pebpax Ky6a.
CooTBeTcTBYIOIl@A TOUEYHAA T[PYyNNa CHMMETPUH 3aNHMCHIBACTCH B
BUje 4mm; Taxas XK€ IrPyNna COOTBETCTBYET M TOYKe Ha JHHHH A.
Huxe npusenenbl Ga3ucHble (YHKUMH, OTHECEHHBlE XK OCH 2!

Al Ay | A Ay Ag

] x2—y? | xy [xy (62 —y?) | {x. ¥}

Touxa Ha aunuu A. CooTBeTCTBYWOILLAsl TOYeYHAs TPYINa CHM-
MeTpPHH 3amuchiBaeTcs B BUAe 3m. DBasucHble ¢yHKUHM, OTHeceH-
Hble K ocH [l11], umeroT caenyomui BUA:

Ay Ay A,

Lo fxyx—y+yz(y—2)+2x(z—x)|{(x—2). (y—2)}

16*
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Touke Ha auHMKH F COOTBETCTBYET Ta K€ TpyNna, YToO H TOUKe
Ha A.

Touku na aunusax 3 w S. COOTBETCTBYIOULHE TPYINBl roJo-
mMopoubl rpynne 2mm. Basuchble GOYHKUMH, OTHECEHHLIE K TPAMOIl
ke=khy, k;=0, nMeIOT BU]

z

2, Z; 2, )

1 zZ{(x—y) z xX—y

Touka Ha aunuu Z. DneMeHTaMH CHMMETPHH COOTBETCTBYIO-
IIeTO BEKTOpa ABAAIOTCS JBe IJIOCKOCTH CHMMETPHHM M OAHA OCb
CHMMETpHH BTOPOro mopsaxa.

BasucHble ¢QYHKUHMH, OTHECEHHbIE K OCH 2, HMEIOT BHA

z, |z, | z,| z,

1 yz y z

Ilpencrasnenus, coorsercraywiue tToukam G, K, U u D, takue
XKe, KaK ¥ y TOUKH Ha JUHMH Z.

CooTHOLIEHHs COBMECTHOCTH [/ NPOCTOH KyOuuecKoh pemeTku
npuBenext B Tabu. 10.6.

Ta6ruua 106

COOTHOHIEHHS! COBMECTHOCTH AN NPOCTOA KyGuuecKo# peim eTKH

7 7/ 4 4 r
r, Ty | Ty Iis s T Py 1 T Iys Tos

A | Ay 8] AAy | AAs | AT | Ay [ AA] MMy ] AsAs
Al Az Ag Az.’\3 A\lAa Ag Al A3 1\]1\3 A2A3
ol X | I DR | DS | % | 3 | T | 323, | 5N,
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I1podorscenue mata.

M| My, | My M, M, M My My | My M;
3, % |3 %, 7,3, %, % T, [ ¥ 3.3,
Z | Z Z;s Zy z,zZ, | 2, Zy Z, | Z, ZyZ;
T, | T, | Ty | T3 Ts T T; T, | T, Ty

Knaccudnkauus cocrosHuilt THNZ NAOCKKX BOAH B nycToil pe-
werke. B ry. 13, nocBauieHHol pacueTy 3HEPreTHYECKHMX 30H, Mbl
YCTAHOBMM NpPHYMHH, N0 KOTOPHIM MOCJAEIOBATENbLHOCTh 30H B KpH-
CTaJjJie 4acTO HalOMHHAEeT MOCJAENO0BATENbHOCTh COCTOAHHHA THNA
NJIOCKHX BOJIH, IpHYEM KpHCTaJIMYECKOe TNoJe pacCMaTpPHBAEETCH
KakK NOTeHUMAaJ, CHHMalI#il CcayuafiHoe BBLIPOXAEHHE TaKHX CO-
CTOSIHMA. DTO MO3BOJIAET C YCNEXOM M3yuaTh 30HHYIO CTPYKTYDY,.
paccMaTpuBas BO3MYIIEHHbIE NJOCKKE BOJHEL

[1710cKyI0 BOJIHY C NPOH3BOJBHLIM BOJIHOBbIM BeKTOpoM k'

o= R, g = b (10.19)

m
MOKHO TpPEeJCTaBHTh B TAKOM BHJe, YTOOB BOJIHOBOH BEKTOD OKa-
3ajCq NpUBENEHHBIM K MNepBoil 30He BpuamosHa. Mul Bcerna Mo-
JKeM HaHTH Tako#l BeKTOp o6paTHOi pemerkd G, 4yTO BOJHOBOH BEK-

TOp
k=k’'—@Q (10.20)
6yner JexaTtb B nepBoi 3oHe Bpuaniosna. Beesem oGo3snauenue
Px = P = % Xuy, (X), (10.21)

rue
o (X) = €i0%,  g— o (K+ GP = (10.22)

31ech ¢yHkuua ‘0%, kak u TpebyeTcs, WMEeT NEPHOIAUYHOCTD
npAMO# pelIeTKH.

3agucumocto 3Inepauu 0T npusedeHHO20 B0Ax08020 6exkTopa K
(cayuai npocroti kybuueckod peulerku). PaccMOTpuUM Tenepb BUA
3HepreTHYECKHX 30H B NepBO# 30He Dpuiio3HA u HX BBHIPOXKAEHHE
I cayuyasi MycToil mpocToii KyOuuecKoH pellerTkH, roJaras npu
3TOM TOCTOSHHYIO PelleTKH paBHOH eiuHuue (a=1), a noreHuxan
BHYTPHKpUCTaJ/IHYecKoro noas pasHbiM Hymo (V(x)=0). Haunus-
mwas sHeprua mnogayuaerca npu G=0; eit cooTBeTcTByeT 3IHEpreTH-
yeckas 30Ha A, uaoGpaxenHas Ha puc. 10.4, 1. €.

a = g A2 (10.23)
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3onoft B Ha3oBeM 3HEPTETHYECKYIO 30lly, COOTBETCTBYIOILYIO Bek-
Topy G=2r(100); Torna, cornacio (10.22), moayuum

gy = g (ke — 20 + k) + K}, (10.24)

ITpu k=0 egy=(1/2m) (2n)?; no Mepe TOro KaK Mbl YXOIHM OT 3TOH
Toukd B HampaBjeHud [100], 3neprus epx yObiBaer, u B Touke X

e, 2m/nY e, -(2m/n?)
5 . s >
2 (G2
4)
@ z(n)
mt e A
220 “ (. |
x 1 )
A ¥
4)
S ﬂ'[ﬁ(; Y S % .
z(204) ) 0 6) .
N0 gre ) ()
4 =(100) 1
i, ,
z V/j z J %
r A r R
Hanpabnenue [100) 6 Hanpabnewve (71116
k-ngacmpancmbe k-npocmponcrfe

Puc. 104. CxeMa mpuBefeHHHIX 30H Aas8 CBOGOR-
HHIX 3JEKTPOHOB B mycTod npocToff kyGHueckoR
peiretke nad a = 1.

Ludpst B cKkOOGKAX OKOJO KPUBHIX YKa3HBAKT KPATHOCTH
BBIPOX1EHHS.
(k=n00) 3ona B conpukacaercs c¢ 3oHo#t A. 3ona C COOTBETCTBYET
snayenuio G=2x(100), a sount D, E, F, G — cOOTBETCTBEHHO 3HAa-

yenuam G/2n, pasubim (010), (010), (001), (001). Caenywowui
HaGop conepXuT !2 3HepreTHMUeCKHX 30H, COOTBETCTBYIOLIMX BEK-
Topy G=2n(110) u BekTOpaM, SKBHBAJEHTHBIM EMY.

PaccMoTpuM BiMsHME <1a060r0 KPHCTAJNJIMYECKOrO MOTEHLHa/a
¢ KyOHUECKOM CHUMMeTpHell Ha CHATHe CJyualHOrO BHIDOXKJEHHSA, Ha-
JMYME KOTOPOro OYEBHMAHO M3 cxeMbl 30H Ha puc. 10.4. B mycro#
peiieTke B TO4Ke I' uMeeT MeCTO IIECTHKPATHOE BbIpOXIEHHE NpH
G=2n(100) u s3kBuBajeHTHbIX 3HaueHusax G. HeBoaMmyulensble BOJ-
HoBLle (pYyHKUMH B Touke I' MOXKHO 3amucaTh B BHIE

({11=€2"i“', (p2=e—2nix’ (p3=€2’”>',

(10.25)

Q= e—2ﬂiy' Gy = e?nlz‘ 0= e—?niz,
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B Touke I' rpynmnoi BOJHOBOro BEKTOpa SBJAETCA BCHA TOUEUHAR
rpynna xy6a. MOXHO NOCTPOUTb HEMPHBOAMMBIE IPeACTaBJEHHUS
9TOH TrpYNNEl H3 QYHKUMN ¢; Onpejenss XapakTepbl (PYHKUHA
H OCyLLECTBJsAAS NPUBEJEHHE NMpPEACTaBJeHHA WIM XKe (U4TO, BEpoAT-
HO, TIpolle) pasjaras (YHKUHMM ¢; B PAA A8 MajnblXx 3HaUeHHH
apTyMEHTOB M 10/b3ysAch Tabu. 10.4. Tak, orpaHHuKBAEACh UJIEHAMH,
KBaJpaTHUYHLIMH 10 KOOpJAHHATAM, KMEEM

¢~ 1+ 2mix — 20252, @~ 1 — 2nix — 2n? x2,
G~ 1 4+ 2niy — 27242, @, ~ 1 —2niy — 2n? 42, (10.26)
¢~ 1+ 2miz — 20222, @z~ 1—2niz— 2n? 22

HanoMHuuM, uTo 3aeMeHThl R’ rpynmnbl BOJHOBOIO BeKTopa nef-

CTBYIOT Ha KoopauHathl. M3 ¢yskuuit (10.26) mMoxHO nocTpoHTh
HECKOJIbKO NpPEACTaBNCHHH, @ HMEHHO:

P+ @+ @+ 9+ 95 + ¢ (10.27)
Pt — @~ G — @~y ¢5—@~2; (10.28)
Foip 40— g3 — @~ x2— 42

Q1+ o+ @3+ @ — 25 — 295~ x% - 2 — 222 (10.29)

Takum obpasowm, aias G=2r(100) Mb NPUBOAMM UIECTHKPATHO BHI-
poxjeHHOe npexacrasiaedue I' K Buay

=T 4Iy+Ty~s+p+d (10.30)

(mo anasorun ¢ aToMHbBIMH op6utamu). lllecTHKpPaTHO BBIpOMIEH-
HOE COCTOSIHME pacllennisieTcs Ha OAHO-, ABYX- U TPEXKPAaTHO BhI-
PO JIEHHblIE COCTOSIHHMSA.

B Haunusmel Touke X COCTOSAHUA MMEIOT BH

@ =e"¥, = e i, (10.31)
M3 atux pyHKuM# MOXKHO NMOCTPOUTH KOMOHMHALMH
X,~cosnx, X,~sinmnx. (10.32)

Ecau noreruuan HOHHOTO OCTOBA COOTBETCTBYET INPUTAXKEHHIO, TO

coctosHue X; OyAeT JleaTh 3HePreTHYeCKH HHXKe, 4YeM Xa, 10-
CKOJIbKY KOCHHYCOMAAJBHOR (YHKIHM COOTBETCTBYeT GOJbliee Ha-
KOIJIeHHe 3apfAna BOJM3K MOHHOTO OCTOB3, pPacnoJOXKeHHOro B
rouke Xx=0, ueM cHHYCOMJa/NbHOH.

O0bemHOUCHTPHPOBaHHAA KyOuueckas pewerka. [lepBas 3ona
BpuanosHa 06beMHOLEHTPHPOBAaHHON KyOH4eCKOR pelleTKyM npen-
craBasier coboit poMmbonoaekasnap, uaobGpameHHbH Ha puc. 10.5
(ee gopma onpenensierca B Kuure [1]). DnemenTh! cUMMeTpHH, cO-
orBeTcTBylOILMe Touke I' M ToukaMm Ha auHuax A,Au X, coBnagaior
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C 3TUMH 3JeMeHTaMH B rnpoctoft kKybuueckoi pemerxe. Touka H,
kak u I, o6sanaer noJaHo# KyOHuecKON cuMmeTpuedl. Xapaxkrephbl u
THIIBL CHMMETPHH, COOTBeTcTBylomue ToukaM N u P, mpusoxpatcs
B xuure [lxkoHca [3]}. Knaccucbukauus npeiacTas/ieHHH 3SHepreTH-
yeCKUX 30H B IIYCTO¥ pellleTKe nokasaHa Ha puc. 10.6.
I'paHeuentpupoBanHas kyGuueckas pewerka. @Dopma 30HbI
Bpunniossa mokazana Ha puc. 10.7; oHA uMeeT BHI yCeYEHHOTrO
okrasapa. Haubosee uHTEpecHH cie-
ayloutue ocofble TOYKH — LEHTpH L
LIECTHYTOJbHbIX TIpaHed, LeHTpH X Y,

"1
9 4204 05408 1
Vs

#
Puc. 10.5. 3oxa Bpuamwosua o6beMHoO- Puc. 10.6. Iuepreruueckne
JLeHTPMPOBaHHOK KyOHUECKOH pelleTkH. 30HLI a8 cBoBoauoOH ua-
[loka3aHu TOUKM M JHMHUH, COOTBETCTBYIOLIHE CTHLR BHOGEEMHOHCHT})H-
9/1EMEHTaM CHMMETDUH. POBaHHOH KyGHuecKo# pe-
IETKE.

KBaJpaTHbIX rpaHefl u BepmwHhl W, oGpa3oBaHHble nepeceyeHUeM
JBYX IIeCTHYTOJBHUKOB H OJHOro KBajparta. Ecuu B3ATh 3a enu-
HURY AJUHbI pe6Gpo @ 3jeMmMeHTapHoro kKyba npsaMoOfi pelieTkH, TO
KOODAMHATLI 3THX ToueK OYAYT UMeTb BHI

=2 ©001), |
P TARR
a \2 2 2
(10.33)
W=%T“(_;_01).
K=Z(349)- |

Knaccudukanus npeictTaBeHH 3HepreTHYECKMX 30H MPHBEJEHE HA
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puc. 10.8. 3ameTuM, uTO B IpaHelEHTPHUPOBAHHOH KyOuuecko# pe-
LIeTKe HEeT NJOCKOCTH CHMMMETPHH, NeprneHIMKYJAsApHOA HanpasJe-
Huo [L11], B cBA3M C 4eM Ha UIECTHYro/JbHBIX I'paHaXx gradxe He
JoJXeH paBHATbCA HYJi0. [logpo6HocTH,
Kacalouecs MOBEAEHHS 3TOro rpamueH-
T4 Ha UIECTHYTOJBHBIX TpaHsX, CM. B
kuure xonca [3].

N

N

NN [DN

~

it

5
g 47 42 g9; o4 45

r L
Puc. 10.7. 3oHa Bpuamosda rpaHeneH- Puc. 10.8. duepreru-
TpHpoBaHHOH KyOGuueckoil pelwreTku. YeCKHe 30HBl RA CBO-
Toka3anw TOMKH W JMHWM, COOTBETCTBYIOUIME GonHOR yacTHUH B rpa-
S1EMEHTaM CHMMETDHH, HELEeHTPUPOBAHHOHA KYy-

GMYeCKOH pelucTKe.

lekcaroHaabHas CTPYKTYpa € NAGTHOR YNaKOBKOH H CTPYKTypa
anma3aa. ITpocTpaHcTBeHHbIE IPYNNbl 3THX CTPYKTYP COAEPKAT NJO-
CKOCTH 3epKaJbHOro CKOJbMEHHs] MM BHUHTOBLIE OCH — 3JIEMEHTHE
CHMMETPHH, KOTOPLIMH He o6siajaer peileTkd, noJdydamollasics npo-
CTHIM TI€PEHOCOM IIPUMHTHBHOH siueMkd. HenpusoauMble mpeacra.-
JEHHs TPYUN BOJHOBLIX BEKTODOB, JeXallHX BHYTPH 30HH Bpui--
JI03HA, He HM3MEHSTCS CKOJMbKO-HUOYAb 3HAUMTENABHO npH aobasie-
HHUH 3THX 3JIEMEHTOB; 4TO K€ KacaeTCs TOYeK Ha NMOBEPXHOCTH 30HBI,
TO COOTBETCTBYIOILME MM IPeACTABJEHHS NpeTEpNeBalOT CYIECTBEH-
HOe H3MeHeHHe. BBUIy HaJsuuusi HOBLIX 3JIEMEHTOB CHMMETPHH MO-
)KeT 0Kas3aTbcsl, YTO B HEKOTOPOH ocobofi TOUKe MIM BIOJAL LeJoi
JHHMH, WIH Ja)Ke Ha UeJOH IrpaHH NOBEPXHOCTH 30HLI HeNPUBOIH-
Mble npeicTaBneHua OyayT TOAbKO AByMepHbIMH. MoxHO cKkasath,
YTO NMPHUCYTCTBHE IJIOCKOCTeH 3ePKAJBHOrQ CKOJBXKEHHSI ¥ BHHTOBBIX
oCeit MPHBOJMHMT K CAUAHUIO 3IHEPreTHUYeCKHX 30H Ha OCOBLIX JH-
HUAX M NJOCKOCTAX. HanoMHuM, YTO Haml aHa/ M3 CHMMETPUH 30H
BpuitiosHa noka yto NpoOBOJHMTCH TAK, KaK €Cau Obl Y 3JEKTPOHA
He 6blJIO CIMHA.
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MpounmocTpupyeM CKa3aHHOE NMPOCTHIM NMPHUMEPOM IS AByMEp-
HOro Kpucranaa. PaccMOTPMM NpsAMOYro/bHYIO 30HY DBpuaiosua
P (puc. 10.9). Ilycts npocTpaHcTBEHHAS
' rpynna KpHCTa/Lla COMEpPXHUT IIOCKOCTH
CHMMETPHH M, NIePIeHANKYAaPHBIE K OCH a
B TOUKax x=a/4 u x=3a/4, ¥ NJI0CKOCTH
L7 3epKaJbHOTO CKOJIbXKEHHS g, fapaJJesb-
HYI0 ocH a. 3Ta npoCTPAHCTBeHHad
rpynma o6o3Hadyaercss CHMBOJOM p2mg.
) e [Tpeanonoxum, uto X(x, y) ecTh pelue-
X HHe BOJHOBOIO YypaBHeHuss npu k=
=n/a(10). Hamuume nuiockoctu 3ep-
KaJIbHOrO CKOJIbXKEHHUSl 03HayaeT, YTo

gX (x, )=X (x+5a —y). (10.39)

YrasaHHass npOCTPAHCTBEHHAs TIpynmna
Puc. 10.9. 3ona bpmamosma JOJXKHA COAep»Karthb npeobpasoBaHue HH-
NpOCTOH IHpAMOYrOAbHOA pe-  pepcuu / M, CjIeAOBaTeJbHO,

IIETKH. IX (x, )= X (—x; —y). (10.35)

HanuuMe mJOCKOCTH CHMMETDMH, NMPOXOAAILEN uepe3 TOUKYy x=a/4,
03Hayaer, YTo

mX (x, y)=X (— x4+ a y). (10.36)
Cpasnusas (10.34), (10.35) u (10.36), nonyuaem
gX(x, y)=mlX (x, y). (10.37)

[peamosnoxuM, YTO npeictaBJeHue X OXHOMepHO; TOrIa
ua 12X (x, y)=X{(x, y) caenyer, uto IX(x, y)=xX(x, y), a u3-
m2X(x, y) =X{(x, y) BbITEKAET, UTO

mX(x, y)=%xX(x, y).
Coraacuo (10.37) nonyuaem
22X (5 y)y=mimlX (x,y)= (£ 12 (£ 12X (x,y)= X (x, y). (10.38)
QOpuako
g'X (x, y)=gX(x+%a: ——y)=X(x+a: y)=
=e* X (x, y)=€"X (x, y)= — X (x, y), (10.39)

yro upoTusopeudT cooTHoweHHw (10.38). CuenosatenvHo, mpexn-
craBiedne X He Moxetr ObiThb ONHOMEDHHIM, M B k-mpocTtpancTse
3HepreTuyeckKHe 30HBI JOXKHEI CJIUBAThCA B Touke X.

Hcnoas3ys HMHBAapHAHTHOCTH OTHOCHTENLHO  ofpallieHHs Bpe-
MEBH, MOXKHO T0Ka3aTh, UTO 30HBlI CJHUBAIOTCH Ha NMOrpaHHUYHON JIH-
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HYH, npoxojauen uepes Toukn X u Z. O6o3anauum onepatop obpa-
wenus BpeMenu uepes K. M3 ra. 9 HaM wu3BecTHO, 4TO B OTCYT-
CTBHE CNHHA

Koy (X, y) =0 (£, Y). (10.40)
Ho na rpanuue K=(xv/a, k,) M umeem
— =(_%, _ky)E(i;., _.ky). (10.41)

Takum oGpasoM, eciu cocTosiHME ¢ BOJHOBbIM BeKTOpoM k He
BblpoxaeHo, To u3 (10.37) caepyer, uto

gKaoy (x, y)y=mlg_, (x, y) = me (%, y) =@, (%, y). (10.42)

Hns monyueHHss TOc/aeqHero paBeHCTBA MBI BMECTO TOrO, 4TOGHI
JefCTBOBATb ONePATOPOM M, HA KOOPAMHATH], BOCIOJbL30BAJHUCH CO-

OTHOILIEHHEM
(5 m)]= (3 8)

gKgKe, (x, y) = g% (x, y),
1 ¢ nomomsio (10.39) monyvyaem
o (%, )= (x+a, ) =—@(x, y), (10.43)

yro HecoBMecTUMO ¢ (10.42). CaexoBatensHo, dyHkuuu gy 1 2Kk
BOKHBl ObITb He3aBUCHUMbIMH. [TOCKOJIbLKY raMu/IbTOHM3aH HHBa-
pHaHTeH OTHOCHUTEJNbHO ONepauHi

Onuako

g v K, 06euM 3THM (YHKUHAM IOJ- L 4

Ha COOTBETCTBOBAThL OAHA K Ta S R o~

Ke 3Heprus. DHepreTU4ecKue 30HBI ANz S'4

CIMBAIOTCS HA TOrPAHMYHOA  JH- F ey P

HUM, TpoXonsiue# yepes Touku Xu 4 . 1 N (o[-

Z, v HUKaXojl 3HepreTHueckoll lie- 7 vz Ve

JIH 3Xech GHITb He MOMKET. RCANA
Ilonobuble paccyaeuus, npo- # Ab

BeJeHHble  JUIS  reKCcaroHaJbHOH

CTPYKTYpPbl C IIOTHOH ynakoBKOH L d

[8, 9], mnokaskIBAaIOT, YTO LWECTH- Pyc. 10.10. 3ona Bpuniiosua rexca-
YrOJbHBIM IpAaHAM 30Hbl BpHJIIO- ronaasnoif CTPyKTYpH ¢ IJIOTHOH
ua (puc. 10.10) Moryr coorsercTBo- ynaKoBKOH.

BaTb JIHIb [ABaXbl BHIPOXIEHHbBIE

COCTOSIHHA. DTOT pe3y/]bTAT upe3BLIYAHHO BaXeEH, NOCKOJILKY OH
03HaydeT, YTO JHEPrHA He NperepneBaeT paspblBa Ha LWECTHYTQb-
Hok rpanu. Bbi1o nokasano, oauako [10], yTo cmuH-op6uTaJdbBHOE
B3auMoneHCTBHe CHMMaeT BhipoxjenHe. Ciayualt CTPYKTypbl a.-
Masa paccMoTpeH B ctaTbe Daauora [11], caywaélt cTpykTyphl uHHKO-
BOi oOMaHku — B pabore [lpeccenbxay3a [12].
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Cnun-op6urtansbioe B3aumopneicreue!). Temepp yuteM cnuH
3JIeKTpoHa B 3ajgave o pacuere 30H Bpustiosna. [lpocroe noGasae-
HHe CIMHA 6e3 yyera CNUH-OpPOMTANIbHOrO B3aMMOAEHCTBUS JHIb
‘VIBaMBaeT BHIpOXJAeHHE Kaxjaoro cocTosHus. CnuH-OopOHTa bHOE
B32HMOJEHUCTBHE HACTHYHO CHHMAET BLIDOXKJEHHE; OJHAKO BHIPOXK-
JleHHe OCTaeTcs A Tex 3HaueHWM Kk, ANl KOTOpPHIX COCTOSIHUs BHI-
POXMJIeHbl NMPH HAJWHYHM CIHHA JHWb ABYKPAaTHO, NMOCKOJbKY TeEO-
pemMa Kpamepca o CHMMETpHH OTHOCHMTEJbHO OOpAaIllEHHS BpeMeHH
‘TpebyeT Mo KpailHell Mepe AByKpaTHOro BulpoxpeHus. CocTosiHHE
p-tuna (Hanpumep, I'is B KyOuuecKoM KpHucrasane, cM. Taba. 10.4)
B OTCYTCTBHE CIHHA TPIKALI BBIPOXKIEHO; NP HAaJHYHMH CIHHA BhI-
pOXJ€eHHE CTAHOBHUTCH MISCTHKPATHBLIM; TPH yueTe CIHH-OpOHTAIb-
HOro B3aUMOJEHCTBHS 3TO COCTOfHHE BejeT ceGsa Kak Habop co-
CTOSHUHA py, , Py, B ATOMHOA CIIEKTPOCKONHUHU: [IECTHKPATHbIA yPOBEHbH

pacuien/sieTcsi Ha YeTHIDEXKPATHBIA YPOBeHb THNna p, H IBYKpat-
HEI/l ypOBEHD THNIA P, .

Crnun-op6uranbHoe B3aHMONEHCTBHE BHAOM3MEHSIET MaJkle npen-
crapaedusi. Jas rpynnbl, coorBercrBylolieit touke I' (taba. 10.4),
TpeACTaBJIeHHs NPH HalHYHH CIIHHA BLIPaXKaloTCsA uepe3 IpejcTaB-
JICHHUH, TIOJy4alolHecs B OTCYTCTBUE CIIHHA.

T; Ty | Ty Ty T Tos ry

1

4
T;...

I, XDy | Tg | Ty |Tg|Te+ Ty |T;4Tg | Tg|T7...

Ilpencrasaenus I's, I'7, ['s COOTBETCTBEHHO ABY-, ABY- H 4eThbipex-
MepHbl. TaGnHUB XapakTeposB [a8 OCOOBIX TOYEK NPHUBENCHE! B
-ctatbe daauora [11]; aas touku I' xapakrepul npeAcTaBAeHHH NPH-
BejeHbl B Taba. 10.7.

Tab6baunga 107
Ta6Gnvna XapaxrepoB AONOJNHHTENbHBIX MPEACTaBJCHHH ABOAHOA rpynnsl
B Touke T
(Onepanuy, MOMEYEHHBIE YEPTOYKAMM CBEPXY, H3OMOPHHH COOTBETCTBYIOWIUM
onepauusaM 6e3 4epTOUEK)

El E (412 4 4 2{2] 3 3 IXZ
Te s (2] —2 |00 212 | 22 1olo} 1| —1{+%x(2)
I, T7 2| —2 |o0ojo] —21? 2¥2 [o|o] 1 +%(2)
Te Ty |4| —4|0]0 0 0 00| —1 1 x21(2)

'} Cwm. paGorut danuora [11] 1 dpecceanxayaa [12].
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Bosee noapo6Ho BiusiHMe CNMH-OPOHTANBHOTO B3aHMOAEHCTBHA
Ha 30HHYIO CTPYKTYpY JIyulle BCEro pacCMaTpHBaTh Ha 0cob0 Bax-
HbIX KOHKpETHbIX mpuMepax. Hekotopble u3 HMX OyAyT pasobpaHbl

HMXKe, B I'I. 14, IpH pacCMOTpPEHHM 30HHOM CTPYKTYpPBl NOJYHPOBOJ-
HHKOB.

®ononn. CpoficTBa CHMMETPHH (DOHOHOB B KPHCTAIAX MOXKHO
ONHCATL TEM XKe Cnoco60M, YTO M CBOACTBA CHUMMETDHH 3JEKTpO-
HoB. [IpaBusiia or6opa JJiA MPOLECCOB, B KOTOPHIX y4aCTBYIOT Kak
¢OHOHBI, TAK M 3JMEKTPOHB, MOXKHO HaiTH B cTaTthax (13, 14].

3AdAUYH

10.1. IToxa3aTb, YTO Qs KBaJPAaTHOH peIIeTKH
Ts=A;+ A, T5=2,+4 2%,
M5=zl+22- M5=Z|+Z,.

10.2. IToxasars, uTo 3HepretHueckie 308 D, E, F, G (cm. puc. 10.4) Ha
JHHHA A MpHBORATCH K npeicTasieHusM Aj, Ag, As.

10.3. Iloxa3aTh, uTO B OTCYTCTBHE CMHHZ HEOCOOBIM TOUKaM IIECTHUYTOJIbHBIX
TpaHeit 30HBI DpH//IIOSHZ RJA TeKCaroHaJhHOW CTPYKTYPB C IVIOTHOR yNAKOBKOH
MOTYT COOTBETCTBOBATH JIMIIb ABAXKIAbI BbIPOXKIAeHHble COCTOAHHA.

10.4. TIpoBepHTh NPABUIBHOCTL KJacCH(HKAUUK BCEX JHEPreTHUECKHX 30H AJSA
rpaHeuedTPUPOBaHHOM KyGuueckolt pemieTkn Ha puc. 10.8.
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JAMHaMHKA 3]1€KTPOHOB B MArHHTHOM TOJE.
Addexr ae N'aasza — Ban Anbdena
H UHMKJIOTPOHHbLIH DE30HAHC

jIBneHMs, CBA3aHHblE C [OBEJAEHHEM 3JEKTPOHOB KpHCTaJJa B
MArHHTHOM [IOJIe, TIpeJCTABJAIOT 3HAaYUTEeJNbHO GOJBIIHE HHTEpeEC,
yeM fBJEHHSA, CBA3aHHBIE C HUX NOBEJEHHEM B 3JEKTPHUECKOM IIOJ]e.
B MarHuTHOM mose OpOUTH OOBLIMHO 3aMKHYTBI H «IIDOKBaHTOBAHBIY;
OAHAKO WHOTJA OHH MOTYT ObITb He3aMKHYTHIMH (OTKPBITHIMH), 4YTO
NPUBOAMT K ONpeneNeHHbIM, CIelH(HUYECKHM, NOCJAEACTBUAM. DKC-
nepUMeHTa/bHEIe HCCJACAOBAHMA SBJEHHH, CBA3aHHBIX C OpOUTAb-
HBIM JBHXKEHHEeM, AAI0T Haunbo/ee HENOCPEeACTBEHHYIO HHGOpMaLMIO
o noBepxHocTH Mepmu. K uncay Hambosiee WHTEPECHBIX H 3KCIIEpH-
MEHTaJbHO OOHAPYKHMBIX HBJEHHH NONOGHOrO pOXA OTHOCATCSA
UMKJIOTPOHHDBI pe3oHaHc, sdgext [le ['aasa — Ban Aubcena, 3a-
TyXaHHe aKyCTHYeCKMX BOJH B MArCHUTHOM II0J€, M3MEHEHHE 3JeK-
TPUYECKOr0 CONPOTHUBJIEHHS B MAardHUTHOM moJse (MarHeToCONMPOTHB-
jenue). OCHOBbI TEODHH JBUMEHHS 3JEKTPOHOB B KpHCTa/ljle IpPH
HaJdYMM MarHWTHOTO NOJsA pa3paloTaHbl, K COXKAaJEHHIO, HE CTOJb
4YeTKO M SCHO, Kak C(OpMyJupOBAHHbIE BBIIIE TEOpPEMBl, OTHOCH-
mMecs K ABHXEHUIO 3JEKTPOHOB B 3JEKTPHUECKOM MOJE, XOTHA AeJ0
0OCTOMT, MOXKaay#, He Tak yx maoxo. OaHa uaH ABe 3ajau, Ka-
camouyecs IBUXKEHUS B MArHWTHOM IOJe, OblLIH pElleHbl TOYHO; M9
6oabiIof rpynnbl 3agady OblIM MOJYYeHbl KBA3UKIACCHUECKUMH Me-
TogaMu npub/aMKeHHble pelleHusl. B psige ciayuaeB pelleHus OblLIM
MOJIyueHbl B BHJe pPHAAOB (110 MAarHUTHOMY TOJIO), TIpHYEM OGbLIA
BHIUMC/IEHE HEeCKOJbKO WIEHOB TaKHX pAAOB. KBasHKiaaccHueckoe
paccMOTPeHMEe IBHXKEHHs 3JeKTPOHA Ha moBepxHocTH Pepmu B Mar-
HWTHOM II0JI€ OKa3hlBaeTcsi B OOJBIUMHCTBE CIY4aeB JOCTATOYHO
TOUHBIM.

CroOopnHbli 3JEeKTPOH B MArHHTHOM MNoJje

PaccMOTpHM cHauasa JBuXKeHHe CcBOOGOMHON YacTHLIBI ¢ Mac-
COH m M 3apANOM € B OXHOPOJIHOM MarHMTHOM mnoJse H, Hanpas-
JIEHHOM [apaJJielbHO OCH 2. BexkTopHHH noTenuwan s Kaaubposke
Jlangay pasen A=H(0, x, 0). I'aMmuinToHHaH B 3TOM Ccayuae
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uMeeT BHA
= [p— 2]

ﬁ[Pi+Pi+(py+mmcx)2]. (11.1)

rle w,— UMKJIOTpOHHAA 4actoTa, OHPEIIEJISTEMHSI 1018 3JIeKTp0Ha
COOTHOILIEHUEM

eH
LA (11.2)

®
¢ mc

Ilpexxpe Bcero pacCMOTPHM KJacCHYECKWe YPABHEHHS JBHXKEHHA C
TeM, YTOObl MPHOOpECTH MPHBLIUKY CBOOGOAHO 06pallaThcs C HHUMH
B IIPHHATON KaaubpoBke. Mbl umeeM

. M pe . H  (pytmex) . ps
x:dpx = y‘_'_—apy -—————_m ' Z=—r-n-; (113)
. oH . .

Pr=——5 =—py+mox)o, py,=0, p,=0. (11.4)

W3 3toft 3amucu cpasy BHAHO, YTO fy M P, ABAAIOTCH HHTErpanaMu
JBHXKEHUS; MOXKHO OOO3HAYHTh MX COOTBETCTBEHHO U€pes ky u R..

M3 ypaBHeHHH LIS X H Py TOJYUHM
. 1
— — 24 m 2
mx == — k0, — Mo>X = — mo; (x+ Py ky). (11.5)
T. €. YpdaBHEHHA HJad JIHHEAHOrO rapMOHHYECKOro OCHHJIATOpa C

YacTOTOH w. ¥ NOJOKEHHEM paBHOBeCHSA

L g, (11.6)

mo,

x0=—

OTMeTHM TaKXe, YTo Jj, B OTJHUYHE OT Py, He ABJIAECTCA HHTErPajoM
nBUKeHHsl. TUNHYHOE pelleHue 3THX YDAaBHEHHH HMeEeT BuJ

X= - — k- cosat, y=y+ sinad, (11.7)
(4

TIE Yo, KAK U Ay, — BEJHYMHA, KOTOPOH Mbl MOXEM DACHOPAXKATHCS.
KBaHuToBble ypaBHEHHs ABHXKEHUA 3aMHUCHIBAIOTCA CJAedYIOLIUM
ob6pa3oM:

ix=[x, H|= f:f' iy =1y, H]=—(py—1—mm,x), iz = ”z, (11.8)
px=[va H]=—i(py—+—mmcx)m,, Py=0s pz=0v (119)

YTO NMOJHOCTBIO COrJIACyeTCst ¢ KJaaccHuecKMMHM ypaBHerusMu (11.3)
u (11.4). BHINOJIHUB MOACTaHOBKY

1
py=ky Dr=k; x=— v ky4-q=x,+¢, (11.10)
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TONYYMM AJ14 raMujabroHdada (11.1)
1 o 1

CoOcTBeHHble 3HAauyeHUN 3TOr0 raMuJbTOHMAHA 3aNMCHBAOTCA B
BHJE

a—_—(k—{-%)coc—i—%kg, (11.12)

rlie A — IOJOXUTEJNbHOE 1eN0€ YHUCJA0; COOCTBEHHbie (PYHKUHH HMe-
IOT BHJ

@ (x) = exp |i (kyy + k,2)] X
X QyHKIHA rapMOHHYECKOT0 OCLHUJIJIATOPA OT (X — Xxp). (11.13)

MakcamasbHoe 3HaueHue k, omnpejensiercs cooTHouwreHueM (11.6)
coraacHo TpeGOBaHHUIO, YTOOL KOOPAHHATA Xo HAXOAW/JIaChb BO BHYT-
penHe#r vactu ob6pasua. IlpeamosoxuM, 4TO 3JEKTPOHHHI ras 3a-
KJIOUeH B MpPAMOYTOJbHBIH TapaJJesnenunes co cropoHamu L,
L, L, Ecau

— gL <X <5 L (11.14)
TO
— gL, < ky < 5 mo,L,. (11.15)

Yucno ponycTHMEIX 3HaueHMd k, (B paccMaTpuBaemoit ob6aacTtu
k-npocTpaHcTBa) paBHO

eH

Lﬂ
_—mﬁ)ch=Lny '2_M'J

- (11.16)

[IpHYeM HaJIHyYMeM ClIMHA y 3JEeKTPOHAa Mbl MOKa mnpeHeBperaem.
Takum o6pasaoM, npu (PUKCUPOBAHHOM k, M KBZHTOBOM uHcae A,
XapaKTEepPHU3YIOIIEM 3HepPruio, JaHHoe COCTOSIHHE BLIPOXKIEHO. Mu-
TEPBAN MEXJYy COCEAHMMHM 3HEePTeTHYECKUMH ypoBHaMK (AA=1) pa-
BE€H ®; M, C1eJ0BATE&NLHO, YUC/IO COCTOAHMH HAa eJUHHMYHBIH 3Hepre-
THYECKUH MHTEPBAJ (NJIOTHOCTb COCTOSIHMH) IpH (DHKCHPOBAaHHON
BesnuKHe k, paBHO mLyL,/2n.
B nByMepHOM rase B Hy/JI€BOM MarHMTHOM IOJie [JOTHOCTb CO-
CTOAHMA paBHA
Ly o o @ Lelym

(2n)? de — 2n (11.17)

rae e=k?%2m. CnenoBatesbHO, Ha CpPEeHIO IJIOTHOCTb COCTOSHMIA
MariuTHOE IoJie He Bauser. JleficTBHe MAarHMTHOrO 1OJS CBEETCA
K «CTArMBAHHIO» OOJILIIOrG YMCJIa YPOBHEH B OJMH YPOBEHb.
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Ilpu aGconOTHOM HyJe BCE€ YPOBHM BIUIOTh 10 ypoBHA PepMu er
3a8HATHl, a BbilI€ — BCE YPOBHH CBOOOAHB. PaccMOTpHM <«NJIACTHH-
Ky» B k-mpocTpaHcTBe TOJIIMHON Ok, HaxXoAAILYyOCs Ha paccTos-
HUH R, OT MJIOCKOCTH k.k,; NycThb oCchb k, mapanjenbHa MarHHTHOMY
nomo. Uucao AonycTuMblx 3HaveHud k, B uHTepBasne 0K, paBHO
(L./2n) 6%, u, cnegoBatenbso, u3 (11.16) BhiTekaer, uTo uuCJIO, Xa-
pPaKTepH3YIOllee CTeneHb BbLIPOXKJIEHHS COCTOSHHA A B cjoe Ok,
pasHO

eHLL L

Tme ékz_L,L Lz " H=L,L,L;tH. (11.18)
Beenennyio 3necn BenuuuMHy £ HazoBeM NMapaMeTpPOM BLIpOXKie-
HUSl H ONpeleiMM Kak CTeleHb BLIDOXJAEHHUS HNPH E€JUHHYHOH Ha-
OPSIXKEHHOCTH MAarHMTHOrO MoJs Ha enuHuny obbeMa ob6pasua; co-

rnacto (11.18)
AL (11.19)

4n2c

IIpH 3TOM MbI ONIATL-TAKH HE yUHTbIBaeM CIIHHA.

Stddexr ae laasa — Ban Auasnthena!)

MtHorie 371eKTPOHHble CBOHCTBA YUCTHIX METAJIIOB IpH HHU3KUX
TeMnepaTypax fBJAIOTCH NepuofHYecKMMH ¢yHkuuaMu 1/H. Ha-
npuMep, 3¢ dext Uly6aukoBa — ne 'aasa cOCTOMT B TOM, 4TO 3J€K-
TPHYECKOE CONPOTHBJICHHE IEePHOJUYECKH H3MEHAeTCs B 3aBHCHMO-
ctu ot 1/H. Ddodexr pe I'aasa — Ban AunbdeHa COCTOMT B TOM,
YTO NMepHOJHuYECKHe H3MEHEHHsS! HCNbIThIBAeT MarHuTHas BOCHPHHUM-
YHUBOCTb. OJTOT 3(¢eKT BecbMa 3HauWTeJeH N0 BEIHYMHE M OYEHb
BaxeH. OH npenocTaBisieT OMHO M3 NYYIIMX CPEJCTB HCC/IEeJOBAHHA
noBepxHocTH PepMH MeTasJoB.

Crauana paccMorpuM adoekt ne [[aasa — Bau Aabdena B cBo-
60 HOM 37EKTPOHHOM rase Npd abCOJMIOTHOM HyJe. MoXHo moka-
3aTh, 4TO yposeHb ®epMu ep ocraercs npubJIH3MTENBHO MNOCTOAH-
HBIM OpM M3MeHeHuM H; MpH pacCMOTPEHHM MHTEPECYIOIHUX HAC Me-
pHoaudeckux no 1/H sdpdexToB naMenenneM ypoBHs DepMu MOXKHO
NOJIHOCTbIO TIpeHeOpeub. [lpu abcosioTHoM HyJe B cioe 8k, (ero
onpeje/eHHe NPHBENEHO Bbillle) IOJHOCTBIO 3aHATH BCe YPOBHH A
(puc. 11.1), nns KoTophbix

(A +3) 0 <o — g K2=¢, (11.20)

2m

') Cm. craren Ilunnapaa (1], UlenGpera [2] (B xoTopo# nau OGcTosTeNbHBIRA
0030p SKCNEPHMEHTA/bHBIX HCcaegoBanui 10 1957 r.) m Koua u dpeaepukca [3).

17 M. Kurreaw
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a Bce OpOHTH, pAacHoJOKeHHble Bbillleé 3TOT0 YPOBHS, CBOGOIHBI.

Ecnu caMblii BepxXHHMH M3 3aHATHIX YPOBHeH COOTBETCTBYeT A/,
ucronb3ys (11.18) u yuurbiBas,
wis’ 8 5 4 4YTO JJISI 3aHATOro ypoBHs A=0,
////// / / MOJYYHM TOJHOE YHCJAO 3JIeK-
& TPOHOB n B CJIOE TOJILMHOK Ok,

Yoobens Depry B BUIE

g n=\+1)EH. (11.21)

&

Benuuuna n JuHEfiHO BO3pa-
craerT ¢ ypenuuenmem H po Tex

7 nop, moka A’ He JOCTHUTHET 3Ha-
yeHMs, COOTBETCTBYIOLLErO ypPOB-

Hio ©Depmu ep. [Haxe Gecko-
HeUHO MaJioe JAafjbHeHliee yBe-
JauyeHue A npuBesieT K TOMY, 4TO

i-p 3HaueHus A’ okaxyrca B obna-
CTH, COOTBETCTBYIOLIEH YPOBHAM,
, JIeXKallMM Bhillle e, U TOSTOMY
BCE 3JIGKTPOHBI, HaXOAHMBIIHECH

Puc. 11.1. Cnektp yposue# Jlanzay 1o 3TOro BO3pacTaHHsi Ha ypOB-

kax dynxuua H. He A/, TIOKMHYT €ro M mnepeanyr
Yem menbuwie A, TeM 6orbue JQOMKHO ’Gbﬂ‘bH Ha 0p6HTbI B llpyFHx CcJI08X TO-
AN ROCTHXERMA yPoBHA PepMu ep. BEpPXHOCTH (DepMH T. €. B CJIOH

, T. €.

¢ JpyrUMM 3HayeHHAMU k, H
14
ep- PaspniBel B Tponecce yXoaa 3J€KTPOHOB HMEIOT MeECTOo
NPy TeX UeJBIX 3HaueHUsX A’, KOTOpble YIOBJETBODAKT COOTHO-
[IEHHIO

1 ‘ el
(w+7)=fi=ﬂ”e—“-—; (11.29)

NOTOMY HACEJICHHOCTD dn okxasbiBaercs npu6nmmenbﬂo nepuo-
Avdecko# ¢yskuuedl 1/H c nepuonoM, paBHbIM e/mce;. Hacenen-
HOCTb CJ10f1 OCUMAAUpYeT ¢ ammaurynoit (1/2)EH oxono paBHOBec-
HOro 3HAYEHHs ng, PABHOrO MNOJHOMY YMCIAY 3JEKTPOHOB B CJIOE
0k, B HyJIeBOM MarHHTHOM noJje, XOA NEPHOAHYECKOrO H3MEHEHHS 7
(1 Ipyrux BeJMYUH) MOKa3zaH Ha puc. 11.2.

Ilns sHeprud 3nektporos Up B croe 8k, B TAKOM MarHUTHOM
none H, uto Hace/seHHOCTb paBHa KakK pa3 fp, HMeeM

o 1 21 2
Up=EHo, Y A+ 5|+ tyoe == 5 EHo, (A 1P 4 ng o =
= 2 2m 2 2m

1 o, o k,
=g %t %o,

(11.23)
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3mech Mcnonb30BaHO Bhipamenue no= (A +1)EH, suiTexaollee 3
(11.21), npu ykasaHHo# Benuuune H maruutHoro moad. Jlaa cocen-
Hero 3HAYEHHA MArHWTHOro

mons u Mpu TO# xe emmun- | A /”0
He A’ A1 CaMOro BHICOKOTO —
3aHATOrO YPOBHS NOJYYHM

"
U=yt NN
\

k2
+ Rt - (g — n) €.
(11.24

M
[Tepsule gBa unexa B npaBoil \

YaCTU 3TOr0 BHIpaXKeHHd Mpel- 1
CTABJAIOT 3HEPIHIO 3JEKTPO- y+7 v+ 2 N, A
HOB B cJooe 8k,; uneH (ng—n)er
papell HSMEHEHMIO SHEprUM Puc. 11.2. Xox n3mMeHeHHS HaCEJIEHHOCTH 1t
. 11.2. Xogn el u 1,
OCTABIIAXCA nocne-nepe.xoua sHepruu U u mMarHuTHOro MomeHta OM
3JIEKTPOHOB ¢pepMH-POHE; 3TO  paq caos 0k, no Mepe BO3pacTaHHs BEJH-
H3MeHeHHe BbI3BaHO Iepexo- YHHB MAarHUTHOTO MOJIS.

AOM Rp—n 3JEKTPOHOB Ha Tocaenoratenbunle 3Hauerust A’ 06o3HaueHW 4epe3
yposte GepMi. IlockombKy %iduimuilv. Foommis usa
Mbl Y4JH IIepexon 3JIEKTpO- nepeMelieHHH BOPABO 3HaueHHd 1/f yGmBaior,
HoB, TO pasHocte U—1Up

npesncraeaser co60f NOTHOE H3MEHEHHE 3HEPrHH BCEH MOBEPXHOCTH
epMu npH yCJa0BHH, YTO ypoBeHb (DepMu ep OCTAE€TCH TOYHO He-

H3MEHHBIM. MOXHO HamucaTbh we/2EH = /€, rae
e

w2 (11.25)

2mc

LA

H —-

! — 2
Mrtak, npu e, ==e, — k2/2m nonyuum 1,15 H3MEHEHHUS SHepruu

6U—_—U—Uoz%(n2—n’;’,)+(no—n)e;. (11.26)
Jlanee, NOCKOJLKY
g =— ny ©. — 2un,
FTEH eT TR
TO
dU = % (n— np). (11.27)

Dra BeJHYHHA, OUEBHAHO, BCera II0JNOXUTeIbHA.
[Ipu aGcosoTHOM HYJe HaMarHHYeHHOCTb CJAOS paBHa
ou

2 d ;
MM = — G =—F(n—ny) - (11.28)

17*
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CorsacHo (10.21) u (10.22) MBI MOXKEM HaMHCATh

, g :
=0t DEme = E, (11.29)
H, ¢/JIeJ0BaTeJbHO,
M ~ — 2% (n— ). (11.30)

Mzl mokasaJnu, YTO MO Mepe BO3pacTaHua f BenuuuHa n— ny
UHKJIMYECKH H3MEHSIeTCH C 3KCTpeMyMaMu I %EH, Korjga HaceJjieH-
HOCTb ypOBHA A/ uaMmenserca ot EH po 0. HaMarsuuueHHOCTh u3me-
HfeTcs B mpejenax I % ter. Takue uMKJIMYECKHE M3MEHeHHs HaMma-

FHUYEHHOCTH, T. €. NepHOJAUUEecKas 3aBHCHUMOCTb NocJenHeir ot 1/H,
H HasbBawTcs adoektom ne aasa — Baum Anndena. Ilepnon no
1/H paBeH, KaK Mbl BUJE/IH Bbillle, OTHOIIGHHIO &/MCeL.

Uro6bl ompesenuTh 3aBUCHMMOCTb OT FH mOMHU# HamarsudeH-
HOCTH, CJeayeT HNPOCYMMHPOBAaTb BKJAAbl OT CJIOEB INpPH BCeX A,.
JI19 KaKaoro cJos BeJHYMHB O U 8,’, pasauyHbl, Pasnoxum OM

B pax dypobe, T. e. HanuiIeM
14
ﬂEF

6M=6k,2Apsinpx, =i (11.31)
p=1

Hanee, nna uutepBana —n<x<s NMOJYYHM, HCIOJb3yst COOTHOILIE-
uue (6.810) ua c6opHuka ¢opmys CMHTCOHHAHOBCKOTO HHCTHUTYTA

1 1 sin px
M = — o Belx = — el Y, (—1)" P (11.32)
p
Orcona ciaenyer, uto
§ I
A, = — o er (—1)f A = (—1)? 4n3pc . (11.33)
Tenepb, BLINONHAS CYMMHDOBaHHE MO BCeM K, TOJy4HM
kg
_ e N (1Y b4 — o 2
—WL 2 ldka sm[“H (sF k)] (11.39)
—RF

B Metassax ¥ noaymerannax o6briHo pwH &L ep, ¥ DOIbIHTEr-
paJjbHOe BbipaeHHe KaK (yHKuus &, ocun.n.nupyeT O4eHb OBICTpO
BCIOAY, 38 MCK/IIOYEHHEM O0G/aCTH OUeHb Majbix .. [TosaTomy B mo-
XBIHTETPANbHOM BbIP@XKEHUH MOXHO 3aMEHHTb € Ha €.; aaJjee, BOC-

NOJIb30BABIIKHCh TPUTOHOMETDPHUYECKOH q)opmynou IJs CHHyca pass
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HOCTH JABYX YIJIOB, Mbl NnpujeM K uHTerpasnam Ppexeas. 3HaueHue
unrerpana B (11.34) c 6onbuok TOYHOCTBIO ANNPOKCHMHDYETCS BhI-

pakeEHeMm
muH )‘/z . (pm:F m )
EF( 7 Sin }J._H—T f (1135)
rje Mbl HCNOJAb30BAJH COOTHOLIEHHE
o0 (o]
cCOS = x2 — J in Eae— L
fdxcost_ dxsin G x2=. (11.36)
] 0

Torpa nas M nonyuum

em't (WH )" =1
M Frem (uH) E( ) sin(anF _1) (11.37)

4n’e P 0z 4

BaxHO OTMETHTb, YTO INOJYYEHHEIH Pe3yJbTAT OTHOCHTCH TOJBKO
K CTallUOHAapHOMY ceyeHuio nosepxsHocTH PepMmu; B paccMaTpupae-
MOM NpHuMepe 3To ceueHHe oTBeuaer R, =0. 31echb, KaK H BO MHOrHX
Apyrux npobsemax, CBA3aHHEIX C NMOBEPXHOCTbI0 DepMH, MBI HMeeM
JeJI0 CO CBOHCTBAMM TOro CeYeHHst moBepxHocTH PepMu, JJIs KOTO-
poro noAwblHTErpaJjeHoe Bhipaxcesne B (11.34) cranuoxapuo, 1. e.
C NOBePXHOCTBIO, AN KOTOpOH (0S/0k)p-ry =0. 3necs S — mio-

anb cedeHHs NOBEPXHOCTH NpH k=kuy=const, roe kg — npoexuus
BekTopa k Ha HanpamsieHue marHutHore nons. CaegoBartenbHo, u3-
Mmepenus apexra Oe laaza — Ban Aasvghena 06biuno oTHOCATCA
K XapaKTepucTuKaMm TOAbKO CTQUUOHAPHbIX CedeHutl NoBepXHOCTU
Depmu. Ons 3agaHHON OpPHEHTALUHM MATHUTHOrO IIOJAS 1O OTHOLIE-
HHIO K KpHCTajjorpaduuyeckKuM OCSM BO3MOXKHO He OJHO, 4 He-
CKOBKO CTAUHOHADHBHIX ceueHuli noeepxHoctu. Ilpu a6comiorHoM
HyJe B KAKOe-TO CeYeHHe MOr'yT BXOJAHTh JuOO BCe 3aNOJHEHHEHE,
Au60 BCe NYCTHIE YPOBHH.

ITo mepe Bo3pacranms TeMmnepaTtyphl (oT a6COMIOTHOrO HYJSA)
opbuTanbHble YPOBHH BOIH3H ypoBHs PepMu MOTYT CTaTh 4acTHy-
HO 3aCeJeHHBIMH, 3 He WENTHKOM 3aNOJHEeHHHIMH HJH COBEpIIEHHO
nycTbiMH. [Ipu NOBHILIEHHH TeMmepaTyphl pacnpefeneHHe 3JeKTpo-
HOB IO YPOBHSIM CTPEMHUTCH CIJIAaHTh OCHHJLISIMM MATrHUTHOrO MO-
medTa. [lapaMeTpoM, XapaKTepH3yIOUMM ITOT TIPONECC, CIYKUT OT-
Howenne RzT K MarHUTHOMY pacllelJeHHI0 .. ToyHee ero ompe-
LeJsI0T NYTeM MOJHOrO aHajdH3a BHIPAXEHHS, KOTOPOE MOJYYHTCS,
ecad Mbl yuTeMm, 4TO p-# uned B cyMMe {(11.37} yMHoXaercs Ha
BEJUYHHY

X

L,=—= (11.38)

P shx,’
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rae xp=2n2pkyT/w.. Ilpu H=10% 3 u BenuuuHe @, COOTBETCTBYIO-
el Macce cBOGOJHOTO 3/71€KTPOHA, MHOMHUTENb L; NDUMEPHO paseH
0,71 (npm 1°K); Aansa nociaenylolux 3Ha4YeHHH p>1 noayyum
L;=0,30; L3=~0,10; L,=~0,03. TakumM o6pa3oM, npu KOHEYHOH TeM-
nepaTtype OCUWIIALMKH GYAYT HOCHTh CHHYCOMAANbHHI, a He MHUJO-
o6pa3Helii xapaxTtep. Bo BcakoM cayuae sicHo, uto Habalogenue 3d-
¢ekra ge ['aaza — Ban AnntedHa BO3MOXKHO TOJBKO NPH HHU3KHX
Temnepatypax; npu 4°K W ONMCAHHLIX BHIIE YCAOBHSAX MOJYYHM
L;=0,03. Heo6xopumo Takxe UMETb BeCcbMa YHCThle o6pasinl, 4TO-
6b! paccesiHHe HAa NpHMecsiXx He MacKMpPOBAa/JO KBaHTOBaHuA. Ecuau
Mbl 3aXOTHM XOTsl OBl MPUOJU3UTENBLHO, HA MPOCTOR MOJENH, YYECThb
3T0T 3(@deKT, BBEAS HACTOTy peaakcalluu l/t, To Beauuuny kgl
B (11.38) nano saMenuts Ha kT + (1/n1).

Jas nosepxHocty PepMu B oblueM ciydae NepHo] OCLHJJISILHI
B 3ddexre e ['aaza — Ban AnbdeHa MoxHO Bhlpa3uTh uepes
naomwage S (B k-mpoctpaHcrBe) CTAUMOHADHOTO CEYEHHS IIOBEPX-
HocTH PepMH, HOPMAaJbHOIO K HANPABJEHHI MArHUTHOTO MNOJS.
Bocnonb3oBaBilnch OGIIUMH YCJIOBHSMH KBAHTOBaHHA (CM. HHXe
(11.61)), mMul yBuguM, uto B (11.37) cremyer npouasectu 3aMeHy

S
’:;_j" -2 (11.39)

(#Ha ¢asy mbl 3nech He ofpalaemM BRUMaHHMS). JTOT pe3y.bTar
cnpaBejIMB faxe IJAs noBepxHocTedl PepMH - HEKBAZAPATHYHON
3aBHCHMOCTEIO OT k. Jliis CBOGOAHHEIX 3JEKTPOHOB Ha 3KCTPEMAJIh-
HBIX CeueHHsIX NOBEPXHOCTH NOJYYHM

S = nk2 = 2mme,,. (11.40)

Hayuenue agdekra ge 'aaza — Ban AnbdeHa CIyXHT MOIHBIM
METOJOM HCCIef0BaHUs mnopepxHoctH Pepmu. B nocnenHue rognl
($POHT 3KCHEPHMEHTANBHBIX HCCJAENOBAHMH 3HAUYHUTENTBHO pacIlu-
puics: 6bl1 H3yueH psj ILUENOYHEIX M GJIaropojHHIX METaJjJIcB, a
TAKXE METaJJIbl IepexofHbX rpynn. B nepBeix paborax uccienosa-
JuCh GoJblel YacTblo MOJYMETaJJbl, T. €. BELeCTBd, y KOTOPBIX
30Hbl BpuasiosHa uMeloT BHA HeGOJbIIMX «KAPMAHOB», MOCKOJBKY
B 3TCM cJyyae 3HaueHds €p WIH S HEBEJHMKHM M IKCTICPHMEHTabHOE
onpeneneHue WX 3aBucumoctd ot T u H He mpexcrapaser ocoboro
Tpyna.

Huamaenerusm Janday. Vismeseune sneprum 8U B cioe Ok,
B MarHUTHOM noJe pnaertcs Buipaxkenuem (11.27). Ecau ycpennurts
¢/ no uMkay H3MeHeHHH B HHTEpPBaJie MeXAY 3KCTPEMaJbHbIMH

3HAYEHHAMH N — ny= * % tH, 1o n3 (11.27) nonyuum

(OU) = %%(% ng: 1 Uk, (11.41)
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Janee umeem

omy=—280 . Leun (11.42)
H
oM 1
=" L, (11.43)

Jns Bceit noBepxHocTd PepMH cpepHsis AUAMArHUTHAas BOCIPHUM-
YUBOCTb 3aNMUIIETCS B BUIE

2 2 a
A= 24:rr2c (2kr) = 6:rt”; kp = — ‘%nﬂz (2m£F)/ . (11.44)
[TonHas KoHUEHTpALUsi 3JIEKTPOHOB (C yyeToM O6eux OpHeHTAUHM

CNHHA) onpefnensiercs cooTHoweHueMm 3nln= (2mer)*s, U moaTomy,
ymuoxas (11.44) Ha 2, nonyyuM OKOHYATENLHO

2
x=—%- (11.45)

DToT pesyabTaT A4S JMAMATHUTHOH BOCIPHHUMYHMBOCTH 3JIEKTPOH-
HOro rasa H3BecTeH noj Ha3BaHueM auamardHerusma Jladpay. 3a-
MEeTHM, YTO BEJUYHUHA N Teneph OTHOCHTCH KO BceMy (epMHu-GoHY;
paHee n OTHOCHJIACh JIHLIb K CJIOI0 8&;.

MMoaykaaccuueckoe paccMoTpeHHE NMHAMUKM 3NEKTPOHA
B MarHdTHOM mnodJe!)

Ecan ¢opma noBepxHoct PepMu He 3aBUCHT OT MarHUTHOIO
noas H, to, ucxoas u3 pesyanTaToB 1. 9, caegyer CYHTaTh, 4YTO
9TO CIpaBefJMBO [Js Bcex Touek Kk-npocrpaHcTBa, 3a HCKiodue-
HWEM HEeKOTOpBbIX, M IO3TOMY JBHXXEHHE 3JeKTpOHA B MAarHHTHOM
MoJIe MOXXHO OMUCHLIBATbL YPaBHEHHEM

fc=7ev><H, (11.46)

rge B NMPAaBOA YaCTH CTOHT M3BECTHOe BbipaXkeHue s cuabl Jlo-
penua. Takum obpasom, B k-npocTpaHCTBe 3JEKTPOH XBHXKETCH B
IJIOCKOCTH, NepneHAUKy/aspHoi K HanpasieHuio mnoas H. Panee
MBb! TIOJYYHJIH TAKXe, YTO

v, =grad,e(k), (11.47)
rae e(k) — 3Heprusi, BEIUHCJIEHHANA 1JS CJAyYasi OTCYTCTBHS MATHHT-

HOTro NnoJisA; CJIENOBATEJAbLHO, HANPABJEHHE CKOPOCTH 3VIEKTPOHA BCE-
raxa coBnagaeTr C¢ HOPMAJbIO K IOBEPXHOCTH NIOCTOSTHHOH JHEPrUHA

1) Cm. [, 5]
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(prc. 11.3). HeitictBie cuubl JlopeHna TakoBo, YTO BOJHOBOWM Bek-
Top k M3MeHSeTCs TOJbKO B0.1b KPHBOH HA TOBEPXHOCTH MOCTOSH-
HOH 3Hepruu, oOpasylomeiics Npu NepeceyeHUH NOCIEAHEH ¢ IJIo-
CKOCTBIO, NepHneHAUKy1ApHOoH K moaio H. 3nHauenue Ry (xomnoueH-
4 Tbl BOJIHOBOI'O BEKTOpa, Napal-
A JeapHod nonw H) noctosuHO H
onpejensiercss HayaJbHbIMH yC-
aoBusamu. O6o3naunm uepes K
JBYMEpHBIH BOJHOBOl BEKTOD B

k, ~TMIOCKOCTH CEUEHHS, a uepes p —
. BEKTOPHYIO TNPOEKUHIO BEKTOpa
k B OOBIYHOM TNPOCTPAHCTBE Ha

v NJIOCKOCTh, NepPneHIHKYJIspHYIO

K HanpasnaeHuio noas H. Torpa
Puc. 11.3. Cxema gsuxenus saextpona yPasHerime (11.46) moxHo nepe-
B k-npocTpancTBe mo op6uTe mocrosH- NHUCATb B BUIE

HOH 3HEepruu.

MarsuTHO® NOJE NEPNERXUKYAAPHO K NJIOCKO- 7 L
cnlpkakﬂ.y P . K‘_‘?p X H. (11'48)

HHpiMu clloBaMH, €cIH 3/1eKTPOH onuchiBaer opbuty B K-mpocTpas-
CTBE, TO OH ONHCHIBAET AHAJOTHYHYIO OPOMTY M B OGHIYHOM KOOp-
AuHATHOM npoctpaHcTee. M3 ypasuenns (11.48) Buzamo, uto ¢ynk-
nust P (f) noayuaercs us ¢Qysx-

nun K(#) nyreM yMHoXeHHSA kg

K(f) #a c/eH u nosopora noay-
yeHHoro Bektopa Ha m/2. [1peoG-
pa3oBaHue K<«— p He 3aBHCHT OT
(GopMbl 3HepreTHUecKoH mNoBepx- )| €+de
HocTH, 4 ypaBHenue (11.48) y

MOXHO NepenucaTb B BHIE k @

K=-ZwoH, (1149

rfe v — CKOPOCTh B IJIOCKOCTH, Puc. 114 Teomerpuueckas cxema,
nepne_}:—lﬂﬂxynﬂpﬂoﬁ kK H. HAMIOCTPUPYIOILAA BBIBOA BbIPAXEHHS
‘IaCTOTa l{uIC./lOTpOH.H.OZO pe_ IA1 4aCTOTH UHKJAOTPOHHOIO pe30oHaHca,
3onaxca. leomerpuveckas uxrep-
nperayus. PaccMoTpuM ABe OpOMTBL B OJHOM H TOM e IIJIOCKOM
ceuenun K-mpocTpaHcTBa; nycTh ogHa OpOMTa COOTBETCTBYET 3HEP-
THH €, @ Jpyras — sHepruu e+ 0Oe. Paccrosiiue Mexny ITUMH opbu-
taMmu B K-npoctpaHcTse

de

| Vit |

0K =

b S (11.50)
U P
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ITpencrasum cebe 37JeKTpPOH, ABHXYIUMACS 1O OAHO# opbute mon
HeficTBMeM MarHuTHOrOo moasi. Belicrpora, ¢ Kotopo#t oH, TakK cka-
3aTh, oberaer IJOWAnb Mexay obeumu opburamu (puc. 11.4), onn-
ChIBAETCH BHIpaxeHueM

K6K——— B __ eH . (11.51)
0 [

npy ¢UKCHPOBAHHOM O8e OHO paBHO NOCTOSIHHON BennuuHe. IlycTb

T — nepuon oGpameHus 371eKTpoHa no opbuTe; TOTAA BEJIHYHHA

T(eH[c)bée paBra mnaowmwanx koabua (dS/de)de, rae S(g) — mio-

lTl_xaﬂ,b opbutel B K-npoctpaHCTBE, COOTBETCTBYIOIHEH 3IHEDrHH E&.

orna

¢ das
T = <H 4z’ (11.52)
HJIH AJA LIHUKJAOTDOHHON 4aCTOTH NOJYUYUM
20 2neH 1 eH
=7 = "¢ @S/de) = mg (11.53)

Dro BHIpaXKeHHe onpejenasier M. — 3pHEKTUBHYI0 MacCy 3JEKTpo-
Ha, JBHXYILErocs no op6HTe € YacTOTOH, COOTBETCTBYIOILEH UHK-
JIOTPOHHOMY pe3doHaHcy. MTak, cooTHoweHue

(11.54)

14
¢ 93 de

cBsi3biBaeT 3¢ ¢eKTHBHYIO Maccy 1 LUHMKJIOTPOHHYIO 4acToTy C Treo-
meTtpueir nosepxHocty Pepmu. [lpyroe BblpaxkeHHe s m. 1aeTcs
nwxe (em. (11.71)).

Ksanrosanue op6ur. Tlepuoauyecknil xapaxrep NBHXKEHHS paet
OCHOBAaHHA OXHLaTb, YTO 3HEpPreTHYeCcKHe yPOBHU KBaHTYIOTCH Tak,
yTo Op6uTHl B K-NpocTpancTBe Pas/nyalorcs MO SHEPrHH HA We. ITO
MOXHO 0860CHOBATh, BOCNOJb3OBABIIHCE MeTOfoM bopa — 3ommep-
¢enbna. Mu npexanoaarany, 4To 3G ¢eKTHBHBIA raMHJIBTOHHAH TNPH
HaJHUMM MATHUTHOIO MOJs MOJY43aeTcsl H3 BbIparKeHus LIS 3Hep-
ruu ¢ (k) 3aMeHoR

e
k«>p—_A.
[TosToMy MOXKHO HamUcaTh

$o-da=§(k+ 7 A) da=$ 50X H+A)dp, (11.55)

raie Mbl BOCNO.IbL30BAJHCh Pe3YJabTAaTOM HHTEIPHPOBAHUSA YypaBHe-
uuit  (11.3), urobm BBectu k= (e/c)pX H, urHopupyss ajiaMTHB-
HYIO KOHCTAHTY, HCYe3aloWlyl0 NpH HHTErpHpPoBaHHH. BekTopHbil
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noreruuan paseH A, HMitak, noayuaem
§pxﬂ-dp=—ﬂ§p><dp=_2cp, (11.56)

rae @ — moToK uepe3 op6UTy B OOLIYHOM MNPOCTPAHCTBE; HCNOJb-
3ya panee reopeMy CTokca, HAXOLUM

A-dp=|rotA.do= | H.-do=10, (11.587)
$ ] ]

rae do — 3J€MEeHT NOBEPXHOCTH B OOHYHOM npoctpadcrse. U okon-
yaTeJbHO

§p.dq=_cicp. (11.58)
YcaoBue KBAHTOBAHHA HMEET BHUI
<§ p-dq=2n(A+v) (11.59)

rie A — nesaoe uyucao, a y — (pasosblit (HaKTOp, KOTOPHIA I/ CBO-
60HOrO 3JeKTPOHa B MarHuTHom noJe papen 1/2. CiegoBaTenbHo,
C TOYHOCTBIO [0 3HAaKa MOXXEM HanHcaTth

0=2 (). (11.60)
Wuaye rosopsl, pa3iuyHble OpOUTLl OTIMYAIOTCH APYF OT JApyra Ha
ueJoe YHCAO eJHHHI NMOTOKAa, PAaBHHIX 2mc/e, WM, B OOGBIYHEIX elH-
HuUAaX, Ha hcfe. JtoT peadyantar, noaydeHHuit M. M. Jluguuuem,
a rtakxe OHaarepoMm, Ha NepBHI B3IIsf] He COracyercs C BeJu-
yygHof KBaHTa moTOKa Ac/2e, ¢ KOTOpPHIM MBI HMeeM JeJC B CBepX-
NPOBOJHHKAX; OJHAKO Cl€dyeT HallOMHHTb, YTO B CBEPXIPOBONHH-
Kax, B CHJIy YCJOBUS ClnapuBaHus, 3¢¢eKTHBHbI 3apax paseH 2e.
Pesyabrat (11.60) moxHo 3anucaTh 15 K-npocTpaHcTBa, YMHO-
xuB ero Ha (eH/[c)?; Torga HenocpeiCTBEHHO AJs IUoliajged pas-
pelleHHbIX OpOUT NOJTYUHM

2neH
P

S= (A< ¥). (11.61)

HWrak, npu paccmorpenun 3ddekra ne 'aaza — Ban Auabdena cie-
Ayer saMeHuTh KBaHToBoe ycjosue (11.20) Ras yacToThl yc/oBUEM
(11.61) nna naomanu op6uthl ajgekrpona B k-npocrpanctse. C Tou-
HOCTBIO flo (hasbl aprymMeHT B KaX/JIOM OCLH/JIHPYIOIIEM uJeHe
psina (11.34) nons HaMarHMYEHHOCTH HAJO 3aMEHHTb CJELYIOIHM
obpasoMm:

:—,’;sFangf=2n(x+y), (11.62)
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roie S —nuowmwans CTAUHOHAPHOTO CeyeHUst NoBepXHocTw Pepmy,
wopMasnbHoro kK H. BBoxs # B npasyio uacts (11.62), momyuyum
pcS/enH. Ha craunmonapuom cedeHuu nosepXHocTH Pepmu
!S§/dky=0. Takum o6pasoM, u3 pnaHHbIXx H3MepeHHs 3ddeKra ne
l'aaza — BaH AubdeHa MLl MOXeM NOJAYYUTh IVIOIMAJb CTAUHOHAP-
HOTO ceuyeHuss mnosepxHoctH Depmu, MNEPNEHIUKYJASIPHOrO K
YactoTa UHMKIOTPOHHOrO pE3OHAHCA oOnpejensieT MNPOU3BOLHYIO
dS/de, xoTopas cBfid3aHa CO CKOPOCTHIO 3JIEKTPOHOB HA MOBEPXHOCTH
Gepmu.

B nocTraTouHO CHJIBHBLIX MATHHTHHIX MOJSIX ONHCAHHBLIA IOJY-
KJIACCHYECKHH METOJ KBAaHTOBAHHS CTAHOBUTCS HENDUTONHBIM, TaK
KdK [0 Mepe BO3DACTAHHSA MOJS 3HepreTHyeckue YpDOBHM paCLIH-
pPAIOTCA H B KOHLIE KOHIOB CaMa CHCTeMa YDOBHel CTaHOBHUTCHA
uHo#. Ilpocroit asaaus atoro Bonmpoca uMmeercs B pabore Ilunmap-
na [4]. Tax nasbiBaeMbli MarHUTHHEA npo6of NPOHUCXOLHT, I110-BH-
JHMOMY, IpH (oc>>E;/sF, rae E; — NIKPHUHA IHEPreTHYECKOH IIeaH

MEXAYy 30HaAMH.

Touosornueckne ceofictea op6HT B MATHUTHOM noJe !)

M3 nonyuenHoro Bhiiie BhlpaxeHus (11.48) caepyer, yTO 3J/€K-
TPOH, ONUCHIBas OpGHTY B K-mpocTpaHCTBE, OMHMCHIBAET TaAKXKe Ka-
Kylo-To opOuTY B OObIUHOM npocrpaHcTse. Eciu ceuenme MoBepXHO-
CTH NOCTOSHHON 3Hepruu B K-pocTpaHCTBe OrpaHHYEHO 3aMKHYTOM
KpUBOH, TO B OOLIYHOM IPOCTPAHCTBE 3JeKTPoH OyHeT ONHCHIBATh
coupaJe. 3Ta CNUpaab ABJIASTCH NEPUOAHUECKOH B TOM CMBICJE, YTO
Kax /bl ee BUTOK eCTh [JOBTOpeHHE NpefblIyUlero BUTKA.

Hekoropble op6utht B k-npocrpaHctBe He 06pasyloT 3aMKHYThiE
Kpupbie. CyllecTBOBAHHE OTKPHITHIX OPOHT HA MEpPBbIA B3rJASL npex-
CTaBasieTcsl CTPaHHbIM. BaxHo HanoMHHTh, 4To B Ta. 9 npu pac-
cMoTpeHun ¢yHkUHMM DBjoxa 6bl10 YCTAHOBJEHO, YTO 3HEPrdsi AB-
JsieTcsl NepHoJuuecKoil ¢yHkuued B o6paTHOM NpPOCTPAHCTBE, Ta-
KUM 006pa3oM, NOBEPXHOCTH NOCTOSIHHOH 3HEPTHH B Ka)XJoOH 3oHe
pacnpenensiotTesi no BceMmy K-NPOCTPaHCTBY NEPHOMHYECKH. DTH IO-
BEPXHOCTH He OrpaHH4YeHBl ofHOH 3oHo# Bpuamosna. Koraa snek-
TPOH BCTpPeYaerT CPaHHIY 30HB,, OH NPOCTO NEPEXOJHT B CJeLylo-
Y10 30HY.

PaccMOTPHM HECKOJBKO pPa3JIHYHBIX CJAyYaeB.

a. Ecnn nosepxuocts PepMu J€XHUT NENHKOM BHYTPH 30HH, He
nepeceKkasl ee TpaHHll, TO OHA 3aMKHyTa M BCe OPOMTHI B MAarHur-
HOM [0JIe TaKXKe 3aMKHYTHI.

6. Eciu nosepxHocts PepMH cOCTOHT M3 yacTedl, NpHJeramo-
IIHX K HEKOTOPbIM I'DAHAM 30HBI WM €e BepIUMHAM, TO 3TH YaCTH B

1) Cx. [6, 7},
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COYETAHHH C CHUCTEMOH [€pHOJHYECKH TOBTODAIOIIUXCH 30H, MOTYT
06pa3oBLIBATE NPOCTHIE 3dMKHYTble NOBEPXHOCTH. Takue NOBepXHO-
CTH OGYAYT COCTOATb M3 «KYCKOB» HECKOJbKHX «s4y€eK» pacIIHpeH-
Hoi 30HHON cxembl. Koraa cusa JlopeHna «npuBeneT» 3J1€KTPOH Ha
rPAHHUY 30HBl, OH NPOHMKHET B COCEIHIOI0
AYeHKy pacIyMpeHHOK 30HHOU CXeMHL.

B. 3aMKHyTble OpOUTH MOryTr OnlTh JauGo
INEKTPOHHbIMU, JHO0 ObipOYHbIMU., DNeKTPOH-
Has opbHTa COOTBETCTBYET COCTOAHUSAM C HH3-
KOR 3HeprHed; BeKTOp CKOPOCTH V=gradge
HaNpaBJeH HapyXy OTHOCHTEJIbHO 3JIEKTPOH-
HOIt op6uThi. JiblpouHasi opGUTA COOTBETCTBYET
COCTOAHHSAM C BBICOKOH 3HEpruei; BEeKTOp CKo-
pOCTH Vv HamnpasJjeH BHYTPh ODOUTHL. IJeK-
TPOH B MAarHYTHOM IOJIE TIEpECEKaeT IbIPou-
HYI0 OpOHTY B HanpapJeHHH, NPOTHBONOJOXK-
HOM HanpasJeHUIO ABHKeHHs Ablpku. Cre-
JIOBATENbHO, 3JIEKTPOH HA ABIPOYHOH opGuTe
Bejer ce®da TakK, KaK ecau Obl OH HMea Io-
JIOXKHTeAbHbIR 3apsan. Muorpa kakas-to Tou-
Ka mnoBepxHocTH PepMu MOXKeT npuHaaie-
KaTh Ju60 3/J€KTPORHOH, HGO JNBIPOYHOM Op-
6ute (B 3aBUCHMOCTH OT HAanpaBJeHHs Mar-
uuTeoro nossa H).

r. Ecin nosepxHocTe PepMu BeixoauT 3a
rpaHulpl OJHOH HAYEHAKH 30HHOH CTPYKTYpH!

Ha ee NPOTHMBONOJOXKHBLIX IPAHAX MJH BepllH-
Pepw 118 TOCTOR Loy Tro” B paciuMpenHol 30HHOH cxeme mo-
npAMOYroabHOH  pe- ’
WEeTKH B JABYX H3MeE- BEPXHOCTb €pMH 6)'1161‘ HMETL BHJ MHOTI'O-
PEHHAX. CBAI3HOH MOBEPXHOCTH, HEMpPephIBHLIM 06paszoM
Moweas noura csoboxuwx  PAacCHpefensioledcs mno Bcemy k-mpocrpas-
Bropon. somu: 6omepsan  CTBY. C npocrefiliiM npHMepoM OTKp6LTOw op-
soma 5 pacuwpemiofi son-  GYTbl Mbl BCTPEYAEMCS B CJydyae 1ByMepHOH
HOA cxeme, OTKPHITHE 0pdi- o
T obo3Hadens ansuamp  [IPAMOYTOJBHOH PEUICTKH B MOJE/MH IIOYTH CBO-
00 u 0707 60IHBIX 3JEKTPOHOB, Korjia nosepxuocts ®ep-
MH «3dXOJHT» BO BTOPYIO 30HY, Kak IOKa-
3ado Ha puc. 11.5. Jlas npocToit KyGuueckoi pelieTKH BO3MOMHAs
nosepxHocTs @Pepmu, coaepmauias OTKDHITbIE OpPOUTHI, NOKa3aHa
Ha puc. 11.6 u I11.7. Ha puc. 11.8 cxemaTuuecku rnokasausl 1Ba
THNA CEYEHHH TAKOH OTKPBITOH IOBEPXHOCTH MJIOCKOCTAMH C MO-
CTOSHHBIM 3HaueHueM k. B o07110M ceueHHMM J1eXKAT 3JeKTpOHHble
OpOuTHl, B APYrom — Abipoudbie. 3aIUTPHUXOBaHHbie 06.14CTH COOT-
BETCTBYIOT 32HSTBIM COCTOSIHHAM; TIPaHHUEN 3aIITPHXOBAHHLIX 06-
JacTefl CIyXHT NoBepxHOCTh Pepmu. IIpM KaKOM-TO YaCTHOM 3Ha-
YeHHH R, (JexaieMm MexJ1y ABYMs 3HAUEHHAMY, KIS KOTOPHIX

Puc. 11.5, [loBepxHocTh
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Puc. 11.6. Boamoxumuit Bux nosepx- Puc. 11.7. Ta xe noBepXHOCTh
HocTy Pepmu ans npocTof KyOH- ®epmu, uro 1 Ha puc. 11.6, HO no-
yeckoii peweTky (no 3omMepdeasay xazadHas aaa Goaswel o6aacru
u bere). k-npoctpancTsa (o 3ommepdennay
u bere).
Hesamkuyran  (OTKPHTas) TIOBEPXHOCTH
Depmu.

\,

N ¢

NN
NI

.

~a—
D

-
AN

ﬁ
NI

%

Puc. 11.8. OnuH H3 BO3MOXHBIX THIIOB HE3aMKHYTOH
(oTkpuTo#) nosepxHoctn Pepmu Aaa meranna KyGu-
geckoit cTpykTyphl (o Yambepcy).
ITokasann aBa ceyeHud, COOTBETCTBYKWOLIHE MNJACCKOCTAM C I[10-
CTOSHHBM 3HaueHUEM kz B CAyuae MATHUTHOrO noad, Hanpas-

neHHoro Bioas ocit [100]. CreBa — 9aeKkTpoHHbe OPOGHTH, cnpa-
B3 — ABPOYHHE OPOHTH.
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NOK23aHbl CeyeHHsl) HMEETCH NepPexXol MEXAY 3JEKTPOHHBIMH U JIbl-
POUHBIMM OpGUTAMH. 3J€Ch BCTPEYAIOTCH OTKpLITHle OpOUTHI, He-
orpaHMyYeHHO npojo/axawomuecs B k-npoctpancTae.

Puc. 11.9. Ceyenre nosepxuoctd Pepmu nasg
cayqas, koraa noae H nexuT B maockocrTu
(010) (no Yam6Gepcy).

TMorasana napa UEPHOMIYECKNX OTKPHTHX OPIHT

(no kpasM cpeaHel 3awTPUXOBaHHOI moaock). Ha kpy-

TOBbIX 33IUTPHXOBAHHBX CEHEHHAX (BEePXHHH H HUXKHHA
PAlb) NOKA3aHH 3AMKHYTHE 3JeKTDOHHBE OPOMTHL.

///////// ////

, /
//////////// ////////
e

7

Puc. 11.10. [NTosepxHocTs PepuMu aas ToOro
We cayuyas, 910 ¥ Ha puc. 11.9, vo mose H
CA€rKka OTKJOHCHO B Jl105y10 CTOPOHY OT
HanpasJesus [100] (no Yambepcy).
O6aacTh 31€KTPOHHHX OPOHT (creBa BBepxy) i 06-
JACTh ABIPOYHBIX OPOHMT (CIPasa BHHIY) OTACJIAOTCH
npa'r OT Apyra anepHolHyeckod OTKPHTON opbutoil

/. Hanpasnenue OTKDHTOA OPOMTHI mpHHHTO 3a
och X,

n. [Mpencrasienne o6 OTKPHITHIX opGHTax CTAaHOBUTCs GoJsee
SICHBIM, eC/JH CJaerka HakjaoHute noide H B miockoctu  kyk,
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‘(puc. 11.9). B 3TOM cayuae Mex.iy 3aMKHYTHIMH 3J€KTDOHHBIMH
opbuTaM¥ HMEIOTCA OTKphiThle opGutbl. [as Takux op6ur
dS/de — 0o, rpe S — nmowanae op6uth. Coraacio (11.53) =
(11.54) nuxkJOTpOHHAA YACTOTA ®, CTPEMHUTCH K HYJIO, a 3(dek-
THBHAs UMKJAOTPOHHAS Macca m, — K OeckodHeyHoctd. OTKpHIThle
OpOuTH TaKOro poja CYUIeCTBYIOT B HEKOTOPDOM HHTEepBaJse 3HAaue-
HuA kg, OGOJBIIMX M MEHbLIMX R, COOTBETCTBYIOLIErO MOKa3aHHOMY

mupeiman apduma Omixposmas opbuma

on Y

Puc. 11.11. [Nepuoanueckue oTkpuThie opbutsl (uo [limnapay).

CeueHye PACIWIAPEHHON 30HHOM CXEMB A% KPHCTAAAA [PIHEUEHTPUPOBAHHOA KyOH-
4ecKo# CTPYKTypnl; noie H caerka oTKAOMEHO OT OCH Z B OJOCKOCTH YZ.

ceuenuio. OTKpbIThle OPOGHTHI CYWIECTBYIOT TaKiKe, KOrja Hanpas.e-
HHME TOJIsi HECKOJNBKO OTK/JOHEHO OT HOpPMAaJH K IyiaBHOH NJOCKOCTH
B J06yio cTopoHy (puc. 11.10).

e. Puc. 11.I1 unnoctpupyer TOT ke cayuail, uto u puc. 11.9,
HO IJIsi KPHCTaJJa C FPAHEelleHTPUPOBAHHOA KyOHUeCKOR pelleTKOH.
[Tockosbky nose H Jexur B muiockocTH HauOboabluieli CHMMETPHH,
roc/eoBaTe/bHble 3JEeMEHThl OTKPLITOR op6HTHl NMEpHOLHYECKH I1O-
BTOpsiloTCH. Takue OpPOUTH HA3LIBAIOT NepuUOOUHECKUMIU OTKPOITOLMU.
opburamu. B nocaes0BaTeNLHOCTH NEPHOJUIECKHX OTKPLITHIX OpOUT
3JIEKTPOHBEI NPOXOAAT COCejHHe OpPOHTHI B NPOTHBOMNOMOXKHBIX Ha-
NpaBJIEHHSAX.

x. Puc. 11.12 uamoctpupyer tot xe cayyal, uto u puc. 11.10,
HO JJIsi KPUCTAJJ1a C IpAHEeHTPUPOBAHHOM KyOGHUECKOH pelueTKoH
B oOblyHoM npoctpaHcTBe. PopMa OTKpHITHX opbut, BooGlie ro-
BOpS, He TNOBTOPSIETCA TOYHO NPU JBHKEHHHM 3JeKTpoHa. Takue op-
OUTHl HA3LIBAIOTCH anepuoluueckKumu OTKpuIToimu opburamu.

3. Pacranyras opbura — 310 3aMkHyTas op6HTa, KOoTOpas He
NOMelllaeTCcs B OAHOH syefike, ONHAKO ee LeHTp HUKCHPOBAH H COB-
najaer ¢ «ieHTpoM» 30Hbl Bpuanwaua.
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Bosabimoe 3nauenue OTKpPBITBIX Op6HT COCTOHUT B TOM, UTO OHH
HrpamwT poJib JBYMEPHBIX NPOBOJAHHMKOB;, OHH HECYT TOK TOJIBKO
B IJIOCKOCTH, OMNpejensieMon HanpapJ€HUEM MArHHUTHOTO IIOJA H

2

ﬂmxpo/ma,%/o,oo'uma
7

OHEY IMOU HE GIMKP6IMOU G5 Mmel

Puc. 11.12. Aneproaudeckue oTkpuiThie opbutel (mo [lunmapay).

o0uwHM HanpaBjaeHHeM opOuTH. HaJuuue OTKPBHITHIX OPOUT OKasHI-
BaeT CuJbHOE BJHSIHIE HA MAaTrHETOCONPOTHBJEHHE; 3TO Mbl YBHIHM
B cjejyloilen riase.

LlnKNOTPOHHBIH pe30HAHC Ha cepoHAANbHBIX IHEPTeTHYECKHX
NOBEPXHOCTAX

Bau3ocTh rpaHMl 30H NPOBOAMMOCTH KaK B repMaHHl, Tak H B
KPEMHHH CBSI3aHA C TEM, YTO B 3THX KpHCTaJlJax cUcTeMbl cepon-
LanbHbIX 3HEPreTHYeCKHX MOBepXHocTefl pacnoJaralotes B K-npo-
CTPAHCTBE B SKBHBAJEHTHBIX moJoxeHHax. Ceiuac Mbl pacCMOTPHM
NOTYKIACCHYECKYIO TEOpHI0 UHKJIOTPOHHOTO pe3oHaHca JAJaf Io-
BepXxHocTefl TaKoro Xxapakrepa, npeHe6perasi HaJHYMeM CIWHA Y
371eKTPOHa M CNHH-OPOUTAJNBHBIM B3auMojeicTBueM. DddeKTs, cBo-
3aHHble ¢ y4YeTOM 3THX (aKkTopoB, paccMaTpHBaloTcs B . 14,

CocTaBuM raMHJIbTOHHAH MO Pelenty

e(k)—>H(p———f—A). (11.63)
rae e(k) — 3Heprus B OTCYTCTBHE MarHMTHOFO MOJSH, T. €.
1 1
e (k) = g (ke k) + 5 £ (11.64)

3necy m;—rnonepeyias sddexTHBHas Macca, T. e. 3dexrusHas
Macca NnpH JBHXKEHHH B IVIOCKOCTH Xy, a m;— npojoJibHas 3dodek-
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THBHAA Macca, T. e. 3ppekTusHas Macca Npu XBHXKEHHH NapaJJenb-
HO ocH z (WwaMm ocH ¢urypu). BekrtopHblit notedunan A c¢ kommo-
HEHTaMH

A,=A,=0. A,= H(xcos0{ zsin8) (11.65)

ONHKCHIBAET OJHOPOJHOE MAarHUTHOE TNoJe, Jexallee B IJOCKOCTH
xz noj yraoM 0 k ocu z. Toraa peannsaums samenusl (11.63) naer
CJeNyIOUHA pe3yanTaT:

1 1 . 1,
H= g Pt [py—-% H(x cos 8 42 sin )P +- - p2. (11.66)

Teneps, umest B BUAY, UTO

ef _ eH
mec ' my

ml=_

=

3anyieM ypaBHEHHS JBUKEHHUA IJIA UMITYJBCOB B BHIE

ip,=|p, H|=— io,(xcos 8-+ zsin8)cos b, (11.67
ijy=0, ip,=—io;(xcos 0+ 2zsin8)sinb. } o7)
Janee noayuum
— p, = (0?c0s?6) p, + (00, sin 8 cos 8) p,.,
(@ ) (o2 ) l (11.68)

— p, = (@? sin 8.cos 8) p,+ (0o, sin?8) p,. |

Ecau 3aBUCHMOCTh HMINY.JbCa OT BDEMEHM ONMMCHBAETCH 3aKO-
HoM exp(—iwf), TO Hama CHCTeMa yDaBHEHHUA MMEET peuleHue
TIpH YCJOBHH

o? — w?cos? 6 —ow,sin6cos
—o? sin 0 cos® o — o0, sin? 6 =0, (11.69)
HJIH
@ = o cos? 0 4,0, sin? 0. (11.70)

Kpome Toro, umeiorcsi KOpHu npa o=0, COOTBeTCTBYIOLIHE IBH-
JEeHHIO, aHAJIOTMYHOMY JBHXXEHHIO NMapaJjnensHo noaio. M3 ypasne-
Hug (11.70) mbl BHIUM, 4TO 3¢ (EKTHBHAS Macca M., ONpejensio-
ias UMKJIOTPOHHYIO YaCTOTY, JaeTcsl BblpaxKeHHEM

(_1)7= cos:6 + sin?2 0 ' (11.71)

m, m; mym,

LIMKJIOTPOHHLIA pe3oHaHC B MeTasJnax paccMartpusaercs B ri. 16,

18 4. Kurreas
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3AJAYUYN

11.1 CocraBuTs M PpeUHTs KBAHTOBble YPAaBHEHHs JBHXEHHMA 148 CBO-

60aHOM dYAacTHLLI B OJHOPOJHOM MAarHHTHOM TOJle, HCIOJAL3YR KaauGpoBKY
1 1
A=(_§-Hw-§Hf0.

11.2. [Jas cayuas marauTHoro noas H, napaasenbHoro ocu X cepouaanbHOA
nosepxHocTH 3Hepruu (11.64), ouenuts maowaabr S op6urs B k-npocTpancTBe H
BuIUHCAHTb M. CpPaBHUTb HaHIeHHBI pe3yabTaT AJd M. C COOTBeTCTBYIOWEH
BeJMYHHOMN, onpeseneHHOl Bupaxenuem (11.71).

11.3. IloxazaTb, Y4TO Ha 3HepreTHYECKOH MNOBEPXHOCTH nepHOA obpameHHs
3/IeKTPOHA NMpPH ABHXeHHH B MarHMUTHOM MOJe ONHCHIBAETCH BbipameHHeM

c dl
T=— - (11.72)
L
3necy dl — saeMenT paunn B k-npoctpauctse. Iloxasats, yro nJowann, 3suepre-
THYECKON NMOBEPXHOCTH MOXHO 3amHcaTh B BHJE

S(e. p,)= J.J.dpxdpy=J‘de§%, (11.73)

H, Cle10BaTENbHO, B cOo0TBeTcTBRY ¢ (11.52),

¢ 0§
eH ot '
11.3. IToka3arp, uTo Ha a}{epremqecxoﬁ NOBEPXHOCTH INepHOJA ob6paieHus

E p2 +z V(X,—X,) (11.75)

rae Pi=p; — (e/c)A (BeKTOpHBIA noTeHuuan A COOTBETCTBYeT ONHOPOIHOMY MAr-
unthomy momo H). Iycts P = Y P;; nokasats, uto

T— (11.74)

e
p= — P X H. (11.76)

ITokasaTh nanee, uto ecau ¥y — coGeTBennas ¢yukuus, a Eo — cobeTBeHras
sueprus onepatopa H, To (Px+iPy)Wy=W; ecTe ToyHas co6CTBeHHas QYHKUHH
CHCTeMBl MHOTHX Ten c¢ sHepruefi Ey=FEg+w., rile ©®c— UHKJIOTPOHHAS SHEPTrHi.

11.5. IToxazarts, uTO

kxk=—29, (11.77)
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MarueroconporuBaexne

B Hacrosiue#i rnase MbH PAacCMOTPHM OJHO BaXKHOE fBJEHHE,
CBSI3aHHOE C IPOUECCAMH nepeHoca, a MMeHHO M3MeHeHHe 3JEKTpo-
NpPOBOJHOCTH METaJJIOB B MAarHUTHOM noJe. B nocienHue roibl B
peaysabraTe GO/bIIKX YCHIMA (GH3HKOB-TEODETHKOB YJa/J0Ch 3HAYH-
TeIbHO TPOJABHHYTbCA B HANpaB/JeHHH TNOJYYeHHs yJAYyulIeHHBIX
pelueHufi pajga 3anay, CBA3aHHEIX C NPOIECCaMU NepeHoca B rasax,
miasme u MmeraJsiax. Cpeau ocHoBonoJaraimux paGor no cosja-
HMI0O KBAHTOBOM TEODHH TPOLECCOB INepeHoca 3apsana B MeTananaax
CJellyeT CleuuasisHo yKasaTbh crathd Jlattuamkepa u Kona [1] #
. M. JIudbmuua [2]. KnaccHueckas Teopuss MarHeTOCONPOTHBJCHHA
JOBOJBHO TOJHO H3JOXkKeHa B KHurax Buabcona [3] m 3afimana [4]
Huxe, B ro1. 16 1 17, Mbl paccMoTPHM pAJ MHTEPECHBIX H JOBOJLHO
CJ0XKHBIX Npo6JeM, nosab3ysch Kaaccuueckumu meronamu. Ilopasu-
TeNbHble ocoBeHHoCcTH HAOMIOfAdeMblX siBJeHHH, CBA3AaHHBIX C 3aBU-
CHMOCTBIO 3JIEKTPONPOBOJAHOCTH OT MArHMUTHOrO MOJf B TBEPALIX
TeJax, MOXHO, OJHAKO, Ka4eCTBEHHO OOBSCHUTH, IPUMEHSST OTHOCH-
TENLHO MpOCTbie MeTOAbl.. AHa/Ju3 3KCNEPHMEHTAJbHBIX JAaHHBIX
onupaeTcd HeNnocpejCTBEHHO Ha ()OPMYy H CBA3HOCTb NOBEPXHOCTH
depmi.

$IBseHMe MArHETOCONPOTHB/IEHHA COCTOMT, B CYLIHOCTH, B BO3pa-
_CTAHWM 3JIEKTPHYECKOrO CONPOTHBJEHHS MeTaJjnaa (MIH INoJaynpo-
BOAHMKA) IpH NOMeleHHH ero B MaruuTHoe nose. HaubGoabmmi
{HTEpec MPEeACTABJISeT TONepeyHoe MarHeTOCOHpPOTHB/EHHE. Ero
M3y4aloT OGBIYHO NPH CJEAYIOlEeM TeOMEeTDPHYECKOM pacHo/IOXeHHH
37eMeHTOB. J{JMHHYI0O TOHKYIO NpPOBOJOKY (ee HanpaBJeHHe NIPUHH-
viaeTcsl 32 OChb X) MNOMEILZIOT B IOCTOSIHHOE 3JIEKTpHYEcKOoe IoJe,
IPUJIOYKEHHOE B HAMDABJEHHH €e JJHUHBL, T. e. B nojae Ey; 310 nose
€03/JdeTCs BK/IOUEHHEM INPOBOJOKH B LENb, CONEPKAILYI0 BHEIUHHA
ucrtounuk 3. 4a.c. OpnoponHoe wmaruutHoe nosae H, npuaaraercs
BIOJb OCH 2, T. € NepHeHJHKYJIspHO K ocu Npososokd. HaubGosee
HHTEpecHble pe3yJIbTAaThl MOJNYYalOTCH, €ClU 3IKCIePUMEHT npPOBo-
IMTCS 0P HH3KHX TeMIepaTypax Ha oOueHb HHCTHIX 06pa3uax # B
CHJABHBIX MaUCHHTHBIX TIOJIfX, [IOCKOJBKY B 3TOM Cjydae NpOH3Beje-

18*
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HHe |wc|T, T. € Npou3BeleHHe NUKJIOTPOHHOH 4YaCTOThl, HA BpeMs
pe/nakcallii MOMKeT OKas3aTbCsl 3HAUMTEJbHO OGoJblle eIHHHUbE
(Joc|T>>1). Tlpu aTHX YCJIOBHSX NETANH NPOLECCOB CTOJKHOBEHHM
NOAABASIOTCH, @ TOHKHE OcobGeHHOCTH NoBepXxHoctH PepMu cKasbl-
BAIOTCHA HA fIBJIEHHM 3aMeTHbIM o6pa3oM.

B onMcaHHOR TeOMETpHH, KOTOPYi0O MK janee Gylem Ha3biBaTh
.cTaHO0apTHOU 2eomerpued, BnusHHe caaboro MardHUTHOro noJas
(loc|T< 1) npuHBOAMT K BO3pAaCTaHHIO CONPOTHBJEHMS; B Bblpaxke-
HUH fJ1s1 CONMPOTHBJEHHA NOABJSIETCS AJAMTHBHHIH uJeH, mpomnop-
IMoHAABHBIH H2, 3TOT aiRUTHBHBLIA 4J€H MOXET PABHATHCH MO 1O~
PANKY BeauuuHbl (wct)?, T. e.

Hy—R(0 .
RO ~ (o, (12.1)
H3 coobpaxeHuit pasMepHOCTH Heab3si OXHAATh HHYEro APYroro,
yuuTHIBAf ellle, YTO AJTHTHBHBIA ujeH He MOXeT ObITh JIMHEHHEIM
no H B cu1y oyeBHAHOM CHMMETPHH 33734 NO OTHOIUEHHIO K 3HAKY
MAarHuTHoro noJgsi. 3ametum (cM. [5]), YTo aJast Meau NPH KOMHAT-
HOJM TeMnepaType BpeMs peqakcalyuu paBHO npuMepHo 2. 10714 cek;
nosaras m*=m wu cuuTas, 4to nose H=30 k3, Mbl NOJyYHM
|0e| =810 cex! u, caenosarensHo, |wct|=0,02. IIpn 4°K npo-
BOJMMOCTb KDHCTa/iJla MM BbICOKOH YHCTOTh MOXET O0Ka3aThCH
no kpaiHell mepe B 10° pa3 Bhime, yeM NpU KOMHATHOH TeMmepa-
Type; TOTAa T TakxKe Bo3apacraeT B 10° pa3 u B TOM >X€ MarHUTHOM
ToJie NpOU3BeJeHHE | |T CTaHeT paBHbiM npumepHo 20.

B oueHb CHJABHHIX NOJSAX, T. € TPH |wc|t->1, nonepeuHoe Mar-
HeTOCONPOTHUBJEHHE KPUCTA/L1a MOXET BecTH cefs, BooOlle rosops,
caMbiM Pa3nuyHBIM 06pa3oM. Bo3aMoXeH OAHH M3 TpPeX CAEYIOUIHX
cJIyuaes.

a, ConpoTuBJeHHE MOMET [JOCTHIHVTb HACHILEHHHA, T. €. MOMeT
CTaTh HE 3aBHUCAINHM oT H, npHueM CONPOTUBJEHHE NPH HACHILEHHH
MOXKET O0Ka23aTbCsl B HECKOJAbKO pa3 OoJsbllle, YeM B HYJEBOM
nosne. Hacelulenne BO3HMKAeT NpH .11000H OpHEHTALHH KPUCTAJJHU-
YyeCKHX OCeHl OTHOCHTENbHO HANpaBJeHHS H3MepeHHH.

6. ConpoTuBJeHHEe MOXET NPOAOJKATh PACTH BIVIOTh 0 CAMBIX
CHJBLHBIX H3 TIDUMEHSBIUHXCA B ONBITAx MoJeH npud BCeX OPHeHTa-
LHAX KPHCTANJIA.

B. B HEKOTOpHIX HampaB/eHHAX KPHCTA/d CONPOTHBJEHHE MO-
eT [NOCTUraTh HACLIleHHWs, HO He OOHapyXuBaer ero B IDYTHX,
yacto ovyeHb O/H3KMX HanpaBaeHUsX. Takoe nmoseneHHe HAa3bIBAIOT
HeoOLIKHOBEHHOH aHM30TPONHEH CONPOTHB/EHUS B MAaTHHUTHOM IIOJe€;
puc. 12.1 nnalocTpupyer 310 ABIeHUe Ha npuMepe Au.

M3BeCTHBl KPUCTAJJbl BCEX TpeX YKa3aHHBIX Kareropuid., Mot
YBUIUM, YTO NEPBaf KaTeropus OOBLEAMHSET KPHCTAJLIbl C JAMKHY-
roimy nosepxuoctamMu Pepmu, HanpuMep In, Al, Na u Li. Ko Bro-
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PO KaTEropHH OTHOCATCH KPHUCTAJJIbI C OJHHAKOBBIM HHCJIOM 3.1€K-
TPOHOB M JbIPOK, TaKkue, Kak Bi, Sb, W u Mo. B TpeTbio KaTeropuio
BXOJAT KPHUCTANJBl C NoBepXHocTAMH DepmH, comepXKallUMH O7-
KpbiTble OpbuTb. /11 HEKOTODbIX HAnmpaBjieHHA MAar{uTHOTO MNOAS;
K 3TOH mnocaegHell KaTeropuu
orHocarcs Cu, Ag, Au, Mg,
Zn, Cd, Ga, Tl, Sn, Pb u Pt.
Pons MarHeToconpoTHBAEHHSA
Kak ¢usnveckoro 3doekra
COCTOMT B TOM, HYTO €ro Hc-
clefoBaHUE MO3BOJAET HAaM
onpeneaduTh XapakTep NoBepXx-
Hoctn Pepmu — ABasercs JH
OHa 3aMKHYTOH MJIH COZep-
JKUT OTKpbIThle OpPOHTH — H
yCTAHOBUTb, B KaKUX Hanpa-
BJIEHUSIX JIEXKAT OTKPBITHIE Op-
6uthl. Kcrarty, CyliecTByoT
TaKHe TeoMeTpHYeCKHe CHTya- oy '
IHH, B KOTOpPHIX OTKpHITas NO- 779 1/ /)
BepxHocTe PepMu He comep- -ip° ° g 500 "
XKUT OTKPBITEIX OPOHT.

Muoro HHTEPECHBIX OCO-  pyc 12,1, MaMeHenus TOMEPEUHOrO Mar-
OeHHOCTEH METAJVIOB MOXKHO  HerOoCOTMpPOTHBACHHS TNIPH H3MEHEHMM Ha-
OODbACHHTE, HCNOJAb3Yys MNpeL- [paBieHHd NOCTORHHOIO MArHUTHOrO n0as
craBjeHne 0 ApeidoBofit CKo-  HAMPAKEHHOCTHIO 235500u (no I'aéinyxosy,
pOCTH HJHM MpocThlie ero 0606- 9
werns. CHauana Ml H3TOXuM  Youepewe oposomnuce we Nosoxpuersimiec
HMEHHO 3TOT NOAXOJ B Kaue- nanpasaesiy [110].
cTBE BBe/IeHHS K 6oJee JeTab-

HOMY pacCMOTPEHHIO TeopuHM siBieHuit nepexoca. [lpefigoas cko-
POCTb V ONpPEJENsieTCsl KaK CPeJHsA CKOPOCTb HOCHTeJdeH, T. e. Kak

— Y (12.2)

Zr

H3zotponnas apexTusnan macca Hocuresed 00HO20 Tuna u gpe-
Ma peraxcayuu. YDaBHeHHE IBHXKeHHs [Jf LPEA(OBOH CKOPOCTH
rasa, COCTOSIIIEr0 U3 HOCHTeJeH 3apsja ¢ H30TPONHOA 3¢ (eKTHBHOR
maccoit m*, umeer Bug (cwm. [5], ra1. 10)

m*(\'/—}—%v):e(E—k—z-vXH), (12.3)

rie T — BPeMs DeJakCalMu HoCHTe ek 3apsina.
BpeMs penakcalui CBf3aHO CO CpefHedt AJHHOH CBOGOAHOrO
npoGera A npHOJIMAKEHHLIM COOTHOIIEHHEM A=vi|T, rae |vi| —
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cpejaHee 3HaueHHe ckopoctd uactuil. Ilycts MaruutHoe nose H ua-
npasJjeHo no ocu 2. B cranumoHapHoM coctosuud v=0, H noaTomy

v=fn—T,(E—+—%vXH). (12.4)

Ecau BBecTH 06G03HadYeHUs

=22, p=uH="2_ __ (12.5)

m-c

T0 (12.4) npumer BuJ
V=WE,+ vy, v,=uE,—%tv,, v,=uE,. (12.6)
Pemas 3Ty CHCTEMY OTHOCHTEJBLHO U, U V,, NOJYyYHUM

v, =uE, 4 uEE, —t,, v,=pE, —p¢E,—tv,, (12.7)
HJH

Vo= (Ex+3E), v=qpm E,—LE). (128)

KoMnmoHeHTH HJIOTHOCTH TOKA j, NMOJYYAIOTCH M3 BHPaXeHuH
AJs KOMIOHEHT CKOPOCTH ¥, NPOCTO YMHOXEHHEM Ha ne, Tje
n — KOHUeHTpanus Hocuteseh. KoMmnouedTsl TeH30pa npoBoO/U-
MOCTH O, ONPEAEJSIOTCA COOTHOIUEHHAMH

h=0E,. (12.9)
Ortcioga aas cayuas H||z umeem
1 & 0
6:% —t 1 0 | (12.10)
0 0 1-4-¢g
KomnoHeHTH 0,, yAOBJIETBOPSIOT YCJOBHIO
Oy (H) =0y (— H), (12.11)

KOoTOpoe siBJAsieTcs OOLMM TEOPETHHYECKHM CJeICTBHEM TEPMOJHHA-
MHKH Heo6paTHMLIX NPOIECCOB.

B Hameil cTaHiapTHOA reoMeTpDHH TpDaHHYHblEe YCJOBHH AOMY-
CKalOT HAaJHYHE TOKAa TOJbKO BAOJb OCH X, U TIO3TOMY

j,=i,=0. _ (12.12)

W3 (12.8) BuiTekaer, uTO rpaHHyHbIE YCJAOBUS YAOBJETBOPSIOTCH
JIMILIb B TOM CJyYae, eciu

E,=tE, E,=0. (12.13)
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INone E, HasviBaercs nosem Xouaaa. M3 (12.10) u (12.13) cneayer,

4yTO
ney.

Je= 1 g ExtEE) = nenk,. (12.14)

Hrtak, B 12HHON reOMETpHH 3PeKTusHas NPOBOAUMOCTE B HApPAaB-
JeHHH OCH X, BbIUHCJIEHHAd A/ HUCIONb3YyeMOM HaMH MOJeJH, He
3aBHCHT OT MATHHUTHOTO TNQJS, HANPABJIEHHOrO BJAOJb OCH 2, XOTSH
KOMINOHeHTH TeH3opa npoBogumoctd (12.10) saBucaTr or Hero.
HMHave rosops, A/ Hauwe#t MOAENH ToONEpeyHOEe MAarHeTOCONpPOTH-
BJIEHHE PABHO HY.JIIO.

Tensop conpoTuBieHHs p paBedH oOpATHON BeaHuMHe TeH30pa
NPOBOAMMOCTH H, caejoBaTenbHo, Ej,=p;,j,- KoMnoredTel Tensopa
0y, ONpEeaeNsaoTCs OTHOLIECHHAMH

pry = 2¥., (12.15)

rae A — neTepMHHAHT g, a A, — ero Av-i MHHOD; LJIsi A nMeeM
A — {mew)® (12.16)

148~ )

Taxkum obpasoM, eciu o uMeer Bun (12.10), To TeHsop compoTus-
JIEHHs TIPUHUMAET BHNI

1 —¢ O
= 1
0 0 1

D10 onpexenenve corsacyercs ¢ supaxenusamu (12.6), u3 koTopsix

Jerye Bcero Haltu p. Jns cayuas CTaHZAPTHOH reoMeTphu H j,=0
nonyuum u3 (12.17)

1_; =t j —H g (12.18)

X7 nen Jo Ey= nep. T = e

yto coraacyercs ¢ (12.13) u (12.14).

OTcyTCTBHE MATHETOCONPOTHBJICHUS B JAHHOH MOJE/H DY CTaH-
A4PTHOH TeOMETDHH OODBACHACTCA HAJHYHEM 3JIEKTPHUUYECKOTC MoJs
Xoana E,, peficTBHe KOTOPOro KOMIEHCHpYeT pedcTeue cuabl Jlo-
penna (T. e. MarHuTHoro noss). Takas KomneHcallis MOXeT coxpa-
HAATLCH TOJBKO B TOM CJy4ae, eCllH MarHeToCONPOTHBJ/EHHe NeACTBHU-
TeJbHO 33BHCHT TOJNBLKO OT OAHOH KHHEMATHYECKOH BEJHYHMHBI V,
BXOAAlUeR B ypaBHeHus ABwkeHus. OgHaKo OGBIYHO BpeMs pesak-
calldd 3aBHCHT OT CKOPOCTEH v; OTJAeNbHLIX HOCHTEJNEeH, W NO3TOMY
HeJb3sl OXHIATh, YTO [ABIMXEHHE HOCHTeNeH YyHaercs onucartb, HC-
nosib3ys JHIIbE OAHY jApekdonyio ckopocTh. Toraa agdexkt komneH-
cauuM YyXe He HAacTymUT. DKCNepHMEHTAJbHO YCTAHOBJEHO, UTO
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nonepeyHoe MAarHETOCONDOTHBJAEHHE CYIECTBYET BCErAa HJH MOUTH
Bcerna. Jlas yayulieHHsl TEODHH B MOJENb ¢ JapeiidoBOH CKOPOCTHIO
HaJo BHECTH NpPOCTOe, HO Ba)KHOE H3MEHEeHHe, a MMEHHO — ellle ORHUH
THI HOCHTeJdei 3apspna. [IpH HaMHUMM ABYX THINOB HOCHTEJEH OIHO
M TO XK€ yIeKTpuyeckoe noie XoJa/ja yKe He MOMET OXHOBPEMEHHO
BBINPAMJATL OPOMTH TeX M APYrHUX. YKa3aHHOe H3MEHEeHHe MOJeNH
OoTpaxaeT NPAKTHYECKH BaXKHhle CJYYaH, HOCKOJIBKY HOCHTEJNSIMH
3THX [BYX THUNOB MOTYT CJAYXHTb 3JE€KTPOHBl M JBIDKH, S-3J€K-
TPOHbI, d-3J1EKTPOHBl, OTKpPhITHle OPOHTEH W 3aMKHYTble OpOHTHI
HT. ML

Modens ¢ dsyma runamu Hocuresel; npedeabubill caydail cuib-
Hbix nosed. PaccmoTpeHHe 3alayH O HOCHTENISNX ABYX THIOB B Mpe-
LebHOM CJydae CHJBHOrO noJs uMmeer ocoboe 3Hauedue. [lo aHa-
Jgoruu ¢ (12.4) nna a1060ro moas MOMHO 3anHCaTh YPaBHEHHS AJS
apendoBoi CKOPOCTH B CTAUMOHADHOM Clyuae B BUJE

vi="0E+4-lv, XH, (12.19)
ml mlc
v,=—f2E_ %2y, \H, (12.20)
m2 m2€

rie MHAEKC | OTHOCHTCA K HOCHTENSM MepBOro THNA, KOTOPble Mbl
CuMTaeM 3/1eKTPOHAMi ¢ 3¢(@EeKTHBHOH Maccoi M|, BpeMeHeM pe-

JlaKCAlUU Ty ¥ KOHUEHTpAauUHed ny, a HHJAEKC 2 — K HOCHTEJNSIM BTO-
poro Tuna — jabipKkaM. Ternepb pacCMOTPHM MOJS, AJSl KOTOPHIX Bbl-
NOJHAIOTCA YCA0BUA |0et T2 1, |wea|12>>1. Toraa Bennunnamu vy
H Vy B JieBbIX uacTtax ypaBHeunit (12.19) u (12.20) moxuo npene-
Gpeub U X-KOMIIOHEHTH! 3THX ypaBHEHHH NPUMYT BHA

Ec+2 o, =0 E 4+, —o0. (12.21)

Orclofa noayuum
ijnlevly—nzery——:("’—_Hn‘)—eﬁEx, (12.22)

4, CJaenoBaTeJbLHO,

Oy = (1 — 1y} ec 7 - (12.23)

AToT pe3yJasTaT ype3BblYafHO BAXEH, TAK KAK OH IOKAa3hlBaeT, UTO
npH paBHOM KOJHYECTBE 3JEKTPOHOB H IBIPOK Oy.=0. Onnako ecau
o,x=0, T0 none Xoana E, oTCyTCTBYET, NpHYEM j,, PaBHOE HYJIO,
HUKAaK He Bauser Ha Beauuuny E, Ecam E,;=0, to adpdekrusHoe
CONPOTHB/IEHHE CTAHOBUTCA DABHBLIM TNPOCTO 1/0yx, THE Oxx ONpe-
Aeaserca npd noMowu (12.10) m B paccmarpuBaeMOM INpenelbHOM
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cJayuyae uMeer BuJ

Ser i (Tt 1a7): (12:24)

Tle n=ny;=~ny. Takum o6pa3oM, npu pasHOM 4ucie 3AEKTPOHO8 U
JbLPOK He MONET HACTYNUTb HACLIWEHUS nonepedHoz0 MazHeToco-
npoTUBAEHUS.

Y 1ByXBaJEHTHHIX METaJJOB, Y KOTOPbX Ha 3JEMEHTADHYIO
suedKy NPHXOAMTCA OJHH aToM (2 Ha KaxX/bli aToM — IO ABa Ba-
JIEHTHBIX 3JIEKTPOHA), YHCJO 3JEKTPOHOB 0683aTeNbHO PaBHO UYHCIY-

Logpre & Ipexmporne bo
nepbod s0He Gmapod some
) 4

Puc. 12.2, MosepxHocts Pepmu U OpOHTH.

@ — 1RYMepHaR NOBEPXHOCTh PePMH; DAOWARL SIUWTPUXOBARRHIX ORZHHM CROCO-
GoM obracTed paBHZ NAOMAAH OAHOR Souw DBpuaawodwa; 0 —aupounas opdura
B «cOOPAHHOM» BH1E; 8 — OXHOIAEKTPOHHAA OPOHTA B «COOPaHHOM» BHie.

ABIPOK (f_=n,) NPH YCIOBHH, YTO OTKpbITble OPOGHTHl OTCYTCTBYIOT.
B k-npocTpaHcTBe B Kax<JoH 30He DpHINIOIHA HMMeeTcs OJHA TOYKa
NI KaxXJoH NPHMHTHBHOH sYefiKH KpucTaJjaa, PaBeHCTBO KOH-
LEHTpanui 3JEKTPOHOB M ABIPOK MOXKET HMETb MECTO TAKXKE H B
METanNax C HeueTHOHl BaJIeHTHOCTBIO, €CNH NPHUMHTHBHAas sdefika
COJEPXKHT YETHOEe YHCAO aTOMOB. DEIIO SKCNEPHMEHTAIbHO YCTaHOB-
JIEHO, UYTO NpPH STHX YCJOBHAX TOlEpeuHoe MATHETOCONPOTHBJIEHHE
He jocTHraer Hacbliledusi. Tonojoruio nosepxHoctH @PepMH npu
PABHOM 4YHCJI€ 3JEKTPOHOB H ABIPOK JIETKO YACHHTbL H3 paccMoTpe-
HUSl CcJayyas JIBYX H3MepeHHH, WJIJIOCTPHPYEMOro, Hanpumep,
puc. 12.2, rne nosepxsocTtb PepMH COCTOMT M3 uYacTed, NpHHalMe-
JallHX JABYM 30HaM, HO BCA 3alUTPHXOBAHHAS OJQHMM crnocoboM
IJ10UA/lb KaK pa3 paBHa NJoWAaAH ORHOM 30HBL

Peayaprat (12.23) cnpaBefnuB Takxe AJf NPOH3BOJBHOH TO-
BepxnHocTH @PepMH, o KpahHe# Mepe B MOJYKJACCHYECKOM Npubau-
JKEHHH, H3JIOXKEHHOM B Npejbiiylied rjaBe, NOCBALICHHON JHHAMHKE
3JIEKTPOHOB B MarHHTHOM noJie. PaccMOTpHM TOHKHA MJIOCKHE cJoifl,
Bhipe3aHHbli U3 noBepxHocTH PepMH ANS 371€KTPOHOB JBYyMs MJO-
CKOCTAIMH, NEpPIEeHAHKYJIAPHEHMH K HanpaBJeHHI0 MAarHuTHOTO HOJd
H; nyctb Ha eJMHHLY NOBEPXHOCTH TAKOIO CEUEHHS NPHUXOAMTCH
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®
cocrosinnit. B nocrosHEblx MaruntHoM H,=H u snektpuueckom E,
NONSAX JHEPTUS 3JEKTPOHA e B ITOM CEYEHHH U3MEHSETCH COrJaCHO
YpaBHEHHIO

[

—=ev,F, = — ck,E, (12.25)

1
F-
TIOCKOJIbKY, €CJIH MOXHO mnpeHe6peub CTOJKHOBEHUAMH, K,=
=—{(e/c)v.H. TakuM 06pa3oM, cMelleHHe NOBepXHOCTH PepMH H3
PaBHOBECHOIO NOJIOXKEHHA C TOYHOCTHIO X0 AXMHTHBHOM TOCTOSHHOH
onpejensieTcs BeJHYHHOM

Ae= —ch,Ey 7 (12.26)

ViBTerpupys 1o INOBEPXHOCTH CEYEHHS, MOJNYYHM Pe3yAbTUPYIOULHH
TOK B HanpasJIeHHH OCH Y B BHIE

Jy:aefdk,dk de

E
v R, = —aec—i ~“(;,’laxa,’lay. (12.27)
Unterpan B nmpaBoil 4acTH Kak pa3 paBeH IVIOL{AJHM CEUEHHS, TaK
4To J, paBHO NDOHM3BEJEHHI0 YMC/IA COCTOSHUA B JXAHHOM CEUYeHHH
Ha peqauuuHy ecE./H. Jlns Bceir nopepxuoctd PepMu Hago 3TOT
pe3yJbTaT NPOUHTErPHPOBaTh 10 dk, TOMHS, 4YTO BeJHYHHA

uJ' dk,dk,dk, naer uncao coctossHu#l Bo BceM o6beMe. Cneposa-

TeJbHO, NOJHAas MJIOTHOCTh TOKA B HAlpPaBJEHHH OCH Y 3anuuiercs
B BHJC

=% (n,—n_)E, (12.28)
re n4— KOHLEeHTPAauKs AbIPOK, a@ fi_ — KOHUEHTPAUUA 3JEKTPOHOB.
[Ipn n.=n_ uMeem 0y,,=0, B coraacnu c pesyasratom (12.23);
coobparkenis, BbICKA3aHHblE BblHIE, NOKA3bIBAIOT, YTO, B COIVIACHH
C 3SKCIEpUMEHTOM, MarHeTOCONPOTHB/JIEHWE HE JOCTUraeT Hachllle-
HUsA. DTOT BLIBOJ HE 3aBUCHT OT OPUEHTAUHMH KPUCTANIA K CIAYMKHT
OOBACHEHHEM /[JIs BTOPOrO Y3 [epeyHC/JeHHBIX Bbllle CAyyaeB BO3-
MOZKHOTO TOBe/IeHIisi MArHeTOCONPOTUBAEeHUS (cayuai 6).

BausiHue OTKPRITHIX OPOGHT. [l HEKOTOPHIX KPUCTAJJIOB 3Kcle-
PUMEHTAJbHO YCTAHOBJIEH CJE[YIOIHA 3aMeuaTe/bHbIH (DaKT: Hachl-
LleHHe MarHeTOCONPOTUBJERHA O0Af HeKOTOPbIX 0COObLX Hanpasie-
Huii B KpHCTajJje He HadJogaercs. DTO OTCYTCTBME HACBILIEHHS B
HEeKOTOPbIX HaNpaBjeHUAX MOXKHO OGBSCHHTDb, €CJIH YYECTh BO3MOX-
HOCTb CYUIECTBOBAHUS OTKPBITBIX OpPOHT. B CH/BHBIX MAarHHTHbIX
TIONSIX TOKH, CBSI3aHHble C ABHXXEHHEM HOCHTeJel 3apsiga MO OTKphi-
ThIM OpOHTaM, BO3MOJXKHBI, KAK H3BECTHO, TOJbKO B OJHOM Hampas-
JIEHMH B [LJIOCKOCTH, MeprneHAUKYJIAPHON K MarHuTHoMy noJgio. Cae-
JLOBATENbHO, YBEJIHUYEHHE TIOJsSI He MOXET XaTh HACBILEHHS 33 CYeT
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OTKpHTHIX 0pOuT. IIpeanosoxuM, yto npy JaHHOH OPUEHTALHH KpH-
CTaaJa OTHOCKTEJbLHO MACHUTHOrO MNOJsA HMEITCS OTKPBIThIE Op-
61TH, NapaJjjesbHble ky; B OOBIYHOM NPOCTPaHCTBE 3TH OPOUTH
Ja10T COCTaBJSIOMLYIO TOKA B HanparJeHHH ocH y. Mbl MOXeM ycra-
HOBHTb COOTBETCTBHE MEXAY HaJMYHeM OTKPHITHIX OPOHT H KOMIIO-
HEHTOH TeH30pa NPOBOAMMOCTH Oyy; MYCTh BKJIaj OTKPHITHIX OpOHT
B NpPOBOAMMOCTL pAaBeH Sne; 3TO ONpejessieT BBEJEHHYI0O HAMH
BeJHUHHY S. B npepesbHoOM ciayuae culbHBIX nosel u Oe3 yuera
BKJIafia OTKPBIThIX OpOUT TeH3op npoBoauMocTe (12.10) mMmeeT BuA

g2 7 0]
cr~nen|—t t? 0] (12.29)
| o o 1
Hanomuum, uto ¢~ H. C yueToM BKJana OTKPHITHIX OPOHT MOJYYHM
g2 &0
o~nep|—t' s 0] (12.30)
0 0 1

31ech B BLHIpAXKEHHH I8 Oy, MBI ONycTHAW E2 KaK BeJHUYHHY, Ma-
Jylo mo cpaBHeHuto ¢ s. [as ynoGerBa OyneM  cuuTaTh, u4TO
Ox,=0=0,¢, X0TH B 0061EM CJyYae 3TO MONKET M HE HMETh MECTa.
[Tpumennmocts dopmya (12.29) u (12.30) x npenenbHoMy cayuaio
CUJLHBIX MoJel Gbina npoleMoHcTpuposaHa [lunnapaom [6]. 3ame-
THM, YTO OTKpHITasi op6uTa, napaiienbHas By, AaeT COCTaBJSIOULYIO
cpexHell CKOPOCTH TOJIbKO B HanpaBJeHHH OCH Y H MOITOMY He BHO-
CHT BKJIAJAd B Oxy, Oxx ¥ T. A. BeJUUMHA HANpPAIKEHHOCTH MArHHUT-
HOrO TIOJI HE OKA3bIBAET BJWSHUSA HA CPEJHIO CKOPOCTb HOCHTEJNEH
3apsana v, Ha opOUTe; OHa OTPaXKAeTCd TOJbKO HA TeMIle H3MeHe-
HHsl kg, T. €. HA CKOPOCTH Ky, C KOTODOH 3JIEKTPOH Ha OTKPLITON
op6ure ABHKeTcH B k-IpocTpaHcTBe.
W3 suna tensopa (12.30) cnenyer, uro j,=0, ecin

———i‘—"—i»SE_,,:O, wm E, =L,

s (12.31)

TOorga A X-KOMIIOHEHTH TOKa HMEEM

, -2 -1 1\.-2

jem nen (T E A g E)=nen(1 + )8, (12.32)
orkyaa jas 3(deKTHBHOrO yJA€JAbHOTO CONDOTUBJEHHS TNOJYYHM

~ 5 s
P~Te;m- (12.33)

YaenbHoe cOMPOTHBJEHHE BO3PAcTaeT INpPH YBeJHYEHMHM [oJdA IO
aakony H? u, cjejoBaTenbHo, HacblllleHHe He HactynaeT. Pacopepne-
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JeHue opGHT N0 KPHCTaAny CO3JaeT TEHAEHUHIO K YMEHBUICHHIO NO-
Kasaress crenedn npu H no exununbl. Mrak, Mbl OOBACHHAH TpeTHR
THII TOBEJEHHS MAarHeTOCONPOTHBJIEHHA, 8 HMEHHO OTCYTCTBHE Ha-
ChILIEHHUS JIHIUb IPY HEKOTOPBIX OPHEHTAUHAX KpHCTaJIa.

IpeanosoxuM, YTO KPHCTAMJI ODHEHTHPOBAH TdK, YTO OTKpPLITaf
op6HTa NEPEHOCHT TOK B HanpasJeHuHu ocy x. Toraa

s 10
ornep|l—t g2 0 (12.34)
0 0 0
u j,=0, ecnu E,=EE,; TOorna AJs X-KOMIIOHEHTH TOKA HMeeM
Je=~(s+1)nepE,. (12.35)

Jns Takol OpHeHTAIlHH MAaTHETOCONPOTHBJEHHE JOCTMraeT Hachi-
LIeH}S.

Ecau oTkpuiTas op6uTa OPHEHTHPOBAHA IIPOM3BOJIBHBIM O6pa3oM
B ILIOCKOCTH XY, TO TEH30p NPOBOAHMOCTH (ONATH-TAKH B Npeeb-
HOM cayuae E2> 1) uMeeT creyIoWUN BUA:

s, L0
o~nen{—t' s, O} (12.36)
0 0 o

Tensop Takoro Buaa apaer j,=0 npu E,=EFE./&s,); A1 x-KoMio-
HEHTHl TOKA HMeeM

Je=nen{s, +T1§2 }E > neus,E, (12.37)

Takum o6pa3oM, macneToconpoTuBieHue GOCTUAELT HACLLUEeHUS OAS
8Cex HANpasAeHul, 30 UCKAIO4WeHUeM CAY4as, Ko20a OTKpuiTas op-
bura nepeHOCUT TOK RNOYTU TOYHO RNAPAAAEABHO HANDABAEHUIO
ocu y. CoriiacHO reoOMeTpUYECKHM NpPaBHJIaM, ONHCAHHBIM B rj. 11,
3TO TpebOBaHHE CBOAMTCH K TOMY, UTO HanpaeJjeHHe OTKpPHITOH op-
6uthl B k-mpocTpancTBe MLOMKHO COBNAJATh C OChIO Ky.

[TonyyeHHbIA pe3yJabTaT, COTJaCHO KOTOPOMY MarHeTOCONPOTHB-
JleHde JOCTHTaeT HacChIIEHUS B JOCTATOYHO CHJIBHBIX MAarHMTHBIX
TNoJISIX, eCJH OTKpLITas opGuTa B K-mpocTpaHCTBe He HampasJ/eHa 1o
OCH Ry, OOBACHAET HEeOOLIKHOBEHHYIO aHH3OTpPOIHIO TONEepPEeYHOro
MAarHeTOCONPOTHBJEHHS, Ha6/l0faeMyl0 Ha MOHoKpHcTaanax. Ha-
JIHUHe TAaKOH AHHU3OTPONHH HABJASETCH XapaKTepHOH OCOGEHHOCTBIO
3KCIEPHMEHTAJNbHBIX Pe3yJbTaToB, YTO HAJIOCTpHpYyeTca puc. 12.1.
Takum 06pa3oM, u€ccCleJOBAHUA YIVIOBOrO pacnpefelieHHs Ionepeu-
HOro MAarHeTOCOIPOTHBJEHUS MOHOKDHCTAJJOB TNPH CHJAbHBIX Mar-
HHTHBIX TNOJSIX MOTyT JaTb CBeJAEHUS O HaJHYHH OTKPHITHIX OpOUT
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¥ 0 CBfI3HOCTH ToBepxXHocTH PepMu. B HanpasJieHusX, B KOTOPbIX
CYUIECTBYIOT OTKpLITbie OpOUTBI, CONPOTHBJEHHE HE NOCTHTAET Ha-
CHILEHUA; 0HO AOCTHF3eTCs BO BCeX APYTHX HANpDABJEHHAX, 32 HC-
KJIOYEHHEM JIMIIb TeX, B KOTOPbIX METaJjj MOXHO CYHTATh JBY3OH-
HbiM C OJJHHAKOBBIM YHCJIOM 3JEKTPOHOB H [BIPOK.

Ypasnelme HepeHoca AJsi MAarHeTOCONPOTHBJIECHHUSA

[Mpennoxennas YambGepcoM TpakToBKa noBepxHOCTH PepMy,
T. €. KHHeTHUecKas ¢opMyJHpOBKa ypaBHeHHs lepeHoca, B 3HAYH-
TeJbHO OCOJbliell cTeneHH NOAXOAHT [l paccMOTpeHHs mpobieM
MarHeTOCONPOTHBJIEHHS B clyuyae noBepxHocTedl PepMH NPOU3BOJb-
HOTO BuJa, YeM OOblMHASA TEOPHSA BO3MYILIEHHH JJA KHHETHUECKOro
ypaBHeHHs DbonbuMaHa, NpH KCNOJb30OBAHHH KOTOPOrO MATHHTHBIE
adpeKTH NOABISIOTCH JHIIb BO BTOPOM mNopsjake. Mbl HauHeMm ¢
papuHanra teopud YamGepca, B KOTOPOM YypaBHeHHe JHHEaPH3UDO-
raio no E. Ecau ¢ymkuuio pacnpejeneHus 3anHcaTh B BHIE
f=Fo+[1, rne fo— paBHoBecHoe pacmpeneneHue, TO IJIOTHOCTH 3J1€K-
TPUUECKOr0 TOKa 3anuiuleTcs B BHJe

dhy.
= [ v = e [y one,  (1238)

‘rie Ae-—cpelHAs 3JHEPrHA 3JIEKTPOHOB, NpUOGPeTeHHass HMH OT
snektpuyeckoro noasn E 3a Bpems mexay cronkuoBeHusiMu. Ilpen-
rio;1araercs, 4TO TOTYAC NOC/e CTOJNKHOBEHHA 3JeKTPOH OKa3bBaercd
B COCTOSIHHM, COOTBETCTBYIOLIEM paBHOBECHOMY pacipee/leHHuIo.
Torsaa npu NOCTOSHHOM BpPeMEHH PETaKCallUH T NOJYYHM

0
Ae=e [ dtE.v(t)etr. (12.39)

3nech e~ l#l/T —BepoOATHOCTL TOTO, YTO HHTEPBAJ BPEMEHU MEXAY
noc/aeAyOIMMH CTONKHOBEHHAMH paBeH 1o KpaiHelt mepe |/, ecau
CUHTATh, YTO OJHO H3 CTOJIKHOBeHHH npoHsounio B MoMmeHT f=0. He
npejacTaBaseT Tpyaa o6o6muTh Bbipaxkenne (12.39) na cayuaf, Ko-
rla BpeMs pelJaKcallM{ T He NOCTOSIHHO, @ 3aBHCHT oT k.

OG6uui HesHHEapH30BaHHHIK peadyibrat Yambepca [7] ans dyux-
UHY pacupefie/ieHus HMeeT ClelYIOWHUH BHA:

t t

dt’ , d
F= | ey e—2e@exn| — | waiiy]. (1240
J

-0

rne ‘
Ae= [ dt'F - v(2") (12.41)
"



286 I'JIABA IBEHA/UATAS

eCTb 3Heprus, npHo6peTeHHas uactulied nod AelictBueM cuawl F 3a
IPOMEXYTOK BPEMEHH MEXAY ¢° W [ B OTCYTCTBHE CTOJKHOBEHHH,
T — BpeMsd pesnakcauvi, fo— paBHOBecHAas (GYHKLUS pacnpeaeseHus.
Bann [8] aokasan, uto pewenue (12.40) ynom/ierBopsieT ypaBHEHHIO
Boabumana.

B cHJIbLHOM MarHHTHOM MOJE 3JeKTPOH 33 BpPeMS MEXIY CTOJK-
HOBEHHSIMH yCIleeT MHOI'O pa3 ONKCATb 3aMKHYTYI0 OPGHTY H /A
KOMIIOHEHT CKOpocTeH, JexamuX B IJIOCKOCTH, NepleHAHKYAApHO#
K MaruuTHoMy nomwo H, unrerpaa (12.39) 6yner cTpeMuThes K
Hyqo. KoMnoHeHTy cKopocTd, Napaisienbuyio nodio H (=H,),
MOXKHO 3aMEHUTbL ee CpeaHuM 3HaueHHeM (Vg (Ry)), B3ATHIM @O Op-
6HTe NpH NMOCTOSAHHOM 3HAueHHu ky. UMTakK, ecau MarHuTtHoe moJe
HalpaBjeHO B/0Jb OCH 2, TO

Opx = Opy = Oyy =0,, =0, (12.42)
2e? d
Ors = pogrs f &, (v,) Ao, (12.43)
DT0 3HaueHUe 0, Npu H =oo, BOOGIUE rOBOPS, MEHbLIE 3HAUEHHS
2e2? d
0,.(0) = e f kw2 Ao (12.44)

NpH HYJEBOM MAarHHTHOM MOJie Ha BEJIMYHMHY, 33aBUCALUYIO OT AHH30-
Tponuu v, 6au3 op6uThl. Takum obpa3om, cyulecTByeT MpPOAOJBHOE
MAarHeTOCONPOTHBJIEHHE, KOTOpOe BCerja AOCTHraeT HachlueHHs.

Ecan B HanpasneHMu k, uMeiOTCH OTKpDLITBIE OpOHTH, TO
(vx) =0, HO (v,)+0. Torga B Ipene’bHOM cJyuae CHJbLHBIX IOJek
H 0y, 70, uTO BNOJHE COOTBETCTBYET IOJYYEHHOMY BHIlE pe3y.b-
rary (12.30).

[IpuMeHHM pa3BHTLIA Bbllle KUHETHUECKHHA MeTON K 3ajaue o
TONepeyHOM MaTHETOCONPOTHBJIGHHH B C1AGBIX MarHUTHBIX TOJAX,
T. €. B TaKHX TNOJfAX, AJI8 KOTOpBIX |w.|T<« 1. HyxHO paccmorpers
MHTerpaJj

0
[ atv, (t)etr,

-

CuHTas BpeMd DesaKcalHM T NOCTOAHHBIM. Paanoxus v, (f) B pan
. 1 -
v, (£) =2, (0) + 19, (0) + 5 £2,(0)+ ..., (12.45)

MOJYYHM DSl HHTErpaJsoB, KOTOphle MOXHO B3sTh Gea Tpyaa. Hrak,
HMeeM

[ dtv, () 1" =719, (0)+ 70, (0) + 10, (O + ... (12.46)

-0
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B kauecTBe npumepa PacCMOTPHM O,y B BHJE
Oy (2n)a fdsk'v e (T’Uy—i*f v, + Y+ .. ) (12.47)

UneH, cojepxalluii vy, NpH HHTErpUPOBAHHH obpainaercs B HYJb
B cHiy cHMMeTpHH. [Ins cBOGOZHOrO 3JEKTPOHHOro rasa uieH, co-
AepXKaluuil ¥y, BHUKCIAIOT, HCTIONb3YS YPaBHEHHS

moy=—=0v,H, v,=00, (12.48)
Toraa ¢ TouHocTelo Jo usieHoB O (/) naxomum

2e? d
Oy = (2:)3 0,12 f d3kv? —dfs—" == @,10,, (0). (12.49)

Tlpu onpeneneHuH Oxx HAH Oy, HaM NOHANOGATCA H UJEHbl NOpAAKa
H?; phluMcleHHe MOXHO IPOBECTH, €CJH, Hanpumep, iy B3SITb B BUE

'z) _m'z) =— v, (12.50)

TOraa MnOAyUYHM .
Oy = Oy (0) — (0,77 04 (O)- (12.51)

DTH peayabTaThl s CBOGOLHOTO 3JEKTPOHHOIO Tasa Coryacyrorcs
B TOM >K€ IIOpfA/JAKE TEOPHH BO3MYILCHHS C Pe3yJbTATAMH, MOJTYUYeH-
HBIMH B DaMKaX NPENCTaBJIeHHs O ApeiioBOH CKOPOCTH, O KOTOPOM
wsa peub Bbime. OJHAKO ONMCAHHBIH BbilI€ NMOAXOA MOXHO NpH-
MeHSITb M JJI5 T0BepxHocTed Pepmu o6uiero BUAa. Hanpuwmep, ans
pacuera oy, BEIpa)KeHHe 111 vy caeayeTr 6path B BHAE

0% ("_5 0%  de 0% ) (12.52)

Ok, 0k, ¢ \Ok, Okl Ok, Ok Ok
OTKYyZa C TOYHOCTBIO [0 UJeHOB nopsaka H nogyyuM xopoumo H3-
BECTHBIH pe3ynbTaT

22 eH1t? f dop % (da % o 0%
2
@n)?® ¢ Ok, \ Ok, Ok, Ok, Ok, Ok,

Oxy =—

dfo
) oL (1253

[pu we>kl H 0,1 KOMIOHEHTH! TeH30pa MPOBOAMMOCTH
OO6HapYKHBEIOT ocuMAIsAuMK. KBaHTOBbIE OCHH/INALHH CBOWCTB,
CBS3aHHLIX C MPOLECCAMH NEPEHOCa, HMEIOT TO XKe HPOHCXOXIEHHe,
YTO M  OCUHJJIALMK BOCIPHHMYHBOCTH B 3ddexTe e 'aaza—Bau
A.an;ena KOTOpHIH paccMaTpuBaJjcs B ril. 11.
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3AJdAYH

12.1. [lokasarb, 4TO nonepeyHoe MAarHETOCONPOTHBJAEHHe ofpaulaercs B HYJb
ANS NPOBOAHKKA, Y KOTOPOro BpeMs peNaKCAaUMH H3OTPONHO, a TeH30p 3ddex-
THRHBLIX MAacC oTBeuaeT [OBEPXHOCTH B opme sanuncouja. Masmubii BeIBOL 3TOTO
peaynsTaTa ynoMuHaeTcs B paore YamGepca [9].

12.2. PaccmorpeTh MarseTocOnpOTHBJAeHHe NPOBOAHHMKA, Y KOTOPOro noBepx-
HocTb dDepMu nMeeT QopMY GECKOHEUHOrO KpYroBOro UHJMHHApA.

12,3. PaccmoTperh MarieToCONPOTHBJIEHHe B Cjydae HOCHTeJNeR 3apaja ABYX
THNIOB s BCeX 3HayeHWNA MAarHUTHOro noJs, Npejronaras, O4HAKo, YTO My= My,
T1=T;. [lokasath, uTO NpPU CTAHAAPTHOR reoMeTPUH JJ/If X-KOMIOHEHTH TOKA MNOJY-
YaeTcs Bbipa)ceHue

— 2
Je= (m+nz) er __*fg, [1+ E:: +Z:;, ;-,2] E,. (12.54)
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Pacyer 3HEPreTMYECKMX 30H M MOBepxHocTeil Pepmu

Haspaunue 310#t raasu ropasjo Jaydiue nogowao 66 anf o6CTOs-
TEJBHOTO TpYyAa 10 30HHOA TEOpHM KDPHCTANJOB, COJAEpKallero
pacyeT ¥ OLEHKY TJaBHLIX SHEPTeTHYECKHX 4YJEHOB B OJIHO3/EK-
TPOHHON TEOPHH M TIONPABOK K HHM. B Tako# BooOGpa)kaeMOd MOHO-
rpaduy noapo6GHO u3aaraauch Gbl BHIYUCIHTENbHbIE METOAb! W GblIO
6bl NPOBEAEHO TUIATEJIbHOE CPaBHEHHME TEOPETHUECKHX DEe3y.1bTaToOB,
MONYYEHHbIX Pa3HbIMKH CNoco6aMu, € HMeWHMHCA 3KCHepUMeH-
TaJ bHBIMH AaHHBIMM. [logoGHas moHorpacdus 6bi1a Gbl KpaiHe No-
JIe3HO#, HO B HAacrosiulee BpeMsd, Jaxe ecai cobpaTb AJs €e HaMu-
CaHHs KOJJEKTHB CIeLHAaJMCTOB, paGoTaloluX B NaHHOA 0061acTy,
oHa oOJsaiana 6bl pILOM HELOCTATKOB, H BOT MOUYEMY.

a) Boauanue MHorouacTH4HBIX 3((EKTOB HA 30HHYIO CTPYKTYpY
H WX 3HAayeHWe A5 UHTEPNpPeTAUHH SKCIEePUMEHTAJbHBIX JAHHBIX
H3yyeHbl BECbMa HEIO.THO.

6) B Hacrosiuiee Bpemsi OUEHb COMHHTEIbHOU TNPEICTABJASCTCH
BO3MOXKHOCTh pacyera 3JeKTPOHHLIX CBOHCTB IIEPEXOJAHBIX Me-
TaJJI0B.

B) TexHuka pacueToB ans ApPyrux MeTaJ10oB ObICTPO yayyluder-
Cfi B CBSI3M C YCOBEepLICHCTBOBaHHMEM MeToa MOAMGHUKPOBaHHBIX
NJOCKHX BOJH H HAKOIJIEeHUEM OTHOCSIUUXCSH CHOja 3KCIIepHMEHTaJb-
HbIX JaHHbIX. BeposiTHO, B TeueHue OJMmXaHUIMX JIeT B OTHOIUEHHH
NPOCThIX METAJJOB MOJIOXeHue cTaHeT Gosaee GJarONPUATHBIM.

Wtak, Tako monorpacum noxa uer. EcTh, oAHAKo, psAn noJes-
HbIX 0G30PHBIX cTaTel, Cpefd KOTOPbIX CTOHT OTMETHThH paboThl
[1—9], a Takxke ueony6.iukoBauuple otueThl rpynnbl CJisrepa B
MaccauyceTckoM TeXHOJOTHYECKOM HMHCTHTYTE.

Bce, 4yTo MBl CMOXKEM cje/aTb B paMKax OIHOH TIJlaBbl, — 3TO
H3JI0KHUTb TIPHHUMIIHAJIbHBIE OCHOBBI T€X METO/J0B, KOTopble ofecne-
YHBAIOT BO3MOXHOCTL TJYGOKOro (HhM3MYecKoro NPOHMKHOBEHHS B
NPHUPOAY BOJHOBbIX (DYHKUHMH KPHCTA/JOB, NOAAAIMIMXCA HCCIE10-
BaHUIO NOAOGHLIMM METOJAaMH; Mbl MOMeM TaKxe 1aTb MpeacTas-
JeHHe O TOUHOCTH 3THX MeTon0B. Mbl cobupaeMmcs noipobHo obcy-
OHTb 34echb Meroj Buruepa-— 3eiiTua, NPHMEHHMBIH K HIEJ0YHLIM
Mera/jaaM, M pasaiuuHble MOAM(QHKAnMuH MeToJa IJIOCKHX BOJIH,

19 4. Kurtenn
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OpHMEHMMbBle K HeoOblYafHO IUHPOKOMY KJI4acCy KPHUCTAJIOB. IJ1a
CKpOMHas nporpaMMa HMKOMM 00pa3oM He HCYEpNLIBABT BCeX Tex
METOLOB, KOTOpble NPHMEHSIOTCH HA NPAaKTHKe U [aI0T OTJIUYHbIE
peaysabTaThl; K TaKHM MeTogaM oTHocaTcs wmertox Kywa u Ban
daeka, obobmennblit Bpykcom (cu. [1]), Bapuauuonun#t Meton Ko-
Ha, WHPOKo npuMensaBiuuitcs XsMom [6, 7]; MeTo] NpUCOeIHHEHHKIX
IVIOCKHMX BOJH, pa3paboTannblil rpynnoét MaccayyceTckoro TexHoJ0-
THYECKOro MHCTUTYTa. [lepBble pasyMHble pacueTbl 30HHOH CTPYKTY-
pbl BhiNOJHEeHB! Burnepom u 3eiitueM s autus W watpus [10—14]

Metoa Burhuepa — 3eiitua

Pacemorpum cHauana cocrosiue ¢ k=0 B 30He NPOBOJUMOCTH
3s mMerannuyeckoro Hatpus. [Ipu KoMHaTHOA TeMnepaType KpHCTaJa
uMeeT 0OBEMHOUCHTPHPOBAHHYIO KYOHUECKYIO CTPYKTYPY C TOCTOSH-
HOU peweTkd, pasHoi 4,28 A. Paccrosnue Mexay OGauKaAlIHnMK

Puc. 13.1. ATOMHBlE MHOTOTPAaHHUMKH, OKDPYXAIOUIAE KaXABIH
4TOM B T'pPaHENEHTPHPOBAHHOH KyOuueckoH cTpykType (a) i
06beMHOLEHTPUPOBAHHOIT KyOuueckoll cTpykrype (6).

cocegHuMu atoMamu cocrasaser 3,71 A. B o6beMHOUEHTpUPOBAH-
HOH M rpaHeUeHTpHPOBAHHOR KyOHUECKHX pelIeTKax BC€ MPOCTpaH-
CTBO MOXXHO 3aNOJMHUTb KBaszuchepuyecKHMU MHOrorpaHHUKaMH,
€CJIM IIPOBECTH MJOCKOCTH, AEIsliHe MONoJaM JHHHM, KOTOpbe coe-
NHHSIOT KaX/JAbIA aToM ¢ ero GJH:KAHWHMU coceasaMu n (B caydae
06bEMHOLUEHTPHPOBAHHOH pEIIETKH) CO CJAEIYIOMHMH COCEeIAMH.
[Tonyuaiouiecs npu 3TOM MHOTOTPAHHHMKH NOkasadbl Ha puc. 13.1.
Kaxabli MHOrOorpaHHHK COJEPAHT OJIHMH y3e] pelIeTKH H MOMKET
6bITb BbIOpAH B KAYECTBE NPHMHTHBHON AYCHKH.

B meHTpe KaXXJ0ro MHOTOTPDAHHHKA DACIOJOXEH HOHHbLIH OCTOB.
Ero pasmepnl 06blYHO MaJbLl 110 CPABHEHMIO C IIOJCOBHHOH paccros-
HHs 10 6auxaimux coceied. B HaTpuu 3Ta NOJOBHHA COCTABJAfAET
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1,85 A, a paguyc nona pasen 0,95—0,98 A; oaHako noTeHunan HoHa
CKasblBaeTcsl JulIb Ha paccrosiHuax, MeHbinx 0,6 A. CnhenoBarennb-
HO, MOTeHUHANbHAA 3HEDPrHA Maja NOYTH BO BceM 06beMe aTOMHOro
MHOTOTPaHHHKA. BHYTpM HOHHOrO oOCTOBa, IAe TOTEHUHA] BEIHK,
oH 64u30K K chepiyeckoMy. I103TOMy BHYTPH KaXJAOr0 MHOTOrpaH-
HUKa noreHuuasa V(X) MOXHO ¢ Xopolueil TOYHOCTBIO c4uTaTh cde-
PHUECKHM.

Touka k=0 ectb ocobas Touka I'; ecau cocrosiie g, (B TOUKe
I’} He BHIDOXJAEHO M MOJYuYdeTCss U3 ATOMHbIX 3s-QyHKUmi, To Npu
BCEX OmepalusX CHMMETPHM rpynnbl Ky6a OHO 6YAeT TepexoauTh
camo B cebs. DTo cocTosiHHE OYyJeT TaKXKe NMEPUOJUYHBIM C IEpPHO-
IoM pemeTkH. [paHW MHOTOTPAHHBIX SUEEK [OJYYAIOTCH OJHA H3
ApYyroi TMyTeM OTpaKeHusi B IUIOCKOCTH, MPOXOASLIEH yepe3 LEHTD;
CJIeOBATEIbHO, HA NMOBEPXHOCTAX MHOrOTPaHHUKOB TIPOH3BOHAS TIO
HOpMaaH OT GYHKUMM @ [OJKHa obpauatecs B HYJb, T. €.
0P,
-n =0 (13.1)

Burnep n 3efiTu 3amMenusu NpH pacyerax MHOTOTPAaHHHKH cde-
pamu Toro Xe ob6bema. [lpu 3Tom rparuunoe yciosue (13.1) npu-
HIMaeT BRI ]

Po
(d—r) —0. (13.2)
8

Otu chepul HasbiBawoTCst S-chepamu. Jlasg o6beMHOUEHTPUPOBAHHOM
Ky6HueckKoi pemerky ¢ pe6poM Kyba, paBHLIM a, pajdyc S-chephl
(o603nauaeMnblil uepes r;), ONpPEAeIseTCs COOTHOLIEHHEM

2= 0% wm r,~049. (13.3)
Kak u3secTHO, B 371eMeHTapHOM Kybe 06beMHOLEHTPHPOBAHHOH pe-
WeTKH cojepxaTca 18a y3na. DyHKUHSA ug CJAYZKHUT peIUeHHeM YpaB-
HeHHSf
[— s 2 (P i)+ V ()] 10 () = oo (1) (13.4)
2mr? dr dr 0 0% '
¢ rpaHHuHBIM ycaoBueM (13.2). 3ameruM, YTO 3TO rpaHiyHOE yCj0-
BME OTJHUYAETCS OT TIPaHUYHOTO YCJOBUA AAs CBOGOJHOTO aTtoMma
(pewenne u(r) a1 cBOOOAHOro aroMa JOJKHO o6palmatbest B
HYJIb [IPH £ =o00).

Buiniceiag ypasHenue (13.4), Mbl npeanosarand, 4Tto pelICHH-
eM ¢ HauHuswed sueprueit npr k=0 cryxur yskuns s-tuna. Cae-
JAVIOLIHM pelleHHeM, KOTopoe mnpeofpasyercd no npeacrapdenio Ty,
sBasercs GyHkuus g-tuna ([=4) c yraoBoH 3aBHCHMOCTBIO BHA

(22 222 28) — - (0 y* - 29). (13.9)

19*
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IT1a QYHKIMA, ABISIOUIAACA TPETbEH rapMOHMKOMN, ObL1a nporaby-
Jauposada s pabore [15]. B cBob6oauoM aroMe HATDIlA HANHH3LIHM
BO3MOMKHBIM COCTOSIHHEM g-THIIa SIBJISETCH COCTOSIHHE DZ, KOTOpoe
JHEpreTHYECKM Bbllle COCTOSHHS 35 (pasHOCTb 3HEPTHH 3THX JABYX
cocTOsIHUE paBHa npuMmepHo 5 38). [losToMy B KpHcTadsae HATPHA
BNOJHE Pa3yMHO npeHeOpeub BO3MOMKHON NPUMECHIO 5g-COCTOSIHUS
K 3s-cOCTOsIHIIO. BOJHOBLIE dhYHKUIH Jp-cOCTOSIHHN Tpeo6pasyioTcs

no mnpejicrasiendio [y B
T T T KpHCTaJ1e TaKUM COCTOf-

g -l HHAM COOTBETCTBYET 3Hep-

g 4 rus, HA 2 38 GoJblias, yeM

7 7 -] B cBoGomHOM aTtoMe. B noJe

T g ¢ KyOuueckoil cuMMeTpHeH
¢ -4 1 sHeprust 3ITHX COCTOAHHE
4L 1 (B mepsom ngpsAake) He

- - paculenssiercs, u TO3TOMY

72 | | 1 |71 HeT NPHYMHHL, NO KOTOPO#H B

g / 2 J 4 kpucraajge npu k=0 suep-

7, Gapobewue poduycs: THSl p-COCTOSIHHSI MOTJ1a 6bl

Puc. 13.2. BoauoBast ¢yHKIuS OCHOBHOrO CO- OKa3aThCsl MEHbIUE  SHEp-
CTOSHUSI METAMIHYECKOr0 HaTpHi. rH{ S-COCTOAHHA.
- IToresuuan V(r) pac-

CUHTHIBAJICS B NpealosoxKe-
HHY, 4TO ¢depMHU-(OH NPAKTHYECKH HEe 3KpaHHpYeT B3aHMOjeHCcTBHE
3JIEKTPOHA NPOBOIMMOCTH C HOHHBIM OCTOBOM, KOrjJa OHH Haxo-
JsTcs B OZHOH H TOH XKe siyeHKe; B NPOTHBHOM cJydyae npeanoJa-
raercst MoJHOe 3KpaHHpoBaHiue. JpyruMmu croBamiy, J0MycKaercs,
4TO B KaXKIOH syefike HaXOAHTCS TOJbKO OJAHH 3JIEKTPOH NMPOBOIH-
MOCTH. DTO JHWb rpy6Gast Monedb 3¢GGEeKTOBR KOPPEasiUuH Mex Ty
3JEKTPOHAaMK INIPOBOAMMOCTH, HO OHa He TaK YyX TNJ0Xa. B Takoh
MOJe/IM MOTEHLUHAJ BHYTPH KaXao0# s-cdepbl OKasbiBaeTCST TOYHO
TAKHM »Xe, KaK H B ciayyae cBoBoaHoro nosa. [IpaBusibHoe BBIpaxe-
HHe JIA NOTeHIHaj a cBOOOAHOro HOHA [OJIKHO COAepKaTh OGMeEH-
HBIE UJIeHbl, OAHAKO UX BJHSIHHE MOXHO NPHOJHMKEHHO YYecTb, NOX-
6upas BuA noTeHuuada V(r) Tak, uTOoGbl pe3yAbTATBI pPacuera xo-
pOWO COrjiacoBHIBAJNNHCh C BEJWYMHAMH CHEKTDAJbHBIX TEPMOB 114
cBo6ogHOro atoma. Bosgopasg yHKUMS OCHOBHOIO COCTOSIHHUS H30-
Bpaxena Ha puc. 13.2. B Goabwel uyactH atoMHoro ob6neMa (co-
crapiasiomeit npuMepHo 90%) sta dyHKUHS OCTAeTCs MOCTOSHHOM.
Bo sHewnux o6Ga1acTaX s-cyepbl MOTEHLUHAJ He NOCTOSHEH W H3Me-
HSIeTCA [0 3aKOHY —e¥/r; ogHako 6/arofapsi TPaHUUHOMY YCJOBHIO
(13.2) dyuxuus, saBaspowAascs pPEUICHHEM 3a/JayH, OKa3bLipaeTcs
JLOBOJIBHO TIJlaKOH.

JHeprus 3JEeKTPOHA B COCTOSIHHH #4¢ OOLIYHO HUKE, YEM B CBO-
6ogHOM aTtoMme. D10 OOYC/JOBJEHO pAasjHuMeM B TPAHUYHBIX YCJO-
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BHAX I MOKeT ObLITh NPOHJIIIOCTPHPOBAHO HA KOHKDETHOM TIpHMeEpe.
PaccMOTpHM BOJIHOBOE ypaBHeHue /I TaPMOHHUYECKOrO OCUHJISA-
TOpAa B BiIE

d?u
az ¢

[Ipun o6bluHoM rpaduuHoM ycaoBHH u(E) —0 npu |§| — oc OCHOB-
HOMY COCTOSIHHIO COOTBETCTBYeT cOOCTBEHHOe 3HadeHue A=1 u cob-
cTeennan dyukuusa u(E) =exp (—&%/2). IlocMOTpHM Tenepb, KaKHM
Oy71eT OCHOBHOE COCTOSIHHEe, eCJd B3fATb IDAHUYHOE YCJ0BHe Bur-
nepa — 3efitua, T. e. dufdi=0 npu §= *§,. Ilycts

2)u =0, (13.6)

0= 3 e" (13.7)
Jlugpdheperunansioe ypasHeHHe YIOBAETBOPSIETCS, €I
(n+1)(n+2) C,,+g—+—)vC,,——C,,_2:0- (13.8)

Ias pewlenus, yeTHOro no E, npumem co=1; torjaa, monaras n=0
U H=2, NONY4YHM

Co=— by =gy Mo (13.9)
Taxiy oGpasom,

w@=1—2g 45 (1 42)et ., '}
(13.10)

d 1 1

E=—2tg(lgR)E 4]

Ecan norpe6oBath du/df =0 npu {=§&, 1 OrpPaHUUUTLCS YJICHAMH,
BunucauusiMi B (13.10), To noayuum

32
1 2
1452

0

~
=

2, (13.11)

g

Hanpunmep, npu E=1 cofcTBeHHoe 3HaueHHe A NPHOGJIH3HTENBHO
pasuo 0,353, T. e. BesYMHE, rOpa3io MeHbLIEH COGCTBEHHOIO 3Ha-
yeHls 7.=1, COOTBETCTBYIOUIETO C.J1y4al0 HEOrpaHH4YeHHOrO rapmo-
Huyeckoro ocuuaasitopa. Uael ¢ ¢g npu Eg=1 1aet avib npese6pe-
JKIMO MaJyio TnonpaBky. Taxum o6pasoM, rpaHuuHoe ycJosue Bur-
Hepa — 3efiTa NPHBOAHT K 3HAUHTEIBHOMY 3aHUMKEHHIO OUEHKU
5HEPTUH OCHOBHOTC COCTOSIHIIS.

Jueprua OCHOBHOrO COCTOSTHHS aTOMa HATPUS, BbHIUHCJAEHHAS NPH
yCaA0BHY Oup/0r=0, npi r,=3,96 aToMHO# elHHHIbl NPHUMEPHO PaB-
Ha —8,3 38; cCpaBHHUBas €€ C IKCIEPHMEHTATLHO HAUWACHHBLIM 3HAatue-
HHEM 3TOM 3HEePruy, paBHbIM —5,16 38, Mbl BUIHM, UTO B MeTaJ.le
sHeprus 3s-cocrosiuua npu k=0 nma 3,1 96 nmxe, uem B csoGoa-
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HoM artoMe. OQHAKO NpH KOHEYHbIX 3HaueHusX Kk 3JeKTpoHbl Opo-
BOAHUMOCTH B MeTaJje oénana}m" lIOHOJIHHTEJIbHOﬁ KUHEeTHUEeCKOH
SHEprHel; AJst cpeaHel sHepruy (epmi-rasa, npHXoAsilleHdcs Ha
OJHH 3.JEKTPOH, UMeEM
3 1 1,10 2 m
A - 2 J— 1
o) =2 5w kb =1 -—(—,,). (13.12)

2m ry ay \m

Ecnn noaoxkurb m*=m, 10 AAsi Hatpus noaydnuM (er)~2,0 ss.
Orciona sHeprus cBsI3l, WM SHEPTHs, HeOGXOoMiMas A1s yAaJeHHs

3JIGKTPOHA M3 Kpucraaaa, pasua —83+2,0=—6,3 38, Torna kax
sHeprus csobopHoro aroma pasHa —95,16 8. Beduuuna ux passo-
cth —6,3—(—5,16) =—1,1 38 HaxoguTcd B XOpOLIEM COIJIACHHU C

Ha6/110/aeMblM 3HAYEHHEM HEPruM clendeHus, pasHbim —1,13 38.

Jas Apyrux Le1ouHbX MeTa 0B NpuGIHXKeHHe Mm*=m He
CTOJIb YIAa4yHO; OJHAKO MOXHO NOJYYHTb YAOBJETBOPHTE/JbHOE 3HA-
yenue 3¢gpexTuBHON Maccul, noab3ysach K- p-TeopHed BO3MYUleHHH,
H3/10’KeHHOHA B 1. 9.

B cnenaHHBbIX BbILE OLIEHKAX HE YUHMTBIBAJICH KYJOHOBCKUE, 00-
MeHHble M KoppeJasiliHoHHble nonpaBku. CaMu no cebe 3TH MONpaBKH
JIOBOJIBHO BEJIMKM, HO, Kak BUAHO H3 (6.80), OHYW NOYTH LETHKOM
noramalT ApYyr Apyra. JTo He TaK YX YAUBHTENbHO: B NpHBE/EH-
IbIX 3/eCh pacueTax YXe yuTeHa 3JeKTPOHHAA KOppeJsiuus, To-
CKOJIBKY CYHTAJO0Ch, YTO B Ka)KAOH sueliKe HAXOAUTCA OLUH 3)eK-
TpoH. Ecau ucnosb3oBaHHash HaMH MOJAEAb JJOCTATOYHO XOPOILIO
COOTBETCTBYET J[efCTBUTEAbHOCTH (a Mbl HajeeMcd Ha 3TO), TO
CyMMa BCeX APYrHX TIONPABOK He J0MXKHA ObITb CJAHUIKOM BeJNHKA.

O630p pacueToB /s LIETOYHBIX METAJIOB NpUBeleH B paboTax
Xsma [6, 7]. ®usnueckue CBOHUCTBA IUEJIOYHBIX METAJJI0B W H3MeHe-
HHEe 3THX CBOHCTB NPH Nepexoje OT OJHOro MeTa.ala K APYroMy H3-
BECTHLI HAM JIOCTATOYHO XODPOWO, XOTH COCTOSIHWE 3KCIIEpHMEHTa B
3TOl obnacTu Xy:Ke, uem /s XMMHUUECKIl MEHee AKTHBHBIX MeTaJ-
JIOB. B HaTpuu u Kanuu moBepxHocTH Pepmu, NO-BHAKMOMY, HMEIOT
noury chepirieckylo ¢GopMmy, TOraa Kak B JHTHI M UE3HII OHH pe3-
KO aHu3oTponHnl. TeopHs HENNOXO OMHCHLIBAET 3IHEPTHH CLENJEHUS
M HEeKOTOpble APYyrHe CBOHCTBA TAKHX METaJJO0B.

INpubauxeHne nMouTH CBOOOJHLIX 3JEKTPOHOB
(0600uieHHbIH METOj| OPTOrOHAJM30BAHHLIX NJOCKHX BOJH)

[laBHO ye H3BECTHO, YTO Jai&e B CJIOKHBIX MHOrOBaJEHTHBIX
MeTaJ1ax NoJHas WHPHHA 3aNOJHEHHbIX 30H HE O4Ye€Hb CHJIBHO OT-
JHYAETCA OT TOH IIHPHHBI, KOTOPOH CJAEA0BAJO Obl OXKUAATbh B CHY-
yae HAEANTbHOrO 3JEKTPOHHOIO Trasa TOH ’Ke KOHLEHTpauuu. IToT
pe3y/bTaT ACJXKEH M0JydaTbCs B TOM C/Iyuae, KOTAa KMHETHYecKas
sHeprusi ¢epMyu-rasa, NPUXOAAILASACA HA OXMH 3JEKTPOH, TOTO XKe
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nopsaka (uad 60Jblie), YTO M PA3HOCTb NOTEHUMAJNbHBIX 3HEPTH
OTAe/bHbIX 3JeKTpoHOB. B 1958 r. T'oax [16], ananusupys pesynb-
TaThl CBOMX M3MepenHui 3ddexta ne ['aaza — Ban AsbdeHa B CBHH-
e, MpUILes] K Upe3BblYaiHO Ba)KHOMY BLIBOAY, a2 MMEHHO, OH yCTa-
HOBHJ, YTO MOJYYEHHble HM JaHHbIe MOXHO OOBACHUTL B paMKax
MO/eNH TOYTH CBOGOAHBIX 9/€KTPOHOB. /IpyruMu cloBaMw, OH Tpen-
TIOJIOXK U/, YTO 3JIEKTPOHLl TPOBOJHMOCTH B CBUHIEe BelyT cebsl Kak
cBOGONIHblE, HO H3-32 CJ1aGOro NMEepHOAHMYECKOTO MOTEeHI(Hala NpeTep-
nepaloT OGP3TTOBCKOE OTpa)<eHHe Ha rpaHuLAx 3o0HBl DpuaniosHa.
B cBunue BHe 3aMoJHeHHOi o6os0uku 5d!0 uMeercss 4 BaJeHTHBIX
3/MEKTPOHA; 3apsaA siapa paeedH 82, u, TakuM 06pa3oM, HOHHBLIA
ocToB colepxut 78 asaektpoHoB. [lostoMy cBuHew, kasaJjochk GOl
HOJXKeH BECTH cebf KaK HenepeXo[Hbli METaJJ CO CJOXHQH MOBepX-
Hocthio PepMH; 0JHAKO NpoCTasi MOJENb MOYTH CBOBOAHBIX JJEK-
TPOHOB NO3BOJISIET XOPOWO OGBACHUTH HOPMY NOBEPXHOCTH PepMH.
[Tocneayomue pabortel [17—19] y6expuTesbHO TNOKasaJuau, 4TO
Leablit psiA ocobeHHOCTeH 30HHOH CTPYKTYPhl MHOTOBa/JeHTHBIX Me-
T4JIJIOB MOXHO PACCYHUTATH NPOCTHM Crnoco60M, BOCIOJIL3OBaBUIHCH
MO/eNbl0 CBOGOAHBIX 3JEKTPOHOB, CJa00 BO3MYLIEHHBIX KpHCTaJ-
JMYecKO# pelwerkoil. 3To 06CTOATELCTBO HMEET OrDOMHOe 3Haue- '
HHe JJid TEOPHH MeTasIoB. B naHHOM pasjgene MBI NOKa)keM, Kak,
omupasich Ha 3Ty MG, MOXHO onucaTbh NosBepxHoctu Depmu, a
3aTeM H3JI0KHM TeOpeTHYEeCKHe OCHOBH MeToja pacuera, Tako#
MEeTOJ Jyulle BCEro NpUMEHHM K KPHCTaJJdaM, YOHHBIE OCTOBBI KO-
TOPBIX MOXHO CYMTATb HE COMPHUKACAIOUIMMHUCA APYr € APYrom, cije-
JIOBAaTEIbHO, OH MeHee ToJIe3eH NpY H3yyeHHH GJaropodHLIX MeTas-
JIOB, B KOTOPHIX HOHHbIE OCTOBbl CUHTAIOT CONpHKACAOLMMHUCA. YKa-
3aHHble BhIe COOOpajKeHUs BOBCE He 03HAYAIOT, YTO AEHCTBHTEJb-
Hble BOJHOBBlE ()YHKLHY MMEIOT CXOJCTBO C IVIOCKHMH BOJHAMH.
Ilpexzae Bcero paccMoTpvM (B OJHOMEPHOM cjyyae) BO3Myule-
Hye TIOYTH CBOOOMHBIX 3JEKTPOHOB BEUIECTBEHHBIM MePHOAWYECKHUM

NnoTeHUHa/JoM BHAaA
V =V, (ei0x 4 g-10w), (13.13)

rae Gy=2n/a — nepsblit (1. €. HAaHMEHbLUMI [0 BEJHUYHHE) BEKTOD
o6paTHO¥ pelleTKH; MOCTOAHHAN NPSAMOK pelleTKH pasHa a. B npen-
CTABJEHMH TIOCKMX BOJH MAaTpPUUHble 3JeMeHTbl TNoTeHlinana V
MMEIOT BHI

1
(V| ky=V, [ dxexpi(k— k) x| (exp (iG, x) +exp (—iGx)) =
0

—V,A(k—E +G)+A(E—E —G). (13.14)

Takum 06pa3oM, B pe3ybTaTe BO3MYIICHHA CMELIWBAIOTCHA COCTOS-
HUS, pa3JHuaOLLHecs Ha BekTop obpaTHol pemwerku -Gy Taxwue
COCTOSIHHS BBIPOXK/IEHBl O JHEPrUM HA rpaHuue 30Hb Bpusaniosna
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k=+m/a, v UMeHHO 3aeCh BO3MYUIEHHE OKaaplpaer HauboJjbliee
BJMSHHE Ha JHEPTUI0 3/JEeKTPOHA. BAasu OT rpanuubl BO3MYIIEHHE
HEe MEHseT JHEPrHH CKOJbKO-HHOYIb 3HAUMTENbHO, eC/M MOTEeH|HA
V( Mas N0 CpaBHEHUWIO C PAa3HOCTbIO KMHETHUECKMX JHEPruf, oOHUHO
PaBHOH MO NOPAAKY BEJIHUKHHLI Gi2m.

HaiizeM sHepruio sJekTpoHa Ha rpaHuue 3oHb BpuamosHa n/a,
HCMOJb3Yysl TEOPHIO BO3MYILEHHH /IS BBIPOXAEHHBIX COCTOSIHHIL, T.e.
COCTOSIHMM ¢ BOJIHOBEIMM BeKTOpPaMu B H k — G..

Cexy/apHoe ypaBHeHHE HMeeT BU/J

(k| H|k)—e (k| H|k— Gy) -
(k—G,|H|k) (k—G\|HIk—G))—e|
k2
o TE Vi §
= G—oy —0. (13.15)
1 2m

s Touku k, pacnoJoxeHHON TOYHO Ha rpaHule 30HB BpudaaosHa,
k?= (kK — ()%, u ypaBHenne (13.15) npurHmaer Buj
(e—omm) =Vi e=gmrtV (13.16)
atm) — 'V - -7t '

Takum o6pasoM, Ha rpaHuLe 30HH Dpuaaiossa cyllecTByer 3Hepre-

THUECKAsl liesab (3anpeuleHHas 3HepreTHvYeckafg 30HA) IMHUPHHOM

E =2V, (puc. 13.3). OrmeruM HEKOTOpble XapakTepHble ocoBeHHO-
CTIl TIOJIYYeHHbIX HAMHU PE3YJbTATOB:

& 1) 3aBHcHMOCTb & OT R TIOYTH IO BCEH
30He DpuanoaHa wMeer TAKOH XKe BUJM, KakK
¥ 1J51 cBOGOAHOro 3JeKTpoHa ¢ 3¢ deKTHB-
Ho# Maccolt m¥=~m.

\ 7 2) B6au3u rpaHuLl 30HLI HEPrHUA Ipe-

/Jﬂf TepneBaeT Bo3myulenue; npu 3ToM 3ddexk-

THBHAA Macca m*= (0%/0k?)~' 3uauuTENb-

’ l HO OTJHUYAaeTcs OT Macchl CBOOOAHOTO 3JeK-

270 A # TpoHa m W MoXeT ObITb HaMHOro MeHblIe

nocaepHen,

3) Illupuna 3anpemleHHOll 3HeprerHye-

Puc. 13.3. 30HHauﬂ CTPyK- CKOH 30HBl CBfI3aHA [POCTHIM COOTHOLIE-

Typa OJHOMEDHOH DEWET-  ppey ¢ MATPUUHBIM 3JEMEHTOM [MOTEHLHa.1a

KH, PAacCYHTaHHAA B NpH-
6aitsennn nouts csoGon. BHYTPHKDHCTANLIHUECKOTO MOJS

HBIX 3JEKTPOHOB. V, = <% — G| V| %_>

-
lepbag sana Epunmoano

4) Co6erBennble GyHKuMM BOJM3M 3alpeIlleHHOH 30HB 1160
YeTHbl 10 OTHOLWIEHHIO K X, JHOO HEYeTHHI.

B Tpexmepnom ciyuae npuGaMKeHHe c OAHON NJOCKOH BOJHOH,
OPTOrOHAJH30BAHHON [JOJKHLIM 00pa30M 1O OTHOIUEHHIO K BO.JHO-
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BLIM (GYHKUMAM 3/ICKTPOHOB WOHHOTO OCTOB&, JaeT XOpoluue pe-
3yJbTATHl BCIOAY, 3@ WCKAIOUeHHeM rpaHell 3oHb DBpuitiosHa, rie
TpebyloTc [Be BOJHBI, pefep 30HLI, riae TpebyloTcs TP BOJHBI,
¥ BEpUIMH 30HBI, I'Je HY2KHbI 4eThIpe BOJIHBI.

Ifoctpoenue nosepxHocteii Pepmu. B aBy- u TpexmepHoM cay-
yasix TOBepXHOCTh PepMH MOXET OKa3aThCsi BECbMa CJAOKHOH, Aaxe
€cJl 3Heprust BCloJy nponopuuoHaabHa k2. Ha puc. 13.4,a uzo-
OpaeHbl TepBble TPH 30HB DpHAMI0O3HA NMpOCTOH KBaJApaTHOH pe-
wetkH (AByMepHBIN cnyuait). LledTp noxa3aHHOU Ha HeM OKDYXKHO-
CTH HAXOAMTCA B HAuyaje KOOPAMHAT O6paTHOH pelwerky. ITa
OKPYKHOCTb SBJSETCS AHAJOTOM NOBEPXHOCTH NOCTOSHHOH 3HEPIHU
L1 cBOGOAHOTO 3/eKTpPoHHOro rasa. Ecin 3To 3HaueHnMe 3HEPTHH
coBnagaer c¢ assHeprueli PepMH, TO OTAENbHBIE YACTH [OBEPXHOCTH
depymi 6YAYT AeXKaTh BO BTOPOi, TpeThell u yeTBeprToi 3oHax. Bes
nepBas 30HA JIEXUT BHYTPH ToBepXHOCTH PepMH, H npy a6CONIOTHOM
HyJe oHa 6YAeT nNeAHKOM 3amoJHeHa 3jJeKTpoHaMm#. Boobiue rosops,
B PeaJbHOM KDHCTAJJe 0KOJO0 BceX rpaHHi 3oH bpuimiosHa naxo-
AATCA 3anpellieHHble JHepreTHuecKkue 30HH, H TNIOITOMY 3JEKTDOH,
IBHKVIIMACS 110 TNOBEPXHOCTH NOCTOSIHHOH 3Heprud, 6yaer ocra-
BaThCsl B Npedesnax OAHOM 30HBI Bpumiaiosna.

MutepecHo paccMoTperh mnokasaunuble Ha puc. 13.4 oraenbHbie
vuacTky nosepxHocTd DepmH, TONB3YACh CXEMOH TNPHBELEHHBIX
3on (puc. 13.5 u 13.6). 'maas Ha a06YI0 M3 MOKA3aHHBIX MOBEpX-
HOCTeH, B3ATYIO B OTAEAbHOCTH, Mbl He CMOIH Obl Z0rafaTbCs, UTO
OHa OTHOCHTCH K CBOGOIHBIM 3JeKTpoHaM. IJTH IMOBEDXHOCTH OK4-
3bIBAJOTCH CHUJIBHO HM3MEHEHHBIMH 113-32 HAJHYMsl KDPHCTATTHUECKOH
CTPYKTVDBHIL

[TosepxuHocTty Ha puc. 13.5 u 13.6, oTBevaloulie CBOGOAHLIM JJI€K-
TPOHAM, TOCTPOEHLl NYTeM IePeHOoCa OT/eJbHLIX YacTed MOBEPXHO-
crn Pepmu, noxasanHHoi Ha puc. 13.4, HAa COOTBETCTBYIOLIUE BEK-
Tophl o6paTHol pemrerku. Xappucon [19] mpeanoxua caenyrouinit
npocToit cnoco6 nocTpoeHuss nopepxiocTe Pepmu, HCXOAT H3 MO-
JeIM TOYTH CBOGOAHBLIX 3.1eKTPOHOB [cM. Takxke [29]— npum. ne-
pea.). CTpouTcst ofpaTHasi pelleTka, ¥ BOKPYr kax0o20 ee y3na
onucbiBaeTess cdepa, npeacraBaswlcwas cobolt mosepxHocTh Pep-
MU 118 cBoBoanblX 3.1ekTponoB (puc. 13.7). Kaxnaa touxa k-npo-
CTpaHCTBa, Jexallass BHYTPH XOTs1 Obl OHOA cbephl, COOTBETCTBYET
3aI0JHEeHHOMY COCTOfIHHIO B nepnoll 3oHe Bpuanio3sHa; Toukw, nmpu-
HajJaexauHe OJHOBDEMEHHO XOTsl OBl JBYM cgepaM, — 3aNoJHeH-
HbIM COCTOSIHMSIM BO BTODOH 30HE M T. [.

Ha puc. 13.7 Mbl NOCTPOHJH OKPYXKHOCTH, 3KBHBAJIEHTHDLIE OK-
pY2KHOCTH, H306pakeHHoH Ha puc. 13.4. B neBom BepxueMm kBajgpare
Ha puc. 13.7 Mbl orpaHu4iLId KIpHOH JuHHel o06.1acTh, BHE KOTO-
poil JeXaT TOUKH, NDHHajJAexallue ABYM Wau Gojee Kpyram; y
NpaBoro BEPXHCrO KBajpata AaHaJorduHbM o006pa3omM MNOKasana
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Puc. 13.4. Ilepeue Tpu 30HB Bpuamosua ans npoctoit keaapar-
HOHl peleTKy.

a) Yaiu obpaTHOH pelIeTKH NOKas’aHH Todkami. [piHnusl 30H o6pasyioTed
NDAMBIMH, REAAIHMA TIONOAAM JHHMK, COCAMHSIOMHE Yy3aH 06DaTHOM peweTkH;
3TH rP2HHUH NOKa3aHW Ha pucyHke. LIMDpH Ha pHCYHKe YKa3HIBAaIOT HOMep
30HH (B MOPAAKE BO3PACTAHMA SHEPruM, NPOMOPUMOHANBHOH k?), x KoTOpOI
TPHHAZNEKHT AAHHBIA CECMEHT; BCE CErMEHTH MOryT OBTh CBEAEHH B NEPBYIO
30Hy NyTem NepeHOca Ha BexTOp o6paTHoit pewerkn. OKPyXHOCTh Ha DUCYHKe
NPeACTaBAZeT INOBEPXHOCTh PepPMH, NPOXORAULYIO uepe3 30HH 2 M 3, a Takxe
4ePe3 HE MOKA3AHHYI0 H2 DHCYHKe 30HY 4.
6) Mckaxenne TNoBepXHOCTA PepPMH CAa6HIM NOTEHUHANOM BHYTPHUKDHCTAAAHYE~
ckoro noas. IloBepxHocTL epuM nepecexaer FpaHHUB 30H BpuaiosHa nox
NPAMBIMH YT AaMH.

I )

Puc. 13.5. [losepxuoctb Puc. 13.6. INoeepxuocts Pepmu

¢epMu BO BTOPOX (UpH- B TpeTbeH 30He.

BEAEHHOH) 30HE Bpua- Saextponnse opbut. Ecau coenunuTh
nosHa (cM. puc. 13.4). HECKOJBKO CMEKHBIX TPETbHX 30H Bpui-

N03H2, TO F/IEKTPORHBIE COCTORNKMA 00Da-
3YI0T PO3ETKIL.

X

Hbipounsbie OpOKTH.
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06.1aCTh, BHYTPH KOTODOM JIeXKAaT TOUKH, NPUHALIEKAIIHE TPEM HJH
foJsiee xpyram; B IpaBOM BEpPXHEM YIJy HIXKHEro KBaJpaTa OrpaHi-

Puc. 13.7. Hocrtpoenne XappHcoHa a8 NOBEPXHO-

creit Pepmu BO BTOPOH,

30Hax (cM. puc. 13.4).

TpeTbeH H 4eTBepToil

yeHa 006J1acTb, TOUKH KOTOpPOH NpHHALMEKAT OAHOBPEMEHHO 4YeThl-

peM KpyraM. I'panuubl 3Tux ofJjacrteil npen-
craBasioT coboil mosepxHoctu PepMmu BO BTO-
po#, Tperbell W YeTBepTOH 30Hax BpuJaiosna
B NPUGIMMKEHUH CBOOOJIHBIX 3JIEKTPOHOB.
Cpasy e CTAHOBHTCA OUCBHIHLIM, YTO
HajoXeHua caaBoro NnepHOAUYECKOro MOTEH-
UMasa H3MEHHT 3TH TOBEPXHOCTH BOJU3H
rpanuu 30H {cp. puc. 13.4,a u 134,6). B
KBaJpPATHOK pelleTKe Hajuyue mnockocTedl
3epKaJbHOM CHMMETPHH Mg, M, HaKIaJbBAeT
JOTIOJIHUTENbHOE YCJOBHE: HA TPaHUUE KaxX-

JAOM 30HLI JOJKHO BBINOJHATLCH ycJ0BHE
oe

rae n—Hopmaab K rpaHuue. CiegoBartenbHo,
B CJyuae peaJbHOTrO KpPHCTadaa JHMHUH [M0-
CTOSIHHOM 3Hepruu Ha puc. 134, 13.6 u 13.7

Puc. 138. Oanu wua3
rJOB TPETbEH 30HBI
PHJIIO3HA (cMm.
puc. 13.6), mcxaxen-
HOH cJaa6mM  MNoTeH-
LHal0M  BHYTPHKDH-
CTaNIUYECKOrO  T10Jd,
JluHHA MOCTOSHHON IHEPCHH

nepecekaeT TPAHHLY 30HH
OOX [PAMBIM YTJOM.

JOJIXKHBl IE€PeceKaThCs C IPAHULEH 30HLI MOJ, NMPAMBLIM yrioM. Bos-
MOXKHBI} BHJA «yria» TpeTbeil 30HBI MOKasaH Ha puc. 13.8.
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3aMeTuM, 4TO BO3MYLieHHe NOBEepxHOCTH (PepMH, BHI3BAHHOE NO-
TEHUUAJ0M pEIEeTKH, NPHBOJAHT K YMEHbLIEHHIO /1.10u4adu moBepx-
Hocti Gepmu. OTnocnTeIbHO ciafoe BO3MYILIEHHE MOMKET BIBOE
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Puc. 13.9. Mosepxuocts PepMi Aad aMOMHHHA B NPHOMIDKeHHH
CBOOOAHKEIX 3JEKTPOHOB (no XappHcoHy).
Henoabayeren cxeMa npuoeaCHHBIX 304 Dpuardioana,

YMEHbIUTL 3TY ILIONIa/b, HO OUTH HE UOBJIHMSIET Ha CPEHIO0 HEp-
ruio Ha noBepXHocTH PepMH.

Crpoenre mosepXHocTs PepMy 418 a7:0MIHHA B NPHOJIHAKEHHU
cBOGOJIHBIX 3JIEKTPOHOB Tmokaszako Ha puc. 13.9 [19]. Kpucraan
aJIOMHHUS HMeeT TpadeleHTPHPOBAHHYO KYOHYECKYIO CTPYKTYpY.
Uyucao BaJeHTHBIX 3/1eKTPOHOB paBHO TpeM; paauyc cdephl depmu
BLIGHpAETCH TAK, YTOGBl HA OJWH ATOMHbIA 06bEM NPHUXOAHIOCH TPH
snextpoHna. Ilepsas 3oHa Bpuasiosna 3anojHeHa LETHKOM. Bropas
30H@ COAEPHKHT AbLIPOUHbIE COCTOSIHUS H UM COOTBETCTBYET Goblias



PACUET 3HEPTETUYECKHX 30H 11 NOBEPXHOCTEWM PEPMH 301

niaowans nosepxuoctu $epmu. Yacts nosepxnoctd PepmH, oxa-
3aBUIYIOCH B TPEThEH 30HE, HA3bIBAIOT «MOHCTPOM»; 3TOT «MOHCTD»
uMeeT BOCeMb «luynaJei». B Toi ke 30He HaxogATCa ele .1Ba
«MOHCTpa», CHMMETDHUYHbIE TNOKa3aHHOMY. ﬂailllble, noaydetiibie
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Puc. 13.10. [losepxnocTe Pepmu 1248 ABYXBAJIEHTHOrO METaAla C IreKCaroHaiab-
HOH NAOTHOM YNaKOBKOH H MIEaNlbHBM 3HAYEHUEM OTHOUIEHHA ¢/a B npubauxe-
HHH MOYTH CBOBGOAHBIX 34eKTpoHOB (no XappHcoHy).

YunThisaercd ¢OMH-0pOHTaALHOE pacliendedue. JlBofiHEE 30un NpPHBeIeHH K mepsod zoxe bLpia-
N303HA.

nytem Hayueunss sdpdexra ge ['aaza — Bau Anbdena, cornacyrpores
¢ Takoi dopmoit 3toit yactu nosepxrocTn Pepmu. B derBeproi
30He MOBEepXHOCThL PepMM COAEPKHT 3JEKTPOHHbIE COCTOSHHUS H
o6pasyer QHlb MaJjeHbKHe «KapMaHbi». Ecau npu pacuere yuecTsb
NepUHOAHYEeCKHH NOTEHUHAN, TO «KAPMaHbl» OKa3blBAIOTCA MYCThIMH,
NOCKOJMbKY HajJHuyHe NOTeHUHaJa NPUBOAHMT K 3HAUHTENBHOMY TOBLI-
LIEHHIO 3HEprHil, COOTBETCTBYIOLUEH 3THM «KapMaHaMm». AHagoruu-
HOE TOCTpOeHHe Aasi ABYXBAJIEHTHOrO MeTajjga C IeKCaroHaabHOof
IJIOTHOH yNnakoBKoid nokasauo na puc. 13.10.
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Ta6auna 131

BorynciieHHbIe 3HAYEHHS IHepruu (aas Al)
B HECKOJbKHX TOUKAX CHMMETPHUH
B pa3JH4HBIX 30HaX *)

SHepritd, ry
Toukit npub.inie-
uie cBobox | Pacuern
HbIX 3.JeK- XeiiHe
TPOHOB
[feppan 30Ha { ‘)é (1)88 (1)’%%
L’ 0,69 0,72
Bropas 3ona { X 0,89 0,93
1,09 101
Tperbs 30ua W 1,09 1,06
Uersepran 3ona W 1,09 1,18
YpoBeusr Pepmu 1,11 1,09

*) DHeprus OTCUHTHIBAETCH OT JHA
JHEPreTHUECKOH 30HBIL.

B rta6n. 13.1 npuseseHbl Aas CpaBHEHHUSI YHEPrHH, NOJYYEHHBIE
B npubauKeHHH CBOGOAHBIX 3JeKTPOHOB, H pe3yJbTaThl MpojelaH-
Horo Xe#He pacyera 30HHOH CTpyKTypbl amdiomuuus. CosnajeHue
OKa3blB2eTCs BeCbMa XOPOIIUM,

Teopernueckoe 060CHOBAHHE MOAEAM MOYTH CBOOOAHBIX 3JEKT-
poxos. C nepBoro B3r/isija He SICHO, KAK MOYKHO TeopeTHyeckd ofo-
CHOBAaTh MOJe/Jb MOYTH CBOOOAHLIX 3JieKTpoHoB. CpelHee 3HaueHHe
NIOTEHUHAJbHON 3IHEPIMH 3JIeKTPOHA NMPOBOAHMOCTH B TBEpPJOM TeJje
OOBIYHO HEe MaJo MO CpaBHeHHIO c 3Heprueil PepMu; ecaH NOTeH-
nuan Vi B (13.13) He MaJa, TO cTaHOBATCH HeOGOCHOBAHHBIMY Npe-
TIOJIOXKEHUS, IPH KOTOPbIX nosyuesa ¢gopmyna (13.16).

3aMeTHM, OJHAKO, YTO BHYTPH 3JeMeHTapHOH sfdelKHd MOXKHO
BbleJMTh [Be of.jacTi: o6aacTb BHe HOHHOTO OCTOBa H o6JacTb
BHYTpH Hero. BHe HOHHOro ocTtoBa noTeBUMaNbHAst HEPrus Mana,
¥ BOJHOBasf (yHKuus 6yjer raaikof; BHYTPH K€ HOHHOIO OCTOBA
BOJIHOBAaA (YHKUHA OLICTPO OCUMJAJIMPYET, TaK YTO KHHeTHYecKas
IHEPIusl OKAa3BIBAETCH [JOCTATOYHON JJst NpHOJIM3HTENBHON KOM-
neHcaunyu OoJbIIOH MNOTeHuUWaabHOR 3HepruM ocrtosa. IloreHnnuan
ocToBa (hakTHyecku ciabo BaAMsAeT Ha coOcTBeHHBbIE 3HAYEHHS 3IHEp-
THY, OJHAKO ero y4eT CHJIbHO 3aTPYAHSIET pelieHHe 3ajauu.

Hccnenopanusa Xeppunra [20], ®uanunca v Kneitumana [17, 18],
Kosua u Xeitne [21], a Takxke apyrux astopos [22, 23] nokasann,
4TO IaMHJILTOHHAH MOXHO Npeo6pascBaTh K TaKOMY BHAY, 4TOOL
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COOTBETCTBYIOILME eMYy cOGCTBeHHble (YHKUHMM H3IMEHSJ/HCh NJIABHO
¥ HMeNu CXOJACTBO C IJIOCKMMH BOJHAaMH. XeppHHr NpHllenl K Bb-
BOAY, u4TO BOJHOBAas QYHKLUHUA 3JEKTPOHA NMPOBOAMMOCTH B TBEPAOM
TeJie B 0BJ4CTH Mexk/y MOHHBIMH OCTOBAMH BecbMa 0Ju3Ka K MJO-
CKOH BOJIHE M YTO OCHMJISIHU BOJHOBOH (YyHKuMH BOJN3H aTOM-
HOro fpa MOMKHO MOJYYHTb NYTeM BHIYMTAHHSA M3 BOJHOBBIX (YHK-
UMA TUMa TJIOCKHX BOJAH BOJHOBLIX (GVHKUMI 3/1eKTPOHOB OCTOBA.
Taxkoe BhiunTanue obecneynBaeT OPTOrOHAJIbHOCTb NO/JyYeHHON BOJ-
HOBOH (YHKUMH K BOJHOBB/M (PYHKLUHAM 3JEKTPOHOB OCTOBA. 3TOT
METOJI Ha3biBaeTCH MeTOAOM ODTOrOHAJH30BAHHBIX IJIOCKHX BOJH
(OIIB). TakuM o6pa3oM, COCTOSIHHE 3JIEKTPOHA NPOBOJHMOCTH B
HaTpuy, obpasymolleecsi H3 ATOMHOrO 3S-COCTOSIHMS, MOXKHO INpef-
CTaBHTE PA3HOCTBIO MEK1Yy IIJIOCKOH BOJHOH H BKJaaaMu oT ls-,
2s- u 2p-cocrosnuit. IloguepKHeM, YTO HCTHHHbIE COGCTBEHHbIE QPYHK-
IMH He NMOXOXKH Ha IJOCKHE BOJHDI, OJHaKO coOCTBeHHble 3HaUeHHA
JHEPTHHU GJH3KH K cOODCTBEHHBIM 3HAUEHHUSM 3HEpPruy¥ B MOJAeJaH CBO-
OOHbIX 3/1EKTPOHOB.

O6o3HauyM uepe3 ¢, BOJHOBble (DYHKIHH, COOTBETCTBYIOUlME 3a-
NOJHEHHBIM COCcTostHUAM octoBa. Toraa

bonp (K) = e — ; (| %) @ (x) (13.17)

€CThb OPTOZOHAAU30BAHHAR NAOCKAS 80AHA (CYMMHDOBAHHe BEJETCH
110 BCEM COCTOSIHHSIM OCTOBA ().

Coctosus octoBa 0OLIUHO OepyTcs B NPHUOAHXKEHWM CHJIbHOH
CBA3H, TAK 49TO @c(X) €CTb COKPALUEHHAS 3aMUCh CYyMMH

2/4 et xq, (X — X;).

3ameTnM, YTO (QYHKUHS Ygpp OPTOTOHANbHA K JI060MY COCTOSHHIO
octoBa @, T. €.

(@ [Voms) = (B | €% — (@ | ) (0. | @) =0. (13.18)

Pewenne Yo (K), onpeseasiemoe pasenctsom (13.17), moxuHO

yayuliuTh, fo6aBass uiegnl ¢ K+ G, rae G — Bexktop ofpaTtHoit pe-
meTkH. Toraa

Yons = ; Ceolexp [i (k+G) - x] —
— 2 (e |exp[i(k-+G)- xD e (x)].  (13.19)

rie Cg— NOCTOSIHHAN, KOTOPYIO HYXKHO ONPeAeNHTb M3 pelleHHs
CEKYJAPHOro ypaBHEHUs.
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Beons oBosznauenne |k+G) =expi(k+G)-x], nonyunm
G
Hiomn = 3 Co { [ £+ V ()] [k+ G) —
G

— (o k+Gyep. ()}, (13.20)

rae He.=e.p;, ¥ npeanonaraercsi, 4T0 €. He 3aBucHT OT k, 4TO
COOTBETCTBYET OueHb Y3KOR 3HepreTH4eCKOH 30HE 3JEKTPOHOB OCTO-
Ba. CexyasipHOe ypaBHeHHe TOJYydaeTcH, €ClH CKalsgpHO YMHOXHTb
3TO ypaBHEHHe Ha KaKYIO-TO BOJHOBYIO GYHKIHIO THOA MJOCKOM
Bo.1Hbl, ckaxeMm Ha |k+G’); npu 3toM umeeM

Y o[ EL s00 +(07 VIG) -
G
— Yec (ol K +G) (k+ G| g | =
=% ¥ Ca [daa — Y (0| k+ @) (k+G' @] (13.21)
G c

Kopuu A 3TOf cHCTeMbl ypapBHeHHH OyayT cOOCTBEHHBIMH 3Haue-
HUAMHM 3a0aYH.

[ToabiToXXuM cKa3aHHOe Bblle 06 Tamax pacyeTa 30HHOH CTPYK-
tTypht MetogoM OIIB. Bepem noTeHuuas HOHHOrO OCTOBA AJS KaX-
JOTO y3Jja pelleTKH B BHAE INoTeHUuana XapTpH Had XapIpu —
®Poka. Jlanee npeanosnaraeM, YTO TOYHYIO BOJHOBYIO GYHKUHIO
MOMHO Pa3JOXHThb B DS NO OPTOTOHAJIM30BAHHBLIM MJIOCKHM BOJ-
HaM, Kak B (13.19), u cocraBasieM cexky/asipHOE YypaBHeHHe BuH/a
(13.21). Mbl B cuaax pelIuTh JHIL HE CJAHIIKOM IPOMO3JAKOE CeKy-
JIApHOe YpaBHeHHe, U NMO3TOMY [as objeryeHus pellleHHs Mbl mileM
ypaBHeHue jaas TOukH K-npoctpaHcTBa, ofnanaiolueil onpepene-
HOll cuMMeTpueHd. MoOXHO TakyKe 3anuUCaThb CeKYJspHOe VpaBHeHHe
B npuO/aIKeHHOH (GOpMe, OrpaHHYMBAasACh JIUb ABYMS-TpPEMsl 3Ha-
yenusasMu G B cneuymanbHo BbiGpaHHOM o6aactn k-npocrpaHcersa.
B ypasrenuu (13.21) uaennl, COOTBETCTBYIOIHE HOHHOMY OCTOBY,
BBHIYHTAIOTCA W3 MAaTpHUYHBIX 2/eMEHTOB KPHCTA/JHUYEeCKOro [OTeH-
umana ¢ QyHKOHAMH THIA MI0CKUX BogaH. XeitHe [24, 25] npouspea
No1pofHbIM pacyeT I8 AMIOMHHMS 1 Hauesd, YTO NPH STOM [OTeH-
U141 OCTOBA KOMIEHCHPYETCA ¢ TOYHOCThIO A0 H%.

Merox OITB MOXHO H3/MOKHTb TakKe HHbIM IyTeM, BBOAA 3(-
(heKTHBHOE BOJIHOBOE YDaBHEHHe.

[Tycts Yk — TOuHAst cobGcTBeHHAs (QYHKUHS ypaBHenus Hopy=
=gy B PACCMATPHBARMOM IHEPreTHYECKOH 3oHe. Mbl XO0THM npei-
CTaBUTb Yk B BH/IE CYMMBl HEKOTOPOH II1aBHO MeHAwwWekca QYyHK-
Unu yx H JHHeHHOH KOMOHHAUMH BOJHOBBIX GYHKUHH ¢, COOTBET-
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CTBYIOIUMX 3aNOJHEHHBIM COCTOSIHHAIM OcToBa. TOYHOe pellieHHe
Yy HeTb3s 3alHCaTh B BHAE OJHOM-eJHHCTBEHHON IJIOCKOH BOJHBL

ITycts
V= T — 2@ (% | 1) (13.22)

TAKag 3aMHCb aBTOMAaTHYecKH ofecrneyiBaeT OPTOTOHAABHOCTh YHK-
UHH Yk K BOJHOBbIM (DYHKUHSM 3J]eKTPOHOB HOHHOIO ocToBa. Pac-
CMOTPHM BOJIHOBOE YpaBHEHHe AAd yx B BUle

Hg‘lr’k =g\ == Hoxk — 2 €., <q;£ [ Xk> =
=8l — 2 8l (9 1) (13:23)

anech Hygpe=-e..
Beengem tenepb oneparop Vg, onpenenus ero cagaylolum obpa-
30M:

VRXK = ; (Sk - E"c) P ((Pc ] Xk)' (1324)

OTCIOILB BHJIHO, 4YTO VR SIBJSIETCA TaKHM HHTErpajJbHbIM ONeparto-
POM, HJIH HEJIOKAJbHBIM IOTEHUHAJIOM, YTO

Vef (x)= f dx’'V p(x, X)f (x'), (13.25)
riae j(X) — npon3BoJbHAaA HYHKUHSA, a

Ve (x, x’):%} (B — €)@ (X') @, (%)- (13.26)

ITockonbKy ex>> &, 3TOT NOTEHIHAJ NpH 3HAUeHHAX X', GJAH3KHX K X,
COOTBETCTBYET OTTAJKHBAaHHIO. MOXHO NpeACTaBHTh NnoTeHuuan Vg
B BHIe CyYMMBl UJMEHOB, COOTBETCTBYIOWHX BKJAAAY S-PYHKUHH,
p-VYHKINH, d-QyHKUHA | T. A

Hcnoabays onepatop Vg, onpeneneHdsit pasenctBom (13.24),
MOJTYyUHM BOJHOBOE ypaBHEHHe JMs Yk B BIjE

([_IO_+— V'R) Ak = &k (1327)

371ecb noteHuHaa Vg, COOTBETCTBYIOUIHE OTTa. KHBAaHHIO, KOMIIEHCH-
pyeT uyacTh NOTEHUHA1d BHYTPHKPHCTANJHYECKOrO [0/8, COOTRET-
CTBYIOLLEr0 NMPHTSNEHHUIO.

Mozxkuo npubaBuTh K yx J1100YI0 JHHEHHYIO KOMOHHALHIO BOJHO-
BbIX (YHKUHH 3/JEKTPOHOB HOHHOTO OCTOBA, H GYHKUMA Yyx NpH
3TOM HE H3MEHHMTCH, NOCKOJABKY TO, YTO Mbl A06aBHM, B TOYHOCTH
CKOMMEHCHpyeTcs u3MeHeHueM CYMMbl Z@c{@c|yk). [loaTomMy Mbl
BNpaBe HAJOXHUTb Ha yx AOTMOJHHTENbHOE ycaoBHe. MoxkHO, Hanpu-
Mep, nortpe6oBartb, 4TOObl (GYHKIUHA xx MHHHMH3HpOBana cCpefHee

20 4. Kurteas
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3HaueHHe KMHEeTHUECKOH IHEPTHH
CAREYS
(X | %ae)

[Tpn takoM ycnoBum PyHKUHS ¥k OyleT HMeTh HanboJee raaakHil
BH/I. YpaBHeHHe AJs BapHaAUHH HMeeT BHJ

T= (13.28)

(0 i Ty —T(ox1x) =0. (13.29)
Ecau 3anncarte Bapuamwiio GpyHKuui y B Gopme
by, = 2 4 (13.30)
TO B
(@ T1) — T (@ [x) =0. (13.31)
M3 ypasuenns (V+ Vig)y=(—T)y caeayer, uro
(9| V4 Veln)=(—T)(ox)- (13.32)

Henoas3dvsa (13.24), noayunum
VA VRt = [V — 2 €0c ]V ) 0] +

4+ —T) D (@ wd) (13.33)

Ecau cKansipHO yMHOXWTH 3TO YpaBHEHHE Ha BeKTOp |xx), TO uJeH
BO BTOPBIX KBaIpPaTHBIX CKOOKAax B NpaBoil dacTH GyjaeT coaep»aTh

senuuHy 2| (@, | %) % paBnyio no nopsaxy seamumunl 0,1, Torza
MOX{HO CUHTaTh, YTO

V+ V)t = ka—g(wcl‘/ | %4) P (13.34)

Huxxe Mb! TIOKa)KeM, YTO ecan (GYHKLUHH @, 0Opa3yiorT NMOJHYIO CH-
CTeMy, TO CKaJsipHOe INpou3BejleHHe 000N u3 3THX (QyHKUuH Ha
NpaByio yacTb NMOCJAeLHEro ypaBHeHIs PaBHO HYJIK; APYTHMH CJO-
BaMH, noTeHnHaabl V i Vg NOJHOCTBIO KOMIEHCHPYIOT ADYT Apyra.
Ho ¢byuxuuu ¢, 418 OAHHX JIHUIb 3aMOJIHEHHBIX COCTOSTHUN HOHHOTO
OCTOBAa COCTAaBJIAOT HA0OpP, BMO.IHE NPHIrOAHBIA ISt TOro, 4tofbl
c1yKHTh 0a3ucoM /s BbiYKHC.IeHHs MaTpHYHBIX 371eMeHTOB Omnepa-
Topa V Bo BceM oObeMe HovHoro ocrosa. C.egoBartenbHo, YKa3aH-
Has KOMIeHcalusi OJAHOro nmoTeHumaaa V apyruM Vg Gyaer pocra-
TOYHO NMO.JHOH. DTa KOMMEHCALHS H JIEXHUT B OCHOBE IPHMEHHMOCTH
npHOAIKEeHHsT MOUYTH CBOOOAHBIX 3/]eKTPOHOB. [[15 pacuerHBIX ue-
aeit Xappucon [26] npennoKM1 HECKOJIbKO HHO BapHAHT MCHOMb-
3oBanus pasnoxenus (13.22).
flpeanonoxuM Temepn, YTO MBI MOXEM HANHKCATh

V(1) e = i fo Xe™ g, (x —x)), (13.35)
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rae ¢,(x —X;) — aTomusle GyHKuud ocToBa. Torga MOXKHO HCKAThb
pelIeHHe BOJHOBOTO yDaBHEHHs B BHJE

‘F(x)——e‘kx—+—2dk2e i, (X — X ) (13.36)

npuueMm €, =k£%2m. 310 clexiyeT H3 DABEHCTBA

Hq;k =ske“"x+2 fckzeik.xkp“ (X—Xj)—+—
+Z£dckze e (X — X)) =

:Ekelk‘x"*_zskdckzeik.xj(pc(x —x;), (13.37)
¢ i
rae
dckz—f‘—k—. (13.38)

Ek—Ec
CuienosaTeNbHO, ecau NMOTCHUUAA V(X) MOXKHO HPEACTaBUTL B BHIE
pasnoxenus (13.35), To sanpelieHHbie 30HBl OTCYTCTBYIOT!

B geficTBHTENbHOCTH GYHKUNH @, KOHEYHO, He 006pasywT mMod-
Horo Ha6opa u NpH pas3jloKeHHW MO HHM noreHuwana V{x) Bceraa
6yleT BO3HHKaTh HeKOTOphH ocratok OV (x). B 3amaue o pacces-
HHH 3JIeKTPOHa HJAH B 3ajave O 30HHOW CTPYKType 3TOT OCTa-
TOK (ompejeneHHbIH, BOOOLIE roBOPHA, He OJAHO3HAYHO) MrpaeT poab
ad¢dexTHBHOro noreniuasa. Mol HajeeMmCs, 4TO B OOJBUIHHCTBE
cayyaep BeduuuHy 0V MOMHO caenaTe MaJjoif mo cpaBHeHHio ¢ V.
Torma ceuenue paccesiHisl Ha NpHMeCH B JH3JEKTPHKE OKarKercs
3HAYXTEIbKO MeHblle reOMeTPHUYECKOro CEYEHHS NMPHMECHOTO aToMa.
Jlaxe ecnu Mbl uMeeMm JIeN0 C HeHA€aJbHBIM KPHCTAJJIOM HJAH C
MHAKOCTBIO, BCErja MOXHO BLIOPATh TakHe (QYHKUHH ¢, KOTOpbie
NOAXOANIT I JAHHOI JOKa/JbHOR o06macTd B paccMaTtpHBaeMoit
cpene. M3BeCTHO, uUTO INpH pacCMOTPEHHH 3JIEKTPOHHBIX SBJEHHH
HeyrnopsijoyeHHble KOHJEHCHPOBaHHble (a3bl YacTo MPOABJSIOT IO-
Pa3f0 MEeHbIIYIO PA3yNOPHAIOUEHHOCTh, YeM MOKHO 6BIIO Obl OXH-
ZaTh.

3AJAUH

13.1. BoruncauTs do(r) 1 € ANt MeTAJJIHYECKOrO HATPHS NP re=4 aTOMHLIM
eNMHUIAM METOA0M YMCJIEHHOrd HHTErDHPOBAHHA (A/f 3TOTO LenecoofpasHo Hc-
M0Jb30BATh CUETHYIO MAluHHY). [Ipi 3TOM HaINEeXKHT MOMBL3OBATLCS BbIPAXKeHHEM
AJs T[OTeHUNa’da, npeinoxeHHolM IIpokodbeBoiM M yayulleHHBIM BurHepoM H
3eiiruem [27].

13.2. Tlyers pemwenue B npubauxenus OB nmeer Bug

v, = Q"/zeik"‘—Z(pc(clk). (13.39)

—t ik- P
rze | k) o3nauaer dynxkummo Q hel®'X  yopmupoBaHuylo Ha 0GbeM R4eiiki Q.

20*
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IIpeanonaras, uTo BCe BOJHOBhIe (VHKIUIN JIEKTPOHOB OcToBa [c) ofpamianTrcs
B HYab Ble 06beMa I{OHHOTO OCTOBa A, mokasaTh, 4UTO

2 I(CIk>I’<%- (13.40)

310 HepaBeHCTBO YKa3blBaeT 1A TO, UTO KOIJa MOH 3aHMMAeT JHIUb MaJyil 1acTh
Bcero oOweMa sueiiki, BK1aa COCTOSHIA OCTOBA MaJ.

13.3. Onpeaeany pyukunio Wy (x) tak, uroGbr 6.10X0BCKYIO DYHKIIIIO MOKHO
6Ll10 npeICcTaBiTh B Blile

0, (X) = 1, (%) ¥, (x), (13.41)

riae uo(x) — coGetBennas ¢oynkuua xaa k=0.

a) IlocTpouTh BO.JHOBOE YpaBhHeHHe, KOTODOMY YAOBaeTBOpseT OyuUKuns
e (x).

6) PaccMorpeTb s-cocTofHue B Touke N 30Hu Bpuaniossa pas o6neuo-
ICHTPHpPOBAHHON KyOHuecko#t pemetku (cM. pHe. 10.5) 1 nokasats, uTo B TO4-
ke N dyuxuia Wy (X) yIoBIeTBOpAeT ypaBHEHHUIO

u, (x) [ﬁ P2 (8 — eN)] v (x) = ’—L- (Piy) (P ) (13.42)

BekTop pra{x) vMaa Bo BHewHeft ofaacTn sueixu. [louemy?
B) Iloxka2iaTp, uTo BHYTpH snefiku BekTop PWy npnGauXKeHHO paBeH HYJIO
Y, ¢JeJ0BaTeblo,

~ 1,2
ey & &+ R (13.43)

Atot peayasrat Guln moayuen Kosuom i Xeitne [28].

13.44T1ycTh B TouKe §p BBINOnusieTcs IPaliliuHoe ycsaoBue Burnepa — 3eliTna.
Iloxasartb, uTO TOYHOE YypapHeHne 17s COOCTBEHHBIX 3HAa4YeHHH IHEpruM rapmo-
niyecKoro octinasiropa umeer Bug (I1. dapbep)

F(%—% gg)—(l_mr(%—%x}%lg@)=o, (13.44)

1
2

rre F ecTh runepreoMmeTpsueckas Gyuxkuus siia

e, al+]) a(a+1)(a+2)
Falda =14+t 30 orn =t scer Dty = T
Jlurepatypa
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TrTABA 4

[MonynpoBOAHUKOBBIE KPUCTAJJIBI.
1. dHepreTHuecKHe 30HbI, UHKJIOTPOHHBIH PE3OHAHC
M NpUMECHBIE COCTOSIHUS

B s3Tof u caepymouwleil riaBax Mbl H3YYHM 30HHYWO CTPYKTYPY
‘HECKOJbKHX Ba)<HeHLIHX MOJYyNPOBOAHHMKOB; 3aTeM Mbl pacCMOTPHUM
ABJIeHHS, B KOTOPbIX CYIUEeCTBEHHA CTPYKTYypa 30HbI BOJH3H ee Kpaf,
a4 HMEHHO: UMKJOTDOHHbIH pe3OHaHC, CNMHOBLIM pE30HAHC, NpHMec-
Hbl¢ COCTOSHHS, ONTHYECKHE Iepexojbl, OCUMJISUKH TOIJOUIEHHS
B MArHUTHOM [10J€ H SKCHTOHLI.

dHepreTHuecKHe 30HBI

Haubonee BaxHble MNOJYNPOBOAHHKOBblE KpPHCTAJAJbl HMeIOT
CTPYKTYpY a/iMasa WM OueHb cXOAHywlo ¢ Heit. CTpyKTypa aamasa

CTPOHUTCA HAa OCHOBE TIpaHEeNeHTPHPOBAHHOM KyOuuecKol pelleTkH
Bpage {I] ¢ Gasscom n3 A8YyX aTOMOB, PACIOMOXKEHHBIX B TOYKAX
000 u '/4'/s'/s, xak nokazaHo Ha puc. 14.1. BaseHTHble 30HBI aj-
Ma3a, KpeMHHSl M repMaHis UMeT Mex 1y cobol MHoro obulero —
y BCEX Y HHMX MakCHMyM 3Hepriuu Haxoaurtcs B touke k=0. Idror
MaKCHMYM Ha3bIBAIOT Kpaem 30Hbl. B OTCyTCTBHE CNHHA M CIHH-
op6uTalbHOr0 B3aHUMO1eHCTBHSA y HA3BAHHBIX KPHCTAJJIOB COCTOS-
HHe, COOTBETCTBYIOLLEE KPaio BaJeHTHOH 30HbI, TPEXKPaTHO Bhi-
poxKaeHo (nogo6GHO aTOMHbiM p-coctosiHuaM). Huxe 6yger noka-
3aHO, YTO IPH HAJHUYHHI COHH-OPOHMTANLHOrO B3aWMOJAEHCTBHH 3TO
wecTHKpaTHO (3X2) BHIpOXKZEHHOE COCTOSIHHE paclUenJsiercs Ha
4eTBIDEXKPATHO M JABYKPATHO BLIDOX/lEHHble COCTOSIHHS THNA py,

H Py,

B ocHOBHOM cocTosiHHE CBOGOAHOIO aToMa BaJEHTHbIE 3JeKTpOo-
Hbl HMET KoHurypauuio ns’np?, rae n=2, 3, 4 aAns aamasa, KpeM-
HMSl W TepMaHHs COOTBETCTBEHHO. B KpucTanne OCHOBHOE COCTOAHHE
of6pasyeTrca u3 koHpurypaumu nsapd. Iloab3ydack H3LIKOM XHMHH,
MOZHO CKa3aTh, YTO BaJeHTHble 3J]EKTPOHBI 06pa3yloT HamnpasieH-
_Hbl€ TeTPa3/pHyecKHie CBA3bIBaoILUE Sp3-0pGHTH B

St+p+p+P SHP—P,— P
S— Pt Py— Py S—D Pt Py
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B cTpyKType anamasa Kamjabl# aTOM CAVXKHT leHTpOM TeTpasi-
pa, B BepPUIHHAX KOTOPOTO PacnonoXeHb!l Ganxkanliue cocelliHe aTo-
Mbl. Ka)kjas u3 yKasaHHbiX OpOHT BLITHYTa BAOJbL OAHOH u3 ocedt
Tetpasgpa. COOTBETCTBYIOIHE BOJHOBBIE (hYHKINY 06pasyioT Gasnc

NPHBOAUMOIO NpejCTaBJeHdsi TOYeYHOH Trpymnnbl Tterpasapa 43m;

q5

4/
3
S
-,0.‘§
]
Y

_Z”

25

_x

k=211 K=(000) k=%’-r(/W/
Puc. 14.1. Pacnoaoxenue Puc. 14.2. duepretHueckwe 30HH anma3a
aTOMOB B 3JeMeHTapHOH siyeli- Broab oceit [100] u [111] soum Bpuanosna [6].

K€ CTPYKTYpH THIIa aiMasa
(npoexuna Ha rpaHb xy0a).

3navenus apobei yKa3niBawOT Bbi~
coty aroma Hax 0asMcHOH nJo-
CKOCTBIO B €NWHMLAX XAHHB pe6pa
kyba. Touku tama 0 u 1/, obpasyior
rDIHEL EHTPHPABRAHRY IO pelerky,
TOUKH '/, W 3/, — TaKYIO Xe PemeTKy,
CMEIUEHHYIO BAOMAbL MPOCTPAHCTBEH-
HOH AnaroHazn Kyba Ha u4eTBePTb
ero RJIHBL

Kpait BanenTHOH 30HB HaxOAMTCE B Touke k=0 n
1
NpAHANACKHT npeacTagrenmio 'y o xpa# 30mb nposo--
AHUMOCTH, BMAHMO, JEXHT Ha OCH A,

3TO NpPeACTaBJeHHe MOXHO pasNoXHTh HA eAMHMYHOE NpeJCcTaB--
aenne I'y u BektopHoe [y [lpuHsTO cCuMTaTh, 4TO NMpeacrasnie-
Hie [y ocylllecTBasieTcsl y AHA BaJeHTHON 30Hb! (puc. 14.2) B nenTpe
30Hbl Bpuanwsna. CocTofiHHe, COOTBETCTBYIOLEE 3ITOMY MPE/ACTaB--
JIEHHIO, OTHOCHTCS K S-THNY ¥ Bblpa)kaeTcsl B BHJAE CYMMbl nepeunc-:
JIEHHBIX Bbllle Sp3-opOuUT. KaxAbli H3 ABYX aTOMOB, PacloJoXKeH-
HbIX B NIPHMHTHBHOH siueliKe CTPYKTYpb! a1Ma3a, OTAaeT QJHH 3J€eK-:
TPOH B HAMHH3MIYIO 3HEpreTHyeckylo 3oHy. B Toukax I, X u L
(cm. ra. 10) cocrosiHHs B 3TOH 30He NpHHAANeXaT K S-THNY.
Kpajit BaseHTHON 30Hbl J€XUT B UeHTPe 3oub Bpuamosna. Co-
OTBETCTBYIOLIME BOJIHOBblE (DYHKLHHM NPHHAIMEXKAT TPEXKPAaATHOMY

npeAcTaBJeHHIO Iy npeoOpa3yioTcsi KakK TNpPOU3BEJEHHS XY, Y2
H X2, TpHYEM KOOPAMUHATB OTCUMTHIBAIOTCA OT Cepeourst npsamoLl
AURUU, cOeOunAoweld 08a aTtoma 8 npumutusHol aqeiike. Cocros-
HUf, OTBeyaollHe JaHHOMY NpPeACTABJEHUIO, MOXHO H306pasuTb B
BHjJe JHHelHON KOMOHMHAauHH p-opOUT OTAENbHLIX aTOMOB, CHMMET-
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pHUYHON OTHOCHTE/NBHO WHBEPCHH C LIEHTPOM B CepejHHe JHIHI, COo-
ellHsAlOUlelt gBa atoMa B siyefike; Takas cCHMMeTDHuUHas koMOuHa-
NS HasbiBaetcs c8a3vigawouwjell. AHTUCBA36I8aOWAA KOMOHHAIHS
BO.THOBBIX (YHKLIHH OCYLUecTBasieT mnpeiacTaBaeHHe ['y5; cooTBert-

CTBYIOLIMI! YpOBEHb B a/nMa3se JeXHT Ha D,7 38 Bblllle YPOBHA T's5.

ITonesno paccMorpers B BOJHOBBIX (GYHKUMH B TOoukax [' B
npubavKeHHH CHIBHOH CBA3u (Ha3blBAeMOM TaKXKe MeTOJIOM JHHEeH-
HbIX KoMOuiauuii atoMHblXx opbuT). Kak yixe Oblio ckazaro, [Be
B3aIMONPOHHKAIOLIHE IDaHelleHTPHPOBaHHble KyOHUecKHe pelleTKH
CTPYKTYPBl aaMa3a cMelueHbl APYr OTHOCHTEJBHO ApPYra Ha HEKOTO-
pHit BEKTOp; B KOODPAHHATHOR cucrteMe, oOpa3oBanHoi pebpaMu
KyOHuecKO! sjeMeHTapHO# siueiky (cM. puc. 14.1), ator BekrTop cme-
LeHHs 3aMUIIeTCH B BHJE

t=ga(l, 1, 1). (14.1)

[Tpsn k=0 BoaHOBblEe DYHKIUMH B NPUBIHIKEHHH CH/JILHOM CBA3H MMe-
10T BUJ

W (x)=(2N)"": Z [o;(x—x) L g;(x—x,—1)], (14.2)

rjie X, npoferaer BCE y3/bl OJHOH 13 rpaHelleHTPHPOBAHHBIX KyOH-
YecKMX peIIeTOK; (;— aTOMHBle (yHKOUH, HIH GYyHKOHE Badbe,
=S5, Px, Py, P.- 3HAK * yKasblaeT Ha CYLIeCTBOBaHMWE [BYX He3a-
BHCHMbIX CIOCOGOB, KOTOPHLIMH MOXHO CKOMOWHHPOBAaTh aTOMHbIE
¢byuxkunyd AByX petieTok. O@yHKRuHKH B NpubaiKEeHHH CHALHOH CBS3H
He.1b3fl CYMTATH XOPOLIUM NPUOJIHKEHHEM A5 AeHCTBHTENBHBIX BO.1-
HOBBIX ()YHKUMH, HO OHH NO3BOJSIOT CYAMTb O CBOMCTBaX CHMMeET-
puu TOouHHX pemeHnfi. Mcxoas w3 aTHX CBOMCTB, Jerko NOKas3aTh,
uyto dyukuns ¥, ocyulecTaser mnpeiactasieHue Iy, a (YHKUMH
W, Wo, ., u Wi, :— COOTBETCTBEHHO NpeICTaB/eHus Iy, T
i T

MoKHO KaueCTBEHHO IIOHATH HEKOTODLIE OCOGEHHOCTH 30HHOIl
CTPYKTVpHl a/1Ma3a, pacCMaTpHBAs IHEPreTHUeCKHEe 30Hbl B MOjeH
cBOBOIHbIX 3JEKTPOHOB B TI'DaHEUEHTPUPOBAHHON KyOuueckofi pe-
wetke Bpase (cM. puc. 10.8). Mpl nCK/MIOYMM H3 PacCMOTpEHHA
3,1eKTPOHB 060J10UKH 152, NOCKOJbKY OHM HAXOAATCS B Y3KHX HU3-
xoaexaumx 3odax Iy u o Yrobol IOJVUHTL BOJHOBYIO (YHKUHIO
COCTOSINIA, COOTBeTcTRYIOUero Husleft Touke I'y Ha pue. 10.8, Hyx-
HO B BOJHOBOH ¢VHKIMM (14.2) B3ATH AJA KaXKAOK pelUeTHH
2s-QyHKIWIN 1T BROPATh 3HAK ILTIOC; NP 3TOM HMMeeM

v ()= (2N)~ " ; [0, (x —X,) + 9, (x —x, — )] (14.3)
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3jlech X, Tpoberaer Bce yananl J10O60H ¥3 TpaHeUEHTPHPOBAHHBIX
Ky6uueckux pewetok. Takas kKoMGunands, Kak ObLIO CKa3aHo
Bblllle, Ha3biBaeTca cBf3bipatolleli. [loka HeT Apyroro YyAOBJIETBO-
PHUTEIBLHOTO Crocofa NMOCTPOEHWS HH3KOJeXaullero cocroamusa I'y.
Ecnu ucxoAuTb M3 MojenH cBOGOAHBIX 3/J1EKTPOHOB M pacnoga-
ratb cOCTOSIHHMS, COOTBeTCTBYKOLIHe Touke I', mo HX 3HEPrHH, TO
caenyioluMu nocsae coctosHus Iy 6yayT BoceMb COCTOSIHMH, COOT-
BeTCTBYIOIUYX OAHOMY H TOMY XK€ 3HAYEHHIO SHePIrHM H DAa3HbIM
3HauelnnsM BekTopa oGpatHoit pewetrku: G=2nfa (x1; x1; £1).
DTu COCTOSIHUSA NPHUHAAMEKAT YeTbIpeM pPasJHYHbIM IIPeCTaBJeHHAM
rpynnst xy6a. B kpucTanie BOCbMHKDATHOE BHIPOMKJEHHE CHUMAET-
Cfi, M TIONYYAIOTCA 1B TPEXKPATHO BLIPOXIEHHLIX YPOBHA s u I
u Ba HeBbpoXAenHbix yposus I u [ Boaxosas dyHkums cocros-
nus [y JoMKHE CTPOHMTBCS M3 3S-OpOMT M, CjeJOBaTeNbHO, ITOMY
COCTOSHHIO 6yJeT COOTBETCTBOBAThH BecbMa OoJbllas IHEPTHHA.
Caenyer OXuiaTb, 4TO YPOBEHb T3 Jemur HuKe ypoBHs I['s.

! u w
IOuas T'gs pacnonoxenne p-OpGHT BIOJAb KpaTuaHiled JHHUH, COELH-
HAOllell ABa aToMa B fueliKe, CXeMaTHUECKH MOXKHO NpPeACTaBHTh

(XD

Clrasrbamugue p- 50w

Orta KOHQHrypalusi 4YeTHa NPH HHBEDPCHH OTHOCHTENBHO CepEIHHBL
aunnn. Jaa Ty koHQHrypauuss op6uUT AOMKHA GBIThb HEUETHOH OT-
HOCHTEJNILHO HHBEPCHH, T. €. HMeTb BUJ

(XD

Annuctrseibaroague p-apbemss

CooTpetcTBYIONLAsl BOJHOBas (YHKUMS [IOMKKHAE COAEPKATh Qypbe-
KOMAOHEHTL C BOJIHOBBLIMH BEKTODaMH, BABOE OOJBLIMMH, YEM B
cayuae g5, DTo KauecTBeHHOe PacCMOTPEHHe NMO3BOMNET MPEANIO-
JIOXUTE, YTO YPOBEHb s aexut mwxe [is; TaK, M0-BHAHMOMY,
06CTOMT 1eJ0 B JeHCTBHTENLHOCTH BO BCEX KPHCTAJ14X CO CTPYK-
TYpo#t a1Ma3a H UHHKOBON OGM4HKH.

PYKOBOACTBYACH TEMH e COOGparkeHusIMH, Helb3s ONpejlenuTh
MOJOXKEHHe AHTHCBS3BIBAOWEro s-ypoBHA ans I's. B anmase u
kpemuun e(lis) < e(ly); B Gosee TaXenbX 3eMeHTaX NOPSIOK
ypOBHel OKa3biBaeTcst OOpaTHbIM, BHAHMO, 43-3a TOro, 4To G0JbIUOMA
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NOTEHUHa] HMOHHOrO OCTOB2 TNOHWXXAET S-ypOBEHb OTHOCHTEJBHO
P-ypOBHeii.

CTpykTypa Kpad BajeHTHO#H 30Hb. B Kpucraianax Tuma aamasa
Kpaio BaJEHTHOM 30HbI COOTBETCTBYET COCTOSIHHE C TPEXKPaTHBIM
Op6ATANBHbIM BBIPOK/AEHHEM; €CJIM NPUHATH BO BHMUMAaHHE CIHH, TO
BLIpOMXeHHEe OKaabiBaercs ulectHkpartHbiM. CrnuH-op6HTa BHOE
B3aHMOJEHCTBHE UACTHYHO CHHMAaerT BHIDOXK/JEHHE, paciuenss
P-ypoOBHH Ha p, - U p, -YpoBHi. B anMase cnuH-opGuTanbHOe pac-

wenaerdwe A onenuBaercs B 0,006 38 (raba. 14.1), 4TO 3HAUYMTENBHO

Ta6auna 14.1

XapaKTepucTHKa 3HEPreTHYECKHX 30H HEKOTOPBIX MONYNPOBOJAHUKOBBIX
KPHCTANIOB *)

XapaKTepHCTHKH 30HHO CTPYKTYypHl Anmas St Ge InSb
MunumaabHas MIMPHHA 3aNpELIEHHON 30-

uol Eg, 36 . e e e e e o] 833 114 | 0744 023
PaccTrosHve Mexjy 30HaMH IO BEepTH- e

kaau npu k=0,98 . . ... ... (2,5) 0,898 023.10
Mupuna BaneHTHOH 30HHL, 36 . . . . .| (20) 17 7.0
Cnun-op6uTanbHoe paclienjaeHue Ba-

AEHTHOH 30HHW A, 26 . . . . . . . .| 0006{ 004 | 0,29 0,9
m;/m Ha Kpaw 30HH NPOBOTHMOCTH . . 098 | 164 0,014
m; m Ha Kpaw 30Hb NMPOBOAMMOCTH . . 0,19 | 0,082 0,014
[lapaMeTps Kpas BajeHT- gz?gf‘rmz _?? —1g:§

HO# 30HBI 2mICl/f12 41 12‘5

*) Bce xapakTepuCTHKH NOJYyu€Hbl NMpH TENMEBOH TEMNEpaType, 32
HCKJAIOYEHUEM JAaHHHX O MHHHMMaJNbHOH INHPHHE 3aNpeleHHOH 30HBl B aJ-
Mase, OlpeNeJeHH X NPH KOMHATHOI TeMiepaType.

MeHbllEe WKPHHbB 3anpelleHHoi 30Hb!, paBHOK 5,3 38. [1pu nepexone
K 3JeMeHTaM C OOJbIIMMH ATOMHHIMM HOMepaMH CHHH-OpOGHTA/Ib-
HOE B3aHMOeMCTBHE 3HAYHTEJBHO YBEJMYHMBAEGTCH, TOrja Kak LIH-
pHHa 3aIpeLieHHOl 30HBI MOXKeT yMeHpunarbes. Hanpumep, B InSb
cnuH-opOuTanbHOe pacuienienue cocrasaser 0,9 98, a wHpHHa 3a-
npelieHHON 30Hb! paBua 0,23 3.

Takum o06paszoM, COHH-OpOHTANbLHOE pacllenjeHHe MOXKer npe-
BbIIIATb JHEPTETHYECKOE pPAaCCTOAHHE MEXAY 30HAMH; B THMEbIX
aJeMelTax 3TO pacluensieHue sBISETCH OJHHM M3 OCHOBHBIX (ax-
TOpOB, ONpEIENsIOUUX UIMPUHY 3amnpelleHHOA 3oubl. [laxe B aJ-
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Mase pacllenyieHHe Hrpaer CYLIeCTBEHHYIO POJb B 3KCNEpPHMEHTaX
c Ablpkamu, ecan 3¢ QexrTHBHas TemnepaTypa NOCJAeAHHX He Ipe-
soiaer H0° K. OpHako B MaremaTHuecKoMm OTHOIIEGHHH yrobHee
cliayana pas3BHTb K:pP-Teopuio BO3MYLIEHWH /a5 Kpas BajeHTHOIM
30Hbl, NpeHe6peras COHH-OPOHTAJbHBIM B3aHMOJeHCTBIEM, a 3aTeM
yuecThb H ero.

4
Mel npon3BoabHO BhiGepeM Gasuc npeactabaenus I'ss npn k=0,
NIPEJNOJIOXHB, YTO TPH BLIPOXKICBHLIX OpOUTAJIBHBIX COCTOSIHHSA Npe-
obpasywTcs cleayroutM obpasoMm:

€ ~Yz, €& ~ZX, &5~ XY. (14.4)

Bo BTOpOM nopsigke MaTpHuHble 3JeMEHTbl 3HeprHH BO3MYyLe-
HUs HMeoT BHA [2]

<€;|H”|8;>:—1—2—2 (rik-pid) (dk- p[s) (145)
[\]

m Es— E

rae r, S NpHHHMAIOT 3Hayenus !, 2, 3, a cyMMHMpoBaHHe BeleTcHd
no scem coctosiHUsM ¢ k=0, 3a uckiloueHueM paccMaTpUBAeMbIX
HaMM COCTOSIHMH H2 Kpalm BaJeHTHOM 30Hbl. 3aBHCHMOCTb MaTpud-
HBIX 3/1eMeHTOB (r|H”|s) OT KOMNoHeHT BexTopa k HaxoasT, mo-
JIOXKUB BCE 3JHEPreTHUeCKHe 3HAMeHaTeNu B npasoir uactu (14.5)
paBHLIMH Apyr Apyry. Toraa u3 ycJoBHSl NOJHOTH CJaELYeT, YTO

(r1H"}s) ~(r| (k-p)?|s). (14.6)
Henonn3ys (14.4) u BbluHcaASA NPOU3BOJHBIE, NMOJYUYHM
(H{H"|2) =2keky(1|pype| 2) (14.7)

¥ aHaAJOrMUHble BBIDAXKEHHS NS APYTMX MATPHUHBIX 3JIEMEHTOR.
CexyJssipHoe ypaBHeHHE GyneT HMeTb BHJ

D,— A Nk, Nkik,
Nkyky, D,—\A Nkyk: |=0, (14.8)
Nksk, Nk, D,—A
Te
Dy= LK+ MKy~ B2), D,=LE,+ Mk~ k2),
D= LK, + M (K~ £).
Ky6unueckass cHMMeTpHS KPHCTAJja MO3BOJSET HaM BLHIPA3HTh BCe
ko3¢ dunyenTs! uepe3 tpn noctosinusie L, M, N. CobcrBensnle 3Ha-
yeHHs 3Heprud onpefensiorcs ¢opmyaoil (k) =¢(0) +k£*/2m+A.

Bolpaxenns gas L, M, N, ynpolueHuble U3 coOGpa)XeHHl cHMMeT-
puu, npuBeleHbl B pabore [peccenbxaysa, Kuna u Kurrens [3].



316 I'JTABA UETHLIPHAJLIATASA

UtoOBl yuyecTb CMuH-opGHTabHBble 3 (eKTbl, BO3LMEM B Kaye-
cTBe Ga3uca wecth QyHKUUE €@, £,0, €0, €, €f, €8, r1e a 0 B —
CIHHOBble (YHKUHH. YuTeM B ONepaTope BO3IMYUIeHus CHHH-opOH-
TaJIbHOe B3aliMOJelCTBHE B BHAE

Hiy= sz (0 X grad V) - p, (14.9)
# oT6pOCHM ujeH, KOTOpHil moaydaercs npu 3amene p B (14.9) na k.
[Ipeano.ioxum, YTO Mbl HEPEXOIHM OT yKa3aHHOTO 6a3uca K TAKOMY,
B KOTODPOM BeJMUYHHBI J, M; AHAroHaJbHbl; 3/ech J — onepaTtop noJ-
HOro MOMeHTa KOJMuYecTBa JBHKeHUs. Torga B HOoBoM (6X6)-ceky-
JSIPHOM YpaBHEeHHH YUYeT CIHH-OPOHTaJbHOIO B3aMMOJEHCTBHS NpHU-
BeJeT IPOCTO K BBbIYHTAHHIO BEJHUMHB! pacllenyeHina A M3 AByX
[AHATOHAJbHBIX YIEHOB, COOTBETCTBYIOILUX cOCTOSHuAM |1/2; 1/2) u
|1/2; —1/2).

Ecan Mbl orpaHdyuMcs TaKHMI 3HeprusimMu, 4to £%/2mA<L]1, TO
(6X6)-cekyaspHoe ypapHeHHe OyAeT HMETb NPHOJHNKEHHBIE CO6-
CTBEHHBlE 3HaUeHHs ')

e(k) = AF + Bk - C*(B2EL + Bk + BRD]™,  (14.10)
(k)= —A -+ A (14.11)

Wnmetotcs, takum obpa3om, Tpu KOpHA, onpeaensemuie (14.10) u
(14.11); Kax@Ablit H3 KCpHEH SABISIeTCS ABOHHBIM, Kak 3Toro tpebyer
WHBAPHAHTHOCTb TaMHJIbTOHHAHA OTHOCHTEIbHO oOpallleHHs BpeMe-
HH M npocTpaHcTBeHHOH uuHBepcHH. [Ipn k=0 pemwenus (14.10)
OTBEYAIOT YETBIPEXKPATHO BBIDOXKJAEHHOMY COCTOSIHHIO, KOTOpOE MpH-
HaJ1e:KUT npeacTasieduto [ rpynnbl kyfa; 3To npejicTas/eHHe MO-

et OblTh OCYLIECTBJIEHO ATOMHBIMH ps;,-QYHKUHSAMH KaX»0ro aTo-
ma. Pewerue (14.11) npu k=0 oTBeuaer ABYKPAaTHO BLIPOKIEHHOMY
COCTOSIHHIO, KOTOPOE NpHHAJINEXHT INpejcTaBaenyio I';; mocieaHee
Moz<eT ObiTb peanu3oBaHO aTOMHBIMHK p, -yHKIusMu. 3oHa I Ha-

3bIBAETCH OTILENVIEHHOH 30HOH M JeKHT IHEePreTHYeCKH HHiKe, 4eM
sona I'y. Hannune 3ount I'; BnepBble 6bl10 YCTAHOBJIEHO M3 aHaaAu3a
3KCHEPHMEHTOB NO ONTHYECKOMY MOrJIOUIEHHIO B TrepMaHlu p-THNA.
3uayenus BequunH A, B u C, onpeiejeHHble METOJAOM UHKJIOTPOH-
HOro pe3oHaHca, npueelenbl B Ta6a. 14.1. 3anuce (14.10) B sBHOM
Buje OyjdeT NprBeeHa B KOHIE ITOH r/1aBbl.

Aamasz. O6GCTOATeNbHBI TEOPETHYECKHH pacyer 30HHOH CTpPVK-
Typbl anmasa npuseled B paborax [5, 6]. Haiiiennbie pesyabrarsl
fnokasaubl Ha puc. 14.2. Kpaiwo BaieHTHO! 30HbBI OTBeuaer Touka ['ps.
Kpaii 30Hbi MPOBOJAMMOCTH JICKHT, NO-BHAMMOMY, Ha OCH A; 3JeK-

1) Pewenus, cnpaselqisble B (osee wWwHpokofl o6.1acTy axaueHwd Kk, Gblan
fZloayuenbl B pagote [4].



SUHEPTETHYECKHE 30HDLI 11 MPHMECHBIE COCTO4i11id 317

TPOHHLIE 3HEPreTHUecKHe MOBEPXHOCTH HMEIOT BHJ1 LIeCTH 3SKBHBA-
neHTHbIX C(epoHIoB, MO OAHOMY BJAoab Kaxao0# ocd tuma [100]
BolulicleHHas IHpHBA 3alpelyeHHOM 30HHE, paBHas 5,4 38, XOpouio
coraacyercs ¢ HabawogaeMblM 3HayenueM 5,33 ag. Ma akcnepumMeHra
W3BECTHO, YTO Kpas 30H HENpsIMble, T. €. Kpas BaJEHTHOH 30HBI Y
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Prc. 14.3. CxeMaTuueckoe H306paXXeHHE 3HEPreTHHUECKUX
30H 2AMa33 € y4YeTOM CNHH-op6uTanbHbLX 3dhexTos [5].

30HLI NPOBOJAMMOCTH COEJMHSIIOTCS OTJHUYHBIM OT HyJs BekKTopoM k.
OnbiTh! MO UHKJIOTPOHHOMY pe30HaHCy B aJMaide p-THoa [AalkT
m*~0,7m 1 2,2m COOTBETCTBEHHO [JIS JIETKHX H THXKeJIbiX AbIPOK
Ha Kpaio 30Hb H m*==1,06 m pasa 30HB, OTIUEMIECHHON B pe3yabTaTte
cnuH-opOuTanbHOro  B3auMojekictBus. Pacuiensedne, Bbi3BaHHOE
cnuH-opOHTAaNbHLEIM B32HMOJAENCTBHEM, NTOKAa3dHO Ha pHC. 14.3.
Kpemnud. DHepreTHyecKue 30HEI B KpeMHHM 0€3 yyeTa CIHUH-
Op6HTAIBHOrO B3auMOJeNcTBuA H306payKeHsl Ha puc. 14.4. 3onHas
CTPYKTYpa KpeMHHS aHajor{uHa 30HHOH CTPYKTYpe a1Masa: Kpah

BaJEHTHOH 30Hbl NPHHAJJIEKUT NpeAcTaBIeHHIo Ty, a Kpai 30HBI
POBOIHMOCTH — NPEACTABJIEHHIO A;; OH HAXOIMTCH B HEKOTOPOH
HeocoO0i Touke Ha npsMol, coefunswowed Toukd I' u X. Pag pgas-
HbIX YKa3biBaeT Hd TO, YTO MHHHMYM 30HBl NDOBOAHMOCTH JEXHT
B touke 2n/a(0,86; 0; 0); umeeTcs UiecThb IKBUBAJNEHTHHIX MHHHMY-
MOB — II0 OJIHOMY Ha Ka)xjJoe HanpasJseHHe pebep kyOa. Ilonepeu-
Has H NpofoNbHas 3¢ (PeKTHBHbIE MACChl UMEIOT 3HAYEHHA

m=0,19m, m;=098 m.
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MuHnuManbRas mMpHHA 3anpelieHHON 30HbBI coctasafer 1,14 38; HA
JuarpaMMe 3HepreTHYeckuX 30H B K-mpocTpaHCTBE COOTBETCTBYIO-
LWIMH OTPE3OK pacrnoJoxXeH He BepTHKaiabHO. B nenrtpe 3oHH Bpua-

7
J103Ha paccrosiHue MexAy Toukamu I''s m Ies cocraBasier, no-suau-
MOMY, OKOJI0 2,5 8. 3BaueHust KOHCTaHT BajeutHoil 3oHbl A, B u C,

06'_ l‘:
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X/ ol
S R m
3 <o |4 4
= N ERTA
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~ T é‘,’
_4;_ z’
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_Zy” . 5‘_ .\4
=% = = 27,
k=2101) k=0 k= 22000)
Puc. 14.4. CtpykTypa suepreTaueckux Puc. 14.5. JnepreTHueckiie 30Hbl rep-
30H kpeMHus [7, 8]. MaHus Bloab oceit [100] u [111] (co-
Cnun-epbutasbioe  BaammoreiicTsue siecs ne | #4CHO SKCNEPHMEHTANLHBIM NAHHEIM H
yUHTHIBAeTCH. pacuetam I'epmana [5]).

CrnuH-0piiTaAbHOE B3AMMOAEHCTBHE HE YURTH-
BaeTcs. YPOBHY, MOAYYEHHBIE M3 IKCIEPHMEHTJ,
0603HAYEHBl KPYKKAMH.

ghlyicgenuble Kaefinmanom u Quaauncom [7], HaxoasTcs B 1upe-
KPaCHOM COrJIACHH CO 3HAYeHHAMH, MNOJXYYeHHBIMH H3 OINBITOB NO
UHMKJIOTPOHHOMY pe3oHaHcy.

Tepmanui. 3ouuas cTpykTypa 0e3 CnHH-opOHTAJbHOrO B3aHMO-
geficTBua nokasana Ha pHc. 14.5. Kpail Ba.ieHTHO! 30HBI HAXOLHTCS

B Touke I's; cruH-opGuTadbHOE pacuennexie coctasaser 0,29 se.
MHHEMYMBl 30HbI NPOBOAMMOCTH JeXaT B Hanpasaenuax [l111] Ha
rpayuile 30Hbl Bpuanosua, T. €. Kpad 30Hbl NPOBOAMMOCTH HaXxo-
IMTCS B TOYKE L U cyMTaeTcs, 4TO OH COOTBETCTBYET TNpPeJCTaBJ/EHHIO
Li. DdderTuBHas Macca 3JIEKTPOHOB Ha BBLITAHYTHIX clepoupans-
HbIX 3HepreTHUYeCKHX NMOBEPXHOCTAX Pe3KO aHM30TponHa: my;=1,64 m,
m;=0,082m. B cocTosiHun Ty npu k=0 3¢ddekruBHas Macca nso-
tponHa ¥ m*=0,036 m. D10 cocTosinHe OOBLIYHO He 3aHATO, HO
MOXHO onpeaenutb 3¢ PexTHBHYIO MacCy 3JeKTPOHOB MO paclien-
NeHHIO NUHHA NOrJ0IeHHs B MarHHTHOM nose. OcCHOBHOe pasjHune,
nosiBAfIOlLEECsT TpPH Tepexoje OT KPeMHHS K TrepMaHuio, COCTOHT
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B TOM, YTO B KDEeMHHH HH3LIHM COCTOSHHEM B 30He NPOBOJHMOCTH
npH k=0 saBaserca BbipoxjaeHHoe cocTosHHe [y5 a2 B repMaHun —

’
HeBblpoxenuoe cocrosue ;. B cepom osoBe (os10BO pacnouo-

XeHo B TlepHOoudecKoH Tab.awue nocsie repMaHus) COCTOSHHE Is,
NO-BHAMMOMY, ocTtaercs Hmxe ['ys.

Antumonud undusa. Kpucranaol InSb u uHHKOBOM 0OOMaHKH
HMEIOT OJHHAKOBYIO CTPVKTYPY, KOTOpas CYIUECTBEHHO OTJIHUAeTCH
OT CTPYKTYDBbl aama3a. MoXXHO CuMTaTh, YTO KPUCTAJJIHYECKAsT pe-
LIeTKa a/JMa3a COCTOMT U3 /IBYX OJMHAKOBLIX B3aHMONPOHHUKAOIHX
rpaHelleHTPHPOBAHHBIX KYOHUeCKHX peuleTok, torga kKak B InSb
OHa H3 pelleTOK COAEpPsKHT aTOMbl HHIHS, & Jpyras — aTOMbl
cypbMul. Mx BajdeHTHocTH paBubl 3 ¥ 5, Tak uto I[nSb caymxur
npumepoM coelnHeHusi tuna AWBY. CummerpHs Xpucraana ocra-
eTcs TOM »Ke, YTO M Yy aIMas3a, HO LEHTpa cHMMeTpuH yxke HeT. [To-
9TOMY Temepb Mbl y)Ke He MO:KeM TFOBOPHTb, YTO NpH 3anaHHoM k
SHepreTHYeckHe YPOBHH OCTAOTCS HeH3MeHHDbIMH, ecJi MOABEepPrHyThb
BOJMHOBble (YHKUHH Omnepalud KOMIJIEKCHOro conpsixenus. Omne-
patop ofpallleHHst BpeMeHu K moO-mpex<HeMy KOMMYTHpYeT C ra-
MHJIbTOHHAHOM, TaK YTO YPOBHH €4y M €_yk, COBMNAAAIOT. B 30HHO#H
CTPYKTYpe BO3HHKaeT pHAJ H3MeHEeHHH IO CpaBHeHHIO C COOTBeT-
CTBYIOIIMMH KpucTanname tuna AIVBIV) tak kak cpead 3JjemeH-
TOB CHMMETpPHM TeNepb YyxXe HeT UeHTpa cuMmMerpuu. [lo 3roi
NpUYMHE NOSBJASETCS KOMIIOHEHTa MOTEHIUHAJbHOTO MOJS KPHCTanaa,
aHTHCHMMeTPUYHAS OTHOCHTEJNBHO TOUKH, JeXalleH nocpejnHe Me-
JKAY ABYMS aTOMami NPHMHTHUBHOH AYefKH.

MoxHo oxuaartb, uto B Kpucraanax AMBY) rpe nuamee co-
CTOsiHHE B 30He npoBoAuMoctd npH k=0 npuHaiaeXuTt npeacras-
JgeHuio [y, BaIHuMe AHTHCHMMETPHUYHOTO IOTEHLHAJa BbI30BET

«nepeMellBaHue» npeacTasiaenust I'y; # NpeaCTaB/eHHs I KoTO-
pog B OTCYTCTBHE AHTHCHMMETDIHYHOIO NOTEHIHAIa COOTBETCTBOBAO
Obl kpalo BaneHTHOH 30Hb !). Ecau ykasansbie npeacTaBJ/eHHsI BbI-
poxjJeHbl (KaK B Cayyae CBOGOAHBIX 3/JeKTPOHOB), TO HAaJHUHE
aHTUCHMMETPHYHOrO NOTeHNHaa1a NMpHBEIEeT K pACLIENJeHHI0 COOT-
BETCTBYIOIIHX YDOBHeH; eCIu e YPOBHH W TaK paclUelyeHbl, To
aHTHCHMMETDHYHBIA MNOTEHLHaJ  BbI30BET VBeJHYEHHE 3TOro pac-
uleniedust. B BN BbluncrenHoe paccTosiiie MeXAY 30HaMH npH
k=0 okasagoch pashbiM npumepHo 10 36 [8], T. e. noutu BABOE
GoJablueit BequyuHe, yeM y aamasa. OTmerum, uto B AlP U3MepeH-
Has IIMDHHA 3alpeuleHHoH 30HB cocraBiaser 3,0 38, a B KpeMHUH
ona pasHa 1,1 98. B InSb u cepom 0/10Be 30Ha NPOBOAMMOCTH IIPH

') JIpyruMit cI0BaMi, BOJHOBble GYHKUHH, OCYUWECTBIAIOMHE OIHO H3 3THX
npeicTaBjenuit, OyayT JnHeHHbIMH KOMGHHAUMAMH (QYHKUUE, OCYLECTB/AIOWMHMX
Apyroe npeicTasaienne. ([Tpus. nepes.)
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k=0 npuHagiexur npeacrasieBH0 I‘;; HaJHuue AHTHCHMMETPHY-
HOro NOTeHUHasa yBelHUMBaeT IIHPHHY 3anpelleHHON 30HL v InSb
o 0,23 38 (y ceporo oaoea Bcero Jauuis 0,07 38). B oboux stnx
KpHCTaJaJax Kpai 30HbH NPOBOAMMOCTH Haxoautcs B Touke k=01!).

Cnug-opbutanbHOoe paculensieHHe A Kpasi BaJeHTHOH 30HLl B
InSb cuuraercs pasHeim 0,9 38, 4TO npHMepHO B ueThipe pasa
fonblie pPaccTOSTHHS MeXAy 30HaMH. B 3TOM CHTyauHH He HMeer
cMblcia paccMaTpMBaTh 3ajauvy, npexebperas cnyHoM. Ecam yuects
CIIHH, TO Kpalf BaJeHTHO! 30HbI OyjeT NpHHALTEXaTh YETBIPEXKPAT-
HOMY npeacraBaeHuio [y rpynnbl ky6a, a oTulenjeHHas 30Ha —
npeacrtasaenuio I';. Kpali 30HLI NPOBONHMMOCTH MOXKeT UpHBajJIe-
Karth npejcrasiaeHusiM I's wau I'y; o6a CoOOTBETCTBYIOT ABYKPATHO
BLIDOXKAEHHBIM YDOBHSAM.

[Tpumensisi k- p-TeopHio Bo3MylueHHH (B mepBoM nopsike no k),
MBbl He NOJYYMM BK.Ja71a B 3Hepruio AJs J1060ro u3 3THX ABYKpaT-
HbIX NpejcTasjaeHuit, DTo caedyeT W3 TOro, 4to BeKTOp P mpeobpa-
3yeTcsl TdK ke, KAK BeKTOpHOe npelcraBnaenue ['y, a B npsiMoe npo-
u3seaenre I'vy XT'g He BXxoauT I'g; aHaNOrHuHO, B NpsAMOe NpOH3Bee-
nue I'vXT7 He Bxoaur I'z. Takum oOpasom, B nepBoOM MOpsiKe
MaTpHYHble  5JeMeHTH  TOMXAECTBeHHO pasHbl HYJ©, T. €.
k-(Teip|Te)=0, k-(I';ip|l'7)=0. Bo BTOpOM mnopsaxke BKIal B
3HepTHi0 He paBeH HYJI0, HO BhIPOXKJeHHe B 3TOM INOPSJKE He CHU-
MaeTcsi. B 7TpeTheM mopsjke TeOpUHM BO3MYIIEHMH MBI NoJyuyaem
pacwenyedue yposue# I's u I'z; uckalouenue cocraeasieT TOT Cay-
uajl, xorna BekTop k umeer Hanpasnaenue [100] uau [111], 1. e

e(k)==Co¥’* & C,[F* (Ko} + i) + B2 — ORLESRE]R. (14.12)
M3 onsitor no uHKJIOTpOHHOMy PE30HAHBCY HM3BECTHO, YTO
m == 2Lo =0,014m. .
B nepsom mnopanke no k ueTkipexkpaTHoe npejacrtasiaeHle [
flaeT BKJlaa B 3HEPIHIO, MOCKOJIbKY
I'y X Tg=T6+I7+ 2T,

T. e. npaMoe npoussejedne ['vXI's coaepxur I's. [losTomy B mep-
BOM nopsiike OyAyT CYWeCTBOBATb MATPHYHblE 3JE€MEHTHI, OTJIHUHbIC
ot uyns, T. e. k- (Tsp | T's) #0.

B nenocpedcrsernoi 6audoctu ot ToukH K=0 ueTblpe 30HDI
B6,M31 Kpasi B MepPBOM NOpsAfAKe 1m0 K MOXHO ONHcaTh clefylomnM
obpasom:

e(k)=*+ C{F + [3(Kk; + kIF + D)) E (14.13)

1) ToapoGuoe TeopeTHueCcKoe paccMOTpelMe 30HHOH CTpykTypbl InSb cM. B
paBorax [peccenbxayaa [9] u Ksina [10].
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31ech, 3HaKH NJAIOC U MHHYC BbIéHpa}OTCH He3aBHCHMO, 4TO H JAa€T

yeTbipe 30HBL. PacuiemieHne ypoBHe#
crosiHHas C o4YeHb MaJja, W NPH yse-
AHueHuH BekTopa k oObluHble KBaj-
paTHuHble 4jaeHnl (kak u B (14.10))
HAaYHHAWT BCKOpe mnpeo6najatbh Hak
auHeiHbiMu.  UneHsl ¢ € caerka
CMelLanT Kpalk 30Hbl M3 TOYKM k=0;
ecTb OCHOBaHHA INoJarath, YTO B CJY-
yae InSb nossasierca «ruesno», o6-
pasyeMoe KpasMH 30H M Jexallee B
Hanpasneduu [l111] Ha paccrosiHuy,
pasioM 0,003 paccrosiHusi OT LEHT-
pa 3onbl Bpunawosxa 1o ee rpaHuubl.
Ilpy 3TOM 3HEprHs B TOYKE MaKCH-
MyMa Ha 10-% 38 mpeBbllIaeT HEPrUI0
npu k=0. [dna ablpox ¢ 3Heprusmy,
3HayutenbHo Goabmumu 1074 38, Ba-
aedTHas 30Ha B InSb ocraercs Tako#
)Ke, KaK B repMaHuu.

IlHKJAOTPOHHBIH H CAMHOBLIH pe-
30MaHChl B ROJAYRAPOBOAHMKAX (c yue-
TOM CHOWH-OpONTAABHOTO B3aWMOJeM-
cTBHs). PaccMOTpHM Kpa# 30HBI Npo-
BOJMMOCTH B KpHCTaJse poMOHYECKOH
cHCTeMbl W MPEAMNOJOXHUM, YTO 30HA
HMeeT TOJLKO ABYKpaTHoe BBIPOXKJE-
HHE, CBsSI3aHHOE C HMHBAPHAHTHOCTBIO
OTHOCHTE/IBHO oOO0pauieHus BpeMeHH.
Ilycte Takxke KpHucTaan obnajaer
LeHTpoM cuMMeTpuu. B orcyTcTRiE
MarHHTHOrO TMOAS MOJNYYHM s 3Hep-
rMH RO BTOpPOM nopsiake no k

e(K)==2 D, k.t
(k)= 2 Doghatty (14.14)
((l, p=ux, Y, Z).

TIOKa3dHO Ha pHC.

14.6. Ilo-

Inepeun

(000) k
1
/26
o O
AJ
LD A,
w0y k

Puc. 14.6. 3aBucumocTts 3Hepruu
OT BOJNHOBOrO BEKTOpa B QHTH-
MOHHIE HHAHUA.

Iokazano B nepsoM  npubanxenun
cnuH-0pGMTaAbHOE paculenaeHiHe ypoB-~
HA I‘;S B Hanpasaemwsx [110] (a),
[100] (6) u [111] (&). Llubpwhl B KpymKax

yK33LIBAIOT KPaTHICTL BHIPOKACHMS C€O-
OTBETCTBYHIILX COCTOAHHUA.

[Ipy HaAWYHH MarHUTHOTrO NOJAS ABYXKOMIIOHeHTHoe 3(dexkTusBHOE
BOJHOBOE ypaBHeHue Banbe (cM. ri. 9) MOXKHO 3anucarb, paccmar-
puBas k=p—(e/c) A kak onepaTtop, B BHIE

[ZD% (p“_%Aa)(pB—%AB)—p.

50 H] P(x, §)=¢ep(x, S),
(14.15)

rjge s— CIHHOBAas KOOpAHHATA, OIreparop CIHHOBOrO MArHWTHOIO

MOMe[Ta 3aMHCaH B BHAE pgp0.

21 4. Kurrteas
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[pu wucrnosb3opaHuu BHpaxedn# Bupa (14.15) o6bluHO HesBHO
npejanosaraloT, 4To KOMMNOHeHTH Kk KoMMyTtupyioT. B oTcyrcraue
MarHHTHOIO NOJAs 3TO JeHCTBHTENbHO TdK, T. €.

[km kﬂ]=[pa.1 PB]=0, (1416)

HO 1pu HaJgMY¥M MarHuTHOTO TIOJI1 B KOMMYTAaTOpbl AJS KOMIO-
HeHT K BOHIYT BeNHUHHH [p,, Ap], BOOGLIE roBops, HE pPaBHHE HY-
aw. [Ipu xaaubposke A=H(0, x, 0) Hmeem

[k, B2] =0, [k, k2] =0, (14.17)
e b =7 (%, pd =i (14.18)

[lostomy HaM HyxHo 3anucatb (l4.14) B TakoM BHAe, KOTOpbI#
NO3BOJHA 6bl Y4YecTb BO3MOXKHBIH BKJAaZ OT aHTHCHMMETPUYHOMH
dopmbl [ky, k1. Jas storo BoseMem (14.14) B Buge

e (k)= X (D% (ka: s}~ Dl [k, kal), (14.19)

rge npH CYMMMDOBaHUM Kaxjas napa of GepeTcsl TOAbKO OAHH
pas, T. e. eclH YYTEHO af, TO fo. YUHTHIBATL Y2Ke He HYyXKHOo. 3jech

{ko, kp}=rkykp+kpk,, (14.20)

a Dgg u DaAﬁ—COOTBETCTBEHHO CUMMETpHUYHbBlE U aHTHCHMMETDHY-
Hple k03¢ ¢uUHeHTH. B OTCyTCTBHe MArHMTHOIO TNOJAS BKJajn B
(14.19) BHOCHT TOJILKO CHMMETDUHYHBIH uJieH, TaK KakK B 3TOM Cay-
yae [k,, kg]=0.
Koadduuuenrsl D,g noayuaworcs u3 K- p-TeopHH BO3MYLUEHUH

B BUIE
PTG VR ULADTUL TN

o] af m?2 -

] 2m n e, — &

1 1 1
=5 Ogy —+—7,—17<Y|PaEVTHTPﬁ lv),  (14.21)

rie y o3Hayaer paccmatpuBaeMoe coctosinue npu k=0. Torza mns
D33 v D naxomum
1 1 ;
Dgﬂ =3 (Dus + Dga), D;‘i’) =7 (Dag — D[io.), (14.22)

’ — )
D“Aﬁ=4r1;—226 (Vl!’al‘s)(ﬂPﬂl\;)v_(sypulé)( [22lM) _ _ pa.

(14.23)

Ilpu Hamefi kanHGpPOBKE B CHCTEME KOOPAMHAT C OCHAMH BJOJD
ocell XpHCTaajga HMeeM

Dig = Doadog (14.24)
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H, Hcnoasdysa (14.18), gas noaHoro aHTHCHMMETDUYHOrO BKJjala
B £(k), noayuum )

D3y lkey k)] = D3 % H. (14.25)
Taxum 06pa3soM,

e (K) = Daokioka+ iD2y — H—p 0 - H. (14.26)

Tenepr BHIpa3zum D3, yepe3 KOMIOHeHTY L, opGHTalbHOro Mo-
MeHTa KOJHYEeCTBa [JBUMNKEHUS.

B Hy/neBOM MariHTHOM IIOJle YpaBHEHHEe IBHXKEHHS (X-KOMIIO-
HEHTa) HMEeT BH],

- (1 1 S

ix=/|x, H]=z(Trrpx—lr——-~4mzc2 (o0 X grad V)x):z—m—.

Ynen ¢ (oXgrad V), BO3HUKaeT H3-32 CHMH-OPOHTANbLHOrO 4jeHa
B raMuJbTOHHAHE

(14.27)

1
Hy, =gz (0 X gradV) - p, (14.28)

ree V(x) ecTb nepuogHyYecKuil TOTEHUHasn BHYTPHKPUCTAJNJIHYE-
CKOI'O MOJS; COCTaBHB KoMMYyTtaTop [x, Hjol, nonyuum
[X, )= =7 (0 X grad V),. (14.29)
Onepatop I onpegeasiercs pasexctBoM (14.27), cosnajawowum c
(9.29); B GoabluuHcTBe chaydaes uiaeH ¢ oXgrad V asasercs numb
Majof TnonpaBKoH K uiaeHy ¢ p. Ilpu Hanvuuu CHUH-OPGHTANBHOIO
B3aumogeiicreua Bektop Il ob6najgaer B CYLHOCTH TEMH Xe CBOH-
CTBaMH, YTO H P B OTCYTCTBHUE 3TOrO B3aUMOAEHCTBHUS.
3anuwem Teneph (14.27) ans HyJseBoro MarHuTHOrO 1OJSA B
npeacTaB/eHHH, B KOTOPOM MdMHAbTOHMaH H jpuaroxajed

',i—(\’inxlb)=(v]xIb)Eb—av(leM). (14.30)

Ecnu npeneGpeun pasanudem Mmexay p 4 II, To

1 (Y] Pald) (8] pgl¥) —(¥Ipgl8) (Blpaly)
g Ey— Ef -

= im Y, (71518 (31 pylv) —
[}

— (V] x10) €01 pol V)) = im (¥ Laxsly).  (14.31)

3mece MB Bocmosb3oBasuch cootHowennem {0}x|0)=0, koropoe
npu k=0 caexgyer H3 CooOpaxKeHHH UYETHOCTH, €CJIH KPHUCTasJl

2]1*
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obnagaeT neHtpoM cummerpHu. Ecan a=x, p=y, 10 L, B (14.31)
€CTb KOMOOHEHTa OpOHTaJbHOTO MOMEHTAa KOJIHYecTBa JBuxKeHus L.
Ha (14.23) u (14.31) umeem

. 1

iDfy=— 5= (VI L,|V)- (14.32)
Ecnu |Cy) ects coctosinue, conpsikenHoe |y) B cmbicae (9.44), To
(CVIL.ICY) = 3ICTLLIy =

=—(V|LCTCIYY=—(VIL,Iy),  (14.33)

rak Kak, coraacuo (9.135), CL,=—1L,, C'L,=—L,. [Toaromy
MOXHO HanucCathb

e(K) = Dyokoky — 5or (V| LI¥Y 0,H —ugo,H,  (14.34)

2me

MOCKOJIBKY B COCTOAHUsAX Y U Cy CIHMHBI NPOTHBONOJOXHL. TaKuM
o6pasoM,

e(K) = Dyokok, —u'o - H. (14.35)

31eCh aHOMaJbHLIA MarHUTHHIE MoMEHT W' onpeneasaeTca COOTHO-
LeHHEM

Y I+ 1 =1+

]
Lo (vl p o) (01 p, 1v) — (vl p, |8} (8lpxly)
+ A 4 = 4 , (14.36)
Ty 1 }1' (VI P, [8) (8]p, 1Y)
E=1+-2t_mlm Ey'—ﬁb Y s (1437)

8

rge cuMBos Im o3Hadaer MHMMYIO 4acThb COOTBETCTBYIOLUETO BbIpa-
’KEHUS; Mbl MCIO/IbL30BAJNH 3[€Chb IPMHUTOROCTb orneparopa p. UseHs
Dygkok, B (14.35) oTBercTBeHHBl 3a paculernJjedue, HabgaogaeMoe
B UMKJIOTPOHHOM pesoHaHce; uneH —p*o+H-—3a pacuennennue,
HaBaogaeMoe B CIUHOBOM PE3CHAHCE.

PaccMoOTpHM Tenepb aHOMAJbHEIL MarHUTHbIH MOMEHT [Js 4act-
HOM Mojenu, BIIOJHE THIMYHOH JAJ8 MHOTHMX IOJYNDOBOAHHKOB.
B s3rtoli Momenu mbl onpepennm g-GakToOp M MarHUTHBIE MOMEHT
B cocTosinuu |0y), npeanonarasi, 4TO OHO OTHOCHTCS K COCTOSIHHAM
S-THNA, COOTBETCTBYET KPalO 30HLI NPOBOJAUMOCTH H €ro CIIHH Harpas-
JEeH BJOJb OCH 2. JHEeprus 3TOr0 COCTOSHHS BLIIIE KPas BaJeHTHOH
sonnt (yposenb p, ) nHa E, Kpa#l BajeHTHO! 30HHI TOXKE OTHO-
cutca K Touke k==0; mog 3THM COCTOSIHHEM Ha paccTosHHH A Je-
XUT YPOBEHb p, , OTIUEIJIEHHbIl B De3yJbTaTe CHHUH-OPOHTANbHOrO
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Baaumojeicteus, [lpeanmonoxkum, uTo B3aHMOLEHCTBHE CYLIECTBYET
TOJbKO MEXIY 3THMH 30HaMH. B orcyTcTBHe CHIHH-OpOHTaJbHOTO
B3auMOJIeAcTBMS Heprus A paBHa HYJIO, H TOrJda MATPHYHBIA 3Jje-
Ment (0|L.|0) Toxe o6pauiaercs B HY/b, NOCKOJABKY INpEACTaBJe-
HUe MOXHO BHIOpaTh Tak, YTO s JIOOOr0 COCTOAHHA O B JAHHOM
npeacrasaeHun au6o (y{px|8) =0, aubo (y|py|8)=0. Urobu yGe-
JAHTLCH B 3TOM, JIOCTATOUHO TOJOXKHTL 6=X, Y, 2

Cocrosinus |J; m;) cXemMaTHYeCKH MOXKHO NDPEACTABUTL B BHUAE

N

‘%; N=2"%(x+iy)a,
l%; — D=2 —iys,

|5+ 3)=38"[zu—(x+ i) ]

|%: _;> = 67" 220+ (x + iy) 8],
‘; — ) =67"[22p — (x — iy)al,
’ 1

51— = 37" 2B+ (x — ig)al.

1 (14.38)

dassl 3THX COCTOSHHI y/IOBIETBOPsoT coorHoweHnuio K|J; m;)=
=\|J; —m;), rae K=—ioy,Ky,— KpaMepcoscku# onepartop obpaiie-
uua speMenu. OTMeTuM, YTO OHM OTAMHHBL OT (a3, Koropkle mony-
YalOTCA NIPH HEOQHOKpPAaTHOM NpuMeHeHuu oneparopa J. [lanee,

2' 2>="‘2 *a

PAES —7>=—- i6™ ",

JERSE RN
3. 3 -

V4 _;__ =—i2 zp’

i 2) L (14.39)
|2' 2>“—2

py 7! ____2_>=6-,/2ﬁ’

b3 h=oe

iD=
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PaccMarpuBasi COOTBETCTBYIOLIME MATPHUYHBIE 3JEMEHTH C COCTOA-
HusMH (y|, Mbl BHAMM, 4TO BKaaj B (y|L.|y), BHOCMMHI cocros-
uveM ¢ J=3/2, pasen —2/3mE, Bknaja, BHOCHMBIH COCTOSIHHEM C
J=1/2, HahineM, HCTIONB3YS paBeHCTBA

Px

=87 pfgig)=—3"s]
3 —a)=—id, p |y — ) =—3"a

Orciona Bkaan ot coctosiHuil ¢ J=1/2 paBen 2/3m(Eg+A). Takum
obpasom,

(14.40)
Dx

OILIBY =g (g — ) Ol XY P (14.4])

rie X cUMBOJHYECKH oO03HayaeT cocrosiHHe xa B (X, y, 2; a, PB)-
NpeiCcTaBJeHUH COCTOSIHHS, COOTBETCTBYIOLUEI'O Kpaw BaJeHTHOMN
30HHL

[Ipu m* <« m Ttenszop 3d¢eKTUBHON Macchl AJs Kpas 30HHI 1pO-
BOJUMOCTH JlaeTCSi COOTHOULIEHHUEM
m 2 [(vlpe!B) 12
m* T m ey—Ey

8
:% [311, -+ 3(Eg1+A)']l Olp XY (14.42)

MaTpuuHble 3JeMeHTHl 3jech Te ¥Ke, 4To H B (14.41). Takum obpa-
30M, MBI IoJyuaeM Aas m*<m COOTHOUIEHUE

m A
(0]L,]0) ~ m_(m) (14.43)

Ins anTuMonuaa uHaus m* =z (1/70)m, E4=0,2 38, A=~0,9 38, Tax
uto {(0,L,|0)~25. B repManin ¥ KPeMHHH OpGUTajbHble MOMEHTHI
3HAYUTEIbHO MEHBIIE.

JIns 3JeKTPOHOB NPOBOAHMOCTH g-(aKTOpP IPH CIMHOBOM peso-
HaHce ONpejleNIieTcs BhIp aXKeHUeM
P m 2A
- ~—7(——3Eg+m)+2. (14.44)

B cayyae InSb sta ¢opMyna nPHBOAMT K UYHCJIEHHOMY 3HAYEHHIO
~—50, uyTo XOpoIo corjacyercs ¢ skcnepumentoMm. [Ipu BbiuHc-
JeHun g-paxrtopa 3¢¢ekTHBHbIH ramMuiabToHHaH Gepercst B Buie

1 2 »
H=W(p—-‘;’_1\)_uo.ﬂ. (14.45)

g:

W3 u3BecTHBIX B HACTOsIIEE BPeMsi KpHCTaNI0B HauboJee y3KylO
sanpewessyio 3ony uMeer Cd.Hg Te [11]. ¥ atoro kpucrania npu
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x=0,136 paccTosinne MeXAY BaJEHTHOM 30HOH W 30HOK NPOBOAH-
MOCTH, no-snnnmom; HE npesbuuaeT 0,006 28, apdexTuBHad Macca
m*<0,0004m u g2>2500 (y mHa 30HBI nposozmmocm) Manasn
penuurHa >(dexTuBHoll Maccel u  Oogblnoe 3HaueHue g-ak-
TOpa SIBJASIOTCSH, COracHoO K-«p-Teopuu BO3MYLIEHHH, NDAMLIM Clel-
CTBHEM MAaJION IUMPUHEI 3aTIPEUIEHHOR 30HHL

TugatensHoe U noppobHoe u3yueHHue g-hakropa 3JeKTPOHOB MIPO-
BOAMMOCTH Oblio nposegedo Hderom [12]. Meron, xotophlit npueen
Hac K ¢opmyne (14.35), 6bin1 passut Jlatrudxkepom [[3] ansa Gonee
CTIOKHOJ 32jauu, a8 UMEHHO /I H3YUeHHs NOBEJEHHsi 3JIEKTPOHOB,
HaXOAALMXCS BOMM3M Kpas 30HBI p, , B MarHUTHOM noJe (IIpH 3TOM

paccMaTpHBaNMCh TNOJAYNPOBOAHMKM Tuna aamasa). O mnokasa.,
YTO NPH HaJWYUM MACHHTHOrO IOJS MOXKHO 3anicaTb aMHJAbTO-
HMaH, OrpaHuMYMBasich YIEHaMH, KBaJADaTHYHbIMH 1o K, B Buie

H=Blkaku+52kakajuja+ 453( {kx» ky} {jm Jy} +
+ {kys k) (S0 T2} 4 ke kil {Jon T} )+
—+ B Sy + B SIS 0r (14.46)

rae Jx, Jy, J;—4X4-MaTpuUBl, YAOB/JETBOPHAKWOLIHE COOTHOIIEHHIO
JXJ=i). Cxobku { } B (14.46), Kak OOLIYHO, O3HAYAIOT AHTHUKOM-
MYTaTop.

Kpaid sanenTHOU 30HbL npu Haauduu CHUR-opbUTAABHO20 B3AU-
moOedcTeus. MBIl XOTUM Tenepb YCTaHOBHTb SIBHBIH BMJ BbIP aKeHUS
Jast 3geprun (14.10) BOsu3n Kpasi BaseHTHOH 30HBI ['s Kpucraana
CO CTPYKTYpoH anaMasa. B oTcyTcTBHE MAariHMTHOTO TIOJAS TaMHJb-
TOHHAH BO BTOpPOM mopsigke no k umeer, cormacio (14.46), Bun
4X 4-MaTpuLE, T. €,

H =p b+, (R2S2~+ BTS+ KD+
—+ 485 ({kxs Ry} {Sir Ty} 4 {Bys R} {Jys T2} 1+
+ (& k) (U5 JLY). (14.47)

3xecy J ecth 4X4-MaTpuua, yAOBIETBOpSIOWLAS IEepECTAHOBOYHBIM
COOTHOIUEHHSIM A4 MoMeHTa uMnyabca JXJI=iJ. Bbipaxenue
(14.47) comepxut Bce ¢opMbl, KBagpaTuunble no k u J u uusa-
pHAHTHBIE OTHOCHTEJNBHO TOUEHHBIX Ipynn npeobpasoBaHuit kybuue-
ckoi cucteMHl. [lopsiiok MaTtpuunl, npepcrasaswoned J, pasen 4X4,
NOCKOJIbKY cocTosiHHe [y yeThIDeXKpaTHO BhIPOXKAEHO.

Ham usBectHo, 4TO raMu/ibToHuaH f{ WHBAapUAHTEH OTHOCHTEJb-
HO ONepalMi CONPSKEHHH, M CJAeHOBATENbHO, KaXKAbli KOpeHb B
3ajaie O coOcTBeHHBIX 3HAYeHHsiX Oyjner QBOMHEIM. Mbl cefiyac
H3JI0XKHM NDPEANOKeHHbIt XonpHILAOM NPHEM MAs CBEAEHHA Bbipa-
xenus (14.47) gk 2X2-matpuue (HOCKOJNBKY HE3aBHCUMBIX KODHeHR
BCEro 1Ba).



328 TJIABA UETBIPHAILUATAS

3
lpu /= B Gasuce |Jm;), onpenensieMoM COOTHOLUEHUSMH

(14.38), onepatop obpalleHusi BpeMEHM MMeeT CJAeAYIOUlee MaTpuu-
HO€ NpeaCTaBJeHHeE:

0 001
0 010

K=| o _1 o oK (14.48)
—1 000

rie Ky;— onepatop KoOMIieKCHoro conpsikeHusi. PasedHcrBo (14.48)
JIErKO IpoBeputh. Ecan

a
b
?=\_ (14.49)
d
€cTb COOCTBEHHLIM BEKTOp raMHabTOHHaHa H, To
a a
b c
Ke=K e 1= —pe (14.50)
d —a

ecThb COOCTBEHHLI BEKTOD, COOTBETCTBYWOIUMH TOH K€ 3HEpIuH, no-
ckoabKy K xoMMyTupyeT ¢ raMmuibToHHaHoM. OiHako cocTosnis ¢
H K¢ B3aNMHO HE3aBHCUMBbI, TIOCKOJbKY

a

N

dc—b—a| |=0 (14.51)
d

Mrul moxeM nosToMy cKOMOHHMpOBaTb M3 @ H K¢ cocTosHue ¢ To#
Xe dHepruet, HO ¢ ONHHUM Ko3duUUEeHTOM, cKaxexm d, DaBHBIM

HYJIO: _
¢’ =(1+pe'eK)q, (14.52)

rAe p ¥ & — NMOCTOsHHHE. 37ech BBeJCHO ofo3HadeHue

7

a
b

o=l | (14.53)

0
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TaxuM 006Da3oM, IOCKOJLKY

H, .0, =g, (14.54)
HMEEM
Hya' + Hyb' + H e’ =0,
OTKyna "
r__. a o Hy
¢'=-—r-a H:a 8 (14.55)

[Moacrasass B (14.53) 3nauenne ¢, MoxHO mnepenucats (14.54)
B BMJE CUCTEMbl ypaBHEHHH, B KOTOPOK HHCJIO ypaBHEHHH IIpe-

BHIIACT YHUCJAO HEU3BECTHLIX:
14

Hll H12 Hl3 a’ .
Hy Hy Hy . b L =) aass)
Hy Hyp Hg/\— H:; a’ —ﬁb’ )

Ham pnocratouHo nepBeIX JABYX KOMIIOHEHT 3TOr0 MaTpPUYHOrQ
ypaeveHus. X MoxHO HanucaTb B BHAE

H H
Hll_H_:;'Hlfi H12“—H_::H13 <a’> L(a’) (1457)
H H = r) '
Hy— g7 Hyy Hyp— 5% Hy ) \? b

B npeacraBaennu (14.38)
H41 =H23=O, H21=—H431 H42=—“H;3, (14'58)
TaK uto ypasHenue (14.57) umeer peluenus
1 1 Yz
b= 7(H11+H22) x [T(Hn — HyP +|Hyp P+ | Hy |2] » (14.59)

3KBUBaJEHTHHE cTanxaptHoit ¢opme (14.10).

IIpumecHble cocTosiHHst M ypoBHM Jlanjay B NOJAYIPOBOAHHKAX

Tenepnr 3aiiMeMCsi TeopHel MeJKUX AOHODHHIX H aKIENTOPHLIX
ypoBHeil, CBS3aHHBIX C NPUMECAMH B IOJNYNPOBOAHHKAX, B YaCTHO-
CTH, C TpeX- H NATUBAJICHTHLIMH NPHMECAMH B F€DMaHHH H KPEMHHH.
DHeprud HOHM3aNMH 3THX npuMeceit npumepro pasanl 0,04 38 B
kpemuuk H 0,01 56 B repmManun. Takue 3HepPridd 3HAYMTEJLHO MEHb-
e IUMPUHBI 3ANpELIeHHOH 30HbI; MO3TOMY ECTECTBEHHO OXHUIATh,
YTQ NpHMECHbIe COCTOSIHHA OyAyT (opMUpoBaTbCi M3 OJHOYACTHY-
HBIX COCTOSiHUM COOTBETCTBYIOLUEH 30Hbl — 30HEI NTPOBOJAMMOCTH HJIH
BaJIeHTHOH 30HHL. [IpuMecHble cocTosiiusi 6YyIYT B HEKOTOPOM CMBI-
cie BOAOPOAONONOOHbIMH, HO Gosee clabo CBN3aHHBIMH, B OCHOBHOM
BCJEACTBHE BHICOKOH AH3NEKTPUYECKON IPOHHIAEMOCTH € Cpejbl



330 TJIABA UETBIPHAJILIATAS

B koHcranty Pup6epra exonut l/€%; npu € =15 sHeprus CBs3H,
COOTBETCTBYWOI@A TAaKOMY COCTOSIHHIO, B 220 pas MeHblle, uyeM Yy
Bofiopona. Ilpu m*<m 3Heprusi cBsA3H OKa3LIBAETCH e€lIe MEeHhILE.

Teopema Banbe paer HaM 3(¢eKTHBHLH TraMUABTOHHAH [
Halel 3ajauu. PaccMoTpuM cHauajna yNpPOUIEHHYIO MOJENb MATH-
BaJIEeHTHOH TNpHMECH B KDPEMHHH; B KauecTsBe 30Hbl NPOBOAUMOCTH
BO3bMEM OJHY cGepOHIaJbHYI0 3HEPreTHYecKyio MOBEPXHOCTb B
BUJIE

e (k)= %mi (K2 + £2) +2+n, . (14.60)

[nsi peasbHOro KpHCTadna CYILECTBYET INECTb 3KBUBAJEHTHBHIX
cepouaoB, Kamabli H3 KOTODHIX DAcloJOXeH BJOJAb Ocell Tuna
{100]. B orcyrcTBHe MarsuTHoro nogs cesizaHHoe ¢ (14.60) ypas-
HeHHe BaHbe nMeer BUJ

[ 271,1, (P+r)+ 2—,1,,7!’3 — i—z,] F(x)=EF(x). (14.61)

IIposepuM cnpaseasnuBocTh ypasHewus (14.61). Ilpexpe scero,
BCTAET BOONPOC O JH3JEKTPHYECKOM mpoHMUaeMocTH. Brionne oue-
BH/IHO, 4TO MBI JOJKHBI 10Jb30BaThCs AHIJIEKTPHUECKON NpOoHMLae-
mocTbo € (w) HaH, eure aydime, ¢€(w, q), B3ATOH NpH HaCTOTE @,
KOTOpasi COOTBETCTBYeT 3Heprud E mpuMecHoro ypoBHS, OTCUMTAH-
HOHM OT Kpas 30HBl. B wuHTepecywouieif Hac cUTyalluH 3Ta 3IHEprus
MEeHplle IUMPUHBL 3aTpeleHHON 30Hbl, TAK 4TO 3JeKTPOHHAs oS-
pu3yeMocTb OyIer MOJIHOCTBIO BHOCHTb cBOH BK/aax B € (o). HMon-
Hasl TNoJAsPH3YEMOCTb GYIeT 1aBaTb BKJAAJ JHIIL B TOM CiIydae, Ko-
rla 3HepTUs CBSA3M NPUMECHOTO YPOBHA Maja Mo CPaBHEHHIO C ya-
cToTOR onTUyeckoro (oHoHa B6Iu3H k=0.

PaccMoTpuM Temneph NPUMEHUMOCTb CaMOro NPHOJHXKEHUH 3¢-
¢dektusHoll Macchl. YpaBHenue Illpeanxrepa Qs OJHOro 3JEKTPOHA
B BO3MYIIEHHON TIEPHOLUYECKOH pelieTKe HMeeT BUJ

(Hi+V)¥=EVY, (14.62)
rie H, oTHocuTes K HjeanbHol pewerke, a V —K npuMecH;

W 0gHO3JEKTPOHHAS BOJHOBas (yHKUHS. PaccMoTpuM peleHue
HEBO3MYIIEHHOU 3aJa4u

Hopri=¢; (k) gxu (14.63)

rae
@, =| ki) = e™**u,, (x) (14.64)
ecTh OJ0XOBCKasi (YHKIHS € BOJHOBBIM BEKTOPOM K H 30HHEIM

uugexkcom [. IlpeanosoxkuM, 4TO 30Ha He BbIpOXAeHa. Pemenue
¥ (x) BO3MYLIEHHOH 3a/a4y MOXXHO 3aNHCaTh B BUJE

¥ (x)= g [ KLY (UK. (14.65)
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[Noncrasum (14.65) B ypasuenwe lllpepunrepa (14.62) u ym-
HOXHM €ro ckaaspuo Ha (/k|; Torma Mbl cpasy moJyuum Cekyqasp-
HOE ypaBHeHHe

e (K) (K| 4 2 (K[ K YUKy = E (k) (14.66)
Pasnoxus sosmyuenne V B psjg Pypoe, nosyuum
V= ; VielXx; (14.67)
oTCroaa

(kIVIREY =Y Vi [ dxexp[i(K —K+K) - X] 2y, (14.68)
K

[Mockonbky u,,(x) umeer nepuos NPAMON pelIeTKH, HHTErpal

paBeH HyJIO, €CJIH
k+k'+K+G. (14.69)

Mbet paccmaTtpuBaeM Toabko Manbie k, k" u K, u, ciegosarteasto, 141
NpeACTaBAAIOIMX HHTEPEC MaTpUuHbIX 3jnemeHToB G=0. 3amerum,
YTO AAsi KYJOHOBCKOro noresunana Vg~ 1/K2 CexyasipHoe ypaBHe-
HHMe MOXKHO HaNHcaTh B BHAE

e,(k)(zk|>+§ Vidieek, w (¢, K-+K|Y=E (Kk]|), (14.70)
rae
Mok k= [ Py o (%) 1y (). (14.71)
[pu |K|{—0 naxozum
Ak, k—> O (14.72)

B stoM npejesbHOM Caydae Halue CeKyJspPHOE yPaBHEHHE CBO-
IHTCH K

() (kDY + 3 Vi kKD =EQKl).  (14.73)

Hawma ocHoBHas annpoKcuMalus COCTOHT B HcnoJb3oBanuu (14.72).
B 3Toft annpokcuManuu passiMyHble 30HB TOJHOCTHIO HE3aBUCHMBL
CexkynspHoe yparHenne (14.73) cosnajaer c¢ ypapHennem Lllpenmus-
repa B HMIY/JbCHOM TNIpeACTaB/JEHHH, COOTBETCTBYIOIIUM CleayolueH
3ajaue Banbe B KOOpAMHATHOM TNIpe/CTaB/ICHUH:

[e.(p)+V (X)) £ (x) = EF (x), (14.74)
rjae

Fy(x)= 2 e™* (lk])- (14.75)
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[TpeanosnoxuM, ure MB peuiuan ypasHenHe (14.74) orHocuTenbHO
F;(x). B o6pa3sue eguHuyHoro o6beMa

(Y= [ d*xF,(x) e~ %=, (14.76)
torna pemenus W;(X) Hameh HCXOLHOH 3a7auM HUMEIOT BUJ

W (x)= Y 0 (x) [ doEF, (B) et (14.77)

k

rae F; — coberpennble Gpydknuu 3anauu Baube (14.74).

[Tpu MemeHHO MEHSIOWEMCS BO3MYIUEHMH B DelleHHe AJS HU3-
KOJIeXKAlIHX COCTOSHHH JAaHHOH 30HH 6yjger BHOCHTL BKJAL JUIIb
manas obanactb 3HaueHnit k. Eciu MBI mpeanosoxuM, uto B (14.77)
Uy (BXOAsLIME B @k;) MOMHO 32MEHUTDb Ha Uy (X), TO

W, (X) ~ g, (%) [ @EF(8) Y] exp [iK - (x — )] = uq; (X) F (),
k

(14.78)
NOCKOJIBbKY

Yexplik- (x—8)] ~ (2%) [ @ exp[ik - (x —B)] =8 (x —§).

. (14.79)

37ech CTaHOBMTCH ACHBIM CMblcal BeauyuHsl Fj(X) — dyHruvH, xa-
pakTepu3yiollell MeJJEHHYI0 MOAYJNAUMIO Ug(X). 3aMeHy uy (X) Ha
Uo(X) Henb3sd CYMTATh CYMIECTBEHHOH anmpokKcuMalue#n no cpasHe-
HHIO C TOH, KOTOPYIO MHEl YyXe cJenanu, Korja npeHeGperad B
(14.72) cMemaHHbIMH MeXAY30HHBIMH UJI€HAMH.

YpasHedue Banbe (14.74) cnpasean¥so BO BIIOJIHE ONpeJeJieH-
HOM TNpuBJMKEHUH, 8 MMEHHO B Cayyae, Korjaa shinoansercs (14.73).
Kutrens u Mutuean [14] nokasanau, uto npu I'+!

1! 3HEePrugd HOHU3AUUY NPUMECU a2
A (20 i ppavece Vs (14.80)
wupuna 3aTPEIeHHOA 30HH

3Ta BeJHuMHa MoXKeT GblTh nopsiaka 0,1 Ansi KpEMHHUS H, BO3MOXHO,
HECKOABKO MEHBIIe 1715 repMaHus.

U3anoxeHHBIH MeTO[N Jerko 0600LHTE Ha ciaydad BHIDOXKAEHHBIX
30H; DK 3TOM Mbl GyJeM KHMeTb JeJo C CHCTeMOH ypaBHenu# Banbe
715 HECKOJbKHX BHIpOXAEHHBIX KoMnoueHT F,{x). Paccmorpenne
aKIENTOPHLIX YPOBHEH B KPEMHHMM H repMaHuH, a Takke 3((heKTos
6JHKHErO TNOpsAJKa BHYTDH OGOJIOHMKM NPUMECHOTO aToMa MOXHO
HaiiTH B 0630pe Kosna [15].
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O6patumcsa x pemweHnuio ypasHeHus (14.61). dna cdepuyeckott
3HepreTHYECKO# TMOBEPXHOCTH m;=m;=m* u Mb HMEEM B TOYHOCTH
3ajlayy o6 aTome BoJopoma ¢ e%/¢ BMmecto €2 M m* BMecTo m.
AnuzoTponsnil ramuabToHHaH (14.61) He gomyckaer TOYHOro pe-
neHusi B 3aMKHyTOH opme. Ilonb3ysick BapHaUMOHHBIM IPHHLUIIOM,
MOXKHO ONpejleNUTb BEDXHHA Tpejaea AJs 3HEprHd OCHOBHOIO CO-
CTOSHHSI, OTCUHT@HHOH OT Kpas 30HbH. BeegeM of6o3HaueHus
m=oum, my=oum U rp=¢€/me® u BO3bMEeM npoGHYI0 (PYHKUHIO B

BUIE
1 Y
F(x)=(ab:)/zexp{—[a222+b2(x2+y2)] } (14.81)

nrg o

INpuMeHeHue BapHAUMOHHOrO NPHUHIMNA IPHBOAMT K CJAENYIOUIUM
peayantataM. as repmanus n-tuna nOpu oq=1,68, a;=0,082,
e=16

E,=—0,00905 38, a2=0,135, b2=0,0174; (14.82)

ANS KPEMHMSA n-TUna npd oy=1, 02=0,2, e =12
E,=—0,0298 38, a?=0,216, 52=0,0729. (14.83)

M3/10KeHHYI0 TEOPHIO MOMKHO HENnocpeACTBeHHO o060O0IMTh Ha
cayyail BBIDOXK/IEHHOrO Kpasi 30HBL. YpasHeHne Baube CTaHOBHTCH
NpH 3TOM YpaBHEHHEM [UIi MHOTOKOMIIOHEHTHOH BOMHOBOM (YHK-

uuu F, 1. e. o L _
(H(p) +V)F(x) =EF(x), (14.84)

roe H(p) —xBagpatHas MaTpuua, NMOJYYaloWancs BO BTOPOM TIoO-

paake k-p-reopuu Boamyluenu#t, F(Xx) — marpuua-cronader.

Yposuu Jlanaay

lNon yposHsiMu Jlasnay Mbl NOHMMAaeM YpPOBHH, COOTBETCTBYIO-
i€ KBAHTOBAHHLIM OpGHTaM CBOOGOAHOM YACTHUbI B KPHCTaJJeE, NO-
MElLEHHOM B MarsuTHoe mnose. B riase O QHHAMMKE 3JIEKTPOHA B
MarfHyTHOM IOJIe MLl NpUBeaH pelleHue Jlanpay aas cBoOOAHOK ya-
CTULH B BaKYyMe, HaXoAslleHcss B MAarHHTHOM TIOJI€, K pPACCMOTDENH
NONYK/JIACCHYECKYI0O TEOPHIO MAarHMTHbIX OpPOHT Ha IOBEDXHOCTHX
depMu. 31€Chb e MBl PACCMOTPHM TONbKO KBaHTOBAHUE OeCClHHO-
BOr0 3JEKTPOHA BOJH3H HEBLIPOMKJEHHOrO Kpas 30Hbl NMPOBOJAMMO-
CTH B TNOJYNPOBOAHKMKE, oO0JajaiolleM B OTCYTCTBHE MAarHMTHOrO
nons chepouaaibHEIMU 3HEPreTUYeCKHMH TIOBEPXHOCTSAMH BHAA

e (k)= 2—,1”7 (B4 1)+ o 2. (14.84a)

2m;
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[Ipy Hanuyuy MarHUTHOrO MOJA raMHJIBTOHMAH 3aAMHILETCS CJAeayIo-
wuM o6pasom:

= (p—= A)2+V(x). (14.85)
B kanu6posxe Jlangay BeKTODHbIE NOTEHUHan OAHODOJHOIC Mar-
HUTHOTO ToNs &, HanpaBJEHHOrO BAOJb OCH 2, UMEET BH]
A=(0, x, 0). (14.86)
Ecan BBectH ofo3navenue
s =% (14.87)

c

TO HAIl TaMHWJ/IbTOHHAH NPHMET BU]J

H=Hy— S xp 4+ x2. (14.88)

CobGcrBeHHBIMH  GyHKuuaAMH Hy sBasiores GA0OXOBCKHE (DYHKUHMH
|k, [), co6cTBeHHLIMU 3HAYeHHAMH — sHeprun g (k).

M3-3a Hanvyusa ujeHOB C X ¥ X2 aHa/JH3 IPUMEHHMOCTH NpHOJIH-
»eHus1 3(¢eKTHBHON Macchl B ciaydae OJQHOPOZHOTO MarHHTHOTO
NOJISi CTAHOBHUTCH TPY/JHOH 3ajaued, CBA3aHHOH C I'DOMO3JKHMH BbI-
Knaakamu, Utob6bl u3bexkaTb OmacHBIX OcoOeHHOCTEH B TOBEIEHHH
MaTpUYHbIX 3JIEMEHTOB, PACCMOTDUM CTATUYECKHH BEKTOPHBIK TIO-
TeHIHAJ BHIA

A(x) =iAg (el x—e-ta-x), (14.89)
B npenene q— 0 MarsuTHOE moJle B paccMarpiBaeMoil obaacTu

6yJIET NOCTOAHHBIM, UJleHH B raMMJ/bTOHHAHE, COOTBETCTBYIOLIIHE
BO3MYIUEHHIO, UMEIOT BHJ

U=U+Uy=—AX) - ptooz A (X).  (14.90)

2mc?

Kak u panee (cM. (14.65)), 3anumeM OMHO3JEKTPOHHOE pelleHHe
Y(X) BO3MYILUEHHOH 3ajgayu caelywolliUM o0pa3oM:

W (x)= 2| KIYK ) (14.91)

cexyasipuoe ypasHexue (14.66) umeer Bup
[, (k) — E]{k|Y+ pzk'(lk| Uk UKy =0. (14.92)
Mpeanonoxum, uto {I'k|) < {/k|) mas scex I’+#[; Torna B nepsom

nopaake no A aas sHepruu E, cooTseTcTByIOWeH 3one [, mpuGan-
XeHHoe pelieHue cekyaspHoro ypassedus (14.92) npu I's~l pasno

4 "X 4 1 "7’ ” "
VKDY= cay—eraey 2K UKD UK]).  (14.93)
k"
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[Moxcrasasia ato pewenue B (14.92), nonyuum BO BTOPOM NPHOJIH-
xenud no A mas (k|

{(kIU KLY UK | U, | K™T) ”
[e; (k) — E] (UK )+ & O =& ) (") +

U £l
K, K

—+ %‘, (KIUIKD (K")Y=0.  (14.94)

Meuss mecramu k/ u k7, MOXHO nepenucath 370 ypaBHEHUE
B BuUiae

(e, (k) — ECIR D) + 2 (I[P WD UKy =0, (14.95)
rape

’ (kU KUY (UK UL (K ’
(k| |kty = 3 SLPLED O 4 (kU kD).
1'5=1
7

Haunee,
(K| U KLy ~ —i— Aq+ (k| e~"a=p K1) dur; kg —
— (k| =p|K'l) dr;k—q).  (14.96)
B npejene q—0 umeem
(Ik|e*axp|k + q; {) > (K|plki). (14.97)

OpHako B ra. 9 MB BUjae M, YTO B NEPBOM NOPAAKE MO K MOXHO
HANHCATh

(B D) = B ()

CiepoBaTenbio, aas cdepuyecKod 3HEPreTHYeCKOH NMOBEPXHOCTH
[OJNYYHM

(KU KDy~ — 2K A (s krq — Ouikmg)  (14:.98)

m*c
HaMm HyXHO ewe onpenendTs
(K| U Ky =— —2;:0—2[ AR (k| ettax - pg-2ax —2|K'l). (14.99)
B npepene q — 0 Haxogum

(K| U K'l) ~ — 50| Aq FOw; szq+Ourikzg — ). (14.100)
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AHanoruyHo, HCIOAB3Ysl NPABHAC f-CyMM, NOAYdYHM

2’ (k| U, KUY ('K (U, | k"T) —
g (k') —eg, (k%)

e 2, [Ag- (Ik[pIkL) P

T m2c? g (k) —¢,r (k) (bk': k+2q+ 6k': k-2q — 26k'k) =
2
=—7;—C2(%—1)|Aq|2(6k,;k+2q+okv;k_gqn%krk). (14.101)

Takum obpasom,
(K| P K'l)=— —= Aq - K Bk krq — By k-q) +
2
+ gy | Aq P28k — 8ir; k-2 — s wvag)s  (14.102)

u (14.95) coBmajaeT C BOJHOBBIM YPaBHEHHEM B IPHOJIHMKEHHH
3 (eKTHBHON Macchl, HAUCAHHHIM B [IPEJCTABJIEHUH MIOCKHX BOJIH.
PyHKUUA

F(x)= %‘, ex (Ik|) (14.103)
6yneT ydOBJETBODATL YPAaBHEHHIO BaHnbe
1 2
W(p—% A) F,(x)= EF,(x). (14.104)

TIpuseaeHHHH 34ech BBIBOA NpHHagnexut Aprupecy (He onybaH-
KosaHo); B BbiBoje JlartuHxepa u Kona [16] paccMarpusalorcs
CHHTYJsIDHblE MaTDHYHBIE 3JIeMEHTBl, H NO3TOMY HeOGXOAHMMOCTh B
npegenbHoM nepexone q — 0 ucuesaer.

3A0A4YHU

14.1. [Ing raMunbTOHHAHA TaDMOHHYECKOTO OCUHANATOPA
H=p?4x2

PellnTh 32434y HA cob6cTBeHHble 3HAYEHHS B peACTABJCHHII IWIOCKHX BOJH

Vo f dxel* (k| ),

rae
02

(k'l.lek)=——~ok7‘

d(k— k'),

H TOKa3aTb, YTO MOJYYAIOTCH NpPABILIbEHBE COOCTBEHHbIE 3HAYeHWA SHEpriu. JTo

MOXET CAYXHTb YNpaXKHeHHeM B BLIUMCAEHHH MaTPHUYHBIX 3JIEMEHTOB KOODJIHHAT.
14.2, TlokasaTth, uTO YDOBHH, BOJHOBble (YHKUHI KOTOPEIX npeobpa3syrorcst

Kak cocTosigus ¢ J=3/2, pacwlenasioTcss B aKCHANLHOM BHYTPHKPHCTA/IHUECKOM

none Ha JABa ABYKPAaTHO BLIDOMJEHHBIX YpOBHs. Bolunciuts pacwengenve, oBy-

CJIOB.IEHHOR MOTEHIHANO0M BHYTPHKPHCTANTHYECKOrO MO.151

V=a(x*+y*—27),
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M CchoHH-op6MTanbHOe pacuienserde A, o6ycroBleHHOe B3aHMOAEHCTBHEM MEXIY
cocrosHUAME ¢ J=3/2 u J=1/2, B oTcyTCTBKe BHYTPHKPHCTANIKUECKOrO MOJIA.

14.3. a) Hcnonssys onpeaetenns (14.21) u (14.22), nokasarts, uro B XyGH-
yeckoM KpHcTaJe npu k=0

Dy, =0, Df #0

(ocH KoOpAHHAT HampaBiaeHbl BAOMAL pefep Kyba).

¥YKkaszanue. PaccMOTpeTh BIHSHHE HA BEJMYHHY D y TOBOPOTA Ha yroa n/2
BOKDPYT OCH 2.

6) IloxasaTb, 4TO B OTCYTCTBHE CMHH-OPGHTAIBHOTO BSHHMOL{CHCTBHHD y =0

144. C tounocthio 1o O(k?) kpait 3oHbl npoBoxnmocts B CdS Moo npe:{-
CTaBHTb B BHAE

o =[A(RL 2] )+Bk2](0 1)+C(k o, — ko).

re 2 — HanpasjeHHe, MAPaJIeJIbHOE OCH CHMMETPHH XPHCTA/INA, Ox, Oy — MATpH-
um [Taynu. HauepTuTb cevenue MOBEPXHOCTH MOCTOSHHOH 3HEPTHH IIOCKOCTBHIO
ky=0 115 30HLI CO CIHHOM, OPHEHTHPOBAHHLIM BJO/b MOJNOXHTENBHOH MOMYOCH .
Byner au 31a 30Ha, sanoaxensas npi 0°K o ypoBHs er, ZaBaTh BKJIAZ B TOK,
€CTH PAcCMATPUBATEL TOABKO 3TQ HANpPaBJeHHe CIiHA?

14.5. [IposepuTs cnenanroe s kpucraanos AUTBY  yrBepxieHue, uTO
AHTHCHMMETDHYHAS KOMIOHEHTA NOTEHUHANA BHYTPHKPUCTAILIHYECKOTG NOAS MPH-

BOAHT K YBEJHUEHIIO PACILEIIEHAS MEXKIY YPOBHSMH I‘2 u s
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[MonynpoBOAHHKOBBIE KPHCTAMNbI.
11. OnTHYecKoe NOrNoLieHHEe H IKCHTOHDI

TipaMble OnTHYeckHe nepexoasl. B nponecce npsamoro onrtuye-
CKOTO TOIVIOUIEHHS (DOTOH C 3Heprued o H BOJHOBBIM BeKTOpoM K
HOIVIOULAETCH KPUCTAJJIOM, M NIPH 3TOM POXKJAAETCH 3JEKTPOH € BOJ-
HOBBIM BEKTODOM K B 30He INPOBOJMMOCTH H JbIpKd C BOJHOBHIM
BEKTOpOM kn, B BaJeHTHOM 30He. BoJIHOBbie BEKTOPBl OITHYECKHX
¢otoHoB HMeloT nopsnok 10* cu~!, 1 NO3TOMY UX BEIUYUHOH TIOUTH
BCErja MOXKHO npeHeGpeyb NO CPABHEHHIO C BOJNHOBHIMH BEKTOpPaMH
B 3one BpuianiosHa, paBHEIMM 10 NOpAAKY Beauuud 108 cm~l. Yeno-

BHE COXPaHEHHsi BOJHOBOIO BEKTOPA B
¢ npouecce MOrJOlEeHHS TpeGyeT, 4ToOb

ko+kn=G, (15.1)

rge G — BeKTOp OOpaTHOl peIIeTKH.
B cxeme npuBenennsix 3on G=0, Tak
yto k.~—Kk,. DTo npocTo HHTEpUpE-
THpPOBATb: KOIZa BaJIEHTHas 30Ha 3a-
NoJIHEeHa, ee NOJHBIH BOJHOBOH BeKTOD
paBeH HYJIO; TIO3TOMY, €CAH MBI yaa-
JUM M3 BaJEHTHOH 30HBl OIMH 3JIEK-
TPOH, TO IMOJHLIE BONHOBOH BEKTOP
N—1 »51eKTPOHOB, OCTABILIHXCA B
J ~ BaJleHTHOH 3o0He, Oynaer pased no

BeJHYHHE Y TPOTHUBOIIOJOXKEH MO Ha-

Puc. 15.1. Cxemartuueckoe H30- NPaBJEHHIO BOJIHOBOMY BEKTOPY yla-
Gpaienue NpOLECCOB NOMMOWE-  nepporo  39MEKTPOHA. llepexol, NpH

HUA.
KOTOPOM

Crpenaka a u 6 nNOKasHBAKT NpsMbie —
npoueccH TMOT/AOIIEHHA; CTPEIKA 8 — He- ke+kh~01 (152)
npAMOit npouece, NPOHCXOAAWMHA C HC-

nycKaHAEM MJM NOTJOWeHAEM (OHOHA. IPUHATO Ha3blBaTb BePTUKA/LbHLIM,

HIN NpAMbIM, TepexoJoM, NOTOMY
YTO Ha AHArpaMMe 3HEPreTHYeCKHX 30H 3JIEKTPOH NP 3TOM me-
peMelllaeTcs BepTHKanbHO (mepexogbl a u 6 na puc. 15.1). B ne-
KOTOPHIX Cay4asdX, HanpHMep /s IKCHTOHOB, OKa3blBaeTCs BECbMa
BaXKHBLIM TOT (AKT, YTO BOJIHOBOH BeKTOp (OTOHA OT/IM4EH OT HyJ .

RN
o tterosetete.
KK
RIRLHNNN

et
&%

&

%
ot
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ManH‘leIﬁ 3JIEMEHT AJAA PAa3PEIICHHbLIX 3JEKTPHUECKHX AHNOIb-
HBIX MepexXol0B HMEEeT BUI

(oK’ | A plky); (15.3)

1151 Qypbe-KOMHOHEHT NOJAS M3Jy4eHUss A ¢ MajblMH BOJIHOBBIMH
BeKTopaMH MoOxHO 3ameuuth k' na k. CuaenosartennHo, Ksaapar
1(8k|p|ky)|? onpexessieT BEPOATHOCTb NMEPEXOAA; Ta Ke BEJIHUMHA
ornpeje/nseT BJUSIHHE B3aHMOJeHCTBMS 30u y W § Ha TeHsop obpart-
HOH 3¢ dexkTuBHON Macchl. Takum o00pasoM, 30HBI, KOTOPble CHJL-
HO BO3NEHCTBYIOT APYr Ha JApyra, BCerjga OKas3blBalOTCs CBfA3dH-
HbIMH MEXJy cOoOOH paspelleHHbIMH ONTHYECKHMH Tiepexogami,
CONPOBOK/AIOUIHMICA NPAMbIM TIOIVIOLIEHMEM HJHM HCIOYCKaHHEM
toTona.

Henpsmble ontudeckde mnepexoabl. B HEKOTOpBIX clyuyasX, Ha-
npHMep B KPeMHIIH M repMaHHW, MHHHMAJBHON Da3HOCTH 3HEpPrHH
MeX/y BaJEHTHOU 30HOH M 30HOH NPOBOAHMOCTH HE COOTBETCTBYET
sHayeHue Ak=0, a MUHUMYMBl 30H JIeXKaT NUpU PA3IUYHLIX 3Haye-
HusAX K ¥ He MOryT GbiTk CBSI3aHbl pa3pelleHHhIM ONTHYECKHM Iepe-
xojaoM. Ecau 310 Tak, 10 nopor CUNbHOIO ONTHYECKOTO IOTJIOLIEHHS
6yZer cOOTBETCTBOBATL 3HEPIHH, OO.blEH IUMPUHBI 3aTpelleHHOH
30Hpl. O/HaKO TPH 3JHEpPrusiX, CJerka INPeBLIAIINKX MIHPHHY 3a-
NpellerHol 30HbI, BO3HHKaeT caaboe TOTJOLIEHUE, CONPOBOXKAN0-
Ileecst UCITyCKaHHEM HJH IOIOLIEeHHeM @JOHOHA C BOJIHOBLIM BEKTO-
poM q, T. €.

ke+kntq=0. (15.4)

Eciau xpasi 30Hbl NPOBOJHMOCTH M BaJEHTHON 30Hbl He JIeXAar B
onHO# u ToH ke Touke k-mpocTpaHcTBa, TG B HEKOTOPOH 06JacTH
SHEPTUil B ONTHYECKOM TIOTJIOWEHHH GyAyT npeobianarth HempsiMbie,
WM HEBEpPTHKaJ/bHbie, NepexoAbl. DanaHc sHeprdd npu HenpsiMoMm
nepexojie B6AU3U Nopora NOTJIOWEHHS UMEeeT BUA

o=t (k) —e(ky) Twq- (15.5)

TIpu aGconoTHOM HyJge HeT (DOHOHOB, KOTopbie MOrJau Obl mOryio-
I{AaThCH, TAK UTO B 3TOM CJyYae HYXXHO B3ATb B NpPaBOH YacCTH 3HaK
mwmioc. [lpu Gonee BLICOKOH TeMnepaType TOSBJIAKTCA TeIJIOBbIE
(oHOHbBI, cnocoOHble NOIJIOIATbCHA, M TONNIOLIEHHE (POTOHA CTaHOo-
BHTCSl BO3MOXHBLIM IIPH 3Hepruu, MeHblued 2w@q., IpHYEM BeJHUYMHA
BOJIHOBOro BeKTOpa (roHOHA G/M3Ka K PACCTOAHHIO MEXAY KpadAMH
308 |k, — k|-

BeposTHOCTE HenpsiMoro mepexoja ornpejxenseTcs MaTPUYHBIMH
3JeMeHTaMH BTOPOro Mnopsjixa AJdf 3AEKTPOH-(pOHOHHOIO H 3JEK-
TpoH-poToHHOrG B3auMonedctBus (cm. [l]). Itu  MaTpuunble

22%
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3JIEMEHTLI, OMMMUCHIBAKOLINIE NOIVIOUIEHHE q)OHOHa, HUMEKT BHA

Ok | p - AJKV) (v K; 71— 1 |cxCk—qaq| gy K— @5 v)
H
& ki ng—1|cie,_qa.|n; k—q; 8)(8 k—qjp-Alk—q; ¥).

31€ech ¢ — 3eKTPOHHLIE ONEPATOPEI, a — (OHOHHbIE OnepaTophl. Bhl-
paxeHHe 1715 3JEKTPOH-()OHOHHOTO B3aUMOJEHCTBHA paccMaTpHUBa-
Jocs B ra. 7. B onucelBaemMom npo-
llecce BOJHOBOH BEKTOP 3JIEKTPOHA B
HayalbHOM COCTOSIHHH paBeH k-—q,
a caM OH HaxXOQUTCH B BaJeHTHOH
30He Y, 4YHCJI0 3anoJIHeHHs1 (POHOHOB
C BOJIHOBBIM BEKTODOM ( DaBHO fig.
B KoHeuHOM COCTOSIHMH 3J1E€KTPOH Ha-
XOMMTCSL B 30HE NPOBOAMMOCTH O H
€ro BONHOBOH BekTop paseH k; uucio
3ano/HeHUs! (JOHOHOB NPH 3TOM PaBHO

re n,—1. CooTBercTByIOlUINE MaTPHY-

-y Hble 3JE€MEeHTH AJS HCNyCKaHus ¢o-
HOHa ToJYydalTcHd, eclH B3sATh B
Prc. 15.2. Cxemarnueckas I¥a- raMysjpTOHHAHE 3JEKTPOH-(POHOHHOrO
;%aeM;;bggﬁﬁg;?:azu:ﬁoNilarg:;: Bianmoeeﬁcrsm YJIeHbl, COJEepKalline
JMYHBIX £ AN AByX ApocTHX  Ck_qlkfq -
30H. B neiicTeuTenbHOCTH ByfeT cyle-
Moaosms somoume ngexoms L8 crpopath  NeAMfi PRI TOPOrOBIX
HOCTH PaspemIalOT mpAMEE NePeXoaM.  JHEPTHil, NMOTOMY YTO, B INPHHLHIE, B
pa3Hblx BeTBsiX (DOHOHHOI'O CIIEKTpa
OJHOMY U TOMY K€ BOJHOBOMY BEKTOpPY OYAYT COOTBETCTBOBATL Pas-
JAuuHble 3Hepruu. OmnTHuecKHe H3MepeHHS NO3BOJSIOT Henocpen-
CTBEHHO ONpele/sTh PasHOCTh BOJHOBHIX BEKTOPOB, COOTBETCTBYIO-
KX KpasM 30HBI NPOBOAMMOCTH M Ba/IEHTHOH 30HBI, TPH YCJIOBHH,
uto u3sected (POHOHHBIA cnekTp (HanpuMmep, H3 5KCNEPHMEHTOB 10
HeynpyroMy paccesiHHI0 HEHTDOHOB).

Ocunaasinuu noraomeHuss 8 MarautHoM noje. Ilepexonnt Jlau-
Aay. B npHCyTCTBHH CHJIBHOTO CTATUYECKOTrG MarHHTHOrQ IOJISI ONTH-
yecKoe MNOTJIOLIeHHe B INOJYNPOBOAHMKAX BOJU3H TIOpOTa IIPSAMOro
nepexoaa oGHapyXHBaeT oCUMANAUUH. Jpyrumu ciosaMu, npu 3a-
JAaHHOM MarHuTHoM noJsie H xosdduuueHT noriouieHus okasbisaer-
¢l mepuojuvecKoit GyHKUMEH 3Heprun ¢orona. B marauTHoM nogae
OPOHCXOAAT MEXJAY3OHHbE Tepexogbl MeX1Y MarHUTHHIMH YpPOB-
HaMM Jlaymay B BaJeHTHOH 30HE M COOTBETCTBYIOLIMMH YDPOBHSMH
B 30He nposoaumocTth (puc. 15.2). Takue nepexoan Ha3blBaOT
nepexodamu Jlarnday. B npucCyTCTBHM MarHMTHOroO mOJs, Napaji-

DN N ey

N~ /S
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JIeJILHOTO OCH 2, SHEPTHM 3JIEKTPOHOB B 3THX JABYX 30HaX (ecan
nocJielHHe He BLIPOMXJIEHB) PaBHbI

1
e, (n, kz)=5g+(n+—2—) @, —#—LkgiucH,
1 (15.6)
av(n, kz)z—(n—+- 2)(9 — 5 k?_u H,

rie @; ¥ W, — UUKJOTPOHHLIE YACTOTHI, f H P, — AHOMAJIbHDIE Mar-
HuTHBle MOMeHTHl. IlpocTpancTBeHHas YacTb BOJIHOBBIX GyHKUHA B
Ka)kJ0f 30HE HMeeT BUJ

P (x) =uo(x) F(x),

riae ug(X) — 6710X0BcKas (QYHKUHA B COOTBETCTBYIOLUEH 30HE IpH
k=0; cormacio (11.13) mb moxem HanucaTb B KanubpoBke Jlan-
aay

Fo () = exp i (b + £,2)] 94 (x— 273 (15.7)

3necs yskuus F, sBaseTcsa peuleHueM COOTBETCTBYIOLLEro ypas-
HeHHs1 BaHbe, a @, — BOJHOBON (PyHKUMEH rapMOHHYECKOro OCLHJI-
JSTOPa B N-M BO30YXAEHHOM COCTOSIHHML.
MaTpHuuHbl 3J1€eMEHT AJf ONTHYECKOrO MOTJOUWEHHS NPOnopLHo-
HaJleH
C bC ~
(n kK| | nkokY) ~
~ * 3
~ [ dxay, (X)pag, () [ @%F, (0F,,(x). (15.8)

no sueike Nno KpHeTaany

Ilpn pasGuennu s3TOrOo MHTErpana Mbl NPEANONONKHIH, 4TO (PYHK-
uu¥ F noyTH nocTosiHHB! B npejenax onHo#i ayedxu. MHrterpaa c
¢yHKkuuaMu F o6palllaeTcd B HyJb, €CJH HE BbLINOJHAIOTCS paBeH-
cTBa ki=4k}, ki=F; n n.=n,. 3TO aHaNOTHYHO NpaBuiaM OT-
Gopa, oGecneynBaiolMM COXpaHeHHe BOJHOBOro BeKTopa k B oTCyT-
CTBYE MAarHHTHOro nonasi. PaBeHCTBO BEeNHUMH n cllelyeT H3 CBOH-
CTBa OPTOrOHAJBHOCTH BOJHOBbIX (YHKUHA rapMoHHYeckKoro OcC-
DUANATOPA; 32METHM, YTO NOCJEJAHHE He 3aBHUCHT OT 3((peKTHBHOH
maccel. PaspemieHHBIM nepexoaaM cooTBeTcTByeT An=0, kak no-
KasaHo Ha puc. 15.2.

WHTerpupys BeIpa)KehHe JJ15 BEPOATHOCTH nepexoja no &, H R,
HaXo/IMM, YTO KO3((HUHEHT TOIJIOLIEHHS NPONOPLHOHANEH CYyMMe

1
§ ((‘)-mn)l/z ,

0= Eg+(n+ 5) @+ 0,) £ (1, — by) H. (15.9)

rae
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Teopus oCuHANAUHMA NOTIOLIEHHS B MATHHTHOM moJe B cnyuyae
BLIDOX/IEHHLIX 3HEPreTHUYECKHX 30H, a4 TaKXe B CJyuae HeMmpsMbIX
nepexofgos 6buia passuta Por, JIskcom w llsepanunrom [2]. 3a-
METHM, YTO KCOEpPHMEHTD! [0 MOIVIOWEeHHI0 B MArHUTHOM TI0JIe OCO-
6eHHO UEHHbI ]ISl Ofipefe/NeHHs] NapaMeTPOB 3IHEPreTHYECKHX MO-
BEPXHOCTEH BHYTDH 30HLI NMPOBOAUMOCTH, KOTOpas cJabo 3aceneHa
BCIO/Yy, KPOME CaMOro ee Kpas, H M03TOMY HMCIO/Jb30BaHHE METOAOB
LHKJOTPOHHOTO pe3oHaHca He3(p(heKTHBHO. YKa3aHHble 3KcNepH-
MEHTHl MO3BOJAIOT TaKKe ONpejeJdTh aHOMaJbHble MarHUTHBIE MO-
MeHTH uau g-pakTopsl.

DKCHTOHBI

DKCHTOH olpejensieTcs KaK He3apshKeHHOe BO30YXAeHHOe 3JeK-
TPOHHOE COCTOSIHHE B Mj€aJbHOM [H3JIeKTpuKe (OOLIYHO HEMATHHT-
HoM). [lpuuATO pasnnuarh ABA THMA 3KCHTOHOB: CHJLHO CBA3aH-
nble skcuTOHB @penkenss u cnabo cBsi3aHHbie 3KCUTOHH Mortra.
DkcuToHbl 0GOMX THIOB MOXHO paccMaTpHBaTh KaK CBA3aHHble
COCTOSIHMSL JEKTPOHA U AbIPKY; pE3KOH TIpaHulubl MEXAY 3IKCHTO-
Hamu 06oHX THNOB HeT. B ciyuae skcutoHa QPpeHKens BeNHKa Be-
pPOATHOCTE OOHAPYXHUTbL 3JEKTPOH H AbLIPKY Yy OJHOrO W TOro XKe
aTOMa KpHCTa/ia; B cayyae 3KcuToHa MoTra posHoBast QyHkuud,
OMHCLIBAOWAS OTHOCHTEALHOE JBHXKEHHEe 3JEKTPOHA U ABIPKH, «pas-
Mazana» no MHorum atomaM. C skcuToHamMu QpeHKens Mbl UMEEM
feJ0 B LIeJOYHO-TANOHAHBIX KpHCTallaXx ¥ B DPfAAE KPHUCTAJIIOB
apoMaTHYeCKUX BeuiecTB; 3KcUTOHb MoTtTa 00HapyXeHH B noay-
IPOBOAHMKOBBIX KPHUCTaNNaX C Y3KMMH 3aMpelleHHLIMU 30HaM{ H
6ONbIUMMY BEJWYMHAMI JUJEKTPHUECKON MPOHHUAEMOCTH.

MOXHO HENoCpPeACTBEHHO MPHMEHUTh TEXHHKY, PA3BUTYIO HaMH
JJIsl ONHCAHHSA NPUMECHbLIX COCTOAHHH, K M3YyueHHIO cn1abo cBf3aH-
HBIX 3KCHTOHOB, PajHyC KOTOPbIX BEJIHK NO CPABHEHHIO C [MOCTOAH-
Hoit peweTkH. Ilo sTo# npuuuHe, a Takxe BBUAY OOH/IHS IKCNepH-
MEHTAJbHLIX JIaHHbIX, Mbl OrPAHHYHMCH pAacCMOTpeHHeM ciabo cas-
3aHHBIX 3KCHTOHOB.

Ecan Kpas 30HbBI MPOBOAMMOCTH H BaJEHTHOH 30HBl He BBIPOXK-
AeHbl, Haxoxsites B Touke k=0 u UM COOTBETCTBYIOT cepuueckue
3HEpreTHYeCKHe IOBEPXHOCTH, TO CMEKTP M BOJHOBble (PYHKIMH 3K-
CHTOHA TOJIYY2IOTCH MyTeM npocToro o606uieHHs pe3y/abTaToB, HaM-
LEHHBIX BBilEe AN 3JEKTPOHOB, CBA3aHHBIX B MPHMECHLIX COCTOS-
HusX. BBegem oTHocHTenbHLIE KOOPAMHATHI ¥ KOOPAMHATHI LEHTpa
mace:

=X, — X, X= %—i% (15.10)

rpe KakK M, TAK H My Bbl6paHbl MOJIOXHUTEAbHbIMY. B cjayuae
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Ky6uqecxoro KprcTanna 3¢ (QeKTHBHbIH raMWJIbTOHHaH HMeeT BHI
2 2 P2 2 2

e P
H= +2mh_e1xl—2(me+mh>+’2ﬁ”enx|'

(15.11)

Uacth BOJHOBOH (YHKUHH, COOTBETCTBYIOIAS KoopauHatam X,
Jo/KHa conepXarb mHoxuTeab exp (iK:X), a uacrs, cooTseT-
CTBYIOILAA OTHOCHTENbHBIM KOOPAHHATaM, — MHOXuteab Fp(x),
pHYeM
1 e?

(5 22— ) Fr ()= EaF (%) (15.12)
€CTb BOJIHOBOE YpaBHEHHE JJf aTOMa BOJAOPOAA C NpHBEeHHOH
macco# p, onpefensieMoit 06bIYHBIM COOTHOIIEHHEM

1 1 1 .
— = e —, (15.13y
K me mp '
M AHM3JEeKTpHUECKOH TpoHMIaeMocThio €. Ilo HemocpeACTBEHHOH
aHANOTHH CO CJYyYaeM NpPHMECHBIX COCTOSHHi, PacCMOTPEHHLIM B
ra. 14, nosHas BoJHOBas QYHKIIHA 3KCHTOHAa HMeeT BHJ

bis (Xs X) = &55XF, (X) 9, (X,) @y (Xp), (15.14)

rle @c(X.) — 610x0BcKan $yHKkuus npu k=0 B 30He NPOBOAHMOCTH,
@y (Xn) — 60x0Bckasi ¢pynkuns npy k=0 B BasjeHTHON 30He. Bos-
OyxJIeHHe pacnpocTpaHsiercss B KpHUCTaane, KaK BOJHA C BOJHOBLIM
BexTopom K.

Jueprus coctosiHus (15.14) nmeer BHA

EKn=E11 (1515)

+ g K5

OTCYeT NPOM3BOAUTCH OT Kpasi 30HbB npoBoammocTd. Jas ceszaH-
HBIX COCTOAHKM sHeprust E, OTpULATENLHA, H NOJHAS SHEPTHS 3KCHU-
ToHa npu manbix K Toxe OyaerT OTpHUATENBHOH 1O OTHOLIEHHIO
K SHEpPrMH HeCBA3aHHOM napbl 3/JeKTPOH — AblpkKa. amuiabTOHHMAH
B (15.12) umeeT TouHO TaKOM Ke BHA, KaK H FaMHJbLTOHHAH /18
atomMa BOJOPOJ&, HO B BHIpaXKeHHWe 1S NOTEHIHala BXOAMT € IIO-
3TOMY cOOCTBEHHast 5Heprus (ecsJH BBECTH B SBHOM BHJE h) paBHA

_ pet 1
E"—_——Qe“hﬂ T (15.16)
Ilpy € =5 n p=0,5bm sHeprus MOHH3AUWM IKCHTOHA (COOTBET-
cTBylouias n=1) coctaBadger okono 0,25 3s8. OrTmerHm, uTO
IJIs KpHCTajJa B OCHOBHOM COCTOSIHMM MHHHMMAaJbHasi 3HEPrud,.
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HeoOxoauMas ajs o6pa30BaHUS 3KCHTOHA, PABHA

et
E=E,— Qe’ﬁ" (15.17)
rae Eg — WiMpHHA 3anpeiieHHOY 30HH.

Y 3KCHTOHOB, KOTOpbie 06pa3sylrcs Npu NoraolieHHu ¢oToHa
KPUCTAJIOM, HaXOASUIHMCH B OCHOBHOM COCTOSIHHY, BOJIHOBLIE BEK-
Topul K 6Gunu3ku k Hysawo. CreaoparelbHO, CNEKTD NPSAMOrO 3KCH-
TOHHOTrO NOTJIOWEHHs NPeACcTaBasier co60H NOCIe0BATENbHOCThL Pe3-
KHX JIHHHIl, PAacnoNOXKEeHHbIX HHXe Kpas ONTHYECKOro NOTJIOHEHHS
kpuctasaa. Ilpencras/isieTcs Ma/joBepOSITHLIM CYILECTBOBaHUE KpH-
ctanna, y Kotoporo npn k=0 umeercsa nBa xpas 30H co cdepuue-
CKHMH 3SHEPTeTHYECKHMHU [OBEPXHOCTAMH; OJHAKO, IO-BHAHMOMY,
UMEHHO C TaKOW cHTyaudei Mol Bcrpeuaemcd B 3akuck meau Cu,0O,
SKCHTOHHBIH CMEKTP KOTOpOH BechbMa TOXO0X HA CIEKTP atoMa Bo-
jaopojaa.

[Ipn npousBonbHOA ¢OpME 3HEPreTHYECKUX MOBEPXHOCTEH 3a-
Aayy 006 3KCHTOHHOM CIIEKTpe Jyuilie Bcero GopMy/JaHPOBATh, HOJMb-
3ysicb BMecto (15.10) npeo6pasosaHueM KoOpAHHAT

1
p=75X+X) X=X,—X (15.18)
[Tonesno cHopa oOpaTHTbCH K 3ajfave, KOTOPYIO Mbl TOJBKO YTO

peurnnyu. IIpeo6pasyem ramusnbronuad (15.11), socnosnbsoBaBmiuch
paBeHCTBAMHU

0? 1 0? 4% 0?
0x3 4 9p? dp ox | ox?’
62 1 02 02 02 ( 1 5' 1 9)

ox; 4 op? dp 9x ox?

Ecin I u p— uMnyabchl, KAHOHHYECKH COMpPSDKEHHble KOOpAHHa-
TaM P H X, TO B YaCTHOM clydae cepHUYECKHX SHEpPreTHUYecKHX No-
BEPXHOCTEH MONYYUM
H:l_HE—{——l—p'-’—{—i( 1 ——)n p——fr. (15.20)
8 pm 2 \'m, .

mp IXI

Ecan B3sTh BOJHOBYIO (YHKLIHIO B BUAE
lpn (ps X)=eiK'pFn (X), (15-21)
10 a8 F,(X) noayuurcsa caeayiollee ypaBHEHHE:
1 1 1 1
[ 7+ (=) e K| Fa0=(Era—57) Fa )
(15.22)
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MNMpu K==0 Ham raMuJbTOHMAH MMeeT COOCTBeHHLIE 3HAuYeHMSH,
paBHbIe
pet 1
En—_—‘m—w-ﬁ'. (1523)
CoGcTBeHHNE 3HaueHus ypasHeunsa (15.12) Bo BTOpPOM nopsike
no K moxHo onpeaenuth ¢ noMousio K. p-Teopud BoamyuieHH#;
OHY OYAYT MMETh BHJ

~ 1 I(1  1TVYN(niK-pID){{IK-pin)
EK"NE"+8p. K2+4(me mh) 2 E,— E; )

(15.24)

Ecan BOCNOJAL30BAaTLCS NPABHJIOM aTOMHEIX f-CyMM AJs Bojopo-
AONOAOGHKX cocTtosHult [, n

2V (rlpu D) pynm)
P X TR R = b (15.25)

!
70 (15.24) npumer BHA
1

EKn—_—En +2_(7n7—

2 :
5 K% (15.26)

yTO coBnanaet c ¢opmynoit (15.15).

OGobuienne 3THx pacyeToB B cucTeMe KoopauHat (15.18) mna
ClyyaH 3)JMICOHAANbLHBIX KpaeB 30H MOJNYYaeTCs HENOCpPeACTBeH-
HO, ecan B (15.19) u (15.20) B35TH COOTBETCTBYIGIIHE KOMMOHEHTH!
TeH3opa o6patHo#l »ddexkTurHOR Macch. JlaabHeiiuiee oGoGuie-
HYe — Ha cJydyall BLIDOXAEHHBIX 30H — NpPaKTHUYECKH 3aTPYAHH-
TeJbHO; OHO NOJYy4YaeTcH, ecjaH A1s Kpasd KaXJAoH 30Hb B3AThL MarT-
pHUHLIE 3JIeMEHTHl ¢ MHOrOKOMIOHEHTHbIMH (YHKLHAMH COCTOSHUA
(cM. [3]). Ha npaxrtuke, uTo6bl M36€XATh CAOXKHOCTEH, CBA3AHHBIX.
C MHOrOKOMMOHEHTHBIMM YPaBHEHUSIMH, HAaCTO NPHMEHHIOT pPa3J/iui-
Hble YJIOBKH.

BuluyciuM Tenepb BEpPOATHOCThH ONTHYECKOro MOTJIOLIEHMA, pac-
CMaTpHBasi pa3pelleHHLI# 3Ne€KTPHYECKHH AHNOJNLHBIA mepexoa, co-
NPOBOXAMOUIMACA CO3/J@HHEM 3KCHTOHZ B pe3yJbTaTe NepeXxoaa
9JIeKTPOHa M3 3anoJHEeHHON BaJieHTHOH 30HbL. Ilpenmonoxum, uto
BOMH3N ToukM k=0 30HBI HMEIT chepuuecKyio GOPMY H HE BLIPOXK-
nJenbl. M3 (15.14) caenyer, uto BofiHOBast yHKLHMSI SKCUTOHA NpH
K=0 umeer sup

‘J’On (X) = Fn (xe - xh)q)c (xe) Py (xh)' (1527)

H B 3TOM CXeMe BOJHOBasi HYHKUMS HAYaNbHOIO COCTOSIHHS paBHa
NIPOCTO eAUHKLE.

3T0 He caMblii XOPOWIHA €nNOco6 paccMOTPEHHS MHOT02JeKTPOH-
HOH 3ajJlauH; Jayuylie BOCNOJNb30BaThcs (POPMaJU3ZMOM BTOPHUHOTO
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KBAHTOBAHUA, Pa3BHThIM B ra. 5. O603HA4YUM BOJIHOBYIO (YHKIHIO,
COOTBETCTBYIOILYIO 3aNOJIHEHHOM BaJIEHTHOH 30He, uepe3 (D, Ttoraa
PyHKIHSA
—=qgtB+t+
Dh =0yt @,

OMNKCLIBAET TO COCTOsIHHE, KOTOPOE MNOJYUYHTCS, €CHU 3JEKTPOH 3ai-
MeT COCTOSIHHE C BOJHOBMIM BextOopoM K B 30HE NPOBOAMMOCTH,
OCTaBHB B Ba/JIEHTHON 30HE ABIPKY C BOJHOBLIM BekTOopoM —Kk. Bous-
HOBYI0 (PYHKUHIO 71-r0 COCTOSHHS 3KcHTOHZ npu K=0 MoxHO 3amnu-

CaTh B BHJAE
O = ‘?‘ O, (k|n) = 5.:“ B, @y (k| 7). (15.28)

D/IeKTPHUECKOE JHUNOJbHOE NOTJOuIeHHe OTPERE/SeTCss MaTPHUHbIM
anementom (ck|p|kv) umnyabca p MeXAy COCTOSHHSAMH C BOJHO-
BhIM BEKTOPOM K B BaJIeHTHOH 30HE M B 30He MpoBoAMMOCTH. B npea-
CTaBJeHWH BTOPHYHOrO KBAHTOBAHMS ONEPATOP HMIY/AbBCA HMEET
BH],

P= Y 6w | Bxahy (X) pBy (x), (15.29)
k
1114

HaH, ecau [ o3Hayaer Ba/IeHTHYIO 30HY v, a I’ — 30Hy npomoau-
MOCTH ¢,

P~ 0, (k| p| ko). (15.30)
k

MatpuuHblif 3JeMEHT UMNy/bca p, B3ATHIA MEXAY BaKyyMHBIM CO-
CTOSIHHEM W 7-M 3KCHTOHHBIM COCTOSIHHEM, DaBeH

{D, | p | Do) =k§-:l( (n]k") <(Do| 6—k'ak'a:ﬁ:k I (D0> X
X{ck|p|kv)= ; (n| k) (ck|p|kv). (15.31)

BeposarHocTh Nepexoga npoONOpUHHOHAJAbHA
[(@alp Do) Pl (el pl o) (X (nlk)) (5 (K [m), (15.32)

€CJM Bo BCeH paccmaTpuBaeMoi obaactu 3Hauenuit K cnpasen-
JIUBO COOTHOMEHHE

(ck | p| ko) ~ (c| p| ).
Ho Benuunun (kin) B (15.32) Taxossl, 4TO

Fp(x)= e (k|n), (15.33)

[
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oTCroAAa
F,(0)= %} (k[ n), (15.34)

¥, TakuM 006pa3oM, AJsl BEPOSITHOCTH NEpexosa uMeeM
D@, Ip Do) P~ [(clp ) P|F,(0) (15.35)

B cayuae ciepryecKHX 3HEPreTHUYECKHX NOBEPXHOCTEH BennyHHA
Fn(0) oTiMyHa OT HYJS TOJABKO AJSA S-COCTOSIHHM; B YaCTHOCTH, ANd
popopoaononobueix s-cocrosHuit | F, (0) [2~n3, rae n — raasxoe
KB2HTOBOE YHCJNO.

«IlepBbie 3anpelieHHble» 3/JEKTPHUECKHE [UIOJbHBIE NEPexojbl
BO3HHKAIOT, KOrJla BEPOATHOCTh TMEPeXoia NPONQpUHOHAJbHA

‘ 0F g, (0) 12,
0x !

5Ta BENMYMHA OTJIMYHA OT HYASl TONbKO AAst p-cocrosinuii. Chepo-
patenbHo, npu F,(0) =0, Koraa 3JeKTpHuYECKHE [UNOJbHbLIE INEpe-
XOAbl 3ampellleHbl, Mbl BCe K€ MOXKeM Hab/aAaTbh 3IKCHTOHBI, Tak
kak (ck|{p|ku)=#0; HO npu n=1 3KCHUTOHOB He GYIET, NMOCKOJLKY
IPY 5TOM 3HAuYeHHH N HeT p-cocToAHMA. UMeHHO Tak, no-BuAuMoMmy,
0oOCTOHT JleJ0 B 3aKUCH Mejau. JIuHHA, cooTBeTCTRyloulas n=|1,
oKa3plBaeTcs o4eHk ciaaboil; dnnuor [4, 5] cumrtaer, yto ona obyc-
JIOBJIEHA 3JEKTPHUYECKHM KBAJPYNONALHBIM H3jlydeHHEM.

IIpodoasHbte 1 nonepeyrbie 3kcuToHbt, B ra. 3 Mbl BUAENM, 4TO
noje AMIJNEKTPHUECKOH MONAPU3ALMH B KyOWYECKOM KpHCTalne
¥MeeT TNPOAOCJABHYK) 1 TMONEPEeUHYI0 COCTABARIUHE, NPHUEM CIBHT
MEKJAY HHMH IO 4acTOTe ONpejensieTcsl Mojasipu3yeMocThio. B xo-
BAJEHTHBIX KPUCTANJaX NOJAPU3YEeMOCTh ONpenensieTcs BO36YXKIeH-
HBIMH 3JEKTPOHHHIMH COCTOSIHUAMH KpHCTaJJa, T. €. 3aBHCHT OT
IPOUCXOXKACHHA 3KCHTOHHBIX COCTOAHMA. PaKTHUECKH IKCHTOH —
3TO KBAHT nojaa noaspu3auuu. IlonspusauuoHHoe pacuiensesne
NPOJOJLHEIX H TOMNepeyHblXx 3KCHTOHOB OBLIO PacCMOTPEHO B ra. 3
B NPEANOJOXKEHHH, YTO BOJIHOBOH BEKTOP 3KCHTOHHBIX BO3GYXKIEHHH
Maj, TaK YTO B OTCYTCTBHE B3aMMOJEHCTBHS MEXAY 3KCHTOHaMH
MOXHO NpeHeGpeub aucnepcueir. Bmecte ¢ TeM Mbl npeamnosarans,
YTO AJINHA BOJHB 3KCHTOHZ MaJla 10 CPaBHEHHIO C pa3Mepamu KpH-
cTajja, ¥, CleoBaTebHO, Mbl HMEEM NpaBo NpeHeGpeyub BAHUAHHEM
NOBEPXHOCTH KpHcTaana. Mbl GyaeM MPONOAXKATh NOJNb3OBAThCS
3THM npubNHKEHNeM; XOTS BOJHOBOM BeKTOp morjolaemoro ¢o-
TOHA OUEHb MaJ MO CPAaBHEHHIO C pa3MepaMu nepBoH 30HE Bpua-
JII03Ha, NPeanosaraercs, YTO BeCh KPUCTA/IA BEIMK MO CpPaBHEHHIO
C AJUHOU BOJIHLI CBETa.

QOTOHBI, KaK M3BECTHO, NMonepeudbl H B KYGHYECKOM KpHCTa/LIe
CBS3aHbl TOJBKO C IONEpPeYyHbIMH SKCHTOHaMH. HMIHBIMHM caoBamu,
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¢oton ¢ BosHOBEIM BektopoM kl[z B kpHcTanse, y KOTOPOro kpaio
30HbI NPOBOAMMOCTH COOTBETCTBYET BOJHOBas (QYHKUHS S-THOA, a
BLIPOXKAEHHEIM BOJIM3M Kpas BaleHTHHM 30HaM — QyHKmnuIl, mnpe-
obpasywlluecss Kak X, Y, 2, 6yner B3aUMOJAeACTBOBATb C 3KCHTOH-
HBIMH 30HAMH, IIOCTPOCHHBIMM» H3 AbIPOUHLIX BOJHOBBIX (YHKIM
X- H Y-30H ¥ U3 3JEKTPOHHBIX BOJIHOBHIX (DYHKIUE S-30HBI; ujeHa
A.p, B raMuJIbTOHHAHe B3auMojeldcTeus He Gyaer. Urobul yGeauth-
csl B 5TOM, paccMoTpuM B KannGporke divA =0 3/JeKTPOMaruuTayo
BOJIHY .

A=yexp[—i(wt — k2)] (15.36)

‘Takas BoJIHA NMOJAPH30BAHA B HANPABJEHHH Y, T. €.

H=rot A = — ikx exp [— i (of — kz2)],
1 0A

Ez_?_(ﬂ.:i%;lexp[—i(mt—kzn,

(15.37)

TaK yTO MpPOH3BejeHHe A « P OTJHYHO OT HY/s TOJNLKO IS5 SY-dKCH-
TOHOB (COOTBETCTBEHHO MOXHO TOBOPHTh U 00 Sx- M SZ-3KCHTOHAX).

Ilpr kllz nonspusauusi, cBA3aHHasg C 3THMHM 3KCHTOHaMu, Oyjer
yucTo nonepeuHoi. [1posonbHOA noasipusanueit MpH TAKOM HAamnpas-
Jenuu BekTopa k 6yayT 06.:121aTh S2-3KCHTOHHI,

B 0QHOOCHLIX KpHCTaanax [HIJEKTPHYECKast IN0JAPU3YEMOCTh
aHH30TPOIHA, ¥ YUCTO NMPOAOJAbHbIE 3KCHTOHB MOTYT CYLIECTBOBATb
TOJNBKO HNpH ONpeAeJeHHBIX HampasieHHAX Kk oTHoCHTenbHO ocedt
cumMMerpud. Mbl TONXKHB PACCMOTPETh BJAHAHHME ACNOJSPH3ALHMH HA
skcuToHHb# cnekTp. [lycrs P, Py 03HauaoT KOMIOHEHTHl MNOJS-
pu3anud, COOTBETCTBEHHO NEPHEHIUKYJISAPHYI M MapajienbHylo
OCH ¢ B OAHOOCHOM KpHcTaane; ueped f,, By oO03HAaYHM craTHye-
CKue IO0JISAPH3YEMOCTH, Hepe3 o |, @ -— PEe30HAHCHblE YACTOTLI A4
nonepeyHblX BOJH. Hac ocoGeHHO HHTepecyeT uYacTHBIM cayuak
By <P, ; MHBIMH CIOBaMH, Mbl DACCMOTPHM 3KCHTOH C 4YacToToH,
6.1M3K0% K o , U TpeHeOpexeM BKAAJ0M, BHOCHMBIM B MOJISAPH3YE-
MOCTb OCUMJIIATOPaMH C YacToTolt w. Torpa

1 OZPL
— P =B, (15.38)
i

rae E| — nepneHanKy/aspHas KOMIOHEHTA AENoJsApH3YIOLIEro nons.
Onpenenum E | u3 ypasuenus div D=0 Touuo Tak ke, Kak B i1, 4
1 y
Mbl HaXOJAMJH pasMarsuuuBamowee nosne marsosa. O6osHauum ve-
pe3 k equununbiil BekTop B Hanpasaenun k. Ilpoexkuns sextopa P
Ha HOpMaab K ¢poHTy BosHLI ecTb k « P, H Aenonspusymolulee nosue
HMeeT BHA -
E=—4nk.P,, E;=—4n(k-Py)sin0, (15.39)
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rae Oy — yroa mexay BexktopoM K # ocwio ¢. Torja

1 02P_L ~ .
—6)7——(”—2-+P_j_=——4nﬁL(k-P_L)Sm ek- (1540)
L

D10 ypaBHeHHE HMEET CJeAyiOl[Me ABa pPelleHus:
E-P_l=0, (')2:0)'1 (nonepeunne akcutoHmu), (15.41)
k-P, ZP_L sin 9, m'-’:mi_(l +4nB sin? B)
{«cmemiauuble» sxcHTOHBI). (15.42)

Meul npeHeGperad 3/ecb BKJIajOM €, BHOCHMLIM B IW3JEKTDH-
yecKue CBOMCTBA KoJeOaHWAMU C JAPYIHMU BOJHOBLIMH BEKTOpaMH
(B mpOTHBHOM ciyuae ciefoBano Gbl 3aMeHuTh 4n Ha 4n/€). Us-
JIOKEHHBIE 3JeCh pe3ynbTaThl ObliK NOJYYeHH B paboTe [6).

CMmeliaHHble 3KCHTOHH CTAHOBATCA YUCTO NPOAOALHBIMH NpH
Ox=mn/2 n acumnroruyeckn nonepeunbiMu npu 0x=0 (npu Hawem
npeanonoxenuu By =0). CnegosatenvHo, B3auMoaeicTBHe ¢GoTOHA
C NPOJOJBHBIMH HJIH CMEWIaHHBIMH SKCHTOHAMH HCYe3aeT IIpH
Ox=mn/2; ecnu xe Oy OTKIOHAETCH OT 3TOrO 3HAYEHHS, TO HHTEHCHB-
HOCTb HX B3aHMOJAEHCTBHS pPe3Ko Bo3pacraer. 1ot adgekr Habaro-
Aanca B ZnO. O6HapyxeHHe pa3/HYusi B JHEPTUSIX NONEPEyHbIX H
NPOJOJBHEIX 3KCHTOHOB yKa3blBaeT Ha TO, YTO 3KCHTOH MOJABHXKEH
B TOM CMbICJIe, YTO C HUM CBSI3aH HEKOTOpLI BOJIHOBOH BekTop K.

O6cyaum Tenmepb pe3yabTaThl HAOMIOJEHHA Haj SKCHTOHAMM B
pPa3/IMYHBIX KPHCTasIaX.

Tepmanui [7]. B repManuu u3yuanuch 3KCHTOHB!, 0Gpasymoiuecs
KaK np¥ UPAMBIX, TaK W NpH HENpAMBIX nepexogax (4acrto Hasbl-
BaeMble COOTBETCTBEHHO MAJAMLIMU W HENPAMbIMU 3KCUTOHAMU).
[Mpsamble sxkcuToHbl o6pasylotes npe k=0 B pesynbrarte norsotle-
Hust onHoro ¢orona. Ilpu npsMbIX nepexonax sanpeuieHHas 30HA
HaXOAHTCS MeXJAy KpaeM BajeHTHOU 30HBl T's 1 3omnoit ['); wupuua

3TOH 3amnpelenHoi 3onbl cocran.aser 0,898 ss. Maotponuas sgpdex-
THBHAA Macca m* Ha Kpaio 30Hbl I, onpejessiach M3 3KcnepumeH-

TOB ¢ nepexojamu Jlawpay u oxkasanach pasHoit 0,037m. Sddexk-
THBHYID MacCy JblpKH MOXHO NPpUGJIDKEHHO ONpeeNuTh Kak Mmac-
Cy, KOTOpas COOTBETCTBYET NPABUJIbHOMY 3HAUYEHHIO 3HEPTrUM CBH3H
HHU3MEro aKUEeNTOPHOrO COCTOSIHUS, BHIYUCJIEHHOMY C NOMOIIBIO BO-
JdopoaHo#t Mosnenu; sta macca paBHa 0,20 m. Taknm oGpasoM, ah-
(deKTHBHAS Macca 3KCHTOHA U ONpeAensieTcsl COOTHOLIEHHeM

m 1

m 1

1
u 0.037 + 020 — 0031"°

(15.43)

Cyarvpud kadmus. DKCHTOHHBIN CNEKTP 3TOTO KPHCTaAMI1a, & TaK-
Ke TOHKas CTPYKTypa M MardHertoontHyeckue 3@dextnt GblIH
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HceJeACBAHB 10BOJBHO noipoGHO (cM., Hanpumep, [8]). Kpucerana
cyabduaa KaaMud sBJfAeTcs FeKCaroHalbHBIM H HIMEET CTPYKTYpY
BIOpUMTA; 3HEpreTnueckas 30HHAs CTPYKTYPa KPHUCTAJJNOB Tuna
siopuura 6bl1a paccmorpera B paborax [9, 10]. Kpas 3zon B CdS,
CdSe u Zn0, no-sunuMMoMy, OAHHAKOBRE ¥ HaxoadTcs OJM3 TOUKH
k=0. Illupnna 3anpewennoit 3ounl B CdS cocrasaser 2,53 ss.
B rtouke k=0 BaneHTHas 30HA pACLIENJISETCH Ha TPH ABYKDATHO
BLIPOXKAEHHDLIX YPOBH#, npeobpasyouuxes (B NOpAAKe BO3PACTAHUA
3Hepruu) no npencrasiaeHusm Iz, I';, Ty i oTcTOSWMX Apyr OT Apy-
ra cootsercreenHo Ha 0,57 u 0,016 38. Kpait 30Hb npoBoauMocTH
npeo6pasyercsa no npexacrasienuo I;. CooTBercTByIOlAs 3HEPTHA
(cm. 3agauy 14.4) nmeer BuA

e (k)= A (k2 4 #2) + BR2 £ C (K2 + B2y, (15.44)

3ameTuM, UTO TPeTHH 4JieH JMHeeH NO k; B 3KCnepuMeHTe 3TOT WieR
HHKOraa He yAaBajJoch oOOGHapyxutb. Kpalt 30HbI NPOBOJAMMOCTH
B CdS noutn usorponeH, 3¢dexkrusHas macca m*=0,20 m. Maccu
JBIPOK y BepLiMHEl BaJEeHTHOH 30Hbl paBuunl m | =0,7m u my ~5m;
Kpail 30Hbl HMeeT 3JIHNCOHAAJNbHYIO (OpMY. DJIEKTPOHHBIA g-(ak-
TOpP NouyTy H30Tporned U paseH —I1,8. Jlns ABIPOUHBIX COCTOSIHHHE,
npeo6Gpasywowuxcss no npejicrasieduio I's, HaxoanMm g =—1,15 u
g, =0. imeeTcs TpH cepHH 3KCHTOHHBIX JUHHH; KaXAaA CEpHA CBA-
3aHa C OJHOM M3 TpPeX BaJeHTHBIX 30H B Touke k=0. Buluuciennas
SHEPTHsl OCHOBHOrO COCTOSIHHSL IKCHTOHA (OTCUMTbiBaeMasl OT Kpas

sounl I'y) pasua
E =——o —_0,0017 28 (15.45)

2e2h?

(Mbl cuMrann 3geck € =16). Ha61opaemoe 3HaueHHe paBHO
—0,0025 38. O6pasosaHue 3KCHTOHOB, BO30YXJalOWHXCH NIPH He-
NPAMbIX Mepexoiax, CONpPOBOXKAAETCH UCIYCKaHHEM ()OHOHA C 3Hep-
ruest 0,0276 3s8. HaGaonaeMoe 3HaueHHe SHEPIHH CBA3H JANA TaKuX
skcutoHOB pasHo 0,002 (5) s8.

[Mo-BUAHMOMY, caMO# HHTEpPECHOH OCOOEHHOCTBIO 3KCHTOHHOIO
cnektpa B CdS sBsseTcs ero 3aBUCHMOCTh OT 3HaKa MAarHUTHOrO
1oas, NepPNeHAUKYJ/ISPHOrO K OCH ¢, KOTJa BOJHOBOA BEKTOD (OTOHE
nepnenaukyasped k H n x ocu ¢. Oxasajnock, 4TO HHTEHCHBHOCTh
3KCHTOHHBIX JHHHMH 3aMETHO MEHsSIeTCs, ecl NPH NPOYHX PaBHLIX
YCJIOBHRX H3MEHUTh 3HAaK MaruutHoro nona H; uHBIMH cloBamy,
3TOT 3¢QeKT 3aBucuT OT 3Haka ¢XH, rne q— BoJHOBOH BexkTOp
gortona. Takoit 3((PeKT HEBO3MOKEH B MOJEIH CBOOOLHBIX 3JIEK-
TPOHOB, HO OH OKAa3bIBAETCs Pa3peuieHHbIM B KpHUCTaJne, He 06:a-
AaloleM LEHTPOM cHMMeTpuH. B cucreme oTcyera, CBSiI3aHHOM ¢
3KCHUTOHHBIM BOJHOBBIM NAKeTOM, MarHMTHOE NOJ€ NPOABAAETCH KakK
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3JIEKTpHYECKOE NoJe. AHa/M3 NpPOBEJAEHHbIX 3KCIIEPHMEHTOB H3.0-
XKen B pabore [8]. DTOT 3pHEKT MOKET NPOUCXOANUTb TOJMBKO C JBH-
KYUMMHUCH 3KCHUTOHAMH. [ JNHHHE NPUMECHOro NOIJIOLIEHHs Ta-
KOH 3 (heKT HEBO3MOXKEH.

3axuce medu. B criekTpe 3T0r0 KyGMuECKOro KpHcTajnna oGHapy-
JXHBAIOTCA YETKHE BOAOPOAONOAOGHLIE SKCHTOHHBbE JuHMH. OHH
6blin noApo6HO u3yuenbl [poccoM u ero corpyaHukamu [11—13].
K coxanenuio, CTpPyKTypy Kpaer 30H B 3TOM CJy4ae Hesb3si onpe-
JeNUTb M3 JaHHbBIX 10 HHMKJIOTPOHHOMY DE30HAHCY HMI¥ U3 JPYrHX
He3aBHCHMEBIX ONBITOB, OAHAKO BaXKHble BHIBOJALI MOXHO CAegaTb
M M3 3KCIEePUMEHTOB C SKCHTOHaMH. 3aMeuaTesnbHass 0COOEHHOCThb
SKCHTOHHOIO CIEKTP2 COCTOHT B TOM, 4TO, KakK OTMeuaJoch
Bbille, JHHHH, COOTBETCTBYIOLULHE ONTHYECKUM MEPEXOJAaM M3 OCHOB-
EOTrO COCTOSIHHS KDHCTaJla B 3KCHTOHHOE COCTOSiHHe ls, oueHb
c1a0bl.

CroiicTBa 3KCUTOHOB B HOHHbIX KpPHCTaJ/aaX OoB6CYXAal0TCA B pa-
6ore Jlekctepa [14].

S3AJAUH

15.1. B cayuae npsiMbIX ONTHYeCKHX INepexoJ0B pDAacCMOTPETh 3aBHCHMOCTb
Ko3¢bHuuHeRTa NOTJIOIIEHHS OT DAa3HOCTH SHeprMu (pOTOHA M NMOPOrOBOM SHepriH.
15.2. IlokasaTte, uTo B OQHOOCHOM KpHCTajle, B KOTOpDOM B Touke k=0 kpas
30H He BbIPOXK/eHbl, BOJHOBOE YpPaBHEHHE [IS SKCATOHA MOXHO 3anHcaTbhb B BHIE

Lgo_ 1 2yl 02 | 1 ¢ 02 e\
{_EV ™ _3"(7 o T3 a7 —W)—:?}w—

rne

E_L 2
X=Xe—Xp, Y=Ye—Yn <= '—) (ze— 2p)

1

= Voo _L

€ =(€,€, )" o 3R] +3 T

1 1 i 1 1 1
o = +_— —_— = + —_—

“‘_j_ me_L m/z_L ' M, me! m/l;?

1 1 e
— & _ _
V= T My=mg +my), My=my+my,.

15.3. Paccmatpusas B 3apade 152 uner ¢ y Kak Magoe BO3MYyluende, lIOKa-
8aTh, YTO B IEPBOM MOPHAIKE 1O Yy 3HEPrHu COCTOAHUE ¢ n=1 1 n =2 umewOT
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caenviomuit Bup (E; — addexTusnnii puabepr!)):

Is: Eg'_'Eh
2s: Eg—%El,

1 4
2P, : EE—TE,(1+—ﬁy),
%9 .+ E —LE(142

P.rt e~ 7 B \1tg5v)

15.4. [na paccMOTpeHHOro Bbllle MarHuTHoro s¢dexra llrapka ans CdS
HalTH BeJUYMHY KBA3U3JEeKTPUYECKOrC IO/, COOTBETCTBYIOUIEr0 MATHUTHOMY MO0
B 30 «a.

15.5. IToxasaTb, 4TO BEPOSTHOCTL «NEPBOr0 3aNpELIEHHOrO» 3/EKTPHYECKOIo
JHMIONLHOrG Iiepex0ia, B Pe3yabTaTe KOTODOrO c034aeTcst 3KCHTOH, NPONOPLHO-

HaJabHA
(ﬂ
ox )x=_0

r=0

2
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DNEeKTPOAUHAMHMKA METAJJ0B

Ilpn B3auMoaefCTBHH MeTanJa C 3JeKTPOMarHUTHBIM [OJeM Ha-
6a10faeTcst psAa PasHooOpasHbX W TOHKHX siBiaeHuif. Mx uayuenue
YacTO MO3BOJISET NOJYYHTbh Ba)KHble W NOAPOOGHBIe CBEAEHHs OTHO-
cuTenbHO noBepxHocTd Pepmu. B Hacrosiue#t rnase Oyner pac-
CMOTPEH aHOMAaJbHBIHI CKUH-3()(EKT, HUKJOTPOHHLIH pe3oHaHc, AHU-
3/€KTpHYECKHEe aHOMAaJuM, MarHUTHLIA pe3oHaHc B NJja3Me M CIH-
HoBas Auddpy3us.

AHoMaabHbil cCkHH-3GekT

PaccmoTpuM cHayana HopMagbHh cKUH-3¢bexkT. Tokom cme-

wenns D B Meransne obuluyHO npeHeGperaloT, KOraa 4acToThl w <Ko,
rle ¢ — NPOBOJHMOCTh B 3JIEKTPOCTAaTHYECKMX eJHHHNAX. ¥ XOpo-
IIMX NPOROJHHKOB MPH KOMHATHOH Temnepatype o==10!8 cex-!, 3a-
METUM, 4TO 4M0=02T, rae wp — NVIa3MeHHAs 4acTOTa, a8 T — BpPeMs
pesakcauuyu HOcHTeseH Toka. YpasHeHHs Makcreasia B JaHHOM cay-
qae UMEIOT CAeAYIOWHMHA BUA;

rot H="%6E, rotE=—~ uH (16.1)
HJAU
rotrotHe=—vV2H = — 2% (16.2)

c?

OTKyJa [oJy4YaeM ypaBHEHHE AJ8 BHXDPEBOTO TOKa
i4nopo
#H =—7—H, (16.3)

€CJlH MarsHTHOe MoJje u3MeHsierca no 3akoHy H ~expi(k-x—of).
BemecTBeHHas ¥ MHHMas YacTH BOJHOBOIO BEKTOpa PaBHLI MeXKAY
co60#; ec/lH 0 — BELIeCTBEHHO H PABHO Og, TO

k= (14 i) (2npogw/cd)s — l—st—t (16.4)

MHI{MaH yacTb k €CTh B€JIMUHHA, oﬁpamaﬂ TOJIIMHEe K.,Jacciue-
CKOro cCKHH-cJOA, T. €.
Bo= (c?/2nucow) ™. (16.5)

23 4. Kutrean
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s xopotero NpoOBOJAHMKA NpH KOMHATHOH TeMIepaType H ya-
croTte, pasHoil 3-10'0 2y, umeem §p=10~* cm. B cnyuae oueHn un-
CTHIX 05pa3uoB Npn reaueBblx Temnepatypax 8p=1075 cm. Popmynn
(16.4) u (16.5) BHIBegeHL! B NPeANONOKEHHH, YTO O — BELIECTBEH-
1as BeJHUHHA, 4YTO COOTBETCTBYET BLINOJIHEeHHI0 YcaoBus otk l. M3
S/eMeHTApHOH TEOPHH NPOBOAMMOCTH B TNEPEMEHHBIX MOJAX HMEeM

=TT O, (16.6)

m(l—iot) = 1—iwt

npu otk ! dopmyna (16.6) aaer naa oo 06LIYHOE CTATHYECKOE 3HA-
yeHue oyp=ner/m. Peayasrar (16.6) ecTh npsMoe cJiejcTBue ypas-
HEHHsl NepeHoca /M BbIpakeHust A/ apeiopoil ckopoctd. B uu-
CThIX 0Opasuax NpH requeBblX TeMnepaTypax B Cjayuae MHKPOBOJ-
HOBBIX UACTOT MOXET HMeTh MecTo ycjaoBue ot 1. B stom
npeaesLHOM cJayyae

4pocy {— ot
2 o ~
B~ — ThHak Im {£} =~

(16.7)

S0t

Toraa, eciu ANS OUEHKH & HCXOAWTh u3 ¢opmya (16.5) unu (16.7),
BO3HHKAET Cephe3Hoe COMHEHHe B CIIpaABEANHBOCTH PACYETOB B CHY-
yae HU3KHX TeMNepaTyp, Tak Kak A -—— cpeqHAs AJHHA cBOOOAHOTrO
npoGera HOCHTeJel, CKaXKeM, NPU reaueBbiX TEMIepaTypax, MOXeT
0Ka3aThbCcs GoJbIle TOMIMHBI CKHH-c/108. [ToCKONbKY THIIHUHBIE 3HA-
yeHusa T MOTYT GbiTh nopsiaxka 10710 cex, TO 415 3JEKTPOHA HA NO-
sepxHocty PepMu cpefHsis AJHHA CBOGOAHOro npobera paBHa

A=vpr=2108-10-10~10"2 c, (16.8)

T. e. MHOTO 6OJibllle TOJMIHHBL cKuH-cja0s Oy=10% cm, cornacHo
dopmyae (16.5) man 8~10° cm, cornacio (16.7). Ecsm A0,
TO yXe HeJb3sl CUMTATh, UTO IJIOTHOCTh 3JEKTPHYECKOro ToKa j(X)
onpeaensieTcsl TONbKO JOKaJbHBIM 3HAUEHHEM HaNpsXKEHHOCTH 3J/IeK-
Tpuueckoro noast E(X), u ucnonb3opanue B ypasHeHusax Maxcsenna
pesinuunbl oF, Kak 3TO GBIIO CAENaHO BhIlIE, CTAHOBUTCH HeoBOCHO-
panublM. O6aacTh 3HaueHHit A0 Ha3LIBAIOT 06JACTHI0 AHOMAAL-
H020 CKuH-3@PexTa. Boabline 3HaYEHUS cPepHeill JIHHB CBOGOAHOTO
npo6era OKa3blBAIOT CHJIbHOE BAMSHHE Ha Te CBOWCTBA CPEABI, KO-
TOpBIE ONpe/esioT NPOLeCcCh PACIPOCTPAHEHHS B HEH BOJH.

NMosepxHocTHLIH umnesanc. HabGmoaaeMble 3/1eKTPOAMHaMUYE-
CKHe CBOACTBA METaJJ/HYeCKOH NMOBEPXHOCTH NOJHOCThIO OMHCHIBAIOT-
cst gpyskuues Z(w), onpenessieMoii COOTHOLIEHHEM

Z=R—ix=22% (16.9)
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rae E;, H;— tanrenunasbubie cocTabasiomive E u H B nosepxuo-
cTHOM cqoe. Beanuuna Z HasbiBaeTcs MOBEPXHOCTHbIM KMIELaHCOM.
Benuunna R, #BASOWAACA BEIIECTBEHHOM YacTbio Z, na3biBaeTcs
NOBEPXHOCTHLIM COMNPOTHBJAGHHMEM MW OIpefeNsieT BeJUYHHY M[MOro-
1aemMo# MeTanJoM MoUIHOCTH. MuuMmyw uwacth Z, T. e. X, H43hl-
BAIOT TIOBEPXHOCTHBIM DPEAKTaHCOM (UJIM TOBEPXHOCTHHIM PEAKTHB-
HbIM COHNpOTHBJIeHHeM). Bennuuna X onpegensteT caABUr 4acTOTH
pe3oHaHCHOH NOJOCTH BHYTPH uccaepyeMoro meranna. M3 ypashe-
Hua And rot E nonyuyuM A5 npoHHLAEMOCTH U

imuH, _ {)Ef
e O (16.10)
Toraa
___ Anlop E __ Anop |
Z= 2 (()E,’tdz) T The? (16.11)

3Jlecb HOpManb K NOBEPXHOCTH HAanpaBjeHa BHYTPb MOJOCTH.
B cnyuae nopManbHoro ckuH-sdgekra k= (1+i)/8;, 1 nmosatomy

L) . 27 .\ 20T
z=10 (2 (2 b (1619
rie A=c/w. Takum oGpas3om, BenruuynHa Z onpejelifeTcs OTHOMIe-
HHEM TOJIIUHB CKHH-CJION K JIJTHHE BOJIHLL

BeictpoTa, ¢ KoTopo#i TepsieTcs SHeprusl B HANPABJIEHHH OCH 2
B pacyeTe Ha EJHHHIY NOBEPXHOCTH, ONpeAENsieTCH CPEAHHM IO
BpeMeHU OT BellleCTBEHHOA uacTu Bextopa [lofiHTuHra S, BesMuHHA
KOTOpPOTO paBHa

S=|EXH|= ;ExHy=<z%)2ZH?, (16.13)

npuueM 3nadenusi noaeit Gepyres npn z=+0. Has cpeasero no
BPEMEHH OT BELIECTBEHHOH 4acTH umeeM

(Re [S}) =+ (;E)2 H?Re {Z), (16.14)

rae H — amnauTyaHoe 3Haverue noasa H, HA NMOBEPXHOCTH.

Teneppr paccMOTPHM BKJI2J NOBEPXHOCTHOro cJjost obpasuna B
HHAYKTaHC flaMarHMYUBAoOLeH LeNnH, a MMEHHO, PAacCCMOTPUM IMJIO-
CKHH COJIEHOHJ, BHYTPH KOTOPOro TOMElleHa [UIACTHHKA M3 MPOBO-
Aslero Marepuana TtoawmHoi 2d. Ilyets # —ToK Ha eauHuny
IJIHHB! coseHoupa. Toraa MHAYKTAaHC Ha eAMHMNY MAJUHBl 3anu-
wercst B BHJAE

L=Re{1‘§ﬂ-} { f dzH,(Z)p | (16.15)

23*
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ITockoaeky OE [0z = iouH,/c, umeem
d
2F  (d)="2 f dzH, (2) u, (16.16)
-d

rae H(d)=4n¥/[c. Toraa, cornacio onpeaeaenxio (16.9),

- (2c/iv) E (d)) _ 2¢ . 2c
L=Re{ Gy, Fo@ | = & Re[—iZ) =T Im(Z). (16.17)
Jas nsockoro o6pasua, cjayxaliero oAHOH M3 KOHLEBHX IOBEpXHO-
CTed NpPSIMOYroJbHOX PEe30HaHCHOH IIOJIOCTH C OCHOBHbIM KoJe0a-
nuem THna TE, MoXHO nokasaTh, 4T0 3¢(eKTHBHOE H3MeHEeHHE
JJIMHB [IOJIOCTH PaBHO

8 = — ;= XIm (Z]. (16.18)

DKcTpeManbHoe  3HaueHHe aHOMaJbHOrO CKuH-3¢¢deKkTa (xoraa
A/6>>1) MOXHO KayeCTBEHHO WHTEpPIPETHPOBATh Ha OCHOBE «KOH-
menuuy HespgekTusHocTuy ITnnnappa. Cpenr 3JeKTpOHOB, ABHXY-
HIUXCH B NPOBOJAHHKE, TOJLKO Te, KOTOPhle MepeMelIaloTCs NOUTH
napaJuiesbHO MOBEPXHOCTH, OCTAIOTCH B 3JEKTPHYECKOM noJe Jo-
CTAaTOYHO AOJr0, YTOOBI NMOTJIOTHThL H3 HEro 3HAYMTEe/JbHOE KOJHYe-
cTBo 3Heprud. IlpeanonoxuM, 4To «3(p(HEKTHBHBIE» 3JEKTPOHbE —
3T0 Te, KOTOpble NepeMellaoTcss BRYTpH yraa ~ §/A. Cnenosartesinb-
HO, KOHLEHTpauus S(PQEKTHBHBIX 3JIEKTPOHOB Mapy=YyNO/A, rae
y — KoHCTaHTa mnopsaka eguHuubl. Toraa s¢¢ekTHBHAs npoBOAH-
MOCTb paBHa

US¢¢=—’n7—=Y'IUO- (1619)

Eciu B Buipaxenud (16.5) MH o0y 3aMeHUM Ha Oppp H PEIUHM ero
OTHOCHTENLHO 8, TO HaiaeM AnA 3P deKTUBHON TOMIUHHLI CKHH-CJOA
BeJIHUUHY

cZA

3
O.M’:?-H_Y%E (16.20)
M AJS YAETBHOrO MOBEPXHOCTHOrO CONpoTHBAeHUs Re{Z} —
2ne ( ¢*A A
RZT (m) (16.21)

DTa ¢opMyaa uMMeeT TOT XKe BU], UTO W MOJNYueHHBIH Huxe (u Go-

Jee CTPoOro) NpaBU/bHBII pPe3yAbTAT, COOTBETCTBYWOWHMA y==10.
Haunbonee BaxHoe caeacrsue BbipaxceHus (16.21) cocrour B

TOM, UTO TOBEPXHOCTHOE CONPOTHBJEHHE OKa3biBAETCH HE 3aBHCH-
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IIUM OT cpeiHeit AJuHbI cBOGOAHOro npobera A, NOCKOJBKY gg~ A.
IlostoMy usMepenns R 1a10T BO3MOXKHOCTb ONPEAEIMTb MMIYJbC
3JIEKTPOHOB Ha noBepXHocTH Pep-

MH B HanpaBJI€EHHH 3JIeKTPHUECKO- 4
TO NOJS; AeHCTBHTEILHO
o ne? ne?
A my Ve kg y, Y
/A

B o6meM cayuae mnpoH3BOJLHOH
nogepxuocty Pepmu ee dopma
BJHUSET HA BEJUYHHY KOMIIOHEHTLI

TEH30pa [OBEPXHOCTHArO COIpO- 4 dky
THBNEHHSA Ry, 4YTO YUHTHIBaeTcs
HHTETPAJIOM J. |p(ky)|dky, rTae hy

P (ky) — Paguyc KPHBUSHDBI «IOMTH-  puc 161, «JlomTHk» MOBEPXHOCTH
Ka» noBEpXHOCTH q)epMH, COOTBET-  PepwmH Iipu (GHKCMPDOBAHHOM 3HaYe-
CTBYOIIIEro IOCTOAHHOMY ky. D10  Huu Ay, noxasuBaomu i 061acTH 3Ha-
cieayer HENOCPEeACTBEHHO U3  ueHu#l £ 1as TaK HA3LBAEMNIX 3ddek-
pic. 16.1. Sogeumiih Tok ofy. TR yEoson pocs
CIIOBJIEH TOMBLKO TeMH siekTpora- ¥ Lol yi’_n};, pamgm SO/A.
MH, 3HaueHHs & KOTOPBIX HaXOAAT-

csl B CEKTOpaxX, NOKa3aHHBIX Ha

puc. 16.1 (yron pacTeopa coorserctByer yray y8/A). 3a Bpems pe-
JaKCallU{ 3JEeKTPOHbI BHYTPH CEKTOPOB HU3MEHHIOT CBOM HMINYJ/IbCHI
Ha penuunny Ak, = e& v. Takum 06pasoM, o6bem K-mpocTpaHcraa,
BHOCSILLIETO BKJaJd B BEIHYMHY TOKa, COCTABJAET

Qg = [ dk,e& 7] 0(k,)| (¥O/A),
U T09TOMY

1 e2¢
T = 0y Qg = S ¥ f dky\p(ky) |- (16.23)
3710 BhHIpaxeHue aaer 3¢(PEXTUBHYH NPOBOAMMOCTb AJs NOBEPXHO-
cti Pepmn B obweM cayvyae. Torna pas AMG@Y3IHOro paccesiHUs
uMeeM

33/2(02 s
R,,= . (16.24)
64m2c4e? J. dky|p(ky) |

B pa6ore I[lunnapaa [1] aas cayyass Meau nokasaHo, CKOJb MOMI-
HbIM CPEACTBOM H3YUeHHs NOBepXHOCTH PepMu CHYKHT aHOMaJb-
Hblil cnuH-3¢¢exT. Bosee netanbHo 3TOT BONpOC H3/N0XKeH B pabore
Tunnapna «/irHamMuKa 3JEKTPOHOB NPOBOAMMOCTH», ONYBJIHKOBAH-
Hoii B cGopHuke [2]. Ecam MH HMeeM jeno ¢ NOBEPXHOCThIO
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NOJHKPHCTARNHYECKOoro 06pasna, rae KpHCTa JIUTh OpHEeHTHPOBaHLI
cayuyaiiHbiM 00pa3oM, TO JaHHbhle 00 aHOMAJAbLHOM CKHH-3(hdekTe
NO3BOJISIOT ONPEAENHTh YOJHYIO MJIOLAAbL NOBEPXHOCTH Pepmu.

Maremaruueckasn Teopus aHOMAAbHOEO CKuH-3(ghexTa. Paccmor-
pHM NOBEPXHOCTb NOJYBGECKOHEUHOro METas1a, PAcCIOJOXKEHHYIO B
IJIOCKOCTH XYy, NpHYEM NycTh OCh Z HanpabJeHa Hapyxy. [losgg onu-
CHIBAIOTCS BBIP a7KEHUSIMH

E(2)=E (2) e, H(z):Hyo(z)e—iﬁ”. (16.25)
Torna ypasHenus Makceensa 3anduyTcs B BHAe
di iw . 4n dE [16)

rae Tenepb j(2) — nJjoTHOCTh Toka. MckuaouuB M, nonyuum
d’E 0?

D/eKTpPOHBl Mbl CYHTAEM HM30TPONHbIMHM ¢ Maccoil m. OyHKuus pac-
npeaeaeuusi umeer Bua f=fo+f1(v, 2), rae f— HeBo3MylIeHHOE paC-
npeaenenve. EcaM BpeMsi penakcaudu ecTh T, TO B HAHHH3IUEM [O-
psake mo f; ypasHeHue nepeHoca BosbuMaHa uMeer BUA
of l—tmr e Ofq fo
o g lmtony e gy oy ER). (16.28)

m ov,

4nin
o2

¥ nobuee pa6oraTb ¢ ¢ypbe-o6paszaMH, ONpefeneHHbLIMH COOTHO-
[WEeHUSAMH

g@)=@n" [ dzEew, J(g)=@2m™" [ dzjeir. (16.29)

-0 ~c0

ITpeanosiox KM, YTO 3JEKTPOHBI 3€pKaJbHO OTPaxafoTCs OT NOo-
pepxHocTd. Ec/1¥ cuHTAaTh, UTO OCTABLIiasicA NMOJOBHHA NMPOCTPAHCTBA
(z<0) sanojHeHa ApPYruM KYCKOM TOTO )K€ METaJjaa, TO 3/JeKTPOHLI
B KaxJ0# OJIOBHHE NpOCTpaHcTBa OYAYT BecTH cebs TakK, Kak ec/aH
6bl OTparkeHHe GbLI0 3epKadbHbiM. MBI JO/KHBEI TOJNBKO OGECIEYHTD
Hajfnexalee 3JeKTpuyeckoe mnosae B miaockoeth 2=0. ['paaueHTt
3T0r0 nosast 6yaer uHMeThb ocobeHHOcTh (cusp) npu 2=0, DOCKONAbLKY
noje satyxaer B 060HX HanpaBJeHHAX OCH 2, T. €.

(%)w — (%)_0. (16.30)

DTo ycJ0BHE MOXHO BBecTH B ypabhenue (16.27), no6aBHB B Hero
ujeH ¢ ueana-cpyHKuueﬁ:

2
022 + wE=—

4m ®

+2( ) Rk (16.31)
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JanucaB B 3TOM yPaBHEHHH BCE YJEHBl B BHAE HHTErpaJioB dypse,
HLOJIYy UHM

—e¢ @ +(3) e@=— T2 @+(F)" (%), (632

YpaBHeHue nepenoca JaeT HaM JAPYryo CBs3b MeXay & u J.
Beeaem ¢ypoe-o6pas
+co

O, (q)=@m)~" | dzfe. (16.33)

-0

Torpa u3 (16.28) ana depmu-rasa npu k7 e, noayduum

(1 — it +igo,7) D, (9) = f" 5o 7€v,8 (9) = b (e — &) tev,& (q)-

(16.34)
Pewenne ans @,(g) umeer BuA

)} (e— aF) ev,t

(Dll(q):mv—z‘;éa (9. {16.35)

[TAOTHOCTb 3NEKTPUUYECKOTO TOKa

j@)= 4n3 J.d kv, [ (16.36)

HMeeT (Pypbe-KOMNOHEHTH, PaBHLIE

emr

(@) =gz 19 =& (9) 4 fdﬂv 1_m+tqzv . (16.37)

OnpenensM KOMIIOHEHTY Oxx(g) TEH30pa NPOBOAMMOCTH COOTHOILUE-
unem J (g) =0xx(q) & (g); Torna

sin? B
— {0t 4 igTv cos B °

(16.38)

+1
02 (9) = S [ dovoe—e) [ d(cos0) -
-1

Tenepn peiexne Bcell 3afayn CBOAUTCA K OLEHKe MHTerpaja 1o
d(cos 8). OGliee pewenude co BcemM jaeTansiMp Gulio gaHo Pefite-
pom u 3oHaxeiimepoM [3]. Uutartenn MoXeT caMoCTOSTENbHO yGe-
OUThCH B TOM, uTo npH g— 0 pesyavtat (16.38) npunnumaer sug

0, (0) > L % (16.39)

m 1—iot 1—iot

I

B IIOJTHOM COIVIaCHH C NOJYYE€HHbIM paHee pe3yJbTaTOM.
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Ounennm  (16.38) B nmnpenexbHOR  aHOManbHOM  o6.acTH
Ag>|1 —iot|. Tlyets

A UpT
r__ —_ F N
A= 1—iot ™ l—iot’ (16.40)
Toraa uurterpada no d(cos0) sanumercs B Buae
1
1 1—x?  2arctgA’q =
T— ot f XTI ™ Ag T Alql? (1641)

rae Mbl npeneGpersiu unenamu Gosee Brlcokoro nopsiaka no (A’g)~.
Hrak, ucnoassys cooTHouleHne 2mep== (3nn)%, moryuum

ne?t 3n 3n

0, (q) =~ m A TgT = % AR T4T (16.42)

3ameTuM, 4TO 3TO — NonepeuyHas nposoguMocTs (X1q) u, caesosa-
TeJIbHO, OHA He HAEHTHYHA NPOAOJbLHOH NPOBOAMMOCTH, CBA33HHOM
C NPOAOALHOA [AUIIEKTDPUYECKOH TPOHHIAEMOCTBIO 3JEKTPOHHOIO
rasa, o KoTopo# usa peus B . 6.

O6benuHaa noJayueHHblt pesyabtat ¢ (16.32) u npeneGperas
yjeHoM nopsiaka (o/c)? COOTBETCTBYIOIUMM TOKY CMelleHHS, [O-
JYYUM

e@) -+ T ow)=(2)"(42),,, 1649

TaK 4TO

+
1 ({dE e—laz
E@=7(%),, [ 40—y (1640

rae 8= c*2n00, Hcnoassys (16.42) u monaras &= g(2A8%/3n)",.
BHIUMCIHM uHTErpas B (16.44) npu 2=0; oH paBeH

~u(B) [ - o

3aech MH Bocmosb3oBanuck ¢opMyaon (856.6) n3 Tabauun [Bait-
Ta [4].

TToBepXHOCTHBIA HMnNenaHc Z, B Npeje/bHOM CJayuae, COOTBET-
CTBYIOIIEM Kpaio 06.1aCTH aHOMaJbHOrO CKHUH-3¢(deKTa, MOXKHO OIn-
pexeauth u3 (16. 11}, (16.44) u (16.45); oH 3anuileTcs B BUAE

Zm=ﬂ(aTE/o?)+o=%( v’““’QA) (1—i3%).  (16.46)

c? cia
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DTOT pesysabTaT COrJiacyercs ¢ pedyabTaToM paGoThl [3], HO B naH-
HOM cJyyae Mbi He JeJand NPeAnoJoxeHds o ToM, uto wi<kl. Ilo-
CKOJBbKY Op~ A, MB BHAHUM, YTO Z, He 3aBHCHT OT CPEJIHEH IJHHBI
cBo6oHoro npoGera. Ecau oTpakeHue OT NOBEPXHOCTH HOCHT AHG-
¢y3HBIi XapakTep, TO B BbipaxeHun (16.46) gnsa Z, MHOXHTENb
8/9 otcyrcrByer. CUHTAlOT, YTO OTpa)eHHe, NMO-BHAHMOMY, BCErja
HOCHT NH(GY3HbIH Xapakrep, 3a MCKIIOYEHHEM HEKOTODHIX Cy4Yades,
KOTIla MMeIOT MecTo ocolble YCJIOBHS Ha TOBEPXHOCTH.

KeanToRas Teopust aHOMAJbHOrO cKHH-3¢(deKkTa B OOLIUHBIX H
caepproaonﬂme MeTalJaX HajoxeHa B pabore Matrtuca u Bap-
JuHa [b].

LIHKNIOTPOHHBIH Pe30HAHC B MeTaajax

Hna HabawopeHus LUUHKJIOTPOHHOTO De30HAHCA B MeTanjax He-
06X011MO, ECTECTBEHHO, 4TOGHI NMOBEPXHOCTHHIA HMIIeJaHC Kak QyHK-
IIHA CTATMYECKOTO MAarHHTHOTO TNOJs OOGHapyXHBaJ pPE30HAHCHBIE
cpoiictea. HauGosee yno6Guast nnas obcyXaeHHs CXe€Ma pacCMOTpe-
Hus storo 3ddekra onucana B paGore A3bens u Kauepa [6]. Cra-
tHyeckoe noJge Hp Jexur B nyockoctd o6pasna; nepeMeHHOe 3JeK-
TPUYECKOE TNOJE TOXE JIEXXHT B 3TOH IJIOCKOCTH W MOXeT GBITb
au6o napaasnensHo nojiwo Ho, 1160 nepnenauxynsapHo x Hemy. Ecnu
BpeMs peJaKcallid ROCTATOYHO BEJHKO, TO MOMHO CYMTATh, 4TO
HOCHTEJH TOKa MepeMellaloTcess M0 CNHpajbHbLIM TPAEKTOPHAM BO-
kpyr Ho, npoxoas npu Kaxpom o60poTe uepes NepeMeHHOE MOJe,
JOK4JIM30BaHHOE B CKHH-CJIoe. Pe30HaHCHOe NOTJIOWEHHE 3IHEPTHH
6yJleT NPOKCXOAMTh B TOM Clydae, €ClTH HOCHTEIb TNPH KaXKIOM MO-
najaiud B CKMH-CIOM OGYZET OKa3blBaTbCi B 3JEKTPHYECKOM [oJe€
B Tok xe ¢ase. Uraxk, npu pesonance

2n 2n
m—c—pT. (1647)
rre p—uneJgoe 4uC/JI0, HJAH
0, —2
[4 p '

rie p — MHIEKC rapMOHWKH. HanoMHuM, 4TO B NOJYNPOBOAHHKAX
U.HKJIOTPOHHHFI pe3OHaHC BO3MOXKEH TOJILKO AJ5 p=1, TaK KakK HpO'
HHKAKI1ee B 06pa3eu nepeMeHHOE noJie MOXHO CUHTATb OJIHO-
PONHbIM.
anBOlIHMbIe HHXXe KauyeCTBeHHbIe COOGpa)KEHHﬂ NO3BOJAKT MNO-
Ka3aTthb, 4YTO B IPHCYTCTBHH MarHuTHOTO 1noJisgs CIpaBEIJuBO COOT-
HoLIeHHe
b1 . 20\
Zm(H)zzm(O)[l—exp(——2——12—-)] :

0T ol

(16.48)
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WubiMu caosamu, Ze(H) —nepuoauueckas QYHKUHA OT @f@..
Yrolol BbiAcuMTh (uaudveckuil cmbicn ¢opmynnl (16.48), paccmor-
pHM BKIaj B TOK H, CN€NOBATENbHO, B NPOBOJXHMOCTb, BHOCHMbIM
OJHHM HOCHTENEM, pajHyC OpOUTHl KOTOPOTO BEJHK 10 CPABHEHHIO
C TOJUMHOH CKHH-C10s. VaMeHeHue ¢aspl mepeMeHHOro mnoss 3a
nepuol 2n/w, paBHO 2mw/w,; €CJAH Mbl XOTHM Y4YecTb CTOJKHOBEHHS,
TO BMECTO ® Haj0 B3ATb o — (i/r). CaenoBaTenbHO, NPH NPOXOKK-
JIEeHHM KAaXAOTO BHTKA CNHpaiM TOK YMHOXaercs Ha (asoBblii MHO-
XHTENb

2n ., 2nw ) . (16.49)

—W —= _—
e __exp( o s
Da3oBblfi MHOMXKHTENb IMOJHOTO TOKAa, OOYCAOBJNEHHBIH IpPOXOXKie-
HHEM BCEX BHTKOB, DAaBEH

1

Ife pe2t . =0—p. (16.50)

Ora BeJHYHHA M BXOAHMT B Bbipa:kKeHHe I8 3QPEeKTHBHOH IPOBOIH-
MOCTH, B YeM JIerko YGejHThCcs M3 YpaBHEeHusl NepeHoca, 3amucai-
HOTO B BHAE, npeanoxensom YamGepcom (cMm. ra. 12). U3 eoipaxe-
uit (16.21) unu (16.46) nerko BuuEeTh, 4TO Zoo~ (1/03pe) ", OTKY-
na cpa3y sbiTekaer (16.48).

Pesyabrar, ouenb 6Gauskuii (16.48), nonyuyaerca Takxe u3 pe-
ILIeHHsI yDABHEHHS TlepeHoca B IpelelIbHOM CJyuyade, COOTBETICTBYIO-
WEM Kpaio o6siacTd aHOMaJbHOr0 CKHH-3¢¢exTa, Npu HaJIuYHU CTa-
THYECKOTO MarHHTHOIO IOJf, NapaJsjelbHOro NoBepXHOCTH ofpasna.
Mbl yBHIMM, 4TO paccMoTpeHue OyJeT HOCKTb TOT XK€ Xapakrep, 4To
H B OTCYTCTBHE MNOJf, HO TeNepb B JEBYW YacTh ypaBHEHHS nepe-
Hoca (16.28) mo6aBurcs uiled w.0f1/0g, rae w.=eH/m.c — nukio-
TPOHHAsS YaCTOTA, a @ — a3MMYTAJbHLIA YyroJ OTHOCHTEJIbHO Hanpas-
nenust Hy, IpHHATOrO 32 NOIAPHYIO OCh.

B cayuae cratuyeckoro MarHuTHoro nons Hy snuHeapusosanHoe
ypaBHeHHe NepeHoca UMeeT cJelYoUHH BHL:

—iofy o, T B o 4 oy, =L (16.51)

m 60 mc

PaccMOTpUM emenManbHbIfl cly4afi OTHOCHTENbHOrO PacioNoXKeHus
noneir HyllE[x. Bsexem B npocTpaHcTBe cKopocTell cdepuuecKylo

NOJIAPHYI0 CHCTEMY KOODIWHAT, Tak uro v=(v, 0, ¢); 31ecb och X
cuuTaercs NMONsAPHON ocbio. Toraa

H 7} of,

Do 3 vx I = o - rotvf, = o, aﬁp (16.52)
¥ ypaBHEHHE NepeHoca NMPHMET BHJI
(1—1m1)f1+msm65m(p LUiY ~ F o 3{; =-ewcos€%f—a°. (16.53)
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Ecau nmpoussectd ¢ypebe-npeobpa3oBanue, 10

(1 —+ ivtg sin 0 sin ({>+m¢1—76%) D, (q)=

=0(e —¢;) etvcos 0L (), (16.54)

rie t=-r/(1 —iet). D10 npocroe suuefinoe AuddeperUabHOE
ypaBHEHHE HMEEeT pelIeHHe

@ (9)=0(e—e¢;)evcos & (g) o' X

w ——
X jd(p,exp{((p’—(p)—ivrqsing(cosq)’—costp)}_ (16.55)

T

B TtoM, uto (16.55) nefictBMTENnbHO SBJSETCA peELIEHHEM, MOXKHO
ybeauTbcs HenocpeiacTBeHHbIM aubdepeHnHpoBanreM. KoMmnoHeHTa
g NJIOTHOCTH TOKA& UMEeT BH/L

J(q) =" f 23 dv cos 0 sin 0 20 do®, (g). (16.56)

T 4ns

Hurerpuposalne 3j1ech He TPUBHAJbHO; 32 BCeMH NOAPOGHOCTAMH
Mbl OTchljaeM wurarens K paGore [7] B npenenbHom cayuae
Urg/w.>> 1, KOTOpBI 3KBUBAJEHTEH YCJOBMIO r >0, Tle r, — UHKJIO-
TPOHHBIH pajHyc, OKa3biBALTCH, UTO

J(q) =238 et ) 4y ( 1'(;;“" n). (16.57)

4 mugpq

Orciona cnenyer, uto J{g) WMCOBLITHIBAET IIEPHOJMYECKIE OCLHJIS-
UHH, eCIH o121 H 0r>> 1. B ToM Xe npeneabHOM clydyae noBepx-
HOCTHBIA HMOEIaHC AJS Kpas oOJACTH aHOMAJbHOTO CKHH-3dbeKTa
(npu 3epKanbHOM OTPaKeHHH) ONMHCLIBAETCS BhIpaXKEHHEM

Z_(H)=Z_(0)th"[x(1 — ieT)/os]. (16.58)

dror pesynbrar GOuin moayuen B paborax [8,9]. IlepmoaunuHocTsb
(16.58) T1a »xe, yTo u y npubanxenHoro Bhbipaxenusa (16.48), no-
CKOJILKY

sh2x —isin2y

ch2x4-cos2y ° (16.59)

thix—iy)=
B coyuae, COOTBETCTBYIOLIEM Kpailo 0GJacTH aHOMAJbHOTO CKHH-
s dexra, peayaprar (16.58) npuMeHHM Kak AJs DPONOJBLHOrO, TaK
H JJig TONepeuHoro pacnoJioxeHuit nosd. [Ipy HanuYUH MATHHTHOTO
NoJA TPAHHYHbIE YCJIOBHSL CTAHOBATCH CJAOXKHEE HCIO/JAL30BAHHEIX B

pa6orax [8, 9] (cM. no sTomy Bompocy craTthio Asbens u Ka-
Hepa [10]).
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SKcnepuMeHTanbHble KpHMBbie [HMKJIOTPOHHOIO pe30HaHca s
Meld M KpHBble, NOCTPOEHHble HA OCHOBE TEODPETHYECKHX DAaCUETOB
NpY NOAXORALIMX B3HAYEHHSIX M, H T, npHBeleHH Ha puc. 16.2,

AR/ dH(Ixenepumenm)

-
3
3
Q
S
N wr=10
X { 1
g 425 q50

H/H,

Puc. 16.2. KpuBne IUKJOTPOHHOTO pe30HAHCa
B MEJH.

STH KpHBHE NO3BOJAIOT COMOCTABUTL PE3YAbTATH PACHETOB

34aBHCHMOCTH [IPOH3BOXHON IIGBEPXHOCTHOTO COIPOTHBAEHHS

OT MArHATHOrO NOJARK C O9KCNEPHMEBTaJAbHHMH AdHHBIMH,
noayueHNbiMH HA uacTore 24 « 109 24.

3HaueHue Macchl M, BbpaXeHO yepe3d IJIOWAAL NOBepxHocTH Pep-
MH S COracHO COOTHOLIEHHIO

1 dS
(ecm. (11.54)). CranuoHapHble 3HaueHHsl npou3BoAHON dS/de, co-
OTBETCTBYIOUHE Ry, ONpPEENsIOT ceueHus noBepxHocTH PepMu, Ko-
TOpble [aI0T BKJAJ B LEHTPalbHYI0 W NepH(epuiHblE YaCTH LHKJIO-
TPOHHHIX JHHHUH.

B sKcnepuMeHT2X NO UMKJOTPDOHHOMY pe30HAHCY B MeTajdnax
Mbl Ha6aiomaeM pe3oHaHc, 0OYCHOBJEHHBIH JMUIIb HEKOTOPbIMH H3-
GpaHHbIMH 3JIEKTPOHaMH, OpOGHTHl KOTODHIX NPOXOAAT Yepes CKHH-
cjoil. BKyiag 3THX 3JEKTPOHOB B BEJHUMHY HX 3¢ (EKTHBHOH Macchl,
06YCJIOBNEHHbIH 3JIEKTPOH-3/JIEKTPOHHBIM B3aHMOJEACTBHEM, He 06-
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3aTeJbHO TaKOH ke, Kak u npu sdoekre e ['aaza — Ban Anbdena,
KOrja BKJAaj Ka)JOro 3/eKTpoHa oluHakoB. He cnenyer oxuzaars,
YTO 3KCIEPUMEHTHl 10 IHKJIOTPOHHOMY pe30HaHCy JalyT Te Ke
3HavyeHHs1 3Q(EKTHBHLIX Macc, KOTOpble TOJy4YaloTcsl U3 H3MepeHuH
satdekra ne ['aaza — Bar Anndena, paxe ecnu nosepxHocth Pep-
MH TAaKoBa, 4TO npoussoiuyio dS/de B ¢opmyne (16.60) moxHo
0/AHO3HAYHO CONOCTABHTb C BEJHYUHOH S, BXOAAUEH B BBHIpaXKEHHE
L1sa 3bdexra ne [aaza — Ban Anbdena.

DddexTHBHasT Macca MOXET HU3MEHATHCA TaKXKe 3a CUeT 3JeK-
TPOH-(POHOHHOrO B3aHMOJEHCTBHS, KakK 3T0 OblJI0 NpH paccMoTpe-
HHH [10JPOHE, HO Mbl TIoJIdaTaeM, YTO NPH UHUKJIOTPOHHOM pe3OHaHce
nausblii 3¢dexkt 6yder cKa3blBaThCA TaK XKe, KAK H B JPYTHX 3KC-
IiepuMeHTax, I'ie Hrpaer posb 3¢ GeKTHBHAsA Macca Ha MOBEPXHOCTH
®epmu. OnHAKO U3 ONTHYECKUX IKCIEPHMEHTOB MOXXHO YCTAHOBHUTb,
4yto 3¢ddexTuBHAA Macca 3JIEKTPOHA HE CBA3aHa C ¢GOHOHAMH; B
ONTHYECKHX TEepPexojaX MOTYT NPHHUMAThb y4acTHe W Te 3JIEKTPOHHI,
KOTOpBlE He JIeXXaT Ha noBepXHocTH PepMu.

Teopuss UMKJIOTPOHHOTO pe30HaHca B MeTaalax Jajas cayuas
MAarHUTHOTO TOJA, TepNeHJUKYASPHOTO K MOBEpXHOCTH 06pasiua,
paccMoTpena B paGore [11); npu Takoh reoMerpu# B ycJOBHS pe3o-
HaHca BXOJHT JONIJIEPOBCKOE CMEILEeHHE.

JuanekTpuueckas aHoOMaJus

PaccmoTpuM Tenepb JH3JEKTPHYECKHE CBOACTBA CBOGOXHOTO
3JEKTPOHHOIO Ta3a C N HOCHTEJNAMH Ha eluHuly obbema; sddex-
TMBHas Macca HOCHTe]sl paBHa m™*, a ero 3apsaj paseH e. B mpen-
NoJ0XKEHHH ©T>> | ypaBHEHHE JBUXKEHHUS HMEET BUJ

m*i=eE, —ow?m*x=eE. (16.61)

CaenoBaTesibHO, BKJA1 cBOGOAHBIX HOCHTENEH B BEJIMUUHY JH3JEK-
TpHHECKOl:I NOJIApU3AaHHU COCTABJSAET

ne?
P=nex=— ——FE. (16.62)
Orco12 A8 AUSJIEKTPHYECKOH NPOHHIIAEMOCTH HMEEM

4nne?

E=1—W+4ﬂxa, (16.63)

I'le X. — AM3JAeKTPHUecKass BOCTIPHMHMUYHBOCTb €lHHHUIBLl o6beMa ca-
MOTO BellecTBa (HE3a8BHCHMMO OT NPHCYTCTBHH JADPYTHX BELUECTB).
Bksa1 HocuTesnell B BETHUHHY € MOMHO CUMTATb PABHBIM —m:/mz,
rjie wp — NJa3MeHHaa yacToTa.

Jlanee, nIpH HH3KHX YacToOTax, Benﬂqﬂﬂa_mi/mz npuobperer

JJs € JOMIHHpYiOllee 3HaYeHHe M CAeN3eT ee OTPUIATENbHOR.
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JlucnepcHOHHEIM 3aKOH I 3JIeKTPOMArHUTHBIX BOJH (npu p=1)
HMeeT BH]
9 _ C2R2

0 = . (16.64)

€

Ecan e =~ —0?/0?, TO — 0? =c?k?, uau
P p

Op

h=i-L. (16.65)

CrenosaTenbHo, 3JMEKTPOMArHHTHLIE BOJIHBI B METAJJIax 3aTyXaioT
Ha pAacCTOsSIHHH TopsAaKa jAe6aeBCcKOM AMMHBL, T. €. JJAHHB TOpAAKa
106 cM, HE3aBHCHMO OT 4YaCTOThl, ECJM BHINOJHSIOTCH YCJOBHSA
ot>>1 ¥ 0p>o. IIpu NosyyeHUH 3TOr0 pe3yJbTaTa aHOMAaJbHBIM
cKuH-3¢¢exToM Mbl npexebperanu.

Jns 3naveHudl w, GoJblikx JM000r0 KODHSA ®p YPaBHEHHS

€ (wo) =0, (16.66)

JH3EKTPHYeCKasl TPOHHIAEMOCTb CTAHOBHTCA IOJIOXKHTELHOH, BOJ-
HOBOJ BEKTOP — BELECTBEHHbIM H 3JEKTPOMAarHMTHbLIE BOJHBI MOTYT
pacnpocTpausaThes B cpeje. ITa TeopHs OGBLACHRAET fABJEHHE MNpPO-
XOXJEHHS Yepe3 ILUEeJOYHble METasJbl JE€KTPOMarHHTHLIX BOJH B
ynbrpacdHoseToBol obsacty cnektpa. ViaMeHenHe oOTpaXKareabHON
cnocoGHOCTH KPHCTAJIJIOB, KOrja 4acToTa w Najaiollero U3JTydeHHs
MPOXOAMT 3HAueHHE g, Ha3bIBAETCS OUIAEKTPUHECKOL aHomaauell.
Ecay xoHneHTpauHus #n HocuTelel H3BECTHA, TO 3KCHEPUMEHTaJbHOe
onpeseseHde 3HaYeHUS ©p AT HAM BenmuuHy m*. Dd¢dekTuBHOCTD
TAKOTO ONpejesieHHsl 3aBUCHT, €CTCCTBEHHO, OT TOrO, HACKOJIbKO NpPO-
CTa CTPYKTYpa KpaeB 3HEPTeTHYECKHX 30H.

Brinie Bce Bpems npedmnonarasocb, YTO Mbl HaxoAHMcs BHe 006-
JacTH aHoMaJjabHOro ckui-a¢dexra. BronHe BO3MOXKHO, YTO B BH-
auMoM obBnactu cnektpa ot1>1, Ho A He Gonbuie 8. Yacroruas
obaacTb, COOTBETCTBYWINAs BHANMOA 0f6/acTu CHeKTpa, paccMoT-
peHa B ynomsHyTo# Bbine pabore [3], a Takxe B paGote [12].

[punsaB BbluHCAeHHble bpykcoMm sHauenus 3¢ hexKTHBHOA Macchl
37IeKTPOHA B IUEJI0YHbIX MeTaj/ax, HaijeMm [IJuHbl BOJH, COOTBET-
CTBYIOIIHE TpaHUIE NPO3pauHOCTH. DTH Hak/JeHHble pacyeToM 3Ha-
yeHus BMecTe ¢ HabawlaeMbIMH Ha OTbITE IPUBEEHb HUXKE.

Metaan 14 Na K Rb

!mq. 1840 | 2070 | 2720 | 3000

a A
| na6a. | 1550 | 2100 | 3150 | 3400
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[Ipu pacuerax He OblM cjesaHbl NMONPaBKM Ha NOJAPH3ALHMIO
HOHHBIX OCTOBOB, XOTsl 3TOT 3(h¢eKT CYL(eCTBEH ¥ ero MOXKHO Ha-
6monaTs B onbite. M3 Bhipaxenns (16.49) BuaHo, uto mnpejges npo-
3payHoCTH HPH Y, +0 MOXHO onpenenaTs no gopmyse

(1)2

2 P
CornacHo JaHHLIM 3KCIEPHMEHTOB [0 OTPAXKEHHIO BeJHYHHA
(1+4ny.)"> nns Merannuyeckoro cepe6pa paBHa npuMepHo 2. Jto
corJjiacyeTcst ¢ OLEHKAMH BEJHYHHBL X4, [OJYYEHHbIMH H3 CpaBHEHHS
3HaueHuN noxasaresiell NpeJOMJEHUA TaJOreHH0B cepebpa U rajo-
FeHHJ0B UIeJOYHbIX MEeTaJlI0B.

PacnpocTpaHenue 3JEKTPOMATrHHTHBIX BOJH B MarsHTHOH naasme

Bayspc u nap. [13] naGmionanu yauButensHble 3¢QeKTh!, CBA-
3aHHble C pacnpoCTPpaHEHHEM 3JEKTPOMATHHTHHIX BOJH B HaTpHH
BblCOKO# wuucToTHl TpH 4° K, nmoMelleHHOM B CTATHYECKOE MarHMTHOE
none nopaaka l0* 3. BbiMo ycTaHOB/AEHO, YTO B MeTanje MOTYT
paclnpocTpaHaThcs 3JEKTPOMATHHTHBIE BOJHBL ¢ 4aCTOTON NOpAKa
10 ey u ¢ nnuHOl BOAHM nopsaaka | cm. Mnaue rosops, ¢pasosas
CKOPOCTb 3THX BOJIH COCTaBjsila Bcero Jumb ~ 10 cm/cex, uto
COOTBETCTBYET NMOKa3aTenio npesnoMmnednss ~3- 10° u auanekrpnue-
CKO# npoHHuaemocTd nopfaka 10'%. DnekrpoMarHuTHeie KoneGaHKs
NpH 3THX YCJOBHAX HA3BIBAWT cnupassveimu (helicon). Mx cyue-
CTBOBaHHE GbIJIO Tpeackazano DrpeHom.

PaccMoTpuM ypaBHEHHe JBHKEHHs CBOGOJHOIO 3JEKTPOHA C Mac-
coft m* 4 cTaTHYeCKOM MAarHMTHOM none H, Hanpas/jeHHOM BIOJb
OCH 2 NpH HAJUYHH TIEPEMEHHOTO 3JEeKTPHYECKOro MoJs C KOMIOHEeH-
tamu Ey, Ey; OHO HMeeT BUL

m'x = eE,+<yH, m'yj=eE, —=xH (16.68)

HJH, BROIS ,= eH/m’c,

—x = E,— w0y, —oy=—5E,+ ioo.x. (16.69)

B ycaoBHAX ONHCAHHOIO BbINE 3KCNepHMeHTa o<, M[N0ITOMY,
NOMHS, 4TO mf,=4nne2/m*, NOJIYYUM JUJIS TEH30pa AUIJEeKTPHUYECKOH
BOCHPHHUMUYHBOCTH
—in?
0 io? foo, 0

ol

4oy ==| iw?foo, 0 0 |~
0 0 — (of) /(o2

, (16.70)
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MOCKOMBKY m}";/mmc>>1. s pacnpocTpaHsiolleiics BAOAL OCH 2
3JIEKTPOMAarHWTHOH BOJIHE C BOJIHOBbIM BEKTOPOM £ ypaBHenua Max-
CBe/lJ1a NIPUMYT BHJI

kH, = %(GxxEx_*“ExyEy)v kH, = —'i:‘ (eyxEx+eyEy),
(16.71)

kE,=—2H,, kE.==H,

Torpa, cocraBue ypaBreuue nas E,+IE, u mnpenebperas e,
H €y, 0AyYHM

. o0’ R He
k =W HJIH m=m. (16.72)

OTH pe3yabTaThl OKa3aNuch He 3aBHCAMIHMU OT MaccH yactuu. [lo-
3TOMY T4KOro POLAa 3KCIEpHMEHThl NO3BOJAKT onpelensitk 3ddex-
THBHBIH 3apAj HOCHTEJell B MeTajse, XOTH TEOPETHYECKH, KasaJjoch
6bl, TBEPIO YCTAHOBJIEHO, YTO 3JEKTPOH-3/JIEKTPOHHOE B3aHMOJEH-
CTBHE HE MOMKET NPHBECTH K KaKOMY-THGO OTIHYHIO 3((EeKTHBHOro
3apsafa HocuTesed oT BeauuuHol e. Ecnn moxcraButh B dopmyny
(16.72) 3nauenus k=10 cm~!, H=10* 3, n=10% cm~3, To nonyyum
0 ~60 cex L,

Hnsa sHepreTHueckof NOBEPXHOCTH B OGIIEM clyyae MOXKHO pac-
CMOTpeTb 3TY 3anauy Jas o> 1 npu otk ], IMunnapa nan obuwui
BHJl TIpe/lebHOH (OPMBEI TEH30PA CTATHYECKOA NPOBOAUMOCTH B
marnuTHOM moje. Ecau none Hl|lz 1 nesamkuyrtble (OTKpBHITHE) Op-
6UTBI OTCYTCTBYIOT, TO

AH™? GH™' CH™!
o=|—GH' DH? EH'|{, (16.73)
—CH™' —EH™? F

rne A, C, D, E, F, G — sequuunsl, He 3apHcsamwue or H. B obuem
clyuae, cuuTas, KakK ¥ Bhle, 0 Kn.Lwp, HMeEM

" AL (16.74)

Torxa npubauKeHHoe cekyaspHoe ypasueHHe (npu G=0) npumer
BUJI

’E — i4nGoH ™
i4nGoH™" K =0 (16.79)
Ero pewmenune .
o=+ K<L (16.76)

4G
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uMeer Ty Xe dopMmy, uto u (16.72). [lonuepxHeM, YTO B ypaBHEHHH
(16.75) comepxarcs Bce raabBaHOMAarHuTHble 3(GeKTH.

Ecniu ans npou3BOJNBHOIO HANpaBJAEHHA B KpHCTalnle cylle-
CTBYIOT OTKpbITble OpOMTHI, TO TeH30p craThueckKod (wt<l) mnpo-
BOJAMMOCTH B MarHHTHOM TNOJe AJf IJOCKOCTH XYy HMEET BHJI

- A, GH™'
o= - , (16.77)
—GH A,
rae Ay, As He 3aBucar ot H. Ecin cA> o 4 cAs> o, 1O
e M (16.78)

CexyaspHoe ypaBHeHue o6uero Buja, shitekaiomee u3 (16.71), 3a-
TMILeTCs caenyomuM obpasoMm:

c2k?
ol T Exx €xy
e =0. (16.79)
— Exy o Cuy
Ecau Ay=A.=A, To npy ot | nonyunm
k2c2H

Benuuuna A npencraaser coGof 4acTb CTATHYECKOR NPOBOMXMMOCTH
(B HyJeBOM MAarHuTHOM IIOJIe), KoTopas oOycJ/JOBJeH2a He3aMKHY-
ThIMM OpOHTaMH, a BenuuuHa GfH — HekoTOpoe cpelHee OT dp/w,T-
Taxum 06pa3oM, B MAargMTHLIX NOJAX, LOCTATOYHO CHJBLHBIX, YTOGHI
BLINOJIHAJIOCh YCJIOBHE T3 1/n, I'Ze 1 — H0AA OTKPLITHIX OpOHT,
HH3KOYaCTOTHBIA pe3oHaHc Hepo3dMoxeH. Ecau moste H we crosb Be-
JHKO, TO pe3oHaHc Gyner npocto ocnabien H3-3a NPOBOJHMOCTH,
CBSI3aHHOM C OTKDPHITHIMH Op6UTaMH.

CnuHOBLIA pe3oHanc npH oObLIYHOM CKHH-3(pdeKTe

B BblpakeHue 1A NOBEPXHOCTHOTO HMIERaHca NpPH OObIYHOM
CcKHH-3(p(ekTe BXOAMT MarduTHas NPOHHIAEMOCTb; coraacHo (16.12)

Z=(1_i)(Qj,‘;")"‘~(1—i)u”-. (16.81)
Haunee,
p=144n(t + ixa), (16.82)

rae x1=Re{x}, x2=Im{x}.
Ecnu, kak u npu sigepHom pe3oHance, |x| <1, to u% MoxHo
Pa3JI0XKUThL B PAJ, U Mbl TIOJTYYHM

Z ~(1 — i) (1 + 2my, 4 2niyy), (16.83)

24 4. Kuarrean
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OTKYJa
Re [Z} ~ 1+ 21011+ x2)- (16.84)

W3 srtoro pesynbrara ciaeiyer, 4TO MCTHHHOE TNOIVIOUIEHHE MOLU-
HOCTH NPl YacToTax, 6JM3KMX K 4acTOTaM SjepHOTO pe30HaHCa B
MeTannudeckom o6pasle, TOMILMHA KOTOPOr0 J0CTATOYHO BEMHKA
N0 CPaBHEHHIO CO CKHH-CJIOEM, ONPEIENAeTC BEJIHUYHHON Y1-+Ya, 2
HE TOJIbKO OJHOM KOMIOHEHTOH ¥z, OOBIUHO XapakTepH3ylolle#d no-
rnoueHne. CamMa TOJILMHA CKHH-CJ0S NDH Tepexoje yepe3 pes3o-
HAHC H3MEHseTCs, W II03TOMY TNIOIVIOUIEHHE OnpejenseTcss Kak Be-
JIHUHHOM 7y, TAK H BEJHUHHOHN Ya.

[1pu deppoMarsuTHOM pe30HaHCE B ITHX YCJOBHAX HEMb3f CUH-
TaTh |y| MaJoi BeNHUYHHOIH. BBeneM BeleCTBEHHbLIE BEJHUHHBl g
M |z, ONIPEJeSHB HX COOTHOLIEHHEM

Z ~ (1 — i) = plf — i, (16.85)

Eciu
==ty - Ifhy, (16.86)
TO
o=+ 1) 1y =(2+u)" —n. (1687

H3 uamepenuil noreps onpepensiercs [ig; ¥3 W3MePeHHH# HHAYKTHB-
HOI'0 CONPOTHB/IEHHA BTOpasi KOMAOOHEHTA — f.

Haticonoackan opma aunuu. VntepecHnlit pedynabraTt ObLI NO-
JYUeH NMPH H3YUEHHH 3JIEKTPOHHOrO CIHHOBOrO pe3cHaHca B mapd-
MAarHuTHBIX MeTajnax, korja Aud@yaus CIHHOB BHYTpPb CKHH-CJOS
¥ H3 Hero 6blja TAKOBA, YTO 338 BPEMS CIIHHOBOM peJaKCauHH IIPo-
MCXOJHJ/I0 MHOXKECTBO 2KTOB TaKOro Iiepexona. DTa CHTyauus, BO-
oflue roBOpA, HE aHAJOTHYHA aHOMAJbHOMY CKHH-3¢QQeKTy, TaK Kax
BpPEMsI peNlaKCalliy 3/JeKTPOHOB B ILENOYHLIX MeTa/lnax NpH TpaHC-
JANUOHHOM JBMIJKEHHH, T. €. /5 Ipoliecca MPOBOJAMMOCTI, TOpPasno
MeHblle, YeM BPeMs 3JIEKTPOHHOIl CNMHOBOH peaakcauHd. Mot By-
JleM npejanosiararb, 4TO JJf 3JEKTPHYECKOH NMPOBOJAMMOCTH COB.1i0-
Ja10TCs YCJIOBHUsl, XapaKTepHble 145 O06bIUHOrO CKHH-3(h@eKTa.

YpapHeHHe Baoxa ass nonepeynblXx KOMOOHEHT BEKTOpAa Hamar-
HHYEHHOCTH C yyeToM JAHGQY3HH H ¢ eAMHCTBEHHBIM BDPEMEHEM pe-
JIAKCAllHU HMECT BHI

I8 —yM X H— -+ DV?M. (16.88)

Bysem pewmaTtb 3TO YpaBHeHi€ COBMECTHO C ypaBHEHHEM LJIs Bi-
XpeBoro Toka

4n0
C2

V2H = (H - 4aM). (16.89)
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DTH nBa ypaBHeHHs] NPHBOAAT K (2X2)-ceKyNApHOMY YypaBHEHHIO,
cocTaBiasieMOMy U3 Koadouuuertos npu M*=M,+iM,; npn stom
BBOAATCA Takxe KomnoHentol [ suna H+=H_*+iH, KopHu ceky-
JIIPHOTO YpaBHEHHs] AadyT AHCNEPCHOHHbIA 3aKoH k(w); nomydurcs
ABA pa3jIMuHBbIX KOpHA. DTH ABa pelleHHs NpPU JaHHOM @ CJAelyeT
06beMHUTb, YTOOB! YJOBJETBOPHTb «IOBEPXHOCTHBIM» IpaHHYHBIM
ycaoBusM anas «auddy3nus HaMarHWueHHocTH. Ecad MBI mpeano-
JIOXHM, YTO Ha CaMOHi NOBEDXHOCTH CIIMHOBAs pejakcauus He npo-
HCXOJHT, TO Ha NOBEPXHOCTH AOJKHO BLIMOJHATHCH YCJAOBHE

k-grad M=0,

rae k — Hopmanb K nell. [1pu 3TUX yclI0BHSIX )opMa JHHHHM MarHuT-
HOTO NOTJIOU[EHUS] HMEET CXOACTBO ¢ GOpMON JHCIEPCHOHHOM KpH-
BoH. D10 peuleHue 6buio noxgpobHo paccmorpeno Jlaliconom [14]

3AXAUYH

16.1. [lycte Bekropn Hg n k napanjenbHbl ocn z ¥ MMEIOTCH «He3aTyxalo-
Lide» NEepPHOAHYECKHe OTKPbITbie OpOHTHI, napa/iensHble ock k.. IloxasaTs, uTo
ANCLEPCHOHRBIl 32KOH [Js 3JEeKTPOMAarHUTHBIX BOJH B MeTalJe HMeeT BHA

keo 0
~ —2— '
@p

rae w*?=4nn,rxpe?/m — sdexTHBHAA NIA3MEHHAas YacTOTa A8 OTKPLITHIX OpOHT.

16.2. Paccmorpum maedxky ToawmuHo# D, Iloxkasarts, uro ycnosuwe D>c/oy (B
Gosbiweli Mepe, yeM ycaoBHe D>8p) MOXKeET CAYXKHTb KpUTepueMm CNOCOGHOCTH
NJeHKH OTpaxaTe GOJbIIYI0 YacTh HOPMaAbHO NAfAIOUIEr0 HA Hee H3JYYeHHS.
Ipeanonaraercs, uto ¢/0p € 8. DTa 3amaya MOXeT CAYXKHTb XOPOIIMM YMpax-
HeHHeM B NPUMeHeHHM ypaBHeHWH Makcsenna, XOTs NpoOlle ee PelIMThL HelloCpexd-
CTBEHHO M3 (H3HYECKHX cooOpaeHuftl. DTOT pe3yJbTaT O3HAYAET, HYTO BOMPOC
06 oOTpaxaTeJbHOH cnOCcOGHOCTH O4eHb TOHKHX NJIEHOK CBS3aH TNpeXje BCero
C BeJHYHHOM HMIejaHca, a He C BeJUYHHOH MOUIHOCTH, TmONIomwaemMod
TIJIEHKO. )

16.3. Meronamu, pa3BHTEIMH B I.1. 6, NMOKa3aTb, WTO B NpPEAENbHOM Caydae
ot P | u (kg/m) > w nonepewnas JLM37EKTpHYECKast TMPOHHUAEMOCTb 3MeKTPOH-
HOro rasa npH aGCOMIOTHOM HYJIE HMEET BHJ

47 4ni 3nne?

e(0 D ="3"% ¥ 3" Tmueg’

uto cornacyercs ¢ Gopmynon (16.42).
Ykasanue. BHUHCAHTE € TOYHOCTBIO 0 4aeHos O(A) senmuuuy
= -igxy, __ € e
(Jo),=Spe U= 2k1<kléo|k+q) e Ao
K

24+
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rle $AyKTyauus NAOTHOCTH 8, o6YyCIOBACHH BO3MYINEHMEM BHAA

H =—-2_2

e AP A= Aqeiq'ze’i“”—}- KOMILA. COTIp.

OtmeruM, uTO BeaHuiHa U BelleCTBeHHa AdXe MpPH NONHOM OTCYTCTBHH CTOJK-
HOBEHHHA (T > CO).

Jlureparypa

.Pippard A. B, Trans. Roy. Soc. A250, 325 (1957).

. C6. «Low temperature physics», ed. by C. de Witt, a. 0., N. Y., 1962,

. Reuter G. E. H, Sondheimer E. H, Proc. Roy. Soc. A185 336
1948).

I(Isa}"{"r I'. B, TaGauunl nHTErpasos #u Apyrue MmaTemaThHyeckne HOPMYJIH,

«Haykas, 1966

. Mattis D. C, Bardeen J, Phys. Rev. 111, 412 (1958).

. As6enn M. U, Karep 3. A, X3TOD 30, 811 (1956).

. Rodriguez S., Phys. Rev. 112, 80 (1958).

.Mattis D. C., Dresselhaus G. Phys. Rev. 111, 403 (1958).

. Rodriguez S, Phys. Rev. 112, 1016 (1958).

10. As6eapb M. U, Kanep 3. A, XKXITD 39, 80 (1960).

11. Miller P.B,Haering R. R, Phys. Rev. 128, 126 (1962).

12. Holstein T, Phys. Rev. 88, 1427 (1952).

13. Bowers R, Legendy C., Rose F, Phys. Rev. Letts 7, 339 (1961),

14. Dyson F. J, Phys. Rev. 98, 349 (1955).

wo~NmeT D LN



TITJABA 17

Al(ycmqecxoe 3aTyXdaHHe B MeTaajJax

Mayuenne 3aryxanus (DOIVIOLIEHHSI) YJIBTPa3BYKOBHIX (hOHOHOB-
B METaJ/JaX B CTATHUECKHX MAarHUTHBIX TIOJASX $IBARETCH MOLUHLIM
CpPeACTBOM noJyyeHus HHPOpMaUHM O noBepXHOCTH DepMu ITHX
MeTaanoB. B paBHOR xe Mepe cnpaBelJIMBO M TO, YTO TEOpETHYe-
cKas GOpMy.,iHPOBKA oblUel 3ajnauu O 3aTyXaHWM B MeTajjax Tpe-
6yer HCKJIOYMTE/NbHOH TLIATEJLHOCTH H Ha 3TOM NYTH BO3MOXHb
KOBapHble JOBYIIKH. BaxkHoe 3KcnmepuMeHTalbHOE NPEHMYIIECTBO-
YJIbTPa3BYKOBOTO METOJ@ HCC/AeNOBaHusl NoBepXHocTH PepMu co-
CTOMT B TOM, YTO NpPH AAHHOM 3HAYEHHUH HANPSXKEHHOCTH MArHHUT-
HOro noJs uyacrora, TpebyeMas Ans pe3oHaHca, 3HAYUTE/NbHO MEHb-
LIe YacTOThl LHKJIOTPOHHOIO DE30HaHCa, XOTS K CJeLYIOUIUM rapMo-
HHKaM NOCJEeNHEr0 3TO OTHOCHTCSI B 3HAUMTEJbHO MEHbIUEH CTENeHH.
Mbut e 6yznem ocobeHHO yraybasaTbes B aHalu3 3KCIEePUMEHTANbHBIX
nannblx. Xopoulelf uaniocTpannell HCMOAb30BAHUSA YJALTPa3BYKOBLIX.
H3MepeHHi A8 onpelesieHHs pa3MepoB noBepxHocTH Pepmu Moxer
ca1yxHuTb crathd Bboma u HMcrepaunra [1] (cMm. Takxe paborbl, uurty-
pPOBaHHEIE B HX CTATbe).

Ipopoasubie oo B raze cBoOoAHBIX 3neKTponoB. Paccmor-
pHM CHayana 3aTyXaHHe TpPOAOJbHBIX (HOHOHOB B rase CBOGOXHBIX
3/EKTPOHOB B OTCYTCTBHE CTATHYECKOTO MarHMTHoro mnoJas. [lpu
oGblyHOM cnocofe pacuera BEpPOSITHOCTEH [epexoia MOJYaJHBO
mpeanojaraercsa, 4To CpelHfis JJHHA cBoboxHOro npobera 3Jiek-
TpoHa A BO Bcex c/Aydasx BEJHMKA [0 CPABHEHHIO C JUIMHOM BOJIHBI
doHoHa A. B npoTHBHOM cJayuae 3JEKTPOHHBIE COCTOSIHMS YyXKe:
He1b38 TPAKTOBAThb KaK [MJOCKHE BOJHB MAH ONMCHIBATHL WX OJIO-
XOBCKHMH yHKuMAMH. B ron. 7, rae paccMaTpuBasoch 3JIEKTPOH-
thoHOHHOE B3anMOAeHCTBHE, OBLTO YCTAHOBJEHO, 4TO

& (ke, X) = e (k) — = & () A (X), (17.1)

rie A — ynanHenue, a g9 (kr) — 3Heprua @epmu er. Coraacho (7.14)
yfeH TaMHJIbTOHHAHA, ONUCHIBAIOUIMH BO3MYILUEHHE, HMEET BHA

) » 1\
H = —3ig kz (~2‘ pmq) 191 (246 1qfx — 3 60gS)  (17:2)
q
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rape p— IJIOTHOCTL KpHCTaJJa. BGPOHTHOCTb TOro, 4Tro B €IMHHLY
BpemMeny (OHOH B COCTOSHHH q OYAET MOTJIOLLEH NMPH PACCEesHWH Ha
3JIeKTpOHE, KOTOPbIff DY 3TOM nepedjer 43 cocrosHusi k B cocrog-
uiie k4q, pasHa

W, =20kt g — 1IH K 1) P8 (8 + 0, — &, o). (17.3)

Tlocne ycpensenns no ancam06m10 BCeX 3/EKTPOHOB B TENJIOBOM
PaBHOBECHH NOJYUHM

o= oL o ()1 — fo (k- Q)] B & 4@, — 8, ), (17:4)

tne fo— dyuxuua pacnpenenenns Pepmu, ¢; — CKOPOCTH 3BYKA.
ARanoryyno ANs BEPOATHOCTH HCIYCKaHHs (POHOHA MOXKEM HANUCATh

w

dnelg

oy = g (g DI [1 — o (k= D]3 (5 — 0y — ). (17.5
Hcnoawsys (17.4) u (17.5), nonyuum ypasBHeHue

d(n, —n, 1 —

_(—th_ql= _Tq(”'q — ), (17.6)

THae BpeMs penakcauuu c¢ouonos Tq, cornacuo (17.4) u (17.5),
onpeje/sieTcsl BEIpaXKeHHEM

ﬂﬁ? .
TLQ ~ EZPTF" DIACICRA (k)]o(kT“ —a)i  (7.7)

37lech TpeANoJaraercd, 4To AJs CNHHA JONYCKAalTCs JBE OpHEH-
tanuu. Ysenom nopsaka ¢° B gensra-QyHKIMH MBI npeHeGperu,
nockonbky (g/m) <€ c;,. Cymmy mo k MOXHO nepenicatb B HHTe-
rpansto# gopme

¥ =@ f dk2nk? f duf, oo 25t 6("_:1&- w,) =

k

8m2

= — (2n)"% me, f dhkfd(e —er)=— mes . (17.8)

‘Takum o6pa3oM, Aas KO3GHhHUUHEHTA oy, X2PAKTEPH3YIOLIEro 3aTy-
XaHue, HMEEM

1 2 (-:?;m2
—_—— e A . 9
Oq T.c, on ool Wq Ag>1) (17.9)

310 — oGHYHBIA NPABHJbHbLIA pe3yabTaT IAs paccMaTpHBaeModh
MoJeaH. 3neck A — cpegussa AnuHa cso6oJHoro npofera 3JeKTpoO-
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HOB TTPOBOJMMOCTH C Y4YETOM BCEX IIPOLECCOB, HMEIOUIHX OTHOLICHHE
K pacCMaTPUBaEMOMY SIBJEHHIO.

DJIeXTPOHB], OTBETCTBEHHblEe 3@ NpPOIECCH MNOTJIOUIEHHS 3HEPTHH,
nepegapaeMoit (QOHOHaMHM, 3TO TIJIaBHbIM 006pa30M Te 3JEKTPOHHI,
KOMIIOHEHTa@ CKOPOCTH KOTOPbIX BJAOJb HanpaBlJeHHs pacnpocrpa-
HeHHs (OHOHOB paBHA CKOPOCTH (POHOHOB. 32KOH COXpaHEHHS 3Hep-
THH B 3TOM Cly4Yae HMEeT BH]

k2

2m

k )?
+mq=_(%g._

OTKYAa4, anHeépera;{, Kaxk OébquO, YJIEHOM C q2’ TNOJYUHM
. {
Wg = Csq =~ —’n—k °q "——'qu,

Ile Ugq— KOMIOHEHTa CKODOCTH 3JIEKTPOHA B HAaINPaBJEHHH (.

B npyrom npezesbHOM cJayuae, KOrja IJIHHa cBOOOJHOTO MNPO-
6era mana, 1. e. Xorla Ag=2nA/A< 1, 3anaua cBORUTCS K pacyery
3aTyxaHus (OHOHOB, 0O6YCI0BJIEHHOTO BSI3KOCTBIO 3.J€KTPOHHOrO
ra3a, M3 akyctuku u3BecTHO (cM., Hanpumep, [2]), uto kosdodu-
I(HEHT NOIVIOLIEHHs 3HEPTMH B raie B 3TOM NpPELeJbHOM Clyuae

4 m
oy = o «?, (17.10).

rae kosdduuienT BA3SKOCTH rasza @epmu m Bhlpaxaercs ¢opmy-
ao# [3]

n=2 1 ne, (17.11y

3jech Npellonaraercss MOCTOSHCTBO BPEMEHM 3JIEKTPOHHON pEeJak-
cannu. Mrak, uMeeM
8 nepT,

__ 2 :
T o o} (Ag < 1). (17.12)

DToT pe3ynbTaT paBeH N0 NOPSJIKY BEJHUYHHH npou3BenexHw (17.9)
Ha Ag. HanoMuum, 4Tr0 B TOM Xe MozenH 3JEKTPONPOBOAHOCTH
paBHa
ne’t,
00 — T ) (17- 13)
H TO3TOMY Gq~ Co. I1pONOpUHOHANBHOCTL (g ~ Op MOATBEPXAETCH
IKCIIEPHMEHTANBHO.

IIpodoashsie horonbl, TpakTo8Ka, OCHOBAHHAA Ha YpaBHeHul
neperoca. Ypasnenrne BoabliMana no3BosisieT C €AHHOM TOYKH 3pe-
HUS PacCMOTPeTb MOCTABJEHHYIO Bhlle 3ajJauy JJIs NMPOH3BOJbLHEIX
snayenui Ag. B orcyrcTBHe MAarHHTHEIX TOJEfl B NPUGAMIKEHIH,
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B KOTOpOM lIOﬂyCKaETCH CYU.LECTBOBaHHe TOJBKO OJHOTO BpeMeHH
penakcaluy, ypaBHeHHe nepex{oca HMEET BHI

0 ¢eE ¢ —T

LRV AR A e (17.14)

T

INpennonoxum, yTo paccesHHe 3JeKTPOHOB NDOUCXOJUT HA UPHU-
MecsiX; TOTJla Npe/ICTaB/sAeTCs lesecoo6pa3HbIM CUHTATh fo BYHKIME
PaBHOBECHOTO paclpefeNeHus 3JeKTPOHOB B 10KAAbHOL CHCTEME KO-
OpAMHAT, NepeMelnawlleiics BMeCTe C JOKaJbHOH pelleTKo#. ITO
cyulecTBeHHOe O6CTOATENbCTBO ObiIO HeTasbHo paccMmorpeHo XoJac-
TefinoMm [4].

Ecnu u(x, {) — cKopocTb J0OKaAbHOH peuleTku, TO

Jo(x; v; £) =fo(v—u(x, t); er(X, 1)); (17.15)
adeprusi PepMH, oOkaspiBaeTcss U3MeHeHHOH (OHOHaMHM, IIOCKOJBKY
JIOKa/bHAs KOHUEHTpPAlHs 3JEKTPOHOB H3MEHAETCS 3a CYeT pacTs-
XEHHH, CONPOBOXK/JAIINHX DPACNpPOCTpaHEHHE NPOJOABHLIX (hOHOHOB.
DNEeKTPOHb NPOBOJAHMOCTH CTPEMATCH 3KPAHHPOBAaTh QAYKTYalHH
IJIOTHOCTH TOJIOXKHUTEJNbHBIX HOHOB; 3TO 03HAuaer, YTO 3JEKTPOHHAas
NJIOTHOCTb OYyZeT TOYHO CJel0BaTh PAaCTAKEHUAM peLUeTKH. 3anu-
nreM KOHIEHTDAUMIO 3JEeKTPOHOB B BH[E n=no+‘n.1(x ). Torna

Tomfov, ) —u- ot nfo—fo— 32 (mv-u4-Fe)L),

(17.16)
rae Ofy/0e==—0f [0k, eh ~n's. Wrax, noanaras f=f,~+ [, mo-
ayunm BMecto (17.14)

—iof +iq- vfi - eE- v —> 0f° z_le 1(mv u+ el "l)?)fao
(17.17)
P Tev - [E+( )]+ ( ) [0_& (17.18)
a 1—1mf+tq vt 19e -
Jlanee, AAs MJOTHOCTH 3JEKTPHUECKOTO TOKA j, HMEEM

jo= s [ othv =0 (E+22) 4 mecR (1719

BekTop AHdody3un R Moxuo onpenenuts u3 (17.19), yuurhiBas Bbl-
paxenue aa1 fy B Bune (17.18), cooTHomenuem

oTKYyna

— il 3 v 0fo
R=— 6n2n,c, J.d k T—iot+4iq-vt  o0e ' (17.20)
a J/18 KOMIOHEHTH TEH30pa NPHBORMMOCTH MOJYYHM
et Up_vv 0’0
Ouv =75 fdk T—ietfiq-vt o ° (17.21)
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Bruipaxenue (17.19) npeacrasnasier co6oéi ypaBHeHHe COXpaHEHHS
HenpepbIBHOCTH CpeH.

Ecau qllz, 10, nonaras a=gA/(l —iwt), MOXHO Ge3 Tpyla
B3:Th HHTErpaa B (17.21) u mbI monyuum

!

3
O =i ' o (a — arctg a), (17.22)

: 2103 [(14-a? arctga—al.  (17.23)

——__ T
Oux == Oyy == T iy
B oTCYTCTBHE CTATHYECKOI'0 MArHUTHOIO NOJSt HEHarOHaIBHBIE KOM-
NOHeHTH paBHH HVJI0. B npenene a—>0 puaroHasnbHble KOMIOHEHTH
crpemaTca K oo/ (1 —iwt). Pesyawrar (17.23) o6cyxnancs Bbluie
(B ra. 16) B cBSA3M C aHOMAaJbHBIM CKHH-3¢¢exToM. Heucuesaromas
koMnoHenta R — 310 z-KOoMnoHeHdTa, paBHas

. el 1
Rz=—lm?(a——arctg a), (1724)
" NO3TOM
y . nu, iamvg  n
ou = 0ss (B -z o70e 1) (17.25)

dnektpuyeckoe nose E nosBaserca B pe3yabrare HeGOAbIIOH
JIEKOMIIEHCAIlMH JIOKaNbHOro 3apsana. MoXHo Hanucartb

j=je— neu, (17.26)

rie j— OOJNHAas NJOTHOCTh TOKA, COCTOALLAS U3 HBYX wacTed —
NJAOTHOCTH 3JEKTPOHHOIO TOKa je M IJIOTHOCTH MOHHOrO TOKa
(—e)nu. IT10THOCTL 3/71EKTPOHHOIO TOKa YIOBJETBOPSET YPaBHEHHIO
HE[PEPLIBHOCTH

Pe +divj,—0; —ome+q-J,=0. (17.27).
Vpasuenue MakcBensa, cBasbiBaiollee j; u E; HMeeT BHA
divE=41p wam divE=—4ndivj, (17.28) .
H N03TOMY
wE,=—A4nij,=—4ni(j., — neu,). (17.29)

Ecau MBl XOTHM M3Y4aTh 3aTyXaHHe NOINepeyHblX (OHOHOB, HAM
noHajgo6uTcA ypaBHeHUe, cBA3bipawllee i H E ;. Ty CBA3L MOXHO
HaliTH, KOMOuHMpYs ypasHeHus Makcsenna aast rotE u rotH u
nonaras € =p=1; B pe3yJbTaTe NOJYUHM

. i (cs/c)? .
By =—22 G, (17.30)

rie ¢ — CKOPOCTb 3BYyKa, 8 £ — CKODOCTb CBETA.
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MowHocTb, norjoulaeMas B eAHHHue obbema, 3amnucbiBaercs B
BHJE

& =5 Re|f - E— "2 (v) —w)}. (17.31)

TlepBbift ujien B GUrypubx ckobkax j:- E onucblBaeT OMHUECKHE
TIOTEpH 3JeKTPOHOB. BTOpO# uneH, Kak Jerko BHIETb, ONHCbIBAET
MOILUHOCTb, TIEpPEeJaBaeMyI0 pelleTKe 31eKTPOHaAMH B CHJY TOrO, 4YTO
3JIEKTPOHBl 10 paccesiHHs HMEIOT CPENHIO CKOpocTh (V), a cpasy
nocje paccesiHusl — CKOPOCTb H. IDTOT «CTOJKHOBHTEIbHBIA» uieH
BeCbMa CYILECTBEH, rJaBHbiM 06pa3oM IDM BBICOKHX YAaCTOTAX HJH
TIPH CHJIBHBIX MATHHTHBIX TOJIAX.

W3 ypasHeHus sHenpepbiBHOCTH (17.27) and cayuas npoaosbHbIX
BOJIH HMeeM

Dlez Jez
n1=—m—e—=—cs—£. (1732)
oTKyaa cpasy Buitekaer (17.25), ecnu onyctuth uHmekc 2 y j, E n
i; JeHCTBUTEJLHO,

. 0,z me\__ mu

e e ), w
+i Oy 3c_,-)

rne cMblcs ¢ SIcCeH M3 3anucu. ITOT pe3ynbTar JIOJNXeH HaXOJAHUThCH

B corsiacup ¢ ypasHenuem Maxcseana (17.29). Hcknwouas E u uc-
noabsya (17.29) ans cayyaeB 0 <Ko’ u 0 <€ 02T, NOTyIHM

. {4nd’neui/0) - (0'muler)
Je= 1+ (4nic’ /@)

B sTOM mpefesbHOM CJayyae MOJHBIHA TOK j MOXHO NPUGIHKEHHO
CUHTATh MCYE3alolle MaJbiM. BeanuuHy szekrtpuueckoro noas E
MOXHO onpeaenuts, noactasaas (17.34) B (17.33); nmeem

E=u ("" —_’"—). (17.35)

(128 et

~ ne. (17.34)

Ecau B 3TOM NpulIHMKeHHHM NpeHe6peus KCTOMKHOBHTEJbHBIM» wie-
HOM, TO [J5 BEJIHYMHBl PACCEHBAEMON MOUIHOCTH (Ha eNMHHIY 0Gb-
€Ma) IOJNYYHM

P~ yuuRe{ il 28 gel e 1}, (17.36)

a’ T

‘OTKY/1a, HCMOJIb3Ysl ONpeJeJeHHe o’ U CUHTas o — BEUIECTBEHHON Be-
auuiHol (0T 1), naxonum

~ Uy a? arctg a
I~ [ 3(a—arctga) 1]' (17.37)
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KoadduumeHT 3aTyxaHus o paBeH, 0 ONPE/AEIEHHIO, PacCeHBae-
Mo#i mouiHocTH (Ha eauMHuLy ofbema), OTHECEHHOH K eIMHHLE [O-
TOKa 3HEPTHH, T. €.

g=-—2 (17.38)

1
-2—pu*ucs
rae p —oObluHas NJOTHOCTb. MTak, AN NPOJOABHBIX BOJH HOJY-
yiM pe3yabrat [lunnapna ong a=Ag, a HMEHHO

nm ( a’arctga 1) (17.39)

= pest \ 3(a—arctga)

31oT pesyabTar cornacyetcs ¢ (17.9) B npenene Ag>1 u ¢ (17.12)
B npejene Ag<K].
3aryxanue nonepeunors goAH. [ NONEPEUHBIX BOJH JOKANbHAS

CKODOCTb pELIeTKH U TNepreHAHKYJspHA K BOJHOBOMY BEKTOpPY q
tdonona. IlycTh BeKTOpP CKOpOCTH U HAMpaBJeH BIOJb OCH X, d BEK-
TOp q — BJOJb OcH 2. Jln4 nonepeyHblx BOJH (QIYKTYaUHH MJIOTHO-
cTH Ny oTcyTeTByOT. [l10THOCTB TOKA BAOJL OCH X

s mu

je=o'xx(E+—é—}—) (1740)
LIOJMHaZ YJOBJETBOPATL ypaBHenyio Maxceeana (em. (17.30)) B
BUIE

~ 2 (%)2 (j. — neu). (17.41)
HMexaouns E, noayuum
0, m 4ninec3
Je = T tio o) (e o (’eT‘ —mcf‘) (17.42)

rae uneH ¢ mjer ofeluHo npeHeGpexumo madn. Torja BenuunHa
dmio,

wc?
BOJHbI, @ 0-— TOMIIKWHA KJIaCCHYECKOro cKuH-c10d. B obnactu ua-
CTOT, HH)KE MHUKDOBOJHOBLIX, 06bIYHO A>> 8, H 1103TOMY

npakTHyeckd paBHa (A/8)2, rme A — AJMHA AaKYCTHYECKOR

. . mouc? wnew [ ¢ \2
Jommen— it 1 (_) (17.43)
A
mit neu
e T, (17.44)
OTKYA3
P 2 Re{ s 1} (17.45)
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Cnenosarennho, u3 (17.23) B npenensHoM caydae ot<! mno-
JyYuM a8 Ko3(pUIHeHTa 3aTyXaHUA CIBHIOBBIX BOJH

ruge

{=

223 [(1 4 a?) arctg a —a).

a= pr;:; (%_ 1)'

(17.46)

(17.47)

Bansinne marHuTHOTO MOJAS Ha Mpoueccnl 3artyxaums. Muoro
BaXXHBIX pabOT MO NOrJIOLIEHWIO yAbTPa3ByKa B Merajax Oblio no-

24—

D
T

~ N S

Jamyzanae, ommorumenenet edunuyor

a

Puc. 17.1.

3asucaulee oT
BEeJMYHMHB TOJA 3aTyxa-

HHE NONECPEYHBX BOJH,
PacupoCTPaHAIOINXCA
NEPNEeHIuKyIpHO K Ha-
npasaenuio noas [5).
Tonummuea KaacCHUECKOTO CKHi-
CNOA 3HAYHTEABHO MEHbIIE NJH-
HH BOJHH, @ LWKJIOTPOHHIA

HacToTa 3HAYHTENbHO onblue
YacTOTH pPenaKCaAuHrH.

CBSILEHO HMCCJEeNOBaHUIO noBepxHocTH Pep-
MM C HCHOJb30BaHHeM 3¢¢eKTOB NepHOTHY-
HOCTH B MATHHTHOM IIQJIe B YCJOBHAX, KOT/Ja
MOMXHO CUHTaTh, 4TO 1> 1 u Ag>> 1. Teo-
pUfl 3aTYXaHHS B 3TOM CJay4Yae MOXKeT OblThb
OCTPOEHa IIyTeM OYEBHHOrO, HO HECKOJIb-
KO TpPYAOEMKOro OGOGIeHUs] ONUCAHHOTO
BHIIE paccMoTpedHs. TeM, KOro 3TO HHTe-
pecyert, cireayer obpaTtutbes K pabore Kos-
Ha 4 zap. [5], rae B3sATa 3@ OCHOBY MOJENb
cBOGOAHBIX 3/MeKTPOHOB, H paGoram [lun-
napna [6] u B. I'ypeeuua [7], rne 3apnaua
paccMoTpeHa Mis OGIIEro cayyas noBepX-
Hocty PepMH. YAbTpa3ByKOBbIE HCCIE]O-
BaHUS MOXHO MPOBOJMTL TPH YACTOTAX,
OTHOCHTE/JILHO HHM3KHX 10 CPaBHEHHIO C Te-
MY, KoTopble TpeOyloTCA B 3KCIEpPHMeEHTax
N0 LHKJOTPOHHOMY pE3OHZHCY.

B 6oablIHHCTBE clyyaeB H3ydamich 3¢-
theKTHl Pe30HAHCHOrO MNOTJOIIEHHS, KOTOpbIE
MOXHO HAa3blBaTb TE€OMETPHUYECKHMH pe30-
HaHCAaMH, TaK Kak B 3THX CJAyYasx JUAMETP
IMKJOTPOHHOK OpOHTHI sBASETCS LEABIM
KDaTHBIM IMOJYBOJIHBHL ()OHOHA, NPHUYEM Ha-
npasnenus H, g u u B3auMHO nmepneHIHKY-
AspHEL. ['eoMeTpuveckye pe3oHaHCH CBS-
32HBI C CHJIBHBIM B3aHMONEHCTBHEM OTAE/b-
HBIX OpOHT € 3JEeKTPHYECKHM II0JIEM B
Merajsne. Kak MOXKHO BHAETb H3 pe3yabTa-
toB (17.36) u (17.45), noraolienue oKashi-

-BaeTcs 06paTHO NpONOPUHOHAAbHBIM 3((EKTIIBHOH TPOBOJHMOCTH,

TIOCKOJBKY

(17.48)

nm { 0y
ocsT EL T

—1}.
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Benencreue sKpaHHPOBAHHS MBI HMEEM HEJNO CKOpEe C CHCTEMOH
‘¢ IOCTOSAHHBIM TOKOM, 4e€M C CHCTEMOH € NOCTOSHHBIM HAaNpSKEHHEM.
EcTb ocHOBaHHA 0XHJAATb, YTO HNPOBOAHMOCTb GYIET MEpHOAH-
qeckoi (yHKIHEH Hesoro uuciaa AJHH BoH (OHOHA, YKJIaAbIBalO-
IMXCA HAa JMaMerpe LMKJIOTPOHHOH opOGUTHI (AJas mpeiesbHOH Op-
6urnl). HMHaue roBops, YCIOBHA HEPHOJHYHOCTH HMEIOT BHA
2r.=n)\, uIL qr.=nn, rae
re=vplw.,, N — UEJ0E YHCJIO.
DTH YCJIOBHS MOXHO Iepernt-
€aTh B BHIE
2pc

g N
SN
T

o~
)

tae p=muvy. M3 paccmorpe-
HHA TEOpeTHYECKOHd KPHBOH HA
puc. 17.]1 MOXHO BUJAETh, UTO
pasHocTH 3HaueHHH gR npH
MaKCHMyMax TIOTVIOUIEHH 1
OJIM3KH K 3HAYEHHAM, KpaT-
HbIM x. Pe3ayabraThl pacueros Puc. 172, 3aeucumocts OTHOUIEHMS 3a-
aasa npononbﬂblx BOJIH an TYXaHHSl NPOJOJIbHHX BOJIH B JaHHOM Mar-

o - HHTHOM TIIONE€ K 33aTyXaHUI B HYyJAEBOM
BLINOJIHEHHH  YC/IOBHH peso MOoJ€ OT OTHOIIEHHA YACTOTH I:)OHOHOB o

Hanca THna AsGens — Kanepa K LUKJIOTPOHHO# wactote W, [5].

[IpHBEACHDL Ha pHC. 17'2‘. IIponapenenne T 4aCTOTH (HOHOHOB @ HA BpeMst
Marneroakycruuecknii pe- penakcauns T MPHHATO paBHbiM 10

30HAHC B METAJAJAaX C OTKPhI-

ToiMK op6utamu. OTueTsinBLIe pe3oHAHCHBIE CBOACTBA METAJIOB C
MEePHOAMYECKHUMH OTKPBITBIMH OpPGHTaMH HaG/I0AaJUCh B MAaCHUT-
HOM ToJjie B OJHOM M3 THHOB 3KCIEPHMEHTOB IO H3YUYEHHIO Y/bTpa-
3BYKOBOTO NOIVIOLEHHA B MeTannax !). Ecin MarHuTHoe moJe mep-
OeHAHMKYASPHO K HaNPaBJEHUIO JBHXEHHS 3JEKTPOHA NO OTKPBITOH
op6ure, TO €ro BOJHOBO} BEKTOp H3MEHsETCHd COINIAaCHO ypaBHe-
HUIO0

Ommgcumenswoe samyzane
s
D -

L

L

as ok 20 25 i0

2
H

ES

DY R

k==v XH, (17.50)

rae BekTop V) =gradge(K, kn) JexuT B IJIOCKOCTH OTKpPHITOR
op6utsl, HopmanbHoi kK H. Tlornowenne ¢onoHoB, mpoucxoasmee
B 3TOM I[Ipollecce, MOXHO OOBICHHTb, OCHOBHIBAsICh HAa coobGpaxe-
Husx Y. Xappucona.

PaccMoTpuM 31€KTPOH Ha OTKpbiTOH op6urte, ABMXYLIHiCH
B Kpucraaie BAOJAbL ocH x. [lycts uepes xpHcTaian B TOM ke

1) Teopus Aas 3TOro cayuas H3noxeHa B pa6ote Kanepa Ilecuanckoro
TTpusopoukoro [8]: IKcmepUMeHTanbHLIE HCCIEOBAHMA Ha KagMuu — B pabore [9)].
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HANpaBJAeHHH X OPOXONAMT NPOKOJAbHBIR (OHOH YacTOTH @ € BOJ-
HOBBIM BeKTOpOM . DToMy (oHOHY OYAeT COOTBETCTBOBAThb 3ddex-
TIBHOE 3/IEKTPHUECKOE [10J1€

Ex=Fycos(gx — w!). (17.51)
CKOpOCTB 3JIEKTPOHA 3ATHUIEM B BHIE
£=1v,+ vy cos Qf, (17.52})

rie Uvp— HMeeT NOPAAOK BEMHYHHB (QepMHEBCKON CKOpOCTH, @
Q — yropas 4acTora, CBA3aHHA4 C ABHXXEHWEM 3J/EKTPOHZ BAOJb
BekTopa obpartHoit peuerkd B K-mpoctpanctee. Mtak, npu v, vy,
MOJKHO HallHCATh .
2k 2nev H
G, T <G,
rie G.— mpOCTPaHCTBEHHLIA NepHOA He3aMKHyTo# opOuTH B k-npo-
CTpaHCTBeE.

Jast ckopocTn aseKTpora, Npu KOTOPOH (POHOH AeHCTBHTENBHO
BO3/EHCTBYET Ha Hero, HMeeM

eE t=eEycos(gx — wt) (vVo+ vy cos Q). (17.54)

Q— (17.53)

B cuay (17.52) x = vyt +zz—‘sir1 Qtf, u noatromy (17.54) 3anuwercs
B BH[IE

¢E ,x = eFE, [cos { (906 — ) £ + 2% sin Q¢ } } [0y 40, cos Q¢]. (17.55)

PackpoeM MHOXHUTENL C KOCHHYCOM:

cos{...}=cos(gv, — 0)fcos [(%) sin .Qt] —

— sin(gv, — w) ¢ sin [(%) sin .Qt] . (17.56)

Ecau (quy/Q) <1, To (17.56) MOXHO pa3JOXHTb B PAL NHO CTe-
MEeHSIM 3TOH BeJUUHHHIL.
B nyneBoM npubauxkenud nonyuum u3 (17.55)

(eExt)o=eEyuq cos (que — 0} ¢; (17.57)
3Ta BEJHUHHA NPM YCPeXHEHHMHM [aeT HyJb, eCcid He HMeeT MecTa

PABEHCTBO Up=w, CJYXalee YCJIOBHEM HE3aBHCHMOCTH OT MATHMT-
HOro noJd. B nepBoM NpUOJIHXEHHH HMEEM

(eE  x), = eE, (q0,/Q) [— vy sin (gv, — ) £ sin Qf 4~
+(/q) cos (qvy— w) £ cos Q]  (17.58)

an YCPE€OHEeHHH [10 BDEeMEHHU 3Ta BeJUUHHE HE paBHa HYJIO TOJbLKO
NpyY BHINOJNHEHHH YCIOBHA qUo— w=8, HIH q(vo— Us) =8, rae
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Us — CKOpPOCThL pacnpocTpanenns ¢ousonos. IlockoibKy vs< Vg, TO,
ucrnons3ys (17.53), MOXHO NOMY4YHTb YCJIOBHE Pe30HaHCa B BHIE

2mnev H .
quNQ_—CGT—, (17.99)
WM ANS aKYCTHYECKON AJIHHBI BOJIHBI Aq
cG
Aq = _eﬁc . (17.60)

ITO COOTHOWIEHHE NPEKPACHO NOATBEPXAAETCH 3IKCNEPHMEHTAJb-
HBIMH J1aHHLIMH, [OJYYEHHLIMH B onnitax ¢ kaamueMm [9]. Ortmerum,
uro B cootHoweHne (17.60) Bxoaut e, a He e/m*, pesoHaHC B ymoO-
MSAHYTBIX 3KCOepUMeHTaXx OblJl BecbMa OCTPBIM, H MO3TOMY TakKHe
SKCIIepIMEHThl JAI0T XOpoliu# MeToN [J1a HCCAejO0BaHHs Bonpoca
O TOM, NMPUBOXHT JIH ITEKTPOH-3JIeKTPOHHOE B3aHUMOENCTBHE K BO3-
HMKHOBEHHIO 3(P¢heKTHBHOrO 3apsia HoCHTesell e*, HEeCKoJbKO OT-
JIMUAIOUIerocs OT 3apsjna saekTpoHa e. B paGorax Koxa [10] u JlaT-
TuHxKepa [l11] Brickasaunl TeopeTHueckHe cooOpaKeHUs HEBO3MOXK-
HOCTH e¥==e.

Ycunenne (GOHOHHBLIX BOJH B Pe3yJabTaTe 9JeKTPOH-(OHOHHBIX
B3anmopeicTeuit V. [lycTh 3/1eKTpOHHAS NJIOTHOCTL BCIOJAY paBHA
Abipounoil. TeM camblM Mbl [IpeHeGperaeM KyJOHOBCKHMH 3¢dek-
TaMH, CONpOBOXAalouMMu obpa3osanue rpynn 3apsainos. Cayuait,
KOTa pa3HOMMEHHBbIE 3apSifbl HE KOMIIEHCHDYIOTCH, PAcCMOTPEH B
paGorte [13].

OGosHauum yepe3 n(x, {) OTK/JOHEHIie MNJOTHOCTH YaCTHI OT
CTATHYECKOrOo paBHOBecHOro 3Hayeuus, Ecau uepe3s V oGo3nauuts
Pa3HOCTb KOHCT2HT, XaPaKTePU3YIOUHX 3JeKTPOHHDBII H IbIPOYHBIH
MoTeHNManbl [eOPMAalHu, To Npou3Beferne Veyx 1aeT CABHI OTHO-
CHTE/JBHON JHEPrHH 3JeKTPOHHOTO H ABIPOUHOIrO COCTOSIHMH HPH Ha-
JyuuH 1eQOpManHH ex,. PaBHOBECHAN IVIOTHOCTh YACTHL, H3AMEHUTCS
na seauunny Ve, Ny, rie Ny — MJIOTHOCTh COCTOSIHHII Ha [IOBEPXHO-
cry Gepmu. Toraa ypasHeHue nepeHoca npu ApeidoOBONl cKOPOCTH U
NpUMeT BUI

on on n(x, t) +NFV—:;;
'aT‘J‘"v'éI:_ ) (17.61)

Ten

r1€ Ten — BPeMsl peKkoMOMHaUMKM ABIPOK ¢ 3JekTponamiu. [peiidosas
CKOpPOCTb BXOAHT B 3TO YpaBHeHHe, noroMmy urto B (17.61) yxe
IPOBENEHO MHTErpUpOBaHHE (hYHKUHH DACHpepeseHHs N0 CKOPOCTAM.
[MpeanonoxuM, 4to gpeidoBass cKOPOCTb HOALEDPIKHBAGTCA 3a Cuer

'} CM. pa6orbt [12—15). B nbe303eKTpUYeCKHX KPUCTANNIaX MEXHOHHLIE B3a-
HMOJEHCTBHA 3HAUMTENbHO CHJbHee B3aUMOAERCTBHS HOHOB ¢ INOTEHUHAIOM Ae-
¢opMaliK NPY YACTOTAX, HCIOJb3YEMbIX B 3KCIEPHMEHTE.
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BHELIHErO HCTOYHHKA. YpaBHEHHEe JABHXXEHH C yYeToM Ympyroit
JedopManiH UMeeT BHA

pii=c” T “ gy ax (17.62)

YyTO cpa3y e BLITEKaeT H3 BbIpa)keHHs JJs NJOTHOCTH JarpaH-
XKHaHa
1 oy 1 (0u)2 ou
P =i — e, (a—x) —Vn(x, 2., (17.63)
rae NocjeJHHit uJeH B NpaBofl uacTH — NOTEeHLMaa AeQopManHd B

KJ1aCCHYECKOH ero 3alucCH.
Pemenne ypasrenuit (17.61) u (17.62) nem B BHAE

n, u~exp [[(kx — wt)]. (17.64)
Torpa nonyunm
(— ion—+-vikn)t=—n—N,Viku,

— o0 — — ch”u —+ikVn. (17.65)
OTciofia ceKy asipHOe ypaBHeHHe 3aHIeTCs B BHAE
1 —iwt+ikvr  iNgVE
- T =0, (17.66)

— iRV kzc“ — pw?

Ecnn ku>w, To aMniuTyaa BOJMH pacTeT, a ApeidoBas CKOPOCTb
(ecsiM OHA NOAJEPKHBAETCH NOCTOAHHON) MOCTABJSET SHEPIHIO B 06e
cucreMbl. ITonyuaercs, B CYIWHOCTH, yCHJIHTeNb ¢ Oeryuiefi BOJHOH
A7 QOHOHOB. YCJOBHE RU>® 3KBHBAJIEHTHO YCJIOBHIO U>(, IlE
€s — CKOPOCTb 3BYyK4.

[pubnuxennoe pewenne (17.66) pas caysas (o — Av)t<l
uMeeT BHJ

k= !1-{- T [1+t u)—k'v)rll (17.67)

3A0AUA

17.1. Ilpopoabuas cKOpOCTb 3BYKAa B KaAMHH, NepIEHAHKYJIADHAR TIeKcaro-
HanabHOR ocH, paBua 3,8 10° ca/cex. TIpn Kaxoi aKyCTHYECKOH 4ACTOTe BO3HHKHET
MarHeTOAKYCTHYECKHH Dpe30HaHc Ha HH3LeH OTKPBITOA OpGHTe MPH MAarHUTHOM
noae H=1 xa.
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FTTABA 18

Teopus cnnaBoB

C T1BepALIMH pacTBOPaMH OIHHX 3JEMEHTOB B ADYrMX CBS3aHO
MHOrO MHTCPECHBIX NPAKTHYECKHX H HayuHbIXx npobJem. Bosnukaer
pPAL BONPOCOB, OTHOCAWMXCH K (U3HKE CIIJIAaBOB, HAIDUMED BOMPOChHI
O fpefieslax PacTBOPHMOCTH, 3HEPIHU TBEPIOro pacTBOpA, 3JIEKTPH-
YECKOM COINDOTHB/IEHHH, HAMATHUYEHHOCTH, MarHHTHBIX B3aHMOJEN-
CTBHSIX, HAHTOBCKOM C/BHre, KBAAPYNOJbHOM YIUHPEHHH NPY AAEPHOM
pe3oHaHCe, CBEPXNPOBOAALIIX CBOfICTBAX (3HEPreTHYyeckas UWIeb,
TeMlepaTypa nepexoja, KpuTHueckoe noje). B pamxax HacToslleH
KHHTH Mbl HE MMEEM BO3MOXHOCTH PACCMOTPETb BCE 3TH BONPOCHI;
3Jech Mbl OGCYAHM JMlIb HEKOTOpPble OCHOBHbIE MOMEHTbl TEOPHH
pa3baBeHHbIX CcN;iaBoB, oOpaTHB oco0oe BHHMAHHME Ha BJHAHHE
NpHMECHEIX aTOMOB Ha 3i€KTPOHHYIO CTPYKTYpPY KaK aTOMOB pac-
TBOPHTEG/IS, TAK M aTOMOB pacTBopsieMoro ageMeHrta. Byaem npea-
no;aratb (ecai HeT cHelLMa/]bHOH OrOBODKM), YTO ATOMBI IpIMecH
3aMelUld0T aTOMDbl 3/1eMEeHTA-paCTBOPHUTE]ISl B Yy3JaX peLIeTKH.

B mpuHuiine npUMech, Aa/Ke B HHYTOJKHBIX KOHLEHTpALHMAX, Ha-
pyiliaeT TpPaHCISLUHOHHYIO NEPHOIHUYHOCTb KpHcTasina. Paccyxias
¢dopManbHo, MOXKHO CYMTaTh, YTC €CJH Mjea/bHas NEPHOIHUYHOCTh
peumeTKH H4pyuleHa, TO IEepHONHYHOCTb OTCYyTCTBYeT. B cniase Bou-
HOBOH BEKTOp YyXK€ He SIBJAAETCS NOCTOSHHON ABHXKeHHs H C HCTHH-
HbIMH COOCTBEHHDIMM 3/JEKTPOHHbIMH COCTOSIHUSMH yiKe HesJb3sl CBH-
3biBaTh nepeHoc umnyabca. Ha camoM Xe xene mocieiCcTsHS, Ko-
TOpble BJeyeT 3a cOGOM BBEAEHHE NPHMECH B MaJblX KOHUEHTPAUHUAX,
YaCcTO 3HAYMTEJBHO MEHee Cepbe3Hbl, yeM MOKHO Obl10 Obl 1yMarh,
MCXO/5 H3 TeoperHuecKnx coobpaxenufl, oco6eHHO B Tex CAyuasx,
KOT/J2 aTOMBl NPHMECH HMEIT Ty »E€ BAJeHTHOCTb, 4TO H aTOMbI
pacTBopuTens. JKCIepHMeHTabHble JaHHbie MOKa3biBAIOT, HANDH-
Mep, 4TO B repManuH, colep:kaueM 5% Si, cpeanss 1auHa cBoBoa-
goro npoGera 3.JekTpoHa B 30He pOBOAHMOCTH NpH 4° K oka3zbl-
BaeTcss pasHoit ~ 10 cm, T. e. oxomo 400 MexaToMmublx pac-
CTOAHHHA.

M3BecTHO Tak)Ke, UTO B TBEPABIX PACTBOPAX I CMEMIAHHBIX KpH-
CTa/yax 3HAyMTebHble BapHAUMM KOHUEHTPALHMH KOMIIOHEHT He
NpHBOAAT K HAaDYWEHHIO [HIEKTPHUYECKHX HJAH METALIHYECKHX
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CBOHCTB 3THX BelIECTB, XOTH eCTeCTBeHHO OblIo Gbl 0XHAAaTh 3TOTO.
CorylacHO MoOJenH MouTH CBOGOAHLIX 3JIEKTPOHOB HAJHUHe 3Hepre-
THYECKOH Ien¥ Ha rpaHuue 30Hbl CBSI3d8HO C COOTBETCTBYIOIHMH
(ypbe-KOMNOHEHTAMH NOTEHUHAJa INEepPHORHYECKOTO MOJAS BHYTPH
KPHCTaN1a; YaCTHYHOE HAapyLUeHWe [1epHOAHYHOCTH OOYCJOBIMBAET
LOSIBIEHUE HOBLIX (hypbe-KOMNOHEHT, CBA3aHHBIX C J00aBKOH B Ma-
JOH KOHUEHTPAuHW NPHMECH, HO He BBI3OBET Da3pyIUEHUs 3Hepre-
THYECKOl miesnd. YuraTtenb, KOTOPOro HHTEpEeCcYeT 3TOT 4acTHHIH BO-
npoc, MOXeT 06paTHTbCs 38 NoApobHOCTAMH K craTthbe [1] # uMTHpO-
BaHHBIM B Hell paboTram.

HauyneM ¢ M37N0XKeHusi ABYX pPe3VJbTaToB, LIAPOKO HCIOIb3ye-
MBIX B TEODHH CIIaBa, 8 MMEHHO TeopeMbl Jlays H mpaBHad CyMM
®puneas. 3aTeM Mbl paCCMOTPHM HECKO/bLKO BONPOCOB, CleUH(pHYe-
CKHMX Ay (Gu3uKH cnaBoB. B 3akjioueHue BBOJHOH YaCTH HACTOS-
me# raapbl yKaXKeM HeKoTopble pafoThl, NMOCBsileHHbIE COBDEMeH-
HOH TeOpHH CIaBoB, a HMeHnHO pabortbl Ppuaens [2, 3] u bBaanu-
Jexa [4].

Teopema Jlaya. Dra BaxHas TeopeMma yTBepXJaeT, YTO IJIOT-
HOCTh YACTHI B €HHMUHOM HHTEpPBaJe 3HeprHil npuOJAMKEHHO MOXK-
HO CUHTATHL He 3aBHCslled OT (OpMBlI TPAHMLB!, €CAH PACCTOsSHHE
OT rpaHuubl Oo/bllie, YeM XapaKTepPHCTHUECKAs /JIHHA BOJHBI 4a-
CTHI B pacCMAaTpUBaeMOM HHTEepBaje 3Hepruif. JTOT pe3y/abTaT HH-
KaK He CB3aH C 3KPAHUPOBAHHEM U CHPaBeJIUB AaXe AJs Hep3au-
Moueucrsy}omero anektpoHHoro raza. OTMeTuUM, 4TO 3jJecb peub
noliler 0 NPOM3BEJEHHM IWIOTHOCTH BEPOSATHOCTH @ (X)¢(X) Ha

ynkuuio naothocth coctosnuit g(E). [lpu ucnonbsoBanuu Teope-
MBl Mbl TPAaKTyeM BO3MYILEHHS B KpHCTaJlJje, BLI3BAHHbBIE BBeJe-
HHEM § 3aMelleHHeM NPHMECHBIX aTOMOB, KaK HOBble TI'PAHHLBL
ITpuBoauMOe HMXKE JOKa3aTeqbCTBO Oblio npedsoxeHo [laiconoM
H paHee He ny0JHKOBAJOCh.

HokasaresvcTgo. PaccMOTpHM cayuaip CBOOOAHBIX 3JEKTPOHOB,
BOJIHOBble (DYHKLMH KOTOPLIX OMNPEAENRIOTCA KaK COOCTBeHHbIE (YHK-
1M YpaBHEHHSA

— 5 V20, = £,Q,- (18.1)
Beegem ¢yuxpuo
u (X, t)y= 23 ¢} (x) ¢, (0) e, (18.2)
rape "
u(x, 0)= 3 g} (x) , (0) =8 (x). (18.3)

dynxuun u(x, £) yJLOBJIETBopﬂeT ypaBHenuo aubdysun

% = Dvu, (18.4)

25*
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rpe

1
D= (18.5)

Jlanee, Mbl cuHTaeM, YTO B Hauasje KOOPAMHAT

1 (0, )= X, 4 (04, (0) ™ = [ de,g; (0) 9, (0) & (5) e~ (18.6)
k

npeACTaBaseT co00d QYHKUHMIO, MOJYHAOULYIOCs B pe3ysnbTaTe NpH-
MeHexnus npeo6pa3doBanusa Jlanaaca Kk GYHKUHHM MJOTHOCTH BepOAT-

HOCTH
% (0) 9, (0) £ (&) (18.7)

B3ATON Ha EIHHHYHOM 3JHEPreTHYECKOM HHTEpBaJie M OTHECEHHOU
K enuHuLe o6bema.

U3 reopun nuddysnd uasecTHo, uto GyHkuua u (0, {) uaMenserca
NOpH HaJWYHM TpaHullbl, PACloNOKEHHON HA paccTosHud £ or Ha-
Yajda KOOPAHHAT, CIYCTH TAKOH HHTEpBaJ BpPeMeHM f, UTO

t>to~ 5 —omp. (18.8)

Urak, B npeo6pa3osaniy Jlannaca (18.6) Hanuuue rpanullbl HayHet
CKa3blBAThCS C MOMeHTa BPeMeHH /.. 3HAuUEHHUH 3HEPrdH, BHOCAILUE
Bkiaa B (18.6) B MOMeHT f,, 3TO B OCHOBHOM Te, AJs KOTOPBIX Bbi-
NOJIHSIeTCH HepaBeHCTBO exf.< 1, uaH, yuntoiBas (18.8),

1

fh < gy (18.9)
[Mockoabky e, = k?/2m, 10 npu
E<t (18.10)

HaJyuyHe rpaHMlbl CTaHeT CYUIECTBEHHO BJIHATH Ha BHIGPaHHYIO
HaMi QyHKuHO. Ec/i BBECTH AJHHY BOJHbBI A, TO BJHSIHHE paHHI{bI
CKa)KeTCH HAa PACCTOSHUM OT HauyaJa OTcYeTa, paBHOM

E< g (18.11)

Hanuyue npuMecHbiX 4TOMOB MbI TPaKTyeM KaK HEKOTODBIi
SKBHBAJIEHT HOBOM rpaHuubl. Toraa ¢yHKuHs LIOTHOCTH 3JIEKTPOHOB
B €IMHUYHOM 3HEPreTHYeCKOM HWHTEpBajie Ha MOBEPXHOCTH Pepmu
MeTrannaa OyAeT oOBIYHO JNHIIB C1a00 BO3MYIIEHa NPUMECAMH, OThe-
JIEHHBIMH OT TOYKH HaO0JII0JIeHHsl paccTosiHueM, GoabminM l/Rp, uto
IIPUMEPHO PaBHO NOCTOSHHOH DEelUIeTKH.

PaccmoTpuM mnpocTo#f npuMep NpHMEHeHHs TeopeMmhbl Jlays.
[Tycrs Mbl MMeeM OZHOMEpPHYIO MO/e/b; BJAOJb HEKOTOPOH INpAMOH
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34]aHa NJAOTHOCTh YaCTHI H 3afAaHbl HEMpOHHUIlaeMble 'PAHHILI NPH
x=0 n x=L. Cob6cTeHHble (YHKIHH B 3TOM CJyyae MOXKHO 3aIu-
caTh B BHJE

@, (x):(%)v'sin l;-x, (18.12)
a CoOCTBeHHBIE 3HEPrHH — B BHJIE
e =§L(ﬂ)z. (18.13)
Torpa
¢ (X))o, (x)——sm2 L X. (18.14)

Ecay B Ka)XAOM COCTOSHHH BIJIOTh O Ny HAXOLHMTCHA MO OMHOM ua-
CTHLE, TO, NOCKOJbKY Ep=npmn/L, ANS NIOTHOCTH YacTHL, HMeeM
g
nnx

2 in 2k
o) = [ dnsint 75— {1 — e
0

Do (18.15)
Jlerko Bujerb, 4TO IJIOTHOCTB BO3pacraeT OT HyJaa npx x=0 10
3HayeHus, GJM3KOro X np/L, Ha paccTofHHM mopsanaka 1/kg.

B oxsoMepHoM cayuae npousBonHas dp/dn (wnu dp/dE) ne npu-
HUMd€eT CTaUHOHADHOrO 3HaueHHS NOCJAE TOTO, KdK Mbl OTOWIH OT
FPaHHLB!, TaK KaK B KaXIblfl NAaHHBIH MOMEHT B IPOM3BOJHON «HT-
paeT poJb» Kaxoe-TO OLHO H3 coOCTBeHHBIX KojseGanui. B asymep-
HOM cjyuae CHTYaUHsl yJy4lUaeTcsl; MOXKHO TOKa3aThb, UTO B 3TOM
clyuae Kak p, Tak 4 dp/dE Gynyr o6Hapy)XHBaTb [pejcKasyeMoe
nosejenye. B llByMepHOM cayyae

sin 2kpx }! sin 2kcy |

F
p(% Y) =77 11 = R Vo (18.16)

INpaBuno cymm ¢pu11e.rm. PaccumoTpuM cBOOONHBIA 3J€KTPOHHBIA
ras u cdepuuecknil noreHunaa paccesuus V(r).YaoGHo (Ho He He-
0o6x011M0) a0nyCcKaTh, 4TO B GyHKuHMM V He yuTeHbl CBS3aHHbBIE CO-
CTOSIHUA M €e MOXHO CUHTaTh JOKAJH30BaHHON BHYTPH OJHON aToM-
HoM siuefiku. M3 OObluHOM TEOpHH CTOJKHOBEHHH H3BECTHO, 4TO pe-
mexye u(r, 0) BOJHOBOTO ypaBHEHMH MOXHO 3alHCaTh B BHJeE

u(r, 0)= Y, “’Lr(') P, (cos 0), (18.17)

L=0

rne Pp — nonunom Jlexxaunnpa, a ¢o(r) yLOBIeTBOpPSET YDABHCHHIO

d2¢ L(L+1)
d,,‘+[k2 U()—————] ¢, =0. (18.18)
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3necy U(r)=2mV (r). UasecTHo, uTo 9. (r) — 0 npu r — 0, a tak-
e (cMm. kKype udda [5]), uto npu r— oo

9, (r) > (o) " sin(r 4+, () — L). (18.19)

3aech mr(k) — da3oBHi CABHr, BbI3BAHHLIH pPAacCEHBAIOULKM HOTeH-
uuanoM. Uncnennbiit Muoxurenns B (18.19) BuGpan Tak, uTo6H HOp-
MupoBark ¢.(r) B chepe ¢ Gonbwum paguycom R, T. e. yToObi

R R
4ﬂJ w%(r)dr=%fdr-%=1, (18.20)
0 0

He3aBHCHMO OT OcUM/IHpylowuX diaeHoB (18.17). Dror pesyabrat
aanucad ansa M. (k) =0, u, crenoBaresbHO, NPU H3MEHEHUSIX BOJIHO-
BOH (yHKUHH BOJH3H pACCEMBAIOLLETO NOTEHUHAJa B HEro Hajio
BHOCHTb HaJJleXallyio MONpaBKYy.

Hafigem sty monpaBky, npojenas CJlefylOllHe ONepalui.

a. Ymuoxum (18.18) na Qyukuuio @, (r), aBasiollyloCsH pelue-
HHEM 3TOrO YypaBHEHHMs [AJs CJaydas BOJHOBOro Bexkropa kK, pas-
Horo k',

6. CocTaBHM aHaJOTHUHOE INpOH3BeleHHe, YMHOXHB @r(r) Ha
nuddepenunanbioe ypasnesue aas @ (r).

Tenepb, BbIUTH pe3yabTaT onepaunH § K3 pe3yJbTaTta a, Mo-
JYy4YnM

1] dg‘PL d2(p2 2\
9 g — 9 g+ (B — &) 9,0, =0. (18.21)

B. Ilponuterpupyem (18.21) no dr B npegenax or 0 ngo R;
Hakjaem

R d2(p d‘2(p/ R

/ L ’
J.dr((PL drzL — @ —,;2—)=‘f dre;g; . (18.22)
0 ¢

ViaTerpupoBanne no dacram B JjeBOd uacty (18.22) naer

R
dp, dg;
[ ;-_—dr _(pL——-dr S R (1823)
Ecau ¢, nenpepuiBuast QyHkuus &, To AJs MajbX 3HaueHui k' — 4k
MOXKHO HanHucarth

, n 99

¢ =9, +(k— k). ]

W do 2o (18.24)
L L ’ L

= T k—F)
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¥, CaAef0oBaTeabHO,

R
¢, 09 d?p R
[ 5% 35— %L Wj?]o =2kfdr(pg. (18.25)
0

Ucnoan3ys acumntoruuecku#i BuA (18.19) ana Goabwux 3Haye-
Hull R, moayuum

R
r 1 dan 1, 1
Jdnp%—»m[R—{—d—;——ﬁan(lzR—}—nL——Q—Ln)]. (18.26)
Q0

Ecan ¢ — cooTBeTCTByIOImAsA BOJHOBad (YHKUMA B OTCYTCTBHE

NnoTe€HUHAaMA, TO

R
fdr G [R—%sin Q(kR——é— La)].  (18.27)
0

Mrtax, uameHeHue uncja uacTuu B coctosHuu (B, L) BHYTpH
edepnl paguyca K paBHO
R
an | drig — (@] == | e 2 g; % L
.’-I.J r{e; — (@)1= % | gz — 7 sin M. cos (2R +-m, — Lm)|.
Y
(18.28)

[TnoTHOCT COCTOSHHA MoOMeHTa KosnyecTBa ABHxeHua L (ue
nNyTaTb C rpaHHLEN OTpe3Ka, Taxkxe 0003HAaueHHOH Bblile yepe3 L),
paccuHTaHHAas Ha eIMHMYHLIH HHTEpBAaJ 3HAYEHHH BOJHOBOrO YHCJA
BHYTpH Oonbuioll cdeprl paguyca R, paHa 2(2L+1)R/n, ecnu yuu-
THIBATH O0e OpHeHTALUMH ChHHA. DTOT pe3y/bTAT NOJYyYaerca Mo-
TOMYy, 4YTO HMeerce 2L+ 1 3HaueHHH a3MMYTaJbLHOTO KBAHTOBOTrO
yxcna My AN KaxJoro 3naveHust L; Aas GUKCHpPOBAHHBIX 3HAve-
HHA L W my AONYCTHMblE COCEIHHE 3HAUEHUH £ OTJIHYANTCH APYr OT
apyra npubausnurenpHo Ha Ak=n/R un pawort R/n pa3NKUKbIX pa-
JUTaAbHBIX pelleHMA B eAMHHYHOM HHTepBaJje 3HaueHu#t k. Mcnoss-
3vg jgaqaee (18.28), umalinem moauoe umucao uactiu AN, cMelleHHBIX
o1 AeficTBHeM noTeHUHa. a B cdepe paanyca K:

kRF
2 d 1
== 2(2L+ 1) j dk [%—?sinmcos (QkR—}—nL——Ln)] —
0

i‘:(2L+1)nL(kF)+ ociammpyomye 1iens.  (18.29)
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3aMeTuM, UTO OCHM/IJUPYIOLIHE YJeHbl NMPHBOANAT K NOSBJEHHIO
OCUMJJIHPYIOLWIHX HM3MEHEeHHH JIOKaJbHOW INIOTHOCTH 3adpsja, a
HMEHHO

1 .
Ap (R)= InR? 0((}%N) =— inRﬂ ;(2L+1)(sm n.) X

X (cos (2k;R+n, — L) —cos (n, — Ln))  (18.29")

4715 $a30BbIX CABHUIOB 1), HE 3aBHCAUHX OT .

Ecid N0 OTHOIIEHHI0O K 4TOMAaM 3JIEMEHTa-pacTBOPUTENS INpH-
MecCHbli ATOM HMEET BaJIEHTHOCTb Z, TO, KaK Mbl 3HaeM, camocor.a-
copaHHbIfl moteHuunan V(r) obecneuyt TaKoe CMeleHHe 3apsna
(AN)e, xoTopoe Gyner TOUHO KOMIeHcHpoBaTh Z|ej, 4ToOBI 3Kpa-
HUDOBATb IOTEHUHAJ IpHMeCH Ha OOJbIIMX paccTosHHAX. MrTax,
ec/ IpeHeGpeub OCUMJIHDPYIOIHM 4jieHoM, TO Bhlpamenne (18.29)
NPUMET BHJ

z=2V @L+1)n, () (18.30)

[TonyyeHHbIA pe3y/abTAT M3BECTEH Kak npasuao cymm Ppudeas. 1o
BaXKHOE YCJOBHE, NO3BOJSIONIEE IOJYUYHTh CaMOCOT/JaCOBAHHOE BbI-
paxenue 1as noteHuuana. I[lpu peweHuu psiga 3ajay, OTHOCHAUIHX-
CA K CJ1aBaM, HeT HeoGXOAHMOCTH TOYHO 3HATb BHJA TIOTEHIHAJNA,
JOCTAaTOUHO 3HATh JiHLb HECKOJLKO (ha30BbIX CABHIOB To, N1, M2, « .
BbIGpaHHBIX Tak, uToObl YaoBAeTBOpHTbL Yycaosuio (18.30). Ilpu
L>3 nmu L>4 ¢aszoBble cABUr'H 4HacTO OKAa3LlBAIOTCA NpeHelpe-
JHMO MaJBIMH.

OrMeTuM, uYTO B CcnpaseisuBocTH pedyabrata (18.30) MoxHO
y6eauThCs NyTeM 3JEMeHTapHBIX paccyXjienuii. Jna ¢azosoro
casura m. (kr) KBaHTOBaHHBIE 3HaueHus k BOnM3u kp B cdepe pa-
amyca R orjenesb Apyr or npyra HutepBanamu AR= —n.(kr)/R;
NpH 3TOM B €IHHHYHOM HHTepBase 3HayeHnil k umeercs 2(2L+1)R/x
COCTOSIHMH NPM JaHHOM L, Tak 4TO NOJHOE H3MEHEeHHe HYHcaa co-
cTosiHuit Hike ypoBHA PepMu

= 2L+, (&),

KOTOPOE AOMKHO TOYHO PABHATbCS Z, KaK Pa3 H COOTBETCTBYET H3-
GLITOUHOMY 3apsaay, NOAJIEKaNleMy 3KpaHHPOBAHHIO.

Teopema o Xecrtkoif 3oHe. CorsacHO TeOpeMe O JKeCTKo# 3oue
adext Ja0KaIu30BaHHOro BoamylleHHs Vp(X) (B nepsoM nopsiake)
IOJDKEH CBOJAMTBCS K CABHTY Ka)XJOro 3HEpPreTHYecKoro ypoBHs
KPHCTaJI/1a-pACTBOPUTENSl NPHMEPHO HA OAHY H Ty Ke BeJHUHHY;
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BLHIpAXKeHHEe /5 Hee NoJydyaeTCsi M3 TEODHH BO3MYILEHHHA B NEPBOM
Nops/KE B BHAL

Ae, = (k|V, [K) = f dixul (X)V p (x) 1, (X)), (18.31)

rae ¢yukuuu Baoxa B3aThl B BHIE @ (X)=e'*'*u, (X). Ecau 3aBu-
cuMocTb PyHKUHE uy (X) oT k He cuabHas, TO NPUOAKHKEHHO HMEeM

Be, ~ [ dixus(x)Vp (X) 4 (x). (18.32)

WHaue rosops, 3HepreTHueckas 30Ha CMeLaeTCs Kak nenoe, He
1H3MeHsisi cBoed ¢opmbl. Jlo6aBouHble 3JEKTPOHBI, BHOCHMBIE IpH-
MECHBIMH aToMaMH, GYAYT NPOCTO 3aNOJMHATDL 30HY.

Copaseanusocts pesdyabrata (18.31) He crosb oueBHAHE, KakK
3TO MOXKET [I0Ka3aThCsl HA MepBHit B3rIAA. Mbl paccMaTpHUBdeM Cly-
yail cBOGOAHBIX, a2 HEe GJOXOBCKHX 3JEKTpOHOB. BHe 06.1acTH JioKa-
JIH30BAHHOrO MOTEHIHaJa BOJHOBOE yDaBHEHHE He H3MEeHSIeTCs H3-
3a BO3MYILEHHS, H N03TOMy COGCTBEHHAs 3HePTHs Kak ¢yHKuMa kK
Tax:ke JOJKHA OCTaThCH HEH3IMEHHOH. DTO yTBEpHKAEHHE HAXOJAUTCH
B Kaxyluemcss nporusopeurn c¢ (18.31). Onnako JA0onycTHMBlE 3HA-
yeHHs K M3MEHSIOTCS, M 3TO OOCTOSITENbCTBO BECbMa CYIECTBEHHO
AJis1 pacCMOTDEHHS BJHSHHSE BCeH COBOKYNMHOCTH TPAHHMYHBIX YCJO-
puil. IlpennosoxXuM, 4TO NPUMECHBI aTOM pAaCNOJOXEeH B LEHTpe
Go.bliol nycroll cohepbl paguyca R. DJeXTpOH BHYTpH cepbl MBI
CuHTaeM CBOGOHBIM C TOUHOCTBIO 0 NEHCTBUS HA Hero noreHuuana
npHMecHOro aroma. Eciau rpaHuyHble YCJIOBHA, HajaraeMble Ha
3HaueHHe BOJHOBOM (DYHKUHM NpH R, YAOBJETBOPHAIOTCA NPH HEKOTO-
pPOM k B OTCYTCTBHE INPHMECHOTO ATOMd, TO T€ K€ rPaHHYHbIE yCJI0-
BUs OYLYT Y/JAOBJETBOPATHCH NPH HEKOTOPOM /JPYrOM 3HaYeHHH BOJ-
HOBOTO BeKTopa R’, CBS3aHHOM C R COOTHOILEHHEM

K'R+n.=kR, (18.33)

rae 1. — $azoBbifi cxBur. B BhipaxeHun a8 KHHETHYECKOH 3HeEp-
HH 3/JEKTPOHZ, HaXOJAfALErocs BAAJH OT IOTEHUHAJNBHOTO IEHTPA,
HMeeTCs 4JeH, IPONOpIHOHANbHbI k2, H ee COBCTREHHOE 3HayeHHe
H3MEHNeTCS Ha BEJHUHHY

1 1 2 k
Aek:2—m(k,2_k2)=-ﬂ[(k——%) ——kQ]z——;n%. (18.34)

B GopHoBcKOoM mnpubiamxkeHud Aaa np <l uMeem (cM. XHHTY

Hludda [5])
n, = —2%km [ drej% (kn)V (7). (18.35)
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Hepoamylllennas BosHOBasA QYyHKUHS HMeeT BHA (CM. KHury [3])

1 V%, m
1, zk(m) j(RO)YT (0, @), (18.36)

rae cepuHyeckue rapMOHHKH HODMHDOBAHbl TdK, 4TOOBl NMPH HHTET-
PHPOBAHHH HX XKBA/JPA4TOB MO MOBEPXHOCTH chepbi MBI moayyany 4m;
HopmHpoBKa mo r B (18.36) npubnuxkeHHas,, 4to CBf32HO ¢ BbIGO-
poM g@r(r) B acumnToTHyeckoi copme (18.19).

TaxuMm o6pa3doMm, uMeeM

[arriz v, =g wivolio, 83
TdX 4TO
n,~— 2R (k| V, k), (18.38)

H, caejoBaTeasHo, corJaacuo (18.14),
Ae, = (k |V p k),

4TO ¥ TpeGoBasoCh NOKA3aTh.

Bonee oOwmii BbIBOjg aan B mucceprauds bBaanpgena [4]. dror
pesy/nbTaT CNpaBeAJHB JHILIb B lepBOM NopsiiKe no Vp., 31eCh HYX-
HO OTMETHTb CJIEAYIollee: JJs NMPUMECHHX aTOMOB C BaJIeHTHOCTLIO,
OTJIKUHOK OT BAJIEHTHOCTH 2TOMOB 3JIEMEHTA-pacTBOPHTENS, W3 mpa-
Buna cymm Ppuaens BbITeKaeT, YTO B3alMOJAEHCTBHE 3JIEKTPOHOB
C noteHuuanoM Vp NpaKTHUECKH Helb3fl CUHTATbL CaabbiM.

Anektpuyeckoe conporusaeHue. [lyctb o(0) — ceuenne pacces-
HHA 3/eKTPOHa NPOBOJAMMOCTH Ha NpPUMECHOM aTOMe Ha eJHHUNY
TejecHoro yraa. Kak 6bl10 moka3aHo B IJl. 7, 9.1eKTPHYECKOE CONpo-
THBJIEHHE CBSI34HO C H3MEHEHHEM INPOEKIHH BOJHOBOrO BeKTOpa Ha
HanpabJeHue, BJOJb KOTODOTO HJAET TOK, BBI3BAHHbBIA paccesiHUEM.
Taxum obpa3zom, cpeasee aidexTuBHOE MONepeyHoe ceyeHHe 3any-
1eTcsl B BHJE

(o) =2n f db sin 60 (0) (1 — cos 0), (18.39)

-2

riae nocjaeJHMH MHOKHTENb B IOAbIHTErpajbHOM BLIPAXKEHHH YKa3bl-
Baer, yTo Oepercs B3BelleHHoe cpejaHee no k;. CooTBercTByioas
YaCTOTa peslaKCallu{ OnpejesieTcss COOTHOUIeHHEM

1 Up

=—=n,(0) v, (18.40)

7 A

rie A —cpeausigs aauHa csoboaHoro npoGera, n; — KOHUEHTpalHs
paccedBaIOUIUX LIEHTPOB, 8 Up — CKODOCTh PepMu.
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Bk/1ag B BeJWYUHY 3JeKTPHYECKOrO CONPOTHBJEHHSI, OGYCJIOB-
JIEHHBIH pAaCcCeHBAIOILHMH HEHTPAMH, PaBeH

*
m n;ke

Ap: nett; = Tnet ( ) (1841)

rie n; — KOHUEHTPALHs SJIEKTPOHOB. Ianee, ecnu BBECTH (ha3oBble
casuru (cM. [B]), To Haiinem

2

o(®)=—| ¥ @L+1)e ™ sinn,P,(cos8)| . (18.42)
F

L=0
OTKYV1a
2\ -
dl‘- (1—u)o(d =7 & (L+Dsin®(n, —nz4), (18.43)
F Lo
H
4mn;
= ot D (LA 1)sir? (n, — ;) (18.44)

31ecs QaszoBble cABurH cieayer Opartb Ha mnosepxHoctH PepMmu.
Ecan Benuxk JuWb OAHH (a30Bbil CIHBHL, CKaXeM 1, TO H3 fpa-
Buaa cyMMm (18.30) umeem

zZ
mzﬁ":ﬁ, (18.45)
H TOorjaa 7
4,
Ap— n:’,: (L+1)sm2(4Lnﬁ). (18.46)

Haa Z=1, L==0 nonyuum (o)=4n/k% ~ 107" c#’ u, creposaTens-
HO, 3JIeKTPHYECKOe CONPOTHBJ/EHHE DABHO HDHMEPHO 4 MKOM - CM
Ha 1% npuMecH, uTO, KAK NOKA3LIBAET OMbIT, NIPAKTHUECKH SBJSETCA
BEepPXHHM IpesjenoM /s paccMmarpuBaemoro sdpdekra B cayuae He-
MArHUTHBIX 1npuMeceil. Pesyabratel Ansi Ap, NOJY4YEHHBIE NYTEM
JeTajbHBIX pacueToB ()a30BOr0 CABHIa, B KOTODLIX JROMYcKAercs
BO3MOXHOCTb TOrO, YTO TIPHMECh H3MeHSeT OOBbeM 3JeMeHTapHOM
s4ellkH, TNpHBeAeHb Ha pHc. 18.1, BmecTe ¢ 3KcnepHMEHTaJbHBIMH
JaHHEIMH. BraHo, 4TO coraacHe TeOpHH C ONBITOM INPEBOCXOJHOE;
3TH pacyeThl NOKAa3blBAlOT TAKXKE Majyi0 YYBCTBHUTEJNBHOCTb Pe3yJib-
TaToB AJAA Ap K Qopse NnoTeHlMana NpPH YCAOBHH, YTO BeTHYHHA
HEKOTODPOro napaMerpa, ONpelesIollero NoTeHlUHas, BhlOHpaeTcs
Tax, uToObl (da3oBble CABHCH Y/AOBJETBODPSUIM NPABHIY CYMM.
Ocumansiuns 31eKTPOHHOM MIOTHOCTH HA GOJABIWMX PACCTOAHUAX.
B ra. 6 mbl Bugean, yTo B npuOIHIKEHHH CaMOCOTJIaCOBAHHOrO MO
peuieHne JJs IJIOTHOCTH 3KPAHHPYIOLLEro 3apsfa, OKpYXKalolero
3apsKeHHbIH NPUMECHBI 4TOM, COAEPXKHT OCUHJ/IHDYIOUHE YJIEHbI,
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KoTopble A OOJNBUINX DACCTOSHHA HMeloT BUA cos (2kgr)/rd. Tlo-
YUHTETbHO BLIYHCAKTb 3TH OCUHJJISLHKH HENOCPEACTBEHHO, ONUPAsiCh
Ha MOJEb HE3aBHCHMBIX 4YaCTHI; MNOJYYEHHBIH BbILE peayJabTaT

0 T T T T T

, MKOM-CM Ha 1% npumecy

4p

0 ! 1 [ 1 L
Cu Zn Ga Ge As Se

Puc. 18.1. OcraTounoe cONpoTHBIEHHE
Ap menu, colepxaumiedl npHMecu sJe-
MEHTOB C pa3JM4YHOH BaJAEHTHOCTHIO.
Yepuule XPyXkKKi — 3KCNEPUMEHTaNbHLIE RAHHLIE:

KPUBHE MOCTPOeHW IO pacueraM <Ppuzeas (7),
Baatra (2) u Paxe n Ppuseas (3).

(18.29°) mokasbiBaeT, YTO TaKHe OCUHJJIUDYIOULIHE UjeHbl BO3HHKAIOT
H B npubauxeHur HezaBHcuMbix uyactuu. Ceilyac ms! 3aHOBO pac-
CMOTPHM BONPOC 00 H3MEHEHUHU IJIOTHOCTH.

BosinoBylo ¢yHKnuio, ONHCHBAKOLIYIO pacCesHue 3JEKTPoHa
C BOJHOBHIM BekTOpOM K, MOXHO NPEACTaBMTbL B BHAE

@, (X) = &% * 4 g, (X). (18.47)
Toraa u3MeHEHHe NJOTHOCTH 3JEKTPOHOB GyHeT PaBHO
Ap, (X) =19, — 1 = g, (x) e~ ™ * - xomna. conp. | g, (X)[% (18.48)
BHE LEHTPAJLHOrO 3apsAa HMeeM
£ (%) = Fu(0) £ (18.49)

Ycpennsa (18.48) no nosepxHoCTH ChEpH NPH AaHHOM K, noayduM

ikr nf (n)eikr
(B, () =~ G- {[ P

— [Z @ 4 comnn. conp. |+ [ @217, (©)F}. (18.50)

-+ koMn.Ja1. conp.] —

ikr?
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Mpu noayuenun (18.50) ™Mb ABaxabl uuTErpupoBaau (18.49) no
4acTAM, HO COXPaHsJH TOJbKO OCHOBHBIE YJEHH (A GOJbIIHX r).
Coraacsao ontuueckoll teopeme (cM. [D]) umeem

4;

fdglfk(e) P=7,}1m{fk(0)}, (18.51)

YTO NO3BOJsET ynpocTuth Bhipaxenue (18.60) u cBectu ero K Buay
1114

(Do (x)y =4 1 comna. conp. (18.52)

Wtak, nJOTHOCTb 3apsja 3aBHCHT TOJBKO OT AMILIMTYAbl BOJHBL,
paccedBaeMo#l Hazaja; 3Ta AaAMIVIHTYAa onpeaenserca (asoBbiM
casurom 7. Teneps (18.52) MoXHO mepenucaTtb B BHIE

(Ap (x)y =D (5 ()], (18.53)

rjie ¢ — KOHCTaHTa.

[Tosioe M3aMeHeHHe IJOTHOCTH 3JIEKTPOHOB NOJYYHM, BBIUHCAASA
B3BeleHHoe cpeaHee ot (18.53) c yuetoM (YHKIMH IJIOTHOCTH CO-
CTosiHME U MHTErpupys no Bcemy bepmu-dory. AcHMNTOTHUECKOE
BbipaXKeHHe AJS OOJIBIHX 7' MMEEeT BHJ

2 cos (2ker + ¢
80 () = s | @ (o (0= C T 15,50

rie Cr ¥ @p — KOHCTAHTHL. MBIl BHAMM, 4TO Ja)e B MOJENM He3a-
BUCHMBIX 4YacTHl Mbl NPUXOJMM K OCHHJJIHDYIOIHM H3MEHEHHSIM
IJIOTHOCTH HA GOJIBLIMX PacCTORHHAX OT NDHMECHOro aToMa; am-
IMTYyAa ocuu/nsiumii cnajpaer no 3axony l/r3 Xapaxrep muamene-
Husl IVIOTHOCTH C PacCTOSIHHEM BecbMa GJIH30K K 3aBHCHMOCTSM, IO-
KaszaHHbIM Ha puc. 6.1.

B cayuae HeMarHUTHBIX npimecell o0yClIoBJeHHOE MMM H3Me-
HEHHe [JIOTHOCTH 3/IeKTPOHOB Ha OOJbIIKMX pACCTOAHHSIX Ype3Bbl-
yafiHo yG6eJHTeNbHO J0Ka3biBAeTCS DEe3yJbTaTAMH H3Y4YEHHs KBaj-
pynoabHbx 3bdEKTOB B ONbITax NO HAEPHOMY MarHHTHOMY pe30-
HaHcy Ha pa3GaB/jeHHbIx cniaBaX. B skcnepuMentax BroMGeprena
u Poynenja, a TakKe JPYrHX aBTODOB Obljio OOHAPYXEHO 3aMeTHOe
ocjabneHye MHTEHCHBHOCTH LEHTpaJ/bHbIX JNHHHH sIAepHOTO pe3o-
HaucHoro morjouteHuss Cu u Al npd MafbIX KOHUEHTPALHAX INpHu-
MEeCHBIX aTOMOB B ciiuaBax Ha ocHoBe Cu u Al. IToHHKeHHe MaKcH-
MYMOB HMHTEHCHBHOCTH Bbl3bIBaeTCsl YIUIMDEHHEM JIHHHM pe30HaHca
BC/1eJCTBHE GOJIBIINX PAJHEHTOB 3/J€KTPHUECKOro INOoJs, CBA3aHHLIX
C IKpaHHDYOLIHM 3apsioM Kak HelnocpeicTBeHHO BOJM3M NpHMec-
HOrO aTOM4a, TaK H BJaJH OT Hero. ' pafaueHThl 3/€KTPHUECKOTO 0I5
B3aHMOJIEHCTBYIOT C KB3jApYNoOJbHEIMH MoMeHTaMu sjep Cu u Al n
YUWHPSIOT JHHHIO Pe30HAHCHOTO NOTIOUeHHS.
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Itor 3ddeKrT CHIbHO 3aBHCHT OT INOBEIEHHS dTOMHBIX p- U
d-pyuxuuit Ha noepxHocTH Pepmu {4, 6. Mb He GyneM mnpuBo-
JUTb 3]eCb KOJIHYUECTBEHHBIX DPaCyeTOB, pe3yJ/bTaThl KOTOPHIX XO-
poLIO COrJacyloTCsl C 3KCIEPUMEHTaJbHbIMH OaHHBIMH. YyBCTBH-
TEJIbHOCTL COBpEMEHHBIX 3KCIepHMeHTAJ/JbHBIX METoJOB TaKOBa, 4TO
3(p¢exThl, BaHAIOWME HA (HOPMY JHHHH pe30HaHca, OOHAPYXKHBAIOT-
Cfl, eCiu #/1epHBIH De30HAHC NPOHCXOAMT Ha oxHom H3 20—90 aTo-
MOB OCHOBHOTO BeIlleCTBa KpHCTaJ1a, CpeiH XOTOPbIX HaXOAUTCH
OJHH NPHMECHBIH aTOM (3TO pa3juuue B YyBCTBHTE/IbHOCTH 3aBH-
CHT OT KOHKDETHOH CHTyauMH M, B UYACTHOCTHM, OT pa3/JHuUHS B
BasnenTHocTax). [IpH Bo3pacTaHiu Pa3sHOCTH BAJIEHTHOCTEH H aTOM-
HOT'O HOMEpa 3JeMEHTa-paCTBOpPHTeNs YKa3aHHble 3ddekThbl Bo3pac-
TaoT. JleiicTBHe nepBoro (axTopa YCHJIHBAeT BO3MYLIEHHE, [cH-
CTBHE BTOPOrO NDPHBOAHT K BO3DACTAHHIO AMIIUTYAbl (QYHKLHI
Baoxa.

BupryansHoie cocrosinus. PaccMorpum mnpasuio cymm (18.30),
T. €.

z=2 N @L+1)n, (k) (18.55)
< :

[IpeacraBaser uHTepec OGCY/AHTh HEKOTOpble crenHaJbHble ciayyau
IpHMeHeHHs yKa3aHHoro npasusa. [Iyerb BennuuHa Z NOJOXKHTENb-
Ha, T. €. BaJEHTHOCTb NpUMECHOro atoMa GoJbille BaJAeHTHOCTH 3Je-
MEHTAa-pacTBOPHTE/IA.

IlepBblfi cnenMa bHbl clyyalf OTHOCHTCS K CHTyallHH, B KOTO-
poli OJHH H3 BHELIHHX 3/JeKTPOHOB IPUMECHOr0 aToMa OCTaeTcs u
B MeTaJjjie CBS3aHHbIM C NMPHMECHBIM aTOMOM. JDHEprus 3TOro CBH-
33aHHOTO0 COCTOSIHHSA JOJKHA DAacnosaraThCs HHXKE HHIKHEro Kpafd
30HBl NIPOBOJHMOCTH METaJjJd, NOCKONBKY CBSA3aHHOE COCTOSIHHE, 1O
onpejle/eHHIO, HE MOXKET CYLIeCTBOBATb B 001aCTH HelpepLIBHOTO
cnextpa. Ecau oguH 31eKTPOH ¢BsA3aH, TO QAKTHYECKH 3TO 3KBUBA-
JeHTHO 3 (EKTHBHOMY MNOHHXKEHHIO BaJEHTHOCTH TPHUMECHOro arto-
Ma Ha eAUHHLY, T. €. IPUMecHBI aToM Oy/1eT BecTH ce0s KakK aToM
¢ BaneHTHOCTbIO Z — 1, 2 ne Z. Eci¥ MBI 3aXOTHM Yy4YecTb 310 00-
CTOSITENbCTBO, TO NpH pacuere (18.55) Halo HCKIIOUMTL OJHO3JIEK-
TPOHHOE CBI3aHHOE COCTOSHIE; /15 3TOrO CJeBa HAaJ0 3a8MeHHTb Z
Ha Z — |, a copapa HCK/IIOYHTH BKJA3J O HOJEKTPOHHOTO CBSI3dH-
HOTrO COCTOsIHMS, paBHbI# n/n. (s mosyueHHs COIVIACOBAHHOTO pe-
3yJbTATA BEJHYHHY 1 /151 CBA3aHHOrOo COCTOSIHHA CJejayeT NoJo-
XKHUTb paBHOl n. M3 Teopuu paccesnus usBecTHo (cM. [5] unu [7]),
YTO B CJAYyYa€ MOTEHHHAJAbHOH $Mbl C SHEDreTHYECKHM YPOBHEM,
6au3KUM K HysJeBoMy, Oyjler o6Hapy:KHBaTbCs pe3OHaHC NpH pac-
CesHHH YACTHI HM3KOH 3HEPrHH CO 3HaueHHeM L, COOTBETCTBYIOLLHM
ITOMY 3HepreTnyeckoMy ypoBuio. Ilajamouine wacTHubl ¢ 3HEprue,
6,1143KOH K HYKHOMY 3HaueHHIo, 6yAyT 3aXBaThiBaThCA NMOTEHUHAEJb-
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1OH sIMOM M KOHLEHTPUPOBATbCH B Heil. DTO HpHUBEJAET K 3HAuH-
TENbHOMY HCKAXEHHIO BOJHOBOM (PYHKIHMH H, CJe0BaTelbHO, K BO3-
pacranuio paccesHusi. HanomHum (cm. [B]), uTo mosHoe ceueHHe
paccesHus PABHO

g=%2(2L+1)sin2nL. (18.56)
L

ITpu pesoHaHce 4J15 KaKOro-TO KOHKPETHOTO 3HaueHus L Mbl JOJXK-

HBl OYunTe M| =51, 57, ...

BTopo# crmeuuanabHbIf cayvYaii OTHOCHTCA X CHTyauuu, Koraa
NOTEHLHA NPHTAXEHHS NMPHMECHOr0 aToMa yMeHbluaeTcsl. JHeprus

CBSI3a8HHOTO COCTOSIHHA [IPU 3TOM BO3pacTdeT U B KOHIIE KOHIOB J0-
CTHrder 3HaueHH#, COOTBETCTBYIOUIHX HENPEpPLIBHOMY CHEKTPY CO-
CTOSIHMH 30HBI NIPOBOJHMOCTH. B TakoMm ciydae noJe3Ho paccmar-
PHBATb 3TO COCTOSIHHE KaK BCE XKe CYLIecTBYIOLlee, Ho 8UpTYAAb-
HOe, ofaafaiolllee MOJOKHUTEAbHOH 3HeprHell Mo OTHOIUEHHIO K HHXK-
HEMY Kpai0 30Hbl IPOBOAMMOCTH. [IpH 3Hepruu, HeCKOIbKO MeHblueH
pesonaHcHOM, $a30BBI CABHI NPUGJHMKEHHO PABEH /7, a NPH 3Hep-
THH, HECKOJIbKO Oosbuiell ee, $a3oBblil CABHI NpPHOJMXKEHHO paBeH
(n+1)n. Pe3onancHyio 3Hepruio MOKHO ONpEAEHTh KaK 3HEPrHIo,

ANl KOTOPOH M, == (n+ %) .

Ha puc. 18.2 noxaszanbl 3aBHCHMOCTH ()230BOTO CABHTA IIpH
paccessHMM p-BOJNHLI HA HEKOTOPOW NPAMOYTOJBHOK MOTEHUHATbHOM
fiMe, & T4KXXKe CeUeHHs PACCesTHHs OT BOJHOBOro BeKTOpa. Pe3oHaHc-
HbI XapaxTep 3THX 3aBHCHMOCTE!l BbIpaXeH BIIOJIHE YETKO H 1I03BO-
JfleT ONpe/enHTh MOJOXKEHHE BHPTYaJbHOr0 YPOBHS.

Peskoe usmenenne (asoBoro c/BUra NpH 3HEPrHsX 3JEKTPOHA,
6/H3KHX K 3HEPrHH BHPTYaJbHOrO YPOBHHA, NPHBOJAHT K TOMY, YTO
CBOMCTBA CILIABOB, Y KOTOpHIX ypomeHb ®Pepmu Omu30K K 3Toll 06-
J4CTH, OKa3blBAIOTCA B BhiCIIeH CTeNeHH YYBCTBHTEJNBHbIMH K BeJH-
YHHE KOHUIEHTpalMH 3JeXTpoHOB. HeGosblioe u3ameHeHHe cpejaHed
KOHLUEHTPAIHM 3JIEKTPOHOB, KOTOPOE MOXXHO BbI3BaTb A0GaBJeHHEM
B CIJ1aB Ka4KOH-TO TpeThefl KOMIIOHEHTLI, MOXKET NPHBECTH K TOMY,
YTO ypoBeHb PepMy NepeiBUHETCH H B KaKOH-TO MOMEHT COBMAJeT
C BHPTYadbHHM YpoBHeM. Ecau yposedr ®epmMu npu AaHHoM L,
paBHOM, cKaxeM, L', JeXHT 3HAaUHTENbHO HKIKE BUPTYaJdbHOTO
YPOBHSI, TO 3KPaHHPYIOWIHH 3apsj CKOMNEHCHPYET pas/MuHble KOM-
noHentbl L Tak, Kak Tpefyercs, uTOObl Y/AOBJAETBOPHTb NpABHIY
cymm (18.55). Ecau ypoBenp ®depmyu J1€XKuT MHOTO Bbllie BHPTYaJb-
HOTO YpOBHEH, TO (pa3oBHiil cABUr 1)y OyaeT GoOJbMWIHM K Ipeo6.aa-
Jampllaa uacTb 3KpaHupymouero 3apsaa 6yaer ofycroB/ieHa 3Jek-
TPOHAMH Ha BHPTyaabHoM ypoBHe L’. Takue snexTpoHbl BeAyT cebs
KaK XBa3|CBA34dHHbIE H MX MOXKHO CYHTATh JIOKAJH30BAHHLIMH,



400 IJIABA BOCEMHAUATAS

MaTemaTHueckas TPaKTOBKa BHPTYaJbHbIX COCTOSIHHE B MeTals-
Jlax Gblna paspaGoraHa psajaom aBTopoB [8—I12]!). M3 pauHux pa-
60T yKa3aHbl JHUIb HEKOTOpble. Mbl JaeM 37ech CBOK CXOIHYIO
TPakTOBKY, Haubojiee NPUrOAHYIO /I8 ONHCAHHA KAaK HeMarHurt-
HbX [9), Tak u MarnuTHbIX npumecedt [10]. Jlas HeMarHHTHBIX DpH-
Meceli ynoBHO mnosb3oBaTbcd (QYHKUHAMH Banbe, KoTopble GbliK

/i i ] |
J / Z J 4 J

ka

Puc. 18.2. dasoBnif ciusur m, 4 ceueHue o,
JAS pacCesiHud p-BOJAHB HAa NPAMOYTOJbHOH
DOTeHUMAJAbHOH fMe pajauycoM a M raybu-

HoH V, B cayuae, Koraa (2mVo)l/= a=62[15].

onpejenenbi Bhinle B (9.114). Tlyctb V — moTeHumas mnpuMmecH,
Hy — HeBO3MYIIEHHbI OJHO3JEKTPOHHLIH raMHJABTOHHAH pEIIETKH
pactBoputens. TouHoe peluenHe ¢ BOJHOBOTO YpaBHEHHSI AJs BO3-
MylUeHHOH pemeTkKH MOXHO 3amucatbh B Mpele]bHOM cJayuae
s — +0 B BUZE

1
b= Py + o VY (18.57)

DToT pe3yJbTAT BhITEKAeT U3 (OpMasbHOH TeOPHH paccesHus (cM.,
Hanpumep, [7]). Tenepr MBI clenaeM BecbMa CMeJO€ IpejlIOJOXKe-

) Teopus 3bdexTOB paccesHHS Ha NpHMECAX B CBEPXNPOBOJHHKAX HMeEETCH
B pa6orax [13, 14].
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HHE, a2 MMEHHO JOMyCTuUM, 4uTO JefcTBHe onepartopa V He BHI3bIBAeT
CMEIUHBAHUSA COCTOSIHMH PAa3NHUHBIX 30H; B YaCTHOCTH, NPEANONO-
JKHM, 4TO (YHKUMIO P MOXHO pa3/OXHTb B psil N0 GYHKUHAM
Banbe Kako#-TO OJHOH 30HHI, T. €.

b= N_l/! Z v (X,,) wv (X - X,,), ) (1858)

rie ¢vaxkuuy Banbe w, 4R 30HBI y OnpejeneHsl uepe3 YyHKUHY
baoxa gxy(X) caeayiouum ob6pasom:

w, (x—-x,,)zN’V’ZH:-e"ik'xncpkv(x). (18.59)

[TpeneGpe:keHHe MeX30HHBIMH YJE€HAMH MpeACTaBJISeTCS HE CJHLI-
KOM OMNACHBIM, €CJM KaK NpUMecHble, TAK U 30HHBIE COCTOSIHMA 06-
DA3yIOTCH raBHBIM 06pa3oM M3 ONHHUX M TeX e aTOMHBIX COCTOSA-
HHH.

3aMeTuM, UTO AJA MATPHUHOTO 3JE€MEHTA MOXKHO HaNHCaTh

'[ dxpy,, (X) Vi =

=N"Y [ &xwy (x —xa) ™™ MV U () wy (x — X,).  (18.60)

mn

Ecnn norenunan V nokanusosan BOAH3H Xo U PaCIPOCTPAHAETCH
Ha CcToJb HebOoJbliOE PACCTOSIHHE, YTO HEe INepeKpbiBaeT CKOJbKO-
HuOyAL 3aMeTHbIM o60pasom ¢yHKUuH BaHbe, cocpenoToueHHBIX
BOJM3H Yy3JIOB DEIUeTKH, To MNpUOJHKEHHO CNpPaBelMBO COOTHO-
LIeHHe

[ &xwy (x —Xm) Vawy (x — Xa) =V ydonbon.  (18.61)
Torna (18.57) MOXHO 3amicaTh B BUAE

’ Ky x gyt Vv
D=0y, + X D U (X N T (18.62)
-

E—¢&-y T is
HaM, ucrnoansys (18.58),

Ux)=e™ny Y SROC G _Xly 17 (x).  (18.63)
<

E— gy 18

[lpu x, =X, noJay4um
U (x0) =

elk-xn

1=V kZ (E— &y +is)™!

(18.64)

26 4. Kurrens
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CyMMupoBaHHe B 3HaMeHaTese MOXHO 33aMEHHTb MHTErpPHpOBa-
HHeM; Toraa

1 1
@ny? fdak, e— By T 65
' &y (E) &y(E)
—de VE+[ _e?de L —ing(e).  (18.65)
3necy g(e) — nJAOTHOCTH COCTOAHHH B paccMarpuBaeMmoll 30He,

a &, KaKk 4 06BIYHO, — CHUMBOJ TJaBHOrO 3Hayenus. [1aBHOE 3HA-
yeHHe HHTErpana 06o3HauuM dyepes F,, T. e.

F (s)—e?de &y(® ) (18.66)

torga (18.64) MoxHO nepenucaTth B BHAE
U o 18.67
(X0 =TV, Fre F vz, @ (18.67)

Amnautyna U(X,) BosiHOBOH (GYHKUMH DpHMEcCHOro aroma Oyaer
BeNuKa [Jif 3Ha4YeHHH e, CAYXKAUWMX KOPHAMH ypaBHEHHSA

1 — VyyFy(eo) =0. (18.68)

310 ypaBHeHWe B [AaHHOM MOJENH ONpEJeIsieT NOJOXKEHHE BHP-
TyaJbHOro ypoBHs. Eciiu 3HaueHne KOpHS gy JIEXHT BHe paccmar-
pHBaeMoH 30Hb, TO Zgy(e) =0 u U(Xp)—>o0; B 3TOM caydyae Ko-
peHb gy XapakTepH3yeT peaJbHOe CBfA3aHHoe cocrosHMe. Ecau e
JIEXHUT BHYTPH 30iibl, TO gy(g) HMeeT KoHeuHoe 3HaueHHe, a U(xo)
npH g9 NOCTHIAET CBOEF0 MAKCHMAaJbHOTO DE30HAHCHOTO 3HAYEHHH.

Jlokaan3oBaHHbie MarHMTHbie COCTOSIHUA B Metaaaax. [Ipeano-
weHHas AnpepcodHom [10] TpakroBka JOKaJH30BAHHLIX MAaTHHTHBIX
COCTOAHMH B MeTajJjax NPHMEHuMa, B YACTHOCTH, B TeX cJayyasx,
Korga NpHMMECHBIH aTOM HMEET He3anoJHEeHHYI0 HJM 4acTHYHO 3a-
NOJHEeHHYI0 d-060/04KYy, a COCTOSIHHS 30HBI NPOBOAHMOCTH MerTa.g-
Na-pACTBOPHUTENS OTJAMYHB! OT d-COCTOSIHMS M NpeiCTaBJIAIT CO6of
Jubo s-coctosHus, Au60 cMecb S- H p-cocrostHuil. IIpeamosoxum,
UTO UMeeTCsH eOUHCTBeHHOe OpOHTAIbHOE COCTORHKE d-3,1eKTPOHA ¢,
npuyeM JO0YCKAaTCs 06e OpHEHTALHM CNMHHA. DTO NPEANnoJOXKeHHe
HEeTPHBHAJbHO, HO, KaK MOKa3aHO B TNPHJOXKEHHH K UMTHPYEMOH
cratbe AHJEpCOHA, OHO HE NPHBOJIHT K CJAMIIKOM CepPbe3HLIM IOo-
caeacTBUAM. EciiH OKOJIO MpHMECHOro aToMa CYLUeCTBYeT JIOKaJln30-
BAHHBI# MATHMTHBIE MOMEHT, TO OJHO M3 ABYX CIHHOBBIX COCTOSHHH
(nycTh 3TO COCTOAHHE COOTBETCTBYET OPHEHTALMH CNMHA «BBEPX»)
6yrer 3aHdaTo (MM yacTHYHO 3aHATO). Toraa 3JeKTPOH CO CIIUHOM,
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HANpAB/JACHHBIM BHH3, OyJeT HCHHTLIBATL KYJOHOBCKOE OTTAJKHBA-
Hi{e CO CTOPOHHI 3/IeKTPOHA CO CIIMHOM, HanpaBJeHHbIM BeepX. Ecnn
5HePrHs NOCAEAHEr0 B HEBO3MYILEHHOM COCTOSIHHH OTBEYAeT YpOB-
HIO, JexauweMy HixXe ypoBHs Depmu ua Beauuuny E’, To 3Heprus
JI0OKaJM30BAHHOTO COCTOSIHUA CO CIIHHOM, HanpaBJeHHbIM BHH3, Oy-
ner pasia —E’+ U, rape U — sneprua d — d-s3auMogeitcTsus, co-
OTBETCTBYIOILASl KYJOHOBCKOMY OTTaJKMBAHHIO. JIOKaJH30BaHHbLIN
MoMeHT OyAeT CyUIecTBOBAaTh TOTAd, Korjaa sxeprus —FE’+ U otse-
yaeT YPOBHIO, JeXalueMy Bblile ypoBHA Depmu.

B koBasieHTHOH cMecu cBOGOAHBIX 3ME€KTPOHOB M 3JEKTPOHOB B
d-COCTOSIHHH YHMCJIO 3JEKTPOHOB CO CIIMHOM, HamnpaB/ieHHBIM BBEpX,
6yner yMesblWAaTbCs, & YHCJO JEKTPOHOB CO CIHHOM, HANpPaBJ/IeH-
HbBIM BHH3, — YBEJHUHBATLCA. B3auMoneHcTBHE 3JEKTPOHOB B S-
H d-COCTOSHHSIX MOBBIUIAET 3HEPTHIO 3JEKTPOHOB CO CNHHOM, Ha-
NPaBJeHHbIM BBEPX, M MOHHXKAET IHEPTHIO 3JEKTPOHOB C NPOTHBO-
NOJOXHO HANpaB/JCHHLIM cnuHOM. Baaronaps 3toMy 3¢dekty
COMPOBOXKAAIOILEMY €ro YIUIHPEHHI0 d-COCTOSHHN YCTOHYHMBOCTb JIO-
Ka/JM30BaHHOIO MOMEHTa CTAHOBHTCH KOONMEPATHBHBIM SBJEHHEM,;
OTMETHM eie, YTO NPH 3TOM BHPTY2JbHOE COCTOSSHME MOXET cojep-
xarb Jqiofoe Heuea0e YHCJIO CHOMHOB. 37ech Mbl paccMaTpHBaeM
€AMHCTBEHHBI HeBBIDOXKAEHHLIH d-ypOBeHb; c/ayyall BHPOXKAEHHH
ONHCaH B NPHJIOXEHHU K UMTHPOBAHHOM ctaTbe [[0].

FamunbroHuad AJs Mojienn AHQepcoHa 3anHUIETCH B BHAE

H= ?_; &My —+E (g + 1)+
+Unyyn,, + % V e (CiisCas € (18.69)

31ecb ex — 3Heprua CBOGOMHOTO 3MEKTPOHA; M, =cCf e, . E — He-
BO3MYLICHHAS 3Heprusi d-coCcTOSIHHS npumecHoro atoma; U — suep-
ruf KyJOHOBCKOTO OTTANKHBAHUA d-3JEKTPOHOB CO CITMHAMH, Ha-
npasjednsivmn BBepx (d 1) u Buu3 (d | ); Vax — 3Heprus ssaumo-
AeHCTBUA MEXIY 3/1eKTPOHOM B d-COCTOSIHHH U 3JIEKTPOHOM, COCTOS-
Hle KOTOpOro onuckiBaercs ¢yukuueli Banbe, JiokanH30BaHHOH Y
4TOMOB, ABNSIOIHAXCA ONMKAHIINMH COCEASIMH NMPHMECHOTO0 aTOMA.
Ilpeanonoxum, 4To ¢GyYHKUHS Qg OPTOrOHANbHA KO BCEM (PYHKUHUSM
Banbe 30ub npoBogumoct. Ilycts

o,= [l c;0,,, (18.70)

E<ep

03HA4AET OCHOBHOE COCTOSIHHE CHCTEMb! B npUGNHxeHWH XapTpH —
Qoxa c npuBeleHHbIM Bbille ramuabToHuadom (18.69). Coraacuo
pe3ysbTaTaM, NOJNYUYEHHLIM B IJ1. 5, OTCIO4A CJelyeT, UTO

—ics,=—¢, cr =[x HJCP, (18.71)

no no g’

26*
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rAe HHAEKC CP O3HAyaeT, yTo TpexdepMHOHHbLIE wieHB B KOMMYTa-
TOpE HYXXKHO CBECTH K OJHO(DEPMHOHHBIM, YMHOXEHHBIM Ha CpejHee

3Haueliyue, B3AT0E o COCTOAHHUIO mo. ﬂaﬂee 3annuiemM C;—o B BHIE
6 = (S 1K), e ) +-(nldy, 5, (18.72)

rje onepartophl ck+u’ C;'U OTHOCATCHA K HEBO3IMYI(CHHBIM COCTOSIHUAM
4 YIAOBJNETBOPAKT COOTHOILIECHUAM

—[eder H]p =8lis T Viatiior (18.73)
—[ciw H|,= (E —U(n, _U)) c; + ; V,eh.  (18.74)

NMoacrasum (18.72) B (18.71) u ucnonbsyem cootHolueHus (18.73)
u (18.74); npupasHuBas Ko3hdHUUHEHTH NPH ¢ H CF,, NOAYYHM

e, (1| K), = e (| K),+ V,, (n|d),, (18.75)
o 1Yy = (E~+U (1, - ) (2| Ao+ DV [ 1) (18.76)

Hama 3agaya COCTOMT B TOM, YTOGH BBIYHCJHTbL BEJUYHHY

Pas (B) =2 || dY, P8 (e —&,); (18.77)

n

OHa npelcTaBnifer co0O¥ cpPeAHIOI NAOTHOCTL (KaK (YHKUHIO OT
DHEPTHH &) CHCTEMBl, B KOTOPOH K HENpepbiBHOMY CIEKTPY 7 CO-
CTOSIHHE C 3Hepruel g npuMelIaHsl dG¢-COCTOSIHAS,

BennunHy pay(€) MOXKHO BHIYMCINTL BeCcbMa NPOCTHIM H H3SILI-
EBIM cnoco6oM. PaccMotpum ¢yHkuuio ['puna

G(s+is)=¢il-_—ﬂ, (18.78)

KOTOpas AuaroHajbHa B MPeACTaBJeHHH 7 TOYHBIX COOGCTBEHHBIX CO-
CTOSIHMH, T. €.
1

Gzn (E+ZS)= (n(’lGl nc) = m. (1879)
HassecTHO, najee, 4To MHUMAd €€ 4acTh
Im {Gha} = — 18 (6 — €ro) (18.80)

H, cJenoBaTteJbro,

Pao () =— %EI (n]d), [ 1m (G} = — % Im {{(do|G | do)}. (18.81)
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HamoMHuM, 4YTO NMoJHas NJAOTHOCTb COCTOSIHHA DaBHa

0s(®) = 3,8(e— €,0) = — = 1m {Sp G°}. (18.82)

W3 (18.81) sugBO, YTO pelleHde Halmell 3agaun CBOJUTCH K Ompe-

a
DeJEHUI0 MaTPUuHbIX 31eMeHToB Ugs; ypaBHeHHe Qs MaTpPHUHBIX
anementoB G, cornacHo onpenenenuio (18.78) odymkunu G, umeer
BHI

Ecau noaoxuts
E,=E+4U(n, _,). E—¢ -+ Is, (18.84)

TO MaTpHuHble 3jeMeHTbl (e+is — H) MmoxHo Ha#Ttu u3 (18.75) u
(18.76). Mtak, Mbl noayuuM

(8 — Eo)Gaa— § VaGia=1, (18.85).
(& —ex) Gia— ViaGaa =0, (18.86)
(¢ — Eo)Gix — g} Vaw Gire =0, (18.87)
E —en) Gk — ViedGae = Sk (18.88).
Paapewns (18.85) u (18.86) orHocutenbo Ggg, MOJTYUUM
Goa (8) = [E—Eu— }k]—'gv_“—‘;f]—l. (18.89)

B sToM BuipaxeHuu HMeetcs cymMma nmo K, KOTOpyil MOXKHO Ge3.
TPYZAa BbIUKCIAHTH; AEHCTBHTEIBHO,

lim ZM.—:&Q‘M in Y|V Poe—e,). (18.90)
k k

5340 e—ey+is E—E¢
k

INepsbiit unen B npasoft uactd (18.90) paer sHepreTuyeckwii caBur,
KOTOpBbIi MOXKHO BKJAIOUHTb B Ej; ecan npeHeOpeub wM, To IpaBas
yactb (18.90) npumer Bup

— in(Vi)ep p (€)= iA, (18.91).

rae p(e) — nIoTHOCTb coctosiHuit. MTak, eciu OTBreubcs OT 3Hep-
o
reTHueckoro ciBura, ¢oyukuns Ggq Befer ce6d TOUHO TaK, KaK eciu
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6Bl HMesoCh BUPTYa/bHOE COCTOSIHHE MpPH
E=E;—iA, (18.92)

rie A onpeneneHo cootHoueHueM (18.91).
Ecau cuutaTth, uTOo A He 3aBHCUT OT Ej;, TO AJs HCKOMOH Benu-
yuHbl (18.81) okoHuaTesbHO MONYYHM

1 1 1 A
ur(®) == g Im{ s | = s gy | (1899

Tlonnoe uuciao d-3/J€KTPOHOB CO CNHMHOM G 3aNUUIeTCH B BHIE

Ep

1 E; —ep
(o) = f depy, (e) = ; arcetg ———. (18.94)

Ho B Bemuuuny E, cornacuo onpejenednio (18.84), Bxoaur
{14, —4). Ilo3TOMY BENHYHHBL gy U M4, NOJXKHBI ObITh B3AHMHO CO-

rjiacoBdHbl, T. €.

1 E— U{(

(Ryyy = arcelg EF_E ey ' (18.95)
1 E— U

(ny)y = arcctg EF*A' SN (18.96)

Peulenne 3THX ypaBHeHH# JeTaqbHO paccMoTpeHo B pabore AHpep-
coHa. PesynbTaTh AJis OCHOBHOTO COCTOSIHMS NOKa3aHbi Ha puc. 18.3.
Ecnn (7,,) = (1,,), TO pelieHne COOTBETCTBYET OTCYTCTBHIO HaMar-

HUYeHHOCTH. I 3/leMeHTOB rpynnsl xene3da BennunHa U nopanka
10 38; naa s-3o8bl Menu BeauuuHa p(e) Moxer OLITb NOPAIKA
0,1 (38)7'. Besnunny Vi MoxHO rpy60 OUEHHTh H3 NAHHHIX 00
3Heprun cuemjedHs, uro jgaer 2—3 38, CaeposaTensbHo,

A=na(V?),0(e)~2—05 38, a otHomenne nA/U ymeHbuiaercs H
OKa3blBaeTcss B HHTepsBane 3Haueduwd ot 0,6 mo 1,5, uro coorser-
CTBYeT NepexoaHoi o6.,acT¥ MeXAy MarHMTHbIM H HEMAarHHTHBIM
cocrosHusaMu. Ecau npumecaMu CayxaT aToOMbl peiKO3eMEIbHbBIX
3JeMEHTOB, TO NOTeHuuasa V, COOTBeTCTBYIOLHA S — f-B3auMoae-
CTBHIO, OKAXXETCHd 3HAYHTENBHO MeHblle H, CJEA0BATENbHO, NpH Ma-
JLIX A MOXHO OXKHZaTb, 4TO Mbl GyJeM 4acTo CTA/JKHBATLCS C Mar-
HUTHBIM IIOBeJeHHEM paccMaTpuBaeMblx BeulecTB. Ha6mionenus
NOATBEPXKIAAKT 3TOT BbIBROA.

OTMeTHM, Y4TO M3JOXEHHAsi TEeOpPHSI He QAeT aBTOMATHUECKH pe-
AUEHHH, YIOBJAETBOPAKIMIMX NpaBuiay cyMm Ppujens, 4to AB/IACTCH
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HEeJOCTATKOM TEOPHUH, KOTODLIA XKejaTeabHO OblIO0 OGbl YCTPAHHUTH.
dtor Bonpoc obcyxniaercs B paborax Kaorcrona [11, 12], Baan-
IeHa (4] u Opuaens.

PaccMoTpuM Temepb HECKOIBKO NPHMEPOB, B KOTOPBIX MOIKHO
BCTPETHTBCH C BHPTYAJbHBIMH YPOBHSIMH.

IMpumecu aToM08 nepexoOHbLX 3AEMEHTO8 8 airomuruu. Ecan
pacTtBopsaty, Ti, Haxoxsimica B Hayane NepPBOMl rpynnusl nepexoni-
HBIX 3JEMEHTOB, B aJIOMHHHH, TO MOXHO
OXHAATh, 4T0 d-000/0UKa TUTaHa Oyjer 5
OTHOCHTE/IBHO HEYCTOHYHBOH N0 CPaBHe- g
HUIO ¢ d-000J704KOH HHKEeJs, CTOSILEro ‘
B kouue rpynubl, Ecau sBoauts B Al g¢
B KauecTBe NDHMeceil nocaeloBaTeNbHO
snementsl or Ti a0 Ni, to d-ypoBun 47
npuMecH GyayT HOHHXATbCS H CAE-TO
nepecekyr ypoBeHb DepMu aniOMHHHS, 4
YTO CAE/3eT BO3MOXKHLIM BO3HHKHOBEHHE ~ ¢
BUPTYa/JbHbIX CBSI3aHHBIX d-COCTORHHIL ’
Ocratouydoe conporusJenne, obycnos-
JIeHHOe 3THMM npumecamu B Al, unmo-
cTpupyercs rpagukoM Ha puc. 18.4; Ha
HeM BH/J€H OOJbIIOH IHPOKHN MaKCH-
MyM B paiodHe Cr. CunTamT, 4TO MAKCH-
MyM oOycioBjeH De3OHAaHCHBIM pacces-
HMEM 3JEKTPOHOB, HaXOAfAUIMXCH Ha
ypoeue @Depmu ajIOMUHHS, KOrga 3TOT
VpOBeHb NepecekaeT paclUMPeHHLIE YPOB-
HH 3JEKTPOHOB d-000JIOYKH NPUMECHBIX

T T
Hemyenynnge
nuaedere

\\
N
N\

\

D

Mueny,
n0800EHU

N
8
N\,

L]
N

4TOMOB. Puc. 18.3. O6aactd Maruur--
Ilpumecu aromos nepexoOHbIX 34€- HOTO M HEMATHMTHOrO NOBe-
MenTO8 8 medu. B atoM cayuae olMcH- nenus (no AHnepcony).

Hoe U 0COOEHHO KYJIOHOBCKOE B3aUMofe#-  3recs x= (ep—E) U, y=U/A.
CTBHE 3JEKTPOHOB B d-000.104Ke NPUBO-

JLHT K TOMY, YTO 3JIEKTDOHBI pa3buBalOTCs Ha ABE TPYNNbl — YHCAO
3JIEKTPOHOB B HHUX OJMHAKOBO, HO HalpaBJeHHs HX CIHMHOB IIPO-
THBOINOJOXHLIL. B cooTBercTBHH ¢ npasuioM XyHlJa B CBOOOJHOM
aTOMe TepBhie [8Th d-3JEKTPOHOB HMEIOT NapasjiejbHble CIIHHDI,
y 1IDeCTore M MNOCNeAYIOWMX d-3/IeKTPOHOB CIHHBL +HAmpaBJ/eHEl
aHTHNapaJ/ie]bHo CNHHAM MNepBBIX NSTH 3JeKTpoHoB. B cnnase
3TO pdcnpeje/]eHHe HaflpaBJeHUil CITHHOB COXPaHSAETCS, €CJH CBfl-
3aHHasg ¢ HUM 3Heprius Oosiplle LIMPHHBI BHPTYaJbHOTO VDOBHH H,
KpoMme Toro, 6ojblile 3HEPreTUUeCKOrO0 PACCTOSHHS MeXJAy ypOBHEM
GepMH ¥ BUPTyaJbHBIM ypoBHeM. UHcJeHHble OUEHKH AJsl COOTBET-
CTBYIOLLMX KpHTepueB noapobHo obcyxkpawres B pabote AHLEPCO-
Ha [10]. He Bce mnepexoinele 3/JeMeHThl, BBeJCHHLIE B KayecTBe
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npuMecei B MeAb, NPHBOJAT K NOSBJCHHIO CHJIbHO MAarHuTHBIX
CBOHCTB TAKOr0 CrJiaBa.

N

)
—4
_1
—
—

#a 1% npumecy
[
i
!

o, MKOM-CM

4
Q

| 1 1 1 1 1
i vV Gr Mn Fe Co Ni Cu Zn Ga

Puc. 18.4. OcrarouHoe conpoTuBieHue AQ adOMHHUA,
€OlepKallero NPUMECH DA3AMYHAIX NepPeXOLHLIX U He-
NepexoAHbIX 9JEMEHTOB.

O6MeHHOe pasfencHue 3JCKTDOHOB Ha JBe TPyNnbl 00bsCHIET
Hannuyue ABYX MaKCHMYMOB Ha rpaduke OCTaTOYHOIO COMPOTHBJE-

=
S
I

Ap, mxom-crrna 17 npemecu

T PN S N B T B R
CaScTi vV Cr MnFe Co Ni Cu
Puc. 18.5. Ocrarousoe conpoTHBAeHHE Ap

Menu, conepxameﬁ TNIPHMECH NEPEXOAHBIX
9]1E€MCHTOB.

Hiusi Ap, NOCTPOEHHOM A/l MEAH C J00aBKAMHU Pa3JHYHBIX METAJJIOB
nepexopHoi rpynnel (ot Ti go Ni) (puc. 18.5); ananoruunas Kap-



TEOPM CIITABOB 409

THHA Habaiopaercs Takxe ans cepebpa u 3on0tra. Makcumym, o60-
3HayeHHbIH BGYKBOH A, COOTBETCTBYeT YMEHLIUEHMIO YHCJ/ia 3JeKTPO-

L~

HOB B BepxHe#i nojoBuHe d-obonouku (ob6nactes A Ha puc. 18.6),
a MakcimyMm B — B HIDKHeH MosoBHHE 0OOMOUKH, TR€ CIMHBL 3J€K-
TPOHOB HanpaBieHbl aHTUnMapanaaeasHo (ob6nacts B na puc. 18.6).
MaruutHble u3MepeHHs [03BOJSAT CHOPMY/AHPOBATH CJENYIOLLHHA
HUSl (paKTa HaJUuys JIOKaNM30BAHHOTO
MarHHTHOrO MOMEHTAd: ec/iH NpHMecH p <>/ 5
BHOCST BK/JAaJd B 3aBHCALIMH OT TeM- Ja’}
nepatypsl ujaeH B 3akoHe Kiopu—

paryp k Kiop 7
Beficca ans MarHHTHOH BOCNPUHMHYH-
BOCTH, TO B JaHHOM BEIIECTBE HMEET- % /

77 7

MEHT; €CJIH € OHHM HE€ BHOCAT HHKa- C
KOro BKJaJa, 3aBUCSLIETO OT TeMnepa- u Cu
TYpbl, T % 1i
ypbl, OHOKanHSOBaHHbPlIH Marmn};g; Puc. 18.6. CxemaTHueckoe wH30-
MOMEHT OTCYTCTBYET. Ila puc. lo. 6paxenne d-060404KU IpHUMeC-
JIMYHHBI JIOKaJILHOTI O MariuTHOoro Medra, HanpuMep Mn B Cuy,
MOMEHTA JKeje3a, BBEJEHHOro B pas- ;‘;‘é‘:ﬁgg’}?g’g"‘“ﬁ:e nﬂepasf;‘;::;
JMYHBIE METaJIbl-DACTBOPUTENH, OT ¢ [noTURONONOKHHMH OpHEHTA-
H3menenne KOHUEHTpaUuHUH 3J€eKTPO-  IBYM BHPTyaJbHbHIM CBf3dHHBIM
HOB BJINSIET HA WHPHHY BUPTYaJbHOTO COCTOAHUAM.
YPOBHSI H NoJOXeHue yDoBHS PepMmu.
JloKanbHBI MarHMUTHBIT MOMEHT BO3HHKAeT B TOM CJyuae, Kornaa
HBIII YpDOBEHb JOCTATOYHO Yy30K. MMeHHO OTHOcHTenbHas WIHpHHA
BHPTYaJbHOrO YPOBHSl M sBJISETCS NPHUMHOK Toro, uTo Fe obuapy-
JKHBAET MarHHTHbIE CBOKCTBA B MelH, HO HE B AJIOMHMHHH.

O6MeHHOe B3aMMOJEHCTBHE YePe3 3JIEKTPOHbI NMPOBOJHMOCTH ')
npobGaemMbl: 1) KOCBeHHOe B3aMMOJAeACTBHe IBYX $Aep uepe3 uX
CBEPXTOHKOE B3auMOREHCTBHE C CHCTEMOH 3JeKTPOHOB IIPOBOAMMO-
CTH ¥ 2) KOCBEHHOE B3aUMOJIEHCTBHEe IBYX HOHOB yepe3 oSMeHHoe
B3aUMOJAEHCTBAE HX BHYTpeHHuX o6Gonouek (d Hau f) c 3Jjexrpo-
HUTHBIM YIOpPAJI0YEHHEM JOHHOE B3aUMOJEHCTBHE MpeACTaB/ser
3HayMTENbHBIM MHTepec. PaccMoTpuM cuHavasna mnepsyio tpobaemy,
nperefperasi KoppeasuuoHHbIME 3dderramn. Kpome TOro, mul 6y-
€M HMCXOAMTb U3 OJHO3JEKTPOHHOI MOJeaH H CYHTATh IHEPTHIO 3/eK-

NoJie3HbI KPHTEPHUH [/l YCTaHOBJE- 5
7

CSl JIOKAJH30BAHHLIfI MATHHUTHBIA MO-

npuBeneHa KpHBasgs 3aBUCHMOCTH Be- HOr0 aTtoMa IMepexofHoro 3Jje-

KOHLEHTDAUHH JJIEKTPOHOB B HHX. puaMmu chnuHa, COOTBETCTByOILEe

vposenb ®epMu 6/1M30K K BUPTYaJbHOMY YPOBHIO, 8 caM BHPTYa/b-

B TEOpHH METasJIOB MMeeTCA JABE TECHO CBSI3aHHDbIE MEXAY coboit

HaMH NPOBOAHMOCTH. ﬂ./'lﬁ HCC/Ee10BaAHHA CBOMCTB METaNJOB C Mar-

TpoHa NpoONOpPLIIOHAaAbHOA k2. OcHOBHble BHIBOALI H3 NPHBOJHMBIX

) Cm. paGotn [16—19].
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HHXKE€ pPacueToB MOXKHO Obl10 Obl JIErKO H3BJEYb H3 MOJVYEHHBIX
Bbie BeIpaeHu#t (18.29°) wunu (18.54), ognako Bompoc CTOHUT
TOro, yTo6bl PACCMOTPETH €ro JeTaJsbHO, NPOBEAst Heo6XOAMMEIE Bbl-
YHCJ/JAEHUSA.

CnuH OQHOrO sifpa B MeTajJie «YyBCTBYET» HanpaBJ/eHHe CIHHA
Jipyroro sapa caelyoumum obpasom. Kourakryas vactb Iy - S caepx-
TOHKOrO B3aHMOJAEHCTBHA ONHCHIBAET pAaCCesiHHE 3/eKTPOHA INpPOBO-
JMMOCTH B AAHHOM CIHHOBOM COCTOSIHMHM S, 3aBHCSLUEEe OT BeJH-
4gunbl sigepHoro cnuua Iy, Bropoit saepusiii ek 1, «BocnipuHiMaeT»

BN

ST

N
T

S
|

7T

Maocwumune!i MOMEHM amoma, f,

1 | I
Jd 4 5 & 7 & 9 m
Y Zr Nb Mo Re Ru Rn Pd Ag
Koryenmpayun snexmponob

Puc. 18.7. MarsuTHHHA MOMEHT aToMa Kenesa
(B marneronax Bopa) kax ¢yHKIMa KOHUEHTpauHu
3JJeKTPOHOB.

¥ ene30 pacTBOPeHO (B KaueCTBE NMPUMCCH) B PAITHYHHX METal-
Nax ¥ cn/JaBax BTOPOf rpynnbl NepexOiHBX 3/AEMEHTOB.

TJIOTHOCTb PACCESIHHOIO 3J1EKTPOHE, YTO OMHCHIBAETCH ONEPATOpOM
I,-S; Tem camniM, cocTtosinue I, «ourywaer» cocrosiwue Iy B cuay
OMUCAHHOTO Mpoliecca OCYIIECTBJAAETCS CBA3h JBYX AAEPHBIX COU-
HoB Iy u L.

ITyctb 3/1€KTPOHBI ONHUCHIBAIOTCH HOPMHPOBAHHBIMH HAa EJAMHUUY
-06beMa 6,10XOBCKMMH GYHKUHAMU '

Ps (X) = e Rit (X) = @i (X) | 8), (18.97)

rge § — CNHHOBBIA HMHIEKC, KOTOPBHIH IS KOMIOHEHTH S, NpHHH-
MaeT OJHO M3 ABYX 3Haueuit: 1 wau | .

CHauyasa BbIYHC/AMM BO3MYUIEHHE IUIOTHOCTH 3J€KTPOHOB, BhI3bl-
BaeMoe CBEDXTOHKHM B3aWMOJIEiCTBHEM 3JEKTPOHA C SAPOM, HAXO-
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AsmuMca B Touke R,. [aMUJIbTOHUAH KOHTAKTHOIO B3aUMOAEHCTBHUSA
HMEeT BH]

H=2A(x;,—R,)S; 1, (18.98)
7

rne MmHoxutenr A(Xx;—R,), cornacuo (19.63), nmponopuuoHa’nen
JeabTa-QyHKUHH, @ X; — NOJOXEeHHe 3JeKTpPoHa ¢ Homepom j. KoH-
TAKTHOE B3aMMOJeficTBHe B MeTajjax YacTo sBAAETCS OCHOBHOM
YacTbIO CBEPXTOHKOIO B3aHMOJAEHCTBHS.

Ha s3bike ¢opMa/sn3Ma BTOPHYHOTO KBAHTOBAaHHS ONEpaTOphL
3JIEKTPOHHOTO NOIST HMEIOT BHA

¥ (x) =2 eethis (x), T ()= Defey, (x),  (18.99)

rae ¢, ¢*— ¢epMmuorHbe oneparopu. I'aMHJAbLTOHMAH B 3TOM INpen-
CTaBJeHMHM MBI MOJYYHM O OOBIMHBIM peuenraM. Mtak, ucxoas us
OJHO3JIEKTPOHHOTO 0XKH132eMOT0 3HaYeHHS

f @ (9 Ax— RS Lo (),

110y YUM
H= 2 H d°xq, (X)) AX—R)S - Lo, (x)] CpigiCrsr (18.100)
kk'

ss’

rae oneparop S peficTByeT Ha CNHHOBYIO 4acTb (QYHKUHH @k, [110-
CKOABKY @y (X) =y (X)| S}, MBI CpPazy noayuum

H= % ¥, exp[i(k — k)R] J k', k) (I e+
kK’
et o (G Ca— i Cy))s  (18.101)
rupe
J ', k)= [ g}, (%) A(X) @, (x). (18.102)

[peanonoxum, uro J(k’, k)— xoncraura, #e 3aBucamas ot K
u k’. 3ameruM, uro koucrasry J(k’, K) MOXHO nNpexcraBuTh
B WHOM Buje, noJaras

A(x)=Jd(x); (18.103).
TOTAa

J (K, kKy=1J. (18.104),
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3Ta KOHCTAHTA MMEET Pa3MEepPHOCTb NPOH3BEAEHHUS 3HEPTHH HA
o6bem. Bennunny J6(X) MOXHO paccMaTpHBATb KaK ICEBJOMOTEH-
1iaJ1, CBA3AHHBIH C AJHHOH PacCesiHHON S-BOJMHBI H ()a30BLIM CHBH-
TOM T)g COOTHOLIEHHAMH

b=, qy=— kb. (18.105)

(310 Gymer noxkaszaHo HuXKe B 1. 19.)
B GoproBckoM npubauxkennu (B nepsom mnopsiake no J) aad
BOJHOBHIX GyHKUHA Mpu R,=0 MoxHO 3anucath

fict) = [kl ) [I€/spo SELTL)
k's Kk Ek

=Ko+ X e (7 [+ 5] KA)). (18.106)
<

STa 3a0HCb OTHOCHTCH K BOJIHOBBIM (DYHKUMSIM, OMHCHIBAIOWIHM CO-
CTOSIHHSL 3JIEKTPOHOB CO CIIMHAMH, HaNpasJeHHbIMH rJ1aBHbBIM oGpa-
30M BBepX. AHANOTHYHO AJSI BOJHOBBIX (YHKUHH, COOTBETCTBYIO-
WIHX CJ1yyalo, KOTAa 3JIeKTPOHHBIE CNHHL! HalpasJeH:l IJ1aBHbIM 00-
pa3oM BHHU3, HMeeM

k) =]k{)}+ 2 —k% (17 | k'A% — 12| K'|))-  (18.107)
e

CrTpenkH yKa3blBalOT HanpasJedue cnuHa. Ha panHoM atame Mbl
enie He MPOM3BOAMIH KAaKHX-IHG0 MaHUNYJALHH C ONepaTopoM
spepHoro cmnuHa. IlTtpix y 3Haka cymmel B (18.106) u (18.107)
o3HavaeT, uto cocrosiiue ¢ k’s=k 4 caexyer HCKJAIOUHTb NpPH CyM-
MHPOBaHHH. DTO JOBOJLHO TOHKOE OOCTOATENbCTBO, TaK KaK TEOpHs
BO3MYLIEHHH ¢ anMabaTHUeCKHUM BK/IOYEHHEM B3dMMOJEHCTBHS
npelnHCLIBAET HaM  HCKJAIOYaTb  3HEPreTHYeCKyi0 IOBEPXHOCTD
ex=tks, T. € OpaTh rNaBHOe 3HAUeHHE MHTErpaja, NnoJyyaluerocs
8 peaysnbTaTe CyMMHpoBaHHS. [leTanbHoe 060CHOBAHHE NMPHYHMH, 10
KOTOPHIM TJ1aBHOE 3HAUEHHE MPHBOMHT HAC B UTOre K NMPaBHILHOMY
pesy/bTaTy, H3MOXKEHO B OPHIMHAJAbHbIX paborax Hocupa [17] u
Ban ®aexa [18].

Ecnu uy — yacte 6J10X0BCKOH GYHKUMM, He 3asucawas ot K,
To (18.106) MOXHO nNpeACTaBHTL B BHAE

K-

m*J , ei X - 2
| k)= {kt)o+ 2y & J‘ dk m(l,. (D 41511).  (18.108)
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[naBHoe 3nauenue unTerpana s (18.108) moxHo 3anucatb caenyio-
wuM o6pasoM:

+1 oo
Py exp(ik’rp.)k'2 _
[=2 [an [aw Ry =
-1 \]
-1
— o (i) & fdpp, — fdp i I (18.109)

rae p=~k’r u o=kr. [logpHrerpajabusie QyHKIUN ABJAAIOTCH UET-
HBIMH QYHKIHSAME p, KOT1a 0 — BEI[ECTBEHHAS BEJHYHHA, H TO3TOMY

&f:(l. Hdp —fdp . (18.110)

IlepBblit uHTErpan B GUTypHBIX CKOOKaxX MOXMHO OLEHHTh, BuGHpas
KOHTYpP MHTErpHpOBaHHSl B BHIE OGECKOHRUHOH NOJYOKDYXHOCTH B
BepXHeH MOJYMJAO0CKOCTH; 3Ta NMOJYOKPYKHOCTb HE BHOCHT HHKaKOToO
BKJajJa B HHTErpaj, Tak KaK B 3TOM CErMeHTe 3KCIOHEHTa HCYe-

1
3apoue Mana. Boiuer B noaloce p=0 paBeH 76‘“’, a B MnoJwoce

1 .
p=—0 OH paBeH 5 e '’ Taxum oGpasoM, Assi BEAHUYHHBI NEPBOTO
HHTErpana noJayyaem

527 €94 e~1o) =i cos o, (18.111)

rae 1/2 B nesol uacta nosiBuaace noromy, uro B (18.110) wul
JIOJXHBI 6paTh raapHoe 3HayeHue. KOHTYpDOM MHTErpuUpOBaHHUS A8
sroporo uHrerpaia B (18.110) cay:KuT GecKoneyHas NOTYOKpYX-
HOCTb B HMXKHEH NOJYIJOCKOCTH; aHaJOTHYHLIM NyTeM Nojyyaem
ANA HHTerpana BeJMuYHHY — i cos . Takum o6pazom, nag (18.109)
noayyaem

P f =22 cos b, (18.112)
OTKYy/a

) =| B+ 2L R (1), (18.113)

CootserctBytomas (18.113) naoTHOCTL 3/1€KTPOHOB (C TOYHOCTHIO
1o O(J)) pasHa

p (kh)=14-ZLH o5 5 (18.114)
¥ aHaJIOTHYHO
pky)=1— "I cospe I (18.115)
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Unrtepecno npocymmupoBats p(kt) 1o ocsHoBHOMY coCTOsHUMIO
depmu-dona; Torpa NoSLy4HM
. 2ka
Z
mJI,

1 k3
p(T)=—@T)a—fd3kp(kT)=r; Wf dxxsinx, (18.116)
0

/IR

i} 3m"JIZk 1 .
p(T)=g%{l———niF(2kFr)]. (18.117)
rae
__ Xxcosx-—sinx
F(x)=2220 0, (18.118)

Eciu KoHueHTpalHs 3JEeKTPOHA paBHA 2n, NMpUYEM B eJHHHLE
06beMa HMEercs 1o A7 3JeKTPOHOB C KaXK/JOH opdeHTalHe#l chHHa,
TO MBI MOXeM npocymMMupoBath (18.117) M moiyyuTh COOTBETCTBYIO-
uee BhIpaxeHue pas p(y ), MOAb3ysick COOTHOLIEHHEM ')

b, (x)=n[1 - %:imlF(QkFr)lﬁ]. (18.119)

Mebl BHAMM, YTO TOJ ACHCTBHEM S1IEPHOrO MOMEHTA 3JIEKTPOHHASA
CIMHOBAs NMOJSPH3aUHs HCNLITHIBAET BO3MYUIEHHE, HOCHAIlEe Xapak-
Tep OCUMIALHA. PeayabTHpyolylo noaspusauuio npu  kpri¥l
MOXHO 3anucaThb B Cjeldylolnell acHMnToTHYecko#l Qopme:

9nn® . COs 2kpr
p,—p, = J. n 3
v A 4ep (kFr)

(18.120)

[IpeanonoXuM Teneps, YTO B y3Je DELIETKH C HOMEPOM 1 HMeeTcs
AAPO C AAEPHHIM MOMEHTOM I, mpuuem y3sen /m HAXOAMTCH Ha pac-
CTOSHHHY 7 OT yaja n, Slgpo B yase m GyAeT HCNBITHIBATL BO3MYyLie-
HHE CO CTOPOHBI CIIHHOBOH TNOJMSPHU3ALMH, BO3HUKLIEH 10 NeACTBHEM
SIEPHOTO MOMEHTa B y3Je 7, W Hao6OopoT, YTO B pe3dy.bTate NpH-
BefeT K 30(deKTHBHOMY KOCBEHHOMY B3aHMOAEHCTBMIO ABYX sjep-
HBIX MOMEHTOB yepe3 371eKTPOHbI IPOBOJAHMOCTH.

Bo BTOpOM NOpsiaKe ONepaTop B3AMMOMAGHCTBHS MEXAY ABYyM%
Si[IePHBIMH CTTMHAMM JA€TCs BBIDaXKeHHEM

__ NV (ks {H|K's") (k's"| H [ks) (18.121)
E‘-k—ek' ’ '

HII (x)

kk’
ss’

1} BTopofi uieH B npaBoil YACTH 3TOro COOTHONIEHHS OTJMHaeTcs OT dopMmy-
au (2.23), npuBepentoii 8 pabote HMocupa [17]. JTo pasanyne — npocTo reaa
onpeneseds HCMONL3YEMbIX BEJIHUKH, UTO CTAHOBUTCH OUEBMIHBIM H3 paccMoTpe-
HuA Brpaxenus (3.1) B Tok Xe paboTe.
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Bocnoas3opaBminch aas A sbipaxenuem (18.101) u yuuTbiBas
npeanonoxenue (18.104), nonydum

H' ()= Y- L) (S - L)y m"P2(2m) o X

kg oo

X f a3k f a3k’ e"p[“k: “‘;2“ )Xl 4 omma. comp.  (18.122)
0 kp -

CyMMY MO 37€KTPOHHBLIM CIIHHOBBIM COCTOSIHUSIM MOXXHO BBIYMCJIHTD

npu noMoud o6bluHOro cootHowenus (cM. kuury Iludda [5]) me-

XKy onepatopamu Ilayan

- L)@ -1)=1,.1,+io -1, X I, (18.123)

Toria mmnyp, B3ATHE no nOGLIM KOMIOHEHTaM O, Hcue3aeT, M IO-
3TOMY

Y LS L)=11, L, (18.124)

Yitak, KocseHHOe B3auMOJeACTBHE, OOyCJOBJEHHOE H3OTPONHBLIM
CBEDXTOHKMM B3aMMOJeificTBHEM, HMEET TOT »Ke XapakTep, 4YTO H
H30TponMHOe 0OMEHHOe B3aUMOJEHCTBHC 1BYX SJACPHBIX CIIMHOB.

Unrerpuposanue B (18.122) BuimosmusieTcss TeM Xe CrnocoGoM,
Kako#l mbl npumeHssM sbitte. [Tpuduun Ilayaum daxruuecku He wr-
paeT PoOJM MPH MHTErPUPOBAHHHU NO &' — BeJHUHHA BCEro HHTErpaJa
He H3MEHAeTCs, €C/AH IPH BBIMOJHEHHH HHTErDHPOBAHHS Mbl NOHH-
3uM HMxKHHH nperen po k' =0. OxonyarennHo Boipaxenue (18.122)
NpUMeT BHJ

. 47°m K}
H" (X) =1, - I —grys— F (2ker), (18.125)

rae GyHkuus F(x), 3aBUCAUEsA TONBKO OT PACCTOSiHHS, ONpeaeseHa
dopmynon (18.118). Tlpu manbix x ¢yuxkuus F(X) cTpeMuTcs K
—1/6x, n nosToMy ocunaaupyiouee BzauMoieicrsue (18.125) aas
3laUeHH# X, MEHbIIMX NepBoro Hyas ¢yHKUMH F(X), NMPUBORMT K
cnyyaio deppomarneruka. IlepBblt Hynb 3TOH (YHKUHH COOTBET-
crByeT 3Hauenuro x=4,49. Openku 3Heprun B3auMOAEHCTBHSA 10
dopmyne (18.125) noaxpenasioTcst 3KCNEPHMEHTAJIbHBIMH [ aHHDI-
MM O LIHPHHE JHHHMH SJEpHOTO pe30HaHCca B YHMCTHIX MeTaJlax.
Cuenka penuuunsl J paccmorpeHa B pabore [16].

Becoma 3amanyuBO NONBITATbCS pPACHpOCTPAHHTL  CJEJICTBHS,
BbiTeKapouiHe #3 pesyabtata {18.125), Ha xocsennoe oBMeHHOE
B34HMOJIEHCTBHE NMAapaMariHTHbIX HOHOB B Meraiie. Torga omepa-
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Top | crager onepaTtopoM 3/7E€KTPOHHOrO CIHMHOBOIO MOMEHTA mnapa-
MarHHTHOTO HOHA; mapaMeTp J, XapaKTepH3YIOUIMi#l CBA3b s1ePHOr0
moMeHTa | co cnMHOM 3JeKTpoHa NPOBOAHMMOCTH S, cTaHerT napa-
MeTpOM OOGMEHHOro B3aMMOJEHCTBHMS, KOTODOE 3dMEHHT CBEPXTOH-
KOe KOHTaKTHOe B3auMmojedcTBHe., [IPOTOTHIIOM TAKOH CHCTEMBl MO-
JKeT CJAYXHTb XOPOWO H3yyeHHas Ha onsblte cucrema CuMn c wma-
JNBIMH KOHueHTpauusamMu Mn B Cu. Pesyabrathl uccaeioBanuit 6bl1u
JeTanbHO npoaHaau3duposaHnl Brnangenom u Opupenem [19]. Ouu
YCTAaHOBMUJIH, YTO BCE CBOHACTBA CNIJlaBa MOYKHO OOBACHHTH B3aUMO-
neficrsuem tHna (18.125), Ho Torjga caMo B3auMOAeHCTBHE JOJKHO
OpITh 3HAYHTE/BHO CHJIbHEE, YeM 3TO CJAelyeT U3 BeJIHYHH mapamer-
POB CBSI3H, ONlpeJeseHHbIX HA OCHOBE aTOMHOH CHEKTPOCKOIHH. 3TO
He yJHBHUTEeNbHO, NOCKOAbKY ¢asosuit casur (18.105), coorsert-
CTBYIOWHH NOTEHUHAJNy B Bujae AenbTa-byHKuHuH, OKasblBaercs mno-
psaaka 0,1 (oTHoweHue 3HEPrui OGMEHHOTO B3aHMOJEHCTBUA aTOMOB
K sHeprun Pepmu), Torna Kak u3 npasuna Ppugens pas d-cocTos-
Hui npu Z=1 caeayer, 4yto 12 paBua n/10, T. e. 3HaUYNUTEABHO 6O6.1b-
wed senuuudHe. Kpome Toro, ykasaumble Bbliie aBTopbt [19] noka-
3a,H, 4YTO YYyeT CaMOCOIJacOBAaHHO CIMHOBOH mnoasipu3alud Bo-
Kpyr HOHa Mn NpHBOAHT K B3aHMOJEACTBHIO, KOTOPOE 3HAYUTEILHO
CHJbHEee B3aWMojelicTBUuSl, OOYCJOBJEHHOro CBfi3aHHOH d-o6o-
JIOYKOH.

M3 ocumanupyoliero xapakrepa KOCBEHHOro OOMeHHOro B3aH-
MoJeHcTBHA BbiTeKaer 0oJbloe pa3soo6pasue BO3MOXKHLIX ynops-
JOYEHHBIX COMHOBLIX CTPYKTYP B MArHMTHBIX KPHCTanadax, B TOM
yHCJe BO3MOXHOCTb CYIIECTBOBAHMA CHUPAAbHBIX (reJHKOUAANb-
HbIX) CHMHOBBIX CTPYKTYp. XapakTep CNHHOBOH CTPYKTYPHI onpeie-
JSIeTC BEJHYHHOA kp U, CJIel0BAaTe]JbHO, KOHUEHTPAUHEH 3JeKTpo-
Hos [20].

Mertaansl rpynnbl peikHX 3eMeab (JAHTAHHABI) HMEIOT O4YeHb
Manyio 4f(M-060/104YKy € MarHMTHHIMH 3JEKTPOHaMH, «JUCIEePrHpo-
BAHHBIMH» B OKeaHe 3JEeKTPOHOB NPOBOAMMOCTH 13 65 — 6p-30H;
auametp f-oGonoukH cocraBasieT npuMepHo 1/10 MexxaToMHoro pac-
CcTOAHHA. MAarHuTHLIE CBOHCTBA 3THX METAJJOB MOXHO XO0pouo 006b-
SICHMTb, HCXOASl H3 NPEJCTaBJeHHs O KOCBEHHOM 06GMEHHOM B3aiMO-
NEHCTBHY 3JIEKTPOHOB MArHHTHBIX 000/I0Y€K yepe3 3JEeKTPOHBl Ipo-
BOAMMOCTH. MOHHBIE OCTOBLI OTAEAEHB! APYr OT APYra PacCTOSHHEM,
CTOJIb CHJLHO NPEBHILAIOLIMM HX DajMyc, 4TO NpsiMoe oOMeHHoe
B3aUMOJEHCTBHE HEe MOMKEeT npHoOpecTH CKOJAbKO-HHOYAb 3aMeTHoe
3Hauenue. ToT ¢akT, uro B Merajjax temnepatypa Kiopu 3Hauu-
TeJbHO BBILIE, YEM B OKHC/aX, COFJIACYETCA C POJAbI0, KOTOPYIO MHI
MPUIHCHIBAEM 3/1€KTPOHAM NPOBOAHMOCTH B SBJCHHAX MAarHHTHOTO
YNOPSAOYLHHUS.

3anuumeM KocsBeHHoe oOMeHHOe B3auMmojeHcTBie B (Qopme
(18.125), HO BMeCTO SAEPHOrO CnHHA | BO3bMEM CIHHOBLIH MOMEHT
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HoHa S; Torzma
H'(x)=TsS, + Sl (2ker). (18.126)

JKCIepUMeHTanbHO YCTAHOBJEHO, YTO JIAf OOJNBLIHHCTBA penKO3e-
MeJbHBIX METa/JoB napaMeTp cBs3M ['s MOXHO NPHOJHKEHHO CYH-
TATb KOHCTAHTOH. DTO BNOJHE COBMECTHMO C MOJE/IbI0 KOCBEHHOrO
o6MeHa, uTo BecbMa obHajexusaer. B npeagenbHOM cayyae CHb-
HOH CNHH-OpOUTANBHOH CBA3H peayJbTaTsl Gosiee eCTECTBEHHO aHa-
JAM3UPOBATh, HCXOAS H3 J,-J,-B3auMopneficTBHA. T. €. M3 COOTHO-
LIeHHUS

H" (x) =TJ, - JuF (2ker), (18.127)

HO Tenepb OKa3blBaeTcs, YyTO KoHcTaHTa I'y He cozaacyerca c paaoOM
3KCMEepUMEHTaNbHbIX JaHHBIX.

HanomuuM, uto g-daxkTop A4z CBOOORHOrO atoMa WM HOHA
onpeensieTcs COOTHOLIRHHEM

gupl=pz(L+28), (18.128)
UJH
gl=L+2S. (18.129)
OjpHako, DO OmpeAeJteHHIo,
J=L+S8, (18.130)
1 NO3TOMY
(g—1)JI=S, (18.131)
OTKyla _
F's(g —1p=TI,. (18.132)

DTO COOTHOLIEHHE, YycTaHOoBJeHHoe ne JKeHOM, TpeKpacHo YJo-
BJIETBOPAETCS B TOM CMbIC/IE, YTO KOHCTAHTY ['s JIErKO MOJYYHTb U3
KOHCTaHThl I'y, KoTOpas onpejensieTcss M3 3KcrmepuMedta. Hanpu-
Mep, 3KCIEPHMEHTH 110 OTNPERE/IEHHI0 MOHMKEHHUSl TeMIepaTypsl me-
pexoaa JaHTaHa B CBEPXMPOBOAAUIEE COCTOsIHME (3TO NMOHMXKEHHE
BbI3LIBAJOCH A06aBJeHHeM B JIAaHTAH NpuUMeced pa3jiMYHbIX pEJKO-
3eMEJbHBIX 3JEeMEHTOB) COOTBETCTBYIOT 3HaveHHio I's =5,1 sg- Al
[13]. O630p TeOpeTHYECKHX HCCAEJOBAHHMHA IO CTPYKTYpPHBIM H Mar-
HMTHBIM CBOHCTBaM peJKo3eMe/NbHbIX METa/l10B 6bl1 cocTasied Po-
yepom [21].

CornacHo MOJENH MOJIEKYJASIPHOro noss ¢eppoMarHuTHas TeM-
nepatypa Kiopu nponopuuoHanbua J(J+1Té(g —1)°. 3nayenus
tremnepatypbl Kriopu, Bbiuucaensbsie Pouepom ¢ uCMONb30BaHHEM

27 4. Kurtrens



418 TJTABA BOCEMHAIUATAS

peanynubl I'=5,7 38 - A3, u sxkcnepuMentanbro Habamonaemble 3Ha-
YeHHS JaHbl Hixe !)

Gd!Tb’Dy Ho| Er [ Tu | Yb | Lu

skem, | 300 | 237 | 154 85| 41120 O | O

T, °K
¢ {TeOP- 300 [ 200 135| 85) 48| 25| 0] 0

Kaxk Mbl BHAMM, corJsacie TEOPHH C 3SKCIECPUMEHTOM BIIOJAHE
YAOBJETBOPHTEIBHO.

3A0AYU

18.1. Tloka3aTp, nonsaysice (18.30), (18.34) u BmiTexaomum u3 (18.28) Bhl-
paxeHueM IJs TUIOTHOCTH COCTOSIHHI, 4TO B GODHOBCKOM NPHOJHMKEHHH SKPaHH-

pyloum}'{ 3aps1] MMeeT BHJ
Z=pp(k|Vplk) (18.133)

Tiieé pp— HEBO3MYUIEHHAA MJOTHOCTh COCTOAHHUM Ha €XHHHUYHBIA 3INEPreTHYecKHi:
wHTepBasl. M3 3Toro pesyabraTa cieayeT, 9To ypoBeHb Pepmu He u3MeHseTcs B
NPHCYTCTBHHM H30JHPOBAHHLIX NMDHMeECEH, XOTS OHH M CMEUAKT HHO 30HHL.
18.2, IlpeanonoXuM, 4TO NMIOTHOCTh COCTOSHMA g(€) B 30HE MOCTOSAHHA H
E{am{a go B HHTepBane 0<e<e;, a BHe 3TOrO HHTepBaja BCIOAY paBHa HY.TO.
aiti, noawv3ysce (18.67), mosoxenne BHPTya/lbHBIX YDOBHEH AJf NOJOXKITENb-
HOr0 W OTPHUATeJbHOro MOTeHuuaza V.
18.3. a. Ilokasars, 94TO B 3azaye O JOKaJH30BAHHOM MATHHTHOM COCTOSHHH
dyekuua I'prHa 3anucwiBaercsd B Bi1e
GO‘ . 1 _+_ Ide 12
K= —-
k E—ex  (E—ex) E—Egt+id)

6. ITokasaTh, 4TO NJOTHOCTb CBOGOAHBIX 3JEKTDOHOB (IO 3HEpPrusM) paBHa

(18.134)

1/1\3 ” dpf |V P(e—E
0%, (e)z_?(ﬁ) J‘dsklm (G )} = pg(a)—{-d_;:(- %ﬁ-
(18.135)

rae pg (ak)—n.nomocu COCTOSiHHA B OTCYTCTBHe BO3MYILleHHs. 3aMeTHM, uTO

ecAH PJ HE 3aBHCHT OT By, TO HaJHyMe BHPTYANbHOTO d-COCTOAHHS HE H3MEHSAET

JIOTHOCTH CBOGOIHHX 3JEKTPOHOB. B 3TOM cayvae cymMmapHas CHiHOBas MOMS-
pH3alus CBOCOXHEIX 3JEKTPOHOB GyleT pPaBHAThCA HYymo. ITOT peaynbTaT H3-
BecTeH MOJ HA3BAaHHEM TEOPEMbl KOMIIEHCALHH.

18.4. Ouennts BeanumHy Ap(R) zas Gombwux R, nompaysice (18.29) u cun-
Tas, uTO NOTEHIHAn WMeeT B nenbTa-QyHkuud ¢ Nr=0; oxHAKO (a30BHIA
CABHT Tjo* 0 ¥ cBa3aH ¢ AAMHOM paccesHus b COOTHOLIEHHEM (18.105). Coraac-
HO pe3yJabTaTaM, mojyueHHuM nocde ¢opmynst (18.19), Mul uMeem To=—kb.

18.5. Buipasuth koap¢uument Cr 1 dady @p B shipaxenun (18.54) uepes S

Im {fy (1)}

nposeas uuTerpiposanue no k. Cnenyer umeTp B BHAY, 4TO tg P, = m,

1) VYkaxeM, uTo NpuseJeHHoe 3Hayenue I'=5,7 38 - A® onpejeneno no Ha-
6monaemoit Touke Kiopu raao.1msHe.
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¥ WHTerpHpOBaTb MO YaCTAM, COXPaHAS TOJBKO 4JeHh HaMHH3Wero MOpAAKa MO
I/r. TlpeanoJoXUTb, 4TO CYLIECTBEHHHIMH SBISIOTCA JKWDb B3 (A30BbIX CABHra:
Mo ¥ 1);; HCXOA# M3 3TOrO, COCTABUTbL ypaBHeHus Aass Cr ¥ (Pp, BHIPA3UB 3TH
BeHYHHK Yepe3 OCTATOYHOE CONMPOTHBJEHHWE H DA3HOCTh BAJIEHTHOCTEH 3JeMeHTa-
NpHMecH M 3JE€MeHTa-pacTBOpuTens. PewnuTts 3TH ypaBHeHMs A7 CAY4as MabixX
To U M.
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KoppensiunoHsble GyHKUMH ¥ AMPPAKUMUS HEATPOHOB
B KpHCTaaaax

PaccMoTpuM KpHCTalaHueckyio cucTeMy, obayuaemyio najaio-
IMMY HA HEe YacTHUAMH, €1a00 B3aHMOJEHCTBYIOIIHMHE C KpHCTAJ-
aoM. Cpeay BO3MOXHLIX THIOB NMAajaloOUIHX YacTHH HauGosiee HH-
TEPEeCHbl PEHTreHoBCKHe (OTOHL W MelneHHble HelTpoHbL. IIpeamno-
JIOXXHM, UTO B pe3y/bTaTe €JAMHHYHOTO AaKTa pacCesHUsi 4acTuua
nepexogHT M3 cocrosiHust |K) B cocrosiHue lk’?, a KpucTanga InpH
5TOM H3 COCTOSIHHS |i) C 3HeprueH e; Nepexogut B cocTosiHHe |f)
c sHepruen 7. OcoGeHHO HHTEPECHBI MPOUECCH BO3OYXKAEHHS B KDH-
ctanne ¢HOHOHOB HJH MAarHOHOB, NMOCKOJBLKY OHH [AIOT BO3MOX-
HOCTb HM3y4aTb AMCNEPCHOHHBIE 3aKOHBl O/1sl 3HaueHHMH k& BO Bceil
3oHe Bpuaniosua.

BopHroBckoe npHGaMkenHe

B 6GopHoBckom npubauxeHun nuddepeHUHanbHoe ceyeHHe He-
yIpyroro paccesiiusi (OTHECEHHOE K eQMHHYHOMY TeJecHOMY yray,
e1MHUYHOMY HHTEpBasy 3Heprufi ¥ K efuHHLe obGbeMa ofpasua)
8amMCHLIBAETCS B BHIE

_d2 k(M 14 7| 5
= () [KFLH | )RS (@ —e,4-2),  (19.1)

rae H' — onepartop, onucHBAaKLMH B3aUMoAeHCcTBHE YaCTHILl C MH-
WIEeHbIO, ( — JHEPrHs, MNepeJaHHass MHUIEHH, M — npuBeleHHan
Macca yacTHLBl;,  O3HauaeT B JAaHHOM CJydae TeJeCHbiii yroa
(a He oObeM, Kak paHbuie). BoiBox Buipamenus (19.1) npusomutes
B 06BIUHLIX KypCaX KBAHTOBOH MEXaHHKH.

B nepsom nopsiake GOpPHOBCKOTO NMpHOJMKEHHS COCTOSHUs (Ge3
y4eTa COMHA) MOYKHO OMHCHIBATH IJOCKMMHE BoHaMHu |K) =exp ik - X,
u |k =exp ik’-x. 3xecy X — KoopauHaTH nanamouel yactaus. Torga

(k[ H'| k) = ([ | | dxeixH' i), (19.2)
TAe )
K=k—k’ (19.3)
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€CTb H3MEHEHKe BOJIHOBOrO BeKTOpa najaioulelr yactuubl. Ecan one-
paTtop B3aumopedictBusi H' npejcTaBied B BUJE CYMMbl OIEpPaTOPOB
NapHbIX B3aUMOAEHCTBUR (B3aMMoOJeHCTBUE KaX/JAOH najawmouied ua-
CTHIBI C OJHON W3 YACTHIl MHIUEHH), T. €. UMeeT BUA

H=XVx—x), Jj=1,2,....N, (19.4)
J
t0, coraacuo (19.2), nmonyuum
(K'FIH | Ky=Vx 2 (| 1] d), (19.5)
J
rige
V= [ dixei®xV (x). (19.6)

Hcnonb3ysa sblpaxende (19.5) u npeanoaaras, 4To HauyajbHOe pac-
npeje/ieHde COCTOSTHHA MHIUNEHHM HMeeT CTaTUCTHYECKMH Xapakrep,
XapaKTepusyeMhill BepOATHOCTAMH p; TOTO, YTO MHILIEHb HaXOAMTCH
B COCTOSIHUM |[), MOJTYYHM

d?o k' M\2 N\ ;s —IK-X, KX, :
eda =7 lax) VP Y p (i1 D) (1] e™™1]i)8 (0—e,+e).
ifjt
(19.7)
Ecau ana genbra-QyHKLUK B3ATh €e MHTETpajbHOE IPEACTaBJEHUe,

TO MBI NIPHAEM K CJAEAYIOLIEMY BaXKHOMY BhIDaXXEHHIO, NpeIoXKeH-
Homy Bau Xoge:

20 -4 M2 2
Zodz = 7 \am) |VKPX
x Yo, [ atexp[i(-te,—e)ilexp(—iK-x,)If) X
ifjl —co
X {(flexp((K-x;)[8),  (19.8)

HJH

2 "M\ ( ]
deaa =7 (7x) |Vl | dte= D expl—K-x, (O X

—co Ji

X exp [iK-x;(&)])r, | (19.9)

rae (...)r O3HauaeT KBaHTOBOe cpeiHee M CpeAHee No aHcambuio,
B35sITOE N0 KAHOHMYECKOMY paclipe/esleHHI0 NpH Temnepatype T.

28 4. Kurreas
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[Tocnennuit stTan npeoBpasoBaHHi COCTOMT B TOM, YTO MBI Oe-
peMm x;(f) B ref3eH6eProBCKOM MNpEACTABJEHHH, T. €.

exp [i(e,—e)t](flexp iK-x ]| )=
= ([ |exp (iHpt) exp [iK - x; (0)] exp (— iFt) | i) =
—(flexp[iK - x, (O] ).  (19.10)
HpH 3TOM MB!I HUCIIOJAb30BaJU TaKxXXe COOTHOULIeHUue
2 (ilexp[— K- x; (O] ) (flexp [iK - x; (#)] | i) =
' —(ilexp[—iK-x,O)] exp [iK-x,(&)]| ). (19.11)

O6e skcrnoHeHuKasbHble (YHKIHHM ABJISIOTCA KBAaHTOBBHIMH ONlepa-
TOpaMH H KOMMYTHDYIOT TOJIBKO AJS OJHOrO M TOrO K€ MOMEHTa
BpeMeHH; No3TOMy B o0leM claydyae Mbl He MOXXEeM 3alHcaTb [POH3-
Be/leHHe [BYX 3KCIOHeHT B BuJe ofHoR. CraTucTHYECKoe cpejHee
B BolpaxkenHd (19.9) B cocrosHMH TENJOBOro pPaBHOBECHS OIpeje-
JSeTCA CAeAYIomHM 06pasoM:

2 pi(ilexp|—iK - x; )] exp [iK - x, ()] | iy =
=(exp[— iK-x;(0)] exp [iK- x,(8)])r  (19.12)

Pesyavrar (19.9) yao6Ho 3anucate B BuAe

== A8 (0, K), (19.13)
rae b 1 M2
AK=T(§;) | V]2 (19.14)

34aBUCHT B OCHOBHOM OT IOTEHUKaJa NapHOro B3aHMO}leI‘"ICTBHH, a
BeJIHYHHA

8(0, )= o | dtexp(—iof) Y, (exp[—iK-x, (O)] exp [iK-x, ())r.
-0 Ji

(19.15)

B noJHoM coraacun ¢ (6.64), npeacrasnser coGoii ¢ypbe-06pas no
BpeMEHH OT KODDeJSIUOHHOH (YHKUHH, OMHCHIBANOLIEH CHCTEMY.
V106HO BBECTH TAKXXe ONepaTop IJIOTHOCTH YACTHL

p(X, t)=§6(vaj(t)), (19.16)

npu noMmolyd KoToporo BenuuuHy 8 (o, K) MoxHo mnpeactaButh B
BHAE [pPOCTPaHCTBeHHO-BpeMeHHOro ¢ypoe-o6pasa oT MJIOTHOCTH
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KOpPeJsLHOHHOA (QYHKIMH, T. €.
§ (o, K)=71£ f d3x d3x’ exp [iK - (x —X')] f dt exp (— iwt) X

X o (X', 0)p(x, t))r. (19.17)

[TonyuenHoe BbIpaXKEHHE HE OTHOCHTCA K WHCAY TeX, KOTOpHE IMo-
BCE/HEBHO HCIIOJIb3YIOTCH B pAacueTax, HO OHO HArJsJHO [JEMOH-
CTpUPYET 3aBUCHMOCTb AU(P(EPEHIHANbHOIO CEYEHHS PACCEAHUS OT
IJIOTHOCTH KoppeasituoHHo# ¢yuruuu (p(x’,0)p(x,?))r.

Jdudpakuus HeHTPOHOB

Teopus paccesHus pEHTrEHOBCKHX Jydyell B KDHCTaAnaxX OYeHb
6/1M3Ka K TeopuHu paccesHus HeHTpoHOB. O6Ge 3TH TEOPHH 3aHUMAIOT
BaXXHOE MecTO B (pu3HKe TBEPAOro Tesa, HO Mbl PACCMOTPHM JIHIIb
TEOPHIO paccesHHs HelATpoHOB, ofpamas ocofoe BHHMaHHE Ha Ol-
peleneHHe 3aKOHOB AMCIEPCHH (OHOHOB I MAarHOHOB NO JAHHBIM
O HeyInpyrom paccesiHuM HeliTpoHoB. [ln1s ¢GU3UKH TBepAOro Tesa
npouecchl HEYNPYroro paccessHust ¢ Bo30yxAeHueM (OHOHOB M MAr-
HOHOB NPEACT2BJsSET TAKOM XK€ KWHTEpec, KaK H K/AACCHYECKHE NIpH-
MEHEHHs YIPYroro paccesHUs K ONpeJeleHHI0 KPHCTANAHYECKOH 1
MArHMTHOM CTPYKTYpbl TBepAbIX TesJ. B 3akiioueHde 3TOro BBOA-
HOrO pasjeNa yKakeM HecKOJbKo paloT, npsMo OTHOCSUHXCH K 3a-
TPOHYTHIM NpoGsieMaM, a UMeHHOo o063opsl [1—3] ).

[ToustHe OdAuHbt paccesHus TOJNE3HO IS ONHCAHUS S-BOJIHbI
paccesiHus NajAOUIHX HEATPOHOB HHU3KOH 3HEPTHH, KOTOPHE B3aHMO-
JeHCTBYIOT ¢ y3KO# H ray6oKof IOTEeHUWAaJbHOH SAMOML.

Paccmorpum curyauuio, udo6paxennyio Ha puc. 19.1. Iasg yka-
3aHHBIX BhIIe yCJIOBMIH pery/JsipHOe pelleHHe BOJHOBOTO YpPaBHEHHSA
A4 BHyTpeHHell yacTi rayOOKOH NMOTEHUMANbHOR SIMbI HE YYBCTBH-
TEJBHO K MAaJbiM M3MEHEeHHSAM 3HEPruyM NMajaioledl YacTHUbL Takum
oGpa3oM, JorapuMmHyeckas NpPOKH3BOAHAH HA KpAl0 AMbl HeYyB-
CTBHUTEJbHA K 3HEPTHH NAJAWUHX yacTHL. JTO ee cBoACTBO oueHhb
nosiesdo. Ecnu BRecTH B paccMoTrpeHHe (a30BbIfl CABHT S-BOJHBI 1o,
To AJA BOJHOBOH GyHKUMH ¢(X) cpasy e 3a TpaHHUEed IOTeH-
LMaJbHOH SIMBl IOJYYHM

ro=2DB sin (kr+mno) = B (kr+n). (19.18)

Ecau BBectu Beanundbl C # b, KOTOpbie NPHOGIMKEHHO MOXHO CUM-
TaTh He 3aBUCAUIMMM OT 3HepruH (npyu HeGOJbIIMX SHEPTUAX), TO B
COOTBETCTBHH C 3KCIEDUMEHTAJbHLIMU JaHHBIMH, OTPaXaloUKMH
JHCTePCHOHHBIA 3aKoH (cM. puc. 19.1), 11 BBICKa3aHHBLIM BHILIE

1) Cnenyer ynoMsaHyTb Takxke Jekuiuu Mapmanana B Xapysans (He ony6un-
KOBAHEHI) .

28*
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coobpaxeHHeM uMmeeM npaso 3anucats (19.18) B Bune
re=C(r—2»), (19.19)

orkyna B=C/k, ngy=—kb. Beanunny b HasniBalorT 0AuHOd pacces-
HUS, Wil asMnautydol paccesinus; oHa MoXeT GuIThb ONpele/neHa no

4 ! | T e
(700 § e 0® () ,*
r 5. * 00
30 L] o]
2 % 4+ o ° .
Q
T L] [}
é S 1L ° e o o _J,
N | ° |
N/
<7 300 %, o0
N 7 7
g ¢ =
N (7] ¢ o
AN | . 4
Q
2 — o 1
¢ o
|~ 7] o /lpodansnere
o flongpevrers
J |
T b

Puc. 19.1. BxcnepruMeHTaabHble NaHHbIE, XapaKTEpPU3YIOUIME AHC-
NepCHOHHLH 3akOH Jas Hatpua [4].

DTH AaHHBE MOAyYeHH 1A% HanpasJenu#t [100], [110], [111] mpu 90 K meTorom
HeYNPYToro paccesHuss HEATDOHOB.

OTpe3KaM, OTCeKaeMbM Ha ocH opAuHaT. OObluHbIE DE3YJABTAT Nas
ceyeHHs YIPYroro paccestHus S-BOJIHbI, BhIDAXKEHHBIA yepe3 ¢asoBblil
CABMUT T)g, UMEET BHJ

d in2
=, (19.20)
‘TAK YTQ B HalleM NPUOIHKEHHH
do
g =b% (19.21)
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T. €. do/dQ npubMIKEHHO He 3aBHCHUT OT YIJla pPacCesHus M 3Hep-
THM, MOKA MOMHO CUMTATh BBINOJHEHHBIM ycinoBue k|b| <l (ua-
{IOMHHUM, 4YTO 3/eCb b — AJHHa, a He ToJeBOH onepaTtop).

Ceuenue B Bupe (19.21) B npubnuKeHuum AJHHB paccesHHsA
MOZKHO onucaTb B OOpHOBCKOM NpHOAMXKEHHH, ecai BHOpaTh Hadje-
*Kauwuh 3¢ QPEKTHBHLIE NOTEHUKAJ HJM IceBJonoTeduuan. Paccmor-
puM OHKTHBHBIA MOTeHUHAN

V (x) =2 b8 (x); (19.22)
TOra

2
sz%tdi fdaxexp(iK-x)b(x)zA—J;b, (19.23)

T. €. Vk He 3aBucut ot K. Cinegorarenbuo, u3 (19.14) aas ynpyroro
paccesinnss noayuum A=>52 [lanee, Aas ynpyroro paccesHus Ha
pTaensHoM sAape dopmdakrop (19.15) npumer sua

(o, K)=

= o | dt exp (= ivt) (exp [— iK - x (0)] exp [iK - X () = (@),
” (19.24)

u nostomy u3 (19.13) npu k=*k’ pns ynpyroro paccesuus, noay-
YHM, DOJb3ysAck cooTHowenusmu (19.14), (19.23), (19.24), Bnpa-
WeHus
d?%c
dQ de

do .
— h2 - — B2 ¢
=h%0 (e); —a =% (19.25)
KorepeHTHoe u HekOrepeHTHOe YApYroe paccesHue Ha HAPAX.
Ilpennono:KuM, uto Muiledp cojepkut N uwactuu. Ilycts uvacTtHua
C HOMEDOM | HaXOJAHUTCS B TOYKe X; U XapaKTEepPU3YETCA aMILIHTYA0H

paccesiiust bj. JLast nceBroNoTeHUMA a MUIIEHH HMEEM
V=2 ) 19.26
(x) = - b; 6 (x—x;), (19.26)
rie B cjyuyae YIpPYroro paccesHHs OT MaKpOCKONUYECKOH MHILEHH
Mbl MoxKeM cuMtaTb M maccoli HEeHTpOHA.

Uz (19.23) u (19.26) naxoaum

V=22 V5, exp (iK - x,) '!
7
. (19.27)
VP = (57 bibnexp [iK - (X —X). |
Im

29 4. Kurrens
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3necs Ang yno6GcTBa MBI BKJIOUMJIH 3KCIIOHEHUHANBHEIA MHOXKUTENL
B Vk, a He B popmdakTtop 8§ (w, K). Urak, eciu BoHOBON BeKkTOp
paccesiHHOH YacTuuhl pasel K, To

% = Z byexp (iK - x))| = E bi by exp [iK - (X, —x)]- (19.28)
J im

Ecnu mMexnay BenHuHHAMu by, b, HeT KOppeasilud, TO CTATHCTH-
yeckoe cpefHee (110 aHcamOuai0) npu [5m umeer BUA

(brbm) = (b) P (19.29)
1M B 6oaee obluieM cayvae
(bibm) = (b) P+ 8, ({ | B PY— [ (B} ). (19.30)

Takum o6pa3om, AJis CEUYEHUs paccesHHs Ha aHCaMbJie UEHTPOB
paccesiiusg UMeeM

d x, |?
o =1 | B ™ + N (bR — 1)) (1931)
: HEKOFEBEHTHOE
KOrepeHTHoe

Bropoit unes B (19.31), onuchiBaiollMA HeKorepeHTHoe pacces-
HUe, U30TpPONEeH; OH OOYCJOBJEH HAaJHYHEM B MHILEHH pas3JHUHBIX
H30TOIIOB J2HHOrO 3JIEMEHTa, 2 TAaKXe Pa3/HYHLIMH OPHEeHTauuAMH
CIIMHOB si/lep OTHOCUTEJBHO CIIMHOB NajaioluX YacTUl.

CeueHHe KOrepeHTHOro paccesiHus (OTHECEHHOE K OJXHOMY aToMy)
onpeneaserca u3z (19.31) cnenywomum obpasom:

Oyor = 4 (2} pjbj)2 =4n ' (b) |2,. (1932)

rlie p; — B€POATHOCTs TOTO, YTO JAHHBIK aTtoM OyAer HMETh aMILIH-
TYAy paccesiHusi, paBHyl bj IlonHoe ceueHue paccefiHUS J0JXKHO
GBITH CYMMOI BKJI2/I0B B MHTEHCHUBHOCTbL paccesHHs OT BCeX HCTOYU-
HUKOB; HHaye roBop4,

Ogonn =41 X P07 =47 (| bP). (19.33)
J

CeueHue HEKOrepeHTHOro paccesiHusi (OTHECEHHOE K OJHOMY aToMYy)
paBHO
Ouexor = Onoan — Okor = 4n (( | b 12) - I (b) 12) (1934’)

B BbIpaXeHHE [AJ5 KOrepeHTHOro paccesHHsa MHUIUEHBIO BXOAHT Be-

iK-x
JHUHUHA |;e !

ofpaluaercs B HYJb, eciaH npousBenenve K-X; He sBisercs uenbim
kpatuuiM 2n gas Bcex [ ITyctb X; — paauychl-BeKTOpHl Y3JIOB pe-
IIETKH, T. €.

2
, Kak MoxHo BujAeTb u3 (19.31). Idra cymma

x=ua+ub+we, (19.35)
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rie u, v, W— ueable 4ucnaa, a, b, ¢ —opTH cHcTeMB KOODJAUHAT,
CBSI3aHHON C KPHUCTAJJIOM; TOrAA KOrePEHTHOe paccesiHHe MMeeT Me-
CTO, ecau

K=[a*+mb* +nc*=QG, (19.36)

rae a*, b*, ¢* — Ga3ucHble BeKTOpH oGpaTHoi pelwerky, a [, m, 1 —
ueable yuucna. B aTom cayudae

K.x;=2n(ul+vm+wn)=2nXuenoe yucio.

Hrak, mb npuulid K yesnosuio Bparra, sbinonHAOWIEMYCs NpU pa-
BEHCTBE BOJIHOBOTO BEKTOPa paccesiHHoH uactuubl K ojaHOMy u3
BekTopoB G 06paTHON pelleTKH.

Ouenum cymmy no pewerke B (19.31) ans ciyuas ogHomepHOro
KPUCTa/1/1a C [IOCTOSHHOH pelleTKH, PaBHOH @, a 3areM 0006UUM
pesyabraT Ha clydail tpex uaMepedni. IlycTh 4uc/Io aTOMOB KpH-
cransa pasHo N; koopauHara [-ro ysaa x;=la, rae [ — nenoe uuncio,
npuHHUMaiollee OXHO M3 3HaueHHit B mHTepBane ot 0 o N —1. To-
ria MCKoMas CyMMa MMeeT BHJ

N-1

2 eilka — 1— gtNKa
P 1— el'Ka ’
n
N# : 1—cos NKa sin? _;— Nka 2N
ilKa | — -~ — _ ~ .
2&8 | T T—coska g 1 ~ a LG(K G). (19.37)
=0 sin —i' Ka [e)

3amemM, 4YTO CTofAllee B JIEBOI':I YacTU OTHOLIEHUE BEeJHKO, Korjaa
P 1
3HAMEHAaTeNb (sm2 5 Ka) MaJa, T. €. KOorpa -2—Ka =N, HJIH

K=2nn/a=G; uHaue roBops, 3Ta BeJHYHHA NpPEACTABAAET COGOM
NepUOAHUECKYI0 JenbTa-QyHKuHio. Jlns BHSCHEHHS BOIpoca O HOP-
mupoBke mosnoxuM K=G+7, rie n— Majas BeIUYHHA, M BRIYHC-
JIUM HHTErpa.g

o sin? 1 NKa cos? -lNGa teo sin? 1 Nna

an 221 == 221 J' an——— 221 ~
A sin —§Ka cos? Ga sin? 5 na

1

t®  sin? 5 Nna
2 2n 2nN

~ J. d'r]—l——'&'- - N‘[d’r]b('r])z )

2,2

-0 T e

aflecb Mbl OrpaHuuuadch 3HaueHusMu K, 6auskumu K G, a Takxe
uenoabsoBaau 1o, 4to Ga/2=nXuemnoe uucao. O6oblieHHe 3ITOrO

29*
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peayjbTaTa Ha clay4yal Tpex H3MepeHHH Xaer
Eem'xl
]

rie V.—o6beM a-bXc OpHMHTHBHON siuefikH B NpPSIMOH pelleTke,

L 3
a V., —obbem sueliku B ofpartHoil pemwerke. OKoHuateJbHO AN
CeueHHs KOTepPeHTHOTo pPacCcesHHs KPHCTa//1a NosydaeM

(55).. = NVIIB)E Y 8K —G). (19.39)
a

"= - V8K —G) =NV Y 6 (K—G), (19.38)
¢ a G

Heynpyroe! pemeroyHoe paccesnde. [IpeanosoXuM, uTO Bee
aTOMBl B KpHCTaJlJle HMEIOT OJHY U Ty e aMIIHTYy]ly paccesHus,
paBHyI0 b, XoTOpyio MBI cuurdeM BeulecTBeHHOH. PopMdakTop
(19.15) conepXuT BeJIHUHHY

F (K, )= % (exp [—iK [x;(0)4u,(0)}] exp [iK {x,(0)+ u, ()} Dr=
= % exp [iK - (x, — x;)] (exp [— iK - u, (0)] exp [iK - u, (1)), (19.40)

rae X; X;— Tenepb KOOpPAMHATHl HECMEIUEHHBIX aTOMOB, a W, Uj;—
CMELIeHHA OTHOCHTENLHO X; H X;. (POHOHHBIE OIEpPaTophl BBOASTCH
B pacCcMOTpeHHe MpH pa3/oKeHHH CMELIEHHH u B PAALl 110 KOODIH-
HataM (OHOHOB.

Bropo#t MHOXxHTENb B NpaBof uacTH BhipaxXenus (19.40) — Be-
JUUHHA B H3BECTHOM CMbIC/e 3aMeuaTelbHas; A caydass [=j Mbl
JeTanbHo GyneM obcyx/jaTh ee CBOACTBa B c/aelylolled riaase, No-
CBAIEHHOH MCIYCKAHMIO ramMMma-kBaHToB 6e3 otaaun. Celiyac Mbl
BOcnoJb3dyeMcsa noaydaeMmbiMH B 1. 20 Bhipaxenusmu (20.51) u
(20.53) u Haadexaum o06pa3oM BHIOM3MEHHM HX JJIS cJaydas
I#j. Torna

(exp[— iK - u,(0)] exp [iK - u,(£)])r = exp[— Q,; (£)], (19.41)
rjae

Qu; ()= K ([, () — 2, @)1 — [, (0), 2;(8)]).  (19.42)

3nech And yOpolleHHs npeinoJjaraeM, 4to Bce (OHOHHble Co6-
CcTBeHHble KoJseGaHis ¢ JaHHbIM 3HayeHHeM BOJHOBOIO BEKTOpa (
BHIPOXJIEHbl, H MO3TOMY Mbl BCEr/a MOXEM BbOpaTh NOASAPH3AUKIO
OJHOTO H3 COOCTBEHHBIX KoaeGaHu#t ¢ q Tak, YTobObl HanpaB/eHHE
q coenazano ¢ K.



KOPPEJISUMOHHDIE ¢¥YHKLUHHU U NHOPAKLUHUSA HENTPOHOB B KPUCTAJIJIAX 420

B soipaxenun (19.42) wmml, cormacHo (2.33), paanoxHM cMmelle-
HHE MO (OHOHHBIM KOOPAMHATAM; HMEEM

u; ()= 2 (2NMag) ™" (aq exp [1(a-x,—04t)] +

+ af exp[—i(q X, —o.t)]) (19.43)
rae a, a+—q)OHOHHme oneparopu. Torjaa
a; () — uy(0) = 2 (2NMog) ™" (as (exp[—i(q - X/ —0qf)] —
—exp(iq-x,))+ a;(exp[—z(q X, — mqt)]——exp(—iq X;))) (19.44)

OTKYyJAa, BHLACAAA UJEHbl, AHAarOHa/bHbLIE IO yuCJsaM 3allOJHECHUSA
tdoHOHOB, MOJAYYHM JJS KBajgparta BeauudHn (19.44)

{uj(t)_'ul(o)}2=
=g 205 @ — € — &%) (a;a, 4 aga)+
) -+ HenuaroHadbuble unessl,  (19.45)
e 0y =0wqft+q- (Xt —X). (19.46)
Ias xommyTtatopa [#,(0), «;(f)] naxonum

1 .
[t ) ;0= 3777 207" {[2g> 516+ [a] eg] ™) =
q
= s Dy 071sin0, . (19.47)
q

Wrak, naa Q;(f) nonyuaem u3 (19.42)
Q) =gner Y307 ((2 (n)+1)(1 —cos0,)—isin6,). (19.48)
q

Bruigenus B Qj(f) 4neHsl, 3aBUCAIIlME OT BPEMEHH, H 4JIEHBl, HE 3a-
BHCALIKE OT Bpeme}m HMEEM

o= exp | — gy Nog? @ () + 1)} X
X exp {%}‘ w7 [(2 (1) + 1) cos B+ ésin 9,,]}. (19.49)

Kax/jpiil uieH B mokasarese 3KCIOHEHTH MaJi, NOCKOJbKY OH HMeeT
nopAA0oK BeluuHHH N-!, 4 NO3TOMY BTOPOH MHOXHTENb B NpaBoi
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yactd (19.49) MOXHO pa3/NoXHUTh B CTENEHHON PAL

exp{ =1+
+2-%{<qu [(2(nq) 4 1) cos B, + isinB,]+ ...  (19.50)
q

UJieHnl, KOTODPBLIMH MH 3jeCb npeHefperaeM, ONUCHIBAIOT MHOrogo-
HOHHble 3¢dexTnl. IlepBuili MHOXuTeNb B npaBoi uacte (19.49)
sanumeM B Buje exp(—2W); Toraa

F(K ¢ .
—,_,‘_z—w’=%] (exp [iK - (x;— x,)]+

+ QIVKszq((nq_*_ 1) exp ({oqt) exp [i (q — K)+(x, — x;)| +

+ (7q) €xp(— iwgt) exp [— £ (q 1K)+ (x; —x )] )}

Hcnoavaysn (19.38), monyyuM OKOHYATENLHO BHIpaXeHue IJs
F(K, ¢) B Buze

F(K, t)=NVi.e?” {E 8(K—G)+
[¢]
+22N+j%(<n.,+1> e 318 (K—q—G)+
q G
4 (ngye ' Y8 (K+q—G).  (19.51)
[¢]

Tlepsuift uien B npaBoi uactu (19.51) onuceiBaer ynpyroe pacces-
HUE NpH npousBoasHoM G; BTOpDOM W/EH ONUCHIBAeT HEYIpPYyroe pac-
cesinde npu K=G+q, n1pr xoTopoM (OHOH C q HCIOycKaeTcs HeH-
TPOHOM,; HaKOHel, NMOCAeAHHH, TPETHH, 4leH COOTBETCTBYET CJYYalo,
Korjia (OHOH ¢ q morJjouiaercs HelTporom, u Torna K=G—q.
UsmeHeHde 3HePrHH B Ipolleccax HEYNPYroro paccesHus omnpepne-
JSCTCA U3 MHOXHTeNeH, 3aBUcALIMX oT BpeMeHH. Jlas npoueccos Heny-
cKkaHufl POHOHOB 3aBHUCAUlasd OT BPEMEHH NOABIHTETPAJbHAS QYHKUHUSA
B Boipaxenun s popmpakrropa & (o, K) (em. (19.15)) 6ynerco-
JepXaTh MHOXKHTENb BHAA exp(—iot)exp(iwqt), T. €. B 3TUX TpO-
Heccax HEHTPOH AOJMEH TEPATh IHEPTHIO wq. B ciyyae morjouienus
¢oHoHOB OyieT HOABAATHCA MHOXKHTENb  exp{—iof)exp(—iwgt),
YTO OTBEYAET YBEJUUEHHIO 3HEPrUM HEHTPOHA HA BEJIHUHHY Wgq.
Hanokennbe Bhillle cooBpaxenuss IPHBOAAT K 3aKJIOYEHHUIO, UTO
NP4 Heynpyrom pacCcesiHHH HEATPOHA MOXKeT NPOHCXOJUTb KakK HC-
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NycKaHue, TaK M INOTJolleHHe oAHOro (oHOHA. ITO yTBEpPXKIEHUE
COOTBETCTBYET CJYy4aio, KOTAa Mbl OrpaHMYMBAaeMCs IEpPBBIM NOPSA-
KoM B pasnoxeHnu (19.50). DxcnepumeHTanbHBle NaHHbLIE O 3aBH-
CHMOCTH © OT BOJHOBOro 4ucsaa K 18 GOHOHOB B MeTa/IHIECKOM
HaTpud npuBefeHn Ha puc. 19.1. V3 3nauvennit G+4q, koTopbie Mbi

* JHauenus JHEPZUL,MEPI EMOU MU NOSAOULENUL POHOHT

[ ] [ ]
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~ . °
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N \
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N \
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90N 1hg \ zho
\ \

\ \
\ \\ \ \
LU
\ Y \ \ .
g +1 2 +3
40 TJnauenus 3nepeud,
‘\g npuaopementad Hevinpanom
[ ] L L] [ . L]

Puc. 19.2. DHepretnueckass cxeMa HeyNpyroro paccesaHMs
najaionyx Ha MYIeHb HeHTPOHOB ¢ BOJHOBBIM BeKTOpoM K

B6au3x Touku 210 B O6pAaTHOM MPOCTPAHCTBE.

@®OHOHBM ¢ BOJHOBBIM BEKTOPOM { H2 NOBEPXHOCTH PAaCCENHHA MOrAOMIAIOTCH
Heitrponamu (Habop BHaYeHH q UOKalaH cnaomHOK xPpusoit). Ha nosepxHocTr
paccesHus HCUOBTHLIBAIOUIHE DPACCEAHHE HEUTPOHMW HMEIOT BOAHOBOH BCKTOD

k+0('510)+q; UX SHEPrk# BO3IPACTAET HA BEAHYHHY g [0 CPIBHEHHIO
€ BHeprued NananIMX HEATPOHOR.

MOXXEM OLEHHTb AJad jAaHHbix G, crengyer, 4ro Mu 6ylem HabJao-
JaTth JUWb Te (QOHOHBI, AJMA KOTOPBIX obecrneydBaercsl BLINOJHENHE
33KOHA COXpaHeHHs BO BCefl cucteMe B LeloM. TpeGoBaHusl, Bbite-
Kaioliie H3 3aKOHOB COXPaHEHUS SHEPIrHH M COXPAHEHHS BOJHOBOLO
BEKTOPA, PEe3KO OTPaHUYHBAIOT 3HEPTUH M HANPABJEHUHA HEHTPOHOB,
HCILITABIIMX HEYIpyroe paccesiHue npu gaHHom k.

Puc. 19.2 cxemaruuecky wiMIOCTpUpYeT GajaHc SHepruu s npo-
LIeCCOB, B KOTOPBIX NPOHCXOAUT MOrJoueHue (GOHOHA. YCTaHOBJEHO,
YTO 3HEPreTHYeCKHe IM0BePXHOCTH, COOTBETCTBYIOLIME pPAaCCESHHIO
(B TpexmepHOM Clydae) W ABJSIOU{MECS aHAJOraMu NMOKa3aHHOH Ha
puc. 19.2 ontoMepHOH KapTuHbl, 06/131810T UEHTPOM CHMMETPHUH OT-
HOCHTENbHO KaXJ0OH TOUKH 06pPaTHOH pelIeTKH.
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Yacto okasbiBaeTcs YAOOHBIM MMeThb JEJO C OYeHb MeJJIEHHBIMH
ueffTpoHamu. Eciu sHeprusa najaiolux HeHTPOHOB CTOJMb MAaJad, yTO
el0 MOXHO IpeHeGpeub, TO HEHTPOHH! yXKe He CINOCOGHBI HCNIYCKATh
¢GOHOHEI, @ MOTYT JMIWb NOrI0IATh HX. KpoMe Toro, MeaJeHHbe
HEATPOHBl HE MOTYT MCILITHIBATL YNPYroro paccesiHusa. Toraa MOXHO
CYUTATb, YTO B O0IHO(DOHOHHOM IPHOIHKEHHM BeCcb CIEKTD pac-

cesHdsi  OOGYC/NIOBJGH  HEATPOHAMH,
€ Iia  xoropelx K= -—q u, caengoBa-

! TeabHo,

1

PIMUYECKUE oM g% == 0. (19.52)
— 2 GOorHoHs/ |

) |

N ! Dro COOTHOWIEHHE CNPABEAIMBO A
S ' KPHCTAJJIOB C GOJIBIIMMH 3HAaYEHHAMH
X Arycmuveckee

@awomss | YIPYTHX TIOCTOSIHHBIX, MPUYEM BOJHO-

poi Bektop K nmomken paBHATbCA
—q+G. Pemenus ypaBuenns (19.52)
B OJHOMEDHOM cJiydyae TOKasaHH Ha
puc. 19.3.

M3 3KcliepuMEeHTOB 110 HEYIIpYyromy
paccesiHuio HeATPOHOB MOXHO onpe-
JeJSATh 3aKOHbl JHCHEPCHH Iaf BCeX
Puc. 19.3. Cxemartuueckoe M30- BETBeH aKYCTHYECKOro W ONTHYECKOIO
GpaeHue AMCNEPCHOHHOrO 38}; . dhoHOHHOrO cmekTpa. B HacToswee
KOH3d H 33aBHCHMOCTH 3HEpPrH _ \F 3
HeﬁTpOHOB OT BOJIHOBOTO 4HCJa BpeMH 9710 CAHHCTBEHHDbIA 06mHH

$OHOHOB. METOJ, olIpeJeJIeHUsI 3aKOHOB JHKCIep-
ToukH mepecedeHHs, MOKAIAHHBIE uep- CHH IS ¢0HOHOB- AnanorvyHeM ny-
HUMK KDYKEWH, COOTEETCTAYIOT SHep-  T@M MOXHO YCTAHOBUTH 34KOHBI [H-
THAM, TT OTOPHIX BO3MOXHO pacces-
HHE Hegrpuua, prx-mue omocsﬁ-cn x CIepcHH Jis MaruoHos. Kpome Toro,
OXHOMEDPHOMY - CAY4Y2I0; paccesxHe Heft-
S T o e i seren wotna. 13  SKCMEDUMEHTAJbHBIX J2HHBIX 0
menueM ¢oHona M3 kpucranna. Huxnsg «TOJILUYMHE» 3HEPreTUYECKOH noBepx-
TOYKa OTBeYaeT IOrAOMWIEHHI OAROrO u
aKyCTHueckoro ¢omoHa, sepxuss—no- HOCTH, COOTBETCTBYIOLIEH DacCeAHBIO,
TAOUIEHHIO OAHOTO ONTHYECKOro Q)OROHH. MOXHO OLEeHUThb BpeMeHa peJIaKcaU.HH
a8 ¢GOHOHOB H MarHOHOB.

dakrop Hdebas — Baasepa. W3 suipaxenus (19.51) caenyer,
YTO WIMPHHA MAKCHMyMOB YNPYroro paccCestHusi He YBEJTHYHBAETCA
P BO3PACTAHUU TEMIIEPaTyphl, HO UX BBICOTA YMEHbLIZETCA MO 3a-

Kony exp (—2W), rae

QW = Y0712 (n) + 1), (19.53)

e e —— —

Banrnoboe vucro

Muoxurenb exp(—2W) ussecren noJd HasBauueM ¢paxtopa IHe-
6as — Baasepa. Tlonaras gas ynobersa X;=0, 3amerum, uro, Co-
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raacuo (19.43), ans (u2]> JIETKO MOJNYYHTL BbipaxeHue
1 '
(1Y =i 3 071 (2 () + 1), (19.54)
q

3xecb cymma 6epetcsl o BceM 3N HODMa/abHBIM KoJeGaHUSM, TOTAa
kaKk B (19.53) cymma Gepercs no N HopManbHLIM KoJeGaHUAM, IO-
CKOJbKY BEKTOp noJsipu3auuu 6ol Bbi6paH mapandesnbHbiM K. Eciu
onpeaenesue 2W (cm. (19.53)) bl obo6mum Ha cayuyai Bcex 3N
HOPMAaJIbHBLIX KoJeGaHuit, To MoJy4uM

2W = gy 207" @ () + 1) =5 K@) (1955

Orciona BuAHO, 4TO BeauuyuHa W nponopuuoHanbHA cpefHeMY 3Ha-
YEHHIO KBajpaTa aMIJIUTYAb KoseGanuil (u%) aroMa B COCTOSTHUH
TENNEBOro paBHOBecHs NpH TeMiepatype 7. B cienywoouwe#l raabe
OyZAeT NnokasaHo, YTO IJs (OHOHHOrO cnekTpa B fe6aeBCKOM clyuae
MOXHO HalHCcaTh

LKy = 5 {1+ ( )2+...}—_—2W. (19.56)

IlepBbi#l uneH B npaBo#l yacTH (COOTBETCTBYIOLIUN eJUHHUIE B (H-
rYpHBIX cKoOKax) oOycioBJaeH HyJeBHIMH KoJeGaHMAMH, T. €. CyM-
MapHEIMH 3ddekTaMu ucnyckaHHs (OHOHOB NAaRAIOUIUMH HEHTpO-
Hamu npu abcosotHoM Hyne. IIpu K — 0 noayuum exp (—2W) — 1.
3amerum, 4TO NPH abCOMIOTHOM HYyje BendunHa W npuHOIH3UTENBHO
paBHa OTHOLUEHHIO JHEpruu otAauu He#rpoHoB (K?/2M) k neGaes-
CKOH 3Hepruu kgpB.

®axkrop JlebGasi — Basnsepa 6bln nepBoHauyalbHO BBEAEH B TeO-
puH IUGpaKUUK PEHTreHOBCKKX ayded. OH CIyXHT Mepoil BIMSHHS
TENJOBOrO JBHXEHHUsI Ha HabJiofaeMoe HapylleHHe NEepHOLHUYHOCTH
pemerxy. Tlonnoe paccmoTpende 3KCIepHMEHTANbHBIX NAHHBIX, OT-
HocsILIMXC K (akTopy ﬂeéaﬂ—BaJlnepa B CBASU C SABJEHHUAMH
audpakuuu PEHTreHOBCKUX Jyued, HMeeTcs B KHuTe beeuMca [5].
IloapoGHoe obcyxaeHHe NMpPOUECCOB HeyNpyroro paccesiHHs HeHTpoO-
HOB OpHBeJeHO B pabote [6].

MaruutHoe paccesiHne HeHTpPOHOB. [Ipu MarHuTHOM B3auMoneR-
CTBHH 3JIEKTPOHHOrO MAarHHTHOTO MOMeEHTa MapaMarHHTHOrO aTtoma
C MarHdTHHM MOMEHTOM MEAJEeHHOro HeHTDPOHA aMIIMTYAa pacces-
HHS OKasblBdeTcs 1O NOPAAKY BeJHYMHB TaKOH e, KaK 4 IIpH YU-
CTO A/EePHOM paccesiHuH, paccMoTpeHHoM Bblle. Huxe npusesenst
3HAYEHHUA CEUYEHHMA DaccessHHs Ha CBS32aHHBIX fAPAaX U Ha COOTBET-
CTBYIOUIMX 1aDaMarHUTHLIX HOHaXx.
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Ceuenne xo- Cevyenne
repentaoro | ITapaMar- | yaryyrporg
fnpo SAEPHOrO pac-| HHTHME | paccegpus,
ceRuus, HOH 10— 24 g2
10724 cn2
Mn55 2 Mnt+ 21
Fest 13 Fet+ 21
Nis8 26 Nit++ 5
Co5® 6 Cot+ 9

3HayeHHUs cedeHHH A/ MArHUTHOTO paccessHHUs OTHOCHATCA K pac-
CesTHUIO BIEpe/.

Mu 6ynem paccMaTpHBaTh MAarHUTHOe paccesiHHe, BBIUHCIHB
npexje BCEro MaTpHuHbHEe 3JeMEHTH MAarHUTHOro B3auWMojeHcTBHSA
HeATpPOHa C 3JEeKTPOHOM B GODHOBCKOM NpHOGJIMXeHHWH I amunisro-
HYAaH B3aUMOLEHCTBUST MOXKHO 3anucark B BHIe

H=—pe-Hy, (19.57)

roe H, — MarsuTHOE noOJe, CO3faHHOEe MAarHUTHHIM MOMEHTOM Wy
HeiiTpoHa. Mbl npeHe6peraeM MarHHTHHIM II0JIEM, BbI3BAaHHBIM
op6uTaabHbLIM JBHXKEHHeM 3jeKTpoHa. [lJsg 3/7eMEHTOB TPYINH Xe-
aesa 370 6yRer xopowuM npubauxerueM. MTak, ecau BBectu o6o-
3HayeHHe r=X,—X,, 10 aaa H, MoXHO HanHcaTb

H,=rot p‘":f L ——rotp, X V%; (19.58)
MCnosb3ys OGhIuUHBEe (DOPMYJB BEKTOPDHOH axare6pel, IOJYYHM
1 1 1
rOtMnXVTZ*—(MIl-V)v?—*—‘un V27. (19-59)
Janee
V2 L= 4d(r) (19.60)
u, CJeJ0BATebHO,
1
H=—p, .V (p,,, . VT) — 4, - p, 6(r). (19.61)
O6b1YHO 9TO BHIPAXKEHHE 3aMHCHIBAIOT B BU/JE CYMMB! U/JECHOB BHAa
"W, 3 e n"
Hiyg==tetn _ 3e Dt 1) (19.62)
H
8
Hygue = — =3~ Mg - 1, 0(1). (19.63)

B GopHoBckoM NpHOJHXEHMH HaM NOTpebyloTCS MAaTpHYHLIE 3Jje-
MEHTHl onepatopa H MeXJIy CIMHOBLIMHM COCTOSIHMSAMH @ M b M co-
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crosuussMd k v k'=k—K. Bektop r B Bhpaxkenusx (19.58) —
(19.63), no onpereseHUI0 PAaBHHH X, — X, IPeACTaBJAsET COGON
pa3HOCTh BEKTODOB, ONpPeJeNsioUX NMOJOKEHHA A1pa U 3JEKTpOHa.
MBIl XOTHM pa3fieuTh NPOCTPAHCTBEHHYID H CIIMHOBYK) 4YacTH B Bhl-
paXXeHUAX JJsi MATPUUHBIX 3JEMEHTOB C TeM, YToObl B ABHOM BHJeE
BBECTH (PYHKUHIO, 3aBUCAINYIO OT CIMHE. Hauaso koopAuHaT yAo6GHO
BHIGpaTh B UEHTPe Macc aTtoMa. HauaabHoe COCTOSSHHE MOXHO 3a-
NHCATb B BH/E

[ i) =™ *ng; (x,)] @), (19.64)

rAe a; COAEPXMT CIHHOBblE KOOPAMHHATHI 3JEKTPOHAa H HeATpOHA,
a @;(X;) —ucxonuaa (KOOpAMHATHAs) BOJHOBas GYHKUUA 3JEK-
TpoHa. KoHeuHoe cocTofiHde onuchiBaeTcs dyHKIHeH

|Fy=e™ "nq,(x.)|ay), (19.65)
rie HHIEeKC [ 03HayaeT KOHeuHOoe cocrosinne. Torna

G1H| iy =(a,| [ d, dx 63 (x,) o, (x,) €™ | @) =
ai> j. dax‘-’q); (xe) P, (xe) eiK.xe + (19.66)

rje Mbl NpOH3BENM NpeolGpa3oBaHUe KOOPAHHAT, (YHKIHOHAJNBHLIA
JeTepMHHAHT KOTOporo paeeH eaunuue. B cuay (19.61) Bropoit
yreH B H cojgepxur d(r); mo3TOMY COOTBETCTBYIOLlAas 4acTh
{asl...la;) mocne MHTErpHPOBAHUH NAET —4mpe: Wn; NEPBLIA WIeH
B (19.61) mocse uHTErpUpPOBAHUSA IO YACTAM LaET

= <ail J‘ dire!X-tH

{ ; 1 . ; 1
—_ J dareLK-rue .V (u” .v 7-) =K. u, f dSI-elK-rlu" . V..r— =

= (K- 1) (K- ) | @ Lo =(K- 1) (K- ) pp- (19:67)
HUrtak, MBIl NOJYUHIH
(F1H] i) =—4n @il - w,—@m, - K1, - K) - K| a;) F(K), (19.68)

rae F(K) — maenurnotd gopmpaxtop, KoTophlii onpenensercs Bhl-
paxeHHEM

FK)= [ dox,g}(x,)0,(x,)e™ . (19.69)
IIJIH nepexonos, IIDH KOTOPBLIX COCTOAHHE, 3aBHCALIEE OT KOOplIHHaT,

OcTaeTcsd HEU3MEHHBIM, HMeeM ¢;=@;; B 3ToM cayyae F(0) =1, ITo-
CKOJbKY

b= — Lel Se’ K, =g e Su! g=~17911

m.C
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MOXKHO Hanucarb

(FH| ) =4ng ———

mmc“

(@rlSe - Su—(Se - K) (S - K) K| a:) F (K).
-~ (19.70)

3ameruM, uto ecnd K-— enuHuuHBIA BeKTOp B HanpasieHuu K, To
¢yeEKUHK oT cnuHoB B (19.70) MoxHO 3alucaTh B BHAE

S, - [KX[S.X K]],

OTKYy/Ja BHJHO, UTO MATPHYHbIH 3JIEMEHT PacCesHUS IPOINOPIHOHANEH
KoMIOHeHTe S,, nepnennukynspHoi Kk K Ecau Bsectu Bektop PI,
UMeoWUA AJAHHY S, | W HanpaBjeHue, CoBNajaiollee C Hanpasie-
unem Bekropa KX[S.XK], To maTpuunbiii siement Gyner cofep-
XKaTb CKaJAspHble Npou3BejeHus S,-P;.

O6osHauuM uepe3 s, s’ CIMHOBHIE KBAaHTOBBle YMC/1a HeHTpOHA,
a yepe3 ¢, ¢’ — CIIUHOBBLIE KBAaHTOBLIE YMCJIA 3JEKTPOHA; TOrAa ce-
YeHHe paccesHys GyAeT NPONOPLHOHANbHO BEIHIHHE

Z(qSIS%P“Iq'S'>(q'S'|3§P’ilq8>(q81plqs)=
—2<s|S“|s><s|s3|s><qlP 1a){a"| P |g) (gs|olgs), (19.71)

rje p — CNHHOBasd MAaTpPHLA ILTOTHOCTH /IS HauaJbHOTO COCTOSHHS.
Janee,

N (sISals¥ (s ISR s) (s [pl sy =

—(s| S3SE|s) (slpls) = das (s lplS).  (19.72)

Ecnu nydok neliTponoB He moasipu3oBaH, To Bce (s|p|s) pasHul
1/2 u Torna

2, T o (s 0]8) =70 (19.73)

B naapuefiniem MBl NpoAOJKAEM CYHTATb HEHTPOHBI He NMOJAPH3O0-
BaHHbIMM. Torfa AJs NpPOLECCOB YNPYroro paccesiHHs, KOrja Bce
(glplg) omuHakoBH, BenuuyMHA, BXoAAWas B Belpaxenue (19.71),
OKaXeTcs paBHoﬁ

b3 (g | PLPR | @)= (g PP | g, (19.74)

Has Toro utofbl yuecth Ipollecch HEYNPYroro paccesHusl, Mbl J0.-
#Hbl 00600LUTb TPOLEAYPY, HCIOJNb3OBAaHHYIO Bblile NMpH pPAacCMOT-
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peHHH 3aBHCHALLEH OT BPEMEHH uacTi HeHTPOH-QOHOHHOrO pacces-
uun. KomOuuupys (19.13), (19.70) u (19.71), nonayuum

O =k (2] () 28 F (K [ dte-tor (P, (0)- Py ()=

dQds - £ \Zm memuc?/ 4(2m)

=§1;(gro)2k—,;lF (K) f dte=© (P (0)-P (),  (19.75)

rae ro=e*mc?=2,82-10"13 cm — knaccuueckuit paiuyc 3JeKTpoHa.

ITapamazrurnoe pacceanue. PaccMoTpUM Tenepb HEKOTOPLIE NPH-
Menenust ¢opmyad (19.75). B ciyyae ynpyroro paccesHus Ha H30-
JUPOBAHHOM MMAapaMarHUTHOM HOHE CO CMHHOM S B OTCYTCTBHE Mar-
HHUTHOrO NOJS TOJYYHM

oo = (&rol | F ()P (19.76)

rije B Cayuae XaoTHUECKOro pacnpeje€HHd CIIHHOBBIX opueﬂraunﬁ
MO>XHO HANUCarhb

(PP =2 S(S+1), (19.77)

MOCKOJBKY BCE KOMIIOMEHTDL! NMapHbLIX Npou3BejeHHit Tuna S¢S BHO-
CST OJHHAKOBHH BKJaj, 33 HCKJIOUEHHEM KOMIOHEHT S, mapaJuiens-
auix K. Urak,

27 =2 (grof [F(K)PS(S+1). (19.78)
3aBHCHMOCTb OT YIJa PacCesiHHs COAEPXKHUTCA TOJbKO B opMmdak-
tope. CedeHHe MarHHTHOrO pacCessHHS HECKOJbKO 60Jbllle KBaApaTa
K/JaCCHYeCKOro pajHyca 3JexTpoHa. [lapamMarHuTHoe paccesHHe
4acTo HCnoJab3yercs s ONpefeelHs MarHUTHoro gopmdakropa
F(K).

Ynpyeoe geppomaznutHoe paccesrue. B ¢deppoMarHMTHOM Kpu-
crajiie, B KOTOPOM C KaXJOH TOUYKON pEUIeTKH X; CBA3aH CIHH S,
sextop P; onpezesnsieTcs cOOTHOLIEHHEM

P, K)=3 e 8 ). (19.79)

Torga MOKHO 3anHCATDH
(PLO)-P, ())r= % exp [iK « (Xt —X;)](S1;(0) - S ;4 () (19.80)

B cavyae ynpyroro paccesiHus CyMMY JHAroHaJbHBIX 3JIEeMEHTOB
B (19.80) MOXHO 3aMeHNTL ee CPERHHM TI0 BPEMEHH:

Cpeasee no spemenu ot {(S5(0)SP(£)); = (S)7 dac Os, (19.81)
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rie (S) — ¢yHKUUA TeMnepatyphl, ¢ onpeleaserTcs KaK efUBUUYHEIH
BEKTOp HaNpaBJeHUs OCH NPEeUMYLIecTBEHHOHM OpHEHTAUMH MAarHUT-
HbiXx MoMmeHToB. Toraa, BocnoabzoBaBmuck (19.38) u pesyabrarom
sagayn 19.4, nonyuum

NV (SY{1—(K - o)) 3 3(K—G)
u u3 (19.75) —

S =(gro! NV NI FK) {1 —(K-0))8(K—G). (19.82)

[¢]

D10 BHIpAXKEHUE ONHUCHIBAET MAarHUTHOe GPIrrOBCKOE paccesiHue IS
(eppoMarHeTHka Ha TeX Xe TOYKax oO6paTHOH peLieTKH, YTO ¥ IpH
sinepHoM paccesHud. Jlans aHTHdepPpPOMAarHeTHKa OIpejielNeHus Bek-
topoB G /s MArHUTHOH ¥ ATOMHON IPUMUTHBHLIX SU€EK Pa3JUUHHI,
H II03TOMY IJIOCKOCTH OP3rTOBCKMX OTDAXKEHHH OJ MArHUTHOrO H
OIS 9JEePHOrO paccessHUsl HEORHWHAKOBHI.

s phipaxenus (19.82) M0oXHO yCMOTPETH, YTO B CUJY HAJTHYUSA

MHOXUTENA (S)Zr KOTepeHTHOe MarHUTHOE yNpyroe paccesHust Gyaer
pesKo yMmeHblWaTbcd ¢ TeMmnepartypoit B6ausd touku Kwopu. Kpome
TOr0, MarHUTHOE paccesiHUe HcyeszaeT JAJA cayvasi, Korfia Bekrop K
napaJesieH BEKTODY HaMarHMYeHHOCTH. MarHuTHoe paccesiHHe 3a-
Bucur ot ¢opmdarropa F(K), Torna kak cooTBETCTBYIOWUHN siiep-
HHH (opMmbakTop paBeH egUHUUE, €CAH He YYUTHIBATh 3ddekTos,
CBSI3aHHBIX ¢ KosieGaHUSAMH pellleTKH.

Teopus Heynpyroro paccesHusi B (peppoMarseTHKax ouYeHb I10-
X0Xa Ha TEODHIO HEYNPYroro pelleTOYHOro paccesiius. DTy TEopHIo
MOXKHO IOCTPOUTh, MCX0As u3 pesyabrata (19.80) u BBOAS MarHOH-
Hble onepaTophbl. Pe3ynbTaThl 3KCHEPHMEHTOB 10 MAarHHTHOMY pac-
CesiHHI0O MOXKHO HCINOJIb30BATh JJIS YCTAaHOBJEHHS 3aKOHOB AMCIep-
CHM U ONpejeleHdss BPEMEH peJakcalud MarHoHOB B HEKOTOpoH
06J1aCTH 3HAUEeHUH# BOJHOBLIX BEKTOPOB; B HAacTOfLIEe BPEMs HET
KaKUX-THG0 MHBIX METO/0B, MO3BOJSIIOUIHX IKCIEPHMEHTANbHO pe-
1waTte nofo6HbIE 332y,

3AIIAUYH
19.1. TlycTs HeKOTOpPOE COCTOSIHHE OMNHCHIBAeTCH (PYHKUHER, mpe/cTaBJsiomleR

coboir cymMmy aByx OGYHKUMA, a HMeHHO e'*? (najgaiomas BojaHa) H (a/r)eikr
(#30TponHas paccesHHas BOJHA), T. €.

Q= eikz_*__% e”"'. (19.83)

Yepenuus sty ¢yHKndio no cdepe, nokasaTb, YTO ¥acThb PYHKUHH (p, ONHCHIBAIO-
llas §-BOJTHY, HMeeT BHJ

Ps = —;7 sin kr 4 —(:T gtk (19.84)
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B sanauax, cBS3aHHEIX ¢ PAaCCMOTPEHHEM INPOLECCOB paccessHAs, GYHKUMIO Qg
06LIYHO 3aNHCHBAIOT B HHOR (opMe, a HMeHHO

L M;T‘*‘@l; (19.85)

anech Mo — $a30BbIfA CABHC S-BOJIHBI, NOKA3aTh, 4TO

a= % '™ sinf, = — eMp, (19.86)

rae b — amnuutyna paccesinuns.
19.2. TIpeanonoxum, uTO paccewBarmolasg MHIIEHb COCTOHT H3 SILEP OAHOTO
H TOTO e HIOTONAa JAAHHOTO 3/eMeHTa; CIHHb sfep pasuu /. Ilycts b4 — amniu-

1 -
TyRa pacCesHHsT B COCTOSHHH I+7 (spo muoc HeATpPOH), a b_ — aMnauTyna

1
PaccesiHuA B COCTOSHHUH 1—7. Toxasats, uTo

I+41 I
(0) ={ g br + gy - b (19.87)
R e L e e L (19.88)

Paccesane Ha 06pasue MNPUPOJHOTO Xese3a NOYTH MOJHOCTBIO KOrepeHTHO, IO-
CKOJLKY B TaxOM o6pasne HaoTone! co cnHHoM /=0 coCTaBisiOT noxasjsiollee
GoaburnecTBO. Paccesnne OT o6pasua BaHafus NOYTH MOJHOCTBLIO HEKOTEPEeHTHO.
Paccesniie Ha Boxopose (HO He HA [eATEpHM) TaKXKe NOUTH TOJHOCTBIO HeKO-
repeHTHO.

19.3. Peaynsrar (19.79) monyweH nJs H30JHDPOBAHHOr0 nNapaMarHHTHOrC HONA.
IToxazaTe, 4TO TaKOH e DPe3yJbTaT NOJNYYHTCH H JJIA MOHA B NAPAMATHHTHOM
KPHCTaaje, €CNH MEXKAY pacnpeje/eHHAMH HanpaB/eHHA CIHHOB HOHOB HeT KOp-
pensiunn, 1. e. (SIS%) =8, (SIS%). rue muzexch i u j oTHOCATCH K oGO mape
HOHOB B PA3JHUHBIX Y3JaX PelerKi.

19.4. ITokasats. 4TO

PY PY = (8,, — K°KP) s°52. (19.89)

[IpaBas wacTb 3TOro BLIDAXKEHHS HMEET TAKOHl e BHJ, KaK H HCIONB3OBABILHACH
B pabotax Bar XoBe u fpyrux aBTOpOB.

19.5. TlycTb n(X) — KOHUEHTpauus ARep ¢ aMIVIMTYNOA paccesiHHs, pasHOH b;
nokazaTtbh, 4TO JHuGdepeHunanbHoe CeYEHHE YIPYroro pacCesHHss UMeeT TOraa
BHI
d%c 2

m J‘ daxeiK'xn(x)

=b%5 () . (19.90)

HAns XuAKOCTH BenuuuHa n(x) =const u, c/ie10BaTE LHO, B BHIPAMEHHH AJA Ce-
uenns nossurca 8(K), uTO cooTBeTcTByeT OTcyTcTBHIO paccestnus. CaemoBaTess-
HO, B XHIKOCTAX KaKOro-iHG0 YNDYroro paccesiHHsi, CTPOro roBOpS, HeT.



440 FJIABA OEBATHAILUATAS

o aw N

Jlutepartypa

.Kothari L. S, Singwi K. S, B c6. «Solid State Physics», vol. 8, N. Y.,

1959, p. 109.

.Shull C. G, Wollan E. O, B c6. «Solid State Physics», vol. 2, N. Y.,

1956, p. 137.
Van Hove L, Phys. Rev. 95, 249; 1347 (1954).

. Woods A. D. B. a. 0, Proc. Phys. Soc. 79, 440 (1962).

Axeftmc P, Onrtiuyeckue npusuuns AngpakUii PeHTIEHOBCKHX JayucH, MJI,
1950, ra. 5.

. Weinstock R, Phys. Rev. 65, 1 (1944).



FTJTJABA 2

HcnyckaHue ramma-iayuein 6e3 oTHaym

Koraa sapo HM30MHPOBAaHHOrO aTOMa MCNYCKAeT CaMMa-KBaHT
HH3KOH 3HEepPIHH, TO 8TOM HCNBITHIBAET OTJauy M IHEpPrusi HCIycKae-
MOro ramMMa-KBaHTd CTAHOBUTCS MeHblle Ha BeJHYHHY 3HEPTHH
otnaud. Ecin aTOM B MCXOZHOM COCTOSTHHH HAXOAHTCHA B NOKOE, TO
KOHEeYHYI0 CKOPOCTh atroMa ¢ Macco M MOMHO BBLIYHC/IHTL HEMNO-
CPeJCTBEHHO H3 3aKOHA COXpPAHEHHs HMIYJbca; B CAMOM jJele,

0=Mv+K, (20.1)

rie K—soanosoit Bektop ramma-ksanta (|K|=w/c). Bmecre ¢
TEM MOXHO NPOCTO CKa3aTk, YTO BOJHOBOH BEKTOp aroMa, HChhl-
Tasuero otjgauy, pased — K. M3 {20.1) nonyuum

[0

€CJIH 3Heprid raMMma-KkBaHTa npHmepHo pasHa 100 x3g (107 spe),
a aToM, ero HCIYCTHBIIHI, uMeeT maccy 1072 ¢, 1o

v 1077

10-%.3.101

T. € CKOPOCTb U MO NOPHAAKY BEJMUHHB GaIM3KA K cpelgHeli Tem.o-

BOH CKOpOCTH.
Torga puast sHepruu oraaun R uMeeM

K2 E? ]
R = o31 = a7 (20-3)

=3 -10° cujcek,

rae Eq— sHeprust ramMa-ksaHta. [l TOJbKO YTO PacCMOTPEHHOrO
npuMepa R=10"14/2.10-2.102'=10-'2 spe, uTO COOTBETCTBYET H3-
MeHeHHI0 (CHBUI'Y) 4acTOTbl FaMMa-KBAHTA HA BEJHUYHHY

Ao=R ~ 108 cont. (20.4)

Taxo# cABUr 4acCTOTHI MHOrIAa MOXET OKAa3aThCA GOJblle eCTECTBEH-
HOM LIHPHHBI JHHHH CNEKTPa raMMa-uajyueHHs, Hanpumep, HEKOTO-
pble MpeacTaBAAIOLUIHe NPAKTHUECKHA HHTEPEC JUHUHM UMEIOT LWHPHHY
nopanka 107 cex!. Takum o6pasom, HchmycKaeMblit raMma-KBaHT

30 4. Kutrteas
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MOXeT BCJEACTBHE OTHAYH HMeTh 4acTOTYy, HEAOCTATOUHYK /s
Toro, yro6el OH MOr MNOTJMOTHTbCA APYTMM HAApOM TOrO Xe THIA,
TloaToMy oTRaua MOXET CJAYXHTb IPUYMHOHN rallleHUusi pe3OHAHCHON
¢dayopecueHIHK raMMa-ayvelt.
JIUHMH raMMa-ussydeHudss 0T CBOGOIHBIX aTOMOB, HAaXOASUIHUXCH
B TeNJIOBOM DaBHOBECHM, OYAyT ymiupeHbl u3-3a addexra lonnme-
pa, TAK KAaK JIJIf CKOPOCTEH TOXe CYyLWecTBYeT TemJI0BOe pacnpe-
nJenenue. CpenHee 3HAYCHHE KBajpara JONNJIEPOBCKOH IIHPHHBI
((Aw)?) ounpenensiercss NpHGIHKEHHBIM COOTHOIIEHHEM
((Ae)?) _ (v)?
el Rl (20.5)
rie (v?) — cpentee 3HayeHWe KBajJpaTa TENJOBOM CKOPOCTH aTOMA.
Ecan BBecTH BenuuuHy A, onpejensieMylo cooTHollenHeM A2=
=((Aw)?), 10 u3 (20.5) noayuum
©2 K2
N~ (P =541 2M (v?), (20.6)
HIH
A2=R . kgT, (20.7)

rie R -—>3Heprus oTnauM, a kg-—nocrosinHasg DBosbnmana. usa
NpUBE/JEHHBIX BBIIe YHCJEHHbIX 3HAueHMH BeIMYMHA A paBHA mo
nopsaaky senuyunbl R. CrejgosaTtesNbHO, JAONNMIEPOBCKAA LIMPHHA
MOXeT ObiTh 3HAauMTENbHO GOJblle €CTECTBEHHOW IIHPHHBI CIEK-
TPaJIbHOM JIMHUH JIOJATOXHBYILETO raMma-uanydaTeis.

Ecnn um3nyualomme aToMbl HaxoJATCA BHYTPH KpHCTanna, TO
YyacTb raMMa-KBAHTOB Hcnyckaercs Ge3 3aMeTHOH OTnauyH M MIHPHHA
COOTBETCTBYIOLEHA CIEKTPaJibHOH JHHHM OJH3KAa K ECTeCTBEHHOM
(unpure. 3To fBJEHHE U3BECTHO Noj Ha3BaHueM addexkra MeccGaya-
pa. B cnekTpe ramMma-y3jaydyeHusi TBEp/JOIO Tena MOXKHO OOHapy-
XUTh KaK pe3Kue JHUHHH, NPAKTHYECKH HE CMElleHHBE T0 YacToTe
(oTMyaeMble MO BEeNHYHHE CEUYEHHS] BTOPHYHOrO NOTJIOWIEHMS), TAK
M IIMPOKHE CMelleHHble JuHuH ¢oHa. (s gaHHOrO KpDHCTa/JJja co-
OTHOILIEHHE MEXIY TepBbIMH M BTOPBIMH 3aBHCHT OT TEMNeparty-
pbl — IO HECMEIEHHOTO H3JyYeHHsi BO3DACTAET C MOHHXKEHHeM
TEeMIepaTyphl, HO HHKOrAa He jocruraer eAuHunul. lllupuna peskux
JHHMY OT TeMnepaTypbl HEe 3aBUCHT. EcTecTBeHHas MHpHHA OBBLIYHO
OTIpEAEeNsieT BCI WUPHUHY RAHHOH JIMHHM.

CMmeweHHbBle JHHHW CTEKTPa raMMma-H3JydeHus, oOyCJIOBJIEHHbI®
oThaved, NOSABJAIOTCA B TeX CJydasix, KOI/la HCNyCKaHHE ramMma-
KBAHTOB COTMPOBOXKJAeTCHA UCNYyCKAHHEM HJIH MOIVIOLIEHHEeM (OHOHOB
B KpHcTajje. DHeprus ¢(OHOHOB COCTABJSET YACTb KHHETHUECKOR
SHEePTHUH, NoJyyaeMo# CBOGOJHbBIM ATOMOM B pe3y/abTaTe OTAAuH.

Ecay Mbl BCIOMHHM TO, YTO HAaM H3BECTHO O AU(pPAKUUKH PEHT-
reHOBCKHX JIyuedl B KPHUCTA/IaX, HAM He IOKa)eTcsi 0cOGeHHO ynu-
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BHUTE/NBLHBIM SIBJIEHHE HCNYCKAHMS ramMa-jlydeit B KpHCTandJe, He
conposoxjaaoweecs Bo30OyxjaeHHeM (OHOHOB; B KOHIE KOHIOB,
Op3rroBCcKHe OTpa)KEHHs PEHTreHOBCKHX Jy4Yel TOoXe OTHOCATCH K
nponeccaMm, He CONPOBOXAZIOUIMMCS HCIycKaHHeMm 6e3 OTAauH, UH
K ynpyrum nponeccam. PeHTreHOBCKHiT CleKTp Heyupyroro audadys-
HOro paccesHHs MOJHOCTBIO aHAJOTHYEH TOH YacTH raMMa-chnekTpa,
KoTropas ¢Bsi3aHa ¢ HMCNYCKaHHWEM ¥ mnorvoiieHuem ¢oHoHoB. [lei-
CTBUTE/JBHO, PEHTIEHOBCKHE JIYYM, HCNOJAb3yeMble OOBLIUHO B M-
$pAaKUHMOHHEX HCCMeJ0BAHUAX, HMEIOT 3HePrHM TOro e IOpsAKa,
YTO H 3HEpPruH, NPHUMEHAeMble NpU HCCNEOBAHHUM SIBJEHWH HCNY-
CKaHMA raMMa-u3ayueHus aapamu Ges otjavu. Tak, Hanpumep, KoJs
YIpYyroro paccesiHusi npu AUM(pPaKUHH DEHTrEHOBCKHX JyYyeH C 3Hep-
rueit 20 K36 OKa3bIBAETCH TOYHO TAKOM K€, KAK H NPH MCIIyCKaHUH
raMMma-nyuen c sHeprueit 20 x38. B npenblAyined riase GbLIO NOKa-
34H0, YyTO NPH Op3IrOBCKOM OTpaX»<€HHU HHTEHCHBHOCTE PEHTreHOB-
CKHX MAKCHMYMOB NpONOPIUOHAJbHA BeJNHYHHE

exp[— (1/3) K*(u?) ],

rie K — BO/HOBOA BEKTOp PeHTTEHOBCKOro KBaHTa, {(42)r — cpejnee
3HayeHHe KBajpara CMEIIEHHs aToMa B pe3yJbTaTe TEIJIOBbIX H
HyJneBHXx Kosnebanui. Dakrop [le6asi — Bannepa xapakrepusyer
TeMNlepaTypPHYIO 3aBHCHMOCTh yNpyroro paccesHusi. ToT xe dakrop
onpejenseT I0NK0 NPOUCXOASALIHX Ge3 OTAayd aKTOB HCHYCKaHHS
raMMa-KBaHTOB IIPH HUX MOIJIOUIEHUH B KpHCTaJTIe.

O630p npumMeHeHusn abdeKTa U3TyYeHHUsT raMMa-KBaHTOB Ge3 OT-
aaud K npobnemam (QU3MKH TBEPJOrO Tela MOXHO HAalWTH B cTaThe
A6parama [1].

Marpuuynslii saeMeHT MaTpuun nepexopaa. Cuavana paccMoTpuM
MCIIyCKaHHE HJIM TOTJIOUEHHE raMMa-KBaHTa cBOGOAHBIM S1pPOM aTo-
Ma, He CBSI3aHHOrO C pelIeTKOA. DTOT MepPexojl ONHCHIBAETCH MAaT-
pHUHbIM 3JeMeHToM M COOTBeTCTBYIOWLEro omepatopa A, B3fTHM
JJig HAauaJbHOrO |i) W KOHeuHoro |f) cocTosieuii ajgpa, T. e.

M= (f|AX; P 0))|). (20.8)

Onepatop A 3aBHCHT OT KOOpPAHHAT, UMNYJBCOB M CIIHHOB UYACTHI]
sigpa. Buipasnm Teneps omepatop A uepe3 KOOpPAMHATY B CHCTEME
OoeHTpa Macc fgpa (X) W OTHOCHTENBHBIE KOOpAHHATH (q), BKJIO-
vamoume B ce6s M CnMH. 3aBUCUMOCTE A OT KOOpPAMHATHL X B CH-
cTeMe [LEHTPa MacC IOJHOCTRIO oOnpejfensieTcss TPeOOBAHUSAIMH
TPAHCAANKOHHOH WHBAPHMAHTHOCTH M WHBAPHAHTHOCTH MO OTHOIIE-
HUIO K npeoOpasosaHusaM [anuies, T. e. TpeGoBaHUEM COXpaHEHHS
UMIYJabca M TpeGoBaHHMEM He3aBUCHMOCTH BEPOSTHOCTH Iepexona
AN ABHXYIUErocs HEPEJNSTHBHUCTCKOIO HaGaI0aTens OT CKOPOCTH
nocaentero. Ilpy ucnyckauuu raMma-KBaHTa uMmny/aesc paseH —K
M yKaszaHHble TpeOGOBAaHMUA YAOBJIETBOPSIOTCS JHIIL B TOM C/Iyuae,

30*
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€ecsu onepatop A HMeeT BH]
A= eKxg(q), (20.9)

rae onepaTop a(q) 3aBHCHT TOJBKO OT OTHOCHTENBHBIX KOODAHUHAT
W CIHHA YacTHW H B IBHOM BHUJe 3aBHCHT OT THIA nepexofa (3jexk-
TPUYECKUll, MArHUTHbIK, JAUNOJNBHLIHA, KBAAPYIOJBHBIE H T. X.).
Onnako sBHbT Bux ¢Gyrkuuu a(q) Hac cefuac HHTepecoBaTh He
6yner. Muoxurenn exp iK:-x B onepatope A nomnyckaer cyliecTso-
BaHHE HE PABHBIX HYJIO MAaTPUYHBIX 3JEMEHTOB NIPH HCMNOJb30BAHUH
BOJIHOBBIX (PYHKIHMHA ramma-ilyde#r ¢ KOODJAMHATHOH 3aBHCHMOCTLIO
tuna exp (—iK - x).

PaccMoTpuM Tenepb MCNyCKaHHe MJH NOLJOILEHHE raMma-jayded
IpaMy aTOMOB, CBsi3aHHHX B Kpucraianae. Onepatop, oOnucbiBaio-
Wi Nepexojibl OKa3biBAETCH TEM ke onepaTopoM A, HO MaTpuyHble
3JIEeMEHTbl Mbl JOJKHB BBIYHCAATH AJNS HAYANbHOIO M KOHEYHOro
COCTOSIHHH BCelt pelieTKH, a He Aas cBoboiHoro sigpa. Teneps MOX-
HO BbINHCATE BLIpAXKE€HHE O/ MATPHYHOIO 3J1€MEHTd, OMuChiBAlO-
Iero nepexoi, Npu KOTODOM ramma-kBaHT ¢ umnyascoM K ucny-
cKaercs SAPOM C KOODJAHHATOM X B CHCTeMeE LieHTpa Macc; NPH 3TOM
pelieTka NepeXOXUT M3 COCTOSIHHS, XapaKTepuayeMoro HabopoM
KBAaHTOBBIX UHCe] 71;, B COCTOSIHHE, XapaKTepH3yeMoe HabopoM KBaH-
TOBHIX 4YHcCes f;. BHyTpeHHee cOCTOSIHHE M3/YYalOlero raMMa-KBaHT
fpa U3MEHAETCSH: A0 MUCNYCKaHI{A raMMma-KBaHTa OHO OIHMCHIBAETCSH
BOIHOBOH GYHKuued |i), a nocjae HCNYyCKaHHA ramMma-KBaHTa —
dyukuuen |f). JDag MaTpUYHOrO 3JeMeHTa HMeeM

M, = (mjexp (K - X)\m) - (Fla (@)]6)- (20.10)

Wrtak, MaTpHuHbIf 3JeMeHT npelAcTasnferT cobGOH NpOH3BefeHHE
JIBYX COMHOXWTE/IeH — NEepBLIH 113 HUX 3dBHCHT TOJBKO OT DEIIETKH,
a BTOpPOH — TOJIbKO OT BHYTPEHHEHN CTPYKTYDPh! sipa.

BepositHoCTh NepexoJa 3aBHCHT OT KBaJApaTa 3TOr0 MaTPHYHOTO
ajemerta. Hac uutepecyer npexje Bcero jgons obilero uHcia pe-
pPexoa0B, 4 MMEHHO JIOJA I[1ePeX040B, NPOHCXOAAIHX 0€3 OTAauH,
T. €. Te DePEeXO/]bl, IpH KOTOPbIX COCTOSIHHE DEIIeTKH HE H3MEeHseTcH.
OGo3nauum uepes P(n;, n;) BepOATHOCTb Nepexojid, NPHU KOTOPOM
HaGop KBAaHTOBBIX YHCeJ (OHOHOB #; npesBpawaerca B Habop 7y
Torna

P(ny, np)=|(n;|e™>|n) P, (20.11)

NOCKOJIbKY IJ1d J060ro HayanbHOTO COCTOAHHA 11; peleTKky cnpa-
BeOJIUBO COOTHOLUEHHE

S P(ny, n)=(n|e= K |ny) (my|ei®*|n) =
"f

A
= (n;|e~KxeKxip)y=(n|n)=1 (20.12)
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3rtor pesyabTaT noarsepxjiaer HopMmuposky (20.11); unblMu cao-
BAMH, N0;1HAsA BEPOATHOCTb TOrO, YTO KaKoe-TO cOOLITHE npou3ofier
(unu He Npou30H/ET), paBHA eAHHHUIE.

CyulecTByeT ycTaHOBJIEeHHOe JIMNKHHBIM MOLUHOE [IPABHJIQ CYMM,
COrjiaCHO KOTOPOMY CpefllHfis 3HEPrud, Nepelliefilas K pemerke, Kak
pa3 paBHA 3HEpPrWH OTAEJBHOrO fJpa, KOTOpYI0 OHO npuobpeno 6bl,
6yayun cBOGOAHEIM, NpM OTaaue. DTO NPAaBHJIO CYMM NO3BOJSET
TaKXKe XOTH Gbl YCTAHOBUTH, MOXKET JIH NPOMCXOAHTh M3JyueHHe Ge3
OTIauH.

Ecau B kpicTanne cuabl CBS3M 3aBHCAT TOJNBKO OT NIOJIOXEHHH
aToMOB (H He 3aBHCAT OT HX CKODOCTEH), TO €IUHCTBEHHBIM UJIEHOM
B raMyJbTOHHAHe, HE KOMMYTHPYIOUIMM C X, OYAeT uJeH, onpexe-
JHICILHHA KHHETHYECKYI0 3HEprHI0 TOTO XKe siapa, a MMeHHO p?/2M.
Torpa u3 pewenus 3agauu 1.4 (cM. ra. 1) uMeem

[H, x| = 51— e!*x (K2 42K - p). (20.13)
Kpome Ttoro,
[1H, ex], e-ikx)=— K (20.14)

3aMeTHM Takke, 4TO
[[H, e'Kx]e=iK-x] = 2H — giK-x Hg—iKx _ o-IK-xplK-x  (90.15)

Bhinuuiem tenepb, ucnoabsysi peaysasrat (20.11), nuaronanbHuR
MaTpHuYHbIit 3neMeHT ii oneparopa (20.15) B npexcraBieHun, B KO-
TOPOM 4MC/Ia 3anojHeHHs (OHOHOB AHATOHAJbHbI; OH WMEET BHI

(Il [H, eix], etk |n) =

=2(m;|Hin;) — Zr {(n| e |ny) (nyle=** ) (ny | Hiny) —

— (nle= % ny) (nye’®x{ny) (ny | H | ny)} = 2;(33—3f)P(”'f- n).

(20.16)
Orcioaa, yuuteBas (20.14), noayuum
K2

Y (em)—e(m)} Plng, n)= e =R, (20.17)

!
rae R, cornacuo (20.3), TouHo coBnajgaer ¢ 3neprueii OTHAYM CBO-

6oaHOrO atoMa.
BeposaTHOCTh HMCnycKauus raMMma-kBaHta Ge3 OTHau¥ ONpeje-
asercs BeJaHuuHOM P(ni, ni). s OXHOro rapMOHHYECKOTO OCHHJ-

Jasitopa ¢ coOCTBEHHON YaCTOTON © BEJMYMHA, CTOALLAS B J€BOH ya-
ctd cootHowenus (20.17), Gonblue, yeM

QIEL_P(”’!» n)=e{l—P(n, n)},
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Y 03TOMY R
Pln, n)>1—-—. (20.18)

9TO HEPABEHCTBO NOKAa3blBaeT, 4TO A8 H3NYUEHHS raMMa-KBaHTa
6e3 oTxaud HeOGXOAMMO MO MeHbIIEH Mepe BHLIIOJHEHHE YCJIOBHA
®>R. Crartucruyeckoe cpemHee BeJHUHHBl P (rn;, A;) NPaKTHYECKH
3KBHUBAJEHTHO dakTopy Jlebas — Baaepa.

Hcenyckanne ramma-ksanta 6es orpayu B pewerke. Cayuait a6-
COMOTHOro Hyasi. 3ajaya 06 HCNYCKAHUH raMMa-KBAHTOB B KpH-
CTaN/MUYECKOH perueTke Npu abCOJMIOTHOM HyJe OTHOCHTCH K YMcay
Haubosee npocTbiX. [IpeanosoXuM, yTO CHJBl CBA3M B KpHCTaJsIe
yucTo rapMmodudeckue. Ilycte Kpucrann cofepKuT N OXUHAKOBBIX
aTOMOB Macchl M, pacmosioxeHHbIX B KaKOH-TO u3 peweTok Gpase.
Beenem Ans HuXx HOpMasbHble KoopAuHaTh. Eciu Xy — nosoxenue
paBHOBeCHsI DA/ IHOAKTHBHOTO $i/1pa, TO MOXHO HANHCATh

=xXptu, (20.19)

rae u— cMellleHye 3TOro aroMa u3 I10JOXKeHHA paBHOBECHS, Bocnoask-
3yeMcsl pasfiokKeHHeM U 00 (OHOHHBIM KoopauHataMm (cM. ria. 2);
HMeeMm

-1, 1 A s .
u=~N lz(m;) eqs(aqsexp (iq - Xg) exp (— iwg;f) +
+a;;exp (—iq- xp)exp (fog8)) » (20.20)

rie eg; — eJIMHHUYHBIE BeKTOp j-H KOMNOHEHTHl MNONSIpH3anMM HOp-
MaJIbHOro Kos1e6aHHe . Y 106HO HECKONIbKO YNpOCTUTh 0603HaUeRHs,
noiioxus Xo=0 u o6o3nauuB oxHoN OykBOH S uHAekcH qj. Hrak,

=" Y (g elaeT o b are). @0

3710 BBIpaXKEHHE MOXKHO NPEJACTABUTL B BUAE
u=N"¥Q.e,. (20.22)
S

rie Qs —aMuauty/a HopMadbHOro KoneGaHusi s. COOTBETCTBYIOLIHM
HMOYJbC paBeH

. , 1 \% -
PS=MQS=—szs(2TmS) (ase™ "ot —ate™s*).  (20.23)
T'amunbTOHHMAH A4 HOPMAJBHBIX KoJeGaHHi 3aMHILETCH B BHAE
1 oy o 1 ]
H=Y, {Mmgcg; + 5 P2 } (20.24)

Jns HopManwkoro KosiebaHusi § HOPMUPOBAaHHAs BOJHOBas (yHK-
{lisi OCHOBWOTO COCTOSIKHS B KOODJHHATHOM MDEACTABJEHHH HMEET
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TOYHO TAKOM e BHUM, YTO ¥ H3BECTHafd BOJIHOBAS q.)YHKLlHH rapmo-
HHYeCKOoro oCcnu/aIATOp4d, T. €.

(x10,y =aln—"sexp [— a2Q3/2], o2== Mo, (20.25)

BEPOHTHOCTB HCNYCKAHUA TAMMA-KBAHTA 6e3 OTxdaYu U3 OCHOBHOTO
COCTOsSIHUA DaBHA

P (0, 0)=|(0le**|0) P=| IT <O, exp [:(K - &) QN "]

(20.26)

rie 0 osHauaer, 4TO BCE OCUMJJATODPH pelleTKH HAXOAATCHA B CBOHMX
ocHOBHEX cocrosHusaxX. HMcrnonbays ripaxenue (20.25), nonyuum

][{ (ag/h) j exp [—aiQi]exp(iﬁst)dQs}r. (20.27)

s

P(0, 0)=

rae p,=(K-e,)N " 3ameTuM, 4TO BeaMuMHA B (DPUTYDHHIX CKOG-
kax paBHa exp (— pZ/40?), u nostomy

|~ 2] [ = T ewoi—sicem=
g(K'e-vY(Qs)
=exp|——x— |- (20.28)
TAE MH BOCIOJb30BaJHCh TEM, YTO B OCHOBHOM COCTOSiHHN
(@)= (0, | Q2| 0,y =1/2. (20.29)

Ecnn npeanonoXuTe, uTo (Q ]) (Q) T. €. HE 3aBHCHT OT NOJAS-
pu43auMM j, TO

2
7" :)(Q,) _ KK (20.30)
Hanee
(@¥) =N~ 2<Q2>_3N 'E(Q) (20.31)
¥ nostomy, KomGurupys (20.28), (20.30) u (20,31), NOJYYUM
P (0, O)=exp|— ﬁf,ii‘_)] (20.32)

Hcnoabays CBOACTBA MOJNMHOMOB JpPMHTAa HJM HHBHIM nyTeM (cM.,
nanpumep, Kypc Meccua [2]) MOXHO MOJNYYHTb TOT XKe pe3yJbTaT
M JIIs8 TapMOHHYECKOHR cHcTeMbl OHOHOB, HAXOAsiUIEHCs HE B OCHOB-
HOM COCTOfiIHHH, a AJd KaHOHHYECKOro pacnpejeseHus (OHOHOB.
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Torpa fgi1si BeposATHOCTH [ HCNyCKaHMsi FaMMa-KBanTa 6e3 OTJAauH
B c/yyae KaHOHHYECKOTO pacnpejeneHusi (OHOHOB, COOTBETCTBYIO-
ulero TeMneparype T, NOJY4YHM
K? (u?)

f=P(n;, n;)exp [—— — = ] (20.33)
‘ToT :Ke pe3y.abTaT moJayyaeTcss Aaxe AJIS CHCTEMbl aHrapMOHHYe-
CKHX OCLH/IJISITOPOB NPH YCJIOBHH, YTO NOJHOE YMCJI0 aToMOB N33
(sTO BBITEKaeT U3 TeopeMbl, joKasauHo# I'nayGepom [3]). H.as rap-
MOHHYECKOTO OCHMJ/IIATOPE UMEEM

Ma? (Q) =(n, +) o, (20.34)

u nosromy, coraacuo (20.31),

2 (2 : +—2—

rae R=K2%/2M — sneprus OT7a4K CBOBOHOTO aTOMA.
IIpn aGcoaotHoM nyne ng;=0, u Torna B npasoil yacti {20.35)

R -1
Mbl IOJy4aeM Jx 2‘05 .
5
Has neGaeBCKOd MONEJH KpHCTaNJIa ®W=vqg, Ille U — CKOPOCThb

1 1
3BYK4, a4 ¢ — BOJIHOBOH BEKTOP. SHMETHM, YTO BEJHYHHA 7N E_q;—
s

KaK pa3 paBHa cpegHeMy 3HaueHHio 1/q no Bcem 3N HopManbHBIM
¢doHOHHBIM KosnebGaHuaM. Toraa, MCMoJb3ysi OObIUHOE onpejeneHHe
.IeGaeBCKO# TeMnepaTyph 8=wn,/kp, NONTyuUM

m
[ ada
1 1 __ 0 __ 3 1 3 v
WETS—T‘_TE_W_TZ—’?B—@' (20.36)
s q!dq
Cie0BaTeNbHO,
R g1 _ 3R
3N - o QkBG
n
. 3R
P(0, 0)=exp [—W] (20.37)

WUrtak, OTHOCUTENbHOE YUCAO 3KTOB HCIYCKAHHA raMmMa-ksantoB Ge3
OTJa4i NpH abCOJIOTHOM HyJe 6Gyner 3HAYMUTENIBHBIM B TOM cjayuae,
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eC/IH 3Heprusi oTRaud A48 CBOGOJHOrO aToMa MeHbllle MAKCHMAJb-
HOM BO3MOXHOH 3HepruH (GOHOHOB.

[Tpu OTNHUHBIX OT HYJA TEMNEpaTypax Mbl JOJKHbl BBECTH paB-
HOBecHOE 3HAYEHHE N, JIErKO BHAeTh, YTO MAJS 3TOT0 HaM HYXKHO

HAaWUTH BEJTHUHHY
87
2 -2
k5T X g,
223 er—1

4]

kotopaa npu I < © paBna

T? 3 (T)’
— N —
=3 N g/ - (20.38)
Bce soipakenue Anas nokasatensi akcnoHentol B (20.32) npu T« O
HMeeT BUJ1

s KWy =ge {1+ (5} (20.39)

T. €. conepxHuT B cebe BKJajx, yxe HaHJeHHBbI BHUIE IJAf CJay4as
abCOMIIOTHOrO HYJIS.

Bpemennnie koppeasuuu B sgdiekrax MCNyCKaHHS raMma-kKBaH-
toB Oe3 orpaum ¥ dopma aunuu. [loctaBum nepex coboit 3anauy
onpeneneHus GoOpMbl JHHHH ramMa-usnyueHud. PaccMoTpum mcny-
CKaHWe TaMMa-KBaHTa AAPOM atoMa, CBA3aHHOTO B pellieTKe, COxep-
xallleh N atoMoB c Maccoil Kaxkaoro, paBHoi M. [Ipeamonoxum,
uyto ¢opMa JHHHM raMMa-W3JTyuyeHHA $SApa, HAXONAWErocs B CO-
CTOSIHHM TNOKOfA, ONHCbhiBaeTcs pyHKuHeH

r2 1

— (20.40)
(E—Eoy+ 4 I?

rae I'—BpeMst JKu3HH JaHHOro sapa; orMerum, uro I(E;)=1.
Tlycte {— HCXOAHOE COCTOSIHHE peMIeTKH, &;— 3HEPrHs 3TOTO O+
CTOAIUA, [ — COCTOSIHHE peleTKH Moc/Je HCNYyCKAaHUS raMMa-KBaHTa
(T. e. XOHEUHOEe COCTOSIHHE), a & — €ro SHEeprus; Toraa GyHKuHUS,
onuchBawILas GHOpMy JHHUH, HMEeT BHA
I? 1
I(E)=T - (20.41)
_— —_— . T2
(E—EByte— et T

Ecau p(i{) — BEpPOSTHOCTH TOTO, YTO CHCTEMA NEpPBOHAYAJBHO HaXo-
IH14Ch B COCTOSHHH i, aP(fl)—](fle”‘“lt) |2—Beposm{ocn, TOro,
yTO HcxoAHoe (OHOHHOE COCTOsHME i nepelger B cocrosHue f,
TO QYHKUHIO, ONHCHBAWCWYK GOpMY JMHHH, MOXHO 3aMHCaTh
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ciaepyiollyM ob6pa3oM:

E)y=X2% o) [(tleuif) [ i (20.42)
2 (B Byt o= T

Jlanee uMeem

+00
| J' dtexp|—i(E—E)t—5 T|t|—i(ej—e)t}=

- r . (20.43)

1
(E—Eytey— et T

Heckoneko npeobpasys sxoasiuve B (20.42) BeJHYHHBE, NOJYUHM
E eiell(il e—iK-u ,f>e—ie,t (f IelK-uI i) =(i l ethe—iK-ue—lHteiK-ul i),
f
(20.44)

rae H — donounbt ramunsronuad. Ecium BOCmONBb30BaThCS refizeH-
GeproBckuM npeacraBienueM u(f) =eHtu(0)e-iHt, To npasas yacTh
(20.44) mpumert BUJ

(¢lexp[iK - u(£)] exp [iK - u(0)] -

[TpexmonoxuM, 4yTo QYHKIHA O MUMEET TOT K€ BHI, YTO U QYHKUHUS
KaHOHHYECKOrO pacnpejeneHusi, U BBeJeM caeayiiee oGo3HaueHue
QIS TENJIOBOrO CPEeRHEro:

{exp[— K- u(f)]exp [iK - u(0)]); =
=§Ta‘p(i) (élexp[—iK-u(f)]exp[iK- u(0)][é). (20.45)

Torna us (20.42) u (20.43) vaxogum
1E)=% [ atexp[—i(E—Eyt—L110]x

X (exp[—iK-u() exp[iK-u(0));.  (20.46)

3ameruM, uto [u(?), u{0)]50 npu {+0. D1oT peay.nbTaT JErKO MO-
JYYUTh, €CAM BBECTH ONEPATOPHl DOMKIAEHHS M YHUUTOXKEHHA a*, a;
JEeHCTBUTENBHO,
- X\ 1 \' —lo.t {
u(t)=N )(m%) es(ae™ " ate®s).  (2047)
5

Torpaa
(), u(O)= g }_,w (las, ai]e™* +[al, as]e™'s). (20.48)



UCITYCKAHUE TAMMA-JIYYEH BE3 OTAAUYU 451

Bripaxenne B (UrypHelx cKOOKax pasHO 2isin o, B crexosa-
TE/bLHO,

[1(0), u®l =5 S";‘;’S‘ . (20.49)

s

TaxkuM 06pa3om, Hall KOMMYTATOD ABJAETCA C-UHC/IOM.
Hanomuum, nanee, TeopeMy (cM. [2]) o ToM, uto ecan [A, B}
KOMMYTHpYeT 1o oraenbsoct ¢ A u B, 1o

gheh — r+8gT 4 P (20.50)
Orciopa caeayer, 4TO
(exp [— K- u(f)] exp [iK - u(Q))r =
= (exp|— iK- {u()—u O}y exp{ 7 [K- u(®), K-u(O)}}. (2051)

Ecau npeanonoxuts, 4To Bce (OHOHB C MONApPU3ALHKEH j H AAHHHM
BOJIHOBLIM BEKTODOM { BLIPOXJEHH, TO, He fAesasi HHKAKUX HOBBIX
NpeANOJIOXKEHHH, MOXHO BCeraa BHIGpaTh OJAHO M3 TpEX HampasJe-
HuA nonsipusanuu napananenbHoiM K. Torpa (20.51) moxHO mepe-
nHCcaThb B BUJE

exp[— iK-u(f)]exp [iK - u(Q)]); =

= (exp [— iK'{u(t)— 1 (0)} D exp { 7 K[ (5), u ()}, (2052)
rjae u — KOMIIOHEHTa BEKTOPa u B HanpaBiaenuu K.

Mcrnoan3ys TOUHBIA Pe3yJsbTaT jJisi TaPMOHHYECKOTO OCLH/JISA-
Topa (cM. [2]), nonyuum
(exp [iK {u(8)— 2 (O)} )y =exp[ — 5 K2({a (&) — 2 (O))?); (20.53)

H, CJen0BaTEJBHO,

1(E)=% f dtexp[—i(E—E)é—(1/2)Fl¢|— Q&) (20.54)
riae -
Q(6) =5 K* {({u(t) — u (O)))r +12(0), u(®)). (20.55)

Ecnu oano u3 HanpasaeHu#t noaspusaunuu napaaneabio K, to
n3 (20.47) umeem

—1y 1 a - i
u()=N"" 2 (WTD:) (aqe™ " 4 ag e"’). (20.56)
a
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Torpaa
((t)— 4 OF = 5x7r 20) {@qaq (1 — ™"ty 4

+agal (1 — "'+ 2 (aqas +aday) (1 —coswqgt)},  (20.57)
-OTKyZA

() —u O =55 07 @ (1) +1)(1—cos o f). (20.58)

Kak u. B npenblAylued rjase, MBl MOXeM NpefcTaBuTb exp(—Q(f))
B BHJAE ABYX MHOXHTE/NEH, ONHH M3 KOTODbIX 3dBHCHT OT, BPEMEHH,
a npyro# He 3aBHCHT OT Hero. Beoxsi R=K2%/2M, nonyunm

emar=exp [ —(5) Bog' @ (ry+ 1| X

Xexp{% '1[(2(nq)+1)cosmqt+isinmqt]}. (20.59)

q

MHOXHTENb, 3aBHCAILKA OT BPeMeHH, CORepKRUT N 4j1eHOB, Kax/bl#
nopsiaka 1/N; 3Ty 3KCOHEHTY MBI Da3JIOXHM B DAl

T+ J+gl P+

Bee unens B { } 3aBucsT or Bpemenw; B { }> uMeerca N? uiaeHOB
nopsiika 1/N2, M3 KOTOpbIX TOJNbKO N uj€HOB He 338BHCHT OT Bpe-
menu. CiegoBaTesbHO, M8 HE3aBHCALIMX OT BpeMeHH uacrell 60/ib-
o CHCTEMbl MBI MOXKEM NOJOXHTE BeJHuHHy exp{} paBHo# eau-
duie. 3aBHcALUME OT BPeMEHH YacTH He JaloT CKOJBKO-HHOYAb
3HauuTeaBHOrO BKJana B ¢yrkuuio /(Ey). O6blunble cooGpakeHus,;
NPUBOJIAILKE K 3TOMY pe3y/bTaTy, CBOAATCA K TOMY, YTO NPH KO-
HEYHOM BPEMEeHH MeX/Jy CTOJKHOBEHHAMH (OHOHOB CHCTEMA «J0J-
XKHa 3a6biTb» Ha doscoe apems Benuuuny u(0), xoropylo, caeloBa-
TeJbHO, MOXHO MOJIOXUTh PABHOA HYJIIO.

Coraacuo (20.54) uHTEHCHBHOCTb B Makcumyme E=E, onpene-
AsieTC B OCHOBHOM HE 3aBHCsLIEH OT BpeMeHH uacteio Q(?),
MMEHHO

1
[(Ey) ~ exp{-%f,i ’L%ﬁ} (20.60)

s

YTO TOYHO COOTBETCTBYET paHee nojaydyeHHoMmy pesynabrtaty (20.35).
Muoxwutens 1/3 8 (20.60) nossasieTcs moTOMY, .u4TO cymMMa Gepercs
no scem 3N HopMaJbHbIM KosneGaHusiM §, Toraa Kak B (20.59) cym-
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MHUpOBaHHe BejgeTcs JUWb N0 N HOpMasnbHHM KoJebGaHHAM ¢ q.
dopma nUHHM BHE MaKCUMyMa TakoBa, uto dyukuust /(E) ornuuna
OT HyJst KaxJhf pas, koraa pasHoctb E-—E; paBHa KAaKOMY-TO
M3 3HaueHMH wq. HTak, B Jo6aB/ieHHE K OCTPOMY UEHTDaJ/JbHOMY
OUKY WHpuHOoi ' MBI mOAyuHM pa3masaHHblii HerpepuBHbIE (OH.

3AIJAUYH

20.1. [Ins nebaeBcKOit MOfend TBePAOro Tena HahTH npy T » O npubidxen-
HOe BHIpaMEeHHe AJMf OTHOCHTEJNbHOIO 4HC/JAAa aKTOB MCNYCKAHHA raMMa-KBaHTOB
Ge3 oTxauu.

20.2. HccarenoBaTh IHMPHHY JHHHH TaMMa-H3/JyueHHs % 06YCJOBJEHHuH OT-
faved CABUr YaCTOTHl JJsi CBOGOZHOrO aTtoMa B rase, CHYMTaf, YTO aTOM HaXo-
AHTCH B TENJIOBOM DaBHOBECHH C ra3oM. Bocno/bp30BaTbCs METOAOM, KOTOPHIM
Mbl  moayuuau  (20.54) u  (20.55). IlpeHe6peras CTOJKHOBEHHAMH, TOJMYYHM

({u @) —u O} r= ()85
Ja.Jee
[u(t), u©)]=M"1[tP, u]=—itM~!.

CiexosaresbHo,

Qt) =5 K2 {(o?) £2 4 itM™*);

3HAYMT, JHHHSA cMellaeTcA HA BequuuHy (1/2) K2M-1, Touno coBmafaiowylo ¢ sHep-
ritefl otnauy R, onpenensiemont (20.3). JoBecT pacyeT A0 OUEHKH LIMPHHBI JIHHHHU.

20.3. Hccnenosats QopMy JHHHH raMMa-H3jydeHus, HCIYCKAeMOro aTOMaMi
B ralde, KO[Ja 4acTOTa CTOJKHOBEHHH aTOMOB O 3HAUHTENBHO GOJbIUe UUPHHLL
aguuy T

Jns 6poyHOBCKOTO JBHKEHHA CBOGOAHON 4acTHLbl XOPOUIO H3BecTeH CJaelylo-
IHA pe3ysbTaT:
({u (t) — u (0)}2), = 2Dt

rie D=ksT/pM — roadduunent aubdysitn (BLIBOA UMeeTCs, HANPUMep, B KHHUre
aBtopa [4]). 3ToT pe3dyabTaT noKasbiBaeT, yTO IIMPUHA JHHHH paBra I, ecau

K2D T/2 uau
< A2 = RkBT << 4Ty,

rde A — ponmjepoBcKas IWIMpUHAa. Taxkum o6pa3oMm, mpu GHICTPOR peaakcauxu
AONIIEPOBCKOE YUIIpEHHEe CMa3bIBAETCH.

Jlutepatypa

-

.Abragam A, B c6. «<Low Temperaiure Physics», ed. by C. DeWitt, a. o.,
N. Y, 1962.

2. Messiah A, Quantum Mechanics, Amsterdam, 1961—1962.

3. Glauber R. J, Phys. Rev. 84, 395 (1951).

4. KutTean Y, Dremenrapnan cTaTucTHueckana tusuka, WUJI, 1962,
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Ilpumenenne dynkuuit I'puna
B (hU3HKE TBEpPAOro Teaa

B ny6nukyeMbix pafoTax nmo TeopeTHYeCKOi ¢H3uke TBEpROro
Tena W, B YaCTHOCTH, B paboTax, CBf3aHHBIX c Npo6JeMOH MHOTHX
TeJ, MOJYYHIO0 IKHPOKOE PacnpOCTpaHEHHE HCIOJb30BaAHHE (DYHKIHR
I'puna. Meton $yukumit ['puna npejacrasasier coGOH, B CYLIHOCTH,
1npocTo ocoObE Meroa oOme# ¢GOPMYJTHPOBKH KBAaHTOBOMEXaHHYe-
CKHX 3ajaay. Ero npeuMymiecTBO COCTOMT B TOM, YTO 4acTO OH OKa-
3blBaeTcsi BeChMa HEMOCPC/ACTBEHHBIM WM TMOKHM; HHOrAa, Hanmpumep,
B HEKOTOPHIX 3ajauax, r/le HAaJ0 YYHUTHIBATH CNHH, OH HeyxobeH,
TaK KaK MackupyeT (H3HYECKYI0 MpuUPony NpUOJIUMKEHHH, KOTOpbie
NPUXOAHTCS BBOAUTH B XORE €ro HKCMONb30BAHHSA. IJTOT METOJ MO0-
3BOJIfIET €CTECTBEHHEIM NyTeM BBOAMUTH MATPHYHLIE 3JeMEHTHI, CBS-
SHIBAIOUIHE COCTOSIHUS C Pa3HbIM YHCAOM YACTHI; C TAKHMH SJleMeH-
TaMH Mbl UMEJH Jes0, HanpuMep, NpH pPaCCMOTPEHHH CBEPXTEKyue-
cti (cM. ra. 2) u csepxnpoBoguMocTd (cMm. ra1. 8). 3ajgada Hacros-
weld riaasbl — n06auKe NO3HAKOMHTh UUTATE]s CO CBOACTBAMH
dyHkuuit I'puna, paTe npejcrasieHHe O TOM, KaK OHKH TpUMe-
HAIOTCSH, M MOKAa3aTh, YTO OHH HMEIOT CaMoe HenocpeiCTBEHHOE OT-
HolleHHe K npobieMe MHOTHX Tell.

OcHoBHaga JuTepaTypa, pekoMeHayeMas Anas Gosee nORPOGHOro
u3yueHus — 370 MoHorpaduu [1-—3]'). M3 orgenpHbix opurua.ib-
HEXx pa6or obpaijaemM BHUMAHHE 4YMTATeNEHd HA CTATbH, PENPHUHTHI
KOTOpBIX BK/KUYEHbl B KayecTBe NPHJIOKEHHA B aMepHKaHCKoe u3-
nanue xuurn [alinca [4], B yactHocTH pabothl Bensesa [5], Manuu-
koro u Murgana [6].

Opanouactuuynas ¢yHkuua I'puHa onuchiBaer ABHXKEHHe OXHOH
yacTulbl, 106aBJIEHHON B CHCTEMy MHOTHX yactuu. JIByXuacTHuHas
¢byHkuusa I'puna onucbiBaeT ABHXKEHHE ABYX J00aBJEHHBIX YacTHl.
Oyukuuio ['pHHa HA3BIBAIOT TEPMOJIMHAMHKUYECKOI, WJIH TeMnepaTyp-
Ho#t, ¢pyukumeit I'puna, ecnd cucreMa HAXOAMTCA B KaKOM-TO GOMb-
IIOM KaHOHHYecKOM aHcamGbil1e NpH HEHYJEBOH TeMmepaTtype.

1) Caexyer ykasaTb Takxke MoHorpaduio Bonu-Bpyesnua n TsaGaukosa [8]
H opuriiHanbHbit 0630p 3y6apesa [9]. ([Tpum. nepes.)
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Panee ™Mbl yxe roopunm (cM. 3ajavy 5.4), uTo oneparop
W+(x) «g00aBJsieT» YaCTHLY B TOYKY C KOODAHMHATOH X K BaKyyM-
HOMY COCTOSIHHIO, Ha KOTOpOe JeHcTByeT MaHHH onepartop. 3aeck
MBI NIpUBEJIEM J0Ka3aTeILCTBO 3TOTO yTBepxAeHHs. Oneparop mior-
HOCTH 9aCTHU MMEET BHI

p(x')= [ dx"F" (x")8(x —x") ¥ (x"), (21.1)
M NO3TOMY
p(x’) ¥* (x)|Bak) = J‘ dBx"¥ (x") 8 (x' —x") ¥V (x") ¥ (x)|Bak) =

= J’ B F (X8 (x' —x")d(x —X")|Bak),  (21.2)

nockoasky ¥ (x”)|eak)=0. HUrak,
p (XY ¥ (x)|Bak) =8 (x — x') ¥* (x)|max), (21.3)

T. €. Mbl NPHIIJIM K Pe3yJbTaTy, KOTOPHIH XOTEJNH NOJTYUHTh.

O6o3unauenne W*(x f) ans oneparopa B reiiaeHGeproBCKoM npej-
CTaBJIEHMM TIOKa3bIBAET, YTO 4YacTHua, 06aBJeHHAasi B TOUKY X,
nosapnasieTcs taMm B MoMeHT f. Jlefictsue oneparopa W(x f) Ha ¢yHK-
wato W*(x¢) |Bak) cBOOMTCA K YAaJeHUI0 100ABJEHHOH 4aCTHIbL
Oneparop W(x't’), «ao6aBnsiowuity yacThuy B Touky X' B Gosee
MO3HUA MOMeHT BpeMeHH f'({'>#), CAyXHT MepoH aMMIHTYAH
BEPOATHOCTH TOrO, YTO uAaCTHUA, 106GaBieHHAast B TOYKY X B MO-
MEHT f, Tepeuw1a B TOYKy X' ¥ okasanack TaM B MomeHT {’. Hau6o-
Jiee BaxKHble CTOPOHBI AMHAMHYECKOTO NOBEJEHHA YaCTHUUBl, J06aB-
JSieMO B CUCTEMY B HEKOTOPOM ee COCTOSIHHMH, JJA MOMeHTOB ¢’ >{
MOXHO, CJIe0BATENBHO, OMUCHIBATL PYHKIHEH

W (xt) T (xt)]).

¥Yno6H0 UMeETh €0 ¢ KBAHTOBOMEXAHHYECKUM CPEIHHM 3TOH BeJH-
YHHHL, T. €. C

(| ¥ xtyw* (x8)]), (21.4)

MY CO CTATHCTHYECKHM CpEeJHUM, B3ATHIM MO GOJBUIOMY KAHOHHYe-
cxoMy agcaMmbiio, T. e. ¢

(W (x’t') W (x£)) = Sp p¥ (xt') ¥+ (x¢), (21.5)

T/e p-— COOTBETCTBYIOIIUA CTATHCTHUECKHH oneparop. Benuwuuwna
(21.4) (unu (21.5)) sBnfercs, B CYIHOCTH, KOPPEISUHOHHOR (YHK-
el ¥ OoueHb yAOOHA /15 ONMUCAHUA KBA3HYACTHIL

Ecrb HeKoTOpble OCHOBAaHHSI K TOMY, 4TOObl 0606muth (21.4)
uau (21.5) M nonb3oBaThes 3aTeM yxe 0606wenHol dGopmoit. YToGs!
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NPOHJJIIOCTPUPOBATL 3TO, PACCMOTPHM HEBO3MYILEHHOE OCHOBHOE
COCTOSIHHE (epMH-Ta3da KaK KOHKDeTHbI IPHMEp COCTOSHHS CHCTe-

mu. Onepatop W* paso6eeM Ha aBe uvactu Y=V, |+ ¥,
rae W, — onepatop poxjeHusi, OnpeNeJeHHHH AS 3JIEKTPOHHbLIX

coctoaHud k>kp, a W) —onepaTtop YHHUTOMEHHS JBIPOK AJd
k<kp. MOXHO TOrga 3amnucaThb

W(1) W (1) =P, (1) ¥ (1) + %7 (1) Ca(1)+
+ W (1) Wa(1) -+ T (195 (1), (21.6)

rpe 1'=x’t’, 1=xt. B cpenxee 3HaueHue BenuuuHbl (21.6) B HEBO3-
MYUII¢HHOM OCHOBHOM COCTOSIHHM JdeT BKJaj TOJNBLKO OQWH uJeH, 4
umenno ¥, (1) ¥, (1), tak uto npoussenenue ¥ (1)¥* (1) rogutcs
LSt U3YyYEeHUs JBHXKeHHS N00AaBJEHHOTO 3/JEKTPOHd, HO He ao6aB-
JieHHo! AbipkU. C Ipyro#t cTOpOHLI, onepaTop

W (1) W (1)="F (1) Vo (1) + ¥a (1) Wi (1) +
+¥(DY 1)+ T MEFA) QL)

rogurcsa A H3YYECHUA ABHNKECHUSA no6aBneHHOH JBIDKH NIPDH YCJIOBHH

t>1t', nockoasky cpeasee snauenne W,(1)Wi(l’) me oGpaiaercs
B Hy/b. 3aMeTHM JHaJiee, uTo

W (xtYW* (x£), ecam ' > ¢
;%wu%qumn=! f )T xh) > b (21.8)
| (xf) ¥ (xt), ectu £> ¢,
rne P — xpoHonoruueckuil omepatop Jlaiicona, KoTophift ymopsjno-
ypBaeT NOCJAEeJ0BATEe/NbHOCTh ONEpPAaTOPOB B NPOHU3BEAEHHH TaK, 4TO
KaxAbil clefyiowudil (CudMTasi caeBa HanpaBo) OTHOCHTcA K GoJee
paHHeMy MOMeHTy BpeMeHu. [ns paccmorpeHus GepMHOHHBIX mO-
Jelt ynoGHee HCXOAUTh M3 COOTHOLIEHHH KOMMYTAluH s ONeparto-
pOB, OTHOCSIIIMXCA K OJAHOMY H TOMY Xe MoMeHTy BpemeHu. [aa
3TOH LeNH HCHOJAb3YIOT XpoHOJorudeckuit onepatop Buka T, ompe-
JlesisieMblil COOTHOIEHHUAMH

Y (x'¢)¥" (xt), ecan ' >¢,

TV (x YW (xt)) =
(W (x'¢) ¥ (xt)) — W (xf) ¥ (X't'), ecan ¢ >t

(21.9)

Ecnu onepatopui W u W* aHTHKOMMVTHPYIOT, TO Mbl Bceraa Gyaem
umetrs I (W (X't )W (x!)) =W (X't')¥(xf). Haa 6Go3oHHBIX moJEN
onepatopul T u P coBnapaior.
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Hns Bcelt BpeMeHHOf o6aacty ¢ynkuua 'puHa onpenensiercs!)
clenyiounm o6pa3oM:

G(x't; xt)=—i{T (¥ x't)¥"(xt))). (21.10)

Jl/s OCHOBHOTO COCTOSIHHS HMEeMm
G(x't; xt)=—i(0|T (Wx't")y¥* (xt))|0). (21.11)

Ilonesbie onepatopsl GepyTcA B reiizeH6eProBCKOM MpexCTaBIEHHH.
M3 u3noXeHHOro Bblllle SICHO, YTO, MCIIOJb3Ys BCIO BPEMEHHYIO 00-
JaCTb, Mbl MOJAYYHM OoJiblie HHGODMALHH, YEM B TOM CJydyae, €C/H
MBI OrpaHHYHMCH 3HAueHHUAMH t'>f. JIByxuacrtuuHas ¢yHkuus [pu-
Ha onpejensercs aHAJOTHYHEIM 06pasom, T. e.

K(1234) =(T (Y (1) ¥ (2) ¥+ (3) ¥+ (4))), (21.12)

rae | o3nauaer Xif; 1 T. .

Ecnu cucrema uHBapHaHTHA 10 OTHOLIEHHIO K Npeo6pa3oBaHHAM
[anunes u, KpoMe TOro, 1O OTHOMIEHHIO K NMOBOPOTaM, TO GYHKIHH
Fpuna MOXHO 3anuchiBaTh B OTHOCHTENBHBIX KoOpJAMHATaX. Tak,
Hanpumep, (21.10) npumer Bujg

G (xt)— — i{T (¥ (xt) ¥* (00))).] (21.13)

B kauyecTBe TpPHBHAJIBHOTO NpHMepa PacCMOTPHM OAHOMEPHYIO CH-
CTEeMY HEB3aMMOAeHACTBYIOUIMX HEpPMHOHOB B YHMCTO BAKYYMHOM CO-
CTOStHMH, KoTOpoe OyaeM onHMchiBaTh GQyHKIMel |Bak). EcrecTsenno
paznoxuth W(xt) B psax nmo cob6cTBeHHBIM (yHKUMAM CBOGOJHBIX
YacTHIl, T. €. 3a1HCATh

W (xt) = Ek] cp (£) %% = zk cpe” et (21.14)
rie wp=*k%2m. Torga OJHOYACTHUHAS QYHKLIHUA [puna ans Ba-
KYYMHOTO COCTOSIHHSA Gy/JeT HMETh BHJ
G, (xt) = — i (Bax| ¥ (x£) ¥* (00)|Bax) =

= i (BaK| T(Z ckc{re_l“’k'e'“)|nax) =—1i X e, (21.15)
' Tk z

1y HexoTopble aBTOpbl B OnpexeneHus OfHodacTHuHON ¢yHkuuk [pura Oe-
pyT i BmecTo —i. B npuBejeHHOM RaMu onpegenenHH ¢ —i QyHkuds [puna pas
cB0O6GOAHOTO 371eKTpOHHOro rasa ¢ yuetom (21.14), (21.17) u (21.18) ynosaerso-
pfeT YP&BHEHHIO 5

(1 55+ 55 27 ) Go (xY=0 (0.0,

A3 KOTOPOro BHAHO, uTo ¢yHKUHA (g axanorsyna oObiyHOH GyHkuMH ['puna aas
ypasrenus Ulpenusnrepa.
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DT0 BHpPa}XeHHE CNPaBENJMBO Aasi £ >0 W PaBHO HYJIO JJIA BCex
APyrux 3nauvenuit £. 3ametuM, uro G, (x,—+0) —-—zZe”"z

= — i d(x). 3amensasd CyMMHpOBaHHe MHTEI DUPOBAHUEM, nonyqpm
(nas £>0)

G, (xt)y=—i J.m dkexp [i (kx—_ﬁi_n_ k%)] —

—en -5 (ER ) eoll52). o0

Kak Jnerko Bugerb, 37a QYHKUMs SBJSETCS DelleHHEM YPABHEHHS
[lIpexmHrepa, 3aBHCAWErO OT BPEMEHH.

Bruncnenue ¢pyskunn G (xf) pns ocHoBHoro cocrosHus |0) e-
B3auMojeHcTByOWero ¢epMu-raza (B OJHOMEDHOM Cay4ae) mpeno-
craBnsercs uyutarenio (cM. 3agauy 21.1). 3mechb Mbl OrpaHHYHMCH
IPOCTO YTBEPIKAEHHEM, UTO JJIsE 3TOH 3aK34M

.
(x’ + 0 J‘ f ikx —
= — o | 218(x) — f dke™ | = — 5 [2n6(x)——2 S";ffx] : (21.17)
A i}
G, (%, f dhet — i Z0EE (21.18)

—kp

3pech clefyeT OTMETHTh, YTO 3T Pe3y/NbTAThl HMEIOT HHOM BHJ,
ueM peayasTar (21.15); mocnenBuit Gb noJyuyeH AJA BaKyyMa.

lIpeoBpasosanus Pypne. B paszpaboTke u NpUMEHEHHAX METOLA
¢yHkuui 'pHHA MIBPOKO HCNONL3YIOT.A Qypbe-o6pasbl ITUX (PyHK-
uui, a umesno G (kf) u G (ko). Pynkuuio G (kf) ™Mbl onpepenum
OOBIYUHLIM NIyTEM, T. €.

G (kt) = f d3xe= %G (x£); (21.19)
HMeeT MecTo H obpaTHce npeoGpasoBaHHe
G (xt) = | askem =G (k). (21.20)

Oysxura G (ko) onpeneasiercs uepes pynruuio G (kf):
G (ko)== [ dteG (kt); (21.21)
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3j/lech TaKXe UMeeT Mecto ob6paTHoe npeobpas3oBaHHe
G (kt)= o f doe-19'G (ko). (21.22)

Hessaumopeiticrsyiomuit  depmuonnwi  ras. OpasouacTuyxan
¢byukuus [pusa Go(kf) oas OCHOBHOrO COCTOSHMS HeB3dHMOJEH-
CTBYIOIero ¢epMHOHHOIO ra3a UHMeeT BUI

Gy (kt)=—i(O|T (E cocie™ " [ dixexp[i (k' —k)- x])|0) =

! — i{Ofcxen |0y ™™ nam ¢ >0,

= 21.23
| i{0|cieel0ye ™ mna £ <0. ( )
Ecau nx, pasuoe | wuam 0, —uyHCIa 3an0JHEHHS COCTOsiHHMA K
B OCHOBHOM COCTOSAHHH, TO
. —lﬁ)kf
— e 1—ny) masa £>0,
Gy (kt) = . —ia ,( “ (21.24)
ie” K ny aast £ <0

H, CJAExO0BaTEJNLHO,
G,(k, +0)— Gy(k, —0)=—i.

Mbl MOXeM OXHIAaTh, YTO A5 BO3GYXKAEHUS KBA3WHACTHIHI B pe-
aqbHoM (B3auMojelicTBylowenm) depmu-rase npu (>0 (ans orpa-
HUYEHHOI'O MHTEpBAJa BpeMeHU) BPEMEHHAS 3aBUCHMOCTh (PYHKIHK
G (kt) 6yner uMeTb BHJI

—tmkt

e e

—Fkt

1

rae |/T'x — BpeMst u3Hu BO30y»XneHHA (KBA3HIACTHIBI), T. e. HH-

TepBaJ BPEMEHH OT MOMEHTa ero o6pa3oBaHHs 10 MOMeHTa pacnaja
Ha Jpyrue BO3OYyxaeHUA.
JlaJiee OKaxeM, 4TO

. 1

G, (ko) = lim

—_, 21.25
s> 0 O O F sy (21.29)
rlle Sy NOJIOXKHUTEIbHO IPH k>Rp U Sk oTpuUAaTelbHO mpu k<kp.
TlokaxeM, uro BhipaxeHue (21.25) mna Gy(kw) Haxoxutcs B coraa-
cun ¢ pesyabratom (21.24) pas Go(kt). Paccmorpum cayuah k> kg.
Jas sroft obaacTu 3HaueHui k& ua (21.24) creayer, 4ro

—ie~'' ppu £>0,

(21.26)
0 npu ¢ <0

ot |
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Hanee u3 mupaxkenus (21.20) noayuum aas 3nauenufl k> kr

Gy (kt) = f doe— Gy (ko) =

1 ; 1 .
—o | doe- i[5t —ins @ —an)]. @120)

IMpu ¢ >0 coorBeTCTBYOMHNE KOHTYPHHIH HHTErpaJl MOXHO B3HTh
710 GeCKOHEeYHOH MOJYOKDPYXXHOCTH B HHXHEH NOJYyNAOCKOCTH.
Mui BHAMM, 4TO

2 ) — iyt
7 fdm L=, >0, (21.28)
a IOCKOJIBbKY
—in f doe— ! d (0 — wg) = — ine” ", (21.29)

to maa Gy(kf) oxoHUATENLHO WMeeM
Go(kt)==—ie ", t>0; k> ke (21.30)

Has ¢ <0 B kayecTBe KoHTypa mHTerpuposanus (21.28) caenyer
6paTh MQAYOKPYXHOCTb B BEDPXHeH NOJYMNJAOCKOCTH, T. €.

p it X
= ine

“lewt <. (21.31)

2 J‘ do
(l)—-(l)k

TakuMm 00pa3om,
G, (kt)=0, t <0, k> kp. (21.32)

Jdas 3nauvenuin k< kr MBI H3MeHsAeM 3HAK Sk B (21.25); npu
3TOM H3MEHseTCd 3HaK nepen peanta-dyekuueid B (21.27), u Mu
UMeeM

0 £>0, k<ky,
Go(kt)z{ ’

le™ 'K, t<0, k< ke

BzaumopeiicTeyiomnii depmuonnuii ras. Oyuxuus [puna ans
TOYHOrO OCHOBHOTO cocTofHHA |0) B3amMOAeHCTBYyIOLLErO GepMuOH-
HOro rasa uMmeeT CJeAYOLUHA BUL:

Go(kt)==—i O|T (c, (£) e (O))|O) =
— i(0|e!fte ettt |0), ¢>0,
i{olcietic e tH0), ¢t<O.

(21.33)

(21.34)
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. N
31ecs H — Tounbi raMuibronuad. OGosHauum uepes Eo 3Hepruio
ciicremel N yacTHL, HaXOAALHXCH B TOYHOM OCHOBHOM COCTOSIHHH.
Torna

—i(O]cxe™ " e 0y exp [EEQE], £ >0,
i(0lexe™ex|Oyexp [—iENH), t<O.

Jas Bo36YK/AEHHBIX COCTOSHMM CHCTeMBbl, B KOTOpYIC JAo6aBieHa
O]Ha yacTHua, T. €. cHcTeMbl M3 N1 wacTuu (M aHanoOrMyHO AJA
cucrembl H3 N — 1 uactuu), seedem nHlekc n. Torza (21.35) mox-
HO fepenHcaTsb B opMe

[ — i3 (0lexe™ " \n) (n|cx |0) exp [iED'E], ¢ >0,

f
G(kt):{l (21.35)

G (kt)= (21.36)

| i2(0leie™™ |n) (n]cx|0) exp [—iEJE], ¢ <O

Ilpu >0 cocTosiHUst C HHAEKCOM 7 ABARAIOTCS BO3OYXKJIEHHBIMHU CO-
cTofHUAMH cucreMbl u3 N+ 1 vactun; npu <0 uHIEKC # OTHOCHT-
ca K BO30YXKJIEHHLIM COCTOSSHHAIM cHcTeMbl H3 N — | vacrun. Torna
(21.36) MoxHO MpeAcCTaBUTb B BH/E

— i 2 [{nfei |0y Pexp [— (B — E5) ], £ >0,

G (kt)= (21.37)

i 2 |(n)ex)0) Pexp i (EX ' —EY) t], t<o.

[Tokasareqn 3axcuoHedT B (21.37) MOXKHO HEckoJbKo npeo6paso-
BaTb. JleficTBHTEABHO,

N+l N N+1 N+l N+1 N
n+ ——E() :(E,, —Eo )—+-(Eo —Eo)%(u)n+u,
N-1 N N-1 N-1 N—1 N
Ey' —Ey =(EN ' —Eq )+ (ET —Ed) ~ 0, —u, (21.38)
rie
; 1
on ~ ENE'—E{'* (21.39)
€CTb 3HEPTHH BO30YXKJEHUs, OTCUHTHIBAEMbIE OT OCHOBHOIO COCTOS-
HHua cucreMbl N+ 1 uvacrtyy, a

p=28 ~ B} EY ~ EY — E} (21.40)
oN

— xuMHuecknit notenuuan. s Goabmux cuerem (N>>1) Her He-
06X01HMOCTH THCATb BEPXHHE HMHIEKCH Y 0, HAH W, UTOOBI OTJH-
yaTh cayuadl cucteMbl B3 N uwactun or cayvaes N1 wactun.
Hraxk, (21.37) npuMer caelyiolui BHA:

[ — &2 [(rlex|0)*exp—i (a2l ¢>0,

— 41
o il i Salen0) Pexplie, —mytl,  t<0. O

31 4. Knrreas
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CnekTpaibHass TNJOTHOCT, M npejcraBieHHe JlemaHa. Bregem
(YHKLHIO CHEKTpaJ/JbHON MJOTHOCTH, ONpeJe/uB ee CAeLYIOLHMH CO-
OTHOILIEHUSIMU:

o+ (km)zgl(n[c,:“|o>|26(m—m,,), (21.42)
p~ (km)z§|(n[ck|0)[26(m—m,,). (21.43)

IOns stux ¢yHKuMil npuMeHswoTcs Takxe oboszHayerus A(keo)=
=p*(ko) n B(ko)=p~ (ko). B Hamux o6o3HaveHuax (BBOARA
(21.42), (21.43)) Boipaxenus (21.41) npuMyT caenyowHi BUL:

—i [ dep* (ko)exp[—i(o+p)t], ¢>0,
[¢]

co

if dop™ (ko) exp[i(0—p)¢], ¢ <O.
0

G (k)= (21.44)

Hurerpan no do HyxHO 6paTh TOJBKO AJSl NOJOXKHTENIbHBHIX @, JIO-
CKOJIbKY 3HAUEHHA W, BCErJd NOJIOKHUTENbHEL,

Ilnst reB3auMofeHCTBYIOIIMX GepMHOHOB (hYHKUHH CIIEKTPaJbHOH
TJIOTHOCTH CBOJATCH K OOBIYHBIM JesbTad-QYyHKLHAM, T. €.

p* (ko) = (1 — )8 (0 — ok - 1), (21.45)
p” (Kw) = fx 3 (0 — b - wx), (21.46)

rae ny, pasHoe | wam 0, —uxcra 3anosHeHHs I8 OCHOBHOrO Co-
cronHudA, a ox=k2/2m. B 3tom ciyuae Bblpamenus (21.44) npu-
MYT BUJ

— iexp (— iont) (1 — n), £>0,

G, (k1) :{ i exp [— iokt] ng, t <0, (21.47)

YTO IOJHOCTBIO COIVIACYEeTCSl C TOJIyUeHHBIMH paHee BhLIPAXKeHUAMH
(21.24).

Teneps npuBeseM CJAeIYIOIIMA BaXKHbIA DPe3yJabTaT, HU3BECTHHIH
NoJ Ha3BaHKHEM npejcTaBieHus JleMaHa:

co

o et () P~ (k)
G ko) = tim | dof| =5+ amprar= | @149
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B cnpaBennuBoCTH 3TOr0 pe3yJabTaTta JErxko yO6eluTbCs, B3AB
¢dypoe-o6pas dyuxnun G(kf) B Buge (21.44); B camom jaese,

G (ko)= [ dte’ G (kt)=

~c0

s>+0

— lim [_ i [ dtexpli(ois)f][ do'p* (ko')exp [— i (o'+u) £+
4] 0

+i [dtexpli(o—is)f] [ dop- (km’)exp[i(m’——,u)t]}. (21.49)

IlepBoe Caaraemoe B KBaJPaTHEIX CKOOGKAX CBOAMTCA K Bhipaxe-
HHIO

. . p , 1
-——l-! dtexpli(o—o" —u4is)t]= Py y (21.50)

a BTOPOE — K BHIPAXKEHHIO

0
i fdtexp[i(m+m’—u—is)t]=(m_“)_:_m,_is. (21.51)

Kombunupysa (21.50), (21.51) u (21.49), nonyunum (21.48).
Jucnepcuonnbie COOTHOWEHHA. U3 onpenenenust (21.42) u

(21.43) snerxo BumeTs, uTo Pt M PT — BEIlECTBEHHbIE BEJMUMHEL
Hcnoab3ys u3BecTHoe CHMBOJMYECKOE DABEHCTBO
. 1 1.
sl_lgrlo s = 5 F ind(e) (21.52)

B npexacrasiesun Jlemana (21.48), Mb MOXeM BBIIEAWTH Bele-
cTBEeHHYI0 M MHMMYI0 yacth O (Ko). a8 MHHMOR 4acTH nosydum

Im {G (ko)] =

[o0)

=—nJ. do’ [p* (ko") 8 (0 —p— ') —p~ (ko')§ (0 —p +0') =

{—np+(k! w—”‘)v (D>H,

1o~ (k, p— ), o<W
Otzenente MHUMO#A YacT# OBMeruMIoCh TEM, YTO HHTErpas GepeTcs
TOJBKO N0 NOJIOXKHTENbHBIM 3HAYEHUAM '. 3aMeTHM, uTo p* H p-,

IO ONpEAEJEHHIO, HeOTPHUATENbHB, ¥ nostoMy Im{G} upu o=p
H3MEHSIeT 3HaK.

(21.53)

31*
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Bulunciim Teneps BemecTseHHylo uacth G (ko) u BhIpasum pe-
3y/IbTAT uepe3 MHHMMYIO 4acTb. MBI TNOJIYYHM BbIpaKeHHe, aHa’10-
ruyHoe cootrowenuio Kpamepca — Kponnra. [leficTBiTe1bHO, BOC-
noabaosasuiick (21.52), moayuum

[o o)

Re (G (ko) =& | do [0y 07 e) 1, (g) 50
0

(0—p)—a’ (0—p)+ o

orciona, yuurmsas (21.53), Haxoaum

(0@ —p)—ao’ (w—1n)+a’
(21.55)

ITpou3BenemM B COOTBETCTBYIOIIMX YACTRX HHTErpa’a NOACTaHOBKH
0" =0 4+p u 0o’ =u—o’; Torza

0

Re{a(km)}s—y’%f dor 10K
n
+PL f (— dory ILGED} - (91.56)
HJIH *
———
Re (G (ko) =& — [ dor MITED) | (21.57)

Lu —o_!

DHeprus OCHOBHOrO cocTosiusl. Ecay MOXKHO CUMTATh, YTO B CH-
CTEME CYILECTBYIOT JHUIb JBYXYACTHYHble B3auUMoOJeficTBUA, TO
3HEPTHS OCHOBHOrO COCTOSIHHS ONpeaensieTcs OJHOYacTHYHOH QyHK-
wielt [puna.

Hokazareavcrso. V3 (21.34) BblTekaeT, uTO CpelHee 3HAYEHHE
yHCJa 3AMOJHEHMS My COCTOsIHHS k onpenesnsieTcsi BhiDaKEHHEM

n, = (0|¢; ¢, |0y = — iG (k, —O). (21.58)

HNanee, vuutwBan (21.22), nmoayvuim

o= oz f doG (ko), (21.59)

[A

rie ¢ — KOHTYp, COCTOSILUHH K3 BELIECTBEHHOH OCH H MOJYOKpYyiK-
HOCTH GECKOHEUHOTO pajHyca B BEPXHeH NOJYINJOCKOCTH, IOCKOJbKY
{=—0.
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[lpeacrasum H B BHe H=H,+ H,, rne

Hy == 2} oxek cx (21.60)
H

H=2V (ki ..., Ki)cioioncn. (21.61)
Torza, KaK JerKko BHIETb,

; ¢f [Hy ¢ ]=—H, (21.62)
. _

; ¢ [Hy ¢]=—2H, (21.63)
Crenosareanto,

g(olc; [F. ¢,]I0)=—(0|H,+ 2H,]0). (21.64)

JHepruo OCHOBHOro COCTOsHUA E, MOXHO 3anucaTth B BUjJE
Ey= (0| Hy+ Fh|0) =5 ) (0, — (0l [H: ¢,]10)).  (21.65)
3aMeTuM jaJjee, 4TO, COTJAcHO k(21.42),
Olei [H, ¢, 10)= [ dup~ (ka)(0—n), (21.66)
0

oTkynaa, cornacro (21.44) u (21.22), naxonum

[ dap~ (ko)(o —w)=—[2Z80) L [ dooG (ke). (21.67)
0 c

Torpa Buipaxenue (21.65) MoxHO nepenucats B BUJE
Eozjétjzydm(mk+m)0(kw), (21.68)
k ¢

4T0 H TPe60BaJOCh AOKa3aTh. JTO TOYHHIE pe3yJbTar.

Tennosble cpennne. [Ipu ucnonbzoBanuu Merona pyuxuuit I'pu-
Ha Oblay paspafoTaHbl H3AUHbIE NPHEMbl HaXOXKJEHHUA CTATHCTHUE-
CKHX cpeisux (no aHcambuio). B kauecTBe npoctoro npumepa pac-
CMOTPHM TOYHBIH H KODOTKHH BbIBOJI 3aKOHOB pacrpeliefieHUss AJs
6030HOB M ¢epMHOHOB. BbIYHCAIUM TeNJoBOe cpefHee LJASl UHCes
3aM0/HEHHS; IO ONpeneNeHHIo

Sp e“ﬁﬁa+a

n=(a'a)=
Spe—BH

(21.69)
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3neck H=H —uN, B=1/ksT, a onepartopul a*, d YAOBJETBOPSIOT
TlepecTaHOBOYHBIM COOTHOLIEHHAM
aat —nata=1, (21.70)

rae n=1 aas 6030H0B u n=—1 nna cdepMuoHoB. B cuay uzBa-
PMAHTHOCTH LUNypa OTHOCHTEJNBHO IHKJHYECKMX NEpPecTaHOBOK ome-
paTopoB, HMeeM

Spe-Pigta=Spae-Plat =Spe-Piae—Patedf.  (21.71)

Opnako ans nwoboit coberBeHHol ¢yHkuuK @ eucTeMb! HeB3aMMO-
JlefICTBYIOMMX YACTHL, CpaBeJIMBO COOTHOLIEHHE

e—BAg+eBAM — ¢-B -wg+®, (21.72)
H [O3TOMY
Sp e~BAg+g — g-B -1 Sp e—Bgq+ = ¢-B-WSp g-HH (14+na*a).
(21.73)
CaenoBaTeLHO,
n==e-B©-1(1-}nn), (2179
MM
n 1 (21.75)

= PLICE D,

YTO ABJAAETCH OOBIYHBEIM Pe3yJbTaTOM.

Tem xe nyreM MoXHO 6e3 TpPYyJZa IOKasaTh, YTO CpelHee MO Ka-
HOHHYECKOMY ascambJiio OT MPOU3BEACHHA NBYX IIPOH3BOJIbHHIX Ofme-
patopoB A 1 B yI0BJETBOPAET COOTHOILIEHHIO

(A(1)B(0))=(B(0)A (t+ip)). (21.76)

[Tone3no 3aHOBO BHIBECTH JHUCNEpCHOHHOE cooTHoweHue (21.57)
OyTeM BbIYHCJAEHHS cpeJHero Mo OOJbIIOMY XKaHOHMYECKOMY aH-
cam06:110, HCNOAb3Yys TaK Ha3biBaeMbld 6OJbLIOH TepMOJLHHAMUYE-
ckuil noternuan Q. 3aMeTUM NpexJe BCEro, UTo

[{m e [ m) P =1 (n ] ey |m) (21.77)
Torna nonyueuHelft Hamu Bbiwe pesyastat (21.37) MoxHO npeofpa-
30BaTh. BBOAS craTtucTHYECKHH ollepaTop
p=exp[B(Q4-uN — A1) (21.78)
4 Onm=Ep—E,, nonyuuM
_ [—i 2 exp [B(Q+uN,—E,)|(nlcx |m) Pexp(io,q,t), £>0;
Gke)={ _
Il i%eXplﬁ(9+uN,.—En)]|(MIck|n)l”EXP(tmm,.t), t<0.
(21.79)
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Janee, B BupaxeHud aas § < 0 nepectaBuM MHIAEKCH 7 H m;
TOr 14

G (kt) = i X exp [p(Q+uN, — En)| X
" X |{n|cx [m) P exp (iw,nut), t<0. (21.80)
Mockoabky N,=N,—1, MoxHO 3anucars
G (kt) = i X exp [B(@ -+ 1N, — E,)| exp[B (0 + )] X
X [{n]cx|m)? exp [iw,nf], £ <0, (21.81)

Teneps Bo3bMeM (ypbe-06pa3 3T0A (yHKHUH IO BPEMEHH, pa3-
JaenuB o6/acTe HHTErpupoBanus Ha jase: (—oo, 0) u (0, 4 o0).
Bocrnosab30BaBmUCE TOXAECTBAMU

limofdxexp[i(a+is)x]=:rt6(a)+z‘e7°%. (21.82)
s>+0¢g

0
lim | dxexpli(a—is) x| =md(0)—iP~,  (21.83)

s§>+0
-0

MOJY UM

G (ko) =— 3 exp [B(Q+ 1N, — E)]| (7] cx |m) 2 X

X [ 510 (0 — @) (1 — xp [B (1 — 0)]) +
+& mmnl_m (I+exp [B(h — Omy)i )]. (21.84)
Pa3je/uB BeUIECTBEHHYI0O U MHUMYIO HaCTH QYHKHUH, HAXOAUM
Re (G (ko)} ==
=— Y exp[B(Q+uN, — Ep)] [(n] o | m) p & LEIRLEEZ0mal

(21.85)

Im {G (ko)} =
= —n%exp[ﬁ(9+pNn—E")]|(n]cklm) |26((D—(Dm,,)><

X (I —exp[B(r—op)]). (21.86)
3aMmeruB, 4TO

14-exp [B (1 — Oma)]

1
1 —exp [P (k — ©mn)] = Cth'i'ﬁ(mm"—p,), (2187)
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COCTAaBUM BHIDAXKEHHUE

+oo
7L [ dorcth p (o —p) LTG0 (21.88)
Coraacuo (21.86) oHo paBHo
— & Y, exp[B(Q 41N, — E)| (14 exp [ (1 — o)) X
X [{nledlmyPo—mg.  (21.89)
I/ITaK, Mbl HOJIyLIHJIH JAHCIIEDCHOHHOE COOTHOLICHHE
Re (G (ko)) = & — fdm' cth o p (o’ —p) SLEED (91 90)

Kotopoe B npejene T—0 coraacyercs ¢ (21.57).
YpaBHenue nsuxeHus. TouHble ypaBHEHHMs IABHIKEHHS, NOJy-
uyaemble H3 (5.38), (5.42) u (5.43), uMeT BUI

(12 —Z)wan=[dywWy—0¥ yn¥ yH ¥, @191
(_,- gt — L;) Ut (xt) =¥ (x¢) f YV (y—x) ¥ (xt) ¥+ (y£) ¥ (ye).
(21.92)

HUcxoas ¥3 3THX ypaBHEHHH, MOXHO YCTAHOBUTH CBAA3p Npub/u-
xenus Xaptpu —Poxa ¢ ynkuuamu [puna. Bosbmem ypashe-
une (21.91), Bocnosmw3yemes aByxuactuynolt dyunkuued I'puna K,
onpejeseHHolt cootHomenueM (21.12), u cocTaBuUM BhpaxeHUE

—i(T (i 2 _-‘é';n'—)”) W (x't') W (xt) =

=— i [ &YV (y—x)(T (¥ (ye) W (ye) ¥ (<) ¥ (xt)) =
— f dyV (y — x)K (yt's X't yt'; xt).  (21.93)

/
3rxech {; Ha GECKOHEYHO ManyIO BeJIUMHY Goablie !’; MOMEHTHl Bpe-

4 v
MeHu £, BBOXATCS IJadA TOro, 4tobnl obecneuHTb HYXXHBIH NOpANOK
B MOCJAEJLOBATENbHOCTH COMHOXHTeAeH B T-npoH3BeleHHsX.
Hanee

o7 (T (¥ (') ¥+ (xt)) — (T (0% ¥ (x't) W (xt))) =
=0 —Ho(x' —x), (21.94)
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rie Mbl BOCIOJb30BAJHCh HEPECTAHOBOUHBIMHM COOTHOLUEHHSMH 415
OIIEPATOPOB, OTHOCAUIMXCH K OJHOMY ¥ TOMY XXe MOMEHTY BPeMeHH.
Tenepp (21.93) Mbl MOXEM NEpenucaTbh B C/AELYIOLIEM BHIE:

(i % ——(g%) G(x't'; xt)=

=d(f—t)O(X —X)— i ‘ ayV (y—x ) K (yt"s x't’; yt'; xt). (21.95)

Wrak, Mbl MONy4YuJIH TOUHOE ypaBHEeHHe, cBA3biBalollee OAHOYACTHY-
HYI0 QYHKIHIO ['pHHEA ¢ ABYX4aCTHYHOM.

B npubnuxennn XapTpu Mbl peiraem ypasHenue (21.95), mpen-
N0J0XHUB, 4TO nBe A00aBJcHHbe YacTHIbl, OMHCHIBaAeMble JBYyX4a-
cTHuHOH ¢yHKuuelt ['puHa, pacnpocTpaHsloTCcs B CHCTEME COBEp-
IIEHHO He3aBMCHMMO apyr oT Apyra. OTciola ciejyer, UTO OCHOBHOE
npeanonoxenye npubauKeHuss XapTpH. CBOJUTCH K BBIMTOJTHEHHIO
npubIUKEHHOTO paBeHCTBA

K (1234) =~ G (13) G (24), (21.96)

NpH YCJOBHH, YTO CIIHHOBbIE HHIEKCH! S;=S53 H S»=S5,. OJHaKo 3jech
He VYHTHIBAETCS TOXK/JECTBEHHOCTh 4acTHu. [IpHHUMNHAABHO HEBO3-
MOXHO pas/jHylTh NpOIecch, B KOTOPbIX YacTHla, AodaBiaeHHas
B COCTOSIHHE 4, MOfB.IAETCA B COCTOSTHHHE 2 OT NpOLEccoB, B KOTOPBIX
oHa nosiBasercss B coctostHuH 1. [ToaTomy B npnosminkenun XapTpu —
doka genaloT NpelinoacKeHUe O TOM, 4TO Ji1si GepMHOHOB CIpaBei-
JIHBO COOTHOLIEHHE

K(1234) ~ G (13) G (24) — G (14) G (23). (21.97)

B cayuae ¢epMuonoB 3Haku B npasoit yactu (21.97) onpeaensiores
cooTHoweHueM K (1234) =—K (2134).

CBepXnpoBOAMMOCTD

[Tose3ano H3M0XKHTB 31ech TPAKTOBKY TEOPHI CBEPXNPOBOLHMO-
cr BKI, ocHoBaHHYI0O Ha Hcnoab3oBaHMM ¢yHknni [puHa. (310
6ul10 caenado [opekoBhiM [7]). Taxkas TpakToBK2 OYeHb HANOMH-
HaeT MeTo] YPaBHEHHH IBHXKEHHS, H3JOMKEHHbIH B 1. 8.

Dddexrusnblit raMmubTonuan (8.31) mMoxKHO mepemncaTb B Blijfe

H=— ( LR (%) 2 W, (x1) —
1 A .
— L2V [ ddyws (xt) W (v (x—y) Wy (ye) W (xt). (21.98)
31er a, B—CHIHIOBble HHJeKCLl; B JaHHOM CJIleae BAXHQO BbIN{-

caTb HX B SIBHOM BIlije, TaKk KaKk B 3TOH 3amucH nojpasymMeBaercs
CyMMHPOBAHHE MO TMOBTOPAIOIIHMCH HHACKCAM. OTMeTHM: 4YTO He
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3aBucsillee oT k BaauMojelicTBHe MOXHO NPEJCTaBUTb NOTERIHAIOM
B BHje neabTa-¢pyHKHHH. OpHaKo Mbl yCJIOBHMCH CYHMTaTh NOTEH-
uuan V Bcioly paBHBIM HYJIO, 33 MCKJIOUEHHEM 3SHEPreTHUECKOoro
Clof TONUIHHON 20p, CepelMHa KOTOPOro COOTBETCTBYET IIOBEPXHO-
ctu depmu; TakuM obpasom, noreHuuan V jaas B3auMOneHCTBHSA
THOA NPHTAXKEHUs 6yler nosoxurteabHbiM. OTMernM, uTo B (21.98)
uleH, coaepxauyil V, aBTomMaTHyeck: licuesaer B cJayyae napas-
JieJILHEIX CNHMHOB (a=f).

Opnouactinynas ¢yHkuna I'puHa onpejeasercs ChaelyOIUM
obpasoM:

Gop (xt) = — i T (¥a (x¢) ¥y (00))). (21.99)
O6BIyHEIM CNIOCOGOM TOJYUYHM YyDaBHEHHS JBHXEHHA B BHIE
., 0 2
(ZW—QLM—) W, (x)+ VB (x) Py (x) P (x)=0, (21.100)
(——i%—;—;) W (x) 4 VW (x) Wi (x) Wg (x) = 0. (21.101)

3nech BBeNEHO oOGo3HaueHue :x=Xf. [lefictBysa c/eBa omneparo-
pom ¥y (x') M COCTaBaAs TENJOBOE CPEJHEeE, NOJY UMM

(13— &) Gag (s £)— iV (T (¥ (x) Wy () W () W (x) =

=6(x—x’)6aﬂ. (21.102)
Hcxoaa, naaee, n3 npubnwkennss Xaptpu — Qoka, ciejaeM OTHO-
CHTENBHO JABYyX4acTHuHON ¢yskuux [puHa ciaeiyloulee Npeinnono-
XKeHHe:

(T (¥o (x1) W (x2) W (x3) W3 (x4))) =
= (T (Wa (1) ¥ () (T (Wp (x2) ¥y (3)) —
— (T (We (x1) W5 (xa)) (T (W (x2) ¥ (x4)))-  (21.108)
Ho ocHOBHOE cOCTOSHMe CBepXNpOBOASuied CHCTEMBI XapakTepi-
3VeTcsi HaJMuYHEM CBA3aHHBLIX Nap 3/eKTpOHOB. UMcio Takux nap
ABJRETCH JHHAMHUECKOM NepeMeHHOR pACCMATPHBAEMOHW 33JauH, M
nostoMy B mpaBylo yacth (21.103) caenyer noGaBHTb 4JeH
(V| T (¥y () ¥y () ) | N --2) (N +2| T (5 (e5) W3 (xa)) | V).
(21.104)

Taxkoe noGasaende K (21.103) Bnoane ecrecrBedHo. CoctosHHus
|N) u |N+2) cooTBeTCTBYIOT COCTOSHHAM cucTeMbl u3 N u u3 N+2
yactut. Ecaun |N) — ocHoBHoe cocrosiHue, To |N+2) Takxe ss-
JeTCA OCHOBHBIM cocTosiEMeM. [lepBBf W BTOpPOH MHOXMTENH B
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'(21.104) MOXHO NpeJICTaABHTL B BHJE

(N|T(¥ () ¥y (x))|N+2) =e 2 F, (x—x7), (21.105)

(N4-2|T(Ws (x) ¥ ()| N) =™Ff(x—x').  (21.106)
Mebl npeanosaraeM, YTO HMEET MECTO HHBAPHAHTHOCTh MO OTHOIUE-
Hui0 K mnpeofpasoBanusMm [anuted. Beeaennas B (21.105) u
(21.106) BenuuiHa p npejacTaBaserT cobOB XHMHYECKHH NOTEHUHAT
¥ (UrypHpyeT B paccMaTpHBaeMoi 3ajaue, NMOCKOJABKY JAJf NPOH3-
posbHoro onepatopa O(f) cnpaBeJaHBO npuGAHAKEHHOE COOTHOLIE-
HHe
. 0
i (NIO@)[N+2)=(N[[O, H]|N +-2)=
—(Ensa—Ex) (N0 (O] N+2) = 20 (N|O(8)[N+2), (21.107)
B KOTOPOM iCHOJb30BaHO onpejenenue p=0E/dN.

W3 ypasseHus asuxeHus (21.102) u us ompeleneHus GyHxunii
G u F MOXHO HenocpeJACTBEHHO NOJYYHTh

. () 2 ] 7 7
(lm——%)Gaﬂ(x—x’)——tVFa\,(—{—O)F:{;(x-——x)=6(x—x)6a3.
(21.108)
ATto caeayeT u3 TOro, uTo NpH HcmoabzoBaHuu (21.104) u npene-
OpexkeHMH OOLIYHBIMH  XapTPU-(POKOBCKMMH  4JEHAMH, KOTOpHE

MOXKHO BKJIIOUHTh B W, Moayuyum B (21.102) mas (T(...)) cooTHo-
LieHHe

(T(WS () Wy () Wa (x) ¥ (x) ~
~ — (Wa (1) Wy () (T (5 () W () =
— —Fay(F 0) Fla(x—x)  (21.109)

31€ech
Foy(£0)= lim Fg, (x —x)== e (¥, (x) ¥, (x)). (21.110)
3070
Moacraeassa (21.109) B (21.102), moayuum (21.108). 3amerum, uto
Foy(+0)=—F,(+0), nockoaexy Tps COAPUBAHHH CIMHOB
o = y. MOXHO 3anHCaTh MaTPHLY
-~ 01 -
F(+-0)=J(_1 0>=JA, (21.111)

rae J—c-uucao; kpome Ttoro, u3 (21.106) caenyer, uto
(Fap (x —X’, 0)) = — Fgq (x — X", O), (21.112)
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H NO3TOMY MOXHO HAaNHCaTb
Ft(x—x"=AF*(x—x'); F= —AF(x—x');

(Ft(x—x', 0)) =—F(x—x’, 0). (21.113)
Mu cunraem A?=—F, rpe [— egunuunas Marpuua.
Ypasrenue (21.108) moxnO mepenucaTe B MatpuuHo#t ¢opme

(i 2 — 2 Gx—x)— iVF(H-0) F* (x—x')=d(x—x")]. (21.114)

Onraxko Jerko y0eAuThCH B TOM, YTO HEJIMATrOHAJbHHE KOMIO-
HeHTH (J PaBHH HYJIO; TOrAa, y4UTHIBAaf, 4HTO

~

Gog (£ — X) = 8,0 (x — X'), (21.115)

HaXoJduM

(i%—;—;)G(x~x’)—{—iV'F(~{—O)F+ (x—x")=d(x—x"). (21.116)
IlefictBys cnpasa omnepatopoM ¥y, moaydYnm ypaBHeHHe
(~i§t—2’;,; +2u)ﬁ+ (x —x') 4+ iVF¥ (4-0) G (x—x') =0, (21.117)
KOTOpOe TNPHBOIUTCA K BHLY

(—-i%—;—;'—{—Qu)F* (x—x") -+ iVF* (4 0) G(x—x")=0. (21.118)

[Ipoananusupyem ypasrenus (21.116) u (21.118), ucnoasays ¢pypse-
xomnonents G (ko) u F' (Ko); uMmeem

(0—95) G ko) + VF (-0 F* (ko) =1,  (21.119)

2m
(0+ = —2) F* (ko) — iVF* (+0) G (ko) =0. (21.120)

Beegem  o6o3Hauenus o =o—p, g =(A2m)—pn; Al=
= V?F(+-0)F*(+0). Torna pemenus ypasuenuit (21.119) u
(21.120) sanumwyTcsa B BHIE
m'+ek

w?

. VF* (+0)

G(kw)= H F+(k(.0)=t—m—,2—12—-
- Mk

—5 (21.121)
Kk
Tae
IHE Y (21.122)
ABJSIETCA 3HEPruelt kBasuuacTunl (8.78).
Pemenue (21.121) aas F' (ko) R0MKHO GbITh COrJIacoBaHO
¢ Beanuunolt F¥ (4 0). Jlaa u3yuenus 3TOrO BONPOCa PACCMOTPHM
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BEJHUHHY

Fr(x)= (21)4 fd%dwexp[t(k X — of)] F' (ko), (21.123)

wi Aas X=0 — Beanyuny

VF* 0 — ot
Fr o =22 G0 [ gy doimre @129
Briyucaum nutrerpan no do gan £—>—+0:
: 1 - 1 1 in
lim 55 (d(l)e tml((})'——lk—*—is "—ml_*’_)'k_is)'_‘——I;. (21125)

s> 10 'k—laa
TIA€ MB 3aMeHMJH A, Ha lim (Ay —is), urtobwn yuecTs addexr
5->+0

croaknoesennft. Urak,

VF (+0) _1 1
HJ/IH
_lyy__ 1
=73 V}k; RO (21.127)

JTO 1 eCTh OCHOBHOE YypasueHue teopud Dapanna — Kynepa —
Ulpuddepa (8.53), npuBenenroe BHIEe B ra. 8.
[To.tb3yscs (21.121), moxuo npexncrasuts G (ko) B Buae

2 2

llk Uk
G (ko) = g5 + T (21.128)
rge, Tak ke kaxk o B (8.93) u (8.94),
3 4 1 e
L“———(1+ k) vkzﬁ( —7';-). (21.129)
SaMETHM, yTO B ypaBHemm
(0" — M) F* (ko) = iVF* (4 0), (21.130)

113 KOTOpOro onpejensercs Bropoe H3 pemeHuir (21.121), moxno
K F7 (ko) noGasurb usaeH Bupa

B (k)8 (0" — i),

rie B(k) — nponssonbran ¢ynxuus k. Takas onepanus 9KBH-
Ba/eHTHa JA0GaBJECHHIO Npou3BoabHoil MuumOll uacTH K G(kw):
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JTa 4acTh onpefieneHa B pabore [opbkoBa [7] npn noMowmw jic-
NEPCHOHHOTO COOTHOILEHHA. '

Teopus Bo3myuienuii B metoae ¢yukuuit ['puna. Ha 3stom stane
yCBOEHHE TEOPDHM BbI3HIBA@T TPYAHOCTH Y CTYJEHTOB, HEe3HAKOMbIX
C MeTOJaMH PacueToB, NPHMEHSEMbiIMH B KBAHTOBOH TEODHH MOJSI.
Mbl orpannyuMes 3jech JHWb KPATKOH CBOJKOM OCHOBHBIX pe3YJb-
TaTOB, OTHOCALIUXCSA K (hepMHOHHLIM cucreMaM. [lonoxum H=Hy+V
H Bblbepem Hy Tak, uroGbl OfHOuYACTHUHYIO (yHKuHio I'pHHa, coort-
BeTCTBYIOILYIC o, MOXHO ObIIO HAHTH B ABHOM BHJIE.

Ecan notennman V umeer Buj OuauHefHolt ¢opMmbl no onepa-
tTopam (epMuoHos W, W+, 1o yuutapHbwiii oneparop U(Z, t'), onpe-
JeqeHHb# B . | Bblpa}KEHHeM {1.56), MOXXHO npeicTaBUTh B BHAE

U, )=y f fdtl AT V)V () ... V(&)

(21.131)
rne T — xpoHoJorudeckuit onepatop Buxa.
OO6bluabM nyTeMm BBejeM S-MaTpHLy, ONpeReJeHHYIo COOTHOLIe-
HHEM
S=U(00, —0). (21.132)

O6o3nauum uepe3 My BONHOBYIO (QYHKUHIO OCHOBHOTO COCTOSIHUSA
cHCTEMbl, olHcblBaeMoil raMuabTOHHaHoM Hy (B ri. 1| MHl o6o3Ha-
vaan 3ty ¢yukuuio uepes |0)). Beenem eme npennosoxenne 00
ajuabaTHYECKOM BKJIOYEHMH B3aHMOJEHCTBHA, COrJIACHO KOTOPOMY
S®, moxer otauuatbes oT My ToabKo ¢Ga3oBhM MHOXuTeneM. [lo-
resuman V() B (21.131) Gepercs B mnpelAcTaBlAeHHH B3aHMojgeit-
CTBHUS.

[lepBblit pe3ysbrat, KOTOPbA Mbl 3Jech He OyJieM BbIBOAHUTB, CO-
CTOMT B TOM, UTO TOuHas OJHouactHuHas (pynkuus I'puna omnpeje-
JIgeTCs BHIpaKeHHeM

G(kt)= <‘”0| T (e (&) cif (0)S)| <D0>

(@ | ST D)

(21.133)

rle Bce BeJNHUYHHBl GEpyTcsl B NpelcTas/eHHy B3anMojelcTsus. [lo-
ne3no o6beauuuTh (21.131) ¢ (21.133); rorna nonyuum

(oo

G (kt) — — (molglfbo)E(—nl)n_f ...—fdtl...dtnx
X AD| T (ex (E)ew (O)V (£1) ... V (£2)) | o). (21.134)

Bhlunc/ieHHe 4/eHa A-To NOpAJKa B pasioxeHuu ¢yHxuuu G B psn
10 TEOPHHM BO3MYUIEHHH OGHIUHO NPOH3BOAMTCH C NMOMOUIBIO TEOPEMbl
BuKa, KOTOpas TO3BOJSAET ONPEJeNsiTh CPeJHHe OT MpOu3BeJeHHH
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NIOJIeBLIX OTIEPATOPOB, CBOJAS MX K MPOH3BEJEHHUAM CPeJHUX OT map-
HBIX HpOW3BEeNeHHH, COJEepXKAEILMX OJHH ONEpPATOp ¢ M OAMH omepa-
top c¢*. [logpo6Hoe obcyxjeHHe 3TOTO BOMPOCAa HMEETCS B KHHIrE
AGpuxocosa u ap. [1].

ANAUHU

21.1. Ha#tu poipaxenwe aas ¢yskuun I'puna G (xf) ogHoMepHoro tepMu-
rasa B OCHOBHOM COCTOSHHH, CYUTAS, YTO BCE ORHOIIEKTPOHHBIE COCTOSAHWUA BIJIOTh
no kg 3anosHenbl, a ans k>ky — cBoGoausl. PaceMoTpeTs kak cayuain (>0, Tak
u cayuait £<0. PesyabTaT MoxHO Bblpa3uTb yepe3 MHTerpasast dpexess.

21.2. TlokasaTh, YTO MJIOTHOCTb TOKA HACTHL B OTCYTCTBHE MATHWTHOTO MOJS
(npuHUMas BO BHHMaHHe o6e BO3MOXHBIE ODHEHTAUHH CNHHA) MOXHO BbIPA3UThH
caenywllel HopMyJI0i:

j(xt)= _L lim (grad,, — grad,)G (x'?"; xt). (21.135)
m x-x’'
£->1'40

3ameTHM, U9TO BBIDaXeHHe NN MAOTHOCTY YaCTHI HMEET BHI
n(xt)=—i lim 2G (xt’; xt). (21.136)

X->x’
t>1'40

JinTepatypa

—
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NPHJ/TOXEHMWE

Teopua BO3MYUIEHHH U IJEKTPOHHBIH ras

B ra1. 6 6bL10 yCTaHOBJAGHO, 4TO Bhipa)eHnne (6.4) 1 KYJOHOB-
CKOH 3HEepruH ABYX 3/EKTPOHOB, NOJyYeHHOE BO BTODPOM TOPAIKE,
PACXOJHTCA MNpH MAaJblX 3HAYEHHAX IEPEeHOCHMOro IMmyJabca q.
B HacToslueM NpHJIOMKEHHH Mbl pPacCMOTPHM 3TOT BOmpoc GoJee
nonpo6HO u o6cy UM mpeltokeHHbI BpaxHepoM MmeTol cyMMHPO-
BaHUA PA/JIOB B TEOPHH BO3MYIUEHHI B NPeJeJbHOM CJIydyae BbICOKOH
naotHocTH. CHayajia MOKa)eM, 4TO [pPY CYMMHDOBAHHMH YJEHOB
snepruu €} BO BTOPOM MOPAAKE NO BCEM NApaM 3JIEKTPOHOB if

¢depmu-oHa pacxoJMMOCTb CTaHOBHTCS GoJsiee caabof, HO He Hcue-
3aeT. Mbl CYMMHpPYEM TOJBKO O HE3AHSITBIM BHPTYAJbHbIM COCTOS-
HusM. BBINOJIHAEMBIH 3Jech pacueT OTHOCHTCH TOJbKO K uJeHaM
NpPSIMOro KYJOHOBCKOTO B3aWMOJEHCTBHA Tap 3J€KTPOHOB C &HTH-
napanjeabHbIMH cnpHaMH. [Iast IPOCTOTHL Mbl jajee yxe He OyaeM
roBOpHTb O cmuHax. Mckomas cymMMa, ¢ yueToM MHOXHTeas 1/2
(yTO6Ll He CuHTATh OJAMHAKOBBIE YJEHbl ABaXKALl), IMEET BHJ

. (12|V|34) (34| V[12)
Ey=m E E R — Rk
kiky <Rp Ry k> k 1 2 3 4

F

Y Aty S IR 3 J- 3 J‘ 3 1 )
= ml\ [o) ) ((2”)3) qu d3k, dk2244[qz+Q'(kz—k|)]' (I'.1)

Ipenennt B nurerpanax (I1.1) sapawTes caeQyOWUIIMHE YCIOBHAMI!
ki, By < kry |Ki—q| > ke [Ke+q] > ke

[IpuMeHeHHe TeODHH BO3MYIIEHHH K mpo6/eMe MHOrMX Ted $ICHO
MOKA3bIBAET, UTO, CONACHO IPEICTABJIEHIAM BTOPHYHOTO KBAHTOBA-
HMSI, OPH TIOJCYETE BCEX MPOMEKYTOUHBIX COCTOSHN 3aHATbIE CO-
CTOSIHHS AOJKHBL GblTh HCKawoueHbl. [TosoxkiuM, Ja.iee,

q-ki=—gk%, q-ky=qghkss (I1.2)

TEM CaMbIM [pejenbl HHTErpUpOBalHs 3a1a10TCA YCI0BHEM NOJM0KI-
TEJbHOCTH £ H E». Hac uHTepecyer nosejeHue NOALIHTErpajbHOIO
BbIpAXKEHHS MPH MaJblX ¢, MOCKOJbKY Mbi XOTHM 37€Chb BbLISICHHTB
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sonpoc o pacxoauMoctd. Mrak, umeem

k;—’: < kf—}—qﬁ—le . q:kf—{—q7—+—2qk1§1 (I.3)
¥, CJEJOBATENbHO, A8 MAalHX g
2g9kiEy > (br — ki) (ke + k1) = 2ke (ke — k1) (11.4)
M
ke >k > kr —q%1. (I1.5)

Anasoriysoe ycsaopue noayuaem u L8 L. DTH YCJIOBHS, cnpaBed-
JUBbIE JJIS MaJjblX 3HAu€HHH ¢, Mbl HCIONb3YeM A1 OMNpeje/]eHHS
peesioB HHTErPUPOBAHHUS MO &y U A

[Tpu Bbiuncnenuu uactu (I1.1), coorBercrBylOIEN MajdblM 3HA-
4eHUAM g, y4TeM, 4TO &y H §» mosoxuTeabHbl. Teneps 6yaeMm BhluHc-
IATb HHTErpaJ

1 —
fds"* fdsk? T k)

1 1

kg

kg
. 9 2 2 . 1 ~
= (21) Of dglofdag [ #aw | bk TR R

kF—GE, kF_q§2
. . kg kg
(2“)2 4 « z ———1
T kr _,(‘ dg, f = f dk, f dk, gkpSy FakeEy
] 0 kp—q%, kE—g3,
1 1
(2n)? .3 ( . ) 5ifs
== k = 5 - -

- Fé} dSIoJ Ao (116)

Wnrterpanbl no & u E, — 3TO ONpejeleHHbIE HHTErpaJbl, H, cJ1e10-
BaresnbHo, HHTerpan no dq B (I1.1) npu maxanx ¢ cBoIuTCS K HH-

Terpaay | g-'dg, xorophelii ;orapudmuueckn pacxolntcs. Otciona

BbITEKAeT, YTO yxe BO BTOPOM MOpPSJNKEe pacueTHl MO0 TEOPHI BO3MY-
1MEHHH CTAHOBATCA HENMPHroAHLIMIL. Tenepb Mbl NOKaxeM, YyTO NpH
TPOBEJICHHH pacdeTa 10 TEOPHH BO3MYIIEHHUH J0 GECKOHEUHO BhICO-
KOro nopsifika CTAHOBHTCS BO3MOXKHBIM NPOCYMMHpPOBaTh BaXKHeH-
IIHe BKJANbl U MOJYYHTL HEPACXOAAIIMHCA pe3yJbTar.

Merop Bpakuepal!). JIna usieHOB pa3fioXeHHUs B TEOPHH BO3MY-
wenn# Panes — lllpenunrepa vam nonano6aATcs coKpauleHHble 06o-
snauenus. [lycte H=Hy+V, rxe V — noreHuuan KyJOHOBCKOro

1) Meton Bpaksepa BecbMa NoI1po6HO H3MOXKEH B (TO cTaTbe B cGopHuke [1].

32 4. Kurreas
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B3aHMOJIEACTBHS, T. €.
1
V=g }Vin (1.7)

im

3jecy cyMMupoBaHHME BeJeTCA [0 BCEM mnapaM 3JeKTpoHoB (6es
yuera cnuda). [TonoxuM, uto
1 1— P,

F=TE,—H," (I.8)

rae P,— npoekuMOHHBI onepaTop, KOTOPbLIA 3anucaH B BHIe
! — Py, 4TO6bl MCKIIOUHTBE (NPH CYMMHDOB2HHH 1O [POMEXYTOU-
HbIM COCTOSIHMSIM) UJIEHB! MCXOJHOrO COCTOSIHUS, KOTOPBIM INPHIIHCHI-
Baercs 34eCh MHAEKC HYJb.

Has  wnaocTpalliy  MCNONbB30BAHHA BBeJEHHBIX o0o3HaueHHil
paccMOTpPHM CcHauaja HeBO3GYXIEHHYIO CHCTEMY, COAEpPKAILYIO
JAHIIb JIB2 3JEKTPOHZ B cocTosiHuAX Ky u k. DHeprus Bo3MyuleHHd
B IIePBOM IOpAJLKE HMEET BHJ

e = (V)= (12| V| 12) = 12|V | 12), (r.9)

rae A4 yRo6cTBa HMHJAEKCH 3JeKTpoHoB y V onymeHn. Bo Bropowm
NOpsAAKE /s 3HEPTHH BO3MYUIEHHS NOJYUHM

e® =(V V)=
=Y azivirey(re | g =5 12) 12|V 12) =
1

179°

’ 107 1 07
=Y 21v]1 2) g (12'|V]12),  (110)

1’2’

T. €. Bblpa:KeHHe Toro xe tuna, yro u (6.1). 3xece mas oboznaye-
HHfl MPOMEIKYTOUHbIX COCTOSTHHH MBI HCNOJb30BAMHM IITPHXH, 4TOOHI
coxpaHuTb UMdpPH Aa9 MHAEKCOB, KOTJa NO3/JHEE Mbl BBEJIEM B pac-
cMoTpeHie GoJblee KOJHUeCTBO 51eKTpoHOB. llITpux y 3Haka cym-
Mbl 03HA4aeT, KaK W paHblle, YTO IPH CYMMHIDOBZHHU JHOMKHB
GbITh OMyLIEHB UYJEHbl, COOTBeTCTBYlolWne cocTosHuaM Ky ==Kk u
ko =Ka.

[TonpaBka K 3HEPTMH B TPEThEM MOps/AKe NPHUBOJLHTCS B OO6bIY-
HbIX yue6HUKaX; OHa paBHa

€0 =V LV L V)V 5 V)W), (T.11)

rje BTOPOH uJen B IpaBoil vacTH OOYCJOB/IEH MONPABKOH, MOAB-
JgioMeNcs IPH HOPMUPOBKE BOJIHOBO# (pyHKUHH B NEPBOM NOPAAKE.
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[lepsoiit ke unen B npasoit wactn (I1.11) MoxHo 3anucaTh B BHJIE

(Vivl\/):
=Y/ (12|V156)E 5 (561 V| 34) 5—5— (34| V [12). (IL12)

34
56

Kak Mbl yBHJIHM Jajiee, 3TOT u/jeH MOKeT ONMHChIBaTb B3auMojeil-
cTBHe Gosee YeM JIBYX 3/1€KTDOHOB.

Cuauajna mocMOTpHM, Kako#t Bua Oyrer umets ([1.12) npu na-
JHUHH BCEro [JBYX 3J€KTPOHOB B cocrosHuax ki u ks, Kaxawit
uyneH, Aawwni skaag B ([1.12), 3aBucHT OT Tpex MaTpHuHLIX 3Je-
MeHTOB. B cJyuae 4YHCTO KY.IOHOBCKOIO B3aHMO/IEACTBUS BEJIHYHHA
KaKJ0ro MaTpPHUHOrO 3JE€MEHTa [OJHOCTbIO OMHCLIBAETCS BEIHYH-
HOH MepeHOCHMOro HMMyabca q; B MaTpHYHOM sJeMenTe (1727, V| 12)
BeJHUMHA q Oonpejneasercs pasHoctbio Ki — K1 nian Ko — Ky Hite-
Hbl Hanbosee obwero Buna B {[1.12) nns cayuas ABYX 3/EKTPOHOB
6yLyT CONEpPIKATL TE XK€ TpU MATPUUYHLIX 3J1€MEHTa, HO B HHX OyIyT
BXOJMTh pAa3JHMYHble 3HAYEHHS [EPEeHOCHMOr0 HMIyJbca, Hampu-
Mep 4, @', q”; OfHaKO MNOJHBIH HMIYJbC, NEPEHOCHMBIH OT HCXOA-
Horo (ki) X KoHeuHoMy (Kkis) COCTOSIHHIO, JOJIXKEH PABHATHCH HYJIO.
HHaue roBops, JOJ¥KHO BBINOJHSTECA YCI0BHE

(ki — ki) (ks — ko) (ke —K)) == q ¢’ +¢"=0, (IL13)

6naronaps KotopoMy cocrosuue |12) BHOBb mnepefiier B cocrosl-
Hue (12| mocse Toro, Kax mMpoOM3OHAYT TPU Npouecca paccesHus,
onxchHIBaeMble NPOM3BEJEHHEM MATPHUYHBIX 3JEMEHTOB

QA2{Vi1727m 727 VI 25 (12| V112).
CTpyKTypy 3TOro BK/JaJda B 3HEPrHio, JAICIIEr0 NONpPaBKy B
TpPeTbeM MOpSAAKe, MOXKHO MPEJACTaBHTh AHArpaMMoOH, NpHBELEH-

Ho#t Ha puc. [L1. Jlas rpaduue-
CKOro #300pakeHHus UYJIeHOB B TeO-

" !/ 77 7’ /
PHH BO3MYILIEHME B BuAe JAHa- . - —
rpaMM CYLIECTBYET HECKOJIbKO CIO- ' q” Ly q
coboB. [{marpammebl, NpHBeIeHHbIE i i |
B JaHHOM HPHJIOXKEHHH, HECKOJNBKO Z 27 2’ Z

oTNMYalTCs OT auarpaMM ToJaa- T

CTOYHa, KOTOPHIMH Mul NOMb3oBa- L4 Il Jluarpamma ara nonpasku
6 3 L BCe 3 K 3HEPrUH B TPCTHEM NIODAAKE B Cay-

JIHCB B TJ. 0. S571€C JIEKTPO-  yae cucTeMbl M3 ABYX 3MEKTPOHOB.

“Hbl  H3006paxamTcs  CILTOLIHBIMH

JIMHHUAMH, HANpaB/JeHHBIMH Ha JUarpaMMe CIpaBa HaJeBo; B3aMMO-

JIeHCTBHS PacCrmonaraloTcs B TOH JKe IMOC/AeJOBATENbHOCTH, YTO H

uwienbl B ([1.12), uau B aHasOrHYHOM pas/oXeHHM 1O TEOPHH BO3-

mMylenuil. BaauMolesicTBus H306paxKaioTcs NYHKTHPHBIMH  JIH-

HUAMH; NPH HHX YKa3blBAETCH NEPEHOCUMbIA NMpPH «CTOJKHOBEHHH»

32
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UMIOYJIbC. 3aMeTHM, YTO CILIOIIHbIE JAHHHH B 00JaCTH «CTOJKHOBE-
Hif» HE H3OTHYTH, T. e. Mbl JaKe He MblTaeMcd Kak-To H3o6pa-
3UTb YIJ1bl paccesiHus.

Korza cicremMa cojep:kut Gosee ABYX 3/7€KTPOHOB, MOXHO NpH-
MEHSTh JAMarpaMMmbl Apyrix TuUnoB. PaccMoTpuM, Hanpumep, cay-
yai Tpex 3JeKTpoHos 1, 2, 3; Torja noreHnuMan

V12+V13+V23 (n14)'

COJEPXKUT TPH JBYXUacTHUHbIX B3auMojeiicTBus. PackpniThe B sB-
1 1

HON BHJE BbIpaxeHHs <V7V7V> oKasblBaeTcsl Tenepb Goaee

T TN TN
~

7
1 s

R

J

a)
Puc. 1.2, [luarpaMma pnis nONpAaBKH K SHEPrHH B TPEThEM
[OpAKKE B CAy4ae CACTEMBI M3 TPeX 3JeKTPOHOB.

@ — YaCTHHA CAy4Ya# TaK HA3KIBAEMOH KONBUEBOK AWArPaMMH,; OHA 3KBH-

BaJEHTHA AUArpamMme 6; 0 —Ta xe AMarpamsa, u3o6paxKeHHAd HECKOABKO

MHaye, JJs TOro ytobnt caenath Go.1ee HATASNHOA €e KOALUEBYIO CTPYK-

Typy. B ciayuae koapneBolt miarpaMMbl MepeHOCHMBIE HMIOYJIbCH BO BCEX

BEPUIIHAX LOIKHB OLTh OAMHAKOBLI; WHBIMH CJI0OBAMH, HH OIHH 31CK-
TPOH He A0.IAEeH BO3BPAlIaThCH B CHOE HCXOIHOE COCTOSHHE.

cA0XKHBIM eaoM. Ha puarpamsie puc. I1.1 noxasaubl jJBa 3J/€K-
TPOHa B MCXOAHBIX cocrosiHMAX | u 2; Ha auarpamme puc. [1.2
MIOKa3aHbl TPH 3/JEKTPOHA B HCXOJHBIX cocTosanusx I, 2, 3. Ilpome-
XKYTOUHbIE COCTOSHHA ofo3Hauenbl wudpamu co wrpuxamu 1/, 2/, 3.
UneH 3HEpruH, COOTBETCTBYIOUUMH IuarpaMme, MNOKa3aHNOH Ha
puc. I1.2, umeer caelywowyio CTpyKTypy:

17 1 14 14 1 07
(13| V3| 13 )W(BQIV”’?’Q ) m(l 2"V 12).
(I.15)

ATOT 4JeH OTBeuaeT CBA3HON JuarpamMMe B TOM CMBICJe, YTO ee
Heab3s p43flequTb Ha JBe YacTH Tay, YyTOObl MeXJy HHMH He 1po-
XOAWJAH INyHKTHpPHble JHHHH B3auMojeiicTBuil. PaccmarpuBaemas
IuarpaMMa OTHOCHTCS K YaCTHOMY K.JacCy CBSIBHBIX JHArpaM, Ha-
3L/BAEMBIX KOJBUEBBIMH JHarpamMMaMi.

Koabyesoil duacpammoi Has3vleaeTcs 0uazpamma, 8 KOTOpod 8
kancdoi sepuiune (KpoMe HauaNbHOH H KOHEYHOI) N0ABAAETCA 00HA
HOBAR 4ACTUYA, A OOHA UMEBIAACA TAM paHee HaAcTuya noxuodaet
ee. B KoJablUeBOM JHarpanMe H3MeHEHHE HMIYJbca BO BCEX BepLIH-
Hax oaHIlaKoBo.
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M3 camoit cxemMbl TEOpHM BO3MYLIEHHH caelyeT TpeGoBaHHe,
9TOGLl BCE SHEPreTHUECKHE YJEHBl HMENH CTPYKTYpY, OTBedalolllyio
BO3BpallleHHi0 dacTull OOPATHO B HCXOAHOe cocTosiHHe. B TpeTbeM
nopsajKe, KpPOMe uJeHOB, COOTBETCTBYKOUIMX jguarpaMmaM Ha
puc. IT.1 u I1.2, Ml HiMeeM uneHB BUAA

Y4 1 7 7 1 R
A2Vl 12) g, 32 [V |32') g — (12 |V | 12);
(I'.16)
NpuMep COOTBETCTBYHIOILIEH MM auHarpaMMbl n3oOpaxeHn Ha puc. I1.3.

B xynoHoBckom B3auMopeiicTBuu used ¢ q=0 paBeH HYJIO, U MO-
sTomy (32'|Vp3|32°) =0; Tako# npouecc He JaeT BK/I2La B SHEPTHIO.

Puc, T1.3. [dnarpamma, uamocrpupywo-
mas paccesHue Bliepel Ha HeBO36y-
XKIEHIOH dYacTHLE.

B cayvae B3aumoneiicTBusi 6osee obliero xapaxkrepa 3TOT uJeH Gy-
JAE€T BHOCHTb KaKOH-TO BKJaj; pacceiHHe YaCTHULI B COCTOSHuM 27
Ha 4YacTHUE B COCTOSIHHH 3 OIUCHIBAETCH KaK paccesHue gneped Ha
HesosmytieHnot qactuye (ecnd coctosiiue 8 OTHOCHTCS K YHCAY
cocTosHulA pepMu-oHa).
B TpeTeem nopsiake MMEIOTCS TaKXe wieHb c/elyloulei CTpyK-:
TYpHI:
10 1 1 01
(12| V1127 E,—E.5 (34| V| 34) Fa—E, (12" V5| 12).
(I1.17)

OTH u/ieHbl OTBEYAIOT B3AHMOJEHCTBHIO YETBIPEX 3JEKTPOHOB; COOT-
BeTCTBYIOWAn JnarpaMma usoOpaxkeHa Ha puc. [1.4. Takas paua-
rpaMMa Ha3biBaercsl HeCBSI3HOH, NOTOMY UTO €e MOXKHO pa3jiefHTh
Ha JiBe He 3aBHCALIME APYT OT Apyra YacTH. B cayyae KyJ0OHOBCKOrO
B3auMojeficTBla Matpuuibiit aneMenT (34|Vs|34) ucuesaer, Bkaa-
Abl OT B3auMonedicTBuA THna |2 HcyesawT no npuyune Gonee 06-
uero xapakrepa. Jleqo B TOM, 4TO BTODPOIl 4aeH B NMpaBOil 4acTH
pipaxenns (I1.11) ans sneprum B Tperhem nopsaxe, a IMeHHO

—<V—bl,—V>(V). TOYHO KoMIneHcupyeT HecBasuuifi unen (I1.17),
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H [T0O3TOMY Mbl MOXEM HAIMHCAThb

—(V 3 V)V =
. o 1
= — (12| Vs 12)

— Epgr

(12'|V 15 12) (34| V4,1 23).  (I1.18)

[onacToyH nokaszas o6UIYIO TeOpeMy O TOM, YTO KOMMEHCayus
HeC8A3HLLX Juazpamm 8 A0bom nopadke scez0a ABAAETCA TOUHOL.
Joka3aTensCTBO 3TON TEOpPEMbl NpHBEAEHO B IV 6.

Takum o6pazoM, B HallWX pacyeTax Mbl MOXEM OrpaHuuyHTHCH
TOJbKO CBSI3HBIMH jHarpaMMamu. Tenepp cjiejlyeT BBECTH ellle ORHO
ynpoumampulee pacyer mnpubsanxke-
HHe B pelleHHHd 3ajpayu oD 3Jek-

, ’
- . / . ! TPOHHOM rase, a8 HMEHHO CUHTATh,
2 ! P ! YTO Mbl HMEEM [EJ0 CO Cl1yyaeM Bbl-
. 2 Z cokoil MIOTHOCTH (caydait re<1).

# [lpn GoablLINX MJIOTHOCTSIX KOJblle-
BblE  JMarpaMMbl  OKa3biBAlOTCH
¢ JOMUHHDylOUMMH. B paHHOM cay-
yae NpH MaJblX  BO BCeX NOPSA-
Puc. I14. Hecpashas nxMarpaMMa. xax CHOBA MMEIOTCH PacXOAHMOCTH
Yactu 3, 4 He CBA3AMH JHHHUAMH  B32HMO- (q’ro OblJIO SBHO M0Ka3aHO s
aeRcTByug € vactamy J, 2.
pPACCMOTpEHHLIX BHIlLE NONPaBOK
K 3HEprdd BO BTODOM TMOpPS/Ke,
COOTBETCTBYIOIHX KOabueabM auarpaMmam). OgHako 3jech MOAB-
JISIeTCA M HOBOE BeCbMa BaXHoe 0OCTOSATENbCTBO — KOJbUeBbie ZHa-
rpaMMBl MOXHO NPOCYMMHPOBaTb BO BCEX MNOPSAKax M MNOJYUHThb
CX00AWYIOCA CYMMY Jlaxe NPH MaJablX . BHNOJIHHB cyMMHpOBaHHE,
MBI TTONIYYHM IHEPrHIO KOPPesiUHH AJA NpeReNbHOrg c/ayuds BbICO-
KOW TIJIOTHOCTH. 3aMeTHM, 4TO KHHeTHYecKas 3Heprus (3Hepris
®epmi) poMunupyer npu ry—>0, NOCKOAbKY NPH yBeJHYEHHH IJIOT-
HOCTH OHa Bo3pacraet ObicTpee, 4eM KYJOHOBCKAA 3HEPIHS.
[Ipuuunbl, M0 KOTOpHIM NpH BHICOKOH MJIOTHOCTH OKa3bIBAOTCA
JOMHHHDYIOIMMH KOJbLEBble AHATPAMMBI, MOXHO MOHATbL M3 pac-
-CMOTpeHHs cJaeayoulero npuMepa. Jdas cuctembl N 3JeKTPOHOB B
ofbeMe € cOMOCTaBUM BCe YJIeHBI TPETbero MOpsiAkKa €O CTPYKTY-
poit, cooTBeTcTBYIOLIRH AHarpamMam Ha puc. I1.1, ¢ uienamuy, coor-
BETCTBYIOLIMMH KOJIbUEBHIM guarpaMmaM Ha puc. I1.2, ¢ TOukH 3pe-
HUSL HX 3aBHCHMOCTH oOT mjotHoctd. CorsacHo puarpamMme Ha
puc. [1.2 «nagapouas» yacruua MOXKeT GbiTh BbIOpaHa oaHuM H3 N3
cnoco60B; UYHCJAO BO3MOXKHOCTEH BbiGopa q NponopHUOHAABHO .
Iuarpamma na puc. I1.1 naer N? cnocoGos BhIGOpa <«majaollei»
YacTHUBl, HO BbIGOp q M Q' NMPOM3BOAMUTCH HE3dBHCUMO, H [O3TOMY
a8 q, q° Mo umeeM Q2 crnoco6oB Buibopa. CneaoBaTesbHO, OTHO-
.lleHHe YHCaAa 4aeHoB nocaegHero tuna (pdc. I1.1) K yncay udiaeHos

T
{
|
L
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nepsoro tuna (puc. I1.2) paBHo (§2/N) ~r3 oTKyna BbITeKaer, yTO
npu ry— 0 6ynyt npeobsaafaTbh uJeHbl, COOTBETCTBYIOLIHE KOJblie-
BbIM AHarpaMman.

B TperbeM nopsijiKe AJs BKJIaja KOJbLEBHX auMarpaMm B JHep-
THIO KOppeasauuu ¢epMu-rasa mnonyquM, ucnosansdys (I1.15), swipa-
KeHue

ome (31VII) 321V (82) (12 [ VI12) g
1,2.32<rq= 1,’2,'az> b EHE—R—B) (68— — &) )

YMHOXeHHOe Ha YHC/JI0 BO3MOXHBIX MOC/AeLOBATE/NbHOCTEH HJAH 3K-
BHBaJIeHTHBHIX JHarpaMM, paBHoe B TpeTheM mnopsiaike AByM. Hrak,

4102 Q 1
Ey=tm? (V) (20) [ g [ aoq, [ g, [ s - Ko x

X 1 . 1
7*+q-(kz:—k;) ¢*+q-(k;—k))’

(I1.20)

rae ky<kp u |Ki+q|> ky (anasoruyHble ycJOBHSI CIPaBeAJHBH H
nas ky u k3). Chenys panee TeM ke nyTeM, KOTOPHIA HpUBeJ Hac
k (I1.6), npunem ans uHTErpaJa mo B NpeiejbHOM Cayyae Ma-
JIBIX ¢ K BbIpaXKEHHIO

d? d
~f 27 —q‘f—; (r.21)

NPy MajblX g OHO PaCXORHUTCS KBAAPATHUHO.

lenn-Mane n Bpakuep [2] onpenennan Bua Bkaanoe E, Koiab-
UEeBBIX JAHArpaMM B #-M TNOpsAjKe M TN0Ka3aju, 4TO 3TH BKJAaAbl
MOXHO NpPOCYyMMHpPOBaTh J0 OeCKOHEYHO BBICOKOTO Nopsiika. Mul
He OGyneM NPHBOAHTb 3JeCh MX pacyeThl, HO BCE e H3JIOXHM CXe-
MaTHUYECKH NYThb pacCyXJaeHuH, 4ToObl NMoKa3aTh, KaK CYMMHPOBa-
Hue OeCKOHEYHOr0 psijia PacXOASIIHXCH YJIEHOB MOXKET 1aThb CXOJA-
ulMHCs pesyJabTarT.

ByzneM cuutaTh, uTO BK/JAaJ] B 3HepTH¥ B n-M nopsjake E, BH-
paxaercs pPacXoAfIHMCH HHTErpaJOM

_1 n_ n—-2 <
E, =0T f dq (I.22)

n q?ll--’i '

KOTOpHII TPABHJILHO ANTMPOKCHMHDPYET BaxHeliuue 3KCIOHEHTHL .
Torna sHepruio Koppeasaunuu £, MOXKHO IpeieTaBHTh HEIIOCPEACTBEHHG -
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B BHJAE CYMMBI BK/13a/0B En BO BCeX MNOpARKax

_l)n n-2

E,= n}]‘?E_fd Y =
1 Jae S0 (5. o
Ts §

n=2

rae

=Ls —In (1 +5). (T1.24)

,QM8

WUurerpaa ry [a’qq CXOXUTCA Ha HHXKHEM npeneJe; jaa’lee, HH-
“TerpaJ

qu-qf’-ln(l —{—-%):—. J' dq-q3-In(g>+ry)—2 f dqg-q*-Ing (11.25)

COCTOMT H3 JABYX 4YacCrtefi, KaxJjaafd H3 KOTOPBIX CXOAMTCS IpH
q—0 (namoMuuM, yto limx™Ilnx=0 opu m > 0).
x>0

Meul, TakuM o6pa3oM, NMOKa3anu, 4TO KOJbIEBble AHATPAMMEI
MOKHO NPOCYMMHPOBATb, HO HYXHO ellle NOKa3aTb, YTO B KaXKIOM
nopsiKe OHH SBJSIOTCH OCHOBHBIMH JJ1sl KYJOHOBCKOTO B3aMMOJeM-
cTBHdA npu 7; — 0. 370 AeficTBUTENBHO TaK, H MO OYeHb MPOCTOM Npi-
yiHe: Ka)</as BeplHHA BHOCHT B KOJIbLEBYIO AHAarpaMMy BK.1aj,
NpONOpUHOHATBHEE 1/g% Tak 4TO B n-M NOpSAKE BCE BEPIUHHH 1a-
AYT BKJaj, NPONopUHOHaIbEbii 1/g%". Tlpu mMansix g o6GyciioBientas
3THM 06CTOATENLCTBOM PACXOUMOCTb CHJIbHEe, YeM OT APVIHX 1Ha-
rpamM TOro ke MOpsjiKa, MOCKOMbKY He CYLIeCTBYET HEKO.IbLeBHIX
ANAarpaMM, 1alolIHX TaKoil MHOMXKHTeNb B Kax.10H sepiuune. Ciae10Ba-
TenbHO, AMarpaMma Ha puc. [1.1 gaer Bxkiajg B NMOABINTErpajbHYIO
Gvukwio s & Buia

1 1 1

@ ¢° (@497’

37a BedauunHa npu g -0 (HezaBucHMO OT ¢’) crpeMuTcst K Gec-
KOHeuHOCTH Kak ¢~2. B cayuae KOJbLeBOH AHArpaMMbl COOTBET-
CTBYIOLLMA BKiaj1 nponopuioxaned 1/g8 JleTanbuelit anain3 Bcex
OCTAJbHLIX HATErpasoB (Bk/1IOYast 1 OOMeHHBlE) MOKA3bIBAGT, YTO /g
[IOSIBAFETCSH B KAYECTBE MHOXHTEJIS BO BK/JaJax BCeX AMArpamm, 3a
HCKJIOUEHHEM KOJbLUEBbIX, H NO3TOMY MOCAelHNe AOMHHHPYIOT NMPH
rs— 0.
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DHeprus KOppPeJsiliHd COJAEDXMKHT TaKAe BKJAajbl, 06yCJAOBAEHHbIE
o6MenoM. Korja BMecTO NpAMOro B3aMMOJEHCTBHA nosBasercss 06-
MeHHOe, MHOXuTenb 1/g? 3aMeHsercst Ha

i .
(q4+k —ky)? '

3Ta BesuyHHa npu g — 0 yXe He paer pacxopumocru. To, 4To 3a-
MeHa OyleT MMEHHO TaKOH, BHAHO H3 CPaBHEHMS MATPHUYHOrO 3Jje-
MeHTa JJisl IPAMOro B3anMOLEACTBHUS

ISy 1 . 1 .
12y V| 12)=§fd‘*xdayV(x—y)exp[——tq-(x—y)]~-l-]; (11.26)
C MaTpHUYHLIM 3J/JEMEHTOM AJa5 OOMEHHOT 0 BSaHMOllet;ICTBHﬂ
@IV =& [ dxdiyexpl—i(k,—q)-x] X

Xexp[— ik +q)-y]V (x —y)efzetay =
1 ] . 1
=z fd‘"’x d%yV (x—y) exp [i (ki—K; =+ Q)- (X—=y)] ~ e —57
(11.27)
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