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B.JI. J/laxno
TpaHCcaSIHOHHO-UHBAPHAHTHBIE OMIIOJISIPOHBI M CBEPXIIPOBOAUMOCTb

Wznaraercss  TpaHcnsiuMoHHO-uHBapuantHass (TH)  OumnonsipoHHass  Teopus
CBEpXIPOBOJAMMOCTH, OCHOBaHHas, kak U Teopusi bapauna-Kynepa-llpuddepa, na
ramuibToHnane ®Openuxa. Ponp kymepoBckux oOpasoBanmii B Heill urparor TU-
OUMOMSIPOHBI, TPEACTABISIONINE COOOM CBS3aHHBIE TMaphl MPOCTPAHCTBEHHO
JETOKAJN30BaHHBIX JJIEKTPOHOB C MAaJOM KOPPEJSIUMOHHOM JUIMHOM CBSI3aHHOTO
cocrosiHusl. Hanmnmuune @epMu MOBEPXHOCTH MPHUBOIUT K CTaOMIM3aluy BOJIU3U HeEe
TaKUX COCTOSHUH ¥ BO3MOXKHOCTH MX 003e-3HHINTeHHOBCKOM KoHaeHcaruu (bOK).

Teopuss  mPUBOAUT K  €CTECTBEHHOMY  OOBSICHEHHMIO  CYyIIECTBOBAHUS
MPEIIECTBYIONIEH CBEPXIPOBOAMMOCTH TICEBAOIIECNECBON (ha3bl U JAET OICHKY
TeMIeparypsl nepexona T * U3 HOPMaJIbHOTO B IICEBOLIEIEBOE COCTOSIHUE.

[Tokxazano, yto Temneparypa BOK TH-OunossipoHOB ompenensieT TeMmieparypy
CBEpXNPOBOAAIIEr0 nepexoaa 1., KOTopas 3aBUCUT HE OT 3(PPEKTUBHOW Macchl
OUNOJISIPOHA, & OT OOBIYHOM MAacChl 30HHOTO JIEKTPOHA. JTO CHUMAET OrPAHHYEHUE
Ha BepxHui mnpenen T, s CUIBHOTO JJIEKTPOH-(GOHOHHOTO B3aWMOJICUCTBUSI.
EctectBeHHOE O0OBSCHEHUE TMOJy4YyaeT YIJIoBas 3aBUCHUMOCTb CBEPXIIPOBOSAIIEH
IIEJIM, KOTOPasi ONpeaesieTcs YrioBOM 3aBUCUMOCTBIO (POHOHHOTO CIIEKTpa.

[lokazaHo, 4YTO OOJIBLIOE YHUCIO SKCIEPUMEHTOB MO TEPMOAMHAMUYECKUM U
TPAHCIOPTHBIM  XapaKTEPUCTHUKaM, JIPKO3€()COHOBCKOMY TYHHEIUPOBAHHIO H
(OTOAIMUCCUOHHOW  cHekTpockonuu ¢ yrioBeiM  pemieHueM  (ARPES)
BBICOKOTEMIIEPATYPHBIX CBEPXIIPOBOJHUKOB HE MPOTHBOPEYUT KoHuenuuu TU-
OUMOJIIPOHHOIO MEXAaHU3Ma CBEPXIPOBOJAMMOCTU B 3TUX Marepuanax. Ha ocHoBe
U3JI0)KEHHOW TEOPUH OOCYKIAarOTCS BO3MOYKHBIE MYTHU TMOBBIIEHUS T, U CO3IaHUS
KOMHATHBIX CBEPXITPOBOJIHUKOB.

KiroueBble cioBa: cxaThlii BakyyMm, CIIapUBaHHE, HEWJI€adbHBINM 003e-ras,
KpOCCOBEp, KOpPpEJSILIMOHHAs JUIMHA, MArHUTHOE TMOJe, Kynparbl, KHHKH,
npeoOpa3zoBanue boromobdosa.

V.D. Lakhno
Translational-invariant bipolarons and superconductivity

A translation-invariant bipolaron theory of superconductivity based, like Bardeen—
Cooper—Schrieffer theory, on Frohlich Hamiltonian is presented. Here the role of
Cooper pairs belongs to TI bipolarons which are pairs of spatially delocalized
electrons whose correlation length of a coupled state is small. The presence of Fermi
surface leads to stabilization of such states in its vicinity and a possibility of their
Bose-Einstein condensation (BEC).

The theory provides a natural explanation of the existence of a pseudogap phase
preceding the superconductivity and enables one to estimate the temperature of a
transition 7" from a normal state to a pseudogap one.



It is shown that the temperature of BEC of TI bipolarons determines the
temperature of a superconducting transition T, which depends not on the bipolaron
effective mass but on the ordinary mass of a band electron. This removes restrictions
on the upper limit of T, for a strong electron-phonon interaction. A natural
explanation is provided for the angular dependence of the superconducting gap which
1s determined by the angular dependence of the phonon spectrum.

It is demonstrated that a lot of experiments on thermodynamic and transport
characteristics, Josephson tunneling and angle-resolved photoemission spectroscopy
(ARPES) of high-temperature superconductors does not contradict the concept of a
TI bipolaron mechanism of superconductivity in these materials. Possible ways of
enhancing T, and producing new room-temperature superconductors are discussed on
the basis of the theory suggested

Key words: squeezed vacuum, pairing, nonideal bose-gas, crossover, correlation
length, magnetic field, cuprates, kinks, transformation  Bogolyubov.
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§1 Benenue

Teopust CBEpXIIPOBOJIUMOCTH [IJI1 OOBIYHBIX METAJIOB SIBJISIETCA OJHUM U3 CaMBIX
KPaCHBBIX M JJaBHO C(HOPMUPOBABIINXCS pa3aesioB (PU3UKHA KOHICHCUPOBAHHBIX CPEI,
KOTOpBIN BKJIIOYAeT B ce0s KaKk MaKpPOCKOMMYECKYIO, TaK M MHUKPOCKOMUYECKYIO
TEOpUU, a TaKKE BBIBOJ  MAKpPOCKONMMYECKHX YpPAaBHEHUHM TEOpUU U3
MUKpOcKonn4yeckoro omnucanus [l]. B 3ToMm cwmbiciie Teopuss B CBOEM OCHOBE
NpEe/CTaBIsIach B 3aKOHUYEHHOM BHJIE, U €€ JajbHEeHIee pa3BUTHUE JIOJDKHO OBITH
CBSI3aHO C JETAIU3ALMNEN U PACCMOTPEHUEM PA3JIMYHBIX CIIEUATIBHBIX CIIyYaeB.

Curyanus M3MEHUJIACH nocJie OTKPBITHUSA BBICOKOTEMIIEPATYPHOMN
ceepxnpoBoaumoctu (BTCII) [2]. HeoxunaHHbIM OKa3aioch, YTO B OKCHJIHBIX
KepaMuKaxX KOpPpESALMOHHAs JUIMHA HA HECKOJIbKO TMOPSJAKOB MEHBIIE, YEM B
TPaJUIIUOHHBIX METAUIMUYECKUX CBEPXIIPOBOJHUKAX, a IIUPUHA 3aMpeIIEHHON 1mIenu
HaMHOTO 0OJIbllle TeMIepaTypbl cBepxipoBogsiiero nepexoaa [3]. C coBpeMeHHbIM
COCTOSTHUEM TEOPUM U DKCIEPUMEHTA MOXHO O3HAKOMHUTBLCS MO KHUTaM U 0030pam
[4]-[15].

Ha ceromnsmHuii J€HP OCHOBHOM BONPOC CBSI3aH € ITIOCTPOCHUEM
MHKPOCKOMTUYECKOM TEOPUH, CIIOCOOHOM OOBACHUTD COBOKYITHOCTb
AKCIIEPUMEHTANbHBIX (DAKTOB, HE VYKJIAJBIBAIONIMXCS B CTaHAAPTHYIO TEOPHUIO
bapnuna, Kynepa, llpuddepa (BKIL) [16].

IIpy BceilT MHOXKECTBEHHOCTH COBPEMEHHBIX BEPCHIl MHUKPOCKOIHYECKOIO
onucanus BTCII: (poHOHHBIN, IMJIa3MOHHBIN, CIHUHOBBIA, DKCUTOHHBIM WM JIPyTHE
MEXaHU3Mbl — IEHTPAJIbHBIM MYHKTOM TIOCTPOCHHUS MHKPOCKOIHUYECKON TEeOpuu
apisieTcst 3 dexT cnapuBanus ekTpoHoB (ddhdext Kynepa). Takas «6030HU3AIUN
AJIEKTPOHOB JlajIee JISKUT B OCHOBE OMTUCAHUSI KX CBEPXITPOBOISIIETO KOHACH CATA.

SBneHne cnapuBaHMs B IIUPOKOM CMBICIIE €CTh O0Opa30BaHHE OMAICKTPOHHBIX
COCTOSIHUM, a B Y3KOM CMBICII€, €CJIM B OCHOBY ONMCAHUS MOJIOXKEH (HOHOHHBIN
MEXaHHU3M, €CTh 0Opa3oBaHUE OUIMOJIIPOHHBIX COCTOSHUN. B TedeHue MIUTETbHOro
BPEMEHU TaKOMY TMPEJCTABICHUIO TNPEMsSTCTBOBaja OoJbIIasi KOppeIsIUOHHAS
JUIMHA, JPYTMMHU CJIOBaMHU, pa3Mep KynepoBckux mnap B Teopuu BKII. Drta xe
MIPUYMHA JIOJITO€ BpEeMS MPEMSITCTBOBAJIA MPEICTABICHUIO O CBEPXIPOBOJUMOCTH KaK
0 0030HHOM KOHjJIeHcaTe (cM. mpuMmedanue Ha ctp. 1177 pabotel [16]). B Hemamnoi
CTENIEHU TAKOMY HEMOHUMAaHHUIO CIIOCOOCTBOBANIO U CTaHAAPTHOE MPEJCTABICHUE O
OuMoJNsIpoHax Kak 00 OYeHb KOMIAKTHBIX 00pa30BaHUSX.

[lepBoe ykazanue Ha OMTMOOYHOCTH TAKOM TOUKH 3pEHUS OBLIO MOJTy4YeHOo B paboTe
[17], B KOTOpOW MpU HU3yYEHUH CBOMCTB SKCUTOHHOIO ra3a BBICOKOW IUIOTHOCTH
BIIEpBbIE OblJIa MPOAEMOHCTpUpOBaHa aHayorus mexay teopued BKII u Go3e-
sriHIITERHOBCKOW KOHeHcanuen (bOK). PesynbraTe! [17] nmocnykunm 0CHOBOM i
pa3BUTHA UJIEU KpoccoBepa — mepexoqa oT teopun BKII, KOTOpol COOTBETCTBYET
npeaen ciaaboro 3eKTpoH-(poHoHHOro B3aumojencTBus (OPB), k Teopun BOK,
KOTOpOW COOTBETCTBYEeT Tipenen cuwibHOoro O®B [18-24]. Cuuranocs, dYTO
JOTIOJIHUTEJIBHBIM CBUJICTEJILCTBOM TPABWIBHOCTH TAaKOrO MYTH CIYKUT TEOPUS
cupHOM cBsi3u Dnuamidepra [25]. CornacHo [26], B ipezene 0eCKOHEYHO CHIIBHOTO
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O®B sTa Teopus NPUBOAUT K PEKUMY JOKAJIBHBIX Map, XOTSA U CUIIbHO OTIIMYHOMY OT
pexuma BOK [27].

[ToneiTkn mocTpouth Teopuro Kpoccoepa Mmexnay BKIII m BOK cronkHymuce,
OJIHAKO, C HENPEOAOJMMBIMH TPYOHOCTAMH. Tak, Hampumep, ucnoias3ysa T-
MaTPUYHBIN MOJXO/[, MpeIarajJoch MOCTPOUTh TEOpHUI0, B KOTOpoi Obl T-maTpuiia
UCXOAHON (pepMUOHHON CHCTEMBI Tipu yBenuueHuu cuiiel DPB nepexonuina 6b1 B T-
Matpully O0o030HHOM cucteMbl [28-33]. Takoil mnepexol, OJHAKO, OKa3ajocCh
HEBO3MOYKHO OCYIIECTBUTh JAKE€ B CJIy4ae NPENebHO pa30aBICHHBIX CHCTEM.
DakTUYECKH peub UAET O TOM, YTO JIaKe B MpEAeIIe, KOrJa CHCTEMa COCTOUT TOJBKO
U3 IBYX (DEPMUOHOB, OKa3bIBAETCSI HEBO3MOKHBIM IOCTPOUTH U3 HUX OJHOOO30HHOE
cocrosiaue. B Teopun DDB sTa npobiema u3BecTHa Kak Mpodiiema OUIOIIpOoHa.

OpaHa W3 MNOpUYMH HEyAaud TEOPUU KpPOCCOBEpPA CBA3aHA CO CIEAYIOLIUM
oOctosarenscTBOM. Kak u B Teopun 6unossipona, B reopun BKII ncxonueim sBisiercs
ramuwibToHHaH ®pénuxa. /[ 3TOro ramMmmibTOHHAaHA J10Ka3aHa Ba)kHas TeopeMa 00
AHAJTUTUYHOCTH SHEPrUM TMOJISIpoHA U OunoisipoHa mo koHcrante DOB [34]. B
teopun BKIII nenaercsi, oqHako, o4eHb BaXXHOE MPUOIMIKEHUE: 3aMEHa HACTOSIIETO
MaTpPUYHOIO 3JIEMEHTA B3aUMOJCHCTBUS B raMUJIbTOHMaHEe Ppénuxa Ha MOJEIbHYIO
BEJIMUMHY, OOpE3aHHBII CHHU3Y U CBEpXY MO (POHOHHBIM HMITYJIbCAM MaTPUYHBIN
AJIEMEHT. DJTa mpolleaypa OTHIOAb He siBisieTcst 0e300unHoi. Kak nmokaszano B [35], B
TEOpHH OUIOJIIPOHA 3TO MNPUBOJUT K MOOOYHBIM 3(PPexTaM — CyHIECTBOBAHUIO
JIOKaJIbHOTO YPOBHS SHEPTHH, OTAEIEHHOTO OT KBa3MHENPEPHIBHOIO CIEKTPA IIEIIbIO
(@bdext Kymepa). Takoe pelieHue ABISIETCS HW30JUPOBAHHBIM M HE 001amaeT
CBOMCTBAaMH AHAIIMTHYHOCTH MO KOHCTaHTe cBsi3u. B Teopum BKII mmeHHO Takoe
penieHre 0epeTcs 32 OCHOBY IMOCTPOEHUSI TEOPUH CBEPXITPOBOIUMOCTH.

B pesynbTaTe, mOoCTpOECHHAs TEOpHs U €€ aHATUTHUYECKOE MPOJIOJKEHUE — TEOpUs
Onunambepra, CUJIBHO HCKaXXalOT peajbHYI0 KapTHHY, M, B YaCTHOCTH, JEJIAIOT
HEBO3MOKHBIM IIOCTPOEHHE TEOpUHU CBEepXHpoBoauMocTH Ha ocHoBe BOK. 3amena
VMCTUHHOTO MAaTPUYHOIO AJIEMEHTA Ha MOJEJIbHBIN I103BOJIIET MPOBECTU JI0 KOHLA
aHalIuTHUYecKue BbluMcleHus. B yactHoctn, 3ameHa B bBKIII wuctuHHOrO
B3aMMOJICICTBHS Ha JOKaJIbHOE MO3BOJIWJIA POBECTH BBIBOJ (PEHOMEHOJIOTUYECKOM
mozaenu ['mH3Oypra-Jlangay, sBISIfOIIEHCs Takxke JOKaidbHOW Monensio [36]. B
JNEHUCTBUTEIBHOCTH, MOIIb TAaKOrO TMOAXOJa TPYAHO NEPEOLEHUTh, TaK KaK OH
MO3BOJIMJI TTOTYYUTh MHOKECTBO COIJIACOBAHHBIX C AKCIIEPUMEHTOM yTBEPKICHUM.

Hpyras, emie Oonee BaxkHas MPUUYMHA HEYJJAYM TEOPUU KPOCCOBEPA COCTOUT B TOM,
YTO BAaKyyMbl B TEOPUU MOJSpOHA (OUMOJSPOHA) CO CIIOHTAHHO HAPYIIEHHOU
CUMMeETpHEH U TpaHCIIMOHHO-uHBapuanTHOTO (TH) nmossipona (THU-6unosnsipona) B
clly4ae CHJIbHOTO B3aMMOJIEUCTBHS Pa3JIMYHBI, YTO JEJIAET HEBO3MOXKHBIM MEPEX0]l
TeopuH Onuamodepra K TPaHCISIMOHHO-UHBAPUAHTHON OUMOJISIPOHHOM Teopuu
CUJIBHOM CBsi3H. (§ 2).

B nannom o63ope uznaraetcst Teopusi ceepxnpoBogumoctu (CII), ocHoBaHHas Ha
ANIeKTpOH-(pOHOHHOM B3auMmoercTBuu. B neii ciydaro BKII cooTBercTBYeT mpenen
cmaboro DB (§ 3), a ciywato cunpHoro OPB cooTBercTByeT TU-OumonsiponHas
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Teopusi cBepxnpoBoaumoctd, B kotopoil CII ¢daze coorBercTBYeT 003€-KOHJIEHCAT
TH-6umnonsspoHoOB.

AKTyaJbHOCTh ~ HamMCaHWs  0030pa MO  OUMOJAPOHHOMY  MEXaHU3MY
CBEPXITPOBOJAUMOCTH o0ycIoBIieHa CHEAYIOIUMHU 00CTOSITEILCTBAMHU:
1) GonbmmHCTBO 0030poB 1o OunosisspoHHoi CII mOCBsIIEHO MOJSPOHAM MAajoro
paauyca (IIMP) [37], B TO BpeMs Kak 3a NpOLIEAIIee BpeMs, 10CIE KPUTUKH TEOPUU
CII na ocuoBe I[IMP [38-41], uHTEepec CMECTHIICS K MOJSIPOHAM OOJIBITIOTO PaaNyca;
2) OCHOBHas macca padOT TMOCJIECIHUX MECATHICTUH Oblja IMOCBSIIEHa MarHUTHO-
¢baykryarmonnbiM MexanuzMaM CII, B To BpeMs Kak HOBEHINIHME HKCIEPUMEHTHI, B
KOTOPBIX MOJy4eHbI peKopaHbIe T, (1101 BEICOKUM JIaBJICHHEM ), OBLIM BBHIIOJIHEHBI HA
cyabbuIax BOAOPOIA U THAPUAAX JaHTAaHA, B KOTOPbIX MATHUTHBIX B3aUMOICHCTBUN
HET, HO €CTh CHJIBHOE OJJICKTPOH-(DOHOHHOE B3aUMOJCUCTBHE; 3) pEIIAIOIINM
J0Ka3aTeJIbCTBOM B IOJIb3Y OHUIOJSPOHHOTO MEXaHW3Ma CIyXKaT HEJIaBHHE
AKCHEPUMEHTHI [42], mOKa3bIBalOlIE CylIECTBOBaHUE nap Bhiie T ; 4) BaxXHEHIIUM
NOJATBEpXKJIeHUEeM OunosisipoHHoro wmexanuzma CII  ciyxar 3KCHepHUMEHTHI
(boxxoBnua u ap. [43]), B KOTOPBIX MPOAEMOHCTPUPOBAHO, YTO YHUCJIO CIIAPEHHBIX
COCTOSIHMI B BbICOKOTeMIlepaTypHbIXx cBepxnpoBoaHukax (BTCII) mHoro menbiie
OOILIero Yyncia HOCUTENEH ToKa.

B o0030pe KpaTko W3J0KE€Hbl OCHOBHBIE MPEJICTABICHUS O TPAHCIALUOHHO-
uHBapuaHTHeiXx (THU) mnonspoHax u OUMONAPOHAX B TOJSIPHBIX KpUCTAILIAX.
[ToapoOHO 3TH npeacTaBiIeHUs U30KeHbl B 0030pe [44]. Kak u B Teopun bapauna-
Kynepa-lllpuddepa, B ocHoBy omnucanusi raza TH-OUNONASIPOHOB MOJOKEHBI
ANEKTPOH-()OHOHHOE B3aMMOJICUCTBUE U rammwibToHHMaH Dpenuxa. B orauume ot
teopun BKIII, B KOTOpON KOppeIsIMOHHAs JUIMHA HAMHOI'O IPEBBIIIAET CpPEIHEE
paccTosiHUE MEXAy Napamu, B IpeajaraeMoMm 0030pe MOoJpoOHO paccMaTpUBAETCS
MPOTUBOMOJIOKHBIA  Cly4daid, KOrjJa KOPpPEJSIMUOHHAsA [JJIMHAa MHOIO0 MEHBIIE
PaCCTOSTHUSI MEXK]y TTapaMHU.

JlaeTcst 0030p TepMOJIMHAMHYECKUX CBOMCTB TpexMepHoro 6o3e-koHaeHcara TH-
ounonsipoHoB. OOCYXIarOTCsl KpUTHYECKash TeMIeparypa Nepexojia, JHEprus,
TETJIOEMKOCTh M TEIUToTa nepexoa raza TH-0umnoaspoHoB.

PaccMoTpeHo BiMsiHHME Ha TEpMOJMHAMUYECKHE XapakTepuctuku raza TU-
OUMOJIIPOHOB BHELIHEr0 MAarHUTHOTrO mojisi. Jlaercs cpaBHEHHE € 3KCHEPUMEHTOM
TaKUX XapAKTEPUCTHK, KAK MAKCHMAJIbHAsl BEJMYHMHA HAIPSKEHHOCTH MAarHUTHOTO
MoJIsl, MPU KOTOPOM BO3MOKHO CYIIECTBOBaHME KOHAeHcaTta TH-OunonsipoHos,
JOHAOHOBCKAsl JJIMHA TIPOHWKHOBEHHS W TeMIEpaTypHas 3aBHUCUMOCTb JTHX
BennuuH. [lonydyeHHbie pe3yapTaThl UCIIOJIB3YIOTCS ISl OOBSICHEHUS! SKCIIEPUMEHTOB
10 BBICOKOTEMIIEPATYPHBIM CBEPXITPOBOJHUKAM.

Ocoboe BHMMaHue B o0030pe yaeiaeHo Tomy (akty uyto, corjgacHo TH-
ounonsiponot Teopuu BTCII, pasubie Tumbl skcnepumenToB B kadectBe CII menu
W3MEPSIOT Pa3JIMYHbIC BEJIMYKMHBI. ByJleT moka3aHo, 4TO C MOMOIIBIO TYHHEJIBbHBIX
AKCIIEPUMEHTOB OIpeNeseTCs] SHEPTusi OUMOJIIPOHOB, B TO BpeMsl Kak B METOJE
(hOTOOMHUCCHOHHOM CIleKTpockonuu yrioBoro paspemnieHuss ARPES wusmepsercs
dboHoHHas yacToTa, sl kKotopor DDB sBnsiercs makcumanbHbiM. Cormacao TU-
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ounossiponHorr Teopun CII ecrecTBeHHOE OOBSCHEHHE IOJYYalOT TAaKWE SIBJICHUS,
KaK HaJu4ue KUHKOB B CIIEKTPAJIbHBIX HM3MEPEHUSIX IIEIH, YIJIOBas 3aBUCHUMOCTD
IIEJIM, HATMYUE TICEBIOIICIIH U JIP.

§2 IMoasipoH u pyHIaMeHTAIBbHbIE MPO0JIEeMbI HEPEJIATHUBUCTCKOM KBAHTOBOM
TEOPUH MOJIs

B ocHoBe Teopum monspoHa JICKUT TamuibTOHMAaH @Dpennxa, ONMUCHIBAKOIINN
B3aMMOJICHCTBHE JIEKTPOHA C POHOHHBIM MOJIEM:

=2
H= f—m + z how(k) af ay + z Vi [ae™ + ape™™r], (1)
K K

r7Ie I — Paguyc-BEKTOP JJCKTPOHA, a P — €ro MMITYJIbC; M — IPPEKTUBHAS Macca
SJIEKTPOHA; A, dy — ONEPATOPHl POKACHUS W YHUYTOKEHUS KBAHTOB MONS C
sHeprued ho(k) , Vi — MaTpuyHbIi 3JIEMEHT B3aMMOJIECUCTBUS 3JIEKTPOHA C
(OHOHHBIM TTOJIEM.

B (u3uke KOHOEHCHMPOBAHHBIX CpEJ TEOPHUsS MOJSIPOHA MPENCTaBIAECT COOOM
oOLIMpPHYIO 00J1aCTh, KOTOpas BKJIKOYAET B CEOsl OMUCAHUE BJIEKTPOHHBIX CBOMCTB
MOHHBIX KpucTtauioB [45]-[49], mnomspubix nomynpoBogHukoB [50], [51],
MIPOBOISIINX MOJIMMEPOB [52]-[54], OMOMOJIMMEPOB [55], [56],
BBICOKOTEMIIEPATYPHBIX CBEPXIIPOBOIHUKOB [57]-[59], MAarHUTHBIX
MOJIyIPOBOJHUKOB [60] 1 Jpyrux BaXKHbIX 0OBEKTOB KOHACHCUPOBAaHHON MaTEepUU.

[IpyyriHA TAKOro MIMPOKOTO KCIIONB30BAaHUS MOJEIHU IOJSIPOHA B CaMBIX PA3HBIX
o0JacTax cBsi3aHa C €e yHuUBepcalbHOCThIO. C (yHIaMEHTaIbHON TOUKM 3pEHMs, B
OCHOBE OIIMCaHUSl BceX SBJICHUM B (U3MKE JIEKUT €€ KBAaHTOBO-IOJIEBas
dhopmynrpoBka. B HepenssTUBUCTCKON (pU3HMKE €€ POoCTeilas peaanu3aiusi OCHOBaHA
Ha UCTOJb30BaHUU raMuiibToHnana dpenuxa (1).

Pasnuunbie BblpakeHUss 18 Vi W ©(K) B CilIydyae HMOHHBIX KpHUCTaJUIOB,
MbE303JIEKTPUKOB, CBEPXIPOBOJHUKOB, SJIEPHOM MaTepUH, IMJIa3Mbl BBIPOKJIECHHBIX
MOJIYTIPOBOJHUKOB TpuBeAcHBI B [61]. B mocnennee BpeMsi ramunbToHuan (1) cran
MCIIOJIb30BaThCSA MPU ONUCAHUU TMPUMECHBIX ATOMOB, MOMENIEHHBIX B KOHJEHCAT
boze-OiiHmTeiiHa U3 yapTpaxoa0JHbIX aTOMOB [62], 3JIEKTPOHOB B HU3KOPA3MEPHBIX
cuctemax [59], [63] u T.4.

OtHOCHUTENBHO MpOCTOM BUJ TamuibToHMAHa (1) moOOyX)mam wucciemoBareneit
HaliTU TOYHOE pEUIeHWE 33Ja4yd O IMOJSIpOoHE. B cTauumoHapHOM Ciy4ae TOYHOE
perieHre naBaio Obl CHeKkTp ramuiabToHnana (1) W, Kak CIeACTBUE, PEIICHHE
HIMPOKOTO Kpyra 3aay B (PU3HKE KOHIEHCHPOBAHHOTO COCTOSIHMS. 3ajaya, OJHaKoO,
oKa3zajach ropaszio cliokHee, 4eM Kazanach. Ha Helt ObuiM onmpoOOBaHbI pa3inyHbIe
METO/bl U TEXHUKH KBAHTOBOW TEOPHM TOJIsA, BKIto4yas Meron ¢yHkuuii ['puna,
JUarpaMMHYIO TEXHUKY, METOJ HHTETPAJIOB 110 TPACKTOPUSIM, METOJ PEHOPMIPYIIIIHI,
KBaHTOBbIM MeToa Monte-Kapno, nuarpammusiii meron Moute-Kapio u apyrue.
Pa3nuuHble BapuallMOHHBbIE MOAXOABI, W3 KOTOPBIX Haubosiee 3HPEKTUBHBIM
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OKa3aJiCd METOJ| MHTETpajoB Mo TpaekTopusiMm DelfHMaHa, MO3BOJWIA ONpPEACIUTh
NPUMEPHYIO 3aBHUCUMOCTh HDHEPTUHM OCHOBHOTO COCTOSIHUSI TMOJSIpOHA BO BCEM
JMana3oHe U3MEHEHUs] KOHCTaHThI 3JIEKTPOH-(POHOHHOTO B3aUMOJICUCTBHS (.

[lepeuniciieHHbIE TMOAXObI, OJHAKO, OKA3aJlHCh HE B COCTOSHUU OIPEACIIUTH
CIieKTp ramuiibToHHaHa (1) maxe B ripesese cinaboii csizu [64].

B mnpenene cunbHOW CBSI3W MJIS UCCIEAOBaHUS CBOWMCTB ramuiibroHuana (1),
HaynMHas C OcCHoBomojarammmx pador Ilekapa [45], ObUIO HKCIIONB30BAHO
KaHOHUYECKOE MPeoOpa3oBaHUeE:

ak = ak -V py /ho(Kk), (2)

rie px — Dypbe-KOMIOHEHTa  IUIOTHOCTH  PaCHpelesieHus  AJIEKTPOHA.
[IpeoOpazoBanue (2) BeIICISICT U3 KBAHTOBOTO IOJISI KJIACCHYECKYIO COCTABJISIONIYIO
(BTOpOE ciaraeMoe B mpaBoil yactu (2)), KOoTopas, Mo MPEANOJIOKEHUIO, JTODKHA
JaBaTh OCHOBHOW BKJIQJ B Ipejeie CUJIbHOW cBsi3u. Haumnas ¢ pabotel JIuba [65]
(cM. Takxke [66] W 1IUTHpPOBaHHBIE B HEH pabOTHI) JOKa3aTEILCTBY TOTO, YTO
(dhyHKIIMOHAT TOJHON »Hepruu llekapa i1 OCHOBHOI'O COCTOSIHMS TIOJIIPOHA, K
KOTOPOMY TPUBOIUT (2), SBISIETCS aCUMIITOTHYECKH TOYHBIM B TIPEJeNie CHUIbHOMN
CBSI3U, OBUIO MOCBSIIEHO MHOTO pabotr. Jlpyrumu cioBaMu, YTBEPXKIAIOCh, UTO
BBIOOP BapUaAIMOHHON BOJTHOBOM (DYHKIIMM OCHOBHOI'O COCTOSIHUSI B BUJIE:

¥ >= p(r)exp ) Vi s (@ = a0 >, 3)
k

rae ¢(r) — BOTHOBas (PYHKITUS DJIEKTPOHA, KOTOPBIM MPUBOAMT JUIsl TIOJTHOM SHEPTUU
OCHOBHOTO coctosiHus mojsipoHa E= <W|H[P> k nekapoBckomy (yHKIIHOHATY
CUJIBHOM CBSI3H:

h? 2 : Vié
2 43 *
E = > lelPl d°r k m (k)pkpk, (4)

JAeT TOYHOE pElIEHUE B IIPeJieie CUIIbHOU CBSI3U.

B »TOM ciiyuae peub 0 creKTpe BO30YKIEHHBIX COCTOSIHUN MOJSPOHA 1L TOJIBKO
IUTsL citydasi mokosimierocs nojisipona P=0, rone P — ummnynsc nosigpona. Bapuanus (4)
no ¥Y* mpuBOAUT K HENMHEHHOMY ypaBHeHUto [lIpeaunrepa s BOTHOBOW (QyHKIIMH
VY, wumeromiemy BuA ypaBHeHHs XapTpu. UHMCIEHHOE WHTETPUPOBAHUE ITOTO
ypaBHEHHS OBLJIO OCYIIECTBJICHO B [67], U HECKOJBKO BO30YXKIEHHBIX TMOJISIPOHHBIX
COCTOSIHUM M COOTBETCTBYIOIUX ATUM COCTOSIHUSIM MEPEHOPMUPOBAHHBIX (DOHOHHBIX
Mo/ ObLIO HalifieHO (CM., Hampumep, o03op [61]).

Takum o00pazoM, MOJABIAOIIEE OOJBIIMHCTBO PabOT MO TEOpUM TMOJIAPOHA B
npejiesie CUIbHOW CBA3W MPEICTaBIsET COO0M peann3aluio METOJa KBAHTOBAHUS B
OKPECTHOCTH KJIACCUYECKOr0 PELICHHUS], B HACTOSIIEE BPEMS IIMPOKO MUCIOJIb3YEMOI0
B HETIepTypOATUBHOM KBAaHTOBOW Teopuu 1ot [68].
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C d¢yHaamMeHTaIbHOW  TOYKM  3pEHUS  TaKOW  TOJIXOJ  MPEJCTaBISIICS
HEYJIOBJICTBOPUTEILHBIM YK€ HA CaMbIX PAHHHUX 3Talax pa3BUTHUS TEOPHUH TOJISPOHA.
JleficTBUTEIBHO, €CIIU B MPEeIie CUIIBHON CBSI3U MOJIE MOJSPU3AIUU MOXKHO CUUTATh
KJIACCUYECKUM M OTJIMYHBIM OT HYyJs, TO CTAaHOBUTCS HEMOHSITHBIM, KaK TaKoe
MaKpOCKOITMYECKOE COCTOSIHUE MOXKET YIEePKUBATHCS OAHUM DJIEKTPOHOM. ITO
BO3MOXHO TOJBKO B OJHOM Clly4ae: €CJIU II0JIE PaBHO HYJIO TOYTH BCIOIY 3a
MCKIIFOUCHHEM HEOOJBIION 00J1acTH, B KOTOPOU JIOKATU3YETCS AJIEKTPOH, 00pasys ¢
MOJIEM CaMOCOTJIaCOBaHHOE cocTosiHue. [Ipu »TOM UCXOJHAsl TpaHCIALMOHHAsS
CUMMETPHUSI CUCTEMBI OKA3bIBAETCA HAPYIICHHOM: MOJISIpU3alMOHHAs OTEHI[MAIbHAS
ssMa CTIOHTaHHBIM 00pa30M MOKET 00pa30BaThCS C PAaBHOW BEPOSTHOCTHIO B JIHOOOM
obylacTi MpocTpaHCTBA. Bce MOMBITKM MOCTPOUTH TPAHCISIMOHHO-UHBAPUAHTHYIO
TEOPHIO Ha OCHOBE TaKOW (YM3MYECKOW KapTHUHBI MPUBOIWIHN K TEM K€ PE3ysIbTaTam,
YTO U UCXOJIHAA MOJYyKJIacCUUecKasi TEOpuUsi CUIILHOM CBsi3U, pazpaboranHas [lekapom
[45].

Cutyanust paaukalbHO MOMEHsIACh Tocie myonukanuu padot [35], [69]-[71] B
KOTOPBIX OBLI PACCMOTPEH MPUHIMIUAILHO HWHOW THUIl JIBMXKEHHSI JJIEKTpOHA B
nojsipHoM kpuctaie. CornacHo [69]-[71], npu NBUKEHUHU MO KPUCTAILTY AJIEKTPOH
HE TOJBKO CMEIIAET PAaBHOBECHBIE COCTOSIHHSI aTOMOB, HO M U3MEHSET MpOoPMiib UX
MOTEHIMAIBHOM SHEPIUU B KPUCTAJIIE, YTO SKBUBAJICHTHO O0pPa30BaHUIO UX CHKATBIX
KoJiebaTenbHblX  coctostHuM  [72]-[74]. Hnsa TH-nonsipona cpennue (T.e.
KJIACCUYECKHUE) CMEIICHUSI aTOMOB K3 PABHOBECHBIX IOJIOKEHUM, B OTIMYHUE OT
nonsipona llekapa, paBHbl Hymt0. COOTBETCTBEHHO, paBHA HYJIO MOJSpU3AIUS
Kpuctajia, Tak kak TH-mosisgpoH Aenokann3oBaH B mpocTtpaHcTBe. OIHAKO CpeaHUE
yucaa 3anojgHeHus (DOHOHOB B TMOJSIPOHHOM COCTOSIHUM HE PaBHbl HYJIO. DTOT
Mapajokc pa3pemiaeTcss TEeM, 4YTO HEPABHOE HYII CpelHee YHCIO (POHOHOB
0OyCJIOBIIEHO HAJTMYUEM BO30YKJIEHHBIX 2JIEKTPOHOM CHKATHIX (T.€. HEKIACCHUYECKHUX )
COCTOSIHUH.

Cxxatve (HOHOHHBIX COCTOSHUM, HMHAYIUPYEMBIX JIBIDKEHHEM DJJIEKTPOHA TIO
KpUCTAJUTy, IPUBOAUT K HOBOMY THITY CBSI3AHHOTO COCTOSIHMSI AJIEKTPOH-(OHOHHOM
CHUCTEMBI, KOTOPOE OIHMCHIBACTCS €AMHON BOJHOBOM (DyHKIMEH, MpeIcTaBIISIONIICH
HOBBIM THIN aH3alla, KOTOPYIO HEBO3MOXKHO MPEACTaBUThH B BHUJIE (PAKTOPU30BAHHOTO
aH3alia, 00pa30BaHHOIO MO OTEILHOCTH 3JIEKTPOHHOU U (DOHOHHOW YACTSIMHU.

[IpumeHeHne TEopUU CKAThIX COCTOSIHUM B TEOPUHU TMOJSIpOHA ObUIO BIIEPBbHIC
ocyiiecTBieHo B Teopuu Tynyba [75]. B cuiny HeonTUMalbHOrO BhIOOpa
BapUAIIMOHHOW BOJHOBOM (yHKIMKU B padore [75] M DHEPTUM OCHOBHOTO
COCTOSIHUSI TIOJIYYHJIMCh PE3yJIbTaThl, (PaKTUUECKH BOCIPOU3BOJSIINE IMOTYyUYCHHBIC
IIexkapom. DTO HAMHOTO 3aJ€p>KaJI0 UX UCMHOJIb30BAHUE B TEOpUU MOJsipoHa. [1o aToit
MPUYMHE WHTEHCUBHOE PAa3BUTHE TEOPUU CKATBIX COCTOSHUNM Hayajaoch ropasio
mo3xe — mociie padotsl ['maybepa [76], 0OpaTuBIIEro BHUMaHNE Ha UX BAXKHYIO POJIb
JUIsL TIOHUMaHUs NPUHIUIIA HEONPENEICHHOCTH W TMPUHIMNA CYNEpPIO3UIUU B
KBAHTOBOM MEXAHUKE.

B Hacrosiee Bpems cxxaThie COCTOSIHUS UMEIOT MTUPOKYIO 001aCTh MPUMEHEHUS: B
ONTHKE OHHM WCIONB3YIOTCS [JIsl TIOJIaBJIeHWs COOCTBEHHBIX IIIYMOB CBETa, B
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BBIYMCIIUTEIBHON TEXHUKE — Il CO3JaHUsl ONTHYECKUX KOMIBIOTEPOB U JIMHUI
CBSI3HU, B MPELEH3MOHHBIX M3MEPEHUSX OHU HCIOJB3YIOTCS B MHTEP(PEPEHIIMOHHBIX
aHTEHHAX IPaBUTALMOHHBIX BOJIH U T.J. (CM., HApUMep, KHUTU U 0030pkI [77-79]).

B Teopuu mnonsipoHa METON CXKATBIX COCTOSHMM TOC]IE€ MHOHEPCKOM pabdoThI
Tyny6a [75] Obu1 ucmonws3oBaH B padortax [80-84] nmmsa AUCKpEeTHOW MOJEIN
XOJICTEHHOBCKOTO TmoispoHa [85] m B paborax [86-93] mna PpenuxoBckoro
nosisipoHa. B pabotax [80-84] ObLIM MOMy4deHBI OYEHb Ba)KHBIE PE3YJIbTATHI: BO-
MEPBBIX, DHEPTrUsi OCHOBHOTO COCTOSIHUSI TIOJISIPOHA [IJISl CXKAThIX COCTOSIHUM
oKazajach HHXE, YeM BO BceX paboTax Mo MoysipoHy XOJCTEHHA, MCHOIB3YIOMINX
OOBIUHBIM BaKyyM, M, BO-BTOPBIX, dP(PEKTUBHAS Macca XOJICTEHHOBCKOTO MOJSIPOHA,
BBIYMCIICHHAS] JUJIS CXKAThIX COCTOSIHMM, OKa3ajlach HAaMHOTO MEHBIIE, YeM €€
BEJIMYMHA, MOJy4yeHHass XO0JICTEMHOM B [835].

DTOro Helb3s cKazaTh 0 paborax [86-93], B KOTOPHIX TEOpPHUS CKATBIX COCTOSHUN
MIPUMEHSIAch K ramMmuibToHMaHy ®@penuxa. HecMOTps Ha TO 4YTO B HUX OTMEYAJIOCh
3HAUUTETFHOE YCHUJICHHWE TMOJISPOHHBIX 3(PGEKTOB MNpU HCMOIB30BAHUU CHKATBIX
COCTOSIHUI, B LIEJIOM 3TU pabOThl HE MEHSUIM Pe3ylbTaToB, MoiaydeHHbIX [lekapom
[45]. Kak y»xe ObUIO CKa3aHO BBIIE, MPOPBIBHBIE PE3YNbTAThl ObUIM TOJYYEHBI B
paborax [35], [69-71], B koTopbIX s ramuibToHHaHa [lekapa—@®penuxa ObLIO
MOKa3aHO, YTO PHEPTUsi OCHOBHOTO COCTOSIHUS TMOJIIPOHA U OUIOJISIPOHA HA CXKATBIX
COCTOSIHUSIX OKa3bIBaeTCs HUXKE, 4eM B Teopu [lekapa.

Hanbonee BaXHBIM NPUIOKEHUEM TEOPUHU TMOJISIPOHOB U OUIOJISIPOHOB SIBJISIETCS
CBEpPXIIPOBOAUMOCTh. [lo-BUIUMOMY, MOCTPOEHHUE TEOPUU CBEPXIIPOBOJAUMOCTH
SABJISIETCA CaMOW TPYJAHOM mMpoOieMoll (PU3UKU KOHJEHCHUPOBAHHOTO COCTOSIHMUS,
MIOCKOJIBKY TpeOyeT pelleHuss MHOTOYacTHMYHOM 3adaud. Takas 3ajaya Ha OCHOBE
ramunibToHrnana ®dpenuxa (1) Obula B mpenene cinaboro B3aUMOJICUCTBUS pEIIeHA
bapnuneim, Kyniepom u Hlpudepom [16] (§3). Ha ee ocHOBe ynanoch OOBSICHUTH
PSIT CBOMCTB OOBIYHBIX CBEPXITPOBOIHUKOB.

OtkpbiTHe BbicOKOTEMIepaTypHoi cBepxmnpoBoaumoctu (BTCII) nokasano, dro
teopust BKIII k HHMM, MO-BUAMMOMY, HENPUMEHMMA, ITOCKOJIBKY B3aUMOJICHUCTBUE
anekTpoHoB ¢ (ononamu B BTCII Mmarepmamax Henb3sl cuutath clabbiM. B
HACTOSIIIEe BpEeMsl JIJIsl OMMCAHMS 3TOTO CIy4asi MPUOETaroT K UCTIOJIb30BAHUIO TEOPHUH
Onuambepra [25,94,95], nockoyibKy moclenHsisi Oblla MOCTpOEHA I Ciydas
CUJIBHOTO  3JIEKTPOH-(DOHOHHOTO  B3aWMOJEHCTBUA W B Ipenene  ciaadboro
B3auMoJiericTBusl coBnagaer ¢ teopuedt BKII. Tlpumenenune teopumn Dnuamobdepra K
BTCII, oanako, uMenI0 OrpaHUYECHHBIM ycmex. DTO OOCTOSTEIBLCTBO MOPOJIUIIO
OOJIBIIIOE YUCIIO TEOPUH, B KOTOPBIX 32 OCHOBY Opajicsi He raMUJIbTOHMAH 3JIEKTPOH-
¢bononHoro B3aumojenctus (1), a Apyrue TUNBI B3aUMOJIECUCTBHM, OTIMYHBIE OT
O®B. 311 paboThl B KOHEYHOM CUYETE CTOJKHYJIUCh C TEMH K€ MPOoOIeMaMU, YTO U
TEOpHsI CHIIBHOTO B3aUMOJICUCTBUS Diuamioepra.

B teopuun Dnumambepra manbsiM mapaMeTpoMm siBisieTcs oTHoeHue o/Eg, rae o —
¢dbononnas yactora, Ep — aneprust ®epmu. Ecnu w/Eg — 0, To KOHCTaHTa 3JE€KTPOH-

. -1 .
(OHOHHOIO B3aUMOJIEHUCTBUS O ~ W 2 - . Teopuss BO3MyIIEHHI TO 3TOMY
napameTpy MOCTpoeHa sl OOBIYHBIX BaKyyMHbIX (OHOHHBIX (QyHKuud | 0 > |
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KOTOpbIe OepyTcsl B KauecTBe HyJieBoro nmpubiuxeHus. Ho npu o — oo mpaBUIbHBIM
BBIOOPOM HYJICBOTO NpHOIMKeHust Oynet Boioop dyHkimu Ay| 0 >

Ay = cex 1 T A + 5
0 p > Ay Apg'Apr ¢y (5)
k'

rae Ao — omnepatop cxkaroro cocrosinus [44], [75], [96], [97]. Takum o6pazoM, Teopust
Onuanbepra, MOCTPOCHHAs JUIsl OOBIYHOTO Bakyyma, OyJeT JaBaThb COBCEM JIpyrue
pe3yabTaThl, Y€M TEOpHUs, MOCTPOEHHAs [JIs CKaToro Bakyyma. Pasymeercs, B
npenene cnaboil cBsa3M, koraa o — 0, pe3ynbTaThl IBYX TEOpuil OyIayT cCOBHAAaTh.
Opnako ¢ yBenuueHUeM o OyIeT pa3BUBAThCS HECTAOUIBLHOCTh 0030HHOTO BaKyyMa,
OMpeaesieMOro BakyyMHOW ¢GyHkuued | 0 >, ¥ mpu OnpeneaeHHOM KPUTHIECCKOM
3HAYEHHUH 0, 00pa3yeTcs HOBbII OO30HHBIN BaKyyM, ONpeAesieMblid PyHKIuER /TO|O>,
KOTOpBIN sIBJsiETCS 00Jiee€ HUBKOIHEPreTHUecKuM coctosinueM. [lo-Buaumomy,
BIIEpBbIE HAa BO3MOXKHOCTh HApyIICHHS Teopembl Murmana oOpaTusl BHUMaHUE
AnekcanapoB [37], KOTOpbI NMPUMEHUTEIBHO K TEOPUU CBEPXIPOBOJUMMOCTHA Ha
OCHOBE TEOpHUH TMOJIIPOHOB MaJIOrO pajhyca yKazaj, YTO BBHIOpaHHBIH Ha OCHOBE
TeopeMbl Mwuraana BaKyyM «HHUYEro HE 3HAET» O JPYrOM BaKyyme, KOTOPBIU
MIPEACTABISIET COOOM MOJSPOHHOE CYKEHHE 30HBI MPOBOJMMOCTH U OOpa3oOBaHUE
IIMP B HOBOM BakyyMe cxkaTbhiX coctosiHuii [80-84]. Ilo sToii mpuuuHe Teopus
Onuaiidepra MoKeT ObITh MaJio IpurogHou st o0bsicHeHust BTCII.

Uneiinas ocHOBa cBepXTeKyuecTH OblIa 3ajokeHa B pabotax Jlonmona u Tuccel
[98], [99], BnepBble cBs3aBIIUX (PyHIAMEHTAJIbHOE SIBJIEHHWE KOHJAEHcauuu boze-
OUWHIITEWHA CO CBEPXTEKYUeCThI0. Maes ke CBepXMmpoBOAMMOCTH, TPAKTYEMOM Kak
CBEPXTEKYUYECTh AJIEKTPOHHOU KUIKOCTH, Obla Bbicka3aHa Jlannay B padore [100].
B or1oii pabore Obl1 BHEpBbIE BBENEH CIEKTP 3JIEMEHTApPHBIX BO30YXICHHIMA
CBEPXTEKYyUYeH >KMJIKOCTHU, KOTOPBIA ObLI HAa3BaH POTOHHBIM W KOTOPBIA MO3BOJIMI
MIOCTPOUTh CTATHUCTHYECKYIO MEXAHUKY CBepXxTeKyuyero coctostHus. [ns Jlanmay
MepeHoc ujeid cBoel padOThl MO CBEPXTEKYUYECTH Ha CBEPXIPOBOIUMOCTH ObLI
3ampelieH pa3inyueM CTaTUCTUK: DepMU-CTAaTUCTUKH ISl SJIEKTPOHOB B METALIaX U
bo3ze-cratuctuku 111 aToMOB renud B KUAKOM renuu II. YckopuTh moctpoeHue
TEOPUH CBEPXMPOBOJMMOCTH Ha OCHOBE 0Oo03e-KOHJEeHcaTa Morja Obnl pabora
Bboronto6osa o cBepxtekyuectr [101], koTopas cBsizana sBiacHHUE 003e-KOHACHCATa
CO CBEpPXTEKYyYECThbIO, OJJHAKO B TO BpPEMs HE CYIIECTBOBAJIO MHpumepa 0Oo3e-rasa,
COCTOSIIIIETO U3 3aPSKEHHBIX O030HOB, HEOOXOAUMOTO JIJIsl CBEPXITPOBOUMOCTH.

Xopolo u3BeCTeH AanbHennii xoa coobituil: B 1950 1. 'uu30yprom u Jlanmay
Obula mocTpoeHa (eHomeHosornyeckass Teopusi cBepxmnpoBogumoctu [102], B
KOTOPOM MHUKPOCKOIMUYECKUN MEXaHU3M CBEPXIIPOBOJUMOCTH HE OO0CyXaaics,
MTOCKOJIBKY BO3MOYKHAsI €r0 IIPUpoJia Oblia HEU3BECTHA.

Hakonenn, B pabore bapauna, Kymnepa, Ipuddepa (BKII) [16]
MUKPOCKOTTMYECKUA MEXaHWU3M CBEPXIPOBOJAMMOCTU OBLT HAWJEH — 3TO MEXaHU3M
KYTIEPOBCKOTO CITAPWBAHMS JJIEKTPOHOB. KymnepoBckue mMapwl, SBISSICH OO30HAMH,
Ka3aJ70Ch ObI, MOTJIM BBITIOJIHATH POJIb YACTHUII, U3 KOTOPBIX COCTOUT 003e-Ta3, U TeM
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CaMbIM OOBEMHUTH TEOPUU CBEPXTEKYUYECTH U CBEPXIPOBOJAUMOCTU. DTOTO, OJHAKO,
He ciyumsiock. OtBeT OblT AaH B camoit Teopun BKII — pazmep kynepoBckux nap B
MeTajijlaX 0Ka3ajcs Tak OTPOMEH, YTO B KaXKJIOM Mape COAEPKaJICSI MUJUIUOH JAPYTUX
nap. Ha »ToM OCHOBaHMH aHaJoOTHUs MEXAY KOHJeHcAatoM bo3e-ODiHmTeiiHa u
CBEPXIPOBOAMMOCTHIO ObuTa B pabore [16] oTBeprayra. MHTEepec k Heil Bo3poauiics
ToJIbKO B 1986 . mocne oTkpeiTHs Miosuiepom n begHOpIiEM BBICOKOTEMIIEPATYPHOM
CBEPXIPOBOJAUMOCTH.

CripaBesIMBOCTH pajyl Ba)XXHO MOAYEPKHYTh, YTO BO3MOXHOCTH 0Opa3zoBaHUS
TAKOTO CHHTYJSIPHOTO KBAHTOBOTO COCTOSIHUSI, Kak 0o03e-KOHIEHcaT, Oblia
npenckasaHa DUHIITEHHOM Ha OCHOBE ero o0oOmieHus cratuctuku bose Ha ciydaii
KOHEYHOM Maccel 0Ooze-yactuilbl. Brutote 10 paboret BKII B (usuke
KOHJCHCUPOBAHHOTO COCTOSIHUS HE OBLIO MpUMepa 3apsKEeHHOT0 0030Ha ¢ KOHEYHOMH
Maccoil. [lepBbIM prUMEPOM BO3MOKHOT'O CYILIECTBOBAHUS TaKMX KBAa3MYaCTHI] ObLIa
KyIlIEpOBCKass Iapa, 4Yro u jgano Bo3MoxHOcTh BKIII moctpouts TeOpuro
cBepxmpoBoauMocTd. KynepoBckas mapa, kak ObUIO OTMEYEHO BBILIE, B CUILYy €€
MEPEKPBITUSI C JAPYTMMH HE MOTrJia ObITh HacTosied kBasuuactuiei. [lo stoit xe
npuunHe kak B Teopuu BKII, Tak m B Teopum boromro6osa [103] durypupyer
TOJIBKO OJHOAJIEKTPOHHBIA CIEKTp BO30YXJIeHuM (epMueBckoro tuma. Takum
oOpazoM, B pamkax teopuu BKIII, kak 310 u ObUIO yKa3aHO €€ aBTOpPAMH, TEOPHUIO
003€e-KOH/IeHCaTa MOCTPOUTD HEJIb3S.

B 70—80-x rogax mpouuioro Be€Ka B Ka4e€CTBE KBAa3WYACTHIIbI, IMEIOIIEH CBOMCTBA
3apspKEHHOTO 0030Ha, oOJajarome Maccod M CrocoOHOM 00pa3oBbIBaTH 003€-
KOHJIEHCAT B Y3KO30HHBIX KpUCTAJIaX, ObUT pACCMOTPEH OUITOJISIPOH MaJoro pagnyca
(BIIMP) [104].

PaboThl 0 CBEpXITPOBOAMMOCTH, OCHOBAaHHBIE Ha ujee 0o3e-koHieHcauu bIIMP,
B TEUECHHUE JJIUTEIBHOTO BPEMEHU Pa3BUBAIUCH AJIEKCAHAPOBBIM M TPYIIIONW €ro
koJuter [37], [58], [40], [105].

BBungy Oonpmioli maccet IIMP  u  BIIMP  temneparypa CII mnepexona,
ompenensiemas Temrepatypoit oopazoBanus bOK, nmomkna OwbiTh HHM3KOW. Ha 37O
obcToATeNnhCcTBO ObUTO  OOpamieHo BHUMaHMe B crartbsax [38], [39], [41],
kputukyromux teoputo CII, ocHoBannyro Ha [IMP.

[locne OTKpBITHS BBICOKOTEMIEPATYPHOU CBEPXIPOBOAUMOCTH Pa3BUBAIUCH U
IpYrue TMOAXOAbl, U3 KOTOPHIX HaWOOJBIIYI0 MNOMYJISPHOCTh MOJYYHJIa TEOPHUS
pe3oHUpYroMKX BaieHTHBIX cBsizelt (RVB)Anaepcona u t-j mogens [106, 107].

HecMoTpss Ha OOJBIIYI0O NPUBIEKATENBHOCTh 3TUX MOJENEH C TOUKH 3pEHUs
TEOpHUH, HAMPUMEP BO3MOKHOCTH HA OCHOBE OJIHOIO MPOCTOrO0 TaMUJIbTOHUAHA
onucaTh Kak MPOBOSIINE, TAK U MAarHUTHBIE CBOMCTBA KPUCTAIIOB, 1JIs OOBSICHEHUS
BTCII onu okazanuch Manod(p@PeKkTuBHBI, B YACTHOCTHU, caM (DAKT BO3MOKHOCTHU
cyuiectBoBanust CII ¢a3bl B 3TUX MOAEIAX HE MOJIYUUIT HAJIEAKHOTO TOKA3aTEIbCTBA.

BBuny Toro, uro HoBeWmue 3SKcrepuMeHThl [42, 43] CBUIAETENBCTBYIOT O
dbononHOU mpupoae MexaHuzma cepxipoBoaumoctd B BTCII ¢ pexkopaasimu T,
JalbHeiIee u3noxkenue ocHoBaHo Ha D®B. Byayum oOmmmu, paccmarpuBaeMbie
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TEOPETUYECKUE TOAXOABl MOTYT OBITh NIPUMEHMMBI W JUIS JAPYTHX THIIOB
B3aMOJICUCTBHSA, OTIIMYHBIX 0T DDB.

§3 Cayuaii ciadoro IPB. Teopus BKIII

B BKII pemraeTcss MHOTORJIEKTPOHHAS 3a7ja4a B MPEANOJI0KEHUH, YTO JIEKTPOHBI
B3aMMOJICUCTBYIOT TOJBKO C (DOHOHHBIM TOJIEM M HE B3aUMOJCUCTBYIOT IPYr C
npyrom. Takum oOpa3zoMm, paccMaTpuBaeTcs aHCaMOJib HE3aBUCUMBIX DJIEKTPOHOB B
¢bononnom mone. Takas xaptuHa BKII oGocHoBbIBaeTCcs GhepMU-KHIKOCTHOM
MOJENBI0 METAIIJIA, COTJIACHO KOTOPOW BMECTO CHIIBHO B3aWUMOJIEUCTBYIOIIUX APYT C
IPYTOM 3JIEKTPOHOB MOYKHO PaCCMAaTpUBATh HEB3AaUMOJAECHCTBYIOIINE KBA3UYACTHULIBI,
TO €CThb wuAcanbHBIA (epmu-ra3 B ¢GoHOHHOM Tone. OIHOIIEKTPOHHBIN
ramuiibToHuan @penuxa (1) B 3TOM cilydae MOKHO 3amucaTh B BUJIE, IPUTOJHOM IS
OMKCaHMS JIFOOOr0 Yucia 3JEKTPOHOB:

H= Z €pCps Cps + z w(q)ag a; + Z V, cpsCpsag + H.c., (6)
p,S q p.q,s
p'-p=q

Ep = pZ/Zm — Ep, w(q)=s0q ,

TJIE Cp s, Cps — OTEPATOPBI POXKICHNS M YHHUTOKEHHS SJIEKTPOHOB C MMITYJIECOM P H
CIIMHOM S, Sy — CKOpOCTh 3Byka. B (6) »Heprusi SJIEKTPOHHBIX COCTOSHHI
OTCUMTBIBAETCS OT YpoBHS Pepmu Ef.

B ciiyyae Metaninos, st KOTopbix ucnons3yercs bKI:

Vo = Glw(@)/2V)"2,

G — koHcTaHTa B3aumojenctus. [ns cmaboro D®B ¢ ucnosb30BaHHEM TEOPUHU
BO3MYILEHUI ornepaTopsl GOHOHOB A}, @, MOXKHO UCKIIOUMTL M IOJYYUTH BMECTO
(6) raMuUIbTOHHAH:

q

— +
H = z €p CpsCps
pIS

hw (k)
2 +
* Z Ve 2 2,2 C;+k.scp’—k,srcp’.s'cp,s (7)
p.p k.St (€p+k - Ek) —h*w?(k)

B teopuu BKIII nenaercst BaxxHOe MPUOJIMKEHUE: CUUTAETCS, YTO OCHOBHOM BKJIAJl

BO B3aUMOJEHUCTBUE BHOCAT TOJIBKO MPOLIECCHI B MHTEPBAJIE SHEPTUMN |8p — & | <

hwp BO6/M3U ypoBHS Pepmu, e ®p — aebaeBckas dactora ¢oHOHA. B sTOoM
WHTEpBaje SHEPruil KOG UIMEHT Tepe] dSJIEKTPOHHBIMH OINepaTOpaMU B UJICHE
B3aMMOJICMCTBUS 3aMEHSAETCS KOHCTAHTOM (.
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Teopuss BKIII ocHoBana Ha BbIOOpE MPOOHON (PYHKIHMH B BHUAC CYIEPIIO3HIIUU

KyIEepoOBCKUX map ¢ p = —p',s = —s'. Takum oOpazom, B BKIIl BMecto (7)

paccMaTpyUBaeTCs TaMUJIBTOHUAH

_ + + + _
H = Z €p CpsCps — G Z Cp+k,1C—p—k,1C-pl Cp1 =
D, Dk

+ + .+
Z Ep CpsCps — g z Cpr €1y z C_p'1Cp't- (8)
DS p P’

lamunbroHrMan (8) MOXHO JMAaroHaJIU30BaTh TOCPEJICTBOM KaHOHUYECKOTO
npeoOpa3zoBaHus:

— + _ +
CpT - uppr + vpf—p,li C—pl - upf—pl - vapT )
+ _ + + +
Cpt = UpSpr + VUpdpi, CXpp = UpSly L — UpSpr - 9)

B pe3ynbTaTe nis raMuibTOHHAHA (8) MOTydYaeTcs:

H=Eo+ ) By (G0 + 501801, (10)
p

!

p2

E, = (%—EF)2+A2, A=2gz Uy Vp,
P

up =1-v; = (1+¢,/E,)/2,

rJ€ WTPUX B BbIpAXKEHUU M1 A O03HAYaeT, 4YTO CYMMHPOBAHHE BEAETCS IO
COCTOSIHUSIM, JIEKAIIMM B TOHKOM CJIO€ TOBepXHOCTH DepMu, rjie B3auMOACHCTBHE
OTJIMYHO OT HYJIA, | V p|2 JIaeT BEPOSITHOCTH TOTO, UTO cocTosinue (pT, - pl) 3aHsTO, @
|u,|* — BeposITHOCTH TOTO, U4TO OHO CBOGOTHO.

[TomyyeHnHble pe3ynbTaThl OTBeHalOT ciay4yaro 1=0. B wacTtHOCTH, 3Heprus
OCHOBHOTO COCTOSIHMSI PacCMaTpUBAeMOl CHUCTEMbI, OTCUUTHIBaeMas OT JHEPTUU
CUCTEMBbI B HOpMaJIbHOM cocTosinuH (T.e. ¢ A=0), paBHa:

1 1
E =< ¥ |[H|¥ >= —=N(0)4?, A =2h (——),

¥ >= T[], pnUp + Vpcprct, )]0 >, (11)

rae N(0) — mIOTHOCTh 2JIEKTPOHOB Ha ypoBHe depmMu B HopmasibHOUM (aze, N —
YHCJIO AJIEKTPOHOB.

Takum oOpa3om, oOpa3oBaHUE CIAPEHHBIX COCTOSIHMI MPUBOJIUT K MOHMKEHUIO
SHepruu cuctems! Ha BenmunHy N(0)A%/2 U BOSHHKHOBEHHIO CBEPXIIPOBOIMMOCTH.
W3 (10) ciemyer, 4TO IMIOTHOCTB 3JIEMEHTapHBIX BO30YykaeHui p(E,) — oo npu E, —
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A. B THU-6unonsponnoit teopun CII 310 cooTBercTBYeT o0Opa3zoBaHuio 003e-
KOHJIEHCaTa CIApPEHHBIX 3JIEKTPOHOB C OECKOHEYHOM IUIOTHOCTBIO COCTOSIHUW MpU
SHEPTUHU, PaBHOM YHEPTUU OUTIOJIAPOHA, KOTOPAsk OT/I€JICHA IIEJIbIO OT HEMPEPHIBHOTO
CHEeKTpa BO30YKJICHUH.

Bomnpoc o0 yucne crapeHHbIX 3JIEKTPOHOB, TO €CTh KYIEPOBCKUX Iap, B TEOPUU
BKIII B pa3HBIX MCTOYHMKAX TPAKTYeTCs NO-pa3HOMy. Tak, Hampumep, 4acTo
yTBepxkaaercs (cM., Hanpumep, [108]), 4TO 3MEKTPOHBI CHAPEHBI TOIBKO B Y3KOM

4
cinoe noBepxHoct dPepmu Tak, 4yTto uX 4ucio Ng paBHO Ng = E—N Npu A/Ep =~
F

10™* cnapeHHBIMM OKa3bIBAETCS JIMIIL HEOOIBIIAS OIS SIEKTPOHOB.
. N
Teopus BKII, oanako, gaer oaHO3HAuHBIM oTBeT: mpu T=0 Ng = ) (daro

HETNIOCPEICTBEHHO CIEAYET U3 BbIpaXkeHUs 171 BoJIHOBOM (pyHkuuu (11)), To ecth Bee
AJIEKTPOHBI HAXOJATCS B CHAPEHHOM COCTOSIHUU.

YToOBI paspemnTs 3T0 NPOTUBOPEYHE, PACCMOTPUM BKJIAJ W, B IIOJHYIO DHEPTHUIO
CBEPXIPOBOJAHHUKA, KOTOPBII BHOCHUT Mapa B cOCTOsIHUM (pT, - pl):

w,= &—E, (12)

13 (12) cnenyer, uro w,,, = —A. B HopmanbHOM cocTosiunu (A=0) Takas mapa
BHOCHIA  Obl  sHeprmio W, =0, TO ectb Sw,, =w; —wp, = —A.
COOTBETCTBEHHO, Ha JAHE 30HBI MPOBOAUMOCTH, TO €cTh npu p=0 u3 (12) nomyunm:
wj = —2Ep — 4?/2Er. B HOpManbHOM COCTOSHMM Takas Mapa BHOCUIA Obl
sHepruto w) = —2Ep. CooTBercTBeHHO, dW=w§ — w) = —A?/2E.. Orciona
CJIEy€eT, YTO Mapbl, HAXOASIIMECS B MIyOMHE MOJ NOBEPXHOCThI0 DepMU BHE CIIOS
mupuHor A, B mpubnmxenun BKIL BHocsAT ouens manenbkuii Bkiaj B 3Hepruto CII
nopsaka dwg/6wp, = A/2E #~107*% ot TOro Bkiana, KOTOPBI BHOCAT HAPHI B CJI0€
A. Takum 00pa3zoM, xoTs Bce 1ekTpoHbl B BKIII cnapensl, ux BKIag B 3aBUCUMOCTH
OT PHEpPruM napbl OyAET pa3HbIM — OTIMYHBIM OT HYJIS OH OyJIET TOJbKO B TOHKOM
cioe noepxHocTd dDepMu. ITUM UM pa3pelIaeTcs yKa3aHHOE BBILIE MPOTHUBOPEYHE:
XOTS BCE JIEKTPOHBI CIIAPEHBI, BKJIA/l B SHEPTHIO JAET TOJIBKO HEOOIBIIOE YUCIIO Tap:
N,=NA/Ef, xotopoe u Ha3biBatoT «4uuciiom nap» B CIIL.

[To aTO¥ mpuymHE, 4TOOBI HE COBEPIIMTH OUIMOKM TMPHU pacuere Kakou-inbo u3
xapaktepuctuk CII, Korla OTBET HEOYEBHU[ICH, CIIEIYET BKIIOYATh B PACUET BCE
CIIAPEHHBIE COCTOSIHUS DJIEKTPOHOB.

Hanpumep, npu pacuere JIOHIOHOBCKOW TIIyOMHBI MPOHUKHOBEHHUS MArHUTHOTO
nonst B CII B teopum BKI, B ee pacuer cienyeT BKIKOYATh BCE CHAPEHHBIE
COCTOSIHUSI DJICKTPOHOB, a MpPH pacyere KPUTUYECKOIO0 MArHUTHOIO TOJIA, MPH
KOTOpOM TIipoucxoaut paspyuienue ClI, 1ocTaTouHo uX OIIEHKHU B ciioe A.

OTMeTHM, 4YTO B HEABHUX JKCIEepUMeHTax boxoBuua [43] ObUIO MOKa3aHO, YTO
BKJIaJl B JIOHAOHOBCKYIO I1yOuHy npoHukHoBeHus B BTCII naet Tonbko HeOoblas
JOJIsI TIOJIHOTO 4YHUCla JJIEKTPOHOB. JTO o3Haydaer, 4uro Tteopus BKIUI x Hum
HEMIPUMEHUMA W B3aWMOJICUCTBUE HENB3sl CUMTATh CIa0bIM. DTOT BOMPOC MBI
paccmotpuM B § 11.
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§4 'amuabToHnan Ilekapa-®péanxa. Kanonnyeckue npeodpazoBanusi

[Ipexne yem mnepeiitn k u3znoxkenuto teopuu CII B mpexpene cuinbHOro ODB,
IaauM KpaTKui 0030p pe3ynbTatoB Teopun TH-0UmossipoHoB.

[Ipu ommcanum OumnossipoHoB, ciuemys [69-71], [109], Oymem wucxoauth Wu3
ramuipToHnana llekapa-®pénnxa B MAarHUTHOM I10JI€E:

1 e 2

H=oe (Pi——41) + %(ﬁz - SAZ)Z + Zhwg afa+  (13)
k

Z(Vkeikrl a, + Ve 2aq, + H.c.) + U(Jry — 15)),
k

82

U(lr —r =
(l 1 Zl) Eoolrl_rzll

rie Py, 71, P2, T2 — AMIYJIbCH M KOOPAMHATHI IIEPBOTO M BTOPOTO AJICKTPOHA,

A, = A(ry), A, = A(r,) — BEKTOpP-TIOTEHIMAA BHEIIHETO MAarHUTHOTO IO B
TOYKaX HaXOXIEHUS MEPBOTO U BTOPOTO 3JIEKTPOHOB COOTBETCTBEHHO; BennunHa U
ONMCHIBAET KYJOHOBCKOE OTTaJKMBaHWE MEXAY OJJIEKTpOHaMU. Mbl 3anucaiu
[Namunbronuan (13) B obmem Bune. B ciiyuae BTCII, koTophle SBISIIOTCS MOHHBIMU
Kpuctauiamu, Vi, — (QyHKIUS BOJHOBOTO BEKTOpa Kk, COOTBETCTBYIOIIAS
B3aMMO/ICHCTBUIO JIEKTPOHOB C ONTUYECKUMU (DPOHOHAMMU:

e |2mhw,  hw, 4ma ., 2mwo. ; 1 e’u
Ve=7 = =127 u=( ) A=, (14)
k. €&V kul/z* v h 2 hw,
=1 _ =1 _ -1 0 _
€ —_ EOO - EO ) U)k —_ wo,
rIe € — 3apsaa  OJEKTPOHA, €, U €y, — BHICOKOYACTOTHAS U CTaTHYECKas
JIMDJIEKTPUYECKAE  MPOHMIAEMOCTH; 0O — KOHCTaHTa  3JIEKTPOH-(POHOHHOIO

B3aUMOJICUCTBUS; V — 00BEM CUCTEMBI, Wy — YaCTOTA ONTHUYECKOro (POHOHA.

Ocp z BbIOpaHa BAOJb HaNpaBiICHUS HWHAYKUUM MAarHUTHOro mnonst B, u
HCIOJIb3YETCSl CHMMETPUYHAS KaTMOPOBKa

1
A] = EB X rj

s j = 1.2, Jns paccMaTpuBaeMOro HHUKE CHHIJIETHOTO COCTOSIHHMS OWIIOJISIpOHa
BKJIaJl OT CIIMHOBOI'O CJIaraéMoro paBeH HyJIIo.

B cucreme nienrpa macc ramuwibTonuad (13) npumer Bua:
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1 2e

H = ——A)% + ' % —iA 2 howlal 15
R) (pr 2c r) + (‘)kakak-l' ( )
k

2M, 21Le

kr .
Z 2V cos—- (axe™R + H.c.) + U(|r]),

Kk
r+r,
R = > r=r,—1, M,=2m, y, =m/2,
1 1
Ar = EB(—y,X, O), AR = E B(—Y,X, 0),
S . . DP1— P .
Pr =Py + P, = —ihVy, pr=T=—thT.

rae x; y 1 X; Y — KOMIIOHEHTBI BEKTOPOB ¥, R COOTBETCTBEHHO.
[TogBepruem ramunbTOHMAH H KaHOHHYECKOMY IMpeobOpaszoBanuto ['eitzenOepra

[110], [111]:
S, =expi (G - Z ka,}“ak> R, (16)

- Ze =
G=PR+TAR' PR=ﬁR+zhkaltak, (17)

rae G — BenmMuYMHA, KOMMYTHUPYIOIIAs ¢ TAMWIBTOHHAHOM M ITO3TOMY SIBJISIOLLIASCS
COXPAHSIONIEHCs BETMYMHON, T.e. c-4iCIoM, Py — HONHBIA MMIYIbC B OTCYTCTBHE
MAarHuTHOTO TOJIS.
B pesynbrate neiicTBus SqHa ONepaTop MO NOJIYUYHM:
—ikR
)

S7la,S; = ae Sttais; = afet k. (18)

COOTBETCTBEHHO, Ipeobpa3oBaHHbli ramunsronnan H = S;1HS; npumer Buj;

~

H =

2e
__AR)Z - __Ar)z (19)

2M, 21,

Z hw) apa, + z 2V, cos (ak +a;) + U(|r)).

B nanpHeiimem Oyaem mosiarath

G=0. (20)

®usndeckuil cMbIca yciaoBus (20) cCOCTOMT B paBEHCTBE HYJIIO MOJHOTO UMITYJIbCa
(T.. OTCYTCTBHE TOKAa) B 00beMe 0Opasia. DTo TpeOoBaHUE BHITEKaeT u3 d(deKkra
MeiicHepa, corsiacHo koTopoMy ToK B o0beMe CII moikeH ObITh paBeH HYO. Mbl
UCIIONb3YyeM 3TOT (akT B paznesie 8§ Mpu OMNpeNesICHUH JOHIOHOBCKOW TJTyOHHBI
MPOHUKHOBEHUS A.
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bynem  wuckate  pemieHume — craudoHapHoro — ypaBHeHus — Ilpénunrepa,
COOTBETCTBYIOIIETO raMuiibTOHUaHy (19), B Bue:

IPH(rf R, {ak}) = ¢(R)WH=O(r1 R, {ak})' (21)

2e (R
¢(R) = exp <_lh_cj Apr dR’),
0
llquo(T',R, {ak}) = Eb(?‘)@(R»{ak}),

rme Yy_o(r,R,{ay}) — BomHOBas ¢yHKIUS OUNOISIPOHA B OTCYTCTBHE
MarHUTHOTO TIOJS.

SIBubrit Bun dyukuuii Y (r) u O(R,{a;}) npusenéu B [44],[69-71].
Vepennernne H no BonHOBEIM ByHKIHAM G (R) u Y(r) maér:

-1 N
H= (Z hkaia,)? + z ha@y, ajf ay, + (22)
2M, - -

ZVk(ak+a,j)+T+U+ﬁ,
k
rac

2

e —
W\ -ar) |9, T=wuomw, @)

_ o 2he
hédy, = hwy + ——(P|kAg|P).
M,c
B nanwpHeiimem B 3TOM pasneine OyaeM nosarath h=1, w,g =wyo=1,M,=1. U3
(22) cnenyer, 4yTO OWMOJSPOHHBIM TaMUJIBTOHMAH OTIMYAETCS OT MOJISPOHHOTO
raMUJIbTOHHAaHa 3aMEHOM B TMocleaHeM BenuuuHbl Vi, Ha V), u gobGaBieHuEeM K
NOJApOHHOMY ramunbsTonuany T, U, I1.
C ucnonp3oBaHueM KaHOHHYECKOTo npeobdpaszoBanust Jlu, Jloy u [laitHca:

S, = exp {z fie(az — ak)}» (24)
K

rac fk — BapualyOHHBIC MMapaMCTpbl, HUMCIOIHWEC CMBICI BCIWYHUHBLI CMCIICHUSA
OCIHUJIIIATOPOB IIOJIA U3 CBOUX PABHOBCCHBIX MOJI0KCHU I

Sy arS, = ag + fi S;tagS, = ai + f (25)

~
~

JJIA TaMUJIbTOHHAaHa H:
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i)

= S;1HS,, (26)
H=H,+H,

IMOJIYYHM:
_ L, 1 , o
H0=22kak+2fka)k+z Ekfk +.7'[0+T+U+H,
k k k

1
Ho = Z Wy ag ay + Ez kK fife(acae +atal +afay +anar),  (27)
k ok’

rac
~ kZ 1 £2
0y =wk+7+k2k f2. (28)
kl

I'amunbronnan H; comepuT JIMHEIHBIE, TPOMHBIE U YETBEPHBIE O ONEpaTopam
POXKJIEHUS W YHUYTOXEHUs WwieHbl. Ero siBHbI Buj npuBeacH B [44], [75] (cm.
[Tpunoxenue).

Jlanee, kak moka3zano B [44], [75], wuCHOJb30BaHHME KAHOHHUYECKOTO
npeobpazoBanust boromoboBa—Tsa6mukoBa [112] nms mepexodga OT OmepaTopoB
ay, a; K HOBBIM OIIEPATOPAM QA , Ay :

ax = z My g + Z My g
7 7

a; = z M;kklaltl + z Mzkk’ak’, (29)

B KOTOphIX H, — JAMAaroHalbHBIA OIEepaTop, OOpalaeT B HOJb MaTeMaTHYECKOE
oxkunanue H; B oTcyTcTBHE BHEmHEero MarHuTHoro nouist (cM. [Ipunoxkenue). Bxian
H; B ciekTp npeoOpa3zoBaHHOrO TAMUIIBTOHUAHA, KOT'/1a MATHUTHOE T0JI€ OTJIMYHO OT
HyJIs, 00Ccyx)aaeTcs B §5.

B HOBBIX Omeparopax j, o TaMHILTOHUAH (27) IPUMET BU;

s

— +
= Ebp + z UV O Oy,
k

Ebp=AET+ZZkak+Zakka+T+U+ﬁ, (30)
k k
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rae A E, — tak Ha3piBaeMas "sHeprus otnauu’. OOmiee BeipakeHue it A E,. =A
E,{fi} Obu10 monyyeno B [75]. KoHKpeTHbII pacu€T 3HEPrHUr OCHOBHOTO COCTOSHHS
E}, ocymecTisieTcs nocpencteoM MuauMusanuu (30) mo fy m Y u B OTCYTCTBHE
MarHuTHOTO MMOJIsl ObUI poBeEH B [69-71].

3aMeTuM, 4TO B TEOPUU MOJSPOHA C HAPYUICHHON CHUMMETpUEN IHharoHaJbHbBIN
ANEKTPOH-(DOHOHHBINA ramuiabToHHaH umeeT Bua (30) [113]. DTOT ramuiabTOHHAH
MOJKET ObITh MHTEPIPETUPOBAH KAaK TAMWJIBTOHUAH TOJISPOHA U CUCTEMBI CBA3aHHBIX
C HUM IEPEHOPMHUPOBAHHBIX PEAbHBIX (POHOHOB WUJIM KaK raMUJIbTOHMAH, KOTOPBIN
o0nagaeT CIEeKTPOM KBa3WYaCTHUYHBIX BO3OyxkaeHUH, onpenensieMbim (30) [114]. B
MOCIEAHEM Ciy4dae BO30YKIEHHBIE COCTOSIHHS TMOJISIPOHA MPEJCTaBISAIOT COOOU
(hepMueBCKUE KBa3UYACTHIIHI.

B cnydae GumnosisspoHa CUTyalds CTAaHOBUTCS Ka4€CTBEHHO OTJIMYHOM, MOCKOJIBKY
OUTOJISIPOH sIBIIsIETCSl O03e-yacTulie, uen cnektp onpenensercs (30). OueBuaHo, ras
W3 TAKUX YACTHUI[ MOYKET MCIBITBIBATh KOHAEHCAIMIO bo3e-DiHmreiHa. TpakToBKa
(30) xak OWMNONSAPOHA W CBA3AHHBIX C HHUM IE€PEHOPMUPOBAHHBIX (DOHOHOB HE
npenstctByeT ux BOK, mockonbky Tpedyemoe mist BOK moctosHCTBO yacTuil
aBTOMATHYECKHU BBITIOJTHSETCSA BBUJY  KOMMYTAallUU MOJIHOTO qyucia
MePEHOPMHUPOBAHHBIX (POHOHOB ¢ raMuIbToHHAHOM (30).

Bxoasmue B (30) nepeHOpMUpPOBAHHBIE YACTOTHI vV, cornacHo [44], [75], [115],
OMPENEIISIIOTCS CEKYJISIPHBIM YPaBHEHUEM JIJIs1 BEJIMUUHBI §:

k2
~3 Z s ik(z) k 3D
K
peleHyst KOTOPOro JAI0T CIEKTp 3HaueHuit s = {vi}.
§ 5 Dnepreruyecknii cnekrp THU-Ounossipona
[Namunbronuan (30) y1oOHO PenCcTaBUTh B BUJIE:

H= Z E, ot oy, (32)

n=0,1,2...

Ebp, n= 0,

E. =
" Un:Ebp‘kan,niO;

(33)

TJIe B clTydae TPEXMEPHOTO HOHHOTO KpHucTaiia k,, — BEKTOp ¢ KOMITOHECHTaMHU

k, =+——, n,=12,..,—+1, i=x,9,2 (34)
' Ny, 2
Ny, — wuucio aromMoB BIOJL -OM  KpucTamiorpaduueckoin ocu. Jlokakem

CIIPaBEAIMBOCTE BhIpaxenus s crekrpa (32), (33). ITockonbKy oneparopsl o, o,
MOTYMHSAIOTCSI 003EBCKUM MEPECTAHOBOYHBIM COOTHOIICHUSIM:
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[an, 0(;;/] = ana:;/ — 0(:;,0(,1 =0pn', (35)

TO WX MOXHO CUMTATh OIepaTopaMu POKICHUS M YHUUTOXKEHHUS TU-OUTIONsIpOHOB.
Oueprernueckuit  cnekrp TU-OounonsiponoB, corimacio (31), omnpenensercs
ypaBHEHUEM

F(s) =1, (36)

rac

. nfkn kn
Fs) = 32 s—a)k

VYpaBuenue (36) ynobno pemars rpadpudecku (Puc.1):

F(s)

2 ) 2 5
Viu Viz Vis \ Vi

‘
> TP Viz2 Ter2 [
ool | \|es \|25 || 2 ‘.

Puc. 1. I'paduueckoe pemienue ypaBuenus (36).

W3 puc. 1 caemyer, 9TO 9acTOTHI Vj —JIEKAT MEKIY YaCTOTaAMH Wy H Wk, . .-
Takum 00pasoM, CHEKTP Vi , KaK U CHEKTP Wy , ABISETCS KBa3UHEIPEPHIBHBIM:
Vg, — Wi, = O(N ~1), uto M nokasbIBaeT cupaBeaauBocTh (32), (33).

Otcrona cnenyer, 4ro cnektp TH-OunonsgpoHa MMeEeT HIeNb MEXAY OCHOBHBIM
COCTOSIHUEM E}pp, M KBa3MHENPEPBIBHBIM CIIEKTPOM, PABHYIO Wy.

B orcyTcTBHE BHEIIHETO MAarHUTHOTO IOJISI BXOJSIIHME B BhIpAXKEHUE IS Wy, (28)
byHKIUM f;, HE 3aBHCAT OT HampaBleHUs BOJIHOBOro BekTopa k. Ilpm Hammunu
BHEIITHETO MArHUTHOTO TOJS f; HENb3s CUMTaTh M30TPOIHON  BETUYHMHOM,
COOTBETCTBEHHO, HEJIb3s IMOJaraTh PaBHbBIM HYJIO MOCIEAHUN YJIEH B BBIPAXKECHUU
(28) mnst wy. Kpome Toro, yrioBasi 3aBUCUMOCTh B CHEKTPE W) B MArHUTHOM IIOJIE
COIIEPKUTCS M B 4IEHE Wy, BXOJAUIEM B BEIUYUHY wy. B cuiay Toro 4ro B
paccMaTpUBaEMON HM30TPOIHOM CHUCTEME HUMEETCS TOJIBKO OJHO BBIIEJIEHHOE
HaIpaBJICHUE, 33]]1aBa€MO€ BEKTOPOM B, 11t w;, u3 (28) momyuum:
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Zk% |

2M, M

Wi, = Wy + (Bkn) (37)

n
r7ie 1 — HeKoTopas CKaJsIpHas BeludyuHa. 3aMeTum, 4To BkiIan H; B cruektp (37)
npuBOAUT K 3aBucuMoctd 1) oT |k| u (kB). Jlns cnaboro MarHHUTHOTO IOJS B
JUTMHHOBOJIHOBOM TIpefiesie (Korjaa MPUMEHUM raMUJIbTOHUAH Dpenrxa) Mbl MOXKEM
npeHeOpedh TaKOH 3aBUCUMOCTBIO U CUUTATH 1] TOCTOSIHHON BETUYMHOM.

JIsi MarHUTHOTO TOJISI, HAMPAaBJICHHOTO BJAOJb OCH Z, BbIpaxeHue (37) MOXKHO
MPEJICTABUTH B BUJIC:
2 2 B2

h
+ —(kzn + kg)z + Z_I\/Ie (k%n n) hZM

Dr 2M,

= Wo (38)

n

OtmeruM, uto Gopmyiy (38) MOKHO 00OOIIUTH HA AKTyaJIbHBIA B JalIbHEHUIIIEM
aHM30TPOINHBIA Cy4ad, KOorga B HanpaBieHusx ky u ky: Mg, = M., = M, a B
Hanpasnenuu k,: M,, = M, (§8).

®opmyina (38) B 3TOM cllydae MpUMET BU/L:

2 2n2
|
— 0N2 2 !
CCJIM MAaroHuTHOC I10JIC HAITPAaBJICHO BAOJIb OCH Z, U
2 hZ h2 rl2B2
= o+ 5k + o (kg + kD == k2 =i —, (38"

€CJIM MarHUTHOE TI0JIE HAIIPABJIEHO 110 OCH X.

Huxe ™Mbl paccMoTpuM ciydaid HHM3KOM KOHLEHTpauuu TH-OunosisipoHOB B
Kpuctaje. B a3Tom ciyuae, kak OyJeT OKa3aHO B CIEAYIOIIEM pasJiele, C XOPOLIEi
TOYHOCTBIO MOHO paccMaTpUBaTh UX KakK MAEalIbHbINA 003€-ra3, CBOMCTBA KOTOPOro
OTPENEIISIIOTCS TaMIUJIbTOHUAHOM (32).

§ 6 Heuneanbusiii raz TU-0unoJispoHos

bynyun 3apspkeHHbIM, Ta3 u3 TH-OMMOISIpOHOB HHKaK HE MOXET OBITh
HJIeaIbHBIM, ITOCKOJIBKY MEXKy OMIOISIPOHAMH JOJDKHO CYIIIECTBOBATh KYJIOHOBCKOE
B3auMojercTeue. M3 Teopum HeWAEAIbHOrO Tra3a M3BECTHO, YTO  Y4YET
B3aMMOJEHUCTBUSA MEXIY YACTUI[AMHA MPUBOJIUT K KAYECTBEHHBIM U3MEHEHUSAM B €T0
criekTpasibHbIX cBoiicTBax. CornacHo [101], gaxe B ciiyyae KOpOTKOJIEUCTBYIOILIETO
B3aNMMOJECHUCTBUA YUYET IMOCIEAHETO0 MPUBOAUT K TMOSBJICHUIO B CIIEKTPE IIEIIH,
OTCYTCTBYIOIIIEH B HjcadbHOM Taze. Emé Oosiee 3HAUUTENHHBIX U3MEHEHUN MOMXKHO
0XKHUJAaTh NPU HAIUYUHU JAITBHOACKUCTBYIOLIETO KYJIOHOBCKOTO B3aMMOIEHUCTBUA. B
ATOM pa3aese Mbl OTPAHUYUMCS OTCYTCTBUEM MAarHUTHOTO TOJIA.

Jlormyeckas cxema pa3BMBAa€MOTr0 HUKE MOJIX0/1a TAKOBA:
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a) BHayaje paccMaTpuUBaeTCs YacTHBIA CIllydail, KOTJla HUMEIOTCS TOJIbKO JBa
AJIEKTPOHA, B3aUMOJICUCTBYIOIMUX C (POHOHHBIM TOJIEM. JTO KJIacCHYecKas 3ajiaya o
ounossipone [44];

0) 3areM paccMaTpUBaeTCs MHOTIODJIEKTPOHHAs 3ajada, MPUBOJAIIAS K
npencTaBlieHu0 0 (epMu-KuakocTu. Jlns 3TOM MHOTOANEKTPOHHOM 3ajauu
paccMaTpuBaeTcs Ciay4yall JABYX JOIOJHHUTENbHBIX 3JEKTPOHOB, HAXOMSIIMUXCS Hal
noBepxHOCThI0 Depmu (BOIM3M MOBepxHOCTH) cBsizaHHbIX DB (3amaua Kymepa)
[116];

B) JajJ€€ CUMUTAETCA, YTO IOYTH BCE AJIEKTPOHBI, JIEKAUIUE B IHEPreTUYECKOM
cioe [E F+ Epor E F], rae Er -oneprus  ®@epmu, E,, —dHEprus MOJSIPOHA,
HaxonATcd B TH-MOASpOHHOM COCTOSIHUU; COOTBETCTBEHHO, BCE 3JIEKTPOHBI B Y3KOM
cioe  |Ep + Ep,/2 — 8E,Ep + Eyp/2 + 6E|, 6E >0, maxomares B TU-
OUNOJIPOHHOM COCTOSIHUH, rae Epp — SHEPrus TU-6unonsipoHa.
CKOHJICHCUpPOBaHHBI OUIOJISIPOHHBINA Ta3 MPUBOJUT K OECKOHEYHON IUIOTHOCTH
AJIEKTPOHHBIX COCTOSIHUI B 3TOM CJIOE;

r) OUIOJSIPOHBI PAcCMATPUBAIOTCS KakK 3apsDKEHHbIE OO30HBI, MOMEIIEHHBIE B
AIIEKTPOHHYIO bepMHU-KUIKOCTb (MONSIPOHHBIN ras), AKPAHUPYIOILYIO
B3aMMOJCICTBIE MeXAy OWIOJNIApOHAMH, M 3aJadya CBOAMUTCA K 3ajade o
HEUJealbHOM 3apsKEHHOM 003e-Tase;

1) HAICHHBIN CHEKTP TAaKOM 3aJlayd MCHOJIb3YeTCs JUIs pacué€ra CTaTUCTUYECKHUX
CBOMCTB raza u3z THU-0unosspoHoB.

YToOBl MOCTPOUTH TEOPUIO HeuaeanbHOro raza TH-OunosiipoHOB, HEOOXOAMMO
3HaTh CIEKTP COCTOSHUU oTaenbHoro TH-OunossipoHa B mosisipHOM cpepe. ITOT
BoIpoc ObuT nojipodHOo paccmoTped B [117, 118] (§5). Kak nokazano B [116], aToT
CHEKTP COCTOSIHMM OyJeT TeM e cambiM, 4yTo U TH-OMnossipoHOB, 00pa3yrommxcs
BOM3u moBepxHoctu Depmu. Takum obpazom, TU-Oumonsiponsr B cinoe [Ep +
Epp/2, Ep] MOXHO paccMaTpuBaTh Kak TH-OMIONSApOHHBIA 003€-ra3, HaXOAAIMACS B
nossipoHHoM rase [119]. Ecnu cunrars, yto TU-O0uMnonsspoHsl HE B3aMMOJIEHCTBYIOT
Ipyr € JAPYyroM, TO TaKOW ra3 MOXHO CUMTaTh HAealbHbIM. Ero cpoiicTBa OyayT
MOJIHOCTBIO ONPENEIIEHbI, €CIIU U3BECTEH CIEKTpP oTAeNbHOr0 THU-0unonspona.

[Ipu paccMOTpeHUHM TEOPUHM HICATBHOTO ra3a M CBEPXIIPOBOJUMOCTH HA OCHOBE
6o3e-yactuil w3 TH-OUMONSPOHOB  KYJOHOBCKOE  B3aUMOJCHCTBHE  MEKIY
AJIEKTPOHAMM YYMTHIBAETCS TOJBKO B Mapax, T.e. MPH PacCMOTPEHUM 3afadud 00
OT/ICJIbHOM OunoJisipoHe. ['aMUIIbTOHUAH TaKOW CHCTEMBI corjlacHo [44], [118] umeer
BH/I:

H, = Z ER O Ay, (39)

k
& = Epplro + (0o + Epp + k2/2M,) (1 — Ao), (40)

TJIE A, A — ONEPATOPBI POKACHHUSA ¥ YHHUTOKEHUS TH-OUIIONAPOHOB: & — CHEKTP
TU-6unonsapoHoB, MOAy4eHHbIH B §5; wy(k) = w, dHeprus onTHUeCKOro (poHOHA;
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Apo=11a k=0wu Ay =0 mna k # 0. Berpaxkenue (39), (40) MoxHO nepenucars B
BUJIE:

Hy = Eppalag + z (wo + Epp + k?/2M, )0 oy, (41)
X

rje WTpUX B cymMMmMe B TmpaBoi yactu (41) o3Hadaer, 4To0 B CYMMHUPOBAHHUU
orcyTcTByeT uieH ¢ k = 0. Boimenenue B (41) uinena ¢ k = 0 COOTBETCTBYET
BbIJICJIEHUIO 003€-KOH IeH caTa, TIe:

ap =+/No , (42)

Ny — unucno THU-OumnonsspoHOB B KOHACHCATHOM COCTOSHUHU. TakuMm o00Opazom, B
TEOPHUHU UJEATBLHOrO Tasa u3 TH-OMIONAPOHOB MEPBBIA WIEH €CTh MPOCTO Ejpy,Ny.
[Ipu mnocTpoeHun TeopuM HeujeanbHoro ©Oo3e-raza TU-OunonsipoHoB Oyaem
UCXOJIUTh U3 FraMUJIbTOHUAHA!

! !

H = Epro. + z ((1)0 + Ebp)a,t 047 + z tka,t (067
k k

!
+1/2V Vie Qi O, Ot Ol
e Qg7 e Qe 4 e X" O

k

t, = k?/2M,, (43)
B KOTOPOM K ramuibToHuany H, (41) moGamieH mocieaHUil 4jieH, ONMMCHIBAIOIIMIMA
B3aUMOJICUCTBUE OWUMOJSAPOHOB, V,— MaTpuUUHBIA 3JIEMEHT B3aUMOJEHCTBUS
ounonsiponoB. Ilocmegnue nBa wumeHa B (43) B TOYHOCTU COOTBETCTBYIOT
raMUJIbTOHHAHY 3apsbkeHHoro 0Oo3ze-raza [120]. Craemys craHmapTHOM mpolexype
BbIJICJICHUsI 003€-KOHIeHCaTa, MOMy4nM U3 (43) raMuIbTOHUAH:

!/

H = E,,Ny + z (wo + Epp) 0 0 + (44)
k

z [(tx + 1oVt ay + 1/2nVi (ao_y + ajat,)],
K
rae ny = Ny /V — mioTHOCTh YacTuil B 003e-KOH/IEHCaTe.

Janee, c ucnoyib3oBaHueM npeodpazoBanus boromato0oBa:

O(k = ukbk —_ vkbi-k' (4‘5)
U = [t + oV + €) /26,2,
v = [(tr + 1oV — ) /26, ]Y%, er = [2noVity + tZ]/?

B HOBBIX OII€paTOopax MOJy4YHUM raMUJIbTOHHUAH
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H = Ey,No + Uy + Z (wo + Eyp + €)bit by (46)
k

Up = z (ex — tx — Vi),

k
rne Uy— sHeprus OCHOBHOTO COCTOSIHMSI 3apsDKEHHOTO 0Oo3e-rasa 6e3 yuéra ero

B3aMMOJICUCTBHUS C MOJsIpU3aliiend Kpuctamuia. Takum o0pa3oM, CIeKTp BO30YKICHUM
HeuzeanbHOro raza TU-0UnoisspoHOB UMEET BUI:

Ex = Epp + g + (0o (k) + K*/4MZ + k2Vino/M, ) (1= Aro), (47

rne ug =U,/N, N — mnonHoe 4HClIO dYacTull. EciM OTCUUTHIBATH HHEPTHUIO
BO30YKJICHUM OT PHEPTUU OCHOBHOI'O COCTOSIHHSI OMIIOJISIPOHA B HEUJEAIHLHOM rase,

nonarast A= Ej, — (Ebp + uo), To s Ay ipu k # 0 momyuum:

A= wo (k) +  k*/4M2 + k2V,,ny/M,. (48)

[TonmydyeHHslit crnexkTp o3Havaer, yto TH-OUIONSIPOHHBIN Ta3 UMEET B CIEKTpe
menb A, MEXIYy OCHOBHBIM M BO30YKIEHHBIMU COCTOSHUSIMHM, T.€. 0OJiajaer
CBEpPXTEKYUeCTbIO. bBynyduu 3apsyKEeHHbIM, TakOMl Ta3 aBTOMAaTHYECKH OyJner
CBepXNpoBoAsAIIMM. JIJIsl ompenesieHns KOHKPETHOIO BHJIa CHEKTpa HEOOXOAMMO
3HaTh BenuuuHy V). Eciniu Obl MBI paccMaTpuBaJId TOJIBKO 3apsbKEHHBIA 003€-Ta3 C
MOJIOKHUTENBHBIM OJHOPOJHBIM (DOHOM, CO3/1aBAEMBIM KECTKUM HMOHHBIM OCTOBOM,
To BXopsmias B (47) BenumumHa V), B OTCYTCTBHE JKpaHUPOBKM Obuta OBl paBHA
V,, = 4me3/k?, cooTBETCTBEHHO, BTOPOIi UjleH B MOJAKOPEHHOM BBIpaKeHUHM (47) ObLI
Obl paBeH wj = 4mnyes/M,, Tae w, — MIa3MEHHas 4acTOTa GO30HHOTO Tasa, e —
3apsan 6o3oHa (2¢ — s TU-Oumonsipona). B nelCTBUTENBHOCTH, €CIM YYECTh
SKpaHMpOBKy, To V, npumer Bux V), = 4me?/k?egz(k), rtme eg(k)—
IUAJIEKTpUYECKasT MNPOHULIAEMOCTh 3apsbKeHHOro  0o3e-raza, KorTopas Oblia
Berunciiena B [121], [122]. Tlomyduennoe mis eg(k) B [121], [122] BeIpakeHue
CJIMILIKOM TPOMO3JKO WM 3[€Ch HE NPUBOAMUTCA. B paccMarpuBaeMOM HaMH cilydae
6o3e-raza THU-O6unonsiponoB Takas momauduxaius Vi, onHako, HemocratouHa. Kak
ObUT0 MoKa3zaHo B [116] (§7), OUMTMIONSPOHBI COCTABISIOT JIMIIL HEOOIBIIYI0 YacTh
3apsOKEHHBIX YacTHI] B cucteMe. VX OCHOBHas J0JS MPUXOAUTCS HA JIEKTPOHHBIN
ra3, B KOTOPBIM MOTPYKEHbI OMTIOJISIPOHBI. IMEHHO 2JIEKTPOHHBIN a3 1aéT OCHOBHOM
BKJIaJl B SKPAaHUPOBKY B3aUMOACHCTBUS MeEx1y OunosisspoHamu. s yuéra Takoit
SKPAaHUPOBKM I V}, Hy»KHO HCIOIB30BaTh BeIpaxenue V), = 4me? [k?eg(k)e, (k),
rae €,(k) — nudnexTpuveckas MPOHUIIAEMOCTh 3JEKTPOHHOTO Taza. Hakower, eciu
y4eCThb MOABUKHOCTH MOHHOTO OCTOBA, TO OKOHYATEIbHO BelWYMHA V), npuMmeT BuA:
Vi, = 4me? /k?eg(k)e,(k)€wEy, THE €o, €y — BBICOKOYACTOTHAS U CTATHYECKAS
JTURIJIEKTPUYECKHUE MIOCTOSTHHBIE.
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B pesynbrate mns A, nonydum:

A= wo(k) + k2/2M /1 + x(k), (49)
X)) = (2Mow,)” /k*eg (k)eo (K)eweo, (50)

Jlnst onienku BenuuuHsl (k) B (49) paccMOTpUM IJIMHHOBOJIHOBBIH Tpeen. B atom
npenene €, (k) umeer Tomac-pepmuesckuii Bun: €,(k) = 1 + %2 /k?, e

n = 0,815kp(r;/ag)/?, a5 = h% /M, eZ, r, = (3/4mny)'/3,  cooTBeTcTBEHHO,
cornacuo [121], [122], Benuuuna eg (k) pasua: €5(k) = 1+ q5/k*, q5 =/2M, w,.

VYyuThiBas, 4TO MPU BBIYUCICHUU TEPMOJAMHAMUYECKUX (YHKIMM OCHOBHOM
BKIa JaioT 3Hauenus k: k?/2M, ~ T, rne T — TemnepaTypa, mjis Beawmuussl (k)
noyyuM oneHKy X~T/Er€€y tne Er —aHeprus @epmu. Takum 00pa3oM, CHEKTp
sKkpaHupoBaHHOro THU-OUMONSIpOHHOrO raza Majlo OTJIMYaeTCa OT  CIEKTpa
uneanbHoro raza THU-OunomsiponoB (40). 3ameTuM, 4TO B CHJy SKPaHUPOBKH
BEJIMYMHA KOPPETSLUMOHHOW SHEPIUH Uy B (48) OKa3pIBA€TCS MHOTO MEHBIIE, YEM
BBIYKMCIICHHAsT 0e3 yuéra nskpaHupoBku B [120] u, nansd pealbHbIX 3HAYCHHM
IIapaMeTPOB, MHOTO MEHBIIE, YEM SHEPrUs Ounonspona |Eyy|. OTMeTnm Takxke, 4o
B CWJIy SKpaHUpPOBKH ra3 u3 TH-OUMONSIpOHOB HE NEPEXOJAUT B BHUTHEPOBCKHIA
KPHUCTaJUI IIPU CKOJIb YTOJHO MaJIOM IJIIOTHOCTH OUITOISIPOHOB.

§7 Crarucruyeckass repmoanHamMmuka raza TU-0uno/ispoHOB HU3KOM
IUVIOTHOCTH

B cooTBeTcTBUM ¢ pe3ynbTaTOM MPEABIAYIIETO pasjeiia pacCMOTPUM HICaTbHBINA
0o03e-ra3  TU-OUMONSIPOHOB, MPEACTABISIOMUN €000 cucteMy wu3 N-uacTuil,
Haxoasumxcss B oobéme V [117, 118]. OGo3Hauum uepe3 N, 4YMCIO 4YacTHUI B
HIOKHEM OJHOYACTUYHOM COCTOSTHHH, a uepe3 N' — 4uciio yacTuil B 00Jiee BBICOKUX

coctogHugx. Torma:
N = E m, = E - 51
- Mn = eEn—W/T — 1’ ( )

n=0,1,2,... n
Nnin:
N=N,+N', Ny, = 1
- C0 T (Eppw) '
e T —1
N' = 1 52
o z eEn—wW/T — 1 ° ( )

n+0
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Puc. 2. Pemenue ypaBnenus (53) ¢ Cp, = 331.3ua; = {0.2;1;2;10;15; 20},
KOTOPBIM ~ COOTBETCTBYET Tci: Tcl = 27.3; TCZ = 30; TC3 = 32; TC4 = 42; TCS =
46.2; TCG = 50.

3amensisi B BbIpaxkeHuun it N' (52) cyMMHpOBaHHWE HAa HHTEIPUPOBAHHE IO
KBa3MHENPEPLIBHOMY CIIEKTPY (32), (33), (38) n nonaras B (52) p = Ejp,, HOIYIUM U3
(51), (52) ypaBHeHuwe sl ONPENEICHUS KPUTHYECKOW Temmeparypsl 0o03e-
KoHAeHcauu T:

Cbp = f(’I)H(Tc)J (53)

x1/2dx
fa)H(Tc) =T; F3/2(wH/TC)J F3/2(0() = \/—j oxta _ 1’

n232mh?\*? _ w,—n2H%)2M, . T,
Cop = (,V,e—w) ) Wp = o v Te=75
rae n=N/V. B 3ToM pazziene Mbl pacCCMOTPUM CIy4ail OTCYTCTBHUSI MArHUTHOTO TIOJIS:
H=0. Ha puc. 2 npuBeneHo rpaduyeckoe peuieHue ypaBHeHus (53) nns 3HayeHui
napametpoB M, = 2m = 2m,, tae m, — Macca CBOOOJHOTO JJICKTpOHA B
Bakyyme, w* = 5M3B(=~ 58K),n = 10%1cm™3 u 3navennii: @; = 0.2; @, = 1; @3 =
2; Wy = 10; Wg = 15; W = 20; Wy = ® = Wo/w", Wy, = Wy LA T=T,.

W3 puc. 2 crienyer, yTo KpUTHUECKasl TEMIEpaTypa pacTeT ¢ pocTOM (POHOHHOU
4acToThl @Wjy. COOTBETCTBYIOUIME BHIOPAHHBIM 3HAYEHMSIM MApaMETPOB OTHOIICHHUS
KpuTHdeckux temnepatyp T.;/wo; npuBeneHsl B Tabmuue [. 13 tabmuier 1 caemyer
BBIBOJI O TOM, YTO KpHUTHuYeckas Temneparypa TH-OumonspoHHOro rasa Bcerjaa
BBIIIIE, YeM B ciiydae ujeanbHoro 6oze-raza (MBI'). U3 puc. 2 Takxke cinemayer, uTo
yBennueHue KoHmeHtpauun TH-OunonspoHoB n OyAeT NMPUBOAUTH K YBEIUUYCHHIO
KPUTHYECKON TEMIIEPATYPBIL, & YBEJIMUYEHUE MACCHI JJIEKTPOHA M — K €€ CHUKEHUIO.

IIpu @ = 0 pe3ynbrarhl nepexoaar B u3BecTHwI npenen UBI. B wactHocTH, U3
(53) mpu @ = 0 cueayet BeIpaxkeHue Uisl Kputuueckoit remmnepatypsl UBI:

T, = 3.31h%n%/3 /M, (54)
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Tabnuma 1. PaccuntanHble 3HaUCHUST XapakTepUCTUK 0o3e-raza TH-OumonspoHoB
c KOHLIEHTpaIHeit n = 10%cm 3.
~ wi
@; = —,w" = 5M3B, w; — 3Heprua onTu4eckoro GpoHoHa; T, — KpuTUUIECKas
w

TeMIlepaTypa Mepexoja, ¢; — CKPBITas TEIUIOTa Tepexoaa W3 KOHACHCATHOTO B
HaJIKOHJICHCATHOC cocrostuue; —A(0Cy; /0T) = 0Cy; /0T |7=1, 40 — 0Cyi/
L
0T |=1, o — cxadok Temnoemkoctd npu CII mepexonme, T =T/w"; C,;(T, — 0)
i

— termoeMkocth B (aze CII B kpuruueckoir touke; C; = C,(T.—0), C, =
C,(T, + 0). Pacuersl mpoBeAacHB I KOHICHTpanuud TH-OUMonspoHoB n =
1021cM™3 u >ddexTuBHON Macchl 30HHOTO JJIEKTpOHAa M = m,. B Tabnuue
NPHUBEICHBI TAKXKE 3HAYEHHs KOHIEHTpauuid TH-OumonsapoHoB nyy,; s BTCII
YBa,Cu;0;7 ucxoas U3 3KCIEpUMEHTAIBHOTO 3HAYEHUS TeMIeparypsl nepexoaa 1.=
93K.

] 0 1 2 3 4 5 6
W; 0 0.2 1 2 10 15 20
T.;/wo; o 136.6 30 16 4.2 3 2.5
qi/Tei 1.3 1.44 1.64 1.8 2.5 2.8 3
—A(DC,; 0.11 0.12 0.12 0.13 0.14 0.15 0.15
/9T)
C,i (T, 1.9 2.16 2.46 2.7 3.74 4.2 1,6
— 0)
(Cs 0 0.16 0.36 0.52 1.23 1.53 1.8
— n)/Cn
Npp;- cm? | 16 9.4 4.2 2.0 1.2 5.2 2.3
l -10* | -10'® | -10'® | -10'® | -10Y7 | -10 | -10'3

[Tomuepkuém, onHako, uto B (54) Bxonutr M, = 2m, a He Macca OUMOJIIpOHA. DTO
CHUMaeT NpoOJieMy HHU3KOM Temmeparypbl KOHACHCAIlMU, BO3HUKAIOIICH Kak B
teopun [IMP, tak u B Teopuu IIbP, B koTopbix B BhIpaxkeHuu (54) gurypupyer
Macca ounossipona [37], [58], [123-128]. JIpyroit BaKHBIN pe3yJabTaT COCTOUT B TOM,
YTO KpUTHYECKass Temmeparypa 7, g BbIOpAHHBIX 3HAYEHUW IMapaMeTpPoOB
3HAYUTEIHHO MPEBOCXOUT FIHEPTHIO MIETH Wy.

N3 (51), (52) cnenyer, urto:

N@ Tr @
v, (7) 55)
M@ _ . _N'@ 56)

N N
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Puc. 3. TemnepatypHble 3aBUCUMOCTH OTHOCUTEJIBHOTO YKCJIa HAJAKOHIEHCATHBIX
gactury N'/N wu yactui, Haxomsammxcs B kKoHmeHcare N,/N =1— N'/N, nns
3HAYEHUI MapaMeTpoB @;, NIPUBEAEHHBIX Ha puUC. 2.

Ha pHuc. 3 IMPUBCACHBI TCMIICPATYPHBIC 3aBUCHMMOCTH 4YHKCJIa HAAKOHACHCATHBIX
qacCTHuIl N’ u uucna qaCTull, HaXO4AIMMUXCA B KOHACHCATC N() AJI1 BBINICYKA3aHHBIX

3HAYEHUI MMapaMeTPoB ;.
N3 puc. 3 cienyert, 4To, KaKk U CIEI0BAJIO OKHUATh, YACIO YaCTULl B KOHAEHCATE

pPacTéT ¢ yBEIMYECHHUEM LIETHN ;.
Oueprus TU-OunonspoHHoro raza E onpeaensieTcs: BBIpaKeHueM

E= z i En = EpyNo + Z m.E, (57)

n=0,1,2... n+0

C wucnonw3oBanuem (32), (33) nns  ynenpHOM HSHeprum (T.. DHEPruw,
npuxossmeiics Ha oguH TH-6unonspon) E (’T") =E/Nw", E"bp = Epp/w™ n3 (57)
TTOJTYYHM:

: (58)

T T>5/2 @ — i
E(T)=Ey, + Tm% /2 (T)

2 ([ x3/?dx

Fspp(0) =—= | —ma—
0

rJ€ [l OmpEaeIISIETCS U3 YPABHEHUS:

- w —
T9/2Fy (S ) = Cop (59)
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Puc. 4. Temmeparyprsle 3aBucHMOCTH AE (’T") =F (’T") — Ebp JUIsL 3HAYCHUU
napameTpoB @;, IPUBEAEHHBIX Ha puc. 2,3.

CBsi3b I C XMMHYECKHM TIOTEHIIMAIOM CHUCTEMBI |L JAa€TCS COOTHOIICHHEM {l =
(u — Ebp) Jw*. N3 (58)-(59) Taxke CIeIyrOT BBIPAXEHUS IS CBOOOTHOW SHEPTHUU:
F = —2E /3 nautponuu S = —3JF /0T.

Ha puc. 4 mnpuBeneHsl TemmepaTypHble 3aBucumoctd AE = E — Ebp IS
BHIIIEYKA3aHHBIX 3HAYEHHI NapaMeTpoB @;. Touku m3noma Ha kpusbix AE;(T)

COOTBETCTBYIOT 3HAUYCHUAM KPUTHUYECKUX TeMIieparyp T;.
[ToyuyeHHbIE 3aBUCMMOCTH MO3BOJIAIOT HAaWTH TemoEMKOCTh TU-O6unonsipoHoro

rasa: Cv(T) = dFE/dT. N3 (27) nna C,(T) npu T < T, momyunm:

o) =T (D) +6(D) R (D) 457 (D] o0

dx

2 j “ 1
Valy Vxe =T

N3 (60) cienyer u3BecTHasi SKCIIOHEHIIMAIbHAS 3aBUCUMOCTh TEIUIOEMKOCTHU MPHU
HU3KUX TeMIepaTypax C,~ exp(—wy/T), 00yCJIOBIICHHAS HATUYAEM
SHEPreTUYECKON LIEIH Wy .

Ha puc. 5 npuBeneHsl TemrepaTypHble 3aBUCUMOCTH TEIIOEMKOCTH (), (T) TS

BBIIIICYKA3aHHBIX 3HAYEHUH MMapaMeTpoB @;. B Tabmune 1 myis 3HaueHuid mapaMeTpon
(@; TIPUBEEHBI BETUYMHBI CKAUKOB TEMIOEMKOCTHU:

Fi(a) =

ac,(T) ac,(T) ac, (T
A 57; = 57 |T=TC+0 _5—7(:)|T=Tc—o (61)

B TOYKaX Mepexo/ia.
[TonyueHHbIE 3aBUCUMOCTH MO3BOJISIIOT HAUTH CKPBITYIO TEIIOTY nepexona g=1.,
S — SHTpoNMS HAJTKOHJICHCATHBIX YacTHUIl. B Touke mepexoja 3Ta BeIWYHMHA paBHA
q=2T.C,(T- —0)/3, tme C,(T) onpenensercs dopmymoit (60) wu s
BBIIIIEYKAa3aHHBIX 3HAUCHUI MTapaMeTpoB @; puBeaeHa B Tabnuie 1.
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Puc. 5. TemneparypHble 3aBUCHMOCTH TEIUIOEMKOCTH IS PA3JIMYHBIX 3HAYCHUN
napameTpoB @;: wy=0; T, = 25.2; Cv(Tco) = 2;
w, =02; T, =273; C,(T,; —0) = 2.16; C,(T; +0) = 1.9;
w, =1; T, =30; C,(T, —0) =2.46; C,(T., +0) = 1.8;
w3 =2; T,, =32.1; C,(T.3 — 0) =2.7; C,(T3 +0) = 1.78;
wy = 10; T, =41.9; C,(T.4 —0) =3.7; C,(T.4 +0) = 1.7;
ws = 15; T, = 46.2; C,(Tes — 0) = 4.2; C,(Tes + 0) = 1.65;
we = 20; T, =50; C,(Tos — 0) = 4.6; C,(T.6 +0) = 1.6.
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§8 TokoBbie cocTosinusi TU-6unosisipoHHoro raza

Kak wu3BeCTHO, OTCYTCTBHE MArHMTHOTO TIOJII B OOBEME CBEPXIPOBOJIHHKA
00YyCJIOBJIEHO CYIIECTBOBAaHMEM KOMIIEHCHPYIOUIUX 3TO MOJIE MOBEPXHOCTHBIX TOKOB.
Tak, u3 ycnosus (20) cienyer, 4To:

2e
PR == _?ARJ (62)
T.€. B CBEPXIIPOBOJIHHUKE CYIIECTBYET HE3AaTyXArOIIUH TOK j:
i = 2enyPp/M; = 4e*no 63
j=Z2enyPg/M; = M:c R (63)

(rme M; — >ddexTuBHas Macca OUMOJSPOHA), IpUBOAAIINKN K dpdexty MelicHepa,
rae Ny — KOHIIGHTpAIlUsA CBEPXIIPOBOMANINX HOCHTENEeH Toka: ng = Ny/V.
CpaBauBas (63) ¢ U3BEeCTHBIM (DCHOMEHOJOTHYECKUM  BBIPOKCHHUEM IS
MMOBEPXHOCTHOTO TOKa j¢ [129]:

¢ A
4tA2""

n mnonarass A = Ag, u3 paBeHCTBa j = js u3 (63), (64) mMoIydyuM U3BECTHOE
BBIPKEHUE JIJIS JIOHJOHOBCKOM TTyOUMHBI MPOHUKHOBEHUS A

Js = (64)

Mic? \'?
A=(——] .
16me?n, (65)

PaBeHCTBO  «MHKpPOCKONHMYECKOT0»  BbIpaXkeHuss sl Toka  (63)  ero
«MaKpOCKOIMYECKOMY» 3HAUEHHUIO HE MOXKET ObIThb TOYHBIM. COOTBETCTBEHHO,
paBeHCTBO A = Ap Takke SBISETCS NPUOIMKEHHBIM, Tak Kak Ap MpeAcTaBiseT
co00i1 BEKTOp-MOTEHIMAJl B TOUKE, IIe HAXOJIUTCS LEHTP MacC JABYX 3JIEKTPOHOB, B
TO BpeMs Kak B Teopuu JIOHAOHOB Ap — 3TO BEKTOP-NOTEHIMAI B TOYKE, TAE
Haxonutcs 4actuua. [lo sToil mpuumHe Oosee pealbHBIM ObUIO OBl CUMTATH
paccMaTpUBaEMbIe BETMYHUHBI TPOMOPIIMOHATIHBIMU. B 3TOM cilydae BbIpakeHue sl
rITyOMHBI MPOHUKHOBEHUS UMEET BUI:

Mic2 \MY?
A= t| ———| 65’
cons 16me?n, (65

rJie MOCTOSHHBIA MHOXUTENb (mopsaka 1) B (65') momkeH ompenensThes U3
CpPaBHEHUS C HKCIIEPUMEHTOM.

Boipaxkenue (62) ObUIO MOMYYEHO B clydyae M30TPONMHON 3(P(HEKTUBHON Macchl
HOcUTeNe Toka. B AeicTBUTENBHOCTH OHO MMeeT Oojee OOIIMil XapakTep U He
U3MEHsAeTCs Tnpu ydére aHu3zoTponuu 3>((exTHUBHBIX Macc. Tak, Hampumep, B
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caoucteix BTCII Marepuaiiax KHHCTHYCCKAsA OHCPIU:A HOCHUTEJICM TOKa B

ramuibToHUaHe (13) gomxkHa ObITh 3aMEHEHA BhIPAKEHUEM:
2 2

T, = %ﬁ(ﬁlll _§A1) +%ﬁ(ﬁzu _SAZ) + (66)

1 (A e 1 2 1 R e A 2
S+ \P1L— 1) +_(p2J.__ 1)
2m’ c 2m’ c )7
7€ P12, A1,2)| — ONEPATOPBI UMITYJIbCA M BEKTOPA-NOTEHIIMANA B IIOCKOCTSAX CIOEB
(aB—IUIOCKOCTAX); D121, A121 — COOTBETCTBYIOIIIHE BEJIMYMHBI B
NEPIEHMKYIISPHOM ~ IUIOCKOCTSIM ~ HAalpaBleHuH  (BIOJNb OCH  C); ™My, mi —
3¢ (eKTHBHBIEC MAcChl B TUIOCKOCTSIX U B MIEPIICHIUKY/IIPHOM HaIPaBICHUH.
B pesynbTaTe mpeobpa3oBaHus:
X=x, y=y, Z=yz (67)

Af = Ax, Ay = Ay, AZ = ]/_IAZ,

~

Pz =DPx» Dy =Dy Pz =V D2

e y2=m} /my, Y ~— TapameTp aHW30TPONMM, KHHETHYECKas odHeprus Tg

okasbiBaeTcsl u3otpomnHoit. Otcroma cienyet, uro: Pp + (2e/c)Az = 0. Torma us
(67) cnenyer, uro cooTHouieHHe (62) OKa3bIBA€TCs CHPABEAJIUBBIM U B
AHU30TPOITHOM ciryyae. M3 cka3aHHOTro CIeyeT, YTo:

P = ZeA p. = ZeA
RI = =2 4Rl PrRL= 7740
j|| = ZenOPR”/M;‘”, jiL = 2enyPg, /Mg,. (68)

MarsuTHoe T0JIe, HaMpaBJIEHHOE TEPICHINKYIIPHO IIOCKOCTH CIIOEB, Oymer
WHIYIIUPOBATh TOKH, TEKYIIHUE B TJIOCKOCTH CIOEB. [Ipn MPOHUKHOBEHUHU B 00Opasell
Takoe moje OyJaeT 3aTyxaTh BJOJb IJIOCKOCTH CIIOEB. O003HAYNMM JIOHJIOHOBCKYIO
JUIMHY TIPOHWKHOBEHUS JJII MAarHUTHOTO IO TEPIEeHIUKYISIPHOTO TIJIOCKOCTH
cinoéB (H.) depe3 AL , a i1 MAarHUTHOTO TOJIsI, MapaJUIeIbHOTO TUIOCKOCTH CJIOEB
(H”), qcpe3 /1”.

OTtcrofla BBITEKAIOT BBIPAKEHHS] JUISl JIOHJIOHOBCKMX JUIMH TPOHUKHOBEHHS
MAarHuTHOTO MOJi B oOpasell:

My c? \? Mg \?

/h_= m ) ﬂ.”= - . (69)

st /1|| U A, 4acTO UCHOJIb3YIOT TaKKe 0003HAUYCHHS A, U A, COOTBETCTBEHHO. M3
(69) cnenyer, 4ToO :
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1/2

A M
S =y (70)

A el

N3 (69) taxxke ciemyer, 4yTO JIOHAOHOBCKAs JUIMHA NMPOHUKHOBEHMSI 3aBHCHUT OT
TeMIIepaTyphl:

A2(0)/23(T) = no(T) /1 (0). (71)
B wactHoctn, mpu ®=0 c wucnonws3zoBanuem (54) momyuum: A(T)=A0) (1 —

(T/T.)3 2)_1/2. CpaBHEHHE IOJYYEHHOM 3aBUCHMOCTH C JIPYTUMHU MOAXOJAMH
naércs B §11.

OObIYHO cuMTaeTCs, 4TO 603e-CUCTEMa CTAHOBUTCS CBEPXIPOBOAIIECH BCIEICTBHE
B3auMozeucTBus Mexay dactunamu. CymecrBoBanue menu B crnekrpe TU-
OUIOISIPOHOB MOKET MPHUBOJUTh K UX KOHAEHCAUMU JaXe B OTCYTCTBHUE
B3aMMOJICUCTBUS MEXKy YACTULIAMU, U KPUTEPUH CBEpXTEKyuyecTH Jlannay

v = hwy /P (72)

rae P — ynenbHbIN UMIyJIbC OUIIOJIIPOHHOTO KOH/IEHCATa, MOKET BBIIIOIHSITHCS JJaXKe
IUTsI HEB3aMMOJECUCTBYIOIUX yacTull. U3 ycinoBusa (72) BbITEKAaeT BBIPAXKEHUE IS
MAaKCUMAJIbHOW BEJIUYUHBI IVIOTHOCTU TOKA Jinax = €NVpax:

hw,
Mg

Jmax = €Ny (73)

B 3akiroueHue 3TOro pasziena OTMETHM, YTO BCE CKa3aHHOE OTHOCUIIOCH K
JIOKAJIbHOU 3yieKTpoarHaMuke. COOTBETCTBEHHO, BBIPaKEHUS, MOJIyYEHHbIE IJis A,
CIIPaBEIUBBI TOJIBKO TIPH YCIOBUU A >> & |, rae € — KOppensnuoHHas JJIMHA,
OTpeeISIoNas XapakTepHbIi pa3Mep mapbl, T.€. XapaKTEepPHbIM MaciTad W3MEHEHUS
BOJTHOBOU (yHKIMH P (1) B (21). DTO ycnoBue, kak npasuiio, BoinonnseTcs B BTCII
Marepuanax. B 0OBIYHBIX CBEPXMPOBOJIHUKAX BBIMIOIHSAETCS 0OpaTHOE HEPABEHCTBO.
HenokanbHoe 00001IeHNE 3JIEKTPOJUHAMUKHA CBEPXIPOBOJAHUKOB OBLIO CJEIaHO
[Munmapaom [130], corylacHO KOTOPOMY CBSI3b MEXIYy js U A B BblpaxeHuu (64)
MOXET OBITh 3alKcaHa B BUJIE:

js = j Q(r — rAG)dr, 74

rae () — HEKOTOpBIM omepaTop, pPaauyc ACHCTBUS KOTOPOTO OOBIYHO IOJaraeTcs
paBHbIM ¢ . B npenene ¢ >>A 3T0 MPUBOJIUT K YBEJIUUYECHHUIO aOCOTIOTHOTO 3HAYCHUS
JUTMHBI IPOHUKHOBEHHSI MarHUTHOTO MOJISI B CBEPXIIPOBOJIHHUK, KOTOPOE CTAHOBUTCS

paBHbIM (A28)Y/3 [130].
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§ 9 Tepmoaunnamuyeckue cBoiictea TU-0unmosisipoHHOr0 rasa
B MATHUTHOM I10J1€

To, uTo 603e-KOHACHC AU UacaAThHOTO 003€e-Tra3a B MArHUTHOM TI0JIe HEBO3MOKHA
[131], He o3Hawaer, uro MexaHu3M bBbOK Henb3s HCHONB30BaTh NPU ONKUCAHUU
CBEPXMPOBOJAMMOCTHA B MATHUTHOM T0JI€. DTO CIEAYyeT U3 TOro akra, 4yTo B 00bEME
CBEPXIIPOBOJHMKA MAarHUTHOE IOJIE TOXKIAECTBEHHO PABHO HYyII0. B TO ke Bpews,
OTBJICKAsICb OT TPOOJIEMBbI CBEPXIPOBOJAUMOCTH, HET HUKAKUX MPENSTCTBUN
paccMaTpuBaTh 003e-ra3 MOMEIIEHHBIM B MarHuTHoe noje. [Ipeacrasiser nHTepec
UCCJIeIOBATh ATOT BOIPOC MPUMEHUTENBHO K Ta3y u3 THU-0unoiaspoHoB.

[Ipexxne Bcero OTMETHM, YTO U3 BBIPAXKEHHUS Uil Wy, naBaemoro (53), cienyer,
gTo Tipu Wy = 0 603e-koHmeHcanus TH-OUMOIIPOHOB OKA3bIBAETCS HEBO3MOXKHOM,
ecii H # 0. Jlyis 0OBIYHOTO HJICaTTFHOTO 3apsDKEHHOro 003e-Ta3a 3TOT BBIBOJ ObLI
BriepBeie caenad B [131]. BenenctBue Toro uto B cniektpe TH-O0unosisspoHOB UMeeTCst
iedb MEXIY OCHOBHBIM U BO30YXKIEHHBIMH cocTosiHUsIMHU (§5), s raza TU-
OUIOJISIPOHOB ATOT BBIBOJ ITPU Wy # 0 CTAHOBUTCS HECTIPABEIJIUB.

N3 Beipaxkenus st @y (53) ciemyeT, 4To CyIIeCTBYeT MakCMMallbHasl BEIMYMHA
MAarHuTHOTro noJis H,y,,,, paBHas:

, _ 2woh*M,

max — 2
1

IIpn H > H,,;, OJTHOPOJHOE CBEPXMIPOBOISAIIEE COCTOSIHUE HEBO3MOXKHO. Kak
10 cieayer u3 (23), (28), BenuyMHA 1) COCTOMT M3 JBYX 4vacteit: n =1n'+1n'.
Benuuuna ' onepenesnseTcss HHTErpajaoM, BXOSIIUM B BbIpakeHue 11 @, (28). Tlo
9TOH mnpuyuHe 7)° 3aBUCUT OT (OPMBI TMOBEPXHOCTH oOpasiia. Bemunuwna n'’
OTIPENICNISICTCS CYMMOM, BXOJSIIECH B BhIpaXeHUe s @y (28), u cinabo 3aBUCUT OT
dhopmbl oBepxHOCTH oOpasna. OTcroa clelyeT, 4YTO BEJIMYMHA 7] MOXKET MEHATHCS
npu M3MEHEHUM (OpMbI MOBEPXHOCTH o00pa3lla M TeM CaMblM NPUBOAMTH K
W3MEHEHUIO BeMUUuHbl H,,,,. C ucnonaszoBanuem (75) mist Wy , onpenensemoit (53),
MOJTyYUM:

(75)

Wy = 6(1 - Hz/Hrznax)- (76)

st 3aganHoii temmnepatypbl T o6o3Haunm H,.(T) BenmWymHy MarHWTHOTO TIOJIA,
MpU KOTOPOH CBEPXITPOBOJUMOCTH MCUYE3aeT. DTOMY 3HAYEHHIO I0JIs, coriacHo (76),
COOTBETCTBYET Wy :

chr(T) =w(1 - HCZT(T)/HT%’LG,X)' (77)

TemnepaTypHast 3aBUCUMOCTb BENMYMHBI Wy _(T) MOXKET ObITh HalijieHa u3
ypaBHenus (53):

3

Cop = T23(@n,, (F)/T).

3
2



37

HZ

o 4 / max.i

2 2 :
Puc. 6. Temmeparypnas 3aBucumoctb H¢,.;/Hy o, ; Ha MHTEpBaje [0, Tc,i] TUIsL

3HAYEHUI MMapaMeTpoB ;, TAHHBIX HA pUC. 2.

OHa nmeeT B, TPUBEIEHHBIA HA pUC. 2.
C ucnonbs3oBanueM (75) U TeMriepaTypHON 3aBUCUMOCTH, IPUBEAEHHOW HA pHUC. 2,
MOKHO HaWTH TemrepaTypHyto 3aBucumocts H,,.(T):

HE(T)
Hrznax

=1-wy (N/&. (78)

Jna T < T,; 5Tv 3aBHCUMOCTHU HPUBEEHBI Ha puc. 6.

Cormacao puc. 6, H..(T) pocthraeT CBOEro MakCUMyMma TIPH KOHEYHOU
temrepatype T, (@0 = 0) < T.(wy;). U3 puc. 6 cienyer, 4To npu TemMrepaType HUxe
yeM T.(@ = 0) = 25.24 nanpHeiIiee MOHKEHUE TEMIIEPATypPhl YK€ HE U3MEHSCT
BeIMYUHBI Kputndeckoro moist H.,.(T) He3aBUCUMO OT BEIMYUHBI MIETH @ .

Beeném Tarxke monsitue Temnepatypsl nepexona T.(H) B marautHoM moje H. Ha
puc. 7 npuBeneHsl 3aBucuMocTtu T,(H), BbITEKaronme u3 puc. 6 u onpenenseMbie
COOTHOIICHUSIMHU:

~3/2 ~ = ~ ~
Cpp = Tc,i/ (H)Fs ) (@yi/Tei(H)), @p; = @By=o;|l — H*/HE g i]-

Ta s

S0

321 N
30 .

273

252

I
|
)
i) 1

H/ Hmax.i

Puc. 7. 3aBUCHMOCTb KPHTHYECKON TeMIIepaTyphl mepexona Ty ; OT MarHUTHOTO
nosist H st 3HaueHuit mapameTpoB @;, UCIIOJIb3YEMBIX ISl pUC. 2.
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U3 puc. 7 criemyerT, uTo KpUTHUecKas TemrepaTypa nepexona T.(H) usmensercs
CKa4yKOM IIPU JTOCTH)KEHUH MarHUTHBIM II0JIEM 3HAYECHUSA Hop gy ;.

Jlist pemienusi Bompoca o TUMeE (a3zoBoro rnepexoja B MarHUTHOM Tojie OylieM
UCXOJUTh W3 M3BECTHOTO COOTHOUIEHUS, CBSA3BIBAIOLIETO CBOOOJHBIE DHEPTUU B
CBEPXITPOBOISIIEM U HOPMAIbHOM COCTOSTHUSAX:

HZ
F,+—=F 79
S 87_[ N, )
rac FS‘ n FN — CBO6OI[HI)I€ OHCPIUn CIANHUIIBI 00BéMa CBCPXIIPOBOIAIICTO H

HOPMAJIbBHOTO COCTOSIHUM COOTBETCTBEHHO:

N 2 N
F = VEbp(H =0) _§AE((‘)H=0)V:

N 2 N
Fy = VEbp(H) - §AE((UH) v’

rne AE=E—E,, E=wE, rtne E onpenemsercs ¢opmynoir  (58).
Huddepenuupys (79) mo temneparype u yuuTbiBas, yto S = —0F /0T, A5 TemIoThl
Nepexo/ia g MOIy4uM:

q=T(Sy—Ss)=—To(Fy — F5)/oT = —T&‘?H‘”. (80)
4 0T
COOTBETCTBEHHO, ISl pA3HOCTU SHTPONHM Sg — Sy MOTYUUM:
HCT' aHCT Hrznax ~ ~
Ss = Sv = 41 ( oT ) B 87Tw*(SS_SN)' 81

§s -5y

_
-0.1} \ ;. Y
@, 9

0.2 \ -
\\ @3

—03F
—0.4k \ay

—0.3

_0_6 L
—0.7¢
—0.8
—0.9}

@y

L
0 =

Ay = e
S R I

41.9
46.24
500

Puc. 8. TemnieparypHble 3aBUCUMOCTH Pa3HOCTEN SHTPOIHI B CBEPXITPOBOIAILIEM
Y HOPMaJIbHOM COCTOSIHUAX JUISl TapaMeTPOB ;, UCTIOIb3YEMBbIX IS puc. 6,7.

Ha puc. 8 nmokazana 3aBUCUMOCTb pa3HOCTH 3HTponuil (81) oT TemmepaTypsl AJis
Pa3JIMYHBIX 3HAYEHUN KpUTHYECKHX TemnepaTtyp T.(@;), TIpUBEIEHHBIX HA pHUC. 2.
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[IpencraBiieHHBIE HA PUC. 8 3aBUCUMOCTH MOTYT TIOKa3aThCs CTPAHHBIMU IO KpalHEM
Mepe B IBYX OTHOILICHHUSIX:

1. B BKIII u Teopun I'mu30ypra—Jlangay B camoil KpuTHIECKOU Touke T, pa3HOCTh
DHTPOIMN  OOpamaeTcss B HOJb B COOTBETCTBUM ¢ (hopmymoit Pyrrepca. Ha puc. 8
SHTPOIHS ABJAETCS MOHOTOHHOM (ynkuueit T u He o6pamaercs B Honb ipu T=T,.

2. Bo-BTOpBIX, IO a0COJIIOTHOM BEJIMYMHE PA3HOCTh |§s ) N| npy OpUOIHKEHUH

K IpesienbHoi Touke T, = 25.2, KoTopasi COOTBETCTBYET 3HaueHuo @ = 0, Ka3aaoch
Obl, 1OJKHA HE BO3PACTaTh, & YMEHBIIATHCS, OOpalasch B HOJb ipu @ = 0.

UTto KacaeTcsi BTOPOro MyHKTa, TO 3TO JEUCTBUTEILHO UMEET MECTO ISt |§ < —S N|,
MOCKOJIbKY BEJIMYMHA MaKCUMaibHOTO Tonst H,,,, W, COOTBETCTBEHHO, MHOXHUTEIS
H,, 4, /8™, cBs3bIBaromero Benumdaunbl S¢ — Sy u Sg¢ — Sy, mpu @ = 0 obpamiaercs B
HOJIb.

Urto kacaeTcsi mepBOTo MyHKTA, TO, Kak OyJIeT oKa3aHo Huke, popmyia Pyrrepca
115t 603e-koHeHcara TH-0unosispoHOB OKa3bIBA€TCSI HEMPUMEHUMOM.

B Tabmume 2 NpUBOAATCA 3HAYEHHS BENMYMHBI Sg— Sy  IIA 3HAYCHMIA
KPUTHYECKHUX TEMIIEPATyP, COOTBETCTBYIOIIMX Pa3IHIHBIM 3HAYCHISIM Wy, ;.

[TosrydeHHBbIC pe3yJIbTAaThl IPUBOJIAT K PSIY (PYHIAMEHTAIBHBIX CIICICTBUI:

1. Kpusas 3aBucumoct H.,-(T) (puc. 6) nMeer HyJIEBYIO MPOU3BOAHYIO,

dH..(T)/dT =0 npu T=0. DTOT pe3ynbTaT HAXOAUTCI B COOTBETCTBUHU C
teopemoii HepHcra, cormacHo koTopoil sHTponus, ompezaeinsiemas (80) mpu 7=0,
paBHa HYIIIO.

2. Cormacuo puc. 6, H..(T) — 3TO0 MOHOTOHHO Crajaromas ¢ yBeaudeHuem 1
kpuBass mpu T > T.(@ = 0),anpu T < T.(@ = 0) — mocrosuHas BenuunHa. OTcroaa
cienyert, uro dH..(T)/0T <0 mnpu T > T.(@ = 0). CinemxoBaTe/IbHO, B HHTEPBAJIE
temnepatyp [T.(@ = 0), T.(@)] Sg¢ < Sy, a B uatepnaine [0, T.(@ = 0)] Sg = Sy.

OTcrona clneayroT BaXKHbIC BBIBOIBI:

1. Ilepexon B murepBaie [0,T.(@ = 0)] mnpoumcxomur 0Oe3 IMOITOMICHHUS WM
BBIJICJICHUSI CKPBITOM TEIUIOTHI, T.K. B 3TOM CJIy4dae S¢ =Sy. To ectp
AKCIIEPUMEHTAIbHO OH OyaeT BUACH Kak (a3oBbli Tepexos BToporo pozaa. B
nevicrurenbHoctdH, B obmactm  [0,T.(@ = 0)]  ¢dasoBeiii  mepexox B
CBEPXITPOBOJISAINEE COCTOSHUE SIBISICTCS (Da30BBIM TEPEX0I0M OSCKOHEYHOTO pOoja,
MMOCKOJIBKY B 3TOW 00JacCTH MPOU3BOIAHBIC JIFOOOTO TOPSAIKA OT PA3HOCTH CBOOOIHBIX
sHepruit F; — Fy, cornacHo (79) u puc. 6, oOpamiarorcsi B HOJb.

2. [lepexoa B MAarHUTHOM TI0JIC M3 CBEPXITPOBOSAIIETO B HOPMAJIHLHOM COCTOSHUE B
unrepsane [T,(@w = 0),T.(®)], koTopoMy COOTBETCTBYET S¢ < Sy, MPOUCXOIUT C
MOTJIONICHUEM CKPBITON TerioThl. HaoOopoT, mpu mepexojie B 3TOM HHTEpBAJIC U3
HOPMAaJbHOTO B CBEPXIPOBOJIAIICE COCTOSHHE CKPBITAas TEIUIOTA BBIICISACTCS.
dazosbiii ke mepexonm B uHTepBane [0,T.(@w = 0)] He compoBoKIacTCs
MOTJIONICHUEM WJIM BBIJACICHUEM CKPBITOW TEIUIOTHI, SBJISACH (Da30BBIM MEPEXOI0M
OECKOHEYHOT0 PoJIa.
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C yuéroMm TOTO, YTO yleNbHas TEIIOEMKOCTh BEIlleCTBa omnpenensercs Gopmymnoit
C=T(0S/0T), pa3HOCTb YACIbHBIX TEIUIOEMKOCTEH  CBEPXIPOBOJAILIETO U
HOPMAJILHOTO COCTOSIHUSI, coryiacHo (81), 3anuriercst B BUE:

2 2
T (aHCT) d0°H,,

Co—Cy = — —
SN T an |\ oT T 9T2

(82)

W3 3TOro cooTHOMICHHS OOBIYHO MOJYYalOT HW3BECTHYHO (opmyny Pyrrepca,
nonaras B (82) kputuueckoe mose H.,(T,) = 0 npu T = T, 1 oCTaBIsAsA B CKOOKE B
npaBoii yacTu (82) TOJIBKO MEPBhI WICH:

T. /0H.\>
(Cs - CN)R = _C( CT) .
T,

4 \ OT

Jlerko, omHako, BUAETh, 4TO B TOouke 1T = T, BemnunHa Wy, ONpenensiemMas
puc. 2, 171 BCEX 3HAUCHHUU TemIepaTypbl UMEeT KOHEUHYIO MPOM3BOAHYIO mo 1 W,
cienoBaTensHo, cornacHo (78), 6eckoneunyro npousBoanyto dH.,. /0T npu T = T,.
Takum o6pa3om, BTOpoi 4iieH B KBaapaTHOU cKoOKe (82) oOparaeTcs B -00, OCTaBIISSA
ATy CKOOKY KOHEUHON BeNWYuHOW. B pesynbprare, mpaBHIBHOE BBIPAXKEHUE IS
Pa3HOCTH TEIUIOEMKOCTEH paccMaTpUBaeMOM HaMu Mojeld 0o3e-raza JI0KHO
ompenenaThecs HOPMYIIOM:

T 02 H?2
@ﬁng(T)= =

Cs—Cy = (Cs—Cy), (83)

8rw*
2

~ - _ 0 -
Cs —Cy = Tﬁ(ng(T)/H%wx)-

B Tabmuue 2 npuBoasTcs 3HaueHus BenuunHbl (g — Cy 1718 3HAYCHUM
KPUTHYECKUX TEMIIEPATyp, COOTBCTCTBYIOIIMX PAa3NYHBIM 3HAYCHHAM Wy .

OTMeTuM, 4YTO COTJIaCHO TMOJYYEHHBIM  pe3yjbTaTaM MaKCUMyM CKayka
TEIUIOEMKOCTH HMMEET MECTO IPU HYJIEBOM MArHUTHOM IIOJIE M YMEHBIIAETCS C
YBEJIMYECHUEM BEJIMYMHBI MAarHUTHOTO MoJjsi, oOpamasch B Hoab npu H = H,, uro
HaXOJUTCS B TOJHOM COOTBETCTBUHM C JKCIEPUMEHTAIbHBIMU JaHHbIMUA (§ 11).
CpaBHEHHE CKAuKOB TEIUIOEMKOCTH, MPUBEAEHHBIX Ha PHUC. 5, ¢ BbIpaxkeHueM (83)
MO3BOJISIET BBIYUCINUTD BEIUYHMHY H,p,,,. [lonydeHHBIE Takum o0Opa3oM 3HAYEHUS
H o AN Pa3IUYHBIX 3HAUYCHWM ; TpuBelneHbl B Tabmuie 2. DTu 3HAYEHUSA
OJIHO3HAYHO OTPEJICIISIOT 3HAUCHHS TTOCTOSIHHBIX 1] B popmyrax 38', 38".
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Ta6muua 2. Bemmumnsl H,,,,, pasHocTeii suTpormii Sg— Sy u pasHOCTeit
temmoemkocteii Cg — C, B CBEPXIPOBOASANIEM U HOPMAIBHOM COCTOSHUSAX,
onpenensemMbix cootHomeHusamu (81) u (83), mpencraBieHsl AJisE TEMIIEpATyp
nepexoja Tcl- JULSL TEX KE 3HAYCHUH Wy, ;, YTO U Ha PHC. 2.

1| Wy, Tc, Ss — Sn Cs — Cy _1-11"66%’ De

0 0 25.2 0 0 0

1 0.2 27.3 -0.94 -11.54 2.27
2 1 30 -0.4 -2.18 7.8
3 2 32.1 -0.27 -1.05 13.3
4 10 41.9 -0.1 -0.19 47.1
5 15 46.2 -0.08 -0.12 64.9
6 20 50 -0.07 -0.09 81.5

W3 ckazaHHOTO ClenyeT, YTO TeMIepaTypHoe pasnoxenue I nu3Oypra—Jlangay s
KPUTUYECKOIO MO BOIM3U KPUTHUECKON TeMIiepaTtypbl T, HEMpUMEHUMO sl 603e-
kouaencara TU-OumnonsponoB. Ilockonbky Temmeparypras 3aBucumocts H.(T)
OTIpe/IeIIsieT TeMIIEpaTypHblE 3aBUCHUMOCTH BCEX TEPMOJMHAMUYECKUX BEIUYMH, TO
ATOT BBIBOJ CIpPAaBEUIUB Ui BCEeX Takux BenuuuH. Kak Obulo OTMEYEHO BO
BBEJICHUH, 3TOT BBIBOJ SIBJISIETCS CIEACTBUEM Toro, uro Teopus BKII B cuiy coeit
HEAHAJIUTUYHOCTH IO KOHCTAHTE CBS3M HM NPU KAKUX YCJIOBMUSIX HE MEPEXOJUT B
TEOPHUI0 OUMOJSIPOHHOTO KOHJEHCATA.

Beime ObLT paccMOTpEH HW30TPONHBIA ciy4ail. B aHu3oTponHoM ciydyae wu3
dbopmyi (38'), (38") crenyer, 4To:

2
Hrznax = HrznaxL = w' B||c, (84)
n
- T.e. B Ciy4ae, KOIJla MarHUTHOE I0JI€ HalpaBJI€HO MEPHEHAUKYISPHO MIOCKOCTU
CIOEB, U :

ZwOM”hZ

2 — g2
Hmax - Hmax|| - 112

- B clTydae, KOT/1a MarHUTHOE T0JIE JISKUT B TIIOCKOCTH ¢llo€B. U3 (84), (85) cnenyer,
YTO:

) B lec, (85)

2
Hinaxy _ M,

HZ, M

=vy. (86)

ax||

N3 (78), (85), (86) mns kputuueckoro modssi H..(T) B mepneHANKYISPHOM U
napauieIbHOM K TUIOCKOCTHU CJIOEB HAMPABICHUSIX TTOJTYYHM:



42

Hcr||,J_(T) = HmaxH,J_\/1 - chr(T)/a- (87)

U3 (69) cnenyer, uto OTHOIIEHUE H oy, (T) JHer o (T) HE 3aBUCUT OT TEMIIEPATYPHI.
CpaBHeHUE MMOTYYECHHBIX 3aBUCUMOCTEN C IKCIIEPUMEHTOM NpoBoauTCs B §11.

§10 CkeluIMHTOBbIEC COOTHOIICHUSA

CKEelNMHIOBbIE  COOTHOLIEHWS ~ WIPAIOT  BAXHYKD  pOJb B TEOPHH
CBEPXIIPOBOAMMOCTH, CHOCOOCTBYSl TOHCKY HOBBIX  BBICOKOTEMIIEPATypPHBIX
CBEPXIPOBOJHUKOB C PEKOPAHBIMU MapaMeTpaMu. Takue COOTHOIIEHHUSI MOTYT OBITh
0000111eHrEeM OOJIBIIIOTO YHUCJa SKCIEPUMEHTOB, HE HMMEs IMPU 3TOM HaAEKHOTO
TEOPETUYECKOr0 OOOCHOBaHMS, WJIM OBbITh BBIBEJEHBI MCXOJAHO U3 HE OYEHb
HaJEXKHOTO TEOPETUYECKOTO MMOCTPOEHUS, HO BIIOCIEACTBUM UMETh OYEHb LIMPOKOE
AKCIIEPUMEHTAIILHOE NOATBEPkKACHUE. B KauecTBe mpuMepa MOKHO MPUBECTH 3aKOH
Yemypsl, paACCMOTPEHHBIN B CIEAYIOLIEM pa3cie.

W3noxxeHHass Teopusi MO3BOJISIET JIaTh €CTECTBEHHOE OOBSICHEHHE HEKOTOPBIM
BAKHBIM CKEHJIMHTOBBIM COOTHOIICHUSIM. B 4acTHOCTH, B 3TOM pazjeiie OyJaer aAaH
BBIBOJ (popMyiibl AnekcanpoBa [132, 133] u ckeinmMHroBoro 3akoHa Xomeca.

®opmysa AnexcanapoBa. Kak Obuio oTMeueHO Bbilie (§5), B aHU30TPOIHOM
cinyyae popmyna (53) mpuobperaet BU:

- n
T. = o (@/T) | 52

2mh?
MJ1_/3w*'

(88)

Ynobuo mnepeiitu B dopmyne (88) OoT TpyaHO H3MEPSIEMBIX B HKCIIEPUMEHTE

BEIMYUH  Npp, M), M, K  BEIMYMHAM,  HEMOCPENCTBEHHO  HM3MEPAEMBIM
SKCHEPHMEHTAIILHO:
1/2 1/2
2 My 1 A L R ! (89)
—_— _— = —_—m H —_ ———
@ 16mn,,e2| 7T [16mn,e2| 2eny,’

rie Aqp = A, Ac = A, — JOHIOHOBCKHUE JUTMHBI IPOHUKHOBEHHS B IUIOCKOCTH CIIOEB
Y MEPICHAUKYJISIPHOM HaINpaBJICHUU COOTBETCTBEHHO; Ry — moctosiHHas Xosuia. B
BhIpakeHUsX (89) ckopocTh cBera mosaraercs paBHOM enuHune: c=1. C
HCIIOJb30BaHUEM COOTHOIIeHUH (89), u3 (88) nomyunm:

h? [ eRy 1/3

2
b’lc

2 _
kT, = 2/3( /T)

3/2

(90)

B ¢opmyne (90) Benwuuna eRy usmepserca B cM>, Agp, A — B oM, T,
KeIbBHUHAX.
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YuuteiBas, uro B OomsmmHcTBe BTCII MarepuanoB @ ~ T, u uTo (yHKIHUS
F3/, (a) / T) MaJio MeHseTcs BOMM3M @ ~ T, , ¢ NCTIONb30BaHHEM 3HaueHHs Fi /2(1) =

0,428 u3 (78) s T, moyduM:
1

eRy \3
222

T, = 8.7 (91)

®opmyna (91) ornuuaercss ot Qopmynsl Anekcanapora [132, 133] numb
yucaeHHbIM KodddunnerTom, paBabiM B [132, 133] 1,64. Kak nmoka3zano B [132, 133],
dbopmyna (91) npakTruecku 0€3 UCKIIOUEHUN MPABUIIBHO OIMHUCHIBAET CBSI3b MEKIY
napamerpamu Jyis Bcex u3BecTHbix BTCII martepuano. U3 (88) cnemyer, 4rto
cooTHoleHue Yemypsl [ 134, 135] aBisgercs yacTHbIM cirydaem Gpopmyisl (91).

N3 (90), (91) B u3oTponHOM ciiydae CleAyeT Tak)Ke€ M3BECTHBIN 3aKOH JTUHEWHOU
3aBUCUMOCTH T, OT OOpaTHOM BEJIMYMHBI KBajpaTa JIOHJOHOBCKOW JIJTUHBI
MIPOHUKHOBEHUS.

3akon Xomeca. 3akoH Xomeca YTBEPXKIAECT, YTO JJISI CBEPXHPOBOJIAIINX
MaTEepHUaIoOB BBIMOJHACTCS CKEHIIMHIOBOE cooTHolIeHue [ 136, 137]:

ps = Copc(Te)Te, (92)

r7ie Ps — IVIOTHOCTh CBEpXTeKyuer koMnoHeHTsl npu 1=0, o (T;) — IPOBOAUMOCTH
nocrostHHOro Toka npu I=7, C — mocTosHHas, paBHas =~ 35cM™2 i OOBIYHEIX
cBepxnpoBoaHUKOB U i1 BTCII marepmanoB s TOKa, TEKyLIETO B IUIOCKOCTH
CIIOEB.

Bxopnsmas B (92) BenuuuHa pg cBsi3aHa C IJIa3MEHHON YacTOTOW Wp HW3BECTHBIM

COOTHOIICHHEM ps = w, [138] (w, = /4mnseé/mg, tne ng — KOHUEHTpALHS
CBEPXIPOBOSIINX HOCUTENEH TOKa, Mg, € — Macca M 3apsiji CBEPXIPOBOISIINX
Hocuteneil Toka). Mcnonb3ys 5T0 COOTHONIEHHE, COOTHOLIEHUE Opg = €2N,T/m},
I N, — KOHIIGHTpalus HocutTenew toka mpu T = T., my, e,, — Macca W 3apsa
Hocutene Toka npu T=T, , m cootHomenne T~h/T,, Tme T — MUHUMAJILHOE
MJIAHKOBCKOE BpeMsI JIJIsl pacCEsTHUS DJIEKTPOHOB B Kputnueckoi Touke [ 138], u3 (92),
B MIPEATIONOKEHUN €5 = €, Mg = My, TOIyUUM:

nS(O) = nn(Tc)- (93)

B paccmarpuBaemoM Hamu ciieHapuu 0o3e-koHAeHcauuu TH-OUnonaspoHOB 3aKOH
XomMmeca B dopme (93) cTtaHoBUTCS MOUYTH O4YeBUIHBIM. JleiicTButenbHO, nipu T=T.
TU-OUmonspoHbl SBISIOTCS CTAOWJIBHBIMUA COCTOSTHUSIMU (X pa3Bajl MPOUCXOJUT
[IpU TeMIEpaType, PaBHOU SHEPTUM MCEBIOUIENHN, KOTOpasi HAMHOTO MpeBbIaeT 71, ).
Nx xouuentparus npu 7=7, paBHa n,, U, CTaJIO ObITh, 3T OUTIONAPOHBI ipu T=T,
HAYMHAIOT OOpa30BBIBATH KOHIEHCAT, KOHIEHTparusi kotoporo ng(T) mocturaer
makcumyma ng(0) =n,(T.) mpu T=0 (T.e. Korma OWITOJSAPOHBI TOJHOCTHIO
NEPEXOAAT B CKOHJECHCHUPOBAHHOE COCTOSIHUE), YTO COOTBETCTBYET COOTHOLIEHUIO
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(93). OrmeruMm, uyto B pamkax Teopur BKII o0bsacHuth 3akoH Xomeca
NPE/ICTABIIAETCS MPAKTUYECKH HEBO3MOYKHBIM.

§ 11 CpaBHeHme ¢ 3KCIEPUMEHTOM

VYcenex teopun BKII cBszaH ¢ ycnemHbM 0OBSICHEHHEM psifla SKCIEPUMEHTOB B
OOBIYHBIX METAJUTMYECKUX CBEPXIPOBOJAHUKAX, B KoTOopbix O®dB He sBusercs
cuibHbIM. EcTh ocHOBaHue cunTaTh @B B BBICOKOTEMIIEPATYPHBIX KEPAMUUYECKUX
CII nocrarouno cwibHbIM [139]-[141], u nna vux teopust BKII mmoxo npuMmeHumMa.
B 3TOM ciiyuae MokeT ObITh MOJIE3HBIM UcTiOIb30BaHue onucanus ceorictB BTCII Ha
OCHOBE Teopuu OumnoyisipoHoB. Kak H3BECTHO, CHEIMAIBLHO TOCTPOCHHAS IS
onucanuss CII ¢ cunbabiM O®PB Teopusa Onmambepra [25] HenpuMeHHMa K
OMHUCAaHUIO OUNOJISIPOHHBIX cocTostHUuM [142]-[143]. TlepeuuciM HEKOTOpPHIC
skcniepuMenThl o BTCII, koTopsie HaxoasTCcst B cCOOTBETCTBUU ¢ TH-OumnossipoHHOM
TEOpHUEH.

CornacHO OCHOBHBIM HMEIOIIMMCS Ha cerogHsmHui nens Tteopusm CII (BKII,
RVB, t-J Teopusim [16], [106]-[107]), npu HU3KKX TeMrepaTypax BCE€ HOCUTEIIN TOKa
JIOJIKHBI OBITH CIapeHbl (T.€. MIIOTHOCTh CBEPXIPOBOMASIIUX 3JIEKTPOHOB COBMAIAET
CO CBEPXTEKy4Yell IIIOTHOCTHIO). B HEeJaBHUX dKCIIEPUMEHTAX 0 TEPEI0NTUPOBAHHBIM
CII [43] 6bu10 TTOKA3aHO, YTO ATO HE TAaK — JIMIIL HEOOJIbIAs YaCTh HOCUTEJICH TOKa
0Ka3aJlaCh B CIAPEHHOM COCTOSIHUM. AHalu3 3TOM CUTyallluH, MPOBEAEHHBIN B [ 144],
MOKa3bIBaC€T, YTO TMOJIydeHHble B [43] pe3ynbTaThl HE BIUCBHIBAIOTCA B
CYLIECTBYIOIIME  TEOPETUYECKUE  KOHCTPYKLIMHU. Briueunsnoxennaas — THU-
ounosnsiponnas teopusi CII ga€r orBeT Ha Bompoc padothl [144] — kynma ucyesna
OoJibllIasi 4acTh SJEKTPOHOB B MCCIIEAOBAaHHBIX CBEpXMpPOBOAHUKaX? OH COCTOUT B
TOM, 4YTO JIMIIb HEOONbINAs YacTh OJNEKTPOHOB My, Ny, = N|Ep,|/Ep K n,
HaxXOoJAIIUXCs BOMM3M moBepxHOCTH DepMu, OKa3bIBAIOTCS CHAPEHHBIMU |
onpenenstoT ceepxmposoasme ceorictea BTCII marepuaios.

B neiicTBuTeNbHOCTH, OJHAKO, pa3BUTas B JaHHOW pabote Tteopusi DDB
npuMeHnuma i HegoaonupoBaHHbIX CII wm mioxo mnpuMeHUMa i ONMUCAHUS
AKCIIEPUMEHTOB C MEpPeONUPOBAHHBIMU OOpasilaMu, MCMOJIb30BaHHBIMU B [43]. B
YaCTHOCTH, Mbl HE MOXEM OXHUJaTh B HEIOJONMUPOBAHHBIX 00pa3liax JHUHEHHOM
3aBUCHUMOCTH KPUTHYECKOM Temreparypsl OT IIoTHOCTH CII  anekTpoHOB,
HaOmonasmieiics B [43]. Ckopee 5Ta 3aBUCUMOCTh OyJeT HEIMHEWHOM, KaK 3TO
cienyet u3 ypaBHeHus (53).

Jlns onucaHusi TEpPeAONUPOBAHHOTO PEKMMa HENAaBHO ObLIa MOCTPOEHA TEOPHs
[145], ocHoBanHas Ha wujaee dDepMu-koHACHCAMU, pa3paboTaHHOW B [146],
spistrorasicss 0oo0menuem teopun bKII, B koTopoit 6b110 IOKa3ano, yto uncio CII
HOCHUTEJICH TOKAa COCTABJISIET JIUIh MAJTYIO YaCTh MX OOIIETO YKCIIa, YTO HAXOIUTCS B
COOTBETCTBHH C pe3ylibraTamu [43].
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Takum 00pa3zom, MBI MOXKEM 3aKIIOYUTh, YTO PE3YyJIbTAThl, MOJyuYeHHbIE B [43],
ABJISIIOTCS. BeCbMa OOIIMMHM M HMMEIOT MECTO KakK B IMEpEeAONUPOBAHHOM, TaK U B
HEJI0I0NMPOBAHHOM citydae (cM. Takxke [147]).

MBI Takke MOXKEM 0XKUIATh JIMHEWHOW 3aBUCUMOCTHU cornpotusieHus ot T npu T
> T, KaKk B MEPEIONUPOBAHHOM, TaK U B HEAOJONUPOBAHHOM CIIy4ae, MOCKOJIBbKY
YHCJIO0 OUTIOJIIPOHOB MAJIO TI0O CPABHEHHIO C TIOJTHBIM YHCIIOM JJICKTPOHOB, eciin DDB
SBJISIETCA IOMUHHUPYIOIINM, & KPUCTAIII — U30TPOITHBIM.

B npotuBonoxuocts padote [145] B HenaBHel padote [148] ObLIO MOKa3aHO, YTO
JMHENHasl 3aBUCUMOCTh 1. OT 4Mciia KyIepoBCKUX map, HaOmronaBmiasics B [43] mo
nepeaonupoBaHHbM La, Sr,Cu,O kpuctaymiaM, MOXeET OBITh OOBSCHEHA C TOUYKH
3perust bKIII, ecnu ocHoBBIBaThCs Ha Tia3MOHHOM Mexanuszme CII. Tem He MmeHee,
MPEJCTABISACTCS, YTO CICIUAIbHBIN Ciydail, paccMOTpeHHbI B [148], He Moxer
OOBSCHUTH OOIIMIA XapaKTep pe3yabTaTOB, MOJYyUYEHHBIHN B [43].

Bomnpoc o necoorBerctBun BKII pesynbratam [43] u apyrum teopusim CII Takxke
paccMaTpuBaics B HeaaBHel padote [149], B koTopo#i pa3paboTaHa mpocTtas MOJENb
ounonsiponHoid CII u ObUIO MOKa3aHO, YTO YUCIO OUIOJIAPOHHBIX HOCUTEJEH TOKA
JOJDKHO OBITh Majo MO CPaBHEHUIO C TOJIHBIM YHUCJIOM 3JEKTPOHOB. Pe3ynbTarthl,
nonydeHHble B [149], noaTBepxkaatot pesyabratel [109], [117], [118] o manoi gone
CIIAPEHHBIX COCTOSIHUI B MpeJiesie HU3KUX TeMIIepaTyp.

Jpyrum BakKHBIM CBHJIETEJILCTBOM B TMOJIb3y OunosisipoHHoro mexanmsma CII
SBJISIIOTCSL  DKCIEPUMEHTHI 10 HM3MEPEHHMIO IIymMa TYHHEIBHOIO TOKa B
rerepoctpykrypax LSCO/LCO/LSCO, BeinosiHeHHBIE B padoTe [42].

CornacHo 3TUM DSKCHEPUMEHTAM, CIIAPEHHBIE COCTOSIHUS HOCHUTEIEH TOKa
cymectBytoT u mipu T>T., To ecTh ux 00pa3oBaHUE MPEANIECTBYET OOPa30BAHUIO
CBEpXMPOBOAsAIICH  (a3bl, UYTO  SABJISETCS  PEHIAONIMM  MOATBEPKICHUEM
MPUMEHUMOCTH OUTIONIIPOHHONW KapTHUHBI K BBICOKOTEMIIEPATYPHBIM OKCHUJIaM. DTOT
BBIBO/I ITOATBEPAKIAIOT TAKKE PE3YIBTATHI TEpPArepLoBo criekTpockonuu [150].

Ha puc. 4 nokazanbel THIUYHBIEC 3aBUCUMOCTHU E (’T") U3 Hux cienyer, 4To B TOUKE

Tepexoa SHeprus ABJseTcs HenmpepbiBHON (yHkimeit T. DTo 03HAaYaeT, 4TO Ha caM
MepPeXo0;] PHEPTHUIO 3aTPAauynuBaTh HE HAJIO M MEPEXO/T ABIIICTCS (Pa30BBIM MEPEXOI0M 2-
ro pojia B MOJHOM COOTBETCTBHH C IKCIIEPUMEHTOM. B TO ke Bpems mepexoa 0o3e-
JacTWIl H3 KOHJCHCATHOTO COCTOSHHSA B  HAJKOHIEGHCATHOE CBSI3aH C
DHEpro3arpaTamMu, KOTOpble omnpeaenstorcs BemuunHod q (§3, Tabmuma 1),
OTIPEIENIAIONIEH CKPBITYIO TEIUIOTY mepexojia 003e-ra3a, 4To JeJaeT TaKod mepexo
(a3oBbIM TIepexosoM 1-To poja.

Paccmotpum B kauectBe npumepa BTCIT YBa,Cu;O; (YBCO) ¢ Temneparypoi
nepexoga 9093 K, o00béMoM aneMeHTapHOil  sueiiku; 1734+ 10721cm3,
xoHLeHTpanueil apipok n =~ 10%1cm™3. CormacHo onenkam [151], sHeprus ®epmu
paBHa Ep =0,37 »3B. Konnentpamuto TU-o6unonsponos B YBa,Cu;O; Haiiném us
ypaBHeHus (53):

n ~
%Cbp = f&’)(Tc)
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cT.,=1,6. B Tabnuue 1 mpuBoAsTCS 3HAUECHHUS Npp,i VIS 3HAYEHUH MapamMeTpoB
@;, mpuBeAEHHBIX B (§7). W3 Tabmuuel 1 ciexyer, 4ro Ny, ; <K n. Takum o0pasowm,
TOJIbKO MaJyiass 4acTh HOCHUTENIe TOKa HAXOJUTCS B OUIOJSPOHHOM COCTOSTHUU.
Orcroma crnegyer, B COOTBETCTBHUM C pe3ynbTaTamMu §6, UYTO KYJIOHOBCKOE
B3aMMOJICICTBHE  OUMOJSIPOHOB  OyneT  3a’KpaHMPOBAHO  HECTApEHHBIMU
ANIEKTPOHAMH, YTO  ONPABIABIBAET pPACCMATPUBAEMOE HaMH  NPUOIMKEHHE
HeB3auMojielicTByromiero raza TH-0unonasipoHos.

CormacHo wu3nmaraemMoMmy Tnomxonay, misi  BosHukHOBeHUss CII  HeoOxomumo
00pa3oBaHUE CHApPEHHBIX COCTOSHMI. YCJIOBHE OOpa30BaHUSI TaKUX COCTOSHHUM
BOJIM3K mosepxHocth epmu, cornacho [119], umeer Bu: Ejpy, < 0. COOTBETCTBEHHO,
BEJIMYMHA ICEeBIOIIENH, COTJIACHO pe3yibTataM §6, Oyner paBHa:

A= |Epp + U] - (94)

EctecTBeHHO, »Ta BenWYMHA HE 3aBUCHUT OT BekTopa K , HO 3aBHUCHT OT
KOHIIEHTPAIlMU HOCUTEJEH TOKA, T.€. OT YPOBHS JIOMUPOBAHMS.

B uznoxxenHom mpocreitimem Bapuante teopuu CII mens w, He U3MEHSETCA MpU
Mepexofe M3 KOHJIEHCHUPOBAaHHOTO B HEKOHJIEHCHUPOBAaHHOE COCTOSIHUE, T.€. MpHU
MEPEXOE U3 CBEPXIIPOBOJSAIIETO B HECBEPXIIPOBOISALIEE COCTOSHHUE M, CTAJIO OBITH,
W UMEET CMBICI TAKKE U MCEBAOLLEIH:

A= wo(k), (95)

KOTOpasi 3aBUCHUT OT BOJIHOBOTO BekTopa K.

MHOTOYHUCICHHBIE JAUCKYCCUU O MpoOJieMe IIENH U TICEBIOIIECNTH HCXOISAT W3
yTBepkKIeHusl, uto sHepreruyeckas mwenb B BTCII onpenensiercs sHEprueil cBs3u
KYTIEPOBCKUX TAp, YTO MPUBOJUT K HEPA3PEIIUMBIM MPOTUBOPEUHSIM (CM. 0030pHI
[152-156], nocBsménHBIE 3TOM TTpodIIEME).

B netictBurensHoctn BenmumHa CII menu A, , ompenensemas (95), BooOie
TOBOPsI, HE UMEET HUKAKOT'0 OTHOIICHUSI K SHEPTUH CIIAPEHHBIX COCTOSIHUM, KOTOpast
onpenensercs Ep,. CornacHo [116], kak npu MaibiXx 3Ha4eHUsAX KOHCTaHTh ODB a,

TaKk ¥ Mpu OOJNBIIUX O SHEPTUsA OMIMOJISAPOHA |Ebp|~a2w0, T.€. |Ebp| BOOOIIIE HE
3aBUCHT OT Wy.

Tak, HanpuMmep, B paMKax U3jlaraeéMoid HaMH KOHIIEMIIUA CTAHOBUTCS OYE€BUHBIM
OTBET Ha BONPOC, MOYEMY ICEBIONICIb A, UMEET Ty ke aHuzorponuto, yto u CII
iedb — 3TO OJIHA U Ta K€ miesib. OUeBUIHBIM CTAHOBUTCS TAKXE€ OTBET Ha BOIPOC,
MoYyeMy IIesib M TICEBAONIENbh CIa00 3aBHCAT OT Temmeparypbl. B uacTtHOCTH,
MOHATHBIM cTaHoBUTCS, nouemy npu CII mepexone mienb BO3HHMKAET cpazy U HeE
obpamraercss B Hosb mipu T = T, (He BKII moBemenue). YacTo IUCKyTHPYEMbIN
BOIIPOC, KAKOW MmapaMeTp MOopsaKa CleayeT COTIOCTaBUTh MCEeBAOIIEIeBOM (aze (T.e.
SBJISIETCS JIM TICeBIoIIeneBas ¢asza OTACIbHBIM cocTosiHueM wmatepuu [153]), B
paMKax U3JI0KEHHON TEOPUM MPEICTABISETCS JTUIIEHHBIM CMBICTIA.
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B Hacrosimiee BpeMs CyIIECTBYET MHOTO METOJOB H3MEPEHHUS  IIEJH:
(dboTOOMHCCHOHHAsA ~ CHEeKTpockomust ¢  yriaoBeiM  pazpemienueM  (ARPES),
paMaHOBCKas (KOMOMHAIIMOHHAS) CHEKTPOCKOMMs, TYHHEJIbHAs CKaHUPYIOIAs
CIIEKTPOCKONMS, MarHUTHOE HEUTpOHHOE paccessHue u np. CormacHo [156], mns
MaKCUMaJIbHOW BeuduHbI e Y BCO (6.6) (B aHTUHOJaIbHOM HAmpaBJICHUU B ab-
MJIOCKOCTH) OBLTO MOMyueHo0A; /T, = 16. 310 maét ms |E bp| ~80 M3B.

OnpenenuM Tenepb XapaKTepHYIO SHEPruio (OHOHOB, OTBETCTBEHHBIX 3a
oOpazoBanue TU-OMMOIAPOHOB U CBEPXMPOBOASIIMX CBONCTB OKCHUIHBIX KEpPaMUK,
T.e. BenuuuHy CII memun A,. C 3TOH 1eIbl0 BOCHOIB3YEMCS CpPaBHEHUEM
pPACCUMTAHHBIX 3HAYEHUN CKAUYKOB TEIJIOEMKOCTEH C JKCIEPUMEHTAIbLHBIMU
JTAHHBIMU.

Ckayok TEIIOEMKOCTH, BBIUMCICHHBIM Teopetudyecku (Puc. 5), coBmamaer ¢
IKCIIEPUMEHTATLHBIME 3HaYeHUAMU B YBa,Cuz;O; [157] mpu @ = 1,5, T.e. ipu @ =
7,5 wmdB. DOt0 coorBercTBYeT KOHIEHTpamuu TH-OMNONAPOHOB My, = 2,6 -
10%8cm~3. C yuérom TOro, uTo |Ebp| ~ 0.440°w [44], |Ebp|= 80 m3B, ® = 7,5 M3B
I KOHCTaHThl DO@PB o momyuuM: = 5, 4TO 3aBEIOMO JEXKHUT 3a MOpeAciIaMu
npuMenumocTty bKIII.

Kak wu3BectHo, B Teopun BKIII ckauok termoémkoctu pasen: (Cs — Cp,)/C, =
1.43, rne Cs — TeTIOEMKOCTD B CBEpXIIpOBOsLe ¢ase, a C,, — B HOpMaIbHOU dase,
M HE 3aBUCUT OT IlapaMeTpOB MOJIEIBLHOIO raMuibToHHaHa. Kak cremyer wus
YUCJICHHBIX Pacu€ToB, MPUBEAEHHBIX HA pUC. 5 U B Tabnule 1, B OTJIMYUE OT TEOPUH
BKIII, BenmuunHa ckayka 3aBUCUT OT (HOHOHHOM dYacTOThl. Takum oOpazom,
M3JI0KEHHBIN MOXO]] IPEICKa3bIBAET CYIIECTBOBAaHUE U30TONHYECKOTo A dexTa ais
CKayKa TEIJI0EMKOCTH.

OTMmeTuM, 4TO MpU pacdy€Te TeMIEPaTyphl Mepexoia CYUTAIOCh, 4YTO P PeKkTuBHAS
Macca M, B ypaBHeHUH (53) HE 3aBUCUT OT HaIPaBJICHUS BOJHOBOTO BEKTOPA, TO
€CTh OB paCCMOTPEH U30TPOIHBIN CITy4ai.

B anuzorponHoM ciydae, BbIOMpass B KadyeCTBE KOOPAMHATHBIX TJIABHBIC OCH

1/3 .
BeKkTOpa K , MOMy4YrM BETUIUHY (MexMeyMez) BMecTO 3P(HEeKTUBHOI Macchl M,.
B cnoucteix BTCII marepuanax 3HadueHus 5(PQGEKTUBHBIX Macc JIeKaluxX B
IJIOCKOCTH CIOEB Mgy, M., Onusku no Benuuuue. Ilonaras B oTom ciydae M, =
Mgy = My = M), M, = M,, OTy4uM BMECTO BENUUYMHBI (), , OLIpEENsiemMoii (53),
Bemmanny Cpp = Cpp/V, V2 =M, /M), — mapametp anmsorponmu. Takum obpasom,
y4eT aHU30TPONUH dPHEKTUBHBIX MacC TA€T Ui KOHIEHTPALUH Mpy, BETMYUHY
flpp = YNpp. CrenoBaTenbHo, Y4YET AHM30TPOIMM MOXKET Ha TOPANOK M Oonee
VBEJIMYHUTHh OILIEHKY KoHIeHTpanuu THU-OunonsiponoB. Ecom nns YBa,Cuz0-
npuHATH oneHKy Y2 = 30 [158], To ans xoHuenTpauu TH-OGUIONSAPOHOB MOITYUHM:
fipp = 1.4-10'%cM™3, uro ocramsier B cuie OOLIMIT BBIBOJ: B PAacCMaTpPHBACMOM
cllydae JMIIb Majlasg 4YacTb HOCHTeNed Toka Haxoautcs B TU-OunonsipoHHOM

coctosiHuU. CHTyalMsi MOXKET HM3MEHHUTBCS, €CIM MNapameTp aHU30TPONUU OYECHb
Benuk. Tak, Hanpumep, B caoucTeix BTCII Bi-Sr-Ca-Cu-O napamerp aHU30TpONUU
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v>100, cooTBeTCTBEHHO, KOHIleHTpanus TH-OUIMOISIpOHOB B ITHX COCIUHEHUSX
MO>KET OBITh OJJHOTO TIOPSIKA C TIOJTHOW KOHIICHTpAIIMEeH HOCUTENEH TOKa.

Jlpyroii BayKHBIN BBIBOJ, K KOTOPOMY MPUBOAMT YUET aHU3OTPOTHH dPPEKTUBHBIX
Macc — 3aBUCHMOCTb TEMIIEPATYPHI nepexona T He OT My, U M| 0 OTAENBHOCTH, a
TOJILKO OT WX OTHOIICHHUS, YTO HEMOCPEICTBEHHO cienayeT u3 (53). DTo sBIeHHE
M3BECTHO Kak 3aKOH Yemypsl. B npeapiayiiem pasaene 6b110 mosyueHo Oosee odriee
COOTHOIIICHHE, U3BECTHOE KakK (opMyna AJIEKCaHIPOBa, YACTHBIM CIydaeM KOTOPOU
SBJISIETCS 3aKOH Y EMYPBHI.

B uucne skcnepuMEHTOB, B KOTOPHIX YYacTBYeT BHEIIHEE MAarHUTHOE IIOJIE,
BaXHEHIIIYIO POJIb UTPAIOT IKCIEPUMEHTHI 110 W3MEPEHUIO JIOHJIOHOBCKOW TTTyOHHBI
npoHukHoBeHus A. B YBa,Cu;0, nns A npu T=0 B padote [159] ObL10 MOITYyYEHO
Agp = 150 = 300 uM, A, = 800 HM. Takoi »xe MOPSATOK ITUX BEIUYUH IMPUBOJIUTCS
B Oonbiom uuciie padot [160]-[163]. B pabote [162] (cM. Takke CChUIKA B 3TOU
CTaThe) MOKA3aHO, YTO AHWU3OTPOMHs ATUH A, U A, B KYNpaTHBIX IUIOCKOCTSIX B
3aBHCHUMOCTH OT TUIIA KPUCTAIUIMYECKOM CTPYKTYpbl MOeT cocTaBisTh 30%. Eciu
MPUHATH TIOJIydaeMoe B OOJIBIIMHCTBE paboT 3HaueHue A, = 150nm u A, =
800 nm, To s mapameTpa aHuzoTponuu, cornacHo (70), mosydum 1%~ 30 —
3HauY€HHEe, 0OBIYHO KCIIOIB3yeMoe NSl KpuctamioB YBa,Cuz0- .

TemnepatypHas 3aBucumocts A%(0)/A%(T) usydanach BO MHOTHX paboTax (CM.
[163] u cchuiku B Heil). Ha puc. 9 noka3zaHo cpaBHEHUE Pa3IUYHBIX KPUBBIX IS
A2(0)/2%(T). B pabote [163] moka3aHo, 4To B BHICOKOKAYECTBEHHBIX KpPHUCTaJIaxX
YBa,Cu30, temneparypHas 3aBucumocts A2(0)/A%(T) Xopolo anmpoKCHMUPYeETCs
npoctoii 3aBucumocthlo 1 —t%,t =T/T,. Ha puc. 10 mokazaHo cpaBHEHHE
sKcnepuMenTanbHoi 3apucumoctu A2(0)/A%(T) ¢ TeopeTHuecKoii 3aBUCHMOCTBIO:

A%(0) 4 (1)3/2 F3/2(w/T)
2(T) F3p2(w/Tc)

Te
BeITekaromert u3 (71), (55), (56). Takum oOpa3zoM, MMeEETCS XOpOIlNee Corjacue
MEXy SKCIIEPUMEHTOM U TEOPETUYECKON 3aBUCUMOCTHIO (96).

oy

0.8

(96)

0,4

0

0 0.4 0.8 T/T.

Puc. 9. I'mybuna nponnkHoBeHUs: MarHuTHOTO 1101t Teopun BKIII (a — mokansHOE
NpuOIKEHHe, b — HEOKaIbHOE PUOIKEHHUE); SMIIMPHIECKOE MPaBuiIo A~ 2~1 —
(T/T)* (c) [164]; BY Ba,Cu30, (d) [163].
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YBa;Cuy04
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Puc. 10. CpaBHenne TeopeTtudeckoil zasucumoctu A?(0)/A%(T)  (cmiomHas
JIMHUS), TIOJYYCHHOM B TAaHHOU CTaThe, C IKCIEPUMEHTATIBLHON 3aBUCUMOCTHIO [ 163]
(TOueuHast KpuBas).

1000

800

H,1(0¢)

Hcllferli

Puc. 11. CpaBHeHHE  pacCUMTaHHBIX  (HEMPEpPHIBHBIE  KpUBBIE) U
HKCIIEPUMEHTANbHBIX 3HaueHuM H., (KBamgpartbl, Kpyru, poMObl [165] mns ciydaes
[lcu L c.

PazpaboTtanHass Teopus TO3BOJIIET MPOBECTH CPABHEHHUE C OKCIEPUMEHTOM
TeMIepaTypHOH 3aBUCHUMOCTH BEJIWYUHBI KPUTHUUYECKOTO MArHUTHOTO TIOJS B
Y Ba,Cu30, [165]. Tlockonbky mocTpoeHHast B §9 Teopusi OMUCHIBACT OJHOPOJIHOE
coctossHue raza TH-OumonsapoHOB, TO paccMaTpUBaeMO€ KPUTHYECKOE II0JIe
COOTBETCTBYET OJHOPOJAHOM MecHepoBcKkoi (aze. B padore [165] mis Takoro mosst
UCIIONB3yeTCcsl o0o3HaueHue H.;, KoTtopoe cBsizaHO ¢ oOOo3HaueHuUsMu §9

cootHomeHusMu:Hey = Hep, Heq) = Hepyy Heny = Hepppe Aot cpaBHeHmSt €
AKCIIEPUMEHTOM HCHOJIb3yEM paHee TMOJYyYEHHbIE 3HAYEHUS MapaMeTpoB s
Y Ba,Cu3;0,: w =15, o, =16. Ha puc. 11  nokazaHo  cpaBHEHHUE

SKCIIEPUMEHTANBHBIX 3aBUCUMOCTEN Hey ) (T) w Heq (T) [165] ¢ Teopetnyecknmu
sapucumMocTamu (87), rae st Hyax (0 (T) B3ATBI 9KCHIEPUMEHTAJILHBIE 3HAYECHHUSL:
Hpax | = 240, Hyaxy = 816. IlpuBenéunbic Ha puc. 11 pesynbrarsl MOATBEPKAAIOT
BbIBOA (§9) 0 HezaBucumoctu otHowenuit Hey y (T) /Hcy (T) OT TeMIEparypsl.

N3 cootnomennii (70), (84), (85) cnenyer, 4ro:
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* 2 2
MJ. /1J_ . HmaxJ_

X
* 2 ’ 2
My A7, Hy

(y*)? = =y2=11.6. (97)

ax| |

BeiGop i mapaMeTpa aHM30TPONMHU 3HaueHMs Y2 = 11.6, omnpemenseMoro
cootHomeHuamu (97), oramuaercs or 3Havenus (¥*)? = 30, HCIIONB30BaHHOTO
BbIllIE. DTO pa3jiuyue, MO-BUAMMOMY, OOYCJIOBIIEHO pa3iu4yheM aHU30TPOIUN
TMONSAPOHHBIX d(Q(YEKTUBHBIX MacC M| | 1 3JIEKTPOHHBIX 30HHBIX Macc.

Hammune memn w, B BTCII kepamukax [I0Ka3bIBa€TCSI MHOTOYUCICHHBIMU
cnekTpockonuyeckuMu skcriepuMentamu  (ARPES) mo yrmoBoit 3aBucumoctu
wo oT k npu maneix | k| [152-156]. Hanudue d-cuMMmeTpuu B yriioBO# 3aBHCHMOCTH
wo (k ), IO-BUIUMOMY, CBSI3aHO C MOSIBIICHUEM TICEBIOIICIH U niepecTpoiikoin depmu
cuctemsl B cuctemy @epmu-ayr, obnagaromyio d-cumMerpueil. B skciepumenTax mo
TYHHEJIbHOM CIEKTPOCKOINWU BEIUYMHA Wy MOKET MPOSBIATH Ce0s KaK HaIW4Yue
CyOIlIeNeBOil CTPYKTYpbl Ha (oHEe u3MepeHus mncepmomnean A, (A;> w,). Takas
CTPYKTypa HEOJHOKpPaTHO  HaOmoJanach B  ONTUMAlIbHO  JONHPOBAHHBIX
Y Ba,Cu30, u Bi,Sr,CaCu,04 (BCCO) B obnactu 5+10 mMdB [166]-[168], uTO
COBIIAJIA€T C BBILICTIPUBEAEHHON OLIEHKOU Wy .

Bonpuiyto COBOKYMHOCTh 3KCHEPUMEHTOB COCTABIISIET M3MEPEHUE 3aBUCHUMOCTHU
BEJIMYMHBI [T W TICEBAOUIENM OT YPOBHS JONUPOBAaHUS X. YK€ paHHHE
AKCIIEPUMEHTHI TI0 U3YYEHUI0O MAarHUTHOW BOCIPUUMYUBOCTA U HAUTOBCKOTO CABUTa
BBISIBIUIM HAJIMYUE TICEeBIOIIeNH, mosBisomeics npu T° > T,.. ITlocmexyromme
MHOTOYHUCJICHHBIEC SKCIIEPUMEHTBI BBISBHIIL 0COOCHHOCTU T - x ()a30BOM AUArpaMMBI:
T* yBenuuuBaetcs, a T, yMEHBIIAETCs MPU yMEHBIIEHUU aonupoBaHus [152-156].
Kak mokazano B [119], Takoe moBeaeHHE MOXKHO OOBSICHUTH OCOOCHHOCTSIMHU
CYILIECTBOBAHMS OUIIOJISIPOHOB B MOJISIPOHHOM Tas3e.

B [119] Takxe oTmMedaeTcsi, BO3MOXKHO, 00mmuMii xapakrep 1/8 anomanuu (puc. 12)
B BTCII cucremax [169].

IIpuBenenHoe BbIIe ycnoBUe CTaOMIBHOCTH Ejp, < 0 O3Ha4aer, 4To Haauuue
depmu-raza pauKalIbHO MEHIET KPUTEPHUI CTAOMIBHOCTH OUTIOJISIPOHOB, KOTOPHIH B
OTCYTCTBHE (DEPMUEBCKOTO OKPYKEHHUs NpUHUMAeT BUA Ep, < 2E,. Ha daxr rakoi
cTabuiau3aluu ObLJIO BHEpBbIE ykazaHO B paborax [170-171]. Dtor dakr urpaer
BAXHYIO POJIb MPU OOBSICHEHUM KOHILEHTPAIMOHHBIX 3aBucumoctet T. oT x. B
peanbHbix BTCII marepmanax BennunHa KoHCTaHThl JD®PB ckopee Bcero mmeer
MPOMEKYTOUHOE 3HayeHue. Toraa B o0nacTu MaiblX KOHLUEHTpaluil B OTCYTCTBHUE
dbepmueBckoro OkpyxeHus TH-OunonsipoHsl HECTAOWIBHBI OTHOCUTEIBHO UX
pacnaza Ha otaenbHbie ToJigpoHbl U CII mpu Maneix X HeBO3MOKHA. OHA BO3ZHHUKAET
IIpU KOHEYHBIX X, KOTJa HMEETCA SPKO BblpaxkeHHass DepMU-TIOBEPXHOCTD,
cTabmm3upyromas o0pa3oBaHHWe OWIOISIPOHOB. DTO COOTBETCTBYET OOJBIIIOMY
yucny skcrnepuMmeHToB 1o BTCII marepuanam. IIpoctoli TepMOIWHAMUYECKUIA
aHaJIN3 MOKA3bIBAET, YTO MpU KOHEYHOU Temmeparype THU-OumosspoHsl CTaOUIBHBI
IIPA  BBITOJIHEHUU KPUTEPUS: |Ebp — 2Ep| = T. Takum o0Opa3oMm, XapakTepHas

temriepatypa T, COOTBETCTBYIOIAs IICEeBAOIICICBOM (a3e paBHa: T =~ |E bp — 2Ep|.
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Cam nepexoJl B miceBoleNeByto a3y cBsizan ¢ oopazoBanuem TH-OunonasipoHoB
npu T < T* U CUIBHO pPa3MBIT MO TEMIIEPAType B TMOJHOM COOTBETCTBUHU C
skcriepuMeHToM. OtMmeruMm, uyto 1" << |E bp| u mpumepHo B 1,5 = 2 pasa
npesbImaet 7.

[Ipu yBennm4eHUM NONMUPOBAHUS MPH X > Xonr, THE€ Xopr — BETMUYMHA ONTHUMAJIBHOIO
nonupoBanusd, CII mnepexonut B NEPENONUPOBAHHBIA PEXKHM, KOTJA YHUCIIO
OUMOJIIPOHOB CTAHOBUTCSI HACTOJIBKO OOJBIIMM, YTO OHU HAYMHAIOT NMEPEKPhIBATHCA,
T.€. mpoucxoaut nepexona B pexum bKII ¢ manbivmu T,.

100

...............

" [(Lagys N, ST, ICUO4(y>0) ]
(Lay.Ba)CuOy ]

T.(x)

0.00 0.05

Puc. 12. 3aBucumocts T (X) /I BBICOKOTEMIIEPATYPHBIX CBEPXITPOBOIHUKOB C
1/8 anomanueit

B 3akntoueHue 3Toro paszzgena OTMETHM, YTO MHOTOJIETHSI IUCKYCCHUSL O MPUPOJC
menu u ncespoiuenyd B BTCII marepranax BO MHOTOM CBsI3aHA C METOIOJIOTHUECKOM
po0JIeMOi U3MEPEHHU S, KOTJIa Pa3IMYHbIE METOJIbI U3MEPEHUS B JCHCTBUTEILHOCTH
M3MEPSIOT HE OJIHO U TO K€, a COBEPIIEHHO pa3Hble BeIMYUHbI. B paccMarpuBaeMoM
Hamu ciydae ARPES usmepsier wy(k ), B TO Bpemst Kak TyHHEIbHAsI CIIEKTPOCKOTIHS

— BEJIMYUHY |E bp | Huxe Mbl mogpoOHEee pacCMOTPUM 3TH BOIIPOCHI.

§12 CnekTpockonuyecKue 3KCIEePUMEHTbI

Kak nmoka3zaHo B npeapiayiieM pasaesne, pa3BuTasi TEOpUsl XOPOILIO COBMEMIAETCS C
TepMoauHamuueckumu  xapakrepuctukamu BTCII MmarepuanoB, a Takxke ¢ HX
MAarHUTHBIMH XapaKTepUCTUKAMHU. ITuUX (HaKTOB, OJHAKO, HEIOCTATOYHO, YTOOBI
OJIHO3HAYHO CyauTh O HempotuBopeunn TH-Ounonsiponnoit teopun CII npyrum
AKCIIEPUMEHTANILHBIM (pakTam.

B nacTosimee Bpemsi uMeeTcsi OOJIBIIIOE YKCIO METOMOB, MO3BOJISIONIUX H3Yy4YaTh
CBOMCTBA CHAPECHHBIX COCTOSIHUM W BBITEKAIOIIME U3 3TUX CBOWCTB cieacTBUs. Llenn
ATOro0 paszfena — TMPOAHATU3UPOBATh, B KAaKOW Mepe JaHHBbIE COBPEMEHHBIX
CIIEKTPOCKONIMYECKUX  METOJOB, BKJIIOUAIOIIMX TYHHEIBHYIO CKaHHUPYIOULYIO
Mukpockonuo  (CTM), comyrcTByromMe €l METOAbl  KBa3WYaCTUUYHOM
uHTephEpPEeHITNN, METOAbl  (POTOIMUCCHOHHOW  CIEKTPOCKONMUU C  YIJIOBBIM
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paspemienneM (ARPES) u  pamaHoBCKOro (KOMOWHAIIMOHHOTO) — pacCestHus
COBMECTUMBI ¢ npezcTaBiaeHussMu o TU-0unonsiponnom mexanusme BTCII.
TyHHeJIbHBbIE XAPAKTEPUCTUKU. TYHHEJbHBIE XAPAKTEPUCTUKU B ciydae TH-
ounonsiponHoir Teopun CII wumeror cBoum ocobeHHoctu. Kak oOb4HO, mpu
PacCMOTPEHUH TYHHEIBbHBIX SIBIICHUM, HAPUMEP, MPHU PACCMOTPEHHUH IEpexofa M3
CBEpXIIPOBOJHMKA B HOPMaJbHbIA METaUI 4Yepe3 TYHHEJbHbIM KOHTAaKT, OyJeM
OTCUUTBIBATh PHEPTUIO OT OCHOBHOrO coctosinusa ClII. B TU-0unossspoHHON TeopHuH
CII OCHOBHBIM COCTOSTHUEM SIBIISICTCSI OWIOJIIPOHHOE, DHEPIHsl KOTOPOTO JICKUT
Hwke ypoBHsT @epmu 3T1oro CII B HOpMaIbHOM COCTOSIHUM HA BEJIWYMHY IHEPTUU
ounonsapona |E,|. Takum o6pasom, mpu TyHHenbHOM KoHTakTe CII ¢ HOpManbHBIM

MeTaIoM ypoBeHb depMu HOpMalbHOro MeTayia OyleT COBMAJaTh C JHEpruei
ocHoBHOro cocrosiHua CII. Otcroga ciemyer, 4To OQHOYACTUYHBIA TOK JUIsl TAKOIO
KOHTaKTa Oy/leT UMETh 0OBbIYHBIN BUA (puc. 13).

OcoOeHHOCTh BO3HUKAaeT IPU PACCMOTPEHMM JABYXYACTUYHOIO TOKa. OITa
0COOEHHOCTH CBsI3aHa C TEM, YTO CHEKTP BO30YKIEHHBIX cocTostHUN TU-0unossipona
OTIEJNEH OT OCHOBHOI'O COCTOSIHMSI BEJIMYMHOM (POHOHHOW 4acTOThl w,. Ilo aToi

NPUYHUHE BOJBT-aMIIEPHAs XapaKTEPUCTHKA JBYXYACTUYHOTO TOKA OYIeT UMETh BHI,
M300pakEHHBIA Ha puc. 13, ¢ 3aMeHOl |E,/2| Ha ®,. B uTore cymmapHas BOJBT-

aMmIiepHasi XapakTepucTuka OyieT UMeThb BUJ puc. 14.

I 1

v e V v
Egl/2 @ [Eg|/2
Puc. 13. BonbT-amnepHas Puc. 14. BonbT-amnepHas
XapaKTepUCTHKA OJHOYACTUYHOTO XapaKTEepUCTHKA MOJTHOTO TOKa

TOKa
Kpusas I-V uszobpakeHa B ciydae o,<|E,//2. B mpoTHBOIONOXHOM ciTydae

BEJIMYHHBI o, U |E,|/2 crnexyeT noMeHsATs Mectamu. O6nacts I-V xpuBoii Ha puc. 14,
OIpenensieMol 3HAUCHHMSAMH o, <V <|E;|/2, COOTBETCTBYeT KHHKY, KOTOPBIH

orcyrcrByeT B bKIII Teopun.

Co cnekTpanpHOM TOYKM 3pPEHHUS, KHUHK COOTBETCTBYET IIEpEXody OT
OJHOYACTUYHOI'O CIIEKTpa JJIEKTPOHOB C DHEPIUeH, Jexale Huxe Er Ha BeInunHy
|E,|/2, x nByxuacTnanoMy TU-OHIIONISPOHHOMY CIIEKTPY BO30OYKIEHHBIX COCTOSHHIA,
KOTOPBII B OTHOYACTUYHON CXeMe JISKUT B o0nactu (E, —|E;/2|+w,/2, Er), Kak 310

MOKa3aHo Ha puc. 15.
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[TpuBenénnas Ha puc. 15 3aBucumocts E(k) cootBeTcTByeT ARPES HabmoaeHusIM
KuHKOB B Oonbiiom unciie BTCII marepuanos (cm., Hanpumep, 0630p [172]). Tak,
Hanpumep, corjiacHo [172] B xopolo u3ydyeHHOM Kymnpate Bi2212 sHeprus KuHKa
(|E;|/2) cocraBnster 70 M3B.

B mons3y (oHOHHOW mpUpOmbl KMHKA CBUIETEILCTBYIOT Tak)ke HaOI0/IeHUE
n3oronudeckoro 3ddexra BOMM3M IHEprun kuHKa [173], HE3aBUCUMOCTH SHEPTHH
KMHKA OT BEJIMYMHBI JonupoBaHusi [174], HE3aBUCUMOCTb SHEPTrUU KHUHKA OT
IPUPOJIBI HOCUTENEHN TOKA: COTNIacHO [175], 3IEKTpOHHO W IBIPOYHO AOTHPOBAHHBIC
KyIIPaTbl UMEIOT OJIMHAKOBYIO SHEPTUI0 KUHKA.

Ha puc. 16 uzoOpaxena tunmuHas s BTCII 3aBucumocts dI/dV oT 'V,
COOTBETCTBYIOIIAsA NpuBeACHHONW Ha puc. 15 3aBucumoctu I or V. Ha Hell kuHKY
COOTBETCTBYET MPOBAJI CIIPaBa OT BBICOKOTO MHUKA.

3ametuM, 4TO B cmily TOoro, 4yro TU-Oumonsponsl cyumiectByroT u npu 7 >T,,

KpuBas dI/dV Tpu TEMIEPATYpPE BbIIIE KPUTUUECKON OyleT KaYeCTBEHHO COXPAHATh
BUJ, U300pak€HHBIM Ha puc. 16. Takum oOpazoMm, BelMuuHA |EB|/ 2 Oyner urpatb

poOJIb MCCBAOHICIIN B OAHOYACTHYHBIX IICPEXOoJax, a |EB| — POJb IICCBAOLICIIN B

JBYXYaCTUYHBIX MEpPEX0Jax. ITOT BBIBOJ HAXOAUTCS B IOJHOM COOTBETCTBHM C
MHOTOYMCJICHHBIMHU TYHHEJIbHBIMU dKcniepumenTamu B BTCII [172, 176, 177].

o drdv

By k

_EF_IEBI/Z +0)0/2 /

| Er—|Ep|/2

1
v
®g \EB\/Z
Puc. 15. Kuaky COOTBETCTBYET IIEJIb Puc. 16. 3aBUCUMOCTb KOHJIaKTaHCa
[IpU MIEPEX0JI€ C HOPMaAJIbHOW BETBU | dl/dV OoT V , COOTBECTCTBYIOILICTO BOJIBT-
Ha TH-OUNOJASPOHHYIO BETBb 2 MPU aMIIEpHOM XapaKTEPUCTHKE,
SHEPIrHH, PaBHOU E, —|E; /2| n300paxEHHOM Ha puc. 15

DOTOAMUCCHOHHASL CHEKTPOCKoNusi ¢ yrjioBbiM pa3pemienuem (ARPES).
Hapsiny ¢ CTM, onHMM U3 OPSIMBIX METOOB, JAAIONIMX WH(GOPMAIHIO O CBOMCTBAaX
CBEPXMPOBOJISAIICH MIENH, SBISETCS METOJ (OTOIMUCCUOHHOW CHEKTPOCKOMHH C
yriioBbIM paspetienurem [152]. bynyun nononHeHHbM aaHHbiMU CTM u gaHHbIMU
MEeTO/Ja KBa3W4YaCTUYHOW HHTepdepeHnuu, 3TOoT Meron AaéT HamboJiee IOJTHBIC
nanHbie o cBoiicTBax CII menu. B mocieaHee BpeMst MOJSyqrIT pa3BUTHE TaAKKE METO]]
JBOMHON (hOTORJIEKTPOHHOM CIEKTPOCKOIUH, siBysitouiicst o6o0mennem ARPES Ha
Clly4ail ByX 4acTHI, B KOTOPOM OCYIIECTBIISIETCS] POTOAMUCCHUS IBYX DJEKTPOHOB C
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onpenenéHHbIMU UMIyibcaMu Ky 1 Ky W COOTBETCTBYIOUIMMHU 3TUM HMIYJIbCaM
sHeprusMu E, u E, [178]. HecmoTpss Ha oOWiIMe MaHHBIX, MOTYYEHHBIX METOJOM
ARPES, npupona BTCII menu ocraércs 10 cux nop HesicHoi. B 0oibioil crenenu
ATO CBSI3aHO C TEM, YTO BIUIOTH JO HACTOAIIETO BPEMEHM OTCYTCTBOBaja €IMHAS
teopust BTCII. Ecnu wucxomute u3 toro, uro CII Mexanusm 00ycioBieH
KyIEPOBCKUM CIIApUBaHUEM, TO B ciyyae cuibHOTO (pénuxosckoro DB 3t0
npuBOAUT K paccMarpuBaeMor Hamu TU-ounonsponnoit teopun BTCII. Cornacho
ATON TEOpUM, B OTIWYUE OT OHUIOJSIPOHOB C HapylIeHHOW cummerpuer, TU-
OUMOJISIPOHBI JAEIOKATM30BaHbl B IPOCTPAHCTBE, U MOJISIpU3AIMOHHAS TTOTCHIIMAJIbHAS
sAMa y HUX OTCYTCTBYET (MOJSpU3AIMOHHBIN 3apsi paBeH Hymo). CornacHo §5, THU-
OUMOJIIPOH KMMEET B CIEKTpe Iielib, uMmerolryro ¢GoHOHHYIO mnpupoxy. B THU-
ounonsiponHoit Teopun CII dunonspons! o0pazyrorcst BOIu3u nosepxHoctu depmu B
dbopme 3apspkeHHOro 0o3e-raza (MOrpyKEHHOTO B AJIEKTPOHHBIA Ta3), KOTOPBIM
KOHJIEHCUPYETCA Ha YPOBHE, JIEKAILEM HUXE YpoBHS PepMH HA BEIIMYUHY, PABHYIO
SHEPIUU OCHOBHOI'O COCTOSIHUS OumnosisipoHa, uto npuBoaut k CII coctosiauio (§6).
CrekTp BO30YKJIEHHI TaKOro ra3a UMeEeT 1Ieib, paBHYI0 (OHOHHOM yacToTe. B aTOM
pasziene Mbl NOKaXeM, 4TO (POTOAPMUCCHOHHBIA crekTp, noiaydaeMbii B ARPES,
COIEPKUT KAK pa3 TAKyHO IIEJIb, & PACCMOTPEHHAs HAMHU B MPEABIAYIIEM ITYHKTE
Wenb |E,//2, ompexenseMas W3 JIByX4acTHYHOro Toka MeromoM CTM, He mmeer

OTHOILIEHUS K u3MepeHusm 1enu metogoM ARPES.
C oroit 1enpl0 OyleM HMCXOIUTb W3 OOIIEro BBIpaXEHUS IS U3MEpsSeMOil B
ARPES unrencusaoctu norioiienus csera [ (k, w) B Buze

I(k,w) = A(k, w)F(w)M(k, w). (98)

B cnyuae nzmepsiemoit merogom ARPES mnTeHCcHBHOCTH niornomenus csera THU-
ounossiponamu ¢urypupytomue B (98) BeIUUMHBI UMEIOT JPYTroi CMBICT, HEXENH B
clly4ae OJTHORJIEKTPOHHON (POTOIMUCCHUHU.

B cayuae paccmarpuBaemoro Hamu 003e-KOHJIEHcaTa K MMeeT CMBICI MMITYJIbCa
0030Ha, a » — ’Heprun 0030Ha, A(k, w) — 0AHOO030HHAS CreKTpaibHas (QYHKIIHS,
F(o) — ¢dynkuums pacrpenenenns bose-Diinmreiina, M (K, w)— MaTpUYHBIN 2JIE€MEHT,
OTHMCHIBAIOIINI TIEPEXO/IbI U3 HAYALHOTO B KOHEUHOE COCTOsTHUE 0030Ha.

B Hamem criyyae poib 3apspkeHHOro 0030HA, MPUHUMAIOIIETO Y4YacTHE B
MOTJIONIEHUH  CBETA, BBIMOJHSACT OWIOJSPOH, CHEKTP DSHEPrHil  KOTOPOIo
onpezaensercs BeipaxkeHueM (33), (40), [117], [118]:

Sk - EBAk,O + (EB + wo(k) + kZ/ZM)(l - Ak,O)’ (99)

roe A,=1, ecmm k=0, A, ,=0, ecnu k=0, QYHKIUSA pacHpeleleHUus KOTOPOIo

paBHa F(o)=[exp(w—p)-1]". Ilpu  k = 0 TU-GunonspoH HaXOAUTCS B OCHOBHOM
coctosiiuu, a ipu kK # 0 — B BO30Y»XIEHHOM COCTOSIHUU ¢ dHepruen Eg + wo(k) +
k?/2M, rne wo(k) — 3aBucsmas OT BOJHOBOIO BEKTOPa (POHOHHAS YacToTa, M =2m,
m — 3] dexkTruBHas Macca JIEKTPOHA.
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Puc. 17. CxemaTuueckoe n300paxeHue nepexoaa OumossipoHa
B BO30YK/IEHHOE COCTOSIHHE B pe3yJIbTaTe MOTJIOIECHUs KBAaHTa CBETa

Jlist  panbHeWilero aHaiu3a Ba)XXKHO OTMETUTh, YTO DHEPrusi OUIOJISIPOHHBIX
BO30Y)X/ICHHBIX COCTOSIHUM, OTCUUThIBaeMasi B ypaBHeHUU (99) ot E,, MOXKET OBIThH
NPOMHTEPIPETHPOBaHA Kak 3Heprus GoHoHa wy(k) ¥ KMHETHUUYECKast SHEPTHS JIBYX
AJIEKTPOHOB, CBSI3aHHBIX C 3TUM (hoHOHOM. IlocimenHsiss B cxeMe paclIMpeHHbIX 30H
umeer Bun: (kK + G)?/2M, tne G — o6patHblii BekTop pemérku (puc. 17). B metone
ARPES wu3MepsieTcss CneKTp HayaJbHBIX COCTOSIHHM, KOTOPBIA B pacCMaTpUBAEMOM
HaMHU cllyyae MpEeACTaBIsAeT cOOOM CHEeKTp HM3Kosexamux Bo30yxaenun TU-
oumnossipoHa. B cBs3u ¢ 3TUM MOXHO IpeHEOpeUb BKJIAJOM B 3TOT CHEKTP OJHO- U
JABYXYaCTUYHBIX BO30YXIEHUN AJIEKTPOHHOIO (TOJSPOHHOTO) rasza, B KOTOPBIH
NOTPYXKEHbl OUIOJIAPOHBI, MOCKOJBKY IJIOTHOCTh cocTOsiHUI TH-0MnoiaspoHoB
BOJM3M KX OCHOBHOIO COCTOSIHUSI HAaMHOIO OOJIbIlI€ TJIOTHOCTH COCTOSIHUA
ANIEKTPOHHOIO cHekTpa. Takum o0pa3oMm, MbI 3aBEIOMO HCKIIIOYaEM PAaCCMOTPEHHUE
TaKuX SIBJICHUM, Kak ocimuianus ["aaza-an AnbdBena u lllyonukosa-ne ['aaza [179-
181]. BBy TOTO 4TO KMHETHYECKAsl SHEPTHUs, COOTBETCTBYIOIIAs BEKTOPY 0OpaTHOM
peETKU (MM LEIOMY YUCILYy BEKTOPOB OOpAaTHOM PEUIETKN) OYE€Hb BEJIUKA, U3 BCETO
CHeKTpa OMMNoJisipoHa, onpenensieMoro (99), Mbl TOJKHBI YYECTh TOJIBKO YPOBHU E, C
k=0u Eg + wy(k) ¢ k=0 B KauecTBE CIEKTpa HAYaIbHBIX COCTOSHHMA. J[pyruMu
CIIOBaMH, C  HCIOJb30BaHWeM  crektpanbHoi  QyHkimu A(w, k) = —(1/
m)ImG(w, k), rne G(w, k) = (w — g, —ie)™! — ¢ynkums I'puna Gunonspowna,
BBIpaKEHUE JIJIsl MHTEHCUBHOCTH (1) MOKeT ObITh MPEACTABICHO B BUJIE:

1 _ 1
(w—Ep)?+ef  (w—Eg—wo(k))”+e2

1(k,w)~ , (100)
KOTOPBIM SIBIIsIETCSl MOATOHKOW (PyHKUMM pacnpeneneHus F ¢ p=E, U (QyHKIUU
I'puna G mocpeacTBOM JIOPEHIIMAHOB, TAE € U &, ONPEISsSIOT IUPUHY 003EBCKOTO
pacnpenesieHuss W OWIMOJSPOHHBIX  YPOBHEH  COOTBETCTBEHHO (MaTpUYHBIN
anemeHT M (k, ), Bxomasamuii B (98), ©MeeT IUIaBHYIO 3aBUCHMOCTh OT SHEPTUU H
BOJIHOBOT'O BEKTOPA, MO3TOMY ATOM 3aBUCUMOCTBIO MOKHO MPEHEOpEUb).

Takum oOpaszom, B pe3yJibTaTe MOTJIOIICHHUSI CBETA MAapOd AIEKTPOHOB (MCXOIHO
HaxoJAIIuXcs B OMNOJSApOHHOM cocTostHuM) MeTtogoM ARPES  u3mepsercs
KUHETHYeCKasi SHeprusi AJIEKTPOHOB C HMMYJIbCAMU k,, KOTOPbI€ BBIOMBAIOTCS W3
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oOpaslla B BakyyM B pe3yJbTare MOrIouieHuss (GoTroHa c sHepruedt #v. 3aKoH
COXpaHEHUS YHEPTUU B ITOM Cllydyae MPUHUMAET BU/I;

(Je+6)? K2
hw = wo(k) + 0= = £+ 25+ wo (k) (101)
§ =20 + |Egl,

20, + 2L,
Vacuum
2E;=0

o+ E, + 21, A £

o, = SCgap l l

Eh + 21’;‘1.

Puc. 18. Cxema sHEpPreTHYECKUX YPOBHEN ITPU UBMEPEHUU CIIEKTpA
meronoM ARPES. 3amtpuxoBana 0651acTh HEMIPEPHIBHOTO CIIEKTPA,
Jexaniero Hrke ypoasa Gepmu.

4TO WIUTFOCTpUpYeT puc. 18, rae ®, — paboTa BbIX0/a 3JIEKTPOHOB U3 o0pasua, m, —
Macca CBOOOJHOro 3ekTpoHa B Bakyyme. CormacHo puc. 18, mpu oOpazoBaHuH
ounosisipoHa BOJMM3U sHepruu depmu E, SHEPrus JIBYX JJIEKTPOHOB CTAHOBUTCS
paBHOU 2E, +E,. [Ipn 3TOM 3JIEKTPOHBI NEPEXOIAT U3 COCTOSHHUSA C p,, TOE p,

(bepMHEeBCKUI UMITYJIBC, B HEKOTOPOE COCTOSIHUE C UMITYJICOM p TIOJ TOBEPXHOCTHIO
®epmu (T.K. E, <0). B merone ARPES u3mepsiercsi CrieKTp HadalbHBIX COCTOSTHUM,
OTCUYUTHIBAEMBIX OT SHEPTUH 2- p”/2m , COOTBETCTBYIOINIEH YHEPTHH JIBYX JICKTPOHOB
¢ umnyibcoM p. B pesynbrate B ARPES usmepsiercs sueprust o, =2E, + E, — p*/m.

Takum oOpa3om, ecinu OWMONAPOH ¢ 3Heprued w = w; = Eg + 2v:(pr — p),
nexamnieil B 06J1acTH CyNIeCTBOBAHUS OUIIOJIAPOHHOTO raza (2E, + E,2E, ), Tae Vi —
CKOPOCTh (PEPMHEBCKOTO JJIEKTPOHA, MOTJomaeT (GOTOH C DJHEprueil hv, TO
oOpasyroluiica B xoze pacrnaja ounossipona Gponon ¢uxcupyerca B meroge ARPES
Kak menb Wy (k), a 1Ba 3JeKTpOHA ¢ KWHETUIECKOW SHEprueH k. /m,, ONpeaeseMoi
(101), smuTupyrorcs u3 odpasia.

B paccmarpuBaemMoM clieHapuu B Ka)XXIOM aKTe TMOTJIONICHUS CBETa U3 0Opasia
SMUTHUPYIOT JIBa JIEKTPOHA C OJJMHAKOBBIMU UMITYJIHCAMU. JTO SBIIEHUE MOXET OBITH
oOHapyxxeno merogom ARPES, ecnu 351eKTpOHHBIN AETEKTOp MOMECTUTH MPSIMO Ha
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MOBEPXHOCTh 00pasiia, MOCKOJIbKY KHHETHYECKasi SHEprus pasiiéra SMUTHPYEMOWU
napbl  JJIEKTPOHOB B BakyymMe (HE CKOMIICHCHUPOBAaHHAs [MPUTATUBAIOIIUM
NOTEHIIMAJIOM B OUIIOJISIPOHHOM COCTOSIHMH) COCTABIISIET HECKOJIBKO AJIEKTPOH-BOJIBT.

Takum o6paszom, wmetonoM ARPES, cormacHo wu3inokeHHOMY, H3MeEpseTcs
¢oHoHHas yacToTa w,(k), KoTopas comoctasisiercst CIT mienu, u, ClieJOBaTeNbHO, B

kynpatibix BTCII ¢ d, , cummerpueii e€ yrnoBas 3aBHCUMOCTb JagTCs

BhIpakeHHEM w, (k) = A, |cos k.a — cos kya|.

C Ttouku 3peHUsT (POHOHHOM CHEKTPOCKONUU, HUJECHTU(DUKAIUS TaKOro THUIIA
(hOHOHHBIX MOJI 3aTpyJAHEHA WX HEOOJIBIIUM YUCIIOM (PaBHBIM YHCITY OUIIOISPOHOB)
10 CPaBHEHUIO C YUCJIOM OOBIUYHBIX (POHOHOB, PaBHBIM YHCIy aTOMOB B KpUCTaJlIe.
CrexTpalibHasi 3aBUCUMOCTh (DOHOHHBIX YACTOT OIpPEACNsIeTCs] KaK HOH-MOHHBIMU
B3aMMOJICUCTBUSMHA, TAK W B3aUMOJCUCTBUEM  C DJIEKTPOHHOW MOJCHCTEMOU
Kpucrtayuia. Pacuer HOpManbHBIX KOJIEOAHUM IS TJIOCKOM KBAJpPaTHOM pELIETKH
aToOMOB 0€3 yueTa BKJIaJia 3JICKTPOHOB MPUBOAUT K d—TUIy CUMMETPUU UX CIIEKTpa
[128],[182]. ITpumenurenbHo k CuO, CII mI0CKOCTAM OKCUAHBIX KepaMUK (POHOHBI
B HampaiieHun Cu—O—Cu cBs3eil (aHTHHOJAIBHOE HaINpaBlieHue) OyAyT HMETh
menp, a B HanpasiieHnu Cu—Cu cBA3€H, T.€. BJOJIb JUATOHAIA JIEMEHTAPHON SYECUKH
(HOaJIbHOE HaMpaBJICHUE), IIEJb OYJET OTCYTCTBOBATD.

[Ipu pacuere 3IEKTPOHHOTO BKJIAJa B (POHOHHBIM CIEKTP HEOOXOIUMO TaKKe
YUHUTBIBATh CBSI3b MEXKIY PACIPEICTCHUEM SJIEKTPOHHOM MIIOTHOCTU U MOJ0XKEHUSIMHU
noHoB Ha CuO, mnockoctH, HabmogaeMyo B STM/STS skcriepuMeHTax ¢ BHICOKUM
MIPOCTPAHCTBEHHBIM pa3peruieHuemM [ 183].

VkasaHHasw yrjioBas 3aBHCHMOCTh ,(k) NPHBOJAUT K YIIOBOW 3aBUCHMOCTH

unrencusroctd I(w;, p)~A(w;p), onpenensemoii ypasuenuem (100) (Puc. 19),
Kotopasi 00biuHO HaOmogaercss B ARPES skcnepumentax [152], [184, [185]. Bun
3aBucuMocTd  (w;,P) TpeAmonaraeT, 4YTO HMMEETCS TakKe CHMMETpHYHAs
OTHOCUTEIHHO YpoBHS @DepMH 3aBUCHUMOCTb IHUKOB TIOTJIOMIEHUS OT P. ITa
3aBUCHMOCTh HE INpHUBEAcCHA Ha puc. 19, Tak Kak BCIIEICTBHE MaJOW 3aCENEHHOCTH
COCTOSIHUM C p > p, UX UHTEHCUBHOCTH MOTJIONICHHS Oy1eT oueHb Maja [ 186].
OkcnepuMeHTalbHas TpoBepka s dexra smuccun TI-OUTIONSIPOHOB Kak II€JIOTO
Ba)kHA JIJIs IOHMMAaHMUSI MEXaHu3Ma criapuBanusi. Tak, coryiiacHo [185], Tonbko oauH

QJICKTPOH HOJDKCH OMUTHPOBATHCA U3 06pasua C ,Z[I/ICHepCI/Ief/JI Ha4daJIbHBIX COCTOﬂHHﬁ,

ornpenenseMbix nmpu # 0 hopMyIoii: egog =/ (p?/2m — Ep)? + A%(p) (rme egog —

CrieKTp 60rot000BCKOM KBA3MUACTHUIIBI), OTIIMYHOM OT criekTpa (93).
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Puc. 19. CxemaTnueckoe n300pax€Hue yrioBoil 3aBUCUMOCTH
MHTEHCUBHOCTH MOIJIOIIEHUS coriacHo (3) s o= o,

Hcnonb30oBaHue CIIEKTPOB sgo‘g u (99) nns omucaHus YriiOBOW 3aBUCHUMOCTH
MHTEHCUBHOCTH IPUBOAUT K KadyeCTBEHHOMY cornacuio ¢ ngaHHeiMu ARPES ¢
JOCTYITHBIM Ha CETOJHAIIHUN JIEHb pa3pelieHueM. DKCIIEPUMEHTHI C O0JIE€ BEICOKUM
pa3pelIeHNEM JOJDKHBI aTh OTBET Ha BONpoc o ToMm, HocuT nu CII xoHmeHcar B
KynpaTax (pepMHOHHBIN Xapaktep win THU-0unosspoHHbIH?

N3 cnektpa o (k) cienyer, 4YrO0 B HOJAJIBHOM HAIPABICHUM KYNPATHBIX

CBEPXIIPOBOAHMKOB KoHCcTaHTa D®PB cranoBuTCs OeckoHeuHol. Takum ob6pazom, s
OMIIOJISIPOHOB B 3TOM CIIydae peaju3yercs pexuM cuibHOM cBs3u. Ha puc. 20
MOKa3aHa  TUIHWYHAS  3aBUCHUMOCTh  WMHTCHCUBHOCTH  morjomienus I(w;, p),
HaOmogaemas B skcriepuMentax ARPES [184].

N3o00paxénnas Ha puc. 20 3aBUCUMOCTb CIEAYET W3 BBIPAXKECHHS s
MHTEHCUBHOCTHU (98) co cnekTpanbHOU (PYHKITMEH, KOTOpasi COOTBETCTBYET CHEKTPY
TU-6unonsipona (99) u koTopas HE MOXKET OBbITh TMOJy4eHa U3 CHEKTPaJIbHOU
¢bynakuuu  (100) w3 paborel [186], B KOTOpOM s CHEKTpa MCHOIB3YETCS

. Bog
Goromobosckuil  cektp €, 0, a BMECTO 003eBCKOro pacmpeneneHus F(o)

ucrosib3yercst ¢epmueBckas GyHKIUS pacmpenesieHus. OJTOT Ppe3yJbTaT MOXKET
paccMaTpuBaThCA Kak apryMeHT B 1osib3y TU-Ounonsiponnoro mexanusma CII.
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Puc. 20. 3aBHCHMOCTb MHTEHCUBHOCTH moryomieHust I(k,») (IIpOM3BOJIBLHBIE
CAUHHIEI) OT k U o (3B), ompenensemoii (100), a1 mapamerpos: |E, =0,23B,
A,=005 5B, ¢ =¢=001 3B u BOJHOBOrO BE€KTOpa k B AHTUHOAAIHHOM
HarpaBieHuu. [locTosiHHAs PEMIETKY ToJIaraeTcsl paBHOW €TUHUIIE.

PaccmoTpennsie BeIlie ocodeHHOCTH B criekTpe nornonieHus ARPES Oyayt ce0s
MPOSIBJIATh TAKXKE€ B TYHHEJIBHBIX JKCIEPUMEHTaX B (OpME TOHKOH CTPYKTYpHI
(KMHKOB) Ha U3MEPSAEMBIX BOJbT-aMIEPHBIX XapaKTepUCTUKax. JJist 3TOro, B OTINYHE
or TpaauumoHHbIX ARPES wu3mepenuili ¢ BBICOKOOHEPT€TUYHBIMU HCTOYHHKAMH
dbotoHOB (Av=20-100 5B), muga HaOMIOJAEHUS ITUX OCOOEHHOCTEW HEOOXOAUMO
HCIIOJIb30BaTh MCTOYHUKH HU3KOAHEPTeTUUHBIX (POTOHOB (7v=6-7 3B) u c Oosee
BBICOKHM, YeM OOBIYHOE, pa3pelieHrueM no ummnyiscaMm [ 187-190].

B pabore [191] Ttakxe TeopeTHueckn ObLIa pPaccMOTpPEHAa BO3MOXKHOCTH
HaOmoAaeHus: smuccun KynepoBckux map merogoM ARPES ans oOerunsix CII. B
YaCTHOCTH, aBTOphl [191] mnokazanu HajgMuMe TMHKAa B OSMHUCCHOHHOM TOKE
KYIIEpOBCKHUX Tap, COOTBETCTBYIOLETO HYJEBOW SHEPrUM CBSI3U  3aHATHIX
JIBYXJJIEKTPOHHBIX cocTOsiHUMM. PaccMoTpennwiii B [191] nmk cooTBETCTBYET
nepexoay ¢ sHeprueit nv, ompenensemon (101) ¢ sueprueit cBs3u ~1 MdB, dro
HAXOJIWUTCS Ha Tpenesie ToyHocth wu3MepeHuid merogom ARPES. B ciyuae
BBICOKOTEMIIEPATYPHBIX CBEPXIPOBOJHUKOB SHEPIUsl CBA3U MOXKET OBITh B JCCATKH
pa3 OoJibllle, 4TO JelaeT B HUX Oojiee peaJbHON MPOBEPKY paccMaTPUBAEMbBIX
3¢ dexkToB. OCHOBHBIM OTJIMYUEM IOJTYUYCHHBIX 37€Ch PE3YJbTaTOB OT MOJTYYECHHBIX B
[191] sBnsiercss HalmMuMWe YIIIOBOM 3aBUCMMOCTH IMHWKAa ToryiomeHus puc. 19, 20,
xapakrepHor st BTCII marepuainos.

OOcymuM  KpaTKO TEMICpPaTYypHYIO 3aBUCHMOCTh HMHTCHCHBHOCTH I(w;p).
CornacHo ypaBHeH IO (98), OHA OIpeNeNsIeTcs TEMIEPaTyPHON 3aBUCUMOCTEIO F ().
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Jlst T <T,, tie T, — remneparypa CII mepexona F(o)= N,(T) mist o=E,, tae N,(T)
— uyuciao 0030HOB (OWMONSIPOHOB) B  KOHACHCATe, KOTOPOE OMpEaeseT
TEMIIEPATyPHYIO 3aBUCHMOCTh WHTEHCUBHOCTH MOTIONICHUs. Bemnuuna N, (T)

yMEHbIIaeTcsl Mpu yBenudeHuu 71 W, BOOOIIE TOBOpPs, OoOpaiaeTcs B HOJb IPH
temrnepatype CII mepexona, oOpamas B HOJb MHTEHCHUBHOCTH THorJjoieHus. B
JEHUCTBUTEILHOCTH, OJIHAKO, 3TOTO HE MPOUCXOJUT, T.K. B HOJIb 0OpaIIaeTcsi TOJIbKO
003e-koHaeHcatHas 4acTb. CornacHo THU-6unonsponnoit teopun CII nmpu 7>T.,

OUIOSIPOHBI  CYHIECTBYIOT H B OTCYTCTBHE KOHJeHcaTa. B a3Tom ciydae
3aCEIEHHOCTh OCHOBHOTO COCTOSIHUS TAaKUX OWITOISAPOHOB OyAEeT YMEHBIIATHCA C
POCTOM TeMIIepaTyphl, oOpaIasch B HOJIb IIPH TemIiepaType T , COOTBETCTBYIOIICH
NEPEXO/ly U3 MCEBIOIIEIEBOTO B HOPMAJIbHOE COCTOSTHUE.

Otot BeIBOA noareepxkaaercs skcrnepumenTaMu ARPES B CII u nceBnomeneBoi
¢dazax [192], B KOTOPBIX MPOJAEMOHCTPUPOBAHO, YTO yriioBas 3aBucumMocts CII menu
d -TUTIa aHAJIOTUYHA YIJIOBOM 3aBUCUMOCTH IUIOTHOCTU COCTOSIHUM B TICEBAOIIEIEBOM
dbaze. B TO ke BpeMs HUMEIOTCA  CYIIECTBEHHbIC  OTIMYMUS — MEXKIY
skcniepumeHnTanbHbpIMU TaHHBIME ARPES B CII u niceBpomenepoii ¢gazax. B CII daze
MUK WHTEHCUBHOCTH TIOTJIOIICHUSI PACIOJIOKEH HIKe ypoBHsS Depmu, dTO
COOTBETCTBYET PE3KOMY CIEKTpPaJbHOMY MUKy IUIOTHOCTH COCTOSIHMI 003e-
KOHJIeHcaTa, onpeaensieMomy ypaBHeHueM (100), B To Bpemsi Kak B ICEBAOLIEIEBOM
(aze TOT NuK OyAET OTCYTCTBOBATh BBUY OTCYTCTBHSI B HEeUl KoHJeHcata [153]. B
ATUX YCJIOBUSX, BBHUJY POCTa 3aCEIEHHOCTH BO30OYXIEHHBIX OUIOISPOHHBIX
COCTOSIHUM C POCTOM TEMIIEPATypbl, HHTEHCUBHOCTh NMHKa noriomenns B ARPES
AKCIIEPUMEHTax OyJeT C POCTOM TEMIIEpATyphl YMEHBIIATbCS U JOCTUTaTh
MHUHUMyMa B aHTUHOJAJIbHOM HAINpPAaBICHUM W MAKCUMyMa — B HOJAJbHOM.
KomOunannonnoe paccessnue. HecMoTpsi Ha TO 4TO KOMOMHAIIMOHHOE PaCCESHHE
He maét yraoBoro pazpemieHus [193], mnomydeHHble Ha €ro  OCHOBE
HKCIIEPUMEHTAJILHBIC IAaHHBIE TAKXKE CBUETEIHCTBYIOT O (POHOHHOM MPUPOIE IIEH B
BTCII. Kak 6p110 mokazano B [117], [118], cnekrp, onpenensiembiii (99), Moxer
OBITb MHTEPIPETHPOBAH KaK CIEKTp IMEePEHOPMHUPOBAHHBIX (GoHOHOB. PaccesHue
TakuMi (OHOHAMHU CBE€Ta C 4YacTOTOM v OyJIeT NpUBOAUTH K TMOSBJICHUIO B

paccessHHOM CBETE€ CaATCIUIMTHBIX YacTOT vf:v+‘sf‘ u vfzv—‘sf , Toe g

onpeaensiercs (99). B ciydae mMpoKUX 30H MPOBOJUMOCTH, T.€. KOT/a BBIOJIHAETCS
HEPABEHCTBO G*/M >>maxay(k), paCUIEIUIEHHBIE JMHUU V' TIEPEKPHIBAIOTCA |
00pa3yroT 30Hy ¢ MAaKCUMYMOM, CMEIIEHHBIM K CTOKCOBCKOM BETBM v_. Tak Kak B
paccMaTpyuBaeMoOll MoJeNd OUIONISIPOHHBIM Ta3 MOMEMIEH B MOJIIPOHHBIA ra3 C

YU CJIOM 6I/IHOJ'I}IpOHOB, MHOI'0O MCHBIIMM 4YHCJIa IIOJIAPOHOB, TO HMHTCHCHBHOCTDH
6I/IHOJ'I$Ip0HHBIX CaTCIJINTOB 6YI[€T MHOTO cJiabee MHTEHCHUBHOCTH TI/I-HOJIHpOHHBIX

2
,er =E A, +(030 +kém)~ (1-A,,), E, —oHeprus
TU-nonsspora. Kak u B choydae OOBIYHOTO KOMOMHAITMOHHOTO PACCESHUS,

WHTEHCUBHOCTh PACCESIHUS Ha TOJIAPOHAX M OumoyisipoHax OyaeT MHoro ciabee
WHTEHCHUBHOCTHU PAJIEEBCKOTO PACCESIHUS, COOTBETCTBYIOIIETO YAaCTOTE v .

catemmiTo: v/ =v+[ef| u v"=v—|e]
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B skcnepumeHTax 1o KOMOMHAIMOHHOMY paccesiHuio [194], neiicTBUTENbHO, NPU

T<T, TOABIAETCS WIMPOKUNM MUK, KOTOPBIH, COINIACHO paccMaTpuBaeMOn

UHTEpIIPETallud, COOTBETCTBYET YIIMPEHHBIM yacTtoraM v>’. B  momHoM

COOTBETCTBHUM C OJKCIIEPUMEHTOM TIOJIOKEHHE HSTOr0 TMKAa HE 3aBUCUT OT
TeMriepaTypbl. B Teopun KOMOMHAIIMOHHOTO paccesiHusi, ocHoBaHHoW Ha bBKIII,
HAIPOTHUB, TMOJOKEHUE MHUKA JOJKHO COOTBeTCTBOBaTh mmmpuHe menu CII, u npu
T =T, COOTBETCTBYIOIIAsI 3TOM IIMPHUHE YaCTOTa JOJIKHA 00palaTbCs B HOJb.

Pe3ynbpratel KOMOMHAIIMOHHOTO pacCesHUs TaKXkKe MOJATBepkaaloT, 4yto TU-
OUIIONIIpOHBl HE paspywiatoTcss npu T =7,., a NPOAOJDKAIOT CYLIECTBOBaTh B

ncesaoleneBor Qaze. M3mepeHue TtemriepaTypHON 3aBUCMMOCTH HWHTEHCUBHOCTU
KOMOMHAIIMOHHOTO  paccesHus OCHOBAaHO HA  BBIYMTAHUM  WHTEHCUBHOCTH
MOTJIONICHUSI B HOPMAaJIbHOM W CBepXmpoBojsmiei ¢azax. Ilomydaemas pa3HOCTb,
COTJIaCHO M3JIaraéMoMy IOJXOJy, MOJHOCTBIO OMpeEeNsieTcsl paccessHueM Ha 0o03e-
KOHJICHCAaTE€ M B IIOJIHOM COTJIACHM C SKCIEPUMEHTOM SIBISIETCS TEMIIEPATYPHO
3aBUCUMOI1, 0Opaiasch B HOJIb Ipu T =T,..

5. 3akiounTebHBbIE 3aMeYaHUs

B usnoxennoit teopuu, kak u B BKII, umnynsc nentpa macc ounonasipono P
(cooTBeTCTBEHHO G B MarHUTHOM Ioisie) paBeH Hymo. CormacHo 3toi Teopun CII
COCTOSIHUE TpPEACTaBIsIeT co00M OMnosipoHHbId oaHOpoAHbI BOK. Teopus moxer
ObITh 00001IeHa Ha ciydail nBuxkymierocss BOK ¢ P #0, ocraromierocss npu CBoem
JBMYKEHUU OJHOPOJHBIM. [Ipu 3TOM BO3HUKAIOT MHTEpEeCcHbIe ocoOeHHocTH [195]. B
HACTOSIIIIEE BPEMS AaKTUBHO OOCYXKIAeTCs TakXKe BO3MOXKHOCTh OOpa30BaHUS
HeogHopogHoro bBOK B ¢dopMe Tak  Ha3plBaeMbIX  BOJIH  IUIOTHOCTH
CKOHJIEHCUPOBAHHBIX nap (PDW), paspyLarnux TPAHCIALMOHHYIO
nHBapuaHTHOCTh [154], [196-200]. Curyaums 31eCh, OJHAKO, OTJIUYAETCS OT
o0cyX/1aeMoil mpoOseMbl TOJSIPOHOB W OWIOISPOHOB C HAPYLIEHHON WIIU
npucyrctBytomeid TU-cummerpueit (§ 1, 2). K cuenaputo CII ¢ PDW, Bkitouas
Hanmuuue BoJIH 3apsanoBoi (CDW) wim cnubHoBoM motHoctd (SDW) [201-204],
MPUBOJUT JUCKPETHOCTh KPHUCTAIa, HE YYUThIBaeMass B KOHTHHYaJIbHOW MOJEIU
D®B. Bonpoc o koukyperiuun CDW Mexanuzma CII ¢ OunosisipoHHBIM MEXaHU3MOM
st [IMP B cxxaToM BakyyMme paccMaTpuBalics, Hanpumep, B [205].

Monaynsiuusi miotHocTd BOK 1mpu  BOJHOBOM BEKTOPE, COOTBETCTBYIOIIEM
HECTUHTY, MPUBOJUT K TOSIBICHHUIO B CHEKTPE LIS, KOTOPYIO BO MHOTHX padoTax
oroxaecTBisitoT ¢ CII mensio [154],[196-204]. B stom cnyuae TU-O6unonsiponnas
menb Wy, OyAydd YyHUBEpPCAIbHOW, oOiamana Obl aTpuOyTaMH TICEBIOIIESIH,
MposiBIisAsE ce0s B BHUJEC HUBKOIHEPTETHUUECKONW TOHKOM CTPYKTYphl B CIIEKTpE
KOHJIaKTaHca onTuMalibHO onupoBaHHbIx CII [166-168].

B paccmarpuBaemMoM Toz1xo0/ie MBI MPAKTHYECKH HE MCIIOJIH30BaU KaKyIO-THOO
cnenuduKy MexaHu3Ma CIIapUBaHMS JIEKTPOHOB WU JBIPOK. Tak, HampuMep, Kak B
Mojenu Xabbapnaa, Tak u B ¢ —J Mojaenau npu onucanuu BTCII okcuaoB Menu e xe
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camble JBIPKH MPUHUMAIOT ydacThe Kak B (hOPMHUPOBAHMM aHTU(HEPPOMATHUTHBIX
(baykTyanuii, Tak 1 B ClapuBaHuU, 00YCIOBICHHOM OOMEHOM 3TUMH (PIIYKTYal[UsIMH.
Ecnu B3aumonelcTBHE JABIPOK € MArHUTHBIMH — (IYKTyallMsIMU MPUBOAUT K
obpazoBannio TU-MarHUTOMOISIPOHOB, OONANAIONIMX CIIEKTPOM @ (k), TO 3TOT

CIICKTp SIBISICTCS TAaKXKE€ W CIEKTPOM MAarHOHOB, MEPEHOPMHUPOBAHHBIM HX
B3aMMO/ICHCTBUEM C JbIpKaMU (CBs3aHHbIE MarHoHbl). [1o 3TOM npuYnHE CTAHOBUTCS
ONpPABIAAHHBIM yTBEpXKIAeHHE, 4YTo0 RVB CcBEpXNpoBOOHUK SABIETCA IPOCTO
npenenbHbiM cirydaem BKII CIT ¢ cunbHbIM B3auMozeiicTBueM [206] (B 3ToM citydae
POJIb MOJISIPOHOB ¥ OUIOJISIPOHOB BBITIOJIHSIOT XOJOHBI U OMXOJIOHBI).

OueBugHO, uTO d-cummeTpus siBisiercss crneuudukon kynpaTHeix BTCIT u He
npeAcTaBisieT coOod HempemeHHOro TtpeboBanus cymiectBoBanuss BTCII. Tak,
HaIpuMep, Takoe coeuHeHue, kak cynbdun cepsl (HsS), neMoncTpupyeT pekopaHoe
3HaueHue Temneparypsl nepexona: 7. =203K (nmox Beicokum naBienuem [207]), He

o0JiajaeT MarHUTHBIM TOPSAKOM, HO B HEM mmeerca cuibHoe DDB. Emé Ooinee
PEKOPAHOE 3HaUYEHUE T, MOJ BHICOKMM JIaBJIEHUEM HENABHO IOJYYEHO B COCIUHEHUU

LaH,, ¢ T.=260K [208], Taxxkxe xapakrepusyercsi cuiapHbiM ODB u orcyrcrBuem

MAarHATHOTO MOPSJIKA.
TeM He MeHee BONPOC O MEXAHU3ME CIAPUBAHUs BCE €IIE OCTAETCS OTKPBITHIM.
Ecnu TakuM MeXaHU3MOM SIBJIIETCS B3aMOJECHCTBUE HOCUTEINIEH TOKA C MArHUTHBIMA
¢GaykTyalusiMi, TO B pacCMaTpuBaeMOM IOAXOJA€ YacTHIAMM, CKJICHUBAIOLIUMHU B
napbl AJIEKTPOHBI, OyAyT He (OHOHBI, a MarHoHsl. [Ipu nepexone u3z ncesnogassl B
HOpMaJbHYIO0 (Da3y 3Ta CKJIEHMBAIOIIAs MOJA MCYE3aeT, YTO NPUBOJUT K pacnamy
OUIOIsIpOHA Ha JBa OTAEJIbHBIX MOJISIPOHA C UCIyCKaHueM (OHOHA (MarHoHa).

B nceBpomieneBoii haze BO3MOXKHO Hajauuue OOJIBIIOTO YKCIa PA3IMYHBIX LIENEH,
0OYCJIOBJIEHHBIX MPUCYTCTBUEM (POHOHOB, MarHOHOB, IJIA3MOHOB M APYTHX THIIOB
aieMeHTapHbIX Bo30yxaeHuil. B atom ciiydae CII mienb OyaeT onpenensiTbes TUIIOM
AJIEeMEHTApHBIX BO30YKJIEHUN, MMEIOIMIMX MAKCUMAJIbHYIO CUJy B3aUMOJEHCTBHUS C
HOCHUTEJISIMH TOKA.

C touku 3penust TU-OUNOAsIpOHHON Teoprur BO3MOXKHAs 00111asi UTOrOBasi KapTUHA
BTCII BeIrAIUT CAEAYIOUIAM 00pa3oM.

CornacHo H370°)KEHHOMY, B OCHOBE MHMKPOCKOIMYECKOM Teopun Jexut TU-
ounonsiponnsii DOB Mexanusm. U3 Teopuu cnegyer, 4To s JOCTUXKEHUS BHICOKHX
T, HEoOX0IMMO B TIEPBYIO OUYEpe/Ib MOBHIIATh KOHIIeHTpanuio TH-6unonsponos. B
OKCHIHBIX KE€pAMHUKaX 3TO JIOCTUTAETCA HAIMYMEM B HUX AD mopsiika U CTPalIoB.

BeimonHAs ponap  MHKPOCKOIIMYECKHMX JOMEHHBIX CTEHOK, CTpaMIbl, HMes
(dheppOMarHuTHBIN MOPSAJIOK, MPUTATUBAIOT K ce0e AJIEKTPOHBI (IBIPKH). 3a cyeT
O0OMEHHOI'0 B3aMMOJICUCTBUS SHEPIHsl AJIEKTPOHOB (JABIPOK) B CTpaillax HUXKE, YEM B
ocTanbHOM Matpuiie (anamor ¢eppoHoB Haraepa [60] c ydeTom BKJIajga B HUX
oOpa3zoBanue mNOMSAPOHHBIX [209] M MarHUTOCTPUKIMOHHBIX 3¢dekToB [210]),
COOTBETCTBEHHO, KOHIEHTPALMS JJIEKTPOHOB (IBIPOK) B HHUX MOBblIIeHa. Jlis
BOCCTAHOBJICHHSI  3apsiIOBOTO  paBHOBecuss TUM-OMMOJSPOHBI TMEpPETeKaloT U3
oOnacTelt, 3aHMMAaEMBIX CTpalllaMH, B MATpUIly, TOBBIIag TEM CaMbIM B HEWH
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koH1eHTparuio THU-6unonsaponos u B uenom T, obpasna. Takoe nepepacrpenenenme
IIPUBOJNUT MOSIBICHHUIO BOJHBI MIOTHOCTH nap PDW (moBbIlIEHHAs KOHIIEHTpPALHS
OUIIOISIPOHOB B MAaTPHIIE U MOHIKEHHAS B CTpaiTiax) U BOJHBI 3apsA10BON MIIOTHOCTH
CDW (moBblII€HHAs KOHIIEHTPALMS 3JIEKTPOHOB  (ABIPOK) B CTpaulax u
MOHM>KEHHASI B MATPULIE).

OnucaHHbII MEXaHW3M TO3BOJISIET LEJEHANpaBiIeHHO KOHCTpyupoBaTh CII
Marepuansl, pabotarome npu kKomHatHOM T,.. Kak  ykaseBanoch [118], mms
peanu3anuu 3TOM LIEJIM MOXKHO HMCIOJIb30BaTh HEOAHOPOIHOE JIETMPOBAHUE, AEnast
nepudepuitnytro obmacte BTCII kabenst nerupoBaHHOM (QeppOMarHUTHHIMU
NPUMECSIMHU, OTTSTUBAIOIIMMU AJIEKTPOHBI (IIBIPKH) OT CEpALIeBUHBI MpoBojaa. B
UTOT€ MOKHO IMOJIYYUTh MPOBOJ C MOBBILIEHHOW KOHUEHTpanueil THU-0unonspoHoB
Ha €ro OCH U, KaK CIJIEICTBUE, €TI0 BBICOKYIO 1.

N3noxennyro teoputo CII Ha ocHoBe O®PB B [IEUCTBUTENBLHOCTH CIIEIYET
paccMaTpuBaTh KaK HEKOTOPYIO CXEMY JEMCTBUM I ONMCAHUS CBOMCTB PEAJIbHBIX
MarepuasioB. Uuciio pa3audHbiX coeauHeHui, obnamaronux BTCII cpoiicTBamu,
COCTAaBJISIET MHOTHE ThICSYH, a uyncio myonukanui mo BTCII — MHOTHE COTHU ThICSY.
[TosTomy moa mnoctpoenreM MukKpockonuueckoil teopun BTCII, mo-Buaumomy,
cleAyeT IIOHUMATh HEKOTOPYIO UACOJIOTMYECKYI0 KOHIEIINIO, POJIb KOTOPOH MOKET
BBITIOJIHUTh PACCMOTPEHHBIN B 0030pe TH-OMNONSIpOHHBIA MEXaHU3M.

punoxenue

INamunbronnan H;, purypupyromuii B (26), umeeT BUA:

H, = Z(Vk + fihw) (ar + a) + z fk (ag aaw + aiagray)
k kK’

1
+ %Z kk' aialiaia,

kk'

ToneiicTByem omepatopoM H; Ha ¢ynxmmoran A,|0 >, rne A, — omeparop,
TeHEpUPYIONINN KaHOHWYEeCcKoe TmpeobpazoBanue boromoboBa-TsbnukoBa (29).
TToxaxem, uto < 0|AFH,A,|0 >= 0. I{eHCTBI/ITenLHo neitcteue A, Ha unens Hj,
cofiepiKalIie HEeYeTHOE YKCIIO OTEpaTopoB dy,d;y (MepBblii U BTOPOi uieHsl B H;)
MPUBOJUT K BBIPAKEHUIO, COACpKAIEMY HEUETHOE YMCIIO JTHX OMNEpaTopoB, H
MaTeMaTU4YeCKOe OKUJIaHUE TSl 3TOTO BBIPAKEHUS OyI€T paBHO HYJIIO.

PaccMOTpHUM MaTeMaTHUYECKOe OKUIaHUE IS TIOCNeaHero unena Hy :
< 0]|AE Z kk'aj af, apay, Ay|0 >. (T11)
Kk

Bxogsmmit B (I11) pynkmmonan < 0|Aa’a,1’a,1’,akakr/10|0 > ABISIETCSI HOPMOM
BeKTOpa a;a;'/Ay|0 > u, cnepoBaTenbHO, ABISAETCS MOJOKUTEIHHO OINpPeIeIeHHBIM
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s Bcex ku k'. Ecnu caenats B (I11) 3ameny kK — —Kk , TO Bce BBIPa)KEHHE B IIE]IOM
m3MeHuTt 3Hak. [loatomy (I11) paBHO HyIIO.

Kax 6buto mokasano TymyGom [75], [96], omepatop A, sBusercs reHepaTopoM
npeobpaszoBanuii boromoboBa-Tsa01uKOBa 1 UIMEET BU/I:

A 1
Ay =cexp {Ez a;Akkra;(’,],
ok’

I71€ C — HOPMUPOBOYHAS KOHCTaHTa, & CUMMETPUYHAs MaTpula A yJIOBJIETBOPSET
YCIIOBUSIM:

A=Mi(M)™, A=4T,

rnie M; u M, marpunsl Memnepa [211], ¢urypupytomue B mnpeodpa3oBaHUU
Bboromnto6osa-Tsabmukora (29).
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