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1; BBe,lteHHe 

Ha cero,nHSIWHHH ,neHb np_e.llJIOJl(~HO. 60.nee CTa TpHJl_ua:rn pa3JIH4HblX. Me-. 

'XaHH3MOB BblCOKOTeMnepaTypHoft ceepxnpoBOJlHMOC'.I'H,· H'~KTyanbHOH 3a,na-

4eH CTaHOBHTCSI BblSIBJleHHe Ka4eCTBeHHblX !pH3H4eCKHX sqicpeKTOB, npe.n-- . 

cxa3imaeM1>1x B pai-!Ji:°ax ·_Toro . HJIH HHoro · Mex~HH3Ma, · .nnsi 'nocne.nymeH , Bo3-

MOJl(HOH _ ~KcnepHMeliTanhHOH npoeepKH. 

B paMi<ax aHrapMOHH4ecKoH: Mo,nenH .nnsi ·_ei.1coK0TeMnepaTypHoro ceepx-. ,' . ~ . ' ,. ;· 

npoBOJJ.HHKa ( BTCn), npe,nJI_OJl(eHHOA H._M; nnaKH,ll.OH '• c COTPY.llHHKaMH [ 1], 

HaMH H3y4aJICSI H30TOnH4eCKHH sqxpeicr ( H3) [ 2, 3], B 3THX pa6oTaX y ,na

. JIOCb o6~SICH~Tb He TO~bKO aHOMiJlbHO B~COKHe 3Ha4eHHi !paxio~a H30TO-
. . ·· ,HnT ··· . 

' 1 C . .,. 

nH4ecxoro 3qxtJeKTa .llJISI KHCJIOpo.na cx>2 ( ex=- iHnH ) I ~o H pe3KHH CKa4oK 

H3, -Ha6J110,naeMblH B coe,nHHeHHSIX· ·.La H Cua (H=Ba, ·sr) Ha rpaHHUe 
· 2-x x 4 

CTpyKTypHo,o !pa30BO,O nepexo,n~ ( C<%ln) , · 

B CBSI3H c 3THM npe,ncTaensteTcst aKTyanbHblM H3y4eHHe. BJIHSIHHH c<1>n . . \ . 

-Ha ceepxnpoeo.nsimyK>. menh B __ 3J1eKTpoHHOM cneKTpe. 3KcnepHMeHTaJlbHO 

3HepreTH4eCKaSI _menb KBa3H4aCTH4HO,O ,cneKTpa_'B036yll(,nenHH MOJl(eT 61>ITb 

~npe.nenena HeCKOJlbKHMH cnoco6aMH: H3y~eHHeM nornomeHHSI HHcJlpaKpac-
• • ' , + ~ " 

HblX 3JleKTpOMa,HHTHblX BOJIH B. TO!:IKHX: nneHKax, , _H3 3KCnepHMeHTOB no 

penaxcauHH si,nepHOF'O cnHHa, H3 3KcnepHMeHTOB no TYHHenitpoeaHHIO 3Jle

. KTpOHOB H: ,np. COOTBe~:rBYJOutHe Oill,ITllbl~- Ha6Jm,neHHSI noKa3blBaJOT CHJlb

HYIO aHH30TponHJO 3Hepre1:H4eCKOH Ule~H ( T. e •. 3a~HCHMOCTb uteJIH A
0 

OT 

HMnyJlbCa Ha IIOBep~HOCT.H <%lepMH) I • a _TaKliCe 31JXtleKTl,I CHJlhHo·ro 3aTyxaHHSI 

KBa3H'!aCTHU, 3KcnepHMeHTbl no TYHHem-ipoBaHHIO 13 BTCn. CTaJIKHBalOTCSI co 
~ ' ' - . . ·' - .· ' . . . 

3Ha4HTeJlhHblMH, TPY.llHOCTSIMH H3-3a CHJlhHOH attH30TponHi1_, M~noft .n'nHHU 

KorepeHTHOCTH ( 10+30A) H, COOTBeTCTBeHHO,. DblCOKHX ·_3Ha4eHHH Bepxne

ro KPHTH4ecxor~-- MarHHTHO;O n'om1_. no' 3TOH ~pH4HHe 3KCnepHM~HTaJlbllhle 

.naim1,1e . .llOBO~~HO nporneope4HBbl H .na~T. 3Ha4HT~-JlbHblH pa~6p~c 3Ha4eHHH 

menH (CM, 063op_[4]). 
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He_ HCKJII04eHa B03MOlKHOCTb HeTpa.nHUHOHHO,O cnapHBaHHSI 3JleKTpOHOB, 

npH KOTOpOM CHMMeTpHH menH HHliCe CHMMeTpHH T0404HOH rpynn1,1 KpHCTaJI

Jla, TaK 4TO na noeepxHoCTH <l>epMH napaMeTp nopst,nKa JlJISI ceepxnpoeo

JlSlutero nepexo.na MOJKeT o6pamaTbCH B HYJlb B HeKOTOpblX Y3JIOBblX T04-

Kax. K TaKoMy >Ke 3cp!peKTY IlpHBOJlHT d-BOJIHOBOe CHH,JleTHoe cnapHBaHHe 

( TIOJIHhlH CnHH naphl paneH I]YJIIO) a TaKXe p-BOJIHOBoe 

TpHTIJl0THOe cnapHBaHHe_ (CTIHH napbl paBeH 1). H3MepeHHe CJlBH,a Ha11Ta 

B coe,nHHeHHH YBa2C~307-c5 [ 21] yKa3blBaeT Ha CHH,JleTHblH xapaKTep K.y

nepOBCKHX nap. cymecTBOBaHHe d-BOJIHOBO,O CHH,JleTHO,O cnapHBaHHSI 

npe,ncraruIS1eTcSI BTIOJIHe B03MOJKHbIM, XOTSI O,!lH03Ha4Hbie 3KCn_ep_HM0HTaJlbHhle 

,!lOKa3aTeJlbCTBa 3TO,O H~ cero,nHSIWHHH ,neHb OTCYTCTBYIOT. B 3TOH pa6o

Te Mb! 6y,neM HCilOJlb30BaTb. Tpa.nHUHOHHblH s-CHMMeTpH4HblH no,nxo,n C CHH

rneTHbIM crrapHBaHHeM. 

nocne,noBaTeJlbHbIH _y4eT aHH30TpOIIHH B ypaBHeHHSIX ceepxnpoBO.llHMOC

TH SIBJISleTci:i: Tpy,nHOH H ,no CHX nap He peweHHOH 3a)la4eH. Tpa.nHUHOHHblH 

rro,nxo.n, ocHoBaHHblH Ha ypaeneHHSIX 9nHaw6epra, rrpe,nrronaraeT H30Tporr

uocTb 3HepreTH4ecx6ft menH. KaK H B rrpe,n1>1,nymHx pa6oTax [2,3], Mhl 

6y.neM CJl0,!lOBaTb 3TOMY rro,nxo,ny. B 3TOH pa6oTe HCCJle,nyeTCSI BJIHSIHHe 

C<l>Il_ Ha. 3JleJ<;TPOHHblH crreKTp H, B qacTHOCTH, Ha 3HepreTH40CKYIO menb D 

3TOM crreKTpe, IIpH IIOMODtH 4HCJleHHOro peweHHSI ypaBHeHRH,c~epxrrpoeo

,!lHMOCTH. HaJIH4He_ C<l>Il IlpHBOJlHT K TeMrrepaTypHOH 3aBHCHMO_C_TH 3JleK

TpOH-cponoHHOro. crreKTpa cx 2
F(w), 4TO rrpHBOJlHT K OT

0

JIH4HOMY OT cnyqa51 

rapMOHH4eCKHX cJlOHOHOB·IIOBe,!leHHIO ceepxrrpoBO,!lSiutett menH A(w), H, co

OTBeTCTB0HHO, , ,npyrHX BeJIH4HH:, IIOCTOSIHHOH 3JleKTpOH-lpOHOHHOH CBSl3H 

A, OTHOCHTeJlbHOH IlJIOTHOCTH KBa3H4aCTJ-l4HblX COCTOSIHHH N(w)/N(O) H 

T. ,n •. 

B pa3,neJ1e 2 BBO,!lHTCSI raMHJlbTOHHaH CHCTeMbl H OIIHCblBaeTCSI rrpH6JIH

JKeHHe . caMOCO, naco~aHHblX lpOHOHOB ,llJIH pacqeTa JlHHaMHKH peweTKH. B 

I 
n :-~ ":?.4:~H .. ~ t.::.·.i.~Z~1~t1ufat t 
ft r5~iSHi--i~)TEHA lJ 

.. .~ ,_ .. 3 
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I 
cnenyIDmeM pa3nene o6cyllCnaIDTCR ypaaHeHH,,~ pJIHam6epra H MeTon pacqeTa 

,rneKTp0HH0ro cneKTpa. HaK0HeU .. a;· qeTB~p1i~ pa3~eJie npHB0nRTCR pe-

3Y JibTaTLI H naeTCH HX KpaTK0e o6cyllCneHHe. B npHJI0llCeHHH H3JiaraeTC51 

npocToH MeTon onpeneneHHR TeMnepaTyphl caepxnpoaonRmero nepexona H3 

JIHHeapH30BaHHhlX ypaBHeHHH 3JIHam6epra. 

2. onacaHHe Monena. npa6na~eHHe caMocornacoBaHHhlX ~oHOHOB . 

.l{JIR ·nepaoHaqaJibHO OTKpi>ITLIX coenHHeHHH La (Ba, Sr) cuo xapaK-
2-x X 4 

TepH0 HaJIHqHe HeCK0JibKHX c~n Ha 3KcnepHMeHTaJibHOH ¢a30B0H T-x nHa-

rpaMMe H CB513aHHi>IX c' ,HHMH MRrKHX 0ilTHqecKHX ¢0H0HHi>IX I.ion •. • nonpo6-

H0e o6cyllCneHHe c~n H MRrKHX Mon, oTaeqaIDmHx 3a 3TH nepexon1,1 B ·no

nHpoBaHH0M KynpaTe JiaHTaHa, HMeeTCH B pa6oTe [5], a MHKp0CKOilHqec

K0e OilHCaHHe c~n - B . pa6oTaX .. [ 6] ' [ 3] . Il03T0MY MLI cpa3 y. 6y neM onH

ChlBa Tb aHrapM0HHqecKHe KOJie6aHH51 pemeTKH C noMombID raMHJ!bT0HHaHa C 

noKaJibHOH HOpMaJibH0H KoopnHHaToH (RHK), cooTBeTcTBymeH Kone6aHHRM 

0KTa3npoB cuo
6 

A 

B0Kpyr OCH (-1,1,0) (HJIH BOKpyr (1,1,0)): 

HI = l ~ x2 • 
2 I ½I 

1, 1
1 

~(1-l')XIXI,+ ¥ l 4 x1 , ( 1) 

rne M 3~eKTHBHa51 Macca RHK, ~(1-1') - CHJI0BaR rapM0HHqecKaR Ma-

TPHUa BT0poro nopRnKa, B - Il0CT0RHHaR JI0KaJibH_oro aHf'apM0HHqecKoro 

B3aHMo;ieHCTBHR. 

B pa6oTe [ 3] . pemeToqHl,IH raMHJ!bT0HHaH ( 1) HCil0Jlb30BaJIC51 HaMH nnR 

0ilHCaHHR K0HKpeTitoro c~n - H3 TaK Ha3i>IBaeM0H Bi>ICOKOTeMnepaTypH0H 

TeTparoHaJibH0H (npocTpaHCTBeHHaR rpynna n::) B HH3K0TeMnepaTypHyID 

opTopoM6HqecKyID ¢a3y (D18
). IlpH 3T0M HHllCe TeMnepaTyphl c~n npoHCX0-

2h 

nHT "3aMopallCHBaHHe" MRrKOH Monhl KOJie6aHHH H COOTBeTCTBYIDmHH 3T0H 

Mone CTaTHqecKHH noBopoT 0KTa3npoB B0Kpyr OCH (-1,1,0) (HJIH B0Kpyr 

(1,1,0)). cnenyeT nonqepKHYTb, qTQ nnR Hae cymecTBeHH0 JIHIBb, qT06hl 

c~n HBJIHJICH ¢a3oBhlM nepexonoM BToporo pona c o6pameHHeM B HYJih 06-

4 

paTHOH CTaTHqecK0H B0CilpHHMqHB0CTH aHrapM0HHqecKHX KOJie6aHHH np11 

TeMnepaT_ype c~n. Il03T0My K0HKpeTHi>IH THil c~n nnR Hae ,He BallCeH, a 

raMHJ!bT0HHaH ( 1) RBmieTCH BeCbMa o6mHM npH on11caHHH pa3Jil1qHhlX c~n 

(cM., uanpHMep, [24]). 

PaccMaTpHBaeMaR MoneJib c~n He nonnaeTCH T0qHoMy pemeHHID. Il0T0MY 

Heo6xonHMO .HCilOJ!b30BaTb naJibHeHmHe ynpomeHl151, uanpHMep, pacCM0T

peHH0e B [ 3] nayxypoBHeBoe npH6JIHllCeHHe 11 CO0TBeTCTBYIDlllHH 3T0MY 

npH6JIHllCeHl1ID nceanocn11H0Bi>IH raMHJ!bTOHHaH. 3necb,' onuaKo, KaK 11 B 

pa6oTe [2], Mi>l 11CilOJ!b3YeM MeTon caMocornacoBaHHi>IX ¢0H0H~B [7], KO

TOpi>lH naeT nnR TeMnepaTypHOH 3aBHCHMOCTH B0CilpHHMqH80CTH aurapM0-

H11qecKHX KOJie6aHHH KaqecTBeHHO Te llCe pe3yJibTaThl, qTQ H nayxypoBHe

B0e np116JIHllCeH11e, HO npome C TQqK11 3peHl151 Bi>l'{liCJieHHH. 

IlpH HCCJieioBaH11H n11HaMHKl1 pemeTKH Mi>l npeue6peraeM 3JieKTp0H

¢oH0HHi>IM B3aHMoneHCTBHeM, cqHTaR, qTQ BJIHRHHe ero Ha c~n B HCCJie

nyeM0M cnyqae H!:cymecTBeHHO. 3T0 npH6JIHllCeHHe B03M0JICH0 6naronap51 

T0MY' qTo caM c~n o6ycJIOBJieH aurapMOH11qecKHM 110H-H0HHhlM Il0TeHI..{Ha

JI0M, a He 3JieKTp0H-¢0H0HHi>IM B3aHMoneHCTBl1eM ( CM. o6cyllCneHHe B 

[ 3]). 

B C00TBeTCTBl111 C MeTonoM caMocornacoBaHHhlX ¢0H0H0B [7] BBon11M 

nceanorapM0HHqecKyID MaTpHUY, yq11Ti>IBaR aHrapM0HHqecKHe qneHhl B ( 1) 

C Il0M0ll\bID nepeuopMHp0BKH MaTpHUi>l rapM0HHqecKoro B3aHMO.UeHCTBl151: 

i(l-1')=2 8<U> ~(1-1')+3B8 ·,<X2 > 
• · I, I I 8<X X ,> 

I I 

(2) 

rne < ... > o6o3uaqaeT paBHoaecuoe cpenHee no raM11nbT0HHauy c ncea

norapMou11qecKHM B3al1MoneHCTBl1eM ic1-1'), U - Il0Teuu11aJibHaR 3Heprl1R 

B raMHJ!bT0HHaHe (1), 8 , - Cl1MBOJI KpoHeKepa. 
1,1 

nepexonR K HopMaJibHLIM Koopn11uaTaM, ·cocTaBJIHeM ypaBHeHHe nnR qac-

T0T nceanorapMOHHqecKl1X ¢0HOH0B: 

5 



2 1 - ➔ 2 3B 2 
oq = M ~(q)= wq + M <X,> (3) 

- ➔ 2 1 ➔ 
rne ~(q) - noTeHUHan (2) B q-npencTaBneHHH, wq=H4>(q) - rapMOHHqec-

KHH cneKTp. KBanpaT rapMOHHqecKoH qacTOTbl w
2 

OTpHUaTeneH nm1 Msir
q 

KOH MOnhI Kone6aHHH B X-ToqKe q =~(1,1,0): 
I a 

. 2( ) A w q1 = - H < o. 

CpenHHH KBanpaT CMeIUeHHH BblqHcmieM cTaHnapTHblM cnoco6oM: 

2 1 1 1 oq 2 
<X1 >=NM I <QqQ-q>= NM I 211 c th 2T + .c 

q ' q q 
(4) 

l 

rne a ='(!i)2 I 
q N q 

X e- 1 q I _. HOpManbHaSI cpoHOHHaSI nepeMeHHaSI, a cyMMHp0-
1 

( 

BaHHe BeneTcSI no 3oHe EpHnnID9Ha. 3necb BBeneH napaMeTp nopsinKa c, 

COOTBeTCTBYIDIUHH MSirKOH Mone KOne6aHHH B TOqKe q , KOTOpblH OTnHqeH 
, I 

OT Hynsi HHlKe TeMnepaTypbl C<l>il:' 

< Q > 
qi 

c=<X >=---
1 \/NM 

noncTaBnSISI (4) B (3), nonyqaeM caMocornac~BaHHoe ypaBHeHHe nnsi 

~r 
nepeHOpMHpOBaHHOro cpoHOHHOro cneKTpa Oq: 

2 2 3B 2 
0 q = w q + 71( 0 + c ) , (5) 

rne BBeneHa KoppenSIUHOHHaSI C!>YHKUHSI 

2 1 1 oq 
D=<(X1-c) >=MN I 211 cth 2T (6) 

q q 

~nsi paBHOBeCHoro 3HaqeHHSI napaMeTpa nopsinKa B HH3KOCHMMeTpHqHoH 

cpa3e nonyqaeM CTaHnapTHoe BblpalKeHHe ( CM. , HanpHMep, [ 7]): 

2 A c = B - 30, (7) 

a B BblCOKOCHMMeTpHqHoH cpa3e c=O. 

TeMnepaTypa C<l>il T
0 

onp~nensieTCSI H3 ycnoBHSI o6paIUeHHSI B Hynh 

MSirKOH Monh1 ( 5) B TOqKe C<l>il ( HHlKe 9TOH TeMnepaTypbl napaMeTp nopsin-

Ka cTaHOBHTCSI OTnHqHblM OT Hynsi): 

2 2 A 3B 
Oo(To)= o (q=q1,T=To)= - M + M D(To)=O ( 8) 

6 

., 

ilpH pemeHHH caMocornacoBaHHOH CHCTeMbl ypaBHeHHH (5)-(7) BOC

nonb3yeMCSI npH6nHlKeIIHeM cpenHero nonsi npH BblqHcneHHH KOppenSIUHOH

HOH C!>YHKUHH ( 6) : 

D ~ 2~ cth ~T • 

B pe3ynhTaTe nonyqaeM cnenyIDIUee ypaBHeHHe nnsi onpeneneHHSI cpen

Hefl qacTOTbl MSirKOH MOnbI 0
2
=~ro:: 

q 

2 2 3B 1 0 2 
o = w + M ( 2 MQ cth 2T + c ) , (9) 

2 1\' 2 A 2 2 2 2 
rne w = N L. wq = - H + w

0 
; o = 0

0 
+ w • 

q 

B 9TOM npH6nHlKeHHH napaMeTp WO xapaKTepH3yeT nHcnepcHID cpoHOHHO-

ro cneKTpa H cpenHIDID CHnoByID nocTOSIHHYID G=Mw~. l1cnonb3YSI BblpalKeHHe 

nnsi napaMeTpa nopsinKa (7), nonyqaeM nnsi T>T
0

: 

H nnsi T<T : 
0 

2 2 3B 1 0 A 
o - w o = M2 20 c th 2T - B ' 

2 2 A 3B 1 0 
0 - wo = 2 <s - M2 20 c th 2T) • 

(10) 

(11) 

B nanbHeflmeM HaM noHano6HTCSI nBYXBpeMeHHaSI C!>YHKUHSI rpHHa (<l>r) 

C!>OHOHOB' SIBnSIIDIUaSICSI cpypbe-o6pa30M BpeMeHHOH 3ana3nb1BaIDIUeH C!>YHKUHH 

rpHHa [11] H c TOqHoCTbID no 3HaKa COBnanaIDIUaSI C KOMnneKCHOH C!>OHOH

HOH BocnpHHMq~BOCTbID <<QqlQ_q>>w+ic=-~q(w), ycpenHeHHasi no 30He 

EpHnnID9Ha. B npH6nHlKeHHH caMocornacoBaHHblX cpoHOHOB [ 7] cneKTp KBa-

3HqaCTHqHb!X B036ylKneHHH onHCbIBaeTCSI aHrapMOHHqecKHMH MonaMH 6e3 

3aTyXaHHSI ( 5): 

· <<a 1a >> = 
q -q w 

1 
2 

w -
2 • 

0 
q 

(12) 

oTKyna nnsi ycpenHeHHoro no c_neKTpy 3HaqeHHSI <1>r nonyqaeM B npH6nH

lKeHHH cpenHero nonsi: 

1 \ 1 ! '\' <<Q IQ >>=NL -2--n~2~ 
N L q - q w q w - "q q 

1 
2 

w -
2 • 

0 
(13) 

rne o onpenensieTCSI H3 ypaBHeHHH (10) HnH (11). 

7 



IlpH Bbl6ope IlOJIHoro raMHJlbTOHHaHa He 6yneM paccMaTpHBaTb B3aHHO

neHCTBHSI 3JleKTpOHOB npoBonHMOCTH H rapMOHHqecKHX ~OHOHOB, orpaHH

qHBlllHCb B3aHMoneHCTBHeM 3JleKTpOHOB C aHrapMOHHqecKHMH KOJie6aHHSIMH. 

PaCCMOTpHM B CBSI3H C 3THM npocTyJO Monenb 3JieKTpOH-IJ)OHOHHOH CHC

TeMbl, OilHCblBaeMOH raMHJlbTOHHaHOM (aHrapMOHHqecKaSI MOnenb CBepxnpo

BOnHHKa [1)): 

~=I + c a a 
p per per 

p~ 

+ \ V(q) a+ a Q 
L vH per p+q,er q 

perq 

A 

+ H 
I 

(14) 

rne 3JieKTpOHHaH noncHCTeMa OilHCbIBaeTcH B paMKaX TeOpHH qiepMH

JKHnKOCTH co cneKTpOM 3JieKTpOHHblX B036yJKneHHH C B onHO3OHHOM npH6-
• , _P 

JlHJKeHHH, npHqeM 3HeprHH OTCqHTbIBaeTCSI OT noBepXHOCTH <llepMH. B3aH-

MoneHCTBHe 3JieKTpOHOB C aHrapMOHHqecKHMH ¢0HOHaMH HBJISieTCSI JIHHeH

HblM H onpenenSieTCH MaTpHqHblM 3JieMeHTOM V(q) 3KpaHHpOBaHHOro 3JieK

TpOH-IJ)OHOHHOro B3aHMoneHCTBHSI nnR TOH BeTBH ~HOHHblX KOJie6aHHH pe

llleTKH Qq, rne JielKHT MHrKaSI Mona. IlpSIMOro KYJIOHOBCKoro B3aHMoneH

CTBHSI MeJKny 3JieKTpoHaMH Mbl He BBOJUfM, cqHTaSI 3~eKTHBHblH napaMeTp 

KYJIOHOBCKoro B3aHMoneHCTBHSI nocTaTO"lllO MaJiblM ( µ* «,\). 

3. YpaBH0HHH 9JIHaw6epra Ha MHHMOH OCH. MeTOA aHaJIHTHqecKoro 

npOAOJillt0HHH 3JI0KTpOHHblX ipyHKUHH rpHHa Ha A0HCTBHT0JI:&H}'IO CC:&. 

B 3TOM pa3nene, Mbl paccMoTpHM cBepxnpoBonHDlHH nepexon B 

3JieKTpOH-~OHOHHOH CHCT_eMe, OilHCblBaeMblM raMHJlbTOHHaHOM ( 14), pemasi 

ypaBHeHHSI 9JIHam6epra qHcJieHHO, 

YpaBHeHHSI CBepxnpoBOnHMOCTH Ha MHHMOH OCH BnepBble 6blJIH cqiopMy

JIHpOBaHbl 9JIHam6eproM [ 8]' HCil0Jlb3OBaBWHM Mauy6apOBCKHH ~opMaJIH3M. 

9TO HeJIHHeHHble ypaBHeHHSI, conepJKamHe TeMnepaTypHbie, HJIH Mauy6apoB-

CKHe, <llr 3JieKTpOHOB B Mauy6apoBCKHX TOqKaX iw =inT(2m+1), 
m 

m=0,±1,±2, .... 9nHam6epr nonyqHn ypaBHeHHH cBepxnpoBonHMOCTH nnsi 

raMHJibTOHHaHa <llpenHxa, onHaKo ero nonxon nerKo MOJKHo o6o6mHTb nnsi 

aHrapMOHHqecKoro pemeToqHoro B3aHMoneHCTBHH [9]. IlonyqeHHble B pe-

8 

3YJibTaTe ypaBHeHHSI He 3aBHCSIT OT KOHKpeTHoro BHna pemeToqHOH qacTH 
A 

raMHJlbTOHHaHa H 
I H nonyqalOTCSI npH npeHe6peJKeHHH nepeHOpMHpOBKOH 

BeprnHHbl MaCCOBoro onepaTopa, OilHCb1Ba10mero B3aHMoneHCTBHe 3JleKTpo

HOB C IJ)OHOHaMH BO BTOPOM nopsinKe no KOHCTaHTe 3JieKTpOH-~OHOHHoro 

B3aHMoneHCTBHSI, MaCCOBblH onepaTop BblpaJKaeTCSI qepe3 IlOJIHylO 3JieKT

pOHHYlO <llr, qTo IlO3BOJIHeT nonyqHTb.CaMocornacoBaHHble ypaBHeHHSI, co

nepJKamHe <llr paCCMaTpHBaeMOH CHCTeMbl. Ilonpo6HblH Bb!Bon ypaBHeJrnH 

9JIHam6epra Ha MHHMOH OCH CM., HanpHMep, B [10], npHBeneM JlHlllb OKO

HqaTeJibHblH pe3yJibTaT: 

+ 00 I a( iw ) 
Z(iw )t,(iw )=nT ,\(iw -iw) m 

n n n m 1 (15a) 

m=-oo. [w! + 1',2(iw) y• 
+ 00 

Z(iw )w =w + nT I ,\(iw -iw) wm 
n n n n m 1 (156) 

m=-oo [w! + 1',2( iwm) y 
r ne Z( iw n) H 1',( iw n) - peHopMaJIH3aUHOHHaSI ~YHKUHSI H menb COOTBeT

CTBeHHO (qepe3 3TH ~YHKUHH ¢aKTHqecKH BblpaJKalOTCSI "HopMaJibHb!e" H 

"aHOMaJibHble" <llr 3JleKTpOHOB, CM. [ 10]), 

+ 00 

,\(z)= fctw c/F(w) 
w-z 

-00 

(16) 

KaK IlOKa3aHo B [ 9], 3JieKTpOH-IJ)OHOHHblH cneKTp a.2F( w) MOJKHO Bblpa-

3HTb qepe3 nBYXBpeMeHHYlO <llr pemeTKH. JlJISI raMHJlbTOHHaHa ( 14) OH 

HMeeT BHn: 

a.2F(w)=N~O) I i2p I e2p' [-.!. Im«Q jQ » ] jV(p-p') 12 
s p s p / 1t q - q W+ IC M 

£ £ 

(17) 

3necb N(O) - IlJIOTHOCTb 3JleKTpOHHHblX COCTOSIHHH (Ha CilHH, Ha siqeHKy) 

Ha noBepxHoCTH <llepMH s , u =IV c I - rpynnoBasi cKopocTb 3JieKTpOHOB 
' p p p 

Ha noBepxHOCTH <llepMH, q=p-p'. 

EyneM cqHTaTb noBepXHOCTb <llepMH nocTaToqHo_H30Tp0IlHOH H HCilOJlb-

9 



3oBaTb npH6JIHmeHHe MaK-MHnnaHa, pa3.nensisi B (17) ycpe.nHeHHe no no

aepxHoCTH $epMH sf H no 30He BpHJIJIID3Ha: 

,lF(w)= N(O) _1 __ J tl2p J 
M N2(0) v s p s 

f f 

2 ' ' 12 X ~ IV(p-p) 
V I 

p 

X .! I 
N q 

[-!rm«Q IO » ] 
Jr q - q W+ l £ 

OKOHqaTeJibHO nonyqaeM, HCnOJib3YSI npH6JIHmeHHe cpe.nHero 

(13): 

nOJISI 

2 N(0)J
2 

1 ( 1 ) lJ 1 a F(w) M (-it)Im . 
2 2 

=M 20 (o(w-Q)-o(w+rl)), (19) 
(w+l.C) -Q 

r.ne 1J=N( O) J 2 - napaMeTp xon«tJHJib.lla, J
2 

- ycpe.nHeHHbIH no noaepXHOCTH 

$epMH KBa.npaT MaTpHqHoro 3JieMeHTa 3JieKTpOH-'1JOHOHHOrO B3aHM0.1{eHCT

BHSI. nnsi 3HHWTeHHOBCKOro cneKTpa co cpe.nHeH qacTOTOH Q nonyqaeM, 

no.ncTaBJISISI (18) B (16): 

A(z)=~ 
,..,2 2 .. -z 

(20) 

3.necb o6o3HaqeHo: 

i\=A(0)=-2!.... 
MQ2 

(20) 

- nocTOSIHHaSI 3JieKTpOH-«1JOHOHHOH CBSl3H. 

YpaBHeHHSI 3JIHam6epra Ha MHHMOH OCH MOmHO pemaTb qHcJieHHO, npe.n

aapHTeJibHO onpe.nenHB cpe.nHIDID qacToTy· '1JOHOHHOro cneKTpa Q H3 ( 10) 

HJIH ( 11). 

3HaqeHHSI TeMnepaTypHblX $f B Mauy6apoBCKHX ToqKaX, nemamHx B 

BepxHeH nonynJIOCKOCTH KOMnJieKCHOH nJIOCKOCTH w, coana.naeT co 3Haqe

HHSIMH 3ana3.1{b1Baromeii .nayxapeMeHHOH $f B 3THX me TOqKax. 3ana3.1{b!Ba

IDDlaSI $f aHaJIHTHqHa B aepxHeH nonynJIOCKOCTH H 0.1{H03HaqHO onpe.nensi

eTCSI 3THMH 3HaqeHHSIMH npH ycJIOBH_H ee perynsipHOCTH H orpaHHqeHHOCTH 

B 3TOH nonynnoCKOC1H [12]. C noMODlbID cneKTpaJibHOrO npe.ncTaBJieHHSI 

$f MOmHo H3 ypaaHeHHH 3JIHam6epra Ha MHHMOH OCH cpa3y nonyqHTb ca-

10 

c:: 

Moc or nacoaaHHbie ypaaHemrn .nnsi 3ana3.llbIBaromeii $f Ha .neiicTBHTeJibHOH 

oc11 ( T. e. np11 z=w+ic, c>0 - 6ecKOHeqHo MaJiaSI .no6aBKa). [ 13]. 

3HaqeHHSI $f Ha .neiiCTBHTeJibHOH OCH co.nepmaT ropa3.1{0 60Jibille '1J11311-

qecKOH l1H'1JOpMau1111, qeM B Mauy6apOBCKHX ToqKaX. OHH no3BOJISIIDT, Ha

npHMep. HaHTli cneKTp KBa311qacT11qHblX B036ym.neHHH, onpe.neJIHTb HOpM!i

poBaHHYID 3JieKTpOHHYID nJIOTHOCTb C~CTOSIHHH, KOTopaSI 113MepSieTCSI B 3K

cnep11MeHTax no TYHHeJ111poBaHl1ID, 11 T . .1{. B TO me BpeMSI C noMODlbID $f 

Ha MHHMOH OCH B Mauy6apOBCKl1X ToqKaX MOmHO paccqHTaTb TOJlbKO Tep

MO.llHHaM11qecK11e xapaKTepHCTHKH CHCTeMbl: CB060.llHYID 3HeprHID, TeMnepa

TYPY csepxnpoao.nsimero nepexo.na, sepxHee KpHTHqecKoe MarHHTHoe none 

H T . .n. C .npyroii CTOpoH~l, qHcJieHHble pacqeTbl ropa3.ll0 nerqe Bb!IlOJIHSI

IDTCSI .llJISI TeMnepaTypHblX $f Ha MHHMOH OCH ( ypaBHeHHSI ( 15)), TaK KaK 

ypaBHeHHSI 3n,_11am6epra Ha .neiiCTBHTeJibHOH OCH c<_>.nepma_T CHHrynsipHbie 

liHTerpaJibl B CMb!CJie rnaBHOro 3HaqeHHSI, H KpOMe Toro, HTepaUHH cxo

.llSITCSI CJiliillKOM Me.nneHHO, qTo npHBO.llHT K 6oJibillHM 3aTpaTaM MaillHHHOro 

apeMeHH npH qHcneHHbIX pacqeTax. 

npome acero pemaTb ypaBHeHHSI CBepxnpOB0.1{HMOCTl1 Ha MHHMOH OCH, a 

3aTeM BblilOJIHHTb aHaJIHTHqecKoe npo.nonmeHHe pemeHHSI na .neHCTBHTeJib-

HYID OCb. ABTOpbl [14] npe.nnomHJIH .llJISI 3Toro MeT0.1{ na.ne-

annpoKCHMaUHH, pa60TaIDD1HH, o.nnaKO, TOJibKO B o6nacTH HH3KHX TeMne-

paTyp. 

C Hameii TOqKH 3 peHHSI, HaH6onee y .no6Hb!M SIBJIS!eTCSI MeTO.ll aHaJIHTH

qecKoro npo.nonmenHSI, pa3pa6oTaHHblH aBTopaMH pa6oTbl [15). Mbi He 6y

.neM 3.l{eCb H3JiaraTb co.nepmanHe 3TOH CTaTbH, npHBe.neM JIHillb pe3yJib

TaT. nnsi npOH3B0JlbHOH ToqKH Z, nemameii B aepxneii nonynJIOCKOCTH 

( Im( z) >0) , cnpaBe.l{JIHBbl co'OTHOilleHHSI: 

+00 

w(z)=z+inT I 
m=O 

w( iw ) 
m 

1 
(i\<z-iwm)-i\<z+iwm))+ 

[w2(iwm) - c/>2(iwm)Y 

11 



i, 
I 

¢(z)= 

+00 

+ inJdw w(z-w) ~ 

[
-2 2 ]2 -oo w (z-w) - ~ (z-w) 

,x2F(w) (n(w)+f(w-z)), (21a) 

¢(iw) 
m 

+00 

inT L 
m=O 

1 

[-2. ) 2(. >]2 w (1wm - ~ lWm 

(;>.< z-iw) +A( z+iwm)) + 

+00 

+ inJdw 

-oo 

¢(z-w) 
1 

,x2F(w) (n(w)+f(w-z)). (216) 

[
-2 2 ] 2 w _(z-w) - ¢ (z-w) 

3)leCb BBe)leH pH)l o6o3HaqeHHA: ¢(z)=l::.(z)Z(z), w(z)=zZ(z) - nonHhle 

<1>r, coan_a)laJOmHe c 3ana3)lhlBaJOIUHMH <1>r B aepxHeii nonynnocKoCTH, H c 

onepe*a!OIUHMH B HH*HeA, n(w)=1/(exp(;)-1) Bo3e-pacnpe)leneHHe, 
. w 

f(w)=1/ (exp('f)+1) - qiepMH-pacnpene.n:eHHe, a HHTerpHpoBaHHe npOH3B0-

)lHTCSI B)lOnb )leAcTBHTenbHOA OCH. HeO)lH03HaqHOCTb H3BneqeHH51 KOpHH B 

KOMnneKCHOA nnocKOCTH ycTpaHHeTCSI npaBHnOM: Im(v'z)>O. 

B HHTepecy10meM Hae cnyqae 3AHmTeAHoBcKoro cneKTpa nonyqaeM H3 

(21), IlO)lCTaBnHH Ty)la COOTHOWeHHe (18): 

+00 

l::.(z)Z(z)=nT I 
m=-CO 

l::.(iw) 
A(Z-iw) m 

m 1 

[w: + !::.2(iwm) y 
+ 

+ 1njm [ (n(n) +f (O-z)) 
!::.( z-Q) 

1 

[ 
2 2 ] 2 ( z-Q) - !::. ( z-Q) 

+ 

+ (n(rl)+f(Q+z)) !:,( z+Q) l 
[<z+n) 2_ l::.2(z+Q) ]½ 

(22a) 

+00 

zZ(z)=z + inT '. A<Z-iw ) wm + L m 1 

m=-oo [w: + !::.2(iwm) ]2 

12 

.; , 

;' 

+ '"½<>' [ (n( n) +f( n-z)) z-Q 
1 

[ 2 2 ] 2 ( z-Q) - !::. ( z-Q) 

+ 

+ (n(rl)+f(Q+z)) z+n ] 

[<z+3>2- l::.2(z+Q) i (226) 

r)le z=w+ic, a ~YHKUHH ;>.(z) onpe)leneHa cornacHo (19). 

3TH cno*Hble ~YHKUHOHanbHble COOTHOllieHHSI nerKO MoryT 6b!Tb pemeHbl 

qHcneHHO npoCThlMH HTepaUHSIMH. Bnaro)lap51 e)lHHCTBeHHOCTH aHanHTHqec

KOro nponon*eHHSI Mb! MO*eM 6b!Tb yaepeHHblMH a TOM, qTo OHH CXO}lSITCSI 

K CBOHM 3HaqeHHSIM Ha )leHCTBHTenbHOH OCH. 

IlpH pemeHHH ypaaHeHHH ( 22) oqeHb none3HblMH OKa3blBalOTC51 CBOACTBa 

CHMMeTpHH <1>r OTHOCHTenbHO KOMnneKCHoro COilPH*eHHSI H H3MeHeHH51 3Ha-

Kaz B KOMnneKCHOH nnocKOCTH [23]: 

1:,*(z)=l::.(z*) ,· l::.(-z)=l::.(z) 

z*(z)=Z(z*), Z(-z)=Z(z) , (23) 

r)le Z - npOH3BOnbHOe KOMnneKCHOe qHcno. 3aMeTHM, qTo 3TH CBOHCTBa 

nerKO MOryT 6hlTb nonyqeHhl Henocpe}lCTBeHHO H3 ypaBHeHHA (21), ecnH 

BOCilOnb30BaTbC51 He4eTHOCTblO ~YHKUHH 3nHam6epra (17): 

a 2F(-w)=-a2F(w). 

H3 COOTHOlileHHH (23) HaXO)lHM 6onee YJl06Hhle TO*)leCTBa: 

1:,*(z)=l::.(-z*), 

OTKy)la B qaCTHOM 

z*(z)=Z(-z*), 

cnyqae z=iw 
n 

nonyqaeM: 

z*(iw)=Z(iwn) - T.e. meneBaH H peHopManH3aUHOHHaH 

CTBHTenbHbl Ha MHHMOH OCH, H npH z=x+ic: 

1:,*(x+ic)=l::.(-x+ic), 

z*(x+ic)~Z(-x+ic). 

1:,*(iw )=l::.(iw), 
n n 

~YHKUHH neA-

TaKHM o6pa30M, qTo6hl HaHTH !:,(z) H Z(z) Ha )leHCTBHTenbHOH OCH, 
Heo6XO)lHMO: 
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(a) HaHTH O H3 (10) HJIH (11), 

( 6) pelllHTb npoCTblMH HTepaUHS!MH ypasHeHHSI 9JIHalll6epra Ha MHHMOH OCH 

(15), BOCrIOJlb30BaBlllHCb COOTHOllleHHSIMH (19) H (20), 

(B) HaKOHeu, rIOJiyqHTb H3 (22) A(Z) H Z(z), noncTaBJISISI Tyna peweHHSI 

A(iw) H Z(iw) H3 (15). 
n n 

4. OCHOBHWe pe3yJihTaTW H HX o6cyllt,11eHHe. 

nnsi qHcJieHHOro pacqeTa meneBOH H peHOpMaJIH3aUHOHHOH ~YHKUHH He

o6xonHMO 3anaTb napaMeTphl JioKaJibHoro aHrapMOHHqecKoro noTeHuHana 

A, B, M, nHcnepCHID rapMOHHqecKoro B3aHMoneHCTBHSI Memny siqeHKaMH WO 

H napaMeTp Xon~Hnhna ~- TeMnepaTypa c~n T
0 

onpenensieTcsi H3 ypasHe

HHSI ( 8), csepxnposonsimero nepexona - HaxonHTcsi H3 nmieapH30BaHHbIX 

ypasHeHHH 9JIHalll6epra MeTonoM, OrIHCaHHhlM B ripHJIOXeHHH. TepMonHHaMH

qecKaSI meJib Ao' HaH6onee 6JIH3KaSI [IQ CBOHM CBOHCTBaM K napaMeTpy 

6Km, HaxonHTCSI H3 COOTHOllleHHSI [19): 

A
0
=Re (o(A

0
)), (24) 

rne A(z) - menesasi ~YHKUHSI Ha neHCTBHTeJibHOH OCH. 

~a3oByID T-x nHarpaMMY MomHo nonyqHTh, 3anasasi nonoJI3HTeJibHO 3a

BHCHMOCTh napaMeTpOB pellleTKH OT KOHUeHTpaUHH npHMeCH X ionHpyIDmHx 

3JleMeHTOB ( HanpHMep, Ba HJIH Sr B coenHHeHHH La2-x (Ba, Sr) x CuO 
4

) • 

ECJIH cqHTaTh, qTo CHJIOBaSI IlOCTOSIHHaSI A, onpenensiIDmasi KBanpaT OTpH

uaTeJibHOH B rapMOHHqecKOM npH6JIHmeHHH Monw KOJie6aHHH, JIHHeHHO y6w

saeT c pOCTOM X, A(x)=Ao(1-4x) (CM. o6cyxneHHe B [6]), TO MU nony

qHM nHarpaMMY, npencTaBJieHHYID Ha pHc.1. 

HanHqHe aHrapMOHHqecKHX Mon npHBonHT K 3aBHCHMOCTH IlOCTOSlHHOH 

3JieKTpOH-~OHOHHOH CBSl3H ~ OT TeMnepaTypw qepe3 cpenHIDID qacTOTY ~o

HOHHoro cneKTpa o, qTo naeT nonOJIHHTeJibUblH BKJian B 3aBHCHMOCTb 

TepMonHuaMHqecKoH menH OT TeMnepaTypbI no cpaBHeHHID co cnyqaeM rap

MOHHqecKHX KOJie6aHHH pellleTKH. 

14 

j 
'·i 

\1 
).'.\) r 

T 
Tc 

.x 
PHc.1. cxeMaTHqecKasi ~a3oBasi T-x nHarpaMMa 

nnsi paccMaTpHsaeMOH MonenH: 3aBHCHMOCTb 

TeMnepaTyp CTPYKTypHoro T
0 

H cBepxnposonsi

mero TC nepexonos OT KOHUeHTpaUHH npHMeCH 

X. ( 1) - KOHUeHTpaUHSI, npH KOTOpOH Tc <T
O 

, 

(2) - T >T >OH (3) - T >T =O. 
C O C 0 

6.~~ ~----~-~-~------~ 

6.0 

X,i=0. 21 25 ANGSTREM 
E=1.7 maV 

(3) 

r<s,sf- Xe=2J.2216 ANGSTRE 
E=2.015 maV 

5.0 

4 ·8.0 

( 2) 

X,i=0.2103 ANGSTREM 
E=2.35 maV 

( 1) 

0.2 0.4 0.6 

l=T/1 
0.8 1. 0 

PHC.2. IlOCTOSIHHaSI 3JieKTpOH-~OHOHHOH CBSl3H B 

3aBHCHMOCTH OT npHseneHHOH TeMnepaTypw nnsi 

cnyqaeB 1), 2) H 3). 
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KaK no,nqepKHBanocb B pa6oTe [3], ,nnsi nepexo.na THna "nopsi,noK-

6ecnopsi,noK" CTaTH'lecKaSI BOCilpHHM'lHBOCTb pemeTKH ,I(OCTHraeT CBoero 

MaKCHMaJibHoro 3Ha'leHHSl npH TeMnepaType c~n To. 9TO cnpaBe,I(JIHBO H B 

cnyqae nepexo,na THna "cMemeHHSI": BbipaJKeHHe .nnsi ycpe,nHeHHOH no cne

KT.py CTaTH'leCKOH BOCilpHHM'lHBOCTH :t=1/0
2 

MaKCHMaJibHO npH MHHHMaJib-

HOM 3Ha'leHHH Q=wo npH T=To (CM. ( 8). (10). (11)). TI03TOMY t\=-3._ 
M0

2 

MaKCHMaJibHO npH T=.To. no 3TOH npH'lHHe MaKCHMaJibHaSI TeMnepaTypa 

CBepxnpOBO.I(SIIllero 'nepexo.na Tc COOTBeTCTByeT TO'lKe nepece'leHHSI KpH

BbIX Tc ( X) H To ( X) Ha T-x ,I(HarpaMMe ( pHC. 1) . B TeopHH 9JIHam6epra, 

TaK JKe KaK H B TeopHH BKlll, napaMeTp nopSI,nKa {lo yaeJIH'lHBaeTCSI_ C 

poCTOM ,\, TI03TOMY, 6naro,napSI TeMnepaTypHOH 3aBHCHMOCTH t\ H 0, 3a

BHCHMOCTb TepMO,I(HHaMH'leCKOH meJIH OT TeMnepaTyphl npH ~HKCHpOBaHHOM 

3Ha'leHHH npHMeCH X 6y,neT Ka'leCTBeHHO pa3JIH'laThCsi B 3-X cnyqasix 

( CM·. ~a30BYIO T-x ,I(HarpaMMY B OKpeCTHOCTH T =T Ha pHC. 1) : 
; C ~ 

1) 0<T <T , 
C 0 

2) 0<T <T , 
0 C 

3) T =0, T >0. 
0 C 

HaMH Bbi6paHbl 3Ha'leHHSl MO,I(eJibHbIX napaMeTpOB T/;_3eV //,,.2, M=16 

a. e. M., . wo=100K, napaMeTp B, IlOCTOSIHeH, A - JlHHeHHO 3aBHCHT OT 

KOHUeHTpaUHH npHMeCH. 3Ha'leHHSI IlOCTOSIHHbIX A H B y,no6Hee Bbipa3HTb 

qepe3 Bb!COTY IlOTeHuHaJibHoro 6apbepa E H IlOJIOBHHy pacCTOSIHHSl MeJK,ny 

MHHHMyMaMH X .I\BYSIMHOro aHrapMOHH'leCKOro IlOTeHuHaJia: A=4E/x
2

; 
0 0 

B=4E/x:. 

Pe3yJibTaTbl 3aBHCHMOCTH IlOCTOSIHHHOH 3JieKTpOH-~OHOHHOH CBSI3H OT 

npHBe.I(eHHOH TeMnepaTypbl t=T /Tc ,I(JISI Bb!llleynOMSIHYTblX cnyqaeB 1) -3) 

H306paJKeHhl Ha pHc.2. teMnepaTypa caepxnpoBo,nsimero nepexo.na ,nnsi 

Bcex Tpex cny~aea npHMepHO 0,I(HHaKOBa H paaHa 42K. 9Ha'leHHSl COOT-

16 

14,----r---r--c--....---r-:,--.---r----

( 3) 
13f (2) -

12 ( 1) 

" > 
CD11 
E 

" -310 

9 

8 

~-0 0.2 0.4 0.6 0.8 1.0 

t=T/1 

PHC.3. BepxHSISl 'laCTb 3aBHCHMOCTH TepMO.I(HHa

MH'leCKOH CBepxnpoBO.I(SIIlleH meJIH {lo OT npHBe

,neHHOH TeMnepaTypbl .I(JISI cnyqaeB 1). 2) H 3). 

12t---------

10 

" 8 > 
Ql 

~ 6 

-8 
4 

·2 

~.0 

x.,=0.2303 ANGSTREM 
'E=2.35 maV 

0.2 0,4 0.6 

t=T/1 
0.8 1.0 

PHC,4. 3aBHCHMOCTb TepMO.I(HH3,MH'leCKOH caepx

npoBO.I(SlllleH menH ll
0

, onpe.neneHHOH cornacHo 

(24), OT npHBe.I(eHHOH TeMnepaTypbl t. 
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BeTCTBYIOIUHX napaMeTpOB E H XO yKa3aHbl Ha pHC. 2. Pe3KHH MaKCHMYM B 

3aBHCHMOCTH h(t) nnH cnyqaH 2) B03HHKaeT npH TeMnepaType c~n. nnH 

cnyqaH 1) npH IJOHHJKeHHH TeMnepaTypbl Mb! y nanHeMCH OT TeMnepaTypbl 

c~n Ha ¢a30BOH nHarpaMMe, ll03TOMY h(t=O)<h(t=1). B cnyqae 3) - Ha

o6opoT, npH6JIHJKaeMCH, qTQ npHBOnHT K pocTy h npH llOHHJKeHHH TeMne

paTypbl: h( t=O) >h( t=1). B npoMeJKyToqHQM CJiyqae 2) MOJKeT BblllOJIHHTbCH 

KaK nepaoe, TaK H BTOpoe HepaBeHCTBO. 

Ha pHC. 3 noKa3aHa BepXHHH qacTb 3aBHCHMOCTH TepMonHHaMHqecKOH 

menH t:.
0

, onpeneneHHoH cornacHo cooTHOllleHHJO (24), oT npHaeneHHoH 

TeMnepaTypb!. l13-3a OllHCaHHOH Bblllle TeMnepaTypHOH 3aBHCHMOCTH h, npH 

npaKTHqecKH onHHaKOBOH TeMnepaType caepxnpoaonHmero nepexona, KaK 

caMo 3HaqeHHe meJIH /lo . npH HyJieBOH TeMnepaType, TaK H OTHO!lleHHe 

260 ( t=O) /Tc pa3JIHqHbJ nJIH cnyqaeB 1) -3) : 

1) 26 (t=O)/T =7.22, 
0 C 

2) 26 (t=O)/T =6.95, 
0 C 

3) 26 (t=O)/T =6.67. 
0 C 

B ueJIOM, 3~eKT, CBH3aHHblH co CTPYKTYPHOH HeycTofiqHBOCTb!O, Bbl-

paJKeH He oqeHb CHJlbHO. TipH 3TOM nocTOHHHaH 3JieKTpOH-¢0HOHHOH CBH3H 

MeHHeTCH noBOJlbHO cymecTBeHHO, HanpHMep, B cnyqaHX 1) H 3) 3Haqe

HHH h(t=O) OTJIHqaJOTCH npHMepHO Ha 25%. TIO-BHnHMOMY, MaJIOCTb 3~eK

Ta CBH3aHa C 60JiblllHMH 3HaqeHHHMH 3JieKTpOH-¢0HOHHOH llOCTOHHHOH 

(h=576 - cnyqafi CHJlbHOH CBH3H), Karna CKOpOCTb pocTa fl(h,t) OT h 

npH ¢HKCHpoBaHHOH npHBeneHHOH TeMnepaType t HeCKOJlb_KO y6bmaeT no 

cpaBHeHHIO C MaJiblMH 3Ha4eHHHMH h. OnHaKo, HeCMOTpH Ha MaJIOCTb 3¢

¢eKTa, llOHBJIHeTCH KaqecTBeHHOe pa3JIHqHe noaeneHHH 3aBHCHMOCTH IUeJIH 

OT npHBeneHHOH TeMnepaTypb! B HH3KOCHMMeTpHqHQH ( cnyqafi 1) H Bb!CO

KOCHMMeTpHqHQH (cnyqafi 3)'¢a3aX. 

BHnHo. qTo meJib CJia6o 3aBHC,HT OT t BllJIOTb no 3HaqeHHH t~O. 5' a 

l8 

i 

3aTeM pe3KO nanaeT, qTo Ka4eCTBeHHO COOTBeTCTByeT 3KCnepHMeHTaJib

HblM Ha6JIJOneHHHM nnH YBa2Cu307 [ 17]. lll.eJib /lo He HBJIHeTCH onH03Haq

HOH H o6pamaeTCH a HYJlb npH TeMnepaType HeCKOJlbKO MeHbllleH TeMnepa

Typbl caepxnpoaonHIUero nepexona (pHc.4). 3To - apTe¢aKT onpeneneHHH 

TepMonHHaMHqecKOH IUeJIH (24) B TeopHH 3JIHa!ll6epra [18], KOTOpb!H oco-

6eHHO 3aMeTHO npoHBJIHeTCH B cnyqae.CHJlbHOH CBH3H, Karna cymeCTBeH

HblMH CTaHOBHTCH 3~eKTbl 3aTyxaHHH KBa3HqacTHU. 

Ha pHC.5(a,6,B) noKa3aHO noaeneHHe neHCTBHTeJibHOH H MHHMOH qac

TeH nHHaMHqecKOH meJIH OT npHBeneHHOH TeMnepaTypbl. TipH TeMnepaTypax 

t, 6JIH3KHX K 1, 3aTyXaHHe, CBH3aHHOe C MHHMOH qacTblO t:.(w), CTaHO

BHTCH BeJIHKO naJKe npH MaJiblX qacTOTax. nepHonH4eCKHe pe3KHe MaKCH

MYMbl npH w=t:.o +ml, n=O, 1, 2, . . . , CBH3aHbl C pacnanoM KynepOBCKHX nap 

npH norJIOIUeHHH O'AHoro HJIH HeCKOJlbKHX ¢0HOHOB qaCTOTbl o, H HBJIHIOTCH 

cnencTBHeM 3HH!llTeHHOBCKOrO ¢0HOHHOro cneKTpa [19,20]. B peaJibHOM 

cnyqae HenpepblBHoro cneKTpa ao36yJKneHHH pe!lleTKH TaKOH nepHonHqHoc-

TH He 6yneT. 

B 3KcnepHMeHTaX no H3MepeHHIO BOJlbT-aMnepHOH xapaKTepHCTHKH TyH-

HeJibHOrO TOKa B CHCTeMe "HOpMaJihHblH MeTaJIJI - nH3JieKTPHK - CBepx

npoaonHHK" HenocpencTBeHHO Ha6JIJO'AaeTCH OTHOCHTeJibHaH nJIOTHOCTb 

KBa3HqacTHqHblX COCTOHHHH: 

N(w) ( w ) ITTof=Re -::==::::::: , 
/42_62(w) 

(25) 

H3o6paJKeHHaH Ha pHc.6(a,6,a). 3necb TaKJKe BHnHbl nepHonHqecKHe oc-

Tpb!e MaKCHMYMbl, pa3Mb!Ba!OIUHeCH npH yaeJIH'IeHHH t BCJiencTBHe TeMnepa

TYPHblX ao36y~neHHH. 

nnH Toro qT06bl nponeMOHCTpHpOBaTb 3aBHCHMOCTb N(w)/N(O) nJIH 

cJiy4aH HenpepblBHOro 3JieKTpoH-¢0HOHHOro cneKTpa tt
2
F(w), BOCnOJib3Y

eMCH B3HTOH H3 3KCnepHMeHTOB no pacceHHHIO HeHTpOHOB 3HepreTH4eCKOH 

nJioTHOCTblO ¢0HOHHblX COCTOHHHH G(w) nnH coenHHeHHH La Sr CuO 1.85 Q.15 4 
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[25]. npennonarasi, qTo ~YHKUHSI 3JJHam6epra a 2 F(w) H IlJIOTHOCTb G(w) 

nponopUHOHaJJbHbl, BbI6epeM KO3~HUH8HT nponopUHOHaJJbHOCTH TaK, qTo6bi 

nonyqHTb ::iKcnepHMeHTaJJbHO Ha6nronaeMyro TeMnepaTypy T ~40K 
C 

(CM. 

pHc.7). KaK BHnHo H3 pHc.B(a,6), HHKaKHX nepHOnHqecKHX MaKCHMYMOB 

nnsi TYHHeJJbHOH IlJJOTHOCTH COCTOSIHHH N(w)/N(O) HeT. 

B 3aKJJroqeHHe OTM8THM, qTo HeC_MOTpSI Ha npencKa3b!Ba8MblH cna6b!H 

3~8KT BJJHSIHHSI Ccl>Il Ha 3aBHCHMOCTb TepMonHHaMHqecKOH meJJH OT TeMne

paTypbl, COOTB8TCTBYIDmasi 3KcnepHMeHTaJJbHaSI npoEepKa 6b1Jla 6b! BeCbMa 

IlOJJ83HOH.' 

ABTOp XOTeJJ 6bl Bblpa3HTb 6naronapHOCTb npo~eccopy H. M. IlJJaKHne' 3a 

MHoroqHcJJeHHbJe o6cylKneH.HSI H nonneplKKY. 

IlPHJIOJKEHHE 

IlpocTOH M0TO,ll onpe,11eneHHS1 Tc H3 JIHHeapH30BaHHblX ypaBHeHHK 

9JIHamfiepra. 

YpaaHeHHSI (15) llO3BOJJSIIDT orrpenenHTb TeMnepaTypy 

csepxnpoaonsimoro nepexona, HHlKe KoTopoi1 meneaasi ~YHKUHSI t.( iw n) , 

HenocpencTBeHHO CBSl3aHHaSI C aHOMaJJbHblMH cpenHHMH <apO"a-p-0">, CTa

HOBHTCSI OTJJHqHOH OT HYJJSI. B OKpecTHOCTH Tc OHa MaJJa, H IlO3TOMY npH 

HaXolKneHHH Tc MOlKHO orpaHHqHTbCSI JJHHeHHblM npH6JJHlK8HH8M no t.(iwn) B 

ypaBH8HHSIX ( 15) ( JIHHeapH3OBaHHble ypaaHeHHSI 3JIHam6epra Ha MHHMOH 

OCH): 

+oo t.(iw) 
Z(iw )t.(iw )=nT \ A(iw -iw) ~, 

n n L n m l""ml 
(Ilia) 

m= -co 
+00 

Z(iw )w =w + nT \ A(iw -iw) sign(w )_ , 
nnn L nm .m 

( Il16) 

m=-CX> 

BblpalKaSI Z(iwn) H3 ypaaHeHHSI (Il16), H noncTaBJISISI ero B (Ilia), 

nonyqaeM: 
+00 

t.' =' K t.' n L nm m 

m=O 
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rne o6o3HaqeHo: 
t.(iw) fl 1 = ___ n_v's' K = 

n W n nm 
n 

;>. + ;>. 
n-m n+m+l 

../ss' 
n m 

+ 00 +00 

J wa. 2F(w) 
;>. =2 d.w-::-- - 2 

P w2+(2nTp) 
0 

, S =2n+1+ ' (;>. - ;>. ) • 
n L n-p n+p+l 

p=O 

H3 ypaaHeHHR (Il2) BHnHo, 'ITO nepeHOpMHpOBaHHaR meJieBa~ ~YHKUHR 

fl: ecTb co6CTBeHHblH BeKTOp, COOTBeTCBByIOmHH co6CTBeHHOMY 3Ha'leHHIO 

( C3) µ1 =1 nJIR CHMMeTpH'IHOH nefiCTBHTeJibHOH MaTpHUbl Kmn. IlpH Bb!COKHX 

TeMnepaTypax ace C3 9TOH MaTpHUbl MeHbllle 1, H ypaBHeHHe (Il2) HMeeT 

TOJ!bKO TPHBHaJibHOe perneHHe fl:=o nJIR acex n~o. COOTBeTCTBKIOmee Hop-
A 

MaJibHOH ~a3e. IlpH T=Tc MaKCHMaJibHOe, C3 MaTpHUbl (onepaTopa) K CTa-

HOBHTCR paBHblM 1, 'ITO npHBOnHT .. K OT JIH'IHOMY OT HY JIR 3HaqeHHIO fl:, a 

3Ha'IHT H fl( iw .) . 
n 

06bNHO nJIR 'IHCJieHHOro onpeneJieHHR Tc pernaIOT 3anaqy Ha C3 nJIR 

MaTpHUbl Kmn, orpaHH'IHBlllHCb KOHe'IHblM 'IHCJIOM. Mauy6apOBCKHX TO'leK 

(0:Sm:,,N-1, 0:Sn:SN-1), a caMO 3Ha'leHHe Tc HaxonRT H3 YCJIOBHR 

~ max< TC) =1. OnHaKO HaXOJl{neHHe Bcex C3 RBHO H36bITO'IHO nJIR onpeneJie

HHR T. 3aMeTHM, 'ITO MaTpHua K RBJIReTcR noJIOJl(HTeJibHOH (K >0). Bo-
. c , , , mn 

CilOJ!b3yeMCR_ TeopeMOH ~po6eHHyca-IleppoHa [26), KOTopaR, B '{~CTHOC

TH, YTBepll{naeT, 'ITO MaKCHMaJibHOe C3 µ1 IlOJIOJl{HTe_JibHOH MaTpHUbl IlOJIO-
A 

Jl{HTeJibHO' HeBb!pOJl{neno' H coananaeT C HOpMOH MaTpHUbl K. B cJiyqae 

CHMMeTpH'IHOH MaTpHUbl 9TO 03HaqaeT, 'ITO C3 µ1 MaKCHMaJibHO eme H no 

MonyJIIO: 

O:SiµNl:SlµN-11:S ... :S,µ21<µ1. 

Il09TOMY nJIR Hall!HX ueJieH nocTaTO'IHO IlOCMOTpeTb aCHMilTOTHKY CJiena 

MaTpHI..\bl B CTeneHH 21: 

Sp(K21)=µ21.µ21._ .. +µ21 _ 
1 2 N 

IlpH 9TOM JlHaroHaJIH3HpOBaTb MaTpHUY He HYJl{HO B CHJIY HHBapHaHTHOCTH 

cJiena OTHOCHTeJibHO noaopoTOB B.N-MepHOM JIHHeHHOM npocTpaHCTBe. 

24 

TaKHM o6pa30M, npHxonHM K KpHTepHIO: 

"21 TO µ1>1, H T<T , ecJIH Sp(K ) ➔+00 npH 1 ➔+00, C 
"21 TO µ1<1, H T>T . ecJIH Sp(K ) ➔ 0 npH 1➔+00, C 

IlOJ!b3YRCb 9THM KpHTepHeM, JierKO onpeneJIHTb Tc.c JII06oi1 Heo6xonH

MOl1 cTeneHbIO TO'IHOCTH. 
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