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OTKpbITIIe BhICOKOTeMrrepaTypHOll CBepxnp0BO)].IIM0CTII B Me)].HO-

OKCil)].HhIX coe,n.IIHeHII51X (KynpaTax) Bb!3BaJIO neo6b1qattHO BbICOKJIO aK

TIIBHOCTb B IICCJie)].OBamm 3TOr0 KJiacca CIICTeM, Ba)KHbIX KaK C IIpHKJia,n.noii 

TOqKII 3pemrn, TaK II )].JI51 pa3BIITII51 o6UJ,efi Te0pIIII CIIJihH0 KoppeJIIIp0BaHHhIX 

3JieKTpOHHhIX CHCTeM. OKa3aJIOCb, qT0 3TII coe,n.IIHeHII51 o6Jia,n.aroT IJ,eJibIM 

p51,ll,OM neo6hI'IHbIX CBOHCTB, 06ycJioiu1eHHbIX CJI0)KHbIM B3aIIM0)].ettCTBIIeM 

3JieKTp0HHbIX, CIIHHOBbIX Il perneTO'IHbIX CTenenett CB06o,n.hI, )].JI51 H3yqeHII51 

KOTOpbIX IIOTpe60BaJIOCb IIpHBJieqenne pa3noo6pa3HbIX 3KCIIepIIMeHTaJibHbIX 

MeTO,ll,HK. BBH,11,J CJIO)KH0ro xapaKTepa 3TIIX B3aHMO)].ettCTBilll pa3pa60TKa 

TeOpHH 0KCH,ll,HbIX CBepxnpOB0)].HHKOB BCTpeqaeTC51 C p51,ll,OM TPY,ll,BOCTell. 

HecMOTp51 Ha HCIIOJib30BaHHe Bcero apcettana COBpeMeHHbIX MeT0,ll,OB B TeopHH 

MH0rO'IaCTH'IHbIX CHCTeM Il HCCJie,ll,0BaHIIe MHOroqIICJieHHbIX MHKp0CK0IIH'IeC

KHX MO,ll,eJieii, 0,ll,H03Ha'IHa51 TeopeTH'IeCKa51 HHTepnpeTaIJ,H51 p51,ll,a <pH3H'IeCKHX 

51BJiennii, a TaK)Ke MexaHH3Ma o6pa30BaHH51 CBepxnpOB0)].51IIJ,ero C0CT051HII51 

,ll,O CHX nop ne Haii.n;ettbl. O,ll,HHM ll3 OCH0BHbIX MexaHH3MOB, npe)].JIO)KeHHhix 

)].JI51 o6'b51CHeHH51 CBepxnp0B0)].51IIJ,ero cnapttBaHH51 B KynpaTax, 51BJI51eTC51 o6MeH 

CilHHOBbIMH B036y)K,ll,eHH51MH. 

9KcnepHMeHTbl no tteynpyroMy pacceHHHIO neiiTp0H0B Il0Ka3aJIH HaJIH'IHe 

,ll,HHaMH'IeCKHX aHTH<peppoMarHHTHbIX K0ppeJIHIJ,Illl BO BCeM ,ll,Ilana30He MeTaJI~ 

JIH'IeCKHX COCT051Hllll KynpaTOB. B qaCTHOCTH, 3KCnepnMeHT II0Ka3hIBaeT na

JIH':IHe 51BJI_eHH51 "CilHHOBOH nceB,ll,OIIJ,eJIH" B CJia6o JiernpoBaHHbIX KynpaTax. 

IlpH HH3KHX TeMnepaTypax B KynpaTax na6Jiro,ll,aeTC51 51BHO Bbipa)KeHHhiii IIHK B 

3HepreTH'IeCK0ll 3aBHCHM0CTH CilHHOBOll B0CnpHHM'IHB0CTH, KOTOpblll o6bI'IHO 

CB513bIBaIOT C nepeXO,ll,OM B CBepxnpOB0)].51IIJ,ee C0CT051HHe, X0T51 B HeK0TOpbIX 

CJiy'Ia51X OH na6JIIO,ll,aeTC51 Il B H0pMaJibHOll cpa3e. 9TOT IlHK, ll3BeCTUblll KaK 

pe30UaHCHa51 M0,ll,a, npe,ll,CTaBJI51eT cyru;ecTBeHHblll IIHTepec ,ll,Jl51 TeopHH. 

'Of\•r,e nimeHH1IH HHCTli'l''y'T 1, ! ,, " ,~ 1 - ,, ! 
~ir[~e J)HhlX HCCJre,D;OBCl1-Il1Jf: 

i T7T7,l 7 /rli")'I'FV;\ I \ J)i-ll)J L l j ·,. ..~J.l\,/.'\ I 
,_ ·--- --· ----·-- --~---· ·- - . 



O)].HOH II3 6331ICHbIX MO)].eJieii, Tipe)].JIO:>KeHHb!X )].JIH OTIIICaHIIH BblCOKOTeM

TiepaTypHblX CBepxTipOBO)].HIIKOB, HBJIHeTCH t-J MO)].eJib )].JIH TIJIOCKOCTII CuO2 

CBepxTipOBO)].HIIIIIX KyTipaTOB. f:ha MO)].eJib HBJIHeTCH 3cpcpeKTIIBHOH MO)].eJibIO 
-C dl 

~fH OTIIICaHIIH HII3K0-3HepreTWieCKOH qaCTII cneKTpa B036y:>K)].eHIIH. Ona MO-

:>Ke.T 6b!Tb IIOJiyqena II3 MO)].eJIII Xa66ap)].a B npe)].eJie 60JibIIIOrO KYJIOHOBCKOro 

B3alIMO)].eiiCTBIIH TIPII IICKJIIO'leHIIII )].Ba:>K)].bl 3aHHTblX 3JieKTpOHHbIX COCTOHHIIH 
J:[,-i' 

C 13bICOKOH 3Hepr1Ieii. B pe3yJibTaTe t-J MO)].eJib MO:>KH0 3aIIIICaTb B BII)].e O)].
! ~ 

H030HHOH MO)].eJIII C TIOMOIIIbIO npoeKIJ;IIOHHbIX onepaTopon Xa66ap)].a, KOTOpbie 
v,::·: f 

IIO)].'IIIHHIOTCH 6oJiee CJIO.:>KHblM KOMMyTaIJ;IIOHHbIM COOTHOIIIeHIIHM TIO cpaBHe
i.•; r 1;, 

HIIIO C cpepMII- II 6o3e-OTiepaTopaMII. cho o6cTOHTeJibCTB0 3aTpy)].HHeT IICTIOJib
:,,;.\:: ; 

3013aHIIe CTaH)].apTHOH )].IIarpaMMHOH TeXHIIKII TiplI II3y'leHIIII t-J MO)].eJIII. B 
.;·:;-

n,~CT_OHIIIeii pa6oTe II3J'laeTCH CTIIIHOBaH )].IIHaMIIKa B t-J MO)].eJIII C TIOMOIIIbIO 
n: ~·, 

MeTO)].a cpyHKIJ;IIII peJiaKcau;IIII B TepMIIHax OTiepaTOpOB Xa66ap)].a. 
1:,•. 

D;eJib pa6oThI. 

1) 11ccJie)].OBaHIIe MarHIITHbIX B036y.:>K)].eHIIH B t-J MO)].eJIII C TIOMOlIIbIO Me

TO)].a cpyHKIJ;IIII peJiaKcau;IIII Ky6o-MopII B TipII6JIII.:>KeHIIII B3aIIMO)].eiicTBYIOIIIIIX 
1:::,; . 
M?)]. B 'leTBepTOM TIOpH)].Ke TIO TiapaMeTpy TiepeCKOKa t II o6MeHHOMY B3aIIMO-

)].eHCTBIIIO J. 
':f ~, 

2) 11ccJie)].OBaHIIe 3aBIICIIMOCTII CTaTII'leCKOH CTIIIHOBOH BOCTipIIIIM'IIIBOCTII 

II aHTIIcpeppoMarHIITHOH KOppeJIHIJ;IIOHHOH )].JIIIHbl OT KOHIJ;eHTpau;IIII )].blpOK, 
~):. 

TeMTiepaTypbI II BeJIII'IIIHbl OTHOIIIeHIIH J /t. 
-~i \. 

3) 11ccJie)].OBaHIIe 3aTyxaHIIH CTIIIHOBbIX B036y)K)].eHIIH II JIOKaJibHOH CTIIIHO-

~~H BOCTipIIIIM'IIIBOCTII B HOpMaJibHOH cp33e. 

4) 11ccJie)].OBaHIIe CTIIIHOBOH )].IIHaMIIKII II pe30HaHCHOH MO)].bl B CBepxTipo

BO)].HIIIeii cp33e. 
'~.lJ ':. 

, . Hayqmu:1 HOBll3Ha II rrpaKTH'leCKaH 3Ha'IHMOCTb. 
1., 

.. , . C TIOMOIIIbIO MeTo)].a cpynKIJ;IIII peJiaKcau;1m B TepMIIHax oTiepaTopoB Xa6-
,,; ... 

6ap)].a CcpOpMyJIIIPOBaHa MIIKPOCKOTIII'leCKaH TeOpIIH CTIIIHOBOH )].IIHaMIIKII B t-J 
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MO)].eJIII, TipIIMeHIIMaH B IIIIIpOKOM )].HaTI330He napaMeTpOB. CTaTII'leCKaH CTIH

HOBaH BOCIIplIHM'IIIBOCTb, cneKTp CTIIIHOBbIX B036y:>K)].eHnii, a TaK:>Ke MaCCOBblll 

onepaTop 6hIJIII TIOJiyqeHbI c yqeTOM BKJia)].a OT )].BH:>KeHHH )].blpOK II o6MeH

HOrO B3aIIMO)].eHCTBIIH. cho II03BOJIHJIO B paMKaX O)].HOH TeOpIIH paCCMOTpeTb 

KaK CJiyqaii nyJieBOH KOHIIeHTpau;nn )].blpOK, OIIIICbIBaeMhiii MO)].eJibIO feii3eH-

6epra, TaK II o6JiaCTb 3Ha'lnTeJibHOH KOIIIJ;eHTpau;nII )].blpOK, KOTOpym o6bI'IHO 

0IIIICbIBaIOT B paMKax MO)].eJIH KOJIJieKTIIBH31IpOBall!IblX 3JieKTpOHOB. BbIJia BbI

'llICJiena 3aBIICIIMOCTb CTaTn'leCKOH BOCTIPHIIM'IIII30CTII II aHTIIcpeppoMarHIITHOH 

KOppeJIHIJ;IIOHHOH )].JIIIHbI OT TeMnepaTypbI lI KOIIIJ;eHTpau;nII )].b!pOK, npoaHaJIII-

3IIpOBaH TiepeXO)]. II3 aHTIIcpeppoMarHHTHOH <p33bl B napaMarHIITnym. BbIJIO 

Bb!HCHeHo, 'ITO BKJia)]. OT )].BII:>KeHIIH )].blpOK 13 CTieKTP Wq HBJIHeTCH cyIIIeCTBeH

HbIM )].a.:>Ke B o6JiaCTII Ii .:s 0.1 II TIPIIBO)].IIT K B03HIIKHOBeHIIIO 6bICTp0 pacTyru;eii 

C KOHu;enTpau;ueii )].blpOK CTIIIHOBOH ru;eJIII WQ na anTIIcpeppoMarHIITHOM BOJIHO

BOM BeKTope Q = ( 7f, 7f). TaK.:>Ke IlOK33aHo, 'ITO OCHOBHOH BKJia)]. B 3aTyxanIIe 

CilIIHOBbIX B036y)!()].eHIIH npII nenyJieBOM JierIIpOBaUIIH o6yCJIOBJieH )].BII)!(eHIIeM 

)].blpOK. 

Bhl'IIICJieHIIe )].IIHaMII'leckoii CilIIHOBOH BOCilpIIIIM'IIIBOCTII npII HII3KOH TeM

nepaType B CBepxnpOBO)].HlIIeH cp33e )].aJIO pe3yJibTaT, 3Ha'IIITeJibHO OTJIII'la

IOlIIIIHCH OT Pe3YJihTaTOB, IlOJiy'leHUbIX B npII6JIII:>KeUIIII npoCTOH 3JieKTpou

)].blpO'IHOH IIeTJIII, KOr)].a 3aTyxanIIe cyru;eCTBeUHbIM o6p330M 3aBIICIIT OT cpopMbl 

IlOBepXHOCTII <I>epMII II paBUO HYJIIO npII )].OCTaTO'IHO HII3K0ll 3HeprIIII II KOH

u;ettTpau;IIII )].blpOK. IlpII Kouu;enTpau;IIII )].blpOK 6oJibIIIe KpHTII'leCKOii, KOTOpM 

onpe)].eJIHeTCH BII)].OM 3JieKTpouuoii )].IICTiepcIIII, 3aryxau11e pe3KO B03pacTaeT 

II CTaH0BHTCH ua nopH)].OK 6oJihIIIe, 'leM 3aTyxaHIIe, Bbl'IIICJieUHOe C IlOJIHblM 

MaCCOBblM onepaTopoM, Y'IIITbIBaIOlIIIIM, TIOMIIMO 3JieKTpOH-Abipoquoro BKJia)].a, 

eru;e H CilIIUOBbie B036y)K,ll.eUIIH . PacCMOTpenIIe cneKTpaJibH0ii cpyHKIJ;HII, Bbl

'IIICJieuuoii C IlOJIHbIM MaCCOBblM onepaTOpOM IlOK33hIBaeT, 'ITO pe30UaucnaH 

MO)].a cyru;eCTByeT KaK B CBepxTipOBO)].HlIIeii, TaK H B uopMaJibHOii cp33e II HaJIII-
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•rne cBepxnpoBO,IJ,mu;efi ru;emi: B aneKTpOHHOM cneKTpe ne ~rnm1eTCH Heo6xo,IJ,II

MhIM ycJIOBIIeM cyru;eCTBOBaHIIH pe30HaHCHOU MO,l],hl, a TOJibKO ,Il,OilOJIHIITeJihHO 

yBeJIIIqIIBaeT ee HHTeHCIIBHOCTb. B HOpMaJibHOU cpa3e OCHOBHYIO pOJib B B03-

IIIIKHOBeHIIII pe30HaHCHOU MO,IJ,bl 11rpaeT iu;eJib B CIIeKTpe CilIIIIOBblX B036y)K,IJ,e

IIIIU. 

Ha 3aIIJ;HTY BhlHOCHTCH CJiep;yrom;tte OCHOBHhie pe3yJihTaThl H rro

JIO:>KeHHH: 

1. Pa3BIITa MIIKpOCKOilHqecKaH TeOpIIH CilIIHOBbIX B036y)K,Il,eHIIU B CHJibHO 

KOppen11poBaHHbIX CIICTeMax, KOTOpaH IlOCJie,IJ,OBaTeJibHO yqIIThIBaeT KaK 06-

Mennoe B3aHMO,IJ,eUCTBIIe, TaK ll KUHeTIIqeCKUU BKJia,IJ, B paMKax t-J MO,IJ,eJIII. 

2. IlpoBe,IJ,ell pacqeT CTaTuqeCKIIX CilIIHOBblX CBOUCTB MO,IJ,eJIII, KOTOpb1e 

xoporno cornacyIOTCH c pe3yJihTaTaMII Toqnofi ,IJ,IIaroHaJiu3au;uu ,IJ,JIH Koneqnhlx 

KJiacTepoB II 9KCnepIIMeHTaJibHb!Mll HCCJie,IJ,OBaHUHMll B BbICOKOTeMnepaTypHbIX 

KynpaTHbIX CBepxnpOBO,IJ,HUKax. 

3. OfrhHCHeH nepeXO,IJ, OT xoporno onpe,IJ,eJieHHhIX Cill!HOBbIX BOJIH B npe,IJ,eJie 

MO,IJ,eJIU reu3eH6epra K Cl!JlbHO 3aTyxaIOJu;UM CilllHOBbIM B036y)K,Il,eHUHM npll 

MaJIOM JierllpOBaHUll B corJiaCUll C 9KCnepl!MeHTOM. 

4. IloKa3ano, qTO pe30HaHCHaH MO,IJ,a npll HU3Kl!X TeMnepaTypax B Kynpa

Tax o6ycJIOBJieHa Cl!JihHbIM IlO,IJ,aBJieHUeM 3aTyxaHIIH CilllHOBblX B036y)K,IJ,eHRU 

3a cqeT HaJillqllH iu;enu B Cill!HOBOM cneKTpe Ha aHTllcpeppoMarHIITHOM BOJIHO

BOM BeKTOpe HapH,IJ,y co CBepxnpOBO,IJ,Hiu;efi iu;eJibIO B cneKTpe KBa3uqaCTllll;. 

Arrpo6~HH pa6oThI. 

Pe3yJihTaThl ,IJ,UCCepTaU.llll ,IJ,OKJia,IJ,b!BaJIUCb Ha CJie,IJ,yIOJu;l!X KOHcpepeHU.UHX: 

1. TpeTbH Me)K,IJ,yHapO,IJ,HaH KOHcpepeHU.llH ,, <I>yH,IJ,aMeHTaJibHbie npo-

6JieMhl BbICOKOTeMnepaTypHOH CBepxnpOBO,IJ,UMOCTU" (13-17 OKTH6pH 2008 ro,IJ,a 

r.3Benllropo,IJ,) 

2. "CllJibHO KOppenupoBaHHbie 9JieKTpOHHbJe CUCTeMhl II KBaHTOBbie Kpll

TllqecKUe HBJienuH" (18 l!IOHH 2009 ro,IJ,a r.Tpouu;K, H<I>B,[l, PAH) 
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3. The 3-rd Conference "Statistical Physics: Modern Trends and Applica

tions" (23-25 June 2009, Lviv, Ukraine) 

4. The International Bogolyubov Conference "Problems of Theoretical and 

Mathematical Physics" (august 21-27 2009 Moscow - Dubna) 

a TaK)Ke na ceM1rnapax J1T<I> OH5IH. 

Ily6JIHKau;tttt. 

MaTepllaJibl ,IJ,IICCepTaU.l!II ony6JIUKOBaHbl B 3 neqaTHbIX pa6oTax [1, 2, 3], 

nanpaBnennoM B )Kypnan npenpIIHTe [4] II 2 Te3ucax ,IJ,OKJia,IJ,OB Ha Me)K,IJ,yHa

po,IJ,HhIX KOHcpepenu;IIHX [5, 6]. 

CTpyKTypa H o6'beM p;ttccepTau;1m. 

,[l,uccepTaU,UH COCT0UT ll.3 BBe,IJ,eHUH, Tpex rJiaB, 3aKJIIOqeHUH lI npIIJIO)Ke

HIIH. O6ru;ufi o6'beM ,Il,IICCepTaD;llll 100 CTpaHIIU., BKJIIQqaH 27 pIICYHK0B II Cill!COK 

JIIITepaTypbl II3 81 HaIIMeHOBaHUH. 

ABTOp Bbipa)KaeT 6naro,IJ,apHOCTb nayqHoMy pyK0BO,IJ,UTeJIIO npocpeccopy 

H. M. IlnaKII,IJ,e u npocpeccopy ,[I,. Hne (J1eiinu,IIrCKIIH yHuBepcIITeT) 3a MHoro

qIIcJieHHhre KOHCYJihTau;ull. 

OcHOBHOe co,n;ep:>KaH11e pa60Thl 

Bo BBep;eHHH o6ocHOBaHa aKTYaJibHOCTb ,Il,lICCepTau;IIu, ccpopMyJiupoBaHa

u.eJib l!CCJie,IJ,OBaHuii lI HayqHaH HOBU3Ha nonyqeHHbIX pe3yJihTaTOB, npe,IJ,CTaB

JieHbl IlOJIO)KeHl!H, BbIHOCUMbie Ha 3aJu;IITy. ,[l,aH KpaTKIIH o63op OCHOBHbIX 9KC

nepuMeHTaJihHbIX pe3yJibTaTOB no Cill!H0BOH ,IJ,l!HaMuKe B KynpaTHblX CBepxn

p0BO,IJ,HIIKilX, a TaK)Ke OCH0BHbIX TeOpeTuqeCKIIX MO,IJ,eJieii, npuMeHHeMbIX ,l],JIH 

o6'bHCHeHIIH 9Tl!X 9KCnepuMeHTOB. 

B rrepaoii rJiaBe ",[l,uHaMuqecKaH CillIHOBaH BOCilpllUMqIIBOCTb: cp0pMa

Jlll3M cpyHKIJ,IIU peJiaKcau;uII" cpopMyJIIIpyeTCH MUKp0CKOilllqecKaH TeOpIIH cnu

HOBOU ,IJ,IIHaMIIKll B t-J MO,IJ,eJIII C UCilOJib30BaHIIeM MeTO,IJ,a cpyHKU.IIU peJiaK

cau;l!II Ky60-MopII. ,[l,JIH nonyqeHIIH TOqHoro ypaBHeHl!H ,IJ,JIH ,IJ,l!HaMuqecKoii 
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BOCilpIU!.M'IIIBOCTII npIIMemi:eTCH TeXHIIKa onepaTOpOB Xa66ap,n;a. PaccMaTpII

BaeTCH t-J Mo,n;eJib C raMIIJibTOHIIaHOM, 3anIIcam1bIM B TepMIIHaX onepaTOpOB 

Xa66ap,n;a: 

Ht-J = - L t;jxr0xya - µ I:xr" + i L J;j (xraxr - Xf"xr). (1) 
if-j ,er icr if-j ,er 

3,n;ecb BBe,n;enhI IIIITerpaJibl rrepeCKOKa t;j = t ' II 06Me1111oe B3am,w,n;efiCTBIIe 

J;j = J ,il;JIH 6nm1<attllllIX coce,n;efi Ha ,n;Byl'.tepHOH KBa,n;paTHOll perneTKe. 8TII 

napaMeTpbl Mo,n;eJIII MO)KHO C'IIITaTb He3aBIICIIMblMII. XIIMII'leCKIIll IIOTeHIJ;IIaJI 

µ onpe,n;eJIHeTCH II3 ypaBHeHIIH ,il;JIH cpe,n;Hefi IIJIOTHOCTII 3anom1eHIIH 

n = (n;) = L(Xf"). (2) 
CT 

OnepaTopb1 Xa66ap,n;a onpe,n;eJIHIOTCH B BII,n;e MaTpIIIJ;bI x:/3 = Ii, a)(i, ,Bl 

,n;JIH Tpex B03MO)KHbIX cocToHHIIfi Ha y3ne perneTKII i: Ii, a) = Ii, 0) ,il;JIH 

nycToro y3Jia II Ii, a) ,n;JIH o,n;HoKpaTHO 3aIIOJIHeHHoro y3na co CIIIIHOM a /2 
(a = ±1, fj = -a). OnepaTOpbI CIIIIHa II IlJIOTHOCTII Bbipa)KaIOTCH 9epe3 

onepaTOpbr Xa66ap,n;a KaK 

Ser X"a sz 1 "' X"" "'X"" ;= i' ;=2L......a i' n;=L...., i. 

CT CT 

(3) 

,l],IIHaMII9eCKaJI BOCIIpIIIIM'IIIBOCTb ,il;JIH CTIIIHOBbIX onepaTOpOB st = Sf ± iSf 

onpe,n;eJIHeTCH 3aTia3,1l;bIBaIOIIJ;eii: BpeMeHHOll KOMMyTaTOpHOll cpyHKIJ;IIeii: rpIIHa 

x(q,w) = -((s.;Is=q))w = - L exp{-iq · (R; - Rj)} ((StlS;))w, (4) 
R;,R; 

00 

( (AIB))w = -i I dteiw\[A(t), Bl), (5) 
0 

r,n;e Imw > 0, A(t) = exp(iHt)Aexp(-iHt), II (AB) 0603Ha'laeT CTaTIICTII'lec-

KOe cpe,n;Hee OT onepaTopoB AB. 

,l],JIH BbI9IICJieHII5I ,1l;IIHaMII9eCKOll CIIIIHOBOll BOCIIpIIIIM'IIIBOCTII IICIIOJib3Y

eTC5I MeTO,il; npoeKTIIpOBaHIIH MopII B ypaBHeHIIHX ,il;BII)KeI!IIH ,il;JIH <pyHKIJ;IIII 

6 

peJiaKCaIJ;IIII. IlpoeKTIIpoBaHIIe npOII3B0,1l;IITCH ,il;JIH npOII3B0,1l;HbIX BTOporo IIO

pH,n;Ka no BpeMeHII OT cnIIHOBbIX onepaTOpOB, B pe3yJibTaTe IIOJiy9aeTCH cpop

MaJibHO T09HOe npe,n;cTaBJieHIIe ,il;JIH cnIIHOBOll BOCnpIIIIM9IIBOCTII: 

m(q) 
x(q,w) = - w2 -w~ -wI:(q,w)" (6) 

KorepeHTnoe pacnpOCTpaHeHIIe cnIIHOBblX B036y)K,n;eHIIll onIICbmaeTCH CIIIIHO

BOll 'laCTOTOll Wq, B TO BpeMH KaK MaCCOBblll onepaTOp I:( q, w) orrpe,n;eJIHeT 

HeKorepeHTHYIO 9aCTh cneKTpa, o6ycnoaneHHyIO HeynpyrIIMII npoii;eccaMII pac

ceHHIIH. CnIIHOBaH 9aCTOTa w~ = m(q)/xq Bbipa)KaeTCH 9epe3 CTaTWieCKYIO 

CIIIIHOByIO BOCnpIIIIM'IIIBOCTb. Xq II CTaTII'leCKYIO KOppeJIHIJ;IIOHHyIO cpyHKIJ;IIIO 

m(q) = ([iSt, S.:::q)). MaccoBbifi onepaTop onpe,n;enHeTCH co6cTBe1rnofi (proper) 

9aCTblO <pyHKIJ;IIII rpIIHa ,il;JIH BTOpb!X npOII3BO,il;HbIX no BpeMeHII OT CnIIHOBbIX 

onepaTopoB, KOTopaH He co,n;ep)KIIT cpyHKIJ;IIll rpIIHa, onIICbIBaIOIIJ;IIX CB06o,n;Hoe 

pacnpOCTpaHeHIIe 'laCTIIIJ;: 

w E( q, w) = mtq) ( ((-s.;)I(-s=qmtoperJ. (7) 

IlpII 3TOM cneKTp cnIIHOBbIX B036y)K,1l;eHIIll OIIIICbIBaeTCH cneKTpaJibHOll <pyHK

IJ;llefi - MHIIMOll 'laCTbIO CTIIIHOBOH BOCilpIIIIM9IIBOCTII (6): 

( .) "() () -wI:"(q,w) () 
Imx q,w+ic = X q,w = m q [w2 -w~ -wE'(q,w)]2 + [wI:"(q,w)]2' 8 

r,n;e I:(q,w + ic) = ReI:(q,w) + ilmI:(q,w) = I:'(q,w) + iI:"(q,w). 

CTaTII9eCKaJI cnIIHOBaH BOCIIpIIIIM9IIBOCTb II CIIIIHOBaH 9aCTOTa Bbl'IIICJIH

IOTCH c IIOM0IIJ;b!O o6o6IIJ;eHHOro npII6JIII)KeHII5I cpe,n;Hero II0JIH. ,l],JIH cnIIHOB0ll 

'laCT0Tbl Wq II <pyHKIJ;IIII m( q) noJiy'leHbI ypanHeHIIH: 

w~ = 8t2 
>.1 (1 - 1q)(l - n - F2,o - 2F1,1) 
2 n + 4J (1- ,q)(>.22 - a1C1,0(41q + 1) 

+ a2(2C1,1 + C2,o)), (9) 
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r)],e BBe)],eHhI napaMeTpbI >-1, >-2, 01, 02 )],JUI nepeHOpMHpOBKll BepIIIHH, 

m(q) = ([is;,s=qD = 8t(l - 1q)F10 - 8J(l - 1q)C10. (10) 

3)],eCb BBe)],eIIbI KOppemlIJ,lIOHHbie q>yHKIJ,llll 

F';j = ! L cos qRij Fq, Fq = (x:0 x~~), (11) 
q 

1 
C;j =NL cosqR;jCq + C,cosQR;j, Cq = (s;s=q), (12) 

q#Q 

r)],e Q = (1r, 1r) - anTIIq>eppm.mrHIITHblll BOJIIIOBOll BeKTOp, C - napaMeTp 

II0p51,ll,Ka, CB513aHHblll C HaMarHH'feHHOCTbIO IIO)],peweTOK m
2 = 3f2C, 'Yq = 

(lf2) ( COS qx + COS qy)-

AHTIIq>eppoMarHIITHaH KOppeJI51IJ,IIOHHa51 )],JIIIHa ~ BbI'flICJrneTC51 nyTeM 

pa3JIO:lKeHII51 CIIIIHOBOll BOCIIplIIIM'flIBOCTII B OKpeCTHOCTII aHTIIq>eppoMarHIIT

HOro BOJIHOBOro BeKTOpa Q = (1r, 1r): 

XQ 
XQ+k = l +e2k2' 

(13) 

,l].JI51 e IIOJiy'feHO Bbipa:lKeHIIe ~ 2 = 8l201IC01lfw~. TaKIIM o6pa30M, B npII6JIH-

:lKeHIIII B3aIIMO)],eiiCTBYIOIII,IIX MO)], )],JI51 CTaTH'feCKIIX KOppeJIHIJ,IIOHHbIX q>yHKil,llll 

IIOJiy'feHhl ypaBHeHII51 )],JI51 cneKTpa CIIIIHOBblX B036y)K,ll,eHIIii, CTaTII'feCKOll BOC

npIIIIM'flIBOCTII II KOppM51Il,IIOHHOll )],JIIIHbl. 

MacCOBblll onepaTOp BbI'flICJI51eTC51 B npII6JIII)KeHIIII B3aIIMO)],eiiCTBYIOIIJ,lIX 

MO)], C yqeTOM BKJia)],OB OT )],BII:lKeHII51 )],blpOK II o6MeHHOrO B3aIIMO)],eiiCTBII51. 

BKJia)], OT 06Me1rnoro B3aIIMO)],ellCTBII51 Ba:lKeH TOJibKO B CJiyqae MO)],eJIH feii3eH-

6epra, KOr)],a OH 51BJI51eTC51 e)],IIHCTBeHHbIM, II IIpII O'feHb MaJIOM JierIIpOBaHIIII. 

B CBepxnpOB0)],51III,eM COCT051HIIII, KOTopoe cyIII,eCTBYeT TOJibKO npII )],OCTaTO'fHO 

BbICOKOM JierIIpOBaHIIII, BKJia)], OT o6MeHHOrO B3aIIMO)],eiiCTBII51 MaJI II HM MO:lKHO 

npeHe6pe'Ih. ,Il;JIH BbI'flICJieHII51 KOppemIIJ,IIOHHbIX q>yHKIJ,Hll, BX0)],51IIJ,IIX B MaC

COBblll onepaTop IICIIOJib30BaJIOCb npII6JIII:lKeHIIe cpe)],Hero IIOJI51. ,Il;JIH MHIIMOll 
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1 
\ 
I 

.1 
l 

qaCTII MaCCOBOro onepaTopa B CBepxnpOBO,ll,51IIJ,eii q>a3e 6b!JIO IIOJiy'leHO ypaB

neHHe: 

E;'(q,w) = :~t~~ (l -;;f2
)

2 

L L 
( q1,q2 w1=±Eq1 w,=±wq2 w3=±Eq3 

I: I: 

( )
N(w2)n(-w1)n(w3) + N(-w2)n(w1)n(-w3) 

m q2 ---------------
8w1w2w3 

[(A!1,q2,qa + A!a,q2,q.)(w1 + cq,)(w3 + cq3) 

-2Aq1,q2,qaAqa,q2,q16.q1u6.q3u]8(w + W1 - W2 - w3), 

r)],e BepIIIHHa IIMeeT Bll)],: 

Aq1q,qa = 4{--yq3+q, - 1qJ 'Yq3 + 'Yq, - 1q1+q3• 

(14) 

(15) 

CneKTP KBa3II'faCTIIIJ, B CBepxnpOB0)],51IIJ,eii q>a3e )],aeTCB o6bI'IHOll q>OpMyJioii 

Eq = Jc~+ b~ co CBepXIIpoBO,ll,BIIJ,eii III,eJibIO 6.q II cq = -4(1 - nf2) t,q - µ. 

Pe3yJibTaTbI nepBOll rJiaBbl ony6JIIIKOBaHbl B pa6oTax [1, 2]. 

Bo BTopoii: rJiane "CmrnoBbie B036y:lK,ll,eHIIB B HOpMaJihnoii q>a3e" 06-

III,aSI TeOpHB, pa3BIITaB B nepBOll rJiaBe, IICIIOJib3yeTCB )],JIB IICCJie)],OBaHIIB CTa

TII'feCKHX II ,ll,HHaMH'feCKHX MarHIITHbIX CBOHCTB HOpMaJibHOll q>a3bl. B nepBOll 

qaCTII paccMaTpIIBaIOTC51 CTaTII'feCKIIe MarHIITHbie CBOllCTBa, TaKHe KaK )],aJib

Hllll aHTIIq>eppoMarHHTHblll nopB,ll,OK, B03HIIKaIOIII,llll npII HyJieBoii TeMnepaType 

npII KOHIJ,eHTpaIJ,IIH )],blpOK HII:lKe KpIITII'feCKOii, 3aBIICIIMOCTb KOppeJIBIJ,lIOHHbIX 

q>yHKil,llll II KOppeJIBIJ,IIOHHblll )],JIIIHbl OT TeMnepaTypbl II. JierHpoBaHHB. Ha pII

cyHKe l(a) npIIBe)],eHa 3aBIICIIMOCTb CIIIIHOBbIX KOppeJIBIJ,IIOHHbIX q>yHKIJ,llll OT 

KOHIJ,eHTpaIJ,IIII )],bipoK npII T = 0 II J ft = 0.4. Ona xopowo corJiacyeTCB c 

pe3yJihTaTaMH T0'fHOii )],HrOHaJIII3aIJ,IIII )],JIB KOHe'fHOro ( 4 X 4) KJiaCTepa, II0JIY

'feHHbIMII B pa6oTe [7). Pa3JIII'fHhiii 3HaK q>yHKIJ,Hii Cn,m IlOKa3bIBaeT HaJIII'IIIe 

6JIII:lKHero aHTIIq>eppoMarHIITHOro IIOpB)],Ka, IIOCTeneHH0 yMeHbIIIaIOIIJ,erocB c 

yBeJIII'feHIIeM KOHIJ,eHTpau,IIII )],blpOK II yMeHbIIIeHHeM OTHOIIIeHIIB J ft. 

B npe)],eJie MO)],eJIH feii3eH6epra 8 = 0 6brna noJiyqeua HaMarHII'feH

HOCTh IIO,ll,peIIIeTOK m(0) = 0.303, 'ITO xopowo corJiacyeTCB co 3Ha'feirneM 
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P11cyHOK 1. (a) 3aBHCllMOCTb CllllllOBbIX KoppemIIJ,llOl!llblX cpyHKIJ,llil OT KOHIJ,eHTpaIJ,Hll l\blpOK 

npll T = 0 JI J/t = 0.4 (crn1011rnan JlllHHil), <l>yHKIJ,llH C1,o npll J/t = 0.2 ll306pa)KeHa IIJHKTll

pOM. Pe3JJibTaTbl TOqHoll 1111aroHaJI!l3aIJ,lllI [7] 11aHbl CIIMBOJiaMII. (b) O6paTHa5I aHT!!cpeppo

MarHIITHail KoppeJIIlIJ,IIOHHaH l\J!llHa B 3aBl!CIIMOCTII OT TeMnepaTypbl T npll J ft= 0.4 (cnJIOIII

Hbie Jil!Hllll) ,!],.'HI KOHIJ,eHTpaIJ,1111 ,!J,b!pOK {j = 0, 0.04, 0.1, CHll3Y BBepx, II np11 J/t = 0.2 (nyHK

T!!p) AJIIl {j = 0.04. Pe3y:1hTaTbI 3Kcnep11MeHTOB no uellTp0HH0MY pacceHHIIIO Ha La2_0Sr0CuO4 

c 8 = 0.04 11aHbl TOqKaMll [8]. 

m(O) = 0.3074, noJiy<l:eIIHhIM c noMOIIIhIO KBaHTOBoro MeTo,n;a MottTe-KapJIO 

B pa6oTe (9). TipII KpIITII'IeCKOll KOHIJ,eHTpaU,IIII )l;blpOK Oc( J ft) npOIICXO)l;IIT ne

pexo,n; II3 anTmpeppoMarHIITHOll ynopa,n;o'IeHHOll q>a3hI B napaMarHIITHYIO q>a3Y 

c 6JimKHIIM rropH,D;KOM. B pa6oTe noJiy'Iena KpIITII'IeCKaH KOHU,eHTpaU,IIH )l;hI

poK Oc = 0.05, 0.038, 0.025 npII J ft = 0.4, 0.3, 0.2, cooTBeTCTBeHHO. IIporrop

Il,IIOHaJihHOCTh Oc ex J ft 6hIJia TaK)Ke TIOJiy'IeHa B pa6oTe (10) c HeCKOJihKO 

6oJihillIIMII 3Ha'IeHIIHMII Oc-

Ha pIICYHKe 1 (b) TIOKa3aHa o6paTHaH KoppeJIHU,IIOHHaH ,D;JIIIna 

f,,- 1(T,o,Jft). TipII ,n;aHHOM 3Ha'IeHIIII Jft II O < Oc B rrpe,n;eJie T --+ 0 

B03HIIKaeT aHTmpeppoMarHIITHhlll )l;aJihHilll nopH)l;OK, CBH3aHHhlll C IIC'Ie3-

HOB8Hil8M aHTmpeppoMarHIITHOll IIJ,eJIII B CTIIIHOBOM crreKTpe WQ --+ 0 II C 

paCXO)l;IIMOCThIO f,,. TipII HYJI8B0ll KOHIJ,eHTpau,IIII )l;blpOK f,,-1(T) SKCIIOHeH

U,IIaJihHO yMeHbmaeTCH npII T --+ 0. TipII o > Oc OCHOBHOe COCTOHHile ne 

HBJIH8TCH anTmpeppOMarHIITHO ynopa,D;O'I8HHhIM, COOTBeTCTBeHHO WQ > 0 II 
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Pncy110K 2. (a) CneKTp CTIIIHOBb!X BOJIH Wq (crr.'JOIIIHb!e .'Jl!HIIII) lI !IX 3aTyxan!le r q (nyHKT!!p) 

B npe11e.'Je rell3e116epra, 8 = 0, np11 T = 0.35{ . (b) CneKTp cn11HOBbIX ao36y)K11e1mll wq 

( CIIJIOIIIHaH Jil!Hml) II OT,!],eJibHbie BK.'Ja,!],bl B !IX 3aTyxa1111e r J,q ( TO'IKII) 11 r t,q ( nyHKT!!p) np11 

T = 0.l5t 11 8 = 0.1. 

KOppeJIHU,IIOHHaH )l;JIIIHa IIMeeT KOHe'IHbill npe,n;eJI npII T --+ 0. l.JTo6bI cpaB

HIITb TeMnepaTypnyIO 3aBIICIIMOCTh f,,-1 (T, o) C 3KCnepI1MeHTaMII no pacceHHIIIO 

neiiTpOHOB na LSCO rrpII T ~ 600 K [8), noJIO)KIIM a= 3.79 A II J = 130 meV 

II paccMoTpIIM KOHU,eHTpau,IIIO ,D;bipoK o = 0.04. KaK Bil,D;HO Ha pI1cyttKe l(b), 

IlOJiy'IeHO HeIIJIOXOe corJiaCIIe C SKCnepI1MeHTOM. 

Bo BTopoii 'IaCTII rJiaBhI II paccMaTpIIBaeTca crrIIHOBaH ,D;IIHaMIIKa. IlpII 

STOM aHaJIII3 crreKTpa CIIIIHOBhIX B036y)K)];eHilll II IIX 3aTyXaHIIH npOBO,D;IITCH B 

mIIpOKOll o6JiaCTII TeMrrepaTyp II JierIIpOBaHIIH. 

PacCMOTPIIM rrpe,n;eJI HyJieBOll KOHIJ,eHTpaU,IIII )l;blpOK o = 0, B KOTOpOM t-J 

MO,D;eJih SKBIIBaJieHTHa MO)l;eJIII reu3ett6epra. Ha pIICYHKe 2(a) IIOKa3aH cneKTp 

CTIIIHOBbIX B036y)K,ll;eHIIll Wq II 3aTyxaHIIe r q = -(lf2)Jlllli( q, Wq)- B 06JiaCTII 

CTIIIHOBbIX BOJIH, rrpII qf,, >> 1, IIMeIOTCH xopomo Bblpa)KeHHhie KBa3II'IaCTIIIJ,bI c 

r q «: Wq. Xopomo Bbipa)KeHHbie CTIIIHOBbie B036y)K)];eHIIH B ,D;ByMepHOll MO,D;eJIII 

ren3en6epra 6hIJIII IIOJIY'I8HbI MHOrIIMII aBTOpaMII (cM. o63op (11)). 

TipII nettyJieBOll KOHIJ,eHTpau,IIII )l;bipOK BKJia,n; B MaCCOBblll onepaTOp OT 

Cmrn-cpepMIIOHHOrO paCCeHHIIH L,r ( q, W) 6hICTpO YBeJIII'IIIBaeTCH C pOCTOM TeM

nepaTypbI II KOHI.J;eHTpaU,IIII )l;blpOK II y)Ke npII He60Jihill0ll KOHIJ,eHTpaU,IIII Ha

MHOrO npeBOCXO)l;IIT BKJia,n; OT CTIIIH-CTIIIHOBOro pacceHHIIH "E.}( q, w) ' KaK TIOKa-
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P11cyHOK 3. (a) CrreKTpa.}IhHall cpyHKl.\llll x"(q,w) ,I\Jlll pa.3JillqHblX BOJIHOBhIX BeKTOpOB rrp11 

T = 0.l5t 11 ,5 = 0.1. Pe3yJihTaTbI TOqHoii ,1111aro11a.}1113a1.11111 [13] IIOKa.3ailhl C1IMBOJiaM11. (b) 3a

TyxaH11e B Hll3KoqacTOTIIOM rrpe,11eJ1e r(Q) = -(1/2) ~"(Q,w = 0) KaK cpyHKl.\llll TeMnepaTyphl 

II KOHl.\eHTpal.\1111 ,l\blpOK. Pe3yJihTaThl Toqnoii ,1111aro11a.,'l113al.\llll [13] II0Ka.3al!hl CIIMBOJiaMI!. 

3aHo Ha pncyHKe 2(b). 

C yBeJrnqeHHeM KOHIJ;eHTpau;nn ,D,hlpOK CIIHHOBhie BOJIHbl rrpeBpain;aIOTCH 

B CHJihHO 3aTyxaroiu;ne CIIHHOBbie B036y)K,D,eHHH (attTmpeppoMarHHTHhie rrapa

MarHOHbI), OIIHChIBaeMbie umpOKHM crreKTpOM. Ha pncyHKe 3(a) IIOKa3atta 

crreKTpaJibHaH cpyHKD;HH rrpn 8 = 0.1 n T = 0.15t, KOTOpM ,D,OCTa-roquo XO

porno corJiacyeTca c pe3JJibTaTaMn Toqttoii: ,n,narottaJIH3au;nn H3 pa60ThI [13]. 

Ha pncyttKe 3(b) rrpHBe,n,etta TeMrrepaTypuaa 3aBHCHMOCTb HH3KoqaCTOTHOrO 

3aTyxauna I'(Q) = -(1/2) E"(Q,w = 0) rrpn pa3JIHqnhIX Kottu;enTpau;nax ,D,hI

poK. B o6JiaCTH BbICOKHX TeMrrepaTyp o6Hapy)Ketto ,D,OCTaToqtto xopornee co

rJiacne c Toquoii: ,n,narottaJIH3au;neii: ,D,JIH KOHeqttoro KJiaCTepa [13]. B o6JiaCTH 

HH3KHX TeMrrepaTyp ua6JIIO,D,aeTCH cyin;eCTBeHHOe pa3JIHqne, KOTopoe M0)KH0 

ofrhHCHHTb acpcpeKTaMH KOHeqHOro pa3Mepa CHCTeMbI, KOTOpbie ttan6oJiee cy

in;eCTBeHHbI rrpu: HH3KOH TetmepaType. 

Pe3JJibTaTbI BTopoii: rJiaBhI orry6JIHKOBaHbl B pa6oTe [3]. 

B TpeTheii rJiaBe "CrrnHOBhre Bo36y)K,D,ettna B cBepxrrpoBo,n,aiu;eii: cpa3e" 

o6iu;aa Teopna, pa3BHTaH B rrepBOH rJiaBe, HCIIOJib3JeTCH ,D,JIH o6'bHCHeHHH pe-

30HaHCHOH MO,D,bl B CBepxrrpOBO,D,Hin;eit cpa3e. 
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P11cy110K 4. (a) 3aTyxatt11e c1111110BhIX B036yM,11e1111ii r(Q,w) np11 ,5 = 0.2 11 T :S Tc= 0.025t B 

cJiyqae d-BOJIHOBoro cnap11aamrn, Bb1q11c.'le1111oe c nOJIHhIM MaccoBhIM onepaTopoM. (b) 3aTyxa-

1111e CIIIIHOBhJX B036yM,11e1rnii f(Q,w), BhJq11cJJel!Hble C MaCCOBbIM onepaTOpOM B np116JI11,Kell11,»:, 

3JieKTpOil·,l\hlpOquoii IIeTJIII rrp11 ,5 ~ 0.2 B C.'lyqae d-BOJIHOBOro c11ap11BaHl!ll (~o R< O.lt) rrpH., 
,,,t' 

T = 0 (cIIJIOIIIHaH JI1111m1) 11 T = 0.4Tc (ToqK11) 11 B HOpMaJihnoii cpa3e 11p11 T = 0 (ny11KT11p) II 

T = Tc {IIITp11X·IIYHKT11p). 

i i_'f:,q 

PacCMOTpHM TeMrreparypHyIO 3aBHCHMOCTb 3aTyxauna CIIHHOBbIX 
~HJcU·l 

B036y)K,n,eunii: Ha aHTH<peppoMarttHTHOM BOJIHOBOM BeKTOpe r( Q, w) = 
-(1/2) E~(Q,w). Ha pncyHKe 4(a) noKa3atto 3aTyxattne rrpn Konu;enTpau;nn_ 

i -~· i 

,lJ,blpOK 8 = 0.2 npH pa3JIHqHbIX TeMnepaTypax B CBexrrpOBO,D,Hin;eit cpa3e 

C d-BOJIHOBOH in;eJihIO D.~d) = (D.o(T)/2)( cos qx - cos qy) C 3aBncaiu;efi :~;I 
TeMrrepaTyphI aMrrJinTy,n,oii: D.0(T). 

:;:·:ii 

Cyiu;ecTBeHHO OTJIHqaroiu;eeca IIOBe;i;eHHe 3aTyxaHHH 6hIJIO IIOJiyqeHO rrpII 

BhiqIICJieHHH MaCCOBOrO onepaTOpa B IIpH6JIH)KeUHH 3JieKTpOH-,lJ,blpOqHOH neT~~ 

(pncyttoK 4(b)), B KOTOpOM CIIHHOBM KOppeJIHD;HOHHM cpyHKD;HH, BXO,D,HID;~I.H B 

MaCCOBbIH orrepaTOp 6epeTCH B CTaTnqecKOM npn6JIH)KeHHH. Iloxo:»rne pe3y;;~i ' 

Ta Thi 6bIJIH IlOJiyqeHbI ,n,pyrHMH aBTOpaMH C HCil0Jlh30BaHHeM aHaJIOrnqH6~6;' 

npn6JIH)KeHHH (cM., ttanpHMep, pa6oTy [12]). Pa3JIHqn:e MO)KeT 6bITb o6'hHCHeHO 
fd·'.r~i)f: 

HaJIHqneM ,lJ,OilOJIHHTeJihHOro CilHHOBOro B036y)K,D,eHHH C KOHeqttoit aueprneii: WQ 
-- )'}' J~,;-l ~

B pacna,n,uoM rrpou;ecce B CJiyqae noJIHoro MaccoBoro onepaTopa, KoTopoe nr-
· -1 ') 

paeT pOJih, aHanornqttyro CBepxrrpoBo,n,aiu;eit in;eJIH B B036y)K,D,eHHH aJieKTpott
.\_ 
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P11cy110K 5. CrreKTpa.JibHaH <pyHK~IIH x"(q,w) B OKpeCTIIOCTII B0.'IHOBOI'O BeKTOpa Q = 1r{l, 1) 

IIpll T = 0 11 (J = 0.2. 

,IJ;blpO'-IHbIX nap. cho IIpttBO,IJ;llT K IIO,IJ;aBJienmo 3aTyxanm1 IIptt Hll3KllX TeMne

paTypax (T << wq) tt II051BJienmo pe3onancnoii MO,IJ;bI ,n;a)Ke nptt TeMnepaTypax 

BbIIIIe Tc, '-ITO COrJiacyeTC51 C 3KCIIepttMeHTaJibHbIMll na6mo,n;eHtt51Mll. 

,ll;ttcnepett51 CIIeKTpaJibHOH q>yHK~llll IIpll E, = 0.2 IIOKa3ana na pttcynKe 

(5). Ha6mo,n;aeTC51 6bICTpoe IIO,IJ;aBJientte llHTeHCllBHOCTll CIIeKTpaJibHOH q>yHK

~llll B,ll;aJill OT aHTttq>eppoMarnttTHOro BOJIHOBOrO BeKTOpa Q = 1r(l, 1) ,ll;a)Ke 

IIpll T = o, '-ITO ofrh51CH51eT proonancnoe IIOBe,n;entte CIIeKTpaJibHOH q>yHK~llll 

IIpll Hll3KOH TeMIIepaType. cho IIO,IJ;aBJieHtte BbI3BaHO 6bICTpbIM pOCTOM 3aTy

xaHtt51 IIptt y,n;aneHttll OT BOJIHOBOro BeKTOpa Q. 

Ha pttcynKe 6(a) TeopeTtt'-IeCKtte pac'-!eTbI ,ll;JI51 CIIeKTpaJibHOii q>ynK~llll 

cpaBHttBaIOTC51 C ,n;annbIMll 3KCIIepttMeHTa IIO neiiTpOHHOMy pacce51HllIO na 

IIO'-!Ttt OIITttMaJihHO nerttpoBannoM MOHOKpttCTaJIJie YBa2Cu3O5_92 [14) rrptt 

T = 5K tt T = 100K. B 3TOM o6pa3~e Tc = 91 K n aneprtt51 pe3onanCHoii 

MO,IJ;bI Er'.:::: 40 meV '.:::: 5kBTc ~ 2~o- Ha pttcynKe 6(b) rrpttBe,n;eno cpaBnentte c 

aKcrrepttMenTOM na MOHOKpttCTaJIJie ntt3Ko nerttpoBannoro opTo-11 YBa2Cu3O 6_5 

c Er = 33 me V nptt KOH~enTpa~tttt ,IJ;bipOK J = 0.09 n Tc = 59 K npn T = 8K 

ll T = 85K (cM. pttcynoK 14 B pa6oTe [15)). 3aMeTttM, '-ITO B 3TOM 3KCIIe-
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P11cy110K 6. (a) CrreKTpa.'lbHaH cpynK~IIH x''(Q, w) rrp11 KOH~eHTpa~IIII ~blpOK (J = 0.2 II 3KCI1e

pm1eHTa.JlbHbie ~annh1e ).Vrn YBa2Cu3O6.92 [14) 11p11 T = 5[{ (KB~paTbI) 11 T = 100[{ {Kpyrn). 

(b) CrreKTpa.'lbHaH <pJHK~IIH x''(Q,w) IIpll KOH~enTpa~IIM ~blpOK (J = 0.09 II 3KCrrep11MeHTa.Jlb

Hble ,.'1.aHHbie ).Vrn MonoKp11cTa.JIJia opTo-11 <pa.3hl YBa2Cu3O6.5 [15), P11c. 14, rrp11 T = SK 

{KBa~paTbI) 11 T = 85[{ {Kpyrn). 

pttMenTe 2~o ~ 5kBTc '.:::: 25 meV< Er. Tiony'-Iennoe naMtt xopornee cornactte 

TeopeTtt'-IeCKllX pac'-IeTOB C 3KCIIepttMeHTOM IIOKa3hIBaeT, '-ITO llCIIOJih30BaHHhlll 

B pa6oTe MeTO,ll; ypaBnenttii ,ll;Bll)KeHtt51 M51 q>ynK~llll peJiaKca~ttll a,n;eKBaTHO 

OIIllCbIBaeT CIIllHOBYIO ,ll;llHaMttKy KynpaTOB B IIIttpOKOM ,n;ttaIIa30He JierttpOBa

Hll51 ll TeMIIeparypbI. 

Pe3yJibTaThI TpeTbeii rJiaBhI ony6JittKOBaHbI B pa6oTe [4]. 

B 3aKJUOqeHIUI KpaTKO Cq>OpMyJittpOBaHhI OCHOBHhie pe3yJibTaThI ,ll;llC

cepTa~ttll. 
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