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CnuH-QIyKTyauMOHHbIA MEXaHU3M
BbICOKOTEMIIEPATYPHOM CBEPXNPOBOAUMOCTH

B Kylparax

Hecmotpst Ha HeObIBaIyl0 aKTHMBHOCTb B HCCIIEOBA-
HUU BBICOKOTEeMIIepaTypHoi cBepxmnposoanmoctu (BTCII)
B MEIHO-OKCH/IHBIX COCIMHEHHSX (Kylparax) Iocjie ee
otkpeiTus beanopuem n Mromnepom [1] B 1986 1, o cux
IIOp OTCYTCTBYET OOIIEHPHUHATAs] TEOPUSI ITOTO SIBICHMS.
Bbu10 MpeioxKeHO HEeCKOJIIbKO MEXaHHW3MOB OOpa30BaHUS
KyIEpPOBCKHUX Iap C 3apsijioM 2¢ B CHHIVIETHOM COCTOS-
Huu (S = 0), u3 KOTOpBIX Hanbosee BEPOSITHBIMU SIBIISIFOT-
csl 3JeKTPOH-(GOHOHHBIH (D) U CHUH-PIYKTyallHOHHBIN
(CD) mexanm3msl [2]. OqHaKo M30TOMHIECKUN dPPEKT B
Kynparax Hpy ONTHMaJIFHOM JITUPOBAHWU (MaKCHMallb-
HOI TemIepaType CBEpXIpoBOAMMOCTU 1) HeoObI4ailHo
MaJl, 4TO CTaBUT MOJA COMHeHHe uncto DD-mexanusm [3].
OcnoBHas kputnka CO-mexaHW3Ma OCHOBaHA Ha CIIa0oM
WHTEHCHBHOCTH CIMHOBBIX (DIIyKTyalnid, HaOII0MaeMbIX B
HEHTPOHHBIX DKCHEPUMEHTaX IPH ONTUMAaJIbHOM JIETHPO-
BaHUU. B HETaBHUX dKCTIEpUMEHTax [4] 1o Heynpyromy pe-
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30HAHCHOMY PacCEsIHUIO PEHTI€HOBCKUX JyUYell B LIMPOKOH
o0ITacTH JIeTHpOBaHUs OBLIH OOHAPYKECHBI CITHHOBBIE BO3-
Oy>XJIeHHs C TUCTIEpPCUEl U MHTEHCUBHOCTBIO, OJIM3KUMH K
anTudeppoMarauTHbIM (AD) CIMHOBBIM BOJIHAM B HEJICTH-
POBAaHHBIX KyINIPaTax, YTO OTBEPTAET 3Ty KPUTHKY.

I'maBHas mpobiema npu TEOPETHIECKOM OTIMCAHNH Ky-
IpaToB 0OYCIIOBJIEHA CHIIBHBIMHU JJICKTPOHHBIMU KOppEJIsi-
OUAMH, YTO HC IIO3BOJIACT UCIIOJIb30BATh JJI1 HUX le/I6J'II/I-
JKEHHUE O/THOYACTUYHBIX BO30YXICHUI U CTaHIAPTHYIO 30H-
HYIO TEOpHI0. B yacTHOCTH, PH MOJIOBUHHOM 3aII0JIHEHUHT
(OMH BIIEKTPOH HA y3eJI PEIIETKH) B TPOTUBOPEUNH C 30H-
HOM Teopuelt Kynparsl — He MeTalbl, a AD-U30ITOpEI ¢
3aI0JIHEHHOM 30HOM OJJHOYACTUYHBIX COCTOSIHUM U IyCTOH
30HOM JABYXYaCTUYHBIX COCTOSIHMH. Jluasnekrpuueckas
meab 0OyCIIOBJICHA CHJIBHBIM KYJOHOBCKHM B3aHMOJICH-
CTBHEM Ha y3nax Meau U ~ 8 3B, 3HaUMTENbHO NMpeBbIIIa-
FOIMM KHHETHYECKYIO SHEPTHIO 3JIeKTpoHOB f ~ 0,4 3B.

Spin-Fluctuation Mechanism of
High-Temperature Superconductivity in Cuprates

Despite intensive studies of high-temperature super-
conductivity (HTSC) in copper-oxide compounds (cu-
prates) after the discovery by Bednorz and Miiller [1] in
1986, a commonly accepted mechanism of this phenome-
non is not still available. Several mechanisms of Cooper
pair formation with charge, 2¢ in the singlet state (S = 0)
were proposed, among which the most probable ones are
the electron-phonon (EP) and spin-fluctuation (SF) mecha-
nisms (see, e.g., [2]). However, the isotope effect in cuprates
at an optimal doping (at the maximal temperature of super-
conductivity 7..) is extremely small, which makes a purely
EP mechanism of pairing doubtful [3]. The main argument
against the SF mechanism is based on weak intensity of SF
observed in neutron scattering experiments at the optimal
doping. However, in recent resonance inelastic X-ray scat-
tering experiments [4] spin excitations with the dispersion
and spectral weight similar to those of antiferromagnetic
(AF) spin waves in undoped cuprates were observed in a
broad region of doping, which dismissed this criticism.
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The main problem in the theory of cuprates is related
to strong electron correlations, which precludes from using
a single-particle approximation and the conventional band-
structure theory. In particular, contrary to the band theory,
at half-filling (one electron per lattice site) cuprates are not
metals but AF insulators with the filled singly-occupied
band and empty doubly-occupied band. The insulating gap
is induced by a strong Coulomb interaction on the copper
sites U ~ 8 eV much larger than the electron kinetic en-
ergy ¢~ 0.4 eV. Therefore, in the theory of cuprates the
two-subband Hubbard model should be considered with
the singly-occupied and doubly-occupied bands described
by composite Hubbard operators. The Hubbard opera-
tors obey complicated commutation relations resulting in
a specific kinematic interaction of electrons. To elucidate
the mechanism of HTSC in cuprates, we consider in [5] the
extended Hubbard model in the limit of strong correlations
(U> 1) where intersite Coulomb repulsion V;; and suffi-
ciently strong EP interaction 8ij~ 2 eV are also taken into
account. In the case of d-wave pairing, EP interaction is
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[TosTomy Ui ommcaHusi KynparoB HEOOXOAMMO paccma-
TPUBATh JABYX30HHYIO MOJIeNb Xab0apaa Ijisl OJHOYACTHY-
HBIX ¥ JIBYyXYaCTHYHBIX COCTOSIHUH, HCIIONB3Ysl TEXHHUKY CO-
CTaBHBIX OIIEPATOPOB — OIepaTopoB Xabbapaa. DTu orme-
paTopbl UMCIOT CJIOKHBIC KOMMYTAallMOHHBIEC COOTHOIICHU,
NPUBOJISIINE K CIICIU(DUUSCKOMY KUHEMAMUYECKOMY 830U~
Mooeticmeuto 3MeKTPOHOB. UTOOBI MPOSCHUTh MEXaHU3M
BTCII B kymparax, B Haimield padore [5] MbI paccMoTpenu
pacimpeHHyo MoJieNb Xab0apaa B mpeiene CUiIbHBIX KOp-
pemsiuii (U > t), yYUTHIBAIONIYIO TAKKE MEXKY3€IbHOE Ky-
JIOHOBCKOE OTTAJIKUBaHHUE Vij M JIOCTAaTOYHO CHIBbHOE DP-
B3aUMOJICHCTBHE g;; ~ 2 »B. B cirydae d-BoHOBOTO criapu-
Banus D®d-B3auMOICHiCTBUE OKa3bIBACTCS MOJIABICHHBIM,
B TO BpeMsi KaK JOCTATOYHO CHIIBHOE KUHEeMAMUYECKOe
e3aumodeticmsue co CUH-PIYKTYallHOHHBIM MEXaHU3MOM
MIPUBOJIUT K BHICOKOTEMITEPATYPHOM CBEPXIPOBOIMMOCTH.
PaCH.II/IpeHHaH Mojieb Xab0ap/ia umeeT BujI
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suppressed, while strong kinematic interaction with SF re-
sults in high-temperature superconductivity.
The extended Hubbard model reads:

Z ldajd+<(2]>ZMGME+
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where the matrix L describes hopping of electrons with
spin ¢ =+ (1/2) between the nearest (tl-j =t) and next
(t; = t") lattice sites (i, /). Interaction between electrons is
defined by the single-site U > t and intersite Vij Coulomb
repulsion and EP interaction g;: with lattice displacements
u;. By taking into account two Hubbard subbands the
electron operators ;,; are written in terms of the Hubbard

(M

operators XIQB for the singly-occupied (N, = 0) and the
doubly-occupied (N, = 1) states:
_ _ — 0 02
tig = tig (1 = Nig) + aisNig = X;7 + X7~ ©)
T
Nig = @505 0=-0.

Introducing (2) into (1), we write down the equation of
motion for the Hubbard operators
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where the commutation relations for the Hubbard compos-

ite operators result in emerging of the Bose-like particle
number N; and spin S?, S7* operators:

(€)

N,

B2, = (7 - SZ>5 +S870,=,
N,

B2, = (7 + sz)a —598,~,

N, = %jxf‘f + X7, SF = o] X7 - X77], ST = X7,
which determines the kinematic interaction proportional to
the kinetic energy ;; with a characteristic value 7 ~ 0.4 eV.

Using equations of motion similar to (3), we obtain a
self-consistent system of equations for the normal Green
function (GF) and the anomalous GF for Cooper pairs.
Within the strong coupling Eliashberg theory an equation
for the superconducting gap function ¢(k,w,) and 7, can
be written in the form:
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OIIPEeNeIIIOIIUX KUHeMamuieckoe 63aumooeticmeue, mpo-
NOPLHUOHAIBHOE KHHETUYECKON dHEpruu L XapaKTepHOU
BeJnuuHOU £ ~ 0,4 5B.

[Monb3ysice nanee ypaBHEHHMSMH JABWOKeHHs THMa (3),
MOJIy4yaeM CaMOCOINIAaCOBAaHHYIO CHCTEMY YpPaBHEHUH Uis
¢ynkmmit I'puna (PI') B HOpMANIBEHOM COCTOSIHUM M aHO-
ManbHbIX @I kynepoBckux map. B pamkax teopuu cuib-
HOW cBsi3W Dnmambepra HaXOAUM ypaBHEHHE ISl CBEPX-
HpOBOL[HHleﬁ wenu ¢(k,w,) u 1.

ok _ @(q’wm)
ok, wp)= N%% O Z(@0,) P+ [e()+X(0,0,,)
J(k—q) -

V(k—q)~[ () P 25 (k=0 0,~ @) +]

+ | g(k - q) |2xph (k —q, W, wm)
rne J(q) u V(q) — A® 06MeHHOE B3aUMOJICHCTBHE U MEXK-
y3€eIbHOE KYIOHOBCKOE OTTAIKUBAHHE, HE 3aBHCSIIHE OT
SHEPIUH PACCESHUS, B TO BPEMS KaK BSaI/IMO,I[CI/ICTBI/IG DIIEK-
TPOHOB CO CIIUHOBBIMH B03GyskaeHnsvMu ~ |£(q) > u poro-
Hamu ~|g(q)f® ompemensercs YACTOTHO-3aBHCAIIAME
(GYHKIMAME, CIIMHOBO# 1 ()OHOHHOU BOCIIPUMMYUBOCTIMU:

Xt (4,0) ==((Sq1S_g)),» )
Xon (€, 0) == (g 1u_g)),-
Oyukuun Z(q,w,) 1 X(q,w,) ONPEACIAIOT NEPEHOPMH-
POBKY CIIEKTPa SJIEKTPOHOB &(() B HOPMAIBHOM COCTOSI-
uun, rie 1/7(q,w,,) — KBa3n4acTUYHBIN BEC.
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JIyist BBISICHEHHMST pOJIM Pa3JIMYHBIX B3aUMOJCHCTBUHI B
CBEPXIPOBOJISIIEM CIAPUBAHUHM PACCMOTPHM ITPUOIHKE-
HUe c1aboi CBsI3U B ypaBHEHHU (4), KOTIAa MOKHO TIpEHe-
Opeyb epEeHOPMUPOBKOM CIIEKTpa B HOPMAJIBHOM COCTOSI-
nu, Z(q,w,) = 0, X(q,w,) = 0, a BOCIpuUMUIHBOCTH (5)
OepyTcs B cratudeckom npesene, @, = 0. B srom npubnu-
JKEHUM YpaBHEHHUE JUIS LIEIH C d-BOJHOBOM CHMMeETpHEi
@(k) « 7(k) = (cosk, — cos ky) MPUHUMACT BUJI

1=Y[n(qF tanh(e(q))x
q

1
2e(q) 21,

X{ T =V~ tq) Pig + Vpp ) (6)

31ech KOHCTAaHTHl ONpenensorcs L = 2 TapMOHHKaMHU
B3aMMOJICHCTBUI B (4):
Vo= SVicosky A= Xt (K)cosk,
k k (7)
Vep = 2| &k Potpn (K) cosk,.
k

Berunciaenne 3TuX mapaMeTpoB ISl OTPEEIICHHBIX
Mozierieil B3auMOJCHCTBHS [5] laeT Clie/lylolue OLeHKHU:
J=0,15 5B, V.= 0,2 5B, Vep ~ (0,8 3B. OrmeTuM, 4TO
B YacTO WCIIOIBb3YEMOM NPHONMKCHUH CPETHETO IO
J - VC < 0 ¥ cBepXIpOBOANMOCTH IOJABJICHA (HET pele-
HUM THMa PEe30HUPYIONNX BaJCHTHBIX cBs3el [6]). CruH-
(hITyKTyanmMOHHBIA BKJIAA B (6) OKa3bIBACTCS MOJIOKHUTEIb-
HBIM, TaK Kak X (k) umeer ocrperii mMakcumym mpu AD

P4 Dpm)
[0nZ(a:0)F+ [e(@)+X (.,
J(k=q) = V(k=q)=[1(q) Prtgp (K=, @~ @,,)+

+]g(k—q) ‘2Xph(k —q, W~ )
where J(q) and V(q) are the AF exchange interaction and
intersite Coulomb repulsion which do not depend on the
scattering energy, while electron interactions with spin fluc-
tuations ~ |#(q)[* and phonons ~ | g(q)[* are determined

by the frequency-dependent functions, the spin and phonon
susceptibility, respectively:

pkwy)= XY

q m

“4)

Xt (4,0) ==((Sq1S_g)),» )
Xph (q,w) = —((uq| u_q>>w.
The functions Z(q,w,) and X (9, ®,) determine the re-

normalization of the electron spectrum &(q) in the normal
state where 1/Z(q,w,,) is the quasiparticle weight.

To elucidate a role of various interactions in the super-
conducting pairing, we consider a weak-coupling approxi-
mation in Eq. (4) when the spectrum renormalization in the
normal state is neglected, Z(q,,) = 0, X(q,®,) = 0, and
the susceptibilities (5) are taken in the static limit, o, = 0.
In this approximation Eq. (4) for the gap function with the
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d-wave symmetry, ¢ (k) o 77(k) =

the form:
L= Sl o gy 52
q

X{ T =V~ tq) Pig + Vpp ). (6)

Here the coupling constants are defined by the L = 2
harmonics of the interaction in Eq. (4):

Vc = ;VkCOSkx, Xt = ;xsf(k)coskx,
Vep = Zk:|gk \2;(ph(k)coskx.

Calculation of these parameters for particular models
of interactions (see Ref. [5]) gives the following estima-
tions: J = 0.15 eV, V ~ 0.2 eV, V ~ 0.8 eV. Note that in
the frequently used mean-field approx1mat10n J— V <0,
and superconductivity is suppressed (in particular, there is
no resonating valence bond solution [6]). Spin-fluctuation
contribution in (6) appears to be positive since x (k) has
a sharp maximum at the AF wave vector Q = (7, 7), and
integration over k in Eq. (7) gives Xy < 0. This results in
attraction in the spin-wave channel with a large coupling
constant V; ~ —4t7 ~ 2 eV for t = 0.4 eV .

(cosk, — cos ky) takes

1
2e(q)

()
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BOJIHOBOM BekTope Q = (7, 7), n unTerpuposanue mno k
B (7) naer X < 0. B pesynsrare B CIIMH-BOIHOBOM KaHa-
Jie BO3HUKACT MPUTSDKEHUE ¢ OOINBIION KOHCTAHTOM CBS3H
st ~ -4ty ~ 2 9B ma t = 0,4 3B.

Ha puc.1 cpaBuuBarorcs 7., BBIYHCJIECHHBIE B IIPU-
OmKkeHHH clilaboi cBsizn (6) W CHIIBbHOW CBsizm (4), TIe
CIUIONIHAS TMHUA ONIPENeNseT 1. Ipu yueTe BCeX BKIAIOB,
HITPUXOBas — MpH y4yeTe ToiapKo CD-BKIaa U IITPUXITYH-
KTHpHAas Ha JIeBOM maHemn — OD@-BkiIaja. YMEHBIICHHE
1T, B cmy4ae CUIIBHOM CBA3M (4) HA HOPANOK 10 3HAYCHHUI
1.~0,02¢=100 K 06ycn0BneHO CHILHOH MEPEHOPMUPOB-
KO KBa3M4aCTUYHOTO Beca 3a cueT Z(q) ~ 3 mis 0 < 0,25
(puc.2), B pesyabrare yero Toiabko DP-B3anmopeiicTBue
JaeT HU3KyI0 7., He IIOKa3aHHYI0 Ha IPaBoii naHenu puc. 1.

Puc. 1. 3aBucumocts 7. OT KOHIIEHTPAIMH JBIPOK 0: B npubnu-

skeHu (6) (ciiesa) u (4) (crpasa)

T.F 0.3
0.2: T.[
i 0.2;
0.1 I
- 0.1 C
[ Pl LNy 1 L . 1 . 1 .
0 0.1 0.2 03 0 0 0.1 02 0 03

Fig. 1. T,. dependence on the hole concentration 0: by Eq. (6) (left
panel) and Eq. (4) (right panel)

In Fig. 1, we compare 7. computed in the weak-cou-
pling approximation (6) and in the strong-coupling theo-
ry (4). The bold line shows 7. when all contributions are
taken into account, the dashed line refers for the SF con-
tribution only and the dash-dotted line in the left panel re-
fers to the EP contribution only. The reduction of 7. in the
strong-coupling theory (4) by an order of magnitude down
to 7.~0.027~100 K is related to strong renormalization
of the quasiparticle weight, Z(q) ~ 3 for 0 < 0.25 (see
Fig.2). This results in a low 7. not shown in the right panel
of Fig. 1.

The wave-vector dependence of the superconduct-
ing gap in the Brillouin zone is close to the conventional
d-wave symmetry and its energy dependence reveals an
important role of high-energy spin-fluctuation excitations
in the superconducting pairing in agreement with experi-
ments [5].

In summary, within the developed microscopic theory
we propose a new mechanism of HTSC in cuprates induced
by kinematic interaction of the Hubbard operators in the
limit of strong correlations, which results in electron pair-
ing mediated by spin fluctuations with a large coupling con-
stant.

AT THE LABORATORIES OF JINR

16

3aBHCHUMOCTb CBEPXIPOBOJSAILEH LIEIH OT BOJIHOBOIO
BEKTOpa B 30He bprrosHa Onu3Ka K CTaHAapTHOH d -BOJI-
HOBOM CHMMETpPHH, a SHEPreTHUECKast 3aBUCUMOCTD ILEITN
MTOKa3bIBAET CYIIECTBEHHYIO POJIb BHICOKOIHEPTETHUECKIX
CHMHOBBIX (DIyKTyallMii B CBEPXIPOBOASAIIEM CIApUBAHUN
B COTJIACHU C DKCIIEPUMEHTOM [5].

Takum 06pa3om, B paMKax pa3BUTOH HAMH MHUKPOCKO-
MUYECKON TEOPUU MpEeNoKeH Hosbviti mexanusv BTCII B
KyTiparax, 0OyCIIOBICHHBIH KuHeMamuiecKum 63aumooel-
cmeuem OTnepaTopoB Xabbapaa B Mpemesie CIIBHBIX KOp-
penAIil ¥ capuBaHUEM 3JIEKTPOHOB 3a CYET CIIMHOBBIX
(rykTyanmii ¢ 60JIbIIONH KOHCTAHTOH CBA3M.

Puc. 2. 3aucumocts Z(q,0) nis 6 = 0,05-0,35

5
Z(q)
4

Fig.2. Z(q,0) for hole concentrations 6 = 0.05-0.35
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