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Effect of the intersite Coulomb repulsion on the s- and d-wave
coupling in Hubbard model (t<<U) and in the t-J — model

0.05 Equation for Tc in s-wave phase
4t V 2
0.04 1= NZ(cosqX +cosqy)(I>(q)—WZ(cosqX +cosq, ) ®(q)
q q

— 003 _
= 1 E R.O. Zaitsev, JETP
S (q) = = tanh| —= .
= 0.02 2E, T (2004) (dashed line)

At account for band of fluctuation states
V.V. Val’kov, M.M. Korovushkin, JETP (2011) (solid lines)

Equation for T, in d-wave phase

J
1=WZ(cosqX —COqu)2 ®(q)

q

V)
N

1=

> (cosq, —cos qy)2 ®(q)

a

(I-V+A_pn+As) )

. —ph f +cf

1= N > (cosq, —cosq, ) @(q)
q

0 ‘ P ‘ | A\al—ph - E.I. Shneider, S.G. Ovchinnikov, JETP (2009) 3

045 05 055 06 065 07 075 08 085 AL N\ plakida, V.S. Oudovenko, EPJB (2013); JETP (2014)
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Contradiction between theory and experiment

There is a contradiction between the theory and experiment: account for the intersite

Coulomb repulsion suppresses the d-wave pairing that occurs in reality, but does not
effect the s-wave phase.

An account for the real structure of the CuOz2-plane described by the Emery model
eliminates the mentioned contradiction, because in the proposed theory the Coulomb
potential of holes at the neighboring sites does not contribute to the solution of the
integral equation for the d-wave pairing for symmetry reasons.
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Crystal structure and phase diagram of cuprate
high-temperature superconductors
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Strong on-site Coulomb interactions
YBa,Cu;0g of Cu 3d levels of oxide superconductors:
P.W.Anderson, Science, 235, 1196 (1987)

p "y
U, U,
AT T O
—— &, pd

Ay =&,—&; =3.6eV
ty =1.3eV

by Ay 1o



Hybridization effects

@0 -(p°)

@ @ Cu* —(3d°)

T =ty (p.d,+d.p,)
@0 (p)

®Cu' > (3d1°)




Three-band p-d-model V. J. Emery, PRL 58, 2794 (1987)

(Emery model) C.M. \(arma et.al. Solid State Commun. 62 681 (1987)

o J.E. Hirsch, PRL 59, 228 (1987)
Hamiltonian of the three-band p-d-model: . -
¢ =(CpCpy)s

d = (djdy),

H=¢ ZC C +8dZd+d +U Zn(d) n'® + n® —cie,
ng‘d) dfadfa’
T Z(tpd (5)df+cf+5+tpd (5)C:‘L+5df)’ Apg =&, =&
© 6 ={za,,ta }=
={*9,,+9,}/ 2.

Parameters of the model:

&y (Ep) - binding energy of a hole in the
copper (oxygen) ion;

Ud (U p) - the energy of Coulomb
repulsion of two holes in the
copper (oxygen) ion;

Vpd - the energy of the Coulomb
repulsion between nearest
copper and oxygen ions;

t - O-0O-hopping integral;

Energy diagram for tpd - hybridization of p- and d-
model’s parameters orbitals. 8

The unit cell of
CuO,-planes




H=H,+V,

OnepartopHasa cpopma Teopun BO3MyLLEHUN
(Teopusa BO3MyLUEHUUN ANA BbIPOXAEHHOIO YPOBHS )
Boron6osB H.H. Jlekunn no kBaHTOBOM cTaTucTUKe, XapbkoB, 1936
(MoXHO BOCNONb30BaTbLCA METOAOM YHUTAPHOro npeobpa3soBaHuns)

Hy =PH,P+PVP+PV (H0 = EO)_l(PVP —VP)+
H(3)+H(4)+...

H(4)=Pv£H lon(PV_V)(Hol Oj(Pv_v)(HO{E )(PVP—VP)

0 0

P=T]x

1 .
H,_ . :Eﬁzml(sf -S,)



Exchange interaction

2
=4t )| — 1, 2
Ay+Vy ) Uy Uj+2A

Mott-Hubbard insulator
antiferromagnetic state

L tpd —=1.3eV;
@ f ‘ﬁud &+U, A, =3.6eV;
® lu U, —10eV:
U, p |
r _‘ By ApTrgp Up :3€V1
d V,, =1leV,
@0 - (p) | =1600K

O Cu2+—>(3d9) 10



There are holes in the YBa,Cu,0;,,
oxygen system

ve

@0 ()

The virtual
processes

@ 0 5 (p?)

®Cu' > (3d1°)

11

i



' sinfk /2
(Pka:SIn(kX/Z)aka"' (y )bka’
Vi Vi
sin(k, /2 sin(k, /2
l//ka — (V: ) aka o (Vk ) bka’

v = sin?(k /2)+sin?(k, /12). @ 0% —(p’)

O Cu2+—>(3d9)

*F.C.Zhang and T.M.Rice, PRB, 37, 3759 (1988);

*B.S.Shastry, PPL, 63, 1288, (1989);

S.Lovtsov and V.Yushankhai, Physica C: Supercond., 179, 159 (1991);
«J.H.Jefferson, H.Eskes and L.F.Fener, PRB, 45, 7959, (1992);
*B.A.l'aBpunukos, C.I.OBunHHMKOB, OTT, 40, 184 (1998);
*B.A.l"aBpuykos, C.I.OsunHHUKOB, A.A.Bopucos, E.l.[opsyes,

KOTO 118, 422 (2000) 12



The strong exchange interaction between
localized spin of the ion Cu
and
spin of the fermion in oxygen subsystem is determined

Hoy 1 = 2 6ilio + 2 6P +

gl
+E%Ifm(sfsm)
- - _
J=8 kL pd 15.7eV I
Ay +Voy Ug—A =2V,

13



Energy diagram of the spin-fermion model

Parameters of the Emery model: D ,=36eV, t,=13eV, U;=105¢eV

2

- t= 5 = 047ev h= 2w - 05
Parameters of the effective Emery model: —p_ e T U.- e

pd d D pd

Parameters of the exchange interaction J:  J = 8t (1+ h)(s,s,) = 5.26 eV

Energy of spin-correlated hoppings: t5 = 4t (1+ h)(s,s,) = - 0.389 eV
Energy of non-correlated hoppings: t= tE(l- h)=0.112 eV
Width of the spin-polaron band W, J 8tC,: 8W.389W.3= 0.93: leV

3.94eV

'y
Y

14



Effective Hamiltonian of the three-band p-d-model
(spin-fermion model)

In the regime of strong electron correlations U > A >> P

the low energy effective Hamiltonian is:

PRB 37, 9423 (1988)

J. Zaanen, A.M. Oles,

H =6‘pZC|+C| _tZCrCHp ZCHé‘ ft+o T 7 Zcf+5
| lo

F*

exch?

foo foo
where: (t pd)2 Apd ~ _— . .
7, =7t(ltn), r= = , S¢ =S;0.  Paulimatrices
In the fourth order on the parameter 7 Generally accepted values for the
the exchange interaction emerges: Emery model parameters are:
_ 1 1 S Q d
exch | ZS f+g+ilzzsfsf+d’ t’ :1-3(9V),Apd =3-6(9V),
fd
t=0.1(eV), U, =10.5(eV),
=(1- p)l , - exchange integrals for the
_ interactions within two | =0.34 (eV)’ Up :Vpd =0.
= P, coordination spheres. _ _
Spin-fermion
| - Effective exchange model parameters:
P - frustration parameter related to the
holes concentration x. r=0.47(eV), 7=0.52
15

7, =0.71(eV), 7. =0.22(eV)




Spin-polaron concept

2D Kondo Lattice
N - phase

A.F. Barabanov, A.V. Mikheenkov, A.M. Belemouk, JETP Letters 75, 118 (2002) (review),
A.M. Belemouk, A.F. Barabanov, L.A. Maksimov, JETP Letters 79, 195 (2004) (Hall effect);

A.F. Barabanov, A.M. Belemouk, JETP Letters 87, 725 (2008) (pseudogap);
SC - phase

A.F. Barabanov, A.V. Mikheenkov, JETP Letters 74, 362 (2001);

V.V. Val’kov, M.M, Korovushkin, A.F. Barabanov, JETP Letters 88, 426 (2008) ;

Spin-fermion model
N — phase
P.Prelovsek, Physics Letters A 126, 287 (1988);
A.Ramsak and P.Prelovsek, PRB, 40, 2239 (1989);
A.Ramsak and P.Prelovsek, PRB, 42, 10415 (1990);
A.F. Barabanov, R.O. Kuzian, L.A. Maksimov, Phys. Rev. B 55, 4015 (1997);
R.O.Kuzian, R.Hayn, A.F.Barabanov, L.A.Maksimov, Phys. Rev. B 58, 6194 (1998);
A.F. Barabanov, A.A. Kovalev, O.V.Urazaev et al. JETP 119, 777 (2001);
D.M. Dzebisashvili, V.V. Val’kov, A.F. Barabanov, JETP Letters, 98, 596 (2013);
V.V. Val’kov, D.M. Dzebisashvili, A.F. Barabanov, JETP, 145, 1087 (2014);
SC - phase
V.V. Val’kov, D.M. Dzebisashvili, A.F. Barabanov, Physics Letters A, 379, 421 (2015);

V.V. Val’kov, D.M. Dzebisashvili, M.M. Korovushkin, A.F. Barabanov, JETP Lett. 103, 385

(2016).
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On the spin-polaron nature
of Fermi quasiparticles in the Emery model
(variational method, one hole)

‘G> -singlet ground state of the undoped Emery model.
In the spin-liquid phase:

S&|G)Y=0|G), (G|S;¥*|G)=0, S, =>_S;.

f
Operator basis required to describe the spin-polaron in the
normal phase can not be limited by two operators:

‘Wk0> — alk (al_(FO' ‘G>)+a2k (blja ‘G>)+Cx3k (LJIZG G>)
of fundamental importance is accounting of the third
operator:

—kR ~ F
Z | f( ')Cf+5,a'

f oo’ 17




Spectrum of a spin-polaron quasiparticle in the spin-fermion model

( . . . h
: 3 2
ilspzer(sllon )eq[liatlon' det, (w) = (a)— gp) - A (a)—gp) + B, (a)—gp)+ R,
=T L+ Yy ) T Ny,
B, =(27 A, —1672K...)(1+ +4t(7_ —t : D..(k
k ( A + 33)( ) ( - )Zk A, = :<3( )—8p' X =1+2y, + 7o
R, =4ty, [Bzf Ky —A (.- t)], %
\ J
e : ~N Three branches of the Fermi excitations in the Emery model.
'?‘natlr)]’t'cal fo:mula The lower branch corresponds to the spin-polaron excitations.
or tne spectrum: 3
Ty = &, + X,
A( A(Z - 2+ -\ 83k —
X =2 [D_p - 1) -
2 4 Xyo ®
g 0 T —
Q
Xo=A 12— |A214-B, o 2k
=
TZk:gp—ir—A‘_Xk—vk, il
2 3l
T3k:gp+A<;Xk+Vkl _4\_/-%—_’/-
\Vk:\/(Ak_Xk)Z/4+Rk/Xk'j _51" M X rx X

k

D.M. Dzebisashvili, V.V. Val’kov, A.F. Barabanov, JETP Letters 98, 596 (2013); 18



Partial contributions of the basis states to the one-hole
state corresponding to the lower branch of the spectrum

1

08¢

06+

2
s

04+

0.2¢

0

_//PELK_ _/ Pk
Ij1|{ ng I:]I1I'i:
I:]I2|4(
I M X [X X

Plk — |a1k |2 ’ P2k — |a2k |2 — weight contributions of bare hole states A&?Z)ka |G>

2
P3k — K33 |a3k| — weight contribution of spin-polaron state A;kg |G>
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Spin polaron spectrum in the

a)
2 L
E3k
1t 7
__HL
0 Y
A
Eok
_1 =
-2
-3
4|
(0,0) (n/2,7/2) (m,m)

a) k-dependence of the
energy of one-hole states
when only two operators
are taken into account in
the basis:

AlfO' — Cf+ax,a’

AZfO' — Cf+ay,0'

spin-fermion model

3

—_————— — — ]

1k

(0.0)

(xfé,mfz) (m,m)

b) Emergence of the bottom,
split-off spin-polaron barid N
when operator A, = EZ(SfCM)G

o
IS added in the basis.

Eight dashed lines are
calculated using the basis

of eight operators:
g P 20



Spin-correlation functions

Spin subsystem is considered in SU(2)-invariant spin-liquid phase.
J. Kondo, K.Yamaji, PTP 47, 807 (1972).

C, =3(S;U7§UMY, (§¢)=0, (a=xy,2,r=(9.d.29). Cr=(5:5.:)

Spin correlators:

f+r

Method of calculating the spin correlators
x = ¢£'~A = pand (C,C,C,)
4

|\ J S~
Y Y
For each x the The gap A in the spectrum of magnetic excitations in the
magnetic vicinity of the point (11, 1) of the Brillouin zone and the
correlation length spin correlation functions are determined on the basis of :
&E~Alis spherically symmetric approach to a frustrated 2D ’8‘ ‘8‘1
determined from Heisenberg antiferromagnet [A.F. Barabanov et al. JETP f ¢
experiment. 119, 777 (2001)] for each p. &
— _
~
X p C, C,4 Cy
As a result, a correspondence between 0.03 0.16 -0.276 0.124 0.095
the values of doping x, frustration 0.07 0.21 -0.255 0.075 0.064
parameter p and spin correlation functions 015 0.25 .0.238 0036 0.051
for the Emery model is established. 0.2 0.275 0224 0.009 0.045
0.3 0.3 -0.200 -0.0222 0.0457
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t,=0.1eV
/ Theor
X'_ : : : y . M
X
—+—theory
- O experiment
T 0.45)
HLL O O
Jé ‘-‘—-‘_____5_ —6— .
a 0.4 o
et
0.35 : : :
0 0.1 02 0.3
X (doping)

D.M. Dzebisashvili, V.V. Val’kov,
\ A.F. Barabanov, JETP Lett. (2013)

~

Fermi surface evolution in La,_ Sr,CuO, with doping
within the spin-fermion model

/ Experiment \
M oAk

»

® LSCO
B Na-CCOC

1 L |

1 1 1]

0.00 0.10

X

T. Yoshida et al. J. Ph
\_ 125209 (2007)

0.20 0.30

ys.: Cond. Mat. 32%

J




Basis operators and elements of the matrices K and D
In the superconducting phase

Minimal operator basis required to describe superconducting phase:

Mg

23




Equation for the superconducting order parameter
and critical temperature T_

_ 2 2
The equation for the superconducting E, = \/(glk — )" +AN(K)
order parameter has a d-wave solution: A(K) = Ay(cosk, —cosk, ).

Equation for the order parameter amplitude:

(cosk, —cosk, )"

I Z
1: 1
N < 2Ek(Ek2—T22k)(Ek2—T3k

2

)tanh(zE—Tkj[qok(Ek)qok(—Ek)—160175%(&)%(—&)]

where: W, () = (0—&,)(1+7,(K)) — 2t 7(K),

W,
h

Then we get equation for the superconducting transition temperature T_:

A 2
(cosk, —cosk, )

2

I Z
1 = 1
N T 21, (lek —Téﬁ)(ﬁk — Ty

) tanh (%j [¢k (T ) (-1 ) — 16C12-5\Pk (1 )V, (=1 )] ,

P

N.B. As the coupling constant we have the exchange interaction

constant initthe subsystem of localized spin moments.

u
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Effect of doping on the transition temperature to the
superconducting phase

Equation for the chemical
potential:

12 1 ZFk(Ek)f(Ek/T)_Fk(_Ek)f(_Ek/T)
4 N4 2E, (E? -5 )(Ef -13,)

Changes in the spin
correlator C; at doping
have also been
accounted.

200

—J=0.341
—J=0.2t

The concentration dependence of the 150}

critical temperature for the d-wave X
superconducting phase at two values |_°1 ool
of the exchange integral.

Other parameters of the model are:

t=0.1(eV), r=0.47 (eV), n=0.52.

501

V.V Val’kov, D.M. Dzebisashvili, A.F. Barabanov, 0 0.1 0.2 0.3 ,
Phys. Lett. A (2015) x (doping) 26



Effect of doping on the superconducting order parameter

. . ALK 4

Changes in the amplitude of 0" 400]-
superconducting order parameter

and critical temperature i

at doping. 60 |-

40 |

20

Dependence of the superconducting
gap on the quasimomentum on the
Fermi contour. Fermi contour is
depicted by the solid line in the
horizontal plane.

The calculation is performed at the

x=0.1251=0.27,T=0,t=0.1(eV),
7=0.47 (eV), n=0.52,

V.V Val’kov, D.M. Dzebisashvili, A.F. Barabanov, Phys. Lett. A (2015) 27



Models for cuprate superconductors

/ Structure of the CuOz2-plane \

! !

D"X‘OO‘ ' e .X.Cu
2

oo ofe Lo ofe ce
! !

Three band p-d-model (Emery model)
. U
—gdZn +—an+§+UdZn‘f’Tn‘f’¢+7"Zn U HI
fé

+thd (5)(d:6pf+5yg+h.c) thp pf+§apf+§+Acr+

féo fé'AU

p
+Vp nfnf+5 +Vppznf+x/2 f+x/2+A

ce O

V.J. Emery, PRL 58, 2794 (1987)
C.M. Varma et al, Solid State Commun. 62, 681 (1987)

Multiband p-d-model

Yu.B. Gaididei, V.M. Loktev, Phys. Stat. Sol. B 147 (1988)
C. DiCastro, L.F. Feiner, M. Grilli, PRL (1991)

QGavrichkov, A. Borisov, S.G. Ovchinnikov, PRB 64 (2ooy

-

4 Hubbard model
H=>t.al.a,+U> n.n
f

fmo

J.C. Hubbard, Proc. R. Soc. London A 276,
238 (1963)

D.J. Scalapino et al, PRB (1987)
t-J- and t-J*-models

~

Hoy =D (6= ) X7+ tn XTPXE7

fo fmo

+= Zme( XX~ x;’“xg“)+

fm0'

+Z fmmg( aOanaxga_XfJOanaxga)
fmgo
(f=g)

P.W. Anderson, Science 235, 1196 (1987)
R.O. Zaitsev, FTT (1988)

N.M. Plakida et al, Physica C (1989)

A. Ramsak, P. Prelovsek, PRB (1989)

Yu.A. Izyumov, UFN (1991, 1995, 1997,
1999)

V.V. Val’kov, D.M. Dzebisashvili, T.A.
Val’kova, S.G. Ovchinnikov, JETPL
(2002)

S.G. Ovchinnikov, M.M. Korshunov, E.%S
k Shneider, JETP 136 (2009)
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The spin-fermion model

In the SEC regime the low energy Hamiltonian U > A >>'[
of the p-d-model takes the form:

H=Hy+J+V +I,
=2 (& (k) ala, +&(k, )bl.b, +t, (al.b, +bl.a,))
ko
s if (q— = - A n n | - _.
J :N = " k)ulja(sfaaﬂ)uqﬂ’ 4 :Vlgnf+x/2nf+x/2+A’ EZm:S
Z

Parameters of the spin-fermion model

A.F. Barabanov, L.A.
Maksimov, G.V. Uimin, JETP
Lett (1988)

E.B. Stechel, D.R. Jennison,
PRB (1988)

J. Zaanen, A.M. Oles,
PRB (1988)

V.J. Emery, G. Reiter, PRB
(1988)

&, (kx(y)) =&, —,u+f(l+ COS kx(y)),

L =1.3eV, Ay =3.6eV, t=0.1eV, _ ) .
K k 6=(c",0",0")
f=(2r-at)cos cos S U, =105eV, U, =4eV, V,, =12eV,
‘ \V =1-2eV.
Uz =sin —Xak/; +5sin —ybkﬂ, M.S. Hybertsen et al, PRB (1989)
2 M.H. Fischer, E.-A. Kim, PRB (2011)
z':i{l— By J | = e ! + 2 | =0.136eV
Ayl Ug—-A, -2V, (A +Vy ) \Ua 285 +U, ) L——
3=ty - J =3.4eV 0.1leV
= + ’ — . ~ .
Ay U, A, —Y, eV > 7~U.IC 29



Set of basis operators

It is necessary to account the strong coupling between
copper and oxygen subsystems, because J =3.4eV >>7r~0.1eV

Set of basis operators

1 i ( s
_ q-k) = : t T T
Aps ka’ LkT B N Ze (Sfo-m ) Ugs: Ay b—ki’ L—ki
fap
k A.F. Barabanov, V.M. Berezovsky, E.Zasinas, L.A. Maksimov, JETP
u, =sin—>a,,+sin— b, (1996)
P o kP 2 kP V.V Val’kov, D.M. Dzebisashvili, A.F. Barabanov, Phys. Lett. A (2015)

The normal and anomalous Green’s functions

Gy =((as]als)). Gu=((0a]al)).  Gu=((Ls]al))
Fu=((@fal). Fa={{bafal). Fa=((fal))

30



The equations for normal and anomalous Green's functions
with respect to the intersite Coulomb interaction Vi1

(0-¢, )G1j =6, +1G,; +J,G;; + A F,,

(0-4,)6,,
(0=6)G;,
(C‘”Cfx)':j =
(0+5)
(0+)

1
Ag = ﬁ Z{I k—q [< LqT L—q¢> -C,, <aqTa—q¢> - Cly <qub—Q¢ >] +
q

+ (Vi =Cily o ), (<aeb_g ) + (b, ¢>)}Kq—1.

The system of equations obtained on the basis of projection technique is

£ =& (K )+ 40 Va,

=J cosk—zx, K, =3/4+Cyy,

x(y)
Ss=&,—pu—2t+3r/2-J+V|n +
+[(r—2t)(C17/lk +C, 70 ) +
+7(Cyu +Cora )/ 2+
+JC,(1-4y, )4+ 1C (yy —4)] K.

V, =V, (3/4+2C 1, +Cyora)
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The system of equations for the critical temperature with respect
to the intersite Coulomb interaction V1

. . _ 2 Yy
A1k :ﬁz¢k—q (J)(q)A J :11213 Clx(l ) —C1COS 2
N5 Vi, =V, (3/4+2C, +C,ry),
« 4V : x kX k |, =41y,
A, = WlZ@_qug)(q)qu, B = cos?cos?y, 4
iq

Lattice invariants:

.1 | | | i
A, = NZ{ g [ClXMl(l” (9)+C, M2 (a)- Mé;)(q)] 4| 7 =(cosk, +cosk,)/2,
19

¥ = C0sk, cosk,

+(Ik—qC1_\7k)¢q|: 2 (@) +M (J)(CI)]} _1A?q, Vs = (Cos 2k, +cos2k )/ 2

(J)
(q) 4E1q( 19 )(E

For the d-wave superconducting phase, when

from the system that Alk =0, A2k =0

From the third equation, it is seen that the contribution of the

5@, Elq)+s<n<q ), h(E_]

E3q ) 2T

Ay =Ay(cosk, —cosk, )| it follows

32

intersite Coulomb potential in the kernel of the equation vanishes.



Concentration dependence of the critical temperature for
d-wave superconducting phase

180

Equation for the critical temperature:

cosS Q. —cosg. )? E
1:LZ( % 9) Y, tanh| —
N 4 2E Al
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Account for the intersite Coulomb interaction of holes leads only to a slight
modification of Tc(x) due to weak renormalization of the holes energy by V. It
IS important that the intersite Coulomb interaction does not change the
coupling constant.

V.V Val’kov, D.M. Dzebisashvili, M.M. Korovushkin, A.F. Barabanov, JETP Letters (2016) 23



What about the long-range Coulomb interaction V2?

Hamiltonian of the spin-fermion model is

H=H,+J+V+I,
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Concentration dependence of the critical temperature for
d-wave superconducting phase with respect to V2
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M (q) =
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V.V Val’kov, D.M. Dzebisashvili,
M.M. Korovushkin, A.F. Barabanov,
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1)

2)

3)

Conclusions

In the framework of spin-fermion model taking into account the strong coupling
between the charge and spin degrees of freedom, and the actual lattice
structure of the CuO,-plane with two oxygen ions per unit cell, the band
structure of Fermi excitations of the spin-polaron quasiparticles was calculated.

The spectrum was calculated at first using the variational method for a doped

hole. It was shown that the lower polaron band splitting-off is entirely due to the
third basis operator reflecting a strong correlation between the subsystem of
localized spin moments of copper ions and subsystem of holes moving over
oxygen ions. This proofs the spin-polaron nature of Fermi quasiparticles in the
Emery model.

Then the spectrum of the ensemble of spin-polaron quasiparticles was
considered in the framework of Zwanzig-Mori projection method and

the same dispersion (as in variational method) equation was obtained. On
the basis of numerical calculations it was shown that fine details of the Fermi
surface evolution in La,,Sr,CuO,, observed in the normal phase in ARPES
experiments at doping, are well reproduced, if basis of operators, used in
finding of energy structure, includes the operator describing the strong
coupling of spin and charge degrees of freedom.
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4)

5)

6)

7)

Conclusions

It was shown that mechanism ensuring the Cooper pairing of spin polarons is
the exchange interaction, which transforms to an effective attraction between
spin polarons due to the strong spin-charge coupling. In this regard, it should be
emphasized the important role of the spin-flip processes in the formation of the
Cooper instability.

The Coulomb interaction of two holes on the nearest sites does not contribute to
the solution of the integral equations for the d-wave superconducting order
parameter. As a result, the Coulomb repulsion of two holes on the nearest
oxygen ions, does not suppress the Cooper pairing in the d-wave channel.

The Coulomb interaction of two holes on the next-nearest sites contributes to
the solution of the integral equations for the d-wave pairing and causes its
suppression, however superconductivity survives at reasonable values of V2.

In cuprate superconductors, neutralization of the intersite Coulomb repulsion for
the dx2-y2-wave superconducting phase is caused by complicated unit cell and
the specifics of the Fourier transform of the Coulomb potential, in contrast to
conventional superconductors described by the BCS theory, where the Coulomb
potential is renormalized due to the electron-phonon interaction.
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Thank you for attention!
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