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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 

Equation for Тс in s-wave phase 
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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 CuO2-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.  

V 

J 

Contradiction between theory and experiment  

I 
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Crystal structure and phase diagram of cuprate 

high-temperature superconductors 
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Hybridization effects 
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Three-band p-d-model  
(Emery model) 
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V. J. Emery, PRL 58, 2794 (1987)  

C.M. Varma et.al. Solid State Commun. 62 681 (1987)  

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

The unit cell of 

CuO2-planes 

Energy diagram for 

model’s parameters 

( )d p 

( )d pU U

pdt

pdV

t

Parameters of the model: 

- binding energy of a hole in the 

copper (oxygen) ion; 

- the energy of Coulomb 

repulsion of two holes in the 

copper (oxygen) ion; 

- the energy of the Coulomb 

repulsion between nearest  

copper and oxygen ions; 

- O-O-hopping integral; 

- hybridization of p- and d- 

orbitals. 
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Боголюбов Н.Н. Лекции по квантовой статистике, Харьков, 1936 
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There are holes  in the  

oxygen system  





The virtual  

processes 
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The strong exchange interaction between  

localized spin of the ion Cu  

and  

spin of the fermion in  oxygen subsystem  is determined    
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2
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In the fourth order on the parameter       

the exchange interaction emerges: 
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In the regime of strong electron correlations 

the low energy effective Hamiltonian is: 

pd

d pdU t   J. Zaanen, A.M. Oles,  

PRB 37, 9423 (1988)  

where: 
Pauli matrices 



- exchange integrals for the 

interactions within two 

coordination spheres. 

I - Effective exchange 

p - frustration parameter related to the 

holes concentration x. 
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Spin-polaron concept 

Spin-fermion model 
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A.F. Barabanov, А.А. Kovalev, O.V.Urazaev et al. JETP 119, 777 (2001); 
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V.V. Val’kov, D.M. Dzebisashvili, А.F. Barabanov, JETP, 145, 1087 (2014); 

SC - phase 

V.V. Val’kov, D.M. Dzebisashvili, А.F. Barabanov, Physics Letters A, 379, 421 (2015); 

V.V. Val’kov, D.M. Dzebisashvili, M.M. Korovushkin, А.F. Barabanov, JETP Lett. 103, 385 
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2D Kondo Lattice  
N - phase 

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

     1 2 3 .k k k k k k ka G b G GL             

Operator basis required to describe the spin-polaron in the 

normal phase can not be limited by two operators: 

of fundamental importance is accounting of the third 
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Spectrum of a spin-polaron quasiparticle in the spin-fermion model 
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Dispersion equation: 

Analytical formula  

for the spectrum: 

Three branches of the Fermi excitations in the Emery model. 

The lower branch corresponds to the spin-polaron excitations. 

D.M. Dzebisashvili, V.V. Val’kov, А.F. Barabanov, JETP Letters 98, 596 (2013); 
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Partial contributions of the basis states to the one-hole 

state corresponding to the lower branch of the spectrum 

2 2

1 1 2 2,k k k kP P    weight contributions of bare hole states 

2

3 33 3k kKP  

1(2)kA G



weight contribution of spin-polaron state 3kA G
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Spin polaron spectrum in the 
spin-fermion model 

a) k-dependence of the 

energy of one-hole states  

when only two operators 

are taken into account in 

the basis:  

1 ,

2 ,

,  
x

y

f f a

f f a

A c

A c

 

 









b) Emergence of the bottom, 

split-off spin-polaron band 

when operator  

 

is added in the basis.  

 3

1

2
f f fA S c  



 

Eight dashed lines are 

calculated  using the basis 

of eight operators: 
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Spin-correlation functions  

( , ) ( , )3 , 0, ( , , ), ( , ,2 ).x y z x y z

r f f r fC S S S x y z r g d g     r f f rC S S 

Spin subsystem is considered in SU(2)-invariant spin-liquid phase. 

J. Kondo,  K.Yamaji, PTP 47, 807 (1972). 
Spin correlators: 

1

2~ and ( , , )g d gx p C C C   

x p Cg Cd C2g 

0.03 0.16 -0.276 0.124 0.095 

0.07 0.21 -0.255 0.075 0.064 

0.15 0.25 -0.238 0.036 0.051 

0.22 0.275 -0.224 0.009 0.045 

0.3 0.3 -0.200 -0.0222 0.0457 

Method of calculating the spin correlators 

The gap Δ in the spectrum of magnetic excitations in the 

vicinity of the point (π, π) of the Brillouin zone and the 

spin correlation functions are determined on the basis of 

spherically symmetric approach to a frustrated 2D 

Heisenberg antiferromagnet [A.F. Barabanov et al. JETP 

119, 777 (2001)] for each p. 

As a result, a correspondence between 

the values of doping x,  frustration 

parameter p and spin correlation functions 

for the Emery model is established. 

For each x the 

magnetic 

correlation length 

ξ~Δ-1 is 

determined from 

experiment. 
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Fermi surface evolution in La2-xSrxCuO4 with doping 

within the spin-fermion model 

Theory 

D.M. Dzebisashvili, V.V. Val’kov,  

А.F. Barabanov, JETP Lett. (2013)  
T. Yoshida et al. J. Phys.: Cond. Mat. 19, 

125209 (2007) 

Experiment 

0.1ppt eV
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Basis operators and elements of the matrices K and D  

in the superconducting phase 

Minimal operator basis required to describe superconducting phase: 
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Equation for the superconducting order parameter 
and critical temperature Tc   

The equation for the superconducting 

order parameter has a d-wave solution: 

where: 

Equation for the order parameter amplitude: 
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Then we get equation for the superconducting transition temperature Tc: 

W

h

e
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a

m

p
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cT T 0 0. 

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

constant in the subsystem of localized spin moments. 

2 2

1( ) ( )k kE k   
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Growth of the energy: 8I Growth of the energy: 7I 
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Effect of doping on the transition temperature to the 

superconducting phase 
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Equation for the chemical 

potential: 

The concentration dependence of the 

critical temperature for the d-wave 

superconducting phase at two values 

of the exchange integral. 

  

Other parameters of the model are: 

0.1 ( ), 0.47 ( ), 0.52.t eV eV   

Changes in the spin 

correlator Cj at doping 

have also been 

accounted. 

V.V Val’kov, D.M. Dzebisashvili, A.F. Barabanov, 

Phys. Lett. A (2015)    
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Changes in the amplitude of 

superconducting order parameter  

and critical temperature  

at doping.  

Effect of doping on the superconducting order parameter 

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 

0.125, 0.2 , 0, 0.1 ( ),

0.47 ( ), 0.52.

x I T t eV

eV



 

   

 

V.V Val’kov, D.M. Dzebisashvili, A.F. Barabanov, Phys. Lett. A (2015)    
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Models for cuprate superconductors 

Three band p-d-model (Emery model) 

Structure of the CuO2-plane 
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A.F. Barabanov, L.A. 
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J. Zaanen, A.M. Oles,  

PRB (1988) 
 

V.J. Emery, G. Reiter, PRB 

(1988)  

1.3 , 3.6 , 0.1 ,

10.5 , 4 , 1.2 ,

1 2 .

pd pd

d p pd

t eV eV t eV

U eV U eV V eV

V eV

   

  

 

 

2

2
2

4 21

d

pd

pdp ppdd

I
U

t

UV




 


 
  

0.136I eV

M.S. Hybertsen et al, PRB (1989) 

M.H. Fischer, E.-A. Kim, PRB (2011)  

3.4 0.1J eV eV  

The spin-fermion model 

In the SEC regime the low energy Hamiltonian 

of the p-d-model takes the form: 

Parameters of the spin-fermion model 
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It is necessary to account the strong coupling between 

copper and oxygen subsystems, because 3.4 0.1J eV eV  

Set of basis operators 
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The normal and anomalous Green’s functions 

Set of basis operators 



31 31 

 

 

   

 

 

   

1 1 2 3 1 2

2 2 1 3 2 1

3 3 3 1 2 3

*

1 2 2 2 3

*

2 1 1 1 3

*

3 3 3 3 1

3

2

,

,

,

,

.

,

x j k j k

x j j k j x j k j

y j j k j y j k j

j j k x j y j

j x j

y j k j k j y j

j k j x j

k k j

y j k

F G t F J F

G t G J G F

G t G J G F

G K J G J G K F

F G t F J F

F G J F J F K

 

 

 





 







 

    

    

 

   

  

 

     

     

The system of equations obtained on the basis of projection technique is 
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The equations for normal and anomalous Green's functions 

with respect to the intersite Coulomb interaction V1 
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For the d-wave superconducting phase, when                                                  it follows 

from the system that 

03 (cos cos )x yk k k   
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Lattice invariants: 

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

intersite Coulomb potential in the kernel of the equation vanishes. 

1 20, 0k k   

The system of equations for the critical temperature with respect  

to the intersite Coulomb interaction V1 
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Concentration dependence of the critical temperature for 

d-wave superconducting phase 

2

1

1

(cos cos )
1 tanh

2 2

x y q

q

q q c

q q EI

N E T

  
   

 


           
        

  

3 3 3

33 1 1 11 1 1 22 1

3 3

1 12 1 21 1

1
2 2 2 2

1 2 1 3

, , ,

, ,

q q x q y q

q q q

q q q q q

S q E C S q E C S q E

C S q E S q E

K E E E E





   

  

   
 

Equation for the critical temperature: 

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

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. 
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What about the long-range Coulomb interaction V2 ? 
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Hamiltonian of the spin-fermion model is 
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Concentration dependence of the critical temperature for 

d-wave superconducting phase with respect to V2 
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V.V Val’kov, D.M. Dzebisashvili,  

M.M. Korovushkin, A.F. Barabanov,  

submited to JMMM    
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1) 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 CuO2-plane with two oxygen ions per unit cell, the band 

structure of Fermi excitations of the spin-polaron quasiparticles was calculated.  

 

2) 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.  

 

3) 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 La2-xSrxCuO4, 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. 

Conclusions 
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4) 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. 

 
5) 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. 

 

6) 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. 

 

7) 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. 

Conclusions 
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Thank you for attention! 
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