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Abstract—The normal and superconducting phases of the ensemble of spin polarons in a two-dimensional
Kondo lattice have been considered under the conditions when the hopping integral is comparable to the s—d
exchange interaction energy. The polaron excitation spectrum and the superconducting transition tempera-
ture have been found taking into account upper triplet states. The change in the concentration dependence
of the critical temperature of the transition to the superconducting phase with the relation between the hop-
ping integral and the integral of the s—d exchange coupling has been analyzed.

DOI: 10.1134/S1063783411100337

The electronic structure of the CuO, plane of high-
T. superconductors is quite well reproduced by the
Emery model [1]. In the weakly doped region, it
proves possible to switch to the effective Hamiltonian,
for which the states of copper ions are homopolar,
characterized by spin § = 1/2, and coupled to each
other by indirect exchange interaction. The hole
charge carriers of the oxygen subsystem interact with
localized spin moments of the copper ions via the s—d
exchange coupling. As a result, the energy spectrum of
Fermi excitations is described by the two-dimensional
Kondo lattice. If the s—d exchange coupling constant
is comparable to or greater than the hopping integral,
fining the spectrum of the Kondo lattice is based on
the concept of a spin polaron [2, 3], according to
which the elementary excitation in a 2D antiferromag-
net is regarded as a hole- or electron-type charge car-
riers surrounded by a cloud of spin fluctuations. This
approach reproduces the pseudogap behavior of high-
T. superconductors [4] and allows one to find the
region of existence of the superconducting phase [5—
71.

The Hamiltonian of the Kondo lattice includes the
on-site s—d exchange interaction J > 0 between the

spinss;(s;, = cyr¢py, S; = (0 — nyy)/2) and Syof the
hole and the localized ion, the Hubbard on-site repul-
sion of two holes with the energy U, as well as the
motion of holes with the hopping energy 7, and the

Heisenberg term with the antiferromagnetic interac-
tion integral of the localized ions
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where ny, = ¢, ¢y, are expressed in term of the Fermi

creation and annihilation operators c;x and ¢4, of a
hole with the spin a on the site f.

The eigenstates of the single-site Hamiltonian with
the neglect of hopping and exchange interactions
between the localized spins form an eight-dimensional
space. In the absence of a hole, an ion can have two,

spin-up |T) and spin-down [}, states. In the presence
of a hole on the site, the magnetic interaction results in

the formation of the singlet |S) = %(CI|T> — i)
2

with zero projection of the total spin or one of the trip-

let states |—1) = e[ ), [0) = 4= (e[ D) + et b)), 1) =
J2

i

The energy of the triplet single-site states lies above
the singlet by the s—d exchange interaction energy J.
In the case of two holes on the site, the system appears
in the state |[+) = ctc 1) or |-) = ere V) with the
positive or negative projection of the total spin, respec-
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tively, depending on the orientation of the magnetic
moment of the ion. In terms of the Hubbard operators
for the above basis, the Fermi creation and annihila-
tion operators of a hole take the form

=T L
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Similarly, for the spin operators, we have
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Hereinafter, we consider the system with weak doping
in the U= o limit and, therefore, neglect the two-hole
states |+) and |—).

In the previous works [2—4, 6, 7], the normal and
superconducting phases of the spin polaron on the
Kondo lattice were studied under the assumption that
the magnitude of the s—d exchange interaction is
much greater than the hopping integral. Thus, the
triplet state could be neglected or they were taken into
account with the use of the perturbation operators.
However, consideration of the contributions of upper
energy levels expressed in terms of the additional two-
and three-site components of the effective Hamilto-
nian indicate that the said contributions significantly
affect the phase diagram of the transition of spin
polarons to the superconducting state. This effect
increases with a decrease in the ratio of the integral of
the s—d exchange interaction to the hopping integral.
It becomes clear that the perturbation theory can be
insufficient to describe the ensemble of spin polarons
at J close to 7. The exact inclusion of the triplet states
changes the structure of polaron because the multi-
level system opens additional opportunities for the for-
mation of Cooper pairs.

In the case of the s—d exchange interaction energy
J comparable with the hopping integral ¢, the descrip-
tion of the system should equally take into account the
transitions to the triplet states and to the singlet level.
We disregard the two-hole states assuming that the
Hubbard repulsion parameter is much greater than
other energy parameters of the system. In terms of the
Hubbard operators, Hamiltonian (1) involving the
triplet states takes the form
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where T corresponds to the kinetic part of the intersite

interaction Hamiltonian and 7 describes the magnetic
subsystem of the localized ions.

To study the normal and superconducting phases of
the ensemble of spin polarons we choose the following

basic Fermi annihilation operators: a,+ = X; S, ber =
10 T ; 1S 0
X, + A[2)(f forspin-upanda, = X, ", b,y =X, +

A/QX/%1 for spin-down quasiparticles. The hole anni-
hilation operators are expressed in terms of the new

1
— (byr —

NG)

ar), ¢l = —}5 (bs) + ast). The operators ap+ and ay|

operators in the following manner: ¢4 =

correspond to the annihilation of a hole in the singlet
state, whereas the operators b+ and b, describe the
transitions from the triplet states.

The equations of motion for the Green’s functions
constructed from the basic operators were separated
with the use of the Zwanzig—Mori projection-operator
technique [8—10]. This yields the set of equations for

the normal G,(k) = ((@xla;s)) , Go(k) = ((berlbir))
and anomalous F(k) = ((afk¢|a;¢>>, Ek) =

((b",1|bi1)) Green’s functions in the Hartree—Fock
approximation
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The bare spectra of the triplet and singlet levels have
the respective form
3 1 1 3
€, = —=J+-1, &, =-J+=1, 6
1k 4 4 k 2k 4 4 k ( )
and the superconducting order parameter A, is defined
in terms of the anomalous averages
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INFLUENCE OF TRIPLET STATES ON THE SPECTRUM
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Fig. 1. Dispersion curves of (/) spin-singlet and (2) spin-
triplet polarons for the parameters J = 4 eV, t; = —0.6 eV,
th=0.8¢eV,and t; =0.5¢eV.

A= AR agua - b))

When writing the anomalous averages that appear in
the Mori projecting procedure we took into account
the averages corresponding to singlet—singlet and sin-
glet—triplet pairing. The triplet—triplet averages were
disregarded in the superconducting order parameter
because the statistical weight of such pairings at ther-
modynamic equilibrium is quadratic in the concentra-
tion of triplet polarons. Thus, under usual conditions,
such a quadratic contribution can be neglected as
compared to the linear one.

Solving the dispersion relation for system (5) in the
normal phase (A, = 0), we find two branches of the
spectrum, which correspond to the (®;) singlet and
() triplet levels.

(le = —}'.J'f' 1tk_%A'J2+th+ tli’
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The spin-polaron spectrum involving hopping up to
the third coordination sphere is shown in Fig. 1.As is
seen, the distance between the bands is comparable
with the width of the lower band, whereas the value of
the s—d exchange integral is relatively high, as com-
pared to the hopping parameters.

Note, that when taking into account the triplet
states, we could choose the basis built on the Hubbard
operators X; § s X; 0 , and X; " In this case, finding the

spin-polaron spectrum requires solving a cubic equa-
tion and two branches of the spectrum coincide with
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Fig. 2. Concentration dependences of the critical temper-
ature calculated taking into account (dashed line) only sin-
glet polarons (the J = oo limit), (solid line) singlet and trip-
let polarons, and (dotted line) contribution of triplet
polarons found perturbatively.

those given above, whereas the third one is dispersion-
less and corresponds to the triplet level J/4.

For the d-type symmetry of the order parameter,
the equation for the critical temperature of the super-
conducting transition reads as

1 2
1 = j_VZI(cosqx— cosq,) A(g, T.), ©)
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Figure 2 presents the phase diagrams built with the use
of different approaches to take into account the single-
site states for the following parameters: J =4 eV, ¢, =
—0.6eV,,=0.8¢eV,,=0.5¢eV,/=0.2¢eV.

Thus, the equations for the Green’s functions of
the normal and superconducting phases of the ensem-
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ble of spin polarons taking into account both singlet
and triplet single-hole states have been derived with
the use of the Mori projection-operator technique.
The spectrum of spin polarons in the normal phase
(Fig. 1) has been found analytically. Clearly, at compa-
rable values of the s—d exchange integral and the hop-
ping parameters, the singlet branch of the polaronic
excitations lies in the same energy interval as the one
corresponding to the triplet states.

According to the analysis of the effect of the triplet
states, the role of these states substantially increases
with the relative contribution of the hopping integral.
At the same time, the contribution of singlet—triplet
paring to the concentration dependence of the super-
conducting transition temperature becomes important
and leads to a difference with the results obtained per-
turbatively. It should be emphasized that, in this
approach, the numerical results show an increase in
the critical temperature.
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