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GENERALIZED KONDO LATTICE MODEL AND ITS SPIN-POLARON
REALIZATION BY THE PROJECTION METHOD FOR CUPRATES

V. V. Valkov,* D. M. Dzebisashvili,*’ and A. F. Barabanov*

The spin—fermion model, which is an effective low-energy realization of the three-band Emery model after
passing to the Wannier representation for the p, and p, orbitals of the subsystem of oxygen ions, reduces
to the generalized Kondo lattice model. A specific feature of this model is the existence of spin-correlated
hoppings of the current carriers between distant cells. Numerical calculations of the spectrum of spin-

electron excitations highlight the important role of the long-range spin-correlated hoppings.
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1. Introduction

The structure of quasiparticles of the normal phase of cuprate high-temperature superconductors
(HTSC) and the nature of low-energy interactions play a key role in explaining the mechanism of Cooper
instability, the anomalous temperature behavior of the kinetic coefficients, and many other anomalous prop-
erties [1], [2]. The far-from-perfect theory of a two-dimensional doped antiferromagnet (AFM) is primarily
developed in terms of the Hubbard two-dimensional models, generalized t—J models, the three-band Emery
model [3]-]7], and the spin—fermion model. We do not discuss the first two models and only mention that
they differ substantially from the three-band Emery model and spin—fermion models because their charge
and spin subsystems are formed by the same carriers. We therefore start with the more realistic models
from our standpoint (the spin—fermion model and the three-band Emery model) where the spin-subsystem
and the charge-subsystem carriers are respectively determined by d and p ions.

It is known that in the regime of strong electron correlations (SEC), the Hamiltonian of the three-band
Emery model can be reduced to the spin—fermion model [8]-[11]. An attractive property of the spin—fermion
model is that already in the simplest consideration, it allows obtaining the primary motif of the cuprate
hole spectrum [8], [9]. In this case, the bottom of the carrier spectrum E(k) is located in the vicinity of
the boundary of the magnetic Brillouin zone, and the spectrum itself has the quasimomentum dependence
E(k) ~ (cosky + cos ky)?.

Here, we reduce the Hamiltonians of the three-band Emery model and the spin—fermion model to a
generalized Kondo lattice model that takes the long-range spin-correlated hoppings into account. Based on
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a comparison of the spectral dependences of spin-polaron quasiparticles for the Kondo lattice model and
for its truncated version (where only interactions between the nearest ions remain), we conclude that the
long-range spin-correlated hoppings are important.

2. The Hamiltonian of the three-band Emery model
The Hamiltonian of the three-band Emery model for the CuOs plane [3]-[6] can be written as
H = Hopg + S5, (1)
where

7 L d Ld ~d . p
Hpd = Z(adnf + Ugnn§n)) + Z(spnf + Upnfy i) +

f l
+ Voa DGl s+ tpa D ((8)df, prise +He) + T, (2)
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L,A,o f.9 f.d

Here, €, and ¢4 denote the energy of a hole on the respective oxygen and copper ions, U, and Uy denote
the energy of repulsion of two holes on oxygen and copper ions, V4 is the energy of repulsion of two holes
on nearest oxygen and copper sites, t,q is the parameter of hybridization of nearest oxygen p and copper d
orbitals. The vectors | show the positions of sites of oxygen ions. The vector § in (2) takes the four values
+6, and £5, (d; = (a/2,0), 6, = (0,a/2), and a is the lattice parameter of copper ions) and connects the
nearest oxygen sites at positions f + ¢ with the copper ion at the site f. The function ¥(d) takes the effect
of correlations between the phases of copper and oxygen orbitals on hybridization processes into account.
For commonly used orbitals, the function ¥(d) takes the values ¥(d) = F1 for 6 = £6, or § = £4,,.

In the expression for ,}f;d, the operators p,, or plf, respectively annihilate or create a hole on the oxygen
ion with the site index [ and spin projection o, which takes the values T or |. The operators dfg or d}rg
annihilate or create a hole on the copper ion with the index f and spin projection o. The operators of
the number of holes on the oxygen or copper ion at the site [ or f with the spin ¢ are described by the
expression 7y, = Y- plp, or 1§, =, d},d;,. Moreover, if = 3 fj, and 2 =35 af,.

The term T corresponds to the direct hoppings of the holes between nearest oxygen ions with the
tunneling integral to(A). Its sign is defined by a function o(A) that depends on the orientation of the line
where the oxygen ions involved in the hoppings are located. The vector A takes the four values (£a/2, +a/2)
and connects the oxygen ion at the site [ with the nearest oxygen ion with the number [+ A. For the selected
oxygen orbital phases, we have p(A) =1 if A = +(a/2,a/2). If A = +(a/2,—a/2), then o(A) = —1.

The second term . in expression (1) corresponds to the superexchange interaction between the spin
moments on the nearest and next-nearest sites (d = g, £ gy). The vectors of the nearest neighbors of
the copper lattice are g, = (a,0), gy = (0,a). In what follows, it is convenient to use the frustration
parameter p and the effective exchange I: Iy = (1 — p)I and Iy = pI, 0 < p < 1, I > 0. According to
this approach, it is assumed that considering the properties of the spin subsystem of copper ions, we can
use the two-dimensional frustrated AFM Heisenberg model with S = 1/2. The AFM interaction between
the nearest spins of Cu?" ions in the CuOg plane is high (it has the order of 0.13eV =2 1500K) and
is much higher than the interplane exchange. The interplane exchange is primarily responsible for the
long-range order observed in the dielectric phase of the CuOs planes. For LayCuO4 (LSCO), the Neel
temperature Ty ~ 300 K. But with a comparatively weak doping of the system with holes, the long-range
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AFM order disappears over the entire temperature interval. This behavior is adequately simulated by
the introduction of frustration [12]. The cluster calculations indicate the existence of a sufficiently high
frustration parameter I5/I; ~ 0.1 even for the undoped LSCO [13]. The spin subsystem is considered
quantitatively in the framework of a spherically symmetric self-consistent theory [14]-[16]. According to
this theory, the subsystem of the spin moments localized on copper ions is considered in the state of an
SU(2)-invariant quantum spin liquid, which has spherical symmetry in the spin space. This observation

implies that the spin correlation functions C; = <§f§f+7«j> (where r; is the radius of jth coordination
sphere) satisfy the relations C; = 3(S§S7,, ) = 3(55{8}’”) = 3(S757,,,) and (S¢) = 0, where S¢ is the

spin operator along the direction o = x, y, z on the copper ion at the site f.
3. Generalized Kondo lattice model

For simplicity, we consider the case U, = V,,q = t = 0. Under these conditions, the Hamiltonian of
three-band Emery model (1) is substantially simplified:

Ay = S (i) + Usith)) +2 S + tya 3 (03T, prvsy + He). g
f l f.6,0

As is known [8], [9], in the SEC regime where Uy > epq = €p — €4 >> tpq, operator (4) is reducible to
the Hamiltonian of the spin—fermion model, and the corresponding Hilbert space is characterized by the
homeopolar states of copper ions:

Hpt = N(eq —41) + &) Z(ﬁif)ﬁim + fl?+5y) +27(1—n) Z ugglp}:é)gpfwl,g +

1 18,610
HAT(L4n) D s Pl (SFO6e Ps 0y ()
1,8.61,0,0"

where we introduce the notation 7 = tid/épda N = epa/(Ua — €pa), and ugs, = 9(6)9¥(61)/4. In (5), N is the
number of unit cells in the CuO; plane, and 6%(¥?) are the Pauli matrices.
For the operators pyis, ., .0, We pass to the quasimomentum representation,

1 » 1 »
Phis =/ YoM piisie  Prsye = JN > e pris, o (6)
7 7

and define new operators ¢ and 1 as [17]-[20]

SkaPk,6,,0 T SkyDk,5,,0 SkyPk,6.,0 — SkaDk,5,,0
d)ko = y 1/’1«7 = ) (7)

Sk Sk

where

r .k
9 Sky = S 211, Sk = \/Sim + Szy' (8)

Using the inverse Fourier transform, we introduce the operators ¢y, and 1y, in the Weiner represen-

Ske = SIN

tation:

— 1 —ikf _ 1 —ikf
Dko \/N;G Dfos Vo \/N;G Vi 9)

The effective Hamiltonian of the cuprate HT'SC in the second order of the perturbation theory in t,4 in the
Wannier representation is then written as

g =N(ea—47)+84 Y b brot+ep Y Vfthso —tg Y Ofobrigo +
f.o f.o f.9,0

FAT(L ) D (5n55) 0 (57655, )0 —nons (10)

fin,m,o,01,0
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where &y =, + 27(1 — 1), ty = (1 —n)/2, and sy = (>, ¥ s)/N.

An important feature of Hamiltonian (10) is the absence of interaction of 1) fermions and holes on
the d orbitals of copper ions. The interaction between the states of ¢ fermions and d orbitals of copper
ions is described by the last term and describes the processes of scattering of the ¢ current carriers on the
localized spin moments with a spin flip or, in other words, the Kondo scattering processes. We note that
these processes of the spin-correlated hoppings of ¢ fermions occur between arbitrarily distant cells.

For the parameters t,q = 1.3eV, g,q = 3.6eV, and Us = 10.5eV of the three-band Emery model
characteristic for cuprates [21], [22], we obtain 7 = 0.47eV, n = 0.52, and t, = 0.11eV. The overlapping
parameters (s, 8,,) are controlled only by the lattice geometry and decrease rapidly as the numbers n and
m of coordination spheres of the lattice of copper ions increase:

(s0s0) = 0.920, (s150) = (s450) = —0.136, (s280) = (8450) = —0.022,
(11)
(s350) = (s2450) = —0.010, (s151) = (s454) = 0.020, (s2s1) = 0.003.

We show that the Kondo scattering processes lead to the formation of spin-polaron states whose energy
is much lower that the energy €,. This implies that the low-energy dynamics of fermions in the CuO3 plane
is described only by the spin polarons and the v-fermion subsystem can be neglected.

Omitting an insignificant constant, we represent the Hamiltonian as the sum of on-site terms and terms
describing hoppings of the ¢ hole:

:%ig =Ey Zd)}rg(bfg + j¢_d +&p Z?ﬁ}r[,?ﬁfg + tA?; + £5¢, (12)
fio fio
j _ Jd’*d + SoG =] g 20
o—d = 4 Z 01557056, )0f0, = ¢7dz £Sf>
fio,01,a f
Jo-a=87(L+n)(s050), 19 =—tg Y & s rg.0:
f.9.0

¢ =47(1+ 1) Z (1- 5m05n0)(5n5m)¢}’_—m,o(S?&gal)¢f*n701'

finm,o,01,0

In the expression for £5¢, the factor 1 — &,,,00,0 (where d,,, is the Kronecker symbol) indicates the absence
of the term in the summation with all three sites coinciding. Therefore, the operator ¢ describes only
spin-correlated hoppings of the hole.

In effective Hamiltonian (12), the maximum term is the on-site (¢d)-exchange interaction: J,_4 with
the parameter Js_q. This interaction leads to the formation of two levels at each site. The lower level
corresponds to the (¢—d)-singlet state with the energy £, = &4 —3.J5_4/4 and wave function [py) = gpj{ |0),
where @}r = ((;5;?T Z }0 + Z]Tc()(b}rl) /v/2. Here, the localized-spin operator is written using the representation
in terms of the Hubbard operators, Z ;‘”‘2 = |A\1){A2|, and the ket vector |O) corresponds to the vacuum of
the on-site cluster. The upper triply degenerate level with the energy é’; =&y + Jp_a/4 corresponds to the
three (¢—d)-triplet states with the wave functions

where
1
L 4 10 10 4 + 4+ 10 + _ 4+ 10
Xjo= pOnZs —Zi95) Xpm=9nZps Xpa=9p 7
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This level splitting is qualitatively similar to what arises when considering the Zhang-Rice cluster and
polaron [23].

To justify the concept of a spin polaron, we define the distance
=¢ep— €&,

ep=€y;éy ®

between the level £, = ¢, corresponding to the states of the 1) fermions and the singlet level £_:

.3
=¢ep—Ep+ 4J¢_d ~27[5 + 7). (14)

ep=€y;€qy

The low-frequency part of the hole spectrum is formed in the vicinity of the lower single-site level £ and
is primarily controlled by the motion of the polaron state |¢f) — |@s4q). If the half-width W of the band

of this motion given by the terms ff; and #¢ in Eq. (12) is smaller than Asp: oo then the 1 carriers can

ey
be neglected.

The width 2W of the band provided by the motion of polarons should show the polaron narrowing
and in any case should be proportional to the spin—spin correlation function C,; = <§ f§ t+g) ~ —0.2 to
—0.3 (characteristic values for the two-dimensional AFM in the spin-liquid state). This conclusion follows
because the motion |¢¢) — |pryg) is always associated with the combination of goj[ g%, which contains
the spin operators on the nearest sites.

The half-width W, of the band provided by the term ng in Eq. (12) can be estimated as Wy = 2t,|Cy| =
7(1 —n)|Cy|. Comparing this expression with formula (14), we see that W, < Asp:%;ég.

The half-width Wy of the band provided by #5¢ in (12) is defined by the term

BO=150 > (011905765, )0 + Hel, 157 =47(1 4 n)(s08), (15)
f.9.0,01,0
which contains the maximum overlapping (sgs,) = —0.136 in the operator ¢ (see Eqs. (11)). The param-

eter 3¢ is less than the constant of the (¢-d)-exchange coupling Js—4 by a factor of 13. With the factor
Cy taken into account, this leads to the inequality Wse < A
The inequalities W, < Aap:%;é; and Wso < AEP:%;EJ follow from the inequalities Jy_q > t;° > 1,

and indicate that the term e, > fo @[J}"U@/J fo in model (12) can be omitted and the concept of the spin polaron

ep=€y;i€q

can be introduced.
As a result, Hamiltonian (12) takes the form of the Kondo lattice Hamiltonian

At = &4 Z fpPio + Jod Z gfg'ft) —tg Z OfoPftg0 T
f.o f f.9.0

+47(1+n) Z (1- 5m05n0)(Snsm)(b}r_m,g(s?&ggl)(bf—n,m- (16)
fimmn,o,01,

If we assume that the distant spin-correlated hoppings can be neglected in Eq. (16) in the leading approxi-
mation (keeping only terms with (sgs4)), then we consequently obtain a Hamiltonian corresponding to the
reduced Kondo lattice model:

U =&y Zﬁf)}ﬁ,(bfa + Jp—d Z ngjj —tg Z OfoPtgo +
fio f fi9,0

HE5° D (80 (SF65,, )¢50 + Hel. (17)
f,9,0,01,

In the last summation in this expression, the index f ranges all lattice sites of copper ions, and the index
g ranges only the sites that are nearest the site f. The spectral characteristics of the Fermi quasiparticles
in the cuprate HT'SC were studied based on model (17) in [24], [25].
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4. Basis operators and projection method

In the framework of the Zwanzig—Mori projection method [26], [27], we introduce a set of basis operators
corresponding to the charge excitations. In our case, it is convenient to choose

Alfo = Ofo,  Azfo = Z(S;“&?m)ebm, Asfo = Z(S?&gol)¢f+g,d1 (18)

01, 01,

as the basis operators. Basis (18) is constructed standardly. In the first step, we choose the “bare” hole
operator ¢, as Aqy. The choice of the subsequent operators is dictated by the equation of motion for A; .
The new operators of the type Ay and As; arise from Eq. (18) as a result of the commutation [¢ s, , K.
These operators are included in the basis, and the equations of motion are also written for them. If there is
no need for a further increase in the basis, then the equations of motion for A, (j = 1,2, 3) are projected
on the same basis.

It is convenient to realize the projection using the formalism of the equations of motion for the retarded
Green’s functions (i,j = 1,2,3): Gij(k,w) = (Agi|Af; Do, Where Ajro = 3" e Ajz5 /3/N are the Fourier
transforms of operators (18).

For the closure of the equations of motion of the form

Akl A e = Kij + ([Ari, i 1AL ), (19)

we must calculate the energy matrix D;; = <{[Aik,%§r],Ajk}> and the matrix K;; = <{A1kvj4jk}> Tl}e

Fermi Green’s function is derived from a system of equations with the matrix form G = (w — DK~1)"'K,
and the spectrum of Fermi excitations is defined by the poles of this Green’s function:

21,9 (k) -

Gij(k,w)zzw_En(k), Z,]=1,2,3.
n=1

A more detailed description of this method can be found, for example, in [28].

Therefore, the problem of finding the spectrum F,, (k) and the residues of the Green’s functions ZG4) (k)
reduces to calculating the matrix elements K;; and D;;. These matrix elements calculated in the basis of the
three operators (18) with the truncated Hamiltonian of Kondo lattice (17) are presented in the appendix.

A similar procedure for calculating the matrices K (k) and D(k) in the basis of the three operators (18)
can also be performed for the complete Hamiltonian (16). But the matrix elements are cumbersome in this
case, and we do not give their explicit form.

The method used for closing the equations of motion for the Green’s functions is applicable over a
broad temperature region. From the practical standpoint, the properties of cuprate HT'SC at temperatures
T < 100K are most interesting. Taking into account that the characteristic energy parameters controlling
the energy structure of the spin-polaron states are of the order of 0.1 to 0.5 eV, we find that in the considered
temperature region, the spectrum of Fermi excitations can be studied in the low-temperature approximation.

The problem of the dependence of the energy of Fermi quasiparticles on the concentration of oxygen
holes seems more challenging. But the situation is significantly simplified in solving the problem of the
spin-polaron states in the normal phase for low temperatures. Indeed, in the narrow concentration region
where antiferromagnetism is destroyed but there is still no superconductivity, the concentration of holes
can be regarded as unchanged. In this case, the doping parameter is small:  ~ 5-1072.

In the general case, the matrix elements K and D depend on not only the spin—spin correlators and
charge correlators but also the spin—charge correlators. Their concentration dependence was previously
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studied in [29]. Not going into the details, we only note that in the considered case with weak doping, the
contribution from the charge and spin—charge correlators turns out to be insignificant and negligible. This
observation implies that in the considered narrow doping region, the problem of finding the spin-polaron
states and the spectrum of Fermi excitations can be solved in the single-hole approximation.

Because we consider the energy structure of the spin-polaron excitations in the case where the localized-
spin subsystem exists in the state of a quantum spin liquid, it seems natural that the spin—spin correlators
significantly affect the final result. In this case, this theory involves the coupled spin—spin correlators C)
with 7 = 1,2,3,4 and j = 6 and the three-site correlators. But the three-site correlators are equal to zero
in a spin liquid. Spin correlators with a large number of sites do not arise in the considered approximation.

5. The role of distant spin-correlated hoppings

In this section, we discuss the problem related to the presence of spin-correlated hoppings between
the Wanier lattice sites from the distant coordination spheres in the complete effective Hamiltonian. The
importance of the spin-correlated hoppings of oxygen holes between sites located at large distances is
demonstrated by the example of calculating the spectrum of Fermi excitations. At first sight, it can
naturally be expected that because the effective hopping integrals decay relatively rapidly as a result of
the multiplicative factors s, and s,,, hoppings between the sites from distant coordination spheres give a
small contribution to the energy spectrum. In fact, as follows from further considerations, this is far from
true, primarily because the number of the sites to which a hole can hop also increases as the radius of the
coordination sphere increases. These conclusions serve as the basis for the study, and we present the results
of this study below.

First, we present the results of calculating the spectrum of Fermi excitations according to generalized
Kondo lattice model (16). In Fig. 1, the bold solid line corresponds to the branch of the spin-polaron
excitations Egp(k), which is obtained from the solution of the dispersion equation |w — D(k)K (k)| = 0.
This solution corresponds to the lower of the three branches of the energy spectrum (see the inset in Fig. 1).

The thin solid line is constructed for Hamiltonian (17) of the reduced Kondo lattice model; only
hoppings between nearest neighbors are taken into account in the Hamiltonian. In each of these two cases,
the same basis of the three operators (18) with the corresponding matrix elements K;; and D;; is used.
It can be seen that in the direction I'-M, the thin solid curve has a minimum in the vicinity of the point
(w/2,m/2) of the Brillouin zone, and the width of the band of the spin polarons does not exceed 0.2eV.

It follows from a comparison of the two mentioned curves that despite the presence of the majorant
factors s, and s,,, taking distant hoppings into account substantially changes the characteristics of the
spin-polaron band, leading to five-fold increase (nearly an order of magnitude) in its width. This implies
that neglecting distant hoppings leads to a large error in the effective mass of the Fermi carriers, which has
a primary importance for the kinetics and low-temperature dynamics of cuprate HTSC.

We note that the spin-polaron spectrum for the complete Kondo lattice model (16) was previously
calculated in [28], [30]. In this case, the Hamiltonian is written in form (5), and to calculate the dispersion
curves, we used a set of basis operators different from (18):

_ _ - 1 .
Aife =Pr+sor Azfo =Dpvs,00 Aspe =, > (8§69, +s0n- (20)

9,01,
The spin-polaron spectrum obtained in [28], [30] is shown in Fig. 1 by the dashed line.
It can be seen that the bold solid curve and the dashed curve, calculated for the same Hamiltonian (16)
but using different basis operators (18) and (20), exhibit a good coincidence. The bold solid curve has a

minor energy gain because basis (18) takes more spin—charge degrees of freedom into account than basis (20)
does. Indeed, the spin—charge correlations are included in two sets, Asy and Asy, of basis operators in
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Fig. 1. Dispersion curves of the lower band of spin-polaron excitations for the three effective Hamil-
tonians of the three-band Emery model: the bold solid curve is calculated for the complete Kondo
lattice Hamiltonian (16), the thin solid curve corresponds to Kondo lattice model (17) with distant
hoppings omitted, and the dashed curve corresponds to spin—fermion model (5). The calculations
were performed with the model parameters 7 = 0.47eV and n = 0.52. For simplicity, I = 0. The
values of the pair spin correlation functions were chosen as C; = —0.255, C2 = 0.075, and C3 = 0.064;
all Cj for j > 3 are zero. The symmetry points of the Brillouin zone have the coordinates I' = (0, 0),
M = (m,7), X = (7,0), and X’ = (0, 7). The inset shows the dispersion curves describing all three
solutions of the cubic dispersion equation |w — DK | = 0 for Hamiltonian (16) of the Kondo lattice
model in basis (18). The lower curve coincides with the bold solid curves in the main plot. The

horizontal dashed line in the inset shows the position of the energy level of the inactive ¢ orbital.

basis (18) and in the single set A3 # in basis (20). In this case, in contrast, purely charge degrees of freedom
are included in the two sets A;; and Aay of operators in basis (20) and in the single set A in basis (18).
But in the absence of direct p—p hoppings and with the condition €,q > t,q taken into account, the last
fact does not provide any benefits in favor of basis (20).

In the inset in Fig. 1, the solid lines shows all three dispersion curves corresponding to the complete
Kondo lattice model (16) and calculated with three basis operators (18). The horizontal dashed line
corresponds to the energy of the inactive 1 orbital. It can be seen that the lower spin-polaron band is

separated from the bare energy ¢, of the oxygen p orbitals (here, assumed to be zero) downward by a value
of about 3eV.

6. The role of direct oxygen—oxygen hoppings

An important feature of the hole spectrum for cuprate HT'SC is the existence of the absolute minimum
in the vicinity of the point (7w/2,7/2) of the Brillouin zone. The dispersion curves in Fig. 1 show the
minimum only in the direction I'—M, but not in the direction M—M’. This “incorrect” behavior is related
to our neglect of the direct p—p hoppings in constructing effective Hamiltonian (16). Taking these hoppings
into account is likely to lead to renormalizing the tunneling integral ¢, between nearest neighbors and also
to initiating new hoppings between distant cells with a rate rapidly decaying with distance.

As an example, we consider the hopping between the next-nearest cells with the tunneling integral ¢4,
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Fig. 2. (a) Spectrum and (b) spectral intensity of the lower band of the spin-polaron states calculated
with hopping of quasiparticles between the next-nearest cells taken into account (see (21)): solid lines
correspond to complete Kondo lattice model (16), and dashed lines correspond to reduced Kondo
lattice model (17). In both cases, three basis operators (18) are used. The tunneling integral is

tqs = 0.05eV. The other model parameters have the same values as in Fig. 1.

which is the largest of the initiated hoppings. The corresponding kinetic-energy operator

=10 S 0hbrian 1)

f.d,o

should be added to Hamiltonians (16) and (17). In this case, each matrix element D;; of the energy matrix
is additionally renormalized by

td = ({[Airo. 1, AT 1), 1,5 =1,2,3.

'yt ko

Calculating the matrix elements tfj = t?i gives the relations

tl = —4tayar, tl, =14y =0, 19y = —4tqCoyor, t9; = —8ta(Ciy1x + Cayar),

22)
3 (
t4y = —8tq <4 + 3Cav21k + 2C37y31 + Csysi + 07771@)7

where 51, = cos 2k, cos 2k, and 7, = (cos k; cos 3k, + cos 3k, cos ky) /2.

In Fig. 2a, the solid line depicts the spectrum of spin polarons calculated with three basis operators (18)
based on complete Hamiltonian (16) of the Kondo lattice extended by adding the operator ¢, which takes
hoppings to the next-nearest cells into account. The dashed line shows the spin-polaron spectrum of reduced
Kondo model (17) obtained with the same basis (18) with the hopping operator #¢ taken into account.

Comparing these curves with the similar dependences in Fig. 1 shows that taking the p—p hoppings into
account leads to a minimum in the spectrum of Fermi spin-polaron excitations developing in the vicinity
of the points (£7/2,+7/2) of the Brillouin zone in the directions I'-M and X-X'. This is important
and is responsible for the existence of small hole pockets at these points that are observed in the angle-
resolved photoemission (ARPES) experiments with weakly hole-doped copper-based HT'SC. This evolution
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of the Fermi surface with doping of the compound Las_,Sr,CuOy in terms of the projection method was
studied in [30]. The resulting Fermi surfaces and the dependences of the Fermi momentum on x show a
fair agreement with the results of ARPES measurements [31].

Figure 2b shows the dependence of the residues z((i)l)(k) of the Green’s function G11(k,w) on the wave
vector k . These residues determine the contribution of “bare” hole states to the lower spin-polaron state
for each k. It can be seen that in the case of complete Kondo lattice Hamiltonian (16), the contribution
of “bare” holes to the spin-polaron state becomes zero at the I point of the Brillouin zone. This behavior
fully agrees with the results of calculating z((ll)l)(k) using spin—fermion model (5) with basis operators (20)
in [32], [33]. But this behavior is not reproduced for reduced Hamiltonian (17). In this case, as follows from
Fig. 2b, the residue of the Green’s function z((i)l)(k) does not vanish at the I' point of the Brillouin zone.
This also demonstrates the importance of taking the distant spin-correlated hoppings into account.

7. Conclusion

We have demonstrated a regular way to obtain an effective low-energy Hamiltonian for the three-band
Emery model. The main conclusion form the presented consideration is related to the statement that the
effective low-energy model of the electron structure of the CuOs plane is a generalized model of the regular
Kondo lattice. Its most important feature is the presence of effective spin-correlated hoppings of fermions
between sites of the Wanier lattice from distant coordination spheres.

For the obtained generalized Kondo lattice model, we analyzed the role of distant spin-correlated hop-
pings. Based on a comparison of the dispersion curves of the spin-polaron spectrum and the spectral density
of “bare” holes calculated for complete generalized Kondo lattice model (16) and its reduced version (17),
we clearly demonstrated the essential role of distant spin-correlated hoppings. In particular, we showed
that taking these interactions into account leads to a significant (five-fold) increase in the width of the
spin-polaron band and also an additional decrease in the minimum energy of the spin-polaron quasiparticle.

We analyzed the role of the direct oxygen p—p hoppings and showed that these hoppings must be taken
into account to reproduce the experimentally observed minimum of the dispersion law for spin-polaron
excitations at the points (£7/2,£7/2) of the Brillouin zone.

We note that in the framework of the ordinary Kondo lattice model for doped two-dimensional AFM,
the pseudo-gap behavior of the spectral function of current carriers and the anomalous temperature behavior
of the kinetic coefficients was previously considered in [34], [35]. But those studies contained an essential
deficiency related to ignoring the processes of the motion of holes with a spin flip. As a result, to achieve
a satisfactory agreement of the theory and experiment, it was necessary to artificially introduce additional
hoppings on the first three nearest neighbors for the bottom of the bare band (i.e., without spin interactions)
to be located near the boundary of the magnetic Brillouin zone. This problem does not arise if Kondo lattice
model (16) obtained here is used to describe the spectral characteristics of the cuprate HTSC.

Appendix

The matrix elements D(k) and K (k) calculated using reduced Hamiltonian (17) of the Kondo lattice
with three basis operators (18) have the forms (D;; = Dj;, K;; = Kj;)

3
K =1, K3 =Ki3=0, Koy = R K3 = 4C 1y,
K33 = 3 4 8Cayar + 4C373k;
3
Dy =¢p +4t,(1 —v1k), Dz = 8J¢—d+t30(3+401)71k,
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3
D3 =2Jy_qCry1k + 4t;c< + 40173, + 2Coy2r, + Cg’ng),

) 4 , (A1)
Doy = 4(Ep + 4tg) - 4t901"/1k - 8J¢,d - StZCnylk,
Dasg = (ep + 4tg)4C 171k — ty(3 + 8Cavar + 4C3731) —
3
—2J4-aCryix — 4t° <4 — C1 4 2Coya + CB’Y%),
D3s = (e + 4ty) (3 + 8Cav2k + 4C3731) — 4tg(9C171k + 6Csyar + Cover) +
+ 2J¢,dCl — 32t300171k7
where the functions ;i (j = 1,2,3,4,6) are the invariants of the square lattice,
cos k; + cos ky cos 2k, 4 cos 2k,
Yk = 9 , Yor = cos k, cos ky, Y3k = 9 ,
cos 2k, cos ky + cos 2k, cos k, cos 3k, + cos 3k,
Vak = 2 ) Y6k = D) .
To derive expressions (A.1), we use the relations (S, = 3 S25%)
<§m§n> = Cmfna <§f§m§n> = _5f7mcf7n - 5m7ncffm + 5f,anfm7
which hold in the SU(2)-invariant spin-liquid phase, and also the identity
1
;sfnsfmzémm— 4;5(m—n—g), (A.2)

where the vectors f, n, and m range all the sites of the sublattice of copper ions and the vector g takes the
four values (+a,0) and (0, +a).
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