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The one hole spectrum e (k) in the CuO; plane is studied in the framework of the magnetic polaron approach on the basis of the

two-band Hubbard model. The manifested strong temperature dependence of the spectrum (k) is connected with the tempera-
ture behavior of the spin correlation functions. It is also shown that for an accurate description of the lowest band bottom position

it is important to take into account the dependence of the hop

Zhang-Rice site basis.

1. Introduction

Up to date much theoretical work has been per-
formed in order to study the spectrum of electrons
whose motion depends on the localized spin state.
The case of the two band strong coupling model is
an example of such a system [1]. As it is known, this
model is used for the explanation of the properties
of CuO, planes in high-T, superconductors (HTSC).
The hole Hamiltonian of this model is [2]

A=T+J ¥ SpSe, (1)

(R.R’>

T= r X [t(1- Oa1.02901,02) ]

XZ$IQC;+¢2,02CR+ll,d] s
a,a;=ta,, ta, 1=1¢€y. (2)

Here and below r=R+a are the four vectors of the
O sites nearest to the Cu site R (see fig. 1); the op-
erator C; creates a hole with a spin index o= + 1 at
the O site and Z§® is the Hubbard projection op-
erator which is introduced to exclude the doubly oc-
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ping amplitude on the hopping trajectory and to extend the simplest

Flg. 1. The structure of the CuO, plane: (O) Cu sites, (®) O
sites, @, and a, are the O-site vectors in the unit cell.

cupied states of the Cu sites and describe spin flip on
them.

The first term T'in (1) describes the effective hole
hopping from O to O sites through the intervening
Cu sites. It can be obtained within the perturbation
theory in t/€,q < 1 from the site Hamiltonian which
is characterized by the Cu and O hole levels €5 and
€ (€pa=€,—€53>0), by the NN Cu-O hopping ¢, and
by the intrasite Hubbard repulsion energies U, and
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U,, respectively. We put Ug=co as the largest energy
parameter and consider the case U,=0.

The second term in Hamiltonian (1) describes the
antiferromagnetic (AFM) exchange interaction J>0
between nearest copper sites with spins S=14.

It is known, that in the case of Hamiltonian (1)
the hole wave function should be described in the
framework of the magnetic polaron approach [3].
The role of exchange interaction is to stabilize the
size of the polaron and if J>0.27, then one can con-
sider only the small radius polaron [4]. Thus, fixing
the size of the polaron it is possible to describe the
polaron motion only through the hopping Hamil-
tonian T (2).

In this paper we study the spectrum ¢, of a small
radius magnetic polaron on the background of a
strongly correlated magnetic subsystem state |G>. It
is assumed that |G) is the RVB type singlet state
with zero average spin on each site and spherically
symmetric spin correlation functions [5].

Section 2 of this paper is devoted to the study of
the temperature dependence of the hole spectrum.
The spectrum should essentially depend on the spin
correlation functions and as they change with tem-
perature increase, one obtains the temperature de-
pendence of the polaron spectrum. In this section we
also consider the importance of the extension of the
basis functions for a correct ¢, description.

In section 3 we study the fine structure of the €
spectrum which arises from additional real details of
the accepted model. In particular, we take into ac-
count the dependence of the hole hopping amplitude
on the hopping trajectory.

The conclusion contains a brief summary of results.

2. Temperature dependence of the magnetic polaron
spectrum

In this section we study the dependence of ¢ on
the temperature behavior of the spin correlation
functions.

The simplest approach to the magnetic polaron
description uses the site wave function, which is
analogous to the Zhang-Rice polaron [3],
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or=14 Z

&= tax,tay

—CR+a-1Z27)IG) . (3)

(C;+l,+lzi—

Having chosen the ground state and using the vari-
ation method one can obtain the following expres-
sion for the ¢, spectrum,

&=\ Tlo>/{OxlOx »

Ok = ;eik'R¢R9 < >"=‘<G| |G> >

= — 4T+ 1+1Ay,. [—4dp+B(yi—1})

+ (Cry—Cax) cos(2k,.a) cos(2k,a)], 4)
where
75 =} [cos(2k.a) + cos(2k,a)] . (5)

As can be seen from (5) the expression of the €
spectrum explicitly contains the spin correlation
functions (6) between the first, second and third
nearest neighbors,

A=4+C,, B=4(1+1Cx-C),
G =<Su'Sn+2¢i>a Ci+j=<su'sn+24lj+2¢i> ’
a#—a, a,a==%a,ta,. (6)

In this section we use the simplest approach and put
Cyx=Cr4+,=C; [6]. In this case the ¢ spectrum de-
pends only on y, [4],

T
1+Ay:

& =—41+ [—4A)’k+B(}'i“i)] . (7
The spin correlation functions of the CuO, plane are
usually described in the framework of the =4 AFM
two-dimensional Heisenberg model on the square
lattice [7]. At low temperatures the spin correlation
functions have an AFM character and strive for their
paramagnetic limit with temperature increase [8].
For an accurate utilization of these properties we
chose the RVB type spherical symmetric |G ) state
as the ground state. The numerical values of the
coefficients C, and C, at zero temperature can be
calculated by different methods and their behavior
in a wide rang of temperatures was obtained in ref.
[9], which results we will use. The typical values
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C,=~-0.35 and C;=0.22 indicate strong AFM cor-
relations in the copper subsystem at low tempera-
tures. This results in a small value of the y, term in
(7) compared with the p; term, as |A4[=~0.]
<« B~=2.33. The coefficient 4 of the linear term is
proportional to the amplitude of hopping between
different copper sublattices and the coefficient B is
proportional to hopping in the same copper sublat-
tice, though in reality there are no sublattices in the
spherical symmetric |G) state. Thus, due to the
magnetic correlations, the polaron mainly moves
along one of the sublattices. Let us mention, that in
the case of a [|G) state with two sublattices (Néel
type) the spectrum €, would contain only even de-
grees 72". This would lead to the symmetric location
of equienergy lines relative to the magnetic Brillouin
zone boundary. The RVB type ground state elimi-
nates this degeneracy.

The bottom of the ¢, spectrum band coincides with
the line y,= const, For the above values of the coef-
ficients C; and C, (low temperatures) the ¢, spec-
trum minimum is represented in fig. 2 by line 1. This
line is located near the magnetic Brillouin zone
boundary and is defined by the equation y,= —0.071.
For the typical doping value x=0.2 for La,_,Sr,CuO,
one of the Fermi surface sheets is located close to the
Van Hove points X - the corners of the magnetic

0 T K
Za
Fig, 2. The position of the ¢, (5) band bottom in the first quad-
rant of the Brillovin zone at different temperatures is shown by
the lines: (1) T/J=0 (C,=-0.35, C,=0.22); (2) T/J=1
(Ci=-0.22, C,=0.09) and (3) T/J=c0 (C, =0, C,=0). The
complete and magnetic Brillouin zones are shown in the inset.
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Brillouin zone. Then the density of states has sin-
gularities near the bottom of the band and near these
Van Hove points. This circumstance gives the foun-
dation for superconductivity in a 2D system with
nesting and nonmonotic T, behavior on doping and
applying pressure [10].

In fig. 2 lines 2 and 3 represent the location of the
€z band botlom for the correlation functions
Ci=~0.22, C;=0.09 and C,=0, which have the
temperatures T7/J/=1and T/J=co [9]. It can be seen
that the temperature increase leads to the shift of the
band bottom lines to point I". Then it turns out that
the equienergy lines corresponding to the Fermi sur-
face with fixed hole hopping, change their curvature.
With temperature increase the Fermi surface lines
have the tendency to cross the magnetic Brillouin
zone boundary and move away from the Van Hove
points. In particular the Fermi surface at high tem-
peratures 7= J coincides with two lines close to a
circumference with the center in the point I,

Let us consider the simplest extension of the basis
of trial functions from the Zhang-Rice (3) polaron
up to the six following functions,

Pk=(CRiant1Z8 —Chean 1 ZE )G,

P2 =(CRiay+1ZR ™ ~Ciia, 1 ZE7)IGD,

P2 = (CReat 1 Ziirae=Chiar-1 Z820) |G,
02 =(Chiu 1 ZR 20y = Chirap—1 ZE52a) IGD, .
Pr=CRren+11G), 95=Ciia,411G) . (8)

The set of functions (8) preserves the small radius
of the polaron and describes the state of the system
with the whole spin and its projection equal to 3.

In the same way as above the hole spectrum &, can
be obtained by transformation to the momentum
representation and by solving the appropriate secu-
lar 6 X 6 equation for Hamiltonian T (2). We are in-
terested in the behavior of the lowest band, which is
analogous to the behavior of the spectrum ¢, (7). It
appears, that in the limit case T=0 the spectra &, and
€, are indistinguishable.

But in the paramagnetic limit (C,=C,=0) the
spectrum &, qualitatively differs from the spectrum
€. The spectra ¢, and &, are both shown in fig. 3 in
the direction /"M. As is seen the bottom of the spec-
trum & is degenerated in the point I, that is the cen-
ter of the Brillouin zone. This means that under small
doping the Fermi surface consists of one line (not
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eﬂ 4 T= z (Tlxaﬂ,—az +tx+y5411.¢z
Rayaz
01,02
~20 1 +Toéal,azam,—az)Zlallazc;+¢2,trzck+ﬂ,m ’ (9)
where 1, is the amplitude of hole spin variation in
3.0 1 one si}e. We denote 1,,=1; and T,4,=T1,+0t. The
behavior of the spectrum near the bottom of the band
weakly depends on 7, and below we put 7,=1,. As it
-4 - was mentioned before, in the case of low tempera-
tures we can restrict the analysis to the minimal set
of trial functions — the Zhang-Rice polaron. Then

M /G

Fig. 3. The spectra ¢ (7) and & are shown in the I'M direction.
Lines (1) and (2) correspond to the spectrum ¢, in the cases
T/J=0 and T/J=co and the lines (3) and (4) accordingly to
the spectrum g,.

two as in the ¢ case) close to the circumference.

Thus, at low temperatures the Zhang-Rice pola-
ron (3) correctly describes the behavior of the low-
est band of the ¢, spectrum, but in the paramagnetic
limit one should use the extended basis of wave
functions (8).

3. Influence of the model details on the spectrum €,

In this section we study the influence of realistic
model details on the magnetic polaron spectrum. We
will restrict our consideration to the “low tempera-
ture” range 7< 0.3/~ 300 K (the typical value of the
intraplane AFM exchange parameter J for HTSC is
about 1000 K). As mentioned in section 1 Hamil-
tonian (2) takes into account the first term in the p-
d hybridization parameter t. Consideration of the
higher order terms in the ¢/€,4 expansion must lead
to the dependence of the hopping amplitude on hop-
ping trajectories. This means that in Hamiltonian (2)
the amplitude of hole hopping between the oxygen
sites R+a, and R+a, (7.+,) should differ from the
amplitude of hole hopping between R—a, and R+a,
(72,) sites. The same effect must occur if we allow
for d-p hybridization between distinct Cu-O site or-
bitals or direct O-O hopping. Then the hopping
Hamiltonian should be
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we obtain the spectrum €,
€x=6+20t{—1+[—An
+B/4 cos(2k.a) cos(2k,a)}/(1+An)}.
(10)

This spectrum has a more complex dependence on
(k, k,) than € (7). The equienergy lines for €} are
shown in fig. 4 for two different cases: (a) 87<0 and
(b) 81>0.

As it can be seen from fig. 4 in case (a) there is
a minimum near the equivalent points Q (points N).
Then for small doping the Fermi surface must have
a hole character (Ry>0). If the concentration of
holes increases, the Fermi surface transforms into two
lines, qualitatively close to those of the spectrum ¢. -
The the variation of the curvature of the lines should
lead to the decrease of Ry observed in the experi-
ments [ 11]. The calculation of the effective hopping
amplitude in the framework of the singlet-triplet
model actually leads to the estimates 7,4, <7, [12].
Let us emphasize that the whole amplitude of the hole
hopping from the R+a, to the R+a, site is 21,,, as
there are “two ways” of hopping over two different
copper sites.

The analogous position of the minimum near the
Q point was obtained in the framework of Hamil-
tonian (2) taking into account direct O-O hopping
between nearest O-neighbors [4]. Concrete consid-
eration of p—p orbital hybridization in the CuO, sys-
tem leads to such a sign of the direct O-O hopping
term which decreases effective the amplitude 7,4, in
comparison with t,,.

We can also mention the well-known correspond-
ence between the spectrum in fig. 4a and the spectra
of the ¢-J and t-J-J models [13].
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Fig. 4. The equienergy lines with the intervals Ae/7,,=0.04 and
the position of the band bottom for the spectrum €; (10) are
shown for (a) Te4y/7T2x=0.7and (b) 7,4,/ T2,=1.3.

As can be seen from fig. 4b in the case 87> 0 the
spectrum has four minima in the equivalent points
R on the Brillouin zone boundary.

In our previous discussion we assumed C,,,=C,,.
In reality, calculations of these correlation functions
in the spherical symmetric model at 7=0 lead to the
values C,,,=0.23>C,,=0.20 [9]. This circum-
stance in the framework of Hamiltonian (2) leads to
a spectrum qualitatively analogous to spectrum (10)
in the case 87>0 (fig. 4b).

Thus, there are two main factors in this model
which proceed from different tendencies: the differ-
ence of the hopping amplitude 7,,,<1,, promotes
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formation of minima in points like N and the dif-
ference between correlation functions ~ in points like
R. In reality, the factor which leads to the formation
of minima in points of type N should predominate
if we take into account finite hole concentration.
As is known finite hole concentration actually leads
to frustrations in the spin subsystem [14]. Then, the
existence of frustrations leads to an essential de-
crease of the correlation function C,,, in compari-
son with C,,. The calculation within the framework
of the spherical symmetric model with the frustra-
tion parameter a=J,/J,~0 (J; and J, are the AFM
exchange interaction between NN and NNN Cu
sites) gives Cy.,=C,, [15]. So the factor which leads
to the shift of the minimum to point R disappears.
So in the real situation of finite doping one can ex-
pect the existence of a minimum in the N type points.

4. Conclusion

In conclusion let us formulate the basic results ob-
tained for the small radius magnetic polaron
spectrum.

The temperature behavior of the spin subsystem
correlation functions can essentially change the hole
spectrum. The bottom of the lower band at low tem-
peratures lies close to the magnetic Brillouin zone
boundary and, then, near the points X which are re-
sponsible for the Van Hove singularities. In the high
temperature limit the bottom of the band coincides
with the center of the Brillouin zone. The Fermi sur-
face curvature changes with temperature. In order to
describe properly the spectrum in the paramagnetic
limit one should use an extended basis of site func-
tions, but not the simplest Zhang-Rice approach.

In the low temperature interval it is very impor-
tant to take into account the dependence of the hole
hopping amplitude on its trajectory. This circum-
stance leads to the formation of a local minimum near
the Q point k=(n/4a)(*1, *1). So, our consid-
eration shows that the detailed elaboration of the ini-
tial Hamiltonian is very important for the accurate
description of the lowest band of the magnetic po-
laron spectrum on the CuQ, plane.
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