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Spectral function of small spin polaron in two-dimensional spherically symmetric
antiferromagnetic state
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The spectral densityAp(k,v) of a small spin polaron in the CuO2 plane is calculated in the self-consistent
Born approximation within the framework of the three-band model. It is shown that the spin polaron is a good
quasiparticle excitation for this model.Ap(k,v) demonstrates small damping in contrast toAh(k,v) for a bare
hole, and the lowest boundaryvp,min of Ap(k,v) lies much lower thanvh,min for Ah(k,v). The quasiparticle
peak dispersion reproduces the flat region near the band bottom that is characteristic of the bare polaron
spectrumVk . The spherically symmetric approach is used for description of spin excitations. It makes it
possible to consider the quantum antiferromagnetic background without the spontaneous symmetry breaking
and the unit cell doubling.@S0163-1829~97!04404-4#
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Up to date much theoretical work has been devoted to
problem of a hole motion in two-dimensional~2D! s51/2
quantum antiferromagnetic~AFM!.1 The important question
is whether a hole injected in the undoped ground state
haves like a quasiparticle~QP!. This problem is mainly in-
vestigated within the framework of thet-J model2–7 and
there are rather few works devoted to the three-band H
bard model or the Emery model8,9 that is more realistic for
CuO2 planes in high-Tc superconductors~HTSC!. For the
t-J model it was shown that the spectral density funct
Ah(k,v) of a doped hole revealed a QP peak of intens
Zk'J/t and a broad incoherent part that has a width of ab
6t–7t. The QP band bottom corresponds to the mome
k15(6p/2,6p/2). Similar results were obtained for th
Emery model.11–13 The presence of a great incoherent p
and small intensity of QP peak indicate that bare holes
rather poor elementary excitations even fork close tok1.

The elementary excitations in the CuO2 plane are known
to be described within the framework of the spin polar
concept. In the Emery model the mean-field spectrumVk of
a bare small spin polaron demonstrates a flat band re
close to the magnetic Brillouin zone boundary.14 This region
corresponds to the bottom of the band and it arises due to
hole moving in the antiferromagnetic background.

In the present paper we study the spectral density func
Ap(k,v) of a small spin polaron in the Emery model treati
the coupling to spin-wave excitations within the se
consistent Born approximation~SCBA! for the correspond-
ing two-time retarded Green’s functionG(k,v). We show
that ~i! for the flat band region the QP peak of the spec
density functionAp(k,v) is close to the bottom of the bar
polaronVk band and reproduces this flat region;~ii ! the in-
tensity of this peak is much higher and the damping mu
lower compared to the corresponding peak ofAh(k,v) for a
550163-1829/97/55~7!/4015~4!/$10.00
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bare hole;~iii ! the lowest boundaryvp,min of Ap(k,v) lies
much lower thanvh,min for Ah(k,v). The distinctive feature
of our investigation consists in considering the AFM copp
spin subsystem in a spherically symmetric approach.15,16

Such an approach is the most appropriate for considering
quantum two-dimensional~2D! AFM at any finite tempera-
ture. As a result the scattering of a spin polaron by s
excitations in the singlet spin background leads to the sp
tral function periodicity relative to the full Brillouin zone
Note that the conventional two-sublattice spin approa
leads to periodicity relative to the magnetic~reduced! Bril-
louin zone.2–7,12

Following Refs. 8, 14, and 9 we adopt the Hamiltoni
that corresponds to one-hole problem in the CuO2 plane in
HTSC:

Ĥ5t (
r,a1 ,a2 ,s,s8

cr1a1 ,s
† cr1a2 ,s8S 12 dss812sss8Sr D

1
J

2(r ,g SrSr1g , ~1!

a1 ,a256 1
2gx ,6

1
2gy ,g56gx6gy .

Here and belowgx,y are basic vectors of a copper squa
lattice (ugu[1), r1a are four vectors of O sites nearest
the Cu siter , the operatorcs

† creates a hole with the spi
index s561 at the O site,sss85

1
2sss8, operatorS repre-

sents the localized spin on the copper site.
It is well known that the most prominent feature of th

Hamiltonian~1! is that the low-energy physics of hole exc
tations is described by the Bloch sumsBk,s† based on one site
4015 © 1997 The American Physical Society
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small polaron operatorsBrs† ~the analogous of the so-calle
Zhang-Rice singlet in CuO4 plaquette!

10,14

Bk,s† 5
1

ANKk
(
r
eik•rBr ,s† , ~2!

Br ,s† 5
1

2(a ~cr1a,s
† Zr

s̄ s̄2cr1a,s̄
1 Zr

ss̄ !, ~3!

Kk5K 1N(
r ,r8

e2 ik~r2r8!$Br ,s ,Br 8,s
† %L 511~Cg1 1/4!gk .

Here $,%,@ ,# stand for an anticommutator and commutat
respectively;s̄52s; Zr

s1s2 are the Hubbard projection op
erators for Cu sites states; gk5

1
4(gexp(ik•g);

Cr5^S0•Sr&. Let us recall that in the spherically symmetr
approach adopted here^Si

aSj
b&5dab^Si

aSj
a&5 1

3^Si•Sj&. Note
that Bk,s1 uL& corresponds to the CuO2 plane state with the
total spin equal to12 if uL& is the singlet state. We trea
Bk,s† as a candidate for the elementary excitations oper
and calculate the corresponding two-time retarded Gre
function G(k,v) and spectral density Ap(k,v)
52(1/p)ImG(k,v1 i01),

G~k,v!5^Bk,suBk,s† &v

[2iE
t8

`

dteiv~ t2t8!^$Bk,s~ t !,Bk,s† ~ t8!%&. ~4!

The Dyson’s equation forG(k,v) has the form

G21~k,v!5G0
212S~k,v!, S~k,v!5^Rk,suRk,s

† &~ irr!,
~5!

where

G05~v2Vk!
21,

Rk,s5@Bk,s ,H#5
1

ANKk
(
r
e2 ik•rRr ,s , ~6!

Rr ,s524tBr ,s1Rr ,s
t 1Rr ,s

J , ~7!
,

or
’s

Rr ,s
t 52

t

2
sS (

g,a,s1
s1Zr

s̄s1cr1g1a,s̄1

2 (
g,a,s1 ,s2

s2Zr
s̄s1Zr1g

s1s2cr1g1a,s̄2D , ~8!

Rr ,s
J 5

J

4
sS (

g,a,s1 ,s2
s1~Zr

s̄s2Zr1g
s2s̄12Zr1g

s̄s2Zr
s2s̄1!cr1a,s1D

Vk5^$Rk,s ,Bk,s† %&5~tQt1JQJ!/Kk, ~9!

Qt~k!52
7

2
28S 141CgDgk1S 182Cg1

1

2
C2gDg2k

12S 182Cg1
1

2
CdDgdk ,

QJ~k!5Cg~gk24!,

^RuR&~ irr!5^Rk,suRk,s
† &2^Rk,suBk,s† &

3
1

^Bk,suBk,s† &
^Bk,suRk,s

† &. ~10!

Here and belowd5gx1gy , gdk5cos(kxg)cos(kyg).
We see from Eqs.~5! and ~10!, that the self-energy

S(k,v) accounting for interaction effects is express
through the higher-order Green’s functions. One should
tice, first, that the terms linear inBk,s do not contribute to the
irreducible Green’s function~10!. Second, the lowest-orde
self-energy contribution is provided by the first term in t
right-hand side of the expression~10!, while the second term
leads to higher-order corrections. Following Ref. 7 we eva
ate ~10! with a proper decoupling procedure for two tim
correlation function^Rk,s(t)Rk,s

† (t8)&. This procedure is
equivalent to the self-consistent Born approximation~SCBA!
in a usual diagrammatic technique.7 In our case this mean
that the two time correlation function is decoupled into t
spin-spin correlation function and the polaron-polaron cor
lation function. The adopted decoupling procedure preser
the main character of polaron site operator~3!—four hole
site operators surround the copper spin operator and it s
matically has the form
K Zr1~ t !S (a1 cr21a1
~ t !Zr2~ t ! D S (a2 Zr3~ t8!cr31a2

† ~ t8! DZr4~ t8!L .K S (
a1

cr21a1
~ t !Zr2~ t ! D S (a2 Zr3~ t8!cr31a2

† ~ t8! D L
3^Zr1~ t !Zr4~ t8!&. ~11!
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Let us mention that we also tested the more complex dec
pling procedure, and it did not qualitively alter the resu
given by approximation~11!. On the next step we projec
polaron operators in Eq.~11! ontoBks :

ci~ t !Zj~ t !.jBks~ t !, j5^$ci~ t !Zj~ t !,Bk,s† %&. ~12!

The resulting correlation functions may be expressed thro
G(k,v) and the spin excitation Green’s function15,16

D~q,v!5
1

N(
r ,r8

eiq~r2r8!^Sr
zuSr 8

z &52
8JCg

3

12gq

v22vq
2 ,

vq
25232Ja1Cg~12gq!~2D111gq!; ~13!

here we neglect the influence of doped holes on spin dyn
ics and take the spin spectrum parameters calculated in
15 ~the vertex correctiona151.7, the spin excitations con
densation partm250.0225).

Finally, we come to the well-known integral equation f
the Green’s function that always arises within the framew
of SCBA

G~k,v!5
1

v2Vk2S~k,v!
, ~14!

where

S~k,v!5N21(
q

M2~k,q!@~11nq!G~k2q,v2vq!

1nqG~k2q,v1vq!#. ~15!

nq51/@exp(bvq)21# is the Bose function andb is an in-
verse temperature.

M2~k,q!5
Kk2q

Kk
G2~k,q!

~24Cg!~12gq!

vq
, ~16!

G~k,q!5tGt~k,q!1
J

2
GJ~k,q!,

FIG. 1. Spin polaron spectral densityAp(k1 ,v),
k15(p/2,p/2), J50.7t ~thick solid line! andAh(k1 ,v) ~thin solid
line! schematically represents the spectral density for the bare
from Ref. 12. The position of the spectral density functi
A0(k1 ,v) peak for the bare~zero order! spin polaron Green’s func
tion G0(k,v) is represented by the vertical dotted line.
u-
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-
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Gt~k,q!54gk2q@~11gk2q!/2Kk2q21#,

GJ~k,q!54gqF S 342CgD 4gk2q

3Kk2q
21G .

G(k,q) corresponds to the bare vertex for the coupling b
tween a spin polaron and a spin wave. It is known17 that this
vertex is substantially renormalized forq close to the AFM
vectorq05(p,p). This renormalization is due to the stron
interaction of a polaron with the condensation part of s
excitations that must be taken into account from the v
beginning. As a result, the renormalized vertexG̃(k,q) must
be proportional to17 @(q2q0)

21Ls
22#1/2, Ls being the spin-

spin correlation length,Ls→` in our case of a long-range
order state of the spin subsystem. Below this renormaliza
is taken into account empirically by the substitution

G~k,q!→G̃~k,q!5G~k,q!A~11gq!. ~17!

The introduced vertex correction is proportional touq2q0u
for q close toq0. We have used also the following two func
tions for the vertex correctionA11gq

3 andA11gq
5 and have

obtained results similar to those presented below. Let
mention that the bare vertex leads the dramatic decreas
the QP bandwidth.

le

FIG. 2. Spin polaron spectral densityAp(k2 ,v)k2
5(0,0),J50.7t.

FIG. 3. Spin polaron spectral densityAp(k3 ,v) in k3
5(p,p),J50.7t.



u
d

Fi

n.

on

a

l

e

pi
n

g.
a

n

.
rg
t
ha
e

o

ol

by

-
in-

to

in

k

spin

all
m-
the
as

are

lu-
and
in
o-
the

ers,

ter

4018 55BRIEF REPORTS
We calculate the spectral densityA(k,v) atT50 by solv-
ing the self-consistent equation~14! on a 32332 site lattice.
A finite damping constant d50.01t is introduced,
v→v1id. Instead of the usual iteration approach for n
merical evaluation of Eq.~14! we use an alternative metho
based on the continued fraction expansion ofG(k,v).18 The
details of this procedure will be presented elsewhere. In
1 we show the spectral densityAp(k,v) for the value of
k15(p/2,p/2), which reproduce the low-energy excitatio
In Figs. 2 and 3Ap(k,v) is given for k2,35(p,p),(0,0),
which correspond to the top of the band. In these calculati
the characteristic value of energetic parameterJ50.7t is
taken. To compare our results with the results for the b
hole Ah(k,v) ~Ref. 12! is also given for k1
5(p/2,p/2),J50.7t in Fig. 1. The position of the spectra
density functionA0(k,v) peak for the bare~zero order! spin
polaron Green’s functionG0(k,v) is also represented in th
figures by the vertical dotted line.

As mentioned above, due to the AFM character of s
correlation functions, theVk demonstrates a ‘‘flat dispersio
region’’ close to the linegk,0,ugku!1.14 In particular, the
momentumk1 is related to this flat region. As seen from Fi
1, the spectral density function of this momentum has a sh
QP peak. Our calculation shows thatAp(k,v) for k deter-
mined by the equationgk50 are very close to the functio
given in Fig. 1. If we would considervp , corresponding to
the maximum of the peaks~analogous to the peak in the Fig
1! as the QP energy, then we can conclude that QP ene
also reproduce the flat region. This region also describes
bottom of the QP band. It may be seen from Fig. 1 t
Ap(k1 ,v) demonstrates much sharper QP peaks relativ
the results for a bare holeAh(k,v) in the t-J and Emery
models.4,12 For example, the pole strengthZp(k) @Zp(k) is
the area under the peak# for the QP peak of Fig. 1 equals t
Zp(k)50.82. The corresponding value forAh given by Ref.
12 is much smaller,Zh(k)50.25.

As may be seen from Figs. 2 and 3,Ap(k,v) for
k25(0,0) also demonstrate the QP peak with the p
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strengthZp(k2)50.35 in contrast tok35(p,p) where no
QP peak is observed. With the decrease ofJ value the lowest
onv peaks are preserved. The QP bandwidth determined
these peaks and the analogous peak fork15(p/2,p/2) is of
the order ofJ.

It is clear that for smallJ/t the concept of a small spin
polaron fails, and it is important to estimate the validity lim
its of this concept. Our calculations demonstrate that the
tensity of QP peaks and the structureAp(k,v) do not change
dramatically fork1, corresponding to the band bottom, up
J/t50.1. For example,Zp(p/2,p/2)'Zp(p,0)'0.50 at
J/t50.1. So theJ/t lowest boundary value of the small sp
polaron concept validity is lower thanJ/t50.1.

Figure 1,J50.7t, explicitly demonstrates the one-pea
structureAp(k1 ,v) in contrast toAh(k1 ,v). It is also impor-
tant that the bottom of our QP spectrum~value ofvp corre-
sponding to the center of the peak! vp,min523.52t is sub-
stantially lower thanvmin,h522.6t from Ref. 12~note that
our unit of energy is twice that of Ref. 12,t52t). This result
is a consequence of the fact that elementary excitation—
polaron of small radiiBk,s—from the beginning takes into
account the strong local hole-spin coupling.

To summarize, we have shown that spin polarons of sm
radius are good quasiparticles for realistic values of para
eters in the Emery model. This means, in particular, that
problem of superconducting hole pairing must be treated
pairing of these quasiparticles rather then pairing of b
holes.
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