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Structure of spin polarons in the spin-fermion model for CuO2 planes
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We investigate the spectral functions and various spin-correlation functions relative to the position of the
moving oxygen hole in the quantum Ne´el state formed by copper spins in CuO2 planes. Solving the problem
in a self-consistent Born approximation we have found the spectral functions with the sector of Zhang-Rice
states coexisting with higher energy oxygen states, which agree qualitatively with the experimental data in
insulating Sr2CuO2Cl2. The antiferromagnetic correlations are reduced in the neighborhood of the hole but
remain antiferromagnatic and the correlation functions can exhibit similar dipolar distortions as reported in the
context of thet-J model. The spectral weight of the quasiparticle decreases as 1/L with increasing size ofL
3L clusters for the realistic parameters, but remains finite in the thermodynamic limit of CuO2 planes.
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I. INTRODUCTION

The discovery of the high-Tc superconductors1 started in-
tense theoretical and experimental effort to describe the e
tronic structure of CuO2 planes of high-temperature supe
conducting oxides~HTSO’s!. It is a generally accepted view
that the detailed exploration of their normal phase proper
is vital for the explanation of the mechanism of superco
ductivity in HTSO’s. Recent angle-resolved photoemiss
spectroscopy ~ARPES! measurements2,3 of insulating
Sr2CuO2Cl2 showed a stronglyk-dependent low intensity
quasiparticle~QP! peak existing only for some momenta
the binding energy near 1 eV. As reported in the recent pa
by J. J. M. Pothuizenet al.3 these states can represent Zhan
Rice ~ZR! singlets.4 The singlet character of the lowest e
ergy electron removal states has been shown in the ex
ment by Tjeng et al.5 These experiments stimulate
theoretical investigations of the QP states in thet-J model
with extended hoppings,6–8 and using more realistic
Hamiltonians9–12 describing the motion of a single carrier
a two-dimensional~2D! antiferromagnet.

The t-J model, providing the simplest approximation
the low-energy electronic states of strongly correlated s
tems gives in presence of antiferromagnetic~AF! correla-
tions the spectral functions with a single QP peak with l
dispersion accompanied by a broad featureless incohe
background at higher energies.13,14 While the t-J model can
give only a generic description, the extendedt-t8-J ~Refs. 6
and 7! and t-t8-t9-J ~Ref. 8! models allow to reproduce th
dispersion of low-energy QP states in reasonable agreem
with the photoemission experiments. The effective para
eters t8 and t9 may be derived from the multiband tigh
binding models using either the cell method15 or the down-
folding procedure.16 However, these effective one ban
models are useful only for the low-energy phenomena
are not able to describe the higher energy states obse
simultaneously in HTSO’s.17

To calculate the spectral properties of the entire oxyg
PRB 610163-1829/2000/61~10!/6907~11!/$15.00
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like valence band we consider below a realistic char
transfer~CT! model which takes into account Cu(3dx22y2)
and all in-plane oxygen orbitals O(2ps , 2pp) playing a
dominant role in CuO2 planes. Thep-oxygen states~hybrid-
ized with thes ones! were included as they were also o
served with strong momentum dependence at higher ene
in the ARPES experiment by Pothuizenet al.3 Integrating
out thed10 upper andd8 lower band we derived in previou
papers12,18 an effective model for the planar oxygen state
however, only approximating the umklapp processes
splitting oxygen bands and not including thepp orbitals. As
we show below, the proper treatment of these processe
essential to obtain the spectral functions quantitatively co
parable with the results of ARPES experiments.3 Treating the
excitations of the spin system within the linear spin-wa
~LSW! theory we calculate the spectral functions in a se
consistent Born approximation~SCBA!.19,20This approxima-
tion proved to be surprisingly accurate for thet-J model,13,21

and gives also physically expected results for systems w
larger spinS51.22

Recently Reiter23 derived a wave function for a singl
hole in thet-J model to all orders in the number of excite
magnons in the AF background which is exact when n
crossing diagrams are included. With the help of the expl
form of the QP wave function corresponding to the SCB
we can gain more information about the character of the h
motion than revealed from the spectral functions. Here,
lean heavily on the work done in the context of thet-J and
t-Jz models by Ramsˇak and Horsch~see Refs. 24 and 25!.
They made a detailed investigation of various correlat
functions around the spin vacancy, finding that all pertur
tions introduced by a single hole in the quantum antifer
magnet decay at large distances following power laws w
dipolar or more complex angular dependencies. Similar st
ies of the deformation of the spin system for one26,27 or two
holes28 in the 2D quantum antiferromagnet were perform
by exact diagonalization of small clusters.

Whether the QP spectral weight remains finite in the
6907 ©2000 The American Physical Society
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6908 PRB 61JAN BAŁA AND ANDRZEJ M. OLEŚ
gime referring to underdoped HTSO’s approaching the th
modynamic limit is still a controversial issue. There are tw
different arguments against the QP picture:~i! Anderson29

argued that the QP weight has to vanish due to the existe
of the upper Hubbard band, while~ii ! Wenget al.30 claimed
that the QP description fails due to the phase-string eff
On the contrary, as shown in the context of thet-J model, a
spin-polaron picture can be obtained using a SCBA w
nonvanishing QP’s~see Ref. 13! in agreement with available
results from the finite-size exact diagonalizati
calculations.14,26,31

The paper is organized as follows. In Sec. II we pres
the effective model for the electronic states in CuO2 planes.
It serves to construct the Reiter wave function for an oxyg
hole dressed by spin-wave excitations. The resulting spe
functions and the behavior of different spin-spin correlat
functions in the neighborhood of the hole are calculated
discussed in Sec. III. A brief summary and conclusions
presented in Sec. IV.

II. MODEL HAMILTONIAN

The simplest realistic model which describes the ho
within the CuO2 planes of HTSO’s is the three-band mod
with Cu(3dx22y2) and O(2ps) orbitals.32 However, this
model is too oversimplified to describe correctly the expe
mental photoemission spectrum including the low-lying a
higher energy states. Thus we extend it here includ
O(2pp) in-plane orbitals. In the limit of weak Cu-O hybrid
ization (tpd) as compared with the Coulomb repulsive e
ergy at copper sites~U! and the CT energy (D), i.e., utpdu
!U and utpdu!D, we derive an effective Hamiltonian, fol
lowing the procedure described in more detail in Ref. 12

Treating perturbatively the virtual transitions from thed9

configurations at Cu sites to higher energyd8 ~low-spin 1E1
states! and d10 states, one finds that the electronic states
the CuO2 plane are described by the following effective sp
fermion model~more details on its derivation from the mult
band CT model may be found in Ref. 12!:

H5Hs1Hh
01Hh

J1Hh
AF1Hh2s . ~2.1!

It consists of the superexchange interaction between the
spins Hs , the direct oxygen-oxygen hybridization whic
leads to free hole hopping on the oxygen sublatticeHh

0 , the
effective oxygen hole hopping termsHh

J and Hh
AF , and the

Kondo interactionsHh2s between the oxygen holes and co
per spins. The latter coupling is responsible for the QP
havior of the oxygen holes at the new energy scale beca
they cause the dressing of the moving hole by
magnons.12

The Kondo interaction

Hh2s5(
imn

JKSi•smn ~2.2!

describes an effective coupling between the spins of lo
ized holes at copper sites,Si5(Si

1 ,Si
2 ,Si

z), and the spin
densitysmn at the neighboring oxygen sitesm and n of the
same Cu ion at sitei. The oxygen spin operatorssmn are
either local (m5n) or nonlocal (mÞn),
r-

ce

t.

h

t

n
ral

d
e

s
l

-
d
g

-

f

u

-
se
e

l-

smn
1(2)5ams,↑(↓)

† ans,↓(↑) ,

smn
z 5 1

2 ~ams,↑
† ans,↑2ams,↓

† ans,↓!. ~2.3!

ams,↑(↓)
† are hole creation operators in a 2ps orbital at sitem.

The localized holes occupy the 3dx22y2 orbitals, and due to
the local symmetry only theps orbitals communicate with
the Cu(3d) states. The Kondo interactions in Eq.~2.2! are up
to second order,33

JK52tpd
2 S 1

Ds
1

1

U2Ds
D . ~2.4!

Here we have simplified the notation and writeJK to repre-
sent the effective coupling element, whereas in the ac
calculations reported in this paper the sign of this elem
depends on the phases of two different oxygen orbitals
mÞn in Eq. ~2.2!. The first term in the Kondo interaction
~2.4! is due to fluctuations to the upper Hubbard ba
(di

9pm
5
di

10pm
4 ), and the second one involves the transitio

to the lower Hubbard band (di
9pm

5
di
8pm

6 ). HereDs is the
CT gap for exciting the 3d hole on a 2ps orbital of the
neighboring oxygen.

In addition to the spin-fermion Kondo interactions, on
finds as well the spin-dependent contribution of the form

Hh
AF5S (

^ imn&,s
lsJK~ams,s

† ans,s1H.c.!, ~2.5!

with ls561 for s5↑,↓, respectively, and the effectiv
three-site hopping of the oxygen holes,

Hh
J5 (

^ imn&,s
TK~ams,s

† ans,s1H.c.!, ~2.6!

with the effective hopping terms determined by a two-s
hopping process via 3dx22y2 orbitals on the Cu sites,

TK5
1

2
tpd
2 F 1

Ds
2

1

U2Ds
G . ~2.7!

As for the Kondo interaction term~2.2!, the summations in
Eqs. ~2.5! and ~2.6! labeled by^ imn& run over the nearest
neighbor oxygen sitesm andn of the same Cu ion at sitei,
and the elementsJK and TK include the phases of th
3dx22y2 and 2ps orbitals. For this reason, the three-site ho
ping couples as well the two oxygen orbitals along thex(y)
direction.

The entire hopping part of the effective Hamiltonian,Hh
0

1Hh
J1Hh

AF , can be diagonalized using the translation
symmetry. It is convenient to introduce in the reciproc
space Fourier transforms of the oxygen operato
ak,x(y),s(p),s , which refer to the basis functions 2px and
2py , labeled eitherx or y, and to the type of 2p orbital with
respect to this particular bond (im), labeled bys or p,

ak,x(y),s(p)s5
1

AN (
mPx(y)

am,s(p)se
ikRm, ~2.8!

where the sum includes a given type@x(y)# of oxygen orbit-
als. With the help of these operators we rewrite the expl
form of the hole hopping part of the Hamiltonian~2.1! as
follows:
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Hh
01Hh

J1Hh
AF5 (

kmm8s
@Hh~k!#mm8akm,s

† akm8,s , ~2.9!

wherek is limited to the folded AF Brillouin zone~BZ!, and
akm8,s represent the following basis states:ak,xss

† , ak,yss
† ,

ak,xps
† , ak,yps

† , ak1Q,xss
† , ak1Q,yss

† , ak1Q,xps
† , ak1Q,yps

† ,
for m51, . . . ,8, respectively. The explicit form of the 8
38 Hamiltonian matrix@Hh(k)#mm8 is presented in Appen
dix A.

The spin HamiltonianHs is expressed in terms of th
Schwinger bosonsbis ~see Refs. 19 and 20! which are ex-
panded around the Ne´el saddle point:bi↑5bj↓50, bi↓5bj↑
51 for i PA and j PB, whereA andB are the sublattices o
↑ and ↓ spins in the Ne´el state, respectively. Performin
Fourier,

bq5
1

AN (
i PA

bi↑eiq•Ri1
1

AN (
j PB

bj↓eiq•Rj , ~2.10!

and Bogoliubov transformations,

bq5uqbq2vqb2q
† ,

uq5F11~12gq
2!1/2

2~12gq
2!1/2 G1/2

, ~2.11!

vq52sgn~gq!F12~12gq
2!1/2

2~12gq
2!1/2 G1/2

,

with gq51/z(deiqd ~herez54 for a CuO2 plane!, one finds
in the LSW approximation the magnon dispersion for a
Heisenberg antiferromagnet withS51/2 in the standard
form,

vq5JzS~12gq
2!1/2. ~2.12!

In the LSW order the total effective Hamiltonian~2.1!
represents a coupled hole-magnon problem of the follow
form:

HLSW5(
kms

Em~k!pk,ms
† pk,ms1(

q
vqbq

†bq

1
1

AN
(

kq,mns
Mmn~k,q!pk2q,ms

† pk,n,2s~bq
†1b2q!,

~2.13!

Em(k) are the eigenvalues of the matrix given by Eq.~2.9!
and pk,ms are the respective eigenvectors. The ver
Mmn(k,q) has a complex form,

Mmn~k,q!5~uq1vq! (
jj851,2

@Fjj8~k,q!Vmj~k1q!Vnj8~k!

1Fjj8~k1Q,q!Vmj~k1q1Q!Vnj8~k1Q!#.

~2.14!

This hole-magnon bare vertex depends on the geomet
factors which follow from the Bogoliubov transformation
for fermions$Vjm(k)% and bosons$uq , vq%. Neglecting the
AF corrections to the free Hamiltonian would result in t
g

x

al

Mmn(k,q) vertex with the first term in Eq.~2.14! only. The
Kondo interaction enters via the coefficients

F11~k,q!5JKFcos
qx

2
2cos

kx2qx

2 G ,
F12~k,q!522JK sin

kx

2
sin

ky2qy

2
. ~2.15!

F22(k,q) and F21(k,q) are obtained fromF11(k,q) and
F12(k,q), respectively, by the transformatio
(kx ,qx)↔(ky ,qy). The distance Cu-Cu is the unit cell leng
a51.

Next, we find the Green’s function~for pk,ms states!,

Gmn
p ~k,v!5

1

v2Em~k!dmn2Smn
p ~k,v!

, ~2.16!

which is determined in the SCBA by the hole self-ener
obtained from the bare vertex and the self-consisten
dressed Green’s function,

Smn
p ~k,v!5

1

N (
ab,q

Mma~k,q!Mbn~k,q!

3Gab
p ~k2q,v2vq!. ~2.17!

We have solved the system of Eqs.~2.16! and ~2.17! self-
consistently. Next, one has to project the obtained Gree
functions on the states with momentumk only. Conse-
quently, the Green’s functions for theoriginal ak,x(y),s(p),s
states have been approximated as

Gii ~k,v!'(
n

uVin~k!u2Gnn
p ~k,v!, ~2.18!

and the corresponding spectral function for a single hole
given by

Ai~k,v!52
1

p
Im Gii ~k,v1 i e!. ~2.19!

As we show below, the spectral function~2.19! exhibits quite
complex structure which, however, resembles the qualita
results obtained for thet-J model.7,13,31,34

Knowing the Green’s function, we can obtain the Rei
wave function23,24 which in our model has the following
form:

uCk,i
(n)&5AWk,i

QPF pk,i ,s
† 1

1

AN
(

q1 ,i 1
Mii 1

~k,q1!Gi 1
~k1 ,v1!

3pk1 ,i 1 ,2s
† bq1

† 1•••1
1

ANn (
q1 . . . qn ,i 1 . . . i n

M ii 1

3~k,q1!Gi 1
~k1 ,v1!•••Mi n21i n

~kn21 ,qn!

3Gi n
~kn ,vn!pkn ,i n ,(21)ns

† bq1

†
•••bqn

† G u0&, ~2.20!
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with the momentum,k i5k2q12•••2qi , and energyv i
5«k2vq1

2•••2vqi
conservation satisfied by each term

The QP energy is determined by« i(k)5Ei(k)
1S i@k,« i(k)#, and Wk,i

QP stands for the QP spectral weig
given by

Wk,i
QP5

1

12
]

]v
S i~k,v!uv5« i (k)

. ~2.21!

The QP states are formed mainly by the ‘‘lowest’’ oxyg
band ~lying close to the Fermi energy!, and the indexi in
uCk,i

(n)& always refers to this band. The moving hole can n
only scatter to a different momentum, but also change
band index. Therefore one finds a more complicated form
the wave function than that known from thet-J model.24,25

Using the wave function from Eq.~2.20! we have calculated
various correlation functions describing the deformation
the AF order in the CuO2 plane.

III. NUMERICAL RESULTS

A. Parameters of a CuO2 plane

Below we present numerical results obtained for differ
values of the CT energies,Ds5«d2«s and Dp5«d2«p ,
which we used as free parameters in the range 3<Ds(p)
<6 eV. We have used a similar value of thep2d hopping
parametertpd51.4 eV and of the Coulomb interaction35 U
510 eV to those obtained in the local spin-density appro
mation for HTSO.36,37 However, one should be aware of th
fact that the estimates ofJ based on fourth-order term i
perturbation theory do not give a reliable value as high
~fifth! order processes also contribute significantly to
value of this parameter.38 Therefore the value ofJ
50.15 eV was assumed for the superexchange element;
close toJ50.13 eV which is a generally accepted value
the literature.38–40 We also included a realistic oxygen di
persion tpp50.4 eV ~Ref. 3! and assumedtpp8 5tpp/2. The
model does not include the Cu(3d3z22r 2) and Cu(3dxy) in-
plane orbitals which are rather weakly coupled to oxyg
orbitals by the respective hybridization elements and do
contribute significantly to the formation of coherent Q
states.12

All the numerical calculations were performed on diffe
ent 2D clusters ranging from 22322 to 42342 sites in theq
space with torroidal boundary conditions in the irreducib
wedge of the unfolded BZ. The energy axisv was divided
into 500 points per 1 eV and we have stopped iterating w
the changes in(k,v,iAi(k,v)2 became less than 0.1–0.01
~this corresponds to 20–40 iterations, depending on the
rameters!. Except for Fig. 1 very small broadeninge
50.005 eV was used. Largere leads to broadening of th
main maxima with no apparent change in the incoherent
of the spectra and the positions of the main maxima.

B. Spectral functions

First, we show that the spectral functions obtained
solving the spin-fermion model within the SCBA are qu
different from those found for free oxygen bands, and ag
very well with the experimental results for the realistic p
t
ts
f

f
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e
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n
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n
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rt
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e
-

rameters of the model~2.1!. The oxygen spectral function
along the (0,0)2(p,p) direction ~where the strongest ZR
states have been observed2,3! are displayed in Fig. 1. Withou
the AF background due to Cu spins the spectral functi
would consist of four peaks corresponding to four oxyg
bands. The AF order induces a local alternating poten
(Hh

AF) which acts on the moving oxygen hole, and gives
to eight states obtained by diagonalizing the Hamiltoni
Hh

01Hh
J1Hh

AF ~2.9! @see Fig. 1~a!#. They are characterized
by strongk dependence of the corresponding subbands.
the high-symmetry points (0,0) and (p,p) several of these
states become degenerate and one finds only two strong
peaks fors andp oxygen states, respectively.

Next, in Fig. 1~b! we presented the spectra obtained wh
the interactions with magnons are included in the SCB
The QP peaks are drastically modified with respect to th
in Fig. 1~a!. Close to the (p/2,p/2) point the formation of
the ZR singlets found atv'20.8 eV @which appear abou
0.5 eV above the highest free oxygen band atk5(p,p)# is
accompanied by completely incoherent oxygen states
higher excitation energies~i.e., more distant from the Ferm
energy!. Approaching the (p,p) point we have found 2pp

coherent bandlike states atv'22.4 eV, in agreement with
the symmetry considerations~see Fig. 3 of Ref. 3!. More-
over, our calculations also predict similar 2pp bandlike
states atv'25.6 eV @see Fig. 1~b!# which has not been
reported yet. In thes sector close to the (p,p) point the
lower band atv'25 eV from Fig. 1~a! change into an an-
tibound state atv.26.5 eV, while the upper one atv.
22.0 eV gives a broad incoherent feature due to its dress
by the magnons@compare Fig. 1~a! with Fig. 1~b!#.

The intensity of the QP states close to the Fermi ene
strongly depends on the momentumk, reflecting the cou-
pling of the moving hole to spin background tuned by t
vertexMmn(k,q) in Eq. ~2.13! which is weak in a large par
of the BZ.10 However, except for the (0,0) point where th
vertex vanishes, very little of bandlike states survives in

FIG. 1. The electronic spectral functions as obtained for
realistic parameters along the (0,0)-(p,p) direction with Ds

54.5 eV, Dp55.0 eV: ~a! the total free Hamiltonian@see Eq.
~2.9!#, and~b! including the hole-spin coupling in the Born approx
mation. Solid and dashed lines stand for states withs andp sym-
metry, respectively. The broadening of:~a! e50.03 eV and~b! e
50.015 eV was used.
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s channel. It is quite remarkable that the coupling betwe
the p and s channels which is quite weak, is neverthele
able to change thep sector quite considerably. As a resu
the higher energy spectrum is completely incoherent at in
mediate momenta.

A correct interpretation of the ARPES spectra of the c
prates is an outstanding problem. Early attempts focused
the low-energy part of the spectral function with a state w
low dispersion which can be fitted by thet-J model.6,7 This
QP state can be even fitted using a mean-field appro
within the three-band model for an undoped insulator wh
the polaronic effects are absent.41 Here we approach this
problem by including both mean-field processes in the eff
tive spin-fermion model, and the polaronic effects which,
we show, change the spectra in a rather dramatic way.

It is very encouraging that the main features seen in
experiment of Pothuizenet al.3 are reproduced by the prese
model calculation~see Fig. 2!, reproducing even the asym
metry of the intensity in the ZR states around the po
(p/2,p/2). Our calculations predict also the QP states cl
to the (p,0) point, where the bound states were also
served by Wellset al.2 As seen in Fig. 1~b!, the ZR states are
built up of states coming from both sectors~solid and dashed
lines!. Thus fortpp8 Þ0 bothps andpp orbitals are active in
the formation of bound states and one may consider ins
the oxygen orbitals rotated byp/4 which replace the one
directed along thex or y direction. The prominent role ofpp

orbitals in the formation of ZR states is also observed in
photoemission experiment of Pothuizenet al.,3 where a
strong feature at (p,p), originating frompp orbitals, has a
strong intensity variation withk, and disappears close to th
(p/2,p/2) point in the BZ@see Fig. 1~a! in Ref. 3#. Further-
more, close to the (0,0) point we have found two strong
peaks in the same energy region as measured in Sr2CuO2Cl2.
Some discrepancies between our spectral functions and
ARPES results may come from the interaction with 3d3z22r 2

or 3dxy orbitals, or from out-of-plane oxygen states whi
are not included in our model.

Finally, we present in Fig. 3 the self-energy,S(k,v),
calculated at the QP-band minimum. The QP bound s
manifests itself by the minimum in both ReS(k,v) and
Im S(k,v) at v.20.8 eV. Moreover, one can find stron
minimum in ImS(k,v) at v.24.3 eV close to the band
oxygen states@see Fig. 1~b!#. At intermediate energiesv'
24 eV ReS(k,v) changes sign being negative~positive! in
the low ~high! energy sector. Positive ReS(k,v) at mo-

FIG. 2. Positions of the main maxima in the calculated spe
from Fig. 1 (*) and in the ARPES data of Ref. 3 (h) along the
(0,0)-(p,p) direction. Low-energy bound~Zhang-Rice! states are
indicated by ZR.
n
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te

menta close to the (p,p) point in the high-energy sector i
responsible for the formation of unbound states atv.
26.5 eV. Both parts of the self-energy have similar behav
as found for thet-J model calculations~see, e.g., Fig. 8 in
Ref. 13!, but with weaker oscillations in the bound-state se
tor.

C. Correlations around an oxygen hole

We turn now to the structure of the wave function for
single hole in the spin-fermion model~2.20!, and study the
physical consequences of adding a hole in the spin-ferm
model by evaluating various spin-correlation functions. L
us first estimate the number of magnons which have to
included in the wave-functionuCk,i

(n)& in further numerical
analysis in order to represent with sufficient accuracy
infinite expansion~2.20! by a finite order.42 In Fig. 4 we
present the normN k

(n) ~B1! of the wave functionuCk,i
(n)& as a

function of the superexchange elementJ, calculated for dif-
ferent number of magnons included in the wave functio
and for the momentumk selected at the minimum of the Q
band. We have found that already forJ>0.15 eV it is suffi-
cient to include onlyn53 terms in the wave function in
order to reproduce more than;96% of the norm of the wave
function, while the same level of accuracy is obtained w
only two magnons forJ.0.3 eV. In the weak-coupling re
gime of J.0.6 eV one magnon is sufficient, and the Q

a

FIG. 3. The hole self-energyS(k,v) ~in eV! calculated at the
minimum of QP-band found atk5(0.45p,0.45p) for the param-
eters as in Fig. 1. Solid and dashed lines correspond to the rea
imaginary parts of the self-energy, respectively.

FIG. 4. The normNk,i as a function ofJ including magnons up
to ordern53 in the QP wave function~2.20! for the momentum
k5(0.45p,0.45p) which corresponds to the minimum of the Q
band atDs5Dp55.0 eV.
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peak due to then50 component grows steadily with increa
ing J. In contrast, the strong-coupling regime of smallJ
,0.15 eV is characterized by a rapid decrease ofN k

(n) for
n52 and 3, and this decrease is much faster that in thet-J
model~compare Fig. 4 with Fig. 6 in Ref. 25!. This suggests
that a moving hole dresses easier by spin excitations in
present spin-fermion model as a result of a strong Kon
couplingJK .

In general, also increasing CT energyD stabilizes the QP
states, as shown in Table I. The increase of the spe
weight from 0.174 to 0.490 betweenD54.0 and 6.0 eV is
very strong, while the change in the polaron shape is resp
sible for a decrease of the QP weight betweenD53.5 and
4.0 eV. In the range of 3.5,D,6.0 eV one finds more than
93% of the norm by includingn53 magnon excitations. A
small decrease ofN k,i

(3) from D54.0 to 6.0 eV results from
the decrease and change of sign of the effective hopp
}TK and from the decrease ofJ/JK for D.5.0 eV.

Before we address the results obtained for various s
correlation functions, let us analyze the calculation pro
dure. The distribution of bosons around the oxygen hole
defined by the correlation function

NR5^n0bi↑(↓)
† bi↑(↓)&, ~3.1!

wheren05(1/N)(k,k8(mspkms
† pkms is the oxygen hole den

sity operator at Rm50, and the average is calculate
with respect to the wave function~2.20!, ^•••&
5^Ck,i

(n)u•••uCk,i
(n)&. The boson number operatorbis

† bis gen-
erates qualitatively new verticesV1(q1,q2) andV2(q1,q2), in
addition to the hole-magnon vertices which follow from t
interaction term~2.13!. They describe either scattering of
magnon on a hole, or creation~annihilation! of two magnons
~see Fig. 5! and have the same form as those used by Ramˇak
and Horsch25 in their calculations for thet-J model,

V1~q1 ,q2!5 1
2 ~uq1

uq2
1vq1

vq2
!ei (q12q2)R,

V2~q1 ,q2!5 1
2 ~uq1

vq2
1uq2

vq1
!ei (q11q2)R. ~3.2!

In Fig. 5 we have presented diagrams which were
cluded in the evaluation of the correlation functionNRi

; the
corresponding analytic expressions are given in Appendix
The diagrams were evaluated self-consistently with
dashed lines standing for a self-consistent hole propaga
The numerical computations are much longer than for
one bandt-J model for two reasons:~i! the QP peaks are no
so well separated from the rest of the spectrum and co
quently the energy stepDv has to be smaller;~ii ! the band

TABLE I. QP weight (n50) and the norm Nk
(n) (n

51, 2, 3) @given by Eq.~B1!# for the momentum at the minimum
of the QP band as a function of the CT energiesDs5Dp ~in eV!.
Other parameters as defined in Sec. III.

Ds5Dp n50 n51 n52 n53

3.5 0.183 0.510 0.787 0.935
4.0 0.174 0.581 0.864 0.972
5.0 0.376 0.754 0.918 0.962
6.0 0.490 0.822 0.931 0.955
e
o

al

n-

g

n-
-

is

-

.
e
or.
e

e-

indices i 1 , i 2 , i 351, . . . ,8 make the individual diagrams
from Fig. 5 about 82 times longer to evaluate than the r
spective diagrams in thet-J model. For these reasons we ha
to omit three additional diagrams of order 83 @similar to Figs.
5~c! and 5~d! with one more bosonic line# which give, how-
ever, smaller contributions than the diagrams shown in F
5.

In Figs. 6 and 7 we display the distribution of boso
around the oxygen hole. As presented in Fig. 6 the s
polaron formed around the hole is extended in the^11& di-
rection of the hole momentum, reflecting the asymmetry
the QP band energy. This asymmetry is similar to that fou
before for thet-J model.24 However, in thê 11̄& direction
we also found considerable spin fluctuations which were
present for the spin polaron in thet-J model. As a qualitative
difference to thet-J model, for smaller CT elementsDs

5Dp54.0 eV we found a completely different spatial stru
ture of the polaron which extends instead in the^10& and
^01& directions ~Fig. 7!, reflecting the symmetry of the
square lattice. Thereby the largest changes are found on
sublattice, indicating that the oxygen hole couples strongly

FIG. 5. Diagrams included in the numerical calculations of s
deviations around the hole~and other correlations functions!. Two-
magnon verticesV1 andV2 ~3.2! are shown by empty circles, while
the one-magnon processes contained in the wave function~2.20! are
shown by full circles.

FIG. 6. Distribution of spin deviations around the hole,NR cal-
culated at the QP-band minimum atk5(0.45p,0.45p) for: Ds

5Dp55.0 eV.
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PRB 61 6913STRUCTURE OF SPIN POLARONS IN THE SPIN- . . .
the copper sites with the opposite spin direction. A simi
shape of the polaron as in Fig. 7 is found for even sma
3,Ds,4 eV. Further decrease in the CT elements lead
very weak and less coherent ZR sector, while the seco
order procedure used in our model is no longer reliable.
the whole, the spin deviations created by the hole motion
weaker than obtained in thet-J model as the spin-fermion
approach to the hole motion is by construction in t
intermediate-coupling regime while thet-J-type model rep-
resents the strong-coupling limit of the problem.

The modification of the nearest-neighbor spin-spin cor
lation function due to the presence of the hole is expres
by

CR5^n0~SiSj !&, ~3.3!

whereR5 1
2 (Ri1Rj ) labels the bond between two neighbo

ing copper sitesi and j. TheCR function was evaluated rela
tive to its background value in the undoped antiferromagn

C05F2
1

4
1

1

N (
q

vq
21

1

N (
q

cos@q~Ri2Rj !#uqvqG ^n0&,

~3.4!

giving for a 2D square lattice the well-known resultC0.
20.329̂ n0&.

24 The nearest-neighbor spin-correlation fun
tion CR defined on the bonds which connect two near
copper sites separated by one oxygen ion~3.3! is shown as a
function of the superexchange element in Fig. 8. AF cor
lations persist in the vicinity of the oxygen hole and t
ferromagnetic polaron picture is not realized here atJ
50.15 eV and larger. This shows that due to the exten
character of spin polaron, the magnetic correlations in
doped CuO2 planes are less susceptible to the Kondo int
action elementJK than one might expect from the solution
small clusters in the strong-coupling regime.33 In agreement
with intuition, in both cases ofDs5Dp55.0 and 4.0 eV, the
strongest deformations of the quantum Ne´el order are found
on the same Cu–Cu bond where the hole is added, b
;0.03 and;0.055 atJ50.15 eV, respectively@Figs. 8~a!
and 8~b!#. We observe the change of local symmetry of t
spin-spin corrections from thê11& to ^10& direction.

In contrast to thet-J model where four bonds around a
added hole areremoved, the oxygen hole can affect only

FIG. 7. Distribution of spin deviations around the hole,NR cal-
culated at the QP-band minimum atk5(0.45p,0.45p) for Ds

5Dp54.0 eV.
r
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single Cu-Cu bond at a time, distracting the superexchan
processes going through this particular bond. However,
direction of each Cu spin located next to the hole is de
mined by three other neighboring copper spins, and one c
not thus expect larger changes inCR than by about 25% of
its asymptotic value20.329. In thet-J model the AF corre-
lations are much stronger disturbed by the added hole
found in the charge and spin distribution functions,CR and
NR , by Ramsˇak and Horsch.24,25

Another interesting information about the deformation
spin background by the added hole is contained in the b
spin currentsj R . As the total spin is not conserved, we co
sider only thez component of the current operator defined

j R5^n0~Si3Sj !u
z&, ~3.5!

with a unit vectoru5R22R1. We have studied the current
j R for the same sets of parameters as above~see Fig. 9!. The
currents are much weaker than those found by Ramsˇak and
Horsch for the spin polaron in thet-J model,24,25 and vanish
on the bond with an oxygen orbital occupied by a hole.
sharp difference in the polaron shape between two differ
values of CT gapsD55.0 and 4.0 eV, as represented byNR
function ~see Figs. 6 and 7!, is also reflected in the spin
currents on different bonds. If thê11& polarons are formed
at D55 eV, the largest currents are found on bonds labe
3 and 2, while large current on the bond 5 found forD
54 eV shows that the backflow of spin is large along t
same direction as the direction of the bond which conta
the oxygen hole.

Finally, we have addressed the problem of the lattice s
dependence of the spectral weightak in the QP peak evalu-

FIG. 8. Nearest-neighbor spin-spin correlation functionCR as a
function of the superexchange interactionJ calculated at the QP-
band minimum atk5(0.45p,0.45p) for ~a! Ds5Dp55.0 eV, and
~b! Ds5Dp54.0 eV. The inset in~b! shows the labels of Cu–Cu
bonds for which the data are shown (s are the copper sites!. The
hole is located at oxygen in the center of bond 1.
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6914 PRB 61JAN BAŁA AND ANDRZEJ M. OLEŚ
ated at the bottom of the coherent band. For small mome
q→0 we find the vertexMmn(k,q);q in the spin-fermion
model, and the magnon dispersionv(q);q. Thus we can
assume the same scaling law as in thet-J model, namely

ak~L !5ak~`!1
c

L
, ~3.6!

with L being the linear cluster dimension. The numeric
data for 2D clusters with different number of sitesN5L
3L are presented in Fig. 10. The spin polarons are exten
and therefore the smallest cluster used is 22322; for smaller
clusters the polarons do not fit to the cluster size with
present value ofJ, and the results are unreliable. We ha
found that the above simple scaling law fits quite well to o
numerical data, leading to finite spectral weight ofak(`)
50.23 in the thermodynamic limit forJ50.15 eV. More-
over, the data show a stronger decrease inak with increasing

FIG. 9. The z component of the bond spin currentsj R as a
function of the superexchange interactionJ calculated for the same
parameters as in Fig. 8. The labels of Cu–Cu bonds are the sam
defined in the inset in Fig. 8~b!.

FIG. 10. Finite-size scaling of the spectral weight of the QP
k5(p/2,p/2) for realistic CuO2 parameters with Ds5Dp

55.0 eV. The calculations were performed for systems of sizeN
5L3L with L522, 26, 30, 34, and 42.
ta

l

ed

e

r

L by a factor larger by one order of magnitude (c56.7) than
that reported for thet-J model with the corresponding pa
rameters, where the slope was given byc850.386~see Fig.
16 in Ref. 13!.

IV. CONCLUSIONS

We have presented a method to study the dynamics
single oxygen hole in the Heisenberg antiferromagnet p
duced by copper spins in CuO2 planes using the SCBA
method. Calculating the many-body Reiter’s wave functio23

we presented a systematic way to determine various s
correlation functions and the shape of spin polaron as a fu
tion of covalency within CuO2 planes, determined by th
ratio tpd /Ds . We have shown that the Reiter’s wave fun
tion is characterized in the present situation by rather
convergence and only few magnon states suffice to re
duce the properties of the system, except for the regime
small J→0.

The considered spin-fermion model~2.1! includes thepp

oxygen orbitals, and we have shown by the present calc
tions that these orbitals are important for getting a realis
description of the spectral properties at energies far from
Fermi level. Although the QP states are quite similar wh
the pp orbitals are neglected, their spectral weight increa
by adding this additional channel to build the bound stat
Although our main goal here was not to reproduce the
perimental results, without any fitting of parameters we o
tained the QP dispersion forDs54.5 eV which agrees quite
well with that reported for Sr2CuO2Cl2 by Pothuizenet al.3

In spite of certain similarities, the spin polarons are qua
tatively different from those reported earlier for thet-J
model.24,25 First of all, the spin polarons are more extend
than in thet-J model. We believe that this follows from th
oxygen hopping which diffuses the compensation clo
around the moving hole. Second, the spectral function
pends strongly on the CT energy, with better QP’s at la
values ofD. The QP weight increases with increasingD, and
for Ds55 –6 eV we found the QP states with the spect
weights of about 0.4–0.5~see Table I!, and the distribution
of magnons showing the dipolarlike shape. A similar sha
of the spin polaron was found for thet-J model,24,25although
with stronger spin fluctuations around the hole. In contra
in the region of decreasingDs with the increased Kondo
coupling JK the mechanism of the formation of ZR boun
states changes, and they propagate mainly by the exch
of collective excitations~in the strong-coupling regime!. Es-
pecially in this regime the polarons propagate different
and their shape is different from that found at larger valu
of D.

In our model the electron-phonon interactions were
glected. As shown by Ramsˇak et al.43 for the t-J model cal-
culations~with couplings of holes to spin waves and an Ei
stein phonon mode included! the slow motion of the polaron
for large J/t enhances the effect of the lattice distortio
resulting in a QP mass enhancement. This indicates tha
order to make a more quantitative comparison with the
periment this interaction leading to some decrease of the
bandwidth should also be taken into account.

Finally, unlike in thet-J model, the QP states do not exi
in the whole range ofk, but only in certain parts of the BZ

as

t
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This was best illustrated by the comparison of the calcula
spectral functions with those measured in the ARP
experiments.3 Furthermore, in the regime ofDs53 –4 eV
the coherent bound states form only very close to
(p/2,p/2) point, and their spectral weight is much smal
than that reported in the SCBA, or in the exact diagonali
tion calculations for thet-J model ~see Table I!. Therefore
the low-energy sector of the spectra and the correlation fu
tions in this regime do not resemble those obtained
Ramšak and Horsch in the SCBA calculations for thet-J
model.24,25
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APPENDIX A: THE HOLE HOPPING HAMILTONIAN

Below we specify the form of an 838 matrix@Hh(k)#mm8
which describes the hole oxygen states in an antiferrom
net. Using these basis states for the momentak and k1Q,
this matrix may be represented as follows:

@Hh#~k!5S @Ĥ#~k! @Ĝ#~k!

@Ĝ#~k! @Ĥ#~k1Q!
D , ~A1!

where@Ĥ#(k) and@Ĝ#(k) are 434 matrices constructed b
the 232 blocks corresponding to the statess andp, respec-
tively. The @Ĥ#(k) and @Ĝ#(k) 434 matrices refer to the
2ps and 2pp states and have the following block form:

@Ĥ#~k!5S @Hs
0 #~k!1@Hs

J #~k! @Hsp
0 #~k!

@Hsp
0 #~k! @Hp

0 #~k!
D , ~A2!
d
S

e
r
-

c-
y

-

ri-
e
h

g-

@Ĝ#~k!5S ls@Hs
AF#~k! 0

0 0
D , ~A3!

where@Hs(p)
0 #, @Hsp

0 #, @Hs
J #, and @Hs

AF# represent the fol-
lowing 232 matrices:

@Hs(p)
0 #~k!5S Ds(p) 4tpp sin

kx

2
sin

ky

2

4tpp sin
kx

2
sin

ky

2
Ds(p)

D ,

~A4!

@Hsp
0 #~k!524tpp8 cos

kx

2
cos

ky

2 S 0 1

1 0D , ~A5!

@Hs
J #~k!54TKS sin2

kx

2
2sin

kx

2
sin

ky

2

2sin
kx

2
sin

ky

2
sin2

ky

2

D ,

~A6!

@Hs
AF#~k!5JKS 2sinkx 2 cos

kx

2
sin

ky

2

2 sin
kx

2
cos

ky

2
2sinky

D .

~A7!

Here we adopt the units with the Cu-Cu distance~the unit-
cell length! a51, and we take the reference energy of a h
on 3dx22y2 orbital «d50. Dp is the CT gap for the holes
occupyingpp orbitals, whiletpp and tpp8 are direct oxygen-
oxygen hopping elements between the pairs
2ps(p)-2ps(p) and 2ps(p)-2pp(s) neighboring orbitals,
respectively.
below
ollowing

wing
APPENDIX B: NORMALIZATION OF THE WAVE FUNCTION

In this appendix we present the analytical expression for the norm,Nk,i
(n)5^Ck,i

(n)uCk,i
(n)&, of the wave functionuCk,i

(n)&, given
by Eq.~2.20!, together with the explicit form of the diagrams shown in Fig. 5. The Green’s function is always evaluated
the lowest pole and only its real part is nonzero. In the present model with several oxygen bands one finds the f
complex form of the norm:

N k,i
(n)5Wk,i

QPF11N21(
q1 , j

M i j
2 ~k,q1!Gj

2~k1 ,v1!

1N22 (
q1 ,q2 , j ,i 1 ,i 18

Mii 1
~k,q1!Mi

18 i~k,q1!Gi 1
~k1 ,v1!Gi

18
~k1 ,v1!Mi 1 j~k1 ,q2!M ji

18
~k1 ,q2!Gj

2~k2 ,v2!1•••

1N2n (
q1 . . . qn , j ,i 1 . . . i n21 ,i 18 . . . i n218

Mii 1
~k,q1!Mi

18 i~k,q1!Gi 1
~k1 ,v1!Gi

18
~k1 ,v1!Mi 1i 2

~k1 ,q2!Mi
28 i

18
~k1 ,q2!

3Gi 2
~k2 ,v2!Gi

28
~k2 ,v2!3•••3Mi n22i n21

~kn22 ,qn21!Mi
n218 i

n228 ~kn22 ,qn21!Gi n21
~kn21 ,vn21!

3Gi
n218 ~kn21 ,vn21!Mi n21 j~kn21 ,qn!M ji

n218 ~kn21 ,qn!Gj
2~kn ,vn!G u0&. ~B1!

Next, we provide an explicit form of the diagrams of Fig. 5. After straightforward calculations one finds the follo



ion
rical

6916 PRB 61JAN BAŁA AND ANDRZEJ M. OLEŚ
contributions to the spin deviations around the hole from the diagrams 5~a!–~e!, where the contributions~b! and ~e! are
evaluated together with the corresponding H.c. terms:

NR
i 0(a)

5Wk,i 0
QP 1

N (
q1 ,q18

V1~q1 ,q18!(
i 1

Mi 0i 1
~k,q1!Mi 0i 1

~k,q18!Gi 1
~k1 ,v1!Gi 1

~k18 ,v18!, ~B2!

NR
i 0(b)

5Wk,i 0
QP 1

N (
q1 ,q2

V1~q1 ,q2!(
i 1

Mi 0i 1
~k,q1!Mi 0i 1

~k1 ,q2!Gi 1
~k1 ,v1!Gi 0

~k2 ,v2!, ~B3!

NR
i 0(c)

5Wk,i 0
QP 1

N (
q1 ,q2 ,q28 ,i 2

V1~q2 ,q28!F(
i 1

Mi 0i 1
~k,q1!Mi 1i 2

~k1 ,q2!Gi 1
~k1 ,v1!Gi 2

~k2 ,v2!G
3F(

i 3
Mi 0i 3

~k,q1!Mi 3i 2
~k1 ,q28!Gi 3

~k1 ,v1!Gi 2
~k28 ,v28!G , ~B4!

NR
i 0(d)

5Wk,i 0
QP 1

N (
q1 ,q18 ,q2 ,i 2

V1~q1 ,q18!F(
i 1

Mi 0i 1
~k,q1!Mi 1i 2

~k1 ,q2!Gi 1
~k1 ,v1!Gi 2

~k2 ,v2!G
3F(

i 3
Mi 0i 3

~k,q18!Mi 3i 2
~k18 ,q2!Gi 3

~k18 ,v18!Gi 2
~k28 ,v28!G , ~B5!

NR
i 0(e)

5Wk,i 0
QP 1

N (
q2 ,q3

V2~q2 ,q3! (
q1 ,i 2

Gi 2
~k2 ,v2!F(

i 1
Mi 0i 1

~k,q1!Mi 1i 2
~k2 ,q3!Gi 1

~k1 ,v1!Gi 1
~k3 ,v3!G

3F(
i 3

Mi 0i 3
~k,q1!Mi 3i 2

~k1 ,q2!Gi 3
~k1 ,v1!G . ~B6!

The lowest-order diagrams~a! and~b! are very easy to evaluate. The following two contributions~c! and~d! can be rewritten
in the form with independent summations overq1 , q18 andq2 , q28 momenta, respectively, making their numerical evaluat
technically much faster. Unfortunately, the diagram~e! does not obey this symmetry and requires more time for the nume
calculation of the correlation functions.
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