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Spectral behavior of the electronic states of bilayer cuprate systems using a slave fermion approac
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The spectral function for electrons in the normal state of a bilayer cuprate is calculated by employing a slave
fermion approach. The electron correlations in the CuO2 layers in these cuprates are described by at-J model,
and the electronic coupling between the two CuO2 layers within the same unit cell is introduced via a hopping
matrix element (t') and an exchange interaction (J'). The spectral function is calculated for different values
of the hole concentration, temperature, and anisotropy at various values of the momentum (kx ,ky). It is found
that the bilayer coupling (t') significantly affects the behavior of the spectral function. The spectral function
around the momentum value~p, 0! for a coupled bilayer cuprate shows a peak much sharper than that for a
system of uncoupled layers. Our calculation also suggests a splitting of electronic states of the bilayer cuprates
along the~p, 0! direction for the heavily overdoped regime. Calculations of the imaginary part of the self-
energyS19(k,v) for a bilayer system have also been presented. It is found thatS19(k,v) depends strongly on
the momentum and shows ava dependence on energy with 1.2,a,1.5 for values of the parameterst andJ
considered in the present calculations.
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I. INTRODUCTION

The cuprates such as La22xSrxCuO4, YBa2Cu3O72d ,
and Bi2Sr2CaCu2O81d continue to pose a challenge to o
understanding of the dynamics of electrons despite an e
mous research effort devoted to them. It has not yet b
possible to have a reasonably consistent picture of the e
tronic excitations in these systems.1–4 The main interactions
which should be considered for a description of the cupra
are ~1! the Coulomb interaction among the doped holes a
~2! the interaction of doped holes with the antiferromagne
~AFM! background created by holes of the Cu11 ions.
Treating both of these interactions simultaneously is a for
dably difficult task.

On the experimental side, angle-resolved photoemiss
spectroscopy~ARPES! has been extensively used by a nu
ber of workers5–20 to obtain information about the electron
structure in normal as well as superconducting states of v
ous cuprates. ARPES measurements have been mad
single layer cuprates,5–10 bilayer cuprates,5,8,11–19 and for
trilayer cuprates.20 ARPES measurement carried out by In
et al.10 for the single layer La22xSrxCuO4 system have
yielded information about the doping dependence of
spectral function at thek5(p,0) and~p/2, p/2! points. They
have observed that the spectral function atk5(p,0) shows a
relatively sharp peak just below the Fermi energy at the
timum doping (x50.15) while for the underdoped syste
(x50.07) the peak is broadened and shifted towards lo
energy values. Earlier, Shen and Schrieffer19 have studied the
underdoped bilayer Bi2Sr2CaCu2O81x system. They have
found a sharp quasiparticle peak near~p/2, p/2! and a broad
peak near the~p, 0! direction at low doping. Moreover, the
found that upon increasing the hole doping from the und
doped to the overdoped side, the quasiparticle peak abou
~p, 0! point becomes sharp and moves towards the Fe
energy.

There have been numerous attempts to calculate the s
tral function A(k,v) in cuprates. The main methods whic
0163-1829/2004/69~9!/094522~9!/$22.50 69 0945
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are utilized in these studies are exact the diagonaliza
method,21–23 the quantum Monte Carlo method,24–26 the
density-matrix renormalization group method,27,28and the fi-
nite temperature Lanczos method~FTLM!.4,29,30

In the present paper we investigate the electronic beha
of the normal state spectral function of cuprates for sin
layer cuprates~such as La22xSrxCuO4) as well as for bilayer
cuprates~such as YBa2Cu3O61d , Bi2Sr2CaCu2O81d) for
various doping concentrations. Compared to the large n
ber of theoretical studies for the single layer cuprates,4,8,21–31

there are only a few theoretical studies for bilay
cuprates.32–35 To study the normal state of cuprates syste
we have used the slave-fermion approach.36,37 For high-Tc
cuprates the slave fermion approach was applied by Aro
and Auerbach.38 These authors restricted their study to t
half-filled Hubbard band only. Later, Kane, Lee, and Rea37

employed the slave fermion approach for the study o
single hole present in the AFM state of cuprates. We h
used here the slave fermion approach for finite doping
applied the saddle-point approximation through which in
nitely large correlations are replaced by local constraints.
have presented results for the hole spectral functionA(k,v),
the imaginary part of the self-energy of holes, density
states, and the hole density. The details of the theore
formulations are described in Sec. II. We discuss numer
calculations for spectral function and self-energy in Sec.
In Sec. IV we present our conclusions.

II. THEORETICAL FORMULATION

The high-Tc cuprates are strongly correlated systems.
the strong correlation case the on-site Coulomb interactio
much larger than the hopping integral so that the dou
occupancy of a site is prohibited. In this strong correlati
case we can use thet-J model.36 We consider bilayer cu-
prates, such as YBa2Cu3O72d and Bi2Sr2CaCu2O81d ,
where there are two CuO2 layers per unit cell. It is well
known that in a bilayer system two CuO2 layers~of the same
©2004 The American Physical Society22-1
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unit cell! are relatively closer~;0.4 nm! to each other than
the CuO2 layers of a single layer system~;1.1 nm!. Hence
the coupling between the two layers within the same unit
of a bilayer system is expected to be much more impor
compared to coupling between layers of two neighbor
unit cells. We therefore have taken into consideration
coupling between two layers in the same cell. We have
scribed each of the individuals layers by at-J model and the
two layers within a cell are coupled via hopping of hol
from one layer to another as well as via an exchange c
pling between the Cu sites of these two layers. A bila
cuprate with these couplings between the two copper-oxy
layers can be represented by the following Hamiltonian.:

H52 (
iÞ j ,l ,l 8

Lll 8(
s

H t l l 8bis l
1 bj s l 81Jll 8Sil Sjl 8

2 1
4 (

st
Jll 8bis l

1 bis lbj t l 8
1 bj t l 8

1 J , ~1!

whereLll 85(11d l l 8)/2, and

t l l 85t id l l 81t'~12d l l 8! ~2!

is the hopping matrix element between the layersl and l 8
$when l 5 l 8 ~intralayer! and whenlÞ l 8 ~intrabilayer!%, and

Jll 85Jid l l 81J'~12d l l 8! ~3!

is the exchange coupling strength between the nea
neighbor spins. Here interactions are between the elect
of layersl andl 8 ( l 5 l 8 in the same CuO2 plane andlÞ l 8 for
different CuO2 planes in the same cell!. Notice that l, l 8
51 and 2. For clarity, we shall also uset i for t115t22, t' for
t125t21, Ji for J115J22 andJ' for J125J21.

The correlated operatorsbis l
1 and bis l are related to the

uncorrelated operatorscis l
1 andcis l by

bis l
1 5cis l

1 ~12ni 2s l !, bis l5~12ni 2s l !cis l , ~4!

whereni 2s l corresponds to the number operator. The s
operators in Eq.~1! are defined as

Sil
15bi↑ l

1 bi↓ l , ~5a!

Sil
25bi↓ l

1 bi↑ l , ~5b!

Sil
z 5(

s
nis l~12n2 is l !. ~5c!

According to the slave-fermion approach a single ferm
operator can be written as a product of operators represen
a spinless charge and a chargeless spin. The constraint
dition for these operators on each site is that the numbe
spinless charges plus the number of spins should be equ
unity. In order to preserve the fermion commutations rul
one of these two operator must obey Bose statistics and
other must obey Fermi statistics. In this paper we repres
the spins by boson operators and charge by fermion op
tors. We therefore express the electron operators in the s
fermion ~Schwinger boson! representation. Letf i l

1( f i l ) de-
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note the creation~annihilation! operator corresponding to th
spinless fermion andsis l

1 (sis l) denote the spin operator a
the sitei of the l th layer. Then the electron operator may
written as

cis l5 f i l sis l
1 and cis l

1 5 f i l
1sis l ~6!

and the constraint on each site is given by

f i l
1 f i l 1sis l

1 sis l51. ~7!

To describe a bilayer cuprate system, we consider
four-sublattice model. These four sublattices are labeled
al , bl wherel 51,2 ~Fig. 1!. In fact, the ground state of th
bilayer cuprate is antiferromagnetic, which may be co
posed of four sublattices having spin up, say, ata1 ~layer 1!
andb2 ~layer 2! sublattices and spin downb1 ~layer 1! and
a2 ~layer 2! sublattices as shown in Fig. 1. Using Eq.~6! the
Hamiltonian~1! can be written in the form

H52 (
l ,s,i lÞ j l 8

t l l 8Lll 8 f i l
1 f j l 8si lsal

sj l 8sbl

1 (
l ,l 8s,s8,

i lÞ j l 8

@Jll 8 ,Lll 8ss8 f i l
1 f i l f j l 8

1 f j l 8

3$si lsal
si lsal

1 sj l 8s8bl 8
sj l 8s8bl 8

1

1 1
2 si lsal

si l2sal

1 sj l 82s8bl 8
sj l 8s8bl 8

1 %#

1(
l ,i l

l l ,i lF(s f i l
1 f i l si lsal

1 si lsal
21G . ~8!

Herel l ,i l
is the Lagrange multiplier, which takes care of th

constraints imposed by Eq.~7!. We may generalize the
Schwinger boson spin representation to largeS; the con-
straint ~7! is replaced by

FIG. 1. Four sublattices of a bilayer system with spins up a
down at labela1 ~layer 1!, b2 ~layer 2! anda2 ~layer 2!, b1 ~layer
1!, respectively. Here the suffix shows the layer indices.
2-2
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si↑ l
1 si↑ l1si↓ l

1 si↓ l52S. ~9!

There are now 2S spin-12 Schwinger bosons on each site.
the largeS limit we may consider mean field theory approx
mation that is equivalent to the saddle-point expansion of
functional integral.37 A stable mean field solution occur
when the saddle points are given by

X50, Y56A2S, l50, ~10a!

X56A2S, Y50, l50, ~10b!

or by

X56AS, Y56AS, l50. ~10c!

Here X5si 1↑a1

~1 ! 5sj 1↓b1

~1 ! 5si 2↓a2

~1 ! 5sj 2↑b2

~1 ! and

Y5si 1↓a1

~1 ! 5sj 1↑b1

~1 ! 5si 2↑a2

~1 ! 5sj 2↓b2

~1 ! .

The first two states@Eqs. 10~a! and 10~b!# correspond to an
antiferromagnetic state (XÞY) while the third state corre
sponds to the ferromagnetic state (X5Y). In the present cal-
culation we have taken the antiferromagnetic ground stat
the system because it is well known that the insulating
doped state of cuprate system is antiferromagnetic. The
fective Hamiltonian corresponding to the antiferromagne
ground state@Eqs. 10~a! and 10~b!# may be written in the
form

H52 (
l ,i lÞ j l 8

t l l 8Lll 8 f i l
1 f j l 8~si l↑al

1sj l 8↓bl 8

1 !

1 (
l ,l 8,

i lÞ j l 8

@Jll 8Lll 8ss8 f i l
1 f i l f i l 8

1 f j l 8$~si l↑al
si l↑al

1

1sj l 8↓bl 8
sj l 8↓bl 8

1 !1~si l↑al

1 sj l 8↓bl 8

1 1si l↑al
sj l 8↓bl 8

!%#.

~11!

We express the above Hamiltonian in the momentum r
resentation using the following Fourier transformations:

S t i~Ri2Rj !

t'
D5(

k
S «k

«'k
Dexp~2 ik•~Ri2Rj !!, ~12!

S Ji~Ri2Rj !

J'
D5(

q
S Ji~q!

J'~q! Dexp~2 iq•~Ri2Rj !!,

~13!

f i5(
k

f k exp$ ik•Ri%, ~14!

si5(
q

sq exp$ iq•Rj%. ~15!

In Eqs.~12! and~13! «k andJi(q) are, respectively, given by

«k522t i$coskx1cosky% ~16!
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Ji~q!522zab
Ji$cosqx1cosqy%. ~17!

Herezab (54) is the number of the nearest neighbors of
within the CuO2 plane.«k is the energy dispersion for th
Cu-O2 plane. With the help of Eqs.~12!–~15!, Eq. ~11! can
be written as

H52 (
l ,k,k8,q

Lll 8$ f lk1q
1 f lk~« l l 8ksqal

2 1« l l 8k1qs2qbl

1 !

1 f lk2q
1 f lk~« l l 8k2qsqal

1 1« l l 8ks2qbl

2 !%

1 (
l ,l 8,

k,k8,q

@Jll 8Lll 8 f lk1q
1 f lk f l 8k82q

1 f l 8k8$~sqal

1 sqal

2

1s2qbl 8

1 s2qbl 8

2 !1~sqal

1 s2qbl 8

1 1sqal

2 s2qbl 8

2 !%#. ~18!

The spectral function, density of states, and hole den
can be derived from the Green’s function. We use the follo
ing Green’s functions corresponding to the spinless fermio

Glkk8~v!5 ^̂ f lku f lk
1&& ~ l 51,2! ~19a!

and

G'kk8~v!5 ^̂ f 2ku f 1k
1 &&. ~19b!

Here, v denotes the energy.Glkk8(v) corresponds to the
motion of spinless fermions in the same layer wh
G'kk8(v) corresponds to the motion from one layer to t
other layer of the unit cell. In solving the equation of motio
we obtain 16 equations for different Green’s functions. W
have solved all the equations simultaneously and obtain fi
equation of motion for Green’s functionsGlkk8(v) and
G'kk8(v), which read

@v2S l~k,v!#Gl~k,v!5d1l1S l 8~k,v!Gl 8~k,v!

1f l 8 ~ l ,l 851,2! ~20!

whereS l(k,v) is the self-energy. The expression of the se
energyS l(k,v) andf l 8 is given in the Appendix.

The electronic spectral functionA(k,v) of the system is
defined as the imaginary part of the Green’s function

A~k,v!522 ImG~k,v!. ~21!

The density of states~DOS! of the system is obtained b
integrating the spectral function for all the possiblek values,

N~v!5E
2p

p E
2p

p

A~k,v!dkxdky . ~22!

Here, we have integrated the spectral function overkx andky
values because we have not considered the interbila
interactions.34 Finally, the hole density~d! is obtained by
integrating the density of states over the occupied ene
states,
2-3
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d5E
2`

m

N~v!dv. ~24!

III. RESULTS AND DISCUSSION

We have calculated the spectral function, the imagin
part of self-energy, the density of states, and the hole den
of bilayer cuprates. In the present calculations we have ta
the in-plane hopping integralt i50.4 eV and the in-plane ex
change couplingJi50.3 t i . The cuprates have values o
these parameters in this range.35 The values of the hopping
integral t' for the coupling of two layers within the sam
cell, the intrabilayer exchange couplingJ' expressed in
terms oft i andJi , and the anisotropy parameterr are given
by using the standard relations35

r 5Ji /J'5t i
2/t'

2 . ~24!

It may be noted that the anisotropy parameterr approaching
infinity represents two isolated~uncoupled! CuO2 layers
since forr→`, J' and t'→0. This case effectively corre
sponds to a behavior of the single layer cuprates. On
other hand,r 51 represents an isotropic three-dimensio
~3D! system where the intrabilayer interactions are as str
as the in-plane interactions. Thek dependence of«'k and the
q dependence ofJ'(q) are taken such that these agree w
the experimental measurements of angle-resolved ph
emission which shows that there is no hopping of holes
tween the two layers along thekx5ky direction.32 This
means that«'k50 for kx5ky . A reasonable form of«'k
which satisfies this requirement has been suggested
Chakravartyet al.,32

«'k522t'$coskx2cosky%
2, ~25!

J'~q!522zc
J' cosqz , ~26!

wherezc is the number of nearest-neighbor Cu spins betw
two layers along thez direction.

We have calculated the spectral function and the den
of states for different values of the anisotropy parameter
5`, r 510, andr 56.7. We found that forr 56.7 the spec-
tral properties show only about 5% variation from the case
r 510.0. So we have not presented and discussed the c
lations for anisotropy ratior 56.7.

We present results of our calculations for spectral funct
A(k,v) at (kx ,ky) points~0, 0!, ~p/2, p/2!, ~p, p!, ~p, p/2!,
~p, 0!, and~p/2, 0! for r 5` in Fig. 2 and forr 510 in Figs.
3 and 4. For the doping parameterd50.1 and temperature
T50.05t i , we observe from Fig. 2 thatA(k,v) consists of
coherent quasiparticle peaks with a broad incoherent b
ground for all the values ofk chosen by us. It is also ob
served from Fig. 2 that for a single layer going from the~0,
0! direction to the~p, 0! direction or from~0, 0! to ~p, p!
there is an appearance of the electronlike quasiparticle c
acter above the Fermi energy. We do not notice any cohe
peak in the spectral function at the~p, 0! point. Ino et al.10

and Satoet al.6 have also observed that spectral functi
shows a featurelessv variation ofA(k,v) near~p, 0! for an
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underdoped single layer system. Features ofA(k,v) for the
bilayer cuprates are presented in Fig. 3 forT50.05t i andd
50.1. These results are obtained by taking the form of in
bilayer hopping given by Eq.~25!. Comparing the spectra
weight for a single layer and bilayer cuprates at differenk
values, it is evident from Figs. 2 and 3 that maximum chan
in the electronic part of the spectral weight occurs for the~p,
0! point of the Brillioun zone. The spectral weight show
sharp features above the Fermi energy at the~p, 0! point,
which was absent for uncoupled layers. The reason for

FIG. 2. Spectral functionA(k,v) for a single layer (r→`)
system for differentk points withT50.05t i andd50.1.

FIG. 3. Spectral functionA(k,v) for a bilayer system (r
510.0) for differentk points withT50.05t i andd50.1.
2-4
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change should be due to the bilayer coupling. Because o
form chosen for«' in Eq. ~25!, the maximum change in th
spectral function will occur at~p, 0! point. We observe tha
changes in the spectral function for a coupled bilayer sys
compared to uncoupled layers are small at points~p, p/2!
and ~p/2, 0!. From Fig. 3 it is also clear that for the unde
doped bilayer system the peak at the points~p/2, p/2!, ~p,
p!, and~p, p/2! is sharp while the peak at~p, 0! is broad and
suppressed. Kim and co-workers40 have observed a simila
feature by using ARPES measurements. We also obser
sharper peak curve for the spectral function at the~p/2, p/2!
point near the Fermi energy for underdoped coupled bilay
but for r 5` ~uncoupled layers! this peak is relatively sup
pressed~Fig. 2!. The ARPES studies carried out by In
et al.10 have also shown this behavior. They suggest that
difference between the spectral function of uncoupled lay
and coupled layers at~p/2, p/2! is related to the formation o
dynamical strips in the single layer system.

We now turn to the presentation of our results of the sp
tral function for a higher temperature and relatively larg
doping concentration (T50.1 t i andd50.2). The results are
plotted in Fig. 4. By comparing Figs. 3 and 4, we see that
increasing the doping fromd50.10 ~underdoped! to d50.2
~slightly over doped! the quasiparticle peak at~p, 0! moves
closer to the Fermi energy and becomes sharper and m
intense. These results are in accord with the observation
Shen and Schriffer19 for bilayer cuprates. Comparing Figs.
and 4, we find that the spectral function shows a little bro
ening asd increases. This is in qualitative agreement with t
predictions of Baskaran, Zou, and Anderson41 and Wang and
Kotliar42 where they have suggested that the broadenin
the spectral function is directly related to the doping conc
tration.

From Figs. 2, 3, and 4, one can see that the bilayer c
pling significantly affects the electronic states of bilayer c
prates. However, we do not find the splitting of electron
states along the~p, 0! direction up to the hole concentratio
d50.2. In view of the recent ARPES experiment,16 we study
the behavior of the spectral function specifically along

FIG. 4. Spectral functionA(k,v) for a bilayer system (r
510.0) for differentk points withT50.1t i andd50.2.
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~p, 0! direction for a higher doping concentration~heavily
overdoped!. We observed that for the hole concentrationd
50.24, the quasiparticle peak of the spectral function alo
the ~p, 0! direction shows a sign of the splitting of electron
states@Fig. 5~a!#. On increasing the hole concentration tod
50.28, the quasiparticle electronic states clearly splits i
two peaks@Fig. 5~b!#. These results are qualitatively in ac
cord with the recent ARPES observation by Fenget al.,16

where they have observed that the electronic states of hea
overdoped bilayer cuprates~Bi2212! splits into bonding and
antibonding states along the~p, 0! direction. On further in-
creasing the doping concentration tod50.32 ~heavily over-
doped regime!, we observe that the splitting of the electron
states is more pronounced than that ford50.28 @Fig. 5~c!#.
Here we also observed that the spacing between two pea
electronic states is increased by a factor of 2 while increas
the doping concentration fromd50.28 tod50.32. However,
the quantitative strength of the bilayer splitting observ
here ~16 meV, d50.32) is lesser than the experimental
observed value~80 meV! for heavily overdoped bilayer cu
prates. The other theoretical calculation carried out by us
the bilayer Hubbard model also suffers with a simil
discrepancy,33 i.e., a lower value of bilayer splitting~40
meV!. Their calculation suggests that for a heavily ove
doped system~strong bilayer hopping! one should consider a
weak correlation~low U! rather than a strong correlatio
~higherU!. Moreover, the discrepancy in our calculation m
be due to the inadequacy of the slave-fermion approach c
sidered here, as it deals with strong correlations (U→`)
even for the higher doping regime. We see that this splitt
of states occurs only at a higher doping concentration. T
reason for this peak splitting for a higher doping concent
tion is that on increasing the doping concentration, the c
pling between the two CuO2 layers is effectively enhanced

FIG. 5. Spectral functionA(k,v) for a bilayer system (r
510.0) along the~p, 0! direction withT50.15t i for different val-
ues of hole concentration.~a! d50.24, ~b! d50.28, and~c! d
50.32.
2-5
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GOVIND, LAL, AND JOSHI PHYSICAL REVIEW B 69, 094522 ~2004!
From the knowledge of the spectral function at variouk
points in the Brilliouin zone, one can construct the Fer
surface and analyze the effect of bilayer coupling on it. T
will also give an idea about the nature of the Fermi surfa
Our objective in this paper is limited to studying the effec
of intrabilayer couplings on the spectral function of coupl
and uncoupled bilayer cuprates.

Next, we plot the imaginary part of the self-energ
S19(k,v) for d50.1, r 510.0, andT50.05t i and (kx ,ky)
5(0,0), ~p/2, 0!, ~p, 0!, ~p, p/2!, ~p/2, p/2!, and ~p, p!
points of the Brillioun zone are given in Fig. 6. The imag
nary part of the self-energy as a function of energyv shows
a complicated behavior. In Fig. 6 we see thatS19(k,v) shows
a strongk dependence. Many other theoretical calculatio
also show strongk dependence ofS19(k,v)2,19,42–44although
theories like the marginal Fermi-liquid theory43 ignore thek
dependence ofS19 . We note that the behavior ofS19(k,v) is
very different forv,0 compared tov.0 for all k. For v
,0 ~near v;0) S19 shows anva-like dependence with
1.2,a,1.5. Several experiments have shown such a pow
law behavior forS19(k,v) at low v.46–48 Theoretical analy-
ses also support a power-law behavior ofS19(k,v). For ex-
ample Stojkovic et al.44 argue that spin fluctuations ar
responsible for the dependence ofS19(k,v) on v. Anderson1

suggests that this power law dependence is arising from
fact that in cuprates the electrons behave like a tw
dimensional Luttinger liquid. Lal45,46 obtained a power-law
behavior ofS19(k,v) using a model that includes Coulom
interaction and electron-phonon interaction. Very recen
Pratap and collaborators35 have also obtained ava-like
variation of S19(k,v) by using a perturbative approac
within the t-t8-J model. Several experiments have show
such power-law behavior forS19(k,v) at low v.46–50

In Fig. 7 we show how the single-particle density of sta
~DOS!, N(v) changes on doping. For the underdoped sys
d50.075, we observed a peak aroundv,0 and a back-
ground due to incoherent hole motion dominates forv!0

FIG. 6. Imaginary part of the self-energy for differentk points
corresponding toT50.05t i , r 510.0, andd50.1.
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@Fig. 7~a!#. At such low dopingN(v) is negligible for v
.0. On increasing hole concentration tod50.10 the inco-
herent background due to holes reduces in intensity while
coherent part near the Fermi energy gets widened@Fig. 7~b!#.
On further increasing the doping concentration tod50.2 and
the temperature toT50.1 t i , we see thatN(v) remain ap-
preciable forv.0 @Fig. 7~c!#.

Finally, we present the results for the hole density~d! as a
function of temperature for different values of the chemic
potential~m! in Fig. 8. We present the results of hole dens
corresponding to the anisotropic parameterr 510.0 and the
chemical potentialm521.55, 22.0, and22.1. From this

FIG. 7. Density of statesN(v) for a bilayer system (r 510.0)
for ~a! T50.05t i andd50.075,~b! T50.05t i andd50.1, and~c!
T50.1t i andd50.2.

FIG. 8. Variation of the hole density~d! with temperature~T! for
r 510.0 and~a! m521.55,~b! m522.0, and~c! m522.1. HereT
is given in the term oft i .
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figure, one can infer that on increasing the temperature,
number of holes increases. It is clear that for the lower val
of m, the rate of the increase of the hole concentration w
temperature is higher. From the figure it can also be seen
these hole concentration curves for different values om
come close to each other at higher values ofT. Jaklic and
collaborators29–32also arrived with a qualitatively similar re
sult in their calculations.

IV. CONCLUSIONS

In this paper we have calculated the spectral function o
bilayer cuprate with and without coupling between tw
Cu-O2 layers in the same unit cell for various values
momentum, hole concentration, temperature, and the an
ropy factor. It is found that in moving from the origin ofk
space~0,0! to the~p, 0! direction or~0,0! to the~p,p! direc-
tion the spectral function shows that the electronic quasip
ticle character increases above the Fermi energy. The
pling between the two neighboring planes in the same
cell is seen to influence the form and the shape of the spe
function. In particular, we found that the maximum effect
coupling between the layers on the spectral function
around the~0,0! to ~p, 0! direction. The spectral function
around the~p, 0! direction becomes sharp and moves
wards the Fermi energy.

The maximum effect of bilayer coupling on the spect
function is found to be at the~p, 0! point. The spectral func-
tion around~p, 0! becomes sharp and moves towards
Fermi energy. In our calculation, we do not find the splitti
of a quasiparticle peak up to the hole concentrationd50.2.
Our calculation shows a splitting of electronic states a
higher doping concentration (d>0.24) as observed in recen
ARPES experiments. However, the quantitative strength
the splitting seen in our calculation is less than that obser
in the ARPES experiments.16 In the present paper we hav
also studied the contribution of the imaginary part of se
energy, which is found to be stronglyk dependent, and we
show ava dependence on energy.
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APPENDIX

In Eq. ~20!, the expression for self-energyS l is given by

S l~k,v!5(
q

j l~k,v!

v
, ~A1!

where

j l~k,v!5(
l 8,q

$«k2qEa2
l l 8 1«k1qEb2

l l 8 1«k~Ea1
l l 8 1Eb1

l l 8 !%.

~A2!
09452
e
s

h
at

a

ot-

r-
u-
it
ral

s

-

l

e

a

f
d

-

nt
s

In the above equation the various energy parametersE are
given by

Ea2
11 5«k1q^sa1a1

12 &, ~A3a!

Eb1
11 5«k2q^sb1a1

11 &, ~A3b!

Ea1
11 5«k1q^sa1b1

11 &, ~A3c!

Eb2
11 5«k1q^sb1b1

21 &, ~A3d!

Ea2
12 5«'k1q^sa1b2

22 &1«'k^sa1a1

21 &, ~A3e!

Eb1
12 5«'k^sb2a1

11 &1«'k1q^sb2b2

12 &, ~A3f!

Eb2
12 5«'k2q^sb1b1

21 &1«'k1q^sb1a2

21 &, ~A3g!

Ea1
12 5«'k2q^sa2a2

12 &, ~A3h!

Ea2
21 5«'k^sa1b1

22 &, ~A3i!

Eb1
21 5«'k2q^sb1a2

11 &, ~A3j!

Ea1
21 5«'k2q^sa1b2

11 &, ~A3k!

Eb2
21 5«'k^sb1a1

22 &1«'k2q^sb1a2

21 &, ~A3l!

Ea2
22 5«k^sa1b2

22 &, ~A3m!

Eb1
22 5«k^sb2b2

12 &1«k2q^sb2a2

11 &, ~A3n!

Eb2
22 5«k1q^sb1b1

21 &1«k^sb1a2

22 &, ~A3o!

and Ea1
22 5«k^sa2a2

11 &. ~A3p!

In Eq. ~A3! the ^sll & are the correlation functions corre
sponding to the spin operators. To obtain an expression
these spin correlation functions we have calculated the
evant spin Green’s function. From these spin Green functi
we obtained expressions for spin correlation functions wh
are given by

^̂ sa1a1

12 &&5S8@B~2n,2m!1B~2n,m!#, ~A4a!

^̂ sb1a1

22 &&5S8@B~2n,2m!2B~2n,m!#, ~A4b!

^̂ sb2a1

22 &&5S8@L~2n,2m!1L~2n,m!#, ~A4c!

^̂ sa2a1

22 &&5S8@L~2n,2m!2L~2n,m!#, ~A4d!

^̂ sb1b1

12 &&5S8@B~n,m!1B~n,2m!#, ~A4e!

^̂ sa1b1

22 &&5S8@B~n,m!2B~n,2m!#, ~A4f!

^̂ sa2b1

22 &&5S8@L~n,m!1L~n,2m!#, ~A4g!
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^̂ sb2b1

12 &&5S8@L~n,m!2L~n,2m!#, ~A4h!

whereS85S/2p,

B~n,m!5~v1n1m!/@~v1n1m!22p2#, ~A5!

L~n,m!5p/@~v1n1m!22p2#, ~A6!

n58S2(
k

$Ji~q!F111J'~q!F12%, ~A7!

m52S2(
k

$Ji~q!F11%, ~A8!

p52S2(
k

$J'~q!F21%. ~A9!

We can obtain the expressions for various spin correla
functions by integrating and taking an imaginary part of t
corresponding Green’s function@given in Eq.~A4!#. For ex-
ample,

^spp
xx&52Im E ^̂ spp

xx&&dv. ~A10!

In Eq. ~20! f1 andf2 are given by

f15(
k,q

~h1F111h2F12!, ~A11a!

f25(
k,q

~h1F221h2F21!, ~A11b!

where

h l525S2Jl8~k!14SJl8~q!(
l 8

~salal 8

12 1sblbl 8

12 !

15Jl8~q! (
l 8,l 9

~sal 8al 9

11 1sal 8bl 9

22 !Dll 8 l 9 , ~A12!

Dll 8 l 95d l1d l 8 l 91d l2~12d l 8 l 9!, ~A13!

Jl85Jl 8 l 9Dll 8 l 9 . ~A14!

Equations~A7!–~A9! and ~A11! involve the Green’s func-
tions F11, F12, and F21. These Green’s functions are th
products of four fermion operators. We obtain the followi
expressions for these Green’s functions using a suitable
coupling approximation39:

F115 ^̂ f 1k2qf 1k2q
1 u f 1kf 1k

1 &&5F n~«k2q!2n~«k!

v1«k2q2«k1 i0G ,
~A15!

*Email address: govind@mail.nplindia.ernet.in
1P. W. Anderson,The Theory of Superconductivity in High Tc Cu-

prates~Princeton University Press, Princeton, NJ, 1997!.
2B. Batlogg, Physica C282–287, 130 ~1997!.
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n

e-

F225 ^̂ f 2k2qf 2k2q
1 u f 2kf 1k

1 &&5S2F n~S1!

~S12«k!~S12v2«k2q!

1
n~«k!

~«k2S1!~«k2v2«k2q!

1
n~«k2q!

~v1«k2q2S1!~v1«k2q2«k!
G , ~A16!

F125F215 ^̂ f 2k1qf 2k
1 u f 1k

1 f 1k1q&&

5S2
2F n~S1!

v~S12«k!~S11v2«k2q!

1
n~«k!

~«k2S1!~«k1v2«k2q!~«k1v2S1!

1
n~S1!

v~v1«k2S1!~S12«k2q!

1
n~«k1q!

~«k1q2S1!~«k1v2«k2q!~v1S12«k1q!G .
~A17!

In the course of discussion we found that the spin correla
operators have the following symmetry:

^sa1a1

12 &5^sa2a2

12 &5^sb1b1

21 &5^sb2b2

21 &, ~A18a!

^sb1a1

22 &5^sb2a2

22 &5^sa1b1

11 &5^sb2a2

11 &, ~A18b!

^sb2a1

22 &5^sb1a2

22 &5^sa1b2

11 &5^sa2b2

11 &, ~A18c!

^sa2a1

12 &5^sa1a2

12 &5^sb2b1

21 &5^sb1b2

21 &, ~A18d!

^sb1b1

12 &5^sb2b2

12 &5^sa1a1

21 &5^sa2a2

21 &, ~A18e!

^sa1b1

22 &5^sa2b2

22 &5^sb1a1

11 &5^sb2a2

11 &, ~A18f!

^sa2b1

22 &5^sa1b2

22 &5^sb2a1

11 &5^sb1a2

11 &, ~A18g!

and

^sb2b1

12 &5^sb1b2

21 &5^sa2a1

21 &5^sa1a2

21 &. ~A18h!

The values of the spin correlation function can be obt
with the help of Eqs.~A4!–~A10! by using the symmetry
shown in Eq.~A18!.
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