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Bilayer effects on the electronic spectra of doped cuprates
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A self-consistent perturbative approach has been used for investigating the effects of bilayer coupling in
cuprate systems possessing two CuO2 layers per unit cell. The strong electron correlation effects which exist in
the individual CuO2 layers are described by at-t8-J model, and the coupling between the two intraunit cell
layers is included via a layer-to-layer hopping matrix elementt' and an exchange interactionJ' . Calculations
of the electronic spectral functionA(k,v) have been made for different values of the hole concentration,
temperature, and anisotropy for analyzing the appropriate conditions for the splitting of the quasiparticle peak
in the normal state. It has been found that the splitting of the quasiparticle peak becomes favorable for higher
values of the hole doping and higher anisotropy ratios. Calculations of the imaginary part of the self-energy
S19(k,v) have also been made. It has been found thatS19(k,v) depends strongly on the momentumk and that
the energy dependence ofS19(k,v) changes qualitatively with the change of the momentumk. For k5(0,0) a
Fermi liquid like behavior is found for lowv, while for other values of momentum, considered here,S19(k,v)
varies likeva(1,a,2).

DOI: 10.1103/PhysRevB.64.224512 PACS number~s!: 74.25.Jb, 74.72.Bk, 74.72.Hs
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I. INTRODUCTION

Cuprates like La2CuO4, YBa2Cu3O6, and Bi2Sr2CaCu2O8

have one hole on each Cu atom.1 The spins of these hole
interact via a superexchange interaction, leading to an a
ferromagnetic insulating state.2 When these systems ar
doped with holes either by partially substituting a trivale
atom by a divalent one, or by changing the oxygen cont
the antiferromagnetic long-range order starts to wea
rapidly.3 With an increase in the density of doped holes~d! a
stage occurs when the long-range antiferromagnetic ord
completely destroyed and the system tends to enter a me
phase with short-range spin correlations.4 On lowering the
temperature of the metallic system below a critical va
(Tc), it switches to a superconducting state. Metallic as w
as superconducting states can be probed by angle-reso
photoemission spectroscopy~ARPES! which has proved it-
self to be an excellent tool in gaining information about t
response function of the doped holes.5 In 1990 Olsonet al.6

measured the ARPES spectrum of Bi2Sr2CaCu2O81y
samples which seemed to show a dip in the spectral weig
;90 meV along theG-M̄ k-space direction in the supercon
ducting state. Later, Dessauet al.7 obtained the temperature
dependent ARPES spectrum of Bi2Sr2CaCu2O81y , and re-
ported a dip at;90 meV along theG-M̄ k-space direction
when the system is cooled below its superconducting tra
tion temperature. On the other hand, no dip was obser
along theG-X k-space direction.7 Recent ARPES measure
ments showed, the effect of a dip in the form of splitting
the electronic states of an overdoped bilayer sys
(Bi2Sr2CaCu2O81y) near the Fermi energy in the norm
state ~T590 K.Tc565 K ~Ref. 8! and T5100 K.Tc
585 K ~Ref. 9!. The splitting is observed to vanish along th
G-X nodal line in reciprocal space, and is seen to be ma
mum at thek point ~p,0!. However, such a splitting has no
been observed in compounds like La22xSrxCuO4 and
0163-1829/2001/64~22!/224512~8!/$20.00 64 2245
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Bi2Sr2CuO61d , which have only one CuO2 layer per unit
cell.5,8–10This is a clear indication of the importance of co
pling between the two CuO2 planes in the same unit cell an
its association with the splitting of electronic states. On
other hand, it is also observed that the peak splitting does
appear in the underdoped bilayer cuprates.11

Theoretical studies of spectral properties have so far b
limited mainly to single, layer systems lik
La22xSrxCuO4.

12–24 Moreover, most of these studies we
confined to one~or two! hole~s! added to the antiferromag
netic background formed by a cluster of few sites. The m
methods used so far for the study of spectral properties
cuprates included the exact diagonalization method.13–15The
quantum Monte Carlo method,16–19the density-matrix renor-
malization group method20,21 and the finite-temperature
Lanczos method~FTLM!.22–24 The FTLM was also used to
study the dynamics of overdoped cuprates.24 Compared to
the vast theoretical studies of the single-layer cuprates,12–24

there are only a few theoretical studies of the bilay
cuprates.25,26

In this paper we study the spectral properties of bila
cuprates for various values of doping, temperature and
strength of intrabilayer interactions. We shall, in particul
address the question why splitting is not observed in und
doped samples. In order to understand the role of bila
coupling in the dynamics of cuprates, we consider a sys
like YBa2Cu3O72y or Bi2Sr2CaCu2O81y having two CuO2
layers per unit cell. We calculated the spectral functi
A(k,v) and the imaginary part of the self energyS19(k,v)
for different values of doping and temperature for these
layer systems. For this, we describe the individual layers
a t-t8-J model and couple these layers via a hopping proc
of holes as well as an exchange coupling between the s
in these layers. We apply an equation-of-motion method
obtain an expression of the Green’s functionG(k,v) for the
holes within a self-consistent perturbative approach. Exp
©2001 The American Physical Society12-1



on
ur
ica
th
II

t o
E

ll

on

ag
a
he

d

le
in

re

h
e
m

ay

e

io

s

by
ag-
und
ich

ving

hat
rd.

ay,

ep-

i-

er

AMIT PRATAP, RATAN LAL, GOVIND, AND S. K. JOSHI PHYSICAL REVIEW B64 224512
sion for the self-energy is obtained by solving the Dys
equation within the first Born approximation. Details of o
theoretical calculations are described in Sec. II. Numer
calculations and results of the spectral function and
imaginary part of the self energy are presented in Sec.
The results for spectral functions and the imaginary par
the self-energy are discussed in the light of recent ARP
measurements.

II. THEORETICAL FORMULATION

In bilayer cuprate systems like YBa2Cu3O72y and
Bi2Sr2CaCu2O81y , the two CuO2 layers in the same unit ce
are relatively closer (d1;0.4 nm) than the CuO2 layers of
the two neighboring unit cells (d2;0.7 nm). In factd1 is
comparable to the intralayer Cu-Cu distance. It was c
firmed by neutron-scattering experiments that the spins
the two layers in the same unit cell are coupled antiferrom
netically, so that the signatures of such coupling should
pear in the doped and the superconducting phases of t
systems.27,28

We assume that each layer of the bilayer cuprates is
scribed by thet-t8-J model:

Ht2J
1 5(

i j s
t i j 1is

1 1j s1Ji(
i j

Si l •Sj l . ~1!

Here l 51 and 2 denote the two CuO2 layers of the unit cell,
and t i j is the hopping matrix element for hopping of a ho
from site i to site j within the layers. In the present paper,
addition to the nearest-neighbor hopping (t i), we have also
considered the next-nearest-neighbor hopping (t8) within the
two-dimensional CuO2 plane. l is

1 ( l is) is the creation~anni-
hilation! operator of the correlated hole of spins at site i.
These operators are related with the uncorrelated c
tion ~annihilation! operatorsl 0is

1 ( l 0is) by

l is
1 5 l 0is

1 ~12 l 0i 2s
1 l 0i 2s! ~2!

and

l is5~12 l 0i 2s
1 l 0i 2s!l 0is. ~3!

In Eq. ~1!, Sil is spin operator at the ith site of layerl. Ji is
the exchange coupling strength between the nearest-neig
spins in the same CuO2 plane. For a bilayer cuprate when w
consider the coupling between the two layers in the sa
unit cell, the total Hamiltonian would be

H5Ht2J
1 1Ht2J

2 1Ht'
8 1HJ'

8 , ~4!

whereHt'
8 corresponds to the hopping between the two l

ers within the unit cell, andHJ'
8 corresponds to the exchang

coupling between these two layers. For a clear distinct
between layer 1 and layer 2, we write 1is

(1)5c1is
(1) for layer

l 51 and 1is
(1)5c2is

(1) for layer l 52. In this notation the
Hamiltonian would read
22451
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H5(
i j l s

t i j cli s
1 cl j s1 (

lÞ l 8 is

t'cli s
1 cl 8 is1Ji(

i j l
Sil .Sjl

1J' (
lÞ l 8 i

Sil .Sil 8. ~5!

Here t' is the hopping matrix element for hopping of hole
between the two layers in the cell, andJ' is the exchange
coupling strength between the spins of two layersl and l 8 in
the same unit cell.

In order to derive the spectral functionA(k,v) and the
imaginary part of the self-energyS9(k,v) for Hamiltonian
~5!, we employ a self-consistent perturbative approach
considering the magnetic interactions in terms of a ferrom
netic background as suggested in Ref. 29. In fact, the gro
state of the bilayer cuprates is a Neel antiferromagnet wh
may be considered as composed of four sublattices ha
spins say up atA ~layer 1! and D ~layer 2! sublattices, and
spin-down atB ~layer 1! and C ~layer 2! sublattices, as
shown in Fig. 1. For the down spins of sublatticesB andC,
we perform a spin-down to spin-up transformation, so t
all the four sublattices then have their spins pointing upwa
When sitei belongs to sublatticeB or C, the spin down to
spin up transformation will be

c1is~c2is!5c1i 2s~c2i 2s!, Sil
65Sil

7 ;Sil
z 52Sil

z .

In order to handle the spin operators in a practical w
we consider the hole operator (cli s) in the form of the prod-
uct of two parts—one having charge only and the other r
resenting the spin character. Letf l i

1( f l i ) denote the creation
~annihilation! operator corresponding to the spinless ferm
ons, andsli be the pseudospin operator in thel th layer at site
i Then the hole operators may be written as29

cli ↑5 f l i
1p l i , ~6a!

cli ↓5 f l i
1sli

1 , ~6b!

and

Sl i 5sl i ~12nli ! ~6c!

FIG. 1. Schematic representation of the unit cell of a bilay
cuprate showing the four sublattices~A, B, C, andD! having spins
up and down at Cu sites.
2-2
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wherenli 5 f l i
1 f l i denotes the number of the spinless ferm

ons operator at sitei of layer 1, p l i denotes the projection
operators to eliminate the unphysical states, and this giv29

p l i 5
1
2 1sli

z , ~7!

p l i u
1
2 &51. ~8!

One of the effects of the transformation given by Eq.~6! is
that it modifies the exchange term by a factor (12d)2. This
means that theJi andJ' will be replaced by the new param
eters J̃i5Ji(12d)2 and J̃'5J'(12d)2, respectively. We
apply transformations~6! to the terms of Hamiltonian~5!,
and write the transformed Hamiltonian in thek representa-
tion:

H5(
kq

$t~k2q! f 1k2qf 1k
1 s1q

1 1t~k! f 1k1qf 1k
1 s1q

2 %

1(
kq

$t~k2q! f 2k2qf 2k
1 s2q

1 1t~k! f 2k1qf 2k
1 s2q

2 %

1(
kq

$t'~k2q! f 1k2qf 2k
1 s2q

1 1t'~k! f 1k1qf 2k
1 s1q

2 %

1(
lq

Ji~q!$slq
1sl 2q

1 1slq
2sl 2q

2 %2(
lq

2zabJ̃i$slq
z sl 2q

z %

1 (
lÞ l 8q

J̃'$slq
1sl 82q

1
1slq

2sl 8b2q
2 %2 (

lÞ l 8q

2J̃'$slq
z sl 82q

z %,

~9!

where

t~k!522sti~coskx1cosky!24t8 coskx cosky , ~10!

Ji~q!52szabJ̃i~cosqx1cosqy!, ~11!

where zab(54) is the number of nearest neighbors with
the two-dimensional lattice of the CuO2 plane.t i is the bare
22451
-hole hopping to the nearest-neighbor sites in a layer, andt8 is
the hopping to the next-nearest-neighbor sites of the s
layer. In Eqs.~10! and~11!, we take the in-plane lattice con
stanta51.

In Eq. ~9! t'(k) is the hopping matrix element of a hol
from one layer to the another layer. In the literature,t'(k)
has been considered to be dependent onkx andky such that

t'~k!5t'~coskx2cosky!2 ~12!

In fact, Eq.~12! is based on the experimental fact that the
is no hopping of holes between the two layers along thekx
5ky direction.

We now define the following Green’s functions corr
sponding to the spinless fermions.

Gkk8~v!5Š^ f 1ku f 1k8
1 &‹ and Fkk8~v!5Š^ f 2ku f 1k8

1 &‹.
~13!

Herev denotes the energy,Gkk8(v) corresponds to the mo
tion of spinless fermions in the same layer, andFkk8(v)
corresponds to that from one layer to the another layer. W
ing the equations of motion for the Green’s functio
Gkk8(v) andFkk8(v) we encounter the usual irreducible pa
of the Green’s function. The irreducible part has been eva
ated by restricting ourselves to the first Born approximati
In this manner we obtain

S v2(
1

DGkk85
1

2p
1(

2
Fkk8 ~14!

and

S v2(
1

DFkk85(
2

Gkk8. ~15!

For the sake of abridging the expressions, thek and v de-
pendences of self-energiesS1(k,v) andS2(k,v), as well as
the vector representations ofk andq in the argument, are no
shown in the expressions. The expressions forS1 andS2 are
given by
(
1

5
1

2s(
q

@ t~k2q!t~k2q!^s1q
2 s1q

1 &1t~k2q!t~k!^s12q
1 s1q

1 &#D11@ t~k!t~k2q!^s1q
2 s12q

2 &1t~k!t~k!^s12q
1 s12q

2 &#D2

1@ t'~k!t~k2q!^s1q
2 s22q

2 &1t'~k!t~k!^s12q
1 s22q

2 &#D31@ t'~k2q!t~k2q!^s1q
2 s2q

1 &1t'~k2q!t~k!^s12q
1 s2q

1 &#D4

~16!

and

(
2

5
1

2s(
q

@ t~k2q!t'~k2q!^s2q
2 s1q

1 &1t~k2q!t'~k!^s12q
1 s1q

1 &#D11@ t~k!t'~k2q!^s2q
2 s12q

2 &1t~k!t'~k!^s12q
1 s12q

2 &#D2

1@ t'~k!t'~k2q!^s2q
2 s22q

2 &1t'~k!t'~k!^s12q
1 s22q

2 &#D31@ t'~k2q!t'~k2q!^s2q
2 s2q

1 &1t'~k2q!t'~k!^s12q
1 s2q

1 &#D4 .

~17!
2-3
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In Eqs.~16! and~17!, theDi ’s are Green’s functions, cor
responding to the pseudospin operators, which are define

Dq5F D1

D2

D3

D4

G5F Š^s1q
1 us1q

2 &‹
Š^s1q

2 us1q
2 &‹

Š^s2q
2 us1q

2 &‹
Š^s2q

1 us1q
2 &‹

G . ~18!

We emphasise thatDi ’s depend on the energy throughv,
and are given explicitly by the expressions

D15sF v1J~0!2l1

~v2v1!~v2v2!
1

v1J~0!2l2

~v2v3!~v2v4!G , ~19!

D252sF Ji~q!14sJ'2l3

~v2v1!~v2v2!
1

Ji~q!24sJ'2l4

~v2v3!~v2v4!G ,
~20!

D352sF Ji~q!14sJ'2l3

~v2v1!~v2v2!
2

Ji~q!24sJ'2l4

~v2v3!~v2v4!G ,
~21!

D45sF v1J~0!2l1

~v2v1!~v2v2!
2

v1J~0!2l2

~v2v3!~v2v4!G . ~22!

Here

v1,25l16Av1q0
2 1l3

2, ~23!

v3,45l26Av2q0
2 1l4

2 ~24!

correspond to the magnon dispersion, andv1,2q0 are given by

v1,2q05AJ2~0!2$Ji~q!64sJ̃'%2 ~25!

and

J~0!54zabsJ̃i14sJ̃'.

In Eqs. ~24! and ~25!, l i ’s are the self-energy component
and are given by

l15h1~q,v!1h4~q,v!, l25h1~q,v!2h4~q,v!,
~26!

l35h2~q,v!1h3~q,v!, l45h2~q,v!2h3~q,v!

with

h1~q,v!5~2s!2(
kk8

@ t~k!t~k82q!Š^ f 1k1qf 1k
1 u f 1k82qf 1k8

1 &‹

1t~k!t'~k8!Š^ f 1k1qf 1k
1 u f 2k8 f 1k81q

1 &‹#

1@ t'~k!t~k82q!Š^ f 1k1qf 2k
1 u f 1k82qf 1k8

1 &‹

1t'~k!t'~k8!Š^ f 1k1qf 2k
1 u f 2k8 f 1k81q

1 &‹#, ~27!
22451
as h2~q,v!52~2s!2(
kk8

@ t~k2q!t~k82q!

3Š^ f 1k2qf 1k
1 u f 1k82qf 1k8

1 &‹

1t~k2q!t'~k8!Š^ f 1k2qf 1k
2 u f 2k8 f 1k82q

2 &‹#

1@ t'~k!t~k82q!Š^ f 2kf 1k1q
1 u f 1k82qf 1k8

1 &‹

1t'~k!t'Š^ f 2kf 1k1q
1 u f 2k8 f 1k81q

2 &‹#, ~28!

h3~q,v!52~2s!2(
kk8

@ t~k2q!t~k82q!

3Š^ f 2k2qf 2k
1 u f 1k82qf 1k8

1 &‹

1t~k2q!t'~k8!Š^ f 2k2qf 2k
2 u f 2k8 f 1k82q

2 &‹#

1@ t'~k2q!t~k82q!Š^ f 1k2qf 2k
1 u f 1k82qf 1k8

1 &‹

1t'~k2q!t'~k8!Š^ f 1k2qf 2k
1 u f 2k8 f 1k81q

1 &‹#,

~29!

h4~q,v!5~2s!2(
kk8

@ t~k!t~k82q!Š^ f 2k1qf 2k
1 u f 1k82qf 1k8

1 &‹

1t~k!t'~k8!Š^ f 2k1qf 2k
1 u f 2k8 f 1k82q

1 &‹#

1@ t'~k2q!t~k82q!Š^ f 2kf 1k2q
1 u f 1k82qf 1k8

1 &‹

1t'~k2q!t'~k8!Š^ f 2kf 1k2q
1 u f 2k8 f 1k82q

1 &‹#.

~30!

It is important to note that in the absence of doped ho
the system is an antiferromagnetic insulator. In this case
first two terms in the Hamiltonian of Eq.~5! vanish for the
undoped system and the remaining part is just equivalen
the Heisenberg Hamiltonian for a bilayer system. The m
netic dynamics of such an undoped case studied earl27

suggests the existence of acoustic and optic branches as
as an optical magnon gap~at q50! in the magnon spectrum
We find that, in the absence of doped holes,d50, and alll’s
present in Eqs.~23! and ~24! vanish and we retrieve the
results for the undoped case.

Equations~27!–~30! involve the Green’s functions of the
product of four fermion operators. We obtain expressions
these Green’s functions in a way discussed by Richard
Yushankhai.29 We obtain

Š^ f 1k1qf 1k
1 u f 1k82qf 1k8

1 &‹5F n~«k2q!2n~«k!

~v1«k2q2«k1 i0!G ~31!

and
2-4
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Š^ f 1k1qf 2k
1 u f 1k82qf 1k8

1 &‹

5(
2

F n~(1!

~(12«k!~(12v2«k2q!

1
n~«k!

~«k2(1!~«k2v2«k2q!

1
n~«k2q!

~v1«k2q2(1!~v1«k2q2«k!
G . ~32!

It is important to note that the term
Š^ f 2k1qf 2k

1 u f 1k82qf 1k8
1 &‹ is proportional tot'

2 . Since t'!t i

this Green’s function is not expected to make a signific
contribution to the dynamics of the system. We theref
neglect this term.

In Eqs.~31! and ~32!, n(«) is the Fermi function, and

«k522t i~coskx1cosky!24t8 coskx cosky ~33!

is the bare hole dispersion. So far we have obtained the e
tions of motion for the hole Green’s functions and sp
Green’s functions, and the expressions for various s
energy componentsl i . The spectral functionA(k,v) may
now be evaluated by calculating the imaginary part
G(k,v). In factG(k,v) is obtained by solving Eqs.~14! and
~15!. We obtain

G~k,v!5
1

@v2(~k,v!#
, ~34!

with

( ~k,v!5(
1

~k,v!1
(2

2~k,v!

@v2(1~k,v!#
. ~35!

From Eqs.~34! and ~35!, the spectral functionA(k,v) is
obtained by using

A~k,v!52Im G~k,v!. ~36!

The density of states~DOS! is given by

N~v!5E
2p

p E
2p

p

A~k,v!dkxdky , ~37!

and, finally, the hole density~d! is obtained by integrating the
DOS over the occupied energy states

d5E
2`

m

N~v!dv. ~38!

III. RESULTS AND DISCUSSION

We have performed calculations for the hole dens
spectral function, and the imaginary part of the self-ene
by taking t i50.4 eV t850.25t i andJi50.3t i. Next we de-
fine

J'5Ji /r , ~39!

and
22451
t
e

a-

f-

f

,
y

t'5t i /Ar . ~40!

We have scaledt' with 1/Ar because according to thet-J
model,J54r 2/U so that for a given onsite Coulomb inte
actionU, the hopping parametert(5t i ,J') is proportional to
AJ whereJ5Ji ,J' . The parameterr signifies the anisotropy
of the layered cuprate systems. We have performed calc
tions for r 56.7 and 10.0. We find that belowr 56.7, calcu-
lations converge very slowly.

First of all we present results of our calculations for t
variation of the hole density~d! with chemical potential~m!.
These results are shown in Fig. 2~a! for r 510.0 and for the
temperaturesT50.025t i , 0.05t i , and 0.10t i . We find that
the present results correspond to a narrow range ofm values
as compared to the results of Jaklic and Prelovsek22 per-
formed for single-layer compounds by using the finit
temperature Lanczos method. Our results can be comp
with the right side of the curves of Fig. 1~b! of Ref. 22. In
this region, we find a good agreement of our calculated
versusm curves with those of Ref. 22.

We next present the results for the hole density as a fu
tion of temperature for different values of the chemical p
tential in Fig. 2~b!. From this figure one can infer that for
fixed value ofm, d increases with increasing temperatur
However, for lower values ofm, the rate of increase of the

FIG. 2. ~a! Variation of hole density~d! with chemical potential
~m! at ~a! T50.025t i , ~b! T50.05t i , and ~c! T50.10t i for
r 510.00. ~b! Variation of hole density~d! with temperature~T!
for various values of chemical potential~m! for r 510.0. ~a!
m520.82, ~b! m520.78, ~c! m520.74, ~d! m520.70, and~e!
m520.68.
2-5
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hole concentration with temperature is less. ThisT depen-
dence ofd for various values ofm is qualitatively different
from that of Jaklic and Perlovsek.22 In the present case th
curves for different values ofm are crowded toward lowe
values ofT, while, in the calculations of Ref. 22, they a
crowded toward the higherT. A possible reason for this dif
ferent behavior may be the bilayer coupling considered
our formalism but not considered by Jaklic and Perlovs
Other possible reasons may be due to the finite size of
system considered in Ref. 22 and the use of different m
odologies in calculating various properties. However, it
not possible to ascertain the relative importance of these
tors resulting in a differentd versusT behavior.

We now turn to the presentation of our results for t
spectral functionA(k,v) at different points of the Brillioun
zone. Before doing so, we note the form of the intrabila
hopping parametert'(k) @Eq. ~12!#. According to Eq.~12!,
the intrabilayer hopping has no effect along thekx5ky line.
Thus the results corresponding to the Brillioun-zone poi
~0,0!, ~p/2,p/2!, and ~p,p! do not include any effect of the
bilayer coupling. The calculated behavior of the spec
function for ~0,0! and ~p,p! is shown in Fig. 3 for different
values ofd andT with r 510.0. These results clearly indica
that an increase either in the hole concentration@Fig. 3~a!# or
in the temperature@Fig. 3~b!# leads to the appearance of a
electronlike quasiparticle character above the Fermi ene
These features are very much similar to those observe
single-layer cuprates.5,10

According to Eq.~12!, the point~p,0! corresponds to the

FIG. 3. ~a! Doping dependence of spectral functionA(k,v) at
~0,0! and ~p,p! points of the Brillioun zone forr 510.0 at T
50.05t i , d50.09 ~dashed line!, andd50.15 ~full line!. ~b! Tem-
perature dependence of spectral functionA(k,v) at ~0,0! and~p,p!
points of the Brillioun zone forr 510.0 at d50.09. T50.025t i

~dashed line! andT50.10t i ~full line!.
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FIG. 4. ~a! Effects of anisotropy ratior on the spectral function
A(k,v) at momentum~p,0! for T50.025t i and d50.10. ~b! De-
pendence ofA(k,v) on d for T50.025t i andr 56.7 at momentum
~p,0!. The values next to the curves are the corresponding h
concentration.p marks the broad quasiparticle peak, whilep1 and
p2 represent the two split parts of the peak.~c! Doping dependence
of A(k,v) at momentum~p,0! for T50.15t i and r 510.0. The
value next to the curve is the corresponding hole concentratiop
marks the broad quasiparticle peak, whilep1 and p2 represent the
two split parts of the peak.
2-6



e

-
at
le
t-

o

h
-

c

-
ie
be
t,

lit-

al
u

w
s

t
w

n
m

a

ed

on

, i
id

n-
o

m-

m
her

e

of
e
s

ior
o-
ic

us

s of
on

the
of
opy

le
of

ctral
i

ars
le-

BILAYER EFFECTS ON THE ELECTRONIC SPECTRA . . . PHYSICAL REVIEW B64 224512
maximum effect of the coupling of the two layers in th
same unit cell. The behavior ofA(k,v) at ~p,0! is shown in
Fig. 4 for different sets ofd, T, andr values. In Fig. 4~a! we
show the behavior ofA(k,v) at the~p,0! point of Brillioun
zone for T50.025t i and d50.10 corresponding to the an
isotropy ratior 56.7 and 10.0. It is clear from the figure th
for higher anisotropy (r 510.0) there is a broad quasipartic
peak~marked asp! in the spectrum. On lowering the aniso
ropy, this quasiparticle peak splits into two peaks~markedp1

andp2!. In order to clarify the role of anisotropy we turn t
Eq. ~40!, according to whichr 5t i

2/t'
2 . Since in our calcula-

tions we have fixed the value oft i , a low value ofr implies
high value of t' . Thus, in comparison tor 510.0 for r
56.7 the value oft' increased by a factor of 2.25. With suc
an enhanced value oft' , the bilayer effects are much stron
ger to produce a splitting in the electronic state.

In Fig. 4~b! we analyze the effects of doping on the spe
tral function at~p,0! for T50.025t i andr 56.7. We observe
that the broad peak present atd50.07 splits into two peaks
(p1 and p2! for d.0.10. In addition, thep1 peak becomes
more and more separated fromp2 upon increasing the dop
ing. The reason for peak splitting with increasing doping l
in the fact that on increasing the doping the coupling
tween the two CuO2 layers is effectively enhanced. In fac
this is a peculiar feature of thet-J model wheret scales with
d.4

We next consider the variation ofA(k,v) with tempera-
ture. In Fig. 4~a! we have already shown that no peak sp
ting is observed forT50.025t i andr 510.0. However, since
with increased temperature the higher-energy states will
be occupied, which will effectively enhance the bilayer co
pling, we expect peak splitting for higher values ofT in our
calculations. In order to examine this expected result,
have carried out the calculations at elevated temperature
r 510.0. These results are shown in Fig. 4~c!. We find that at
high T and highd values the peak in fact splits even forr
510.0. In Fig. 4~c! one sees a peak markedp8 which may be
mistaken for a split peak. However, we mention thatp8 is a
separate peak which exists for alld values~0.15, 0.21, and
0.27!. The peakp which is a single peak ford50.15 is split
into two peaksp1 andp2 for d50.21 andd50.27.

These features of spectral function at~p,0! point, as ob-
tained in Figs. 4~a! and 4~b! are consistent with recen
ARPES measurements performed on the underdoped as
as the overdoped bilayer system Bi2Sr2CaCu2O81y .8,9,11Our
results of Fig. 4~c! are yet to be tested, as there exists
experimental observation of spectral function at high te
peratures.

We now focus our attention to evaluate the imaginary p
of the self-energy@S19(k,v)# for (kx ,ky)5(0,0), ~p/2,p/2!
and~p,0! points of the Brillioun zone. The result is present
in Fig. 5 for d50.15, r 510.0, andT50.025t i . From this
figure it is clear thatS19(k,v) shows a strong dependence
the momentumk. A strongk dependence ofS19(k,v) is also
obtained in the other theoretical calculations.24 Because of
this strongk dependence ofS19(k,v), care should be taken
in describing the excitations of the system. In particular
would be inappropriate to use a marginal Fermi-liqu
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description30 which ignores thek dependence ofS19(k,v).
In fact, a description of excitations in terms of Anderso
Luttinger liquid theory,31 which considers the self-energy t
be k dependent, seems to be more reasonable.

The imaginary part of the self-energy shows a very co
plicated behavior with respect to the energyv. We observe
that near v50, S19(k,v) follows a v2 behavior for
(kx ,ky)5(0,0). This indicates that near this point the syste
may be described by a Fermi-liquid behavior. On the ot
hand, for~p/2,p/2! and (p,0)S19(k,v) follows a power-law
behavior (va,a,2) nearv50. Several experiments hav
shown the power-law behavior ofS19(k,v) at low v.32–34 In
addition, some theories also yield a power-law variation
S19(k,v) provided\/S19(k,v) has the significance of a hol
lifetime.31,35–37These theories provide quite different origin
of the va- like dependence ofS19(k,v). For instance,
Anderson31 suggested the origin of the power-law behav
of S19(k,v) to be due to the cuprate systems being tw
dimensional Luttinger liquids. On the other hand, Stojkov
and Pines35 obtained ava-like dependence ofS19(k,v) on
the basis of spin fluctuations under the conditions of vario
nesting effects of the Fermi surface. Finally,va-like behav-
ior was also obtained by considering the combined effect
the Coulomb interaction and the electron-phon
interaction.36,37

IV. CONCLUSIONS

In conclusion, we have performed a detailed study of
spectral function of bilayer cuprates over a wide range
momentum, hole concentration, temperature, and anisotr
ratio. We note from the present study ofA(k,v) that the
bilayer coupling significantly affects the behavior of ho
dynamics in the system. In particular, we obtain a splitting
the electronic states for overdoped systems. The spe
functionsA(k,v) are asymmetric with respect to the Ferm
energy, and, on increasing the hole density, atk5(0,0) and
~p,p! points an electronlike quasiparticle character appe
in the spectrum. The essential difference from the sing
layer compounds is observed at~p,0! point of the Brillioun

FIG. 5. Imaginary part of the self-energy atT50.025t i . d
50.15, and r 510.0 for (kx ,ky)5(0,0) ~full line!. ~p/2,p/2!
~dashed line!, and~p,0! ~dotted line!.
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zone. At~p,0! we observe a clear splitting of the peak. T
peak splitting is found to be dependent on the anisotr
ratio, the hole density, and the temperature of the system
the basis of our theoretical results, we have described var
situations for bilayer cuprates ranging from underdoped
overdoped regimes under which the peak splitting beco
observable. We have also studied the imaginary part of
self-energy, which is found to be highlyk dependent, and
which does not agree with the marginal Fermi-liquid theo
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