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Abstract

The role of intra unit cell coupling along with inter unit cell resonant tunneling between the copper-oxygen
planes on the electronic spectral function in normal state of bilayer high T, cuprates like Bi,Sr,CaCu,Og.y is
investigated. The Hubbard model including terms representing hopping between the planes within the unit
cell, and resonant tunneling between the planes in two adjoining cells is used along with the Green’s function

equation of motion approach to obtain an expression of spectral function. The spectral function at (n,O)
point of the Brillouin zone is numerically calculated. It is found that the intra unit cell coupling lead to split-
ting of spectral peak especially close to(n,O) point, while the inter unit cell resonant tunneling lead to a
broadening in the spectral function and suppression of bilayer splitting in the normal state. In the presence of
finite electron correlations the inter unit cell tunneling induce strong broadening in the spectral features. The

electron correlations and inter unit cell tunneling is important in determining the shape of the spectral func-
tion in doped bilayer cuprates. These results are viewed in terms of the existing ARPES measurements on

bilayer cuprates.
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1. Introduction

The angle resolved photoemission spectroscopic (ARPES)
measurements [1,2] have emerged as dependable and use-
ful tools for understanding the electronic structure of lay-
ered cuprates. In comparison to the single layer per unit
cell material such as La,,Sr,CuO,4, the ARPES spectra of
bilayer cuprates such as Bi,Sr,CaCu,04.,(Bi-2212)
showed a splitting of spectral function along the antinodal
point of the Brillouin zone. A number of experiments are
performed to study the band splitting in Bi-2212 which
has two Cu-O planes within its unit cell [3-6]. The split-
ting is found to be large in normal state, with the maxi-
mum splitting (~110 meV) at («,0) point of the Brillouin
zone. It is also pointed out that the normal state of cuprates
shows broadening in the spectral function while sharp and
prominent spectral features are observed in the supercon-
ducting state. The splitting in the electronic states is attrib-
uted to the coupling between the Cu-O planes within the
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unit cell. The absence of band splitting in cuprates having
only one Cu-O layer per unit cell gives credence to the
hypothesis that there must be some sort of out-of-plane
effect on account of interlayer coupling in cuprates where
there are more than one Cu-O planes per unit cell.

Several authors have emphasized [7-10] the role of in-
tra cell coupling on the electronic spectra of the bilayer
cuprates within the framework of a bilayer tight binding
Hubbard Hamiltonian. Based on bilayer electronic band
structure calculations Chakravarty and collaborators [11]
have estimated a highly anisotropic intra cell coupling
having the planar momentum dependence of the form

1 2
EpL = —I(coskxa —coskya) ,

which gives maximum bilayer splitting at (7,0) point of
the Brillouin zone.

The influence of third dimension on the photoemission
spectra of two dimensional materials has also been
pointed out recently. Bansil ef al. [12] have analyzed the
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intercell coupling on the basis of simulated ARPES line-
shapes in Bi-2212 and concluded that the inter cell hop-
ping induces a broadening to the photoemission spectra
which have a characteristic dependence on the momen-
tum k . Markiewicz et al. [13] have also analyzed the
effect of intercell coupling and the resulting k&, disper-
sion in the cuprates within the framework of the
one-band tight binding (TB) model Hamiltonian. These
authors have obtained various values of tight binding
parameters by fitting to the first principles local density
approximation (LDA) based band structures, and also
with experimental Fermi surfaces obtained by ARPES
experiments in optimally doped and overdoped single
layer cuprates, La,,SryCuO4 and Nd, Ce,CuO, and bi-
layer cuprate Bi-2212.

The out-of-plane coupling not only connects the Cu-O
planes within the unit cell (intra unit cell) but also Cu-O
planes of the adjacent unit cells (inter unit cell). In bi-
layer cuprates due to small separation (of the order of 3.2
A) between two Cu-O planes within the unit cell, the
intra unit cell coupling between two Cu-O bilayers re-
sults in the band splitting as observed in ARPES meas-
urements. On the other hand, the inter unit cell coupling
that connects the two adjacent Cu-O planes in different
unit cells is believed to be weaker due to greater separa-
tion (of the order of 12 A in Bi-2212 cuprates) between
Cu-O planes of two adjacent unit cells. Because of very
low strength of inter unit cell interaction between Cu-O
planes, their effect shows up only in recent high resolu-
tion ARPES measurements of Chuang et al. [5,14] on
Bi-2212 system.

Several mechanisms have been proposed so far to explain the
out of plane (c-axis) electronic conduction in multilayer cuprates
[15,16] and we are still far from a clear understanding of c-axis
electronic conduction in cuprates.

Recently, the influence of inter unit cell resonant tun-
neling between the copper-oxygen planes on c-axis elec-
tronic conductivity in normal state of optimally doped
bilayer cuprates is investigated [17]. It is concluded that
the c-axis conductivity increases with the increment in
intercell resonant tunneling and this effect becomes more
prominence at low temperatures (7 < 300 K). Therefore,
the resonant tunneling mechanism is able to account for
out of plan (c-axis) electronic conduction processes in

H = H;

intracell T H intercell » Here, H; intracell =

ET AL.

systems like Y-123 and Bi-2212. Most of the recent
theoretical studies related to ARPES electronic spectra
are based on the two dimensional tight binding Hubbard
model and its extension within numerical and analytical
approaches and the role of third dimensional coupling on
the spectra in the presence of electrons correlation effect
has not been clearly understood so far. Therefore, it
would be interesting to study the effect of intra cell cou-
pling, inter unit cell resonant tunneling, and electronic
correlations simultaneously on the spectral function in
doped multilayer cuprates in normal state.

2. Theoretical Formulation

For the system like Bi-2212 and Y-123 which have two
Cu-O planes per unit cell, we have proposed a model
Hamiltonian that incorporates the intra cell coupling,
inter cell resonant tunneling alongwith strong Coulomb
interaction that exist in cuprates.

The mechanism of inter unit cell resonant tunneling is
schematically depicted in Figure 1 for Bi-2212 and Y-123
systems. The model Hamiltonian for cuprates with two
Cu-O planes per unit cell which incorporates inter cell
resonant tunneling is given below: (Equations 1(a) and (b))
where, m is unit cell indice and r, s are layer indices
within a unit cell (where » = 1, s = 2 and vice-versa).
Cmrko (Cmrko ) are creation (annihilation) operator for
the holes of m™ unit cell, " Cu-O plane with wave vec-
tor k and spin o .The 1* term in 1(a) is kinetic energy of
charge carrier (holes) within the Cu-O plane. The in
plane band dispersion &,;, having the contribution of
nearest neighbour hopping (¢) and next nearest neighbour
hopping (¢') is taken as

{—2t(coskxa +coskya)—4t’(coskxa coskya) }

It also includes the chemical potential of coupled bilayer
system and therefore, initially we have taken Fermi en-
ergy Er = 0 for our calculations. The 2™ term in 1 (a) is
the on site Coulomb energy at Cu3d’ site and in cuprates
this energy is quiet large (in the range 5 to 10 eV) as
compared to hopping energy. The 3™ term in 1(a) is the
single particle coupling between the bilayers within the
unit cell and we have assumed momentum dependent of
the form:

+ + + + +
2| 2 ek ko Cmrke U 2 C v+ Cmrk Y C et g L Cmrked T > Gl (Cmrkcrcmsko * CmskoCmrko )} 1(a)

m=12| k,o k' \q.r r#s.k,o
+ + + + +
Hinereen= €02 b0+ 25 Tps(mom+1) |:(Cmrk0'bl+bl Cm+lsk0')+(cm+lskabl+bl Cmrkc)] 1(b)
/ m,r.s.k,o,l
Copyright © 2011 SciRes. JMP
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Figure 1. Schematic presentation of intra cell coupling and inter unit cell resonant tunneling in bilayer cuprates

(Bi-2212 and Y-123).

‘) 2
E pL= —T(COSkxa —coskya)

as suggested by band structure calculation [11] and AR-
PES measurements [3,4,12,13].

The 1* term in 1(b) represents the energy of the reso-
nant level due to oxygen deficient BiO chain which lies
mid way between the two Cu-O planes lying in adjoining
unit cells. The 2™ term in 1(b) represents the single par-
ticle resonant tunneling from lower layer (say " layer)
of m™ unit cell to upper layer (say s” layer) of adjacent
(m + 1) unit cell and vice-versa. The parameter T} (m,
m + 1) represent the inter unit cell resonant tunneling

1
+ +
(‘" — &k )<<Cl lko ‘Cl 1k0'>> = P + ZU<<01 ko€ 1k —g-o €1 1k—q—0

matrix element for the case when tunneling probability
between two Cu-O planes in different unit cells is of the
order of unity [18]. During the theoretical calculation
T,{(m, m + 1) is taken as T}, for the case of nearest CuO
planes in adjacent unit cells (Figure 1). To obtain an
expression for , the corresponding Green’s func-
tion Gll(k,w):< lko cf'lkgiz and hence planar sin-
gle particle spectral function A(k, » ) for the model Ham-
iltonian (1), we have employed Green’s function equa-
tions of motion approach [9,15,16]. Finally, we derived
a set of coupled equations having higher order Green’s
functions as:

+
ko >>

kig )
+&pL <<C12ka ‘Cﬁka >> +1pp <<b1 ‘Cﬁka >>
(- )<<Clzka ‘Cﬂka >> =& <<Cl lko ‘Cﬁkg >> + ZU<<012k{0’01+2k'_q10-cl2k—q—0 Alko >> (3)

kiq

(o=l = i)} o)

( O—&K )<<sz1«5

+
Cliko >> =&kl <<C21k0

01+1ko>> +2.U

kiq

and

+ + +
(w — & )<<021kg ‘Cl lko >> =&k <<6’22ka ‘6’1 1ko->> + Z U <<02lk]’c)'cz]kl’_q_o-CZIk—q—O'

In order to take into account the electronic correlation
effects that exist in cuprates, the equations of motion of
higher order Green’s functions appearing in Equations

Copyright © 2011 SciRes.

+
<<C22kgcczzk; —q-0°22k—q-o

C1+1ko>> +Tjp <<b1 ‘Cﬂkc >> 6)

) (©)

kiq

(2-6) can be rewritten and the decoupling in higher order
Green’s functions in these equations of motion is made at
second stage. During the decoupling of higher order
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Green’s function, it is also assumed that the system is
paramagnetic. This makes the equations tractable and
avoids complications. With these approximations and

n
(w K )<<Cl ko€ 1k —q—o‘cl lk-g—o

.
+1i, <<Cl 1klgoC11kga1

+ +
_kz u <<Cl 1k/—q-o 1k -g-c VKo 1k —g-o 1 1k—g-0
19

The other higher order equations are also obtained and
after truncating the hierarchy of still higher order
Green’s function in the Hartree Fock approximation, we
finally obtained set of linear coupled equations of
Green’s functions. It is assumed that the charge carriers

Gry (k.0) = (0= &) 1+ Fy, )

Ok'k
Alko )) =G 1k —ooClik—g-0 )+ €L 1p o o€l kg €12k
o 2 \ 1k —g-c q-o ] 11kj—q—c q-c“12kic

simplification the higher order Green’s functions that
exist in equations can now be written as:

+
Cllko->>
+
cllka>>

ko >> (7

in Cu-O planes are equally distributed and also used a
paramagnetic situation (i.e. carriers with up spin are
equal to carriers with down spin). Solving the above
coupled equations, one derives the Green’s function
Gy (k,®) as follows;

T
8
(0-2)° (0=20) =1, (0= 20 )1+ Fiy ) ~Tia (02 (14 Fr) ®
{(@=a0F —e1 2 (14 B Y {020 (0-20) =1 (0-0) (14 Fi ) ~2T0s? (02 ) (14 Fiy )|
In the absence of Coulomb energy term (i.e. U= 0), the Equation (8), can be written in the following form.
Gy (ko) = <<Cllk0' ‘Cﬁkg»
(w—go){(a"gk)z‘gkLZ}—lez(w—gk) ©)

:i(a)—gk)x {

If, in the above expression of Gy (k,®), the resonant
tunneling is taken as zero (7}, = 0), we obtain the propa-
gator for bilayer system having intra cell coupling only,
and Equation (8) reduced to the following:
Gy (k,0) = % #"2

T (o-&) — kL

(10)

(a)—sk)z —gklz}[(w—go){(w—gk)z —gkj_z}—Zlez (a)—gk)J

One can check from above Equation (10) that there are
two quasiparticle energy branches (i.e. @, =&, t&; ) ):
a manifestation of intrabilayer coupling between two
CuO, planes within the unit cell. On simplification one
can rewrite the Equation (8) as:

G“(k,w)zzl(w—gk)(u%){

i

where,
A= —(80 + 2:9k )

3 2
o +Ao” + Bo+C } an

a)5 +Da)4+Ea)3+Fa)2+Ga)+H

2
B=2s50+8" &1 (14 Frp) T (14 Fiy)

C:—{gkzgo —ep1 g0 (1+ Fig )2 —& " (1+ ka)}

D=—(g +4&;)

Copyright © 2011 SciRes.
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E=dgp60+65,° =262 (14 Fypy ) =252 (14 Fy,,)

2 2
:_{6‘9k2‘90 +4g° —dere 2 (14 Fry ) 260851 (1+ Frp) —65kT122(1+ka)}

3 2 2 2 4 2 2 20 2
desg =261 64 (14 Frp ) +&i —depoer)” (14 Frp) =68, Tin" (14 Fgy ) +

et (1+ Fi ) +205%8, 2 (14 F,, )

and

H= —

€k480 —zgkzgogkLz (1+ka)2 —2€k3Tk122 (1+ka)+€kl4€0 (1+ka)4

2 3 2
+2€kJ_ (1+ka) ngl2

Using simple algebra above Equation (12) can be re-
arranged as:

Gy (k, @) ! i 4 (12)
1\H0)="—

2n l.:l(a)-al-)
where, a......... a5 are the five quasi-particle energies

which have been computed numerically. The planar sin-
gle particle spectral function A(k,® ) can be calculated
from the above Green’s function Gy, (k,®) numerically
by using the relationship:

Ak, )= —lImGn (k, ), (13)
T

where Im stands for imaginary part of Green’s function.
Using Equations (12) and (13) the expression for planar
electronic spectral function can be written in the follow-
ing form:
5
PITR) ) ye—_ E— (14)
AT +(0-a;)

To fit the line shape of the photoemission experimen-
tal results, we need to solve o -functions involved in the
spectral function (Equation (14)). The calculation of
A(k,») would give a broadening of the quasiparticle
peak. A Lorentizian type of broadening is used as given
below:

S(w-5)= Liml;z (15)
r-om (C{)—gk) +F2

The phenomenological broadening parameter I
takes care of quasi-particle scattering rate and initially
taken to be independent of k and @ [19,20] as we are
interested in the influence of inter unit cell resonant tun-
neling on photoemission spectral function. The line
shape of the peak in the ARPES spectral function A(k, @)
can be analyzed using Equation (14) numerically.

3. Results and Discussion

The spectral function A(k,) is measured by angle
resolved photoemission spectroscopy. The measured

Copyright © 2011 SciRes.

A(k,w) can be numerically analyzed using Equations
(13-15). The A(k,a)) is analyzed especially at (n,O)
points of the Brillouin zone, where the splitting in the
ARPES spectra of Bi2212 is found to be maximum in
normal state. These calculations would be relevant to
bilayer cuprates, Bi-2212, because the range of various
intra and inter cell parameters used in the present analy-
sis have been taken from recent electronic band structure
calculations [10,11] and works on electronic spectra of
Bi2212 cuprates [3,4,12,13].

In Figure 2, one can observe the spectral function
A(k,w) against energy (o) for different intra cell
coupling strength in optimal doped regime of Bi-2212 in
the normal state in the presence of inter cell resonant
tunneling (7}, = 0.1 eV) and for the case U = 0.0 eV).
The variation of A(k,w) versus band energy (@) at
(n,O) point of Brillouin zone shows a splitting in the
spectral function in the presence of intra cell coupling
between the planes (7, =0.2 eV). Such a bilayer splitting
in Bi-2212 at (7,0) point is also observed in recent
ARPES measurements [4-7]. On introducing the inter
unit cell resonant tunneling (7', =0.05 eV, 0.075 eV and
0.1 eV and keeping ¢, =0.1 eV), one can point out a
broadening in the spectral function (Figure 3). Also, the
bilayer splitting in the spectral function disappeared due
to broadening in the spectra on increasing inter cell
resonant tunneling term (7,= 0.1 ¢V to 0.15 eV) (Fig-
ure 4). Such broadening in the normal state spectra has
also been predicted by simulated ARPES line shapes in
Bi-2212 bilayer systems as manifestation of third dimen-
sional inter unit cell coupling [12,13]. On comparing Fig.
2 and Figure 4 one can observe that intra cell coupling
(¢,) leads the bilayer splitting in the spectral function,
while inter unit cell resonant tunneling (7,) suppresses
the bilayer splitting and induces broadening in the spec-
tral peak close to Fermi level.

One can also analyze the influence of inter cell reso-
nant tunneling term (73,) on the spectral function at
(n,O) point in the presence of Coulomb correlation (U),
keeping other parameters fixed, and using Green’s func-
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Figure 2. Spectral function versus energy at («, 0) point of
the Brillouin zone keepingt=0.4 eV, T;,=0.1eV, U =0.0 eV,
n=02, T =0.25eV,and g,=0.05¢eV.

———————— T,,=0.05 eV
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——T,=0.1eV
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Figure 3. Spectral function versus energy at (x, 0) point of

the Brillouin zone keeping t = 0.4 eV, ¢; =0.1eV, U =0.0

eV,n=0.2, I'=025eV,and g,=0.05¢eV.
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Figure 4. Spectral function versus energy at (7 ,0) point of
the Brillouin zone keeping t = 0.4 eV, ¢, = 0.2 eV, U =0.0
eV,n=02, I'=025eV,and ¢,=0.05¢eV.

Copyright © 2011 SciRes.
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Figure 5. Spectral function versus energy at (7, 0) point of
the Brillouin zone keeping t = 0.4 eV, ¢; =0.2eV, U =3.0
eV,n=0.2, I'=0.25eV,and g,=0.05¢eV.

tion Equation (18). In Figure 5, the spectral function
versus energy for different values of inter cell resonant
tunneling term (77,= 0.1 eV to 0.25 eV) in the presence
of Coulomb correlation (i.e. U= 3 eV) have been plotted.
It is pointed out from the Figure 5 that in the presence of
both the electronic correlations, and inter cell resonant
tunneling (77;,) the broadening in spectra [1-4] is more as
compare to the absence of Coulomb correlations (Fig-
ures 3 and 4).

Finally, it is concluded that the intra unit cell coupling
is responsible for bilayer splitting of electronic spectra,
while the inter unit cell resonant tunneling leads to
broadening in the spectral features especially at (n,O)
point of optimally doped bilayer (Bi-2212) cuprates and
in good correspondence with recent ARPES measure-
ments [12]. The electron correlations also play an im-
portant role in determining the shape of spectral function.
As the antinodal region of hole doped cuprates is so
called hot spot, in which the electron-electron correlation
broaden the spectral function. Besides, there may be an-
other source to broaden the spectral function like as ran-
domness in the CuQO, planes alongwith inter cell inco-
herent resonant tunneling and carrier concentration.
Therefore, the presence of finite electron correlations, the
inter unit cell resonant tunneling (7),) suppresses the
bilayer splitting in the spectral function due to broaden-
ing in the spectral features close to Fermi level in opti-
mal doped bilayer cuprates.
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