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Effect of bilayer coupling on tunneling conductance of double-layer high-Tc cuprates
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Physical effects of bilayer coupling on the tunneling spectroscopy of high-Tc cuprates are investigated. The
bilayer coupling separates the bonding and antibonding bands and leads to a splitting of the coherence peaks
in the tunneling differential conductance. However, the coherence peak of the bonding band is strongly
suppressed and broadened by the particle-hole asymmetry in the density of states and finite quasiparticle
lifetime, and is difficult to resolve by experiments. This gives a qualitative account why the bilayer splitting of
the coherence peaks was not clearly observed in tunneling measurements of double-layer high-Tc oxides.
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The interlayer coupling of electrons in high-Tc cuprates
was predicted to depend strongly on the in-plane momen
and vanish along the zone diagonals of the two-dimensio
~2D! Brillouin zone.1–3 This would lead to an anisotropi
splitting of the energy bands in bilayer compounds. This
layer splitting was first observed by Fenget al. in the angle-
resolved photonemission spectroscopy~ARPES! of heavily
overdoped~OD! Bi2Sr2CaCu2O81x ~Bi2212! compounds.4

The maximum splitting occurs near the antinodal poin
(6p,0) and (0,6p) and varies from 20 meV in the supe
conducting state to 88 meV in the normal state. Chuanget al.
also observed this splitting in OD Bi2212 samples in t
normal state, but with a larger splitting energy 110 me5

Furthermore, by analyzing the energy dependence of ARP
spectra, Kordyuket al. concluded that the peak-dip-hum
lineshape observed in ARPES are stemmed from the bila
splitting.6

Tunneling spectroscopy is an important tool for explori
low-energy properties of high-Tc superconductors~HTSC!,
as the tunneling conductance is proportional to the densit
states~DOS! of electrons. The tunneling measurements
veal important features ofd-wave superconductors, such
the superconducting coherence peak at the gap edges an
V-shape low-energy spectrum associated with the lin
DOS.7–13 In addition to thesed-wave features, an asymme
ric tunneling conductance background with a negative sl
has also been observed.7–9 In contrast to the ARPES, th
bilayer coupling effect in tunneling experiments has not be
reported.

In this paper we investigate the effect of the bilayer co
pling on tunneling measurements. The bilayer coupling sp
the energy bands into the bonding and antibonding ones
leads to a separation of the superconducting cohere
peaks. This property can be used to probe the bilayer e
from tunneling measurements. Furthermore, it is shown
the DOS contributed from the bonding and antibond
bands behave differently in presence of the particle-h
asymmetry. With a negative slope in the normal density
states, the particle-hole asymmetry tends to reduce the D
of the bonding band, but enhance that of the antibond
band. This will enhance one coherence peak but reduce
other one, and eventually cause the disappearance of
coherence-peak structure.
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Our model involves the anisotropicc-axis coupling be-
tween two CuO2 planes and is defined by the followin
Hamiltonian:

H5(
l ,ks

«~k!cl ,ks
† cl ,ks1(

ks
t'~k!~c1,ks

† c2,ks1H.c.!

2(
l ,k

D~k!~cl ,k↑
† cl ,Àk↓

† 1cl ,Àk↓cl ,k↑!, ~1!

wherecl ,ks
† ( l 51,2) creates electrons in thel th CuO2 plane

with momentumk and spins. The kinetic energy«(k) in-
cludes the chemical potential and thus the Fermi energy«F
50. The superconducting energy gap is assumed to h
dx22y2 symmetry andD(k)5D0(coskx2cosky)/2. In a te-
tragonal high-Tc cuprate, thec-axis electron hopping integra
is anisotropic:1–3

t'~k!52
tz

4
~coskx2cosky!2.

This anisotropy results from the hybridization between
bonding O 2p and unoccupied Cu 4s orbitals. If D(k)50 in
one of the double planes, Eq.~1! is the model that was
widely used for studying the proximity effect in YBCO
materials.14,15

Defining the operatorsd1,ks5(c1,ks1c2,ks)/A2 and
d2,ks5(c1,ks2c2,ks)/A2, we can decouple the above Ham
tonian into two independent parts

H5H11H2 , ~2!

Hi5(
ks

« i~k!di ,ks
† di ,ks2(

k
D~k!~di ,k↑

† di ,Àk↓
† 1H.c.!,

~3!

with «1,2(k)5«(k)6t'(k). H1,2 are the BCS Hamiltonians
for the bonding and antibonding bands, respectively. Fr
the decoupled Hamiltonian, we can readily obtain the ene
spectra of the Bogoliubov quasiparticles

Hi5(
k

Ei~k!~g i ,k↑
† g i ,k↑1g i ,Àk↓

† g i ,Àk↓!,
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whereE1,2(k)5AD2(k)1@«(k)6t'(k)#2 and the Bogoliu-
bov quasiparticle operators are defined by

g i ,k↑5ui ,kdi ,k↑2v i ,kdi ,Àk↓
† , ~4!

g i ,Àk↓
† 5v i ,kdi ,k↑1ui ,kdi ,Àk↓

† , ~5!

and

ui ,k
2 5

1

2 S 11
« i~k!

Ei~k! D , ~6!

v i ,k
2 5

1

2 S 12
« i~k!

Ei~k! D . ~7!

The energy spectra of the two quasiparticle bands dem
strate the bilayer splitting as observed in ARPES.4,5 Because
of the anisotropy oft'(k), the largest splitting occurs at th
Fermi surface in the vicinity of (6p,0),(0,6p).

The density of states of electronsr(v) is defined by the
imaginary part of the retarded Green functionGi ,s

R (k,v) of
fermions$di ,ks

† ,di ,ks%,

r~v!52
1

pN (
iks

Im Gi ,s
R ~k,v!, ~8!

whereN is the total number ofk vectors in the first Brillouin
zone. For thei th band, the density of states is given by

r i~v!52
2

Np (
k

ImS ui ,k
2

v2Ei~k!1 iG
1

v i ,k
2

v1Ei~k!1 iG D .

G is the quasiparticle scattering rate which origins from
lifetime effects, stoichiometry variations, noise smearin
etc.16,17 It can be also taken as a free parameter associ
with the energy resolution in the tunneling experiment if t
scattering rate is smaller than the experimental resolutio

Since the low-energy physics is governed by excitatio
near the Fermi energy, we assume that the kinetic en
depends only on the absolute value of the momentum,
«(k)5«(k). The anisotropicd-wave gap function andc-axis
coupling t'(k) can also be simplified asD i(k)
5D i ,0cos(2f) andt'(k)52tzcos2(2f) in the vicinity of the
Fermi surface.

Near the Fermi energy, the normal density of states ca
written as

rN~«!.rN~0!1rN8 ~0!« ~9!

up to the leading order approximation in«, whererN(0) is
the normal DOS at the Fermi energy.rN8 (0) is the linear
coefficient of the DOS.rN8 (0) is finite if particle-hole sym-
metry is broken. A number of ARPES experiments ha
shown that there is a flat band at about 200 meV below
Fermi energy in deeply underdoped cuprates.18,19 The pres-
ence of this flat band is an indication of Van Hove singular
and suggests that the variation of the DOS around the Fe
surface can no longer be neglected as in conventional me
Moreover, as revealed by the tunneling measurements,
tunneling conductance varies almost linearly with the app
21250
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bias around the Fermi energy in the normal state.7–9 It sug-
gests that particle-hole symmetry is broken in high-Tc cu-
prates. Thus, it is important to include the particle-ho
asymmetric term in the analysis of tunneling measurem
data. The linear approximation of DOS, defined by Eq.~9!, is
valid if the energy of the Van Hove singularity is close to t
Fermi energy but still much lower than the energy range
are interested in.

With the above equations, it is straightforward to sho
that

r i~v!.rN~0!I i ,1~v!1rN8 ~0!sgn~v!I i ,2~v!

6tzrN8 ~0!I i ,3~v!, ~10!

whereI i ,l(v) are

I i ,1~v!5
1

2p2E dfE d«
G

~ uvu2V i !
21G2

, ~11!

I i ,2~v!5
1

2p2E dfE d«
«2

V i

G

~ uvu2V i !
21G2

, ~12!

I i ,3~v!5
1

2p2E dfE d«
cos2~2f!G

~ uvu2V i !
21G2

, ~13!

andV i[AD i ,0
2 cos2(2f)1«2. The first term at the right-hand

side of Eq.~10! has the largest contribution to the DOS. Th
superconducting coherence peaks are located at the gap
namely, atv i56D i ,0 . In the limit G→01, I i ,1(v)}uvu near
the Fermi energy, thus the low energy DOS of quasipartic
is linearr i(v).rN(0)uvu/D i ,0 . These speciald-wave char-
acters have already been observed in the tunne
measurements.7–13

Particle-hole symmetry is broken by the second term
Eq. ~10!. The asymmetric DOS induced by this term h
been observed in STM or other tunneling spectra.7–9 Since
I i ,2(v) is positive, a negativerN8 (0) will enhance the DOS
below the Fermi energy, but reduce that above the Fe
energy.

FIG. 1. Density of states in a bilayer compound. The parame
used are D1,0530 meV, D2,0533 meV, tz550 meV, G
50.25 meV, rN(0)51 eV21, ~a! rN8 (0)50, ~b! rN8 (0)
528 eV22.
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The bilayer coupling appears in the third term of Eq.~10!.
It leads to the difference in the DOS of the bonding a
antibonding bands. This difference is proportional to both
c-axis hopping integraltz and rN8 (0). For a system with
rN8 (0),0, the bonding band DOSr1(v) is reduced and the
antibonding band DOSr2(v) is enhanced.

Because of thec-axis coupling, the coherence peaks of t
bonding and antibonding bands are separated. The ma
of the energy gap for both bonding and antibonding ba
are located near the four points (6p,0),(0,6p). Therefore,
the largest difference in the energy gap,ds[uD1,02D2,0u,
also occurs near these positions, whereD i ,0.D(k i ,F) is the
gap maximum of thei th band at the Fermi momentumk i
along the antinodal direction. From the ARPES data in R
4, we estimate the difference between the antinodal Fe
momentum to beuk1,F2k2,Fu.0.12p and the difference of
the largest energy gaps to beds.0.1D0. In OD Bi2212 com-
pounds,D0.30 meV, thusds.3 meV.

Figure 1 shows the DOS for a system withD1,0
530 meV,D2,0533 meV, andrN(0)51 eV21. The results
for both rN8 (0)50 andrN8 (0)528 eV22 are shown. In the
caserN8 (0)50, two coherence peaks appear due to the
layer splitting. These two peaks, at 30 and 33 meV, co
from the bonding and antibonding bands, respectively. W
rN8 (0)528 eV22, the DOS becomes nonsymmetric, as e
pected. This asymmetric feature exists in both the nor
and superconducting states, consistent with the repo
data.12,13 However, the peak of the bonding band is strong
suppressed.

FIG. 2. Same as for Fig. 1 but withD1,0533 meV, D2,0

530 meV.
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For comparison, Fig. 2 shows the DOS for a system w
D1,0533 meV andD2,0530 meV. The asymmetric behavio
shown in Fig. 2~b! is similar to the case for Fig. 1~b!, but the
higher coherence peak is located at lower energy.

Compared with the caserN8 (0)50, the particle-hole
asymmetry suppresses strongly the lower coherence pea
the quasiparticle scattering rateG is large or the energy reso
lution is not high enough, it is certainly difficult to resolv
this double-coherence-peak structure in the tunneling sp
tra. This is explicitely illustrated in Fig. 3. With increasin
G, the double-peak structure disappears gradually and
lower coherence peak becomes indistinguishable from
background. Therefore, in order to observe this bilayer sp
ting in tunneling spectra, experimental measurements w
high quality single crystal and high energy resolution a
desired.

In conclusion, the superconducting coherence peaks
separated in bilayer high-Tc superconductors and can b
used to probe the bilayer coupling effect with tunneling me
surements. The particle-hole asymmetry in the DOS
hances one of the coherence peaks, but reduces anothe
If the lifetime of quasiparticles is very short or the ener
resolution in tunneling measurements is not high enough,
lower coherence peak is difficult to be resolved from t
conductance background. This gives a qualitative acco
why the bilayer splitting has not been unambiguously o
served in tunneling spectra.

This work was supported by the National Natural Scien
Foundation of China and the special funds for Major St
Basic Research Projects of China.

FIG. 3. Density of states with~a! G50.5 meV, ~b! G
50.75 meV. Other parameters used are the same as for Fig. 1~b!.
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