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Tunneling conductance of normal metalÕdx2Ày2-wave superconductor junctions in the presence
of broken time-reversal symmetry states near interfaces
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Department of Applied Physics, Nagoya University, Nagoya 464-8063, Japan
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~Received 1 June 2001; published 13 November 2001!

In order to clarify the influence of~the presence of! the broken time-reversal symmetry state~BTRSS!
induced near the interface, tunneling conductance spectra in normal metal/dx22y2-wave superconductor junc-
tions are calculated on the basis of the quasiclassical Green’s function method. The spatial dependence of the
pair potential in the superconductor side is determined self-consistently. We discuss two types of the symmetry
on the BTRSS:~i! dx22y21 is-wave state and~ii ! dx22y21 idxy-wave state. It is shown that the amplitude of the
subdominant component (is wave or idxy wave! is quite sensitive to the transmission coefficient of the
junction. As the results, the splitting of the zero-bias conductance peak due to the BTRSS inducement is
detectable only at junctions with small transmission coefficients for both cases. When the transmission coef-
ficients are relatively large, the explicit peak splitting does not occur and the difference in the two cases
appears in the height of the zero-bias peaks.
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I. INTRODUCTION

Identifying of the pairing symmetry in high-Tc supercon-
ductors is important to clarify the mechanism of the sup
conductivity. A great deal of experimental and theoreti
studies have revealed that the superconducting pair pote
has dx22y2-wave symmetry in the bulk state.1–6 Since the
pair potential of thedx22y2-wave superconductor is aniso
tropic, the amplitude of the pair potential near the surface
interface is significantly reduced. This suppression of
pair potential causes a very interesting phenomena, i.e.
formation of Andreev bound state~ABS! at the Fermi energy
~zero energy! near a specularly reflecting surface7 when the
angle between the lobe direction of thedx22y2-wave pair
potential and the normal to the interface is nonzero. T
state is originated from the interference effect in the effect
pair potential of thedx22y2-wave symmetry through the re
flection at the surface or interface. The ABS manifests its
as a sharp peak in the middle of the tunneling conducta
spectra, the so-called zero-bias conductance peak~ZBCP!,8

and the consistency between theory and experiments
been checked in details.5,9–17

On the other hand, there still remains a controversial
sue; formation of a broken time reversal symmetry st
~BTRSS! at low temperature due to the mixing of subdom
nant s- ~Refs. 18–20! or dxy-wave component21–23 as the
imaginary part of the pair potential to the predomina
dx22y2-wave component.24 Theoretical studies based on th
quasiclassical approximation24,25 and several lattice
models26,27 reported the presence of the induced subdo
nant pair potential near the surface which breaks the t
reversal symmetry.24 The resulting surface density of stat
with the BTRSS shows the splitting of the zero-ener
peak24 and the corresponding tunneling conductance sh
the ZBCP splitting. It has also been clarified that the mag
0163-1829/2001/64~21!/214519~15!/$20.00 64 2145
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tude of the splitting depends on the induced subdomin
pair potential near the surface. Actually, Covingtonet al.,28

Krupkeet al.,29 and Sharoniet al.30 reported the ZBCP split-
ting at low temperature and they ascribed the origin of
ZBCP splitting to the above BTRSS.31 However, at the same
time, there are many experiments which do not show
ZBCP splitting, and in these experiments, ZBCP surviv
even at low temperatures.5,14–17Although there are severa
preexisting theories which discuss the BTRSS,24 almost all
these theories treat the semi-infinitedx22y2-wave supercon-
ductor and the relevance to the actual experiments of tun
ing spectroscopy has not been fully clarified yet. At th
stage, it is an important problem to clarify the stability a
the possible observability of the formation of BTRSS, i.
the ZBCP splitting, for various condition of the junction
There are several factors which determine the magnitud
the splitting of ZBCP:~i! interelectron potential which in-
duces the subdominant pair potential near the interface,~ii !
transmission probability of the particles at the interface,~iii !
orientation of the junctions, i.e., the angle between the n
mal to the interface and the crystal axis ofdx22y2-wave su-
perconductor,~iv! finite temperature effect,~v! roughness of
the interface,32 and ~vi! impurity concentration in the
superconductor.33

Although there are several factors which determine
magnitude of the splitting of ZBCP, in this paper, we co
centrate on~i!, ~ii !, ~iii !, and ~iv!. First, we calculate the
spatial variation of the pair potential in the normal met
dx22y2-wave superconductor junction (N/D junction! in the
presence of subdominant pair potential using a quasiclas
formalism for various conditions of the junctions. Usin
these results, we calculate tunneling conductance.

The organization of this paper is as follows. In Sec. II
formulation to calculate the spatial dependence of the p
potential, and the tunneling conductance is presented. In
III, results of the numerical calculations for bothdx22y2
©2001 The American Physical Society19-1
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1is- and dx22y21 idxy-wave states are discussed in deta
Section IV is devoted to conclusions and future problem

II. THEORETICAL FORMULATION

We study N/D junctions in the clean limit, where th
normal metal is located atx,0 and thedx22y2-wave super-
conductor extends elsewhere. For the simplicity, tw
dimensional system is assumed and thex axis is taken per-
pendicular to the flat interface located atx50. When
quasiparticles are in thexy plane, a transmitted electronlik
quasiparticle and holelike quasiparticle feel different effe
tive pair potentialsD(f1) and D(f2), with f15f and
f25p2f. Here,f is the azimuthal angle in thexy plane
given by (kx1 iky)/uku5eif. The barrier potential at the in
terface has ad functional formHd(x), whered(x) andH are
the d function and its amplitude, respectively. A cylindric
Fermi surface is assumed and the magnitude of the Fe
momentum and the effective mass are chosen to be e
both in the normal metal and in the superconductor.

The quasiclassical Green’s function method24,25,34–42de-
veloped by Ashidaet al.43,44is used in order to determine th
spatial variation of the pair potential self-consistently. In t
following, we briefly summarize this quasiclassical meth
we used. We start with the Bogoliubov–de Gennes~BdG!
equation for unconventional spin-singl
superconductors,35,45

Enũn~r!5H0ũn~r!1E dr8D~r,r8!ṽn~r8!, ~1!

Enṽn~r!52H0ṽn~r!1E dr8D* ~r,r8!ũn~r8!, ~2!

H052
\2

2m
¹22m, ~3!

where m is the chemical potential, whileũn(r) and ṽn(r)
denote the electronlike and holelike components of the w
function

C̃n~r!5S ũn~r!

ṽn~r!
D ,

[S un~ k̂,r!

vn~ k̂,r!
D eikFk̂•r

5Cn~ k̂,r!eikFk̂•r . ~4!

Here the quantitiesk̂ and r stand for the unit vector of the
wave number of the Cooper pair which is fixed on the Fe
surface (k̂5kF /ukFu), and the position of the center of ma
of Cooper pair, respectively. After applying the quasiclass
approximation, the BdG equation is reduced to the Andr
equation,7,35,46

EnCn~ k̂,r!52@ i\vFk•¹1D̂~ k̂,r!#t̂3Cn~ k̂,r!, ~5!
21451
.
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D̂~ k̂,r!5S 0 D~ k̂,r!

2D* ~ k̂,r! 0
D , ~6!

wherevF andt̂ i( i 51,2,3) stand for Fermi velocity and Pau
matrices, respectively. The wave functionCn( k̂,r) is ob-
tained by neglecting the rapidly oscillating plane-wave p
following the quasiclassical approximation.35,46The k̂ depen-
dence ofD( k̂,r) represents the symmetry of the pair pote
tial.

Now, we consider the case where a specularly reflec
surface or interface runs along they direction. In this case,
the pair potential depends only onx since the system is ho
mogeneous along they direction. The wave functionCn( k̂,r)
can be written in the following directional notation:24,43

Cn~ k̂,x,y!5@Fn
(1)~f1 ,x!ei ukFxux

1Fn
(2)~f2 ,x!e2 i ukFxux#ei ukFyuy,

Fn
(a)~fa ,x!5S un

(a)~fa ,x!

vn
(a)~fa ,x!

D . ~7!

Here6 represents the sign of thex component of the Ferm
wave numberkFx anda(b)56. We define a Green’s func
tion Gab(f,x,x8) and a quasiclassical Green’s functio
gab(f,x)

Gab~f,x,x8!5(
n

Fn
(a)~fa ,x!Fn

(b)†~fb ,x8!

ivm2En
, ~8!

gab~f,x!6 i ~ ĝ3!ab522\uvFxu t̂3Gab~f,x60,x!. ~9!

In the above,ĝ3 is the Pauli matrix in the directional space43

andvFx is thex component of the Fermi velocity. The qua
siclassical Green’s functiongab(f,x) obeys the Eilenberge
equation34

i uvFxu
]

]x
gab~f,x!52a@ ivmt̂31D̂~fa ,x!#gab~f,x!

1bgab~f,x!@ ivmt̂31D̂~fb ,x!#,

~10!

D̂~fa ,x!5S 0 D~fa ,x!

2D* ~fa ,x! 0 D , ~11!

where vm is the Matsubara frequency. The quasiclassi
Green’s function can be written by the following evolutio
operatorUa(fa ,x,x8) as

gab~f,x!5Ua~fa ,x,x8!gab~f,x8!Ub
21~fb ,x,x8!,

~12!

whereUa(fa ,x,x8) satisfies the Andreev equation
9-2
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i\uvFxu
]

]x
Ua~fa ,x,x8!

52a@ ivmt̂31D̂~fa ,x!#Ua~fa ,x,x8!, ~13!

with Ua(fa ,x,x)51.
Considering a semi-infiniteN/D junction geometry, the

pair potential in the superconductor side approaches to
bulk valueD(fa ,`) at sufficiently largex. Hence, the evo-
lution operator can be divided into a growing part and
decaying part

Ua~fa ,x,x8!5La
(1)~fa ,x,x8!eka(x2x8)

1La
(2)~fa ,x,x8!e2ka(x2x8),

La
(1)~fa ,x,x8!52

1

Wa
Fn

(1)~fa ,x! TFn
(2)~fa ,x8!t̂2 ,

~14!

La
(2)~fa ,x,x8!5

1

Wa
Fn

(2)~fa ,x! TFn
(1)~fa ,x8!t̂2 ,

~15!

where

ka5
Va

uvFxu
, Va5Avm

2 1uD~fa ,`!u2,

Wa5 TFn
(1)~fa ,x!t̂2Fn

(2)~fa ,x!

52 TFn
(2)~fa ,x!t̂2Fn

(1)~fa ,x!

5const . ~16!

In the above, TFn
(a)(fa ,x) denotes the transposition o

Fn
(a)(fa ,x).
Retaining the most divergent term in semi-infinite lim

we find the quasiclassical Green’s functionĝaa(fa ,x) in the
superconductor side given by39,44

ĝaa~fa ,x!5 i S 2ÂSa~x!

Tr@ÂSa~x!#
21D , ~17!

where

ÂS1~x!5L1
(2)~f1 ,x,L !L2

(1)~f2 ,L,0!R̂NU1

3~f1,0,x!e2k1x

5l̂S1~x,0!R̂NŨ1~f1,0,x!, ~18!

l̂S1~x,0!}S un
(2)~f1 ,x!

vn
(2)~f1 ,x!D @un

(2)~f2,0!vn
(2)~f2,0!#t̂2 .

~19!

In the above, the matrixR̂N represents resistance at the i
terface which is given by42
21451
he

R̂N}S 1 0

0 12sN~f!
D , sN~f!5

4 cosf2

4 cosf21Z2
, ~20!

where sN(f) stands for tunneling conductance when t
system is in the normal state47 andZ is the effective barrier
height at the interface withZ52mH/(\2kF) following the
boundary condition by Ashidaet al.43 and Nagatoet al.44 In
order to obtain the quantityŨ1(f1,0,x) in Eq. ~18!, we
rewrite ÂS1(x) as44

ÂS1~x!5S un
(2)~f1 ,x!

vn
(2)~f1 ,x!D @X1~x!Y1~x!#t̂2 , ~21!

X1~x!5un
(2)~f2,0!Ũ1~f1,0,x!, ~22!

Y1~x!5~12sN!vn
(2)~f2,0!Ũ1~f1,0,x!, ~23!

where Da(x)5(2 i )vn
(2)(fa ,x)/un

(2)(fa ,x) and F1(x)
5 iX1(x)/Y1(x) obey the following Riccati type equations

FIG. 1. Spatial dependence of the pair potential atTs /Td50.2;
~a! near the interface for the angleu betweenx axis and crystal axis
at Z53.0 and ~b! near the~110! interface @u5p/4# for various
height of barrierZ. T50.05Tc .
9-3
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\uvFxu
]

]x
Da~x!5a@22vmDa~x!1D~fa ,x!D a

2~x!

2D* ~fa ,x!#, ~24!

\uvFxu
]

]x
F1~x!52vmF1~x!1D* ~f1 ,x!F1

2 ~x!

2D~f1 ,x!. ~25!

We can write the quasiclassical Green’s function in a co
pact form39

ĝ11~f1 ,x!5 iF 2

12D1~x!F1~x!

3S 1 iF1~x!

iD1~x! 2D1~x!F1~x!D 21G .

~26!

Initial conditions of these equations are
21451
-

Da~`!5
D* ~fa ,`!

vm1aVa
, F1~0!5

12sN~f!

D2~0!
. ~27!

The pair potential is given by24,35,38,42–44

D~f,x!5 (
0<m,vc/2pT

1

2pE2p/2

p/2

df8(
a

V~f,fa8 !

3@ ĝaa~fa8 ,x!#12, ~28!

with ĝ22(f2 ,x)52ĝ11
† (2f1 ,x), wherevc is the cutoff

energy and @ ĝaa(fa ,x)#12 means the 12 element o
ĝaa(fa ,x). HereV(f,fa) is the effective interelectron po
tential of the Cooper pair. In our numerical calculations, n
D(fa ,x) and ĝaa(fa ,x) are obtained using Eqs.~24!–~26!
and Eq.~28!. We repeat this iteration process until the suf
cient convergence is obtained.

Next, we calculate the tunneling conductance spec
based on the self-consistently determined pair potential.
resulting normalized tunneling conductancesT(eV) with the
bias voltageV is given by33,47
f
-

FIG. 2. Spatial dependence o
the pair potentials near the inter
face with u5p/6 and Ts /Td

50.3: ~a! real part ofDd(x), ~b!
imaginary part ofDd(x), ~c! real
part of Ds(x), and ~d! imaginary
part of Ds(x). T50.02Tc .
9-4



sT~eV!5

E
2p/2

p/2

dfE
2`

`

dEsN~f!sS~E,f!sech2S E2eV

2kBT D cosf

, ~29!
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E
2p/2

p/2

dfE
2`

`

dEsN~f!sech2S E2eV

2kBT D cosf

sS~E,f!5
11sN~f!uGS1~E,f1,0!u21@sN~f!21#uGS1~E,f1,0!u2uGS2~E,f2,0!u2

u11@sN~f!21#GS1~E,f1,0!GS2~E,f2,0!u2
. ~30!
el
,

he
In the above,GSa(E,fa ,x) which is obtained by analytic
continuation fromDa(x) is proportional to the ratio of the
wave function of a hole and that of an electron, respectiv
The quantityGSa(E,fa ,x) satisfies the following equations

i\uvFxu
]

]x
GS1~E,f1 ,x!

52EGS1~E,f1 ,x!2D~f1 ,x!GS1
2 ~E,f1 ,x!

2D* ~f1 ,x!, ~31!
21451
y.
i\uvFxu

]

]x
GS2~E,f2 ,x!

52EGS2~E,f2 ,x!2D* ~f2 ,x!GS2
2 ~E,f2 ,x!

2D~f2 ,x!. ~32!

In the following, almost calculations are performed on t
temperatureT/Tc50.05, whereTc is the critical temperature
of the bulkdx22y2-wave superconductor.
-
e

FIG. 3. Subdominant compo
nents of the pair potentials at th
interface. T50.05Tc . ~a! u
5p/4. Z55.0 for ~b!, ~c!, and~d!.
9-5
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FIG. 4. The normalized tun-
neling conductance in thedx22y2

1 is-wave state near the interfac
at Z53.0. Ts /Td50.05 for ~a!
and ~c!. Ts /Td50.1 for ~b! and
~d!. T50 for ~a! and ~b!. T/Tc

50.05 for ~c! and ~d!.
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III. BROKEN TIME REVERSAL SYMMETRY STATE NEAR
AN INTERFACE OF A dx2Ày2-WAVE SUPERCONDUCTOR

In this section, the spatial dependence of the s
consistently determined pair potential and the correspond
tunneling conductance are presented for thedx22y2-wave su-
perconducting state. In the middle of thedx22y2-wave super-
conductor, the pair potential is given byD(fa ,`)
5D0 cos@2(f2u)#, whereu is the angle between normal t
the interface and the lobe direction of thedx22y2-wave pair
potential, i.e., the angle between thex axis and the crystala
axis of thedx22y2-wave. In this paper, we choose variousu
(0<u<p/4) by changing the magnitude ofZ andTs (Tdxy

).

A. dx2Ày2¿ is-wave state

In this subsection, we show the spatial dependence of
pair potential and the resulting tunneling conductance of
dx22y21 is-wave state realized near the interface of theN/D
junction. The spatial dependence of the pair potential is
pressed as

D~f,x!5Dd~x!cos@2~f2u!#1Ds~x!, ~33!

whereDd(x) and Ds(x) correspond to the amplitude of th
dx22y2-wave and s-wave superconducting states, respe
tively. The attractive potentialV(f,f8) is given by
21451
f-
g

he
e

x-

-

V~f,f8!52Vd cos@2~f2u!#cos@2~f82u!#1Vs ,
~34!

whereVd andVs denote the attractive potential of predom
nantdx22y2 wave and subdominants wave, respectively, and
they are given as

Vd5
2pkBT

ln
T

Tc
1 (

0<m,vc/2pT

1

m11/2

, ~35!

Vs5
2pkBT

ln
T

Ts
1 (

0<m,vc/2pT

1

m11/2

. ~36!

Here,Ts denotes the transition temperature ofs-wave com-
ponent of the pair potential without predomina
dx22y2-wave component. Foru50 or u5p/4, only
Re@Dd(x)# and Im@Ds(x)# are nonzero. The spatial depe
dence of the pair potentials Re@Dd(x)# and Im@Ds(x)# is
plotted in Fig. 1~a! for various u with Ts /Td50.2 andZ
53. The x axis of Fig. 1~a! is normalized byj05\vF /D0
which is the coherence length of the superconductor. Fou
50 @~100! surface#, since Im@Ds(x)#50 is satisfied, the time
reversal symmetry is not broken and the amplitude
Re@Dd(x)# is not suppressed at the interface. By chang
9-6
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FIG. 5. Tunneling conductance
for dx22y21 is-wave state with
Ts /Td50.2 andu5p/4 for vari-
ous Z; ~a! @~d!# low barrier (Z
51.0, 2.0)~b! @~e!# middle barrier
(Z52.5), and~c! @~f!# high barrier
(Z53.0,5.0). T50 for ~a!, ~b!,
and ~c!. T/Tc50.05 for ~d!, ~e!,
and ~f!.
r

B

n

e
l,
t of
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t for
the angleu from zero, the magnitude of Re@Dd(x)# is re-
duced near the interface, while Im@Ds(x)# is induced at the
interface.24 The suppression of Re@Dd(x)# is originated from
a depairing effect that the effective pair potentialsD(f1,0)
andD(f2,0) have reversed contribution to the pairing inte
action for certain range off for uÞ0. When Re@Dd(x)# is
suppressed at the interface, the quasiparticle forms the A
near the interface at zero energy.7 The ABS is unstable with
the introduction of s-wave attractive potential, the
Im@Ds(x)# is induced at the interface.24 The magnitude of
Im@Ds(x)# becomes maximum atu5p/4, where the above
suppression effect is most significant. In Fig. 1~b!,
21451
-

S

Re@Dd(x)# and Im@Ds(x)# are plotted for variousZ with
Ts /Td50.2 andu5p/4. Even if the BTRSS comes to b
most stable atu5p/4, when the height of barrier is smal
the magnitude of the subdominant imaginary componen
Ds(x) is not induced at all. The induced imaginary comp
nent ofDs(x) is enhanced with the increase ofZ.

The spatial dependence of the pair potentials near the
terface with the intermediate angle (u5p/6) is shown in
Fig. 2 for various heights of barrier. In such a case, b
Im@Dd(x)# and Re@Ds(x)# becomes nonzero and the spat
dependence is much more complex as compared to tha
u50 or u5p/4. The amplitudes of Im@Dd(x)#, Re@Ds(x)#,
9-7



o

f
e

f
he

r-
es

us

Y. TANUMA, Y. TANAKA, AND S. KASHIWAYA PHYSICAL REVIEW B 64 214519
and Im@Ds(x)# are enhanced for larger magnitude ofZ,
where the suppression of Re@Dd(x)# is significant. However,
the amplitudes of Im@Dd(x)# and Re@Ds(x)# are one order
smaller than that of Im@Ds(x)#.

Next, we look at the magnitude of subdominant comp
nents of the pair potential at the interface, Im@Ds(0)#,
Im@Dd(0)#, and Re@Ds(0)#, for various Ts , Z, and u. As
shown in Fig. 3~a!, the magnitude of Im@Ds(0)# increases

FIG. 6. Tunneling conductance fordx22y21 is-wave state.Z
55 andu5p/4. ~a! T50, ~b! T50.05Tc for various magnitude of
Ts . ~c! various temperature withTs /Td50.2.
21451
-

monotonically withTs for fixed u andZ, and it is enhanced
for larger magnitude ofZ. In other words, the amplitude o
Im@Ds(0)# is sensitive to the transmission probability of th
junctions. In Fig. 3~b!, Im@Ds(0)# is plotted as a function of
u for sufficiently larger magnitude ofZ(55.0). For u50,
i.e., junction with ~100! interface, the magnitude o
Im@Ds(0)# is negligibly small near the interface even at t
larger magnitude ofTs . The magnitude of Im@Ds(0)# is a
monotonically increasing function with the increase ofu and
has a maximum atu5p/4. As seen from Figs. 3~c! and 3~d!,
both the magnitude of Im@Dd(0)# and Re@Ds(0)# is en-
hanced and has a maximum at a certainu. In the intermedi-
ateu, i.e., uÞ0 or uÞp/4, the magnitude ofD(f1 ,x) and
that of D(f2 ,x) does not coincide any more, the interfe
ence with the quasiparticle and the pair potential becom
complex. Then, not only Im@Ds(0)# but also Re@Ds(0)# and
Im@Dd(0)# become nonzero.

Using self-consistently determined pair potentials, let
look at the normalized tunneling conductancesT(eV). In
order to clarify the temperatureT dependence ofsT(eV), we
chooseT50 in the left panels of Fig. 4 andT50.05Tc in the
right panels. Only foru50, line shape ofsT(eV) is similar
to that of the bulk density of states ofdx22y2-wave supercon-

FIG. 7. Spatial dependence of the pair potential withTdxy
/Td

50.2,T50.05Tc . ~a! Z53.0 for variousu. ~b! u50 for variousZ.
9-8
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FIG. 8. Spatial dependence o
the pair potentials near the inter
face with u5p/6 and Tdxy

/Td

50.3: ~a! real part ofDd(x), ~b!
imaginary part ofDd(x), ~c! real
part ofDdxy

(x), and~d! imaginary
part of Ddxy

(x). T50.02Tc .
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ducting state. In other cases,sT(eV) has a zero bias en
hanced line shape. As clarified in previous literatures,5 when
u deviates from zero, since the injected and reflected qu
particles have a chance to feel the sign change of the
potentials, zero-energy ABS is formed at the interface. T
zero-energy ABS causes the ZBCP when the magnitude oTs
is small. With the increase of the magnitude ofTs , the zero
energy ABS is unstable ands-wave subdominant componen
is induced which breaks time reversal symmetry and
blocks the motion of the quasiparticles. Then, the ene
levels of bound state shift from zero and the local density
states has a zero-energy peak splitting. The resultingsT(eV)
has a ZBCP splitting as shown in Fig. 4~b!. However, with
the increase ofT, the slight splitting of ZBCP fades out du
to smearing effect by finite temperature and the result
sT(eV) has a rather broad ZBCP@see Figs. 4~c! and 4~d!#.

Next, we concentrate on howsT(eV) is influenced by the
transmission probability of the junctions, i.e., the magnitu
of Z. In Fig. 5,sT(eV) with u5p/4 is plotted forT50 ~left
panels! andT50.05Tc ~right panels!. For the junctions with
high transmissivity,sT(eV) has a ZBCP@see Fig. 5~a!# and
the magnitude ofsT(0) is firstly enhanced with the increas
of Z. In this case, the predominantdx22y2-wave component
only exists near the interface as shown in Fig. 1~b!. However,
with the increase ofZ, sT(eV) starts to have a ZBCP split
ting at a certain value ofZ, where the magnitude of subdom
21451
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air
is

it
y
f
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e

nant component Im@Ds(x)# at the interface becomes th
same order as that of the predominant compon
Re@Dd(x)#. For sufficiently larger magnitude ofZ, sT(eV)
has a ZBCP splitting@see Figs. 5~b! and 5~c!#, and the mag-
nitude ofsT(0) decreases with the increase ofZ. However,
the above obtained results are influenced by finite temp
ture effect. The right panels of Fig. 5 is shown for the tu
neling conductance inT/Tc50.05. The slight enhance
structure ofsT(eV) at eV56D0 in Figs. 5~a!, 5~b!, and 5~c!
is invisible due to the smearing effect by finite temperatu
@see Figs. 5~d!, 5~e!, and 5~f!#. With the increase of the mag
nitude of Z, sT(eV) has a ZBCP with tiny dip even atZ
52.5, where the order of the amplitude of Im@Ds(0)# is
0.2D0. With the further increase ofZ, sT(eV) has a ZBCP
splitting @see Fig. 5~f!#, however, the degree of the splitting
significantly weakened as compared to the correspond
curves in Fig. 5~c!.

Finally, we look at the relation between the position of t
splitted peak and the magnitude of Im@Ds(0)#. In Fig. 6~a!,
sT(eV) is plotted for variousTs with Z55 andT50. As
shown in Fig. 3~b!, the magnitude of the induced subdom
nant imaginary component of Im@Ds(0)# is about 0.16D0 ,
0.3D0, and 0.42D0 for Ts /Td50.1, Ts /Td50.3, andTs /Td
50.5, respectively. The correspondingsT(eV) has a splitted
peak locating at60.16D0 , 60.3D0, and60.42D0, respec-
9-9
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FIG. 9. Subdominant compo
nents of the pair potentials at th
interface. T50.05Tc . ~a! u
5p/4. Z55.0 for ~b!, ~c!, and~d!.
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tively. With the increase ofT, the height of these peaks a
drastically suppressed as shown in Fig. 6~b!. Finally, we
show how the line shape ofsT(eV) changes at the tempera
ture T5Ts̄ (Ts̄50.12Tc) where Im@Ds(x)# becomes non-
zero. As seen from Fig. 6~c!, the magnitude ofsT(0) is
reduced with the introduction of Im@Ds(x)#. At the end of
this subsection, we can summarize that even in the pres
of BTRSS, the resultingsT(eV) does not always have
clear ZBCP splitting due to the finite temperature effe
when the magnitude of the transmission probability of
junctions is not low.

B. dx2Ày2¿ idxy-wave state

In this subsection, we study spatial dependence of the
potentials of thedx22y21 idxy-wave state and the resultin
tunneling conductance inN/D junctions. The pair potentia
is given by

D~f,x!5Dd~x!cos@2~f2u!#1Ddxy
~x!sin@2~f2u!#,

~37!

where Ddxy
(x) is an amplitude of thedxy-wave supercon-

ducting state and a complex number. The attractive intere
tron potentialV(f,f8) is given by
21451
ce

t
e

ir

c-

V~f,f8!52Vd cos@2~f2u!#cos@2~f82u!#

12Vdxy
sin@2~f2u!#sin@2~f82u!#, ~38!

whereVd and Vdxy
stand for the attractive potential of pre

dominantdx22y2-wave and subdominantdxy wave, respec-
tively, and they are given as

Vd5
2pkBT

ln
T

Tc
1 (

0<m,vc/2pT

1

m11/2

, ~39!

Vdxy
5

2pkBT

ln
T

Tdxy

1 (
0<m,vc/2pT

1

m11/2

. ~40!

The spatial dependence of the pair potentials with a fin
transmissivity forZ53.0 andu5p/4 is shown in Fig. 7~a!.
As in the case fordx22y21 is-wave state, the amplitude o
Im@Ddxy

(x)# vanishes atu50. For u5p/4, the suppression

of the magnitude of Re@Dd(x)# is most significant, while
Ddxy

(x) is induced at the interface. At thisu, the dxy-wave
9-10
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FIG. 10. The normalized tun-
neling conductance fordx22y2

1 idxy-wave state withZ53.0. ~a!
Tdxy

/Td50.1 and T50.0. ~b!

Tdxy
/Td50.2 and T50.0. ~c!

Tdxy
/Td50.1 andT50.05Tc . ~d!

Tdxy
/Td50.2 andT50.05Tc .
nc
r
a

c

o

ll

of
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s a
component is not affected by depairing effect seriously si
the lobe direction ofdxy-wave pair potential is parallel o
perpendicular to the interface as in the case for predomin
dx22y2 wave withu50. As shown in Fig. 7~b!, the amplitude
of Im@Ddxy

(x)# is enhanced with the increase ofZ.

The spatial dependence of Re@Dd(x)#, Im@Dd(x)#,
Re@Ddxy

(x)#, and Im@Ddxy
(x)# are plotted in Figs. 8~a!, 8~b!,

8~c!, and 8~d!, respectively, with the intermediateu (u
5p/6) for variousZ. In such a case, the spatial dependen
is much more complex as compared to that foru50 or u
5p/4, and both Im@Dd(x)# and Re@Ddxy

(x)# become non-

zero. The amplitudes of Im@Dd(x)#, Re@Ddxy
(x)#, and

Im@Ddxy
(x)# are enhanced for larger magnitude ofZ, where

the suppression of Re@Dd(x)# is significant. The remarkable
feature is that the amplitude of Im@Dd(x)# and Re@Ddxy

(x)#

can become the same order of Im@Ddxy
(x)# for largerZ.

Next, we look at the magnitude of subdominant comp
nents of the pair potential at the interface, Im@Ddxy

(0)#,

Im@Dd(0)#, and Re@Ddxy
(0)# for various parametersTdxy

, Z,

and u shown in Fig. 9. The magnitude of Im@Ddxy
(0)# in-

creases monotonically withTdxy
for fixed u andZ. It is also

enhanced for larger magnitude ofZ. Comparing the corre-
sponding situation ofdx22y21 is wave shown in Fig. 3~a!,
21451
e

nt

e

-

the magnitude of Im@Ddxy
(0)# is suppressed for the sma

magnitude ofTdxy
. In Fig. 9~b!, Im@Ddxy

(0)# is plotted as a

function of u for sufficiently larger magnitude ofZ(55.0).
The magnitude of Im@Ddxy

(0)# is a monotonically increasing

function with the increase ofu and has a maximum atu
5p/4. The amplitudes of Im@Dd(0)# and Re@Ddxy

(0)# are

negligibly small foru50 andu5p/4, and has a maximum
at a certainu as shown in Figs. 9~c! and 9~d!, respectively.

The resulting normalized tunneling conductancesT(eV)
is plotted in Figs. 10~a! and 10~b! with T50 and the corre-
sponding quantities withT50.05Tc is plotted in Figs. 10~c!
and 10~d! for variousu. Only for u50, line shape ofsT(eV)
is similar to that of the bulk density of states ofdx22y2-wave
superconducting state. In other cases,sT(eV) has a zero-bias
enhanced line shape due to the formation of ABS@see Fig.
10~a!#. The ABS causes the ZBCP when the magnitude
Tdxy

is small. However, with the increase of the magnitude

Tdxy
, the zero-energy ABS is unstable and subdomin

dxy-wave component is induced. The energy levels of bou
state shifts from zero and the local density of states ha
zero-energy peak splitting. The resultingsT(eV) has a
ZBCP splitting as shown in Fig. 10~b!. As compared to the
case ofdx22y21 is-wave state, the magnitude ofsT(0) is not
9-11
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FIG. 11. Tunneling conduc-
tance fordx22y21 idxy-wave state
with u5p/4 andTdxy

/Td50.2 for
various Z. ~a! @~d!# low barrier
(Z51.0, 2.0)~b! @~e!# middle bar-
rier (Z52.5), and ~c! @~f!# high
barier (Z53.0, 5.0).T50 for ~a!,
~b!, and ~c!. T50.05Tc for ~d!,
~e!, and~f!.
P

on

r-

ent
t

is-
reduced seriously since the effectivedxy-wave pair potential
felt by quasiparticles is distributed from2Im@Ddxy

(0)# to

Im@Ddxy
(0)#. With the increase of temperature, the ZBC

splitting is not visible any more@see Figs. 10~c! and 10~d!#.
Next, we concentrate on howsT(eV) is influenced by the

transmissivity of the junctions, i.e., the magnitude ofZ. In
Fig. 11,sT(eV) with u5p/4 is plotted forT50 ~left panels!
andT50.05Tc ~right panels!. As shown in Fig. 11,sT(eV)
with u5p/4 depends on the transmissivity of the juncti
crucially. For the junctions with high transmissivity,sT(eV)
has a ZBCP@see Fig. 11~a!# and the magnitude ofsT(0) is
21451
firstly enhanced with the increase ofZ. In this case, only the
predominantdx22y2-wave component exists near the inte
face as shown in Fig. 7~b!. However, with the increase ofZ,
sT(eV) starts to have a peak splitting at a certain value ofZ,
where the magnitude of the induced subdominant compon
at the interface Im@Ddxy

(0)# overlaps that of the predominan

one Re@Dd(x)#. For sufficiently larger magnitude ofZ,
sT(eV) has a ZBCP splitting@see Figs. 11~b! and 11~c!# and
the magnitude ofsT(0) decreases with the increase ofZ. The
right panels of Fig. 11 are shown for thesT(eV) with finite
temperature. Only for the junctions with the lowest transm
9-12
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sivity (Z55), the subtle splitting of ZBCP appears
sT(eV). ForT50.05TC , similar line shapes ofsT(eV) with
smeared ZBCP splitting are obtained@see Figs. 11~d!, 11~e!,
and 11~f!#. However, the slight enhanced structure ofsT(eV)
at eV56D0 vanishes.

Finally, we look at the relation between the position of t
splitted peak and the magnitude of Im@Ddxy

(0)#. In Fig.

FIG. 12. Tunneling conductance fordx22y21 idxy-wave state
with u5p/4 andZ55. ~a! T50, ~b! T50.05Tc for various mag-
nitude ofTs . ~c! various temperature withTs /Td50.2.
21451
12~a!, we showTdxy
dependence of the tunneling condu

tance spectrasT(eV) for u50 with Z55. As shown in Fig.
9~b!, the magnitude of the induced subdominant imagin
component of Im@Ddxy

(0)# is about 0.15D0 , 0.35D0, and

0.52D0 for Tdxy
/Td50.1, Tdxy

/Td50.3, andTdxy
/Td50.5,

respectively. The correspondingsT(eV) has a splitted peak
locating at60.16D0 , 60.3D0, and 60.42D0, respectively.
The width of the two splitted peaks depends on the temp
ture as shown in Fig. 12~b!. Next, we show how the line
shape ofsT(eV) changes at the temperatureT5Tdx̄y

@Tdx̄y

50.08Tc where Im@Ddxy
(x)# becomes nonzero. As seen fro

Fig. 12~c!, the magnitude ofsT(0) is reduced with the intro-
duction of Im@Ddxy

(x)#.
At the end of this section, we can summarize that even

the presence of BTRSS, the resultingsT(eV) does not al-
ways have a clear ZBCP splitting due to the finite tempe
ture effect when the transmission probability of the partic
at the interface is not low. In order to observe the ZBC
splitting which is one of the evidence supporting BTRSS,
must measuresT(eV) for the junctions with low transmis-
sivity with ~110! oriented interface (u5p/4) at low tempera-
tures. In such a case, we can classify the thedx22y21 is- and
dx22y21 idxy-wave state through the magnitude ofsT(0)
and the width of the ZBCP splitting for the junctions wit
low transmission probability.

IV. CONCLUSION

In this paper, spatial dependence of the pair potentia
the N/D junctions is determined on the basis of the qua
classical theory in the presence of subdominant compon
of the pair potential near the interface. We clarified the infl
ence of the spatial variation of the pair potentials on
tunneling conductance spectra for various conditions of
junctions. We selected two kinds of subdominant comp
nentss anddxy wave which are induced asdx22y21 is- and
dx22y21 idxy-wave state, respectively. The amplitude
Ds(x) @Ddxy

(x)# is enhanced with the increase of the ma

nitude ofZ, Ts@Tdxy
#, andu (0,u,p/4). In the intermedi-

ateu, both Im@Dd(x)# and Re@Ds(x)# $Re@Ddxy
#% becomes

nonzero, although these magnitudes are small as compar
those of Re@Dd(x)# and Im@Ds(x)# $Im@Ddxy

#%. The result-

ing sT(eV) depends onZ, Ts ~or Tdxy
), andu. For fixedZ,

the magnitude ofsT(0) increases with the increase ofu (0
,u,p/4) for small magnitude ofTs /Td @Tdxy

/Td#. While

sT(0) increases and decreases again with the increaseu
(0,u,p/4) due to the formation ofdx22y21 is-@dx22y2

1 idxy#-wave state for sufficiently larger magnitude ofTs /Td

@Tdxy
/Td#. For fixedu andTs /Td @Tdxy

/Td#, sT(eV) has a
ZBCP for small magnitude ofZ, while it has a ZBCP split-
ting for sufficiently larger magnitude ofZ. Using junctions
with small transmissivity, we can distinguishdx22y2

1 is-wave state fromdx22y21 idxy-wave state since the mag
nitude of sT(0) for dx22y21 is-wave state is much more
reduced as compared to that fordx22y21 idxy-wave state as
seen from Figs. 4~Fig. 6!–10 ~12!. By taking into account
9-13
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finite temperature effect, the degree of the ZBCP splitting
suppressed and the fine structure ateV;D0 in sT(eV) be-
comes invisible.

In light of our theory, one of the reason for the absence
ZBCP splitting for many tunneling experiments may be d
to their high transmissivity of the junctions~small magnitude
of Z) and high temperatures. If we chooseTc as 90 K, unless
the transmissivity of the junction is sufficiently low, it i
difficult to observe ZBCP splitting clearly at 4.5 K. In orde
to see the ZBCP splitting clearly, we must observe mu
more low temperatures (T,4.5 K! using clean junctions
with low transmissivity foru5p/4.

In this paper, we have chosen a free electron model w
cylindrical Fermi surfaces. In order to compare actual tu
neling conductance, we must calculate spatial dependenc
the pair potential and the tunneling conductance by tak
into account of the actual shape of Fermi surface. For
purpose, it is a promising way to perform the calculati
based on thet-J model with Gutzwiller approximation,48

where the doping dependence is naturally taken into acco
Using this model, we succeeded to explain detailed l
shape of the scanning tunneling conductance spectra ar
Zn impurity.49–51As regards quasiparticle states near the
terface, the preexisting calculations are performed for infin
barrier limit.12,26,27In order to compare actual tunneling e
periments, we must calculate theN/D junctions based on the
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