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The scanning superconducting quantum interference device microscope on tri-crystal high-temperature su-
perconductor~HTSC! samples unambiguously identifies thed-wave pairing symmetry as a predominant com-
ponent. This fact was also seen clearly from the current phase relation~CPR! for an in-plane junction between
HTSC’s, where bothp periodicity and 2p periodicity are observed, depending on the relative crystal orien-
tation. However, forc-axis junctions between HTSC’s and conventional superconductor, ac Josephson effect
shows that the main Shapino steps occur atV5nh f/2e (n is integer! and thus a significants-wave component
is indicated. To understand the experimental measurements, we have studied interface roughness and proximity
effect on CPR of such junctions. The order parameter profiles and current phase relation are computed self-
consistently using the quasiclassical theory and rough interface model. Our results suggest that the existence of
a minor surfaces-wave component stemming from a repulsives-channel pairing potential in thed-wave
superconductor is able to give a coherent picture.

DOI: 10.1103/PhysRevB.65.144527 PACS number~s!: 74.20.Mn, 74.50.1r
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I. INTRODUCTION

The symmetry of order parameter in high-TC supercon-
ducting oxides has always been a focal point ever since
discovery 14 years ago.1,2 The determination of the orde
parameter symmetry not only helps us to pin down the
sential ingredients in the high-TC superconducting mecha
nism, but also offers guidance on the ongoing search
even higher-TC superconductors. After many years of expe
mental and theoretical studies, great progresses have
made in our understanding on the normal as well as su
conducting properties. A predominantd-wave pairing sym-
metry is now well established through the scanning sup
conducting quantum interference device~SQUID!
microscope in the phase sensitive tricrystals3–6 and the
Fraunhofer diffraction pattern of corner junctions betwe
s-wave and high-TC superconductors.7,8 Further experimen-
tal evidence was given by Il’ichevet al.9–11 through direct
measurement of current phase relation~CPR! of in-plane
junctions between two high-TC superconductors. Being con
sistent with the predominantd-wave pairing symmetry, both
p periodicity and 2p periodicity were observed, dependin
on the relative crystal orientation. Forc-axis Josephson junc
tions involving both conventional superconductor~Pb! and
high-TC superconductors,12–14 the microwave investigation
however, shows that Shapiro steps take place only at m
tiples of V5h f /2e. These results were widely cited as a
indication that a sizeables-wave component would exist in
high-TC superconductors, but they disagree with the tricr
tal measurements since nodes in the order paramete
clearly shown at@110# directions3–6 in the tetragonal com-
pounds. At the same time, physical properties of Joseph
junction involving high-TC superconductors have also be
studied theoretically by many groups.6 It was indicated that
0163-1829/2002/65~14!/144527~6!/$20.00 65 1445
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the current phase relation takes approximately the sin 2f pat-
tern if a Josephson junction is made betweens-wave and
d-wave superconductors along thec-axis.15–17 Such a
current-phase relation was shown to hold also for the
plane junction between twod-wave superconductors rotate
with each other by 45°.18–20 Note that the result for the
c-axis Josephson junction by Tanaka15 is seriously ques-
tioned by Arnold and Klemm21 who used a tight binding
Hamiltonian to address the same issue.

Unlike the scanning SQUID microscope which direct
probes the half-integer magnetic flux and thus the phase
ference between thea and b axis, the CPR and microwav
measurements in Josephson junctions depend very muc
the electronic structures in theneighborhoodof the junction
region. It is well known that for conventional isotropic su
perconductors, a surface does not play a significant role.
the situation changes for anisotropic superconductors wh
the surface pair breaking effect can be dramatic. Recen
several proposals have been made concerning the Josep
effect in junctions involving high-TC superconductors
Kuboki and Sigrist,22 and Sigrist23 investigated the surface
Cooper pairing state using the Ginzburg-Landau theo
They found that ans-wave component arises if local time
reversal symmetry is broken near interface due to the ang
structure ofd-wave pairing, but the effect vanishes when t
relativea axis’s angle approaches 45°. On the other hand
similar Ginzburg-Landau formulism by Ren, Xu, an
Ting24,25 showed that a smalls-wave component near a su
face is always locked in phase withd-wave component to
form a real combination. Since the broken time-rever
symmetry states takes place only when the phase of o
parameter changes sign on the quasiparticle trajectory,26,27 it
may happen solely for the in-plane junction and not for t
c-axis junction. However, the broken time-reversal symme
©2002 The American Physical Society27-1
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WEIYI ZHANG AND Z. D. WANG PHYSICAL REVIEW B 65 144527
state was not observed up to now in the scanning SQU
microscope in tricrystal samples.6 To understand the usua
Shapino stepsV5nh f/2e in c-axis Josephson junctions,
was proposed that the deformation of the Fermi surface
the Pb was a possible cause,28 but the effect is extremely
small. Also recently, it was assumed that the surface sca
ing not only suppresses thed-wave order parameters near th
interface, but also transforms thed-wave pairing state into
s-wave pairing state.29,30

Since the current phase relation of the Josephson junc
plays an important role in identifying the pairing symmet
of high-TC superconductors, the impact of interface scat
ing on the order parameter as well as on its symmetry ha
be further elucidated. As thed-wave superconductor has a
anisotropic pairing state, the order parameter is venerab
the presence of surface, defects, etc., and self-consi
evaluation of the order parameter is highly desired. In t
paper, taking into account the interface roughness and p
imity effect self-consistently, we study the current phase
lation of c-axis Josephson junction betweens and d-wave
superconductors. Thec-axis junction is chosen because~i!
the phase ofd-wave order parameter does not change s
for the incident and reflected quasiparticle trajectories n
interface, thus such configuration avoids the possible bro
time-reversal symmetry states;~ii ! there exists a controvers
concerning the validity of tunneling expression by Tana
and Kashiwaya,15–17,21 which calls for more studies usin
different methods. Note that faceting has a pronounced e
on in-plane junctions because of the interference phenom
among grains with different facets, but such an effect d
not occur for thec-axis junction since grains with differen
facets ina-b plane contribute coherently.

To deal with the Josephson effect in high-TC supercon-
ductors, most theoretical methods are based either on
phenomenological Ginzburg-Landau theory or on the Fe
liquid theory of superconductivity. In principle, high-TC su-
perconductors are strongly correlated electronic systems,
they behave as a Fermi liquid only in the overdoped regi
physics is so complicated and yet to be understood clear
the underdoped region where different orderings comp
with each other. We will concentrate on the region whe
high-TC superconductors can be treated as Fermi liquid
very useful formulation of Fermi liquid theory of superco
ductivity is based on the quasiclassical transport theory,31,32

which describes slowly varying phenomena in space
time with the requirements that the order parameterD is
much smaller than the Fermi energyEF and the coherence
length j05\vF/2pkBTC is much larger than the invers
Fermi wavelengthkF

21 .33,34 For high-TC superconductors
EF;0.2 eV~Refs. 21,35! andD;0.02 eV,D/EF;0.1, and
1/(j0kF);0.1; they are still reasonably small although lar
in comparison with those of conventional superconducto
Since the quasiclassical theory is expanded in terms of th
small parameters, the conclusion drawn from these calc
tions should be qualitatively correct though it may be qu
titatively in error by 10%.

Our detailed study shows that interface scattering does
change thep periodicity of the current phase relation and t
impact of interface roughness is to reduce the critical tunn
14452
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ing current. Therefore, rough scattering at an interface is
able to explain the experimental observation.29 On the other
hand, we notice that symmetries ofs- and d-wave Cooper
pairings are orthogonal to each other and thus there woul
zero critical current between such junctions without taki
into consideration of the proximity effect. The proximity e
fect induces ans-wave component in the quasiclassic
propagator,30 but the correspondings-wave order paramete
is still missing because of the absence ofs-channel pairing
potential. Thus, the proximity effect itself yields only thep
periodicity. Only when a repulsives-channel pairing poten-
tial is taken into account in thed-wave superconductor,24,25

an exponentially decayings-wave component can prevail i
the d-wave superconductor near the interface. This enab
us to explain the experimental properties of the Joseph
junction between thes- and d-wave superconductors alon
the c axis. Our self-consistent calculation shows that 5%
thes-wave component at theinterfaceis necessary to chang
the current phase relation fromp periodicity to 2p period-
icity.

In the following, we will first discuss the importance o
proximity effect in the Josephson junction between sup
conductors with different pairing symmetries. Then we sh
that the scattering alone does not bring about the 2p period-
icity in the current phase relation, but only reduces the cr
cal current. Finally, we show that the 2p periodicity is re-
covered if a small surfaces-wave component resulting from
a repulsives-channel pairing potential is taken into accoun

II. QUASICLASSICAL METHOD

In this paper, we present a self-consistent calculation
the Josephson effect for ac-axis junction consisting of
d-wave superconductor, insulating layer, ands-wave super-
conductor. In the quasiclassical theory, the superconduc
state is described by the 232 Matsubara propagato
gM( k̂,RW ;en) in particle-hole space, which satisfies the tran
portlike equation34

@ i ent̂32D̂,ĝM~ k̂,RW ;en!#21 i\vFk̂•¹WRW ĝM~ k̂,RW ;en!50
~1a!

and normalization condition

@ ĝM~ k̂,RW ;en!#252~p\!2. ~1b!

k̂ anden5pkBT(2n11) denote the trajectory and the Ma
subara frequency of the propagator.D̂ is the superconducting
order parameter andt̂3 is the third Pauli matrix in particle-
hole space. In the bulk superconductor, Eq.~1! forms a
closed set together with the self-consistent equation for
order parameter

D̂12~ k̂,RW !5
kBT

\ (
n

8E dV k̂8
4p

f ~ k̂! f ~ k̂8!ĝ12
M~ k̂8,RW ,en!

3F ln~T/TC!1(
n

8
1

2n11G21

. ~2!
7-2
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INTERFACE ROUGHNESS AND PROXIMITY EFFECT ON . . . PHYSICAL REVIEW B65 144527
Here, a prime means a cut off on the frequency summa
and the functionf ( k̂) denote the orbital wave function of th
Cooper pair. The superconducting current can be calcul
from

JW5
kBT

R0e\ (
n

8E dV k̂

4p
k̂RegM~ k̂,RW ,en!, ~3!

wheree is the electron charge andR05@2N(EF)e2vF#21 is
the Sharvin resistance.36 The rough interface can be simu
lated by the model devised by Ovchinnikov32 and Culetto
et al.37 which reads

@ ĝM~ k̂,j;en!,^ĝM&~j,en!#21
2p i

r
\k'

d

dj
ĝM~ k̂,j;en!50

~4a!

with

^ĝM&~j,en!5E dV k̂

4p
ĝM~ k̂,j;en! ~4b!

denoting the impurity self-energy andk' is the projection of
trajectory perpendicular to the interface.r is the roughness
parameter of the interface and is related to the conventio
diffusivity parameterp ~Ref. 38! through the relationp51
24*0

p/2ducosusin3uexp(2r/cosu), with p(r50)50 stand-
ing for the transparent interface andp(r5`)51 for the
fully diffuse interface. j561/2 corresponds toRW 5RW surf

601, whereRW surf is the coordinate of interface layer.
To describe a planarc-axis junction betweens-wave and

d-wave superconductors situated, respectively, on the r
and left sides, the Cartesian coordinate is chosen such
the xy plane is within the interface of the junction andz
5c axis is normal to the interface. Since the qualitative fe
ture of the current phase relation depends mainly on the p
m
e
tu
m

on

a
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ing symmetries of the two superconductors, spherical Fe
surfaces for boths- and d-wave superconductors are a
sumed. To calculate the current phase relation, the phase
ference between right and left bulk superconductors are fi
and the order parameters in the bulk are given by

D̂12~ k̂,z!5H Ds~T! f s~ k̂!exp~ if/2!, z@0,

Dd~T! f d~ k̂!exp~2 if/2!, z!0,
~5!

f s( k̂)51 and f d( k̂)5(A15/2)(k̂a
22 k̂b

2) correspond to the
conventionals-wave anddx22y2-wave pairing states, respec
tively.

III. RESULTS AND DISCUSSIONS

It is well-known from tunneling Hamiltonian calculatio
that if two superconductors forming the Josephson junct
are in orthogonal pairing states, the superconducting tun
ing current vanishes if the tunneling matrix is assumed a
constant. To investigate how the high order terms arises
result of proximity effect, we first consider the simplest ca
where ans-wave superconductor is placed directly on top
a d-wave superconductor along thec axis and assume tha
the order parameters are not perturbed. In this case, the p
lem can be studied analytically. The quasiclassical equa
generally has three types of solutions: the constant solu
which represents also the bulk physical solution; the ex
nentially decreasing and exponentially increasing solutio
However, only the constant and exponentially decreasing
lutions towards bulk can appear near an interface, thus
physical solution in the vicinity of an interface is a comb
nation of these two. After matching the left and right phy
cal solutions at the interface and using the short notati

Ens5Aen
21@Dsf s( k̂)#2 and End5Aen

21@Ddf d( k̂)#2, the di-
agonal propagator at the interface reads
gM~ k̂,0,en!5
ipDdf d~ k̂!

EnsEnd
3

$en~End2Ens!~en2k'Ens!e
if1Dsf s~ k̂!@Dsf s~ k̂!Ende

if2Ddf d~ k̂!Ens#%

@Dsf s~ k̂!~en1k'End!2Ddf d~ k̂!~en2k'Ens!e
if#

~6!
eter
ed

d
-
re
-
ing
f

and the corresponding current is given by

J5
kBT

R0e\ (
n
E dV k̂

4p
k'gM~ k̂,0,en!. ~7!

To carry out the numerical integration over momentu
space, one needs also the information on transition temp
tures for both superconductors. As the characteristic fea
of current phase relation is determined mainly by the sy
metrical properties of pairing states, we take the sameTC for
both superconductors to facilitate numerical computati
The temperature dependent order parameter fors-wave su-
perconductor is well described by the interpolation formul39

Ds(T) 5 dsckBTC tanh@(p /dsc)A2
3 3DC / CN 3 (TC / T21)#,
ra-
re
-

.

where the weak coupling valuesdsc51.76 and DC/CN
51.43 are used. The temperature dependent order param
for the d-wave superconductor in bulk can be calculat
from Eqs. ~1! and ~2!. At T50 K, Dd(0)
5e16/15/A15dsckBTC . It is found thatDd(T)/Dd(0) differs
only slightly from the ordinary BCS curveDs(T)/Ds(0)
which was also found by Arnold and Klemm.21 So the tem-
perature dependentd-wave order parameter is approximate
by Dd(T)5e16/15/A15Ds(T). The resulting current phase re
lation is plotted in Fig. 1 for different reduced temperatu
T/TC , in which thep periodicity in CPR at higher tempera
tures agrees with that obtained using multiple tunnel
method.15–17However, we see an overall phase change op
in CPR betweenT/TC50.1 andT/TC50.2. Physically, the
intrinsic phase shift can take eitherp/2 or 2p/2 if the low
7-3
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FIG. 1. The CPR of an unperturbedc-axis
junction betweens-wave andd-wave supercon-
ductors.~a! T/TC50.1, ~b! T/TC50.2, ~c! T/TC

50.3, ~d! T/TC50.9.
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order Josephson current is absent,23 which indicates that the
intrinsic phase may change from one to another at cer
temperature, leading to thep-phase change in the CPR.
similar effect was also found by Kashiwaya and Tanaka17 for
in-plane junctions between twod-wave superconductors i
the relative orientation is close top/4. For the general mirror
symmetrical in-plane junction, Barashet al.40 showed that
the sign change inJC results from the competition betwee
the midgap states at low temperature and the gap edge
continuum states near critical temperature. Such phen
enon has been in fact observed for the in-plane junction
Ili’chev,41 but it has not been tried for thec-axis junction due
to very low critical current. The critical tunneling curren
JC(T) as a function of temperature is also analyzed and
lustrated in Fig. 2. The largeJC at low temperature is cause
by the midgap states,40 and it crosses zero and picks up thep
phase aroundT/TC'0.2. Note that the overall phase shift
p depends on the transition temperatures of the two su
conductors; nop-phase shift appears when the transiti
temperatures are very different.

Although the distinctp periodicity in current phase rela
tion was reported by Ilichevet al.9–11 for the in-plane junc-

FIG. 2. The critical tunneling current as a function of tempe
ture for an unperturbedc-axis junction betweens- andd-wave su-
perconductors.
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tion, the ac Josephson effect shows that the main Sha
steps occur atV5nh f/2e for the c-axis junction.12–14 This
suggests that ans-wave component in thed-wave supercon-
ductor is involved in such tunneling process, otherwise
main Shapiro steps should appear atV5nh f/4e. Note that
the existence ofs-wave component does not affect the co
clusion for the in-plane junction, but does have significa
impact on thec-axis junction. Previous studies concentrat
on the bulk s-wave component16,17 or the surfaces-wave
component resulting from time-reversal symme
breaking.22,23,26,27However, for the tetragonal high-TC super-
conductor Bi2Sr2CaCu2O81x , the bulks-wave component is
very unlikely since the scanning SQUID microscope clea
identifies the nodes at~110! directions.3,6 The time-reversal
symmetry breaking states is unlikely to appear inc-axis junc-
tions too since quasiparticle does not encounter a ph
change near an interface.6 Thus, it was speculated that inte
face scattering might induce as-wave component from a
d-wave pairing state if a rough realistic interface
considered.29 To analyze the interface scattering quanti
tively, we adopt the well established rough interface mo
as described before32,37 and solve the above quasiclassic

FIG. 3. The CPR of ac-axis junction betweens- and d-wave
superconductors atT50.4TC . The solid line, dotted line, and
dashed line correspond tor50, r50.27, r51.27, respectively.
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INTERFACE ROUGHNESS AND PROXIMITY EFFECT ON . . . PHYSICAL REVIEW B65 144527
equation numerically. The self-consistent order parame
and current are obtained through iteration scheme until c
vergence. For numerical calculation below, we set temp
ture T/TC50.4. Both the transparent (r50) and rough in-
terfaces (r50.27,1.27) are considered and the
corresponding current phase relations are shown in Fig. 3
our surprise, rough interface does not change thep period-
icity expected from an intuitive physical picture, but main
reduces the critical tunneling current.42 The reason is that the
surface scattering mainly affects the propagator, thes-wave
component of the order parameter is still missing becaus
the absence ofs-channel pairing potential. Thus, we co
clude that rough scattering is not enough to account for
experimental observation. In Fig. 4 we present the s
consistently calculated order parameters in the vicinity
interface in the absence of phase difference. It is noted
both s- and d-wave order parameters are greatly deple
near the interface due to the proximity effect, but the int

FIG. 4. The order parameter profile in ac-axis junction between
s- and d-wave superconductors atT50.4TC and f50. The solid
line, dotted line and dashed line correspond tor50, r50.27, r
51.27, respectively.

FIG. 5. The CPR of ac-axis junction betweens- and d-wave
superconductors atT50.4TC and r51.27. The solid line, dotted
line, and dashed line correspond to the surfaces-wave component 0,
5, and 10 % of thed-wave component, respectively.
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face roughness prevents Cooper pairs from leaking to
opposite side and the impact is most profound fors-wave
superconductors.

Up to now, the proximity effect is taken into account o
the level of quasiclassical propagator, while the feedback
the proximity effect is not considered since a pured-channel
pairing potential is assumed. As was pointed out earlier,43 a
repulsives-channel pairing potential can exist in ad-wave
superconductor since it does not give arise to a bulks-wave
component. However, the proximity effect results in an e
ponentially decayings-wave component near an interfac
According to the analyses in Refs. 24, 25, the surface
interface energy favors phase locking betweens- andd-wave
order parameters. Thiss-wave component in ad-wave super-
conductor does not affect the thermodynamical propertie
it vanishes rapidly towards bulk, but it does change the
havior of Josephson junction involving such supercondu
ors. By taking the repulsives-channel pairing potential into
account, we have calculated the order parameters and tun
ing current self-consistently. In Fig. 5, the current phase
lation is shown for a fixed surface roughness parameter
51.27 but with differents-wave components in ad-wave
superconductor near an interface. These results demons
the great sensitivity of the current phase relation on
proximity-induced interfaces-wave component. When th
s-wave component increases, the CPR approaches rapid
the 2p-periodicity pattern, which then corresponds to t
Shapino steps atV5nh f/2e observed experimentally. In
fact, 5% of thes-wave component at the interface is enou
to change the overall behavior. The corresponding order
rameters atf50 are plotted in Fig. 6, where one finds th
there is a tiny element ofs-wave component near the inte
face on ad-wave superconductor. But its role in changing t
p periodicity to the 2p periodicity is decisive.

IV. CONCLUSION

We have studied in this paper the impact of interfa
roughness and proximity effect on the current phase rela
of c-axis junction betweens-wave andd-wave superconduct

FIG. 6. The order parameter profile in ac-axis junction between
s- and d-wave superconductors atT50.4TC , r51.27, andf50.
The solid line, dotted line, and dashed line correspond to the sur
s-wave component 0, 5, and 10 % of thed-wave component,
respectively.
7-5
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ors. Our results show that the interface roughness is not
ficient to change the current phase relation fromp periodic-
ity to that of 2p periodicity, but the proximity induced
s-wave component near interface does play that role a
causes the CPR to be consistent with the Shapino steps
served experimentally. Note that the abovementioned in
face s-wave component does not affect the phase sensi
tricrystal measurement as well as the CPR for in-plane ju
tion since it is very small in comparison with thed-wave
component.
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