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The scanning superconducting quantum interference device microscope on tri-crystal high-temperature su-
perconductokHTSC) samples unambiguously identifies tthevave pairing symmetry as a predominant com-
ponent. This fact was also seen clearly from the current phase re{@RR for an in-plane junction between
HTSC's, where bothr periodicity and 2r 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 occwWatmhf/2e (n is integej and thus a significarsswave 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 surfaceswave component stemming from a repulsisehannel pairing potential in thd-wave
superconductor is able to give a coherent picture.
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. INTRODUCTION the current phase relation takes approximately the gipat-
tern if a Josephson junction is made betwesmave and
The symmetry of order parameter in higl-supercon- d-wave superconductors along theaxis!®’ Such a
ducting oxides has always been a focal point ever since itgurrent-phase relation was shown to hold also for the in-
discovery 14 years agd’ The determination of the order plane junction between twd-wave superconductors rotated
parameter symmetry not only helps us to pin down the eswith each other by 45%%-20 Note that the result for the
sential ingredients in the highe superconducting mecha- c-axis Josephson junction by Tandkds seriously ques-
nism, but also offers guidance on the ongoing search fofioned by Arnold and KlemAt who used a tight binding
even higherf - superconductors. After many years of experi- Hamiltonian to address the same issue.
mental and theoretical studies, great progresses have beenuUnlike the scanning SQUID microscope which directly
made in our understanding on the normal as well as supeprobes the half-integer magnetic flux and thus the phase dif-
conducting properties. A predominadiwave pairing sym- ference between tha andb axis, the CPR and microwave
metry is now well established through the scanning supermeasurements in Josephson junctions depend very much on
conducting quantum interference  devicSQUID)  the electronic structures in thesighborhoodof the junction
microscope in the phase sensitive tricrystaisand the region. It is well known that for conventional isotropic su-
Fraunhofer diffraction pattern of corner junctions betweenperconductors, a surface does not play a significant role. But
swave and highFc superconductor§? Further experimen-  the situation changes for anisotropic superconductors where
tal evidence was given by Ilicheet al®~*! through direct the surface pair breaking effect can be dramatic. Recently,
measurement of current phase relati@®PR of in-plane  several proposals have been made concerning the Josephson
junctions between two higliz superconductors. Being con- effect in junctions involving highF: superconductors.
sistent with the predominamkwave pairing symmetry, both Kuboki and Sigrist? and Sigrist® investigated the surface
7 periodicity and 2r periodicity were observed, depending Cooper pairing state using the Ginzburg-Landau theory.
on the relative crystal orientation. Fofaxis Josephson junc- They found that ars-wave component arises if local time-
tions involving both conventional superconduct®) and  reversal symmetry is broken near interface due to the angular
high-T¢ superconductor¥,** the microwave investigation, structure ofd-wave pairing, but the effect vanishes when the
however, shows that Shapiro steps take place only at mukelativea axis’s angle approaches 45°. On the other hand, a
tiples of V=hf/2e. These results were widely cited as ansimilar Ginzburg-Landau formulism by Ren, Xu, and
indication that a sizeabls-wave component would exist in  Ting?*2° showed that a sma#-wave component near a sur-
high-T¢ superconductors, but they disagree with the tricrysface is always locked in phase withwave component to
tal measurements since nodes in the order parameter afem a real combination. Since the broken time-reversal
clearly shown a{110] direction$=® in the tetragonal com- symmetry states takes place only when the phase of order
pounds. At the same time, physical properties of Josephsaparameter changes sign on the quasiparticle trajet33fyit
junction involving highT: superconductors have also beenmay happen solely for the in-plane junction and not for the
studied theoretically by many groupst was indicated that c-axis junction. However, the broken time-reversal symmetry
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state was not observed up to now in the scanning SQUIDNg current. Therefore, rough scattering at an interface is un-
microscope in tricrystal samplésTo understand the usual able to explain the experimental observatfdi©n the other
Shapino stepd/=nhf/2e in c-axis Josephson junctions, it hand, we notice that symmetries sf and d-wave Cooper
was proposed that the deformation of the Fermi surface iairings are orthogonal to each other and thus there would be
the Pb was a possible caudebut the effect is extremely zero critical current between such junctions without taking
small. Also recently, it was assumed that the surface scatteidto consideration of the proximity effect. The proximity ef-
ing not only suppresses tllewave order parameters near the fect induces ans-wave component in the quasiclassical
interface, but also transforms tewave pairing state into propagator, but the correspondingwave order parameter
swave pairing staté®3° is still missing because of the absencesathannel pairing
Since the current phase relation of the Josephson junctigpotential. Thus, the proximity effect itself yields only the
plays an important role in identifying the pairing symmetry periodicity. Only when a repulsive-channel pairing poten-
of high-T. superconductors, the impact of interface scatterdial is taken into account in thé-wave superconductdf;*®
ing on the order parameter as well as on its symmetry has tan exponentially decayingwave component can prevail in
be further elucidated. As thé-wave superconductor has an the d-wave superconductor near the interface. This enables
anisotropic pairing state, the order parameter is venerable t¢s to explain the experimental properties of the Josephson
the presence of surface, defects, etc., and self-consistejtnction between the- and d-wave superconductors along
evaluation of the order parameter is highly desired. In thighe c axis. Our self-consistent calculation shows that 5% of
paper, taking into account the interface roughness and proxhe s-wave component at thaterfaceis necessary to change
imity effect self-consistently, we study the current phase rethe current phase relation from periodicity to 27 period-
lation of c-axis Josephson junction betwesrand d-wave icity.
superconductors. The-axis junction is chosen becausig In the following, we will first discuss the importance of
the phase ofl-wave order parameter does not change sigrproximity effect in the Josephson junction between super-
for the incident and reflected quasiparticle trajectories neagonductors with different pairing symmetries. Then we show
interface, thus such configuration avoids the possible brokethat the scattering alone does not bring about thep2riod-
time-reversal symmetry state;) there exists a controversy icity in the current phase relation, but only reduces the criti-
concerning the validity of tunneling expression by Tanakacal current. Finally, we show that then2periodicity is re-
and Kashiwayd®*"?* which calls for more studies using covered if a small surfacewave component resulting from
different methods. Note that faceting has a pronounced effee repulsives-channel pairing potential is taken into account.
on in-plane junctions because of the interference phenomena

among grains with different facets, but such an effect does Il. QUASICLASSICAL METHOD
not occur for thec-axis junction since grains with different ) . .
facets ina-b plane contribute coherently. In this paper, we present a self-consistent calculation of

To deal with the Josephson effect in high- supercon- the Josephson effect for eraxis junction consisting of
ductors, most theoretical methods are based either on tHwave superconductor, insulating layer, amdave super-
phenomenological Ginzburg-Landau theory or on the Fermfonductor. In the quasiclassical theory, the superconducting
liquid theory of superconductivity. In principle, high su- ~ State is described by the X2 Matsubara propagator
perconductors are strongly correlated electronic systems, arg! (k,R; €,) in particle-hole space, which satisfies the trans-
they behave as a Fermi liquid only in the overdoped regionportlike equatiof*
physics is so complicated and yet to be understood clearly in
the underdoped region where different orderings compete [ie, 73— A,gM(k,R;e,) ] +ifvek- VagM(k,R;e,)=0
with each other. We will concentrate on the region where (1a)
high-T- superconductors can be treated as Fermi liquid. A L .
very useful formulation of Fermi liquid theory of supercon- @1d normalization condition
ductivity is based on the quasiclassical transport th&lots, ar A s
which describes slowly varying phenomena in space and [g"(k,R; €n)]%= — (7). (1b)
time with the requirements that the order parameteis . ,
much smaller than the Fermi energy and the coherence X @nden=mkgT(2n+1) denote the trajectory and the Mat-
length £,=7%ve/27kgTe is much larger than the inverse subara frequency of the propagatiris the superconducting
Fermi wavelengthk;l.e’e"34 For highT: superconductors, order parameter and, is the third Pauli matrix in particle-
E-~0.2 eMRefs. 21,35andA~0.02 eV,A/E~0.1,and hole space. In the bulk superconductor, Efj) forms a
1/(&0kg)~0.1; they are still reasonably small although largeclosed set together with the self-consistent equation for the
in comparison with those of conventional superconductorsorder parameter
Since the quasiclassical theory is expanded in terms of these
small parameters, the conclusion drawn from these calcula- .7 ., (9%~ < < =
tions should be qualitatively correct though it may be quan- A (k,R)= % 2 f ?f(k)f(k )91k, R, €n)
titatively in error by 10%. "

Our detailed study shows that interface scattering does not
change ther periodicity of the current phase relation and the
impact of interface roughness is to reduce the critical tunnel-
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)

X

1
In(T/Te)+ 2 2n+1
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Here, a prime means a cut off on the frequency summatioing symmetries of the two superconductors, spherical Fermi

and the functiorf (k) denote the orbital wave function of the surfaces for boths- and d-wave superconductors are as-

Cooper pair. The superconducting current can be calculategdmed. To calculate the current phase relation, the phase dif-
from ference between right and left bulk superconductors are fixed

and the order parameters in the bulk are given by

' dQlA(A M/ B A~
S 7 KRegT (KR, €n), 3 AT f(kexpidl2), z>0,

Ayok,2)= ) _ (5)
Ay(Mfg(k)exp(—i¢l2), z<0,

12K, Z
wheree is the electron charge arRy=[2N(Eg)eve] tis
the Sharvin resistanc€.The rough interface can be simu- f(k)=1 and f4(k)=(y15/2)(k*—k?) correspond to the

lated by the model devised by Ovchinnikévand Culetto  conventionak-wave andd,z_,2-wave pairing states, respec-

et al®” which reads tively.
Y ~M 2i d AN
[gV(k,&e0), (@) (& e)] -+ Tﬁkl d_gg (k,&€,)=0 lll. RESULTS AND DISCUSSIONS
(49 It is well-known from tunneling Hamiltonian calculation
with that if two superconductors forming the Josephson junction

are in orthogonal pairing states, the superconducting tunnel-
~M Qiapo o ing current vanishes if the tunneling matrix is assumed as a
(9")(§,€n)= f 279 (k,&;€n) (4D constant. To investigate how the high order terms arises as a
_ _ _ _ o result of proximity effect, we first consider the simplest case
denoting the impurity self-energy atg is the projection of  \yhere answave superconductor is placed directly on top of
trajectory perpendicular to the interfageis the roughness gz g-wave superconductor along tieeaxis and assume that
parameter of the interface and is related to the conventionahe order parameters are not perturbed. In this case, the prob-
diffusivity parameterp (Ref. 3§ through the relatiop=1  |em can be studied analytically. The quasiclassical equation
—4J §"%d6cos sin*bexp(~plcosb), with p(p=0)=0 stand-  generally has three types of solutions: the constant solution
ing for the transparent interface ampdp==)=1 for the  which represents also the bulk physical solution; the expo-
fully diffuse interface. {=+1/2 corresponds tR=Rg,s nentially decreasing and exponentially increasing solutions.
+0", whereRq, is the coordinate of interface layer. However, only the constant and exponentially decreasing so-
To describe a planar-axis junction betwees-wave and lutions towards bulk can appear near an interface, thus the
d-wave superconductors situated, respectively, on the rigithysical solution in the vicinity of an interface is a combi-

and left sides, the Cartesian coordinate is chosen such thBgtion of these two. After matching the left and right physi-
the xy plane is within the interface of the junction amd c@l solutions at the interface and using the short notations

=c axis is normal to the interface. Since the qualitative fea-Ens= eﬁ+[A5fs(R)]2 andE 4=+ eﬁ+[Adfd(R)]2, the di-

ture of the current phase relation depends mainly on the paiagonal propagator at the interface reads

‘o )_iwAdfd@ den(Ena— Ens) (60— K, Eng)€ ?+ Af(K)[ Af (k) Enge'®— Agfy(K) Epsl}

M(k,0. - . : (6)
o ) EnsEnd [Asfs(k)(6n+kLEnd)_Adfd(k)(fn_kLEns)el¢]
|
and the corresponding current is given by where the weak coupling valued;.=1.76 and AC/Cy
=1.43 are used. The temperature dependent order parameter
. for the d-wave superconductor in bulk can be calculated
kgT dQj N
J:R_ehz fﬂ L gM(k,0€,). (7) from Egs. (1) and (2. At T=0 K, Ay4O0)
0 n

=109 /155, kgTc. It is found thatA 4(T)/A4(0) differs
) ) ) only slightly from the ordinary BCS curve\((T)/A(0)

To carry out the numerical |ntegrat|0n over momentumwhich was also found by Arnold and Klem%hSo the tem-
space, one needs also the information on transition tempergerature dependentwave order parameter is approximated
tures for both superconductors. As the characteristic featurgy A (T)=el61%,/15A(T). The resulting current phase re-
of current phase relation is determined mainly by the symiation is plotted in Fig. 1 for different reduced temperature
metrical properties of pairing states, we take the s@agméor T/T¢, in which thew periodicity in CPR at higher tempera-
both superconductors to facilitate numerical computationyres agrees with that obtained using multiple tunneling
The temperature dependent order parametesfoave su-  methodt®>17 However, we see an overall phase changer of
perconductor is well described by the interpolation formula in CPR betweerT/T¢c=0.1 andT/Tc=0.2. Physically, the

A((T) = 6 KgTctant (7! 659 \/§><AC/CN X (Tc/T—1)], intrinsic phase shift can take eithet2 or — /2 if the low
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order Josephson current is abs&nivhich indicates that the tion, the ac Josephson effect shows that the main Shapino
intrinsic phase may change from one to another at certaisteps occur a¥=nhf/2e for the c-axis junction*=* This
temperature, leading to the-phase change in the CPR. A suggests that aswave component in thé-wave supercon-
similar effect was also found by Kashiwaya and Tarfdkar ~ ductor is involved in such tunneling process, otherwise the
in-plane junctions between twd-wave superconductors if main Shapiro steps should appearvat nhf/4e. Note that

the relative orientation is close te/4. For the general mirror the existence oé-wave component does not affect the con-
symmetrical in-plane junction, Baragt al*® showed that clusion for the in-plane junction, but does have significant
the sign change id results from the competition between impact on thec-axis junction. Previous studies concentrated
the midgap states at low temperature and the gap edge ad@ the bulkswave component'’ or the surfaceswave
continuum states near critical temperature. Such phenon¢omponent resulting from time-reversal ~symmetry
enon has been in fact observed for the in-plane junction byreaking?>?*?®2™However, for the tetragonal highc super-
lli'chev,*! but it has not been tried for theaxis junction due  conductor BjSr,CaCyOg. , the bulks-wave component is

to very low critical current. The critical tunneling current very unlikely since the scanning SQUID microscope clearly
Jc(T) as a function of temperature is also analyzed and ilidentifies the nodes dt.10) directions®® The time-reversal
lustrated in Fig. 2. The largé. at low temperature is caused Symmetry breaking states is unlikely to appeat-@xis junc-

by the midgap stateé®,and it crosses zero and picks up the tions too since quasiparticle does not encounter a phase
phase around/T.~0.2. Note that the overall phase shift of change near an interfaédlhus, it was speculated that inter-

m depends on the transition temperatures of the two supeface scattering might induce swave component from a
conductors; nom-phase shift appears when the transitiond-wave pairing state if a rough realistic interface is
temperatures are very different. considered® To analyze the interface scattering quantita-

Although the distinct periodicity in current phase rela- tively, we adopt the well established rough interface model
tion was reported by llicheet al®~! for the in-plane junc- as described befo 37 and solve the above quasiclassical
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FIG. 2. The critical tunneling current as a function of tempera- FIG. 3. The CPR of a-axis junction betweers- and d-wave
ture for an unperturbed-axis junction betwees- andd-wave su-  superconductors aT=0.4T.. The solid line, dotted line, and
perconductors. dashed line correspond =0, p=0.27, p=1.27, respectively.
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FIG. 4. The order parameter profile ircaxis junction between
s- and d-wave superconductors at=0.4T; and ¢=0. The solid
line, dotted line and dashed line correspondete0, p=0.27, p
=1.27, respectively.

FIG. 6. The order parameter profile ircaaxis junction between
s and d-wave superconductors at=0.4T., p=1.27, and¢=0.
The solid line, dotted line, and dashed line correspond to the surface
swave component 0, 5, and 10 % of thlewave component,
respectively.
equation numerically. The self-consistent order parameterP h s C irs leaking to th
and current are obtained through iteration scheme until conace raug .gess p()jre{\;]/en.s o?per paltrs r(?m zaj&gg o the
vergence. For numerical calculation below, we set temperagpIOOSI € side an € impact 1s most profoun ave

- , uperconductors.
tre T/Tc=0.4. Both the transparenp0) and rough in- Up to now, the proximity effect is taken into account on

terfaces  p=0.27,1.27) are considered and their y,o je\e| of quasiclassical propagator, while the feedback of
corresponding current phase relations are shown in Fig. 3. Tge proximity effect is not considered since a pdrehannel

our surprise, rough interface does not changesthgeriod-  nairing potential is assumed. As was pointed out edffier,
icity expected from an intuitive physical picture, but mainly repulsives-channel pairing potential can exist indawave
reduces the critical tunneling curréfitThe reason is that the superconductor since it does not give arise to a lsulkave
surface scattering mainly affects the propagator,stheave  component. However, the proximity effect results in an ex-
component of the order parameter is still missing because qjonentially decayingswave component near an interface.
the absence os-channel pairing potential. Thus, we con- According to the analyses in Refs. 24, 25, the surface or
clude that rough scattering is not enough to account for thénterface energy favors phase locking betwseandd-wave
experimental observation. In Fig. 4 we present the selforder parameters. Thiswave component in d-wave super-
consistently calculated order parameters in the vicinity ofconductor does not affect the thermodynamical properties as
interface in the absence of phase difference. It is noted thdt vanishes rapidly towards bulk, but it does change the be-
both s and d-wave order parameters are greatly depletechavior of Josephson junction involving such superconduct-
near the interface due to the proximity effect, but the inter-0rs. By taking the repulsive-channel pairing potential into
account, we have calculated the order parameters and tunnel-
ing current self-consistently. In Fig. 5, the current phase re-
lation is shown for a fixed surface roughness paramgter
=1.27 but with differentswave components in d-wave
superconductor near an interface. These results demonstrate
the great sensitivity of the current phase relation on the
proximity-induced interfacesswave component. When the
s-wave component increases, the CPR approaches rapidly to
the 2m-periodicity pattern, which then corresponds to the
Shapino steps a¥=nhf/2e observed experimentally. In
fact, 5% of thes-wave component at the interface is enough
to change the overall behavior. The corresponding order pa-

0.020 - ! - 1 - !

0.015 N 0=1.27 L

TT=04 |

4 N
0.0101 4 \

: N - rameters ap=0 are plotted in Fig. 6, where one finds that
00154 77777 110% s-wave - there is a tiny element afwave component near the inter-
00 ' 05 " 10 ' s " . face on ad-wave superconductor. But its role in changing the
of 7r periodicity to the 2r periodicity is decisive.
T

. . IV. CONCLUSION
FIG. 5. The CPR of a&-axis junction betweers- and d-wave

superconductors af=0.4T: and p=1.27. The solid line, dotted
line, and dashed line correspond to the surlaeave component 0,
5, and 10 % of thal-wave component, respectively.

We have studied in this paper the impact of interface
roughness and proximity effect on the current phase relation
of c-axis junction betwees-wave andd-wave superconduct-
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