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Based on the analyses of bulk sensitive experimental data on penetration depths, Raman spectra, electron
photoemission spectra, etc., G. M. Zhao concluded in a recent fRipgs. Rev. B64, 024503(2001) ] that the
symmetry of high¥. superconductors belongs to the-s-wave type. To explore the common and uncommon
features of theg+ s-wave pairing state with respect to tblevave pairing state, both superconductor-insulator-
superconductor junction and superconductor-normal metal-superconductor junction have been studied self-
consistently in this paper using the quasiclassical theory. The current phase relatiphsfavave supercon-
ductors A(s,0) =Ay(s+cos 4) is investigated systematically as functions sfvave component, crystal
orientation angle3, as well as roughnegs of the interface layer. Our results show that there exists a critical
Bc for a givens andp so that the current phase relation approaches asymptoticalfyp)o= 1 csin(2p) from
I(¢)=Icsin(¢p) asB— B¢ . The order parameter argk-s relation are calculated self-consistently as interface
roughness varies. Our results are compared with their counterparts in Josephson junctions dstavee
pairing state obtained using a similar method.
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I. INTRODUCTION plane junction between twd-wave superconductors rotated
with each other by 452°-220ne of the interesting features
The superconducting state is a macroscopic phase cohgrredicted theoreticalfyj for the anisotropicd-wave pairing

ent state which is characterized by an order parameter; th&tate is the zero-energy state. It results from the phase change
determination of the order parameter symmetry is of vitalalong the quasiparticle trajectory in the vicinity of surfaces
importance for clarifying the superconducting mechanismor interfaces and accompanied depletion of the order param-
Since the discovery of higli, superconductors in 1986.a  eter; the well structures of order parameter enables the for-
large amount of experimental data have been accumulatedation of the bound state near the Fermi energy. The zero-
and analyzed which greatly improved our understanding omnergy bound staté5?° can greatly enhance the critical
properties of both normal as well as superconducting statesurrent at low temperature and induces a sign change in the
A predominantd-wave pairing symmetry has been demon-critical current.
strated through the scanning superconducting quantum inter- The experimental techniques in measuring the order pa-
ference devicgSQUID) microscope in the phase sensitive rameter symmetry can be generally classified into two types,
tricrystals$~®and the Fraunhofer diffraction pattern of corneri.e., the bulk sensitive and surface sensitive probes. Unlike
junctions betweers-wave and highF, superconductors®  the conventional isotropic superconductors, where surface
Direct measurement of the current phase relat©@RR has does not play a significant role, the electronic structures in
also been carried out by Il'ichev and co-work¥re for the  anisotropic superconductors can be very different from the
in-plane junctions between two highs superconductors, bulk and surface pair breaking effect can be dramatic. Thus
significant# periodicity was observed at the crystal orienta-the bulk sensitive and surface sensitive measurements can
tion angle B-=45°. However,c-axis Josephson junctions some times reveal contradictory conclusion concerning the
involving both conventional superconductd@b) and high-  paring state symmetry. To reconcile such discrepancy, sev-
T. superconductoté~1*consistently show that Shapiro steps eral proposals have been made recently regarding the Joseph-
take place only at the multiples &f=hf/2e. These results son effect in junctions involving higfi;, superconductors.
indicate that a sizeablewave component exists in high:  Kuboki and Sigrist® and Sigrist’ found that as-wave com-
superconductors. Meanwhile, comprehensive theoretical inponent arises if local time-reversal symmetry is broken near
vestigations reveal that spin fluctuation near antiferromaginterface ind-wave superconductors, but the effect vanishes
netic instability plays an important rof&® Not only can  when the relativea-axis's angle approaches 45°. A similar
many anomalous properties in the normal state be explaine@inzburg-Landau formalism by Ren, Xu, and Ti##¢°found
within the spin-fluctuation mechanism, it also predicts thethat a smallsswave component near a surface is always
d-wave pairing state as the candidate for the superconductingcked in phase witll-wave component to form a real com-
state. The symmetry of the pairing states also has diredtination. The existence of the broken time-reversal symme-
manifestation on the Josephson effect; the CPR relation takesy states requires a phase change in the order parameter
approximately the sin@ pattern if a Josephson junction is along the quasiparticle trajectoty>! it may happen solely
made betwees-wave andd-wave superconductors along the for the in-plane junction and not for the-axis junction.
c axis}’~19 The same behavior was shown also for the in-However, the broken time-reversal symmetry state was not
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observed up to now in the scanning SQUID microscope ireters, the conclusion drawn from these calculations should be
tricrystal sample$.In addition, the usual Shapiro stes  qualitatively correct though it may be quantitatively in error
=nhf/2e in c-axis Josephson junctions also invoked otherby 10%.
proposals as well, such as the deformation of the Fermi sur- As demonstrated by Tsuei and Kirtf&y in the phase sen-
face in the Pb? transformation ofd-wave pairing state into  sitive tricrystal measurements, a specially designed inclina-
swave pairing state due to surface scattering,"&t. tion angle =75° can be used to distinguish tlkwave
Very recently, G. M. Zhao wrote a comprehensive p&ber pajring state from theg-wave pairing state. For the
on the identification of the order parameter symmetry iNg+ s-wave pairing state, the diagrammatic analysis does not
high-T,. superconductors and proposed gies wave as the  yjier the conclusion for a moderatavave component. Thus,
mosit probable candlda]tce. Hls'concllfsmn is based on thg,aqq the surface scattering fundamentally changes the sym-
2Eﬁ(yssisn soigvz Vs::)?grgesexiirtl:weg;a thmeererlrf,:lreg?wgtjcg\?i t;r}ﬁetry of the order parameter near surface, the zero frustrated
angle-resolved photoemissigsince coherent length is very rgluhzste(}) ?iéngg&?'?geaggg&gg y cTaon tE?s isifnd az?:\%oggg_
smal), Raman spectra, specific heat, penetration depth, a puted the order parameter and CPR relation self-consistently

Knight shift, etc. The model calculations wit+ s-wave . .
order parameted (s, 6) = Ao(s+cos &) not only gives ex- for a Josephson junction composedgof s-wave supercon-

cellent fittings to the above experimental data, but also give§uctors in the presence of a rough interface. Our results show
an excellent explanation to the electronic tunneling spectra ifhat interface scattering does not change the symmetry of the
single tunneling breaking junctions. The comparison with theorder parameter, but the ratio between thevave and
experimental data yield ,=17.75 meV ands=0.46 for the ~ S'wave components can alter because the anisotmppiave
slightly overdoped BiS,CaCyOg., (T.=90 K),35 A component is more vulnerable to the interface scattering than
=245 meV and s=0.225 for the slightly overdoped the swave component. The impact of interface roughness
YBa,Cu;0;_,,%° and A;=8.1 meV ands=0.53 for the causes depletion of the order parameter near the interface
nearly optimally doped La ,Sr,CuQ,.%° The bulk sensitive and it also reduces the critical tunneling current. The numeri-
measurement data are supposed to reflect the intrinsic natutal analysis also shows that there exists a crit@galfor a

of these highf. superconductors and avoid the surface congivens andp so that the CPR relation approaches asymp-
tamination or degradation which can appear in surface serotically to I(¢)=Icsin(2p) from I(¢)=Icsin(g) as B
sitive experiments. However, the important issue regarding— B¢ . The order parameter argt.-s relation are calculated

to the explanation of the scanning SQUID microscope inself-consistently as interface roughness varies. Our results
phase sensitive tricrystdl® is not convincingly presented are compared with previous theoretical studies on Josephson
and is attributed to the possible surface effect. Though it igunctions withd-wave superconductors. For a putevave

still an open question concerning the relevancg-ef-wave  superconductor, it is well known theoretically thé{e)

pairing state to the highz cupratesg+s-wave symmetry =I.sin(2p) occurs atBc.=m/4 for the in-plane junction,
was also recently proposed as a candidate in the borocarbidaéhile for pure g-wave superconductors, the same behavior
superconductot® takes place aB-= /8. For a generafj+ s-wave supercon-

To explore the possible surface impact on the order paeuctor, B¢ increases with theswave component and ap-
rameter as well as on the phase sensitive tricrystaproachesg==/4 if sis large. The depletion of the order
measurement,® the surface pair breaking effect has to be parameter results in the zero-energy bound state which can
calculated self-consistently in order to check whether the orbe calculated from the retarded Green’s function using the
der parameter at the surface is fundamentally different fronabove self-consistently determined order-parameter profile.
the bulk and whether the order parameter forms a potential In Sec. Il, we will first briefly describe the formulism of
well structure for a certain quasiparticle trajectory. Thus wequasiclassical approathas it applies to Josephson prob-
have studied in this paper the self-consistent order-parametégms. In  Sec. Ill, both superconductor-insulator-
profile and the CPR relation for the in-plane Josephson juncsuperconductofSIS) junction and superconductor—normal-
tion between twog+s-wave superconductors. Although metal—superconductdSNS junction are investigated, and
high-T. superconductors are strongly correlated electronicletailed numerical results on the CPR relation are discussed
systems>1 we will concentrate on the region where high- and compared with those obtained for pdrerave supercon-

T. superconductors can be treated as a Fermi liquid. Oveductors. The conclusion is given in Sec. IV.
doped and optimally doped high: superconductors belong

to s_uch a category. A very us_e_ful_formulation of the Fgrmi- Il. QUASICLASSICAL METHOD
liquid theory of superconductivity is based on the quasiclas- ) ) .
sical transport theory**® it describes slowly varying phe- As we mentioned in the Introduction, the order parameter

nomena in space and time with the requirements that ordednd current phase relation in the Josephson junction can be
parameter is much smaller than the Fermi enerfy and ~ conveniently computed within the quasiclassical theory. For
coherence lengtlfo=%v/2mks T, is much larger than the the equilibrium state, the superconduActhg state is described
Fermi wavelengttk-*.° For highT, superconductorsEr by the 2x2 Matsubara propagata™ (k,R;e,) in particle-
~0.2 V294 A~0.02 eV, A/E;~0.1, and 1/€,ke)~0.1;  hole space, which satisfies the transportlike equétion

they are still reasonably small although large in comparison L o

with those of conventional superconductors. Since the quasi- [ie 73— A,gM(k,R;€,) - +ifvek: VagM(k,R;e,) =0
classical theory is expanded in terms of these small param- (13
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and normalization condition
["(K,R; €)12=— (hi)?. (1b)

A and e,=kgT(2n+1) are the superconducting order pa- g
rameter and the Matsubara frequenkydenotes the trajec- %
tory of the propagator, ands is the third Pauli matrix in x §
particle-hole space. In the bulk superconductor, (Egforms g
a closed set together with the self-consistent equation for the
order parameter,

~oe=a KeT o) [(dQpr, oy o

Ak, R)= T 2 4 f(k)f(k")grk",R, €n) FIG. 1. The schematic diagram for the planar Josephson junc-

tion under considerationz and B refer to the angles between in-
-1 terface normal X axis) and crystala axis (Cu-Cu bondl of left and

, 1
In(T/TC)+2 nrl 2 right superconductors, respectively.

Here, the prime means a cut off on the frequency summatiogonductors. For simplicity, we assume a cylindrical Fermi

and the functionf(k) denotes the orbital wave function of surface for the highF. superconductor, we also take the
the Cooper pair. The superconducting current can be calci=ermi momentums and velocities in both superconductors
lated from and normal-metal layer as equal. The width of the normal-
metal layer is set tal=3.565, ({g=rve/27kgT,). For Jo-
j— ksT 2, J dQ&,:\ RegM(R,ﬁ,en), 3 sephson junction problems, the phase difference of the ordgr
Roeh At parameter between the right and left bulk superconductors is
fixed and the order parameter in the bulk is given by

X

wheree is the electron charge ariRy=[2N(Eg)ev] ' is

the Sharvin resistancg. . :
A(T)f(k 2 x=>d/2;
The rough interface can be modeled by a strongly scat- Aok, x)= (M) (A)eXp((P/ ) (5)
tered impurity layet®*3which can be formulated mathemati- A(T)f(k)exp(— ¢/2), x<—d/2.
cally as

f(ky=1, 2(k3—k?), and \2/(1+25°)[s+(ki+k
ey o - 2i d.., . 2p2 i
MR & e) (GMY (£, 2Rk, —gM(K £ e)=0 —6kzky)] correspond to the conventionals-wave,
[g7 (k. &ien) (g7)(6 0] p g (k.&ien) d,2_2-wave, andy+s-wave pairing states, respectively. Be-
(4@ low we will concentrate on the Josephson effect for ghe
with s-wave superconductor.

IIl. RESULTS AND DISCUSSIONS

~M dQjn -
(9")(é,en)= 2.9 (k. €n) (4b)
For the numerical calculation, we choose the reduced

denoting the impurity self-energk, is the projection of temperaturd=0.4T.. The above set of equations are solved
trajectory along the interface normal,is the roughness pa- self-con5|stently_ using the iteration scheme for both
rameter of the interface and is related to the conventionaguperconductor-insulator-superconductor (SIS and
diffusivity parametermp (Ref. 44 through the relatiopp=1  superconductor—normal-metal—supercondu¢®NS junc-
_4f(7)7/2d0Cosgsirﬁeexp(_p/cosg) with p(p=0)=0 stand-  tions, the results are presented below separately for the two
ing for the transparent interface aqmp=«)=1 for the  Cases.

fully diffuse interface.£=+1/2 corresponds tdR=Rg,

+0%, whereﬁsurf is the coordinate of the interface layer.
In this paper, we consider the in-plane SIS and SNS junc- For the SIS Josephson junction, the insulator layer is
tions depicted in Fig. 1. The Cartesian coordinate is chosemimicked with a strongly scattered impurity layer and bar-
such that the/z plane is within the cross section of the junc- rier height is modeled by a roughness parametefwo
tion and thex axis is along the junction. Two identicgl  values for the roughness parameter1.27 andp=2.16 are
+s-wave superconducting single crystals have tlweéixes  considered. Our result suggests that the current-phase rela-
parallel to thez axis. The crystal axes of the left supercon-tion for the g+ s-wave superconductor depends sensitively
ductor is fixed witha/x andb|y («=0°), while the right on the interplay among th@wave component, roughness of
superconductor is allowed to rotate along #haxis. We use the insulator layer, and the crystal orientation of the right
B to denote the angle between the crystal axaf the right  superconductors. For the pugewave superconductoBc
superconductor and coordinate axisBy studying the Jo- =22.5° corresponds to the configuration with maximum or-
sephson effect as a function @ we seek to find out the der parameter on the left and the minimum order parameter
common and uncommon features for the s-wave super- on the right of the junction, thus the second-order terms van-

A. Superconductor-insulator-superconductor junction
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FIG. 2. The CPR relation in SIS junctions ¢ . (8 s=0; (b)
s=0.24. The solid and dotted lines correspondpte1.27 andp
=2.16, respectively.

FIG. 3. The CPR relation in SIS junctions in the vicinity 8§
ats=0.24. (a) p=1.27. The solid, dotted, and dashed lines corre-
spond toB=24.39°, Bc=24.97°, and3=25.65°, respectively(b)
p=2.16. The solid, dotted, and dashed lines correspongB to
ish, but the fourth-order terms survive, and the current-phase 28.53°, Bc=29.28°, and3=30.15°, respectively.
relation takes the form (¢)=1.sin(2p) as shown in Fig. o
2(a). The roughness parameterdoes reduce the magnitude Periodicity is rather narrowA 8=1.26° when the roughness
of the critical superconducting current, but theperiodicity ~ Parameterp=1.27 andA5=1.62° whenp=2.16. A large
is not altered. Once a realistg+ s-wave order parameter Surface roughness reduces tgevave component more
A=Ay(s+cos #)(s=0.24) is taken into account, the pe- strongly and makes thg-wave andswave components

riodicity does still occur, but the criticgB: is a sensitive

function of roughness parameter singgvave andg-wave s . T
components respond to roughness in a very different way as 3

we mentioned in the Introduction. lllustrated in FigbRis 40t .
the CPR relation fors=0.24; the critical angle isB¢ 8

=24.97° forp=1.27 andB:=29.28° forp=2.16, respec- é" 35| i
tively. In addition, similar mirror configuration exists for the =

o periodicity at 90> B.. The experimental proof fofr ==1

periodicity is to check whether the Shapiro step appears at 30} -
V=hv/4e or the Fraunhofer diffraction pattern takes the

form | o @) =1 | SN2 ®/ D)/ (277D/Dg)|. However, 7 pe- 25| i
riodicity for the g+ s-wave order parameter is not only a

symmetry issue, but also depends on the detailed sample

preparation; it is even more difficult to be observed. e e ———

0.0 0.1 0.2 0.3

S

04 0.5

The evolution of the Josephson junction fronr period-
icity to 7 periodicity in the neighborhood @ is plotted in
Fig. 3; it is seen thaB¢ is a crossover point which divides
the 0 junction andr junction. Theg range for significantr

FIG. 4. TheBc versuss in SIS Josephson junction. The solid
and dotted lines correspond pe=1.27 andp=2.16, respectively.
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FIG. 5. The order-parameter profiles in SIS junctionssat
=0.24. The solid and dotted lines referde- 1.27, Bc=24.97° and
p=2.16, Bc=29.28°, respectively.

more compatible. In Fig. 4, th8¢ is shown as a function of
s for two sets of roughness parameters. It is clear fhats
a monotonic function of botls and p; B¢ increases from
22.5° to a angle approaching to 45° samcreases. Thus the
observation of significant fourth-order terms nghs 45° is
not only consistent with the dominadtwave scenario, but
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FIG. 6. The CPR relation in SNS junctions@¢ . (a) s=0; (b)
s=0.24. The solid, dotted, and dashed lines correspondp to
=0.08, p=0.27, andp=1.27, respectively.
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2.0x10°} N -7 e
—---:p=3L68
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FIG. 7. The CPR relation in SNS junctions in the vicinity &
at s=0.24. (a) p=0.08, the solid, dotted, and dashed lines corre-
spond toB=23.39°, Bc=23.66°, and3=23.96°;(b) p=0.27, the
solid, dotted, dashed lines correspondge 23.99°, B.=24.22°,
and 3=24.48°; (c) p=1.27, the solid, dotted, dashed lines corre-
spond to=31.37°, Bc=31.53°, andB3=31.68°.

also consistent with thg+ s-wave scenario when trewave
component is large. Finally, the order-parameter profiles near
the interface are demonstrated in Fig. 5. The rough insulator
has strong pair breaking effect on tgevave component, but
has weak influence on thewave component. The order-
parameter profile shows a pronounced dip in the vicinity of
the interface, such dip is responsible for the zero-energy
bound state. Since the order-parameter profile is calculated
self-consistently in our study, the contribution of the zero-
energy bound state as well as other bound states are implic-
itly included in our tunneling curredf.

B. Superconductor—normal-metal—superconductor junction

In carrying out the similar calculations on SNS Josephson
junction, we also assume that the interface between the nor-
mal metal and superconductors can be rough. To simplify the
calculation, the roughness of the two interfaces is taken to be
the same and values p&=0.08,0.27,1.27 are considered. For
the pureg-wave superconductor, the periodicity occurs at
the same crystal orientation angde =22.5° and is indepen-
dent of p; this is shown in Fig. @). The results resemble
that of the SIS junction and are determined solely by the
symmetry ofg-wave order parameter, but the overall magni-
tude for the same roughness parameter is very much reduced.
For a realisticg+s-wave pairing state witts=0.24, the
CPR relations at criticaBc are given in Fig. &). The 8¢
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FIG. 8. TheB¢ versuss in SNS Josephson junction. The solid, FIG. 9. The order-parameter profiles in SNS junctionssat
dotted, and dashed lines correspondpte 0.08, p=0.27, andp =0.24. The solid and dotted lines referde-0.08, .= 23.66° and
=1.27, respectively. p=1.27, Bc=31.53°, respectively.
depends sensitively on roughneps B.=23.66° for p IV. CONCLUSION
=0.08; Sc=24.22° for p=0.27, andfSc=31.53° for p In summary, we have studied in this paper the Josephson
=1.27, respectively. effect of the planar junction consisting gf+ s-wave super-

p J g9 p

In the vicinity of critical crystal orientation angléc, the  qnductors. For the purgwave pairing state, the period-
CPR relation changes continuously fronr periodicity to icity can take place at the crystal orientation angle
periodicity and the angular range for this transition is even_ 55 go  This property is solely determined by the pairing
narrower. The typical CPR relations in this transition rangesymmetry of theg-wave order parameter. While for the gen-
are plotted in Fig. 7 for three sets of roughness parameterg, g+s-wave pairing states periodicity can also appear
and three sets of crystal orientation angles. The signifieant |, qer the suitable combination among theave compo-
periodicity can be observed withit f=0.57° forp=0.08,  on¢ interface roughness, and crystal orientation angle, but
Ap=0.49° for p=0.27, andAp=0.31° for p=1.27, r&-  he angular range forr periodicity is rather narrow and
spectively. Comparing with those of the SIS junctid3 in - akes the observation technically quite difficult. An interest-
the SNS junction is much smaller. The dependenc@@f ing point of our calculation is that the critical orientation
with sis shown in Fig. 8;8¢ is also a monotonic funptlon of angle B¢ approaches 45° if thewave component is com-

s and approaches 45° when thevave component is COM- patiple with the g-wave component. Thus the significant
patible with the g-wave component. The self-consistent frth-order terms in CPR measurement observed by Ilichev
order-parameter profile in the SNS junction is plotted in Fig.5nd co-workerst is not only consistent with the-wave,

9; the overall feature is quite similar to that of the SIS junc-p;t also consistent witly+ s-wave pairing state. However,
tion. , our study also shows that surface scattering does not change

From the above results, we found that the rough interfacgne symmetry of the order parameter in the surface region,
can suppress the order parameter in its vicinity, but the symy, ;5 it is unable to account for the zero frustrated phase

metry of the order parameter is maintained throughout thgyserved in the phase sensitive tricrystal at inclination angle
region if no new pairing channel is introduced near the in-y_ 750

terface. In this sense, the phase sensitive tricrystal measure-
ment at inclination angl@=75° cannot be explained by the
g+ s-wave pairing state in the presence of surface scattering.
Also the self-consistently determined order parameter sug- The present work was supported in part by the National
gests that zero-energy bound states are always possible folNatural Science Foundation of China under Grant Nos.
certain quasiparticle trajectory due to a potential well created 9934003, 90103022, the “Excellent Youth Foundation”
by a pair breaking effect; such effect causes a sign change iBrant No. 10025419, the “Climbing Program” of NSTC
the critical current at low temperature since the contributionGrant No. G19980614 and the RGC grant of Hong Kong
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