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Josephson tunneling of anisotropic high-Tc d-wave junctions with tilted ab-plane
YBa2Cu3O7Ày electrodes
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We report measurements on high-Tc YBa2Cu3O72y ~YBCO! Josephson ramp-edge junctions with different
ab-plane orientation electrodes relatively rotated by 45°. The ramp-edge junctions with different crystal angles
against the interface boundary are fabricated on an MgO~100! substrate using a CeO2 seed-layer technique. The
Shapiro steps under microwave irradiation of 9 GHz appear qualitatively different for different crystal angles,
which supports thed-wave nature of a YBCO superconductor. The magnetic-field dependence of the Josephson
maximum current shows a Fraunhofer-like pattern, which is consistent with the calculated result for thed-wave
junctions. The temperature dependencies of the maximum Josephson current for different angle geometry fall
off rapidly with increasing temperature and deviate much from the conventionals-wave Ambegaokar-Baratoff
prediction. The results are in good qualitative agreement with the calculated results based on thed-wave
pairing symmetry taking the presence of the zero energy state into account. The observed angle dependencies
clearly indicate that the angle-dependent Josephson current really exists.
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I. INTRODUCTION

The symmetry of the wave function of Cooper pairs f
high-Tc oxide superconductors has recently been attrac
considerable attention among many researchers. It is
important to clarify the pairing symmetry in order to unde
stand the physical properties of high-Tc oxide superconduct
ors. In a series of experiments conducted in recent ye
evidence was gathered suggesting that high-Tc oxide
superconductors have an anisotropicdx22y2-wave
symmetry.1–5 In one of these experiments, Wollmanet al.
demonstrated thed-wave pairing symmetry of a high-Tc

YBa2Cu3O72y ~YBCO! superconductor by measuring th
magnetic-field dependence of the maximum Josephson
rent for a corner-type junction made of a YBCO single cry
tal and a Pb film.1,2 The maximum Josephson current exh
ited a diplike structure around the zero magnetic field,
contrast to the conventionals-wave magnetic diffraction pat
tern. Iguchi and Wen also observed a similar behavior fo
planar-type YBCO/insulator/Pb Josephson junction.3 Later, it
was pointed out that the pairing symmetry of high-Tc super-
conductors may not be pured wave, but the mixture of
d-wave ands-wave components.6,7 Since high-Tc supercon-
ductors have an anisotropic structure, it has been argued
thes-wave component exists along thec-axis direction or the
s-wave component is induced by orthorhombic structure
the case of YBCO. However, it is now generally accep
that high-Tc superconductors predominantly have ad-wave
pairing symmetry.

In anisotropicd-wave symmetry, the phenomena in th
high-Tc Josephson junction become different from those
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the conventionals-wave superconductor. These phenome
would be strongly dependent on the angle between the c
tal orientation of a superconductor and the junction bound
interface. For example, the Josephson current is closely
lated to the crystal orientation anglesa and b as shown in
Fig. 1~a!, wherea andb are the angles between the crys
orientation of two different electrodes and the direction n
mal to the boundary interface anda0 is the relative angle
between the crystal orientations of two electrodes. Accord
to the theory by Sigrist and Rice,8 the maximum Josephso
current depends on the anglesa andb in the following way:

I C5A cos 2a cos 2b. ~1!

Equation~1! shows that the maximum value of the Josep
son current differs for the different sets of values ofa andb.

Later, it was pointed out that a novel interference effect
the quasiparticles appears near the surface and the inte
where the pair potential changes sign on the Fermi surfa
which leads to the formation of a zero energy state~ZES!.9

The presence of the ZES influences the transport prope
of the tunnel junction significantly. This ZES is detectable
the conductance peak in the tunneling characteristics.10–12

The formation of the ZES has been actually detected in s
eral tunneling spectroscopy experiments.13–23 The influence
of the ZES formation on the dc Josephson current in a sin
unconventional superconductor has been studied theo
cally, as shown in the description in the next section,24–26 in
which the temperature dependence of the maximum Jos
son current appears to be quite anomalous and strongly
pends on the angle between the crystal orientation and
interface boundary. It falls off more rapidly for
11 864 ©2000 The American Physical Society
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dx22y2-wave than for ans-wave case for the low impedanc
junctions with low barrier parameter. For the high impedan
junctions, they exhibit more complicated behavior in whi
the maximum Josephson current once falls off to zero o
minimum point at a certain temperature belowTc , then in-
creases and finally drops to zero again atTc . Experimen-
tally, however, it is very difficult to fabricate high-Tc Joseph-
son junctions with high impedance. Hence we consider
this anomalous temperature dependence will not be obs
able. We mention that the properties ofd-wave Josephson
junctions also appear in the microwave and magnetic-fi
measurements, but they do not appear so much remark
as compared with the temperature dependence of the m
mum Josephson current.

In studies of high-Tc Josephson junctions, there have be
many measurements on the properties of the Josephson
rent using a bicrystal junction,27,28 a ramp-edge junction,29,30

or a step-edge junction.31 There is also an intensive revie
article on the temperature dependence of the Josep
maximum current for high-Tc SNS junctions.32 Although
there exist several reports on thed-wave effect of the Joseph
son junctions,33–36 no angle-resolved measurement of t
junction properties seems to have been carried out. It
been reported that the bicrystal grain-boundary is na

FIG. 1. ~a! Schematic geometry of the junction. The clove
shapedd-wave order parameters are fixed to the crystal lattices
two electrodes.a and b are the angles between the normal of t
interface and the crystal lattice on the left and right sides, res
tively. ~b! Schematic geometry of the YBCO/PBCO/YBCO ram
edge junction with tiltedab-plane electrodes.
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rally rough due to the original crystal defects of the substr
which will remarkably affect thed-wave properties of the
junction.37

According to the ZES theory, as stated above, vario
interesting properties of the Josephson junction betw
d-wave superconductors are expected when the super
ductor electrodes are relatively rotated by 45°, i.e.,a0
545°. We thus fabricated asymmetric ramp-edge junctio
(a0545° and variousb! by rotating the in-plane orientation
angle of one superconductor electrode using the seed-l
technique shown in Fig. 1~b!. Note that, with our sample
geometry, the essential range ofb is 0°–22.5°~5p/8!, and
b530° is equivalent tob515° by considering the geometr
taken in Fig. 1~a!. It has been recently demonstrated that t
ramp-edge junction technique is very powerful for studyi
the angular dependence of the tunnel current in highTc
d-wave superconductors.22 The fabricated Josephson jun
tions used here were quite reproducible. The temperature
pendence of the maximum Josephson current and the m
wave irradiation properties appeared quite anomalous
these junctions and are in good agreement with the ca
lated results based on the recentd-wave theory.

II. THEORETICAL MODEL

By applying the ZES-based Josephson tunneling theor
the two-dimensional superconductors,24,25the Josephson cur
rent at a finite temperatureT is given by

RNI ~w!5
pR̄NkBT

e H(
vn

E
2p/2

p/2

F~u,ivn ,w!

3sinwsN cosuduJ , ~2!

wherevn52pkBT(n1 1
2 ), w5wL2wR , and u is the inci-

dent angle of the electronlike quasiparticles normal to
interface boundary. The external phase of the two superc
ductorswL andwR is measured from their crystal axes as
Refs. 24 and 25.sN is the normal conductivity of the junc
tion, RN denotes the normal resistance of the junction,kB is
the Boltzmann constant, ande is the electronic charge. Th
detailed form of the functionF(u,ivn ,w) has been given in
Ref. 24. We adopt the delta-function model to express
tunnel insulating barrier. ThenR̄N andsN are expressed as

R̄N
215E

2p/2

p/2

sN cosudu, sN5
1

11Zu
2 ,

Zu5
Z

cosu
, Z5

mH

\2kF
, ~3!

whereZ is the barrier parameter,H denotes the strength o
the d-function barrier,kF is the wave number at the Ferm
surface,m is the electron mass, andh is the Planck’s constan
divided by 2p. The result is applicable to the case of arb
trary barrier height and for spin singlet superconductors w
any symmetry.

In the actual calculations, we can take into account
broadening of the lifetime of quasiparticles by substituti
vn with vn1sgn(vn)g, whereg is the parameter of lifetime

f
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broadening. Hereafter, we will calculate the Josephson
rent in the d-wave superconductor/insulator/d-wave super-
conductor (d/I /d) junction, where the order parameters a
described by DL(u6)5Dd cos@2(u7a)# and DR(u6)
5Dd cos@2(u7b)#. The quantitiesa and b are the angles
between the normal vector of the superconductor to the c
tal axes of the left and right superconductors, respectiv
For example, fora5b50, RNI (w) can be expressed as

RNI ~w!5
pR̄N

e E
2p/2

p/2 Dd~T!cos 2usN cosu sinw

2A12sN sin2~w/2!

3tanhFDd~T!cos 2uA12sN sin2~w/2!

2kBT Gdu,

~4!

whereDd(T) is the gap parameter of thed-wave supercon-
ductor. The temperature dependence of the maximum
sephson current is similar to that of the ordina
Ambegaokar-Baratoff~AB! theory.38 On the other hand, for
a52b5p/4, the resultingRNI (w) becomes

RNI ~w!52
pR̄N

e E
2p/2

p/2 f ~T,u!sinw

2AsN sin~w/2!

3tanhF f ~T,u!sin~w/2!AsN

2kBT GsN cosudu, ~5!

where f (T,u)5Dd(T)sin(2u) and AsNu f (T,u)u!2kBT,
RNI (w) is proportional to the inverse ofT.25,26 In other
words, the Josephson current is enhanced as temperatu
reduced. This anomalous behavior originates from the e
tence of ZES at the interfaces of both the left and right
perconductors. The ZES appears for any finite value ofZ and
disappears forZ50. For largeZ, it appears as bound state
but with decreasingZ, it changes to a kind of resonant sta
which finally disappears forZ50. It is necessary to point ou
that the low-impedance junctions are not directional in tra
mission, although the magnitude of the Josephson cur
still depends on the junction orientation.

In the intermediate regime, nonmonotonous tempera
dependence of the maximum Josephson current is expe
for a small magnitude ofsN . The Sigrist-Rice result@Eq.
~1!# is obtained when only theu50 component of
F(u,ivn ,w) in the integral of Eq.~2! is taken into account
The above formula allows us to calculate the tempera
dependence and magnetic-field dependence of the maxim
Josephson current for our experimental angle geometry~a0
545° andb50° – 30°! for the various values of the barrie
parameterZ, as shown in the figures later.

III. EXPERIMENTAL

YBCO thin films were grown using a pulsed laser dep
sition ~PLD! method. The detailed fabrication processes
the ramp-edge junctions are described as follows. First,
MgO~100! substrates were annealed in the atmospher
1000 °C for 10 h for cleaning the substrate surface. With t
process, the step terrace in the~100! plane became
observable, and the surface condition was c
siderably improved.39,40 Then, a multilayer film of
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CeO2(200 nm!/YBCO~200 nm!/CeO2(10 nm! was grownin
situ onto the substrate at 790 °C. The bottom CeO2 layer was
the seed layer for rotating the in-plane orientation of t
YBCO crystal by 45°. Next, the patterning process was c
ried out by photolithography and Ar ion milling of 250 eV
beam voltage. The ion milling of the films was done b
mounting the sample on a water-cooled sample holder
sequential process of 3 min. milling time and 5 min. interv
was taken to avoid possible heating effects. In this proc
the ion-gun axis and the substrate were positioned at
angle of 45°, and the ramp-edge structure was thus form
The junctions of various anglesb were fabricated by pattern
ing the ramp-edge line in an arbitrary direction. The ed
surface was cleaned by 150 eV ion milling after the pho
resist was removed, and then the sample was transfe
from the milling chamber to the PLD chamber by
load-lock technique. Subsequently, a bilayer film
YBCO~200 nm!/PrBa2Cu3O72y~PBCO!(5 nm! was depos-
ited in situ at 750 °C, where PBCO served as a barrier lay
Thereafter, again by photolithography and the Ar ion-millin
technique, the counter electrode was patterned. The junc
width was 20mm. Finally, the sample was annealed in ord
to recover the damage by Ar ion milling. The junctions th
fabricated are shown in Fig. 1~b!.

In Fig. 2, the results on the x-ray diffraction~XRD! pole
figures for YBCO/MgO- and YBCO/CeO2 /MgO-layered
structures are shown. In the XRD pole-figure measurem
the peak corresponding to the YBCO@103# direction was
used. In the measurements of the usualu/2u scanning, only
@00l # peaks~l: integer! were found. The full width at half
maximum of the peak was about 0.4°, indicating a go
c-axis orientation. The peaks should appear in the dotted-
circles in the figure when MgO and YBCO crystals a
grown cube on cube. For the YBCO/MgO structure, t
cube-on-cube growth can be observed, while for
YBCO/CeO2 /MgO-layered structure, the peaks appeared
the points rotated 45° from them. The YBCO@103# peaks had
four-time symmetry in each pole figure, which indicates th
each YBCO thin film is twin-free. We conclude that the i
plane orientation of the two YBCO thin films was relative
rotated by 45°. The ramp-edge surface was investigated
ing an atomic force microscope~AFM!. The mean square
roughness~RMS! was about 3 nm. We note, however, th
the dominant roughness arose from the local outgro

FIG. 2. X-ray diffraction pole figures corresponding
YBCO@103# peak for ~a! YBCO/MgO~100! and ~b!
YBCO/CeO2 /MgO~100! layered structures. The results indica
that YBCO crystal lattice grows on MgO~100! cube on cube, while
it grows on CeO2 /MgO~100! with the in-plane orientation rotated
by 45°.
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grains, but the film surface was otherwise quite smooth.
local outgrowth grains produced by Ar ion milling may b
considered as the Y-rich/Cu-poor phase according to re
research on the ramp-edge surface.41–43 The edge angle wa
15°–30°. We have prepared many samples with differ
crystal angles~a0545°; b50°, 5°, 10°, 20°, and 30°!
against the interface boundary.

IV. RESULTS AND DISCUSSION

We mainly performed the measurements of the temp
ture dependence of the maximum Josephson current s
the difference between thed-wave and thes-wave junction
properties appear in this characteristic remarkably. So
data on the magnetic-field dependence of the maximum
sephson current and the microwave irradiation propertie
the junction characteristics were also recorded. The crit
temperatures (Tc) of YBCO thin films grown on an MgO
substrate and a CeO2 /MgO bilayer were around 80 K. The
junction resistances were low, ranging from 0.2 to 0.8V.
The critical current density of YBCO thin films was
3107 Å/cm2 at 4.2 K, and the Josephson current of junctio
vanished at 70–80 K. The current-voltage characteristics
hibited a resistively shunted junction~RSJ-! like behavior.
The junction resistance (RN) was almost independent of th
temperature, and theI CRN product was 0.3 to 0.8 mV at 4.
K.

First, we present the measurements on the microwav
radiation properties on the junctions. Figure 3 shows
current-voltage characteristics with and without microwa
irradiation of the frequencyf 59 GHz for asymmetric ramp

FIG. 3. Current-voltage characteristics with and without mic
wave irradiation of 9 GHz at 4.2 K for the junctions with~a! a0

545°, b520° and~b! a0545°, b55°.
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edge junctions with different crystal angles at 4.2 K. Figu
3~a! corresponds to the junction ofa0545°, b520°, while
Fig. 3~b! corresponds to that ofa0545°, b55°. In Fig.
3~a!, the microwave steps appeared at integer and h
integer multiples of the voltage~18.6 mV!, satisfying the
Josephson voltage-frequency relationf /V5483 GHz/mV~f:
frequency!. On the contrary, in Fig. 3~b!, they appeared a
integer multiples of the voltage for small microwave powe
whereas they appeared only atn50,6 1

2 ,6 3
2 ,6 5

2 ..., for
large power. The remarkable behavior observed is never
pected for conventionals-wave superconductors and is co
sidered to be a property of thed-wave superconductors. Ac
cording to Tanaka44 and Yip,45 it has been shown from the
arguments on the pairing symmetry that the sinw component
of the Josephson current completely vanishes for the a
configuration ofa0545°, b50°, and only the sin 2w com-
ponent survives, yielding half-integer multiple steps. As t
angleb becomes larger, the contribution of the sinw compo-
nent increases, and the irradiation properties exhibit
mixed behavior of sinw and sin 2w. The observed behavior i
generally consistent with this picture. Forb520°, the sig-
nificant contribution of the sinw component yielded the ap
pearance of clear-integer multiple steps in addition to h
integer multiple steps. Concerning the case ofb55°, which
is very close to the case ofb50° and in which the sin 2w
term is considered to be dominant, the half-integer steps
the n50 step were observable. Unfortunately, we could n
analyze the observed characteristics further in the absenc
detailed Shapiro-step calculations based on thed-wave
model.

The maximum Josephson current also responded to
externally applied magnetic field. Figure 4 shows the o
served Fraunhofer-like patterns for the magnetic field app
normal~a! and parallel~b! to the substrate surface for differ
ent samples@~a!: a0545°; b530° and ~b!: a0545°; b
50°#. In Fig. 4~a!, the Fraunhofer pattern appeared in t
large junction regime.44 The result is quite reasonable sinc
the junction width (w520mm) is much greater than the es
timated Josephson penetration depthlJ of 2.4 mm obtained
by using a Josephson current density ofJc51.5
3104 A/cm2, a barrier thicknesst of 5 nm, and a penetration
depthl of 0.14mm. Theoretically, the scale parameter whi
characterizes the maximum Josephson current vs. the e
nal magnetic field is the lower critical field which is of th
order of a few tens of G for YBCO, consistently with th
observed behavior. On the other hand, for Fig. 4~b!, a peri-
odic structure is seen, which is again reasonable since
effective junction width~w60.4mm: ramp-edge slope: 30°!
is much smaller than the estimatedlJ of 3.4 mm for this
junction, suggesting a uniform flow of the Josephson curre
The observed period was about 160 G. We have calcula
the magnetic-field dependence of the Josephson maxim
current for zero barrierd-wave junctions, which yielded a
qualitatively similar behavior to the conventionals-wave
Fraunhofer pattern, except that the periodF0 was replaced
by F0/2. Figure 5 depicts such results ofa0545° and vari-
ous angles ofb. For b50°, the curve shows the standa
Fraunhofer pattern with the periodF0/2, showing the in-
volvement of the sin 2w term alone. Asb increases, the con
tribution of the sinw term increases, and the curve deviat
from the standard pattern. The observed period differs fr
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the calculated value by a factor of about 2, but this fac
will be reduced by considering the presence of local o
growth spots which limit the effective junction area. Th
result is reasonable in light of the fact that a large discr
ancy ~of more than one order of magnitude! for the

FIG. 4. Dependence of the maximum Josephson current
magnetic field.~a! The case of magnetic field applied normal to t
substrate surface.~b! The magnetic field applied parallel to it a
shown in the figure. Sample~a! had the angle configurationa0

545°, b530°, while sample~b! had the angle configuration o
a0545°, b50°.

FIG. 5. Calculated magnetic-field dependence of maximum
sephson current for the junctions witha0545° and variousb based
on the d-wave model. Note that theF0/2 periodic behavior be-
comes weaker asb increases.
r
t-

-

magnetic-field period between the theoretical estimate
the observed data has been generally reported for ramp-
junctions.45–49

The temperature dependences of the maximum Josep
current for the three samples corresponding to the caseb
510°, b520°, andb530° with a fixed angle ofa0545°
together with that of the junction normal resistanceRN are
shown in Figs. 6–8. Concerning Fig. 6 (b530°), the maxi-
mum Josephson current increased monotonically with
creasing temperature and tended to become saturated a
temperatures, while the junction normal resistance was
most constant. In the figure, the results for thed-wave theory
and the conventional AB theory are also shown.38 It is clear
that the observed result is much deviated from the AB cur
In the calculation based on the theory given in Sec. II,
have fitted the data by the curves with a low barrier hei
(Z50.5 andZ51! since the observed junction resistan
was very small. The solid line (Z50.5) and the dashed line

n

-

FIG. 6. Maximum Josephson current as a function of tempe
ture for the junction witha0545° andb530°, together with the
temperature dependence of the junction normal resistanceRN . The
calculated curves correspond to those based on thed-wave theory
with @solid line (Z50.5) and dashed line (Z51)# and without
@dash-dotted line (Z50.5)# taking the broadening of quasiparticl
lifetime into account, respectively. The AB curve corresponds
that of Ambegaokar-Baratoff theory~Ref. 38!.

FIG. 7. Maximum Josephson current as a function of tempe
ture for the junction witha0545° andb520°, together with the
temperature dependence of the junction normal resistanceRN . The
solid line and the dashed line correspond to the calculated cu
for Z50.5 andZ51.0 based on thed-wave theory with taking the
broadening of quasiparticle lifetime into account.
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(Z51) represent the results when taking the broadening
the quasiparticle lifetime (g50.2Dd) into account, while the
dash-dotted line (Z50.5) represents that without such effe
It is found that, at low temperatures, the solid line fits t
experimental data better than the dash-dotted line, sugge
that the effect of lifetime of quasiparticles is important at lo
temperatures. Although the data fitting looks a little bet
for Z50.5 than forZ51, we judge that there is no signifi
cant difference between these two curves by considering
scattering of the experimental data points. The strong
crease of the maximum Josephson current with decrea
temperature is a manifestation of the existence of ZES’
the interfaces of both the right and left superconductors
duced by thed wave. In Figs. 7 and 8, the experimental da
are also in reasonable agreement with the calculated cu
based on thedx22y2-wave junctions, indicating that the an
isotropic Josephson current really exists. It is necessar
point out that the saturating behavior of the maximum
sephson current at low temperatures may not be attribute
the effect of the junction normal resistance sinceRN is al-

FIG. 8. Maximum Josephson current as a function of tempe
ture for the junction ofa0545° andb510°, together with the
temperature dependence of the junction normal resistanceRN . The
solid line and the dashed line correspond to the calculated cu
for Z50.5 andZ51.0 based on thed-wave theory with taking the
broadening of quasiparticle lifetime into account, respectively.

FIG. 9. Temperature dependence of the maximum Josep
current for the ramp-edge junction ofa5b50° ~a050°, b50°!.
The solid line is the calculated curve based on thed-wave model for
the case ofa5b50° with Z50.5 in Ref. 24. Note that, the
Ambegaokar-Baratoff behavior is only observable for the junct
with large barrier parameter.
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most constant in the entire temperature range.
For reference, we have also measured the temperature

pendence of the junction ofa5b50 ~a050°; b50°!
whoseRN was about 0.2V. Figure 9 shows the observe
result, together with the calculated curve expected from
d-wave theory forZ50.5, as shown in Ref. 25. The agre
ment between the experiment and the theory is reason
good. Note that, within the framework of thed-wave theory,
the a5b50 case only agrees with the AB result when t
barrier parameterZ is large, and the result becomes qu
different in the case of zero or low barrier parameter.

Figure 10 shows the temperature dependence of the
sephson maximum current for the ramp-edge junctions
a0545°; b55°, 10°, and 20° simultaneously fabricated b
photolithography and the ion-milling technique on the sa
MgO substrate. The junctions had almost the same qua
with resistance~60.6V!. It was found that the Josephso
maximum current was greater for the junction with largerb.
Figure 11 shows the calculated temperature dependencie
the junctions ofa0545°; b50°, 5°, 10°, 15°, and 20° as
suming the barrier parameterZ50.5. The theory also pre
dicts a larger maximum Josephson current for a larger an
b, although the angle dependence is qualitatively similar
low barrier parameter. The observed result was in go
qualitative agreement with the theoretical prediction. In

-

es

on

n

FIG. 10. Temperature dependence of maximum Josephson
rent for the ramp-edge junctions witha0545°; b55°, 10°, and
20° fabricated simultaneously on the same substrate.

FIG. 11. Calculated curves for the temperature dependenc
maximum Josephson current for thed-wave junctions with various
angle geometry by assumingZ50.5.
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dentally, the data demonstrate the existence of the ang
dependence in the Josephson current. In the case ofZ51, the
qualitative features of the curves are almost the same ex
that the angle-dependence effect becomes slightly stron
We point out, however, that the observed features rather
viated from the calculated curves in the high-temperat
region closer toTc . They may be attributed to degradation
superconductivity near the junction surface~i.e., order pa-
rameter suppression! since the degradation effect becom
remarkable in the high-temperature region.

V. CONCLUSIONS

We have reported the fabrication and transport proper
of asymmetric YBCO ramp-edge Josephson junctions
which the in-plane orientation of two YBCO electrode cry
tals is relatively rotated by 45° using a CeO2 seed-layer tech-
nique. Junctions with different crystal angles against the
terface boundary were prepared. The Shapiro steps appe
at integer and/or half-integer multiples of the voltage a
satisfied the Josephson voltage-frequency relation, dep
.
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ta
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tt
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ys

ter
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ic
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er.
e-
e
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ing on the angle configuration, which was consistent with
d-wave picture. The modulation of the Josephson maxim
current under a magnetic field normal to the film surfa
appeared in the large junction regime, while, for a magne
field parallel to the film surface, it exhibited a normal Frau
hofer pattern, which is consistent withd-wave calculations
with low barrier parameter. The observed temperature dep
dencies of the maximum Josephson current were quite
ferent from those expected for the AB theory and are in go
qualitative agreement with the calculated results based on
d-wave theory taking the zero energy state into account.
though the observed angle dependencies were qualitati
similar for the junctions with low impedance, the resu
clearly indicate that the angle-dependent Josephson cu
really exists.
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