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We report measurements on high-YBa,Cu;0;_, (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 (#6® substrate using a Ce®@eed-layer technique. The
Shapiro steps under microwave irradiation of 9 GHz appear qualitatively different for different crystal angles,
which supports the-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 resuldfovate
junctions. The temperature dependencies of the maximum Josephson current for different angle geometry fall
off rapidly with increasing temperature and deviate much from the convensemale Ambegaokar-Baratoff
prediction. The results are in good qualitative agreement with the calculated results baseddenatie
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.

I. INTRODUCTION the conventionak-wave superconductor. These phenomena
would be strongly dependent on the angle between the crys-
The symmetry of the wave function of Cooper pairs for tal orientation of a superconductor and the junction boundary
high-T, oxide superconductors has recently been attractingnterface. For example, the Josephson current is closely re-
considerable attention among many researchers. It is vehpted to the crystal orientation anglesand g as shown in
important to clarify the pairing symmetry in order to under- Fig. 1@, wherea and 8 are the angles between the crystal
stand the physical properties of high-oxide superconduct- ©Orientation of two different electrodes and the direction nor-

ors. In a series of experiments conducted in recent year§@! t0 the boundary interface ang, is the relative angle
evidence was gathered suggesting that High-oxide between the crystal orientations of two electrodes. According

superconductors  have an  anisotropia,2_,2-wave ::%rtrheenttr:jiorgntéﬁ ilng:;i; Zﬂdgﬁeéheim)g?oﬂgngseﬁgsw
symmetry'™ In one of these experiments, Wollmahal. P 9 P g way.

demonstrated thel-wave pairing symmetry of a high; B
YBa,Cu:0;_, (YBCO) superconductor by measuring the lc=A cos 2x cos 26. @

magnetic-field dependencg of the maximum Josgphson Cu|§quation(1) shows that the maximum value of the Joseph-
rent for a corner-type junction made of a YBCO single crys-gon cyrrent differs for the different sets of valuesigind .

tal and a Pb filnt: The maximum Josephson current exhib- | ater, it was pointed out that a novel interference effect of
ited a diplike structure around the zero magnetic field, inthe quasiparticles appears near the surface and the interface
contrast to the conventionalwave magnetic diffraction pat- where the pair potential changes sign on the Fermi surface,
tern. Iguchi and Wen also observed a similar behavior for gyhich leads to the formation of a zero energy si@gS).°
planar-type YBCO/insulator/Pb Josephson juncfitater, it~ The presence of the ZES influences the transport properties
was pointed out that the pairing symmetry of highsuper-  of the tunnel junction significantly. This ZES is detectable as
conductors may not be pureé wave, but the mixture of the conductance peak in the tunneling characteristicg.
d-wave ands-wave components! Since highT. supercon-  The formation of the ZES has been actually detected in sev-
ductors have an anisotropic structure, it has been argued thatal tunneling spectroscopy experimehts> The influence
thes-wave component exists along tbexis direction or the  of the ZES formation on the dc Josephson current in a singlet
s-wave component is induced by orthorhombic structure inunconventional superconductor has been studied theoreti-
the case of YBCO. However, it is now generally accepteccally, as shown in the description in the next secfititein
that highT. superconductors predominantly havel-svave  which the temperature dependence of the maximum Joseph-
pairing symmetry. son current appears to be quite anomalous and strongly de-
In anisotropicd-wave symmetry, the phenomena in the pends on the angle between the crystal orientation and the
high-T. Josephson junction become different from those ofinterface boundary. It falls off more rapidly for a
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rally rough due to the original crystal defects of the substrate
d-wave superconductor d-wave superconductor which will remarkably affect thed-wave properties of the
; i 37
junction:
According to the ZES theory, as stated above, various

" interesting properties of the Josephson junction between
: d-wave superconductors are expected when the supercon-

a‘ ductor electrodes are relatively rotated by 45°, i.eq
=45°. We thus fabricated asymmetric ramp-edge junctions
(ap=45° and varioug) by rotating the in-plane orientation
R angle of one superconductor electrode using the seed-layer
b a \B technique shown in Fig. (). Note that, with our sample
___________________________ \/ U geometry, the essential range @fis 0°-22.5°(=#/8), and
a B=30° is equivalent tg8=15° by considering the geometry
taken in Fig. 1a). It has been recently demonstrated that the
(a) ramp-edge junction technique is very powerful for studying
the angular dependence of the tunnel current in Aigh-
d-wave superconductofé. The fabricated Josephson junc-
tions used here were quite reproducible. The temperature de-
pendence of the maximum Josephson current and the micro-
wave irradiation properties appeared quite anomalous for
these junctions and are in good agreement with the calcu-
lated results based on the recenwave theory.

Qo
(=] 8- «l=45")

//Z',;'{,'}'/ ,,}f},’{’ Nt / Il. THEORETICAL MODEL
Ce0, (10nm) 0(100) sub PBCO (5nm) By applying t_he ZES-based Josephgc,on tunneling theory to
g sub. the two-dimensional superconductéf€°the Josephson cur-
(b) rent at a finite temperaturg is given by
. . . WRNkBT 3
FIG. 1. (a) Schematic geometry of the junction. The clover- Ryl (@)= ——— 2 F(t9 i, )
shapedd-wave order parameters are fixed to the crystal lattices of N e
two electrodesa and 8 are the angles between the normal of the
interface and the crystal lattice on the left and right sides, respec- .
tively. (b) Schematic geometry of the YBCO/PBCO/YBCO ramp- Xsingoy cosgde )

edge junction with tiltedab-plane electrodes.
where w,=27kgT(N+3), ¢=¢_— @r, and @ is the inci-

dent angle of the electronlike quasiparticles normal to the
dy2_y2-wave than for ars-wave case for the low impedance jnterface boundary. The external phase of the two supercon-
junctions with low barrier parameter. For the high impedancejuctorse, and ¢ is measured from their crystal axes as in
junctions, they exhibit more complicated behavior in whichRefs. 24 and 250, is the normal conductivity of the junc-
the maximum Josephson current once falls off to zero or aion, Ry denotes the normal resistance of the junctionjs
minimum point at a certain temperature beldw, then in-  the Boltzmann constant, arelis the electronic charge. The
creases and finally drops to zero againTat Experimen- detailed form of the functiofr (6,iw,,¢) has been given in
tally, however, it is very difficult to fabricate highz Joseph- Ref. 24. We adopt the delta-function model to express the
son junctions with high impedance. Hence we consider thatunnel insulating barrier. TheRy and oy are expressed as
this anomalous temperature dependence will not be observ-
able. We mention that the properties @vave Josephson — 4 (™
junctions also appear in the microwave and magnetic-field Ry _f
measurements, but they do not appear so much remarkably
as compared with the temperature dependence of the maxi- 7 mH
mum Josephson current. Zv=%0s0’ %" nac (©)

In studies of high¥. Josephson junctions, there have been F

many measurements on the properties of the Josephson cuvhereZ is the barrier parameteH denotes the strength of
rent using a bicrystal junctiof(;?®a ramp-edge junctiof®:*®  the &function barrier kg is the wave number at the Fermi
or a step-edge junctioft. There is also an intensive review surfacemis the electron mass, amds the Planck’s constant
article on the temperature dependence of the Josephsdlivided by 27. The result is applicable to the case of arbi-
maximum current for highf, SNS junctions? Although trary barrier height and for spin singlet superconductors with
there exist several reports on ttkevave effect of the Joseph- any symmetry.
son junctions®~3¢ no angle-resolved measurement of the In the actual calculations, we can take into account the
junction properties seems to have been carried out. It halsroadening of the lifetime of quasiparticles by substituting
been reported that the bicrystal grain-boundary is natue, with w,+sgn,)y, wherevy is the parameter of lifetime

1
cosfdo, =23,
_2 N INTIYZ2
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broadening. Hereafter, we will calculate the Josephson cur- == YBCO[103] e N
rent in thed-wave superconductor/insulatdwave super- pyay _oN 20=28.5° /a1
conductor @/1/d) junction, where the order parameters are /¥ N ;e e
described by A, (0.)=A4c082(AFa)] and Ag(6-) ‘ORI A A N U T
=A4cod2(h7B)]. The quantitiese and 8 are the angles | &1 JA_ 4T L LA w = A e
between the normal vector of the superconductor to the crys | A | Y NeNt e/
tal axes of the left and right superconductors, respectively. . . ® 7 7 N S S
For example, fora= 8=0, Ryl (¢) can be expressed as N A
— . () (b)
7Ry (72 Ay4(T)cos 200y cosh sing
Rl (@)= e f_ﬁ,z Zm FIG. 2. X-ray diffraction pole figures corresponding to
N YBCO[103] peak for (a YBCO/MgO(100 and (b)
Ay4(T)cos 20\1— oy sinZ((p/Z) YBCO/CeG,/MgO(100 layered structures. The results indicate
Xtan KT de, that YBCO crystal lattice grows on Mg@00) cube on cube, while
B it grows on Ce®@/MgO(100 with the in-plane orientation rotated

(4) by 45°.

whereAy(T) is the gap parameter of tttewave supercon-

ductor. The temperature dependence of the maximum Jd&=e0,(200 nm/YBCO(200 nm/CeG,(10 nm was grownin
sephson current is similar to that of the ordinary situonto the substrate at 790 °C. The bottom Gé&Qer was
Ambegaokar-BaratoffAB) theory®® On the other hand, for the seed layer for rotating the in-plane orientation of the

a=— B= /4, the resultingRy! (¢) becomes YBCO crystal by 45°. Next, the patterning process was car-
o ried out by photolithography and Ar ion milling of 250 eV
mRy (72 f(T,0)sine beam voltage. The ion milling of the films was done by
Ral(e)=——— 2Vousinel2) mounting the sample on a water-cooled sample holder. A
~m2 2o sin(¢/2) sequential process of 3 min. milling time and 5 min. interval

f(T,0)sin(@/2) oy was taken to avoid possible heating effects. In this process,

an}‘{ T oncCosAdl, (5)  the ion-gun axis and the substrate were positioned at an
B angle of 45°, and the ramp-edge structure was thus formed.
where f(T,0)=A4(T)sin(20) and \/O-_N|f(T' 6)| <2kgT, The junctions of various anglggwere fabricated by pattern-
Ryl (@) is proportional to the inverse of.?>?® In other ing the ramp-edge line in an arbitrary direction. The edge
words, the Josephson current is enhanced as temperatureSk§face was cleaned by 150 eV ion milling after the photo-
reduced. This anomalous behavior originates from the exigeesist was removed, and then the sample was transferred
tence of ZES at the interfaces of both the left and right sufrom the milling chamber to the PLD chamber by a
perconductors. The ZES appears for any finite valug afid ~ load-lock technique. Subsequently, a bilayer film of
disappears foZ=0. For largez, it appears as bound states, YBCO(200 nm/PrBgCu;0;-(PBCO(5 nm) was depos-
but with decreasing, it changes to a kind of resonant state ited in situ at 750 °C, where PBCO served as a barrier layer.
which finally disappears faZ = 0. It is necessary to point out 1hereafter, again by photolithography and the Ar ion-milling
that the low-impedance junctions are not directional in transtechnique, the counter electrode was patterned. The junction
mission, although the magnitude of the Josephson curreif¥idth was 20um. Finally, the sample was annealed in order
still depends on the junction orientation. to recover the damage by Ar ion milling. The junctions thus
In the intermediate regime, nonmonotonous temperaturéabricated are shown in Fig(H).

dependence of the maximum Josephson current is expected In Fig. 2, the results on the x-ray diffractidXRD) pole
for a small magnitude ofry. The Sigrist-Rice resulfEq.  figures for YBCO/MgO- and YBCO/CeJMgO-layered
(1)] is obtained when only thed=0 component of Structures are shown. In the XRD pole-figure measurement,
F(6,iw,,) in the integral of Eq(2) is taken into account. the peak corresponding to the YBCID3] direction was
The above formula allows us to calculate the temperaturéSed. In the measurements of the usé/db scanning, only
dependence and magnetic-field dependence of the maximukR0 ] peaks(l: integey were found. The full width at half

Josephson current for our experimental angle geonfetsy ~Maximum of the peak was about 0.4°, indicating a good
=45° andB=0°-309 for the various values of the barrier C-axis orientation. The peaks should appear in the dotted-line

parameteiZ, as shown in the figures later. circles in the figure when MgO and YBCO crystals are
grown cube on cube. For the YBCO/MgO structure, the
cube-on-cube growth can be observed, while for the
YBCO/CeG /MgO-layered structure, the peaks appeared at
YBCO thin films were grown using a pulsed laser depo-the points rotated 45° from them. The YBCID3| peaks had
sition (PLD) method. The detailed fabrication processes offour-time symmetry in each pole figure, which indicates that
the ramp-edge junctions are described as follows. First, theach YBCO thin film is twin-free. We conclude that the in-
MgO(100) substrates were annealed in the atmosphere gtlane orientation of the two YBCO thin films was relatively
1000 °C for 10 h for cleaning the substrate surface. With thigotated by 45°. The ramp-edge surface was investigated us-
process, the step terrace in thd00 plane became ing an atomic force microscop@FM). The mean square
observable, and the surface condition was con+toughnesgRMS) was about 3 nm. We note, however, that
siderably improved®*® Then, a multilayer film of the dominant roughness arose from the local outgrowth

IIl. EXPERIMENTAL
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edge junctions with different crystal angles at 4.2 K. Figure
3(a) corresponds to the junction of,=45°, 8=20°, while
Fig. 3(b) corresponds to that ofyg=45°, B=5°. In Fig.
3(a), the microwave steps appeared at integer and half-
integer multiples of the voltag€l8.6 uV), satisfying the
Josephson voltage-frequency relatibiv =483 GHz/mV (f:
frequency. On the contrary, in Fig. ®), they appeared at
integer multiples of the voltage for small microwave power,
whereas they appeared only at=0,=3,=3,+3..., for
large power. The remarkable behavior observed is never ex-
pected for conventiona-wave superconductors and is con-
sidered to be a property of tltewave superconductors. Ac-
cording to Tanak¥ and Yip* it has been shown from the
arguments on the pairing symmetry that the¢gitomponent
of the Josephson current completely vanishes for the angle
configuration ofay=45°, B=0°, and only the sin@ com-
ponent survives, yielding half-integer multiple steps. As the
angleB becomes larger, the contribution of the gicompo-
nent increases, and the irradiation properties exhibit the
mixed behavior of sirp and sin 2. The observed behavior is
generally consistent with this picture. F@=20°, the sig-
nificant contribution of the sip component yielded the ap-
pearance of clear-integer multiple steps in addition to half-
integer multiple steps. Concerning the casgef5°, which
Voltage ( 1 V) is very close to the case gf=0° and in which the sin@
term is considered to be dominant, the half-integer steps and
FIG. 3. Current-voltage characteristics with and without micro-the n=0 step were observable. Unfortunately, we could not
wave irradiation of 9 GHz at 4.2 K for the junctions with) oy  analyze the observed characteristics further in the absence of
=45°, p=20° and(b) ag=45°, B=5°. detailed Shapiro-step calculations based on theave
model.
grains, but the film surface was otherwise quite smooth. The The maximum Josephson current also responded to an
local outgrowth grains produced by Ar ion milling may be externally applied magnetic field. Figure 4 shows the ob-
considered as the Y-rich/Cu-poor phase according to recemserved Fraunhofer-like patterns for the magnetic field applied
research on the ramp-edge surf&t€> The edge angle was normal(a) and paralle(b) to the substrate surface for differ-
15°-30°. We have prepared many samples with differenent sampleq(a): ay=45°; 8=30° and(b): ay=45°; B
crystal angles(ag=45°; B=0°, 5° 10° 20° and 30° =0°]. In Fig. 4a), the Fraunhofer pattern appeared in the
against the interface boundary. large junction regimé? The result is quite reasonable since
the junction width (v=20um) is much greater than the es-
timated Josephson penetration depthof 2.4 um obtained
by using a Josephson current density df.=1.5
We mainly performed the measurements of the temperax 10* A/lcm?, a barrier thicknessof 5 nm, and a penetration
ture dependence of the maximum Josephson current sinckepthA of 0.14 um. Theoretically, the scale parameter which
the difference between thetwave and thes-wave junction characterizes the maximum Josephson current vs. the exter-
properties appear in this characteristic remarkably. Somaal magnetic field is the lower critical field which is of the
data on the magnetic-field dependence of the maximum Jamrder of a few tens of G for YBCO, consistently with the
sephson current and the microwave irradiation properties aofbserved behavior. On the other hand, for Figh)4a peri-
the junction characteristics were also recorded. The criticabdic structure is seen, which is again reasonable since the
temperaturesT;) of YBCO thin films grown on an MgO effective junction widthiw=0.4um: ramp-edge slope: 3D°
substrate and a Ce@MgO bilayer were around 80 K. The is much smaller than the estimatad of 3.4 um for this
junction resistances were low, ranging from 0.2 to @8 junction, suggesting a uniform flow of the Josephson current.
The critical current density of YBCO thin films was 1 The observed period was about 160 G. We have calculated
x 10" A/ecm? at 4.2 K, and the Josephson current of junctionsthe magnetic-field dependence of the Josephson maximum
vanished at 70—80 K. The current-voltage characteristics excurrent for zero barried-wave junctions, which yielded a
hibited a resistively shunted junctioiiRSJ) like behavior. qualitatively similar behavior to the conventiongsiwave
The junction resistanceRy) was almost independent of the Fraunhofer pattern, except that the peribg was replaced
temperature, and thg Ry product was 0.3 to 0.8 mV at 4.2 by ®,/2. Figure 5 depicts such results @f=45° and vari-
K. ous angles of3. For 8=0°, the curve shows the standard
First, we present the measurements on the microwave if~raunhofer pattern with the perio@#,/2, showing the in-
radiation properties on the junctions. Figure 3 shows thesolvement of the sin@ term alone. A3 increases, the con-
current-voltage characteristics with and without microwavetribution of the sinp term increases, and the curve deviates
irradiation of the frequency=9 GHz for asymmetric ramp- from the standard pattern. The observed period differs from
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FIG. 6. Maximum Josephson current as a function of tempera-
ture for the junction withag=45° andB=30°, together with the
temperature dependence of the junction normal resist®gcerhe
calculated curves correspond to those based orltivave theory
with [solid line (Z=0.5) and dashed lineZ=1)] and without
[dash-dotted line 4= 0.5)] taking the broadening of quasiparticle
lifetime into account, respectively. The AB curve corresponds to
that of Ambegaokar-Baratoff theojRef. 38.

magnetic-field period between the theoretical estimate and
the observed data has been generally reported for ramp-edge
junctions*®—4°

The temperature dependences of the maximum Josephson
current for the three samples corresponding to the cBises
=10°, B=20°, andB=30° with a fixed angle ofxy=45°
together with that of the junction normal resistariRg are
shown in Figs. 6—8. Concerning Fig. € 30°), the maxi-

FIG. 4. Dependence of the maximum Josephson current ofum Josephson current increased monotonically with de-

magnetic field(a) The case of magnetic field applied normal to the
substrate surfacgb) The magnetic field applied parallel to it as
shown in the figure. Samplé) had the angle configuration,

creasing temperature and tended to become saturated at low
temperatures, while the junction normal resistance was al-
most constant. In the figure, the results for theave theory

=45°, B=30°, while sample(b) had the angle configuration of and the conventional AB theory are also shatit. is clear

ap=45°, B=0°.

that the observed result is much deviated from the AB curve.
In the calculation based on the theory given in Sec. Il, we

the calculated value by a factor of about 2, but this factohave fitted the data by the curves with a low barrier height
will be reduced by considering the presence of local out{Z=0.5 andZ=1) since the observed junction resistance
growth spots which limit the effective junction area. The was very small. The solid lineZ=0.5) and the dashed line
result is reasonable in light of the fact that a large discrep-

ancy (of more than one order of magnituddor the

0.4 T
e o, =45°
R dc af=0
_\ b b =5 g
W a c =10
% \ d =15
= \\\ e =20
g 0.2\ q
= -\
A
% i
o
i
L ‘\\\ - i
AR
v O -
- N
0 =
0 1 2
O/ Dy

2 T T T T T 1

@ p=45°

B =20°

[65]Yy

Maximum Josephon current [mA]

0 20 40 60 800
Temperature [K]

FIG. 7. Maximum Josephson current as a function of tempera-
ture for the junction withag=45° andB=20°, together with the

FIG. 5. Calculated magnetic-field dependence of maximum Jotemperature dependence of the junction normal resistBgceThe

sephson current for the junctions withy=45° and varioug based
on the d-wave model. Note that thé /2 periodic behavior be-

comes weaker ag increases.

solid line and the dashed line correspond to the calculated curves
for Z=0.5 andZ= 1.0 based on thd-wave theory with taking the
broadening of quasiparticle lifetime into account.
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FIG. 8. Maximum Josephson current as a function of tempera- .
ture for the junction ofay=45° and 8=10°, together with the FIG. 10. Temperature dependence of maximum Josephson cur-

temperature dependence of the junction normal resistRyceThe €Nt for the ramp-edge junctions wide,=45°; 5=5°, 10°, and
solid line and the dashed line correspond to the calculated curvel® fabricated simultaneously on the same substrate.
for Z=0.5 andZ= 1.0 based on thd-wave theory with taking the . .
broadening of quasiparticle lifetime into account, respectively. most constant in the entire temperature range.
For reference, we have also measured the temperature de-

(z=1) represent the results when taking the broadening dpendence of the junction ok=p=0 (a=0°% B=0°)
the quasiparticle lifetimef=0.2A ) into account, while the WhoseRy was about 0.2). Figure 9 shows the observed
dash-dotted lineZ=0.5) represents that without such effect. result, together with the calculated curve expected from the
It is found that, at low temperatures, the solid line fits thed-Wave theory forZ=0.5, as shown in Ref. 25. The agree-
experimental data better than the dash-dotted line, suggestifigent Petween the experiment and the theory is reasonably
that the effect of lifetime of quasiparticles is important at low 900d- Note that, within the framework of tliewave theory,
temperatures. Although the data fitting looks a little bettern® @=8=0 case only agrees with the AB result when the
for Z=0.5 than forZ=1, we judge that there is no signifi- bgrrler parameteZ is large, and the re§ult becomes quite
cant difference between these two curves by considering thifférent in the case of zero or low barrier parameter.
scattering of the experimental data points. The strong in- Fi9ure 10 shows the temperature dependence of the Jo-
crease of the maximum Josephson current with decreasirﬁ)ephsof‘ maximum current foor.the ramp-edge junctions of
temperature is a manifestation of the existence of ZES's affo=45°; 8=5°, 10°, and 20° simultaneously fabricated by
the interfaces of both the right and left superconductors inPhotolithography and the ion-milling technique on the same
duced by thed wave. In Figs. 7 and 8, the experimental dataM90 su_bstrate. 'The junctions had almost the same quality
are also in reasonable agreement with the calculated curv¥dth resistance(=0.6Q0). It was found that the Josephson
based on thel, ,,-wave junctions, indicating that the an- maximum current was greater for the junction with Iar@gr
isotropic Josephson current really exists. It is necessary thi9ure 11 shows the ca:lculate(;i ter?per?tureodepende?mes for
point out that the saturating behavior of the maximum Jo{h€ junctions ofap=45°%; =0°, 5°, 10° 15° and 20° as-
sephson current at low temperatures may not be attributed £'Ming the barrier paramet&=0.5. The theory also pre-
the effect of the junction normal resistance sifRg is al- dicts a larger maximum Josephson.curren.t fqr a Iarggr angle

B, although the angle dependence is qualitatively similar for

2 , , — low barrier parameter. The observed result was in good
£ @,=0° qualitative agreement with the theoretical prediction. Inci-
2 1 ‘ £ =0
2 . 0.25——T T 1
= ®s
[&]
§ . N 0.2 .
B 05r % 1 e
2 oor. §l 0.15 1
= o. .\Q
1S . = 4
E o. Qq:) 0.1
é 1 R 1 I b
s 0 20 40 60 80 0.05 .
Temperature [K]

FIG. 9. Temperature dependence of the maximum Josephson 0
current for the ramp-edge junction af= 8=0° (¢=0°, B=0°).
The solid line is the calculated curve based ondiveave model for
the case ofa=pB=0° with Z=0.5 in Ref. 24. Note that, the FIG. 11. Calculated curves for the temperature dependence of
Ambegaokar-Baratoff behavior is only observable for the junctionmaximum Josephson current for tHavave junctions with various
with large barrier parameter. angle geometry by assuming=0.5.
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dentally, the data demonstrate the existence of the angul@mg on the angle configuration, which was consistent with the
dependence in the Josephson current. In the cade=df the  d-wave picture. The modulation of the Josephson maximum
qualitative features of the curves are almost the same exceptrrent under a magnetic field normal to the film surface
that the angle-dependence effect becomes slightly strongeppeared in the large junction regime, while, for a magnetic
We point out, however, that the observed features rather ddield parallel to the film surface, it exhibited a normal Fraun-
viated from the calculated curves in the high-temperaturdnofer pattern, which is consistent withwave calculations
region closer td.. They may be attributed to degradation of with low barrier parameter. The observed temperature depen-
superconductivity near the junction surfa@ee., order pa- dencies of the maximum Josephson current were quite dif-
rameter suppressiprsince the degradation effect becomesferent from those expected for the AB theory and are in good

remarkable in the high-temperature region. qualitative agreement with the calculated results based on the
d-wave theory taking the zero energy state into account. Al-
V. CONCLUSIONS though the observed angle dependencies were qualitatively

similar for the junctions with low impedance, the results

We have reported the fabrication and transport propertieglearly indicate that the angle-dependent Josephson current
of asymmetric YBCO ramp-edge Josephson junctions ifeally exists.
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