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Superconducting-gap symmetry study usinga/c boundary Josephson junctions
in YBa,CuzO,_s films
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We have investigated gap symmetry of hihsuperconductors using Josephson junctions formed along a
boundary of am-axis-oriented YBaCu;O,_ s (YBCO) grain surrounded bg-axis-oriented YBCO grains
(a/c boundary. There are two types oé/c boundary junctions; one is the boundary betwée@l) of
a-axis-oriented grains andl00) of c-axis-oriented grains, and the other is the boundary betw@en of
a-axis-oriented grains an@.10) of c-axis-oriented grains. TEM observation shows clean, sharp, and nearly
single-facet interface along the grain boundaries in both types. In the case(©0th€001) typea/c boundary
junction, typical resistively shunted juncti¢RSJ-typel -V curves, Shapiro steps under microwave irradiation,
and Fraunhofer-like diffraction pattern &f under magnetic field are observed, indicating that the boundary
works as a Josephson junction. In the case of(1H#)-(001)-type a/c boundary junction, typical RSJ type
I-V curves and Shapiro steps under microwave irradiation are also observed. However, the diffraction pattern
of I, under magnetic field has the minimum value at zero magnetic field. This property is analogous to one
observed for a corner junction which is formed between Pb and YBCO. These results show a0t
YBCO has a phase difference af andd,2_,2 superconducting-gap symmetry is in CuPlanes of YBCO.
But, the(001) of YBCO has no phase difference ofin spite of the existence af-wave symmetry in YBCO.
[S0163-182607)05317-4

INTRODUCTION hand, Suret al. observed a conventional Fraunhofer pattern
which has a peak at zero field for a Josephson junction con-
In the highT. oxide superconductors, the emerging pos-Sisting of (001 of YBCO and PI: This gave evidence for
sibility of d-wave symmetry of the pairing state has attracteds-Wave symmetry. Consequently, we cannot determine the
wide attention because this seems strongly to imply a mech&2P Symmetry by these experiments.

. : . _ There is little information about the atomic order rough-
nism different from the phonon mechanism of the conven ness or flatness of the interface between YBCO and Pb. This

“F’”a' BCS su.pe'r.conductors. Furthermore, th',s m?Chan'ertomic order roughness or flatness is, however, important to
gives the possibility of new supe_rconductors_ with h|glﬁgr_ determine the superconducting gap symmetry by using Jo-
and brings about some evolution for device applicationsephson junction because of strong anisotropy of the crystal
From this viewpoint, many investigations have been donestructure. Furthermore, there are oxidization and deoxidiza-
To observe the symmetry, Wollmaretal. used dc- tion reactions between the metal Pb and the oxide YBCO,
superconducting quantum interference devi¢BQUID’'s)  which may cause ambiguity of the gap symmetry. In addi-
consisting of YBgCu;0,_s (YBCO) and conventional tion, measurement temperature is limited by the narrow
s-wave superconductor PbHowever, it has been pointed range belowT, of Pb(=7.2 K).

out that experiments using the SQUID are susceptible to N order to study superconducting-gap symmetry of high-
some fluctuations caused by residual magnetic field, flud c SUPerconductors by using Josephson junctions, we should
trapping, and geometrical symmetry of the SQUID use a junction with an atomic scale flat interface. Many types
?_2 r?ﬁake ssmmetry of h?/gFr su);)ercon dUCIOrS .clearly of Josephson gj)unctions fabricated by various methods have
- ,

. . ; been studied;® including Josephson junctions using grain
;everal researchers u4sed a single Josephson junction consiski,ndaried®-14 Among them, Josephson junctions using
ing of YBCO and PE*If YBCO has ans-wave symmetry, pagyrally grown grain boundaries betweemaxis- and
magnetic-field B) dependence of critical currenity) forthe  ¢_axis-oriented grains in YBCO filmgwe call themal/c
Josephson junction shows the conventional Fraunhofer pagoundariesare interesting, because the atomic scale flat in-
tern which has a peak at zero field. On the other hand, if iterfaces of thea/c boundaries can be expected by natural
has ad-wave (dy-y2) symmetry, B dependence of.  formation. Furthermore, two types afc boundary junctions
(1.-B) for the Josephson junction including a phase differ-are formed; one is the boundary betwedf01) of
ence ofzr shows the unconventional pattern which has a dipa-axis-oriented grains and(100 of c-axis-oriented
at zero field. Wollmaret al. observed .-B with a dip at zero  grains!>® and the other is the boundary betwe@1) of
field for the Josephson junction named a corner junction cona-axis-oriented grains an@ 10 of c-axis-oriented grains’
sisting of(100) and (010 of a YBCO single crystal and Ph. In this paper, we report microscopic grain-boundary struc-
This was considered as evidence tbwave (dy2_,2) sym-  tures and some basic electrical properties for the two types of
metry. These corner junction properties were also analyzed/c boundary junctions of YBCO. Especially, the most in-
theoretically asd,2_y2 symmetry by Tanakd.0n the other teresting point in this work is that important information on
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superconducting-gap symmetry in YBCO can be obtained by
comparing the properties between the two typesatd
boundary junctions.

EXPERIMENT

c-axis-oriented YBCO films including a few
a-axis-oriented needlelike grains were fabricated on
MgO(001) substrates by pulsed laser deposition. A KrF laser
(emission wavelength248 nn) with power density of about
2 Jien? on stoichiometric high-density targets and the rep-
etition rate of 5 Hz were used as sources. Films of about 200
nm in thickness were grown in oxygen pressure of 200
mTorr at substrate temperature of 780 °C. These conditions
are almost the same as those for perfect x-axis-oriented films
except for defective substrates. We used the MgO substrate
without any annealing treatment to get high-quality films. It
is well known thata-axis-oriented grains of YBCO films are
fabricated by decreasing the growth temperature, following
inferior crystallinity and superconducting properti&sn this
work, however, we can get tha-axis-oriented needlelike =P
grains in thec-axis-oriented films without decreasing the Mg0| (1001
growth temperature and particular post annealing. N )

Structures of the films were appraised by x-ray d?ffrgction FIG. 1. Micrograph image of the100)-(001)-typea/c boundar
(XRD) and_ atomic force microscopfAFM). Transmission junction (a), andgthg(llc)-g)OD-type alc boun)g;ry junction(b).y
electron microscopyTEM) samples were prepared for both Bridge size with length of 3gm and width of 5um. The inset of

planar an_d Cross_'seCtion"?‘I views t(? obtain a WhF"e image %) is a schematic illustration of the sample which was fabricated by
a needlelike grain. Electric properties of the grain boundaryqc sed-ion-beantFiB) technique.

were observed by a constricted electrode across the bound-

ary. The constricted line with a length of 30m and a width Figure 3 shows plane-view and cross-sectional lattice im-
of 5 um were fabricated by photolithography and the Ar-ion- ages of a needlelike grain being paralle[160] or [010] of
milling technique. In addition, the focused Gdon-beam the MgO substrate by TEM. These images show that the
(FIB) technique was sometimes used to fabricate the pattereedlelike grain is am-axis-oriented single crystal and has
including only onea-axis-oriented grain in the constricted tabular habit vertical to the substrate. Their dominant epitax-
line. 1-V characteristics were measured by the usual fourial relationship with respect to the-axis-oriented regions is
probe method under microwave and magnetic field from 4.2100] a-axis-oriented graifi[ 001] c-axis-oriented grain, and

K to T.. Magnetic field was applied perpendicular to the[001] a-axis-oriented grain|[100] c-axis-oriented grain.

film surface by a solenoid coil. Consequently, the interface structure of the boundaries are
formed with (100) and (001) YBCO surfaces. We call this
EXPERIMENTAL RESULTS type of grain boundary th€100)-(001)-type a/c boundary.
) There is a little lattice mismatch between these directions,
Microstructure but TEM revealed well defined, straight grain boundaries

In our films, grains with a needlelike shape were observedvithout any dislocations and any particulates. This clean in-
from a topview of thin films. Figure (& shows an optical
microscopy surface image of our sample fe¥ measure- %
ment. The needlelike grains have a length of 5420 and a 10° =
width of about 200 nm. Most of the direction of the long side
is parallel to[100] or [010] of the MgO substrate. There are 10°
a few needlelike grains whose direction of the long side is
parallel to[110] of the MgO substrate. Figurgl) shows an
optical microscope surface image of the sample \WthQ]-
type needlelike grains. From the AFM image, the needlelike -
grains stuck out of the planar parts of the films as pointed g 1o
protrusion to a height of 100 nm above the surface.

The XRD pattern of the film shown in Fig. 2 consists of
only two kinds of diffraction peaks: strong peaks {(Dfrom ‘ i |
the c-axis-oriented grains and weak one®QQ) from the w s L W ‘ ] |
a-axis-oriented grains. No observation of other diffraction  10' -2 : : : : — :
peaks except for the MgO substrate means that most of the 10 20 0, e(dggree) 50 60 70
needlelike grains are of tha-axis orientation in the entire
film. FIG. 2. XRD diffraction pattern of the film.
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FIG. 4. Cross-sectiondh) and plane-viewb) TEM images of
the (110-(00)-type a/c boundary between a-axis- and
FIG. 3. Plane-view(a) and cross-sectiondb) TEM images of  c-axis-oriented YBCO grains. The inset i@ is the electron-
the (100-(00)-type a/c boundary between a-axis- and diffraction pattern which comes from both grains. The indgtis
c-axis-oriented YBCO grains. the schematic structure of these grains. The arro¢bjirshows the
grain boundary betweef001) of the a-axis-oriented grain and
terface is different from th@/c boundary fabricated on an (110 of the c-axis-oriented grain.
artificially modulated substrate, in which there is some
roughness on a microscopic scaleThe cross-sectional Figure 4 shows plane-view and cross-sectional lattice im-
TEM image of Fig. 3b) shows that tha-axis-oriented grain ages of a needlelike grain being paralle[1d.0] of the MgO
grows over the surface of films from about 1 nm thick amor-substrate by TEM. The grain is also araxis-oriented single
phous layer on the substrates. Consequently, this structumgystal. The cross-sectional image shows that the needlelike
indicates that the superconductive current must flow througlgrains grow right on the substrate. These microstructures are
this grain because the amorphous layer is not supercondudtie same as in thgl00]-type needlelike grains except for
ing. their directions. Their dominant epitaxial relationship with
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Current (1mA/div)

Voltage (2mV/div)

Current (100pA/div)

FIG. 5. Wider plane-view TEM image of theg.00-(001)-type
a/c boundary between-axis- andc-axis-oriented YBCO grains.

Voltage (500V/div)

respect to the-axis anda-axis-oriented regions is @00
a-axis-oriented grain|[001] c-axis-oriented grain, and a
[001] a-axis-oriented grain|[110] c-axis-oriented grain.
This epitaxial relationship is also confirmed from the
electron-diffraction pattern in Fig.(4) which comes from
both of the grains. Consequently, the interface structure of ) ] )
the boundaries formed witf110) and(001) YBCO surfaces. Finally, we mention why atomic scale flat interfaces are
We call this type of grain boundary th@10-(001)-type formed along thea/c boundaries. Are-axis-oriented grain
a/c boundary. The interface structure of the boundaries igrows preferentially along a line-type microstep. Actually,
90° basal-plane-faced tilt boundary in addition to 45° rota-the TEM image in Fig. @) shows existence of a small step
tion about the[001] in the c-axis-oriented area. The sche- of MgO at the bottom edge of the-axis-oriented grain. Af-
matic structure of these grains is shown in the inset of Figter the a-axis-oriented seed layer is formed, the
4(b). In the plane-view image, there is a large lattice mis-a-axis-oriented grain grows epitaxially on it. In addition, the
match (1:\/5) between(100) or (010 in thea-axis grain and  higher growth rate of the axis than thec axis makes the
(110 in the c-axis grain along the boundary. This interface, a-axis-oriented grains stick out of theaxis-oriented plain
however, shows a rather clean microstructure without largsurface. Consequently, tleaxis-oriented films start or stop
size dislocation. But the distortion due to the mismatch isgrowing at both walls of the-axis-oriented grain and sur-
only localized in one or two atomic layers at the interface.round it. Thus, the atomic scale flat interface perpendicular
This type ofa-axis-oriented grain growth is supported by ato the substrate is formed even if mismatch is large. How-
MgO substrate on which 45° tilt grains are observedever, we should mention the occurrence of a stacking fault in
sometimeg?® the a-axis-oriented needlelike grain, although it is not ob-
These two types ofi/c boundary junctions are the most served in our cross-sectional TEM images. According to this
suitable for studying superconducting wave-function symmemodel, a-axis grains start to grow from both sides of line-
try by Josephson junction, because they have atomic scatgpe microgrooves on the substrates. In this case, the stack-
flat interfaces shown by TEM. Figures 3 and 4 only showing fault is generated at the center of the grain and may work
local area structures, but actually a wider area also shows ti&s a Josephson junction. This type of stacking fault was ac-
same sharp interface shown by a plane-view TEM image iriually observed ira-axis-oriented needlelike grains and re-
Fig. 5. Even in a wide range image of th&00)-(001)-type  ported by other researchétsas well as in the plane-view
a/c boundary, an atomic scale flat interface is realized. images:
Plane-view TEM observation also shows that there are
twin boundaries inc-axis-oriented films for both types.
Therefore, on ana/c boundary junction structure, an
a-axis-oriented needlelike grain is across these twin bound- The T, of an electrode including th€100-(001)-type
aries in c-axis-oriented film. However, there are no twin a/c boundary is about 80 K. This value is not so low for
boundaries ina-axis-oriented needlelike grains for both a-axis-oriented films. This rather high, is caused by the
types. This is because, grain boundaries by twins have nevg@rowth temperature of 780 °C which is higher than conven-
been observed in plane-view or cross-sectional TEM imagetonal growth temperature below 700 °C faraxis-oriented
of needlelike grains. YBCO films?! Figure §a) shows an-V curve at 28 K for

FIG. 6. 1-V characteristics of th€Ll00-(001)-typea/c boundary
junction at 28 K(a), andl-V characteristics under 19.49 GHz mi-
crowave irradiation of different power at 4.2 ().

|-V characteristics
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FIG. 8. Temperature dependenceJgfon the(100-(001)-type
a/c boundary junction which is plotted,. vs (1-T/T;). The line
means that index of the bracket equals 1.

well as TEM observation. From thig;R, and . of 560
MA, R, is calculated to be 2.49 at 4.2 K. This value agrees
with R,, of 2.41 Q) obtained by extrapolation to high bias
Voltage (200pV/div) voltage in thel-V curve.
Figure da) shows anl-V curve at 4.2 K for thg100)-

FIG. 7.1-V characteristics of theL10-(001)-typea/c boundary ~ (001)-typea/c boundary formed through only one needlelike
junction at 4.2 K(a) and |-V characteristics under 19.68 GHz mi- grain as shown in Fig. (b). Current flows through the
crowave irradiation on thél10-(001)-type a/c boundary junction —a-axis grain according to a path limited by two drains which
at 4.2 K(b). were etched by FIB. There is a bend in 1h¥ curve, which

means that two Josephson junctions with different critical
the (100-(001)-type a/c boundary formed through only one currents,l;'s are formed through the current path. These
needlelike grain as shown in Fig(al. Typical resistively junctions exist in series and closely to each other in a con-
shunted-junction(RSJ) characteristics are observed. The stricted electrode pattern as shown in Figb)1 Both the
value ofJ, is 4.4x 10* A/lcm? at 4.2 K. Through the current junctions exhibit typical RSJ-type characteristics. Figuis 7
path, two kinds of Josephson junctions can be formed: twshows Shapiro steps in tHeV curves of the(110)-(001)-
Josephson junctions correspondaic boundaries, and many type a/c boundary junction under microwave of 19.68 GHz
Josephson junctions related to intrinsic interlayer betweenrt 4.2 K. Two groups of Shapiro steps are observed corre-
CuO, planes in thea-axis-oriented grain. The observdd  sponding to each junction. This result indicates that both
value of 4.4< 10* Alcm? is about two orders smaller than the junctions play the role of the Josephson junction. As men-
value 3-5<10° A/cm? obtained for ana-axis-oriented tioned already, there are two boundaries along both the sides
YBCO film at 4.2 K!®21 This result means that the observed of the a-axis-oriented grain. Therefore, the two junctions ob-
weak-link characteristics describe the properties at the interserved in thd -V curve are expected to correspond to these
face betweera-axis- andc-axis-oriented grains, but not the grain boundaries. But its probability is low because of dif-
interplane of the Cu@ planes. There should be a bend in theferent magnetic-field dependencelgfdescribed later. From
I-V curve, if both side junctions of the grain have differentthe microwave power dependence of the height of Shapiro
critical current. Therefore, no bend in Figapindicates that steps, normal resistance of the junctiy,, is estimated to
two a/c boundary Josephson junctions have the same be about 2) for the lowerl. junctions. In spite of large
which is plausible due to the same structure on atomic scaldattice mismatch density along the boundary, this value of

Figure b) shows Shapiro steps ihV curves of the R, is as low as one of th€100-(001)-type a/c boundary
(100-(001)-type a/c boundary junction under various mi- junction. This means that resistivity along the boundary is
crowave powers of 19.49 GHz at 4.2 K. These clear Shapirindependent of misfit density.
steps show th€100)-(001)-type a/c boundary works a role Figure 8 shows a critical current densit}] of the (100)-
of the Josephson junctioh R, product is estimated to be (001)-type a/c boundary junction as a function of tempera-
1.37 mV from the microwave power dependence of Shapiroture.J, can be observed from 4.2 K to about 80 K which is
step height using the current source mddeThis value is T, of the samples. NedF., the behavior ofl, can be fit by
almost the same as one of the high-quality in-plane rotatethe functional formJ(1—T/T.). Generally, the index of
grain-boundary junctions reported and satisfies the empiricdhe bracket near 1 means formation of the SIS-type junction,
relation betweerd, and|.R,.?% Our junction consists of an which exhibits hysteresis in anV curve?* In fact, hyster-
a-axis-oriented grain with short coherent length perpendicuesis|-V curves were reported for song&c boundary Jo-
lar to the face of the boundary. Therefore, the rather higtsephson junction¥. For our sample, no hysteresis structure
I.R, value means clear interface along e boundary as has been observed yet. A similar inconsistent relation be-

Current (200pA/div)
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FIG. 9. Magnetic-field dependencelgfon the(100-(00D-type
a/c boundary junction at various temperatures. FIG. 10. Magnetic-field dependence kf on the (110-(001)-
type a/c boundary junction at 18 K. Minimunh, value in lower

inIC junction occurred at zero magnetic field. This magnetic-field de-
| pendence ofl; is analogous to one observed for teewave—
d-wave corner junction consisted with YBCO and Pb.

tween the index and weak-link properties is observed
other experiment$>?® Therefore, the correspondence wil
have to be clear.

ary of the stacking fault as mentioned previously. This situ-
Magnetic-field dependence of ; ation is shown in Fig. 11. In this situation, tvedc boundary

Figure 9 shows the magnetic-field dependencel of Josephson junctions havg the sahA¥ characteristics be-
(1.-B) for the (100-(001)-typea/c boundary at various tem- C2Use these_ two boundaries are composed of the same struc-
peratures. In order to obtain information on the lateral unj-luré in atomic scale, and twa/'c boundary Josephson junc-
formity of a junction, the magnetic field was applied normaltions behave like only one Josephson junction 1KV
to a substrate. Magnetic interference patterns are observé&faracteristics. Thus, two kinds fB patterns are observed
below T,. However, the shapes of the diffraction patternsin 1-V characteristics; one corresponds to take bound-
are quite complicated. At low temperature, the oscillationsri€s behaving like only one junction and the other corre-
are nearly triangular which are characteristic of long junctionSPOnds to the stacking fault. ,
behavior?’ As the temperature rises, the critical current N Fig. 12, one set of the higher and lowler patterns is
drops and the oscillations become round and wide. The im@bserved at low temperature, and another set of the patterns
portant point for discussing the symmetry of the superconiS observed after heating up to room temperature. This un-
ducting gap is that thé.-B pattern of the(100-(001)-type changlng_symm_etry of the pattern_s s_hovv_s that the diffraction
a/c boundary junction has a peak at zero magnetic field. pattern w!th a dip at zero magnetic field is not caused by the

For the (110-(001)-type a/c boundary, two junctions [UX trapping generated irregularly.
with different|;'s are observed in Fig.(@) and thesd.'s
sometimes cross each other during changing magnetic field.
Therefore, we carefully obtainetl’s from the entirel-V
curves to prevent confusion. Figure 10 shaws patterns
for these two junctions. For the junction with highker, a
clear symmetric pattern with a center maximum at about 0.7
G and clear side lobes were observed. This pattern looks like
a conventional Josephson junction, for which thepeak
occurs at real zero magnetic field. Therefore, we think there
was a residual magnetic field ef0.7 G at the junction area
which comes from terrestrial and external magnetism. The
pattern for lowert junction is also symmetric, but it has the
minimum value at about 0.7 G magnetic field. Assuming that
both the junctions with highelr: and lower}; are under the
same magnetic field due to t'he.close posmon, m.m".mém FIG. 11. Schematic structure for our sample of ¢h&0)-(001)-
value occurs at_ zero magnetic field. This magnetic-field defype a/c boundary. There are three grain boundaries through the
pendence ofl; is analogous to the one observed for4 the cyrrent path: two junctions are formed along tatc boundaries
s-wave-d-wave corner junction reported by Wollmat al. and one corresponds to the stacking fault. Tafo boundary Jo-

In the case of our sample of th@10-(001)-type a/c  sephson junctions have the sat¥ characteristics because these
boundary, there are three grain-boundary Josephson junévo boundaries are composed of the same structure in atomic scale,
tions through the current path; two junctions are formedand twoa/c boundary Josephson junctions behave like only one
along twoa/c boundaries and one corresponds to the bounddosephson junction ihV characteristics.

Real number of junctions

a/cboundary

Stacking fault

Observed number of junctions

a/cboundary

—XD—

Stacking fault
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FIG. 12. Temperature dependence of the magnetic-field depen- FIG. 14. Temperature dependencel gkt the(100)-(001)- and
dence ofl; patterns with peak and dip at zero magnetic field atthe (110-(001)-type a/c boundary junctions.
different temperature on the10)-(001)-type a/c boundary junc-

tion. As prepared1), after heating up to room temperat(@. Alcm? of the (100)-(001)-type a/c boundary junction. This

small J. and different temperature dependence ofmay be
related to the structure difference between the boundaries as
well as superconducting-gap symmetry in YBCO.

We have observel-B with the dip at zero magnetic field
for another(110-(001)-type a/c boundary junction. On the
other hand, this type df.-B pattern has never been observed
in the junctions using thé100)-(001)-type a/c boundary.

Therefore, we believe this pattern of lowkr junction is DISCUSSION

caused along the grain boundary betwe@iO of the ) o

c-axis-oriented grain anD01) of the a-axis-oriented grain. From TEM images, it is clear that the two typesait
As a result, the higheirs junction is formed along a stacking Poundary junctions used in this experiment have atomic
fault in the a-axis-oriented grain. scale flatness and clear interfaces of the boundaries. In addi-

Figure 13 shows-B patterns for the junction with lower tion, atpmic species along both ty_pes of the boundaries were
I, at 4.2, 18, and 36 K. Maximurh, values decrease with determined. BaO layers are terminated at (p@1) for both

8 .
increasing temperature, but symmetry of the patterns is thi/Pes ofa/c boundary’ Thus, superconducting-gap symme-
same. At 36 K, thd . value at zero magnetic field is sup- 'Y 1S held at these clear interfaces. We would like to mention

pressed to almost zero. again the important role of the flat and clear interface. There

Figure 14 shows the temperature dependencé, dbr are some experiments usin_g grain—boundary_JPsephsqn junc-
both the(100-(001) and the(110)-(001) types ofa/c bound- tions for 'the supercopduct!ng-gap symméity’ ,BUt’ mi-
ary Josephson junctions. These tlos decrease monoto- cros_cale mhom_ogenelt_y exists alqng these grain t_)our_1dar|es
nously with increasing temperature, but they have differenfaricated by bicrystalincluding tricrysta) and biepitaxial
temperature dependence. Maximdgwvalues at 4.2 K of the methods’*** and smears-B pattern.

(110-(00D)-type a/c boundary junction was 1x410° The l-B pattern vv_ith a dip at zero field has been ob-
Alcm?2. This J. value is about 1/3 smaller than &4¢*  Served in junctions using tt@10-(001)-typea/c boundary,
¢ but never in the(100-(00))-type a/c boundary. Here, we

discuss the size effect on Josephson junctions. A theoretical
analysis reports that magnetic-field dependenck. should
show a peak at zero field for a long Josephson junction even
with phase difference ofr.3* Therefore, thel .-B pattern
with a peak at zero field does not mean direct evidence of the
s-wave junction. In our experiments, some diffraction pat-
terns were observed with long or small junction behavior for
the (100-(001) a/c boundary junctions by changing tem-
perature and pattern width. But, all of these diffraction pat-
terns show the -B pattern with a peak at zero field. There-
fore, we believe that the peak at zero field in théB pattern
is an intrinsic property of th€100)-(001)-typea/c boundary.
. g . In order to discuss superconducting-gap symmetry in
Magnetic field ' YBCO, we summarize our experimental results in Table I,
together with the results reported before. The dip at zero field
FIG. 13. Temperature dependence of the magnetic-field deperid the I.-B pattern suggests that the phase differencer of
dence ofl, patterns at 4.2, 18, and 36 K on th&10-(00)-type ~ Occurs at the boundary of the junction, which is calleda
a/c boundary junction with minimum value at zero magnetic junction. And, if ad-wave symmetry gap is in YBCO, phase
field. difference appears along the points on the fexg.,(100),

200

—&—  Lowerl JJ@4:2K)
—O—  Lower I, JJ(I8K)
Lower I JJ(36K)
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TABLE |. Existence of dip at zero field in.-B pattern for  YBCO, two types of the/c boundary junctions Therefore,

various couples of Josephson junctions. the mechanism that we need must explain two points about
the phase relation mentioned above. In addition, the differ-
Existence of dip at zero ence of temperature dependencel gfbetween the(100-
Couple field inl.-B pattern (001 and the(110-(001) a/c boundary must be explained
(100-(001) YBCO No by a theory of the supercondugting mech_anism. Recently,
(110-(001) YBCO Yes many researchgrs have been mtgrested in the Josephson-
Pb{001) YBCO No junction properties along the direction or gap symmetry (_)f
Pb{100 YBCO No the (0(_)],) of YBCO, an(tzlgiz)lme research with theoretical
Pb-corner YBCO Yes analysis has been reportéd:

. o CONCLUSION
(110, (001 face]. Junctions consisting of Pb and YBCO

edges of the(100) or (010 face have conventiondl.-B Two types ofa/c Josephson junctions were formed along
patterng’® This suggests that there is no phase difference ot boundary of ana-axis-oriented grain surrounded by
m at the (100 or (010 faces of YBCO, because Pb is an C-axis-oriented grains of YBgCu;O;_ ;. One has been fab-
s-wave superconductor. By the way, ti#00)-(001)-type ricated along boundaries betweéd0l1) of a-axis-oriented
a/c boundary junctions have no dip Ip-B patterns. There- YBCO grains and(100 of c-axis-oriented YBCO grains,
fore, there is also no phase difference ofat (001) of and the other has been fabricated along boundaries between
YBCO. This lack of phase difference &01) is consistent (001) of a-axis-oriented YBCO grains and110 of
with the experimental results of the Josephson junction cone-axis-oriented YBCO grains. TEM observation shows clear
sisting of Pb and001) YBCO which Sun and co-workers lattice images along tha/c grain boundaries in both types
reportec®3® On the other hand, the-B pattern of thg110-  on atomic scale. In-V characteristics, Shapiro steps under
(001) a/c boundary junction behaves similarly to thgjunc- ~ microwave irradiation and the diffraction patternd gtinder
tion which consists of Pb and a corner of the YBCO singlemagnetic field were observed in both types, indicating that
crystal**® This coincidence strongly suggests that there is dhese boundaries work as Josephson junctions.
phase difference of7 at (110,*" and the dyz_y2 In the case of th€100)-(001)-type a/c boundary junction,
superconducting-gap symmetry iab planes of YBCO. the conventional magnetic-field dependencelgfwith a
Thus, the following two points about the phase for somePpeak at zero magnetic field is observed. In the case of the
planes of YBCO are clear. (110-(00)-type a/c boundary junction, the diffraction pat-
(1) (001 of YBCO has no phase difference of tern of I, under magnetic field has the minimum value at
(2) (110 of YBCO has phase difference of. This is  zero magnetic field. These results show that th&0 of
consistent with thed,2_,2 superconducting-gap symmetry YBCO has a phase difference ofr and d,_,2
being in theab planes of YBCO. superconducting-gap symmetry is in Cuflanes of YBCO.
Next, we discuss why the Josephson tunneling along thBut, the(001) of YBCO has no phase difference sfin spite
c direction of YBCO has no phase differencemfunder the  of the existence ofi-wave symmetry irab planes of YBCO.
situation in which thed,2_,> superconducting-gap symmetry Our experimental results for theséc boundary Josephson
is in theab planes of YBCO. It is easier to think th€@01)  junctions are expected to be analyzed theoretically.
of YBCO is expected to have phase differencenofvhich
occurs by total cancellation of the phase(@®1) due to a
dy2_,2 symmetry gap. But actually, our experimental results
on thea/c boundary Josephson junctions suggest that the We wish to thank K. Hayashi for preparation of thin films.
(001) of YBCO has no phase difference @f This interpre- We would like to thank S. Tanaka for his encouragement and
tation can explain many experimental results using JosephF. Usagawa, K. Saitoh, and K. Tanabe for helpful discus-
son junctions with YBCO(edge and corner junctions be- sions. This work was supported by NEDO for the R&D of
tween YBCO and Pb, junction between Pb ai@dl) of Industrial Science and Technology Frontier Program.
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