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Comparison of the superconducting pairing between the oxide superconductors Ba12xK xBiO3
and YBa2Cu3O6.6 using phase-sensitive Josephson tunneling

D. A. Brawner, C. Manser, and H. R. Ott
Laboratorium für Festkörperphysik, Eidgeno¨ssische Technische Hochschule-Ho¨nggerberg, CH-8093 Zu¨rich, Switzerland

~Received 24 June 1996; revised manuscript received 8 October 1996!

We compare the Josephson tunneling of a suspectedd-wave superconductor, YBa2Cu3O6.6, with that of
another oxide superconductor Ba12xKxBiO3. For comparison the critical currentI c vs applied field of a
single-crystal Josephson junction injecting supercurrent in the@110# direction is measured for both supercon-
ductors. For the YBa2Cu3O6.6 single crystal~ Tc560 K!, the critical current is a minimum at zero applied field,
while for Ba12xKxBiO3, the critical current reveals a maximum at zero field. The results are consistent with a
d-wave order parameter for YBa2Cu3O6.6, and conventionals-wave superconductivity for Ba12xKxBiO3.
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A great deal of attention has recently been focused
determining the symmetry of the superconducting order
rameter of cuprate superconductors. This interest has st
lated some phase sensitive tunneling experiments and
results are compatible with an order parameter
d-symmetry for YBa2Cu3O6.9.

1–7 A d-wave order paramete
was originally suggested as a possible explanation for
complex superconducting phase diagrams of some he
electron superconductors.8 Subsequent work dealing witht-
J and Hubbard models, which are often considered appro
ate for the high-Tc cuprates, generally favor ad-wave order
parameter for their superconducting ground state.9 Later
theoretical work showed that many experimentally det
mined physical properties of cuprate superconductors
compatible with ad-wave order parameter.10 At this time
almost all the phase sensitive tunneling experiments h
been performed on YBa2Cu3O6.9 ~Ref. 11! with the exception
of YBa2Cu3O6.6 ~Ref. 12! and Tl2Ba2CuO61d.

13

In this article we describe phase sensitive tunneling
periments on the suspectedd-wave superconducto
YBa2Cu3O6.6 and for comparison, the same experiments
ing Ba12xKxBiO3. Such experiments with Ba12xKxBiO3
should serve as a crucial comparison, because it is agai
oxide superconductor with, conventionally viewed, a rat
high critical temperature and cubic crystal symmetry. B
cause of a sizeable isotope effect, the lack of any local m
netic moments, and the rather conventional features o
physical properties,~see, e.g., Ref. 14! most would agree tha
Ba12xKxBiO3 is ans-wave superconductor. In our measur
ment layout~Fig. 1! we used a small Nb block as a counte
electrode and the tunneling was performed into the@110#
direction of both YBa2Cu3O6.6, where a node is supposed
exist in thed-wave gap function and Ba12xKxBiO3, where a
nonzero gap in this direction is anticipated. To a first a
proximation, one might expect that Josephson tunne
would not be allowed into thed-wave cuprate in this direc
tion. Nevertheless, because of details of the geometry of
measurement described below and a corresponding de
position of the current into the@100# and @010# directions, a
nonzero supercurrentI c was observed. The magnetic flu
dependence of the critical currentI c(F) for this tunneling
550163-1829/97/55~5!/2788~4!/$10.00
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geometry was found to closely resemble the classical Fra
hofer pattern with a maximum I c for F50 for
Ba12xKxBiO3. In contrast, for YBa2Cu3O6.6 the pattern is
characteristic ofd-wave superconductivity.

The tunneling experiments capable of measuring
phase of the Josephson supercurrents in single-junctio
multiple-junction loops provide the most direct determin
tion of the symmetry of the superconducting order para
eter. The idea for such experiments, aimed at investiga
heavy-electron superconductors, was first suggested

FIG. 1. Schematic diagram of the experimental arrangem
The superconducting single crystals of Ba12xKxBiO3 ~a! and
YBa2Cu3O6.6 ~b! were pressed against a Nb block to create
small corner junction. The critical current of the Josephson junct
was measured as a function of the magnetic field applied along
direction into the page.
2788 © 1997 The American Physical Society
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Geshkenbein and Larkin.15 This suggestion was adapted
the typical features of cuprate superconductors with the p
posal of Sigrist and Rice,16 that Josephson supercurren
from an s-wave superconductor into adx22y2-wave super-
conductor will have a current-phase relation given by

I5I 0~nx
22ny

2!sin Df. ~1!

Here, nx and ny are thex and y components of the uni
normal vector of the junction interface. The phase differen
between the superconducting condensates on either sid
the junction is expressed asDf. For the case of the cuprat
superconductors, this normal vector is chosen to lie in
CuO2 ab plane withx5a andy5b. If the superconducting
order parameter wasdx22y2-wave symmetry then from Eq
~1! it is clear that Josephson tunneling currents into thx
direction will have an opposite sign compared with the tu
neling into they direction. The first tunneling results tha
were reported for YBa2Cu3O6.6 ~Ref. 1! were consistent with
Eq. ~1!, implying that this material might be ad-wave super-
conductor. More complex order parameter symmetries s
asd1 id or s1 id could not be ruled out, but the results
Ref. 1 were not consistent with a simples-wave order pa-
rameter. This first indication got support from other work2–4

as well as from the results of Refs. 5, 6, and 7. All of tho
results are in favor of a non-s-wave order parameter, o
which pured-wave symmetry is the simplest possibility. W
also note additional work in Refs. 13 and 14, which indica
s-wave superconductivity in cuprate materials, however
more complete description of the status of these types
experiments is given in the review article by va
Harlingen.11

We begin by describing the experiment using theTc523
K superconductor Ba12xKxBiO3. These crystals were grow
using an electrodeposition technique in a teflon crucible.
perconducting crystals of approximate size 40034003400
mm3 were obtained with a transition temperature of 23
They possessed flat surfaces and sharp corners which re
the cubic crystal symmetry. The current and voltage le
were attached directly to the Ba12xKxBiO3 crystals with sil-
ver epoxy and the crystal was embedded in stycast 1
epoxy for mechanical support. The corner of the crystal w
pressed against a block of polished Niobium at 4.2 K@Fig.
1~a!# and the pressure was adjusted until Josephson supe
rents were observed. Since the corners of the crystals
very sharp, i.e., with a radius of curvature on the order
microns, a very small Josephson junction could be ma
After the experiment was performed, the crystals were ex
ined and it was observed that the pressure required to ob
a junction eroded the corner enough to create a flat con
area on the order 25325 mm2. For a pured-wave order
parameter one would expect no tunneling permitted in
@110# direction if, as is most likely, the order parameter lob
extend along the@100# and the@010# axis, respectively, be
cause the superconducting gap exhibits a node in this d
tion. For our particular tunneling geometry, one would e
pect that the tunneling along the@110# direction would only
be possible if it is decomposed into components, not ne
sarily of the same magnitude, pointing along the@100# and
the @010# directions respectively. In this way, a finite tunne
ing current may be achieved, in spite of the node in the or
o-
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parameter. The phase difference between the two compo
directions would, due to Eq.~1!, cause a destructive interfer
ence and a phase-shifted, Fraunhofer-likeI c(F) pattern. For
a commons-wave superconductor, the tunneling directio
should be irrelevant and no difference from the conventio
tunneling behavior should be observed. Therefore, using
tunneling configuration, distinct differences between the t
neling into ans-wave superconductor, Ba12xKxBiO3, and an
alleged d-wave superconductor, YBa2Cu3O6.6, should be
observed.

At 4.2 K the junctions for both superconductors had cr
cal currents on the order of 1mA, and thus a critical curren
density on the order of 1600 A/m2. From these parameter
the Josephson penetration depthlJ5AF0 /m0JclL can be
calculated to be on the order of 1000mm. Since the size of
our junctions is much less, this would imply that these jun
tions are not in the long junction limit. This is importan
because previous authors5,17 have shown that for junction
sizes greater thanlJ vortices may nucleate in the junctio
and make order parameter symmetry measurements im
sible.

Any magnetic fields present in the junction area will a
fect the critical currents measured and therefore several
cautions were taken to reduce the ambient fields. The exp
ments were performed in an rf shielded room and the le
were filtered for frequencies above 10 kHz. A three-a
Helmholtz coil was used to cancel the earth’s field to with
several mOe. Am-metal cylinder and two concentric Pb su
perconducting cylinders with caps surrounded the appar
to provide additional shielding. Subsequent examination
the sample space with a flux-gate magnetometer showed
the resulting background field was less than 1 mOe at ro
temperature. Care was also taken to keep magnetized ob
away from the glass cryostat. The critical-current valu
were read directly from theIV curves of the junctions, as
monitored with an oscilloscope. A small superconducting
lenoid was placed next to the sample to provide the magn
induction used in the experiment.

The Josephson critical current vs applied field pattern
Fig. 2 indicates that the period for a complete oscillation
of the order of 0.6 G. Due to the geometry of the samp
they have a demagnetizing factor of approximately 3 wh
implies that the field at the junction is actually 1.8 G. Fro
this field, the cross sectional area of the junction can
estimated to be approximatelyF0B;1.131027 cm2. Since
the width of the junction is approximately 25mm this area
indicates that the sum of the penetration depths of the su
conductors plus the thickness of the tunneling barrier is 4
Å which is the expected order of magnitude. As can be s
from Fig. 2, the critical current density is a maximum at ze
applied field.

If one considers single junction Josephson tunneling
tween twos-wave superconductors, the equation for the
lation between the critical current and the applied field is

I c5I mUsin~pF/F0!

pF/F0
U ~2!

and is independent of the tunneling direction. HereI m is the
maximum critical current,F is the flux through the junction
andF0 is the flux quantum; a plot ofI c as in Eq.~2! is given
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in Ref. 11. Within errors, the amplitude of the oscillatio
does not noticeably decrease with increasing field in
case. This implies that the tunneling current is not unifo
across the junction area. The possibility exists that the t
neling current is primarily concentrated on two small sp
on opposite sides of the junction, and in this case the ju
tion would resemble a dc/superconducting quantum inter
ence device. Most importantly, the critical current is a ma
mum for zero applied field indicating that there are no ex
phases entering the tunneling behavior. Therefore, this
havior is most consistent with ans-wave order parameter fo
Ba12xKxBiO3.

We now consider the case of a tunneling junction betw
YBa2Cu3O6.6 and Nb as illustrated in Fig. 1~b!. The single
crystals of YBa2Cu3O6.6 used in this study were grown b
the slow-cooling method.18 The microscopic directionality o
the tunneling is important to control if evidence for
d-wave order parameter is to be gained. As previously
scribed, tunneling should not be permitted in the@110# direc-
tion due to the presence of a node in the order parame
Instead the tunneling, recalling our geometry, will necess
ily be decomposed into components in thea and b direc-
tions. Therefore, according to Eq.~1!, there will be interfer-
ence effects in the case of ad-wave order parameter. Thi
tunneling geometry makes the experiment comparable
those previously done with single ‘‘corner’’ junctions.6,12

These corner junctions consisted of a thin film of a low-Tc
superconductor covering both faces of the corner of the h
temperature superconductor. The critical current of this ju
tion as a function of field for ad-wave order parameter ma
be calculated and according to Ref. 6 one obtains

FIG. 2. Critical current vs applied field for a Josephson junct
between Ba12xKxBiO3 and Nb as depicted in Fig. 1~a!. The peri-
odic nature of the critical current can be seen with a maximum
zero applied field. This picture is consistent with conventio
~ s-wave! pairing for the Ba12xKxBiO3.
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I c5I 0AUsin~pF/2F0!

~pF/2f0!
U. ~3!

An essential feature of this equation is that the critical c
rent is always a minimum at zero applied fluxF. A plot
showing the general shape ofI c(F) according to Eq.~3! is
given in Refs. 6, 11, and 12 and so needs not be reprodu
here. We showI c(F) measured with the configuration o
Fig. 1~b! in Fig. 3. It may be seen that the central maximu
of the critical current is split, leaving a local minimum a
zero applied field. Qualitatively this agrees withI c(F) given
by Eq. ~3!. As mentioned before, the nonuniform curre
density across the junction causes a deviation from ideal
havior, nevertheless the most significant feature of Eq.~3! is
reproduced, namely, a minimum of the critical current
zero applied field. A quantitative description that takes in
account the inhomogeneity of the junction is given in Ref.
The authors consider the case when the tunneling is pri
rily along thea or b axis with a contribution of the other
This causes a reduction of the interference and thus prod
a pattern similar to what is observed here. Similar calcu
tions may be done as before, taking into account that
period of oscillations is 0.1 Oe. Using a demagnetizat
factor of 10 for this crystal~5003600340 mm3) leads to a
junction cross-section of 231027 cm2. Since the junction
was observed to be approximately 30mm in size, the pen-
etration depths and the tunneling barrier must add up t
reasonable 6600 Å.

The effect of trapped flux on the situation can be mode
by adding an extra constant flux as described in Ref. 6. T

t
l

FIG. 3. Critical current vs applied field for a Josephson junct
between YBa2Cu3O6.6 and Nb as depicted in Fig. 1~b!. The critical
current has a local minimum at zero applied field which is evide
that YBa2Cu3O6.6 is a d-wave superconductor. This data is cons
tent with the notion that the tunneling is divided into thea,b direc-
tions producing a destructive interference at zero applied field.
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results in an asymmetrical and aperiodic critical current w
field and thus is readily recognizable by experiment. T
effects of trapped flux found experimentally are illustrate
e.g., in Fig. 3 of Ref. 12. Because the presence of trap
flux produces this unmistakable signature and all the patt
presented here are seen to be symmetrical within error a
zero applied field it may be concluded that any effects
trapped flux are not significant here.

A determination of a value for the superconducting gap
often done using the Ambegaokar-Baratoff~AB! formula,
which at low temperatures simplifies toI cR5pD/2. Given
that the critical currents are approximately 1mA and that the
resistances of all the junctions are on the order of a
Ohms, this would imply a gap of a fewmeV. This is several
orders of magnitude smaller than one would expect for b
the materials Ba12xKxBiO3 and YBa2Cu3O6.6. This inconsis-
tency has been recognized before19 and is most likely due to
the difficulty of achieving highly resistive tunneling barrier

The only reasonable conclusion for the observed m
mum of the critical current at zero applied field is that the
must be a phase difference close top that occurs when tun
neling into the corner of the YBa2Cu3O6.6 crystal is at-
tempted. Ad-wave-type superconducting order parame
for YBa2Cu3O6.6 is consistent with this observation accor
ing to Eq.~1!. Other more exotic possibilities, such as mi
tures of s- and d-type symmetries of the superconductin
order parameter are also consistent with the data, prov
that thed component dominates. Ans-wave order paramete
in the cuprate cannot provide the necessary phase shift
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less some other explanations can be found to explain thp
phase difference between tunneling in thea andb directions.

Several authors have reported anomalies in tunne
characteristics of cuprate superconductors which are o
ascribed to pair weaking by localized states in the junctio20

or pair breaking by spin flip scattering.21 Spin flip and
localized-state scattering may be capable of producing
nificant phase shifts at the junction interfaces. These effe
may be material induced in YBa2Cu3O6.6 but should not be
observed for the nonmagnetic Ba12xKxBiO3, however, this
provides additional evidence that spurious external fl
trapped in crystal corners is quite unlikely to produce t
persistentI c minimia at zero flux for cuprate superconduc
ors. Defect induced spin-flip tunneling, also, cannot expl
the different results found on corner and edge junctions
previous experiments~see, e.g., Refs. 1, 6, and 12!, because
spin-flip scattering would occur in any direction. For th
reason, we believe that spin-flip processes in the tunne
barriers are not responsible for the observedp phase shifts.
To conclude, we have presented further evidence in sup
of a d-wave order parameter for YBa2Cu3O6.6 and with a
reasonable control experiment we show that Ba12xKxBiO3
may be classified as ans-wave superconductor.
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