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Unconventional superconductors are well
known to have d-wave pairing symmetry charac-
terized by a phase and magnitude anisotropy [1-3].
This anisotropy leads to instabilities of the d-wave
order parameter at surfaces, vortex cores, mag-
netic impurities, and other interfaces, and could
allow for the formation of a secondary pairing
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symmetry not favored in the bulk material. If
present, it is predicted that these surface regions
will form a complex order parameter that breaks
time-reversal symmetry. This offers unique systems
to study novel superconducting states and will be
important to the implementation of high-7, ma-
terials into electronic devices and systems.

The fragile nature of the d-wave order para-
meter near interfaces arises from the n phase dif-
ference between orthogonal crystal directions. A
quasiparticle undergoing specular reflection at a
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(110) interface will see this m phase difference and,
through Andreev reflection, form zero energy
bound states (ZEBS) [4]. Evidence for the existence
of these bound states in cuprate materials is ob-
served as a peak in the conductance at zero energy
in tunneling experiments and as modifications to
the low temperature penetration depth [5-10]. It is
the occupation of the ZEBS that suppresses the d-
wave order parameter and allows for the emer-
gence of a secondary pairing interaction that could
form a complex order parameter at the interface
[11]. Observation of spontaneous splitting of the
zero energy conductance peak with decreasing
temperature could be explained by broken time
reversal symmetry consistent with a complex order
parameter at the surface [12]. Similar effects are
predicted in cuprate systems at interfaces with
magnetic impurities. At low enough temperatures,
islands of complex d,2_,» + id,,, formed around the
magnetic impurities, could couple together causing
a bulk transition to a complex phase. This mech-
anism is a possible explanation for an observed
drop in the low temperature thermal conductivity
in Ni-doped BSCCO, consistent with the order
parameter becoming fully gapped [13,14].

The ideal method for identifying a pairing
symmetry is to measure the relative phase between
two crystal directions by measuring the magnetic
diffraction pattern of a corner SQUID or a corner
Josephson junction. The tunnel junctions are ex-
cellent directional probes and only sample the
surface within a few coherence lengths. Relative
phase drops between the two junctions shift the
diffraction patterns allowing the phase to be mea-
sured accurately. The onset of a complex order
parameter in the cuprate materials is expected to
occur most strongly at the (110) face perpendic-
ular to the order parameter node. Due to the dif-
ficulty in obtaining flat, undamaged (1 1 0) surfaces
on single crystal samples, we cannot fabricate a
corner SQUID or junction that samples the node
direction. Instead we have chosen to use thin film
grain boundaries to form an interface along this
direction. These grain boundary junctions are
formed by fabricating a cuprate film on a bi-crystal
substrate, where one side of the substrate has been
rotated by 45 degrees relative to the other such
that the grain boundary forms along the (110)
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Fig. 1. (a) A simulation of a faceted 45-degree asymmetric
grain boundary junction showing the relative orientation of the
d-wave order parameter. (b) Diffraction patterns calculated
from the grain boundary shown in part (a) showing the sym-
metric s-wave and d-wave cases and the asymmetric d + id wave
case.

face. The resistively shunted Josephson junction
forms naturally at the grain boundary and has a
highly faceted interface caused by growth islands
of competing orientation at the boundary [15]. Fig.
1(a) shows a diagram of a 45-degree asymmetric
faceted grain boundary junction along with the
orientation of the d-wave order parameter on ei-
ther side of the junction. The faceted boundary
acts like many corner junctions in parallel making
the transport properties of the junction dependent
on the order parameter anisotropy of the cuprate
material. The © phase shift in the d-wave order
parameter causes a highly structured, non-Fraun-
hofer diffraction pattern. Using a simple model in
which the local critical current at each facet is
determined by the product of the magnitude of the
order parameters and the sine of the relative phase
drop across the facet, we have simulated these
junctions and calculated the diffraction pattern for



many different order parameters [16]. Fig. 1(b)
shows the magnetic diffraction patterns, calculated
for the faceted boundary shown in Fig. 1(a), for s-
wave, d-wave, and d + ied’ symmetries. For the s-
wave case, the isotropic order parameter removes
any effects from the boundary facets and the usual
Fraunhofer pattern is calculated. The nodes and
the © phase shift in the d-wave case cause the facets
to cancel reducing the overall magnitude of the
critical current and produces a complicated mod-
ulation with applied field. It is important to note
that the calculated diffraction pattern for the d-
wave case, while reduced, is still symmetric in the
short junction limit, but the maximum critical
current does not occur at zero applied magnetic
field. The modulation with applied magnetic field
is a signature of the facet distribution and is dif-
ferent for each junction. When the order parame-
ter becomes complex, the nodes are removed and
the phase drop between orthogonal directions is
between 0 and m. The diffraction pattern for the
d +ied’ (¢ = 0.1) case shows a dramatic increase in
the zero field critical current along with significant
asymmetries between the positive and negative
field directions. The increase is expected because
the order parameter becomes fully gapped when a
secondary component is added in a complex way
while the asymmetry with field polarity is a direct
result of broken time-reversal symmetry of a com-
plex order parameter.

We have previously measured YBCO grain
boundary junctions and found no indication of a
change in order parameter [16]. Fig. 2(a) shows
measured magnetic diffraction patterns at several
temperatures for a 20 um optimally doped YBa,-
Cu3O7_5 junction. Symmetric, non-Fraunhofer
diffraction patterns were obtained for all temper-
atures measured, indicating d-wave pairing sym-
metry down to 1.5 K. We also measured several
Ni-doped YBCO films in an effort to observe any
bulk transition of the order parameter due to
magnetic impurities. Fig. 2(b) shows magnetic
diffraction patterns at several temperatures for a
10 micron YBa,Cu,g5Nip1507_5 junction. Again,
we see symmetric, non-Fraunhofer diffraction
patterns down to a temperature of 0.34 K, con-
sistent with pure d-wave symmetry. Similar results
are seen for other Ni concentrations.

263

40 T

(@) o954k —eTo0K | " YBeo
a5 | —4— 64K —v—15K 1
=l A » B i ]
< 4 3 j
3 25 f § [ n a i
£ K | R MR
S 20lgif8l F U1 SRATRE g J 1 N
5 5 1 IR 13 LR i i
SefilE WRAY T ALY L
£ 10 i i i hii i
= r 5 i 3 1 T
S i ¥ i /R R
s5- 18 ¢ y ! § 1
T i ! !
JEWE TV O§ . .
-30 20 10 0 10 20 30
Applied Field (mA)
18 T T T
(b) —a— 20K —e— 16K 5% Ni-doped YBCO
16 —s— 42K —v—034K 1

Critical Current (uA)

2 L L 1

-100 -50 0 50 100
Applied Field (mA)

Fig. 2. Magnetic diffraction patterns for (a) a 20 micron YBCO
junction and (b) a 10 micron 5% Ni-doped YBCO junction.
Neither diffraction pattern shows any large asymmetry and is
consistent with a pure d-wave order parameter.

It is possible that no complex order parameter
is observed because the conditions at the interface
are not conducive to the nucleation of a secondary
superconducting phase. In an effort to change the
properties near the grain boundary junctions, we
have doped the YBCO films with a series of dif-
ferent impurities. Tunneling studies in Pr-doped
YBCO wave show the zero-bias conductance peak
is reduced as the Pr content is increased. Fig. 3(a)
shows the magnetic diffraction patterns for a 10
micron YgPry,BaCu;0;_ 5 junction on a 45-
degree asymmetric STO substrate. At 40 K, the
magnetic diffraction pattern is symmetric, consis-
tent with d-wave symmetry. As the sample is
cooled the magnetic diffraction pattern becomes
distinctly asymmetric and the zero field critical
current increases. To check that time-reversal
symmetry is being broken, we reverse both the
junction current and the magnetic field current and
measure the junction again. This is equivalent to
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Fig. 3. Magnetic diffraction patterns for (a) a 10 micron 20%
Pr-doped YBCO junction from 40 to 4.4 K and (b) both posi-
tive and negative critical current at 4.4 K. Asymmetries in the
patterns are symmetric through the origin indicating no broken
time-reversal symmetry. These asymmetries are caused by self-
field effects.

reversing time. Fig. 3(b) shows both the positive
and negative magnetic diffraction patterns for the
same junction at 4.4 K. On this graph, time-
reversal symmetry shows up as symmetry through
the origin. All the asymmetric features in Fig. 3(b)
show the same symmetry through the origin indi-
cating the asymmetry is not caused by broken
time-reversal symmetry expected from a complex
order parameter. These asymmetries are due
to self-field effects and they grow in strength with
increasing critical current as the temperature
decreases. It is not enough for there to be an
asymmetry, it also must be time-reversed asym-
metric.

Doping with certain materials can affect the
carrier doping in the CuO, planes and has a large
effect on the barrier properties [17]. It has been
shown that partial replacement of Y3* in YBCO
with Ca?* causes the CuO, planes to be overdoped
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Fig. 4. Magnetic diffraction patterns for (a) a 15 micron 30%
Ca-doped YBCO junction showing no large asymmetries and
(b) both positive and negative critical current at 0.35 K. Small
asymmetries are symmetric through the origin indicating they
are not due to time-reversal symmetry breaking.

and increases the critical current density across
grain boundaries. Conversely, partial replacement
of Cu>* with Co*" underdopes the CuO, planes
and decreases the critical current density [18]. We
have measured junctions with both Ca and Co
doping in an effort to induce a secondary order
parameter. Fig. 4(a) shows the magnetic diffrac-
tion pattern for a 15 um Y,;Cag;Ba,Cus;O7_;
junction on a 45-degree asymmetric STO substrate
for several temperatures. The magnitude of the
critical current is larger than the pure YBCO,
consistent with Ca doping in other grain bound-
aries. There are no significant asymmetries seen in
this junction. Fig. 4(b) shows both the negative
and positive magnetic diffraction patterns for the
same junction at 0.35 K. The small asymmetry
near zero field is symmetric through the origin
indicating pure d-wave with small self-field effects.
Fig. 5(a) shows the magnetic diffraction pattern for
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Fig. 5. (a) Magnetic diffraction patterns for a 20 micron 10%
Co-doped YBCO junction. The junction was voltage biased to
measure the current modulation and the data fit to a resistively
shunted junction model to see the structure. (b) Magnetic dif-
fraction patterns for both positive and negative critical current
at 0.35 K.

a 20 um YBa,Cu,9Cog07_s junction. The mag-
nitude of the critical current in this junction was
reduced, around 1 pA, consistent with Co doping
in other grain boundaries and was difficult to
measure. The critical current was extracted from
the current measured at a voltage criterion of 10
puV using an RSJ model. There are some asym-
metries in the pattern near zero field but they seem
to become more symmetric with decreasing tem-
perature. Fig. 5(b) shows the check of time reversal
symmetry for the same junction at 0.35 K. There
are some small asymmetries that are mirror sym-
metric (about the y = 0 axis) consistent with bro-
ken time-reversal symmetry but they do not
appear to grow stronger with decreasing temper-
ature. These asymmetries are consistent with
trapped vortices in the film near the junction that
couple flux into the junction.
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Fig. 6. (a) Magnetic diffraction patterns for a 30 micron
BSCCO junction from 20 down to 1.9 K. As the temperature
decreases, the critical current peak at zero field increases at a
faster rate than other peaks in the pattern. (b) The critical
current maximum of the central peak and the side peak, cen-
tered at 3.5 mA, plotted as a function of temperature.

Besides doping, the properties of the grain
boundary will be affected by the growth process
and the cuprate material being grown. In an effort
to test this, we have measured transport properties
of BSCCO grain boundary junctions grown by
layer-by-layer molecular beam epitaxy (MBE)
which yields atomically flat films. Fig. 6(a) shows
the magnetic diffraction patterns for a 30 pm
BSCCO junction at temperatures from 20 down to
1.9 K. There are no large asymmetries appearing
with decreasing temperature, consistent with pure
d-wave symmetry over the temperature range
measured. We do observe a peak in the critical
current at zero field which increases more rapidly
with decreasing temperature than any of the other
peaks in the diffraction pattern as shown in Fig.
6(b). This is in contrast with other grain boundary
junctions we have measured in which all of the
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peaks in the diffraction pattern have the same
temperature dependence and maintain their rela-
tive size. The most striking feature of this peak is
that its width is precisely half the width of the
other peaks in the diffraction pattern. Since we
expect the minimum field feature size to be set by
the magnetic junction area, we believe this is most
likely due to a sin(2¢)) component in the current—
phase relationship. Current—phase relationships
with periodicity 2¢ have been predicted for tun-
neling in the node direction for which the first
order tunneling into the plus and minus lobes
cancels [19-21] and recent measurements of this
relationship in YBCO grain boundary junctions
have also shown similar 2¢p components [22]. The
MBE junctions may be more likely to show effects
of higher order due to their cleaner and flatter
grain boundary interfaces.

We have shown that transport properties of
grain boundary Josephson junctions should be
sensitive to changes in pairing symmetry predicted
to occur in d-wave materials. Previously we have
reported no evidence of complex order parameter
at the grain boundary surface in YBCO or for a
bulk transition to a complex order parameter in
Ni-doped YBCO [16]. Attempts to change the
character of the grain boundary interface in
YBCO by doping with Pr, Ca, and Co have also
shown no evidence of broken time-reversal sym-
metry. Diffraction patterns from a grain boundary
Josephson junction grown by MBE show a peak at
zero applied field with anomalous temperature
dependence and short modulation length possibly
consistent with a sin(2¢) component of the cur-
rent—phase relationship.
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