2038

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 9, NO. 2, JUNE 1999

Transport Properties of Bulk-Bicrystal Grain Boundaries in Artificially
Joined Large-Grain YBCO

A. D. Bradley, R. A. Doyle, D. Charalambous, W. Lo, D. A. Cardwell, A. M. Campbell
IRC in Superconductivity, University of Cambridge, Madingley Road, Cambridge CB3 0OHE, U.K.

Ph. Vanderbemden
SUPRAS, Montefiore Electricity Institute B28, University of Liege, Sart-Tilman, B-4000 Liege, Belgium

Abstract—A technique for joining large-grain
YBCO has been used to produce bulk-bicrystal grain
boundaries of different orientations. The behaviour
of boundaries nominally of 0°[100], 0°[001] and asym-
metric 15°[100]-tilt misorientation have been investi-
gated using low frequency transport measurements in
fields up to 7T. The boundaries exhibit a metallic
normal state and a superconducting transition which
broadens with increasing field having an irreversibil-
ity line which closely matches that of the adjoining
grains. This same qualitative behaviour is seen in all
the samples measured for field applied parallel and
perpendicular to the c-axis and up to the highest cur-
rent densities employed (20 Acm™?). Variation be-
tween the different samples due to microstructural dif-
ferences are discussed. We interpret these results as
strong suggestive evidence that this joining technique
can be used to produce strongly-coupled large-grains
for bulk-scale engineering applications.

I. INTRODUCTION

The development of large-grain (RE)BCO materials
has generated wide interest in the potential use of super-
conductors in bulk-scale engineering applications which
require large magnetic fields. The details of preparation
of such materials and limiting factors in their growth are
discussed in [1] and [2]. It is clear that production of sam-
ples larger than a few cm will be more easily enabled by
joining technologies than by changes in the growth tech-
nique. Thus the properties of artificial grain boundaries
in these materials are of considerable interest. Although
clean well-defined (non-meandering) grain boundaries can
be produced in large-grain YBCO using a dual-seeding
technique [3] and some other joining experiments have
been carried out [4]-[6], there is surprisingly little gen-
eral research in this area, given its potential technological
importance. Several important differences exist between
the current carrying ability of bulk-bicrystal grain bound-
aries compared to those in thin films [7]. Some differences
may be expected because bulk samples are always much
thicker than expected Josephson penetration depths [8]
while meandering in thin film boundaries may lead to in-
creased pinning of Josephson vortices [9]. In general how-
ever much work remains to be done to understand fully
the behaviour of bulk grain boundaries.
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In this study we have performed transport measure-
ments on large-grain YBCO joined using the technique
developed by Lo et al. [2]. We discuss their behaviour in
terms of the artificial grain boundary which is created at
the interface.

II. EXPERIMENTAL

Large grains of melt-processed YBayCuzCOr_s were
joined and re-oxygenated following the technique de-
scribed in [2]. Fig. 1 shows schematically the different
joins used in this study and the direction of transport
current flow, J. The 0°[100] and 0°{001] boundaries will
here-in be denoted ab® and c? respectively and the asym-
metric 15°[100]-tilt boundary, ab'®. The typical sample
size after joining was 2 cm®. Several samples of approxi-
mate dimension 2mm X 0.5 mm X 0.3 mm were cut from
each large piece and finely polished (0.25 pm) to reveal
the microstructural features. The grain orientation was
confirmed optically by observing the misorientation of
platelets and in the case of the zero-angle boundaries
the continuity of twin boundaries in crossing the artifi-
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Fig. 1. Schematic of the artificial grain boundary geometries. The
direction of current flow, J, is labeled along with the platelets (par-
allel to the ab-planes) and c-axes in each grain. The actual sample
orientations have been found to be within 3° of these nominal values
as determined by optical and X-ray measurements.
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cial boundary. Samples free from visible microcracks and
containing only minimal amounts of liquid phase at the
boundary [2] were selected for transport measurements.
At least two samples of each boundary type have been
measured to confirm the generality of our conclusions.

In addition one of the ab®-joined samples which had
previously been shown to have intimate coupling between
the grains [10] was thinned to ~50 pm and cut into bars of
width ~100 ym using a miniature wire saw. This enabled
higher current densities to be obtained without the need
for large currents which can lead to ohmic heating at the
contacts.

Four-point electrical contacts with a specific contact re-
sistance of ~107% Qcm? were made to all the samples [11].
Voltage contacts on either side of the boundary in both
grains (see Fig. 2 inset) allowed the resistance across the
boundary as well as in the grains to be measured simul-
taneously. This was carried out with nanovolt resolution
using a 72 Hz current source and lock-in amplifiers with
low-noise transformers. A goniometer stage on the sam-
ple probe allowed the accessible fields (up to 7T) to be
applied either parallel to the ab-planes or the c-axis of
either grain. In addition isothermal magnetization mea-
surements were made on individual grains using a Quan-
tum Design SQUID magnetometer.

I1I. RESULTS

Fig. 2 shows the field-dependent broadening of the re-
sistive transition in one grain (G1) and across the bound-
ary (GB) for a thinned ab® sample with current density,
J ~ 20 Acm~2, The applied field direction, H, was par-
allel to the c-axis as shown in the inset. The grain tran-
sition is sharp in zero field and broadens with increasing
field as is usually observed in HTS. The transition for the
other grain (G2) was identical apart from a small differ-
ence in T, of 0.3K (see below). At temperatures below
that at which the grains adjoining the GB become su-
perconducting the GB resistance shows a distinct “foot”
for R < 1073 which is due to the GB normal state
resistance, Ry. This indicates metallic behaviour with
positive dRn/dT. At lower temperatures the resistance
of the GB falls below our sensitivity. The broadening of
the GB transition follows very closely that of the grains,
the main difference being a shift in T, of about 2.5 K (the
data for the GB are weakly non-linear so this estimate is
an upper bound). The behaviour with H,//ab is qualita-
tively the same except that the transitions for the grains
and GB are shifted to higher temperatures as expected
from the anisotropy of the material.

The resistive transitions for the grains and GBs in sam-
ples of all three join configurations shown in Fig. 1, all
with similar cross-sections, are presented for comparison
in Fig. 3 with J ~ 0.5Acm™2. The applied field was
0.4 T parallel to the c-axis in all cases except the sample
ab'® where it lies at 15° to the c-axis in one of the grains.
The transitions are plotted in terms of the resistance-area
product (RgpA) so as to effectively compare the GB nor-
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Fig. 2. Resistance measured in one grain, Rgy (solid lines) and
across the grain boundary, Rgg (marked by points) as a function
of temperature for a thinned ab® sample with current density J ~
20 Acrn—2. Applied field, poHq was 0, 1, 2, 3, 4, 5, 6 and 7T
parallel to the c-axis, as shown in the inset.

mal state resistivities (strictly speaking the GB resistivity
multiplied by the width of the disordered GB region). For
clarity, the grain resistance is normalised to Rgp above
T, where it is dominant. Measurements on two samples
of each type show that the broadening of the GB tran-
sition in the c® sample is larger than for ab® while that
of ab'? is intermediate between the other two. Note that
in the c® sample H,//J but the resistivity broadening
in the grains was no different to that in the other sam-
ples, so no Lorentz “force-free” effects were apparent [12].
The Ry A values for the ab-joined samples here are higher
than those of thin-film bicrystals which lie in the range
1071 ~1073 ufdem? [13], although we have found values as
low 6 x 10~2 uflem? in some samples from the same start-
ing material [10]. We believe these differences to be due to
variations in the effective boundary contact area caused
by liquid phase trapped at the boundary [2]. Significantly,
the ¢V sample has an RyA value which is larger than the
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Fig. 3. The temperature dependence of the resistance-area prod-
uct, Rq A, where A is the whole sample-cross section for the three
different joined samples: ab® (circles), abl® (squares) and c® (tri-
angles). The applied field was 0.4 T parallel to the c-axes and the
current density was ~0.5 Acm~2. The resistance of the grains (open
symbols) is normalised to Rgp above T¢.
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ab-joined samples by a factor of about 150 and cannot
therefore be accounted for by the resistivity anisotropy
alone (p:/pqs = 30— 60 in the grain material). Note that
the behaviour in Fig. 3, and in particular the differences
between the samples, does not change qualitatively with
either field or current.

A “resistive irreversibility line”, ILg, for the grain
and GB in each of these three samples has been ex-
tracted from the resistance-temperature data (measured
with J & 0.5Acm™2) using a criterion of 5 x 10~7 Q. The
inset to Fig. 4(a) shows the ILg for the sample ab®. Also
shown is a “magnetic irreversibility line” for the grain
material extracted from magnetisation hysteresis loops
at different temperatures using a criterion of 25 Acm™2.
The irreversibility field, H;,,, for the grain and GB in all
three samples was found to fit a power-law dependence,
Hir = Ho(1 — T/T.)*/3, as found for the irreversibility
and melting lines in YBCO single crystals {14]. The val-
ues of the fit parameters obtained for each of the samples
are given in Table I. In order to allow easier comparison
between the IL’s for the three types of grain boundary
we have normalised the irreversibility field of each sam-
ple to the value of the grain irreversibility field, HSF,
at 76K and 87K for H,//c and H,//ab, respectively.
This construction is shown in Fig. 4(a) for fields applied
parallel to the c-axis and (b) for fields parallel to the ab-
planes. The data are also plotted as a function of reduced
temperature, T/T,, where T, corresponds to that of the
grain. This allows us to account for small variations in T,
within the grains of different samples. These arise from
variations in cation content in the samples from different
positions relative to the seed crystal in the original large-
grain [15]. Fig. 4(a) shows that the trend in the behaviour
of the three boundaries shown in Fig. 3 for H, = 04T
persists for all fields up to 77T. The ILg of sample ab®
follows that of the grains very closely while for samples
ab?'® and c® the differences between grain and GB grow
slowly with increasing field. Similar behaviour is seen in
Fig. 4(b) for H,//ab, except that the IL’s of c® and ab'®
lie closer to one another.

TABLE 1
Fit parameters to the relation Hj,, = Ho(1 — T/Ta)‘;/3 for the resistive
irreversibility lines in all three samples.

GB Grain

Sample puoHo[T] Te[K] poHo[T] 7T:[K]

ab? 80 89.8 88 91.2

Hyl/c abl8 56 87.5 75 90.3
c? 48 87.0 80 91.0

abl 550 89.5 500 91.0

H.//ab  abl® 260 87.5 500 91.0
0 270 86.5 480 90.8

IV. DiscuUssION

The data in Figs. 4(a) and (b) show that the irre-
versibility lines for all the artificial grain boundaries lie
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Fig. 4. Resistive irreversibility lines ILg for the grains (open data
points) and GB’s (solid data points) in the three samples: ab® (cir-
cles), ab!® (squares) and c® (triangles). The irreversibility fields,
Hjyr, are scaled to H;., for each grain at 76 K for Ha//c (a) and
at 87K for H,//ab (b). The reduced temperature axis is scaled
to the T, of the grains. The curves are fits to the power law re-
lation Hier = Ho(1l — T/Tc)4/3, the values for which are given in
Table I. The inset in (a) shows the ILg for grain (open circles) and
GB (closed circles) in sample ab? along with a “magnetic IL” for
the grain material (solid curve).

fairly close to those of the grains themselves. This is in
marked contrast to what is expected from “weakly linked”
boundaries (e.g. most high-angle natural bulk-bicrystal
boundaries) where a pronounced field dependence is ob-
served, even in fields of order mT [7], [11]. The slightly
reduced T, for all the grain boundaries here may be due
to lattice strain, cation contamination, or to a difference
in the requirements for optimum oxygenation in grain and
boundary and requires further detailed micro-chemical
and microstructural analysis. Furthermore, the thinned
sample in Fig. 2 exhibits a lower T, for the boundary than
the thicker sample from which it was cut. We are as yet
unable to determine whether this is due to damage oc-
curing during sample preparation, or to microstructural
inhomogeneity along the joined boundary. The ILg which
we define indicates an upper bound for the temperature
at which the critical current of the sample becomes equal
to the applied current. This is confirmed by the data
in the inset of Fig. 4(a) where the magnetically deter-
mined IL (which gives a lower bound for the true onset
of a critical current) is shown together with the ILg for a
grain in an ab® sample. Note that the criterion at which
the ILR is defined lies more than five orders of magnitude



below the normal state resistance of the grain, giving con-
fidence that a critical current is developing. Ideally, the
critical current should be evaluated in detail as a func-
tion of both field and temperature. For typical sample
cross sections in this work, a critical current density of
10* Acm™—2 would require application of ~30 A to the sam-
ple. Although we are able to achieve sub-ohmic contact
resistance, this nonetheless incurs considerable joule heat-
ing and requires pulsed-current techniques. This work
is in progress and we concentrate here on determining
the maximum field-dependent temperatures at which the
boundaries will carry supercurrent. In general, and as

discussed above, bicrystals which have small critical cur-

rents frequently display a pronounced field dependence,
contrary to what we observe here. The quality of all the
boundaries is further suggested by their metallic normal
state resistance. In the case of the ab® sample in particu-
lar, this is confirmed by recent TEM studies which show
regions in which the recrystallised boundary is flat and
almost perfect on an atomic scale [2].

Next we consider the differences between the different
types of boundary. It is well known that the critical cur-
rent of boundaries in YBCO thin films falls dramatically
for tilt angles larger than about 10°. In bulk bicrystals
the trend is the same although not as pronounced [7]. It
is therefore not surprising that the performance of sample
ab!® is inferior to that of the ab® samples. On the other
hand, the properties in this sample are not suppressed far
below the ab? sample. Optical micrographs indicate that
the boundary displays periodic faceting (on a scale of the
platelet boundaries, i.e. ~1-5 um) with the boundary in-
termittently parallel to each grain. We believe that the c®
sample may be inferior to the ab® sample due to the role
of the liquid phase which controls recrystallisation at the
boundary. In the c® sample, optical micrographs reveal
that considerable amounts of this phase are still present
in the boundary. This is consistent with the enhanced
Ry for the boundary and along with a contribution due
to the critical current anisotropy (J2*/J¢ ~ 10 in the
grains [11]) may account for the suppressed IL.

Finally, it is interesting to note that, in addition to the
form of the irreversibility line, the anisotropy in the be-
haviour of the boundaries is very similar to that of the
grain. This suggests that similar mechanisms may con-
trol the onset of dissipation in the grain and boundary
and is in agreement with experiments which show that
grain boundary critical current can be changed by chang-
ing that in the grains themselves [16].
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V. CONCLUSION

We have measured the field dependence of the resistive
transitions in artificial grain boundaries of three different
orientations and found that the behaviour in all the sam-
ples is consistent with strong coupling between the grains.
We conclude that this new joining process is promising
for the production of bulk-scale high-field engineering ap-
plications requiring macroscopic supercurrent flow over
length scales larger than those obtainable in individual
large-grains.
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