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A study of grain alignment and its effect on the dc transport critical current in fine-grained
bulk YBa,Cu,0, _ ; is reported in magnetic fields from 10~ T to 26 T. Two features
distinguish the critical current density J, of aligned bulk Y,Ba,Cu;Gy _ 5 from unaligned
material. First, the effective critical field where the intergranular J, approaches zerc is about
four times higher (30 T) for aligned samples with field parallel te the g, & planes, than

it is for polycrystalline unaligned samples (7 T). Second, the nearly field mdegendem plateau

value of J, between 10 mT and 1 T is one to two orders of magnitude higher than typlcai
plateau values of J, in unaligned bulk-sintered Y ,Ba,Cu,0, _ 5, for field paraliel to the

a, b planes. A low-field ( < 10 mT) weak-link decrease in J, with magnetic field is still
observed, but it is much smaller than for unaligned material. These data clearly demonstrate
that alignment alone significantly reduces the weak-/ink problem in fine-grained
potycrystalline samples with low-aspect-ratic (4:1) grains (unlike meit-grown samples where
there has been some ambiguity as {o the relative importance of alignment versus large

grain growth). Furthermore, the results provide strong evidence that there are two parailel
components of intergranular current conduction, one consisting of weak-linked material,

the other behaving like intrinsic intragranular material that is not weak-linked. A comparison
with unaligned Y,Ba,Cuy05 _ 5 indicates that the volume fraction of such nonweak-linked
material s significantly enhanced by grain alignment, but stili only 0.01%-0.19% of

the grain boundary area. Field-cooled and force-free J, data are also presented, along with
detailed measurements of the shapes of the voltage-current characteristics.

I. INTRODUCTION

A. Background

Recent data on the transport critical current density J,
of bulk sintered Y-, Bi-, and Tl-based high-7, supercon-
ductors over a wide magnetic field range have shown a
double-step characteristic, where J, decreases rapidly with
an approximate B~ 32 sower dependence on the magnetic
field B (=poH) starting at about 10 % T and ending be-
tween 10~ *and 10 "2 T, depending on the sample.! Above
this low-field regime there is 3 wide field range where J, is
relatively independent of magnetic field. At still higher
fields, J, eventually decreasing to zero, above ~5 T-7 T for
Y-based bulk-sintered materials and above ~2 T for Bi-
and Tl-based bulk-sintered materials, at 76 K. The low
field (<« 1072 T) drop is fit well by a theory of Josephson
weak links occurring at the grain boundaries; this was in-
terpreted as evidence for weak-link decoupling of the grain
boundaries in this low-field regime. However, such a weak-
link model cannot explain the relatively field independent
behavior of J, at higher fields (> 10~ 2 T),uptoover 1 T.

This field-independent regime for the intergranular J,
resembles the nearly field-independent J, in single crystal-
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line sampies, and consequently it was speculated that this
higher field behavior was the result of a second component
of nonweak-linked intergranular conduction within the
bulk superconductor that is not decoupled by the magnetic
field.!? This second component of intergranular conduc-
tion is usually not observable at very low fields in materials
with a large fraction of weak-linked materia! because it is
masked by the much greater conduction of the (not yet
decoupled) weak-linked material. More recent transport
data on an isolated single weak-linked grain boundary in
thin films™* suggests that large variations in J, occur along
a single grain boundary and, thus, this second component
could arise from regions of strong conduction within each
grain boundary (e.g., microbridges).’

The resemblance of this second nonweak-linked com-
ponent to the /niragranular critical current is further evi-
denced by the close correlation between the value of the
field at which the transport J, of unaligned polycrystalline
samples' decreases to zero at high fields and with the ef-
fective critical feld H%(ljc axis) measured for transport
conduction in single crystalline samples®® and samples
with decoupled, aligned grains in epoxy'™! [where
H%(llc axis) is the value of % in single crystalline sam-
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ples when the magnetic field is oriented along the unfavor-
able c-axis direction].

B. Aligned YBa,Cu,0,

An investigation of the transport J, in efigned materi-
als provides a good test of this model. I such a second
component of infergranular conduction exists that is not
weak-linked, but behaves instead like the intregranular J,,
then it would be expected to extend to much higher fields
before being suppressed to zero, for field along the a, b axes
in aligned polycrystailine materials. It would also be ex-
pected to exhibit the same anisotropic Aux-flow character-
istics observed in single-crystalline samples. Thus, to test
this hypothesis, extensive dc transport J, measurements
were made on polycrystalline bulk superconductors with
grains that were both aligned and electrically coupled at
high fields. In addition to the high-field properties, it was
also of interest to see if grain alignment had any effect on
the weak-link nature of the transport /, at low fields. Con-
sequently a series of measurements were carried out on the
dec transport J,. of these aligned, coupled materials over a
very wide magnetic field range from 10 "% t0 26 T.

Our approach'? to the alignment of the grains was
based on the discovery by Farrell and his co-workers'® that
single-crystal particles of Y Ba,Cu;0,_ 5 (YBCO) could
be aligned at room temperature by the application of a 9.4
T magnetic field, with the alignment caused by the anisot-
ropy in the paramagnetic susceptibility. In their experi-
ment, the particles were suspended in epoxy at a 27%
volume lcading. In our experiments the sample preparation
is unique in that the magnetic alignment was carried out in
a2 manner that allowed the sintering of an aligned bar,
vielding electricaily connected grains and a conducting
specimen. '

The first two sections of this article describe the mag-
netic alignment technique used to fabricate these YBCO
samples and the degree of alignment obtained as measured
by x-ray and neutron diffraction. The next section
describes the technique used to measure the dc transport
J.. Results of J, measurements obtained continuously over
five orders of magnitude of magnetic field, at both liguid-
nitrogen and liquid-helium temperatures, are then pre-
sented. In making these measurements, we oriented the
magnetic field both perpendicular and parallel to the a.b
(Cu-0) planes, with transport current applied along the
a,b planes. Measurements are also given for the force-free
J,, wherein the magnetic field is oriented paraliel ic the
applied transport current.

The main result of this work is the demonstration of
the significant improvement in the intergranular J, that
accompanies alignment, even in fine-grained bulk sintered
samples with low-aspect-ratio (4:1) grains. The data
clearly demonstrate for the first time that alignment re-
duces the weak-link problem in polycrystalline samples
with many (500-1000) grain boundaries between the mea-
surement voltage taps.

Five features of these data are discussed in detail: the
evidence for nonweak-linked transgranular supercurrents,
the close correspondence between the magnetic-field de-
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FEG. 1. ac susceptibility vs temperature measured at 1 mT for two sam-
ples cut for transport J. measurements with field parallel (O) and per-
pendicular (T7) to the a,b planes.

pendence of J. and the sharpness of the superconducting
transition in the voltage-current characteristics, a signifi-
cant rise or peak (~ 1009 increase} in the J-vs-B char-
acteristic for 8 parallel to the Cu-O planes, an enhance-
ment of the weak-link decoupling field compared with
unaligned samples, and an increase in the intergranular J,
and A% when temperature is reduced to liquid-helium tem-
peratures.

. SAMPLE PREPARATION

The samples were prepared from powders of
Y Ba,CuyO4 _ 5 obtained by multiple reaction and grinding
of high-purity Y,0s, BaCQO,, and CuO.'* X-ray diffraction
of the powders showed them to be x-ray phase pure. The
powders (S-pm volume-weighted average diameter) were
suspended in heptane plus a deflocculant, vibromilied for
30 min, and poured into an alumina boat in the 4-T mag-
netic field of a medical imaging magnet. The suspension
was left in the magnetic field for approximately 12 &, dur-
ing which time the particles aligned and settled, and the
heptane evaporated and left a dry cake. The dry cake was
removed from the magnet, sintered in flowing oxygen for
10 h at 950 °C, and cooled to room temperature at a rate of
20 °C/h. At no point was the material compacted by the
application of pressure. The resulting block (about
9X%3.5 0.7 cm) was cut into samples for J, testing using
a diamond saw without cutting finid. The J, samples had
cross-sections approximately 1 mmX3 mm, and were
about 15 mm long. The critical temperature of the sample
was found by ac susceptibility to have an onset at 91.53 K
and a transition midpoint at about 89 K in a magnetic field
of 1 mT (see Fig. 1).

ill. SAMPLE CHARACTERIZATION

The samples were characterized initially by x-ray dif-
fraction, light microscopy, transmission electron micros-
copy, and magnetic hysteresis measurements.'>® The re-
suits are briefly summarized here. The x-ray 6-20
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FIG. 2. Micrograph of sample surface showing grain-surfaces (a) normal
to c-auis, {b) normal to o and b axes (paralle! to current direction), and
{¢) normal to g and & axes (perpendicular to current direction).

diffraction patterns were consistent with complete align-
ment, but appreciable misalignment can go undetected in
such a scan. For this reason x-ray rocking curves were
obtained using the (005) reflection; the full-widih-at-half-
maximum was 12°-15°. X-ray pole figure measurements®®
yielded results in agreement with the rocking-curve resulis.
Since the effective penetration depth of the x-ray beam is
5-20 pum, only the surface of the sample is probed in the
x-ray diffraction, rocking angle, and pole figure studies.
Meutron diffraction, on the other hand, allows a measure-
ment of the alignment in the bulk of the sample. Such a
measurement'’ vielded an angular full-width-at-half-
maximum of 19°. Thus, significant alignment was obtained,
but the residual misalignment is far greater than that of
epitaxial thin films.

Light micrographs!® likewise indicate significant but
incomplete alignment, as shown in Fig. 2. The grains are in
the form of platelets with thicknesses cf about 5 um and
face dimensions of about 20X 20 pm. The c-axis is perpen-
dicular to the platelet. There are substantial regions devoid
of well-formed grains; these regions occupy roughly one-
third of the volume of the sample. Sample density is 75%
of the theoretical value for YBCO.

Measurements of electrical resistivity at room temper-
ature yielded an anisotropy ratio of 14:1, typically 450
4O cm in the nominal g b-direction and 6.3 m{} cm in the
nominal c-direction.
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V. EXPERIMENT

Low resistivity current contacts were made to the sam-
ples by a low-temperature process wherein the sample sur-
face was first sputter etched, followed by sputter deposition
of 6-um-thick Ag contact pads.'® The superconductor and
Ag pads were then oxygen annealed at an intermediate
temperature of 550 °C for 1 h."?! Two small copper bus
bars were soldered to the Ag contact pads with an indium-
alloy solder. The resulting contact resistivities were in the
range from 6> i0 % to §x10° 7 Qcm? at 76 K and
3107 60 4x107 R em® at 4 K.

Samples were tested with the transport current applied
along the a,b plane, and with magnetic field either perpen-
dicular or paraliel to the a.b plane {and normal to the
current, unless otherwise specified). A four-terminal dc
method was used to determine the transport critical-
current density. Voltage taps were ulirasonically soldered
to the sample surface using an indium alloy solder, since
very low contact resistance is not needed for voliage detec-
tion. The distance between the two voltage taps was 3.7
mm. The de voltage detection limit of cur apparatus was
about 3 nV.

The critical-current density was determined using a 1
@#V/mm offset criterion in order to minimize the sensitivity
of J, to the criterion level.” The offset criterion consists of
taking the tangent to the E-J curve at a given electric-field
level, £, The critical current is defined as the current
where this tangent extrapoiates to zerc electric field. The
offset criterion defines an intrinsic superconducting J, that
goes to zero where the E-J characteristic of a material
hecomes completely chmic, unlike conventional criteria
where the defined J, is the result of an arbitrary interaction
between criterion level and normal-state conduction. Es-
sentially, the offset criterion is similar to the electric-field
criterion, but it eliminates the normal-conduction compo-
nent inherent in the electric-field criterion, and much of the
arbitrariness associated with the criterion level at high
magnetic fields near the upper critical fieid.

The measurements were carried out using a magnet
designed to aliow continuous variation of the applied mag-
netic field over five orders of magnitude from 10~ %10 10T
in the same cryostat without thermaily cycling the sample.
Measurements were carried out both in liguid nitrogen at
76 K and in liquid helium at 4 K (the temperatures are
slightly lower than those typically quoted because the mea-
surements were made about 1600 m above sea level), The
magnetic field was ramped monotonically (without over-
shoot) to the desired measurement field.

For magnetic field applied parallel to the a,b planes at
fields between 0.02 and 5 T, the critical current decreased
slowly with time over a period of several minutes if the
transport current was left applied to the sample at a value
near the critical current. Data were obtained after J, ap-
proached an asymptotic value and the drift had slowed to
a negligible level ( <0.5%/min}. The largest total decrease
was about 5% and occurred at about 0.1 T.

The critical current was measured not only in the usual
way with field perpendicular to the applied transport cur-
rent, but also in the “force-free” configuration with field
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FIG. 3. Intergranular transport J, (B) characteristics of aligned
Y Ba,Cu,y0, _ , for two magnetic-field ortentations at liguid-nitrogen tem-
perature. Force-free J, values (parallel current and field) are shown by
symbols filled with an . Note the significant enhancement in the trans-
port critical ficld and plateau J, value for magnetic field paralle to the a,b
planes.

parallel to the applied transport current in the a,b plane.
This was done by rotating the sample (at constant field) in
the bore of a radial access magnet without removal of the
sample from the cryostat (to avoid thermal cycling). After
rotation back to the original (perpendicular) field orienta-
tion, the critical-current density was slightly { < 15%) dif-
ferent because of trapped flux effects from the field-angle
rotation. To eliminate this effect, the magnetic field was
cycled to zero after every such rotaiion und then raised
back to the original value, where J, was observed to repro-
duce the value originally measured before field rotation.

A special procedure was used fo assess the difference
between flux-exclusion and flux-expulsion effects on J, The
sample was cocled in field from just above T, to liguid-
nitrogen temperature and then J, was measured in this
field-cooled state. This procedure was repeated at each
level of applied magnetic field in order to obtain a fleld-
cooled J (B) curve to compare with the more usual zero-
field-cooled data.

For these field-cooled tests, the voltage would some-
times jump to a higher level and stay there when the cur-
rent approached J,. The largest jumps were about 1 ¢V and
occurred at about 0.1 T, diminishing to about half this size
at 1 T. They occurred only when the applied magnetic field
was oriented perpendicular to the a,b planes, and not for
field applied parallel to the a,b planes. J, decreased by less
than 3% for the largest voltage jumps.

V. RESULTS
A JAB) at 76 K

Figure 3 presents the dc transport critical-current den-
sity J, along the a,b planes as a function of magnetic field
applied parallel and perpendicular to the g,b-axes, at
liguid-nitrogen temperature. The open symbols present the
data measured for mutually perpendicular current and
magnetic field; X -filled symbols denote the force-free case
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where the applied magnetic field has been rotated paraliel
to the current direction from either the Bjla,b direction or
Bla,b direction.

The data for field paraliel to the a,b plane (circles in
Fig. 3} show a deviation from the double-step characteris-
tic that is generally observed in bulk unaligned polycrys-
talline high-T, superconductors.! The first low-field step is
observed, similar to the unaligned case, but then, in con-
trast to the unaligned case, this is followed by a large rise
in J, at intermediate fields between 10 and 50 mT. This rise
appears slight on the log scale of Fig. 3, but actually cor-
responds toc a 100% rise in J, from its low point at 10 mT.
Such a peak or rise in the J.(B) curve has been consistently
observed for field parallel to the a,b plane in repeated mea-
surements.

In the region between 10 ~? and 1 T, the transport J,
for B parallel to the a,b planes is over 100 A/ cmz, which is
one to two orders of magnitude higher than the plateau
value of J. for typical unaligned YBCO samples. At 10 T,
the transport J, was still over 30 A/cm?. This is one of the
highest values of transport J.(10 T) for bulk-sintered
YBCO.

In addition to the much bigher platean value of J,
another difference compared with unaligned YBCO sam-
ples is that the high-field drop in J, is shifted to a signifi-
cantly higher magnetic field when the field is parallel to the
w,b planes. For unaligned samples, the effective critical
field for transport conduction B% (7'=76 K),
(B =poH%), is less than 7 T.! On the other hand, for
these aligned samples, B% was so high in the parallel ori-
entation that we had to perform a separaie measurement
using a high-field hybrid magnet to measure it. The results
are shown in Fig. 4. (The plateau value of J, in this sepa-
rate test, performed about 4 months after the low-field
measurements, is lower, indicating variability of the pla-
teau J, value in these samples with time.} The data in Fig.
4 show that B%(7T = 77 K} for this field orientation ap-
proaches 30 T, more than a three fold increase compared
with the unaligned case.

Figure 3 also shows the corresponding J-vs-B charac-
teristic when the magnetic field is applied perpendicular to
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the Cu-O planes (sguare symbols}. Here the data resemble
much more closely the two-step characteristic of unaligned
samples.! The low-field step is nearly the same as for the
parallel case, but there is no rise in J, at intermediate fields,
and 8% is only about 9 T, similar to the unaligned case.
Also the plateau value of J, for field perpendicular to the
a,b plane is about 5 times lower than for field paralle! to the
a,b plane. This is similar to the anisotropy observed at 77
K in the transport J, of high-quality epitaxial YBCO thin
films.

B. Force-free J,

The change in J, when field is rotated parallel to the
current, that is the “force-free” J, is showrn by X-filled
symbois in Fig. 3. The force-free J, shows no enhancement
over the usual Lorentz-force J, in the low-field regime and
& 50%-100% enhancement at intermediate magnetic fields
(10~ 2%-1 T). This is similar to the enhancement of the
force-free J,. above the Lorentz-force J, in the unaligned
case.” There is also a rise in the force-free J, data in Fig. 3
at intermediate fields between 10 and 100 mT for field
parallel to the a,b planes, similar to the J (£) characteris-
tic for the usnal Lorentz-force case.

C.JAB) at § K

Figure 5 shows the corresponding J,-vs-8 characteris-
tics at lower temperature, obtained at 4 K in liquid helium.
J_ is enhanced by 2 factor of a little more than 3, as is the
decoupling magnetic field where the first drop in J, occurs.
A small 20% peak in J, after the first drop still is observ-
able for the parallel-field case and not for the
perpendicuiar-field case, although it is much smaller than
at 76 K only ~209% instead of ~ 100%. The high-field
measurements at 4 K plotted in Fig. 5 show no significant
decrease in J, at fields up to the limit of the measurement
(27 T), indicating a significant enhancement in the effec-
tive upper critical field at this low temperature.
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FIG. 6. Transport 4. (#)} characteristics of aligned Y,Ba,Cuy3, _, ob-
tained by cooling the sample in the magnetic field at each data point.

D. Field-cooled J,

Figure 6 shows the transport J, measured on the same
sample in a separate experiment where the data were ob-
tained by placing the sample in the measuring field in its
normal state just above T, and then coeling to 76 K in field.
This was repeated at each measuring field. The field-cooled
transport J, data obtained in this manner show a low-field
step which starts at a decoupling field that is twice as large
as for the usual zero-field cooled data (4 mT in Fig. 6 vs 2
mT in Fig. 3). There is no significant peak in J, between 10
and 50 mT, unlike the zero-field-cooled case. The data still
show residual characteristics of the double-step pattern,
with a gradual leveling in the J.(8) curve starting in the
10~ 2 T range, followed by an increasing rate of fall at
higher fields.

E. Transition parameter a{=a{in VY/d{in N}

For unaligned polycrystalline samples, a plot of In Vvs
In 7 is remarkably linear over the entire range of measure-
ment, from about 1 gV/em to 100 pV/cm.! Thus, the V-7
characteristic for the unaligned polycrystalline case is a
nearly pure power law dependence, similar to conventional
strongly pinned superconductors.

For these aligned polycrystalline superconductors,
however, the voltege rises with current less rapidly than a
pure power law. An example of the ¥-7 curves is shown in
Fig. 7 for the case where B is paralilel to the 4,6 planes at
76 K. As seen in Fig. 7, the logarithmic V- characteristic
has negative curvature, d” In ¥/d” In 7 <0. A negative cur-
vature of the In ¥ vs In 7 curve, similar to that in Fig. 7,
was observed at both 76 and 4 K, and for both field orien-
tations (paralle! and perpendicular to the a,b planes).

The slope of the In ¥ vs In 7 curve, n, has been deter-
mined at an electric field of 10 4V /cm for each of the cases
studied and a typical set of results are plotted as a function
of magnetic field in Figs. 8 and 9. Here »n is defined by the
relation E«J” [or, equivalently, V« " or n=d(Iln ¥)/
d(In I)}. The higher the value of #, the sharper the take-off
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in the F-I characteristic at the critical current. Figures 8
and 9 show that, at high fields (> 1G~ 2 T)Y, nis much
higher for field oriented paralief to the a,6 planes than for
field perpendicular to the @,b planes. There is also a signif-
icant peak in the #(B) curve for B parallel to the a,b planes
at 76 K, similar to the J.(B) curve for this orientation
shown n Fig. 3. Values of # are fairly high in the plateau
regime [~20 and ~6 for the parallel and perpendicular
geometries in Fig. 8, but in some cases (as shown, for
example, in Fig. 7} can be as high as 60 at 76 K in the
plateau regime for B parallel to the ¢,b planes]. This indi-
cates a sharp superconductor-normal transition and a well-
defined critical current even at high fields.
At 4 K the shift in the n-vs-B characteristic is similar
to the shift in the J,-vs-8 characteristic on cooling from
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liguid-nitrogen to liquid-helium temperature. The decou-
pling field is enhanced and the overall magnitade of # is
higher. The peak in the r-vs-8 curve for field parallel to the
@b planes nearly disappears at 4 K, similar to the large
reduction in the J.(B) peak observed on cooling to 4 K.

Vi. DISCUSSION
A. Nonweak-link component of intergranular current

conduction
The observation that the transport J, in these fine-

grained superconductors persists to much higher magnetic
fields than for unaligned granular superconductors is sig-
nificant, both practically and fundamentally. As described
briefly in the introduction, the double-step behavior of the
J(B) characteristic in unaligned polycrystaliine supercon-
ductors has been ascribed to two parallel components of
intergranular current conduction, a low field (B< 107 % T)
component that is dominated by weak-link decoupling at

SRR D I AR

D o 1 S S B 1 R IR N

109

E, =1 uVimm
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FIG. 8. Transition parameter # as a function of magnetic field for aligned
Y;Ba,Cu,0; 5 measured for two magnetic-field orientations at liquid-
nitrogen temperature. The value of n was determined from the defining
relation E«J” (or equivalently Foal” a=din V/dIn I} at an electric

field £, = 10 gV/cm.
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the grain boundaries and a high-field (B> 1072 T) com-
ponent that is conduction tentatively ascribed to a small
fraction of remnant paths that are not limited by weak
links. The nonweak-linked component of transport J, that
emerges above ~ 10~ 2T is much smaller in polycrystailine
samples than in single-crystalline materials, it was specu-
lated, because the nonweak-linked second component oc-
cupies only a small fraction of material in polycrystalline
samples.

This hypothesis for the existence of a ncnweak-linked
second component of intergranular conduction was made
because of the resemblance of the magnetic-field depen-
dence of J, in polycrystalline samples above 1072 T to the
J.(B) curve of single-crystalline samples. J,(B) above
1072 T in both types of materials is nearly field indepen-
dent until relatively high fields > 1 T. The transport J, of
unaligned polycrystalline samples decreases to zero at
about 7 T, at 76 K. This field is very close to the vaiue of
B¥%(||c axis) measured in single crystalline samples {about
7 T at 77 K); it was argued that the low value of
B%(llc axis) dominates the unaligned polycrystalline case
because B% is about equal to B%(|ic axis) over a wide
range of field angles about the ¢ axis. Thus, the resem-
blance in field dependence and transport critical field value
is striking and led to the speculation that this high field
component of intergranular transport current was not be-
ing dominated by weak links, but by the anisotropic flux-
flow characteristic of the intragranular J..

The data reported here for aligned pelycrystalline
YBCO show a marked contrast to the earlier unaligned
data. For field oriented along the 4,k planes, the transport
J.at 76 K shown in Figs. 3 and 4 persists to 2 much higher
field of about 30 T. This is very close to the higher value of
B% measured in single crystalline samples for field along
the a,b direction, constituting strong evidence that the in-
tergranular transport J, of polycrystalline samples at high
fields ( > 10 mT) is in fact behaving like the intragranular
J,. and that intrinsic nonweak-linked conduction exists in
paralle! to the low-field weak-linked conduction.

This conclusion is further supported by the fact that
the platean J, values in Figs. 3 and 4 are larger for mag-
netic field along the a,b planes, than along the c-axis direc-
tion. This observed anisotropy is similar to that measured
over the same field range for intragranular YBCO material,
as determined from transport J.(B) studies on epitaxial
YBCO films. This suggests the very reasonable hypothesis
that the strong-linked material bridging aligned grain
boundaries has the same crystalline orientation as the in-
tragranular material on either side of the grain boundary.
The temperature dependence of B% is also similar to that
in single crystalline YBCQC. On cooling to 4 K, the zero-J,
critical field in Figs. 3 and 4 for the aligned fine-grained
samples increases to fields well beyond our measurement
capability, showing the same intrinsic tendencies observed
in transport J.( 8} studies on epitaxial YBCO flms.

According to this two-component model, the relatively
farge magnitude of the plateau J. also indicates that the
fraction of nonweak-linked current conduction is much
greater (about two orders of magnitude) for aligned poly-
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crystalline samples than for unaligned sampies. That is,
alignment greatly enhances the fractional area of nonweak-
linked material and hence J, at practical field levels
(>1072T).

B. Alternative explanations for the high-fieid
component

An aiternative explanation is that the broad J, platean
region arises from intragranular flux penetration above
B,,. That is, suppose there is only the weak-link conduction
component; above B, the flux starts to penetrate into the
intragranular material, lowering the flux concentration at
the grain boundaries to the extent that the weak-link J,
stops decreasing, even in an increasing applied magnetic
field. However, because of the need to cvercome the intra-
granular pinning force, it is difficult to see how this could
prevent the flux from rising at the grain boundaries with
increasing applied field over several orders of magnitude.
Rather, the onset of flux penetration might slow the rate of
increase of field at grain boundaries, but not stop it com-
pletely over such a wide magnetic-field range (1072 T to
over ~! T), which is needed to explain the platean region
of the J.-vs-B curve if all transport current conduction
were weak-linked.

The enhancement in the plateau J, over that in un-
aligned polycrystalline samples also cannot be explained
sitaply by an increase in the aspect ratio of the grains. The
grain aspect ratio for these samples is only 4, far tco small
tc account for the observed increase in the plateau J, by
one to two orders of magnitude.

It has also been suggested that, instead of strong-linked
material, the high-field component arises simply from per-
colation paths of weak-linked grain boundaries that are
aligned exactly perpendicular to the applied magnetic field.
That is, for such grain boundaries there is no component of
magnetic field threading the weak link barriers and no de-
coupling of the weak-links. Such a model fails, however, to
explain the persistence of J, to fields over 30 T. This is an
enhancement by many orders of magnitude over the usual
weak-link decoupling field of a few mT. To achieve such an
enhancement in the decoupling field in these samples
would require the grain boundaries to be aligned with the
magnetic field to within 1 part in 10*. But the angular
spread in the crystal orientation is no better than about 10°
(FWHM) in these samples, and closer to 19° as measured
by neutron diffraction. Also, this explanation fails to ex-
plain why the magnetic field where /. is suppressed to zero
is consistently about 30 T, for field parallel to the a.b
planes. If the conduction were controlled by weak links,
the zero-J, field should vary greatly with the geometry of
the grain boundaries and not be coincident with the value
of B%(||a,b planes) measured in single-crystalline YBCO
or epitaxial-film samples.

On the other hand, the two-component, nonweak-link
model described above is at least consistent with all these
factors, including the very high value of 8% (the effective
critical field for transport conduction), the angular anisot-
ropy of B¥ for aligned grain boundaries, the temperature
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dependence of B%, the near independence of J, on mag-
netic field at fields above ~ 10 mT cut to fields near B,
and the angular anisotropy of the plateau J, value.

C. Dependence of the {ransition parameter, 2, on
magnetic field

The shape of the » vs B characteristic is also consistent
with a change in dissipation mechanism where the strong-
linked component becomes dominate (above about 107 ?
T}. The value of # can be associated with the sharpness of
the distribution of J, valaes in an inhomogeneous super-
conductor, the higher the value of #, the sharper the J,
distribution.”? With this interpretation, the n- vs- B char-
acteristics in Figs. 8 and 9 indicate a narrow J_ distribution
at low fields followed by considerable broadening arcund
10~ % T where the weak- and strong-link contributions are
roughly equal. n then has a remarkable rise {to values as
high as 60 at 76 X in some of our samples, such as the data
shown in Fig. 7) at fields above 10 2 T, consistent with a
sharpening of the J, distribution where the strong-linked
component starts to dominate. n then decreases at high
fields, consistent with increasing J, inhomogeneity as B
approaches B%.

. Peak in J, for B paraliel to the Cu-0 planes

We now turn to the observation of the peak, or rise, in
the plateau region of the upper J,-vs-B curve showr in Fig.
3. This peak is observed for B paralle! to the a,5 planes, but
not for E perpendicular to the a,b planes. The peak is guite
farge, amounting to a ~ 100% increase in J,. over the field
range from 10 to 20 mT.

Several explanations for the peak are possible. The dis-
appearance of the peak for the field-cooled case (Fig. 6)
suggests that the onset of flux penetration into the grain
can play a role. In fact, the start of the peak at 76 K occurs
slightly above the intragranular lower critical field,
B.i(||a,b planes) = 3 mT, measured in these samples from
magnetization-vs-internal field data at 76 K.* The J, vs B
curve is also not reversible in this field regime. The peak is
seen only for imcreasing magnetic field. For decreasing
field, the transport J, monotonically rises without a dip.
This irreversibility is also consistent with a B, effect asso-
ciated with the onset of fiux penetration into the grains.

However, it is difficult to see how this could explain the
peak only in terms of a drop in the field at the grain bound-
ary and a resuiting rise in the weak-link critical current.
For field to penetrate into the grains requires the field at
the grain boundaries to monotonically increase to overcome
the intragranular pinning force, leading to a continuous
decrease in the weak-link critical current, not a rise as seen
between 1072 T and 10 ! T. The possible exception to
this would be a grain surface barrier to vortex entry, which
disappears at the onset of flux entry allowing flux to rush
into the grains, resulting in a decrease in magnetic field
within the weak-link grain boundary region.

The peak could also arise simply from an enhancement
in the grain-boundary pinning force. An enhancement of
the pinning force within the grain boundaries or within the
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aligned strong-linked material could result from the onset
of flux penetration into the grains just above B, or from
the change in orientation of magnetic field as the applied
field is increased and dominates the self field. For example,
the intrinsic intragranular pinning force for magnetic field
along the a,b planes is much stronger than the intergran-
ular pinning force. When vortices start to penetrate into
the grains on either side of a grain boundary at B, they
would experience a significant pinning force against motion
perpendicular to the Cu-O planes; these pinned vortices, in
turn, may well exert an additional pinning force in this
direction on the intergranular vortices through a vortex-
vortex interaction. Such a mechanism would explain the
coincidence of the effect with B,;, as well as be consistent
with the peak occurring predominately for B parallel to the
a,b planes.

E. Weak-link decoupling field

The rapid drop in J, at very low magnetic fields has
been shown to be explained quantitatively by decoupling of
Josephson weak links at grain boundaries in bulk
unaligned polyerystalline samples.”>?® According to this
Josephson weak-link modej, the decoupling field B, for the
weak links is given by

Boz(ﬁ()/<D>2/l, (1)

where ¢, is the quantum of flux, A is the penetration depth,
and {D) is the average grain size in the direction mutually
perpendicular to the applied current and magnetic field. B,
was shown to be insensitive to the shape and spread of the
distribution of grain size.

For the case of these aligned samples, we modify this
expression here in order to account for the anisotropy in A
in the grain on either side of the grain boundary:

By=¢o/{(D) (A1 + Ay), (2)

where A, is the penetration depth into the grain on one side
of the boundary (in a direction perpendicular to the grain
boundary plane) and 2, is the penetration depth into the
grain on the other side. Figure 9 shows a schematic dia-
gram of the geometry.

In order to visualize the decoupling field and deter-
mine it more simply, we define a decoupling onset field B’
where the extrapolated knee in the J-B curve occurs,
shown in Figs. 3, 5, and 6. B’ is found empirically to be
proportional to By; therefore, from Eq. (2}, the ratio of the
decoupling field for aligned and unaligned samples is ex-
pected to be given by

;Iigned o <D> unaligned (ﬂ*l + A2)unaligncd ( 3 )
Bl’maligued <D> aligned (A] + ;LZ ) aligned :
Substituting typical values of B'\jugrea 30 (D) ynaligned

measured for several bulk sintered unaligned YBCQO
samples,”® and a (D) atigneq ©f 5 pm {determined from the
micrographs of Fig. 2 assuming the magnetic flux is pref-
erentially channeled along the 4,6 plane), we find from Eq.
(3) that B'(76 K yjjgneq is about 8.7 mT. Here we have also
assumed A to be the same for both the aligned and unaligned

Ekin, Hart, Jr., and Gaddipati

2292




FIG. 10. Schematic of field
penetration on either side
of a typical grain boundary
for (A} unaligned and (B)
aligned grain boundaries.
Case (A) is typical for un-
aligned samples since
alb approximately 75% of the
grain boundaries in un-
aligned Y Ba,Cu;0q 4
samples have a basal plane
face on one side of the
o grain boundary similar to
= that shown.

cases. This value of B’ is significantly smaller than the 8 of
about 2 mT observed in Fig. 3 for both field orientations.

Anisotropy in A can account for the difference in the
decoupling field between the aligned and unaligned case.
Micrographic characterization of grain boundaries in un-
aligned YBCO (Ref. 27) shows that 75% of the grain
boundaries involve one grain having a Cu-O basal plane at
the boundary with the c-axis perpendicular to the grain
boundary; the grain on the other side of such a boundary
generally has a random orientation [see Fig. 10(A}. For
the grain that has its ¢ axis perpendicular to the boundary,
the relevant penetration depth for determining B will be
that along the c axis, A,. A, is significantly longer than 4, or
Ay, as schematically shown in Fig. 10{A). Using the an-
isotropic effective mass of the YBCO crystal determined in
Ref. 28, we find that the ratio of Apd,A4, is given by
1.15:1:5.5. For the randomly oriented grain on the other
side of the boundary in Fig. 10(A), A will be mostly dom-
inated by an average of the shorter penetration depths in
the o- and b-axis directions because of the shielding pro-
vided by the high conductivity in the Cu-O planes. Thus,
as a first approximation for the unaligned case, we take
A= A.and A, =4, {(where 4, has been taken as repre-
sentative of an a/b mix to simplify the calculation, since 4,
and A, are not very different).

For the aligned YBCO samples being studied here, on
the other hand, the penetration depths on either side of the
grain boundaries are those along the a- and b-axes. This is
itfustrated in Fig. 10(B). For the aligned case, we therefore
approximate the penetration depth by A, = A4, = 4, where
A, has again been taken as representative of an a/b mix to
simplify the calculation. The ratio of (4, + 4,) unutigned”
(A1 + 42) lignes i Eq. {3) thus becomes about 2.9 and we
obtain from Eq. (3) a value for B’ (76 K 4n.q of about 2
mT instead of C.7 mT obtained using an isotropic A. Thus,
the calculated value of B is consistent with that measured
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in Fig. 3, whereas it would not be consistent if the anisot-
ropy of A in these aligned samples were not taken into
consideration.

The decoupling field for the field-cooled data in Fig. 6
[B' (76 K} =4 mT] is about double the decoupling field
for the zero-field-cooled data (2 mT). For the zero-field-
cooled case, magnetic flux is excluded from the interior of
the grains at fields up to the lower critical field B,,. The
smallest value of B, is for field paraliel to the a,b plane and
has been measured from magnetization datz on these sam-
pies to be about 3-5 mT at lignid-nitrogen temperature.
This is slightly higher than 8 and, thus, flux will be com-
pressed at grain boundaries at the low field where decou-
pling commences. The effect of flux compression will en-
kance the magnetic ficld at the grain boundaries for the
zero-field-cooled case and thus lower the apparent 8.

For the field-cooled case, on the other hand, flux will
uniformly penetrate each grain beforc cooling below 7.
After cooling, some field will be expelled from each grain,
but, because of flux pinning, much of the field will remain
within the grain interiors. Not as much flux compression
will occur as for the field-cooled care and the onset of
decoupling (B') will be delayed to higher fields. Thus, the
enhancement of the decoupling field for the field-cocled
case over the zero-fleld-cooled case can be explained by a
reduction in the amount of flux compression at the grain
boundaries. {This does not affect the ratio of B’ values used
in the earlier calculation since zero-field-cooled values were
used for both the aligned and unaligned cases.)

F. Licuid-helium temperature characteristics

When the transport J, is measured at lower tempera-
tures in liquid helium, several changes in the characteris-
tics are observed compared with liquid nitrcgen tempera-
tures. Comparing Figs. 3 and 5 shows that at 4 K the
weak-link decoupling field shifts to higher fields and J, is
enhanced over most of the magnetic-field range. The in-
crease in J, at higher fields can be accounted for simply in
terms of the enhancement in B% and the pinning force that
occurs at lower temperatures. The shift in the decoupling
onset field B’ to higher values can be accounted for, at least
in part, by the temperature dependence of 2. A becomes
smaller at lower temperatures, so the junction area de-
creases and B increases. The shift of B to higher values at
lower temperature also explains the increase in J,(C), since
a higher self-field can be accommodated before the self-
field decouples the superconducting grains in the sample.

The peak in J, just above the decoupling regime is
much less at 4 K than at 76 K, as seen by comparing Figs.
3 and 5. According to the above discussion of the J, peak,
this would indicate that the enhancement of the pinning
force just above B, is not as great at low temperatur ¢ as
at liguid nitrogen temperatures.

Vil. CONCLUSIONS
Aligned bulk samples of YBa,Cu,O, _ 5 show weak-
link effects at very low magnetic fields ( < 107 2 T) similar
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to unaligned samples. Alignment, however, has two impor-
tant practical immprovements. First, it leads to a significant
enhancement in the effective critical field for transport J,
B%. B% (76 K) is enhanced from about 7 T for unaligned
samples to about 30 T for aligned samples with B parallel
to the a,b planes. This is very close to the value of B%
measured in single crystalline samples for field along the
a,b direction, constituting strong evidence that the inter-
granular transport J, of polycrystalline samples at high
fields { > 10 mT) is in fact behaving like the infragranular
J.and that intrinsic nonweak-linked conduction paths exist
in parallel to the weak-linked conduction paths in these
polycrystalline samples. This conclusion is also supported
by several other observations including: (1) the similarity
of the shape of the J, vs B characteristic above ~20 mT to
that in single crystalline Y Ba,Cu;0, _ 5 samples, (2) the
corresponding anisotropy (with magnetic field angle) of
the magnitude of the plateau J, in these aligned samples to
the anisotropy of the transport J. in single crystaliine sam-
ples, (3) the strong enhancement of B% at lower temper-
atures, and {4) a rise in the transition parameter n at
magnetic fieids above ~ 10 mT, consistent with a transition
from a wide distribution of inhomogeneous weak links to a
more uniform J, distribution characteristic of intragranu-
lar conduction. There is also evidence for this from neutron
irradiation data.”

The second result of alignment is a plateau value of J,
that is about two orders of magnitude higher than for the
unaligned case. That is, there is a significant enhancement
in the nearly field-independent value of J, (which occurs in
these bulk-sintered samples in the field region above
~107% T). If this plateau region is ascribed to remnant
{(nonweak-link) conduction paths, it implies that align-
ment of grain boundaries results in two orders-of-
magnitude increase in the fractional area of nonweak-
linked material, compared with unaligned bulk-sintered
samples.

The improvement in the piatean J, cannot be ascribed
to the elimination of grain boundaries because these sam-
ples are fine grained with many {500-1000) grain bound-
aries between the voltage-measurement taps. Furthermore,
it cannot be ascribed to a large enhancement in the agpect
ratio of the grains (wherein the grain boundary area for
current transfer between grains is greatly increased). For
these samples the grain aspect ratio is only about 4:1, far
too small to account for the two orders of magnitude im-
provement in the plateau value of J, These points have
been a source of ambiguity in interpreting the enhancement
of J,. for melt-grown samples where both alignment as well
as elimination and elongation of grain boundaries occur.
The data shown here clearly demonstrate that significant
improvement in the high-field value of the transport J,
occurs from grain alignment alone.

Regarding the specific nature of the nonweak-linked J.
component, there is some guestion if it consists of perco-
lation paths connecting a few good grain boundaries, or if
some strong linked regions exist within each coherent grain
boundary. These data support the latier explanation and
are not consistent with percolation paths between a few
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nonweak-linked grain boundaries. This is because percola-
tive conduction would require at least ~15% of the grain
boundaries tc be nonweak-linked. Below this percolative
threshold, no high-field J, percolative conduction would
cccur. Yet our extensive data on both unaligned' and these
aligned poiycrystalline samples show that at least some
high-field nonweak-linked transport J, is observed in
nearly all high-T, samples, inconsistent with a percolative
threshold model. The presence of some nonweak-linked
transport conduction in such a wide range of samples is
much more consistent with the explanation that strong
finks exist within each grain boundary. Furthermore, as
indicated in the introduction, recent J, data on individual
grain boundaries in thin films indicate that the grain
boundary structure is very complex. It is thus likely that
there are regions of coincidence within each coherent grain
boundary which are not weak linked.

Significant further improvement in the areal fraction of
nonweak-linked (or strongly linked) grain-boundary ma-
terial may be possible. Since the nonweak-linked grain
boundary material behaves like the intragranular material,
it is tempting to assume that the local J, of the strong links
is also simiiar to J, for the intragranular material. Assum-
ingaJ, (T6 K) of 10° A/cm’ to 10° A/cm? and that strong
links exist within each coherent grain boundary, we find
from the value of the plateau J, in these partiaily aligned
samples that the average fraction of grain boundary area
that is strongly coupled is still only about 0.019-0.1% of
the total grain-boundary area. (This small areal fraction
does not rule out the model. Assuming an areal fraction of
0.01% and an average grain boundary size of 10 pm X 10
pm, the nonweak-linked region would still occupy a total
area of 10° A? within cach grain boundary, which is not
unreasonably small.) Neutron diffraction data on these
samples indicate that the FWHM angular spread of the
grain orientations is about 19°, much wider than the < 1°
anguiar FWHM typical for high-quality epitaxial film sam-
ples. Conseguently, significant further optimization may be
possible through better grain alignment to the point where
conduction by nonweak-linked percolation paths domi-
nates the weak-linked conduction paths.

Such an enhancement of the nonweak-linked compo-
nent would result in a practical J, vs B characteristic sim-
ilar to that in high-quality thin films, where J. is nearly
field independent and not depressed to low values by the
application of small magnetic fields. These data thus dem-
onstrate the necessity of grain alignment in bulk
Y Ba,Cu,0, _ 5 conductors in order t¢ realize their poten-
tial for both low-field and high-field J, performance.

Other more minor changes between the aligned and
unaligned cases include an enhancement by a factor of four
in the decoupling field for the aligned polycrysialline sam-
ples. This can be explained by the smaller a,b-axis field
penetration depth on either side of grain boundaries that
are aligned. A peak in the J-vs-B characteristic is also
observed in aligned samples for field parallel tothe a,b
planes. This reversal in J, with magnetic field occurs in the
range between 10 mT and 20 mT. Such a large (~100%
increase) peak at these low fields is not observed in un-
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aligned Y,Ba,Cu,0, _ 5 samples. There is a significant in-
crease in J,. on cooling from 76 K to 4 K, similar to the
unaligned case, which is ascribed to an enhancement of the
weak-link decoupling field B,, the flux- flow pinning force,
and the transport critical field B%.
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