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Transport critical current and magnetization measurements of meit-

processed YBa,Cu,0,_,
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(Received 7 June 1588; accepted for publication 8 August 1988)

We report magnetic field dependence of the transport critical current and dc magnetic
susceptibility measurements on YBa,Cu,0, _, superconductors formed by melt-solid reactions
at 950 °C beiween Ba-Cu-O (or Th-Ba-Cu-Q) and solid nonstoichiometric Y-Ba-Cu-oxide.
Four-probe dc critical current measurements at 77, 64, and 4.2 K show strong depression of
the critical current density with increasing magnetic field in agreement with a modei of weakly
linked superconducting regions. Diamagnetic shielding and Meissner flux expulsion
measurements in the temperature range 10-300 K show about one third volume fraction of
petfect superconductivity. Both shielding and flux expulsion were observed to be
approximately temperature independent below 60 K indicating strong coupling between the
grains throughout the entire volume below this temperature.

1. INTRODUCTION

High-quality high-temperature superconducters based
on melt-solid reactions at 950 °C between molten Ba-Cu-ox-
ide (or Tb-Ba-Cu-oxides) and solid nonstoichiometric rare-
earth-Ba-Cu-quartenary ozides, rare-earth-Ba-Cu-ternary
oxides, rare-earth-Cu-ternary oxides or rare-earth-Ba-ter-
nary oxides, and even rare-earth binary oxides have been
reported.’? The melt processed superconductors take on the
rare-carth-Ba-Cu-O (123) stoichiometry with distorted per-
ovskite structure. Their critical temperatures all exceed 90
K. We report here magnetic field dependence of four-probe
critical current measurements at 77, 64, and 4.2 K and static
magnetic susceptibility measurements for the range of 10-
300 K.

. EXPERIMENT

Samples were prepared as previcusly described.”? Ap-
propriate amounts of BaCG, and CuO were mixed and
ground in an agate mortar and heated in airat 900 °Cfor 12 h
to obtain the melting starting material with nominal compo-
sition of BaCu, O, or Ba,Cu,Os. In each case the heated mix-
ture was reground and pressed into pellets. In the case of the
Tob starting compounds, appropriate mixtures of Tb,0-,
BaCO;, and CuQ powders were prepared similarly. The sol-
id nonmelting starting materials were prepared from Y,(,,
BaCQ,, and CuQ and were mixed, ground, and heated in air
at 950 °Cfor 12 h to obtain compounds with nominal compo-
sitions Y, , Ba, ,Cu0;, . or YBaO, ; or YCu0, s (inthe
case of the binary oxide, Y,0, was used as received). The
heated mixtures were then powdered. The powdered or pel-
letized starting melting material (BaCu,Q,, Ba,Cu,O; or
TbBa,Cu.,O < , , } was then placed on the powdered or pel-
letized solid material (nonstoichiometric Y-Ba-Cu-cxide),
heated in flowing oxygen at 950 °C for 24 h in a tube furnace,
and then at 650 °C for 4 h. Finally, the materials were fur-
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nace-cooled in flowing oxygen toless than 200°Cfor 1 to 2 h
before they were removed from the furnace.

Upon removal from the furnace the resulting material
was found to contain both melted and nonmelted regions.
Where the melting starting material (Ba-Cu-O or Tbh-Ba-
Cu-0) reacted with the nonmelting starting material, a
black melt-crystallized superconducting region was formed.
This typically took the shape of a hemisphere of about { em
in diameter surrounded by the green (nonmelting) phase.
The green nonmelted portions were then removed and sam-
ples of rectangular parallelepiped geometry were cut with a
saw to typical dimensions of 1 X2 X7 mm.

We examine the effect of the melt process on transport
critical current and magnetization of the YBa,Cu,0,
melt sample. X-ray diffraction measurements were carried
out using CuKa radiation. Standard four-probe resistance
measurements were performed using anunealed siiver paste
contacts.®

. RESULTS

The =x-ray data (Fig. 1) show single-phase
YBa,Cu,0,_, diffraction patterns for the meli-processed
samples with two additional lines {at o = 2.52 A (111} and
2.33A (111) 1, characteristic of a small amount of unreacted
Cu( present for both types of melt processing (Ba-Cu-O or
Th-Ba-Cu-O starting compounds). Microprobe analysis
show no ( < 1% ) Tb in the melted portion of the sample in
the case of the Tb-based starting compound. Hence, any
changes in the transport critical current and magnetization
measurements cbserved between the sintered and melt-pro-
cessed samples are due to changes in the bulk properties of
the material, and we believe that the changes in the bulk
properties are a result of the changes in the linking of the
superconducting grains. These changes could be caused by
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FIG. 1. X-ray powder diffraction data for a sintered YBa,Cu,0, _, (top)
and a melt-processed sample {bottom) are compared. The melt-processed
sampie shows primary single-phase YBa,Cu,0,_, and a small amount of
unreacted CuO.

variations in grain overlap, grain size, grain boundary elec-
tronic properties, or reduced voids between the grains. Few-
er voids are evidenced by an increase in the density of the
sample after melt-processing {from 6.1-6.74 g/cm’).? It has
been shown that the ac magnetic susceptibility transition is
sharper in the melt-processed samples than that in the sin-
tered samples.! A typical resistive transition measured by
the standard four-probe technigue is shown in Fig. 2.

The critical current measurements presented are those
in which the contacts were baked on the sample. The con-
tacts were made with silver paste and the samples were an-
nealed in flowing O, at 900 °C, then cocled to room terpera-
ture.” Wire leads were soldered onto the silver contacts with
indium solder. The criterion for the establishment of resis-
tance was the production of 1 #V/mm. In Figs. 3 and 4, we
show transport critical current density J, as a function of
applied magnetic field & at various temperatures ranging
from 4.2 to 77 K. In Fig. 5, the low-field data at 77 K is
shown. Also shown (solid line) is a theoretical curve ob-
tained using a Josephson junction grain boundary contact
model as discussed in the analysis section. Figure 6 shows
the low-field grain decoupling for sample No. 2 at the ratio
J. () /J (O) as a function of the applied field.
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FI1G. 2. Resistance as a function of temperature for a Y-Ba-Cu-O sample
made by the melt-solid reaction.

Static magnetic susceptibility measurements were made
with a2 SHE variable temperature SQUID susceptometer.
The range of temperatures studied was 10-300 K in fields of
0.1 te 10 mT. Two experimental procedures were followed.
In the first, the sample was cooled in zero field (ZFC) to 10
X after which the magnetic field was applied. The resulting
curve corresponds to the diamagnetic shielding of the sam-
ple. In the second, the data were obtained by cooling the
sample in constant magnetic field (FC) from room tempera-
ture to 10 K. The resulting data correspond to the Meissner
effect (or flux explusion}.

We show magnetization data for three samples. Oneisa
conventionally sintered YBa,Cu,(,__, (shown in Fig. 7).
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FIG. 3. Critical current as a function of applied magnetic field for melt-
processed YBa,Cu,0,__, {(sample No. 1).
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FIG. 5. Theoretical curve (solid line) of the critical current in a single Jo-
sephson junction in parallel magnetic field and experimental transport criti-
cal current data points for a melt-processed (samiple No. 2) YBa,Cu, 0, _

at 77 K.
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The second sample is Y,,Ba,:CuG, _, (green) sample
with a resistance above 30 M{), but it shows a strong
Meissuer effect (shown in Fig. 8)}. This indicates that the
sample has superconducting regions although it does not
have a conducting path through the volume of the sample.
This sample has the same stoichiometry as the bottom reac-
tant in one of the melt processes. The third sample we stud-
ied is a melt-processed superconductor with stoichiometry
YBa,Cu,0,__, . Figures 9, 16, and 11 show the magnetiza-
tion versus temperature for a melt-processed sample in an
applied field of 0.1, 1.5, and 10 mT, respectively.

IV. ANALYSIS

Following Kwak et al.* we have modeled the intra-grain
connections as a network of Josephson junctions with the
Jjunctions randomly oriented with respect to the external
field.

Josephson junctions are extremely sensitive to applied
magnetic fields and can decouple in fields as small as the
earth’s field. The cuarrent for a square junction of width L in
an appiied magnetic field normal to the junction can be ex-
pressed™® as

r=ofal22) /()]

where 8 = HL(2A + 1) and 8, = hc/2e, H is the applied
magnetic field parallel to the planar faces of the junction, 4 is
the penetration depth, 1 is the separation of the junction
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FIG. 8. Magnetization of sintered Y, , Ba, s Cu;©; _, in an applied field of
1.5 mT. Triangles denote field cooled data taken during cool down (FCC},
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FIG. 11. Magnetization of melt-processed YBa,Cu,O,_, in an applied
field of 10 mT. Triangles denote field-cooled data (FC) while circles denote
zero-field-cooled data {ZFC). Both sets of data were taken during warm

up.

faces, and J, is the zero-field critical current density of the
junction times the junction area (L ?).

In Fig. 5, we show a plot of the above equation for
ranging from 0 to 10 mT. J, is determined from our experi-
mental data from sampie No. 2. We have used 2L/ equal to
1.1 10~ ¥ cm? to obtain the best-fit curve. If grain decou-
pling is occurring in the sample, we expect a rapid drop in the
transport critical current as the magnetic field is increased
{which we observe).

QOur data reflects the qualitative behavior of the model
{i.e., rapid decoupling) but not the details of the interference
pattern. This is explained by the grain boundaries acting as
Josephson junctions distributed with random orientations
with respect to the external field. These combine to wash out
the details of the interference paitern.

The effect of the decoupling is shown by the fact that J,
has decreased to approximately 109% of the zero-field value
{84 A/cm” to § A/cm?®) by H = 2 mT for sample No. 1.
Above H = 10 mT, J, decreases very slowly.

The zero-field critical current values are about 200 A/
cm? with a large variation between samples, as is apparent
from Figs. 3 and 4 with sample No. 1 having a value of 84 A/
cm?”at 77 K and sample No. 2 having a value of 272 A/cm” at
77 K. These zero-field critical current values are comparabie
to those of the besi conventionally prepared untextured sin-
tered materials. These figures also show a rapid decrease of
the transport critical current in the presence of weak mag-
netic fields. Sample No. 2 shows considerable decoupling but
not as great as in sample No. 1 with the J_ { H) decreasing by
73% at ZmT at 77 K.
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Using the density of the sintered YBa,Cu,0O,__, (6.1g/
cm”) and correcting for the demagnetization effect for the
sample geometry we obtained — 47y = 0.85 (from ZFC
data) at 1.5 mT. This implies that at this field the coupled
grains almost completely exclude the flux from the sample
interior.

The ZFC data for the Y, ,Bay  Cul, _, material are
systematically smaller in superconducting volume fraction
than those for the sintered YBa,Cu,0,_ .. This fact indi-
cates that in the green material the grains are decoupled or
separated by insulating boundaries. We believe that this is
the reason why the sample shows levitation but no conduc-
tion. Therefore the ZFC data, for this particular material,
reflect the screening of the field by the individual grains. The
FC data reflect the expulsion (and trapping) of the field by
the grains. Hence, the difference between these two sets of
data is a measure of the flux trapped at the pinning centers.

To obtain an estimate of the volume fraction of super-
conducting phase, we take the ratio of the field-cooled mag-
netization and the zero-field cooled magnetization
(M /M, ) at a temperature below the critical tempera-
ture. This ratio gives approximately one third of the sample
as superconducting. For the melt-processed sample in an
applied magnetic field equal to 0.1 or 1.5 mT, the ratio of
Mo /My shows that approximately one third of the vol-
ume is superconducting. However, for H eqgual to 10 mT,
approximately half of the volume is superconducting. The
ratio of Meo/M, e is depressed with increasing magnetic
field. This latter feature is taken as a further indication of
grain decoupling at higher field which reduces the (abso-
lute) value of the ZFC signal. Several papers have shown™®
that for sintered samples, many of the grains have decouepled
at fields as low as 1.5 to 2 mT. However, in the melt sample,
the SQUID data indicate that the decoupling is not perfect
below 10 mT. This is also consistent with the observed non-
zero J, in this range of magnetic field, as could be seen in
Figs. 3 and 4.

Both shielding and flux expulsion of the melt-processed
samples were observed 1o be approximately temperature in-
dependent below 60 K indicating strong coupling between
the grains, or effective superconducting shorts between
grains throughout the entire volume below this temperature.
The volume fraction of superconducting material in the
melt-processed sample is slightly lower than in the sintered
sample, but the transition is sharper.

V. SUMMARY

We have measured the transport critical current for
melt-processed YBa,Cu,O, _, and showed that it is com-
parable to the best of the conventionally prepared sintered
samples.® Magnetization data were presented for melt-pro-
cessed and sintered samples. Both shielding and flux expul-
sion of the melt-processed samples were observed to be ap-
proximately temperature independent below 60 K
indicating superconducting shorts between the grains
throughout the entire volume below this temperature. The
behavior of 4, in a magnetic field can be explained using a
model of weakly-linked superconducting regions. The ZFC
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magnetization is depressed with high applied magnetic fields
which is also indicative of grain decoupling.
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