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We demonstrate that, even in single-phase ceramic YBa,Cu3O7, superconductivity occurs in
only thin shells surrounding normal grains. The shells comprise no more than 25 vol% of the ma-
terial, independent of preparation technique and subsequent processing. This conclusion is based
on comparison of magnetic-flux exclusion, Meissner and resistivity data for bulk, compacted, and

ground materials.
arise from pinning effects.

The observation of superconductivity with onset tem-
peratures as high as 97 K for yttrium barium copper ox-
ides!™* has stimulated tremendous interest in the nature
of the superconductivity in these materials. In this paper
we demonstrate that even in single-phase ceramic
YBa;Cu30; (“1-2-3” material), and for a wide range of
processing conditions, superconductivity occurs only in
thin shells surrounding normal grains. All relevant exper-
imental techniques demonstrate that our ‘““1-2-3” material
is comparable to the best reported to date.’~'® We will
discuss in order the synthesis protocols and morphology
for all samples, then the data for bulk ceramics, compact-
ed materials, and finally powders. All data support the
existence of the shells.

Bulk ceramic ““1-2-3” material was synthesized from
mixtures of CuO, BaO, and Y,0; or of CuO, Y,03, and
BaCOs;, and also from mixed oxides that were made by
drying (14 h at 140°C) and calcining (2 h at 825°C in
air) homogeneously coprecipitated carbonates generated
by dripping sodium carbonate into a solution of the ele-
mental nitrates up to pH 9.5. All of the powders were
ground, pelletized at 5.6 kbar, and sintered in air for 4 h
at 900°C (sintering in oxygen gave less satisfactory re-
sults). Samples were then oxygen annealed (640-700
Torr) under a variety of conditions including (1) 900°C
for 12 h, (2) 900°C for 12-60 h with a 5 h slow cool, (3)
500°C for 55 h with a 5 h slow cool, and (4) 900°C for
12 h followed by 500°C for 5 h with a 5 h slow cool. Ma-
terials from (2) and (4) had the best superconducting
properties, but oxygen anneals longer than 12 h at 900°C
were not beneficial. Densities ranged from 50% to 80% of
the theoretical value, 6.5 g/cm3. Some materials were
compacted in air to 100% density between stainless steel
or WC dies at 20-30 kbar after all other processing.
Powders of controlled particle size were prepared by
grinding with an agate mortar and pestle and sieving
through standard meshes. X-ray powder patterns of all
the above materials indicated single-phase material with
all observed lines accounted for by an orthorhombic unit
cell of ap=3.825, b =3.883, and c =11.680 A.

Figure 1 shows scanning electron microscopy (SEM)
photomicrographs of the mixed oxide material before and
after high-pressure compaction and of homogeneously
coprecipitated material. Mixed oxide material has blocky
grains with a range of sizes averaging 10 um. Homogene-
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We show that these data depend on the sample microstructure, but do not

ously coprecipitated material has a uniform network of
connected rods about 10-um long and 2-4-um across.
Compacted material from ground powders or bulk shows
evidence of plastic flow. Energy-dispersive x ray shows
both the mixed oxides and coprecipitated materials to be
very uniform in composition.

(a)

(b)

()
FIG. 1. Scanning electron micrographs of processed
YBa,CusO7. (a) Sintered and oxygen annealed mixed oxide

material exhibiting large irregular grains; (b) same preparation
as in (a) but then compacted to approximately 25 kbar in air;
(c) sintered and oxygen annealed homogeneously coprecipitated
material exhibiting a porous network of rodlike grains. All pic-
tures at 2500X, and the bar is 10 um.
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The static magnetization for all materials was mea-
sured in a commercial superconducting quantum interfer-
ence device magnetometer (Biomagnetic Technologies,
San Diego, CA). Solid samples were suspended as thin
rectangular plates parallel to the applied magnetic field to
minimize demagnetization corrections; powders were held
in a cylindrical plastic bucket. Flux exclusion (diamag-
netic shielding) was determined by cooling to 5 K in near-
ly zero field and then applying the measurement field and
warming the sample. Flux expulsion (Meissner effect)
was obtained by cooling in the measurement field. Flux
expulsion of mixed oxide material at 5 K gives a suscepti-
bility of —0.006 cm?/g, or —4xX=0.49 using theoretical
density. A similar Meissner value has been reported re-
cently.’ Low-frequency ac resistivity of solid samples was
measured using a quasilinear four-probe configuration,
and the current density was kept low enough to avoid any
effects on the shape of the transition.

Figure 2 shows static magnetization versus temperature
for a bulk mixed oxide ““1-2-3 sample in an applied mag-
netic field of 0.25 mT. Curve A (solid circles) shows flux
exclusion and curve B (open triangles) shows flux expul-
sion for the sample. Note, in particular, the step in the ex-
clusion data starting at 88 K (shown in more detail in the
inset). The shape of these two curves is similar to those
published elsewhere.>*!® However, the details of the flux
exclusion and Meissner data near 7, have not been exam-
ined previously.

The difference between the flux expulsion and flux ex-
clusion data is central to our model for this ceramic ma-
terial; each grain has a nonsuperconducting interior sur-
rounded by a thin superconducting shell. In curve A, this
shell excludes flux from the entire grain until the penetra-
tion depth approaches the shell thickness. Above 80 K,
flux exclusion drops sharply as the applied field penetrates
through the superconducting shell. While the shells
remain superconducting to 93 K, the step at 88 K indi-
cates that the penetration depth has exceeded the shell
thickness. The relative size and onset temperature of the
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FIG. 2. Flux exclusion warming data (solid circles) and flux
expulsion cooling data (open triangles) in 0.25 mT for a mixed
oxide pellet of YBa;Cu3Os. Inset shows superconducting onset
near 93 K and step in warming data near 88 K.

step is independent of applied field between 0.1 and 1 mT.
In the expulsion experiments flux is trapped in the nonsu-
perconducting grain interiors and is expelled only from
the superconducting shells. The temperature indepen-
dence of the magnetization data below 80 K indicates that
the shell thickness greatly exceeds the penetration depth.

From the ratio of flux expulsion to flux exclusion, we
can estimate the volume fraction of superconducting ma-
terial to be 0.18 to 0.25 for mixed oxide material and 0.15
to 0.18 for the more uniform coprecipitated material. Us-
ing the approximation of 10-um-diam spherical grains
from the SEM data, this volume fraction corresponds to
shell thicknesses of 0.30 to 0.45 um for mixed oxides and
0.3 um for the coprecipitated material. The origin and
thickness of the shells may be related to the heterogeneity
of the starting materials or the effects of strain, local or-
dering, or the effective partial pressure of the reactants
during processing. Mixed-phase samples such as
Y 2BagsCuQy4 (Ref. 1) show exclusion-to-expulsion ratios
as large as 30:1 rather than the 4 or 5:1 observed in
single-phase ““1-2-3” material.

For a sample of bulk mixed oxide *“1-2-3” material,
curve A in Fig. 3 shows resistivity data. The transition
width, resistivity ratio, and R =0 point at 91 K compare
favorably with results reported elsewhere.>"' This sharp
transition requires a highly interconnected network of
shells.

Bulk materials were compacted at high pressures be-
cause the ensuing plastic flow should break the shells, ex-
posing the normal grain interiors. In contrast to the bulk
data in Fig. 2, the compacted samples have the same di-
amagnetic onset temperature, but the flux exclusion and
flux expulsion values are in close agreement. At 5 K in
0.25 mT the exclusion is —0.014 emu/g, and the expulsion
is —0.012 emu/g. Note that both values are in good
agreement with the expulsion result in Fig. 2, confirming
that compaction has broken all the shells. These results
preclude pinning as an explanation for the large difference
between the curves in Fig. 2, since the highly defective
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FIG. 3. Resistivity vs temperature for (a) mixed oxide

Y Ba,Cu30O7 material, (b) the same as (a) but compacted, and
(c) the same as (b) reannealed in oxygen. Arrows refer to the
vertical axes.



RAPID COMMUNICATIONS

36 SUPERCONDUCTING SHELLS IN CERAMIC YBa,;Cu30; 831

compacted material should show more pinning and there-
fore a greater exclusion to expulsion ratio than that for
bulk samples.

Resistive data for a compacted mixed oxide are shown
in curve B of Fig. 3. The transition is greatly smeared
with R =0 suppressed to 20 K. A current density of 0.2
A/cm? further suppresses R =0 to below 10 K, consistent
with percolation through a poorly connected network of
superconducting shell fragments. Oxygen annealing this
material [using protocol (2) above] recreates the intercon-
nects and restores the original transition as shown in curve
C.

The compacted material (curve B) has a much higher
resistivity and a nonmetallic temperature dependence
above 100 K, reminiscent of that reported for quenched
*1-2-3” material.® Potential microprobe measurements!!
on compacted material at 295 K indicate that the grains
are still metallic, with large potential drops observed at
stress-induced faults in the microstructure. These results
indicate that the grain interiors are metallic in all of the
*“1-2-3” materials.

Compacted materials after oxygen anneal showed par-
tial recovery of flux exclusion (—0.040 emu/g at 5 K in
0.25 mT for a mixed oxide sample) and little change in
flux expulsion. This indicates that the recreated intercon-
nects, observed resistively, also restore diamagnetic shield-
ing, but that oxygen anneals alone are not sufficient to
create additional superconducting shells. This may have
important ramifications for the synthesis of these materi-
als.

As shown in Table I, sieved powders from ground mixed
oxide or coprecipitated bulk “1-2-3” material have a flux
exclusion at 5 K that decreases monotonically with de-
creasing particle size. Upon prolonged grinding, the ex-
clusion falls to a final value which does not change with
additional grinding and approaches the expulsion value in
bulk material (or the expulsion and exclusion value in
compacted material). As the material is ground, some
shells get broken, exposing the nonsuperconducting grain
interiors and decreasing the flux exclusion. Prolonged
grinding fractures all of the shells, producing a result
analogous to that from the compaction experiments. The
flux expulsion for heavily ground powders is 70% of the
exclusion value at 5 K in sharp contrast to the ratio in
bulk samples.

Highly ground powders were compacted, and the ex-
clusion value was unchanged, showing that the grinding
results were not due to packing of the particles. Heavily
ground powder was reannealed in oxygen [protocol (2)
above] and showed no change in exclusion or expulsion.
Since annealing should remove defects introduced by

TABLE 1. Effect of particle size on flux exclusion at 5 K in a
0.25-mT applied field for ground metal oxide and coprecipitated
Y Ba;Cu307 materials.

Particle Mixed oxide Coprecipitate

size magnetization magnetization
(um) (emu/g) (emu/g)
Bulk —0.078 —0.063
> 300 —0.066 —0.060
150-300 —0.060 —0.054
75-150 —0.057 —0.045
37-75 —0.051 —0.040
20-37 —0.049 —0.034
<20 —0.045 —0.033
<20 —0.024 —0.016

aAfter very heavy grinding for 5 min (all other powders lightly
ground).

grinding, such defects do not play a role in the grinding
data. Mechanistically the inability to restore shells in
ground powder may indicate that grain-to-grain contacts
are necessary to form the superconducting shells.

In conclusion, single-phase ‘‘1-2-3” material, synthe-
sized by a variety of techniques and processed under a
wide range of conditions, appears to consist of intercon-
nected grains composed of a metallic center surrounded
by superconducting shells. This model explains the de-
tailed magnetization and resistance data from bulk
ceramic, compacted, and ground samples. The thickness
of the shells and the morphology of the material is con-
trolled by the synthetic method employed and the nature
of the subsequent processing. Intergrain contacts are re-
quired for efficient shell formation. Superconducting
shells may be intrinsic to these materials, or a different
approach to material processing may yield a bulk single-
phase superconductor. The fact that shells are always ob-
served may have important ramifications with regard to
the mechanism of the superconductivity in these materials
as well as their practical utility. One consequence of the
shells may be low critical currents. These questions are
currently being addressed.
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(a)

FIG. 1. Scanning electron micrographs of processed
YBayCu30,. (a) Sintered and oxygen annealed mixed oxide
material exhibiting large irregular grains; (b) same preparation
as in (a) but then compacted to approximately 25 kbar in air;
(c) sintered and oxygen annealed homogeneously coprecipitated
material exhibiting a porous network of rodlike grains. All pic-

tures at 2500X, and the bar is 10 um.



