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V-I curves of several Y-Ba-Cu-O samples have been measured in the temperature range 77-91 K
in weak magnetic fields (H <150 Oe). For the well prepared low-resistivity samples R,=dV /dI
reaches a value of about 0.1R, (R, is the normal resistance just above transition) in the linear V-1
regime. This is consistent with a picture of decoupled superconducting grains and does not yield
any direct information about the flux-flow effects. Because of self-field effects, critical-current densi-
ty (J.) obtained from transport (and magnetization) measurements does not provide clear insight on
the nature of intergrain coupling. Information on the distribution of critical currents, obtained
from d*V /dI? supports the tunneling and/or proximity-effect coupling between the grains and
seems to rule out large enhancements of J,. in sintered samples with nonoriented grains.

I. INTRODUCTION

Soon after the discovery of high-temperature supercon-
ductors (HTS) it was realized that sintered HTS samples
behave essentially as two-phase systems (grains and inter-
granular junctions, respectively) and that the separation
of the effects of these “phases” is not that simple.! Ex-
tensive ac susceptibility measurements’~* confirmed that
conclusion and have shown that the superconducting
properties of these phases are very different.’ In particu-
lar, critical currents within the grains appeared to be
practically the same as those of good monocrystals or ep-
itaxial films® whereas the bulk (intergrain) critical
currents were much lower. In spite of a large effort the
exact nature of the reduction of critical current (J,) at
the grain boundaries has still not been clarified.

Recently, critical currents within a single grain and
through the grain boundary have been measured.’
Whereas the intragrain critical current appeared to be
flux-creep limited, no clear-cut decision about the nature
of the reduction of J, at the grain boundary (tunneling or
proximity-effect coupling) was reached. Simultaneously
high-resolution electron microscopy® indicates that most
of the grain boundaries are clean (as far as the metal con-
tent is concerned) whereas microwave experiments clear-
ly indicate the Josephson’s loops on the scale of neighbor-
ing grains.® Although the sensitivity of the intergrain
critical currents to low magnetic fields supports the tun-
neling or proximity-effect coupling between the grains,
more recently explanations of the critical-current reduc-
tion in terms of the flux creep'® and flux flow!! at the
grain boundaries have been proposed. The extreme sensi-
tivity of the bulk J,. to the magnetic field is also detrimen-
tal in understanding the nature of intergrain coupling be-
cause the self-field effects mask the actual J.(H) and

4

J.(T) dependences, thus rendering the results obtained
from transport'! or magnetization measurements'? use-
less for quantitative analysis.'?

The studies of the voltage-current (¥'-I) curves and of
the associated differential resistance (R,=dV /dI)
proved very useful in understanding the mechanism of
dissipation in conventional type-II superconductors.
Therefore, similar studies of sintered and monocyrstalline
HTS samples may also be very useful. Following previ-
ous results for sintered HTS samples'""'*!> we report
here the main results of our systematic investigation of
V-I curves and R in sintered YBa,Cu;0,_, samples.

II. EXPERIMENTAL

The ceramic samples were prepared in the usual way.’
According to x-ray diffraction all the samples were ortho-
rhombic monophase. The majority of samples had a
rather low resistivity at 95 K (p, <500 pQ cm) and rath-
er high resistivity ratio (p3pg /p, >2.5). Their “zero-
field” values of J, at 78 K ranged from 100 to 250 A/cm?
(1 uV/cm criterion) and showed no systematic depen-
dence on their normal-state properties. The samples with
high initial p, (>1 mQcm) as well as those which
deteriorated during gepeated thermal cycling (77-300 K)
had lower values of J. (<100 A/cm?).

The V-I curves were measured while passing half-
sinusoidal-current pulses through the sample. The dura-
tion of the pulses (typically 1 s) was selected in such a
way that the heating of the sample was negligible. The
40 ms acquisition rate was consistently employed in the
system for automatic recording and processing of the
data. The heating of a sample was minimized by the low
resistance (a few milliohms), high-temperature-treated
silver-paint contacts, and immersion of the samples in ap-
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propriate cryogenic baths (liquid nitrogen, liquid oxygen,
and their mixtures). Since the transport critical current
of sintered HTS samples is self-field limited'® and thus de-
pends on the shape and cross section of the sample, all
our samples had practically the same cross section (=~1.5
mm?) and distance between the voltage contacts (7 mm).

III. RESULTS AND DISCUSSION

The V-I curves and their first and second derivatives
for two samples of very different quality, J, (78 K)=220
A/cm? and 80 A/cm? for samples S1 and S2, respective-
ly, are shown in Fig. 1. These curves are qualatively the
same as those observed in conventional type-II supercon-
ductors but are also similar to those of bulk normal
metal-superconductor composites!’ and of some variable
thickness microbridges.'®

For a conventional type-II superconductor'® a non-
linear increase of voltage (dissipation) just above J. is as-
sociated with depinning of the vortices, whereas a linear
variation at higher currents reflects their viscous flow
(flux flow). The slope of a linear part of a V'-I curve (R)
is then independent of the actual J. value but depends
sensitively on the magnetic field and temperature
(T >0.5T,). Furthermore, V-I curves (thus R ) should
depend strongly on the direction of the magnetic field
with respect to that of the current through the sample.
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FIG. 1. I-V characteristcs (a), its first derivative normalized
to resistance just above T, (b), and second derivative (c) for two
YBa,Cu;0,_, samples of different quality; (sample S1—solid
line, sample S2—dashed line).
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Our present and previous results'"!*!> on sintered Y-

Ba-Cu-O samples are at variance with the above observa-
tions. V-I curves are insensitive to the direction of the
magnetic field; R, is sample dependent (Fig. 1) and hard-
ly depends on temperature (65 < T <90 K) and magnetic
field (B <5 T at 77 K, Ref. 14). Therefore at low fields
the flux-flow model does not seem to provide an adequate
explanation of V-I curves of sintered Y-Ba-Cu-O sam-
ples. However, at higher fields (B >5 T) a strong in-
crease of R, with B has been observed.!* The results for
77 K indicate [R,,'l(de/dB)~Bcz(O)_1] a higher criti-
cal field of about 50 T. This is a lower bound for B,,(0)
since at such high temperature R, should increase faster
than linearly with B. Thus, the flux flow (within the
grains) dominates the dissipation for B > 5 T but does not
explain the magnitude and behavior of R at lower fields.

Alternatively one can model sintered HTS samples as a
composite material consisting of superconducting parti-
cles (T.) embedded in a nonsuperconducting matrix.
Such systems may undergo a transition into a “‘coherent
state” when the intergrain coupling energy overcomes the
thermal fluctuations.?’ This state manifests itself by zero
resistance at some temperature T, <7, which depends
sensitively on the applied field and current flowing
through the sample. In HTS these dependences are inter-
related because of the self-field effects. Whatever is the
nature of intergrain coupling, a sufficiently high magnetic
field and/or current should effectively decouple the su-
perconducting grains, and thus show up the resistance of
the integranular material. Indeed the magnitudes of R,
observed by us (Fig. 1) and others'""!* as well as the insen-
sitivity of R, to the magnitude of magnetic field or
current (up to fairly high values) support that view.

A highly simplified picture of a sintered HTS sample in
a decoupled state is that of an assembly of superconduct-
ing spheres embedded in a nonsuperconducting matrix
with resistivity p,. The effective resistivity of such a
medium depends on the packing fraction of spheres?! and
for rather dense packing appropriate to well prepared
sintered samples one obtains p.s~0.1p,, which agrees
well with measured p, (R,) values. Allowing for a less
dense packing (such as in poorly prepared samples)
and/or the bad quality of some grains one may obtain
larger p.s=p as was indeed observed in our experiments
(Fig. 1). Although the results for R of well prepared sin-
tered samples can be interpreted in terms of the super-
conducting grains with average diameter d separated by
the normal layer of thickness 2A (A is the magnetic-field
penetration depth) if d > 10A (which is often the case for
sintered samples), the best interpretation for R, <R, is
that even at currents several times larger than J, a large
fraction of grains remains superconducting. This was
confirmed in our experiments at temperatures rather
close to T,. In those cases R, remained constant up to
about 10J, when the resistive transition of grains oc-
curred. We note, however, that R ! <R, does not ex-
clude tunneling or proximity-effect coupling between the
grains. Indeed a temperature- and magnetic-field-
independent Ry <R, was also observed in conventional
normal metal-superconductor bulk composites.'’
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According to the above interpretation, the insensitivity
of R, to low magnetic fields reflects the low magne-
toresistance of p.4 (consistent with the results for sintered
Y-Ba-Cu-O samples in a normal state), whereas the in-
dependence of R, on temperature (65-90 K) probably in-
dicates a weak temperature dependence of p.s in that
temperature range.

The nature of dissipation in nonlinear parts of V-I
curves is of particular interest. For conventional type-II
superconductors it is usually attributed to the flux creep
and an initially exponential variation of V with I or H (if
I is kept constant) is expected.!® In sintered Y-Ba-Cu-O
samples a nonlinearity of V' -I curves extends over a very
broad range of I (Al >21I, for T > 77 K) but no exponen-
tial variation of V with I or H (constant I) in any
significant range of I or H has been observed in our ex-
periments. Instead, all our V' -I curves exhibited an initial
V ~I" variation, consistent with the earlier reports.!!"!®
At 77 K the exponents n ranged from 4 to 15 but no
correlation between J, and n could have been established
(the largest J, had sample with n =10).

A similar power-law variation of ¥V was also observed
in composite superconducting wires and was related to
the distribution of critical currents f(I;) within the
wire.?? [The distribution of critical currents is obtained??
from the second derivative of the V-I curve,
fUI)~d*V /dI*.] In particular, lower n corresponded
to wider distribution, which in turn was observed in sam-
ples with very irregular superconducting filaments.??

Considering the microstructure of ceramic HTS it
seems clear that a broad distribution of critical currents
should exist in these samples. The results for d2V /dI?
(numerical derivatives over three successive data points
on the V-I curve) shown in Fig. 1 support that viewpoint.
Whereas in composite superconductors the width of dis-
tribution (AI!) was always less than I,,?2 for our samples
at 78 K AI!>2I,. Furthermore, since the samples with
lower I, had higher AI/I, ratio, the values of the
highest possible critical current were quite similar for all
our samples. Thus from our results for f(I)) we may
conclude that J, > 1000 A/cm? at 77 K is quite unlikely
to be achieved in sintered Y-Ba-Cu-O samples prepared
in a conventional way. This conclusion is in accord with
the reported J, data. Furthermore, the shape of f(I/) is
usually asymmetric with the maximum closer to the mea-
sured I. (Fig. 1), which further limits the prospects of
achieving technologically relevant critical-current densi-
ties in nontextured sintered HTS.

As a more direct check of the analogy between the
composite superconductors and sintered HTS we studied
the effects of the sample deterioration on f(I)) and the
exponent n for some of our samples. As illustrated in
Fig. 2 the distribution is broadened and the exponent n
decreased in the deteriorated sample. As expected, the
deterioration introduces considerably lower I, than in the
fresh sample but has less effect on the maximum of f (1)
and on its high I/ part (tail). Thus high critical currents
can only be obtained in samples in which practically all
intergrain links are strong. At the same time the mea-
sured J, does not give a proper description of the overall
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FIG. 2. Second derivative of V-I curve (critical-current dis-
tribution) for the same sample before (solid line) and after the
degradation (dashed line). The inset: log-log plot of I-V data
for the same sample proving V' ~I" variation.

quality of the sintered sample (it reflects the weakest in-
tergrain links in a given sample) which in turn may ex-
plain the absence of correlation between the normal state
properties and J, in sintered Y-Ba-Cu-O samples. There-
fore the d*V /dI?* versus I variation seems to be the most
powerful diagnostic tool for the evaluation of the quality
of sintered HTS samples and/or of the progress made in
their improvement.

We also studied the effects of magnetic field and tem-
perature on f(I)). As illustrated in Fig. 3, already rather
low magnetic fields decrease I, strongly and thus shift the
distribution and its maximum to lower current values.
Since the high-current tail of f(I/) is less affected by the
magnetic field, the distribution is strongly broadened and
the exponent n accordingly reduced. However, the varia-
tion of n with H illustrated in the inset of Fig. 3 is very
different from that observed in composite superconduc-
tors.22 Whereas in Y-Ba-Cu-O n decreases very rapidly
in small fields but tends asymptotically to n =1 for fields

larger than the lower critical field of the grains,'? in com-
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FIG. 3. Dependence of the critical-current distribution and
(inset) power-law-fit exponent (¥ ~I") on the applied magnetic
field (in Oe).
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FIG. 4. Dependence of the critical-current distribution and
(inset) power-law-fit exponent (¥ ~1I") on temperature.

posite superconductors with comparable n values? n is
rather insensitive to field up to fields close to H ., where it
rapidly decreases to n =1. This difference probably
reflects different origins of f(I)). The behavior of f(I.)
and n in Y-Ba-Cu-O seems to support the tunneling or
proximity-effect coupling between the grains (strong
effect of low fields, but the absence of an upper critical
field). We also observed the self-field effects on f(I]). In
particular f(I/) was rather insensitive to the applied
magnetic field for fields lower than the self-field (H) due
to current flowing through the sample (Fig. 3). Because
of this the actual f(I) in true zero field cannot be de-
duced. Apparently the magnetic field causes redistribu-
tion of currents within the sample and these effects can in
principle be investigated by means of f (I;).

The effects of temperature (77-90 K) on f (1) are illus-
trated in Fig. 4. The increase of temperature shifts
roughly linearly the maximum of f(I/) to lower currents
but does not broaden the distribution as much as the
magnetic field does (Fig. 3). In particular the part of
f(I]) at lower currents becomes steeper on increasing
temperature (Fig. 4) in contrast to what is observed on in-
creasing the magnetic field (Fig. 3). We note, however,
that this could be due to decreasing self-field (I, de-
creases with increasing temperature) which makes a more
detailed analysis of the temperature dependence of f(I,)
more complicated. Typical variation of the exponent n
with temperature is shown in the inset to Fig. 4.
Whereas the initial linear decrease of n may be affected
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by the change in the self-field, a rapid reduction of n, ap-
proaching n~1 close to T, (T, ), again supports the
proximity effects and/or tunneling between the grains. A
more detailed analysis of the effects of the magnetic field
and temperature on f (I/) will be given elsewhere.

IV. CONCLUSION

Systematic investigation of V-I curves of sintered Y-
Ba-Cu-O samples show that the superconducting grains
in these samples can be effectively decoupled by the appli-
cation of the magnetic field and/or current in excess of
I.. In either case a total magnetic field of the order of the
lower critical field of the grains!? that acts on the sample
is sufficient to practically decouple the grains. In the
decoupled state the differential resistivity p, of the sam-
ple can be modeled as that of a system consisting of su-
perconducting grains embedded in a matrix with the
resistivity p, (p, is the resistivity of the sample just above
T,).

The existence of intergrain couplings with very
different strengths suggests a broad distribution of critical
currents within the sintered sample. This distribution
can be deduced from a nonlinear part of V-I curve in
analogy with the technique developed for composite su-
perconducting wires and ribbons.?? The critical-current
distributions of our samples obtained in that manner ap-
pear to be very broad (A, >2I, at 77 K) but with only a
narrow tail extending to currents several times larger
than I.. From these results we estimate that critical
current densities exceeding 1000 A/cm? are unlikely to be
achieved for the sintered samples without texture. The
critical-current distributions can, however, be used as a
sensitive diagnostic tool of the quality of samples and
may as well help the understanding of the nature of inter-
grain coupling in sintered HTS. Our results for the
effects of the magnetic field and temperature on the
critical-current distributions support the proximity-effect
and/or tunneling origin of the intergrain coupling.!*?°
In that respect, comparative studies of V-I characteris-
tics in single crystals and grain-oriented high-J, sintered
samples would be of particular interest.
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