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I-V characteristics and the superconducting transition in polycrystalline YBa2Cu3O7

W. M. Tiernan, R. Joshi, and R. B. Hallock
Laboratory for Low Temperature Physics, Department ofPhysics and Astronomy, University ofMassachusetts,

Amherst, Massachusetts 01003
(Received 14 December 1992)

We report experimental measurements of p(T) and y„(T) performed on four polycrystalline sintered
YBa2Cu307 z samples that characterize the granular superconducting properties of these samples. We
report I-V isotherm measurements near the superconducting transition at selected magnetic fields

0.5 (0(80.9 G for two of the samples. The observed I-V isotherms are consistent with recent predic-
tions of superconducting I-V scaling with critical exponents v= 1.3—1.6 and z =2.6—3.4.

INTRODUCTION BACKGROUND

In polycrystalline sintered pellets and epitaxial films,
there have been several observations of a complex evolu-
tion of I-V characteristics near the superconducting tran-
sition. It is well established that superconductivity in sin-
tered polycrystalline YBazCu3O7 s (YBCO) is deter-
Inined by Josephson weak links at grain boundaries, and
thus these materials provide an experimental realization
of Josephson-array granular superconductivity. Dubson
et al. ' pointed out the two-stage nature of the supercon-
ducting transition and also the occurrence of power-law
I-V characteristics near the p~0 transition. Power-law
I-V characteristics have subsequently been observed
in numerous studies. Sergeenkov has used a
Josephson-array superconducting-glass model to predict
I Vcharacter-istics of the form V ~(I I, )', in ag—ree-
ment with some of these experiments. More recently, I-V
studies on sintered YBCO (Refs. 7—9) have found that
I-V isotherms have a scaling form similar to that report-
ed by Koch et al. ' in epitaxial YBCO.

I-V and y„measurements near T, provide quite
different and complementary information concerning the
superconducting response of these materials and together
help to provide a comprehensive understanding of the su-
perconducting transition. A unique feature of this work
is the collection of extensive sets of I-V and y„measure-
ments on single YBCO sintered pellets. Here, we report
experimental measurements of p(T) and y„(T) near T,
for four sintered YBCO samples that characterize the na-
ture of the granular superconducting transition. For two
of these samples, we also report an extensive set of I-V
isotherm measurements done at selected magnetic fields
0.5 +H(81 G that investigate possible critical behavior
associated with the granular superconducting transition.
Our I-V measurements were done at small current densi-
ties 10 ~J & 10 A/cm with an electric field sensitivity
of 2 nV/cm and a maximum range of six decades in volt-
age. A more extensive set of g„measurements done on
these samples is discussed separately in Ref. 11, and a
more complete description of all of these measurements
can be found in Ref. 12.

In this section we provide a brief overview of
Josephson-array granular superconductivity and its appli-
cability to sintered YBCO. We also discuss recent devel-
opments in the area of superconducting critical phenome-
na, in particular superconducting I-V scaling.

One consequence of the ceramic nature of YBCO is
that any macroscopic three-dimensional sample consists
of a large number of —1 —10 pm sintered YBCO grains
which have a significant effect on the superconducting
properties of the sample. Epitaxial YBCO, which has
transport properties representative of single grain YBCO,
typically has J, = 10 A/cm at 77 K and = 10 A/cm at
4 K.' Bulk sintered polycrystalline YBCO on the other
hand typically has 10 (J, (10 A/cm at 77 K and
J —104 at 4 K..'4"

C

A series of experiments performed by Dimos, Chau-
dhari, and Mannhart' on c-axis aligned polycrystalline
YBCO films have convincingly demonstrated that
Josephson weak links occur at YBCO grain boundaries,
and have also shown that, for these c-axis aligned films,
the weak-link behavior correlates with misalignment of
the a and b crystal axes of adjacent grains. J, values
across misaligned boundaries are very sensitive to mag-
netic field. For H (H, &, the field and temperature depen-
dence of I-V characteristics were found to be typical of
classical Josephson effect weak links. For H )H„, the
I-V characteristics are more complex, but are still gen-
erally consistent with Josephson effect weak-link
behavior.

As a result of weak links at grain boundaries, there are
actually two distinct superconducting transitions in poly-
crystalline YBCO. The first occurs when individual
grains become superconductors at a temperature T,o.
The second transition is associated with superconductivi-
ty of the sample as a whole and comes about because of
Josephson currents between grains. An important pa-
rameter in determining the granular superconducting
properties of polycrystalline YBCO is the relationship be-
tween the coherence length g and the YBCO grain sizes
ds. The single grain YBCO coherence length is go-10
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A, and grain sizes in a typical pellet range from 1 to 10
pm. Near T,0, the single grain coherence length is ex-
pected to diverge as g-$0~T —T,0~

~ .' From this,
g(T)-0. 1 pm&de/10 for T —T,0~ =0.1. Given that
the p —+0 transition in sintered YBCO occurs at least 1 K
below T,Q, for polycrystalline sintered YBCO g «d .

The condition g « d and the fact that integrain
Josephson critical current densities are much less than in-
tragrain critical current densities implies that each grain
can be treated as an independent macroscopic supercon-
ductor with a well-defined superconducting order param-
eter g=

~
P~e' . As a result, polycrystalline YBCO should

provide a good experimental realization of a Josephson-
array granular superconductor. The following describes
some of the work that has been done to understand these
systems.

Deutscher, Imry, and Gunther' predicted that Joseph-
son arrays could have an experimentally accessible criti-
cal region. Ebner and Stroud' ' and Shih, Ebner, and
Stroud investigated the magnetic-field-dependent
behavior of three-dimensional disordered Josephson ar-
rays based on Monte Carlo simulations. They pointed
out that such systems provide an example of a gauge
glass ' and have many similarities to spin-glass systems.
Spin glasses are dilute magnetic alloys in which compet-
ing ferromagnetic and antiferromagnetic interactions be-
tween spins frustrate the system's ability to form an or-
dered ground state. John and Lubensky have investi-
gated the behavior of disordered three-dimensional
Josephson arrays using replica field theory methods.
More recently, Houghton and Moore have used the
techniques of Ref. 24 to show that in spite of the qualita-
tive similarities between the two systems, disordered
Josephson arrays should have different critical exponents
than spin glasses. Until recently, there has been surpris-
ingly little experimental work done on three-dimensional
Josephson arrays. This is because, for metallic supercon-
ductors, it is difficult to achieve experimentally the condi-
tions of relatively large grain size and small Josephson
coupling required to produce a Josephson array. Before
recent work on high-T, superconductors, probably the
most extensive experimental investigation on three-
dimensional Josephson arrays was done by Rosenblatt.
Rosenblatt and co-workers performed a series of I-V and
ac susceptibility measurements on fabricated three-
dimensional (3D) Josephson arrays consisting of super-
conducting NbN spheres imbedded in epoxy. They inter-
preted their observations of power-law I-V characteris-
tics and bulk penetration depths near T, (Ref. 28) in the
context of XFmodel critical exponents. Recent work in-
vestigating the relationship between I-V characteristics
and intergranular Aux motion in ordered 2D arrays has
been done by Benz and co-workers. ' Recent I-Vmea-
surements on disordered 2D Josephson arrays have been
done by Harris et al. , with results interpreted in the con-
text of superconducting I-V scaling. '

The starting point for any Josephson-array model is
the Josephson equations. For a network of Josephson
coupled grains, the Josephson current between adjacent
grains i and j can be written as

I, =I;.sin(8; —8.—A; ") . (1)

Here I; is the Josephson critical current between grains i
and j neglecting the effects of thermal Auctuations. I, is
not an experimentally accessible quantity. 0, is the phase
of the superconducting order parameter associated with
grain i. The term 2; depends on the vector potential A
as

2;.=(2'/40) f A dr,
1

(2)

where @0=bc/2e is the quantum of flux. Summing
2;, /2' around a closed loop of grains gives the enclosed
magnetic Aux in units of the Aux quantum N0. The
Josephson coupling energy between grains is

E, = (R/2—e)I; cos(8;. —8 —A;J. ) . (3)

The ability of the sample as a whole to sustain a zero-
voltage current depends on the behavior of the 0; degrees
of freedom. Thermal fluctuations and current tend to
cause the 0, 's to "slip, " producing intergranular voltages
V; =d (8; —8~ )/dt. The I; increase. with decreasing tem-
perature and, at some T, & T,0, the Josephson coupling
energies may be strong enough to freeze the 0 s, thus
enabling a zero-voltage current to occur. If the magnetic
field H is large enough, many of the 2; -~, with the re-
sult that the 3; become random, thereby destroying the
ability of the 0 s to have long-range order. In this case,
the occurrence of bulk superconductivity is associated
with a freezing of the 0 s in some random configuration
that results in a low system free energy. This state of
frozen 0; has been called a "gauge glass. " ' The gauge
glass condition, 3; -m, occurs when there is =@0/2 per
typical grain cross section, and this condition defines a
characteristic gauge glass magnetic field Hg as

H =0&0/21' . (4)

Here l is a length scale that characterizes the granularity
of the sample, and should be comparable to the average
grain size (ds). For a typical YBCO sintered pellet,
(d ) —5 pm, so that H -0.4 G.

Superconductivity in polycrystalline YBCO is
governed by the behavior of the superconducting phases
0; and in the critical region superconducting properties
presumably result from critical fluctuations in the 0;.
The 2; terms in Eq. (3) have a significant impact: if
these terms are non-negligible, then the system is a gauge
glass and there is no ordered ground state of the 0;. The
lack of long-range order in the 0,. should not preclude the
possibility of a zero-voltage current as long as the 0; are
frozen; however, the differences in ground-state ordering
may be significant to critical behavior. The behavior of
critical fluctuations near T, depends on the interactions
between adjoining regions with different order parame-
ters. The surface energies associated with domain walls
between these regions will be very different for gauge
glass phases than for conventionally ordered phases. For
a conventional ordering transition in three-dimensional
systems, v=0. 5 —0.7 and z =2. In three-dimensional
spin glasses, on the other hand, these exponents have
somewhat higher values, v=1.3 and z =4—7.

There has been recent work done concerning supercon-
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ductivity in type-II superconductors that directly consid-
ers questions of ordering and critical behavior in glasslike
systems. Fisher has proposed that the Aux lattice in a
type-II superconductor freezes into a glasslike order, a
"vortex glass, " at a glass temperature T . A vortex glass
lacks long-range order, but fIux vortices are frozen and
thus can support zero-voltage currents. A connection be-
tween vortex glass systems and gauge glasses can be made
by comparing dissipative mechanisms in the two systems.
Although there is no weH-de6ned flux lattice in a gauge
glass, a transport current causes slippage in the 0; that
results in dissipation. Below T„where the 0; are cou-
pled, the collective modes of phase slippage should be ex-
pressible in terms of Aux motion across the sample, which
is directly analogous to the situation in vortex glasses.
The connection between phase slip and vortex motion has
been used successfully to describe the behavior of two-
dimensional Josephson arrays. ' Although a connec-
tion between the methods of dissipation for these two sys-
tems can be made, the types of energy barriers that Aux
vortices are affected by in the two systems are probably
very different. For ordered two-dimensional Josephson
arrays, the energy barriers are related to the Josephson
coupling energy.

I-V isotherm measurements performed by Koch
et al. ' on epitaxial YBCO at 0.5 ~R ~4 T were found
to have a scaling form analogous to M(H) scaling seen in
ferromagnetic systems. Motivated by these results as
well as by earlier I-V measurements done on supercon-
ducting films, ' Fisher, Fisher, and Huse' (FFH) have
proposed an I-V scaling hypothesis. The FFH scaling
hypothesis predicts an explicit form for the evolution of
I-V isotherms that allows for the extraction of critical ex-
ponents from I-V isotherm measurements. FFH propose
that I-V isotherms near T, have the following form:

critical exponents v=1. 1+0.2 and z=4.6+0.2. These
exponents are similar to those found by Koch et al. for
epitaxial YBCO, and suggest that vortex glass and gauge
glass systems may have similar critical exponents. More
recently, based on some of the results described in this
work, Tiernan and Hallock have reported I-V scaling in
sintered YBCO for 0.5 ~ H ~ 80.9 G consistent with
v=1.4 and z =3.0.

APPARATUS AND EXPERIMENTAL TECHNIQUES

A closed-cycle refrigeration system was used for the
I-V isotherm measurements. The sample block is
separated from the low-temperature (LT) stage of the
cold head by a 13X250 mm Cu connecting rod (Fig. 1)
in order that samples could be positioned between the
pole pieces of an electromagnet. The sample platform
and a platinum thermometer are covered by a copper ra-
diation shield that is anchored to the sample block. The
sample-block —connecting-rod assembly is enclosed by an
aluminum radiation shield screwed onto the 77-K stage
of the cold head. The entire assembly is enclosed in a
vacuum jacket. Electrical leads are heat sunk at the LT
stage and at the sample block. A more complete descrip-
tion of the refrigeration system can be found in Ref. 12.

Temperature regulation was accomplished using a
Lakeshore model LS805 temperature controller, which
monitored the temperature of a Lakeshore DT 470 diode
thermometer attached to the LT stage and controlled
power output to a 25-Q manganin wire bipolar heater at-
tached to the LT stage with GE 7031 varnish. The tem-
perature of the sample block was measured with a
Lakeshore PT-111 platinum thermometer. Sample block
temperature was monitored during I-V isotherm mea-

E-Jg '6'+(J/JO) . (5)
77 K STAGE

Here g is the coherence length, d is the dimensionality of
the system, and z is the dynamical critical exponent.
6'+(x) are scaling functions above (+) and below (

—
)

T, . J0 is a characteristic current roughly equivalent to
J„and is predicted to depend on g as Jo -g ' ". If g
diverges near T, as g- ~8~ ', consistent with scaling hy-
potheses, then Eq. (5) can be written in terms of reduced
temperature,

E-J /a/ @+(J g/a/') .

This form is useful since 8, p, and A, are quantities that
can be experimentally determined from I-V isotherm
measurements. In Eq. (6), p =v(z +2 —d ) and
A, =v(d —1).

The I-V isotherms measured by Koch et al. ' were
consistent with the FFH scaling hypothesis, and their ex-
tracted critical exponents of v=1.5 and z =4.5 were in-
terpreted as evidence for a vortex glass transition. There
have also been experimental observations of I-V scaling
in sintered YBCO. Worthington et al. have measured
I-V isotherms in bulk sintered YBCO at magnetic fields
of 0.5X10 &H~4X10 G and obtained results con-
sistent with the FFH scaling hypothesis. They extracted
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FIG. 1. Schematic of the sample block, connecting rod assem-
bly, and refrigeration stages.
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surements and observed to be constant with a rms devia-
tion 5T= 1 —2 mK. The heat load on the sample stage
due to Joule heating during I-V measurements was small
and caused negligible temperature changes on the sample
block.

Our I-Vmeasurements were done at small current den-
sities 10 ~J ~ 10 A/cm with an electric field sensitivi-
ty of 2 nV/cm and a maximum range of six decades in
voltage. These values are comparable to those obtained
by Worthington et al. , and were chosen to be sensitive
to possible I-V critical behavior at low current densities.
Our I-V isotherm measurements are reported in the
sample-independent units of electric field E versus
current density J. For a sample with constant cross-
sectional area 3, uniform current density J, and a length
l between voltage contacts, E = V/l and J =I/A; V and
I were the directly measured quantities.

A schematic of the circuit used for dc I-V measure-
ments is shown in Fig. 2. dc voltages were measured by
HP 3478A multimeters using the standard four-lead tech-
nique to a sensitivity limit of 5 V=0. 1 pV. Sample
current was determined by measuring the voltage across
a calibrated wirewound resistor (R =0.99880) in series
with the sample. For each single I-V measurement, the
current was reversed in order to eliminate thermal volt-
ages. For R(T) runs, temperature was monitored and
data taking was controlled by computer through a GPIB
bus to the voltmeters.

Greater voltage sensitivity can be achieved using
phase-sensitive ac techniques. In this approach the sam-
ple current is a low-frequency square wave and the result-
ing sample voltage is measured with a lock-in amplifier.
The frequency of the square wave is chosen to be low
enough so that the measured voltage results from the dc
response of the sample during the constant current cycle
of the square wave driving current. Our apparatus had a
voltage sensitivity 5 V= 1 nV. Figure 3 shows a schemat-
ic of the circuit used for ac I-V measurements. The sam-
ple current was a 10.5-Hz square wave.

Sample voltages were measured using the standard
four-lead technique, employing separate contacts for
current and voltage leads. Two methods were used to
make electrical contact to the samples. For current con-
tacts, low resistance contacts were obtained using a tech-
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FIG. 3. Schematic of circuit used for ac I- V measurements.

nique similar to that described by Ekin and co-
workers. ' Ag pads =2 pm thick were evaporated near
the ends of the sample, and the sample was annealed in
Bowing 02 at T =550 C for 1 h. Current leads were then
attached to these annealed Ag pads with In solder. The
contact resistance of one such current contact was mea-
sured using a four-lead technique and found to be &0.2
mQ. With annealed Ag contacts, Joule heating at the
current contacts was found to cause negligible tempera-
ture changes for sample currents up to 200 mA. Voltage
contacts were made using Ag filled paint, which resulted
in a typical contact resistance of —1A and fair mechani-
cal strength.

Some of the I-V runs were done in the local ambient
magnetic field B,. B, was measured to have a magnitude
B,=0.5 G and forms an = 15 angle with respect to local
vertical. In addition, a 12-in. electromagnet with a
modified power supply was employed and could provide
fields 0. 1&H ~ 10 G. Magnetic field was measured us-
ing a Hall effect gaussmeter, with a range of 0.1 to 10"G.
Measurements of H with the Hall probe showed that the
vertical component between the pole pieces was less than
0.1 G. For the I-V measurements reported here, H was
applied horizontally and perpendicular to the sample
axis; the sample axis is the direction of the transport
current. All measurements were performed after the
sample was cooled into the superconducting state in the
presence of the applied field H.
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FICr. 2. Schematic of circuit used for dc I-V measurements.

MATERIALS SYNTHESIS
AND CHARACTERIZATION

Our samples are pressed and sintered pellets made
from YBCO powder fabricated using the polymer-metal-
complex technique, ' ' which is an alternative to stan-
dard solid-state techniques of producing sintered ceramic
superconductors. We have produced superconducting
YBCO sintered pellets by this technique using calcination
and sintering temperatures ranging from 880 to
950 C. ' Typically, samples with the best superconduct-
ing properties were fabricated at processing temperatures
920~ T~ 940'C. At these temperatures we were able to
produce sintered pellets with reproducible properties of
density =5.2 g/cm, p(300 K) = l. l mQ cm, and narrow
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( = 1 K) superconducting transition regions. A density of
5.2 g/cm is 84% of the YBCO single-crystal density of
6.2 g/cm . Processing conditions and characteristics of
the four samples discussed in this work are listed in Table
I. The values of density and p listed in Table I are limited
to an accuracy of about 5% due to irregularities in sam-
ple dimensions.

Since grain boundaries play a key role in determining
the superconducting behavior of sintered YBCO, it is
useful to know the distribution of grain sizes and shapes.
Following the measurements, the samples were fractured,
and several scanning electron microscopy (SEM) images
were taken at representative points of the cross section.
A subset of N, -200 grains was selected from the SEM
images by drawing a series of roughly parallel lines
through the photographs. The linear dimensions of N,
grains that intersected the lines was measured and the
grain size d was taken to be the geometric mean (&xy )

of the two dimensions. The grain size distribution of the
selected grains was determined by counting the number
of grains N(dg) with d~ falling within a 1-pm interval
centered on integer pm grain sizes. The frequency distri-
bution F(d ) was estimated by F(d )=N(d )/N„and is
shown in Fig. 4 for sample 331. F(ds) is sharply peaked
around d =3 pm. For 8 pm ~d ~ 12 pm there were a
relatively small number of grains, O~N(dg ) ~6, and for
this small sample of grains F(d ) appears to be more or
less independent of d . In the set of selected grains, there
was only one grain with d & 12 pm, and it had d = 15
pm.

For most of the samples, the largest number of grains
were found to have sizes d ~ 5 pm; however, these small
grains may occupy a relatively small volume and thus
may not be significant in determining bulk superconduct-
ing properties of the sample. In order to estimate the rel-
ative volume occupied by a given grain size, we estimated
the volume fraction as F ( Vs ) = (ds /(dg ) ) F(ds ). ( dg )
is an average grain size, and was taken to be the d coin-
ciding with the peak in F ( V ). F ( V ) is shown in Fig. 4
for sample 331. F(Vs) is a much broader distribution
than F(dg ) and has a peak at d =5 pm. Because of the
relatively small number of grains counted for d ~6 pm
there is a lot of scatter in F( Vg ) in this range. However,
even if F( V ) goes smoothly to zero at d = 12 pm, grains
with d )6 pm appear to occupy a relative volume

0 O
C3

LJ cv
O

Q
L

C3

C3

C)

o

+ F'(V

+
+

0 0 0 w rh ~ n

8
dg (p, m)

12 16

FIG. 4. Grain size distribution for sample 331.

EXPERIMENTAL RESULTS AND DISCUSSION

Figure 6 shows p vs T and y„vs T -=.r the supercon-
ducting transition for the four samples described in Table
I. The features of p and y„ in all of these samples are
consistent with a two-stage superconducting transition,
with individual grains having a superconducting transi-
tion at T,o and the sample as a whole having a granular

SAMPLE 331

greater than the percolation threshold. The volume per-
colation threshold in 3D is P, =0.16. Based on F ( Vg ),
it is reasonable to expect that the transport properties of
sample 331 should be determined primarily by grains
with 4 pm ~d & 10 pm. Grain size information for the
four samples is summarized in Table I. In addition to
(dg ), for each sample the width of the grain size distri-
bution, 6d, was estimated from the full width at half
maximum of F( Vg ).

X-ray diffractograms of these samples were taken, and
the results for samples 331 and 1765 are shown in Fig. 5.
These are consistent with results expected for
YBa2Cu 307

TABLE I. Selected properties of the YBCO sintered pellets
discussed in the text. All of the samples were sintered at 940'C.
Superconducting transition temperatures are for magnetic field
H=0. 5 G.

IgjIgI—

LLJ

331
Sample no.

1765 1762 1333
SAMPLE 1765

Sinter time (h)
Density (g/cm')
p(300 K) (mQcm)
T, (K)
T,"(K)
(dg) (p,m)
5d~ (pm)

10
5.4
1.2

91.83
90.83

5
6

2
5.1

1.0
91.65

2
5.0
1.1

91.79
90.50

6
4

10
5.4
1.2

92.42

12
6

20 30 40 50
28 (0EG)

60

FIG. 5. X-ray diffractograms for samples 331 and 1765.
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FIG. 6. p(T) and y„(T) near the superconducting transition
at H =0.5 G. (a) Sample 331. (b) Sample 1765. (c) Sample
1762. (d) Sample 1333. marks T,o and @ marks T, . In (a)
and (b), the dashed line shows the e6'ect of an H = 8 G magnetic
field on p( T}.

superconducting transition at a lower temperature T, .
The structure of p(T) at H =0 is very similar in all four
samples shown in Fig. 6. The relatively abrupt drop in p
above T,o is attributable to Auctuation conductivity
occurring in individual grains. ' Below T,o, p drops
more gradually and has a footlike structure. This resis-
tive "foot" is attributable to resistance at grain boun-
daries that result from the relatively weak Josephson cou-
pling just below T,o. In Figs. 6(a) and 6(b), the dashed
line shows the effect of an H =8 G magnetic field on
p( T). The broadening of the resistive foot in this relative-
ly small field is symptomatic of the Josephson coupling
between YBCO grains. The insensitivity of p(T) to the
8-G field for T ~ 92 K suggests that for these tempera-
tures p(T) reflects intrinsic superconducting properties of
the YBCO grains themselves.

y' is the component of g„ in phase with the sinusoidal
excitation field H„and y" is the component of y„out of
phase with H„. For 92 ~ T ~ 91.5 K, —y' increases
roughly linearly with decreasing temperature, and g"=0.
This type of behavior is consistent with a diamagnetic
response due to the Meissner effect in a collection of
small, uncoupled superconducting particles with size
d ((A, . Here A, is the superconducting penetration
depth. In such a system the g'=0 intercept gives the
transition temperature of the grains, T o. T o determined
in this way agrees with the onset of the intergranular
"foot" region as deduced from p( T) in Figs. 6(a) —6(d). y'
has a somewhat different structure for sample 1333 [Fig.
6(d)] compared with the other three samples. This may
be attributable to the significantly larger grain sizes in
sample 1333. From Table I, sample 1333 has an average
grain size of 12 pm, twice that of the other three samples
and also has a significantly larger value for T,o.

I-V measurements performed on samples 331 and 1765
that are discussed later provide a determination of the
granular superconducting transition temperature of the
entire sample, T, . The T, determined from I-V charac-
teristics occurs near the temperature for which p appears
to go to zero in Figs. 6(a) and 6(b). The granular super-

conducting transition depends on the relationship be-
tween the inter granular Josephson coupling energy,
(A'/2e)I;. , and the thermal energy k~T. Just below T,o,
the grains are superconducting but the intergranular
Josephson coupling is small compared to k~T. In this
weak Josephson coupling regime, the YBCO grains are
independent uncoupled superconductors and the grain
boundaries are resistive. Further below T,o, however, in-
tergranular Josephson coupling becomes stronger and as
a result p drops and appreciable intergranular Josephson
currents develop. The effects of stronger Josephson cou-
pling are manifested in the development of changes in
both g„and I-V characteristics. g„develops a
significant out-of-phase component y", and both y' and
g" become sensitive to changes in H„. These complex
H„dependent changes in y„are discussed in detail in
Ref. 11. I-V measurements show that these changes in
g„are accompanied by the development of complex non-
linear I-V characteristics, as we next discuss.

I-V isotherm measurements were performed on sample
331 at H =0.5, 8.1, and 80.9 G and on sample 1765 at
H =0.5 G. For each set of measurements, the I-V
characteristics became nonlinear below T,o and the struc-
ture of the I-V isotherms evolved in a distinctive way.
Figure 7 shows selected I-V isotherms near the p~0
transition for sample 331 at H =0.5, 8.1, and 80.9 G and
for sample 1765 at H =0.5 G. For both samples, l =0.65
crn and A =0.023 cm . The I-V isotherms all show a
similar evolution in structure. They are entirely Ohmic
near T,o, and with decreasing temperature remain Ohmic
at low currents, but become nonlinear at higher currents.
The region of Ohmic behavior is reduced to smaller
currents with decreasing temperature, until at some tem-
perature there is no trace of Ohmic behavior and the I- V
isotherms obey a power law, V ~I', for more than three
decades in voltage. At lower temperatures, the I-V iso-
therms exhibit a superconducting character, as evidenced
by the negative curvature of d log V/d logI over the en-
tire range of experimental accessibility.

Similar evolution in I-V isotherrns has been seen in a
variety of superconducting systems, and is believed to be
a characteristic feature of superconducting phase transi-
tions. In the following we interpret the I-V isotherms of
Fig. 7 in the context of the I-V scaling hypothesis pro-
posed by Fisher, Fisher, and Huse' described earlier.
The critical temperature T, is associated with the oc-
currence of power-law I-V behavior, V ~I'. Based on
our measurements, we could not determine a single tem-
perature at which power-law behavior occurred, rather
there was a range 5T-20—100 mK wide, depending on
the sample and H; over which the I-V data were con-
sistent with power-law behavior. At each field we es-
timated the center and width of the region of power-law
behavior, and determined the power-law exponent a from
the slope of log V vs logI. Table II lists these results for
both samples at H =0.5 G along with a number of other
measurements that will be discussed later in this section.
Table III lists these measurements for sample 331 at
H =0.5, 8.1, and 80.9 G. The uncertainties in T, and a
given in Tables II and III represent the range of values
consistent with the range 5T of power-law I- V behavior.
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TABLE III. Summary of critical temperatures and measured
power-law exponents for sample 331 at H =0.5, 8.1, and 80.9 G.
p and A, were determined from data collapses.

E
O) O

LJJ O

H (G) 0.5

91.83
90.83+0.03
2. 13+0.1
3.1+0.2
2. 8+0.2

8.1

91.78
90.23+0.1

2. 15+0.15
3.1+0.2
2.8+0.2

80.9

91.71
87.95+0.1

2. 15+0.1
3.1+0.2
2.8+0.2

I

O

I

Wl
I

O
10 ~ 10 2 10 ' 10c 10'

J (A/cm')

FIG. 7. I-V isotherms for samples 331 and 1765. (a) Sample
331, H =0.5 G. The temperature of each isotherm, from upper
left to lower right, is T =91.78, 91.478, 91.338, 91.225, 91.134,
91.067, 91.006, 90.966, 90.916, 90.849, 90.812, 90.772, 90.678,
90.571, 90.471, 90.299, 90.073, and 89.866 K. (b) Sample 1765,
H =0.5 G. T =91.459, 91.053, 90.908, 90.806, 90.724, 90.645,
90.559, 90.522, 90.484, 90.45, 90.42, 90.366, 90.312, 90.221,
90.134, 90.087, 89.975, 89.745, and 89.567 K. (c) Sample 331,
H =8.1 G. T =91.502, 91.179, 90.944, 90.848, 90.737, 90.651,
90.542, 90.415, 90.346, 90.225, 90.053, 89.831, 89.588, 89.256,
88.855, and 88.522 K. (d) Sample 331, H =80.9 G. T =91.743,
91.236, 90.033, 89.523, 89.191, 88.938, 88.714, 88.512, 88.306,
88.156, 88.003, 87.85, 87.661, 87.477, 87.24, 86.965, 86.633,
86.361, 85.852, 85.241, 84.253, 83.261, and 81.902 K.

Superconducting I-V scaling should occur at current
densities J (k~ T/C&olz, where lJ is a cutoff length scale
above which the sample appears homogeneous. ' For a
polycrystalline sintered sample lJ should be related to the
length scale associated with the granularity of the sam-
ple, l~ —(d ). In Fig. 7, deviations from power-law
behavior occur for J) 1 A/cm . This is consistent with a
length scale lJ —10 pm, which is in accord with the aver-
age grain size (d ) =6IIJ,m.

Above T, and for low currents, the I-Visotherms show
Ohmic behavior consistent with a sample resistivity pL.
pL was determined for several temperatures above T, for
sample 331 at H =0.5, 8.1, and 80.9 G and for sample

1765 at H =0.5 G. Figure 8 shows I-V data at selected
temperature values and p~ fits for sample 331 done at
H =0.5 G. For the three sets of data closest to T, and
having the lowest pI values, each voltage represents an
average of five independent measurements and the
symbol-sized error bars give a 10. statistical uncertainty.
Plots of pL vs T determined from extensive data similar
to that shown in Fig. 8 for sample 331 at H =0.5, 8.1,
and 80.9 G are shown in Fig. 9. Figure 10 shows pL vs T
for samples 331 and 1765 at H =0.5 G. It is clear from
Figs. 9 and 10 that pL drops very sharply as T~ T, .

Figure 11(a) shows the pI data of Fig. 9 plotted versus
reduced temperature, 8=(T —T, )/T, . Here T, is deter-
mined from the occurrence of power-law I-V isotherms
and is given in Table III. Figure 11(a) illustrates that for
each value of the magnetic field, pL near T, is consistent
with a power law of the form pl -8", with p apparently
independent of H. Based on the previously described un-
certainties in T„ the power-law fits are consistent with
p=3.2+0.4, 3.4+0.6, and 3.3+0.4 for H =0.5, 8.1, and
80.9 G, respectively. Figure 11(b) shows pI vs 8 for sam-

ple 1765 at H =0.5 G; here p=2. 8+0.6, and T, is that
listed in Table II.

The agreement of our data with the FFH scaling form,
Eq. (6), can be checked globally by performing a "data
collapse. " A data collapse consists of plotting E/Jid~" vs
J/~8i . If the data are consistent with the scaling form
predicted by Eq. (6), then I Vdata plotted in t-his way
will lie on the two scaling curves g+(J/i8i ). Data col-
lapses were done using T, determined by the occurrence

O
ca

Sample no.
1765331

TABLE II. Summary of critical temperatures and measured
power-law exponents for samples 331 and 1765 at H =0.5 G. p
and A, were determined from data collapses.

O
C

LJ

O0

T, (K)
T, (K)
a
p

V

Z

91.83
90.83+0.03
2. 13+0.1
3.1+0.2
2.8+0.2
1.4+0.1

3.2+0.2

91.65
90.50+0.02
1.95+0.1

2.8+0.2
3.0+0.2
1.5+0.1

2. 8+0.2

20 40 60 80 100
CURRENT (pA)

FIG. 8. Selected I-V data and pl fits for sample 331 at
H =0.5 G.



3430 W. M. TIERNAN, R. JOSHI, AND R. B. HALLOCK 48

I

SAMPLE 331
C3
C3

k
4

k
Jf
4

4
k
k
k

~ a

~ ~

~ ~ ~ 0.5 G
~ 8. 1 G

80.9 G
U

~ ~
~ ~

~ ~
~ ~~ ~

~ ~0

~ ~
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88 89 90 91 92 93
TEMPERATURE (K)

10 10

FIG. 9. pL vs T for sample 331 at H =0.5, 8.1, and 80.9 G.
FIG. 11. pL vs reduced temperature L (a) Sample 331 at

H =0.5, 8.1, and 80.9 G. (b) Samples 331 and 1765 at H =0.5
G.

of power-law I-V characteristics and various combina-
tions of p and A, . Figures 12(a), 12(c), and 12(d) show
data collapses for samples 331 at H =0.5, 8.1, and 80.9 G
using p=3. 1 and k=2. 8. At each field, these values of p
and A, caused the I-V isotherrns to lie on the two scaling
functions 6+(x), with the exceptions of expected devia-
tions for large values of J and 8. A change of either p or
A, of +0.3 from these values produced significant and sys-
tematic deviations from the two scaling functions. Figure
12(b) shows a data collapse for sample 1765 at II =0.5 G.
The optimum data collapse for sample 1765 was obtained
using p=2. 8 and A, =3.0.

The data collapses for each of Figs. 12(a)—12(d) pri-
marily lie on two curves, and the shapes of the curves are
consistent with the expected shapes of the scaling func-
tions 6+(x). In particular, the data collapse for sample
331 at all fields is very good, with the only significant de-
viations from the scaling curves occurring for large
values of J and 8, where deviations are expected. There
are systematic deviations from the scaling curves in sam-
ple 1765. Based on SEM photos' sample 1765 appears
to have some relatively large-scale holes and cracks, and
these may have an effect on scaling behavior. y„mea-
surements discussed in Ref. 11 are also consistent with

(a) 33
H=0. 5

(b) 1765
H=0. 5 G

sample 1765 having a larger degree of inhomogeneity
than sample 331.

For sample 331, acceptable data collapses with various
values of T„p, and A, provided the following limits on p
and A, : p=3. 1+0.2 and A, =2.8+0.2. For sample 1765
p=2. 8+0.2 and A, =3.0+0.2. I Vscaling, -Eq. (6), pro-
vides the relationship a = 1+p/A, , which agrees very well
with our measurements. For sample 331, a =2. 13+0.1,
whereas 1+p/1, =2. 11+0.1. For sample 1765,
a = 1.95+0. 1 whereas 1+p /A, = 1.93+0.l.

The I-V scaling equations, (5) and (6), provide relation-
ships between the experimentally measurable exponents
a, p, and A, and the more fundamental critical exponents
v and z. v is the coherence length critical exponent, and
gives the dependence of coherence length g on 8, g-8
z is the dynamical critical exponent, and gives the diver-

C)0
H=0. 5 G

~ 8
H

l

I ~

(c) 331
H=8. t G

D

~ 331
~ 1765

I —5 —3 —1 1

I

3 5
90 91 92

TEMPERATURE (K)
93

log&o J/6 ~

FIG. 10. pL vs T for samples 331 and 1765 at H =0.5 G. FIG. 12. Data collapses for the I-V isotherm data of Fig. 7.
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gence of characteristic relaxation times r near T„r-P.
Equations (5) and (6) give, for d =3, z =2a —1, v =A, /2,
and v=p/(z —1). For sample 331, the measured values
of a =2. 13+0.1 A, =2.8+0.2 and p=3. 1+0.2 yield
z =3.26+0.2 v=1.4+0. 1 and v=1.37+0.1. For sam-
ple 1765, a =1.95+0.1, A, =3.0+0.2, and p=2. 8+0.2
give z =2.8+0.2, v=1.5+0.1, and v=1.56+0. 1. Thus
the critical exponents that we obtain are consistent with
predictions of Eqs. (5) and (6).

Our results for v and z can be compared with theoreti-
cal predictions and with measurements on other super-
conducting systems. v has been calculated using first-
order e expansions for several different systems. For the
XY model, v=0. 67. For a spin glass with a two-
component order parameter, v= 1.33, whereas for a two-
component gauge glass v=1. 13. z is more difficult to
determine analytically, but for spin glasses, analytical and
experimental results point to z &4. For a mean field su-
perconductor, it is expected that z=2. Thus glasslike
systems have both z and v a factor of 2 greater than for
ordered systems.

Based on I-V isotherm measurements on epitaxial
YBCO at 1X10 ~H ~4X10 G, Koch et al. ' found
I-V scaling consistent with v=1.7 and z =4.8. They in-
terpreted these values of v and z as evidence for vortex
glass superconductivity. For sintered YBCO at
H=SX10 and 1.5X10 G, Worthington et al. observed
I-V scaling with v=1.1+0.2 and z =4.6+0.2. They
concluded that the similarity of their results with those of
Koch et al. suggested that polycrystalline YBCO is also a
vortex glass superconductor.

Our measurements at much smaller magnetic field
values are consistent with v=1.3—1.6 and z=2. 6—3.4.
Thus our value for v is similar to that reported for other
systems and is consistent with that expected for an XY
spin glass, although it is somewhat larger than predic-
tions for a gauge glass. z, on the other hand, is
significantly lower than found in these other measure-
ments. Since for spin glasses z &4, our result of z=3
may be significant.

In addition to difficulties associated with various kinds
of disorder in these materials, the interpretation of criti-
cal exponents in this system may be complicated by a
feature unique to Josephson arrays. The changes that

occur near T, are due to the changes in Josephson cou-
pling energy, whose average value increases from zero at
T,o to -k~T at T„just 1 K below T,o at H=0. 5 G.
Thus in a Josephson array the phase transition is driven
by large changes in coupling strength that occur over a
relatively small temperature interval. This is different
from a magnetic system, where the coupling strength is
fixed and phase transitions are driven by changes in tem-
perature. We are not aware of the effect that this
difference is expected to have, if any, on the values of
critical exponents.

CONCLUSION

We find that within the range of experimental I-V
values accessible to us, the temperature-dependent evolu-
tion of I-V isotherms near the superconducting transition
in these sintered YBCO superconductors is consistent
with predictions of superconducting I-V scaling. Using
the scaling form proposed by FFH, we extract from our
I-V isotherm measurements a value for critical exponents
v=1.3 —1.6 and z=2. 6—3.4. Our values for v are in the
general range of values reported from experiments on
other YBCO superconducting systems. Our values for v
are similar to predictions for XY spin-glass systems, but
are somewhat larger than predictions for an XY gauge
glass. The values we obtain for z are significantly less
than that expected for spin glasses, where z & 4, and are
significantly different than results obtained in other
YBCO superconducting systems. As a result of the
differences between our measurements and those obtained
by Worthington et al. , and also based on our result of
z &4, we believe that the origin of critical exponents and
the significance of their values remains an open question
in polycrystalline sintered YBCO.
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