
PHYSICAL REVIEW 8 VOLUME 43, NUMBER 13 1 MAY 1991

Temperature- and field-dependent I-V characteristics of an Ag/YBazCu307 z fiber
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Temperature- and magnetic-field-dependent superconducting I-V characteristics of polycrystal-
line Ag/YBa2Cu307 z for current densities up to 2X 10 A/cm were investigated by means of mea-
surements on a fiber made by the polymer-metal-complex precursor method. Data taken for
H=0. 5 G at selected temperatures from 4.3 to 85.7 K show significant changes in I-V characteris-
tics between 85.7 and 60.8 K. Data for 0.5 G ~H 9000 G and T=77.0 K exhibit a variety of
field- and current-dependent behavior, all of which is consistent with a system of weakly coupled su-

perconducting grains. At low current levels, power-law I-V characteristics were observed for the
entire range of fields, whereas at higher current levels and for H ~ 9 G, a crossover from power law

to linear I-V behavior was seen. The I-V behavior for H + 9 G is dominated by intergranular flux

motion; field-dependent changes at H =60 G suggest changes in intergranular flux flow related to
single-grain lower critical fields.

I. INTRODUCTION

Polycrystalline samples of high- T, superconductors
have proven disappointing for technological applications
largely because of their low critical current densities and
sensitivity to small fields. Measurements of the
magnetic-field-dependent drop in sample critical current
(I, ) for bulk pellets' and direct measurements of the
single-gain and grain-boundary critical currents in poly-
crystalline film samples have shown that this behavior is
due to Josephson-effect weak links at grain boundaries.
The grain-boundary critical current has been shown to
depend strongly on the relative alignment of crystal axes
of adjacent grains. Although low critical currents in
polycrystalline samples limit their technological useful-
ness, these materials are nevertheless an interesting and
unusual physical system. They are unusual because cer-
tain of their physical properties in the superconducting
state, such as magnetization and electrical transport, can
depend more on the nature and distribution of grain
boundaries than on the physical properties of the materi-
al in the grains themselves.

A physical picture used to describe these materials is
that of a collection of Josephson-junction-coupled super-
conducting grains with each grain having a uniform su-
perconducting phase 0. ' The coupling energy between
grains i and j, E, , is given by

E; =(A'/2e)I, .(H, T)cos(B; —BJ
—A;i ),

where I, (H, T) is the Josephson .critical current between
grains i and j and A; =(2nlpo) J~ A.dl, with A, the

magnetic vector potential and $0 the quantum of flux.
The superconducting transition of such a system occurs
in two steps. At a temperature T,o, the single grains be-
come superconducting. At a somewhat lower tempera-
ture T„there is a phase-locking transition that occurs
when the coupling energy between grains is strong

enough to overcome thermal fluctuations and produce
phase coherence between adjacent grains. Below T„the
sample as a whole can support a zero-voltage current.
The phase-locking transition temperature T, is expected
to depend on the average grain coupling energy (E;~ ) as

k~ T, —(E,~ ). This model has been successfully used to
understand the behavior of a related system, that of a fa-
bricated two-dimensional Josephson-junction array. Al-
though these two systems share similar features, the ran-
dom distribution of grain sizes and coupling energies as
well as the three-dimensional distribution of grains exist-
ing in polycrystalline high-T, materials are important
differences that may have substantial effects on current-
voltage (I V) character-istics.

The I-V characteristics of these systems depend on a
number of things. For small currents in zero magnetic
field, a voltage arises from thermally actived "slip" of the
superconducting phase between adjacent grains. This
phase slip comes about because of the decrease in junc-
tion coupling energy E; as the junction current I- ap-
proaches I; . When E; is comparable to k&T, the phase
difference between grains can slip due to thermal fluctua-
tions, thereby producing a voltage, even though IJ & I; .
The voltage developed between two grains is proportional
to the time rate of phase slippage, V=(A/2e)d B/dt. This
effect has been well documented for single Josephson
junctions ' and has also been observed in fabricated
Josephson-junction arrays. An important consequence
of this effect is that a directly measured critical current
marking the onset of a measurable voltage is less than I,".
For average junction currents (Iz) less than (I; ), a
sample's I-V characteristics are expected to be nonlinear
because of thermally activated phase slippage. For
(IJ ) ) (I; ), the I Vcharacteristics -should become
linear, with dV/dI approaching a resistance determined
by the resistance of the grain boundaries. Magnetic field
has two effects on the I-V characteristics. It reduces
grain-boundary critical currents and also allows the pos-
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sibility of a second mechanism for developing a voltage
across the sample, namely, the motion of intergranular
Aux vortices across the sample. In two-dimensional fabri-
cated Josephson-junction arrays, structure in the dynam-
ic resistance dV/dI has been used to investigate the
dependence of I-V characteristics on thermal phase slip-
page and intergranular Aux motion.

Near the onset of a measurable voltage, power-law I-V
behavior has been observed for a number of polycrystal-
line samples. For bulk polycrystalline YBa2Cu307& (Y
1:2:3)below T,o, V ~ I' has been reported. The exponent
a was seen to rise from 1 to =4.5 in a region =1 K
below T,o, and an abrupt rise in a for a ~ 1.5 was inter-

preted as a precursor to the phase-locking transition. '

In polycrystalline films made from ErBazCu307 s (Ref.
11) and Bi-Ca-Sr-Cu-O, ' a somewhat different power-law
behavior has been reported. In these samples,
V ~ (I I, )' an—d a was found to rise from 1 to 2 in a rela-

tively small region below T,o, followed by a more gradual
rise with further reduction in temperature.

The addition of silver to Y 1:2:3has been found to in-

crease the critical current density in polycrystalline sam-

ples. ' Silver apparently does not go into the Y 1:2:3lat-
tice, but has beneficial effects on grain growth and grain-
boundary weak links. In this study we report measure-
ments of field- and temperature-dependent I-V charac-
teristics performed on a polycrystalline fiber of
Ag/YBa2Cu307 s [Ag/(Y I:2:3)].

II. EXPERIMENTAL

The Ag/(Y 1:2:3) fiber on which we reported detailed
measurements here was typical of others that we have

studied and was made with use of the polymer-metal-
complex precursor method. ' ' It consists of a nominal

33%%uo Ag by weight. In the polymer-metal-complex pre-

crusor method, the reactants are mixed on the atomic
level forming a polymer-metal complex and then extrud-

ed into a fiber. During a series of heat treatments, the
polymer is eliminated and the reactants form the final

high-T, compound while the sample retains a fiber shape.
The resulting fiber consists of "as grown" grains that are
not ground nor pressed. Further details concerning the
fabrication technique may be found elsewhere. ' '

The sample reported on here is composed of three 15-
pm-diam fibers in tight contact. Scanning-electron-
microscope (SEM) photographs of the sample (see Fig. 1)

were taken after I-V measurements were performed. The
silver appears to occur primarily as a sheath surrounding
an inner fiber of granular Y 1:2:3,with smaller amounts
of silver occurring in intergranular spaces. The Y 1:2:3
grains appear to be in good physical contact with few in-

terstitial voids. G-rain sizes range from =2 to 6 pm, with

an average size of =4 pm. The ratio of fiber diameter to
grain diameter is d&/d -4 as compared with typical
values of —100 for bulk pellets. The sample's low room-
temperature resistivity of p = 10 pO, cm is consistent with

the silver forming a percolating sheath around the sample
that dominates the normal-state conductivity. The sam-

ple had a critical current density of 510 A/cm at 77 K as
determined by a 1 —pV/cm electric-field criterion, com-

FIG. 1. Scanning-electron-microscope photograph of a cross
section of the sample between the voltage contacts.

parable to values measured in good-quality bulk sintered
pellets. The single-grain transition temperature was

T,0=91.5 K, as determined by the point in the supercon-

ducting transition at which the sample resistance is 90%
of its extrapolated normal-state resistance.

I-V curves were obtained in a He-exchange-gas cryo-
stat using a four-lead dc reversing-current technique.
Voltage measurements were limited by voltmeter sensi-

tivity and noise to a minimum of =0. 1 pV, correspond-
ing to an electric field of 1 pV/cm in the fiber. Due to
the small cross-sectional area and low contact resistance
of the fiber, we were able to produce current densities up
to =2X10 A/cm, corresponding to sample currents of
=100 mA. For runs performed in a magnetic field, the
sample was field cooled.

Because of the percolating network of silver, in the su-

perconducting state at I )I, a significant current may be

carried by silver in parallel to current carried by Y 1:2:3.
The silver current is largest at large sample voltages
when I ))I,. The effect of this current on the shape of
I-V curves is largest for temperatures close to T, and for

high magnetic fields because of the relatively low critical
currents in these situations. The silver current is ac-
counted for by extrapolating the normal-state resistance
of the sample, which is due almost exclusively to the
silver network, to the temperature of interest. The
current carried by the silver is subtracted from the total
current giving the current carried by Y 1:2:3alone. This
procedure was used for I-V curves at T=60.8 K and

above.
Systematic effects in temperature measurements caused

by Joule heating of the sample were measured by observ-

ing the shift in the single-grain T, . Sample currents of
100, 50, and 25 mA produced T, shifts 6T, of 0.5, 0.2,
and 0.02 K, respectively, at T=90 K. These numbers

provide an upper limit of 6T for high-current data below

T, . The power-law I-V behavior that we report was ob-

served for sample currents (25 mA.
The temperature for data taken at T=77.0 K was

maintained by immersing the cryostat in liquid nitrogen.
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For any single data run, the temperature was stable to
within about 4 mK. The average temperature of all of
the 77-K data runs was T =77.0 K with a standard devi-
ation 0.=0. 1 K. Data at other temperatures were taken
with the cryostat in a liquid-helium Dewar and, for a
given data run, the temperature was stable to within 40
rnK.

III. RESULTS AND DISCUSSION
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I-V curves were obtained in the ambient field of 0.5 0
at temperatures of 85.7, 77.0, 60.8, 40.7, 21.2, and 4.3 K
and current densities up to 2X10 A/cm . These mea-
surements represent a larger range of current densities
than previous measurements on bulk polycrystalline
high-T, superconductors. ' The dynamic resistance
dV/dI was computed from a cubic spline fit to the I-V
data and is shown in Fig. 2. The symbols are a con-
venient way to distinguish data taken at different temper-
atures and reAect the discrete current values at which the
I-V data were taken. The dynamic resistance shows

significant changes over this temperature range, both in
the general shape of the curves and in magnitude. There
is an evolution in the shape of the curves from T =85.7
to 60.8 K. The 85.7 K curve rises sharply at low currents
and appears to be leveling off at dV/dI=9S mQ. The
77.0-K curve rises with more or less constant slope, and
the 60.8-K curve shows increasing slope over nearly the
entire range of currents. The shapes of the dV/dI curves
for T ~ 60.8 K are all similar and have decreasing magni-
tude as the temperature is decreased. Log-log plots of
dV/dI for T~77.0 K [Fig. 2(b)j are linear for dV/dI (5
mQ with slopes of 3.1, 3.0, 2.4, 2.6, and 2.4 for T =4.3,
21.2, 40.7, 60.8, and 77.0 K, respectively. The apparent
transition to d V /dI independent of current for
dV/dI-10 mQ and T~40.7 K is an artifact due to
current through the silver percolating network. We were
unable to accurately estimate the resistance of the Ag
network at these temperatures.

Figure 3 shows plots of V versus I —I, on a log-log
scale for the various temperatures. The I-V data were
fitted with a power law of the form V=K(I I, )' for-
V~ 8 pV using a nonlinear least-squares fitting routine.
The data for 40.7 T~ 85.7 K fit the power law, but at
T =4.3 and 21.2 K the curves showed systematic depar-
tures from power-law behavior. Table I lists relevant pa-
rameters for these data. I,"' is the I, fit parameter in the
V =K (I I, )' fits. I—n addition, an eA'ective critical
current I,' was found by measuring the sample current at
a 1-pV/cm sample electric field. Both critical currents
rise approximately linearly with decreasing temperature
for T ~ 60. 8 K. H(I„r)gives the computed field pro-
duced at the surface of the sample by I,"'. For T & 60.8

K, this field is greater than the ambient field.
The parameter y is the ratio of (iii/2e)(I, J ) to the

thermal energy kiiT, where (I,z) is the average single-
junction critical current, (I,J ) =I,ds/2, . ds is the aver-
age grain diameter and 3, is the cross-sectional area of
the sample. As mentioned before, an operational critical
current, such as (I,J ), that marks the onset of measur-
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FIG. 2. (a) Dynamic resistance dV/dI vs I for H =0.5 G and
T =4.3, 21.2, 40.7, 60.8, 77.0, and 85.7 K. Currents for
T~60.8 K were limited by Joule heating and at the highest-
current levels most current was shunted by the percolating
silver network. (b) Same data on a log-log scale. A 1-mA
current corresponds to a 200-A/cm current density.
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FIG. 3. V vs I —I, for H =0.5 G and T=4.3, 21.2, 40.7,
60.8, 77.0, and 85.7 K. A voltage of 1 pV corresponds to a 10-
pV/cm electric field.
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TABLE I. Parameters for I-V curves at H =0.5 G and various temperatures. I, is an eftective criti-
cal current determined by the sample current at a 1-pV/cm sample electric field. I,"' and a are power-
law fit parameters. H(r I, ) is the field at the surface of the fiber produced by I,"' y=. (fi/2e)(I J ) /kii T,
where (I,J ) is the average junction critical current. I,"' values enclosed by parentheses were used to ob-
tain the plots of Fig. 3 for temperatures that did not obey the power law.

T (K)

4.3
21.2
40.7
60.8
77.0
85.7

47.8
37.0
23.0
10.5
2.7
0.41

I,"' (mA)

(47)
(36)

21.2
9.7
2.0
0.23

2.1

1.9
2.4
2.3

4.0
3.1

1.9
0.85
0.18
0.02

7500
1200
370
110

19
1.9

able voltage is less than the Josephson critical current
(I; ) as a result of thermal fluctuations. y as listed in
Table I gives a lower bound on the ratio (E, )/k~ T. . The
phase-locking transition should occur at k~ T, —(E; ). .

I-V curves were also obtained in magnetic fields rang-
ing from 0.5 to 9000 G at a fixed temperature of 77.0 K.
These measurements represent a larger range of current
densities as well as a larger range and a more thorough
coverage of magnetic fields than previous field-dependent
I-V studies done on bulk polycrystalline high-T, super-
conductors. ' ' Selected plots of dV/dI versus I calcu-
lated from cubic spline fits to this data are shown in Figs.
4(a) and 4(b). As was the case in Fig 2, the data points in-
dicate the current values at which I-V measurements
were taken. There is a progressive change in the nature
of the dV/dI curves for 0.5 H ~9 G. The H =0.5 G
curve shows no sign of leveling off at the highest currents
studied, with dV/dI rising smoothly over the full range
of currents explored. Increasing field produces more cur-
vature in d V/dI until at H =9 G dV/dI has clearly lev-
eled off at I -40 mA. For H ~ 9 G, d V/dI levels off at a
weakly field-dependent value ~ 70 mQ. The value of
dV/dI in this linear regime is expected to be due to the
resistance of grain boundaries. From the sample dimen-
sions and average grain size, the observed value of 70 mQ
indicates an average grain-boundary resistance (r„)= 10
mQ. This is similar to the value of (r„)=20 mQ report-
ed by Bungre et al. ' for a Y 1:2:3bulk sintered pellet.

The I-V curves for H ~9 G have a similar shape as
they change from nonlinear to linear behavior with in-
creasing current. This is illustrated with plots of dV/dI
versus I/Io(H) shown in Fig. 5. Io(H) is defined to be
the current at which dV/dI =60 mQ, about 90% of the
maximum value of dV/dI for a given field. A plot of
Io(H) is shown in Fig. 6. Io(H) for 6 ~ H ~ 28 6 gives a
straight line on a log-log scale, and a nonlinear least-
squares fit of this data to the form Io ~ H" gives
n = —1.18+0.05. This Io —1/H field dependence may
be related to the single-Josephson-junction field depen-
dence of I,J(H) ~ ~sin(H/Ho)~/(H/Ho)~, where I,J is
the Josephson critical current in a single junction neglect-
ing the effects of thermal fluctuations. Io falls less
steeply for H & 50 G, but is still linear on a log-log scale.
For 80~H & ~9000 G, a nonlinear least-squares fit to
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FIG. 4. Dynamic resistance dV/dI vs I for T =77.0 K and
selected values of II. (a) O.5~II ~9 G. (b) 0.5~H ~ 1000 G. A
1-mA current corresponds to a 200-A/cm current density.

Io ~H" gives n = —0.32+0.05. We are not aware of an
explanation for the Io-H ' field dependence, but the
leveling off of Io with increasing field may be attributable
to a leveling off of grain-boundary fields due to Aux relax-
ing from grain-boundary regions into grains above H, i.
The lowest H, for Y 1:2:3is =60 G at T =77.0 K.

It is interesting to compare the results shown in Figs. 4
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FIG. 5. Dynamic resistance vs I/I0. I0 is the current at
which d V/dI =60 mQ for a given field.

and 5 with recent measurements on a fabricated two-
dimensional Josephson-junction array. In zero field, the
array exhibited a crossover from nonlinear to linear I-V
characteristics. The crossover was marked by a peak of
dV/dI that was interpreted to mark the point at which
the current through each junction equaled the Josephson
critical current I; . . In small applied fields, the original
d V/dI peak was reduced and broadened and an addition-
al similar peak at roughly —,'I; was observed. This new

peak was interpreted to mark a Aux depinning critical
current I,z. I,z is the current at which integranular Aux

vortices can be driven across the sample in the absence of
thermal Auctuations.

The crossover from nonlinear to linear behavior seen in

Fig. 4 suggests a similar phenomenon. Because of the
randomness in coupling energies and grain sizes and also
the relatively large ratio of grain diameter to sample di-
ameter, there is probably a range of Aux-depinning criti-
cal currents over the length of the sample. As a result,
the crossover should not be as sharp as for a regular ar-

ray. Applying the interpretation of Benz et al. to the
dynamic resistance data shown in Figs. 4 and 5 suggests
that Io represents an average inter granular Aux-

depinning critical current. The nonlinear region near the
onset of a measurable voltage is due to a thermally assist-
ed "creep" of intergranular Aux vortices across the sam-
ple and the crossover to linear I-V characteristics is due
to a change from flux creep to Aux Aow.

It is likely that the evolution of the dV/dI curves seen
in Fig. 4 between H =0.5 and 9 G results from the in-
creasing importance of integranular Aux motion with in-
creasing field in this region. For H ~ 1 G, the number of
intergranular vortices may be small enough that the volt-
age produced by thermal phase slippage is comparable to
Aux-creep voltage. To see if this is a reasonable hy-
pothesis, we next estimate the relationship between H
and the amount of Aux available for intergranular Aux
creep. The region of grain-boundary Aux creep should
extend a distance of the magnetic penetration depth I, on
either side of the grain boundary. Averaging over the
three crystal directions and using A,, =kb =2200 A and
A,, =7800 A at T=77 K (Ref. 21) gives an average
penetration depth (A, ) =4000 A. This is = —,', of the

average grain size d . This sample was field cooled; and,
for H & H, &, field-cooled grains exhibit a partial Meissner
effect, with the Meissner fraction depending on H.
For H ~ 1 G a Meissner fraction of ~ 50% is expected,
indicating that roughly 50% of the Aux is expelled from
the grains. Between 1 and 30 G the Meissner fraction
should fall from —50% to —10%. As a result, the mag-
netic field in the grain-boundary region, B~B, should be
H ~ B&B~ 2H for H 50 G, and accordingly there is one
fiux quantum ($0 = bc /2e) per gain boundary at a field of
H =3—6 G. From this, it is reasonable to expect that, for
H « 5 G, intergranular Aux creep is a small effect,
whereas, for H ~ 5 G, Aux creep should become increas-
ingly important. This is in agreement with the data of
Fig. 4.

Figure 7 shows V versus I —I, data at selected fields.
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FIG. 6. I0 vs H. I0 is the current at which d V/dI =60 mB
for a given field. Lines show fits discussed in the text.

FIG. 7. V vs I—I, for T=77.0 K and selected field values
for 1~H ~3000 G. A voltage of 1 pV corresponds to a 10-
pV/cm electric field.
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At low currents near the onset of measurable voltage,
these data obey the power law V =K (I I—, )' for about
two decades in voltage over the entire range of magnetic
fields. Based on the preceding discussion of dV/dI data,
this power-law behavior is due mainly to thermally assist-
ed Aux creep for H ~ 6 G and a combination of flux creep
and thermal phase slippage for H & 6 G.

The I-V power-law is in general agreement with predic-
tions of a two-dimensional Josephson-junction-array su-
perconducting glass model. This model predicts
V =J (I, I, )'—power-law behavior, where I, is the
current of superconducting electrons. The functional
form of I-V curves depends on the time dependence of
the phase correlation function D (t), which gives the time
decay of superconducting phase coherence between
grains. In the superconducting glass model, power-law
I-V characteristics are due to power-law relaxation in
D(t) of the form D(t)=L +Do(t/r), with L ~I„
Do ~ 1/IC, and a= 1/a. Sergeenkov proposes a func-
tional form for n that gives a =2 at T, and then rising
for T & T, . He further predicts a field dependence for a
characterized by a ~ 2 for H =0 and T & T„then falling
with increasing field. The vanishing of I, is predicted to
coincide with a =2. Possible values of a (T, ) have been
discussed by Lebeau et al. for three-dimensional
Josephson-junction arrays. They predict a(T, )=2 based
on hyperscaling arguments and a ( T, ) = —,

' for high
enough fields based on a time-dependent Ginzburg-
Landau treatment. Our data are in qualitative agreement
with Sergeenkov's predictions of the field dependence of
a, but show a vanishing of I, coincident with a =1.5 at
T =77.0 K and H-1000 G, as we next illustrate.

The fit parameters I„aand E determined from non-
linear least-squares fits to the data of Fig. 7 for V ~ 8 pV
show an interesting field dependence, as can be seen in
Figs. 8 —10. The error bars represent a 1o. confidence in-
terval. For H ~ 2 G, all three fit parameters are constant.
For H increasing in the range 2 ~ H 5 6 G, I, begins to
decrease and E and a begin to rise. For 10~H ~ 50, all
three parameters decrease sharply. For H&50 G, I,

T=77.0 K

O

1O' 1O' 102
H (C)

1O'

FIG. 9. Power-law fit parameter a vs H.

gradually drops to a value consistent with zero at
1000~H~3000 G, while E and a decrease gradually.
The exponent a falls sharply with H(G) for 10~ 50 G
and decreases gradually through a = 1.5, coincident with
I,~0.

If Io determined from the dV/dI plots and shown in
Fig. 6 is an average Aux-depinning critical current, then
di6'erences between Io and I,"' gauge the relative impor-
tance of thermal Auctuations as compared to grain-
coupling-energy disorder in determining the I-V charac-
teristics of the nonlinear I-V region. I0 and I, have a
similar field dependence, and the ratio Io/I, rises roughly
linearly from about 50 at H —10 G to about 100 at
H-500 G. In order to gauge the relative importance of
disorder to thermal fluctuations it is necessary to deter-
mine an energy associated with a given current. In an or-
dered two-dimensional Josephson-junction array, inter-
granular vortices see a periodic potential with barrier
height Eti=(iit'/e)i, ti where i,tt is the vortex-depinning
current per single junction. In a random three-
dimensional Josephson-junction array, any given path
that a vortex can take across the sample has an associated

0 p4 0

0
0

0

T=77.0 k

O

I I I I I 1 I I I I I I 1 I

T=77.0 K

CO

O

O
O
O 1O' 1O' 10~

H (c}
103

100 1O'

FICx. 8. Power-law fit parameter I,"' and the e8'ective critical
current I,' vs H. The lower error bar for H =1000 includes
I, =0. FIG. 10. Power-law fit parameter E vs H.
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effective barrier height. Generalizing the two-
dimensional result gives for a single vortex path an
effective barrier height E~-(fi je)I,slb/3, . I,~ is the
depinning sample current for that particular vortex path,
I is the effective length of the vortex, 6 is the average dis-
tance between potential barriers, and 2, is the sample
cross-sectional area. Taking 6 = I =d with d the aver-
age grain size gives an approximate lower limit for Ez of
Eo =(A'/e )I,sdg /3, . If the range of barrier heights asso-
ciated with the possible Aux paths is less than, or compa-
rable to, k~T, then Eo(IO) should be —ksT above
Eo(I, ). If, on the other hand, the range of barrier heights
is much greater than k& T, then the difference between
Eo(Io ) and Eo(I, ) will also be much larger than kz T and
reflect the range of energy barriers. At H =9 G,
Eo(IO) jk~ =23 100 K, Eo(I, ) jks =480 K, and
[Eo(Io ) Eo(I, ) ]—/kz T=290. These numbers suggest
that, for H=9 G, disorder and the resulting energy
hierarchy of available Aux paths play a key role in pro-
ducing the observed nonlinear I-V characteristics. For
H =300 G, the highest measured field with a definite
nonzero I„EO(IO)/k' =1990 K, Eo(I, ) jkii=115 K,
and [Eo(IO)—Eo(I, ) ]/ks T =24. These numbers suggest
that thermal effects play an increasing role with increas-
ing field. For 1000~H 3000 G, I,"' drops to a value
consistent with zero. The vanishing of I,"' G may indi-
cate that the field-induced drop in ( I,J ) is such that
(E,.~ ) —ks T, resulting in a suppression of intergranular
phase coherence by thermal Auctuations. The fact that,
for H =300 G, Eo(I, )/k~ is close to the actual tempera-
ture supports this hypothesis.

The decrease in the magnitude of the slope of both I,
and Io that occurs for H ) 80 G coincides with one of the
single-grain lower critical fields H, &. This may arise from
a leveling off of the grain-boundary magnetic field as Aux
relaxes from grain boundaries into grains above H„,or
could signal changes in intergranular Aux dynamics asso-
ciated with H, &. Y 1:2:3has two critical fields due to its
anisotropy. At 77 K, H, 1=60 G for H parallel to the a
or b crystal axis and H„=180G for H parallel to the c
axis and H, &

= 180 G for H parallel to the c crystal axis. '

For a single Josephson junction, a magnetic field per-
pendicular to the direction of junction current causes a
reduction in critical current as

sin(~rgjgo)
~

I,J(H) =I,J(0)
/ c

I,J is the Josephson critical current neglecting effects of
thermal fiuctutations, P is the magnetic fiux penetrating
the junction, and go=bc/2e. This equation has been
used to explain the functional form of I, (H) in polycrys-
talline Y 1:2:3by comparing the measured I, (H) with a
calculated I, (H) for a random ensemble of Josephson
junctions that obey Eq. (1). This approach predicts re-
sults that are consistent with the behavior that we ob-
serve for both I, (H) and Io(H) for H 5 50 G. From the
previous considerations though, it appears that this ap-
proach is an oversimplification of the real situation. The
onset of measurable voltage arises from both phase slip
and Aux creep for H 5 1 G, whereas, for H ~ 6 G, Aux

O

o FC
ZFC T=77.5 K

O
CCi

0

00
0 b

10' 10'

10' 104

FICr. 11. Field-cooled and zero-field-cooled sample voltages
vs magnetic field at a fixed current of 1 mA and T =77.5 K. In-
set gives the ratio of zero-field-cooled to field-cooled voltages vs
field.

creep alone dominates. In addition, even for H&9 G,
the behavior of I, (H) is not uniform, but can be separat-
ed into three regions: 6 ~ H ~ 30 G, where Io and
I,(H)-1/H; 50 +H 5 300 G, where Io and I, (H) have a
weaker dependence on H; and H~1000 G, where I, ap-
parently vanishes.

Possible effects due to intergranular Aux Aow as well as
effects due to differences between the grain-boundary
magnetic field 8&& and H can be investigated from
differences in the I Vda-ta of field-cooled (FC) and zero-
field-cooled (ZFC) samples. FC and ZFC sample voltages
at a fixed current of 1 mA were measured for
O. S~H +9000 G at T=77.5 K. See Fig. 11. The ratio
Vz„c/V„c,shown in the inset of Fig. 11, appears to be
relatively constant below 200 G and to fall above 300 G.

As was discussed earlier, below H„FCand ZFC sam-
ples are expected to have different distributions of flux
that may give rise to different I-V behavior. FC samples
should have some fraction of Aux pinned in grains with a
larger Aux density at grain boundaries, whereas for ZFC
samples virtually all Aux is confined to grain-boundary re-
gions. Intragranular Aux is pinned at T =77.0 K for the
entire range of magnetic field and current that was ex-
plored in this sample. Accordingly, the different voltages
observed for field cooling and zero field cooling seen in
Fig. 11 are probably due to differences in the number of
intergranular Aux vortices available for Aux creep. This
argument has been used recently to explain differences in
the microwave surface resistance of FC and ZFC poly-
crystalline Y 1:2:3 samples over a similar field and tem-
perature region. For H ))H, &, the flux distributions of
FC and ZFC samples should both be uniform, and as a
result FC and ZFC voltages should be identical. These
observations are in agreement with Fig. 11.

The data shown in Fig. 11 represent a cut through
several different regions of I-V behavior and illustrate the
different characteristics of these regions. For H &5 G,
there is no measurable sample voltage. For 10~H ~50
G, the sample is in the nonlinear power-law regime and
V(H) rises sharply. The decrease in dV/dH at H —100
G coincides with the change in behavior of I„a,and K
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that occurs near the lowest H„(see Figs. 7—10). At
T =77.0 K, the crossover currents Io for fields of 80 and
1000 G are 2.0 and 1.0 mA, respectively. The data for
50 ~ H ( 1000, then are representative of the nonlinear to
linear crossover region and the data for H) 1000 G are
representative of the linear I-V region.

The most surprising aspect of Fig. 11 is the drop in
ZFC voltage between 300 and 1000 G. These field values
are =2—5 times greater than the highest H„value, and
the drop in voltage is probably due to the process of Aux
relaxing from grain-boundary regions into the grains
themselves. Although the number of Aux vortices in any
grain boundary is not expected to decrease with increas-
ing field, the number of vortices that pass exclusively
through grain-boundary regions will decrease at some
field.

Based on the changes seen in Fig. 11 for 80(H ~ 1000
G, as well as the previously discussed changes in power-
law parameters and Io that occur near 80 G, changes in
Aux distribution or dynamics associated with the lower
critical fields apparently cause significant changes in the
mobility of intergranular vortices.

IV. CONCLUSION

We have investigated the I-V characteristics of an
Ag/(Y 1:2:3) polycrystalline fiber and their dependence
on temperature and magnetic field. These measurements
represent a wider range of current densities and magnetic
fields as well as a more complete coverage of fields than
previous studies done on bulk polycrystalline samples and
reveal a complex variety of behavior. Measurements at
H =0.5 G and 4.3 (T 85.7 show significant changes in
the shapes of the I-V curves between 85.7 and 60.8 K,
whereas I-V curves for T(60.8 K all have a similar

shape. Nonlinear I-Vbehavior was seen near the onset of
measurable voltages for all of these data, and for 40.7
& T(85.7 K these nonlinear I-V curves obey a power
law over two decades of voltage. The I-V curves for
0.5(H ~9000 G and T=77.0 K exhibit a variety of
changes with field and current, all of which are generally
consistent with behavior expected from a system of weak-
ly coupled superconducting grains. Our data indicate the
increasing importance of intergranular Aux motion on I-
V characteristics for 0.5(H~9 G and also reveal a
crossover from nonlinear to linear I-V behavior with in-
creasing current for H ~ 9 G associated with a transition
from Aux creep to Aux Bow. Near the onset of measur-
able voltage and for all fields the I-V curves obeyed a
power law. The field dependence of the power-law ex-
ponent a is in qualitative agreement with predictions of
Sergeenkov, although the vanishing of I, coincides with
a =1.5, rather than with a =2 as proposed by Sergeen-
kov. Comparisons of Io, I,„and the inferred energy bar-
riers suggest that grain-coupling energy disorder plays a
key role in producing the observed nonlinear I-V charac-
teristics. Field-dependent changes in the dynamic resis-
tance, power-law parameters, and crossover current indi-
cate the existence of several distinct regions of field-
dependent behavior and also suggest changes in inter-
granular fiux motion related to the single-grain lower
critical fields.
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