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Explanation of the dissipation observed in several high-temperature superconductors
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We have measured the current-voltage (I-V} characteristics of several high-temperature-

superconducting materials with widely difkrent morphologies {bulk Ag/Pb-Bi-Sr-Ca-Cu-0 tapes, thin
films of Y-Ba-Cu-O, and melt-textured, bulk Y-Ba-Cu-0 samples). The I-V curves were taken at several

magnetic fields ranging from 0 to 8 T. The measurements were carried out at three temperatures (4.2,
27, and 77 K) where the samples were immersed in liquid cryogens to ensure good thermal equilibrium.
We compared our experimental results to the predictions of dissipation in superconductors made by the
following physical models: modified Ambegaokar-Halperin, flux creep, vortex glass, collective flux

creep, and a power law. The fits were extremely good for the first model and were not nearly as good for
the others. Using the modified Ambegaokar-Halperin model, the critical current I„the normal-state
resistance R„,and y, which is proportional to the pinning potential U(H, T), were obtained for each ma-

terial. Since the Ambegaokar-Halperin model is the only one which uniquely defines I„we conclude
that its use puts this parameter on a solid physical basis.

I. INTRODUCTION

The efFect of magnetic field on the transport properties
of high-T, superconductors, in particular the resistance
R(H, T) and the nonlinear current-voltage (I-V) charac-
teristics, has received considerable experimental and
theoretical attention over the past few years. The
preponderance of these results, however, has not led to a
consensus as to the proper explanation of the observed
dissipation. In fact, the results are generally inconsistent.

For instance, Palstra et al. ' studied the resis-
tance of single crystals of YBaiCui07 (YBCO) and
Bi2 2Sr2Cao sCu20s (BSCCO) and interpreted their results
in terms of a thermally activated flux-flow (TAFF) model
which is based on the original work of Anderson and
Kim. On the other hand, Koch et al. studied the resis-
tance and I-V curves of oriented thin 61ms of YBCO and
interpreted their results in terms of a vortex-glass (VG)
model. An alternative explanation of the Koch results
was advanced in a comment by Coppersmith, Inui, and
Littlewood, who 6tted the data with the Ambegaokar-
Halperin (AH) model. This interpretation was rebutted
by Koch et al. in favor of the VG model. Polycrystal-
line samples of high-temperature superconductors have
been studied as mell: Wright, Zhang, and Erbil mea-
sured the resistance and I-V curves near the supercon-
ducting transition temperature T, of granular
Bi& 7Pbo 2Sbo &Sr2CazCu30&0 and used the AH model to
determine pinning energies and T, . Granular YBCO was
treated using the same model by Gaffney, Peterson, and
Bednar. Conversely, Miu et al. ' studied granular
YBCO and Bi2Sr2Ca2Cu30, 0 samples and fitted the re-
sults most successfully to a collective flux-creep (CFC)
model. "'

The purpose of this paper is to present the results of an
extensive study of the I-V curves of samples with three
very difFerent morphologies [oriented thin films of
YBCO, melt-textured YBCO, and bulk composite
Ag/Bi, sPbo &Sr, 9Ca2Cu~, O, O (Ag/PBSCCO) wires].
The current and voltage were varied over as large a range
as possible and with a high density of points. Measure-
ments were made at three temperatures where the sam-
ples could be immersed in a liquid cryogen to assure iso-
thermal conditions. The I-V curves were also measured
at several magnetic fields to provide a dense spacing of
fitting parameters in order to define their functional
dependence on this variable.

The I-V curves were 6tted by the predictions of the
four models introduced above (TAFF, VG, AH, CFC), as
well as to a polynomial form often introduced on an
empirical basis' in order to de6nc I, . Although over
some of the range of magnetic field or temperature, one
or more of the models St the data reasonably mell, we
found that only the AH model consistently fit all the data
well over the entire range of measured values.

II. THE AMSEGAOKAR-HALPERIN MODEL
AND ITS APPLICATION TO DISSIPATION

IN SUPERCONDUCTORS IN A MAGNETIC FIELD

Before presenting the modi6ed Ambegaokar-Halperin
model we make a distinction concerning current Row in
the materials under study. The samples we have studied
can be divided into two categories: composite materials
consisting of a bulk superconductor imbedded in a
normal-metal matrix, and homogeneous materials consist-
ing simply of a superconductor. In homogeneous materi-
als the current is carried by the superconductor and the
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theory may be applied directly. In the composites, how-
ever, "current sharing" occurs; that is, the total applied
current I divides into two parallel components, I, and I„.
The former represents the current flowing through the
superconductor, while the latter represents the current
Sowing through the normal-metal regions. Thus, in the
case of the composite material,

I=I,+I„=Ig+6„V,

where 6„ is the conductance of the normal-metal path
and V is the voltage drop. Where the distinction between

l

I and I, is relevant, it is understood that the AH model
refers only to I,.

Ambegaokar and Halperin derived the differential
equation for a circuit containing a single Josephson junc-
tion. Taking into account the effect of thermal noise,
they solved that equation to obtain V(I, ) as a func-
tion of the noise-rounding parameter, y =Ez—/ks T
=P,I, /2mks T. Here kii is Boltzmann's constant, P, is

the Aux quantum, I, is the critical current of the junction
in the absence of thermal fluctuations, and Ez is the
Josephson coupling energy. Their general solution to the
difFerential equation is written as an integral:

V=(I,Rg) (e r"—1) ' f d8f(8)''r 0
(2)

V =(2I,Rz)(1 —x )' exp[ —yF(x)]sinh

where F(x)=(1—x )'~ +x sin 'x. Using two addition-
al approximations ln(1 —x )-0 and sinh(n yx /2)
-0.5 exp(myx/2), which are consistent with the above
conditions on y and x, an even simpler equation can be
written,

I, =ki+k2lnV,

where

k, = [I,(2/m) (2I, /ny )ln(—I,Rg)]

(4)

and kz=(2I, /my). For the composite materials we
found that it was very convenient to use the analytic
form, Eq. (1) with I, defined by Eq. (4}, to fit the I-V
curves to obtain approximate values of R„, y, and I,
which were then used as starting values in the more accu-
rate fits' employing the more cumbersome numerical in-
tegration prescribed by Eq. (2).

The differential resistance Rd =dV/dI will be —needed
later in this paper; from Eqs. (1) and (4) we derive a con-
venient analytic expression for this quantity:

G„

[1+(ki/VG„)]

We argue that the voltage drop in a superconductor in
the presence of a magnetic field is given by the AH solu-
tions provided that a single parameter y is redefined. In
the same paper in which the I-V curve was derived, AH
showed that the difFerential equation for the Josephson
junction was equivalent to the solution of the problem of
viscous Brownian motion of a particle subject to a partic-
ular potential U given by the expression

AI,
U = — (x8+cos8 }= EJ(x8+cos8) .—4' (6)

where Rz is the normal resistance of the junction,
f(8)=exp[ —U(8)/k&T], andx=(I, /I, ).

When y is large and when x (1, AH found a closed-
form solution for V(I, }

A periodic potential of the same form as that given by
Eq. (6) could, however, also be a good representation of
the pinning sites distributed throughout a bulk supercon-
ductor. Alternatively, Tinkham and Lobb have argued
that a continuous superconductor sullied by a sprinkling
of localized defects can be considered as mathematically
equivalent to a granular array of Josephson junctions for
which the AH model has been shown to apply. ' For ei-
ther circumstance then the AH model may be applied to
the dissipation manifested in the I-V curves of current-
carrying superconductors when exposed to a magnetic
field. Tinkham, ' in fact, used the AH expression for the
slope of the I-V curve at V=O in this case to describe the
temperature and magnetic-field dependence of the resis-
tance of YBCO. One of the present authors (RJS),' has
suggested that this approach could be extended equally
well to calculate the whole I Vcharacteri-stic. Indeed, all
that is needed to adapt the I-V solutions given by AH to
the present situation is to replace the Josephson coupling
energy, Ez, appearing in the definition of y by a pinning
potential U(H, T).

It is very important to emphasize, however, that the
critical current defined by the AH model is quite different
than that generally defined to account for the effects of
dissipation induced, for example, in superconducting
magnet wires. To emphasize the distinction, we desig-
nate the former as I, and the latter as I, . Within the
framework of the AH model, I, refers roughly to the
point on the I-V curve where the superconductivity has
vanished (roughly, where I= V/Rz at large voltages).
Alternatively, the product V, =I, RJ represents the
voltage at which the Josephson junction (flux line) has
suScient energy to freely skip across the peaks of the
periodic potential (the flux-flow limit). In the case of dis-
sipation in magnets, however, I, refers to the current at
which dissipation just begins to be observable, that is,
when V exceeds a particular, small value V, . Thus the
critical current is defined by a "voltage criterion" or,
more precisely, it is expressed in terms of a particular
value of the electric fleld E (typically, 1 JMV/cm). It is
clear from these definitions that I, is larger than I,
The former definition has the advantage that it is unique-
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ly defined by the AH model and related physical princi-
ples rather than by a convention. The exact converse ob-
tains for the latter. Throughout the remainder of this pa-
per, we will adopt this notational distinction between the
two critical currents.

III. SAMPLES

Samples with three very diferent morphologies and
two different chemical compositions were chosen for this
study in order to provide considerable variation in
characteristics which could be compared with the predic-
tions of competing theoretical models.

The Ag/PBSCCO samples were made by an
oxide/powder-in-tube method. ' Oxide powders having a
stoichiometry of Bi~ 8Pbp 3Sr, 9Ca20Cu»0, 0 were pro-
duced by pyrolysis of nitrate solutions. The resulting
powder was packed into silver tubes which were de-
formed by a combination of extrusion, drawing, and
swaging into a hexagonal cross section. The wire was
bundled and deformed again into a tape geometry. A
final heat treatment formed a continuous multifilamen-
tary matrix. The tapes prepared for the present study
were cut from a length of tape produced during a pilot
production run. The conductor had a cross section nomi-
nally 0.28 cm wide and 0.02 cm thick. Distributed
throughout the Ag matrix were 19 superconducting fila-
ments of PBSCCO (see inset to Fig. 1). Each filament
consists of a layered array of grains. The total cross sec-
tion of the tape was 5.6X10 cm; the cross section of

28c
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the superconductor A, was 23%%uo of that value. The lay-
ered nature of the filaments raises the possibility that the
superconducting properties might be anisotropic, in
which case the AH model, which makes no provision for
anisotropy, would appear to be inadequate. To charac-
terize the anisotropy of this material we measured I,
when the magnetic field was oriented as shown in Fig. 1

and when it was rotated by 90 degrees. We found that at
4.2 K and when the magnetic field was varied from 0 to
20 T, the anisotropy was less than 7%.' Thus we apply
the AH model with confidence.

Measurements were made on three short samples (4 cin
long) which were numbered in chronological order as 1,
2, and 3. The last sample was studied the most extensive-

ly and is the one whose properties are reported here. The
properties of the first two were taken over a more limited
range of variables but, where there was overlap, they
displayed behavior very similar to that of sample 3. Two
much longer samples (each 30 m long}, labeled 4 and 5,
were wound into coils with an inner diameter of 2.92 cm,
an outer diameter of 4.45 cm, and a length of 5.1 cm.
Sample 5 was studied the most and will be reported here.

Figure 1 indicates for sample 3 the orientation of the
applied current and magnetic field as well as location of
the voltage and current leads. The voltage leads were sol-
dered roughly 2 cm apart and 1 cm from the ends of the
sample, whereas the current leads were soldered to each
end. The resistance R of the sample was measured as a
function of temperature in order to characterize the su-

perconducting transition temperature T, . R ( T} was

found to be a linear function of temperature above 115 K,
at which point it decreased rapidly until, at T =109 K,
the resistance was zero. The midpoint of the transition
occurred at T, =112K.

The YBCO films were deposited onto (100) SrTiO& sub-

strates by a metalorganic deposition process. The
method consisted of spin coating a solution of barium,
copper, and yttrium trifluoroacetates onto the substrate,
followed by thermal decomposition to form an intermedi-
ate oxy6uoride material. The oxy6uoride was then heat
treated in moist oxygen at high temperature to grow epi-
taxial YBCO. The films were 10-80 nm thick. A bridge
170 pm wide and 1.9 mm long was mechanically scribed
into the film. T, was measured to be 93 K.

The bulk YBCO samples were grown by a melt-
texturing process in which the samples were grown from
a liquid phase melt. They were relatively free of imper-
fections except for the presence of one or more grain
boundaries purposefully grown in their interior. ' The
orientation and number of the grain boundaries could be
carefully controlled by this growth process so that their
effect on the I-V characteristic could be studied.

IV. EXPERIMENTAL PROCKDURKS

FIG. 1. Geometry of the composite Ag/Bi& 8Pbp 3Sr& 9-

Ca2 pCu3 &O lp sample 3 showing the orientation of the applied
current I and the applied magnetic field H. Inset: Cross section
of the tape showing the 19 Bi& 8Pbp 3Sr& 9Ca2 pCu, ,O,p filaments
(black) imbedded in the Ag matrix (white).

The samples were mounted onto a cryostat which in
turn was inserted into a double-walled dewar. The sam-
ples were immersed directly in the liquid cryogen filling
the inner chamber of the dewar in order to promote iso-
thermal conditions at a11 parts of the sample during the
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measurements. Three cryogens were used: liquid nitro-

gen, liquid neon, and liquid helium, so that the I-V curves
were taken at the temperatures corresponding, respec-
tively, to the normal boiling points at 77, 27, and 4.2 K.
When liquid nitrogen and helium were used, the dewar
was 61led with the cryogen by transfer from a storage
container and the gas boilo8'was vented freely to the sur-
rounding atmosphere. In the case of liquid neon, howev-

er, gas was condensed into the closed dewar space and
the boiloff was recovered and stored in a leak-tight
storage vessel for reuse.

The dewar fit into the warm bore of two superconduct-
ing magnets. The first was a horizontal, superconducting
Helmholtz coil, which could generate magnetic fields as
large as 6 T. The second was a vertical, superconducting
solenoid which could generate magnetic fields as large as
10 T. The short samples (Ag/PBSCCO, YBCO films,
and melt-textured YBCO} were measured in the first
magnet where the magnetic field was perpendicular to the
current fiow and perpendicular to the plane of the sam-

ple. The long samples of Ag/PBSCCO were measured in
the second magnet where the magnetic field was perpen-
dicular to the current but parallel to the plane of the sam-

ple.
I-V measurements were carried out using a computer

for data acquisition and control. I-V curves were mea-
sured as the current was increased in programmed steps
(typically in 0.1-A steps) and then decreased. A Keithley
model 181 nanovoltmeter was used to measure the sam-

ple voltage, and a Keithley model 196 digital multimeter
was used to measure the voltage at the current contacts.
The current was supplied by a Hewlett Packard model
6032 system power supply.

V. RESULTS AND ANALYSIS

A. Ag/PBSCCO composite

The I-V curves for several values of magnetic field are
shown for the Ag/PBSCCO composite sample 3 at three
temperatures: T=77 K (Fig. 2), T=27 K (Fig. 3}, and
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FIG. 3. Voltage-current characteristics of sample 3 at a tem-

perature of 27 K as a function of applied magnetic field. Read-

ing from upper left to lower right, the curves were taken at mag-

netic fields of 6.0, 4.0, 2.56, 1.28, 0.64, 0.16, 0.04, and 0.0 T, re-

spectively. The solid curves drawn through the data represent
fits of the Ambegaokar-Halperin model.

T=4.2 K (Fig. 4). The data points are shown by a
variety of symbols, whereas the solid lines represent
least-squares, four-parameter (I„y, R„and 6„}fits of
Eqs. (1) and (2} through the data. The parameter R, is

considered to be a macroscopic average value of the resis-
tance of the PBSCCO material in the normal state, and
thus differs from the quantity Rz defined by the AH mod-

el for a single junction. Generally the voltage ranged
over four orders of magnitude from 0.1 IuV to 1 mV: The
lower limit was set by thermal emf drifts whereas the

upper limit was set by the criterion that the sample was

sufficiently far up the I-V curve to properly define G„.
The applied current varied from 0 to 50 A under these
circumstances. Each curve includes data taken as the
current was first increased and then decreased: There
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FIG. 2. Voltage-current characteristics of sample 3 at a tem-
perature of 77 K as a function of applied magnetic field. Read-
ing from upper left to lower right, the curves were taken at mag-
netic fields of 1.28, 0.64, 0.32, 0.16, 0.08, 0.04, 0.02, 0.01, and 0.0
T, respectively. The solid curves drawn through the data
represent fits of the Ambegaokar-Halperin model.

FIG. 4. Voltage-current characteristics of sample 3 at a tem-
perature of 4.2 K as a function of applied magnetic field. Read-
ing from upper left to lower right, the curves were taken at mag-
netic fields of 6.0, 4.0, 2.56, 1.28, 0.64, 0.16, and 0.04 T, respec-
tively. The solid curves drawn through the data represent fits of
the Ambegaokar-Halperin model.
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was little or no evidence for hysteresis. The fit of the AH
model to all of the data is very good. This being the case,
values of G„, R„ I, and y obtained from the fits were
well determined.

The fitting procedure was carried out as follows to take
into account current sharing in the composite. First G„
was obtained by fitting the derivative Rz=dV/dI ob-
tained digitally from each I-V curve to Eq. (5). We found
that more consistent values for G„could be obtained by
this procedure than by fitting the equation, I=G„V to
the data for large I. Next I, was obtained by the subtrac-
tion, I, =I G„V—; and then a least-squares fitting of the
full integral equation (2) (which holds for values of y and
x) was carried out on the data set V(I, ) to determine R„
y, and I, .

The fitted values of the total resistance R(H, T)
=1/G(H, T) are shown in Fig. 5(a). The total conduc-
tivity G(H, T) of the composite is the parallel coinbina-
tion of the conductivities of the Ag and the PBSCCO,
and is thus written G=G„+G,=G„+R, '. Since, how-
ever, 6„»6, (to be demonstrated shortly), the total con-
ductivity should be nearly that of the silver. The magne-
toresistance is clearly linear in H for T=27 K and 4.2 K,
with the same slope, although the linearity is less ap-
parent at T=77 K due to larger scatter. Such a linear

dependence is expected for a polycrystalline Ag conduc-
tor and thus supports the assumption that G„&&G,. To
further test this hypothesis, the resistance of a Ag tape,
treated in the same way as the Ag/PBSCCO tape, was
measured in a separate experiment. The temperature
dependence of R(0, T) obtained from this measurement
was found to be within satisfactory agreement (10—20%%uo)

to the H =0 intercepts R (0, T) shown in Fig. 5(a).
The results for R, are shown in Fig. 5(b). The scatter

in the data is large (about 100%%uo) due to the fact that the
effect of this parameter on the fitting of the I-V curves
was quite small. Nevertheless, it is clear that R, »R„
which supports the assertion used in the fitting procedure
of the I-V curves Fu. rthermore, R,(H, T) has a much
weaker percentage dependence on H than Ag in agree-
ment with what has been observed in other high-
temperature superconductors.

The behavior of I, (H, T) for the Ag/PBSCCO com-
posite is shown in Fig. 6. The corresponding values for
J, (H, T), calculated by dividing I, by A„are shown
on the right-hand axis. At all temperatures I, H de-
creased rapidly as the magnetic field initially increased
(i.e., when H ( 1 T). Above 1 T, I, was almost constant
at the two lower temperatures but it had all but vanished
at 77 K. The figure also demonstrates that the magnitude
of the critical current decreased strongly as the tempera-
ture was increased. These general features are similar to
those observed for the critical current in granular YBCO
and Tl-Ba-Ca-Cu-O. Peterson and Ekin considered a
granular superconductor as a network of strong super-
conducting material connected by a three-dimensional ar-
ray of weakly coupled Josephson junctions. They predict-
ed that J, -H ~ for low magnetic fields where the
Fraunhaufer diffraction patterns of J,(H, T) for each
junction sum to this function. At higher magnetic fields
the diffraction patterns of the Josephson junctions vanish
and leave the more robust critical current of the bulk ma-
terial which is comparatively independent of H. In Ref.
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FIG. 5. (a) Magnetoresistance R„of the Ag shunt at three
temperatures: 77 K {); 27 K (0); and 4.2 K ( X ). The solid
lines represent least-squares linear Sts through the data. {b)
Magnetoresistance R, of the BizSr2Ca2Cu30 in the normal state
at three temperatures: 77 K (~); 27 K (0 ); and 4.2 K ( X ).

FIG. 6. Critical current I, (left-hand axis) and critical
current density J, (right-hand axis) of sample 3 at three tem-
peratures 77 K (); 27 K (o ); and 4.2 K ( X ) as a function of
applied magnetic field. These quantities were obtained by Stting
the measured I-V characteristics by the predictions of the
Ambegaokar-Halperin model. The lines drawn through the
data represent fits of Eq. (7).
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25, the authors fitted their data at low magnetic fields to
J, -H and found that m varied between 1 to 1.5. We
found the best representation of our data was a three-
parameter equation:

I,(H, T)=f(H, T)+g(T)-a(T)/[H+Ho(T)]+g(T) .

(7)
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TABLE I. Comparison of the critical current defined by the
Ambegaokar-Halperin model (I," ) and by a 1 pV/cm criterion
(I," ) for a Ag/Bi-Sr-Ca-Cu-0 composite (sample 3) at a tem-
perature of 27 K.

0.00
0.04
0.16
0.64
1.28
2.56
4.00
6.00

IAH
C

(A)

99.0
63.5
50.1
53.0
39.5
37.2
37.5
27.3

Ivc
C

(A)

30.5
18.5
12.9
10.1
9.30
7.30
5.50
4.00

The parameter Ho takes into account the presence of a
field-independent intergranular pinning force in the spirit
of the original model proposed by Anderson and Kim.
The fitted values of Hu were 0.05, 0.037, and 0.062 T at
T=4.2, 27, and 77 K, respectively. From these results
we judge that Ho was independent of T and that its aver-

age value was comparable to that found for other super-
conductors (see Ref. 2). The function g(T) represents the
behavior of the critical current at high magnetic fields,
and is therefore independent of H. We also found that
the fitted values of g(T) and o(T) increased as the tem-
perature decreased with functional forms proportional to
(1 t) ~z—which are consistent with predictions of the
Ginsburg-Landau model. The solid curves shown in Fig.
6 represent fits of Eq. (7) to the data and the quality of
the fits corroborates other evidence obtained from mi-

croscopy that the PBSCCO is indeed granular.
A comparison is made in Table I between the critical

current defined by the Ambegaokar-Halperin model

(I,"")and by a standard 1 pV/cm criterion (I, ) ob-
tained for sample 3 at a temperature of 27 K. The former
exceeds the latter by a factor of between three to six. The
dependence of I,"con the magnetic field is similar to that
shown for I, in Fig. 6.

The behavior of y(H, T) for the Ag/PBSCCO compos-
ite is shown in Fig. 7. The most striking feature is that y
was independent of magnetic field at 4 and 27 K, whereas
it was strongly attenuated at 77 K when H was increased.
When the data were fit by an equation identical in form
to Eq. (7), we found that g( T) was negligible at T=77 K,
while at the lower temperatures g(T)-constant. Also
clear from the figure is that y(0, T}has a value of 15-17,
roughly independent of temperature. This implies
through the definition, y=U(H, T)/ksT, that U(O, T)
—T. The same temperature dependence has been in-
ferred from data on grain-aligned powders of Y-Ba-Cu-

5.0 — ~
W

0.0
0

I I I 1 I l a I I 1 s I I

1 2 3 4 5 6 7

magnetic field (T)

FIG. 7. y of sample 3 at three temperatures 77 K (~); 27 K
( o ); aud 4.2 K ( X ) as a function of applied magnetic field.

O,zs'z9 single crystals of Y-Ba-Cu-O, 0' ' irradiated Y-
Ba-Cu-0 crystals, and Y-Ba-Cu-0 thin films. s~ This
behavior is not expected from the usual arguments about
the pinning energy, however. That is, U(H, T) is gen-
erally equated to the condensation energy for the super-
conducting state, in which case it is written as
[H, (t)/8n ]V„, where H, (t)=H, (1—t~) is the
temperature-dependent critical magnetic field, V„ is the
volume of the vortex, and t = T/T, . V„ is the product of
the cross-sectional area of the vortex (-mr~) and its
length (either g or a lattice spacing, d). The radius r of
the vortex line is often set equal to g at low magnetic
fields and to ($0/H }'~ at high magnetic fields. Choice of
the latter definition of r leads to the dependence y -H
which was observed at least at T=77 K for sample 3.
Using the usual temperature dependence for g we con-
clude that U(0, T ) should approach a temperature-
independent value as T approaches zero. Thus the tem-
perature dependence expected from this line of reasoning
contradicts that reported in this paper and in Refs.
28-32. If the postulate of a single pinning potential is re-
placed, however, by a distribution of potentials, then a
linear temperature dependence is predicted. ' Certain-
ly for sample 3, this is a very reasonable assumption and
is consistent with the granular nature of the material.

This completes the discussion of the behavior of the
short Ag/PBSCCO samples typified by sample 3. Next
the I-V characteristics of sample 5 were studied. Since
this sample was 3000 times longer than sample 3 it thus
offered an increase in sensitivity in electric field by the
same factor for the same minimum voltage sensitivity.
We found that the voltage noise of the coil increased,
however, only netting a increase in range of E of 10. The
results at T=27 K are shown in Fig. 8 as an example.
The solid lines are fits of the AH model to the data and
indicate that the model is remarkably successful. One
possible conclusion to draw from the quality of these fits
is that the 30 m length of sample 5 is as homogeneous as
the 2 cm length measured in sample 3. This conclusion
may be incorrect, however, because V(I) predicted by the
AH model is dominated by an exponential, and if the
longer sample had a broader variation in U(H, T), the
largest value of U(H, T) at each temperature would tend
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FIG. 8. I-V characteristics of sample 5 at a temperature of 27
K as a function of applied magnetic field. Reading from upper
left to lower right, the curves were taken at magnetic fields of
0.0, 1.0, 2.0, 4.0, 6.0, and 8.0 T, respectively. The solid curves
drawn through the data represent fits of the Ambegaokar-
Halperin model.

to dominate the fits. Nevertheless, whatever the explana-
tion for the success of the AH inodel, the fact that it fits a
sample typical of that employed in a magnet represents
cause for optimism that situations encountered in appli-
cations may be amenable to such modeling.

B. Other materials

All the discussion in this section thus far has been de-
voted to the observations and fitting of the I Vcharac--
teristics of the Ag/PBSCCO composite conductor. In or-
der to test the applicability of the AH model to a wider
range of circumstances, we incorporated other materials
into the study.

Accordingly, short (1 cm), composite samples of
Ag/PBSCCO prepared by a very diFerent process (dy-
namic magnetic compaction) were studied as a function
of magnetic field at T=77 K. The resulting I Vcurves-
were again fit well by the AH model. Work is in pro-
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FIG. 9. Voltage-current characteristics of a Y-Ba-Cu-0 thin
film at a temperature of 77 K as a function of applied magnetic
field. Reading from upper left to lower right, the curves were
taken at magnetic fields of 3.0, 0.80, 0.30, 0.20, 0.10, 0.05, and
0.01 T, respectively. The solid curves drawn through the data
represent fits of the Ambegaokar-Halperin model.

FIG. 10. Voltage-current characteristic of a melt-textured
Y-Ba-Cu-0 sample at a temperature of 77 K in 0.0 T. The solid
curve drawn through the data represents a fit of the
Ambegaokar-Halperin model.

gress to extend the study to other temperatures.
A more significant departure from these bulk PBSCCO

studies was taken. The I-V curves of YBCO thin films

have been characterized at 4 and 77 K; more extensive
studies will be published elsewhere. An example of the
I-V curves and AH fits to them is shown in Fig. 9. These
data were obtained at 77 K, while H ranged from 0.01 to
3.0 T. The fits by the AH model are excellent over the
complete voltage range which extends down to 0.9 pV.
Note that the current scale for the thin films is very
different from the scale for the bulk PBSCCO.

Work has also begun on characterizing melt-textured,
bulk YBCO. An example of an I-V curve taken at 77 K
in zero magnetic field is shown in Fig. 10. A more com-
plete study will be reported, but the good fit of the AH
model is apparent.

VI. ALTERNATIVE THEORIES

V = Voexp[ —U(H, T)/ka T]sinh[(J/J, )],
V= —Vo exp j y( I I, ) ] . — —

(8a)

(Sb)

Equation (8a) is similar to the AH prediction for small
voltages [see Eq. (3)]. Equation (Sb) is obtained for the
condition that y is large, as was the case for our experi-
ments.

Several other theories have been advanced in order to
characterize the dissipation of a superconductor in a
magnetic field and consequently offer predictions for
I( V, H, T ) which we also compared to our data.

In the thermally activated /Fax jhow (TAFF) m-odel,

the physical picture differs from the Ambegaokar-
Halperin model only in the choice of the pinning poten-
tial. In the AH model the potential is periodic, whereas
in the TAFF model there is no stipulation that the pin-
ning sites have any relation to each other. Individual flux
lines or bundles of them hop from site to site. An at-
tempt frequency for the process of lines hopping into and
out of a pining site is calculated. The voltage is propor-
tional to the attempt frequency and may be written as
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In the collective jfux cr-eep (CFC) model, "' and the
vortex gl-ass (VG) model, the vortex lines are not con-
sidered to be arranged in an orderly Abrikosov lattice.
Instead they are presumed to assume a random, glasslike
structure. The most compelling evidence which supports
the latter model is based on the fact that the I-V curves
may be scaled by functions of temperature so that all
curves measured above a glass temperature, TG, collapse
to a common curve, while those measured at tempera-
tures below To collapse to a different common curve. At
Ta, which is generally close to T„ the voltage is propor-
tional to I, whereas below TG it is given by the follow-

ing equation:
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V= V exp[y[1 (I,—/I)" ]], (9)

where p is predicted to lie between 1 and 3. Note that for
p= 1 and y »1, the form of this equation is identical to
the TAFF prediction. In this article, since we restricted
measurements to the three temperatures provided by im-
mersion in a liquid cryogen, we could not test the temper-
ature scaling feature predicted by the VG model, but we
could test the implication of Eq. (9).

Predating these theoretical efforts by many years and
traditionally used to fit the I-V curves of low T, materials
is the pointer-law model. It has often been proposed on a
purely empirical basis but it has also been derived from
inodels which take into account sample imperfections
such as a distribution of critical currents. The power
law is written as

V= VG(I/IQ)" . (10)

This law is generally considered to apply to the very non-
linear region near V-0 where the fitted values of n con-
siderably exceed the limit at large voltages, where n must
approach the value l. This law has met with consider-
able success in fitting data for low T, and high-T, materi-
als over a limited range of V.

All the equations above, except the one given by AH,
have been written in forms such that V= V, when J=J, .
That is to say, J, is defined in terms of a voltage 'criterion,
which is defined by an arbitrary convention. By contrast,
J, is naturally incorporated into the AH model. An
equation of the same form as Eq. (4) has been proposed
by Gurevich et al. on the basis of flux creep. That ap-
proach was sufficiently phenomenological, however, that
the coefficients k, and kz could not be related to funda-
mental parameters. An advantage of the analysis
presented here is that these coefBcients are precisely
defined by the AH model in terms of I„y,and G.

The predictions of these models, embodied in Eqs.
(8)—(10), were fitted to the same data already matched
by the AH model [Eq. (2)]. The power law was
moderately successful in fitting each I-V curve over a lim-
ited range of voltage but, as expected, was invariably un-
successful in fitting the curves at large voltages where I
became linear in V (i.e., where n must approach 1).
Closer examination of Figs. 2—4, where lnV is plotted
versus I, indicates clear deviations from linearity, thus el-
iminating the TAFF model by inspection. This leaves the
vortex-glass model to contend with the AH model for the

FIG. 11. Comparison of the fits of the vortex-glass (dashed
line) and Ambegaokar-Halperin (solid line) models to the
voltage-current characteristic (o } of sample 3 at T=27 K and
H=0. 16 T.

best explanation of the data. Generally we found that the
VG fit the data moderately well over most experimental
conditions but, in every case, the AH model fit even
better. An example of the comparison of the fits of these
two models to data taken at a temperature of 27 K and in
a magnetic field of 0.16 T for sample 3 is shown in Fig.
11. The AH fits somewhat better (y squared was a factor
of 10 smaller) and also has the curvature which better
matches the general shape of the data. Comparisons of
this same nature and with the same conclusion were re-
peated for the data for 4, 27, and 77 K.

VII. CONCLUSION

We have measured the I-V characteristics of five com-
posite Ag/PBSCCO samples, three of which were short
and two of which were considerably longer. The I-V
curves obtained as a function of magnetic field were ex-
tensively studied for a representative sample of each type.
The measurements were carried out at three tempera-
tures (4.2, 27, and 77 K). The results were fitted by equa-
tions predicted by four physical models (Ambegaokar-
Halperin; flux creep; vortex glass; collective flux creep)
and by an empirical one (power law). The fits strongly
favored the Ambegaokar-Halperin model, from which
the critical current I, (H, T) was obtained. To the
knowledge of these authors this is the first time that this
parameter has been defined for bulk superconductors
purely on the basis of a physical law. Furthermore, the
dependence of this parameter on temperature and mag-
netic field pointed to granularity of the PBSCCO as the
principal cause of the dissipation. The pinning potential
U(H, T) also obtained from the fits may provide funda-
mental information which will prove useful for optimiza-
tion of the critical current.

The predictions of other models were also fitted to the
I-V curves reported in this study. The TAFF and
power-law expressions were not as successful, but the VG
equation provided fits to the curves which were almost as
good as those provided by the AH model. In the case
where two models fit almost equally well, consideration
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of additional factors may help to define the preferred
choice. For instance, the plausibility of the temperature
and magnetic-field dependence of y and I, obtained from
fitting the AH model to the data may be compared to the
behavior of p and I, obtained from the VG model. Un-
fortunately even these factors do not completely resolve
this issue. For instance, the observation that
U(H, T)-T is argued in this paper as support for the
AH model with a distribution of pinning potentials. The
same phenomenon was used elsewhere to argue in favor
of the VG model. '

Since the Ambegaokar-Halperin model was formulated
for Josephson junctions, and since the PBSCCO part of
this composite material consists of a network of individu-
al grains for which the A-H model has shown to apply, it
is perhaps not surprising that the model accounts so well
for these observations. Nevertheless, analysis of the I-V
characteristics of the Ag/PBSCCO composite was com-
plicated by the fact that current sharing had to be taken
into account. Since the conclusions reached in this arti-
cle are based largely upon analysis of this material, their

accuracy must wait for studies on other materials (non-
composites) such as those already launched for thin film

YBCO (Ref. 20) and for melt-textured YBCO. ' Clearly
further study of the bulk-textured YBCO with the con-
trolled insertion of a single grain boundary will do much
to support the conclusions inferred from measurements
of the multigrained PBSCCO. Conversely, studies of thin
films and bulk materials without grains will test the wider
applicability of the AH model. That the AH model ap-
pears to apply upon initial study with equal success to
materials with other morphologies such as the thin films

may point to the broader applicability of the AH model
as suggested in Sec. II.
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