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The transport critical current density (J„)of two hot-pressed bulk polycrystalline
La&»Sro»CuO& superconducting samples has been measured over the temperature range 2 K to T,
in magnetic fields up to 27 T. It is demonstrated that these data have a separable variable form

F~ =J„B=a(D)B,i (T)b [where ct(D) is a constant and b =B/B,2(T)], in agreement with the
Fietz-Webb scaling law. This is strong evidence that in high magnetic fields, Aux pinning is the
mechanism that determines the critical current density. The authors suggest that the dissipative
state is described by flux Aow along the regions of weak Aux pinning at the grain boundaries.

I. INTRODUCTION

Despite the enormous effort towards understanding
high-T, superconductors, the transport critical current
density (J„)of bulk polycrystalline samples in high mag-
netic fields is still low. In this article, the critical current
density is presented over the temperature range from 2 K
to T, in magnetic fields up to 27 T of two sintered sam-
ples of hot-pressed polycrystalline La, »Sro»Cu04.
With these data we derive the functional form of the crit-
ical current density. This functional form allows us to
characterize the mechanisms which determine J„.By
identifying and understanding these mechanisms, we may
be able to increase the critical current density of these
materials.

A simple explanation of the low J„in polycrystalline
samples has been developed in the community within the
framework of weak links. It is well established that single
crystals and thin films can support large critical current
densities. ' Hence it is argued that polycrystalline sam-
ples consist of regions of high critical current, completely
separated from each other by weak links. These weak
links can support only small critical current densities in
high magnetic fields.

The location and nature of the weak links is not yet as-
certained. There is strong evidence that grain boundaries
are weak links and additional evidence that there may be
intragranular weak links as well. '

It has been suggested that the superconductivity in sin-
gle crystals is intrinsically two dimensional. Within this
framework the single crystals contain alternating super-
conducting and insulating layers. This layered structure
occurs either because of the intrinsic crystal structure or
because of twin boundaries. ' '" Alternatively it has been
suggested that although the single crystals are three di-
mensional, consistent with a Bardeen-Cooper-Schrieffer
formalism, ' ' the coherence length is suKciently short
to ensure that the grain boundaries are not superconduct-

ing. ' Both of these descriptions have a common ex-
planation for the low J„in polycrystalline samples:
Most of the grain boundary area is not superconducting
in high magnetic fields. ' ' Therefore the transport
critical current is very low indeed.

The approach which considers the grains as poorly
coupled has formally been described by modeling the
grain boundaries as Josephson junctions. Several authors
have proposed that the fraction of grain boundary area
that is active is about one part in 10 in zero field. ' '
In high fields a second mechanism is invoked. It is as-
sumed that a superconducting percolative path which has
a high 8,2 but constitutes an even smaller fraction of the
grain boundary area supports the supercurrent.

The extensive electromagnetic data in the literature
demonstrates that weak links occur in BaPb& Bi 03,
La, s5Sro»Cu04, and R BazCu307 (where R is a rare-
earth element). In these oxide superconductors, a com-
parison of single-crystal thin films with bulk polycrystal-
line samples shows similar features. The critical current
density in thin films is a decreasing function of magnetic
field over the range 0 «B & B,2(T) and is typically three
orders of magnitude higher than that found in bulk poly-
crystalline samples. "' In many bulk polycrystalline
samples, prepared using a number of different fabrication
techniques, the critical current density is field indepen-
dent over the range 0 «B & B,2( T ). The pre-
valence of weak-link behavior suggests that the results
presented in this work on La-Sr-Cu-0 are characteristic
of many bulk polycrystalline samples from the class of
high-T, oxide superconductors.

In this work a very different description for the weak
links is proposed. The hypothesis is developed that the
grains are essentially fully coupled, and the poor Aux pin-
ning properties of the grain boundaries are responsible
for the low values of J„.This is analogous to the trans-
port current density of well-ordered single crystals of
low- T, metallic superconductors. Although the depair-
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ing current density (JD ) is very high, a voltage is
developed at very low current densities because of the
very weak pinning that is present.

A milestone in our understanding of Aux pinning was
the work by Fietz and Webb which demonstrated that
the volume pinning force (F =J„B) obeyed a scaling
law of the form F =a(D)B,"2(T)f(b) [where a(D) is
determined solely by the microstructure, B,z(T) is the
upper critical field, and f(b ) is a function only of the re-
duced field b =B/B, 2( T)]. The volume pinning force of
a great number of alloys, intermetallic compounds, and
Chevrel phase superconductors is described by this scal-
ing law. Many different expressions have been de-
rived theoretically ' for the volume pinning force, all of
which are of the separable variable form, as required by
this law. Historically, in addition to the scaling law,
there are two other sources of evidence which led to the
general acceptance of ft.ux pinning as the mechanism
which determines the critical current density. First,
decoration measurements showed that Auxons were pref-
erentially located on defects and grain boundaries. '
Second, it was found that by increasing the density of
pinning sites the critical current density increased.

A number of authors have considered whether the high
intragranular current densities that have been found,
obey the Fietz-Webb scaling law. ' In this work we focus
on the intergranular current density. By measuring the
transport critical current density as a function of field
and temperature in polycrystalline samples we determine
whether the volume pinning force obeys the Fietz-Webb
scaling law.

There are significant problems in an investigation of
whether the volume pinning force of the high-T, oxides
obeys the Fietz-Webb scaling law. In many of these ma-
terials the B,2 values are well above the level of dc mag-
netic field available in even the best high-field labora-
tories. In addition because of the highly anisotropic ex-
pansion coefficients, bulk materials of the RBa2Cu307 y
series are susceptible to microcracking when cooling
from the sintering temperature ( —900 K) to a cryogenic
temperature for testing. Microcracking prevents an ac-
curate measurement of the area over which the current
fIows. In light of this we have chosen to investigate two
hot-pressed La-Sr-Cu-0 samples. The anisotropy in the
expansion coefFicient of La-Sr-Cu-0 are such that in these
fine-grain-size samples we can avoid significant micro-
cracking. In addition, B,2 is sufficiently low that it can
be measured directly.

ter 0.1—0.2 pm) of the K2NiF4 structure were produced.
These powders were single phase as determined by x-ray
diffraction. The calcined powder was then uniaxially
pressed at 275 MPa into pellets (20 mm diamX5 mm
thick) which were subsequently tightly sealed in gold foil
and hot pressed in Aowing oxygen at 900 C for 3.5 h at a
pressure of 33 MPa. After hot pressing, the sintered pel-
let was 95—100% dense and had an average grain size of
about 1 pm.

The pellet was sectioned to produce bars of dimensions
2X7X2 mm . Two different samples were then pro-
duced by subjecting the bars to a grain growth anneal
(1000'C in fiowing oxygen) for 1 and 10 h. This pro-
duced samples with different average grain size of —1

(sample A ) and —3 pm (sample B), respectively. Both
samples were subsequently annealed at 700'C for 66 h in
Bowing oxygen to restore their oxygen stoichiometry.
Figures 1(a) and 1(b) are micrographs showing the grain
size and morphology of the two samples.

The advantages of this preparation route are that it
produces an excellent homogeneity, accurate control of
cation stoichiometry, and a narrow distribution of fine
grain size.

III. EXPERIMENTAL RESULTS

The samples were prepared for electrical measurements
by sputter depositing four thin (0.2 pm) gold contact
pads of area -2X2 mm onto the samples. These con-
tacts have sufFiciently low surface resistivities to ensure
negligible heating during measurement.

+jell'
'

II. SAMPLE PREPARATION

A freeze-dried-acetate process similar to that described
by Johnson et al. was used to prepare the constituent
powders of composition La, 8&Sro &5Cu04, La, Sr, and Cu
acetates were assayed in the appropriate proportions, dis-
solved into distilled water, and thoroughly mixed. The
solution was then sprayed into liquid nitrogen, and the
frozen particulates were freeze dried in a cycle whereby
the temperature of the material was slowly raised to
100'C under vacuum over a period of five days. After
subsequent pyrolysis at 850'C, equiaxed powders (diame-

of the samples used in
le A ); (b) —3 pm grain

(b)
FICx. 1. Secondary electron images

this work. (a) —1 pm grain size (samp
size (sample B).
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In Fig. 2 the resistivity is plotted as a function of tem-
perature. Both samples attained zero resistivity at 36 K
and had 5T, (25—75%)=2 K. The normal-state resistivi-
ty values are 1.4 and 0.6 mQ cm just above T, for sam-
ples A and B, respectively. In single crystals at 40 K it
has been found that the resistivity is 20 and 1 mQ cm,
parallel and orthogonal to the c axis, respectively. Our
polycrystalline samples thus have a very low resistivity in
comparison to a crystallographically averaged value of
the single-crystal data. This suggests that we have
achieved very good homogeneity and stoichiometry in
these samples and low grain boundary resistivity.
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B. Critical current density

Standard four-terminal voltage-current data were gen-
erated as a function of field and temperature. The data at
2 and 4.2 K were obtained by directly immersing the
sample in liquid helium, and the temperature was regulat-
ed using vapor pressure control. At temperatures above
4.2 K, a variable temperature insert was used. This insert
isolated the sample from the helium bath. In zero field
the temperature was Gxed at that required, using a cali-
brated carbon glass thermometer as a standard. A field-
independent strontium titanate capacitance control ther-
mometer was then used in closed loop with a heater to
keep the temperature constant when the magnetic field
was applied. The uncertainty in temperature for these
data is about 4%.

In Figs. 3 and 4, the critical current density as a func-
tion of field and temperature is presented. The electric
field criterion used to define J„was 10 pVcm '. This
criterion was chosen as a compromise between a
sufficiently low value to reduce heating problems and yet
a sufficiently high value to achieve good signal to noise.
It is of note that these E-J transitions are quite broad.
By defining J„asthe first detectable voltage (2
pVcm '), the values quoted would typically be reduced
by 15%. This should be compared with a typical reduc-
tion of 10% for Nb3Sn materials of high J„and4% for
NbTi materials of high J„for the same criteria.

2.8—

FIG. 3. The critical current density as a function of field and
temperature for sample A.

Figures 3 and 4 demonstrate that the critical current
density is largely independent of field at intermediate
magnetic fields and increases as the temperature de-
creases. These characteristics have been observed before
in many RBazCu307 systems. ' However unlike the
R BazCu307 systems at 4.2 K, at high fields (above 25 T),
J„decreases strongly. The analysis below suggests that
the reduction in J„athigh fields can be associated with
the applied field being equal to 8,~(T) for some of the
grains in the sample. Direct measurements of B,z(T) al-
lows us to evaluate whether or not F obeys the Fietz-
Webb scaling law.

C. Dissipation

Considerable effort has been directed at understanding
the dissipative mechanisms which operate in supercon-
ductors during Aux How. In general, experimental and
theoretical work are compared by considering the
differential resistivity. In light of this, we have calculated
the average differential resistivity above J„over the
range 10 pV cm ' —20 pV cm ' (denoted pi) for the two
samples. In Figs. 5 and 6, p~ is presented as a function of
field and temperature. The uncertainty in p~ is typically
20%. For clarity, a single characteristic at low, inter-
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FIG. 2. The resistivity as a function of temperature for sam-
ples 3 and B.

FIG. 4. The critical current density as a function of field and
temperature for sample B.
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mediate, and high temperature for each sample are
presented. These data demonstrate the general trends in

pz namely that it is an increasing function of field and
temperature, and an extrapolation of p~ to zero magnetic
field is nonzero.

IV. ANALYSIS GF DATA

A. Universal scaling laws

When the functional form of the volume pinning force
is of a Fietz-Webb separable variable form, where

F~ =a(D)B,"2(T)f(b),

this provides strong evidence that flux pinning is the
mechanism which determines J„.

In all the experimental comparisons with this law it
has been assumed that current Rows over the entire
crass-sectional area of the sample. If this law is tested in
a field and temperature range over which this assumption
is not valid, the field and temperature dependence of the
active area over which current Aows must also be incor-

B (T}
FIG. 5. The differential resistivity (p&) above J„determined

in the range 10—20 pV cm ' as a function of field and tempera-
ture for sample A.

porated into the expression for F . In order to avoid the
complications of this additional term, in an anisotropic
material this law must be tested over a field and tempera-
ture range below B,~ for all possible orientations of the
grains with respect to the applied field. By restricting the
field-temperature range to ensure all the grains are super-
conducting, it is not necessary to incorporate a correction
to the sample cross-sectional area to account for some of
the grains being in the normal state.

Measurements on single crystals of I.a-Sr-Cu-O
demonstrate that when the applied field is parallel to the
c axis, B,2(T) is 12 T at 4.2 K. For the orientation Blc,
B,2 is 60 T—about five times larger. Hence it is not un-
reasonable to attribute the decrease in J„athigh fields
shown in Figs. 2 and 3 to the applied field driving into
the normal state a significant number of grains oriented
such that their c axes are approximately parallel to the
applied field. As such, we shall restrict our analysis to
the intermediate fields (i.e., & 18 T at 4.2 K) where at a
given temperature J„is essentially independent of field
and the single-crystal data suggest that essentially all the
grains are superconducting.

B. Volume pinning force

In Figs. 7 and 8 the volume pinning force is presented
as a function of field and temperature for the two sam-
ples. F has been calculated using the data in Figs. 3 and
4 and the definition F =J„B.In the intermediate field
range over which J„is constant, the pinning force is a
linear function of magnetic field. More importantly it
can also be seen that at higher temperatures, F has a
peak at a field value that is approximately half of the field
value for which F extrapolates to zero.

C. Upper critical field

In order to test whether the volume pinning force
obeys the Fietz-Webb scaling law given by Eq. (1), it is
necessary to determine an appropriate value for B,2( T )
for our polycrystalline samples. Unlike the isotropic su-
perconductors which have a unique value of B,z( T ), the
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FIG. 6. The differential resistivity (p~) above J„determined
in the range 10—20 pVcm ' as a function of field and tempera-
ture for sample B.

B (T}
FICx. 7. The volume pinning force as a function of field and

temperature for sample A.
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the value of field for which the volume pinning force is at
its peak.

The most striking feature of Fig. 9 is the positive cur-
vature of B,2(T). This has been observed previously in
oxide superconductors '"' but is not observed in metallic
low-T, superconductors. A discussion of this curvature
is provided in Sec. V.
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D. Functional form of J„andF~

Over the intermediate field range J„is independent of
field and can be characterized by an equation of the form:

FIG. 8. The volume pinning force as a function of field and

temperature for sample B.

anisotropic high-T, oxides have an intrinsic distribution
of B,z(T) values. A priori it is not clear which value
from the distribution of B,2(T) is the appropriate value.

In Fig. 9, B,2(T) is plotted as a function of tempera-
ture using three different criteria. The lowest curve is
defined by the field which decreases the constant value ofJ„found at intermediate fields (i.e., J,*, ), by 10%. The
middle curve is defined by the field at which J,', is de-
creased by 50%. The upper curve is defined by the field
at which J,„(more strictly I' ) extrapolates to zero. At
higher temperatures B,2(T) is defined by extrapolating
directly the high-field volume pinning force to zero. It is
clear from the pinning force curves that the peak in the
pinning force occurs at half the value that is found for
8,2 defined by the extrapolation. At lower temperatures,

50
~ 0
=0/2

=9J,

halo

Single

Crystal.

J„(B,T)=J,*,(T), (2)

J„(B,T)=aB,2'( T), (3)

where the constant prefactor a is dependent on the cri-
terion used and the sample. In Table I the values of a are
presented for the two samples for each of the di8'erent
criteria for B,2( T ).

We now evaluate how sensitive Eq. (3) is to the electric
field criterion that is used to define the critical current. A
similar analysis to that is shown in Fig. 10 is shown in
Fig. 11. However in Fig. 11, the criterion for B,2 is fixed
(i.e., the field at which J,„=J,*, /2) and the data are calcu-
lated using three diFerent electric field criteria. Figure 11
demonstrates that the index for B,2(T) in Eq. (3) varies
between 1.3 and 1.45 depending on the electric field cri-
terion and the sample.

In summary the functional form of Eq. (3) is only
weakly dependent on the criterion that is used to define
B,2 or the electric field criterion that is used to define J„.

where J,*,(T) is a function only of temperature. In Fig.
10 the form of J„(T)is explicitly determined by plotting
log, o[J,*, ( T )] versus log, o[B,z( T ) ] using the three
different criteria for B,z(T). In sections X, Y; and Z of
this figure, B,z( T ) is defined at 9J,*, /10, J,*, /2 and
J„~O,respectively. From this figure it can be seen that
for both samples
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FIG. 9. The upper critical field defined using three di6'erent
criteria (diamond the field at which J„~O;cross, the field at
which J„=J,*., /2; square, the field at which J„=9J,*, /10) as a
function of temperature. Also shown for comparison are the
upper critical field data of a single crystal, determined by resis-
tive measurements by Hidaka et a1. (Ref. 36) for the applied
field parallel and orthogonal to the c axis.
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FIG. 10. A Loglo-Loglo plot of the critical current density in
the intermediate field range (J„)vs the upper critical field for
both samples. In sections X, Y, and Z, B,2 is defined by the
field at which J,, =9J,*, /10, J„=J,*, /2, and J„~O,respective-
ly.



SCALING LAW AND FLUX PINNING IN POLYCRYSTALLINE. . . 8823

X Z
Grain

size

Sample A

Sample B
6.09

11.76
3.25
6.72

1.80
3.72

—1 pm
3 pm

Hence an expression for the volume pinning force is
given in the form:

F (B,T)=J„(B,T) XB=aB,"2(T)b, (4)

where n =2.4+0.3 and b is the reduced field. Equation
(4) demonstrates a most important result: The volume
pinning force of both of the La-Sr-Cu-0 samples investi-
gated in this work obeys the Fietz-Webb scaling law.

TABLE I. The parameter a ( 10 A cm T '
) for the two

samples calculated from a=J,*(T)/B,'z (T) [Eq. (3)] by
defining J«at 10 pVcm and using the three different criteria
for B,2 (X, Y, and Z are such that B,~ is defined by the field at
which J«=9J,*, /10, J«=J,*, /2, and J«~0, respectively). Also
shown is the average grain size of the two samples.

behavior for B,2(T). Hence one can interpret the
B,2(T) data shown in Fig. 9 as suggesting that both the
single crystal of Hidaka et al. and our samples are to
some degree inhomogeneous. In our polycrystalline sam-
ples the inhomogeneity may be associated with the stron-
tium segregation to the grain boundaries. It is clear that
the functional form of B„(T)we measure (Fig. 9) is
determined by the properties of the superconducting re-
gions through which Aux is moving at J„.As such, the
convex form of B,2(T) is consistent with the suggestion
in Sec. VI that there is a variation in critical parameters
at the grain boundaries and at J„Aux Aows along the
grain boundaries. It is of note that a similar convex form
for B,z( T ) to that shown in Fig. 9 has been found in the
YBa2Cu307 system and has been interpreted in terms of
an irreversibility line. At present there is no formalism
that incorporates the physical processes which underpin
the interpretation of the data in Fig. 9 as an irreversibili-
ty line into the Fietz-Webb framework. Alternatively it
remains possible that the convex functional form of
B,2( T) may be an intrinsic property.

V. DISCUSSION B. Differential resistivity

A. The upper critical field B,2

1.0 0.5 1.0 1.5

0.6—

0.2-
0

C& -0.2—
CB
O

-0.6—

-1.0 I
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log, Bcz(T)

I

1.0

FIG. 11. A Log&o-Log&o plot of the critical current density in
the intermediate field range vs the upper critical field at three
different electric field criteria. B,2 is defined as the field at
which J«=J,*, /2.

In Fig. 9, B,2 has been plotted using three different cri-
teria. The values of B,2 that have been obtained can be
compared with single-crystal data that are also shown in
this figure. This comparison allows us to derive a physi-
cal interpretation for the lower, middle, and upper curves
in Fig. 9. These curves can be associated with the B,2
values of those grains oriented such that they have a low
B,z (i.e., B~~c), an average value of the distribution of B,2,
and a B,2 value for those grains oriented to give the
highest value of B,2 (i.e., Blc), respectively.

The convex functional form for the temperature depen-
dence of B,2(T) shown in Fig. 9 is not found in homo-
geneous low-T, metallic superconductors. However in
inhomogeneous systems where one can expect a distribu-
tion in the fundamental parameters, a convex functional
form for B,2(T) is found close to T, . In the La-Sr-Cu-
0 system however, even the single crystals show a convex

Only in the most simple systems has the differential
resistivity above J„been derived theoretically. These
calculations consider the synchronous motion of the en-
tire Aux line lattice across a superconductor with no pin-
ning. ' For a nonparamagnetically limited super-
conductor of high K it has been shown that

pf = llm (aE/aJ)J J p+ g( T) B/B,2(T),J ~0 ct
ct

(5)

where pf is known as the flux-flow resistivity and g( T) is
in general a complex function of temperature, where, for
example, in the dirty limit g(T)T T =0.9(1 .

—T/
C

T, )'~ (0. 181/go) (l, electronic mean free path; go, zero-
temperature coherence length).

In the high-T, superconductors the intrinsic dissipative
mechanisms operating during flux flow have not been
identified. In addition we argue below that dissipation
occurs primarily at the grain boundaries, and hence ex-
pect a large-grain boundary-scattering contribution to
the dissipation. We do note that two trends observed in
both samples, namely that (BE/r)J)J& J increases as the

ct
field and the temperature increases, are the same trends
predicted in Eq. (5) and found experimentally in super-
conductors both with ' ' and without pinning.
The most significant difference between (BE/BJ)J&J in

ct

systems with pinning (i.e., pI) and pf is the difference in
the magnitude of these two parameters. It has been
shown that in high-J„materials pI can be as small as
10 p„(the normal-state resistivity above T, ). 9 In this
work we have found that pI is about 2X 10 p„.Consid-
ering Eq. (5), the magnitude of pr suggests that about 2%%uo

of the total Aux that is penetrating the sample is in
motion at J, . However, since our understanding of Aux
Aow in the systems with pinning is so rudimentary, we
have at present no explanation for the functional form of
( BE/8 J )J J that we have found experimentally.

ct
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C. The microstructural dependence of a

In a Fietz-Webb analysis the prefactor a [Eq. (I)] is
determined by the microstructure of the superconductor.
For example, in Nb3Sn this prefactor is inversely propor-
tional to the grain size. It is clear from Table I that a
increases as the grain size increases. Nevertheless we
consider this a very preliminary result, since it is unlikely
that the grain size is the only microstructural feature that
determines e. We are at present investigating in more
detail the microstructural dependence of a.

D. The Fietz-Webb sclaing law

In order to extend the Fietz-Webb analysis to aniso-
tropic superconductors it is necessary to meet two re-
quirements. First, the analysis must be restricted to fields
and temperatures where all the grains are superconduct-
ing. Unless this requirement is met, the active area over
which current Aows is no longer the cross-sectional area
of the sample, but is instead a complicated (and in prac-
tice unmeasurable) function of field and temperature
determined by which grains are superconducting and
which grains are normal. The first requirement is met by
considering single-crystal data. In La-Sr-Cu-O, single-
crystal data suggest that the reduction in J„wehave
observed at high fields occurs because for some orienta-
tions of the grains the applied field is above B,2. In light
of this, we have restricted our analysis to intermediate
field levels. The second requirement is to determine an
appropriate average value for B,2. Since the formalism
for calculating the appropriate value of B,2 to substitute
into the Fietz-Webb scaling law for these anisotropic su-
perconductors has not been developed, we have con-
sidered three different criteria for B,2. It can be seen in
Fig. 10 that regardless of which criterion is used for B,z,
the volume pinning force obeys the Fietz-Webb scaling
law.

An additional complexity not found in the metallic su-
perconductors, can be expected in these anisotropic su-
perconductors. Since the fundamental parameters in La-
Sr-Cu-0 will vary considerably from grain to grain de-
pending on their'orientation, one can expect a very broad
distribution in the pinning properties. This will lead to a
broad E-J characteristic. ' It has been demonstrated
in Fig. 11 that the broad E-J characteristic is such that
the scaling ofJ„is only weakly dependent on the electric
field criterion in the range 2—20 pV cm

In order to assess the generality of the data obtained,
two samples with different grain sizes have been mea-
sured. To within experimental error, both samples have
the same functional form for the volume pinning force.

Most importantly since the functional form of the
volume pinning force obeys the Fietz-Webb scaling law,
this is very strong evidence indeed that Aux pinning is the
mechanism which determines J„(B,T ).

K. A qualitative model for Aux pinning

In order to calculate the volume pinning force, the
elastic constants of the Aux-line lattice and the fundamen-
tal mechanisms which characterize the superconducting

state in. field-temperature space are a minimum require-
ment. These characteristic parameters have been calcu-
lated for isotropic nonparamagnetically limited supercon-
ductors. Since the high-T, oxides are not in this class,
these calculations are not directly applicable to the La-
Sr-Cu-0 investigated here. For example, if we compare
the volume pinning force of V3Ga (Ref. 25) with that of
(Nb, Ta)3Sn, in both cases F obeys the Fietz-Webb scal-
ing law. However although grain boundary pinning
operates in both materials, the field and temperature
dependence s of F in these two systems are
quite different, —F ( V3Ga ) =aB,2 ( T ) whereas
F~((Nb, T a) S3n}=aB, (2T)b'~ (I b) —. This difference
in the functional form of F is attributed to paramagnetic
limiting operating in V3Ga but not in (Nb, Ta)3Sn.
Until we can determine the role of microscopic mecha-
nisms causing the superconductivity, it will not be possi-
ble to evaluate the details of the field and temperature
dependence of the volume pinning force in high-T, oxide
superconductors.

There is a stark contrast between the critical current
density of high-purity single crystals of metallic and ox-
ide superconductors. In the metallic superconductors the
critical current density in single crystals is close to zero.
In comparison the critical current density of single crys-
tals of high-T, superconductors is very large indeed.
This difference has profound implications for Aux pin-
ning. In polycrystalline metallic superconductors, one
can expect the motion of Aux across the grains them-
selves. However, in the oxide superconductors, Aux
motion across the grains is prevented by the pinning sites
within the grains.

At the low values of pinning force measured here, since
the large intragranular critical current densities suggest
that Aux does not cross the grains, the most important
path for the Aux to cross the sample is along the grain
boundaries. Flux Aow along grain boundaries is support-
ed by some limited decoration measurements in
Y,BazCu307, in which when no transport current is ap-
plied to the samples both the grain boundaries and the
grains are decorated. However, when a transport current
is applied the grains alone are decorated. This is direct
evidence for Aux Aow along grain boundaries.

A possible explanation for the low value of J„is that
only a fraction of the entire cross-sectional area of the
sample is active. This is the basis of the percolative mod-
el discussed in the Introduction. ' ' Experimentally we
measure an average intergranular volume pinning force.
It is clear that in order for this average value to obey the
scaling law, the active cross-sectional area over which
current Aows cannot be an arbitrary function of field and
temperature. Hence we can consider two totally distinct
regions in the sample, i.e., superconducting regions in
which J„is determined by Aux pinning, and those
remaining grain boundaries which are totally impenetr-
able to superelectrons over the range of field and temper-
atures for which F obeys the scaling law. Alternatively
we can make the simplest assumption, namely that the
active area is the cross-sectional area of the sample. This
is the assumption in low-T, metallic superconductors and
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must be considered the most plausible until the reason
for, and nature of, the totally impenetrable barriers has
been outlined.

VI. THK CHANGING NATURE OF THE DISSIPATIVK
STATE IN OXIDE SUPERCONDUCTORS

There is ample experimental data in the literature
demonstrating that high-T, oxide samples can be
prepared which show granular or S-X-S behavior. '

This section discusses the significance of these observa-
tions in light of the data presented in this work.

A. Granularity and S-N-S behavior at high temperatures

The granularity of oxide samples was discovered very
early in the development of the high-T, oxides Be.dnorz
and Muller and Wu et al. found a strong depression of
the zero-resistance state by applying very weak fields.
Indeed, an exponential decrease of the critical current
density with magnetic field has been found. ' This sug-
gests that close to T, the superconducting path is main-
tained across normal junctions which have superconduc-
tivity induced in them -because of weak proximity cou-
pling. A similar low resistance tail has been observed in
model system composites. These composites consist of
both superconducting and normal metal materials. The
similarity between the resistive trace of these model sys-
tems and high-T, systems provides evidence that this
weak-fie1d resistive tail is due to the suppression of weak
proximity coupling.

In polycrystalline samples it is reasonable to expect a
distribution in the fundamental parameters throughout
the sample. Hence we can associate the S-X-S type be-
havior with normal regions or regions of lower critical
temperature. It is not clear to what degree S-X-S-type
properties are intrinsic, since the structure and chemistry
of the grain boundaries are sensitive to the details of fa-
brication. ' ' Indeed significant increases in the zero-
resistance temperature in weak fields have been achieved
by improving the preparation techniques.

B. Flux pinning at low temperatures

Extensive Auger spectroscopy on similarly prepared
samples of La-Sr-Cu-0 has demonstrated that the equilib-
rium segregation of Sr to the grain boundaries results in a
grain boundary composition that in a bulk form of the
K2NiF4 structure, would indeed be superconducting.
Nevertheless, it is probable that the structure and chem-
istry of the grain boundary will cause a decrease in the
fundamental superconducting parameters locally. Al-
though this depression inevitably reduces the depairing
current density (JD ) across the grain boundary compared
to the bulk, the authors suggest that the depression in JD
at the grain boundaries in La-Sr-Cu-0 is not the mecha-
nism limiting J„athigh fields. The scaling law we have
found suggests that Aux pinning is the mechanism which
determines J„in high fields.

Degradation of the superconducting properties at the
grain boundaries is found in the low-T, superconductor

NbN. In NbN, although the grain boundaries are non-
stoichiometric and their resistivity is much higher than
the bulk, J„is not limited by poor coupling between the
grains. In NbN, J„obeys the Kramer dependence and
is hence determined by Aux pinning.

A prominent feature of the functional form ofJ„is its
precipitous drop in very low fields ( (0.05 T). A number
of authors have suggested that the change in structure
and chemistry at the grain boundaries is su%ciently gross
that the proximity effect plays a dominant role. ' ' It is
of note that the highly field-dependent functional form ofJ„in very weak fields need not necessarily result from
the suppression of this coupling between the grains but
may be an intrinsic property of the Aux pinning at the
grain boundaries. For example, a mechanism that is used
by Pippard to explain the anomalous increase in J„
close to 8,2(r) (i.e., the peak eff'ect) may operate. He
suggests that when the rigidity of the Aux line lattice falls
to zero in the limit b~1, the tlux-line lattice (I' I. I.)--
conforms readily to the pinning structure. This interpre-
tation suggests that a phase transition in the F-I.-I., from
a nonsynchronous F-I.-I. where the Auxon-Auxon in-
teractions are important and not all the Auxons sit in pin-
ning sites, to a F-I.-L, synchronous with the pinning sites,
leads to the anomalous increase in J„.Since the F-L-L
elastic constants also fall to zero in the limit b ~0, this
phase transition in the Aux-line 1attice may also occur
close to zero field. Hence this mechanism allows the
possibility that the high J„in very low fields is due to a
matching between the Auxons and the pinning structure
which does not occur in high magnetic fields. The crucial
point is that the low field form of J„doesnot demand in
and of itself, that normal barriers which play no role in
transmitting superelectrons in high fields must be present.
This conclusion is supported by the precipitous drop ofJ„in weak fields which has been observed in some low-J,
Inetallic superconductors. We do not yet understand
the intrinsic superconducting properties, the role of the
proximity effect, or the pinning mechanism at the grain
boundaries. This understanding is required to clarify the
mechanism which determines J„in weak fields, and why
the grain boundaries in oxide superconductors have such
poor Aux pinning properties in high fields.

The interpretation of the high-field dependence of J„
at high temperatures and low temperatures presented
here for La-Sr-Cu-0 has the same essential features to
that postulated in a previous publication on R Ba2Cu307
samples. At high temperatures the sample has isolated
superconducting regions which are weakly coupled via
the proximity effect through regions which are normal.
This leads to the S-%-S-type behavior which causes the
critical current density to drop to zero in high fields.
However, at low temperatures, in good quality supercon-
ductors, essentially the entire sample including the grain
boundaries can transmit superelectrons. The system can
be characterized by S-S'-S, where S' represents the su-
perconducting state found at the grain boundaries. In
this low-temperature regime a field-independent J„is ob-
served in high fields as we have found here for La-Sr-Cu-
0 and a Aux pinning mechanism determines J„.
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VII. FINAL COMMENTS

The volume pinning force has been characterized and
found to be of the form

F =a(D)B,z (T)b .

The agreement between our data and a general Fietz-
Webb universal scaling law is strong evidence that when
the transport current density is defined at 10 pV cm ', a
flux pinning mechanism determines J„in high fields. It
is noted that in the original work demonstrating the
significance of the scaling law by Fietz and Webb, they
found that in the intermediate field range
F =aB 2 ( T )b. To within experimental error, we have
found the same field and temperature scaling dependence
in this work.

It has been argued that although the superconducting
properties may be degraded at the grain boundaries this

is not the factor limiting J„in high fields. Rather, the
present results indicate that it is the poor pinning proper-
ties of the grain boundaries in La, 85Sro»Cu04 that cause
the low J„.The authors suggest that the dissipative state
is described by flux flow along the regions of weak flux
pinning at the grain boundaries.
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