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Resistive transition for YBa2Cu3O7 &-Y2BaCuO, composites: Infiuence of a magnetic field
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The resistive transitions of YBa2Cu30& z-Y28aCuO, granular composites (denoted as Yl$3/Ypl] ) have

been systematically investigated under applied magnetic fields up to 4 kG at a fixed low transport current
density of 1.5 mAcm . In the region of the superconducting transition the samples showed two dis-

tinct sections, a steep part associated with the onset of superconductivity in the individual grains and a
transition tail due to the weak links coupling the grains. For each composite the steep section remained

unchanged with applied field while the tails moved considerably to lower temperatures with this dissipa-
tion region being very sensitive to both transport current and applied field as the percolation limit was

approached. The resistivity tails have been interpreted using the Ambegaokar and Halperin (AH)
phase-slip model and a four-variable fitting procedure. The AH parameter y(H) & o has been used to es-

timate the critical current density, at zero temperature, in the grain boundaries for the diferent compos-
ites at various magnetic fields. The magnetic field dependence of y(H) was found to be ~ H " with

n =0.5 for pure Yl$3 and 0.3 for the other composites. The resistivity data near T, (p=0) did not con-

form with the AH model and have been interpreted in terms of the thermally activated flux-creep model.

Pinning energies have been determined and were also found to follow the applied magnetic field accord-

ing to H with a=0.60 for all composites.

INTRODUCTION

Since the discovery of high-T, superconductivity, the
broadening of the resistive transitions for these materials
by both magnetic fields and transport currents has been
the subject of extensive studies. Some workers, Batlogg
et a/. ,

' Palstra and co-workers, ' Malozemoff et al. ,
and Griessen pointed out that a thermally activated
flux-creep model can describe the broadening behavior
quite well for the resistivity region near T, (p=0). These
groups found a temperature-independent activation ener-

gy Uo, and obtained a very weak-field-dependent energy
barrier from the slopes of Arrhenius resistivity plots, in-
volving p =poexp[ —Uo(H) /T]. The physical picture
here separates a thermally activated flux-creep regime at
low temperatures, where Uo ))ks T (Ref. 6) from a
viscous flux-flow regime where thermal energies become
comparable to barrier energies and the Lorentz force
dominates. ' The origin of this model is based on the
balance of two opposing forces acting on the flux-line lat-
tice, namely, the pinning force due to spatial variations of
the condensation energy and the macroscopic Lorentz
force exerted by a transport current of density J in the
presence of a magnetic flux density B (I'd =JXB). Ex-
tensive studies in the past have revealed the distinct
characteristics for both regimes.

However, some recent measurements' ' of the resis-
tive transitions in the highly anisotropic high-T,
superconductors, Bi2Sr2CaCuzO„, (La,Sr )zCu04,
T128a2CaCu20, and YBa2Cu307 z systems show that
the major component of the thermally activated resistivi-
ty in the high-T, materials is insensitive to the orienta-
tion between the Geld and current as 1ong as they are in
the same p1ane, the macroscopic Lorentz force playing

only a minor role in this loss mechanism. ' ' Since the
Lorentz force is essential to an understanding of such
losses in terms of magnetic-flux motion, these measure-
ments cast doubt on the interpretation of thermally ac-
tivated dissipation in terms of flux creep.

Other workers, however, have made various attempts
to find the origin of this contradiction. Explanations
based on flux cutting' or deviations of the microscopic
current from its macroscopic direction (the introduction
of a microscopic Lorentz force and flux motion) cannot
explain the virtual equivalence of the results for magnetic
fields applied parallel and perpendicular to the current
flow direction.

An alternative approach to the problem of flux-line lat-
tice motion in a magnetic field leading to induced dissipa-
tion behavior of the high-T, oxides has been achieved by

applying the phase-slip model of Ambegaokar and Halpe-
rin20 (AH) to a medium of Josephson weak links, regard-
ed as a single effective junction, as originally suggested by
Tinkham and Lobb. ' The AH theory describes the
effects of thermal fluctuation of the phases of the order
parameters across a highly damped, current-driven
Josephson junction. Both granular and single-crystal
high-T, superconductors have been examined with this
model ' and good agreement has been found between
experimental data and theory.

Using materia1 of nominal compositions Y, , where x
indicates the Y]23.'Y2&] ratio, with O~x ~ 1, we have mea-

sured the magnetoresistance as a function of temperature
under various applied magnetic fields. These measure-
ments, which support the view that polycrystalline
YBazCu307 & system is a weakly coupled granular super-
conductor, suggest that the onset of superconductivity in

these materials occurs via a dynamical process whose
behavior is substantially more complex than a classical
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thermally activated flux-creep process, which simply
gives a temperature-independent activation energy for
flux motion.

In zero magnetic field, we find that the development of
a fully superconducting state in this system occurs via an
intermediate phase bounded from above by a zero-
resistance temperature, denoted by T„,and from below

by a zero-dissipation temperature T,o. Above T„the
materials exhibit the resistive transition of a conventional
fluctuation-broadened superconductor. This broadened
resistive transition is associated with the onset of super-
conductivity in individual grains.

We have found that for an individual composite the na-
ture of the transition in the dissipation regime is strongly
influenced by weak externally-applied magnetic fields.
However, the superconducting transition width of the ini-

tially steep component remains unaffected by a magnetic
field over the range 0 & H & 4 kG with increasing concen-
tration of the Y2&& phase in the Y& „system, while the
resistivity tails of the samples become very sensitive to
the applied fields.

In this work the observed dissipation from a weakly
coupled array of grains, as found in the difFerent compos-
ite samples, has been fitted to the AH model using the
equation

p/p. = [Io(ro/2) l
'

for the field-induced resistivity. Here, p„is the average
normal-state resistivity of the junctions, Io is the modified
Bessel function, and yo is a normalized barrier height,
considered to be the same value for all the links in the
network, defined as

yo= Uo /ktt T = A (1 t) i /H . — (2)

Uo is the barrier height, H the applied magnetic field, t
the reduced temperature, T/T, and the factor
A =3.5PJ,o(0), for the YBazCu307 s (YBCO) system
with T, =92 K, P-1 and J,o(0) the critical current den-
sity at T=O and H =0.

Equation (1) has been fitted successfully to YBCO sin-
gle crystal data by Tinkham using A as a single fitting
parameter. Wright, Zhang, and Erbil have also fitted
data from magnetoresistance measurements of the poly-
crystalline Bi-Pb-Sr-Ca-Cu-0 system to this function
with A and T, as two adjustable parameters and found
that the results agreed well with predictions of this mod-
el.

However, we let yo= A (1 t)~/H in Eq. (2), as—the ex-
ponent q, which had been defined to be 3/2 by Tink-
ham, is taken as a fitting parameter to be determined
empirically. This arises as Deutscher and Muller sug-
gested q should be 2, while Kim et al. found q to be in
the range 1.53—2.8 for their experimental data. The re-
sults of this interpretation for the resistive tails give rise
to a temperature and magnetic field dependent phase-slip
activation energy Uo(T, H) for weakly coupled Josephson
junctions as discussed below.

SAMPLE PREPARATION AND CHARACTERIZATION

Mixed two-phase composite samples consisting of Y,23
and Y2» were fabricated by sintering various composi-
tions determined from the tie line joining the Y&23 and

Y2)) point compounds in the CuO-Y203-BaCO3 composi-
tional diagram. In this process the composite samples lay
between the two well-known superconducting Y,23 and
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FIG. 1. X-ray-diffraction patterns of different granular sam-
ples used in this study. (a) "Pure" YBa&Cu307 z phase with two
high-intensity lines of the Y»& phase shown. (b) The Y» com-
posite showing a decrease in the intensity of the Y»3 lines and
increase in the intensity of the Y»& lines. (c) The Y& 5 composite
showing the significant increase in the Y»& phase. (d) The pure
Y2BaCu05 phase.
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insulating Y2» phases. These samples can hereafter be
identified by their yttrium stoichiometry, since this value
fully identifies the position of the composite on the tie
line and hence the composition ratio Y,23..Y2». There-
fore, for example, the sample with 30%%uo Y2» will be
called Y& 3.

All the samples were prepared using the well-known
and documented solid-state reaction method.
Stoichiometric amounts of the starting materials for the
samples along the tie line were determined by considering
the appropriate amounts of Y203, BaCO3, and CuO
powder for the Y&23 and Y2» compounds. The homo-
geneously mixed and pelletized samples were sintered us-
ing two different cycles. In the first cycle, the samples
were heated to 720'C at a rate of 120'C/h and then
reacted at 720'C for 12 h. This was followed by heating
to 930'C at a rate of 120'C/h and then annealed at
930'C for 12 h. For the second cycle, the regrounded
samples were pressed into pellets of 30-mm diam, approx-
imate thickness 2.6—3.0 mm using a pressure of 600 bars.
The pellets were then heated to 930'C at a rate of
90'C/h, and then reacted at this temperature for 24 h.
Finally, the temperature was decreased to 720'C at the
rate of 20'C/h and then furnace-cooled to room tempera-
ture in fiowing oxygen at a cooling rate of 10 C/h.

X-ray-difraction (XRD) studies were carried out in or-
der to determine the oxygen content, the impurities, and
the distribution of the two different phases in the com-
posite samples. XRD patterns for pure Y,23, pure Y2»,
and two of the Y& composite samples are shown in Fig.
1.

Scanning-electron-microscopy (SEM) micrograph stud-

ies of the Y, composites revealed that the existence of
the Yz» phase in the system seriously prevents the
growth of Y,z3 superconducting clusters, which are re-
sponsible for the electrical and magnetic behavior of the
composites. With increasing x the superconducting clus-
ters embedded in the insulating phase become smaller so
that at a certain value of x all the series-connected
current carrying clusters break down musing supercon-
ductivity to die away, and this leads to a dramatic change
in the normal-state resistivity of the sample.

Typical SEM micrographs of the Y& samples are
shown in Fig. 2. In these pictures, the light areas indi-
cate the superconducting metallic regions, while the dark
areas correspond to the insulating Yz» phase. The
characteristic features of the micrographs are as follows:
For the Y,23-rich compositions the superconducting
phase forms a continuum containing a dispersion of
amorphous insulating Y2» particles. With increasing in-

sulating phase in the composition, the superconducting
phase forms a labyrinth structure. In these compositions
the existence of a high-volume fraction of insulating par-
ticles prevents the formation of a continuous metallic re-
gion throughout the sample. With further increases in
the molar fraction of the insulating phase, the series-
connected conduction path lengths, referred to as per-
colation channels, diminish [Fig. 2(c)]. Meanwhile, the
fine Y2» particles obviously increase the separation of the
large crystalline grains. Finally, in high Y2» concentra-
tion samples a complete matrix inversion takes place so
that the insulating phase now forms a continuum and the
superconducting particles are dispersed throughout the
matrix [Fig. 2(d)].

f u4I" (b)

FIG. 2. High-resolution SEM micrographs of (a) the Yl p, (b) the Yl ~, (c) the Y16, and (d) the Y1775 composite samples showing

granular decrease of the superconducting cluster size (light areas) as the Y» l concentration increases.
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Since the oxygen content of the samples plays a crucial
role on the transition temperature, the electrical and
magnetic behavior of the YBCO system, the oxygen con-
tent was evaluated using a method based on the linear re-
lationship between the c-axis lattice parameter and the
oxygen content of the orthorhombic YBCO phase. Us-
ing this method the oxygen content of the different sam-
ples was found to be very similar with a variation be-
tween 6.86 and 7.0.

RESULTS AND DISCUSSION

In order to establish the resistive broadening behavior
in the Y& „composites, we have measured the resistive
transition of these materials under low-magnetic fields
ranging in strength from 0-4 kG. Figures 3(a) and 3(b)
show two examples of the magnetoresistance measure-
ments as a function of temperature for a fixed transport
current of I=0.5 mA. For both composites, Y, 2 and

Y& 5 the application of magnetic fields lower than 4 kG
produces virtually a magnetic-field-independent steep
drop in the resistivity curves at T =91.5 K and a transi-
tion tail, which is magnetic field dependent. It is clear
from these figures that such a low field only affects the
resistivity tails and does not measurably influence the
main, steep, part of the resistive transition for an indivi-
dual composite.

For all the Y, „composites with 0 ~ x ~x„where x, is
the percolation limit of this system, which has the experi-
mentally determined value of 0.775, the onset tempera-
ture T, of the superconducting grains remains unaffected
(the Y, 2 and the Y, 5 composites are an example) while
for an individual sample the zero resistive temperature
T,o of the sample moves to considerably lower tempera-
tures as the applied magnetic field is increased. However,
the field-induced broadening greatly increases as the Y2»
phase is increased in the samples. Figures 4(a) and 4(b)
show examples of the enhancement of the resistive tails in
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FIG. 3. Resistive transition at different magnetic field values
for (a) the Y& 2 and (b) the Y& 5 composites. These curves show
distinct regions: a steep section, associated with the onset of su-
perconductivity in the grains, which is unaffected by the mag-
netic fields used, and resistive tails, which are sensitive to the
applied field.
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FIG. 4. The magnetoresistivity as a function of temperature
for (a) the Y&6 and (b) the Y&7 composites. These curves are
similar to those shown in Fig. 3 except for the Y& 7 composite at
fields greater than 185 G, which destroys the coupling between
the superconducting grains.
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the high Y2» content Y& 6 and Y& 7 composites, respec-
tively. Since the resistive tails move to temperatures
lower than the temperature limit accessible for these
measurements, it was not possible to determine the zero
resistive-state temperature T,o of the composites with
0.65 &x &x, in applied magnetic fields.

In order to fit the experimental p(T) data for the Y, ,
composites to Eq. (1), where yo is given by the modified
form, a four-, three-, two-, and one-parameter fitting pro-
gram was written. To simplify the fitting process, we
chose yo=C(1 t)q, —where C = A/2H is a magnetic
field-dependent parameter. Since, for every sample, the
value of p„and the corresponding temperature at the on-
set point of the resistivity tails are field independent and
were easily measured for an individual composite, it was
anticipated that these parameters could be determined
from the experimental data without using them as un-
knowns in the fitting procedure. However, these cornpos-
ites involve a double-transition system characteristic of
the resistive transitions of granular materials, ' two-
dimensional Josephson junctions, and proximity-
coupled superconducting arrays. ' Consequently, in
order to avoid the ambiguity of the double transition dur-
ing the fitting process, all fitting of the resistivities ex-
cluded the higher-temperature transition, which corre-
sponds to the transition of the superconducting grains.
As the p(T) curves were well separated at various mag-
netic fields for the Y& z composite and the closeness of
this sample to the pure Y,23 composition we first exam-
ined the resistivity data of this sample using the AH
model.

For the resistivity curves of the Y, 2 composite the ini-
tial fitting procedure started by using the resistivity and
temperature of the branching point of the curves as fixed
values for p„and T„respectively, while the other two
parameters were left free. It was found that these values
did not work well when fitting the data at any values of
q & 1. Using the high-field data, which are more sensitive
to both p„and T„weestablished a fixed value for T, of
92.5 K and p„=0.52 mA cm. The value obtained for T,
is close to that of the onset temperature of the supercon-
ducting grains and the value of p„is slightly lower than
the average value of the resistivity at the branching point
of the curves. The value of T, is unaffected by the field,
while p„remains constant for the different fields to within
+2%. At the next step we determined the values of the
exponent q and the factor C. In order to compare the de-
rived values of C in different magnetic fields we had to
keep the exponent q constant and leave C free as a final
fitting parameter. However, to obtain a good fitting re-
sult with an acceptable standard deviation for the
different fields the exponent q(H)=1. 1—1.2 for the Y, z

sample. This exponent value is not unique as has been
suggested by other workers ' and a similar value is also
found for granular NbN films. The results of the fitting
procedure (solid lines) and the original experimental p( T)
curves of this sample are shown in Fig. 5(a). It is clear
that the agreement of the data with the AH model is
good, except for the low-temperature region, which re-
quires an alternative explanation. The derived values of
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FIG. 5. The points show the temperature dependence of the
experimental resistive transition for (a) the Y, 2 and (b) the Y~23

samples at different magnetic fields. The solid lines were ob-
tained by fitting Eq. (1) to the data. (The curves have been trun-

cated at the onset of dissipation. )

C(H) for the Y& z sample are shown in Table I. The
fitting process was continued for the pure Y$23 and some
of the other composites in the Y~ system. In the case of
Y]$3 the value of the exponent q was 1.2—1 .25 which is

very close to that determined for the Y& 2 sample. The
fitting also yielded T, =92.5 K and p„=62pQcm for
this sample. These values were almost unaffected by ap-
plied magnetic fields (to within +0.3%). As with the Y& 2

sample, the value of T, is very close to the onset tempera-
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Applied
magnetic
field (6) Composite

y(H) at T=O

Y123 Y& Yl.s

0
100
185
312
524
948
2220
3500

780
470

340

205
125
97

81
50
25.5
21.1
19
15.2
12.7
11.7

54
21.4
14.4
11.4
9.3
8.1

7.4
6.5

15.1
11.3
9.8
8.0
6.2
5.6
4.5

TABLE I. Values of the parameter y(H)T=ogH = [C{H)=A/2H]
from the AH model for several granular Yi „composites.
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magnetic
field (G) Composite
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100
185
312
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2220
3500

90.1

70.0
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9.7
5.0
4.1

3.8
2.9
2.5
2.3

4.2
2.8
2.2
1.7
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1.4
1.3

1.5
1.3
1.0
0.8
0.7
0.6

TABLE II. Zero-temperature critical current d
'
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t densit, J (0),
for several Y, „granular composites.
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originate from a di8'erent dissipative process. Therefore,
we have examined the thermally activated flux-creep
model as a means of interpreting our broadened resistivi-
ty data in this region.

In the framework of this model, which is an alternative
to the Josephson-coupling model, the broadened resistivi-
ty curves for the high-T, oxides can be expressed

27, 37—39

'lO: —U(T, H)
p( T,H) =poexp (4)

1 L

1Q2 10
H (6 I

J M ' ~LM
1P4

FIG. 7. The magnetic-field dependence of the parameter
y(H) as determined form the resistivity data for the Y& com-
posites using the AH model.

ature and a is the average grain size. According to this
model the value of the critical current in a single Joseph-
son junction, and therefore y, changes with applied mag-
netic field. Considering the typical grain size in our sam-
ples to be -1 pm and using Eq. (3} we have estimated
the values of J,J(0) for the Y, „composites in various
magnetic fields and these are listed in Table II. These
values of J,J (0) show that the critical current in the grain
boundaries significantly decreases as the Y2» concentra-
tion is increased in the samples, which in turn is evidence
for the sensitivity of a single junction between the super-
conducting grains to the applied magnetic field in the
YBa2Cu307 & compound.

Finally, in order to examine the magnetic field depen-
dence of the parameter y in our composites, we have
plotted, in Fig. 7, the values of y(H} at zero temperature
as a function of magnetic field for all the samples. As is
evident from this plot, elimination of the data point cor-
responding to the lowest applied magnetic field for
several of the composites, the y(H) data can be easily
fitted to a H " power law. The value of n is then found
to be 0.5 for pure Y,23 and 0.3 for the other Y& compos-
ites.

The experimental p(T) data for the Y& „composites in

the low-temperature region, close to T,o, show a
significant deviation from the derived curves using the
AH model. In this region the resistivity of the samples is
generally (6% p„.However, the agreement between the
two curves for temperatures & T,o is excellent and is con-
sistent with that found by Tinkham for the broadened
resistive transitions, under various magnetic fields, for
single crystal YBa2Cu307 & samples, in the resistivity re-
gion where p(T)) l%%uo p„.

The resistivity of the material shows a thermally ac-
tivated behavior with activation energy U(T, H), that is
both temperature and magnetic field dependent. The
temperature dependent form of the activation energy is
assumed to be Uo(H)(1 t)~ w—ith t =T/T, and

=1.5 ' 2 ' o 1.0, ' fo h h' h-
temperature-superconducting materials.

The resistive transitions for the Y& 2 composite have
been plotted in Fig. 8 as a function of (1—T/T, )~/T,
where q =2 and T, =91.5 (the onset temperature of the
broadening point). This Arrhenius plot shows that the
resistivity at low temperatures is thermally activated over
two orders of magnitude, that is, in the range of
p(T)lp„=10 '—10 . It should be noted that we have
considered the resistivity of the sample at the branching
point of the p(T, H) curves as the normal-state resistivity
for intergranular material and further that this value is
constant for all the applied magnetic fields used.

The slopes of the straight lines shown in Fig. 8 give ac-
tivation energies, Uo(H}, for the Aux lines in difFerent

magnetic fields and these energies are observed to steadily
decrease as the magnetic field strength increases. Fur-
ther, the preexponential factor, po, is field independent
and almost constant for the resistivity curves of this sam-

ple in the various applied magnetic fields. Its value is
(1.0+0.2)X10 Qcm, which is twice as large as the
normal-state resistivity for intergranular material and 1.5
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The observed deviation of the resistive transition from
the derived AH curves for temperatures close to T,o may

FIG. 8. Arrhenius plot of the magnetoresistivity near T,p for

the Yl 2 composite.
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FIG. 9. The magnetic-field dependence of the activation en-

ergy Uo{H) for flux creep in the Y& „composite at temperatures
close to T,o. The power-law dependence of Uo-H has
a=0.5 for the Y» and Y& 5 samples and 0.64 for the Y»3 and

Y& 6 samples.

CONCLUSIONS

The resistive transition of Yj composites have been
investigated under various applied magnetic fields at a
fixed low transport current density. In the region of the
superconducting transition the samples show two distinct
sections, a steep part, b,p, which is associated with the
onset of superconductivity in the individual supercon-
ducting grains and a transition tail, which is due to the
weak links coupling the grains. It is found that for the
resistive transitions, the ratio of hp to the total resistivity
of a sample at 100 K, hp/p, oo, is composition dependent.
While this ratio is constant for an individual sample in
various magnetic fields up to 4 kG it decreases for the
different composites as the Yz» concentration is in-
creased. It is also found that for each sample the steep
part of the resistive transition remains unchanged with
increasing applied magnetic field, whereas the transition
tail moves considerably to lower temperatures. This dis-
sipation region has been found to be very sensitive to
both transport current and applied magnetic field as the
percolation limit is approached. For a fixed, low, trans-
port current, the magnetic-field-induced dissipation re-
gion (tail) of the resistive transition for the Y, „systetn
has been interpreted using the Ambegaokar and Halperin
phase-slip model. Good agreement was found between
this model and the experimental data using a four-
variable fitting procedure. The fitting parameter
C = A /2H has been used to estimate the critical current
density, at zero temperature, J, (0), in the grain boun-
daries for the diferent composites of the Y& system at
various magnetic fields.

The magnetic field dependence of the parameter y(H)
in the AH model, which is proportional to the activation
energy for phase slip, was found to follow a power-law re-
lationship y(H) o- H " with n =0.5 for pure Y,23 and 0.3
for the other composites in the range 0&x ~0.6. How-
ever, for the very-low-temperature region, close to T,o, it

TABLE III. The pinning energy Uo(H) for several granular
Y, „composites determined from Arrhenius plots of the resis-
tive transition curves near T,o.

Applied
magnetic
field (Cx)

Pinning energy Uo(H) (K)

Composite YI 2 &I.S Y1.6

100
185
312
524
948
2220
3500

1 600 500 45 500
19876

901 660 13225
11 300

431 913 7 200
232 019 5 820
150680 4 470

7030 3037
3700 1960
2511 1060
2102 706

567
4501300

955

times smaller than the normal-state resistivity of the bulk
sample at 100 K.

A significant point in the Arrhenius plot of the data is
that the exponent q can be chosen to be either 1.5 or 2.
The only difference between these values is found to be
that the higher value of q gives a larger temperature
range over which the resistivity data show a straight line
fit and therefore, thermally activated behavior. %e found
the value of q =2 to give the best fit and was taken as the
optimum value for all the Y, „composites. The values
obtained for the pinning energy Uo(H) using the Y, 2

sample are shown in Table III. It should be noted that
because of the (1—t}s factor, the values of U(H) are con-
siderably smaller than the values of Uo(H}. Table III
also shows the pinning energy values for the Y,z3, Y, 5,
and Y& 6 composites in the low-temperature region. For
the pure Y$$3 sample pa=(55+5) pQ cm, which is very
close to the resistivity value at the onset of dissipation
(-60 }ltQ cm) due to the various applied magnetic fields.
The high Y2» concentration composites, Y, 5 and Y, 6,
show thermally activated Aux creep for the resistivity
range p( T)/p„=1.7 X 10 '-10 with pa=(55+1)
X 10 and (6+1)X 10 pQ cm, respectively. The
former is almost equal to the normal-state resistivity of
the intergranular material of the sample while the latter
is three times larger.

It is clear from Table III that the pinning energies,
Uo(H), significantly decrease, at each applied magnetic
field, as the Yz» concentration is increased in the Y&

„

composite. This is not unexpected as the results of this
study show the decrease of the weak link grain coupling
with increased Yz& &

concentration.
In Fig. 9 the magnetic-field-dependent activation ener-

gy Uo(H) has been plotted as a function of applied mag-
netic field for the different Y, „composites. The results
suggest a power-law dependence U(H)-H for all
these composites with a=0.65, 0.54, 0.51, and 0.64 for
the Y&z3, Y, z, Y», and the Y, 6 samples, respectively.
The values of a for different composites are very similar
and close to 0.5, which are in excellent agreement with
those found for YBazCu307 5 films, BizSrzCaCuz08
single crystals with magnetic fields perpendicular to the
a I3 plane. -
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was found that there is a discrepancy between the AH
model and the experimental data. It was assumed that
the discrepancy may arise from a different dissipative
process for this low-temperature region. The resistivity
data near T,o were interpreted in terms of the thermally
activated flux-creep model and excellent agreement was

found. The pinning energy due to the thermally activat-
ed process in the flux-line lattice has been determined and
the functional dependence of this energy, Uo, for applied
magnetic field H was found to follow the we11-known

form Uo(H) ~ H with a=0.60+0.05 for our samples.
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