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Abstract

A systematic study of the magnetic hysteresis in transport properties of polycrystalline YBa,Cu;0;_;—Ag compounds
has been made based on two kinds of measurements at 77 K and under applied magnetic fields up to 30 mT: critical
current density J.(B,) and magnetoresistance R(B,). The R(B,) curves show a minimum in their decreasing branch
occurring at B = By, which was found to be both the excitation current /., and the maximum applied magnetic field
B dependent. In addition, for a certain value of B,,, > 5 mT, we have observed that B, increases with increasing I
and reaches a saturation value. The J.(B,) curves show a maximum in decreasing applied magnetic fields occurring at
B = Bmax. We have also found that B, increases with increasing B,,, and reaches a saturation value. The minimum in
the R(B,) and the maximum in J.(B,) curves were found to be related to the trapped flux within the grains. All the
experimental results are discussed within the context of the flux dynamics and transport mechanisms in these high-T7;
materials.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The transport critical current density, J., of
polycrystalline high-7. superconductors has been
found strongly hysteretic in low applied magnetic
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fields, B, < 50 mT. Peterson and Ekin [1] and later
Evetts and Glowacki [2] showed the theoretical
basis for its explanation. Based on these arguments
some authors have developed the intragranular
flux-trapping model to calculate J.(B,) and fit
the experimental data in both YBa,Cu;0;_; and
BSCCO ceramics [3-5]. Good agreement between
the experimental data and the theory has been
found, but many parameters are involved in the
fitting, which limits its credibility. It should be
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noted, however, that the models developed in Refs.
[3-5] have disregarded the magnetization of the
intergranular medium. Moreover, it has been as-
sumed that the superconducting grains are em-
bedded in a non-superconducting host, without
any intergranular shielding effect. On the other
hand, Mahel’ and Pivarc [6] have used the two-
level magnetic system model [7,8] to explain the
magnetic hysteresis of high-temperature cuprates
under low magnetic fields in transport and mag-
netic measurements at different temperatures.

Another interesting aspect regarding the hys-
teresis in transport properties of high-7. com-
pounds was given by Chen and Qian [9]. These
authors early reported the irreversible behavior of
the critical current density J.(B,) and the mag-
netoresistance R(B,) of YBa,Cu;0,_; at 77 K
under low magnetic field B, < 50 mT. Magnetic
hysteresis was found in both types of measure-
ments and attributed to the trapped flux in the
loops comprised by superconducting grains and
weak links in between. It should be mentioned that
hysteresis has been also observed in magnetore-
sistance measurements under high applied mag-
netic fields B, <3 T at different temperatures.
These experimental results have been explained by
taking into account only the intragranular trapped
flux in the samples [10,11].

More recently, Sandim and Jardim [12] have
studied the irreversible behavior of the magneto-
resistance in Sm, 5,Cey ;5CuO,4_, compounds at 4.2
K. The appearance of a well defined hysteresis in
R(B,) curves was explained by considering only the
intergranular trapped flux in the samples. In their
analysis, the intragranular trapped flux was disre-
garded due to the high value of the first critical
field of the grains, H,,,, in these compounds at the
measured temperature, as compared to the maxi-
mum value of the magnetic field applied to the
samples.

In this paper we focus on the magnetic hyster-
esis of transport measurements of polycrystalline
YBa,Cu;0;_s—Ag samples based on two kinds of
measurements: critical current density J.(B,) and
magnetoresistance R(B,) under low magnetic fields
B, <30 mT at a fixed temperature 77 K. The ex-
perimental data strongly suggest the influence of
both the intergranular and the intragranular

trapped flux in transport properties of these
polycrystalline samples. The J.(B,) and R(B,) data
are analyzed within the framework of both the
intragranular flux-trapping model [3-5] and the
intra- and intergranular flux-trapping models
[6-8]. In addition, effects of the excitation current
on the transport properties of these composite
superconductors are also discussed.

2. Experimental procedure

Polycrystalline samples of YBa,Cu;O7_s—x wt.%
Ag; x = 3 and 10; were prepared by using the sol-
gel route as described in detail elsewhere [13]. Thin
slabs with typical dimensions of 4 =0.8 mm
(thickness), w =2 mm (width) and /=10 mm
(length) were used in all experiments. Transport
properties measurements were performed using the
conventional dc four-probe technique. Magnetic
fields up to 30 mT, generated by a water-cooled
copper solenoid, were applied perpendicular to
the excitation current, which was injected along
the major axis of the samples. Critical current and
magnetoresistance measurements were performed
using excitation current and magnetic field sweep-
ing rates of Al /At ~ 10 mA/min and AB/At ~
0.03 Oefs, respectively [12]. The magnetic field
accuracy in these experiments was about 0.05 mT.

2.1. Magnetic field dependence of the superconduct-
ing critical current density J.(B,)

We have measured J.(B,) under three different
procedures. In the first one, the superconducting
critical current density dependence on applied
magnetic field J.(B,) was obtained by cooling the
sample from room temperature down to 77 K
under zero applied magnetic field. Then, the
magnetic field was increased from zero to a fixed
value B, and the excitation current, I, through
the sample was increased. Under these circum-
stances, we have measured V versus I, and the
J.(B,) value was defined as the excitation current
in which the voltage across the sample was ~1 pV.
This procedure was repeated several times for
different fixed values of B,, 0 < B, <30 mT. From
the values of J, at different B, values, we obtained
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the J.(B,) dependence for increasing applied
magnetic field. This curve is referred as virgin
curve.

The curves obtained in the second procedure
were referred here as returning curves. In these
measurements, the sample was cooled down to 77
K under zero applied magnetic field. Then, the
magnetic field was increased and established to a
given B, value. After this step, the magnetic field
was decreased from B,,, to a fixed value B, and the
excitation current I, through the sample was in-
creased automatically to determine the critical
current density. The following steps were the same
as described above. However, it is worth men-
tioning that, in this case, the J, values were ob-
tained under a given applied magnetic field B,
which is fixed, after the sample was subjected to a
certain maximum value B,,, B, < B.n. After the
application of B,,, the different values of B, were
applied in progressively lower magnitudes.

The last procedure corresponds to the so-called
fux-trapping curve [14]. The samples were cooled
in the same conditions as described above. Then, a
certain value of magnetic field B,, was applied
during ~30 s. After that, the magnetic field was
abruptly removed and the critical current was
measured as described in the first procedure.
Under these conditions, the critical current of the
sample was measured as described in the first
procedure. As last step the sample was warmed at
temperatures higher than its superconducting
critical temperature and cooled down to 77 K in
zero applied magnetic field before measuring an-
other value of the dependence J.(0,B.y). By re-
peating these steps for different values of B, the
flux-trapping curve was obtained.

2.2. Magnetoresistance R(B,)

In all magnetoresistance measurements the
samples were first cooled from room temperature
to 77 K in zero applied magnetic field and an ex-
citation current ranging from 50 to 750 mA was
used. After this step, the magnetic field was in-
creased from zero to a maximum value, B,,, and
then it was decreased to zero. During the magnetic
sweep, a computer controlled all the measuring
process and collected the experimental data.

When the B,, value was changed to obtain the
different J.(B,) and R(B,) data, special care was
taken to eliminate the magnetic history of the
samples. In all cases, the sample was warmed up to
temperatures close to 120 K and cooled down to
77 K before further measurements.

3. Experimental results and discussion
3.1. The J.(B,) dependence

It is useful to start this discussion by showing
the normalized transport critical current density
data, J?(B,) = J.(B,)/J.(0), as displayed in Fig. 1.
This figure shows the experimental data of J(B,)
for a YBa,Cu;0;_s—3 wt.% Ag slab-like sample as
a function of both, the increasing and the de-
creasing field from different maximum fields B,y.
The inset displays some of these curves, but the
normalized critical current density has been sub-
stituted by the absolute values of the critical cur-
rent. Some relevant features, besides the clear
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Fig. 1. Normalized critical current density as a function of the
applied magnetic field for the sample YBa,Cu;07_,—3 wt.% Ag:
virgin curve (M), returning curve from 4 mT (O), returning
curve from 5 mT (), returning curve from 6 mT (), returning
curve from 8 mT (A), returning curve from 10 mT (v), re-
turning curve from 26 mT (+). The inset shows some of these
curves, but the normalized critical current density has been
substituted by the critical current.
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hysteresis of J!(B,) can be extracted from these
curves:

(a) The returning curves obtained in fields B,,, > 5
mT show a well defined peak in the
Je(Ba)/J-(0) dependence. Such a peak occurs
at a given magnetic field Byax.

(b) A careful inspection of these curves reveals
that the peak position of J? at By, shifts to
higher values with increasing B,,. Further-
more, the peak of J? broadens and decreases
its height with increasing B,y,.

(¢c) For B,, > 20 mT, differences between return-
ing curves are negligible.

(d) A small, but appreciable, difference between
virgin and returning curves is observed for
1<B,<2mT, when B,,, <5 mT.

Similar results to the ones shown in Fig. 1 have
been found by other authors in polycrystalline
YBa,Cu;0,_s samples [3,4].

The flux-trapping curve of the same 3% Ag
sample is displayed in Fig. 2 which shows the J.
data taken at zero applied magnetic field J* (0, Bum )
as a function of B,,. The results indicate that
J2(0,B,m) is essentially constant for B,, < 5 mT.
On the other hand, for B,, > 5 mT it decreases
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Fig. 2. Normalized critical current density at zero applied
magnetic field as a function of the maximum applied magnetic
field B,y of the sample YBa,Cu;0;_;-3 wt.% Ag.

appreciably and reaches a saturation value at ~20
mT.

By combining the results shown in Figs. 1 and 2
one is able to distinguish three different ranges of
B,m in which the irreversible behavior of the J?(B,)
dependence has different regimes, as described
below.

(1) For B,, <5 mT: there are appreciable differ-
ences between the virgin and the returning
curves for 1 < B, <2 mT. The peak position
and height of J? show no appreciable changes.

(2) For 5 < By, <20 mT: the peak position of J?
shifts to higher values and decreases its height
with increasing B,,. Appreciable differences
between the virgin and the returning curves
can be observed in all the range of B,. These
differences increase when B,,, increases.

(3) For 20 < B,y <26 mT: the shape of the curves
seem to be independent of B,,,. No appreciable
differences between the returning curves in this
range are observed.

3.2. The R(B,) dependence

The R(B,) results are meaningful for the dis-
cussion involving the hysteretic behavior of the
transport properties in these cuprates. In particu-
lar, Fig. 3 shows two R(B,) curves of the YBa,-
Cu;07_5-3 wt.% Ag sample in magnetic fields up
to B,m =8 and 10 mT, when the sample was
subjected to the same excitation current I, = 400
mA. Some interesting features are observed in
these curves. First, a clear hysteresis is found when
the magnetic field is increased and decreased from
a maximum value B,,. Secondly, the magnitude of
R(B,) is lower in the decreasing branch for most of
the measured range of B,, but such a behavior
changes at low fields B, < 1 mT, and an appre-
ciable increase in the magnitude of R(B,) is ob-
served. However, the most significant feature of
these curves is the occurrence of a minimum in the
decreasing branch of R(B,) at a magnetic field near
Buin ~ 0.45-0.8 mT (see inset of Fig. 3).

We have also observed that the position of this
minimum shifts to higher values with increasing
B, It should be noticed that B, observed in the
decreasing branch of R(B,) curves has its coun-
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Fig. 3. Magnetoresistance curves taken on the polycrystalline
sample of YBa,Cu;0;_;-3 wt.% Ag for two different values of
the maximum applied magnetic field: B,,, =8 mT (M) and
Bam = 10 mT (O). The inset shows the curves for 0 < B, < 1.5
mT. Arrows indicate increasing and decreasing applied mag-
netic field.

terpart in the J.(B,) data. In fact, a careful ob-
servation of the curves shown in Figs. 1 and 3
reveals that Bpax &~ Bmn When both JP(B,) and
R(B,) curves are taken at the same value Byy,.
Additional information regarding the hysteresis
in R(B,) curves can be obtained when the sample is
subjected to different excitation currents. In order
to discuss this point, Fig. 4 displays the R(B,)
curves obtained for two different excitation cur-
rents, i.e., Ix = 400 mA (a) and 600 mA (b). In
both measurements B,, was fixed at 6 mT. The
most pronounced difference between these two
curves is the absence of a minimum in the de-
creasing branch of the curve taken at the lower
excitation current, i.e., Ix = 400 mA (curve (a)).
Here, the excitation current is lower than the
critical current of the sample for magnetic fields
lower than B’, as shown by a dotted line in the
inset of Fig. 1. On the other hand, the decreasing
branch of the curve (b) displays a minimum at
Bnin = 0.25 mT. Also, this value of B, corre-
sponds to the one where J. peaks in the J.(B,)
curve for B,, =6 mT (see Fig. 1). It is worth
mentioning that for decreasing fields, the difference
I, — I. decreases for Bp.x < B, < Bam, but it in-
creases when 0 < B, < B (see Fig. 1). A similar
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Fig. 4. Magnetoresistance curves taken on the sample
YBa,Cu;0;_5-3 wt.% Ag for two different values of excitation
current: I, =400 mA (M) and Ix = 600 mA (O). Arrows de-
note increasing and decreasing applied magnetic field. The inset
shows an expanded view of the low applied magnetic field be-
havior.

analysis would be applied to determine when a
given value of the excitation current causes a
minimum in the decreasing branch of the R(B,)
curve for a certain value of applied magnetic field
Ban.

Figs. 5 and 6 display the hysteretic behavior of
R(B,) curves taken in magnetic fields up to B,, = 4
and 10 mT, respectively. Similarly to the case of
the J?(B,) dependence, we have found that the
difference between increasing and decreasing
branches increases with increasing B,;,. Another
relevant result for the following discussion was
obtained from R(B,) curves measured at a fixed
B.n = 10 mT and for different excitation currents.
These results are shown in Fig. 6 for I, = 250 and
650 mA. The data reveal that B,,;, increases with
I« and reaches a saturation value for I, = I, ~ 550
mA, as shown in the inset of Fig. 6.

From several R(B,) curves measured under
10 mT and subjected to different excitation cur-
rents, we have obtained not only the B, values
but also the minimum voltage across the sample at
Bmin. These results are shown in Fig. 7, which
displays Vi, as a function of excitation current for
the sample YBa,Cu;0;_5—3 wt.% Ag. The results
clearly show that no minimum voltage is observed
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Fig. 5. Magnetoresistance curve taken on the sample
YBa,Cu;0;7_5-3 wt.% Ag for By, =4 mT and I, = 400 mA.
Arrows indicate increasing and decreasing applied magnetic
field.

P. Muné et al. | Physica C 390 (2003) 363-373

T T T T T T T T T T T T
100 - -
n
B, =10mT .
80 —
—
u
2wl ]
S
.8
=
> 40} . 4
20 E
n
u
of w = " i
1 I 1 I 1 I 1 I 1 I 1 I
200 300 400 500 600 700 800
I, (mA)

Fig. 7. Excitation current-voltage characteristics for the sam-
ple YBa,Cu307_5-3 wt.% Ag. This curve was built by plotting
the minimum voltage of the decreasing branch of R(B,) curves
measured at different excitation currents versus the excitation
current.
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Fig. 6. Magnetoresistance curves taken on YBa,Cu;0O; ;-3
wt.% Ag sample for two different values of excitation current:
Ix = 250 mA (M) and Ix = 650 mA (O). The inset shows the
Bnin as a function of the excitation current. Arrows indicate
increasing and decreasing applied magnetic fields.

for excitation currents below ~300 mA. However,
increasing [, results in a smooth increase of the
minimum voltage up to Ix ~ 500 mA and such an
increase is faster for I, > 500 mA.
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Fig. 8. Magnetoresistance R(B,) curves taken on the sample
YBa,Cu;0;_5—10 wt.% Ag for two different values of excitation
current: Ix = 55 mA (M) and I, = 75 mA (O). The inset dis-
plays Bmin as a function of the excitation current. Arrows in-
dicate increasing and decreasing applied magnetic field.

Similar measurements were performed in sam-
ples with different Ag content, i.e., YBa,Cu;0;7_5—
10 wt.% Ag. For these measurements, slab-like
samples were cut with the same dimensions as the
sample with 3 wt.% Ag. The relevant results for the
following discussion are shown in Fig. 8. This
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figure displays R(B,) curves taken up to B,, = 10
mT when the sample was subjected to different
excitation currents: 55 and 75 mA. The typical
excitation current used in these experiments was
one order of magnitude lower than those of
the sample YBa,Cu3;O; ;-3 wt.% Ag. Generally
speaking, the results are similar to the ones shown
in Fig. 6: the position of the minimum B, in the
decreasing branch of the curve shifts to higher
values of B, with increasing I,. However, the
shift of Bni, with increasing I, is appreciably
lower than the ones found in the sample with 3
wt.% Ag.

3.3. Discussion

3.3.1. The intragranular flux-trapping model

The essence of the intragranular flux-trapping
model is to consider weak links or even Josephson
junctions embedded in an effective magnetic field
B; resulting from the competition between the ex-
ternal field and the field associated with the mag-
netization of the grains. The grains are supposed
to follow Bean’s critical state model [15], which has
been modified to take into account the first critical
field, A, [4]. By considering this, B; can be written
as follows:

Bi = By — pyGM, (1)

where y, is the magnetic permeability of vacuum,
G is the geometric factor of the grains in the array
and M, is the intragranular magnetization.

Following this model, the hysteretic behavior in
transport measurements has its origin closely re-
lated to the hysteretic behavior of the intragranu-
lar magnetization, M,. Therefore, the shape of
both J*(B,) and J*(0, B,,) dependence have been
successfully reproduced using this model, as dis-
cussed elsewhere [3,4,14]. We also argue that the
theoretical basis used in these references can be
applied to our results since both experimental re-
sults are qualitatively very similar.

As the shift and the decrease of the maximum
seem to be the most relevant features of the hys-
teretic behavior of the J?(B,) dependence, we re-
produce here the main ideas of the usual
explanation of this phenomenon by using the in-
tragranular flux-trapping model [3,4]. The J*(B,)

dependence attains its maximum value when the
field B; between grains is zero and thus from
Eq. (1) one obtains for the field By, in which J?
peaks:

Bmax = ,uOGMg(Bi = Oa Bam) (2)

where M,(B; =0,B,,) increases for Bin > toHci,
and it saturates for Bi, > uy(Hee +2H*). Here,
By is the intergranular field when the applied
magnetic field is B,,, and H* is the full penetration
field of the grains according to the Bean’s model.
Based on these ideas and the results for the
YBa,Cu3;07_5—3 wt.% Ag sample shown in Figs. 1
and 2, one obtains uyH., = 5 mT and p,H* ~ 7.5
mT as a first approximation [14]. Furthermore, the
broadening of the peak and its decrease in mag-
nitude have their origins in the statistical distri-
bution of geometric factors G and other inter- and
intragranular properties.

Similar explanations can be used for the change
of B, in the R(B,) dependence when B, is in-
creased. However, B; = 0 corresponds to a maxi-
mum in J?(B,) curves but with a minimum in
R(B,) dependence. This occurs because the voltage
across the sample is expected to decrease with
decreasing B; within the framework of dissipation
models in a granular superconductor [1,16]. This
last statement is confirmed by our experimental
results where B, in J.(B,) curves and By, in
R(B,) data are very similar for the same value of
Bam.

We intend to explain now, at least qualitatively,
changes observed in By, with increasing /., in the
R(B,) curves, as shown in Figs. 3-6, by using the
intragranular flux-trapping model [3,4]. Following
Eq. (2), changes observed in either Bpax (J3'(Ba)
curves) or By (R(B,) curves) only occur if M,
(B; = 0,B,y,) or G are altered. Increasing the exci-
tation current through the sample may affect M, by
two main reasons:

(1) The relaxation of the granular magnetization
M, due to intragranular flux creep [17].

(2) The suppression or weakening of the super-
conductivity inside some grains that have very
low critical current, taking into account the
wide distribution of the physical properties in
these granular materials.
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In these two assumptions both M, and B, are
expected to decrease with increasing ... However,
our experimental results show the opposite, at least
for the By, behavior. In fact, increasing /I, results
in an increase of By, and its saturation for higher
I, (see Figs. 6 and 8). This indicates that the ar-
guments above mentioned seem to be inappropri-
ate in explaining the behavior observed in these
measurements. Moreover, if one estimates the
mean value of the intragranular current density J,,
for the sample YBa,Cu;0;_5—3 wt.% Ag by using
the flux-trapping curve [3,4,14] (see Fig. 2) and
assuming the mean size of the grains D = 15 pm
[13], one obtains Jo, = (Hs — Heg)/D = 8 x 10* A/
cm?. Such a value of J,, is very high as compared to
the values of the excitation current density used in
our measurements, typically Jo 2 50 A/cm?. This
strongly suggests that the excitation currents used
in our measurements do not affect appreciably the
intragranular magnetization of the sample.

The other parameter to take into account in this
discussion is G. It can be mainly affected by the
suppression of superconductivity in some grains
when [ is increased. As we have used low mag-
nitude of both excitation current and magnetic
field values in these experiments, this would result
in a condition similar to the one described in (2),
which has been analyzed already.

Based on the above considerations, we argue
that the shift of B, with increasing excitation
current I, could not be explained within the
framework of the intragranular flux-trapping
model.

3.3.2. The intra- and intergranular flux-trapping
model

In this model, the ceramic is regarded as a two-
level magnetic system, consisting of supercon-
ducting grains and a weak-link network forming a
quasi-continuous superconducting intergranular
medium both treated as type II superconductors
[6-8]. In this case three components have to be
taken into account: (1) the applied magnetic field,
B,; (2) the contribution of the intragranular mag-
netization, M, and (3) the contribution of the in-
tergranular magnetization, M;. Within this context
Mahel’ and Pivarc have obtained the following
expression for the intergranular magnetic field [6]:

Bi = By + py(Mi(1 — Ny) — (CN; + G)M,) (3)

where N; is the geometrical factor of the sample
and C is a factor, which depends on the volume
fraction occupied by the grains in the sample. Let
us suppose that Ny =0 to simplify our analysis.
Then, Eq. (3) can be written as follows:

Bi=B,+ MO(M - GMg) (4)

The most relevant point regarding Eq. (3) relies on
the fact that M; and M, have opposite contribu-
tions to the intergranular magnetic field. Within
this context, and in the limit of low applied mag-
netic fields, two points are of interest. First, the
critical state of the grains can be described by
Bean’s model because J, = constant. Secondly, the
case is quite different at sample level because the
intergranular current density decreases rapidly
with increasing B;. Under this circumstance, the
intergranular magnetization is believed to be better
described by Kim’s model [18], although Bean’s
model could be used as a first approximation. In a
similar way to the last section, the J*(B,) depen-
dence is maximal or R(B,) is minimal when B; = 0.
Indeed, by taking B; = 0 Eq. (4) is described by

B = MO(GMg(Bi = OaBam) - M(B1 = OvBam))

(5)

We would like to point out two aspects regarding
the above equation (5):

(1) Two different kinds of magnetization deter-
mine the position of the peak in J?(B,) or
the minimum in R(B,).

(2) Considering M; at the level of the sample (as in
Eq. (5)) is relevant only for very low intergran-
ular magnetic fields, or more appropriately
close to the minimum or the peak in R(B,) or
J2(B,), respectively. This is because increasing
B; results in a decrease of the area of the cur-
rent loops. Such a decrease is expected to vary
from the sample dimension to the grain dimen-
sion [12,19]. Under this condition Eq. (5) is not
expected to be valid.

Following the point (1) above mentioned, we
have noticed that M; and M, are different because
the intragranular critical current density is very
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high as compared to the intergranular critical
current density. Thus, the intergranular flux creep
and flux flow could be observed even when the
grains are in the critical state [17]. In addition,
M; < M, by considering the dimensions and the
critical current density of the grains and of the
sample, respectively. Within this scenario, it is
reasonable to assume that the hysteretic behavior
of both J?(B,) and R(B,) dependence is mainly
determined by the hysteretic behavior of the in-
tragranular magnetization. This approximation
seems to be valid in the limit of high current
densities and high values of B; since under these
circumstances the intergranular critical state is
suppressed. In other words, the intra- and inter-
granular flux-trapping model is reduced to the
intragranular flux-trapping model in the limit of
high current densities and high intergranular
magnetic fields.

After these considerations, we are able to pro-
pose an explanation to the observed shift of the
Buin With increasing /., in these ceramics. When 7,
is increased, M; first relaxes and decreases essen-
tially due to flux creep [16] and then it becomes
zero due to flux flow [7,12,20]. Under this condi-
tion, the position of By, is determined by an
equation similar to Eq. (2). Then, the results
shown in the insets of Figs. 6 and 8§ can be inter-
preted as the transition of the sample from the
intergranular flux creep to the intergranular flux
flow regime. In our analysis we have also consid-
ered that the intragranular magnetization is not
affected by the transport current taking into ac-
count aspects discussed in the last section. In ad-
dition, similar arguments can be applied to explain
the results shown in Fig. 7. When the material is in
the flux creep regime, the voltage across the sample
increases slowly with increasing excitation current.
At low excitation current a small number of in-
tergranular fluxons have enough thermal energy to
be moved by the Lorentz force from one pinning
center to another or even out of the sample. The
amount of fluxons is expected to increase with
increasing current until the Lorentz force is greater
than the pinning force. For this excitation current,
the system undergoes a transition from flux creep
to flux flow regime. Such a transition is mirrored in
the R(B,) data, as shown in the inset of Fig. 6.

There, the saturation current /5 ~ 550 mA corre-
sponds to the value of the excitation current in
which the transition from flux creep to flux flow
regime occurs. In addition, it is expected that the
voltage across the sample increases linearly with
increasing excitation current. A careful inspection
of Fig. 7 reveals that for I, > 500, in spite of the
small number of experimental data points, the Wy,
versus I, curve follows approximately a linear
trend, which indicates the flux flow regime. This
means that the values of /., at the boundary of the
flux creep to flux flow regime are similar even
though they have been determined using different
kinds of measurements.

Eq. (5) and the second aspect related to it can
lead us to other conclusions. The intergranular
magnetization at the level of the sample cannot
produce a minimum in the R(B,) curves at positive
values of applied magnetic field. This occurs be-
cause its contribution has the same sign of the
applied magnetic field. In fact, the magnetization
of type II superconductors in the mixed state,
which is opposite to the applied magnetic field
when it is increased, eventually reverses its sign for
decreasing applied magnetic fields [15,18]. Thus,
M;, M,, and B, are expected to have the same sign,
but the intragrain contribution in the intergranular
region is opposite to the other two components [6].
Then, the minimum in the R(B,) curve (or the
maximum in J?(B,) ones) seems to be related to
the trapped flux within the grains, or in levels with
dimensions lower than the dimensions of the
sample, like superconducting clusters for example.
This last conclusion is in complete agreement with
previous results [3,4].

Far away from the minimum in the R(B,) curve
(or the maximum in J?(B,) dependence) the areas
of the intergranular loops decrease due to the in-
crease of the intergranular field. Then, the presence
of these loops could explain the small differences
between the increasing and decreasing branch of
both the J(B,) and R(B,) dependence when B,,,, <
5 mT (see Figs. 1 and 5). The dynamics of these
loops should be to increase their areas with de-
creasing B;, reaching the dimension of the sample
close to B; = 0 [12,19].

In order to lend credence to our interpretation
on the shift of B, with increasing Iy, ABpi,, we
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have determined such a shift when I, is increased
from a certain value for which the minimum ap-
pears until /; (see Figs. 6 and 8). Assuming that
ABpi, 1s determined by the relaxation of the in-
tergranular magnetization M; and using Bean’s
model one obtains M;(B; = 0, Bym) x Jop, Where Jg,
is the critical current density of the sample in the
peak position. Then, the ratio between the AB .,
of both samples with different values of J, should
be equal to the relation between their J., values.
Our samples with different wt.% Ag content satisfy
the last relation including the error in determining
ABpi, as follows:

ABini  (0.35+0.05) mT
ABpina  (0.07 £0.05) mT
~50+35 and P ~45
cp2

where the subscripts 1 and 2 correspond to the
samples YBa,Cu3;0,_s—3 wt.% Ag and YBa,-
Cu;07_5-10 wt.% Ag, respectively. Since both
samples have similar dimensions, the ratio between
their critical current densities can be estimated by
the ratio between their critical currents. The criti-
cal current of the sample with 3 wt.% Ag in the
peak of the returning curve from 10 mT is ~250
mA (see Fig. 1) while that for the sample with 10
wt.% Ag was found to be ~55 mA. The estimated
values, including the error arising from the mag-
netic field, are of the same order of magnitude.
However, the mean values differ by less than 10%
which represents a good agreement between the
model and the experimental data.

4. Conclusions

In summary, we have observed that the mag-
netic dependence of both the magnetoresistance
R(B,) and the critical current density J.(B,) of
polycrystalline samples of YBa,Cu;0;_s—~x wt.%
Ag; x =3 and 10; reveal a strong hysteretic be-
havior. For a certain value of the maximum ap-
plied magnetic field B,,, these R(B,) and J.(B,)
curves exhibit a minimum and a maximum, re-
spectively. We also found that these minima in
R(B,) and maxima in J.(B,) occur at almost the

same value of applied magnetic field in their de-
creasing branches. These critical points shift to
higher values of applied magnetic field with in-
creasing B, and then they saturate. We observed
that this shift is mainly determined by the hyste-
retic behavior of the intragranular magnetization
in a similar way as have been earlier reported in
J.(B,) curves for YBa,Cu;07_; [3,4]. On the other
hand, the shift of the minimum in the R(B,) curves
with increasing excitation current seems to be re-
lated to the intergranular magnetization, which
evolves from flux creep to flux flow regime with
increasing excitation current.
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