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Abstract

A comparative study of the hysteretical behavior of the zero resistance critical temperature for YBa,Cuz;O,_;,
(BiPb),Sr,Ca,Cu;0,,, s and (HgRe)Ba,Ca,Cu;0q, 5 superconducting ceramics was performed at low magnetic fields
(under 400 Oe). The results were compared with those obtained through the magnetic hysteresis of the critical current
density, showing good agreement in most cases. The qualitative explanation of the observed hysteresis in terms of
intragranular flux trapping of the superconducting grains satisfies YBaCuO and BiSrCaCuO materias, but modifications
might be necessary in the case of HgBaCaCuO. © 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The study of the dependence of transport proper-
ties with the applied magnetic field in ceramic super-
conductors has proven to be a powerful tool in the
understanding of a variety of characteristics of high
temperature superconductors (HTc).

An important fraction of these studies have been
devoted to the J.(B,) dependence in polycrystalline
HTc's, for instance YBa,Cu;O,_ ; [1] and
(BiPb), Sr,Ca,Cu;0,, . 5 [2,3]. The qualitative model
of Peterson and Ekin [4], further developed by Evetts
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and Glowacki [5] stated the theoretical basis for the
explanation of J.(B,) and related dependencies. This
model, put on more quantitative roots by Altshuler et
al. [1] and by Miller and Mathews [6] has been
applied in the understanding of the hysteretical be-
havior of J, in ceramic superconductors. Following
that model, this behavior can be explained by the
effect of the flux trapped by the superconducting
grains on the intergrain weak links, which produces a
different performance of the average effective field
at the junctions for increasing and decreasing applied
fields. Thisirreversibility of the effective field at the
junctions is a fingerprint of the hysteresis of the
intragranular magnetization, which is supposed to
follow some critical state model [7,8].

Flores et a. [9] demonstrated that the zero-resis-
tance critical temperature (T,), which strongly de-
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pends on the junctions characteristics also shows a
hysteretical behavior in YBaCuO ceramics and
pointed out the possibility of employing this phe-
nomenon as a tool in the study of local fields at
intergranular junctions. No further reports of hystere-
sisof T, in this or in other HTc systems have been
published, as far as we know.

In the present paper, the hysteretical behavior of
T, for YBa,Cu,0,_, (BiPb),Sr,Ca,Cu;0,,, ; and
(HgRe)Ba,Ca,Cu;04, 5 ceramics is reported. The
results of the different systems are compared and
qualitatively explained in terms of flux trapping by
the superconducting grains.

The ‘flux trapping curves for T, in the three
systems are also reported for the first time, to our
knowledge, and some intragranular parameters are
extracted from them.

2. Experimental

All the samples were prepared by the ceramic
route. The details of each system are given below.

— YBaCuO: High quality powders of Y,O,,
BaCO, and CuO were mixed in stoichiometric pro-
portions, being the ratios Y:Ba:Cu in the origina
powders 1:2:3. These raw materials were calcinated
for 16 h at 900, 920 and 940°C. At the end of each
step the powders were ground in a mill. After that,
they were pressed into pellets at 300 MPa, sintered at
950°C for 24 h, and cooled down to room tempera
ture at the rate of 1°C/min in air atmosphere. Bars
of approximately 10 X 1 X 1 mm?* were cut from the
pellets. The obtained onset critical temperature at
zero magnetic field, defined as the temperature of the
maximum of the derivative dp/dT, was 90 K.

— BiSrCaCuO: Powders of high purity of the
starting materials Bi ,O,, PhO,, SrCa0,, CaCO, and
CuO were mixed in a stoichiometric ratio
Bi:Ph:Sr:Ca:Cu of 1.6:0.4:2:2:3. The powders were
thermally treated at 700, 750 and 800°C. At the end
of each treatment, the pellets were manually ground.
The powders were pressed into pellets at 400 MPa
and the sintering was carried out at a temperature of
848°C for 48 h; the samples were cooled down to
room temperature at a rate of 1°C/min in air. Bars
of approximately 10 X 1 X 1 mm® were cut from the

as sintered pellets. The onset critical temperature at
zero magnetic field was 105 K.

— HgBaCaCuO: BaCO,, CaCO,, CuO and ReQ,
high purity powders were prepared in a 2:2:3:0,18
stoichiometric mixture. The mixture was first ho-
mogenized in an agate mortar and thermally treated
at 850°C for 12 h under oxygen flow. After this, the
material was crushed in an agate mortar and pel-
letized under 1 GPa. The pellets were submitted to
cacination at 930°C for 15 h under oxygen flow.
The latter procedure was repeated two times crush-
ing the mixture between calcination treatments. The
precursors were then treated at 930°C for 12 h using
20% oxygen and 80% argon flow. High purity HgO
was added to the fina mixture and homogenized in
an agate mortar. The powder was pelletized uniaxi-
aly under 1 GPa, using a vacuum pump to reduce
the gas present inside the pellet. It was immediately
introduced inside both a gold foil and inside a quartz
tube of 0.9 mm inner diameter. The filling factor was
1.1 g/cm®. The quartz tube was sealed under vac-
uum (1072 Torr), and introduced inside a stainless
steel tube which was then filled with 2 bar of argon.
The latter was introduced into an isostatic pressure
furnace with 40 bar of argon. The sample was heated
a arate of 300°C/h until 700°C, at 120°C/h until
850°C and hold at this temperature for 15 h [10].
Then the furnace was cooled down at 120°C/h to
30°C. Bars of approximately 7 X 1x 1 mm® were
cut. The onset critical temperature at zero magnetic
field was 132 K.

The T, values were determined from the p(T)
curves. Those measurements were performed via the
four-probe technique, employing an ac excitation
signal at 81 Hz, and a lock-in amplifier with a
maximum noise of 100 nV. The contacts were de-
posited with silver paint. In order to minimize self-
field generated tails a bias current with an r.m.s.
value as low as 0.35 mA was selected. An autotu-
ning temperature controller Lake Shore 330 dynami-
cally controlled the temperature. In al the cases, the
curves were measured at an increasing temperature
sweep rate of 2 K /min and the resolution in temper-
ature was 0.1 K. The magnetic field was generated
by a long solenoid and the sample was located in
such a way that the applied field was perpendicular
to the bias current. Measurements were performed up
to a fina temperature greater than the onset critical
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temperature, to guarantee that the sample stood in
normal state after each measurement, being ‘erased’
its magnetic history.

Three different regimes of magnetic excitation
were applied.

Virgin curve: The sample was zero field cooled
(ZFC) to 80 K and the desired vaue of magnetic
field was set directly from zero. Then a p(T) curve
was measured.

Returning curves: The sample was ZFC to 80 K, a
maximum value (H,,) was set, and after a few
seconds, the field was decreased to the desired value.
Then a p(T) curve was measured. As for the J.(B,)
dependence [1-3], two different curves were mea-
sured: unsaturated, when the increase of the H
causes variations in the shape of the curve, and
saturated, when the increase of H,, does not affect
the curve.

Flux trapping curve: The sample was ZFC to 80
K, the desired maximum field value was set and after
few seconds, the field was turned off. Then a p(T)
curve was measured.

In al cases, the experimental curves had 500
points.

3. Results and discussion

3.1. Resigtivity vs. temperature curves

In Fig. 1(a) Arrhenius plots of In( p/py) vs. T for
the YBaCuO ceramic are shown, being p, the resis-
tivity at the point T, were the curves for different
applied fields split. The magnetic field was set di-
rectly from zero after ZFC for each curve. In Fig.
1(b) and (¢) are shown similar curves for BiSr-
CaCuO and HgBaCaCuO respectively. The point of
splitting is the same for the non-normalized data, so
it is not related to the normalization process. It is
evident that the tails of the curves are not linear,
which departs from the behavior reported for thin
films [11,12] and single-crystals[13]. Flores et al. [9]
employed the expression of Kim et al. [14] for fitting
the experimental data on YBaCuO polycrystals. It
has a structure similar to an Arrhenius law, but with

a potential energy depending non-linearly on temper-
ature:

p(H.T) =poexp{——u(':'T)} )
where

T, «
U(H,T)=U0(H)(T—1) . (2)

In our work we employed these expressions, us-
ing a voltage definition for T, such that In( p,/p,) =
5, being p, = p(T,). Our choice for the exponent «
was « = 2, which fits into the range proposed in
Ref. [15]. Fig. 1 shows the resulting fits for the three
superconducting systems under study, when the field
has been increased from zero after ZFC. The agree-
ment between the experimental data and the fitting
curves is remarkable, with coefficients of determina-
tion better than 0.975 in all the cases.

When comparing the curves for the different sys-
tems we must note that in the curve for BiSrCaCuO
(Fig. 1(b)), the part of the transition not affected by
the magnetic field (i.e., that dominated by intragrain
dissipation according to Henning et al. [16]) does not
show the sharp drop displayed by YBaCuO (Fig.
1(a) and (to less extent) by HgBaCaCuO (Fig. 1(c)).
It is interesting to note that for YBaCuO, the onset
critical temperature, defined as the inflection point in
the resistive transition, was found to be of about 90
K, not far from that obtained by Lopez et d. [3] for
samples cooled in oxygen atmosphere. Therefore, the
low concentration of oxygen in the furnace during
the cooling only dlightly affected the onset critical
temperature. Thisis roughly coherent with the results
of [17]. On the other hand the intergrain component,
originated from the presence of weak links [18] and
responsible for the pronounced tails in the transition
[16] is strongly affected. This will be analyzed in
more detail in Section 3.2.

In the case of HgBaCaCuo, it is easy to note that
the curves corresponding to high magnetic fields are
amost straight though they also fit very well to Egs.
(D) and (2) with a=2. This indicates a stronger
field dependence of U,(H) for HgBaCaCuO than for
YBaCuO and BiSrCaCuO samples, at least within
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the field range explored. This point deserves further
attention and will be discussed el sewhere.

3.2. T,(H,) curves

Fig. 2(a), (b) and (c) show the virgin curve and
two ZFC returning curves, one saturated and the
other unsaturated, for YBaCuO, BiSrCaCuO and
HgBaCaCuO, respectively.

The curves obtained for YBCO samples (Fig.
2(a) are in good agreement with those of Flores et
al. [9] and reproduce the following characteristics,
analogous to those reported by Altshuler et al. [1] for
the dependence of the critical current density on the
magnetic field for ceramic superconductors:

+ The virgin curve has a maximum at some value
H, = 0, while the returning curves have a maxi-
mum at H, # 0.

- With the increment of H,,, the maxima of the
returning curves shift toward greater values of
H,, and the maximum values of T,(H) diminish.

- When incressing H,,, a saturation value is found
H,.s such that for H, > H,,; thereis no change in
the shape of the returning curves.

- dT,/dH, is more pronounced in the virgin curve
than in the returning ones; the greater the maxi-
mum field, the lower the slopes in the returning
CUrves.

It is easy to note that the curves for BiSrCaCuO
have a different behavior when compared with those
for YBaCuO and HgBaCaCuO. The hysteresis,
though present, is not pronounced for the BiSr-
CaCuO ceramics, and both the unsaturated and satu-
rated returns are only dightly different from the
virgin curves. This behavior agrees with that ob-
tained for the hysteresis in critical current density by
Muné et a. [2] and LOpez et a. [3] in ceramic
BiSrCaCuO samples processed through a similar
route as ours. However, in their work, a noticeable
reduction in the critical current was obtained, even
for low maximum fields, being the critical current
density at zero field of the saturated return a 40% of
that corresponding to the virgin curve. In our case,

the reduction in T,(0) for the saturated return (H,,, =
400 Oe) is only a 4% of the T,(0) for the virgin
curve, which corresponds to 4 K. Another distinctive
characteristic of our curvesis that the maxima of the
returning curves are not obtained for H, = 0 Oe, but
for a value of 1-2 Oe. This is aso in contrast with
the reports of Refs. [2,3].

In those papers, a semi quantitative model was
presented, based on the existence of regions with
‘compressed’, and with ‘decompressed’ magnetic
fields for a given value of the applied field. Those
percolative paths that cross links between grains
reflecting the second situation show a ‘soft’ depen-
dence of the critical current with the applied mag-
netic field, and are responsible for a zero field
maximum and broad peaks. At the same time, the
presence of percolative paths with compressed mag-
netic field forces the reduction in J.(H). In the
present case, the situation seems to be different. Our
measurements are made with a low bias current, so it
is not difficult to find percolative paths including the
‘less weak’ links, in such a way that the reduction in
T, is not of the same magnitude as that in J..

The presence of the maximum for H, # 0 in both
returns is not completely clear. It can be related with
the flux trapping in the superconducting grains, but
this is partially in contradiction with the results of
Schulz et a. [19]. Studying the behavior of the
Meissner fraction with applied field in Bi 2223
ceramics, they found a maximum for the applied
field of 2.5 G, in fair agreement with our results, but
the authors attributed the phenomenon to the inter-
granular pinning rather than to the pinning inside the
grains. Anyway, the evidence is not strong enough
and this subject deserves further attention in future
work, with the employment of magnetization mea-
surements. Besides, the geometry of the samples of
Refs. [2,3] was somewhat different and the differ-
ence in sample demagnetization must be taken into
account for the explanation.

The curves for HgBaCaCuO samples (Fig. 2(c))
have a behavior smilar to those obtained for
YBaCuO, but the magnitude of the hysteretical ef-
fects is more pronounced. The virgin curve has a

Fig. 1. Arrhenius plots for () YBaCuO, (b) BiSrCaCuO and (c) HgBaCaCuO samples. The magnetic field was set directly from zero after
ZFC. The continuous lines represent fits using Egs. (1) and (2) (see text).
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Fig. 2. Virgin and returning (unsaturated and saturated) curves for
(a) YBaCuO, (b) BiSrCaCuO and (c) HgBaCaCuO samples. The
lines are guides to the eye.

maximum variation (T,(0) — T,(150))/T,(0) = 0.25,
being 0.09 and 0.10 for YBaCuO and BiSrCaCuO

respectively. The difference between the maximum
of the saturated returning curve and its zero value is
greater than 4 K. Finaly, the reduction of T,(0) of
the saturated return (H,, = 400 Oe) is a 9% of the
T,(0) of the virgin curve and the maximum differ-
ence between the virgin curve and the saturated
returning curve is 20 K (for H, = 150 Oe).

Taking into account the fact that the grains of
HgBaCaCuO have a plate-like shape [20,21], qualita-
tively similar to that of BiSrCaCuO, and that this
shape seems to be responsible [2,3] for the differ-
ences between YBaCuO and BiSrCaCuO, it could be
reasonable to expect a less pronounced hysteresis for
HgBaCaCuO. This puzzling behavior will be investi-
gated in more detail in the future.

3.3. Flux trapping curves, T,(0, H,,)

The flux trapping curves in T, for YBaCuO,
BiSrCaCuO, and HgBaCaCuO are shown in Fig.
3(@, (b) and (c) respectively. These curves have
been reported previously only for the hysteresis of
the transport critical current density [2,17].

It is very important to notice that our curves do
not have a trivia correspondence with similar curves
for the critical current density, J.(0, H,). A qualita-
tive explanation of this fact is that the latter ones are
measured at constant temperature while, in our case,
the parameter that is related with the trapped flux
(T,) is measured by varying T. A typical process can
be sketched as follows: at the temperature of 80 K,
after a ZFC, the maximum field H,, is applied and
then set to zero; if H, >Hy, (where H is the
effective first critical field of the grains), there is a
certain amount of flux trapped by the grains. When
the temperature grows, J, (the intragranular critical
current density) lowers so, according to Bean’s model
[7], the trapped flux is also reduced. This means that
at the beginning of the dissipation process, there is
less flux inside the grains and their magnetic influ-
ence on the transport process at the weak links will
be lower. On the other hand, because of the lowering
of T, with the increase of the applied field (provided
that H,> H,,) this effect will be less noticeable as
the applied field increases, because a minor part of
the flux had been expelled due to the increase of
temperature. This implies that, firstly, that the values
of Hgg and H, extracted from the T, flux trapping
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Fig. 3. Flux trapping curves for (a) YBaCuO, (b) BiSrCaCuO and
(c) HgBaCaCuO samples. The lines are guides to the eye.

curve correspond to the temperature at which H,,
was applied (i.e., 80 K in our case), and secondly,
that the shape of the curve between these fields

(particularly in the neighborhood of Hclg) would
differ from the J. flux trapping analogue.

For YBaCuO, H,, = 50 Oe and H;~ 250 Oe at
80 K. Both values can be used in order to calculate
the full penetration field H " = (Hy— H.,)/2 [22],
which resulted in H " = 100 Oe at 80 K. The H,
value is in good agreement with that obtained by
Altshuler et al. [17,22] at liquid nitrogen temperature
using two different methods: the flux trapping curve
of J. and vibrating sample magnetometry. Our value
of H* is less than 20% greater than that of Ref.
[22]. 1t is important to realize that our samples are
partially deoxygenated and the comparison with oxy-
genated ones is doubtful, but in Refs. [17,22] it is
demonstrated that the oxygen content affects chiefly
the junctions, and in a lesser degree the intrinsic
characteristics of the grains, being the shape of the
flux trapping curves for an as sintered sample rea-
sonable similar to that obtained after a moderate
deoxygenation thermal treatments in air atmosphere.

For BiSrCaCuO, Hy4 = 10 Oe, and Hy = 100 Oe
at 80 K. These values are in good agreement with
those obtained by Lopez et a. [3] using J.(0, H,,)
measurements. The value obtained for H* (45 Oe)
is in good agreement with Ref. [3] (42 Oe) which
was aso determined via J,. Finally, for HgBa
CaCuO, we obtained H,, = 15 Oe, while H; = 150
Oe that yields H * = 70 Oe at 80 K. In this case, no
reference to compare with was available.

4. Conclusions

The magnetic irreversibility in T, for three HTc
ceramic systems has been studied. In all the samples
the zero resistance critical temperature showed to
depend on its magnetic history, displaying common
features that can be qualitatively explained through
the flux trapping model introduced by Evetts and
Glowacki [5] and extended by Altshuler et al. [1] and
Muller and Mathews [6]. For the BiSrCaCuO sam-
ple, maxima in returning curves are obtained for
non-zero values of the applied field; this effect had
not been reported in the analogous hysteresis of J..
The behavior of the curves for the HgBaCaCuO
sample is quite similar to the YBaCuO ones, in
partial contradiction with the model of Muné et al.
[2] and Lopez et al. [3], from which one might expect
that its behavior must resemble that of BiSrCaCuO.
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The zero-resistance critical temperature flux trap-
ping curves for HTc polycrystals were reported by
the first time, and demonstrated to be consistent with
the critical current density flux trapping ones re-
ported earlier for the YBaCuO system. It is impor-
tant to note that the intragrain magnetic parameters
extracted from the former characteristics correspond
to the temperature at which the maximum fields are

applied.
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