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Possible interpretation on the existence of an anomalous inversion
of some ZFC and FC transport characteristics in YBCO
and BSCCO ceramic superconductors
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Abstract

We performed a comparative and systematic study of voltage versus current and critical current versus applied magnetic
field characteristics measured in zero field cooling (ZFC) and field cooling (FC) conditions, in YBCO and BSCCO 2223
ceramic superconductors. We found an anomalous inversion of ZFC and FC curves at low applied magnetic fields and
temperatures in several BSCCO samples; i.e., ZFC curves showed stronger superconductivity than the FC ones. This is in
clear contrast to YBCO ceramics. Besides, the studied curves for BSCCO ceramics presented a much weaker dependence on
cooling conditions than the ones corresponding to YBCO. We also made a semi-quantitative interpretation of the anomalous

inversion through the investigation of the internal magnetic field.
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1. Introduction

The comparative study of curves such as voltage
versus current, magnetization versus temperature and
susceptibility versus temperature, measured in zero
field cooling (ZFC) and field cooling (FC) condi-
tions has proved to be a very successful tool in the
investigation of high temperature superconductors.
For instance, it provides the main procedure to deter-
minate the irreversibility line [1,2].

FC curves have usually presented ‘‘better’’ super-
conducting properties than the corresponding ZFC
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ones. However, a sizable quantity of articles that
partially contradict this point have recently appeared
in the literature. For example, Iga et al. [3] found for
temperatures close to the critical one in BSCCO
superconductors that the ZFC magnetization versus
magnetic field curve was unexpectedly above the FC
one. Also Bekeris et al. [4], studying ac susceptibility
versus temperature and magnetic field in a lan-
thanum-based sample, detected that the ZFC curves
were above the corresponding FC ones. However,
they did not see the same effect in dc susceptibility
studies.

In two previous articles [5,6] we presented an
anomalous inversion between ZFC and FC voltage
versus current curves in BSCCO ceramics and a
systematic and comparative study of these character-
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istics with the analogous YBCO omnes. Here we
partially review these topics, trying to understand the
origin of the differences between these superconduct-
ing families. We also attempt a semi-quantitative
interpretation of the anomalous inversion through the
investigation of the internal magnetic field.

2. Experimental

We prepared YBa,Cu;0,_; (YBCO) and
Bi, ¢Pb, ,Sr,Ca,Cu;0, (BSCCO) ceramic samples
using the standard method. For YBCO, we mixed in

stoichiometric proportions high purity powders of -

Y,0,,BaCO; and CuO. These rough materials were
calcinated during 16 h at 900, 920 and 940°C, re-
spectively. At each step we grounded the resultant
powders in a mill. Afterwards the powders were
pressed in disks and sintered at 950°C for another 16
h. The cooling rate was 1°C/min to room tempera-
ture in an oxygen atmosphere. For BSCCO we mixed
stoichiometrically high purity powders of Bi,O;,
Pb0O,, CaCO,, SrCO; and CuO. These were homog-
enized and calcinated at 820°C for 24 h. Later, they
were grounded, uniaxially pressed and sintered at
850°C. The cooling rate in the furnace was 1°C/min
again. :

Finally, we cut from the disks slab-hke samples
with typical dimensions of 1.00X 1.25 X 10 mm®
(YBCO) and 1.10 X 2.00 X 10 mm*® (BSCCO).
Transport measurements were performed by the
four-probe method. Silver contacts were diffused
into the ceramic bars and the final resistance was
less than 1 {2 in each case. The critical temperature
for the studied samples, defined as the inflection
point at the transition in the resistivity versus tem-
perature curves, was found to be 91 and 108 K for
YBCO and BSCCO, respectively.

Critical current density versus applied magnetic
field (J,~H) and voltage versus current (V-I) curves
were measured in ZFC and FC conditions [5]. Be-
tween a ZFC point or curve measurement and a FC
one (and vice versa) the samples were heated well
above their critical temperatures. Voltage and current
were measured with 1 uV and 1 mA accuracy,
respectively. A 107> V /cm electric field criterion
for, the critical current determination was used. The
external magnetic field was generated by a long

solenoid up to 500 Oe. The temperature was chosen
by a Lake Shore 330 control with a2 maximum 0.01
K resolution and varied from 77 K up to 125 X,

3. Theory

Eq. (1) shows the critical current density depen-
dence on the applied magnetic field for a ceramic
sample. This was modeled as the envelope of the

- superposition of several Fraunhofer-like patterns,

each one typical of a single short Josephson junction
[7]. We are going to use these expressions in the
fitting curves of Fig. 2.

sen( D/ Py)
=J)|—————=|, 1®| <3940,

’ (mD/ Do) :
J.=Jy|®y/m®]|, |®]>3D,, (1

where @, is the magnetic flux quantum, J, is the
Josephson current density for @=0 and =2
ALug H;. Here, A is the London penetration depth of
the grains, L is the Josephson junction average
length, u, is the free space magnetic permeability
and H; is the intergranular magnetic field. The H,
values strongly influence the transport properties in
ceramic superconductors. Eq. (2) shows its depen-
dence on the external magnetic field, H, the magne-
tization of the neighbor grains, M, and a geometric
factor, G:

H.=H-GM(H,). (2)

Actually, in a polycrystal there is a distribution of
geometric factors G, instead of a single value. Fig.
la sketches a hypothetical ZFC magnetic flux line
distribution between a superconducting grain brick
wall array for magnetic fields lower than the first
critical field of the grains (H < H,,,). Points C and
D represent regions of compression and decompres-
sion of magnetic flux lines (higher and lower intensi-
ties), respectively. Muné et al. [8,9] have shown that
they could be mathematically modelled using posi-
tive and negative G values. Fig. 1b shows two
possible current paths. The first one goes along the
G > 0 regions and the second along the G < 0 ones.
We will see that, in the YBCO samples, the current
flows more likely through paths including regions of
positive G values. However, in BSCCO ceramics the
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Fig. 1. (a) Hypothetical ZFC magnetic flux lines distribution and
(b) two possible current paths through a brick wall array of
superconducting grains. Points C and D correspond to regions of
positive and negative geometric factors, respectively.

current is more or less equally divided between both
kind of paths.

Finally, the magnetization of each grain depends
on the internal magnetic field and on the cooling
conditions. We use in our simulations the expres-
sions of M from the Bean model, following Miiller
et al. [7] and Muné [10].

4. Results and discussion
4.1. J, versus H curves

Fig. 2a and b show the applied magnetic field
dependence of the normalized critical current density
for the YBCO and BSCCO samples at 78.0 and 95.0
K, respectively. Note that we selected these tempera-
tures in such a way that 7/T, = 0.8 in both families.
The measurement was done in ZFC (solid circles)
and FC (open circles) conditions. In both cases the
critical current density decreases as the magnetic
field increases. Nevertheless, in contrast to the YBCO
ceramic case, where in the middle field the ZFC
curve is well below the corresponding FC curve, in
BSCCO the two curves always remain very close.

As we showed in a previous article [5], in the
BSCCO sample at low magnetic fields the ZFC

points are unexpectedly above their corresponding
FC ones. At a characteristic magnetic field (16 Oe in
Fig. 2b), that we will call anomalous (H,), the
curves intercept. With higher magnetic fields the
curves split, but now the ZFC points are below the
corresponding FC ones (as in YBCO). Finally, at a
given magnetic field that we will call equivalent
(H, =100 Oe in Fig. 2b), or greater, both curves
merge into a single one.

The fact that FC curves present better supercon-
ducting properties than the corresponding ZFC ones
has been interpreted as follows. Flux pinning forces
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Fig. 2. Normalized critical current density dependence on applied
magnetic field for (a) the YBCO ceramic at 78.0 K and {b) the
BSCCO ceramic at 95.0 K. Solid and open circles represent the
measurement done in zero field cooling (ZFC) and field cooling
(FC) conditions, respectively. The insets show the geometric
factor distribution functions used in the theoretical fitting {con-
tinuous lines).
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oppose the expulsion of flux lines from inside the
grains in FC conditions. They also oppose the mag-
netic field penetration into the grains in ZFC. As a
result, flux lines are more compressed at the weak
links in the ZFC case than in the FC one. Since the
junctions determine the transport properties, the criti-
cal current is lower in ZFC conditions.

Continuous lines in Fig. 2a and b represent the
fitting of the experimental points to an extended
intragranular flux trapping model (Section 3). This
was developed by Muné et al. [10,11] taking into
account, for the first time, the possible existence of
negative geometric factors and a two-dimensional
series—parallel array of Josephson junctions.

The fitting procedure is the following. First, we
find from the flux trapping curve (see below) the
first critical magnetic field of the grains (H,,,) and
the saturation magnetic field, H. Then we calculate
H* =(H,— H,,)/2 (the magnetic field for which
the flux lines completely penetrate the grain follow-
ing the Bean model). Both H,, and H* will be
fixed parameters. Then, we vary, simultaneously for
the ZFC and FC curves, Hy= ®,/(2ALp,), the
first critical magnetic mean field of the junctions and
the geometric factor distribution function, F(G), until
a good fit is achieved.

The insets in the upper right part of Fig. 2a and b
show the distribution geometric factor functions,
F(G), used in each case. It is very important to note
that, in the YBCO sample, the G values are only
positive with the peak at 0.8. However, in the BSCCO
one, the G values are distributed in the whole inter-
val —1 to 1. Here, the highest probability is at
G =0. The parameters H,, H,, and H" at the
corresponding temperatures for YBCO were 15, 20
and 55 Oe and for BSCCO were 8, 10 and 42 Oe,
respectively. Although H,, H,, and H" do not
vary very much between YBCO and BSCCO, their
corresponding distribution functions of geometric
factors are quite different.

4.2, V versus I curves

Figs. 3a and b show the systematic variations with
an applied magnetic field of the voltage versus cur-
rent curves. They were measured at constant temper-
atures of 78.0 K in YBCO and 95.0 K in BSCCO,
respectively. Each type of symbol represents a given
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Fig. 3. Voltage versus current curves of {(a) YBCO and (b)
BSCCO ceramics in different magnetic fields and cooling condi-
tions (ZFC, solid symbols; FC, open symbols). Temperatures were
fixed at 78.0 and 95.0 K, respectively. Continuous lines represent
the fitting of experimental data to a power law.

fixed applied magnetic field in ZFC (solid) and FC
(open) conditions.

Continuous lines represent the fitting of a one-
parameter power law [5,12] to the experimental
points. The general agreement in the whole field and
temperature ranges is remarkable in both samples.
The same qualitative variation with magnetic field
and temperature holds again, but now for a whole
curve instead of a single point of the J, versus H
characteristics. Note that all the points of each curve
in a pair are systematically either above or below the
corresponding curves but do not cross each other.

In the YBCO ceramic, the ZFC V versus I curves
present always worse superconducting properties than
the corresponding FC curves. In other words, J, zzc
<J.pc and, therefore, now the ZFC V versus [
curves are above the FC ones for the same magnetic
field. We should be careful to not confuse the rela-




J. Lépez et al. / Physica C 272 (1996) 13-20 17

tive position between ZFC and FC curves in the J_
versus A and V versus [ plots.

Besides, the separation in the YBCO sample be-
tween ZFC and FC curves first increases and later
decreases until they overlap at higher magnetic fields.
Another interesting point is that the FC curves at 5,
21, 50 and 100 Oe present better superconducting
properties than the ZFC ones at 3, 10, 21 and 50 Oe,
respectively. These results agree quite well with a
similar study of Barroso et al. [13] in the YBCO
family where the yttrium was replaced by gadolin-
ium.

On the other hand, in the BSCCO sample both
ZFC and FC curves for the same magnetic field are
always very close. Note that, unlike YBCO, there are
no other curves measured at a different magnetic
fields appearing between a pair of ZFC and FC
curves. This suggests that the magnetic field itself is
more important than the cooling conditions in these
characteristics.

Reinforcing the previous results in Fig. 2b, at low
magnetic fields, the whole ZFC curves present better
superconducting properties than the FC ones (anoma-
lous inversion) in the studied temperature range. In
other words, the ZFC curves are below the FC ones
in the V versus 7 plot (ZFC above FC in J, versus
H).

In Fig. 4 (analogous to Fig. 2b) at a typical
magnetic field, H,, both ZFC and FC curves overlap.
When greater magnetic fields are applied they split,
but now the ZFC curves are above the corresponding
FC ones (as in YBCO). Finally, the curves merge
once more at a magnetic field equal to H, and
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Fig. 4. Typical ZFC magnetic flux trapping curve for the BSCCO
sample at 95.0 K (see text).

remain together for higher fields. Although here we
only report measurement in one BSCCO sample, we
found similar results, including the anomalous inver-
sion, in several others.

4.3. Phase diagram

We measured the flux trapping curves [14] in ZFC
conditions at different temperatures [10]. Fig. 4 shows
a representative example for the BSCCO ceramic at
95.0 K. The results could allow us to correlate the
variations of the anomalous and equivalent magnetic
fields with intragranular parameter of the sample,
such as H,, and H,. We have already used these
values in the fitting of the J, versus H curves.

The measuring procedure is the following. The
sample is cooled down until the desired temperature
in ZFC conditions. Then, the magnetic field is in-
creased to a value H,_, which is applied for several
seconds and subsequently suppressed afterwards. At
that moment, we measure the critical current density
and plot its value versus H_ . Finally, we normalize
the whole curve to J, at H, =0.

As Altshuler et al. showed [14], the critical cur-
rent density does not decrease for small H values.
That is because the magnetic field lines in ZFC
conditions do not remain trapped in the sample when
we remove the magnetic field. However, starting
from H, =H,,, the magnetic flux lines penetrate
the grains and, after the external magnetic field
source is turned off, some flux remains trapped in
the grains. Consequently, the critical current density
decreases when H,, > H, and helps us to identify
the first critical field of the grains. On the other
hand, at higher fields (H_ > H,) the critical current
density no longer drops. In other words, the grains
capability to trap magnetic field lines saturates. We
call H, the saturation magnetic field.

Fig. 5 illustrates the H, and H, dependence with
temperature (which we will call anomalous and
equivalent lines, respectively) for our sample. Both
curves increase with decreasing temperature, the first
at low field values, and the second at higher ones.
Actually, the accuracy of these points strongly de-
pends on the overlap criterion taken. Nevertheless,
we just want to show here that these two curves
define three different sectors in the H versus T
phase diagram: one above the H, line, where the
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Fig. 5. Representation of the equivalent magnetic field (solid
squares), anomalous magnetic field (open squares), saturation
field (solid circles) and the first critical field of the grains (open
circles) curves in a magnetic field versus temperature phase
diagram for the BSCCO ceramic. Lines represent only guides to
the eyes.

ZFC and FC curves are completely equivalent, an-
other in between the H, and H, lines (normal
region) and below the H, line (anomalous region).
On the other hand, we could find only the first two
regions for the YBCO ceramics.

Fig. 5 also shows, as a reference, the change of
the intragranular parameters H, and H; with tem-
perature taken from the flux trapping curves. It is
quite important to note the overlapping of the H,,
and H, lines. This reflects the fact that the magnetic
field has not penetrated the grains in ZFC conditions
when the anomalous inversion is taking place. Be-
sides, the H, line is below the H, one, revealing that
the grain capability to trap magnetic flux lines is
saturated when the ZFC and FC curves overlap.

Similar results, except for the anomalous inver-
sion, were reported by Miu in BSCCO 2223 ceram-
ics [15]. He interpreted them in terms of pinning
energy differences between these two cooling condi-
tions. The magnetic field value above which the
curves overlapped was assumed to be the intragranu-
lar irreversibility value at that temperature.

However, in our sample the pinning energies do
not drop to zero at H,. For example, at 95.0 K they
decrease only to about two thirds of the correspond-
ing value at zero magnetic field [S]. This indicates
that the equivalent line is actually below the depin-
ning one. We believe that the ZFC and FC curves

merge at H, because their mean values of the inter-
nal magnetic field in the array of weak links are
similar. At this field value, the main contribution
comes from the external applied field rather than
from the magnetization of the grains (which is cool-
ing-condition dependent), see Eq. (2).

4.4. Internal magnetic field

In our opinion, the main difference between
YBCO and BSCCO curves are due to the morphol-
ogy of the grains in both systems. As the fitting of
the curves in Fig. 2 shows, in the YBCO sample, the
distribution of geometric factors G is only positive
(flux line compression). Meanwhile, the BSCCO
ceramic also includes a region of negative G values
(flux line decompression).

Eq. (3) shows the internal magnetic field in a
Josephson junction for H;<H., and increasing
fields calculated following Refs. [7,10].

H,=H/(1-G), ZFC,

. H* H* 2 ZH*H
= — N PR
! G

G G
FC and G > 0, (3)
H,=H, FCand G=0,

i H* H* 2 ZH*H
G

G G
FCand G<O0.

Fig. 6 shows an example of how the internal
magnetic field changes with the applied one. We
present ZFC and FC curves using positive (G = 0.5)
and negative (G = —0.5) geometric factors for the
BSCCO ceramic with H* =42 Oe and H,, =10
Oe.

In both cases (ZFC and FC) the existence of
G < 0 reduces the internal magnetic field. As a result
the critical current densities decrease more slowly as
compared to the positives G case. Besides, if G > 0,
H; in ZFC is greater than in FC. This causes the
curves measured in ZFC to lie below the FC ones in
a J, versus H plot. However, if G<0, H, in ZFC
is smaller than in FC and therefore gives rise to the
anomalous inversion.

»

E
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H{Ce)

Fig. 6. Internal magnetic field dependence on the applied field in
the BSCCO ceramic for H; < H,,. Continuous and dashed lines
represent the calculated field values using positive and negative
geometric factors, respectively. ZFC and FC conditions are also
indicated.

The distribution of the internal magnetic fields in
the intergranular regions strongly influences the criti-
cal current that flows through a ceramic supercon-
ductor. Our BSCCO sample shows both positive and
negative geometric factors. Therefore, the actual H,
curves for the whole sample will be a sort of average
between different G values for the same cooling
condition. As can be seen in Fig. 3b, this brings the
ZFC and FC curves very close. Although not shown
here for simplicity, the same conclusion is valid for
other magnetic field intervals besides H; < H_,,.

On the other hand, in the YBCO sample the
geometric factor distribution is only positive. There-
fore, here the difference between ZFC and FC curves
will be more evident than in the BSCCO case L. In
the same way, as no negative geometric factors are
present, we will not find the anomalous inversion.

Another fact to take into account is that the
previous expressions allowing us to calculate the
internal magnetic fields do not include the existence
of Abrikosov vortices trapped perpendicular to the
junctions. Gubankov et al. [16] showed, in artificial
Josephson junctions, that these vortices distorted the
Fraunhofer-like pattern of the J, versus H curves.
However, the trapping of perpendicular Abrikosov
vortices is possible in FC even for very small mag-
netic fields, but in ZFC it can happen just for
magnetic fields higher than a characteristic one {of
the same order than our H,,). This will cause an
additional decrease of the critical current in the
region of H <H,, in the FC case, but not in the

ZFC one. We believe that this asymmetric behavior
between ZFC and FC curves could also be responsi-
bie of the anomalous inversion. The overlapping in
the phase diagram of Fig. 5 of the H,, and H, lines
also reinforces this point.

5. Conclusions

We measured ZFC and FC critical current density
versus applied magnetic field curves in YBCO and
BSCCO 2223 ceramics. In contrast to YBCO, where
the ZFC curves are well below the FC curves in
BSCCO they are always very close. More so, at low
magnetic field values, the ZFC curves appear unex-
pectedly above the FC ones. The fitting of these
curves shows that the geometric factor distribution
functions are quite different between YBCO and
BSCCO ceramics. However, intrinsic parameters
such as Hy, H,,, and H” do not change very much
between them.

Confirming previous studies in the YBCO family,
the ZFC voltage versus current curves always show
worse superconducting properties than their counter-
parts in FC. Indeed, some FC curves measured at a
higher magnetic field than other ZFC curves, show
better transport characteristics.

On the other hand, in the BSCCO sample both
ZFC and FC voltage versus current curves are al-
ways very close. This indicates that the magnetic
field is more important here than the cooling condi-
tions. Besides, as in the J, versus H plot, the
relative position between ZFC and FC curves at low
magnetic field values appears anomalously inverted.
This irregularity disappears for magnetic fields higher
than H,, which we found to be equal to H,,.

Finally, we estimated the mean internal magnetic
fields in the BSCCO ceramic for H;<H,,. Our
results show that when we use both positive and
negative geometric factors, the difference between
the ZFC and FC curves decreases. Furthermore,
when the geometric factors are negative, the internal
magnetic field is lower in ZFC than in FC condi-
tions. This can explain the anomalous inversion men-
tioned above.
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