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Flux trapping in hafnium-doped Y-Ba-Cu-0 ceramics: The microwave-loss-signal analysis
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Studies of microwave absorption at low fields in zero-field-cooled (ZFC) and field-cooled (FC)
samples of Hf-doped Y-Ba-Cu-0 are presented. Flux trapping during the FC process is clearly
demonstrated. Results show that the superconducting glass phase appears in ceramics for fields

greater than or equal to H {where H is the field at which the signal is maximum), where the
difference between ZFC and FC signals starts. The results can be explained quite satisfactorily in

terms of a percolation description and the superconducting cluster model.

The microwave loss (or absorption) signal observed in
new superconducting ceramics with' and without '

field modulation has been a sensitive probe to detect the
superconducting transition, ' grain size, ' aging effect,
and impurity phases in the samples. Its origin is attri-
buted to fluxon pinning and depinning in the critical
state. ' However, microwave studies in FC samples are
very scarce in the literature. A large difference in ZFC
and FC studies has been observed by other measure-
ments' ' and is interpreted in terms of a glass model'
or a flux-creep model. ' ZFC and FC measurements are
referred to as diamagnetic shielding and the Meissner
effect, respectively. However, Giovannella et al. '3 have
shown that the FC procedure need not necessarily give a
measure of the Meissner effect. Also it is reported' that
glassy effects are predicted for temperature between 70%
and 95% of T, and magnetic fields in the range of
0.03-0.2 T. Therefore, we have studied ZFC and FC
Hf-doped 1:2:3 samples using a microwave loss signal
with field modulation, to have a better understanding of
the magnetic properties of these ceramics at very low
fields.

Samples were prepared by a standard solid-state reac-
tion method by firing and sintering the stoichiometric
mixture of the oxides of Y, Ba, and Cu. Hafnium doping
was effected by mixing an appropriate amount of hafnium
oxide in the mixture. The detailed analysis of these sam-
ples is given elsewhere. Samples were well characterized
by x-ray diffraction, scanning electron microscopy (SEM),
density measurements, and resistivity measurements. T,
decreased by 2 K from 90 K as Hf doping was increased
from 0.5% to 2%, but its density and mechanical
strength increased and its aging effect and porosity were
reduced.

Microwave loss signals were recorded using an EPR
spectrometer (Varian E-109) in a standard conventional
TE,02 configuration at a microwave frequency of 9.4
GHz. All the spectra shown here were recorded at 77 K
using a homemade quartz Dewar. A pair of Helmholtz
coils was used to nullify the remnant field of the EPR
magnets and for negative direction of the field. The mag-

netic field was calibrated with an accuracy of -0.05 mT
using a highly sensitive digital Gaussmeter. Samples
were ceramic and spherical in shape which were well pol-
ished and sealed in 3-mm-diameter quartz tubes. The
recording conditions are specified for each figure. The
same conditions were maintained for all spectra and an
equal amount of samples were taken for the purpose of
comparison.

Samples were cooled in an almost zero field (less than
0.01 mT) and then the ZFC spectrum was recorded.
Since this is a differential signal (dy" /dH), the signal
height (h~) and peak position (H ) are characteristics of
the sample. The height determines the amount of change
of the slope of the absorption versus the field curve at a
certain characteristic field H . This is the advantage of
the field modulation. In direct microwave absorption
measurements such a change is diScult to notice. H is
an important parameter and is identified as the lower in-
tergranular critical field H, » in the Josephson-junction
model which can be used to estimate Josephson penetra-
tion depth along the junction. H is also identified as
H,*, in the superconducting cluster model which can be
used to calculate the superconducting cluster size. This
signal depends upon the amplitude of the modulating
field analogous to the amplitude of the ac field in ac sus-
ceptibility measurements. H can be used to estimate
the grain size in the sample. As grain size decreases, H
increases. The signal is reversible in both forward and re-
verse directions of the field if the field is scanned up to
H which shows that this field can be identified as H, &J.
For H )H„J, Josephson vortices begin to appear and are
trapped' which is evident by the area swept by the loop
when the field is scanned to H)H . The amount of
trapped flux depends on the scanning field, impurities in
the sample, and defects (etc.). The vortex self energy or
energy per vortex line can also be calculated by H
(E=P,H a /4'. =EJ where a is grain size"). All the
three quantities, namely, signal height, peak position, and
the amount of trapped flux decrease with increasing tem-
perature and vanish around T, . '
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More interesting results are obtained in the case of FC
samples cooled at difFerent fields. Samples were cooled

then the spectra were recorded. To compare the resu ts,
the field was scanned to the same value and all recording
conditions were kept identical. Figure 1 shows the actual
recorded signals in ZFC (topmost curve) and FC samples.
The field at which the sample was cooled is indicated at
each signal. It can be noted that the signal does not
change appreciably up to the cooling field less than or
equal to H . For higher cooling fields the height and
area under the loop (b A) decreases while the peak posi-
tion (H ) shifts to higher fields. All three of these pa-

!' field (H ) inrameters are shown as a function of cooling e zc in
Figs. 2 and 3. Signal height increases up to the cooling
field equal to H and then decreases. For fields more
than 5 mT it becomes saturated. Similar behavior is ob-
serve ind

'
the variation of H with H„c, but the peak po-m

oolin fieldsition remains almost constant up to the coo ing e
I H . The variation of the amount of trapped fiuxequa to m.

lin field is(the area under the signal loop) with the coo ing e is
shown in Fig. 3. This behavior is similar to that of h

and H in all three samples. A11 three parameters are
proportionate to the percentage of doping. The ac losses
can be reduced by pinning the fiuxes. Therefore, reduc-
tion in the signal height must be proportional to the
trapped fiux as observed here. The decrease in h~ for the
2 at. % Hf-doped sample, which should have been greater
than the I at. % Hf-doped sample, is somewhat puzzling.
However, at present we can not comment on this. Fur-
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FIG. 2. Signal height (h~) as a function of the cooling field
(H ) for the three samples with different Hf doping. Inset
shows the variation of the peak position (H or

Fc or e
~ ~

with the
cooling field.

ther, by trapping the flux between the grains, some of the
very weakly coupled grains are decoupled, and the net
area of the superconducting loop projected normal to the
applied field is reduced, and the area is inversely propor-
tional to H (S=POI2H, where S is the superconduct-
ing loop area ). Therefore, a shift in H towards the
higher Geld, as observed, is expected. hA decreases as
the cooling field is increased because there is already
trapped flux during FC as evident by the reduction in
height and signal retraces for repeated scans. The height
of the signal also decreases in the second scan after ex-
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FIG. 1. Actual recorded microwave loss signals of ZFC and
FC samples at 77 K. Recording conditions were modulation
amplitude —0.1 mT at 100 kHz, microwave power —0.2 mW,
and gain —1000. The field at which the sample was cooled is
specified at each FC curve. The broken curve in ZFC
represents the second scan after exposing it to 4 m T.
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FIG. 3. Variation of the amount of trapped flux (area under
the signal loop, 5A) with the cooling field for the three samples.
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FIG. 4. Effect of negative field exposure on the FC sample
which demonstrates the depinning of the fluxes. Recording con-
ditions were the same as specified in Fig. 1, but the gain, howev-
er, was 2000.

posing the ZFC sample to the field greater than 0
(shown by a broken curve in Fig. 1). The results, howev-
er, are not identical in ZFC and FC cases.

If we expose the FC sample to the negative field some
of the trapped fluxes are depinned. We have illustrated
this fact in Fig. 4. After cooling the sample in a field of 4
mT, the signal was recorded. The subsequent spectra
shown in the figure were recorded after exposing the sam-
ple to different negative fields (specified at each spec-
trum). It can be seen that the signal recovers towards the
ZFC signal. By exposure to negative fields, some of the
trapped fluxes are released so that the height of the signal
increases, the peak position shifts towards lower fields,
and b, A increases. These parameters are shown in Fig. 5

as a function of the exposed negative field. If we expose
the FC sample to the negative field equal to the cooling
field, all the trapped fluxes are not depinned. There is a
remnant trapped flux in the sample which accounts for
the difference between the ZFC and FC processes. This
may be due to the inhomogeneous coupling strengths be-
tween different grains in the sample arising from the in-
homogeneous sizes of the grains

The superconducting properties of granular systems
are well explained in terms of the percolation model' '
or superconducting cluster model. ' According to these
models the coupling between superconducting grains is
established through the Josephson interaction when cou-
pling energy E exceeds the thermal energy; that is, E.
decreases with increasing temperature. When the cou-
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FIG. 5. The measured parameters (defined in Figs. 2 and 3)
of the signals of Fig. 4 as a function of the negative field (H, ) ex-
posure.

pling probability equals the percolation threshold at a
particular temperature an infinite cluster of supercon-
ducting grains is formed. However, if normal state resis-
tance of the sample is high, the charging energy must be
considered where E has to exceed the thermal plus
charging energy to form the clusters. In our samples nor-
mal state resistance varies from 1.8 m 0 (at 0.5 at. % Hf)
to 2.3 m 0 (at 2 at. % Hf) and electrostatic effects (charg-
ing energy) can be neglected. Also, our resistivity mea-
surements show the monotonic resistivity decreasing
with temperature (metallic) suggesting the weak links be-
tween the grains. For weak links, charging energy is
negligible. ' By analyzing the normal-state resistivity of
our samples using percolation description' we see that
T, which is observed experimentally, is hardly
affected —that is, T, is decreased nominally by one or
two degrees at 2 at. % Hf doping. Our results are very
consistent with the model which predicts the increase in
the width of the electrical transition as normal state resis-
tivity becomes larger —an effect which has been observed
in our resistivity measurements. Recently, it was shown
that percolation probability is directly proportional to
the temperature by comparing temperature dependent
resistivity and susceptibility with those of simulations us-
ing a bond percolation model. Moreover, it has been
shown that susceptibility transition starts only after resis-
tivity goes to zero, i.e., for p ~p, .

Our results can be understood better using the theory
of Ebner and Stroud for diamagnetic response of weakly
linked superconducting clusters. This theory also ex-
plains the glassy behavior observed at low fields. The key
to this model is frustration which means that at finite
fields, any cluster with closed loops can not find a state
that simultaneously minimizes all the bond energies. A
largely frustrated cluster with many closed loops can
choose between numerous competing ground states with
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FIG. 6. Calculated superconducting cluster diameter d from

the relation S =go/2H„using H =H„{fr mtohe inset of Figs.
2 and 5).

nearly equal energy. In a finite cluster, only one of these
is the true ground state and others will lie only a small
energy above it. The various levels will cross one another
as the field is varied and the cluster must hop from one
configuration to another in order to stay in the ground
state. The projected area of cluster can be calculated by
the relation, ' S=go/2H, ; where H,', is the field at which
the first flux slippage occurs or clusters become weakly
random. The peak position H of the low-field signal
can be identified as H,'&. Using this relation the variation
of cluster diameters as a function of the cooling field is
obtained from the inset of Fig. 2 and is plotted in Fig. 6.
Inset (a) of Fig. 6 shows the variation of the cluster diam-
eter as a function of doping for ZFC samples. Inset (b)
reveals the increase in the cluster diameter as the field
cooled cluster is exposed to different negative fields show-
ing the depinning of the fluxes from intergranular regions
thereby forming bonds. It can be seen that the ZFC sus-
ceptibility is larger for larger clusters by comparing inset
(a) of Fig. 6 and Fig. 2 which is consistent with the pre-
diction of the model. Further, from our temperature
dependence studies' we have observed H decreasing
with increasing T and vanishing near T, . That is to say
the average cluster size diverges to infinity as the percola-
tion threshold is approached from below.

The calculated cluster diamter, however, is very much
smaller than the grain diameter (-10—6@m) observed by
SEM. Blazey et al. have also observed this discrepancy
and suggested that the area S determines the uniform
phase. We have observed twins within the grains by
SEM. Thus, comparing these sizes of uniform phase and
the grain we can say that the coupling is within the grain.
Thus, clusters may be formed through different grains or
within the grains.

All the parameters studied as a function of the cooling
field (Figs. 2 and 3) substantiate the fact that the
difference between ZFC and FC signals appears only for

fields greater than H (or H,', ). Therefore, glassy behav-
ior can be expected in ceramics for fields greater than or
equal to H, &. This observation is very consistent with the
predictions of Aksenov and Sergeenkov ' who have cal-
culated the phase diagram for a superconducting glass
model. According to them, the Meissner phase exists up
to fields equal to Ho (Ho =H or H,*,) and superconduct-
ing glass phase appears for Ho & H (H„where
Ho =go/2S and H„= 15Ho. Their calculated FC magne-
tization is exactly similar to our observed variation of h

(Fig. 2}. However, Morganstern' has proposed the range
0.03—0.2 T to observe the glass phase, and the glass con-
cept can be understood as a generalization of the tradi-
tional flux-creep picture. His range of temperature
(95%—70% T, ) to observe the glassy behavior is con-
sistent with our observations.

Finally, from these studies we calculate some of the pa-
rameters for the sake of comparison with the literature.
In the limit where the grain diameter Rg » As
(=A,„=A,,=0.2@m for ceramics), the intergrain penetra-
tion depth is given by' A, . =(go/2mpJoa)'~, where Jo is
the intergrain current density and Jo=Io/a (Io is the
tunneling current). In our samples, grain size decreases
from 10 to 6 pm as Hf doping was increased from 0.5 to 2
at. % and their normal state resistance increased from 1.8
to 2.3 mQ and is linear with doping. Therefore we have
assumed Io ——100—75 pA which is inversely proportional
to their normal state resistances. Then, estimated J0
varies from 100—210 A/cm for 0.5 —2 at. %%uoH f doping.
Also, for R »A, , p= f„,where f„ is the normal (inter-
granular} volume fraction and we have taken f„varying
from 0.2 —0.35 proportional to the doping. Calculated A, .

varies from 12.8 to 8.6 pm for 0.5 —2 at. %%uoH f doping.
This agrees very well with the behavior predicted by the
relation l =Po/4ni, L H„, wh.ere H, i 1

—Hand-
H„—1/a. Howe. ver, the calculated A, . from this rela-
tion gives lower estimation, but the behavior is the same.
All these values are very much in agreement with the ac-
cepted literature values. Further, according to the mod-
el for the effect of grain boundaries on magnetic field
penetration, the parameter (A,, /I, ) determines the cou-
pling strength. We have taken A,, as 0.2 —0.3p propor-
tional to their normal state resistances and calculated A,&s

to estimate (A,s/A, ) which varies from 2.44X10 4 to
16.5 X 10 in good agreement with the model which pre-
dicts stronger coupling with decreasing grain size. This
is further supported by the observed increase in the
decoupling field with decreasing grain size.

In conclusion, we have clearly demonstrated the flux
trapping during FC process using a sensitive probe, the
microwave absorption, in doped ceramic samples. Glass
phase appears at a much lower field, that is for fields
greater than or equal to H,*,. The observed glassy behav-
ior is the consequence of weak links at grain boundaries
or at twin boundaries. As the calculated superconduct-
ing cluster size is much lower than the grain size ob-
served by SEM, it is clear that the superconducting loop
is formed within the grains or through different grains
choosing a proper ground state to satisfy the require-
ments of the flux quantization. Percolation description
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along with the superconducting cluster model of Ebner
and Stroud qualitatively explains the observed results.
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