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Abstract

We study DC susceptibility along with amplitude and frequency dependence of AC susceptibility of sol–gel synthesized polycrystalline

samples of Bi2Sr2CaCu2O8þd (Bi-2212) sintered at different temperatures. In particular, it is demonstrated that susceptibility techniques

are an effective tool to characterize granular characteristics of high temperature superconductors. The results are discussed in the

framework of Bean’s critical state model whence the field and temperature dependence of critical current density is determined. Flux

pinning force density is calculated and possibility of the pinning mechanisms prevalent in type II superconductors are investigated. Flux

creep activation energy is determined in the light of vortex dynamics exhibited by frequency dependence of AC susceptibility. Since

polycrystalline samples are granular in nature, we calculated grain volume fraction and separated the contribution of grain and matrix

susceptibility from total measured AC susceptibility. We establish that increase in the sintering temperature not only changes the grain

morphology but affects the superconducting properties significantly, validating the impact of grain boundaries on superconducting

performance of studied Bi-2212 superconductor.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Sol–gel processes; C. Superconductivity; C. Magnetic properties
1. Introduction

The discovery of superconductivity in cuprate superconduc-
tors [1,2] opened a window of hope for their applications at
easily accessible temperatures, i.e., above liquid nitrogen
temperature of 77 K. However, in their polycrystalline sam-
ples, the grain boundaries acting as weak links due to small
coherence length impeded the idea. In a want of replacing
conventional type I superconductors like Nb–Ti and Nb3Sn,
new classes of materials like di-borides [3] and pnictides [4]
have been discovered. Despite of it, cuprates are still the best
potential candidates for large scale applications in view of their
high critical temperature (above 77 K) and critical magnetic
field (above 200 T) values among all known classes of
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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superconductors. Granularity being a hindrance in the realiza-
tion of their applications, if studied in a systematic way, can
help in optimizing the superconducting properties of bulk
polycrystalline tapes and wires. There have been constant
efforts in this direction based on both experimental [5–7] as
well as theoretical approach [8]. The effect of granularity/
morphology on the superconducting properties of bulk poly-
crystalline samples is thus, among one of the greatest
challenges in realizing applications of high temperature cuprate
superconductors.
As far as the effect of granularity on bulk superconduc-

tivity is concerned, the same is best studied by magnetiza-
tion than the electrical transport measurements. Since the
inception of superconductivity [9], it took almost 22 years
with the discovery of ‘‘Meissner effect’’, to reveal that
superconductors possess unique properties [10] which
cannot be explained by simply considering the infinite
conductivity aspect. This led to the development of DC

and AC mutual induction techniques for the characteriza-
tion of superconductors [11]. Magnetic measurements are
ll rights reserved.
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preferred over transport measurements in case of super-
conductors for their various advantages over the later.
They are considered as a non-destructive technique as no
electrical contacts are required and the sample can be very
small and even in the powder form. Also, they can be used
to characterize the superconductor below its critical tem-
perature (Tc), where resistivity tends to zero as measuring
resistivity on lower limits is a challenge. Moreover, in case
of granular superconductors like Bi2Sr2Can�1CunO2nþ4þd

(n¼1,2,3), coupling of the superconducting grains have
more pronounced effect on the magnetic properties over
electrical properties, as there is a larger change in the
shielding volume during coupling of the gains than the
change in the resistivity due to coupling component of the
conduction path.

Magnetic properties can be measured in either AC or
DC field, by measuring the magnetic flux variation due to
the magnetization of the sample. In case of DC magnetiza-
tion, the sample is magnetized by a constant magnetic field
and the magnetic moment induced is measured by induc-
tion technique, thus producing DC magnetization curves.
Whereas in case of AC field magnetization, induced sample
moment obtained is time dependent and hence is more
informative. In high temperature superconductors (HTSc),
AC susceptibility is a powerful tool to study vortex
dynamics as this technique facilitates the study of change
in vortex dynamics by varying amplitude and frequency of
AC field, temperature and DC bias field. At higher field
frequencies, due to time lag between the driving field and
the induced magnetization, the obtained AC susceptibility
(w) consists of two components [11,12]; the in phase or real
component (w0) and the out of phase or imaginary
component (w00). In case of superconductors, the real part
of susceptibility depicts diamagnetic shielding of the
sample, while imaginary part indicates the hysteric losses
due to vortex motion. In granular superconductors, the
two step transition in real part (w0) below Tc depicts
diamagnetic shielding currents in intra- and inter-granular
superconducting region respectively. Also, the appearance
of two peaks in the imaginary part (w00) at temperatures,
TP

intra and TP
inter (TP

intra4TP
inter) indicates maximum hyster-

esis loss due to motion of intra-granular (Arbikosov) and
inter-granular (Josephson) vortices [13] respectively. Max-
imum loss takes place when the magnetic flux lines
penetrate up to the center of the sample and is indicated
by the peak in imaginary part of susceptibility curve at a
particular temperature called as peak temperature (Tp).
When either the amplitude or the frequency of the driving
field is changed, Tp shifts towards lower or higher tem-
perature value respectively [14–16]. This peak shift is
related to the pinning force density as per flux creep model
given by Tinkham and Lobb [17] and Muller [13]. When
frequency is increased, inter/intra-granular vortices have
less time to relax and then penetrate the superconductor
during each cycle of driving field. Therefore, in order to
reach the full penetration, the effective inter-granular
pinning force density must be weak. Since the strength of
the pinning force density is inversely proportional to
temperature, the peak temperature (TP

inter/TP
intra) shifts to

higher value when frequency is increased. On the other
hand, as the driving field amplitude increases, larger
screening currents are required to shield the applied field.
For this, strength of the pinning force density must
be large, which in turn results in the shifting of peak
(TP

inter/TP
intra) to the lower temperature with increasing field

amplitude.
In the present work, we report the detailed analysis of

DC and AC susceptibility measurements carried out for
Bi2Sr2CaCu2O8þd superconducting samples synthesized by
sol–gel technique and sintered at various temperatures.
Various superconducting parameters like critical tempera-
ture (Tc), upper critical field (Hc2), coherence length (x),
temperature and field dependence of critical current den-
sity (Jc), flux pinning force density (FP), flux creep activa-
tion energy (Ea), grain volume fraction (fg), nature of weak
links for susceptibility of superconducting grains (wg) and
non-superconducting matrix (wm) are obtained for all the
samples from these studies. Our work is an in-depth
investigation of the effect of synthesis temperature on
superconducting properties and various related mechan-
isms involved via DC/AC susceptibility study. We find that
change in synthesis temperature effectively controlled the
grains morphology and thus the grains coupling and hence
the superconducting properties.

2. Experimental

Samples of Bi2Sr2CaCu2O8þd superconductor were
synthesized using sol–gel [18] method. High purity Bi2O3,
SrCO3, CaCO3 and CuO were dissolved in nitric acid to
obtain the nitrates of Bi, Sr, Ca and Cu. Direct use of
various nitrates were avoided as they are hygroscopic in
nature, thus making stoichiometry of the final product
difficult to control as heating either removes water or
decomposes the salt. The obtained solutions of nitrates
were mixed and added to an aqueous solution of ethylene-
diamene-tetra-acetic acid (EDTA). The molar ratio of
EDTA acid to the total metal cation concentration was
chosen to be unity. The pH of the obtained acidic solution
was raised to seven by subsequently adding ammonium
hydroxide to it. The liquid was stirred and heated con-
tinuously at 80 1C to result in a transparent viscous gel. On
further heating the viscous gel transforms to foam like, and
was finally converted into precursor powder. Obtained
precursor powder was calcined at 500 1C to remove
organic impurities. Further, the calcined powder was
sintered at different temperatures viz. at 760, 780 and
820 1C to obtain three different samples of varying gran-
ular characteristics.
Phase analysis of the samples was done using Rigaku

X-ray diffractometer. Scanning electron microscopy
(SEM) technique was used for microstructural examina-
tion of the samples. Resistivity measurements were carried
out using standard four probe technique using Physical
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Property Measurement System (PPMS) of Quantum
Design. The temperature dependent DC and AC measure-
ments were done out using ACMS facility being employed
in PPMS. The magnetic measurements were carried out for
the samples in the temperature range of 10–110 K with
Fig. 1. XRD pattern of Bi-2212 samples sintered at 760, 780 and 820 1C.

Fig. 2. SEM images of the samples sintered at (a) 76
amplitude and frequency of applied field varying from
0 to 9 Oe and 333 to 6666 Hz respectively.
3. Results and discussion

3.1. Microstructural studies

Fig. 1 shows the X-ray diffraction (XRD) pattern of the
Bi2Sr2CaCu2O8þd samples sintered at 760, 780 and 820 1C.
The use of sol–gel synthesis technique facilitated the desired
phase formation at temperatures as low as 760 1C to as high
as 820 1C, which are considerably lower than that required in
conventional solid state route. Although in BSCCO systems,
the intergrowth of its various phases viz. 2201, 2212 and 2223
is abundant, but in our samples the major phase formed is of
Bi-2212 with very few 2201 peaks. Moreover, the sharpness
of the XRD peaks increase as the sintering temperature of
the sample increases. This indicates increase of crystallite size
with sintering temperature. Fig. 2 shows the SEM images of
the samples sintered at different temperatures at same
magnification of 5KX. Although the sintering temperature
difference for the three samples is of only few degree Celsius
(60 1C), but the morphology within this small temperature
range has varied widely. From SEM images, it can be seen
that the sample sintered at lowest temperature (760 1C)
is quite porous with very small sized grains weakly connected
to each other. But the sample sintered at 20 1C higher
0 (b) 780 and (c) 820 1C at 5KX magnification.
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temperature (i.e. at 780 1C) the grain structure changes
completely consisting of thin flakes with length and width
of few mm. The density of the sample further improves on
sintering at 820 1C. It is obvious from these SEM micro-
graphs and XRD pattern, that there is a significant improve-
ment in the grain morphology of the samples with rising
sintering temperature, while superconducting Bi-2212 phase
is yet mostly preserved in major amount.
3.2. Resistivity measurements

Fig. 3 shows the temperature dependence of resistivity for
the three samples under investigation. It is clearly evident that
the onset of the superconducting transition (T c

onset) is nearly
same for all the samples but the zero resistivity superconduct-
ing temperature (T c

R¼0) increases as the sintering temperature
of the samples is increased. The superconducting transition
width (T c

onset
�T c

R¼0) is increased significantly with decreasing
sintering temperature. Also, the superconducting transition for
760 1C sintered sample is of two step nature, marking weaker
coupling due to significant granularity in the sample. The
transition becomes steeper for higher temperature sintered
samples. The superconducting parameters obtained viz. T c

onset,
Tc

R¼0 and DTc¼T c
onset
�Tc

R¼0 are tabulated in Table 1. The
normal state resistivity of the granular superconducting sample
is given by

rnðTÞ ¼ aþbT ð1Þ

is contributed by the resistivity due to grains and grain boun-
daries. The former component is temperature independent,
while the later is dependent on temperature. Therefore, the
Fig. 3. Temperature dependence of resistivity for the three samples in the

temperature range of 10–300 K.

Table 1

Various superconducting parameters extracted from resistivity measure-

ments.

Sintering

temperature (1C)

T c
onset

(K)

Tc
R=0

(K)

DTc

(K)

a moHC2(T)

at 0 K

x(0)
(nm)

760 89.75 31.74 58.01 7.6� 10�3 56.9 2.4

780 89.80 49.78 40.02 4.2� 10�3 67.6 2.2

820 89.80 67.80 22.00 3.8� 10�4 136.3 1.6
inter-grain coupling parameter at absolute zero tempera-
ture is given by the intercept (a) of Eq. (1) on Y-axis (as
shown in Fig. 3). The value of a (see Table 1) decreases
with increase in sintering temperature, indicating better
inter-grain connectivity.
Fig. 4 shows the temperature dependence of resistivity at

various fields. The temperature dependence of upper
critical field (moHc2) estimated from 90% of r(T,H) is
shown in the inset of Fig. 5. Conventional single band
WHH theory [14,19,20] which describes the orbital limited
upper critical field of dirty type II superconductors is used
to fit the obtained data using equations,

lnð1=tÞ ¼ Cð1=2þ_=2tÞ�Cð1=2Þ ð2Þ

where, t=T/Tc, C is a digamma function and _ is given by

_ ¼ 4Hc2=p2Tcð�dHc2=dTÞT¼Tc: ð3Þ
Fig. 4. Temperature dependence of normalized resistivity in the magnetic

field range of 0–14 T.

Fig. 5. Temperature dependence of upper critical field (symbols) and its

fitting (solid line) using simplified WHH theory. Inset shows the

corresponding experimental moHc2(T) derived from magneto-resistive

transitions.
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Fig. 5 shows the moHc2(T) of the three samples deter-
mined from 90% of rn(T) and its fitting using simplified
WWH formula by symbols and solid lines respectively.
The value of moHc2 at absolute zero temperature deter-
mined using WHH fitting is consistent with earlier reports
[21,22] and is found to increase with sintering temperature.
The zero temperature coherence length x(0) is estimated
from moHc2(0) using the Ginzburg–Landau formula [14,20]
given by moHc2(0)=jo/[2p x2(0)], where, jo is flux quanta
and given by 2.07� 10�15 Wb. All the obtained para-
meters are listed in Table 1.
Fig. 7. Field dependence of DC magnetization at 5 K temperature.
3.3. DC susceptibility studies

Fig. 6 shows the temperature dependence of DC mag-
netic susceptibility (wdc(T)) for all the samples at an applied
field of 10 Oe. The behavior of both, flux exclusion or zero
field cooling (ZFC) and flux expulsion or field cooling (FC)
is easily distinguishable for the three samples. For ideally
pure superconductors, ZFC susceptibility, wZFC¼�1. But,
since real polycrystalline sample consists of superconduct-
ing grains embedded in a non-superconducting matrix [23],
total w is given by the summation of w for superconducting
region (i.e. wSC¼�1) and that for non-superconducting
region (i.e. wNSC¼0). So, the effective w(w¼wSCþwNSC) is
less than one. In the present case for the three samples the
trend that wZFC follows is: wZFC

820C4wZFC
780C4wZFC

760C.
This in itself indicates that in these samples, the presence of
non-superconducting region also follows the same trend of
depreciation with increase of sintering temperature. In case of
FC, w¼wSCþwNSC, is lesser due to an added contribu-
tion because of flux, which is pinned due to the presence
of defects in real polycrystalline samples, so as wFCowZFC.
Thus, difference between the two susceptibilities given by
(wFC�wZFC) and is a measure of flux pinning in the sample.
Therefore, in our case as is visible (opening of FC and ZFC

transitions) from Fig. 6, flux pinning in the samples increases
with the sintering temperature and is substantially high for the
highest temperature sintered sample.

Fig. 7 shows DC magnetization curves as a function of
applied field (M(H) curves) at 5 K for the studied samples.
Fig. 6. Temperature dependence of DC susceptibility at an applied field of

10 Oe.
Bean’s critical state model [24] is used to determine critical
current density (Jc) from these curves. As per above stated
model, Jc of an infinitely long sample with rectangular
cross section (a� b) (with aob) is obtained from the width
DM of the M(H) hysteresis loop using expression, Jc(H)¼
[20�DM(H)]/[a(1�a/3b)] [25,26]. Fig. 8 shows the field
dependence of Jc obtained from DC magnetization data.
As expected in case of HTSc, there is a sudden character-
istic drop in Jc at high magnetic fields. Obtained values of
Jc (at zero field) for the three samples are tabulated in
Table 2 and are consistent with earlier reports [27]. Clearly,
there is a systematic increase in Jc with increase in sintering
temperature. It is interesting to find that Jc increases almost
four times for the sample, which is sintered only at 60 1C
higher temperature than the sample sintered at lowest
temperature (780 1C), indicating substantial improvement in
the flux pinning. Marked improvement in Jc with sintering
temperature shows the impact of grain morphology on the
superconducting performance of polycrystalline HTSc.
In order to obtain deeper insight into the origin of

improved pinning properties with sintering temperature,
an extended analysis of pinning force density is carried out.
Inset of Fig. 8 shows the flux pinning density given by,
FP¼Jc�B for the three samples at 5 K. Clearly there is
substantial increase in the maximum pinning force (FPmax)
Fig. 8. Field dependence of critical current density for various samples at

5 K temperature. Inset shows field dependence of flux pinning density.



Table 2

Various superconducting parameters extracted from DC and AC susceptibility measurements.

Sintering

temperature (oC)

From DC susceptibility From AC susceptibility

Jc (Acm�2) at 5 K, 0 T Fp�max (N/m3) Ea (K) Jc (Acm�2) at 0 K, 10 Oe n fg

760 1.08� 103 0.8� 106 – – – 0.012

780 2.30� 103 2.0� 106 1914.08 0.15� 103 1.9 0.017

820 4.05� 103 4.0� 106 5629.60 1.33� 103 2.4 0.071

Fig. 9. Normalized pinning force as a function of normalized field. Doted

(blue), solid (red) and dashed (green) line represents theoretical curves

given by Eqs. (4)–(6) respectively. (For interpretation of the references to

color in this figure legend and the corresponding text, the reader is

referred to the web version of this article.)
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with increased sintering temperature. Also, the corre-
sponding field (Hmax) shifts to higher value. This again
shows improvement in flux pinning with sintering tem-
perature, which corroborates with the results obtained
from wdc(T) curves. Further, to probe into flux pinning
mechanism, normalized pinning force density, fP¼FP/
FPmax is plotted against normalized field, b¼H/Hmax.
According to Dew Huges [28], flux pinning force in type
II superconductors is influenced by superconducting nat-
ure and size of pinning centers, microstructure wavelength
and flux lattice rigidity. For high temperature supercon-
ductors, the scaling of fP�b is often analyzed using three
theoretical models [28–32]:

fPðbÞ ¼ 3b2ð1�2b=3Þ; for Dk pinning; ð4Þ

fPðbÞ ¼ 9=4bð1�b=3Þ2; for normal point pinning; ð5Þ

fPðbÞ ¼ 25=16b�1=2ð1�b=5Þ2; for normal surface pinning;

ð6Þ
Fig. 9 shows the scaling of the fP�b curves for the three
samples. Theoretical curves for Eqs. (1)–(3) are represented
in the figure by a doted (blue), solid (red) and dashed
(green) line respectively. For fields below Hmax, data points
for the three samples scale between normal point pinning
and surface pinning. At higher fields, we note a crossover
to the Dk pinning mechanism in all the three samples.
However, because the data above Hmax are limited only,
hence one cannot conclude the presence of Dk pinning with
certainty. Therefore, from the critical current density and
flux pinning analysis, it is clear that, though the flux
pinning mechanism (i.e. normal pinning) or the nature of
pinning centers is identical for samples sintered at various
temperatures but there is a substantial improvement in Jc

and FP.

3.4. AC susceptibility studies

Fig. 10(a) and (b) shows the temperature dependence of
the real and imaginary component of AC susceptibility
(ACS) for the three different temperature sintered samples
in the field ranging from 0.5 to 9 Oe. In polycrystalline
HTSc, a typical feature of ACS is the appearance of
two drops in w0 accompanied by two peaks in w00 [25].
In Fig. 10(a), double drop in the w0 for all the three samples
is clearly seen but the same is materialized differently in
three of them. Saturation in the diamagnetic signal with
temperature is clearly visible for the highest temperature
sintered sample (820 1C) but it is absent in the other
samples. This shows increasing diamagnetic volume frac-
tion with improved morphology for the samples being
sintered at higher temperature. Fig. 10(b) shows the
temperature dependence of imaginary part of AC suscept-
ibility at various field amplitudes. In case of sample
sintered at 760 1C, dissipative peak corresponding to
intra-granular losses is clearly visible around Tc

onset but,
the peak corresponding to inter-granular losses is not
visible as it is below minimum temperature measurement
range. Wide separation of inter- and intra-granular loss
peaks shows poor coupling between the grains. For a little
higher sintering temperature of 780 1C, inter-granular peak
is feebly visible and shifts to higher temperature as
compared to the sample sintered at 760 1C, with a very
weak intra-granular loss peak (see inset of Fig. 10(b)).
Inter- and intra-granular peak separation has noticeably
decreased, which shows improvement in grain coupling.
In contrast, for the sample sintered at highest temperature



Fig. 10. (a) Temperature dependence of real component of AC susceptibility for various samples in the applied field ranging from 0.5 to 9 Oe with

frequency of 333 Hz. (b) Temperature dependence of imaginary component of AC susceptibility for various samples in the applied field ranging from 0.5

to 9 Oe with frequency of 333 Hz. Inset in the middle figure shows the enlarged view of intra-granular loss peaks highlighted in the same figure with

rectangular box.

Fig. 11. Temperature dependence of critical current density (symbols) and

its fitted curve (solid line) as per equation, Jc=Jc(0)(1–TP/TC)
n for sample

sintered at 780 and 820 1C.
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(820 1C), only one loss peak is observed, which is relatively
at quite high temperature than others. Appearance of a
single dissipation peak seems to be because of merging of
closely located inter- and intra-granular loss peaks, which
signifies best coupling of gains for sintering temperature of
840 1C among all the studied samples. Hence, on compar-
ing w00 of the three samples, there are two important
observations. First, we find that inter-granular loss peaks
shift to higher temperature and second, they become
sharper for samples sintered at higher temperature indicat-
ing improvement in flux pinning and grain coupling
respectively with sintering temperature. The improvement
in grain coupling and flux pinning with sintering tempera-
ture demonstrated by ACS curves is in corroboration with
those being obtained from wdc(T) (Section 3.3) and normal
state resistivity (Section 3.2) analysis respectively. Also, it
is interesting to see in Fig. 10(b), that with increase in the
applied field amplitude, the loss peak shifts to lower
temperature as expected (explained above), but to different
extent for samples sintered at 780 and 820 1C (loss peak of
760 1C sintered sample is invisible being below minimum
measured temperature range). It is well known that when
applied field reaches at the center of the sample, losses
become maximum i.e. at the peak temperature (Tp) of w00,
applied field can be considered as full penetration field
(H*). Therefore temperature dependence of critical current
density Jc(T) can be estimated using Bean’s model
[24]. According to the stated model, critical current density
at peak temperature (Tp) of AC susceptibility can be
written as

JcðTpÞ ¼H*=Oab ð7Þ

for rectangular bar shaped sample of cross section 2a� 2b.
Inter-granular current density obtained using Eq. (7) is
presented in Fig. 11 with filled square symbols for samples
sintered at 780 and 820 1C. The temperature dependence of
Jc is found to obey power law given by Jc(T)¼Jc(0)(1�
Tp/Tc)

n [33,34], where, Tc is the zero resistivity critical
temperature. Values of Jc(0) and ‘n’ obtained from fit to
experimental data are provided in Table 2. The obtained
Jc(0) values are higher for the sample sintered at 840 1C than



Fig. 13. Linear fitting curves (solid line) for ln(f) versus 1/TP for samples

sintered at 780 and 820 1C.
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that at 780 1C and are of the same order as those obtained
from DC susceptibility. It is well known that in polycrystalline
granular superconductors, superconducting grains are sepa-
rated by non-superconducting matrix, which strongly deter-
mines the temperature dependence of Jc. According to
Ambegaokar and Baratoff [35], grain boundary regions in
granular superconductors can be treated as superconducting-
normal-superconducting (SNS) or superconducting-insulating-
superconducting (SIS) junctions. De Gennes [36] showed that
in case of SNS junctions, the value of ‘n’ in Jc(T)¼
Jc(0)(1�Tp/Tc)

n relation is 2 for T close to Tc. In our case
‘n’ is nearly 2 for both the samples. Hence, irrespective of the
sintering temperature nature of the weak links is of SNS type
in both the samples.

Fig. 12 shows the frequency dependence of real and
imaginary part of AC susceptibility of the three samples
under investigation at 1 Oe with frequency in the range of
333–6666 Hz. Frequency change has very little effect on
the susceptibility of the samples as compared to that of
amplitude variation. Again, as expected (explained above),
with increase in the frequency of the applied field, the
dissipative peak shifts to higher temperature but the extent
of shift is different for various samples. This shift in the
loss peak indicates that flux creep influences inter-granular
flux dynamics. Loss peak in w00 appears when the measur-
ing frequency is of the order of inverse relaxation time of
vortex system [37]. Therefore, there is logarithmic depen-
dence of peak position on ac field frequency. This depen-
dence is used to determine the activation energy (Ea) for
flux creep. For a particular frequency, the value of peak
temperature is given by f¼ foexp(�Ea/kBT) [38,39], where
fo is the attempt frequency and Ea is the activation energy
of the flux creep. So, Ea(Hac,T) for flux creep can be
calculated from slope of the graph between log of
Fig. 12. Temperature dependence of real and imaginary component of

AC susceptibility for various samples in the applied field of 1 Oe with

frequency ranging from 333 to 6666 Hz.
frequency and inverse of peak temperature (1/TP).
Fig. 13 shows plots for ln(f) versus (1/TP) for samples
sintered at 780 and 820 1C. Ea values obtained from the
slope of the linear fitting of the curve (see Table 2), is found
to be 1914.08 and 5629.60 K at 1 Oe field for samples
sintered at 760 and 820 1C respectively. That is, the flux
creep activation energy (Ea) is higher for samples sintered at
higher temperature. This increase in Ea indicates that the
flux lines are better pinned as sintering temperature is
increased.
It is well known that granular superconductors are

considered to consist of superconducting grains embedded
in normal or poorly superconducting matrix or network.
AC susceptibility techniques also allow determining the
susceptibility of superconducting grains and non-super-
conducting matrix. According to the critical state model
given by Chen et al.,[40] the complex susceptibility of the
sample can be written as

w¼ fgwgþð1�fgÞwm ð8Þ

where, wg and wm are the complex susceptibilities of super-
conducting grains and matrix respectively and fg is the
volume fraction of grains. Since, in AC susceptibility
measurements, the field amplitude used is lower than the
lower critical field of the sample, therefore wg can be taken
as �1. Substituting, wg¼�1 in Eq. (8), the real and
imaginary component of the susceptibility of the sample
can be written as

w
0

m ¼ ðw
0 þ fgÞ=ð1�fgÞ ð9Þ

w
00

m ¼ w00=ð1�fgÞ: ð10Þ

In order to determine wm, fg has to be determined first.
Chen et al. [41] determined fg with elaborate method using
critical state model of Kim et al. [42]. Celibi [43] used a
simple Cole–Cole (w0 vs. w00 plot) method to determine fg

and found it to be consistent with that obtained by Chen
et al. Hence, we determined the value of fg by plotting w0

versus w00 as shown in Fig. 14. The extrapolated onset of



Fig. 14. w0(w00) plot for sample sintered at 820 1C at a field of 1 Oe and

333 Hz. Inset shows w0(w00) plots for samples sintered at 760 and 820 1C at

the same field.

Fig. 15. Temperature dependence of matrix susceptibility where high

temperature data corresponding to intra-granular contribution has been

removed.

Fig. 16. Temperature dependence of grain susceptibility where low

temperature data corresponding to inter-granular contribution has been

removed.
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w00(w0) indicated by arrow in figure roughly shows the value
of fg of the samples sintered at various temperatures. We
find that grain volume fraction (see Table 2) significantly
increases for samples sintered at higher temperatures as
can also be inferred from SEM images. Using the obtained
values of fg, w0m(T) and w00m(T) at 1 Oe and 333 Hz is
extracted using Eqs. (9) and (10) and is shown in Fig. 15.
It is to be noted that the high temperature data (78–110 K,
64–100 K and 70–100 K) corresponding to intra-granular
contribution is removed in order to plot matrix suscept-
ibility for each of the samples (sintered at 760, 780 and
820 1C) respectively. Similarly, grain susceptibility w0g(T)
and w00g(T) is plotted in Fig. 16 using the following
equations [44]:

w
0

g ¼ w0=fg ð11Þ

w
00

g ¼ w00=fg: ð12Þ

and removing low temperature data (10–77 K, 10–63 K and
10–69 K) corresponding to inter-granular contribution for
each sample (sintered at 760, 780 and 820 1C) respectively.
4. Conclusion

Polycrystalline superconducting samples of Bi2Sr2CaCu2
O8þd were synthesized at various sintering temperatures
using sol–gel technique and their detailed analysis of AC

and DC susceptibility studies were carried out to unearth the
importance of morphology in these materials. Temperature
dependence of Jc was found to follow Jc(T)¼Jc(0)(1�Tp/Tc)

n

equation with ‘n’ nearly 2 for the investigated samples which
shows SNS type behavior of the weak links in these samples.
Flux pinning force density calculated from DC susceptibility
data was found to increase with sintering temperature. Also,
all the three samples were found to exhibit the same, normal
pinning mechanism. Flux creep activation energy was found to
increase for samples sintered at higher temperatures fortifying
the fact of improved flux pinning. Enhancement in grain
coupling with sintering temperature was evident from narrow-
ing of loss peaks and resistivity transitions. We demonstrated
that AC and DC susceptibility techniques are powerful tools to
study wider aspects of superconductivity, in particular to
investigate the role of superconducting grains and their
coupling in bulk polycrystalline samples. The crux of this
investigation is that with an increase in sintering temperature,
there is a significant improvement grain morphology leading
to enhancement of overall superconducting properties like Tc,
Jc and FP of Bi2Sr2CaCu2O8þd bulk polycrystalline samples.
The overall nature of the grain boundaries and flux pinning
mechanism though remains same. Thus, cumulative sincere
efforts towards science and engineering of grain boundary are
very much required to unleash the potential of high tempera-
ture superconductors.
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