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Study of Bi,Sr,CaCu,0g/BiFeO3; nano-composite for electrical transport

applications

S. Acharya, A. K. Biswal, J. Ray, and P. N. Vishwakarma®
Department of Physics, NIT-Rourkela, Odisha 769008, India

(Received 16 June 2012; accepted 9 August 2012; published online 10 September 2012)

The Bi,Sr,CaCu,0g/BiFeO; (BSCCO/BFO) nano composite for various BFO weight percentage
is prepared and studied for electrical transport. Double resistive superconducting transition is seen
in all composite samples with increasing semiconducting nature as a function of BFO content.
Initially, the added BFO goes mainly to the grain boundary and from 10% onwards, it enters
grains as well, acting as pinning centers. The conduction mechanism in BSCCO shows weak
localization for low BFO, tunneling in intermediate BFO, and power law behavior (similar to
metal-insulator boundary) for higher BFO samples. The paraconductivity studies reveal the 2D-3D
transition in parent BSCCO and the composites, with a signature of percolative behavior in the
composites. The study of critical current density reveals two types of Josephson junction in the
composites: (1) thin intrinsic superconductor-insulator-superconductor (SIS) type present in all
samples including parent BSCCO and (2) extrinsic type due to BFO added, present only in
composite samples. The extrinsic junction is SIS with tunneling for low BFO and goes to
proximity SIS type for increasing BFO. The Jc(0) as a function of BFO content, first decreases
with increasing BFO, attains minima at 5% BFO, and increases thereafter. © 2012 American

Institute of Physics. [http://dx.doi.org/10.1063/1.4751277]

. INTRODUCTION

Even after several decades of research on high Tc super-
conductors, these materials are still interesting for many
researchers. Recent interest in these materials is to combine
them with ferromagnetic, ferroelectric, etc. materials for new
insights and device applications.' The multilayer structure
of superconductor with other oxides, in particular, multi-
layers of high Tc cuprates and colossal-magnetoresistance
manganites, has been paid special attention. Investigation of
pulsed laser deposited YBa,Cu;0-/La(Sr)MnO; bilayers
reveals the long scale proximity effect between YBCO and
LSMO layers.* Localized penetration of superconductivity
into the Lay;Cap3MnO;5 up to distances much larger than
that is possible for Cooper pairs in a singlet spin state to exist
is> observed in Lay-,Cag3MnOs films epitaxially grown on
Pr(Ce)CuOy,.

Besides the above mentioned applications, one of the
most promising and basic applications of superconductors is
in the electrical power transport. Hence, there has been con-
sistent effort in the enhancement of current carrying capacity,
which may be achieved by incorporating extended defects act-
ing as pinning centers. The effect of pinning centers is at its
best when their sizes are of the order of coherence length. It
has been shown that the introduction of high density YBCO
211 nano particles (size 15nm) on the multilayers of ultrathin
YBCO 211 and 123 increases the critical current (at 77 K) by
a factor of two to three for high magnetic fields.® For the
enhancement of current density, it is also important that the
density of these pinning centers should be as high as
10" em 2. Many times in order to achieve these large
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densities, large numbers of defects are also created which
degrades the superconducting properties. Recently, it was
found that magnetic nano-particles may act as efficient
pinning centers at much lower density.”® Since then various
magnetic nano-particles pinning centers in superconductors
have been investigated.””'? In recent years, BiFeO5 (BFO) has
emerged as potential candidate for various applications due to
its large magneto-electric coupling.'®> The ground state of
BFO is antiferromagnetic, however, its nano form exhibits
superparamagnetism,'® which is very suitable for pinning
effect in superconductors. In this paper, we explore the possi-
bility of using BFO as pinning centers in Bi,Sr,CaCu,Og
(BSCCO-2212). Besides pinning effects, the conduction
mechanism in these materials is also investigated. So far, very
few work has been reported on BSCCO with magnetic nano-
particles. Moreover, BSCCO has elemental similarity with
BFO. The 2212 phase of BSCCO is chosen because it can be
synthesized without lead doping (which is non-eco friendly),
which otherwise is essential for 2223 phase of BSCCO.

Il. EXPERIMENTAL

The BSCCO 2212 phase is prepared from high purity
Bi,03, SrCO;5;, CaCO;5;, and CuO by solid state reaction
method. The powder mixture is heated to 700°C for 12h,
770°C for 12h, and 800 °C for 20 h with intermediate grind-
ing at every stage. The resultant powder is made pellet and
kept for sintering at 880 °C for 12 h. Synthesis of nano-BFO
is done via sol-gel assisted auto combustion route using Bi
(NO3)3-:5H,0 and Fe (NOs3)3-9H,O0 as precursors. Glycine is
used as chelating agent/fuel for this purpose. The metal ion-
s:glycine ratio is maintained as 1:1. The solution containing
all the precursors is heated under constant stirring till the so-
lution turns into brown colored gel and ultimately burnt

© 2012 American Institute of Physics
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vigorously resulting in a brown color powder. The brown
powder is then calcined at 700 °C for 1 h to get BFO.

Desired amount of BSCCO and BFO powders is taken
in various weight ratios and grinded for 20-30 min for homo-
geneous intermixing. Then, the mixed samples were made
pellet of 10 mm diameter and kept for final heat treatment at
800 °C for 10min. In this way, the nano-composite of 1%,
2%, 3%, 4%, 5%, 10%, 15%, 20%, 25%, and 30% BFO in
BSCCO is prepared.

lll. RESULT AND DISCUSSION

One of the pellets after the final sintering is crushed into
powder and analyzed via x-ray diffraction. The x-ray diffrac-
tion results shows the composite nature, i.e., separate peaks
corresponding to the BSCCO and BFO phases (Fig. 1). Small
amount of 2201 phase is also seen. No shift in the peak posi-
tion is observed, indicating no structural modification due to
inclusion of BFO nano particles. The peaks corresponding to
BFO are not visible for the lower concentration of BFO
(<5%) and are apparent only after 5% and above.

Temperature dependence of resistance (R-T) below
room temperature is done by four probe method using con-
stant current source (Keithley 2161) and nano-voltmeter
(Keithely 2182), in a closed cycle refrigerator. The electrical
contacts over the samples (thickness ~ 1 mm) are made with
the help of conducting silver epoxy. To obtain the true sam-
ple voltage, the voltage measurement is done for current re-
versal as well, which minimizes the thermoelectric voltage.

The temperature dependence of resistivity for all the
samples is shown in Fig. 2, as normalized resistivity with
respect to 273 K, p/pa73. The behavior of BSCCO is almost
linear as the sample is cooled from room temperature. Tran-
sition to superconducting state begins at the T.,, and is
complete (when resistance becomes completely zero) at Tc.
The mean field transition temperature, T, is obtained from

1600 ‘
*
3 LAAUWU L
5
L1200 ‘\“AA} \
[72]
g ] uw UJ\U | 25%
E W\N 20%
2 b 15%
=
z u 10%
& 5%
400 4%
BSCCO
o H I
T T T T T T T
20 25 30 35 40 45 50

20

FIG. 1. X-ray diffraction plot of BSCCO/BFO composite. The plots are
slightly off-shifted for better clarity. The peaks marked up arrow | repre-
sents 2201 phase and those marked down arrow | represents BiFeO3 phase.
Some extra peaks in composite samples marked (*) is observed which
resembles with Bi free superconducting phase Ca;Sr;Cu,40,4,; (JCPDS: 48-
1503).
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FIG. 2. Temperature variation of normalized resistivity p/p,;3 for BSCCO
and its composites with BFO (1%, 2%, 3%, 4%, 5%, 10%, 15%, 20%, 25%,
and 30%). The two arrows show the variation of T._,, with increasing BFO
concentration in the sample. The inset shows the temperature dependence of
normalized resistivity (p/p273) of BFO in the sample. This resistivity is

found to obey the power law p®* o< T [p/pys3]pro = [p/p273]sample
~[p/p21318scco

the derivative of resistance vs. temperature, i.e., dR/dT. The
addition of BFO in BSCCO induces non-linearity in the nor-
mal region of p-T data and with increasing BFO content, the
semiconducting nature increases, which is very clear as neg-
ative temperature coefficient of resistance for higher BFO
concentration (after 10% BFO) samples.

The onset of superconductivity, T, as a function of
BFO concentration is shown by joining the respective T, o,
via arrows in Fig. 2. One interesting fact which is noticed
from this plot is that, though the T._,, decreases with BFO
addition, but the trend of decrease in T, o, is of two types: a
converging behavior upto 5% BFO and a diverging behavior
for 10% onwards. One more point noticed for all BSCCO/
BFO composites is that the superconducting transition tem-
perature splits in two (revealed as double peak in the dR/dT
data), Tcy and Tc,, along with a broadening of overall
superconducting transition temperature. Such behavior is
accounted to the weak-link nature of granular superconduc-
tors as the later is composed of superconducting grains
embedded in a nonsuperconducting host."> Of the two super-
conducting transitions temperatures, the higher one marks
the superconductivity in grains whereas the grain boundary
still remains normal and the lower one when the grain
boundary also becomes superconducting. Transition at T
manifests significant amount of strongly coupled grains and
the zero resistance state is achieved when the Josephson tun-
neling between the grains forms a connected superconduct-
ing path across the entire sample at T, as the temperature is
lowered. With increasing concentration of BFO, both the
transition temperatures shift to lower values, but the shift in
T, is found to be more rapid than T¢; (shown in Table I).
The appearance of additional transition temperature T, and
its broadening clearly reflects that the BFO added, goes to
the grain boundary region, and becomes superconducting
only due to proximity effect at lower temperatures.'® With
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TABLE I. Variation of superconducting parameters with BFO wt. %. Sam-
ples having BFO% more than 15, did not show zero resistance, hence not
included here.

BFOconc.  Teon (K)  Toi(K)  Tea(K)  Teo(K)  ATei(K)  ATeo(K)
0%(BSCCO) 90.74 81.07 81.07 80.24 10.5

1% 83.47 70.63  57.72  53.14 18.78 11.55
2% 81.96 70.06 5346  47.79 20.11 14.06
3% 81.64 66.92 51.16 46.18 20.72 14.74
4% 79.08 63.58 50.61 43.42 22.74 12.92
5% 78.81 56.83  36.81  37.77 24.08 16.96
10% 81.53 67.6 4434  34.16 24.25 23.12
15% 77.43 63.73  36.55 20.24 24.4 32.79

increase in BFO, the grain boundary due to it increases and
Tco decreases very rapidly to the lower temperature. At 10%
BFO, a sudden increase in T¢, Ty, and T, is seen. For
higher concentrations of BFO (more than 10%), the transi-
tion temperature again decreases but its trend is different
from the earlier decrease (see Fig. 3). This decrease is
because of increasing non-superconducting phase in the sam-
ple which ultimately leads to the decay of superconductor
ordering. From Fig. 3, it is clearly seen the two different
trends of monotonically decrease in transition temperature
for lower (up to Swt. %) and higher (>5%) BFO
concentration.

With further increase in BFO concentration, the metallic
BSCCO ultimately falls below the percolation threshold and
an incomplete transition at T, is observed (see Fig. 1 for
30%, 25%, and 20% BFO added samples). Intergranular
broadening (AT,,) is found to be increasing due to addition
of BFO where as intrinsic width (AT,,) increases initially for
1% and then remains almost constant.

Though the superconductivity is apparent at T._.,, the
processes leading to it starts much earlier to this temperature,
A2Tc.on ' This temperature is called pseudo gap tempera-
ture (T*). Below this temperature, the resistivity deviates
from its normal behavior and decreases slightly faster than

95 -
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75—-
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65

60

Transition temperature (K)
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T T T T T T T T
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FIG. 3. Plot of on-set transition temperature T._,, and mean field transition
temperature T.;, obtained from the dR/dT plot, as a function of increasing
BFO content in the sample. The lines are just a guide to eye.

J. Appl. Phys. 112, 053916 (2012)

its usual behavior. The temperature dependence of resistivity
for parent BSCCO in the region 150-300K is found to be
well described by a linear behavior p(T) = p(0) + oT.
Hence, any deviation from this behavior is marked as due to
onset of T*. To obtain T*, the temperature dependent of re-
sistivity data is plotted as [p(T) — p(0)]/«T. At the onset of
T*, [p(T) — p(0)]/oT # 1, which otherwise is one.'® For the
composites, the exact nature of the grain boundaries intro-
duced by BFO is not known, hence a slightly different proce-
dure is employed to obtain T*. A best polynomial fit is done
for parent BSCCO. Then, this value is subtracted from the
resistivity data of all composites to obtain the resistivity vari-
ation of BFO alone. In this way, the resistivity behavior of
BFO grain boundaries in the samples is obtained. The tem-
perature dependence of resistivity in these grain boundaries
is found to obey a simple power law, p¢’(T) o< aT* shown
in the inset of Fig. 2. Hence, for BSCCO/BFO composites,
the T* is obtained by locating the temperature at which
[p(T) — p(0) — p*(T)] /T # 1. As a function of BFO com-
position, the T* thus obtained are (see Fig. 4) 178, 124, 115,
131, 117, 104, 124, 100K for BSCCO, 1%, 2%, 3%, 4%, 5%,
10%, 15% BFO added samples, respectively. Hence, the over-
all effect of insertion of BFO in BSCCO is to decrease T*.

To have a better insight of BSCCO-BFO interface in the
composite system, analysis of normal state resistivity is done
in detail. Since the grain boundaries have disordered nature
until a critical concentration of BFO (~5%) is reached, it is
much plausible to consider the weak localization theory for
disordered media as the conduction mechanism for the low
BFO sample.'® According to the weak localization theory,
the temperature dependence of resistivity follows T'/2
behaviour at high temperature (T > 100K).>° Hence, p-T
plot is fitted with p(T) = p(0) + aT + bT'/? above T on.
The first term is the residual resistivity, the second term is
linear metallic behavior as seen in parent BSCCO, and last
term (T'/?) is due to weak localization. It can be seen in the
plot that the fitting is reasonably good, which supports weak
localization conduction mechanism. However, the fit is
found to be good only till 10% BFO (Fig. 5). For 15% BFO,

. 2.0 15%
= 10%
IS 5%
oo 151 t 4%
= | 3%
g 2%
o 1.0 1%
E 0%
=

50 100 150 200 250 300
T (K)

FIG. 4. Plot of [p(T) — p(0) — p#(T)]/oT as a function of temperature.
Deviation from the flat behavior marks the onset of pseudogap temperature
T* (shown as arrow mark). The respective plots are off-shifted for better
clarity.
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FIG. 5. p-T plot is found to be good fit with p(T) =
p(0) + AT + BT'/ up to 10% BSCCO/BFO. The solid
lines are the fit corresponding to the equation.
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the resistivity behavior is found to be better fitted with
logpT—'/? (Fig. 6), a behavior similar as tunneling through
grain boundaries in granular metals.”’*> Considering the
granular nature of our samples, we too ascribe this behavior
to the tunneling of carriers through the grain boundary. For
higher concentration of BFO (20%, 25%, and 30%), p-T
plots are found to have good fit with p(T) o< T~# (Fig. 6)
proposed by Macmillan®® and Larkin and Khmel’nitskii**
for the samples on the boundary of metal-insulator transition
or critical region. The exponent takes the value 0.33 < < 1,
with f# ~0.33 on the metallic side and f§ ~ 1 on the insulating
side. However, experimentally, the values of f§ beyond the
above range have also been reported and have been ascribed
towards the metallic side (ff < 0.33)*° and the insulating side
of the boundary (f > 1).?® In our samples, the respective val-
ues of exponents are 0.12, 0.15, and 0.22 for (20% BFO,
25% BFO, and 30% BFO), respectively. These values of
exponent indicate that the samples are towards metallic side
of the M-I boundary and with increasing BFO concentration,
the behavior is shifting towards insulating. Hence, the parent
BSCCO is metallic in nature and with increasing BFO
content, the sample drift towards insulating side via critical
regime. However, the insulating regime is not reached even
for 30% BFO added sample.

T (K)

250

In the case of conventional superconductor, while cool-
ing, zero resistance appears suddenly at the superconducting
transition temperature, T.. But in case of HTSC, the initia-
tion of thermodynamic fluctuations much before the transi-
tion temperature gives rise to an anomalous increase in
superconducting properties even at temperature above T..
This fluctuations induced conductivity is less than the normal
state conductivity by a factor ng(o) which comes out to
be ~10~7 for conventional (type'I) superconductors, where
kp is the Fermi wave vector and / is the mean free path.”’
However, for type II superconductors, the coherence length
£(0) is large, and hence the excess conductivity is no longer
small. The study of this fluctuation induced conductivity pro-
vides a great deal of information such as coherence length,
dimensionality of conduction, and dimensionality cross-over
af present).28

The fluctuation induced excess conductivity or para-
conductivtiy (Acg) in the above temperature range is
obtained by

A‘7:(7m — On, (1)

where g, is the measured conductivity and o, is the extrapo-
lated conductivity drawn above the 2T.. Actually, the
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O 20 % BFO

0.54 0 120-57 0.60 FIG. 6. For 15% BFO, temperature de-
(1/T) ’ pendence of resistivity is fitted with
logp o< T~'/2 and p(T) o< T~F for 20%—

o 30% BFO composite samples. The solid
o 30 %BFO lines are the fit to the respective
equations.
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resistivity is measured first and it is converted to conductiv-
ity via o = 1/p.°

Aslamazov and Larkin provide the following expres-
sions for excess conductivity in the paraconductivtiy
region,”’

Ao = Ag" = Ag~ D)2 )

where ¢ is the reduced temperature ¢ = (T-T¢)/T¢ and “D”
is the dimensionality parameter.

Here, T. is mean field critical temperature (obtained
from the derivative of R-T data) and 4 is a dimensionality
parameter. More elaborately,

1 2
For 3D case, Aosy = 3—2%(0)8_0'5, 3)
For 2D case, Agyy = 1 e g ! 4)
T 7 A

TABLE II. Various parameters obtained from the paraconductivity studies
of BSCCO/BFO composites: 2D-3D cross-over temperature Tg, 3D and 2D
exponents /3p and /op O Apercolatives Coherence length (&) and Josephson
coupling constant (Ej). 20% sample is not included here as the T¢; is not
available.

Conc of BFO To (K) /3D [Z2D] Zperco e (A) (Ep)
0%(BSCCO) 85.12 —0.47 [—0.94] 1.67 0.19
1% 73.66 —0.41 —1.61 3.94 1.10
2% 72.86 —0.41 —1.31 4.51 1.45
3% 70.53 -0.5 —1.24 4.61 1.51
4% 66.63 —0.41 —1.37 4.21 1.26
5% 61.03 —0.42 —-1.75 6.07 2.62
10% 70.57 —0.38 —1.53 5.76 2.36
15% 66.66 —0.42 —1.52 6.80 3.29

033 036 039
(1/-]-)0.22

1.e%¢(0) 32

16 &S ’ )

For 1D case, Aoy =

where £(0) is the coherence length at T=0 in the stacking
direction of multilayer structure, d is the superconducting
layers periodicity length, and S is the cross sectional area of
1D conductor.

In the layered superconductor, the superconducting
properties are highly anisotropic. The mobility in the CuO,
conduction plane depends on the charge reservoir layers
MBa,O, 6 M =Y, Bi, Hg, Ti, etc.). The charge reservoir
layers are known to supply the carriers to the conducting
plane where the superconductivity occurs. In order to reach
the CuO,; plane, the charge carriers have to overcome each
time the thickness of charge reservoir layer barrier which is
mostly resistive. When the superconductivity starts at T._qp,
the cooper pairs are confined only to CuO, plane and hence
the superconductivity is 2D in nature.’® The charge carrier
from the reservoir crosses the layer barrier only, when the
temperature is further lowered. At this point, the supercon-
ductivity is spread in the entire crystal; hence its nature is
3D. A careful observation of excess conductivity as a func-
tion of temperature often reflects the transition from 2D to
3D, as one approaches T, from high temperature.?®

Once knowing the cross over temperature (Ty), the other
parameters such as coherence length ({c) and Josephson cou-
pling constant (Ej), (see Table II) may be calculated as per
Lawrence and Doniach (LD) model*!

To = Tcl[l + (2¢c/d)’] (6)

and

E; = (2¢c/d). )
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The LD model is a model for Josephson-coupled supercon-
ducting-insulating superlattices. Our samples are in powder
form rather than a multilayer. Therefore, one would expect
the LD model to only capture the qualitative aspects of our
data and not to be relevant in a quantitative sense. In order to
study the excess conductivity in our samples, the data are
plotted as In(Ag) — In(¢) (shown in Fig. 7). Two distinct
changes in slope for each plot have been observed with grad-
ual increase in temperature. The slope value gives the value
of Z; hence in order to know it, the two regions are linearly
fitted. The exponent value 4 ~ —0.5 indicates 3D fit and
A ~ —1 corresponds to 2D fit. The cross over temperature
(Ty) is calculated by finding the common solution for the
two linear fit equations.

In the as prepared BSCCO sample, /Z3p is found to be
—0.47 and A,p is —0.94, which fits well with the theoretical
value. The cross over temperature is found to be 85.12 K.
For the BSCCO/BFO composites, the respective values of
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FIG. 7. In (Ao) vs. In (¢) plot of BSCCO and its composites (a) 1%, 2%, 3%,
4% (b) 5%, 10%, 15%, and 20% added BFO. 2D and 3D fitted regions are
shown by straight lines along with cross over temperature at the intersection
of solid lines.
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exponent determined from these plots are 4 ~ —0.5 and 4 ~
—1.5. Value of 1 ~ —1.5 gives an impression of 1D nature
of conduction. However, similar values have also been found
in films having percolative conduction.*® Using numerical
simulations technique, Seto et al.®® have shown that for
inhomogeneous superconductors, the exponent takes the
value 4=1.33. With the composite nature of our samples,
the A ~ —1.5 is attributed to the percolative conduction due
to inhomogeneity in composite samples.

The cross-over temperature T, so obtained is monotoni-
cally decreasing with increase in BFO content. The decrease
is continuous till 5%, increases for 10% by ~10K and again
decreases. This observation is again similar to the earlier ob-
servation of T, where low concentration of BFO added to
BSCCO, goes to the grain boundary region and enters the
grain as pinning centers only for 10% and above.

Once knowing the cross-over temperature T, coherence
length &c is calculated using To = Teo[1 + (2¢c/d)?], where
d is the thickness of superconducting layer (15A) and for
Tc, T, is taken because at T, grains as well as grain boun-
daries become superconducting.

The critical current density (J..) is obtained from the crit-
ical current as J. =1./A, where A gives cross sectional area
of the rectangular bar sample. The critical current I. is
obtained from the V-I characteristics at a fixed temperature.
In all the V-I plots, no voltage is observed, until a critical
value of current I is reached, at which a non-zero voltage
starts appearing. Beyond this value, the voltage increases
non-linearly initially and then becomes linear. This measure-
ment is repeated at temperature intervals of 5K below the
critical temperature, till the lowest temperature 6 K. In this
way, the critical current I for various temperatures is
obtained. The entire set of experiments is done for all the
samples including parent BSCCO. It must be mentioned here
that the I value measured for 10% BFO and 15% BFO at
6K is beyond the limit of our current source, which is 105
mA. Hence, I at 6 K for these two samples is considered as
110 mA. But in any case, the value of parameter “n” would
not be less than the observed one. The critical current I thus
obtained is converted to critical current density J. by using
the relation J. =1./A. This temperature dependence of criti-
cal current density is fitted to J.(T) = J.(0)(1 — T/T,)". The
exponent “n” takes the values depending on the type of
Josephson junction and is n=2 for superconductor-normal
metal-superconductor  (SNS) junction,34 n=1 for

TABLE III. Values of critical current density J.(0) and “n” in the two
regions.

Region 1 Region 2
Conc. of BFO J.(0)x 10°inAcm™> n  J(0)x10°inAcm™> n
0% (BSCCO) 75.81 0.42
2% 55.62 0.2 58.71 0.08
3% 41.43 0.39 50.97 0.04
4% 449 0.41 44.9 0.41
5% 30.24 0.49 43.77 0.54
10% 20.27 0.55 141.95 2.44
15% 25.44 0.36 297.99 2.01
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FIG. 8. Variation of critical current density (J.) as a function of temperature (T). The solid red lines are fit to the equation J.(T) = J.(0)(1 — T/T.)" in the re-
spective regions. Plot of J.(0), obtained from the fitting of above equation in region 2, as a function of BFO content in BSCCO is shown in the last figure.

Here, the solid black line is just a guide to eye.

superconductor—insulator—superconductor (SIS) junction.*
If the SIS junction is thin enough so that the quasiparticles
may tunnel through it, then n = 0.5.%°

While fitting the above equation to the J.-T plot, it is
found that the data for parent BSCCO fit very well in the
entire temperature range with n=0.42, which is very close
to the value predicted for the tunneling through thin SIS
junctions. For BSCCO/BFO composites, the equation fits in
two different regions (region 1 and region 2) with different
values of “n” in the respective region (Table III).

The region near the T, (region 1) still holds n ~ 0.5,
where as the temperature approaches T =0 (hence called as
region 2), the value of “n” diverges from 0.05 to 2 while
going from 2% BFO to 15% BFO, respectively (Fig. 8).
Hence, from these results, it seems that the grain boundary
of the composites is of two kinds (see Fig. 9). The first kind
of grain boundary is the intrinsic kind having the parent
BSCCO composition but in disordered form. This grain
boundary is very thin and is present in all samples including
parent BSCCO. The second kind of grain boundary is formed
when BFO is introduced in the sample. This grain boundary
is having composition of BFO and is very thin and disor-

@.®
1)

FIG. 9. Schematic grain/grain boundary arrangement for BSCCO/BFO com-
posites. The inner most circles are the superconducting grains and second
one with light shade are the intrinsic grain boundaries. The additional grain
boundary due to BFO (shown with dark shade circle) is present in second
figure. The dark spots in the second figure stand for the BFO nano particles
inside the grains acting as pinning centers.

/\

dered for lesser BFO content (the value of n=0.05, indicat-
ing tunneling through Josephson junction). As the BFO
content is increased, the thickness of this grain boundary
increases and the junction becomes SNS type (n ~ 2). But
being insulating nature of BFO, SNS junction seems confus-
ing. It has been shown by Golubov et al.*’ that n =2 for SIS
junction is possible under strong proximity effect. In the
temperature dependence of resistivity, we have already seen
that BFO contribution to resistivity is not insulating but is of
critical behavior due to proximity effect. Hence, n=2
behavior due to proximity effect is quite reasonable. A plot
of J.(0) obtained as the intercept of the above equation fitting
in the low temperature range (region 2) as a function of BFO
content in the sample is shown in Fig. 8. From the plot, it is
evident that the J. first decreases on BFO incorporation in
the sample, attains a minimum value at 5% BFO and
increases thereafter. This is because, for higher values of
BFO, the BFO goes not only in the grain boundary region
but also enters inside the grain.*® The BFO nano particles
inside the grain act as pinning centers and hence an increase
in J, is observed. It must be mentioned here that the observed
Jc is not as high as the earlier reported values, but still this
study enables us to examine the other aspects which would
not have been possible for high J. samples, due to instrumen-
tal limitations. Moreover, most of the reported high J. is
obtained indirectly via magnetization measurements, where
grain boundaries effects are not prominent.*® Grain bounda-
ries are an inevitable part of any superconductor produced in
large scale. Hence, for any transport based practical applica-
tions, the actual value is a better choice rather than the indi-
rect one.

IV. CONCLUSIONS

In conclusion, BSCCO/BFO composites show metallic
to insulating behavior with increasing weight percentage of
BFO in BSCCO. Initially, the BFO added contributes to the
grain boundary and from 10% onwards, it enters grains as
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well. Action of BFO as pinning centers happens only after
10%, but simultaneously this also brings insulating behavior.
Insertion of BFO in BSCCO introduces an additional SIS
type Josephson junction which is under strong proximity
effect. The critical current density J.(0) as a function of BFO
content decreases initially till 5% and increases thereafter.
After summarizing all these findings, the 10% BSCCO/BFO
samples is found to be ideal for electrical transport based
applications because of its metallic conduction and high
J.(0).
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