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Abstract: Co-precipitation method and conventional solid-state reaction technique were used to 
synthesize BaSnO3 nanoparticles and (BaSnO3)x/Bi1.6Pb0.4Sr2Ca2Cu3O10+δ (0 ≤ x ≤ 1.50 wt%) 
samples, respectively. X-ray powder diffraction (XRD), scanning electron microscopy (SEM), and 
electrical resistivity data were used to characterize BiPb-2223 phase added by BaSnO3 nanoparticles. 
The relative volume fraction and superconducting transition temperature Tc of BiPb-2223 phase were 
enhanced by increasing BaSnO3 addition up to 0.50 wt%. These parameters were decreased with 
further increase of x. The resistive transition broadening under different applied DC magnetic fields 
(0.29–4.40 kG) was analyzed through thermally activated flux creep (TAFC) model and 
Ambegaokar–Halperin (AH) theory. Improvements of the derived flux pinning energy U, critical 
current density Jc (0) estimated from AH parameter C(B), and upper critical magnetic field c2 (0)B , 
were recorded by adding BaSnO3 nanoparticles up to 0.50 wt%, beyond which these parameters were 
suppressed. The magnetic field dependence of the flux pinning energy and critical current density 
decreased as a power-law relation, which indicated the single junction sensitivity between the 
superconducting grains to the applied magnetic field. Furthermore, the increase in the applied 
magnetic field did not affect the electronic thermal conductivity e  above the superconducting 
transition temperature and suppressed it below Tc

 . 
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1  Introduction 

Three phases are included in Bi-based superconductors 
with general formula Bi2Sr2Can1CunO2n+4+δ (n = 1, 2, 
3). Bi-2223 phase is the most distinguished phase due 
to its high superconducting transition temperature in 
the magnitude of 110 K as the number of its atomic 
CuO2 planes increases to three [1]. Moreover, it is 
characterized by higher values of coherence length 

along c-axis, c (0) , and cJ , which are accompanied 
by the lower superconducting anisotropy [2]. The 
partial substitution of Bi3+ ions with Pb2+ ions 
significantly enhances the structure stability and 
promotes the formation of Bi-2223 phase [3], as the 
presence of Pb at Bi site hinders the additional oxygen 
atom intersection into Bi–O double layers. 

Since the discovery of high temperature 
superconductors (HTSCs), many technological 
applications such as HTSC tapes, resonators, wires, 
tapes, single charge devices, antennas, and switches are 
achieved. There are many problems facing these 
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applications, but the crucial limitation is the motion of 
vortices which creates resistance and causes energy 
dissipation. Therefore, it is important to pin vortices in 
order to maintain the nondissipative transport current. 
The pinning of these vortices can be achieved either by 
natural pinning centers such as imperfections, defects, 
and grain boundaries, or by artificial pinning centers 
represented in the form of chemical doping, neutron 
irradiation, and heavy ion irradiation [4–6]. The 
straightforward novel technique to enhance flux 
pinning is achieved by adding nanoparticles of 
different weight percentages into HTSC matrix. It was 
reported that the improvements of both flux pinning 
and cJ  are achieved by the addition of various oxide 
nanoparticles, such as ZrO2 [7], Al2O3 [8], SnO2 [9], 
ZnO [10], Cr2O3 [11], and NiFe2O4 [12], into the 
selected BiPb-2223 phase.    

The resistive transition broadening under applied 
magnetic field has been discussed by various models 
such as flux flow [13], TAFC [14], flux cutting, and 
flux line melting [15] to understand the mechanism of 
flux motion and flux pinning. Several researchers 
[16–19] reported that the TAFC model can work well 
at low temperatures ( BU k T ) and play a significant 
role in the resistivity region near cT  to 0   
( g cT T T  ), where gT  is the temperature of glass 
transition that separates the glass vortex ( gT T ) and 
liquid vortex ( gT T ) phases. TAFC was first pointed 
out by Anderson [14], at which creep involves bundles 
of flux lines hopping over the pinning barriers due to 
the thermal activation although Lorentz force exerted 
on the flux bundle by the current is smaller than the 
pinning force. Several researchers have pointed out that 
the TAFC model is the best model for describing the 
electrical resistivity broadening data under applied 
magnetic field for various phases of Bi-based 
superconductors [20–28]. Ambegaokar and Halperin’s 
theory is another approach to study the flux line motion 
under applied magnetic field [29]. This theory 
describes the thermal fluctuation effect on the phase of 
the order parameter across a current-driven Josephson 
junction [30]. 

In this article, BaSnO3 nanoparticles of different 
weight percentages were added into BiPb-2223 phase 
in an attempt to create pinning centers that enhance flux 
pinning. For such purpose, a series of (BaSnO3)x / 
Bi1.6Pb0.4Sr2Ca2Cu3O10+δ (0 ≤ x ≤ 1.50 wt%) samples 
were prepared by using conventional solid-state 

reaction technique. The prepared samples were 
characterized using X-ray powder diffraction (XRD) 
and electrical resistivity measurements. The resistive 
transition broadening by decreasing temperature and 
applying magnetic fields started from 0.29 up to 4.40 
kG was analyzed using TAFC model and AH theory. 
Several superconducting parameters were calculated 
for BiPb-2223 phase as a function of BaSnO3 
nanoparticle addition. 

2  Theoretical approach 

From TAFC model, broadening of the tail part can be 
fitted according to Arrhenius relation [31] as 

0 B( , ) exp[ ( , ) / ( )]B T U B T k T            (1) 
where 0  is the magnetic field and the orientation 
independent pre-exponential factor. ( , )U B T  is the 
flux pinning energy needed to activate the vortex 
motion, and it gives information about the dissipation 
mechanism. ( , )U B T  depends on both magnetic field 
and temperature. The dependence of ( )U B  on 
magnetic field obeys the power-law relation as 

( ) ~U B B                     (2) 
where   is the magnetic field orientation dependent 
constant with respect to the basal plane. On the other 
hand, the dependence of transition width T  on 
magnetic field obeys the power-law relation as 

~ nT B                     (3) 
According to AH theory, the resistivity appears due to 

weakly coupled grains, and it has the same dependence 
on energy barrier in the low current limit, which is much 
less than the maximum Josephson current [13,29] as 

2
n 0( ) ( / 2)T I                   (4) 

where n  is the average normal resistivity of the 
junction, 0I  is the modified Bessel function, and   
is the normalized barrier height [29]: 

B( , ) ( , ) / ( )B T U B T k T              
From TAFC model and AH theory, ( , )U B T  can be 

expressed as [32,33]: 
( , ) ~U B T TB  , n              (5) 

In AH theory, the physical picture of the normalized 
barrier height makes the separation of magnetic field 
effect and thermal effect in the normalized barrier 
height achieved as 

( , ) ( )(1 )qB T C B t                 (6) 
where c/t T T  is the reduced temperature, /q n  
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[32,33], and ( )C B  is a magnetic field dependent 
parameter from which the critical current density at 0 K 
can be calculated using the following relation [30]: 

2
c B c(0) ( ) / ( )J C B ek T d             (7) 

where d is the average grain size obtained from SEM 
images. The dependence of c (0)J  on magnetic field 
obeys the power-law relation as 

c (0) ~ mJ B                   (8) 
The upper critical magnetic field at 0 K is estimated 

from the following equation [34]: 
*

c2 c2(0) 0.69[d ( ) / d ]B B T T T          (9) 
where c2d ( ) / dB T T  is the slope obtained from c2 ( )B T  
versus T plot at the highest value of the applied 
magnetic field, and *T  is the tangent intersection with 
the temperature axis. Moreover, the coherence length 
along weak links at 0 K could be determined from the 
following expression [21] as 

0 c2(0) /[2π (0)]B               (10) 
where 0  is the magnetic flux quantum. 

The phonon thermal conductivity contribution ph  
due to lattice vibration and electronic thermal 
contribution e  are the two responsible contributions 
for the thermal conductivity in HTSCs. The electronic 
thermal contribution can be expressed through 
Wiedermann–Franz law [35] as 

2 2 2
e Bπ / (3e )k T                  (11) 

3  Experimental details 

BaSnO3 nanoparticles were prepared by 
co-precipitation method. Stoichiometric amounts of 
pure chemical reagents BaCl2·2H2O and SnCl4·5H2O 
were dissolved in distilled water to prepare aqueous 
solutions by using NaOH as a buffer. BaCl2·2H2O 
solution was heated up to 75 ℃, then NaOH was added 
dropwise till pH increased to 13. Once the required pH 
was reached, SnCl4·5H2O solution was slowly added. 
Simultaneous heating with continuous stirring at 95 ℃ 
for 1 h was done. The white precipitated powders were 
washed repeatedly with distilled water till all chlorine 
got removed and pH = 7, and dried at 100 ℃ for 24 h. 
The dried powders were finally calcined at 900 ℃ for   
2 h. 

Conventional solid-state reaction technique was 
used to synthesize (BaSnO3)x/BiPb-2223 (0 ≤ x ≤ 
1.50 wt% samples. High-purity (99.99%, Aldrich 
Chem. Co.) of Bi2O3, PbO, SrCO3, CaO, and CuO 

powders were well ground, mixed, sifted, and 
calcinated in air at 820 ℃ for 24 h. This process was 
repeated twice after intermediate grinding and sieving. 
BaSnO3 nanoparticles of different weight percentages 
were added to the resultant powders. The powders were 
mixed, grounded, sifted, and finally pressed into pellets 
using a hydraulic press under 15 ton/cm2 pressure to 
decrease the number of voids and minimize the 
intergrain contact problems. Pellets (1.5 cm in diameter 
and 0.3 cm in thickness) were sintered in air at 845 ℃ 
with a heating rate of 4 ℃ /min and held at this 
temperature for 96 h. The samples were finally cooled 
down by a rate of 2 ℃/min to room temperature. 

Philips X’pert X-ray diffractometer with Cu Kα 
radiation (λ = 1.54056 Å) was used to measure XRD of 
all the prepared samples. The samples’ surface 
morphology was examined using a Jeol SEM, 
JSM-5300, operated at 25 kV with a resolution power 
of 1 μm. A closed cryogenic refrigeration system 
measured the samples’ electrical resistivity from room 
temperature down to zero resistivity temperature. A 
chromel versus Fe–Au thermocouple monitored the 
temperature of the samples, which stabilized within 
±0.1 K through a temperature controller. The electrical 
resistivity versus temperature was measured under 
different applied DC magnetic fields of 0.29, 0.50, 1.20, 
2.34, 3.53, and 4.40 kG. DC electromagnet was used to 
generate the magnetic field, which was applied 
normally to the direction of the driving current. 

4  Results and discussion  

Figure 1 shows the XRD pattern of BaSnO3 
nanoparticles. All peaks are indexed by a cubic 
structure with a space group Pm3m, indicating the high 

 
Fig. 1  XRD pattern for BaSnO3 nanoparticles. 
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purity of the prepared BaSnO3 nanoparticles. The 
calculated lattice parameters are a = b = c = 4.119 Å. 
Similar XRD peaks of BaSnO3 with an average lattice 
parameter in the magnitude of 4.108 Å were reported 
by Sahoo et al. [36]. The average crystalline size of 
BaSnO3 nanoparticles is 34.8 nm, calculated using 
Williamson–Hall plot relation [37]. 

Figure 2 displays XRD patterns for (BaSnO3)x/ 
BiPb-2223 (0 ≤ x ≤ 1.50 wt%) samples. All major 
XRD peaks are indexed by a tetragonal unit cell with a 
space group P4/mmm, except minor peaks which belong 
to BiPb-2212 and Ca2PbO4 phases. The peaks of 
BiPb-2223 and BiPb-2212 phases are indicated by 
(hkl)H and (hkl)L, respectively. It is obvious that peak 
positions do not change and no additional secondary 
phases are appeared by increasing the addition of 
BaSnO3 nanoparticles into BiPb-2223 phase. Therefore, 
the addition of BaSnO3 nanoparticles does not result in 
the appearance of any BaSnO3-rich compounds. Also, 
there is not any change in the position of the peaks, 
indicating that BaSnO3 nanoparticles do not enter the 
lattice. Similar results of unchanged peak positions and 
undetected nanoparticle-rich phases were obtained by 
adding ZrO2 [7], Al2O3 [8], and SnO2 [9,38] 
nanoparticles into BiPb-2223 phase. The relative 
volume fraction values of BiPb-2223, BiPb-2212, and 
Ca2PbO4 phases are calculated from the following 
equations, respectively, and listed in Table 1 versus 
BaSnO3 nanoparticle addition. 

2 4

BiPb-2223

BiPb-2223 BiPb-2212 Ca PbO

BiPb-2223(%) 100%I
I I I

 
 

 

 (12) 

2 4

BiPb-2212

BiPb-2223 BiPb-2212 Ca PbO

BiPb-2212(%) 100%I
I I I

 
 

 

 (13) 

2 4

2 4

Ca PbO
2 4

BiPb-2223 BiPb-2212 Ca PbO

Ca PbO (%) 100%
I

I I I
 

 
 

 (14) 
where I is the phase peak intensity. The addition of 
BaSnO3 nanoparticles up to 0.50 wt% enhances the 
relative volume fraction of BiPb-2223 phase, beyond 
which it is decreased. Variation of relative volume 
fraction for BiPb-2212 phase versus x has a reverse 
trend. The enhancement of the relative volume fraction 
for BiPb-2223 phase could be explained due to the 
addition of BaSnO3 nanoparticles up to 0.50 wt%. 
Such addition is crucial in affecting the viscosity of the 
transient liquid formed at the reaction temperature, its 
homogeneity, and the formation rate of the BiPb-2223 
phase [8]. However, its decrease with x ≥ 0.75 wt% 
could be due to the ability of solid BaSnO3 
nanoparticles to prevent the spatial growth of 
BiPb-2223 phase. Similar behavior of the relative 
volume fraction for BiPb-2223 phase was obtained 
with the addition of different nanoparticles [9,11,38]. 
The lattice parameters a and c, calculated by using the 
least-squares method, are listed in Table 1 versus 
BaSnO3 nanoparticle addition. There is almost no 
change in the values of a and c by increasing the 
addition of BaSnO3 nanoparticles, confirming that 
BaSnO3 nanoparticles do not enter the crystal structure 
of BiPb-2223 phase. This means that BaSnO3 acts only 
at the grain boundaries. Similar results were reported 
by Yavuz et al. [38] for BiPb-2223 phase added by 
SnO2 nanoparticles. 

Figures 3(a) and 3(b) display SEM images for 
(BaSnO3)x /BiPb-2223 samples with x = 0 and 
1.50 wt%, respectively. The distribution of the random 
alignment platelet-like grains is a signature for the 
formation of BiPb-2223 phase. Evidently, the 
appearance of white dots in Fig. 3(b) indicates the 
distribution of BaSnO3 nanoparticles throughout the 
intergrain region. This reveals that BaSnO3 
nanoparticles occupy the interstitial positions between 

Fig. 2  XRD patterns for (BaSnO3)x/BiPb-2223 (0 ≤ x ≤ 
1.50 wt%) samples. 

Table 1  Variation of relative volume fraction of 
BiPb-2223, BiPb-2212, and Ca2PbO4 phases, lattice 
parameters, Tc , and P for (BaSnO3)x /BiPb-2223 
samples   
x 

(wt%)
BiPb-

2223 (%)
BiPb-

2212 (%)
Ca2PbO4 

(%) a (Å) c (Å) Tc (K) P 

0.00 93.4 5.5 1.1 5.394(1) 37.18(8) 104.75 0.136
0.25 94.6 4.3 1.1 5.392(9) 37.20(4) 106.00 0.139
0.50 95.0 3.5 1.5 5.394(2) 37.21(2) 107.25 0.143
0.75 92.0 6.7 1.3 5.392(6) 37.22(8) 103.50 0.133
1.50 89.1 9.4 1.5 5.395(7) 37.26(8) 101.00 0.129
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grains, confirming the results obtained from XRD data. 
Similar observation was detected for BiPb-2223 phase 
added by SnO2 [38], Cr2O3 [39], and NiFe2O4 [12] 
nanoparticles.  

Figure 4 shows the electrical resistivity behavior 
versus temperature for (BaSnO3)x /BiPb-2223 (0 ≤   

x ≤ 1.50 wt%) samples. A normal state metallic-like 
behavior is observed by decreasing T, followed by a 
nearly sharp superconducting transition. Normal state 
electrical resistivity is increased by increasing the 
addition of BaSnO3 nanoparticles into BiPb-2223 phase, 
which reflects the improvement of the scattering 
mechanism or nanoparticle random distributions at 
grain boundaries. The calculated Tc

 , recorded as the 
maximum point of d / dT  versus T plot, is listed in 
Table 1 versus x. Tc is improved by increasing x up to 
0.50 wt%, beyond which Tc is decreased. This 
enhancement in Tc is a result of the improvement in 
relative volume fraction, intergrain connectivity, or/and 
the change in oxygen content by adding BaSnO3 

nanoparticles. Similar enhancement in both Tc and 
relative volume fraction was obtained by adding SnO2 
[9], Cr2O3 [11], and NiFe2O4 [12] nanoparticles into 
BiPb-2223 phase. Furthermore, the decrement in Tc is 

attributed to the suppression of relative volume 
fraction for BiPb-2223 phase or mobile carrier trapping 
as a result of oxygen vacancy disorder [40]. The hole 
carrier concentration per Cu ion P can be calculated 
through the following equation [41] as 

0.5

c
max

c

0.16 1 / 82.6TP
T

  
    

   
      (15) 

where max
cT  is taken as 110 K for BiPb-2223 phase. 

The values of P with x are also listed in Table 1, and 
have the same trend behavior of Tc versus x. Similar 
behavior of P with x was obtained for (SnO2)x /BiPb- 
2223 samples [38].  

For all HTSCs, Gaussian fluctuation theory can 
analyze the superconducting fluctuation effects just 
above Tc

 . In the absence of magnetic field, the 
broadening of the resistive transition is attributed to the 
weak coupling superconducting grains [42]. Variation 
of ln( )  versus 1/T under applied magnetic fields 
ranged from 0.29 to 4.40 kG is displayed in Figs. 5 and 
6 for (BaSnO3)x /BiPb-2223 samples with x = 0 and 
1.50 wt%, respectively. In presence of magnetic field, 
the resistive transition is characterized by two sections, 
which are the main steep or pairing transition part and 
broadening tail part. The pairing transition part is 
almost unchanged as there is no motion for vortices near 
the superconducting transition temperature, reflecting a 
strong intragrain pinning energy. The broadening tail 
part ( g cT T T  ) is extremely sensitive to the applied 
magnetic field even for small values and shifts to lower 
temperatures by increasing the applied magnetic field, 
as the flux penetrates inside the superconducting grains. 
This broadening is proportional to the magnitude and 
strength of pinning force. TAFC model and AH theory 

Fig. 4  Plots of electrical resistivity versus temperature 
for (BaSnO3)x /BiPb-2223 samples. 

 

 
Fig. 3  SEM micrographs for (a) BiPb-2223 sample and 
(b) (BaSnO3)1.5wt% /BiPb-2223 sample.  
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are usually used to analyze this broadening. At the glass 
vortex phase gT T , the disorder dominates and the 
linear resistance is zero at lower temperatures in the 
limit of very small current. The glass transition 
temperature can be determined from the linear 
extrapolation to zero of 1(d ln( ) / d )T   versus T plot 
[7]. The insets of Figs. 5 and 6 show the variation of gT  
versus B. gT  shifts to lower values by increasing the 
applied magnetic field. Comparable shift was reported 
by Zouaoui et al. [7] for (ZrO2)x /BiPb-2223 samples. 
To eliminate the temperature dependence of the flux 
pinning energy and by using Eq. (1), the values of U(B) 
can be directly calculated from the slope of each linear 
part multiplied by Boltzmann’s constant kB as depicted 
in Figs. 5 and 6. The relation between U(B) versus the 
applied magnetic field is displayed in Fig. 7. U(B) is 
decreased rapidly by increasing the applied magnetic 
field up to 1.20 kG, beyond which a slight decrease as 
plateau is observed. The increase in the applied 
magnetic field in the intergranular space destructs the 
weak link network, causing a rapid decrease in U(B). 
For B ≥ 2.34 kG, the flux from the external magnetic 
field penetrates the grain bulk, and it is trapped there 
leaving the intergranular field almost unchanged [43]. 
Complementary trend was observed for BiPb-2223 
phase added by Mn [28] and MgCO3 [44]. Moreover, 
U(B) is increased by increasing the addition of BaSnO3 

nanoparticles up to 0.50 wt%, confirming the behavior 
of cT  and calculated relative volume fraction versus 
BaSnO3 nanoparticle addition. Similar enhancement in 
U(B) accompanied by an increase in both cT  and the 
relative volume fraction was reported by Abbasi et al. 
[11] for (Cr2O3)x /BiPb-2223 samples. For x ≥ 

0.75 wt%, the vortices creep more easily as the weak 
links are increased, whereas U(B) is decreased [45]. 
Using Eq. (2), the obtained values of β versus x are 
listed in Table 2. The values of β for (BaSnO3)x / 
BiPb-2223 samples are close to those obtained for 
BiPb-2223 phase substituted by Ru4+ ions (β = 0.25– 
0.36) [27], and in contrary with those obtained for 
(Mn)x /BiPb-2223 samples (β = 0.45–0.61) [28]. 
Consequently, there are no expectation values of β as 
they depend on many factors affected on the pinning 
energy to the characteristics of crystal structure such as 
the atoms’ real position, weak link quality, and oxygen 
content [45]. To overcome the magnetic field 
dependence of flux pinning energy, U(T) is determined 

by plotting relation between T  and B as depicted in 
Fig. 8 for (BaSnO3)x /BiPb-2223 samples. The increase 
in T  by increasing B can be discussed as a number of 
randomly orientated grains will freeze and cluster in 
random positions under cooling. Accordingly, this leads 
to a more resistive state of all samples, which weaken 
the vortex pinning strength due to the loss of complete  

 

 

 
Fig. 7  Relation between U(B) and B for (BaSnO3)x/  
BiPb-2223 samples. 

Fig. 5  ln( )  versus 1/T plots for BiPb-2223 sample. The 
inset shows the applied magnetic field dependence of gT . 

Fig. 6  ln( ) versus 1/T plots for (BaSnO3)1.5wt% / 
BiPb-2223 sample. The inset shows the applied magnetic 
field dependence of gT . 
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superconducting current paths [46]. The increase in 
T  by increasing the addition BaSnO3 nanoparticles 

could be due to the increase in microscopic 
inhomogeneities (nonsuperconducting phases) and/or 
weaken of intergrain connectivity. The values of n 
obtained by using Eq. (3), in addition to the parameters 
η and q, are also listed in Table 2 versus x. 

Using AH parameter C(B), c (0)J  can be 
determined from Eq. (7) and its behavior versus B is 
displayed in Fig. 9. Obviously, c (0)J  is decreased by 
increasing B, indicating the sensitive dependence of 
applied magnetic field on the single junction between 
the superconducting grains. Using Eq. (8), the relation 
of the critical current density versus x is depicted in the 
inset of Fig. 9. The addition of BaSnO3 nanoparticles up 

to 0.50 wt% into BiPb-2223 phase improves the critical 
current density. This reflects the probability of creating 
pinning centers or generating locally weak 
superconducting regions that enrich the flux pinning by 
adding BaSnO3 nanoparticles. Moreover, the 
suppression in c (0)J  with x ≥ 0.75 wt% could be 
interpreted due to the increase in grain boundary 
resistance or nonsuperconducting impurities.  

By considering 10% of normal state resistivity in cT  
measurements, the upper critical magnetic field can be 
calculated. The plots of c2 ( )B T  versus T for (BaSnO3)x / 
BiPb-2223 samples is displayed in Fig. 10. A gradual 
change in c2 ( )B T  near cT  by decreasing temperature, 
followed by a rapid increase with a strong positive 
curvature at lower temperatures is observed. Using Eqs. 
(9) and (10), the variation of c2 (0)B  and (0)  with x 
is depicted in Fig. 11. c2 (0)B  is enhanced by 
increasing the addition of BaSnO3 nanoparticles up to 
0.50 wt%, beyond which it is decreased. A reverse trend 
of variation for (0)  versus x is observed.  

From Eq. (11), the variation of calculated e  versus 
T under applied magnetic field is depicted in Fig. 12 for 
(BaSnO3)0.75wt% /BiPb-2223 sample. Noticeably, e  is 

Fig. 8  Relation between transition width and applied 
magnetic field for (BaSnO3)x /BiPb-2223 samples. 

Fig. 9  Relation between critical current density at 0 K and 
B for (BaSnO3)x /BiPb-2223 samples. The inset shows 
relation between Jc(0) versus x. 

Table 2  Variation of β, n, η, and q versus x for 
(BaSnO3)x /BiPb-2223 samples 
x (wt%) β n η q 

0.00 0.258 0.227 0.485 1.137
0.25 0.234 0.205 0.439 1.140
0.50 0.226 0.185 0.411 1.220
0.75 0.250 0.175 0.425 1.431
1.50 0.244 0.140 0.384 1.740

 

Fig. 10  Plots of c2 ( )B T  versus T for (BaSnO3)x /BiPb- 
2223 samples. 

Fig. 11  Variation of c2 (0)B  and (0)  versus x for 
(BaSnO3)x /BiPb-2223 samples. 
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decreased rapidly by increasing temperature up to cT  
due to electrons’ disability to transfer heat as they are 
condensed into Cooper pairs [47], followed by a near 
temperature independent behavior as plateau as 
displayed in the inset of Fig. 12 by further increase   
in T. However, the suppression in the electronic   
thermal conductivity by increasing B below the 
superconducting transition temperature is probably due 
to the additional scattering centers of vortices [48]. 
Above the superconducting transition temperature, e  
is magnetic field independent [33].  

5  Conclusions 

Series of (BaSnO3)x /BiPb-2223 samples were 
synthesized using conventional solid-state reaction 
technique. The crystal structure of BiPb-2223 phase 
was not impacted by adding BaSnO3 nanoparticles as 
they occupied the intergrain position. The relative 
volume fraction, Tc, and P were improved by increasing 
x up to 0.50 wt%. Magnetoresistivity data was analyzed 
using TAFC model and AH theory. The enhancement of 
the derived flux pinning energy, the critical current 
density, and c2 (0)B  by increasing x up to 0.50 wt% 
were also reported. A reverse trend was observed by 
further increase in x. The little addition of BaSnO3 
nanoparticles might create pinning centers or probably 
generate locally weak superconducting regions into 
BiPb-2223 phase, which enhanced the superconducting 
magnetic parameters. On the contrary, the formation of 
weak links into BiPb-2223 phase might be obtained for 
high BaSnO3 nanoparticle addition. The electronic 

thermal conductivity was decreased by increasing the 
applied magnetic field below cT .  
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