
J Supercond Nov Magn (2014) 27:1369–1379
DOI 10.1007/s10948-013-2475-y

O R I G I NA L PA P E R

Effect of Eu2O3 Nanoparticles Addition on Structural and
Superconducting Properties of BSCCO

Amir Zelati · Ahmad Amirabadizadeh ·
Ahmad Kompany · Hadi Salamati · Jeff Sonier

Received: 6 December 2013 / Accepted: 28 December 2013 / Published online: 10 January 2014
© Springer Science+Business Media New York 2014

Abstract To study the effects of Eu2O3 nanoparticles addi-
tion to BSCCO superconducting system, four bulk polycrys-
talline samples with general formula of Bi1.6Pb0.4Sr2Ca2

Cu3Oy + xEu2O3 (where x = 0.0, 0.3, 0.5, 1.0 wt%) were
prepared by chemical sol–gel method. X-ray diffraction,
SEM, and TEM were used for structural characterization of
the samples. DC electrical resistivity, critical current, and
AC magnetic susceptibility were measured. XRD analysis
showed that both (Bi,Pb)-2223 and Bi-2212 phases coex-
ist in the samples having orthorhombic crystal structure.
DC electrical resistivity, Jc, and AC magnetic susceptibil-
ity measurements reveal that adding Eu nanoparticles to
BSCCO improves superconducting properties of this system
and enhances its critical current density. The enhancement
of the Jc may be caused by improvement of the grain con-
nectivity with Eu nanoparticle additions.
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1 Introduction

Since the discovery of Bi-based superconducting systems,
a great amount of work concerning preparation, supercon-
ducting properties, and the structure of these compounds has
been done [1–3]. The BSCCO system, mainly contains three
phases in the general formula Bi2Sr2Can−CunO2n+4+y

where n = 1, 2 and 3 refers to the number of CuO2 lay-
ers which yields 10, 95 and 110 K superconducting phases,
respectively [4]. The Bi-2201, Bi-2212 and Bi-2223 phases
have single, double and triple layers of CuO2 in the sub-
unit cell, respectively. It is believed that in BSCCO sys-
tem more CuO2 planes is associated with higher value of Tc

(R = 0) [5, 6]. The superconducting properties of BSCCO
system can be controlled by addition or substitution of ele-
ments. The enhancement or destruction of the superconduct-
ing properties depends on the characteristics of the dopant
in the crystal structure. Pb is the most important substituting
element that influences the microstructure, phase composi-
tion, and the related superconducting properties of BSCCO
system. The presence of Pb in the initial mixture favors
the reaction kinetics of Bi-2223 phase [7, 8]. Pb addition
results in the creation of a superconducting solid solution
Bi2−xPbxSr2Ca2Cu3Od by partial substitution of bismuth
and the optimal Pb content (x) lies between 0.3 and 0.4, so
x = 0.4 was selected for preparing the samples in this report
[9, 10]. Despite many efforts to obtain Bi-2223 single phase,
preparation of BSCCO systems normally leads to the coex-
istence of (Bi,Pb)-2223 and Bi-2212 phases in the samples.

In the application of the BSCCO superconductors, higher
critical current density (Jc) plays a more significant role
than the other factors. However, the major limitations of the
BSCCO superconductor applications are the intergrain weak
links and weak flux pinning capability, which lead to weak
critical current density in bulk samples. There have been re-
markable improvements in enhancing transport properties
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of this high-Tc superconductor since when BSCCO super-
conductor was discovered. The superconducting properties
of BSCCO system can be enhanced by addition or substi-
tution of elements with different ionic radius and different
bonding character. As an example, to obtain more applicable
BSCCO sample one can add or substitute metallic elements
to the BSCCO system to improve the connectivity between
grains leading to higher Jc [11]. Several researchers [12–16]
have investigated the effect of substitution or addition of rare
earth oxides and some other oxides on the superconducting
and structural properties of BSCCO system. The works of
most of these researches are related to addition or substitu-
tion of micro-oxide powders to BSCCO systems.

With nanotechnology developments, a wide range of
nanostructure materials have been synthesized. In the nano-
size range, the particles have a high proportion of atoms lo-
cated at their surface as compared to bulk materials, giving
rise to unique physical and chemical properties that are very
different from their bulk counterparts [17]. In recent years,
studying the effect of addition or substitution of nanoparti-
cles to BSCCO system has been of much interest (see, for
example, Refs. [18–21] and the references therein). When
nanoparticles are added to the BSCCO system, due to the
tiny size of nanoparticles, they settle easier and much more
among the grains of these ceramic superconductors than
the micro size dopants. If adequate amount of nanoparticles
with metallic character is added to the BSCCO, the inter-
grain connectivity will possibly improve.

In this study, we added Eu2O3 nanoparticles to the
BSCCO system in order to improve the connectivity be-
tween grains. We generally expect that addition of a small
amount of Eu nanoparticles in BSCCO system would en-
hance connectivity between the grains due to metallic char-
acter of Eu, or would make possible pinning centers be-
tween grain boundaries. The general formula for preparing
the samples of this research was Bi1.6Pb0.4Sr2Ca2Cu3Oy +
xEu2O3 and x = 0.0, 0.3, 0.5, 1.0 wt%. The BSCCO sam-
ple was prepared by chemical sol–gel method [22–25] and
Eu2O3 nanopowder by combustion method. XRD, SEM,
TEM, EDX, and selected area electron diffraction (SAED)
were used for morphological and structural characterization
of the prepared samples. DC resistivity, Jc, and AC magnetic
susceptibility measurements were performed to study the su-
perconducting properties of the samples and to achieve the
optimal amount of Eu nanoparticle addition to the BSCCO
system.

2 Experimental

2.1 Sample Preparation

The samples were prepared according to the general formula
Bi1.6Pb0.4Sr2Ca2Cu3Oy +xEu2O3 and x = 0.0, 0.3, 0.5, 1.0
wt% in three steps as follows:

Step 1 BSCCO sample with chemical composition
Bi1.6Pb0.4Sr2Ca2Cu3Oy was prepared by chemical sol–gel
method, using the powders of Bi(NO3)2·5H2O, Pb(NO3)2,
Sr(NO3)2, Ca(NO3)2·4H2O and Cu(NO3)2·3H2O, as the
starting materials. EDTA with chemical composition
N2H10O16 was used as the complexing agent with the molar
ratio EDTA:cation = 1, ethylene glycol (EG) with chemical
composition C2H4 (OH)2 as the binding agent of complexes
with the molar ratio EG:cation = 3 and urea as the fuel with
the molar ratio urea:cation = 0.7. Distilled water and nitric
acid were used as a solvent. Bismuth nitrate was poured in
appropriate volume of distilled water (400 mL for 40 gr final
production) at temperature 40 ◦C. A certain amount of nitric
acid was added to the mixture to make a bismuth solution.
Then the other nitrates were added to this solution. After
stirring the mixture, a transparent blue solution with pH = 1
was obtained, which we named the material solution. After
that, a certain amount of EG was solved in appropriate vol-
ume of distilled water (400 mL for 50 gr final production)
at temperature 40 ◦C and then EDTA was added to this so-
lution which resulted in the formation of precipitation. In
order to annihilate the precipitation, NH3OH was added to
the liquid mixture so that a transparent solution with pH = 6
was obtained (the main solution). The material solution was
poured into the main solution drop by drop at temperature
60 ◦C until the starting the formation of the precipitation. At
this time, the process of adding the material solution to the
main solution was stopped to eliminate the precipitation via
NH3OH. This process was repeated until all the material so-
lution was added to the main solution and obtaining the gel
with pH = 4. The next performance was adding urea, as the
fuel to the prepared gel. Then, the urea added gel was dried
on a hot plate with gradually increasing temperature from
60 to 200 ◦C, which took 3 days to complete the process
of drying. At the end of this time a rather weak combus-
tion occurred and a gray colored powder was produced. The
powder was ground and calcined at 850 ◦C for 7 h in air. Af-
ter calcination a black powder was obtained. The prepared
powder was then ground and divided in four segments.

Step 2 Eu2O3 nanoparticles were prepared by combus-
tion method using europium (III) nitrate pantahydrate with
chemical composition Eu(NO3)·5H2O as starting material.
Distilled water was used as the solvent and glycine with
chemical formula C2H5NO2 as the fuel of the reaction. Eu-
ropium (III) nitrate pantahydrate was solved in adequate
amount of distilled water. After obtaining aqueous solution
of cation, Eu3+, glycine as the fuel for combustion was
added to the solution. The liquid mixture was placed in-
side the preheated (300 ◦C) oven for one hour. Combustion
took place inside the oven and russet smoke of the NO2 gas
came out. The resultant product was a voluminous, foamy
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white powder. Later, XRD pattern and TEM images con-
firmed the cubic structure and the nano-size of the prepared
Eu2O3 powder.

Step 3 Eu2O3 nanopowder, in this step, was added to each
of the segments (1, 2, 3 and 4) prepared in the first step with
0.0, 0.3, 0.5 and 1.0 wt%, respectively. Each sample was
ground and calcined at 850 ◦C for 7 h in air. The calcined
powders were ground again and pressed under 450 MPa
pressure to form pellets 11 mm in diameter and 3.5 mm
thick. The prepared pellets were finally sintered at 860 ◦C
for 24 h in air. A sample with x = 0.0 in general chemical
formula, Bi1.6Pb0.4Sr2Ca2Cu3Oy + xEu2O3, was labeled as
sample A and the other samples labeled as B (x = 0.3), C
(x = 0.5), and D (x = 1.0).

2.2 Sample Characterization

XRD, SEM, TEM, EDX and SAED were used for the struc-
tural studies of the samples. DC resistivity, Jc, and AC mag-
netic susceptibility measurements were carried on to study
the superconducting properties of the samples. The X-ray
powder diffraction pattern for each sample was obtained us-
ing CuKα (1.54 Å) radiation in the range 2θ = 20–65◦ by
a Rigaku R-Axis Diffractometer. Phase purity and the lat-
tice parameters were obtained from these patterns. SEM and
TEM imaging were used to examine the surface morphol-
ogy and grain structure of the samples and EDX was applied
for the elemental analysis of the samples. SEM images were
taken by using a Strata Dual beam 235 field emission scan-
ning electron microscope. TEM images, EDX spectra and
SAED patterns were obtained by using a TecnaiG2 scan-
ning transmission electron microscope (STEM). The R–T

behavior of the samples from 30 K to room temperature
was investigated in order to determine the superconducting
transition temperature. The electrical resistance measure-
ments and Jc determination were performed using the stan-
dard four-probe method. The magnetic susceptibility mea-
surements were carried out employing a Quantum Design
SQUID magnetometer MPMS-XL7 that works between 1.8
and 400 K with a 7 Tesla superconducting magnet. Diamag-
netic corrections were applied for the sample holder and the
core diamagnetism of the samples.

3 Results and Discussion

3.1 X-Ray Diffraction and Microstructure Studies

XRD patterns of Bi1.6Pb0.4Sr2Ca2Cu3Oy + xEu2O3 (x =
0.0, 0.3, 0.5, and 1.0 wt%) samples indicated that all the
samples consisted of two phases, Bi-2212 and Bi-2223
(Fig. 1).

The XRD patterns revealed that all the samples consisted
of (2212) and (2223) phases, with (2223) phase being the
dominant one. To estimate the volume fraction of the present
phases, we used the corresponding Bi-2212 and Bi-2223
peaks, and the following formulas [18]:

Bi-(2223)% =
∑

I (2223)
∑

I (2223) + I (2212)
× 100

Bi-(2212)% =
∑

I (2212)
∑

I (2223) + I (2212)
× 100

where I (2223) and I (2212) are the intensities of the (hkl)
XRD peaks for Bi-2223 and Bi-2212, respectively. The cal-
culated relative portions of each phase of the samples are
listed in Table 1. As seen in the table, samples with x = 0.0,
0.3, 0.5 and 1.0 contained 76, 80, 84 and 70 % of the 2223
phase, respectively. The percent amounts of the 2223 and
2212 phases as a function of x evaluated from the XRD pat-
terns of Bi1.6Pb0.4Sr2Ca2Cu3Oy + xEu2O3 (x = 0.0, 0.3,
0.5 and 1.0) samples are given in Fig. 2. It is seen that the
volume fraction of the Bi-2223 phase increases with increas-
ing Eu nanoparticle concentration up to x = 0.5, while a de-
crease in the volume fraction of the Bi-2223 phase is ob-
served for sample D (x = 1 wt%).

The crystal system of Eu-free sample was found to be
orthorhombic with the lattice parameters a = 5.315 Å, b =
5.419 Å and c = 37.298 Å. Almost, the same lattice param-
eters were obtained for the Eu nanoparticles-added samples.
The results are given in Table 1. There is no distortion in the
crystal system of the Eu-added Bi-2223, which shows that
Eu particles do not participate in the crystal structure of the
Bi-2223. We believe that the added nanoparticles are sited
between the superconducting grains. The role of such im-
purity nanoparticles can be either as the pinning centers to
fix vortices or enhancing connectivity between grains, which
may lead to higher Jc [11].

Figure 3 displays the surface SEM images of the Eu
nanoparticles-free and -added samples. It is observed that
the microstructures of all samples exhibit a common fea-
ture of plate-like grains and are randomly distributed. We
believe that white particles sited between the grains are Eu
nanoparticles, which is obvious in the micrographs of Eu-
added samples. These particles can enhance the connectiv-
ity among the grains and they can increase the pinning cen-
ters to fix the vortices. SEM results corroborate well with
XRD results. In addition to the intergranular distribution of
the nanoparticles, the presence of the nanoparticles can be
observed in the other parts of microstructure of Eu-added
samples. Grains size of the sample D decreases comparing
to the other samples, which may cause to a decrease in su-
perconducting properties of this sample.

TEM images and EDX spectra from the powders of the
Eu nanoparticles-added samples are presented in Fig. 4.
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Fig. 1 XRD patterns of Bi1.6Pb0.4Sr2Ca2Cu3Oy + xEu2O3 samples: (A) x = 0.0, (B) x = 0.3, (C) x = 0.5 and (D) x = 1.0 wt%. Peaks of
(Bi,Pb)-2223 and Bi-2212 phases are indexed 1 and 2, respectively

Table 1 The lattice parameters and percentage volume fraction of Bi-2223 and Bi-2212 phases in Bi1.6Pb0.4Sr2Ca2Cu3Oy + xEu2O3 (x = 0.0–
1.0) samples

Sample Orthorhombic unit cell (Bi-2223 phase) Volume fraction of phase formed (%)

A (Å) b (Å) c (Å) Bi-2223 phase Bi-2212 phase

A 5.315 5.419 37.289 76 24

B 5.320 5.425 37.297 80 20

C 5.319 5.417 37.293 84 16

D 5.308 5.411 37.269 70 30

TEM images show that the grains are micro sized, which
is essential in BSCCO system as a ceramic superconductor.
Furthermore, the presence of the Eu nanoparticles can be
clearly observed close to the grain boundaries. EDX was uti-
lized to confirm the chemical composition of the synthesized
samples, especially for the Eu-added samples. As shown in
Fig. 4, Ca, O, Cu, Eu, Pb, Bi, and Sr peaks are presented
in Eu-added samples. The morphology and size distribu-
tion of the Eu2O3 nanoparticles prepared for this work are
shown in Fig. 5. The TEM image of the sample confirms the
nano-size of the particles in the range of 5–80 nm. The his-
togram shows that the average particle size of Eu2O3 sample
is about 33 nm.

SAED patterns of Eu-free sample taken along the [100]
and [001] zone-axis directions of orthorhombic crystal, re-

spectively, are shown in Fig. 6(a)–(b). Since for the other
samples there is no significant variation in the SAED pat-
terns, only SAED patterns for Eu-free sample are shown.
The ratio of the lattice parameter b/a based on these patterns
is about 1.02, which is close to the value obtained by the
XRD results [26, 27]. Indexing of the two important planes
has been elucidated in diffraction pattern.

The theoretical density of BPSCCO system is about
6.3 g/cm3 obtained from the lattice parameters [28]. The
density of pellets in this work was determined as 5.48, 5.23,
5.11, and 4. 92 g/cm3 for x = 0.0 to x = 1.0, respectively,
measured by water displacement Archimedes method. The
bulk densities obtained by Archimedes technique is in the
range of 78 to 87 % of the theoretical values. This result is
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in accordance with the porous structure of ceramic super-
conductors.

3.2 Superconducting Properties Measurements

As shown in Fig. 7, DC electrical resistance (R–T ) reveals
that the resistivity of the presented samples decreases lin-
early with temperature in the normal state. All the sam-
ples displayed a metallic character above onset temperature,
which is defined as the temperature where R–T plot devi-
ates from linearity [10]. Derivatives of the R–T curves were
calculated to obtain the zero onset transition to the super-

Fig. 2 Volume fraction of Bi-(2223) and Bi-(2212) phases determined
from XRD patterns

conducting state. The plots of the samples have a shoulder,
which we believe to be due to the coexistence of Bi-2223
and Bi-2212 phases. The onset critical temperature (Tc,onset)
and the zero resistivity critical temperature (Tc,R=0) of the
samples are tabulated in Table 2. As seen in the table, Tc,onset

of the samples A, B, and C is 109.5 K and for sample D is
107 K. It is seen that Tc,R=0 shifts to higher temperatures
with increasing Eu nanoparticle concentration up to x = 0.5
and the transition temperature width (�Tc) decreases, im-
plying an enhancement in the intergrain connectivity [22,
23]. However for the sample D (x = 1.0), Tc,R=0 shifts to
higher temperature comparing to Eu-free sample but since
in sample D, Tc,onset is lower than sample A, at this stage
we cannot conclude that for this sample the improvement or
destruction has occurred in the intergrain connectivity. The
variation of Tc with Eu content, x, is given in Fig. 8.

A parabolic relationship holds between the superconduct-
ing transition temperature and the hole concentration. The
hole concentration is calculated using the relation given be-
low [29]:

p = 0.16 − [(1 − Tc/T max
c )/82.6]1/2

where p indicates hole concentration and T max
c is taken as

110 K for the Bi-2223 system. Previous calculations for the
un-substituted Bi-2223 had shown that the values of p are

Fig. 3 SEM surface micrographs of Bi1.6Pb0.4Sr2Ca2Cu3Oy + xEu2O3 samples, (A) x = 0.5, (B) x = 0.5, (C) x = 1 and (D) x = 2 wt%
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Fig. 4 TEM images and EDX spectra of the powders Bi1.6Pb0.4Sr2Ca2Cu3Oy + xEu2O3 samples: (B) x = 0.3, (C) x = 0.5, and (D) x = 1.0

Table 2 The critical temperatures Tc,R=0 (K), Tc,onset (K), �Tc (K) and mass density of Bi1.6Pb0.4Sr2Ca2Cu3Oy + xEu2O3 samples

Sample Eu (x) Tc,onset (K) Tc,R=0 (K ) �Tc (K) Mass density (g/cm3) Jc (A/cm2)

A 0.0 109.5 79 30.5 5.48 15.90

B 0.3 109.5 81 28.5 5.23 19.87

C 0.5 109.5 83 26.5 5.11 27.34

D 1.0 107 80 27 4.92 10.33

in the range of 0.116 to 0.160 [29]. Figure 9 shows the crit-

ical temperature versus hole concentration plot. Hole car-
rier concentration varies from 0.1016 for Eu-free sample

to 0.1055 for sample C (x = 0.5). The hole concentration
increases in the samples with increasing Eu nanoparticle
concentration up to x = 0.5, which may be the effect of

improvement in the intergrain connectivity of the samples.

While for sample D with x = 1.0 the hole concentration
starts to decrease to lower amounts, which can be caused by

the destruction in the intergrain connectivity of this sample.
The critical current density of the samples was measured

at temperature of 77 K in zero magnetic field as shown in
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graphs of current density versus voltage in Fig. 10. Jc val-
ues of the samples are given in Table 2. According to the
results, an enhancement in the critical current density of the
Eu nanoparticle-added samples is observed, which is pro-

Fig. 5 TEM image and histogram of Eu2O3 nanoparticles

portional to the concentration of the Eu in the samples B and
C (x = 0.3 and 0.5), but not for sample D. This improvement
in Jc may be attributed to the enhancement in the intergrain
connectivity.

AC susceptibility measurement (χ ′ + iχ ′′) is widely used
as a nondestructive method for determination and charac-

Fig. 6 Electron diffraction patterns of the orthorhombic Bi1.6Pb0.4Sr2
Ca2Cu3Oy (a) [100], (b) [001]

Fig. 7 Temperature dependences of the electrical resistivity for Bi1.6Pb0.4Sr2Ca2Cu3Oy+xEu2O3 samples: (A) x = 0.0, (B) x = 0.3, (C) x = 0.5,
and (D) x = 1



1376 J Supercond Nov Magn (2014) 27:1369–1379

terization of the intra- and inter-grain features of the high-
temperature superconductors. The in-phase component of
fundamental susceptibility, χ ′, shows two significant drops

Fig. 8 Variation of critical temperature of Bi1.6Pb0.4Sr2Ca2Cu3Oy +
xEu2O3 (x = 0.0–1.0) samples

as the temperature is decreased below Tc for granular super-
conductors. The sharp drop near Tc corresponds only to the
intrinsic properties of the grains. Another drop at low tem-

Fig. 9 Superconducting transition temperature versus hole concen-
tration of Eu-free and -added samples: (A) x = 0.0, (B) x = 0.3,
(C) x = 0.5, and (D) x = 1.0

Fig. 10 Critical current density
of the Bi1.6Pb0.4Sr2Ca2Cu3
Oy + xEu2O3 (x = 0.0–1.0)
samples
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Fig. 11 AC magnetic susceptibility as a function of temperature for all samples (χ ′) Real part, (χ ′′) Imagery part. Inset: derivation of in-phase
component versus temperature

peratures indicates gradual changes associated with the oc-
currence of bulk superconductivity, where superconducting
current flows from grain to grain. The out-of-phase compo-
nent, χ ′′, generally exhibits a peak with decreasing temper-
ature below Tc, which is attributed to the absorption of mag-
netic energy of the superconductor from the AC field. There-
fore, χ ′, is proportional to an amount of flux penetration into
the body of the superconductor, while χ ′′ is associated with
AC losses in the mixed state of superconductor [24].

In Fig. 11, the measurements of susceptibility versus
temperature for Eu nanoparticles-free and Eu nanoparticles-
added samples have been plotted for AC field of 80 A/m
with f = 330 Hz. A broad magnetic transition for sam-
ple D (x = 1.0) is observed from measurement. Samples B
(x = 0.3) and C (x = 0.5) have a slightly sharper transition
compared to Eu-free sample. These results suggest that Eu
nanoparticle-added samples up to x = 0.5 have a better in-
tergranular coupling between the grains, which is in good
agreement with DC electrical resistivity and Jc measure-
ments. It is seen that the peak in χ ′′ shifts to higher tem-
perature with increasing Eu nanoparticles concentration up
to x = 0.5 while for sample D the peak shifts to lower tem-
peratures. This means that AC losses for Eu nanoparticle-
added samples (up to x = 1.0) start at higher temperatures
compared with Eu-free sample. The curve obtained from
derivation of the χ ′ versus temperature is inserted in Fig. 11,
displaying intra- and inter-grain superconducting transition
temperatures. The intra-grain transition temperature was de-
termined to be about 105 K for all samples. However, the
intergrain transition temperature shows an increase directly
proportional to Eu nanoparticle concentration starting from
85 K for Eu-free sample and reaching 86.5 and 87.5 K for
samples B and C, respectively. For sample D, the value is 78
K, indicating a drop in the increase of the intergrain transi-
tion temperature.

Figure 12 shows the AC susceptibility curves of the pre-
pared bulk samples measured in the presence of the three
magnetic field values. The diamagnetic onset temperature

of the superconducting transition is about 105 K for all sam-
ples. This temperature is independent of the applied field
values for Eu nanoparticles-free and -added polycrystalline
samples. It is well known that the minimum full flux pen-
etration field, Hp , becomes larger by decreasing tempera-
ture from Tc to the temperature Tp , at which χ ′′ peaks oc-
cur. The value of the measured AC field at these tempera-
tures is large enough to penetrate the center of the sample.
When HAC = Hp , the full flux penetration occurs. A func-
tion of the form Hp = HAC(1 − t)n fits best the data ob-
tained, where t = (T /Tc) is the reduced temperature. The
function obtained thereby is employed as a scaling function
for temperature sweep measurements and it is most accu-
rate at temperatures near Tc. By fitting HAC versus (1 − t)n

plot, we have found n for our samples. Figure 13 shows the
temperature dependence of the intergranular critical current
density, Jc, calculated from Hp values. According to Bean’s
model [24, 30], Jc at the peak temperature Tp can be calcu-
lated using the following relation:

Jc(Tp) = Hp/R ≈ Hp/
√

ab

where 2a × 2b is the cross section of the samples. It can
be observed in Fig. 11 that there is the same behavior in in-
creasing Jc for Eu nanoparticle-added samples as with the
Eu-free sample. The result of the Jc measurements is in a
good agreement with the result of Jc calculated from Hp

values (enhanced intergrain coupling) thereby revealing the
most important feature of this study. The enhancement ob-
served in Jc suggests that poor amount of Eu nanoparticle
addition can settle between grains and increase the connec-
tivity of grains.

4 Conclusions

The samples with nominal composition Bi1.6Pb0.3Sr2

Ca2Cu3 + xEu2O3 were prepared by the chemical sol–gel
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Fig. 12 AC magnetic susceptibility as a function of temperature for samples A, B, C and D

Fig. 13 Variation of critical current density with temperature

method. X-ray diffraction indicated that both Bi-2223 and
Bi-2212 phases coexisted in the samples. The volume frac-
tion which was estimated by XRD peaks intensities showed
an increase in the volume fraction of the Bi-2223 high-
Tc phase with increasing Eu nanoparticle concentration up
to x = 0.5 wt%. SEM results showed that the added Eu
nanoparticles settled among the grains boundaries. Based
on electron diffraction results, the ratio of the lattice param-
eter b/a was estimated about 1.02, which is very close to
the value obtained by the XRD results. EDX confirmed the
presence of the desired elements in the chemical composi-
tion of the samples. Tc,onset and Tc,R=0 of all the samples
were obtained from DC electrical resistivity measurements.
Hole concentration of the samples, calculated by the results
of DC measurements, showed an increase with increasing
Eu nanoparticle concentration up to x = 0.5 wt%. Criti-
cal current density measurement showed an enhancement
in the Jc values with increasing Eu nanoparticle concentra-
tion up to x = 0.5 wt%. Intergranular coupling, intra- and
inter-grain transition temperatures, and intergranular critical
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current density were calculated by AC magnetic susceptibil-
ity measurements. Based on observation the Eu nanoparticle
addition up to x = 0.5 wt% improves intergrain connec-
tivity which results in better superconducting properties of
BSCCO system. Critical current density is enhanced with
Eu nanoparticle addition.
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