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a b s t r a c t

Anti-ferromagnetic chromium (Cr) nanoparticles were added to Cu0.5Tl0.5Ba2Ca2Cu3O10�d (CuTl-1223)
superconducting matrix to synthesize (Cr)x/CuTl-1223 (x ¼ 0, 0.5, 0.75, and 1.0 wt.%) nano-
superconductor composites. Different experimental techniques were used to study the structural,
morphological, compositional and superconducting transport properties of these composites. It was
observed that the addition of Cr nanoparticles had not altered the crystal structure of the host CuTl-1223
superconducting matrix, which indicates the presence of these nanoparticles at the grain-boundaries.
Suppression of superconducting transport properties can be attributed to two factors (i) spins scat-
tering by net magnetization due to uncompensated spins on the surface of these anti-ferromagnetic Cr
nanoparticles and (ii) oxygen imbalance due to formation of Cr2O3 surface layers on these nanoparticles.
The prominent reduction in the diamagnetic signal was also observed, which had indicated the decrease
of superconducting volume fraction after the inclusion of Cr nanoparticles in the composites. Super-
conducting microscopic parameters such as coherence length {xc(0)}, inter-layer coupling (J), Fermi ve-
locity (VF) and Fermi energy (EF) of the carriers were determined as a function of Cr content in (Cr)x/CuTl-
1223 nano-superconductor composites by excess conductivity analyses in three dimensional (3D), two
dimensional (2D) and short wave dimensional (0D) fluctuation regions.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

To enhance the performance of bulk high temperature super-
conductors (HTSCs) from application point of view, it is required to
improve their inter-grains connectivity and superconducting vol-
ume fraction. In literature, different techniques have been
employed in this regard [1e9]. But the inclusion of nanostructures
of different elements and compounds of different sizes in bulk
superconducting matrix is an efficient, cheap and easy technique
[10]. The increase of critical current density (Jc) was attributed to
improved inter-grains connectivity of the host bulk Bi-2223
superconducting matrix after the addition of Co0.5Ni0.5Fe2O4 and
Co3O4 nanoparticles [11,12]. Improvement in superconducting
properties of (Bi, Pb)-2223 system was observed after the addition
of appropriate amount (x � 0.5 wt.%) of Cr2O3 nanoparticles [13].

Ultra fine MgO nanoparticles were added to enhance the super-
conducting properties of Bi-2212/Ag tapes [14]. The effect of Al2O3
nanoparticles on superconducting properties of YBa2Cu3O7�d was
investigated and reduction in Tc was observed, which was attrib-
uted to the insulating nature of these nanoparticles [15].

The effects of nano-sized NiO addition in (Bi1.8Pb0.4Sr2Ca2.2-
Cu3O)1�x(NiO)x with different concentration were investigated and
improvement in flux pinning was observed for x ¼ 0.002 wt.% [16].
Superconducting properties of Bi1.6Pb0.4Sr2CaCu2Oy were enhanced
after the addition Y2O3 nanoparticles up to 0.7 wt.% [17]. Different
wt. % of Fe3O4 nanoparticles were added to (Bi, Pb)2Sr2Ca2Cu3O10
superconductors, and enhanced Jc both in absence and presence of
magnetic was reported [18]. Nano-sized Co3O4 and MgO particles
were added to Bi(Pb)eSreCaeCueO superconductors and
improved superconducting properties were observed [19,20].

(Cu0.5Tl0.5)Ba2Ca2O10�d (CuTl-1223) phase of CuTl-based super-
conducting family is a potential candidate from application point
view due to its relatively higher superconducting properties* Corresponding author.
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[21e23]. The inclusion effects of Al2O3 nanoparticles on structural
and superconducting properties of CuTl-1223 matrix were studied
[24]. The addition of noble metals (Ag, Au) nanoparticles up to
certain optimum level has significantly improved the super-
conducting transport properties of CuTl-1223 matrix without
changing the crystal structure of the host bulk CuTl-1223 phase.
The improvement in superconducting transport properties of CuTl-
1223 matrix was attributed to the enhanced inter-grains connec-
tivity by these nanoparticles [25]. The suppression of super-
conducting properties after the addition of magnetic coreeshell
nickel/nickel-oxide (Ni/NiO) and ZnFe2O4 nanoparticles in CuTl-
1223 superconductors was observed [26,27].

In present work, we have investigated the effects of anti-
ferromagnetic Cr nanoparticles addition on structural, composi-
tional, morphological and superconducting transport properties of
CuTl-1223 matrix by different experimental techniques. Anti-
ferromagnetic Cr nanoparticles can improve the inter-grains con-
nectivity by filling the pores in the bulk CuTl-1223matrix but at the
same time these nanoparticles may act as scattering centers due to
uncompensated spins on their surfaces. Anti-ferromagnetic nature
of Cr nanoparticles with strong affinity of oxygen can create oxygen
disorder within the superconducting regions, which can definitely
affect the carriers density in the CuO2 planes. Therefore, this study
can be very interesting and useful to explore the dependence of
superconducting properties of CuTl-1223 matrix.

2. Experimental details and characterization techniques

Ba(NO3)2, Ca(NO3)2 and Cu2(CN)2 compounds were mixed in
appropriate ratios and ground for 2 h in an agate mortar and pestle.
The mixed and ground powder was loaded in quartz boats and
heat-treatment was carried out at 860 �C in a chamber furnace for
24 h followed by furnace cooling to room temperature (i.e. 300 K).
After 24 h heat-treatment, the material was again ground for 1 h
and loaded in ceramic boats for second time heat-treatment under
similar conditions. Later on, the appropriate amounts of Tl2O3 and
Cr nanoparticles of size 100 nm were mixed and ground for about
1 h. The ground material was then pelletized under 3.8 tons/cm2

pressure and the pellets were gold encapsulated for sintering at
860 �C for 10 min followed by quenching to room temperature to
get (Cr)x/CuTl-1223 nano-superconductor composites.

The structure and phase purity of Cr nanoparticles, CuTl-1223
matrix and (Cr)x/CuTl-1223 nano-superconductor composites
were determined by X-rays diffraction (XRD). We used scanning
electron microscopy (SEM) for surface morphology, energy
dispersive X-ray spectroscopy (EDX) for compositional analysis and
Fourier transform infrared spectroscopy (FTIR) to study the
different oxygen phonon modes. We determined dc-resistivity of
the samples with the help of commercial physical properties
measurement system (PPMS). Pellets were cut in rectangular bar
shapes with 1.6 mm � 1.1 mm � 2.9 mm dimensions and silver
paste was used to make four low resistance contacts on the surface
of sample. During dc-resistivity measurements, the current was
kept contact at 10 mA. Ac-susceptibility measurements were carried
out by the mutual inductance method using Lock-in Amplifier at a
frequency of 270 Hz with HAC ¼ 0.07 Oe of primary coil. Excess
conductivity Ds is determined by the expression;

Ds ¼ smðTÞ � snðTÞ ¼ r�1
m ðTÞ � r�1

n ðTÞ (1)

where rm(T) is the actually measured resistivity and rn(T) is the
normal-state resistivity obtained from extrapolated resistivity at
0 K; rn(T) ¼ a þ bT, a is an intercept and b is a slope of straight line.
According to the AslamazoveLarkin (AL) model, the normalized
excess conductivity Ds/sroom was determined by applying a

microscopic approach in the mean field region [28], where the
fluctuation are small and given by the relation;

DsAL ¼ Aε�l (2)

where A is fluctuation amplitude, ε ¼ ln

"
T�Tmf

c

Tmf
c

#
is reduced tem-

perature and Tcmf is usually referred to as the mean field critical
temperature [29,30]. Dimensional exponent is determined from the
slope of ln(ε) versus ln(Ds) plot. All physical parameters depend on
the dimensionally exponentl, which is expressed as;

l ¼ 2� D
2

(3)

where l is equal to [31e33];

l ¼
8<
:

�0:50 for ð3DÞFluctuations
�1:00 for ð2DÞfluctuations
�3:00 for ðswÞfluctuations

(4)

According to LawrenceeDoniach (LD) model, a cross-over from
two dimensional (2D) to three dimensional (3D) conductivity oc-
curs at a cross-over temperature;

To ¼ Tc

"
1þ

�
2xcð0Þ

d

�2
#

(5)

The inter-layer coupling strength is given by second term, which
is related to the reduced temperature ε by J ¼ ε/4 and d is the
distance between the conducting layers of adjacent unit cells,
which is approximately equal to c-axis length of unit cell. Alexei
Abrikosov applied GinzburgeLandau theory to explain the experi-
mental data of superconductors. He analyzed that high magnetic
field in a type-2 superconductor penetrates in the form of magnetic
flux quantaFo. The thermodynamic critical magnetic field Bc(0) can
be estimated from Ginzburg number NG, which is given by Refs.
[34,35].

NG ¼
�����TG � Tmf

c

Tmf
c

����� ¼ 1=2
�
kBTcg

.
fBcð0Þg2fxcð0Þg3

�2
(6)

where g ¼ xab(0)/xc(0) is an isotropy [36] and TG is the cross-over
temperature from critical to 3D regime. We can estimate penetra-
tion depth lp.d., lower critical magnetic field Bc1 upper critical
magnetic field Bc2 and the critical current density Jc after deter-
mination of Bc as follows [37e40].

Bc ¼ Fo

2
ffiffiffi
2

p
plp:d:xabð0Þ

(7)

Bc1 ¼ Bc
k

ffiffiffi
2

p ln k (8)

Bc2 ¼
ffiffiffi
2

p
kBc (9)

Jc ¼ 4kBc1
3

ffiffiffi
3

p
lp:d: ln k

(10)

where Fo ¼ Z
2e is the change quantum andk is the GL factor which is

comparison of penetration depth to coherence length.
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