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Abstract Sol-gel and solid-state reaction methods were
used to synthesize diamond nanoparticles (DNPs) and
(DNPs),/CuTI-1223 (x = 0, 0.25, 0.50, and 1.00 wt.%)
nanoparticle-superconductor composites, respectively. Effects
of these DNPs on structural, morphological, compositional,
and transport properties of CuTIl-1223 superconducting
phase were investigated by different experimental tech-
niques such as X-ray diffraction (XRD), energy dispersive
X-ray (EDX) spectroscopy, scanning electron microscopy
(SEM), and resistivity versus temperature (R-T) measure-
ments. The unchanged crystal structure and stoichiometry
of host CuTI-1223 superconducting matrix with addition of
DNPs gave evidence about the dispersion of nanoparticles
at the grain boundaries of the host matrix, which may heal
up the inter-granular voids and pores resulting in enhanced
inter-grain connectivity. Critical transition temperature 7
(0) and hole concentration of CuTIl-1223 superconductor
were observed to be increased with addition of DNPs up to
a certain optimum value (i.e. x = 0.5 wt.%).
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1 Introduction

High-pressure synthesis imposes limitations to the use of
high-temperature superconductors (HTSCs) at commercial
level. Cug5TlpsBayCa;,—1Cu;02,44—s (CuTl-12(n—1)n);
n = 2, 3,4, ... superconducting family is of great interest
for researchers due to its easy synthesis both at ambient and
high pressure. (Cug 5Tlps5)BayCayCuz019_s(CuTl-1223) is
the most attractive phase of CuTl-based superconducting
family due to low anisotropy, high critical current density
(Jc), and high critical transition temperature (7;) [1-3]. The
cuprate HTSCs are granular in nature and exhibit weak
inter-grain connectivity, which limits their performance [4,
5]. Besides the demerits of inter-grain voids and pores
present in cuprate superconductors, they have some mer-
its also, just like these spaces serve as natural flux pinning
centers when external magnetic field is applied. So, it is
important to address the inter-gain weak linkages by keep-
ing it in mind that improvement in inter-grain connectivity
should not suppress the flux pinning ability of the super-
conducting matrix. One of the most effective methods in
this regard is to embed nanoparticles at grain boundaries,
which could enhance the grains connectivity and also act as
effective artificial pinning centers [6—11].

Nanostructures of different materials such as diamond,
SiC, SiO,, and CNTs were added to YBayCu3zO7_s cuprate
superconductor, and their effects were investigated [12—
15]. Critical current densities and pinning energies were
enhanced with doping of different concentration of these
nanostructures. Critical temperature was increased signif-
icantly with addition of CNTs while a small suppression
was observed in case of carbon and SiC nanostructures.
The effects of CNTs’ addition in Bi-2223 and CuTl-1223
superconducting matrices were also explored [16, 17]. It
was observed that superconducting volume fraction and cell
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Fig. 1 XRD pattern of diamond nanoparticles. (In the insez, TEM
image of diamond nanoparticles is shown)

parameters were remained un-altered by addition of these
CNTs with small changes in grains size of host supercon-
ductors. CNTs’ addition suppressed the superconducting
transport properties of host matrices. The enhancement in
critical current density, irreversible field (Hjr), and flux pin-
ning ability of MgB, superconductor was observed with
the doping of different concentrations of nanosized dia-
mond [18]. The effect of carbon nanoparticles’ addition on
superconducting properties of MgB, superconductor was
also investigated [19]. Lattice parameters and critical tem-
perature were found to be decreased monotonically with
increase in doping level of carbon nanoparticles, while the
value of J. was observed to be enhanced.

In the present research article, we are presenting the
effect of DNPs addition in CuTl-1223 superconducting
matrix. The added nanoparticles were embedded at inter-
crystallite sites, which improved the inter-grain connectivity

due to which superconducting transition temperature of host
matrix was enhanced up to a certain optimum concentration
level of these nanoadditives. The nanoparticles dispersed
over inter-granular spaces may also improve the flux pin-
ning ability of superconducting matrix, which is beneficial
for high magnetic field applications of HTSCs.

2 Experimental Details

(DNPs),/CuTI-1223 nanoparticle-superconductor compos-
ites were synthesized by using two-step solid-state reaction
method. Initially, the powders of Cu(CN), Ca(NO3),, and
Ba(NOs3), were mixed in suitable ratios and ground in agate
motor and pestle for 2 h. Then the mixed material was
placed in quartz boats and fired in a pre-heated chamber fur-
nace at 860 °C for 24 h followed by furnace cooling to room
temperature. Same firing process was repeated with 1 h
intermediate grinding. After second firing, thallium oxide
(T103) and DNPs with different weight percent were mixed
into the precursor material and ground again for 1 h in order
to get homogenous mixture. The uniformly ground mixture
was pelletized under 3.8 tons/cm? pressure and sintered at
860 °C for 10 min, enclosed in gold capsules. The sintered
pellets were quenched to room temperature which yielded
(DNPs),./CuTI-1223 nanoparticle-superconductor composites.

The electrical dc resistivity of bar-shaped 1.2 x 1.0 x
4.0 mm?> samples were measured as a function of tempera-
ture (RT analysis) using four-probe technique. Phase purity
and crystal structure of synthesized material were deter-
mined by XRD (A = 1.54056 A, X-ray source; CuKe) anal-
ysis. The surface morphology and elemental composition

Fig. 2 XRD spectra of
(DNPs),/CuTl-1223
nanoparticle-superconductor
composites with x = 0, 0.25,
0.5, and 1.0 wt. %
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of synthesized samples were determined by scanning elec-
tron microscopy (SEM) and energy dispersive X-ray (EDX)
spectroscopy, respectively. To determine the mass density
of samples, their mass and volume were measured. The
mass and volume of each sample were measured by elec-
tronic balance with accuracy up to 0.001 g and by noting
the increase in volume of water contained by calibrated test
tube with insertion of sample inside water, respectively.

3 Results and Discussion

Figure 1 shows the XRD pattern of diamond nanoparticles
which were added to CuTl-1223 superconducting matrix.
The peaks of the pattern were indexed as (111) and (220)
planes at 260 = 43.6° and 74.9°, respectively, which con-
firmed face-centered cubic structure of diamond nanopar-
ticles [20]. The transmission electron microscopy (TEM)
image of diamond nanoparticles is presented in the inset of
Fig. 1. The average size of DNPs was 5 nm, which was
determined from TEM micrograph.

1(122
CuTI- (1223) % = 210223

Figure 2 shows XRD spectra of these composites with
x = 0, 0.25, 0.50, and 1.00 wt.%. The most of the XRD
peaks were well indexed according to the tetragonal struc-
ture of CuTl-1223 phase with P4/mmm symmetry. The
cell parameters were determined using computer software
named as check cell. XRD patterns revealed that crystal
structure of host CuTl-1223 matrix does not change with
the addition of diamond nanoparticles except small changes
in lattice parameters. Unchanged crystal structure of host
matrix with addition of nanoparticles shows that nanoparti-
cles had not become the part of the unit cell of host matrix.
So, in others words, it had been confirmed that nanoparti-
cles occupied the inter-granular spaces and pores [21, 22].
Some un-indexed peaks of very small intensities were also
observed in XRD spectra, which showed the existence of
impurity and secondary phases like CuTl-1223, CuTl-1212,
and CuTI-1234. Minimal change in lattice parameters may
be attributed to stresses and strains generated by nanoparti-
cles present at grain boundaries. Percentage volume fraction
of different phases of superconductor was calculated by
using equations as;

x 100%

S 1(1212)

S {1 (1223) + 1 (1212) + 1 (1234) + I (Unknown)}

CuTI- (1212) % =

(1234
CuTI- (1234) % = 21 (234

x 100%

S {1 (1223) + 1 (1212) + 1 (1234) + I (Unknown)}

x 100%

> I (Unknown)

S {1 (1223) + 1 (1212) + I (1234) + I (Unknown)}

x 100%

CuTl- (unknown) % =

D {1 (1223) + 1 (1212) + I (1234) + I (Unknown)}

where 1(1223), 1(1212), 1(1234), and I(unknown) are inten-
sities of phase CuTl-1223, CuTl-1212, CuTl-1224 and
unknown peaks, respectively. Percentage volume fraction of
different phases is shown in Table 1.

Figures 3 and 4 show the SEM and EDX micro-
graphs of (DNPs),/CuTI-1223 (x = 0, 0.25, 0.5, and
1.0 wt.%) nanoparticle-superconductor composites. SEM
images showed granular nature of synthesized composites.

These micrographs show that the porosity in host super-
conducting matrix is reduced with increasing concentration
of added nanoparticles, due to which inter-grain connectiv-
ity gets enhanced. SEM images also showed irregular and
inhomogeneous distribution of diamond nanoparticles over
inter-granular spaces of the composites. Similar results in
SEM measurements were observed by some other research
groups with inclusion of different nanostructures in cuprate

Table 1 The lattice parameters and percentage volume fraction of different phases of synthesized composites

(DNPs) Tetragonal unit Tetragonal unit % Volume fraction % Volume fraction % Volume fraction % Volume fraction
nanoparticle cell of CuTl-1223  cell of CuTl-1223  of CuTI-1223 of CuTI-1212 of CuTl-1224 of unknown
contents (x%) phase a (A) phase ¢ (A) phase phase phase phase

x=0 4.01 14.78 95.56 0.78 1.89 1.76

x =0.25 4.0 14.85 94.76 0.95 2.17 2.12

x=0.5 3.99 14.90 92.85 1.73 2.79 2.62

x=1.0 4.01 14.90 93.94 1.23 2.57 2.25
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Fig.3 a, b, a’, b/ The SEM
and EDX spectra of
(DNPs),/(CuTl-1223)
nanoparticle-superconductor
composites with x = 0 and
0.25 wt.%, respectively. (In the
inset, SEM images at 2 um
scale are shown)
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Fig. 4 ¢, d, ¢/, d/ The SEM
and EDX spectra of
(DNPs),/(CuTIl-1223)
nanoparticle-superconductor
composites with x = 0.5 and
1.0 wt.%, respectively. (In the
inset, SEM images at 2 ©m
scale are shown)
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Table 2 Elemental analysis by EDX of (DNPs),/CuTI-1223 composites with x = 0, 0.25, 0.5, and 1 wt.%
Elements x=0 x =0.25 wt.% x =0.5wt% x=1.0wt.%

KeV Mass% Atom% KeV Mass% Atom% KeV Mass% Atom% KeV Mass% Atom%
OK 0.535 27.61 54.97 0.535 25.39 54.42 0.535 26.09 52.42 0.540 19.92 45.72
CakK 3.695 8.87 9.94 3.695 9.26 10.78 3.695 7.61 8.54 3.702 8.98 9.93
CulL 0.952 24.36 26.27 0.952 25.41 24.88 0.952 25.63 28.08 0.960 29.98 20.32
BalL 4.484 35.70 8.28 4.484 34.30 8.45 4.488 33.88 8.93 4.492 23.12 19.12
TIM 2.325 3.46 0.54 2.325 5.36 0.82 2.318 6.04 0.95 2.315 16.95 2.76
CK - - - 0.25 0.28 0.65 0.25 0.52 1.08 0.25 1.05 2.15
Total 100 100 100 100 100 100 100 100

superconductors [23, 24]. The mass and atom weight
percent of different elements present in (DNPs),/CuTI-
1223 (x = 0, 0.25, 0.5, and 1.0 wt.%) nanoparticle-
superconductor composites were determined from EDX
analysis of composites and tabulated in Table 2. The suc-
cessful inclusion of DNPs is prominent from the entries of
the table.

RT measurements of (DNPs),/CuTI1-1223 (x = 0, 0.25,
0.5, and 1.0 wt.%) nanoparticle-superconductor composites
in temperature range of 75 to 260 K is shown in Fig. 5.
Figure 6 shows the variation in 7; (0) and 7; (onset) versus
nanoparticles’ concentration (x). Zero resistivity transition
temperature (7; (0)) of host CuTI-1223 superconducting
matrix was observed to be enhanced monotonically up to
certain optimum level of nanoparticles’ concentration, i.e.,
x = 0.5 wt.% followed by suppression. The enhancement
in Tt (0) can be attributed to the improvement in inter-grains

0.002 —"——my4—-- "+—-yr-—-—7—-v—-"-"T"T"7r—7
—=—x=0
e x=0.25wt. %
0.0020 x = 0.50 wt. %
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Fig. 5 Resistivity versus temperature measurements of (DNPs),/
CuTl-1223 nanoparticle-superconductor composites with x = 0, 0.25.
0.5, and 1.0 wt.%

connectivity by dispersion of nanoparticles at grain bound-
aries. The suppression in 7 (0) at x = 1 wt.% may be due
to the high number density of nanoparticles at inter-granular
spaces due to which scattering of charge carries takes place
which results in cooper pairs breaking [25, 26]. Onset transi-
tion temperature (7¢ (onset)) of host superconducting matrix
was observed to be decreased with the addition of DNPs,
which may be attributed to the enhanced rate of pairs break-
ing as compared with pairs formation due to scattering
across nanoparticles [27]. The holes concentration in super-
conducting material can be found by Persland’s equation
[28, 29];

P =0.16 — (1 — T,/ T™>)/82.6)!/?

T.™* is highest critical temperature of concerned supercon-
ducting family, which is 132 K in case of CuTI-1223 phase.
The calculated values of holes concentration, mass density
and AT, (T. (onset) —T; (0)) of (DNPs),/CuTI-1223; x =
0, 0.25, 0.50, and 1.0 wt.%) nanoparticle-superconductor
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Fig. 6 Variation of critical temperatures (7. (0) and 7t (onset)) ver-
sus (DNPs),/CuTI-1223 nanoparticle-superconductor composites with
x =0,0.25.0.5, and 1.0 wt.%
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Table 3 Superconducting parameters and mass densities of (DNPs),./
CuT1I-1223 nanoparticle-superconductor composites with x = 0, 0.25,
0.5, and 1 wt.%

DNP nanoparticle AT, (K) Hole Mass density
contents concentrations ( g/cm3)

0 23 0.1026 4.25

0.25 wt.% 17 0.1067 441

0.5 wt.% 07 0.1076 4.65

1.0 wt.% 21 0.1018 3.98

composites are tabulated in Table 3. Holes concentration
was found to be increased by increasing concentration of
DNPs, and it varied from 0.1018 to 0.1076. The highest
hole concentration was observed for the x = 0.5 wt.%
having a value of 0.1076, and this sample showed better
superconducting characteristics in comparison with others.

4 Conclusion

(DNPs),/CuTI-1223 nanoparticle-superconductor compos-
ites were prepared with the help of the two-step solid-state
reaction method. Tetragonal structure of CuTI-1223 super-
conducting phase remained unchanged after inclusion of
DNPs, which indicated the dispersion of DNPs at grain
boundaries. SEM micrographs of synthesized composites
show the reduced porosity and enhancement inter-grain con-
nectivity of host CuTl-1223 superconducting phase with the
addition of DNPs. T, (0) was increased with the addition
of these nanoparticles of up to 0.5 wt.% followed by sup-
pression. It can be concluded that addition of DNPs having
suitable size and concentration may be helpful in improving
the superconducting properties of cuprate high-temperature
superconductors.
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