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Abstract

Low anisotropic (Cug 5Tl s)BaCa;Cu;0195 (CuTl-1223) phase of Cuj5T1,Ba;CarCu30;,.
s [CuTH12(n-1)n]; n=1, 2, 3, ... high temperature superconducting (HTSC) family was
synthesized by solid-state reaction method. Nanoparticles (NPs) were prepared separately by
different technigues (i.c. co-precipitation, sol-gel, and colloidal solution methods). Different
kinds and sizes of NPs such as non-magnetic metallic (Ag, Au), non-magnetic metallic oxide
(Al;O3) and magnetic ferrite (CoFe;04) were added with different wt.% during the final sintering
process of CuTl-1223 superconducting matrix to get the required (NPs),/CuTl-1223
nanoparticles-superconducting composites. These composites were characterized by different
experimental techniques such as x-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), energy dispersive x-ray (EDX) spectroscopy,
resistivity versus temperature measurements, critical current density (J.) measurements, magnetic
ac-susceptibility measurements, Fourier transform infrared (FTIR) spectroscopy etc. The
experimental data were analyzed by different well established theoretical models such as
Aslamazov-Larkin (AL), Lawerence-Doniach (LD) and Maki-Thompson (MT) models. It was
observed that tetragonal structure and stoichiometry of the host CuTE1223 superconducting
phase remained unaltered afier the addition of these NPs, which indicates about the occupancy of
these NPs at the inter-granular spaces. Non-magnetic metallic NPs (Ag, Au) have improved the
superconducting transport properties (T, I, etc) up to certain optimum concentration of these
NPs in CuTl1-1223 matrix. The improvement in the superconducting properties can be attributed
to an increase in the inter-grains connectivity by healing up the inter-grains voids and pores after
the addition of these NPs. The improved inter-grains connections can facilitate the carriers
transport processes across the inter-crystallite sites due to their metallic nature. But the
superconducting volume fraction starts to be decreased after certain optimum inclusion level of
these non-magnetic non-superconducting metallic NPs, which causes the suppression of
superconductivity parameters. The effects of highly coercive cobalt ferrite (CoFexOs)
nanoparticles addition on superconducting properties of CuTl-1223 matrix were also explored.
The magnetic behavior of CoFerO4 nanoparticles was determined by MH-loops with the help of
superconducting quantum interference device (SQUID). The resistivity versus temperature
measurements showed an increase in T(0), which could be most probably due to improvement
of weak-links by the addition of these nanoparticles. The increase of mass density with

Xxvi




increasing content of these NPs can also be an evidence of filling up the voids in the matrix. But
the addition of these NPs beyond an optimum level caused the agglomeration and produced
additional stresses in material and suppressed the superconductivity. We observed non-
monotonic variation of superconducting properties after the inclusion of nano-ALO; particles,
which can be associated with inhomogeneous distribution of these NPs at the grain-boundaries in
CuTl-1223 matrix. But overall suppression of superconducting propertics was attributed to a
pair-breaking mechanism caused by reflection/scattering of carriers across these insulating nano-
AhLO; particles present at the grain-boundaries of the host CuTl-1223 matrix. The presence of
ALO; nanoparticles at the grain-boundaries possibly reduced the number of flux pinning centers,
which were present in the form of weak-links in pure CuTl-1223 superconducting matrix. The
suppression of activation energy {U (€V)} may be due to weak flux pinning in the rano-ALO;
particies added samples. The superconducting microscopic parameters (ic. zero temperature
coherence length along c-axis {E¢ (0)}, inter-layer coupling (J), inter-grain coupling (e) etc.)
deduced from fluctuation induced conductivity (FIC) analysis with the help of above mentioned
theoretical models explained the experimental findings very well. For example, the increase in
the values of inter-grain coupling (¢t) deduced from FIC analysis is a theoretical evidence of
improved inter-grain coupling in the host CuT}-1223 matrix with the increased contents of these
nanoparticles. We also calculated the activation emergy {U (eV)} of (NPs),/CuTl-1223
nanoparticles-superconducting composites. The increase in Te(0), J., U (V) etc and decrease in
normal state resistivity {psoo x (Q-cm)} were observed after the addition Ag, Au and CoFe;04
NPs in CuT}-1223 superconducting phase. The suppression of superconducting propertics (i.e.
TA0), k, U (eV) etc) after the addition of Al;0; nanoparticles in host CuTl-1233

superconducting mafrix was observed.
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Introduction and Literature Review

1.1 Discovery and Historical Development of Superconductors

The phenomenon of superconductivity was discovered over 100 years ago by Heike
Kamerlingh Onnes, in 1911[1]. He made the unexpected discovery that below 2 finite critical
temperature () of 4.2K, the electrical resistance of mercury falls to zero. Fig 1.1 shows the
experimental results of mercury and platinum. To be noted, platinum does not exhibit
superconducting behavior as designated by its finite resistivity as T,approachesOK . In 1913
Kamerlingh Onnes was awarded the Nobel Prize in Physics, for the study of matter at low
temperatures and the liquefaction of helium [2].
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Fig. 1.1: Plots of resistance versus temperature for  (a) mercury (b} platinum [2].

Discovery of superconductivity was announced in tantalum in 1928 with7 =4.4K ,
thorium in 1929 with 7, =14Kand Nbin 1930 with7, =9.2K. The period of 1930 was an

excruciating time of research on binary alloys. Various materials undergo a phase transition from
the metallic state to the superconducting (SC) one at different values of 7,’s. Conventional
metais have relatively lower T.'s (i.e T, <10) as shown in Table 1.1. The highest value of

T, 223 for conventional low temperature superconductors is observed in Nb,Ge compound [3].
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Table 1.1: The values of T¢’s in some conventional low temperature superconductors [3].

Material Al Ti Ga Hg In Pb
T. (K) 118 0.39 1.09 4.16 3.40 7.19

Material v Nb W V3Si Nb,Se | NbsGe
T. (K) 54 9.20 0.01 17.10 18.05 23.20

In1933, another property of superconductors was discovered, the Meissner effect, that is
now considered a defining feature of superconductors, Meissner and Ochsenfeld [4] found that a
superconductor in an applied field will exclude the magnetic flux from its interior, i.e. it becomes
a perfect diamagnet. Soon after Meissner’s effect, numerous other elements of the periodic table
were added to the list.

Fritz and Heinz London developed a phenomenological theory of superconductivity in
1935 [5]. Although the discovery of superconductivity was made in1911, it took over 50 years
to achieve a complete understanding of the microscopic mechanism. In1957, Bardeen, Cooper
and Schrieffer presented a theory of superconductivity in which electrons form Cooper pairs
through interactions of electrons and phonons.usually known as the BCS theory. BCS theory
explains well, the formation and flow of these pairs without scattering through the
superconducting material. However, BCS theory validity is limited for the materials having T, of

~30-40K[6]. In 1962 Brain D. Josephson prognosticated that the supercurrent could tunnel
between two superconductors dissevered by a thin (<2mm) insulating barrier [7]. Soon
afterward, Josephson's prognostications were proved correct, and today there exist an entire field
of contrivance physics predicated on the Josephson outcome. In early1986, J.G. Bednorz and
K.A Muller in the IBM Zurich laboratory gives indication for the superconductivity in an oxide
of lanthanum, barium, and copper at a temperature of about 30K and in the La, (Ba,Sr} CuO
compounds at about 35K [8]. This was an important jnnovation in superconduectivity, which
marked the origination of incipient era of high temperature superconductivity and it established
universal consideration in both the scientific community and the business world. Subsequently, it
was found that the critical temperature was elevated to 93K with the discovery of YBa,Cuz0,_5
(YBCO) by M. K. Wu and his research students in1987(9]. It was a first discovered
superconducting material above the boiling point of liquid nitrogen (i.e. 77 K). It was important
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superconducting material I, varies from 118K to 125K depending on the synthesis conditions
{10). Mercury (Hg)-based cuprate superconductor was discovered in1993 with T of 133K at
atmosphere pressure [11]. In 2000, a marginal increase in the transition temperature was detected
for fluorinated HgBa,Ca,Cu,0,,; (Hg—1223) sample (ie.T,=138K) [12]. After this
revelation, further efforts were undertaken to find cuprates with higher values of 7. A record T,
of 164K was acquired for HgBaCaCuO cuprates under 30 GPa pressure [13]. The history of the
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to kmow that liquid nitrogen was used as a refrigerant at that time. In 1988, Tl-based (
II,Ca,Ba,Cu,0.) was reported with maximum transition temperature of 125K. For this

development in T, of superconductors with year is shown in Fig. 1.2.
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Fig. 1.2: History of superconductors with T, versus year of discovery [14).
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1.2 Types of Superconductors
It could not be said that a pure metal with zero impurities when cooled up to absolute

zero will show zero resistance. However a superconducting material should show definite phase
transition on reaching 7,. A real superconductor must show Meissner effect, i.e. convert from
paramagnetic to diamagnetic form [15]. According to Alexei A. Abrikosv, there are two main
types of superconductors named as Type-I and Type-II superconductors, respectively [16).
1.21 Type-1 Superconductors

Type-I superconductor basically composed of metals and metalloids. The pure elements
are contained in this type excluding Niobium, Vanadivm and Technetium. These
superconductors show a quick response to the external magnetic fields applied to them and as a
result their superconducting state is suppressed at once just above H_ (critical magnetic ficld).

Above H, the magnetic flux penetrates the superconductor completely and the normal state is
restored. This means that snperconductivity can be destroyed (with a return to a normal state) not
only by increasing the temperature but also by either a large enough electric current /> or a
large enough magnetic field H > H_. The critical fieldH , at which superconductivity
disappears, is decreased with increasing temperature. Empirically it is established that the
temperature dependence of H, is well described by the formula [17];

HT)= O~ ) 1.1

The type-I superconductors are soft and display diamagnetic behavior. Their behavior is shown
in the Fig. 1.3 (a).
1.2.2 Type-1I Superconductors

In 1930, first time type-II group of superconductors was prepared with the alloy and
metallic compounds. Their response to applied magnetic fields is quite different from type-l
superconductors. These superconductors have two critical field values of applied field i.e H,,

and H ,, which are named as lower critical field and upper critical field, respectively. However
at H

el

the magnetic flux abruptly penetrates into sample and above H, the magnetization

consistently increases up to H_,. Above H,, the material behaves as normal superconductors

and shows no diamagnetism anymore [19, 20). Superconductors in which the mixed state exists

4
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in the intermediate region H , ,<H <H

[y 34

was called by Abrikosov [16] as type II

superconductors. In comparison, these are preferred over Type-I superconductors due to their
over tolerance to applied magnetic field ‘H’. Their behavior is also shown in the Fig. 1.3 (b).

'M(H)l (a)

Fig. 1.3: Type-I and type-II superconductors in applied magnetic field [18).

According to the Meissner effect, far inside the superconductor, the magnetic induction ‘B is
zero, while outside it B = H. The magnetic induction 5 and the magnetic field H are related to
cach other by the well-known expression B = H+ anM ; where M is the magnetization of the
supercond;ctor. From e¢lectrodynamics, the change in the internal energy of a system arising
from a small change in the magnetic induction at constant volume of the system is given by;

dU = TdS + =dB 12

where ‘S’ is the entropy density, ‘T’ is temperature and ‘H is the magnetic field.
Since the Helmholtz free energy density ‘F’ is not continuous at the critical magnetic fields,
while the Gibbs free energy density is continuous at critical magnetic fields. As we know that the
Gibbs free energy of a gas is G=U+PV -TS, where P and V are the pressure and volume of
the gas. Replacing P and V accordingly by ‘“ﬁ/% and B [21], we obtain the Gibbs free energy
of the superconductor

G¢=U~T8—(1 0B =F - (1/,,)HE 13
By using Eq. 1.2, the differential of the Gibbs frec energy is obtained as;

dG =-5dT - B 1.4

Type-I superconductors exhibit a complete Meissner effect up to the thermodynamic critical
magnetic field Hc, above which they become normal metals. When the magnetic field penetrates
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the surface layer of a type I superconductor, an induced current arises which, according to Lenz’s
law, generates a magnetic field in the direction opposite to that of the external field. At H < H,,
the magnetic flux lines are expelled completely from the interior of the superconductor. When
taking into account that B = 0 at H < H, and B = H at H > H,, by taking the integration of Eq.
1.4 at constant T, expression becomes;

1 H,
G(T)=G(T.0)—Z§LBdH

=G6(T,0~=(H -H?) for H>H 15

G(T\HY=6G(T,0) for H<H; 1.6

From the above expression, it is clear that G (T, H) is continuous at H = H,. Initially type-1I
superconductors expel all the magnetic field lines out and demonstrate the Meissner effect (i.c.,
B = 0 inside the superconductor). In the region Hyy < H > H,,, the magnetic induction B<H,
the normal and superconducting phases coexist. This region is known as the Abrikosov mixed
state {16].
1.3 Different Properties of Superconductors

Superconductivity is one of most unique and intriguing phenomena in nature. This
phenomenon was discovered first in simple metals and then in inter-metallic compounds. The 5C
behavior of these materials is closcly tied to their electrical, magnetic, thermal and other
properties, which are essentially different in the normal and SC states. A superconductor is a
material which can cary an electrical current without any resistance. Conventional
superconductors lose their resistivity at low enough temperatures and their normal state
resistance is restored as the temperature exceeds critical value “T,’. The SC behavior of simple

metals and alloys depends on other important parameters besides ‘T ’, namely, the critical
magnetic fields ( He, He and Hey) and the critical current density  (J,)’. Many of the properties
of conventional superconductors can be understood by standard Bardeen-Cooper-Schricffer
(BCS) theory [6], which assumes that the electrons responsible for superconductivity are paired
with antiparalle]l spins and the weak electron-phonon interaction binds ¢lectrons into the Cooper
pairs. The SC state of conventional superconductors has several characteristic properties.

6
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1.3.1 Electromagnetic Properties

The first characteristic feature of SC state is that the flow of the electronic current
electrons below T, is resistanceless, ie superfluid. Another fundamental property of
conventional superconductors is their ability to expel a magoetic field completely from their
interior below T,. The complete expulsion of the magnetic field lines from a superconductor is

called “Meissner effect” as shown in Fig. 1.4 [4].

T™=T¢c . - T<Tc

Fig. 1.4: Schematic diagram of Meissner effect [15].
It means that the superconductor exhibits perfect diamagnetiém and the magnetic
induction B inside the superconductor is zero.
The magnetic susceptibility for the superconducting material is given by

x:—-—l— 1.7

4rx

In the mixed state, the magnetic flux penetrates the superconductor in the form of a regular array

of flux lines which behaves as magnetic flux tubes, each carrying a flux gquantum “¢, = -zi ”.
e

The effect of magnetic flux quantization in units of ‘ ¢, > was predicted first by F. London [22]
and observed then experimentally by Deaver and Fairbank [23] and by Doll and Nabauer [24].
The SC currents circulate around the core of the normal tubular lines and the circulating currents
form Abrikosov’s vortices inside these tubes. The vortices quantized in units ofg,, form a
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peculiar vortex lattice similar to a crystal lattice. According to the Silsbee’s rule [25], the critical
current creating the critical magnetic field ¢ H_* around the SC wire is given by
I =2zr,H, 1.8
where 1y is the radius of the superconducting wire.
1.3.2 Thermal Properties
The most important and distinctive property of the SC state of conventional

superconductors is the behavior of their electronic specific heat C,below T, as shown in Fig.
1.5. The total specific heat * C, *of the superconductor at constant volume is defined as the sum
of the lattice and electronic specific heats. For the normal and SC states of simple metals, the
specific heat C,at T <« 6, may be expressed as '

Con = Con +7pT° 1.9

and . Cyo = Cos +7pT* ' 1.10

where C_and C_ are the electronic specific heats of the superconductor in the normal and SC
states, respectively.
A

Ce (a.u)

-

0 T

Fig. 1.5: Schematic diagram of the electronic specific heat capacity (C,) on temperature dependence of comventional
superconductors in the superconducting state (C,s) as well as in normal stats (Cep ) [3, 26).

The quantity of C,, can also be determined from the following relation
Cos — Con = Cys — Cipy 1.11
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The observed electronic part of specific heat €, for the SC state of some metals is
approximately proportional to T3 [26]. Whereas, the temperature dependence of C,; observed in
other superconductors (below “ T, °) is well described by the exponential law

CalD)=7, exp("%BTJ 112

where ¥, is the factor of proportionality, ‘A’ is an energy gap in the excitation spectrum of
superconductors. Note that the origin of the deviation of Cp(T) from the simple exponential law
still remains to be understood. This means that the ground and excited states of the
superconductor is scparated by ‘A’, However, over many years (i.c., before the appearance of a
new approach to superconductivity [27, 28]), the T3 temperature dependence of ,; in some
superconductors remained as rather poorly understood. Eliashberg supposed [29] that a small
additional term proportional to 72 enters into the expression for C,; and it is associated with the
possible lattice contribution to the difference °C,; — G, . It is unlikely that such a small
additional term in C,.(T) can provide a quantitative explanation for the T3-behavior of ., (T)
observed in several conventional superconductors.

L.3.3 Thermodynamics of Superconductors
Metals in the normal and SC states have not only different electrical conductivities but

also have different values of thermodynamic parameters. Since the normal and SC states of
metals represent different thermodynamical phase of matter. To evaluate the thermodynamics of
superconductors, we first of all consider the change of their magnetic properties at the transition
from the normal to the SC state. The free energy of the system in the external magnetic field is
given by
F=U-Ts 1.13

where U’ = U — MH, U is the internal energy of the superconductor at H = 0, § is the entropy.

A small change in energy U’ arising from a small change in the magnetic field at constant
volume of the system is given by,

dU’ = TdS — MdH 1.14
The differential of the free energy is given by,
dF = —SdT — MdH 1.15

At a fixed temperature, we have,
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F(T,H) = F(T,0) - |\ MdH 1.16
In the normal state of the superconductor, the free energy F, does not depend on H, so that
F,(T,H) = E,(T, 0). In the SC phase, the magnetization is given by M = ~H /4m.
Eq.1.16 transformed as;

E(T.H) = F(7,0) + L 1.17
The thermodynamic equations (1.16) and (1.17) can also be applied to the type II
superconductors, for which the value of H, characterizes any auxiliary quantity or average
critical magnetic field. Thus, this thermodynamical approach is very important to find
relationship between the magnetic and thermal properties of superconductors [30].
1.3.4 Isotope Effect

Superconductivity after its discovery in simple metals remained obscure and mysterious
phenomenon for a long time. Starting from the early 1950s, there have been great advances in
understanding many key features of conventional superconductors. In particular, theoretical
studies carried out by Frohlich in 1950 [31] led to the prediction of the important role of the
electron-phonon interaction in superconductivity. Frohlich predicted important property of the
superconductors, namely, the dependence of the SC transition temperature T, on the isotope
mass ‘M’ of the atomic nuclei of the superconductor. This so-called isotope effect was also
discovered experimentally in 1950 by Maxwell [32] and Reynolds [33]. It was found that the
mass of the isotopes is related with the SC transition temperature T, as follows

M™T, = constant 1.18
where o is the isotope effect exponent.

The isotope mass determines the frequency of lattice vibrations, w~M 72,
Experimentally, it was found that for most simple metals, @ = 0.5. Hence, it follows that
superconductivity in metals is caused by the electron-phonon interaction. This discovery of the
isotope effect allowed for the right starting point in developing a successful theory of
superconductivity, commonly known as the BCS theory in which superconductivity results from
the Cooper pairing mediated by the electron-phonon interaction. The BCS theory yields the
excellent result for the isotope effect exponent @ = 0.5 in conventional metals. But the observed
values of @ = 0 — 0.1 in transition metals (Ru, Os, Zr, U) are much smalter than the value of
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a = 0.5 or even negative o = —0.015 (for Ir) [34] and ¢ = —5 (for U) [35]. These features of
conventional superconductors cannot be understood in terms of the standard BCS theory.
1.3.5 Optical Properties

SC state of conventional superconductors is characterized by the existence of an energy
gap in thclr electronic spectrum and superconductivity can be destroyed by long-wave
irradiation. The presence of energy gap between the ground and excited states of
superconductors was conjectured first theoretically by F. London {34, 36)]. The determination for
the possibility of the destruction threshold of superconductivity by using the electromagnetic
radiation was already discussed in 1930s [34, 37]. At that time, the energy gap in the excitation
spectrum of superconductors was not observed experimentally due to absence of the appropriate
technique for absorption measurements of low frequency radiation. The possibility of absorption
measurements of electromagnetic radiation by superconductors in the region of the frequency
hvu~kyT, appeared only in the middle of the 1950s [38]. Glover and Tinkham [39] succeeded in
reaching the far-infrared region of the electromagnetic spectrum (i.c., the threshold of the low-
frequency electromagnetic radiation for destruction of superconductivity) and observed an
energy gap in the electronic spectrum of the superconductor. At the same time, Bardeen, Cooper,
and Schrieffer proposed a microscopic theory of superconductivity. The BCS theory accounted
for many of the experimental observations; in particular, the existence of the emergy gap
E; = 2A between the ground and excited states of electrons. According to this theory, the
electron-phonon interaction binds electrons into Cooper pairs and the binding energy of these
pairs is manifested as a gap in the excitation spectrum of superconductors. Later, many
experiments confirmed the presence of such a BCS energy gap in conventional superconductors.
For instance, the clear absorption edges were observed directly at frequencies corresponding to
the width of the energy gap in superconductors [40, 41]. Nevertheless, in-gap states and
precursor peaks beyond the absorption edges or above the gap structures [42] were also observed
in conventional superconductors. Apparently, such unusual features of these conventional
superconductors represent open questions waiting for an adequate physical explanation [28], by
going beyond the scope of the standard BCS theory. Amother more simple and informative
method of experimental detection of gap like features in superconductors is the measurement of
the tunnel current flowing across the superconductor-insulator-metal (or superconductor) contact

(Fig. 1.6).
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Fig. 1.6: The density of states as a function of energy (a) for current-voltage characteristics (b) for tunneling across
superconductor-oxide insulator-normal metal junction at T = { [42].

In 1960, Giaeyer observed [43] that the current voltage characteristics of sandwiches
consisting of a wpercondﬁctor and cither another superconductor or a normal metal, separated by
a thin oxide insulating layer, were nonlinear, and that the nonlinearity is indicative of the
existence of an energy gap in the excitation spectrum of the superconductor. At T = 0, the tunnel
current is equal to zero up to a threshold voltage V = Eg/Ze =8/, AtV > ﬁ/e, the tunnel current
appears due to the destruction of Cooper pairs and grows quickly approaching to the Ohmic
value with increasing voltage (Fig. 1.6b).

At T > 0, the weak tunnel current appears even at low voltage due to the thermal excitation of
some electrons from the states below &x — A to the states above g7 + A. The tunneling across
superconductor-oxide insulator-superconductor junction (Fig. 1.7) can be explained in analogous

manner.
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Fig. 1.7: The density of states as 2 fanction of energy (a) for the current-voltage characteristics (b} for tunncling
across superconductor-oxide insulator-superconductor junction at T # 0 [43].

1.4 Phepomenological Theories of Superconductivity
Many properties of superconductors described in previously can be understood in terms

of phenomenological theories of superfluidity and superconductivity, which are based on the
fundamental works of Landan, Gorter and Casimir, two brothers F. London and H. London,
Ginzburg and Landau, Pippard, Abrikosov, Saint-James and De Gennes and others [6, 44, 45].
Actually, the phenomenon of superconductivity discovered by Kamerlingh Onnes [1] is very
similar to superfluidity in liquid helium (*He), discovered by Kapitza [46]. These two remarkable
phenomena have one characteristic feature in common; the superconductivity is a frictionless
flow of charged clectrons through the crystal lattice, whereas the superfluidity is a frictionless
flow of helium atoms through thin capillaries. The successful phenomenological theory of
superfluidity was formulated by Landau [47], who derived the criterion for superfluidity. Any
quantum fluid including also electron fluid will be a superfluid when the fluid flow velocity does
not exceed some critical value determined by the Landau criterion. Therefore, superconductivity
can be explained as the superfluidity of the electron liquid in solids. In 1934, Gorter and Casimir
[48] proposed ‘two-fluid model’ in which the electron gas within the superconductor is viewed
as mixture of two fluids; one fluid behaves like 2 normal fluid and the second fluid is a
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sup&ﬂuid that carries the supercurrent. In 1935, F. London and H. London [49] derived their
famous equations using the two-fluid mode! and Maxwell’s equations. They gave an important
phenomenological description of superconductivity. London’s phenomenological theory was
later generalized by Ginzburg and Landau (GL) [50] and by Pippard [51], who introduced
independently the concept of a coherence length ‘E’, which is different from the London
penetration depth A, and characterizes the spatial change of the SC order parameter. The
starting point of the GL theory was the idea of the Landau’s theory of second order phase
transitions {without latent heat) and the introduction of the concept of a complex order parameter
“y’, which is allowed to vary in space. This theory provides a good phenomenological
description of superconductivity near the SC transition temperature ‘T.’. Further, the GL theory
was developed by Abrikosov [16] and by Saint-James and De Gennes [52], who predicted the
existence of the mixed state (or vortex state in the type-II superconductors) and the phenomena
of surface superconductivity, respectively. Abrikosov subdivided all superconductors into the
two classes called as the type-I and type-II superconductors, using his own phenomenological
theory and the concept of the surface energy of superconductors.
1.4.1 Two-Fluid Model

Long before the BCS theory [6], the most successful attempt to explain the known
properties of superconductors was the Two-Fluid Model. This model was developed by Gorter
and Casimir in 1934 [48]. In this mode] they assumed the conduction electrons were separated
into a superfluid electron group with electron density n,, and a normal electron group with an
electron density n,. The total electron density is n =n, + n,. For best explanation of the
thermal properties of superconductors, the fraction of ns/n, should be chosen to have the form,

Mef =1- [T/Tc]4 1.19
where T is the critical temperature.
1.4.2 Landau Criterion for Superfluidity
A quantum fluid flowing with velocity v < v, (where v, is the critical flow velocity of
the filuid) becomes superfluid. Landau formulated [47] that under the condition v < v, the
quantum fluid should flow as a superfluid without any friction and the superfluidity is destroyed
at v>7v,. For the processes which may lead to the destruction of superfluidity (or
superconductivity), consider an excitation-free superfluid flowing through a long tube (or crystal
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lattice) with velocity v relative to the immobile tube (or laboratory system of coordinates) at
T = 0 K. To go over into the system of reference in which the superfluid is at rest, the walls of
the tube are moving with respect to the superfluid with velocity —v. When the flow velocity of
the fluid approaches to v, the drag friction between the tube and the superfluid arises. Therefore,
the viscosity of the fluid will appear and the creation of an excitation in the superfluid becomes
possible. Suppose that a single excitation with energy £(p) and momentum p appeared in the
superfluid. Because of the recoil, the velocity of the tube is then changed and become equal to
—v. According to the principles of conservation of energy and momentum, one can write

M: le —L + £(p) 1.20
and
-MV = -MV; +p 1.21
where M is the mass of the tube.
Combining (1.20) and (1.21), we obtain,
Ep)+FT+ =0 1.22
from which it follows that,
e(p) + gV = £(p) + pvcosf <0 1.23
where @ is the angle between F and V.

The condition for the appearance of an excitation in the superfluid is written as
> @) 1.24
7
The minimum value of v at which an excitation can appear in the superfluid is equal to

v, = min |—== 50’) 1.25

If v < v,, the excitation cannot be appeared in the superfluid, which will flow through a tube or a
crystal lattice with any dissipation. Thus, the Landau criterion for superfluity is written as

v <v, =min %1] 1.26
The most extreme possible value of the function E(P)/p can be determined as:

pﬂ"l = ¢(p) 1.27
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These relations presented are also valid for T # 0. The Landau theory of superfluidity is based
on the excitation spectrum of liquid *He and the Eq. 1.27 has two solutions corresponding to
different regions of the spectrum. One solution corresponds to the origin and all points of the
phonon region of the spectrum, whereas the second solution cotresponds to the point near the
minimum in the roton region.

14.3 London Equation and Penetration Depth

Gorter and Casimir put forward the idea of “two-fluid model” in 1934 [48] and
developed the early phenomenological theory of superconductivity based on this model.
Maxwell’s equations cannot explain why the magnetic field B is zero inside the superconductor
(Meissner’s effect).

In order to understand the behavior of a superconductor in an external electromagnetic
field (the Meissner’s effect), F. London and H. London [49] using the Gorter-Casimir two-fluid
model postulated their new well-known equation:

B+ 75V =0 1.28
where m is the mass of an electron, n, is the local density of superconducting carriers and j is
the field-induced supercurrent density. This equation is referred to as the *Second London
equation’. This equation is commonly cited with the ‘First Londor equation’ as:

a . nge?
Ejs == E 1.29
where £ is the electnic field.
The thermodynamic properties of superconductors can be described by the following equations;
J = jn + js where j, = oE
1 4 —
m3+v>(}s—0 1.30

i . 1
)5 = RroAf E

where o is the conductance of the clectron. The variable A; is called the London penetration
depth (1, is in the order of 10 nm) and is given by:

L= [— 1.31

nonse?
However, London’s equations are only a phenomenological theory developed to explain some
experimental results. The estimated A; is much lesser than the experimental results for certain
conventional superconductors. To solve these discrepancies, in 1950 Pippard introduced non-
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local effects into the London equations. He introduced a coherence length ‘¢,” and the effective
coherence length ‘§’, which limit the spatial extent of some quantities like n;. From an
uncertainty-principle, Pippard estimated the coherence length to be;

_ hvp
fo=as T 1.32

where a is a constant with a length scale of one, kg is the Boltzmann constant, ¥ is the Fermi

velocity and 7 is the critical temperature. Another relation for & is:

1 1 1
= - 1.33
§ do +¢l

where @ is a constant of the order of unity. For a pure superconductor, { = §,.
In particular, Pippard’s theory yields the penetration depth:

1/2
A=A [{,l] when & « A 1.34

1=[Egu]”

when& » A 1.35
Table 1.2: The values of superconducting carrier density (n,) and London penetration depth (4;)
for some superconductingqmaterials [3]).
Metal Al Ga In Zn Cd Pb Sn
n, 10 cm™ | 1.542 | 0.267 | 0.298 | 0.460 | 0.209 | 0.521 | 0.525
1, (0), A 521 785 | 1140 | 723 | 990 | 1034 | 824
2P R [ 500 | - | 640 | — | 1300 | 390 | 510

1.44 Ginzburg-Landau (GL) Theory

The Ginzburg Landan theory basically correlated the superconductivity and mean field
theory of thermodynamics state. The most vigorous appearance is that it can be used up to
original mean field limit, so it introduced the effect of thermal fluctuation. This fluctuation is
mostly negligible in case of conventional low 7. superconductor. This theory helps to
describe type-I superconductors without going through microscopic details. The target of GL
theory is superconducting electrons rather than the excitation process. The GL theory explain
that the free energy of superconductors near superconducting transition can be determined in
terms of complicated order parameter (V). They further introduced that ‘W’ can be asserted
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with Gibbs free energy in the proximity of transition temperature. Equation that comparing all
parameters can be expressed as;

- 2 Bt o | L —ipy — 2, a0
F=E +al¥P+£ (9] + |2 (A7 - 2eA)¥| +2L 136

where @ and # treated as phenomenological parameters, F; is Gibbs free energy in normal phase,
e is charge of an electron, m is effective mass, A is magnetic vector potential and B is magnetic
field. By taking derivative of free energy to find the solution, one can get GL equations as:
al¥l + BIPI? + 5 (~ikV — 2eA)*¥ = 0 1.37
j =ZRe{W"(~ihV —2e4)¥} 1.38
where | is the electrical current density without any dissipation and Re shows the real part, while
Eq. 1.38 showed the relation for ‘¥ in the range of applied magnetic field [50, 53].
In the absence of magnetic field, the value of equilibrium is represented by (W), which tells that

an external magnetic field penetrates the surface of superconductor [50].

ThcratioK=%iscalledGLparametc’r,

where, -

- atd

0<K> 1/ Z for type-1 superconductors 1.39

and K> 1/ V3 for type-1I superconductors 1.40

1.4.5 Brief Description of BCS Theory of Superconductors

The idea about the BCS theory was given by John Bardeen, Leon Cooper and Robert
Schrieffer in 1957. This theory explains the electron pairing through electron-phonon interaction.
It is intrinsically theoretical picture of type-I superconductors. When electron passes through the
lattice, it distorts the structure. The second electron gets twist to pair with first ¢lectron to reduce
the energy of system. This coupling of electrons take place in lattice and these pairing electrons
are called Cooper pairs as shown in Fig. 1.8.
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Looper palr moving through latlice
Fig, 1.8: Schematic picture is showing pairing of electrons in deformed lattice [54].

Furthermore, this theory also reveals that only electrons near Fermi level take part in
Cooper pair formation. Here it is worth mentioning that pairs carry less energy than the band gap
energy. But once Cooper pairs energy exceeds band gap energy, Cooper pairs cease to exist,
which altimately destroys superconducting state [6, 54, 55].

1.5 Josephson Effect

A Josephson junction is made up of two superconductors which are separated by a thin
layer of a normal metal or insulating material. These coupling medium are known as SNS
junction and SIS junction respectively. '

In 1962, British Physicist Brain D. Josephson predicted that a zero-voltage supercurrent
could flow between two superconducting materials scparated by a thin tunnel barrier. The
junction between two superconductors is weak enough to allow a stight overlap of the electron
pair wave function of the two superconductors. Then the electron pairs can tunnel between the
close superconductors even without any applied potential difference. This effect was firstly
observed by Anderson and Rowell in 1964 [56, 57].
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Fig, 1.9: Josephson Effect
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The common behavior either in SIS or SNS junction can be expressed by Eq. 1.41 and
Eq. 1.42 given below;
I, =1 sin(Ap) 1.41

where [ is the critical current of the junction and ‘g = @, — ¢ — ﬂ‘ﬁ ff A.dl’ is gauge invariant

phase, where ‘A’ is the vector potential while ¢ and @jare the phases of superconducting
parameters. This is termed as the de-Josephson effect. If across the junction, a potential
difference “V” is applied then ¢ (time-evolving phase difference) becomes:

d(e)y =7/, 1.42

Between the two superconducting electrodes, flow of current will be kept constant without
applying voltage, which is known as the ac-Josephson current. From above both equations (Eqg.
1.41 and 1.42), if V (applied voltage) is constant, ¢ will linearly increase with time, which
shows I will oscillate with frequency; _

v=26V/ 1.43
This is known as ac-Josephson effect.
By combining Eq. 1.41 and 1.42, the coupling energy stored in a Josephson junction can be
integrated as;

E=(vdt=- Hl, cos(p) = E, cos(p) 1.4
4re
E = (Ygnle 145
Proximity effect and RSJ model

Cooper pairs in 2 SNS Josephson junction can diffuse into the normal metal from the

adjacent superconductors [58). Some superconducting properties are extended into the normal
metal across the boundary, which is called the proximity effect. A Josephson junction whose
coupling is established on the proximity effect is called a proximity-coupled junction.
The proximity effect enables the junction to have a larger gap distance between the
superconductors. Generally compared to a SIS tunnel junction a proximity-coupled SNS junction
has low resistance, nearly zero capacitance and a strongly temperature-dependent critical current.
The temperature dependence of the critical current of a SNS junction was derived by DeGennes
[59].
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T 2 A
Ic=ID(0)[1—}—] e =@ 1.46

where T, is the superconductor transition temperature, d is the gap size and £, is the temperature
dependent normal metal coherence length, a key parameter characterizing a proximity coupled

SNS junction. It describes the decay length scale of the order parameter in the normal metal. The
behavior of the coherence length shows two different formats depending on limit chosen to

describe the junction. If the junction is in the clean limit (mean free path /> &, ) then the * £ is
described as;

_ vy
f"_asz T 1.47

In the dirty limit (I « £ ), £, is given by DeGennes as;
& (M) =[ ! % 1.48

1272%k,T
where v is the Fermi velocity for the normal metal.

The realistic description of the Josephson junction is ‘ called the Resistively and
Capacitively Shunted Junction model, known as the RCSJ model [60]. RCSJ model may be the
most successful and widely used one to describe the dynamics of a Josephson Junction. Most of
the numerical simulation results have been verified by experiments. In addition to the
supercurrent [, a real Josephson junction may also carry the normal cwrrent “ 1.’ from the
resistance and the displacement current Ia due to the presence of junction capacitance. The
equivalent circuit of this model is illustrated in Fig. 1.10.

The RCSJ circuit is composed of three elements.

1) An ideal Josephson junction.

2) A capacitor which takes into account the capacitance of the Josephson junction. This element
is contributed by two metal surfaces of the junction, the effects of the barrier and any stray

capacitor from the substrate,
3) A resistor with the normal resistance of the junction ‘R’.
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Fig. 1.10: Equivalent circuit of the Resistively and Capacitively Shunted Junction model (RCSY model), the cross
indicstes the Josephson junction.

Since they are in parallel, according to Kirchhoff®s law, the total current in this circuit is the sum
of all the three;

av. v
I@)=1si C—+— 1.49
@)=1sin(@)+C—r+3

where the effect of thermal noise is neglected.

At finite temperatures, current from thermal noise also exists in the junction. However the result
from the above equation is good enough to describe the junction, considering finite temperature
effects only smear the results and do not alter any major results in qualitative way.

Using Eq. 1.42, the total current can be expressed in terms of the phase differences;

_ra hC d(@) h d(@)
I{t)=1_ sin(g) + ime df’ + o 1.50

To obtain Eq. 1.50, there are two assumptions; R is independent of V & ¢, while I is

independent of V. By introducing the dimensionless parameters [61, 62] 7 =@, and

4rel

@, = —= 1.51
? hC
Q=w,RC 1.52
Eq. 1.50 becomes as;
I d’(p)  1d(e)
o2 + +— 1.53
T LA = R
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where @, is called plasma frequency of the junction and Q is the qualify factor. Eq. 1.50 is also
an equation of the motion for a ‘particle” with mass A, =(%e)2Cmoving along ¢ axis in a
potential;

V(o)=~E,Costp)-1"1 Jo 1.54
where E,is coupling energy in Eq. 1.45. V(@) is also called the tilt washboard potential.
The motion of this “particle” can be classified as “underdamped” or “overdamped” depending on
the value of C. When C is small and @ <« 1(overdamped), this equation is equivalent to the
equation of motion for a forced pendulum if the capacitance is chosen to be zero. The RSJ model
is best choice for overdamped junctions. In contrast, for a finite capacitance Q> 1(C is large),
the motion is underddamped, like the SIS junction. In simplest case, if the capacitance is

neglected, the RCSY model is reduced to RSJ model (Resistively Shunted Junction model).

1.5.1 DC Josephson Effect
Josephson effect is mainly divided into AC and DC Josephson effects based on the

change in phase difference “ ¢ ”, where the @ changes with respect to time. The Josephson effect
in which phase difference @ remains constant and also voltage is zero across the junction is
known as DC Josephson effect. In this effect the critical current density is always greater than
the Josephson current density [63], such as;

V=0, p(®)=constanz, I =1 (p), and [ <1, 1.55
In DC Josephson effect, an extremely small current flows through the Josephson junction with
no dissipation. When such a small current flows through a Josephson junction, voltage generated
across the junction is zero that’s why current remains sufficiently small and the self generated
magnetic field is neglected. One of the important characteristic of Josephson junction includes
phase gradient, the difference in phase across the junction is given by

P=0,~@ 1.56

Where g, is the wave function phase in the first and ¢, is the wave function phase in the second
superconductor. The relationship between I, I, and phase difference ¢ is already given in the
above Eq. 1.41,
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Fig. 1.11: DC Josephson circuit.

1.5.2 AC Josephson Effect
When there is change in the phase of wave function with respect to time, the Josephson

effect is considered as the AC Josephson effect. Initially 7 is less than [_through the junction. If
the external current applied to the junction through an external source becomes greater than the
critical value of current I, voltage is gencrated across the jﬁnction. This quantum mechanical
behavior in the system is demonstrated by Schrddinger wave equation such as

ihﬂ =HY¥ 1.57
ot

In the above equation H represents the Hamiltonian of quantum mechanical system, ¥’
is stationary state wave function, fulfill the equation;
HY =E¥ 1.58
where Erepresents the energy of the state, also W =¥.2” where ¥ is time dependent wave-
function then we get;

a0
-h—=E 1.59
. ot -

In superconductor, energics of the Cooper pair on the both side of the junction due to the voltage
“‘V’ present across the junction are E, and E, which related as;
E -E,=2eV 1.60

24



Chapter 1 Introduction and Literature Review

where 2eV energy is due to charge of two elecirons, while another fundamental equation of

Josephson [64] is given as;
2eV = hai 1.61
ot
SI S
J

‘!’

l
Battery

Fig. 1.12: AC Josephson effect
1.5.3 Some Examples of Josephson Junctions

A possible arrangement that yields a weakly coupled contact (Josephson junction)
between two superconductors is shown in Fig. 1.13 (a-c).

Fig. 1.13(a) shows a junction, which consists of two superconducting thin films separated
by an insulating oxide film. This insulating layer is an oxide of one of the superconductors and
may be intentionally created or simply be the natural oxide film, which exists on the surface of
most of the metals exposed to the atmosphere. In this type of junction, the two superconductors
are coupled by tunnelling process (tunnelling of Cooper pairs).

Fig. 1.13(b) is essentially two pieces of superconductors connected by a very small
bridge with dimensions of the order of a coherence length. It is usually an evaporated thin film,
with the bridge formed by evaporating through an appropriate mask or by photo-etch techniques.
The mechanism by which two superconductors are coupled is not simply Cooper-pair tunnelling.

Fig. 1.13(c) shows a point contact junction. It is simply a small area contact between a
micro-size sharp point on one piece of superconductor and another piece of superconductor. It
may be of particular interest, because it is extremely ¢asy to fabricate, It can behave like a weak-
link or tunnel junction, depending on the contact pressure and the nature of oxide films on the
superconductors at the contact (critical current can be adjusted by varying applied pressure) [65].
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Fig. 1.13: Some Josephson junctions (a) thin film tunne] junction, (b) thin film weak-link, (c) a point contact [66).
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1.6 Structures and Physical Properties of Cuprates Superconductors

The discovery of HISCs gave paradigm shift to the study of the phenomencn of
superconductivity. K. Alex Muller and George Bednorz shared noble prize for their important
contribution of introducing ceramic materials [2]. Latest research showed that many compounds
of copper and oxygen (cuprates) have HTSC properties, and the expression of high-temperature
superconductor is being used interchangeably with cuprate superconductor for compounds, like,
yttrium barium copper oxide (YBCO) and bismuth strontium calcium copper oxide (BSCCO)
167]. Similarly, thallium-based, copper-based, copper-thallium-based and iron-based
superconductors are well-known for high 7.

High temperature superconductor has a chemical formula which is rather difficult and
lengthy. A four-digit scheme was developed to shorten the chemical formula. It states that, the
number of insulating layers among adjacent conducting blocks is represented by first digit. The
number of spacing layers among similar Cu0,blocks is represented by second digit. The number
of layers that split adjacent Cu0, planes inside the conducting block is represented by third digit
and the number of Cu0; planes inside a conducting block is represented by fourth digit [68].

The structure of cuprate superconductors is normally associated to perovskite structure

[69]. The morphological study shows that there are charge blocks and superconducting blocks
in almost all HTSCs. The superconducting block is usually sandwiched between two charge
blocks. This block gives path to conducting electrons while charge blocks act as a charge
reservoir. The structure of HTSC consists of (n =1,2,3,...)Cu0;layers. These layers are
placed on each other with Ca layer in between them [70-72]. The increasing number of
Cu0, layers increases probability for the higher T,. This arrangement is basically responsible
for greater anisotropy. The Cu-based superconductors (CBSs) family contains Cu0; plane as 2
common ¢lement, shown in Fig. 1.14 [73-75].

Microscopic study reveals that ceramic compounds are not uniform but a chain of linked
grains, which disturbs the flow of current. In the development of crystal it is observed that all
the impurities are collected at grain boundaries, which cause blockage to the current [76].
Additionally, the angle between grains also hinders the flow of super-current. The high-T
superconductivity mechanism is probably the most crucial issue in the condensed-matter
science during the last three decades. Even now, scientists are struggling for elucidating the
mechanism (77, 78).
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Fig. 1.14: Bonding structure of Cu0 layer in superconductors [73-75].

From an antiferromagnetic insulator La,Cu0,, the first family of high-temperature
superconductor was derived. When the material of this family was doped with holes (creating
trivalent Cu species by the substitution of La*?® with divalent Sr*2 or by inserting excess
oxygen) transformed to superconducting material. The structure of La;Cu0, at the temperature
of 300 K is orthothombic, which converts to tetragonal at the temperatures higher than 300 K.
While the structure of La,_, 57, Cu0,(LSCO) is tetragonal at temperature of 300 K and converts
to orthorhombic at 180 K, well above the transition temperature of superconductivity. The next
homologue of LSCO family under high oxygen pressure with two CuO, planes is
(La, Sr)CaCuy 0 having superconducting critical temperature (T.) of 90 K.

YBa,Cu;0;-5 and other 123 cuprates with orthorhombic structure exhibit
superconductivity with critical temperature (T.) of 90K [79). The structure and
superconductivity of these materials are very senmsitive to oxygen stoichiometry.
Thermodynamically, YBa,Cu;0;_; is not stable but YBa,Cu,0; synthesized under high
oxygen pressure having T. of 80 K is more stable [80]. Also the superconducting phase
Y,Ba,Cu;0.5(Y — 247) was also prepared under 1 atm of oxygen pressure with T, of 90 K [81-
83].

The bismuth-based system has three superconducting phases Bi — 2201, Bi — 2212 and
Bi — 2223 with general formula Bi,SryCa,_; Cu, 0442445 = 1,2 and 3). These numbering
systems are showing number of atoms for Bi,Sr,Ca and Cu respectively [84]. The unit cell of
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these phases has double Bi—O planes, which are arranged in such a way that the Bi atom of one
plane is placed below the oxygen atom of the successive planes. In between the Cu0; layers,
there is Ca atom layer, but Ca layer is missing in the Bi — 2201 phase. Furthermore, these
phases are different from one another in the strength of Cu0, planes. Fig. 1.15 represents
schematic diagram of the structure of three typical cuprates; Lay.,Sr,Cu0,(LSCO),
Bi,SryCap_; Cuy 0442945 (BSCCO) and Y Baz Cuz 075 [73-75).
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Fig. 1.15; Schematic = diagram  of  fypical superconductors;  Lap_, St Cu0, (LSCO)[73],
Biy(St, Ca, Lny Cup 05)(BSCCO) [74), and YBa,Cuz 055 (YBCO) [75] (from left to right).
The HgBa,Ca,_1Cu, 02,425 (Hg -based) family of HTSCs has been considered as to

be the most interesting among high T, superconductors [85-96]. The members of this family
have tetragonal structure with space group P4/mmm and lattice parameters a = 3.88 Aandc=
9.5+3.2(n-1) A [93-96]. Since the discovery of this (Hg-based) superconductor, its structural and
physical properties have been investigated extensively. HgBa,Ca;Cu305.,.5(Hg — 1223) phase
has gained much attention due to its highest T, of 135.4 K under ambient pressure [98] and 164
K under high pressure of 30 GPa [95, 98, 99]. The pressure dependence of T, was studied for
each Hg-based compound. The values of T, at high pressure (i.e 40 GP) are 118, 154 and 164 K
for Hg — 1201, Hg — 1212 and Hg — 1223, respectively [98]. Fig. 1.16 shows the crystal
structure of Hg-1234 superconductor.
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Fig. 1.16: Crystal structure of Hg-1234 [100].

In 1988, Sheng and Hermann discovered Tl-based HTSCs family [101-103]. These
cuprates HTSCs are thought to be very promising due to their higher zero resistivity critical
temperature T.(0), higher critical current density °J.’ and lower superconducting anisotropy.
After this discovery, many new phases of Tl Ba;Ca,—1Cttn Oy (m=1—-2andn=1-5)
family have been discovered [104-108]. Different compounds of this family contain different
number of CuO,planes. The movo-layered Ti-based HTSCs includes TlBa;Ca;Cu,0,,
TIBa,Ca,Cu309, TIBa,Ca3Cu, 0,4, and TIBa;Ca,Cus0y3 phases, which can be denoted as
Tt - 1212, Tl = 1223, Tl — 1234 and T — 1245 having 7, around 103,123,112, and 107 X,
respectively [109-114], Unit cell structures of all mono-layered HTSCs compounds are also
tetragonal following P4/mmm symmetry. These mono-layered superconducting compounds
have got attraction due to their higher T, (0), higher J,, higher irreversibility field (I~ ) and
lower superconducting anisotropy (7 =£,,/£,) es compared to their counterpart in bi-layered
compounds [112-114].

Also in mono layered TI-based superconducting compounds critical temperature is linked
with number of Cu0, conducting planes. In Tl BazCay—1Cup 0z, for n > 3, T, decreases,
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which means TI — 1223 is most important because of higher superconducting and flux pinning
properties [115-120]. Fig. 1.17 shows-the crystal structure of mono-layered Tl-based HTSCs.
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Fig. 1.17: Crystallographic cells of T, Ba,Ca,_1 €1, 0oy oqwith (m = 1and n = 1 —5) [121, 122].

Some compounds in Tl-based high HZSCshave double TI0 layers in which
Tl,Ba;Cuy O, Tl,Ba,Ca;Cuy0g, Tl,Ba;Ca;Cusy 04y, Tl Ba;CayCus0y; and
Tl,Ba,Ca,Cug0,4 are important phases, which can be represented as Tl — 2202, Tl — 2212,
TI—2223, Ti=-2224 and Tl—2245 having T, about 95,118,127,112, and 105K
respectively. Unit cell structures of all above mentioned compounds are tetragonal following
P4/mmm symmetry. General expression to represent these compounds is TI—22(n = 1)n,
where “n’ is representing the number of Cu0, conducting planes.

Cu-based CuBa,Ca,_1Cupn0speq (n =1,2,3,...) HTSCs family is more important due
to its fascinating superconducting properties. General expression to represent compounds of this
family is Cu — 12 (n — 1)n, where n is representing the number of Cu0, conducting planes. All
the members of this family have the tetragonal structure following P4/mmm symmetry, same as
T! — 12 (n — 1)n, but superconducting properties of Cu-based HTSCs family is higher than T}-
based family [123-129]. Fig. 1.18 shows the crystal structure of Cu — 1223 and Cu — 1234
HTSCs.
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Fig. 1.18; Crystal structure of Cu — 1223 and Cu — 1234 [129].

Charge reservoir layer of Cu-based HTSCs family (CuBa;0,,45) contain copper, which
is a high quality conductor, Conducting charge reservoir layer of this family make it least
anisotropic as compared to Tl-based HTSCs family. Among all the members of Cu-based
HTSCs family, highest critical temperature was achieved for Cu — 1223 having three Cu0,
conducting planes. As stronger inter-plane coupling between Cu0, conducting planes decreases
the anisotropy in HTSCs and improve their superconducting propertics, so any HTSC material
with strong inter-plane coupling will be very suitable from the applications point of view.

Higher transition temperature, low superconducting anisotropy and long coherence length
along ¢- axis are the reasons for CuT7 -based HISCs family to be one of the most alluring family
among the other HTSCs families [15, 130). Amongst the Cu -based superconductor families, the

Cu—1223 superconductor has the highest critical temperature 120K [109]. Anisotropy y =§?‘”

c
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is defined as the ratio of ab-plane coherence length (£, ) to c-axis coherence length (£, ). This
compound has least anisotropy (¥ =1.6)and long c-axis coherence length [131]. CuTl-based
superconductors can be obtained by partial substitution of *77' in the charge reservoir layer of
Cu -based * CuBa,Ca, ,,Cut, 05,5, [City,. 1,,] " superconductors where n=1,2,3....., [132). It is
not simple to synthesize this eompound at ambient pressure. Superconducting phases can be
synthesized effortlessly through fractional substitution of '77' in the charge reservoir layer of
Cu-based superconductor [133]. In this process'T!' acts as reaction accelerator and structure
stabilizer. These compounds have superconducting characteristics very close to Cuy, ), and
could be equipped under low and high pressure [129]). By post-annealing and substitution of

diverse cations, superconducting properties of these compounds can be improved. It is important
to have the replacement of impurities in the H7SC material for different applications. Fig.1.19

shows the unit cell of CuZ?—1223 superconductor in which Cx,_. 77, Ba,0,_; is a charge reservoir
layer and three CuO, planes, separated by two ‘ Ca * atoms. |

CuaTl1-1223

Fig. 1.19: Crystal structure of CuTI-1223 [129].
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The Cu0, planes in contact with Cu,__ T/ Ba,0,_; charge reservoir layer is known as “ p
* planes. The central plane or s -plane is sandwiched between p -planes, which is connected by *

Ca’ atoms with the outer planes. Normally, s -planes are optimally doped whereas p - planes
are over doped. The p -planes act as bridge to provide carriers from charge reservoir to s-plane

[129, 133). The O; atom or O; is the central oxygen of Cu,_ I7 Ba,0, ; charge reservoir layer.

1.7 Role of Impurities in Superconductivity

In a superconducting material, the grain and grain boundaries, inhomogenecties in the
structure and twinning planes scatter conducting carriers; hence order parameters are affected by
these irregularities [134]. Here our focus is on one type of imperfection i.e., the impurity atom or
the atomic defect.

The pair-breaking effects by magnetic and nonmagnetic impurities have been discussed
in this section. The nonmagnetic impurity effects depend strongly on the gap symmetry while the
magnetic impurities suppress superconductivity independent of the gap symmetry.

(®  Nonmagnetic Impurities
The nonmagnetic impurity (NMI) like Zn, suppresses ‘7.’ according to the equation
[135-137),

T _ (l .ﬂ_) e

In T = Qe >+5 qo(z)] 1.62

where ¢(x) represents the digamma function. Mathematically, the digamma function can be
given as the logarithmic derivative of the gamma function [136]

P(x) = — lnI‘(x) ';((’)1 1.63
Integral form can be represented as;
o o=%
o) = J (‘"7— — e_;)dt 1.64
where p is
=2 1.65
= amigto :

and the gap anisoiropy ({) can be defined as;

_ o _ 809y
a=1- 0 1.6
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For an isotropic SC gap, for s-wave, {} = 0, while for an anisotropic gap & = 1 like d-wave and
s-wave.

From Eq. 1.62, the nonmagnetic impurity effect vanishes for the isotropic s-wave
superconductors, since ) = 0. This is known as the Anderson’s theorem; the introduction of
isoelectronic NMI does not break pairing of electrons for an isotropic SC gap but does for an
anisotropic gap [138). Thus, the NMI effect on SC is quite useful to judge the gap symmetry.
According to the BCS theory, T, is related to the Debye frequency ‘wp’ and density of states
‘D(E;)’ by the equation,

K,T ~1.14ka, exp[D(;)V) 1.67
!

Thus if the inclusion of NMI affects D(Ey) (due to the carrier doping) or wp, T, will
change even in the isotropic s-wave superconductor. For anisotropic superconductors, since
Q2 % 0, T, will be suppressed by NMI. At a low impurity concentration with u « 1, the Eq. 1.62
will be transformed as; )

. nh
T.=To1—-0 T 1.68

It is clear from the above equation that the suppression of T, is proportional to the impurity
concentration. For higher concentration with g > 1, Eq. 1.62 will become as:

ks? i
T. =Teo [A(O)—h—- 1-a 1.69

Thus, T, will not be suppressed completely to zero unless & = 1 [139].

(i) Magnetic Impurities

The magnetic impurity like Ni, Co etc introduces additional exchange interaction causing
scattering, so, T, will be suppressed even in isotropic s-wave superconductors as;

Teo _ (.1 BmY _ (1
In T~ 4 Pl go(z) 1.70
Above equation (Eq. 1.70) has the same form as Eq. 1.62 for the anisotropic superconductors;
h
Hm = FrkgTe 17

The T, suppression is two times greater than the value in Eq. 1.64.
Eq. 1.70 can also be expressed as [137]:
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In2 =g (3+01452) - oG 172

T, e T
where, a is the pair-breaking parameter which is defined as 1/; , and a, is the pair-breaking
parameter when superconductivity is completely suppressed. This ‘@’ is very important to judge
the symmetry of the order parameter.
@iii) Pair-breaking Study in Cuprates Superconductors

The Zn substitution for Cu has been carried out for the cuprate superconductors such as
YBa,Cus0,_s [134,140-142), (La,Sr),Cu0, [132,143-145]), (Nd,Ce);Cu0, [134]), and
Bi,Sr>CaCu, 0g [134,146-148). The Zn atoms act as strong scattering centers and surprisingly
suppress superconductivity due to the d-wave anisotropic gap symmetry of the cuprates
[134,140-148]. Fig. 1.20 shows the impurity content dependence of 7. in the
YBa,Cu;_. M, 0;_; superconductor [142], where M is Fe, Co, Ni, Al and Zn. The magnetic and
nonmagnetic impurities bave similar 7, suppression effects due to the anmisotropic order
parameter of YBa, Cuz0,_5.

100
8=~
[N Q
80 \, \
' N e M=aL
60| \ \\\ \\<
Tc('qm M-zn7 5\\ 0\'
M=Ni \ "M=Fe
20} /\\ N
M=Co \ N\
o 1 ] [ ] \é_ \_‘_
0 01 02 03 04 05
X In YBo,Cug 4,075

Fig. 1.20: The variation of T, as a function of impurity content *x’ in ¥ Ba, Cuz_, M, 0,5 superconductor [142].
The substitution effects of Co,Ni, and Zn on T, in the (La,Sr),Cu0, and
(Nd, Ce), Cu0,systems are shown in Fig. 1.21 [144]. The substitution of Zn suppresses T, more
slowly in the Nd-system than in the La-system suggesting that the disorder produced by Zn is
less pronounced in the Nd-system. In contrast, the magnetic impurities of Co and Ni depress T,

36




Chapter 1 Introduction and Literature Review
L e e e e e mS—

more dramatically in the Nd-system than in the La-system, indicating that the magnetic pair-
breaking effect is stronger in the Nd-system.

30
Lay 45S70.45C01., M0,  (a) Nd, 45Ceo,(5Cu,, M0,  (b)
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Fig, 1.21 The variation of 7, versus the impurity content x in (a) (La, 5r), Cu0, and (b) (Nd, Ce),Cul,series [144).

1.8 Grain Boundaries (GB) and Their Role in Superconductivity

There are numerous applications of HTSC materials, where the grain-boundaries (GBs)
play an important role like electronic circuits, sensors, superconducting quantum interference
devices (SQUIDs) and power cables. Especially, the critical current density J. is influenced by
the GBs in a complex manner. Polycrystalline HTS samples have typical Je values of a few
hundred A/cm? at 4.2 K, while single crystalline samples have values in the range of MA/cm®, A
GB introduces structural disorder that in the case of HTS materials strongly affects the order
parameter in the region of the boundary. Considering the degree of connectivity, it can be
distinguished between low-angle GBs having strong coupling between the grains, and high-angle
GBs with a weak coupling. Transmission electron microscopy (TEM) investigations reveal that
low-angle GBs consist of an array of uniformly spaced dislocations produced to accommodate
the mismatch between adjacent grains [149, 150]. Fig. 1.22 shows schematically such a low-
angle prain boundary. For small misorientation angles &, the dislocations are separated by
channels of a nearly undisturbed lattice.In the standard GB theory, the distance 4 between the
dislocation cores is given by Frank’s formula,
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4
d= sin &

where |3| is the magnitude of the Burgers vector b [151].

Iby

x
Fig, 1.22: Chain of edge dislocations which form a symmetric low-angle grain boundary in the y — z plane [151].

The distance between dislocation cores reduces with increasing GB angle, with the result
that for misorientation angles of approximately 10° the dislocation cores overlap leading to an
area with high structural disorder and a reduced order parameter [150, 152]. These GBs are
named high-angle GBs and present typical Josephson junction characteristics.

GBs are usually classified according to the misorientation and rotation of the adjacent
grains. Fig. 1.23 presents the three different types of GB geometry. In the [001] tilt boundary
Fig. 1.23 (a), the c-axis are perpendicular to the plane of the film so that the CuO; planes in the
adjacent grains are parallel to each other. The angle ¢ between the principal in-plane directions
defines the misorientation (tilt) angle. In Fig. 1.23 (b), the c-axis of the adjacent grains are
misaligned by an angle ‘@’ in a plane normal to the grain boundary plane; this misorientation
produces a [100] tilt boundary.

(a)

A A
joot1} [oo1)

L)

Fig. 1.23: Sketches showing the crystallography (a) [001] tilt boundary (b) [100] tilt boundary (c) [010] twist
boundary [152].
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In Fig. 1.23 (c), the misorientation angle y between the c-axis is in a plane parallel to the
boundary. In the latter case, the ‘@’ {or ‘b’) axes are normal to the boundary plane so that a [010]
twist boundary is formed. GBs with identical misorientations of the grains with respect fo the
boundary are called symmetric, otherwise they are asymmetric. For a detailed investigation of
GBs and their transport properties, they can be produced artificially by growing epitaxially HTS
films on bicrystal substrates, which consist of two crystals with different crystallographic
orientations that are fused together [152).

Josephson junctions are very semsitive devices to examine SC state, GB is of great
interest among these junctions, because it exhibits reasonably phase sensitive behavior for the
superconductors with anisotropic SC gap [153). The general behavior of GB and recent
development of GB in HTSCs are discussed below:

Since it is very difficult to fabricate a perfect single crystalline sample, GBs are usually
present in a superconducting specimen, and they thus form a three-dimensional (3-D) network
across which any long-range transport has to occur. As carly discussed that both HTSCs of
cuprates and Fe-baesd superconductors (FBSCs) have two-dimensional (2-D) structures, in
which superconductivity occurs primarily on specific atomic planes, namely, in the Cu =0
plane in thelcuprates and the Fe — As plane in FBSCs[153-156). The GBs engineering is a
critical matter in developing practical superconducting tapes as well wires, because SC
properties mainly depend on 855 (the misorientation angle) at GBs.

The low carrier densities, unconventional pairing symmetry, short coherence lengths and
large screening lengths are common characteristics for cuprates and FBSCs, and they suppressed
superconductivity at GBs effectively through different mechanisms. The most significant effects
can be summarized as [153]:

1) Strains at GB dislocation cores, which can be converted into current-blocking regions.

2) Space charges created due to nonlinear elastic deformations or charged dislocation

cores at the GB.

3) Impurity segregations induced by the electric field and strain at the GB.

4) Competing current-blocking AF phase induced at the GBs by charge, strain and

impurity effects.

5) GB shows relatively phase sensitive behavior for the anisotropic SC gap.
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Hu and his colleagues [157] have calculated the J (T of Josephson tunneling for YBCO
superconductors, by applying different cases such as s-statc, d-state, mixed § + id state, as shown
in Fig. 1.24. By comparing with the experimental data, the mixed 5+ id state with a dominant d-
wave component and a very small s-wave component seems more likely for the GB junction and
also for the YBCO -based heterojunction.

Generally, to understand the behavior of a bulk polycrystalline sample, it is very
important to get information about the interfaces among the grains [153]. However, it is rather
challenging to elucidate the SC properties near the interfaces form the results of a polycrystalline
sample, due to the complexity, The bicrystal technique is often used to unveil the basic
properties of the interface. Bicrystal experiments readily yielded several intriguing results on
various superconductors, especially for the cuprates [158]. GB can be an excellent Josephson
junction, which is easy to be fabricated and sometimes successfully applied to devices. In
particular, bicrystalline (or multi-crystalline) junctions have been found to be very useful for
illuminating the basic nature of the superconductivity.
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Fig. 1.24: Temperature dependence of Josephson critical current density [ (T)/J.(0), for different symmetries of
order-parameter such as 5-wave (dotted line), d-wave (dashed line) and s + id (solid line) [157). Experimental data
collected in YBCO /metal/ YBCO SNS step junctions (open diamonds) [159] and (open triangles) [ 160}, as well as on
YBCO GB junction (filled dots) [161].
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Fig. 1.25 represents an exploration of spontaneous generation of half-flux magnetic
quanta, created by rings structured in tricrystalline and tetracrystalline epitaxial films by using
scanning SQUID microscopy, provided clear evidence of dominating dx? — y? order-parameter
symmetry in the cuprates. The inner diameter and width of the rings are 48 mm and 10 mm,
respectively. Lower half of the figure shows that middle ring is centered on the tricrystal point of
the substrate. In this ring, a supercurrent producing half of a magnetic flux quantum %/,,, is
generated. The sample was cooled in a field of < 2mG and imaged at 4.2 K [163].
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Fig. 1.25: Scanning SQUID microscopy image of four SC rings into a tricrystalline ¥ Ba, Cu;0;— film [162].

On the thin-film fabrications of FBSCs, only few reports are presented [163-166],
because, usually it is very tough to attain a well-defined single-crystalline film of FBSC.
Recently, Hosono’s group reported the GB junctions with various 8¢5 for the cobalt-doped
BaFe;As, epitaxial film on a bicrystal substrate shown in Fig. 1.26 [163]. The transport
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measurements for the junctions showed that the “J_* through the bicrystal 6B (J?) remained
high (> 1 MA cm™") and also remained unchanged up to a critical angle 8, of ~9°, which is
greater than 8, of ~5° for YBa;Cuz07_5. For Ogp > 6., the decay of [, was slower than that of
YBa,Cu;0;_5. However, the current against voltage characteristics (/VCs) showed absence of
hysteresis, which seems unreasonable, because FBSCs have 2-D nature with the Stewart-
McCumber Parameter f,. large enough for the occurrence of hysteresis [153].
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Fig. 1.26: Structure of the BGH junctions device and Grain bridges. The upper rectangular solid is a magnification at
the BGB junction {163).

Although, the bicrystal technique had been widely used for many decades to conventional
superconductors, cuprates, also for FBSCs [162, 163], but still there is a serious technical
problem. Since the thin films are usually fabricated in large area on the bicrystal, it is not
typically single-crystalline with extra GBs, except for some fortunate cases like the
YBa,Cu;0,-; film [158, 162]. Due to these extra GBs, serious affection on the junction
properties may be arises. Although more advanced technique, molecular beam epitaxy (MBE),
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has been applied to fabricate the thin films, it is effective only for the systems with simple
structures, like FeSe, K;_, Fe,Se, [166], etc. So, still it is quite difficult to get good thin films
for more complicated compounds like Sr3Sc,Os(FeyAsy), Cayg(PtyAsg)(Fey,As;), or even
La0,_ Fe,As,.

1.9 Vortices and Flux Pinning

Type-1I superconductors have an intermediate state where magnetic field enters into
superconductor’s normal region graduﬂly. This mixed state exists between the regions H,; and
Hc. Inhomogeneous Type-II superconductors own different types of defects. Vortices are pinned
by the defects. Those paths along which applied magnetic field is trapped, are called pinning
centres [167].

There are different ways in which vortices interact with defects; usually these interactions
may be aftractive. Therefore vortex is captured or “’pinned’’ at the defect. Due to this fact,
superconductor will carry transport current without any dissipation, until this pinning force is
less than Lorentz force from this current. If current density is increased above its critical value
then normal state will be restored implying that transition is dependent on limited dissipation of
energy. Pinning of vortices on defects also depicts Type-11 superconductor when exposed to
magnetic field as represented by the Fig. 1.27.

' Flux Pinning
Flux quanta . prevents flux
|___Penetration =‘

mrn n s a R
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's1 a,J=dB/dx
Ampere's law i, Critical current_.‘

Fig. 1.27: Magnetic flux representation in the plane of high temperature superconductors [168].
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Abrikosov predicted that the vortex state of the type-II superconductors allowed magnetic
field lines to pass through the material in a regular array of quantum wnits of @, = 1¢/,, = 2.07 x
10-7Gem?, which is known as flux quantum. In a thin film, a vortex is a current circulating
around a normal core. Except the vortex lattice, the remaining material will be in the
superconducting state. When upper critical field He reached, the superconductivity will be
completely suppressed. The expression for Hez can be given by

H,, =% /2::{2 = 2ZkH, 1.73

Abrikosov’s relation for H,, is given by
He
Hey = %0/, ;=2 (ink - 0.27) 1.74

where H, is the thermodynamic critical field while H? /87 is the free-energy difference between
normal and superconducting states of the metal

A schematic description of the vortex phase diagram for HTSC is shown in Fig. 1.28.
Vortices can form three distinct phases in HTSC: vortex lattice, glassy vortex state and vortex
liquid. Vortex lattice represents almost perfect crystalline structure, vortex glass is strongly
disordered vortex solid and vortex liquid in a disordered phase, where thermal fluctuations
destroy the crystalline order. The vortex lattice may melt with increasing temperature and near
B, vortex liquid phase has been observed [169]. Generally, critical current density (J,)

decreases with increasing temperature and magnetic field reaches zero at the melting line, also
called imeversibility line ‘By,’. Above this line, the superconductor does not carry loss-free
current, although, it is still in a superconducting state [170).

In the presence of a magnetic field perpendicular to the current direction, a Lorentz force
F, = jxgd , (where jis the current and §, is the magnetic flux quantum), acts on the vortices and
as long as F,is smaller than pinning force F,, vortices do not move. If a current is applied, as

shown in Fig. 1.29, vortices move according to F, , dissipating energy, which can be observed as

resistance. In a case of a defect free sample (Fig. 1.29a), vortices move according to F, . In the

presence of point defect pinning (Fig. 1.29b), vortices are partially pinned. If columnar defects
parallel to the applied magnetic field are introduced (Fig. 1.29¢), the entire sections of vortices
are pinned and this is an example of strong pinning [169].
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Magnetic field

Temperature
Fig. 1.28: Schematic vortex phase diagram for a HTSC [169, 170),

Moving vortex lattice Point defect Columnar defect
inni pinning

Fig. 1.2%: A simplified illustration of vortices moving under the Lorentz force F; (black arrows), induced by an

applied current {green arrow) in the presence of an extemal magnetic field (red amrow) perpendicular to the film
surface. a) A defect-free sample. b) Vortices are partiatly pinned by point defects. ¢} Entire sections of vortices are
¢ pinned by columnar defects [169, 170],
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When the pinming forces F, are not strong enough to prevent flux motion, the

superconductor is called soft; otherwise it is termed as hard. As the transport current is present,
F, together with thermal fluctuations, acts to depin the vortices and induce a collective flux

motion. This very slow flux motion, called a thermally activated flux creep when £, dominates,
and the faster motion is called a flux flow when F, dominates [169].

If vortices are immobili by_ a counteracting F,, a superconductor can sustain highJ, .
However, the higher the current d;nsity, the greater ¥, will act on the vortices. .J, is essentially
the point at which the F; begins to exceed the maximum available F,[171]. The F,is generated

from the presence of lattice defects, which create potential energy wells for vortices. Size, shape,
composition, structural interaction between the lattice and the defect define F, of a single defect.
These pinning sites can be divided into natural pinning sites, e.g. intrinsic pinmning of the Cu0,
planes in HTSC, lattice defects formed during the sample deposition process, and artificial
pinning centres (APC’s), which can be obtained e.g. by doping superconducting materials with
various non-superconducting foreign materials [172-174], substrate decoration [175-178] or
through heavy-ion radiation [179, 180].

The critical current density is one of the most crucial propertics of high temperature
superconductor (HTSC) for both physical understanding and applications [181]. A lot of work
has been carried out on the question of how to enhance the critical current density of
superconducting material. There are a number of defect types that can act as artificial pinning
centres (APC) which can be described as one-dimensional (1D-APC); such as dislocations [182-
184) and nanorods [185], two-dimensional (2DAPC); such as grain boundaries [186, 187}, anti-
phase boundaries [188-190], surface roughness [191], and three-dimensional (3D-APC); such as
nanoparticles and second phases [192] of size ‘£’ (coherence length) or more. Fig. 1.30 illustrates
the various types of film defect that can be acted effectively as pinning center.

The experimental route is another classification criterion that can lead to artificial pinning
centres such as antidotes (holes) [193, 194], magnetic-dots [194- 197] and substrate decoration
{198-200] followed by deposition of superconducting phase by pulsed laser deposition (PLD),
chemical solution deposition (CSD), metal-organic chemical vapor deposition (MOCVD) etc.
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Another route is the fabrication of alternate layer (muiti layer) [201-206] of APC and
superconductor.

1D-APCs Linear defects 2D-APCs Planar defects

3D-APCs

Nanoparticles

Fig. L.30: An illustration of the dimensionality of artificial pinning centers (APC’s): 1D-APC’s, 2D-APC’s, and
3DAPC’s {192],

1.10 Nanostructures Inclusion in HTSCs

The superconducting properties of the compounds synthesized at ambient pressure are
slightly lower than those prepared at high pressure, Relatively lower superconducting properties
of different compounds of HTSCs family synthesized at ambient pressure in bulk form are
mainly due to the presence of large density of inter-grains voids and pores in these compounds.
There have been consistent efforts to overcome this problem and to enhance the superconducting
properties of different compounds of HTSCs families by different techniques [207-209). One of
the most effective and easiest ways to address this issue is the inclusion of nanostructures at the
grain-boundaries to heal up the inter-grains voids and pores to improve the inter-grains weak-
links and superconducting properties of granular bulk superconductors. But the real challenge is
to control the size, concentration and homogenous distribution of nanostructures at the grain-
boundaries of the bulk HTSCs [210-213]. The improved inter-grains connections can facilitate
the carriers transport across the inter-crystallite sites, but after certain optimum inclusion level of
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nanostructure, the superconducting volume fraction start to decrease, which causes the
suppression of superconductivity parameters. The nature of the material of nanostructure is also
very ¢rucial in this regards because nanostructure of different materials have different effects on
the superconductor properties.

The addition of nanoparticles cause additional pinning centers, which help in increasing
J. in the polycrystalline structure [214, 215). It was observed that low concentration of nano-
Zn0 patticles addition in (CuggTly5Pbg2s) — 1223 enhanced superconducting transition
temperature, critical current density and melting point while high concentration of nano-Zn0
particles enhanced the secondary phases and grain boundary resistance. This may be due to large
agglomeration of nano-Zn0 particles [216]. M gO nanoparticles dispersed in Bi ~ 2212 matrix
retaining cubic morphology without disturbing the superconducting matrix structure results in
improved J, [217]. It was investigated that superconducting properties were improved by
nano — Fe,0; particles addition up to certain concentration level and then started to decrease
with higher concentration of nano — Fe;0; particles in CuTl — 1223 superconductor [218].
The study of the effects of Al,0; namoparticles addition on superconducting properties of
YBayCu30, revealed that there wﬁs no change in the structural symmetry, while the
orthorhombicity slightly decreases with the increase of nano-Al,03 particles content in the
matrix. In applied magnetic field, J, of the superconducting material was observed to be
enhanced significantly by nano-Al,05 addition, which can be rendered to the existence of the
flux pinning centers [219]. Nano-Al,0; particles in the polycrystalline (Bi, Pb) — 2223
superconductors illustrates greater transport properties. The volume pinning force density, onset
temperature of dissipation; activation energy and /. in applied magnetic field were found to be
improved [220].

The addition of Ag nanoparticles in Y — 123 superconducting thin films reveals greater
J. values and improved structure in the form of higher crystallinity and ab alignment [221].
Multilayered nanostructures of metal-superconductor-semiconductor fabricated by electro-
deposition technique show decrease in normal state resistance and offer improved properties than
conventional materials [222]. Bulk superconductor YBCO doped by Ag-nanoparticles of
different size and concentrations showed monotonic increase in J, and this is attributed to
improvement of connectivity between crystallites and better crystallization [223]. Higher valued
pinning centers may be created in superconducting MgB, by adding optimal SiC and Ag nano
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powder of 30 nm —~ 130 nm size. The increase in amount above 16 wt.% of Si€ and Ag nano
powder, the supercurrent flow start decreasing [224]. In (nano-Ag),-CuTl-1223 composite
volume fraction, T, and J, are improved up to x = 1.5 wi.% and reverse trend is seen to be
observed with further increase of nano-Ag particles [225). (Tlys5Cro.)5)Sr2Ca;Cuy04-(Ag), for x
= 0.0 to 0.05) composites have shown decrease in T, as compared to non added samples but XRD
analysis confirm the dominancy of T1 — 1212 phase [226). The addition of nanoparticles like
AL, 03, Zr0,, NiFe,0, ¢te in suitable amount helps in generating the effective flux pinning
centers, which can enhance the critical superconductivity parameters [227-229]. The addition of
nanostructures of noble metals such es Ag and Au has shown significant improved
superconducting parameters in many superconducting systems [230-233]. Increased nano-Ag
content in Bi — 2223 improved the connectivity among the grains and enhanced J, [234, 235).
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Chapter 2

Synthesis, Characterization Techniques and Theoretical Models
2.1  Synthesis

Nowadays, researchers are facing challenges regarding the synthesis of materials with
anticipated composition, structure and properties for precise application. For the synthesis and
fabrication of nanostructures, different physical and chemical methods can be used. Physical
methods involve subdivision of bulk material (i.e. including mechanical crushing) and chemical
methods involve decomposition of precursors. There are two approaches for synthesis of
nanostructures;

i) Top down approach i) Bottom up approach
i) Top Down Approach:

To obtain nano-sized particles, this approach requires consecutive cutting of bulk
materials. The major issue with this approach is the crystallographic destruction, impurity phases
and inadequacy of surface of the nano-sized particles. Irrespective of these drawbacks in this
approach, it still plays a significant role in the production of nanostructures. Ball milling and
lithography are common examples of top down approach [1].

i) Bottom Up Approach:

Constructing a material from the bottom as cluster by cluster, atom by atom or molecule
by molecule is known as bottom up approach. Drexler [2, 3] presented the bottom up approach as
molecular nanotechnology in which materials are manufactured through the process of assembly.
The physical forces managing the nano-scale merge the basic units into larger stable structures
during the self-assembly. This approach assures an improved possibility to acquire
nanostructures that has more homogenous chemical composition. Sol-gel and co- precipitation
methods are examples of bottom up approach [1-5].

Diagrammatical representation for fabrication of nanostructures by ‘top down’ and ‘bottom up’
approaches is shown in Fig. 2.1.
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Fig. 2.1: Diagram of “top down™ and “bottom up” s;;laproachs for fabrication of nanostructures [6).
2.1.1 Synthesis of Nanostructures

Many physical and chemical methods have been developed for the synthesis of
nanostructures. Physical method in general includes, ball milling, arch discharge, spray pyrolysis '
and mechanical deformation techniques. Chemical methods comprise of many techniques like,
hydrothermal, sol-gel, co-precipitation, thin film deposition, chemical vapor deposition, sono-
chemical, sputtering and laser ablation. During synthesis of nanoparticles, some characteristics
are important for better results. These characteristics include narrow particle size distnbution,
morphology, required chemical composition and crystal structure. Using chemical methods such
as co-precipitation, sol-gel and hydrothermal, these characteristics can be attained [7, 8]. We
used sol-gel and co-precipitation techniques to synthesize nanoparticles.
2.1,1.1 Sol- Gel Method

This method is very common and renowned amongst the scientists. This method is
termed as; *“an oxide network established by poly condensation reaction of a molecular precursor
in a liquid”. The starting materials used in the preparation of the "sol" are usually inorganic metal
salts or metal organic compounds. A sol is a stable suspension of solid particles in a liquid, while
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gel refers for solid network that has liquid phase. Sol-gel methods are commonly used to prepare
nanostructure materials because these conversions occur readily with a wide range of precursors
and can be conducted at low temperature [9-12].
Sol-gel has many advantages over other methods [13, 14).
¢ Better homogeneity compared to traditional mixed powder technology.
o High purity compared to mineral raw material sources,
e Lower temperature processing and consolidation is possible.
¢ More uniform phase distribution in multi-component systems.
¢ Better size and morphological control in powder synthesis.
2.1.1.2 Co-Precipitation Method
Co-precipitation method is an example of liquid phase synthesis technique. The reactions
during co-precipitation method involve processes like simultaneous nucleation, growth and
agglomeration of particles. In this method there is a reaction of metal salt solution with
precipitating agent. Precipitation is the process which involves taking out the solute from
solution which is insoluble in it. When the concentration of solute is made very high in the
solution, the precipitation takes place and the solution gets super-saturated. The unstable solution
leads toward agglomeration, as a result large clusters are produced. In order to control the size of
nanostructures, the specific parameters are optimized to control the reaction. These parameters
include reaction time, annealing temperature, pH value and ratio of reactants [15].
The advantages of co-precipitation method are:
¢ Very easy and cheap especially for the synthesis of metal oxide nanoparticles.
* Very efficient and quick, and particle size can easily be controlled.
e Environment friendly (it does not include any process which is hazardous for
environment).
¢ It can be done easily in aqueous as well as non aqueous mediums.
» [t does not require high temperature and thus it is less energy consuming,
¢ Large amount of products with high purity can be prepared.
2.1.2 Synthesis of High T, Superconductors
For the preparation of high T, superconductors, different methods of synthesis have been

used. The main objective behind all of these synthesis techniques is to prepare single phase
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materials having good superconducting properties [16, 17]. The solid state reaction method (also
termed as ceramic method) is the most convincing and widely used conventional method. It is
the most casy and straight forward synthesis procedure to get bulk samples such as high T
superconductors. The solid state reaction is carried out at very high temperature with starting
constituents in the solid form. If one of the compounds is volatile or sensitive to the atmosphere,
then reaction is carried out in an evacuated sealed capsules normally made of gold. Alumina,
gold, silica or platinum containers are gencrally used in the preparation of metal oxides.
Nommally, the starting materials are metal oxides, nitrates, carbonates or other salts, which are
ground thoroughly to get homogeneous mixture. This homogeneous mixture is heated at an
appropriate temperature for sufficient time to carry out reaction process. Some reactions require
multi-step method for completion, the first step involves the synthesis of precursor material and
the second step is to prepare the final compound by another heating process known as sintering
process. The solid state reaction method has been successfully employed for the synthesis of
large number of high T, cuprate superconductors [18]. In spite of being popular and giving good
results, this method has its own limitations. Therefore, some synthesis strategies have also been
employed in the situations where it is reqmred fo control some factors such as oxygen
stoichiometry, cation composition, cation oxidation state and carriers concentration.
There are also some disadvantages of the ceramic method:

i) To produce 100% homogencous starting mixture is not possible. The purity of
chemicals used as starting materials is still an issue for reproducible synthesis of high
T, cuprates.

ii) The entire reaction occurred in the solid state, first by phase boundary reaction and
later by diffusion of constituents through the product phase. Diffusion path become
longer and reaction rate slower with the progress of reaction. Between heating cycles,
intermediate grinding can speed up the reaction up to some extent.

iii)  To monitor the progress of the reaction, there is no simple and authentic way. Due to
this complexity of the method, one can ends up with mixtures of reactants and
products.

iv) So it is difficult to get 2 compositionally homogeneous product even at the

completion of the reaction.
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Regardless of the above mentioned limitations, the ceramic method is widely used for the
synthesis of large variety of inorganic solids. A successful synthesis by the ceramic method
depends on several factors, which includes the nature of the starting materials, the homogeneity
of the mixture of powders, the rate of heating as well as the reaction temperature and duration.
2.1.3 Synthesis of CuTl-based Bulk Superconductors and Nano-superconductors
Composites

The bulk superconductor of Cu, Tl Ba,Ca,Cu,0,,, was prepared adopting solid state
reaction technique. Initially Ca(NO,),, Ba(NO;), andCu(CN) were used as initiating
compounds to prepare host bulk’s precursor material. These compounds were mixed in suvitable
ratios and ground in an agate mortar and pestle for 2 h. The mixed material was loaded in quartz
boats and fired at 860°C for 24 h in farnace. The precursor material was cooled down to room
temperature after 24 h. This precursor material was again ground for about 1 hour and again
placed in the furnace under the same conditions (i.e. 860°C for 24 h). Later on, an appropriate
amount of thallium oxide (T1,0,) and already prepared namoparticles (NP’s) with different
weight percent (x) were mixed in this precursor materia.l- and ground again for about 1 h. The
ground material was then pelletized under 3.8 tons / cm’ pressure and wrapped in gold capsule
and finally sintered at 860°Cfor 10 minutes in preheated chamber fumace followed by
quenching to room  temperature. The final  product obtained as
"(NP's),/Cu, . T1, ;Ba,Ca,Cu,0, ;" nano-superconductor composite.

2.2 Experimental Characterization Techniques
The synthesized samples were then characterized using following techniques;
e X-ray diffraction (XRD),
o Scanning electron microscope (SEM),
o Energy dispersive X-ray analysis (EDX),
¢ De-resistivity measurements,
» (Critical current measurements
e AC susceptibility measurements
¢ Fourier transform infrared (FTIR) spectroscopy
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2.2.1 X-ray Diffraction (XRD)

XRD 1s a fundamental characterization technique, which gives detailed information about
cell parameters of a unit cell, crystal structure, crystallite size and degree of crystallinity. Since
the wave length (1)of X-ray is in the range of 0.01-10nm, so it is a prime tool for probing
structure of nano-materials. In 1912, the German physicist Max von Laue discovered diffraction
of X-rays by crystals. This discovery revealed that crystal act as three-dimensional diffraction
grating for X-rays beam. The most frequently used technique for the characterization of the
material was XRD in those days. Using XRD, information about the crystalline nature of a
material, nature of the phase present, lattice parameter and grain size can easily be acquired
through this technique. The XRD is an appropriate technique for all form of samples such as
powder, bulk as well as thin film [19, 20].

In 1912, W. L. Bragg explained the diffraction phenomenon very well that “the
diffraction occurs only if the planes of the crystal act like mirrors when X-rays fall on them”,
When a monochromatic beam of X-rays is incident on the material placed under it, two types of
interferences take place. The constructive interference takes place between those scattered waves
which obeys the Bragg’s law and for the others destructive interference is produced. X-rays can
be reflected at many angles from a sequence of crystallographic planes but for the sake of
simplicity only two diffracted rays are shown in Fig. 2.2.

or molecules

Fig. 2.2: Geometrical representation of Bragg’s law and crystals planes [21),
Bragg’s law can be expressed mathematically as;
2dsinf=pi 2.1
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Hae dand Orepresent the inter planer spacing and Bragg angle respectively, while »has
integral values, which give the order of diffraction.

For a crystalline sample this law connects the wavelength of electromagnetic radiation to
the lattice spacing and diffraction angle. The diffracted X —rays are then detected in a range of

26 angles. In powder samples, all probable diffraction of the lattice must be achieved due to
random orientations of the crystals. Every material has a specific set of d-spacing which permits
detection of the materials by converting diffraction peaks to d-spacing. The size of the
nanocrystals can be obtained by peak broadening by using Scherrer formula as given below;
_ kA
Bcost,

Where Dis the average crystallite dimension perpendicular to the reflecting phases, “ A ” is the
X-ray wavelength, k is the Scherrer constant which is equal to 0.9 for the spherical particles,

D 2.2

whose values depends on the shape of the particle, &, is Bragg angle and 2 is the full width at
half maximum (FWHM) of the peaks [21, 22].

For the diffraction analysis, X-rays originating from K shell are used because of shorter
wavelength as compared to the X-rays coming from L or M shell transition. In X-ray tubes,
target materials are normally made of Cu or Mo, which produce X-rays with wavelengths of
1.54A and 0.8A respectively. The schematic diagram of an X-ray diffractometer is shown in Fig.
2.3.

Fig. 2.3: Schematic diagram of X-ray diffractometer [23].
An evacuated glass tube fitted with a filament and a metal target is used for X-ray diffraction.
Electrons produced from heated filament are accelerated by applying high voltage between the
filament and metal target. The wavelength of the emitted X-rays depends on the nature of the
target material. These rays are collimated in the form of a narrow beam focused on the sample
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material. The rays diffracted at different angles are detected by the detector. The intensity of the
diffracted rays along with diffracted angles is recorded carefully. We have performed these
analyses on a diffractometer from “D/Max III Rigaku with a CuKa source of wavelength
1.54056A”. The XRD spectra were analyzed by using crystallography software “Check Cell”.
2.2.2 Scanning Electron Microscopy (SEM)

SEM is a versatile instrument, which generates images of a sample under observation by
probing its surface with high energy electrons. Light microscope creates magnified image using
lenses where as SEM uses wave nature of electrons instead of light waves to create magnified
image. Fig. 2.4 shows the schematic diagrams of these two microscopes. Electrons interact with
the atoms of sample and produce different signals. These signals reveal important information
about the sample including its chemical composition, external morphology and orientation of
crystallites making the sample. SEM can produce three dimensional images with better
resolution. Signals generated by SEM consists of secondary electrons, back scattered electrons
(BSEs) and characteristic X-rays,

Scurce of Hlumination
Light _ Scanning

microscope i electron
(M) s micrascope

Objective lens C-.

Projection lens (o

Fig. 2.4: Schematic diagrams of a light microscope compared to scanning electron microscope [24].

The most common detection mode is secondary electron imaging mode, which produces
images with very high resolution and have wide range of magnification (10 times to 500,000
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times). BSEs are those electrons which are reflected from surface of the sample by elastic
scattering. Images formed by signals of back scattered electrons contain detailed information
about the distribution of various elements in the sample. Characteristic X-rays are produced,
when a beam of electron strikes with the inner shell electrons and remove them from the sample.
These characteristic X-rays are important to categorize the elemental composition.
Thermionically emitted electron beam from an electron gun (having tungsten filament) is used in
scanning electron micrescope. The vacuum pump is used to create vacuum in order to avoid
interference of electrons with their surroundings. These electrons move through series of lens
before approaching the target. Electron beam of high energy is focused to a small spot. When
this energetic beam falls on surface of a sample, electrons begin to lose their energy due to
scattering and absorption. The energy exchange between electrons and sample produces
reflection and emission of electrons along with the emission of electromagnetic radiations. These
reflected electrons, emitted electrons and emitted radiations can be detected by detectors to
produce a magnified image [25, 26]. We have examined the composition and morphology of the
materials with a JOEL Jed-2300.

2.2.3 Energy Dispersive X-ray Analysis (EDX)

EDX system works on the integrated characteristics of the SEM., It provides information
about the elemental composition of a material. A beam of incident electrons is directed towards
the sample under investigation, it may cause inter-shell transitions, which become responsible for
electron hole pairing, When an electron from a higher energy orbit fills a hole in lower energy
orbit, 2 difference of energies among the orbit might be emitted in the form of X-rays as shown
in Fig. 2.5.

The number and erergy of the obtained X-rays can be caiculated by an energy dispersive
spectrometer. Since the energy of the X-rays is a feature of the difference in energy between the

orbits; this gives an opening for observation of the elemental composition of under observed
sample [27, 28].
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Electron from L scale fills hale in K
Emited X-ray mdiaton

Fig. 2.5: Demonstration of shell transition and emission of X-rays [29].

2.2.4 DC Resistivity Measurements

Resistivity depends on the nature of the material and is different for different materials.
The critical temperature (R =0}, the onset temperature of superconductivity I (onset)and
their normal state properties can be found through the resistivity measurements. The scattering of
electron due to defects in the lattice, electron-electron collision and lattice vibration are the main
sources of resistivity in the normal state [30]. The electron-electron scattering is negligible as
compared to scattering from the defects and lattice vibrations. So the resistivity can be calculated
by adding the temperature independent residual resistivity pges and temperature dependent
phonon scattering resistivity pu(T) as

P=Pu(T)+ Py - 23

Resistivity depends on the nature of the material. The four-probe method is one of the most
extensively used techniques for the dc- resistivity measurements. In this technique, four leads are
attached at sample surface at equal distances by using silver paint [31]. A schematic diagram of
four-probe is shown in Fig. 2.6. A constant current is supplied by the two outer probes while the

71




Chapter 2

Symthesis, Characterization Techniques and Theoretical

resulting voltage drop is measured by the two inner probes. The dimensions of the slab-shaped
samples were1.2x1.0x4.0mns’ . The resistivity is calculated by using the following relation

=— 24
'
Where, ‘P is voliage drop across the sample, ‘I’ is current through the sample, ‘L’ is length and

‘A’ is the cross sectional area of the sample.

Curremf 2 Current
Probe Probe

Fig. 2.6: Schematic of four-probe.
We have used Physical Properties Measurement System (PPMS-9) manufactured by Quantum

Design for electrical dc-resistivity measurements. The Quantum Design PPMS measures DC
Resistivity, AC Transport (AC Resistivity, Hall Coefficient, I-V Curve and Critical Current for
superconductors), and Heat Capacity for small samples under user controlled magnetic ficld,
pressure, gas composition, and temperature. The magnetic field may be programmed anywhere
from 0 to 8 tesla and the sample's temperature can be programmed from 1.9 to 400 K. A PPMS
set up is shown in Fig. 2.7. A measuring current of 1 mA was supplied during the de-resistivity
measurements. During these measurements, the temperature stability was kept at 2 mK. The de-
resistivity measurements were carried out dunng the heating cycle from 35 K to room
temperature. The heating rate between 1 K/min to 3 K/min was applied during these

measurements.

72




Chapter 2  Synthesis, Characterization Techniques and Theoretical Models

std . i
et -
F 3 2 r
PP Y _ .
R -, . o
ok . - ey s may E 1 g

Fig. 2.7: Physical propertics measurements system (FPMS) set up.

2.2.5 Critical Current Measurements
For a superconductor, the transport critical current measurements are very important. The
maximum value of the current, which can flow through a superconducting sample without

destroying its superconductivity, is known as critical current “1_*. Superconducting state of the
material will convert to normal state when the value of current exceeds this critical value(l ).

For a superconductor, the transport critical current measurements are very important. The four
probe method was also used for the critical current measurements. In this method, the sample
was cooled down to 70 K and studied for different values of current. When voltage starts to
appear across the voltage contacts, values of current recorded (the appearance of voltage reveals
the transition of material from superconducting to normal state). IV measurements were carried

out at 50 K below the zero resistivity critical temperature. The criterion of J for [-V

measurements was kept at 1pV/cm at 50 K in a zero applied magnetic field.
2.2.6 AC Susceptibility Measurements

High temperature superconductors have also interesting magnetic properties such as
Meissner’s effect. For the characterization of high temperature superconductors, it is very
necessary to study their magnetic properties. When a substance is placed in an applied magnetic
field, it is magnetized in response to the applied field. The response of the material to an applied
magnetic field is known as susceptibility. There are two types of magnetic susceptibilities; DC
susceptibility and AC susceptibility. AC susceptibility is measure of the response of the material
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in the presence of AC magnetic field and DC is measure of the material’s response to DC
magnetic field. In the case of a DC magnetic field, the susceptibility is given as

M

i = "ﬁ"' 25
de

Where M is the magnetization of the material and f7, is the applied field.

In the case of AC magnetic field, the sample’s magnetic moment “m’ changes with the field.

As magnetic moment ‘m’ is related with the spin motion or orbital motion of the electrons, it
measures the magnetic field generated by the sample. The magnetization ‘M’ is the net magnetic

moment/unit volume denoted by M as shown below

M=Z 2.6
vV
The expression for AC susceptibility is given by
daM
== 2.7
Koe =Gy

ac

The complex AC susceptibility has two parts, i.c. y and z”.

X =Z! -I-x‘” 2.8
7’ is in phase with applied magnetic field H and is known as the real part of y. While y” is

90° out of phase with the H and is known as imaginary part of . The 7' shows the shielding
of superconducting volume fraction of the material from the AC field (diamagnetic effect), while
imaginary part © "’ gives AC losses in the material. There can be two peaks in the imaginary
part of AC susceptibility; first one is the intrinsic peak while the second one is coupling or inter-
granular peak. The intrinsic peak appears at high temperature, gives losses due to screening of
the magnetic flux by the superconducting surface currents, while other peak (coupling peak)
appearing at low temperature, gives losses due to magnetic flux penetration in the given
boundary regions. This coupling peak gives information about the weak links between the
superconducting grains. The coupling peak shifts to lower temperature by increasing the applied
field, while intrinsic peak position is independent of the strength of applied magnetic field and its

frequency.
The AC susceptibility can be measured with the help of susceptometer, which consists of

a primary coil and two secondary coils wound on non-magnetic material. The purpose of primary
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coil is to produce AC magnetic field and two secondary coils wound oppositely to primary coil
act as pick up coils to detect the diamagnetic signals. The linking flux in secondary coils is in
opposite direction, so net induced emf becomes zero. When a superconducting material is put in
one of the secondary coils and temperature is lowered below its critical value, voltage balance is
disturbed between the two coils and a signal is observed, which is proportional to the
susceptibility of the superconducting material. The voltage ‘v’ observed in the superconducting
state is given as

v=VH y 2.9
Where fis the frequency of the applied magnetic field A, and ¥V is the volume of the sample.

From the Eq. 2.9, it is clear that the dependence of the resulting signal is on the volume of the
sample and strength of the applied magnetic field. So, the sample should have such volume that
it can occupy maximum space inside the coil.

The AC susceptibility technique is very important for the study of pinning properties, inter-
granular coupling, transport critical current density and contact less resistivity measurements of
superconductivity [32-36). The system used for the AC susceptibility measurements is shown in
the Fig.2.3. : |

Low temperature envivomment
_/ Trunsforaer
AC Excitation - )

Catput
Lock-in amplifier

@
R

ﬂl’ Sainple

Fig. 2.8: Experimental setup for AC susceptibility measurements,
A copper wire of gauge 34 was used in susceptometer for primary as well as for secondary coils.
The sample under observation was placed in lower parts of secondary coil and temperature
lowered to 77 K by using liquid nitrogen Dewar. A function generator “Model HP 3314A” was
used to produce signal of one volt (peak to peak) at 270 Hz and amplified from a lock-in
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amplifier “Model SR 530”. It was observed that when the values of frequency were higher than
270 Hz, the critical current decreased. For the measurements of temperature, a T-type (copper-
constantan) thermocouple was fitted in the intermediate vicinity of the sample. The output of the
lock-in amplifier is coupled to the XY graph plotter.

2.2.7 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy is a technique used to get spectrum of absorption, emission or
photoconductivity of the material. This spectroscopy carries advantages over dispersive
spectroscopes, in range of wavelength of spectrum. As we know that, in solids, atoms and
molecules are in state of continuous vibrations even at the temperature of absolute zero. A
molecule can vibrate by bending, stretching and contraction of the bonds joining the two atoms.
The energy associated with these vibrations, quantum mechanically, can be determined by
simple harmonic oscillator approximation as;

E, = (n+-;-)m, 2.10

Forn=0, E =%hm‘, shows that ground state energy is non-zero for molecular vibrations. To

detect these molecular vibrations and their measurements, spectrometer used is known as FTIR
spectrometer, Basically, FTIR spectrometer consists of a Michelson interferometer, which
separates the infrared radiation into its components of different wavelengths. A basic diagram of
a Michelson interferometer is shown in Fig. 2.9 in which, one beam splitter and two mirrors (one
is fixed and other is movable) are used. Beam splitter should be of such material, which is semi
transparent to infrared light. When infrared radiations from the source enter into Michelson
interferometer, beam splitter partially transmits the beam and reflects the remaining part of the
beam. Transmiited part of beam strikes with fixed mirror and reflected part strikes with movable
mirror. After reflection from mirrors, both beams combine with each other at beam splitter to
produce interference and finally collect by the detector for sample analysis. A schematic diagram
of FTIR system is shown in Fig. 2.10. As the frequency of the lattice vibrations lies in the
infrared region, therefore the infrared radiations are used to detect these vibrations [37].
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Fip. .9 A basic diagram of Michelson interferometer.
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Fig. 2,10 A schematic diagram of FTIR system.

When infrared radiations fall on the material, these radiations interact with the molecules.
If frequency of the infrared radiations matches with the natural frequency of the lattice vibration,

the radiations will be

absorbed and absorption peaks related to these vibrational modes will

appear in the spectrum, All vibrational modes in the material are not active for infrared, but few
vibrational modes producing fluctuating dipole moment and interacting with the electric field of
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infrared radiations, are active for infrared. As the molecules of H,, N,, O,, etc have no dipole
moments, therefore these are inactive for infrared. For example, in case of CO,, the symmetrical
stretching or contraction does not produce oscillating electric field, so these modes do not appear
in an infrared spectrum. But asymmetrical stretching or contraction can absorb infrared
radiations due to fluctuating dipole moment [38]. The vibrational modes of CO, are shown in
Fig. 2.11.

Symmetric Stretching No Dipole

O c (o]
- -
" Hl—‘ } NOT IR ACTIVE
~ -
D —— o el -

Bending Dipole
’ Ll C - ﬁh‘
\ W 2 |k acrive
. St .
) T - o
Asymmetnc Stretchmg Dapole

» @ @

Fig. 2.11 Molecular vibration of CO, .

Electron-phonon interaction is one of the possible origin of superconductivity in
conventional superconductors. FTIR spectroscopy is very useful tool to study the possible
correlation between lattice vibration and superconductivity An FTIR spectrometer “Nicolet
5700 was used for the study of absorption spectrum. In case of these superconducting samples,
very small amount of the sample was mixed with XBr, and thin pellets were made. Before
observing the sample spectrum, the background spectrum with KBr pellet was taken. The
number of scans taken for the background and the sample spectrum were 10 and 50, respectively.
The resolution of the spectrometer was 4 em™ in spectral range of 400-700 cm™. The resulted
spectra were interpreted by using the lattice dynamical calculations of the optical modes of
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vibrations in HTSCs. The lattice dynamical data is helpful in assigning vibrational modes to a
particular aiom in superconducting samples.
2.3 Theoretical Models

It is discussed in the first chapter that the Ginsburg Landau theory is one of the
mathematical description of the superconductors. GL Theory also explains the thermodynamic
fluctuation in the vicinity of transition temperature. This microscopic theory is the verification to
the theoretical understanding of superconductivity [39]. According to this scenario, the HTSCs
show a complex behavior that is linked with the thermodynamic fluctuation of the
superconductivity order parameter. These thermodynamic fluctuations affect the electrical
resistivity in general phase [40]. Ginsburg was the first one who calculates the fluctuation near
the transition. He supposed the modification of fluctuation in type-I superconductors which

."_‘Z..[@}[%} ~10™" 10107 2.11

Where ‘a’ is inter-atomic distance, £ is coherence length and T, is critical temperature, These

marked in temperature regime.

microscopic values describe why for so long time, the fluctuation fact was distanced to
experimental study in superconductors. Superconductor is made of various layers and these
layers are responsible for disturbance in superconducting propertics. Furthermore, these layers
are placed one on the others; these layers hold up with the property of the superconductors,
which makes them anisotropic. It is because of large anisotropy, fluctuations in the “order
parameter” activate the effect on the cooper pairs. Here, the pairs are forced to move along c-axis
and ab-plane with opposition along the major axis [41]. The studies of resistivity p(T) versus
temperature curve mark a bend of curve from linear state to nonlinear state. This change in the
curve is result of superconducting fluctuation above critical region. The induced fluctuation in
this {critical) region can be predicted by,
1 1

GG 12

Ac(T)=
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Here p(T) is actually calculated resistivity which is equal to ﬁ’ while
4
o (T )= tT) =a+ fT is extrapolated as normal-state resistivity with f# is gradient of
O.R
extrapolated curve.

In order to study excess conductivity, we use some theoretical models to dig out the
parameter which are contributing in conductivity. These models are named as Aslamazov-Larkin
(AL) model and Lawrence-Donaich (LD) model. Here it is noteworthy that for polycrystailine
samples, AL model gives us a depiction of fluctuation in inter-grain and intra-grain regions [42],
whereas, LD model is associated with fluctuation in intra-grain region of layered superconductor.
Other contribution is because of Maki-Thompson (MT) which manifests effect of fluctuation on
the “normal electron” [43-45].

2.3.1 Aslamazov-Larkin (AL) Model
AL model explains the effect of fluctuation on the conductivity or Para-conductivity. The
excess conductivity is completely described by two coniributions, which is given by
Ac=Ac, +Ac,, 2.13
The first contribution, according to AL model derived from the mean field theory is used to
develop the excess conductivity ‘ Ac’ aboveT,. This is a direct contribution to the excess

conductivity [46, 47] and mathematically it is given as

Ao, (T)=dc7* 2.14
Where ‘A’ is fluctuation amplitude, Ais related to dimensions of fluctuation and known as
critical exponent and ¢ is the reduced temperature given by the mathematical relation as

_mrnf
£= lnl:TT:;‘ ] 2.15

Where T'” is mean field critical temperature, at which change in value of resistivity is maximum

with respect to temperature (separation between critical region and mean field region) [48, 49]. It
can be determined from the point of variation of the temperature derivative of resistivity
(dp/dT). Critical exponent Ais given as A=2-D/2; A=3/2, A=1, and A= 1/2 for one, two
and three dimensional fluctuations, respectively. For all these dimensional fluctuations, the
fluctuations amplitude ¢ 4’ is given by [50]
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2
0
A(lD):f-f;;s—) for 1D fluctuation 216
2
A(QD) = %ﬁ} Jor 2D fluctuation 2.17

Here £(0) is zero coherence length in c-axis, 'd’ represents the thickness of the 2D
system, ‘e’ is electronic charge , 2° is the reduced Planks constant, and * 5 ° is the cross-sectional
area of the 1D system.

232 Lawrence-Donaich (LD) Model

LD model gives the complete description of fluctuation in intra-grain region. Here
superconducting layers are coupled by the Josephson Effect. Here we obtain deviation of
conductivity, which is the result of different temperature behaviors against different dimensions.
The relation of Lawrence and Donaich for fluctuation induced conductivity ‘ Ac,,’, and the

fluctuation amplitude is given by
. ez -_l
Aoy, = 1+2a)? 2.1
Cip Ms( +2a) 9
¢l (260 ’
A(3D)= 4| =22 2.20
PP NET)
In Eq. 2.22, a= —;=[§ (0)] 2¢7! is a dimensionless coupling parameter. Above the critical

temperature (7,), the cross-over mainly found from 2D to 3D is known as cross-over
temperature (7). The system has 2D fluctuations above this temperature (7)), and 3D
fluctuations below T, . According to LD model, the expression for 7, is

T, T|:1+(2¢'d(0)) :| 221

The Lawrence-Doniach model predicts a change from 2D to 3D at Tip. The value for Tip
is extracted from experimental data by extrapolation of straight lines and taking crossover point.
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The study of LD framework reveals that in intra-grain region the non-superconducting region is
sandwiched between two superconducting regions [45].

LD model suggested dimensional fluctuation with increasing temperature. In a nutshell,
fluctuation induced conductivity (FIC) analysis is a best tool to abstract information at
microscopic level. This analysis helps us to study coherence length £(7), a{(coupling

parameter) and dimensionality of electrenic state of system of superconductor. Other than this,
different component of resistivity versus temperature curve are also focused [51].
2.3.3 Maki-Thompson (MT) Model

There is another region of fluctuations, known as critical region close to critical

temperature (T.) for which 4 =1/3. Few authors have determined cross-over to 0D fluctuations

for A=2. Maki and Thompson calculated the indirect contribution to the excess conductivity
{44]. Maki-Thompson (MT) coatribution is coming from pair-breaking interaction [43]. MT
contribution is minute and imperceptible in cuprate superconductors {45, 52].

Hikami and Larkin derived indirect contribution to excess conductivity for layered
superconductors independently by Maki and Thompson [53, 54].

Ag. = e In [5) 1+ar+(l+2¢z:)lf2 22
" e | |\e /| 145+ 0+28)" '
8hds(l-2) +& +(1+285)

2
Where 5=[(4‘5:;°)) (k“i: : H represents pair-breaking parameter, related to inelastic
b 3

scattering process that bound the relaxation time (7,) of quasi-particles involved in MT process
and k,is the Boltzmann constant. This parameter (§) was introduced by Thompson. Non-
magnetic impurities neither change the AL and MT terms nor affect T, in s-wave BCS
superconductors, whereas, these impurities may cause pair-breaking and suppression in the MT
contributions, in P or d -wave superconductors {44, 55].
At a temperature when & =, the cross-over from 2D AL to 0D MT fluctuation contribution
takes place [56], which is

zh

1.203(i)(3k3m)
Sab

] 2.23

£ =

o
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At this particular temperature, when mean free path ‘!’ of the Cooper pairs is nearly equal to £, ,
Cooper pairs are broken to Fermions. The phase relaxation time (7)) at that temperature can be

determined as
. 2.24
* | 8,Te, -
While the Fermi velocity of the carriers can be estimated as
A s FAC) 225
2Kh
Where K =0.12is a coefficient of proportionality [57]. Fermi energy of the carriers can also be
determined as
E.= %m'V}; 2.26

Where m’ =10m, is the effective mass of the carriers, while m, is the carrier free mass [58).
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Chapter 3

(Ag),/CuTl-1223 Nano-Superconductor Compeosites

In this chapter, we have discussed the effects of Ag nanoparticles addition on structural
and superconducting transport properties of CuTl-1223 matrix. Series of samples added with
different nano-Ag particles contents (0 ~ 4.0 wt. %) were synthesized to find out the optimal
concentration level of these namoparticles to obtain the maximum improvement in
superconducting transport properties without affecting the crystal structure of CuTl-1223 phase.
We used Ginzburg-Landau equations, Aslamazov-Larkm (AL), Lawrence-Doniach (LD) and
Maki-Thompson models [46-49] on the experimental data to obtain the different microscopic
superconducting parameters for understanding and explaining the role of Ag nanoparticles on
superconductivity of host CuTl-1223 phase in detail. We tried to unfold the role of nano-Ag
particles addition in CuT1-1223 matrix with a central objective to determine the dominant source
and mechanism taking place affecting the superconducting properties.

3.1 Introduction _

The impact of superconducting materials from their application point of view can be
estimated from the values of superconducting critical parameters (i.e. critical temperature T.,
critical current density J., critical magnetic field H;) and CuTl-based high temperature
superconducting family has the highest values of these critical parameters after Hg-based
superconductor [1, 2]. The main advantage for the selection of CuTl-1223 superconducting
matrix is its ambient synthesis conditions especially pressure zlong with higher values of critical
parameters [3-6]. But the performance of these compounds is badly affected by inter-grains
voids, inhomogeneous micro-defects, etc, present in their bulk form. In polycrystalline bulk
samples, the inter-granular superconducting transport propertics have become limited by the
weak-links caused by the grain-boundaries and the intra-granular critical current is irnpeded
principally by the thermally activated flux flow at high temperatures and in applied magnetic
fields. One of the most suitable and convenient way to address this issue is the inclusion of
metallic nanoparticles at grain-boundaries of superconducting granular bulk materials for filling
the pores and healing up the cracks to improve the weak-links. The second very important issue
is the vortex motion in the applied magnetic field, which can easily damage the
superconductivity. To avoid this sitnation of vortex motion and to improve the infield
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superconducting transport properties, it is necessary to introduce artificial pinning centers in the
superconducting matrices apart from those which occur naturally [3-14]. Different methods such
as high energy ions irradiation [15], chemical doping and different types of additives were
reported in literature for this purpose [16-18]. Nano-additives of different kinds in various high
temperature superconductor matrices have shown positive effects on superconducting properties
[10, 11, 18-20]. These additives improve the inter-grain connectivity by filling the pores and
healing up the crakes as well as pinning ability acting as additional artificial pinning centers [21-
23]. Significant improvement in superconducting parameters was observed by the inclusion of
nanostructures of noble metals such as Ag and Au in many superconducting systems [24-26].
The addition of different sizes and concentrations of silver (Ag) nanoparticles in YBCO
superconductor showed monotonic increase in superconducting properties particularly J. by
improving crystal structure in the form of higher crystallinity, crystallites connectivity and
superconducting volume fraction [19, 27]. The improvement in inter-grains connectivity as well
as in J, was observed with increasing concentration of nano-Ag particles in Bi-2223 system [24,
25). The improvement in mechanical properties of (Bi Pb)-Sr-Ca-Cu-O superconducting matrix
was also observed by the inclusion of nano-Ag particles that was due to cementing effects of
these additives at the grain-boundaries [28, 29]. The inclusion of different metals oxides MgO,
ZrQ; and Al,O, nanoparticles in Bi-based systems showed the improvement in superconducting
parameters [30-32]). The presence of MgO nanoparticles in Bi-2212 matrix has increased the
transition sharpness and the superconductor volume fraction [33]. Significant improvement in
infield J; was observed by the addition of Al,O; nanoparticles in YBa,Cu;O, superconducting
phase without affecting the structural symmetry, which can be rendered to the existence of
cnhanced flux pinning centers [34]. The volume pinning force density, onset temperature of
dissipation, activation energy, transport properties and J. in applied magnetic field were also
improved by the addition of nano-ALQ; particles in polycrystalline (Bi, Pb)-2223 system [35].
The excess conductivity analysis showed that the width of three dimensional (3D) conductivity
region was reduced by the addition of nano-AlO; particles in polycrystalline {Bi, Pb)-2223
superconducting matrix, which was explained on the basis of scattering of mobile carriers across
the insulating nano-Al;O; particles present at the grain-boundaries [36]. Mechanical properties
were improved by the inclusion of Ag nanoparticles at the grain-boundaries of Bi-based
superconducting systems acting as pores fillers and improving the inter-grains connections [37].
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The superconducting transport properties were sufficiently improved by the addition of nano-Ag
particles in Bi; 3Pby4Sr2Ca;CusO,9+5 superconducting matrix without affecting the crystal
structure, indicating more efficient pinning mechanisms [38]. The size of flux pinning centers is
important in enhancing J; and particle with size closer to the coherence length showed higher
transport J. [39]. But the size and homogenous distribution of nanoparticles at the grain-
boundaries of the bulk high T, superconducting matrix is the real challenge [40-45].
3.2 Theoretical Models for Analysis of Experimental Data

The fluctuation induced conductivity (FIC) analysis is a state of the art theoretical
analysis on the experimental data of cuprates, which can play an essential role to unearth the
intrinsic properties of the material well above the zero resistivity critical temperature T. (0),
where the Cooper pairs formation starts and imparts additional conductivity, There are two
models that can give a very nice picture of superconducting fluctuations in inter-grains and intra-
grains regions. Aslamasov-Larkin (AL) Model can be used for fluctuations both in inter-grains
and intra-grains regions while Lawrence-Doniach (LD) Model can be used only for fluctuations
in intra-grains regions of layered superconductors [46, 47).

The excess conductivity is given by;

2D B e ]
Aatd) [ 2y D)P(T) ] M

where *p (T) is the actually measured resistivity, and pp{(T) = o+BT is the normal-state resistivity
of the samples extrapolated to resistivity at 0 K; the ‘e’ is a intercept and °f’ is a slope of straight
line. The excess conductivity generally comprises on two contributions i.e.

AG T ACAL + ABMT <cecenieviiiiiiiiiiiiiitiatisa st sirassaeasnanas @
The first term, according to AL mode), is deﬁved using microscopic approach by mean field
theory and is considered as a direct contribution to paraconductivity [48]. The fluctuation
induced conductivity according to AL theory is given as;

reduced temperature and ‘T.™ ’ is usually referred to as the mean field critical temperature,
which separates the mean field region from the critical region [48, 49] and is determined from
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the point of inflection of the temperature derivative of resistivity (dp/dT). The exponent ‘A’
determines the dimensionality of the superconducting fluctuations and is given as A = 2-D/2; A =
3/2, 1, and 1/2 for one, two and three dimensional fluctuations, respectively. The fluctuation
amplitude A for one, two and three dimensional fluctuations is given by [50];

el

) for 3D fluctuation
¢2 .
=4 5 For2D fluctilation ..resrerreeirrrersnrsssenrennnn 4
A vy for 2D fluctuation @)
e24e(0) -
s for 1D fluctuation

where ‘e’ is the electron charge, ‘&(0) is the zero-temperature coherence length along c-axis,
"h' is the reduced Planks constant, ‘d is the effective layer thickness ofthe 2D system, and °s’ is
the cross-sectional area of the 1D system.

The physical microscopic parameters calculated from FIC analysis depend strongly on the
dimensionality of the fluctuations. Lawrence-Doniach (LD) introduced the concept of interlayer
coupling via Josephson coupling of adjacent layers close to the critical temperature [47].
According to the LD model for layered superconductors, the excess conductivity Acyp due to
superconducting fluctuations is;

82

Aoy =1+ v L (5)

2
where o =Ze = [@] 2¢7'is a dimensionless coupling parameter. The cross-over from 2D to
£

3D is mainly found above the critical temperature known as cross-over temperature (T,). The
system has 3D fluctuations below this temperature and 2D fluctuations above this temperature,
and the expression for T, according to the LD model is

The second term is the inter-layer coupling strength, which is related to the reduced temperature
‘e’ by J = € /4. In layered superconductors at very low temperature close to zero resistivity
temperature & > d; where ‘d’ is the distance between the condncting layers of adjacent unit cells
(‘d’ is approximately equal to the c-axis lattice parameter of the unit cell). The advantage of LD
model 1s that it reduces to 2D AL model for large £ values where the coupling constant “J” is
quite small and to 3D AL model for small ‘e’ values where in some cases the coupling constant
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*J’ is quite strong. The above theoretical AL and LD models are based on direct contribution to
the excess conductivity.

There is one more region of fluctuations close to critical temperature for which A = 1/3
and is known as critical region [51]. Some authors have observed a cross-over to 0D fluctuations
with critical exponent 2. In high T, superconductors, the Maki and Thompson {MT) contribution,
which is due to the interaction of fluctuating Cooper pairs with normal electrons, is not easily
observable. Since the MT contribution is negligible in cuprate superconductors [52]. This
indirect contribution to the excess conductivity was calculated by Maki [53] and later on
modified by Thompson [54]. For layered superconductors, Hikami and Larkin [55] derived the
indirect contribution to the excess conductivity independently by MT [56, 57].

|2 Y 1+a+(+2a)"
A = !%hds(l - %)] h[(a][ 1+8+(1+26)" )] """"""""""" @

2
kTt
where & =|:(4§°(0)) [ 2 ")‘ is the pair-breaking parameter, which was introduced by

d nh

Thompson [49] and is related to inelastic scattering processes that limit the phase relaxation time
7, of the quasiparticles involved in MT process [58) and «, is the Boltzmann constant. In s-wave

BCS superconductor, nonmagnetic impurities neither change T, nor affect AL and MT terms
while on the other hand in P or d-wave superconductor these impurities may act pair-breaking
and are supposed to suppress the MT contribution [58].

The cross-over from 2D AL to 0D MT fluctuation contribution occurs at a temperature where
& ~ a, which gives [59];

ah
E ~
1203 %. ¥8x,Tr,)
ab

When the mean free path ¢ of the Cooper pairs approaches to £, at a particular temperature then

they (Cooper pairs) are broken to Fermions and at that temperature the phase relaxation time can
be estimated as;
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Fermi velocity of the carriers can also be ¢stimated by;

57,T.E.(0)
V, m| 2B | e e 10
g “[ KA ] (19)

where K ~0.12 is a co-efficient of proportionality [60]. Fermi energy of the carriers can also be
calculated by;

where m" = 10 m, is the effective mass of the carrier and m, is the carrier free mass [61].
Ginzburg and Landan observed the exisience of two types of superconductors depending upon
the energy of the interface between the normal and superconducting states. In 1957 Alexei
Abrikosov used Ginzburg—-Landau theory to explain the experimental data of superconducting
alloys and thin films. He found that high magnetic field in a type-II superconductor penetrates in
the form of magnetic flux quanta ®,. The thermodynamics magnetic field B, (0) can be estimated
from Ginzburg number Ng, which is given by [61, 62];

T A | 12
=l 7R P— -

where y =5 b(‘% @ 5 anisouwopy whose estimated valu is ‘4 for CuTk1223

N;=

superconducting system [63, 64] and Tg is the cross-over temperature from critical to 3D regime.
We can estimate penetration depth A,4, lower critical magnetic field By(0), upper critical
magretic field B»(0) and the critical current density J.(0) after determination of B.(0) as follows
[65-68];

@
zﬁﬂp.d.gab(o)
B
By ==t Kaeerooeeeeeeeeeeeeeeees s eennnenennnn (14)
2
B, =258, oo, (15)
4xB,
3B, nx (o
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where @, = % is the flux quantum and x is the GL parameter, which is the ratio of penetration

depth to coherence length.
3.3 Results and Discussion
3.3.1 X-Ray Diffraction (XRD)

The structure and phase purity of material was determined by XRD (D/Max IIIC Rigaku
with a CuK, source of wavelength 1.54056 A). The XRD pattern of Ag nanoparticles is shown in
Fig. 3.1. The prominent peaks are indexed according to face-centered cubic (FCC) structure of
Ag and the average size of Ag nanoparticles calculated by Scherrer's formula is about 35 nm.
The XRD analysis shows exquisitely indexed (1 1 1), (2 0 0), (2 2 0), and (3 1 1) planes
of FCC structure The lattice parameter calculated for FCC pattern of Ag nanoparticles is about a
= 4.09 A. No peak of impurity crystalline phases was observed.

Ag-nanoparticles

Intensity (a.u.)

18 24 30 36 42 48 54 60 66 72 78 84
20 (Degrees)

Fig. 3.1: XRD pattern of silver (Ag) nanoparticles.

93




Chapter 3 ' (Ag),/CuTI-1223 Nano-Superconductor Composites
/- — ]

Typical representative XRD patterns of (Ag)/CuTIl-1223 composite samples with x = 0
and 2 wt. % is shown in Fig, 3.2. Most of the diffraction peaks are well indexed according to
tetragonal structure following the P4/mmm space group indicating the dominance of CuTI-1223
phase along with very few peaks of some other superconducting phases as well as some
unknown impurities. There is no change observed in the overall XRD pattern of Ag
nanoparticles added samples, which gives a clue about the occupancy of these nanoparticles at
the inter-crystallites sites in CuTl-1223 superconducting matrix. The presence of these
nanoparticles at the grain-boundaries can help to heal up the voids and to improve the inter-
grains weak-links as well as superconducting volume fraction due to which over all
superconducting properties can be enhanced.

o Unknown
#CuTI-1234
* CuTi-2122

Intensity (a.u)

0 10 20 30 40 80 60
20°

Fig. 3.2: X-ray diffraction (XRD) patterns of {Ag)y/CuT1-1223 composites with (a) x = 0 and (b) x = 2 wt. %.

The unit cell parameters calculated by computer software (crystal) program are a = 4.45 A, c =
1446 Aforx=0,and a=4.46 A, ¢ = 14.96 A for x = 2%, respectively and the stoichiometry of
the CuT]-1223 matrix remains unaffected after the inclusion of these nanoparticles. However, the

94



Chapter 3 (Ag),/CuTlI-1223 Nano-Superconductor Composites
— — — —— —— — — — ————_______— — |

slight shift in the diffraction peaks to lower angles is possibly due to the uniform strain produced
in the materials after the addition of Ag nanoparticles. The slight increase in the c-axis length
may also be due to increase of oxygen (Os) contents with the addition of these nanoparticles,
which can relax the apical bond length.
3.3.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) Spectra
The typical SEM images and EDX spectra of (Ag)/CuT]-1223 samples for x =0, and 2
wt. % are shown in Fig. 3.3. The improvement of inter-grains weak-links as well as the grains
size is obvious from these SEM images afier the addition of Ag nanoparticles in the host CuTl-
1223 superconducting phase. The improvement of inter-grains weak-links and the grains size
may be due to cementing effects of Ag nanoparticles occupying the inter-grains boundaries by
filling the voids and pores present in the bulk form of CuTl-1223 matrix. The improved grains
size enhances the superconducting volume fraction and superconducting properties of the host
material by the addition of Ag nanoparticles.

"1 2 3 4 5 6 7 8 9 1|[ 4 2 3 4 5 6 7 8 98 10
KoV KoV

Fig. 3.3: Typical SEM images and EDX spectra of (Ag),/CuTI-1223 composites with (a) x = 0 and (b} x =2.0 wi.%.
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The EDX spectra showed the presence of different elements in the composition. The
mass percentages of different elements determined from the EDX analysis are listed in Table 3.1.
Table 3.1: Elemental analysis by EDX of (Ag),/CuTl-1223 composites with (a) 0 and (b) 2.0
wt.%.

@:x=0 () :x=20wt%
Elements
KeV Mass% Atom% KeV Mass% Atom%
OK 0335 -~ 20.68 58.05 0.540 20.22 55.96
CiK 3.695 "8.87 9.94 3.702 8.78 9.70
CaL 0.952 26.93 19.03 0.960 2748 19.15
BaL 4.484 31.83 10.41 4.492 30.63 9.88
TIM 2325 11.70 2.57 2.315 11.12 241
AgK 1.525 1.77 290
Total 100.00 100.00 100.00 100.00

3.33 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy is very sensitive technique commonly used for detecting a trace
amount of impurities along with the functional groups in the material. But here we are interested
to observe the viberational modes of different oxygen atoms present in the unit cell with the help
of FTIR absorption spectroscopy. The FTIR absorption spectra of (Ag),/CuT]-1223 composites
withx =0, 0.5, 1.0, 2.0 and 4.0 wt.%, in the range from 400-700 cm are shown in Fig. 3.4. The
absorption bands in the range from 400 to 540 cm™ are associated with the apical oxygen atoms
and in the range around from 541 to 600 cm™ are associated with CuO, planar oxygen atoms [69,
70). The absorption bands in the range from 670 to 700 cm” are associated with O; atoms in the
charge reservoir layer [71-75). The apical oxygen modes of type Tl-O4-Cu(2) and Cu(1)-Oa-
Cu(2) are observed around 430cm ™ and 460~499 cm™ and CuO; planner oxygen mode is around
536 cm™! in the pure CugsTlo sB22Ca;Cu301-5 samples. The nominal variation in the position of
the apical oxygen modes may be due to presence of stresses and strains in the bond lengths of the
unit cells caused by the nano-Ag particles in the composites. The CuO; planner oxygen modes
and O; modes remained almost unaffected after the addition of nano-Ag particles in the host
CuTl-1223 matrix. The FTIR study also supports our claim and objective that the Ag
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nanoparticles don’t substitute the constituent atoms of CuTIl-1223 unit cell but they occupy the
inter-granular spaces, fill up the pores and heal up the cracks.

—a X =0

— b: X = 0.5 W%
—C: X = 1.0 WL%
d: x=2.0wt%

— 0 X = 4.0 Wt.%

o

]

w0
i

Relative absorbance (a.u.)

700 650 600 550 500 450 400
Wavenumber (cm'1)

Fig. 3.4: FTIR absorption spectra of (Ag),/CuTI-1223 composites with (a) x = 0, (b) x = 0.5 wt.%, (¢) x = 1.0 wt.%,
(d) x =2.0 wt.% and (e} x = 4.0 wt.% .
3.3.4 Resistivity versus Temperature, Arrhenius Plots and Activation Energy
Measurements

The resistivity versus temperature measurements of (Ag),/CuTl-1223 composites with
different contents of nano-Ag particles from x = 0 ~ 4.0 wt. % are shown in Fig. 3.5. All these
samples have shown 2 metallic variation in the resistivity from room temperature down to onset
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of superconductivity with zero resistivity critical temperature {T. (R=0)} around 73 K, 95 K, 98
K, 102K and 91 K for x =0, 0.5, 1.0, 2.0 and 4.0 wt.%, respectively. These measurements show
that the value of T, (R=0) is increased after the addition of nano-Ag particles upto x = 2.0 wt. %
concentration and then is suppressed on further increase of these nanoparticles concentration in
CuTl-1223 matrix.

1-8x104 = | - | | - | | i ] i [ | - | | = | ) i | bl | |
1.5x10™ i
1.2x10”- .
ﬁ L [
-
9.0x10" - -
&
o . )
6.0x10°- —a—x=0; T (0 =73K |1
—o—x=0.5wt. %; T (0) = 95K |
3.0x10° - —a—x=1.0wt. %; T (0) = 98K |
—v—x =2.0wt %; T,(0) = 102K
——x=4.0wt. %; T,(0)=91K ||
0.0

. | BN BN EEEELEEE LI B
30 60 90 120 150 180 210 240 270 300
Fig. 3.5; Resistivity versus temperature measurements of (Ag)/CuTl-1223 composites with x =0, 0.5, 1.0, 2.0 and
4.0 wt.%.
The increase in T is an evidence of improved superconducting volume fraction and carriers

density after nano-Ag particles addition in the host CuTl-1223 superconducting matrix. The
improved inter-grain weak-links facilitate the charge carriers transport processes and reduce the
energy losses across the grain-boundaries. But the superconducting volume fraction starts to be
decreased after certain optimum inclusion level of Ag nanoparticles, which causes the
suppression of superconductivity parameters. The non-superconducting metallic Ag
nanoparticles reduce the superconducting volume fraction beyond certain optimum level of Ag
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nanoparticles inclusion in superconducting state of CuTl-1223 matrix. Afier a certain optimum
level of Ag nanoparticles addition, the agglomeration and segregation of these nanoparticles
result in the reduction of T, by various mechanisms like scattering, pair-breaking, etc [76-78).
Still, there are many issues to be addressed in future studies like homogeneous and non-uniform
distribution of Ag nanoparticles at the inter-grain boundaries of the host CuT]-1223
superconducting matrix.

The wvariation of superconducting transition region resistivity versus temperature
measurements of {(Ag),/CuTl-1223 composites with x =0, 0.5, 1.0, 2.0 and 4.0 wt.%, is shown in
Fig. 3.6. The Arrhenius plots of (Ag),/CuTl-1223 composites, activation energy U (eV), paoo
(Q-cm) and T, (0) versus x (i.c. Ag nanoparticles contents in wt.%) are shown in the inset of Fig.
3.6.The systematic decrease in the normal state resistivity at 300 K and also a systematic
increase in T (0) with the gradual increase of these nanoparticles contents in the composites up
to x=2,0 wt, % is also shown in the inset of Fig. 3.6. The systematic decrease in normal state
resistivity and monotonic increase in T. (0) with gradual increase of these nanoparticles contents
is most probably due to somehow homogeneous and uniform distribution of these nanoparticles
at the grain-boundaries of the bulk CuTl}-1223 material. The activation energy required to

-_—--—J, where U is the
T

B

overcome the barrier can be calculated by the Arrhenius law p=p, e;xp[

activation energy and x, is the Boltzmann constant, for superconductors [79-81]. We used the

superconducting transition region for the calculation of activation enmergy and observed an
increase in the activation energy with the increase of Ag nanoparticles contents in the
composites. Theories of high T, superconductors so far developed believe that pairs of electrons
(Cooper pairs) move freely without activation energy, which is the main source of
superconductivity. In this study, it is observed that activation energy has been increased with the
increase of Ag nanoparticles contents in these composites. When Cooper pairs interact with non-
superconducting metallic Ag nanoparticles at the grain-boundaries during their transport in
superconducting staie of the host CuTIl-1223 matrix, the pairing interaction is weakened and
Cooper pairs could not exist in the low energy state and energy dissipation take place, But on the
other hand the presence of metallic Ag nanoparticles at grain-boundaries can increase the inter-
grain connectivity by filling the voids and pores, which may be the cause of an increase in T, (0).
Therefore, there are two possible mechanisms taking place due to the inclusion of Ag
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nanoparticles, one is the formation of non-superconducting regions causing increase in activation
energy and the other (dominating) is the improved inter-grain connectivity promoting T (0) of
the samples.

bl uu 05wt %
[ L= i0wt %

~y-xri0wt %
[Eo-xmdbwt %

60 70 80 90 100 110 120 130

Fig. 3.6; Varigtion of superconducting transition region in resistivity versus temperature measurements of
(AR)/CuTl-1223 composites with x = 0, 0.5, 1.0, 2.0 and 4 wt.%. (In the inset are given the Arrhenius plots of
Ag)/CuT)-1223 composites with x =0, 0.5, 1.0, 2,0 and 4 wt.%, T (0), pao x (-cm) and activation energy U {eV)
versus x i.e. Ag nanoparticles contents in wt.%.)

100



Chapter 3 (Ag),/CuTl-1223 Nano-Superconductor Compaosites
(—

3.3.5 Fluctuation Induced Conductivity (FIC) Analysis

The FIC analysis on the de-resistivity versus temperature data of (Ag),/CuTl-1223
composite samples has- been carried out by using the above mentioned models in the
neighborhood of tramsition region. The plots of In (Ac) versus In (€) of (Ag),/CuTl-1223
composites samples with x = 0, 0.5, 1.0, 2.0, and 4.0 wt.% are shown in Fig. 3.7(a-¢). The
experimentally measured dc-resistivity p(Q2-m) along with a straight line extrapolated from the
room temperature (300 K) normal state resistivity to 0 K and derivative (dp/dT) of de-resistivity
versus temperature are shown in the insets of Fig. 3.7(a-e). The variation of zero temperature
coherence length & (0) along c-axis and inter-layer coupling constant (J) versus Ag nanoparticles
contents (wt. %) in (Ag),/CuTl-1223 composites is also shown in Fig. 3.7 (f). The
superconducting fluctuations starts at a particular temperature denoted by T" from where the
experimental dec-resistivity curve deviates from the straight line extrapolated from the room
temperature normal state resistivity to 0 K. The values of T" are around 170.74, 169.56, 189.63,
185.61 and 184. 61 K for x = 0, 0.5, 1.0, 2.0, and 4.0 wt. % respectively. The increase in T~
shows that the superconducting fluctuations starts at higher temperature values, which may be
due to improved inter-grains coupling, zero temperature coherence length along c-axis &.(0),
superconducting volume fraction etc, after the inclusion of Ag nanoparticles in the host CuTl-
1223 matrix. The values of critical exponenis (Acr Asp A2p and Agp), cross-over temperatures
(Tcrap = T, Tapa, and Tap.sw), mean field critical temperature (T.™), T", inter-grains coupling
constant (o) and superconducting transition width (W = AT.) deduced from the FIC analysis on
de-resistivity versus temperature data of (Ag),/CuTl-1223 composites samples are given in
Table 3.2. All the cross-over temperatures, Tc™, and T  have been shifted to the higher values,
which is theoretical evidence of improved superconducting properties of the host CuTI-1223
matrix after the addition of Ag nanoparticles. The increased values of ‘a’ is a theoretical
evidence of improved non-superconducting inter-grains boundaries in the composites samples,
which is in accordance to the increase in the activation energy after Ag nanoparticles addition,
The increase in W = AT, is another evidence of emergy loss across the metallic non-

superconducting grain-boundaries in (Ag),/CuTl-1223 composites sampies.
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Fig. 3.7(a-N): In (Ac) versus In () plots of (Ag),/CuTl-1223 composites; (a) x =0, (b} x=0.5, (¢Jx=1.0,(d)x =
2.0, and (e) x = 4.0 wt.% ; (In the insets arc shown the experimentally measured de-resistivity p{€2-cm), derivative
(dp/dT) of de-resistivity versus temperature, and the straight line extrapolated from the room temperature 300 K’
normal state resistivity to 0 K). (f) Zero temperature coherence length &, (0) and coupling constant (J) versus Ag
nanoparticles contents wt. % in (Ag),/CuTl-1223 composites.
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Table 3.2: Widths of critical 3D, 2D, and SW fluctuation regions deduced from the fitting of
experimental resistivity versus temperature data of (Ag),/CuTl-1223 composites samples with x
=0, 0.5, 1.0, 2.0 and 4.0 wt.%.

Samples | acm | %op | Mp | %ew | TaunTc [T |Tmsw | T T | =p0K) [W=AT,
x=wt.% x ® [ x) ©  JOmx10? | (K
[} —_ 056 ] 093 | 203 98.59 99.79 141.88 | 97.99 170,74 1.60 365

0.3 034 | 050 | 1,04 | 2.04 11638 13043 | 15150 | 11237 | 16956 0.4585 1.00

1.0 —_ | 0.58 | 099 | 201 126.42 13444 | 154,51 | 11337 | 189.60 0.495 10.51

240 | 0.62 | 0.9 | 2.01 13244 139.46 | 16053 | 11538 | 18561 0.495 92.10

4.0 0.36 | 0.50 | 1.01 | 2.00 11633 13143 | 15551 | 10635 | 184.61 0.689 10.00

The various superconductivity parameters (i.e. £(0), J, Ng, dpg, Bo(0), B, B2, &, Jo, Vr, Er,and
1,) deduced from the FIC analysis of (Ag),/CuTl-1223 composites samples with x = 0, 0.5, 1.0,
2.0 and 4.0 wt.% are given in Table 3.3. The values of Ng, B¢ (0), Byi, B, J;, and Ep have been
decreased marginally, whereas & (0), J, Apd, ¥, Vr, Er, and 1, have been enhanced after the
inclusion of Ag nanoparticles. It is witnessed that £.(0) has been improved with the increase of
J' values afier the addition of Ag nanoparticles in CuTl-1223 superconducting matrix.

Table 3.3: The superconductivity parameters deduced from the FIC analysis of (Ag),/CuT1-1223
composites samples with x =0, 0.5, 1.0, 2.0 and 4.0 wt.%.

Samples [E@) | 7 | No | Jpa [B® | B | Ba | x |JOI0° [Vexd0 [ Ep [ox10" |
x=w% | () d || o D Wemd) |@s) [V | ®

0 101 { 0018 | 0350 | 547.18 | 2.661 | 0.194 | 1287 | 3419 | 2.6462 0.63 | 0.183 225

0.5 3.00 | 0.160 | 0235 | 21810 | 0.667 [ 0.017 | 1287 | 1363 | 0.1664 244 | 0113 3

1.0 3.23 | 0.185 | 0290 | 25510 | 0.570 | 0.012 | 1287 | 1594 | 0.1216 271 | 0122 338

20 342 | 0208 | 0208 | 27474 | 0530 | 0.011 | 1287 [17L.7 | 0.1048 299 | 0126 an

4.0 3.64 | 0235 0.278 | 3134.9 | 0.464 | 0.008 | 128.7 | 1959 | 0.0805 283 0181 2.73

The cross-over from 2D to 0D (from LD to MT contribution) takes place at a particular
temperature where the mean free path / of the carriers approaches to £,, and Cooper pairs are
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broken to fermions. The values of phase relaxation time 7, calculated at this particular
temperature are 2.25%10™%, 3.34x10™%, 3.38x10™, 3.27x10™, and 2.73x10™* s for x = 0, 0.5,
1.0, 2.0, and 4.0 wt.%, respectively. The increase of 7, is an evidence of long life of Cooper pairs
at certain high temperature values after Ag nanoparticles addition in CuT1-1223 superconducting
matrix. The increase of & (0), J, Vr, and Er shows the improvement of superconducting
properties, which may be due to healing up the voids and improving the inter-grains connectivity
after the inclusion of Ag nanoparticles. This also shows that the samples become more isotropic
after the addition Ag nanoparticles. The variation in microscopic parameters extracted from FIC
analysis explained the overall improvement of superconductivity up to certain optimum level of
Ag nanoparticles addition in CuTl-1223 superconducting matrix.
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Chapter 4
(Au),/CuTl-1223 Nano-Superconductor Composites

In this chapter, we have investigated the effect of Au namoparticles addition on
superconducting properties of CuT1-1223 matrix in detail. The present work is concerned with
the effect of nano-Au particles addition on the phase formation and characteristics
superconducting parameters. We have reported the influence of Au nanoparticles addition on
structure, morphology and superconducting transport propertics. The main objective of this
work is to improve the inter-grains connectivity, superconducting volume fraction, and to
investigate their effects on superconductivity. This can be due to the reduction of defects in the
form of voids and oxygen deficiencies by filling the voids and pores with these nanoparticles,
We have also determined the optimum level of Au nanoparticles inclusion for the maximum
improvement in the superconducting properties of CuT1-1223 matrix.

4.1 Introduction

(Cuo 5Tl 5)B22Ca2Cu30195 (CuTI-1223) is the most attractive phase of CugsTly sBaxCa,.
10020445 (CuTI-12(n-1)n); n = 2, 3, 4,..., high temperature superconductors (HTSCs) family
due to its higher critical temperature, lower superconducting anisotropy, and longer coherence
length along c-axis [1]. But the performance of this compound in bulk form may be reduced
mainly due to inter-grain voids and pores. The presence of inter-grain weak links diminishes the
critical parameters of superconductivity. Also the motion of the vortices in HTSCs creates
resistance and causes enmergy dissipation. These facts restrict their applications” such as
superconducting magnetic field sensors. There has been consistent effort in enhancing the
current carrying capacity of the superconducting materials, which may be achieved by
incorporating extended defects acting as pinning centers. The effect of pinning center is at its
best when their sizes arc of the order of coherence length [2]. It is important that the density of
these pinning centers should be as high as 10** cm?, Large number of defects created to achieve
large densities of pinning centers degrades the superconducting properties. It was found that
magnetic nanoparticles may act as efficient pinning centers at much lower density [2-4]. In order
to enhance the transport properties, many attempis have been made to introduce artificial defects
of nanometer order of magnitude into the bulk HTSCs as extra effective pinning centers under
applied field, such as by nanoparticles addition in the bulk or by post-annealing of the
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superconducting samples [5, 6]. The superconducting properties of granular bulk HTSCs can be
improved by the inclusion of nanoparticles at the grain-boundaries. But the size and homogenous
distribution of nanoparticles at the grain-boundaries of the bulk HTSCs is the real challenge [7-
13). The sizes and densities of defects are critical factors to be adjusted for effective vortex
pinning. It was observed that magnetic nanoparticles such as FesQ: embedded in to the bulk
HTSCs act as efficient pinning centers [3, 14). The improvement of critical current density (J)
was observed in Bi-based HTSC by the inclusion of MgO, ZrO; and ALQ; nanoparticles [15-
17}. Transmission Electron Microscopy (TEM) has showed that MgO nanoparticles could be
embedded within the superconducting Bi-2212 grains. The presence of MgO nanoparticles has
increased the transition sharpness, and the superconductor volume fraction in the sample [18).
The addition of ZrO; and ZnO panoparticles in Gd-123 superconductor has improved the critical
current density (J.) but suppressed zero resistivity critical temperature (T.) [19). The addition of
SnQ; nanoparticles increases the microstructure density and reduces porosity among the grains
of CuysTlys-1223 superconductor [20]. The improvement of T, J. and phase volume fraction is
obtained on different concentrations of ZnO nanoparticles in (CugsTlysPby 25)-1223 [21]. The
superconducting properties (i.e. T, J;, etc) of CuTl-1223 were enhanced with the addition of
CuO, Ca0; and BaO nanoparticles [22, 23). The addition of nanoparticles like NiFe;O4, ALO,,
Zr0,, Ag etc in suitable amount helps in creating the effective flux pinning centers, which can
enhance the critical superconductivity parameters [24-26). The addition of nanostructures of
noble metals such as Ag and Au has shown the significant improvement in superconducting
parameters in many superconducting systems [27-30). Increased nano-Ag content in Bi-2223
improves the connectivity among the grains and enhances superconductivity [31, 32].

4.2 Results and Discussion

4.2.1 X-Ray Difiraction (XRD)

The XRD pattern of Au nanoparticles exhibits prominent sharp diffraction peaks indexed
with face-centered cubic (FCC) structure as shown in Fig. 4.1. Also XRD analysis showed the
distinct diffraction peaks at 38.22° 44.35° 64.67°, and 77.62°, which corresponds to 110,
200), (220 and (3 1 1)planes respectively of FCC structure. The FCC structures of
Au panoparticles matches well with the database of Joint Committee on Powder Diffraction
Standards (JCPDS No. 00-004-0784), revealing that the synthesized Au nanoparticles are
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composed of pure crystalline gold. The Au nanoparticles size can be calculated by Sherrer's
formula and the average size of Au nanoparticles is about 39 nm.

Au-nanoparticles

Intensity (a.u)

T dll:
i el bl i L

70 75 80

PR i W
56 60 65
20°
Fig. 4.1: XRD pattern of gold (Au) nanoparticles,

The XRD patterns of {(Au),/CuTI-1223 for x= 0, 0.5 and 1.0 wt.% composites are shown
in Fig. 4.2. The composites have shown the tetragonal structure following P4/mmm symmetry.
Majority of the diffraction peaks corresponds to the CuT1-1223 phase with lattice parameters a =
420 A and ¢ = 15.31 A for x = 0. The addition of Au nanoparticles in CuT]-1223 phase has
slightly decreased the cell parameters lengths i.c. a=4.20 A, ¢ =15.30 Aanda=4.19 A and ¢ =
15.25 A for x = 0.5 and x = 1.0 wt.%, respectively, which might be due to variation of oxygen
contents or stresses and strains in the polycrystalline lattice. The slight decrease in the c-axis
length is most probably due to the compression of apical bond length by the effect of variation in
05 oxygen and stresses produced by the addition of these nanoparticles. The un-indexed peaks
are possibly due to presence of some impurities and some other superconducting phases as given
in the in set of Fig. 4.2.

35 40 45 50
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Fig. 4.2: XRD patterns of (Au),/CuTI-1223 compogites with x

4.2.2 Scanning Electron Microscopy (SEM)

20

10

0,0.5, 1.0 wt.% .

The surface morphology was examined by SEM images of the (Au)/CuTI-1223
composites as shown in Fig. 4.3. The granular nature and porosity of samples are obvious from
these micrographs. There is an improvement in the inter-grain connectivity as well as in the grain
size afier the addition of Au nanoparticles in the matrix. The main problem is the inhomogeneous

mixing of Au nanoparticles in the matrix.
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Fig. 4.3 (a-d): Typical SEM images of (An),/CuTl-1223 composites () x = 0, (b) x = 0.5 wt.%, {c) x = 1.0 wt.%
and (d) x = 1.5 wt.%.
4.2.3 Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR absorption spectra of (Au)/CuTI-1223 (x =0, 05 1.0 and 1.5 wt.%)
composites in the range from 400-700 cm™ and the unit cell of CuTI-1223 superconductor are
shown in Fig. 4.4 (a, b). The nomenclature of different oxygen atoms in the unit cell of CuTl-
1223 superconductor has been demonstrated in Fig. 4.4(b). The bands in the range from 400 to
540 cm™ are associated with the apical oxygen atoms and in the range from 541 to 600 cm™! are
associated with CuO; planar oxygen atoms. The bands in the range from 670 to 700 cm” are
associated with O; atoms in the Cug 5Tl sBa;O4—s charge reservoir layer [33-35]. But in the pure
CuosTl sBazCa;Cu; Q195 samples, the apical oxygen modes of type TI-O4-Cu(2) and Cu(l)-
Ox~Cu(2) are observed around 427 cm™ and 458~492 cm™ and CuO; planner mode is around
526 cm™". The apical mode of type TI~0x~Cu(2) is slightly softened from 427 cm™ to 420~421
cm™ and the position Cu(1)}-0s—Cu(2) remained around 458~490 cm™ after nano-Au particles

114




Chapter 4 (Au),/CuT1-1223 Nano-Superconductor Composites
%

addition. The position of Cu(2) ~Op—Cu(2) planner oxygen mode is also slightly softened from
526 ¢! to 520 cm™! after nano-Au particles addition. The slight shifting of the positions of
different oxygen modes represents the presence of strains in the materials, which affects the bond
lengths. But overall the positions of all the oxygen vibrational phonon modes remained almost
unaitered after nano-Au particles addition in CuTIl-1223 matrix. This gives us a clue that nano-
Au particles did not substitute any atom in the unit cell and remained at the grain-boundaries of
(Au),/CuTI-1223 composites.

Absorbance (a.u)

OA .

—a: X=0 Ti
—-—b: x=0.5 wt.%
—_c! X 1.0wt%
—d: x=1.5wt% CuTI-1223

(b)

700 650 600 550 500 450 400
Wavenumber (cm-1)
(a)
Fig. 4.4 (a, b): (a) FTIR absorption spectra of (Au)/CuTI-1223 composites, (a) x = 0, (b) X = 0.5 wt.% ©x=10
wL.%, and (d) x = 1.5 wt.%. (b) Unit cell of CuTl-1223 superconductor.,
4.2.4 Resistivity versus Temperature Measurements
The resistivity versus temperature measurements of (Aw),/CuTI-1223 (x=0,0 .5, 1.0
and 1.5 wt.%) composites are shown in the Fig. 4.5. All the samples exhibit metallic behavior in
the variation of resistivity versus temperature measurements at high temperatures before
superconducting transition temperatures, The variation of T, (0) and normal state resistivity poo
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K (Q-cm) versus x (ie. Au contents) is given in the inset of Fig. 4.5. The value of T (0)
increases up to x = 1.0 wt. % and then decreases, which predicts the optimum inclusion level of
Au nanoparticles in CuT1-1223 matrix. The value of T has increased from 88 K of un-doped
sample (x = 0) to 99 K and 101 K for x = 0.5 and 1.0 wt. % addition of Au nanoparticles,
respectively. The value of T, has been decreased to 96 K for x = 1.5 wi. %. The initial increase in
T, is possibly due to improved weak links among the superconducting grains by healing up the
voids and pores with nano-Au particles. But after certain optimum inclusion level of Au-
nanoparticles, the superconducting volume fraction start to be decreased, which causes the
suppression of superconductivity parameters. Normally the zero resistivity critical temperature
T, (0) of cuprates depends upon the carriers’ density in their CuO, planes [36]. The carriers
supplied by the charge reservoir layer to the CuQ; planes depend upon the oxygen contents in the
charge reservoir layer [37]. As with the addition of Au nanoparticles, the T (0) increases, this is
due to optimization of carriers’ density in the CuQ; planes supplied by the charge reservoir layer.
Therefore, it is obvious that the oxygen contents in the charge reservoir layer depends upon Au
nanoparticles contents in the CuT1-1223 matrix. The superconducting volume fraction can also
be improved by the optimization of oxygen, which can occupy the oxygen' vacancies in the bulk
CuT!-1223 matrix. The initial increase in T. (0} is possibly due to increased superconducting
volume fraction and improved weak links by the addition of nano-An particles at the grain-
boundaries. The decreasing trend in T, (0) beyord certain optimum limit of Au nanoparticies
addition may be due to agglomeration and segregation of these nanoparticles at the grain-
boundaries i the bulk CuTIl-1223 matrix, which can cause the degradation of the quality of the
samples and reduces the superconducting bulk volume fraction of the samples. The initial
increase in T, (0) is possibly due to improved weak-links among the superconducting grains by
nano-Au particles at the grain-boundaries. But after certain optimum inclusion level of Au-
nanoparticles, the superconducting volume fraction and density of mobile charge carriers start to
be decreased, which causes the suppression of superconductivity parameters. The normal state
resistivity is very high for the sample with x = 1.5, which is the finger print of the enhanced
scattering cross-section of the carriers and reduced superconducting volume fraction. Usually,
the trend in the variation of superconductivity onset temperature T, (K) is similar to zero
resistivity critical temperature T, (0) of cuprates, which depends upon the carriers’ density in
Cu(Q; planes. Superconducting fluctuations near the superconducting transition contribute to the
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T (K) and the Au nanoparticles addition may enhance these fluctuations and can affect T o™
(K) of these composites [38].

4.2 y——p—
—8—x=0
—e—x =05 wt.%
3.54—A—x=1.0wt% px100
—vy—Xx=15wt%
2.8
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Fig. 4.5: Resistivity versus temperature measurements of (Au),/CuTl-1223 composites with x = 0.0, 0.5, 1.0and 1.5
wt.%. In: the inset T, (K) and pyspox, (2-cm) versus x (i.e. Au nanoparticles contents).

4.2.5 Magnetic Ac-Susceptibility Measurements

Magnetic ac-susceptibility measurements of (Au),/CuTI-1223 (x=0,0.5 1.0and 1.5
wt.%) composites are shown in Fig. 4.6. The ac-susceptibility measurements of these samples
were carried out in field cooled (FC) conditions by the mutual inductance method using an
SR530 Lock-in Amplifier working at a frequency of 270 Hz with Hac = 0.07 Oe of primary coil.
Single peak above the transition temperature in the ac-susceptibility measurements is observed
for all the samples. There are two components of magretic ac-susceptibility, in-phase component
() and out of phase component (x*). The magnitude of diamagnetism of the superconducting
materials is represented by the real part ) of the ac-susceptibility and the ac-losses
corresponding to the flux penetration into superconductor sample is represented by imaginary
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part (). The imaginary part of the ac-susceptibility provides the inter-granular contribution and
therefore, gives information about the nature of inter-grains weak links and pinning strength [39-
41). The suppression of superconductivity within the grains decreases the magnitude of . It is
observed that the onset temperature as well as magnitude of diamagnetism initially increases and
then decreases beyond certain optimum limit of Au nanoparticles addition. Similarly, the peak
position in %" initially shifts to higher temperature values and then shifts to lower temperature
values beyond certain optimum limit of Au nanoparticles addition.

0.24 ' T T T P LA
‘ ' 1
o -0.2- -
E ; .
D 04- j
: -

£ s )
8 ' )
> -0.8- _ -
1 e i . 3 ' ——x=0 :

“1.04d wves ' ) |—0—x=0.5wt. %/

. | g |4 x=1.0wt. %

1.2 e tir o —w—x=1.5wt %|"

78 84 90 96 102 108 114
T (K)

Fig. 4.6: Ac-susceptibility measurements of (Au),/CuTi-1223 composites with x = 0, 0.5, and 1.0 wt.%.

The value of onset of diamagnetism {T.™ (K)} increases up to x = 1.0 wt. % and then
decreases, which predicts the optimum inclusion level of Au nanoparticles in CuT]-1223 matrix
for maximum improvement of superconductivity. The initial increase in T (K)is possibly due
to improved superconducting volume fraction and carriers density with the increase of Au
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nanoparticles. The suppression of T.™* (K) and diamagnetic signal beyond a certain level of Au
nanoparticles inclusion can be due to reduction of superconducting volume fraction and carriers
density. The relatively higher density of voids and pores in pure un-added Au nanoparticles
samples can be the cause of reduction of superconducting volume fraction and
superconductivity. The other defects in the form of oxygen deficiencies can cause the reduction
of carriers’ density from the optimum level. By the incorporation of Au nanoparticles at the
grain-boundaries, the voids and pores can be filled and can improve the inter-grains weak-links.
In this way, we can reduce the defects in the material and can improve the superconducting
propertics. The enhancement of T.™* (K) can be the indication of enhanced carriers’ density
towards optimization after Au nanoparticles addition, This can be due to the reduction of defects
in the form of voids and oxygen deficiencies by filling the pores with these nanoparticles. But
the non-superconducting metallic Au nanoparticles reduces the superconducting volume fraction
in the superconducting state of CuTIl-1223 matrix beyond the certain optimum level of Au
nanoparticles inclusion i.e. x = 1.5 wt. % in this case,

The overall superconducting properties of CuTI-1223 matrix have been improved up to
certain optimum level of Au nanoparticles addition that can be attributed to an increase in the
inter-grains connectivity and enhanced superconducting volume fraction. The imcrease in
superconducting properties can also be associated with the optimization of carriers’ density in
the CuO, planes supplied by the charge reservoir layer, which depends upon the optimum
oxygen contents in the charge reservoir layer. Therefore, we can relate the oxygen contents with
Au nanoparticles contents in the CuTl-1223 matrix. We have planned to carry out the infield
measurement (L.e. J., p etc) to investigate the role of Au nanoparticles as additional flux pining
centers. The mniform distribution and controlled size of nanostructures added in the HTSC's
matrices are still unresolved problems in this area of research, We are trying to address these

issues in our future research work.
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Chapter 5

(CoFe,0,),/CuTI-1223 Nano-Superconductor Composites

In this chapter, we have investigated the effects of CoFe,04 nanoparticles addition on
structural, morphological and superconducting transport properties of CuTl-1223 matrix. The
main objective of this work was to improve the inter-grain weak-links by filling the pores and
voids present in bulk form of the host CuT1-1223 matrix by the inclusion of these nanoparticles.
The second objective was to increase the number of flux pinning centers to the optimum level by
the addition of these magnetic nanoparticles. The suppression of superconducting properties in
zero field with increasing CoFe;04 nanoparticles contents is most probably due to localization
and pair-breaking mechanisms of carriers across these highly coercive magnetic CoFe,0q
nanoparticles having net magnetic moments. In the present study our focus was to see the effects
of magnetic CoFe;04 nanoparticles on the superconducting transport properties of CuT1-1223
matrix.,

5.1 Introduction

Normally, cuprate high temperature superconductors (HTSCs) are synthesized at very
high pressure (3~5 GPa) but the compounds of Cug sTlysBa;Ca, CunO20+44 (CuTl-12(n-1)n); n =
2, 3, 4,..., high temperature superconducting family can be easily synthesized at ambient
pressure [1]. The superconducting parameters of this HTSCs family have the second highest
values after Hg-based superconductors. Also Cug;sTlpsBazCarCusOro5 (CuTI-1223) phase with
three CuQ; planes has highest values of almost all superconducting parameters as compared to
other phases of this HTSCs family [2, 3]. Therefore, this class of superconductors is one of the
most promising candidates for further investigation and technological applications. The overall
structure is granular and porous in nature for large scale production in bulk form [2, 3). In order
to enhance the superconducting properties, many attempts have been made by the different
research groups working in this area. Post-annealing and creation of artificial defects by different
techniques of the order of nanometer scale acting as extra effective pinning centers under the
applied external ficld have been exercised [4, 5]. Main objective of creation of additional
effective pinning centers by different technigues is to enhance the critical current density (J.)
under the applied external magnetic field. These pinning centers are more effective when their
sizes are of the order of coherence length [6]. The easy and very useful technique for the creation
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of artificial pinning centers is the addition of magnetic nanoparticles in the bulk superconducting
materials [7].

The enhancement of critical current density (J,) in many HTSCs families have been
observed by the inclusion of nano-oxides of different nature, sizes and concentrations, which act
as flux pinning centers in the applied external field [8-11]. The addition of ALOs and ZrQ,
nanoparticles acted as effective flux pinning centers in (Bi, Pb)-2223 superconductor and
improved the infield J. [12-14]. The lower addition of ZnQ nanoparticles in (CugpsTlo25Pbg2s)-
1223 matrix improved the superconducting tramsition temperature, J. and superconducting
volume fraction [15]. Also the addition of InyO3 and SnO; in CuT1-1223 matrix improved the
superconducting volame fraction and reduced the porosity [16, 17]. The improvement of J. and
suppression of T were also observed by the addition of ZrO; and ZnO in Gd-123 superconductor
[18]. The superconducting properties (i.e. T, J; etc) of CuTl-1223 were improved by the addition
of CuQ, Ca0, and BaO nanoparticles [19, 20].

Recently, it was shown that magnetic nanoparticles play an fmportant role as efficient
pinning centers at lower densities [21, 22]. BiFeO; (BFO) nanoparticles are the promising
candidate for the various applications in recent years due to their large magneto-electric coupling
[23]. Nano-BFO exhibits super-paramagnetism, which is very suitable for flux pinning centers in
superconductors [24, 25]. Enhancement in T, was observed by the doping of paramagnetic Cr
impurities in Pd films up to certain level in applied external magnetic ficlds [26]. The electrical
resistivity versus temperature measurements showed that T, has been increased up to 0.2 wt.%
addition of nano-Fe,Q; in CuTI-1223 matrix. The suppression in T. on further increase of Fe;04
nanoparticles concentration was due to Cooper pair-breaking mechanism or due to decrease in
the volume fraction [27]. In recent years, the interest in creating the artificial pinning centers by
the inclusion of magnetic nanoparticles in MgB» superconductor was also observed in literature
[28). Several models have been proposed to investigate the effects of the inclusion of magnetic
nanoparticles within the bulk superconductors transport properties [29]. However, magnetic flux
pinning depends on the magnitude and orientation of magnetization vector, which is a
challenging problem for both theoretical and experimental investigations. The effects of
magnetic nanoparticles addition on superconductivity in MgB; was investigated experimentally
as well as theoretically but reporied results were contradictory, which provide no evidence of
magnetic pinning [30-36]. We have already reported the effect of addition of ZnFe,Oq
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nanoparticles in CuTl-1223 superconducting matrix. We have observed the improvement of the
grain size with the addition of ZnFe,O, nanoparticles. But after the addition of ZoFe;Q,
nanoparticles, T(0) and magnitude of diamagnetism were suppressed. The suppression of
superconductivity was most likely due to trapping or localization of mobile free carriers and
reflection of spin charge due to paramagnetic nature of ZnFe;O, nanoparticles. Aiso, the
reduction of T(0) may be due to the possibility of Fe and Zn incorporation in lattice sites [371.
5.2 Results and Discussion
' 52.1 X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and MH-Loop of
CoFe;04 Nanoparticles

XRD pattern of cobalt ferrite (CoFe;Oq) manoparticles is shown in Fig, 5.1(a). The
characteristic peaks in XRD pattern of CoFe,O4 nanoparticles are in accordance with standard
data values given in International Center for Diffraction Data (ICDD) record. The prominent
peaks are indexed with cubic spinal structure and average size of CoFeOq nanoparticles
calculated by using Debye-Scherrer's formula is 36 nm. XRD analysis shows exquisitely indexed
220,C11,222,400,(422,(G11),440),and (5 3 3) planes and
sharpness of these peaks confirms that CoFe,0, nanoparticles are better crystallized. Major
phase has been observed at (h k 1) value of (3 1 1). No peak of other impurity crystalline phases
has been detected. The lattice parameter calculated to be a = 0.8392 nm. SEM image of CoFe,0;
nanoparticles at 500 nm sczle is shown in Fig. 5.1(b). It shows that nanoparticles are nearly
spherical in shape and agglomerated due to magnpetic inter-particle interactions. We have
measured MH-loop of CoFe;04 nanoparticles at T = 50 K by using SQUID magnetometer to
confirm their magnetic behavior as shown in Fig. 5.1(c). These eanoparticles exhibit high
saturation magnetization (86 emu/g) and high coercivity (3350 Oe) as evident in the inset of Fig.
5.1(c). Ammar et al. [38] reported a high saturation magnetization (85.1 emu/g) for chemically
prepared CoFe;O4 nanoparticles. Liu et al. [39] reported the high saturation magnetization (83.6
emw/g) of nano-sized CoFe;0, particles prepared by co-precipitation method and annealed at
1300 °C.
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Fig. 5.1(a-c): (a) XRD patterns of CoFe,0, nanoparticles, (b) SEM image of CoFe,0, nanoparticles at 500 nm
scale, and () MH-loop of CoFe,0, nanoparticles at T = 50 K. (In the inset of (¢) shows the coercivity region),
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5.2.2 X-ray Diffraction of (CoFe;04),/CuTI-1223 Composites -

Typical XRD patterns of (CoFezO4),/CuT)-1223 composites with x = 0, 1.0 and 2.0
wt.%, are shown in Fig. 5.2. The diffraction pattems indicate the dominance of CuTl-1223 phase
as most of the peaks are well indexed according to tetragonal structure of this phase following
the P4/mmm space group. The characteristic (001) peak of this CuT1-1223 phase appeared at 20
= 5.84° and the stoichiometry remains unchanged after the addition of these nanoparticles, which
may be an evidence that there is no variation in structural chemistry of the host CuTl-1223
compound. Structure of CuTl-1223 phase remains preserved even with the existence of CoFe;Oy4
nanoparticles, which clearly indicates that these nanoparticles occupy the positions at the inter-
crystallite boundaries of CuTl-1223 matrix and help in improving the inter-grain weak-links.
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Fig. 5.2: XRD patterns of (CoFe;04)/CuT1-1223 composites with (a) x =0, (b) x = 1.0 wt.%, and (c) x = 2.0 wi.%.
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Beside the dominant CuTl-1223 phase, few un-indexed peaks appeared which are
possibly due to presence of some impurities and some other superconducting phases. Extremely
small variation in c-axis Jength was observed, which may possibly be duc to some strains and
change in oxygen (O;) contents after nanoparticles addition. The slight shift in the diffraction
peaks to lower angles, which is due to uniform strain produced in the materials after the addition
of CoFe;04 nanoparticles. Also the slight decrease in the c-axis length and an increase in a-axis
length are due to the slight compression in apical bond length and relaxation in CuQ; planner
bond lengths,
$.2.3 Scanning Electron Microscopy (SEM) of (CoFe204),/CuTi-1223 Composites

SEM images of (CoFe;04),/CuTl-1223 composite samples are shown in Fig. 5.3. Some
impression of agglomeration of magnetic nanoparticles have been observed in the composite
sample with x = 2.0 wt. %. Similar results were already observed by M. Hafiz and R. Abd-
Shukor [40] for nano-sized NiF; addition in Bi).4PbgeSr2Ca;CuyOie+s superconductor samples
and N. H. Mohammad et o/ [27] in studying the effect of nano-SnQ; inclusion into the CuTl-
1223 superconducting phase on superconducting properties.

524 FTIR Absorption Spectra of (CoFe;0,),/CuTl-1223 Composites

FTIR is very sensitive technique used to detect a trace amount of impurities along with
functional groups in the material. The FTIR absorption spectra of (CoFeyOs)/CuTl-1223
composites with x =0, 0.5, 1.0, 1.5 and 2.0 wt.%, in the far infrared range from 400-700 cm™
are shown in Fig. 5.4. The bands in the range from 400 to 540 cm™ are associated with the apical
oxygen atoms and in the range from 541 to 600 cm™ are associated with CuO; planar oxygen
atoms. The bands in the range from 670 to 700 cm™ are associated with O atoms in the charge
reservoir layer [41-43]. Apical oxygen modes of type TI-O,—Cu(2) and Cu(1)-0s~Cu(2) are
observed around 418 cm™ and 483 cm™ and CuO; planner modes are observed around 533 cm™
in pure Cug 5Tl sBa;CaCusO10-5 samples. The positions of both the apical oxygen modes were
not altered significantly with the addition of CoFe;O4 nanoparticles. The CuQ; planner oxygen
modes also did not change their positions with the addition of CoFe;04 nanoparticles. The slight
variation in these modes can be possibly due to stresses and strains produced in material after
addition of these nanoparticles. The almost unchanged position of vartous oxygen modes with
the addition of these namoparticles showed that the unit cell structure of the host CuTl-1223
matrix remained unaltered. This is another indirect evidence of the occupancy of CoFe;0s
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nanoparticles at the grain-boundaries. Therefore, these nanoparticles healed up the voids and
improved the inter-grain coupling.

Fig. 5.3: SEM images of (CoFe,0,),/CuTI-1223 composites with (a) x = 0 and (b} x = 2.0 wt.%.
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Fig. 5.4: FTIR absorption spectra of (CoFe,0,),/CuTl-1223 composites with (8) x = 0, (b) x = 0.5 wt.%, () x = 1.0
wt.%, (d) x = 1.5 wt.%, and {e) x =2.0 wt.%.
5.2.5 Resistivity versus Temperature Measurements

Resistivity versus temperature measurements of (CoFe;04)/CuTIl-1223 (x =0, 0.5, 1.0,
L.5 and 2.0 wt.%) composites samples with various amounts of CoFe;O4 nanoparticles ate shown
in Fig. 3.5, The variation of T, (0) versus CoFe;O4 nanoparticles content is shown in the inset (a)
of Fig. 5.5. The values of T, (0) for the samples with x = 0, 0.5, 1.0, 1.5 and 2.0 wt.% are
around 66 K, 68 K, 69 K, 78 K and 60 K respectively. These measurements show that the value
of T«(0) is increased afier the addition of CoFe;04 nanoparticles into CuTI-1223 superconducting
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matrix till x = 1.5 wt. % concentration and then suppressed on further increase in the amount of
nanoparticles. The increase in T, (0) after the inclusion of CoFe;O4 nanoparticles up to x = 1.5
wt.% is due improvement in the inter-grains connectivity and after certain optimum level of
CoFe04 nanoparticles addition, the agglomeration starts which deteriorates the samples quality

and produces stresses and strains in the materials {44, 45].
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3 (a) R 2 P ) .
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. -,y
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Fig. 5.5: Resistivity versus temperature measurements of (CoFe,0,)/CuT]-1223 composites; x = 0, 0.5 wt.%, 1.0
wt.%, 1.5 wt.% , and 2.0 wt.%. In the inset (a) the variation of T ,(0) versus x and in the inset (b) the variation of

massive density versus x {i.e. CoFe,O4 nanoparticles).

In ceramic high T, superconductors, there is always a resistive broadening due to two
critical temperatures, one is the T.*** (K) at which Cooper pair formation starts and the second is
the T. (0) at which the materials goes into bulk superconducting state. The T, (K) depends on
the electronic properties of the material, whereas T(0) depends on the microstructure of the
material and carriers density in the CuO- planes. The material with weak inter-grain connectivity
and voids tends to have lower T(0), as compared to that of a material with well connected and
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packed grains in spite of their equal T.™ (K). In the present article the T. ™ (K) is
monotonically decreasing with the increase of magnetic CoFe,O, nanoparticles content, which is
not surprising because magnetic nanoparticles have the ability to suppress the superconductivity.
The reason behind the increase in T.(0) might be the improvement of the inter-grain
comnectivity, which is essential to get higher To(0). The main problem is to make the distribution
of CoFe,O4 nanoparticles uniform and homogeneous across the grain-boundaries of CuTI-1223
superconducting matrix. The non-monotonic variation of the normal state resistivities with
magnetic CoFe;0, nanoparticles content is most probably due to the inhomogeneous distribution
of these nanoparticles at the grain-boundaries of the bulk material. The variation of mass density
of (CoFe;04),/CuT]-1223 composites with different content of CoFe; 04 nanoparticles is shown
in the inset (b} of the Fig. 5.5. The overall slightly increasing trend in mass density is observed
with increasing content of these nanoparticles in the matrix, which is an evidence of filling the
voids in the bulk samples. Slightly non-monotonic variation in mass density can be most
probably due to inhomogeneous distribution of these nanoparticles at the grain-boundaries of the

samples.
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Chapter 6
(AL;O3),/CuT1-1223 Nano-Superconductor Composites

We studied the effects of nano-ALO; particles addition on superconductivity as well as
on crystal stracture of CuT]-1223 phase in this chapter. We have presented our experimental
results on the superconducting properties and the changes in microstructure correlated with nano-
sized ALO; addition in CuT1-1223 matrix. The presence of nano-AlQ; particles embedded in the
superconductor matrix was investigated by X-rays diffraction (XRD), scanning electron
microscopy (SEM) and energy dispersive x- rays (EDX) spectroscopy. The resistivity versus
temperature, current versus voltage (IV) and Fourier Transform Infrared (FTIR) absorption
measurements were carried out on these samples.

6.1 Introduction

(Cup.5Tlp 5)Ba;CayCu30105 (CuT1-1223) phase of (Cug sTlys)BazCayCuytiOanvas high T,
superconducting family is the most attractive due to its relatively larger critical current density
(Jc), high superconducting transition temperature (T.) and low superconducting anisotropy (
7= ﬁ) [1-3). Two main constituents of the unit cell of this phase are Cug 5Tl sBa;04. charge

€

reservoir layer (CRL) and nCuO; conducting planes [4, 5]. The effects of the substitution of
impurities within the unit cell and the addition of suitable mamostructures (pamoparticles,
nanorods, etc) on the physical and stroctural properties of different superconducting families
were investigated by different research groups working in this area [6-10]. The addition of
nanoparticles affects the superconducting propertics by creating the surface defects in the
materials and varying the number of charge carriers in CuO; planes. It was observed in many
superconducting families that superconductivity parameters vary by varying the oxygen contents
[11-15}. The addition of elemental and oxides nanoparticles into the high temperature
superconductors (HTSCs) matrices plays a vital role in increasing the critical current density (J.)
by the different mechanisms (i.c. flux pinning, inter-grain improved connectivity etc) occurring
in the materials [16-20). It was reported that low concentration of nano-ZnQ addition in
(CugsTlp25Pby25)-1223 matrix enhanced the superconducting transition temperature (T.), critical
current density (Jo) and melting point, while high concentration of nano-ZnQ enhanced the
secondary phases and grain boundary resistance. This was possibly due to large agglomeration of
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nano-ZnQ particles [21]. Microbardness of CuTl-1223 superconducting phase was significantly
improved by nano-SnQ; particles addition [22]. It was also observed that superconducting
properties were improved by nano-Fe;Oj particles addition up to certain concentration level and
then started to decrease with higher concentration of nano-Fe;O; particles in CuTl-1223
superconductor [23]. The suppression of superconducting properties was explained in terms of
enhanced pair-breaking mechanism due to scattering phenomenon at higher concentration of
nano-Fe;O; particles in CuTl-1223 superconductor. The nano-MgO particles addition up to 0.6
wt. % in CuTl-1234 superconducting phase improved the phase formation, grain-connectivity,
electrical transport properties and reduced the thermal expansion co-efficient [24]. The
improvement in J; was believed to be due to enhanced pinning effects of nano-MgO particles in
the CuT1-1234 superconducting matrix {25)]. There was also no change observed in the tetragonal
crystal structure of CuT1-1234 superconducting phase after the addition of nano-MgQ particles.
The study of the effects of AlO; nanoparticles addition on the superconducting properties of
YB2;Cu;0, showed that there was no change in the structural symmetry, while the
orthorhombicity slightly decreased with the increase of nano-AlO; particles content in the
matrix. In applied magnetic field, J. of the superconducting material was observed to be
enhanced significantly by nano-AlO; particles addition, which can be rendered to the existence
of the flux pinning centers [26]. The substitution of nano-ALO; particles did not affect the
structural symmetry of the parent YBa,Cu;Oy system but the oxygen content were affected and
therefore the superconductivity altered as it is sensitive to oxygen contents especially in this
system. The effects of nano-ALO; particles addition in the polycrystalline (Bi, Pb)-2223
superconductors also illustrated the improvement of transport properties. The volume pinning
force density, onset temperature of dissipation, activation energy and J; in applied magnetic field
were found to be improved [27]. The fluctuation induced conductivity (FIC) analysis
demonstrated that three dimensional (3D) conductivity region has been reduced, which is
possibly due to scattering of mobile carriers across the nano-AlQOs particles at the grain-
boundaries of (Bi, Pb)-2223 superconducting matrix [28]. The small amount of nano-ALO;
particles addition ic YBa,CusQss (Y123) textured bulk superconductor has increased the J,
values that may be due to improved flux pinning after the inclusion of these insulating
nanoparticles [29]. The structural symmeiry of Y123 superconducting matrix was also not
affected after the inclusion of A1;04 nanoparticles [30]. The improvement of J, was most likely
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due to enhanced pinning effects by the insulating nano-ALO; particles acting as effective
pinning centers in Y123 superconducting matrix. The value of the J, depends upon the size,
density of pinning centers and flux pinning strength. The values of J. and Hi, were enhanced due
to the presence of nano-ALO; particles at the grain-boundaries of MgB; acting as strong pinning
centers [31]). Some amount of aluminum (Al) was doped into the lattice and more Al,O;
nanoparticles were present at grain-boundaries in the bulk at higher level of nano-ALO; particles
addition in MgB» matrix.

6.2 Theoretical Model for Analysis of Experimental Data

The de-resistivity measured data were analyzed with the help of Aslamasov-Larkin (AL)
Model. FIC analysis gives information about the scattering and superconducting pairing in
cuprates as T approaches T."**(K). The excess conductivity is;

P )= p(T)
Ac(Ty=| L2l e, 1
o0 [p,,(np(n} @

where p (T) is the actually measured resistivity, and p, (T) = oT + b is the normal-state
resistivity of the sample extrapolated to resistivity at 0 K. The fluctuation conductivity according
to AL theory is given as;

AS(T)= A™ oot e SRS 2
where A is the fluctuation amplitude, ) is dimensional exponent, and ¢ = In[T/T.™ is the
reduced temperature and T.™ is usually referred to as the mean field critical temperature [32, 33).
The exponent A determines the dimensionality of the superconducting fluctuations and is given
as A=2-D/2; A=1/2, 1, 3/2 for three, two and one dimensional fluctuations, respectively. A cross-
over from two dimensional (2D) to three dimensional (3D) conductivity occurs at a cross-over

temperature;

The second term is the inter-layer coupling strength, which is related to the reduced temperature
€ by J = ¢ /4. In layered superconductors at very low temperature close to zero resistivity
temperature £; > d; where d is the distance between the conducting layers of adjacent unit cells
(d is approximately equal to the c-axis lattice parameter of the unit cell).
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6.3 Results and Discussion
6.3.1 X-Ray Diffraction (XRD)

XRD pattern of nano-Al,Os particles is shown in Fig. 6.1. The various crystal features of
ALO; nanoparti_c_:les like crystal structure, crystallite size and diffraction pattern are determined
from the XRD spectrum. The random orientation of crystals, smaller crystallite size, strains and
structural faults lead to the peak broadening. The peaks are indexed with cubic structure and the
average size of AO; nanoparticles calculated by Sherrer's formula is found to be 5 nm. XRD
analysis shows cubic structure and crystallinity with exquisitely indexed planes (3 1 1), (2 2
2), (4 0 0),(51 1)and (41 1), which are completely in accordance with International Center
for Diffraction Data (ICDD).

Alumina Nanoparticles

Intensity (a.u)

Fig. 6.1: XRD pattern of alumina (Al;0s) nanoparticles
The typical XRD patterns of (Al,O;),/CuT1-1223 composites with y = 0 and 1.5 wt.%,
are shown in Fig. 6.2. The XRD patterns indicate the dominance of CuT1-1223 phase as most of
the diffraction peaks are well indexed according to tetragonal structure following the P4/mmm
space group. The characteristic (001) peak of CuTl-1223 phase appeared at 20 = 5.75° and also
there is no change in the overall XRD patterns of nano-ALO; particies added samples. The unit
cell parameters calculated by computer software (crystal) program are 2 = 4.01 &, ¢ = 14.95 A
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fory=10,and a =413 A, ¢ = 15.16 A for y = 1.5%, respectively. The structure of CuTl-1223
phase remains preserved even with the presence of AlO; nano-particles in the matrix, Therefore,
the nano-particles can occupy the positions at the inter-crystallite boundaries of CuTl-1223
superconducting matrix and help in improving the inter-grain weak links. Beside the dominant
CuTl-1223 phase, few non indexed peaks may possibly be due to presence of impurities as well
as some other superconducting phases. Therefore, the stoichiometry of the host CuTI-1223
compound remains unchanged after the addition of these nanoparticles. The slight shift in the
diffraction peaks to lower angles is due to the uniform strain produced in the materials after the
addition of Al;O3; nanoparticles. Also the slight variation in the c-axis length may be due to
variation of O; oxygen, which can change the apical bond length.

o CuTi-1212 = x=1.5wt%

# CuTH1234 s a= 413A
S| = ca15.18 A

-

-

Relative Intensity (a.u)
r
&
p ]

Fig. 6.2: XRD patterns of (Al;04),/CuTI-1223 composites () y =90, (b} y = 1.5 wt.%
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6.3.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray (EDX)
Analysis

SEM images and EDX spectra of (ALO3),/CuTl-1223 samples with y = 0 and 1.5 wt. %
are shown in Fig. 6.3. The improvement in the grains size after the addition of nano-ALO;
particles is possibly due to the presence of these nano-particles at the inter-grain boundaries that
can heal up the inter-grain voids in CuTl-1223 superconducting matrix. The EDX spectra show

the mass percentages of different elements in the composition.

Fig. 6.3: Typical SEM micrographs and EDX spectra of (A1,0;),/CuTI-1223 composites (a) x = 0.0%, (b) x = 1.5%.

SEM and XRD indicate that the nano-ALO; particles just occupy the interstitial spaces amongst
the grains and do not enter into the structure of CuTl-1223 phase. Similar results were observed
by A. Mellekh er al [26] for AlO3 nanoparticles added YBa»CusO, phase and N. H. Mohammad
et al [22] in studying the effect of nano-Sn0; particles inclusion into CuTI-1223 superconducting
phase. The mass percentages of different elements present in (Al;0;),/CuTl-1223 composition
detertnined by the EDX analysis are listed in Table 6.1.
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Table 6.1: Elemental analysis by EDX of (ALO3)y/CuT1-1223 composites with y = 0, 0.5, 1.0
and 1.5 wt.%.

Elements y=0 y = 0.5 wt.% r=1.0 wt.% v=15wt.%

KeV | Mass% | Atom% | KeV | Mass® | Atom% | KeV | Mass% | Atom% | KeV | Mass% | Atom®

oK 0.535] 2068 | 5805 |0536| 18.78 5465 [ 0538 | 2040 ( 57.08 | 0540 | 20.22 | 5596
CaK 3695 487 994 1369 | 916 10.64 | 3.698 1.67 857 [ 312 8.78 .70
CuL 09521 2693 | 19.03 | 0,955 | 26.00 1905 | 0958 [ 27.85 | 1962 | 0960 | 2748 | 19.15
BalL 4484 | 31.83 | 1041 4486 | 3355 11.37 | 4488 | 30.16 9.83 ) 4492| 3063) 9388
™ 232 | 1.7 257 (3321 11.54 263 | 2318 1264 277 | 2315 1112 241
AIK - | = —_ 1.495 0.96 1.66 | 1.510 1.28 213 | 1.525 197 290

Total 100 100 100 100 100 100 100 100

6.3.3 Fourier Transform Infrared (FTIR) Absorption Spectra

FTIR is a very sensitive technique used to detect a trace amount of impurities along with
functional groups in the material. FTIR absorption spectra of (Al;0),/CuTl-1223 composites
with y =0, 0.5, 1.0 and 1.5 wt.%, in the infrared range from 400-700 cm™ are shown in Fig. 6.4.
The bands in the range from 400 to 540 cm™ are associated with the apical oxygen atoms and in
the range from 541 to 600 cm™ are associated with CuQ, planar oxygen atoms [34, 35]. The
bands in the range from 670 to 700 cm™ are associated with O oxygen atoms in the charge
reservoir layer [36]. In pure CuosTlo sBasCasCu3O1o-s samples, the apical oxygen modes of type
TI-0x-Cu(2) and Cu(1)-O,—Cu(2) are observed around 418 cm™ and 537 cm™ and CuO,
planner mode is around 580 cm™. The apical oxygen modes remain unchanged in nano-AlLO,
particles added samples. The CuQ; planner mode is harden to 591 cm™ for y = 1.0 wt. % and
slightly softened to 575 and 576 cm™ for y = 0.5 and 1.5 wt. %, respectively. The softening and
hardening of these modes is most likely associated with the stresses and strains produced in the
materials after the addition of Al,O; nanoparticles, which may affect the different bond length in
the unit cell. There was no significant change in peak positions of oxygen modes after
nanoparticles addition but the shapes of FTIR spectra are slightly different from one another with
respect to relative intensity for different samples. Different bond lengths in the unit cell can be
affected due to stresses and strains produced in the materials by the inclusion of these
nanoparticles as well as due to small variation in the O; oxygen in the CRL of the unit cell. This
gives evidence that no decomposition of Al,0s nanoparticles and no diffusion of Al in the unit
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cell of the host CuTl-1223 matrix have been taken place. Therefore the most suitable place of
these nanoparticles in the CuT1-1223 matrix is the grain-boundaries.
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Fig. 6.4: FTIR absorption spectra of (AL04),/CuTl-1223 composites with (a) y = 0, (b) y = 0.5 wt. %, (c) ¥y=10
wt.%, and (d) y = 1.5 wt. %.
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6.3.4 Resistivity versus Temperature, Arrhenius Plots and Activation Energy
Measurements

The resistivity versus temperature measurements of (Al203)/CuTI-1223 (y =0, 0.5, 1.0
and 1.5 wt.%) nano-superconductor composites are shown in Fig. 6.5. All these samples have
shown a metallic variation in resistivity from room temperature down to onset of
superconductivity with zero resistivity critical temperature {T. (0)} around 86 K, 74 K, 75 K and
64 K.
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Fig. 6.5; Resistivity versus temperature measurements of (AL,04),/CuTl-1223 composites with y = 0.0, 0.5, 1.0 and
1.5 wt.%.

There is non-monotonic variation in T (R=0) with the increase of nano-ALO, particles
concentration in the composites as shown in the inset of Fig.6.6. It is assumed that this non-
monotonic variation in T. (0) K is mainly because of non-uniform distribution of AL Os
nanoparticles at the grain boundaries of the host CuTI-1223 superconducting matrix. The overall
suppression of Tc (0) K with ALO; nanoparticles addition is either due to OXygen vacancy
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disorder or due to mobile holes trapping [37-40] or due to lesser oxygen content in CuQ, planes
[41]. The main problem is to make the distribution of AlO; nanoparticles uniform and
homogeneous across the grain-boundaries of CuT1-1223 superconducting matrix. It can be seen
from the superconducting transition region in resistivity versus temperature measurements that
there is no clear relationship between the A12O; content and normal state resistivity at 300 K as
shown in Fig.6.6, which is most probably due to the inhomogencous distribution of these
nanoparticles at the grain-boundaries of the bulk CuTI-1223 material.
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Fig. 6.6: Variation of superconducting transition region in resistivity versus temperature measurements of
(AL0s),/CuTl-1223 composites with y = 0, 0.5, 0.7, 1.0 and 1.5 wt.%. In the inset are given the Arrhenius plots of
(ALO,),/CuTl-1223 composites with y = 0, 0.5, 0.7, 1.0 and 1.5 wt.%, activation energy and T, versus nano-Al,Os
contents.
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The possibility of the Al;0 material dissolved into the matrix of CuTI-1223 superconductor
cannot be eliminated as it was synthesized at higher temperature for elongated time (860°C, 24
hours). Since the vortex motion in high T. superconductors is thermally assisted phenomena,
therefore, we can use the Arrhenius Law to calculate the activation energy required to overcome
the pinning barrier [42-45]. The Arrhenius Law for superconductors is p = p, exp (-UrksT);
where U is the activation energy and kp is the Boltzmann constant. The Arrhenius plots of
(AL;03),/CuTI-1223 composites are shown in the inset of Fig. 6.6. We used the region close to T,
(0) K to calculate the activation energy. The plot of activation energy versus nano-AlO,
particles contents is also shown in the inset of Fig. 6.6. It can be seen that activation energy has
been decreased with the increase of nano-Al,Os particles contents in the composites. The
decrease of the activation energy with the increase of nano-ALO; contents is possibly due to
enhanced insulating nature of inter-granular regions. These insulating weak-links between the
superconducting grains cause resistive broadening as the energy dissipation takes place during
the transport of mobile carriers. The lower values of the activation energies also show the weak
flux pinning in these samples.
6.3.5 Current versus Voltage (IV) Measurements

The current versus voltage (IV) measurements of (AL, Q3),/CuTl-1223 (y =0, 0.5, 1.0 and
1.5 wt.%) composites are shown in Fig. 6.7. These IV measurements were carried out at 50 K
below the zero resistivity critical temperature for the samples. The criterion of J. for the IV
measurements was kept 1 pV/em at 50 X in zero external applied magnetic field for all the
samples. The IV characteristics curves show the suppression of critical current (1.) with the
addition of nano-ALO; particles in CuT1-1223 superconducting matrix. The variation of Jc with
different concentrations of nano-Al,O; particles is shown in the inset of Fig. 6.7. This decreasing
trend of J. with increasing Al;O3 nanoparticles concentration is possibly due to the formation of
superconductor-insulator-superconductor junctions in the composites. The insulating ALQ;
nanoparticles present at the grain-boundaries reduce the activation energy of the carriers due to
which pair-breaking of carriers occurs and superconducting parameters are suppressed [46]. But,
we expect that AlO; nanoparticles will act as active pinning centers in the external applied
magnetic ficld measurements [26-31). The pinning effects of these nancparticles will be explored
by infield measurements of these composites, which are under way. Presently, we only reported
the effects of ALOs nanoparticles zddition on the structural and superconducting transport
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properties of CuTl-1223 matrix without external applied magnetic ficld. All the experimental
resulis are very consistent and supporting each other.
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Fig. 6.7: Current versus voltage (IV) measurements of (Al;04),/CuTl-1223 composites with y = 0, 0.5, 1.0 and 1.5
wt.%. (In the inset J(A/em®) versus nano-ALO; particles content is shown).

6.3.6 Fluctuation Induced Conductivity (FIC) Analysis

The FIC analysis on the resistivity versus temperature data of (AlO;),/CuTl-1223
composites are carried out by using AL model in the mean field regime. The values of critical
exponent (J>p and Aap), cross-over temperature (T,), mean field critical temperature (T™), zero
temperature coherence length along c-axis {£40)}, inter-layer coupling (J) are given in Table
6.2. The increased values of ‘a’ after nano-ALQ; particles addition is a theoretical evidence of
insulating inter-grain boundaries in the composites samples. Moreover it is also witnessed that
£0) has been improved with the increase of *J’ values with the nano-AlOs particles addition in
CuTl-1223 superconducting matrix. The plots of In{ AcaL} versus In(g) of (Al,05),/CuTl-1223
composite samples for; (a) y = 0, (b) y = 1.5% are shown in Fig. 6.8(a, b) and in the inscts are
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shown the experimentally measured dc-resistivity p(Q-cm) along with a straight line
extrapolated from the room temperature (300 K) normal state resistivity to 0 K and derivative
(dp/dT) of dc-resistivity versus temperature.

Table 6.2: The superconductivity parameters observed from the FIC analysis of (Al,03),/CuTl-
1223 composites with y = 0.0, 0.5, 0.7, 1.0 and 1.5 wt.%,

Samples p,300K)  T. T, T e=p0K) Lo Az &0 J-ZEOF
Q) 10¢* (K (K Qem)* 10 dope  aope  (A) da
y=00 9650 8 10434 10231 7.79 052 105 3664 0238
=05 179 74 10438 10231 1721 048 107 4.741 039
=07 6105 79 10338 10131 5316 05 102 491 0429
y=1.0 1333 75 10133 9834  12.83 047 197 5857 0.609
y=15 1333 64 10133 9834 12752 048 199 61381 0.679

;18
§
£ %
§
-1
4.n.
% 4 3 r
in{e)
(a) M)

Fig, 6.8(a, b): In (Ac) versus In(e) plot of (AL;04),/CuTi-1223 composites; (a) y = 0, (b) y = 1.5 wt.% ; (In the
insets are shown the experimentally measured dc resistivity p($3-cm), derivative {dp/dT) of dc resistivity versus
temperature, and the straight line extrapolated from the room temperature ‘300 K’ normal state resistivity to 0 K),

The fitting of experimental curves shows the existence of two different fluctuation regions in
these samples. The values of critical exponent (Ap) derived from the slopes of sample with y = 0
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is found to be 0.52 and 1.05, which correspond to 3D and 2D AL fluctuations respectively. Also,
the value of Ap were found to be (0.48, 1.07), (0.5, 1.02), (0.47, 1.97) and (0.48, 1.99) with y =0,
5,y=07,y=10, and y = 1.5 wt.%, respectively for 3D and 2D fluctuations. There is a cross-
over temperature (T,) at which fluctuations have been changed from 2D to 3D in low
temperature region. The widths of these fluctuation regions are given in Table 6.3. It can be seen
from the data that T, has been shified toward lower temperature with nano-ALQj; particles
addition. On the other hand the increased values of {£4(0)} and (J) show that samples become
more isotropic after nano-Al,O; particles addition.

Table 63: Widths of critical 3D and 2D fluctuation regions observed from fitting of the
experimental data of (A1,03),/CuTI-1223 composites with y = 0.0, 0.5, 0.7, 1.0 and 1.5 wi.%.

Sample L 3p T(K) In £ ( range in 3D) 3. 2p TEO In ¢ ( range in 2D)

¥=00 10334~ 104.34 459 <ln <.391 10434 - 12140 391< Ine <-1.67
¥y=05 103.37-105.38 456 < Ine <-3.50 105.38 -- 12947 350<hhe <-1,32
¥y=0.7 102.34-103.34 4.58 < Ine <-3.50 103.34-131.43 3.50<Ing <-1.21
y=14 99.39-101.33 459 <lng <-349 101.33 - 154.51 349 <Ine <-0.55
y=15 99.33-101.33 460 < Ing <.3.49 101.33 159,53 349<lne <-047

The shift of 3D regime to lower temperature indicates that inter-grain boundaries become more
insulating due to which T. and T, have been decreased. The variation in microscopic parameters
extracted from FIC analysis verifies the overall suppression of superconductivity after nano-
AbLQ; particles addition in CuT1-1223 superconducting matrix.
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Chapter 7
General Conclusions and Future Prospects

7.1  General Conclusions

In order to study the varations in supercomducting properties of
(CupsTh 5)BayCaCus0yo5 (CuTI-1223) matrix by the inclusion of different types and sizes of
nanoparticles (ie. ALO;, Ag, Au and CoFe;0,) with different wt. %, we successfully
synthesized four series of samples by solid-state reaction method snd characterized them by
different experimental techniques such as XRD, SEM, EDX, TEM, FTIR, RT-measurements,
IV-measurements, etc. We analyzed our experimental data with the help of well-established
theoretical models (AL, LD and MTmodels) in this area of research.

Following conclusions can be drawn from our investigations.

i) In case of (Ag)/CuTl-1223 (x = 0, 0.5, 1.0, 2.0 and 4.0 wt.%) nanoparticles-
superconductor composites, the crystat structure of host CuT]-1223 superconducting
matrix was not affected after the addition of Ag nanoparticles. The activation energy
{U (eV)} and zero resistivity critical temperature {T.(0)} were increased with
increasing contents of Ag nanoparticles up to x = 2.0 wt. %. The systematic increase
in T(0) and decrease in p3g k ((2-cm) may be due to improved inter-grains coupling
by healing up the voids after the addition of Ag nanoparticles at the grain-boundaries
of CuTl-1223 phase. The suppression of superconducting properties after the addition
of these nanoparticles beyond the certain optimum level is most probably due to
agglomeration and segregation of these nanoparticles at the grain-boundaries. The
microscopic parameters deduced from the FIC analysis are in accordance with the
experimental findings. The increase in & (O)and J indicates the reduction of
anisotropic nature of CuTI-1223 phase after Agnanoparticles addition.

ii) In case of (Au)/CuTI-1223 (x = 0, 0 .5, 1.0 and 1.5 wt.%) nanoparticles-
superconductor composites, the tetragonal structure of CuTl-1223 matrix remained
unaltered after nano-Au particles addition. It provides an evidence of the presence of
nano-Au particles at inter-granular spaces (inter-grain boundaries). The systematic
decrease in normal state resistivity and monotonic increase in T, (0) with gradual
increase of these nanoparticles contents up to certain optimum level is most probably
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due to somehow homogeneous and uniform distribution of these nanoparticles at the
grain-boundaries of the bulk CuTl-1223 material. The improvement in the
superconducting properties can be attributed to an increase in the inter-grains
connectivity by healing up the inter-grains voids and pores by the addition of Au
nanoparticles. The improved inter-grains comnections can facilitate the carriers
transport across the inter-crystallite sites. But the supcroonductiﬁg volume fraction
starts to be reduced after certain optimum inclusion level of non-superconducting
metallic Au nanoparticles, which causes the suppression of superconductivity
parameters of CuTl-1223 phase.

In case of (CoFe204),/CuTl-1223 (x = 0, 0.5, 1.0, 1.5 and 2.0 wt.% ) nanoparticles-
superconductor composites, the stoichiometry and crystal structure of the host CuTl-
1223 matrix remained unchanged after the addition of highly coerciveCoFe,Oy
nanoparticles. The enhancement in T (0) was observed with increasing contents of
CoFe;O4 nanoparticles due to improvement of weak-links by filling the pores and
crakes present in the bulk CuTl-1223 matrix. The increase in mass density after
addition of these nanoparticles can also be due to filling of pores. The addition of
these nanoparticles beyond a certain optimum concentration level causes
agglomeration and produces additional stresses and strains in the bulk material and
suppresses the superconducting properties. The suppression of T.(0) may due to pair-
breaking mechanism caused by reflection/scattering of carriers and
trapping/localization of mobile frec carriers across the agglomerated magnetic
CoFe,O4 nanoparticles present at grain-boundaries of the host CuTi-1223
superconducting matrix.

In case of (ALO;),/CuT1-1223 (y = 0.0, 0.5, 0.7, 1.0 and 1.5 wt.%) nanoparticles-
superconductor composites, XRD scans revealed that the tetragonal structure of
CuTl-1223 matrix was not affected by the inclusion of Al;O; nanoparticles, which
provided a clue about the occupancy of these nanoparticles at the grain-boundaries.
The EDX spectra confirmed the presence of Al;O; manoparticles in CuTl-1223
matrix. The suppression of T«(0) and J. was observed with increasing contents of
ALO; nanoparticles, which was most probably due to pair-breaking mechanism
caused by the reflection/scattering of carriers during their transport across these
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insulating nano-ALQs particles present at the grain-boundaries. The insulating nano-

AL O; particles forming the superconductor-insulator-superconductor junctions in the

(Ah0y)y/CuTl-1223 composites has suppressed the superconductivity parameters.

The decrease of the activation energy with the increase of namo-AlLOjsparticles

contents is possibly due to enhanced insulating nature of inter-granular regions. These

insulating weak-links between the superconducting grains cause resistive broadening

as the energy dissipation takes place during the transport of carriers. The lower values

of the activation energies also show the weak flux pinning in these samples. The dc-

resistivity data seems to be fitted very well with 3D and 2D Aslamasov-Larkin

equations. The cross-over temperature (T,) is shifted towards lower temperature

values with the enhanced nano-ALO; particles concentration. The increase in £(0)and

J indicates the reduction of anisotropic nature of the material after nano-ALO,

particles addition.

7.2 Future Prospects
We have planned to address the following unresolved and unaddressed issues in this area;

1) Uniform distribution of nanostructures at the grain-boundaries of the host HTSCs
matrix.

2) Tuning of superconducting properties of the host HTSCs matrix by varying the
sizes of nanostructures (nanoparticles, nanorodesetc).

3) Inficld measurements (ie. RT, IV, RH etc) to explore the influence of
nanostructures on the artificial flux pinning centers in the host HTSCs matrix.
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Abstract

Series of (Ag)/(Cup «Tlp sB2;CaxCu30y0.5) {(Ag)SCuT1-1223} nano-superconductor composites were synthesized with different concentrz-
tions (i.c. x=0~4,0 wit%) of silver (Ag) namoparticles, Low anisowopic CuT1-1223 superconducting mawix was prepared by solid-staie reaction
and Ag nanopariicles were prepared by a sol—gel method scparatcly, The required (Ag),/CuT]-1223 composition was obtained by the inclusion of
Ag manoparticles in CuT1-1223 superconducting matrix. Structurel, morphological, compositional and superconducting transport properties of
these compasites were investigated in detail by x-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive x-rays (EDX)}
spectroscapy and fonr-point probe electrical resistivity (p) measurements. The inclusion of Ag nanoparticles enhanced the superconducting
properties withoat affecting the tetragonal structure of the host CuT)-1223 matrix. The improvement in saperconducting properties of (Ag),/CuTl-
1223 composites is most likely doe to enhanced inter-grains coupling @nd increased soperconducting volume fraction after the addition of
metallic Ag nanaparticles at the inter-crystallie sites in the samples. The presence of Ag nanoparticles at the grain-boundaries may increase the

number of flux pinning centers, which were present in the form of weak-links in the pure CuTl-1223 superconducting matrix.

© 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND Kicense

(http:ficreativecommeons.org/licenses/by-nc-nd/4.0/).
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1, Introduction

The selection of superconducting materials for their practical
applications demands higher values of critical transition
temperature (T), critical current density (/) and critical
magnetic field (H). It is obvious from literature that in
spitc of granujar and porous nature of bulk (CugysTlys)
BayCayCuzOyp—s (CuTl-1223) phase of (CugsTlys)
B2,Ca,Cu, 1050 445 high 7. superconducting family has
relatively higher values of J., T, H. and lower superconduct-
ing anisotropy (y = £, /E.) [1-3]. Therefore, it is necessary to
study in the selected CuTl-1223 superconducting phase. The
presence of inter-grain voids, impurity phases, oxygen vacan-
cies, inhomogensous microdefects, etc., in its bulk form due to
granular nature affects the performance of this compound. This
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issue cam, however, be resolved up to some extent by filling
the pores with some suitable nanostructures (namoparticles,
nanorods, eic.) at inter-granvlar sites in the bulk superconduc-
tor [4]}. The effects of nanostructures addition on physical and
structural properties of different high temperature supercon-
ducting (HTSC) families in their bulk as well as thin films
were studied by different research groups [5~9]. Generally, it is
observed from the literature reviews that the addition of
nanostructures in HT'SCs improves the inter-grain connectivity
and superconductivity parameters up 1o certain extent without
affecting the crystal siructures of superconducting phases (10—
19]. The addition of nanoparticles also enhances the additional
pinning effects in the bolk polycrystalline samples for the
improvement of infield superconducting properties [20~22]. It
was observed that low concentration of nano-ZnO addition in
(CugpsTlg2sPbg2s)-1223 matrix enhanced superconducting
properties, while high concantration of aano-ZnO emhanced
the secondary phases and grain-boundaries resistance due to
agglomeration of nano-ZnQ particles (23). The addition of
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MgO npanoparticles in Bi-2212 superconducting matrix
improved J; by enhancing the grains morphology due to
improved inter-grains weak-links without altering the crystal
structure [16). It was observed that superconducting properties
were improved by nano-Fe,0, particles addition in CuT]-1223
superconductor up to certain concentration level and then
started 10 decrease with higher concentration {24]. There was
also no effect on the structural symmetry of YBayCusOy
superconducting phase afier the addition of AlO, nanoparti-
cles. In applied magnetic field, J. of the superconducting
material was enhanced significantly by nano-Al,O particies
addition, which can be rendered to the existence of enhanced
flux pinning centers in the superconducting matrix [25]. The
values of pinning force density, onset temperature, activation
energy and J, in the applied magnetic field were improved by
the addition of naro-Al;Qy particles in polycrystalline (Bi,
Pb)-2223 superconductor [26]. The addition of Ag nanoparti-
cles in YBCO superconducting thin films reveals greater J,
values and improved crystal structure in the form of higher
crystallinity [27]. Bulk superconductor YBCO doped by Ag
nanoparticles of different sizes and concentrations showed
monotonic increase in superconducting properties especially
Jo, which is attribmied 1o the improvement of crystalliles
connectivity and superconducting volume fraction [10). Opti-
mal addition of Ag and SiC nano-powder of size 30130 am in
MgB. superconductor has increased the artificial pinning
centers along with the increase of infield superconducting
properties. A further increase of SiC and Ag namo-powder
above 16 wt% decreases the superconductivity of MgB, [28].
The improvement of mechanical properties of (Bi Pb)}-Sr—Ca-
Cu-0 superconducting matrix was also obsetved after nano-
Ag particles addition that may be due to cementing effects of
these additives at the grains boundaries [29-31],

In litcrature, the optimal concentration of nano-Ag particles
in different superconducting families that can enhance the
superconducting propertics without affecting the crystal chem-
istry was not yet clearly determined. In this paper, we reported
that effects of the nano-Ag particles addition on stractural and
superconducting properties of CuTl-1223 matrix. We also tried
to find out the optimal concentration of Ag nanoparticles to
obtain the maximum improvement in superconducting trans-
pont properties without affecting the crystal structure of CuTl-
1223 phase. The appropriate concentration of Ag nanoparti-
cles' addition heals vp inter-grains voids to improve the weak-
links and act as facititators for the carrier transport in bulk
superconductors.

2. Experimental details of samples’ synthesis and
characterization

The nano-Ag particles added bulk ceramic CuTi-1223 super-
conductor composites were synthesized by two-cycle solid-state
reaction method. Initially, Ba(NO,),, Ca(NOs); and Cu(CN)
compecunds were used as slarting compounds to prepare
Cup sBa,Ca;Cu30,95 precursor. These starting corpounds were
mixed in appropriate ratios and ground in an agate moriar and
pestle for 2 h. The mixed and ground material was loaded in

quartz boats and calcinated in chamber fumace at 860 °C for
24 h followed by fumace cooling to room temperature. The
calcination steps were repeated twice following 1 h intermediate
cursor material. The nano-Ag particles were prepared by a sol-
gel method separately. The precursor material was mixed with
Ti,0; and different wt% of Ag nanoparticles of 35nm in
average size at second stage and then ground again for 1 h to
get (Ag),/CuT1-1223 (y=0.0, 0.5, 1.0, 2.0, 4.0) w\i% super-
conductor composites. The material was then pelletized under
3.8 tons/em?® pressure and the pellets were enclosed in gold
capsules for sintering at 860°C fof 10min followed by
quenching to room temperanire,

The structure and phase purity of material was determined
by XRD (I/Mex IIC Rigaku with a CuKe source of
wavelength 1.54056 A). The morphology and composition of
malerial were determined by SEM and EDX, respectively. A
conventional four-point probe method was used for de-
resistivity measurements. The phonon modes related to the
vibrations of various oxygen atoms were observed by Fourier
Transform Infrared (FTIR) spectroscopy in the wavenumber
range of 400-700 cm ™.

3. Resuilts and discussion

The XRD pattern of Ag panoparticles is shown in Fig. 1.
The prominent peaks are indexed according to face-
centered cubic (FCC) structure of Ag and the average size
of Ap nanoparticles caleulated by Sherrer's formula is
about 35 nm. The XRD analysis shows exquisitely indexed
(111), (200), (220), and (311) planes of FCC structure. The
lattice parameter calculated for FCC pattern of Ag nano-
particles is about 2=4.09 A. No peak of impurity crystal-
line phases was observed.

The typical XRD patterns of (Ag),/CuT-1223 composites
with x=0, 1.0 and 2.0 wt%, are shown in Fig. 2. Most of the
diffraction peaks are well indexed according to the tetragonal
structure of CuTl-1223 phase following the P4/mmm space
group and the characteristic (001) diffraction peak of this phase
appeared at 260=75.79°, The stoichiometry and crystal structure
of CuTl-1223 phase remained preserved even after the addition

Ag-nanoparticizs]
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Fig. 1. XRD pattem of silver {Ag) nanoparticles.
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of Ag nanoparticles. This provides evidence about the occu-
pancy of these nanoparticles at the inter-crystallite sites and the
improvement of inter-grain weak-links by filling the pores and
voids. Besides the dominance of CuTI-1223 phase, few
un-indexed diffraction peaks appearing in XRD patterns are
possibly due to the presence of some impurities and other
.superoonductmg phases mentioned in the inset of Fig. 2
lcalculated cell parameters are (a=4.45A, c=14 45 A),
(@a=4.46A, c=1496 &), and (a=4464, c-1497A) for
rr--t:l 10, and 2.0 w1%, respectively. Slight variation in c-axis
length may be due to some strains and variation of O oxygen
contents after Ag nanoparticles addition in CuT!-1223 super-
conducting matrix.

The typical SEM images and EDX spectra of (Ag),/CuTl-
1223 samples for x=0, and 2 wi% are shown in Fig. 3. The
improvement of inter-grains weak-links as well as the grains
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Fig. 2. XRD panerns of {Ag)/CoT-1223 composites with () a=0,
®) x=10w1%, and {¢) x=2.0 wt%.

size i3 obvious from these SEM images afier the addition of
Ag nanoparticles in the host CuT)-1223 superconducting
phase. The improvement of inter-grains wezk-links and the
grains size may be due to cementing effects of Ag nanopar-
ticles occupying the inter-grains boundaries by filling the voids
and pores present in the bulk form of CuTI-1223 matrix. The
improved grains size enhances the superconducting volume
fraction and superconducting properties of the host material by
the addidon of Ag nanoparticles. The EDX spectra show the
presence of different clements in the composition, The mass
percentages of different elements determined from the EDX
analysis are listed in Table 1.

The FTIR absorption spectra of (Ag)ACuT1-1223 composites with
x=0, 035, 1.0, 2.0 and 4.0 wt%, in the range: from 400700 cm ™" are
shown in Fig. 4. The absorption bands in the range from 400 1o
540 cm™" are associated with the apical oxygen aioms and in the
range around from 541 t0 600 cm ™ are associated with CuO, planar
mygmmnsﬁ.ﬁﬂ The ahscaption bands in the range fiom 670 to
700 em™ mmmwmoammmeMMmr]aya
{34-38). The apical oxygen modes of type TH-OA-Cu(2) and Cu(1)-
0,4~Cu(2) are cbserved aroumd 430 cm™? and 460-499 em ™! and
CuO, planner oxygen mode i around 536cm™! in the pure
Gmw.lgom_,s samples. The nominal variation m the
position of the apical axygen modes may be due o the presence of
stresses and strains in the bond kengths of the unit cells caused by the
nano-Ag paticles in the composites. The CuO; plamer oxygen
modes and O, modes remained alrrost unaffected after the addition of
Rano-Ag particles in the host CuT1-1223 marix. The FTIR study also
supports our clain and objective that the Ag nanoparticles do not
substitute the constitwent atoms of CuTl-1223 umit cell bt they
occupy the inter-granular spaces, fill up the pores and beal up the
cracks.

12 3 4 56 78 9 1
KoV

1 2 3 4 65 6 17 9 9 10
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Fig. 3. Typical SEM images and EDX spectra of (Ag)/CuTI-1223 composites with (a) =0 and () x=2.0 wi%.
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Table 1
Herenl analysis by EDX of (Ag)ANTH1223 composites with (2) 0 and (b) 20 widh.

Elements

{(ak xr=0 ) x=2.0m%

KeV Mass%  Atom%  KeV Mass%  Atom%

0K 0535 2068 58.05 0.340 20.22 53.96
CaK 3695 887 9.84 3702 878 9.70
Cell 0952 2693 19.03 0.960 27.48 19.15
Bal 4484 3183 1041 4.492 30.63 9.88
M 2325 1170 257 2.315 11.12 b2
ApK - - - 1.525 L37 290
Total 100.00 100.00 100.00 100,00

Relative absorbance (a.u.)

7;10 650 800 650 500 460 400
Wavenumber (cm"')

Fig. 4. FTIR absorption spectra of (Ag)/CuTl-1223 composites with (g) =0,
(b) x=-0.3 Wi, (c} x=1.0 wi%, (d) =2.0 %1% and (e} x=4.0 wi%.
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Fig. 5. Reststivity versus temperatmre measurements of (Ag)/CuTe-1223
compasiles with x=0, 0.5, 1.0, 2.0 and 4.0 wiga.

The resistivity versus temperature measurements of (Ag)/
CuTl-1223 composites with different contents of namo-Ag
particles from 0 < x £ 4.0 wt% are shown in Fig. 5. All these
samples have shown a metallic variation in the resistivity from

room temperature down to onset of superconductivity with
2zero resistivity ctitical temperature {7, (R=0)} around 73 K,
95K, 98K, 102K and 91 K for x=0, 0.5, 1.0, 2.0 and 4.0 wt
%, respectively. These measurements show that the value of T
(R=0) is increased after the addition of nano-Ag particles
matrix till x=2.0 wi% concentration and then is suppressed on
further increase of nanoparticles concentration into CuT?-1223,
The increase in T is an evidence of improved superconducting
volume fraction after nano-Ag particles addition in the host
CuTl-1223 superconducting matrix. The improved inter-grain
weak-links facilitate the charge carriers transport processes and
reduce the energy losses across the grain-boundaries. But the
superconducting volume fraction starts to decrease after certain
optimum inclusion level of Ag nanoparicles, which causes the
suppression of superconductivity parameters. The non-
superconducting metallic Ag nanoparticles reduce the super-
conducting volume fraction beyond certain optimnm level of
Ag nanoparticles inclusion in superconducting state of CuTl-
1223 matrix. After a certain optimum level of Ag nanoparticles
addition, the agglomeration and segregation of these nanopar-
ticles result in the reduction of T, by various mechanisms like
scaitering, pair-breaking, ete. [39,40]. Sdll, there are many
issues to be addressed in future studies like homogeneous and
uniniform distribution of Ag nanoparticles at the inter-grain
boundaries of the host CuTl-1223 superconducting matrix. The
effects on the superconductivity of the host (CugsThys)
Ba;Ca,Cu, 4 102y 4 4—5 sSuperconducting family with addition
of different sizes and concentrations of nanoparticles andg their
response in applied magnetic field will also be addressed in our
future research work in this area.

4. Conclusion

Ag nanoparticles are metallic in nature and their influence
on stuctral and superconducting properties of CuTl-1223
matrix has been investigated thoroughly to locate the optimal
conditions for the enhanced superconducting parameters. The
addition of nano-Ag patticles in the host CuTl-1223 super-
conducting matrix shows no change in the stoichiometry and
crystal structure. The added Ag nanoparticles occupy inter-
crystallite sites and improve the weak links, This improvement
leads to the enhancement of superconducting properties of
(Ag)/CuTl-1223 composite matrix, increased inter-grains
coupling and superconducting volume fraction. The systematic
increase in T, and decrease in pyx (£2-cm) of (Ag),/CuTl-
1223 composites after addition of Ag nanoparticles has been
observed up to some optimum level of concentration which is
x=2.0 wt%. Suppression of superconducting properties after
the addition of the manoparticles beyond this optimum level
has been observed, which is probably due to degradation of
samples quality, non komogeneous distribution of Ag nano-
particles causing agglomeration and segregation at the grain-
boundaries of host CuTI-1223 matrix. Electrically Conductive
nature of metallic Ag nanoparticles is respoansible for the
reduction in nomnal state resistivity and improvement in
superconducting volume fraction due to their facilitating
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Silver (Ag) nanoparticles were added into (CugsTls)Ba;Ca;Cuy0y9_s (CuTI-1223) high T,
superconducting matrix to get (Ag)/CuTl-1223, x=0, 0.5, 1.0, 2.0, and 4wt.%, nano-
superconductor composites. The activation energy (U (eV)) and zero resistivity critical tempera-
ture { T, (0)} were increased with increasing contents of Ag nanoparticles in (CuT?-1223) phase up
0 x=2.0wt. %. The increase of activation energy is most probably due to interaction of cartiers
with the meiallic Ag nanoparticles present at grain boundaries of the host CuT1-1223 superconduct-
ing matrix. The systematic increase in T, (0) and gradual decrease in mommal state resistivity
{P300x (2 cm)} may be due to improved inter-grains coupling by filling up the voids and pores
with the inclusion of metallic Ag nanoparticles at the grain-boundaties. There are two possible
mechanisms associated with the inclusion of Ag nanoparticles, one is the formation of non-
superconducting regions causing the increase of activation energy and other (dominating) is the
improved inter-grains connectivity promoting T (0). The microscopic parameters (i.e., zero tem-
perature coherence length along c-axis (£, (0)}, inter-layer coupling (J), inter-grain coupling (x),
etc.) deduced from the fluctration induced conductivity analysis reasonably explained the experi-

mentat findings. © 2014 AIP Publishing LLC, [http://dx.doi.org/10.1063/1.4895051)

I. INTRODUCTION

The impact of superconducting materials from their
application point of view can be estimated from the values
of superconducting critical parameters (i.e., critical tempera-
fure T, critical current density J,, critical magnetic field, H.)
and CuTl-based high temperature superconducting family
has the highest values of thess critical parameters after
Hg-based superconductor.'? The main advantage for the
selection of CuTl-1223 superconducting matrix is its ambi-
ent synthesis conditions especially pressure along with
higher values of critical parameters.”~® But the performance
of these compounds is badly affected by inter-grains voids,
inhomogeneous micro-defects, etc., present in their bulk
form. In polycrystalline bulk samples, the inter-granular
superconducting transport properties have become limited by
the weak-links caused by the grain-boundaries and the intra-
granular critical current is impeded principally by the ther-
mally activated flux flow at high temperatures and in applied
magnetic fields, One of the most suitable and convenient
way {0 address this issue is the inclusion of metallic nanopas-
ticles at grain-boundaries of superconducting granular bulk
materials for filling the pores and healing up the cracks to
improve the weak-links and superconducting volume frac-
tion. The second very important issue is the vortex motions
in the applied magnetic field, which can easily damage the
superconductivity. To avoid this sitvation of vortex motion

YE-mil: mmumiez75@yaboo.com. Telephone: +92-51-9019926, Fax:
+92-51-9210256.
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and to improve the infield superconducting transport proper-
ties, it is necessary to introduce artificial pinning ceniers in
the superconducting matrices apart from those which occur
naturally,>'* Different methods such as high energy ions
irradiation,"® chemical doping, and different types of addi-
tives were reported in the literature for this purpose,'®*
Nano-additives of different kinds in various high temperature
superconductor matrices have shown positive effects on
superconducting  properties.'®!'""%*  These additives
improve the inter-grain connectivity by filling the pores and
healing up the cracks as well as pinning ability acting as
additional artificial pinning centers.?*  Significant
improvement in superconducting parameters was observed
by the inclusion of nanostructures of noble meials such as
Ag and Au in many superconducting systems,”*~*® The addi-
tion of different sizes and concentrations of silver (Ag) nano-
panticles in  YBCO superconductor showed monotonic
increase in superconducting properties particularly J, by
ismproving crystal structure in the form of higher crystalli-
nity, crystallites connectivity, and superconducting volume
fraction.'®?” The improvement in inter-grains connectivity
as well as in J. was observed with increasing concentration
of nano-Ag particles in Bi-2223 system.*> The improve-
ment in mechanical properties of (Bi Pb)-Sr-Ca-Cu-O super-
conduciing matrix was also observed by the inclusion of
nano-Ag particles that was due to cementing effects of these
additives at the grain-boundaries.”®2 The inclusion of dif-
ferent metals oxides MgO, ZrO,, and AL, nanoparticles in
Bi-based systems showed the improvement in superconduct-
ing parameters.**>* The presence of MgQ nanoparticles in
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Bi-2212 matrix has increased the transition sharpness and
the superconducter volume fraction.’® Significant improve-
ment in infield J. was observed by the addition of Al;O,
nanoparticles in YBaxCu;0y superconducting phase without
affecting the structural symmetry, which can be rendered to
the existence of enhanced flux pinning centers.* The volume
pinning force density, onsct temperature of dissipation, acti-
vation energy, transpost properties, and J. in applied mag-
netic field were also improved by the addition of pano-Al.Os
particles in polycrystalline (Bi, Pb)-2223 system.>* The
excess conductivity analysis showed that the width of three
dimensional (3D} conductivity region was reduced by the
addition of nanc-Al;Q; particles in polyerystatline (Bi,
Pb)-2223 superconducting matrix, which was explained on
the basis of scattering of mobile carriers across the insulating
nano-Al,O; particles present at the grain-boundaries.
Mechanical properties were improved by the inclusion of Ap
nanoparticles at the grain-boundaries of Bi-based supercon-
ducting systems acting as pores fillers and improving the
inter-grains connections.’” The superconducting transport
properties were sufficiently improved by the addition of
nano-Ag pariicles in Bi; gPbg 451,Ca;C09049,.6 Supercon-
ducting matrix without affecting the crystal structure, indi-
cating more efficient pinning mechanisms.*® The size of flux
pinning centers is important in enhancing J. and particle
with size closer to the coberence length showed higher trans-
port J..* But the size and homogeneous distribution of nano-
particles at the grain-boundaries of the bulk high T,
superconducting matrix are the real challenge

In this paper, we reporied the effects of Ag nanopanticles
addition on structural and superconducting transport proper-
ties of CuTl-1223 matrix. Series of samples added with
different nano-Ag particles contents (O~ 4.0wt. %) were
synthesized to find out the optimal concentration level of
these nanoparticles to obtain the maximum improvement in
superconducting transport properties without affecting the
crystal structure of CuTl-1223 phase. We used Ginzburg-
Landan equations, Aslamazov-Larkin (AL), Lawrence-
Doniach (LD), and Maki-Thompson (MT) models***° o
the experimental data to obtain the different microscopic
superconducting parameters for understanding and explain-
ing the role of Ag nanoparticles on superconductivity of host
CuTl-1223 phase in detail. We tried to unfold the role of
nano-Ag particles addition in CuTl-1223 matrix with a cen-
tral objective to determine the dominant source and mecha-
nism taking place affecting the superconducting properties.

Il. EXPERIMENTAL DETAILS

Nano-superconductor (Ag),/CuTi-1223 (x=0, 0.5, 1.0,
20, and 4.0wt. %) composites were synthesized by the
solid-state reaction method. Initially, Ba{NQ4);, Ca(NO3),,
and Cu(CN) compounds were mixed in appropriaie ratios
and ground in an agate mortar and pestle for about 2 h to pre-
pare CupsBayCasCus049_s precursor material. The ground
material was loaded in quartz boats for firing in chamber
furnace at 860°C for 24 h. The fumace is switched off for
cooling the samples gradually to room temperature. The fir-
ing steps were repeated twice following 1B intermediate
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grinding each time to get the fine Cug sBa;CayCu3049-4 pre-
cursor material, The nano-particles of Ag were prepared sep-
arately by sol-gel method. Later on, at second stage
appropriate amount of thallium oxide (T1,04) and Ag nano-
particles of 35nm in size with different wt, % were mixed in
this precursor material and then ground again for I h. This
ground material was pressed under 3.8 tons/em’ pressure in
the form of pellets and the pellets were enclosed in gold
capsules for sintering at 860°C for 10 min followed by
quenching to room temperature to get (Ag),/CuTl-1223
nang-supercondoctor composites.

The structure and phase purity of the samples were
examined by X-ray diffraction (XRD) (D/Max HIC Rigaku
with a CuKe source of wavelength 1.54056 A). The cell
parameters were determined by cell refinement computer
program. The morphology was examined by scanning elec-
tron microscopy (SEM) and composition was determined by
energy dispersive x-ray (EDX) spectroscopy of the materials.
The dc-resistivity versus temperature measurements of
the samples were camried out by conventional four-probe
method with the help of commercial Physical Properties
Measurement System (PFMS) manufachured by Quantum
Design. Four low resistance contacts with silver paint were
made on the surface of the slab shaped samples with dimen-
sions of 1.2 x 1.0 x 4.0mm’. The temperature stability was
kept 2mK during the transport measurements on these
samples,

l. THEORETICAL MODELS FOR ANALYSIS OF
EXPERIMENTAL DATA

The fluctuation induced conductivity (FIC) analysis is a
state of the art theoretical analysis on the experimental data
of cuprates, which can play an essential role to unearth the
intrinsic properties of the material well above the zero resis-
tivity critical temperature T, (0), where the Cooper pair for-
mation starts and imparts additional conductivity. There are
two models that can give a very nice picture of supercon-
ducting fluctvations in inter-grains and intra-grains regions.
AL Model can be used for fluctuations both in inter-grains
and intra-grains regions, while LD can be used only for fluc-
toations in intra-grains regions of layered superconductors.

The excess conductivity is given by

_ o= @)
8a(r) = [ TP

where p(T) is the actually measured resistivity, and
pn(Ty=a + BT is the normal-state resistivity of the samples
extrapolated to resistivity at 0K; the « is a intexcept and § is
a slope of straight line. The excess conductivity generally
comprises on two contributions, i.e.,

1§y

Ac = MAL-PAUMT-

@

The first term, according to AL mode), is derived using mi-
croscopic approach by mean field theory and is considered
as a direct contribution to paraconductivity.’® The fluctuation
induced conductivity according to AL theory is given as

LR OAL A A I T IS B 0 1 SR I [




103911-3  Hussain efal

Aoy, = Ac”, 3)
where A is the fiuctuation amplitude, 1 is dimensional expo-
nent, € = ln[%’z] is the reduced temperature, and T.™ is

usually referred to as the mean field critical temperature,
which separates the mean field region from the critical
region’™' and is determined from the point of inflection
of the temperature derivative of resistivity (dp/dT). The
exponent 4 determines the dimensionality of the supercon-
ducting fluctuations and is given as 4=2-D/2; 2=3/2, 1,
and 172 for one, two, and three dimensional fluctuations,
respectively. The fluctuation amplitude A for one, two, and
three dimensional fluctuations is given by

’

< 32E00) for 3D fluctuation

2L,
A={ _£_ ion 4
To7d for 2D fluctuation
|. ez——j——%g) for 1D fluctuation

where ¢ is the electron charge, £ (0) is the zero-temperature
coherence length along c-axis, } is the reduced Planks con-
stant, 4 is the effective layer thickness of the 2D system, and
$ is the cross-sectional area of the 1D system.

The physical microscopic parameters caleulated from
FIC analysis depend strongly on the dimensionality of the
fluctuations. LD introduced the concept of interlayer cou-
pling via Josephson coupling of adjacent layers close to the
critical temperature.?” According 1o the LD model for lay-
ered superconductors, the excess conductivity Aeyy, due 1o
superconducting fluctuations is

Ao = %u +20)7, G)

2
where @ =% = %‘-’1 2¢~! is a dimensionless coupling pa-
rameter. The cross-over from 2D 1o 3D is mainly found
above the critical temperature known as cross-over tempera-
ture (T,). The system has 3D fluctuations below this temper-
ature and 2D fluciuations above this temperature, and the
expression for T, according to the LD model is

To=T. [l + (2_«:_;(1)) 2] . (6)

The second term is the inter-layer coupling strength, which
is related to the reduced temperature ¢ by J= ¢/4. In layered
superconductors at very low temperature close to zero resis-
tivity temperature £ > d, where d is the distance between the
conducting layers of adjacent unit cells (d is approximately
equal to the c-axis lattice parameter of the unit cell). The
advantage of LD model is that it reduces to 2D AL model for
large ¢ values where the coupling constant J is quite small
and to 3D AL model for small & values where in some cases
the coupling constant J is quite strong. The above theoretical
AL and LD models are based on direct contribution to the
excess conductivity.

J. Appl. Phys. 116, 103911 (2014)

There is one more region of fluctuations close to critical
temperature for which A=1/3 and is known as critical
region.>® Some authors have cbserved a cross-over 1o 0D
fluctuations with critical exponent 2. In high T, superconduc-
tors, the MT contribution, which is due to the interaction of
fluctuating Cooper pairs with normal electrons, is not easily
observable. Since the MT contribution is negligible in cup-
rate superconductors.”® This indirect contribution to the
excess conductivity was ca]culalcd by Maki* and later on
modified by Thom sp ® For layered superconductors,
Hikami and Larkin® denvcd the indirect contribution to the
excess conductivity independently by Maki and
Thompson. %57

& A\ f{1+a+01 +2a)”i)]
Sﬁds(l —s)]m[(a) (1 +6+(1 + 2(5)”2 '

@

Ao‘m =

2

where d = [(%92) (5‘%32)] is the pair-breaking parame-
ter, which was introduced by Thompson™ and is related to
inelastic scaftering processes that limit the phase retaxanon
time t,, of the quasiparticles involved in MT process®® and
kg is the Boltzmann constant. In s-wave BCS superconduc-
tor, nonmagnetic impurities neither change T, nor affect AL
and MT terms, while on the other hand in F or d-wave super-
conductor these impurities may act pair-breaking and are
supposed to suppress the MT contribution.®®

The cross-over from 2D AL to OD MT fluctuation con-
tribution occurs at a temperature where & ~ o, which gives®

nh
1.203 (—é—ﬁ)(smﬁw) '

When the mean free path £ of the Cooper pairs approaches to
&,y at a particalar temperature then they (Cooper pairs) are
broken to Fermions and at that temperature the phase relaxa-
tion time can be estimated as

nh
? = [sxsrso] ' (9)

£ = ®)

Fermi velocity of the carriers can also be estimated by

Vem [5M8Tc€e(0)] (10)

where K 2 0.12 is a co-efficient of proportionality.’ Fermi
energy of the carriers can also be calculated by

Er= %m'Vf,»,

where m* = 10m,, s the effective mass of the carrier and m,
is the carrier free mass.®"

Ginzburg and Landan observed the existence of two

types of superconductors depending upon the energy of the

interface between the normal and superconducting states. In

(1
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1957, Alexei Abrikosov used Ginzburg-Landau theory to
explain the experimental data of superconducting alloys and
thin films. He found that high magnetic field in a type-1I
superconductor pemetrates in the form of magnetic flax
quaata P, The thenmodynamics magnetic field B, (0) can be
estimated from Ginzburg number N, which is given by®'*

1 Ty S

2\ (B.@Y {0 ]
where y = %ﬁ%l is anisotropy whose estimated value is *4”
for CuTi-1223 superconducting system®*** and Tg is the
cross-over temperatire from critical (o 3D regime. We can
estimate penetration depth 1, 4, lower critical magnetic field
B1(0), upper critical magnetic field B2(0), and the critical
current density J.(0) after determination of B.(0) as
follows:55¢8

Tg -7

Ng = 7

o,

B=——2% 13
2v2R4, 4.644(0) 13
B

1 = —=Ink, 14

B, x\/i K (14)

B, = V2«B,, (15)
4”Bc],

A , 16

g cIVEY I T a9

where @, = £ is the flux quantum and x is the GL parame-
ter, which is the ratio of penetration depth to coherence

length.

V. RESULTS AND DISCUSSION

Typical representative XRD patterns of (Ag),/CuTl-
1223 composite samples with x =0 and 2 wt. % are shown in
Fig. | and in the inset the XRD pattern of Ag nanoparticles

intensity (a.u)

FIG. 1. XRD patterns of (Ag),/OuTI-1223 composites with (a) x=0 and
®) x=2wL%. (In the inset, the XRD panem of Ag nanoparticles is
shown.)
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is also shown. Most of the diffraction peaks are well indexed
according to tetragonal structure following the P4/mmm
space group indicating the dominance of CuT1-1223 phase
along with very few peaks of some other superconducting
phases as well as some unknown impurities. There is no
change observed in the overall XRD pattern of Ag nanopar-
ticles added samples, which gives a clue about the occu-
pancy of these nanopartictes at the inter-crystallites
boundaries of CuTl-1223 superconducting matrix. The pres-
ence of these nanoparticles at the grain-bonndaries can help
10 heal up the voids and to improve the inter-grains weak-
links as well as superconducting volume fraction due to
which over all superconducting properties can be enhanced.,
The unit cell parameters calculated by computer software
(crystal) program are a = 445A, c=1446 A for x=90, and
a=446A, c=1496 A for x=2%, respectively, and the
stoichiometry of the CuTl-1223 mamrix remains unaffected
after the inclusion of these nanoparticles. However, the slight
shift in the diffraction peaks to Jower angles is possibly due
to the uniform strain produced in the materials after the addi-
tion of Ag nanoparticles, The slight increase in the ¢-axis
length may also be due to increase of oxygen (Oz) contents
with the addition of these nanoparticles, which ¢an relax the
apical bond length. The XRD pattern of Ag nanoparticles
shown in the inset of Fig. 1 illustrates the characteristic
peaks in accordance with the standard data values in ICDD
tecord. The prominent peaks are indexed with FCC structure
and the average size of Ag nanoparticles calculated by
Sherrer’s formula (f = 5224 Feak-) is around 35um. The XRD
analysis shows neatly mdexcd (111),(200),(220), and
(3 1 1) planes and sharpness of the peaks confirms that Ag
nanoparticles are well crystallized. Major phase is observed
at ¢h k ) value of (3 1 1) and no peak of other impurity crys-
talline phases is detected, The lattice parameter is caleulated
to be a=4.09 A for FCC pattern of Ag nanoparticles.

The morphology of material was examined by SEM
images of (Ag),/CuTl-1223 samples with x =0 and 2wt. %
as shown in Fig. 2. The presence of these nanoparticles at
the inter-grains boundaries can be easily visualized that can
heal up the inter-grains voids and improve the inter-grains
weak-links in CuTl-1223 superconductor matrix, It can be
verified from the SEM and XRD that the nano-Ag particles
just occupy the interstitial spaces and do not enter into the
structure of CuTl-1223 phase. In the literature, similar find-
ings were reported by different groups working in this
area.>**° The mass percentages of different elements present
in (Ag)./CuTl-1223 composition determined by the EDX
analysis for x =0 and 2 wi. % are listed in Table L.

The dc-resistivity versus temperature measurements of
(Ag),/CuT1-1223 composites samples with various concen-
rations (i.e., x =0, 0.5, 1.0, 2.0, and 4.0 wt. %) of Ag nano-
panticles are shown in Fig. 3. The Amhenius plots of (Ag),/
CuT1-1223 composites, activation energy U (eV), gaoox (&2
cm), and T, (0) versus x (i.e., Ag nanoparticles contents in
wt. %) are also shown in the inset of Fig. 3. The variation in
de-resistivity with temperamure is metallic from room tem-
perature down to onset of superconductivity for all these
composite samples with T, (0) around 73, 95, 98, 102, and
91K for x=0, 0.5, 1.0, 2.0, and 4.0 wt. %, respectively. The
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(a)

®

FIG. 2. Scanning electron: micrographs (SEMs) of (Ag)y/CuTl-1223 compo-
sites with (a) x =0 and (b) x =2 wt %.

valoe of T () increases with increasing Ag nanoparticles
contents up t0 x=20wt % and then start to decrease
beyond this limit of these nanoparticles contents in host
CuTl}-1223 superconducting matrix. The inclusion of Ag
nanoparticles enhances the superconducting properties with-
out affecting the tetragonal structure and stoichiometry of
the host CuTl-1223. The improvement in superconducting
properties of (Ag),/CuTl-1223 composites is most likely due
to enhanced inter-grains coupling and increased supercon-
ducting volume fraction by the addition of metallic Ag nano-
particles at the inter-crystallite sites in the samples. The
systematic decrease in the normal state resistivity at 300K
and also a systematic increase in T. (0) with the graduval
increase of these nanoparticles contents in the composites up
to x =2.0wt. % are shown in the inset of Fig. 3. The sysiem-
atic decrease in normal state resistivity and monoctonic
increase in T, {0) with gradual increase of these nanopas-
ticles contents are most probably due to somehow

TABLE 1 Elemental analysis by EDX of (Ag)y/CuTl-1223composites with
{a) Owe % and (b} 2.0w1. % of Ag nanopanticles,

@x=0w% hx=20wL%
Ag nanoparticles Ag nanoparticles
Elernents KeV Mass% Atom%® KeV  Mass%  Awm%
OK 0.535 20,68 38.05 0.540 2022 35.96
CaK 1.695 8.87 9.94 3.702 8.7 92,10
Cul 0.952 2693 19.03 0.960 27.48 19.15
Bal 4484 3183 10.41 4492 30.63 538
TIM 2325 11.70 257 2315 11.12 241
Ak 1.525 L77 290
Toxal 100.00 100.00 100.00 106,00

J. Appl. Phys. 116, 103911 {2014)

90 100
T(K)
FIG. 3. Resstivity versus temperature measurements of (Ag)x/CuT1-1223
composites with x =0, 0.5, 1.0, 2.0, and 4 wt. %. (In the inset are piven the
Arrhenius plots of (Ag)x/CuTl-1223 composites with x=0, 0.5, 1.0, 2.0,

and 4wt. %, T. (), psoog 82 cm), and activation energy U (eV) vemus x,
i¢., Ag nanoparticles contents in wi. %.)

homogeneous and vniform distribution of these nanoparticles
at the grain-boundaries of the butk CuTI1-1223 material. The
improved inter-grains weak-links facilitate the charge car-
riers transport processes and reduce the energy losses across
the grain-boundaries. But after a certain optimum level of
Ag nanoparticles addition, the agglomeration and segrega-
tion of panoparticles at the grain-boundaries reduce the
superconducting volume fraction and degrade the quality of
the samples resulting in the reduction of T. (0) by various
mechanisms like scatering, pair-breaking, ewc.’””’ The
activation energy required to overcome the barrier can be

calculated by the Arthenius law p = p, exp(;‘s—‘,{), where U

is the activation energy and xp is the Boltzmann constant,
for superconductors,’?~"* We used the superconducting tran-
sition region for the calculation of activation energy and
observed an increase in the activation energy with the
increase of Ag nanoparticles contents in the composites.
Theories of high T. superconduciors so far developed
believe that pairs of electrons (Cooper pairs) move freely
without activation energy, which is the main source of super-
conductivity. In the present article, it is observed that activa-
tion energy has beem increased with the increase of Ap
nanoparticles contents in the composites. When Cooper pairs
interact with non-superconducting metaliic Ag nanoparticles
at the grain-boundaries during their transport in supercon-
ducting state of the host CuTI-1223 matrix, the pairing inter-
action is weakened and Cooper pairs could not exist in the
low energy state and energy dissipation takes place. But on
the other hand, the presence of metallic Ag nanoparticles at
grain-boundaries can increase the inter-grain connectivity by
filling the voids and pores, which may be the cause of an
increase in T, (0). Therefore, there are two possible mecha-
nisms in play due to the inclusion of Ag nanoparticles, one is
the formation of non-superconducting regions causing
increase in activation energy and the other (dominating) is
the improved inter-grain connectivity promoting T, (0) of
the samples.
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The FIC analysis on the de-resistivity versus tempera-
ture data of (Ag),/CuTl-1223 composite samples has been
caried out by using the above mentioned models in the
neighborhood of transition region. The plois of In (A¢)

Le—p
e B

B
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3.54 A R\
080 & 480 180 200 250 .
40 T . . -
32 28 24 20 46 12 0B 04 00
In (g)

’ (C) v
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versus In (5) of (Ag),/CuTl-1223 composites samples
with x=0, 0.5, 1.0, 2.0, and 40wt % are shown in
Figs. 4(a)-4(¢). The experimentally measured dc-resistivity
p (2 m) along with a straight line extrapolated from the

0.0 O In{do)| 1
-0.5' _lsn L
=320
%0
52
u L
0.3
0% 1% T oy
38 . . v
5 4 3 T 0

-2
In (g)

(@ =]
[\ 1 2 3 4 ;
Ag nanoparticles contents wt.%

L)

FIG. 4. (a)-{i) la (Ac) versus In (g) plots of (Ag),/CoTi-1223 composites; (a) x=20, (b) x =0.5, (¢) x =10, (d) x = 2.0, and (¢) x=4.0wt. % (In the insets are
shown the experimentally measured de-resistivity p (Q m), derivative (dp/dT) of de-resistivity versus iemperatare, and the straight line extrapolated from the
room temperatre “300 K™ normal state resistivity to 0K). () Zevo wraperanre coherence length £, {0) and coupling constant (J) versus Ap nanoparticles con-

tents wt. % in (Ag)CuTl-1223 composites.
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TABLE 1. Widths of critical 3D, 2D, and SW Buctation regions deduced from the fitting of experimental resistivity versus temperature data of (Ag),/CuTI-
1223 composites samples with x =0, 0.5, 1.0, 2.0, and 4.0 Wt %.

T*EK a=p0K)Qmx10° W=AT.{K)

Samplesx=wt% Am A A dsw Toran-To®) Tipw® Twsw® T™EK)

1] w036 093 203 98.59 29.79 141.38 9799 170.74 1L.60 365

a5 034 050 1.4 204 11638 130.43 151.50 112,37  169.56 0.485 11.00

1.0 w058 099 201 126.42 134.44 154.51 11337 18963 0.495 19.51

20 .. 042 099 201 13244 13946 16053 11538 18561 0.495 9.10
050 1.01 200 11538 131.43 154.51 10635 18461 0.599 10.00

40 036

TABLE INl. The superconductivity parameiers dedeced from the FIC analysis of (Ag),/CuT1-1223 composites samples with x =0, 0.5, 1.0, 2.0, and 4.0wt. %.

Samplesa=wi% L@@ ! No LA BOM By Ba(M x  LOx10(Akem?) Vex 10 @mis) Er@V) 1, x107% )

0 . 101 0018 0350 547.18 2661 0494 1287 34.19 2.6462 0.63 0.183 225
05 300 0160 0225 21810 0667 0017 1287 1363 0.1664 244 0.123 i
1.0 323 0185 0290 25510 0570 0012 1287 1594 0.1216 2n 0.122 3R
20 342 0208 0298 27474 0330 0011 1287 1717 0.1048 299 0.126 7
4.0 364 0235 0278 31349 0464 000 1287 1959 0.0803 283 0.151 275

room femperature (300 K} normal state resistivity to 0K and
derivative (dp/AdT) of dc-resistivity versus temperature are
shown in the insets of Figs, 4(a)-4(¢). The variation of zero
temperature cokerence length £, (0) along c-axis and inter-
layer coupling constant (J) versus Ag nanoparticles contents
(wt. %) in (Ag),/CuTl-1223 composites is also shown in
Fig. 4(f). The superconducting fluctnations start at a particu-
lar temperature denoted by T* from where the experimental
de-resistivity curve deviates from the straight line extrapo-
lated from the room temperature normal state resistivity to
OK. The values of T* are around 170.74, 169.56, 189.63,
185.61, and 184. 61K for x=0, 0.5, 1.0, 2.0, and 4.0wt. %,
Tespectively. The increase in T* shows that the supercon-
ducting fluctuations start at higher temperature values, which
may be due to improved inter-grains coupling, z2ro tempera-
ture coherence length along c-axis £(0), superconducting
volume fraction, etc., after the inclusion of Ag nanoparticles
in the host CuTI-1223 matrix. The values of ecritical
exponents {(Acw, 43p» 4Azp, and Agp), CTOSS-OVET temperatures
(TCR-JD=TG’ Tg]).m and sz.sw), mean field critcal tem-
perature (T ), T inter-grains coupling constant («), and
superconducting transition width (W= AT,) deduced from
the FIC analysis on dc-resistivity versus temperature data of
{Ag),/CuTi-1223 composites samples are given in Table IL
All the cross-over temperatures, T.™, and T* have been
shifted to the higher values, which is theoretical evidence of
improved superconducting properties of the host CuTI-1223
matrix after the addition of Ag nanoparticles. The decreased
values of “x” is a theoretical evidence of improved non-
superconducting inter-grains boundaries in the composites
samples, which is in accordance to the increase in the activa-
tion energy after Ag nanoparticles addition. The increase in
W = AT, is another evidence of energy loss across the metal-
lic non-superconducting grain-boundaries in (Ag),/CuTl-
1223 composites samples. The various superconductivity pa-
rameters (i-e-v éc(o)’ J * NGt Ap.fh B;(O), Bcl' Bez» K, Jc: VF» EFv
and 1) deduced from the FIC analysis of {Ag),/CuTl-1223
composites samples with x =0, 0.5, 1.0, 2.0, and 4.0wt.%
are given in Table HI. The values of Ng, B, (0), B, B2, J..

I I I o - EREIE I - . T -

BT T T B .

and E; have been decreased marginally, whereas & (0), J,
Apas ¥, Vr, Ep, and £, have been enhanced after the inclu-
sion of Ag nanoparticles. It is witnessed that £.(0) has bgen
improved with the increase of “./ values after the addition
of Ag nanoperticles in CuTl-1223 superconducting matrix.
The cross-over from 2D to OD (from LD 10 MT contribution)
takes place at a particular temperature where the mean free
path ! of the carriers approaches to ., and Cooper pairs are
broken to fermions. The values of phase relaxation time 7
calculated at this particular temperature are 2.25 x 107,
3.34x107'%,338 x 107,327 x 107", and 2.73 x 107 M5
for x=0, 0.5, 1.0, 2.0, and 40wt %, respectively. The
increase of 1z, is an evidence of long life of Cooper pairs at
certain high temperature values after Ag nanoparticles addi-
tion in CuT]-1223 superconducting matrix. The increase of
& (0), J, Vi, and Ey shows the improvement of supercon-
ducting properties, which may be due to healing up the voids
and improving the inter-grains connectivity after the inclu-
sion of Ag nanoparticles. This also shows that the samples
become more isotropic after the addition Ag nanoparticles.
The variation in microscopic parameters extracted from FIC
analysis explained the overall improvement of superconduc-
tivity up to certain optimum level of Ag nanoparticles addi-
tion in CuTl-1223 superconducting matrix,

V. CONCLUSION

Series of (Ag),/CuTl-1223 composites samples were
successfully synthesized by solid-state reaction to confirm
their reproducibility. The crystal stacture of the host CuTl-
1223 superconducting matrix was not affected with the addj-
tion of Ag nanoparticles. The activation energy {U (eV))
and zero resistivity crifical tempersture [T, (0)} were
increased with increasing contents of Ag nanoparticles up to
x=20wt.%. The increase of activation emergy is most
probably due to interaction of mobile free carriers with the
non-superconducting metallic Ag nanoparticles present at
the grain-boundaries of the host CuTl-1223 matrix. The sys-
ternatic increase in T, (0) and decrease in pygok (2 cm) may

oL T
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be due to improved inter-grains covpling by healing up the
voids after the addition of Ag nanoparticles at the grain-
boundaries of CuT}l-1223 phase. The suppression of super-
conducting properties after the addition of these napopar-
ticles beyond the certain optimum level is most probably due
to agglomeration and segregation of these nanoparticles at
the grain-boundaries. The microscopic parameters deduced
irom the FIC analysis are in accordance with the experimen-
tal findings. The increase in £, (0) and J indicates the redue-
tion of anisotropic nature of CuTl-1223 phase after Ag
nanoparticles addition.

ACKNOWLEDGMENTS

We acknowledge Higher Education Commission (HEC)
of Pakistan for continuous financial support. We are also
highly thankful to Dr. Nawazish A. Khan and Professor Qiu
Xiang-Gang for providing the characterization facilities at
Materials Science Laboratory, Department of Physics QAU
Islamabad, Pakistan and Beijing National Laboratory of
Condensed Matter Physics, Institute of Physics (IOP),
Chinese Academy of Sciences (CAS) Beijing, China.

IN. A Khen, Y. Sekita, H. Ihare, and A. Magscod, Physica C 377, 43-48
(2002).

E, V. Antipov, A. M. Abakumov, end S, N, Puilin, Supercond. Sci.
Technol 15, R31 (2002).

3N, A. Khan, Y. Sekit, F. Tatesi, T. Kojime, K. Ishida, N. Terada, and HL
Thera, Physica C 320, 39 (1999).

*K. Tokiwa, H. Ao, C. Kumugi, K. Tanaka, Y. Tanaka, A. Tyo, H. Thara,
and T, Watenabe, Physica B 284-288, 1077 (2000).

K. Tanaka, A. Iyo, N. Terada, K. Tokiwa, S. Miyashita, Y. Tanaka, T.
Tsukamoto, S. K. Agarwal, T. Watznabe, and H. Ihara, Phys. Rev. B 63,
064308 (2001).

9N, A. Khan and M. Mumtaz, Phys. Rev. B 77, 054507 (2008).

*T. Matsushita, Supercond. Sci. Techaol. 13, 730 (2000,

D, Larbalesier, A, Gurevich, D. M. Feldmann, and A. Polyanski, Nature
414, 368 (2001 ).

*R. Goswami, T. J. Havgan, P. N. Barnes, G. Spanos, and R. L. Holiz,
Physica C 470, 318 (2010).

9%, Ben Axrzouz, M. Zovaoui, A. Mellekb, M. Annabi, G. Yan Tendeloo,
and M. Ben Salem, Physica C 455, 19 (2007).

Y. Zhao, C. H. Chen, and ), Wang, Sopercond. Sci. Technol. 18, 543

(2003).

12}, Main, T. Puig, F. Sandiumenge, X. Obradors, and J, Rabier, Phys. Rev.
B 65, 104526 (2002).

133, Y. Chen and L. G. Chen, Supercond. Sci. Technol. 17, 71 (2004).

“N. Hari Babu, E. S. Reddy, D. A. Cardwell, A. M. Campbell, C. D.
Tarrant, and K., R, Schneider, Appl. Pbys. Len, 83, 4806 (2003),

5§ Nakashima, N, Chikumoto, A. bi, . Miyats, Y. Yamads, T. Kubo, A,
Suzuki, and T. Terai, Physica C 463-465, 665 (2007).

85, Hamwita, F. Ben Azzouz, W, Dachracui, and M. Ben Salem,
J. Supercond. Nov. Magn. 26, 879 (2013).

7S, Patnaik, A. Gurevich, 5. D. B, S. D. Kaushik, J. Chei, C. B. Eom, end
D. C. Larbalestier, Phys. Rev, B 70, 064503 (2004},

'S, Dadrs, Y. Liu, Y. S. Chai, V. Daadmehr, and K. H. Kim, Physica C
469, 55 (2009).

M. Farbod and R. M. Batvandi, Physica C 471, 112 (2011).

) E Agranovski, Y, Dyushechkin, I S. Altnan, T. E. Bostom, and M.
Choi, Physica € 434, §15 (2006).

DA, Goyat, S. Kang, K. 1. Leonard, P. M. Martin, A. A. Gapud, M. Varels,
M. Paranthamman, A. ©. ljaduola, E. D. Specht, J. R. Thompson, D. K.
Christen, $. ). Pemmycock, and F. A List, Supercond. Sci. Technol. 18,
1533 (2005).

p, Mele, K. Masumoto, T. Horide, A. Ichinose, M. Mukaida, Y. Y.
Oshida, S. Horii, and R. Kita, Supercond. $ci. Technol. 21, 032002
(2008),

! ;
o
wl -

J. Appl. Phys. 116, 103911 (2014)

K. Yamadn, A. Ichinose, 5. Horii, H. Kai, R. Teranishi, M. Mukaida, R,
Kita, 5. Kato, Y. Yoshida, K. Matsumoto, and S. Toh, Physica C 468,
1638 (2008).

M, N. Khan, M. Khizar, and B. N. Mukeshev, Physica B 321, 257 (2002),

*H. Najafpour, S. H. R. Shojasi, and §. M. Shnjaeiu, ). Supercand, Novel
Magn. 23, 487 (2010).

®E, Marinez-Jolisn, S. Ricant, A. Pomar, M. Coll, P. Abellin, F,
Sandiumenge, M. J. Casanove, X, Obradors, T. Puig, 1. Pastoriza-Santos,
and L. M. Liz-Marzén, J. Nanosci, Nanotechnol. 11(4), 32453255 (2011).

A, H. Li, M. Tenescn, H. K. Lin, T. Silver, X. L. Wang, and S. X. Dou,
IEEE Trans. Appl. Supercond. 15, 2 (2005),

#g_Sakirogly and K. Kocabas, ). Supercond. Nov. Magn. 24, 1321 (2011).

PW. Abdeen, N. b. Mohammed, R. Awad, S. A, Mahmoud, and M.
Hasebbo, J. Supercond. Novet Magn. 26, 3235-3245 (2013).

%W, D. Huang, W. H. Song, Z. Cui, B. Zhao, M. H. Pu, X. C. W, Y. P.
Sua, and J. J. Du, Phys. Stams Solidi A 179, 189 (2000)..

312, Y. lis, H. Tang, Z. Q. Yeng, Y. T. Xing, Y. Z. Wang, and G. W. Qiso,
Physica C 337, 130 (2000).

), Annabi, A, M'chirgui, F. Ben Azzouz, M. Zouaoui, and M. Ben Safem,
Physica C 405, 25 (2004).

K. Christova, A. Manov, J. Nyhus, U. Thisted, O. Herstad, S. E. Foss, K.
N. Haugen, and K. Fossheim, J. Alloys Compd. 340, 1 (2002).

A, Mellekh, M. Zousowi, F. Ben Azzouz, M. Amnabi, and M. Ben Salem,
Solid State Comnaun. 140, 318 (2006).

35A. Ghattas, F. Ben Azzouz, M. Annabi, M. Zeuacui, and M. Ben Salem,
1. Phys.: Conf. Ser. 97, 012175 (2008).

3. Annabi, A. Ghanas, M. Zouaoui, F. Ben Azzouz, and M. Ben Salem,
1. Phys.: Conf. Ser. 150, 052008 (2009).

*y. Bartinék and O. Srrfkovd, ). Supercomd. Novel Magn. 24(4),
1241-1244 (2011).

3R, Mawassi, S. Marhaba, M. Roumié, R. Awad, M. Korek, and 1. Hassan,
J. Supercond. Novel Magn, 27(3). 1131=-1142 (2014).

R, Abd-Shukor, N. A. A. Yahya, and A. Agail, AIP Conf. Proc. 1588, 35
(2014).

“°J. Gutiémrez, A, Llordés, J. Guzquez, M. Giben, N. Romd, S, Ricart, A.
Pomar, F. Sandiumenge, N. Mestres, T. Puig, ard X. Obradors, Nature
Mater. 6, 367 (2007).

41, G5, Holesinger, L. Civale, B, Matorov, D. M, Feldmann, J. Y, Coulier, J,
Miller, V. A. Maroni, Z. J. Chen, D. C. Lasbalestier, R. Feenstra, X. P. Li,
M. B. Huang, T. Kodenkandath, W. Zhang, M. W. Rupich, and A, P,
Malozemoff, Adv. Mater. 20, 391 (2008),

425 Engel, T. Thersleff, R. Hulne, L. Schultz, and B. Holzapfel, Appl.
Phys. Leu. 90, 102505 (2097),

“M. Puig, J. Gutierrez. A. Pomar, A. Llordes, J. Gazquez, §. Ricart, F.
Sandiumenge, and X. Obradors, Supercond. Sci. Technol. 21, 034008
(2008),

“4N. M. Strickland, N. 1, Long, E. F, Talantsev, P. Hoefakker, J. Xia, M. W.
Rupich, T, Kodenkandath, W. Zhang, X. Li, and Y. Huang, Physica C
468, 133 (2008).

“M. Miura, M. Yoshizwni, T. Izumi, and Y. Shiohara, Supercond. Sci.
Technol. 23, 054013 (2010).

61 3. Aslanazov and A. L. Larkin, Phys. Lett. A 26, 238 (1968).

“*W, E. Lawrence and S. Doniach, in Proreedings of the 12th Iniernational
Conference on Low Temperature Physics, Keigaku, Tokyo, (1971), p. 361.

R Maki, Prog, Theor, Phys. 39, 897 (1968),

“R. 5. Thompson, Phys. Rev. B 1, 327 (1970),

4. L. Solovjov, H.-U. Habenmeier, end T. Haage, Low Temp. Phys. 28,
17=24 (2002).

1. A, C. Passos, M. T. D. Olando, J. L. Passamai, Jr., E, V. L. de Mello,
H.P. S. Comea, and L. G. Mantinez, Phys. Rev. B 74, 094514 (2005).

25, R. Ghorbani and M. Rahmati Tarki, J. Supercond. Novel Magn. 27, 749
(2014),

738 H. Han, Yu. Eltseu, and O, Rapp, Phys. Rev. B 61, 11776 (2000).

523, H. Nagib, J. R, Cooper, I, L, Tallon, R. S. Islam, and R. A. Chakalov,
Phys. Rev. B 71, 054502 (2005).

*%$, Hikami and A. I. Larkin, Mod. Phys. Lew. B 2, 693 (1938).

6. Maki and R. S. Thompson, Phys. Rev. B 39, 2767 (1989),

5'p_ K. Nayak and S. Ravi, Supercond, Sci. Technol, 19, 1203 (2006).

Stw. Lang, G, Heine, W, Kuta, and R. Sobolewski, Phys, Rev. B 51, 9180
(1995),

*A. L. Soloviov, H.-1J. Habermeier, T. Hasge, and F. Nizk. Low Temp.
Phys. 28, 99 {2002).

%} Bardeen, L. N, Cooper, and J. R. Schrieffer, Phys. Rev. 108, 1175
(1957).



1039119 Hussan etal

'A. L. Solovjov, V. M. Dmitriev, and H.-U. Habermeier, Fhys. Rev. B 55,
8551 (1997

“H. Ihara, A. Iyo, K. Tanska, K. Tokiwa, K. Ishidn, N. Terada, M.
Takuntn, Y. Sekila, T. Tsukamots, T. Watanabe, and M. Umeda,
Physica C 282--287, 1973 (1997},

“*H. Hayakawa and Y. Enomoto, “Advances in Superconductivity VIIL,” in
Proceedings of the 8th Internavional Symposium on Superconductivity,
Hemamatnu {1995), pp. 247-249,

“A. K. Ghosh and A. N. Basu, Piys. Rev. B 89, 1119311196
(1999).

“A. L Abou Aly, I. H. Irahim, R. Awad, A. El-Harizy, and A. Khalaf,
J. Supercond. Novel Magn. 23(7), 1325-1332 (2010).

). F. Anne, Superconducrivity, Superfluids and Condensates (Oxford
University Press, Lendon, 2004).

J. Appl. Phys. 118, 103911 (2014)

“’N. A Khan and S. Ahmad, 1. Appl. Phys. 112, 033912 (2012).

“N. H. Mohammad, A. L. Abou-Aly, R. Awad, 1. H. Ibrahim, M, Roumie,
and M. Rekaby, J, Low Temp. Phys, 172, 234-255 (2013),

). C. Zhang, F. Q. Liu, G. S. Cheng, 1. X. Shang, ). Z. Liu, S. X. Cao, and
Z. X. Liu, Phys. Lew, A 201, 70 (1995),

0p, F. Miceli, J. M. Terascon, 1. H. Greene, EL P. Barbow, E. J. Rotella, and
1. D. Jorgensen, Phys. Rev. B 37, 5932 (1988).

"5. . Feng, I. Ma, H. D. Zhou, G, Li, L. Shi, Y. Liu, J. Fang, and X. G. Li,
Physica C 386, 22 (2003).

"4, 1. Batista-Leyva, M. T. D. Orlando, L. Rivero, R. Cobas, and E.
Alishuler, Physica C 383, 365 (2003),

7*M. Tinkham, Phys. Rev. Len. 61, 1658 (1988).

*T. M. Palstra, B, Batlogg, L. F. Schneemeyer, and J. V. Waszozak, Phys.
Rev. Lewt. 61, 1662 (1988).




Journal of Alloys and Compounds 618 £2015) 110~114

T Contents lists availsble at ScienceDirect _
~_Journal of Alloys and Compounds

journal h_ornapaga: www.elsevier.com/locate/jalcom

Synthesis and superconducting properties of (Au),/CuTl-1223

'composites

@Clusl\dark

‘Abdul Jabbar %, Irfan Qasim ?, Khalid M. Khan?, Zulqurnain Ali®, K. Nadeem °, M. Mumtaz**

* Materisls Research Labaratary,
® Department of Phystes, Air University £-5 Complex, Istaabad, Poklstan

. Department of Phystes, FBAS, Intenatianal Isiomic University (), iomabod 44600, Pakistan

ARTICLE INFO ABSTRACT

Article history:
Received 14 March 2014
Received in revised form 18 August 2014

We explored the feasibility of synthesizing (Audy{CugsTlps)BarCasCusByg_y {(Au),/CuTl-1223), x= 0, 0.5,
1.0, and 1.5 wi.Z, nano-superconductor composites by two steps solid-state reaction. We investigated the
effect of gold (Au) nanoparticles on the structural and superconducting properties of CuTl-1223 matrix.

,m ‘9"“3;;' 2004 018 These composites were characterized by X-ray diffraction (XRD), scanning electron micrascopy (SEM),
I ¢ anline 27 August Fourier transform infrared (FTIR) absorption spectroscopy, ac-susceptibility (y,c) and de-resistivity (p)
: Mmeasurements, We observed the tendency of Au nannparticles to occupy the inter-granular spaces
o122 i {grain-boundaties) as the tetragonal structure of CuTl~1223 superconducting matrix remained unaltered
|m};‘;si o -Superconducto after the addition of Au nanoparticles. The improvement in the superconducting properties after the addi-
lau nanoparticles tion of Au nanoparticles can be attributed to an increase in the Inter-grains conrectivity by healing up the
'Grain-boundaries inter-grains voids and pores by these nanoparticies. The improved inter-grains connections can facilitate
Inter-grain connectiviry the carTiers transport acyoss the inter-crystallite sitas. But the superconducting volume fractdon starts to
be decreased after certain optimum inclusion level of Ay nanoparticles, which causes the suppression of
superconductivity parameters. The non-superconduciing metallic Au nanoparticles reduce the supercon-
duciing volume fraction beyond certain optimum level of Au nanoparticles inclusion in superconducting

state of CuT)-1223 matrix.
© 2014 Elsevier B.V, All rights reserved.
1. Introduction achieve large densities of pinning centers degrades the supercon-

(Cuio.sTlos)Ba2Ca5Cu304 5.5 (CuTl-1223) is the most attractive
‘phase of CugsTlysBayCan_yCupOan.g. s (CuTl-12{n-1)n): n=2, 3,
4,..., high temperature superconductors (HT5Cs) family due to its
Ihigher critical temperature, lower superconducting anisotropy,
'and longer coherence length along c-axis [1]. But the performance
lof this compound in bulk form may be reduced mainly due to
inter-grain voids and pores, The presenice of inter-grain weak links
l[dim[nishes the critical parameters of superconductivity, Also the
imotion of the vortices in HISCs creates resistance and causes
jenergy dissipation. These facts restrict their applications such as
| superconduciing magnetic field sensors. There has been consistent
_effort in enhancing the current cartying capacity of the supercen-
'dueting materials, which may be achieved by incorporating
extended defects acting as pinning centers. The effect of pinning
center is at its best when their sizes are of the order of coherence
length [2], bt is important that the density of these pinning centers
should be as high as 10" cm~2, Large number of defects created to

* Comesponding author. TeL: +92 531 8019325 {Office); fax: +92 51 9210256,
E-maif address: punumtaz?5@yahoo.com (M. Mumtaz).

hitp:/fdx.doLocgf10.1016fj.jallcom.201 4.08,162
0915-8388/@ 2014 Elsevier BV, AH rights reserved.

ducting properties. It was found that magneric nanoparticles may
act as efficient pinning centers at much lower density {342} In
ofder to enhance the transport properties, many attempts have
been made to introduce artificial defects of nanometer order of
magnitude into the bulk HTSCs as extra effective pinning centers
under applied field, such as by nanoparticles addition in the bulk
or by post-annealing of the superconducting samples [5,6]. The
superconducting properties of granular bulk HTSCS can he
improved by the inclusion of nanoparticles at the grain-bound-
aries. But the size and homogenous distribution of nancpartcles
at the grain-boundaries of the bullc HTSCs is the real challenge
[7-13]. The sizes and densities of defects are critical factors to be
adjusted for effective vortex pinning. It was observed thar mag-
netic nanoparticles such as Fe,0; embedded into the bulk HT5Cs
act as efficient pinning centers [14,3]. The improvement of critical
current density (J.) was observed in Bi-based HTSC by the inclusion
of Mg0, Zr0, and Al,0; nanoparticles [15-17]. Transmission Elec-
tron Microscopy (TEM) has showed that Mg0 nanoparticles could
be embedded within the superconducting Bi-2212 grains 18],
The presence of MgO nanoparticles has increased the transition
sharpness, and the superconductor volume fraction in the sample
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118). The addition of Zr0, and ZnO nanoparticles in Gd-123
superconductor has improved the critical current density (J.) but
suppressed zero resistivity ¢ritical temperature (T.) [19). The
addition of SnQ; nanoparticles increases the microstructure
density and reduces porosity among the grains of CugsTlgs-1223
superconductor [20]. The improvement of T, J. and phase volume
(raction is obtained on different concentrations of ZnO nano-
particles in (CugsTlo2sPbogs)}-1223 [21). The superconducting
properties {i.e. T, Ji, etc.) of CuTl-1223 were ephanced with the
addition of Cu0, Ca0; and BaO nanoparticles [22,23). The addition
of nanoparticles like NiFe;0,, Al05, ZrO,, Ag etc. in suitable
amount helps in creating the effective Aux pinning centers, which
c2n ephance the critical superconductivity parameters [24-26).
The addition of nanestructures of noble metals such as Ag and
Au has shown the significant improvement in superconducting
parameters in many superconducting systems [27-30). Increased
rano-Ag content in Bi-2223 improves the connectivity among the
grains and enhances superconductivity [31,32].

In this article, we have investigated the effect of Au nanoparti-
cles addition on superconducting properties of CuTi-1223 matrix
in detail. The present work is concerned with the effect of
nano-Au particles addition on the phase formation and character-
istics superconducting parameters, We have reported the influence
of Au nanoparticles addition on structure, morphology and
superconducting transport properties, The main objective of this
work i3 to improve the inter-grains connectivity, superconducting
volume fraction, and to investigate their effects on superconduc-
tivity. This can be due to the reduction of defects in the form of
voids and oxygen deficiencies by filling the voids and pores with
these nanoparticles. We have also determined the optimum level
of Au nanoparticles inclusion for the maximum improvement in
the superconducting properties of CuTl-1223 matrix.

2. Experimental detalls for sanaple preparation and characterizations

We used Ba(NO,), (9950%, UNI-Chem), Ca(NQ3)-4H.O (98%, AppliChem),
Cu (N + B0 (5%, BDH) 1o synthesize Cu:Ba:CaCu=9.5:2:2:3 precursor
matertal These compounds were mixed i appropriate ratios, and were ground in
mortar and pestle for about 2 by The mixtwre after grinding was put into quartz boat
and placed in a chamber farnace for 24 h heat-treatment at B&0 °C. The furnace was
sudtdleﬂoﬂ'anddmplmrsormuﬂa]wasmeddmmmmmmpemm
after 24 h firing at 860 °C The fired material was again ground for about one hour
and pliced into the chamber fumace for second time heal-treatment under the

The precursor material after double heat-treatment was mixed with thatlium
oxide (11,04} (99%, BDH) and ground to get CuyaTly sBa;Ca:C05040.4 Superconduc-
ting phase. At this stage Au nanoparticles extracted from the collofdat gold solution
were also added inio the precursor material in appropriate rtios to get the required
compazition. The precursor material mixed with T;0, and Au nanoparticles was
ground again for about an hour and they pelletized under 3.8 tonsfam® pressure.
The pellets weme wrapped in gold capsules and sintered at 860°C for nearly
10 min in pre-heated chamber furnace foXlowed by quenching to room temperature
to obtain the final product {Au)f{CuysTlye)Ba02;003040, (¥ =0, 0.5, 1.0, and
1.5 wtX} nano-superconductor composites,

These compesites samples were characterized by X-ray diffraction (XRD), scan-
ning slactron microscopy (SEM), Fourier transform infrared (FTTR) speciroscopy, ac-
susceptibility (x.) and de-resistivity (p) measurements. The strueture and phase
pusity of the nanoparticls and composites were determined by XRD scans
(Dftdax MIC Rigaku with a Cu Kt source of wavelength 1.54056 A} The cell param-
lers were detarmined by cell refinement computer program. The ac-suscepribility
messurernents were carried out by the mutual inductance method using an SR530
Lock-in Amplifier at a frequency of 270 Hz with H. =007 Oz of primary coil.
The conventional four-probe techniqye was used for de-resistivity measurements
with the help of commercial Physical Properties Measurement System [PEMS)
muhﬁumhymanmwmandthewlueafmmdminsﬂn
medsurements was kept 10 pA Four low resistance contacts with silver paint
were made on the surface of the shb shaped samples with dimersions of
1.2 x 1.0 x 4.0mm®. The de-resistivity measurements were carried gut during the
heating cycie from 30K to room tamperature i.¢, néarly 300 K. The rate of heating
was kept 1 Kfmin during these nreasurements, The maorphology of the material has
been studied through Stanning Electron Microscopy (SEM) by JOEL Jed-2308. The
Fourter transform infrared {FTIR) absorption measurements were camied oot
using by Nicolet 5700 Fourier Transform Infrared (FTIR} spactrometer in the

400-700 em™" wave number range. The FYIR absorption spectroscopy was carried
out using KBr as a background material

3. Results and discussions

The XRD pattern of Au nanoparticles exhibits prominent sharp
diffraction peaks indexed with face-centered cubic (FCC) structure
as shown in Fig. 1. Also XRD analysis showed the distinct diffrac-
tion peaks at 38.22°, 44.35°, 64.67°, and 77.62°, which corresponds
to(111) (200),(220) and {311) planes respectively of FCC struc-
ture. The FCC structures of Au nanoparticles rmatches well with the
database of Joint Committee on Powder Difiraction Standards
(ICPDS No. 00-004-0784), revealing that the synthesized Au nano-
particles are composed of pure crystalline gold. The Au nanoparti-
cles size can be calculated by Sherrer's formula and the average
size of Au nanoparticles is about 39 am. The XRD patterns of
(Au)y/CuTl-1223 for x=0, 0.5 and 1.0 Wt composites are shown
in Fig. 2. The composites have shown the tetragonal structure fol-
lowing P4/mmm symmetry. Majority of the diffraction peaks cor-
responds to the CuTi-1223 phase with lattice parameters
a=420A and £=1531A for x = 0. The addition of Au nanoparti-
des in the CuTl-1223 has slightly decreased the cell parametess
lengths ie. a=4.20A, c=1530A and a~4.19A and c= 15254
forx =05 and x = 1.0 wt.% respectively, which might be due to var-
fation of oxygen contents or stress-strains in the polycrystaltine
lattice. The slight decrease in the c-axis length is most probably
due to the compression of apicai bond length by the effect of
variation in O, oxygen and stresses produced by the addition of
these nanoparticles. The un-indexed peaks are possibly due to
presence of some impurities and some other superconducting
phases as given in the in set of Fig. 2.

The surface morphology was examined by SEM images of the
(Au),/CuTI-1223 composites as shown in Fig. 3. The granular nat-
ure and porosity of samples are obvious from these micrographs.
There is an improvement in the inter-grain connectivity as well
as in the grain size after the addition of Au nanoparticles in the
mattix. The main problem is the inhomogeneous mixing of Au
nanoparticles in the mairix

The FTIR absarption spectra of (Au)/CuT1-1223 (x =0, 0.5, 1.0
and 1.5 wr.%) composites in the range from 400 to 700 em=" and
the unit cell of CuT1-1223 superconductor are shown in Fig. 4(a
and b), The nomenclature of different oxygen atoms in the unit cell
of CuTl-1222 supereanductor has been demonstrated in Fig. 4{b).
The bands in the range from 400 to 540 em™ are associated with
the apical oxygen atoms and in the range zround from 541 to
600 cm™' are associated with CuQ; planar oxygen atoms. The
bands in the range from 670 to 700 cm™" are associated with 0
atoms in the charge reservoir layer [33-35] But in the pure

g ‘Au-sanopasicies|
E)
8
2z
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W
S—

6 T B 80
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. XRD pattern of gold (Au) nanoparticles.
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Rolative Intenaity (a.u}

Fig. 2. XRD pattens of {Au),/CuY1-1223 composites with x = 0, 0.5, 1.0wtX .

CugsTlp.sBayCa;Cu;0,0_; samples, the apical oxygen modes of type
TI-0,~Cu(2) and Cu(1)-0,~Cu(2) are abserved around 427 cm=!
and 458-492 cm™' and Cu0, planner mode is around 526 em™?,
The apical mode of type TI-0x—Cu(2) is slightly softened from
A27cm™' to 420-421an™ and the position Cu(1)-0a-Cu(2)
Iremained around 458-490 cm™" after nano-Au particles addition.
The position of Cu(2)-0p-Cu(2) planner oxygen mode is also
slightly softened from 526 cm™" to 520 cm~" after nana-Au parti-
cles addition. The slight shifting of the positions of different oxygen
modes represents the presence of strains in the materials, which
affects the bond lengths. But overatl the positions of all the oxygen
vibrational phonon modes remained almost unaltered after nano-
Au particles addition in CuTI-1223 matrix. This gives us a clue that
nanc-Au particles did not substitute any atom in the unit cell and
remained at the grain-boundaries of (Au),/CuTI-1223 composites.

The resistivity versus temperature measurements of {Au),JCuTl-
1223 (x=0, 0.5, 1.0 and 1.5 wt.%) composites are shown in the
Fig. 5. All the samples exhibit metallic behavior in the variation
of resistivity versus temperature measurements at high tempera-
tures before superconducting transition temperatures. The varia-
‘tion of T, (0) and normal state resistivity Ppooky (Q-cm) versus ¥
{(ie. Au contents) is given in the inset of Fig. 5. The value of T {0)
|increases up to x=~1.0 wt¥ and then decreases, which predicts

the optimum inclusion level of Ay panoparticles in CuTl-1223
matrix The value of T, has increased from 88 K of un-doped sample
(x=0) to 99K and 101K for x=0.5 and 1.0wt% addition of Au
nanoparticles respectively. The value of T, has decteased to 96K
for x=15 wt.%. The initial increase in T. is possibly due to
improved weak links among the superconducting grains by healing
up the voids and pores with nano-Au particles. But after certain
optimurm inclusion level of Au-nanaparticles, the superconducting
volume fraction start to be decreased, which causes the suppras-
sion of superconductivity parameters. Normally the zero resistivity
critical temperature T; (0) of cuprates depends upon the carriers’
density in their CuO, planes [36]. The carriers supplied by the
charge reservair layer to the Cu0; planes depend upon the oxygen
contents in the charge reservoir layer |37]. As with the addition of
Au nanoparticles, the T (D) increases, this is due to optimization of
carriers’ density in the CuO, planes supplied by the charge reser-
voir Layer. Therefore, it is abvious that the oxygen contents in the
charge reservoir layer depends upon Au ranoparticles contents in
the CuT)-1223 matrix. The superconducting volume fraction can
also be improved by the optimization of oxygen, which can occupy
the oxygen vacancies in the bulk CuTi-1223 matrix, The initial
increase in T, (0} is possibly due to increased superconducting vol-
ume fraction and improved weak links by the addition of nane-Au
particles at the grain-boundaries. The decreasing trend in T, (0)
beyond certain optimum limit of Au nanoparticles addition may
be due to agglomeration and segregation of these nanoparticles
at the grain-boundaries in the bulk CuTl-1223 matrix, which can
cause the degradation of the quality of the samples and reduces
the superconducting bulk volume fraction of the samples. The ini-
tial increase in T (Q) is possibly due to improved weak-links
among the superconducting grains by nane-Au particles at the
grain-boundaries. But after certain optimum inclusion leval of
Au-nanoparticles, the superconducting volume fraction ang den-
sity of mobile charge carriers start to be decreased, which causes
the suppression of superconductivity parameters, The normal state
resistivity is very high for the sample with x=1.5, which is the
finger print of the enhanced scattering cross-section of the carriers
and reduced superconducting volume fraction. Usually, the trend
in the variation of superconductivity onset temperature ™ ()
is similar to zero resistivity critical temperature T, (0) of cuprates,
which depends upon the carriers’ density in Cu0; planes.

Fig. 3. Typical SEM images of (Au)/CuTl-1223 mmpﬂsites(a)x-ll{h)x-ﬂﬁm.!,(t)x-l.ommd (d) x=i5wrz
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Fig. 4. (a) FTIR bsorption spectra of (Au)fCyt-1223 composites, (@} x=0, (b} x = 0.5 wiX (c} x = 1.0 wiLE and {d) x = 1.5 wL.Z (b) Unit cell of CuTi-1223 superconductor.
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Superconducting fluctuations near the superconducting transition
contribute to the T7™* (K} and the Au nanoparticles addition
may enhance these fluctuations and can affect T2 (K) of these
compasites [38],

Magnetic ac-susceptibility measurements of (Au)fCuTl-1223
(x=0. 0.5, 1.0 and 1.5 wLX) composites are shown in Fig. 6. The
ac-susceptibility measurements of these samples were carried
out in field cocled (FC) conditions by the mutual inductance
method using an SR530 Lock-in Amplifier working at a frequency
of 270 Hz with Hac = 0.07 Oe of primary coil. Single peak above
the transition temperature in the ac-susceptibility measurements
is observed for all the samples. There are two components of
magnetic ac-susceptibility, in-phase component (') and out of
phase component (y%). The magnitude of diamagnetism of the
superconducting materials is represented by the real part (¥') of
the ac-susceptibility and the ac-losses corresponding to the flux
penetration into superconductor sample is represented by imagi-
nary part (x"). The imaginary part of the ac-susceptibility provides
the inter-gramular contribution and therefore, gives information
about the nature of inter-grains weak links and pinning strength

0-2' L] L] L} L) L} L] L -
0.0+ J
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' |
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Fig. € Ac-susceptibility measurements of (Aul/CoTl-1223 compesites with xui),
5. and 1.0wtX

[38-41] The suppression of superconductivity within the grains
decreases the magnitude of x'. It is observed that the onset
temperature as well as magnitude of diamagnetism initiaily
increases and then decreases beyond certain optimum limit of Au
nanoparticles addition. Similarly, the peak position in ¥" initially
shifts to higher temperature values and then shifts to lower tem-
perature values beyond certain optimum limit of Au nanoparticles
addition. The value of onset of diamagnetism {T?"* (K)) increases
up 0 x = 1.0 wt.% and then decreases, which predicts the optimem
inclusion level of Au nanoparticles in CuTl-1223 matrix for
maximum improvement of superconductivity. The initiat increase
in TZ™* (K) is possibly due to impraved superconducting volume
fraction and carriers density with the increase of Au nanoparticles.
The suppression of T;™" (K} and diamagnetic signal beyond a
certain level of Au nanoparticles inclusion can be due to reduction
of superconducting volume fraction and carriers density. The
relatively higher density of voids and pares in puce un-added Au
nanoparticles samples can be the cause of reduction of supercon-
ducting volume fraction and superconductivity. The other defects
in the form of oxygen deficiencies can cause the reduction of
carriers’ density from the optimum level, By the incorporation of




lﬁu manoparticles at the grain-boundaries, the voids and pores can
be filled and can improve the inter-grains weak-links. In this way,
!we can reduce the defects in the material and can improve the
superconducting properties. The enhancement of T¢™ (K) can be
the indication of enhanced carriers’ density towards optimization
after An nanoparticles addition. This cant be due to the reduction
of defects in the form of voids and axygen deficiencies by filling
pores with these nanoparticies, But the non-superconducting
! ic Au nanoparticles reduces the superconducting volume
Iﬁ'action in the superconducting state of CuTl-1223 matrix beyond
lthe certain optimum leve! of Auv nanoparticles inclusion ie.
g =15 wt.% in this case,
| The overall superconducting properiies of CuTl-1223 matrix
have been improved up to certain optimum level of Au nanoparti-
tles addition that can be attributed to an increase in the inter-
grains connectivity and enhanced superconducting volume frac-
tion. The increase in superconducting properties can also be asso-
ciated with the optimization of carriers’ density in the CuQ, planes
supplied by the charge reservoir layer, which depends upon the
optimum oxygen contents in the charge reservoir layer. Therefore,
we can relate the oxygen contents with Au nanoparticles cantents
Iin the CuT1-1223 matrix. We have planned to carry out the infield
ent (ie. [, p etc.) to investigate the role of Au nanopar-
itil:les as additional flux pining centers. The uniform distribution
and controlled size of nanostructures added in the HTSCs matrices
are still unresolved problems i this area of research. We are trying
to address these issues in our future research work,

4. Conclusion

The effects of gold nanoparticles addition on superconducting
properties as well as phase formation of CuTl-1223 matrix were
thoroughly studied. We synthesized (Au)/CuT-1223 composites
; ly by solid-state reaction method, The tetragonal struc-
fture of CuTl-1223 matrix remained unaltered after nano-Au parti-
cles addiion. It provides an evidence of the presence of nano-Au
particles at inter-geanular spaces (inter-grain boundaries). The
SEM micrographs have shown the granular structure with
ienhanced grain sizes after nano-Au particles addition, The supes-
conducting properties have been overall increased after the nane-
Au particies addition but still the control of homogeneous distribw-
tion of Au nanoparticles is an unresolved problem. The systematic
decrease in normal state resistivity and monotonic increase in Te
(0) with gradual increase of these nanoparticles contents up to cer-
tain optimum level is most probably due to somehow homoge-
neous and uniform distsibution of these nanoparticles at the
grain-boundaries of the bulk CuT]-1223 material. The improvement
in the superconducting properties can be attributed to an increase
in the inter-grains connactivity by healing up the inter-grains voids
and pores by the addition of Au nanoparticles. The improved inter-
grains connections can facilitate the carriers transpart across the
inter-crystallite sites. But the superconducting volume fraction
starts to be reduced after certain aptimum inclusion level of Au-
Ranoparticles, which causes the suppression of superconductivity
parameters. The non-superconducting metallic An nanoparticles
reduce the superconducting volume fraction beyond certain opti-
mum level of Au nanoparticles inclusion in superconducting state
of CuTl-1223 phase.
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Abstract. Low snisotropic (Cug.sTl.s)Be;CazCus019-s (CuTI-1223) high temperature superconducting
phase was synthesized by solid-state reaction, eilver (Ag) nanoparticles were prepared by sol-gel method
and gold (Au} nancparticles were extracted from colloidal solution. We added Ag and Au nenoparticles in
CuT1-1223 matrix separately with samne coneentration during the final gintering process to get (M), /CuTl-
1223; M = Ag nanoparticles or Au nanopariicles (z = 0 and 1.0 wt.%) nano-superconductor composites.
We investigated and compared the effects of these noble metals nanoparticles addition on structural, mor-
phological and superconducting transport properties of CuTl-1223 phase. The crystal structure of the
host CuT1-1223 superconducting phase wes not affected significantly after the addition of these nanopar-
ticles. The enhancement of superconducting properties was observed after the addition of both Ag and Au
nenoparticles, which is most probably due to improved inter-grains wealt-links and reduction of defecta
such as oxygen deficiencies, etc. The reduction of normal state room temperature resistivity is the finger
prints of the reduction of barriers and facilitation to the carriers transport across the inter-crystallite sites
due to improved inter-grains weak-links. The greater improvement of superconducting properties in Ag
nenoparticles added samples is attributed to the higher conductivity of silver as compared to gold, which

also suite for practical applications due to lower cost and easy synthesis of Ag nanoparticles as compared

to Au nancparticles.

1 Introduction

Different phases of cuo‘sT]o,aB&zCﬂn_1Cun02n+4_x
(CuT}12(n — 1)n); n = 2, 3, 4, ..., high temperature
superconducting (HTSCs) family can be synthesized at
high (~5 GPa) as well as at ambient pressure [t]. At high
pressure synthesis, the good quality samples of this HTSCs
family can have relatively higher T.(0) because at such
kigh pressure the porosity is low and superconducting vol-
ume fraction is high. The number of defects in the form of
disorder or exygen deficiencies, etc. can be reduced at such
high pressure synthesis, which ultimately plays an impor-
tant role in optimization of carriers and improvement of
superconductivity. But for the large scale production of
this material for application point of view, the synthesis at
such high pressure can be a big hurdle; therefore, we have
synthesized these samples at ambient pressure. At ambi-
ent pressure synthesis, the density of voids and pores are
relatively high, which reduces the superconducting volume
fraction. There are also some other defects in the form of
axygen deficiencies, which can cause the reduction of car-
riers from optimum level. Due to these reasons T.(0) of
our samples is relatively low, which can be improved by

* e-mail: mmumtaz75@yahoo. com

some simple and easy ways other than high pressure syn-
thesis and we are trying to resolve this issue by different
techniques such as addition of nenoparticles of different
materials, sizes and nature in the bulk CuTl-1223
matrix. There have been consistent efforts to overcome
this problem and to enbance the superconducting proper-
ties of different compounds of HT'SCs families by differ-
ent techniques [2-4]. One of the most effective and easiest
ways to address this issue is the inclusion of nanostruc-
tures at the grain-boundaries to heal up the inter-grains
voids and pores to improve the inter-grains weal-links and
superconducting properties of granular bulk supercondue-
tors. But the real challenge is to control the size, concen-
traiion and homogenous distribution of manostructures
ot the grain-boundaries of the bulk HTSCs [5-8].
The improved inter-grains connections can facilitate
the carriers transport across the inter-crystallite sites,
but after certain optimum inclusion level of nano-
structures, the superconducting volume fraction starg
to Dbe decreased, which ceuses the suppression of
superconductivity parameters. The nature of the mate-
rial of panostructure is also very crucial in this
regards because the effects of nanostructure of different
materials have different effects on the superconducting
properties.
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The inclusion of MgO, Al,O3 and ZrQ; nanoparti-
cles in Bi-based HTSC has improved the superconduct-
ing properties such as critical current density (J.), ete.
[9-11]. The inclusion of MgO nanoparticles in Bi-2212
matrix has increased the superconducting transition
sharpness and the superconductor volume fraciion [12].
The volume pinning force density, onset temperature of
dissipation, activation energy and J; in applied magnetic
field were found to be improved after the addition of nano-
alumina in the polycrystalline (Bi, Pb)-2223 sarples {13].
The addition of different nanoparticles of different mate-
rials with different sizes like NiFeoOy, AlaOs, ZrO,, ete. in
suitable amount helps in generating the effective flux
pinning centers, which can enhance the critical supercon-
ductivity parameters [11,14, 18]. The addition of Ag nano-
particles in Y123 supercomducting thin films improved
crystal structure and J. wvalues [16]. Superconduct-
ing and mechanical properties of Bi(Pb)-Sr-Ca-Cu-O
superconducting matrix were improved by the addition
of Ag nanoparticles which may be the cementing effects
of these nanoparticles smong the superconducting
greins [17]. The improvement of superconducting volurae
fraction, T, and J. after the addition of Ag nanoparti-
cles up to # = 1.5 wt.% in CuTl-1223 matrix has been
observed [18]. The addition of nanostructures of Ag and
Ay hes shown significantly improved superconducting
properties in many superconducting systems [19-22].
Increased namo-Ag particles content in Bi-2223 matrix
improved the inter-grains connectivity and enbanced
J. [23,24].

We have investigated and compared the effects of
noble metals (Ag, Au) nanoparticles addition on struc-
tural, morphological and superconducting properties of
CuT}-1223 phase in detail. As the electronic configuration,
electronegativity, electrical conductivity of these metals
are different, therefore, we were expecting their differ.
ent effects on structural, morphological and superconduct-
ing properties of the host matrix. The addition of these
nanoparticles in appropriate concentration can heal up the
voids, pores and can improve the inter-grains weak-links,
which can facilitate the carriers to translate through the
butk materials. In this way we can reduce the defects such
&s oxygen deficiencies, ete., and can improve the supercon-
ducting volume fraction and superconducting properties.

2 Experimental details for sample preparation
and characterizations

Cup 5BasCayCuzOyg_s precursor material was syn-
thesized by using Ba(NOj), (99.50%, UNE-Chem),
Ca(NO3); - 4H,0 (99%, AppliChem), Cu(CN); + H,0
(99%, BDH). These compounds were mixed in appropri-
ate retios and were ground in mortar and pestle for about
2 h. The mixture after grinding was put into quartz boat
and placed in preheated chamber furnace for calcinations
at 860 °C for 24 h. The furnace was switched off and
the precursor material was cooled down to room temper-
ature after 24 h. The fired material was again ground for

ebout lhour and again placed into the furnace for second
time celcination under the same conditions. Then the pre-
cursor material was mived with thallium oxide (T2,0;)
(99%, BDH) and nanoparticles in appropriate ratio and
ground again for about 1 h. The ground material was
pressed under 3.8 tons/cm? to obtain the desired pellets.
The pellets were wrapped in gold capsules and sintered
at 860 °C for neerly 10 min in preheated chamber fur-
nace followed by quenching to room temperature to obtain
the final product (M)./(CupsTly5)BazCasCuzOio_s
(M = Ag or Au, while z = 0, and ¢ = 1.0 wt.%).
Ag nanoparticles were synthesized by sol-gel technique
and Au nanoparticles were extracted from the colloidal
gold solution separately. The structure and phase purity
of the {M)_/CuTl-1223 composites were determined by
XRD (D/Max IIIC Rigaku with a Cul(a scurce of wave-
length 1.54056 A). The diffraction peaks were indexed and
cell parameters were determined by celi refinement com-
puter program (check cell). The morphology of the mate-
rial was examined through scanning electron microscopy
{SEM) by JOEL Jed-2300. The Fourier transform infrared
{FTIR) absorption measurements of these samples were
carried out using by Nicolet 5700 Fourier transform
infrared (FTIR) spectrometer in the 400~700 cm~! wave
number range. The FTIR absorption spectroscopy was
carried out using KBr as a background material. The de-
resistivity versus temperature measurements were carried
out by four point probe technique with help of physical
properties measurement. system (PPMS, quantum design).
The value of current during the de-resistivity measure-
ments was kept 1 mA. The dc-resistivity measnrements
were carried out during the heating cycle from 35 K to
room temperature i.c., nearly 300 K. The raie of heating
was kept 1 K/min to 3 K/min during these measurements.
The dimensions of slab shaped samples were 1.2 x 1.0 x
4.0 mm3 and low resistive four contacts were made on the
samples with silver paint. The ac-susceptibility measure-
ments were carried out by the mutual inductance method
using an SR530 lock-in amplifier at a frequency of 270 Hz
with Hae = 0.07 Oe of primary coil. IV measurements
were carried out at 70 K below the zero resistivity critical
temperature and the criterion of J, for these TV measure-
ments was kept 1 4V /cm at 70 K in zero external applied
magnetic field for all the samples.

3 Results and discussions

XRD patterns of Ag and Au nanoparticles are shown in
Figures 18 and 1b. The prominent diffraction peaks are
indexed with face-centered cubic (FCC) structure and the
average size of Ag and Au nanoparticles calculated by
Scherrer’s formula is found to be 35 om end 39 nm
respectively. XRD analysis shows well indexed diffraction
peaks (111), (200), (220) and (311) of FCC structures,
which shows that silver and gold nanoparticles are better
crystallized. No peak related to any impurity crystalline
phase has been detected. These fine structures and metal-
lic pature of Ag and Au nanoparticles can be useful in
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Fig. 1. (a) XRD pattern of Ag nanoparticies (b) XRD pattern
of Au nanoparticles.

many applications [25,26). XRD patterns of (M),/CuT]-
1223; M = Agor Au, and £ =0, 1.0 wt.%, composites are
shown in Figure 2. The diffrection patierns indicate the
dominance of CuT1-1223 phase as most of the diffraction
peaks are well indexed according to the tetragonal struc-
ture of this phase following the P4/mmm space group.
The tetragonal structure and stoichiometry of the host
CuTl-1223 compound remains unchanged after the addi-
tion of these nanoparticles, which clearly indicate that
these nanoparticles have occupied the positions at the
inter-crystallite sites (i.e., at grain-boundaries). The very
few un-indexed diffraction peaks of relatively low inten-
sity show the presence of other superconducting phases
mentioned in the inset of Figure 2. The effect of some
other phases on superconducting properties depends upon
their wt.% present in the major parent phase. One of the
most commonly observed effect of other superconducting
phases in little amount is broadening of the superconduct-
ing transition width due to different values of T.(0) of
different superconducting phases. The slight variation in
lattice parameters may possibly be due to variation of OXy-
gen contents and due to some stress and strains produced
by the addition of these nanoparticles.

The surface morphology was examined by SEM micro-
graphs of (M),/CuTI-1223 composites as shown io
Figure 3. Few of the nanoparticles are encircled and reduc-
tion of inter-grain voids and improvement in the inter-
grain weak-links can be visualized from inter-comparison

o0 wiy of Ay FCaT-2
ll..lll* - »
LLRLAE] gs 3 -~
7 4 "
8 Ef.s g

=1896 A

Intensity {s.u.)

Fig, 2, XRD patterns of (M), /CuT1-1223 composites; M = Ag
nenoparticles or Au nenoparticles (2) x =0, (b) x = 1.0 wt.%
of Ag nanoparticles and (c) z = 1.0 wt.% of Au nanoparticies.

of these micrographs of nanoparticles added and un-added
samples. The main problem is to control the size of nano-
particles and to make the homogeneous mixing and
distribution of these nanoparticles in the matyix. .

The FTIR is very sensitive technique used to detect
a frace amount of impurities and functional groups in
the organic chemistry but here we used FTIR absorption
spectroscopy to observe the different oxygen vibrational
phonon modes, which play a vital role in supercon-
ductivity phenomenon. The FTIR, absorption spectra of
(M), /CuTI-1223 nanc-superconductor composites in the
wave number range from 400 to 700 ce~! are shown in
Figure 4a and 4b. The nomenclature (or symbols) of dif-
ferent atoms in the unit cell of CuT}-1223 superconductor
has been demonstrated in Figure 4b. The bands in the
renge from 400 to 540 crn~? are associated with the api-
cal oxygen atoms and in the range around from 541 to
600 cra™! are associated with CuO, planar oxygen atoms.
The bands in the range from 670 to 700 cm™! are associ-
ated with O ators in the charge reservoir layer. The api-
cal oxygen modes of type T1-0,~Cu(2), Cu(1)-0,4~Cu(2)
and planner oxygen modes Cu(2)-0,-Cu(2) are observed
around 418 em™!, 483 em~! and is around 532 cm=!
respectively for un-doped CugsTlg;Ba;CagCuz0qg;
saemples. Almost all the oxyzen modes remain unchanged
in nano-Ag particles added samples and slight shift of api-
cal and planner oxygen modes towards lower wave number
(i-e., 473 cmm™! and 523 cmn—1) were observed in nano-An
particles added samples, Figure 4a. The softening of these
modes is most likely associated with relaxation of api-
cal and planner bond lengths due to stresses-strains pro-
duced after Au nanoparticles addition. Almost the fixed

positions of these oxygen vibration modes confinn the’

preserved crystal structure and stoichiometry of the host
CuT}-1223 matrix after the inclusion of these panoparti-
cles. This FTIR. absorption spectroscopy shows the oceu-
pancy of these nanoparticles at the inter-granular sites.
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Fig. 3. SEM images of (M):/CuTI-1223 composites, where
M = Ag nanoparticles or Au nanoparticles with (8 z =0,
(b) z = 1.0 wt.% of Ag nanoparticles and (€} 1.0 wt.% of Au
nanoparticles,

The resistivity versus temperature measurements of
(M)z/CuT1-1223; M = Ag or Au {(z = 0 and 1.0 wt.%)
composites are shown in Figure 5. All these samples have
shown a metallic variation in resistivity from room tem-
perature down to onset of superconductivity with zero
resistivity critical temperature {7,(0)} around 87, 101 and
98 K for x = 0, 1.0 wt.% of Ag nanoparticles and 1.0 wt.%
of Au nanoparticles respectively. The variation of T.(0)
with different contents of Ag and Au nanoparticles in
CuTl-1223 matrix is given in the inset of Figure 5.
The value of T, (0) increases initially up to certain contents
in case of both Ag and Au nanoparticles added samples,
which predicts their optimum inclusion level in CuT1-1223
matrix. The initial increase in T;(0) can be possibly due
to improved weak-links among the superconducting grains

~ by healing up the voids and pores with these nanoparti-

cles. But after certain optimum inclusion level of these
nanoparticles, the superconducting volume fraction start
to be decreased, which causes the suppression of supercon-
ductivity parameters. Normally the zero resistivity eritical
temperature T;(0) of cuprates depends upon the carriers’
density in their CuQ; planes [27]. The carriers supplied
by the charge reservoir layer to CuQ; planes depend upon
oxygen contents in the charge reservoir layer [28]. As T.(0)
increases with the addition of these nanoparticles, which
may due to optimization of carriers’ density in the CuQ,
planes supplied by the charge reservoir layer. Therefore,
it is obvious that the oxygen contents in the charge reser-
voir layer depends upon these nanoparticles contents in
the CuT}-1223 matrix. The superconducting volume frac-
tion can also be improved by the optimization of oxygen,
which can occupy the oxygen vacancies in the bulk CuTl-
1223 matrix. The decreasing trend in T,(0) beyond certain
optimum limit of these nanoparticles addition may be due
to agglomeration and segregation of these nanoparticles at
the grain-boundaries in the bulk CuTIl-1223 matrix, which
can cause the degradation of the quality of the samples
and reduce the superconducting bulk volume fraction in
these samples. The improved inter-grain weak-links facil-
itate the charge carriers transport processes and reduce
the energy losses across the grains boundaries. But af-
ter a certain optimum level of these nanoparticles addi-
tion, the agglomeration and segregation of nanoparticles
result in the reduction of T, by various mechsnisms like
scattering, pair-breaking, etc. [29,30]. Normal state resis-
tivity {p(so0 x)(Q-cm)} at room temperature (~300 K)
decreases after the addition of these nanoparticles.
The decrease in p(ggp k)(§2-cm) and increase in 7, (R=10)
are relatively higher for Ag nanoparticles added samples
as compared to those of Au nanoparticles added samples,
which may be due to higher electricity conductivity of sil-
ver (i.e., 6.30 x 107 S/m at 20 °C) as compared to that of
gold (i.e.,4.10x 107 S/m at 20 °C) {31,32]. These nanopar-
ticles can fill up the inter-grain voids and improve the
inter-grain weak-links, which can facilitate the charge car-
riers’ transport across the grains at inter-crystallite sites
in the bulk CuTl-1223 matrix [29,30]. The normal state
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Fig. 4. FTIR spectra of (M), /CuT)-1223 composites, where M =

Ag nanoparticles or Au nanoparticles with @)z =0,

(b) 2 = 1.0 wt.% of Ag nanoparticles and {c) = = 1.0 wt.% Au nenoparticles.
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Fig. 5. Resistivity versus temperature measurements of
(M), /CuT)-1223 composites, where M = Ag nanoparticles or
Au nanopariicles with (a) z = 0, (b) z = 1.0 Wt.% of Ag
nanoparticles and {¢) x = 1.0 wt.% Au nenoparticles. In the
inset the variation of T.(R = 0) versus (Ag, Au)- nagoparticles
contents is shown,

resistivity of Ag nanoparticles added sample is lower as
compared to Au nanoparticles added sample, which ver-
ifies the addition of these nanoparticles. The inclusion of
these nanoparticles at the interstitial spaces among the

. Superconducting grains reduces the barriers of insulating/

semi-insulating grains-boundaries to the flow of carriers.

Ac-susceptibility measurements of (M) /CuT1-1223;
M = Ag or Au (z = 0 and 1.0 wt.%) composites are
shown in Figure 6. These ac-susceptibility measurements
were carried out in field cooled (FC) conditions by the
mutuat induciance method using an SR530 lock-in

AR 1
wu LAWLE Ay
d-aetiwiag|

m O® B % e

TiK)
Fig. 6. AC-susceptibility measurements of (M) /CuTI-1223
composites, where M = Ag nanoparticies or Au nanopsrticles
with z = 0, 1.0 wt.% of Ag nanoparticles, and 1.0 wWt.% Au
nencparticles.

h LJ h L LJ
1w 105 M 115

amplifier working at frequency of 270 Hz with Hpye =
0.07 Oe of primary coil. There are two components of ac-
susceptibility, in-phase component (x/) and out of phase
component (x//). The magnitude of diamagnetic signal
of the superconducting materials is represented by the
real part (x/) and the ac-losses corresponding to the fux
peneiration into superconductor samples is 1epresented
by the imaginary part (x//) of the ac-susceptibility,
The imaginary part of ac-susceptibility gives the infor-
mation about the nature of inter-grains weak-links and
pinning strength {33-38]. It is observed that onset tem-
perature of diamagnetism {T°****( K)} has been increased
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for both the Ag and Au nanoparticles added samples as
compared to parent CuT1-1223 matrix. The increase in
T2"*(K) is possibly due to improved superconducting
volume fraction and carriers density with the increase of
these nanoparticles. The relatively higher density of voids
and pores in pure host CuTE1223 sample can be the eause
of suppression of superconducting volums fraction and
superconductivity. The other defects in the form of oxy-
gen deficiencies can cause the reduction of carriers’ den-
sity from the optimum level. By the incorporation of these
metallic nanoparticles at the grein-boundaries, the voids
and pores can be filled and ean improve the inter-grains
weak-links, In this way, we can reduce the defects in the
material and can improve the superconducting properties.
The enhancement of T2***(X) can be the indication of
enhanced carriers’ density towards optimization after
addition of these nanoparticles. Due to higher electrical
conductivity of Ag as compared to Au, the improvement
in bulk superconductivity is relatively greater in case of Ag
nanoparticles added samples as compared to Au nanopar-
ticles added samples [31,32).

The current versus voltage (IV) messurements of
(M)z/CuT1-1223; M = Ag or Au (z = 0 and 1.0 wt. %)
compasites are shown in Figure 7. These IV measurements
were carried out at 70 K below T,(0) for the samples,
The criterion of J, for the IV measurements was kept
1 uV/cm at 70 K in zero exiernal applied magnetic fiekl
for a1l these samples. The IV characteristics curves show
the improvement of critical current (I.) with the addition
of these nanoparticles particles in CuTI-1223 supercon-
ducting matrix. This increasing trend of I with addition
of these nanoparticles is possibly due to the formation
of superconductor-metal-superconductor junctions in the
composites. The improvement of 7, is greater in case of
Ag added samples than Au nanoparticles added samples

due to higher electrical conductivity of silver as compared
to gold [31,32].

The overall improvement of superconducting proper-
ties of CuTI-1223 matrix after the addition of Ag or Au
nanoparticles cen be attributed to an increase in the inter-
grain connectivity by filling up the voids with these metal-
lic nanoparticles of high conductivity. The improvement
of superconducting properties in Ag nanoparticles added
samples is greater due to higher conductivity of silver as
compared to gold [31,32], which also suits for praciical
applications due to lower cost and easy synthesis of Ag

nanoparticles as compared to Au nanoparticles,

4 Conclusion

We have synthesized the composites of Ag and Au nano-
particles and CuT1223 superconducting phase success-
fully. We have investigated, compared and summarized
the effects of noble metals (Ag and Au) nanoparticles ad-
dition on structural, morphological and superconducting
transport properties of CuT)-1223 superconducting phase.
The crystal structure and stoichiometry of the host CuTl-
1223 phase remain same despite of presemce of the
nanoparticles in the matrix. The enhancement in Super-
conductivity was observed with the addition of these
panoparticles due to reduction in inter-grains voids,
facilitation in carrier transport across inter-crystailite sites
and improvement in weak-links. The decrease in normal
state resistivity is the figure prints of healing up the pores
and improved inter-grains connectivity with addition of
these nanoparticles. The larger improvement of supercon-
ducting properties in Ag nanoparticles added samples is
attributed to the higher conductivity of silver as compared
to gold, which also suits for practical applications due to
lower cost and easy synthesis of Ag nanoparticles as com-
pared to Au nanoparticles.

We are also highly thankful to Dr. Nawazish A. Khan and Prof,
Qiu Xisng-Gang for providing the characterization facilities
at Material Science Laboratory, Depertment of Physics QAU
Islamabad and Beijing National Laboratory of Condensed
Matter Physics, Institute of Physics (IOP), Chinese Academy
of Sciences (CAS) Beijing, China.
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ABSTERACT

We extplored the effects of highly coercive cobalt feirite (CoFey04) nanoparticles addition on structural,
morphological, and superconducting properties of CuasTlo s83:Ca,C05010.5 (CuTH-1223} matrix. Series of
{CoFe;0,),/CuTi-1223 (x=0 ~2.0 wi%) compuosites samples were synthesized and were characterized by
x-ray diffrattion (XRD), scanning electron microscopy (SEM), Fourier transform infrared (FTIR) absorp-
tion spectroscopy, and de-resistivity versus temperature measurements. The magnetic behavior of
CoFe;0, manoparticles was determined by MH-loops with the help of superconducting quantum
interference device {SQUID). MH-loops analysis showed that these nanoparticles exhibit high saturation
magnetization (86 emufg) and high coercivity (3350 Oe) at 50 K. The tetragonal structure of host CuTl-
1223 superconducting matrix was not altered after the addition of CoFe 04 nanoparticles, which gave us
a clue that these nanopartices had occupied the inter-granular sites (grain-boundaries) and had filled
the pores. The increase of mass density with increasing content of these naneparticles in composites can
2lso be an evidence of filling up the voids in the matrix, The resistivity versus temperature measure-
ments showed an increase in zero resistivity eritical (7.£0)). which could be mose probably due to
improvement of weak-links by the addition of these nanoparsicies. But the addition of thesse

nanoparticles beyond an optimum level caused the sgglomeration and produced additicnal stresses in
material and suppressed the superconductivity.

© 2014 Elsevier BV. All rights reserved.

1, Introdustion

Nommally, tuprate high temperature superconductors {HTSCs)
are synthesized at very high pressure (3~5 GPa) but the com-
pounds of CugsTly sBa;Cag-1Cuy0sn 4. 4.5 (CuTl-12(n-1 nkn=23 4,
... high temperature superconducting family can be easily synthe-
sized at ambient pressure [1]. The superconducting parameters of
this HTSCs family have the second highest values after Hg-based
superconductors. Also Citg sTlpsBa;CapCu50,0 5 (CuTl-1223) phase
with three CuO, planes has highest values of almost all super-
conducting parameters as compared to other phases of this HTSCs
familly [2,3},. Therefore, this class of superconductors is one of the
{ most promising candidates for further investigation and techno-

logical applications. The overall structure is granular and porous in
‘nature for large scale production in bulk form {2.3]. In order to
enhance the superconducting properties, many attempts have
been made by the different research groups working in this area.
‘Post-annealing and creation of artificial defecrs by different

* Comesponding author. Fax: +92 51 9210256,
E-mui] address: mmuntaz 7¥@yahoo.com (M, Mumez),

http:}fdx doLorg/10.1016f jmmm.201410.006
0304-8853 = 2014 Elsevier BV, All fights reserved,

techniques of the arder of nanometer scale acting as extra effective
pinning centers under the applied external field have been
exercised [4,5). Main objective of creation of additional effective
pinning centers by different techniques is to enhance the critical
current density () under the applied external magnetic field,
These pinning cenkers are more effective when their sizes are of
the order of coherence length |6]. The easy and very useful
technique for the creation of artificial pinning centers is the
addition of magnetic nanoparticles in the bulk superconducting
materials [7).

The enhancement of critical current density {J.) in many HTSCs
families have been observed by the inclusion of nano-oxides of
different nature, sizes and concentrations, which act as flux
pinning centers in the applied external field [8-11 ). The addition
of Al;03 and Zr0, manoparticles acted as effective flux pinning
centers in (Bi, Pb)-2223 superconductor and improved the infietd
Jo [12-14). The lower addition of zZn0o nanoparticles in
(CugsTlyzsPhos)}-1223 matrix improved the supercenducting
transition temperature, J. and superconducting volume fraction
(15 Also the addition of In;0s and SnO, in CuTI-1223 matrix
improved the superconducting volume fraction and reduced the
porosity [16,17]. The improvement of J. and suppression of 7. were
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also observed by the addition of ZrO, and ZnO in Gd-123 super-
conductor [18). The superconducting properties (i.e. T, J etc) of
CuTi-1223 were improved by the addition of CuQ, Ca0; and Ba®
nanoparticles [19,20].

Recently, it was shown that magnetic nanoparticles play an
important role as efficient pinning centers at lower densities
(21,22}, BiFeQ; (BFO) nanoparticles are the promising candidate

 for the various applications in recent years due to their large

magneto-cleciyic coupling |23]. Nano-BFO exhibits super-para-
magnetism, which is very suitable for flux pinning centers in
superconductors [24,25]. Enhancement in 7. was observed by the
doping of paramagnetic Cr impurities in Pd films up to certain
level in applied external magnetic fields [26]. The elfectrical
resistivity versus temperature measurements showed that 7, has
been increased up to 0.2 wi% addition of nano-Fe,0s in CuTl-1223
matrix. The suppression in T on further increase of Fey04
nanoparticles concentration was due to Cooper pair-breaking

; Techanism or due te decrease in the volume fraction [27). In

recent years, the interest in creating the artificial pinning centers
by the indusion of magnetic nanoparticles in MgB, superconduc-

;  tor was also abserved in literature [28). Several models have been

proposed to jnvestigate the effects of the inclusion of magnetic
nanoparticles within the bulk superconductors transport proper-
ties [25]. However, magnetic flux pinning depends on the magni-
tude and orientation of magnetization vector, which is a challen-
ging problem for both theoretical and experimental investigations.
The effects of magnetic nanoparticles addition on superconductiv-
ity in MgB, was investigated experimentaliy as well as theoreti-
cally but reported results were contradictory, which provide no
evidence of magnetic pinning [30-25). We have already reported
the effect of addition of ZnFe,0, nanoparticles in CuTl-1223
superconducting matrix. We have observed the improvement of
the grain size with the addition of ZnFe,0, nanoparticies, But after
the addition of ZnFe;0, nanoparticies, T{0) and magnitude of
diamagnetism were suppressed. The suppression of superconduc-
Hvity was most likely due to trapping or localization of mobile free
carriers and reflection of spin charge due to paramagnetic nature
of ZnFe;04 nanoparticles. Also, the reduction of T{0) may be due
to the possibility of Fe and Zn incorporation in lattice sites [37].

In this article, we have investigated the effects of CoFe;0,
nanoparticles addition on structural, morphological and super-
conducting transport properties of CuTl-1223 matrix The main
objective of this work was to improve the inter-grainweak-links by
filling the pores and voids present in bulk form of the host CuTl-
1223 matrix by the inclusion of these nanoparticles. The second
objective was to increase the number of flux pinning centers to the
optimum level by the addition of these magnetic nanoparticles.
The suppression of superconducting properties in zero field with
increasing CoFe,0, nanoparticles contents is most probably due o
localization and pair-breaking mechanisms of camiers across these
highly coercive magnetic CoFey04 nanoparticles having net mag-
netic moments. The flux pinning measurements are our future
plan. We have not done those measurements yet. In the present
article our focus was to see the effects of rmagnetic CoFe,0,
nanoparticles on the superconducting transport properties of
CuTl-1223 matrix,

2 B:pmmtaldetallsandcharacteﬁuﬁonm&niqua

CoFe,04 nanoparticles added bulk ceramic CuTl-1223 super-
conductor composites were synthesized by solid-state reaction.
Initially. Ba(NOs},, Ca(NO;)» and Cu{CN) compounds were mixed
in appropriate ratios and ground in an agate mortar and pestle for
about two houss. The mixed material was loaded in quartz hoats
and fired in chamber furnace at 860°C for 24 h followed by

furnace cooling to room temperature. The firing step was repeated
two times following one hour intermediate grinding to get
CupsBayCayCuy0yp_4 precursor material. CoFe,04 nanoparticles of
36 nm average size were synthesized separately by the sol-gel
method. Later on, appropriate amount of thallium oxide (Ti:04)
and different wt% of CoFe,04 nanoparticles were mixed in this
precursor material at second stage and then ground again for
about one hour. This ground material was then pelletized under
3.8 tjcm? pressure and pellets were enclosed in gold capsules for
sintering at 860°C for 10 min followed by quenching to room
temperature to get (CoFe,0,4),/CuT-1223 (x=0, 05, 1.0, 1.5, and
2.0 wt¥) composites samples.

Structure and phase purity of material was determined by XRD
(D/Max IiC Rigaku with a CuKa source of wavelength 1.54056 A).

Coball Feerie {CoFe,0,)

34 }] |

Relative intensity (a.u)

<100+

"H (Oe)

Rig 1. (a—c). () XRD pattems of CoFe;0, nanoparticles, {b) SEM image of CoFey,
nanoparticles at 500 am scale, and {c) MH-loop of CoFe;D, mampparticles at
T=50 K. (In the inset of () shows the coerdvity region).




:Morphology of material was examined by Scanning Electron
‘Microscapy (SEM) (JOEL Jed-2300). MH-loop of magnetic nano-
jparticles was done by using a Superconducting Quantum Inter-
ference Device {(SQUID) magnetometer (Quantum Design, MPMS-
‘XL-7). Fourier transform infrared (FTIR) absorption measurements
were cartied out in 400-700 cm™" wave number range by using
Nicoler 5700 FTIR spectrometer. Potassium bromide {KBr) was
used 3s a background for FTIR absorption measurements of thesa
samples. Physical Properties Measurement System (PPMS, Quan~
‘tum Design) was used for electrical dc-resistivity measurements,
Four low resistance contacts with silver paint were made on the
susface of the slab shaped samples with dimensions of
12 x 1.0 x 4.0 mm’, The conventional four-probe technique was
lused and the value of current during the de-resistivity measure-
‘ments was kept 10uA. We measured dc-resistivity with large
applied currents and selected the appropriate current for our
imeasurements at which response of the system was linear ie.
10 pA. These de-resistivity measurements were carried out during
the heating cycle from 35 K to room temperature Le. nearly 300 K
Heating rate was kept 1-3 K/min during these measurements, An
electric field criterion of 1 uVjem was chosen for the zero-resis-
tance critical temperature T(0). When the resistivity becomes of
the order of 10°% (Q2-m) then that temperature is considered as
T{0). Mass densities of samples were measured very carefully.
Mass of each sample was measured by weighing balance
(UWG20H, Shimadzu) with 0001 g aceuracy and volume was
determined by dipping the sample inte water in calibrated test
tube and a micro-pipit. Finally, we measured the mass density
(massfvolume) from the measured mass and volume of the
samples. We repeated these measurements four to five times
and observe almast the same trend,

3. Results and discussion

XRD pattemn of cobalt ferrite (CoFe204) nanopatticles is shown
in Fig. 1{a). The characteristic peaks in XRD pattern of CoFe,0,
nanoparticles are in accordance with standard data values given in
International Center for Diffraction Data {ICDD} record. The pro~
‘minent peaks are indexed with cubic spinel structure and average
|size of CoFe,0, nanoparticles calculated by using Debye-Schetrer's
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formula is 36 nm. XRD analysis shows exquisitely indexed (2 2 0),
(311).(222),(400),(422).(511), {440), and {53 3) planes
and sharpness of these peaks confirms that CoFe,0, nanoparticles
are better cystallized. Major phase has been observed at (hk1)
value of (31 1). No peak of other impurity crystalline phases has
been detected. The lattice parameter calculated to be
a=0.8392 nm. 5EM image of CoFe;0; nanoparticles at 500 nm
scale is shown in Fig. 1{b). It shows that nanoparticles are nearly
spherical in shape and agglomerated due to magnetic inter-
particle interactions. We have measured MH-oop of CoFe,0,
nanoparticles at T=50 K by using SQUID magnetometar to confirm
their magnetic behavior as shown in Fig. 1(c). These nanoparticles
exhibit high saturation magnetization (86 emu/g) and high coer-
civity (3350 Oe) as evident in the inset of Fig. 1(c), Ammar et aL
[38] reported a high saturation magnetization {85.1 emujg) for
chemically prepared CoFe,04 nanoparticles. Liu et al, {39] reported
the high saturation magnetization (83.6 emu/g) of nano-tized
CoFe,04 particdes prepared by co-precipitation method and an-
nealed at 1300 =C.

Typical XRD patterns of (CoFey0,),/CuTl-1223 composites with
x=0, 1.0 and 2.0 wt%, are shown in Fig. 2. The diffraction patterns
indicate the dominance of CuTl-1223 phase as most of the peaks
are well indexed according to tetragonal structure of this phase
following the P4/mmm space group. The characteristic (001) peak
of this CuTl-1223 phase appeared at 20=5.84° and the stoichio-
metry remnains unchanged after the addition of these nanoparti-
cles, which may be an evidence that there is no varation in
structural chemistry of the host CuTl-1223 compound. Stncture of
CuTl-1223 phase remains preserved even with the existence of
CoFe;04 nanoparticles, which clearly indicates that these nano-
particles accupy the positions at the inter=crystallite boundaries of
CuTl-1223 matrix and help in improving the inter-grain weak-
links. Beside the dominant CuTl-1223 phase, few un-indexed
peaks appeared which are possibly due to presence of some
impurities and some other superconducting phases. Extremely
small variation in c-axis length was observed, which may possibly
be due to some strains and change in oxygen (0g) contents after
nanoparticles addition. The slight shift in the diffraction peaks to
lower angles, which is due to uniform strain produced in the
materials after the addition of CoFey0, naneparticles. Also the
slight decrease in the c-axis fength and an increase in a-axis length

+: CoTi-1234 AaZowts
*; CuThizt2 & [LEEEY
s§£§ c={480A
-':"'3":' &
§ g ﬂ;:“ Sigez g7 EE g
c e ] E *gg"ﬁi:?.J 8, %'Lg g g
x 1.0 wt%)
a=440A
c= 1481 A

(10}
fuoe)

F

Retative Intensity (a.u.)

Fig. 2. XRD patterns of {CoFe;04),/CuTl-1223 composites with (a) x=0, (b) x=10wtZ, and (¢) ¥=2.0 wr,
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Fig. 1, SEM images of {CoFe;0,)/CuTl-1223 composites with {2) =0 and {b)
XL WX,

are due to the slight compression in apical bond length and
relaxation in Cu0; planner bond lengths.

SEM images of (CoFe0,)JCuTl-1223 composite samples are
shuwninﬁg.B.Someimpressionofaggiomemﬁonofnmeﬁc
nmoparﬁdshmbeenobwvedinmemmposimsamplew%
X=20wt% Similar results were already observed by Hafiz and Abd-
Shukor [40} for nano-sized NiF, addition in Biy.4PhoeSroCa 0040, 5
superconductor samples and Mohammad et al, |27] in studying the
effect of nano-$n0, inclusion into the CuTl-1223 supercenducting
phase on superconducting properties.

FTIR is very sensitive technique used to detect a trace amount of
impurities along with functional groups in the material. The FTIR
absarption spectra of (CoFe,0,)/CuTl-1223 composites with x=0, 0.5,
10,15 and 20 wtZ, in the far infrared range from 400-700 cm~" are
shown in Fig. 4. The bands in the range from 400 to 540 an™ are
assodatedwimmeapimloxygmammsandintherangeﬁ'omm to
600 cm~! are associated with CuQ, planar oxygen atoms. The bands
in: the range from 670 o 700 em~" are associated with O atoms in
thedmgeresenmirlayerlm-GLApica]ownmodesofwﬂ—
04<u(2) and Cu{1}-0x~Cu(2) are observed around 418 an—! and
483 em™" and CuO; planner modes are ohserved around 533 cm=" in
pure CugsTlasBa,Ca,Cu304_ 5 samples. The positions of both the
apical oxygen modes were not altered significantly with the additien

Absorbance (a.u)

700 650 600 550 500 450 400
Wavenumber (em")

Fig. 4. FTIR absorption spectra of (CoFez04)/CuTl-1223 compasites with (1) x=0.
(b} x=0.5 witZ, {r} ¥=1.0 wt¥, (d) x=15 wiX, and (e) x=2.0 wi%,

3sx10?

. L L L hd L] L J
W5 140 176 210 245 280 318
T (K)
Fig. 5. Resigtivity versus temperature measurements of {CoPea0y),/Cum-1223
composites; x=0, 0.5 wiX, LOwtX, 15wtk and 20wts. In the inset {a) the
variation of 7.0) versus x and in the inset (b) the variation of massive densiry
versus x (.. CoFe;0¢ nanoparticles).

¥ N

of CoFe,0, nanoparticles. The CuO; planner oxygen modes also did
not change their positions with the addition of CoFe,0, nanoparticles,
mesﬁghtvaﬁaﬁunmthwemodescanbepussiblyduemsnessesand
strains preduced in material after addition of these nanoparticles. The
alimost unchanged position of various axygen modes with the addition
of these nanoparticles showed that the unit cell structure of the host
CuTl-1223 wnatrix remained unaltered. This is another indirect evi-
dence of the occupancy of CoFe,0, nanoparticles at the grain-
boundaries. Therefore, these nanoparticles healed up the voids and
improved the inter-grain coupling.
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Resistivity versus temperature measurements of (CoFe;O4)/
CuTl-1223 (x=0, 0.5, 1.0, 1.5 and 2.0 wik) composites samples with
arious amounts of CoFe,0, nanoparticles are shown in Fig. 5. The
variation of T, (0) versus CoFe;04 nanoparticles content is shown
in the inset (a) of Fig. 5. The values of T, (0) for the samples with
lk=0.0.5,l.0,l.5 and 2,0 wiX are armnand 66 K, 6B K, 69 K, 78 K and
BOK respectively. These measurements show that the value of
70} is increased after the addition of CoFe,0, nanoparticles into
CuT+1223 superconducting matrix Gl x=1.5 wt% concentration
and then suppressed on further increase in the amount of
lnanapam‘cles. The increase in T; {0) after the inclusion of CoFes0,
Pam)pa:ﬁcles up to =15 wt¥ is due improvement in the inter-
Igrai,tls connectivity and after certain optimum level of CoFe,0,
fanoparticles addition, the agglomeration starts which deterio-
rates the samples quality and produces stresses and strains in the
materials [44.45). In ceramic high T. superconductors, there is
always a resistive broadening due to two critical temperatures, one
is the 7."™ (K) at which Cooper pair formation starts and the
second is the T (0) at which the materials goes into bulk super-
conducting state. The 2™ (K) depends on the electronic proper-
ties of the material, whereas T(0) depends on the microstructure
of the material and carriers density in the CuQ, planas. The
materiat with weak inter-grain connectivity and voids tends to
have lower T(0), as compared to that of a material with well
onnected and packed grains in spite of their equal 7.5 (K}, In
lr.he present artidje the T.**** (K) is monotonically decreasing with
the increase of magnetic CoFe,0, nanoaparticles content, which is
hwt surprising because magnetic nanoparticles have the ability to
suppreéss the superconductivity. The reason behind the increase in
E;(h?) might be the improvement of the inter-grain connectivity,

ich is essential to get higher T(0). The main problem is to make
#he distribution of CoFey0, naneparticles uniform and homoge-
neous across the grain-boundaries of CuT-1223 superconducting
|lmatri:lr. The non-menotonic variation of the normal state resistiv-
Iities with magnetic CoFe;0, nanoparticles content is most prob-
ably due to the inhomogeneous distribution of these nanoparticles
at the grain-boundaries of the bulk material, The variation of mass
density of (CoFe;04),/CuTl-1223 composites with different content
of CoFe,04 nanoparticles is shown in the inset (b) of the Fig. 5. The
!overall slightly increasing trend in mass density is observed with
fincreasing content of these nanaparticles in the matrix, which is
an evidence of filling the voids in the bulk samples. Slightly non-
monotonic variation in mass density can be most probably due to
inhomogeneous distribution of these nanoparticles at the grain-
boundaries of the samples,

‘4. Conclusion

The effects of highly coercive CoFe;0, nanoparticles addition
on the superconducting propesties as well as on structure of the
host CuTI-1223 matrix were investigated. We have synthesized
(CoFe;0,)/CuTl-1223 composites samples successfully by two
cycles solid-state reaction. The stoichiomatry and crystal structure
of the host CuTl-1223 matrix remained unchanged after the
addition of CoFe,0, nanoparticles. The enhancement in T,
{0) was observed with increasing contents of CoFe;04 nanoparti-
tles due to improvement of weak-links by filling the pores and
crakes present in the bulk material. The increase in mass density of
these samples after addition of these nanoparticles can also be dua
to filling of pores. The addition of these nanoparticles beyond a
certain optimum concentration level causes agglomeration and
produces additional stresses and strains in the bulk material and
suppresses the superconducting properties. The suppression of
T{0) may due to pair-breaking mechanism caused by reflection/
scattering of carriers and trapping or localization of mobile free

carriers across the agglomerated CoFe;0, nanoparticles present at
grain-boundaries of the host CuTl-1223 superconducting matrix.
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The effects of nano-Alumina (A};0,) particles inclusion on the structural and
superconducting transport properties of (Cuo sTlp 5)BayCazCug0yg_; (CuTl-
1223) matrix were explored in detail. Different concentrations (ie. y=

0-1.5 wt.%) of Al,Os nanoparticles were added to a CuTl-1223 matrix to
obtain the desired (Al;0,),/CuTl-1223 nane-superconducting composites. No
significant change was observed in the crystal structure and stoichiometry of
the host CuT1-1223 supereonducting phase after the addition of Al2O4 nano-
particles. This indicates the occnpancy of these nanoparticles at the inter-

granular spaces. The superconductivity

was suppressed with increasing Al,O;

nanoparticles contents in the CuTl-1223 matrix. The suppression of super-
conducting properties is most probably due to a pair-breaking mechanism
caused by the reflection/scattering of carriers across the insulating nano-Al,054
particles present at the grain boundaries. The non-monotonic variation of the
superconducting properties may be due to inhomogeneous distribution of
AlyO; nanoparticles at the grain boundaries.

Key words: CuTl-1223 superconductor, Al,O, nanoparticles,
superconducting properties, grain boundaries

INTRODUCTION

The (Cug 5Tl 5)BayCazCus04g. 5 (CuTl-1228) phase
of (Cug Tl £)BAzCayCuyy102p44- 5 high T, supercon-
ducting family is most attractive due to its relatively
larger critical current density (J,), high supercon-
ducting transition temperature (7.) and low super-
conducting anisetropy (y= %ﬂ). 3 Two main
constituents of the unit cell of this phase are the
Cuy 5Ty sBag0O, . ; charge reserveir layer (CRL) and
the nCuO; conducting planes.*> The effects of the
substitution of impurities within the unit cell and
the addition of suitable nanostructures (nanopart-
cles, nanorods, ete.) on the physical and structural
properties of different superconducting families
were investigated 5 The addition of nanoparticles
affects the superconducting properties by creating
surface defects in the materials and varying the

(Received May 20, 2014; accepted August 30, 2014;
published online Septermber 20, 2014)
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number of charge carriers in the CuO, planes, It has
heen observed in many superconducting families
that superconducﬁvit;r arameters vary by varying
the oxygen contents.’*'® The addition of elemental
and oxides nanoparticles into high temperature
superconductor (HTSC) matrices plays a vital role
in increasing the critical current density (J,) by the
different mechanisms (i.e. flux pinning, intergoain
connectivity, ete.) occurring in the materials, 120 Iy
has been reported that low concentrations of nano-
Zn0 addition in (CuyTlo25Pb 25)-1223 enhanced
the superconducting iransition temperature (T,
critical current density (7.) and melting point, while
high concentrations of nano-ZnO enhanced the
secondary phases and grain boundary resistance.
This was possibly due to large agglomerations of
nano-ZnQ particles.* The mierohardness of the
CuTl-1223 superconducting phase was significantly
tmproved by nano-SnQ, particles addition.22 It has
also been observed that superconducting Properties
were improved by nano-Fe,0, particles addition up
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to a certain concentration level and then started to
decrease with a higher concentration of nano-Fe,0,
particles in the CuTl-1223 superconductor.?® The
suppression of superconducting properties was
explained in terms of an enhanced pair-breaking
mechanism due to scatiering phenomenon at a
higher concentration of nano-Fe,0j particles in the
CuTl-1223 supercanductor. The nano-MgO particles
addition up to 0.6 wt.% in the CuTl-1234 supercon-
ducting phase improved the phase formstion, grain
connectivity, and electrical transport properties, and
reduced the thermal expansion co-efficient.? The
improvement in J.-was believed to be due to the
enhanced pinning effects of nano-MgQ particles in
the superconducting matriz.2° No change observed in
the tetragonal structure of the CuT)-1234 supercon.
ducting phase with the addition of nano-MgO parti-
cles, The study of the effects of Al,04 nanoparticles
addition on the superconducting properties of YBay
Cuz0, showed that there was no change in the
structural , while the orthorhombicity
slightly deereased with the increase of nano-Al;05
particles content in the matrix. In an applied mag-
netic field, J, of the superconducting material was
observed to be enhanced significantly by nano-Al,Og
particles addition, which can be caused by the exis-
tence of the flux pinning centers.?® The substitution
of nano-Al,O; particles did not affect the structural
symmetry of the parent YBayCu,0Q, system, but the
oxygen content was affected and therefore the
superconductivity altered, as it is sensitive to oxXygen
content especially in this system. The effects of nano-
Al O, partides addition in the polyerystalline (Bi,
Pb)-2223 superconductors also illustrated the
improvement of transport properties. The volume
pinning force density, onset temperature of dissipa-
tion, activation energy and J, in applied magnetic
field were found to be improved.2” The Auctuation-
induced conductivity (FIC) analysis demonstrated
that the three-dimensional (3D) conductivity region
has been reduced, which is possibly due to seattering
of mobile carriers across the nano-Al,O; particles at
the grain boundaries of the (Bi, Pb)}-2223 supercon-
ducting matrix.*® A small amount of nano-Al,Os
addition in YBa,Cuz0,.; (Y123) textured bulk
superconductor has increased the J, values that may
be due to improved flux pinning after the inclusion of
these insulating nanoparticles.®® The structural
symmetry of the Y123 superconducting matrix was
also not affected after the inclusion of Al,Og4 nano-
particles.** The improvement of J, was most likel

duewenhaneedpinnjngeﬂ‘ectsbytheinsu]aﬁng
nano-Al,O; particles acting as effective pinning
centers in the Y123 superconducting matrix. The
value of J depends upon the size, density of pinning
centers and flux pinning strength. The values of
J. and Hy, were enhanced due to the presence of
nano-Al;Q, particles at the grain boundaries of MgBo
acting ae strong pinning centers.3! Some amount of
aluminum (Al) was doped into the lattice and more
Al;03 nancparticles were present at grain boundaries

in the bulk at higher levels of nano-Al,Qg particles
addition in the MgB, matrix,

We studied the effects of nanc-Al;Q; particles
addition on the superconductivity as well as on the
crystal structure of the CuTl-1223 phase. The main
motivation and objectives of the addition of Al,Og
nanoparticles were to improve the inter-grain con-
nectivity by filling the pores present in the bulk form
of the CuTl-1223 matrix and hence to enhance the
superconducting properties. We were expecting the
improvement of inter-grain weak links and grain size
by the cementing effects of Al,0; nanoparticles-ad-
ded at the grain boundaries. The main issue is the
uniform and homogeneous distribution of ALO,
nanoparticles at the grain boundaries in the CuTl-
1223 superconducting matrix. Still, this is an open
question as to how can we make the distribution of
AlbO; nanoparticles uniform and homogeneous
across the grain boundaries? The agglomeration of
Al,O; nanoparticles at interstitial spaces degrades
the quality of the samples, resulting in the suppres-
gion of the superconducting properties. The non-
monotonic variation in the superconductivity may be
due to non-uniform and inhomogeneous distribution
of ALOy nanoparticles at the grain boundaries. But
the effects of Al;O; nanoparticles addition in the
CuTl-1223 superconducting matrix can be easily
assessed from the inter-comparison of the variation
of the superconducting properties of the nanoparti-
cles-added and the non-added samples. The presence
of nano-Al,O3 particles embedded in the supercon-
ductor matrix was investigated by x-ray diffraction
(XRD), scanning electron microscopy (SEM), and
energy dispersive x-rays (EDX) spectroscopy. The
resistivity versus temperature, current versus volt-
age (IV), and Fourier transform infrared (FTIR)
absorption measurements were earried out on the
samples,

SAMPLES SYNTHESIS AND EXPERIMENTAL
DETAILS

The nano-Al,O, particles-added to bulk ceramic
CuTl-1223 superconductor composites were syn-
thesized by the two-cyele solid-state reaction meth-
od. Initielly, Ba(NOg)s, Ca(NOj), and Cu(CN)
compounds were used as siarting compounds to
prepare the Cugy sBa,CasCuy0ig_s precursor. These

ing compounds were mixed in appropriate
ratios and ground in an agate mortar and pestle for
2h continuously. The mixed material was loaded
into quartz boats and fired in & chamber furnace at
860°C for 24 h followed by furnace cooling to room
temperature. The firing was completed in two steps
each with 1 b intermediate grinding. Later on, this
precursor material was mixed with T1,0; and dif-
ferent wt.% of Al,O; nanoparticles of size 5 nm at
the second and then ground again for 1h
to get (Al,05),/CuTl-1223 (y = 0 wt.%, 0.5 wt. %,
1.0 wt.% and 1.5 wt.%) superconductor composites,
The pellets of the final material were made under
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3.8 tons/cm® pressure with the help of a hydraulic
press. The pellets, enclosed in gold capsules, were
sintered at 860°C for 10 min in a preheated cham-
ber farnace followed by quenching to room temper-
ature. Al,;O; nanoparticles were prepared
separately by the co-precipitation method.
XRD (I/Max INIC Rigaku with a CuK, source of
. wavelength 1.54056 A) was used for determination
of phase purity and crystal structure of the mate-
rial. With the help of a cell refinement computer
program, cell parameters were determined. The
conventional four-probe method was used for
. de-resistivity and IV-measurements with the help of
| a commercial Physical Properties Measurement
' System (PPMS) manufactured by Quantum Design,
The dimensions of the slab-shaped samples were
12 x 1.0 x 40 mm® and four low-resistivity con-
tacts were made on the samples with silver paint.
The temperature stability was kept at 2 mK during
| these transport measurements. IV measurements
| were carried out at 50 K below the zero resistivity
r critical temperature, and the criterion of J, for these
IV measurements was kept at 1 yV/em at 50 Kin a
zero external applied magnetic field for all the
samples. The composition and morphology of the
materials were examined by EDX spectroscopy and
SEM with a JOEL Jed-2300. The phonen modes
related to the vibrations of varicus oxygen atoms in
the unit cell of the CuTl-1223 superconductor matrix
were observed by FTIR absorption spectroscopy in
the wave number range of 400-700 em~? with a
Nicolet 5700 FTIR spectrometer. The FTIR absorp-
tion speciroscopy was carried out using potassium
bromide (KBr) as a background material.

RESULTS AND DISCUSSION

The XRD pattern of the nano-Al, O, particles is
shown in Fig. 1. The various crystal features of
Al;04 nanoparticles, like crystal structure, crystal-
lite size and diffraction patiern, are determined
from the XRD spectrum, The random orientation of

| the crystals, smaller crystallite size, strains and
structural faults lead to the peak broadening. The
peaks are indexed with the cubie structure, and the
average size of Al,Op nanoparticles calculated by
Sherrer’s formula is found to be 5 nm. XRD analysis
shows cubic structure and crystallinity with exqui-
| sitely indexed planes (31 1), (22 2), (4 0 0,611
| and {4 11), which are completely in accordance with
i Internationsl Center for Diffraction Data (ICDD).
The typical XRD patterns of the (Al;04),/CuTl-1223
superconductor matrix with y = 0 wt.%, 0.5 wt. %,
and 1.0 wt.%, are shown in Fig. 2. The diffraction
patterns indicate the dominance of the CuTI-1223
phase as most of the peaks are well indexed
according to the tetragonal structure of this phase
following the PA/mmm space group. The character-
istic peak (001) of this CuTl-1223 phase appeared at
26 = 5.75° and there is no change in the overall XRD
patierns for nang-Al,Og particles-added samples,

Alumina Naropadticios

i

=—=={400)

Intensity

20 (Degrees)
Fig. 1. XAD pattern of alumina {Al,0;) nancparticles,

" CuThZ13 ¥yo 10wty
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Fd () MU '
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2

20 (Degrees)

Fig. 2. XRD pattems of (Al;03),/CuTI-1223 composites (a) y = 0, {b)
y=05wt%, and (¢} y = 1.0 wt.%.

which may be evidence that there is no variation in
the structural chemistry and stoichiometry after
adding nano-Al,O, particles. The siructure of the
CuTl-1223 phase remains preserved even with the
existence of the Al,O; nanoparticles, which clearly
indicates that the nanoparticles occupy positions at
the inter-crystallite boundaries of the CuTl-1223
superconductor matrix and help in improving the
inter-grain weak links. Besides the dominant CuTI-
1223 phase, a few non-indexed peaks appear which
are possibly due to the presence of other supercon-
ducting phases and impurities. Therefore, the stoi-
chiometry of the host CuT1-1223 compound remains
unchanged after the addition of these nanoparti-
cles. However, there is a slight variation of c-axig
length, which may be due to oxygen (0,) variation or
due to some stresses and strains, which can cause
fon;pr:hesmon and relaxation in the apical bond
ength.
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SEM images of (A1;0;),/CuTl-1223 samples show
the presence of spherical and irregular nano-shapes
among the plate-like grains of the host CuTl-1223
phase, which have reduced the inter-grain voids in
the bulk samples, as shown Fig. 3. These nanopar-
ticles remain at the inter-grain boundaries of the
CuTl-1223 superconductor matrix and heal the
inter-grain voids. Some of the nanoparticles present
at the inter-grain boundaries are cireled in the SEM
images shown in Fig. 3b-d. In the SEM image,
Fig. 8d, the agglomerations of nenoparticles can be
visualized in large circles at some places. EDX
spectrum shows the mass percentage of different
elements in the composition (Fig. 4). SEM and EDX
indicate that the nano-Al,O, particles just occupy
the interstitial spaces amongst the grains and do
not enter into the crystal structure (i.e. unit eell) of
the CuTl-1223 phase. Similar results were ohserved
by Mellekh et al. % for Al,O4 nanoparticles-added to
YBa,Cu30, phase, and by Mohammad et al. 22 when
studying the effect of nano-SnQ, particles inclusion
into the CuTl-1223 superconducting phase. The
mass% of different elements present in the compo-
sition determined by the EDX analysis are listed in

Table I for y = 0 wt.%, 0.5 wt.%, 1.0 wt.% and 1.5
wt.% in the CuTl-1223 matrix.

FTIR is a very sensitive technique used to detect a
trace amount of impurities along with functional
groups in the material. FTIR absorption spectra of
(Aly04),/CuTl-1223 composites with y = 0 wt.%, 0.5
wt.%, 1.0 wt.% and 1.5 wt.%, in the infrared range
from 400 cm™' to 700 cm™, are shown in Fig. 5.
The bands in the range from 400 cm™! to 540 em™!
are associated with the apical oxygen atoms, and in
the range from 541 em™' to 600 em™! are associated
with CuQ; planar oxygen atoms.?>3% The bands in

: the range from 670 em™? to 700 em ™ are associated
- with O, atoms in the charge reservoir layer.® In the

pure Cug sTlp sBaxCayCuz 005 samples, the apical
oxygen modes of type TI-0,~Cu(2) and Cu(l)—OAl-
Cu(2) are observed around 418 cm™' and 537 cm™?,
end the CuO, planner mode is around 580 cm™.
The apical oxygen modes remain unchanged in the
nano-Al;Og particles-added semples. The CuO,
plannter mode is hardened to 591 em™! for y=10
wi.% and slightly softened to 575 cm™: and
576 cm™’ for y = 0.5 wt.% and 1.5 wt.%, respec-
tively. The softening and hardening of these modes

Fig. 3. S_EM micrographs of (AlzogjnyuTsza composites with (a) =0, (b) y = 0.5 wt.%, (&) ¥ =1.0w.% and (d) y = 1.5 w.%. (Some of the
nanaparticles present at tha inter-grain boundaries are circlad in the SEM imagas of A0 nanoparticles-added samplas and agglomerations of

" nanoparticles can be visualized in large circles at some places).
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is most likely associated with the stresses and
strains produced in the materials after the addition
of Al,O, nanoparticles, which may affect the dif-
ferent bond length in the unit cell. There was no
significant change in peak positions of oxygen
modes after nanoparticles addition, but the shapes
of the FTIR spectra are slightly different from one
another with respect to the relative intensity for
different samples. Different bond lengths in the unit
cell can be affected due to stresses and strains pre-
duced in the materials by the inclusion of these
nanoparticles as well as due to small variation in
the O; in the CRL of the unit cell. This gives evi-
dence that no decomposition of Al;O3 nanoparticles
and no diffusion of Al in the unit cell of the host
CuTl-1223 matrix have taken place. Therefore, the

Fig. 4. Typical EDX spactra of (A1203),/CuTl-1223 composites (a}
y=0, (b} y=10%.

most suitable place of thess nanoparticles in the
CuTl-1228 matrix is the grain boundaries.

The measurements of resistivity versus tempera-
ture of (Aly03),/CuT1-1223 (y = 0 wt.%, 0.5 wt.%, 1.0
wt.% and 1.6 wt.%) composites are shown in Fig. 6.
All these samples have shown a metallic variation
in resistivity from room temperature down to the
onset of superconductivity with zero resistivity
critical temperature {T. (0} around 86 K, 74 K,
72 X and 656 K. These measurements show that the
value of T, {0) is suppressed after the addition of
nano-Als0, particles inte the CuTl-1223 supercon-
ducting matrix, The absolute resistivity in normal
state may strongly depend on porosity and grain
boundary scattering. It is assumed that non-mono-
tonie variation in 7, (0) is mainly because of non-
uniform distribution of Al;03; nanoparticles at the
grain-boundaries of the host CuTl-1223 supercon-
ducting matrix. This decreasing behavior of T4(0)
with Al,O; nanoparticles addition is either due to
mechanisms related with oxygen vacancy disorder,
or due to mobile holes trapping, **-° or due to lesser
oxygen content in the material.”® The possibility of
the Al,O3; material dissolved into the matrix of the
CuTl-1223 superconductor cannot be eliminated as
it was synthesized at a higher temperature (860°C)
for an elongated time (24 h).

The current versus voltage (IV) measurements of
(Al;03),/CuTl-1223 (y = 0 wt.%, 0.5 wt.%, 1.0 wt.%
and 1.6 wt.%) composites are shown in Fig. 7. These
IV measurements were carried out at 50 K below
the zero resistivity critical temperature for the
samples. The criterion of .J, for the IV measure-
ments was kept at 1 4V/ecm at 50 K in the zero
external applied magnetic field for all the samples.
The IV characteristics curves show the suppression
of the critical current (I;) with the addition of nano-
Al;O; particles in the CuTl-1223 superconducting
matrix. The variation of J, with different concen-
trations of nanc-Al,O5 particles is ghown in the
inset of Fig. 7. This decreasing trend of J. with
increasing Al,Oa nanoparticles concentration is
possibly due to the formation of superconductor—
insulator—superconductor junctions in the compos-
ites. The insulating Al,O; nanoparticles present at

Table L. Elemental analysis by EDX of (Al,04),/CuTl-1223 composites with y = 0 wt.%, 0.5 wt.%, 1.0 wt.%, and

L6 wt.%
y= 0wt ¥y=0.8 wt.% y = 1.0 wt.% y=15wt%

Elements EKeV Mass% At.% EKeV Mass% At% EeV Mass% At% EeV Mass% AL%
O-K 0.635 2068 58.05 0.536 18.78 5465 0.538 20.40 Bb7.08 0.540 20.22 55.96
Ca-K 3.695 8.87 994 3.606 9.16 10.64 3.698 7.67 8.57 8.702 8.78 8.70
Cu-L 0.952 26.93 1903 0.955 26.00 19.05 0.958 27.85 1962 0,960 27.48 19.15
Ba-L 4.484 31.83 10.41 4.486 33.55 11.37 4.488 30.16 983 4492 30.63 9.88
Ti-M 2.325 11.70 257 3.A321 11.54 263 2318 12.64 277 2315 11.12 241
ALK - - - 1.495 0.96 1866 1.510 1.28 2.13 1.5256 177 290
Total 100 100 100 100 160 100 100 100
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Fig. 5. FTIR absormption spectra of {ALOL),/CuT-1223 composties
with (a) y=0, (b) y=0.5 wt. %, () y=1.0 wL%, and {d} y= 1.5
wi.%.
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Fig. 6. Resistivity versus temperature measurements of {ALOa/
CuTl-1223 composites with y = 0.0 wt.%, 0.5 wt.%, 1.0 wt.%, and 1.6
w.%,

3 70

the grain boundaries reduce the activation energy of
the carriers due to which pair-breaking occurs and
superconducting parameters are suppressed.®’ But,
we expect that Al,0, nanoparticles will act as active
pinning centers in the external applied magnetic
field measurements, 263! The pinning effects of
these nanoparticles will be explored by infield
measurements of these composites, which are under
way. In this paper, we have only reported the effects
of AlOy nanoparticles addition on the structural

=
=
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-

o0 -9 g

000 002 004 006 008 0.10

Current {A)

Fig. 7. Currant varsus voltage (/V) measuremenis of {AI0a)/CuTi-
1223 composites with y = 0 w1.%, 0.5 wt.%, 1.0 wt.%, and 1.5 wt.%.
(In the insst J(A/lcm?®) versus manc-ALO; paricles content is
shown).

and superconducting transport properties of the
CuTl-1223 matrix without the external applied
magnetic field. All the experimental results are very
consistent and support each other.

CONCLUSION

The effects of nano-Al,O; particles addition on
superconducting parameters as well as on the phase
formation of CuTl-1223 were investigated. The
tetragonal structure of the CuT)-1223 matrix wag
not affected by the inclusion of Al,0; nanoparticles,
which provided a clue about the occupancy of these
nanoparticles at the grain boundaries. The mass%
of Al and O elements calculated from the EDX
spectrum confirmed the presence of Al,0; nang-
partieles in the CuTl-1223 matrix, The suppression
of T, (0) and J, was observed with increasing con-
tents of Al;Oy nanoparticles. The suppression of
these superconducting properties is most probably
due to the pair-breaking mechanism caused by the
reflection/scattering of the carriers during their
transport across the insulating nano-Al,0, particles
present at the grain houndaries. The insulating
nano-Al,Og particles forming the superconductor—
insulator-superconductor junctions in the (Al Q)
CuTl-1223 composites has suppressed the super-
conductivity parameters. The quality of the
(Alz05),/CuT1-1223 composites samples were grad-
vally deteriorated with increasing contents of Al,O4
nanoparticles in the CuTl-1223 matrix. The
agglomeration of Al,Oy nanoparticles at the grain
boundaries severely suppresses the superconduc-
tivity due to the reduction of the superconducting
volume fraction and increased insulating nature of
the grain boundaries.
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Suppression of activation energy and superconductivity by the
addition of Al,O; nanoparticles in CuTi-1223 matrix
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Low anisotropic (CugsTlg 5)B2:Ca,Cu30,5_5 (CuT1-1223) high T, superconducting matrix was
symthesized by solid-state reaction and AL,O; ranoparticles were prepared separately by
co-precipitation method. Al,O; nanoparticles were added with different concentrations during
the final sintering cycle of CuTl-1223 superconducting matrix to get the required
(Al30,),/CuT1-1223, y=0.0, 0.5, 0.7, 1.0, and 1.5wt.%, composites. The samples were
characterized by X-ray diffraction (XRD), scanning electron microscopy, energy dispersive
X-ray, and de-resistivity (p) measurements. The activation energy and superconductivity were
suppressed with increasing concentration of AlO; nanoparticles in (CuTl1-1223) matrix. The
XRD analysis showed that the addition of Al,0; nanoparticles did not affect the crystal
structure of the parent CuTI-1223 superconducting phase. The suppression of activation energy
and superconducting properties is most probably due to weak flux pinning in the samples. The
possible reason of weak flux pinning is reduction of weak links and enhanced inter-grain
coupling due to the presence of Al;05 nanoparticles at the grain boundaries. The presence of
Al;O3 nanoparticles at the grain boundaries possibly reduced the number of flux pinning
centers, which were present in the form of weak links in the pure CuTI-1223 superconducting
matrix. The increase in the values of inter-grain coupling () deduced from the fluctuation
induced conductivity analysis with the increased concentration of Al;03 nanopatticles is a
theoretical evidence of improved inter-grain coupling. © 2014 AIP Publisking LLC.
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|. INTRODUCTION

The selection of the superconducting material for their
applications depends upon the values of superconducting
critical parameters (i.., critical temperature T., critical cur-
rent density J,, critical magnetic field H,). CuTl-based super-
conducting family has the second highest values of above
mentioned critical parameters afier Hg-based superconduc-
tor.* We have selecied CuTI-1223 superconducting matrix
due (0 its ambient synthesis conditions especially pressure
and highest values of critical parameters.>® The presence of
inter-grain voids, impurity phases, oxygen vacancies, inho-
mogeneous micro-defects, etc., affects the performance of
these compounds in butk form due to their granular nature.
One of the most important issues addressed in the literature
is magnetic flux that cannot be completely expelled but is
contained within magnetic fluxions, whose metion prevents
the larger supercurrent. In polycrystalline bulk samples, the
inter-granular critical current density is limited by the weak
links caused by grain-boundaries and the intra-granular criti-
cal current is impeded principally by the thermally activated
flux fiow at high temperatures and in applied magnetic fields.
To avoid the vortex motions and to enhance the flux pinning
strength, it is necessary te introduce artificial pinning centers
in the superconductor apart from those that occur

“E-mail:- mmeniaz75@yshoo.com. Telephone: +92-51-9019715. Fax:
+92-51.9210256.
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naturally.*'* Various techniques such as high energy ion
irradiation,'s chemical doping and additives'*'® were
reported in the literature to act as artificial pinning centers.
Various kinds of nano-additives including metallic and non-
metallic nano-particles'®!'%*® and carbon nano-tubes!®
have shown positive effects on superconducting properties of
various high temperature superconductor families. These
additives improve the pinning ability by forming composites
or acting as column defects comprised of nano-structures
such as nanodots and nanorods.?*2* The effect of nano sized
SiC addition on polycrystalline Bi-2223 was reported®® and
was found that a small amount of SiC (0.15 wt. %) improved
the critical current 1, and its behavior in magnetic field as a
result of the enhancement in density, grain alignment, grain
connectivity, and flux pinning in the samples. However,
larger Si-based nano-additive concentrations inhibit the for-
mation of the high T, phase and decrease J,. Nano-sized
Si0, addition shows a negative effect on T. and J, of
SmBayCuyO, materials due to the reaction between Si0; and
matrix.”* Structural analysis shows that SiO, addition leaves
the Y-123 structure practically intact but influences the
intes-grain regions of the (YBa;Cua0q_g)1_ASi0,), com-
posite samples.”® The effects of Al;0; nanoparticles addition
on the superconducting properties of YB2,CuyO, showed
that there was no change in the structural symmetry. Cxygen
contents were changed in YBa,Cu,O, after nano-Al, O,
addition and, therefore, the superconductivity altered as it
is sensitive 10 oxygen contents especially in this system.

© 2014 AIP Publishing LLC
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A significant increase of J. was observed in applied magnetic
| field, afier nano-Al,0, addition in YBa,,Cu;,O,, which can
‘ be rendered to the existence of the flux pinning centers.”
The addition of nano-Al,03 in polycrystalline (Bi, Pb)-2223
also showed the improvement in transport properties. The
volume pinning force density, onset temperature of dissipa-
tion, activation energy, and J, in applied magnetic field were
also improved.”® ‘The excess conductivity analysis showed
that the width of three dimensional (3D) region has been
reduced in nanc-Al,Oq added polycrysalline (Bi, Pb)-2223
superconductors samples.29 This effect was explained on the
: basis of the mobile carriers scattering source caused by
- nano-Al,O; inclusion in (Bi, Pb)-2223 superconducting

matrix. The J, values were increased with a slight addition of

alumina nano-particles in YBa,Cuo3O5_5 (Y123) textored

bnlk superconductor that may be due to stabilization of the
' flux lines lattice by the inclusion of insulating alumina
nano-pasticles.’® No change in the structural symmetry was
observed in Y123 superconducting mairix by the inclusion
of Al,O; nanc-particles.” The improvement of J. with
nano-alumina particles inclusion was likely rendered to the
insulating nano-pinning centers embedded into Y123 super-
conducting matrix. It was also observed that the size of pin-
ning centers can affect the J. as well as the pinning
mechanism. The experimental resolts showed that
nano-alumina present at the grain boundaries of MgB,
enhanced J, and H,, through strong pinning centers.>? It was
also observed that at higher level of nano-alumina addition,
some amount of Al was doped into the lattice of MgB, and
more AlQ; nano-particles were present in the bulk of
material,

To provide more evidence conceming the effect of
AlO; nano-particles inclusion on the superconducting prop-~
erties of CuTl1-1223 bulk ceramics, a series of sarples added
with different amounts of Al,Oy (0-1.5 wt. %) were prepared
by two steps solid-state reaction. We present our experimen-
tal results on the superconducting properties and the changes
in microstructure comelated with nano-sized Al,O; addition
and the pinning mechanisms. The superconductivity depend-
ence has been sdied with a central objective to determine
the dominant source and mechanism of vortex pinning.

ll. EXPERIMENTAL DETAILS AND ANALYSIS

(AL;05),/CuT1-1223 (y = 0.0%, 0.5%, 0.7%, 1.0%, and
1.5%) composites were synthesized by two cycles solid-state
reaction. Ba(NO;);, Ca(NO;), and Cu(CN) compounds
were mixed in appropriate ratios and ground in an agate mor-
tar and pesile for 2 h. The mixed material was loaded in
quartz boats and fired in chamber fumnace at 860°C for 24 h
followed by furnace cooling to room temperature, The firing
step was repeated twice following 1 h intermediate grinding
cach time to get CugsBayCayCus0y_s precussor malerial,
The nano-particles of Al;Qy were separately prepared by
co-precipitation methed. The precursor material was mixed
with T1,O, and different wt. % of Al,O nano-particles of
5nm in size at second stage and then ground again for 1h to
gel (Aly0,),/CuT]-1223 nano-superconductor composites.
The material was then pellctized under 3.8 tonsicm” pressure
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and the pellets were enclosed in gold capsules for sintering
at 860°C for 10min followed by quenching to room
temperature.

The structure and phase purity of the samples were
determined by X-ray diffraction (XRD) (D/Max IIIC Rigaku
with 2 CuKa source of wavelength 1.54056 A) specifying the
CuT1-1223 dominant phase. The cell parameters were deter-
mined by cell refinement computer program. The compaosi-
tion and morphology of the materials were determined by
energy dispersive X-ray (EDX) and scanning clectron mi-
crascopy (SEM). Resistivity of the samples was measured by
a commercial Physical Propertiecs Measurement System
(PPMS) manufactured by Quantum Design. The samples
were cut in slab form with dimensions of 1.2 x 1.0 x 4.0
mm? and low resistance contacts were made on the samples
with silver paint. The temperature stability was kept 2 mK
during these measurements. The de-resistivity measured data
were analyzed with the help of Aslamasov-Larkin (AL)
Model. Flucwation induced conductivity (FIC) analysis
gives information about the scattering and superconducting
pairing in cuprates as T approaches T,"™" (K). The excess
conductivity is

£:(T) = p(T)]
P(TP(T)

where p(T) is the actoally measured resistivity, and
Pa(T)=aT +b is the normal-state resistivity of the sample
extrapolated to resistivity at 0 K. The fluctuation conductiv-
ity according to AL theory is given as

As(T) = (1)

Ac(T) = Ae™?, 2)

where A is the fiuctuation amplitude, 1 is dimensional expo-
nent, and 2= [T/T,™ ~ 1] is the reduced temperature and
T.™ is usvally referred to as the mean field critical tempera-
ture.”>** The exponent 1 determines the dimensionality of
the superconducting fluctuations and is given as 1=2 - D/2;
A=1/2, 1, 3/2 for three, two, and one dimensional fluctoa-
tions, respectively. A cross-over from two dimensional (2D}
to three dimensional (3D} conductivity occurs at a cross-over

temperature
2
T,=T. [1 + (2‘5;‘“)) I o)

The second term is the inter-layer coupling strength, which
is related to the reduced temperature ¢ by J=¢/4, In layered
superconductors at very low temperature close to zero resis-
tivity temperature . >> d, where d is the distance between the
conducting layers of adjacent unit cells (d is approximately
equal to the c-axis lattice parameter of the unit cell).

. RESULTS AND DISCUSSION

The typical XRD patterns of (Aly03),/CuT]-1223 com-
posites with y=0 and 1.5w1. % are shown in Fig. 1. The
XRD patterns indicate the dominance of CuTl-1223 phase as
most of the diffraction peaks are well indexed according to
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FIG. 1. XRD patiems of (Al,03),/CuT1-1223 composites (a) y =0.0% end
by =15%.

tetragonal structure following the PA/mmm space group. The
characteristic (001} peak of CuTl-1223 phase appeared s

26=>5.75° and also there is no change in the overall XRID
patierns of nano-Al,0, added samples. The unit cell paramg-
ters calculated by computer software (crystal) are a = 4,01 A

e=1495A for y=0, and a=4.134, c=1516A fo

¥ =1.5%, respectively. The structure of CuTl-1223 phasg
remains preserved even with the presence of AlLQ

nano-particles in the matrix. Therefore, the nano-particles
can occupy the positions at the inter-crystallite boundaries qf
CuTl-1223 superconducting matrix and help in improving
the inter-grain weak links, Beside the dominant CuT1-1223
phase, few nonindexed peaks may possibly be due to the
presence of impurities as well as some other superconducting

lower angles is due 10 the uniform strain produced in the
materials after the addition of Ai>O4 nanoparticles. Also, the

J. Appl. Phys. 115, 203304 {2014)

TABLE 1. Elemental quantitative analysis of CuTl-1223 superconductor
with (8} 0.0wL. % and (b) 1.50wi. % AlyO; added sample as presented in
EDX graph.

(@} 0.0wt. % ALO, (b) L5wr. % Al
nanoparticles nanoparticles
Elemens KeV Mass% Atom% KeV  Massh  Aom%
OK 0535 20.63 58.05 0.540 2022 55.96
CaK 3,695 B.87 9294 3.702 8.78 9.70
Cul 0952 2693 1903 05980 27.48 19.15
BaL 4434 31.83 1041 4492 30.63 9.88
TIM 2325 1170 257 2315 11.12 241
AlK e - 1525 L.77 290
Total 100.00 100.00 100,00 100.00

slight variation in the ¢-axis length may be due to variation
of oxygen (O;), which can change the apical bond length.

The SEM images and EDX spectra of (ALOs)y/
CuT1-1223 samples with y=0 and 1.5wt, % are shown in
Fig. 2. The improvement in the grains size after the addition
of nano-Al;O, is possibly due to the presence of these
nano-particles at the inter-grain boundaries that can heal up
the inter-grain voids in CuT)-1223 superconductor matrix.
The EDX spectra show the mass percentage of different ele-
ments in the composition. The SEM, EDX, and XRD indi-
cate that the rano-Al,O, particles just occupy the interstitial
spaces amongst the grains and do oot enter into the structure
of CuTl-1223 phase. Similar results were observed by
Mellekh ef al.” for ALO, nanoparticles added YBa,Cus0,
phase and Mohammad er a/.¥* in studying the effect of
nano-5nQ, inclusion into the CuTl-1223 superconducting
phase. The mass percentages of different elements present in
(Al204),/CuT1-1223 composition determined by the EDX
analysis are listed in Table 1.

Resistivity versus temperature measurements of
(Al,03),/CuTI-1223 composites with varions amounts of
nano-Al;O5 particles are shown in Fig. 3 and in the inset,

FIG. 2. Typical SEM micrographs and
EDX spectra of (Al;03),/CuT)-1223
composites {a) x=00% md (b}
x=15%.




FEG. 3. Resistivity versos temperammre measurements of (ALOn)/
CoTi-1223 compesites with y =0.0, 0.5, 9.7, 1.0, and 1.5wt %. In the i
are given the Amhenins plots of (Aly0,),/CoTI-1223 composites wi
¥=00, 05, 07, 1.0, and 15wt %, activation eoergy, and T, vers
nang-AlQ; contens.

there are shown the Amhenius plots, activation energy, ani
T, versus ALO; contents. There is a metallic variation in 14
sistivity from room temperature down to onset of superc
ductivity for all these samples with zero resistivity critics
temperature [T, (R =0)} around 86K, 74K, 79K, 75K, ang
64K for y=0.0%, 05%, 0.7%, 1.0%, and 1.5%, respe

conducting matrix. The variation of T, (R =0) with different
concentrations of nano-AlyQ5 particles is shown in the ins
of Fig. 3. There is non-monotonic variation in T, (R=0)
with the increase of nano-Al,Q, particles concentration in the
composites, It is assumed that this non-monotonic variatiof
in T, (R =0) is mainly because of non-uniform distributiog
of AlyO; nanoparticles at the grain bouondaries of the hoj
CuTl-1223 superconducting matrix. The overall suppressiof
of T, (R=0) with Al;O, nanoparticles addition is either duk
to oxygen vacancy disorder or due to mobile holes
trappin, or due to lesser oxygen content in CuQ
planes.™ The main problem is to make the distribution ¢
A},0O; nanoparticles uniform and homogeneous across the
grain-boundaries of CuTl-1223 superconducting matrix. [t
can be seen from the resistivity measurements that there is np
¢lear relationship between the Al,O, content and normal state
resistivity at 300K, which is most probably due to the
inhomogeneous distribution of these nanoparticles at the

TABLE I¥. The superconductivity parameters observed from the FIC analyiis of (A1,03),/CuT1-1223 composites with y =0.0, (1.5,0.7, 1.0, and 1.5 wt. %,
ot e S
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grain-boundaries of the bulk material, At lower content of
AlyO; (0.5%), there is a chance that nanoparticles are rela-
tively uniformly distributed across the grain-boundaries in
the material, which act as scattering centres for carriers due
to their insulating nature, whereas at higher content the inho-
mogeneous distribution might have favoured the formation of
clusters of AlyO4 nanoparticles and most of the material is
then free of such scaftering centres. The possibility of the
ALQO; material disselved into the matrix of CuT]-1223 super-
conductor cannot be eliminated as it was synthesized at
higher temperare for elongated time (860 °C, 24 h). Since
the voriex motion in high T, superconductors is thermally
assisted phenomena, therefore, we can use the Arthenius Law
1o calcnlate the activation energy required to overcome the
pinning barrier.*' ™ The Arrhenius Law for superconductors
is p= p,exp{(~UlkpT), where U is the activation energy and
kp is the Boltzmann constant. The Asthenius plots of
(AL;03),/CuTI-1223 composites are shown in the inset of
Fig. 3. We used the region close to T, (R =0) to calculate the
activation energy. The plot of activation emergy versus
nano-ALO; contents is also shown in the inset of Fig. 3. It
can be seen from this figure that activation energy has been
decreased with the increase of nano-Al,O; contents in the
composites, The decrease of the activation energy with the
increase of nano-Al;0, contents is possibly due to enhanced
insulating nature of inter-granular regions. These insulating
weak links between the superconducting grains cause resis-
tive broadening as the energy dissipation takes place during
the transport of carriers. The lower values of the activation
energies also show the weak flux pinning in these samples.
The FIC analysis on the resistivity versus temperamnre
data of (ALO;),/CuTl-1223 compaosites are carried out by
using AL model in the mean field regime. The values of criti-
cal exponent (l>p and 43p), cross-over temperature (T,),
mean field critical temperature (T.™), zero temperature co-
herence length along c-axis {£:(0}}, inter-layer coupling (/)
are given in Table IL. The increased values of *#™ after
nano-Al,(3, pamticles addition are a theoretical evidence of
insulating inter-grain boundaries in the composites samples,
Moreover, it is also witnessed that £.(0) has been improved
with the increase of “J” values with the nano-Al;O; particles
addition in CuT1-1223 superconducting matrix. The plots of
In(Acyr) versus In(g) of (Al;05),/CuTl-1223 composite
samples for (a) y=0% and (b) y=15% are shown in
Figs. 4(a} and 4(b) and in the insets are shown the experi-
mentally measured de-resistivity p(Q-cm) along with a
straight line extrapolated from the room temperature (300 K)
normal state resistivity to 0K and derivative (dp/dT) of

£ (300K) 2=p, OK)
Samples  @Qem)x 107 T.K @ TE TEEK | @mX10 lpgee A EOR I=[EOF?
y=0.0 - 9.650 86 104.34 10231 7.9 052 LO5 2664 0.238
y=05 17.9 T4 104.38 102.31 17.21 048 107 4.741 0.399
y=07 6.105 79 10334 10131 3316 05 102 4.91 042
y=10 13.33 75 101,33 98.34 12.83 0.47 197 5857 0.609
y=13 1333 64 101.33 98.34 12,752 0.48 1.99 6.181 0.679
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(o)

FIG. 4. () and (b} In (Ac) versus bn(e} plot of (ALO,CuTI-1223
ured de resistivity p{Q-em), derivative {dp/dT) of dc resistivity versus
mal state resistivity to 0K.)

in e}
@)

ites; (a) y=0, (b} ¥y =1.5wt. %. (In the insets are shown the experimentally meas-
ture, and the swaight line exrapolated from the room temperature “300K” nor-

TABLE III, Widsths of critical 3D and 2D Buctuation tegions observed from fiting of the experimental daa of (Al,0,),/CuT)-1223 composites with y = 0.0,

0.5,0.7. 1.0, 2nd 1.5t %.

Sample Asp T(K) In & (range in 3D) Jon T (K) In & (range in 2D)
y=00 103.34-104.34 450 <Ine ¢ -3.01 104.34-121.40 -39l <lne < 1,67
¥=05 103.37-10538 ~4.56 < Ing ¢ —=3.50 105.38-120.47 350 <ineg<—132
y=07 10234-10334 —4358 < Ine ¢ =350 103.34-131 .43 =350«<Ing< -1.21
y=10 99,39-101.33 -459 <Ilpe £ -3.49 105.33-15451 =349« Ine < =055
y=15 99.33-101.33 —4.60 < Ing < —3.49 101.23-159.53

de-resistivity versus temperature. The fitting of experiments
curves shows the existence of two different fluctuatio

be (0.48, 1.07), (0.5, 1.02), (0.47, 1.97), and (048, 1.9
with ¥=0.35, y=07, y=10, and y=1.5wt. %, respeqg-
sively, for 3D and 2D fluctoations. There is a cross-over tem}-
perature (T,) at which Auctations have been changed fros
2D to 3D in low temperature region. The widths of thesg
fluctuation regions are given in Table I It can be seen fro
the data that T, has been shifted toward lower temperaturg
with nano-AlQ; particles addition. On the other hand, the
increased values of {£(0)} and (J) show that sample
become more isotropic after nano-AlLQs particles addition.
The shift of 3D regime to lower temperature indicates ths
inter-grain boundaries become more insulating due to which
T, and T, have been decreased. The variation in microscopil
parameters extracted from FIC analysis verifies the overa
suppression of superconductivity after nano-Al,Q5 particles
addition in CuTi-1223 superconducting matrix,

IV. CONCLUSION

A series of (Al;04),/CuTl-1223 composites samplﬁ
were successfully synthesized by solid state reaction metho

T T e m L

~349 < Ine < —047

and their reproducibility was confirmed. The XRD analysis
showed that the addition of ALO. nanoparticles did not
affect the crystal structure of the parent CuTI-1223 supercon-
dactor phase. The SEM images of the superconducting ma-
trix showed its granunlar structure. The suppression of
superconducting properties is most probably due to
pair-breaking mechanism caused by the reflection/scattering
of carriers across the insulating nanc-Al.O, particles present
at the grain-boundaries of the host CuT}-1223 superconduct-
ing matrix. The decrease of T, may also be due to oxygen
vacancy disorder induced by the nano-Al,O, particles addi-
tion. The decrease of the activation emergy with the increase
of nano-Al,Oy contents is possibly due to enhanced insulat-
ing nature of inter-granular regions. These insulating weak
links between the superconducting grains cawse resistive
broadening as the energy dissipation takes place during the
transport of carriers. The lower values of the activation ener-
gies also show the weak flux pinning in these samples. The
de-resistivity data seem to be fitted very well with 3D and
2D Aslamasov-Larkin equations. The cross-over temperature
(T,) is shifted towards lower temperature values with the
enhanced nano-Al,O; particles concentration, The increase
i £,(0) and J indicates the reduction of anisotropic nature of
the material after nano-Al,O; particles addition. The
increased value of a is an evidence of improved insulating
nature of inter-grain boundaries after nano-AlO; particles
addition.




203904-6  Jabbar etal

ACKNOWLEDGMENTS

We are thankfol to Higher Education Commissidgn
(HEC) of Pakistan for continuous financial support. We are
atse highly thankful for providing the characterization facili-
ties at Material Science Laboratory, Department of Physic¢s
(QAU), lslamabad and Beijing National Laboratory of
Condensed Matter Physics, Institute of Physics (IO
Chinese Academy of Sciences (CAS) Beijing, China

'N. A. Khan, Y. Sekita, H. hara, smd A, Magsood, Physica C 377, 4

(2002},

*E. V. Antpov, A. M. Abakemov, and S, N, Putilin, Supercond,
Technol. 15, R31 (2002).

N, A. Khan, Y. Sckita, F, ‘Tatedi, T. Kofime, K. Ishida, N. Terada, and
Thara, Physica C 320, 39 (1999),

‘K. Tokiwa, H. Aota, C. Kunugi, K. Tanaka, Y. Tanaks, A. Iyo, H.
and T. Waranahe, Physica B 284, 1077 (2000,

’K. Tanaka, A. lyo, N. Ternda, K. Tokiwa, S. Miyashita, Y. Tanaka, T,
Tsukamoto, S, K. Agarwal, T. Watanabe, and H. Ihars, Phys. Rev. B 63
064508 (2001),

M. A. Kian and M. Mumtaz, Phys, Rev. B 77, 054507 (2008).
T. Matsushisa, Supercond. Sci. Technol. 13, 730 (2600).

*D. Larbalestier, A. Gurevick, D. M. Feldmann, and A, Polyanski, Natufe
414, 368 (2001},
R. Goswami, T. J. Haugan, P, N, Bames, G. Spanos, and R L. Holt
Physica C 470, 318 (2010).

F, Ben Azzouz, M. Zouaoui, A. Mellekh, M. Annsbi, G, Van Tendelo)
and M. Ben Salem, Physica C 455, 19 (2007).

''Y. Zhao, C. H. Chen, and J, Weng, Supercond. Sci. Technol. 18, $43 (2005).

'3J. Plain, T. Puig, F, Sandiumenge, X. Obradors, and J, Rabier, Phys. Rev. [P
£8, 104526 (2000).

15.-Y. Chen and 1-G. Chen, Supercond. Sci. Teckmol. 17, 71 (2004).

“N. Hari Babw, E. S. Reddy, D, A. Cardwell, A, M. Camptell, C.
Tarrant, and K. R. Schneider, Appl. Phys. Lett, 83, 4806 (2003).

K. Nakashima, N. Chikumoto, A. bi, S. Miyata, Y. Yamads, T. Kubo, 4
Suzuki, and T. Terai, Physica C 463468, 665 (2007).

A, Hanmim, F. Ben Azzouz, W. Dachraomi, and M. Ben Salesh,
J. Supercond, Nov. Magn, 26, 879 (2013).

8. Pamaik, A- Gurevich, §. D Bu, 8. D, Kauskik, J. Choi, €. B. Eom, and
D. C. Larbalestier, Phys. Rev. B 70, 064503 (2004).

'*S. Dadras, Y. Liu, Y. S. Chai, V. Dasdmehr, and K. H, Kim, Physics |C
469, 55 (2009).

"SM. Farbod and R. M. Batvandi, Physica C 471, 112 (2011).

*L E. Agranovski, Y. llyushechkin, 1. S. Altman, T, E. Bostrom, and
Choi, Phiysica C 434, 115 (2006).

A, Goyal, §. Kang, K. 1. Leonard, P. M. Martin, A. A. Gapud, M, V.
M. Paranthaman, A. O. Ijaduola, E. D. Specht, J. R. Thompson, D. K.

J. Apph. Phys. 115, 203804 (2014)

Christen, S. J. Pennycock, and F, A, List, Supercond. Sci. Technol. 18,
1533 (2005).

2P, Mele, K. Matsumato, T. Horide, A. Ichinose, M. Mukaida, Y. Y.
Qshida, $. Horii, and R. Kita, Supercond. Sci. Technol. 21, 032002
(2008).

K. Yamada, A. kchinose, S, Horii, H. Kai, R. Teramishi, M. Mukaida, R.
Kita, S, Kaio, Y. Yoshida, K. Matsumoto, and S. Toh, Physica C 468,
1638 (2008).

%Y. C. Guo, Y. Tanaka, T. Kuroda, S. X. Dou, and Z. Q. Yang, Physica ¢
311, 65 (1999).

B$.-¥. Chen, P.-C, Hseib, 1.-G. Chen, and M.-K. Wu, Chin. J. Fhys, 43, 666
(2005). Available at: htipy://PSROC.phys.ntu edu tw/cjp.

**A. Gupa, A. J. Destipande, V. P. $. Awana, S. Balamnmgan, K. N. Sood,
R. Kishore, H. Kishan, E. Takayama-Muromachi, and A. ¥, Narlikar,
Supercond. Sci. Technol, 20, 1084 (2007).

A, Mellekh, M. Zougoui, F. Ben Azzouz, M. Annabi, and M. Ben Salem,
Solid State Commun. 240, 318 (2006},

A, Ghattas, F, Ben Azzouz, M. Amnabi, M. Zouzoui, and M., Ben Salem,
Y. Phys.: Conf. Ser, 97, 112175 (2008). '

”M.Annnbi,A.GhaMS.MZouaoni. F. Ben Azzouz, and M. Ben Salem,
J. Phys.: Conf, Ser. 150, 052008 (2009).

0N, Moutalibi, A. M'chirgui, end J. Noudem, Physica C 470, 563-574
(2010).

A, Metlekb, M. Zouaoui, F, Ben Azzouz, M. Annabi, and M. Ben Salem,
Physica C 460-462, 426-427 (2007).

*2X. F. Rui, 1. Chen, X. Chen. W. Guo, and H. Zhang, Physica C 412-414,
312-315 (2004},

A, L. Salovjov, H.-U. Habermeier, and T. Hasge. Low Temp. Phys, 28,
17-24 (2002).

¥g, A C Passos, M. T. D, Oando, J. L. Passamai, Jr,, E. V. L.
de Mello, H. P. 8. Cerrea, and L. G. Martinez, Phys. Rev. B 74, 004514
(2006).

N, H. Mohammad, A. 1. Abou-Aly, R. Awad, 1 H, Thrahim, M. Roumie,
and M. Rekaby, J. Low Temp. Phys. 172, 234-255 (2012).

%), C. Zhang, F. Q. Lin, G. 5. Cheng, J. X. Shang, 2. Z. Liu, S. X. Cao, and
Z. X. Liw, Phys. Lert. A 201, 70 (1995).

ip, F. Miceli, J. M. Tarascon, L. H. Grezne, H. P, Barbou, F. J, Rotella, and
1. D. Jorgensen, Phys. Rev. B 37, 5932 (1988).

%5. Cao, L. Li, F. Liv, W. Li, C. Chi, C. Jing, and J. Zhang, Supercond. Sei.
Technol, 18, 606 (2005),

#V.P. 8. Awans, §. K. Malik, W. B. Yelon, C. A. Cardoso, O, F, de Lima,
A.Gupta, A, Sedky, and A. V, Narlikar, Physica C 338, 197 (2000).

“E, Brecit, W. W. Schmshl, G. Miehe, M. Rodewald, H. Fuess, N. H.
Andersen, J. Hanfimann, and Th. Wolf, Physica C 265, 53 (1996).

“15. 3, Feng, J. Ma, H. D. Zhou, G. Li, L. Shi, Y. Liv, ¥. Fang, and X. G. Li,
Physica C 386, 22 (2003),

“Ip_ I Batista-Leyva, M. T. D. Orando, L. Rivero, R, Cobas, and E.
Alishuler, Physica C 382, 365 (2003).

“*M, Tinkham, Phys. Rev. Lett. 61, 1658 (1988).

“T. M. Pulswra, B. Batlogg, L. F. Schneemeyer, and ). V. Waszczak, Phys,
Rev. Leu. 61, 1662 (1988).




