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Chapter 1

Introduction

1.1 Ciritical current density

Since the discovery of cuprate high-temperature superconductors (HTS), sev-
eral studies have been carried out on the critical current density (J;) in the
last three decades. In general, J. is a measure of the current carrying capa-
bility of a superconductor. It is defined as the maximum current density that
a superconductor can carry, beyond which the superconducting state of the
material enters a normal resistive state. Though the HTS superconductors
exhibit promisingly higher current density, the maximum current density is
limited to ~ 5.0x10'2 A/m? [[1} [2]l. In single crystals of YBaCuO super-
conductor films, a peak J, of approximately 2-3 MA/cm? has been recorded
at a temperature of 77.0 K [3]]. In a recent investigation of YBayCu307_s
(YBCO) thin films, researchers observed a remarkable J. of 90 MA/cm? at
5.0 K in self-field condition [[I]. Bulk superconductors, however, typically

exhibit J, of a few orders of magnitude lower compared to that of the single



crystal and film. One of the major reasons for such a high critical current is
the presence of a large number and variety of defects that may act as pinning
centers. Impurities, oxygen vacancies, dislocations and stacking faults are a
few examples of intrinsic defects. In addition to the intrinsic defects, grain
boundaries also act as pinning centers in bulk HTS [4]]. These defects resist
dissipation in the systems by controlling the motion of the vortices. How-
ever, adding artificial pinning centers to the intergranular regions may affect
the pinning mechanism, resulting change in the J.. The nature of the pinning
depends on the size, shape, orientation, dimension, conductivity, density and
magnetic nature of the added pinning centers [5]-[7]. Dimension of a pinning
center is important in controlling J.. Different types of nanostructures have
been used as pinning centers such as zero-dimensional nanoparticles [[8}, [9],
one-dimensional nanorods [[I0} [I1]l, two-dimensional nano planes and
three-dimensional nanorods [[I3]]. The optimization of the size of the artifi-
cial pinning centers is crucial to ensure high performance for the supercon-
ductors. In general, vortices are strongly pinned when the size of a pinning
center matches with the core of the vortices.

The impact of particle size on the flux pinning and J. of YBCO single
grain has been investigated by adding Al,O3 particles of two different sizes.
Nanoparticles of an average diameter of 20 nm and microparticles of an av-
erage diameter of 2.27 um have been added to YBCO. The study shows that
flux pinning is closely dependent on the size of the added pinning centers.
It is found that Al,O3 nano particle is more effective for enhancing J. [14].
The role of the addition of the nanorod in the RBCO superconductors has

been discussed [[15]-[I7]]. Size matching of nanorods with the core of the vor-

2



tices is very effective in pinning vortices and results in an improvement in J,.
A study on the YBCO-BZO composite shows the highest J. of 4.1 MA/cm?
at 77.0 K and 12.2 MA/cm? at 65.0 K for the 1.0 vol % BZO-doped sample.
Further increase in the density of BZO results in lowering the J,. [I8]]. There-
fore up to a certain concentration of additional pinning centers at a given
temperature and applied magnetic field, improved pinning mechanism and J,
may be observed.

It is known that J. depends on the temperature (7'), applied magnetic field
(H) and density of the pinning centers (n,,) [8} [I0]. Two types of J. are gener-
ally measured, one is the transport critical current density (J;) and the other
1s the magnetic critical current density (J.,,). However, in HTS, the anal-
ysis and interpretation of J.; and J,, extracted from experimental data is in
general complex. Due to its granular nature, both intergranular and intragran-
ular transport currents coexist. J. obtained from the transport measurement
in zero field is far less than the J. obtained from magnetic measurement. A
few possible reasons for obtaining low J. in transport measurement are (1)
anisotropy in conductivity, (i1) redistribution of supercurrents at high-angle
grain boundaries, (iii) the presence of impurities formed during sample syn-
thesis and (iv) the presence of porosity, microcracks and other variations of
crystal structure [[19]].

In the present thesis, we have considered the two levels of disorders in the
cuprate superconductors to study the impact of the pinning centers on the J.
and other superconducting properties. Several concentrations of microparti-
cles and nanoparticles have been used to introduce additional pinning centers

in the intergranular region of pure cuprate superconductors. Current-voltage



(IV) characteristics and irreversible magnetization (AM) have been used to
extract the critical current densities. Temperature and magnetic field depen-
dence of transport and magnetic critical current density has been studied and
analyzed in pure and hybrid cuprate superconductors with different pinning
center densities. The role of artificial pinning centers on critical current den-

sities has been studied.

1.2 H-T phase diagram

The vortex systems in unconventional superconductors have been studied for
several decades. A typical magnetic field versus temperature (H-T) phase
diagram of RBCO has been shown in Figure [1.2.1][20F 23]. In type II super-
conductors, the vortex phase mostly depends on the temperature (7'), external
magnetic field (H), current density (/) and the pinning mechanism. In the ab-
sence of an external magnetic field and at low temperatures, the phase of the
superconducting order parameter exhibits a quasi-long range ordered state.
In the case of the low magnetic field H < H.; which is the lower critical field,
total flux exclusion takes place. A type II superconductor exhibits perfect dia-
magnetism below H.; shown in the H-T diagram. As the applied magnetic
field increases above H,j, quantized magnetic flux (®y = hc/2e ~ 2x 1077
G.cm?) form Abrikosov-Gorkov (AG) vortex state. The magnetic flux pene-
trates the superconductors in the form of Abrikosov vortices [24]]. Abrikosov
vortices tend to arrange themselves in the form of a triangular lattice [21}, 22]].
An increase in the applied field enhances the density of vortices and starts to

overlap. An overlap of the magnetic fields from neighbouring vortices results
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Figure 1.2.1: Magnetic field (H) - Temperature (7') phase diagram of RBCO.

in an array of vortices constituting a continuum of Abrikosov vortices. Above
the H.,, the sample loses its superconducting properties and the normal state
is observed.

It is known that vortices interact with the pinning centers and other vor-
tices. Different vortex phases are observed in the mixed state due to (i) the
interplay of vortex-vortex interactions, (ii) thermal fluctuations, (ii1) differ-
ent kinds of disorder and (iv) the anisotropy [23]]. As a result, J. can vary
by orders of magnitude and show different dependencies on temperature (7')
and magnetic field (H). At lower T and higher H, the number of vortices

increases, forming a solid phase near absolute zero temperature and a liquid



phase at a relatively high temperature and intermediate H. In the solid phase,
vortices are fixed at a particular position following a regular pattern so that
there exists long-range order and hence the J. is comparatively high. In the
presence of random pinning centers, the long-range order is affected. Though
long-range order is lost there exists a short-range order of vortices and this
phase is called the vortex glass phase. As the current density, J, is applied to
the vortex system, pinned vortices may unpin under the action of the Lorentz
force. Therefore pinning force and Lorentz force act in reverse manners. As
the pinning force dominates over the Lorentz force, a very slow movement
of vortices takes place, called flux creep. On the other hand, the domination
of Lorentz forces faster the flux motion, called flux flow. Sufficiently high
current density unpin the vortices and they start to move making the system
dissipative and reducing J.. These free vortices act like vortex fluid and the
phase is called vortex liquid phase or flux liquid phase [25]]. The domination
of the thermal fluctuations is higher in vortex liquid phases. The vortex solid
phase and vortex liquid phase are separated by a line called irreversible line
or melting line [26, 27]]. Along the melting line, the depinning of vortices
takes place and flux creep becomes flux flow. The melting process can begin
at temperatures considerably lower than H,; in cuprate superconductors. The
vortex fluid phase is completely disordered and does not undergo a real phase
transition to the normal phase. Instead, they are in the same phase and are
connected by a continuous crossover. Above H., and/or 7, superconducting

nature no longer exists and the sample enters the normal state.



1.3 Problems of modern era in (i) H-7T and (ii) J.

Although high-temperature superconductors provide high J., the current car-
rying capacities of HTS are still far from theoretical limits. One of the ma-
jor motivations of researchers is to achieve the maximum J, at a reasonably
high temperature and magnetic field. The maximum current density beyond
which the superconductivity is lost in the HTS can be controlled in several
ways. By enhancing the pinning one can maximize J, in extreme conditions.
It is known that YBCO and other high-temperature superconductors exhibit
anisotropic properties. The current density can also vary depending on the
orientation of the applied current and magnetic field. It is very important to
mention that the presence of material defects, impurities, micro-cracks and
grain boundaries can locally alter the effective J. in HTS. At a particular
combination of H and T in H-T phase diagram, the arrangement of vortices
1s very crucial in maximising the J.. A sample having (i) a specific H-T
phase diagram with a higher and almost constant H., with 7" and (i1) high J,
is known to be potential for different technological applications. This sce-
nario can be achieved by lowering the dissipation of moving vortices. The
motion of the vortices reduces the J. differently depending on conditions.
In H-T phase diagram, the irreversible line, the possibly melted vortex lig-
uid above that line, nearly logarithmic time relaxation of magnetic properties
below it and collective behaviour of vortices in the presence of disorder in
several HTS-based systems are a few examples of areas in which research
on J. will be necessary. Moreover, variations of J. within vortex-liquid and

vortex-solid states are not well understood in several HTS and related sys-
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tems. Several phenomena in vortex pinning on the basis of the H-T phase
diagram are currently unsettled and people are looking for explanations both
theoretically and experimentally to enrich the knowledge of how to enhance

J.in HTS.

1.4 Temperature (7)) and magnetic field (H) de-
pendence of critical current density

Transport critical current density can be successfully extracted from the
current-voltage (IV) characteristics. A suitable electric-field (E) criterion
is chosen to find out the corresponding critical current (I.) [28]]. However,
the selection of suitable electric-field criteria is one of the challenging tasks
for the determination of the J. because it strongly influences the nature of
Jo(T), particularly in the low-temperature region. Both the intergrain (J;)
and intragrain (J.g) critical current density show similar kinds of tempera-
ture dependencies in several HTS [29]]. Different types of dependencies of
Je on the T and H are found depending on the various parameters such as
pinning density and nature.

An important aspect is the temperature variation of transport critical cur-
rent density in the flux pinning scenario. In granular superconductors, several
types of vortex pinning have been observed [[6]]. In the case of single vortex
pinning in type-II superconductors, the temperature dependence of J. is de-
scribed by the relation, J,(T) = J.(0)[1 — &2]", where n is an exponent reveal-
ing the nature of the pinning and € = T /T is the reduced temperature. The

nature of the pinning is described by the variation of the Ginzburg-Landau
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order parameter (|y|). n=7/6 ~ 1.2 holds for 6T, pinning caused by the spa-
tial variation of |y| in the 7, and n = 5/2 holds for 8/ pinning caused by the
spatial variation in the charge carrier mean free path (/) near lattice defects
[30].

In the case of hybrid superconductors, where additionally incorporated
particles act as pinning centers, the temperature dependence of J.(T') can
also be explained in the weak and strong pinning framework. The presence
of weak pinning in the superconductors results in a rapid reduction of critical
current density described by the expression J**(T) = J» k(O)exp(—%O), where
J(0) is the weak pinning contribution at 0.0 K and 7y is associated to the
characteristic vortex pinning energy of weak defects [30, 31]]. As the density
of the weak pinning centers increases, collective pinning comes into play.
The effect of a large collection of weak pinning centers has been discussed
in the weak collective pinning theory developed by Larkin and Ovchinnikov
[32]. On the other hand, strongly correlated pinning centers hold the vor-
tices strongly and result in slower and smooth decay of J. with T following
the expression J57(T) = J5"(0)exp[—3(Z)?], where J5(0) is the strong pin-
ning contribution at 0.0 K and T* is the corresponding characteristic vortex
pinning energy of strong pinning centers [30} [31]].

The temperature variation of J. close to 7 in the vortex liquid state
has been explained by an exponential function, J.(T) = J.(0)exp(—T /To;),
where J;(0) is the critical current density at 0 K and Tp; is the characteristic
temperature. The change in the concentration of pinning centers (x) in the in-

tergranular regions affects Tp;. Therefore Ty 1s very sensitive to the density

(np) or concentration of pinning centers.



Temperature dependence of transport J. for granular superconductors is
interpreted in the framework of Ambegaokar- Baratoff (AB) and Ginzburg-
Landau (GL) description. The general expression for the temperature depen-
dence is given as J.(T) = J-(0)[1 — %]O‘, where o = 1.5 is related to GL and
o = 0.5 1s related to AB description. The curvature is concave type in the GL
variation and convex type in the AB variation. An important analysis of both
Jo(T) and J.g(T) shows the crossover from Ambegaokar-Baratoff-like (AB)
to Ginzburg-Landau (GL) temperature dependence. It has been found that
this crossover is independent of the defects present, the direction of current
is flowing, ceramic or granular nature [29} 33]].

Magnetic critical current density (J.,) 1s extracted from the hysteresis
loop using critical state and extended Bean’s model [34]]. According to
Bean’s model, the critical current density is proportional to the irreversible
magnetization (AM). For a rectangular slab of finite dimension the exact

equation for J,, is given as, J., = 2? XAgM)s

Y

Where a and b (a > b) are length
and width of the rectangular bar-shaped sample used for VSM measurement.
In the measurement, the magnetic field is set to be directed along the perpen-
dicular to the a — b plane of the sample. The irreversibility field (H;,) has
been extracted using a criterion AM ~ 0 emu/cm?.

The variation of J.,,(H) shows different behaviour in different field re-
gions. At the low field region, J,,, is observed as almost independent of H
due to the low density of flux lines. At low H, J.,;, of YBCO thin film ex-
hibits a plateau type variation. In this field region, vortices are pinned
individually and plateau-like dependence suggests that vortices are strongly

pinned by defects and pinning centers [36]]. In the polycrystalline sample,
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Jem varies weakly with H at the low field region, indicating the possibility
of single vortex pinning. In the intermediate field range J., experience a
power law dependence, J., o< H™¢ B8]l A low value of ¢ indicates soft
field dependence of J. and presence of collective pinning and strong pinning
mechanism. The power-law behaviour persists over a wide range of fields
and temperatures in the intermediate region for YBCO with o = 0.6. As the
field strength increases, a rapid decline in J,,;, is observed with a higher value
of «.

Variation of o as a function 7" suggests that the dominant pinning mech-
anism is also T" dependent. The variation reveals the possibility of crossover
from collective pinning to a strong pinning regime. In the intermediate field
range, variation of Ji,,(H -1/ 2) indicates how inter-vortex separation is cru-
cial in vortex pinning. The addition of nanoparticles affects the pinning
mechanism and hence the variation of J.,,(H~1/2).

An important analysis of the dependence of J.,,, on the H and the density
of pinning centers (n,,) has been carried out in the framework of the collective
pinning due to large numbers of weak pinning centers [2I}, 32]. According
to the theory of collective pinning, the dependence of J.,, is described by
following an exponential equation, J,,, = A.exp[—(m/n,)H"->], where m and

A are constant and n,, is the density of pinning centers [23]].

1.5 Controlling J. in Layered structure of HTS

In Figure we have shown a typical structure of a unit cell of orthorhom-

bic RBa;Cu30-,_gs (R = Rare Earth), 6 is the oxygen content. RBCOs are
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Figure 1.5.1: Unit cell structure of oxygen-deficient RBa,Cu3zO;_g5 (R =Rare
Earth)

layered superconductors. A unit cell consists of two CuO; planes in and
CuO chains (b-direction). Typical lattice parameters of the RBCO are a =
3.82 A, b=3.89 A and ¢ = 11.68 A. Separation between two CuO, is ~ 3.2
A. Whereas the distance between the CuO; plane and CuO is ~ 4.25 A. Vari-
ations in the lattice parameter can introduce defects or strain in the crystal
structure. These defects can act as pinning centers, which can change the J,.
0 plays a crucial role in determining whether RBCO is in the orthorhombic

or tetragonal phase. The orthorhombic phase is superconducting while the
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tetragonal phase is non-superconducting. Depending on the value of 6 and
temperature RBCO may become orthorhombic (0.0 < 6 < 0.5) or tetragonal
(0.5 < 6 < 1.0) [39]. The oxygen deficiency acts as intrinsic pinning cen-
ters and enhances J,. in orthorhombic RBCO. However, optimization of § is
very important in controlling J.. In granular superconductors, angles between
grain boundaries affect the J.. Higher misorientation angles lower the J,. be-
cause they introduce a weak-link network into the superconducting path. In
orthorhombic RBCO, CuO; planes play the key role in the origin of super-
conductivity. Therefore, charge carriers remain in CuO, planes whereas CuO
chains act as charge reservoirs and supply carriers to CuO, planes. Charge
carrier density in CuO, planes and their tunnelling between planes influences
the onset critical temperature 7, of superconducting cuprates. The interlayer
coupling between the CuQO; is affected due to changes in the rare earth atoms
and consequently J. is affected. J. can also be controlled from outside the
grain by introducing artificial pinning centers in the intergranular regions.
Additional pinning centers in the form of non-superconducting particles are
introduced in the grain boundaries. BZO microparticles and BTO nano par-
ticles are used as pinning centers. These particles participate in the flux pin-
ning mechanism and hence modify J.. However, optimization of the size and

density of pinning centers is important to achieve improved J..

1.6 Sample selection

Although the RBCO system has strong intrinsic pinning and high critical

current density, several attempts have been made to study the critical current
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density by including additional pinning sites in the intergranular regions. We
have selected four RBCO (R =Y, Gd, Nd, Eu)(S1, S2, S3, S4) systems to
study the effect of intrinsic magnetic moment of R on J. due to the interlayer
coupling of CuO; planes. Also, changes in 7. of YBCO have been studied
while Y is replaced by Gd, Nd, and Eu. We have selected a composite sample
of YBCO and 5.0 wt% BaZrOs (SS) to study current density using different
electric field criteria for the extraction of J. [28]]. Several studies have shown
that BaZrOs3 act as excellent pinning centers and enhances the J.. The en-
hancement of the J. is possible by optimizing the concentration, size, shape
and other properties of added particles [[6]. We have used BZO particles of
size ~ 10 um as additional pinning centers and introduced them in the in-
tergranular region of YBCO. Pure YBCO (S6) and four composite samples
(S7 - S10) with different wt% BZO have been chosen to understand the role
of BZO on granularity, Superfluid phase stiffness (SPS), current density and
the nature of pinning. The inclusion of BaTiO3 (BTO) nanoparticles is also
another important way of changing the nature and strength of pinning cen-
ters. In the composite sample of YBCO-BTO, J. is enhanced by ~ 250 %
compared to that of the pure YBCO, throughout the applied magnetic field
range [40]]. In the presence of a magnetic field, the nature pinning in YBCO
by BaTiO3 (BTO) nanoparticles of size ~ 100 nm has been studied. We have
selected the pure YBCO (S11) and four composite samples (S12 - S15) of
YBCO and BTO with different BTO percentages to explore several aspects
of vortex pinning and possibility of enhancing J.. The addition of nanopar-
ticles in NBCO has also shown an improvement of J.. Composite samples

of NBCO-BZO have shown improvement in the J. [41]. We have used Sn

14



nanoparticle in NBCO to study the role of Sn on the J. and other transport
properties. We have chosen the pure NBCO (S16) and four such composite
samples (S17 - S20) of NBCO and Sn nanoparticles of size ~ 150 nm with

different Sn concentrations for the present research works.

1.7 Outline of the thesis

The structure of the present thesis is summarized in several chapters. Details
of the sample synthesis method called solid state reaction method have been
discussed in Chapter 2| Also, the characterization and measurement pro-
cess and their working principle have been illustrated in the same chapter. In
Chapter [3| we have studied the role of rare earth elements in critical current
density in some pure R-123 (R =Y, Gd, Nd, Eu) systems [42]]. The determi-
nation process of J. using a suitable electric field criterion as well as the sen-
sitiveness of the J. on criteria selection have been studied in Chapter 4| [43]].
How SPS and J, are affected due to the inclusion of the micro-size particle
in the inter-granular regions of YBCO have been studied in Chapter [5] [44]].
In Chapter 6, we have analyzed magnetic data to study the crossover from
collective pinning to strong pinning due to the addition of BTO nanoparticles
in the inter-granular regions of YBCO [45]. Composite systems of NBCO
and Sn nanoparticle have been studied and possible weak pinning scenarios

have been discussed in Chapter [7] [46]].
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Chapter 2

Experimental techniques

2.1 Introduction

Several high 7. pure and composite bulk polycrystalline superconductors
have been synthesized and characterized. Using a standard solid state re-
action method, we have prepared all the superconducting samples. Prepared
samples have been characterized by scanning electron microscopy (SEM)
using FEI-Inspect F50 SEM and X-ray diffraction (XRD) using Bruker D8
advance XRD. A standard four-probe method has been adopted for the trans-
port measurements like p(7) and IV. Magnetic measurements have been
carried out using a 7.0 Tesla vibrating sample magnetometer, VSM (Cryo-
genics, UK). In this chapter, we have discussed in brief the equipment used

and their working principle.
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2.2 Solid state synthesis method

One of the major challenges is to prepare high-quality polycrystalline super-
conducting samples. Several methods, such as solid-state reaction method
[[]], the sol-gel method [22]], coprecipitation method [3]l, have successfully pro-
duced good quality samples. We have used the solid state reaction method
for the preparation of our samples. Phase formation, growth of grains, grain
connectivity, porosity, compactness, the randomness of the angle between ad-
jacent grains depend on the synthesis route and applied synthesis condition.
In the present thesis, we have synthesized five series of samples in the
conventional solid-state reaction method [4]]. The details of the series have
been shown in Table 2.1} High pure commercially available powder of R,O3
(R =Y, Gd, Nd, Eu), BaCO3, and CuO have been taken with proper stoi-
chiometry. Mixing and grinding have been performed using agate mortar and
pestle for ~ 3 hours to achieve homogeneity throughout the sample. The
mixed powder was then pressed into pellets (typical diameter 8.0 mm and
thickness ~ 0.5 - 0.7 mm) using a pelletizer die and a high-pressure hydraulic
press. Calcination of sample pellets has been carried out around the temper-
ature of 840 °C for 24 hours in a high-temperature tube furnace. During the
calcination stage, the carbonates are decomposed into oxides and release the
produced CO,. Calcined pellets are again ground and mixed, the mixture is
again pressed into pellets. The samples have been sintered around the tem-
perature of 925 - 930 °C for 24 hours. The required R123 (R = Rare Earth)
phase has formed during this sintering stage. Several sintering processes with

intermediate grinding have been performed to get the final prepared sample.
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Table 2.1: Prepared sample series in the present study

Serial number of series | Details of the series

Series 1 RBa;Cu30;_5 with R = Y, Gd, Nd and Eu
(S1, S2, S3, S4)

Series II YBa,CuzO;_g + 5.0 wt% BaZrOs (SS)

Series 111 YBa;CuzO7_g5 + x wt% BaZrO3 with x = 0.0,
2.5,5.0,7.5,10.0 (S6, S7, S8, S9, S10)

Series IV YBa;CuzO7_g5 + x wt% BaTiOs with x = 0.0,
2.0, 4.0, 8.0, 16.0 (S11, S12, S13, S14, S15)

Series V NdBay;CuzO7_s + x wt% Sn with x = 0.0, 0.5,
1.0, 1.5, 2.0 (S16, S17, S18, S19, S20)

Both the calcination and sintering have been done in the ambient pressure and
normal air atmosphere. For the composite samples, additional elements have
been mixed with pure R123 before the last sintering. The oxygen stoichiom-
etry in the R123 unit cell can be controlled during the annealing. Annealing
has been performed at a temperature around 450 °C for a longer time of 60 -
72 hours in an oxygen atmosphere and ambient pressure to minimize oxygen
deficiency. In all stages, samples are cooled down slowly at a 2 °C/min rate

to room temperature.

2.3 X-ray diffraction (XRD)

X-ray diffraction analysis (XRD) is a highly versatile technique that provides
detailed information about the crystallographic structure, chemical compo-
sition, phase analysis, lattice parameters, and several other physical proper-
ties of a material [5] - [I0]]. The working principle of XRD is based on the

constructive interference of monochromatic X-rays and a crystalline sample.
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Atomic Plane

ldhkl

Figure 2.3.1: Schematic diagram of Bragg’s diffraction of crystalline sample

When the incoming X-ray beam from a monochromatic X-ray source is inci-
dent onto a crystal surface, it interacts with the different atoms of crystal and
diffracted. The interaction of incident rays with the sample produces con-
structive interference when path difference satisfies Bragg’s Law; given as
2dj8in0 = nA where, n is an integer, A is the wavelength of the X-rays. 0 is
the angle of the incident beams with the planes (hkl). djy; is the interplanar
separation between the planes having Miller Indices (hkl). The scattering of
X-rays from atoms produces a diffraction pattern, which contains informa-
tion about the atomic arrangement within the crystal. A schematic diagram
of Braggs diffraction of a crystalline sample has been shown in Figure

Most of the powder diffractometers use Bragg-Bragmentano (BB) parafo-

cusing geometry [I1]]. X-ray diffractometers are mainly made of three com-
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Figure 2.3.2: Schematic diagram of an X-ray diffractometer

ponents, (i) an X-ray tube, (ii) a sample holder, and (iii) an X-ray detector.
Depending on the rotation of the component, BB geometry is classified into
two categories. (i) 0:20: the X-ray tube fixed, the sample rotates at 6/min
and the detector always at 260/min. (ii) 0:0: the sample is fixed and both the
X-ray tube and the detector rotate at the same rate at 6/min. In Figure [2.3.2]
we have shown a schematic diagram of an X-ray Diffractometer. In a cathode
ray tube, electrons are produced by heating a filament and accelerated toward
the target by applying high voltage. Characteristics of X-ray spectra are pro-
duced due to the interaction of target materials with electrons. These X-rays
are collimated and directed onto the sample. The reflected rays are collected
in a detector and analyzed.

In our laboratory, we have used both XRD with 0:20 and XRD with 6:0
geometry. Copper (Cu) is used as the target material. Produced characteristic

X-ray spectra consist of several components like Ky and Kg. Kg consists
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of Kg1 (A = 1.5406 A) and Koo (A = 1.54439 A) having comparable wave
length. So we have used the average A = %(M + ) = 1.5418 A for analysis
purpose. We have used the range of 26 from 10° to 80°. We have taken the
step size of 0.02° and scan time per step size is chosen to be 0.4 to 0.6 second

depending on the requirement. The typical used voltage and current are 35.0

kV and 35.0 mA.

2.4 Field emission scanning electron microscope

(FESEM)

Scanning Electron Microscopy (SEM) is a powerful high-resolution imaging
technique used in various scientific fields to analyze the surface morphol-
ogy and composition of specimens at a microscale and nanoscale level [[12]}
[M13]. A focused electron beam is incident over the surface of a specimen
and interacts with the specimen. The interactions of these electrons with the
specimen have been detected to create high-resolution images and gather in-
formation about its topography and composition. SEM generally consists of
an electron source, condenser lenses, scanning coil, objective lens, sample
chamber, stage, detector, and operating computers. A schematic diagram of
SEM has been shown in Figure In a standard electron microscope,
electrons are produced using a crystal of lanthanum hexaboride (LaBg) that
is mounted on a tungsten filament. Field Emission Scanning Electron Mi-
croscope (FESEM), is an advanced variant of traditional scanning electron
microscope (SEM). Where an extremely thin and sharp tungsten needle (tip

diameter ~ 1077 to 108 m) is used as a cathode (electron source) in front
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of the primary and secondary anode, allowing for a highly focused and nar-
row electron beam. Emitted beams of high-energy electrons are focussed
and controlled by magnetic lenses known as condenser lenses and objective
lenses. These electron beams scan the specimen in a raster pattern, scan-
ning the surface area in lines from side to side, top to bottom. The interac-
tion of electrons with atoms on the surface of the sample creates signals in
the form of secondary electrons, backscattered electrons, and rays that are
characteristic of the specimen. Detectors in the microscope pick up these
signals and create high-resolution images. During the full process a high
vacuum of ~ 1077 Pa is maintained. Low-energy secondary electrons (SE)
are emitted from the surface as a result of the primary electron beam impact-
ing the specimen. A detector collects these secondary electrons to create a
topographic image of the surface, that highlights surface features and topog-

raphy. High-energy backscattered electrons (BSE) are deflected backward
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when they interact with the specimen [[I4]]. These BSE electrons are detected
which provides information about the sample’s atomic composition and den-
sity. When the primary electrons collide with the atoms in the specimen,
they can cause the emission of characteristic X-rays. Energy-dispersive X-
ray spectroscopy (EDS) or wavelength-dispersive X-ray spectroscopy (WDS)
detectors are used to analyze these X-rays, providing information about the
elemental composition of the sample.

SEM typically works on a voltage between 2.0 to 50.0 kV. The beam
diameter is between 5.0 nm to 2.0 um. For SEM imaging samples must be
conducting, or have to be coated with gold prior to the SEM examination.
We have used INSPECT F50 FESEM for analysis of our samples. As our
samples are conducting at room temperature we have skipped the coating.
So, we have attached the sample on the holder with the help of carbon tape
and loaded the holders in the sample mounting stage. The electron beam is
turned on when chamber pressure goes below 5x 1073 Pa. Typically working
voltage range is set at 2.0 kV to 50.0 kV. We have set it to a suitable value
of 20.0 kV and a spot size of 3.0 microns. Images have been taken at several
magnifications ranging between 3000x and 10000x. However, the maximum
achievable magnification is 160000x which can detect particles having size ~
few nm. Information about the distribution of grains, grain size and porosity
can be extracted from the SEM. Details analysis and study of individual SEM

images have been shown in the respective chapters.
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mounted on a sample holder of cryogenerator

2.5 Four probe method

The four-probe method is a widely used electrical measurement technique
for determining the resistivity, conductivity and sheet resistance of materi-
als, particularly thin films, semiconductors and superconductors [[15]. This
method is used successfully to measure very low resistivity accurately and
minimizes errors associated with probe contact resistances, making it a cru-
cial tool for materials research and quality control [[I6]]. A schematic diagram
of four probe method has been shown in Figure [2.5.1, We have measured the
electrical resistivity (p), as a function of 7" down to 10.0 K, and IV charac-
teristics at several constant temperatures below 7.. A bar-shaped sample is
cut from the sample pellet and attached to the sample holder with the help of
Apiezon N Vacuum Grease, which allows the bar to be connected thermally

but insulated electrically as shown in Figure [2.5.1] Using a rotary pump, the
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sample has been kept in high vacuum. A Lakeshore temperature controller
having a precision of 0.01 K is used to monitor and control the sample tem-
perature. A Keithley’s constant current source and nano voltmeter (precision
~10 nV) have been used to apply current and to measure the voltage drop of
the sample, respectively. A closed cycle refrigerator (CCR) (JANIS, USA),
has been used for lowering the temperature of the sample down to 10 K.
We have applied current through probes 1 and 4 known as current leads and
measured the voltage drop between probe 2 and 3 known as voltage leads.
Delta mode is used to measure p(7") to eliminate any offset or noise volt-
age present in the system. The typical current used for measurement in delta
mode 1s =+ 1.0 mA. For the measurement of IV, we have used the current
range from 100.0 nA to 5.0 mA in DC sweep mode. Transport measurements
have been carried out in zero magnetic fields. All four probe contacts are
made by Cu wire and pasted with silver conducting adhesive paste so that
contact resistance is stable throughout the temperature range. Lets assume,
sample dimension is (I X w X t) and [, is the length between voltage leads
where [ > [,, > w > t. The typical dimension of the bar-shaped sample used
for transport measurement is 6.0 mmx 2.5 mmx 0.7 mm. Resistivity has

been calculated using the formula R = pwx—xl;v

2.6 Vibrating sample magnetometer (VSM)

A Vibrating sample magnetometer (VSM) is a sophisticated scientific instru-
ment designed for the precise measurement of the magnetic properties of ma-

terials [18]]. The vibration of the sample in the magnetic field produced
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Figure 2.6.1: Schematic diagram of vibrating sample magnetometer (VSM)

an AC field. The magnetic moment is measured using an induction technique
by detecting the AC field.

The main components of the VSM are (1) Vibrator and sample holder,
(2) Lock-in amplifier, (3) Electromagnet and power supply, (4) a Pick up
coil or detection coil, (5) Sensor coil, (6) Pulse Tube cryocooler (7) Helium
compressor, (8) Temperature variation system, (9) Computer interface. The
schematic diagram of a VSM is shown in Figure[2.6.1] A rigid rod is attached
which oscillates vertically typically over 0.1 - 1.5 mm at a typical frequency
of 21 Hz. At the lower of the rod, the sample is attached with the help of a
straw and Kapton tape. Either magnetized sample or in response to an exter-
nally applied field, the oscillation induces an AC signal in a set of suitably
placed pick-up or sense coils. Assuming that the moment is a magnetic dipole
and the size of the sample is much smaller than the dimensions of the pick-up

coils. The pick-up coils are connected in such a way that they are matched
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and opposite senses. The voltage induced due to the vibration of the sample
is proportional to the magnetic moment, m of the sample. The Vibrator cre-
ates the sinusoidal vertical motion of the sample within the pick-up coils with
a 2 mm peak-to-peak amplitude. The lock-in amplifier (LIA) tuned with the
reference signal from the vibrator control, detects the in-phase voltage from
the pick-up coils. An optical sensor placed within the vibrator maintains the
vibration amplitude at ~ + 1 mm about the optical center. We have used the
7.0 T VSM for our measurement, which can achieve the lowest temperature
of 1.6 K. Pulse Tube cryocooler has been used. It operates using a helium
compressor. Cryogen-free magnet system enables to achieve low tempera-
tures and high magnetic fields without the use of liquid helium or nitrogen.
The accuracy of the VSM for magnetic moment measurement is ~ 107 -
10~® emu. For magnetization measurement, we have used the bar-shaped
sample with typical dimensions 4.0 x3.0 x 1.0 mm? and a mass of about 45
mg. The sample is attached to a straw of length 80 mm using Kapton tape
in such a way that the plane of the sample becomes horizontal. The sample
straw 1s then screwed to the vibrating rod with the help of the Perspex cone,
which is shown in Figure The vibrator is then connected to the vacuum
sample chamber through a Gate valve. To ensure the sample position at the
center of pick-up coils, we have searched for the extrema of the moment at
a very low magnetic field (< H.) and temperature ~ 2.0 K. m(T) have been
taken at several fields, H up to 7.0 T below 7.. Using Zero Field Cooling
Cycle (ZFCC), Zero Field Cooling Warming (ZFCW), Field Cooled Cooling
(FCC), and Field Cooled Warming (FCW), m(T) measurements have been

carried out. m(H) have been measured at several constant 7 below 7, in the
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field range +£7.0 T.
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Chapter 3

Critical current density In granular
REBa,Cu;0,_5 superconductors with
different interlayer magnetic coupling

3.1 Introduction

Critical current density (J.) in a high-temperature superconductor (HTS) is
known to be very high because of the strong intrinsic pinning potential [[I]].
Current-voltage (IV) method is known to be very useful in the determination
of J. in HTS [2} 3]|. Variation of J. as a function of temperature (7') and
magnetic field (H) in YBa;CuzO;_g5 (YBCO) has been investigated by using
several experimental methods [4]]. Increasing J,. in bulk samples by intrinsic
pinning is an important aspect in current HTS research. Pinning of vortices
by point disorder and correlated disorder is a complex process and it depends
on the size, nature, and location of the pinning sites [5]. In HTS the position
of the rare earth (RE) atoms is very crucial because it is sandwiched between

two superconducting planes and contributes to the charge reservoir. Even
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though replacing Y in YBCO superconductor by Gd, Nd and Eu affects the
superconducting transition temperature, 7. (R = 0) by ~ 2.2 K and the mid-
point transition temperature, 7, by ~ 1.9 K, other lanthanides change both
transition temperatures (7, (R = 0) and 7,,) differently [6]l. Replacing Y by
Ho changes in T, is observed to be ~ 0.8 K whereas the change in the width
of the phase transition is ~ 0.5 K [[7]l. However, the phase transition regions
which are generally defined as the difference between the onset transition
temperature, 7, and 7. (p ~ 0) in different RE-based HTS are strongly af-
fected. It is highly possible that any form of disorder and localized magnetic
moment originating around the RE site may affect the overall transport prop-
erties such as the transport critical current density [8]]. Even though there are
several studies to understand the role of RE in the phase transitions in HTS,
it is really challenging to understand how RE affects transport critical current
density.

Four different rare earths (RE = R) have been used to change the
magnetic coupling between two superconducting planes of REBa;CuzO;_g
(RBCO). We have studied granularity and transport properties of (i)
YBa;CuzO;_g5 (YBCO), (i1)) GdBa,Cu30;_5 (GBCO), (iii) NdBa;CuzO7_g
(NBCO) and (iv) EuBa,Cu30;_5 (EBCO) superconductors. Linear [V char-
acteristics below the onset critical temperature, 7, have been used to extract
(1) intra granular critical current density, J.g and (ii) total critical current den-
sity, J.. The possibility of the 6/-pinning in the RBCO superconductor has
been explored [J]]. Roles of (i) magnetic moment and (ii) granularity in con-
trolling critical current densities have been studied. Exponents revealing the

nature of the pinning in two different ranges of 7" have been extracted for both
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Jeg (T')and J. (T). We have proposed that effective Bohr magneton (prg) and
hence the intrinsic magnetic moment corresponding to the RE ions and expo-
nents corresponding to vortex pinning are related even in the presence of the

pinning by grain boundaries.

3.2 Experimental

Synthesis of REBa,Cu30;_5 (RBCO) with RE =Y, Gd, Nd, and Eu samples
has been done by using the standard solid-state reaction method [[10] - [12].
The repeated grinding followed by three sintering is carried out in the range
between 925 °C - 930 °C. All four samples in the form of pellets are sintered
together in three intermediate steps. Annealing of all samples had been car-
ried out simultaneously at 450 °C for 72 hours using a uniform flow rate of
oxygen. Scanning electron microscopy (SEM) is carried out for the determi-
nation of the granularity of all four samples. Bar-shaped samples have been
cut from pellets and used for the transport measurements of all four HTS.
Typical dimensions of the measured bars are ~ 6.4 mmx2.6 mmx0.70 mm.
Resistivity as a function of temperature is measured by using the standard
four-probe method with the help of a cryogenerator (Janis, USA) [14]. At
several constant temperatures, /V measurements have been carried below 7.

The range of the current used for IV measurements is 100.0 nA through 5.0

mA [[15].
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Figure 3.3.1: Scanmng electron mlcrographs (SEM) of (i) YBaQCU307 s
(S1), (i) GdBayCuzO;_s (S2), (iii) NdBay;CuzO;_s5 (S3) and (iv)
EuBa;CuzO5_g (S4) superconductors.

3.3 Results and Discussions

Firstly, we have shown four representative scanning electron micrographs
(SEM) of YBCO, GBCO, NBCO and EBCO in Figure [3.3.1] There are al-
most similar distributions of sizes of grains in all four samples with Y, Gd,
Nd and Eu. The minimum and the maximum sizes of the grains are found

to be 1.0 um and 22.0 pum respectively [I6]. Using ImageJ, we obtained
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Figure 3.3.2: Resistivity as a function of T of (i) YBayCuzO;_5 (S1), (ii)
GdBayCuz05_g5 (S2), (ii1) NdBayCuzO;_g5 (S3) and (iv) EuBa;CuzO;_g
(S4) superconductors.
average grain sizes to be (i) 3.8 = 1.73 um, (ii) 2.5 4+ 0.97 um, (ii1) 5.8
+ 3.28 um and (iv) 5.1 £ 2.63 um for YBCO, GBCO, NBCO and EBCO
respectively. Clearly, even on changing the rare earth the nature of the gran-
ularity remains almost the same. The intergranular networks, randomness of
the grain boundaries and the distribution of angles between grain boundaries
also remain almost unchanged as revealed in the micrographs. Controlling
total critical current density, J., by grain boundary in bulk HTS is known to
be very effective in several superconductors [[I7].

We have shown resistivity (p) as a function of T in Figure[3.3.2] Clearly,
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Figure 3.3.3: Variation of dp/dT as a function of T of (i) YBa;Cu3O7_5
(S1), (i) GdBaCu3O;_s (S2), (iii) NdBa,Cu3zO;_s5 (S3) and (iv)
EuBa,Cu307_5 (S4) superconductors. Critical temperatures are shown by
an arrow
the normal state of the NBCO superconductor is found to be the most re-
sistive sample whereas YBCO has the lowest resistivity at 300.0 K. YBCO
and GBCO exhibit linear p (T) whereas the normal states of both NBCO and
EBCO have a curvature in p (T'). Therefore, depending on the RE, the nor-
mal state may have both (1) electron-phonon and (i1) weak electron-electron
scattering [[18]].

In Figure we have shown dp/dT as a function of 7. By using

dp/dT we have obtained the onset of the superconducting transition, T

which is earmarked in Figure Critical temperatures (7;) are found to be
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85.6 K, 80.2 K, 62.5 K and 80.0 K corresponding to YBCO, GBCO, NBCO
and EBCO respectively. The change in the onset transition temperature with
the rare earth is clearly visible. The lowest 7. is observed for superconductors
with RE = Nd separating two superconducting CuO, layers. Other than the
tonic radius of Y and Nd ions, the magnetic moments contributed by these
ions are different which may be one of the major responsible factors for such
differences in 7.. We have also extracted 7. (p ~ 0) which are found to be
78.0 K, 59.0 K, 36.4 K and 58.4 K corresponding to YBCO, GBCO, NBCO
and EBCO respectively. Therefore, the phase transition widths [T, — T¢ (p ~
0)] are 7.6 K, 21.2 K, 26.1 K, 21.6 K for YBCO, GBCO, NBCO and EBCO
respectively. We have used a similar sintering route, repeated mixing and
grinding, and a longer duration of annealing process to optimize the effect
of granularity and excess oxygen content to avoid non-optimal doping. It
clearly reveals that the effects of rare earths, Y, Gd, Nd and Eu on the phase
transition regions are strong but different.

It is important to understand how randomness of the granularity affects
intergranular weak link resistivity (p,,;) in several R-123 superconductors.
Following a model based on individual grains of the oblate ellipsoid shape, it
has been suggested that the measured resistivity (p) of polycrystalline sample
is related to p,,; by a structural prefactor involving o, as follows, p = ain(pab
+ py) [MI]]. An approximate determination of p,,; can be done by p,,; = ¢, p
(0) where p (0) 1s the zero temperature resistivity obtained by fitting the linear
normal state p (7). o, = (dpa,/dT)/(dp/dT) is the ratio of two slopes corre-
sponding to the single crystal and bulk superconductor in the normal state. A

major problem of the rough determination of p,,; is that we need (i) dp,p/dT
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of the corresponding single crystal (individual grain) and (i1) linear normal
state of the bulk sample. Even though we have a linear normal state p(T") for
YBCO and GBCO, the normal states of NBCO and EBCO are nonlinear over
a wide range of T. Moreover, dp,;,/dT of individual single crystal of present
HTS samples with Y, Eu, Nd and Gd is unknown. Assuming (i) dp,,/dT
~ 0.5 uQ-cmK~! of YBCO single crystal for all other samples and (i1)
linear normal states we roughly obtain o, ~ 0.1 - 0.2 for YBCO, EBCO,
NBCO and GBCO respectively. By this approximate method, p,,; is found to
be ~ 60 — 240 uQ-cm for all four samples. However, (i) an assumption of
oblate ellipsoid grain shapes for our samples and (ii) the same dp,,/dT for
all individual grains of four samples are not very realistic. Because of the dif-
ficulty and assumptions used in the extraction method of p,,; for our samples,
we have focused on the randomness as revealed in the relative orientations of
grains of all four samples as shown in Figure [3.3.1] are almost similar and is
most important in effective pinning mechanism (by randomly oriented grain
boundary). Therefore, it is not unreasonable to say that the effect of the gran-
ularity on the overall intergranular transport properties will be almost similar.
Any change in the resistivity, critical current density and other transport pa-
rameters of these four superconductors results mostly because of the changes
in the rare earths separating the CuO; planes.

In Figure[3.3.4)- Figure we have shown IV characteristics at several
T for YBCO, GBCO, NBCO and EBCO samples. Electric field (E) and
current density (J) corresponding to V' and I respectively are also shown for
each sample [20]. In Figure we have shown IV in the range of T =
86.0 K through 81.0 K for the YBCO superconductor. In the inset of Figure

43



J (mA/cm’)

0.04 - - | : : ' '
2
T K J (mA/em’) YBa Cu.O__(S1)
(K) 0 50 100 150 200 A
o 81.0 0010 ———————— 10.2
O &1.5
O 805
= I
v 825 § 0005
O 830~
> 83.5
E 0.02 > 84.0 0.000 2
. B 4 '
v 845 I (mA)
: O 85.0 0.1
O 860 e
<l
it
S &
E 7S S QRESO
i‘.icll"! ; //\\\//\\{’/\\\\?\\\—\\\\\\\\\\\\\\\\\ QRS RS S
e ZQ W4T QRN
Zi R QRN
A TN QLIS
NN, W ORI @@ @
’ &\@}9 IR \’i\‘///é‘\//\‘\\r/\\(\r\\\\rr\\(\:@«ﬁt @ @@L\r@((r@@@?mn(«r@m@«mu
RN R @ @@ S nmiin
0.00 MRS S N I Rt g T 0 U R 0.0

I (mA)

E (mV/cm)

Figure 3.3.4: Current-voltage (V') characteristics of sample YBa;CuzO;_g
(S1). In the inset, we have shown a representative linear IV together with the
extraction criterion.

B.3.4] a representative IV measured at 82.0 K is shown which is found to

be linear. In Figure [3.3.5] IV characteristics in the range of 80.0 K - 61.6

K corresponding to the GBCO sample are shown. In the inset of Figure

a linear IV curve at T = 63.0 K is shown. In Figure 3.3.6] in the

range of 62.0 K — 37.0 K, we have shown IV curves of the NBCO sample

including an inset showing a linear /V at 39.0 K. We have also shown IV

characteristics of the EBCO superconductor in the range of 80.0 K- 63.0 K 'in

Figure [3.3.7)and an inset of it shows the IV curve at 65.0 K. Therefore, below

T. of the corresponding samples, IV curves are found to be linear in a reduced
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Figure 3.3.5: Current-voltage (V') characteristics of sample GdBa;CuzO;_g
(S2). In the inset, we have shown a representative linear IV together with the
extraction criterion.
temperature, € = T /T, > 0.65. Both the linear and nonlinear natures of IV
below T are observed in several superconductors [21}, 22]]. The determination
process of J,. is possible by using IV curves and it is independent of the nature
of IV. However, a suitable criterion is known to be a very crucial one in the
extraction of J, [23]]. We have used an electric field criterion £ = 0.01 mV/cm
and 1in the inset of each IV graph, the extraction criterion is shown.

We have extracted two different critical current densities (i) J.g and (i)
J using an average granular area and total area of cross-section of the related

samples respectively in the same electric field criterion [20} 24]]. In Figure
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Figure 3.3.6: Current-voltage (/V') characteristics of sample NdBa;CuzO5_5
(S3). In the inset, we have shown a representative linear IV together with the
extraction criterion.

B.3.8 we have plotted J. as a function of T for all four samples. The upward
curvature of J.g(7') remains almost unchanged in superconductors having
different RE. J,.o(T) of GBCO exhibits the maximum J,.; ~ 7x107 mA/cm?.
The maximum J.gs are found to be almost the same in NBCO and EBCO
which is ~ 1.5 x 10’ mA/cm?. In addition the maximum J.g ~ 2 x 107
mA/cm? observed in the YBCO is almost comparable with the maximum J,.g
of the NBCO and EBCO close to the respective T, (p ~ 0). Because J.g is
mostly confined within the grains, the pinning strength in RBCO is expected

to be changed with the intrinsic moment of RE.
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Figure 3.3.7: Current-voltage (IV') characteristics of sample EuBa;CuzO;_g
(S4) superconductors. In the inset, we have shown a representative linear IV
together with the extraction criterion.

To determine the nature of the pinning within a grain we have plotted
the J.g with (1 - €?) in log-log scale in the inset of Figure . It
reveals that there are at least two linear regions with different slopes. These
slopes may be used for the possible changes in the nature of the pinning. An
equation for the critical current density is expressed as J.g o (1 - €2 in
which 7 is known to be an exponent revealing the nature of the pinning [25]].
Assuming a linear variation in the lower (1 - £2) region an exponent, n has
been extracted which reveals the nature of the pinning of vortices at higher

T -region. We have obtained that /" = 0.29 & 0.09, 0.31 £ 0.11, 0.13 +

47



80 T I |

3 T T
10 8 O YBazCu3O7_8 (S1)
o o ? ol 0© GdBaCuO, (S2)
—~ eol= s Q1 © NdBaCuO, (S3)
S E k- L 8 EuBa Cu,0_. (S4)
< >
5
g a0F "o 0.1 1 N
= (1-£)
—
|\ O
©
~ 2.0 © -
O
) %m
O
< q
0.0 RRvvrrsrmsrrrsen, s WD

30.0 40.0 50.0 60.0 70.0 80.0 90.0
T'(K)

Figure 3.3.8: Critical current density (J.) as a function of 7" for all samples.
In the inset, we have plotted J.; as a function of (1-€2) in the log-log scale.
Fitting lines are shown for extracted exponent, nﬁGT and nﬂ}

0.05 and 0.35 + 0.06 corresponding to YBCO, GBCO, NBCO and EBCO

respectively. A linear variation is also observed at the lower T and hence

higher (1 - €2) region as shown in the inset of Figure|3.3.8, An exponent, nﬂ;,

is extracted to understand the pinning for the low-7 region. It is observed that
nj' =3.75+0.87,8.19 £ 0.14,6.93 £ 0.79 and 5.76 + 0.78 corresponding
to YBCO, GBCO, NBCO and EBCO respectively. Even though nZ g << ng;
there is a weak variation of both exponents nlz GT and n§CTG It also reveals that
there may be a region in which the d/-pinning is the most possible description

of the pinning corresponding to an exponent of 1.2. However, deviations from
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lines are also shown for extracted exponent, nZ T and n%CT
the nature of the 8/-pinning are observed with 7.

In Figure [3.3.9] we have shown J, as a function of 7. In comparison to
the J.g, J. is found to be much lower because of the presence of the grain
boundary networks. Determination of the J. involves the total area of cross
section of the bar-shaped samples which are of the order of a few mm?. Fol-
lowing SEM as shown in Figure[3.3.1] it is observed that angles between two
grains marked for all samples exhibit a distribution of angles including very
higher angles. Lower J. may be mostly a result of the presence and the distri-
bution of grain angles [[I]l. However, because of the randomness of the grain

boundary in all four samples, the reduction is almost similar in magnitude.
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Variation of J, in four samples is mostly a result of the different interlayer
magnetic coupling for the different localized magnetic moments of the rare
earth ions. In the inset of Figure [3.3.9] we have also shown the variation of
J. as a function of (1 - £2) to understand the nature of the pinning. Two dif-
ferent regions exhibit that slopes of the variations are highly different which
are quantified by two exponents, nﬁ T and niT We have obtained nﬁ T'=0.29
+ 0.09, 0.14 + 0.07, 0.13 £+ 0.05, 0.35 + 0.06 corresponding to YBCO,
GBCO, NBCO and EBCO respectively. Therefore, the extracted pinning ex-
ponents, nf/" vary weakly with (i) Y, (ii) Gd, (iii) Nd and (iv) Eu. However,
the exponent nleT corresponding to the low-T region varies strongly with RE.
Extracted n’ are found to be 3.75 £ 0.87, 8.19 £ 0.14, 6.93 + 0.79 and 5.76
+ (.78 corresponding to YBCO, GBCO, NBCO and EBCO respectively re-
vealing strong dependence of exponents on the rare earth.

We propose that the intrinsic magnetic moment originated in the RE sites

has an influence on the pinning of vortices and hence on the critical current

density in addition to other physical properties [26], 27]. In Figure [3.3.10]
we have plotted pinning exponents, ngGT and nlz T with pgg, effective Bohr
magneton representing localized magnetic moment contributed by four rare
earths. It reveals that there is a weak dependence of both exponents (nﬁg and
nlz Ty on pre- Since the effect of the intrinsic moment of rare earth ions in
the high-T region (T < T;) is weak both J. and J.; are weakly controlled by
pre- However, as the T is further lowered, the effect of the intrinsic moment
becomes visible [2§]. In Figure 3.3.11] we have shown pinning exponents,
LT

ny'. and nﬁT with pgg for the low-T region (T < T;). Clearly a linear varia-

tion of both ng; and nﬁT with prg 1s observed. It reveals that the nature of
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Figure 3.3.10: Variation of the pinning exponents, nz Z and nlz T with effective

Bohr magneton, pgg, which represents the intrinsic magnetic moment of RE
10ns.

the pinning becomes sensitive to the intrinsic moment at the rare earth sites.
Actually, any change in the intrinsic moment in between two superconduct-
ing layers of a cuprate superconductor alters the magnetic coupling which
in turn may be responsible for enhancing the pinning effect at low-7T region
[29]]. As a result of the enhancement of the pinning by an intrinsic moment

both critical current densities gets affected.
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Bohr magneton, pgg, which represents the intrinsic magnetic moment of RE
10ns.

3.4 Summary

Current-voltage (V) characteristics and micrographs are studied in four bulk
RBCO superconductors. We have extracted (i) intra-granular and (ii) total
critical current density by using IV characteristics of RBCO superconductors
for four different rare earths representing magnetic couplings between super-
conducting layers. Exponents corresponding to two ranges of temperatures
are extracted to understand the nature of pinning by intrinsic magnetic mo-

ment. A linear variation of the exponents in the low-T region as a function
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of the effective Bohr magneton has been observed for both types of current
densities. Intrinsic magnetic moments of rare earths form a magnetic net-
work which controls both the critical current densities in addition to the grain

boundary.
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Chapter 4

Criteria sensitive analysis of transport
critical current density in BZO mixed

YBCO

4.1 Introduction

The critical current density, J. in high-temperature superconductors (HTS)
depends not only on the pinning centers strongly but also on the methods
of the determination. Critical currents obtained by magnetic measurements
and transport measurements are found to be very different in HTS [I]]. An
electric field (E) criterion is very important to compare critical current density
obtained by different methods. Generally, with the help of the current-voltage
(IV) characteristics, transport critical current density is determined [2]]. The
determination of the transport critical current density is very important to
establish the correlation between different nature of pinning and J.. However,
it is an extremely complex process to decide a specific criterion on the basis of

which the correlation can be decided precisely [[I]]. There are several criteria
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used to determine transport J.. By changing the criterion, transport J. and
its dependence on T can be highly different in nature and misleading. We
have made an attempt to study how different electric field criteria affect the
determination of total transport J. and intra granular transport J.; and its
several interpretations.

There are several major aspects of both J.(T) and J.g(T) related to the
role of criterion. Enhancement of the transport J. by additional pinning is a
very important aspect in vortex states. The determination of J, by a specific
criterion is the most crucial one to understand the nature of the pinning. An-
other observed transition in J.(T") is known to be the Ambegaokar—Baratoff
(AB) to Ginzburg-Landau (GL) transition in HTS [3]-[5]]. It will be an impor-
tant investigation to understand how different E-based criteria may change
the interpretations of the extracted numbers associated with the change in
such transition in J (7).

There are a number of studies in which it is observed that J. in BaZrOj;
(BZO) added in YBCO and other superconductors increases [[6} [7]]. Magnetic
J. in BZO doped YBCO is found to be 3.6 x 10’ A/ecm? at 5.0 K at very
small magnetic field . However, it is not clear how zero field transport
Jo(T) varies in such composite systems. We have chosen such a composite
bulk system consisting of 5.0% BZO and the pure YBCO superconductors.
IV characteristics of the sample have been used to extract J.(T) by using four
different criteria based on the electric field, £. The usual behavior of the
increasing J.(T') with decreasing T has been interpreted for several criteria
used for the determination. We have also analyzed J.(T') and J.g(T) within

the framework of (1) AB and (i1) GL equations for all criteria. A possible
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variation in the coefficients associated with the AB and GL equations has
been discussed. The maximum achievable current in such a system and its

dependence on different criteria have also been extracted.

4.2 Experimental

We have synthesized BZO added bulk YBa;Cu3O5_g5 (YBCO) supercon-
ducting samples by using the standard solid-state reaction method. We have
added 5.0 weight % BaZrOsz (BZO) before the calcination which is carried
out at 850 °C for 24 hours. Pellets are sintered several times at 930 °C with
intermediate grindings for a duration of 48 hours. The annealing at 450 °C
in flowing oxygen is done for 50 hours [J]]. Typical dimensions of the bar-
shaped sample used for the transport measurements are 6.0 x2.45x0.70 mm?3.
The separation between two voltage leads is 1.66 mm. Resistivity as a func-
tion of T has been measured by using the standard four-probe method with
the help of a close-cycle cryogenerator (Janis, USA). Current-voltage (IV)
measurements have been carried out at several temperatures around the phase

transition region. The range of the current used for /V measurements is 100.0

nA through 5.0 mA [[I0].

4.3 Results and Discussions

In Figure we have shown resistivity (p) as a function of T of the BZO
added YBa,;Cu30;_g (S5) superconductor. In the inset of Figure 4.3.1, we

have shown dp /dT(T). The onset critical temperature, 7, is found to be 87.0
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Figure 4.3.1: Resistivity as a function of 7 in BZO added YBCO. dp/dT
versus T is shown in the inset. Onset critical temperature 7, is indicated.

K which is also shown in the inset of Figure 4.3.1] Below 87.0 K, the resis-
tivity decreases with decreasing 7" which is known to be the transition region
at zero magnetic field. Within the transition width (7" < 87.0 K) the current-
voltage (IV) characteristics can be used successfully to extract J. and its de-
pendence on T [[I1,[12]]. Even though J.(T = T;) should be zero theoretically,
it is well known that several criteria are used for the determination of J.(T').
We have focused on how the choices of criteria affect the determination of
Jo(T) by using IV characteristics below T = 87.0 K.

We have shown IV characteristics below 7. in Figured.3.2] The variation
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Figure 4.3.2: Current-voltage (IV) characteristics below 7.. In the inset
dashed lines corresponding to the criteria of the determination of J,. has been
shown as representatives.

of the electric field, E, as a function of the current density, J, has also been
shown in Figure 4.3.2] Linear /V characteristics are observed in the range
of 87.0 — 78.0 K. In the inset of Figure d.3.2] we have shown four linear IV
curves around the lowest 7. The current density J shown in Figure @.3.2]is
obtained by the applied current (/) divided by the area ~1.79 mm? of the bar-
shaped sample. Therefore, J is the total current density which is contributed

by individual grains as well as the grain boundaries [13]]. For T < T. = 87.0

K, the grains are mostly superconducting and therefore J. is considered as
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Figure 4.3.3: Critical current density of BZO added YBCO as a function of
T for several electric field criteria. In the inset the variation of J. with [1 -
(T /T,)?] for four E-based criteria
the total critical current density. The determination of the critical current
density from the J(E) curves are usually done by using a suitable E-based
criterion. However, finding a suitable criterion is really a challenging one for
the determination of J..

We have determined total transport J. by using four different criteria, (1)
E =0.001 mV/cm, (i1) 0.005 mV/cm, (ii1) 0.01 mV/cm and (iv) 0.02 mV/cm.
In the inset of Figure 4.3.2] we have shown how a criterion is used to extract
J for a particular temperature. We have used total J. = I./area of cross section

of the bar-shaped sample where /. is current corresponding to a specific E-
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based criterion. Figure @.3.3] we have shown extracted J.(7T'). Clearly the
nature of J.(7T) changes strongly with the choice of the criterion [[I},[14]]. Near
1., J. converges to zero indicating criteria independent nature. However,
with the decreasing 7', J.(T') diverges strongly. As revealed in Figure @4.3.3]
we observe that J.(T = 78.0 K) ~ 25.0 mA/cm? for the criterion E = 0.001
mV/cm whereas J.(T = 78.0 K) ~ 300.0 mA/cm? for the criterion with a
higher £ = 0.02 mV/cm. Therefore, if the criterion is enhanced roughly by
20.0 times, the highest observed J. increases by an order of 12 times at the
lowest possible T' (78.0 K). Therefore, the highest possible extrapolated J.(T
= 0) will be even more affected in such a process. Using a criterion of E =
0.002 mV/cm, the transport J. in RE-123 superconductors is reported to be
200 — 500 A/cm? at zero magnetic field .

An exponent n is used successfully to understand the nature of pinning
from the variation of J.(T') in HTS [[I6} [I7]. In the inset of Figure 4.3.3] we
have shown the J, as a function of [1-(T"/ T.)?]" for all four E-based criteria.
We observed that the exponent n ~ 1.1 and remains almost unchanged for
all four criteria. It indicates that 07, pinning is dominating in BZO added
YBCO [[18]. However, the analysis becomes very sensitive on criteria with
the increase in 1-(7/ T.)2. Therefore, the exponent-based analysis of J, to
understand the underlying vortex pinning becomes more sensitive as the tem-
perature is lowered from 7.

An important analysis of J.(T) in the HTS systems is to describe in terms
of (1) the Ambegaokar—Baratoff (AB) equation, (i1) the Ginzburg—Landau
(GL) equation and (ii1) a possible transition between the AB to GL frame-

work. We have studied how four criteria affect the analysis of J.(T) based
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Figure 4.3.4: Variations of total critical current density J. as a function of (1)
(1-£)%3 (AB) and (ii) (1-¢)! (GL) corresponding to different criteria.

on the AB and GL equations. By using an expression for J.(T'), both AB
and GL can be expressed with the help of an exponent & as follows: J.(T') =
J(0)(1 - €)%, € = T /T, is the reduced temperature. Exponents are known to
be 1.5 and 0.5 for the GL and AB descriptions, respectively [19]. We have
coefficients J.(0) = JCGL(()) and J.(0) = Jg‘B (0) corresponding to 1.5 and 0.5,
respectively. In Figure @4.3.4] we have shown how different criteria affect the
interpretations for both the GL. and AB description of transport J.. For both
descriptions, a diverging nature is observed with the increase in (1 - €)% with
the decrease in 7.

BZ0-added YBCO samples are having granular nature revealed in SEM,
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Figure 4.3.5: A typical Scanning Electron micrograph of BZO added YBCO.
An average grain size ~ 1.153 um has been used for the extraction of intra
granular J.g.

as shown in Figure [4.3.5] The average size of grains of BZO added YBCO
is found to be ~ 1.0 um. Intra granular critical current density, J.g within
the grain has been extracted with the help of the average size of grains
-[22]]. We have extracted J.g = I./average area of a grain. In Figure 4.3.6]
we have shown J.g(T) for four different criteria. At 78.0 K, J.g 1s found
to be ~ 0.4x10° A/cm? for the criterion E = 0.001 mV/cm. As we increase
E, the possible J, is increased to 3.7x10° A/cm?. Therefore, by increasing

the criterion by 20 times J.g varies by an order of about 9.2 times. In thin
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Figure 4.3.6: Intra granular critical current density J.g of BZO added YBCO
as a function of T for several electric field criteria. In the inset the log-log
variations of J.¢ with [1 - (T /T, *)?] for four E-based criteria

film of the pure YBCO, J. ~ 2.2x10% A/cm? at T = 78.0 K is reported by
using IV characteristics and a specific criterion [23]]. In addition, the factor
by which one compares J. of any two superconductors such as (1) YBCO and
(i1) YBCO+ BZO may also be affected by criteria for the determination of J,.
from V.

It will be important to mention that we have not observed any transition
from J.g to J. in our sample because we have used a current range (100 nA —
5.0 mA). In another sample, it has been detected in relatively higher current

~ few Ampere [24]]. Because we do not detect any J. to J.. transition in our

66



(1_8)0.5

0.0 0.1 0.2 0.3 0.4
5.0 . . . 5.0
YBa,Cu,0,_, + 5.0 % BaZrO,(S5)
4.0 E(mV/cm) —44.0
S O 0.001 o o <
g O 0.005 g
< 30p & 001 A A 130 <
E <o 0.02 =
o o
= 20 o A A 120 =
) O
. GL¢o . © 4,0 .
i o o i}
1.0 o0 A o8 AB 110
QRA 20 OaSTA Lo
R4 o
0 Sk RRAREREAR o 0
0.00 0.02 0.04 0.06

( 1 _ g) 1.5

Figure 4.3.7: Variations of intra granular critical current density J, as a func-
tion of (i) (1 - €)% (AB) and (ii) (1 - €)' (GL) corresponding to different
criteria.
sample, therefore it is not possible to know how different E-based criteria
affect the same.

In the inset of Figure 4.3.6, we have shown J.; as a function of [1 -
(T /T.)?] in the log-log scale. We have extracted the exponent n ~ 1.1 for all
four criteria. It reveals that intra granular J.¢ also follows 87, pinning as is
observed in total J.. Therefore, even though the addition of BZO in the grain
boundary of YBCO enhances critical current density, the nature of 07, pin-
ning remains unaltered (n ~ 1.1) and it is almost independent of the criteria

at an intermediate range of 7. However, as the temperature is lowered, the
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analysis of the nature of pinning becomes independent of criteria.

In Figure we have shown how J,g varies with (1 - £)* within
the framework of the AB for different criteria. As (1 - €)% increases the
diverging nature of J.; becomes very prominent with criteria. For the same
set of criteria, we have also shown J,.; as a function of (1 - €)!-3 following
the GL description. Clearly, as the (1 - €)' increases, the diverging nature
of J.g becomes visible with criteria. Because measuring IV below T.(p =
0) is not possible, a transition from the GL behavior near onset 7, to the AB
description at lower T is not observed in the present sample. However, the
AB and GL behaviors may also be affected depending on different electric
field criteria. It also indicates that for both descriptions, the extrapolated

values of J‘C“g (0) and JCGGL(O) will strongly depend on criteria.

4.4 Summary

Current-voltage (IV') characteristics below 7. have been used to extract two
different critical current densities (J, and J.;) in BZO added YBCO bulk
superconductors. Extraction of J. and J. depends strongly on the electric
field criteria. The 6T, pinning nature revealed by the temperature dependence
of J. and J.g may be altered by the variations of criteria. The AB and GL
coefficients (at 7" = 0) change in order of magnitude with the electric field

criteria.
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Chapter 5

Microparticle controlled  superfluid
density and critical current density

in YBa,Cu30,_s

5.1 Introduction

The critical current density of high-temperature superconductors (HTSs) is
influenced by the interaction of vortices and the pinning centers located
within the lattice. Size, shape and orientation of the pinning centers with
the columnar vortex in YBCO are very crucial factors to control the critical
current density by an order of magnitude [T}, 2]]. Besides the pinning by the
disorder in the lattice sites of YBCO, pinning by the intergranular region has
been very efficient in bulk superconductors [3]-[5]]. Inclusions of different pin-
ning centers in the intergranular region (outside the lattice and grains) have
been attempted to enhance the critical current density [[6} [7]. Density of such
pinning centers in addition to the nature of the inclusions in the intergranular

networks plays a very crucial role. Even though it is not clear why the in-

72



clusions in the intergranular networks will affect the critical current density,
several ideas are emerging to resolve related issues which will be of immense
help in enhancing the critical current density [§] - [T0].

There are several methods to understand the correlation between the crit-
ical temperature and the superfluid phase stiffness (SPS) [[11}, [12]]. Superfluid
density has a major impact on the upper critical field and critical current den-
sity. Near the onset of the superconducting transition, the superfluid density
starts growing with the decrease in T [I3]]. However, it is not known how the
superfluid density and hence the critical current density will be affected by
the intergranular region in bulk superconductors. Several attempts have been
made to enhance the critical current density by adding additional pinning sites
in the intergranular regions [I4] - [16]]. BaZrO3; (BZO) is such a compound,
and the addition of which affects the current density strongly in YBCO
-20]. We have studied the exponent (1) and the superfluid phase stiffness
(Js) by using the current-voltage (IV) characteristics of several YBCO +x%
BZO composite bulk systems. The critical current density in the phase transi-
tion region of such systems has been extracted using a specific criterion. The
variations of Jy(T"), J.(T) and J.g(T) have been studied to obtain a probable

correlation near the phase transition region.

5.2 Experimental

Synthesis of bulk YBa;CuzO_5 (YBCO) superconducting samples has been
done by using the standard solid-state reaction method [21}, 22]|. The sinter-

ing temperatures of the pure (S6) YBCO (x = 0.0) in different stages re-
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main in the range between 925 and 950 °C. BaZrO3; (BZO) powder has been
mixed in YBCO to obtain YBCO-BZO compound during the sintering. We
have used x = 2.5% (S7), 5.0% (S8), 7.5% (S9) and 10.0% (S10) of BZO as
weight % of pure YBCO. Annealing of the pure and mixed samples is carried
out at 450 °C using a uniform oxygen flow rate for 60 hours. We annealed
all samples together at a temperature of 450 °C using a rate of increase of
5 °C/min, and the cooling rate is 2 °C/min for the homogenization of oxy-
gen. The annealing process has been done for a longer period of 60 hours
which is very usual in YBCO. We have characterized all samples by using
standard scanning electron micrographs (SEMs). We have used a bar-shaped
sample for transport measurements. Typical dimensions of the samples are
5.8 mmx2.4 mmx0.6 mm. Resistivity as a function of temperature has been
measured by using the standard four-probe method with the help of a cryo-
generator (Janis, USA) [23] - 25]]. The temperature sweep rate used in R(T")
measurement is ~ 0.5 K/min. At several constant temperatures, IV measure-
ments have been carried out below 7. The range of the current used for IV

measurements is 100.0 nA through 5.0 mA.

5.3 Results and Discussions

In Figure we have shown the representative micrographs of the pure
and BZO-mixed YBCO samples. The microstructure of the pure YBCO is
found to be in well-separated granular nature with a distribution of the size

of grains. Using an Image] software program, we have extracted the average

grain size (D) and variance (0p) as shown in Figure [26]. We observed
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Figure 5.3.1: Representative scanning electron micrographs (SEMs) of the
samples with x = 0.0 (S6), 2.5 (S7), 5.0 (S8), 7.5 (S9) and 10.0 (S10)
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Figure 5.3.2: Normalised resistivity as a function of the temperature of pure
(x = 0.0) YBayCuzO5;_g (YBCO) superconductor and BZO-mixed YBCO
with x =2.5%, 5.0%, 7.5% and 10.0%

that the average grain size decreases with the increase of x. However, as the
concentration of BZO is increased, the intergranular region is filled with the
BZO and it results in the lowering in the separation between grains as well.
We have shown the variations of the normalised resistivity, p /p(300 K),
as a function of T in Figure [5.3.2] The onset critical temperatures (7;) are
found to be 88.0 K, 87.1 K, 92.0 K, 92.2 K, and 89.6 K corresponding to x
= 0.0, 2.5, 5.0, 7.5, and 10.0, respectively. Therefore, there is no systematic
change in onset critical temperature. It is important to understand the role

of oxygen inhomogeneity within grains because it affects 7.. However, the
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longer annealing highly minimizes 7, variation from grain to grain because
of the longer diffusion time [27]- 29].. It reflects that added low-density BZO
microparticles are mostly confined in the intergranular regions. However,
the region just above the onset critical region gets strongly affected which
has been revealed in the change in the ratio p/p(300 K). A drastic change
in p/p(300 K) = 0.4 for x = 2.5% to p/p(300 K) = 0.8 for x > 2.5% has
been observed in the vicinity of the onset critical temperature of pure YBCO.
Change in resistivity as a result of the addition of BZO in superconductor has
also been observed [30]]. As a result of the inclusion of BZO in the intergran-
ular region, an elongated A-shaped region has been observed in the variation
of p/p(300 K) as a function of T. In the A-shaped region at constant 7" above
T¢, an abrupt change in p /p(300 K) with x has been observed and this effect
gets suppressed with the increase in 7. Therefore, impact of the BZO above
a certain percentage of x may not be that effective in changing the intergranu-
lar region in controlling the normal-state transport properties in a wide range
of temperatures. In addition, it has been observed that the superconducting
phase transition region is highly affected as a result of BZO nanoparticles
even in the zero magnetic field [31]. In polycrystalline S7 — S10 samples,
grain boundary plus microparticles of BZO together form the insulating (I)
region of the Josephson junctions (superconductor-insulator-superconductor
(SIS)) [32]. T. of superconductors (in an SIS) does not change due to a
change in the insulating region, but definitely, the overall current flow gets af-
fected. Moreover, within a Josephson junction, it is really difficult to separate
out and quantify how much granularity and BZO contribute to the transport.

BZO is added in the intergranular region between randomly oriented grains.
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Figure 5.3.3: Variations of dp /dT as a function of T of YBCO with x = 0.0,
2.5,5.0,7.5 and 10.0. We have shown critical temperatures by an arrow.
Because all samples (S6 — S10) are granular in nature, therefore we believe
BZO together with grain boundary affects resistivity [33]l. However, since 7,
1s an intrinsic property (related to the onset of pairing) that is affected weakly,
no systematic trend is observed because of the randomness of the addition of
BZO.

In Figure we have shown the variation of dp/dT as a function
of T corresponding to x = 0.0, 2.5, 5.0, 7.5 and 10.0, respectively. For x

= 0.0 and 2.5, we have seen that there is a single peak in the variation of
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dp /dT, representing that at low concentration of the BZO, the intergranular
region is affected but not the superconducting onset temperature [34]. We
have observed that for x = 5.0, there is a peak dp /dT ~ 2.2 mQ-cm/K which
is the highest value of comparing all samples with x. In addition, there is a
signature of the visibility of a broad peak below the onset sharp peak. With
the further increase in x = 7.5 and 10.0, we have observed multiple peaks in
dp/dT. Tt indicates that even though the critical temperature does not change
strongly and systematically with the increase in x, the intergranular region
gets heavily affected for x > 2.5. The variation of the peak in dp /dT(T) with
x is very consistent with the variation of 7, in BZO-added YBCO thin film
[T3]]. In addition, the variation of 7, in BZO-added YBCO has been found to
be less than 2.0 K which is also comparable to the result of BZO added in the
bulk YBCO superconductor up to x = 10.0 [I5}, 35]].

We have shown IV characteristics of the pure YBCO (x = 0.0) below T,
in Figure[5.3.4] At the lowest temperature of 7' = 82.4 K as shown in Figure
IV curve exhibits a nonlinear behavior [[36], [37]]. The nonlinear behav-
ior of IV curves persists over a range of temperature, and the linearity in IV
appears above ~ 86.0 K. In Figure we have shown IV characteristics
of the sample with x = 2.5 in the range of T = 80.2 — 87.0 K. For x = 2.5, the
nonlinear behavior of /V has been observed in the range of 80.0 K through
83.0 K. In Figure we have shown IV characteristics of the composite
sample with x = 5.0 within the range of T = 74.0 K through 92.0 K. The non-
linear behavior is prominent below 84.0 K. IV curves for the sample with x =
7.5 are plotted in Figure in which nonlinearity is observed in the range
of 78.0 K through 85.0 K. The sample with the highest BZO concentration of
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Figure 5.3.4: Current—voltage (V) characteristics of the sample with x = 0.0

(S6) at several temperatures below critical temperature

x = 10.0 exhibits a nonlinear behavior of /V in the range of 77.0 K through

82.0 K as shown in Figure R

Table 5.1: Fitting parameters of the critical current density (J;)

x(%)  Jo(mAlem?) J.(0)(mA/cm?) Tyy(K)
0.0 (S6) 11.12 2.20x10°2 0.72
2.5 (S7) 8.41 1.2x 1060 0.60
5.0 (S8) 1.96 3.11x10% 1.33
7.5 (S9) 5.03 3.54x10% 1.26

10.0 (S10) 7.03 1.38x 10?7 1.36
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Figure 5.3.5: Current—voltage (IV') characteristics of the sample with x = 2.5
(S7) at several temperatures below critical temperature

Table 5.2: Fitting parameters of the granular current density (J.g)

x(%)  Jego(mAlem?) J.(0)(mA/em?)  To,6(K)
0.0 (S6) 7.68x10° 1.52x10°7 0.72
2.5(S7) 2.08x10° 2.98x10% 0.60
5.0 (S8) 4.59%10° 7.26x103! 1.33
7.5 (S9) 3.06x10° 2.16x10% 1.26

10.0 (S10)  9.31x10° 1.84%10%3 1.36

By using the criterion £ = 0.01 mV/cm, we have extracted the critical

current density (J.) as a function of T near T, for all samples as shown in

Figure [5.3.9[40]]. Following Figure [5.3.9) we have observed that the value
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Figure 5.3.6: Current—voltage (IV') characteristics of the samples with x = 5.0
(S8) at several temperatures below critical temperature

of J. is very low near T.. Low J. is associated with the bulk nature and the
area of cross section (typically ~ mm?) of the bar-shaped samples. The area
of the cross section of the bar-shaped sample has been used which gives us
such a low J, because it includes the current within the intergranular region
in addition to the current in the superconducting grains. We have observed a
major change in the variation of J. with the increase in x. We have fitted J.(T')
by using an equation, J.(T) = Jo + J(0) exp(-T/Toy) [41]l. J.o is a remnant
current density that depends on the criterion £ =0.01 mV/cm. However, J.(0)
1s an extrapolated current density at 7 = 0.0 K. In Table we have given

all fitting numbers. Interestingly, the limitation of the equation is that the ob-
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Figure 5.3.7: Current—voltage (IV) characteristics of the samples with x =7.5
(S9) at several temperatures below critical temperature

served J.(0) is very high which may be unrealistic. However, it indicates that

even though an exponential behavior of J, is observed in a range of 7 close

to T, the nature of variation changes drastically at lower 7. The region we

are dealing with is mostly a region in which the vortex fluid state is present.

As we lower T, the nature of variation will not be similar as a result of the

presence of different solid vortex matter as suggested by Ambegaokar and

Baratof [42]]. We have also observed that for all samples, J.o << J.(0) which

enables us to use J.(T') = J.(0) exp(-T /Tpy). In this nature of variation, Tpy is

a characteristic temperature. In Table [5.1, we have given fitting parameters.

Extrapolated J.(0) is found to be very high which is unphysical for cuprate

83



J (mA/cmz)

50 100 150 200 250

0.15

0.10

AqDoovALDODO

V (mV)

0.05

od o

T (K)
77.0
79.0
80.0 —~
81.0 E
82.0 =
83.0 =
84.0
85.0
85.6
86.0
86.4
87.0
88.0
90.0

,YBCO +10.0 % BZO(S10) | ¢
J (mA/cm”) )

0 50 100 150 200 250
T=79.0K 10.04
—Fitting ol

0.008

E (mV/cm)

!
4 i

—

) i
(W« T [[T{KE
el
LW Qs il il
S (@Sl JIl
\\“}\ Y \“\\k\ ||HI||‘|||||||‘||||I‘I||" /\’\
1l g X

W A

Il &= . NI
L= S S ST
I S S SN

i S T \\\\\\\\ ) ) ,,////,,7/,////
S NSNS W 1011 17 s
NNy 717 @@ @@
e ORI T e 0.0

1.0 2.0 3.0 4.0 5.0
I (mA)

Figure 5.3.8: Current—voltage (IV) characteristics of the samples with x =
10.0 (S10) at several temperatures below critical temperature

superconductors. However, close to 7; for vortex liquid states, an exponential

function explains J.(T'). Clearly, Ty is sensitive to x which affects mostly the

intergranular region. We propose that the characteristic energy scale (Tpy) is

related to the pinning strength due to the intergranular pinning force density

resulting from the added BZO [[19, 43]l. It would be important to mention that

we have used an exponential form of both J.(7T") and J.(T) to understand the

vortex liquid state in the vicinity of 7.

We have also used the average grain area (typically ~u?) for the deter-

mination of the granular current density, J.;. Using the average grain area

obtained from the analysis of SEM, we have extracted J.g(T). In Figure
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Figure 5.3.9: Critical current density (J.) as a function of 7 for all samples
with x = 0.0, 2.5, 5.0, 7.5 and 10.0. Solid lines are the exponential fitting.

we have shown J.g(T) for samples S7 — S10. In the inset of Fig-
ure [5.3.10] we have also shown J.G(T) corresponding to the pure YBCO
(S6). Clearly, J.g is found to be very high in comparison to J.. We have
also observed a huge change in J.g(7T) with the addition of the BZO in the
intergranular region of YBCO. We added BZO in a similar YBCO to ensure
any change in J.g(T) as a result of BZO. The enhancement of J.g(7T') with x
reveals that the vortex pinning is controlled from the intergranular BZO mi-
croparticles. We have also fitted J.g(T') by using the equation J.g(T) = J.Go
+ J.6(0) exp(-T /Ty ). We have observed that J.go << J.c(0) in all samples

and, therefore, an approximated equation is represented by J.g(T) = J.5(0)
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Figure 5.3.10: Critical current density (J.g) as a function of 7" for samples
with x =2.5, 5.0, 7.5 and 10.0. In the inset, we have shown J.;(T) for YBCO
(x =0.0). Solid lines represent the exponential equation as given in the text
exp(-T /Tyy). In Table we have given all fitting parameters of the critical
current density, J.g.

In bulk YBCO (S6), intrinsic point defects and the grain boundary to-
gether act as the pinning centers. For the S7 — S10 polycrystalline samples,
grain boundary and BZO microparticles together act as the pinning network.
Actually, the pinning of the line vortices by nanoparticles is really very effec-
tive in YBCO. However, the mechanism of pinning in such a scenario needs
much more research. Line vortex pinning in YBCO by nanoparticles is not

only due to matching of the size of the pinning centers with respect to the
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coherence length. It is really a very complex process even though the length
matching is very important to maximise current density. It is also known that
grain boundaries are also very effective for the enhanced pinning even in the
presence of the size mismatch (with respect to the coherence length~ few
angstrom) and randomness [3}, 44]]. Therefore, if we modify the nature of the
intergranular regions (whose size is typically ~ micron) by adding micropar-
ticles, definitely the pinning is affected as it is observed in critical current
density.
Table 5.3: Fitting parameters of the variable n

x(%) Mo Na To(K)

0.0(S6) 0.997 2.51x10% 227
25(87) 1.00 3.38x10%° 0.63
50(S8) 1.02 8.12x10% 1.70
75(S9) 1.00 1.14x10%2 1.51
10.0 (S10) 0.998 1.36x10%7 1.23

The nonlinear behavior of /V has been investigated by using an equation,
V = al" in which 1 is known to be an exponent. The nonlinear behavior of
1V is revealed for 1 > 1. Following the idea of Kosterlitz-Thouless transition
in superconducting systems, the existence of the dissociation of bound pairs
has been confirmed by using IV characteristics 46]]. It is known that
for the BKT transition, the exponent changes from 1 = 1 to n = 3 with the
decrease in T. We have extracted 1 as a function of 7" for pure YBCO and
all composite systems having BZO in the intergranular networks mostly. In
Figure we have shown 1(T) corresponding to x = 0.0, 2.5, 5.0, 7.5

and 10.0, respectively. Variations exhibit that the Kosterlitz-Thouless (KT)
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x=0.0, 2.5,5.0, 7.5 and 10.0. Solid lines are the exponential ftting.

88



transition can be tuned in all samples (S6 — S10) at lower temperatures. We
have fitted n(7T') using an equation in the form of n(7') = 1y + N, exp[-T /Tp],
and all fitting numbers are listed in Table [5.3] The extrapolated high value
of n, reveals that the above formula has limitations of using it at much lower
T (T << T.). However, near T, the equation explains the behavior of (7))
and it hints at the possibility of the KT transition. The characteristics temper-
ature (7p) representing an energy scale has been extracted as shown in Table
It will be interesting to observe that both energy scales (Tp; and Tp) are
comparable. We attribute the comparable energy scale as the correlation of
the presence of the superfluid density and the critical current density. In other
words, near the critical temperature, the superfluid density strongly affects
the variation of the critical current density.

By using the variation exponent 1(7') and following the AHNS model,
we have extracted the superfluid phase stiffness (J;) by using an equation, J
=[n-11T/=n - . Within the superconducting phase transition region,
the critical current density varies with T and the variation of the superfluid
phase stiffness with T affects strongly the variation. In Figure we
have shown the variations of Jy(T") for all samples. The superfluid density
varies nonlinearly with 7" for all x values. The nonlinear variation of J; has
been observed in several other superconducting systems [51]]. It will also be
very interesting to compare J; extracted by different methods. By using the
mutual inductance technique (two-coil method), the real part of the voltage
in the pick-up coil for the thin films of the overdoped cuprates is measured.
A precision in the measurement of the London penetration depth is possible

which is used for the determination of the SPS in two-coil methods [[T} [TT]].
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Figure 5.3.12: Variation of superfluid stiffness (J5) with the temperature ex-
tracted by using the AHNS formula for x = 0.0, 2.5, 5.0, 7.5 and 10.0. In the
inset, there 1s a constant Jy over a wide range of T for all samples with x =
0.0, 2.5, 5.0, 7.5 and 10.0 with a shaded region

In the IV method, the determination of the London penetration depth is not
required and SPS can be extracted. SPS extracted by both methods reveals
similar nonlinear behavior (J4(7)) in different sample geometries. In the inset
of Figure |5.3.12, we have shown J; as a function of 7' /T, which reveals that
Js 1s most sensitive to the lower concentration of BZO. However, the sensi-
tivity gets reduced above x = 5.0. We have also observed a region shaded in
the inset of Figure [5.3.12) in which there is constant J; over a wide range of

T for different samples. It indicates that within a wide range of temperatures,

there is a possibility to control the superfluid density in the presence of higher
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concentration of BZO. Therefore, the presence of the BZO in the intergranu-
lar region may be responsible for affecting the superfluid density strongly in
addition to the change in the pinning force density B3.

The variations of 7. and J; are not exactly having similar origins. So
far, the SPS is concerned the phase gradient between two Cooper pairs mat-
ter whereas 7T is related with the onset of the pairing formation interactions.
There is no direct experimental evidence on how the minimum oxygen in-
homogeneity will affect the SPS. Dependence of SPS on weak oxygen inho-
mogeneity may be possible because it affects the pairing mechanism and 7.
In addition, adding BZO microparticles in the intergranular region of simi-
lar YBCO used for mixing BZO will dominate over weak intrinsic oxygen
inhomogeneity from grain to grain. The variation of SPS from S7 to S10
is mostly controlled by the granular network including BZO microparticles.
The change in the superfluid density (o< J5) in YBCO + BZO (S7 — S10) with
respect to that of the YBCO (S6) is affected by the modified Josephson re-
gion consisting of the intergranular network. Actually, the phase separation
between any two grains gets affected by the modified intergranular networks
and, therefore, the superfluid phase stiffness and hence the superfluid density
change drastically. Any change in the superfluid density affects the critical
current density (both J.(T) and J.(T)) in superconducting systems. There-
fore, we attribute that the change in the critical current density in mixed sys-
tems can be attributed mostly to the change in the superfluid density through
the Josephson region like intergranular networks consisting of even micropar-

ticles.
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5.4 Summary

Using IV characteristics of superconducting systems consisting of YBCO
and microparticles of BZO has been used successfully to extract the super-
fluid phase stiffness and critical current density. Controlling the SPS is ob-
served by the microparticle residing in the Josephson junction-like intergran-
ular regions. The addition of BZO microparticles in the intergranular region
in YBCO superconductors affects the transport properties drastically in ad-
dition to the reduction in grain size. The variations of the critical current
density with 7" are governed by the intergranular region as a result of the
change in the superfluid density. There is a complex relation between the
randomly controlled superfluid density and the temperature variation of the

critical current densities.
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Chapter 6

Insulating nanoparticle induced pinning
in YBCO superconductor: crossover
from collective to strong pinning regimes

6.1 Introduction

Controlling of vortices is possible both (i) from the granular region as well as
(i1) from the intergranular region of the bulk superconductors. Technological
aspects of the application of the superconductors at higher magnetic fields
suggest that it is very important to control collective pinning and hence the
motion of vortices from the remote positions, such as the inter-granular re-
gions [[I]]. Improving critical current density by nanoparticles is an important
area of research in the presence of Abrikosov vortices [2}, B]l. There are sev-
eral aspects of the pinning of vortices in superconductors by particles which
generally act as pinning centers from outside the grains in bulk samples. In
granular samples, microstructure affects nature and strength of pinning [4]].

The collective pinning (CP) theory of Larkin and Ovchinnikov (LO) explains
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how in-field critical current density in superconductors can be controlled by
adjusting several features including the number density of the pinning cen-
ters [B]]. Tuning size of pinning particles to enhance the pinning strength and
current density has been studied thoroughly [[6]]. It will be also important to
understand how the distribution and number density of insulating nanopar-
ticles in the inter-granular region of the bulk YBCO superconductor affects
the pinning scenarios of line vortices and other related properties. Several
insulating inclusions in YBCO have been studied to enhance pinning [[7} [§]l.
However, the enhancement of the magnetic critical current density is not uni-
versal. The optimization of T, H and the density of inclusions are very crucial
and need more in-depth studies to maximize critical current density [[9} [T0]].
We have studied transport critical current density as a function of temper-
ature using current-voltage (IV') characteristics of several composite systems
consisting of nanoparticles of BTO and YBCO superconductors. Granular
natures of composite samples have been used to extract two different types of
transport critical current densities (J. and J.g). Impacts of BTO nanoparticles
in variations of J, and J.g have been studied. Magnetization (M) of (1) the
pure YBCO and (ii) a composite system consisting of YBCO and 4.0% BTO
have been studied to extract magnetic critical current density, J.,,, as a func-
tion of H at several temperatures below the critical temperature, 7.. Possible
shifting of irreversibility (H-T') line has also been studied. We have studied
the possible scenario of the collective pinning (CP) at the intermediate range
of the field and it is shifting with the inclusion of BTO particles. Role of the
temperature-dependent density of the pinning centers (n,,) within the frame-

work of the LO theory for limited CP has been discussed. We have analyzed
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Jem (H) using an exponent to explore possible crossover to the strong pinning
(SP) regime in the intermediate range of the field in both the pure and BTO
nanoparticles added YBCO.

6.2 Experimental

Synthesis of bulk YBay,CuzO;_s(YBCO) superconducting samples has been
carried out following the standard solid state reaction method -[13]. Sin-
tering of YBCO (x = 0.0) (S11) between 925 °C and 950 °C with two inter-
mediate grindings are done before adding nanoparticles of BaTiOz (BTO).
The maximum size of the added nanoparticles of the BTO is ~ 100 nm.
We have mixed four weight percentages, x = 2.0% (S12), 4.0% (S13), 8.0%
(S14) and 16.0% (S15) of BTO with respect to the weight of the pure YBCO
powder. Pressing composite powder of YBCO-BTO in the form of pellets
the last sintering is done at 930 °C for 48 hours. Annealing of the pure and
mixed samples has been carried out at 450 °C using uniform oxygen flow
rate for a duration of 50 hours. Scanning electron microscope is for observ-
ing granular nature. Typical dimensions of the samples used for the transport
measurements are 6.1 mmx 2.5 mmx 0.7 mm. Resistivity as a function of
temperature has been measured using the standard four-probe method with
the help of a cryogenerator (Janis, USA) [[14}, [I§]. At several temperatures,
IV measurements have been carried out below 7.. The range of the current
used for IV measurements is 100.0 nA through 5.0 mA. Magnetization (M)
as a function of magnetic field (H) has been measured at several temperatures

below T in the field range O - 7.0 T using 7.0 T VSM (Cryogenics, USA).
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6.3 Results and Discussions

We have shown the representative micrographs of the pure and BTO-mixed
YBCO samples in Figure [6.3.1, Using the ImageJ software, we have ex-
tracted the average grain size (D) and variance (0p), as shown in Figure
[6.3.1 We have considered several micrographs at different positions and
magnifications for averaging the size of grains of each sample. The average
size of grains in YBCO (S11) is observed to be 1.614+1.1 um. Average size
of grain changes weakly with the increase in x. D is found to be maximum
2.05£1.1 ym in S13 (x = 4.0). However, D is found to be 1.75+0.88 um
in S15 having the highest concentration (x = 16.0) of BTO. Therefore, no
systematic increasing trend is observed in composite samples. Distribution
of the inter-granular networks as revealed in SEM is random in all samples
[16]l. The granularity in the pure YBCO remains almost unchanged even after
the increase in x. Even though insulating BTO particles with the maximum
size of ~ 100 nm have been mixed with the same bulk YBCO powder, no
significant detection of insulating BTO particles has been possible in SEM
most probably because of low density and insulating nature [[I7].

In Figure [6.3.2] we have shown the variation of the resistivity, p as a
function of T'. With the increase in x, p (300.0 K) increases with respect to p
(300.0 K) of the pure YBCO. However, the maximum p (300.0 K) = 9.8 mQ-
cm is observed for x = 16.0. Therefore, insulating BTO nanoparticles added
in the inter-granular region are not effective enough to transform the same
into an insulator in nature. The inter-granular region of YBCO with BTO

nanoparticles contributes a resistivity ~ 2 to 8 mQ-cm depending on x and
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Figure 6.3.1: Scanning electron micrographs (SEM) of the pure YBCO (S11)
and four composite systems consisting of YBCO and BTO (S12, S13, S14
and S15). Inside each panel, the average grain size and respective standard

deviation are given.
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Figure 6.3.2: Resistivity as a function of T for the pure YBCO (S11) and four
composite systems consisting of YBCO and BTO (S12, S13, S14 and S15)
the normal state becomes a transformed metallic state with higher resistivity.
A non-monotonic increase in the resistivity with the addition of iron-based
oxide nanoparticles is also observed in several other hybrid systems [[I8}[19]].
In Figure we have shown dp /dT as a function of T corresponding
tox=0.0, 2.0, 4.0, 8.0 and 16.0, respectively. The onset critical temperatures
(T) are found to be 90.0 K, 89.0 K, 87.0 K, 91.5 K and 90.0 K corresponding
to x = 0.0, 2.0, 4.0, 8.0 and 16.0, respectively. The peak dp /dT (T) is found
to be relatively broadened in BTO mixed YBCO composites (S12 - S15)
in comparison with that of the pure sample (S11). Multiple peaks have been

observed for S12 and S13 composite samples. Widths of phase transitions [T,
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Figure 6.3.3: Plots of dp /dT versus T for S11 - S15. Onset critical temper-
atures (7;) are shown by an arrow in each panel.

-T. (p ~0)] are found tobe 7.6 K, 14.0 K, 22.0 K, 14.0 K and 13.7 K for S11,
S12, S13, S14 and S15, respectively. Here, 7. is onset of superconducting
transition and 7;. (p ~ 0) is the temperature at which a superconducting state
with p ~ 0 1is attained. It reveals how the phase transition region gets strongly
affected in composite samples. Inter-granular BTO affects the tunnelling of
Cooper pairs between grains and hence associated changes are reflected in
the broadening. A weak change in the onset 7, and broadened peak indicate
that BTO nanoparticles reside in the inter-granular region without affecting
the onset of the superconducting pair formation strongly even for the highest
x [20].

Current-voltage (V') characteristics within a range of 7. > T > T, (~ 0)
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Figure 6.3.4: Current—voltage (IV') characteristics below critical temperature
at zero magnetic field. In the inset, we have shown a typical IV curve and
extraction procedure of /., critical current

for all the samples are shown in Figure [6.3.4] - [6.3.8] We have shown IV

characteristics of the pure YBCO (x = 0) below 7, in Figure [6.3.4] Even at
the lowest temperature of 7' = 83.4 K as shown in the inset of Figure [6.3.4]
IV is found to be linear. In Figure [6.3.5] we have shown IV characteristics
of S12 with x = 2.0 in the range of 7 = 77.6 - 90.0 K. In Figure [6.3.6]
we have shown IV characteristics of S13 within the range of 7 = 65.0 K
through 87.0 K. IV curves of S14 with x = 8.0 are plotted in Figure [6.3.7]
in the range of 79.0 K through 90.0 K. The sample with the highest BTO
concentration of x = 16.0 exhibits a linear behavior of IV in the range of

79.0 K through 90.0 K, as shown in Figure [6.3.8] Using the criterion E =
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Figure 6.3.5: Current—voltage (IV') characteristics below critical temperature
at zero magnetic field. In the inset, we have shown a typical IV curve and
extraction procedure of /., critical current

0.01 mV/cm, we have extracted the transport critical current (/) as a function

of T near T for all samples [21}, 22]]. Using an average area of an individual

grain we have extracted granular critical current density, J.g, and the total

current density, J., has been obtained using the area of cross section of the

sample. The granular critical current densities as a function of 7" are shown

in Figure[6.3.9] In the inset J.(T')s are also shown. Impact of BTO particles

are observed in both J. and J.g, even though BTO nanoparticles are present

in the inter-granular networks. Transport critical current density near 7¢ is,

therefore, changed because of the change of the superfluid density as revealed
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Figure 6.3.6: Current—voltage (/V') characteristics below critical temperature
at zero magnetic field. In the inset, we have shown a typical IV curve and
extraction procedure of /., critical current

by the nonlinear nature of the IV [23] 24]].

We have selected (1) pure YBCO and (i1) a composite system consisting

of YBCO and 4.0% BTO as a representative to make a rigorous study on

the effect of inclusion of BTO in the intergranular region of the pure YBCO.

In Figure [6.3.10, we have shown magnetization (M) as a function of the

applied magnetic field (H) at several temperatures, T = 2.0 K, 4.2 K, 7.5

K, 10.0 K, 20.0 K, 30.0 K, 40.0 K, 50.0 K, 60.0 K, 65.0 K, 70.0 K, 80.0

K and 85.0 K for the pure YBCO. In the inset of Figure [6.3.10] magnified

M(H) for 60.0 K, 65.0 K, 70.0 K, 80.0 K and 85.0 K have also been shown.
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Figure 6.3.7: Current—voltage (/V') characteristics below critical temperature
at zero magnetic field. In the inset, we have shown a typical IV curve and
extraction procedure of /., critical current

M(H) curves are shown up to a maximum magnetic field of 7.0 T and two
different branches represent M+ and M — corresponding to the increasing
field 0 to +7.0 T and +7.0 T to 0O, respectively. In Figure [6.3.11 we have
shown irreversible magnetization, AM = M — - M+ as a function of H for the
same set of 7 [25]]. Magnetic critical current density, J.,,,, has been extracted
using AM (H) with the help of the lateral dimension of bar-shaped YBCO
sample [26]]. We have shown J.,, (H) of YBCO in Figure [6.3.12] using the
log-log scale. The highest J.,, is 1.9x 10° A/cm? at T = 2.0 K and H =

0.158 T. With the increase in H the decrease in J.,, varies widely at different
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ranges of T' [27].
In Figure[6.3.13] we have shown M(H) of composite consisting of 4.0%

BTO and YBCO at several temperatures. The maximum M at 2.0 K is found
to be highly reduced to ~ 20.98 emu/cm? in comparison with that of the pure
YBCO which is ~ 41.74 emu/cm>. Random orientations of moments of BTO
nanoparticles are responsible for huge reduction of the M in S13 sample.
It will be interesting to mention that an increase in M is observed in iron-
based oxide mixed YBCO superconductors at low-7 regime [2§]]. Following

a similar approach we have extracted AM (H), as shown in Figure [6.3.14]
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Figure 6.3.9: Variations of J.g as a function of 7. In the inset, J.(T') of all
samples are shown.
which reveals suppression in AM at all T as a result of the addition of BTO
in YBCO. In Figure [6.3.15] we have shown J., (H) of the composite of
4.0% BTO and YBCO in the log-log scale. We observed that a maximum
Jom (T =2.0K, H=0.138 T) = 0.96x 10° A/cm?. Clearly, J,,, has decreased
strongly at 2.0 K and all other higher temperatures. Insulating nanoparticles
of BTO are, therefore, not strong pinning centers in YBCO. Rather inter-
granular insulating particles of size < 100 nm may even weaken efficient
pinning in several composite systems [[6, 29}, 30].

We have extracted the irreversibility field, H;,, obtained using a criterion

of the lowest field at which, AM ~ 0 emu/cm? || . In Figure|6.3.16, we have
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Figure 6.3.10: Magnetization (M) as a function of H of the pure YBCO (S11)
at several temperatures. Inset shows few magnified M(H) for 60.0 K, 65.0 K,
70.0 K, 80.0 K and 85.0 K.

shown nonlinear H;,. (T') phase diagrams for both samples S11 and S13. At
T = 60.0 K, we have observed that H;,- = 5.33 T and 2.28 T corresponding
to S11 and S13, respectively. It reveals that H;,, is strongly reduced by the
addition of the BTO nanoparticles. Therefore, additional pinning centers in-
duced by insulating nanoparticles in the inter-granular network of YBCO are
opposing the expansion of the applicability of YBCO strongly. Optimizing
the action of the pinning landscape associated with the added nanoparticles
by distribution in higher T is also very important in addition to the size of
the individual pinning particles. At a combination of intermediate 7" and in-

termediate H, a larger density of nanoparticles is known to be optimized for
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Figure 6.3.11: Irreversible magnetizations, AM, as a function of H for several
T of S11.

getting enhanced pinning in YBCO [32].
The pinning force density, F}, = |J.,H| of both S11 and S13 samples are
plotted in Figure [6.3.17] - 6.3.18] respectively. With the increase in H, F),

increases nonlinearly at all 7. The growth of F),, with H is highly affected
by the inclusions of BTO. Interestingly, even though the number of inter-
granular pinning centers increases by the inclusion of BTO nanoparticles, the
pinning force density decreases by an order of magnitude. The highest pin-
ning force densities have been observed to be (1) F, (2.0K, 6.6 T) ~ 3. 16x10°
N/m> and 1.45x10° N/m? for the pure and composite systems, respectively

[33]l. It will be interesting to mention that in YBCO thin film the maximum
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Figure 6.3.12: Magnetic critical current density, J,,,, as a function of H in the
log-log scale of S11 at several T as shown in the figure.

observed F, (77.0 K, 2.0 T) is ~ 21.0x 10° N/m? [34].

In Figure we have shown J,,;, as a function of H 12 forT=2.0 K,
4.2 K, 7.5 K and 10.0 K for both the (i) pure YBCO and (ii) BTO added
YBCO . In the intermediate range of field linear behavior of J,, (H -1/ 2)
has been observed for both samples. A linear behavior in J,,,, (H -1/ 2) reveals
how inter-vortex separation affects vortex pinning at a particular 7. However,
as shown by an arrow in J,,, (H™ 1/2) there is a deviation from the linearity and
saturation becomes visible at the lower range of H. As the field is increased
the change in slope in J.,, (H —1/2) is also visible. Therefore, a particular
mechanism of pinning scenario in the intermediate field range persists even

in the sample with BTO nanoparticles. The insulating BTO nanoparticles
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Figure 6.3.13: Magnetization (M) as a function of H of the composite sample
S13 at several temperatures.
affect collective pinning strength in such a way that J,,,, decreases.

Almost a constant J.,, with H ~1/2 becomes more prominent in the BTO

added YBCO sample. In Figure @, we have also shown J,,, (H~1/?) at
50.0 K, 60.0 K, 65.0 K and 70.0 K for both samples. A crossover between
two different pinning regimes is found to be induced by the insulating BTO
nanoparticles. Irradiation induced pinning centers are known to be effective
in crossover between collective to single vortex pinning in cuprate supercon-
ductors [36]]. In the pure YBCO single crystal, crossovers between different
collective pinning regions have been observed [37]]. Inter-vortex separation
in such crossovers plays a crucial role. In the inset of Figure [6.3.16] we have

shown possible crossover fields, H,,, as a function of 7" for both samples. We
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Figure 6.3.14: Irreversible magnetizations, AM, as a function of H for several
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~
o

found that there is a lower H at which inter-vortex spacing, ag o< H —1/2 ip-
duced change in the pinning mechanism is possible in presence of other con-
stant factors controlling vortex dissipation. A nearly constant J,,, at lower H
and all 7 may reflect that single vortex pinning regime is narrow in the pure
YBCO. In presence of higher thermal fluctuations, crossover in vortex pin-
ning also becomes more prominent in presence of the BTO nanoparticles. In
addition, additional insulating BTO nanoparticles may extend lower field pin-
ning mechanisms []3;2[| However, since inter-vortex separation is one of the
crucial factors in analyzing any crossover between pinning mechanisms, we

need to understand the exact nature of the pinning in a particular combination
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Figure 6.3.15: Magnetic critical current density, J,,,, as a function of H in the
log-log scale at several T of S13.

of T', H and pinning landscapes.

We have made an attempt to understand how pinning scenarios as a result
of the presence of randomly distributed BTO nanoparticles in YBCO may
act. Within the framework of one of the collective pinning regimes, J.,, = A
expl-(m/n,)H 131, where A and m are two constants . ny is the density of
pinning centers. In Figure[6.3.21]-[6.3.22] we have plotted In(J.,;,) as a func-

tion of H3/2. There are at least two regions (in H) in which a linear fitting can
be used to extract the slope of the variation m/n, at different temperatures.
At T = 2.0 K, a linear variation in In(J,,) versus H>/2 plot is observed up
to ~ 1.2 T and the range is sensitive to T. The slope of the linear variation

is roughly related to the density pinning centers, n,. In Figure [6.3.23] we
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Figure 6.3.16: Irreversibility field-temperature, H;.(T), phase diagram of
S11 and S13. In the inset, possible crossover fields, H., (T'), based on J,
versus H—1/2 plots for S11 and S13 samples

have shown m/n, with T for S11 and S13. With the increase in T' decrease
in n, is observed assuming m is independent of T for both samples. How-
ever, above T ~ 30.0 K, the densities of pinning centers are found to be very
different. Therefore, in a limited intermediate range of H, pinning centers
induced by BTO nanoparticles affect collective pinning strongly. However,
with the increase in 7' a noticeable change in the collective pinning mecha-
nism has been observed in both (S11 and S13) samples. In addition, it will
be interesting to mention that following a crossover as revealed by the vari-

1/2

ation of intervortex separation (J.,, versus H~'/“ plots) does not match with
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the crossover suggested in variation of In(J.,;) versus H 32 At 2.0 K, H.,
= (0.22 T whereas crossover from the limited collective pinning occurs at ~
1.20 T. With increase in 7 the crossover is found to be sensitive, as revealed

in Figure [6.3.21] - [6.3.22] Therefore, a continuous change in the collective

pinning mechanism with the selection of the range of the field is visible in
both samples [39].

Possibility of the crossover between collective pinning and strong pinning
has been investigated by assuming a relation, J.,, << H~% [8,[40]]. In Figure
16.3.24]-[6.3.25] we have plotted In(J,,,;) as a function of In(H) at several T for

both S11 and S13, respectively. Assuming In(J,;) versus In(H) in an inter-
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mediate range of H as linear we have extracted an exponent ¢ as a function of
T. In Figure [6.3.26] we have shown o (T') for both samples. Clearly global
variation of o (7') is almost similar in both samples. However, we observed
that o = 5/8 in the range of 20.0 - 60.0 K [8]]. A variation of exponent re-
veals that crossover to strong pinning is observed in both samples [41]]. Even
though change in the density of pinning centers (n,) in BTO nanoparticle
added YBCO has been observed, it may not be sufficiently effective in af-
fecting the crossover from the limited collective pinning to a strong pinning
regime. Moreover, a higher exponent of ~ 1.2 has also been observed re-
flecting another regime of strong pinning [42]]. We have already attempted to

find out a region in which collective pinning may be a possible scenario. It
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Figure 6.3.25: In(J.,,) versus In(H) with a linear fitting in the intermediate
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will also be important to understand the applicability of the LO theory of col-
lective pinning in both S11 and S13 samples with higher number of pinning
centers [5]]. Actually, we have not observed any complete peak effect (near
the upper critical field, H.,) except a broadened J,,, (H) at few intermediate
temperatures. Following the dependence of J., on the magnetic field, we
have observed that there is a signature of a broadened peak below the upper
critical field at 20.0 K and few other intermediate temperatures for both S11
and S13. It reveals that our results are comparable with the LO theory for
collective pinning in the intermediate temperatures. For the lower tempera-

ture (for T = 2.0 K) the upper critical field is higher than the highest applied
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Figure 6.3.26: Variation of &(T') for both samples (S11 and S13). The shaded
region is related to the strong pinning region with slope of -5/8

magnetic field of measurements, 7.0 T. In addition, following the dependence
of pinning force, F},, on H we have also observed a dome-shaped dependence
in the intermediate range of H at around 20.0 K for both S11 and S13. The
broadened nature peak (dome) of F,(H) reconfirms that the LO theory of the
collective pinning is applicable for both the pure and composite samples with

enhanced number of pinning centers.
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6.4 Summary

BTO nanoparticles affect transport and magnetic critical current density in
YBCO strongly. Insulating BTO reduces magnetic critical current density
in order of magnitude. Following the LO collective pinning theory, field
dependence of the J.,, reveals that density of BTO nanoparticles are more
effective at lower T. A crossover from the LO collective pinning to strong
pinning has been observed in both the pure YBCO and BTO included YBCO
samples revealed by similar dependence of the exponent o with 7. Even
though nanoparticles of insulating BTO suppress both irreversibility line and
critical current density, a fraction of the pinning centers becomes effective as
a result of which crossover from collective pinning to strong pinning regimes

becomes visible.
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Chapter 7

Transport critical current density in com-
posite system of NdBa,Cu3;0,_s and Sn
nanoparticles

7.1 Introduction

Enhancing the pinning of vortices in high temperature superconductors
(HTS) is possible by inclusion of artificial pinning centers (APC) [}, 2]]. In-
clusion of nanoparticles in the intergranular region of polycrystalline HTS
has shown substantial change in the flux pinning mechanisms. Generally
vortex pinning becomes the most effective while the size of these nanopar-
ticles matches with the size of the coherence length. No universal size and
concentrations of the added nanoparticles is known which may help in opti-
mizing the critical current density (J.) in a particular HTS. Even though the
pinning strength is sufficiently high in HTS, it varies widely depending on the
effective pinning strengths. As a result of the inclusion of nanoparticles both

increase and decrease in J. have been observed in several forms of HTS [[3] -
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[7]. Moreover, both the size and concentration of the pinning centers affects
the nature of the vortex pinning . NdBa;CuzO;_g5 (NBCO) 1s such a HTS
in which the critical current density is high due to the intrinsic point pinning
centers [[9]]. It is not clear how the addition of the nanoparticles in such a HTS
will affect the pinning properties and hence transport J..

We report transport properties of (i) the pure NdBa,Cu3zO-_g5 (NBCO)
and (i1) several composite systems consisting of Sn nanoparticles and NBCO.
Four different concentrations (x) of Sn nanoparticles have been used. We
have studied nonlinear nature of /V by an exponent 1(7). IV characteristics
have also been used to extract transport critical current density (J.). An elec-
tric field (E£) based criterion has been used to extract J.. An exponential form
of the J.(T') applicable for the weak pinning limit has been compared with
our experimental J.(7T'). The impact of the nanoparticles on bulk NBCO has
been studied. Usefulness of the intergranular Sn nanoparticles to change the

J. in NBCO has also been discussed.

7.2 Experimental

We have synthesized bulk NdBa;CuzO,_5 (NBCO) superconductors by us-
ing the solid state reaction method [[10}, [I1]. The sintering temperature re-
mains in the range between 925 to 950 °C. The Sn nanopowder has been
mixed to the pure NBCO (S16) before the last sintering to obtain NBCO-
Sn composite superconductors. We have used x = 0.5% (S17),1.0% (S18),
1.5% (S19) and 2.0% (S20) of Sn as weight % of pure NBCO. Annealing

of the pure and mixed samples is carried out at 450 °C using uniform oxy-
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gen flow rate for a longer time of 50 hours. Characterization of samples has
been performed by using X-ray diffraction (XRD) and scanning electron mi-
crographs (SEM). XRD patterns have been obtained by using a Bruker D8
X-ray Diffractometer with CuKy (A = 1.5418 A) source. We have cut bar-
shaped samples for all the transport measurements. Typical dimensions of
the samples are 5.9 mmx2.6 mmx0.6 mm. Resistivity (p) as a function of T’
has been measured by using the standard four-probe method with the help of
a cryogenerator (Janis, USA). At several constant 7', IV measurements have

been carried out below 7;.. The range of the current used for /V measurements

is 100.0 nA through 5.0 mA [[12]- [14].

7.3 Results and Discussions

Five representative micrographs of the pure and Sn-mixed NBCO have been
shown in Figure [7.3.1] Using the ImageJ software program we have ex-
tracted the average size of grains (D) and variance (6p). A weak decreasing
trend of the average size of grains has been observed with the increasing x.
As x 1is increased the intergranular regions become affected as revealed in
micrographs. XRD patterns have been shown in Figure In the figure,
hkl corresponding to the NBCO (S16) are identified. In S17 - S20 composite
samples we have not observed any peak corresponding to the tin oxides. For
the S20 sample, an extra peak corresponding to the 3 — Sn are marked as +
sign [[I5]]. However, there may be some oxide of Sn even if the density of the
Sn nanoparticles used are very low and the excess oxygen content of NBCO

may have higher exposure to diffused oxygen (during the sintering process)
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Figure 7.3.1: Representative scanning electron micrographs (SEMs) of the
samples with x = 0.0, 0.5, 1.0, 1.5 and 2.0.
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Figure 7.3.2: X-ray diffraction (XRD) pattern of the samples with x = 0.0,
0.5, 1.0, 1.5 and 2.0. Peak corresponding to the 8 — Sn are marked as + sign.
in the intergranular regions. Following the XRD patterns, it is reasonable
to assert that the intergranular regions of composite (S17 - S20) are having
mostly Sn nanoparticles.

In Figure we have shown the resistivity (p) as a function of tem-
perature (7). In the normal state, the p (7)) of the pure NBCO exhibits a
downward curvature followed by an upturn with the decreasing 7'. It indi-
cates an electron-electron scattering and the presence of the variable range
hopping (VRH) conduction mechanism prior to the superconducting state
[16]. The sample S19 (x = 1.5) shows the highest p (300.0 K) whereas the
lowest p (300.0 K) is observed in S17 (x = 0.5). With the increase in x, the re-
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Figure 7.3.3: Resistivity (p) as a function of the temperature 7' of pure (x =
0.0) NBCO superconductor and Sn-mixed NBCO with x = 0.5, 1.0, 1.5 and

2.0.
sistivity mostly increases in the normal state for the highest concentration of
Sn. In addition, the upturn becomes more prominent in the sample with the

highest concentration. However, in all composite samples superconducting

transitions are very prominent.
In Figure we have shown dp/dT as a function of T for all the

samples. The onset of superconducting transition temperature, 7. has been

shown in Figure T. of the pure (x = 0.0) NBCO (S16) is found to
be 59.8 K. For S17 (x = 0.5) and S18 (x = 1.0) samples 7;.’s are 61.0 K

and 64.1 K respectively which are slightly higher compared to the pure one
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Figure 7.3.4: Variations of dp /dT as a function of T of NBCO with x = 0.0,
0.5, 1.0, 1.5 and 2.0. T, have been shown by an arrow.
For S19 (x = 1.5) and S20 (x = 2.0) samples, 7.s are found to be 54.0 K
and 46.3 K respectively. T, (p = 0) are found to be 33.8 K, 35.6 K, 35.6 K,
26.9 K and 26.3 K corresponding to x = 0.0, 0.5, 1.0, 1.5 and 2.0 respectively.
Clearly the phase transition region gets strongly affected by Sn nanoparticles.
Even though the origin of the superconducting pairs are within the grains of
NBCO, inter-granular Sn particles strongly affect the tunnelling of Cooper
pairs between neighbouring grains.
Current-voltage (IV) characteristics at several T below 7. have been

shown in the Figure [7.3.5 - [7.3.9] for all five samples. Electric field (E) and

current density (J) corresponding to voltage drop, V and applied current /
respectively are also shown for each sample. In Figure we have shown
IV in the range of 7' = 54.0 K through 36.0 K for NBCO (x = 0.0). In the
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Figure 7.3.5: Current-voltage characteristics (/V) of the sample with x =
0.0 at several temperatures below critical temperature. In the inset we have
shown a representative lowest temperature /V together with the extraction
criterion

inset of Figure a representative /V measured at 7 = 37.0 K is shown to
understand the nature of nonlinearity. As the T increases nonlinear curvature
is reduced and at 46.0 K it becomes linear. In Figure IV character-
istics in the range of 61.0 K to 41.0 K corresponding to the sample with x
= 0.5 are shown. In the inset of Figure [7.3.6] a nonlinear IV curve at T =
43.0 K is shown. In Figure we have shown IV curves of the sample
with x = 1.0 in the range of 63.0 K to 38.0 K. Inset shows IV at 38.0 K. IV

plot for the sample with x = 1.5 have been shown in the temperature range

of 52.0 K - 32.0 K in Figure and inset shows the IV curve at 32.0 K.
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Figure 7.3.6: Current-voltage characteristics (/V) of the sample with x =
0.5 at several temperatures below critical temperature. In the inset we have
shown a representative lowest temperature IV together with the extraction
criterion

For the sample having the highest concentration of Sn, x = 2.0, we have also
shown IV characteristics in Figure[7.3.9)in the range 45.0 K through 29.0 K.
Inset shows the IV for T = 29.0 K. The nonlinear nature observed in NBCO
is highly affected by the inclusion of the Sn nanoparticles. Different ranges
of T have been found in which the nonlinear character of /V exists. No non-
linear nature of IV has been observed as a result of the granularity because
we have no nonlinear IV above 7.. Nonlinear features are observed earlier

in several single crystals of YBCO [[17]], thin films [[I§] and bulk polycrys-

talline HTS [[19} 20]l. The nonlinear nature arises because of the presence of
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Figure 7.3.7: Current-voltage characteristics (IV) of the sample with x =
1.0 at several temperatures below critical temperature. In the inset we have
shown a representative lowest temperature /V together with the extraction

criterion

the bound pairs of vortex-antivortex as described within the framework of the

BKT phase transition [21] - 23]].

The nonlinear behaviour of IV characteristics for the pure and composite

samples has been studied using an equation in the form V = al™ 25].

Here 1 is an exponent related to nonlinear behaviour of /V in the framework

of the BKT phase transition. At several T around the phase transition, we

have extracted 1 [26]. In Figure [7.3.10] we have shown the variation of n

as a function of T for all the samples. 7 increases with the decrease in T
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Figure 7.3.8: Current-voltage characteristics (IV) of the sample with x =
1.5 at several temperatures below critical temperature. In the inset we have
shown a representative lowest temperature IV together with the extraction
criterion

below 45.0 K in NBCO. The highest value of 1 = 2.5 has been observed in
a pure sample. The BKT phase transition corresponds to a change in the
=1to3 I]i;gl] Therefore, we have observed an incomplete and broadened
BKT phase transition in NBCO [27]]. In the composite sample S17, the i) (T')
shows almost similar trend as is observed in S16. However, the maximum
n (T =43.7 K ) is found to be 1.3. For x = 1.0 (S18), we have observed
that 1 (T') exhibits a peak at 42.0 K followed by a minor dip at 7 = 40.0

K. This feature clearly arises due to the impact of Sn nanoparticles on the
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Figure 7.3.9: Current-voltage characteristics (/V) of the samples with x =
2.0 at several temperatures below critical temperature. In the inset we have
shown a representative lowest temperature /V together with the extraction
criterion

vortex-antivortex bound states. In another composite sample S19 a peak in 1)
(T) is also observed at 39.0 K. For the highest x = 2.0 (S20), an oscillating
nature in 1) (T) is observed. Absence of monotonic increase in 11 (7)) with
the decrease in T in composite samples is first time observed in presence of
Sn nanoparticles in NBCO. It indicates that intergranular nanoparticles affect
the nonlinear exponent randomly as a result of the random distribution of the

particles in the intergranular regions of NBCO.

We have extracted the transport critical current density, J., as a function
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Figure 7.3.10: Variations of exponent 17 with the temperature of the samples
with x = 0.0, 0.5 (in the inset), 1.0, 1.5 and 2.0.
of T by using the criterion £ = 0.01 mV/cm below T.. Variations of J.(T)
have been shown in Figure [7.3.11] The maximum J. is found to be 0.23
A/cm? at 36.3 K in NBCO. Inclusion of Sn nanoparticles does not change
the maximum J.(7) in comparison to the pure NBCO. However, the com-
posite samples exhibit maximum J, at lower 7. For example J, is maximum
at 28.0 K for the composite sample with the highest x = 2.0. However, no
systematic increase in J. as a result of the inclusion of nanoparticles of Sn
has been observed. Addition of Sn nanoparticles in the intergranular site may
act as artificial pinning centers [28, 29]]. Depending on the inclusion of addi-

tional pinning centers changes the pinning nature [30]]. Because we observe a
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Figure 7.3.11: Transport critical current density (J;) as a function of T for all
samples with x = 0, 0.5, 1.0, 1.5 and 2.0. In the inset, we have shown In(J,)
as a function of 7' together with weak pinning fitting scenario by solid line.
relatively lower J.(7') in the pure NBCO, we have made an attempt to check
whether the weak pinning nature changes as a result of the addition of Sn. We

have analyzed experimental J.(7') data using an exponential equation of the

form of JY*(T) = J*¥k (O)exp(——) We have shown two typical fittings in the

inset of Figure 7.3.11, The co-efficient J***(0) and a characteristic tempera-

ture, Ty has been extracted and shown in Figure [7.3.12/[31]. J**(0) shows

no increasing trend beyond x = 0.5 indicating that addition of Sn may not
be strong enough to overcome the intrinsic pinning strength of NBCO. How-
ever, 1y exhibits an increasing trend up to x = 1.5. Therefore, even though the

pinning energy scale (7p) increases with x, the effectiveness of the pinning
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Figure 7.3.12: Variation of J**(0) and Tj for all samples with x = 0.0, 0.5,
1.0, 1.5 and 2.0.
centers are not sufficient enough beyond x = 0.5. It is attributed to the limited
scope of the enhancement of transport J. by Sn nanoparticles. We also sug-
gest that reduction of size of the particles will be necessary to understand the

effectiveness of nanoparticles in enhancing J. in NBCO.

7.4 Summary and future directions

Polycrystalline NBCO superconductors exhibit nonlinear /V characteristics
below T.. Even though inclusion of Sn nanoparticles changes normal state
resistivity strongly changes in 7. remains very weak. The nature of variation
of the nonlinear exponent with 7" exhibits new features in composite sam-

ples. Transport critical current density extracted from /V curves reveals that
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the pinning mechanism is very sensitive to the inclusion of nanoparticles of
Sn. However, the maximum J. remains almost unchanged in the composite
system except for x = 0.5. Inclusions of nanoparticles change the weak pin-
ning nature of the bulk NBCO. Moreover a characteristic temperature (7))
increases with x upto x = 1.5.

Since the discovery of HTS an open question remains whether these su-
perconducting materials can be used to achieve a higher critical current den-
sity. Because of the very high intrinsic pinning in HTS, the critical current
density in pure HTS samples including YBCO is known to be very high [~90
MA/cm? at 5.0 K]. Cuprate HTS systems exhibit the highest J. in YBCO
thin film. It is also known that in the bulk HTS, J, is highly reduced even
in presence of vortex pinning by grain boundaries. Moreover, most of the
technological applications demand an extended version of the superconduct-
ing samples. For technological applications of HTS researchers are mostly
looking for reaching to an optimum condition by adjusting number density
and distribution of several types of pinning centers in HTS. We have adopted
our current results on critical current density in this context throughout the
present investigation. Systems we have studied are having different pinning
conditions which can be classified in two groups. The first group of samples
[S1 - S4, S6, S11 and S16] are related to controlling pinning from the lattice
sites whereas the second category of systems [SS, S7 - S10, S12 - S15 and
S17 - S20] are directed towards controlling pinning from the intergranular
networks. Overall in both cases we observed pinning centers may be effective
strongly. However, it is required to optimize the strength of pinning in both

cases. A reduction in J. in several cases even after attempting to optimize
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concentrations and distributions of added pinning centers will be an impor-
tant direction to understand how to improve effective pinning of line vortices.
Nevertheless, it will be important to mention that even though in bulk pure
and hybrid HTS systems, the total J. is much lower than that of the thin film
and single crystal of YBCO, the absolute value is really high and some of
these hybrid materials will be important for technological applications such
as generating high magnetic fields because of higher order of magnitude of
the characteristic magnetic fields including the upper critical field. However,
it will be necessary to tune the exact amount of inclusions in YBCO or other
cuprates for achieving the highest critical current density. More research in
this direction will be necessary in coming future years. Many other inclusions
having different pinning strengths are to be considered for HTS to pinpoint

the best possible combinations for technological applications.
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