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ABSTRACT

It has been approximately 40 years since the high-temperature
superconductor Bi-Pb-Sr-Ca-Cu-O (BPSCCO) was discovered. Both
theoretical and experimental studies on BPSCCO have been carried out to
investigate the mechanism as well as the applications of the material. Some
potential application areas on BPSCCO superconductors are the ability of
electric power transmission at the temperature region in the vicinity of liquid
nitrogen and under the applied fields. To address this scientific purpose, the so-
called flux pinning properties of BPSCCO superconductors are strongly
required to be improved.

The objective of this dissertation is to systematically investigate the
impact of pinning center additions on the enhancement of the critical current
density (J.) and the flux pinning mechanism in Bi;¢Pbg4Sr,Ca,CuzOio:s
polycrystalline superconductors synthesized using the conventional solid-state
reaction method. Types of nano-structured pinning centers with the increased
average size and different magnetic properties, including point-like defects,
non-magnetic, and  magnetic  nanoparticles, were added to
Bi; 6Pbg 4Sr,Ca,Cus0,0+5 superconductors to systematically study the resultant
changes in flux pinning properties of the fabricated samples. The pinning-
related parameters were also obtained by using the collective pinning and Dew-
Hughes models, those were the most important motivations in this work.

The results showed that the additions of nano-structured pinning centers
all provided clear J. enhancements while maintaining 7. above 77 K. In
comparison, the highest J. enhancement was obtained for the addition of the
magnetic nanoparticles. By using the collective pinning model, the dominant
pinning mechanism of all fabricated samples was found to be 6/ pinning. By

using the Dew-Hughes, the geometry of pinning centers was identified.

16



The 2-dimensional (2D) and 0-dimensional (0D) pinning were found to be
dominant in the pure and nano-structured pinning center added
Bi; 6Pbo4S1,Ca,Cus0;9+5 samples, respectively.

The additions of nano-structured pinning centers have been proved to
enhance J,. in Bi; ¢Pbg4Sr,Ca,CusO;9+5 polycrystalline superconductors. The
results might be used as solid evidences for expansions of potential studies in

power-related applications of high-temperature superconductors near future.
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Critical temperature T, [K]

CHAPTER 1: OVERVIEW
1.1. INTRODUCTION
1.1.1. History of Superconductivity

Superconductivity is a fascinating phenomenon that occurs when certain
materials are cooled below a certain critical temperature. At this temperature,
the materials can conduct electricity with zero resistance, which has the
potential to revolutionize a wide range of industries. This discovery has led to
many technological advancements, and scientists are still working to uncover

the secrets behind superconductivity.
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Figure 1.1. History of Superconductivity [83].

The discovery of superconductivity dates back to 1911 when Dutch
physicist Heike Kamerlingh Onnes was conducting experiments on the
properties of matter at extremely low temperatures. He found that when he

cooled mercury to a temperature of 4.2 K (-268.8 °C), it suddenly became a
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perfect conductor of electricity, with zero resistance. This marked the first time
that superconductivity had been observed, and it quickly sparked a flurry of
research in the field as summary in Figure 1.1 [37].

One of the most interesting aspects of superconductivity is that it is a
quantum mechanical phenomenon. At extremely low temperatures, electrons
in the material pair up and form what are known as Cooper pairs. These Cooper
pairs can move through the material without encountering any resistance,
which allows the material to conduct electricity with zero resistance. The exact
mechanism behind the formation of Cooper pairs is still not fully understood,
and scientists continue to study this phenomenon to gain a better understanding
of the physics behind superconductivity [9].

Superconductivity has many practical applications, particularly in the
field of electrical engineering. For example, superconducting wires can be used
to transmit electricity with zero resistance, which would significantly reduce
energy loss during transmission. This could lead to more efficient power grids
and lower energy costs for consumers. Superconducting magnets are also used
in a variety of applications, including MRI machines, particle accelerators, and
magnetic levitation trains.

One promising area of research is the development of high-temperature
superconductors (HTS), which have critical temperatures above the boiling
point of liquid nitrogen (-196 °C). These high-temperature superconductors are
easier to work with than traditional superconducting materials and could have
a wide range of practical applications [13].

Another promising area of research is the development of
superconducting materials that can carry high currents. Many superconducting
materials are limited in their current-carrying capacity, which makes them

impractical for certain applications. Scientists are working to develop new
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materials that can carry higher currents, which would make them more practical

for applications such as power transmission and energy storage [8,57,86,102].
In addition to these practical applications, superconductivity also has

important implications for our understanding of physics. The study of

superconductivity has led to many important discoveries in the field of

condensed matter physics, and it continues to be an active area of research for

scientists around the world.

1.1.2. Critical parameters of a superconductor

Temperature

T(B=0,]=0) transistion state

zZero resistance

Current Density

Magentic Field

Figure 1.2. Three states of conductivity in a superconductor: zero resistance
(inside the innermost surface), transition state (outer surface), and normal

conductance (beyond the outer surface) [84].

Superconductors exhibit a lack of electrical resistance and become
diamagnetic below a specific temperature before being disrupted by excess

external magnetic fields or applied currents. The three parameters that
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determine the different states of conductivity for a superconductor are
temperature, magnetic field, and current density. When the temperature,
magnetic field, and current are below certain critical points, the material is in
its superconducting state. In the transition state, the resistivity increases as the
temperature, magnetic field, and current density rise. Type I superconductors,
which are primarily made up of pure metals, have a sharp transition from
superconducting to normal states when subjected to an external magnetic field.
Type II superconductors, which are generally alloys and compounds, gradually
lose their superconducting properties when an external magnetic field is applied
[9]. The transition region between the superconducting and normal states is
known as the mixed state, and normal conductance is observed when the
resistivity is independent of the magnetic field and current density. Figure 1.2
provides a schematic representation of these different regions.

When any of the critical values for 7., B., or J. are exceeded, the
superconductivity of the material disappears. However, the surface of the zero-
resistance space is determined by the combination of these parameters. In
Figure 1.2, the white arrows indicate the critical current densities for a
temperature near 7. (e.g., 77 K) and a temperature close to absolute zero (e.g.,
10 K) in the absence of a magnetic field. For Bi,Sr,Ca;Cu,0+s thick films, the
J. value increases from 5000 A/cm? at 77 K and 0 T to 30,000 A/cm? at 10 K
[8,86]. The critical temperature 7, of Bi-2212 is 96 K. The mechanical
properties of HTS materials cause difficulties during the manufacturing of
conductors due to their brittleness and low flexural strength. Without support
from a ductile, high-strength matrix or substrate, they cannot be formed into
wires or tapes. If the manufacturing process requires temperatures above the
solidus temperature of the compounds, silver alloys are the only suitable matrix

materials.
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1.1.3. Superconductor classification

1.1.3.1. Type-I and type-II superconductors

1.1.3.1.1. Type-I superconductor

Type-1 superconductors are a class of materials that exhibit
superconductivity when cooled below a certain critical temperature. Type-I
superconductors have a single critical field and are characterized by their
complete expulsion of magnetic fields.

One of the defining characteristics of type-I superconductors is their
critical field, which is the maximum magnetic field that the material can tolerate
before it loses its superconducting properties. In type-I superconductors, this
critical field is relatively low, typically on the order of a few hundred gauss.
This means that these materials are only useful for applications that require
relatively weak magnetic fields [9].

Another important characteristic of type-I superconductors is their
ability to completely expel magnetic fields from their interior. This is known
as the Meissner effect, and it occurs when a superconducting material is placed
in a magnetic field. The magnetic field induces a circulating current in the
material, which generates an opposing magnetic field that cancels out the
external field. This results in a complete expulsion of the magnetic field from
the material's interior, which makes type-I superconductors useful for
applications such as levitation and magnetic shielding [9].

The Meissner effect is particularly useful for levitation applications, as
it allows superconducting materials to float in mid-air above a magnet. This 1s
because the magnetic field of the magnet induces a circulating current in the
superconductor, which generates an opposing magnetic field that cancels out
the magnetic field of the magnet. This creates a stable levitation effect, which

has applications in fields such as transportation and energy storage [60].
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While type-I superconductors have many useful properties, they also
have some limitations. One of the biggest limitations is their low critical field,
which limits their practical applications to those that require relatively weak
magnetic fields. Another limitation is their relatively low critical temperature,
which means that they must be cooled to extremely low temperatures to exhibit
superconductivity. This presents several engineering challenges, as cryogenic
cooling systems are complex and expensive to operate.

1.1.3.1.2. Type-II superconductor

Unlike type-I superconductors, which have a single critical field and
exhibit complete expulsion of magnetic fields, type-II superconductors have
multiple critical fields and exhibit a mixed state of superconductivity and

normal conductivity in the presence of a magnetic field.

Type I

Type Il

Normal

Normal

Mixture of
normal and
superconducting

9 Magnetic fleld
Magnetic field f?

o

Temperature Tc Temperaiure Tr.:

Figure 1.3. Phase diagram of Type-I and Type-II superconductors [84].

One of the defining characteristics of type-II superconductors is their
multiple critical fields. In these materials, there are two critical fields: the lower
critical field (B.;) and the upper critical field (B..) as described in Figure 1.3.
B is the point at which the material begins to transition from the

superconducting state to the mixed state, while B, 1s the maximum magnetic
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field that the material can tolerate before it completely loses its superconducting
properties [3,9,26].

In the mixed state, type-II superconductors exhibit a complex behavior
known as flux pinning. This occurs when magnetic flux lines become trapped
within the material's structure, creating regions of normal conductivity
surrounded by regions of superconductivity. These trapped flux lines can
become pinned in place by defects in the material's structure, creating a strong
resistance to changes in magnetic fields [3,9,26].

While type-II superconductors exhibit more complex behavior than type-
I superconductors, they also have some advantages. One of the biggest
advantages is their higher critical field, which allows them to tolerate much
stronger magnetic fields than type-I superconductors. This makes them useful
for applications such as magnetic resonance imaging and high-energy physics
experiments.

1.1.3.2. Low-T, and high-T, superconductor
1.1.3.2.1. Low-T, superconductor

It has been widely reported that electrons in a normal metal had the
relatively independent interactions with electrons or and with the lattice.
Interestingly, these interactions might become dependent under certain
conditions. The electrons might indirectly interact with each other via the
vibration of lattice called as phonon. Let us make an animation: as the first
electron passes through the lattice. Due to the Coulomb interaction, the positive
ions of the lattice would be attracted towards the passing electron. The
Coulomb attraction, however, was not strong enough to balance the ion
bonding, which led to the distortion of positively charged density: the density
of positive charges nearby the moving path of the electron would be increased.

Consequently, the group of positive charges would generate another Coulomb
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interaction to the second electron, attracting electron come to the lattice. By
this visualization, the electron potential has been the only factor acting on the
electrons, a gradient of which is provided by an electromotive force. As a result,
electrons would pass through a conductor without any resistance. A conductor
was then called a superconductor. This electron-electron attraction via phonon
has been called Cooper Pairing established in the Bardeen-Cooper-Schrieffer
theory [9].

The temperature at which the material reached the superconducting state
has been found to be absolutely critical for electron bonding. It was clearly
shown that the energy of ions of the lattice is required to be so low that the
valence electrons stay within their associated atoms, and the lattice vibration
was very slight. The requirement led to the fact that the temperature for that
energy state was less than 25 K. When it was compared to the temperature of
liquid helium (~ 4.2 K), the superconductors whose 7, of less than 25 K were
able to work, and were classified as low temperature superconductors (LTS).

1.1.3.2.2. High-T, superconductor

High-temperature superconductors (HTS) are a class of superconductors
with 7. at temperatures above the boiling point of liquid nitrogen. HTS was
first discovered in 1986 in a copper-oxide material known as La-Ba-Cu-O with
T, ~ 35 K, and since then, a variety of HTS materials have been discovered
[8,86]. This is in high contrast to traditional superconductors with lower 7, for
example, Pb (7, ~ 7.2 K), (PbT1 7, ~ 4.8 K), or NbN (7% ~ 16 K).

HTS are exhibited by a low critical field B,; that shows the maximum
field where the materials display Meissner effect. Between B.; and the upper
critical field B.,, a mixed phase with vortices, that is, normal regions of
cylindrical magnetic tubes containing a magnetic flux quantum @, = #/2e, is

formed that order into a hexagonal lattice to minimize interactions. These two
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critical fields are determined by two fundamental Ilengths of the
superconducting state, the penetration depth (4) and the coherence length (&),
in the following way: uoH.; = ®@y/21A* and upH,, = @p/2n&?. HTS are extreme
type-II superconductors, that is, the ratio x = 4/¢ is very high [14].

Major application researches of HTS have been focused on YBa,Cu30».
s (YBCO) with 7. ~ 92 K, Bi,Sr,Ca;CuyOs+5 (Bi-2212) with T; of ~ 85 K, and
Bi,S1,CayCusO9+5 (Bi-2223) with 7, of ~ 110 K. Most of them possess CuO;
planes, which will be elaborated on shortly. Evidently, these planes play a
crucial role in the formation of the superconducting state. Another notable
characteristic of high-temperature superconductors (HTS) is the metallic nature
of their conductivity within the CuO, planes, which is comparable to the
conductivity found in certain disordered metallic alloys. HTS crystals exhibit
various imperfections, including crystal grains, grain boundaries, twinning,
oxygen vacancies, and porosity, all of which exert a detrimental impact on the
maximum critical currents [36,74].

Despite these challenges, HTS materials have the potential to
revolutionize a variety of applications. One of the most promising areas is
power transmission and distribution, where HTS materials can be used to create
more efficient and compact electrical systems. HTS materials can also be used
in magnetic levitation systems, such as maglev trains, due to their ability to
generate strong magnetic fields.

1.2.1. Vortex state in type-II superconductors

1.2.1.1. Typical characteristics of vortices

In type-II superconductors, vortices are a common feature of the mixed
state in which the material is partially superconducting and partially normal
conducting. Vortices are created when magnetic field lines penetrate the

material and become trapped in small areas of normal conductivity, creating a
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circulating current around the magnetic field lines. Understanding the behavior
of vortices is important for the study and application of type-II superconductors
[3,9,26].

Vortices in type-Il superconductors are characterized by their size,
density, and dynamics. The size of a vortex is typically on the order of the
coherence length, which is a measure of the distance over which
superconducting properties are maintained. The density of vortices is
determined by the strength of the applied magnetic field and the critical field
of the material, which is the maximum magnetic field that the material can
tolerate while remaining superconducting [3,9,26].

The dynamics of vortices in type-1I superconductors are complex and
depend on several factors, including temperature, magnetic field strength, and
the properties of the material itself. One important factor that affects vortex
dynamics is the pinning of vortices, which occurs when the material contains
defects or impurities that trap vortices in place. Pinning is important because it
can prevent vortices from moving and dissipating energy, which can improve
the superconducting properties of the material [14].

Vortices in type-II superconductors can also interact with each other,
forming complex patterns and structures. One example of this is the vortex
lattice, which occurs when vortices arrange themselves into a regular lattice
structure due to the repulsive forces between vortices. The properties of the
vortex lattice depend on the strength of the applied magnetic field and the
geometry of the sample, and can be studied using a variety of experimental
techniques such as neutron scattering and magnetic force microscopy [14,26].

The study of vortices in type-II superconductors has important
implications for the development of new superconducting materials and the

design of superconducting devices. For example, researchers are working to
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develop new materials with improved vortex pinning properties, which can lead
to materials that are more efficient and reliable for applications such as energy
storage and transmission. Understanding vortex dynamics can also help
researchers design superconducting devices that are more resistant to magnetic
field fluctuations and other sources of noise.

1.2.1.2. Important role of vortices for enhancements of J. in type-II

superconductors

Figure 1.4. Vortices pinning in type-II superconductor [48].

According to Ampere's law: V X B = Ho f , to increase J., the amount of
vortex permeating the BSCCO system needs to be increased. In electrical
transmission, the Lorentz force appears and acts on the vortices, making them
able to move, which leads to the appearance of the resistance and a decrease in
its superconductivity [39]. To maintain the superconductivity of the material, a

force called as pinning force is needed to balance the Lorentz force, which pins
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the vortices and prevents them from moving as Figure 1.4. In recent years, there
has been a growing interest in the study of topological vortices, which are
vortices that are characterized by their topological properties. These vortices
are of particular interest because they are predicted to have exotic properties
such as non-Abelian statistics, which could have important applications in
quantum computing and other areas of technology.

The study of topological vortices is an active area of research, and
researchers are working to identify new materials that can support these types
of vortices.

In conclusion, vortices in type-II superconductors are a complex and
important feature of these materials. Vortices are created when magnetic field
lines penetrate the material and become trapped in areas of normal
conductivity, creating a circulating current. Understanding the behavior of
vortices is important for the development of new superconducting materials
and the design of superconducting devices. The study of vortices in type-II
superconductors is an active area of research, and researchers are working to
identify new materials and phenomena that can improve the superconducting
properties of these materials.

1.2. VORTEX DYNAMICS IN TYPE-II SUPERCONDUCTORS
1.2.1. The collective pinning theory

Collective pinning theory is one of the most useful techniques that have
been used to analyze the interaction between penetrated vortices in type-II
superconductors. In the light of quantum mechanics, the vortices are a
collection of interacting particles, and their interaction is controlled by the
collective interaction between them and their surroundings. By using the
collective pinning theory, the field dependence of J. and the flux pinning

mechanism in HTS samples would be systematically investigated.
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Figure 1.5. Schematic of collective pinning regimes with increasing magnetic

field [52].

The basements of the collective pinning theory were first introduced in
the 1980s by scientists who were trying to understand the vortex interactions in
superconducting materials as randomly distributed defects or impurities were
added. It was observed that the penetrated vortices inside type-II
superconductors tended to become trapped in small regions of the samples,
those form the vortex lattice. The possible origin of the observations was
generated by the collective interaction between the vortices and the defects in
the materials [3,14,26,50].

Collective pinning theory is then developed based on the assumption that

vortices can interact with each other and with the surrounding material through
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a variety of mechanisms, such as elastic/plastic deformations, and thermal
fluctuations. The theory assumes that collective systems of the vortices were
formed, and the underlying physics of the superconductor is governing the
vortex interactions. One of the key factors playing an important role in
collective pinning theory is the existence of a pinning landscape. In the pinning
landscape model, the distribution of defects or impurities inside the
superconductors, as well as their interactions, are clearly described. The type
of the pinning landscape might affect the vortex interactions. The vortices
would be trapped in small regions of the material or freely move. Another
important concept in collective pinning theory is the idea of critical current
density. Critical current density is the maximum current that a superconductor
can carry before it becomes normal conducting. In type-II superconductors, the
critical current density is determined by the density of vortices and their
interaction with the pinning landscape. By understanding the collective
behavior of vortices and their interaction with the pinning landscape,
researchers can work to improve the critical current density of superconducting
materials. A schematic of collective pinning regimes with increasing field is
given in Figure 1.5. Following Blatter ef al., J. 1s field independent when the
applied field (B) is lower than the crossover field By, of the single vortex

pinning regime:

Bsp = Boy 1 Beo (L.1)
where  Bgpis the coefficient with avalue of * 5,  J, = 4B,/3V6uyd is
depairing current, B, = ®,/2+v/2mA¢E is the thermodynamic critical field, B,, =
UoPo/21E? is the upper critical field, and Jj, is the value of J, in the single
vortex regime, A and & are coherence length and penetration depth and

coherence length of a superconductor, respectively, uy is the permeability of
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vacuum (uy = 4nx107 H/m), @, is the flux quanta (@, ~ 2.067 x 10> Wb)
[14,27.80].
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Figure 1.6. The J.(B) pinning regimes as collective pinning theory [52].

The single vortex pinning regime occurs when there is only one vortex
pinned to a single pinning site. In this regime, the pinning force is proportional
to the vortex displacement from the pinning site. When B > By, the small
bundle pinning regime occurs with a small number of vortices are pinned
together in a small area, forming bundles. In this regime, the pinning force is
proportional to the distance between the vortex bundle and the pinning site. J.

in this regime follows an exponential law:

Je =]c(0).exp [— (3%)3/2], (1.2)
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where J.(0) and By were fitting parameters. Collective pinning theory has been
used to study a wide range of phenomena in type-II superconductors, including
the dynamics of vortices in applied magnetic fields, the effects of thermal
fluctuations on vortex motion, and the behavior of vortices in materials with
complex pinning landscapes [14,24,25,27,80]. Three separations of different
pinning regimes in J.(B) relation was described in Figure 1.6.

One example of this is the use of artificially created pinning centers, such
as nanoparticles or nanoscale defects, to improve the pinning landscape and
increase the critical current density of superconducting materials. These
pinning centers can be engineered to have specific shapes, sizes, and
distributions, allowing researchers to tailor the pinning landscape to the specific
needs of a particular application [20,52,75].

The magnetic interaction and the core interaction are the two most
significant elementary interactions between vortices and pinning centers in
type-Il superconductors. In type-II superconductors, the applied field is
typically relatively modest, and the magnetic interaction results from the
interaction of surfaces between superconducting and non-superconducting
materials that are parallel to the applied field. The core interaction results from
the coupling of the locally distorted superconducting properties with the
periodic modification of the superconducting order parameter. While
fluctuations in the charge-carrier mean free path near lattice defects are the
primary cause of the pinning type called J/ pinning, type of 67, pinning is
induced by the spatial variation of the Ginzburg-Landau coefficient x (where x

= A/& which 1s a theoretical parameter used to classify types of

1 1
superconductors: 0 < x < 5 for type-lI and x> 5 for type-II

superconductors) linked with disorder in the critical temperature 7. [14,24—

27,80,106].
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Griessen et al. derived the corresponding laws for each pinning

mechanism in the single vortex pinning regime [24,27,55,80,106], as follows:

For 6/ pinning

T (0)=(1-£)>2(1+£) 172, (1.3)
and for 67, pinning

(O (0)=(1-£2) e (1+£2)>. (1.4)

Based on the regime separation above, J;, was chosen as J. at the field of
0.01 T [24,55,106], and t was the normalized temperature (¢t=7/T.).

In the framework of the collective pinning theory, By, is correlated to
critical current density via relation: By, ~ Jo.B.> [14,80]. Therefore, by inserting
Eq. (1.3) and (1.4), Qin et al. obtained the expression for the normalized
temperature dependence of By, [80]:

For 6/ pinning

Byy(1)/Byp (0)=[(1 — t2)/(1 + ¢*)]*/3, (1.5)
and for 07, pinning.

B ()/By (0)=[(1 — t2)/(1 + tH)]?, (1.6)

In conclusion, collective pinning theory is an important framework for
understanding the behavior of vortices in type-II superconductors. By treating
the vortices as a collective system and understanding their interaction with the
pinning landscape, researchers can gain insights into the behavior of these
materials and work to improve their superconducting properties. Collective
pinning theory has applications in a wide range of fields, including energy
storage, high-field magnets, and quantum computing.

1.2.3. Flux pinning mechanism in type-II superconductor

Expressions for flux-pinning in type-II superconductors are developed

from analysis of the geometry of the pinning centers and the interaction

between the individual flux lines and the centers. It is shown that the scaling
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laws that have been seen in experiments can be obtained without the need to
first introduce the idea of flux-lattice elasticity. It has been discovered that
predicted pinning functions can adequately explain measured Lorentz force

curves in a variety of high value of .

Lorentz force Pinning force Penetrated Vortices

density density ﬁ
FL=]xB F,=-F t T
—— L [ & ]

i’ Current
density

Figure 1.7. Balance of forces acting on vortices [91].

Figure 1.7 describes the balance of forces acting on vortices. When a
magnetic field penetrates type II superconductors, an electric field is induced.

As a current with current density J is applied to these samples, vortices will be

acted by the Lorentz force density, i.e., FL) = f X B. So, vortices start to flow in
the mixed-state region. When flux lines flow, they experience the viscous drag
force F, which opposes this motion i.e., ), inside the medium, where V;, vortex
velocity and # are proportionality constant. In the absence of pinning, i.e. when
F; overcomes F) at higher applied fields, the vortex or flux lines start moving,
resistance increases so J. decreases. To maintain high values of J. in the high

applied fields, vortices should be kept at rest by introducing a pinning force.
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This pinning force is induced by the addition of pinning centers or defects that
serve as a potential well where the vortices will become pinned. Pinning has
been investigated to come from the inhomogeneity in the material. The
inhomogeneity might consist of grain boundaries, voids, or impurities. Normal
states inside the grain boundary act like pinning centers and prevent vortex
motion. So the variety of nanoparticles: insulators, metal, and oxides (both non-
magnetic and magnetic) are promising candidates for creating pinning centers
[16,20,50].

The performance of magnetic flux pins in type Il superconductors was
investigated in relation to the nature of the vortices-pin center interactions, as
well as the geometrical structure of the magnetic pin centers. The theory is
proven through experimental observations on the point of ignoring the model
of elasticity of the magnetic vortex network. The obtained magnetic pinning
functions have shown the ability to give suitable explanations for the
experimental magnetic pinning force density curves on many large k and strong
magnetic pinning systems.

Flux pinning force density is influenced by four factors:

(1) The superconducting nature of the magnetic pin centers, as it is the
difference in superconducting parameters between them and the lattice, and
determine the strength of the local interaction

(i1) The size and distance (or wavelength) of the micro-pin structure
relative to the penetration depth A of each superconductor, because only if these
parameters are greater than A, the value of B corresponding to the local
equilibrium will be obtained

(111) The size of the magnetic pin centers relative to the magnetic inter-
vortex distance, as this can determine the total length of the interaction

magnetic vortex and the geometric nature of the interaction
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(iv) The stiffness of the magnetic vortex network, as this determines the
displacement of the magnetic vortex under the action of a local magnetic pin
force is completely elastic, limited by neighboring magnetic vortices, or
sufficient magnetic pinning force strong to completely break the vortex
network and allow the magnetic vortex to operate independently [20].

1.2.3.1. Types of interaction

If both the size (a) and the distance (/) of the magnetic pin centers are
larger than 4, the magnetic vortices can adjust themselves to reach their
equilibrium. This change generates a Bean-Livington potential barrier to the
motion of the magnetic vortices at the intersection of the pin center and the
superconducting matrix and produces magnetic pinning. This interaction is the
magnetic interaction.

In the opposite case, if a or / is less than 4, magnetic cannot be adjusted
to equilibrium. The free energy of the magnetic vortices has a value in the range
of the magnetic pin centers that are different from the superconducting matrix,
due to the difference in the superconducting parameters. This interaction is the
core interaction [20].

1.2.3.2. Types of pinning center

Magnetic vortices interact with the pinning centers because their
superconducting parameters are different from those of the superconducting
matrix. The strength of the interaction is a function of the magnitude of the
difference. Small differences can be expressed through changes in the critical
temperature, the critical magnetic field, or the Ginzburg-Landau parameter «.
Large differences can be seen in the case of non-superconducting magnetic pin
centers. The biggest difference gives the strongest pinning capacity when the
ferromagnetic pin centers are ferromagnetic. Of all the possible cases, there are

two main ones that affect magnetic pinning in superconducting materials.
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(1) The small difference in x, which occurs due to changes in resistivity
in the normal state due to compositional fluctuations, heterogeneous
distribution of lattice defects.

(i1)) Non-superconducting particles, which can be common metals,
insulators or holes. The magnetic pinning strength of non-superconducting
particles does not depend on the nature of these particles. If the non-
superconducting metal particles have a path less than or equal to the coherence
length of the superconducting material, the binding effect will turn the particles
into superconductors, and their presence can lead to a change in the
superconductivity. change «.

As aresult, there are two types of magnetic pin centers classified, named
as normal and 4x-type pins [20].

1.2.3.3. Geometries of pinning center

Magnetic pinning centers can be classified based on the number of
dimensions larger than the inter-flux-line spacing dy = 1.07(¢¢/B)"?, where
@, is the flux quanta (@, ~ 2.067 x 10> Wb) and B is applied field.

Classification of nano-sized pinning centers is presented in Figure 1.8.
Point-like pin centers (0D) are regions whose dimensions in all directions are
less than dy. A point magnetic pin center can interact with only one magnetic
vortex at a time.

Line (1D) pin centers, such as lattice deflections or needle precipitates,
have a length greater than ds;. When lying parallel to the direction of the field,
they can interact with a magnetic vortex along their length. When lying at an
angle from B, it can interact with some magnetic vortices.

Grain boundaries, double boundaries, stacking errors, plate precipitates,

and superconducting material surfaces often have two dimensions larger than
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dg and act as surface (2D) pin centers. They have the strongest pinning ability
when the plane is parallel to the direction of the Lorentz force.

Volume pinning centers are all dimensions greater than d4. The magnetic
vortices interact with the surface of the pinning center, and the most important
parameter is the scattering cross-section of the surface in the direction of the

Lorentz force.
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Figure 1.8. Schematic of different types of nano-sized pinning centers in type-

IT superconductors [75].

One of the most powerful models which has been widely applied to
analyze pinning mechanism in type-II superconductors is the Dew-Hughes’
model [20]. The normalized flux pinning force density versus normalized field
modified function is widely applied:

fp~bP(1 —b)1, (1.7)
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where, f, = F,/F), max 1s the normalized pinning force density, b = B/B;, is the

normalized field, p and g are fitting parameters used to determine the pinning

center properties. The position of maximum F),, named as by.u, 1s estimated by

byeak = p/(p + q). The all types of pinning centers are summarized in Table 1.1.

Table 1.1. Details of types of pinning properties in type II superconductors

[20].
Type of | Geometry | Type of | Pinning Pinning | Position of | Max.
Interaction | of pin centre function | parameters | maximum | Const.
Normal | Ap“(1.p) | P=12 | bpeax=033 | A=2.56
Magnetic | Volume ,
dx | By (1-2b) | P=V2 | bpra=0.16 | B=0.27
Normal C(l-b)z pP= 0 - C=1.00
Volume i
Ak Db(1-b) p=1 bpeak =0.5 | D =4.00
Normal | gp"*(1.p)’ | P=V2 | bua=02 | E=3.50
Core Surface -
Ak Fb3 (1-b) p=3/2 bpeak =0.6 | F=5.37
Normal | Gp(1-b)’ P=1 | buu=033|G=6.76
Point
Ak | Hb (1-b) P=2 | bpu=0.67 | H=6.76

The flux pinning center classification was summarized in Figure 1.9 by

three criteria: vortices-pinning centers interaction, type and geometry of

pinning center following Dew-Hughes model.
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Figure 1.9. Classification of types of pinning centers.

1.3. OVERVIEW ON Bi-Sr-Ca-Cu-O SUPERCONDUCTOR
1.3.1. Crystal structure of Bi-Sr-Ca-Cu-O superconductor

Since 1986, Bi-Sr-Ca-Cu-O (BSCCO) high-temperature superconductor
superconductors have been considered to be promising materials for power
related and industrial applications [58]. The BSCCO superconductors show
advantageous properties, such as relatively simple sample preparation or high
T., that is well above the liquid nitrogen point (77 K).

All three superconducting phases in the BSCCO superconductor have
crystallographic structures with the stoichiometry of Bi,Sr:Cay.iCunOaonias 5.
The phases have layered structures parallel to the (ab) plane as exhibited in
Figure 1.10. The major planes are CuO, separated by calcium and covered in
SrO layers in the ¢ direction. The outer layers are BiO bilayers. Depending on

the number of CuO, planes, one CuO, layer (n = 1) characterizes the 2201
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phase, while two and three CuO, layers, n = 2 and n = 3, respectively,

characterize the 2212 and 2223 phases [86].
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Figure 1.10. Illustration of crystal structures of three phases of BSCCO
system [8].

A Bi—O bond length of 0.212 — 0.215 nm and Cu—O bond length of
0.1914 nm. The values of T, of the Bi-2201, B1-2212 and Bi-2223 are ~ 20 K,
80 K, and 110 K, respectively [15,42]]. The significant difference between the
lattice parameters of a, b and ¢ leads to the crystallization speed in the direction
of the (ab) plane could be about a thousand times quicker than in the c-

direction. This structure is the origin of anisotropy of the properties in this
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compound, especially, the supercurrent through the Cu—O planes and the
critical current density of the superconductor [59].

On the technical side, fabrication of the sample consisting of mainly
single Bi-2223 phase is difficult. The Bi-2212 has been found to usually co-
exist. In additions, sample fabrication conditions for making Bi-2223 phase
requires high sintering temperature ~ 880 — 890 °C, which might cause more
difficulties. Experimentally, the Pb partial substitution accelerates the
formation of the Bi-2223 phase. Consequently, the 7. has been improved with
a lower sintering temperature to ~ 850 °C. In this dissertation, the ratio of Bi:Pb
was maintained as 1.6:0.4, which was found to be the optimum ratio for
obtaining the highest 7. in the Pb-substituted BSCCO systems [62].

1.3.2. Recent studies on the power applications of BSCCO
superconductor

1.3.2.1. Studies on BSCCO in the world

Ceramic BSCCO was widely used as the material for the 1 generation
HTS cable as in Figure 1.11, besides several HTS such as YBCO, TBCCO,
HBCCO [8,86]. YBCO and BSCCO are two types of superconducting
materials used for magnetic field applications. YBCO is preferred because it
has better flux pinning capabilities. However, BSCCO is considered to be the
most technologically useful material and has been more commonly used in bulk
applications. BSCCO has also been made into superconducting wires. Multi-
filamentary Bi-2223, also called the first generation (1G) HTS material, were
fabricated by the traditional powder in tube process with large current capacity,
high uniformity, good mechanical properties and the length of over 1000 m can
be produced as commercial products. The self-field J. of ceramic Bi-2223 range

from a few hundred to a few thousand A/cm? at near liquid nitrogen boiling
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temperature. However, the presence of weak link effect and weak natural

pinning center lead to a not effective J., especially on high field.

LG HTS wire

Bi12223 i’llamcn’r

. * i
‘-----

Agp or Ag alloy matrix

Figure 1.11. BSCCO 1% generation HTS wire [39].

Flux pinning and J. enhancement are still difficult and need to be
addressed to overcome the disadvantaged sides of the material
[4,72,73,108,109,111]. Various methods and techniques have been used to
produce artificial pinning centers other than the natural centers
[45,65,76,111,113,114].

If all four types of geometrical artificial pinning center (APC) have been
introduced into HTS films, the flux pinning properties of HTS polycrystals
have been shown be clearly improved by the additions of zero-dimensional
(OD) and three-dimensional (3D) APCs. Crystal growths in the polycrystalline
samples were evidenced to orient in both the (ab) plane and the c-axis, which
led to the existence of natural grain boundaries with uncontrollable depth.
When the substitution/or addition methods were applied, 3D APCs would be

expected to stay at grain boundaries of the superconducting crystals.
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Recently, substitution effect and nanoparticle addition on Bi-Pb-Sr-Ca-
Cu-O (BPSCCO) system has been widely applied to effectively enhance the
flux pinning properties and critical current density [6,13,17,23,28,65,104,112—
114]. Rare-carth ions have been substituted into Bi-site while alkaline or
alkaline earth metals have been provided into reservoir layers, e.i. Ca-site and
Sr-site [1,22,73,102,111]. The J. enhancement was found mostly on these
article, so providing motivation to Na-substitution effect study on the
dissertation. However, the flux pinning mechanism of the additional APCs has
not been fully investigated, which would be performed in the Chapter 3.

Different adequate dopants have been reportedly used as insulator (ZrO,,
MgO), conductor (Al,Os3), anti-ferromagnetic (Cr,Os), or ferromagnetic
(FesO4) nanoparticles [6,17,23,68,69,76,90,104,114]. The nanoparticle
characteristics, including non-magnetic or semiconducting characteristics, are
significantly different from those of superconductors. Nevertheless, the effects
of nanoparticle strongly depend on its fabrication, geometry and especially,
magnetism. TiO, nanoparticle is one of the most produced ceramic
nanoparticles with high stability, simple preparation, and less harmful to human
health [29]. The similar semiconducting nanoparticle as SnO, nanoparticle was
chosen and improved superconducting of (B1,Pb)-2223 phase [108]. Therefore,
TiO, nanoparticles can satisfy the ability in industrial manufacture. Besides
that, TiO, nanoparticle was proved to enhance the critical current density and
improve flux pinning properties of high-T. superconductors in other reports
[32,41,51]. Hence, TiO, nanoparticle was expected to improve the critical
current density and flux pinning properties of BPSCCO superconductor.
Following flux pinning mechanism in type-II superconductor, the strength of
flux-center interaction is depended on the difference in superconducting

properties between the superconductor and pinning centers [16,20]. Therefore,
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the strongest pinning center could be suggested to be ferromagnetic centers.
There are several publications have pointed out that magnetic nanoparticles
have expressed positive influence on BSCCO superconductor [2,19].
Following previous publications, in our experiments, Fe;O4 nanoparticles have
been chosen as dopant, with average size is around 20 nm. For more details,
magnetite nanoparticle with the dimension mentioned above are characterized
as ferromagnetic material, which has been known as the strongest pinning type
[16,20]. Furthermore, the flux pinning mechanism on nanoparticle addition is
also required to investigated, which could lead to nanoparticle selection on the
further research on this field.

Hence, the substitutions and nanoparticles addtion could be effective for
Bi, 6Pbo4S1,Ca,Cus0;0+5 materials and require systematic investigations.

1.3.2.2. Studies on BSCCO in Vietnam

In Vietnam, the study of superconducting physics has been and is an
important research area in the field of physics and materials science, which is
evident in the formation of specialties/laboratory research in magnetism and
superconductivity at universities and research institutes. The Department of
Low Temperature Physics (formerly known as Cryogenics Laboratory) at the
Faculty of Physics of VNU University of Science began researching HTS in
the late 1970s, shortly after the discovery of YBCO. Over time, other
organizations such as the Institute of Materials Science (Vietnam Academy of
Science and Technology) and the International Training Institute of Materials
Science (ITIMS - Hanoi University of Science and Technology) also began to
focus on HTS. By the end of the 20th century, these groups had reported a series
of positive results. In order to produce a BSCCO sample with a high phase
fraction of Bi-2223, it is necessary to subject the sample to a high temperature

of around 880-890 °C for a duration of approximately 168 hours. However,
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researches during this period have indicated that the necessary temperature for
this heat treatment can be lowered to around 850 °C by partially substituting Pb
for Bi at an optimal ratio of Bi:Pb = 0.6:0.4.

Since 2014, the research group led by Dr. Duc Hai Tran, in collaboration
with Dr. Nguyen Khac Man (International Training Institute for Materials
Science), at the Department of Low Temperature Physics, University of
Science, Vietnam National University has focused on improving the J. and H,
of BPSCCO ceramics and MgB: thin films. The research has been carried out
on the basis of a combination of domestic and foreign research groups. The
group has achieved many high-rated publications on prestigious journals in
recent years [78,95,96].

1.4. MOTIVATION OF THE DISSERTATION

Based on the above analyses, along with the limitations of the BPSCCO
system, the dissertation aims to investigate the microscopic flux pinning
properties of the BPSCCO superconductors through the manipulation of
pinning center addition effects. If most of the previous studies were temporarily
focused on the overall enhancements of J. in the BPSCCO bulk and film
samples at single measurement temperatures (mostly at 10 K or 20 K), so the
applications of theoretical models to investigate the microscopic pinning
parameters were not fully performed. The dissertation will go deeper in
studying temperature and field dependences of J. and pinning force (F),) by
using theoretical models such as collective pinning theory, Dew-Hughes
model... to extract the microscopic pinning related parameters. The
measurement temperature will be scanned from 25 K, 35 K, 45 K, 55 K, 65 K
and the applied field will be ranged from 0 T to 7 T. Since the pinning
effectiveness has been proved to be strongly depended on the average size of

pinning centers (d) with the condition: coherence length (&) < d < penetration
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depth (A), types of pinning centers with increased average size are separately
added to the samples. The following issues are going to be addressed:

- Additions of point-like pinning centers (pinning centers having the
smallest sizes) into Bi; ¢Pby4SrCa,Cusz0¢+5 samples by substitutions of alkali
metal. The theoretical models of collective pinning and flux pinning
mechanism will be applied to investigate enhancements of J. as well as the
additional pinning/pinning dominant in the substituted samples. The geometry
of additional pinning centers will be identified by the Dew-Hughes model.

- Addition of non-magnetic nanoparticles (pinning centers whose larger
average size compared to that of the point-like pinning) into
Bi; 6Pbg4S1,Ca,Cus0;9+5 samples. The influence of non-magnetic nanoparticles
on crystal structure, local structure and critical properties will be investigated
systematically. The decrease of T, related to the variation in local structure and
was investigated by Aslamazov-Larkin model and XANES analysis. The effect
of nanoparticles served as pinning centers on flux pinning mechanism of the
fabricated samples will be examined. The geometry of additional pinning
centers will be identified by the Dew-Hughes model.

- Addition of magnetic nanoparticles (developed from the non-magnetic
nanoparticles  with  multiple effective pinning properties) into
Bi; 6Pbo4S1:CaCus0,0+5 samples. The influence of ferromagnetic
nanoparticles on crystal structure and critical properties of the superconductor
system will be investigated. The geometry of additional pinning centers will be
identified by the Dew-Hughes model. The pinning potential will be presented
as more confident evidence for magnetic dopant on the J. and flux pinning
enhancement.

- Comparison of the separated effects of additions of nano-structured

pinning centers on the improvements of J. and flux pinning properties of
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Bi; ¢Pbg4S1:Ca,Cus0,0+5 samples. The possiblly optimum conditions for the

highest improvement of J. would be concluded.
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CHAPTER 2: EXPERIMENTS
2.1. SAMPLE FABRICATIONS
2.1.1 Fabrication of Bi-Pb-Sr-Ca-Cu-O polycrystalline samples

The sample of stoichiometry of Bi; ¢Pbg4Sr,Ca;CuszO,9:5 were prepared
by the conventional solid-state reaction technique. The first step involved the
preparation of the appropriate amounts of 99.9% pure Bi,03;, PbO, SrCOs,
CaCOs, and CuO powders for Bi; ¢Pb4Sr2CayCuszOi9+5 samples. The powders
were mixed, ground, pelletized, and calcinated in four stages. At every stage,
the mixture was sintered in air at 670 °C, 750 °C, 800 °C, and 820 °C for 48
hours, respectively, with intermediate grinding and pelleting processes. Finally,
the compound was calcinated at 850 °C for 168 hours, then free cooled in air.

2.1.2. Fabrication of nanoparticles

2.1.2.1. The Titanium dioxide nanoparticle

Semiconducting TiO; nanoparticles were prepared by the hydrothermal
route. TiCly solution was slowly added to the diluted H,SO4 (10 %) solution at
0°C. The mixed solution was heated at 70 °C for an hour. After that,
concentrated NH4OH was slowly added to gain a pH of ~ 7 solution, and then
the precipitate was formed. The obtained precipitate was filtered and washed
with distilled water. Following that, the precipitate was heated at 220 °C for 24
hours. Finally, the precipitate was filtered and dried in air at 120 °C for 24
hours.

2.1.2.2. The Iron(Il 11l) oxide nanoparticle

Fe;O4 nanoparticles were synthesized by the chemical co-precipitation
route from FeCl, and FeCls salts. The mixed solution was vigorously stirred at
800 cycles/min and remaining at 70°C until the addition of NH4OH 28%
initiated a black-colored precipitate. The nanoparticles were purified through

magnetic separation using ethanol and distilled water several times to remove
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residual chemicals. The samples were finally dispersed in ethanol. The
nanoparticles were dried before used as the dopant.
2.1.3. Introductions of pinning centers into Bi-Pb-Sr-Ca-Cu-O
polycrystalline samples
2.1.3.1. The sodium substitution
Polycrystalline superconducting Bi; ¢Pbg4Sr2Cas.<NayCuzOi9:5 samples
with x = 0.00, 0.02, 0.04, 0.06, 0.08, and 0.10 were prepared by the
conventional solid-state reaction method with appropriate amounts of Bi,Os,
PbO, Sr,05;, CaCOj;, Na,COs, and CuO high-purity powders. All sample
preparation steps followed the 2.1.1.
2.1.3.2. The non-magnetic and magnetic nanoparticle additions

Final
Starting materials Bulk Samples

> e 27 TSNS \m—

Bi,O; PbO Cuo SrCo, CaCO; | Na,CO,
Mix & t Time
Grlnd Step Temperature (°C) (hours)
st 670 48
2nd 750 48
Q{, Solid 0 Sinter 3 800 48
Reaction 4th 820 48
TiO, naneparticle
MethOd Hydrothermal method i&
Fe;O, nanoparticle
Chemical co-precipitation method
5th 850 168

Figure 2.1. Fabrication process of sample series illustration.

The TiO, nanoparticles were independently prepared with 12 nm in
average diameter and high purity. After the 820 °C stage, the resulting
compound was thoroughly mixed with the TiO, at appropriate proportions.

Finally, all samples were ground, pelleted, and sintered at 850 °C for 168 h. All
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samples were freely cooled to room temperature in air. The sample
stoichiometry was (B1i; ¢Pbg4S1:Ca,Cu3010+5)1x(TiO02)x.

The additions of Fe;O4 nanoparticles (an average diameter of ~ 15 nm)
to BPSCCO samples were carried out by using the same methods those applied
to the additions of TiO,. The sample stoichiometry was
(Bi1.6Pbo.4S12Ca,Cu3010+5)1-x(Fe304)x.

So, there were 3 series of the polycrystalline samples. The completed
fabrication process was illustrated in Figure 2.1.

2.2. SAMPLE CHARACTERIZATIONS
2.2.1. Crystal structure analyses

2.2.1.1. Transmission electron microscopy

Transmission Electron Microscopy (TEM) i1s a powerful analytical
technique that has ability to investigate the nano-materials. TEMs utilize a
high-voltage electron beam to generate images. At the outset of a TEM, an
electron gun situated at its apex emits electrons, which traverse the
microscope's vacuum tube. In contrast to light microscopes that employ glass
lenses to focus light, TEMs utilize electromagnetic lenses to concentrate
electrons into a precise beam. This focused electron beam subsequently
traverses an exceedingly thin specimen, where the electrons either disperse or
strike a fluorescent screen located at the microscope's base. As a result, an
image of the specimen emerges on the screen, revealing its various components,
each depicted in distinct shades determined by its density. The nanoparticles
morphology in the dissertation were investigated by JEOL JEM-2100,
Institute of Materials Science , Vietnam Academy of Science and Technology.

2.2.1.2. Xray diffraction measurement

X-ray diffraction (XRD) is a technique used to study the crystal structure

of materials. When a beam of X-rays is directed at a crystalline material, the X-
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rays interact with the atoms in the crystal lattice, causing them to diffract, or
scatter, the X-rays in different directions. The pattern of scattered X-rays can
be detected and analyzed to determine the arrangement of atoms in the crystal
lattice. The general relationship between the wavelength of the incident X-rays,
angle of incidence and spacing between the crystal lattice planes of atoms is
known as Bragg's Law and illustrated in Figure 2.2:

NAcu—ka = 2dpisin(0), (2.1)

where n is the reflection order, Ac,.x, 1S the radiation wavelength, dpy is the

interplanar spacing of the crystal and 0 is the angle of incidence.
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Figure 2.2. Bragg's Law reflection [115].

The XRD patterns of the samples were investigated from 10° to 70° of
20 using Bruker D8 Advance model using Cu—Ka radiation at Faculty of
Physics, VNU University of Science, with wavelength Acux, = 1.5418 A. The
measured XRD data was treat following steps, including background
determination, profile fitting and refined by Rietveld refinement method. The
phase identification was defined using Inorganic Crystal Structure Database

(ICSD) and Crystallography Open Database (COD) [100].
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The crystallite size has been calculated using Scherrer's formula:
_ 0.9Acu—Ka
t= B.cosf ’ (2.2)
where 7 is crystallite size, Acu-k,q 1S Cu-Ka wavelength, B is the full width at half
maximum (FWHM) and 6 is the diffraction angle of the XRD peak.
The lattice constants of BPSCCO cells were calculated as a tetragonal

structure using Bragg’s law and Miller’s indices:

1 4 (h2+h.k+k2) 12
—— = (—
iy 3

— C_Z’

(2.3)

a2

where A, k, [ are Miller’s indices and a, b, ¢ are lattice constants.

2.2.1.3. Scanning electron microscopy

Scanning electron microscopy (SEM) is a powerful imaging technique
that uses a beam of high-energy electrons to scan the surface of a sample and
create a detailed image of its morphology. The surface morphology of the
samples was examined using Nova NanoSEM 450 at Faculty of Physics, VNU
University of Science. A beam of electrons with 500 V is focused onto the
surface of a sample and causes the emission of secondary electrons and
backscattered electrons. The detector in the system collects and amplifies these
backscattered electrons signals, which are then processed to generate 5000
times magnification image of the sample surface.

2.2.1.4. Xray Absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a powerful analytical technique
used to study the local structure of materials. In XAS, a sample is exposed to a
beam of X-rays of varying energies, and the absorption of the X-rays by the
sample is measured as a function of the energy of the X-rays. X-rays are a type
of electromagnetic radiation that could ionize atoms by exciting their core

electrons to an excited state or to the continuum above the ionization threshold
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as in Figure 2.3. The excited state is a vacant energy level below the ionization
threshold. Each core electron has its own unique binding energy [67].
Continuum

photo-electron ‘

Energy

O—@ K

Figure 2.3. The photoelectric effect, in which an x-ray is absorbed and a core

level electron is promoted out of the atom [67].

As previously mentioned, when an X-ray photon is absorbed by a core
electron, it creates a space in the core shell known as a core hole. These core
holes are highly energetic and unstable due to their electronegativity. Their
average lifespan is approximately one femtosecond. There are two processes
by which a core hole can be created: X-ray absorption, where a core electron
absorbs the X-ray photon, or X-ray Raman scattering, where a core electron
absorbs part of the X-ray photon's kinetic energy. The decay of a core hole
occurs through either the ejection of an Auger electron or X-ray fluorescence.
When X-ray radiation moves through the binding energy range of a core shell,
there is a sudden rise in absorption that corresponds to the X-ray photon being
absorbed by a specific type of core electrons. The absorption edges are named

after the principal quantum number, n, of the excited electrons. By analyzing

55



the energies of the absorption edges in X-ray absorption spectra, it is possible
to determine the identity of the absorbing elements [67].

XAS can be performed in two modes: X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS). In
XANES, the X-ray energy is varied near an absorption edge of a specific
element, providing information about the electronic transitions that occur near
that edge. The XANES measurement at Cu and Ti K-edge was operated at the
Beamline 8 (BL8) Synchrotron Light Research Institute, Thailand using an
electron energy of 1.2 GeV and beam current of 80-150 mA at room
temperature. The XANES measurements of Cu L, 3-edge were performed on
BL11A at Photon Factory, KEK, Tsukuba, Japan.

2.2.2. Superconducting property analyses

2.2.2.1. Resistivity vs. temperature measurement

A four-probe measurement system with close-cycle liquid helium is a
setup used to measure electrical resistance in materials at low temperatures.

The resistance is examined based on Ohm’s law:

U
R = 7 (2.4)

It consists of four electrical probes that are arranged in a specific
configuration, usually in a square or rectangular pattern. The sample to be
tested is placed in the center of this configuration. The measurement is
performed by passing a 10 mA electrical current through the outer two probes
and measuring the voltage drop across the inner two probes. This allows for the
determination of the electrical resistance of the sample.

Close-cycle liquid helium is used to cool the sample and the probes to
extremely low temperatures in a 10~ mbar vacuum cabinet. This is necessary

because at higher temperatures, thermal energy can disrupt the electrical
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resistance measurements. The close-cycle system circulates helium gas in a
closed loop to continuously cool the sample and probes, without the need for a
continuous supply of liquid helium. The helium compressor is the CTI
CRYOGENICS 8200 from Oxford. The temperature reduction process is
controlled by CRYOCON 32B to regulate the helium compression process
from the Cryodriver pump. The measurements were performed at ITIMS —
Hanoi University of Science and Technology.

2.2.2.2. Magnetization vs. field measurement

The magnetization of the fabricated samples was measured by using a
magnetic property measurement system (MPMS) and Physical Property
Measurement System (PPMS) systems. For the MPMS at Department of
Physics - Sungkyunkwan University, temperature can be varied continuously
between 2 K and 400 K, while a magnetic field of up to & 5 Tesla can be applied.
The heart of MPMS is SQUID sensor, which able to resolve magnetization
changes of less than 10® emu. A Physical Property Measurement System
(PPMYS) is a versatile laboratory instrument used for measuring a wide range of
physical properties of materials at various temperatures and magnetic fields.
The PPMS is a cryogen-free system, which means it does not require the use of
liquid helium. The PPMS consists of a cryostat, a superconducting magnet, and
various measurement probes and accessories. The cryostat is used to cool the
sample to low temperatures, and the superconducting magnet is used to
generate high magnetic fields. The measurement probes and accessories are
used to measure various physical properties of the sample.

The sample was mounted onto in the center of a sample holder using
non-magnetic sample tube. The system can measure the magnetization curve at
low temperatures down to 65 K, 55 K, 45 K, 35 K and 25 K and high magnetic

fields up to = 7 Tesla applied perpendicular to the samples’ surface. The critical
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current density (J.) was calculated from magnetization hysteresis (M—H) loop

using Bean’s critical state model.
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Figure 2.4. Illustration of estimation of AM from a hysteresis loop of a

BPSCCO sample measured at 65 K.

According to this model, each filament in the sponge carries either its
critical current or no current at all. When an external magnetic field is applied,
surface barrier current shields the inner filaments from the field. The field can
only penetrate when the surface barrier current reaches its critical value. As the
field is increased, filaments closer to the center start carrying the critical
current, until the flux has penetrated to the center of the sample. When the field
1s reduced to zero, current flows in all the filaments, and the flux becomes
trapped in the sample. Applying a field in the opposite direction, the critical

current in the filaments progressively reverses. By using the Ampere’s law:
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ﬁxﬁ = ,u(,]_c’ and the magnetic flux density expression: B = % [ Hdv, the

Bean’s formula was defined to proportion with AM = M* — M~is the width of
hysteresis loop [10]. For the rectangular bulk samples, the Bean’s model has

been modified as:

204AM

Jc = a(1——i)’ (2.5)
3b

where a and b are the sample dimensions perpendicular to the magnetic field.

The M*, M, and AM practical estimation was described in Figure 2.4.
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CHAPTER 3: IMPROVEMENTS OF CRITICAL CURRENT
DENSITY IN HIGH-T. Bi1.sPbo.4Sr2Ca2Cu3010:s SUPERCONDUCTOR
BY USING SODIUM SUBSTITUTION EFFECT

As presented in Chapter 2, there have been 3 series of polycrystalline
samples. The effect of additions of pinning centers whose the smallest averaged
size on Bi; ¢Pbg4Sr,Ca,Cus0i¢+5 samples are going to discuss in this chapter.
For substitution effect, Na was partially substituted into Ca site in BPSCCO
crystal structure based on the two advantages. Firstly, two elements are similar
in chemical properties (Na is the alkali metal and Ca is alkaline earth metals).
Secondly, the small difference in ionic radii between Na'* (0.95 A) and Ca?*
(1.00 A), which led to the high probability of substitution of Na'* to Ca*" and
point-like defects would be generated. In this chapter, effect of Na-substitution
on crystal structure and improvements of J. in in BPSCCO sample will be
studied. Polycrystalline  superconducting  Bi; ¢Pby4SryCazxNayCusOjo+s
samples were denoted as Na0OO (x = 0), Na002 (x = 0.02), Na004 (x = 0.04),
Na006 (x = 0.06), Na008 (x = 0.08), and Na010 (x = 0.10), respectively.

3.1. FORMATION OF THE SUPERCONDUCTING PHASES

In Figure 3.1, XRD patterns of the pure and Na-substituted BPSCCO
samples are provided. It would be seen that two main superconducting phases
have been formed: high-7, (Bi-2223) and low-T7, (Bi-2212) phases. For the
Na000 sample, volume fraction of Bi-2223 (%Bi1-2223) is ~ 72.08% and that
of Bi-2212 (%Bi-2212) is ~27.92%. For Na-substituted samples, %Bi-2223 is
increased to 75.86% in sample Na004, but then decreased to 72.45% in sample
Na010. Conversely, the %Bi-2212 is decreased to 24.14% in sample Na004,
but then increased to 29.35% in sample Na0O10. The results might reveal the
fact that that the substitution of Na accelerate the formation of the Bi-2223

phase until x = 0.04.
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Table 3.1. Variations of volume fractions and lattice parameters for Bi-2223

phase of Bi; Pbg4Sr,Cay <NayCuszOjp+5 samples [95].

Volume fractions (%)

Sample a (A) b (A) c(A)
% Bi-2223 % Bi-2212
Na000 72.08 27.92 5,398 £ 5427+ 37,10 £
0.007 0.007 0.01
Na002 73.06 26.94 5,397 + 5427+ 37,09 %
0.007 0.007 0.01
Na004 75.86 24.14 5,398 + 5,426 + 37,09 +
0.007 0.007 0.01
Na006 74.85 27.15 5,397 + 5427+ 37,08
0.007 0.007 0.01
Na008 74.05 28.95 5,397 £ 5426+ 37,07 %
0.007 0.007 0.01
Na010 72.45 29.35 5,399 £ 5426+ 37,07
0.007 0.007 0.01
. +:Ca2PbOA
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Figure 3.1. XRD patterns of Bi; ¢Pbg4Sr>Ca, <NayCuzO;¢:5 samples [95].
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Lattice constants for the Bi-2223 phase of all samples are also calculated
and listed in Table 3.1. As Na" was partially substituted into the Ca-site, the
values of the lattice constants a and b are found to remain nearly unchanged,

while the lattice constant c is slightly reduced.

3.2. IMPROVEMENTS OF J,

10°
T=65K

[ —o— Na000
L —— Na002
L —a— Na004
| —*— Na006

—&— Na008
—<4— Na010

3 1 4 R
100.0 0.2 0.4 0.6

B(T)

Figure 3.2. Field dependence of J. at 65 K for Bi; ¢Pby4Sr,Ca; \Na,CuzO1+5

samples in which enhancements of J. were observed [95].

Field dependence of J. at 65 K of the fabricated samples are given in
Figure 3.2. It would be clearly seen that the enhancements of J. are obtained in
all Na-substituted samples. Among them, the highest enhancement of J. is
reached for Na006 sample. To gain deeper understanding of effects of the Na
substitutions on BPSCCO, the magnetic field dependences of J. for pure and
Na-substituted samples at different temperatures ranged between 65 K and 25
K was investigated. The three-dimensional plot of J.(B, T) for two selected
samples - Na000 and Na006 - were exhibited in Figure 3.3 In both samples, the
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values of J, of both Na000 and Na006 samples were increased as decreasing
temperature from 65 K to 25 K. The results also showed that the J. enhancement

in the Na006 sample was observed at all investigated temperatures.

—o— Na000 ~
—e—Nao0os B (T)

S5

Figure 3.3. Field dependence of J. of the Na00OO and Na006 samples at

different temperatures.

In the context of polycrystalline superconductors, it was observed that
disorders and pinning sites were not correlated. The BPSCCO system falls into
the category of layered structure superconductors, exhibiting anisotropic
properties [71]. In this system, vortices were described as an array of two-
dimensional pancakes connected by Josephson vortices [12,18]. To explain the
magnetic field dependence of the J,. in HTS, the collective pinning theory has
proven to be a valuable model [62,73,94].

Originally, the collective pinning theory was developed for isotropic
superconductors. However, for anisotropic superconductors like YBCO or

BSCCO, it was found to hold when the applied magnetic field was parallel to
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the c-axis of the samples [73]. Under these conditions, the anisotropy parameter
became irrelevant, and the planar J. was shown to be independent of the angle
between the applied field direction and the ab-plane. This theory has been
successfully applied experimentally to polycrystalline MgB, and YBCO
superconductors [62,94].

Inspired by these studies, we applied this model to analyze the pinning
characteristics of BPSCCO superconductors. The magnetic field dependence
of J. for both pure and Na-substituted samples was investigated at three selected
temperatures: 65 K, 45 K, and 25 K, and the results were plotted in a double-
logarithmic scale in Figure 3.4. In general, all samples exhibited a decrease in
J. as the magnetic field increased.

Starting from a field strength of 0.01 T, the J.(B) could be divided into
three regions, separated by the small bundle field By, and the large bundle field
By [14,52]. The first region occurred when applied fields were below B,
dominated by the single vortex pinning mechanism, resulting in a nearly
plateau region for J. [14,18,21]. The second region was observed when applied
fields exceeded By, transitioning from single vortex pinning to small bundle
pinning, leading to a noticeable decrease in J, [21,46]. The field dependence of
J. in this region was well-matched with an exponential law (Equation 1.2,
provided in 1.2.1). The solid line in Figure 3.4(a-c) represents the best fit to the
experimental data. The third region was identified when applied fields
exceeded By, causing a significant drop in J. due to thermal fluctuation effects

[14].

64



10°
N‘—N
e 10*
(&)
——
<
—‘,’ 10°
102
10%E
NA
=
o
< 10
&)
-
102
Nﬂ"n
E 3
&9_ 10 .
~ 5\‘{ o Na000
O Ha o Na002
- O\;‘%}\ A Na004
i &;gi\ v Na006
go:\' < Na008
AJ‘){‘ Na010
102 ol
0.1 1

Figure 3.4. Descriptions of the field dependence of J. of all samples by using
the collective pinning theory at (a) 65 K, (b) 45 K and (c) 25 K. The solid

lines are the fitting curves using Eq. (1.2).
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At the specified temperatures of 25 K, 45 K, and 65 K, the J. exhibited a
non-monotonic trend for the Na-substituted samples. Specifically, J. showed
an increase from Na002, peaked at Na006, and subsequently decreased for
Na008 and Na010 samples. The relatively lower enhancements in J. for Na008
and Na0l0 samples can be attributed to a deterioration in inter-grain
connectivity and an increase in porosity [73].

In the context of the collective pinning theory, a qualitative explanation
for the enhancements in J. can be understood by examining the expansion of
both the single vortex pinning and small bundle pinning regimes, as indicated
by an increase in the values of By and Bj. Figure 3.5(a) illustrates the
-In(J,.(B)/J.(0)) vs. field for two selected samples, Na0O00 and Na006, at 65 K.
In the high-field region, these experimental data displayed a linear form,
indicating the presence of the small bundle pinning region [25,106]. The values
of By and By, were determined based on the points at which the experimental
data deviated from this linear trend.

Additionally, the B;, values for all samples were determined from Figure
3.4 using a criterion of J.=100 A/cm? [24]. These obtained data could be fitted
by using the equation [25,38]:

T

8,0 =B, (1-2)" G.1)

where B;,,(0) was considered as a fitting parameter. The exhibition was shown
in Figure 3.5(b) as solid lines. These observations suggested the significant
influence of substantial flux creep, aligning with findings reported in prior
studies [25,105].

The obtained values of By, By and B, values for the two chosen samples,
Na000 and Na006, across all examined temperatures, were used to create the

B-T diagrams, as depicted in Figure 3.5(c-d), respectively.
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Figure 3.5. (a) Field dependence of -In(J.(B)/J.(0)) of Na00O and Na006
samples at 65 K. (b) The temperature dependence of B, of all samples at
different temperatures. The solid lines are the fitting curves using Eq. (3.1).
(c) The B-T phase diagram of Na00O sample. (d) The B-T phase diagram of
Na006 sample.

The various characteristic fields exhibited significant temperature-
dependent behavior. The B-T diagrams were categorized into four distinct
regions. In the B < By, region, single vortex pinning was the dominant
mechanism, vortex motion displayed elasticity, and the relaxation rate was
relatively low. As we moved to the By, < B < B, region, the pinning mechanism

shifted to small bundle pinning, vortex motion became more plastic, and the
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relaxation rate increased significantly. Within the B, < B < B, region, the large
bundle regime prevailed. Beyond B;,,, the vortex state transitioned into a liquid
state, vortex motion became notably mobile, and superconducting current
ceased, leading to the normal state [25].

In comparison, the Na006 sample exhibited more extensive single vortex
pinning and small bundle pinning regions compared to the Na0OO sample.
These expansions in the regions of single vortex pinning and small bundle
pinning could be attributed to the improvements in flux pinning properties in
the Na006 sample resulting from Na substitution. Additionally, the large bundle
regime was restricted in the Na006 sample, leading to a reduced transformation
into vortex liquid state [25].

3.3. FLUX PINNING PROPERTIES
3.3.1. Improvements of pinning force density

To gain a deeper understanding of the reasons behind the J.
enhancements in the Na-substituted BPSCCO samples, we analyzed the
behavior of the pinning force density /), concerning the magnetic field. F, was
graphed against the reduced field (b), where b = B/B;,,, at temperatures ranging
from 65 K to 25 K. These graphs are depicted in Figure 3.6. There are two
crucial aspects highlighting the strength of pinning that deserve attention. First,
the values of F, for the Na-substituted samples exhibited significant
improvements at all temperatures, with the most substantial enhancements
observed in the Na006 sample. Second, the position of the maximum pinning
force density (£, max) shifted towards higher values of b for the Na-substituted
samples. These two observable features provide strong evidence for the
enhanced pinning strength in the Na-substituted samples [44,93]. The source of
these improvements is likely associated with the creation of point-like defects,

which act as effective pinning centers [95].
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Figure 3.6. Pinning force density (F},) versus reduced field (b) of the samples
at (a) 65 K, (b) 55 K, (¢) 45K, (d) 35 K and (e) 25 K.

Although the pinning strength increased as the temperature decreased, it
1s important to examine the temperature dependence of the flux pinning
mechanism. Figure 3.7 illustrates double-logarithmic plots depicting the
variation of F), ..« versus B, at temperatures of 65 K, 55 K, 45 K, 35 K, and 25
K, respectively, while considering Na content as a hidden variable. All the data

points were successfully fitted onto single straight lines.
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Figure 3.7. The relation between the pinning force density maximum F), ,qx
and 1rreversible field B;, with Na content as the hidden variable. Data are
shown in double-logarithmic plots.
These plots effectively describe the temperature scaling relationship of
K pmax”

Bf. [38,101]. The slopes of these straight lines for all samples were

found to be nearly constant, with an exponent value of o = 2.0 = 0.1. This «
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value is comparable to that observed in NbN films and 3d-transition-metal (Fe,
Co, and Ni)-doped Y-Ba-Cu-O bulks and films [38,93,105]. These analyses
suggest that the predominant pinning mechanism in all samples remains
independent of temperature.

3.3.2. Identification of flux pinning type

In the quest to understand the fundamental pinning mechanism of
superconductors, the use of f, versus b plots has become a common approach
[20,43,93,101]. Figure 3.8 displays such plots for all the samples, and the
average values of p, ¢, and b,.. for each sample can be found in Table 3.2.
Notably, for each sample, the experimental data at different temperatures,
ranging from 65 K to 25 K, were aptly fitted with a single curve. This suggests
that each sample predominantly exhibited a single pinning mechanism, a notion
supported by the consistent relationship observed between F), ... and B;., at
various temperatures, as depicted in Figure 3.7.

For the Na00O sample, the values of p and g were determined to be 0.49
and 1.77, respectively. It is evident that these values gradually increased with
higher Na content (x). The Na0O06 sample exhibited the maximum p and ¢
values, measuring 0.70 and 1.92, respectively. In contrast, for the NaOO8 and
Na010 samples, p and g values were observed to decrease. These findings align
with SEM analyses conducted in prior research. These analyses revealed a
degradation in inter-grain connectivity in the surface morphology of the Na0OS8
and Na010 samples [95]. This observation suggests that grain boundary pinning
was prominent in the pure sample but weakened in the Na-substituted samples.
These results are in harmony with other studies on BSCCO [80,103].
Furthermore, they indicate that the core interaction was the dominant pinning

mechanism in all samples, as predicted by Dew-Hughes [20].
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Figure 3.8. Scaling behaviors of the normalized pinning force density (7,)
versus (b) at all measured temperatures of (a) Na000, (b) Na002, (c) Na004,
(d) Na006, (e) Na008 and (f) Na010 samples. The solid lines are the fitting

curves using Eq. (1.7).

One plausible explanation for these phenomena could be related to the

successful partial substitution of Na" into Ca sites. Consequently, the mismatch
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in ionic radii between Ca®" and Na* created additional point-like defects [43].

As a result, the flux pinning behavior in the BPSCCO samples was improved

through Na substitutions, confirming its role in enhancing J..

Table 3.2. Flux pinning centers properties with modified Dew-Hughes model
scaling of the samples at 65 K, 55 K, 45 K, and 35 K.

T'=65K I'=55K

Sample
p q b peak p q b 'peak

Na000 0.514 1.934 0.210 0.534 2.009 0.213
Na002 0.544 1.827 0.229 0.531 1.812 0.226
Na004 0.592 1.866 0.240 0.588 1.853 0.240
Na006 0.703 1.924 0.267 0.716 1.941 0.269
Na008 0.637 1.822 0.259 0.624 1.817 0.255
Na010 0.612 1.803 0.253 0.607 1.791 0.253
T'=45K I'=35K

Sample

p q bpeat p q Bpeat
Na000  0.517 1.910  0.221 0.524 1.847  0.211
Na002  0.531 1.826  0.225 0.532 1.827  0.225
Na004  0.591 1.864  0.241 0.589 1.866  0.240
Na006  0.710 1926 0269  0.715 1.924 0271
Na008  0.635 1.822 0259  0.624 1.822  0.255
Na010  0.612 1.791 0.255 0.612 1.803 0.253

3.3.3. Flux pinning mechanism
The outcomes derived from the Dew-Hughes model have validated that
the primary interactions between vortices and pinning centers within the
samples were core interactions [111]. In the context of type-II superconductors,
core predominant pinning encompasses O/ pinning, which pertains to

fluctuations in the charge carrier mean free path near lattice defects, and 67
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pinning, associated with spatial variations in the Ginzburg-Landau coefficient
[50,61,79]. The individual expressions for these components were originally
formulated by Griessen et al., as referenced in 1.2.1 [27]. The results of the
fitting process are depicted in Figure 3.9(a). Upon comparing the theoretical
predictions with the experimental data, it becomes evident that 6/ pinning was
the dominant pinning mechanism across all samples within the temperature
range of 65 K to 25 K. This suggests that the primary type of defect likely
resulted from the formation of point-like defects due to the partial substitution

of Na* for Ca**, leading to spatial variations in the mean free path.
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Figure 3.9. (a) Normalized critical current density J.(¢)/J.(0) versus
normalized temperature ¢ of all the samples; (b) Crossover field (Bys) versus
normalized temperature of all the samples. The solid lines are the fitting

curves using Eq. (1.5).

Following the investigation of the pinning mechanism described above,
B, was subjected to fitting as a function of temperature using the J/ pinning
model [25,61,79,106]. The normalized temperature dependence of By, and the
corresponding fitting curves can be found in Figure 3.9(b). This outcome
reaffirmed the dominance of 6/ pinning, resulting from spatial variations in the

charge carrier mean free path, as illustrated in Figure 3.9(a). In summary, the
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consistency between the collective pinning model and the Dew-Hughes model
indicates that the introduction of 0D punctual defects via partial Na substitution
enhances J, through the d/ core interaction over a wide range of temperatures
and magnetic fields, utilizing a flux pinning mechanism.
3.4. CONCLUSION OF CHAPTER 3

In this chapter, the scaling behaviour of flux pinning forces in
Bi; 6Pbo4Sr:Cay <Na,CuzOio+5 superconductors was systematically
investigated. It was found that the magnetic field dependence of J. at different
temperatures ranged between 65 K and 25 K was significantly enhanced by the
Na substitution via point-like defect creations. This field dependence of J. was
well described using the collective pinning theory. The B-T phase diagrams
were constructed to include a significant expansion of the small bundle pinning
regime. The flux pinning mechanism was investigated by analysing the
normalized field (b) dependences of pinning force density (F),). For all samples
investigated, the dominant pinning mechanism appeared to be temperature
independent. The improved flux pinning properties in the Na-substituted
samples were evident from comparing the fitting values of p, ¢ and bpeu
following the Dew-Hughes model. The obtained data also demonstrated the
growth of point-like pinning and the decline of grain boundary pinning
resulting from the Na substitution. Especially, the 6/ pinning was found to be
the predominant pinning mechanism responsible for the samples, which was

related to spatial variations in the mean free path of charge carriers.
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CHAPTER 4: IMPROVEMENTS OF CRITICAL CURRENT
DENSITY IN HIGH-T. Bi1.sPbo.4Sr2Ca2Cu3010:s SUPERCONDUCTOR
BY ADDITION OF NON-MAGNETIC TiO> NANOPARTICLE

After obtaining the improvements of J. in BPSCCO samples by the
addition of induced point-like defects via Na substitutions, additions of pinning
centers whose larger average size in form of nanoparticles in BPSCCO samples
are performed. Purpose of continue study is examining effect of increase size
of APCs, the first stage of research series is carried out with a selection of non-
magnetic nanoparticles. Among non-magnetic nano-materials, TiO,
nanoparticle is one of the most produced ceramic nanoparticles with high
stability, simple preparation, and less harmful to human health. Therefore, TiO»
nanoparticles can satisfy the ability in industrial manufacture. Besides, TiO,
nanoparticles were proved to enhance the critical current density and improve
flux pinning properties of high-T. superconductors in other reports [30-32].
Hence, the addition of TiO, nanoparticles was expected to improve the J. and
flux pinning properties of BPSCCO superconductor. Detailed analyses in
changes in flux pinning mechanism in the TiO, added BPSCCO samples, which
was not fully studied in the past, will be systematically investigated.

4.1. NANOPARTICLE CHARACTERISTICS

Figure 4.1 displays TEM images of the produced TiO, nanoparticles
along with their corresponding histogram prior to their incorporation into
BPSCCO superconductors. These nanoparticles exhibited a nearly spherical
morphology, with crystallite dimensions spanning from 4 to 22 nm. On
average, the size of these TiO, nanoparticles measured approximately 12 nm,
falling within the range bounded by the coherence length (£ ~ 2.9 nm) and the
penetration depth (4 ~ 60-1000 nm) of BSCCO [30,108].
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Figure 4.1. (a) TEM images and (b) histogram of TiO; nanoparticles.

4.2. FORMATION OF THE SUPERCONDUCTING PHASES
4.2.1. Phase analysis
Figure 4.2 presents XRD patterns for all the samples. The indexed XRD
data reveal that these samples comprised both Bi-2223 and Bi-2212 phases.
Peaks corresponding to the Bi-2223 phase were denoted by "H", while those
corresponding to the Bi-2212 phase were denoted by "L".
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Figure 4.2. XRD patterns of (Bi; ¢Pbo4Sr2CarCusO0+5)1x(T102)x samples,
with x =0, 0.002, 0.004, 0.006, 0.008, and 0.010.

In the pure sample, the dominant phase is Bi-2223. However, in the
samples with additives, notably in samples with higher additive content, the Bi-
2212 phase became more prominent. The XRD patterns of these additive-
containing samples displayed a significant increase in the intensity of peaks

related to the Bi-2212 phase, whereas several peaks associated with Bi-2223
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disappeared. In samples with high additive concentrations, such as x = 0.008
and x = 0.010, the background signal in the XRD pattern gradually increased.
This could be attributed to the presence of nanoparticles as impurities.

To explore how the presence of TiO, impacts phase formation, the

volume fraction of each phase was determined using the following relations:

%Bi — — _ Zhas 0
YoBi — 2223 = ShorratZhors X 100%, 4.1)
0L _ Xlz212 0
YoBi — 2212 = ThartZhoss X 100%, 4.2)

where 1,223 and I»;, are the intensity summations of the Bi-2223 and Bi-2212
phase peaks, respectively [13,90,108]. The calculated results have been
summarized in Table 4.1. The volume fraction values indicate that the
percentage of Bi-2223 phase decreased steadily as the TiO, content increased.
In the pure sample, Bi-2223 accounted for 67.09% of the composition. For
samples with x = 0.002 and x = 0.004, the percentage of Bi-2223 gradually
decreased to 54.17% and 50.13%, respectively. However, at higher TiO;
concentrations, the decline in %Bi-2223 became more pronounced. In
particular, the x = 0.010 sample exhibited only 27.84% Bi-2223. The values
presented in Table 4.1 demonstrate that the crystallite size decreased with
increasing TiO, nanoparticle content. Both the volume fraction and crystallite
size analysis results suggest that TiO, nanoparticles slowed down the formation
of the Bi-2223 phase.

The lattice parameters of the Bi-2223 phase were computed for all
samples, and no significant variations were observed. The lattice parameters
remained consistent at approximately a = b = 5.395 £ 0.007 A and ¢ =37.07 +
0.01 A, indicative of a tetragonal structure. This observation suggests that the

Ti0O; nanoparticles did not incorporate into the superconducting structure.
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Table 4.1. The volume fraction, average crystallite size, lattice constants for
Bi-2223 phase, Tc and Po values of (Bil,6Pbo.4sr2C212CU3O1o+5)1_x(Ti02)X
samples, with x = 0, 0.002, 0.004, 0.006, 0.008, and 0.010.

TR o
x 2/021213 2/0;12 rm) a(Ad) bA) c¢R) T.(K) " g’; fjcm)
4325 5402 5388 3707 934
0.000 67.09 3291  + + 4+ o+ 10710 +
0.008 0.007 0.007 0.0l 0.01
3535 5409 5382 37.07 10.72
0.002 6417 3583  + + 4+  + 10050  +
0.008 0.007 0.007 0.0 0.01
3473 5403 5386 37.07 11.64
0.004 50.13 5987 + + o+ o+ 991  +
0.007 0.007 0.007 0.0 0.01
3268 5404 5390 37.07 12.40
0.006 4143 5857 + + o+ o+ 9225+
0.006 0.007 0.007 0.0 0.01
3150 5406 5.380 37.07 22.04
0.008 35.16 6484  + + o+ o+ 8642  +
0.007 0.007 0.007 0.0 0.01
2924 5404 5383 37.07 42.56
0.010 27.84 72.16 + + o+ o+ 8544  +
0.008 0.007 0.007 0.0 0.01

4.2.2. Surface morphology
The surface morphology of the samples was analyzed through SEM

images at 5000X magnification, as shown in Figure 4.3.
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Figure 4.3. SEM images of (Bi; ¢Pbg 4Sr2Ca,CuzO10+5)1-x(T102)x samples, with
x =0, 0.002, 0.004, 0.006, 0.008, and 0.010.

The grains exhibited a plate-like structure, which is commonly observed

in ceramic BSCCO superconductors [4,72]. Notably, the inclusion of TiO, led
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to noticeable alterations in the surface morphology of the samples. The surface
of the sample without TiO, addition appeared relatively dense and smooth,
featuring large and uniformly oriented grains. In contrast, the TiO,-added
samples displayed more misoriented grains. As the TiO, content increased, the
average crystallite size gradually decreased. A smooth and dense surface was
maintained in samples with TiO, content up to x = 0.004. However, a
significant increase in porosity was observed when x ranged from 0.006 to
0.010. Consequently, inter-grain connectivity was reduced in these samples.
These findings align with the XRD results, indicating that the addition of TiO,
had a negative impact on the crystallinity of the superconducting phase,
especially at higher TiO; content.
43. THE CORRELATION BETWEEN LOCAL STRUCTURE
VARIATIONS AND CRITICAL TEMPERATURE
4.3.1. Critical temperature

The temperature-dependent resistivity of all samples was examined
within the range of 50-300 K, and the results are presented in Figure 4.4(a). It
was observed that the addition of TiO, resulted in a reduction of the samples'
superconducting transition temperature, 7. The 7, values for each sample were
determined as the temperature at which the resistivity reached zero and are
listed in Table 4.1. For the pure sample, 7. was estimated to be 107.09 K.
However, with the introduction of TiO,, the T, value decreased to 100.50 K for
x = 0.002 and continued to decrease as x increased. The lowest 7, value was
observed in the x = 0.010 sample, at 85.44 K, which is in the range of critical
temperatures seen in the Bi-2212 phase (~ 80 K). This reduction in 7; can be
attributed to several factors, including the slower formation of the high-Tc Bi-

2223 phase, the presence of non-superconducting TiO, nanoparticles,
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weakened connectivity between grains, and grain misorientation, as determined

through XRD and SEM analyses [109,110].

—=—x = 0.000
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Figure 4.4. The temperature dependence of resistivity of
(Bi1.6Pb0,4Sr2CaZCu3O10+5)1_X(Ti02)x samples, with x = O, 0002, 0004, 0006,
0.008, and 0.010.

In the normal state, both the non-added and added samples exhibited
metallic behavior. However, the resistivity values showed an increasing trend
in the presence of TiO,. To further investigate the effects of TiO, doping,
Anderson and Zou's linear relation was applied for analyzing the high-
temperature regime using the following function [5,109,110], as follows:

p(T) = aT + po, (4.3)
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where p is resistivity, T is temperature, a is linear slope, and py is residual
resistivity, which was extrapolated using the function mentioned above to the
temperature of 0 K. The values of py were extrapolated and are provided in
Table 4.1. It was observed that p, increased gradually for x = 0.002 and 0.004.
However, starting from x = 0.006, the rate of increase in p, became more
pronounced. When x = 0.010, the py value was approximately three times
higher than that in the pure sample. These findings align with the results
obtained from XRD and SEM investigations, indicating a consistent trend of
increased residual resistivity with higher TiO, content.

It can be noted that the introduction of suitable types of pinning centers
has indeed been demonstrated to enhance J. in BPSCCO polycrystalline
superconductors. Nevertheless, there is a clear trend of gradual decreases in 7.
Building on previous research, a strong link between changes in the local
structure and variations in 7, of the fabricated samples has been established
[97]. In the following section, we will apply structural analysis models to
investigate the mechanism behind the observed degradation in 7.

4.3.2. Fluctuation of mean field region

The analysis of the mean field region was conducted using the
Aslamazov-Larkin (A-L) theory, which explains excess conductivity (4¢) and
provides insights into the behavior of microscopic structures and
superconducting parameters [7,35,54,70,87]. Excess conductivity is defined as
the difference between superconducting and metallic resistivity and can be

calculated using the following formula [7,35,55,70,87]:
Ao =o(T) - o,(1), (4.4)

where o(T) = 1/p(T) is the experimental conductivity, ,(T) = 1/p,(7T) is the
extrapolated conductivity from the metallic behavior region, and p,(7) is the

resistivity extrapolated by the Anderson—Zou relation.
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Figure 4.5. Double logarithmic plot of excess conductivity as a function of
reduced temperature of (Bi; ¢Pbo4Sr2CarCuzO10+5)1x(T102)x samples (a) x = 0,
(b) x =0.002, (c) x = 0.004, (d) x = 0.006, (¢) x = 0.008, and (f) x = 0.010.
The red, green, and blue solid lines correspond to the critical region, 3D and

2D region, respectively.
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Excess conductivity is often theoretically modeled as 4o = Ae™*, where ¢
= (T - T,)/T. is the reduced temperature, and £ is the Gaussian critical exponent
featuring Cooper pair fluctuation regions [7,31,54,66,92]. Theoretical
classifications by Aslamazov and Larkin identify four specific regions,
including k& = 0.3 for critical fluctuations (CR), £ = 0.5 for 3D fluctuations, &k =
1.0 for 2D fluctuations, and 4 = 3.0 for short wave fluctuations (SWF).
Logarithmic plots of 4o versus € for samples ranging from x = 0.00 to x = 0.01
were created on Figure 4.5(a—f) to investigate the CuQO; interlayer coupling
variations in the samples, respectively. The mean field regions were delineated
by their characteristic fitting slopes, represented as solid red, green, and blue
lines for the critical, 3D, and 2D regions, respectively. The interlayer coupling
properties can be estimated by analyzing the fitting parameters within the 3D
and 2D regions, following the approach suggested by Oh et al. [70]. Within the
mean-field region, pairs of conducting electrons formed and primarily moved
within the CuO, plane, characteristic of the 2D region [7,33,49]. As the
temperature decreased, Josephson channeling developed between the CuO,
planes, leading to the transition into the 3D region. Consequently, conducting
electron pairs could move more freely between the conducting layers. The
experimental results aligned well with theoretical predictions in all samples.
However, slight variations in the range of the 2D and 3D regions were observed
with the presence of TiO,. In the pure sample, the mean field region spanned
approximately -5 < Ine < -2.5. With the introduction of TiO,, the mean field
region extended from Ine values of -5.5 or -6 to Ing of -2.5. This indicated
variations in both the intra-layer, corresponding to the 2D region, and the
interlayer, corresponding to the 3D region, conducting behavior and local
structure. In the Lawrence—Doniach (L-D) model, the L-D temperature 7;, was

defined as the crossover point between the 2D and 3D regions, used to establish
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the relationship between mean field regions and estimate the interlayer
coupling strength J= 1 — T;p/T.. The calculated values are summarized in Table
4.2. The T;p value for the pure sample was 106.34 K, which decreased
progressively from 100.26 K to 85.31 K as the TiO, nanoparticle content
increased. Consequently, the interlayer coupling strength declined from 0.0234
to 0.0086 due to the presence of TiO, nanoparticles.

The interlayer coupling strength, denoted as J, is dependent on two key
parameters: the c-axis coherence length & and the effective interlayer spacing
of CuO, planes, following the relationship J = [2£.(0)/d]? [7]. To investigate
deeper the conducting and local structure fluctuations, we measured the
temperature-independent constant 4 in 4o expression of Aslamazov—Larkin
using the following equations:

62

- 32hé.(0)°

(4.5)

for 3D fluctuations, and

02
A= Tend’ (4.6)

for 2D fluctuations, where e is the electron charge, 7 i1s the Planck
constant [7]. However, for a strongly anisotropic superconductor like the
Lawrence—Doniach (L-D) model, d can be estimated from the interpolated S
value using the formula 8 = 16Ad/e*T..,, where T, is the temperature at the
intersection of the extrapolation line with the temperature axis [35,70,87]. The
coherence length at 0 K £.(0) and effective inter-layering spacing d were
calculated and presented in Table 4.2.

The coherence length and effective inter-layer spacing increased as the
TiO, content increased. This observation can explain the reduction in the

superconducting properties of the material within the CuO, interlayer.
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However, the significant decrease in 7, with increasing TiO, content may be
attributed to other factors.
Table 4.2. Excess conductivity analysis calculated parameters of
(B11.6Pb.4S12CayCu3010+5)1x(T102)x samples, with x = 0, 0.002, 0.004, 0.006,
0.008, and 0.010.

X T (K) J E0)(A)  d(A)

0 106.34  0.0234 1.27 59.43
0.002 10025  0.0155 1.38 82.15
0.004  97.11  0.0138 1.39 95.19
0.006 9258  0.0112 1.49 111.74
0.008 87.94  0.0094 1.65 116.13
0.010 85.31  0.0086 1.77 118.52

4.3.3. Local structure variations

The bond distance is a crucial piece of information that can confirm the
substitution of a site in the crystal structure [89]. Therefore, Cu-related bond
distances, including Cu-O, Cu-Ca, and Cu-Sr, were calculated from XRD
patterns using the Rietveld refinement method [85]. The calculated values are
provided in Figure 4.6. It was evident that the bond distance of Cu-O only
slightly changed with increasing TiO, content. However, the Cu-Ca and Cu-Sr
bond distances increased significantly with increasing TiO, content. These
observed variations indicate that a foreign ion may have substituted for Cu in
the conducting plane or its reservoir planes [40,89]. Thus, the atomic
characteristic fluctuation of copper was further investigated through X-ray
absorption spectral analysis.

Based on the evidence from A—L and L-D theory analyses, as well as the
increase in bond distances, the primary cause of the decrease in 7, is the

variation in the local superconducting structure. However, the exact cause of
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this structural fluctuation remains unclear. Other research has reported the

substitution of trivalent ions into divalent ion positions [22,107,109,110].

A\
A}

A\
A} )

0.000 0.002 0.004 0.006 0.008 0.010
X

Figure 4.6. The Cu-O, Cu-Ca and Cu-Sr bond distances of
(Bi;.6Pbo.4Sr2CayCus01045)1x(Ti02)x samples, with x = 0, 0.002, 0.004, 0.006,
0.008, and 0.010.

Yildirim et al. reported that the substitution of trivalent ions for Cu, Ca,
and Pb sites in BPSCCO leads to the degradation of the Bi-2223
superconducting phase [109,110]. Similarly, the substitution of divalent cations
by tetravalent ions (Ti*") may also lead to a decrease in 7, due to degradation
in local structure and ionic properties. Many studies have examined the effect
of creating holes in conducting layers by substituting ions of different valences
into the crystal structure [64,88]. The electronic structure of the CuO; planes
was investigated via XANES. The Cu K-edge XANES spectra of the samples
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with added TiO; and reference data for Cu'" and Cu?* are shown in Figure
4.7(a). To indicate the peaks in the spectra, two vertical dashed lines were
drawn to represent Cu'*- and Cu?*'-related peaks. The higher energy stage
corresponds to Cu?". These peaks arise due to electron transitions from the
ground to an excited state. In general, the orbital of Cu'* ion is completely filled
with a 3d'° configuration, while the orbital of Cu®" ions with a 3d” configuration
has a hole [11,98]. This result can be attributed to the quadrupole transition
from 1s to 3d, which is the pre-peak P, as shown in Figure 4.7(a). With an
increase in photon energy, the electron can make a longer transition from the
Is to the 4p orbital. These transitions are denoted as peaks A and B. The
crystalline field splits the 4p orbital into two sub-states: out-of-plane (4p,) and
in-plane (4p,) states. Peak A results from the transition from 1s to 4p, (3d!° L)
(where L denotes an oxygen ligand hole), whereas peak B is created by the
transition from 1s to 4p, (3d”). The 1s-to-4p, (3d!° L") transition corresponds
to the electron transfer between the ligand and metal, which enhances the
electron shielding effect and lowers the transition energy [53,63,81,82]. As
shown in the Cu K-edge XANES spectra, the main peaks of the samples with
added TiO, were at higher energies compared to both peaks of Cu'* (Cu,0) and
Cu?" (CuO). This suggests that the Cu valence in CuO, is between Cu?" and
Cu’", and it can be calculated using the following equation [97]:

Vo = Esample_ECu2+
Cu —

+ 2, (4.7)

Ecuz+—Ecy+

where Egmple , Ecy2+, and Eq, 1+ were gained from the maxima of the first
derivative curves of Cu-K edge XANES. The subtraction of the denominator
was 2.6 eV. Figure 4.7(b) depicts the valence state variation depending on the
TiO, content. Interestingly, the valence state and critical temperature both

exhibited the same trend with the TiO, content. This suggests that the change
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in hole concentration is likely the primary factor contributing to the degradation

of the critical temperature in the samples.
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Figure 4.7. (a) Cu K-edge XANES spectra of (B1; ¢Pbg 4Sr2CayCuszO19+5)1-
«(T10,)x samples, with x = 0, 0.002, 0.004, 0.006, 0.008, and 0.010. (b)

Copper valence of all samples.
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The Cu L, 3-edge spectra for all samples are plotted in Figure 4.8(a). The
carrier concentration in the conducting planes was calculated from the XANES
spectra of the Cu L,3-edge. This measurement was conducted at room
temperature, and the energy range was set from 920 eV to 980 eV. Two main
peaks appeared at approximately 933 and 955 eV for all samples. These peaks
represent electron transitions from the ground state configuration Cu(2p¥? 2)
3d° — O2p°® to the excited state configuration Cu(2p** 2)! 3d'° — O2p®. The

Cu(2p**"?)"! denotes that a hole was left by an excited electron in the Cu 2p*?

V2 configuration. This main peak indicates the transition of Cu?*

or Cu 2p
[25,41-43]. Interestingly, these peaks were asymmetric. After deconvolution
with the pseudo-Voigt function, a small shoulder appeared on the right side of
the main peaks (as shown in Figure 4.8(b)), which corresponds to the transition
of Cu* from Cu(2p** ") 3d° — L configuration to Cu (2p** ?)™! 3d'° — L
configuration, where L denotes the ligand hole [42,43]. Then, the hole
concentration (p) was calculated based on an equation presented by Karppinen
et al [42,43]. In this calculation, p represents the ratio of the Cu®* peak intensity
to the total intensity of the Cu?* peaks and Cu*" peaks. The L; spectra had higher
intensity than the L, spectra, suggesting that they are more suitable for fitting
with the pseudo-Voigt function. The intensities of the main and shoulder peaks
were determined from the fitting of the L; spectra and applied to the following
equation:

_ e
P= (1(Cu2*)+I(Cudt))’

(4.8)

where I(Cu?") and I(Cu®") are the integrated intensities of the main and shoulder

peaks, respectively. The calculation results are presented in Figure 4.8(c).
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Figure 4.8. (a) Cu L, 3-edge XANES spectra of (Bi; sPbg4S12Ca,CuzO10+5)1-
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L,-edge XANES spectra deconvolution with pseudo-Voigt function. (c) Hole

concentration of all samples.
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With the increase in TiO; content, the hole carrier concentration values
decreased from approximately 0.42 to nearly 0.15. This phenomenon can be
explained by the hole filling effect becoming stronger, leading to a lower carrier
concentration in the conducting planes. These pieces of evidence indicate that
the Cu site in the superconducting structure was partially substituted by a higher
valence ion, which is predicted to be Ti*" ions, and this substitution led to a
significant decline in 7.. Nevertheless, the substitution incident also influenced
to some extent the enhancement of J. via the point-like defects in the structure

acting as the flux pinning centers.
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Figure 4.9. T1 L, 3-edge spectra of (Bi; ¢Pbg4Sr2Ca,CuszO10+5)1x(T102)x
samples, with x = 0, 0.002, 0.004, 0.006, 0.008, and 0.010.

To confirm the presence of titanium incorporation in all the added
samples, Ti-L,3-edge spectra were obtained. The plot of the XANES Ti-L, 3-
edge 1s shown in Figure 4.9. The Ti-L, and Ti-L; peaks were observed in all
the added samples, with distinct absorption peaks compared to the pure sample.

Absorption peaks at 466 and 471 eV were prominently visible only in the added
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samples, indicating the presence of TiO, nanoparticles in the crystal structure
of the superconductor. The absorption per mass unit steadily increased with the
addition of TiO, content. These spectra confirmed that there was no variation
in the 1onic state of titanium. In comparison with the report by Kravtsova et al.,
the energy range of obtained L, peaks likely suggests that TiO, nanoparticles
were not in the form of nano-clusters and diffused well in the crystal lattice
[47]. This observation is consistent with the appearance of normal core point-
like pinning centers and also possibly indicates a high degree of substitution of
the Titanium ions [77]. The homogeneous characteristics of Ti*" ionic
properties in all the added samples confirm that the substitution was intensified
only by the addition of TiO, content and did not involve multivalence of the
dopant.

The impact of adding TiO, nanoparticles on the local structure and
interlayer coupling of the Bi;¢PbpsSrCayCuszOi05 polycrystalline
superconductor, resulting in a decrease in 7, was comprehensively
investigated. The analysis of excess conductivity within the frameworks of the
A-L and L-D theories revealed that TiO, induced fluctuations in the mean field
region. These fluctuations were accompanied by an increase in the c-axis
coherence length and effective CuQO, interlayer spacing. Consequently, the
interlayer coupling strength decreased progressively with increasing TiO,
content. These findings were consistent with the observed increases in the Cu-
O, Cu-Ca, and Cu-Sr bond distances. Furthermore, the addition of TiO2 led to
a reduction in both the Cu valence state and hole concentration, as evidenced
by Cu K-edge and Cu L, 3-edge XANES spectra. These changes were correlated
with the variations in the local structure and the decrease in 7. in the. The
correlation between local structure variations and 7, of the

(Bi1,6Pb0.4Sr2CazCu3Olo+5)1_X(Ti02)x was pOSSibly found.

95



4.4. IMPROVEMENTS OF J,

Although the results given in 4.2.1 pointed out that the additions of TiO,
nanoparticles decelerated the formation of the Bi-2223 phase, the additions
were expected to enhance J. of the fabricated samples. The field-dependent
critical current density (J.) of all samples was analyzed using the modified
Bean's model, as described in section 2.2.2.2. The results of the external field
dependence of J,. for all samples at various temperatures (65 K, 55 K, 45 K, and
35 K) are presented in Figure 4.10(a—d).
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Figure 4.10. The field dependence of J. of (Bi; 6Pb4Sr2Ca,CuzO010+5)1-x(T102)x
samples, with x = 0, 0.002, 0.004, 0.006, 0.008, and 0.010 with small bundle
regimes description using collective pinning theory at (a) 65 K, (b) 55 K, (¢)

45 K, and (d) 35 K. Dash-dot lines are fitting curves using Equation (1.2).
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The external field dependency of J. for all samples was plotted at
temperatures of 65 K, 55 K, 45 K, and 35 K, represented in Figure 4.10(a—d).
For the sample without TiO, addition, the J, values were found to be in line
with previous reports on BPSCCO polycrystalline samples [72,96,114].
Remarkably, with TiO, contents of x = 0.002 and x = 0.004, there was a
substantial increase in J, across all examined magnetic fields and temperature
ranges. The most significant improvement in J. was observed at the x = 0.002
doping level, with a slight decrease noted in the x = 0.004 sample. Moreover,
when comparing all the samples, it was evident that J, exhibited a slower rate
of decline under the applied magnetic field in these particular samples. As a
result, J. reached the threshold value of 100 A/cm? at a higher irreversible field
compared to the other samples. However, with increasing TiO, content, J.
decreased and showed a more rapid decline under the influence of an external
magnetic field, particularly in the x = 0.010 sample. These findings indicate
that TiO, nanoparticles can act as additional pinning centers, leading to an
improvement in J,. under external magnetic field conditions when added at the
right addition [23,65,76,114]. The observed reduction in J. in the x = 0.006,
0.008, and 0.010 samples might be attributed to a decrease in inter-grain
connectivity, as evidenced by XRD and SEM analyses.

The study aimed to investigate the impact of TiO, nanoparticles and
identify the optimal doping level for enhancing the critical current density (J.).
However, a deeper understanding of how TiO; nanoparticles influence each
specific magnetic field regime and the underlying flux pinning mechanism was
necessary. The collective pinning theory, as formulated by Blatter et al.,
provided a framework for analyzing the vortex pinning mechanism and
elucidating the behavior of vortices in high-temperature superconductors

[14,55]. According to this theory, J. exhibits distinct characteristics in different
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magnetic field regimes. Generally, J. in a magnetic field can be divided into
three regimes: the single vortex regime, the small bundle regime, and the large
bundle regime, separated by crossover fields known as By and By
[14,34,80,99,105,106]. By, marks the transition from the single vortex regime
to the small bundle regime, while Bj, denotes the transition from the small
bundle regime to the large bundle regime. In the single vortex regime, where
vortices are individually pinned, J. in the magnetic field is nearly constant.
Interestingly, for samples with x = 0.002 and x = 0.004, the plateau in J,. was
wider, indicating an increase in the number of pinning centers. As the magnetic
field intensity increased, the vortex density surpassed the pinning center
density, leading to collective pinning [14,16,34,105].

The fitting curves in the temperature range of 65 K, 55 K, 45 K, and 35
K, using Equation 1.2, are depicted as solid red lines in Figure 4.10(a—d). Based
on the fitting results in the small-bundle regime, the values of the crossover
fields By, and By, were identified as the points where the deviation occurred at
lower and higher fields, respectively. This estimation method employed -
log[J.(B)/J/0)] as a function of B in a double-logarithmic plot, following the
approach by Ghorbani ef al. [24]. The B, and By, values are presented in Table
4.3. The By, and By, values increased with higher doping levels (x = 0.002 and
x = 0.004) and decreased at higher adding content. The increments in By, and
By were more significant at the lower temperatures. About the x = 0.002
sample, the B, value at 65 K was only 0.01 T higher than the pure one, whereas
the By, value at 35 K was 0.08 T higher than that. Similarly, the By, value for
this sample was 0.06 T higher at 65 K and 0.34 T higher at 35 K compared to
the non-doped sample.

The increment in By, for the x = 0.002 and x = 0.004 samples suggested

an extension of the single vortex regime, which could be linked to the increased
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quantity of pinning centers. Moreover, the increase in By for these samples
indicated that the additional pinning centers were effectively contributing to the
collective pinning regime. The presence of sufficient TiO, content extended
both the small and large bundle regimes, correlating with the enhancement of
J. at high external magnetic fields. In the single vortex regime, where the
magnetic field is lower than By, individual vortices were pinned by pinning
centers [34,61,105]. Therefore, the expansion of the single vortex regime was
likely attributed to the introduction of additional nano-defects as supplementary
pinning centers [34,61,105]. These artificial pinning centers also demonstrated
efficient collective pinning capabilities by extending the small bundle regime.
Table 4.3. B, and By, values of (Bi; 6Pbg4S1,Ca,CusO10+5)1x(T102)x samples,
with x = 0, 0.002, 0.004, 0.006, 0.008, and 0.010 at 65 K, 55 K, 45 K, and 35
K.

T=65K T=55K T=45K T=35K
By (T) Bu(T) By (T) Bu(T) Bw(T) Bw(T) Bu(T) Bw(T)
0.000 0.138 0290 0227 0.530 0370 0.830 0.730 1.800
0.002 0.150 0300 0277 0.650 0.430 0.950 0.820 2.500
0.004 0.140 0290 0253 0.587 0.410 0.870 0.800 1.930
0.006 0.135 0285 0227 0.538 0350 0.840 0.670 1.750
0.008 0.128 0280 0215 0.514 0300 0.800 0.580 1.730
0.010 0.125 0270 0200 0470 0280 0.670 0.450 1.420
4.5. FLUX PINNING PROPERTIES

4.5.1. Flux pinning mechanism
In light of the substantial improvement in J,, it becomes imperative to
investigate the flux pinning mechanism of TiO, nanoparticles in the BSCCO
polycrystalline superconductor. In type-II superconductors, the core interaction

stands as the most effective vortex-pinning center interaction [55,61,80].
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Figure 4.11. (a) The normalized temperature dependence of normalized J. and

(b) normalized By, of (B1; ¢Pbg4S12Ca;CusO10+5)1-x(T10,)x samples, with x = 0,

0.002, 0.004, 0.006, 0.008, and 0.010. Solid lines are fitting curves in terms of
the o/ pinning and 67, pinning mechanisms using Egs. 1.5 and 1.6

The Figure 4.11(a) illustrates the presentation of the normalized critical
current density (j = J«(7)/J.(0)) versus the normalized temperature t=7/T. for
all the samples. The dominant pinning mechanism in all samples is 6/, which is
related to the variation in charge carrier mean free path near lattice defects
[24,55,80,106]. This outcome aligns with the findings reported in other studies
concerning YBCO and BSCCO [55,61].

Additionally, we evaluated the normalized small bundle field, denoted
as by, (= Bw(t)/Bu(0)) values of the (Bi;6PboaSrCayCuszOi0+5)1x(T102)x
samples at 65 K, 55 K, 45 K, and 35 K were estimated through fitting using the
expressions mentioned and depicted the results Figure 4.11(b). Interestingly,
the J/-pinning exhibits a remarkable agreement with the By data. This
consistency reaffirms the prevalence of the 6/ mechanism in both the undoped
and doped samples at all temperatures, which correlates well with the j-¢

analysis discussed earlier. The natural pinning center is attributed to grain
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boundaries in the pure sample, and 6/ pinning is a plausible explanation for this
type of center. These additional pinning centers were also expected to introduce
variations in the mean free path of charge carriers, which are associated with
defects, distortions, and dislocations, as revealed in the XRD, SEM, and RT
examinations. Further details regarding the properties of foreign pinning
centers are discussed below.

4.5.2. Improvements of pinning force density
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Figure 4.12. The normalized field dependence of flux pinning force density of
(Bi1,6Pb0'4SI‘2C&2Cu3O1()+5)1-x(Ti02)X samples, with x = O, 0.002, 0.004, 0.006,
0.008, and 0.010 at (a) 65 K, (b) 55 K, (c) 45 K, and (d) 35 K.
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The flux pinning force density of all samples was also estimated using
the relation: F, = J.xB. To illustrate the changes in flux pinning properties, the
F, of all samples at 65, 55, 45, and 35 K as a function of the normalized field b
= B/B;,, was presented in Figure 4.12(a—d), where B;, was defined using a
criterion of J. = 100 A/cm?. The pinning strength was improved significantly
on the x = 0.002 and x = 0.004 samples. For the non-added sample, the maximal
F, (Fymax) values were 0.3x107, 0.5x107,1.5x107, and 4x10” N/m? at 65 K, 55
K, 45 K, and 35 K, respectively. On the optimal added sample, x = 0.002, F}, ;uax
reached 0.4x107, 0.9x107, 1.7x107, and 7x107 N/m? at the appropriated
temperatures. In addition to the improvement in strength, the most significant
observation in the F,-b results was the shift in the position F),nax (bpear),
indicating a change in the dominant pinning centers in the doped samples. This
shift necessitates further analysis using the Dew-Hughes model [38]. The exact
values of b,..x were estimated through the fitting process and are presented in
Table 4.4.

4.5.3. Identification of flux pinning center

The £, as a function of b along with the fitting lines according to the Dew-
Hughes model of all samples is presented in Figure 4.13(a—d). The values of p
and q are listed in Table 4.4. Notably, the fitting parameters for each sample
exhibit similarity across all investigated temperatures. Generally, the g values
of samples at all temperatures are approximately ~2, indicative of core
interaction [20]. Therefore, it's possible to use the average p or by.q values for
each sample to analyze the dominant type of pinning centers. For the non-added
sample, the average values of p and b were 0.554 and 0.209, which
correspond to the normal core surface pinning center (p = 0.5) [20]. This is

consistent with previous studies defining grain boundaries as the natural
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pinning centers for BPSCCO polycrystalline superconductors, which are

categorized as normal core surface pinning centers [102,112].
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Figure 4.13. The normalized field dependence of (Bi; sPbg4S12Ca,CusO10+5)1-
«(T10,)x samples, with x = 0, 0.002, 0.004, 0.006, 0.008, and 0.010 with
modified Dew-Hughes model scaling at (a) 65 K, (b) 55 K, (c¢) 45 K ,and (d)
35 K. Solid lines are fitting curves using Eq. (1.7).

For x = 0.002, the value of p increased to 0.813 with by, of 0.289,
matching the observed shift in F) .. position observed in Figure 4.12.
However, by adding content increment, the value of p fell back to 0.752, 0.621,
0.607, and 0.509, respectively. This behavior can be explained by considering
the size of the TiO, nanoparticle dopant. The TEM images in Figure 4.1, the
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average size of the TiO, nanoparticles was around 12 nm, which was in
between the coherence length (~ 2.9 nm) and the penetration depth (~ 60 nm)
of BPSCCO [20,30,108]. According to Dew-Hughes's model, when the size of
the pinning center is smaller than the penetration depth, the interaction between
flux lines and pinning centers is characterized as core interaction [20].

Moreover, when the pinning center size is larger than the coherence
length, it's classified as a normal center. Furthermore, when compared to the
inter-flux-line spacing dy, the average size of the TiO, nanoparticles is smaller
across the entire range of magnetic fields investigated [20,102]. Therefore, the
geometry of the center aligns with the characteristics of point-like pinning
centers. Thus, the added TiO, nanoparticles function as normal core point
pinning centers in the doped samples, corresponding to p = 1 and ¢ = 2 in Dew-
Hughes's model [20,44]. This explanation clarifies the increase in the p value
in the doped samples. However, the value of p decreases with increasing x,
indicating a re-occupation of the normal core surface pinning centers. This
phenomenon 1is related to the presence of misoriented grains, voids, and
porosity as indicated by XRD and SEM analysis.

SEM examination shows that the surface structure of the doped samples
exhibits grain misorientation, porosity, and voids, particularly in samples with
higher dopant content. The monotonic decrease in 7. values with increasing
Ti10, content is in agreement with this. The presence of TiO, is also linked to
the increase in py through Zou-Anderson fitting. In terms of J.(B), the samples
benefited from adequate amounts of TiO, nanoparticles, particularly x = 0.002,
0.004. Within the framework of collective pinning theory, J. in the small bundle
regime was well-fitted. The values of By, and Bj, were estimated for all samples
at 65, 55, 45, and 35 K. These results indicated that the small and large bundle

regimes extended with sufficient amount of TiO, nanoparticles. The j(z)

104



analyses demonstrated that d/ pinning was the dominant pinning mechanism in
all samples. The investigation of the normalized field dependence of f, helped
clarify the influence of TiO, nanoparticles on the flux pinning mechanism
through the Dew-Hughes model. The increase in the fitting parameter p in x =
0.002 and 0.004 samples suggests that the additional centers are normal core
point pinning centers. Conversely, higher dopant content led to decreased p
values due to the presence of misoriented grains, voids, and porosity.

Table 4.4. Flux pinning centers properties with modified Dew-Hughes model

scaling of (Bi;.6Pbo.4S12Ca,Cu3010+5)1.x(T102)x samples, with x = 0, 0.002,
0.004, 0.006, 0.008, and 0.010 at 65 K, 55 K, 45 K, and 35 K.

T'=65K I'=55K

p q bpeat p q Bpeat
0.000  0.514 1.934 0210 0534 2009 0213
0.002  0.813 1.998 0.289  0.821 2.018  0.293
0.004  0.752 1.998 0.273 0.763 2.027  0.269
0.006  0.621 1.983 0.238 0.644  2.056  0.250
0.008 0.607 1.963 0.236  0.597 1.931 0.237
0.010  0.509 1.961 0.206  0.518 1.996  0.211

T=45K T=35K

p q bpeat p q Dpeat
0.000  0.517 1910  0.221 0.524 1.847  0.211
0.002  0.823 198 0290 0848 2076  0.302
0.004  0.758  2.060 0277  0.766 1.999  0.281
0.006  0.627 1.881 0.247  0.633 1.930  0.241
0.008 0.601 1.935 0.241 0.591 1.861 0.238
0.010  0.518 1.937  0.208 0.548  2.087  0.217
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4.6. CONCLUSION OF CHAPTER 4

The effects of TiO, nanoparticles on the structure, morphology, critical
and flux pinning properties of Bi; ¢Pbg4Sr,Ca,CusO,0+5 superconductor were
systematically  investigated. The (B11.6Pbo.4S1:Ca,Cu3010+5)1x(T102)x
polycrystalline samples were successfully fabricated via the solid-state reaction
method. XRD investigation results showed that the TiO, nanoparticles
decelerated the Bi-2223 phase formation. SEM examination presented the
degradation of the surface structure of added samples with grain misorientation,
porous, and void, especially on samples with high adding content. The 7, values
of the samples were decreased monotonously by TiO, content with significant
descend from x = 0.006. This negative effects of TiO, nanoparticle adding was
systematically with evidences in local structure. The excess conductivity in the
framework of the A—L and L-D theory analyses displayed that the mean field
region was fluctuated by TiO, with increasing c-axis coherence length and
effective CuO; interlayer spacing. As a consequence, the interlayer coupling
strength declined monotonously with adding content. The reduction in both Cu
valence state and hole concentration on the added sample was probed by using
Cu K-edge and Cu L,3-edge XANES spectra. The correlation between local
structure variations and 7. of the (Bi;¢PbosSr,Ca;CusO10+5)1x(TiO02)x  was
possibly found.

Beyond these descend, the additions of TiO, nanoparticles were essential
agent on J, and flux pinning enhancements. The J.(B) of the samples were
enhanced by adequate adding contents of x = 0.002, 0.004. In the collective
pinning theory framework, the J. in the small bundle regime is well fitted. The
values of By, and Bj, were estimated for all samples at 65, 55, 45, and 35 K. The
results revealed the extension of the small and large bundle regimes with

adequate amounts of TiO; nanoparticles. The j(?) analyses exhibited that the o/
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pinning was the dominant pinning mechanism in all samples. The normalized
field dependence of f, was investigated to clarify the influence of TiO,
nanoparticles in the flux pinning mechanism via Dew—Hughes model. The
increasing p fitting parameter increase on x = 0.002 and 0.004 samples
exhibited that the additional centers were normal core point pinning centers.
On higher adding content, p values were decreased by the presence of

misoriented grains, void, and porous.
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CHAPTER 5: IMPROVEMENTS OF CRITICAL CURRENT
DENSITY IN HIGH-T. Bi1.sPbo.4Sr2Ca2Cu3010:s SUPERCONDUCTOR
BY ADDITION OF MAGNETIC Fe;04 NANOPARTICLE

In Chapter 4, results showed that the non-magnetic nanoparticles
effectively served as pinning centers in BPSCCO, leading to the obvious
enhancements of J.. TiO, semiconducting nanoparticles were clearly proved to
effectively serve as 0D pinning centers. In the next research, the additions of
the another type of nanoparticles having a similar range of diameters but
owning higher potential to pin the penetrated vortices are going to be carried
out. Since vortices have been identified to be flux quanta, pinning centers in
forms of magnetic nanoparticles might play an important role in flux pinning
mechanism. For more details, magnetite nanoparticle with the dimension
mentioned above are characterized as ferromagnetic material, which has been
known as the strongest pinning type. Among the magnetic nanoparticles, Fe;O4
nanoparticles have been chosen due to the reasons that Fe;O4 are oxide and
stable at high sintering temperatures. This chapter will examine the effect of
addition of Fe;Os magnetic nanoparticles on crystal structure and
superconducting properties of BPSCCO samples. The expected benefits of the
addition of the Fe;O4 nanoparticles are that the magnetic pinning centers would
attract and pin more penetrated vortices inside the BPSCCO samples. The
stoichiometry of samples has been (B1, ¢Pby 4S12Cay;CuzO10+5)1x(Fe304)x, where
x =0.00, 0.01, 0.02, 0.03, 0.04 and 0.05.

5.1. NANOPARTICLE CHARACTERISTICS

The TEM images of the Fe;O4 nanoparticles and their histogram before
the adding process was examined and shown in Figure 5.1. The nanoparticles
were found to be mostly in spherical form and its average size was about 19

nm. The average size of the Fe;O4 nanoparticles is also adaptable as a dopant
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for BPSCCO, which was between the coherence length and the penetration of

the compound.
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o

Count (%)

L e
Diameter (nm)

Figure 5.1. (a) TEM images and (b) histogram of Fe;O4 nanoparticles.

5.2. FORMATION OF THE SUPERCONDUCTING PHASES
5.2.1. Phase analysis
The X-ray diffraction (XRD) patterns of the samples are displayed in
Figure 5.2. These patterns clearly indicate the presence of two main phases: Bi-
2223 (marked as "H") and Bi-2212 (marked as "L"). Additionally, there is a
secondary phase, Ca,PbO,, formed due to the substitution of Pb [96].
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Figure 5.2. (a) XRD patterns and (b) Volume fractions and average crystalline
size of (Bi; 6Pb4S1:CarCusz010+5)1x(FesO4)x samples, with x = 0, 0.01, 0.02,
0.03, 0.04, and 0.05.
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In the non-added sample, the Bi-2223 phase is dominant and shows a
high degree of c-axis orientation, evident from the strong H(00/) peaks. The
volume fractions of the superconducting phases, %Bi-2223 and %Bi-2212,
were calculated. Moreover, the average crystallite size of the Bi-2223 grains
was estimated using the Scherrer equation [96]. In comparison, as the dopant
content increased, the %Bi-2223 phase consistently decreased, while the %6Bi-
2212 phase increased. Simultaneously, the average crystallite size of the Bi-
2223 grains decreased continuously. These observations suggest that the
presence of Fe;O4 nanoparticles likely decelerated the formation of the Bi-2223
phase. Despite this, no peaks related to iron were observed, which could be
attributed to the relatively low concentration of Fe;O4 in these samples. To
further investigate, the x = 0.05 was examined using Fe-edge X-ray absorption
spectra in my independent article [97]. The XRD refinement results indicated
a subtle shift in the spectra of the doped samples, hinting at the potential partial
substitution of Fe ions into the BSCCO crystal structure [97].

5.2.2. Surface morphology

The scanning electron microscopy (SEM) images of all the samples are
presented in Figure 5.3. In these images, the Bi-2223 phase is observed in the
form of plate-like grains, while the Bi-2212 phase appears as needle-like grains,
as previously noted [96]. Additionally, fine Fe;O4 nanoparticles are visible as
randomly distributed dots adhering to the surfaces and boundaries of the grains
in the doped samples. Up to x = 0-0.02, the microstructures of the samples do
not show significant changes. However, in the x = 0.03—0.05samples, a portion
of the plate-like grains has transformed into needle-like grains. This
transformation may have contributed to an increase in the surface porosity of
these samples. Such changes in microstructure indicate that the inter-grain

connectivity can be compromised in samples with higher doping levels.

111



Figure 5.3. SEM images of (Bi; ¢Pbg 4S12Ca,Cu3010+5)1x(Fe3;04)x samples,
withx =0, 0.01, 0.02, 0.03, 0.04, and 0.05.

5.3. IMPROVEMENTS OF J,
Figure 5.4(a) illustrates the field dependence of J. at 65 K in double-
logarithmic scale with the exponential fitting lines for small bundle regime by

using Equation 1.2.
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Figure 5.4. (a) Field dependence of J. at 65 K with small-bundle regime
fitting in double-logarithmic scale, (b) field dependence of —In[J.(B)/J.(0)] of
the x = 0 and 0.02 samples.

The results clearly demonstrate that the J, values of the added samples

increased for x = 0.01 and 0.02, and this enhancement was most significant for

the x = 0.02 sample. However, the J. values gradually decreased for x > 0.03.

This decline in J. for the x > 0.03 samples can be attributed to the observed
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degradation in interconnectivity, as revealed in the SEM analyses. The
influence of adding Fe;O4 nanoparticles varies across different field regions,
and this behavior can be explained by the collective pinning theory [14,55,61].
The collective pinning theory divides the J. behavior into three specific in-field
regimes: the single vortex regime, the small bundle regime, and the large
bundle regime. These regimes are separated by two characteristic fields small-
bundle regime field B,, and large bundle regime field By, [14,25,106]. The field
dependence of —In[J«B)/J(0)] of the x = 0 and 0.02 samples is depicted in
Figure 5.4(b), with a fitting line based on Eq. 5.1. By analyzing the deviation
points at lower and higher fields, the values of By, and B, were determined, as
presented in Table 5.1. The results showed that the small bundle regime was
slightly extended for the x = 0.01 and 0.02 samples, indicating improved vortex
pinning in this regime. Conversely, for the x > 0.03 samples, J. decreased more
rapidly in the in-field conditions. The small porosity observed in the x = 0.01
and 0.02 samples may have contributed to enhanced inter-grain connectivity,
facilitating improved current flow, as suggested by the SEM analysis.
5.4. FLUX PINNING PROPERTIES
5.4.1. Identification of pinning center

The flux pinning force density was estimated as F, =J. x B to gain further
insights into the impact of Fe;Os nanoparticles on BPSCCO [96]. The
normalized field b = B/B;,, Bi» was determined using the criterion J, = 100
A/cm?, dependence of F, at 65 K is illustrated in Figure 5.5(a) [25]. F,
obviously increased significantly for the x = 0.01 and 0.02 samples but not for
the x > 0.03 samples. This indicates that Fe;O4 nanoparticles acted as additional
pinning centers, enhancing the pinning strength for the x = 0.01 and 0.02

samples. Furthermore, the position of maximum £, (F}, nax) in all added samples
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shifted to a higher normalized field. This observation indicates a change in the

flux pinning mechanism.
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Figure 5.5. (a) Normalized field dependence of F), at 65 K, (b) normalized
field dependence of f, with Dew—Hughes model fitting of
(Bi;.6Pbg.4Sr,CayCuszO10+5)1.x(Fe304)x samples, with x = 0, 0.01, 0.02, 0.03,

0.04, and 0.05.

The flux pinning mechanism, developed by Dew-Hughes for type-II

superconductors, has been widely used to investigate pinning center
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characteristics in high-temperature superconductors. By fitting the data using
Equation 1.7 and presented in Figure 5.6(b), characteristic parameters were
determined and are shown in Table 5.1. For the x = 0 sample, the values of p,
q, and bpe.c were ~0.5537, ~2, and ~0.2168, respectively. According to the
Dew-Hughes model, the dominant natural pinning centers in polycrystalline
Bi1; 6Pbo.4Sr2CaCusOi¢+5 superconductors are grain boundaries, with a b,eqr =
0.2 [20]. For the x = 0.01 and 0.02 samples, the value of p increased from
0.5537 to 0.6523 and 0.6695, and the value of b,cur increased from 0.2168 to
0.2459 and 0.2508, respectively, with both exhibiting the point-like pinning
mechanism (bpeax = 1/3) [20]. Moreover, the g values of all samples were
approximately 2, indicating core interaction [20]. The average size of the Fe;O4
nanoparticles was ~20 nm, which falls between the coherence length (~ 2.9 nm)
and the penetration depth (~ 60 nm) of BPSCCO [56]. Therefore, the additional
pinning centers were predicted to be normal core pinning centers [20]. The
fitting results showed a slight increase in the p parameters and b,.. values on
the added samples. his suggests that the flux pinning mechanism in the added
samples is a combination of normal core surface and point-like pinning. Point-
like pinning centers may form when the size of spherical Fe;O,4 nanoparticles
is smaller than the inter-flux-line spacing dy, or when Fe ions are partially
substituted by superconducting crystals [20,97]. Additionally, Fe;04
nanoparticles located around superconducting grains could act as surface
pinning centers [20,44]. In the present study, SEM images frequently revealed
misoriented and porous surfaces in the x = 0.03, 0.04, and 0.05 samples.
Consequently, the excessive presence of surface pinning centers could lower
the value of p in these samples [20,44]. As a result, the b,cq.« values for the x =
0.03, 0.04, and 0.05 samples were reduced to 0.2396, 0.2391, and 0.2383,

respectively.
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Table 5.1. Characteristic fields and Dew—Hughes model fitting parameters of
(Bi1_6Pb0,4SI’2C32C113010+5)1-X(F€3O4)X samples

X By (T) B (T) P q bpeak
0.00 0.055 0.32 0.514 1.934 0.210
0.01 0.065 0.34 0.653 1.994 0.246
0.02 0.080 0.40 0.670 1.988 0.252
0.03 0.050 0.31 0.630 2.015 0.238
0.04 0.040 0.28 0.629 2.021 0.237
0.05 0.030 0.25 0.626 2.032 0.235

5.4.2. Improvements of pinning potential
The thermal activation flux flow using Arrhenius relation was also

investigated at B= 0.5 T and presented in Figure 5.7(a)

R(T,B) = Ryexp (—f{’—;) (5.1)

where R, was the field-independent pre-exponential factor, Uj is the pinning
potential, kz was the Boltzmann's constant [101,113]. Figure 5.7(b) provides
the values of Uy, obtained from the slopes of the linear portion in the Arrhenius
plots. It is evident that the potential barrier strengthens until it reaches a
maximum in the x = 0.02 sample. However, for the added bulk samples, there
is a relatively immediate reduction in Uy/kp at higher fields. This reduction may
be connected to a crossover to a collective flux creep phase, suggesting that
weakly pinned intergranular Josephson vortices dominate at these conditions.
This vortex motion within the material is related to this dissipative process.
This phenomenon implies that the precipitates at grain boundaries
enhance U of the Bi-2223 bulks. However, this pinning effect is insufficient

to hold the vortices in place in a strong magnetic field. Therefore, the flux
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pinning ability of the samples is enhanced in these samples, consistent with the

trends observed in J. and F), analyses.
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Figure 5.6. (a) Arrhenius plot at 0.5 T using Equation (5.1), and (b) Pinning

potential and 7. of (B1; ¢Pby4Sr2CaCu3010+5)1x(Fe304)x samples, with x = 0,
0.01, 0.02, 0.03, 0.04, and 0.05.
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In summary, the (Bi;6Pb4Sr2Ca,CuzOi0:5)1-x(Fe304)x superconductors

were successfully fabricated using the solid-state reaction method.
Microstructural analyses revealed that the presence of Fe;O4 nanoparticles
decelerated the formation of the Bi-2223 phase. Samples with x =0.01 and 0.02
showed increased J. values. These enhancements can be attributed to the
improved pinning force (F},) and the strengthened activation energy (Uy). The
Dew-Hughes model was employed to confirm the presence of additional
normal core point pinning centers in the added samples.
5.5. COMPARISON OF SUBSTITUTION EFFECT, ADDITIONS OF NON-
MAGNETIC AND MAGNETIC NANOPARTICLE ON THE CRITICAL
CURRENT  DENSITY OF  Bi;¢PbosSrCayCu3O1015 CERAMIC
SUPERCONDUCTOR

The influence of substitution and nanoparticle additions on J. and flux
pinning properties of Bij ¢Pbg4Sr;CarCusOi9:5 superconductor have been
systematically investigated. In general, the sodium substitution, the non-
magnetic nanoparticle or also the magnetic nanoparticle are available to
enhance the J, of the BPSCCO polycrystalline samples with proper contents.
The optimal content for each dopant has been found, and the J. has been
increased effectively in a wide range of applied magnetic field. Comparison
between effect of improvements of J,. by using different methods should be
discussed. Figure 5.8 showed the plot of enhancements of J. of the BPSCCO
polycrystalline samples, in which the optimum enhancements of J,. at 65 K
obtained by each method were inserted. The results illustrate that the highest
enhancement of J. was achieved by the addition of Fe;Os4 magnetic
nanoparticles with x = 0.02. As we expected, the Fe;O4 magnetic nanoparticles
would have a stronger ability to attract and pin penetrated vortices, leading to

induce a stronger pinning force. Consequently, magnetic nanoparticles might
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be concluded as the most suitable candidate for enhancements of J. in type-II

superconductors.

10000 |

—— Pure
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Figure 5.7. The field dependence of J. at the optimal content of Na-
substituted, TiO,-nanoparticle-added, and Fe;O4s-nanoparticle-added

Bi; ¢Pbg.4Sr,Ca,Cuz0;¢+5 superconductor.

120



CONCLUSIONS

In this dissertation, the explorations of the issue of critical current density
and pinning mechanism in Bi-Pb-Sr-Ca-Cu-O superconductors with three types
of 0D APC, including Na-substitution, TiO, nanoparticle addition and Fe;O4
nanoparticle addition, were carried out. Main results of this dissertation,
improvements of J, in BPSCCO superconductors via the addditions of 0D APC
was systematically investigated, and summarized as the followings:

For the BPSCCO superconductors with the substitution of Na into Ca
site, the dominant pinning mechanism appeared to be temperature independent.
The improved flux pinning properties in the Na-substituted samples were
induced the growth of point-like pinning and the decline of grain boundary
pinning resulting from the Na substitution. Especially, the 8/ pinning was found
to be the predominant pinning mechanism responsible for the samples.

For the BPSCCO superconductors with the addition of non-magnetic
TiO,nanoparticles, the J.(B) of the samples were enhanced by adequate doping
contents of x = 0.002, 0.004. The results revealed the extension of the small
and large bundle regimes with adequate amounts of TiO, nanoparticles. The
Jj(t) analyses exhibited that the 6/ pinning was the dominant pinning mechanism
in all samples. The normalized field dependence of f, was investigated to clarify
the influence of TiO, nanoparticles as normal core point pinning. Additionally,
a close correlation between local structural variations and change in 7. of the
BPSCCO was investigated.

For the BPSCCO samples with the additions of magnetic Fe;O4
nanoparticles, the enhancements of J, were obtained for x = 0.01 and 0.02. The
appearance of additional normal core point pinning centers in the doped

samples was confirmed by using the Dew—Hughes model. Interestingly, the
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additions of magnetic nanoparticles were concluded to provide the strongest
enhancements of J. among the methods used in the research.

Motivated by results presented in the dissertation, further studies on
BPSCCO superconductors will be carried out. The effects of volume pin — by
using nanoparticles with larger size and columnar pin — by adding nanotubes
or self-assembled nanorods/nanocolumns are being predicted to play important
roles in comparing and understanding possible shifts in pinning mechanism in
BPSCCO. Consequently, the key factors to apply nano-technology in the
enhancements of flux-pinning properties in type-II superconductors will be

obtained.
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