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red), (b) as-measured Meissner force curves on MgB» (5E13) (red) and Nb film
(blue), as well as the shifted Meissner force curve for MgB» (5E13) (dark red)....138
Figure 5.8. Comparision of J. enhancements of the MgB: bulk and thin film
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ABSTRACT

When compared to other superconductors, the conventional magnesium boron
dioxide (MgB>) superconductor, which was found in 2001, possesses a number of
benefits. These include a relatively high critical temperature (7¢) of 40 K, a high
critical current density (J;), a simple crystal structure, a low cost, and a number of
additional advantages. In addition, MgB: is made up of two light elements: Mg and
B, which are very affordable in comparison to the components that are utilized to
produce iron-based and high-temperature superconductors (HTS). Other properties
like as weak-link free behaviour across grain boundaries, greater coherence length,
and reduced electronic anisotropy are the additional benefits of MgB». Nevertheless,
its practical uses are limited due to its quick decline of J. in magnetic field. On this
material, a great deal of study has been done on both fundamental physical

characteristics and practical applications.

In this study, we focus on enhancements of J. of MgB> bulk and film samples. Due
to their ability to produce a stronger magnetic field than traditional ferromagnets,
bulk superconductors can be utilized in their place. However, there exist weak link
behaviour of grain boundaries in high temperature superconducting materials, which

leads to the requirements of complex techniques.

First of all, the fabrication of MgB» bulk samples showing the strongest performance
of superconductivity was carried out. The ex-situ MgB> powders were further mixed
with Mg and B at different amounts and sintered at different times and temperatures.
Pure ex-situ MgB> + 0.5 Mg sintered at 1000 °C for 1 hour is considered to be the
optimal condition within the allowable research range for fabricating MgB:> bulk

samples with the highest possible value of J..

Secondly, the enhancements of J. of the MgB, bulk sample were investigated by
adding small amounts of the proper impurities. The co-additions of B4C and Dy>03

was expected to improve the connectivity between superconducting grains, which led
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to the enhancements of upper critical field (B.2) and J.. The greatest J. enhancement

was obtained for the sample with the co-additions of 5 wt.% B4C + 2.0 wt.% Dy20s.

Lastly, the deposition of high-quality MgB: thin films was studied. The hybrid
physical-chemical vapor deposition (HPCVD) was known as a particularly successful
approach for the deposition of MgB, thin films. By optimizing the growth
environment, we have synthesized extremely c-axis-oriented 412-nm-thick MgB»
was grown on Al,Os substrates. By using the irradiation of non-magnetic ions into
MgB:; films, a dose of 5 x 10! ion/cm? was shown to be optimal for providing the
highest J. enhancement. Possible reasons for the obtained J. enhancements were
attributed to the improvements of pinning ability when the pinning centers (PCs) were
properly introduced. Moreover, geometry of PCs in MgB» bulk and film samples were
analyzed by using the Dew-Hughes model. The 2-dimensional PCs were found to be
dominant in the MgB> bulk and pristine thin film, while the formation of O-
dimensional PCs in form of point-like defects was observed in the ion irradiated

MgB: thin films.
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Chapter 1: INTRODUCTION
1.1. Superconductivity
1.1.1. History and crucial milestones

Materials in the superconductivity state lose their resistance below a temperature
known as the critical temperature (7¢). Scientist Heike Kamerlingh Onnes of the
Netherlands made the first observation of superconductivity in Mercury (Hg) in 1911.
The resistance vanished abruptly when he cooled it to 4 Kelvin, the temperature of
liquid helium, and this has since opened up a whole new field of study in low-
temperature physics [33]. After that, he discovered that large transport acurrents or a
magnetic field can recover the resistive condition [34]. Superconductors are entirely
different in terms of mechanism and order from regular electrical conductors; they
are not only superior to them. Scientists have found it to be a fascinating occurrence
and an interesting subject. Superconductivity was found in numerous elemental
metals by the 1930s, including Ga, Sn, Pb, Nb, Ta, and others [49,103]. Significant

turning points in this area could be summed up as follows:

e Meissner effect: The elimination of a magnetic field from a superconductor when it

goes from a normal to a superconducting state (1933) [56].

e The London equations: Descriptions of the electrodynamics in superconductors,

able to explain Meissner effect (1935) [32].

e Ginzburg-Landau theory: An explanation of the Meissner effect through the

electrodynamics of superconductors (1935) [29].

e Bardeen—Cooper—Schrieffer (BCS) theory: The microscopic mechanism of

superconductivity (1957) [6].

e Josephson effect: Superconducting Copper pair tunneling across interfaces (1962)

[37].

¢ Discovery of intermetallic and alloys: such as NbTi, Nb3Sn, NbAl (1962) [84].
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¢ Discovery of High T superconductors (1986) [10].

¢ Discovery of superconductivity in MgB» (2001) [62].

¢ Discovery of Iron based superconductors (2006) [40].
1.1.2. Classification

Superconductors can be categorized based on a number of factors, including their
material composition, our level of interest in their physical characteristics, and our
understanding of them. The predominant method involves categorizing
superconductors into two groups, type-I and type-II, according to how they behave in

an external magnetic field.
e Type-I superconductors:

Except for the entire magnetic field, type-I superconductors exhibit the full Meissner
effect as far as a critical magnetic field (Bc) at which point a quick shift to a normal
state takes place. Their tendency to permit field penetration even at low fields has
earned them the moniker "soft superconductors." About thirty pure metals are type I
superconductors, and the BCS theory provides a good description of their
superconducting mechanism [6]. Figure 1.1(a) illustrates how magnetization abruptly

and reversibly declines to zero at He.

(a) : (b)

| I ]
| | 1
Meissner Normal state Meissner | Mixed(vortex) | Normal
state | state | state | state
| 1
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g = :
= S 1
o = |
s ‘q"J 1
uD 1
£
: - :
= :
1
Hc Hcl Hc2
Applied field Appliedfield

Figure 1.1. The magnetic fields dependent magnetization of (a) type-I
superconductors and (b) type-II superconductors [27].

17



e Type-II superconductors:

Figure 1.1 illustrates how Type-II superconductors, also known as hard
superconductors, react to an applied magnetic field in a distinct way.(b) Two critical
fields, Hei and Heo, are produced by a rising field starting at zero. The superconductor
displays the Meissner effect below Hci. The applied field starts to partially enter the
superconductor's interior at H¢i. Nonetheless, superconductivity persists up to the
achievement of Hc, a significantly higher critical field. A magnetic field of Hey < H
< He¢; can enter superconductors as quantized magnetic flux, or vortex, with flux
quanta of magnitude @, = h/2e, where e is the electron charge and h is Plank's
constant. The coherence length (§) determines the radius of the normal center of each
vortex. Over a length determined by penetration depth (), electrical supercurrent
flows around the vortex core and decays exponentially in magnitude [1]. The
magnetic field intensity and electron number density surrounding the normal cores of
a type-II superconductor are depicted in Figure 1.2. The Ginzburg-Landau parameter,
or k¥ = ME, is a significant ratio that can be used to categorize superconductors. 0 <
k < 1/4/2 for type-1 superconductors and k > 1/4/2 for type-II superconductors,
respectively, represent positive and negative surface energies, respectively [29]. Since
superconducting wires can be used to create high field electromagnets due to their
high upper critical field (Hc2), type-II superconductors are the most advantageous

technologically.
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Figure 1.2. The number density of electron ns and magnetic field strength around

normal cores in a type-1I superconductor [22].
1.2. Vortex dynamics in superconductors
1.2.1. Flux pinning

A flux vortex is subject to a Lorentz force per unit length fi = ®;J X n in the
occurrence of a macroscopic transport current J (shown in Figure 1.3), where J is the
current density, n is a unit vector along the flux line, and @y is the flux quantum [78].
The Lorentz force density is obtained by averaging the number of vortices, F| =
J X B. An electric field normal with regard to the movement as well as the field
direction is produced by this force, which tends to move flux lines perpendicular to
the direction of the flow current. The primary causes of power dissipation in type-II
superconductors are this vortex movement and the impact of vortex-vortex
interactions. A force opposing the Lorentz force is required to "pin" the vortices in
place so that dissipation by flux flow does not start as soon as they enter a type 11
material. Defects in the superconductor provide as energetically suitable locations for
a flux line to reside, hence providing vortex pinning sites. Pinning centers can be
plane defects like grain boundaries, line defects like dislocations, or point defects like
vacancies and impurities [26]. The flux line lattice, f,, experiences a pinning force
that resists the Lorentz force due to the existence of those suitable spots for pinning.
The pinning force density, represented by F), is the total pinning force that all of the

elementary pinning centers in a unit volume are able to apply to the flux lines. As a
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result, the greatest current density that superconducting materials can carry without
dissipating power is known as the finite critical current density, or J.. This is one of
the most crucial facts for superconductor engineering applications. The Lorentz force
applying on the flux lines in a unit volume is equal to the pinning force density at the

critical current density Jc. Thus, the relationship is as follows [78]:

E,=—J.XB, (1.1)

magnetic

field |
ng Lorentz
! % force

/

‘ current

Figure 1.3. Mixed-state of type-1I superconductors in presence of a transport

current J [78].

Therefore, increasing the pinning sources by increasing the density of defects in
superconductors is an intriguing way to improve J.. The following will discuss

several key hypotheses pertaining to flux pinning in superconductors.
1.2.2. Bean’s critical state model

Bean's critical state model can be used to compute the J. of superconductors from

magnetization hysteresis (M-H) loops [9]. Assuming that each sponge filament
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carried either its critical current or no current at all, Bean examined the results of his
magnetization measurements. The inner filaments are protected from the field by
currents that are induced in the outer filaments when the external field is increased.
Once the outer filament current reaches its critical value can the field become
permeable. The critical current is gradually carried by filaments until the flux reaches
the sample's core. All of the filaments' current continues to flow when the field is
reduced to zero, and flux becomes trapped inside the sample. The critical current in
the filaments gradually reverses when a field is applied in the other direction. Bean
postulated an independent critical current in the filaments. By using Ampere's law,
curl H was obtained: VX H = uy J. and M = B/u, — H was the magnetization

calculation [30]. From the definition, the magnetic flux density was given as B =

% [ Hdv. Ultimately, J, = aATM represents the relationship between magnetization and

Je, where d is the characteristic length, an is a numerical component that relies on the

sample's form, and AM (= M, — M_) is the height of the hysteresis loop [30].
1.2.3. Dew-Hughes model

Based on the geometry of the pinning centers and the nature of the interaction
between individual flux lines and pinning centers, Dew-Hughes has constructed a
model for describing flux-pinning in type-II superconductors [22]. This approach
gives F, = nLf, = —mLAW /x as the pinning force per unit volume. Where AW, the
work performed in moving a unit length of flux-line from a pinning center to the
closest place whereby it is unpinned, divided by x, the effective range of the pinning
interaction, equals f,, pinning the pinning force per unit length of pinned flux-line.
The efficiency factor 7 is derived from the degree to which a flux-line's neighbors in
the flux-lattice permit it to relax towards a position of maximal pinning. L is the total
length of the flux-line per unit volume which is directly pinned. There are four

elements that affect these quantities:
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(1) The magnitude of the local interaction is determined by the difference between the
superconducting properties of the pinning centers and the matrix. This indicates the

superconducting characteristics of the centers.

(11) The local equilibrium value of uoH can only be determined if the size and spacing
(or wavelength) of the pinning microstructure is greater than the superconducting

penetration depth A.

(111) The entire length of the interacting flux-line and the geometrical character of the
interaction are determined by comparing the diameter of the pinning centers with the

flux-lattice spacing.

(iv) The stiffness of the flux lattice, since this determines whether the pinning forces
are strong enough to fully disrupt the lattice and permit each flux-line to act
independently, or whether displacements of flux-lines beneath local pinning pressures

are merely elastic and resisted by surrounding flux lines.

Inserting the necessary values of L, AW, and x will allow you to identify pinning by
magnetic or core, normal or Ak, point, surface, or volume. Dew-Hughes has
suggested the pinning functions for several scenarios following the computation. The
pinning process is defined by a curve that plots the normalized volume pinning force
(Fy/Fpmax) against the reduced magnetic field (2 = H/H:). The majority of scaling
laws take the following forms [22]:

E,(h,T) = AH,,™ (T)h?(1 — h)9, (1.2)

Where the parameter m, p, and g depend on the pinning mechanism. Examples of
surface pinning (grain boundary) mechanism (p=0.5, g=2) and normal point pinning

mechanism (p=1, g=2) are shown in Figure 1.4.

22



1.0 | h1(1-h)2

0.8 h°'5(1 _h)z

0.2 |

0.0 : : : : :
0.0 0.2 0.4 0.6 0.8 1.0

h (=HIHy)

Figure 1.4. The scaling law of normal point pinning and surface pinning mechanism
proposed in Dew-Hughes model [22].

1.3. Collective pinning theory

One of the most effective methods for examining the interaction between pierced
vortices in type-II superconductors is collective pinning theory. According to the
principles of quantum mechanics, the vortices are made up of interacting particles,
and the collective interaction between these particles and their environment governs
how they interact. The field dependence of J. and the flux pinning mechanism in HTS

samples would be methodically examined utilizing the collective pinning hypothesis.

In the 1980s, researchers attempting to comprehend the vortex correlations in
superconducting materials while randomized defects or impurities were added
initially proposed the basis of the collective pinning theory. It was evident that the
type-II semiconductors' penetrating vortices tended to get stuck in the samples' tiny
areas, which make up the vortex lattice. The combined interaction of the vortices and

the material flaws may have been the source of the observations [1,11].

Then, based on the idea that vortices can interact with one another and the
surrounding material via a number of mechanisms, including temperature
fluctuations and elastic/plastic deformations, collective pinning theory is established.

According to the theory, vortex interactions are governed by the underlying physics
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of the superconductor, and collective systems of vortices are assumed to have formed.
The existence of a pinning landscape is one of the major elements that contribute
significantly to collective pinning theory. The pinning landscape model provides a
comprehensive description of the distribution of impurities or defects inside
superconductors and how they interact. The vortex interactions may be influenced by
the kind of pinning landscape. The vortices would either travel freely or be trapped
in small areas of the material. The notion of critical current density is another key
element in collective pinning theory. The most current a superconductor may
transport before turning into a conventional conducting material is known as the
critical current density. The density of vortices and how they interact with the pinning
environment define the critical current density in type-II superconductors.
Researchers can attempt to increase the critical current density of superconducting
materials by comprehending the collective behavior of vortices and how they interact
with the pinning environment. Figure 1.5 shows the schematic of collective pinning

regimes as the field increases.

( Scaling rules
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Figure 1.5. Schematic of collective pinning regimes with increasing magnetic field

[53].
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1.3.1. Collective pinning theory for bulk superconductors

When the magnetic field induction (B) is less than the crossover field By, of the single

vortex pinning regime, J. is field independent, in accordance with Blatter et al. [11]:

Bg, = ﬁsb]]i:BCZJ (1.3)

Where [y, is the coefficient with value of 5, J, = 4B./3V6pu,A is depairing
current, B, = @,/2/2mA¢ is the thermodynamic critical field, B, = po®,/2mE? is
the upper critical field, and J,, 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, po is permeability of vacuum (po = 4710”7 H/m), @, is the flux quanta
(Do ~ 2.067 x 107> Wb) [9,71]. When a single vortex is pinned to a single pinning
site, this is known as the single vortex pinning regime. The vortex displacement from
the pinning site determines the pinning force in this regime. The small bundle pinning
regime, where a few vortices are pinned together in a limited area to form bundles,
happens when B > Bg,. The distance between the vortex bundle and the pinning
location determines the pinning force in this regime. In this regime, the law of J; is

exponential [11]:

Je =Je@.exp |~ (5) |- (1.4)

Where J.(0) and By were fitting parameters. Numerous phenomena in type-II
superconductors have been studied using collective pinning theory, such as the
behavior of vortices in materials with complex pinning landscapes, the dynamics of
vortices in applied magnetic fields, and the impact of thermal fluctuations on vortex

motion [9,71].
1.3.2. Collective pinning theory for thin film superconductors

Larkin and Ovchinnikov introduced the idea of collective pinning for the first time in

1979 [48]. Singlevortex pinning regime refers to the low fields (close to Bc1) in which
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a defect can firmly pin one sole vortex. The vortices can be pinned in this domain
without power dissipation because the Lorentz forces are weak and the inter-vortex
spacing, a, = 1.07(¢,/B)%®, is big enough to ignore the interactions between
vortices. As a result, J. is not affected by the magnetic field, and J(B) exhibits a
plateau zone. While a single defect cannot pin a vortex line, the combined impact of
multiple defects can significantly alter the vortex dynamics. As the magnetic field
increases, the pinning forces become weaker than Lorentz forces and interaction
forces. The concept of the collective pinning is therefore introduced. The
contributions of different flaws will only add up arbitrarily when the individual
pinning forces functioning on the vortex line are added up; only variations in the
density as well as force of the defects may pin the flux line at a specific location.

When a density n; of defects acts on the vortex line with a single force pin fpin, the
total force for a vortex segment of length L is equal to Fy,;, = fpin/ni$L. Collective

pinning in fields can result from a high concentration of weak pinning sites. J; is

dependent on fields in the collective pinning regime according to the relation [53]:
Je(H) < BF, (1.5)

where f < 1. The pinning strength of the samples could then be assessed using the

exponent £.
1.4. MgB: Superconductor and Subject to be discuss
1.4.1. Basic parameters

In 2001, Akimitsu“s research group announced the discovery of superconductivity in
magnesium diboride (MgB.) with T¢ of 39 K [62], bring a breakthrough in the history
of superconductivity. Soon after, due to advantages of this new intermetallic
superconductor, it got wide attention among the scientific community. MgB:> has
hexagonal AlB: type crystal structure with a p6/mmm space group like other common
diborides. The structure contains alternative boron and magnesium layers. The boron

atoms form graphite like honeycomb network as shown in Figure 1.5. The unit cell
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lattice parameter of MgB; are a.=3.084 A and ¢ = 3.521 A. List of basic parameters
for MgB: is shown in Table 1.1 [14].

C a
a

Figure 1.6. Crystal structure of MgB:> [14]
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Table 1.1. List of parameters of MgB: [14]

Parameter Values
Critical temperature I =340 K
Hexagonal lattice Parameters a= 03084 nm., c =0.3521 nm
Theoretical density p=2.55gem
Pressure coefficient dlJdp=—-1.1-2 K [GPﬂ}"
Carrier density n,=1.7-2.8 % 10* holes cm™
Isotope effect oy = ag + dy, = 0.3 +0.02
Resistivity near Tc P40 K)=04-16 pflcm
Residual Resistivity ratio RRR = p(300 K)p(40 K) = 1-27
Upper critical field Hllab (0K)=14-39T
Holle (0K)=2-24T
Lower critical field H (0 K)=2748 mT
Irreversibility field H 0K)=6-35T
Coherence lengths San(0 K)=3.7-12 nm
S0 K)=1.6-3.6 nm
Penetration depths A0 K) = 85-180 nm
Energy gap ADK)=1.8-7.5 meV
Debye temperature B = T50-880 K
Critical current density J42K.0T)>10"Acm™

J(42K.4T)=10"Acm™
J42K 10T)> 10" Aem ™
JI2SK. 0T)>5%10°Aem ™
J25K.2T)>10°Acm™

1.4.2. Superconducting mechanism in MgB;

The majority of theoretical and experimental studies demonstrate that this compound
fits the BCS framework, even if the transition temperature of MgBa is slightly greater
than that anticipated by BCS theory [6]. Based on the majority of investigations,

MgB> can be viewed as a phonon-mediated BCS type superconductor, wherein the
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causes for superconductivity are the selective coupling between particular electronic
states and particular phonons [14]. With two superconducting energy gaps of Ag (~
7meV) and An (~ 2 meV) emanating from the px, y, and pz orbitals of the boron layer,
respectively, MgB» possesses a layered structure. The two gaps vanish at the same T,

as Figure 1.6 illustrates [19].

8

Averages|---1-+

Figure 1.7. Temperature dependent superconducting gaps in MgB> [19]

The electronic state of MgB, at the Fermi level is depicted in Figure 1.7 [19]. The
boron atoms in the planes are bonded together by robust two-dimensional (2D)
covalent connections. There are metallic linkages that are three dimensional (3D)
between the layers. Two superconducting energy gaps in MgB; are caused by electron
coupling in the 2D bands and weak coupling in the 3D. Point contact spectroscopy
and particular heat measurements provide strong evidence for the presence of two
energy gaps in MgB» [19]. The two gaps that the theoretical computations predicted
are strongly associated with these bands [3]. Based on the aforementioned data, it

may be inferred that MgB: is a superconductor that more closely resembles normal
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superconductors than high-T. superconductors. As such, it can be incorporated into

the Bardeen—Cooper—Schrieftfer (BCS) framework.

Figure 1.8. (a) Crystal structure of MgB:, (b) (c) o-bonding states at the Fermi level
derived from boron px,y orbitals, (d) n-bonding state at the Fermi level derived from
boron pz orbitals, (e) a vibrational mode of boron atoms that couples strongly to o-

bonding electronic states at the Fermi level [19].
1.4.3. Properties of MgB: Superconducting Materials

The industrial sector is now reaching the point of practical applications thanks to
recent advancements in the creation of novel superconducting materials. High-
temperature superconductors (HTS) based on bismuth strontium calcium copper
oxides (BSCCO) and rare-earth barium copper oxides (MgB:) are the most promising
for broad use in a number of industries [22,44]. This category may soon include a
category of iron-based superconducting compounds, namely FeSC [44], for which

manufacturing procedures are being thoroughly researched. MgB;-based
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superconductors are the least expensive and easiest to make for magnetic applications
out of all the materials listed. In a polycrystalline structure, MgB» exhibits high levels
of superconducting capabilities due to the absence of the weak-link issue at grain
boundaries. These qualities are essential for applications such as upper critical as well
trapped magnetic fields and critical current density. The latter is HTS's main
drawback. This is different from HTS, which requires texturization or epitaxial
production to have good superconducting properties. Furthermore, attaining a high
degree of superconducting properties is not hampered by a sufficiently large
stoichiometry departure from MgB,. Depending on the isotope makeup, the T. of
MgB: is approximately 39 K . Although the T can be lower than HTS's, it is still high
enough to be used in cryogenic devices that allow for cooling using cryocoolers and

liquid hydrogen, which has a boiling temperature of 20 K.

A promising green fuel with no carbon emissions is liquid hydrogen, provided it is
made from renewable resources. It is the perfect fuel source for industry and
transportation due to its high energy density. There is a lot of interest in the efficient
storage and transportation of liquid hydrogen since it is more compact than hydrogen

gas.

As a result of the aforementioned research, there has been increased interest in the
development of various superconducting devices that operate at liquid hydrogen
temperatures, such as transformers, motors, magnetic bearings, generators, energy
storage devices, pumps, magnets, fault current limiters, transmission wires,
MAGLEYV transport, resonators, screens from electromagnetic irradiation, and so on.
The development of superconducting MgB: appliances may help advance hydrogen

energy technology.

Magnesium diboride compounds have slightly different characteristics than other
superconductors. The structure of MgB: is responsible for some of these variations.
The compounds have a space group of P6/mmm and a hexagonal crystal structure,

hP3.a=b=3.084 £ 0.001 A and c = 3.522 £ 0.002 A are the lattice parameters . Mg
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and B layers alternate in their tiered stacking . The melting point is 830 °C, and the
bulk density is 2.57 g/cm? and 2.63 g/cm?® according to . The bulk modulus of the
materials is around 172 GPa. Anisotropic compressibility is exhibited by the unit cell
of MgB: crystals, where the compressibility along the c axis is greater than that along
the a and b axes . MgB» materials in bulk exhibit isotropic properties, such as critical

current density.

The study of the different characteristics of MgB> superconductors and their
theoretical implications has been the subject of numerous articles . The characteristics
of MgB:» are thought to be closer to those of metal than HTS . We restrict our analysis
in this thesis to the effects of technological circumstances and additions on

superconducting characteristics. Only a few theoretical findings are included here.

By taking into account two energy gaps, the theoretical comprehension of the
properties of MgB, superconductors has almost been attained. The n- and o-band
gaps of the electrons of MgB; are often measured to be about 2 meV and 6.5 meV,
respectively. These gaps can range between 1 and 4 meV and between 5.5 and 10

meV, according to.

Since the coherence lengths of MgB, materials are rather high (& (0 K) =3.7-12 nm
and & (0 K) = 1.6-3.6 nm) , tunneling superconducting currents do not encounter
obstructions from the grain boundaries. Grain boundaries may serve as effective foci
for pinning. The Ginzburg—Landau parameter k(0 K) =26 and the London penetration
depth A(0 K) = 125-140 nm are estimated for MgB», a type II superconductor. The
low-temperature penetration depth of a MgB, film was calculated by the authors of

to be Ac = 40 and A = 140 nm.

The isosurfaces of electron localization functions were recently examined in .
Although the structure of a MgB: unit cell is straightforward and the compound is
said to consist of only two elements - Mg and B - the existence of an blend of carbon,
oxygen, and even hydrogen, as well as an uneven distribution of boron, can

complicate the structure of materials based on MgB,. Even in materials made under
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"clean" processes in protected atmospheres, an oxygen impurity is typically present
in a significant amount (in comparison to carbon). This is because magnesium has a
strong affinity for oxygen. MgB: products may contain carbon and hydrogen
admixtures that were present in the initial form of boron powder or that were absorbed

from the environment.

These materials can be used in practical applications because of the following
processes for preparing MgB»> bulk materials, which enable the development of a
relatively high degree of superconducting characteristics: Infiltration method (Inf.) ,
sintering in Ar under atmospheric pressure (PL), spark plasma sintering (SPS), shock
consolidation method, high quasi-hydrostatic pressing (HP), hot isostatic pressing
(HIP), field-assisted sintering technique (FAST), and hot pressing (HotP) or ultra-

high-pressure-assisted sintering.

From the perspective of increasing J., carbon (C), carbon-containing compounds,
silicon carbide (SiC), titanium (T1), tantalum (Ta), zirconium (Zr), and compounds
containing these metals are the most effective additions to MgB: out of the dozens of
additions that have been tested. Recent research in the literature has reported on the
beneficial effects of SizsN4 hexagonal, cubic BN (boron nitride), NbB,, NbTi, Ni-Co-
B, Rb2CO3, and Cs,COs additions on the superconducting properties of MgB»-based
materials. However, contradictory findings have been reported regarding the effects

of the following oxygen-containing additions: Dy>O3, SnO2, Sn-O, and Ti-O.

The fabrication of MgB: bulk superconductors and an examination of how their
characteristics vary depending on technological procedures and additives are the
subjects of the current overview. Temperature, pressure, holding time, contaminants,
and additives are some of the production technology characteristics that are examined

in relation to the structure along with superconducting properties of materials.

1.4.4. Raman spectroscopy in MgB; superconductors
Being a phonon-mediated superconductor, MgB:'s superconductivity is mostly

dependent on electron-phonon interactions during the pairing process. For MgB», the
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E>z phonon mode is a single initial-order active mode among the optical modes Az,
Big, Eiu, and Eog [91]. There are three major peaks in the frequency range of 200—
1000 cm!: the shorter phonon ridge, which is mostly focused at 455-490 cm™'; the
intermediate phonon ridge, which is concentrated at 580-610 cm™ (Ez,); and the
bigger phonon ridge, which is primarily concentrated at 740-800 cm!. Because of
the higher phonon density of MgB» samples, we also observe an extension of the Ex,
ridge in the Raman spectra of MgB»> [52]. Although most of the superconducting
properties of MgB> are attributed to the boron plane, the E>; mode notably Raman
operational and closely associated with the electrical transport of bands. Therefore,
Raman scattering is a suitable method for studying this phonon mode and could yield
important data on crystal symmetry, particle size, and contaminants. Similarly,
Raman scattering is greatly affected by residual stress and disorder [15], both of
which can change phonon frequencies and lifetimes. The E>g mode frequencies are
expected to be approximately 515 cm™ (64 meV) [45] and 665 cm™ (82 meV) , while
measurements have shown a broad Raman mode at about 600 cm™ and 630 cm™! [71].

The Ezg phonon's Raman shift peak fluctuated between 590 and 610 cm'!.
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Figure 1.9. Raman spectroscopy measurements for MgB> [7]

Figure 1.6 shows Raman spectroscopy measurements for MgB> samples, where
MgB»-95 is a sample prepared from B powder with the purity grades of 95-97%-wt.,
M-MgB:-95 is a sample prepared from B powder with the purity grades of 94.8%-
wt. and M-MgB»-86 is a sample prepared from B powder with the purity grades of
85.9%-wt., comprising 10-12%-wt Mg. The results showed that E», appeared at about

591 cm™ for all samples.

1.4.5. Potential application of MgB: superconductors
Since high temperature superconductor (HTS) and MgB.> superconductors were
discovered, they have been in competition with long wires and tapes for potential and
actual uses, including shields, DC magnetic field generation, and small and medium
power motors [65]. For instance, bulk superconductors may trap magnetic fields that
are an order of magnitude stronger than those trapped by permanent magnets (for
instance, a trapped magnetic field in bulk MgB> can reach 5.4 T at 12 K and 5.6 T at
11 K). The production of thin films and wires/tapes also necessitates a sophisticated

multi-step processing method. The procedure for fabricating bulk MgB: is
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substantially simpler. In contrast to traditional magnets, a bulk superconductor
magnet can be demagnetized easily and safely by merely raising its temperature
above the critical point. Numerous devices' HTS-bulk prototypes have been created
and detailed in [95]. The required superconducting properties, working temperature,
etc., define the kind of superconductor; nonetheless, the fundamentals of how
superconducting devices work are not affected by the type. Of the practical
superconductors, the lightest materials are MgB» superconductors, which have a bulk
density of roughly 2.63 g/cm’. Because of this, MgB, is appealing for portable

applications [95], particularly in space and aviation technology.

Using a range of methods (high pressing, hot pressing, and spark plasma sintering),
we create the MgB» bulk samples into discs, parallelepipeds, cylinders, and cylinders
with a bottom (cap) (Figure 1.10). Rings as well hollow cylinders were electro-eroded
out of these samples in oil [65] or deionized water for use in creating magnetic

shields, fault current limiter models, and other devices.
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(d)

Figure 1.10. Examples of MgB> bulk superconductors: (a) obtained using HotP, (b) ,
(c) obtained using HP and then the rings were cut mechanically, and (d) obtained
by machining a bulk cylinder manufactured using SPS

The standard equipment for producing bulk MgB:> material using various techniques
1s depicted in Figures 1.11-1.13. The equipment used for high-pressing (Figure 1.11),
hot-pressing (Figure 1.12), and spark plasma sintering (Figure 1.13) enables the
production of rather large blocks that are mechanically stable, highly dense, and
appropriate for practical applications (up to 100-250 mm in diameter) with high
critical currents. MgB> may come into touch with graphite stripe or hexagonal boron

nitride when magnesium diboride is synthesized or sintered using these techniques.
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Figure 1.11. High quasi-hydrostatic pressing (HP) in ISM NASU. Hydraulic 140
MN-effort press from the ASEA company (a), hydraulic 25 MN-effort press (b),
cylinder piston high—pressure apparatus (HPA) (c), recessed-anvil type (HPA) for
25 MN press (d), and scheme of high—pressure cell of the recessed-anvil HPA
(before and after loading) (e) [66]
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Figure 1.12. Hydraulic press DO 630 for hot pressing with generator and inductor
(a,b); general view of inductor of hot press during heating (shining window—
opening for temperature estimation by pyrometer) (c), scheme of assembled

inductor (d) [66]
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Figure 1.13. Installation for spark plasma sintering (a) and, scheme of SPS heating
chamber (b) [20]

Bulk materials that have superconducting properties can also be produced using the
high isostatic pressing (HIP) process at high temperatures, however encapsulation is
required for densification. The capsule should be inert toward magnesium diboride,
hermetized, and soft enough at high temperatures to transfer gas pressure toward the
sample's or block's green body. For a large volume, the HIP equipment is fairly

complicated and unique.
1.4.5.1. Trapped Magnetic Field (Quasi-Permanent Magnets)

By producing magnetic fields that are several Tesla or larger more than 10,
magnetized MgB» as well HTS bulks may be employed as quasi-permanent magnets.
A magnetic field, which can produce the finest conventional permanent magnets, is
substantially (up to an order of magnitude) lower than these values. This makes it
possible to use these superconductors in a variety of devices, including flywheel

energy storage systems, as permanent magnets.

In the center of two 26 mm diameter samples reinforced using carbon fiber and

impregnated with Wood's metal and resin, it has been demonstrated that MT-YBCO
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bulks can trap magnetic fields of 17.24 T at about 29 K. Nevertheless, at around 26
K, these reinforced samples shattered. The trapped field of 5.4 T was measured in
MgB: bulk at 12 K on the surface of a single cylinder (20 mm in diameter) formed
by hot pressing ball-milled Mg and B powders. At 17.5 K, 3.14 T can be trapped by
a uniaxial stack of two hot-pressed MgB, disc-shaped bulk superconductors, each

measuring 25 mm in diameter and 5.4 mm in thickness.

The superconductor's mechanical characteristics set a limit on the trapped field of
REBCO magnets. It is possible for samples to be destroyed by the Lorentz force. The
trapped fields of MgB; are lower than those of MT-YBCO at 20 K, however MgB:
bulks materials have shown trapped fields greater than 3 T. The benefit of MgB:
superconductors is that they are significantly simpler, less expensive, and need less

time to prepare.

In numerous applications, the necessary experimental structure can be formed by
stacking multiple rings. For instance, at 20 K, a three-ring stack may block (D30 x
h7.5 mm) and trap a field of 2.04 T. A structure made of Mg(I):2B (V) and 10% Ti
traps a field of 1.8 T at 20 K at 2 GPa and 900 °C for one hour [53].

All the methods noted above open a way to use MgB> bulk and thin film
superconductors as an element of the setup for physical experiments, electrical

machines, medical devices, levitation systems, flywheel energy storage systems, etc.
1.4.5.2. Fault Current Limiters

One potential solution to the fault current issue in power systems is the use of fast-
operating nonlinear fault current limiters (FCLs), which enable the limiting of high
fault currents because of their ability to quickly increase their impedance. As the
temperature, magnetic field, or current increases above their critical values, two
characteristics of superconducting materials - an perfect conductivity in the
superconducting state with a quick phase transition from this state towards the normal
conducting state - form the basis of SFCLs. There are currently no classical

counterparts for SFCLs, one of the most alluring uses of superconductors in power
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systems [81]. These devices satisfy all power system criteria; testing models,
prototypes, and experimental power devices of several SFCL types based on different

superconductors has experimentally verified this.

Hollow cylinders and bulk MgB, rings can be used as active superconducting
components in inductive SFCLs. Figure 1.14 (a) shows the experimental setup and
principal inductive SFLC configuration for evaluating the SFCL concept. The SFCL,
whose primary coil is coupled in series, has a low impedance under the nominal
regime of a protected AC circuit. When the circuit current rises during a fault event,
the secondary superconducting coil undergoes a phase transition, which is followed
by a rise in the device impedance and, ultimately, a fault current restrictions. High-
voltage direct-current (HVDC) systems can also be protected with an inductive

SFCL.
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Figure 1.14. (a) The schemes of an SFCL model and a testing circuit for the
simulation of a fault event, (b) typical oscilloscope traces of the current in a

protected circuit (black, solid curve) and the voltage drop across the primary coil of
the SFCL model (red, dashed curve) at 50 Hz and about 4 K [100]

The synthesis settings and ring sizes have no bearing on the oscilloscope traces of the
circuit current as well as the voltage drop across the primary coil of the inductive
SFCL versions. The superconducting ring does not change into the resistive state
when a low, continuous current flows through the protected circuit (nominal regime).
The aberrations of the voltage and current curves show up before the initial current

maximum at high current (which replicates a fault event) (Figure 1.14 (b)). These
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variations are linked to the ring's quenching (critical) current as well as its transition
from the superconducting to the resistivity state. Using a variety of methods, starting
materials, and enhancements, a collection of FCL models using MgB: rings has been

constructed and tested with success [100].

The sizes and synthesis parameters of the rings that have been examined as
components of an inductive SFCL. It should be noted that a "transport" critical
current, AC losses, and voltage—current characteristics can all be measured using the
experimental setup for SFCL model testing (Figure 1.14 (a)) [100]. The transition
was caused by a quenching current, which was determined to be the "transport"
critical current of the different rings. With an outside diameter of 45 mm, a height of
11.6 mm, and a wall thickness of 3.3 mm, Ring 3 had the highest value, 63.200 A/cm?.
The ring was made for two hours at 800 °C and 30 MPa of pressure. The T. of these
rings was calculated to be approximately 38 K based on the magnetization

measurements.
1.4.5.3. Electrical Machines

Using superconductors into electrical machines is mostly related to substituting
superconducting wires for conventional metal ones in the design. Other kinds of
electrical machines with bulk-superconducting rotor elements can now be designed
thanks to advancements in the electromagnetic characteristics of bulk
superconductors [100]. It has been demonstrated that these devices work well at low
as well as medium power levels. Bulk YBCO superconducting elements have been
used to create series prototypes of a variety of machine types (trapped field, hysteresis
reluctance, etc.) that have been successfully tested throughout a broad temperature
range. The world's first motor (1.3 kW) constructed using a bulk high-pressure, high-
temperature MgB» superconductor was introduced by the authors of . The reluctance
motor rotor's superconducting components were manufactured under 2 GPa at 800

°C for one hour using MgB> - 10 weight percent Ti.
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The basic perspective of the zebra-type rotor (superconducting and ferromagnetic
layers alternating) of a 1300 W MgB»-10%Ti motor operating at 210-215 V is shown
in Figure 1.14. The motor's efficiency is comparable to that of the MgB> motor,
according to comparison measurements conducted using MT-YBCO elements at a
temperature of 20 K [100]. Systems for the generation, preservation, and
transportation of liquid hydrogen would be an essential component of hydrogen
energetics. MgB> motors and submersible liquid hydrogen (LH) pumps may find their

initial use in liquid hydrogen systems.

MgB> bulk superconductor-based small- and medium-power electrical motors are
less expensive than HTS motors and have shown higher efficiency than conventional
motors. Superconducting magnets with trapped fields of 500—-600 mT are needed for
these pumps. For such purposes, a bulk MgB» superconductor operating at liquid

hydrogen's temperature is appropriate.
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Figure 1.15. General view of azebra-type rotor of a 1300W/215V superconducting
motor with MgB:> bulk superconductor [85]

1.4.5.4. Magnetic Field Shields

Excellent magnetic shielding properties have been demonstrated by bulk MgB:
superconductors [31], which can be helpful for passively safeguarding a variety of

devices (physical setup, medical and measuring equipment, etc.) and even for
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shielding orbital stations in space from cosmic radiation. Additionally, unlike other
high- or low-temperature superconductors, the basic ingredients are widely accessible
and devoid of noble, poisonous, or rare earth elements. The findings from the
investigation of several bulk MgB: shield designs have been published in the
literature [31].

The outcomes of MgB, bulk materials' magnetic shield characteristics in the form of
a cup are taken into consideration as an example. Up to around 0.8 T, the experimental
shielding factors (dots in Figure 1.16 (c)) are essentially unaffected by the applied
field . The factor reaches its greatest value, of the order of 105, close to the cup's
bottom and is highly dependent on the Hall probe position. The factor at the midpoint,

z3, is about 250; in certain situations, this is adequate.
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Figure 1.16. (a) Magnetic shield of MgB2 in the shape of a cup, (b) an inner
magnetic field measured by a Hall sensor at different zI1-z5 positions, (c) The
shielding factors at T = 30 K [84]

1.4.6. Enhancements of critical current density of MgB: bulk

superconductors

Due to benefits of the material, including its high coherence lengths, weak-link-free
behavior at grain boundaries, and simple hexagonal crystal structure, this discovery
has quickly attracted the attention of researchers worldwide [65,80]. Additionally,
MgB:> is a strong choice for commercial and industrial applications because it is

composed of inexpensive and lightweight materials. However, in order to make the
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material suitable for use in high magnetic field applications, more enhancement of
the J. is essential. Instead of using natural pinning centers, a variety of approaches
and methodologies [23,27] were created to produce factitious pinning centers. Ex-situ
MgB> bulks were sintered at different temperatures and times after varying dopant
addition quantities. In addition to coexisting with the superconducting matrix,
dopants like Mg and B were expected to function as efficient factitious pinning
centers. As a result, we anticipate that MgB» bulk samples will have better intergrain
connections and higher J.. The inclusion of Mg and B may enhance the grain
connectivity of ex-situ MgB> due to its higher bulk density. The genesis of the
reinforcing vortex pinning mechanism and the increase in the J. value [85], or critical
current density, were examined using the theory of collective pinning [11]. The size
and spacing of the pinning centres exceed the penetration depth due to the manner
the magnetic interaction is executed [22]. Other additives have also been added to
MgB,, including graphene [82], carbon nanotubes [90], carbon-based materials [42]
and silicon carbide[24]. The idea behind these additions is that they will replace boron
with carbon, which is a proven way to increase J.. Recent studies show that self-feld
Jo of MgB; bulk samples in the range of 2 — 4 x 10* A/cm?. This demonstrates the
potential for improved J. research by optimizing the fabrication and enhancements of

J. of MgB: bulk superconductors as presented in Figure 1.17 and Figure 1.18.
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Figure 1.17. Increasing J. of MgB:> bulk samples with different fabrication

conditions [47]
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Figure 1.18. Increasing J. of MgB: bulk samples with different doping amounts of
Dy>0s3 as well as La>Os3 [78]

1.4.7. Enhancements of critical current density of MgB: thin-film

superconductors
1.4.7.1. Enhancements of critical current density of MgB: thin-film superconductors
by using buffer layers
The property of flux pinning of MgB: films on buffered hastelloy tapes with different

SiC layer thicknesses was investigated in terms of J. and F), as delivered in Fig 1.20.

47



The field dependence of J. of MgB: tapes has been shown to improve systematically
as the thickness of the SiC buffer layer increases, whereas J. values fall. Both the
pure MgB: and the MgB: film with the thinnest SiC buffer layer have two pinning
sources, per the investigation of F). In contrast, the pinning source seen in the MgB:
films with thicker SiC buffer layers seems to be distinct from that in the earlier
examples. The distinct pinning characteristics of MgB, films could indicate the
presence of an extra pinning center operating on the thick SiC buffer layers of MgB»
films. Both Pure MgB; and MgB: films with a 170 nm-thick SiC buffer layer may be
pinned primarily by intra-granular flaws and columnar grain boundaries, according
to the microstructural investigations of MgB: films. The additional pinning
mechanism for MgB: films having thicker SiC buffer layers may be the result of
carbon diffusion into the MgB; film, as determined by Auger electron spectroscopy

(AES).
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Figure 1.19. Double-logarithmic graph for the field dependence of the critical
current density of pure MgB; tape and MgB: films grown on varied thicknesses of
SiC buffered-Hastelloy tapes measured at (a) 5 K and (b) 20 K [57]

With ZnO buffer layers of different thicknesses as given in Figure 1.21, the flux
pinning characteristics of MgB: films were examined in terms of J. and F),. Higher
buffer layer thicknesses result in noticeably increased J. values in the high-field
region while having no effect on J. values in the low- and intermediate-field regions.
Depending on the thickness of the ZnO buffer layer, the F, analysis shows a
secondary point-pinning mechanism in addition to primary grain boundary pinning.
Furthermore, a strong correlation between the secondary pinning fitting parameter
and the Mg and B bond ordering is found, suggesting that flux-pinning enhancement
in the high-field region may be facilitated by the local structural distortion of MgB»
caused by ZnO buffer layers of varying thickness. Finding further benefits of ZnO as
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a buffer layer beyond its ability to resist delamination would aid in the creation of a

high-J. MgB: superconducting wire for power applications.
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Figure 1.20. Magnetic field dependences of the critical current density (J.) as a
log—linear scale at (a) 5 K and (b) 20 K and as a double-log scale at (c) 5K and (d)
20K [87]

With polarized Raman spectroscopy, we examined the phonon behavior of ZnO-
buffered MgB: tapes at normal temperature and cryogenic temperature, with different
ZnO buffer layer thicknesses. The boron plane geometry was significantly distorted
by lattice mismatch between the MgB, film, ZnO buffer layer, and Hastelloy
substrate, according to polar plots from integrated angle-resolved polarized Raman
spectroscopy (ARPRS) at ambient temperature. This distortion has a major impact on
the electron—phonon coupling (EPC) constant, A, which we computed in relation to

the sample's superconducting transition temperature (7c) using Allen-Dynes'
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modified McMillan equation. Our analysis of the E>, mode at cryogenic temperatures
revealed a significant phonon hardening effect of up to ~4.1%, which was associated
with the thickness of the ZnO buffer layer. Additionally, damping behavior was
discovered through line width analysis of the anharmonic Ez; phonon mechanism
(full width at half maximum), suggesting the existence of another temperature-
dependent coupling mechanism within the sample. Traditional EPC estimates
underestimate the high Tc mechanism of MgB,, which may be clarified by this
unusual Raman scattering behavior. Furthermore, it is anticipated that thickening the
ZnO layer will reduce the distortion in the geometry of the boron plane, which will
encourage MgB: to become more electron-phonon superconducting by reducing the
need for extra coupling mechanisms. Optimizing MgBs's superconducting
characteristics and expanding its useful uses in high-performance superconducting
devices would require an understanding of how the ZnO buffer layer affects the

phonon dynamics and EPC in the material.
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Figure 1.21. The E>emode (w3) of ZnO-buffered MgB: tapes with varying ZnO
buffer layer thicknesses [86]
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1.4.7.2. Enhancements of critical current density of MgB: thin-film superconductors
by using ion irrradiation

Advantageous features of MgB; films include a high 7. of 39 K, a large coherence
length, a simple crystal structure, no weak links, low cost, and a high J. (0) exceeding
107 A/cm? [39,59,87]. However, their practical uses are hindered by the quick fall in
Je (B) under an applied magnetic field, which is caused by inadequate flux pinning.
Ion irradiation has been extensively studied recently for the purpose of producing
artificial pinning sites in super conducting materials. Because the lattice disorder
induced by low-energy ion irradiation functions as effective point-like pinning sites,
it has been reported that light-ion irradiation (e.g., by carbon and oxygen) at low
energies (a few hundred keV) significantly improves in-field J. and B.> in MgB»
[38,50]. In the meantime, it has been demonstrated that rapid heavy-ion irradiation
enhances the in-field J. of iron-based superconductors and high-7. cuprates by
producing ion tracks, which function as columnar defects . Other research, however,
demonstrated that the J. of MgB> was not considerably altered by the high energy (on
the order of GeV) implantation of heavy ions (such as gold and silver) [46,79].
However, nothing is known about how MgB: films are affected by intermediate-
energy (on the order of MeV) heavy-ion irradiation. The highest value J. of MgB»
irradiated samples is set at energy 200 keV. This demonstrates the potential to study
enhancements of J. of MgB; thin films by ion irradiation at higher level energy of

MeV.
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Figure 1.22. Enhancement of J. of MgB: thin films with O ion irradiation [83]
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One special method that allows the effects of radiation and other flaws to be
investigated in the same sample is irradiation [70]. To verify their use in radiation
environments, such as space, fusion processes, and so forth, it is crucial to investigate
the effects of radiation on superconductors [70]. Furthermore, although the precise
mechanism for defect generation is still up for debate, nuclear stopping of energetic
ions is the main way that ion irradiation may cause defects in target materials [43].
Type-1I defects are generally beneficial for enhancing superconducting critical
qualities, especially in-field J., as they can prevent vortex motion. Therefore,
understanding how defects impact superconducting fundamental characteristics is

critical for superconductor science and technology growth [29].
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Figure 1.23. Enhancement of J. of MgB: thin films with Co ion irradiation [55]

1.4.8. Subject to be discuss

In comparison to other superconductors, the MgB, superconductor has a number of

benefits, such as a low cost, two energy gaps, a simple crystal structure, a high self-

field J.. Nevertheless, its practical applications are limited due to its quick decline of
Je in magnetic field.

The thesis aims to enhance J. of MgB: bulks and thin films. The overall structure of
this dissertation is as follows:

» Fabrication conditions for pure MgB> bulk superconductors showing high 7.

and J.. Ex-situ MgB, bulks were sintered at different temperatures and periods,

53



and we will investigate the impact of adding different quantities of Mg and B.
Sample S5 had the lowest 7. value after adding 0.5 mol Mg then sintering it
for an hour at 1000 °C, but its J. enhancement had the greatest value. After the
abnormality was identified, researchers looked into how it related to and

affected the superconducting characteristics of MgB, samples.

Enhancing J. of MgB: bulk by co-addition of B4C and Dy>Os. In addition to
the previously indicated Mg, trace quantities of B4C and Dy>O3 were added.
After limiting Dy>0s3 to 2 wt%, B4C was introduced at 5 and 10 weight percent
concentrations. Investigating how the coaddition of Mg, Dy>0s, and B4C
affected the crystal structure as well as superconducting characteristics of
MgB> was the goal of this work. Grain connection was probably enhanced by

the coaddition of B4C and Dy»03, which increases B.; and J..

Enhancing J. of MgB»-thin films obtained by ion irradiation. The effects of 2
MeV Sn?" ion irradiation on the T, in-field J;, and B> of MgB, films produced
on an Al,Os substrate are discussed in the thesis. The doses range from 2x10'2
atoms/cm? to 7x10'* atoms/cm?. These results imply that the T, in-field J,
and B.> must be modified by the displacement brought about by ion irradiation.
The J. increased with Sn** ion irradiation at 5 and 20 K; the sample with

5x10'3 atoms/cm? had the highest J.
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Chapter 2: EXPERIMENTAL METHODS
2.1. MgB:; bulk sample fabrications
2.1.1. Pure MgB; bulk sample fabrications

MgB: bulk samples are typically prepared using one of two standard methods: in-situ
[4] or ex-situ [88]. During heat treatment, Mg grains melt and diffuse into B grains to
generate MgB, through a liquid-solid reaction. This is known as the in-situ reaction
process. This approach produces a sample with a high J. and a strong intergrain
coupling. The introduction of contaminants into MgB» during the in-situ process
greatly increases J., much like the cuprate HTS. Mg sites become voids as a result of
the liquid-solid transition, resulting in a low bulk density with packing factor of
around ~50% . However, ex-situ MgB», a pre-reacted form of MgB, made by the in-
situ reaction, may achieve a much greater packing factor of around 75%. Despite this,
the intergrain coupling of ex-sifru MgB: samples is substantially weaker than that of
the in-situ ones. Therefore, we are driven to try to increase the J. of ex-situ MgB» by
improving its intergrain connection. In order to achieve this, an ex-situ MgB> bulk
was combined with a Mg and B mixture in the ratio of (1.5 Mg + 2 B). Because
powder technique eliminates the need for extra chemical dopants, it is cost-effective.
Because ex-situ MgB» has a larger bulk density than in-situ MgB», the addition of
mixed powder (1.5 Mg + 2 B) during the in-situ process is anticipated to increase the

grain connectivity of ex-situ MgBo .

To make ex-situ MgB»>, commercially available MgB> powder (Alfa Aesar, 99.0%
purity), boron (B, Tangshan Wei Hao, 97.0% purity), and magnesium (Mg, Tangshan
Wei Hao, 99.0% purity) powders was utilized. By applying five tons of pressure using
a hydraulic press, the mixture was formed into round pellets about 13 mm in diameter
and 1 mm in thickness. The stainless-steel tube was then filled with pellets and sealed
at both ends. In order to heat treat the tube, it was finally placed into a tube furnace
and heated to 700, 800, and 1000 degrees Celsius, respectively, for one hour while an

argon gas flow was constant. The heat treatment serves two purposes: (i) solid-state
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self-sintering is projected to improve the cross-section of the grain-to-grain current
channel for ex-situ MgB» [88]; (i1) It maximizes the MgB. phase's production in-situ,
which helps with grain connectivity in (i). Because magnesium is highly volatile at
high temperatures, excess magnesium was added to the mixture (1.5Mg + 2B) to

make up for the magnesium loss.

Commercial MgB, @ 1.5Mg powder

powder
‘ 2 B powder

\ Lf Palletization
y Heat treatment

Grindfor1h Sinter at 700°C— 1000°Cfor1 h
under argon gas flow

Figure 2.1. MgB: bulk sample fabrication diagram

Ex-situ MgB> was mixed with 0.5 mol of Mg to form Mg-added samples, based on
the stoichiometry of MgB> + 0.5 Mg [47,48]. According to the stoichiometry of MgB:
supplemented with 1.5 Mg + 2 B (30 wt%), 1.5 mol of Mg along with 2 mol of B had
been added to bulk MgB» samples. For one hour, pure ex-situ MgB, was sintered at
600 and 700 °C. Regarding the Mg addition-containing ex-situ MgB> samples,
sintering needed 3 hours at 700 °C and 1 hour at 1000 °C. Sintering has been
performed for one hour at 700 °C and 800 °C on ex-situ MgB» samples that had been
supplemented with Mg and B (1.5 Mg + 2 B) [48]. We have given the samples names

and sample details in the table below for convenience of study.
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Table 2.1. MgB: bulk samples names and fabrication details

No. Sample Sample
Name
1 | Pure ex-situ MgB> (600 °C — 1h) S1
2 | Pure ex-situ MgB» (700 °C — 1h) S2
3 | Pure ex-situ MgB>+ 0.5 mol Mg (700 °C — 1h) S3
4 | Pure ex-situ MgB,+ 0.5 mol Mg (700 °C — 3h) S4
5 | Pure ex-situ MgB>+ 0.5 mol Mg (1000 °C — 1h) S5
6 | Pure ex-situ MgB2+ 30 wt.% (1.5 Mg + 2 B) (700 °C — 1h) S6
7 | Pure ex-situ MgB>+ 30 wt.% (1.5 Mg + 2 B) (800 °C — 1h) S7

2.1.2. MgB: bulk superconductors with co-additions of B,C and Dy:0;

Alfa Aesar provided the 99.0% pure magnesium diboride (MgB2) powder. In
accordance with the stoichiometry of MgB: + 0.5 Mg, ex-situ MgB, was combined
with Mg (0.5 mol) as an additional to the pure MgB, ceramic that served as the
reference sample. MgB» samples with 0.5 mol of extra Mg were mixed with varying
weight percentages of B4C. The following are the sample names and details: pure
MgB: (MgB: + 0.5 Mg) as S5-1, (MgB:z + 0.5 mol Mg + 5 wt% B4C) as S5-2, (MgB:
+ 0.5 mol Mg + 5 wt% B4C + 0.5 wt% Dy203) as S5-3, (MgB2 + 0.5 mol Mg + 5 wt%
B4C + 1.0 wt% Dy203) as S5-4, (MgB:2 + 0.5 mol Mg + 5 wt% B4C + 2.0 wt% Dy>03)
as S5-5, and (MgB2 + 0.5 mol Mg + 10 wt% B4C + 1.0 wt% Dy203) as S5-6. After
an hour of grinding, the mixture was compacted into spherical pellets that were 13
mm in diameter and about 1 mm thick. To reduce oxidation, the pellets were then put
inside stainless steel tubes, covered at both ends, then heated to 900 °C for an hour
while being surrounded by argon gas. All of the powder handling was done in the air.

Table 2.2 lists the names and other information of the samples.
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Table 2.2. MgB> samples co-added B+C and Dy:03 samples names and

fabrication details

No. Sample Sample Name
1 | Pure MgB> Pure MgB»
2 | MgB2+0.5 mol Mg S5-1
3 | MgB:>+0.5 mol Mg + 5wt.% B4C S5-2
4 | MgB>+0.5 mol Mg + 5wt.% B4C + 0.5wt.% Dy203 S5-3
5 | MgB2+0.5 mol Mg + 5wt.% B4C + 1.0wt.% Dy203 S5-4
6 | MgB>+0.5 mol Mg + 5wt.% B4C + 2.0wt.% Dy»03 S5-5
7 | MgB2+0.5 mol Mg + 10wt.% B4C + 1.0wt.% Dy203 S5-6

2.2. MgB; thin film sample fabrications

2.2.1. Hybrid Physical-Chemical Vapor deposition (HPCVD) system

The hybrid physical-chemical vapor deposition approach, which is recognized as an

extremely efficient way to create high-quality MgB: thin films, was used to fabricate

the MgB: thin films used in this investigation. Two types of vapor deposition are used

in the system: chemical and physical (PVD and CVD). The high Mg vapor pressure

required to maintain the thermodynamic stability of the MgB> phase at high

temperatures is made possible by the HPCVD process [92]. The HPCVD apparatus

is schematically shown in Figure 2.2(a).
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Figure 2.2. (a) Schematic view of the HPCVD system, (b) the susceptor on which
substrate is mounted on the top and Mg pieces can be accommodated around the

substrate holder [73].

The components of HPCVD include a load-lock chamber, an inductively connected
heater, a vertical quartz tube reactor with a bell-shaped inner diameter of 65 mm and
a height of 200 mm, a gas inlet and flow control system, pressure maintenance
system, temperature control system, and gas exhaust and cleaning system. An
induction heater is mounted on the outer edge of the main process chamber, which is
coupled to the load-lock chamber at its base. As seen in Figure 2.2(b), a stainless steel
susceptor is positioned coaxially inside the reactor. The process chamber and the
load-lock chamber are separated by a gate valve. During the production of MgB»
films, this valve guards against contamination of the process chamber. Diborane
(B2Hp) is used as the boron precursor gas and magnesium pieces as the magnesium

sources in the HPCVD process for MgB: film formation.
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2.2.2. Growth of MgB:; thin films on Al>O;s substrates

The following is a description of the MgB; thin-film growing process: A number of
occasions, the process chamber was purged using extremely pure (99.9999%) argon
(Ar) gas. Subsequently, the reactor was filled with the susceptor, substrate, and a
quantity of 99.99 percent magnesium chips (diameter: 2 to 3 mm). Under operating
pressure in ambient hydrogen gas (H»), the substrate and solid magnesium chips that
are positioned on the same susceptor are simultaneously heated inductively to the
desired temperature. The magnesium bits melt when the temperature reaches the
desired level, creating a high vapor pressure near the substrate. Subsequently, the
precursor gas BoHe (5% in Ha gas) is introduced into the chamber and undergoes high-
temperature breakdown surrounding the substrate. The following chemical equation
describes how the atoms from the broken-down precursor gas interact with the

magnesium vapor to form thin coatings on the substrate:
B,H, + Mg — MgB, + 3H,, (2.1)

When the precursor gas is turned off and the susceptor is cooled to ambient
temperature in H» gas, the deposition process comes to a stop. Since single-crystal
AlOs has the same hexagonal structure as MgB: and is useful for real-world
applications, it was employed as the substrate in this work. Figure 2.3 illustrates the
various morphologies of MgB, that may be produced by varying growth parameters,
such as temperature, pressure, Mg concentration, growth periods, and so on
(columnar structure, ab-plane orientated, flower, nanowire, nanorod, single-

crystalline). You may find the growth conditions for them in [73].
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(c) MgB, - flower

(d) MgB, - nanowire (e) MgB,- nanorod (f) MgB, single-crystalline
thin film

Figure 2.3. Different morphologies of MgB> grown on Al>O;3 substrates using
HPCVD [20,73].

The Volmer-Weber growth mode was generally followed by the MgB: film's growth
mechanism. In such case, the tiniest stable clusters form islands by nucleating on the
substrate and growing in three dimensions. Islands of hexagon-shaped MgB: initially
emerge on the substrate, and as the growth progresses, they grow and unite into a
continuous film at a greater film thickness [87]. This growth method led to the
formation of columnar structures in the majority of MgB: thin films (Figure 2.3(a)).
Nevertheless, as Figure 2.3(f) illustrates, we were able to effectively create MgB> thin
films with single-crystal quality by maximizing the HPCVD growth conditions. Grain
boundaries are absent from the films' very smooth surface. The perfect domain-lattice
matching between MgB, and Al>Os is thought to be the cause of the development of
single-crystalline MgB, films on sapphire substrates [76]. The characteristics of it
will be further investigated and given later. Table 2.3 displayed the growth conditions
for singlecrystalline MgB: thin films using HPCVD at different thicknesses. In these

circumstances, the cohesive interactions between MgB, molecules and substrates
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might improve and help a bigger single-crystal domain emerge. Superconducting
samples of superior quality with few imperfections are essential for a systematic and
accurate investigation of the impacts of disorder. In the main portion of this work, we
studied the effect of disorder on vortex dynamics using single-crystalline MgB> thin

films as pristine samples.

Table 2.3. HPCVD growth conditions of single-crystalline MgB: thin films with
various thicknesses [73,87]

Thickness Temperature  Pressure Flow rate (sccm)  Deposition time  Magnesium

(nm) (°C) (Torr) (H, — B;Hg) (minutes) amount (g)
130 710 210 125-25 4 2.5
410 710 210 100-50 5 2.5
850 710 210 100-50 10 3
1300 710 210 100-50 15 3

2.2.3. Ion irradiation of MgB; thin film

Quantized magnetic flux lines (flux lines) that penetrate superconductors in a
magnetic field can be immobilized to control the in-field J.. Pining centers (PCs) are
crystalline imperfections and impurities in the specimen that impede the mobility of
flux lines. Therefore, one important tactic to enhance the in-field performance of
superconductors is to artificially implant crystalline imperfections as efficient PCs.
Doping non-superconducting secondary phases to create effective PCs in MgB, thin

films has been an attempt over the past fifteen years or so.

The size, distribution, direction, and dimensionality of PCs all affect the flux pinning
effect. Specifically, as Figure 2.4 illustrates, the dimensionality of PCs has a
substantial impact on the flux pinning feature. One-dimensional PCs, like columnar
defects (CDs), for instance, show a preference direction for flux pinning: along their
long axis, the magnetic field direction is where the intense flux pinning takes place.
In contrast, three-dimensional PCs, like nanoparticles, have morphologies that lack

associated orientation for flux pinning, which produces an isotropic pinning force
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against any magnetic field direction. The change of the J. properties of MgB; thin
films 1s significantly influenced by these PC characteristics; their size and shape, for

example, should be tailored to each application's needs.

(a) 1D-PCs columnar defects, (b) 2D-PCs twin boundaries, (C) 3D-PCs nano-particles
dislocations grain boundaries
U 0N o ) N ? N i { A/
superconductor O
O
Flux lines

Figure 2.4. The different dimensional categories for PCs: (a) 1D columnar (linear)
defects, (b) 2D planar defects such as twin boundaries, and (c) 3D nano-particle

[83]

High-T. superconductors exposed to fast heavy-ion irradiation create amorphous CDs
of damaged material parallel to the projectile direction by employing the electron
excitation method rather than the nuclear collision process. In reality, the CDs
produced by radiation serve as one-dimensional PCs. The orientation of the one-
dimensional PCs determines the preferred direction of flux pinning. Therefore, it is
projected that heavy-ion irradiation will change the anisotropy of J. in high-T.
superconductors by changing the direction of irradiation. Additionally, the size and
form of CDs are greatly influenced by the electronic stopping power Se, which is the
energy loss of the damaging ion per unit of length by using electronic excitation in
the target material. Whereas continuous CDs with thick diameter form with higher Se
beyond a particular value, discontinuous CDs with thin diameter are detected at
intervals along the ion route at lower Se. In particular, discontinuous CDs may
provide more effective flux pinning across a wide magnetic field angular band since
their ends can operate as PCs throughout magnetic field directions slanted from their

long axis. Consequently, the discontinuity of CDs has a strong effect on the direction-

63



dispersion of CDs and the modification of the J. anisotropy in high-7¢

superconductors.

One important advantage of utilizing heavy-ion irradiation for CD creation is that it
allows for the preparation of any CD configuration by varying the irradiation intensity
and the incidence direction without requiring sample manufacturing (see Figure 2.5).
This is due to the fact that the pinning structure may be efficiently constructed to meet
the requirements of different applications, which would be advantageous for the
development of coated conductors with excellent performance. Furthermore, we
might be able to discover new physics of flux line dynamics because to the distinctive
pinning structures that the irradiations have created. The design criteria for the
optimal pinning landscape can be provided by heavy-ion irradiation to high-7.
superconductors, which can increase the potential for flux pinning and put J. near the
assumed threshold of critical current density, also referred to as the pair-breaking

critical current density.

Heavy-ions
_— 0000
c-axis
ab-plane rl l l

MgB,
thin films

substrate

Bllc Bllab ¢ Bllc Bllab ¢ Bl c Bllab 0
(a) unirradiated (b) Irradiated (c) Irradiated
in c-axis direction in three directions

Figure 2.5. Modification of the J. anisotropy by controlling the irradiation
directions (a) typical J. anisotropy of unirradiated high-T. superconductors, (b)
modified J. anisotropy with CDs along the c-axis, (c) modified J. anisotropy with
direction-dispersed CDs [83]

64



On c-cut Al,O3 substrates, MgB, that is 412-nm thick and highly c-axis orientated
was created by utilizing a hybrid physical-chemical vapor deposition technique
(HPCVD). High-purity (99.99%) magnesium particles were positioned on a susceptor
together with an Al,O3 substrate. Using pure H> gas at a flow rate of 80 sccm, the
susceptor was inductively heated to 700 °C at 80 Torr. Film deposition was started by
supplying B2Hs (5% in H») gas at a flow rate of 20 sccm once the temperature had
stabilized. Ion irradiation was carried out at room temperature using the HUS-5SDH-

2 twin pelletron accelerator systems provided by the VNU University of Science in

Vietnam (Figure 2.6).

Figure 2.6. The HUS-5SDH-2 tandem pelletron accelerator system at the VNU
University of Science in Vietnam

Light-ion irradiation (e.g., carbon and oxygen) under low energies (a few hundred
keV) considerably enhances in-field J. and B.> in MgB.. This is due to the lattice

disorder caused by low-energy ion irradiation, which serves as effective point-like
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pinning sites [39,63]. In the meantime, it has been demonstrated that rapid heavy-ion
irradiation enhances the in-field J. of iron-based superconductors and high-T.
cuprates by producing ion tracks, which function as columnar defects. Other research,
however, demonstrated that the J. of MgB» was not considerably altered by the high
energy (on the order of GeV) implantation of heavy ions (e.g., silver and gold)
[46,79]. The effects of intermediate-energy (MeV) heavy-ion irradiation on MgB»

films, however, have not been well studied.

The Monte Carlo simulation software of the Stopping and Range of Ions in Matter
(SRIM) was used to calculate the average projected ranges (Rp) as well damage
events of the Sn** ions [93,94]. 2 MeV of energetic Sn>" ions had been exposed to
doses 0f 2x10'2 (2E12), 2x10!3 (2E13), 5x10"3 (5E13), and 7x10'3 (7E13) atoms/cm?
at a tilting angle of 7° in order to prevent channeling effects. The names and details

of the samples are listed in Table 5.1.

According to an SRIM simulation, the concentration of Sn ions irradiated onto a 412-
nm-thick MgB; thin film on c-cut AlO3 substrate peaked at the estimated mean
projected range R, = 612 nm of 2 MeV Sn ions, as shown in Figure 2.7. (a). The
majority of the ions are found in the Al,Os layer after passing through the MgB: layer.
The MgB: layer exhibits a comparatively consistent total number of target vacancies
(Figure 2.7.b), indicating that heavy ions can efficiently generate lattice

displacements.
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Figure 2.7. (a) Range of 2 MeV Sn ions irradiated into 412 nm thick MgB; film
grown on c-cut Al>Os substrate, (b) number of target vacancies created by 2 MeV
Sn-ion irradiations as a function of target depth [49]
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Figure 2.8. 2 MeV Sn ion distribution using STRIM

2.3. Measurement methods
2.3.1. X-ray diffraction (XRD)

One method for examining the crystal structure of materials is X-ray diffraction
(XRD). The atoms in the crystal lattice interact with the X-rays when they are directed
at a crystalline substance, causing the atoms to scatter, or diffract, the X-rays in
different directions. It is possible to identify and examine the pattern of scattered X-
rays to ascertain the atomic arrangement within the crystal lattice. Bruker D8
Advance model at Faculty of Physics, VNU University of Science was used to
determine the crystal structures of MgB: bulk and thin films. The study is predicated
on the constructive interference of a crystalline sample with monochromatic X-rays:
A cathode ray tube produces the Xrays, which are then focused, collimated, and

directed toward the sample after being filtered to produce monochromatic radiation.
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When Bragg's Law is satisfied, the incident rays' interaction with the sample results

in constructive interference as well as a diffracted beam [12]:
NAcu—ke = 2dsin(0) (2.2)

where n is the reflection order, Acu-k« 1s the radiation wavelength, d is the interplanar
spacing of the crystal and 0 is the angle of incidence. This law links the diffraction
angle and lattice spacing in a crystalline sample to the wavelength of electromagnetic
radiation. This experiment involved gradually rotating the sample to alter the incident
angle of the X-ray source (CuKa) to the sample. In order to identify the diffracted X-
ray, a detector was rotated twice the incidence angle. The distinctive fingerprint of
the crystals included in the sample is provided by the distinctive x-ray diffraction
pattern produced during a standard XRD investigation. This fingerprint can be used
to identify the crystalline form when it is correctly read and compared to conventional

reference patterns and measurements.

The measured XRD data was treated in the following steps: background
determination, profile fitting, as well refinement using the Rietveld technique. The
phase identification was determined using the Inorganic Crystal Structure Database

(ICSD) along with the Crystallography Open Database (COD).

atomlc
plane

atomic
plane

dsin® /

© Encyclopaedia Britannica, Inc.

Figure 2.9. Bragg's Law reflection [12]
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Using Bragg's law and Miller's indices, the lattice constants of MgB2 have been

calculated for a tetragonal structure [75]:

= = (2.3)

1 4 h? + h. k + k? 4 12
dha 3
where dhu is the interplanar spacing, 4, k, [ are Miller’s indices and a, c are lattice

constants.
2.3.2. Physical property measurement system (PPMS)
2.3.2.1. DC susceptibility

A direct current (DC) field can be used to conduct susceptibility measurements, which
provide information on the static magnetic characteristics. The measurements of DC
magnetization (M). The Quantum Design PPMS EverCool II systems' vibrating
sample magnetometer (VSM) option was used for these measurements, which were
carried out with an applied field of 10 Oe perpendicular to the surface. Using zerofeld
cooled conditions, 7. was measured between 10 and 50 K with a 10 Oe applied feld.
The 'critical temperature", or 7., was the temperature that was where the

susceptibility departed from linearity.
2.3.2.2. Resistivity vs. temperature measurement

The transport characteristics of MgB»> bulk and thin films were measured using a
physical property measurement system (PPMS, Quantum Design). In this system, a
magnetic field of up to £9 Tesla may be applied, and temperature can be constantly
changed between 1.9 K and 400 K. We utilized PPMS's resistivity function to measure
electro-transport. The resistivity option PPMS puck with 12 linked channels is
displayed in Figure 2.10(a). Following sample mounting on pucks, the PPMS probe
the system's central component was installed. The PPMS probe's schematic
perspective is displayed in Figure 2.10(b). Furthermore, by utilizing a revolving puck
to alter the angle between the magnetic field and the sample's plane, PPMS can

measure the angle-dependent signals.
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Figure 2.10. (a) The PPMS puck for resistivity option, (b) the schematic view of
PPMS probe [36].

2.3.2.3. Magnetization vs. field measurement

We also used the PPMS to perform the magnetization of MgB, bulk and thin films. It
is possible to apply a magnetic field of up to + 5 Tesla and regulate the temperature
continuously between 2 K and 400 K. With a resolution of less than ~ 10* emu, the
SQUID sensor is the brains of the PPMS. A Physical Property Measurement System
(PPMS) is a multipurpose laboratory tool that may be used to measure a variety of
materials' physical characteristics at different magnetic fields and temperatures. Since
the PPMS is a cryogen-free system, liquid helium is not necessary for its operation.
The PPMS consists of a superconducting magnet, a cryostat, as well a number of
measurement instruments and accessories. The sample is cooled to low temperatures
using a cryostat, and high magnetic fields are produced using a superconducting
magnet. Numerous physical characteristics of the sample are measured using the
measurement probes and accessories. The Bean's critical state model was used to

calculate the J. of the magnetization hysteresis (M-H) loop.
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Figure 2.11. (a) The Physical Property Measurement System (PPMS), (b) the
interior schematic diagram of the standard coilset puck and the touchdown

centering operation, (c) the configuration of the mounted sample [26].

According to this model, each filament located within the sponge both carries the
critical current or zero at all. The inner filaments are protected from an external
magnetic field by surface barrier current. Only at that time the surface barrier current
reaches its critical value can the field flow through. When the field is raised, filaments
around the center begin to transport the critical current, and the flux finally reaches
the sample's core. All of the filaments experience current flow when the field is
lowered to zero, trapping the flux within the sample. The critical current in the
filaments gradually reverses when a field is applied in the other direction. By using

the Ampere’s law: V X B = pu,J. and the magnetic flux density expression: B =
%f Hdv, the Bean’s formula was defined as /., = 30AM /d, where AM = M* — M~is

the width of hysteresis loop, d is the characteristic length [9].

The Bean's model was adjusted as follows for the bulk samples [9]:
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204AM
Je=——F< (2.4)

c a
a(1-35)
where a and b are the sample dimensions perpendicular to the magnetic field. The

M*, M, and AM practical estimation was described in Figure. 2.12.

The Bean's model was adjusted as follows for the thin film samples [9]:

304M
Je = (2.5)

r

where r is the radius corresponding to the total area of the film surface perpendicular

to the magnetic field and AM is the height of the M — H curves.
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Figure 2.12. Illustration of estimation of AM from the half of a hysteresis loop of a
MgB> sample

2.3.3. Electron-phonon coupling constant in MgB: superconductors

Despite the fact that the boron plane provides a significant portion of MgBo's

superconducting properties, the active mode of Raman (Ez) is closely tied to band
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electronic transport. In consequently, the E2g mode can be effectively examined using
the Raman spectrum, which may yield valuable information on crystal symmetry,

particle size, and contaminants.

The Raman spectra were measured at room temperature using the WITec Micro-
Raman Spectrometer System (model ALPHA300 M), which has an incident green
laser using a 531.97 nm wavelength, 600 g/mm grating, and a Raman shift range of

200-1000 cm™.

Figure 2.13. Witec Micro-Raman Spectrometer Alpha 300

According to the McMillan formular [55], the average phonon frequency and critical
temperature are inversely related. Therefore, the Eog, which is the active frequency of
the phonon of mode in MgB> has an analogous effect on 7. fluctuation. Allen-Dynes
modified the McMillan formula used to test the BCS theory [2], in order to fully
comprehend the contribution of the Eo mode to the 7¢ value in our MgB, samples:

(010g) 1.04(1 + EPC)
T. = exp| —
1.2 EPC — p*(1 + 0.62 * EPC)

(2.6)
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where (0i0g) = (690 X w?g2 X 390)%% is the E2; mode mean phonon frequency , the
MgB: superconductor system has a phonon frequency of 390 cm™! and 690 cm™! for
other modes. EPC illustrates the electron—phonon (e-ph) coupling constant, and the

value of p*, the Coulomb pseudopotential, is assumed to be 0.13 [91].
2.3.4. Magnectic force measurement

Characterizing how superconductors behave in the presence of magnetic fields is
crucial for understanding and comparing fundamental characteristics in various
classes of superconductors, from heavy fermion systems to high temperature cuprate
and pnictide to conventional metallic, as well as for identifying and improving

materials for applications.

Our objective is to determine the absolute value of the pinning force for single
Abrikosov vortices and to directly explore the spatially resolved absolute value of the
London penetration depth using our special He-4 MFM with vector magnet

capabilities and a simple comparing method.
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Figure 2.14. MFM image of (a) CeColns and (b) Nb obtained in the
superconducting state at T = 0.5 K with a tip-sample lift height of 300 nm [84].
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Chapter 3: FABRICATIONS OF PURE MgB: BULK SUPERCONDUCTORS

Within this chapter, the superconducting characteristics of MgB> bulk samples
produced under various circumstances were examined. The purpose of this chapter is
exploring the condition which might help to fabricate MgB: bulk samples showing
high 7t and high J. compared to another resaearch. Ex-situ MgB, bulk samples were
sintered at various temperatures and periods after being further combined with Mg
and B in varying proportions. The contributing factor of electron-phonon coupling
constants (EPC) has been studied using Raman spectroscopy. To examine the
superconducting properties, the dependency on the magnetic field of magnetization
(M(H)) and the temperature of magnetization (M(T)) were assessed. The contribution
of EPC, whose value is nearly proportional to the variation of critical temperature,
was calculated using the McMillan formular, which is modified by Allen-Dynes, and
the frequency of phonon centered in the mid peak center w2 (Ezg). Raman spectrum
investigation revealed that the MgB: bulk sample supplemented with 0.5 mol Mg
then sintered at 1000 °C for an hour had the lowest EPC value, which was 1.094. The
sample also had the highest critical current density and the lowest critical
temperature. Applying the collective pinning theory, the small bundle field (B;,) and
the big bundle field (Bp) were derived, showing that, under the right sample
fabrication conditions, the small and large bundle regimes expand. According to the
normalized small bundle field (bs) and normalized critical current density (j)
temperature dependency, 07 pinning is the most common flux pinning mechanism
in all MgB> bulk samples. By examining the pinning properties, the Dew-Hughes

model verified that the addition of Mg and B causes surface pinning in the matrix.

Therefore, we will investigate how the T., J., and volume pinning force F), are
affected by adding different amounts of Mg and B to ex-situ MgB: bulks that were
then sintered at different temperatures and periods. The application of Raman

spectroscopy, a non-destructive chemical analysis method, was used to ascertain the
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impact of distinct phonon characteristics on 7. because MgB: is a phonon-enabled
superconductor. Different bulk samples of MgB» were analyzed to determine how the
disorder effect and EPC changed over time [6,50]. Raman spectroscopy was used to
systematically investigate the EPC behavior in order to study the 7. variations of ex-
situ MgB> bulks. Sample S5 had the lowest 7. value after adding 0.5 mol Mg then
sintering it for an hour at 1000 °C, but its J. enhancement had the highest value. These
findings suggest that adjusting the T, J., and F), mechanism depends critically on the
displacement caused by the insertion of Mg and B as well as the sintering
temperature. Additionally, the EPC obtained through the Raman spectroscopy
technique and its relationship to superconducting properties were investigated. After
the disorder was identified, researchers looked into how it related to and affected the
superconducting characteristics of bulk MgB, samples. The samples are provided in

Table 3.1 along with their names and descriptions.

Table 3.1. Details of MgB> bulk samples names and fabrication conditions

No. Sample Sample
Name
1 | Pure ex-situ MgB, (600 °C — 1 hour) S1
2 | Pure ex-situ MgB, (700 °C — 1 hour) S2
3 | Pure ex-situ MgB>+ 0.5 mol Mg (700 °C — 1 hour) S3
4 | Pure ex-situ MgB>+ 0.5 mol Mg (700 °C — 3 hours) S4
5 | Pure ex-situ MgB>+ 0.5 mol Mg (1000 °C — 1 hour) S5
6 | Pure ex-situ MgB>+ 30 wt.% (1.5 Mg + 2 B) (700 °C — 1 hour) S6
7 | Pure ex-situ MgB>+ 30 wt.% (1.5 Mg + 2 B) (800 °C — 1 hour) S7
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3.1. Effect of sample fabrication conditions on T. of MgB: bulk

superconductors

One of the most important key factors which has been used to determine the
superconductivity of the samples is value of 7c. In this chapter, the superconducting
transition and values of 7. were deduced from M(T) measurement. Figure 3.1
displays the normalized DC susceptibility of the samples as a function of
temperature.. Data were gathered between 10 K and 50 K while a 1 mT magnetic
field was present. A significant degree of homogeneity and crystallinity was indicated
by the sharp transition seen in all samples [59]. The temperature wherein the
susceptibility deviated from linearity was determined to be the value of 7.. The value
of T¢ fell precipitously to 38.1 K (for sample S5) after stabilizing at 38.5 K (for
samples S1, S2, S3, as well S4). Following that, 7. progressively rose to 38.6 K for
sample S6 and 38.8 K for sample S7. The manufacturing of MgB: bulk has been
carried out by adding Mg and raising the sintering temperature, which would greatly
minimize the formation of MgO secondary phase, as was previously reported where
Mg as well SiC were added [83], respectively. Additionally, MgB, breakdown was
inhibited and grain coupling was improved. Consequently, a smaller decrease in 7.
might be achieved. The slight alteration in 7. is consistent with the samples' lattice
structure having very little deformation. The MgB: structure-inducing disorder in
lattice locations can be introduced by additions. The transition temperature is lowered
by the disorder. The distribution of oxygen as well as hydrogen in the material
structure, as well as the creation of grains of higher borides, can likely be influenced
by the additives and sintering temperature, which in turn might affect the
superconducting properties. It would be credited with being the cause of S5's lowest
T.. However, it also showed that raising the sintering temperature will cause the
sample to become more homogeneous, or connected between grains, which is likely

to result in a dramatic change in the S5 sample [34,58].

78



0.0 } SR G Al
>
E m S1
= ® S2
2 02} A S3
Y v sS4
uo’ ¢ S5
S 0.4} [ S6
8 « fp » S7
- 0.6 ' f
s | ws
N [~
—_— \ N !
[ L

-0.8 | n
: _ 3.
Z [ = ® :Ix

1.0 b olin Bon Brn b 4500 00 o0®

10 15 20 25 30 35 40 45 50
Temperature (K)

Figure 3.1. Normalized DC susceptibility for ex-situ MgB> bulk samples produced
under various circumstances as a function of temperature.

Additionally, the 7. variation of MgB> was significantly impacted by the alteration
of strain-induced local structure, i.e., the disorder and deformity of the crystal lattice
[15]. The unfinished reaction that occur between Mg and B while the heat treatment
following the addition may be the origin of the second transition in Figure 3.1, which
shows inhomogeneity within the samples. Because ex-situ MgB, particles impede the
diffusion of Mg and B in the mixture, their presence may slow down the formation
of the MgB: phase. A single-step transition was noted for the S5 sample, which is in
line with the sample's increased J. as a result of improved grain connection. To gain
a thorough knowledge of the 7. change, measurements and analyses of Raman

spectroscopy of MgB» bulk samples were conducted.
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3.2. Explaining the possible reason for the changes in values of 7. of MgB; bulk

superconductors

It has been well known that the variations of 7. of MgB> superconductors were likely
to link to the formation of lattice distortions [12,51,56,71]. Basing on these previous
investigations, the possible reason for the changes in values of 7. of the MgB» bulk
superconductors obtained in Figure 3.1 was going to explained in Figure 3.2. Given
that MgB> is a phonon-mediated superconductor, electron—phonon interactions are
consistent with the pairing mechanism that gives it its superconductivity. Among the
optical modes of MgB,, including Az, Big, Eiu, and Ezg, the Ez; phonon mode is the
only initial-order active mode [89]. The shorter phonon ridge, which is primarily
located at 455490 cm™!; the intermediate phonon ridge, which mainly focuses at
560-610 cm™!' (mode Eag); along with the greater phonon ridge, which is largely
focused at 740-800 cm™!, are contained in a Raman shift peak that is around 200—
1000 cm™!. The Raman spectra of MgB, also showed a broadening of the Ex, ridge
due to the higher phonon density of MgB» superconductors [51]. Despite the fact that
the boron plane accounts for the majority of MgB»'s superconducting characteristics,
the Raman active mode, or Eog mode, is strongly related to the electronic transport of
bands. As a result, the Eog mode can be effectively examined using the Raman spectra,
which may yield valuable data on particle size, impurities, as well crystal symmetry.
Raman scattering is significantly impacted by residual stress along with disorder [15],
which can also alter phonon lifespan and phonon frequency. A broad Raman optical
mode at approximately 600 cm™! to 630 cm™! was found by measurements [71]. It is
anticipated that the E>; mode frequencies will be around 665 cm™ (82 meV) and 515
cm™!' (64 meV) [44]. The Raman shift peak at the active phonon mode (Ezg mode)

oscillated at approximately 560—-610 cm™!, which is consistent with the data above.

Figure 3.2 depicts the Raman spectrum measurement results of the ex-situ MgB: bulk
samples also demonstrates the addition of Mg and B. The E; peak's intensity rose
while its half-width fell in samples S1 and S2. In the range of 570.72 and 573 ¢cm™!,

the E»; peak barely moves. Samples S3 and S4 show a decline in Ez, peak intensity
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although a rise in peak half-width for samples S3 through S5. Compared to samples
S3 and S4, sample S5's Ez, peak has the largest amplitude despite a notable drop in
intensity. In comparison to samples S1 and S2, the optimal location of E2; has moved
to the right in samples 579.40, 580.23, and also 582.08 cm™!. The Ey, shift was evident
in all three of the 0.5 mol Mg added MgB» samples, including S5. The observed shift
has most likely been caused by lattice distortions. While the half-width reduced for
samples S6 as well as S7, the Ez, peak intensity rose suddenly. Furthermore, samples
S6 and S7 showed a shift to the left in their Ez¢ peak positions, dropping to 572.21
and 567.34 cm’!, respectively, with sample S7 exhibiting the lowest E»; peak
position. Figure 3.3 (a) shows the change in the location of the E»; peak and 7. The
T. of samples S1 and S2 is same, and the E», peak's location is almost unchanged.
The peak location of Ez¢ changes somewhat in samples S3 through S5, but samples
S3 and S4 share the same 7. of 38.5 K. In sample S5, however, the ideal location of
Esg quickly moves to the right as 7 drops. As seen in examples S4 and S5, the ideal
' when T,

decreases from 38.5 K to 38.1 K. Tc rises from 38.6 K to 38.8 K for samples S6 and

location of Ez; moves to the right and rises from 580.23 to 582.08 cm™

S7 as the location of the Es, peak falls. Consequently, a considerable decrease in Ex,
is the cause of the observed decline in 7.. The locations of the Ez; peaks in each
sample are listed in Table 3.1. This change might be explained by lattice distortions
caused by the inclusion of Mg and B. This effect has been seen in both bulk and thin-
film samples of MgB> [51,87]. The existence of strong electron-phonon (e-ph)
coupling constant (EPC), phonon-phonon (ph-ph) interaction, and lattice relaxation
at the Mg and B impurity site might all be responsible for the shift in the Eog peak's
intensity, breadth, and location. This outcome is somewhat similar to the change in

T..
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Figure 3.2. Raman spectra of ex-situ MgB> bulk samples made under various
circumstances, fitted to the E>; mode (blue), the shorter and larger phonon ridge
(orange and green).
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To get the quantitative analyses, the theoretical model relating 7. and EPC is going
to use. Critical temperature is inversely related to the average phonon frequency,
according to the McMillan formula [54]. Consequently, the active frequency of the
phonon of the E>; mode in MgB: has an analogous effect on 7. fluctuation. In order
to fully comprehend the contribution of the E>; mode to the 7 value in our MgB:
bulk samples, the BCS theory was assessed using the Allen-Dynes-revised McMillan

formular [2]:

Tc

_ {w10g) eXp( 1.04(1 + EPC) ) )

1.2 " EPC — p*(1 + 0.62 = EPC)

where (®iog) = (690 X w?E2g X 390)%% is the B2y mode overall phonon frequency, with
the phonon frequency of the remaining modes in the MgB> superconductor system is
390 cm™! along with 690 cm™' [44]. The Coulomb pseudopotential (u*) of 0.13,
coupled with EPC, represents the electron-phonon (e-ph) coupling constant. The
method may be used to determine EPC values for all ex-situ MgB: bulk samples by
taking the critical temperature 7. value provided in Figure 3.1 and the frequency of
the E2e mode indicated in Figure 3.2. Figure 3.3 (b) depicts the change in EPC values
and T.. The EPC value first falls from 1.102 to 1.094, then rises to 1.109 and 1.116.
S5 has the lowest 7. as well as EPC values (1.094). Therefore, the decrease in 7.
brought about by the addition of Mg and B is caused by the decrease in the Raman
shift as well as the EPC value, which decreases as the Raman shift gets better. Similar
to this, a disorder that occurs when Mg and B are added to ex-situ MgB, bulk samples
is the cause of higher impurity rates. The EPC constant is reduced in relation to
changes in the electronic system brought on by a disturbance that impacted MgBo's

superconducting mechanism.
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Figure 3.3. (a) Dependence of the E2; peak position on sample fabrication
condition, (b) Dependence of the electron—phonon coupling constant (EPC) on the
critical temperature (Tc)

The Raman spectra of ex-sitru MgB» bulk samples is often significantly influenced by
the incorporation of Mg as well as B fluence. Due to the variations in the Ez, peak

brought on by the hardness and softening of phonon, the incorporation of Mg as well
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as B to MgB; acts as a phonon-toughening and phonon-loosening layer. The results
of fitting a Gaussian distribution to each Raman observation are shown in Table 3.2.
Gaussian fitting was used to estimate the peak location of each sample in the analysis

of the Raman spectra modification of the ex-situ MgB» bulk samples.

Table 3.2. Results summary for bulk samples of MgB:: Onset of critical temperature
Te-onses, the frequency of the E>; mode, the electron—phonon coupling constant (EPC)

Sample Tc-onset EZg
Sample EPC
Name (K) (cm™)

Pure ex-situ MgB»
(600°C — 1 hour)

S1 38.5 570.72 | 1.109

Pure ex-situ MgB»
S2 38.5 573.42 | 1.107
(700°C — 1 hour)

Pure ex-situ MgB2+ 0.5 mol Mg
S3 385 584.40 | 1.100
(700°C — 1 hour)

Pure ex-situ MgB2+ 0.5 mol Mg
S4 38.5 580.87 | 1.102
(700°C — 3 hours)

Pure ex-situ MgB2+ 0.5 mol Mg

S5 38.1 582.08 | 1.094
(1000°C — 1 hour)
Pure ex-situ MgB2+ 30 wt.% (1.5 Mg + 2 B)

S6 38.6 572.21 | 1.109
(700°C — 1 hour)
Pure ex-situ MgB,+ 30 wt.% (1.5 Mg + 2 B)

S7 38.8 567.34 | 1.116

(800°C — 1 hour)

3.3. Effect of sample preparation conditions on J. of MgB; bulk

superconductors

Samples tested at 5 K, 10 K, 15 K, 25 K, and 30 K had M—H hysteresis loops, as

shown in Figure 3.4. The loops demonstrate that there is no flux leap. The wider
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loops, AM, reflect the increase in J. of the samples when they are fabricated under

various conditions.
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Figure 3.4. M-H hysteresis loop for ex-situ MgB> bulk samples fabricated at
different conditions at (a) 5 K, (b) 10K, (c) 15K, (d) 25 K and (e) 30 K.
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The following adjusted Bean's model was used to get the field-dependent J. of each
sample [17]:

20AM
Je=v7—a\ (3.2)

Cfe(t-55)]
where a as well as b are perpendicular to the applied magnetic field sample
dimension, and AM is the magnetization hysteresis width. The field dependency of J.
for MgB» bulk samples at temperatures of 5 K, 10 K, 15 K, 25 K, and 30 K is shown
on a double-logarithmic scale in Figure 3.5 (a—e). In contrast to sample S1, sample
S2's J. value dropped as the sintering temperature rose. At all temperatures and
studied fields, samples S3, S4, S5, S6, and S7 exhibit significantly higher J..
Specifically, sample S5 showed the largest J. improvement, whereas another MgB»
bulk sample showed a somewhat smaller increase. Additionally, after evaluating
every sample, J. gradually lowered the applied field on these samples. In comparison
to other MgB> bulk samples, J. decreased to 100 A/cm? at a higher irreversible field.
These results suggest that, with appropriate sample preparation, the inclusion of Mg
as well B might be utilized as an additional pinning center, improving J. beneath
external field settings [20,47,48]. Weakened inter-grain connection might be the

cause of the impairment shown in samples S2.
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Figure 3.5. Using collective pinning theory, the field dependency of J. for ex-situ
MgB; bulk samples manufactured at various temperatures (a) 5 K, (b) 10K, (c) 15
K, (d) 25 K, and (e) 30 K was described. Using Equation (3.3), solid lines represent

curves that fit.

The most effective sample manufacturing for J. augmentation was examined, along

with the effects on including Mg and B. However, it is necessary to ascertain how the
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addition of Mg and B affects each field regime in addition to the flux pinning process.
The collective pinning hypothesis of Blatter et al. describes the vortex behavior of
high-temperature superconductors and aids in the study of the vortex pinning process
[11]. According to the hypothesis, the way that J. is shown varies depending on the
magnetic field regime. J. in the magnetic field has been separated into three regimes
by the crossover fields, such as By, and By, [11]: the single vortex regime, the small
bundle regime, and the large bundle regime. The field that moves from the single
vortex regime to the small bundle regime is called B,», whereas the field that moves
from the small bundle regime to the large bundle regime is called B. J. in the field
is almost flat in the single vortex regime, where each vortex is individually pinned.
Flat J. was broader in samples S3, S4, S5, S6, as well as S7, suggesting that there
were more pinning centers in these samples. As the magnetic field intensity increases,
the vortex density exceeds the pinning center density, resulting in collaborative
pinning of the vortices [11]. The pinning process evolved from a single vortex to tiny
bundle pinning. The following exponential rule adequately explains the sharp decline

in field-dependent J. in this regime [44]:

Je(B) = Jo(0)exp [— (B%)%] : (33)

where By 1s the normalizing parameter. The fitting curves at 5 K, 10 K, 15 K, 25 K,
then 30 K are shown as solid red lines in Figure 3.5 (a—e). The dissimilarity between
the lower and higher fields has been used to calculate the values of the crossover
fields By, along with By, respectively, based on the findings of fitting the tiny bundle
regime. The estimate process employed —log[J.(B)/J«(0)] as a function of B in a
double-logarithmic plot, as stated by Ghorbani et al. [38]. Table 3.3 displays the By
along with By, values. In samples S1, S2, S3, S4, as well S5, By, and By, increased,
whereas in samples S6 and S7, they decreased. At lower temperatures, By and B
increased significantly. For sample S5, the By, value at 5 K was only 0.057 T and
0.008 T, which was higher than that of samples S3 and S4, respectively, whereas at
10 K, the By, value reached 0.261 T with 0.249 T higher, while at 15 K, it was 0.356
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T with 0.303 T higher. Comparing sample S5 to samples S3 and S4, the By, value is
likewise 0.105 T and 0.088 T more at 5 K, 0.639 T along with 0.588 T greater at 10
K, and 0.923 T along with 0.465 T greater at 15 K. Sample S5 had the greatest By
and By, values when compared to the other samples at all temperatures, ranging from
5 K to 30 K. The By, increase in samples S1, S2, S3, S4, as well as S5 showed that
the single vortex had enlarged, which is linked to the rise in the number of pinning
centers. Furthermore, these samples' Bj rise showed that the supplemental pinning
center operated efficiently under the collective pinning regime. The inclusion of Mg
and B, together with the best sample preparation, which is linked to the enhancement
of J. at a high external magnetic field, widened the regime of small and big bundles.
A vortex might have been independently pinned by a pinning center in the single
vortex regime, when the magnetic field is less than By, [26]. Therefore, the
appearance of additional flaws and impurities as additional pinning centers was
probably proof of the enlargement of the single vortex regime. These fabricated
pinning centers showed a significant collective pinning potential by extending the

tiny bundle regime.

Table 3.3. Bulk samples of MgB:> at 5, 10, 15, 25, and 30 K
were measured for Bg, and B, values.

5K 10 K 15K 25K 0K

Sample B B B B B B B B B B
M| O O [@ O] T O] @] @D

S1 0.996 | 3.380 | 0.848 | 3.083 | 0.801 | 3.069 | 0.458 | 2.099 | 0.267 | 1.164

S2 1.152 | 3.474 | 0.978 | 2.977 | 0.952 | 3.092 | 0.475 | 1.924 | 0.288 | 1.131

S3 1.182 | 3.725 | 0.997 | 3.952 | 0.804 | 3.205 | 0.481 | 1.974 | 0.296 | 1.131

S4 1.231 | 3.742 | 1.009 | 4.003 | 0.857 | 3.663 | 0.490 | 2.124 | 0.304 | 1.208
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S5 1.239 | 3.830 | 1.258 | 4.591 | 1.160 | 4.128 | 0.525 | 2.369 | 0.336 | 1.310

S6 1.026 | 3.521 | 0.981 | 3.652 | 0.781 | 3.102 | 0.443 | 1.791 | 0.297 | 1.086

S7 0.657 | 2.684 | 0.632 | 2.295 | 0.514 | 2.107 | 0.332 | 1.236 | 0.212 | 0.792

It was found that the J. value of the MgB, bulk samples rose the greatest when they
were manufactured in the ex-situ condition of Pure ex-situ MgB; + 0.5 mol Mg
sintered at 1000 °C for one hour. In particular, when the field was set to 0.1 T, the J.
value reached around 1.2x10° A/cm?, which is almost 5 times greater than the J. value
of the samples used in prior research, which was approximately 2.4x10* A/cm?. The
Je of this sample was about 3.2 times greater than the field of 0.5 T, approximately
2.3 times higher at the field of 1 T, approximately 1.3 times higher at the field of 1.5
T, and approximately 1.2 times higher at the field of 2 T when compared to the J. of

prior research. The specific comparison results are shown in Table 3.4 below.

Table 3.4. Comparison of J. values of sample S5 with other samples in previous
studies

Jo (A/em?) at 25 K

Samples Ref.

01T | 05T 1T 15T | 2T

Pure ex-situ MgB,+ 0.5 mol
Mg

(1000 °C — 1h) (S5)

MgB: sample annealed at 700

1.2 7.0 4.0 1.6 0.8 | This
x10° | x10* | x10* | x10* | x10* | work

24 22 1.7 1.2 0.7
°C for 15 min at pressures 1 [24]

x10* | x10* | x10* | x10* | x10*
GPa

MgB: samples with 10 wt %
» . N 8.9 3.6 0.7 1.1 0.6
silicone-oil addition annealed at [27]

x10* | x10* | x10* | x10? | x10?
600 °C
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3.4. Effect of sample preparation conditions on flux pinning mechanism of

MgB: bulk superconductors

The significant increase in J. necessitates an investigation of the flux pinning process
by incorporating Mg as well B on the MgB> bulk superconductor. In type-II
superconductors, the primary effective vortex-pinning center contact is the core
interaction [53]. Additionally, the kind of core contact has two main pinning
processes, which include o/ pinning and 67 pinning. In the single-vortex pinning
regime, Griessen ef al. established the following guidelines for every pinning

mechanism [31]:

For 6/ pinning:

Jon(0/]:(0) = (1 = t2)3(1 + £2)°2, 3.4)

For 6T, pinning:

Jon(D/1e0) = (1 — e2)6(1 + £2)3, (3.5)

At 0.01 T, J, has been chosen as J. based on the prior regime division [53]. The
normalized critical current density, j = J(T)/J(0), is shown against the normalized
temperature, t=7/T., for all ex-situ MgB> bulk samples in Figure 3.6 (a). The
Ginzburg—Landau coefficient (k) differential resulting from oscillations in the critical
temperature (7¢) is linked to the ascending pinning mechanism, o7, for the entire set
of MgB, samples [53,70]. Previous studies on MgB, superconductors are in
agreement with this finding. The relationship between By, and the critical current
density in the context of collective pinning theory is as follows: B ~ jwBe2. The
formula for the normalized temperature dependency of By, was derived by Qin et al.

[70]:

For ¢/ pinning:

Byy(£)/Bsp(0) = [(1— t2)/(1 + ¢35, (3.6)

For 0T, pinning:
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Bsp(6)/Bsp(0) = [(1 —t2)/(1 +tH)]?, (3.7)

These formulae were used to determine the normalized small bundle field by (=
By (t)/Bsp(0)) values of samples at 5, 10, 15, 25, as well 30 K. The results are displayed
in Figure 3.6 (b). The By data is in agreement with the 67. pinning expression.
Consistent with the earlier j-f and by -t studies, the results confirmed the dominance
of the 07. pinning mechanism in all MgB> bulk superconductors at different
temperatures. The natural pinning center, which is identified by the grain boundaries
of pure materials, is suitable for 67 pinning. The production of defects, distortions,
impurities, as well as dislocations as revealed by SEM, XRD, and MT studies is
linked to 67, pinning, according to Hapipi et al. [34,58]. Figure 3.6 (b) shows a minor
shift from 07 to o/ pinning with the inclusion of Mg and B.
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Figure 3.6. (a) Normalized J. and (b) normalized By for each sample's normalized
temperature dependence. Using Egs. (3.4) and (3.5), solid lines are curves that fit
the ol and 0T, pinning mechanisms.

3.5. Effect of sample preparation conditions on geometry of pinning centers in

MgB: bulk superconductors

The enhancements of J. in type-II superconductors have been attributed to the
improved flux — pinning properties in these materials [16,26,27,47]. We assessed the
magnetic field dependency of F, in MgB: bulk samples under various sample
preparation circumstances in order to fully comprehend the effects of including Mg
as well as B on the properties of flux pinning in MgB: bulk samples. The formula F,
= B x J. was used to obtain the F), values from the J.(B) data. Figure 3.7 displays the
reduced flux pinning force density (f, = Fp/Fpmax) as a function of the reduced

magnetic field (b = B/Bi»), where a criteria of J. = 100 A/cm? at 5 K was used to
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define Bj In addition to increased strength, the most pertinent research on F)-b
revealed the dominant pinning centers on MgB» bulk samples, which call for more
study utilizing the Dew—Hughes model [16,50]. The following function has been used
to apply the Dew—Hughes model in order to examine the properties of the extra flux

pinning centers [16]:
fp = Ab?(1 — b)4, (3.8)

where the normalized flux pinning force density is f, = Fp/Fpmax, Whereas the fitting
parameters are A, p, along with q. Using the Dew—Hughes model fitting line, Figure
3.7 shows f, as a function of b throughout all ex-situ MgB2 bulk samples. An novel
pinning function for grain boundary (surface) pinning was implemented to match the
data points, with fixed values of p = 0.5 and q = 2 (red line). Every sample's fitting
parameters are similar for every temperature that was looked at. Sample q values are
typically around 2, which corresponds to the core interaction, at all temperatures [26].
As aresult, we could use the overall p or bpeur values from all the samples to examine
the predominant kind of pinning centers in the data. The normal core surface pinning
center (p = 0.5) was linked to the non-added sample's b,cax value and average values
of p, which were 0.211 and 0.562, respectively [16]. The grain boundary pinning,
which has been identified as the typical core surface pinning center, is the natural
pinning center of the ex-situ MgB: bulk superconductor [46]. As previously examined
by SEM images, the extra Mg as well B, together with variations in temperature and
sintering time, resulted in improved grain coupling aided by the in-situ synthesis of
MgB,, which filled the gaps and joined the MgB» grains. Solid-state self-sintering
occurred as the sintering temperature rose, strengthening the core surface pinning
even further. This result was in line with the findings of the earlier j-# and bt
analysis. This phenomena is linked to misoriented grain boundaries, voids, or
porosity, as well as the porosity intension identified by SEM and XRD investigations

in our earlier work [34].
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Figure 3.7. All samples' normalized field dependency at 5 K using a
modified Dew-Hughes model scaling. Fitting curves using Equation (3.8)
are represented by solid lines.

Conclusion of Chapter 3

The ex-situ MgB, bulk samples generated under different circumstances were
examined for their local structure along with superconducting characteristics. We
spoke about the superconducting and electron-phonon (e-ph) properties of bulk MgB»
samples, including T, J., and F),. T, stays constant for samples S1-S3, decreases for
samples S5, and rises for samples S6—S7, according to the temperature-dependent
magnetization data, M(T). In order to explain the reported 7., we discovered a
significant correlation between the frequency of the E>; mode and 7. The shift in Ea,
values matched the shift in 7. values. The link between EPC, Ej,, as well as T,

determined by the McMillan equation may support this conclusion. Furthermore, the
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performance of superconducting transitions is significantly influenced by the EPC
constant, which is ascertained by Raman spectroscopy. Our results suggest that
variations in the EPC impact disordered strength-induced MgB: superconductivity,
which can promote Cooper pair localization. After Mg and B were added, the
samples' J.(B) rose. Samples S3-S7 were the ones where the fabrication
circumstances were altered the most, and sample S5 — Pure ex-situ MgB, + 0.5 Mg
(1000 °C — 1 hour) — showed the biggest rise in J.. According to pinning theory, J. is
suitably outfitted in tiny bundle mode. For every samples, the By as well as By, values
have been estimated between 5 and 30 K. The results show that the small and huge
bundle modes expand with the incorporation of Mg as well B and with varying
sintering conditions. In all ex-situ MgB, bulk samples, 07, pinning was the most
prevalent pinning mechanism, according to j(z) and bg(?) studies. In order to
comprehend the function of Mg as well B addition in the flux pinning process, the
normalized field dependency of f, was investigated using the Dew—Hughes model.
The additional centers are normal core surface pinning centers in all samples,
according to the fitting parameters p and q. High-quality ex-situ MgB: bulk samples
may thus be produced by optimizing the appropriate fabrication circumstances using
the data obtained. In order to produce high-quality ex-situ MgB, bulk samples, the

data obtained may therefore aid in releasing the appropriate fabrication conditions.
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Chapter 4: ENHANCEMENTS OF CRITICAL CURRENT DENSITY OF
MgB; BULK SUPERCONDUCTORS WITH CO-ADDITIONS OF B4C
AND Dy:03

After optimizing the fabrication of MgB: bulk superconductors showing the high
value of J., the further enhancements of J. in MgB, bulk superconductors will be
carried out. In addition to grain coupling, improving J. requires the addition of rare
earth oxides (ReO) [86] and carbon (C) [75] to create efficient flux pinning centers.
Boron carbide (B4+C) has some benefits in this respect. It can be utilized as a precursor
to react with magnesium instead of boron, forming C-doped MgB: with high field-
dependent J. [75]. However, because ex-situ MgB; has a high thermal stability, C
substitution by B4C addition can be difficult [78]. Another possible dopant to raise J.
is ReO materials [57]. This is particularly true for Dy»0s;, which has been
demonstrated to significantly increase J. [86]. The creation of nano-scale DyBs after
the interaction of Dy>O; with B is thought to improve flux pinning in the samples
[86]. For the in-situ reaction of Mg and B, it has also been reported that the co-
addition of B4C and Dy,O3 enhanced J. (20 K) to 10° Axcm™ at approximately 3 T
[57]. Motivated by the two successes, we intend to use both B4C and Dy»0s to
increase the J. of ex-situ MgB> bulk superconductors. Additionally, magnesium
powder was added to the samples to enhance the grain connection. Crystal structure,
phase development, along with grain form were analyzed in connection with the

samples' superconducting properties.

In this chapter, B4C along with Dy>Os; were added to create MgB, bulk
superconductors. The predominance of MgB: in each sample was verified by X-ray
diffraction. Temperature-dependent resistivity as well as magnetization
measurements in the in-field were used to assess the samples' superconducting
characteristics. Each sample's B.; and J. were estimated. The findings show that the
ideal addition levels of B4C along with Dy>Os3 result in notable improvements in B>
and Je. In the manufactured samples, J/ pinning was shown to be the predominant

pinning type based on collective pinning theory. Grain boundary-induced core surface
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pinning was shown to be the predominant pinning mechanism, which is in line with

the Dew—Hughes model estimates.

Along with the previously indicated addition of magnesium, trace quantities of B4C
along with Dy>O3 were also added. After fixing Dy,O3 at 2 weight percent, B4C was
added at 5 and 10 weight percent concentrations. This work set out to investigate how
the coaddition of Mg, B4C, as well Dy,0s; affected the crystal structure as well as
superconducting characteristics of MgB,. Collective pinning theory served as the
foundation for the analysis of the pinning mechanism. The main interactions between
pinning centers and vortices in type II superconductors are core and magnetic
interactions. Localized distortions in superconducting characteristics coupled with
periodic variations in the superconducting order parameter generate core interactions.
This phenomena is especially important for high k-valued type II superconductors.
Core pinning is linked to random spatial changes in the transition temperature (7.
pinning) in MgB> bulk superconductors, when « is more than 20. In contrast, core
interactions in high-temperature superconductors are mostly associated with
variations in the charge-carrier mean free path (o/ pinning), which are primarily
brought on by crystal lattice defects. Additionally, a modified Dew—Hughes model
for the flux pinning force density was used to identify the kind of pinning. The
coexistence of ¢/ and 67 pinning was shown to be the primary pinning mechanism
in MgB> bulk superconductors with the coaddition of Mg, B4C, as well Dy,O3; when
theoretical models were used. Two-dimensional surface pinning was then determined
by analyzing the geometry of the pinning centers. Grain connection was probably
increased by the coaddition of B4C along with Dy,0O3, which in turn improved B.2

and J. [58,63]. Table 4.1 contains a list of the samples' names and information.
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Table 4.1. Details of MgB: bulk superconductors with co-additions of B4+C and

Dy>03 samples names and fabrication conditions

No. Sample Sample Name
| | Pure MgB; Pure MgB>
2 | MgB:+0.5 mol Mg S5-1
3 | MgB>+0.5 mol Mg + 5wt.% B4C S5-2
4 | MgB2+0.5 mol Mg + 5wt.% B4C + 0.5wt.% Dy>03 S5-3
5 | MgB2+0.5 mol Mg + 5wt.% B4C + 1.0wt.% Dy203 S5-4
6 | MgB>+0.5 mol Mg + 5wt.% B4C + 2.0wt.% Dy203 S5-5
7 | MgB2+0.5 mol Mg + 10wt.% B4C + 1.0wt.% Dy>03 S5-6

4.1. Crystal structure of MgB; bulk superconductors with co-additions of B4C
and Dy,0;

Figure 4.1 (a) displays the XRD patterns of the bulk MgB» samples with 0.5 mol of
additional Mg and with different B4C along with Dy,Os; concentrations. In all
samples, the MgB: phase, which features a hexagonal crystal structure and serves as
a component of the P6/mmm space group, is mostly represented by the diffraction
peaks. This is in agreement with the ICSD reference (98-009-2831). The strongest
peaks connected to the (101) plane have been observed at around 20 ~ 42.5°.
Furthermore, peaks that corresponded to MgO (ICSD: 98-009-4096) were seen in all
samples at around 20 = 62.1°. MgO is most likely present because oxygen was added
to the sample during sample preparation, most likely during pelletization, grinding,

or closing the stainless steel tubes before heat treatment. During these activities,
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highly reactive magnesium may have formed MgO as a result of this partial exposure

to air [59]. While the simultaneous addition of B4C along with Dy;0; raised the

intensities of the MgB» as well as MgO peaks, the addition of B4C lowered them [59].

Prior research has shown that Dy,O3; combines with B and Mg to produce DyB4 [18],

but no discernible DyB4 peaks were seen in our investigation. This absence might be

explained by the MgB, that was generated prior to the chemicals being mixed in this

experiment, which inhibited the production of DyBs. Figure 4.1 (b) displays the

estimated lattice characteristics of the manufactured samples. It shows that when B4C

along with Dy>O3 were codoped at different weight percentages, there was no

discernible change in the a- or c-lattice properties.
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Figure 4.1. (a) XRD patterns and (b) a-axis as well as c-axis

values of MgB: bulk samples.

4.2. Effect of co-additions of B4C and Dy203 on 7. of MgB: bulk

superconductors
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After examining the crystal structure of MgB: bulks with co-additions of B4C and

Dy»03, the variations of 7. and B, of these samples are going to investigate. In this

chapter, resistivity versus temperature (p(7)) measurements were used to infer the

superconducting transition as well as 7. values. Plots of normalized resistivity vs

temperature, p(7T)/p(T = 41 K), are shown in Figure 4.2 (a) for all samples in the 33—

45 K range without an applied field. The temperature that occurred when p(7)/p(T =

41 K) equaled zero was determined to be the critical temperature (7c) of the

manufactured samples. The following was the main focus of the two observations:

As the coaddition content increased, (1) the 7. dropped and (ii) the transition breadth
widened. Table 4.2 contains a list of the 7. values. Sample S5-1 had a 7. of 38.57 K
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[74], whereas sample S5-4 had the lowest 7. of 34.70 K. With the incorporation of
B4C along with Dy;0s3, the transition width broadens, indicating a reduction in the

samples' homogeneity and crystallinity [49,64].
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4.3. Effect of co-additions of B4C and Dy;O;3 on B.; of MgB; bulk

superconductors

The effects of B4C along with Dy>O3 on the upper critical field (B.2) of the MgB»
bulk samples were examined in addition to 7. Under different magnetic fields, the
electrical resistivity has been measured as a function of temperature. Figure 4.2 (b)
displays the in-field resistivity vs temperature curve with the applied field scanned
from 0 to 7 T. As the intensity of the magnetic field rises, the superconducting
transition width grows monotonically. The 50% resistivity criteria during the
superconducting transition was used to determine the value of B... With the exception
of sample S5-2, whose maximum value was 18.51 T, all of the doped samples had
B> values larger than the sample S5-1, which had a value of 15.82 T. Five weight
percent B4C was the best dopant for raising B... Figure 4.2 (c) displays the
temperature dependence of B.. for each sample. It demonstrates that all graphs follow
a positive curvature close to 7., which is explained by MgB)'s two-band
superconductivity [33]. The B.2 (T) curves were described using two-band Ginzburg—

Landau theory [5]:

91+a
B, =

1-0+ 0w+ 1w?2 + mw?3)’ (4.1)

where w = (1 — 0)0*% and 6 = (1 — Tl) Simple expressions a, 1, and m were

found by experimentation [5]. The best fits were obtained withm =-1,1=3, and o =
0.23. In Figure 4.2 (¢), the fitting curves are displayed. The samples codoped using
B4C along with Dy>03 had higher B.>(T) values than S5-1. To illustrate the rise in
Bco(T), an extended region at roughly T =30 K is shown in the inset of Figure 4.2 (c).
The B.2(0) value for sample S5-1 was calculated to be 15.82 T by projecting the B.2(T)
curves to T = 0 K. For sample S5-2, this value reached a high of 18.51 T. The
coaddition of B4C along with Dy>O3; may be responsible for this rise in B.., since it

causes lattice deformation and probably increases impurity scattering. Consequently,
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the samples' coherence length and the mean free path of the charge carriers were

decreased, which raised B.2 [5,13,102].

In earlier research, the B.> value of MgB, bulk samples doped with nanosized SiC
was about 10.9 T [24], the B.> value of MgB> bulk samples doped with carbon
nanotube was approximately 11.5 T [117], and the B, of MgB: bulk samples codoped
with B4C along with Dy>0O3 was all greater than 15 T. In particular, the B, value of
sample MgB> + 0.5 mol Mg + 5wt.% B4C (S5-2) is 18.51 T, which is around 1.6-1.7

times more than the doped samples in earlier investigations.

4.4. Effect of co-additions of B4C and Dy;03 on the improvement of J. of MgB;

bulk superconductors

The M—H hysteresis loops for the samples tested at 10 K, 15 K, 25 K, and 30 K are
displayed in Figure 4.3. When they are created under different conditions, the bigger

loops, or greater values of AM, indicate the rise in J..
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Figure 4.3. M-H hysteresis loop for MgB: bulk samples at
(a) 10K, (b) 15K, (c) 25 K and (d) 30 K.

At T =10 K, the samples' magnetization's field dependency was measured. The J. of
each sample was calculated from the magnetization hysteresis loops using the

modified Bean's model as follows [17]:

20AM
Je=v—7—ay (4.2)

- e(-s)]
where AM is the magnetization hysteresis breadth and a as well b as are the sample
dimensions perpendicular to the applied magnetic field. The magnetic field
dependency of J. for the MgB» bulk samples at 10, 15, 25, and 30 K is displayed on
a double-logarithmic scale in Figure 4.4 (a)—(d). At 10 K, the self-field J. of the pure
MgB: bulk sample was around 19 kA/cm?. When Mg was added (sample S5-1) the
self-field J. was higher than when MgB, was pure. At all temperatures, S5's self-field
Je values rose while those of the other samples fell. Under magnetic fields, samples
S5-3, S5-4, and S5-6 showed better J. values that matched sample S5-1's curve. The
inclusion of pinning centers, which probably raises the in-field Jc, may be the cause

of these outcomes [13,39].
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Figure 4.4. Field dependency of MgB: bulk samples on J. (a) at 10 K, (b) 15 K, (c)
25 K and (d) 30 K.

The J. value is further improved by the coaddition with a ratio of 5 wt.% B4C + 2.0
wt.% Dy203, which is based on the manufacturing conditions described above. When
compared to the doped samples that were used in earlier research, the J. value of this
sample increases by approximately 1.5-3.2 times when it is subjected to a field in the

range of 0.1 to 2 T at 10 K. The specific comparison results are shown in Table 4.2

below.
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Table 4.2. Comparison of J. values of sample S5-5 with other samples in previous
studies

Je (A/em?) at 10 K
Samples Ref.
01T | 05T 1T 15T | 2T
MgB:>+0.5 mol Mg + 5wt.% 1.0 5.5 3.0 1.0 0.9 | This
B4C + 2.0wt.% Dy203 x10° | x10* | x10* | x10* | x10* | work
4.6 2.2 1.3 0.8 0.6
SiC doped MgB: [23]
x10* | x10* | x10* | x10* | x10*

By carefully examining the impacts of additives across various field regimes and the
related flux pinning processes, the increase in J. was calculated. In high-temperature
superconductors, in which pinning is caused by uncorrelated disorder, the collective
pinning theory has demonstrated efficacy in both elucidating vortex behavior and
examining vortex pinning processes [11,73]. According to this idea, the intensity of
the magnetic field affects J. in several ways. In the J.-B figure, J. stays constant when
the magnetic field is below By, which is the point at which a single vortex gives way
to a tiny vortex bundle pinning regime. Nevertheless, in-field J.(B) shows exponential
behavior when B exceeds By (into the small bundle—pinning regime), which is
expressed as follows [11]:
B\2

Je(B) = Je (@) exp| = (=) . (43)
where the fitting parameters are Bo together with J.(0). The sample moves from the
small-bundle domain to the large-bundle regime when the magnetic field strength
increases. Equation (4.3) was used to get the fitted curves at 10, 15, 25, as well 30 K,
which are shown by the solid red lines in the figures. Finding the locations at which

the results of experiments started to deviate from the fitted curve allowed us to
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calculate the values of By, as well as Bjp. Table 4.3 shows the estimated values for By

along with Bj. According to the collective pinning regime, sample S5-5's B, and By

values were obviously higher than those of the remainder of the samples, suggesting

that the extra pinning centers worked [38]. The expansion of the small and big bundle

regimes under high external fields was associated with the addition of B4C and

Dy20s. The pinning centers functioned effectively under the collective pinning

regime, as evidenced by the maintenance of the small-bundle regime for S5-5 [39,60].

MgB:> bulk samples with co-additions of B4C and Dy:0:3.

Table 4.3. Values of T, B2, Bsy as well By at various temperature of

10K 15K 25 K 30K
Sample Te B.:

No. name (K) (T) Bsw | By | Bss | Bin | Bsw | Bin | Bsp | Bw
MM @M MMM

1 Pure Mng 38.09 | 14.64 | 0.85|3.09 | 0.80|2.79 | 0.46 | 1.08 | 0.27 | 0.60
2 S5-1 38.57 | 1582 | 1.01 |3.87 | 087 | 2.84 | 0.52 | 1.14 | 0.35 | 0.63
3 S5-2 3643 | 18.51 | 0.67 | 3.27 | 0.65 (23110411097 0.21 | 0.45
4 S5-3 36.61 | 17.97 | 091 | 3.69 | 0.79 | 2.63 | 0.50 | 1.11 | 0.31 | 0.61
5 S5-4 3470 | 18.29 | 0.81 | 3.38 | 0.68 | 2.47 | 0.44 | 1.05 | 0.24 | 0.51
6 S5-5 36.10 | 16.68 | 1.16 | 391 | 091 | 3.14 | 0.59 | 1.46 | 0.42 | 0.87
7 S5-6 3497 | 1849 | 0.88 | 3.58 | 0.71 | 2.56 | 0.47 | 1.09 | 0.29 | 0.58
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4.5. Effect of co-additions of B4C and Dy203 on flux pinning mechanism of
MgB: bulk superconductors

The two predominant forms under the core pinning categorization are d/ as well as
oT.. While 6T is probably connected to changes in the Ginzburg—Landau parameter
near the 7T, 0l is ascribed to variations in the mean free path of charge carriers near
defect sites in the crystal structure. The formulae for the dependences of Js, on the
decreased temperature ¢ (where ¢ = 7/T.) are different from those for é/ to 0T, pinning

if Jy, is the value of J. in the single vortex pinning regime [38,73,93].
For o/ pinning:

Jow(©)/]c(0) = (1 —t2)5/2(1 +t2) /2. (4.4)

For 67. pinning:

Jow([®/]c(0) = (1 —t2)7/6(1 + t2)5/6, (4.5)

The link between By, as well as J,, 1s Ba—jsvBe2 at the conclusion of the single-vortex
pinning phase [11,93]. As a result, the following equations [93] may be used to

determine how By, depends on ¢
For 0/ pinning:

Bsp (1)/Bsp(0) = [(1 — t7)/(1 + t)]?/3. (4.6)

For 67. pinning:
Bsh(1)/Bsp(0) = [(1 —t2)/(1 + t*)]°. (4.7)

Figure 4.5 shows how the 6/ and 6T, pinning equations are applied to the experimental
findings. The curvatures of the charts representing o6/ and J67. are positive and
negative, respectively. The samples showed a potential coexistence of o/ as well as
oT. pinning processes, which is comparable to the coexistence seen in bulk MgB»
doped with impurities [38,39]. The pinning transformation in Figure 4.5 [38] shows
that if 6/ pinning is predominant in low-temperature zones, then 67, pinning plays a

more significant role in higher-temperature regions. These results are in line with
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earlier research [47]. Electron scattering rose and the residual resistivity ratio dropped
when B4C along with Dy,O3; were added to the samples. This strengthened the 6/

pinning by lowering the mean free route of the charge carriers.
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Figure 4.5. (a) Normalized temperature dependence of normalized J. and (b)

normalized Bsp for all samples.
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4.6. Effect of co-additions of B4C and Dy203 on geometry of pinning centers in

MgB: bulk superconductors

The impact of incorporating B4C along with Dy>0; on the pinning qualities was
further investigated using the magnetic field dependency of the flux pinning force
density (F, = B X J) with the decreased magnetic field (b = B /B;;,) for all samples.
Je = 100 A/em? at 10 K was used to establish the value of B, [70]. Figure 4.6 (a)
displays F), vs b plots, where sample S5-2 showed an increase in F),. Figure 4.6 (b)
illustrates how b affects the decreased flux pinning force density (f, = F,/F, max)-

The properties of other pinning centers may be investigated using the Dew—Hughes

model [22].
fp = AbP(1 —b)9, (4.8)

where the geometry of the pinning centers in the samples is represented by the fitting
parameters p and q. In Figure 4.6 (b), the f-versus-b plots are displayed. When p =
1/2 and q = 2, the Dew—Hughes model predicts normal core-surface pinning; when p
=1 and q = 2, it predicts normal core point pinning. Average values of p yielded the
best match to the experimental data. The location of b,ear Was around 0.21, whereas
that of F max (bpear) Was roughly 0.552. These data show that core-correlated pinning,
which could be mostly linked to grain boundaries, was the predominant pinning in
the sample [38]. A prior study demonstrated that the grain boundaries in MgB, bulk
samples pin the intrinsic pinning centers' natural form. By filling the gaps and
improving the connection between MgB; grains, the addition of 5 weight percent B4C
and 2.0 weight percent Dy>O3 may increase the significance of surface pinning.

Figure 4.6 (c) illustrates the change in bpeu to a greater value.

113



o -

1.0

0.8

0.6

—@—S5-2
—A—S5-3

—¥— S5-4
~—&— 855
—S5-6

| (a) — B S5-1 -

—®— Pure MgB, |

1.0

—@—S5-2
—A—S5-3
—w—S54
—0—S5-5
—4—S5-6

[ (b) - - - . —I—Ss-l-

—®— Pure MgB,;

0.0 0.2 0.4 0.6 0.8




0.24
(©)

10K

0.22 .

bpeak

S5-1

S5-2

S5-3

S5-4

0.20 F S5.5 -
S5-6

® Pure MgB,

4dpon

Samples

Figure 4.6. Reduced field dependency of MgB:> bulk samples at 10 K in
terms of (a) Fp, (b) f», and (c) bpear.

Conclusion of Chapter 4

It is stated that MgB> bulk samples codoped with B4C along with Dy>O3 have better
flux pinning characteristics. The produced samples' crystal structures and
superconducting characteristics, including their 7., B.2, and J., were thoroughly
examined. XRD investigations showed that the incorporation of B4C along with
Dy»0s3 caused slight lattice distortions, which corresponded to the slight change in
the 7. derived from p(7). The sample with the co-addition of 5 weight percent B4C
and 2.0 weight percent Dy>03 showed the largest rise in J., which increased by about
5 to 8 times in the range of 0.1 to 2 T at 10 K. At the same time, the sample with 5
weight percent B4C showed the largest increase in B.2, increasing by approximately
1.6 to 1.7 times at 0 K. The thorough investigation of the temperature dependency of
the dominant pinning mechanism in MgB> bulk samples with co-additions of B4C

along with Dy,Os utilizing the collective pinning theory is one of the most intriguing
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findings here; these investigations were recently conducted in several research. The
results showed that d/ pinning was the most common type of pinning. The samples'
two-dimensional pinning center geometry was connected to the grain boundaries. The
right production parameters for MgB» bulk samples can be improved with the help of

these discoveries.
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Chapter 5: ENHANCEMENTS OF CRITICAL CURRENT DENSITY
OF MgB; THIN FILM WITH Sn** IRRADIATION

Ion irradiation has a greater effect on the in-field J. as well as B.> of MgB», as
discussed in Chapter 1 [62,98]. Columnar failures along the ion tracks, which are a
powerful source of flux pinning and are often produced by high-energy heavy-ion
irradiation within superconducting materials, frequently enhance the J. as well as B>
of high-T7¢ cuprate superconductors [110]. Furthermore, ion irradiation may induce
defects in the target materials mainly through the nuclear stopping of energetic ions,
while the exact mechanism of defect creation is still up for question [61]. Type-II
superconductors are frequently useful for enhancing key superconducting properties,
particularly the in-field J. as well B2, since defects in these materials may interfere
with vortex migration. Consequently, the scientific advancement and practical use of
superconductors depend on a knowledge of how flaws impact the fundamental

characteristics of superconductivity [29].

This chapter has examined the effects of 2 MeV Sn?' ion irradiation at dosages
ranging from 2E12 to 7E13 on the T, in-field J., as well B.> of MgB> thin film
samples produced on an Al>O3 substrate. Highly c-axis-oriented 412-nm-thick MgB»
was produced using a hybrid physical-chemical vapor deposition process (HPCVD)
on c-cut Al,Os substrates. At room temperature, ion irradiation was carried out using
the Faculty of Physics' HUS-5SDH-2 twin pelletron accelerator system. Doses of 2
102 (2E12), 2 x 103 (2E13), 5 x 10'3 (5E13), and 7 x 10"} (7E13) atoms/cm? were
applied to 2 MeV energetic Sn ions at a tilt angle of 7° in order to avoid channeling
effects. To find the mean projected ranges (Rp) and damage events of the Sn ions, the
Stopping and Range of Ions in Matter (SRIM) Monte Carlo simulation program was

utilized.
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target depth produced by 2 MeV Sn-ion irradiations [67].
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Changes in T. as well as B.2, however, have not been thoroughly examined. Raman
spectroscopy is crucial in determining the influence of certain phonon characteristics
on the 7. as MgB; is a superconductor made possible by phonons. To ascertain how
the disorder effect and EPC evolved over time, a number of irradiation MgB; films
were investigated. 7. variations of MgB> thin film samples were examined by means
of a systematic study of the behavior of EPC by Raman spectroscopy. When
comparing the irradiated MgB; thin film samples to the pristine sample, the critical
temperature dramatically dropped while the B.> and J. rose. These results imply that
ion irradiation-induced displacement plays a crucial role in altering the 7, in-field J.,
as well as B.2. It was examined how closely the EPC from Raman analysis and
superconducting qualities relate to one another. Furthermore, we use a comparison
approach using MFM Meissner curves to show penetration depth data at 4.26 K. The
findings show how the penetration depth (A) along with coherent length (&) of pristine
and irradiated MgB; thin film samples relate to the B.> and thermodynamic critical

fields (B.2). Table 5.1 lists the samples' names and other information.

Table 5.1. Details of Sn’” ion irradiated MgB: thin film names and ion doses

No. Dose (atoms/cm?) Sample Name
1 0 Pristine
2 2 x 1012 2E12
3 2 x 108 2E13
4 5x 10" SE13
5 7 % 1013 7E13
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5.1. Effect of Sn** ion irradiation on 7. and RRR of MgB; thin film

superconductors

To ascertain the samples' superconductivity, the temperature dependency of their
resistivity was investigated. The experimental results are displayed in Figure 5.2. All
of the samples showed metallic behavior in the high temperature region, where their
resistance dropped linearly with temperature. As the temperature gradually dropped,
the superconducting transition took place. Tco, Was the temperature at which the
sample's resistivity departed from linearity, and 7., was the temperature at which it
entirely disappeared. Stated differently, the superconducting phase transition starts
and ends at the two temperatures [25]. The transition width was determined using the
formula AT. = Teon - Ter. The inset of Figure 5.2 displays the zoomed-in region of
(T) surrounding 7¢. The 7. of the samples was obviously reduced by the irradiation
Sn?" ions. The Pristine sample's 7. was calculated to be around 39.65 K. At a dosage
of 2E12, the irradiated sample's 7. value plummeted to about 38.70 K, and when the
dose of Sn*" ions increased, it subsequently decreased monotonically. These results
are believed to be caused by different lattice distortions in samples of MgB> thin
films. By modifying the local texture, which manifests as an increase of Mg-B and
Mg-Mg bond lengths, it was shown that ion irradiation tends to change the 7. of MgB»
thin film samples [91]. Furthermore, strain-induced local structural modification, that
1s the distortion and clutter of the crystal lattice, was shown to have a considerable

impact on the 7. fluctuation of MgB2 [42,69].
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Figure 5.2. Normalized resistivity, p(T)/pn, as a function of temperature for every
sample. The zoom area plot in the inset has a smaller normalized resistivity range of

0.0-1.0 and a smaller temperature range of 25—45 K.

The residual-resistance ratio gauges the superconductor's purity and structure by
analyzing the temperature dependence of electron scattering in the normal conducting
state. The MgB:> thin film samples' residual resistance ratio (RRR) is described as

[16]:

RRR = 230K (5.1)

Pa1k

where the resistances of the MgB: thin film samples at 300 K and 41 K are denoted
by ps00x and psix, respectively. The 7. value, which was recorded at 30.47 K, was
lowest in the sample that received the dosage of 7E13. These samples had distinct
residual resistance ratios (RRR); the pristine sample had an RRR value of 11.2 while

the 7E13 sample had an RRR value of 1. In close relation to the Sn?* ions, the RRR

121



value dropped as the ion dosage increased. Lattice disorder following irradiation may

be the cause of the shift in the RRR values.

5.2. Effect of Sn** ion irradiation on electron-phonon coupling properties of

MgB; thin film superconductors

Electron-phonon interactions play a major role in the pairing process that results in
MgB> superconductivity since it is a phonon-mediated superconductor. The Ea,
phonon mode has been observed lately to be the sole initial-order active mode among
the optical modes of MgB: (Aay, Big, Eiu, as well as Ez,) [118]. Three major peaks
may be seen in the 200-1000 cm™! range: the bigger phonon ridge, which is mostly
focused at 740-800 cm!; the intermediate ridge, which is concentrated at 580-610
cm! (Ey); and the shorter phonon ridge, which is primarily focused at 455-490 cm-
!. The Raman spectra of MgB, also shows E,, ridge widening, which is brought on
by the samples' higher phonon density [116,118]. Although most of the
superconducting capabilities of MgB: originate in the boron plane, the E2>; mode is
Raman operational and strongly associated with the electronic conveyance of bands.
Consequently, Raman scattering works well for examining this phonon mode and
might offer important information on crystal symmetry, impurities, and grain size.
Similarly, Raman scattering is strongly affected by residual stress and disorder
[15,76], which can change the phonon frequencies and lifetime. While predictions of
the frequency of the Ez; mode are around 515 cm™ (64 meV) and 665 cm™ (82 meV)
[63], respectively, experiments have shown a broad Raman mode in the range of 600

cm™! and 630 cm™ [76].
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Figure 5.3. (a) The Ex; mode (blue) and two PDOS (green and orange) of MgB: thin

film samples with varying ion doses are fitted to the Raman spectra, (b) Dependence
of the Ex, peak position on ion doses, (c) Dependence of the Ex, peak position on the
critical temperature (1), (d) Dependence of the electron—phonon coupling constant

(EPC) on the critical temperature (T).

In general, the Raman spectrum of Sn?* irradiation films is significantly influenced
by the Sn** ion fluence. As the E», ridge moves as a result of phonon hardening and
softening, the Sn?* ion functions as a phonon toughening and loosening layer inside
MgB,. Each Raman observation was fitted using Gaussian fits, and the fitting
outcomes are shown in Table 5.2. The Raman spectrum changes of the Sn?* irradiated
MgB>-thin films were analyzed by utilizing Gaussian fitting to determine the peak
positions of the samples. The observed Raman spectra of the pristine and Sn** ion-
irradiated MgB: thin film samples are displayed in Figure 5.3 (a). The Ez peak's
breadth and intensity progressively declined and moved to the left as the irradiation
dosage rose from 2E12 to 7E13. The pristine sample's Ez, peak location was around
598 c¢m!, and it progressively dropped to a minimum for sample 7E13. The

relationship between the Ex; peak location and the ion irradiation dosage is seen in
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Figure 5.3 (b). In particular, sample 2E12's peak E», was observed at 577 cm’!, while
sample 7E13's B, progressively dropped to 560 cml. Table 5.2 lists the precise
positions of the samples' Ex; peaks. As the irradiation dosage increased, these peaks'
intensity also reduced in tandem with the location change. The shift might be
attributed to lattice distortions brought on by ion irradiation. As a function of the ion
irradiation dosage, the full width at half maximum (FWHM) of the E», peak is
displayed in the inset of Figure 5.3 (b). The Ey; peak's FWHM rose from 217.591
(pristine) to 241.893 (5E13) before falling to 193.893 (7E13). This indicates that
clean MgB: has a high EPC as the Pristine sample's Eo; mode's FWHM is more than
217 cm!. Prior observations of this phenomena have also been made in bulk as well
as thin-film MgB, materials [69,112]. Strong electron-phonon coupling, phonon-
phonon interaction, and lattice relaxation surrounding the impurity Sn atom site can
all contribute to the reduction in E, peak location, breadth, and intensity. The change
in 7. is quite comparable to this. The Exg peak position's dependency on 7. is seen in
Figure 5.3 (c). T. dropped as the Ej, peak position dropped. This suggests that a

significant contraction in Eog is the cause of the observed drop in 7.

The peaks at 750 cm™ and 792 cm™ in Figure 5.3 (a) for the clean sample and 2E12
sample have a negligible impact on the critical temperature. The materials' Raman
spectra were almost symmetrical. A little peak was seen at 750 cm™! when the
irradiation dosage was raised to 2E12. Additionally, we saw two peaks at 750 cm’!
and 792 cm! as the irradiation dosage increased. The dosage of ion irradiation causes
these peaks to become more intense. The peaks in the phonon density of states
(PDOS) are responsible for the peaks at locations 750 cm™! and 792 cm™ [114]. When
the Sn?* ions are irradiated onto the MgB, thin film samples, residual stress,
disordered and faulty systems, and lattice distortions can all contribute to this. With
varying amounts of Sn?* ion irradiation, the frequency of PDOS may be considerably
changed. The E», mode is the primary source of the Raman spectra in disordered

systems. Indicating and elucidating the connection between the Raman signals and
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the superconducting characteristics of the pristine and Sn** ion-irradiated MgB> thin

film samples, this highlights the significance of the E>; mode.

The McMillan formula states that the average phonon frequency and 7. have an
inverse relationship [74]. Thus, the active phonon frequency E», in MgB> has a
comparable effect on 7. fluctuation. To further understand the contribution of Ex; to
the values of 7. in our MgB, samples, we computed the Bardeen—Cooper—Schrieffer
theory (BCS) provided by the McMillan Formula updated by Allen—Dynes [74]:

(®104) 1.04(1 + EPC)
T, =———exp|— )
1.2 EPC — u*(1 + 0.62 * EPC)

(5.2)

where the average phonon frequency is (Wiog) = (690 X w?g2z % 390)°2°, and the
phonon frequencies of the other modes in the MgB., system are 390 and 690 cm™.
The Coulomb pseudopotential, denoted by pu*, is 0.13 [91], and the electron-phonon
coupling constant is written as EPC. The EPC values for the MgB: film samples may
be calculated using the method by utilizing the 7. values in Figure 5.2 and the Eag
mode frequency in Figure 5.3 (a). Figure 5.3 (d) shows how EPC values vary with 7.
When they are present, as the ion dosage increases, Raman shifts and EPC values fall.
This suggests that ion irradiation-induced 7. suppression results from the suppression
of both the Raman shift and EPC values, and that EPC falls as the Raman Shift
increases. Similarly, when exposed to Sn?" ions, the disorder results in significant
impurity scattering rates. The degree of disorder affects the electronic system, which
suppresses the electron-phonon coupling constant and affects the superconducting

process of MgBo.
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Table 5.2. Results summary for samples of MgB: thim film: residual resistivity p4i k,
upper critical field B.2(0), coherence length &, irreversible field B, the frequency of
the E>; mode, the critical temperature (Tc) and the electron—phonon coupling

constant (EPC)

Dose P41 K B(0) | £E(0) | Bin | D7 T,
Samples EPC
em?) | @Qem) | (@ | ™ | (1) | (m?) | (K)

Pristine 0 0.516 5.89 7.48 | 2.23 | 598.42 | 39.65 | 1.113

2E12 | 2x10™ | 0.695 7.62 6.58 | 3.52 | 577.53 | 38.70 | 1.108

2E13 | 2x10" | 1.836 11.74 | 5.29 | 4.56 | 565.50 | 34.69 | 1.042

SE13 5x10'% | 4.057 12.94 5.05 | 649 | 563.09 | 32.66 | 1.006

TE13 | 7x108 | 5.279 12.80 | 5.07 | 5.74 | 560.49 | 30.47 | 0.969

5.3. Effect of Sn** ion irradiation on the improvement of J. of MgB; thin film

superconductors

The enhancement of the in-field J. is also covered. The magnetic dependency of J. in
the irradiated and pristine samples at 10 K is displayed in Figure 5.4 (a). The J. of the
pristine MgB: thin film samples used in this study was significant at zero field and
rapidly disappeared in magnetic fields. J. was calculated using the magnetization
hysteresis (M-H) loops using Bean's critical state model. The in-field J. was
considerably increased following Sn** ion irradiation, according to the results. At
around 1.33 T, the J. value of the irradiated film seems to be equal to the J. value of
the pristine sample. For instance, samples 2E12, 2E13, 5E13, and 7E13 had J. Values
0f 131.20, 304.30, 382.22, and 274.19 kA/cm?, respectively, at 10 K and 2 T, whereas
the pristine sample had a J. value of 12.54 kA/cm?. The best J. value was shown by
sample 5E13 when the magnetic field was increased. The J. value of sample SE13

was 138.38 kA/cm? at 4 T, 65.40 kA/cm? at 5 T, and 16.18 kA/cm? at 6 T at a
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temperature of 10 K. Compared to the other samples at the same temperature and
magnetic field, these results are much greater. Upon reaching 4.42 (5E13) and 3.38
T (7E13) at 10 K, the irradiated samples' J. remained over 105 A/cm?. For real-world
uses, a J. of 10° A/cm? is suitable [111]. From 2.23 (Pristine) to 6.49 T (5E13), the
irreversible field (Bi») assessed at a J. of 100 A/cm? increases by more than three
times. J. and B;'s actions are comparable to those described by Jung et al. [83]. Since
the greatest value of B;. obtained at 10 K using low-energy irradiation in previous
experiments is usually less than 5 T [53,83], Sn?" irradiation increased the J.(B) of
MgB,. These findings imply that Sn?" irradiation could improve practical

superconducting wires' current-carrying capacity.

For J.(B) at 10 K, the double-logarithmic plots are displayed in Figure 5.4 (a). In both
the low- and high-field areas, single vortices were pinned by a field-independent J.,
which is consistent with the flux-pinning mechanism described by the power law J.
~ B, According to the collective pinning theory [52], a type-II superconductor's
pinning effectiveness is shown by the exponential (Figure 5.4 (b)). At 10 K, the value
of the fitted B consistently decreased from 1.12 (pristine) to 0.65 (S5E13), then
increased to 0.68 (7E13), indicating a change in the pinning mechanism from weak
collective ( = 1) to strong plastic pinning (B = 0.5) [21,52]. Among the compounds
with the lowest 3, SE13 was the most effective in raising the field-dependent J..

When exposed to Sn?* ions at a dosage of 5x10'3 ions/cm? and an energy of 2 MeV,
the Jc of the MgB2 thin film samples reached a value of around 2.5x10% A/cm?. This
number, which is around ~2.5 times higher than the previously published values
(~1x10% A/cm?), was obtained with an external magnetic field of 0.1 T. The J. value
rose by around ~25 times when the field was 1.5 T and by almost ~1000 times when
the field was 2 T in comparison to the previous results. Table 5.3 below displays the

particular comparative findings.
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Table 5.3. Comparison of J. values of sample SE13 with other samples in previous

studies
Je (A/em?) at 20 K
Samples Ref.
01T | 05T 1T 15T | 2T
MgB: thin film samples
irradiated with Sn>" ions at a 2.5 8.0 4.5 2.5 2.0 | This

dose of 5x108 ions/cm?and an | x10° | x10° | x10° | x10° | x10° | work

energy of 2 MeV.

MgB: thin film samples
irradiated with O 1ons at a dose 1.0 4.5 1.8 1.0 2.0
of 1x10' ions/cm? and an x100 | x10° | x10° | x10%* | %102

energy of 200 keV.

[83]

MgB; thin film samples
irradiated with Co ions at a 1.2 7.0 3.0 0.6 4.0
dose of 1x10™ions/cm?and an | x10° | x10° | x10° | x10° | x10°

energy of 140 keV.

[55]
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5.4. Effect of Sn** ion irradiation on B.; of MgB; thin film superconductors

The effect of Sn?* irradiation on the B.> of the MgB; thin film samples was examined
by measuring the electrical resistivity as a function of temperature for magnetic fields
applied perpendicular to the ab-plane. We showed in our earlier work [67] that sample
SE13 has the best ion dosage, resulting in good in-field J. as well B.> values. The in-
field p(T) curves for the Pristine sample and the sample exposed to Sn?* ions with
5E13 fluence are displayed in Figure 5.5 (a) and (b), respectively, as the applied field
increases from O T to 7 T. The optimal fluence for raising B.: in this investigation is
S5E13. B> was determined to be the midway of the superconducting transition, and
the in-field p(T) was normalized by the resistivity of the normal state (n) for each
magnetic field for comparison. Plotting the B..> of each sample against temperature
for varying ion dosages is shown in Figure 5.5 (c). Figure 5.5 (c) displays solid lines
representing the B.2(T) fitting curves of the irradiated and pristine MgB, films.
According to the two-band Ginzburg—Landau (GL) hypothesis, all B.>(T) curves were
adequately described [5]. With d < &err, A, we obtain [5] for thin films:

91+a
BCZ

T+ 0w+ w? tmed)’ (53)

where 6 = (1 — Ti), w = (1 —0)0™*. B, values were obtained using a resistivity

threshold of 50% of the superconducting transition. At 5.889 T, the pristine sample's
B2(0) rose significantly with increasing fluence to a maximum of 12.941 T at SE13.
Then, as the dose increased, it steadily decreased. Although Sn?* irradiation increases
B¢2(0), T suppression in MgB: thin film samples by Sn?* ion irradiation is rather
small and similar to the results of irradiating MgB> with other particles, such as
oxygen ions, a particles, and neutrons [33,105]. Furthermore, B.> may suffer from the
severe lattice distortions brought on by the substitution of Sn** ions for boron. B>
was calculated using ¢ band scattering [33]. When the dose of Sn?* ions was modest,
some of them substituted boron and alloyed into MgB: grains. As a result, the boron

layer becomes chaotic, leading to a large amount of in-plane ¢ scattering. As the
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damage increased, more point-like flaws were created both inside and between the
MgB: grains [105]. Along with charge doping, Sn*'-related defects caused a
considerable distortion of the lattice structure, which resulted in significant in-plane
and out-of-plane scattering. Our results imply that B> (0) can be enhanced by Sn

ion irradiation. Enhancing key superconducting properties like B> and in-field J.

while lowering 7. is advantageous when the superconducting layer has not been

damaged.
In previous studies, the MgB: films irradiated He ions sample had a B, value of about
8.9 T [36], the MgB: films irradiated Co ions sample had a B> value of about 9.5 T

[55], while the B.: of most of the MgB: films by Sn?"ion irradiation were all > 11.7

T. Specifically, sample MgB, thin films by Sn?" ion irradiation at a dose of 5x10"3

ions/cm? and an energy of 2 MeV (5E13) has a B.> value of 12.941 T, about 1.4 — 1.5

times higher than the doped samples in previous studies.
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Figure 5.5. (a) The Pristine sample's in-field resistivity, (b) Sn-irradiated samples
in-field resistivity at dosage SE13, and (c) temperature-dependent upper critical
field (B.z) for different fluences
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5.5. Observations of magnectic vortex cores MgB: thin film superconductors

before and after Sn”" ion iradiation

At 4.26 K, MFM measurements were performed with a homemade “He MFM probe.
The PPP-MFMR from NANOSENSORS™ was the identical MFM tip used for all

measurements. The formula Z_I; = —ZkAf—f [107] 1s used to get the magnetic force
0

gradient 0F /0z from the frequency shift Af, where f; (74.015 kHz) is the bare
resonance frequency of the MFM cantilevers and k (2.8 N/m) is the force constant.
Nb and MgB: thin film samples (Pristine and SE13) in their superconducting state at
4.26 K are displayed in Figure 5.6 using MFM pictures. The Nb and clean MgB> thin
film samples showed homogeneous vortices on a homogeneous backdrop. When a
few Oersted's magnetic field is applied, field-cooling creates the vortices. Apart from
the emergence of vortices, sample SE13 had background inhomogeneity, which

might be caused by non-superconducting flaws.
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Figure 5.6. (a) The Nb film taken in the superconducting state at T = 4.26 K with a
tip-sample lift height of 300 nm is shown in this 18 x 18 um?> MFM picture, (b) The
MgB: (Pristine) sample taken in the superconducting state at T = 4.26 K with a tip-
sample lift height of 300 nm is shown in this 18 x 18 um’> MFM picture, (c) The
MgB> (5E13) sample taken in the superconducting state at T = 4.26 K with a tip-
sample lift height of 300 nm is shown in this 20 x 20 um? MFM picture.
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The shielding currents in the superconducting sample screen the magnetic field of the

tip, causing it to experience a Meissner force as it approaches the sample. The

. . : . OF _ A®
Meissner reaction is the name given to this. — = ——
0z (z+A)3

is the formula for the
Meissner response force gradient, where A is a prefactor that represents the sensor's
geometry, @, is a single magnetic flux quantum, z is the tip-sample distance, and A
is the depth of in-plane magnetic penetration. A reference sample is necessary in order
to compare the Meissner curves and determine the penetration depth A. The reference
sample was a 300 nm Nb thin film, and the penetration depth, Axs(4.26 K), of the Nb
film was confirmed to be around 110 nm [82]. When comparing the pristine and SE13
MgB, samples to the reference sample (Nb film), Figure 5.7 (a) and (b) display the
Meissner force gradient as a function of the tip-sample distance z. Meissner curve
measurement locations are a few pm from Abrikosov vortex. When compared to the
Nb reference, the MgB: thin film samples' Meissner force curve peak has a lower
size, indicating that the MgB» sample has a higher value of A. The Meissner force
curves of the pristine as well as irradiated MgB: thin film samples may be shifted
along the z-axis to that of the Nb film in order to get AA (= Az), as we utilized the
identical MFM tip. Apristine(4.26 K) = Axp(4.26 K) + AL =110 nm + 50 nm = 160 nm
is the value for the pristine sample. This result is comparable to values that have been
previously reported [54,58]. Likewise, Ase13(4.26 K) was found to be 270 nm.
Because the irradiated sample has a greater penetration depth, the magnetic field can
enter the material more deeply before the shielding current entirely filters it out. As

an s-wave superconductor, MgB> may be approximated using the Gorter—Casimir

1(0)

formula: A(T) = Teant [104]. Apristine(0) along with Asg13(0) have respective values

0f 159.99 and 269.96 nm. It is necessary to look at band interactions since MgB: is a
two-band superconductor. As indicated in Table 5.2, the coherent length values were
acquired using pyH,,(0) = ®,/2m&%(0) [59]. The thermodynamic critical field may
be computed as follows using Ginzburg-Landau theory: uyH.(0) = ®,/2m&(0)A(0)
[59]. The pristine and SE13 samples had thermodynamic critical fields of 0.28 and

137



0.23 T, respectively. This suggests that the irradiated sample has a smaller density of
superconducting electrons, which might be associated with a lower thermodynamic

critical field or critical temperature.
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Figure 5.7. (a) As-measured Meissner force curves on MgB: (Pristine) (red) and the
Nb film (blue), as well as the shifted Meissner force curve for MgB: (Pristine) (dark
red), (b) as-measured Meissner force curves on MgB> (5E13) (red) and Nb film
(blue), as well as the shifted Meissner force curve for MgB> (5E13) (dark red)
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5.6. Comparision of doping effect on the J. of MgB; bulk superconductors and

ion irradiation effect on the J. of MgB; thin film superconductors

The effect of sample fabrication conditions on J. was systematically studied. The
obtained results can be used to optimize the suitable fabrication conditions and create
quality ex-situ MgB; bulk samples. The sample fabrication condition to increase J.
the most is Pure ex-situ MgB, + 0.5 Mg sintered at 1000 °C for 1 h. Following that
research direction, the effect of doping on J. of high-quality bulk samples was
systematically studied. By the co-addition of B4C and Dy,0s, the greatest J.
enhancement was obtained for the sample with 5 wt.% B4C + 2.0 wt.% Dy>0O3 and
this result is shown in Figure 5.8. Beside the MgB: bulk superconductors, the MgB:
thin film superconductors was also focused on research. A hybrid physical-chemical
vapor deposition system (HPCVD) was employed to create MgB: thin film samples
on the Al,O;3 substrates. As shown in Figure 5.8, the J. value of MgB; thin film
samples is much larger than that of MgB, bulk samples. The effect of ion irradiation
on J. of MgB> thin film samples was systematically studied. By using 2 MeV
energetic Sn ions, the condition for the strongest increase in J. was when the MgB»
thin film sample was irradiated with Sn?* ions at a dose of 5x10!* ion/cm?. The
utilization of Sn?* irradiated MgB, thin film samples for power applications is hence

appealing.
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Figure 5.8. Comparision of J. enhancements of the MgB: bulk and thin film samples
at 10K

Conclusion of Chapter 5

In conclusion, we elucidated how irradiation with Sn** ions, such as 7., B.2, as well
in-field J., caused changes in the -electron-phonon and superconductivity
characteristics in MgB> thin film samples. We found a strong link between the mode
at around w: (the frequency of the E>; mode) in MgB» and 7., which supports the idea
that this mode is the intended E», mode in MgB; and helps to explain the observed
T.. Using the McMillan formula, it was possible to anticipate from the Raman spectra
that the 7. would decrease with increased ion dosage; transport data gathered
throughout the film later verified this prediction. We find that the EPC constant,
estimated from studies of the Raman spectra, plays an important role in the behavior
of superconducting transitions. Accordingly, our results imply that the

superconducting process of MgBo is influenced by the disorder strength, which may
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result in Cooper pair localization, due to differences in EPC. While the values of J.
and B.; rose and peaked at SE13, the value of T. steadily declined. Furthermore, J.
values can be improved by the opposition between the low value of B and the high
value of B As a result, it is appealing to employ MgB,-thin films exposed to Sn**

ions for power applications.
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CONCLUSION

The present dissertation delves into the investigation of the critical current density
and flux pinning mechanism in MgB> superconductors. The main findings of this
dissertation, which include advances in J. in MgB» superconductors, can be summed

up as follows:

Initially, the fabrication of MgB> bulk samples was optimized by using the
conventional solid state reaction technique. By adjusting the additions of starting
materials of Mg and B as well as the sintering temperature, critical temperature (7¢),
critical current density (J.), and the flux pinning force density (£,) of the MgB> bulk
were found to vary. The variation of 7. was found to link to the corresponding
variation in electron-phonon coupling and the formation of phonon density of state
of the samples probed by Raman spectra. The J. enhancements were attributed to the
improvements of grain connectivity, which was believed to effectively worked as 2D
pinning centers by using the Dew-Hughes model. Therefore, the optimal sample

fabrication condition to increase J. was MgB2+ 0.5 Mg sintered at 1000 °C for 1 hour.

To the further enhancements of J. of MgB: bulk, the additions of proper impurity into
solid-state reacted MgB: bulk were carried out. By applying the optimal fabrication
conditions of MgB», the improved flux-pinning properties of MgB» bulk samples with
co-additions of B4C and Dy>O3 were investigated. The greatest J. enhancement of ~
1.5 — 3.2 times in the range of 0.1 to 2 T at 10 K was obtained for the sample with 5
wt.% B4C + 2.0 wt.% Dy2>03. More interestingly, the co-additions of B4C and Dy>0O3
were shown to provide the enhancements of B.2, with the maximum B.> was achieve
for the 5 wt.% B4C added MgB; bulk sample up to 1.6 — 1.7 times. The improvements
of grain connectivity and the dominance of 2D pinning centers in B4C and Dy>0s
added MgB: bulk were also revealed by using the Dew-Hughes model. The evidences

were likely to be reasons for enhancements of J. and B...

To further satisfy the power related application of MgB,, the nearly single crystalline
MgB: thin films were fabricated by using HPCVD technique. The J. of the MgB: thin
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film samples was found to be much higher than that of the MgB> bulk and the
dominant pinning mechanism was still identified to be 2D pinning centers. The
addition of different kind of pinning centers was performed by using the ion
irradiation technique. The Sn?" ions were irradiated into and expected to thoroughly
pass the MgB; thin film samples. Evidence for the formation of point-like defects in
form of ion track or crystal imperfections were indicated by the shifts in the XRD and
Raman Eo; peaks. By varying the Sn?" ion dose from 2 x 102 to 7 x 10'3 ion/cm?, the
obvious enhancements of J. and B.> were reached, those were ~ 2.5 — 1000 times in
the range of 0.1 to 2 T at 20 K and 1.4 — 1.5 times, respectively. The pinning strength
- obtained by using the collective pinning theory - of the Sn?* irradiated MgB, films
was found to be improved. The pinning mechanism was slightly shift from 2D to 1D
pinning as suggested by the Dew Hughes model, which was possibly originated from
the point-like defects. The researches on irradiation process to improve critical

parameters of superconductors might be expanded with different kinds of ions.
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