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Abstract

The ab-initio calculation has been used to investigate the physical properties of Sc—based
ternary MAX phases SccAX (A = Bi, Br; X = C, B), wherein Sc2BiB, and Sc.BrB have
been predicted for the first time. The optimized lattice constants have been obtained by
minimizing the total energy. The formation energies, phonon dispersion curves, and
elastic constants (Cijj) were calculated to confirm the thermodynamic, dynamical, and
mechanical stability. The calculation of the electronic band structure revealed that the
Sc2BrB compound exhibits a semiconducting nature, whereas the remaining compounds
are metallic. The mechanical behavior has been explored by calculating the elastic
constants, elastic moduli, and hardness parameters. In this study, Cauchy pressure,
Poisson’s ratio (v), and Pugh’s ratio were calculated to assess the ductility and brittleness.
Additionally, the fracture toughness and machinability index were computed to
understand the resistance to crack propagation and damage tolerance behavior. This study
also encompassed discussions of acoustic behavior and the f-index of the Sc;AX phases.
The hardness was evaluated by calculating the Vickers hardness. The Debye temperature
(6p), Gruneisen parameter, specific heat, thermal expansion coefficient, Helmholtz free
energy, internal energy, entropy, lattice thermal conductivity (Kph), minimum thermal
conductivity (Kmin), and melting temperature (Tm) were calculated to assess the title
compound’s suitability as thermal barrier coating materials. The optical properties were
explored to assess their response to incident photons and found their compatibility as
coating materials to mitigate solar heating. Finally, the obtained properties were
compared with those of SccAN (A = Bi, Br) so that our research takes a comprehensive

form.
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Chapter 1 Introduction

CHAPTER 1
INTRODUCTION

This chapter introduces the main topics covered in this thesis and provides a summary
of the objective of this work, along with an outline of how the various chapters are

structured.
1.1 Background

Traditional ceramics have a very determinate range of functional and structural
applications due to their intrinsic fragility, fracture toughness, poor machinability, and
damage tolerance [1]. As a result, considerable work has been put into developing
techniques like composite creation, microstructure control, and bio—mimetic
technology to boost the ceramic's machinability and toughness. Owing to their distinct
hybrid properties that combination of metals and ceramics, a class of isotropic
laminated nitrides or carbides or boron conversant as MAX phases with a chemical
formula Mn+1AXn where M refers to a transition metal, A being the semimetal or
metalloid elements belonging to group IHIA-VIA in the periodic table, X being N or C
or B and n =1-6 [2,3]. A sufficient number of ternary MAX phases were discovered in
the 1960’s by Nowotny and co—workers [4—7]. But these identified MAX Phases had
gained adequate attention since Barsoum and co-workers synthesized high—purity
dense bulk TizSiC> in 1996 and revealed a distinct combination of some remarkable

properties of engineering ceramics and metals [9].
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Fig. 1.1: MAX phase based periodic table. Reprinted from [8].

Building on this innovative work, research on this class of ternary compounds has
expanded significantly over the last 25 years. The exploration initially focused on
Ti3SiC; and subsequently extended to other members of the MAX phase family [10].
The MAX phase exhibits the hybrid combination of both metallic and ceramic behavior
due to its structure, which consists of stacking “ceramic” layers of MX between A
“metallic” planes. Like metals, they possess thermal and electrical conductivity,
resistance to thermal shock, good machinability, irradiation, and damage tolerance
[11,12]. They also exhibit ceramic properties such as hardness and elastic rigidity,
outstanding oxidation and corrosion resistance, and lightweight, low density with high
decomposition [9]. Their metallic and ceramic properties make them multipurpose
numerous potential candidates applicable for high—temperature substitutes for graphite,
composites components, gas heater nozzles, high—temperature coated bearings, nuclear
industry, superconducting materials, instrumentation, aerospace, bulk and coating
materials, fuel cells, and sensors [13-16]. Recently, these ternary compounds are
possessing to synthesize 2D nanocrystal MXenes, which are applicable in micro—super
capacitors, electrochemical capacitors, Li—ion, and sodium—ion batteries as cathodes,
energy storage, sensors, CO catalysts, filtration, biosensors, and antibacterial agents,

further expanding the research field of interest for researchers [17,18].
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1.2 Crystal Structure of MAX Phase

To study the physical characteristics, material's structure is necessary to observed. The
ternary MAX phase compounds with space group Pssymmc (No. 194) belong to the
hexagonal crystal structure, in which an atomic layer of A atoms is interspersed
between MeX (X = C, N, B) edge shared octahedrons and One "M" atom and three "X"
atoms are stacked to create a tetrahedron along the a—axis. Understanding the structural
nuances of MAX phases is essential for appreciating their versatility. MAX phase can
be classified into three types according to the value of n. Figure 1.2 illustrates the crystal
structures of 211, 312, and 413 MAX phases. Notably, the 312 MAX phase features
two distinct M sites, M1 and MII, while the 413 MAX phases introduce two distinct X
sites, X1 and XII. Thus, for the 211 structures, there are three inequivalent atoms, while
for the 312 structures there are four, and for the 413 structure there are five unique

atomic sites.
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Fig. 1.2: Crystal structure of Mn+1AXn phase [19].

The c-axis is longer than a and b axis in all three structure, typically measuring around
12-13 A in the 211 MAX phase structure, 17-18 A in the 312 structure, and 22-23 A in
the 413 structures. This unique structural arrangement endows MAX phases with
anisotropic properties, evident in the c/a ratios. The 211 MAX phase exhibits the c/a
ratio of 4, while the 312 phase boasts the ratio of 6, and the 413 phase features the ratio
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of 8.

Fig. 1.3: The unit cell structure of these X (A = Bi, Br; X = C, N, B) with an edge -

shared [M¢X] octahedra, and a [MsA] trigonal prism are outlined.

The term "nano-laminated™ aptly characterizes the MAX phase structure, highlighting
its multilayered composition with nanoscale layers. This layered nature not only
contributes to their anisotropy but also presents exciting opportunities for various
applications. In addition to this core MAX phases, there are intriguing variants within
the MAX phase family.

For instance, Figure 1.3 showcases ScoAX, a rare earth "Sc"-based MAX phase with
similarities to the 211 MAX phase depicted in Figure 1.2. These structural intricacies,
along with the remarkable properties of MAX phases, continue to capture the
imagination of materials scientists, offering a rich landscape for tailoring materials to

meet the diverse requirements of numerous applications.
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1.3 Structural Aspects

1.3.1 Lattice parameters

The lattice parameter of MAX phases is a critical aspect that defines the structural
characteristics and properties of these remarkable materials. Lattice parameters, which
consist of both length and angle measurements, provide key information about the size
and shape of the unit cell within the crystal lattice. In the case of MAX phases, these
lattice parameters are especially vital because they govern the arrangement of atoms
within the crystal structure, affecting the material's overall performance. In three-
dimensional lattices of MAX phases are typically considered: a, b, and c. They
represent the lengths of the sides of the unit cell. In the MAX phase hexagonal structures
are characterized by equal values for ‘a’ and ‘b’. Instead, the parameters ‘a” and ‘c’ are
used to describe the crystal lattice, with 'a’ representing the basal parameter, and 'c’
signifying the height parameter. Alongside these lengths, the lattice parameters also
include three angles: «, £, and y, measuring the angles between the lattice vectors. The
angles in hexagonal MAX phases are simplified to a = # = 90° and y = 120°. In the
case of MAX phases, it's worth noting that the distances between the M atoms (metal
atoms) are highly interconnected with ‘e’ and closely resemble the M-M distances
observed in the MX phases (binary metal compounds) [20,21]. To provide a more
comprehensive perspective, it can be helpful to regard MAX compounds as interstitial
compounds. In this conceptual framework [22,23], the A atoms and X atoms occupy
interstitial sites within the crystal lattice, nestled among the M atoms. According to this
interpretation, in the 211 phases, which consist of four layers per unit cell, the ‘C’
parameter (representing the height of the unit cell) should be approximately four times
the value of the ‘a’ parameter (representing the basal plane of the unit cell).
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1.3.2 Unitcell

The unit cells of MAX phases exhibit distinct structural features. They consist of
closely packed layers of M atoms, which are separated by layers composed solely of
A-group elements. In M layers, X atoms occupy the octahedral sites, forming MeX
octahedra that are identical to those found in the rock salt structure of their binary MX
carbide counterparts. The A-group elements are situated at the corners of trigonal
prisms, which are slightly larger and thus more accommodating to the larger A atoms
compared to the octahedral sites [24-26]. When the value of 'n' is 1, there are two M
layers that separate the A layers. For 'n' equal to 2, three M layers are present, and for
'n' equal to 3, there are four M layers that separate the A layers. In the case of 312 and
413 MAX phases, there are two polymorphs, denoted as o and . The polymorphism
observed in the 413 phases differs from that seen in the 312 phases, particularly in the
arrangement of the A-element layers. Specifically, the difference between a- and $-413
lies in the positions of the M and X atoms. Among these phases, only TasAlC3 is found
in both polymorphs in bulk form, whereas the remaining 413 phases predominantly
crystallize in the a polymorph [27,28]. Furthermore, the 211 MAX phase members have

two formula units within the unit cell, and each formula unit cell contains four atoms.
1.3.3 Crystallography

Within the hexagonal crystal system, we find the elements used in MAX phases. In
MAX phases, the space group notation, P6s/mmc, based on Hermann-Mauguin
conventions, is employed, and it corresponds to the space group number 194. The
P63/mmc signifies in this context:
U The "P" signifies a primitive cell, containing lattice points only at the eight
corners. No further translation symmetries apply to these lattice points, and

there is no additional base, body, or face-centered positions.

U The "63" part of P6s/mmc represents the rotational and translational symmetry
of the screw axis. In this case, the "6" indicates a 6-fold symmetry, and the
subscript "3" signifies that the primary direction of this symmetry is along the
c-axis, with [0001] being the primary direction. The symbol "n" denotes a

symmetry component with a rotation of 2n/n and translation of (r/n) of the unit
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cell length "c". So, "63" translates to a rotation of 21/6 = n/3 (60 degrees), and

translation of 3/6 along the c-axis, which is half of the lattice constant.

U The "mmc -" part conveys the presence of mirror and glide plane symmetries
when viewed perpendicularly to the primary, secondary, and tertiary axes. In
the hexagonal system, the [0001] direction is considered the primary direction
along the c-axis, and the [1010] direction serves as the secondary direction along
the a-axis. Furthermore, [1120] is recognized as the tertiary axis, bisecting both
the ‘@’ and ‘b’ axes. "mm" signifies mirror symmetry for both the (0001) and
(1010) planes, while ‘c’ denotes a glide plane perpendicular to [1120], featuring
a glide vector of ¢/2. Depending on the value of "n," which can be 1, 2, 3, or 4,
MAX phases are categorized into various subgroups. Notably, between the 312
and 413 phases, you find two distinct stacking layers known as « and g phases.

1.4 Aims and Objectives of the present Study

The objectives of the present research encompass a wide array of analyses to
comprehensively explore the properties of SccAX (A = Bi, Br); (X =C, N, B) materials

of significant interest:

O In the realm of structural properties, the research will involve determining key
parameters, including lattice constants, density, and volume, to gain insights
into the material's crystal lattice structure of SccAX phases.

U To assess the dynamical stability of SccAX (A = Bi, Br); (X = C, N, B), the
study will focus on computing phonon dispersion curves (PDC) and phonon
density of states (PHDOS), which are crucial in understanding the material's

vibrational stability.

O The electronic properties will be investigated by calculating the electronic band
structure and density of states, providing a detailed picture of the energy bands

and electronic structure within the material.

O In the realm of mechanical properties, the research will encompass a
comprehensive exploration of various factors, including elastic constants,

elastic moduli, hardness parameters, Pugh ratio, Poisson’s ratio, and mechanical
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anisotropy, all of which are essential for understanding how the material

responds to mechanical stress and deformation.

U The study will delve into thermodynamic properties, aiming to determine the
Debye temperature, minimum thermal conductivity, thermal expansion
coefficient, and melting temperature, shedding light on the material's thermal

behavior and phase transitions.

Q In the domain of optical properties, the investigation will focus on essential
constants such as the dielectric constant, refractive index, absorption
coefficient, photoconductivity, reflectivity, and the loss function, providing

insights into how the material interacts with light and electrical fields.
1.5 Thesis Outline:

U Chapter 1: The initial chapter furnishes a comprehensive overview of the
ongoing research.

O Chapter 2: Chapter two delves into an extensive review of existing literature
concerning the MAX phase, providing a comprehensive background on this
material.

O Chapter 3: Chapter three outlines the research methodology and discusses the
relevant theories associated with the material's properties.

U Chapter 4: Chapter four is dedicated to showcasing the research findings and
conducting a subsequent in-depth discussion on the outcomes.

O Chapter 5: Conclusions: The pivotal findings and insights of the current study

are encapsulated in chapter five, where conclusions are draw
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CHAPTER 2
LITERATURE REVIEW

2.1 General

An exploration of the existing literature unveils the evolutionary trajectory of MAX
phases over time. This chapter aims to furnish readers with a comprehensive
understanding of the historical progression of MAX phase research. Notably, this
investigation extends to boride phases within the conventional MAX structure, as well
as borides characterized by distinct space groups and subtly altered structures. The
pursuit of novel and practical MAX phase materials has prompted a diverse shift in
research methodologies. This shift underscores the dynamic nature of our scientific
inquiry, enhancing our insights into the historical context surrounding MAX phases
incorporating carbon (C), nitrogen (N), and boron (B).

2.2 Literature review of the previous work:

The prevalence of MAX phases is notably extensive, owing to robust research efforts
dedicated to their exploration. Although numerous compounds have been extensively
studied in theory, experimental investigations have not kept pace with theoretical
advancements. Notably, compounds falling within the 211-phase exhibit significantly

higher availability compared to other phases.

For a considerable duration, the utilization of carbon (C) and nitrogen (N) as X elements
remained restricted [6]. However, recent developments have expanded this scope to
include boron (B) as an X element, marking a notable shift in MAX phase research.
This extension has opened new avenues in the field, driven by the intriguing properties
and potential applications of boron-containing compounds [29,30]. Despite the vast
number of predicted boride phases, the synthesis of MAX phase borides remains

limited, with only a few compounds successfully synthesized [31].

The theoretical research on MAX phase materials has been massive and rapidly
expanding since Medvedeva et al. [32] presented the first ab-initio calculations on

MAX phases in 1998 using density functional theory (DFT). To better understand and
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predict the properties of the MAX phases, DFT has constantly played a vital role. The
scientific community has reported about 150 MAX phases of their ongoing efforts [33].
Aryal etal. [34] provide the results of using ab initio to investigate the 792 MAX phase
with the value of n = 1-4 and state that 665 are thermodynamically and elastically

stable, the ones in which the M site component is rare earth Sc.

M. W. Barsoum et al. conducted an extensive analysis on the characterization of
predominantly single-phase, fully dense Hf.InC samples, fabricated via reactive hot
isostatic pressing of elemental powders. They determined the lattice parameters ‘a’ and
‘¢’ to be 0.331 nm and 1. 472 nm, respectively, for Hf2InC. Additionally, they
systematically measured heat capacities, thermal expansion coefficients, and both
thermal and electrical conductivities across a range of temperatures. Remarkably,
Hf2InC demonstrates excellent electrical conductivity, evidenced by a resistivity that
shows a consistent linear increase with rising temperatures. Within the temperature
interval of 300 to 1273 K, the thermal expansion coefficient of Hf2InC was identified
to be 7. 63 x10°® K [35]. This investigation contributes significant insights into the

material's conductive properties and its response to thermal variations.

Keast et al. [36] employed density-functional theory within the WIEN2k software
package to assess the stability of various phases by comparing their total energies
against those of suitable competing phases. Through computational analysis, they
evaluated the total energies of five distinct schemes (Crn+1-Al-Ch, Tin+1-Al-Ch, Tin+1-Si-
Nn, Tin+1-Al-Np, and Tin+1-Si-Cn), where n represents a positive integer ranging from 1
to 4. Their investigation not only confirmed the stability of these phases but also
suggested the potential synthesis of metastable compounds such as Ti.SiC, Ti2SiN, and
TisAlIN>. This research underscores the utility of density-functional theory in predicting
and understanding the stability and potential formation of novel phases within materials

science.

Z. J. Yang et al. investigated the elastic and structural properties of nanolaminate
Zr2InC using first-principles calculations. They identified an ultra-incompressibility
along the c-axis between 70 GPa and 400 GPa, attributed to core-valence charge
transfer slowdown and rapid Zr atom shift along the c-axis. Structural instability and
elastic softening occurred at 70-160 GPa and 700-850 GPa, indicating a structural

10
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transformation. Zr2InC initially exhibited elastic isotropic behavior, transitioning to
anisotropic with increasing pressure, influencing material properties. The (B/G) and
B/Cas ratios highlighted brittleness at ambient conditions, decreasing with pressure
[37]. This study sheds light on pressure-induced properties in Zr2InC.

Wang et al. [38] successfully synthesized Ti2InB2, a significant 212 MAX phase
boride. TiB formation from Ti2InB: via high temperature alloying in a vacuum removes
the indium layer. They theoretically proposed that TiB single-layer structures exhibit
superior potential as Li/Na ion battery anode materials compared to TisC> MXenes,
showing enhanced ion storage capacity and minimal energy barriers for Li/Na ion

transport. Ali et al. [39] further investigated these findings extensively.

Before Barsoum and EI-Raghy's publication, the MAX phase received scant attention
from researchers. Their work revealed the dual metallic and ceramic properties of MAX
phases [9,29]. In 2011 and 2012, researchers identified numerous 2D transition metal
carbides and nitrides [30,31]. During this time, a significant number of new MAX
phases were synthesized, recognized for their potential in energy storage applications

and various modern technologies.

211 MAX phases were limited to X elements C, N and B, either as compounds or solid
solutions. Expanding X elements beyond C/N/B, offers a substantial opportunity for
diversification and participation in MAX phase materials.

From a theoretical perspective, Dahlqvist et al. [41] studied the stability of MAX
phases with M = Sc, Ti, V, Cr, or Mn; A = Al, and X = C or N, exposing that maximum
stability exists for “C” and “N” containing MAX phases, respectively, with V and Ti as
the transition metals, accordingly.

Due to the promising future of B and related compounds, the X element has already
been extended to B by the researchers, providing space for this alteration (known as
MAX phase borides) [42]. It is currently shown that they can serve as prospective
materials in a variety of fascinating sectors [43,44]. The structural, electrical, elastic,
and lattice dynamical characteristics of M2AB (M = Ti, Zr, Hf; A = Al, Ga, In)
compounds were studied by G. Surucu et al. and they found that Ti,AB & Hf,AB are

ductile in nature [45].

11
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A. Bouhemadou et al. conducted a study on the structural and elastic properties of
ScoAC (where A = Al, Ga, In, TI) using first-principles calculations with the pseudo-
potential plane-waves method. Their research, within the local density approximation
to the exchange-correlation energy, examined the impact of high pressures (up to 20
GPa) on lattice constants and internal parameters. They also determined bulk and shear
moduli, Young’s moduli, Poisson’s ratio, and estimated the Debye temperature based

on average sound velocity for ideal polycrystalline SccAC aggregates [46].

Hossain et al. studied the physical characteristics of H,AB (A = Pb and Bi) and
confirmed their potential use as covering materials to block solar radiation [47]. The
formation energy, electrical, and several mechanical properties of M2AIC, M2AIN
andM2AIB (M = Sc, Ti, Cr, Zr, Nb, Mo, Hf, or Ta) MAX phases have been studied by
Khazaei and co—workers [48].

In addition, electronic characteristics have been researched of Sc;AC (A = Al, Ga, In,
Ti) by Music et al. [49] whereas, Bouhemadou et al. [46] addressed the structural and
elastic properties of these compounds. Cover et al. [50] investigated the elastic
properties of 240 MAX phase compounds and Ali et al. [51] carried out a theoretical
investigation to  calculate the thermodynamic, optical, and lattice
dynamical characteristics of the SccAIC compound and revealed that it could be used

as a shielding material to prevent solar heating.

The electrical structures, bonding characteristics, and defect mechanisms in the ScoSnC
MAX phases have been studied by Hadi et al. [52] and it is the first Sc—based MAX
phase to be described with complete crystallographic data. Sc2InC had previously been
listed among MAX phases in the literature [53], but there were no crystallographic data
and the source was identified as private communication. There hasn't been any
experimental proof of the synthesis and characterization of Sc.InC. Therefore, it can be

assumed that Sc.SnC is the first Sc—based molecule in the MAX family.

Although the ScoInC MAX phase has not been experimentally discovered, its structure,
characteristics, and potential uses are being researched using theoretical predictions.
These predictions indicate that the phase is a promising candidate for coating materials

that prevent solar heating as well as optoelectronic devices for visible and ultraviolet

12
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light spectrums [54]. While S. Kuchida et al. [55] concentrated on non-transition metal
M2AX compounds that contain Sc, Y, and Lu atoms in the M site element; nevertheless,

only polycrystalline samples of Lu>SnC were published.

Table 2.1: Summary of the previous studies of SccAX (A = Bi, Br; X=C, N, B).

Phase Structural | Mechanical | Stability | Electronic | Thermal Optical Ref.
Sc2BiC No Yes Yes No No No [60]
SczBiN No No No No No No
Sc:BiB No No No No No No
ScoBrC No Yes Yes No No No [60]
ScoBrN No Yes Yes No No No [60]
Sc.BrB No No No No No No

Bouhemadou et al. investigated the structural and elastic properties of M2InC
compounds (where M = Sc, Ti, V, Zr, Nb, Hf, Ta) using ab initio calculations. They
observed a quadratic relationship between lattice parameters and applied pressure and
determined elastic constants via the static finite strain technique. Additionally, bulk and
shear moduli, Young's moduli, Poisson's ratio, and Debye temperature estimates based
on average sound velocity were derived for ideal polycrystalline M2InC aggregates.
This study represents the first comprehensive theoretical prediction of elastic properties
for ScaInC, Ti2InC, V2InC, Zr2InC, Nb2InC, Hf2InC, and Ta2InC compounds, awaiting
experimental validation [56]. So far, some of MAX phases borides: M.SB [M = Hf,
Nb, Zr] [57] , Hf.TeB [58], Zr.SeB, Hf.SeB [59] have also been synthesized.

2.3 Motivation for the present work

In this study, we have chosen to explore the theoretical analysis of the structural,
electrical, thermal, phonon dynamic, mechanical, acoustic, and optical properties of
Sc:AX (A = Bi, Br; X =C, N, B) MAX phases. The Sc2BiC, Sc2BrC, and ScoBrN
compounds have been theoretically investigated by Dominik et al. [60]. Only the
electronic and elastic properties have been examined, which limits the scope of this
research. It would be beneficial to discuss a few additional crucial features that might

increase the variety of possible applications. In terms of applications, dynamic stability

13
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research is essential. Since key phenomena that limit the usage of structural materials,
such as fracture initiation, anisotropic plastic deformation and dissemination, and
elastic instability, are intimately related to mechanical anisotropy, it is crucial to
comprehend this phenomenon.

Mulliken population analysis confirms the coexistence of ceramic and metallic
properties in MAX phases. Assessing thermal properties is crucial for predicting
suitability in extreme conditions. Optical characteristics of MAX phase compounds are
essential for foreseeing applications, like using them as coatings to mitigate solar
heating. These analyses inform practical utilization and potential advancements in

material applications.

Vickers hardness measures the overall bonding power produced by a solid's bonds.
Optically beneficial traditional MAX phase materials exist. As a result, it is expected
to demonstrate that the MAX phases are valuable materials for applications involving
optical devices. Therefore, it is important to look at the optoelectronic properties of
Sc,AX (M = Bi, Br; X = C, N, B). The present investigation is highly motivated by

these issues.
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CHAPTER 3
THEORETICAL METHODOLOGY
3.1 Introduction

Our primary objective is to comprehend the behavior of quantum mechanical many-
particle systems from an ab initio standpoint, i.e., beginning with the fundamental
components and their interactions. DFT is a fantastic quantum mechanical tool to
ascertain the structural, electronic and ground state characteristics of molecules and
solids [61]. The ab initio calculations in this work were performed using the DFT—
based Cambridge Serial Total Energy Package (CASTEP) [62]. The electronic
exchange and correlation terms were estimated using the Generalized Gradient
Approximation (GGA) framework with the Perdew—Burke—Ernzerhof (PBE) [63], and
Perdew—Burke—Ernzerhof for solids (PBEsol) [64]. Pseudo—atomic computations were
performed on the electronic orbitals of Sc— 3d*4s?; Bi—6s26p®; Br—4s?4p®; B—2s22p'; C—
2s22p?; and N-2s22p? respectively. OTF-Gultra—soft pseudo potential was employed to
model the interactions of electrons and ion cores [65]. The Brillouin zone was
integrated over using the Monkhorst—Pack (MP) [66]technique in the reciprocal space
of the ScocAX (A = Bi, Br; X = C ,N, B)hexagonal unit cell using a k—point mesh that
was 10x10x2 grid—centered. The plane—wave energy cutoff 500eV was used according

to the convergence calculation.

The minimization technique Broyden—Fletcher-Goldfarb—Shanno (BFGS) [67]
was employed to accomplish geometric optimizations by minimizing the internal forces
and total energy. To achieve excellent convergence, the self—consistent field, total
energy, maximum displacement, maximum stress, and maximum force are taken as 5.
0x10 7eV/atom, 5.0x10 %eV//atom, and 5.0x10, 0.02GPa, and 0.01eV/A, respectively.
Using periodic boundary conditions, the unit cell's total energies were determined. To
determine the elastic constants, we applied the "stress—strain™ method that is built into
the CASTEP program. The estimated elastic constant Cj; was used to derive the elastic
moduli. The perturbation DFT—based finite displacement super cell approach was used
to analyze the phonon dispersions [68]. The quasi—harmonic approximation was

employed to calculate the thermodynamic properties from the phonon density of states.
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The relevant sections contain brief explanations of the methodology used to investigate
the bonding and optical characteristics of theSc.AX (A = Bi, Br; X = C, N, B) MAX
phase compounds. This chapter provides a concise summary of the tools and
methodology used in this investigation. It outlines the specific approaches and

techniques employed throughout the study.
3.2 Ab-initio approach

The ab initio approach offers a robust method to derive atomic and molecular structures
based on fundamental principles of quantum mechanics. This methodology provides
valuable insights that are not reliant on experimental conditions. The term "ab initio’,
derived from Latin, literally means 'from the beginning', emphasizing its foundation in
fundamental principles. One widely employed application of this approach is the study
of ground state properties in periodic systems, utilizing solutions to Schrddinger's

equation and wave functions.

The HF method is fundamental to ab initio approaches, focusing on the mean field
approximation rather than considering instantaneous electron-electron repulsion.
Although it is a variational method, computed energies typically tend to slightly
overestimate the actual energy due to vibrational effects and the wave function's
properties. As the basis set size increases, these computed values approach the Hartree-
Fock limit. Initial computations often begin with Hartree-Fock calculations, followed
by corrections for electron-electron repulsion such as Mgller—Plesset perturbation
theory (MPn) and coupled cluster theory (CC) [69,70]. However, the Hartree-Fock
approach has notable limitations, particularly in scenarios involving bond-breaking.
Post-Hartree—Fock theories often build upon single-determinant reference functions,
although methods employing multi-determinant references have also been developed.

Regarding the ab initio method, it allows for the precise determination of both physical
and chemical properties in periodic arrangements, starting from a known chemical
structure with a stable internal configuration. Importantly, this approach operates

independently of any prior knowledge or assumptions.
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At its core, this method hinges on expanding the single-valued wave function
(crystalline orbital, CO) into Bloch functions, a fundamental approximation in quantum
mechanics. These Bloch functions are characterized by a local Gaussian-like form, with
coefficients and exponents adjusted based on given input parameters [71]. The ab initio
approach proves particularly effective for systems where initial assumptions are
minimal, offering close approximations to solutions. However, achieving convergence
is not always uniform, and in some cases, simpler approaches may yield more accurate

results for certain characteristics.
3.3 CASTEP Code

The CASTEP (CAmbridge Serial Total Energy Package) software, developed through
first-principles theory including density functional theory (DFT), was collaboratively
created by scientists from York, Durham, Cambridge, St. Andrews universities, and
Rutherford Labs for parallel computations [72]. This powerful tool can calculate a wide
range of solid-state properties, including structural, thermal, optical, mechanical, and
electrical characteristics. Additionally, CASTEP enables detailed investigation of wave
functions and charge density mappings within systems. It is extensively utilized for
studying chemical reactions in bulk materials, surface diffusion processes, and more.
Comprehensive documentation on CASTEP can be found elsewhere [72,73]. CASTEP
employs a plane-wave pseudopotential method based on DFT, simplifying
computations by replacing the total potential accounting for both core and valence
electrons with a more theoretically advantageous term. The plane-wave basis set
extends electron wave functions, while generalized gradient approximations (GGA) or
local density approximations (LDA) are used to compute exchange and correlation
effects among electrons. These parameters are crucial for optimizing the geometries of
solids, surfaces, molecules, and interfaces. Further physical properties can be derived

from simulation results using the methodologies described in subsequent chapters.
3.4 Many-body Problems in Quantum Mechanics

A many-body system, starting from its atomic constituents, can be comprehensively
characterized by its electronic structure and atomic configuration, obviating the need

for additional exploration variables. In this context, we delve into essential quantum
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mechanical principles that form the foundation for solving equations necessary to

elucidate material properties.
3.5 Schrodinger Equation

In theory, the characteristics of a system can be determined by solving the quantum
mechanical wave equation that describes its dynamics. In the context of non-relativistic
systems, this equation is known as the Schrodinger equation [74]. The behavior of such

systems, which do not depend on time, is dictated by this fundamental equation

A

By =9 (3.1)

where W represents the wave function describing the many-electron system, ‘£’ denotes
the total energy of the system, and H denotes the Hamiltonian operator governing the
system's dynamics. In the case of a system consisting of Ne electrons and Ny nuclei, the

Hamiltonian can be formulated as

— _l Ne 2 _ Np 1 2 _ vNeNn __Zk NeNe 1 NpNyn _ZrZy
H = 22i=1vl k=12Mk Vk Zi;'ﬁk |ri—Rg| +Zi¢j |7'i—7”j| + Zkil |Rk—Ry|
. (32)

The initial two terms correspond to the kinetic energies of the electrons and nuclei,
respectively. The third term accounts for the Coulombic attraction between electrons
and nuclei. The fourth and fifth terms depict the repulsive Coulomb interactions
between electrons and between nuclei. While the hydrogen atom offers an exact
analytical solution, Schrodinger's equation poses a challenge for systems with multiple
particles because analytical solutions are generally not feasible. Consequently,

approximations become necessary in such cases.
3.6 Density functional theory

Density Functional Theory (DFT) stands as one of the pivotal computational quantum
mechanical modeling methods utilized in physics, chemistry, and materials science. It
provides a way to investigate the electronic structure (principally the ground state) of

many body systems, especially atoms, molecules, and condensed phases. The success

18



Chapter 3 Theoretical Methodology

of DFT can be attributed to its balance of accuracy and computational feasibility,

making it a widely used tool in the study of electronic properties of matter.

The foundational ideas of DFT were laid down in the 1960s by Pierre Hohenberg and
Walter Kohn. Their landmark paper established that all ground-state properties of a
many-electron system are determined uniquely by the electron density, rather than the
wave function. This was a significant simplification because the electron density is a
function of just three spatial coordinates, whereas the wave function is a function of 3N
coordinates for an N-electron system. This reduction in complexity is one of the key

reasons for DFT’s popularity [75].

The central concept of DFT is electron density, which describes the probability of
finding an electron at a point r in space. The Hohenberg-Kohn theorems laid the
groundwork by proving that:
1. The ground-state energy of a many-electron system is a unique functional of the
electron density.

2. The correct ground-state density minimizes this energy function.

DFT has revolutionized the way scientists approach problems in materials science,

chemistry, and physics. It allows for the calculation of various properties, including:

U Electronic structure: Understanding the distribution and behavior of electrons
in a material.

O Magnetic properties: Investigating the magnetic moments and ordering
materials.

U Optical properties: Studying the interaction of materials with electromagnetic
fields.

O Mechanical properties: Evaluating the strength, ductility, and other mechanical

behaviors of materials.

Density Functional Theory remains a cornerstone of computational material science,
providing a powerful framework for understanding and predicting the properties of
matter at the atomic scale. Its blend of theoretical elegance and practical applicability

ensures that it will remain a vital tool for researchers for years to come.
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3.7 Kohn-Sham formulation

The Kohn-Sham (KS) formulation is a cornerstone of Density Functional Theory
(DFT), providing a practical approach to solving the many-body problem of interacting
electrons in a system. This formulation, developed by Walter Kohn and Lu Jeu Sham
in 1965, introduces a set of non-interacting electrons that possess the same ground-state
electron density as the actual interacting system. This innovative concept simplifies the
complex quantum mechanical problem, making it computationally feasible to study

electronic structures of atoms, molecules, and solids. [76]

The central task in the Kohn-Sham formulation is to solve the Kohn-Sham equations,

which are self-consistent field equations given by:
hZ
|-V 4 V| W) = By (3.3)

In this formulation, W; (r) represent the single-electron orbitals, where the ground-state
electron density po(r) is derived from these orbitals. The electron density is computed

using the relation:

po(r) = X%!1*> (3.4)

In the Kohn-Sham equations, the effective potential Vesr, referred to as the Kohn-Sham
potential, represents the interactions between electrons in an average manner. It
includes the electrostatic potential generated by all the electrons and the nuclei, thereby

simplifying the complex electron interactions into a more manageable form,

Verr = Vxc(p1) + Vere () + [ |‘T’ (_rr?l ar’ L (3.5)
The Kohn-Sham equations must be solved in a self-consistent manner as
Verr () = Vegelp1 (3.6)

The KS equations are solved iteratively through the following steps:

Q Initial Guess: Begin with an initial guess for the electron density, p(r).
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O Calculate Effective Potential: Use the guessed density to compute the effective

potential V(7).

(M

Solve KS Equations: Solve the KS equations to obtain new KS orbitals W; (r).

(M

Update Density: Compute a new electron density from the KS orbitals.

U

Check Convergence: Compare the new density with the previous one. If they

are sufficiently close, the solution is converged; otherwise, iterate the process.

The Kohn-Sham formulation effectively transforms the many-body problems into a
series of single-body problems, each interconnected through the Kohn-Sham effective
potential. Because Vs (r) depends on the electron density, the resulting eigenvalue
problem is nonlinear and must be solved iteratively using a self-consistent field
algorithm. This iterative process is depicted in Fig. 3. 1, which outlines the flow chart

for the Kohn-Sham equations.

Initial guess of density

no(l')

v

Generate effective potential

Vet (r) = Vexs.(r) + Vitar.(r) + Vie(r)

v

Solve Kohn-Sham equations
Hyst(r) = extpr(r)

v

Calculate new density
Ne

n(r) = [yi(r)?

k

A

Reached self-consistency?

Fig. 3.1: Self-consistent field algorithm for solving the Kohn-Sham equations. [77]
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The most computationally demanding step within this iterative loop is solving the
Kohn-Sham equation for a given potential (step 2 in the loop). In this step, the equations
are solved with a specified Vin, yielding an output density pout. Once convergence is
achieved in the self-consistent loop (as shown in Fig. 3. 1), additional iteration schemes
can be employed to further minimize the energy. This may involve adjusting atomic

positions or modifying the cell volume.

3.8 Generalized gradient approximation (GGA) —PBE and GGA-PBEsuol

In Density Functional Theory (DFT) calculations, the exchange-correlation functional
approximation often utilized belongs to the Generalized Gradient Approximation
(GGA) class. Two prominent GGA functionals are GGA-PBE and GGA-PBEsol.

GGA-PBE, which stands for Perdew, Burke, and Ernzerhof, is an advanced form of the
original GGA proposed by the same authors. In the exchange-correlation functional,
GGA-PBE incorporates both the electron density and its gradient. This improvement

provides highly accurate results for a wide range of molecules and solids.

GGA-PBEsol [78], on the other hand, is a modified version specifically designed to
better describe solid-state systems. It offers improved predictions for structural
properties such as lattice constants and bulk moduli. The enhanced exchange factor in
GGA-PBEsol addresses the self-interaction error present in the original GGA-PBE,
leading to even more accurate results for solids [79].

Both GGA-PBE and GGA-PBEsol are widely applied in computational chemistry and
materials science. They are used to study the behavior of molecules, solids, and
surfaces, generating reliable results that enhance the understanding of chemical and
physical phenomena at the quantum level.

3.9 k-point Sampling

One of the most widely used methods for generating k-points was introduced by
Monkhorst and Pack [80]. This approach, which was later adapted to accommodate

hexagonal systems [81], creates a uniform grid of k-points along the three axes in
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reciprocal space. The Monkhorst-Pack grid is defined by three integers, gi (where i =1,
2, 3) representing the number of divisions along each axis.

These integers generate a series of values according to the formula:

u = 2r-¢;—-1/2¢ . (3.7)

where r ranges from 1 to gi. The resulting Monkhorst-Pack grid is then constructed

using:

kprs = upbl + urbz + usb3 ....... (38)

This set of g1, g2, gz distinct points is subsequently symmetrized, and weights are
assigned based on the number of symmetry equivalents for each point in the
symmetrized set. A constant shift can be applied to all points before summarization,
which is particularly useful for hexagonal symmetry systems. For hexagonal systems,

the sequence for points along the ‘a’ and ‘b’ axes is slightly modified and given by:

u =@-/¢ (3.9)

where p ranges from 1 to g.
This adjustment ensures the k-points are distributed appropriately for hexagonal
structures, maintaining the uniformity and efficiency of the Monkhorst-Pack scheme

while accommodating the unique geometry of these systems.
3.10 Pseudopotential

An approximate method to describe complex systems involves using pseudopotentials
[82]. This approach replaces the Coulomb potential in the Schrddinger equation with
an effective potential. The concept of pseudopotentials was first introduced by Hans
Hellmann in the 1930s. Thanks to pseudopotentials, the valence wave function remains
orthogonal to all core states. This effective potential effectively substitutes for atomic
electrons, allowing the pseudo wave function to represent valence electrons accurately.

In this method, core electrons are primarily left frozen with the nuclei, focusing on the
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chemical valence electrons.
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Fig. 3.2 Schematic representation of the all-electron and pseudized wavefunctions and

potentials.

By employing pseudopotentials, calculations become more efficient, especially for
systems where accurately modeling core electrons would be computationally
prohibitive. This method allows researchers to focus on the valence electrons, which

are most relevant to the chemical and physical properties of materials.
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CHAPTER 4
RESULTS & DISCUSSION

4. Results and discussion
4. 1. Structural properties and stability
4. 1. 1 Structural properties

The ternary MAX phase compounds Sc2AX (A = Bi, Br; X = C, N, B) belong to the
hexagonal crystal structure with space group Pss/mmc (No. 194), in which an atomic
layer of A (A = Bi, Br) atoms is interspersed between SceX (X = C, N, B) edge shared
octahedrons. One Sc atom and three X atoms are stacked to create a tetrahedron along

the a—axis. Each unit cell of the SccAX phase has two formula units and eight atoms.

:Sc. o
A e
° X

Fig. 4.1: The unit cell structure of Sc2cAX (A = Bi, Br; X =C, N, B) with an edge-
shared [MsX] octahedra and [MsA] trigonal prism is outlined.

As seen in Fig. 4.1 the Wyckoff positions in the SccAX phase are arranged as follows:
The position of the "X" atoms is 2a (0, 0, 0),"A" atoms are 2d (2/3, 1/3, 3/4), and "Sc"
atoms is 4f (1/3, 2/3, Zwm), where Zw is the internal parameter. The structural parameters
of the optimized structure are provided in Table 4.1.

The distortion parameters of the unit cell structure are computed using the internal
coordinate z,, and the c/a. An ideal structure should have a unit (1) octahedron and

trigonal parameter (Or = Py = 1). Any deviation of Orand P, from 1 indicates a distortion
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in the corresponding polyhedral. Aydin et al. [83] suggested that the stability of the

structure increases with decreasing distortion.

Table 4.1: Calculated lattice parameters (a and c), internal parameter (ZM), c/a ratio, Volume (V), the ratio

of Or and Pr, and formation energy (Efor) of SccAX.

Phase ad) ch) 2zu cla V(A3 0, P.  0,/P. Eg.(eV Ref.
/atom)

Sc;BiC  3.406 14562 0.081 4.275 146.326 1.16 1.08 107 -0.66 This
067  [60]

Sc:BiN  3.343 14268 0.079 4.268 138.118 1.17 1.07 1.09 -1.37 This
Sc:BiB 3.607 14.493 0.082 4.018 163.292 1.20 112 1.07 -0.50 This
Sc.BrC  3.427 12853 0.089 3.750 130.698 1.19 119 1.00 -1.36 This

-1.04  [60]
Sc.BrN  3.350 12.684 0086 3.786 123.296 121  1.18 1.03 -1.79  This
162 [60]

Sc.BrB 3582 13.008 0.092 3.632 144507 1.19 123 097 -1.09 This

The octahedral prism (Or) and trigonal prism (P) distortions are calculated as follows
[84]:
V3 1

Or = 1;and Pr =
2
(G-20) (B +3}

c\¢ 1)z
2 {42,%4 (5) + ﬁ}
Table 4.1 lists the value of the O./P; ratio for the ScocAX phases and shows that the

. (4.1)
2

octahedron prism and trigonal prism exhibit roughly identical distortion due to the
similar values of the ratios (O«/Pr). Compared to the ScoBiX (X = C, N, B) phases, the
ScoBrX phases are less distorted since their O./Py ratio is close to 1. With the increase
of the valence of the A element, Or increases, Pr decreases [85].

The formation energy (Er) of the ScAX phase was calculated to investigate the
chemical stability by the following equation [84]:

EpcotX — (XESSq + YEL 1q + ZEX ),
E;(,CﬁAX — _total ( solid T YEsolia SOlld) ‘A = Bi,Br:X = C,N,B (4. 2)
x+y+z
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Where E>2%% is the total energy of the ScoAX Phase and

total

Results eI Discussion

Sc A X
Eotiar Esotiar and Egopiq

indicate the total energy of Sc, A, and X atoms in their solid forms, whilex =4,y = 2,

and z = 2 represent the number of Sc, A, and X atoms for each of the unit cell.

Table 4.2: Some particulars to calculate formation energy Et.
Phase Space group F.E.(eV) No.of F.E.(eV/atom)
atom
Sc P4/nmm(129) | -5108.654 4 -1277.164
Sc P6122 (178) -7662.529 6 -1277.088
Sc 14/mem (140) | -5108.074 4 -1277.019
Bi P12,/m1 (11) -614.0997 4 -153.525
Bi Pm3m (221) | -153.494 1 -153.494
Bi P12,/m1 (11) -614.0438 4 -153.511
Br Pm3m (221) = 3 -366.6042
1099.8126
Br Immm (71) | -367.0513 1 -367.0513
Br 14/mmm -734.0036 2 -367.0018
(139)

C Pnma (62) -2476.5 6 -154.7813
C Cmmm (65) -618.24 4 -154.578
C Im3m (229) -1234.456 8 -154.307
N2 Pa3 (205) -2163.986 8 -270.498
N2 Imma (74) -1079.929 4 -269.982
N2 | P4y/mnm (136) | -1081.977 4 -270.494
B Pnnm (58) -2160.86 28 -77.174
B P1 (1) -923.045 12 -76.921
B Fm-3m (225) | -922.895 12 -76.908

ScoBIiC | P6s/mmc (194) | -5730.426 8

ScBiN | P6y/mmc (194) | -5967.748 8

Sc,BiB | P6s/mmc (194) | -5572.476 8

Sc,BrC | P6s/mmc (194) | -6161.872 8

ScoBrN | P6s/mmc (194) | -6398.222 8

ScoBrB | P6s/mmc (194) - 8

6004.4853
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Compounds name

Figure 4.2: Formation energies Er of SccAX (A = Bi, Br; X = C, N, B) compounds.

Additional details on estimating the formation energy are provided in Table 4.2. The
anticipated formation energy of the Sc2BiC, Sc2BIN, Sc2BiB, ScoBrC, Sc2BrN, and
ScoBrB phases are —0.665eV/atom, —1.368eV/atom, —0.5007eV/atom, —1.776eV/atom,
—1.786eV/atom, and —1.0929eV/atom, respectively, which are presented in Table 4.1.

Fig. 4.2 shows that the formation energy values of all the compounds are below the
critical line beginning at O, indicating the phase and chemical stability of the
compounds evaluated in this study.

The strength of hybridization within the d orbitals of Sc and others such as the p orbitals
of A (Bi, Br) or the s and p orbitals of X (C, N, B) will typically have an impact on the
formation energies, as well the number of valence electrons filling bonding,
nonbonding, or anti-bonded states, as well as the energy needed for the transition

metals to expand their volume to accommaodate the X elements [48].
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4.1.2 The dynamical stability

The dynamical stability of a material is a significant feature that influences its suitability
for usage in extreme situations. The phonon dispersion curves (PDCs) calculation for
the SccAX (A = Bi, Br; X = C, N, B) phases has been carried out to demonstrate the
dynamical stability and vibrational influence on the thermodynamic parameters
like Helmholtz free energy, heat capacity, and thermal expansion [86] [presented in
4.5.1].

Fig. 4.3 (a-f) show the PDC and phonon DOS. A compound’s stability is determined
by the phonon frequency along the entire BZ; positive frequencies imply stability, while
negative frequencies signify instability at any specific k-point. It strongly indicates that
the Sc2AX phases are dynamically stable by the absence of negative frequencies in the
PDC over the entire Brillouin zone. Each unit cell of the SccAX phase has eight atoms,
producing twenty—four vibrational modes, including three acoustic modes (green lines)

and the remaining twenty—one optical mode (blue lines).

To better understand the bands by comparing the peaks, the phonon density of states
(PHDOS) of the SccAX (A = Bi, Br; X =C, N, B) MAX phases are shown on the right
side together with the PDCs. As seen in Figs. 4.3 (a-f), the bands attributed to the
Transverse Optical (TO) are flat and produce substantial peaks in all phases, whereas the
bands attributed to the Longitudinal Optical (LO) generate modest peaks.

The partial PHDOS also displays the contributions from various atoms, and it is evident
that the X (X = C, N, B) atoms are responsible for the upper optical modes. The A (A
= Bi, Br) atoms are responsible for intermediate dispersions of the optical branches.
The ‘Sc’ atoms are accountable for the modes in the bottom optical branches and are

credited with creating the acoustic modes.
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Fig. 4.3: Phonon DOS and phonon dispersion curves of SccAX (A = Bi, Br; X =C, N,

B) compounds.

30




Chapter 4 Results I Discussion

4.2. Electronic properties
4.2.1. Band structure

The electronic band structure (EBS) provides information to comprehend the electronic
properties of the Sc;AX compounds. The band structure of studied compounds has been
calculated along high—symmetry k—points in the first Brillouin zone shown in Figs. 4.4
(a-g). The Fermi level (Er)was located at zero-energy level. The valence and
conduction bands overlapped at Er, indicating the metallic nature of them except for
the ScoBrB phase.

(b)

(c)

Er
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Fig. 4.4: Band structure of (a-f) SccAX (A = Bi, Br; X = C, N, B) compounds;
calculated using GGA PBEsol and (g) Sc.BrB calculated using HSE06.
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The energy dispersion along the A-H, K-T', I'-M, and L—H directions are in the basal
(ab) planes, while the energy dispersion along the I'-A, H-K, and M-L directions are
in the c—direction. The lines I'-A, H-K, and M-L (c—direction) exhibit less energy
dispersion than the pathways A—H, K-I', '-M, and L—H (basal plane), as seen in Figs.
4.4 (a-g). Diminished energy dispersion is a consequence of the greater electronic
effective mass tensor, resulting in reduced conductivity, and vice versa. The electronic
anisotropy of the SccAX MAX phases is indicated by the lower energy dispersion in
the c-direction caused by higher effective mass, similar to other MAX phases (Ti1-
xM0x)2AIC (0 < x < 0.20) [87]. For ScoBrB phase, the conduction band minimum
(CBM) and valence band maximum (VBM) merely touched the Er without
overlapping, as shown in Fig. 4.4 (f), certifying the semi—metallic character of it. The
nonlocal functional HSEO6 [88] was used to calculate the electronic properties of
ScoBrB phase. The HSE06 hybrid functional

includes a fraction of exact exchange from Hartree-Fock theory, which addresses the
typical underestimation of band gaps found with GGA PBEsol functional.
Consequently, HSEQG is particularly useful for examining materials where accurate
band gap values are critical [88]. The obtained result indicates thatSc.BrB is a direct
band gap semiconductor with a band gap of ~0.495 eV, as shown in Fig. 4. 4(g). Noted
that ScoBrB is the first semiconductor compound to enrich the MAX phase family.

4.2.2. Density of states (DOS)

The total and partial DOS of ScocAX (A = Bi, Br; X = C, N, B) phases have also been
computed to investigate the bonding nature and the different electronic states'
contributions to electronic conductivity and depicted in Figs. 4.5(a-g). Like other MAX
phase compounds, the d—orbital of ‘Sc’ provides the largest contribution to the TDOS
(total DOS) at the Fermi level. The d-reverberation in the surrounding area of Er and
the non-zero value of the TDOS at Er demonstrate the metallic nature of the ScoAX
phase, a conventional feature of MAX phases [2]. According to Figs. 4.5 (a-f) the
TDOS, N(Eg), value at Fermi level (Er) for Sc2BiC, Sc2BiN, Sc2BiB, Sc2BrC, and
ScoBrN are 2.67, 4.34, 3.85, 3.63, and 2.13 states/eV—uc, respectively. In addition, the
partial DOS confirms hybridization among the different electronic states. There are two

major parts in the valence band of ScoAX phases. The lower energy range is between -
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7to -1 eV for Sc2BiX and -7 to -3 eV for Sc2BrX (X = C, N, B) compounds containing
a flat region and a distinct peak.
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Fig. 4.5: Total and partial DOS of (a-f) SccAX (A = Bi, Br; X = C, N, B) compounds;
calculated using GGA PBEsol and (g) Sc.BrB calculated using HSE06.

The peak originated in this range by the hybridization of Sc—d and X-p orbitals.
Hybridization results ina Sc—B covalent bond in the upper energy region, which exhibits
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features different from conventional MAX phases. Particularly, the Sc-d and X—p (X =
C, N, B) hybridization peak for the other studied phases is in the lower energy range,
indicating strong covalent Sc—X bonding. The positions of the peaks illustrate how
strongly the bonds between the states are held; the lower energy region peak has a
stronger bonding strength [87].

Due to Ef's proximity to the pseudo gap, the compound’s structural stability is
increased. Based on the positions of Er and the pseudo gap for all the compounds
studied, the stability of the structure should be in the following order: Sc2BiC > Sc.BiB
> Sc2BrN > ScoBIiN > ScoBrC > ScoBrB. All this information demonstrates that the
strongest Sc—d, and X—p covalent bond causes the ScoAX phases to have improved
Vickers hardness [presented in 4.3.4] and bulk modulus. The findings of this study are
consistent with the obtained results of the Sc2InC, ScoAlIC, Sc.AIN, and
ScoSnCcompounds and also the conventional MAX phase [48,52,54].

4.2.3. Charge density mapping (CDM)

The charge density mapping in the [101] crystallographic plane has been determined in
contour form (in units of e/A%) to explore the chemical bonding between different
atoms in the ScoAX phases, illustrated in Fig. 4.6. The high (low) levels of electronic
charge density are represented by the red (blue) colors on the adjacent scale. The main
characteristic of this mapping is the electron densities brought on by various chemical
bonds in the compounds. Strong accumulation zones indicated a sign of the formation
of strong covalent bonding. Additionally, the presence of ionic bonding is suggested by
the detection of balanced positive or negative charges at the atomic locations [89]. It is
clear from looking at the contour map that areas of significant charge accumulation are
found where the X and Sc atoms are located. This finding indicates the presence of
strong covalent bonds between X-Sc atoms on the upper and bottom positions of the
crystallographic surface. In addition, the second covalent bond between A and Sc atoms

is seen at the center of the plane, albeit it is significantly weaker than the X—Sc bond.
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Fig. 4.6: CDM of Sc.AX (A = Bi, Br); (X =C, N, B) compounds.

Furthermore, the C/N/B atoms close to ‘Sc’ exhibit tendencies of charge balancing
together with a minimal amount of ionic bonding. The SccAX phases are, therefore,

expected to have a mixture of covalent and ionic bonding.
4.3. Mechanical behavior
4.3.1. Elastic properties

MAX phases, fascinating materials with a distinctive blend of metallic and ceramic
characteristics, depend heavily on their mechanical properties. These characteristics,
such as toughness, stiffness, and elastic modulus, directly impact how well they work
and are applicable in various fields, including cutting, aerospace, and automotive
manufacturing equipment. Initially, the mechanical characteristics of the SccAX (A =
Bi, Br; X =C, N, B) phases were studied by calculating the elastic constants (Cj;) using
the stress—strain technique [90,91] and presented in Table-2 alongside previous data
where available. Six stiffness constants (C11 to Ces) are introduced by the hexagonal
crystalline structure of the ScoAX phases, five of which are independent because Cee=
(C11-C12)/2 [92]:

Before considering the materials for structural applications, it is essential to evaluate
the mechanical stability using elastic constants (Cjj). Conditions that guarantee the
stability of a hexagonal system included in below [93]:
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Ci1> 0,C33> 0,C> 0,Cyq— Cyp > 0,(Ciq + Cyp)Caz— 2C% > 0 (4.3)

The values shown in Table-4.3 satisfy these requirements, making the studied MAX
compounds mechanically stable. The responses of the materials to various directions of
applied stress are reflected in these constants. C11 and Css expressly represent stiffness
along the [100] and [001] axes, respectively, whereas Cas describes resistance to shear

deformation in the [100] plane.
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Fig. 4.7: The stiffness constants (a) and (b) elastic moduli of Sc.AX.

Remarkably, C11 and Czz have higher values than Cas, indicating that shear deformation
is preferable to unidirectional deformation for these compounds. The stiffness from
chemical bonding along the a— and c—axes, respectively, is correlated with the elastic
constants C11 and Css, similar to the previous MAX phases, with C11 being higher than
Ca3 [54,94]. According to this difference, these components are easily deformable along
the c—axis rather than the a—axis, as seen in Fig. 4.1, where bonding connections along
the a—axis are stronger because they have shorter bond lengths than those along the c—
axis. The disparities between C11 and Csz also revealed the anisotropic bonding strength
along the a— and c-axes, as other 211 phases, such as F,CuB and F.zZnB (Ci1 >

Cas)exhibits the similar nature [95].
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Table 4.3: The stiffness constants C;; (GPa), fracture toughness (K;c) (MPa.m?),
machinability (U,,,), and brittleness index (Mp)(um2) of ScoAX.

Parameters Sc2BiC Sc2BiN  Sc2BiB  Sc2BrC  Sc2BrN  Sc2BrB  Sc2AIC  ScoAIN

Cu 196.28 190.45 130.18 208.15 22525 126.48 179.23° 210.27%
Css 169.36 170.19 108.87 162.08 180.74 120.33 194.46° 217.66"
Cua 51.08 53.74 37.06 61.07 65.12 4452 4518" 70.88"
Ca2 6732 83.92 4944 5132 5292 6489 65.34% 69.59°
Cas 4355 53.09 36.93 37.68 42.08 2380 34.21° 54.007°
Um 1.88 1.91 1.83 1.49 1.53 148  1.839° 1.388"
Kic 1.23 1.22 0.85 1.27 1.37 0.83 1.098* 1.431°
Ms 7.79 6.02 7.02 11.32 11.02 8.12 8.052° 11.16°

“ Reference [48]

Furthermore, compared to the other elastic characteristics, Cass exhibits the best
association with shear modulus, making it a superior predictor of hardness [96]. A low
Cus value relates to a compound’s better machinability since it shows a higher shear
ability and reduced hardness. Hence, it is anticipated that Sc.BrN would demonstrate
the highest hardness attributed to its superior Cs4 (65.12 GPa) value, while Sc.BiB is
expected to be the least hard due to its lower Cass4 (37.06 GPa) value. Notably, Sc2AIN
[48]and Y2SB [97]exhibit a notably higher Cas (70.88 GPa) and Ca4 (63.5 GPa) value
compared to Sc2BiB. This suggests that Sc.BiB may offer enhanced machinability and
shear ability relative to the other compounds, based on these findings.

The bulk modulus (B) and shear modulus (G) of the materials were calculated according
to the Voigt [98] and Reuss [99]models using Hill's approximation [100]. The following

equations are used for the calculations:

p=082 . (4.4)
2(Cy1 + Cy) + Can + 4C C?
Where, B, = [2(Cyy 12)9 33 13];and By = »

C2 = (Cll + CIZ)C33 - 2C123, and M = C11 + CIZ + C33 - 4‘C13

The upper and lower limits of the bulk modulus, B, are denoted by the terms Voigt bulk

modulus (Bv) and Reuss bulk modulus (Br), respectively. The same process is used to
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get shear modulus, G:
_ Gy +Gp
2

I %)

(3) [1c2C1aCes]

[3ByCy4Cs6 + C2(Cyq + Co)]

30 ’

Where, G, = and Gy =

Additionally, B and G can be used to calculate Young's modulus (Y) and Poisson's ratio
(v) [101]:
Y = 9BG/(3B+G); and v = (3B —-Y)/(6B) ST € X))

A solid material's compressibility is determined by its bulk modulus (B), with higher B
values indicating lesser compressibility under hydrostatic pressure. Larger G values
indicate higher shear resistance, and the shear modulus (G) measures a solid's resistance
to deformation under shearing force. As opposed to this, Young's modulus (Y) assesses
the stiffness of materials under uniaxial stress in all directions, with higher (Y) values
denoting more stiffness. When selecting a material for a thermal barrier coating (TBC),
a crucial factor is the thermal shock resistance R, which is inversely related to Y [102].
The Young's modulus (Y) values of the mentioned compounds align closely with that
of Sc,AIC (Y = 133.4 GPa) [48], Sc.SB(Y = 151.9 GPa) [97], Y4Al:O9 [103], a
recognized material for thermal barrier coatings (Y = 190 GPa) [79]. This suggests that
ScoBIC (Y = 148.7 GPa), ScoBiN (Y = 142.0 GPa), ScoBrC (Y = 166.6 GPa), and
ScoBrN (Y = 180.9 GPa) hold promise as potential alternatives for thermal barrier
coating applications. Table 4.4 clarifies that Sc2BiB (Y = 98.6 GPa) and Sc2BrB (Y =
100.2 GPa) have the lowest Y values of all the phases. Due to their increased thermal

shock resistance, Sc2BiB and Sc,BrB have become potential options for TBC materials.
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Table 4.4: Bulk moduli B (GPa); shear moduli G (GPa); Young’s modulus Y(GPa), macro

hardness (Hqero ), Micro hardness (Hypicro),Pugh’s ratio (G/B) and Poisson’s ratio (v), f—

index, radiation factor (\/G/p3)(m4/Kg.s), acoustic impedance (Z)(Rayl) of SccAX (A = Bi,

Br; X=C, N, B) MAX phases.

Parameters Sc2BiC Sc2BIN Sc2BiB  Sc2BrC  ScoBrN  Sc2BrB  Sc:AIC  Sc2AIN
B 96.1 1028  67.9 91.5 99.9 65.7 86.1 102.3
100.1° 944" 113.1° 91.1%  110.4°
G 59.9 55.9 39.2 69.6 75.5 40.2 109.7 78.8
56.0° 64.0°  69.4° 111.7¢  72.9°
Y 148.7 1420 986 1666 180.9 100.2 1334  188.2
141.6° 156.6° 172.8° 139.5%  179.4°
v 0.25 0.27 0.26 0.20 0.20 0.25 0.24 0.19
0.26° 0.22°  0.24"° 0.24°  0.23°
Hpacro 9.59 7.33 599 1439 1509  6.76
Hoicro 9.82 8.62 632 1412 1520  6.65
8.80° 11.79° 11.78°
G/B 0623 0544 0577 0761 0.756 0611 0.624  0.770
f 1.40 1.44 1.47 1.47 1.40 1.49  1.059"°  0.994°
\G/p® 0.41 0.36 0.39 0.84 0.79 0.75  1.391°  1.16°
Z x 106 2056 2052 1572 1794 1934 1292 12.76°  16.23°

“ Reference [48], " Reference [60]

The ductility or brittleness of the solids can be studied using the calculated values of

Young's modulus (Y), bulk modulus (B), and shear modulus (G). The brittleness or

ductility of the compounds is determined using Pugh's ratio G/B, where G/B > 0.57

suggests brittleness and G/B < 0.57 indicates ductility [104]. In addition, Poisson's ratio

(v) can foretell a material's brittleness or ductility. Frantsevich et al. [105] state that a

substance is brittle if its Poisson's ratio is less than 0.26 and ductile if it surpasses this

threshold. According to the present study, ScoBiN and Sc2BiB are ductile compounds,

but the remaining phases are brittle, as shown in Table 4.3. While Sc2BiN, Sc2BiB, and

Sc2BrB phases have never been reported, the values found for Sc.BrC and Sc.BrN

accord well with those previously reported by Dominik et al. [60] (represent in Table
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4.4). While MAX phases are generally characterized by their brittle nature, certain
specific MAX phases demonstrate ductility. Notable examples include Zn,GaB (v =
0.273), Mo.GaB (v = 0.276), Sc2SB (v = 0.27), Y2SB (v = 0.277), and Sc2GaB (v =
0.275) [97,106,107]. These compounds exhibit ductile behavior, corroborating findings
from this studies ScoBiN (v = 0.27) and Sc.BiB (v = 0.26) that highlight their

exceptional mechanical properties.

In addition, Poisson's ratio offers crucial new information about the inter-atomic forces
that keep crystal structures stable. Poisson's ratio values for Sc2BiC, Sc2BiN, Sc2BiB,
and ScoBrB phases range from 0.25 to 0.50, demonstrating central forces supporting
their crystal structures. Poisson’s ratio of the other phases, Sc2BrC and Sc2BrN, fall
outside of this range (below 0.25 or above 0.50), indicating the contribution of non—
central forces to stabilize their crystal structures [108].

Machinability is a crucial determinant of a material's performance, which has been

calculated using the following formula [50]:

Where, B stands for the bulk modulus. Table 4.3 provides the U,values for all
compounds, and the following is a ranking of machinability: ScoBrB > Sc2BiB >
ScoBIC > ScoBIN > Sc:BrN > ScBrC. Sc:BrC demonstrated the lowest U,, as
anticipated to its largest Cas value. It's important to note that the variance in B and
Cuasvalues accounts for the difference in U, values. Nevertheless, the reported Uy
values are equivalent to those of other 211 MAX phases, including Ti2AIC [109], which
has a machinability index of 1.23. Although other 211 phases, such as W>SnC (U, =
33.3) and Mo2PbC (U, = 15.8), have extremely high U,, values, these phases' have
very low Ca4 values (6 GPa for W>SnC and 10 GPa for Mo2PbC) [16,50].

Fracture toughness (K;.-), which gauges the ability of a material to resist crack
extension, is another essential factor. TheK;, of SccAX compounds (A =Bi, Br; X=C,

N, B) was calculated using the following formula [110]:

Kie = V,/°G(B/G)Y/? N X )|
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According to the K;-values listed in Table-4.3, Sc:BrN has a stronger resistance to
crack extensions than the other compounds. Sc2BrN is found to have the highest K;.
value (1.37 MPa m¥?), which is much less than the values for other MAX phases,
including TisSiC, (7.0 MPa m*?), Ti,AIC (6.5 MPa mY?), Ta,AIC (7.7 MPa m'?),
andVAIC (5.5 MPa m*?) [111].
The brittleness index (Mg), which is related to hardness (Hy) and Fracture toughness
K, to better understand the resistance to deformation or damage tolerance [112] has
been calculated as follows [113]:
Hy

My = & N ¢ X))

Kic

Where Hy is the Vickers Hardness represented by Chen's formula [113]. While Mg
measures a material's damage tolerance, K;. assesses a material's resistance to fracture.
Better damage tolerance is indicated by a lower Mgvalue. Table 4.3 lists the My values
for the SccAX compounds, in which Sc:BiN (Mg = 6.02) shows the low value and

exhibit the substantially higher damage tolerance than all other studied phases.

The hardness parameter and the value of Cas are directly related, as was already
indicated. The results reported in Tables 4.3 and 4.4 clearly show that a higher Cas value
denotes a greater hardness parameter (H,,qcro &Hmicro) [112,114]. The hardness of

ScoAX was determined using the formulae and listed in Table 4.4.

(1—2v)Y

Hyacro = 2[(G/B)ZG]O'585 —3; and Hpjcro = m

e (4.10)

Among all the compounds under investigation, the computed values for H,,;.
obtained for Sc2BiC, Sc.BrC, and ScoBrN correspond well with previously published
data by Dominik et al. [60], which is displayed in Table 4.4. Meanwhile, other ScoBiN,
ScoBiB, and ScoBrB phases lack any previous reports. According to the obtained
Hoppacro Value SC2BIN (Hpaero = 15.09GPa) is predicted to be the hardest compound

among the studied phases, whilst Sc.BiB displays the lowest value (H,,qcr0 = 5.99
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GPa). Vickers hardness (Hy) [presented in Table-4.6], which is believed to be more
accurate, particularly for partially metallic systems like MAX phases, [115,116].
Mourad Rougab et al. [117] calculated the Vickers hardness for the F,CuB and F2ZnB
phases, obtaining values of 5.08 and 9.00, respectively, through a semi-empirical
method. These compounds exhibit lower hardness compared to the macro hardness
(Himacro), & micro hardness (H,,;cro) OF the studied ScoAX phases and higher hardness
compared to Vickers hardness(H,) that computed by the Mullican population

approach. It's remarkable that the results of (H,,)differ for using different method.

The f—index, which is calculated by contrasting linear compressibility towards the a—
and c—axes, is an important variable that aids in determining the bonding strength and

anisotropic behavior along these axes [16].

_ (€11 + Cip — 2Cy3)
(C33 — Cy3)

(4.11)

A value of ‘f” is greater (lower) than 1, indicating stronger chemical bonding in the ‘ab’
plane along the c-direction as evident in Table 4. 4. A weaker bonding in the c-direction
implies the possibility of chemical exfoliation to derive 2D MXene materials, which is
also observed for all compounds studied here. Chemical solutions have previously been
utilized in experiments to exfoliate Ti,AIC, resulting in the formation of the 2D Ti.C
system [118,119]. Given this precedent, we predict that SccAX compounds, with *f
values ranging from 1.40 to 1.49, would serve as optimal candidates for experimental
exfoliation, particularly since Ti>AIC (f =1.174) has already been successfully

exfoliated.
4.3.2. Acoustic behavior

Determining a material's acoustic impedance concerning its surrounding medium is
crucial for designing effective transducers and providing noise reduction. At their
contact, the differences in acoustic impedance between the two materials have a
significant impact on the transfer of sound and reflection. Higher sound transmission
happens when the acoustic impedances of two materials are close to one another while

sound is transmitted between them. Most of the sound will be reflected, though, if the
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impedances are sufficiently different. The material's mass density (p) and shear

modulus (G) can be used to represent acoustic impedance (Z) as the following equation:

Z = \JpG e (412)

The potential for extraordinary applications becomes apparent for materials with
increasing densities and shear moduli.

The sound radiation intensity is very important in situations where soundboards are
used, notably in musical instruments. The radiation factor, often known as (W), is
a desirable property for materials used in instruments. The following equation denotes
the relationship between the sound intensity of radiation (I) and the density and stiffness
of the material [100].

I =.6/p3 et e (413)

Advanced materials research in this field is concentrated on creating substances with
appropriate acoustic characteristics. For the SccAX phases, the results demonstrated in
Table 4. 4 suggest attractive prospects for soundboard applications.

4.3.3. Mulliken atomic population

Mulliken population data analysis for non—magnetic systems provide Mulliken charges,
Hirshfeld charges, and Mulliken bond populations. The CASTEP code projects the
surface wave states via a localized basis employing the technique proposed by
Sanchez—Portal et al. [120]. The Mulliken technique's framework is then utilized to
perform a population analysis [121]. The following formulas can be used to determine

the Mulliken charge that corresponds to an atomic species "A™:
onA
0(4) = kakzz Y P (05(K) Y. e (414)
u v

Where B,,, denotes the density matrix and S,,,, denotes the overlap matrix. Two atoms

A and B's united bond population can be determined as:

P(AB) = kak Z zznAZ:nszw (K)S 10 (K) e (4.15)

The finding of positive and negative Mulliken charges in Table-4.5 denotes electron

gain and loss, respectively. In this case, positive Mulliken charges on Sc and Br atoms
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indicate electron loss during bonding, while negative Mulliken charges on Bi and X (X
= C, N, B) atoms indicate electron gain. This information implies that X atoms (C, N,
B) are more effective at absorbing electrons than Bi atoms during bonding, while Br
atoms are more likely to lose electrons than Sc atoms. The difference between the
Mulliken charges and the formal ionic charges on the anion species can be used to study
the nature of chemical bonding and the strength of these bonds. The effective valence
charge (EVC) can be determined using this discrepancy. An ionic bond would have an
EVC value of zero, whereas rising covalency would be demonstrated by values greater
than zero. It is readily apparent the bonding between the atoms involves a significant
amount of covalence based on the calculated EVC values for the examined Sc.AX
phases displayed in Table 4.5. The following result suggests that these chemical
bonding are more covalently strong. The bond population demonstrates bond
covalence, which also shows how electron densities are distributed inside the

compounds.

The Sc2AX phase's estimated Bond Overlap Population (BOP) is shown in Table 4.5.
It has been discovered that a low population overlap and a high amount of ionicity are
related. In contrast, a high value denotes a high degree of covalence in the chemical
interaction [122]. The positive and negative BOP are caused by the bonding and anti—
bonding states, respectively [76]. It has been noted that B—Sc bonds are seen to be more
covalent in the ScoBrB phase than the other. In the present research, it is seen that
ScoBIC, ScoBIiN, and ScoBiB phases all display positive BOP, whereas Sc2BrC,
ScoBrN, and Sc2BrB phases demonstrate both positive and negative BOP. The Sc—Br
bond has a high negative BOP in the Sc2BrN phase, whereas the identical bond is seen

with a modest negative BOP in the Sc2BrC and Sc2BrB phases, respectively.
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Table 4. 5: Mulliken population analysis of Sc;AX phases.

Phases Atoms Mulliken atomic population Effective valance
S P d Total Charge charge
(e)
Sc2BiC C 150 3.31 0.00 481 -081 —
Bi 182 332 999 1513 -0.13 4.87
Sc 225 6.63 165 1053 047 2.53
ScoBIN N 1.71 4.08 0.00 578 -0.78 —
Bi 1.80 3.32 999 1511 -0.11 4.89
Sc 223 660 173 1055 045 2.55
Sc.BiB B 1.25 251 0.00 376 -0.76 —
Bi 185 327 999 1511 -0.11 4.89
Sc 228 6.66 163 1056 0.44 2.56
Sc2BrC C 149 331 0.00 480 -0.80 —
Br 1.62 524 0.00 6.86 0.14 6.86
Sc 235 6.63 170 10.67 0.33 2.67
ScBrN N 1.70 4.08 0.00 5.78 -0.78 —
Br 1.73 522 0.00 6.95 0.05 6.95
Sc 229 656 179 10.64 0.36 2.64
Sc.BrB B 1.20 258 0.00 3.78 -0.78 —
Br 151 525 0.00 6.77 0.23 6.77
Sc 241 6.69 163 10.73 0.27 2.73

Therefore, it may conclude that the anti—bonding states in the ScoBrX phase are mainly
responsible for the same negative Sc—Br bond. The chemical bonds in SccAX phases
can be evaluated for metallicity(fm) using the following formula [123]:
P,
u

fm=— e (4.16)
u

Investigating metallicities in different Sc2BiX and Sc.BrX phases shows attractive
bonding traits. The C-Sc, N-Sc, and B—-Sc bond metallicitiesfm in the Sc2BiC, Sc2BiN,
and Sc2BiB phases are calculated to be 0.0019, 0.168, and 0.0031, respectively. The
metallicity fm values for the C—Sc, N-Sc, and B—Sc bonds in the Sc.BrC, Sc2BrN, and
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ScoBrB phases, on the other hand, are 0.013, 0.0038, and 0.364, respectively. The
ScoBiX phases exhibit a notably high covalent character in their bonding, according to
these studies. By integrating both covalent and metallic properties, the ScoBrX phases,
in contrast, display a more complex bonding behavior. Intriguingly, theSc.BrB phase
stands out with the highest metallicity of all the phases studied, indicating a

considerable metallic input to its bonding.
4.3.4. Theoretical Vickers Hardness

A solid's mechanical properties, combining both internal and external variables, affect
how hard it is. The hardness of a material is greatly influenced by its natural properties,
including adhesive energy, crystal arrangement, and strength of bonds. These qualities
are intrinsic to the solid and deeply embedded in its atomic and molecular arrangement.
Testing methods, temperature, and other factors can all affect experimental indicators

of hardness.

It is a challenging task to theoretically calculate the hardness of MAX phases, which is
a partially metallic compound. To calculate the Vickers hardness theoretically for
partially metallic systems, Gou et al. [124] amplify a model from Gao’s equation, based

on the Mullikan bond population suing the following equation:

5
HY = 740(P* — P*)(v}) 3 ORISR ¢ % V)

Here, P*representthe positive Mulliken BOP, while the metallic population P is
generated from the unit cell volume (V) and the number of free electronsns.., =
Jo) N(EYAEWith P* = np/V. Using vl = (d*)3/%,[(d*)*N}], where d* is
the bond length and N, is the number of bonds per unit volume, one may determine the

bond volume v} .
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Table 4.6: Mulliken bond number (n*), bond length (d"), bond overlap population
(p"), metallic Population (p*'), bond volume (vs*) of p — type bond and Vickers
hardness Hv of Sc,AX phases.

Compounds Bond n* d+(A) pH ' vh(A3) Hy(GPa) Ref.

2.2885 1.14 0.0022 36.58 2.089  This
2.2379 0.88 0.0148 34.529 1.749  This
23960 1.18 0.0037 40.823 1.798  This
22820 1.27 0.0166 10.506 2.767  This
2.2197 0.89 0.0034 7.0117 2.165  This
2.3874 149 0.05431 12.116 2.684  This
2.2927 1.17 0.00568 36.60 2.1 [52]
23889 1.73 0.0175 38.781 2.85 [47]

ScoBiC C-Sc
ScoBiN N —Sc
Sc.BiB B -Sc
Sc2BrC C-Sc
ScBrN N -Sc
Sc.BrB B-Sc
Sc2SnC C-Sc
Hf.BiB B-Hf

A A A M B DB B~ B

This model helps to explain the mechanical characteristics and hardness of partially
metallic materials. The hardness of crystals with intricate multiband structures can be
calculated by averaging the hardness values of all the relevant bonds geometrically. The
formula for this computation is [125,126]:

H, = [nu(H{,‘)"u]l/znu e . (418)

Table 4. 6 contains the hardness values of Sc2BiC, Sc2BiN, Scz2BiB, Sc.BrC, Sc2BrN,
and Sc.BrB, which are 2.089, 1.749, 1.798, 2.767, 2.165, and 2.684 GPa respectively.
As evident, Bi-based compounds have lower hardness values than ScoSnC [52], while
the values are higher for Br-based compounds. The Vickers hardness of Sc.BrC
surpasses that of other investigated compounds. The obtained hardness values, ranging
from 1.749 to 2.798 GPa, fall within the typical range for MAX phases, which is
between 2 to 8 GPa [115]. This indicates that ScoBrC, like other MAX phases, exhibits
softness and ease of machinability. Comparable MAX compounds, such as Sc2InC [54]
(Hv = 2.4 GPa), ScoGaB [106] (Hv = 2.005 GPa), and ScoSnC [52] (Hv = 2.1 GPa),
display similar characteristics. Among the examined borides, nitrides, and carbides,

Sc,BrC stands out for its ideal combination of mechanical properties.
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4.4. The elastic anisotropy

A quantitative evaluation of directional-dependent characteristics under the effect of
external stress is required to understand the idea of elastic anisotropy parameter. This
phenomenon is crucial to numerous crystalline solids—specific physical processes.
These processes include fluid exchange in poor—elastic materials, internal abrasion,
phase transitions, and plastic deformations. They also include crack initiation, crack
propagation, micro-scale fracturing in ceramics, nontraditional phonon modes,
precipitancy, enhanced charged defect mobility, and dislodgment dynamics [127,128].
Atomic configurations along the a— and c—axes can vary because of the MAX phase
materials layered hexagonal symmetry.

Investigations into the anisotropic properties of SccAX compounds use a variety of
formalisms. A1, A2, and Az indicate the elastic shear constants at the [100], [010], and
[001] directions of hexagonal crystals, respectively, and are computed using the

following equation [129].

Table 4.7: Anisotropy factors of SccAX (A = Bi, Br; X =C, N, B).

Phases A1 Az As Ba B K.,/K, As Ac AV Ref.
ScBiC 139 0.79 111 27854 336.01 140 0.694 1036 0.1187 This
Sc;BIN 1.25 1.01 1.26 29248 388.28 1.44 0.701 0.527 0.0671 This
Sc;BiB  1.12 092 1.03 192.15 264.89 147 0.751 0.255 0.0407 This
ScoBrC 181 0.78 0.92 27229 29543 1.48 0.999 0.826 0.1035 This
ScoBrN  1.21 0.76 091 29258 336.03 1.39 0.721 0.934 0.1089 This
Sc;BrB 1.26 145 1.82 199.31 19981 1.49 1118 2.873 0.3185 This
Sc,SnC 122 095 1.16 - - 1.12 0.077 0.28 0.029 [52]
Hf>BiB 0.84 1.17 0.99 293 620 0.94 0.017 0.322 0.033 [47]

The values of these variables, as displayed in Table 4.7, indicate that the compounds

under consideration are anisotropic.

Ay

_ 2(C1q 4 Cip 4 2C33 — 4Cy3) _

C4-4-

] 2 =

Cll - C12
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%(Cll + C12 + 2C33 - 4'C13)
Cll - ClZ

In order to calculate the Bulk Modulus (B) in the a— and c—directions, the following
relationships are used [130]:

B = dP_A_B_dP_Ba 420
a =ag =i B =com = v e e e (4.20)

_ (C11 + C1p) — 2013

Where, a ) and A = 2(C11 + ClZ) + 4C13af + C33a2
C33 + C13

B_ is noticeably higher than B, in the compounds under consideration, suggesting that
compressing the materials in the a—direction is easier than in the c—direction.
Using the bulk modulus (Voigt, Reuss) and shear modulus (Voigt, Reuss) formulas, the

percentage of anisotropy in compressibility (Ag) and shear (A;) is calculated [131]:

= Bv =B 100%; A, = L OR 1009 (4.21)
BV T BR ; G .

A
B Gy + Gg

Additionally, the following is an estimate of the universal anisotropic index AY [132]:

Gy , By
AV =5—4+—-6>0 e (422
. VB, (4.22)

The non-zero values of Ag, A, and AY (Table 4.7) affirm the anisotropic nature of
these solids [133].
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Fig. 4.8(i): 2D and 3D presentations of (a) Young’s modulus, Y (b) Linear
compressibility, K (c) Shear modulus, G (d) Poisson’s ratio, v of the Sc2BiC.
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Fig. 4.8(vi): 2D and 3D presentations of (a) Young’s modulus, Y (b) Linear
compressibility, K (c) Shear modulus, G (d) Poisson’s ratio, v of the Sc,BrB.
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The use of 3D contour graphs and their 2D projections allows for a visual depiction of
mechanical anisotropy. A perfect sphere denotes total isotropy, while variations from
the sphere's shape reflect the degree of anisotropy [134]. The stiffness matrix—based 2D
and 3D plots produced by the ELATE [135] program are shown in Figs. 4.8 (i-vi).

The Young's modulus (Y) and compressibility appeared to be anisotropic in the ‘Xz’ and

‘yz’ planes, while it is isotropic in the Xy’ plane, as shown in Figs. 4.8(i-vi).

Table 4.8: Calculated minimum and maximum values of the Y, 1/B, G, v, and the ratio (A) of them
for SccAX (A = Bi, Br; X =C, N, B) phases.

Phase  Yiuin  Ymax Ay Kmin  Kmin Ak Gmin Gmax 4¢  Vmin Vmax Ao
GPa GPa TPa! TPa™? GPa GPa
Sc:BiC  133.8 168.1 1.26 3.08 432 140 51.08 68.80 1.35 0.17 0.31 1.89
ScoBIN 1357 1496 1.10 2.85 409 144 5327 6236 1.17 019 0.39 2.00
Sc;BiB 923 106.1 1.15 4.28 6.29 147 37.06 40.83 110 0.21 031 152
ScoBrC 1479 1903 1.29 3.17 469 148 6107 7841 128 0.15 0.25 1.69
ScoBrN 161.3 206.8 1.28 2.97 415 139 65.12 86.17 132 0.15 0.26 1.78
ScBrB 92 1144 124 441 6.57 149 30.79 4591 149 010 049 494

As seen in Figs. 4.8(i-vi) shear modulus is shown across two surfaces in both 2D and
3D renderings. The lowest values are shown by the green line, while the blue line
represents the greatest values for each angle. The minimum value denoted by the green
line shifts in the direction of the horizontal axis for Sc2BiC, Sc2BiB, and Sc.BrB. The
axes of the xz— and yz—planes are parallel to the maximum values (denoted by the green
line), whereas the axes of the minimum values are at a 45—degree angle. The axes of
the xz— and yz—planes correspond to the maximum values of the blue line for the other
compounds Sc2BiN, Sc:BrC, and Sc2BrN, whereas the axes of the corresponding
minimum values are at a 45° angle. An indication of isotropy within the xy plane is
conceivable.

[Figs. 4.8(i-vi) show the anisotropic nature of Poisson's ratio (v) in the xz— and yz—
planes. The two lines, blue and green, signifying the highest and lowest values for each
angle, show the detailed anisotropic pattern.

The minimum and maximum values of Y, K, G, and v for the SccAX phases are given
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in Table 4.8. This table demonstrates that Sc.BiB exhibits the least anisotropy, whereas
ScoBrB exhibits the highest level of anisotropy in comparison to the other
studied compounds. The table further broadens its coverage to include the minimum
and maximum values of Y, K, G, and v for different other 211 MAX phases, revealing

a comparable level of anisotropy.
4.5. Thermodynamic properties
4.5.1. Thermodynamic potential functions

The thermal characteristics for SccAX (A = Bi, Br; X= C,N, B) at zero pressure using
the quasi—harmonic approach [136] were calculated, which allowed us to determine
crucial thermodynamic potential functions, including internal energy E, Helmholtz free
energy F, and entropy S.

The equilibrium state of a system can be thoroughly analyzed using the thermodynamic
potential functions. The following formulas were used to determine the computed
parameters F, E, and S [137]:

Wmax
F = 3nN4KzT f In{2 sinh(hw/2KgT)}g(w)dw N € VA5) |
0
Wmax
h
E = 3nNA§f w coth(hw/2KzT)g(w)dw e e (4.24)
0
Wmax
hw
S = 3nN,kg j [ZkBTcoth(hw/ZkBT)
0
— In{2 sinh(hw/2kgT)} g(w)dw ... oo cev cev v e en v e .. (4.25)

In these equations,kgzstands for the Boltzmann constant, N, represents Avogadro's
number,nfor the number of atoms per unit cell, w,,,, for the cut—off phonon frequency,
for the phononfrequency, and g(w)for the normalized phonon density of states,
satisfying, [""* g(w)dw = 1.

It is important to note that in the 0-1000 K temperature range, the thermodynamic

properties were calculated without taking any phase shifts into account, as shown in
Figs. 4.9 (a-c). Free energy, enthalpy, and entropy values for all phases at temperatures
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below 100 K are essentially nonexistent. Beyond this point, the free energy, which is a
common characteristic in solids going through natural processes, exhibits a nonlinear
decline and starts to get progressively worse as the temperature rises. As expected for
solids, the enthalpy (E) increases as the temperature rises.

Entropy is a crucial factor in measuring the number of possible configurations at the
microscopic level and contributes significantly to assessing a system's disorder. The
system's entropy also increases noticeably with temperature and is influenced by lattice
vibration. The rise in temperature-induced thermal disturbance, which results in more

disorder, is thought to be the cause of the increase in entropy.

Additionally, the following thermal properties, such as linear thermal expansion
coefficient (TEC), heat capacity at constant pressure (Cp), and heat capacity at constant

volume (Cy), were assessed using the equations [138,139]:

XD
C —9Nk(T)f l - TEC = vy : C
v = TEB G ) ) ex — 1)’ = 3B P
0

= Cy[1 + (TEC)YT] weeove e e (4.26)

Here, n stands for the number of atoms per formula unit, Na represents the Avogadro
number, kzdenotes the Boltzmann constant, Bt represents the isothermal bulk modulus,
Vi for the molar volume, and y stands for the Griineisen parameter, in that order. xp
=6, /T is also used as a constant.

The fluctuations in C,,, TEC, and C,, for Sc;AX compounds over the temperature range
of 0 — 2000 K are shown in Figs. 4.9 (d-f). As the number of degrees of freedom for
particles increases, so does a material's heat capacity, which gauges its ability to absorb
thermal energy. At low temperatures below 300 K, the heat capacity follows the Debye—
T2 power—law, while at high temperatures above 600 K, it approaches the Dulong—Petit
(DP) model. The difference between C,, and C, results from the thermal expansion of
materials, which is impacted by anharmonicity in the lattice dynamics. This thermal
expansion denotes how much a unit cell enlarges with each degree Kelvin increases in
temperature [140]. Additionally, in Fig. 4.9(f), the temperature—dependent linear

thermal expansion coefficient (TEC) is shown.
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The findings show that TEC increases rapidly up to 220 K, then steadily between 250K
and 400K before reaching a value that is almost constant at high temperatures. Sc2BiC,
Sc2BiN, Sc2BiB, Sc2BrC, Sc,BrN, and Sc,BrB have TEC values of 8.51x10°°, 9.25x10"
6 10.88x10°°, 8.64x10°°, 8.03x10°°, and 12.11x10°K* at 300 K, respectively.

These values are comparable to those of several other MAX phases, such as M2SX (M
=Zr, Nb, Hf; X =B, C) compounds [115], which have TEC values 6.71x1075, 5.90x10"
6 6.22x10°°, and 7.05x10°K™* at room temperature (300 K), respectively. A very low
value of TEC is a prerequisite for application in high-temperature technology.

The strong mechanical properties of the MAX phases at high temperatures have made
them promise as possible candidates for high—temperature technology. Therefore,
sharing knowledge regarding their high—temperature applications is crucial. Thermal
barrier coating (TBC) elements are a crucial prerequisite for numerous high—
temperature technological applications. The turbine blades of gas turbine engines are
commonly treated with TBC to increase their efficiency at high temperatures. The
thermal properties, such as Debye temperature (8,), phonon thermal conductivity (kph),
minimum thermal conductivity (Kmin), Grineisen parameter (y), and melting
temperature (Tm) [87,141] can be used to select the materials for use at high

temperatures.
4.5.2. Debye temperature

The Debye temperature (6,,) regarded as a crucial thermal parameter since it connects
the mechanical properties of solids to other important physical processes. The greatest
vibrational frequency, also referred to as the Debye frequency, corresponds to the
Debye temperature, which in a crystal activates all conceivable lattice vibrational

modes.

The calculation of 6, is made easier by using Anderson's method [142], which is
frequently used to compute the sound velocities in solids.

The calculation is dependent on the following equation:

o, — i[(in)wrv (4.27)
D K, \arr) M m .
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Table 4.9: Calculated Density (p), sound velocities (vi, vt and vm), Debye temperature (Op),
Gruneisen parameter (y), minimum thermal conductivity (Kmin), Lattice thermal conductivity (Kph)
and Melting temperature (T;,,) of SccAX (A = Bi, Br; X =C, N, B).

Phase p v (2 U, 0p Konin kpn Y T,, Ref.
(gm/cm (m/s) (m/s) (m/s) (K) (W/mK) (W/mK) (K)

SceBIC  7.058 4992 2912 3230 800 0.64 29.19 151 1197 This
ScoBIN - 7.526 4854 2726 3033 816 0.63 25.53 159 1181 This
SceBiB 6.301 4367 2494 2771 772 0.51 28.91 154 908 This
Sc.BrC 4621 6315 3881 4283 831 0.92 23.93 1.27 1222 This
ScoBrN - 4953 6363 3905 4310 847 0.96 23.42 1.28 1301 This

Sc.BrB 4152 5360 3111 3452 804 0.69 17.00 150 914 This
SceSnC - 5.005 6017 3593 3976 449 0.79 19.16 1196  [52]
Hf:BiB  12.33 4175 2416 2681 297 0.78 1.33 [47]

The terms h, Kz, and N, in this equation stand for the Planck constant, Boltzmann
constant, and Avogadro number, respectively. M stands for the molecular weight, n for
the number of atoms in the molecule, and for the mass density. The following formula

can be used to determine the mean sound velocity, abbreviated as V;,,:

_1/
- E(E+2) 7 428
Uy = s\e2teE) e (4.28)

Here, v;denotes the sound velocity in the longitudinal and v, represent the transverse

modes and the values of v; and v, are estimated by the formulae below:

1

3B + 4G\z G\?
v = (T) ;U = (;> v e (4.29)

Table 4.9 shows the computed values of v;, v;, v, and 8, for the Sc;AX compounds.
A substance’s ability to conduct heat is greatly influenced by the sound velocity of that

material.

The compounds are in the following order, based on the expected values of 6,,: ScaBrN
> Sc2BrC > ScoBiN > Sc:BrB > ScoBiC > Sc2BiB. These compounds' typical sound
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velocities also follow the same pattern as 8. Notably, a recent study by Hadi et al.
revealed a potential thermal barrier coating (TBC) material belonging to the MAX
phase family (V2SnC) [143] that has a 6, value of 472 K. The Y4Al209 [103] compound
is a well-known TBC material with 8pvalue 564 K, which is lower than all of the
ScoAX compounds investigated. This implies that the investigated compounds have

promise as prospective TBC material candidates.
4.5.3. Melting temperature

In order to determine the melting temperature (T;,,) of hexagonal crystals like the MAX
phases, Fine et al. [144] developed an empirical method that makes use of single-

crystal elastic constants. The following is the calculation ofT,,'s formula:

The computed T,, values for the ScoAX phases are shown in Table-4.9 below.
Interestingly, ScoBrN has the highest melting point, whilst Sc.BiB has the lowest.
Crystals with higher melting points have stronger interatomic forces at work. As a
result, a relationship between the elastic moduli and the crystal melting point can be
found, which has been demonstrated in Fig. 4.10 (a) for ScoAX phases. According to
the analysis, the melting point correlates more favorably with the bulk modulus (B) and

Young's modulus (Y) than it does with the shear modulus (G).
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Fig. 4. 10: (a) Melting temperature with elastic moduli, (b) Lattice thermal

conductivity as a function of temperature.
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4.5.4. Lattice thermal conductivity

The lattice thermal conductivity (K,,) offers important details regarding how heat

energy is transferred through lattice vibrations in a material because of temperature

gradients. To compute Kpn, Slack [145] proposed the following empirical formula:

M,,036
Kon = A(y) =7 e (431)
y2nsT
31 +v) 132
Y =2z 30 o2 (432)

The absolute temperature, in this case, is T, 8 is the Debye temperature, the Griineisen
parameter is represented by y, and the total number of atoms in the unit cell is indicated
by n. Higher values of the Grlineisen parameter (y) indicate lower phonon thermal
conductivity because of significant anharmonic contributions. [131]. M,,denotes the
compound's average atomic mass per atom. The following expression can be used to
calculate the formula's coefficientA(y):

2 _ 4,85628 x 107
) = ) (1 0514 O.228)
Y y?
The computed K, values for SccAX compounds at 300K are provided in Table-4.9,

o (433)

along with the appropriate Griineisen parameter, and their temperature dependence is
depicted in Fig. 4.10 (b). As temperature rises, there is a steady decrease in lattice
thermal conductivity. Among the investigated phases, Sc2BiC displays the greatest K,
value, while Sc2BrB displays the lowest. Thek,,, values for the 211 MAX phases were
reported to range from 2.5 (W/mK) to 36 (W/mK) [2]. Furthermore, a MAX phase
(Ti2SnC) [52] with a K, value of 30 (W/mK) has been reported by Hadi et al. , which

is higher than the compounds investigated here.
4.5.5. Minimum thermal conductivity

The lower limit of a compound's inherent thermal conductivity at high temperatures is
represented by its minimal thermal conductivity (K,,;). It functions as an essential
indication for materials designed for high—temperature applications. A typical method
for determining the minimum thermal conductivity of solids is the Clarke model, given
by the equation [146]:
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m A\
Kmin = Kva (m) (434)

The K,,in values obtained after applying this model are listed in Table 4.8. These
numbers are strongly dependent on the mean sound velocity (v,,). It is noteworthy that
the lowest v,,,matches the lowest K,,;,value. Due to its remarkably low v,,, Sc.BiB
compound has the best K,,;;, among all compounds. The studied Sc,AX phases have
lower K,,;,, values than traditional TBC materials like V2SnC [143] (1.20 W/mK) and
Y 4Al;09 [103] (1.13 Wm1 K1), establishing them as extremely interesting options for
TBC applications.

Additionally, the thorough analysis of the parameters TEC, K,in, 0p, and T, for SC2AX
in comparison to the well-known traditional TBC material Y4AIl>Og [103] and the MAX
phase TBC material VoSnC [143] highlights the tremendous potential of ScoAX
compounds as TBC candidates. ScoBiB and Sc.BrN stand out as the best and most
viable options among them, demonstrating their applicability and potential in high—

temperature environments.
4.6. Optical Properties

In the field of materials science, investigating optical characteristics in solids has taken
on a central role and opened doors to a wide range of potential applications. This work
presents the optical properties of SccAX (A = Bi, Br; X = C, N, B) MAX. The optical
properties of the SccAX compounds for polarization orientations [100] are calculated
and presented in Fig. 4.11 and 4.12 up to 19 eV. By looking at their band structures, the
Sc,AX compounds all exhibit a metallic character, except Sc:BrB. The dielectric
characteristics of the compounds are strongly influenced by both intra—band and inter—
band transitions. The low—energy spectrum is refined by adding a plasma frequency of
3 eV. At 0.5 eV Gaussian blurring was used to improve k-point efficiency close to the
Fermi level. The complex dielectric function is e(w) = & (w) + ie,(w), where the
&, (w) represents light absorption, &, (w) characterizes the polarization of the material.

The imaginary portion of the dielectric function can be expressed [147]:
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2827'[ C V|2 C |4
& ) Wb rlvt P8CE] — Y — ) o (435)

E(w) = 0

k,v,c
Here, e denotes the charge of the electron, ¢ denotes the wave function of the
conduction band, ¥} denotes the wave function of the valence band, and w is the unit
vector defining the polarization of the applied electric field. The real part [e;(w)] of
e(w) can be calculated from the imaginary part by applying the Kramers—Kronig

transformation equation [148,149].

2 [ WE,()dds
&(w) = 1+=P 2(4)

) =) e (4.36)

In this case, P denotes the integral's primary value. Calculations for loss functionL (w),
reflectivity R(w), extinction coefficient K(w), refractive index n(w), absorption
coefficienta(w), and photoconductivity o(w), are used the following equation [150—
152]:

2

R(w) = @I =1 . (437)
VE(w)+1
_ €2(w)
L(w) = [T ()2 + (6, (@)]7] v e e e (4.38)
K(w) = i[J{sl(w)}z ¥ {5, (0)}2 —Sl(w)]l/ ? e (439)
V2
1 1
n(w) = ﬁ[\/{sl(w)}z F (€, ()] +€1(a))] 2 e ene (4.40)
Y
a(w) = V2w [¢{51(w)}2 F (€, ()} —81(0))] 2 (4.41)
o(w) = a;—iz e (4.42)

The complex dielectric behavior of the MAX phases for incident photon energy is
vividly depicted in Figs. 4.11 (a, b). At lower frequencies, intra-band transitions
predominate, whereas the band structure and inter-band term are closely entwined, as
noted [153]. As the real part of the dielectric constant &, (w)approaches zero from
below, it becomes clear that Drude-like behavior is emerging. The value of

&, (w)transition from below to zero at distinct energiesl6.34, 13.93, 17.61, 18.32,
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18.20, and 17.44 eV for Sc2BiC, Sc2BiN, Sc2BiB, ScoBrC, ScoBrN, and Sc.BrB
compounds, respectively. At the same time, the significant positive values of &,(w)at
lower energies indicate strong absorption tendencies for [100] polarizations within
ScoAX phases. Interestingly, for both polarization directions, the values of &,(w)
switch from above to zero at around 16.34, 13.93, 17.61, 18.32, 18.20, and 17.44 eV
photon energy for ScoBiC, ScoBiN, Sc2BiB, Sc2BrC, Sc2BrN, and Sc2BrB compounds,
respectively. This behavior indicates the metallic character of the Sc;AX (A = B, Br;
X =C, N, B) MAX phases.
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Fig. 4.11: (a) Real part of dielectric constant, (g;); (b) Imaginary part of dielectric
constant, (g,); (c) Loss function, (LF); and (d) Reflectivity, (R) of SccAX for [100]

polarization directions.

The loss function, a crucial optical metric, represents the amount of energy that a high—
speed electron gives up when moving through matter. The loss function for SccAX is
shown in Fig. 4.11(c). The bulk plasma frequency (w,), where &,(w) <0 and &, (w) =

0, coincides with its peak.
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It is significant that the loss function spectrum is used to obtain the bulk plasma
frequency (w,). When the frequency of the incident light exceeds the plasma frequency
in the context of the researched ScoAX (A = Bi, Br; X = C, N, B) MAX phases,
transparency is expected. For Sc2BiC, Sc2BiN, Sc2BiB, ScoBrC, Sc2BrN, and Sc2BrB,
the w, was found at 16.98, 17.68, 17.69, 19.48, 20.05, and 17.49 (19.5) eV,
respectively. It is noteworthy that the loss function's peak energy matches the trailing
edges of the reflection spectrum.

The term reflectivity can quantify this effect, which denotes the proportion of the
reflected wave to the incident wave. The reflectance spectra for compounds Sc,AX with
a particular crystal orientation [100] are shown in Figs. 4.11(d) as a function of photon
energy. The starting point of these spectra corresponds to zero frequency. More
specifically, the reflectance values at zero frequency R(0) for the compounds Sc2BiC,
Sc2BiN, Sc2BiB, Sc2BrC, ScoBrN, and ScoBrB are 0.76, 0.64,0.77,0.57,0.59, and 0.67,
respectively. According to Li et al. [154], a reference line is drawn at 44% of
reflectance (R) to assess their potential as coating materials for solar heating reduction.
This benchmark shows that MAX phases can reflect solar light and, as a result, reduce
solar heating in the visible region, with a consistent reflectivity in that region averaging
around 44%. All compounds, except Sc.BrC and Sc:BrB compounds, display
reflectivity above 44% in the infrared range (1.24 eV to 1.7 eV) and the visible range
(1.7 eV to 3.3 eV). It should be noted that ScoBrB exhibits noticeable reflectivity in the
infrared range, making it also a candidate for coating material that can block heat from
infrared rays. Intriguingly, the Sc2BiB compounds stand out when focusing on
polarization [100], with reflectivity reaching 44% in the ultraviolet (UV) region,
extending up to energies of 14.22 eV. The reflectance spectra of all substances tend to
approach zero at photon energies between 22 and 29 eV. All the compounds studied,
except ScoBrC, have promising qualities that could be used in solar heating reduction

applications.

The refractive index n(w) for SccAX is shown in Figs. 4.12(a), an important optical
parameter with major effects on the design of optical devices including photonic
crystals and waveguides. It is particularly helpful in adjusting optical functions. For our
examined compounds, Sc2BiC (14.13), Sc2BiN (9.02), Sc2BiB (15.08), Sc2BrC (6.95),
ScoBrN (7.64), and ScoBrB (10.91) using GGA PBEsol had different refractive index

67



Chapter 4 Results I Discussion

n(0) static values when analyzed in the context of electric field polarization along the
[100] direction. The growth of the refractive index with incident photon energy is
notable because it exhibits a behavior that is like that of &;(w), proving their
relationship. Elevated refractive index values are caused by a reduction in the wave's
propagation speed through ScoAX brought on by the presence of electron interactions.
The higher values of the refractive index clearly demonstrate this impact.
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Fig. 4. 12: (a) Refractive index (n), (b) Extinction coefficient (k), (c) Absorption
coefficient (a), and (d) Photoconductivity (o)of ScoAX for [100] electric field
directions.

Additionally, Figs. 4.12 (b) highlights the extinction coefficient, abbreviated ask(w),
emphasizing its significance in measuring the absorption loss when electromagnetic
radiation passes through an optical medium. It's interesting to note that the association
between the k(w) ande, (w) spectra is strengthenedacross all MAX phases covered in
this paper. The SccAX compounds' intrinsic features are indicated by the k(w)range,
which is between 0.7 and 2.21. At 23 eV, k(w) diminishes to zero, which is indicative
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of Sc2AX's unique oscillatory nature. Notably, k(w) exceeds n(w) within the energy
range of 5 eV to 17 eV, indicating a region where light penetration within the compound
is constrained. This phenomenon fits the characteristics of reflective metal detected in

ScoAX materials.

An important consideration for the materials used in solar cells is the absorption
coefficienta(w), which provides information on the effectiveness of solar energy
conversion. It determines the degree to which light of a particular wavelength is

absorbed inside a solid material.

The spectra of the SccAX (A = Bi, Br; X = C, N, B) MAX phases energy—based
absorption is shown in Fig. 4.12(c). It is noteworthy that the ScoAX absorption
coefficient a(w) starts at 0 eV when considering polarization orientations with a factor
of [100] due to their metallic properties. All phases display strong absorption
coefficients inside the UV area, as can be seen by looking at the absorption profiles. As
one moves into the UV region, the IR range shows a progressive increase in absorption
coefficients, peaking in the energy range of 7.5-14. 0 eV. Furthermore, 2.3t0 2.8 eV is
the range of the greatest value. The absorption spectra typically show little anisotropy
over the whole range of photon energies. It is interesting that the absorption coefficients
in the high—energy region show a noticeable rise. This finding highlights the potential
of SccAX compounds as absorbent materials, especially in this energy range.

Particularly in the visible and UV light ranges, these specialized materials are widely
used in optical and optoelectronic systems. As a result, their distinct absorption
characteristics raise the possibility of them enhancing optical and energy-related

technology.

A material’s photoconductivity o(w) is the phenomenon whereby its electric
conductivity rises because of absorbing light. The process of photoconductivity starting
from zero photon energy is shown in Figs. 4.12(d). This spectral response characteristic
is consistent with the strong metallic nature displayed by these compounds. Notably,
the distinctive photoconductivity spectrum trends confirm the compound’s metallic
properties. The maximum photoconductivity among the SccAX compounds appears in
the IR to near visible region, in the following order: Sc2BiC > Sc2BiB > ScoBiN >
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ScoBrN > ScoBrB > ScoBIC. The results of the absorption coefficiento(w) are
consistent with this order. Therefore, these SccAX materials have the potential to be
used in optoelectronic devices that operate in the IR and visible light spectrums. It is
noteworthy that the findings from the electronic density of states (DOS) are in good
agreement with the concordance between the absorption coefficient and
photoconductivity properties. This alignment strengthens the material’s compatibility

and increases their attraction for use in optoelectronic applications.
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CHAPTER 5
CONCLUSIONS

5.1. General

In this thesis, we have conducted a comprehensive investigation into the physical
properties of SccAX (A = Bi, Br; X = C, N, B) compounds utilizing DFT-based ab-
initio calculations with various exchange—correlation functionals. Our study aimed to
elucidate stability, electronic structure, mechanical properties, and potential
applications of these compounds, providing a robust foundation for future research and

practical implementations.
5.2. Key Findings

U The study confirmed the stability of SccAX (A = Bi, Br; X = C, N, B)
compounds through negative formation energy, phonon dispersion curves, and

elastic constants (Cjj).

O Among the compounds, Sc.BrB was identified as a semiconductor with a 0.495
eV indirect bandgap using the HSEO06 functional, while the other phases
displayed metallic characteristics with significant valence and conduction band

overlap at the Fermi level.

O The electronic band structures indicated anisotropy in conductivity, and the
DOS analysis highlighted the significant contribution of Sc—d electronic states
to electrical conductivity. Additionally, charge density mapping (CDM) and
partial density of states (PDOS) analyses revealed complex bonding patterns
and anisotropy in mechanical properties, with Sc:BrN and Sc.BiB

demonstrating the most and least favorable mechanical properties, respectively.

U The compounds exhibited varying degrees of ductility and brittleness, and their
potential for exfoliation into 2D nanosheets was indicated by the f-index. In the
optical domain, these compounds showed anisotropic behavior, aligning with
their electronic and mechanical properties, and emerged as promising

candidates for advanced coating materials to mitigate solar heating.
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5.3. Limitation of the Study

While our study provides substantial insights, it is not without limitations. DFT-based
calculations, despite being powerful, may not capture all the subtleties of real-world
material behavior, particularly under extreme conditions. Furthermore, the exchange—
correlation functional employed, though diverse, might still introduce certain
approximations that could affect the accuracy of predicted properties. Experimental
validation of our theoretical predictions is essential to confirm the reliability of our
findings.

5.4. Recommendation for Further Study

Future research should focus on experimental validation of the predicted properties to
confirm their practical applicability. Further exploration of the SccAX (A = Bi, Br; X =
C, N, B) compounds under different environmental conditions and stressors would
provide a more comprehensive understanding of their behavior. Investigating the
potential for exfoliating these compounds into 2D nanosheets could open new avenues
for material applications in nanotechnology. Additionally, exploring the doping and
alloying of these compounds might enhance their properties, making them even more

versatile for various technological applications.
5.5. Impact of the Present Research

The findings of this study have several practical implications. The identified
compounds, particularly Sc.BrB, could be utilized in semiconductor applications due
to their bandgap properties. The robust mechanical properties of Sc;AX make them
potential candidates for applications requiring high damage tolerance and crack
resistance. The anisotropic optical properties of these compounds highlight their
potential for advanced coating applications aimed at reducing solar heating. This could
provide innovative solutions for thermal barrier coatings (TBC) in a wide range

industry.
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