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Abstract

The objective of the current study is to investigate the structural, optoelectronic,

and thermoelectric characteristics of RbSrBi half-Heusler compound. The struc-

tural, optoelectronic, and thermoelectric characteristics of RbSrBi half-Heusler are

studied utilizing the full potential linearized augmented plane wave programs (FP-

LAPW) approach as embedded in WIEN2k. Structural optimization was performed

using Perdew-Burke-Ernzerhof Generalized Gradient Approximation (PBE-GGA).

The RbSrBi compound shows semiconducting behavior with a direct bandgap. The

computed band gap for RbSrBi is 1.583 eV using the Tran-Blaha modified Becke-

Johnson (TB-mBJ) approximation. Analysis of the calculated band structure, den-

sity of states and optical spectra reveal the material’s capability to absorb ultraviolet

and visible light. The exploration of thermoelectric properties was calculated us-

ing the BoltzTraP code. Around room temperature, the obtained figures of merit

(ZT) value for the compound is very close to unity, indicating the potential for ther-

moelectric devices designed with the materials to achieve maximum thermoelectric

efficiency.
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Chapter 1

Introduction

As global energy demand rises and natural resources are depleted, there is an urgent

need for alternative energy solutions. One promising option is the development of

thermoelectric materials that can convert waste heat into usable energy. This tech-

nology is gaining attention in sustainable energy research, especially for its potential

in harnessing solar power [1–3]. Thermoelectric power generation offers a practical

solution to the world’s energy challenges. It can generate power from waste heat

while also helping conserve energy. These materials can be powered by various heat

sources, such as combustion, sunlight, chemical reactions, and nuclear decay, making

them a flexible and efficient way to produce energy [4–6]. The dimensionless figure

of merit (ZT), which may be written as ZT = (σS2/κ), is commonly used to assess

the performance of thermoelectric devices. The power factor (PF) is denoted by the

formula σS2, where S stands for the Seebeck coefficient, σ for electrical conductivity,

T for absolute temperature, and κ for thermal conductivity [7–9]. Optimizing power

factor while reducing thermal conductivity is necessary to achieve good performance

in thermoelectric materials [10, 11]. As a result, various theoretical investigations

and tests focused on its thermoelectric characteristics. The optical and thermo-

electric characteristics of the nonmagnetic half-Heuslers (HHs) have been studied

by various groups [12, 13]. Researchers have been studying several half-Heuslers
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Introduction

compounds because of these remarkable characteristics, primarily those with the

face-centered cubic structure, which is a member of the F 4̄3m space group [14–16].

Several half-Heuslers that can be used in solar cells and are appropriate for optoelec-

tronic devices were studied by Gruhn et al. [17]. Kacimi et al. [18] studied a variety

of HHs of I-II-V and I-III-IV, exposing their structural, optoelectronic and thermo-

electric characteristics. The thermoelectric characteristics of KScY (Y = C, Ge)

that show notable transport qualities that are significantly superior than the initial

material, Bi2Te3, have been reported by Yasemin et al. [19] in their investigations.

According to Deepika et al., the KScX (X = Sn, Pb) and KYX (X = Si, Ge) HHs have

excellent power factors and are suitable for thermoelectric applications [20,21]. The

above-mentioned results inspired us to learn more about half-Heusler compounds.

Recent research on a variety of half-Heusler alloys’ structural, optoelectronic, ther-

moelectric, mechanical, magneto-electronic, low thermal conductivity, and spin-orbit

coupling effects has been published in the literature [22–27].

We follow the first-principle calculation method using Density Functional Theory

(DFT) as implemented in the WIEN2k code. The electronic structure of atoms,

molecules and solids is studied using a computational technique called density func-

tional theory (DFT), in quantum mechanics. It simplifies calculations by focusing

on electron density rather than directly solving complex equations, making it a

valuable tool for predicting material properties, simulating chemical reactions, and

advancing research in materials science and nanotechnology [28]. Peter Blaha and

his team created the potent software program WIEN2k, which applies the Full Po-

tential Linearized Augmented Plane Wave (FP-LAPW) technique [29]. WIEN2k is

well known for its precision and may be used to analyze a wide range of materi-

als, including metals, insulators, and magnetic materials. It plays a crucial role in

investigating electronic and magnetic properties, predicting crystal structures, and

unraveling complex phenomena in condensed matter physics and materials science.

The structural, optoelectronic, and thermoelectric properties of the RbSrBi half-

Heusler compound is investigated here by first-principles simulations. To the best

of our knowledge, no thorough investigation has been conducted on this material
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Introduction

yet. An exact computation of the electrical band structure is required in order to

reproduce believable results of related properties. Since the Tran-Blaha modified

Becke-Johnson (TB-mBJ) exchange potential has been shown to accurately predict

the band gap of solids, it is used in this investigation. According to the results,

the RbSrBi half-Heusler compound under investigation may be a great option for

thermoelectric generators and other optical devices. We anticipate that the current

study’s findings will be helpful for future theoretical and experimental research on

other half-Heuslers.

The arrangements of this project are such that an introduction is given in Chapter 1.

In chapter 2, we discuss about the theoretical background including the basic quan-

tum mechanics as the basis of density functional theory. Starting from Schrödinger

equation, we briefly discuss the Born-Oppenheimer approximation and the Hartee-

Fock approximation with its limitations and the theoretical density functional theory

in this chapter. In chapter 3, we discuss the structural, electronic, optical and ther-

moelectric properties of RbSrBi. In last chapter, we summarize our findings on the

characteristics and potential applications of the materials.

3



Chapter 2

Theoretical background

Density Functional Theory (DFT) is one of the most widely used computational

methods in quantum mechanics, providing a powerful framework for studying the

electronic structure of matter. By modeling the behavior of electrons within atoms,

molecules, and solids, DFT has become an essential tool in fields such as chemistry,

physics, and materials science. Unlike traditional wave-function-based methods,

DFT simplifies the complex many-body problem by focusing on electron density as

the fundamental quantity, rather than dealing directly with the more complicated

wave functions. This shift allows DFT to efficiently describe systems with many

particles while maintaining a high level of accuracy. The development of DFT was

spearheaded byWalter Kohn, who was awarded the Nobel Prize in Chemistry in 1998

for his pioneering work [30]. Kohn’s contributions revolutionized the way scientists

solve the Schrödinger equation for multi-electron systems. Today, DFT strikes a

balance between computational cost and precision, making it suitable for large-

scale simulations in both research and industrial applications. It is indispensable

for investigating a wide range of properties, from chemical reactivity and molecular

dynamics to the electronic, mechanical, and optical behavior of materials, helping

to unlock new insights into the fundamental nature of matter [31]. This chapter

provides an overview of fundamental quantum mechanics, the challenges it presents,
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Theoretical background

and how Density Functional Theory (DFT) addresses these challenges to enable

efficient analysis of complex systems.

2.1 Basic Quantum Mechanics

To understand the foundation of Density Functional Theory (DFT), it is essential to

first revisit the fundamental principles of quantum mechanics. Quantum mechan-

ics provides the framework for describing the behavior of particles at the atomic

and subatomic levels. Central to this framework is the Schrödinger equation, which

governs the dynamics of quantum systems and allows us to derive important prop-

erties such as energy levels and wave unctions [32]. The Schrödinger equation can

be expressed in both time-dependent and time-independent forms. We will focus

on the time-independent Schrödinger equation, which is particularly relevant for

stationary states of quantum systems. The solutions to this equation give wave

functions, which describe the likelihood of where particles are and how they move,

as well as the energy eigenvalues, which represent the possible energy levels of the

system. Together, these help us understand how electrons behave in atoms and

molecules. [33]

2.1.1 Schrödinger Equation

The Schrödinger equation is a fundamental equation in quantum mechanics that

describes the quantum state of a physical system. It is crucial for understanding

the behavior of particles at the atomic and subatomic levels, such as electrons,

photons, and other quantum objects. First formulated by Erwin Schrödinger in

1925, this equation provides a mathematical framework for predicting the properties

and behavior of quantum systems. [34] The mathematical form of the Schrödinger

equation is

Ĥψ = Eψ (2.1)

where, Ĥ is the Hamiltonian operator, ψ is the wave function of the system, and

E is the energy eigenvalue corresponding to the quantum state described by ψ.
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This equation is crucial in finding the stationary states of quantum systems. The

Hamiltonian, Ĥ, represents the total energy operator of the system and is typically

composed of two parts: the kinetic energy operator, T̂ = − ℏ2
2m

∇2 and the potential

energy operator, V̂ = V (r). The kinetic energy operator describes the motion of

particles, while the potential energy operator accounts for the forces acting on them

due to their positions within the system. Together, these components determine

the total energy of the quantum system. Hence, the Schrödinger equation in three

dimensions becomes

[− ℏ2

2m
∇2 + V (r)]ψ(r) = Eψ(r). (2.2)

2.1.2 Wave Functions and Probability Density

The wave function, ψ(r), is a fundamental concept in quantum mechanics. It en-

capsulates all the information about the quantum state of a system, including the

likelihood of finding particles in particular positions r and with specific properties.

In essence, ψ encodes the physical behavior of the system and allows us to calculate

observable quantities, such as energy, by solving the Schrödinger equation. The wave

function is generally a complex function that depends on the position of particles in

the system. While ψ itself does not have direct physical meaning, it is crucial for

calculating observable properties of particles. The square of the wave function, |ψ|2,

represents the probability distribution for the positions of particles, offering critical

insights into their behavior within the quantum system.

2.2 The Many-Body Problem

The many-body problem in quantum mechanics addresses the challenge of describ-

ing systems comprising multiple interacting atoms. Unlike single-atom systems,

which can often be analyzed using analytical solutions, many-body systems involve

intricate interactions that lead to emergent phenomena, such as correlations and

collective behaviors. The Hamiltonian of a many-body system consisting of nuclei
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and electrons can be written as,

Ĥ = T̂nuclei + T̂electrons + V̂nn + V̂ee + V̂ne (2.3)

with the terms representing:

• T̂nuclei : the kinetic energy of the nuclei,

• T̂electrons : the kinetic energy of the electrons,

• V̂nn : the nucleus-nucleus Coulomb repulsion,

• V̂ee : the electron-electron Coulomb repulsion,

• V̂ne: the attractive interaction between nuclei and electrons.

These interaction terms make solving the Schrödinger equation for large systems of

atoms exceedingly complex. The Coulomb interactions V̂nn, V̂ee and V̂ne describe the

forces between particles, which must be accounted for when determining the total

energy of the system. As the number of atoms increases, the number of interactions

grows rapidly, making direct analytical or numerical solutions impractical. With

the explicit forms of the kinetic energies and interaction terms, the many-body

Hamiltonian for a system consisting of nuclei and electrons becomes:

Ĥ = T̂nuclei + T̂electrons + V̂nn + V̂ee + V̂ne

Ĥ = −
∑
I

ℏ2

2mI

∇2
RI

−
∑
i

ℏ2

2me

∇2
ri
+
1

2

∑
I,J

ZIZJe
2

|RI −RJ |
+
1

2

∑
i,j

e2

|ri − rj|
−
∑
I,i

ZIe
2

|RI − ri|
.

(2.4)

Here, the indices I and J run over the nuclei, while i and j run over the electrons.

RI and MI are the position and mass of the nuclei, respectively, and ri and me

are the position and mass of the electrons. The terms |RI − RJ |, |RI − ri|, and

|ri−rj| represent the distances between nuclei-nuclei, nuclei-electrons, and electrons-

electrons, respectively. ZI is the atomic number of the I -th nucleus.

Solving the many-body Hamiltonian presents several significant challenges in quan-
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tum mechanics, particularly in systems involving both electrons and nuclei. The

high dimensionality of the problem is a major hurdle; for a system with N electron

and M nuclei, the wave function depends on 3(N + M ) variables, making ana-

lytical solutions increasingly intractable as N and M increase. Additionally, the

Coulomb interactions between electrons introduce complex correlations, complicat-

ing the treatment of each electron as an independent particle. Furthermore, since

electrons are fermions, they must adhere to the Pauli exclusion principle, requiring

that the many-body wave function is antisymmetric under the exchange of particles,

which adds another layer of complexity. The potential energy terms in the Hamil-

tonian, which encompass nucleus-nucleus and nucleus-electron interactions, further

contribute to the difficulty. While analytical solutions are only feasible for very

simple systems, such as the hydrogen atom, most many-body systems with multiple

electrons and nuclei do not permit exact solutions.

2.2.1 Born-Oppenheimer Approximation

Given the complexities associated with the many-body Hamiltonian, particularly in

systems containing both electrons and nuclei, it becomes essential to simplify the

problem for practical analysis. One of the most widely used approaches is the Born-

Oppenheimer approximation, which exploits the significant difference in mass and,

consequently, the motion between electrons and nuclei. Since nuclei are much more

massive than electrons, their motion can be considered relatively slow compared to

the fast-moving electrons. This allows us to treat the nuclei as fixed in space while

solving for the electronic wave functions. By separating the total wave function into

electronic and nuclear components, the Born-Oppenheimer approximation reduces

the complexity of the many-body Schrödinger equation.

Under this approximation, the total Hamiltonian can be expressed as a sum of two

parts: the electronic Hamiltonian Ĥel, which describes the motion of electrons in

the field of fixed nuclei, and the nuclear Hamiltonian Ĥnuc, which accounts for the

motion of the nuclei interacting with each other. The total Hamiltonian Ĥ is then
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given by:

Ĥ = Ĥel + Ĥnuc (2.5)

where

Ĥel = −
∑
i

ℏ2

2me

∇2
ri +

1

2

∑
i,j

e2

|ri − rj|
−
∑
I,i

ZIe
2

|RI − ri|
(2.6)

and

Ĥnuc =
∑
I

ℏ2

2mI

∇2
RI +

1

2

∑
I,J

ZIZJe
2

|RI −RJ |
. (2.7)

This simplification allows for easier calculations since the focus is primarily on the

electronic structure. In many cases, especially in density functional theory, the nuclei

are often treated as fixed due to their relatively large mass compared to electrons.

This approximation streamlines the calculations by reducing the complexity of the

system to that of the electrons interacting in a static potential created by the fixed

nuclei. However, if nuclear motion needs to be included, the Schrödinger equation

for the nuclei can be solved, treating them as quantum mechanical entities. The

total energy Etotal of the system is then obtained as the sum of the electronic energy

and the nuclear energy.

Once the electronic Hamiltonian Ĥel is defined, the electronic Schrödinger equation

can be expressed as:

Ĥelψ(r1, r2, ..., rN) = Eψ(r1, r2, ..., rN). (2.8)

In this equation, Ψ(r1, r2, ..., rN) is the many-body wave function, which depends

on the positions of all N electrons, and E represents the total energy of the system.

Solving this many-body electronic Schrödinger equation poses several challenges.

The wave function Ψ is a complex function of all electron coordinates, making it

difficult to handle analytically, especially as N increases. Additionally, capturing the

correlation between electrons, particularly in systems with strong electron-electron

interactions, adds to the complexity. Using all approximations introduced up to

now, it is possible to calculate a problem similar to H+
2 , a single ionized hydrogen

molecule. To get results for larger systems, further approximations have to be made.
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2.2.2 Hartree-Fock Approximation and Its Limitations

The Hartree-Fock (HF) approximation is a fundamental method in quantum chem-

istry used to approximate the many-body wave function of a system of electrons.

It represents the wave function as a Slater determinant, ensuring the antisymmetry

required by the Pauli exclusion principle. This determinant combines single-electron

wave functions (orbitals) into a single function that changes sign upon the exchange

of two electrons.

However, the Hartree-Fock method has notable limitations. It employs a mean-field

approximation, where each electron moves in an average field created by all others.

This approach neglects electron correlation effects, which are essential for accurately

describing many-electron systems, especially those with strong correlations. Con-

sequently, Hartree-Fock often yields inaccurate results for properties such as bond

lengths, reaction energies, and excitation energies.

Moreover, while the Slater determinant accounts for antisymmetry, it fails to cap-

ture dynamic electron correlation arising from instantaneous electron-electron inter-

actions. Another drawback is its computational cost, which scales as O(N4), where

N is the number of electrons. This steep scaling results from the need to evaluate

numerous orbital integrals, making HF computationally expensive for large systems.

Despite these limitations, Hartree-Fock remains a foundational approach, forming

the basis for more advanced post-Hartree-Fock HF methods.

2.3 Density Functional Theory

Density Functional Theory (DFT) is a powerful quantum mechanical modeling

method widely used to investigate the electronic structure of many-body systems.

Unlike traditional methods that rely on wave functions, DFT is based on the elec-

tron density, which is considered a fundamental variable. The key idea behind DFT

is that all properties of a system can be determined from its electron density rather

than the many body wave function. This approach simplifies the problem of solving

the Schrödinger equation, as it reduces the complexity associated with many-body

10
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interactions. DFT is particularly advantageous because it balances accuracy and

computational efficiency, allowing researchers to study larger and more complex

systems than would be feasible with wave-function-based methods. By leverag-

ing the Hohenberg-Kohn theorems and the Kohn-Sham equations, DFT provides a

practical framework for exploring a wide range of physical, chemical, and material

properties [35].

2.3.1 The Electron Density

In Density Functional Theory (DFT), the electron density n(r) serves as the cen-

tral variable for describing a quantum system. The electron density represents the

probability of finding an electron at a particular point in space and can be derived

from the many-body wave function ψ(r1, r2, ..., rN) by integrating over all electron

coordinates. This relationship is expressed mathematically as: [36,37]

n(r) = N

∫
|ψ(r1, r2, ..., rN)|2dr2dr3...drN . (2.9)

Additionally, we must remember that all electrons are identical; thus, we cannot

label them as electron 1 or electron N . Instead, we can determine the probability

of any order or set of N electrons being located at the coordinates r1 to rN . While

the wave function contains comprehensive information about the quantum state

of a system, it is the electron density that ultimately determines all measurable

properties. The total number of electrons N in the system can also be calculated

from the electron density using the equation:

N =

∫
n(r)dr (2.10)

This integration highlights that the electron density encodes vital information about

the total number of electrons, making it a fundamental aspect of DFT. By focusing

on n(r) instead of the complex multi-dimensional wave function, DFT simplifies

calculations, making it a practical and efficient approach for studying the electronic

structure of various materials.
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2.3.2 Hohenberg-Kohn Theorems

Density functional theory as we know it today was born in 1964 when a landmark

paper by Hohenberg and Kohn appeared in the Physical Review [37]. The theorems

they introduced represent the major theoretical pillars on which all modern-day

density functional theories are built. These theorems laid the groundwork for the

fundamental relationship between electron density and the properties of quantum

systems, making DFT a powerful alternative to wave-function-based methods. The

Hohenberg-Kohn theorems are central to the formulation of DFT, and they can be

summarized as follows:

First theorem: The ground-state electron density n(r) uniquely determines the

external potential Vext(r) acting on the electrons. This means that if the electron

density of a system is known, the external potential can be uniquely inferred, allow-

ing for the derivation of all ground-state properties, including the total energy, from

the electron density.

According to the first theorem, the ground-state density and the external potential

correspond in a one-to-one manner. Since the external potential is fixed, the Hamil-

tonian, and hence the wave function Ψ, is determined by the ground-state density

n0(r). The proof of this theorem is straightforward: Consider the ground states of

two N -electron systems, characterized by two different external potentials Vext(r)

and V ′
ext(r), which differ by more than an additive constant. The corresponding

Hamiltonians, Ĥ and Ĥ ′, would both have the same ground-state density n(r), but

different ground-state wave functions, Ψ and Ψ′, with ĤΨ = E0Ψ and Ĥ ′Ψ′ = E ′
0Ψ

′.

Since Ψ′ is not the ground state of Ĥ, it follows that

E0 < ⟨Ψ′|Ĥ|Ψ′⟩

< ⟨Ψ′|Ĥ ′|Ψ′⟩+ ⟨Ψ′|Ĥ − Ĥ ′|Ψ′⟩

< E ′
0 +

∫
n0(r)Vext(r) dr (2.11)
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Similarly,

E ′
0 < ⟨Ψ|Ĥ ′|Ψ⟩

< ⟨Ψ|Ĥ|Ψ⟩+ ⟨Ψ|Ĥ ′ − Ĥ|Ψ⟩

< E0 +

∫
n0(r)

[
V ′
ext(r)− Vext(r)

]
dr. (2.12)

Adding equation (11) and equation (12) leads to the contradiction,

E0 + E ′
0 < E0 + E ′

0 (2.13)

Hence, no two different external potentials Vext(r) can give rise to the same ground

state density n0(r) which determines the external potential Vext(r), except for a con-

stant. That is to say, there is a one-to-one mapping between the ground state density

n0(r) and the external potential Vext(r), although the exact formula is unknown.

Second theorem: For any trial electron density n(r), the energy functional E[n]

will yield a value that is greater than or equal to the ground-state energy E0. The

equality holds when the trial density corresponds to the true ground-state density.

This variational principle implies that one can minimize the energy functional E [n]

with respect to the electron density to find the ground state of a system.

There exists a universal functional F [n(r)] of the density, independent of the external

potential Vext(r), such that the minimum value of the energy functional

E[n(r)] ≡
∫
n(r)Vext(r)dr + F [n(r)] (2.14)

yields the exact ground-state energy of the system. The exact ground-state density

n0(r) minimizes this functional. Thus, the exact ground-state energy and density

are fully determined by the functional E [n(r)]. The universal functional F [n(r)] can

be written as:

F [n(r)] ≡ T [n(r)]r + Eint[n(r)] (2.15)

where T [n(r)] is the kinetic energy and Eint[n(r)] is the interaction energy of the

particles. According to the variational principle, for any wave function Ψ′, the energy
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functional

E[Ψ′] ≡ <Ψ′|T̂ + V̂int + V̂ext|Ψ′> (2.16)

reaches its global minimum only when Ψ′ is the ground-state wave function Ψ0, with

the constraint that the total number of particles is conserved. According to the

first Hohenberg-Kohn theorem, Ψ′ must correspond to a ground state with particle

density n′(r), making EΨ′ a functional of n′(r). Applying the variational principle:

E[Ψ′] =

∫
n′(r)Vext(r)dr+F [n

′(r)] > E[Ψ0] =

∫
n0(r)Vext(r)dr+F [n0(r)] = E[n0(r)]

(2.17)

Thus, the energy functional E[Ψ] ≡
∫
n(r)Vext(r)dr + F [n(r)] evaluated for the

correct ground-state density n0(r) is lower than the value of this functional for any

other density n(r). Therefore, by minimizing the total energy functional of the

system with respect to variations in the density n(r), one can find the exact ground-

state density and energy. This functional, however, only determines ground-state

properties and does not provide any insight into excited states.

2.3.3 Advantage and Disadvantage of Hohenberg-Kohn The-

orems

The Hohenberg-Kohn theorems are fundamental to density functional theory and

offer significant advantages in computational chemistry and materials science. One

of the primary benefits is their ability to relate the ground-state properties of many-

electron systems directly to electron density, simplifying calculations compared to

wave-function-based methods. The first theorem establishes a unique mapping be-

tween the ground-state electron density and the external potential, ensuring that

all ground-state properties can be derived from the electron density alone. Addi-

tionally, the second theorem introduces a variational principle that allows for the

efficient optimization of electron density to find the ground state. By shifting the

focus from finding a function of 3N variables (the wave function) to a function of

three variables (the electron density), the Hohenberg-Kohn theorems significantly

simplify the process of resolving the Schrödinger equation. These theorems make
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DFT a versatile tool applicable to a wide range of systems, from small molecules to

large biological complexes.

However, the Hohenberg-Kohn theorems also come with notable disadvantages.

They are limited to ground-state properties, providing no direct insight into ex-

cited states, which poses challenges in studying electronic excitations and charge

transfer processes. The effectiveness of DFT is highly dependent on the choice of

exchange-correlation func- tional, which may not accurately capture all correlation

effects, especially in systems with strong electron-electron interactions. Further-

more, while DFT is generally computationally less intensive than wave-function

methods, the calculations of exchange-correlation energies can still be demanding.

The reliance on external potentials and the interpretation challenges associated with

electron density further highlight the limitations of the Hohenberg-Kohn theorems,

necessitating careful consideration when applying DFT to complex systems.

2.3.4 Kohn-Sham Equation: Reformulating Many-Body Prob-

lems

The Kohn-Sham equation is a central component of density functional theory that

allows for the practical calculation of electronic structures in many-body systems.

It stems from the foundational Hohenberg-Kohn theorems, which established the

uniqueness of the ground-state electron density and its relationship with the exter-

nal potential. The Kohn- Sham framework reformulates the complex many-body

problem into a set of simpler, non-interacting single-particle equations, making it

more tractable for computational purposes.

In the Kohn-Sham approach, the true interacting electron system is mapped onto an

auxiliary system of non-interacting electrons that yield the same electron density as

the original system. This is achieved through the Kohn-Sham equations [38], which

can be expressed as:

(− ℏ2

2me

∇2 + Veff )ψi(r) = ϵiψi(r), (2.18)

where Veff (r) is the effective potential that includes the external potential and the
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exchange- correlation potential. The Kohn-Sham orbitals ψi(r) are used to construct

the electron density n(r) as:

n(r) =
∑
i

|ψi(r)|2. (2.19)

This approach significantly reduces the complexity of solving the many-body Schrödinger

equation by allowing for the treatment of a system of independent particles, while

still capturing the essential effects of electron correlation through the exchange-

correlation functional.

The effective potential in the Kohn-Sham framework can be expressed as:

Veff = Vext + VHartree[n(r)] + Vxc[n(r)]. (2.20)

Here, Vext represents the external potential acting on the electrons in the system.

This potential typically arises from the interaction between the electrons and fixed

nuclei or any other external fields applied to the system. In many cases, Vext is

described by the Coulomb potential due to the nuclei, reflecting how electrons expe-

rience attraction towards positively charged atomic cores. This term plays a crucial

role in determining the overall potential landscape in which the electrons move,

significantly influencing the electronic structure of the system.

The term VHartree[n(r)] is the Hartree potential, which describes the classical elec-

trostatic interaction between electrons in a many-body system. It accounts for the

repulsion between charged particles, reflecting that the potential energy experienced

by an electron is due to the distribution of other electrons around it. The Hartree

potential is calculated as:

VHartree[n(r)] = e2
∫

n(r′)

|r − r′|
dr (2.21)

This formulation integrates the electron density n(r ) over all space, considering the

effect of all other electrons on a given electron located at r. This approach provides

a mean-field treatment of electron-electron repulsion, avoiding the complexity of
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considering every pair of interactions explicitly.

The exchange-correlation potential Vxc[n(r)] represents the quantum mechanical

effects of exchange and correlation among electrons. It is defined as:

Vxc[n(r)] =
δExc[n]

δn
(2.22)

The exchange term arises from the antisymmetry requirement of the total wave

function for fermions, accounting for the reduction in energy when two electrons are

spatially separated. The correlation term reflects the correlated motion of electrons

that cannot be captured by a mean-field approach, accounting for the ways in which

the presence of one electron affects the probability distribution of another electron’s

position and momentum. From these considerations, the Kohn-Sham Hamiltonian

can be formulated as:

ĤKS = − ℏ2

2me

∇2 + Vext + VHartree[n(r)] + Vxc[n(r)]. (2.23)

The major distinction between the Kohn-Sham formulation and the Hartree formu-

lation lies in the inclusion of both exchange and correlation effects in the effective

potential, providing a more accurate description of many-body systems.

Solving the Kohn-Sham equation is a crucial step in density functional theory for

obtaining the ground-state electron density of a many-body system. In a condensed

matter system, the Kohn-Sham equation provides a method to derive the exact

density and energy of the ground state. The process begins with an initial electron

density n(r), typically a superposition of atomic electron densities. The effective

Kohn-Sham potential Veff is then calculated, and the Kohn-Sham equation is solved

to obtain single-particle eigenvalues and wave functions. A new electron density is

subsequently calculated from these wave functions.

This iterative process is commonly performed numerically through self-consistent

iterations, as illustrated in the flowchart figure 2.1. The self-consistency can be

determined by monitoring the change in total energy, electron density from the pre-

vious iteration, or the total force acting on the atoms being less than a specified
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small quantity, or by using a combination of these criteria. If self-consistency is not

achieved, the calculated electron density is mixed with the density from previous

iterations to derive a new electron density, and the process repeats. This continues

until self-consistency is reached [39]. Once convergence is achieved, various quan-

tities can be calculated, including total energy, forces, stress, eigenvalues, electron

density of states, and band structure, among others.

Figure 2.1: Flowchart illustrating the iterative process for solving the Kohn-Sham equa-

tion in density functional theory to obtain the ground-state electron density and associated

properties of a many-body system.

2.3.5 The Role and Calculation of Exchange-Correlation

In density functional theory, the exchange-correlation potential, Vxc[n(r)], is a crit-

ical component that captures the complex quantum mechanical effects of electron

exchange and correlation. However, Vxc is not derived exactly but is instead ap-

proximated due to the computational challenges of dealing with many-electron sys-

tems. One of the most common approximations is the Local Density Approximation

(LDA), where Vxc is considered to depend solely on the local electron density. This
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approximation is based on the idea that in regions where the electron density is

nearly uniform, the behavior of electrons can be likened to that of a homogeneous

electron gas. While simple, LDA can perform reasonably well for certain materials,

especially solids with nearly uniform electron densities.

To improve upon the LDA, the Generalized Gradient Approximation (GGA) intro-

duces a dependence on the spatial gradients of the electron density. By including

information about how the density changes in space, GGA provides more accurate

results for systems where the density varies significantly, such as in molecules or sur-

faces. These improvements make GGA one of the most widely used approximations

in modern DFT calculations. More advanced methods, such as hybrid function-

als, combine the exchange from exact Hartree-Fock theory with the approximate

exchange-correlation from LDA or GGA. Hybrid functionals, like B3LYP, tend to

improve accuracy further, particularly for molecular systems, by including a portion

of exact exchange, which LDA and GGA inherently miss [40].

In practice, the calculation of Vxc is an iterative process within the self-consistent

field (SCF) method. The DFT algorithm begins with an initial guess for the elec-

tron density, usually based on atomic configurations. Using this initial density,

the Kohn-Sham equations are solved to update the potential and electron density.

The exchange-correlation potential, Vxc, is recalculated at each step based on the

updated density. This process continues until the electron density converges to a

self-consistent solution, meaning that the input and output densities agree within a

set tolerance. Recent developments also include meta-GGA functionals, which in-

corporate even higher-order density-related terms, such as the kinetic energy density,

to account for more complex interactions. While computationally more expensive,

these functionals can offer improved accuracy for systems with intricate electronic

structures. Thus, although Vxc is not known exactly, various approximations—from

LDA and GGA to hybrid and meta-GGA functionals—allow DFT to achieve a good

balance between accuracy and computational efficiency for a wide range of materials

and molecular systems.
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Chapter 3

Results and Discussion

The investigation of structural, optoelectronic, and thermoelectric characteristics

are described in this chapter. To explain these findings properly, it is necessary to

understand the computational techniques. We will describe with the computational

methodologies in the next section.

3.1 Computational Details

The structural, electronic, optical and thermoelectric properties of the investigated

materials were studied using Density Functional Theory (DFT) within the Full Po-

tential Linearized Augmented Plane Wave (FP-LAPW) framework [41–43]. The

WIEN2k code was employed for all computational analyses [44]. Structural op-

timizations were performed using the Murnaghan equation of state to determine

equilibrium lattice parameters. For the volume optimization, using the Generalized

Gradient Approximation (GGA) as formulated by Perdew, Burke and Ernzerhof

(PBE) was used as the exchange-correlation functional [40]. To accurately evalu-

ate the electronic properties and address the common underestimation of band gap

values associated with the PBE-GGA approach, the Tran-Blaha modified Becke-

Johnson (TB-mBJ) potential was applied [45]. The energy convergence and charge
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convergence were set to 0.00001 Ry and 0.0001 e respectively, where e is the electron

charge. We set to RKmax=7 for wavefunction expansions, where R is the smallest

muffin-tin radius and Kmax is the largest reciprocal lattice vector used in the expan-

sion of the plane wave functions. The largest expansion Fourier of charge density was

up to Gmax=12 (a.u.)−1, and angular momentum vector lmax=10. The Brillouin zone

was sampled using a dense k-mesh of 3000 points to ensure high accuracy. Optical

properties were analyzed using the Kramers-Kronig relations, while thermoelectric

properties were investigated using the Boltzmann transport theory as implemented

in the BoltzTraP code [46]. This comprehensive approach provided reliable insights

into the structural, electronic, optical, and thermoelectric behavior of the materials.

3.2 Structural properties

This section explores the structural characteristics of the compound RbSrBi. In-

vestigating the microscopic structure of materials is particularly valuable, as it sig-

nificantly impacts the prediction of other properties, such as electrical and thermal

behavior. Notably, the half-Heusler compounds exhibit a non-centrosymmetric cu-

bic structure with a space group of F 4̄3m(#216), as illustrated in figure 3.1. In

Figure 3.1: The Crystallographic structure of RbSrBi.

the RbSrBi compound, the atomic positions are defined as follows: the Rb atom

is located at (0, 0, 0), the Sr atom at (0.25, 0.25, 0.25), and the Bi atom at (0.0,

0.0, 0.5). The lattice constant for RbSrBi has been determined to be 8.12 Å [47].

However, due to the lack of prior studies on this compound, no comparative analysis
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is available.

To determine the most stable structure with the system’s ground state energy, a

volume optimization computation has been carried out. The structural properties

of the RbSrBi half-Heusler compound were analyzed using the Murnaghan equation

of state [48]. Figure 3.2 illustrates the energy versus volume optimization curve.
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Figure 3.2: Energy vs volume optimization curve of RbSrBi.

The calculated minimum energy and corresponding volume are -55485.8274 Ry and

133.85 Å3 respectively, also shown in figure 3.2. We determined the optimized

lattice constant for the primitive unit cell, generated the crystallographic structure

and evaluated the total energy for the conventional unit cell.

3.3 Electronic properties

3.3.1 Band structures

The configuration of energy levels, or bands, occupied by electrons in a material is

called band structure. Band structure is crucial for understanding a material is con-

ductor, semiconductor or insulator. The electronic band structures of RbSrBi com-

pounds were analyzed to evaluate their potential for electronic applications. Figure

3.3 presents the predicted band structures obtained using various computational ap-

proaches. Both the valence band maximum and the conduction band minimum are

located at the gamma-point, indicating that the studied half-Heusler compounds
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exhibit a direct bandgap. Specifically, for RbSrBi, the calculated bandgap value

using the PBE-GGA method is determined to be 0.849 eV. Using the TB-mBJ

approximation, the bandgap value of RbSrBi is predicted to be 1.583 eV.
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Figure 3.3: Band Structure of RbSrBi for (a) PBE-GGA and for (b) TB-mBJ potential.

3.3.2 Density of states

The density of states (DOS) represents the number of available states at a particular

energy level that electrons can occupy, or the number of electron states per unit

volume per unit energy. We use density of states (DOS) and partial density of

states (PDOS) to explain the energy levels of electrons near fermi energy level. This

allows us to identify a material as an insulator, a semiconductor, or a conductor.

For the study of electronic properties of materials, it is necessary to calculated the

total density of state (TDOS) and partial density states (PDOS). The corresponding

total and partial density of states for RbSrBi are illustrated in figure 3.4(a-d).

In this system, in valence band (VB), Bi energy bands are dominated and in con-

duction band (CB), hybridization occurs between Rb and Sr at figure 3.4(a). In the

figure, the black vertical dashed line at 0 eV represents EF (fermi energy level). In
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Figure 3.4: (a) Total density of states (TDOS) of RbSrBi and partial density of states

(PDOS) of (b) Rb (c) Sr and (d) Bi atoms.

figure 3.4(b), the conduction band shows a prominent peak centered around 4 eV,

dominated by Rb s-states where the smaller peak around 2 eV indicates a secondary

contribution to the conduction band, likely from p-states. The valence band appears

to be dominated by Rb s-states, while the conduction band is primarily composed

of Rb s-states with some contributions from p-states. Similarly, in figure 3.4(c),

Sr atom has almost same contribution for Valence band and conduction band. In

figure 3.4(d), the conduction band shows a prominent peak centered around 4 eV,

dominated by Bi p states. There are smaller contributions from s-states around 3.5

eV and d-states around 2.5 eV. The DOS plot suggests a strong p-state character

in both the valence and conduction bands of this material. The valence band is

dominated by Bi p-states, while the conduction band is also primarily composed of

Bi p-states with some contributions from s-states and d-states.

The electronic structure of RbSrBi reveals a band structure indicative of a semi-

conductor, with a small gap near the Fermi level (EF ). However, the density of

states (DOS) shows a significant presence of states at EF , primarily due to Bi con-
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tributions. This suggests semi-metallic behavior, where the valence band overlaps

slightly with EF . These results indicate that RbSrBi is not a typical semiconductor

but exhibits more complex electronic properties, which could be advantageous for

electronic applications.

3.4 Electron density

Electron density is the measure of the probability of finding electron in a specific

location around an atom or molecule. Charge density is the measure of electric

charge per unit area of a surface, or per unit volume of a body or field, which

describes how much charge is stored in a particular field. Electron density and its

distribution plot can be used to investigate the bonding properties of the compound.

Figure 3.5: Electron density of RbSrBi for (100) and (110) plane.

Figure 3.5 represent the charge density along the crystallographic planes (100) and

(110) respectively for RbSrBi. For (100) plane, high electron density regions are lo-

calized around Bi atoms, while Rb atoms display lower, more delocalized densities.

The presence of moderate electron density overlap between adjacent atoms suggests

partial covalent bonding characteristics. However, the well-separated density regions

around each atom also indicate a strong ionic contribution to the bonding. These

features collectively reveal a mixed ionic-covalent bonding nature within the crystal

structure, influenced by the electronic properties of Rb and Bi. The another picture

illustrates the electron density distribution of the RbSrBi structure along the (110)

crystallographic plane. High electron density regions, shown by dark contours (black
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and purple), are localized around the Bi atoms, indicating strong electron localiza-

tion due to their heavy atomic character. In contrast, Rb and Sr atoms exhibit

lower electron density, suggesting more delocalized electronic states. Sr atoms show

slightly higher electron accumulation compared to Rb, consistent with their greater

electronegativity and smaller atomic radius. The smooth electron density gradients

between adjacent atoms reveal regions of electron sharing, indicating predominantly

ionic bonding with minor covalent character, which stabilizes the crystal structure.

3.5 Optical properties

In order to understand the optical properties of half-Heusler compound, we have

studied the dielectric function (ϵ), absorption coefficient (A), conductivity, reflectiv-

ity (R), and refractive index (η) of RbSrBi. The optical properties of the half-Heusler

compound were investigated using the TB-mBJ method within the photon energy

range of 0 to 12 eV.

3.5.1 Dielectric function

Dielectric function, ϵ(ω) determines how light interacts with a substance, influencing

phenomena such as refraction, reflection, absorption, and dispersion. There are two

parts of dielectric function, which are imaginary dielectric function and real dielectric

function. The mathematical formula for dielectric function as given by Ehrenreich

and Cohen’s is, [49]

ϵ(ω) = ϵ1(ω) + iϵ2(ω) (3.1)

where, (ϵ1) and (ϵ2) are the real and imaginary part of the dielectric function. Real

dielectric function (ϵ1(ω)) represents the degree of polarization of a material when

it placed into an electric field and imaginary dielectric function (ϵ2(ω)) represents

the energy dissipation aptitude of a dielectric material. The dielectric function is

physically analogous to the absolute permittivity in terms of its relationship to the

space materials. The imaginary part of dielectric function is directly associated with

the materials band gap and explains the absorption nature of the compound. ϵ1(ω)
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and ϵ2(ω) are related through Kramer–Kronig relation:

ϵ1(ω) = 1 +
2

π
P

∫ ∞

0

ω′ϵ2(ω
′)

ω′2 − ω2
, (3.2)

ϵ2(ω) =
e2h

πm2ω2

∑
v,c

∫ ∞

BZ

|Mcv|2|δ[ωcv(k)− ω]d3k, (3.3)

where P and k represent the principal quantum number and wave vector, respec-

tively. Here, h is Planck’s constant, ω is the angular frequency, and M is the molar

mass of the carriers. The ϵ1(ω) and ϵ2(ω) enable us to compute other optical pa-

rameters such as absorption coefficient α(ω), optical conductivity σ(ω), reflectivity

R(ω), refractive index n(ω) as follows

α(ω) =
√
2
ω

c

{√
ϵ21(ω) + ϵ22(ω)− ϵ1(ω)

} 1
2

(3.4)

n(ω) =

[√
ϵ21(ω) + ϵ22(ω) + ϵ1(ω)

2

] 1
2

(3.5)
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Figure 3.6: (a) Real dielectric function and (b) Imaginary dielectric function of RbSrBi.

The figures 3.6(a) and 3.6(b) represent the real and imaginary dielectric functions

of RbSrBi compound. The positive half is concerned with electromagnetic wave

propagation, while the negative half is concerned with electromagnetic wave ab-

sorption. As a result, the larger the static value of ϵ1(0), the smaller the magnitude
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of the band gap formed. The positive part of ϵ1(ω)indicates that RbSrBi conducts

at low energy levels, while the negative part of ϵ1(ω) indicates that it is insulating

at high energy levels. ϵ1(ω) begins to exhibit negative values at 3.7 eV and reaches

its maximum negative values at 4.5 eV. The positive peak value is around 2.5 eV.

In figure 3.6(b), RbSrBi represents its peak value around 3.8 eV. Peaks represent

charge carriers shifting from filled to empty bands. As energy increases, ϵ2(ω) begins

to decrease and approaches almost zero at around 12 eV.

3.5.2 Absorption coefficient

Absorption of photons occur during the transition of an electron from an unoccupied

to an occupied state. Figure 3.7(a) represents the absorption coefficient of RbSrBi.

It can be observed in figure 3.7(b) that absorptivity increases progressively in the

infrared and visible region, reaches a maximum at 4.4 eV (ultra-violet region), and

decreases with increasing energy values. The absorption peak demonstrates that

this material can absorb photons in both the ultra-violet and visible ranges.
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Figure 3.7: (a) Absorption coefficient (b) Optical conductivity of RbSrBi of RbSrBi.

3.5.3 Optical conductivity

Optical conductivity is a material property that describes the interaction between

the induced current density in the material and the magnitude of the inducing elec-

tric field for arbitrarily selected frequencies. The optical conductivity along with its

energy is illustrated in figure 3.7(b). From the optical conductivity curve, it is obvi-

ous that conductivity increases as energy increases. From the optical conductivity
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curve, it is obvious that conductivity increases as energy increases. The maximum

conductivity peaks are obtained at 3.7 eV. Then optical conductivity begins to de-

crease. The optical curve reveals that the absorbed light spent the conductivity in

the UV region.

3.5.4 Reflectivity

Generally, we know that reflection is the change in direction of wavefront at an

interface between two different media with different so that the wavefront returns

into the medium from which it originated. Optical reflectivity is another parameter

which plays a vital role in shifting electron from valance band to the conduction

band. The amount of energy absorbed, reflected, and transmitted by a material is

equal to the incident photon energy. Estimating the absorbance and transmittance

of the substance on which light is incident it is possible to compute the total amount

of ray incident on the surface of a semiconductor.

A+R + T = 1 (3.6)

where, A, R, and T represents the absorbance, reflectance, and transmittance of a

material respectively. The optical reflectivity of estimated half-Heusler compound

is shown in figure 3.8(a). From the figure 3.8(a), we can see that the maximum peak

value is in the range of 9-10 eV which is ultra-violet region.
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Figure 3.8: (a) Optical Reflectivity and (b) Refractive index of RbSrBi.
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3.5.5 Refractive index

Generally, we know that the refractive index means how fast light travels through the

material. The refractive index is another important physical quantity that describes

the optical properties of any given material. The refractive index of a meterial,

gives how much refractive indices are inversely related to the bandgap, if refractive

index increases corresponding bandgap decreases, refractive index vs energy curve

represent in figure 3.8(b). It can be seen that in the low energy limit, the refractive

index has a high value. The maximum peak value is in the range of 2.4 eV which is

visible region.

3.6 Thermoelectric characteristics

Thermal energy can be converted into electrical energy in thermoelectric material

by using the potential difference produced by the heat gradient during energy trans-

mission [50, 51]. The thermoelectric properties have been calculated for RbSrBi

half-Heusler compound using BoltzTraP code. We determined the transport coef-

ficients such as the Seebeck coefficient (S), electrical conductivity (σ/τ), electronic

thermal conductivity (κe/τ), power factor (S
2σ/τ) and dimensionless figure of merit

(ZT) as a function of temperature, combined in a compressed form as, [52]

ZT =
S2σT

k
(3.7)

Electrical conductivity defines the concentration of free electron. The moibility of

charge carriers estimated in terms of the electric conductivity, which was plotted in

the temperature range 100-1000 K, as depict in figure 3.9(a).

Another part of conductivity comes from lattice vibration and thermal agitation,

which is the thermal conductivity. Thermal conductivity describes the transporta-

tion through a material as the materials atom are constantly moving in rotational,

translational or vibrational motion. The variation of atoms is responsible for gener-

ating heat or thermal energy in a material. The rate of increase in electronic thermal

conductivity is faster than the electrical conductivity. That means, at higher tem-
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Figure 3.9: (a) Electrical Conductivity (b) Electronic Thermal Conductivity of RbSrBi.

perature more lattice vibrations are generated. Figure 3.9(b) showed the electronic

thermal conductivity of RbSrBi. From the figure electronic thermal conductivity

increased with increasing pressure against temperature.

The Seebeck coefficient measure the magnitude of induced change in voltage by

applying the change in temperature, which can be seen in the mathematical form,

S =
µ∇V
∇T

(3.8)

Therefore, the potential difference induced by the temperature gradient is called

the Seebeck coefficient. The Seebeck coefficient (S) is used to find the potential

difference that can occur between the contacts of dissimilar metals as a function of

temperature change, which is shown in figure 3.10(a). From figure, we can see that

Seebeck coefficient decreased with rising temperature.

The power factor is another thermoelectric parameter that is used to determine the

thermoelectric performance of any material and this is calculated by the expression

PF =σS2. Power factor represents how effectively the generated power will be used

by the compound. Power factor increases with an increase of temperature, which

demonstrates suitability of this material for high temperature applications. The

power factor of RbSrBi displays in figure 3.10(b) that rising with applied tempera-

ture. Here the maximum value at 700 K.

Another important factor to estimate the actual thermoelectric efficiency of the
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Figure 3.10: (a) Seebeck coefficient (b) Power factor and (c) Figure of merit and of

RbSrBi.

studied compound, a dimensionless parameter labeled as figure of merit i.e., ZT =

(σS2/κ) was used to assess their thermoelectric performance. The parameters σ,

S, and κ represents electrical conductivity, Seebeck coefficient and thermal conduc-

tivity, respectively. Figure of merit represents how efficiently the generated heat

will be converted into electricity. The figure of merit (ZT) is used to measure the

materials quality for thermal devices. The efficiency of a thermoelectric material

depends on the figure of merit. For high efficiency, high electrical conductivity and

low electronic thermal conductivity is required. The variation of figure of merit (ZT)

for the RbSrBi half-Heusler compound in the temperature range 100-1000 K, which

is illustrate in Figure 3.10(c). For RbSrBi, the value of figure of merit decreases

with increasing temperature.
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Conclusion

In this project, the structural, optoelectronic, and thermoelectric characteristics

of RbSrBi half-Heusler compound were studied using the Full Potential Linear

Augmented Plane Wave (FP-LAPW) method based on Density Functional The-

ory (DFT) implemented in WIEN2k code. The findings showed that the material

is stable in a cubic structure with a lattice constant of 8.12 Å. The electronic band

structure showed that RbSrBi is a direct bandgap semiconductor, with bandgap

values of 0.849 eV using PBE-GGA and 1.583 eV using TB-mBJ potential. The

density of states analysis revealed that the Bi-p orbitals mainly contribute to the

states near the fermi level. The charge density study indicated a mixture of ionic

and covalent bonding. The optical properties showed strong absorption in the visible

and ultraviolet regions. A high refractive index and large dielectric constant were

also observed, suggesting that the material could be used in optical and photovoltaic

devices. The thermoelectric properties were calculated using BoltzTraP code. The

material showed a good Seebeck coefficient, suitable electrical conductivity, and

reasonable thermal conductivity. The figure of merit (ZT) values suggested good

thermoelectric performance at high temperatures. The overall investigation of the

RbSrBi half-Heusler compound highlights its potential for sustainable applications

in optoelectronic and thermoelectric power generation.
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