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subjected to pressures up to 200 GPa. . . . . . . . . . . . . . . . . . . . . 57

4.2 Band structures and electronic DOS for YHSe obtained using the GGA [(a)

- (c)] and GGA+U [(2a) - (2c)] methods at pressures of (a) 0 GPa, (b) 50

GPa, (c) 100 GPa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

ix



4.3 Band structures and electronic DOS for YHSe obtained using the GGA [d]

and GGA+U [2d] methods at pressures of 150 GPa . . . . . . . . . . . . . 64

4.4 Band structures and electronic DOS for YHSe obtained using the GGA [e]

and GGA+U [2e] methods at pressures of (e) 200 GPa. . . . . . . . . . . . 65

4.5 Phonon band structure and phonon DOS for hexagonal YHSe under various

pressure conditions: (a) 0 GPa, (b) 50 GPa, (c) 100 GPa, (d) 150 GPa, and

(e) 200 GPa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.6 Variation of optical phonon frequencies with pressure at selected high-

symmetry points (Γ, M, K, A, L, and H) in the Brillouin zone for YHSe. . 73

4.7 Acoustic phonon frequencies at high-symmetry points (M, K, A, L, and H)

under different pressure conditions for YHSe. . . . . . . . . . . . . . . . . . 74

4.8 Comparison of phonon dispersion relations for YHSe at pressures of 0 GPa

(red lines) and 200 GPa (blue lines). . . . . . . . . . . . . . . . . . . . . . 75

4.9 Overall phonon DOS for YHSe under various pressures: (a) 0 GPa, (b) 50

GPa, (c) 100 GPa, (d) 150 GPa, and (e) 200 GPa. . . . . . . . . . . . . . . 75

4.10 (a) Calculated superconducting critical temperature, (b) integral of λ, (c)

logarithmic average phonon frequency as a function of pressure for YHSe. . 78

4.11 Variation of the electron-phonon coupling parameter with frequency under

different pressure conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.12 The α2F (ω) and the average EPC parameter λ for YHSe under different

pressures: (a) 0 GPa, (b) 50 GPa, (c) 100 GPa, (d) 150 GPa, and (e) 200 GPa. 82

4.13 (a) Real part of the dielectric function; (b) Imaginary part of the dielectric

function for YHSe under varying pressures (0, 10, 20, 30, 40, 50, 60, and

70 GPa) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.14 Illustration of the optical properties of YHSe under various pressures (0,

10, 20, 30, 40, 50, 60, and 70 GPa), including: (a) refractive index, (b)

extinction coefficient, (c) absorption coefficient, and (d) reflectivity. . . . . 89

4.15 Electron energy loss function of YHSe under various applied pressures (0,

10, 20, 30, 40, 50, 60, and 70 GPa). . . . . . . . . . . . . . . . . . . . . . . 90

4.16 Seebeck coefficient (T) of YHSe subjected to different pressures. . . . . . . 92

x



4.17 Electrical conductivity of YHSe as a function of temperature at different

pressure levels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.18 Power factor of YHSe as a function of temperature at different pressure levels. 94

4.19 Electronic thermal conductivity versus temperature for YHSe under varying

pressures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.20 The phononic component of thermal conductivity for YHSe is shown under

different pressures: (a) at 0 GPa, and (b) at 100 and 200 GPa. . . . . . . . 97

4.21 The relationship between temperature and the figure of merit (ZT) of YHSe

is shown under different pressure conditions. . . . . . . . . . . . . . . . . . 98

4.22 Carrier concentration versus temperature of YHSe under varying pressures. 99

4.23 The specific heat capacity varies with temperature at different pressures. . 100

4.24 Optimized crystal structure of LaxY1−xHSe at (a) x = 0%, (b) x = 12.5%,

(c) x = 25%, (d) x = 37.5%, and (e) x = 50% . . . . . . . . . . . . . . . . 102

4.25 (a) Real and (b) imaginary parts of the dielectric function of La-doped

YHSe at different La concentrations. . . . . . . . . . . . . . . . . . . . . . 107

4.26 Absorption coefficient of La-doped YHSe at different La concentrations. . . 108

4.27 Refractive index of lanthanum-doped YHSe at different lanthanum concen-

trations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.28 Extinction coefficient of La-doped YHSe at different La concentrations

ranging from 0.0 to 0.5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.29 Reflectivity of La-doped YHSe at different La concentrations ranging from

0.0 to 0.5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.30 Electron energy loss function of La-doped YHSe at different La concentrations.114

4.31 Phonon band structure and phonon DOS for La-doped YHSe at different

La concentrations: (a) YHSe (b) La0.3Y0.7HSe, (c) La0.5Y0.5HSe, and (d)

LaHSe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.32 Total Phonon density of states for YHSe at various La concentrations (x). . 118

4.33 La concentration dependence of the longitudinal acoustic phonon frequen-

cies (LA) at high symmetry points: M, K, A, L, and H. . . . . . . . . . . . 118

xi



4.34 (a) The computed superconducting critical temperature (Tc) for La-doped

yttrium hydrogen selenide. (b) The examination of EPC parameter (λ) for

La doped YHSe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4.35 The frequency distribution of the EPC parameter (λ) for La-doped YHSe

at varying La concentrations (x). . . . . . . . . . . . . . . . . . . . . . . . 121

4.36 Eliashberg spectral function and frequency-dependent (λ) for La-doped

YHSe. The plots are presented for (a) YHSe, (b) La0.3Y0.7HSe, (c) La0.5Y0.5HSe,

and (d) LaHSe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

4.37 Eliashberg spectral functions of YHSe with varying La doping levels . . . . 125

4.38 Seebeck coefficient of La doped YHSe at varying La concentrations. . . . . 126

4.39 Electrical conductivity of La-doped YHSe at varying La concentrations: . 128

4.40 Power factor of La-doped YHSe at varying La concentrations. . . . . . . . 129

4.41 Electronic heat conductivity (κe) of La-doped YHSe at varying lanthanum

concentrations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

4.42 Lattice thermal conductivity (κph) of La-doped YHSe at different La con-

centrations: (a) x = 0, (b) x = 0.125, and (c) x = 0.5. . . . . . . . . . . . . 134

4.43 Figure of merit (ZT ) of La-doped YHSe at different La concentrations. . . 136

4.44 Carrier concentration of La-doped YHSe at varying lanthanum concentra-

tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

4.45 Specific heat capacity of La-doped YHSe at varying lanthanum concentrations.139

A.1 Band structures and Density of states calculated using the GGA [(a) -

(g)] and GGA+U [(2a) - (2g)] approximations for (a) pure YHSe, (b)

La0.125Y0.875HSe, (c) La0.25Y0.75HSe, (d) La0.375Y0.625HSe, (e) La0.5Y0.5HSe,

(f) LaHSe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

xii



LIST OF ACRONYMS AND ABBREVIATIONS

DFT Density Functional Theory

EPC Electron-Phonon Couplings

BTE Boltzmann Transport Equation

BZ Brillouin Zone

DOS Density of States

LDA Local Density Approximation

GGA Generalized Gradient Approximation

LSDA Local Spin Density Approximation

PBE Perdew–Burke–Ernzerhof

USPP Ultrasoft Pseudopotentials

NCPP Norm-Conserving Pseudopotentials

PAW Projected Augmented-Wave

BFGS Broyden-Fletcher-Goldfarb-Shanno

PhDOS Phonon Density of States

TDF Transport Distribution Function

RTA Relaxation Time Approximation

CBM Conduction Band Minimum

VBM Valence Band Maximum

YHSe Yttrium Hydrogen Selenide

BTT Boltzmann Transport Theory

LEDs Light Emitting Diodes

TM Transition Metal

VESTA Visualization for Electronic and Structural Analysis

XCrySDen Crystalline Structures Visualizer

REMs Rare Earth Metals

CTMHs Complex Transition Metal Hydrides

BCS Bardeen-Cooper-Schrieffer Theory

xiii



Abstract

Yttrium Hydrogen Selenide shows multifunctional behavior under high pressure and La

doping, making it a promising material for next-generation superconducting, thermo-

electric, and optoelectronic applications. This study explores the structural, electronic,

phonon, optical, superconducting, and thermoelectric properties of YHSe under pressure

and La doping using Density Functional Theory, Phonopy, Phono3py, BoltzTraP, and

Python-based tools. With increasing pressure, structural analysis reveals a contraction of

interatomic distances and a reduction in lattice parameters. Electronic band structure cal-

culations indicate that, pressure-induced modulation of localized states drives a transition

from an indirect to a direct band gap at high pressures. Phonon dispersion analysis shows

an overall stiffening of lattice vibrations, although certain high-symmetry modes exhibit

softening. Moreover, enhanced electron-phonon coupling under high pressure can lead to

an increase in the superconducting transition temperature (Tc). Additionally, pressure in-

duces notable modifications in most optical properties, particularly enhancing absorption

in the UV region. Furthermore, pressure enhances thermoelectric performance, achieving

a notable maximum Figure of merit (ZT ) of 0.79. On the other hand, Lanthanum (La)

doping modifies the crystal structure by causing lattice expansion along the c-axis, lead-

ing to an increased c/a ratio and structural anisotropy, which can influence electronic and

transport behavior. La doping also raises the density of states near the Fermi level and

introduces localized states within the band gap. Phonon mode softening induced by dop-

ing reduces the lattice thermal conductivity, thereby enhancing thermoelectric efficiency.

Additionally, Lanthanum doping raises the superconducting critical temperature (Tc), pro-

viding a viable alternative to pressure-induced superconductivity. Moreover, optical anal-

ysis reveals that doping induces significant enhancements in the key optical parameters.

Furthermore, thermoelectric calculations indicate enhanced performance, with the Figure

of merit reaching, ZT ≈ 0.75. These DFT results reveal crucial functional properties of

the material relevant to optoelectronic, thermoelectric, and energy storage applications.

Keywords: DFT, Superconductivity, EPC, Phonon, Doping, YHSe
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1

Introduction

1.1 Background of the Study

The development of next-generation materials is crucial for addressing challenges related

to energy efficiency, environmental sustainability, and advanced technologies. As global

concerns over energy consumption and climate change continue to grow, the search for

innovative materials that enable sustainable solutions and technological advancements

has become increasingly important (Khan et al., 2024).

Among these materials, Metal hydrides have gained popularity owing to their distinc-

tive properties and wide range of applications, particularly in energy storage (Schlapbach

& Züttel, 2001) superconductivity (Drozdov et al., 2019) optoelectronics (Grätzel, 2001)

,and photocatalytic applications (W. Ma et al., 2024). Metal hydrides such as LiH, LiAlH4,

MgH2, NaAlH4, NaAlYH4, LaNi5H6, and TiFeH2, etc are efficient hydrogen storage mate-

rials offering a promising solution for clean energy technologies (Schlapbach & Züttel, 2001

;Liu et al., 2020). Their substantial hydrogen retention capability, reversibility and poten-

tial application in hydrogen fuel cells based on solid-state materials and advanced battery

systems make them strong candidates for next generation energy storage (Schlapbach &

Züttel, 2001 ;Liu et al., 2020).

Beyond their role in energy storage, metal hydrides are also considered strong candi-

dates for high temperature superconductors. Notable experimental breakthroughs include

the identification of superconductivity in hydrogen sulfide at 203 K (Drozdov et al., 2015),

LaH10 (≈ 250K at 170GPa (Drozdov.P.A. et al., 2019) ≈ 260K at 180 - 200GPa ( So-

mayazulu .M.,et al.,2019), YH9 at 243 K ( Kong et al., 2019) CeH9 (≈ 100K at 130GPa

(Chen.W.,et al., 2021 ), CaH6(215K at 172GPa ( Li.Z. et al., 2022 ) and YH6 (≈ 220K

at 183GPa (Kong.P et al.,2021), all under extremely high pressures (90 - 201GPa). How-

ever, despite these advancements, achieving room temperature superconductivity under

practical conditions remains challenging due to the requirement for extreme pressures,
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which significantly limit real world applications. Moreover, the underlying mechanisms of

hydrides superconductivity still require deeper theoretical and experimental investigation

(Drozdov et al., 2019).

In addition to their superconducting potential, metal hydrides are gaining interest in

photocatalysis and optoelectronics. Metal-organic frameworks (MOFs) containing metal

hydrides have been widely researched for photocatalytic use because of their adjustable

light absorption properties and large surface area (W. Ma et al., 2024).

Furthermore, some metal hydrides, particularly oxygen containing yttrium based hy-

dride, titanium oxide, tungsten oxide, molybdenum oxide, and yttrium hydride, exhibit

remarkable photochromic properties, making them valuable for smart materials that re-

spond to light stimuli (Mongstad et al., 2011). The discovery of photochromic character-

istics in yttrium hydride resulted from increased scientific activity (Van der Molen et al.,

2001). This followed the finding of switchable optical characteristics in yttrium and lan-

thanum based hydrides (Van der Molen et al., 2001). These properties open new avenues

for applications in adaptive optics, energy efficient windows, and data storage technologies

(Sandrock & Bowman Jr, 2003).

Additionally, metal hydrides with tunable electronic and optical properties are being

actively explored for their potential in next-generation optoelectronic devices, where they

can significantly enhance charge carrier dynamics (Grätzel et al., 2001).

Among metal hydrides, those incorporating chalcogenide elements oxygen (O), sulfur

(S), selenium (Se), tellurium (Te) have gained considerable attention in optoelectronics

and photonics due to their rich electronic and optical characteristics, structural versatility,

and environmentally friendly nature (Ab Rahman et al., 2015).

Transition metal based chalcogenides, in particular, stand out due to their variable

oxidation states and stoichiometry, which enable diverse optical, catalytic, and electrical

functionalities suitable for energy devices, sensors, and light-harvesting technologies (Ab

Rahman et al., 2015). Binary and ternary chalcogenides such as Y2Se3, Er2Se3, KNi2Se2,

and As2Se3 exhibit excellent thermal stability, high refractive indices, and facile synthesis,

making them attractive for photonic and optoelectronic applications (Awada et al., 2020).

For example, Y2Se3 rock-salt cubic structure and octahedral coordination enable strong
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light-matter interactions ideal for optoelectronics, while Er2Se3 is valued for infrared de-

tection due to its narrow band gap and infrared sensitivity (Ikhioya, I. L., & Nkele, A. C.,

2023).

Moreover, doping strategies have further enriched the toolbox for tailoring material

properties, enabling precise control over electronic band structure, carrier density, and op-

tical response. Lanthanum doping, in particular, has demonstrated remarkable effects by

inducing lattice distortions and modulating band gaps, thereby enhancing charge trans-

port and photocatalytic efficiency (Ali Khan & Tahir, 2021). La-based compounds possess

high density, melting points, and electrical conductivity, attributes linked to their 4f elec-

tron configuration, enhancing their suitability for multifunctional applications (Boppella

et al., 2018).

Additionally, La doping has also been shown to enhance thermoelectric performance

in chalcogenide-based compounds, such as Bi2Te3, where La substitution effectively tunes

the carrier concentration and reduces thermal conductivity, leading to improved power

factors and higher figures of merit (ZT)(Amirkhizi et al., 2024; Terasaki et al., 1997).

Despite the advances in related hydrides and chalcogenides, YHSe remains virtually

unexplored both computationally and experimentally. This presents a compelling research

opportunity to systematically investigate its fundamental properties and technological

potential.

Building upon these promising avenues, yttrium hydrogen selenide (YHSe) emerges as

a novel compound bridging hydrides and chalcogenides, offering a rich platform for engi-

neering multifunctional materials. The incorporation of hydrogen within the chalcogenide

matrix provides additional tunability in bonding, carrier dynamics, and optical absorp-

tion. Introducing lanthanum doping at yttrium sites promises to further modulate the

electronic structure, stabilize crystal symmetries, and introduce impurity states that may

enhance optoelectronic and energy conversion efficiencies. Additionally, external pressure

can serve as a powerful tool to fine-tune these properties, potentially unlocking superior

performance.

Therefore, this study aims to comprehensively explore the structural, electronic, op-

tical, phononic, superconducting, and thermoelectric characteristics of Y1-xLaxHSe (x =
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0 to 0.5) and under varying external pressures using First-principles calculations. By

combining lanthanum doping with pressure tuning, we seek to reveal novel pathways for

optimizing multifunctional properties, advancing the frontier of sustainable materials sci-

ence and technology.

La is chosen as a dopant due to its large ionic radius and ability to donate additional

charge carriers, which can effectively modify the electronic structure of YHSe. La sub-

stitution at the Y-site is expected to introduce enhanced carrier concentration and band

structure modulation, thereby improving the electrical conductivity and thermoelectric

performance. Moreover, La-based compounds are well-known for their strong optical ab-

sorption and phonon-mediated superconducting behavior, as reported in several oxide and

hydride systems. These characteristics make La a strategic choice for tuning the multi-

functional properties of YHSe under doping and pressure.

Using First-principles calculations, we investigate the Y1−xLaxHSe composition series

(where x = 0, 0.125, 0.25, 0.375, and 0.5) to examine how gradual La substitution in-

fluences the physical properties of YHSe. This dual approach combining La doping with

applied pressure is designed to tailor the electronic structure and optimize the multifunc-

tional properties of the YHSe system. Maintaining structural stability, especially under

doping and pressure conditions, remains a key challenge one that this study also aims to

address.

1.2 Statement of the Problem

Since the discovery of superconductivity, researchers have aimed to achieve the highest

critical temperature, potentially surpassing room temperature. For decades, the critical

temperature of conventional superconductors has stayed around 10 K (Giuseppe Grosso,et

al.,2014). High critical temperature non-conventional superconductivity has been exten-

sively explored, with a record critical temperature of 133 K at ambient pressure for Hg-

Ba-Ca-Cu-O (Guo Ott Schilling, et al., 1993). However their pairing mechanism is still

debated. Recent advancements in hydrogen-based superconductors have demonstrated

promising characteristics, with superconducting critical temperatures (Tc) approaching or

even surpassing room temperature (Drozdov et al., 2019). Despite these promising re-
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sults, the underlying mechanisms governing superconductivity in hydrogen-based systems

are still not fully understood and are therefore not addressed within the scope of this

study. Furthermore, these extraordinary properties typically emerge under extreme pres-

sure conditions far beyond current experimental capabilities raising fundamental questions

about their practical applicability.

Despite significant advances in optoelectronic materials, the role of external pressure

in tuning optical properties remains underexplored. Understanding how pressure-induced

modifications influence optical behavior is crucial, as it may unlock new pathways for

designing advanced optoelectronic devices and enhancing the performance of light-based

technologies. Therefore, investigating these effects is essential for the development of

materials with tailored and improved optical functionalities.

Furthermore, in many industrial processes, such as metal smelting and chemical pro-

duction, a significant amount of heat is generated as a byproduct. However, most of this

heat is not utilized and is instead released into the environment as waste heat, contribut-

ing to energy loss and thermal pollution. Thermoelectric materials have the potential to

revolutionize energy harvesting by converting waste heat into electricity, offering a sustain-

able solution for energy efficiency. However, their low efficiency, at elevated temperatures

prevent their widespread adoption in practical applications.

1.3 Research Questions

The study intends to answer the following questions:

1. how does pressure affect the electronic structure, phonon characteristics, optical

properties, and superconducting behavior of YHSe ?

2. how does La doping influence the properties of the YHSe system, specifically the

electronic structure, phonon behavior, optical properties, and superconductivity ?

3. how does temperature, pressure, and varying concentrations of La affect the ther-

moelectric properties of yttrium hydrogen selenide ?

4. What is the relationship between La concentration and the EPC parameter (λ) in

the YHSe compound ?
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1.4 Objectives

1.4.1 General Objective

• The general objective of this research is to investigate the effects of pressure and

doping on the structural, electronic, phononic, optical, thermoelectric, and super-

conducting properties of the yttrium hydrogen selenide (YHSe) compound.

1.4.2 Specific Objectives

The specific objectives of this work are:

• to determine the electronic structure and phonon behavior at different lanthanum

concentrations and under external pressure ;

• to evaluate the superconducting properties as a function of pressure and lanthanum

doping ;

• to examine the optical responses influenced by lanthanum doping and pressure ;

• to compute the temperature-dependent thermoelectric properties under varying lan-

thanum concentrations and pressure.

1.5 Significance of the Study

Investigating the Consequence of La doping and pressure variations on the structure,

phonons, thermoelectric, and superconducting characteristics of YHSe is essential for ad-

vancing material science and engineering. This research provides valuable insights into

how external factors such as doping and pressure influence the fundamental properties

of YHSe, enabling precise material manipulation for targeted applications. Understand-

ing the impact of La incorporation can shed light on the tunability of superconducting

behavior, potentially leading to the development of more efficient superconductors for

high-performance electrical transmission and energy applications.

Moreover, exploring pressure-induced modifications in optical properties could pave the

way for novel optoelectronic devices and improvements in light-based technologies. This
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study also contributes to fundamental condensed matter physics by elucidating the com-

plex relationships between doping, pressure, and material properties. The findings hold

significant implications for thermoelectric applications, optoelectronic devices,fostering

new technological advancements. Moreover, this research serves as a valuable reference

for future studies focused on material enhancement and property optimization.

1.6 Scope of the Study

This work presents a comprehensive investigation of YHSe, employing first-principles DFT

calculations to analyze its fundamental properties. Initially, the research examines the

structural, electronic, optical, phonon, thermoelectric, and superconducting properties of

pristine YHSe under varying pressure conditions. This analysis aims to establish a foun-

dational understanding of the intrinsic behavior of YHSe, which is crucial for evaluating

its potential applications in optoelectronic, thermoelectrics, and superconductivity. Sub-

sequently, the study explores the effects of La doping on the structural, electronic, optical,

phonon, thermoelectric, and superconducting characteristics of YHSe at a fixed pressure.

This section specifically investigates how La incorporation modifies the electronic struc-

ture, alters phonon interactions, and influences light absorption capabilities critical factors

for tuning the material’s performance in optoelectronics, superconducting, and thermo-

electric applications.

Unlike experimental studies, this work is entirely computational, relying on DFT based

simulations and Boltzmann transport theory(BTT), as well as Phono3py, phonopy soft-

ware, to predict and analyze material properties. A comparative analysis between pristine

and La doped YHSe is conducted to clarify the specific role of doping in enhancing or

modifying key physical characteristics. Finally, the study evaluates the interplay between

doping, pressure, and phonon-mediated superconductivity, aiming to provide deeper in-

sight into how external and intrinsic modifications influence the functional properties of

YHSe. This analysis aims to establish a foundational understanding of the intrinsic behav-

ior of YHSe, which is crucial for evaluating its potential applications in optoelectronics,

thermoelectrics, and superconductivity.
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1.7 Organization of the Dissertation

This dissertation systematically explores the structural, electronic, optical, phonon, ther-

moelectric and superconducting properties of yttrium hydrogen selenide under pressure

variations and La doping, with structural analysis serving as the foundation for under-

standing its behavior. The dissertation is organized into five chapters: Chapter (1) in-

troduces the research by outlining the background, motivation, research questions, ob-

jectives and scope of work. Chapter (2) provides a literature review that establishes the

theoretical foundation by examining DFT, the role of phonons in superconductivity and

heat transport, the influence of pressure on materials, and La’s contributions to enhanc-

ing superconductivity, as well as its effects on photocatalysis and related phenomena.

Chapter (3) Materials and Methods, including computational frameworks such as DFT,

exchange-correlation functionals, pseudopotentials, Boltzmann transport theory and sim-

ulation tools. Chapter (4) presents the results and discussions derived different tools

such as DFT, phonopy, phono3py emphasizing how pressure and La doping influence the

fundamental properties of YHSe. Finally, Chapter (5) summarizes key findings, draws con-

clusions and provides recommendations for future research to advance the understanding

and application of YHSe based materials.
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2

Literature Review

2.1 Rare Earth Metal Hydrides

Rare-earth metal hydrides are compounds formed through the interaction of rare-earth el-

ements with hydrogen, characterized by unique chemical, electronic, and structural prop-

erties. These unique properties have enabled their extensive application across various

fields. Rare earth elements and their compounds play essential roles in traditional indus-

tries such as hydrogen storage, metallurgy, petroleum, textiles, and agriculture, as well as

in rapidly emerging technological sectors (Kumari et al., 2015).

Importantly, rare earth metal hydrides are extensively utilized in hydrogen storage

systems Due to their remarkable Capability to reversibly absorb and the process of hydro-

gen being produced or emitted under moderate conditions (Korst and Warf, 1966). They

are also key materials in nickel-metal hydride (NiMH) batteries, where they function as

negative electrode materials (Ovshinsky et al., 1993). Their superior hydrogen absorption

characteristics further make them suitable for thermal management applications, such as

hydrogen compressors and heat pumps (Sandrock, 1999). In the areas of magnetic refrig-

eration and permanent magnets, rare earth hydrides contribute significantly by enhancing

and tuning magnetic properties (Gschneidner et al., 2005).

The superconductivity under high pressure highlights the importance of rare earth

hydrides in cutting-edge in high-temperature superconductors and exploration of exotic

quantum states (Flores-Livas et al., 2020).

However, despite their remarkable advantages, rare earth elements and their hydrides

present significant challenges, including realizing and maintaining superconductivity un-

der extreme conditions, such as ultra-high pressures, remains a complex and demanding

task, limiting their immediate technological applications and requiring further fundamen-

tal research (Drozdov, A. P. et al., 2019).
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2.1.1 Yttrium Hydride : Properties and Applications

YHn is a compound composed of yttrium and hydrogen, with several known stoichiometric

forms. The most frequent variant is the YH2, which crystallizes in a face-centered cubic

structure (FCC). Under high pressure, additional hydrogen atoms can be incorporated,

leads to the creation of an insulating phase, approximately represented by YH3, which

adopts a hexagonal structure (Kume, Kenichi et al., 2011).

In 1996, Huiberts et al. demonstrated that the transition from YH2 to YH3 involves

a metal to insulator transition, which can be exploited to modulate optical properties

enabling smart windows that switch between opaque and transparent states (Huiberts

et al., 1996). This groundbreaking discovery spurred extensive research into metal hy-

dride based chromogenic materials and smart window technologies, including gasochromic

windows devices controlled by external voltage (Van der Sluis et al., 2001).

Moreover, yttrium hydride containing a significant amount of oxygen has been shown

to exhibit reversible photochromic behavior (Mongstad et al., 2001), further expanding

its potential applications in optoelectronics, energy efficient building technologies, and

sensors. This excellent switchable optical characteristics make them selective for a variety

of technical uses, such as sensors, goggles, medical equipment, and smart devices. A study

discovered that as the oxygen concentration in the film increases, the strength of the

photochromic response decreases and the optical band gap widens (Moldarev, Dmitrii, et

al., 2018).

2.2 Yttrium Selenide (Y2Se3) : Properties and Applications

Transition metal chalcogenides, including Y2Se3, Er2Se3, and As2Se3, have become a fo-

cus of research due are gaining attention for their unique properties (Ikhioya, I. et al.,

2023). These features not only enhance their catalytic activity but also contribute to their

affordability and efficiency in various applications.

Yttrium selenide (Y2Se3) has garnered significant attention for its potential applica-

tions in optoelectronics and photonics (Ikhioya, I. et al., 2023). As a member of the

chalcogenide family, Y2Se3 exhibits unique properties that are heavily influenced by its
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synthesis methods and material composition. These properties make it particularly sensi-

tive to light, which is advantageous for structural designs in optical fibers. The variance

Stoichiometry significantly impacts the optical and electrical properties of compounds

(Ikhioya, I. et al., 2023).

Binary and ternary chalcogenides, such as Y2Se3, are known for their simple fabrica-

tion processes, unique structures, high refractive indices, and a wide range of deposition

methods (Ikhioya, I. et al., 2023). These qualities make them very appropriate for use

in optoelectronic devices. Additionally, these materials have promising uses for many

technologies as solar cell,sensor and many more (Ikhioya, I. et al., 2023).

Yttrium selenide (Y2Se3) holds great potential for different technological uses, partic-

ularly in the area of optoelectronics, photovoltaics, thermoelectrics, and sensors (Ikhioya,

I. et al., 2023). Continued research and exploration into the properties of Y2Se3 will open

up new avenues for its use in cutting-edge applications (Ikhioya, I. et al., 2023).

Currently, there are no known studies on the properties or applications of Yttrium

Hydrogen Selenide (YHSe), creating a significant gap in the literature. This is particularly

notable given the growing interest in similar chalcogenides such as Yttrium Selenide Y2Se3,

Er2Se3, and As2Se3, which have been explored for optoelectronics, photovoltaics, and

sensors. Insights are mainly drawn from related hydrides and selenides, leaving the unique

properties of YHSe largely unexplored. This presents an opportunity for this research to

fill this gap.

2.3 Density Functional Theory (DFT)

DFT a quantum mechanical approach used in physics, chemistry, and material science to

analyze and predict the physical properties of atoms, molecules, and solids ( Dixon, 2016,

Stanton, 2001 ). DFT approach is commonly used to determine the electronic structure

of materials.

The theory proposes that a system’s total energy can be described as a function of

electron density, rather than electron wave function. DFT uses a wave function to describe

electrons in a material and solves the Schrodinger equation for self-consistent behavior.

This involves finding the wave function that minimizes the total energy of the system

11



(Anubhav Jain, Yongwoo 164 Shin,et al.,2016) subject to the constraint that the electron

density is equal to the observed electron density of the material (Robert G Parr,1980). One

of the key advantages of DFT is that it is computation-ally efficient, making it possible to

study large systems with a high level of accuracy. It is also able to account for many-body

effects, such as electron-electron interactions, which are important in understanding the

properties of materials.

DFT has been used to a variety of materials, including superconductors, and has shown

to be an effective method for understanding their electronic structure and superconduct-

ing characteristics. It has also been used to examine other characteristics of materials,

such as their structural, optical, and magnetic properties (Eberhard Engel and Reiner M

Dreizler,2011). The central equation in DFT is the Schrodinger equation, which explain

the behavior of the electrons in a substance (Reiner M Dreizler and Eberhard KU Gross

,2012). In DFT, the Schrodinger equation is written as:

Hψ = Eψ (2.1)

where H[ψ] is the single-particle Hamiltonian operator, ψ is the wave function of the

electrons, and E is the energy of the system. The single-particle Hamiltonian operator is

given by

H =
~2∇2

2m
+ V [n] (2.2)

where ~ is the reduced Planck constant, m is the mass of the electron, ∇2 is the Laplacian

operator, V[n] is the effective potential, which depends on the electron density n. To solve

the Schrodinger equation self-consistently, the wave function ψ is iteratively updated until

the total energy of the system is minimized, subject to the constraint that the electron

density is equal to the observed electron density of the material. This is done using an

iterative algorithm, such as the self-consistent field (SCF) method (Philip A Casey and

Philip W Anderson, 2011). There are many different approximations that can be used to

simplify the calculation of the effective potential V[n],such as the local density approx-

imation (LDA) (Modarres .M, et al., 2005) and the generalized gradient approximation

(GGA)(CA Ullrich and EKU Gross , et al.,1996). These approximations are used to ac-
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count for the many-body effects that are important in understanding the properties of

materials. In density functional theory (DFT), electron density is an important quantity

that is used to calculate the properties of materials. The electron density is defined as

n(r) =
∑
i

|ψi(r)|2 (2.3)

where
∑

i indicates a sum over all the occupied electronic states,ψi(r) is the wave function

of the ith electronic state, and r is the position in space. The electron density is a measure

of the number of electrons per unit volume at a given point in space (var Giaever and

Karl Megerle, et al.,1961). It is related to the probability of finding an electron at a given

point in space. The electron density can be used to calculate the total energy (Herbert

Fröhlich, 1954) of a system using the following equation:

E[n] = T [n] + V [n] + EH [n] + Exc[n] (2.4)

where T[n] is the kinetic energy of the electrons, V[n] is the potential energy of the elec-

trons, EH [n] is the Hartree energy, and Exc[n] is the exchange-correlation energy. The

kinetic energy of the electrons is given by

T [n] =

∫
n(r)

(
~2

2m
∇2ϕ(r)

)
dr (2.5)

where
∫

indicates an integral over all space, n(r) is the electron density and ϕ(r) is the

single-particle wave function. The potential energy of the electrons is given by:

V [n] =

∫
n(r)Vext(r) dr +

1

2

∫ ∫
n(r)n(r′)

|r − r′|
dr dr′ (2.6)

Where
∫ ∫

indicates a double integral over all space, n(r) is the electron density, Vext(r) is

the external potential, and |r− r′| is the distance between the source and the point under

consideration in space. The Hartree energy is given by:

EH [n] =
1

2

∫ ∫
n(r)n(r′)

|r − r′|
dr dr′ (2.7)
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The exchange-correlation energy is given by

Exc[n] =

∫
n(r) εxc(n(r)) dr (2.8)

where
∫
represent an integral over all space, n(r) is the electron density, and εxc(n(r) is the

exchange energy. The time and position-dependent representation of the non-relativistic

Schrödinger equation of the nuclei and electron system is given by

i~
∂Φ(R, r; t)

∂t
=

(
−
∑
µ

~2

2Mµ

∇2
Rµ −

~2

2m

∑
i

∇2
ri

+ V (R, r)

)
Φ(R, r; t), (2.9)

where

V (R, r) = Ve–e + Vn–n + Ve–n

=
∑
i,µ

Zµe
2

|ri −Rµ|
+

1

2

∑
i 6=j

e2

|ri − rj|
+
∑
µ6=ν

ZµZνe
2

|Rµ −Rν |
. (2.10)

where Ve–e is the electron–electron interaction energy, Vn–n is the nucleus–nucleus interac-

tion energy, and Ve–n is the electron–nucleus interaction energy.

Here, r = (r1, r2, . . . , ri) and R = (R1, R2, . . . , RI) denote the positions of all electrons

and nuclei, respectively. The indices i, j run over all electrons, and µ, ν run over all nuclei.

m is the electron mass, Mµ is the mass of the µ-th nucleus, Zµ is the atomic number

of nucleus µ, and e is the elementary charge. I represents the total number of nuclei.

Φ(R, r; t) is the many-body wave function of the full system. In short-hand notation, we

can write Equation (2.10) as:

(Tn + Te + Ve–e + Vn–n + Ve–n)Φ(R, r; t) = EnΦ(R, r; t), (2.11)

where Tn and Te represent the kinetic energy operators for nuclei and electrons, respec-

tively, and En is the total energy eigenvalue of the system in the n-th quantum state.

The Born-Oppenheimer approximation relies on the idea that the significant mass

difference between nuclei and electrons (i.e., M � m). For example, a proton (1H) is

approximately 1800 times heavier than an electron, and for elements like carbon, the mass
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ratio exceeds 20,000. This disparity means that electrons respond to external perturbations

much more rapidly than nuclei (Stanton, 2001). Consequently, the kinetic energy of nuclei

Tn is neglected, and the nucleus–nucleus repulsion term Vn–n is treated as a constant. With

this simplification, the electronic Schrödinger equation is solved in the first approximation.

2.3.1 The Hohenberg-Kohn Theorems

Hohenberg and Kohn’s 1964 theorems established electron density as the key quantity

for determining total energy, becoming the foundation of contemporary density-functional

theory (Hohenberg, P., Kohn ,1964). They developed two theorems that serve as the

foundation for the formulation of (i)] two theorems that serve as the foundation for the

formulation of (i). The external voltage V (r) and electron density n(r) have a unique

one-to-one connection.

Using the variational principle, one may determine the ground state electron density.

The variational principle states that the ground state energy E0 in DFT is always less

than or equal to the expected value determined with any trial electron density.

E0 < 〈Ψ|Ĥ|Ψ〉 (2.12)

The first theorem can be demonstrated by assuming that there exist two different external

potentials, denoted as Vex1 and Vex2, which produce the same ground state electron density

n0(r). Consequently, the corresponding Hamiltonians, Ĥ1 and Ĥ2, will have different

ground state wave functions, Ψ1(r) and Ψ2(r), respectively. Applying Equation (2.12),

we obtain: The associated Hamiltonians, Ĥ1 and Ĥ2, will therefore have different ground

state wave functions, Ψ(r1) and Ψ(r2). Using Equation (2.12), we have:

E0 < 〈Ψ|Ĥ|Ψ〉. (2.13)

This implies that for each Hamiltonian:

E01 < 〈Ψ2|Ĥ1|Ψ2〉. (2.14)
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E01 < 〈Ψ2|Ĥ1 + Ĥ2 − Ĥ2|Ψ2〉. (2.15)

E01 < 〈Ψ2|Ĥ1|Ψ2〉 = 〈Ψ2|Ĥ2|Ψ2〉+ 〈Ψ2|Ĥ1 − Ĥ2|Ψ2〉. (2.16)

Eq. (2.16) is simplified to

E01 < 〈Ψ2|Ĥ|Ψ2〉 = E02 +

∫
n(r)(Vex1 − Vex2) dr. (2.17)

where E01 and E02 are the ground state energies of Ĥ1 and Ĥ2, respectively.

E02 < 〈Ψ1|Ĥ2|Ψ1〉 = E01 < 〈Ψ2|Ĥ2 + Ĥ1 − Ĥ1|Ψ2〉. (2.18)

E02 < 〈Ψ1|Ĥ2|Ψ1〉 = 〈Ψ1|Ĥ1|Ψ1〉+ 〈Ψ1|Ĥ2 − Ĥ1|Ψ1〉. (2.19)

E02 < 〈Ψ1|Ĥ2|Ψ1〉 = E01 +

∫
n(r)(Vex2 − Vex1) dr. (2.20)

After adding Eq.(2.17)and Eq.(2.20) we get

E01 + E02 < E02 + E01 (2.21)

This leads to a clear contradiction. Therefore, it is impossible for two different external

potentials to produce the same electron density n(r). As a result, the electron density

n(r) uniquely determines the external potential Vex(r) and all ground state properties.

Consequently, the external potential Vex can be conveniently expressed as a functional of

the electron density.

Vex =

∫
n(ri)V (r) dr. (2.22)

Thus, for a specified external potential, the total electronic energy Ee can be directly

represented as a functional of the electron density n(r):

Ee[n] = T [n] + Vex[n] + Vee[n]. (2.23)

Ee[n] =

∫
n(r)v(r) dr + FHK[n]. (2.24)
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where

FHK[n] = T [n] + Vee[n]. (2.25)

Here, FHK[n] depends solely on the electron density n(r) and is independent of the external

potential v(r). Therefore, FHK[n] is considered a universal functional of n(r), meaning that

its form remains the same for any system, regardless of the external potential applied. If

the exact form of this functional were known, it would allow for an exact solution of

the Schrödinger equation. However, the precise density dependence of FHK[n] remains

unknown. One of the central challenges in DFT is to determine the explicit form of this

universal functional.

The second Hohenberg-Kohn theorem addresses how to verify whether a given electron

density corresponds to the true ground-state density. It states that the total energy reaches

its minimum value only when the electron density matches the ground-state density. Fur-

thermore, the ground-state energy can be obtained through a variational principle, where

the density that minimizes the total energy is identified as the exact ground-state density.

This principle is consistent with the general variational method.

E0 ≤ E[n] = T [n] + Vex[n] + Vee[n]. (2.26)

The problem of many-electron systems, initially described by 1023 variables in three di-

mensions, can now be simplified to a problem involving only a single variable in three

dimensions. While these two theorems establish the existence of a universal functional,

they do not offer any details about the nature of this functional or provide methods for

calculating the ground-state density.

2.3.2 The Kohn-Sham Equations

Nearly one year after the Hohenberg-Kohn theorems were published, Kohn and Sham first

applied DFT to practical electronic structure calculations in 1965. Their approach involves

transforming the fully interacting system into an equivalent non-interacting one, similar

to the Hartree-Fock approximation. However, unlike the Hartree-Fock method, the Kohn-

Sham equations incorporate both electron correlation and exchange energy. As a result,
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Kohn and Sham proposed that the energy functional can be written as: Their method

focuses on transforming the complete interacting system into a virtual non-interacting one,

akin to the Hartree-Fock approximation. However, the Kohn-Sham equations account for

both electron correlation and exchange energy. Therefore, according to Kohn and Sham,

the energy functional can be expressed as

E[n] =

∫
n(r)V (r) dr + FHK [n(r)]

=

∫
n(r)Vex(r) dr + Ts[n(r)] +

∫ ∫
n(r)n(r′)

|r − r′|
dr dr′ + EEX[n(r)] (2.27)

where Vex(r) denotes the external potential. The third term in Equation (2.27) represents

the classical Coulomb interaction energy of the electron density with itself, commonly

referred to as the Hartree energy. At the same time, the kinetic energy of non-interacting

electrons, which collectively determine the exact ground-state density n(r), is expressed

as follows:

Ts(n) = −1

2

N∑
k=1

∫
φ∗k(r)∇2φk(r) dr (2.28)

Where the effective potential energy functional can be written in separted form as:

V eff[n(r)] =

∫
n(r)Vex(r) dr +

∫ ∫
n(r)n(r′)

|r− r′|
dr dr′ + EXC[n(r)] (2.29)

The exchange-correlation (XC) functional encompasses all factors not explicitly captured

in Kohn-Sham (KS) theory. It includes the electron correlation energy resulting from

electron-electron repulsion, the exchange energy that accounts for the effects of the Pauli

exclusion principle on electron interactions, and the portion of the kinetic energy arising

from these interactions and the component of kinetic energy resulting from these effects.

These interactions are unified into a single term known as the exchange-correlation energy,

denoted as EXC[n(r)]. If the energy expression in Equation (2.27) is minimized with respect

to the stationary density n(r), the effective Kohn-Sham potential, which corresponds to
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the minimization of the effective potential energy, can be written as:

veff =
δVeff
δn

=

∫
δn(r)Vex(r) dr +EHart[n(r)] +Exc[n(r)]. = V (r) +

∫
n(r′)

|r− r′|
dr′ + Vxc(r),

(2.30)

where, Vxc is the exchange-correlation potential. It is a variational derivative of the

exchange-correlation energy, Exc,

Vxc(r) =
δExc[n(r)]

δn(r)
. (2.31)

This led to the basic equation in Kohn-Sham DFT, which is the one-electron Schrödinger-

like equation expressed as: (
− ∇

2

2Me

+ veff

)
φi = εiφi, (2.32)

where the Kohn-Sham one-electron orbitals (φi) and the corresponding electron number

density is given by

n(r) =
N∑
i=1

|φi|2. (2.33)

The total energy of system is given by

Es =
∑
i

εi (2.34)

Note that the Veff depends on n(r) through Eq.(2.29). A self-consistent iterative method

starts with an initial electron density that can be used to determine the Kohn-Sham

potential. Then, through solution of Eq.(2.32), and use of the relation in Eq.(2.33) we

can obtain a new electron density. Eq.(2.33) reveals that the ground state density is the

density that minimizes the total energy. Such a ground state density n0(r) can be found

using an iterative scheme that approaches self-consistency. The self-consistent cycles are

listed below:

1. Begin with an initial guess for the electron density.

2. Insert this guessed density into Equation (2.30) to construct a new effective potential

veff(r), which depends on the density n(r).
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n(r) - Initial Guess

Calculate effective potential:V eff
KS(r) = V (r) + VH(r) + Vxc(r)

Solve Kohn-Sham equation:
[
− ~2

2me
∇2 + V (r) + VH(r) + Vxc(r)

]
ψi(r) = εiψi(r)

Calculate density:n(r) = 2
∑N

i=1 ψ
∗
i (r)ψi(r)

Self-consistent?

Energies, Forces, Stresses→ Geometry Optimization

NO

YES

Figure 2.1: Self-consistent Kohn-Sham loop(Woods, N. D., Payne, M. C., & Hasnip, P.
J.,2019).

3. Solve the Kohn-Sham orbital equation, Equation (2.32), using the effective potential

veff[n(r)] obtained in the previous step.

4. Calculate the new electron density n(r) using Equation (2.33).

Figure 2.1 illustrates the self-consistent Kohn-Sham loop. If the initial and new densities

are identical, it indicates that the ground-state density has been reached, and the iterative

process can be stopped. If they differ, a new trial density should be chosen by minimizing

the total energy, and the iterative process should continue.
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2.4 Estimation of the Exchange Correlation Energy (EXC)

In theory, the Kohn-Sham equations provide an exact method for determining the ground-

state energy of an interacting system, provided the form of EXC is known. However, since

the exact form of EXC is generally unknown, Equation (2.32) must be solved iteratively.

Unfortunately, the specific form of EXC is usually not known; therefore, Eq.(2.32) must

be solved iteratively. In electronic structure calculations, the exchange-correlation en-

ergy EXC is typically approximated using the Local Density Approximation (LDA) or the

Generalized Gradient Approximation (GGA). The exchange-correlation energy is given

by:

Exc[n] =

∫
n(r) εxc(n) d3r

where n(r) is the electron charge density, and εxc(n) is the exchange-correlation energy

per electron, which depends on the chosen functional. Different functionals approximate

εxc(n) in different ways.

2.4.1 Local Density Approximation (LDA)

In this approximation, the contribution to EXC from any given region of space depends

only on the density within that region, which is why it is commonly known as the local

density approximation (LDA). This approach assumes that an inhomogeneous system

can be divided into infinitesimally small volumes, with the electron density treated as

constant within each volume. Therefore, the exchange-correlation energy for the density

in each volume is considered to be the same as that of a homogeneous electron gas at

that density. In both the LDA and the local spin density approximation (LSDA) the

exchange-correlation functionals are expressed solely as functionals of the density which

allows them to be written as EXC[n(r)].

EXC [n] =

∫
εuniform(n(r))n(r) d3r. (2.35)
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Here, εunif(n(r)) represents the exchange-correlation energy per particle of a uniform elec-

tron gas with density n(r). This energy per particle is weighted by the probability n(r)

of finding an electron at position r. The quantity εunif(n(r)) can be decomposed into

exchange and correlation contributions.

εuniform(n(r)) = εuniformX (n(r)) + εuniformC (n(r)). (2.36)

The exchange component, denoted as εuniformX , represents the exchange energy of an electron

within a uniform electron gas at a specific density, n(r). The explicit form of εuniformX [n(r)]

is provided in

εuniformX [n] = −3

4

(
3

π

) 1
3
∫
n(r)

4
3 d3r. (2.37)

Equation (2.37) was originally derived by Bloch and Dirac in the late 1920s. However, the

precise form of the correlation component, εC, is still not known. More precise estimates

are typically obtained using quantum Monte Carlo simulations. The LDA tends to favor

systems with greater homogeneity and provides reliable approximations for molecules and

solids with orbitals primarily in the s or p states. Additionally, the EXC per particle

is considered spatially the same, meaning that the LDA depends solely on the electron

density at a given point in space.

2.4.2 The Generalized Gradient Approximation (GGA)

A natural progression beyond the LDA is to incorporate both the electron density, n(r),

and point r, as well as the gradient of the electron density, ∇n(r), in order to more

accurately reflect the inhomogeneity of the real electron density. This methodology gives

rise to the GGA, in which the exchange-correlation energy is modified to include these

density variations. The GGA provides a more accurate representation than the LDA, and

the exchange-correlation energy, EXC[n(r)], is expressed as:

EGGA
XC [n] =

∫
fGGA(n(r),∇n(r)) d3r. (2.38)
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Within GGA, the exchange energy, εX [n(r)], takes the form:

EGGA
X [n] =

∫
n(r)εuniformX (n(r))FGGA

X (g) d3r. (2.39)

The term FGGA
X (s) represents the exchange enhancement factor, which indicates the extent

to which the exchange energy is increased compared to its value in the LDA for a given

electron density n(r). Here, g refers to the dimensionless reduced gradient. There exist

various forms of this approximation owing to the flexibility in its parameterization. Among

them, the Perdew-Burke-Ernzerhof (PBE) functional(Perdew.J.P, Burke.K et al.,1996)

and its adaptation for solids, known as PBEsol (Perdew.J.P, Ruzsinszky.A, Csonka.I.G,

et al.,2008) are two widely used approaches in solid-state physics.

2.5 K-Point Sampling and Brillouin Zone Integration

Physical quantities such as the electron density and total energy can be evaluated by inte-

grating over the ~k-points within the Brillouin zone (BZ). The precision of these evaluations

strongly depends on selecting appropriate ~k-points for the Brillouin zone integration. Ide-

ally, this would require performing an integration over all ~k-points to construct the electron

density. However, due to the fact that the wave functions change slowly with respect to

~k, the integration can be approximated by a discrete summation. Since electronic wave

functions at nearby ~k-points are almost the same, the wave function within a particular

~k-space region can be sufficiently described by the wave function at a single ~k-point. Con-

sequently, only a finite set of ~k-points is necessary to calculate the electronic potential.

To achieve this, a regular grid of ~k-points is commonly utilized, enabling efficient and

accurate sampling of the BZ. Alternatively, a uniform mesh of ~k-points can be produced

using the Monkhorst-Pack scheme.

~kn1,n2,n3 =
3∑
i=1

2ni −Ni − 1

2Ni

~Gi. (2.40)

Where Ni represents the number of ~k-points along each direction, and ni = 1, 2, . . . , Ni,

denoting the index of the ~k-points. In this work, a three-dimensional grid of ~k-points is
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constructed using the Monkhorst-Pack method (Monkhorst-Pack 1976) following a con-

vergence test based on the total ground-state energy.

2.6 Pseudopotentials

In DFT, pseudopotentials are introduced to simplify the treatment of the electron nucleus

interaction (Drut, J. E. et al.,2010). Core electrons are tightly bound to the nucleus,

and their wave functions oscillate rapidly near the atomic core, which would require an

extremely large number of plane waves to model accurately. However, since core elec-

trons typically do not participate significantly in chemical bonding or other low-energy

excitation, it is computationally efficient to replace their effects with a smoother, effective

potential. This approach allows DFT calculations to focus on the chemically active va-

lence electrons, drastically reducing computational cost while maintaining high accuracy

(Vanderbilt, D., 1990).

In DFT calculations, pseudopotentials replace the complex Coulomb interactions be-

tween core electrons and valence electrons with a simplified potential, enabling a more

efficient description of electronic properties while retaining the essential physics of the

system. Choosing appropriate pseudopotentials is crucial for achieving accurate and reli-

able results (Garrity et al., 2014).

Within the framework of the Kohn-Sham (KS) equations of DFT, pseudopotentials

specifically modify the external potential term Vext(r), which originally describes the true

Coulomb attraction between electrons and nuclei. Instead of solving for the singular

Coulomb potential, a smooth pseudopotential is introduced to represent the influence of

both the atomic nucleus and the tightly bound core electrons on the valence electrons

(Martin, R. M., 2020). This replacement leads to smoother valence wavefunctions, en-

abling efficient and accurate plane-wave-based DFT calculations.

Different types of pseudopotentials offer various trade-offs between accuracy and com-

putational cost. Norm-Conserving Pseudopotentials (NCPPs) maintain a high degree of

accuracy, especially in systems with critical chemical bonding or strong core valence in-

teractions but they require high plane-wave cutoff energies, thus increasing computational

demand (Martin, R. M., 2020). Additionally, norm-conserving pseudopotentials are gen-
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erally transferable across different chemical environments, making them useful in diverse

simulations (Kazanjian and Lucas, 1983). Ultrasoft Pseudopotentials (USPPs) relax the

norm-conservation constraint, allowing lower plane-wave cutoffs and significantly reduc-

ing computational cost, making them suitable for metals and large or complex systems,

although sometimes at the expense of accuracy for localized states. Projector Augmented-

Wave (PAW) methods provide an even better balance between efficiency and accuracy by

reconstructing the all-electron wavefunction from a pseudo-wavefunction, making PAW

pseudopotentials widely applicable in many areas of materials science.

2.7 Doping

In materials science, impurities or foreign atoms are purposely introduced into semicon-

ductors to improve their electrical, optical, or chemical properties (Chen et al., 2010). This

carefully controlled process is essential for manufacturing electronic devices and developing

advanced functional materials.

Although primarily associated with semiconductors, doping is also widely employed in

ceramics, polymers, and metals (Chen et al., 2010). Dopants help separate and transport

photo-induced charge carriers, reducing the over-potentials needed for energy-efficient re-

dox processes. Beyond influencing electronic properties, doping can also alter structural

characteristics and surface morphology. For instance, introducing lanthanum as a dopant

has been shown to reduce particle size in host materials, improving photocatalytic activity

(Sudrajat et al., 2019). Smaller particles reduce the distance that charge carriers must

travel and leading to, faster involvement in this processes and a significant reduction in

bulk recombination of electron-hole pairs.

Doping also introduces additional active sites within the material. When a metal

interacts with a semiconductor, an electric field arises due to the mismatch in their Fermi

levels. Electrons go a higher Fermi level to one with a lower Fermi level, causing band edge

realignment and the creation of Schottky barriers at the metal/semiconductor junction.

Lanthanum is particularly effective as a dopant due to its favorable redox pair, which

introduces intermediate energy levels within the semiconductor matrix, enabling efficient

electron trapping and release. Additionally, lanthanum doping can shift the conduction
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band (CB) to more negative potentials, improving photocatalytic activity (Khan et al.,

2024). The 4f orbitals of La interact with Lewis base functional groups, forming co-

ordination complexes that improve surface adsorption characteristics (Yu et al., 2015).

Furthermore, La-induced structural changes facilitate the delocalization of photoexcited

electrons within the conduction band, thereby promoting efficient hydrogen (H2) produc-

tion (Humayun et al., 2022).

2.8 Pressure Effects on Material Properties

Pressure is a key thermodynamic variable which profoundly affects the characteristics of

condensed matter. By reducing atomic distances and modifying electronic structures, high

pressure induces novel phases with unique characteristics that are rarely observed under

ambient conditions (Duan & Liu, 2017).

One of the most notable effects of pressure is its ability to transform electronic band

structures. It can drive indirect-to-direct bandgap transitions, as demonstrated in LaAlO3

(Murtaza & Ahmad, 2012). Beyond band structure modifications, pressure can also induce

insulator-to-metal transitions, fundamentally altering a material’s electronic properties

(Duan & Liu, 2017).

High pressures can create novel electronic states that do not exist under normal con-

ditions (Paul, D. K. et al.,2024). According to Islam and Hossain (2020), new states

may occur due to changes in lattice symmetry or hybridization effects. According to Is-

lam and Hossain (2020), these factors can considerably impact on the DOS and band

structure. High pressure can alter the hybridization patterns of different atomic orbitals

(Connerade, J.P., 2009). In superconducting materials, pressure is a key factor that can

increase the superconducting transition temperature (Tc). A striking example is observed

in copper oxides, where Tc reaches 164 K at 31 GPa (Duan & Liu, 2017). Additionally,

high-pressure conditions facilitate the synthesis of materials with remarkable magnetic,

optical, thermoelectric, and superconducting properties (Brazhkin, 2007).

A particularly intriguing consequence of high pressure is its effect on alkali and alkali-

earth metals, which begin to exhibit d-metal characteristics. This transformation enables

the formation of intermetallic compounds such as K-Ni, K-Ag, and K-Pd, some of which
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remain metastable upon decompression (Brazhkin, 2007). Expanding solid solution regions

and leading to the emergence of metastable structures phases. These phases stabilized

under elevated pressure exhibit superconducting transition temperatures of up to 11 K,

nearly ten times that of pure aluminum (Brazhkin et al., 1993).

Moreover, pressure has been instrumental in the discovery of novel superconductors.

For example, it has enabled the synthesis of Ba8Si4 clathrates, which exhibit unique su-

perconducting properties (Yamanaka et al., 2000). Additionally, it has facilitated the

growth of mercury-based high-temperature superconductors, which hold record Tc values

approaching 150 K (Kuzemskaya et al., 1998).

2.9 Pressure Dependence of Superconductivity

The pressure dependence of Tc can be obtained from microscopic models of phonon-

mediated superconductivity, such as the weak-coupling BCS model (Bardeen, Cooper, and

Schrieffer, 1957) or the Eliashberg theory of strong-coupling superconductivity (Eliash-

berg, 1960). Understanding the pressure dependence of a superconductor’s microscopic

parameters, such as average phonon frequency (ωD) and electronic density of states at the

Fermi level N(EF ), is crucial for estimating the superconducting transition temperature

(T c) as a function of applied pressure (Lorenz & Chu, 2005). According to the weak-

coupling BCS theory (Lorenz & Chu, 2005), the superconducting transition temperature

Tc may be represented as

kBTC = 1.13~ωD exp

(
−1

λ

)
(2.41)

where kB and ~ are Boltzmann’s and Planck’s constants, respectively. The electron-

phonon coupling constant is given by λ = N(EF )Veff, where Veff is the effective interaction

between electrons mediated by electron-phonon coupling. Since ωD generally increases

with pressure, representing the increase in the frequency of phonon modes, the typical

decrease in Tc with pressure is primarily due to a reduction in λ (Lorenz, B., & Chu, C.

W. 2005).

The average value of the electronic density of states is expected to decrease under
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pressure due to the pressure-induced band broadening effect (Lorenz, B., & Chu, C. W.

2005). It should be noted that the BCS equation (2.41) applies only in the weak-coupling

case when the electron-phonon coupling constant λ is small (Lorenz, B., & Chu, C. W.

2005). Most superconducting elemental metals (except Al) exhibit an intermediate to

strong electron-phonon coupling with λ of the order of 1 or larger and their superconduc-

tivity is not well described by the weak-coupling BCS equation(2.41) (Lorenz, B., & Chu,

C. W. 2005).

Extending the original BCS theory ( Mattheiss.F.L, et al.,1966) Eliashberg developed

the theory of strong-coupling superconductivity (Chu.W.C and Testardi.R.L, 1974) that

provides, together with the pseudopotential treatment of the screened Coulomb interaction

(Chu.W.C,et al.,1975) the fundamental equations describing the physics of superconduc-

tors with phonon mediated pairing of any coupling strength.

kBTc =
~ω
1.2

exp

{
− 1.04(1 + λ)

λ− µ∗(1 + 0.62λ)

}
(2.42)

where µ∗ is the Coulomb pseudopotential calculated as (Lorenz, B., & Chu, C. W. 2005):

µ∗ =
N(EF )Vc

1 +N(EF )Vc ln
(
EB
~ω0

) . (2.43)

Vc is the matrix element of the screened Coulomb interaction averaged over the Fermi

surface, EB is the electronic bandwidth and ω0 is the cut-off (or maximum) phonon fre-

quency. The electron-phonon coupling constant λ is given by McMillan (1967) (Lorenz,

B., & Chu, C. W. 2005).

λ = 2

∫
dω α2(ω)F (ω)

ω
=
N(EF )〈I2〉
M〈ω2〉

. (2.44)

α(ω) and F (ω) are the strength of an average electron-phonon interaction and the phonon

density of states, respectively. 〈I2〉 is the average over the Fermi surface of the square of the

electronic matrix element of the change of the crystal potential induced by a displacement

of an atom. M stands for the atomic mass. 〈ωn〉 in equations (2), n = 1, and (4), n = 2,
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is the n-th moment of the normalized weight function (Lorenz, B., & Chu, C. W. 2005):

〈ωn〉 =
2

λ

∫
dω α2(ω)F (ω)ωn−1. (2.45)

The ω parameter represents the frequency of phonons, while α2F (ω) denotes the Eliashberg

spectral function (Lorenz, B., & Chu, C. W. 2005).

From equations (2.42) to (2.45) it becomes obvious that the pressure dependence of Tc

is very complex and depends on various parameters of the electron and phonon systems

(Lorenz, B., & Chu, C. W. 2005). The McMillen formula (2.42) has been used success-

fully in a number of examples in deriving Tc(p) from first principle calculations of the

pressure effect on the band structure and the phonon spectrum (Lorenz, B., & Chu, C.

W. 2005). For example (Olsen et al.,1968) have demonstrated that equation(2.42) can

be used to estimate the pressure dependence of Tc for a number of non-transition-metal

superconductors in qualitative agreement with experiments (Lorenz, B., & Chu, C. W.

2005).

2.10 Role of Pressure in Modifying High-temperature Super-

conductivity

Superconductivity in the La-Ba-Cu-O system has been extensively investigated due to its

potential for high-temperature applications (Lorenz, B., & Chu, C. W., 2005) with the

discovery of unprecedentedly high superconducting transition temperatures around 35 K

has reignited intense research.

The commonly observed enhancement of superconductivity under pressure in these

newly developed materials has encouraged researchers to pursue the synthesis of com-

pounds with even higher critical temperatures (Tc)(Lorenz, B., & Chu, C. W., 2005).

Notably, the first p-dependent LBCO system yielded a remarkable outcome the supercon-

ducting Tc increased beyond 40K under applied pressure, exhibiting an unusually high

rate of enhancement (Lorenz, B., & Chu, C. W., 2005).

The significant increase in Tc(p) observed under pressures (with data at extreme con-

dition deemed not valid due to the destruction of the system) and the absence of any signs
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of Tc reaching saturation even higher Tc could be attained under extreme P and with

further optimization of the samples. Moreover, it became apparent that the supercon-

ducting phase in those material corresponds to structure similar to K2NiF4, specifically

La2−xBaxCuO4−δ (Lorenz and Chu, 2005).

In early 1987, the onset of superconductivity in these compounds was observed to in-

crease under hydrostatic pressure, reaching a new record Tc of 52.5 K (Lorenz and Chu,

2005). Two key findings emerged from the initial studies of this new class of supercon-

ducting materials (i) Having a perovskite-like structure similar to K2NiF4, and (ii) the

superconducting transition temperature, Tc, increased at an unusually rapid rate with

pressure.

2.11 Superconductivity of Hydrides Under Pressure

Assessment of the critical temperature (Tc) throughout the 20th era can be categorized

into three main phases. The first era began with Hg (Kamerlingh Onnes, 1911).

The second era centered around Nb-based superconductors, which remained the domi-

nant materials until 1986, when the groundbreaking of Tc for Cu based material occurred

(Bednorz.G.J and Müller.A.K.,1986). This discovery ushered in the third era, marked by

an intense Look for materials that possess with even enhanced Tc value. It is capable

of being characterized by the synthesis of novel materials with a fourth era, where the

development of hydrogen-based materials and hydrides presents a promising avenue for

achieving room-temperature superconductivity.

This discovery marked the third era, characterized by a rapid search for materials with

even higher superconducting temperatures. Arguably, we have now entered a fourth era,

where the synthesis of hydrogen-based materials and hydrides represents a promising route

toward room-temperature superconductivity. This transition was strongly motivated by

Ashcroft’s theoretical prediction in 2004 that Hydrogen-dense materials under extreme

pressure could exhibit high-Tc superconductivity ( Ashcroft.W.N.,2004).

Hydrogen has the smallest atomic mass, leading to high phonon frequencies and, conse-

quently, high critical temperatures in hydrogen compounds (Howie et al., 2012). However,

achieving this requires high pressures, typically generated using diamond anvil cells. At
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present, Hydrogen-dense materials are among the leading candidates for high Tc supercon-

ductivity. However, despite predictions, none of the materials surpasses Unalloyed hydro-

gen serving as a strong contender for aimed at enabling superconductivity under ambient

conditions. Pristine hydrogen continues to be a central focus of ongoing research, with

significant progress made in reaching pressures approaching 400 GPa (Howie et al., 2012).

Figure 2.2 The maximum Tc attained in a mercury-based cuprate so far. As per BCS

Figure 2.2: At 30 GPa, the highest Tc recorded in a mercury-based cuprate is 164 K
(Howie et al., 2012) For CaH6 at 150 GPa, Tc values approaching room temperature have
been predicted, and in metallic hydrogen (atomic form), Tc values well exceeding room
temperature are anticipated (Howie et al., 2012).

theory, compounds ormed from light elements, they hold the potential to display Elevated

critical temperature, owing to the occurrence of high-frequency modes within quantized

lattice excitation spectra. Ashcroft, during 1968, highlighted Hydrogen (H), known for its

high-frequency phonons and a strong electron-phonon interaction in its condensed form

(Shylin, S., 2017). As a result, the quest for conventional superconductors with high or

even room-temperature superconductivity appears promising, as the Ginzburg interpre-
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tation of BCS theory does not impose any formal limits on Tc. It was later anticipated

that under pressure, hydrogen would undergo a transformation into a metallic super fluid

liquid, a state that is likely to exhibit superconductivity (Shylin, S., 2017).

The metallization of hydrogen under high pressure (up to 300 GPa) and low tem-

peratures (below 100 K) was not confirmed by experimental results (Shylin, S., 2017).

Through the use of a diamond-anvil cell at room temperature, Eremets et al. showed that

at pressures exceeding 200 GPa, the Raman vibration bands of hydrogen broadened and

significantly shifted toward the low-frequency region, indicating pronounced intermolecu-

lar interactions (Shylin, S., 2017).

Hydrogen starts to metallize at pressures above 220 GPa, and at 260 GPa, it demon-

strates metallic conductivity. The occurrence of a reverse transition at 200 GPa points to

a hysteresis phenomenon at 60 GPa, in the context of the first phase transition. Advanced

computational methods have predicted that hydrogen could become a critical tempera-

ture (Tc) ranging from 50 to 240 K for hydrogen, and roughly 300 to 350 K in the atomic

phase at 500 GPa. However, studying electrical properties under such extreme pressures

is highly challenging. Quantum chemical calculations have also suggested That hydrogen,

along with hydrogen compounds such as SiH4 and SnH4 (hydrides of group IV elements),

could exhibit superconductivity under high-pressure conditions (Shylin, S., 2017).

2.11.1 Alkali Metal Hydrides

Even with the relatively high Tc values in Cu and Fe-based superconductors. The Tc

value remains well below 300K. Thus far, only lithium hydrides and potassium hydrides

with hydrogen content greater than one have been predicted to exhibit superconductivity

under pressure among the alkali metal hydrides (Jones.H, et al., 2008). LiH2 and LiH6 are

insulating at 60GPa but become metallic around 100GPa. Their Tc are 38K for lithium

hexa-hydride at 150GPa and 31K for lithium octa-hydride at 100GPa, mainly due to H2

vibrations. While Tc increases with P for LiH6, it remains nearly constant for Lithium

octa-hydride (Jones.H,et al.,2008).
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2.11.2 Alkaline Earth Metal Hydrides

Hydrides of alkaline earth metals, excluding strontium hydrides with n greater than 2, are

predicted to exhibit high superconducting transition temperatures (Nishijima.S, 2013).

Notably, the Tc of calcium hexahydride reaches between 220 and 235 K at 150 GPa, pri-

marily due to the H4 units (Narlikar.A., 2004). The metallic phases of magnesium tetrahy-

dride and magnesium dodecahydride demonstrate superconductivity with Tc ranging from

29 to 37 K at 100 GPa and from 47 to 60 K at 140 GPa, respectively. Although both

compounds have similar electron-phonon coupling (λ), the average logarithmic frequency

of magnesium dodecahydride is greater than that of magnesium tetrahydride.

As a result, the Tc for magnesium decahydride is higher than that of magnesium

tetrahydride. Recent theoretical studies have indicated that under compression, the sto-

ichiometries of calcium tetrahydride, calcium hexahydride, and calcium decahydride be-

come energetically stable (Tinkham, M., et al., 1988). Additional calculations show that

the electron-phonon coupling (λ) and Tc are 2.69 and between 220 - 235 K at 150 GPa,

respectively. The Tc value decreases as pressure increases (Morel.P and Anderson.P.W.,

1962).

2.11.3 Hydrides of the Boron Group Elements

All boron group hydrides, except Tl, have been thoroughly investigated. The estimated

Tc for diboron hexahydride and borane are 125 K and in the range of 14.1 K to 21.4 K,

respectively, at high pressures (Ashcroft,N.W et al., 1748). Several studies have explored

aluminum hydride, though its superconductivity remains a topic of debate. Gallium hy-

dride stabilizes above 160 GPa, with a calculated superconducting transition temperature

of 86 K (Drozdov, A.P., et al., 2015). In the case of indium hydrides, the superconducting

transition temperatures of rhombohedral indium hydride and monoclinic indium hydride

at 200 GPa and 150 GPa are in the ranges of 34.1 - 40.5 K and 22.4 - 27.1 K, respectively

(Bednorz, J.G, et al., 1986). Aluminum hydride has received significant attention in high-

pressure studies, and its superconducting properties have been extensively examined. For

the Pm-3n phase of aluminum hydride, the superconducting transition temperature was
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predicted to be 24 K at 110 GPa, but experimental confirmation of superconductivity was

not achieved (Goncharenko I, et al., 2008).

2.11.4 Carbon Group Hydrides

The notion of chemical precompression was first proposed by doping hydrogen and its

hydrides with IV-A group elements. Since then, hydrides composed of carbon group

elements have remained a central focus of investigation. However, methane did not show

favorable results in this context (Zhang LJ, Wang YC, Zhang X, et al., 2010). First-

principles calculations confirmed that methane would not undergo metallization, even at

pressures as high as 520 GPa (Zhang LJ, Wang YC, Zhang X, et al., 2010). However,

there have been numerous studies suggesting that hydrides of other elements from the

carbon group, such as silicon, germanium, tin, and palladium, may undergo metallization

and potentially show superconductivity under pressure.

2.11.5 Phosphine, PH3

Superconductivity was detected in phosphine following its liquefaction and compression

elevated pressure conditions achieved using a DAC. Resistance measurements revealed Tc

of 30 K at 83 GPa, which rose to 103 K at 207 GPa. Because phosphine behaves as a cova-

lent hydride in normal conditions, the hydrogen atoms are already chemically compressed

(Struzhkin, V. V., 2015). At these pressure levels, the phase behavior of phosphorus hy-

drides, from mono- to hexahydrides, was explored by different research groups using DFT

(Struzhkin, V. V., 2015). The historical trends in Tc for various conventional and hydrogen

based superconductors are shown in Figure 2.3.
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Figure 2.3: Chronological evolution of superconducting critical temperature (Tc) for
various conventional superconductors (Lv, J., Sun, Y., Liu, H., & Ma, Y., 2020).

2.12 Phonon

Phonon represents the collective motion of atoms in a solid, behaving like a quasi-particle

that carries energy and momentum (Blakemore, J. S., 1985). Phonon behavior plays a

vital role in determining the heat transport, strength, characteristics of solids (Andreoni,

W., & Yip, S., 2020). They can be broken down into various modes, with each mode

corresponding to a particular energy (Smain, T. et al., 2024).

A unit cell containing N atoms possesses a total of 3N vibrational degrees of freedom,

representing collective atomic vibrations. Phonons are categorized into acoustic and op-

tical types. Acoustic phonons, consisting of three modes, exhibit low frequencies that

approach zero at the BZ and correspond to long-wavelength vibrations where adjacent

atoms move in phase. These are further subdivided into longitudinal (LA) and transverse

(TA) modes, The direction of atomic vibrations whether longitudinal or transverse relative

to the direction of wave propagation.

Optical phonons, which include 3N − 3 modes, Possess greater vibrational rates and

include adjacent atoms moving moving with a phase difference. Like acoustic phonons,
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optical phonons are categorized into longitudinal optical (LO) or transverse optical (TO)

modes based on the direction of oscillation. The characteristics of each mode can be

analyzed by examining atomic displacements at the Γ point in reciprocal space. The

angular frequencies of phonons (ωq) can be calculated by analyzing the corresponding

equations of motion for each wave vector q.

The phonon angular frequencies (ωq) are obtained by solving the coupled equations of

motion for each wave vector q as described by Hung, N. T. et al., (2022).

∑
j

Diα,jβ(q)ujβ(q) = ω2
quiα(q) (iα = 1, . . . , 3N), (2.46)

Here, N denotes atoms in the primitive cell; α(β) are spatial directions, and uiα, ujβ

describe respective atomic displacements.

Diα,jβ(q)ujβ(q) =
1√
MiMj

Fiα,jβ(q) (2.47)

The mass of the ith and jth atoms is denoted by Mi and Mj, Etot, (uiα, ujβ) represents the

IFC, symbolized as Fiα,jβ, is given by (Hung, N. T. et al., 2022).

Fiα,jβ(q) =
∂2Etot

∂uiα(q)∂ujβ(q)
(2.48)

2.13 Phonons in Superconductivity and Thermal Transport

In conventional superconductors, phonons mediate the Mutual attraction involving elec-

trons, Causing electrons to bind as Cooper pairs a fundamental mechanism (Bardeen et

al., 1957). As electrons move through the lattice, they induce local distortions, generat-

ing phonons that attract other electrons and help overcome their natural repulsion. The

strength of this interaction, known as the EPC constant, directly influences the super-

conducting Tc (Drozdov et al., 2019). Additionally, the PhDOS plays a crucial role in

increasing EPC, significantly impacting Tc (Lugovskoi et al., 2019).

Materials with strong electron-phonon interactions, such as high-pressure hydrides,

exhibit record-high Tc, demonstrating the profound influence of phonon dynamics on su-
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perconductivity. Beyond superconductivity, phonons also a role particularly in semicon-

ductors and insulators where electronic contributions to thermal conductivity are negligible

(Tanaka, 2020). The effectiveness of phonon-mediated thermal energy flow is governed by

their propagation and scattering mechanisms (Cahill et al., 2003). At elevated tempera-

tures, phonon-phonon scattering becomes the dominant factor limiting thermal transport

due to the anharmonic nature of interatomic interactions (Cahill et al., 2003). To control

heat conduction, nanostructuring techniques such as introducing interfaces, defects, and

engineered boundaries are widely employed. These approaches enhance phonon scattering,

reducing thermal conductivity for improved thermoelectric performance while optimizing

heat dissipation in microelectronics (Mahan et al., 1997).

2.14 Lattice Thermal Conductivity in Materials

When a thermal gradient is present, energy is transferred through diffusion of particles,

convective currents, and emission of radiation (Müller, P. M., 2018).

As a result of the relatively low presence of free carrier, lattice vibration dominate

the heat conduction in semiconductors (Srivastava.P.G, et al., 1990) thus, only phonon-

mediated heat transport is relevant. Fourier’s law provides the macroscopic definition of

the thermal conductivity κ, which is represented as a second-order tensor (Czycholl.G, et

al.,2008).

Q = −κ∇T. (2.49)

Heat transfer rate per unit area Q arises as a result of the presence of a thermal energy

per particle T gradient ∇T , representing a non-equilibrium thermal process. When the

temperature variation is sufficiently small over a local region, the formulation of heat flux

can be expressed through the sum of phonon mode contributions (Müller, P. M.,2018).

Q =
1

NV0

∑
q,s

~ωqs (nqs(T ))vqs, (2.50)

with N indicating the total count of unit cells V0 denotes the spatial extent of an individual

primitive cell, and ~ signifies the normalized Planck’s constant, cell, ~ is the reduced

37



Planck constant, ωqs stands for the vibrations of the phonon mode labeled by q and s, and

nqs(T ) indicates the phonon population at temperature (T ). The symmetrical nature of

the phonon dispersion relation results in an antisymmetric behavior of the group velocity

(Müller, P. M.,2018).

Thus, under equilibrium conditions with a symmetric phonon occupation number

〈n0
qs〉 = 〈n0

−qs〉, the net heat flux averages out to zero. A non-zero thermal flux can only

emerge when the symmetry in the phonon momentum distribution is disrupted q since

the Bose-Einstein distribution remains symmetric within the harmonic approximation,

incorporating anharmonic effects becomes essential to induce asymmetry in the phonon

population and enable a finite thermal flux. This asymmetry is introduced via a mode-

specific correction term,which modifies the equilibrium phonon distribution (Müller, P.

M.,2018).

〈nqs〉 = 〈n0
qs〉+ ηqs. (2.51)

The phonon distribution 〈nqs〉 can be expressed as:

〈nqs〉 =
1

exp
(

~ωqs
kBT
− ηqs

)
− 1

. (2.52)

By expanding it in terms of the deviation ηqs, we obtain:

〈nqs〉 = 〈n0
qs〉 −

∂〈nqs〉
∂ηqs

∣∣∣∣
ηqs=0

ηqs +O(η2qs), (2.53)

where 〈n0
qs〉 is the equilibrium Bose-Einstein distribution. Substituting for the derivative,

the expression becomes:

〈nqs〉 = 〈n0
qs〉+ ηqs

kBT
2

~ωqs
∂〈n0

qs〉
∂T

+O(η2qs). (2.54)

The Taylor series expansion is limited to the first-order term, assuming that deviations

from equilibrium are minimal. The non-equilibrium phonon distribution must satisfy the

following conditions (Müller, P. M., 2018):
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− vqs∇T
∂〈nqs〉
∂T

= −∂〈nqs〉
∂t

∣∣∣∣
scattering

. (2.55)

Eq(2.56) represents the spread of the distribution due to the applied temperature gra-

dient. The right-hand side describes the alteration of the distribution due to scattering

processes. At thermal equilibrium, where the phonon occupation numbers are symmet-

rical, i.e., 〈n0
qs〉 = 〈n0

−qs〉, the resulting average thermal flux equals zero. A nonzero net

thermal flux can only arise when the symmetry of the phonon distribution with respect

to q is disturbed, so that 〈nqs〉 6= 〈n−qs〉. Since the Bose-Einstein distribution maintains

symmetry within the harmonic approximation, it is essential to incorporate anharmonic

effects to disrupt this symmetry and enable a nonzero heat flux. This symmetry disrup-

tion is introduced by applying a mode-dependent adjustment ηqs, which alters the phonon

distribution in the following manner:

ηq′s′ = 0 for q′s′ 6= qs.

The scattering term for the rate at which the phonon occupation number changes can

be approximated as:

∂〈nqs〉
∂t

∣∣∣∣
scattering

≈
〈nqs〉 − 〈n0

qs〉
τqs

≈ ηqs
τqs

kBT
2

~ωqs
∂〈n0

qs〉
∂T

.

In the final step, the truncated Eq. (2.55) was substituted, and the relaxation time τqs

was introduced. By using Eqs. (2.56) and (2.57), an expression for ηqs can be derived.

This expression is then inserted into the phonon occupation number, which is subsequently

substituted into Eq. (2.51) (Müller, P. M., 2018). The heat flux can be written as:

Q = − 1

V0

∑
q,s

(~ωqs)2

kBT 2
τqs〈n0

qs〉
(
〈n0

qs〉+ 1
)
νqs ⊗ νqs∇T. (2.56)

By comparing this with Fourier’s law, Eq. (2.50) gives the following expression for
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thermal conductivity:

κ =
1

V0

∑
q,s

(~ωqs)2

kBT 2
τqs〈n0

qs〉
(
〈n0

qs〉+ 1
)
νqs ⊗ νqs =

1

V0

∑
q,s

τqscqsνqs ⊗ νqs. (2.57)

To compute a scalar value, the thermal conductivity is determined as (Müller, P. M.,

2018):

κ =
1

3
Tr(κ).

The specific heat for each phonon mode, cqs, is determined using equation (2.59), and the

wave velocity νqs can be calculated using the harmonic assumption. The heat capacity at

fixed volume, cV , is then represented by (Lin, Y. H. et al., 2019):

cV =
1

V

∂E

∂T

∣∣∣∣
V

=
1

V

∑
q,s

kB

(
~ωqs
kBT

)2 exp
(

~ωqs
kBT

)
(

exp
(

~ωqs
kBT

)
− 1
)2 . (2.58)

Based on Matthiessen’s principle, the total inverse relaxation time is the sum of the sep-

arate scattering contributions:

1

τqs
=

1

τboundaryqs

+
1

τmass defect
qs

+
1

τphonon-phononqs

. (2.59)

In this analysis, boundary scattering is neglected under the assumption of an infinitely

large crystal. Similarly, mass defect scattering is not considered, assuming a perfect crystal

structure. Under these conditions, the relaxation time is approximated by the phonon

lifetime (Müller, P. M., 2018). Nevertheless, under the harmonic approximation, the

phonon lifetime becomes limitless due to the absence of scattering processes, resulting in

an infinite mean free path (Müller, P. M., 2018). However, when anharmonic effects are

incorporated, the phonon lifetime can be determined from the imaginary component of

the self-energy, Γqs (Müller, P. M., 2018):

τqs =
1

2Γqs
. (2.60)
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The imaginary contribution to the self-energy, Γqs, is given by (Wallace, C. D., 1972):

Γqs =
18π

~2
∑
s′,s′′

∫
|Ψs,s′,s′′(q,q

′,q′′)|2
{

(
〈n0

qs′〉+ 〈n0
qs′′〉+ 1

)
δ(ωqs − ωqs′ − ωqs′′)

+
(
〈n0

qs′〉 − 〈n0
qs′′〉
)
δ(ωqs + ωqs′ − ωqs′′)

+
(
〈n0

qs′′〉 − 〈n0
qs′〉
)
δ(ωqs + ωqs′′ − ωqs′)

}
, (2.61)

where the Fourier-transformed third-order potential constants Ψs,s′,s′′(q,q
′,q′′) are given

by (Müller, P. M., 2018):

Ψs,s′,s′′(q,q
′,q′′) =

1

3!

(
~

2N

) 1
2 1
√
ωqsωqs′ωqs′′

×
∑
IJK

∑
αβγ

ΨIJK,αβγ

√
1

MIMJMK

eiq·RIeiq
′·RJeiq

′′·RK

εlsα(q)εjs′β(q′)εks′′γ(q
′).

(2.62)

The eigenvectors εlsα(q) are obtained from the dynamical matrix. Finally, the force con-

stants ΨIJK,αβγ can be computed through force calculations using the supercell and the

finite difference approach (Müller, P. M., 2018).

At high temperatures, the dominant contribution from phonons corresponds to an

energy of approximately ~ωmax. If this approximation is extended to all phonon modes, the

phonon occupation number becomes directly in direct correlation with the temperature

T . Consequently, the relaxation time exhibits an inverse dependence on temperature,

scaling as T−1, which results in thermal conductivity behaving accordingly (Landau, and

Lifschitz, 2001):

κ ∝ 1

T
. (2.63)
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2.15 Semiclassical Transport Theory

The original BoltzTraP program introduced a numerically stable and efficient approach

for deriving analytic representations of quasi-particle energies (Madsen,G.K., et al., 2006).

This approach has been extensively utilized for solving the Boltzmann transport equation

(BTE) across various fields, including superconductors (Singh,D.J., et al., 2008), trans-

parent conductors (Madsen, G. K., et al., 2006), intermetallic phases and thermoelectrics

(Dolinšek,J.,Komelj, M., et al., 2009). From a theoretical standpoint, determining the

DOS relies solely on the band energy dispersion En,k throughout the Brillouin zone. The

electron velocity within a given band structure is expressed as (Hao, S. et al., 2016):

The velocity of an electron in a band structure is given by:

vi(n,k) =
1

~
∂En,k
∂ki

(2.64)

Here, En,k signifies the energy of band n at wavevector k, ~ represents the reduced Planck

constant, and ki is the component of the wavevector. The BoltzTraP program computes

the transport distribution function (TDF) by performing a Fourier expansion of the band

energies derived from DFT computations. Subsequently, the electrical conductivity matrix

σαβ and the Seebeck coefficient matrix Sαβ are obtained from the TDF using semi-classical

equations derived from the Boltzmann transport equation within the relaxation time ap-

proximation (RTA) (Mamani Gonzalo, F. et al., 2024). The Seebeck coefficient matrix

Sαβ(T ;µ), the electrical conductivity matrix σαβ(T ;µ), and the electronic thermal con-

ductivity matrix κelαβ(T ;µ) are represented as follows:

Sαβ(T ;µ) =
1

eT

∫
σαβ(ε)(ε− µ)

[
−∂f(T ;ε)

∂ε

]
dε∫

σαβ(ε)
[
−∂f(T ;ε)

∂ε

]
dε

, (2.65)

σαβ(T ;µ) =
1

Ω

∫
σαβ(ε)

[
−∂f(T ; ε)

∂ε

]
dε, (2.66)

The electronic thermal conductivity matrix κelαβ is computed using the Wiedemann-Franz
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law, expressed as follows (Mamani Gonzalo, F. et al., 2024):

κelαβ(T ;µ) =
1

e2T 2

∫ ∞
−∞

σαβ(ε)(ε− µ)2
[
−∂f(T ; ε)

∂ε

]
dε, (2.67)

Additionally, the quantities above are defined in terms of the transport distribution func-

tion (TDF) Σij(E), given by

Σij(E) =
1

V

∑
n,k

vi(n,k)vj(n,k)τnkδ(E − En,k), (2.68)

where the summation runs over all bands n and all wavevectors k within the Brillouin

zone (BZ). Here, En,k signifies the energy of band n at wavevector k, and vi(n,k) denotes

the i-th component of the band velocity at (n,k), as defined in Eqs. (2.65).

2.15.1 Phonon Boltzmann Equation (PBE)

The core principle of inherent lattice heat conduction κi in semiconductors and insula-

tors was initially proposed by Peierls, 1929. Since that time, the Boltzmann transport

theory has been widely applied to explore lattice thermal conduction in semiconducting

substances. Within the relaxation time approximation (RTA), the lattice thermal conduc-

tivity matrix is expressed by equation (2.70) (Jakhar, M. et al., 2024):

καβ =
1

kBT 2NV

∑
λ

(~ωλ)2f 0
λ(1 + f 0

λ)ναλ ν
β
λτλ (2.69)

In this equation, καβ refers to the components of the lattice thermal conductivity

matrix, with the indices α and β representing spatial directions such as x, y, or z. The

constant kB denotes the Boltzmann constant, which relates temperature to energy, while

T is the absolute temperature. The quantity N represents the total number of phonon

modes present in the material, and V is the system volume. The summation index λ

runs over all phonon modes. The reduced Planck constant ~ links energy to frequency,

and ωλ corresponds to the angular frequency of phonon mode λ. The term f 0
λ represents

the equilibrium phonon distribution, generally described by Bose-Einstein statistics. The

quantity ναλ denotes the α-direction component of the group velocity of phonon mode λ,
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and τλ is the relaxation time for that mode, indicating the average time between scattering

events. Figure 2.4 depicts the computational procedure employed to assess lattice thermal

conductivity using the real-space supercell approach for calculating force constants.

Figure 2.4: Procedure for calculating thermal conductivity using a real-space supercell
method for force constants. Orange boxes illustrate the calculation steps, blue boxes
indicate the outcomes of these steps, and software programs are represented as black text
outside the boxes (Li, W., Carrete, J., Katcho, N. A., 2014).
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2.16 Overview of the Figure of Merit (ZT)

The ability of a material to perform in thermoelectric applications is predominantly influ-

enced by its dimensionless Figure of merit (Tritt, T. M., 2011).

ZT =
S2σT

κ
=
S2T

ρκ
, (2.70)

where the thermoelectric potential is denoted by S, σ is the electrical conductivity, ρ

represents the electrical resistivity, and κ signifies the total thermal conductance. (Tritt,

T. M., 2011):

κ = κp + κi, (2.71)

Here, κp and κi are the contributions from vibrational thermal conductance and charge

carrier thermal conductance, respectively. The energy conversion efficiency factor, S2σT

or equivalently S2T
ρ
, is typically optimized through impurity inclusion in narrow-gap semi-

conductor materials as a function of carrier density (n) (generally approximately 1019

carriers cm−3) to maximize the thermoelectric performance index (ZT ) (Tritt, T. M.,

2011). To maximize electrical conductance (σ) at a specific carrier density (n), carriers

with high mobility are required. However, the ZT value of a single material has limited

significance since practical thermoelectric systems or modules operate using several ther-

moelectric pairs. A thermoelectric pair comprises two distinct materials: an n-type and a

p-type semiconductor, as illustrated in Figure 2.5.

Neglecting parasitic factors like contact resistance and radiative losses that degrade

device efficiency, the effective ZT value for a thermoelectric couple can be expressed as:

ZT =
(Sp − Sn)2T

[(ρnκn)1/2 + (ρpκp)1/2]
2 . (2.72)

The thermoelectric potential of n-type charge carriers (Sn) is negative, while that of the

positive charge carriers (holes) (Sp) is positive (Tritt, T. M., 2011). The performance factor

(ϕ) during refrigeration operation and the thermoelectric performance (ηTE) during power

generation are both intimately connected to the material’s dimensionless merit index ZT .
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Figure 2.5: A general schematic of a thermoelectric pair composed of n-type and p-type
thermoelectric materials (Sun, Y., Di, C. A., Xu, W., & Zhu, D. 2019).

This correlation is shown in Eq. (2.74) for the efficiency. Specifically, the thermoelectric

performance (ηTE) of the thermoelectric pair is defined as the ratio of the electrical energy

output (W ) to the total thermal energy absorbed (QH), where QH denotes the thermal

energy transferred from the hot reservoir to the cold sink:

ηTE =
W

QH

=
TH − TC
TH

(
(1 + ZTM)1/2 − 1

(1 + ZTM)1/2 + TC/TH

)
, (2.73)

Here, TH represents the temperature on the hot side, TC is the temperature on the cold

side, and TM denotes the average (mean) temperature. As a result, the thermoelectric

performance (ηTE) is proportional to the Carnot efficiency (ηC), which is defined as:

ηC =
TH − TC
TH

. (2.74)

2.17 Approaches to Attain a High Efficiency Index

Over time, multiple methods have been utilized to enhance the merit measure (ZT ) values

in a variety of thermoelectric substances (Yang et al., 2018), with the most effective tech-

niques concentrating on improving the electrical transport characteristics by optimizing

charge carrier concentration (n) (Yang et al., 2018).

Sophisticated energy substances and band manipulation (Yang et al., 2018) can sepa-
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rate electrical conductivity (σ) and Seebeck coefficient (S) to concurrently augment their

values, thus attaining a high overall S2σ. On the other hand, through nanoscale structure

modification (Yang et al., 2018), thermal conductivity (κ) can be efficiently minimized

without compromising the electrical transport properties of thermoelectric compounds

(Yang et al., 2018), ultimately resulting in improved ZT .

2.17.1 Adjusting Carrier Concentration

Among all the factors that influence the thermoelectric behavior of substances, the Seebeck

effect coefficient (S), electrical conductivity (σ), and electronic heat conductivity (κe) are

intrinsically linked to charge carrier concentration (n) via the ensuing formulations (Chen

et al., 2012):

S =
8π2k2B
3eh2

m∗T
( π

3n

)2/3
(2.75)

σ =
1

ρ
= neµ (2.76)

κe = LσT = neµLT (2.77)

Where m∗ signifies the effective mass of the charge carrier, ρ denotes the electrical re-

sistivity, e represents the elementary charge of an electron, kB stands for the Boltzmann

constant, µ indicates the carrier mobility, and L is the Lorenz constant. Such associations

imply that n needs to be optimized to achieve both high electrical conductivity (σ) and

thermoelectric power (S), while simultaneously minimizing the electronic thermal conduc-

tance (κe), making the regulation of n an essential approach for attaining elevated figure

of merit (ZT ) values.

2.17.2 Manipulating the Band Structure

The electrical conduction characteristics of a substance are primarily controlled by its

electronic band configuration. Therefore, altering the electronic band structure is a vital

approach to improve thermoelectric efficiency. By tuning the band gap, carrier concentra-

tion, and effective mass of the charge carriers, the electrical properties can be optimized for

better performance. Additionally, the interaction between electrons and phonons within
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the material can be manipulated through band engineering, further enhancing the mate-

rial’s thermoelectric response. Advanced techniques such as doping, strain engineering,

and quantum confinement can be strategically used to tune the electronic band structure,

which in turn can enhance the thermoelectric performance of materials, particularly by

improving the ZT. In thermoelectric materials, the main methods of band structure engi-

neering include: (1) enlarging Eg (Pei et al., 2011) to stabilize n; (2) tuning the effective

mass (m∗) or achieving a resonant state in the proximity of the Fermi level (Heremans et

al., 2012) to increase the Seebeck coefficient; and (3) achieving band convergence (Hong

et al., 2016) to enhance the Seebeck coefficient (S) (Pei et al., 2011).

2.17.3 Tuning the Band Gap

At increased temperatures (T ), thermal activation of minority charge carriers can aug-

ment the overall charge carrier density (n), which in turn diminishes (ZT ) value. This

happens because of a reduction in the thermopower (S) and a rise in the electronic com-

ponent of heat conductivity (κe), as illustrated in Eqs. (2.76) and (2.78). Both theoretical

(Boukhris et al., 2011) and empirical (Zhao et al., 2014) analyses demonstrate that the

energy bandgap (Eg) of semiconductors can be efficiently adjusted by introducing dopants,

and the widened Changes in (Eg) can modulate the thermal activation energy required

for carrier excitation threshold of minority carriers to higher temperatures, thereby mit-

igating their impact (Zhu et al., 2017). Such doping techniques facilitate the fine-tuning

of thermoelectric performance by regulating the concentration and thermal excitation of

carriers, thereby enhancing the ZT values at elevated operating temperatures.

For instance, introducing Cd into PbTe (Pei et al., 2012) can increase the band gap

(Eg), an increase in the band gap (Eg) shifts the thermal excitation of minority charge car-

riers to higher temperatures, thereby suppressing their contribution at lower temperatures,

while also stabilizing the carrier concentration (n) in doped PbTe at elevated tempera-

tures. The minority charge carriers also contribute to heat conduction, leading to bipolar

thermal conductivity (κbi) (Bahk & Shakouri, 2014), which diminishes the value of ZT

depends on the band gap (Eg) and temperature (T ) (Bahk & Shakouri, 2014).
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2.17.4 Tuning Effective Mass

For a specific carrier concentration (n), increasing the apparent mass of charge carriers in a

crystal lattice (m∗) results in a higher Seebeck coefficient (S). The strategy for enhancing

the effective mass (m∗) through doping involves boosting the apparent mass of charge

carriers in a crystal lattice associated with a single valley in the band (m∗b)(Pei et al.,

2011).

m∗ = N2/3
v m∗b (2.78)

where Nv signifies the band degeneracy. Nevertheless, enhancing the effective mass (m∗)

causes a decline in carrier mobility (µ), following the relationship provided by Pei, Y., Shi,

X., LaLonde, A., et al., 2011.

µ ∝ m
∗−5/2
b (2.79)

Consequently, S2σ may be lowered due to the reduction in electrical conductivity (σ),

as shown in Equation (2.77). This indicates that a higher effective mass (m∗) does not

always correspond to an improved thermoelectric (ZT ) (Pei et al., 2011). As the Fermi

level moves closer to the resonant state, the effective mass (m∗) dramatically increases,

driven by the enhanced density of states (DOS) (Heremans et al., 2012), which in turn

results in an increased Seebeck coefficient, while the carrier concentration (n) remains

unaffected (Pei et al., 2012). Figure 2.6 presents the workflow for evaluating the ZT,

based on first-principles calculations rooted in DFT.
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Figure 2.6: illustration of the simulation procedure employed to estimate the thermoelec-
tric performance metric, ZT, through techniques derived from density functional theory
(Chaves, A. S., Pizzochero, M., Larson, D. T., Antonelli, A., & Kaxiras, E., 2023)..

2.18 Optical properties

When electromagnetic radiation interacts with matter, various effects such as transmis-

sion, reflection, and scattering occur. At the microscopic level, photons interact with the

electrons in the material, determining its optical features. These features are commonly

divided into absorption, emission, and scattering. In semiconductors, both absorption and

emission are governed by the energy of the incoming photons. When a photon’s energy

surpasses the semiconductor’s band gap, it can excite an electron from the valence band

to the conduction band, resulting in absorption.

The dielectric function shows the way a material reacts to an electromagnetic field,

affecting its polarization and capacity to accumulate electrical energy (Kumar et al., 2009).

ε(ω) = ε1(ω) + iε2(ω) (2.80)

In this framework, ε(ω) expresses the frequency-dependent linear response of electrons

and their optical transitions to incident photons. The real component ε1(ω) corresponds

to the polarizability of the crystal’s electronic structure, while the imaginary part ε2(ω)

indicates energy dissipation. The imaginary part is obtained through momentum matrix
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elements between occupied and unoccupied states across the first Brillouin zone, as noted

by Okoye (2004). Additionally, using the Kramers-Kronig relation, one can derive the real

part from the imaginary one for all positive frequencies, as discussed by Wu et al. (2016).

These dielectric components collectively determine a material’s optical response to

electromagnetic radiation, influencing its reflectivity, absorption coefficient, and energy-

loss spectrum. In semiconductors and insulators, the onset of ε2(ω) typically corresponds

to the threshold for interband transitions, and its peak structure reveals details about

the band structure and critical points. Meanwhile, ε1(ω) governs light propagation and

refractive index behavior, playing a key role in device applications such as photovoltaics

and photodetectors.

ε2(ω) =
πe2

ε0V

1

q2
[
ψke

−iq·rψk′
]2

(2.81)

The variable e is used to express the negative charge associated with an electron ε0 denotes

the electric constant in free space V represents volume corresponding to a single unit cell,

while q refers to the momentum shift during interaction, and k is the wave vector, with

k0 = k + q.

ε1(ω) = 1 +
2

π
P

∫
ω′ε(ω′)

ω′2 − ω2
dω′ (2.82)

The relative permittivity (ε) correlates with the square of the refractive index (N),

which in turn is defined by the proportion of the light velocity in vacuum (c) to its

propagation speed in a material (v), expressed as ε = N2. This implies that the optical

behavior of a material, such as how much it slows down electromagnetic waves, is directly

governed by its dielectric response. The optical characteristics of a material are directly

influenced by its dielectric constant, as described by equation (2.84).

N =
√
ε = n+ ik (2.83)

Measurable optical properties such as the absorption coefficient (α) and reflectance (R)

are commonly observed (Beal et al., 1976). These quantities provide valuable insights into

how light interacts with the material. Once the complex dielectric function is acquired,
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it allows for the calculation of both the absorption and reflectivity, using the formulas

provided in Equations (2.85) and (2.86), respectively. This makes it possible to link

microscopic material properties to macroscopic optical behaviors, such as the interaction

of light with the material at different wavelengths.

σ =
2κω

c
(2.84)

r =
(n− 1)2 + κ2

(n+ 1)2 + κ2
(2.85)

which serves as the basis for computing n and κ through Eq.(2.86). These parameters are

pivotal for analyzing the optical characteristics of the material, such as its light absorption

and reflection properties.

n2 =
1

2

(
[ε21 + ε22]

1
2 + ε1

)
; κ2 =

1

2

(
[ε21 + ε22]

1
2 − ε1

)
(2.86)

Eq.(2.87) shows that the imaginary part of the inverse dielectric tensor is directly linked

to the loss spectrum of the material.

Im

[
1

ε(ω)

]
=

ε(ω)

ε21 + ε22
(2.87)

The non-imaginary portion associated with dielectric response or in other words, the

complex-valued permittivity evaluated at imaginary angular frequencies ε(iω), is computed

by applying using the causality-based relations,as illustrated in equation (2.89). This

approach allows for the determination of the dielectric behavior as a function of frequency

using known optical data.

ε(iω) = 1 +
2

π

∫
ω′ε2(ω

′)

ω′2 + ω2
dω′ (2.88)

52



3

Materials and Methods

In this study, first-principles computations were carried out using Density Functional The-

ory (DFT), utilizing the Quantum ESPRESSO software package (Giannozzi et al., 2009,

2017). The Generalized Gradient Approximation GGA and GGA+U methods, in conjunction

with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional, were applied to

model electron interactions.

The GGA+U approach was employed to more effectively consider on-site Coulomb inter-

actions in confined d or f orbitals, where conventional GGA often underestimates electron

interactions. By introducing a Hubbard U constant, GGA+U enhances the portrayal of

intensely correlated systems for Y and La, and provides more precise electronic configu-

rations for those materials with localized electrons.

First, convergence tests were conducted for k-points, cutoff energy (ecut), and lat-

tice parameters. Subsequently, a variable-cell relaxation (vc-relax) calculation was per-

formed. After performing structural optimization, self-consistent field (SCF) and non-

self-consistent field (NSCF) calculations were conducted using a finer k -point mesh to

improve the accuracy of the electronic structure. Following this, post-processing (PP)

calculations were applied to derive the properties of YHSe. The electronic band structure

was calculated along high-symmetry paths in the Brillouin zone: Γ-M-K-Γ-A-L-H.

Atomic positions within the crystal structure were optimized using the Broyden-Fletcher-

Goldfarb-Shanno (BFGS) algorithm (Broyden, 1970; Fletcher, 2000; Goldfarb, 1970; Shanno,

1970) an iterative method that finds stationary points on the potential energy surface, cor-

responding to equilibrium atomic configurations. The total energy was calculated using

the self-consistent field (SCF) approach, while forces were derived using the Hellmann-

Feynman theorem.

Atomic positions were iteratively refined until the changes in energy and the com-

ponents of the forces dropped below predefined convergence criteria. With the optimized
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YHSe structure, the band structure, density of states (DOS), and other properties of YHSe

were calculated. The DOS was computed using a finer k-point mesh compared to the self-

consistent calculations, utilizing the tetrahedron method for precise integration over the

Brillouin zone. The Dos.x utility was employed to process the extracted states. Addition-

ally, the partial density of states (PDOS) was examined to assess the contributions from

specific atomic orbitals.

A 12×12×12 k-point mesh was employed for Brillouin zone integration after perform-

ing convergence testing. The density of states (DOS) was calculated on a 24×24×24

k-point grid, while 350 k-points were used for band structure calculations. The plane-

wave energy cutoff and charge density cutoff were set to 100 Ry and 400 Ry, respectively.

The force and electronic convergence thresholds were fixed at 10−5 and 10−7 Ry, respec-

tively. Norm-conserving pseudopotentials were utilized for both pristine and La-doped

YHSe calculations.

For La doping, a 2×2×2 supercell was constructed, with 12.5%, 25%, 37.5%, and 50%,

of the Y atoms replaced by La. The real and imaginary components of the dielectric func-

tion were calculated using momentum matrix elements and the Kramers-Kronig relations

(Jia et al., 2019). A dense k-point mesh of 350 and 500 points within the irreducible

Brillouin zone were employed for optical property calculations.

Superconducting characteristics were examined using Density Functional Perturbation

Theory (DFPT), as implemented in Quantum ESPRESSO (Baroni et al., 2001). The

matrix components for electron-phonon interaction were calculated on a 4×4×4 q-point

grid, while separate electron-phonon interactions were assessed using a 32×32×32 k-point

grid.

The thermoelectric characteristics of both pristine and La-doped YHSe were examined

using Quantum ESPRESSO in combination with the BoltzTraP code. After completing the

self-consistent field (SCF) calculation, a non-self-consistent field (NSCF) calculation was

carried out using a finer k-point mesh to obtain more precise eigenvalues necessary for

thermoelectric analysis. The results from the non-SCF calculation were then transformed

into a BoltzTraP-compatible input file. Following this, thermoelectric parameters were

determined using the x_trans command in BoltzTraP.
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This method facilitated the evaluation of essential thermoelectric characteristics of

both pristine and La-doped YHSe compounds. The phonon contribution to thermal con-

ductivity was calculated using the RTA with the tetrahedron method, employing second

and third-order force constants. These force constants were obtained through supercell

displacements using the Phono3py software within a finite displacement framework.

The phonon band structure, ω(q), and the phonon DOS were calculated using super-

cell displacements with the Phonopy software. Additionally, various computational tools

were used to assist with structural visualization, data processing, and graphical analysis.

XCrySDen and VESTA were employed for visualizing crystal structures and generating su-

percells. These tools played a crucial role in analyzing the geometric characteristics of the

materials, enabling the manipulation of atomic positions and the creation of supercells

necessary for studying the material properties.

For graphical representation of the results, Xmgrace and Gnuplot were utilized to plot

the data and produce clear visualizations of trends and relationships. These tools were

instrumental in analyzing complex data sets, such as phonon spectra, band structures,

and transport properties, by offering efficient methods to present the results in an under-

standable format.

Python was widely employed for both data processing and computational tasks. Specif-

ically, Python’s functionalities were essential for calculating the frequency-dependent electron-

phonon coupling. Libraries such as NumPy and SciPy facilitated the management of large

datasets, automating repetitive operations, conducting statistical analysis, and enabling

detailed computational investigations of the system’s properties. Python was also used

for data manipulation, ensuring that calculations were executed efficiently and that the

results could be processed and analyzed thoroughly.
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4

Results and Discussion

4.1 Effects of Pressure on the Properties of YHSe

4.1.1 Structural Properties

The substance’s arrangement is strongly related to its other properties; our first step

involved optimizing the unit-cell dimensions of YHSe under the influence of varying pres-

sure levels. a stability analysis was executed as a preliminary step in order to find the

optimal lattice parameters for YHSe crystal. After careful analysis, the converged lattice

parameters at 0 GPa were found to be a = b = 3.80 Å and c = 3.88 Å. Following the

convergence test, further structural optimization was performed. The refined optimized

lattice parameters at zero pressure were calculated to be a = b = 3.81 Å and c = 3.87 Å.

This optimization process was then extended to applied pressures ranging from 0 to 200

GPa, revealing systematic changes in the lattice constants as pressure increased.

Figure. 4.1 demonstrates that the computed lattice constants of YHSe under extreme

pressures reaching 200 GPa. The recorded reduction in lattice dimensions with increasing

pressure in YHSe is due to the compressive effects induced by applied pressure on the

crystal structure. As pressure rises, the distances between atoms in the crystal lattice

reduce, leading to a shrinkage in the volume of the unit cell. This compression causes

the atomic orbitals to overlap more, which enhances the bonding and leads to a reduction

in the energy levels of these orbitals. Furthermore, as external pressure increases, atoms

within the crystal lattice are compressed, leading to a reduction in interatomic spacing

and consequently strengthening the overlap between the electron orbitals of neighboring

atoms. This intensified orbital interaction can induce a rearrangement of the electronic

charge distribution throughout the structure. These observations are consistent with prior

findings reported by Mustapha et al. (2024), who identified a pressure-driven alteration

in the band structure and improved optical characteristics in the quaternary Heusler alloy
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TaAlCuCo.

As the external pressure exerted on YHSe increases from 0 to 200 GPa, the lattice

parameters exhibit a decreasing trend, as shown in Fig. 4.1. The observed reduction in

lattice parameters in this investigation signifies an increased atomic packing density within

the crystal framework as the external pressure intensifies. This upper limit was chosen

based on the results of phonon dispersion calculations, which indicated the emergence of

dynamical instability beyond 200 GPa. Structural equilibrium at each pressure stage was

verified through complete geometry optimization. The structure was obtained through full

geometry optimization, ensuring the equilibrium lattice parameters and atomic positions

were determined with high precision.
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Figure 4.1: (a) Estimated lattice parameters (in Å) and (b) the c/a proportion of YHSe
subjected to pressures up to 200 GPa.

4.1.2 Electronic Properties

In this section, we examine the electronic characteristics of YHSe under varying pressure

conditions, with a focus on its band structure and density of states (DOS). The band

structure of hexagonal YHSe, which crystallizes in the P6̄m2 space group, was computed by

selecting k-points along the high-symmetry path Γ-M-K-Γ-A-L-H (Setyawan & Curtarolo,

2010).

The results indicate that YHSe exhibits semiconducting behavior under pressure, as
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predicted by both the Generalized Gradient Approximation (GGA) and the GGA+U ap-

proach. Within the GGA framework, the band gap decreases from 1.52 eV to 1.24 eV as

pressure increases from 0 to 200 GPa. Similarly, when employing the GGA+U method,

the band gap narrows from 1.66 eV to 1.37 eV across the same pressure range, further

confirming the persistence of the semiconducting nature of YHSe under compression. At

0 GPa, the band structure shown in Fig. 4.2 (a) indicates that YHSe possesses an indi-

rect band gap, with the valence band maximum (VBM) located at the A-point and the

conduction band minimum (CBM) at the Γ-point. Since the VBM and the CBM occur

at different k-points in the Brillouin zone, YHSe retains its indirect band gap nature un-

der 0 GPa pressure conditions. A systematic analysis of the band structure at increasing

pressures Fig. 4.2 (a) - Fig. 4.4 (e) demonstrates that the highest occupied state in the

valence band consistently resides at the A-point across all examined pressures. At 0 GPa,

the conduction band minimum is located at the Γ-point with an energy of 1.15 eV, which is

lower than those at the K (1.83 eV) and A (1.53 eV) points under the GGA approximation.

This trend persists up to 100 GPa.

However, a pressure-induced modification in the band structure is observed at 150

GPa, where the conduction band minimum shifts to the A-point. This alignment of

the conduction band minimum and valence band maximum at the same high-symmetry

location results in a transformation from an indirect to a direct band gap semiconductor.

This result aligns with earlier investigations of indirect-to-direct energy gap conversions,

as shown in the influence of compression on LaAlO3 (Murtaza & Ahmad, 2012).

Figure 4.3 (d) provides a comprehensive visualization of the electronic band structure

evolution under pressure. YHSe maintains an indirect band gap across all investigated

pressures, except at 150 GPa, where it undergoes an indirect-to-direct band gap tran-

sition. Specifically, at this critical pressure, the highest filled state in the valence band

and the minimum empty state in the conduction band coincide at the A high-symmetry

point, leading to a direct energy gap. This transition is significant as it influences the

optoelectronic properties of YHSe, making it a promising candidate for pressure-tunable

semiconductor applications. Notably, at 200 GPa, the conduction band minimum relo-

cates to the K-point (0.57 eV), which possesses less energy compared to the Γ (0.88 eV),
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A (0.68 eV), L (5.34 eV), and H (6.44 eV) points in the conduction band under the GGA

approximation.

Moreover, as illustrated in Fig. 4.4 (e), even at an elevated pressure of 200 GPa, the

conduction and valence bands retain their separation, without any merging,indicating the

sustained semiconducting nature despite the narrowed band gap. This observation further

underscores the intriguing electronic properties of YHSe and its potential applicability

in next-generation semiconductor technologies.A comparative examination of the band

structure of YHSe at 0, 50, 100, 150, and 200 GPa, as as shown in Fig. 4.2 (a) through

Fig. 4.4 (e), reveals a steady decline in the band gap with rising pressure an observation in

agreement with earlier research on analogous compounds(Seo et al., 1998). The computed

energy gaps of YHSe across a range of applied pressures were determined using the GGA

approach. The energy band gaps of YHSe at various pressure levels, calculated using

the GGA approximation, are 0 GPa (1.52 eV), 50 GPa (1.45 eV), 100 GPa (1.43 eV),

150 GPa (1.35 eV), and 200 GPa (1.24 eV). This progressive reduction in the band gap with

rising pressure indicates significant pressure-driven alterations in the electronic structure

of YHSe.

To address the limitations of GGA in predicting electronic properties, the DFT + U

method is commonly employed (Orhan, O. K. et al., 2019). Yttrium, is a transition metal

with the electronic configuration [Kr]4d15s2, has its valence electron primarily in the 4d-

orbital. Therefore, applying the Hubbard U to the 4d-orbitals is ideal when modeling

yttrium in YHSe.

The calculated Hubbard U parameter for yttrium in the 4d orbital of YHSe was set

to 2.21 eV. This calculated value was selected based on reported U values for yttrium in

various compounds, falling within the 2.0 to 8.5 eV range and closer to values reported for

related compounds.

In this study, applying the GGA + U approximation improves predictions of both

the band gap and electronic density of states for YHSe. The computed band gaps are

at 0 GPa 1.66 eV ,at 50 GPa 1.54 eV , at 100 GPa 1.48 eV, at 150 GPa 1.45 eV , and

at 200 GPa 1.37 eV. Table 2 summarizes the band gap values of YHSe under varying

pressures, calculated using both GGA and GGA+U approximations.
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Compared to standard GGA, the GGA+U method yields a slightly wider band gap

and enhanced density of states, with the band gap ranging from 1.66 eV to 1.37 eV under

increasing pressure, thereby reinforcing the semiconducting character of the YHSe material

under compression.The inclusion of the Hubbard U term modifies the electronic structure

of YHSe. As illustrated in Fig. 4.2 (2a) through Fig. 4.4 (2e), the electronic DOS reveals

a notable shift in the Y- 4d states compared to the standard GGA results.

Table 2: Calculated energy band gaps of YHSe under various pressures using GGA and
GGA+U methods.

P (GPa) GGA (eV) GGA+U (eV)

0 1.52 1.66

50 1.45 1.54

100 1.43 1.48

150 1.35 1.45

200 1.24 1.37

Overall, the characteristics of the calculated band structure and the band gap of 1.52 eV

at 0 GPa pressure exhibit good agreement with values reported in established databases

(e.g., Eg = 1.51 eV from the Materials Project). This close agreement validates the

reliability and accuracy of the computational approach employed in this study.

Shifting from the evaluation of the band structure to the investigation of the density

of states (DOS), we calculated both the total density of states (TDOS) and the projected

density of states (PDOS) for YHSe across a broad pressure range from 0 GPa to 200

GPa, as shown in Fig. 4.2 (a) through Fig.4.4 (e). The TDOS provides insight into

the overall electronic states available at different energy levels while the PDOS allows for

a more detailed understanding of the contributions from individual atomic orbitals. As

pressure increases, notable shifts in the DOS features are observed, reflecting significant

modifications in the electronic structure. In these computations, the Fermi energy is

defined as the reference energy at 0 eV in Fig.4.2 (a) - Fig.4.4 (e). Figure.4.4 shows the

calculated electronic structure for YHSe presented at different pressures using both GGA

and GGA+U approximations.
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Figure 4.2: Band structures and electronic DOS for YHSe obtained using the GGA [(a)
- (c)] and GGA+U [(2a) - (2c)] methods at pressures of (a) 0 GPa, (b) 50 GPa, (c) 100
GPa
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Figure 4.3: Band structures and electronic DOS for YHSe obtained using the GGA [d]
and GGA+U [2d] methods at pressures of 150 GPa
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Figure 4.4: Band structures and electronic DOS for YHSe obtained using the GGA [e]
and GGA+U [2e] methods at pressures of (e) 200 GPa.

The computed DOS analysis further confirms that YHSe retains its semiconductor char-

acteristics across all examined pressures up to 200 GPa, as indicated by the zero DOS

at the Fermi level. This observation aligns consistently with the band structure analysis,

reinforcing the material’s semiconducting nature under varying pressure conditions.

For more theoretical insight, the projected density of states for the individual atoms
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Y, Se, and H in the YHSe structure has been analyzed and is depicted in Fig. 4.2 (a)–4.4

(e) and Fig. 4.2 (2a)–4.4 (2e), using the GGA and GGA+U approximations, respectively.

At 0 GPa the Se atoms contribute more significantly to the total density of states in the

valence band compared to Y and H atoms. Furthermore, among the Se states, the Se-2p

orbitals exhibit a greater contribution than the Se-3d orbitals with the majority of states

near the Fermi level primarily attributed to Se-2p orbitals. Conversely, in the conduction

band, Y atoms contribute more substantially to the total density of states than Se and H

atoms. Within the Y contributions, the Y-3d orbitals dominate over the Y-5p states, while

in the Se contribution; the Se-3d orbitals exceed the Se-2p states. Notably, the highest

density of states near the Fermi level in the conduction band is attributed to Y-3d orbitals.

This trend persists across all examined pressures, although the degree of orbital overlap

varies with increasing pressure. At 0 GPa the Se-3d and Se-2p bands exhibit overlap in

the energy ranges of 4.39 - 6.025 eV and 6.35 - 8.305 eV. Moreover, hybridization between

Y-3d and Se-3d orbitals is observed within the 7.28 - 7.299 eV and 9.27 - 9.47 eV energy

ranges, suggesting the formation of covalent bonding between these orbitals. At 150 GPa,

the overlap between Se-3d and Se-2p states occurs in the energy range of 6.86 - 9.043

eV. Furthermore, at 200 GPa, as shown in Fig. 4.4 (e) this overlap shifts to 7.814 - 8.96

eV energy range. In contrast, the interaction between Y-3d and Se-3d orbitals spans the

energy ranges of -5.0 to 8 eV and -3.19 to -4.387 eV at 200 GPa.

Overall, the variations in orbital hybridization among Y 3d, Se 2p, and Se 3d states

with increasing pressure indicate a pressure-dependent evolution of electronic interactions

within the material for both GGA and GGA+U approaches. Furthermore, the total

density of states near the Fermi level exhibits a decrease with increasing pressure. This

consistent downward trend reflects a systematic reduction in the number of electronic

states available for conduction. Such a decreasing behavior is consistent with previously

reported findings in related systems (Murtaza & Ahmad, 2012), where pressure-induced

changes in the electronic band structure result in a gradual depletion of states near the

Fermi level.

According to these findings, the trends of the TDOS under varying pressures exhibit

a consistent pattern, notably a reduction in the band gap as pressure increases. At lower

66



pressures, the relatively high density of states can be attributed to enhanced electronic

hybridization and band broadening, which result in a greater availability of electronic

states near the Fermi level. These observations are consistent with previous studies on

pressure-induced electronic modifications in K3C60 (Huang et al.,1993), where similar band

gap narrowing and increased hybridization effects were reported. At lower pressures, the

electronic states are more localized, and hybridization effects between orbitals can enhance

the DOS near the Fermi level. As pressure increases, band broadening occurs due to the

reduced inter atomic distances, which generally decline in the average DOS. The reference

to Huang et al.,(1993) suggests that similar trends have been observed in other materials.

4.1.3 Vibrational Analysis

The phonon dispersion curves and projected phonon density of states for YHSe are pre-

sented in Fig.4.5 under different pressure conditions. The lack of imaginary phonon modes

throughout the Brillouin zone verifies the dynamic stability of the YHSe structure. Ac-

cordingly, our findings confirm that YHSe remains dynamically stable across all examined

pressures, as illustrated in Fig.4.5(a) to Fig.4.5(e). Phonon dispersion analyses at 0, 50,

100, 150, and 200 GPa further reinforce this structural stability. The phonon dispersion re-

lations within the Brillouin zone offer valuable understanding of how phonon energy varies

with the q-vector along high-symmetry paths, as illustrated in Fig.4.5(a) to Fig.4.5(e).

In this study, the primitive unit cell of the YHSe compound comprises three atoms,

leading to a total of nine vibrational (phonon) modes. Among these modes, three rep-

resent acoustic branches, while the remaining six correspond to optical phonon modes.

The phonon density of states F(ω), shown in Fig.4.5 under various pressure conditions,

demonstrates the distribution of phonon frequencies within the YHSe compound, offer-

ing a detailed perspective of its vibrational characteristics. The unique features observed

in the phonon spectrum, as depicted in Fig.4.5(a) to Fig.4.5(e), arise directly from the

differing atomic masses of Y, Se, and H in the structure.

The phonon density of states (PhDOS) of YHSe indicates that low-frequency vibra-

tional modes are primarily governed by the heavier Y and Se atoms, whereas the lighter H

atoms contribute substantially to the high-frequency range. This disparity results in the
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separation of the partial phonon density of states F(ω) into three distinct regions, each

predominantly shaped by the vibrations of specific atomic constituents. This observation

is consistent with previous findings reported for similar systems (Sadeghi & Esfarjani,

2024)

At 0 GPa and relatively low-pressure conditions, the PhDOS reveals distinct peaks at

lower frequencies, predominantly originating from the vibrational modes of heavier Y and

Se atoms. With increasing pressure, a gradual reduction in the intensity of the phonon

density of states (PhDOS) is observed, indicating modifications in lattice dynamics caused

by strengthened interatomic forces.

Figure 4.5(a) to Figure 4.5(e) reveals that the optical phonon density of states in the

mid-frequency range exhibits a pronounced contribution from the lighter hydrogen atoms.

As pressure increases, this contribution progressively shifts from higher to lower frequency

regions, indicating pressure-induced redistribution of hydrogen-related vibrational modes.

Conversely, the vibrational contributions of Y and Se atoms exhibit a noticeable shift

toward higher frequencies. This pressure-induced redistribution of phonon modes indi-

cates enhanced bonding strength and lattice stiffness, and is consistent with observations

reported in previous investigations (Besson, 1989; Delaire et al., 2010). Overall the Ph-

DOS exhibits a decreasing trend in magnitude with increasing pressure, accompanied by

a noticeable shift toward higher frequencies.

The effect of pressure on the phonon dispersion curves of YHSe along selected high-

symmetry directions in the Brillouin Zone (BZ) is illustrated in Fig. 4.5(a) to Fig. 4.5(e).

At ambient pressure (0 GPa), the calculated phonon dispersion curves exhibit strong

agreement with those obtained from inelastic neutron scattering experiments (Xie et al.,

1999). The principal results related to YHSe from this investigation are summarized in

Table 3, and are consistent with the experimental values reported at zero pressure (Xie et

al., 1999).

As illustrated in Fig. 4.5(b), increasing pressure induces a noticeable upward shift in the

phonon branches toward higher frequency regions. However, the extent of this frequency

elevation varies across different points within the Brillouin Zone (BZ). Specifically, Fig. 4.5

(b) demonstrates that at 50 GPa, the phonon frequencies at the high-symmetry points
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Table 3: Calculated phonon frequencies of hexagonal YHSe along selected high-symmetry
paths at 0 GPa.

High Symmetry Point Phonon Frequencies (cm−1)

Γ 209, 189.77

M 116.18, 134.29, 172.25, 174.64, 175.05, 228.97

K 148.59, 150.83, 163.89, 164.81, 201.20, 203.33

A 128.29, 138.48, 195.44

L 77, 127.74, 154.23, 154.58, 157.79, 166, 204.29, 209.61

H 126.85

Γ, M, K, A, L, and H are higher than those at the corresponding points under ambient

pressure (0 GPa).

Moreover, across all examined pressure conditions, a distinctive characteristic is ob-

served: two longitudinal optical phonon branches, primarily associated with the lighter

hydrogen atoms, distinctly separate from the remaining optical modes by attaining signif-

icantly higher frequencies. This marked elevation in optical phonon frequencies at 0, 50,

100, 150, and 200 GPa is likely due to the dynamic contribution of hydrogen atoms, as

supported by the phonon partial density of states. With increasing pressure, the partial

density of states clearly indicates a shift of hydrogen-related vibrational modes toward the

higher-frequency region.

From Fig.4.5, the other optical phonon modes associated with hydrogen atoms, initially

located in the mid-frequency region exhibit a downward shift toward lower frequencies

as the pressure increases. These modes gradually approach the optical phonon modes

primarily generated by the heavier Y and Se atoms, indicating enhanced phonon coupling

between the vibrations of light and heavy atoms under high-pressure conditions. Figure 4.5

presents the phonon dispersion relations and the corresponding projected phonon density

of states (PhDOS) for YHSe under varying pressure conditions.
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Figure 4.5: Phonon band structure and phonon DOS for hexagonal YHSe under various
pressure conditions: (a) 0 GPa, (b) 50 GPa, (c) 100 GPa, (d) 150 GPa, and (e) 200 GPa.

The optical phonon frequencies corresponding to both the lighter hydrogen (H) atoms

and the relatively heavier selenium (Se) and yttrium (Y) atoms at each high-symmetry

point in the Brillouin Zone (BZ) show a consistent increase with pressure up to 200GPa,

as depicted in Fig.4.6. This indicates that with increasing pressure, the optical phonon

frequencies at each high-symmetry point experience a steady rise up to 200 GPa. The re-

sults of this study are consistent with previously reported data for related systems (Chen

et al., 2004). This trend suggests a stiffening of the lattice dynamics under applied pres-

sure. Phonon frequencies are influenced by the strength of the force constants that exist

between atoms within a crystal lattice. When external pressure is increased, the atoms are

pushed closer together, which enhances the force constants and results in elevated phonon

frequencies (Allen & Dynes, 1975)

The optical phonon branches display a continuous increase in frequency as pressure

increases. Figure 4.7 illustrates the change in acoustic phonon frequency as a function of

pressure at various high-symmetry points in the Brillouin Zone (H, M, A, K, and L), with

differently colored lines showing the phonon frequency trends for each point. Notably, the
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Figure 4.6: Variation of optical phonon frequencies with pressure at selected high-
symmetry points (Γ, M, K, A, L, and H) in the Brillouin zone for YHSe.

acoustic phonon frequencies at the L and H high-symmetry points undergo a significant

reduction at pressures of 150 and 200 GPa as shown in Fig.4.7 and Fig. 4.8, suggesting

potential modifications in inter-atomic interactions.

Figure 4.8 presents the phonon band structure curves for YHSe at 0 GPa (red) and

200 GPa (blue). A comparative analysis of these dispersion curves reveals that the opti-

cal phonon modes exhibit a noticeable frequency increase at 200 GPa relative to 0 GPa,

indicating lattice stiffening due to reduced inter-atomic distances under extreme compres-

sion. This stiffening suggests an increase in inter-atomic force constants, a phenomenon

commonly observed in high-pressure studies.

However, the acoustic phonon frequencies associated with the heavier Y and relatively

heavier Se atoms at the L and H high-symmetry points display a significant decrease un-

der high pressure, implying alterations in the inter-atomic force constants and the possible

emergence of anharmonic effects. Notably, phonon softening at these symmetry points is

often linked with enhanced EPC, which could play a crucial role in facilitating supercon-

ductivity at 200 GPa in this study.
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Figure 4.7: Acoustic phonon frequencies at high-symmetry points (M, K, A, L, and H)
under different pressure conditions for YHSe.

The observed phonon softening at specific high-symmetry points implies a strength-

ening of the EPC, a key mechanism governing superconducting behavior. These findings

align with prior investigations of similar high-pressure superconducting systems (Lian et

al., 2017), further supporting the notion that pressure-induced modifications in phonon

dynamics are instrumental in optimizing superconducting properties. The interplay be-

tween phonon softening, EPC, and Tc underscores the significance of high-pressure tuning

in modulating the superconducting behavior of YHSe. Figure 4.9 shows the total phonon

density of state for YHSe at different pressures.
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Figure 4.9: Overall phonon DOS for YHSe under various pressures: (a) 0 GPa, (b) 50
GPa, (c) 100 GPa, (d) 150 GPa, and (e) 200 GPa.
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4.1.4 Superconducting Properties

In this investigation, the superconducting characteristics of YHSe are comprehensively ex-

plored through electron-phonon coupling λ(ω) calculations. The calculated non-monotonic

relationship of the superconducting critical temperature (Tc), as shown in Fig. 4.10(a),

together with the total electron-phonon coupling parameter λ(ω) in Fig. 4.10(b), offers

valuable insights into the superconducting behavior of YHSe under extreme pressure con-

ditions.

At 0 GPa, YHSe exhibits a superconducting critical temperature (Tc) of 28 K, high-

lighting its potential as a moderate superconductor compared to conventional supercon-

ducting materials. This relatively high Tc, compared to 100 GPa and 150 GPa, may be

attributed to the substantial density of states near the Fermi level and the phonon density

of states, which enhance electron-phonon interactions. As external pressure increases,Tc

initially drops to 24.781 K at 50 GPa, suggesting a reduction in superconducting behavior.

This reduction aligns with trends observed in similar systems and may be attributed to

the decrease in both electronic and phonon densities of states (DOS), which leads to a rel-

atively weakened electron-phonon interaction. Despite this decrease, Tc remains relatively

high at 50 GPa due to the sustained density of states near the Fermi energy and phonon

density of states, supporting strong electron-phonon interactions.

As the pressure increases to 100 GPa, the Tc further decreases to 15.8 K, indicating

a continued suppression of superconductivity. This decrease suggests that the applied

pressure modifies the material’s electronic characteristics, weakening its superconducting

behavior. A decline in Tc is mainly observed due to the reduction in EPC, which is influ-

enced by lowered densities of both electronic states around the Fermi level and phononic

states. Beyond 100 GPa, a reversal in this trend occurs, as Tc an upward trend in Tc

is observed. At 150 GPa, the critical temperature Tc rises slightly to 15.9 K, indicating

a minor improvement in superconducting behavior under high-pressure conditions. This

increase is likely attributed to phonon softening at specific high-symmetry points (L and

H), resulting in a reduction of the logarithmic average phonon frequency from 264 K to

250 K and thereby slightly strengthening the EPC.
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Our investigation reveals that, similar to other documented hydrogen-based supercon-

ductors, the correlation between Tc and pressure (P ) shows a consistent trend beyond

100 GPa, highlighting the complex interaction between structural changes and supercon-

ducting properties under high-pressure conditions, as illustrated by Drozdov, Eremets,

and their colleagues in their research on hydrogen sulfide (Drozdov et al., 2015).

The pressure dependence of superconductivity is highly intricate and is influenced by

various factors of the electron and phonon systems (Lorenz, B., & Chu, C. W., 2005).

A lower electronic DOS near the Fermi level generally weakens electron-phonon coupling

(EPC); however, the coupling constant (λ) is affected not only by the density of states

near the Fermi energy but also by phonon-related aspects, particularly phonon frequencies

and electron-lattice interactions.

Our analysis shows that, despite the reduction in the electronic DOS close to the

Fermi level, as illustrated in Fig. 4.4 (a) - Fig.4.4 (e), the effectiveness of EPC improves

at higher pressures due to modifications in phonon frequency and electronic structure. In

this research, the decrease in phonon frequency depicted in Fig.4.7 and Fig.4.8 under high

pressure results in a reduction in the logarithmic phonon frequency to 189.06 K, leading

to a significant enhancement of the EPC constant, which reaches λ = 2.63 at 200 GPa.

This enhancement due to phonon softening aligns with findings from previous studies

on related systems (Lian et al., 2017; Ma et al., 2021). The observed correlation between

pressure (P) and the superconducting critical temperature (Tc) under extreme conditions

is also in agreement with previous research on hydrogen-rich superconductors (Besedin

et al., n.d.). In the YHSe system, Tc increases steadily from 15.8 K at 100 GPa, rises

marginally to 15.9 K at 150 GPa, and then reaches 31.64 K at 200 GPa.

According to the McMillan equation, a reduction in logarithmic average phonon fre-

quency leads to an increase in the EPC constant λ, which in turn contributes to a higher

superconducting critical temperature (Tc) in the YHSe system at 200 GPa. This implies

that pressure-induced phonon softening plays a pivotal role in enhancing the supercon-

ducting properties of YHSe at 200 GPa. Additionally, at extremely high pressures, the

lattice structure of solids may undergo stabilization, fostering a more favorable environ-

ment for superconductivity (Tanaka et al., 2017). This stabilization can mitigate lattice
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vibrations or distortions that might hinder Cooper pair formation, thus improving the

superconducting critical temperature (Tc). Under extreme pressure conditions, the in-

teractions between electrons and lattice vibrations (phonons) intensify, resulting in an

increase in Tc ( Kim.Y.D. et al., 2010; Eliashberg, 1960). Figure4.10 (a) presents the

calculated superconducting critical temperature, Figure4.10 (b) shows the integral of λ,

Figure 4.10(c) illustrates the logarithmic average phonon frequency, and Figure 4.10 as a

function of pressure for YHSe.
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Figure 4.10: (a) Calculated superconducting critical temperature, (b) integral of λ, (c)
logarithmic average phonon frequency as a function of pressure for YHSe.

Table 4: (a) Calculated superconducting critical temperature, (b) integral of λ, (c) log-
arithmic average phonon frequency as a function of pressure for YHSe

P (GPa) Tc (K) λ ωlog (K)

0 28.00 1.21 199.83

50 24.78 1.16 316.89

100 15.80 0.94 264.00

150 15.90 0.98 243.90

200 31.64 2.63 189.06
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Extreme pressure could induce a lattice configuration that optimally supports strong

EPC. This structural modification may enhance the efficiency of Cooper pair formation,

leading to an increase in the superconducting critical temperature (Tc) (Kim et al., 2010;

Lorenz & Chu, 2005).The changes in phonon frequency and electronic structure lead to

an improvement in superconductivity properties(Tanaka et al., 2017)(Congeduti et al.,

2001). The significant increase in the total EPC parameter, λ(ω), to 2.63 further reinforces

this idea, indicating a remarkable enhancement in electron-phonon interactions that favor

superconductivity.

The EPC constant (λ) at 0 GPa is determined to be 1.21, reflecting strong electron-

phonon interaction strength. These interactions play a vital role in enabling supercon-

ductivity by supporting the formation of Cooper pairs. When the applied pressure is

increased to 50 GPa, as illustrated in Fig. 4.11, λ decreases to 1.16, indicating a reduction

in electron-phonon coupling (EPC) strength. This reduction is associated with the rela-

tively lower density of states (DOS) near the Fermi level and a suppressed phonon density

of states. Nevertheless, a further rise in pressure to 100 GPa, as shown in the same figure,

causes λ to decline to 0.94, suggesting diminished electron-phonon interaction. This drop

in the total electron-phonon coupling at 100 GPa is probably due to a continued decrease

in both the electronic DOS and phononic states. In general, the coupling constant λ de-

creases from 1.16 to 0.94 between 50 GPa and 100 GPa. When this behavior is analyzed

alongside the Coulomb pseudopotential (µ∗ = 0.10), it aligns with a reduction in the (Tc)

from 24.78 K to 15.8 K within the same pressure interval. Thus, the observed decline in λ

correlates well with the corresponding decrease in Tc over the pressure range from 50 GPa

to 100 GPa.

As illustrated in Fig. 4.10(a) and Fig. 4.10(b), increasing the pressure beyond 150 GPa

leads to a significant rise in the EPC constant (λ). Above this pressure point, the total

EPC increases steadily, which corresponds to the enhancement of the superconducting

critical temperature (Tc) observed in this study. At 150 GPa, λ increases to 0.98, showing

a slight strengthening of the electron-phonon interactions. However, the overall coupling

strength stays relatively low. Furthermore, at this pressure, the reduction in acoustic

phonon frequencies at the L and H high-symmetry points results in phonon softening,
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which lowers the logarithmic average phonon frequency from 264 K to 243.901 K. This

phonon softening contributes to the observed enhancement of the EPC to 0.98. Figure 4.11

presents the frequency-resolved distribution of the EPC parameter for YHSe under various

applied pressures.

0 10 20 30 40 50 60 70

Frequency (THz)

0

0.5

1

1.5

2

2.5

3

λ

0 GPa

50 GPa

100 GPa

150 GPa

200 GPa

Figure 4.11: Variation of the electron-phonon coupling parameter with frequency under
different pressure conditions.

Transitioning from the analysis of the total EPC strength (λ) to the ωlog, our study

reveals a clear non-linear trend as pressure increases. Initially, the ωlog rises significantly

from 199.83 K to 316.89 K at 50 GPa, reflecting intensified atomic interactions and the

emergence of a more rigid lattice framework. This marked increase highlights the material’s

sensitivity to external compression, indicating its ability to structurally adapt. As pressure

continues to rise, however, the phonon frequency demonstrates moderate fluctuations,

remaining within the 264 K to 250 K range between 100 GPa and 150 GPa, as shown

in Fig. 4.10(c). At even higher pressures, the logarithmic phonon frequency undergoes a

sharp decline, falling to 189.06 K at 200 GPa. Overall, Fig. 4.10(c) reveals that the phonon

frequency increases at lower pressures, peaks at 50 GPa, and subsequently decreases with
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further compression.

Moreover, in this study, the Eliashberg spectral function α2F (ω) and the integrated

EPC constant (λ) were calculated as functions of phonon frequency at 0 GPa, 50 GPa,

100 GPa, 150 GPa, and 200 GPa. These quantities were computed to examine the phonon

spectrum and assess the electron-phonon interactions and lattice dynamics in the YHSe

system. The α2F (ω) effectively characterizes the strength of electron-phonon interactions

across various phonon frequencies (Uzunok et al., 2020). As such, it serves as a cru-

cial tool for understanding how pressure-induced changes affect the EPC constant λ in

YHSe, offering deeper insight into the superconducting behavior under different pressure

conditions.

According to Fig. 4.12 (a) - (e), distinct peaks are observed at specific frequencies in the

YHSe system. These peaks correspond to dominant phonon modes that significantly con-

tribute to the electron-phonon coupling. At ambient pressure Fig. 4.12 (a), the moderate

and highest peaks in the Eliashberg spectral function α2F (ω) appear within the frequency

ranges of approximately 0.64 - 8.67 THz, 21.45 - 22.76 THz, and 34.00 - 34.54 THz, with

corresponding peak values of 0.92, 0.91, and 0.93, respectively. This range highlights the

frequencies where the most pronounced electron-phonon interactions occur under normal

conditions.

As pressure increases, a fascinating trend emerges: the peak values of the Eliash-

berg spectral function vary within specific frequency regions, reflecting pressure-induced

changes in the electron-phonon interaction landscape. Further analysis of Fig. 4.12 (a)

- (e) reveals that the lower frequency range approximately 1.49 to 20 THz contributes

most substantially to the overall EPC constant at all pressure levels. Beyond this range,

particularly above 20 THz, the coupling constant stabilizes, suggesting that dominant

electron-phonon interactions are confined to the 1.498 - 20 THz range. Within this range,

however, the peak values of α2F (ω) exhibit noticeable pressure-dependent variations, un-

derscoring the dynamic nature of the electron-phonon interactions under varying pressure

conditions.

Figure 4.12 presents the α2F (ω) (green lines) along with the frequency dependence

of the cumulative EPC parameter λ (red lines) for YHSe, calculated at (a) 0 GPa, (b)
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50 GPa, (c) 100 GPa, (d) 150 GPa, and (e) 200 GPa.
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Figure 4.12: The α2F (ω) and the average EPC parameter λ for YHSe under different
pressures: (a) 0 GPa, (b) 50 GPa, (c) 100 GPa, (d) 150 GPa, and (e) 200 GPa.
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4.1.5 Optical Properties of YHSe

In this work, the complex dielectric function calculated for the material captures the

electronic transitions induced by charge carriers interacting with electromagnetic fields.

Our results reveal how these transitions vary across energy bands, providing detailed

insights into the material’s optoelectronic behavior.

The computed components of the complex dielectric response, ε1(ω) and ε2(ω), derived

from TDDFT calculation, are depicted as functions of photon energy ranging from 0 to

15 eV under varying pressure conditions between 0 and 70 GPa as shown in Fig. 4.13(a)

and Fig. 4.13(b). The imaginary part, ε2(ω), which reflects the ability of the material

to intake and lose electromagnetic energy, is presented in Fig. 4.13(a).This parameter

is widely recognized as important for applications such as solar power harvesting and

light-emitting technologies (Hasan & Hossain, 2021); however, a comprehensive conclusion

requires considering additional parameters and results.

The ε2(ω) values rise from their initial levels at each pressure point. This behavior

signifies interband electronic transitions, where the peak positions move toward lower

photon energies with increasing pressure, suggesting a reduction in the band gap as a

result of the applied pressure.

The intensity of the peaks also rises, indicating increased absorption at lower photon

energies. These peaks, predominantly located within the 3 - 7 eV range, progressively

shift toward lower energies as pressure increases, implying that pressure leads to band

gap narrowing. Consequently, the region of maximum absorption transitions from the

ultraviolet to the near-visible spectrum with increasing pressure. The computed complex

dielectric functions of YHSe under various pressures are presented in Figure 4.13(a) and

Figure 4.13(b).

Figure 4.13(a) displays the real component of the dielectric function, which indicates

how the material reacts to an external electric field, thereby affecting optical characteristics

such as refractive index, light transmission, and phenomena like reflection and refraction

(Zhang, W., et al., 2016).

An upward trend is observed with increasing pressure, where the peak magnitude rises
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from 21.51 at 0 GPa to 40.84 at 70 GPa, corresponding to a shift in photon energy from

1.0026 eV to 0.50 eV. A distinct peak consistently appears in the 1 - 3 eV range across all

pressure levels, with its amplitude intensifying as pressure increases. This pattern indicates

enhanced optical polarizability and stronger interactions between light and the material

under elevated pressure. Beyond 7 eV, the curves exhibit a plateau, suggesting that high-

energy photons interact less with the material, independent of the pressure applied. These

observations align well with the results reported by Alouani.M and Wills.M.J (1996), who

noted comparable optical behavior in Si, Ge, and GaAs subjected to hydrostatic pressure

(Alouani & Wills, 1996).

The real part of the frequency-dependent dielectric function of YHSe reveals significant

results. At 0 eV, the dielectric coefficient at each pressure represents the static dielectric

constant. The calculated static dielectric constants, ε1(0), for YHSe at different pressures

are as follows: 20.27 at 0 GPa, 22.61 at 10 GPa, 25.22 at 20 GPa, 27.86 at 30 GPa, 30.55

at 40 GPa, 33.33 at 50 GPa, 36.23 at 60 GPa, and 39.24 at 70 GPa. This trend indicates

that the static dielectric constant increases with pressure. The static dielectric constant

elevates as the pressure intensifies, suggesting potentially enhanced charge separation abil-

ities, which are essential for photocatalytic uses. The computed values for all prominent

peaks in both the real and imaginary components of the dielectric function are presented

with corresponding pressures in Table 6, covering the spectral range from 3 eV (0 GPa)

to 1.5 eV (70 GPa).
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Figure 4.13: (a) Real part of the dielectric function; (b) Imaginary part of the dielectric
function for YHSe under varying pressures (0, 10, 20, 30, 40, 50, 60, and 70 GPa)

The refractive index is a key optical parameter that governs how light propagates

through a material, affecting its refraction, transmission, and absorption properties (Nas-

tasenko, 2024). Figure 4.14(a) illustrates the refractive index of YHSe under various

pressures. At ambient pressure, the real part of the refractive index is 4.7 at a photon

energy of 1.17 eV. It increases progressively with pressure, reaching a peak value of 6.45 at

70 GPa across photon energies ranging from 0.84 to 1.17 eV. The refractive index analysis

indicates that the YHSe crystal exhibits the highest refractive index of 6.45 at 70 GPa,

potentially enhancing the interactions between light and the YHSe material. This rise

in refractive index could improve the interactions between light and YHSe. The primary

peak values at different pressures are provided in Table 6. At photon energies greater

than 6 eV, the refractive index stabilizes, and the effect of pressure diminishes, suggesting

that the interaction between high-energy photons and the material weakens as the energy

increases. These results are consistent with previous research by Pan et al. (2014) and

Iqbal.A.M. et al., (2024).

The rise in the refractive index under pressure suggests that as the pressure increases,

the material becomes optically denser, leading to a further reduction in the speed of light

as it traverses YHSe at lower photon energies. Based on this observation, the enhance-

ment in refractive index with pressure can be attributed to the material’s increased density,

alterations in its electronic structure and polarizability, as well as enhanced optical con-

finement. As a result, the higher refractive index of YHSe under pressure at lower photon
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energies makes it ideal for optical applications in high-pressure settings. This encompasses

high-pressure sensors or optical equipment used in deep-sea or high-altitude environments

where significant pressure variations occur (Runowski et al., 2019).

Additionally, the static refractive index is derived from the static dielectric constant

ε1(0). The static part of the dielectric constant, ε1(0), is dependent on the material’s

electronic band gap, and its value at ω = 0 is directly associated with n(ω) using the

relation n(0) =
√
ε1(0) (Malki, S., 2024). The information provided in Table 5 reveals

that the static refractive index increases as pressure is applied, reaching its peak at 70

GPa. This behavior suggests a consistent rise in the static refractive index with increasing

pressure. Figure 4.14(b) presents the extinction coefficients of YHSe under various pres-

Table 5: Computed values of the n(0) and ε1(0) for YHSe at various pressures.

P(GPa) n(0) ε1(0)

0 4.50 20.27

10 4.75 22.61

20 5.02 25.22

30 5.28 27.86

40 5.53 30.55

50 5.77 33.33

60 6.02 36.23

70 6.26 39.24

sures examined in this study. The findings indicate that the extinction coefficient rises

with increasing pressure, exhibiting a similar trend to the imaginary component of the

dielectric function, with peaks observed between 5 and 15 eV. This implies that pressure

enhances the material’s light absorption capabilities. The primary peak values of the ex-

tinction coefficient at pressures ranging from 0 to 70 GPa are provided in Table 6 for the

YHSe analysis. Table 6 lists the sharp peak values of optical properties under varying

pressure conditions.
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Table 6: Pressure-induced variations in the peak values of optical characteristics.

P (GPa) α(ω) × 108 (cm-1) ε1 ε2 n(ω) k(ω) R(ω) L(ω)

0.0 4.28 21.51 15.46 4.71 2.33 0.45 2.59

10 4.50 23.86 16.51 4.96 2.39 0.46 2.70

20 4.72 26.51 18.68 5.22 2.49 0.49 2.85

30 4.89 29.14 20.80 5.48 2.58 0.50 2.95

40 5.03 31.98 23.04 5.72 2.65 0.52 3.05

50 5.16 34.82 25.38 5.97 2.72 0.53 3.21

60 5.27 37.81 27.70 6.22 2.79 0.55 3.33

70 5.37 40.84 29.97 6.46 2.88 0.56 3.42

Figure 4.14(c) presents the absorption coefficient of YHSe under varying pressures

studied in this research. The absorption coefficient is an important factor for evaluating

how far electromagnetic radiation can penetrate a material. A thorough understanding

of this coefficient is vital for analyzing the material’s electronic properties and evaluating

the effectiveness of electronic transitions across energy bands.

The analysis reveals prominent peaks in the absorption coefficient across all pressures,

from 0 to 70 GPa. A notable rise is observed, with peak absorption occurring within

the photon energy range of 5.844 – 7.1795 eV across all pressures. This trend suggests

significant photon absorption attributed to electronic transitions.

Moreover, as pressure increases, the absorption coefficient shows a marked increase,

particularly in the 5.844 – 7.1795 eV range, indicating enhanced optical absorption with

higher pressure. Additionally, the absorption in the far-UV region for all pressure-induced

phases shifts toward higher photon energies as pressure rises. The observed increase in

absorption under pressure in this study aligns with prior investigations in other related

system, including the work by Shakeel Ahmad (2023) as well as findings from Rehman et

al. (2023) and Iqbal.A.M et al.,(2024).

Moreover, as pressure increases, the peak absorption coefficient shifts to higher photon

energies in the UV region, indicating that pressure optimization enhances the material’s

optical behavior in this range. This key observation highlights the ability to dynamically
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tune optical materials under pressure modulation. The observed increase in peak absorp-

tion coefficient suggests a fine-tuning process, where the optical behavior of YHSe evolves

with changing pressure conditions. The major peaks computed at all pressures investi-

gated in the study are listed in Table 6. These sharp peaks occur within the spectral range

from 5.844 eV at 0 GPa to 7.1795 eV at 70 GPa.

The consistent presence of major peaks throughout this spectrum range suggests the

strong absorption capabilities of YHSe material. Additionally, a sharp decrease in the

absorption coefficient is observed in the high-energy region, which is characteristic of

semiconductors (Hochbaum & Yang, 2010).

Figure 4.14(d) illustrates the influence of pressure on the reflectivity of YHSe. Reflec-

tivity offers insight into how effectively a material’s surface engages with electromagnetic

radiation (Ahmad, Rehman, et al., 2023)(Hussain et al., 2020). Figure 4.14(d) validates

the observed increase in reflectance with pressure, particularly at lower photon energies.

This indicates enhanced electronic interactions and polarizability, leading to greater light

reflection. Above 7 eV, a sharp decrease in reflectivity is observed, suggesting that less

light is reflected at higher photon energies. At extremely high photon energies above 40

eV, reflectivity declines markedly for all pressures. This implies that the material becomes

more transparent at these elevated photon energies, as its capacity to reflect light dimin-

ishes. Importantly, our results align with previous investigations on various systems by

Rehman, et al. (2023), and Hussain et al. (2020). Table 6 presents a comprehensive

summary of the highest peaks for different pressure levels and illustrates how reflectivity

varies with pressure.
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Figure 4.14: Illustration of the optical properties of YHSe under various pressures (0, 10,
20, 30, 40, 50, 60, and 70 GPa), including: (a) refractive index, (b) extinction coefficient,
(c) absorption coefficient, and (d) reflectivity.

Figure 4.15 depicts the energy loss spectrum of YHSe under various applied pressures

explored in this study. The loss function is essential for evaluating the energy dissipation of

fast-moving electrons within a substance (Hussain et al., 2020). The location and strength

of the peaks deliver important information about the material’s electronic configuration

and collective oscillations. Our results indicate that, within the photon energy interval

from 0 eV to roughly 15 eV, the loss function remains comparatively low for all pressure

values, implying limited energy dissipation in this domain. This implies that plasmonic

excitation and related electronic interactions are less significant at lower photon energies.

The loss function begins to rise gradually as photon energy nears 15 eV, indicating the

initiation of electronic excitations that contribute to energy dissipation. A distinct peak

emerges near 20 eV, indicative of a pronounced plasmon resonance, where considerable

energy dissipation takes place due to collective oscillations of electrons within the com-
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pound. With rising pressure, the magnitude of this peak tends to increase, accompanied

by a slight displacement of the peak position toward elevated photon energy levels. This

trend aligns with earlier findings by Shakeel Ahmad (2023) on the influence of uniform ex-

ternal pressure on the expansion of the band gap and on the mechanical, thermodynamic,

and optical characteristics of rubidium niobate, explored through first-principles simula-

tions for photocatalytic purposes ( Rehman, et al., 2023) and (Iqbal.A.M. et al., 2024).

This pattern implies that under compressive stress, the material exhibits greater suscep-

tibility to plasmon excitation at high photon energies, with the spectral shift ascribed to

variations in the electronic band structure and charge density. The dominant loss function

peaks corresponding to each pressure level are detailed in Table 6. Additionally, in the

present analysis, a higher ε2 value corresponds to a lower energy loss function, which is a

defining attribute of semiconducting materials. This conclusion corroborates prior work

by Shakeel Ahmad (2023)(Ahmad, Rehman, et al., 2023).
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Figure 4.15: Electron energy loss function of YHSe under various applied pressures (0,
10, 20, 30, 40, 50, 60, and 70 GPa).
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4.1.6 Thermoelectric Properties

The performance efficiency of thermoelectric compounds is generally quantified using the

Seebeck coefficient, also referred to as thermopower (Pei et al., 2013). The dependence of

the Seebeck coefficient (S) on temperature under various pressure scenarios is presented in

Fig. 4.16. As depicted, the Seebeck coefficient of YHSe tends to rise with increasing tem-

perature and eventually reaches a plateau at elevated temperatures due to the saturation

in carrier excitation levels.

As depicted in Fig.4.16, the Seebeck coefficient diminishes with escalating pressure due

to the increase in charge carrier density (n). This pattern is consistent with the results

of (Kulwinder Kaur et al., 2016) regarding the pressure influences on the electronic and

thermoelectric characteristics of magnesium silicide using density functional theory (Kaur

& Kumar, 2016). At elevated pressures, the narrowing of the energy gap enhances the

charge carrier density, resulting in a decreased Seebeck coefficient. This phenomenon is

more pronounced at 200 GPa, where the energy gap is further diminished, rendering the

material more conductive and leading to a reduced Seebeck coefficient.

The effective mass is inversely related to the curvature of the E versus k graph, implying

that a more level band (lower curvature) leads to a higher effective mass, while a steeper

band (higher curvature) corresponds to a smaller effective mass (Ashcroft, N. W., &

Mermin, N. D., 1976).

The amplified Seebeck coefficient at 0 GPa is probably attributed to the greater effec-

tive mass of the carriers compared to 100 GPa, which arises from a less dispersive band

(lower curvature) in the electronic structure of the YHSe system.

This higher effective mass compensates for the decrease caused by the higher carrier

concentration, sustaining a higher Seebeck coefficient at lower temperatures. However, as

the temperature rises, the Seebeck coefficients at 0 GPa and 100 GPa gradually converge,

showing minimal fluctuation. Furthermore, the positive sign of the Seebeck coefficient

indicates that YHSe is a P-type semiconductor, meaning that conduction primarily oc-

curs due to the motion of holes. This implies that the majority charge carriers in this

temperature range are holes, making the YHSe compound an excellent electrical charge
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transport material, behaving as a p-type material within the temperature range of 50 -

800 K. Figure 4.16 illustrates the temperature dependence of the Seebeck coefficient of

YHSe under varying pressures.
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Figure 4.16: Seebeck coefficient (T) of YHSe subjected to different pressures.

Figure 4.17 shows how the electrical conductivity of YHSe varies with temperature at

various pressures. Materials with high electrical conductivity are preferred for thermo-

electric uses because they help reduce Joule heating (Wang & Yu, 2019). The electrical

conductivity rises as both pressure and temperature increase from 50 to 800 K, since el-

evated temperatures supply energy to charge carriers, allowing more electrons and holes

to traverse the band gap. This behavior likely results from the increased thermal ex-

citation of charge carriers, enhancing conductivity as temperature rises. The positive

correlation between temperature and electrical conductivity suggests that as temperature

increases, conductivity also rises. In semiconductors, this trend typically arises from en-

hanced thermal excitation of charge carriers, which boosts conductivity (Marschall, 2014).

Furthermore, higher pressure seems to improve the electrical conductivity of the material,

which may be attributed to modifications in the electronic band structure or increased
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carrier mobility under compression. This observation is consistent with earlier studies on

how pressure influences the electronic and thermoelectric properties of magnesium silicide,

as reported by Kulwinder Kaur and Ranjan Kumar (2016) through first-principles calcu-

lations (Kaur & Kumar, 2016).

Furthermore, a higher effective mass enhances the Seebeck coefficient but reduces carrier

mobility (µ), lowering electrical conductivity. At 0 GPa, higher carrier concentration and

effective mass result in lower mobility, whereas at 100 GPa, increased mobility compen-

sates for lower carrier concentration, leading to slightly higher electrical conductivity.
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Figure 4.17: Electrical conductivity of YHSe as a function of temperature at different
pressure levels.
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Figure 4.18 demonstrates that the power factor rises as the temperature increases across

all pressures, suggesting that pressure positively influences thermoelectric efficiency. The

figure shows a steady rise in the power factor (PF) in relation to temperature approaches

800 K under all pressure conditions. This indicates that YHSe’s thermoelectric efficiency

improves at higher temperatures, making it well-suited for use in high-temperature appli-

cations. In this study, an increase in carrier concentration at 200 GPa results in a lower

Seebeck coefficient, which in turn causes a decrease in the power factor. This pressure-

induced degradation of thermoelectric performance, attributed to increased carrier con-

centration and reduced Seebeck coefficient, is consistent with the findings of Kaur and

Kumar (2016), who reported a similar trend in magnesium silicide under high pressure

using first-principles calculations (Kaur & Kumar, 2016). In semiconductors, overall ther-

mal conductivity is determined by both electronic free carrier contributions and phonon

(Y. Li et al., 2016).
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Figure 4.18: Power factor of YHSe as a function of temperature at different pressure
levels.

Fig. 4.19 shows that the electronic heat conductivity (κ) increases with temperature

at all pressures examined in this study, displaying an almost exponential growth for each
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pressure level. This suggests that as the temperature rises, the material’s capacity for

heat conduction increases significantly. Moreover, the rise in electronic thermal conduc-

tivity increases with temperature because to increased carrier activity, which enhances the

electronic contribution to heat conduction. The study reveals that, at low temperatures,

the electronic thermal conductivity curves overlap, indicating that electronic thermal con-

ductivity relatively unaffected by pressure in this regime. This suggests that the number

of thermally activated charge carriers and the scattering mechanisms are not significantly

influenced by pressure at low temperatures. The electronic thermal conductivity rises with

temperature in a exponential manner. It is affected by carrier energy and scattering mech-

anisms, both of which increase as temperature rises. In this context, thermal conductivity

is primarily determined by electronic structural characteristics and the Fermi density of

states. This finding aligns with a recent investigation by Kulwinder Kaur and Ranjan

Kumar (2016), which explored the effects of pressure on the electrical and thermoelectric

properties of magnesium silicide through first-principles calculations.
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Figure 4.19: Electronic thermal conductivity versus temperature for YHSe under varying
pressures.
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The Fig.4.20 depicts the phononic impact on thermal conductivity in relation to tem-

perature at three distinct pressures 0, 100, and 200 GPa. In Figure 4.20 (a) in temperatures

near to 100 K the phonon heat conductivity is nearly zero. This behavior is expected due

at low temperatures up to 100K, the available thermal energy is insufficient to excite

a significant number of phonons. Since phonons are the primary heat carriers in insu-

lators and semiconductors like YHSe, their limited presence results in minimal phonon

heat conductivity. As the temperature rises, the growth in lattice thermal conductivity

slows down, suggesting a possible saturation effect. In Figure4.20 (a), the lattice heat

conductivity initially rises with temperature, reaching a peak, after which it decreases

this is a result of increased phonon-phonon interactions at elevated temperatures. This

temperature-dependent behavior, particularly the decline in thermal conductivity at ele-

vated temperatures as a result of enhanced phonon scattering, is consistent with previous

findings on pressure effects in bulk CdSe, as reported by Mamand et al. (2024).

Pressure significantly influences the alteration of phonon heat conductivity and other

material characteristics (Hou et al., 2014). For 100 and 200 GPa at very low temperatures,

lattice thermal conductivity starts with relatively high values and decreases sharply as the

temperature increases. This behavior is typical for phononic thermal conductivity, as at

low temperatures, phonon scattering is minimal, and the phonon mean free path is longer,

leading to higher lattice thermal conductivity. From these findings, in Fig.4.20 (b), as

scattering increases, it diminishes the phonon mean free path, leading to a subsequent

effect and consequently decreasing the phonon heat conductivity. Our calculated results

show that at 100GPa, phonon transport is more efficient than at 200GPa, though still

significantly reduced compared to 0GPa. At 200GPa, the phonon thermal conductivity is

more strongly suppressed, indicating enhanced phonon scattering as a result of increased

pressure. This suppression reflects strong phonon-phonon interactions, likely driven by

high anharmonicity under extreme compression. These findings are in good agreement

with previous studies by Mamand et al. (2024), which reported pressure-induced suppres-

sion of phonon heat conductivity in CdSe due to intensified lattice vibration scattering

mechanisms. The trends observed indicate that raising the pressure from 0 GPa to 200

GPa results in a notable decrease in lattice thermal conductivity.
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Figure 4.20: The phononic component of thermal conductivity for YHSe is shown under
different pressures: (a) at 0 GPa, and (b) at 100 and 200 GPa.

Figure4.21 illustrates the ZT values in relation to temperature for Yttrium Hydrogen

Selenide at pressures of 0, 100, and 200 GPa. The study examines the dimensionless

thermoelectric ZT for YHSe under three different pressure scenarios, with calculations

performed for temperatures ranging from 50 to 800 K. At lower temperatures, the ZT
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values are generally low across all pressure levels. This is attributed to a lower Seebeck

coefficient and electrical conductivity, along with a greater phonon contribution to thermal

conductivity, which diminishes the overall thermoelectric efficiency. At 0 GPa, ZT slightly

increases with temperature and stabilizes around 200 K, indicating balanced transport

properties suitable for thermoelectric applications. Starting from relatively lower values

at 0 GPa and 200 GPa, the ZT value raise with pressure and peaking at 0.78 at 100 GPa.

This enhancement is primarily attributed to a reduction in carrier concentration, which

improves the Seebeck coefficient and reduces the lattice heat conductivity.

However, at 200 GPa, ZT declines due to higher carrier concentration, which lowers

the Seebeck coefficient. These findings, consistent with previous studies (Kaur & Kumar,

2016), highlight the potential for pressure optimization in thermoelectric materials.
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Figure 4.21: The relationship between temperature and the figure of merit (ZT) of YHSe
is shown under different pressure conditions.
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The impact of pressure on carrier concentration in materials can be significant, as pres-

sure alters the electronic structure, lattice parameters, and other inherent characteristics

of the substance (C. Li et al., 2022). Figure4.22 depicts that as pressure increases, the

initial carrier concentration at low temperatures also increases. The rate of increase in

carrier concentration with temperature diminishes as pressure increases, with the curve at

200 GPa showing minimal response to temperature. This behavior indicates that, under

high pressure, the material’s electronic properties become less sensitive to thermal exci-

tation, leading to a more stable carrier concentration across a wide temperature range.

The stabilization of carrier behavior due to pressure is in line with the results of (Guo et

al., 2013), who observed a decrease in the temperature dependence of electronic transport

properties when subjected to high-pressure conditions. At higher pressures, band gap

narrowing increases carrier concentration. This effect is stronger at 200 GPa, where the

band gap is further reduced, making the material more metallic and leading to increases

a carrier concentration. In contrast, at a pressure of 100 GPa, the alterations in the band

structure due to pressure lead to a decrease in the density of states close to the Fermi

level, resulting in a minor reduction in carrier concentration.
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Figure 4.22: Carrier concentration versus temperature of YHSe under varying pressures.
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Figure 4.23 illustrates how specific heat capacity varies with temperature at various

pressures. As pressure rises from 0 to 200 GPa, the specific heat capacity values decrease.

This pattern suggests that increased pressure compresses the lattice structure, which re-

stricts the vibrational states available for energy storage, resulting in a lower specific heat

capacity. When pressure is applied to YHSe, it alters the electronic structure, causing a

decrease in the density of states (DOS) at the Fermi level. This decline in the density

of states at the Fermi energy in YHSe is linked to the observed reduction in electronic

specific heat (c) with higher pressure, as depicted in Fig. 4.23. The decline in DOS im-

plies that fewer states are available for charge carriers, meaning less thermal energy can

be absorbed, thus reducing the specific heat. This results in a lower capacity to store

thermal energy. The reduced specific heat capacity at 100 and 200 GPa suggests that

the material has a lower number of DOS at the Fermi level, as it absorbs less heat with

increasing temperature.
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Figure 4.23: The specific heat capacity varies with temperature at different pressures.
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4.2 The Effects of Doping on the Properties of YHSe.

4.2.1 Structural Properties

The optimized unit-cell parameters for the hexagonal crystal structure of YHSe at ambient

pressure are found to be a = b = 3.81 Å, c = 3.87 Å, with a corresponding unit-cell

volume of V = 56.2 Å
3
. Subsequently, the structural properties of LaxY1−xHSe (x =

0, 0.125, 0.25, 0.375, and 0.5) were optimized to investigate the effects of La doping on the

lattice geometry. These results reveal systematic structural modifications with increasing

La concentration, offering valuable insights into the influence of substitutional doping

on the host lattice. Figure 4.24 displays the optimized crystal structures for various La

concentrations: (a) at x = 0%, (b) at x = 12.5%, (c) at x = 25%, (d) at x = 37.5%,

and (e) at x = 50%, La concentration. As a relaxed parameter, the lattice parameters for

YHSe with La dopants are optimized while fixing the pressure. The lattice parameter c

Table 7: Optimized lattice parameters and volume of La-doped YHSe at various La
concentrations.

La (x) a = b (Å) c (Å) Volume (Å3)

0.125 6.17 6.45 245.5

0.25 6.28 6.51 256.36

0.375 6.18 6.63 252.9

0.5 6.13 6.80 255.1

increases from 6.45 Å to 6.80 Å as the lanthanum concentration rises from 0.125 to 0.5.

This data shows that the ratio of c/a increases with increasing La concentration. The

increase in lattice parameters suggests that the introduction of La atoms, which are larger

than Y atoms, induces a slight expansion of the unit cell. This expansion, especially along

the c-axis, is associated with a greater distance between atoms. The rise in the c/a ratio

due to La doping probably impacts the crystal’s anisotropy, which may in turn influence

its mechanical properties.

A higher c/a ratio often signifies material response variations to stress depending on

the axis direction compared to the a− b plane. This anisotropy could result in direction-
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dependent mechanical properties, such as tensile strength or shear resistance, which may

be advantageous for designing materials for specific structural applications.

Additionally, the expansion of the lattice could impact the material’s thermal proper-

ties, particularly its thermal conductivity. Our results suggest that as the lattice expands,

increased phonon scattering due to larger atomic spacing could contribute to the observed

a significant decrease in heat conductivity. This interpretation is supported by the findings

of (Chen.Z. et al., 2018), who reported a similar trend in which lattice expansion enhances

phonon scattering, thereby lowering thermal conductivity.

Figure 4.24: Optimized crystal structure of LaxY1−xHSe at (a) x = 0%, (b) x = 12.5%,
(c) x = 25%, (d) x = 37.5%, and (e) x = 50% .
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4.2.2 Electronic Structure

The electronic properties of a material are determined by the behavior of its electrons. The

electronic band structure and the density of states characteristics of a material provide

insight into its electronic response (Hochbaum & Yang, 2010). Figure A.1 (a) through Fig-

ure A.1 (f) (see Figure A.1 (a) through Figure A.1 (f) in Appendix) display the electronic

band structures of both pristine and La-doped YHSe along main symmetry directions.

Our research, exemplified by the accompanying figures, centers on the electronic band

structure of YHSe and La-doped YHSe materials, with emphasis on the valence and con-

duction bands’ behavior. Notably, as shown in Fig. A.1 (a), the valence band maximum

is located at the high-symmetry A point, while the conduction band minimum appears at

the Γ point, confirming the presence of an indirect band gap. However, as illustrated in

Fig. A.1 (b),(see Fig. A.1 (b) in Appendix) the material exhibits a direct band gap, indi-

cated by the coincident wave vectors of the highest valence band and lowest conduction

band energies.

La doping appears to induce a transition from an indirect to a direct band gap within

YHSe, concurrently decreasing the band gap width. We employed GGA and GGA+U

approximations to explore the influence of La concentration on the electronic properties

and gain a deeper understanding of the underlying mechanisms. Using linear response

theory, the Hubbard U parameters for yttrium and lanthanum were determined to be 2.00

eV and 1.28 eV, respectively. Density functional theory calculations employing the GGA

functional predict a band gap of 1.52 eV for the undoped YHSe structure (x = 0). This

value decreases with increasing La concentration, reaching 1.159 eV at x = 0.125 and

continuing to diminish to 0.57 eV and 0.25 eV for x = 0.25 and x = 0.5, respectively.

For the fully doped case (x = 1), the band gap increases to 1.87 eV. Similar calculations

performed with the GGA+U approach, which accounts for on-site Coulomb interactions,

yield consistently higher band gap values of 1.37 eV (x = 0), 1.17 eV (x = 0.125), 0.86 eV

(x = 0.25), 0.51 eV (x = 0.5), and 2.01 eV (x = 1).

Electronic structure calculations employing the GGA+U method demonstrate a dis-

tinct shift in the conduction band minimum at x = 0.375 La concentration, indicating
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a significant modification of the electronic structure under this correction scheme. This

trend is consistent with previous findings, which indicate that the U parameter causes a

shift in the conduction band minimum (Habura, K. H. et al., 2024). These results clearly

demonstrate a systematic narrowing of the band gap with increasing La doping, indicat-

ing enhanced electronic delocalization and the potential for tuning the material toward

semimetallic behavior. This trend indicates a significant modification in the electronic

structure due to La doping, likely driven by enhanced hybridization between La states

and the host material. The introduction of La atom into the system can create addi-

tional energy levels (localized energy state) within the band gap because of differences in

electronic configuration and atomic size between La and Y. These new states can lead to

bandgap narrowing of the pure YHSe crystal. The concentration of La, therefore, plays a

critical role in determining the energy band gap of the material.

Unlike indirect band gaps, where momentum change is required for electronic transi-

tions, a direct band gap allows efficient optical excitation, enhancing light absorption and

emission. This property is vital for optoelectronic applications, including LEDs and laser

technologies (Kovác et al., 2008), as direct band gap materials exhibit superior optical

performance compared to their indirect counterparts.

The introduction of La into YHSe reduces the band gap due to the emergence of local-

ized states, and at high La concentrations, the material exhibits narrow-gap characteristics

and tends toward metallic behavior. This ability to tune the electronic properties is valu-

able for applications requiring precise control over the material’s optical response. As

illustrated in Fig. A.1 (b) - (e), doping with lanthanum at the yttrium site modifies the

electronic band structure. Specifically, incorporating a heavier element at the A cation

site leads to a decrease in the conduction band minimum and an increase in the valence

band maximum (San et al., 2005). As the concentration of La increases from 0.125 to

0.5, the valence band maximum shifts towards higher energies, and the conduction band

minimum shifts towards lower energies. Shifting from band structure analysis to the den-

sity of states provides insights into available energy states and elemental contributions to

the electronic structure. Fig. A.1 (a) shows the partial DOS for pristine YHSe, serving as

a reference. Fig. A.1 (b) through Fig. A.1 (e) then depict the PDOS with La doping at
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Table 8: Calculated energy band gaps of La-doped YHSe at different La concentrations

using GGA and GGA+U .

La (x) GGA (eV) GGA+U (eV)

0 1.52 1.66

0.125 1.16 1.17

0.25 0.57 0.86

0.375 0.54 0.75

0.5 0.25 0.51

1 1.87 2.01

constant pressure, revealing doping-induced changes.

In pure yttrium hydrogen selenide Fig. A.1 (a), Y atoms contribute more to the con-

duction band DOS than Se and H, suggesting Y’s role in forming this band. Conversely,

Se atoms dominate the valence band DOS, implying their key contribution to the valence

band. The Y and Se overlap in the valence band indicates hybridization, suggesting some

covalent bonding between these atoms. Doping of materials, in general, can change their

electronic properties (Zunger & Malyi, 2021).

In Fig. A.1 (b), the total density of states is composed of contributions from Y, La, Se,

and H atoms. Consistent with earlier observations, the total density of states generally

increases as the La concentration rises from 0 to 0.125. At this lower concentration, the

contribution of La to the electronic density of states in both the valence and conduction

bands is relatively small compared to that of Y and Se.

However, as the La concentration is further increased, as illustrated in Fig. A.1 (b)

through Fig. A.1 (f), La’s contribution to the electronic density of states becomes pro-

gressively more significant in both the valence and conduction bands. This increasing La

contribution results in an enhanced total electronic density of states near the Fermi energy

in both the conduction and valence bands. For La concentrations exceeding ( x = 0.25 ),

La’s contribution to the total electronic density of states in the conduction band becomes

particularly prominent, leading to a substantial increase in the total electronic density

of states specifically near the Fermi energy. This suggests that La doping modifies the

electronic properties (Zunger & Malyi, 2021) and can significantly influence the material’s
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conductivity and other related characteristics. The ability of dopants to modify materials

can be leveraged to tune electron transport (Kundu et al., 2023). In some instances, the

Fermi level can be pinned within the valence band depending on impurity concentrations

(Skipetrov et al., 2004).

Figure A.1 (a) - (e) show that for lanthanum concentrations ranging from 0 to 0.5,

the total density of states at the Fermi energy remains zero, confirming a semiconducting

nature. Furthermore, at elevated concentrations of La exceeding x = 0.25, the augmented

contribution of La to the density of states, particularly within the conduction band, cul-

minates in a reduction of the band gap. As the band gap diminishes, the material exhibits

enhanced conductivity.

4.2.3 Optical Properties

The presence of a band gap in YHSe contributes to its unique optical properties. The

addition of La doping in YHSe further modifies its optical characteristics for different

uses. Figure 4.25 (a) illustrates the real part of the dielectric function of La-doped YHSe

for different La concentrations: (a) x = 0%, (b) x = 12.5%, (c) x = 25%, (d) x =

37.5%, (e) x = 50%. The real dielectric constant measures the slowing down of light as it

moves through a substance, with greater values signifying potential uses in optical coatings

(Awada et al., 2020). For the unaltered sample, the real component of the dielectric

function reaches an outstanding peak value of ε1 at a photon energy of 0. 1679 eV, as

illustrated in Fig.4.25 (a). This prominent peak indicates robust interactions with external

electric fields.

As La is added to YHSe, significant changes in the real component of the dielectric func-

tion are noted. The primary peak values of the real component of the dielectric function

at varying La concentrations are shown in Table (4). These results imply that doping with

La can cause fluctuations in the behavior of the real component of the dielectric function,

influenced by specific electronic transitions and La’s impact on the electronic structure.

The incorporation of La modifies the electronic density and local bonding environment,

subsequently affecting how electrons respond to the applied electric field.

The imaginary portions of the dielectric function of La-doped YHSe at various La
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concentrations are shown in Fig.4.25(b): (a) x = 0%, (b) x = 12.5%, (c) x = 25%,

(d) x = 37.5%, (e) x = 50%. The imaginary dielectric constant quantifies a dielectric

material’s energy absorption and storage capacity in an electric field as a result of dipole

movement (Awada et al. , 2020). A high imaginary dielectric constant suggests possible

uses in charge storage capacitors (Awada et al., 2020). The imaginary component of the

dielectric function for pure yttrium hydrogen selenide peaks at a value of ε2 = 68.22 at a

photon energy of 1.17 eV. The imaginary part of the dielectric function shows significant

changes when La is doped at percentages of x = 12.5%, x = 25%, x = 37.5%, x = 50%.

The respective photon energy peaks are 5.51 eV, 5.009 eV, 3.67 eV, 3.34 eV. Compared

to the pristine material, these numbers show a slow movement toward the low-energy

region (red shift) as the La concentration increases, remaining inside the UV range. In

addition, the imaginary curve’s peak suggests an absorption band, which shows energy

ranges in which the YHSe substance is more likely to absorb photons. Table (4) shows

the primary peak values of the imaginary component of the dielectric function at various

La concentrations. The observed trend in this study reveals that as La concentration

increases, the imaginary part of the dielectric function rises, while the peak positions shift

toward lower photon energies. This behavior is likely attributed to band gap narrowing

and enhanced interband transitions induced by La incorporation.
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Figure 4.25: (a) Real and (b) imaginary parts of the dielectric function of La-doped
YHSe at different La concentrations.
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Figure 4.26 illustrate the absorption coefficient of La doped YHSe at various La con-

centrations. The absorption coefficient in the UV region is a crucial optical property,

determining its suitability for different applications (Ijaz & Zafar, 2021). As the La con-

centration increases, the absorption coefficient fluctuates within the UV wavelength range.

As La is incorporated into YHSe at concentrations of x = 12.5%, x = 25%, x = 37.5%,and

x = 50%, the absorption coefficient exhibits notable variations. The peak values corre-

spond to photon energies of 6.845 eV, 10.1 eV, 11.1 eV, and 9.87 eV respectively. These

values are in the UV range but have small variations. The peak position on the absorption

graph corresponds to electronic transitions from the valence to conduction bands. This

trend implies that La doping has a major influence on the material’s optical properties,

most likely due to changes in the electronic structure and absorption mechanisms.

The main peak values of the absorption coefficient at different La concentrations are

presented in Table (4).
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Figure 4.26: Absorption coefficient of La-doped YHSe at different La concentrations.
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Figure4.27 shows the refractive index of La-doped YHSe at various La concentrations.

In pristine YHSe, the real part of the refractive index (n) is notably high, reaching a

peak value of 9.8 at a photon energy of 0.168 eV. This high refractive index indicates

strong light-matter interaction and significant optical confinement, suggesting a dense and

highly polarizable ectronic structure within the YHSe material. As La is incorporated into

YHSe at concentrations of 0.125, 0.25, 0.375 and 0.5 the refractive index exhibits notable

variations. The corresponding peak values are observed at 5.16 (0.84 eV), 5.24 (0.67 eV),

5.0094 (2.17 eV) and 5.53 (2.51 eV) respectively. This trend indicates a systematic shift in

the peak positions of the refractive index with increasing La concentration, highlighting

its dependence on photon energy. The main peak values of the refractive index at different

La concentrations are presented in Table (4). Moreover, this enhancement of the refractive

index could improve the interaction between light and YHSe, leading to enhanced photo

absorption. applications.
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Figure 4.27: Refractive index of lanthanum-doped YHSe at different lanthanum concen-
trations.

According to Fig. 4.27, for photon energies beyond 20 eV, the refractive index stabi-

lizes at approximately 0.937, 0.949, and 0.95 for La concentrations of 0, 0.125, and 0.25,

respectively. This stabilization suggests that, at higher photon energies, the impact of La
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doping on the refractive index becomes less pronounced, indicating a consistent optical

behavior in this energy range. For photon energies beyond 20 eV, the refractive index for

higher La concentrations of 0.375 and 0.5 exhibits slight variations, with values of 0.952,

and 0.953 respectively. These results indicate that the addition of La at these concentra-

tions has a minimal impact on the refractive index, suggesting that the optical properties

of YHSe remain relatively stable despite the increased doping levels. This stability may

indicate that the material maintains consistent optical characteristics in this energy range,

which is beneficial for potential applications in optoelectronic devices.

Figure 4.28 illustrates the extinction coefficient of La-doped YHSe at different concen-

trations. The extinction coefficient (κ) of La-doped YHSe provides valuable insights into

the material’s optical properties, indicating the extent to which the material absorbs light

at various La concentrations. In pristine YHSe, the extinction coefficient is significantly

high, reaching κ = 4.66 at a photon energy of 1.503 eV. This finding aligns with prior

research by Muhammad R. et al.,(2020), which investigated the electronic and optical

characteristics of La doped perovskite using the DFT approach (Zhao et al., 2020).

The high extinction coefficient reflects strong light absorption at this concentration and

energy level, aligning with the significantly strong absorption coefficient observed in this

study. As La is incorporated into YHSe at concentrations of 0.125, 0.25, 0.375 and 0.5

the extinction coefficient exhibits significant variations, with values of 2.46 (6.85 eV), 2.54

(8.014 eV), 2.69 (6.78 eV), 2.89 (6.35 eV) respectively. These variations indicate that La

doping significantly influences the optical absorption characteristics of YHSe, particularly

in the low and mid-energy photon ranges. The observed shifts suggest modifications in

electronic transitions and absorption mechanisms.
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Figure 4.28: Extinction coefficient of La-doped YHSe at different La concentrations
ranging from 0.0 to 0.5.

Figure4.29illustrates the reflectivity of La-doped YHSe at various concentrations. For

La-doped YHSe, reflectivity at different La concentrations provides valuable insights into

the material’s optical behavior. For the pristine sample, the reflectivity peaks at r = 0.9

at a photon energy of 0.001 eV, indicating nearly perfect reflection of incident light at

this energy level. This exceptionally high reflectivity suggests strong optical properties

and efficient light reflection by the material. In the low photon energy range of 0 - 10

eV, the reflectivity remains high across all doping concentrations. However, between 10 -

30 eV, the reflectivity drops significantly across all concentrations, exhibiting noticeable

oscillations. These oscillations may correspond to interband transitions, where the photon

energy matches the energy gap between electronic bands, causing variations in reflectiv-

ity. While reflectivity for the pure material remains higher throughout this range, the

curves for different doping concentrations begin to converge, suggesting that doping levels

significantly alter the electronic structure and, consequently, the optical behavior of the

material (Harrison, 2012). In the high photon energy range, all concentrations show a
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steady decline in reflectivity. By around 50 eV, reflectivity reaches a lower stable level for

all doping levels. The convergence of all curves at this high-energy range suggests that

doping has a diminishing effect on reflectivity at higher photon energies, likely because

photons at these energies possess sufficient energy to interact with deeper core levels or

pass through the material with reduced interaction. This result is consistent with previous

studies by Muhammad R. et al.,(2020) on the electronic and optical behavior of La-doped

perovskite using the DFT approach (Rizwan et al., 2020b).
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Figure 4.29: Reflectivity of La-doped YHSe at different La concentrations ranging from
0.0 to 0.5.

Figure 4.30,illustrates the electron energy loss function for La doping concentrations

ranging from 0.0 to 0.5. The electron energy loss function of La-doped yttrium hydro-

gen selenide was examined across various La concentrations.The energy-loss spectrum is

a valuable tool for investigating the electrical, structural, and vibrational properties of

materials. As illustrated in Fig.4.30, the EELF remains relatively low across all doping

concentrations within the 0 - 20 eV energy range. Although the curves exhibit slight fluc-

tuations, no significant peaks are observed, indicating minimal energy loss due to electron

excitations or plasmonic oscillations in this range. The absence of major peaks suggests

that this region corresponds to lower energy transitions that do not result in significant

energy loss. The pure material displays a higher peak, indicating stronger plasmonic inter-
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actions compared to the doped materials. As the La concentration increases, the height of

the peak decreases slightly, suggesting that doping reduces the strength of these collective

oscillations. Beyond 40 eV, the loss function drops off for all concentrations, with no major

peaks observed. This implies that at higher photon energies, the system does not exhibit

strong plasmon resonance or other significant energy loss mechanisms. The convergence

of the curves at higher photon energies further indicates that the effects of doping become

less pronounced as photon energy increases, with all concentrations displaying similar loss

characteristics.

Doping La alters the electrical structure of YHSe by redistributing electron densities

and altering energy levels. These modifications can lead to a shift in plasmon resonance

toward lower photon energies, as the electron cloud becomes less tightly bound, thereby

reducing the energy required to excite collective electron oscillations (Harrison, 2012).

These effects particularly the observed shift in plasmon resonance and the altered elec-

tronic structure are consistent with previous DFT studies on La doped perovskites, which

reported similar electronic and optical behavior (Rizwan et al., 2020b). According to

these findings, the higher the value of ε2, the lower the energy loss function, which is an

important feature of semiconductors.

Table 9: Sharp peaks of optical properties at various La concentrations (x)

(x) R(ω) α(ω) × 108 (cm-1) L(ω) n(ω) ε1(ω) ε2(ω) κ(ω)

0.0 0.99 6.78 4.32 9.79 95.60 68.22 4.66

0.125 0.99 5.85 3.38 5.16 26.30 14.93 2.46

0.25 0.47 5.99 3.40 5.24 27.21 15.83 2.54

0.375 0.49 5.85 3.60 5.01 24.15 19.776 2.45

0.5 0.53 5.93 3.70 5.53 28.77 25.48 2.89
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Figure 4.30: Electron energy loss function of La-doped YHSe at different La concentra-
tions.

4.2.4 Vibrational Analysis

The phonon band structure curves demonstrate the dynamical stability of La doped YHSe,

with no imaginary frequencies recorded across the Brillouin zone.

With increasing La concentration, low-frequency phonon modes exhibit a systematic

redshift, attributed to the higher atomic mass of La compared to Y. This shift suggests a

redistribution of vibrational energy, which directly impacts lattice dynamics and phonon-

mediated interactions.

Figure 4.31 Phonon partial density of states analysis further elucidates the effects of

La doping, revealing the emergence of additional low-frequency vibrational modes while

inducing a slight upward shift in the Y and Se contributions. This trend aligns with pre-

vious findings in other related systems (Sadeghi & Esfarjani, 2024), where heavy-element

substitution modulates phonon behavior through mass and bonding effects. Notably, at

doping concentrations of x = 0.3 and x = 0.5, the total phonon density of states reaches

its peak, indicating a maximization of available vibrational states in the frequency range
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of 0.6 to 7 THz. At a La concentration of x = 0.3, the La atom significantly contributes

to the phonon DOS, leading to an increase in the phonon DOS, as illustrated in the

phonon partial density of states shown in Fig. 4.31(b) and Fig. 4.31(c). This increase

suggests that La incorporation enhances phonon interactions, potentially strengthening

EPC a critical factor in determining superconducting and thermal transport properties.

Moreover, in La-doped YHSe, both the optical and acoustic phonon branches occur at

lower frequencies compared to those of pristine YHSe, as shown in Fig.4.31 (a), Fig.4.31

(b), and Fig.4.31 (c). This suggests a softening of these modes due to the presence of the

heavier La atom compared to yttrium. This reduction indicates a weakening of interatomic

bonding, leading to lower lattice thermal conductivity as La concentrations increase. This

observation aligns with previous research on other related systems (Sadeghi & Esfarjani,

2024)(Muchtar et al., 2021)

Furthermore, the material’s softening likely enhances mechanical flexibility, potentially

lowering shear and elastic moduli. This observation aligns with our current study on the

phonon-related thermoelectric properties, specifically the impact of La concentration on

lattice thermal conductivity. The reduction in lattice thermal conductivity is beneficial for

thermoelectric materials, as it aids in sustaining a temperature gradient by limiting heat

transfer, thus enhancing overall efficiency. The incorporation of La, due to its relatively

high atomic mass, alters the phonon spectrum by shifting phonon frequencies and affecting

phonon-phonon interactions. These changes influence the material’s thermal and vibra-

tional properties. Such behavior is consistent with prior studies on other systems (Sadeghi

& Esfarjani, 2024).

Based on the phonon dispersion plot, additional optical phonon branches appear in

the La-doped case at a La concentration of x = 0.3 compared to the pristine YHSe

case. This suggests that La doping introduces new optical modes, likely due to changes

in atomic mass, bonding strength, and structural distortions. Figure 4.33 illustrates the

dependence of the longitudinal acoustic phonon frequency (LA) on La concentration at

the high-symmetry points include M, K, A, L, and H.
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Figure 4.31 (a), 4.31 (b), and 4.31 (c) indicate that as the La concentration increases,

both acoustic and optical phonon frequencies at all high-symmetry points generally de-

crease compared to the pristine case, indicating phonon softening. This finding is consis-

tent with previous results in other related systems (Sadeghi & Esfarjani, 2024)(Muchtar et

al., 2021). Figure 4.32 compares the phonon DOS across all studied doping concentrations,

highlighting shifts and modifications in vibrational modes as the La content increases. No-
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Figure 4.31: Phonon band structure and phonon DOS for La-doped YHSe at different
La concentrations: (a) YHSe (b) La0.3Y0.7HSe, (c) La0.5Y0.5HSe, and (d) LaHSe.

tably, the total phonon DOS shows a pronounced increase at x = 0.3 and x = 0.5 in the

low-frequency range, suggesting enhanced phonon activity and a potential improvement

in superconducting properties at this doping level.
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Figure 4.32: Total Phonon density of states for YHSe at various La concentrations (x).
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Figure 4.33: La concentration dependence of the longitudinal acoustic phonon frequen-
cies (LA) at high symmetry points: M, K, A, L, and H.

As observed in Fig. 4.31 (b), and Fig. 4.31 (c), the low-frequency region (below ap-

proximately 7 THz) is dominated by vibrational contributions from all constituent atoms
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Y, La, Se, and H. This collective participation suggests strong lattice interactions, partic-

ularly relevant for enhancing electron-phonon coupling.

From Fig.4.31(b), and Fig.4.31(c) Specifically, the La atoms introduce additional phonon

states in the low-vibration mode, which contributes to the softening of phonon modes and

enhances the phonon DOS. The yttrium atoms and lanthanum atoms both show promi-

nent contributions in the mid-to-low frequency range, indicating active participation in

lattice vibrations that couple to the electronic system. From partial phonon density of

states the selenium atoms also contribute significantly across a broader frequency range,

indicating their structural role and coupling with metallic elements.

The enhancement of the total phonon DOS in the low-frequency range, particularly

due to La doping, supports the observed increase in EPC. This, in turn, justifies the rise

in the superconducting critical temperature Tc with increasing La concentration.

4.2.5 Superconducting Properties

Superconducting properties were evaluated through electron-phonon spectral function

analysis. The EPC constant and superconducting critical temperatures (Tc) were cal-

culated at different doping levels. The preceding Fig.4.34 (a) and Fig.4.34 (b) indicate

the calculated critical temperature (Tc) for superconductivity of La-doped YHSe and the

integrated EPC constant. The results indicate that Tc increases with doping and reaches

a maximum of 39.861 K at x = 0.5. Similarly, the total EPC constant (λ) follows the

same trend, reaching a peak value of λ = 1.3774 at x = 0.5. The low frequency phonon

modes contributes to enhance total EPC constant at this doping level. This finding is

consistent with previous results in other system (Lian et al., 2017). However, excessive La

incorporation (x = 1) leads to a decline in Tc due to reduced phonon density and relatively

weaker electron-phonon interactions. This behavior aligns with previous studies on other

systems, where optimal doping levels balance phonon softening and electronic interactions

(Wu et al.,n.d.).

The superconducting critical temperatures (Tc) at different La concentrations (x) are as

follows: Tc = 28.321 K for x = 0, Tc = 35.399 K for x = 0.3, Tc = 39.861 K for x = 0.5,

and Tc = 13.821 K for x = 1. The higher Tc values at x = 0.3 and x = 0.5 are consis-
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tent with their increasing total EPC constants, λ = 1.3411 and λ = 1.3774, respectively.

Furthermore, calculations show that at La concentration x = 0, λ = 1.21, and at x = 1,

λ = 1.20, both of which correspond to their relatively lower Tc values. Figure 4.34 (a)

and Figure 4.34 (b) confirm that lanthanum substitution enhances the EPC constant

(λ) and strengthens electron-phonon interactions, leading to raise in the superconducting

critical temperature (Tc) up to a La concentration of 0.5. Figure 4.35 illustrates the
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Figure 4.34: (a) The computed superconducting critical temperature (Tc) for La-doped
yttrium hydrogen selenide. (b) The examination of EPC parameter (λ) for La doped
YHSe.

Table 10: Tc, λ, and ωlog at different La concentrations in YHSe.

La (x) Tc (K) λ ωlog (K)

0 28.00 1.21 199.37

0.3 35.40 1.34 180.08

0.5 39.90 1.37 166.82

1 13.80 1.20 133.65

frequency-dependent distribution of the EPC parameter across various La concentrations.

It indicates that increasing La concentration (x) leads to a higher EPC integral.

To investigate the source of the enhanced total EPC constant (λ) and critical tem-

perature (Tc) due to La doping, we analyze the phonon spectra of La0.3Y0.7HSe and

La0.5Y0.5HSe and compare them with those of other samples in Fig.4.32. The phonon

density of states (PhDOS) plays a crucial role in phonon-mediated superconductors, as it
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Figure 4.35: The frequency distribution of the EPC parameter (λ) for La-doped YHSe
at varying La concentrations (x).

determines the strength of electron-phonon interactions, which influence the superconduct-

ing transition temperature (Babu & Guo, 2019). The graph shows significant differences in

phonon DOS across different La concentrations (x = 0, 0.3, 0.5, 1), suggesting that doping

alters the vibrational properties of the lattice. The peaks at higher frequencies indicate

modifications in the phonon modes, likely due to changes in atomic mass and bond stiff-

ness upon La doping. La doping introduces additional phonon states and shifts phonon

frequencies, leading to an increase in the total EPC constant (λ) as the La concentration

increases from x = 0 to x = 0.5. However, at a La concentration of x = 1, the total EPC

constant (λ) decreases to 1.20, resulting in a lower Tc (13.8 K). This decline is attributed

to the reduction in both the phonon density of states and the electronic density of states

at the Fermi level, which weakens the overall electron-phonon interaction. This finding is

consistent with previous results in other systems (Babu & Guo, 2019).

In the low-frequency region (0 to 8 THz ), significant phonon contributions from La

doping are observed, particularly at x = 0.3. These low-energy phonon modes play a

crucial role in determining the strength of EPC, as lower energy phonons generally en-
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hance EPC, thereby contributing to the increase in superconducting critical temperature

(Tc).This finding is consistent with previous results in phonon and EPC in the YNi2B2C

system (Weber et al., 2014). From Figure 4.35, the pristine YHSe exhibits the rela-

tively lowest EPC constant (λ), which increases significantly with La substitution. Both

La0.3Y0.7HSe and La0.5Y0.5HSe demonstrate higher values of the EPC constant, with the

La0.5Y0.5HSe composition achieving the highest coupling. The EPC increases sharply in

the low-frequency range below 10 THz and saturates afterward.

Most doping elements tend to induce the softening of phonon modes, which enhances

EPC, thereby improving the critical superconducting temperature (Yamashita et al.,

2010). In this study, the increase in Tc with La doping is attributed to three factors:

(i) the softening of the phonon spectrum, (ii) the enhancement of the phonon density of

states (PhDOS) due to the contributions from all atoms in La-doped YHSe (Y, La, Se,

and H) in the lower frequency region, approximately between 0.6 and 7 THz, and (iii) the

rise in the electronic density of states near/at the Fermi level as the La concentration in

YHSe increases.

In this work, La doping leads to phonon softening due to its larger atomic radius

compared to yttrium,and increasing phonon density of states which enhances EPC. This

coupling is a key factor in the formation of Cooper pairs, as stronger interactions be-

tween electrons and lattice vibrations facilitate superconductivity. This data provides

strong evidence that La substitution effectively tunes the EPC in YHSe, contributing to

enhanced superconductivity. This findings consistent with prior research on phonons and

superconductivity in fcc and dhcp lanthanum (Bağcı et al., 2010) and phonon-mediated

high Tc superconductivity in hole-doped diamond-like crystalline hydrocarbons (Lian et

al., 2017). La doping increases the density of states near the Fermi level. This enhance-

ment is crucial because a higher density of states allows more electrons to participate in

superconductivity, thereby increasing the EPC strength. The increased density of states

contributes to the formation of Cooper pairs, which are essential for superconductivity.

This data provides strong evidence that La substitution effectively tunes the EPC con-

stant in YHSe, contributing to enhanced superconductivity. Figure 4.36 illustrates the

EPC characteristics and the electron-phonon spectral function for pristine and La-doped
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YHSe at different La concentrations. The electron-phonon spectral function, denoted as

α2F (ω), essentially characterizes the strength of the electron-phonon interaction at differ-

ent phonon frequencies (Uzunok et al., 2020). Increasing La concentration systematically

increases the overall α2F (ω) intensity at low frequencies. This trend aligns with the ob-

served rise in EPC, supporting the notion that La doping strengthens phonon-mediated

interactions critical for superconductivity. The electron-phonon spectral function confirms

that La doping in YHSe modifies the phonon density of states, with a pronounced shift

toward low-frequency phonons.

Moreover, the spectral function shows that the EPC strength is significant for La

concentrations of x = 0.3 and x = 0.5 at a certain range of frequencies. Overall, these

findings indicate that increasing La doping content enhances both the EPC constant and

the intensity of the electron-phonon spectral function, particularly at x = 0.3 and x = 0.5,

as depicted in Fig.4.37 . This finding aligns with previous study results on phonon-

mediated high Tc superconductivity in hole-doped diamond-like crystalline hydrocarbons

(Lian et al., 2017).
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Figure 4.36: Eliashberg spectral function and frequency-dependent (λ) for La-doped
YHSe. The plots are presented for (a) YHSe, (b) La0.3Y0.7HSe, (c) La0.5Y0.5HSe, and (d)
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The variation of the logarithmic average phonon frequency (λ) with different La con-

centrations in the YHSe system at x = 0 (199.37 K), x = 0.3 (180.08 K), x = 0.5 (166.82

K), and x = 1 (133.65 K) reveals a decrease in the logarithmic average phonon frequency

with increasing La concentration. This trend suggests that as more La is introduced into

the YHSe system, the overall phonon frequencies shift toward lower values. This shift

can be attributed to the heavier atomic mass of La compared to yttrium, leading to a

softening of the phonon modes, particularly in the lower frequency range. As the phonon

modes soften, the logarithmic average phonon frequency decreases, indicating that the

vibrational spectrum of the material is being altered by the addition of La, which in turn

affects the total EPC and the superconducting properties of the material. This find-

ing aligns with previous study results on phonon-mediated high Tc superconductivity in

hole-doped diamond-like crystalline hydrocarbons (Lian et al., 2017).

Figure 4.37 presents the electron-phonon spectral function of La-doped YHSe at dif-

ferent La concentrations, offering a comparative analysis of its evolution with increasing

doping levels. Notably, the enhanced phonon density of states in the frequency range of

1.5 THz to 8 THz significantly contributes to the total EPC integral within this region,

as shown in Fig. 4.37. As a result, both La0.3Y0.7HSe and La0.5Y0.5HSe exhibit a marked

improvement in the total EPC constant.
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Figure 4.37: Eliashberg spectral functions of YHSe with varying La doping levels

4.2.6 Thermoelectric Properties

In this section, we systematically investigate the thermoelectric properties of La-doped

YHSe across varying La concentrations. Key parameters, including carrier concentration

(n), electrical conductivity (σ), electronic thermal conductivity (κe), lattice thermal con-

ductivity (κp), Seebeck coefficient (S), electronic heat capacity (c), power factor (PF),

and the figure of merit (ZT ), are analyzed to gain deeper insights into their dependence

on La doping.

Figure 4.38 shows that the Seebeck coefficient of La doped YHSe at different La con-

centrations. We observe that for pristine, to low-doped samples (x = 0 and 0.125), the

Seebeck coefficient is relatively high and remains relatively stable up to 800K. This sug-

gests that low doping levels enhance thermoelectric performance over a wide temperature

range, making them suitable for high-temperature applications, such as power generation

from industrial waste heat in the YHSe system. For low doping levels (x = 0.125), the

carrier concentration (n) is higher than in the pristine material.

However, based on the band structure curvature of the La doped YHSe system, the

transition to a less dispersive or more flattened band with increasing La concentration

leads to a higher effective mass of the carriers. The findings of this study are consistent
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with previous research on La-doped NaTaO3, where the effective masses increase with

higher doping concentrations (Khan et al., 2024). This enhancement in effective mass

offsets the effect of higher carrier concentration on the Seebeck coefficient, resulting in a

higher Seebeck coefficient compared to the pristine material.

At higher doping levels (x = 0.5), the carrier concentration (n) starts at a very low

value and increases exponentially with temperature. Hence, for higher doping at x = 0.5,

the Seebeck coefficient starts at a relatively high value and remains stable up to 350 K.

Beyond this temperature, the Seebeck coefficient decreases with increasing temperature

due to the generation of more excited carriers, which reduces the Seebeck coefficient. This

means that as the carrier concentration increases, the Seebeck coefficient decreases. This

inverse relationship explains why higher doping which increases (n), generally leads to a

lower Seebeck coefficient. The present observations align well with the prior investigation

by K. Imasato et al. (2018), La-doped Mg3Sb1.5Bi0.5(Imasato et al., 2018).
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Figure 4.38: Seebeck coefficient of La doped YHSe at varying La concentrations.

Figure 4.39 illustrates the variation of electrical conductivity versus temperature at

different La concentrations in YHSe. Increasing La concentration reduces the band gap,

gradually shifting the material from a semiconductor toward a metallic state. This band
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gap narrowing results in more thermally excited electrons at increased temperatures, which

boosts the electrical conductivity in the La doped YHSe system. As the system approaches

metallic behavior, the density of states at the Fermi level also increases, allowing for

more charge carriers actively involved in the conduction process at elevated temperatures

(Kaur & Kumar, 2016). With a smaller band gap, thermally activated carriers are less

necessary for conduction, and more charge carriers can directly contribute to the current

flow as temperature rises. Consequently, the conductivity increases more rapidly with

temperature for higher La concentrations due to the abundance of accessible electronic

states. The findings of this study are in strong agreement with the earlier research on

the Bi2Te3 compound by M. Yaprintsev et al. (2018), which employed an experimental

approach (Yaprintsev et al., 2018). Additionally, as the La concentration increases from

Fig. 4.39 (a) to Fig.4.39 (d), it is evident that conductivity also increases with higher La

concentrations. The La doped YHSe with concentrations of x = 0, 0.125, and 0.5 shows

semiconducting behavior.

Figure 4.40 illustrates the power factor for La doped YHSe at varying La concentra-

tions. Thermoelectric materials that exhibit high electrical conductivity, a large Seebeck

coefficient, and low thermal conductivity lead to an enhanced power factor performance

(Dehkordi et al., 2015). The power factor of YHSe increases with temperature across all

concentrations, indicating an improvement in the material’s thermoelectric performance at

higher temperatures. At a doping concentration of x = 0.5, the material exhibits superior

thermoelectric performance compared to other concentrations at low temperatures. This

is as a result of the higher Seebeck coefficient.

This reduction in the Seebeck coefficient as results of an enhanced carrier concentration

(n), which in turn lowers the efficiency of YHSe in converting waste heat into electricity.

These findings suggest that a La concentration of x = 0.5 provides optimal thermoelectric

performance, as indicated by the high power factor shown in Fig. 4.40.

Figure 4.41 shows the electronic thermal conductivity (κe) of La-doped YHSe at varying

La concentrations. In semiconductors, thermal conductivity arises from two contributions:

phonons and electrons (Pei et al., 2013). According to Fig.4.41 and 4.42, the electronic

heat conductivity is lower than the phonon heat conductivity at low temperatures. The
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Figure 4.39: Electrical conductivity of La-doped YHSe at varying La concentrations:

observed increase in the electronic part of heat conductivity of La doped YHSe with rising

temperature can be ascribed to improved carrier mobility and an increase in the number

of thermally activated charge carriers. These findings indicate that in La doped YHSe, as

temperature increases, more electrons gain sufficient energy to contribute to conduction,

resulting in higher electronic thermal conductivity. This increase is as a result of the ris-

ing carrier concentration, which is directly proportional to electronic thermal conductivity.

As the concentration of La increases, it introduces more charge carriers into the system,

which enhances the material’s heat conductivity. Overall, both the temperature and La

concentration positively influence the electronic thermal conductivity of YHSe by facili-

tating enhanced charge carrier contributions and improving mobility. These results agree

well with the previous work, La-doped Mg3Sb1.5Bi0.5 by Imasato et al., (2018) (Imasato
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Figure 4.40: Power factor of La-doped YHSe at varying La concentrations.

et al., 2018).
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Figure 4.41: Electronic heat conductivity (κe) of La-doped YHSe at varying lanthanum
concentrations.

Figure 4.42 (a), Figure 4.42 (b), and Figure 4.42 (c) depict the phononic contribution to

heat conductivity for different La concentrations. Phonon thermal conductivity is initially

high at low temperatures for all dopant levels but decreases rapidly and remains relatively

low beyond 200 K. This suggests significant phonon-phonon scattering at elevated tem-

peratures. The phonon contribution to heat conductivity of La-doped YHSe exhibits a

pattern comparable to that of the pristine material, but its overall value declines notably

with increasing La content. This suggests that at low doping levels, phonon scattering is

less effective, allowing better heat conduction. The decreasing in phonon heat conductivity

is expected as a result of increased phonon-defect scattering caused by La doping. With

increased dopant levels, mass disorder and lattice distortion further intensify phonon scat-

tering, leading to a greater reduction in lattice thermal conductivity (Y. Li et al., 2016).

The substantial atomic mass difference between La and Y in YHSe creates mass disor-
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der, which scatters low-frequency acoustic phonons, the primary heat carriers, thereby

reducing lattice thermal conductivity. In our study, we observe that La doping in YHSe

significantly reduces the lattice thermal conductivity, especially at higher doping levels.

This decrease is ascribed to intensified phonon scattering processes, mainly resulting from

the significant atomic mass disparity between La and Y.The heavier La atoms introduce

mass disorder in the lattice, which preferentially scatters low-frequency acoustic phonons

the dominant carriers of heat in crystalline solids. This observation is well-supported by

the findings of (Nishino et al., 2006), who reported that the substitution of heavier atoms

in a host lattice contributes to the suppression of lattice thermal conductivity. Their work

emphasizes that atomic mass contrast enhances phonon scattering, which is a desirable

feature for thermoelectric materials as it promotes a low lattice thermal conductivity while

maintaining a high Seebeck coefficient. Our results are in line with this principle, showing

that the La substitution acts as an effective strategy to suppress lattice heat transport in

YHSe, thereby improving its thermoelectric performance.

Our calculated results indicate a notable decrease in lattice thermal conductivity with

increasing La doping concentration in YHSe. This trend can be attributed to two primary

mechanisms: the significant mass and size difference between La and Y atoms, and the

potential increase in grain boundary scattering.

The substitution of Y with heavier La atoms introduces point defects and mass dis-

order, which enhance phonon scattering and reduce thermal transport. This mechanism

is consistent with the results reported by Y. Li et al. (2016), who showed that the in-

troduction of dopant ions lowers phonon heat conductivity by Promoting greater phonon

scattering caused by variations in size and mass of atoms.

Moreover, La doping may influence the microstructure, potentially leading to reduced

grain size and increased grain boundary density both of which further suppress phonon

transport. Thus, the mechanisms proposed by Li et al., 2016 provide strong theoretical

backing for the observed reduction in Lattice heat transport as examined in our research,

supporting the idea that both mass disorder and microstructural changes contribute to

improved thermoelectric performance in La-doped YHSe. Thus, the lattice thermal con-

ductivity is primarily explained by mass difference scattering, meaning that doping with
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heavier elements like La more effectively shortens the phonon mean free path in YHSe. As

temperature increases, Umklapp phonon-phonon scattering processes become dominant,

further reducing lattice thermal conductivity. These results are consistent with earlier

research on the superior thermoelectric efficiency of oxyselenides, especially the naturally

low thermal conductivity reported in calcium-doped BiCuSeO (Pei et al., 2013; Amirkhizi

et al., 2024).

According to Fig.4.41 and Fig.4.42, as La concentration increases, the phononic con-

tribution to heat transport decreases, while the electronic contribution increases. The

suppression of lattice thermal conductivity at higher doping levels enhances thermoelec-

tric performance by increasing the ZT, most significantly at lower thermal conditions, as

shown in Fig. 4.42. La doping effectively modulates lattice thermal conductivity, suggest-

ing that optimizing doping concentration can improve thermoelectric efficiency.
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Figure 4.42: Lattice thermal conductivity (κph) of La-doped YHSe at different La con-
centrations: (a) x = 0, (b) x = 0.125, and (c) x = 0.5.
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Figure 4.43 shows the dimensionless thermoelectric ZT for YHSe at various La doping

concentrations (x = 0, 0.125, and 0.5). The investigation focuses on how ZT varies with

temperature across these doping levels. For pristine YHSe, the figure of merit gradually

increases with temperature, reaching a maximum around 800 K. This trend suggests that

intrinsic YHSe maintains reasonable thermoelectric performance over a wide temperature

range. At low La doping (x = 0.125), ZT is consistently higher than that of the pristine

case across all temperatures, indicating that moderate La doping enhances thermoelectric

performance. The increase is more pronounced at lower temperatures, after which the

curve stabilizes at higher temperatures. At higher La doping (x = 0.5), ZT rises rapidly at

lower temperatures, reaching a peak around 350 K before declining at higher temperatures.

This behavior is attributed to the initially low carrier concentration at x = 0.5. The small

carrier concentration at moderate temperatures (50 - 350 K) enhances the ZT, reaching

approximately 0.75. The Seebeck coefficient decreases as the temperature rises, due to

the generation of additional excited carriers, which lowers the Seebeck coefficient. This

trend suggests that the material with x = 0.5 doping may exhibit favorable thermoelectric

properties at moderate temperatures but loses efficiency at higher temperatures.

Our results for La doped YHSe follow this same behavior, emphasizing the need to

optimize doping levels to balance n and S. Unlike undoped or moderately doped samples

(e.g., x = 0.125), where a favorable balance is achieved.
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Figure 4.43: Figure of merit (ZT ) of La-doped YHSe at different La concentrations.

Figure 4.44 shows the carrier concentration as a function of temperature for Yttrium

Hydrogen Selenide (YHSe) at various La doping concentrations (x = 0, 0.125, and 0.5).

Doping is a critical factor influencing the electronic properties of materials, as it introduces

extra charge carriers and perturbs the band structure (shklovskii ,2013). In our study, the

incorporation of lanthanum, a trivalent element, into the YHSe lattice (where Y is also

trivalent but La has a larger atomic radius and a more diffuse electron cloud) leads to a

significant increase in carrier concentration. This increase is clearly observed in Fig. 4.44,

where higher La content correlates with a rise in carrier density across the temperature

range. This behavior aligns well with previous findings in rare-earth-doped semiconductors

such as La-doped Y2O3 (Zhang, L. et al., 2020) and La-doped Bi2Se3 (li,et al., 2017),

where La doping similarly introduced donor states and enhanced electron concentration.

By introducing dopants such as La into the YHSe lattice, significant alterations in carrier

concentration can be observed in this study.
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From Fig. 4.44, as the La doping concentration increases, the carrier concentration in

YHSe also rises. This can be attributed to the higher availability of majority holes and

minority electrons, as La-doped YHSe is a p-type semiconducting material, as indicated

by the sign of the Seebeck coefficient in this study, which facilitates electrical conduction.

The Seebeck coefficient values of all calculated samples are positive, indicating that holes

are the majority carriers in La-doped YHSe. As the La concentration increases from 0

to 0.5, the carrier concentration becomes significantly higher than that of pristine YHSe

and increases more prominently with temperature. This suggests that La doping enhances

carrier density, while temperature-dependent excitation further amplifies this effect. At

higher doping levels (x = 0.5), the carrier concentration starts at a low value and increases

exponentially with temperature. This low initial concentration enhances the Seebeck co-

efficient at moderate temperatures up to 350K, suggesting a more significant impact of

temperature on carrier generation, likely due to a reduced band gap at higher doping

levels.
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Figure 4.44: Carrier concentration of La-doped YHSe at varying lanthanum concentra-
tions

Figure 4.45 shows the specific heat capacity (c) of La-doped YHSe across varying La

concentrations. While it is known that the DOS at the Fermi level influences electronic

specific heat, our results reveal a direct correlation between La doping and the enhance-

ment of electronic specific heat (c). Specifically, as La concentration increases, the DOS at

the Fermi level also increases, leading to a noticeable rise in electronic specific heat. Specif-

ically, as La concentration increases, the DOS at the Fermi level also increases, leading to

a noticeable rise in electronic specific heat. This trend suggests that La doping not only

modifies the electronic structure but also significantly enhances the material’s capacity to

store thermal energy via electronic excitation. This behavior is particularly important in

applications requiring efficient thermal management or electronic tuning, indicating that

La doping can be used as a tool to engineer thermal properties in YHSe-based devices.
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Increasing the La concentration leads to a rise in the DOS at the Fermi energy, which sub-
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Figure 4.45: Specific heat capacity of La-doped YHSe at varying lanthanum concentra-
tions.

sequently enhances the electronic specific heat capacity. This trend aligns with the findings

of Siham Malki et al., (2020), who reported a similar relationship between increased DOS

at the Fermi level and enhanced electronic specific heat in VbS2 using DFT calculations

(Malki & Farh, 2020). In both cases, the introduction of dopants (La in YHSe and a

transition metal in VbS2) modified the electronic structure, increasing the DOS near the

Fermi level. This directly contributes to a higher value of the Sommerfeld coefficient (γ),

which is proportional to the DOS at EF , and hence to the electronic part of the specific

heat. The rise in DOS implies that more states are available for the charge carriers, which

means more thermal energy can be absorbed, thus increasing the specific heat capacity.

In addition to increasing the DOS, doping typically affects carrier concentration.

139



5

Conclusions and Recommendations

5.1 Conclusions

This dissertation comprehensively investigates the structural, electronic, optical, phonon,

thermoelectric, and superconducting properties of yttrium hydrogen selenide (YHSe) un-

der varying pressures and lanthanum (La) doping. Both the Generalized Gradient Ap-

proximation (GGA) and the GGA+U method were employed for electronic structure cal-

culations. The results demonstrate that the GGA+U approach significantly improves the

prediction of band gaps and electronic density of states (DOS) compared to the standard

GGA, providing a more accurate description of the electronic behavior in both pristine

and La-doped YHSe.

Building on this improved electronic description, our findings reveal that external pres-

sure has a pronounced effect on the functional properties of YHSe. It modifies the elec-

tronic band structure, reduces the band gap, and can induce a semiconductor-to-metal

transition. Notably, pressure transforms YHSe from an indirect to a direct band gap

semiconductor, which is favorable for optoelectronic applications due to improved light

absorption and emission capabilities. Moreover, modifications in the electronic structure

caused by pressure result in variations in the DOS around the Fermi level, which in turn

affect carrier transport behavior. Such alterations contribute positively to thermoelectric

performance by improving the Seebeck coefficient and electrical conductivity, while also

aiding in the reduction of lattice heat conductivity.

Additionally, pressure reduces the lattice parameters, which strengthens interatomic

bonding and increases orbital overlap, resulting in modified mechanical properties. It also

enhances Phonon-phonon scattering, which diminishes the lattice contribution to heat con-

ductivity and increases anharmonic effects. Under extreme pressure conditions, enhanced

EPC and enhance the superconducting behavior of YHSe, consistent with observations

in other hydrogen-based superconductors. Beyond pressure effects, this study explores
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the role of La doping in enhancing the intrinsic properties of YHSe. Our results indicate

that La serves as a crucial dopant, enhancing the superconducting critical temperature

without requiring external pressure. This behavior distinguishes it from previous studies.

Furthermore, La doping significantly enhances thermoelectric performance by lowering

phonon contribution to heat conductivity, which in turn boosts the ZT . The optical prop-

erties of YHSe also benefit from La incorporation, as evidenced by improved absorption

characteristics.

Moreover, La doping profoundly influences the electrical properties of YHSe. As the

doping concentration increases, ultimately closing the band gap and increasing the DOS

at the Fermi level . Additionally, La doping modifies the band structure, further facili-

tating the transition of YHSe from an indirect to a direct semiconductor. This transition

enhances the material’s optoelectronic performance, making it highly effective for appli-

cations requiring strong light absorption and emission.

Moreover, increasing La concentration shifts the CBM to lower energies and the VBM

to higher energies. The La-doped YHSe semiconductor exhibits a broad spectral response,

effectively extending the photo-response from the near-visible light region into the upper

ultraviolet (UV) range across various doping concentrations.

La doping introduces phonon softening, which affects the superconducting, and thermal

properties of the YHSe material. It intensifies phonon-phonon scattering, thereby reducing

the phonon-driven component of heat transport, which is crucial for enhancing thermoelec-

tric efficiency. Furthermore, La doping considerably increases the lattice parameter along

the c-axis, resulting in a higher c/a ratio and, consequently, greater structural anisotropy.

This structural modification influences both the mechanical and electronic properties of

the material, further contributing to its potential for advanced technological applications.

Overall, this research highlights the multifaceted impact of pressure and La doping

in tailoring the properties of YHSe, positioning it as a promising material for energy

conversion, superconductivity, and advanced optoelectronic applications. To fully exploit

its potential, further studies on mechanical stability and possible phase transitions under

extreme conditions are necessary.

In conclusion, the synergistic effects of pressure and La doping underscore YHSe’s
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potential as a transformative material for various technological applications. Continued

exploration under diverse conditions will be essential in unlocking the full capabilities of

YHSe and its doped derivatives.

5.2 Recommendations

To advance the understanding and application of YHSe-based materials, the following

research directions are recommended:

• Investigate diverse dopants, co-doping strategies, and the role of intrinsic defects to

tailor electronic and optical properties.

• Explore 2D forms, heterostructures, and strain-engineered systems for enhanced

thermoelectric performance.

• Experimental Synthesize and characterize YHSe compounds to confirm theoretical

predictions and evaluate real-world performance.

• Building on DFPT-based analysis, future work could explore many-body approaches

or experimental validation to gain deeper insight into the superconducting mecha-

nism and improve accuracy in Tc prediction.

• Extend the current analysis by exploring nanostructuring, interface engineering, and

anharmonic effects to further enhance the thermoelectric performance beyond the

included lattice thermal conductivity.
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A

Supplementary Figures

The electronic band structure for pristine and La-doped YHSe is presented in Figure

GGA [(a) - (g)] and GGA+U [(2a) - (2g)] to illustrate the effect of La doped YHSe on

the electronic properties of the YHSe material.
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Figure A.1: Band structures and Density of states calculated using the GGA [(a) - (g)]
and GGA+U [(2a) - (2g)] approximations for (a) pure YHSe, (b) La0.125Y0.875HSe, (c)
La0.25Y0.75HSe, (d) La0.375Y0.625HSe, (e) La0.5Y0.5HSe, (f) LaHSe.
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