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Abstract

Energy materials encompass a wide range of materials crucial for various energy-related pro-
cesses, including energy generation, storage, and transformation. With the world facing an
ever-increasing need for energy resources, the advancement and utilization of energy mate-
rials are paramount for ensuring a sustainable future. Here, we study—catalysts for methane

activation and hydrogen production, and perovskites for solar cells and thermoelectric devices.

Methane is a potent greenhouse gas, making its conversion into valuable products essential.
However, the efficient activation of methane poses a significant challenge due to its strong C-H
bonds (4.5 eV), low polarizability, and negligible electron affinity. To circumvent this chal-
lenge, an appropriate catalyst is required. In view of this, we study the transition metal, Ni4 in
a reactive atmosphere of O, and CH, gas. It adsorbs these gases and form intermediate phases
[Ni,O,(CH,4),]. We examine the thermodynamic stability of these phases at finite tempera-
tures and pressures using ab initio atomistic thermodynamics (aiAT). Additionally, to account
for anharmonicity in the vibrational free energy contribution to the configurational entropy, we
employ thermodynamic integration method. The inclusion of anharmonic effects proves crucial

in detecting the activation of the C-H bond.

After this, we explore the perovskite materials for energy applications. Lead halide per-
ovskites have gained considerable attention due to their unique characteristics in optoelec-
tronics and spintronics. We study inorganic CsPbF; perovskite in terms of its spintronic
applications. The presence of spin-orbit coupling (SOC) arising from lead (Pb) in the non-
centrosymmetric phase of CsPbF; indicates the possibility of Rashba-Dresselhaus (RD) split-
ting within this material. We investigate this RD splitting and reversible spin textures in R3c
phase employing the perturbative k.p formalism alongside first-principles calculations. Subse-
quently, we investigate the vacancy-ordered double perovskites (VODPs) and their prospective
applications in optoelectronics and thermoelectrics. These VODPs exhibit bandgaps in the visi-

ble region, making them promising candidates for optoelectronic devices. Notably, they possess

v



ultralow thermal conductivity, rendering them appealing for thermoelectric applications. In our
work, we thoroughly investigate the thermoelectric properties of these VODPs. Furthermore,
we enhance the thermoelectric characteristics of the GeTe semiconductor by manipulating its
electronic structure and lattice dynamics through doping.

We employ a robust methodological approach that integrates different levels of theories
combined into one multi-scale simulation to address the various properties of materials. In this
thesis, the state-of-the-art methodologies utilized to obtain the desired objectives are: (i) density
functional theory (DFT) for ground-state properties, (ii) cascade genetic algorithm (cGA) to
determine global minimum structures (ii) ab initio atomistic thermodynamics to predict the
stability, (iii) many-body perturbation theory (GW) for excited-state properties, (iv) climbing
image nudged elastic band (CINEB) method to calculate activation energies, and (v) boltzmann

transport theory to compute thermoelectric properties.



AT BT veb fa¥qd §@ar enfAe 21 g &1 St HHTEHT BT TR gt STadesdr Bl
HTHAT B P 1, Teb WY Hiasy giAfedd o & fay FHorf Gl o 3=1fd 3tk 3w
FaraR g1 Igf, 9 HIAT AfoeaoT 31K 88 3dTed & fdy 38R, 3R IR Hiferwif 3k
emfgaifaeds 3TN & fel RIBTSST BT 37TT I 2|

A Uep 2ferrerett Mg 1 2, oy Hegar 3cme) & BUiaRoT A1aedd &1 gTalids, HoH
BT oA AlhAT TP Holgdd HI-UT &8 (4.5 $d1), BH YIB0T 3R T70Y FoAdgiT SHdT P
PRUT Tb Hgeaqui IAldT 92 &ear g1 39 At F fAue & fdv v 3ugerd 3aR® Bl
3TARTHAT &1 3 & §U, B9 O 3R CH4 T & Hfdfsharefiel ardravor § HehHoT HTg, Niy &1
T A &1 I8 §9 11 Bl ARG oldT & 3R Fegad! TROT [NigOx(CHa),] 10T 81 &7 UF
gfAfeaT efife® emfsATmaT (T3METe)) &1 3UdNT axds HIfRd dr9dH 3R g8d W &
RN bI AATSTIATHG &R BI ST BXd &1 3B 3fdRed, PIBRA Tt § HUT Heord
Folt AT H 3RITAAT Bl B H I&@d gU, 87 YATSRATHG TeblehuT faft &t failfSia sed
21 H-va gie &bl Afbarar BT dm i | TATHIAD JHTaT BT FHTIN Heqof dTfad erdr 2|
TP q18, &H Jofl 3N & AT Rickbrse A &7 9a1 omd 81 3iTeisaiagiiag 3R
e o 37T 33t fadarsil & BRUT 018 EAT8S W-3TKPISeH A BIh! B B
fpar 21 &1 38k fEgfAS 31yl & e # s7eTeifAcs CsPbF; URIGKBIES I 3EFTT Bd
g1 CsPbF; & IR-JAIIEH TRT ¥ o8 (Pb) A 3 € dTelt fEH-3fifde T (SOC) HY
3Uffd 59 It & HidR RET-3T839 (RD) & fdMTSIH &Y TTaT ®1 $ffid &wdt &1 89
R3G TROT § 2 3RS} oo 31K gfdad! RO g-Tae B i ¥ €, foras ggal-[Rgial or
MU & FT-HT2 Teae! Ul 3aTRasdr of Falford fasar Sirar 81 39 a1e, g1 Rfdd-3meferd
el WRIkhTeey (dT31TSTdl) 3R TIgeidRiiHeg 7R Afgcifreay | 37 THTIdd 3TIaam
BT ST PR &1 A AINSIT oI &7 H deig yafeld vd &, ORI I 3iTeIgaagie 3udbol
& fAIT 3mermeHe IFfeaRr o7 SId &1 a9 B9 F, 378 3fegrell dTvi TTeidar gl &, i 32
YAfgefad TN & Ty 37ptes sHTdt &1 3799 BTH H, 8 &7 dINSIUT & Hfgafdvd
T} ST T ST &Y & | $db 3TATaT, 89 SITUT &b HIEIH I S SeiagiiHdb A¥eHT 3R STTe!
TfaRfeTdr ¥ & dXh GeTe JHIdheaes Bl JAfgafard [aAdrsn &f gerd 2|

vi



vil

EH U Holgd UgfdTTd gfseapIuT 3191 € Sit Arafiat & fafi=r 1on &) deifad & & fag
fafi= TRT & fGgidl @ T ag-Tadg fAgaeq # Uhlgd T g1 &0 NI #, gifed zeal
BT UT B & AT ST & STH aTedt T Tgfadi & (i) T o & Ay a1
wrafes fgia @uwd), (i) Hedes gaan waamnt o fuffd & & fay ks sRfes
TeRen (FsiQ) | (i) fReRar & wigsamht o & forg vat sfAfear wwmy emfsraarfie,
(i) 3AfSa-3ra=2 o & Ay FE-2RR Teaet fgia (Sheeeq), (iv) oot Jotf &t Mo
B P A7 gAsT o8 salfes 98 (CINEB) W der b fafd, 3iR (v) amfgeifare ot Pl o
B b AT SieesiT yRagT f[&gidl




List of Publications

. Preeti Bhumla, Manish Kumar, and Saswata Bhattacharya, “Theoretical Insights into C-
H Bond Activation of Methane by Transition Metal Clusters: The Role of Anharmonic
Effects”, Nanoscale Adv. 3, 575 (2021).

. Preeti Bhumla, Deepika Gill, Sajjan Sheoran, and Saswata Bhattacharya, “Origin of
Rashba Spin-splitting and Strain Tunability in Ferroelectric Bulk CsPbFs”, J. Phys.
Chem. Lett. 12, 9539 (2021).

. Preeti Bhumla, Manjari Jain, Sajjan Sheoran, and Saswata Bhattacharya, “Vacancy-
ordered Double Perovskites Cs;Blg (B = Pt, Pd, Te, Sn): An Emerging Class of Thermo-
electric Material”, J. Phys. Chem. Lett. 13, 11655 (2022).

. Ashutosh Kumar*, Preeti Bhumla*, Duraisamy Sivaprahasam, Saswata Bhattacharya,
and Nita Dragoe, “Effect of Crystal Field Engineering and Fermi Level Optimization
on Thermoelectric Properties of Ge; o;Te: Experimental Investigation and Theoretical

Insight”, Phys. Rev. Mater. 7, 045402 (2023) (*Equal contribution).

. Ashutosh Kumar, Preeti Bhumla, Taras Parashchuk, Saswata Bhattacharya, and
Krzysztof T. Wojciechowski, “Engineering Electronic Structure and Lattice Dynamics
to Achieve Enhanced Thermoelectric Performance of Mn-Sb Co-doped GeTe”, Chem.

Mater. 33, 3611 (2021).

. Ashutosh Kumar, Preeti Bhumla, Artur Kosonowski, Karol Wolski, Szczepan Zapo-
toczny, Saswata Bhattacharya, and Krzysztof T. Wojciechowski, “Synergistic Effect of
Work Function and Acoustic Impedance Mismatch for Improved Thermoelectric Perfor-

mance in GeTe-WC Composite”, ACS Appl. Mater. Interfaces 14, 44527 (2022).

. Hushan Chand, Ashish Kumar*, Preeti Bhumla*, Banavath Raju Naik, Viswanath Bal-

akrishnan, Saswata Bhattacharya, and Venkata Krishnan, “Low-Cost Scalable Prepara-

viii



Chapter 0. List of Publications X

10.

11.

12.

13.

14.

15.

tion of Ultrathin Boron Nanosheets and their Catalytic Application”, Adv. Mater. Interf.
9, 2200508 (2022) (*Equal contribution).

Shailesh Pathak, Preeti Bhumla, Shashank Bahri, Sreedevi Upadhyayula, Saswata Bhat-
tacharya, “O-vacancy Mediated AB,O4 Type Ferrospinels for Enhanced Activity in the

Sulfuric Acid Decomposition Step of the Iodine-sulfur Cycle for Hydrogen Production”,
J. Phys. Chem. Lett. 15, 97 (2023).

Shikha Saini, Pooja Basera, Manish Kumar, Preeti Bhumla, and Saswata Bhattacharya,
“Metastability Triggered Reactivity in Clusters at Realistic Conditions: A Case Study of
N-doped (TiO-) for Photocatalysis™, J. Phys. Mater. 4, 015001 (2020).

Deepika Gill, Preeti Bhumla, Manish Kumar, and Saswata Bhattacharya, “High-
Throughput Screening for Bandgap Engineering by Sublattice Mixing of Cs;AgBiClg
from First-Principles”, J. Phys. Mater. 4, 025005 (2021).

Manjari Jain, Deepika Gill, Preeti Bhumla, Pooja Basera, and Saswata Bhattacharya,
“Theoretical Insights of Excitonic Effect in Lead Bromide Perovskites”, Appl. Phys.
Lett. 118, 192103 (2021).

Sajjan Sheoran, Manish Kumar, Preeti Bhumla and Saswata Bhattacharya, “Rashba spin
splitting and anomalous spin textures in the bulk ferroelectric oxide perovskite KIO3”,

Mater. Adv. 3, 4170 (2022).

Manjari Jain, Preeti Bhumla, Manish Kumar, and Saswata Bhattacharya, “Excitonic
and Polaronic Effects in Lead Free Double Perovskites from Manybody Perturbation

Theory”, J. Phys. Chem. C 126, 6753 (2022).

Sajjan Sheoran, Preeti Bhumla and Saswata Bhattacharya, “Emergence of cubic ordered
full-plane persistent spin textures in lead-free materials”, Phys. Rev. Mater. 6, 094602
(2022).

Ankita Phutela, Preeti Bhumla, Manjari Jain, and Saswata Bhattacharya, “Exploring
strong and weak topological states on isostructural substitutions in TIBiSe,”, Sci. Rep.

12, 21970 (2022).



16. Arunima Singh, Manjari Jain, Preeti Bhumla, and Saswata Bhattacharya, “Electrocat-

17.

18.

alytic study for hydrogen evolution reaction on MoS,/BP and MoSSe/BP in acidic me-

dia”, Nanoscale Adv. 5, 5332 (2023).

Megha Arya, Preeti Bhumla, Sajjan Sheoran, and Saswata Bhattacharya, “Rashba and
Dresselhaus effects in doped methylammonium lead halide perovskite MAPbI3”, Phys.
Chem. Chem. Phys. 26, 10419 (2024).

Hushan Chand, Preeti Bhumla, Subhadip Goswami, Nicolo Allasia, Gianvito Vile,
Saswata Bhattacharya, and Venkata Krishnan, “Facile Low-Temperature Synthesis of
Novel Carbon Nitrides for Efficient Carbon Dioxide Conversion into Value-Added

Chemicals” (under review).



Contents

Certificate

Acknowledgements

Abstract

List of Publications

List of Figures

List of Tables

1 Introduction

1.1 Energy. . ... ... ... . ... ... .. ...,
1.2 Renewable energy sources . . . ... ........
1.3 Energy materials . . ... ..............

1.3.1 Catalysis . . ... ... ... ........

132 Solarcells. . .. ... .. .. ........

1.3.3 Thermoelectricity . . . . . .. ... .....
1.4 Defectsinsolids. . .. ................
1.5 Thermodynamics of point defects . . . . .. .. ..
1.6 Problems and challenges . . .. ... ........
1.7 A short overview of the thesis . . . ... ... ...

2 Theoretical methodology

2.1 Computer simulation . . . ... ... ........
2.2 First-principles calculation . . . . .. ... ... ..
2.3 Many-body problem . . . ... ... ... ... ..

Xi

ii

iv

viii

xvi

xxiii



Contents Xii
2.4 Time-independent many-body Schrédinger equation . . . . . . . ... ... .. 19
24.1 Born-Oppenheimer approximation . . . . . ... ... ... ..... 20

2.4.2 The Hartree approximation . . . . . . . . . . . .. ... ... ..... 21

2.4.3 The Hartree—Fock approximation . . . . ... ... .. .. ...... 23

2.5 Density functional theory (DFT) . . . . . .. ... ... ... ... .... 24
2.5.1 Thomas-Fermi-Dirac approximation . . . . . . .. .. ... ...... 24

2.5.2 The Hohenberg-Kohn theorems . . . .. ... ... ... ....... 26

2.5.3 The Kohn-Shamansatz . . . . . . ... ... ... .. ......... 28

2.5.4 Exchange-correlation functionals . . . . ... ... ... ....... 30
2.5.4.1 Local Density Approximation (LDA) . . . . ... ... ... 31

2.5.4.2  Generalized Gradient Approximation (GGA) . . . . . .. .. 32

2.5.43 Meta-Generalized Gradient Approximation (meta-GGA) 33

2544 Hybridfunctionals . . . . . ... ... .. oL, 33

26 Basisset . . ... e 34
2.6.1 Planewavesbasisset . . . . . . . ... ... oo 35

2.6.2 Pseudopotentials . . . . .. ... oL 38

2.6.3 Norm-conserving pseudopotentials . . . . . .. ... ... ... ... 39

2.6.4 Ultrasoft pseudopotentials . . . . . . ... ... ... ... ...... 40

2.6.5 Projector augmented-wave (PAW) method . . . . . . . ... ... ... 40

2.7 Force theorem and geometry optimization . . . . . . . . . .. .. ... .... 42
2.8 Climbing image nudged elastic band (CINEB) method . . . . . ... ... .. 43
2.9 Cascade genetic algorithm (cGA) . . . . . . . .. ... ... ... 45
2.10 Ab initio atomistic thermodynamics (aiAT) . . . . . . . . . . ... ... ... 47
2.10.1 Thermodynamic potentials . . . . . . .. ... ... ... ....... 48
2.10.2 Partition function . . . . . . ... 48
2.10.3 Chemical potential . . . . . . .. .. ... ... o 50

2.11 Many-body perturbation theory (MBPT): The Green’s function approach . . . . 52
2.11.1 Green’sfunction . . . . . ... ... .. ... ... 53
2.11.2 Dyson’sequation . . . . . . . . . v vt it e e e 56
2.11.3 GW approximation: Hedin’s equations . . . . . . . .. ... ... ... 57
2.11.4 Implementation of the single-shot GW (GoWy) . . . . ... ... ... 58



Contents Xiii

3 Heterogeneous catalysis in energy applications 60

3.1

3.2

Theoretical insights into C—H bond activation of methane by transition metal

clusters: the role of anharmoniceffects . . . . . . ... ... ... .. ... .. 60
3.1.1 Introduction. . . . . . ... ... ... 60
3.1.2 Computational methods . . . . . ... ... ... ... ........ 62
3.1.3 Resultsand discussion . . . . . ... ... ... o o 65

3.1.3.1 Determination of stable phases of the [Ni,0,(CH,), ] clusters 65

3.1.3.2  Comparing the role F,;s in AG(T,p): Importance of cap-

turing anharmonic effects . . . . . .. ... ... L 68

3.1.3.3 NiyOg(CHy), cluster: Harmonic IR vs AnharmonicIR . . . . 71

3.1.3.4 NiyO7(CH,), cluster and C—H bond activation . . . . . . . . 72

3.1.4 Conclusions . . . . . . ... 74

O-vacancy mediated partially inverted ferrospinels for enhanced activity in the

sulfuric acid decomposition for hydrogen production . . . . . ... ... ... 75
32.1 Introduction. . . . . . .. .. ... 75
3.2.2 Computational methods . . . . . .. ... ... ... .. ....... 78
323 Resultsanddiscussion . . . . .. ... Lo 79

3.2.3.1 Thermodynamic stability and activation barrier . . . . . . . . 79
324 Conclusions . . . . . . ..o 82

4 Origin of Rashba spin-splitting and strain tunability in ferroelectric bulk CsPbF; 84

4.1
4.2
4.3

4.4

Introduction . . . . . ... oL 84
Computational methods . . . . . . .. .. ... L o 86
Results and discussion . . . . . . .. ... L Lo 87
4.3.1 Crystalstructure . . . . . . . ... L 87
4.3.2 Electronic structure analysis . . . . . . . ... ... L oL 88
4.3.3 Rashba and Dresselhaus spin-splitting in R3c phase . . . . . . ... .. 92
4.3.4 Effect of strain on Rashba spin-splitting . . . . . . .. ... ... ... 95
Conclusions . . . . . . . . . e 98

5 Vacancy-ordered double perovskites Cs,BI; (B = Pt, Pd, Te, Sn): an emerging class

of thermoelectric materials 100

5.1

Introduction . . . . . . . .. 100



Contents Xiv

52
53

Computational methods . . . . . . . ... ... L o oL 102
Results and discussion . . . . . . . ... ... L Lo 103
5.3.1 Crystalstructure . . . . . . . . ..o e e 103

5.3.2 Stability of Csy;Blg (B = Pt, Pd, Te, Sn) vacancy-ordered double per-

ovskites . . . . . L L 103
5.3.2.1 Structural stability . . . . .. ... ... ... L. 103
5.3.2.2 Thermodynamic stability . . . ... .. ... ........ 105
5.3.23 Mechanical stability . . . . ... ... ... ... ...... 106
5.3.3 Electronic structure analysis . . . . . . . ... ... ... ... 108

5.3.4 Thermoelectric properties of CsyBlg (B = Pt, Pd, Te, Sn) vacancy-

ordered double perovskites . . . . . ... ... oL 109
5.3.5 Relation between anharmonicity and lattice thermal conductivity . . . . 111
53.6 Conclusions . . . . . . ... L 115

6 Low lattice thermal conductivity and its role in thermoelectric performance of

7

CsNaS and RbNaS alkali metal sulfides 117
6.1 Introduction . . . . . . . . . . L 117
6.2 Computational methods . . . . . . . . ... .. ... . L 118
6.3 Resultsand discussion . . . . . .. ... L 118
6.3.1 Dynamical stability . . . . .. ... .. ... ... ........... 118
6.3.2 Electronic properties . . . . . . . . . .ot 120
6.3.3 Lattice thermal conductivity (k;) . . . . . . . . . . .. ... 120
6.3.4  Gruneisen parameter () and phonon lifetime (7) . . . . ... ... .. 121
6.4 Conclusions . . . . . . . . L 122

Enhancing thermoelectric properties via crystal field engineering and low thermal

conductivity 123

7.1

Engineering electronic structure and lattice dynamics to achieve enhanced ther-

moelectric performance of Mn—Sb co-doped GeTe . . . . . . . ... ... ... 123
7.1.1 Introduction . . . . . . . . ... 123
7.1.2  Computational methods . . . . . . ... ... ... ... ..., 124
7.1.3 Resultsand discussion . . . . .. .. ... Lo oo 125

7.1.3.1 Electronic structure . . . . . . . . . . ... 125



Contents XV

7.1.3.2  Lattice thermal conductivity (kpp) . . . . . . . . . . . .. .. 129
7.1.4 Conclusions . . . . . . . . . . e e e e e e 130

7.2 Effect of crystal field engineering and Fermi level optimization on thermoelec-

tric propertiesof Gey 1 Te . . . . . . . . L oo 131
7.2.1 Introduction . . . . . . . . . ... 131
7.2.2 Computational methods . . . . .. ... ... ... ... ....... 133
7.2.3 Resultsand discussion . . . . .. ... Lo 133
7.2.3.1 Electronic properties . . . . . . . . . . ... ... 133
7.2.3.2  Thermoelectric properties . . . . . . . . . . ... ... ... 137
7.2.3.3  Phonon dispersion calculation . . . . . ... ... ... ... 139
724 Conclusions . . . . . . . . . e 140

8 Epilogue and outlook 142



List of Figures

1.1
1.2
1.3
1.4
1.5
1.6

2.1
22

2.3
2.4

2.5

2.6

2.7

2.8

Global energy consumptionin2019. . . . . . .. ... ... oL
Different energy materials as alternatives to conventional fuels. . . . . . . . ..
Energy materials studied in the present work. . . . . . ... ... ... .. ..
Seebeck effect. . . . . . ... o
Challenges encountered in calculating the different properties of materials. . . .

Overview of the thesis. . . . . . . . . . . . . . e

Multi-scale simulation in different length and time scales. . . . . . . . ... ..
Schematic representation of mapping of interacting system to a non-interacting
many-electron system through the same ground-state electron density. . . . . .
Flow chart to solve the Kohn-Sham equations self-consistently. . . . . . . . ..
Jacob’s ladder of density functional approximations. . . . . . . .. . ... ...
Schematic representation of pseudopotential technique. The all-electron wave

function corresponding to Coulomb potential is shown by red color. The

pseudo wave function corresponding to pseudopotential is shown by blue color.

Schematic diagram to show the various forces acting on the elastic band during

the optimization. . . . . . . . . . . ...
Flow chart of cascade genetic algorithm. . . . . . . . . ... ... ... ....

Schematic representation of excited-state spectroscopies, namely, direct pho-
toemission, inverse photoemission, and optical absorption. Here, IP and EA
represent the ionization potential and electron affinity, respectively. Also, En
is the total energy of N-electron system. Moreover, EgGW = IP — EA is the
quasiparticle (QP) band gap and EESE = [P — EA — Ey is the optical band gap,

where Eg is the exciton binding energy. . . . . . . .. .. ... ... ... ..

Xvi

38



List of Figures

XVvil

2.9

2.10

2.11

2.12

3.1

3.2
33

3.4

3.5

3.6

Schematic representation of spectral function in the case of non-interacting
(electrons) single-particle excitation and interacting single-particle like (QP)

EXCItAtION. . . . . . . . o e e
[llustration of a QP formation in the case of photoemission spectroscopy. . . . .

Schematic representation of the Dyson’s equation, which relates the non-
interacting (Gy) and interacting (G') Green’s functions via the self-energy oper-
ator (X). Here, the black arrow describes the propagation of a non-interacting

particle and the viloet color represents screening process of different orders. . .

Schematic representation of the self-consistent Hedin’s equations. . . . . . . .

Structures of different isomers of Ni O clusters obtained from PBE (rep-
resented by dashed blue line) and HSE06 (represented by dashed red line)
exchange-correlation (e,.) functionals. Dashed circles represent the global

minima from the two functionals. . . . . . . . . . . ... ...
Histogram of a¢zMD simulation for Ni;OgCH, clusterat 7 =600 K. . . . . . .

2D projection of 3D phase diagram obtained for Ni,O,(CH,), clusters in the
reactive atmosphere of O, and CHy. In this plot AG(T), p) is computed (a) when
only DFT total energies are included, (b) DFT+F'4"™°mi¢ are included and (c)

DFT+Faharmonic gare included to compute F'(T') of respective configurations as
shown in Equation 3.2. Colored regions show the most stable compositions in

awiderange of pressureat 7'=800K.. . . . . . ... ... oL

Logarithm of probability of occurrence (in %) of NiyO7(CHy)s, NiyOgCHy,
NisOgCH,; and NiyOg(CHy)y clusters in all the three cases (DFT,
DFT+Fharmonic and DFT+Fanharmonicy gt (a) T = 800 K and po, = 1 atm, pcy,
=1 atm (b) T=800 K and po, = 1071% atm, pcy, =latm.. . . . . . ... ...
Infrared (IR) spectra of NiyOg(CH,), for both harmonic (upper panel) as well

as the anharmonic (lower panel) case. The possible vibrational modes are also

shown corresponding to those respective peaks. . . . . . .. ... ... ....

(a) Infrared (IR) spectra of NiyO;(CH,), for both harmonic as well as the
anharmonic case. Contour plots of electronic charge density associated with
(001) plane of (b) CH, (delocalization of charge within C—H bonds) and (c)

Ni,O7(CHy), cluster (localization of charge within C—H bonds). . . . . . . ..

65

72



List of Figures

Xviii

3.7

3.8

3.9

3.10

4.1

4.2

Radial distribution function (RDF) plot at 0 K and 1000 K for (a) FeCo,0, and

CoFe,0y clusters over SiC-Pretrt, respectively. . . . . .. .. ... ... ...

Free energy profiles for the adsorption and dissociation of SOz on the surfaces
of CoFe,0,4/SiC-Pretrt and FeCo,0,/SiC-Pretrt catalysts, respectively, were

calculated using HSEOQ6 €, functional. . . . . . . ... ... ... ... ....

Reaction profiles for the decomposition of SO3 with the initial state (IS), tran-
sition state (TS), and final state (FS) on (a) CoFe,0O, and (b) FeCo,0, clusters
with oxygen (O) vacancy were calculated using HSEO6 ¢, functional. Struc-
tures and charge density difference contours for SO3 adsorbed on top of (c)
CoFe;0Oy4 and (d) FeCo,0, clusters with O-vacancy. Cyan and yellow colors

represent the negative and positive charge, respectively. . . . . . . . .. .. ..

Projected density of states (pDOS) for (a) isolated SO3, and SO3, adsorbed over
the cluster (b) CoFe,O,4 and FeCo,0, clusters, respectively. Here, red and blue
colors correspond to O and S states, respectively. The energy range (y-axis) is

the same forall figures. . . . . . . .. ... ... ... L

Crystal structure of CsPbF; (a) cubic Pm3m phase and (b) rhombohedral R3c
phase. Cs, Pb and F atoms are indicated by red, grey and yellow colors, re-
spectively. Phonon band structure of CsPbF; (c) cubic Pm3m phase and (d)
rhombohedral R3cphase. . . . . . .. ... ... ... ... .. ..

Band structure of cubic Pm3m phase of CsPbF;, calculated using (a) PBE
(b) PBE+SOC. (c) Projected density of states (pDOS), calculated using
HSEO6+SOC. . . . . . e



List of Figures

XiX

4.3

4.4

4.5

4.6

4.7

(a) Optimized crystal structure of CsPbF; in rhombohedral R3¢ phase. Cs, Pb
and F atoms are indicated by red, grey and yellow colors, respectively. (b)
The first hexagonal Brillouin zone showing the high symmetry path for band
structure calculations in R3¢ phase of CsPbF;. Electronic band structure of
CsPbF; for R3¢ phase, calculated using (c) PBE (d) PBE+SOC. The conduction
and valence bands considered in the discussion are indicated by orange color.
(e) Schematic representation of bands showing Rashba splitting. (f) Splitting
of conduction band minimum (CBm) and valence band maximum (VBM) of
the chosen bands along the M-I'-K path. The inset shows the enlarged view of
Cbm. (g) Projected density of states (pDOS) in R3¢ phase of CsPbF; calculated

using HSE06+SOC. The Fermi energy is set to zero in the energy axis. . . . . .

(a) Band structure of R3c phase using GoWo@HSE+SOC. (b) Imaginary part
(Im (¢)) of the dielectric function for R3¢ phase of CsPbFj calculated using
HSE06+SOC and GyWy@HSE+SOC. . . . . . . ... ... .. ... .....

Imaginary part (Im (¢)) of the dielectric function for Pm3m phase of CsPbF;
calculated using HSE06+SOC and GyW,@HSE+SOC ¢, functional, respec-

tvely. . . . e e

Band structure of cubic Pm3m phase of CsPbF3, calculated using (a) PBE+SOC
(b) HSE+SOC (¢) GyWy@HSE+SOC, respectively. . . . . . .. ... .. ...

(a) Schematic representation of spin textures in Rashba splitting. Spin pro-
jected constant energy contour plots of spin texture calculated in k.-, plane
centered at I' point. The upper and lower panels represent the spin textures
calculated at constant energy: (b) E=Egr + 2.5 eV and (c¢) E=Eg — 0.2 eV,
respectively. Electronic band structures showing spin-splitting of (d) CBm
and (e) VBM around I' point, respectively. Band structure is plotted along
(220.25,0,0) — (0, 0, 0) — (3£0.16, 270.16, 0) direction of momentum space,
which is M — I' — K direction. DFT and k.p band structures are plotted with
dashed lines and dots, respectively. In the color scale, red depicts spin-up while

blue depicts spin-down states. . . . . . . .. ..o

91



List of Figures

XX

4.8

4.9

5.1

5.2

5.3

54

5.5

5.6

5.7

Band structures of CsPbF3 (R3c phase) under uniaxial strain of £5%, calcu-
lated using PBE+SOC for path (a) ['-M-K-I'-A-L and (b) M-T"-K. (c) Rashba
spin-splitting energy (6 F) (d) offset momentum (0k) (e) Rashba parameters
(ar and ap) as a function of strain. The values are calculated for CBm in R3c

phase. Note that ) £/ is same along both M-I" and I'-K directions. . . . . . . ..

(a) Climbing image nudged elastic band (CINEB) calculation for the polariza-
tion switching process in CsPbF3 perovskite. Two ferroelectric (FE) structures
in the ground state with opposite direction of electric polarization are shown.
Ey is the activation barrier energy for the polarization switching process. Re-
versible in-plane spin textures calculated at constant energy E = Ep+2.5 eV

with oppposite spin polarization: (b)-P(c)+P.. . . . . .. ... ... ...,

Schematic of the relationship between ABXj3 perovskite and A;BXg (vacancy-

ordered) double perovskite. . . . . ... ..o L Lo Lo

AG(T, P) of CsyBlg vacancy-ordered double perovskites calculated using PBE
and HSEO06 ¢, functionals. . . . . . . . . . .. ... ... ... ........

Band structures of (a) CsyPtlg, (b) CsoPdlg, (c) CsyTelg and (d) CsaSnlg
vacancy-ordered double perovskites, calculated using HSE06+SOC ¢, func-

tional. . . . . L e e

Projected density of states (pDOS) of (a) CsyPtlg, (b) CsoPdlg, (c) CsoTelg
and (d) CsySnlg vacancy-ordered double perovskites, calculated using

HSEO06+SOC ¢, functional. . . . . . . . . .. . ... ... ... .......

Seebeck coefficient (S) as a function of (a) chemical potential (;z) and (b)
carrier concentration (n) at 300, 500 and 800 K. (c¢) Thermoelectric figure of
merit (z7) as a function of temperature (') for CsyPtlg, CsoPdlg, CsyTelg and

CsoSnlg, calculated using HSEO6 €, functional. . . . . . ... ... ... ...

Calculated (a) electronic thermal conductivity, (b) lattice thermal conductiv-
ity and (c) total thermal conductivity in CsyBlg vacancy-ordered double per-

ovskites, calculated using PBE ¢, functional. . . . . ... ... ... .....

Harmonic (U,) and anharmonic energy (U,;) of (a) CsyPtls (b) CsyPdls (c)
CsyTelg and (d) CsoSnlg as a function of temperature (77), calculated using

HSEO6 ¢, functional. . . . . . . . ... .. ... .. . ... .. ... . ...,

97

108

112



List of Figures bosl

5.8

6.1

6.2

6.3

6.4

6.5

7.1

7.2

7.3

7.4

7.5

(a) Phonon dispersion plots and (b) two dimensional ELF of (110) plane pass-
ing through Cs, Pt, Pd, Te, Sn and I atoms of CsyPtlg, CsoPdlg, CsoTelg and
CsoSnlg, calculated using PBE ¢, functional. The ELF values of 0.0, 0.5, and
1.0 are interpreted as absence, uniform electron gas like, and localized elec-

trons, respectively. . . .. .. L 114

Crystal structure of (a) CsNaS (b) RbNaS having P4/nmm symmetry. Cs, Rb,
Na and S atoms are indicated by pink, green, yellow and purple colors, respec-

tively. Phonon band structure of (a) CsNaS (b) RbNaS alkali metal sulfides. . . 119
Band structures of (a) CsNaS and (b) RbNaS, calculated using PBE ¢, functional. 120

Lattice thermal conductivity as a function of temperature of (a) CsNaS and (b)

RbNaS alkali metal sulfides. . . . ... ... .. ... ... .......... 121
Gruneisen parameter (7y) of (a) CsNaS and (b) RbNaS alkali metal sulfides. . . 122
Phonon lifetimes (7) of (a) CsNaS and (b) RbNaS alkali metal sulfides. . . . . 122

(a) and (b) are two configurations of Mn—Sb co-doped system with different

ENEIZICS. . « v v v v e e e e e e e e e e e e e e e e e e e 126

Electronic band structures of rhombohedral (a) GegsTeqs, (b) Ges;MnTes,, (€)
GegyoMnSbTess, and (d) GeigMnSb,yTess. The Ge vacancies are considered
during the calculation to attest to the high carrier concentration. The band gap
appears at the I point in a 2x2x2 supercell containing 48 atoms. The VBM
and CBM occur at the L point in the pristine GeTe fold onto the I' point in
the supercell. (e) Density of states of pristine GeTe (GeosTes,), GeTe with Ge
vacancies (GegsTeos), Mn-doped GeTe (Geo;MnSb,y,), and Mn—Sb co-doped
GeTe (GeyyMnSbTeyy, Ge1gMnSbyTeoy) samples. . . . . . . . . .. oo 127

Phonon dispersion curve for (a) GeoyTeoy and (b) Geo; MnSbsTey, in a thom-

bohedral structure. . . . . . .. .. L e e 128

Charge density plot for a plane with Miller indices (001) at a distance
of 13Afrom the origin for (a) GeysTeoy showing all Ge atoms and (b)
Gey; MnSb,Teoy showing Ge and Sbatoms. . . . . . . .. .. ... ... .. 129

(a) and (b) represent two configurations of GeoyTiBisTeoy with different relative

energies, calculated using PBE exchange-correlation functional. . . . . . . .. 134



List of Figures

xXxii

7.6

7.7

7.8

7.9

7.10

7.11

(a) Band structure of GessTeyy supercell, where the principal valence band
(light hole) maximum (VBM) and conduction band minimum (CBM) occur
at the I" point due to the folding of the L point onto I'. (b) The unfolded band
structure of GeysTeoy supercell showing VBM and CBM at L point. . . . . . .
Electronic band structures of (a) GeosTeoy, (b) GeooTiTeoy, (c) Geo TiBiTesy,
and (d) GeyTiBisTeys. The Ge vacancies are theoretically induced during the
calculation to attest to the large experimental value of carrier concentration.
The band gap appears at the I" point in a 2 X 2 X 2 supercell containing 48
atoms. The VBM and CBM occur at the L point in the pristine GeTe fold
onto the I point in the supercell. (e) Density of states of GeTe with excess Ge
(GegsTeqy), GeTe with Ge vacancies (GeqsTeoy), Ti-doped GeTe (GeqoTiTesy),
and Ti—Bi co-doped GeTe (Geq; TiBiTesy, GeoTiBisTeoy) samples. . . . . . . .
(a) Electrical conductivity (o), (b) Seebeck coefficient (a), (c) electronic ther-
mal conductivity (x.), (d) power factor (a?c), and (e) figure of merit (27 as
a function of chemical potential (1) are calculated at 300 K for different GeTe
compositions: GeosTesy, GesoTiTesy, Geo TiBiTeyy and GeoTiBisTeoy. Elec-
trical conductivity, Seebeck coefficient, thermal conductivity, power factor, and
figure of merit are reported by scaling them with . . . . . .. ... ... ...
(a) Calculated Seebeck coefficient («v) as a function of chemical potential (1)
for different GeTe compositions at (a) 300K, (b) S00K, and (c) 800K. . . . . .
Phonon dispersion curve for (a) GeyyTeoy and (b) Geo; TiBisTeoy in @ rhombo-
hedral structure. . . . . . . . . .. L
Charge density plot of a plane with Miller indices (001) at a distance of 9.5
A from the origin for (a) Geos;Tesy supercell showing all Ge atoms, and (b)

GeyTiBis Teyy supercell showing Ge and Biatoms. . . . . .. ... ... ...

140



List of Tables

4.1

4.2

4.3

4.4

4.5

5.1

5.2

5.3

54

55

5.6

5.7

Optimized lattice parameters of Pm3m phase, a = 4.80652 A. . . . . . . . ... 87

Optimized lattice parameters of R3c phase, a = 6.80864 A, ¢ = 1630620 A.

Hexagonal settingsareused. . . . . . .. ... ... ... ... ... 88
Band gap (in eV) of Pm3m and R3c phases using different ¢, functionals. . . 91
Rashba parameters for band-splitting at [" point in R3c phase. . . . . . . .. .. 94
RD parameters as a function of strain for CBm in R3c phase. . . . . . ... .. 98

Calculated lattice parameters (A) of CsyBlg (B = Pt, Pd, Te, Sn) vacancy-

ordered double perovskites using different exchange-correlation (¢,.) functionals. 104

Goldschmidet tolerance factor (), octahedral factor (1) and new tolerance factor

(1) of CsyBIg vacancy-ordered double perovskites. . . . . .. ... .. .... 105
AG(T, P) of CsyBIg perovskites calculated using PBE and HSEQ6 ¢, functionals 106

Calculated elastic constants C;; (GPa), Bulk modulus B (GPa), Shear modulus
G (GPa), Young’s modulus E (GPa), Pugh’s ratio B/G, Poisson’s ratio v and

elastic anisotropy A of CsyBlg vacancy-ordered double perovskites. . . . . . . 107

Band gap (eV) of CsyBIg vacancy-ordered double perovskites calculated using

different €, functionals. . . . . . . . . ... ... ... . o 109

Energies (eV) of CsyBlg (B = Pt, Pd, Te, Sn) vacancy-ordered double per-

ovskites at different k-grids calculated using PBE ¢, functional. . . . . . . .. 110

Effective mass of electrons m* in terms of rest mass of electron my, electronic
dielectric constant €., and ionic static dielectric constant €, of CsoBlg per-

OVSKItES. . . . . o 115



List of Tables XX1V

5.8 Calculated polaron parameters corresponding to electrons in CsyBlg per-

7.1

ovskites. wi o (THZ), e, mp, Ip (A) and pp (cm2V~'s™1) are the optical phonon
frequency, Frohlich coupling constant, polaron mass, polaron radii and polaron

mobility, respectively. . . . . ... L Lo 115

Lattice parameters (a, ¢), c/a for Gey g, Ti,Bi,Te (0.00 < z < 0.02,
0.00 <y <0.08)at300K. . ... ... ... ... .. 134



