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ABSTRACT

An ever-growing interest in transition metal chalcogenide materials due to their
intriguing properties has led to extensive investigations of their structural, electronic,
optical and thermal properties and their applications as building blocks for optoelectric
and thermoelectric devices.

Properties of PtS;, PtSe» and PtTe, were investigated from first principles DFT
calculations. PBE+TS functional had lattice parameters more comparable to
experimental volume and were therefore used for further studies. Phonon and elastic
constants calculations confirmed dynamical and mechanical stability.

Pt was the dominant contributor to acoustic modes and as volume increased from S, Se
to Te the frequency dispersion of acoustic modes decreased. Their bulk moduli
increased as volume increased.

Electronic, optical and thermal properties were explored to ascertain suitability as
building blocks for optoelectric and thermoelectric devices. Optical properties
illustrated anisotropy within the visible range, 1.6 eV-3.1 eV. Lattice thermal
conductivity at 300K in out-of-plane was observed to be much lower compared to in-

plane for all the materials.
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1 Introduction

Every global era in the history of mankind is characterized by materials used in it. In
2004 [1] a new era in material science was opened: the era of graphene or, commonly
known as two-dimensional (2-D) materials. Graphene, a 2-D honey-comb structure of
carbon is a one-atom-thick layer of carbon atoms arranged in a hexagonal lattice [2].
It is the building-block of graphite (which is used, among others things, in pencil tips),
but graphene is a remarkable substance on its own with a multitude of astonishing

properties [3].

The pioneer of 2-D materials, graphene, was first isolated in 2004 which sparked
intense activity in fundamental research laboratories everywhere across the globe.
Graphene is the thinnest material known to mankind at one atom thick, and also
incredibly strong - about 200 times stronger than steel, meaning the material has the
potential to make better electronics, more effective solar cells [4], and could even be
used in medicine. On top of that, graphene is an excellent conductor of heat and
electricity and has fascinating light absorption abilities. An ever-growing interest in
the various layered 2-D materials has led to an extensive investigation of their
electronic, mechanical, and optical properties and their application towards different
devices [5]. Graphene’s major weakness is its lack of a bandgap [6], which is what
makes silicon and other semiconductors useful for digital electronics. A bandgap
allows electrical conduction through a material to be turned on and off, which is crucial
for building a transistor (a semiconductor device used to amplify or switch electronic
signals and electrical power). This led to more research in order to tune the bandgap
[71L8].

Like carbon which has different allotropes, Transition Metal Dichalcogenides (TMDs),
in addition to multi-layered systems have several polymorphs with different
dimensionalities as shown in Fig 1.1 below. In their 2-D form, TMDs exhibit a slew

of different properties, from semiconducting to metallic to superconducting. Some of



them even behave as topological insulators; that is, most of the material is insulating
while only the very perimeter conducts electricity [9][10].

Bulk (or 3-D) TMDs have been known and used for a very long time, though most of
the older applications (i.e. as solid lubricants) were related to their unique mechanical

properties determined by the presence of van der Waals bonding between the layers.

3-D 2-D

S —3 Side view
W Monolayer

@ S, SeorTe

Figure 1.1: Polymorphs of transition metal dichalcogenide compounds.

1.1 Chalcogenides

Chalcogenides are chemical compounds that consist of at least one chalcogen anion
and at least one more electropositive element. All group 6 elements of the periodic
table are defined as chalcogens, however the term chalcogenide is more commonly
reserved for sulfides, selenides, tellurides, and polonides rather than oxides. Oxygen
and polonium are not commonly considered as chalcogenides due to their very different
chemical behaviors. Chalcogenides are mostly semiconductors with a bandgap
typically of 1-3 eV [11], depending on composition.

TMDs monolayers are atomically thin semiconductors of the type MXz, with M being
a transition metal atom (Mo, W, Pt, etc.) and X a chalcogen atom (S, Se, Te, etc). One
layer of M atoms is sandwiched between two layers of X atoms. Group 4-7 transition

elements TMDs have layered structures while those from group 8-10 are non-layered.



The thickness of the layers ranges between 6-7 A [12]. They exhibit a wide range of
electrical properties, depending on polytype and the number of transition metal d-
electrons. TMDs monolayers have properties that are distinctly different from those of
the semimetal graphene. They have bandgaps in the near-infrared to the visible region,
in contrast to the zero bandgap of graphene. The discovery of graphene highlights how
new physical properties emerge as a bulk crystal is thinned down to monolayers.
TMDs monolayers such as MoSz, WS,, MoSe,, WSe,, MoTe> have been shown to
possess direct bandgaps, a property well suited for photonics and optoelectronics
applications. Single layers of MoS> have a large intrinsic bandgap of 1.8 eV, with
previously reported mobilities in the 0.5-3 cm? V 1 s [13] range being too low for
practical devices. However it is relatively easy to fabricate complex structures from

them to increase their mobilities [14].

1.2 Layered transition metal dichalcogenides

1.2.1 Crystal Structure and composition

In the layered TMDs the metal-chalcogen covalent bonding within the layers is very
strong, whilst that between the layers is much weaker (van der Waals interactions).
Due to this weak interlayer bonding, layers slides over each other upon application of
shear stress, causing low friction [15]. Structurally TMDs (MoS2, MoSez, WS>, and
WSey) crystallize in hexagonal layered configuration, in which a plane of metallic
atoms (Mo or W) are bonded and sandwiched between two chalcogen (S or Se) planes,
to form a slab, (X-M-X). Repeated stacking of these slabs in the c-axis direction gives
rise to the hexagonal structure as shown in Figures 1.1 and 1.2.

Semiconducting TMDs have a variety of polymorphs depending on atomic
arrangement of chalcogen atoms. By fluctuating the stacking sequence of consecutive
X-M-X layers sandwiching along the hexagonal c-axis, different polytypes, 1T, 2H,
and 3R, can be attained. In the abbreviated notation of polytypes, the integer indicates

the number of X-M-X layers per unit cell along the c-axis and the letters T, H, and R


https://en.wikipedia.org/wiki/Semimetal
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Tungsten(IV)_sulfide
https://en.wikipedia.org/wiki/Molybdenum_diselenide
https://en.wikipedia.org/wiki/Tungsten_diselenide
https://en.wikipedia.org/wiki/Molybdenum_ditelluride
https://en.wikipedia.org/wiki/Direct_and_indirect_band_gaps

represent trigonal, hexagonal, and rhombohedral symmetries, respectively [16][17].
The 1T phase exhibits ABC sequence due to symmetry. The 2H phase exhibit ABA
BAB stacking sequence whereby the chalcogen atoms overlap along the z-axis with
the transition metal atoms of the adjacent layer and the 3R structure exhibits BCB,
CAC ABA stacking sequence in the unit cell where the metal and chalcogen atoms are
shifted.

Figure 1.2: Stacking sequence for cubic close packing and hexagonal close packing.

Monolayer TMDs exhibit only two polymorphs, the trigonal prismatic and octahedral
phases. The former belongs to the Dasn point group whereas the latter belongs to the
Dazq group. Under ambient conditions most of the TMDs crystallize to 2Hc structure as

shown in the Figure 1.3 below [18].

—- O

b4 e,

Figure 1.3: Atomic arrangements in MoS; - 2H. type unit cell.

1.2.2 Electronic and optical properties

Layered TMDs materials exhibit interesting intrinsic electronic properties due to the
highly anisotropic nature of their structures. The electronic structures of 2-D TMDs

are largely determined by their crystal structures. Even though structurally TMDs
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resemble graphene, MX; compounds have three atomic layers and exhibit finite
bandgaps, making them promising materials for catalysis, energy storage, sensing and
electronic devices such as field-effect transistors and logic circuits. In contrast to
graphene or silicon where the electronic properties are based on hybridization of the s
and p orbitals, the electronic structure of TMDs depends on the filling of d orbitals of
the transition metals. When the d orbitals are partially filled, the TMDs exhibit a
metallic behavior, whereas when they are fully occupied they have a semiconducting
character.

The optical properties of materials are largely determined by their electronic band
structure, screening and are dominated by excitonic transitions instead of band-to-band
transitions [19][20][21]. The optical spectra are evaluated to understand the visible-

light absorption ability of the TMDs heterostructures.

1.2.3 Thermal properties

In addition to their superior optical, electrical, and mechanical properties, TMDs
thermal transport properties have also attracted attention progressively due to the
central roles in various applications, such as heat dissipation, photonics and
thermoelectric devices. Thermal transport properties of single layer TMDs, MX> were
investigated systematically, by solving the Boltzmann transport equation based on first-
principle calculations. In most MX; structures, thermal conductivities decrease with
the increasing mass of either atom M or X [22]. Conversely, the thermal conductivities
of TMDs sulfides and selenides increase as M changes from Cr to Mo to W, which
contradicts our traditional understanding. The abnormal trend originates from the rapid
increase of phonon relaxation time. Fundamental transport mechanisms were analyzed
by the heat capacity, phonon group velocity, phonon relaxation time and phonon

dispersion.



1.2.4 Dissertation Outline

The focus of this study is on recent progress in electronic, opto-electronic,
electrochemical and thermo-dynamical properties of newly studied TMDs. Chapter
two provides detailed literature review of TMDs. The theoretical background of DFT
and its approximations in determining the structural, dynamical, electronic, optical and
thermal properties of PtS;, PtSez, PtTe, compounds is discussed in chapter three.
Computational details are discussed in chapter four. The penultimate chapter provides
results and discussion on the TMDs under study with the conclusions and future plan
of action discussed in the last chapter of the dissertation.

All computations during this study were done using the VASP code which is based on
the DFT and solves the Kohn-Sham equations using the projector augmented wave
(PAW) method. The method is a generalization of the pseudopotential and linear
augmented-plane-wave methods, allowing density functional theory calculations to be
performed with better computational accuracy and efficiency. The first stage isa DFT
calculation which will enable us to obtain the electronic structures of the systems which
will be used as input for the second stage, the GW calculation. The third stage will be
the Bethe Salpeter calculation where the optical properties will be determined based on
the GW calculation input data. Lastly the thermal transport properties will be computed

by means of the Boltzmann transport equation (BTE).



2. Review of TMDs

TMDs materials as discussed before have attracted significant attention because of their
unique electronic and photonic properties which provide a unique opportunity to build
up high quality and atomically sharp heterostructures. The integration of TMDs
heterostructures into the semiconductor industry is presently hindered by limited
options in reliable production methods. Most of the properties and device designs
which have been studied are mainly based on the exfoliation methods of bulk TMDs
crystals. These methods are commonly more difficult to consider for large scale
integration processes and hence, continued developments of different fabrication
strategies are essential for further advancements in this area [9]. Through
synthesization, new covalent chemical bonds appear and due to these covalent bonds
the materials show higher resistance against corrosion. This innovative property in
itself makes novel applications, such as photo-electrochemical energy conversion
electrode possible [23].

The field of 2-D materials is an ever-expanding research area, and the search for other
2-D materials beyond graphene is not just limited to TMDs [24] for possible
applications, which include touch screens for liquid crystal displays (LCD) or organic
light-emitting diode displays (OLED), transistors, computer chips, water filters, solar
cells and many more [25][26]. New 2-D materials such as silicene and phosphorene
are strong contenders in the rapidly emerging realms of 2-D materials. Figure 2.1 isan
illustration of the transition metals and chalcogen elements which are building blocks
of TMDs. A summary of common TMDs and their experimental bandgaps is given in
Table 2.2.1.
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Figure 2.1: The transition metals and three chalcogen elements which are the building
blocks of the 40 different TMDs.

Bandgap (eV) Mo w
monolayer|1.8-2.1/1.8-2.1/~0.65 |~1.2 |~1.3 |~1.1 |metal |metal |~0.6 |~1.2 |~1.9

Bulk 1.0-1.3/1.3-1.4/~0.3 |~1.6 |~1.6 |metal metal Imetal ~0.3 [~1.1 |~1.8
monolayer|1.4-1.7|1.5-1.7 ~0.51 0.7 |~0.7 |metal \metal |metal MOAZ I VLS
Bulk 1.1-1.4(1.2-1.5 metal |~0.8 |~0.6 |metal metal |metal metal|~1.3 [~1.4

Se

monolayer|1.1-1.3/~1.03 [~0.1 |~0.4 |~0.3 |metal metal /metal /metal|{~0.3 |~0.8

Te

Bulk 1.0-1.2 ]metal metal metallmetal metal \metal lmetal metal|~0.2 [~0.8

-

Table 2.2.1: The summary of common TMDs and their experimental bandgaps [10].

TMDs materials indirect bandgap in their bulk structure decreases as the atomic
number of the chalcogen element increases (i.e., X =S, Se, Te) [27] and increases from
bulk to monolayer limit. Diverse electronic properties can also be achieved by
choosing the appropriate combinations of the M and X elements. The bandgaps of
group VI monolayer TMDs are in the 1-2 eV range [28], ideal for optoelectronic
applications [29]. Indirect optical bandgap materials reduce their efficiency in
photovoltaic applications because photons with energy close to the bandgap can only
be absorbed in phonon-assisted processes. They require surface plasmons in metallic
nanoparticles embedded in a solar cell to increase the efficiency [30][31] leading to

costly fabrication of large area materials.



The TMDs monolayer crystal structure has no inversion center, which allows to access
a new degree of freedom of charge carriers, namely the k-valley index, and to open up
a new field of physics namely valleytronics. These degrees of freedom are the real
electron spin, the layer pseudospin, and the valley pseudospin. The strong spin-orbit
coupling in TMDs monolayers leads to a spin-orbit splitting of hundreds meV in the
valence band and a few meV in the conduction band, which allows control of the
electron spin by tuning the excitation laser photon energy and handedness [32].

Thermal transport properties of TMDs display a substantial size effect and by
considering the effects of boundary scattering and geometric sizes calculation results
agrees with experimental results [33]. Zhang et al. [34] and Liu et al. [34] reported
that their measured thermal conductivities of MoS; were approximately 85 WmK,
with a sample width size d ~ 5 um and length L = 15 um. Sahoo et al. [35] reported
that the thermal conductivity of MoS; with size d =4 pm and L = 10 um as 52 Wm™K"
1 While Yan et al. [36] demonstrated that MoS; with a smaller circle sample (= 1.2
um) had a much smaller value of 34.5 Wm™K™. The rare and rich thermal properties
of TMDs materials can lay a solid foundation for understanding new phonon transport

physics and potentially lead to novel applications in various emerging fields.

2.1 Transition metal dichalcogenides

2.1.1 Platinum disulfide (PtS2)

PtS2 can be made by precipitation in water solution of Pt(IV) treated with hydrogen
selenide, or by heating platinum tetrachloride with elemental selenium. The compound
assumes the cadmium iodide structure, being composed of sheets of octahedral Pt and
pyramidal sulfide centers. Single crystals are grown by chemical vapor transport using
phosphorus as the transport agent [37]. PtS2 has an approximated bandgap of 0.95 eV
and is able to reach high Pt oxidation states and has an advantage over Mo and W
sulfides due to the fact that it contains a cation which is a noble metal [38].


https://en.wikipedia.org/wiki/Valleytronics
https://www.revolvy.com/main/index.php?s=Hydrogen+selenide&item_type=topic
https://www.revolvy.com/main/index.php?s=Hydrogen+selenide&item_type=topic
https://www.revolvy.com/main/index.php?s=Platinum+tetrachloride&item_type=topic

PtS, properties have a very strong layer-dependence as a result of the hybridization of
the p; orbital of interlayer S atoms in PtS,. This strong hybridization also leads to the
interlayer shear and breathing vibrations nearly being isotropic. Therefore the need to
establish fundamental understandings of the d-electron count on the interlayer

interactions and layer-dependent properties of the compounds [39].

2.1.2 Platinum diselenide (PtSez)

Minozzi was the first in 1909 to report the synthesising of platinum diselenide from its
elements. Platinum diselenide can be formed through heating of thin foils of platinum
in selenium vapour at 400 °C. A platinum 111 surface exposed to selenium vapour at
270 °C forms a monolayer of PtSe> [40]. Besides these selenization methods, platinum
diselenide can also form crystals in the cadmium iodide structure which is a prototype
which crystal structures and many other compounds can be considered to be based on.
The material forms layers with a "1T" structure and has a trigonal structure [41].
PtSe, is nonmagnetic. However, it is predicted to become ferromagnetic when there
are approximately 10% platinum vacancies and when put under 5% strain [37].
Theoretical calculations suggested a transition from semimetal to semiconductor with
reduced PtSe; thickness. It was shown experimentally by Wang et al. [40][42] that
monolayer PtSe, has a bandgap of approximately 1.2 eV and exhibits helical spin
texture with spin-layer locking induced by the local dipole field induced R-2 Rashba
effect.

2.1.3 Platinum ditelluride (PtTe2)

Tellurides of all platinum metals have been synthesized and characterized through x-
ray and optical methods. Roessler in 1897 [9]. prepared platinum ditelluride by heating
platinum with an excess of tellurium in an open furnace. In 1933, Wecihler et al. [43]

likewise prepared and analyzed the compound an in 1929 Thomassen [43] synthesized
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the material from the elements and determined its structure. Crystal of platinum
ditelluride can be grown when the charges of platinum, sulfur, phosphorus and
tellurium in the mole ratio of 1:3:1:2 are held at 875°C and the growth zone is cooled
to 690°C [18]. Adding chlorine to a pressure of 75-100 torr enhances the transport.
PtTe, crystallizes in the Cdlo-type trigonal (1T) structure with, P3m1 space group and
is a metal with a complex Fermi surface.
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3 Theoretical Background

Over the past decades or more all sciences have seen an explosion in the use of
computer simulations to model materials. Computational methods now stand alongside
theoretical and experimental methods in value [44]. Most solid-state applications make
use of Density Functional Theory (DFT). However, although the theory is well
established, it fails to account for certain components particularly the exchange and
correlation terms. Thus, approximations are required to improve the accuracy of the
results. Hence, methods such as the Kohn-Sham equations, total energy functionals,
exchange and correlation functionals, many-body perturbation theory, GW
approximation and Bethe-Salpeter equation (BSE) will form an integral part of this
study. Optical properties are determined from the BSE approximation. Thermal
properties of TMDs are also determined through the Boltzmann transport equation

combined with first-principles methods [45][46].

3.1 Density functional theory (DFT)

DFT is used in modelling in physics, chemistry and materials science to investigate the
electronic structure, i.e. principally the ground state of many-body systems in atoms,
molecules, and condensed phases. It is a formulation where formally, the ground state
density is the controlling variable of all properties of a system and all physical
properties can formally be determined from the ground state density [47]. The Kohn-
Sham formulation is used in DFT which gives us information on the ground state
density and energy of a system. These two quantities will be exact if the correct
exchange-correlation functionals are used, however approximations to the exchange-
correlation functionals have to be used. Computational investigation through
simulating properties of their structural, electronic, optical and thermal properties

through atomic scale materials modelling will then be used to estimate the performance
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of materials under study as well as to explore and gain new insights into the latest
technology.

The core spirit of DFT is to substitute the complicated and thus hard-to-compute many-
electron wavefunction. Hohenberg and Kohn showed in their first theorem that the
ground state properties of a many-electron system are uniquely determined by an
electron density [48]. The idea is to replace the physical system of interacting electrons
with a fictitious system (the Kohn-Sham system) of non-interacting electrons. These
two systems have the same ground state electron density [49]. Then the energy of the
system is a functional of the electron density and the goal now becomes to find the
value of the functional and approximations are therefore required. The wavefunction
of any state can thus be determined by solving the Schrédinger equation. The time-

independent Schrodinger equation takes the following form:
HY = EVY, (3.1.1)

where H is the Hamiltonian operator, and E and W represent the energy eigenvalue
and wavefunction respectively. For a single electron problem, the equation takes the

form:

v 1v@|ve) = Eva. (312)

It is too cumbersome and expensive to solve Eq (3.1.2) directly for a many body
problem (more than one electron) because of the high dimensionality, it depends on the
position of every electron in the system. The equation for the many-body system
excluding spin dependency takes the form:

N
[z (—%vz + V(?)) + Y UG T))

W(FI!FZI"'I?N) = EW(FI'?Z'""?N)' (313)
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Where N is the number of electrons and U(7;,7; ) represents the electron-electron
interactions, riand r;j are the coordinates of electrons i and j.

Therefore, it is imperative to reduce the computational challenges of the solution of the
Schrodinger equation. The electron density n(7), can be treated as the fundamental
unknown in a many-electron system. Since n(¥) is a function which only depends on
three spatial coordinates, numerical simulations of large molecules or even solids
become possible. Subsequently our system only depends on the potential V (7),
therefore specifying V (¥) and substituting into the Schrodinger equation enables us to
solve the equation for the wavefunction W. Observables such as the particle density
are then calculated using the calculated wavefunction. The quantum mechanical

approach to equation (3.1.1) can be summarized as shown in (3.1.4) below.

. SE o o (P]..'P)
V(@) = Y((#y,7,,.., ¥y) = observables (3.1.4)

One of the observables calculated in this way is the particle density expressed as:
n('l_")l')= N fd3 1_")2 f d3 7')3 fd3 ?N IP*(Fl 'FZ y ,FN)IP(Fl 'FZ y ...,FN), (315)

n(¥;) determines the probability of finding any of the N electrons within volume

element, d7. Expressing potential of V(7), in terms of electron density gives us:

V= [d3FV@EAT). (3.1.6)
The expectation value of the potential can also be known explicitly in terms of the
density n(¥). All the properties of a system defined by the potential V(¥), are
determined by the ground state density. The density functional approach can be

summarized by the following sequence:

1) = W((Fy, Ty Ty) = V). (3.1.7)
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Hence the knowledge of n(7) implies that the knowledge of the wavefunction, potential
and all other observables can be obtained [49][50][51][52].

3.2 Hohenberg-Kohn theorem

The Hohenberg-Kohn theorem states that the ground state density n(7) of a system of
interacting electrons in an external potential V,,.(7) uniquely determines the total
energy of the system [53].

The ground state total energy is a functional of the electron density, n(#), that is:

E = E[n]. (3.2.1)

An assumption of nondegenerate ground state is made even though the proof can be
extended to degenerate ground states. The external potential Vex, distinctively
determines the ground state wavefunction W, as a solution of the Schrodinger

equation. Thus, the electron density n(r), can then be calculated by:

n(r) = nVexe(M]. 322)

To prove that there is only one function Vex(r), which yields n(r), Reductio ad
absurdum (proof by contradiction) is applied. If we assume there is another potential
ot (1), that yields the same electron density n(r), denoting the ground states energies
and Hamiltonians associated with W and W’ by E, E’, H and H' respectively we can
denote the following expressions:
H=T+ Uy +V, = HY = EV, (3.2.3)
and
H =T+ Uy + Vi = HY = E'V, (3.2.4)
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According to the Rayleigh-Ritz's variation principle, since we are assuming that E’ is
the ground state energy we obtain,

E'= (W'|H'|¥') < (P|H'|¥P), (3.2.5)
Consequently,

(PWVere|¥) = BNy 2 dri Vese r)n(r) = [drVeyIn(),  (3.26)

Therefore:
(WIH'|®) = (WIH = Vore (1) 4 Vere W) = E + [ dr n(r) [Vex (1) — Vert (1), (3.2.7)
and,

E' <E+ [drn(r)[Vige () — Vere(M]. (3.2.8)

Starting with E as in equation (3.2.8), we get,
E=(PHIY) <(W|H|¥') =E"+ [drn' (") [Ver: () = Vire (],  (3.2.9)

Through the assumption that n(r) = n'(r), therefore:
E<E' + [drn(r)[Ve, () — Vi ()], (3.2.10)
By adding the two above inequalities, (3.2.8) and (3.2.10) we get:
E'+E<E+E. (3.2.11)

which is a contradiction meaning that there can only be one V., () yielding n(r).
That is, there is a one-to-one mapping between the ground state density and the external
potential. Thus the ground state electron density is sufficient to construct the full
Hamilton operator and hence to calculate, in principle all ground state properties of the

system without the knowledge of the many electron wavefunction [52][55].
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3.3 Kohn-Sham (K-S) equations

Theoretically it should be possible to calculate all observables since the Hohenberg-
Kohn theorem assures that they are all functionals of the ground state electron density.
Practically one does not know how this is done clearly. The Kohn-Sham equations can
thus be used to solve the challenge. This is done by replacing the original many-body
problem by an auxiliary independent particle problem. This ansatz has made possible
approximate formulations that have been remarkably successful. The Kohn-Sham self-
consistent approach replaces the complicated many-body system with an auxiliary
system that can be solved more easily. The ansatz of Kohn and Sham makes use of the
following two assumptions:

e The ground state density of an original interacting system is the same as that of
a fictitious system of non-interacting particles (typically electrons).

e The single particle Hamiltonian for one of these non-interacting particles is
chosen to consist of the usual kinetic energy operator and an effective local
potential Ve (r), acting on an electron at a point, r in the auxiliary system [56].

The only properties that are guaranteed to be correct through the Kohn-Sham approach
are the density and energy.

Kohn-Sham DFT gives a set of variational equations that are solved self consistently
and the total energy of a system is expressed as a functional of the charge density as
shown below in equation (3.3.1) [57].

E[n(@)] = Tn@] + [dr Ve (In@) + Ey[n@)] + Ex[n(@].  (33.1)
where Ts is the K-S kinetic energy, Vex, Ey and E,.. represents the sum of the external
potential acting on the interacting system, Hartree and exchange-correlation energies

respectively. The K-S Kkinetic energy can thus be expressed by re-introducing the

Kohn-Sham (independent particle) wavefunction W, as:
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T,[n@®] = T [ dF¥i @) (- o V2) W@, (332)

and Hartree energy as:

W@ = < [ dF [ dF "(l’?’i(T (3.3.3)

The K-S equations are created by varying the total energy expression with respect to a

set of orbitals to yield the Kohn-Sham potential as:

—> —> 7 -7 6Exc r
Veff(r) = Vext(r) +e? f%dr + %7(;)] (3-3-4)

Where Vy is the exchange correlation potential

5 xXC ( )
Vee () = 22220, (3.3.5)
Substituting into equation (3.1.1) gives:
2
[_Z_mvz + Veff(7)] V() = E¥;(®. (3.3.6)
n(@) = LY |¥:@)% (3.3.7)

The form of the exchange-correlation Eyc, energy functional is not known. Therefore,
approximations are made so that DFT can be used for physical systems [58]. The above
equations provide a theoretically exact method to compute the ground-state energy of
an interacting system, by giving the form of Exc.. Unfortunately, the form of the Exc is
unknown and its exact value has been calculated for only a few very simple systems,
such as H and He and therefore has to be approximated.

A self-consistent iterative procedure would start from an initial electron density that
can be used to calculate the Kohn-Sham potential. Then, through solution of equation
(3.3.6), and use of the relation in equation (3.3.7) we can obtain a new electron density.
If the initial and new densities are identical, then the ground state density has been
found. Otherwise one must select a new trial density through minimization of the total

energy and continue to repeat the iterative procedure.
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3.4 Density Functional Theory methods

3.4.1 Making DFT practical: Approximations

As mentioned earlier the major problem with DFT is that the exact functionals for
exchange and correlation are not known except for the free electron gas. However,
approximations exist which allows the calculation of certain physical quantities to be
done quite accurately. Itis vitally important to search the literature for calculations on
similar materials and properties. Three different approximations will be discussed
under this study, namely the Local density approximation (LDA), Generalized gradient
approximation (GGA) and the Hybrid functionals [59].

3.4.2 Local Density Approximation (LDA)

The LDA is determined solely based on the properties of the electron density with an
assumption that, for a molecule with many electrons in a gaseous state, the density is
uniform throughout the molecule. The LDA is mostly accurate and generally gives

very good results for systems with slowly varying charge densities.
ELPA = [ €., [n(r)In(r)dr, (3.4.1)
where €, is the exchange-correlation energy of a homogeneous electron gas of density

n.

The exchange-correlation potential corresponding to ELP4 is given by:

SELDA Oxcl
VEPA(r) = S = €y [n()] + () 220, (34.2)
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The exchange-correlation energy is then divided into exchange and correlation
components and the exchange component is elementary, leading to different numerous
approximations for the correlation component [60][61].

Exc= Ex+E,. (3.4.3)

Expression for exchange can be solved using:

€= Cfng (r)dr. (3.4.4)

3.4.3 Generalized Gradient Approximation (GGA)

The success of LDA led to more improved approximation in the form of GGA. Any
real system has a spatial varying charge density and GGA includes information on the

rate of variation in the functional as shown below.
ESEA = fd3f[n(r)],Vn(r). (3.4.5)

Current common GGA’s and LDA seem to have reliable results for all types of bonds
and fail for van der Waals interactions. Numerous other GGA functionals have been
developed to describe these weak interactions and can be classified into two types:
functionals that contain empirical parameters whose values have been fitted to
reproduce experiments or more accurate calculations, such as B88 and LYP. The
second type corresponds to functionals with no empirically determined parameters,
such as PBE, B86, PW91 [62].

3.4.4 Hybrid functionals

These are a class of approximations to the exchange-correlation energy functional in
DFT that incorporate a portion of exact exchange from Hartree-Fock theory with
exchange and correlation from other ab initio. The exact exchange is mixed with DFT

approximations, resulting in improved accuracy and corrects qualitative features. One
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of the most commonly used versions is B3LYP (Becke, 3-parameter, Lee-Yang-Parr)
[63]. B3LYP functional employs three parameters a,, a., ay to control the mixing of
the Hartree-Fock (HF) exchange and density functional exchange and correlation.

Given by the following expression:
EESVYP = EU2A -+ ag (B — EIPA) + 0, (SO — ELP) + ag(EEOA — EPY). (3.4.6)

Where the empirical values a, = 0.2, a, = 0.72, and a, = 0.81. E¢%4 and ES%4 are the
generalized gradient approximations: the Becke 88 exchange functional and the
correlation functional of LYP for B3LYP, and ELPA is the Vosko, Wilk, and Nusair
(VWN) local-density approximation to the correlation functional. Other hybrids
available are BIPW91, B1LYP, B1B95, mPW1PW91 and PBE1PBE [64].

3.5 Exchange-correlation energy functionals

Every component of Kohn-Sham DFT energy can be computed exactly except for the
exchange-correlation component. The total energy of for example, a closed shell

system is given by the following expression:
E[n] = Ts[n] + V[n] + U[n] + Ex[n], (3.5.1)

where T¢[n], V[n],and U[n] are the kinetic, nuclear-electron attraction (Coulombic)
and electron-electron (Coulomb) interaction energy terms respectively. Substituting

into equation (3.5.1) gives:

Eln] = ZNfdgr‘f’ (M) V(1) + [ drVey (Mn(r) + 3 fdrfdr’ @l

[r—7'|

Eyc[n] . (3.5.2)
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The 1% term on the right-hand side is expressed in terms of the single-particle orbitals
¢;(r), of a non-interacting system with density n, and it depends on a full set of
occupied orbitals. The last term of equation (3.5.1), E,.[n] is the exchange correlation
energy which incorporates everything else that is not exactly defined. The exchange-
correlation energy Exc, can be split into two components as illustrated below in the
following form:

E..[n] = Ex[n] + E;[n], (3.5.3)

where E, [n] is the exchange energy functional that is exactly defined and E.[n] is the
correlation energy functional that will be approximated. The exchange-correlation
energy can therefore be written as,

= ~J[n@ )”xc(”) drdr'. (3.5.4)

Is the Coulombic interaction between an electron at position r, and the value of its
exchange-correlation hole nx (r, ¥’) at r’. Hole charge at »’ is not static but depends on
the current position of electron r. The exchange term can be written explicitly in terms

of the single-particle orbitals as,

;)PP ) pr ()

r—r']

Exl[{¢:i[n]}] = ";22 jie [ Pr [ dPr' (3.5.5)

The exchange-correlation density nyc (r,7’), at »’ can also be sub-divided into exchange
and correlation parts as.
Ny (r, ") =n,(r,7'") + n.(r, 1), (3.5.6)

Using equation (3.5.4) we can re-write the exchange and correlation functionals as:

1 X " !
n=1f fn(r)”hfi:,f drdr’ . (3.5.7)
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En] =3 fn(r)%’:f drdr' . (3.5.8)

|r—r

The correlation becomes the energy lowering obtained in a real system due to mutual
avoidance of the interacting electrons. The correlation energy can thus be estimated
since it constitutes a fraction of the total energy functional. However, it can have an
important contribution to many systems of physical and chemical interest. Different
methods used to explicitly calculate this component will be used during this study
[65][66][67].

3.6 Van der Waals interactions (vdW)

In physical chemistry the term vdW comprises all probable forces between molecules
such as between two permanent dipoles (Keesom force), a permanent dipole and a
corresponding induced dipole (Debye force), and two induced dipoles (London
dispersion force). In condensed matter, material physics, chemistry and biology,
London dispersion forces are referred to as the vdW forces. They are weak forces but
are crucial for cohesion of layered materials [68].

3.6.1 Extensions of (semi)local DFT methods

By construction, LDA and GGA disregard the long-range non-local correlations that
give rise to the vdW forces but there are possibilities to add it in a pragmatic manner.
Therefore, the need to search for an approximate Exc functional that includes vdW
forces. The exchange part alone can yield anything from severe over binding to severe
over repulsion depending on the choice of the functional. This method of adding an
inter-atomic potential to the total DFT energy has been projected in various forms, but

the most prominent were introduced by Grimmer, Tkatchenko and Scheffler (TS) as
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well as Becke-Johnson (BJ) [69]. The total energy of a system can be expressed in a
way that incorporates the vdW interactions as shown below.

Eprr—aisp = Exs—prr + Eaisp, (3.6.1)

where Eppr_qisp 1S the self-consistent Kohn-Sham energy and Ey;y, is the dispersion
correction. Inthe DFT-D2 [70] method by Grimme, the potential is written as:

ij 1

c
disp 6 Zl<1 Tf} 1+e -0 ij/SRRj=1)"

(3.6.2)

where r; is the distance between i and j atoms, S is a fitted scaling parameter that is

dependent on the DFT functional used, Céj is a coefficient that defines the strength of
inter atomic interaction. R;; = R; + R; combine the tabulated empirical vdW radii R;,

which are used with constants, d and si to determine the behaviour of the damping

function.

DFT-D2 method is numerically efficient and produces accurate binding energies
especially when combined with some of the double hybrid functionals instead of GGA.
However, this method has some disadvantages such as lacking flexibility as well as
electron distribution dependence. These disadvantages can be addressed by the DFT-
D3, TS and BJ methods. The DFT-D3 method takes into account the chemical

environment of each atom by assigning a coordination number [70].

In the DFT-D3 correction method the dispersion correction is,
1 @Ngt ©N , Ceij Ceij
Eqisp = =3 221 %21 X1 (fd,G(rij,L) ri—” + fas(rijL) rg_u) : (3.6.3)
ijL ijL

In the DFT-D3 correction method, unlike in the method DFT-D2, the dispersion

coefficients C4;;, are geometry-dependent as they are adjusted on the basis of local

geometry (coordination number) around atoms i and j.
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The expression for dispersion energy within the method of TS [71] is formally identical
to that of the DFT-D2 method with the difference being that the dispersion coefficients
and damping function are charge density dependent. The TS method is therefore able
to take into account variations in vdW contributions of atoms due to their local

chemical environment.

Polarizability (o) and dispersion coefficients of an atom in a molecule or a solid are

calculated from their free-atomic values using the following relations [72] :

a; = v, (3.6.4)
Coir = VECLT®, (3.6.5)

v; Is the ratio of effective volume occupied by the atom in solid divided by the

molecular environment to volume of free non-interacting atom.

The combination rule that describes the strength of the dipole-dipole dispersion

interaction between different atomic species is given by:

Ceij = # (3.6.6)
[a_iceii"'a_;cejj]
The strength of atomic interactions within themselves is given by Cg; and Cgj;

whereas, Cg;; gives the interaction between the atoms i and j [73].

The optPBE [74][75] functional is one example of the vdW-DF approach which
requires no external input but seeks to treat dispersion interactions directly by using the
electron density. The optPBE seeks to overcome the problems of the original vdW-DF
that produced too large molecular binding distances [76]. The exchange-correlation

energy is given by:

E. = E,°“4 + EP4 + g™ (3.6.7)
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where and are the exchange and correlation energies for given GGA and
LDA functionals respectively. Dispersion is included using nonlocal correlation

energy E™, calculated in the form,

EM = JI drydryn(r)e(r, r)n( ). (3.6.8)
where, as before n(r) is the electron density and ¢ is an integration kernel.

PBEsol [77] functional is intended to improve on PBE for equilibrium properties such
as bond lengths and lattice parameters for solid state and surface systems. It is
constructed on a gradient expansion of the exchange energy and a final fit of the
exchange-correlation energy to that of surface jellium.

Heyd, Scuseria and Ernzerhof (HSE) [78] proposed to replace the long-range part of
the semilocal density functional. This is equivalent to taking a semilocal functional
and hybridizing the short-range part of the exchange as shown in equation (3.6.9)

below.

Where, E, PSR E PBESR and E,PPELRare the short-range Hartree-Fock exchange,
short-range PBE exchange and long-range PBE exchange respectively. The mixing
parameter for HSEOG is 25% and it improves the bandgaps in semiconductors [79].

The modified Becke-Johnson potential (mBJ) [80] has also been proven to improve the

bandgap description. The MBJ potential is given by:

v (1) = cu P+ (3¢ - 2) 1 \/% /ff(—<)) (3.6.10)

Where, c is a system-dependent parameter, with ¢ = 1 corresponding to the Becke-
Roussel (BR) potential v,2%(r) which was originally proposed to mimic the Slater
potential, the Coulomb potential corresponding to the exact exchange hole. With t(r)

representing the Kinetic energy density [81][82].
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3.7 Phonons

A phonon is a collective excitation of a set of atoms in condensed matter. When an
atom in a crystal is displaced from its equilibrium position, the forces on all atoms in
the crystal rise. Phonons determine the crystal temperature. Knowledge of phonon
characteristics are required to describe mechanical, acoustic, dynamical,

spectroscopic and thermodynamic properties of crystals at finite temperature [83].
First principles phonon calculations with a finite displacement method involve analysis
of the forces associated with a systematic set of displacements providing a series of
phonon frequencies [84]. In the supercell method, finite displacement calculations are
carried out in the supercell. Calculation of harmonic force constants are conducted as

follows:

_ v Fm)
®;;(M,N) = qu;(Mdu;(N) —  uj(N)

(3.7.1)

where V is the potential energy, u;(N) is the displacement of atom N and F; (M) is the

force on atom M.

3.8 Many Body Pertubation Theory (MBPT)

DFT represents an independent and alternative approach to an inhomogeneous electron
gas problem [85]. MBPT offers a useful framework for the calculation of electronic
excitations (response to an external perturbation). The response of the material is
essential for the interpretation of many experimental results or for the design of
technological devices. These excitations probes into many real life problems ranging
from the design of more efficient solar cells, defect creation in nuclear waste,
deformation of molecules upon absorption of radiation in cancer research to
photosynthesis [86]. In order to study electronic excitations spectrum of a solid,

photoemission experiments are performed where photon with an energy hw are used
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as projectiles to knock electrons out a solid. Measuring the kinetic energy of the
photoemitted electrons along a certain direction k, and using the conservation of energy

and momentum, the excitation spectrum E(k), can be calculated using:

hw = K.E + E(k) (3.8.1)

The experiment then measures the excitation spectrum of the solid with the presence
of a hole. An inverse photoemission experiment uses electrons as probes to measure
the unoccupied density of states with an additional electron.

The difference in energy between the ground and excited states of an N particle system
can be measured by measuring the energy of the photon absorbed by the system. This
energy difference is called optical or neutral gap and is given by:

A=E])

total

(N) = EGear(N) (3.8.2)

where EZ®

rorar (V) s the ground state energy and E¢,; (N) the excited state energy of

an N-particle system. If ionization takes place during a photoemission experiment, the
absorbed photon can gain enough energy to leave the system. The difference between
the initial E;,:q;(N), and the escaped photon energy E;otq:(N — 1), can be used to

determine the ionization potential by:

I= Etotal (N - 1) - Etotal (N) (383)

Electron affinity can also be determined from the inverse photoemission experiment as
follows:
A = Etotai(N) — Erorad (N + 1) (3.8.4)

The difference between the ionization potential and electron affinity gives us the
fundamental gap of the material which is also related to the chemical hardness and

energy orbital difference of the system [87].
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When dealing with interacting molecular orbitals, the two that interact are commonly

the highest energy occupied molecular orbital (HOMO) of one molecule and the lowest
energy unoccupied molecular orbital (LUMO) of the other molecule. These orbitals
are the pair that lie closest in energy of any pair of orbitals in the two molecules, which
allows them to interact most strongly. The difference in energy between these orbitals
Is the fundamental gap.

3.9 Green function

The Green’s-function allows us to solve the problems of calculating excitation,
ionization and ground state energies, transition matrix elements, absorption
coefficients, and dynamical polarizabilities. Additionally, self-consistent perturbation
theories can be formulated in terms of the Green’s function [88].

Through photoemission experiments photons with an energy (ho) can be used to eject
electrons. The excitation spectrum E(k), of the solid can be obtained through equation
(3.8.1). According to Hedin and Lundgvist 1969 [89], for sudden approximation of the
photoemitted or probing electron, the spectrum is directly related to the one-particle

Green function defined as:

iG(x,x) =(N|T[d)PT(xH]|N) (3.9.1)
for t > t’ (electron), i.e. probability that an electron added at x" will propagate to x.
iG(x,x) = (N[Pp)PT(x")|N) (3.9.2)
for t’" > t (hole) , ie, probability that a hole created at x will propagate to x'.

iG(x,x) = (=N|Pp)PT(x")|N) (3.9.3)
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where, |N) is the exact N-electron ground state, ) is a field operator in the Heisenberg
representation which annihilates an electron at x = (r,t) and t is the time ordering

operator. Expressing the Heisenberg equation of motion using the field operator, 1) :

229 = [h(x), A, (3.9.4)
the Hamiltonian, H is given by,
A = [ d*rpt@he)h@) +5 [ drd>r )P (v —7),  (3.95)

where v(r — r") is the bare Coulomb interaction. The equation of motion for the Green

function becomes:
i — ho(0)|6(x,x) = [ dx"M(x,x")G(x",x') = 6(x =),  (3.9.6)

h, is the summation of the kinetic energy and local external potential. The Hartree

potential plus self-energy operator, M is given by:

[dx;M(x,x)G(x1,x") = —i [ d3rv(r — 1) X
(N|T[¢AT(T11 t)lf’(rp t)l)l}AT(Tl t)lpAT(T’, t,)] |N> (397)

3.10 Self-energy

Self-energy X, is the energy that a particle has as a result of changes that it itself causes
in its environment. It represents the contribution to the particle's energy, or effective
mass, due to interactions between the particle and its system. The perturbation theory
starts from what is known in order to evaluate what is not known, with the hope that
the difference between the two is small. Assuming that G, corresponds to the

Hamiltonian h,, all that is unknown is placed in:

T=Gsl-G1, (3.10.1)
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which is the definition of self-energy. Therefore,

iZ—ho|6—[36=1. (3.10.2)
will be compared with,

i2—ho|G+ifvG, =1. (3.10.3)

Applying the trick due to Schwinger (1951) [90], a small external potential U(3), is
introduced that will be made equal to zero at the end. Variations of G,with respect to

U are then calculated. The self-energy,

ERCY)

2(1,2) = —i [ d3d4v(11,3)G(1, 4) 5U(3) (3.10.4)
The vertex function is then expressed as:
_8671(1,2)
ra,23) = G (3.10.5)
The Dyson equation becomes,
G~1(1,2) = G3*(1,2) — U(1)8(1,2) — £(1,2). (3.10.6)

Through the Dyson equation we can therefore simplify using the analogy that the Green

function G, corresponds to self-energy X~ = 0 obtaining:

The first term G, (1, 2) is a direct propagation from points 1 to 2 without exchange-
correlation interaction. X contains all the possible exchange-correlation interactions
with the system that an electron can have when moving from point 1 to 2. G, also

corresponds to H, = Hfartree 4 yx¢ hence equation (3.10.7) can be expressed as:

G = Gy + GyAZG (3.10.8)
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where, AY =X —V* and V*° represents some local and energy-independent
exchange-correlation potential.

Multiplying equation (3.10.7) on the left by the inverse G4 of the operator G, and on
the right by G~ yields equation (3.10.1) [91][92].

3.11 Polarization and response function

The ability of a material to form instantaneous dipoles is a measure of its polarizability.
Polarizabilities determine the dynamical response of a bound system to external fields
providing an understanding into a molecule's internal structure [93].
The macroscopic dielectric tensor couples the electric field in a material to an applied
external field as shown below:

E =€ E,,. (3.11.1)

where € is the dielectric tensor and E is the electric field. Total potential of a system
can be expressed as sums of the external potential V,,;, that arises from perturbation

caused by a photon and the induced potential V;,;. We can have two formulations:

Viot = € Wexe, (3.11.2)
and
Viot = Vext+Vina (3.11.3)

The induced potential produced by the induced change in the charge density pinq, IS

given by:
SVind = v5pind1 (3114)

41T

qu is the Coulomb kernel. From equation (3.10.2) and (3.10.3), the

where v =

dielectric function can be expressed as:

_ S(Vtot_Vind)
€=, (3.11.5)
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which can be simplified to:

e=1—"2Pmd (3.11.6)

Viot

The inverse dielectric function can be also expressed as:

-1 _ v8Pind
et =1+, (3.11.7)
In weak external fields,
Pind = XVext ) (3-11-8)

where y is the reducible polarizability and:
Pina = PVior , (3.11.9)

where P is the irreducible polarizability, which gives the change in the charge density

due to a change in total field.

A relationship between the reducible polarizability and irreducible polarizability can

therefore be established from the above equations which has a form of the Dyson

equation as:
e l=1+wy. (3.11.10)
€e=1-—vP. (3.11.11)
X =P + Pvy. (3.11.12)

Through equations (3.11.10) and (3.11.11) the dielectric function can be calculated if

the response of the system to a change in the external or total potential is known [94].
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3.12 Hedin’s equations

In 1965 Lars Hedin [95] derived a closed set of equations for the propagator G, the
proper self-energy X, the effective potential W, the polarization 1, and the dressed

vertex I' , the irreducible polarizability y, and bare Coulomb potential V.

G(1,2) = Go(1,2) + [ d34Go(1,3)5(3,4)G(4,2). (3.12.1)

2(1,2) =i [ d(34)G(1,3)W(1L,4)I(4,2,3). (3.12.2)

r@,2,3) = §(1,2)8(1,3) + [ d(4567) jf;gg G(4,6)G(7,50(6,73).  (3.12.3)
W(1,2) =V(1,2) + [d(B34)V(1,3)P(3,4)W (4,2). (3.12.4)

x(12) = —i [ d(34)G(23)G(42)(341) (3.12.5)

3.13 GW approximation

Green’s function theory and the quasiparticle concept constitute an elegant alternative
to DFT to solve the many-body problem. The GW approximation is derived
systematically from many-body perturbation theory. It is an extension of the Hartree-
Fock approximation for self-energy by replacing the bare Coulomb potential V, with
the dynamically screened potential W, [96]. GW approximation calculates the self-
energy of a many-body system of electrons.

The GW method can be understood in terms of the eigenvalue equation as shown

below:
(T + Vexe + Vi) i (1) + f dri(r,7",w = Eng)ni(r') = Engpnr (1) (3.13.1)
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where T is the kinetic energy V,,;, the external potential of the nuclei V,,, the Hartree
potential E,,, the quasiparticle energies with orbitals ¢,,,, and n and k being the band
and k-point indices respectively. In comparison to DFT, the exchange-correlation
potential is replaced by the many-body self-energy X, and should be obtained together
with the Green's function, the irreducible polarizability y, the screened Coulomb
interaction W, and the irreducible vertex function I", in a self-consistent procedure
using equations (3.12.1) to (3.12.5). The equations (3.12.1) to (3.12.5) are exact and
provide an alternative to the Schrodinger equation for the many-body system problem.
However, for real systems approximations are essential.

Disregarding self-energy term in equation (3.12.3) yields the GW approximation in a
way that equations (3.12.5) and (3.12.2) are reduced to:

P(12) = —iG(12)G(21h) (3.13.2)
and
2(12) = ic(12H)w(12). (3.13.3)

For comparison, the Hartree-Fock self-energy and GW self-energy can be expressed
as:
2(1,2) =i6(1,2)v(1t,2) and £(1,2) = iG(1,2)V (11, 2) (3.13.4)

respectively where the Coulomb interaction is replaced by the screened Coulomb
interaction. The V and W can be expressed as:

V(1,2) = ——58(t; — t;) (3.13.5)

1

|r1—73]

w(,2) = [dry

€l (ry, 1ty — ) (3.13.6)

W is dynamic and shorter ranged, whilst V is static. GW self-energy can also be
expressed as:
Yew (W) = iGW = iGV + iG[W — V] = %, + Z.(w) (3.13.7)
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where W —V = W¢ is the difference between the screened and bare Coulomb
interactions. Further expressing the real part of W€ as asum of its components, the
screened exchange (SEX) and Coulomb-hole (COH) we get [97][98][99]:

X =23¢x + Zcon (3.13.8)

2:SEX(T, rw) T T 2 Pn(r) l/)n* (r)ReW (r, 1, w —€y) (3.13.9)
and

, Imw (r,r',w")
!

Sconerrw) = — 2al by (M Y, () [ dw (3.13.10)

W—Ep—w

In summary the implementation of the GW method is illustrated as shown in figure 3.1

below.

KS KS
A G Y
P GoW;
7
b
v
GW G

ground-state
properties

Figure 3.1: Flow diagram showing the practical implementation of the GW method.
The partial self-consistent GWo updates the self-energy operator X, and the self-

consistent GW updates the screened Coulomb potential W [100].
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3.14 Bethe-Salpeter Equation (BSE)

Appropriate description of the electron-electron correlation and electron-hole
interaction is highly required to investigate the electronic and optical properties of
materials. These properties can be well described through the solution of the BSE.
The BSE describes the bound states of a two-body (particles) quantum field theoretical
system in a relativistically covariant formalism. The BSE is the third and final step of
a three-stage computation, DFT, GW and BSE, whose target is to determine the optical
properties of material systems. The procedures determine the optical response
function, which is the frequency dependent dielectric function including excitonic
effects on top of standard DFT calculations, hybrid functionals or the GW. It gives an
appropriate description of the absorption and energy-loss spectra which correctly
describes important excitonic effects [101].

The four-point reducible polarizability is the key quantity:

L(1,2,3,4) = Ly(1,2,3,4) — G,(1,2,3,4) (3.14.1)

where G,, describes the propagation of the two particles and L, is the disconnected

part consisting of the two one-particle Green’s function and is given by:

Lo = iG(1,3)G(4,2). (3.14.2)

L satisfies a Dyson-like equation therefore the BSE takes the form:

L(1,2,3,4) = Ly(1,2,3,4) + [ d5678Ly(1,2,5 6) [v(5,7)6(5,6)5(7,8) +
x(5,6,7,8)1L(7,8,3,4) (3.14.3)

Where y is the standard approximation for interaction given by:

_i83(5,6)

= 5608 (3.14.4)
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In practice, BSE can be solved through diagonalizing a two particle excitonic
Hamiltonian which gives information on the excitonic eigenstates and eigenvalues
[102]. For the BSE, it is favorable to restrict the number of bands when solving the
BSE equations due to the fact that the computational costs grow very steeply with the
number of occupied and virtual bands used. To solve equation (3.14.3) we have to
approximate the many-body interaction kernel =. The standard approximation consists
in using the GW self-energy of equation (3.13.7). Therefore the solution of the BSE
corresponds to the inclusion of vertex corrections in P through a second iteration of

Hedin’s cycle of equations [103].

3.15 Optical absorption of semiconductors

The absorption coefficient a, is defined as a measure that defines the capability of light
of a specific wavelength to penetrate a material before being absorbed. It can be
calculated from optical transmission data. The transmission coefficient T, can be

determined by:
T=— (3.15.1)

where I, and I are the intensities of monochromatic light before and after transmission
through a material of thickness x, respectively. T can further be determined after

considering numerous reflections.

_ (1-R)%exp(—ax)
T= 1-R2exp(—2ax) (3.15.2)

where R, is the coefficient of reflection. The imaginary component of the index of

refraction can then be determined as:

k=22 (3.15.3)

41T
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The real part of the index of refraction n, is significantly larger than the imaginary part

k, close to the band edge. Therefore, the reflection coefficient can be expressed as:

R =11 (3.15.4)

T (n-1)2°

Absorption coefficients of direct and indirect band semiconductors are calculated
differently [104]. The direct band absorption coefficient is calculated as follows:

a=A(E —E,) /2 (3.15.5)
where A, is a constant which is material specific, E is photon energy and Eg is the
bandgap energy. Applying the parabolic approximation the absorption coefficient of
indirect semiconductors becomes [105]:

a=a;+a, (3.15.6)

where a, and a,, are the absorption coefficients involving the absorption and emission

of a phonon respectively calculated as:
ay, = C(E —E; + E,)* where E > E;, — E, (3.15.7)

a. =D(E — E; + E,)* where E > E, + E, (3.15.8)

C and D are material and temperature-dependent constants.

3.15.1 Relation of Complex Dielectric Function to Observables

The absorption coefficient of a material was described in the previous section and can
be obtained through manipulation of equation (3.15.3). Using the relationship between
the velocity, frequency and wavelength of light (c = f4) [104], equation (3.15.3) can

be re-written as:
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4Tk
o=
c

(3.15.9)

The dielectric function is a measure of the degree of resistance that is encountered when
forming an electric field in a specific medium. The response of materials to external
electric fields is dependent on the frequency of the field. This frequency dependence
echoes the fact that materials polarization does not change instantly due to an applied
electric. This phenomenon results in the dielectric function being treated as a complex
function due to the phase difference [106].
The complex dielectric function can then be divided into two parts, the real part (€')
and imaginary part (€") as:

e=e'+e” (3.15.10)

The real and imaginary parts of the dielectric function are related to the extinction

coefficient k, and index of refraction n, through the following equations [107]:

€'=n?—k? (3.15.11)
and
€= 2nk (3.15.12)

Optical constants such as absorption coefficient, extinction coefficient, refractive index
and reflectivity of the materials will then be computed and analysed from the real and
imaginary dielectric function [108]. The analysis will therefore determine if the
materials are suitable to be used in optics, photonics, image sensors, infrared detectors,

energy conversion as well as displays and LEDs, just to mention a few.

40



3.15.2 Macroscopic and microscopic frequency dependent dielectric function

The total macroscopic electric field follows the periodicity of the external perturbation,
nevertheless the microscopic total electric field additionally exhibits rapid vibrations

on the primitive cell scale. The dielectric function can be written as:
E(r,w) = [d3r €t (r,—7', 0)E (1", w), (3.15.13)

where E and E,,; are the total and external macroscopic electric fields respectively and
€mac 1S the macroscopic dielectric function [104]. The microscopic total electric field,

e(r, t) can be expressed as:
e(r,w) = [d3r" €1 (1,1, 0)Eex (T, 0). (3.15.14)

The macroscopic dielectric function only depends on position difference. Transferring

equation (3.15.13) to momentum space yields:

E(q, ®) =€mac (@, 0)Eex: (q ). (3.15.15)

The microscopic dielectric function is only invariant under translation by a lattice

vector R:
I dgql d3q” ig’ 1o iq''r’
€nriw) = j (2m)3 (2m)3 e'7e(q’,q", w)e™ " =
3,41 4341 . o
f(inzs ?273)3'9“1 +Re(q’,q", w)e ™ T+R) (3.15.16)
yielding,

€ (r,r,w) =e(r+R,r +R w). (3.15.17)

The difference between g’ and g is a reciprocal lattice vector. The relationship
between the macroscopic total and external field can then be established leading to a

relation between the macroscopic and microscopic dielectric functions as [109]:
Emac (@, ®) =€55 (q, W), (3.15.18)
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implying that:
€00 (¢, ) = [Emae (@, W), (3.15.19)

Slow varying external fields cause rapid vibrations on the macroscopic scale, the
resultant effect on the macroscopic dielectric function are called local field effects. For
materials that are also homogeneous on the microscopic scale, for example the

homogeneous electron gas, no local field effects are present leading to:

Emac (4, w) =€ (q, w). (3.15.20)

where local fields are neglected.

3.16 Optical transitions

There are two types of optical transitions namely interband transition and intraband
transition. Interband transition is an electronic transition between different electronic
bands while the intraband transition is a transition between electronic states within the

same band.

3.16.1 Inter-band transitions

We can have direct and indirect interband transitions. In transitions of the electrons,
the energy and the momentum are conserved. Consequently, phonons do not take part
in direct transitions due to the fact that the wave vector k, of the phonons is much larger
than that of the photons. However, phonons transitions are involved in the indirect
transitions. Therefore, the transition probabilities of the direct transitions are much
higher than those of indirect transitions.

Interband transitions contribution to the dielectric function can be split into direct and
indirect transitions as follows [110]:
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Einter (w) = Einter(l) (“)) + i Einter(z) (w), (3-16-1)

where €iprercry (@) is the real part and €02y (w) is the imaginary part obtained

from band structure calculation. The imaginary quantity can be evaluated through

direct electronic transition between occupied and unoccupied electronic states by:

Cimter) (@) = 25, Tile, k(& - v, k|2 x S[E,(K) — E,(K) — wh] (3.16.2)
where ¢ and v are the conduction and valence states respectively. |n, k > are the full-
potential linearized augmented plane-wave (FLAPW) eigenstates, p is the momentum
operator and é is the external field vector [111]. The real part is attained from the
Kramers-Kronig transformation that connects the real and imaginary parts of any
complex function that is analytic in the upper half-plane as follows [112]:

2 © Einter (w”)a)’ ’
€inter) (W) =1+ ;Pf e e 1) (3.16.3)

0 w'2-w2+in

where P is the principal value of the integral and is a small complex shift used to
smoothen the spectrum. Once the dielectric function is computed, all other observables

can then be obtained.

3.16.2 Intra-band transitions

Electrons are excited to higher energy states within the same band. These transitions
are only in metals and sometimes in highly doped semiconductors. Conversely, the

intra-band dielectric function is also obtained as follows:
€intra (W) = Eintra(1) (w) + i Eintra(2) (w). (3.16.4)

The real and imaginary parts of the dielectric constants as described by the Drude free-
electron theory are:

wjt(w)?

1+w?t(w)? '’

Eintra(1) (w)=1 (3.16.5)
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and

wjt(w)?
w(1+w?t(w)?2) '

€intra(2) (w) = (3.16.6)

where z(w) is the relaxation time and wy is the plasma frequency. The relaxation time

can be obtained from the ratio of the above two equations as:

() = ZSinram©@) (3.16.7)

Eintra(z)(w)w

The plasma frequency wy, is given by:

w, = /4”7:@2 (3.16.8)

where m is the effective optical mass, N is the density of conduction electrons and e is
the elementary charge [113][114].

3.17 Thermal transport

The thermal transport of dielectric solids can be determined by means of the Boltzmann
transport equation (BTE) regarding its distribution of phonons subjected to a thermal
gradient. The equation employs the particle-like nature of phonons to model heat
transfer at small scales. Subsequent to solving the equation, the thermal conductivity
is obtained. The equation arises by considering a probability distribution for the
position and momentum of a typical particle [115]. The general form of the BTE takes
the form:

or
at

— ok af
+TVf + 2V, = (Z)
9 f ot of ot/ collisions

, (3.17.1)

where f (7, t,F) is the phonon distribution function representing the number of

phonons at position 7, at time t, with a wave vector k, and polarization p, per unit
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solid angle per unit wave number interval per unit volume. v, is the phonon group

velocity. The term on the right-hand side of equation (3.17.1) represents the change in
phonon distribution due to phonon collisions. When these collisions (elastic or
inelastic) are very large, the kinetic theory can be used to characterize these collisions
in terms of effective scattering or relaxation times. Thus, the collision term can be
expressed in terms of the relaxation time approximation as shown below.

of f=fo
of =_1"h 3.17.2
(at)collisions Teff ( )

where 7, is the relaxation time of the phonons and f,, is the equilibrium phonon

distribution given by the Bose-Einstein distribution as:

fo = e(Tl)_l . (3.17.3)

*T
Transforming the phonon distribution function into a phonon energy density yields:
e, = hoD(w)f , (3.17.4)

where  and w are the modified Planck’s constant and phonon frequency respectively.

D(w) is the phonon density of states function. The BTE now takes the form:

del)
at

ed—el

Teff

+ Sy, Ve, = (3.17.5)

where e/ is the phonon energy density with frequency w, at position 7, at time ¢, per
unit volume, per unit time, per unit frequency, per unit interval and § represents the

unit direction vector propagation.
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4  Computational Details

All computations during this study were done using the VASP code [116] which is
based on DFT and solves the Kohn-Sham equations using the projector augmented
wave (PAW) [117] method. The projector augmented wave method is an all-electron
method for efficient ab initio molecular dynamics simulations with full wave functions
[118]. The method is a generalization of the pseudopotential and linear augmented-
plane-wave methods, allowing density functional theory calculations to be performed

with better computational accuracy and efficiency [119].

The four files, INCAR, POSCAR, POTCAR and KPOINTS are the central input files
in the working directory for VASP execution. The starting input data were extracted
from the Materials Project [120]. LDA and GGA approximations to the exchange-
correlation energy were used as previously discussed in chapter 3. Grimme DFT-D2,
DFT-D3, Tkatchenko-Scheffler (PBE+TS), PBEsol and the optB86b-vdW dispersion
corrections were used to account for the long range van der Waals forces between
layers [121].

Pymatgen [122] was used to automatically generate KPOINTS with grid density =
1000 / atom. The POTCAR files use an energy cut-off of 520 eV from Materials
project for the plane wave basis which was used for the bulk calculations. The global
break condition for the electronic self-consistence convergence was setat 1 x 1078 eV

in order to improve accuracy.

For structural minimization, interatomic forces were minimized using a conjugate
gradient method. Elastic constants were computed using two ways in ab initio methods

namely the energy-strain approach and the stress-strain approach [123].

For the phonon calculations, supercell and finite displacement approaches were used
with 4 x 4 x 4 supercell of the conventional unit cell through the PHONOPY code
[124].
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For optical properties, a three-stage computational process was implemented. The first
stage was a DFT calculation which enabled us to obtain the electronic structures of the
systems which was then used as input for the second stage, the GW calculation. At the
GW stage, the Kohn-Sham exchange correlation potential was then replaced by the
electron self-energy. The self-consistent GWy calculation was conducted keeping the
screened Coulomb fixed at its DFT value, computing only the Green’s function. This
is also illustrated in Figure 3.1, the flow diagram showing the practical implementation
of the GW method. The third stage was the BSE calculation where the optical property
observables such as the absorption coefficient, reflectivity, refractive index, extinction
coefficient and loss factor were determined. The BSE dielectric matrix was calculated
based on the GW input data and the optical properties from the BSE dielectric matrix.
Lastly, lattice thermal transport properties were determined by means of the Boltzmann
transport equation (BTE) regarding its distribution of phonons subjected to a thermal
gradient. This was done using a single-mode relaxation time approximation in the
linearized phonon Boltzmann equation from first-principles anharmonic lattice
dynamics calculations as implemented in the PHONOS3PY package [124][125].

4.1 Work flow

VASP was central to all the computations of this study. As earlier stated in the previous
section, the four files, INCAR, POSCAR, POTCAR and KPOINTS were the central
input files in the working directory.

The INCAR file, which is the central input file of VASP controlled all the calculations.
The KPOINTS file containing the k-point coordinates and mesh size for creating the
k-point grid and POSCAR file containing lattice geometry and the ionic positions were
obtained through materials project database. The POTCAR file containing the
pseudopotentials for all the atomic species used in the calculations were generated from
the POSCARS through pymatgen [116].
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First step in working with materials is to relax the structures. This was done through
uniform scaling of the structures resulting in thirteen volumes which were added when
necessary. At each volume, atoms were allowed to relax to positions where they had
lowest energies. LDA, Grimme DFT-D2, DFT-D3, Tkatchenko-Scheffler, PBEsol and
the optB86b-vdW dispersion corrections were used to account for the long range van
der Waals forces and the electronic ground state data (energy and volume) was fitted
into the third order Birch-Murnaghan equation of state [126]. For each dispersion
correction, cohesive energy, formation energy, cell volume and lattice constants were
obtained. The parameters for the most stable polymorph were then used to compute
and simulate mechanical, dynamic, band structures, optical and thermal properties of

materials under study.

Elastic constants were analyzed through ELATE [127], an online tensor analysis tool.
From the analysis, mechanical properties such as bulk, Young’s and shear moduli,
Poisson’s ratio according to the three averaging schemes (Voigt, Reuss, and Hill) were
obtained. The conditions of mechanical stability of unstressed crystalline structures
were also verified using the Born stability criterion [128]. Dynamic stability (only hard
modes or both hard and soft modes) was ascertained through the PHONOPY code as
earlier stated. The MBJ and HSEOQ6 hybrid functionals were used to improve the
accuracy of the electronic band structure calculations. GW and BSE calculations were
later conducted. Lastly the thermal transport properties were determined as stated in
section 4. The same supercell as for the phonon dispersion and a mesh of 24x24x12
was used at 300 K. 1058 unique displacements were generated through PHONO3PY
package and all triplet displacements in the supercell were included in the lattice

thermal conductivity calculations.
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4.2 Equation of state (EOS)

An equation of state (EOS), of a system describes how the volume or density of a
material system varies as a function of pressure and temperature. The relationship
between the pressure and the corresponding change in volume provides important
information regarding the compression of solids under the effect of pressure and is
obtained by fitting experimental data into the 3™ order Birch—-Murnaghan EOS. The
Birch-Murnaghan’s EOS is based on finite strain theory using the Eulerian strain
[126][129]. It is given by:

P) = [(VV) - (Vv)l {1 +2(85—4) [(Vv) - 1]} 4.3.1)

where P is the pressure, Vo is the reference volume, V is the deformed volume, Bo and
B, are the bulk modulus and its derivative with respect to pressure respectively. The

bulk modulus and its derivative are obtained from fits to experimental data and are

defined as:
aP
By= -V (E)P=0 (4.3.2)
and
r— _y (98
Bl =-V ( aP)p=o . (4.3.3)

B, is proportional to the curvature of the EOS at the equilibrium volume together with
its derivative are higher order derivatives of the energy function. The expression for
the equation of state is then attained through expanding the free energy f, in terms of

reference and equilibrium volume in the form of a series as:

f= %I(%) = 1]. (4.3.4)
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Expressing energy as a function of volume, the internal energy E(V), is found by
integration of equation (4.3.1) with respect to volume giving us the Birch-Murnaghan’s
EOS as:

3 2 2 2

E(V) = Eo + 2220 {l(%)é - 1] Bl + l(%)5 - 1] le —4 (%)31} (4.3.5)

where E, is the equilibrium volume of the system.

4.3 Cohesive and formation energy

4.3.1 Cohesive energy

It is the energy that must be supplied to a solid to separate it into its constituents neutral
free atoms at rest and at infinite separation with the same electronic configurations and
therefore a measure of the inter-molecular energy for a substance [130]. Considering

a unit cell with N atoms, the bulk cohesive energy per unit cell is given by:

Etot(0)=%N Eiso
Econ(00) = 2ot 2N Fiso (4.4.1)

where E;,; is the total energy of the compound, E;, is the energy of an isolated atom
and (o) refers to bulk. Equation (4.4.1) can be modified for applications on nanoscale

(r) size material [131] as:

LDAGGA pLDAGGA
) _ Ztot
E coh (T) -

(-3n Eiso
a . (4.4.2)

4.3.2 Formation energy
The breaking and formation of bonds during a chemical reaction cause energy change.

The heat absorbed or released from a system under constant pressure is known as

enthalpy of the reaction. The formation energies are given by:
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Ep =Y E.on(products) — E.,p,(reactants). (4.4.3)

Considering that all compounds of this study have the form MX, equation (4.4.3) can

now be formulated as:

Er(MX;) = Eoop(MXy) — [ZeotDt 2Econl®] (4.4.4)

A negative result of equation (4.4.4) implies that the compound under study is stable

against decomposition into its constituent atoms [132].
4.4 Elastic constants

Stress produces strain, but the amount of strain produced depends on the compound
itself. Different types of stresses and their corresponding strains within the elastic limit
are related and are referred to as elastic constants. Elastic properties provide valuable
information about the binding characteristic between adjacent atomic planes.
Anisotropic characters of binding and structural stability are usually defined by the
elastic constants Cjj. These constants are related to the Young’s modulus, Bulk
modulus, shear modulus and Poisson’s ratio which play crucial role in determining the
strength of the materials [133]. Elastic constants can be computed using two methods
in ab initio, the energy strain and stress-strain approach.

4.4.1 Energy-strain

Theoretically, the elastic constants are defined by means of a Taylor expansion of the
total energy E (V, &), for the system with respect to a small strain &, of the lattice. The
elastic behavior of a lattice is described by its matrix of second-order elastic constants

given as:

_1( 0%E
Cy=rn (asiasj) (4.5.1)
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where E is the energy of the system, 1/, is the volume of an unstrained and ¢ represents
a strain. For an arbitrary homogeneous deformation by an infinitesimal strain, the

energy of the crystal is expressed as:
1
E=Ey+3V, 01 Cijeig; + 0 (%) (4.5.2)

A crystalline structure is considered to be mechanically stable in the absence of an
external load and in the harmonic approximation if the elastic energy given by equation

(4.5.2) is always positive. This is known as the Born elastic stability criterion [134].
4.4.2 Stress-strain

Hooke's law, states that within the elastic limits the stress is proportional to the strain.
The stress-strain approach relies on the feature of VASP to directly calculate the stress
tensor. Once the stress tensor components can be computed by an ab initio method it
implies that the elastic constants matrix can also be directly derived. As opposed to
the previous energy-strain approach, several magnitudes of strain have to be calculated
to obtain the elastic constant from an analytic fit to the total energy data. In the stress-
strain approach only one evaluation is in principle sufficient enough to attain the same
information. The elastic stiffness tensor C, relates the stress tensor o, and the strain ¢,

by Hooke’s law given as [135]:
0ij = Cijri€n (4.5.3)

where (i, j, k, | =%, y, z). This is the approach which was implemented during this
study.

The calculated elastic constants were analyzed by feeding the stiffness matrix into
ELATE, an online tensor analysis tool as earlier stated in section 4.1. Mechanical
properties such as bulk, Young’s and shear moduli, Poisson’s ratio, according to the
three averaging schemes (Voigt, Reuss, and Hill) and eigenvalues of the stiffness
matrix were obtained. The conditions of mechanical stability of unstressed crystalline

structures were also verified using the Born stability criterion for trigonal systems.
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4.5 Phonons

When an atom in a crystal is displaced from its equilibrium position, the forces on all
atoms in the crystal will rise. Analysis of the forces associated with a systematic set of
displacements provides a series of phonon frequencies. Phonon plays essential roles
in dynamical behaviors and thermal properties of materials. Dynamical stability of a
material is essential since minimizing the energy of a structure does not guarantee
stability [136]. In the harmonic approximation all phonons need to have real and
positive frequencies in order to ascertain dynamical stability. Phonon calculations can
be done either through the linear response or finite displacement methods.

Linear response provides an analytical way of computing the second derivative of the
total energy with respect to a given perturbation. The force constants matrix depends
on the ground state electron charge density and on its linear response to a distortion of
atomic positions. This implies that the second order change in energy depends on the

first order change in the electron density [137].

In this study the phonon calculations, supercell and finite displacement approaches
were used. Translational invariance implies that the number of separate calculations
required to do the computation is at most three times the number of atoms in the
primitive cell. However, for most materials, symmetry relations can be used to reduce
this number considerably [138]. 4 x 4 x 4 supercells of the conventional unit cell were
used along high symmetry directions. The advantage of the finite displacement method
over the linear response is that phonon anharmonicity can be investigated by increasing

the amplitude of the displacements.

4.6 Optical properties

Optical processes such as absorption, reflection, refraction and transmission are
observed in solids when they interact with electromagnetic radiation in the visible

range. In this study optical processes at microscopic level are discussed. The dielectric
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matrix is computed at the BSE stage and is used to derive the absorption coefficient
a(w), refractive index (w), reflectivity R(w), extinction coefficient k(w) and the
energy loss spectrum L(w) from the real €; (w) and imaginary €, (w) parts of the
dielectric function. The real and imaginary parts of the dielectric function are
connected according to the Kramer-Kronig relation [108] as given in the equations
below.

The absorption coefficient is defined as a quantity that describes the ability of light of

a particular wavelength to penetrate a material before being absorbed and is given by:

(@) = 2() [VE @) +6 (@) —€; ()|* (4.7.1)

Refractive index is defined as the ratio of the velocity of light in a vacuum to its velocity

in a specified medium. It is denoted as follows:

1

/e%(w)+e§(w)+el(w) ?
(4.7.2)

2

n(w) =

Reflectivity is a degree of the ability of a surface to reflect radiation, equal to the
reflectance of a layer of material adequately thick for the reflectance not to depend on

the thickness of the material and is given by:

2
R(w) = sz;i (4.7.3)

Extinction coefficient is a measure of the rate of attenuation of transmitted light through
scattering and absorption of the electromagnetic radiation in the medium. It is

expressed as:

1

fei(w)+e§(w)—el(w) ?
k(w) = (4.7.4)

2
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Energy loss spectrum can be attributed to inelastic interactions that include phonon
excitations, inter-band and intra-band transitions and plasmon excitations expressed
by:

L(w) = 522 (4.7.5)

€2(w)+€3(w)
4.7 Tauc plots

A Tauc plot is used in the determination of the optical bandgap in semiconductors. The
Tauc plot shows the quantity, hv which is the energy of the light on the abscissa and
the quantity (ohv)*™ on the ordinate, where o is the absorption coefficient of the
material. The determination of optical bandgap is attained through the Tauc’s
[139][140] equation shown below.

ahv = A(hv — E,)" (4.7.6)

where A is a constant, 4v is photon energy, Eg is the allowed energy gap, n denotes the

nature of the transition, n =% for allowed direct transition and n = 2 for allowed

indirect transition. Thus, straight line segments in (oE)? indicate direct gaps and
straight line segments in (oE)Y? indicate indirect gaps. Bandgaps are then calculated
from the Tauc plots by fitting a line through the linear portion of the band edge region
which indicates the onset of absorption. Extrapolating the linear region to the abscissa

yields the energy of the optical bandgap of the material.

4.8 Thermal properties

Boltzmann Transport Equation is an effective tool for analyzing transport phenomena
within systems that contain density as well as temperature gradients. The equation,

which was discussed in section 3.17, is applied to analyze the general currents within
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a system, the transport coefficients and the relationships between them. Lattice thermal
transport can be precisely calculated through solving the linearized Boltzmann
transport equation (BTE) with the phonon-phonon interaction strength obtained using

first principles calculations [141].

The thermal transport properties allow us to determine if the systems under study are
suitable to be used in solar cell designs as well as in opto-electronics just to name but
a few. The desired properties to be computed as functions of temperature are the lattice
thermal conductivity, constant volume heat capacity Cy, Helmholtz free energy F, and
entropy S, for materials to be considered suitable for solar cells. Materials with a high

thermal conductivity are widely used in thermoelectric applications.

56



5 Results and discussion

In this chapter we present the results of numerical investigations of the structural,
mechanical, dynamical, electronic, optical and thermal properties of the layered TMDs,
PtS», PtSe», and PtTe,. Density Functional Theory offers the most efficient option for
Computational Materials Science, but has the drawback that there are a multitude of
approximate exchange-correlation energy functionals available.  None of the
approximations is always optimal and it is not always obvious which approximation to
use for a given compound. In this study seven different approximate exchange-
correlation functionals were explored. The local density approximation LDA, has a
sound theoretical basis and is a reliable first approximation to explore. The semilocal,
generalised gradient approximations (GGA), PBE and PBEsol [142], are also based
on sound theoretical arguments and have a minimal number of parameters that are fitted
to data. Unfortunately the local and semilocal approximations do not take long range
interactions into account. In layered systems this may be problematic since the inter-
layer interactions can be dominated by long range van der Waals type forces. Here,
four approximations to van der Waals forces were explored. The Grimme DFT-D2,
DFT-D3 [76][143], Tkatchenko-Scheffler (DFT-TS) [143] and optB86b-vdW were
added to the PBE exchange-correlation approximation. The optB86b-vdW [76][74]
uses a different approach which is a non-local correlation functional that approximately
takes long range interactions into account. The calculated structural, mechanical and
dynamical results depended on the vdW correction, which is included as a correction
to the electronic energy calculated with PBE. The DFT-TS approximation gave the
most stable polymorph for all the three systems under study which had equilibrium
volumes data most comparable to available experimental data. Further studies on
electronic, optical and thermal properties were then determined. Starting from the
wavefunction and energies of the Kohn-Sham equations, the quasiparticle (QP) GW

and BSE calculations were performed.
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5.1 Platinum disulfide (PtSz)

PtS2 has one experimentally observed polymorph, a trigonal crystal structure belonging
to the space group, P3m1. The structures of these compounds under study have been
established experimentally by powder as well as single crystal x-ray diffraction
methods [144].

5.1.1 Equation of state (EOS) for PtS2

The study of PtS, was conducted with the seven exchange-correlation functionals
discussed in the introduction, namely LDA, PBE, PBEsol, Grimme DFT-D2, DFT-D3,
Tkatchenko-Scheffler (DFT-TS) and optB86b-vdW. A range of equilibrium volumes
were obtained using the different functionals. The energy versus volume EOS for PtS;

obtained using different functionals are given below in Figures 5.1 to 5.7.
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The EOS for PBE and PBEsol have relatively small percentage change in energy over

the range of volumes included in the study as illustrated in Figures 5.2 and 5.3
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respectively. This is a direct consequence of the lack of long-range interaction
included in the semilocal GGA approximations. When the layers of the compound are
sufficiently far apart, the binding energy comes almost exclusively from intra-layer
interactions with a minimal contribution from inter-layer interactions. Changing the
volume results in very small changes in the energy since the intra-layer binding energy
is almost invarient under changes in the inter-layer spacing. Including vdW corrections

introduces a stronger dependence of the energy on the inter-layer spacing.

5.1.2 Structural and energetic properties of PtS:

Geometry optimization gives the equilibrium lattice parameters and relaxed internal
parameters. The results for this study are given in table 5.1. The obtained results were
compared with experimental results in order to ascertain the exchange-correlation
functional that had the least deviation from experimental equilibrium volume results.
The calculated volumes of the system were also compared to other theoretical values
obtained from the literature.
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Table 0.1: The equilibrium structural and energetic properties for PtS; calculated using
various exchange-correlation functionals. The experimental structural properties are

also shown for comparison

Functional a=Db(A) c(A) Vo(A)? Econ Eform
(eV/atom)  (eV/atom)
LDA 3.566 4.548 50.042 -5.358 -0.471
PBE 3.573 6.504 71.908 -4.228 -0.365
PBE+D2 3.619 4.361 49.502 -4.728 -0.865
PBE+D3 3.604 4.602 51.742 -4.537 -0.674
PBE+TS 3.603 4.874 54.596 -4.434 -0.571
PBEsol 3.571 4.796 52,918 -4.810 -0.947
OptB86b 3.566 4.988 54.971 -2.502 -0.401
Exp[145] 3.543 5.038 54.769 - -
Exp[146] 3,543 5.039  54.782 - -
Exp[147] 3.51 5.03 53.67 - -
Exp[148] 3.5432 5.0388  54.783 - -

Equilibrium volumes obtained for LDA, PBEsol, Grimme DFT-D2, DFT-D3, PBE+TS
and PBEsol were underestimated while optB86b-vdW and PBE overestimated the
volume compared to the reported experimental values as illustrated in Table 5.1. LDA,
PBEsol, Grimme DFT-D2, DFT-D3, and PBE-TS underestimated the experimental
equilibrium volume by 8.6%, 3.4%, 9.6%, 5.5% and 0.3% respectively. PBE and
optB86b overestimated by 31.3% and 3.7% respectively. Hence PBE+TS gave the
smallest percentage deviation of volume from the available experimental data. The
optB86b-vdW functional gave lattice parameters which were more comparable to the
experimental data but is computationally more demanding.

The compound is energetically stable due to the negative cohesive and formation
energies implying that they are stable against decomposition into their constituent
atoms and constituent solid components. The range of results for different exchange-
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correlation approximations and vdW corrections highlight a problem in applied DFT
where there is no systematic way to improve the exchange-correlation approximations.
The exact exchange-correlation includes long range interaction. Including vdwW
interactions in addition to semilocal exchange-correlation approximations is an attempt

to address this problem.

5.1.3 Mechanical properties of PtS:

Table 0.2: Calculated values of independent elastic coefficients for PtS;

Functional Ci1 (GPa)  Ci12(GPa) C13(GPa) Cs3(GPa) Cas(GPa)

LDA 243.48 70.25 31.65 40.68 48.40
PBE 137.32 37.21 2.35 1.92 0.66
PBE+D2 297.54 83.82 46.73 82.28 67.49
PBE+D3 233.43 64.87 28.42 37.66 44.68
PBE+TS 199.85 56.01 22.82 26.11 28.58
PBEsol 220.49 63.13 22.37 17.05 35.94
optB86b 209.74 63.87 30.03 28.13 34.65

The calculated results satisfied the Born stability criteria for hexagonal and trigonal
systems, C11 >|Cq3| ; 2€%3 < Ca3(C11 + Ci2); Cas >0 ; Cg6 > 0 and Ces = (C11 — Cr2)
/2 [134].

From the obtained independent elastic coefficients, we further computed its bulk
modulus (K), Young’s modulus (E), shear modulus (G), Poisson’s ratio (v) as well as
Pugh ratio (K/G) as provided in Table 5.3 to Table 5.9 below.
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Table 0.3: The LDA calculated, bulk, Young's, shear modulus and Poisson’s ratio for
PtS2

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 88.31 152.60 62.95 0.2120 1.40
Reuss 40.08 89.53 39.70 0.1277 1.01
Hill 64.19 121.57 51.33 0.1844 1.25

Table 0.4: The PBE calculated, bulk, Young's, shear modulus and Poisson’s ratio for
PtS2

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 40.04 63.96 25.92 0.2338 1.54
Reuss 1.92 3.16 1.29 0.2252 1.49
Hill 20.98 33.56 13.60 0.2334 1.54

Table 0.5: The PBE+D2 calculated, bulk, Young's, shear modulus and Poisson’s ratio
for PtS;

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 114.66 198.07 81.71 0.2121 1.40
Reuss 75.24 145.09 61.55 0.1786 1.22
Hill 94.95 171.71 71.63 0.1986 1.33
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Table 0.6: The PBE+D3 calculated, bulk, Young's, shear modulus and Poisson’s ratio
for PtS2

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 83.10 145.57 60.25 0.2081 1.38
Reuss 37.00 83.66 37.25 0.1232 0.99
Hill 60.05 115.10 48.75 0.1806 1.23

Table 0.7: The PBE+TS calculated, bulk, Young's, shear modulus and Poisson’s ratio
for PtSy

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 69.90 116.04 47.43 0.2233 1.47
Reuss 26.01 60.07 26.94 0.1151 0.97
Hill 47.96 88.64 37.18 0.1920 1.29

Table 0.8: The PBEsol calculated, bulk, Young's, shear modulus and Poisson’s ratio
for PtS;

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 74.86 129.53 53.45 0.2116 1.40
Reuss 16.80 48.03 23.46 0.0235 0.72
Hill 45.83 90.16 38.46 0.1722 1.19
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Table 0.9: The optB86b calculated, bulk, Young's, shear modulus and Poisson’s ratio
for PtS2

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 77.27 123.45 50.03 0.2337 1.54
Reuss 28.10 62.70 27.79 0.1281 1.01
Hill 52.69 93.67 38.91 0.2037 1.35

The Bulk, shear, Young’s moduli and Poisson’s ratios were calculated through ELATE
[127], a tool for analysis of second-order elastic stiffness tensors. The Voigt-Reuss-
Hill approximation, a useful scheme by which anisotropic single crystal elastic
constants are converted into isotropic polycrystalline elastic moduli was used for

checking accuracy of the calculated K, E, G and v values [127].

Pugh proposed that if the K/G value is less than the critical 1.75 [150] value, then the
material is considered brittle, otherwise it is considered ductile. Ductile materials
deform a significant amount before fracture occurs (relatively small Young’s modulus).
Brittle materials, on the other hand deform elastically prior to fracture by the
catastrophic propagation of a crack (relatively large Young’s modulus). The apparent
fracture toughness of brittle materials can be greatly enhanced via surface-deposited
thin films which are under residual and can therefore be used in a variety of
technological applications. PtS; is a brittle material due to the fact that the K/G ratios

for all functionals and all averaging schemes were less than 1.75.

3D visualization of the spatial dependence of the Young’s modulus illustrates

anisotropy within the system as shown in Figure 5.8 below.
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Figure 0.8: Visualization of the spatial dependence of the Young’s modulus

The material can withstand changes in length under lengthwise tension or compression
in the in-plane (x and y directions) more than out-of-plane (z direction) showing
anisotropy within the material. This is also consistent with the understanding that the
intra-layer bonding is stronger than the inter-layer bonding.

5.1.4 Dynamical properties of PtS:

PBE+TS gave the smallest percentage deviation of volume compared to the available

experimental data than all the other functionals used in this study. Therefore, phonon
studies were conducted using this functional.

Phonon Frequency (THz)
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Wave Vector Partial and total DOS

Figure 0.9: PtSz Phonon bands, PDOS and TDOS
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The phonon frequencies are in the range of 0-12 THz. It is clear that PtS; is
dynamically stable due to presence of only positive modes of vibrations in the phonon
spectra as illustrated in Figure 5.9. The primitive cell of PtS; comprises of three atoms,
therefore eight independent vibrational modes can be found with three being acoustic
modes and the remaining correspond to optical modes. From the partial phonon density
of states, the primary element contributing to the acoustic phonon modes is platinum.

5.1.5 Electronic band structure of PtS: from DFT, GW and BSE calculations

The results presented above show that PtS; is energetically, mechanically and
dynamically stable. The lattice parameters as determined by DFT-TS gave a volume
closest to the experimental values and were therefore used for the electronic and optical
studies. Bandgaps were calculated using the lattice parameters from the relevant
different approximations for the sake of comparison. DFT concerns only ground state
properties, therefore computing bandgap needs at least an electron in the conduction
band, which is an exited state. It is therefore imperative to go beyond DFT for more
accurate bandgap approximations [151]. In this study bandgaps were calculated using
DFT-PBE, HSE06, MBJ and GW methods.
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Figure 0.10: PtS; electronic band structure and density of states calculated using

PBE+TS exchange-correlation functional
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PtS, band structure was calculated using the PBE+TS approximation lattice
parameters. The VBM is located at the I point and the CBM is between the H and A/L
high symmetry points of the Brillouin zone. Non-occurrence of electronic bands and
the Fermi level shown in the band structure and DOS plots in Fig 5.10 illustrates that
PtS. is an indirect bandgap semiconductor with an approximate fundamental bandgap

of approximately 0.54 eV.

Table 0.10: Calculated fundamental bandgaps of bulk PtS; using different

approximations

Functional Eg(eV)
LDA 0.2626
PBE 1.5772
PBE+D2 0.1386
PBE+D3 0.2850
PBE+TS 0.5418
PBEsol 0.5119
OptB86b 0.5159
MBJ 0.7591
HSE06 1.1306
Exp[147] 0.95
Exp[152] 0.87
Exp[153] 0.64
Exp[154] 1.2

In general DFT underestimates bandgaps [155] as observed in Table 5.10 above as
compared to the experimental bandgaps. HSE hybrid gives much more accurate lattice
constants and bandgaps than any standard semilocal functionals including LDA and
PBE [59]. From the results LDA, PBE+D2 and PBE+D3 values as illustrated in Table
5.10 underestimates the theoretical bandgap of approximately 0.87 eV [152] obtained
through PBE+vdW calculation. The MBJ and HSE functionals overestimated with a
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smaller deviation from experimental results. The GW (fundamental) and BSE (optical)
bandgaps are more precise. This is due to the fact that the GW and BSE calculations
are formally approximations of the fundamental and optical gaps.

DFT, GW and BSE gaps were determined using the Tauc plot for comparison. The
Tauc plot is a method that is widely used for the determination of the experimental
bandgap from measurements of the dielectric response. The transition type and energy
was assessed by fitting the optical absorption spectrum to Tauc models as illustrated in
figure 5.11 below. The edge of the absorption is obtained by linear extrapolation of

(hwo)? to zero absorption [156].
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Figure 5.11: PtS, DFT, GW and BSE Tauc in-plane bandgaps

From Figure 5.11, the results illustrate that DFT underestimates bandgaps, therefore it
is essential to go beyond standard KS DFT methods to predict correctly both bandgaps
and optical absorption spectra. Therefore, GW calculation which aims at obtaining
accurate quasiparticle energy levels through electron-electron interactions was
conducted. The electron-hole excitations were then calculated by solving the BSE
which was preceded by the GW and IPA approximations. This then enabled the
calculation of the optical absorption spectra [157]. The BSE bandgap is smaller than
GW gap due to the fact that in the BSE calculation (attractive) interactions between
electrons and holes are included. The obtained approximate indirect in-plane and out-

of-plane bandgaps from the Tauc plots are shown below in Table 5.11. The out-of-
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plane bandgaps shows a different trend. This anomaly behaviour could have emanated
from the fact that the calculation of the tensor elements for the dielectric matrix for the
DFT and GW in the approximation we use involves the same products of (DFT) eigen
functions when calculating the oscillator strengths. In comparison with BSE, a product

of four (DFT) eigen functions contributes to the oscillator strength.

Table 5.111 PtS, bandgaps obtained from Tauc fit

Approximation In-plane (xy-plane) Out-of-plane (|| z-axis)
Eq(eV) Eq(eV)

DFT 0.89 0.24

GW 1.30 0.24

BSE 1.21 0.20

From Table 5.11, the out-of-plane optical edge absorption strength at 0.20 eV is much
smaller than the in-plane optical edge at 1.21 eV. For in-plane, when the photon energy
is 1.21 eV, the relative value of alpha is 0.8509. For out-of-plane, when photon energy
is 0.2 eV, the relative value of alpha is 0.0314. Therefore, the ratio of the relative
absorption

Values is 27:1 for the in-plane to out-of-plane. Hence based on the magnitude of these
ratios, we conclude that there is a high chance of observing the absorption spectra for
the in-plane than out-of-plane. This probably highlights why the experimental
mesurements fail to accurately detect the minimum absorption edge. The experimental
value of optical gap of about 1.1 eV [134] is close to what we obtained for in-plane
through Tauc fit which strongly supports our estimation.
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5.1.6 Optical properties of PtS2
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Figure 0.11: PtS; absorption coefficient Figure 0.12: PtS; refractive index
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Figure 0.15: PtS; energy loss Figure 0.16: PtS> real dielectric response function
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Figure 0.17: PtS, imaginary dielectric response function

The BSE dielectric matrix was calculated using GW input data. The calculations were
carried out with more focus on the visible range of 1.6 eV-3.1 eV of the electromagnetic
spectrum which covers the energy of visible light and incoming photons in the solar
radiation. The plot of the absorption coefficient against energy as shown in Figure 5.12
gives a clear picture of the photon energies which are most likely to be absorbed by
PtS2. Decent absorption for photon energies above 1.6 eV was observed. Both in-
plane and out-of-plane absorption depicts anisotropy and peaks occurred within the
visible range with the in-plane absorption peak at around 2.5 eV and out-of-plane at
1.6 eV.

Maximum refraction, extinction and reflectivity all occur at approximately 1.8 eV for
both in and out-of- plane as illustrated in Figures 5.13, 5.14 and 5.15 respectively.
Interband transitions illustrated through peaks in reflectivity span the visible and
ultraviolet regions.  This suggests that light directed to PtS, will appear red out-of-
plane and green in-plane in colour. Reflectivity, refractive index and extinction
coefficient generally shows that in-plane exceeds out-of-plane within the visible region
depicting optical anisotropy. Minimum energy losses are observed within the visible
range as shown in Figure 5.16. The imaginary part of dielectric function is linked with
the energy loss and thus it is responsible for the absorption as seen when comparing

Figure 5.12 and Figure 5.18, both in-plane maximum peaks occur at approximately 1.8

72



eV. In-plane real dielectric response is more than the out-of-plane between 0 eV and
2.4 eV with out-of-plane greater than the in-plane onwards.

5.1.7 Thermal properties of PtS:

The DFT-TS approximation was also used for the thermal conductivity calculations for
the three compounds under this study, PtSz, PtSe; and PtTe, due to reasons stated
earlier. Once the phonon frequencies over Brillouin zone are known, the energy of the
phonon system can be determined. Using the thermodynamic relations, a number of
thermal properties, such as constant volume heat capacity Cy, Helmholtz free energy

F, and entropy S, can be computed as functions of temperature [124].
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Figure 0.18: PtS, temperature dependence of free energy, entropy and Cy

Atoms in a crystal vibrate about their equilibrium positions generating thermal energy.
The generated thermal energy increases with an increase in temperature giving the
thermal properties of the material. From Figure 5.19 the specific heat Cy, increases
with temperature until it reaches a constant value of approximately 72 kJ(mol)?. This
value is known as the Dulong-Petit limit [158]. The predicted Helmholtz free energy,
specific heat capacity and entropy at 300 K from Figure 5.19 were around 2.3 kJ(mol)
1 65.9 J(K mol)?, and 76.7 J(K mol) respectively. The degree of disorder (entropy)
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increases with an increase in temperature whilst the capacity of a system to do work

(free energy) decreases with an increase in temperature.
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Figure 0.19: PtS: lattice thermal conductivity as a function of temperature

From Figure 5.20 it can be observed that both the in-plane and out-of-plane thermal

conductivity decreases as temperature increases. The in-plane thermal conductivity is

much higher than the out of plane depicting material anisotropy. At 300 K, the

projected in-plane and out of plane K; values are 41.6 W/mK and 2.6 W/mK

respectively.
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Figure 0.20: PtS; in-plane cumulative lattice thermal conductivity and derivative

density at 300 K as a function of frequency
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Figure 0.21: PtS, out-of-plane cumulative lattice thermal conductivity and derivative

density at 300 K as a function of frequency

The in-plane and out-of-plane thermal conductivities with derivative density of states
as functions of frequency at 300 K also depicts anisotropy within the material as shown
in Figures 5.21 and 5.22. The in-plane cumulative lattice thermal conductivity cum K,
and its derivative dK;, corroborate that the main contributor to K is acoustic phonon
modes due to the fact that there is a significant increase of both of them as frequency
increases until the acoustic cut off limit of approximately 5.8 THz. The out-of-plane
cum Kjand its derivative dK; shows that both acoustic and optical modes contribute
significantly to K;. This is unusual because the acoustic phonons are low frequency
acoustic branches in which atoms are in phase. While the optical phonons are high
frequency branches with atoms out of phase. This s true for the in-plane lattice thermal
conductivity, but not for the out-of-plane thermal conductivity. Optical phonons prove
to be ineffective as heat transporters due to their low group velocities. However, they
interact with the acoustic phonons which are main contributors of the thermal

conductivity.
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5.2 Platinum diselenide (PtSez)

The Bravais lattice is hexagonal with a trigonal crystal structure belonging to the space

group, P3m1. As in the case of PtS,, PtSe; has only one polymorph.

5.2.1 Equation of state (EOS) for PtSe2

The study of PtSe, was also conducted with the seven different exhange-correlation
functionals discussed in the introduction, namely LDA, PBE, PBEsol, Grimme DFT-
D2, DFT-D3, Tkatchenko-Scheffler (DFT-TS) and optB86b-vdW. The energy versus

volume EQS for PtSe, obtained using different functionals are given below.
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Optimization at fixed volume set was done using the above different functionals in
order to ascertain the one which correctly imitated the structural properties of PtSe; at
equilibrium volume. The trend observed had PBE giving the highest and PBE+D?2 the
lowest value of equilibrium volume respectively. It is evident that PBE functional fails
to account for the interlayer van der Waals dispersion forces.
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5.2.2 Structural and energetic properties of PtSe:

Table 0.12: The equilibrium structural and energetic properties for PtSe; calculated
using various exchange-correlation functionals. The experimental structural properties

are also shown for comparison

Functional  a=Db(A) c(A) Vo(A)® Econ Eform
(eV/atom) (eV/atom)

LDA 3.747 4.769 57.986 -5.082 -0.479
PBE 3.750 6.481 79.052 -3.964 -0.395
PBE+D2 3.768 4.640 57.034 -4.728 -0.980
PBE+D3 3.784 4,767 59.112 -4.331 -0.762
PBE+TS 3.805 4.869 61.049 -4.022 -0.453
PBEsol 3.761 4.848 59.328 -4.550 -0.980
OptB86h 3.780 4.991 61.683 -2.161 -0.702
Exp[14] 3.728 5.081 61.15 - -
Exp[159] 3.7278 5.0183 60.39 - -
Exp[148] 3.7278 5.0813 61.152 - -

PBE+TS functional reproduced the best results with accuracy within 1.1% of the
available experimental results as illustrated in Table 5.12. PBE does not describe the
dispersive van der Waals interactions, which gives more than 29% overestimation of
the experimental equilibrium volume. Compared with the bare PBE, the PBE+vdW
gives improved out-of-plane values of the lattice parameters because it corrects the out-
of-plane lattice parameters to smaller values. The optB86b-vdW functional gave
lattice parameters which were more comparable to the experimental data. Negative
cohesive and formation energies imply that the compound is stable against

decomposition into constituent atoms and constituent solid components.
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5.2.3 Mechanical properties of PtSe2

Table 0.13: Calculated values of independent elastic coefficients for PtSe;

Functional C11(GPa)  Ci2(GPa) C13(GPa) C33(GPa) Cua(GPa)

LDA 205.58 66.15 43.24 66.45 44.89
PBE 115.75 31.33 2.15 0.15 1.53
PBE+D2 244.03 76.92 52.61 76.94 62.14
PBE+D3 190.63 59.06 35.59 53.08 40.82
PBE+TS 173.54 55.53 34.75 53.44 39.85
PBEsol 189.9 62.97 35.76 44.23 39.20
optB86b 177.01 57.83 34.19 37.08 34.16

The six eigenvalues of the elastic tensor were all positive indicating mechanical
stability of the system for all functionals used. All the eigenvalues of all the
compounds in this study are given in appendix A. As seen earlier for PtS», the
calculated results for PtSe; also satisfied the Born stability criteria for mechanical
stability for hexagonal and trigonal systems.

Table 0.14: The LDA calculated, bulk, Young's, shear modulus and Poisson’s ratio for
PtSez

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 86.98 133.33 53.57 0.2445 1.62
Reuss 61.80 96.53 38.93 0.2397 1.59
Hill 74.39 114.93 46.25 0.2425 161
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Table 0.15: The PBE calculated, bulk, Young's, shear modulus and Poisson’s ratio for
PtSez

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 33.66 54.43 22.12 0.2304 1.52
Reuss 0.09 0.41 0.28 -0.2707 0.32
Hill 16.87 27.51 11.20 0.2283 151

Table 0.16: The PBE+D2 calculated, bulk, Young's, shear modulus and Poisson’s ratio
for PtSe;

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 103.25 165.44 67.09 0.2330 1.54
Reuss 72.46 120.40 49.22 0.2231 1.47
Hill 87.86 142.93 58.16 0.2289 151

Table 0.17: The PBE+D3 calculated, bulk, Young's, shear modulus and Poisson’s ratio
for PtSe>

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 77.19 122.87 49.76 0.2347 1.55
Reuss 50.16 86.52 35.68 0.2125 141
Hill 63.68 104.73 42.72 0.2259 1.49
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Table 0.18: The PBE+TS calculated, bulk, Young's, shear modulus and Poisson’s ratio
for PtSe>

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 72.29 107.45 42.90 0.2523 1.69
Reuss 49.89 77.49 31.22 0.2411 1.60
Hill 61.09 92.48 37.06 0.2477 1.65

Table 0.19: The PBEsol calculated, bulk, Young's, shear modulus and Poisson’s ratio
for PtSe;

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 77.00 118.56 47.67 0.2434 161
Reuss 4351 77.43 32.17 0.2034 1.35
Hill 60.25 98.10 39.92 0.2286 151

Table 0.20: The optB86b calculated, bulk, Young's, shear modulus and Poisson’s ratio
for PtSe;

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 71.50 107.96 43.24 0.2483 1.65
Reuss 36.98 64.32 26.58 0.2101 1.39
Hill 54.24 86.23 34.91 0.2350 1.55

PtSe; is also a brittle material due to the fact that the K/G ratios for all functionals and

all averaging schemes were less than 1.75.
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Figure 0.29: Linear compressibility of PtSe;

The relative change in the volume of PtSe, produced by unit compressive or tensile

stress acting uniformly over its surface also depicts anisotropy between the in-plane
and out-of-plane as illustrated in Figure 5.30.

5.2.4 Dynamical properties of PtSe2

Further dynamical stability studies were conducted using PBE+TS since it mimicked
experimental volume of PtSe> with the best accuracy percentage when compared to
other exchange-correlation functionals used during this study.
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Figure 0.30: PtSe, Phonon bands, PDOS and TDOS
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PtSe. is dynamically stable due to the existence of only positive modes of vibrations in
the phonon bands and TDOS within the range of 0-7 THz as illustrated in Figure 5.3.1.
Like PtS, the primitive cell of PtSe; also contains three atoms. Therefore, eight
independent vibrational modes can be found in which three are acoustic and the
remaining corresponding to optical modes. Compared to PtSz which has a significant
energy gap between acoustic and optical branches which protects the vibration of

acoustic modes from being scattered by optical phonon modes, PtSe; has a very small

energy gap.

5.2.5 Electronic properties of PtSe2from DFT, GW and BSE calculations

The lattice parameters as determined by DFT-TS gave a volume closest to the
experimental values and were therefore used for the electronic and optical studies.
Bandgaps were calculated using the lattice parameters from the relevant different
approximations. PtSe; is a semimetal with a slight indirect overlap of the conduction
and valence bands. As earlier stated it is imperative to go beyond DFT for more
accurate bandgap approximations [151]. In this study bandgaps were calculated using
DFT-PBE, HSE06, MBJ, GW and BSE methods.

A i H e ) e Oy
r Mk T A LH ALMKO 1 2 3 4 5 6 17

Wave vector Density of states

Figure 0.31: PtSe; electronic band structure and density of states calculated using

PBE+TS exchange-correlation functional
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PtSe, band structure was calculated using the PBE+TS approximation lattice
parameters. Fig 5.32 illustrates that PtSe; has an overlap of the VBM and CBM. The
VBM occurs at the I" point and the CBM is located between the H and A/L points of
the Brillouin zone. Bulk PtSe> has a finite number of energy bands crossing the Fermi
level, indicating it is metallic with an indirect overlap of the conduction and valence
bands consistent with previous theoretical and experimental studies [14][40].

Table 0.21: Calculated fundamental bandgaps of bulk PtSe, using different

approximations

Functional Eg(eV)
LDA 0.0000
PBE 0.0000
PBE+D2 0.0000
PBE+D3 0.0000
PBE+TS 0.0000
PBEsol 0.0000
OptB86h 0.0000
MBJ 0.0000
HSEO06 0.0000
Exp[145] 0.10

Exp[108] 0.18

At DFT level the fundamental bandgap for bulk PtSe> is zero as illustrated in Table
5.21. This indicates that PtSe> is metallic at DFT level. As discussed earlier, generally
DFT underestimates bandgaps while generalised DFT sometimes gives better results.
The obtained approximate indirect in-plane and out-of-plane bandgaps from the Tauc

fit are shown below in Table 5.22.
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Table 5.22: PtSe; bandgaps obtained from Tauc fit

Approximation In-plane (xy-plane) Out-of-plane (|| z-axis)
Eq(eV) Eq(eV)

DFT 0.15 0.30

GW 0.16 0.59

BSE 0.15 0.55

The in-plane and out-of-plane the minimum bandgaps changes as explained in section
5.1.5 as we move from DFT to GW and BSE. For in-plane, when the photon energy is
0.15 eV, the relative value of alpha is 0.047. For out-of-plane, when photon energy is
0.55 eV, the relative value of alpha is 0.3299. Therefore, the ratio of the relative
absorption values is 1:7 for the in-plane to out-of-plane. Hence based on the magnitude
of these ratios, we conclude that there is a high chance of observing the absorption
spectra for the out-of-plane than in-plane.

5.2.6 Optical properties of PtSe2
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Figure 0.32: PtSe, absorption coefficient Figure 0.33: PtSez refractive index
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The BSE dielectric matrix was also calculated using GW input data. In-plane optical
absorption supersedes out-of-plane absorption in the energy range, 1.6 eV-3 eV as
shown in Figure 5.33. In-plane absorption peaks occur around 0.9 eV, 1.3 eV, 2.1 eV
and 2.9 eV with out-of-plane peaks taking place within 0.1 eV range of the in-plane
peaks. PtSe, will appear yellow within the visible range when photons are incident
along the x-axis, y-axis and violet along the z-axis depicting optical anisotropy.
In-plane maximum refraction and extinction occurs approximately at the same energy
of 0.8 eV and out-of-plane both occurring around 1.3 eV, which is outside the visible
range as illustrated in Figures 5.34 and 5.35 respectively. Generally maximum
reflectivity, extinction and refraction takes place at low photon energies (< 1eV).
Optical energy loss peaks approximately 18 eV and 22 eV in-plane and out-of-plane
respectively as shown in Figure 5.37 illustrating the occurrence of maximum plasma
oscillation within the ultraviolet region. The electron energy loss function is also
proportional to the inverse of dielectric function and corresponds to the collective
excitations of electrons of system.

The material possesses optical anisotropy as illustrated in Figures 5.33 to 5.39 above.
Both the real and imaginary dielectric response functions peaks range from
approximately 0.75 eV to 2.6 eV as shown in Figures 5.38 and 5.39 respectively
spanning the infrared and visible regions of the electromagnetic spectrum.

Calculations of the imaginary part of the dielectric function of an anisotropic solid in

87



the region of a critical point are used to obtain the real part of the dielectric constant
through Kramers-Kronig relations [160].

5.2.7 Thermal properties of PtSe2
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Figure 0.40: PtSe, Calculated temperature dependence of free energy, entropy and Cy

The projected Helmholtz free energy, specific heat capacity and entropy at 300 K were
around -7.40 kJ(mol™), 71.06 J(mol K), and 103.36 J(mol K)* respectively as shown
in Figure 5.40. The Dulong-Petit limit reached at high temperature was about 74 J(mol
K)™L.
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Figure 0.41: PtSe, lattice thermal conductivity as a function of temperature
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From Figure 5.41 it can be observed that both the in-plane and out-of-plane thermal
conductivity decreases as temperature increases. The in-plane thermal conductivity is
greater than the out-of-plane illustrating anisotropy within the material. The in-plane
and out-of-plane K values are 10.39 W/mK and 1.64 W/mK at 300 K respectively.

wH —  dK;,cum/dw
— K;,cum
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Figure 0.42: PtSe> in-plane cumulative lattice thermal conductivity and derivative

density at 300 K as a function of frequency

— dK;,cum/dw
—  K;cum

Frequency, w (THz)
Figure 0.393: PtSe> out-of-plane cumulative lattice thermal conductivity and derivative

density at 300 K as a function of frequency.

The in-plane and out-of-plane cumulative lattice thermal conductivities with derivative
density of states as functions of frequency at 300 K also show anisotropy within the
material as illustrated in Figure 5.41. The in-plane cumulative lattice thermal

conductivity cum K, and its derivative dKj, also support that the main contributor to K|
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is the acoustic phonon modes as shown in Figures 5.42 and 5.43. The out-of-plane

cum Kjand its derivative dK| shows that both acoustic and optical modes contribute
towards the K.

5.3 Platinum ditelluride (PtTe,)

PtTey, like the two previous systems has one polymorph, a trigonal crystal structure
belonging to the space group, P3m1.

5.3.1 Equation of state for Platinum ditelluride (PtTez)

The study of PtTe, was also conducted with the seven exhange-correlation functionals
discussed in the introduction, namely LDA, PBE, PBEsol, Grimme DFT-D2, DFT-D3,
Tkatchenko-Scheffler (DFT-TS) and optB86b-vdW. The energy versus volume EOS
for PtTe, obtained using different functionals are given below.
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The observed trend in equilibrium volume obtained for LDA, PBE+D2, PBE+D3, and
PBEsol functionals were shifted towards the left of PBE+TS while for PBE and
optB86b were shifted towards the right of PBE+TS as observed in Figures 5.44 to 5.50.

5.3.2 Structural and energetic properties of PtTez
Table 0.22: The equilibrium structural and energetic properties for PtTe; calculated

using various exchange-correlation functionals. The experimental structural properties

are also shown for comparison.

Functional a=b(A) c(R) Vo(A)3 Econ Eform
(eV/atom) (eV/atom)

LDA 3.850 4411 56.622 -5.821 -1.319
PBE 4.091 5.360 77.641 -3.832 -0.396
PBE+D2 4.021 4974 69.780 -4.487 -1.050
PBE+D3 4.072 5.048 72.428 -4.236 -0.799
PBE+TS 4.090 5.101 73.923 -4.128 -0.691
PBEsol 4.048 5.131 72.691 -4.430 -0.987
OptB86h 4.069 5.232 75.158 -1.852 -0.381
Exp[14] 4.026 5.222 73.302 - -
Exp[159]  4.026 5.221 73.288 - -
Exp[148]  4.0259 52209  73.283 - -

It is still evident that PBE functional fails to account for the interlayer van der Waals
dispersion forces as it overestimated the experimental equilibrium volume by 5.9% as
shown in Table 5.22. LDA underestimated by the highest percentage of 22.8%.
PBE+TS gave the smallest marginal experimental equilibrium volume error of 0.9%,
therefore further electronic, optical and thermal property studies were conducted using
PBE+TS exchange-correlation functional. The optB86b-vdW functional as previously
observed gave lattice parameters which were more comparable to the experimental

data. The negative formation energy also indicated energetic stability of the compound.
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5.3.3 Mechanical properties of PtTe:

Table 0.23: Calculated values of independent elastic coefficients for PtTe;

Functional C11(GPa) C12(GPa) C13(GPa) C33(GPa) Cua(GPa)

LDA 248.78 131.51 145.74 175.26 71.54
PBE 141.58 44.73 22.48 26.88 23.00
PBE+D2 194.11 58.34 51.84 77.72 63.27
PBE+D3 169.00 50.92 46.81 75.75 49.29
PBE+TS 167.17 48.45 39.31 66.19 42.80
PBEsol 164.72 57.55 39.25 61.07 42.68
optB86b 160.06 58.32 43.91 63.76 39.98

Analysis of the elastic tensor through ELATE gave positive eigenvalues indicating

mechanical stability of the system for all the functionals used.

Table 0.24: The LDA calculated, bulk, Young's, shear modulus and Poisson’s ratio for
PtTe

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 168.76 153.69 57.00 0.3482 2.96
Reuss 163.47 83.16 29.38 0.4152 5.56
Hill 166.11 119.23 43.19 0.3804 3.84
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Table 0.25: The PBE calculated, bulk, Young's, shear modulus and Poisson’s ratio for
PtTe;,

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 54.38 83.53 33.58 0.2440 1.62
Reuss 26.62 51.12 21.66 0.1800 0.52
Hill 40.50 67.51 27.62 0.2222 1.47

Table 0.26: The PBE+D2 calculated, bulk, Young's, shear modulus and Poisson’s ratio
for PtTe;

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 87.78 144.90 59.15 0.2249 1.48
Reuss 71.04 104.40 41.59 0.2551 1.71
Hill 79.41 124.74 50.37 0.2382 1.58

Table 0.27: The PBE+D3 calculated, bulk, Young's, shear modulus and Poisson’s ratio
for PtTe>

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 78.10 122.54 49.47 0.2385 1.58
Reuss 66.66 95.62 37.92 0.2609 1.76
Hill 72.38 109.12 43.70 0.2487 1.66
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Table 0.28: The PBE+TS calculated, bulk, Young's, shear modulus and Poisson’s ratio
for PtTe;

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 72.74 116.47 47.23 0.2331 1.54
Reuss 58.61 89.52 35.94 0.2454 1.63
Hill 65.68 103.01 41.58 0.2386 1.58

Table 0.29: The PBEsol calculated, bulk, Young's, shear modulus and Poisson’s ratio
for PtTe;

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio (v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 73.62 111.64 44,75 0.2473 1.65
Reuss 55.99 87.39 35.24 0.2398 1.59
Hill 64.81 99.52 40.00 0.2441 1.62

Table 0.30: The optB86b calculated, bulk, Young's, shear modulus and Poisson’s ratio
for PtTe>

Averaging  Bulk (K) Young's (E) Shear (G) Poisson'sratio(v) K/ G

scheme (GPa) (GPa) (GPa)

Voigt 75.13 106.25 42.02 0.2643 1.79
Reuss 59.13 83.13 32.84 0.2657 1.80
Hill 67.13 94.69 37.43 0.2649 1.79

The K/G ratios for the different exchange-correlation functionals range between 0.52
and 5.56 using the Voigt, Reuss and Hill averaging schemes. Being isostructural it
probably highlights the fact that PtTe: is a mechanically anisotropic ductile material.
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Figure 0.461: PtTe, shear modulus

The material's response to shear stress shown in Figure 5.51 shows in-plane and out-

of-plane anisotropy.

5.3.4 Dynamical properties of PtTe2

Dynamical properties of PtTe, were done using the PBE+TS exchange-correlation

functional.
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Figure 0.472: PtTe; phonon bands, PDOS and TDOS

PtTe> is dynamically stable due to the existence of only positive phonon modes of

vibrations in the phonon bands and TDOS within the range of 0-5 THz as shown in
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Figure 5.52 above. Like the two previous compounds under investigation, PtTe
primitive cell contains three atoms and eight independent vibrational modes can be
observed in which three are acoustic and the remaining representing optical modes.
Compared to the two previous materials PtTez has an overlap between the acoustic and

optical branches.

5.3.5 Electronic properties of PtTez from DFT, GW and BSE calculations

The lattice parameters as determined by DFT-TS gave a volume closest to the
experimental values and were also used for the electronic and optical studies.
Bandgaps were calculated using the lattice parameters from the relevant different
approximations for comparison. Same as in the bandgap calculations for PtS; and PtSe»
bandgaps for PtTe> were calculated using DFT-PBE, HSE06, MBJ and GW methods

are shown in Table 5.31 below.

| 1 |

r ™M K Y L H ALMKOQ 2 4 6 8
Wave Vector Density of states

Figure 0.483: PtTe electronic band structure and density of states calculated using

PBE+TS exchange-correlation functional

PtTe, band structure was calculated using the PBE+TS approximation lattice
parameters as well. Fig 5.53 illustrates that PtTe, has an overlap of the VBM and CBM
located at the M and K high symmetry points in the Brillouin zone respectively. Bulk
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PtTe> has a number of energy bands crossing the Fermi level indicating its metallic
properties.

Table 0.31: Calculated fundamental bandgaps of bulk PtTe> using different

approximations

Functional Eg(eV)
LDA 0.0000
PBE 0.0000
PBE+D2 0.0000
PBE+D3 0.0000
PBE+TS 0.0000
PBEsol 0.0000
OptB86b 0.0000
MBJ 0.0000
HSEO06 0.0000
Exp[154] Metallic

The DFT based calculations gave zero fundamental bandgaps at DFT level illustrating
that the compound is metallic as illustrated in Table 5.31. This reflects a problem with
DFT approximations in that the presence or absence of a bandgap is not reliably
identified [139][161]. Below are the bandgap results obtained from the Tauc fit.

Table 322: PtTe; bandgaps obtained from Tauc fit

Approximation In-plane (xy-plane) Out-of-plane (|| z-axis)
Eq(eV) Eq(eV)

DFT 0.16 0.76

GW 0.42 0.30

BSE 0.19 0.34
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The explanation for the above trends in the in-plane and out-of-plane bandgaps was
previously discussed in section 5.1.5.

From Table 5.32, the out-of-plane optical edge absorption strength at 0.34 eV is bigger
than the in-plane optical edge at 0.19 eV. For in-plane, when the photon energy is 0.19
eV, the relative value of alpha is 0.4345. For out-of-plane, when photon energy is 0.34
eV, the relative value of alpha is 0.2949.

Therefore, the ratio of the relative absorption values is 1.5:1 for the in-plane to out-of-
plane. Hence based on the magnitude of these ratios, we conclude that there is a

slightly higher chance of observing the absorption spectra for the in-plane than out-of-
plane.

5.3.6 Optical properties of PtTe2
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Figure 0.494: PtTe> absorption coefficient Figure 0.505: PtTe; reflectivity

10

— K.=K,
Kz

n(w)

o 1 4 5 o 1 4 5

2 3 i 3
Photon energy (eV) Photon energy (eV)

99



Figure 0.516: PtTe; refractive index Figure  0.527:  PtTe2  extinction
coefficient
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Figure 0.538: PtTe: loss factor
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As in the previous materials the BSE dielectric matrix was calculated using GW input
data. In-plane and out-of-plane maximum absorption within the visible range peaks at
1.7 eV and 1.75 eV respectively with out-of-plane absorption slightly superseding the
in-plane absorption as shown in Figure 5.54. Maximum in-plane and out-of-plane
absorption occurs at 0.5 eV and 1.2 eV respectively. The absorption spectrum depicts
optical anisotropy and light directed to PtTe, will appear red in colour within the visible
range.

The general trend shows that reflectivity, refraction index and extinction coefficient in
Figures 5.55 to 5.57 have maximum values within the infrared region and decreases
across the visible range though there are significant peaks up to the ultraviolet region
illustrating the presents of interband transitions.

Figure 5.58 illustrates no energy loss within the visible region with max in-plane and
out-of-plane losses occurring within the ultraviolet region at approximately 13 eV and
9.5 eV respectively reflecting the characteristic associated with plasma oscillation at
that specific plasma frequency [160]. Real and imaginary dielectric response activity

is more noticeable within the infrared region as illustrated in Figures 5.59 and 5.60.
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Figure 0.551: PtTe> optical bandgap

In-plane and out-of-plane absorption band edges were obtained as 0.2033 eV and

0.2127 eV respectively as illustrated in Figure 5.61. In-plane and out-of-plane optical
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bandgaps have a marginal shift in the absorption edge of 0.0088 eV. However, the

slight difference in the absorption edges as function of incident light polarization

depicts optical anisotropy.

5.3.7 Thermal properties of PtTe:
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Figure 0.562: PtTe, calculated temperature dependence of free energy, entropy and

Cv.

From Fig 5.62 the specific heat, Cy increases with temperature until it reaches the

Dulong-Petit limit at around 74 J(mol K)*. The predicted Helmholtz free energy,

specific heat capacity and entropy at 300 K from Figure 5.62 were around -13.93
kJ(mol)?, 72.69 J(mol K), and 123.42 J(mol K)* respectively.
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Figure 0.573: PtTe> lattice thermal conductivity as a function of temperature

Both the in-plane and out-of-plane thermal conductivity also show anisotropy within

the material as illustrated in Figure 5.63. The in-plane thermal conductivity is much

higher than the out of

respectively.

plane with values of 7.09 W/mK and 1.61 W/mK at 300 K
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Figure 0.584: PtTe> in-plane cumulative lattice thermal conductivity and derivative

density at 300 K as a function of frequency
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The in-plane and out-of-plane cumulative thermal conductivities with derivative

density of states as functions of frequency at 300 K also show anisotropy as with the
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previous two materials. The in-plane cumulative lattice thermal conductivity cum K,
and its derivative dKj, also support that the main contributor to K; is the acoustic phonon
modes as shown in Figures 5.64 and 5.65. The out-of-plane cum K, and its derivative

dKishows that both acoustic and optical modes contribute towards the K.

6 Conclusion and recommendations

6.1 Conclusion

All calculations were done using first principles theory approaches based on DFT. The
range of results for different exchange-correlation approximations and vdW corrections
highlight a problem in applied DFT. Including vdW interactions in addition to
semilocal exchange-correlation approximations is an attempt to address this problem.
From the different exchange-correlation functionals used, PBE+TS gave equilibrium
volume results that are in good agreement with available experimental results for all
systems. In PtS;, PtSe; and PtTey, the PBE+TS functional gave an equilibrium volume

deviation of 0,3%, 1,1% and 0,9% respectively.

The compounds were all energetically stable due to the negative cohesive and
formation energies implying that they are stable against decomposition into their
constituent atoms and constituent solid components. Elastic constants calculations
confirmed mechanical stability. The compounds also satisfied their respective Born
stability conditions for mechanical stability for trigonal systems. Young’s modulus,
bulk modulus, shear modulus, and Poisson’s ratio were calculated and gave K/G ratios
of less than 1.75 for PtS; and PtSez, implying that they are anisotropic brittle materials.
On the other hand, PtTez has been shown to be an anisotropic ductile material.

Phonon dispersion curves gave all positive modes of vibration throughout the Brillouin
zones of the systems entailing dynamical stability. PtS; had a significant gap of
approximately 2 THz between the acoustic and optical branches with Pt being the

primary element contributing towards acoustic phonons. PtSe; had an extremely small
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gap and there was an overlap between the acoustic and optical branches in PtTe,. PtS,,
PtSe, and PtTe, were found to be semiconducting, semi-metallic and metallic
respectively as observed by the occurrence or non-occurrence of energy bands at the
Fermi level. The GW (fundamental) and BSE (optical) bandgaps gave more precise
results compared to available experimental data.

Excitonic effects play a very significant role in optical properties. Therefore, a suitable
description of the electron-electron correlation and electron-hole interaction is
extremely required to investigate the electronic and optical properties [102][162].
First-principles GW plus BSE calculations were performed to study the QP band
structures and optical spectra of the systems. The calculations were carried out with
more focus on the visible range of 1.6 eV-3.1 eV of the electromagnetic spectrum
which covers the energy of visible light and incoming photons in the solar radiation.
All systems studied were observed to be optically anisotropic within the infrared,
visible and ultraviolet ranges of the electromagnetic spectrum.

PtS has an absorption edge at 1.21 eV which is near an optimum value of around 1.4
eV for maximum solar energy conversion required for a single solar cell, therefore can
be considered for photovoltaic applications. Since Pt is the dominant contributor to
acoustic modes for all compounds, the frequency ranges for the acoustic modes are 0-
6 THz, 0-5.4 THz and 0-3.8 THz for PtSy, PtSe; and PtTez respectively. As the volume
increases from S, Se to Te the frequency dispersion of acoustic modes decreases due
to the fact that force constants decrease as volume increase. The bulk moduli increase
from 47.96 GPa, 61.09 GPa to 65.68 GPa as volume increases from S, Se to Te
respectively.

PtS,, PtSe, and PtTe, compounds are highly anisotropic with the in-plane thermal
conductivities being much higher than the out-of-plane. At the room temperature, 300
K the in-plane lattice thermal conductivities for PtS, PtSe, and PtTe; are 41.6 W/mK,
10.39 W/mK and 7.09 W/mK respectively while the out-of-plane are 2.60 W/mK, 1.64
W/mK and 1.61 W/mK respectively. The out-of-plane thermal conductivities confirm

that further investigation of PtSe2 and PtTe2 as thermoelectric materials is necessary.
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The larger phonon bandgap observed in PtS; is favourable to produce larger thermal
conductivity compared to the other two compounds due to the reduced acoustical and
optical phonon inter-scattering.

Low lattice thermal conductivity is required for efficient thermoelectric devices
therefore the lower out-of-plane thermal conductivities for all structures imply that
these materials can further be investigated to ascertain their suitability for

thermoelectric applications.

6.2 Recommendations

Structural, electronic and optical properties of TMDs have been studied extensively
using ab initio methods. However, the following recommendations emanating from

the current study can be further explored beyond the scope of this study.

How will strain engineering affect the band gap of the monolayer transition metal

dichalcogenides?

How will their optical spectra and thermal properties behave when the bulk crystals are

thinned down to monolayers as well?
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Appendix A

Materials Project

Computational materials science is now powerful enough to predict numerous
properties of materials before they are synthesized in the lab. All input files (INCAR,
KPOINTS, POSCAR) for this study were obtained from Materials Project which
provides open web-based access to computed information on known and predicted
materials as well as analysis tools for designing new materials and to accelerate
innovation in materials research. The POTCAR files were generated through Python
Materials Genomics (pymatgen) which is a robust materials analysis code that defines
core object representations for structures and molecules with support for many

electronic structure codes.

Elastic constants

The general relationship between stress and strain is given by the generalized version

of the Hooke’s law.

0ij = Cijki€ki

Where C is a fourth order stiffness tensor o, stress tensor ¢, the strainand i, j ,k ,1 = x,

y, z . Expressing the strains in terms of the stresses gives,
&ij = SijkiOki
where S; j; is a fourth order compliance tensor.

The elastic constants and moduli are fundamental parameters that provide information
about the mechanical properties of materials. For anisotropic materials due to

symmetry of the Cauchy stress tensor o;; = 0;; and the generalized Hooke’s law it
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implies that C;j,; = Cji;. These conditions reduce the number of elastic constants

from 81 to 21 and they can be further reduced to 21 due to symmetry arguments.

Cl 1 Cl 2 Cl 3 C14- Cl 5 Cl 6
( Crz Gz Cyy C2s (e \

C.. = C33 (34 (35 (36
Y k Symmetric Caa Cys Cyug |

The total number of independent elastic constants is illustrated in the table below.

Elastic conditions in various crystal systems

The following table illustrates different crystal systems including Laue groups and

number of independent second-order elastic constants Cj; [134].

Crystal system Laue class Point groups Cij’s
Cubic(l) m3m 432, 43m, m3m 3
Cubic(Il) m3 23, m3

Hexagonal(l) 6/mmm 6mm, 622, 62m, 6/mmm | 5
Hexagonal(ll) 6/m 6, 6,6/m

Rhombohedral(l) 3m 32,3m,, 3m 6
Rhombohedral(ll) |3 3,3 7
Tetragonal(l) 4/mmm 4mm, 422,42m, 4mmm | 6
Tetragonal(l1) 4/m 4,4, 4/m 7
Orthorhombic Mmm 222, 2mm, mmm 9
Monoclinic 2/m 2,m, 2/m 13
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The corresponding Born elastic stability conditions are:

Crystal system

Cubic

C11-C12>0; C11+2C12>0;Cas >0

Hexagonal

Tetragonal(l)

C11 >|Cy5 ; 2C2; < C33(Ci11 + C12); Caa >0 ; Ces > 0 and Cqq =
(Cll - ClZ)/Z

Rhombohedral(l)

C11>|Cqpl; Caa>0;C3 < %Caa(Cn +Cp); C3 < %C44 (Cu1-
C12) = CusCes

Rhombohedral(I1)

C11>|Cyp]; Caa>0; C2; < %C33(C11 +C1); C%, + Ci< %044

(C11- C12) = Ca4Ces

Tetragonal(Il)

C11 >|Cy,|; Cf5 < Ca3(Cir+ C12) ; Caa>0; 2C%5 < Cos (Cu1-
C12)

Orthorhombic

C11>0; C11Ca > C2, ; C11C2Ca3 + C12C13C23 — C11C35- C22C25 -
C33C%2 >0:C0>0:Cs5>0:Cq6>0

Voight, Reuss and Hill averaging schemes

Many materials of interest are polycrystals, with distributed orientations of single

crystals leading to macroscopically isotropic properties. We may therefore derive

effective isotropic elastic constants for polycrystals by averaging over the elastic

constants of the single crystal grains since the VVoight and Reuss methods at third order,

unfortunately do not yield bounds on the true average in a polycrystal limiting their

usefulness. The two schemes assume a uniform strain giving values that are often in

the upper and lower limit numerical data respectively. This can be achieved by the Hill

average, which is the mean between Voigt and Reuss averages [163][164].

The Voight bulk, B, and shear, G,, moduli are given by:
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2 1
BV = §<C11 + ClZ + 2C13 + §C33>

1
Gy = %(Cll + Cy2 + 2C33 —4Cy3 + 12C55 + 12(:66)

Reuss bulk Bg, and shear Gz, moduli are given by:

_ [5655666(611 + C12)CS3 - 2C122]
R Ci1 + Cyy + 2C33 — 4Cy,

— [SCSSCGG(Cll + C12)633 - 26122]
2{3ByC55Ce6 + [(C11 4 C12)Cs33 — 2CE,] Cip + (Css + Co)}

Gr
The Hill bulk and shear moduli are given by,

1
By = E(BV + BR)

1
Gy = E(GV + GR)
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Appendix B

Eigenvalues of the stiffness matrices

Table 1: Calculated eigenvalues for all compounds and functionals in Gpa from the

elastic constants calculations

Compound Functional M A2 A3 A1 As Ae

PtS2 LDA 33.532 35.302 38.427 99.707 183.2  320.88
PtS> PBE 0.64665 0.64677 1.856 50.068 100.12 174.59
PtS> PBE+D2 50.479 55.376 68.33 123.87 225.84 395.31
PtS; PBE+D3 31.605 32.417 35.147 96.544 178.09 304.36
PtS; PBE+TS 21.663 23.449 24415 77.052 148.01 260.3
PtS> PBEsol 13.344 27.386 29.097 87.227 164.19 287.32
PtS> optB86hb 20.996 26.069 27.837 81525 1527  280.75
PtSe> LDA 29.166 32918 49.621 85438 1514 288.56
PtSe> PBE 0.082564 1.4869  1.4876 42.249 84.458 147.14
PtSe PBE+D2 39.704 45906 56.039 105.99 183.34 341.85
PtSe> PBE+D3 28.003 31.174 40.876 78.607 141.22 261.81
PtSe> PBE+TS 23.124  25.109 40.621 67.725 124.74 241.88
PtSe PBEsol 26.447  29.507 32.619 76.214 136.62 264.48
PtSe> optB86hb 21.483 24.008 25.89 72.269 129.33 246.03
PtTe, LDA 18.109 24.737 47.574 112.07 164.08 507.97
PtTe2 PBE 17.878 18.981 20.773 53.547 100.87 192.41
PtTe2 PBE+D2 31.676 39.503 51.035 99.481 159.54 279.14
PtTe PBE+D3 29.238 34918 49.96 79.094 132.45 24571
PtTe PBE+TS 27.252  31.37 47.778 74913 130.15 234.02
PtTe2 PBEsol 28.461 33.043 4338 67.806 116.81 239.53
PtTe, optB86hb 26.113 30.361 41.912 64.741 111.37 240.24
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