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ABSTRACT

Intensive study on structural, electronic and optical properties of bulk transition metal dichalcogenides
and dipnictogenides (MXq; where M =V, Nb and X = S, Se, Te, P) was undertaken. A relative stability
test was done to determine the most stable ground state configuration via calculation of total ground
state energy and volume which was fitted to the third order Birch-Murnaghan equation of state to extract
lattice parameters. Cohesive energies of the above mentioned MXy compounds and their elemental solids
were then computed from which formation energies were acquired based on their respective equations
of reaction between reactants and product. Its significance was to aid in determining if a material is
energetically stable.

Elastic constants were predicted from which mechanical properties i.e bulk, Young's and shear moduli
and consequently Poisson's ratio were resolved by feeding the stiffness matrix onto online elastic tensor
analysis tool which facilitated verification of their mechanical stability based on the well-known Born
stability conditions which varies from one crystal system to another, at a later stage phonon dispersion
curves were plotted after performing phonon calculation based on phonopy code to verify if the materials
of concern are dynamically stable.

After a material had fulfilled all the above stability tests, its structural study was initiated using various
functionals. Functional that described best the structural properties of each individual compound con-
sidered was then applied in exploring its electronic and optical properties whose motivation was to find
out the most stable phase as well as gauge if these materials could be used in various fields that suits
their mechanical and optical properties. Furthermore, from carefully calculated optical spectra, plasma
frequencies were analyzed which indicated the possibility of applying a material in plasmonic related
fields. In addition to above, other factors to be considered when selecting a given electrode material
that are crucial for optoelectronics are good chemical and thermal stabilities, high transparency and
excellent conductivity.
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Page 1

INTRODUCTION

For about two decades, a lot of research has been focused on the study of graphene, a 2D honeycomb
structure of carbon. Graphene is a layered material that has attracted much attention due to its unique
and outstanding electrical, mechanical and optical characteristics [1-4]. Layered compounds are those
that possess strong lateral chemical bonding in-plane but display weak van der Waals interaction between
planes. Pristine graphene is a zero band gap semiconductor and its intrinsic inversion symmetry strongly
suppresses the spin-orbit coupling. Hence, graphene cannot be used as a switching material in spin-based
transistors.

Although graphene has an extremely high mobility of 15,000 cm?/(Vs) [5] and is easy to scale down,
the absence of an inherent band-gap limits the potential for graphene to be used in logic circuits which
is a drawback since many important applications in optics and transistor technology require a band gap.
This led to vigorous research effort to functionalise it to achieve band gap manipulation. Graphene,
while being fundamentally and technologically interesting for a variety of applications, is chemically inert
and can only be made active by functionalization with desired molecules, which results in the loss of
some of its exortic properties.

Recently, molybdenum disulphide and tungsten disulphide have emerged as competing materials for
nano-electronics due to their interesting properties like the presence of a band gap, thermal stability
upto 1100 °C and absence of dangling bonds [6]. This resulted in successful implementation of a
monolayer MoSo-based field effect transistor, with HfO5 as a gate insulator. Molybdenum and tungsten
disulphides have been synthesized but potential applications of these materials have been hampered by
two serious drawbacks: their bandgap, a property essential for making transistors and other electronic
devices, is too small, giving a low signal-to-noise ratio and they lack the ability to switch rapidly on and
off.

MoSy and WSy being members of Transition Metal Dichalcogenides (TMDs) opened up research for
other combinations of TMDs with the hope of getting one whose properties are comparable to those of
graphene, MoS, and WSs, as well as be in a position to ascertain if they can be applied in plasmonic
related fields by launching an in-depth analysis of their optical spectra and constants i.e location of
plasma frequency and index of refraction.
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1.1 Chalcogenides

A chalcogenide is a chemical compound consisting of at least one chalcogen anion and at least one
or more electropositive element. Although all group 16 elements of the periodic table are defined as
chalcogens, the term chalcogenide is more commonly reserved for sulphides, selenides and tellurides
rather than oxides. Depending on the ratio of transition metal atoms to chalcogen atoms, transition
metal chalcogenides, dichalcogenides and trichalcogenides exists among others. In this study our focus
was on layered transition metal dichalcogenides since they are analogous to graphene.

Generally, TMDs containing group 4 - 7 transition elements have a layered structure, while those with
group 8 - 10 transition metals have non-layered stuctures. Each layer has a thickness of (6 - 7) A,
which consists of hexagonally packed layer of metal atoms bonded by weak van der Waals forces [7].
TMDs have attracted great attention from scientists because of their rich, unique as well as diverse
properties that give rise to potential application in integrated circuits, energy storage i.e it is contended
that edge planes of MoS, are active sites for hydrogen evolution reaction and is used in lithium batteries
as anode, 2H-NbS; is applied as a catalyst for purification of petroleum [8] as well as being used as
cathode materials in secondary batteries [9] and in humidity sensors [10, 11], transparent conducting
electrodes [12] among others as well as their accessibility for easy synthesis using various chemical and
physical methods [13-15].

Many metal ores exists as chalcogenides. Photoconductive chalcogenide glasses are used in xerography,
metal dichalcogenide MoS,, for example, being layered is employed as a common solid lubricant since it
can withstand higher temperatures than graphite [16,17]. This is because weak non-covalent interactions
between adjacent layers and the anisotropic character of TMD structures result in easy shearing of the
layers even under high pressure leading to good lubricant properties which promotes its applicability in
aerospace engineering fields. This not only acts as a supplement to liquid lubricants but also reduce
friction arising from surface contacts as well as enhancing loading capability of heavy machinery.

They also exhibit other unique properties namely low resistance, excellent optical transmittance, chemical
stabilities and high mechanical stability hence can be applied in photovoltaic devices. The various
properties of TMDs arise from the filling of the non-bonding d-bands from the group 4 to group
10 species. When the orbitals are partially occupied, the TMDs display metallic properties, whereas
when they are fully occupied, they display semiconducting ones [18]. TMDs exhibit a variable band
gap between 0 eV and 2 eV depending on the elemental combination, the number of layers, and the
presence or lack of a doping atom.

TMDs monolayers are atomically thin semiconductors. The discovery of graphene shows how new
physical properties emerge when a bulk crystal of macroscopic dimensions is thinned down to one
atomic layer (size sinking). Their monolayers have the following properties that are distinctly different
from those of semimetal graphene; some TMDs i.e MoSy, WSy, MoSe,, WSes and MoTes have direct
band gap and can be used in electronics as transistors and in optics as emitters and detectors [19]. Also
it is observed that as the number of layers decreases from bulk to monolayer limit, the indirect bandgap
TMDs increases and becomes so large in the monolayers making them change from indirect to direct
semiconductors. Materials with indirect optical bandgap requires a thick active layer for solar conversion
and thus leads to costly fabrication of large area materials [20].

In addition, due to quantum confinement and surface effects, monolayer and few-layered TMDs exhibit
a variety of exciting properties not seen in their bulk counterparts; TMDs monolayer crystal has no
inversion center, which allows access to a new degree of freedom of charge carriers, namely the k-valley
index and valleytronics [21], The strong spin-orbit coupling in TMDs monolayers leads to a spin orbit
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splitting of hundreds of 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 [22], TMDs are highly anisotropic
crystals that easily intercalate with organic molecules or alkali metal atoms or compounds [23].

Chalcogenides create a very stable binary compounds with transition elements forming layered crystalline
structures especially with transition metals of group IV - VII. The work on TMDs monolayers is an
emerging research and development field since the discovery of the direct bandgap and the potential
applications of electron Valley Physics. Ultrathin TMDs include semiconductors with giant spin-orbit
coupling and as a result they are considered to be complementary to graphene [24, 25].

1.2 Composition, structure and stacking of TMDs

TMDs have a general formula MXy where the transition metal and chalcogen have +4 and -2 oxidation
states respectively. A single layer of TMDs can exhibit either trigonal prismatic (2H) or octahedral metal
coordination phase (1T) that bears different properties depending on transition metal coordination and
stacking sequence of multiple layers. Since each individual layer could possess any of the two coordination
phases mentioned, it implies that many different polymorphic structures could exhibit the same TMD
material resulting in a diverse variety of properties.

Most commonly encountered polymorphs of TMDs are tetragonal (1T) of point group D34, hexagonal
(2H) of point group D3, and rhombohedral (3R) of point group Cs, where the given digits shows the
number of X-M-X units in the unit cell [26]. The 2H phase has AbA BaB stacking sequence whereby
chalcogen atoms overlap along the z-axis with the metal atoms of the adjacent layer. On the other
hand, 1T phase exhibit AbC AbC stacking sequence due to symmetry whereas 3R have BcB CaC AbA
stacking sequence in unit cell where metal and chalcogen atoms are shifted. It is worth noting that
these materials can undergo phase transition i.e through alkali intercalation which completely alters their
electronic properties.

Relative stability between different phases (H and T) is greatly affected by the two parameters: the
thickness of layers and temperature. Damien et al. [27] noted that stacking sequence can break the
inversion symmetry of bilayer TMDs allowing an additional pathway for tuning optical, electronic and
spintronic properties of TMDs. Bandaru [28] proposed a simplified nomenclature shown in Table 1.1
that is applicable to different phases of TMDs.

Table 1.1: Polytypes of TMDs

Phase Space group symmetry Metal co-ordination  Stacking sequence

1T P3m1 octahedral AbC

2H, P63/mmc Trigonal prismatic BcBACA
2H, P63/mmc Trigonal prismatic BcBADbA
2H, P63/mmc Trigonal prismatic BaBAbA

3R Rsm Trigonal prismatic BcBCaCAbA

Since TMDs exhibit different stacking sequence despite some belonging to the same point group, they
exhibit different electrical, mechanical, physical and optical properties [29].



REVIEW OF TMDs

In this section we briefly discuss what has already been explored about the materials of interest. The
layered TMDs have been the subject of many recent studies. To flashback, structures and properties
as of four decades ago have been reviewed by Wilson and Yoffe [30]. Electronic properties were more
recently reviewed by Yoffe [31]. Lieth and Terhell [32], Balchin [33] and Levy [34] have summarized
preparation and crystal growth procedures. Hullinger [35] as well has compiled extensive structural
information of these materials.

2.1 Transition metal dipnictogenides

2.1.1 Niobium diphosphide (NbP,)

Little information is known about NbPy compared to other well studied compounds in the periodic
table. Hullinger in 1964 [35] reported only the lattice parameters as derived from powder diffraction
patterns which is our only source of experimental information. He noted that NbP is monoclinic and
isomorphous to tantalum diarsenide (TaAS3). Recall that phosphorus can never exist as a free element
on earth since it is highly reactive. It is mainly obtained from phosphate rock (calcium phosphate) and
is normally stored under water in chemical laboratories. NbP, is formed by reacting phosphorus and
niobium under inert atmospheric conditions or vacuum because of reactive nature of phosphorus.

2.1.2 Vanadium diphosphide (VP)

Vanadium-phosphorus system was first explored by Zumbusch and Biltz [36]. They explored various
concentrations: VPgg, VPos, VP10 and VP15. Hullinger also studied VPs alongside NbPs using
diffraction patterns as well. In 1975, Margaret et al. prepared VP, crystals using chemical transport
method where they used iodine as transport agent. Red phosphorus used in their reaction was 99 %
pure and vanadium metal was 99.95 % as per their supplier. The main impurities (in parts per million)
were Fe 200, P 125, Ca 60, Cr 50 and Mn 50. They synthesized VPy by heating red phosphorus and
vanadium metal flakes in evacuated and sealed silica tubes at 800 °C for three days. From their analysis,
phosphides of vanadium, niobium and tantalum (VP2, NbPy and TaP2) are structurally similar [37].
VP3 belongs to the NbASs-type structure of space group C2/m.
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2.2 Transition metal dichalcogenides

2.2.1 Vanadium diselenide (VSe,)

F. Levy and Y. Froidevaux [34] studied VSes when they were exploring compounds of V,Ti;_,Ses and
Ta, Ti1_,Sey at various concentration levels and environmental conditions. For VSes, they did crystal
growth at two different temperatures. First, they did their experiments at a range of (650 - 700) °C
sublimation temperature and (500 - 650) °C growth temperature. In the second instance, they did their
experiments at a fixed temperature of 900 °C and 800 °C for sublimation and growth respectively. In
both cases, they used iodine too as in the case of VP9 as transport agent and selenium was supplied in
excess to ensure the best stoichiometry of the growth crystals was attained. Growth time was between
30 - 350 hours. They concluded that layered selenides of titanium, tantalum and vanadium (TiSey, 1T-
TaSez and VSey) are rather easy to alloy and to grow as single crystal by chemical transport technique
and crystallizes only in stable octahedral coordination of cations. G. Wiegers [38] reported that VSey
behaves as a d-band metal and at about 110 K, it shows anomalous properties which are attributed to
charge density waves.

2.2.2 Vanadium ditelluride (VTe,)

Bronsema et al. [39] prepared Vi, Tes by heating mixture of elemental solids in evacuated quartz
ampoules at 1000 K for a week after which the samples were slowly cooled. As the case of VSey, powder
diffraction showed that in addition to V14, Tes, also elemental tellurium was present corresponding to
tellurium-rich limit of the homogeineity range. The observed diffraction pattern was complex due to
simultaneous occurrence of distortion of the Cd(OH)s-type structure of vanadium ditelluride in three
equivalent directions which can be attributed to its anisotropy. They noted that it is difficult to grow
single crystals of V1, Tes by vapour transport.

2.2.3 Vanadium disulphide (VS,)

Among all the compounds considered in this study, VSs has been explored more by a number of
researchers. It was first studied by Murphy et al. [40] in 1977. They analyzed various concentrations
of ternary compound composed of lithium, vanadium and sulphur whose chemical representation is
given by Li;VSs (0 < 2 < 1). The series of Li,VSy was prepared by oxidation of LiVSg with iodine in
acetonitrile according to equation below;

1
LiVS, + 5 (1 = @)l — Li,VS; + (1 — ) Lil (2.2.1)

This oxidation was rapid and quantitative at room temperature. All Li could be removed from LiVS,
in a matter of minutes depending on stirring rate because of the heterogeneous nature of the reaction.
The highly coloured |l solution became colourless upon completion of reaction. The VS, prepared by
this method was stable in air or in Ar to 300 °C, beyond which sulphur loss occur.

They concluded that the compound was hexagonal (Cdl,-type) and transition was observed in magnetic
susceptibility at ~ 305 K. No change was observed in x-ray patterns above or below this transition
temperature. VS has attracted research interest due to its intrinsic magnetism and potential application
as high performance functional nanomaterial. Zhang et al. [41] reported that below room temperature,
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both bulk and monolayer VS, prefer to exhibit hexagonal (H) structure instead of trigonal (T) structure.
At room temperature, although H monolayer VS, remains stable than T-VS,, the bulk T-VS, becomes
more stable than H-VS,. Changing slab thickness or temperature leads to phase transition between H
and T. Few layered ultrathin VSy nanosheets have been exfoliated showing high conductivity and 2D
permeable channels, with great promise for applications in fabrication of planar qausi-two dimensional
supercapacitors.

Recently, VSs has been synthesized successfully paving way to realization of TMD based spintronic [42].
Feng et al. proposed that vanadium disulphide nanosheets with quasi-two dimensional electronic struc-
ture is a very promising material for high moisture responsiveness. Sensitivity of moisture responsiveness
normally relies on interval structures of the grain boundaries, as well as the electropositivity of exposed
metal atoms, which greatly influence electrical response triggered by moisture stimuli. In this perspec-
tive, 2D planar structures with large specific surface area could largely enrich the number of edge-exposed
atoms and active intervals to absorb water molecules [43].

2.2.4 Niobium disulphide (NbS,)

Fisher and Sieko [44] prepared samples with stoichiometries near NbSs from the elements by reacting
them at 950 °C followed by quenching from an annealing temperature of 750 °C. Stoichiometry of the
products depended on pressure of excess sulphur during annealing. In the range of 0 < x < 0.18 for
Nbi1,S2 only two phases were observed, stoichiometric line phase corresponding to the 2H polytype
NbSs, and a non-stoichiometric phase corresponding to 3R-Nby,So. For 0.07 < z < 0.18, only the 3R
polytype was obtained.

Superconducting transition temperatures, determined by Meissner flux expulsion indicated that 2H-
NbSs superconducts with a transition temperature of 6.3 K. 3R-Nb1,,S2 does not superconduct above
1.7 K. They noted that susceptibility of 2H-NbSs was about twice as great and showed a slight linear
increase as the temperature was decreased. They reported existence of four phases of niobium disulphide
namely 2H-NbSy and 3R-Nb;,Ss (both being stoichiometric) and 2H-Nb;,S2 and 3R-Nby4,S2 (non-
stoichiometric). They believed that nonstoichiometry was accommodated by excess niobium atoms in
the gap between the sandwiches.

2.2.5 Niobium ditelluride (NbTe,)

Single crystals of NbTes were grown by Nitshe et al. [45] using an iodine carrier with suitable gradient
between hot and cold ends of the evacuated quartz tube. This could also be done by vapour phase
transport method using iodine gas as transport agent as in the case of other TMDs. NbTes single crystals
obtained by Neha et al. [46] were shiny black and opaque. Its crystal structure is monoclinic with the
space group C2/m. From their diffraction results, NbTes has good crystallinity as supported by its well-
defined sharp diffraction lines. NbTey is one of typical TMDs that shows charge density waves [47]. Its
experimental value of electrical resistivity and diamagnetic susceptibility have been reported by Shoichi
et al. [48] for high quality single crystals. Erdogam and Kirby [49] did Raman scattering measurements
of layered NbTey and from their analysis, it indicated no evidence of phase transition for temperatures
between 80 K and 420 K.
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2.2.6 Niobium diselenide (NbSe,)

Kershaw et al. [50] reported that NbSey crystallizes in the P6/mmc space group. Single crystals were
grown by chemical transport method using iodine or bromine as the transport agent. They deter-
mined crystallographic parameters of NbSes on powder samples with a Norelco diffractometer using
monochromatic radiation (AMR-202 Focusing monochromator). From their resistivity curves, NbSey
showed metallic behaviour. Superconducting transition for NbSey as measured on single crystals took
place at 7 K which was in agreement with the value reported by Revolinsky et al. [51].

Brixner [52] indicated that NbSey behaves as a metal because there is a free electron available for the
conduction band. 2H-NbSe, has AbA stacking sequence. Electronic and mechanical anisotropy in NbSe,
and other TMDs arises from relatively weak van der Waals bonding between adjacent chalcogenide
layers and its bonding permits intercalation of Lewis bases [53,54]. Lee et al. [55] reported that as
temperatures of 2H-NbSes is increased, the sign of Hall coefficient changes at 26 K from n-type to
p-type. This behaviour was indeed unusual in that the sign of Hall coefficient was positive at room
temperature while Seebeck coefficient was negative. Jerome [56] did analysis of the effect of hydrostatic
pressure on superconductivity of NbSe, and noticed that superconducting transition temperature of the
layer crystal niobium diselenide increases from 6.9 K to 8.5 K upon application of 17 kbar hydrostatic
pressure.



THEORETICAL FRAMEWORK

In this section, we discuss the fundamental theories supporting this study both at ground state and
excited state. Density functional theory and its methods; Kohn-Sham equations; total energy functionals;
exchange and correlation energy functionals and van der Waals interaction principally helps us exploit
the ground state properties whereas many-body perturbation theory; GW Approximation and Bethe
Salpeter Equations provide excited state properties. In addition, plasmonic materials are reviewed in a
nutshell in order to relate between the obtained optical data and possible application.

3.1 Density Functional Theory (DFT)

Computer simulations are becoming most convenient tools used to explore features of possible repre-
sentational structures in order to understand systems and their behaviour. A successful application of
DFT to a materials problem involves three distinct steps. At initial stage, an engineering problem is
translated into a computable atomistic model, thereafter, the required physicochemical properties are
computed and at a later stage, laboratory experiments are carried out to validate simulation results.
Computer simulation is represented as running the model of a system used to explore and gain new
insights into new technology and to estimate its performance [57].

Hohenberg and Kohn wrote a paper in 1964 [58] that marked the dawn of modern DFT. They displayed
that a special role can be assigned to density of particles in the ground state of quantum many-body
system. Density can be considered as a 'basic variable’ i.e all properties of the system can be considered
to be unique functionals of ground state density. The Hamiltonian (H) is determined by the ground
state density [59]. In principle, the wavefunction (1) of any state is determined by solving Schridinger
equation with this Hamiltonian [60]. For a single electron moving in a potential V/(r), Schrodinger

equation becomes;
Hy = By, (3.1.1)

where F is eigenvalue of the system, substituting Hamiltonian, H in equation (3.1.1) gives;

—h2
[va? + V(r)] b(r) = Eg(r). (3.1.2)

If there is more than one electron (i.e many-body problem), then Schridinger equation can be expressed
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as;

N, 492
Z (hV2 + V(TZ)) + ZU(TiaTj) 1/1(7’1,7’2, ... ,TN) = Ey (7’1,T2, . ,T’N), (313)

2m —t
1<)

where N is the total number of electrons and U (7, ;) is the electron-electron interaction. One specifies
the system by choosing V' (1), substitutes it to the Schridinger equation, solves that equation for the 1
and then calculate observables [61-64]. One among the observables that are calculated this way is the
particle density. If we express potential V() in terms of electron density;

- / ErV (r)i(r), (3.1.4)
equation (3.1.4) gives expectation value of V;

(WY|V ) = /d3rV(r)ﬁ(r). (3.1.5)

From the above equations we can write charge density as;

n(ry) = (Y|n(r:)|¥) ZN/d3r2/d3r3.../d3rN1/1* (ri,7ro,...,rN) ¥ (r1,72,...,rn) . (3.1.6)

3.2 Hohenberg-Kohn theorem

Hohenberg-Kohn theorem tries to formulate density functional theory as an exact theory of many body
systems. If we consider a collection of arbitrary number of electrons enclosed in a large box whose
motion is influenced by mutual coulomb repulsion and some external potential V(r). lts Hamiltonian
can then be expressed as;

1 ]. 1 ’ / /
H=T+V+U = 2/V¢*(T)V¢(r)dr+/ V(T)i/}*(r)w(r)dr+2/Mw*(r)w*(r Vo (r )(r)drdr .
(3.2.1)

Electronic density in ground state n(r) is a functional of V(r) and is given by;

n(r) = (™ (r)v(r)y). (3.2.2)

For simplicity, we assume that ground state ¢ is non-degenerate suggesting that two or more different
states of a system cannot give the same value of energy upon measurement. We then apply reductio
ad absurdum (a proof by contradiction) to show that V(r) is a unique functional of n(r).

If we assume that there also exist another ground state 1’ that gives rise to the same electron density
n(r); unless V' (r) - V(r) = constant; )" cannot be equal to v since they in principle satisfy different
Schrodinger equations. If we denote ground state energies and Hamiltonian associated with ¢ and ¢’
by E, E' and H, H’ respectively, we obtain via minimization of ground state the following expressions;

H =T+ Uy + Vewr = HY = Etp, (3.2.3)

and
H=T+U,+V,

ext

=Hy =Ev. (3.2.4)
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From variational principle; starting from E ~ we get;

E' =W H W) < (WH ), (3.2.5)

assuming E’ is the ground state energy. Therefore;

I 16) = GIH = Vear) + Vi) = B+ [ dr () [Vilr) = Vi), (3:26)

intergrating primed and unprimmed parameters in the above equation yields;
E<E+/WnMP%®—%Mﬂ. (3.2.7)

Also starting from E, we get;

/

B = WIHW) < 0|HW) =B + [ dr o) [Veas(r) = Vi )] (3.2.8)

by above assumption, n(r) = n'(r), where n'(r) is another ground state charge arising from another
Hamiltonian (H') and whose ground state energy is (E') resulting in;

!

E<E+/mwwﬂwaw—%mm] (32.9)

Adding equation (3.2.7) and (3.2.9) leads to the contradictory inequality;
E+E <E+E. (3.2.10)

From equation (3.2.10), it is clear that two different ground state wavefunctions cannot lead to the
same ground state charge density [57,58]. Moreover, this proof can also be extended to degenerate
ground states where more than one ground state exists.

3.3 Kohn-Sham equations

Hohenberg-Kohn theorem gives the possibility of using the ground state density to calculate properties
of the system but it does not provide a way of finding the ground state density. Kohn-Sham (K-S)
equations becomes handy in filling this gap. Ansatz made by Kohn and Sham provide a way to make
useful approximate ground state functionals for real systems of many electrons. In their approach,
we can replace the original many-body problem by an auxilliary independent particle problem with an
ansatz that in principle leads to exact calculations of properties of many-body systems using independent
particle methods. Two assumptions are made in K-S ansatz: that the exact ground state density can
be represented by the ground state density of an auxilliary system of non-interacting particles and that
auxilliary Hamiltonian is chosen to have usual kinetic operator and an effective local potential V. z¢(r),
acting on an electron at point r. To derive K-S equations, we have to consider the ground state energy
as a functional of the charge density (p).

Elp(r)) = Tlp(r)) + [ p(r)V(r)ir + Eic, (3.3.1)
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where the first expression on the right hand side of equation (3.3.1) denotes kinetic energy, second term
stands for interaction with external potential including electron nuclei interaction and the last term
represents electron-electron interaction which can be expressed in the form [65];

Bulptr)) = & [ A D+, o). (332)
= |

The first term in right hand side of equation (3.3.2) denotes electron-electron electrostatic interaction

and the second one, non-classical exchange correlation energy. Kohn and Sham derived a set of single

particle Schrédinger equation by re-introducing wavefunctions (v;) and its conjugate (¢}) [66] which

are related to charge density in the following way;

)= (i), (3.3.3)
i=1
where n represents the number of electrons. Kinetic energy is given by;
—h? & 9
Tlp(r)] = 5 - 2 (il V7). (3.3.4)

If the wavefunctions are required to be orthonormal [67];

/Qﬁ(?")wj(r)dr = 0;5 = {(1) :i z iéj ) (3.3.5)

then we can define a functional of wavefunctions as;
Q] = Eli(r)] = > ) e /w;(r)wj(r)dr, (3.3.6)
iy

in which ¢;; are lagrange multipliers to ensure that the wavefunctions are orthonormal. Minimization of
Q1] with respect to 1 (r) gives Kohn-Sham equations [68];

—hK? 9
[mv + Veff(r)} Pi(r) = €etpi(r). (3.3.7)

Effective potential [V.;/(r)] and its component, exchange-correlation potential [V,..(r)] are related via
the following expression;

Vers(r | d " Vielr), (33.8)

where
O0F .

op(r)’

Kohn-Sham method treats kinetic energy exactly leaving E,.[p(r)] to be approximated. This is valid for
several reasons; T'[p(r)] is typically a very large part of the energy while E,.[p(r)] is smaller part, T'[p(r)]
is largely responsible for density oscillations of the shell structure which are accurately described by the
Kohn-Sham method and E.[p(r)] is somewhat better suited to the local and semi-local approximations
than T'[p(r)]. This signify that if the universal functional E,.[p(r)] is known, then the exact ground
state energy and density of many body electron problem could be found by solving K-S equations for
independent particles.

Vae(r) =

(3.3.9)
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3.4 Density functional theory methods

There are basically three types or categories of DFT methods namely local density approximation,
generalized gradient approximation, hybrid functionals and meta-GGA.

3.4.1 Local Density Approximation (LDA)

LDA assumes that the density of molecule is uniform throughout the molecule. The exchange correlation
energy at each point in the system is assumed to be the same as that of uniform electron gas of the
same density. This approximation was originally introduced by Kohn and Sham and holds for a slowly
varying density. Using this approximation, the exchange-correlation energy for density p(r) is given by;

BLDA _ / p(r)eselp)dr, (3.4.1)

where E,.(p) is the exchange-correlation energy per particle of uniform electron gas of density p. The
exchange-correlation potential is expressed as;

SELDA 0€z(p)
yLDA _ 9Pme AL 3.4.2
xc [p(?")] (5,0(7’) Efﬂc(p) + p(?") ( )
For practical use of LDA in calculations, it is necessary to determine the exchange-correlation energy for
a uniform electron gas of a given density. By splitting E,.(p) into exchange and correlation potentials
gives;

€xc(p) = €x(p) + ec(p).- (3.4.3)

3.4.2 Generalized Gradient Approximation (GGA)

GGA accounts for non-uniformity of the electron density. While LDA approximates the energy of the
true density by energy of a local constant density, it fails in situations where density undergoes rapid
changes such as in molecules. An improvement on this can be made by considering the gradient of the
density, which is known as generalized gradient approximation. It can be expressed mathematically as;

Eyc = Exclp(r), Vp(r)]. (3.4.4)

This can lead to a large improvement over LDA results with accuracy approaching that of correlated
wavefunction methods such as MP2 (second order Moller-Plessett perturbation theory) and in some
cases surpassing. Although there is only one LDA, several different parametrizations of GGA such as
PWo91, PBE, RPBE and WC exist.

3.4.3 Hybrid functionals

Hybrid methods attempt to incorporate some of more useful features from ab initio methods with some of
the improvements of DFT mathematics. A hybrid exchange-correlation functional is usually constructed
as a linear combination of the Hartree-Fock exact exchange functional;

BT = 5 [ [ 00500 il ra)dradrs, (345)
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Parameters determining the weight in each individual functional are specified by fitting the functional's
predictions to experimental or accurately calculated thermochemical data. Examples of hybrid function-
als are: B3LYP (Becke 3 term correlation functional; Lee, Yang and Parr exchange functional) that is
commonly used method by computational chemistry practitioners and MPW1K (Modified Perdew-Wang
one parameter hybrid for Kinetics).

3.4.4 Meta-GGA

Meta-GGA is a modified form of GGA that incorporates non-interacting kinetic energy density, local
density and the gradient of the local density [69]. Tran and Blaha [70] proposed that meta-GGA
gives better band gaps comparable to experimental for a broad range of materials. Morever, it is
computationally economical way of computing band gaps as compared to other techniques such as GW.
As the case of Hybrid functionals, several flavours of meta-GGA fuctionals exist such as modified Becke-
Johnson (mBJ) exchange potential, strongly constrained and appropriately normed (SCAN) semilocal
density function and 'made simple’ (MS) functionals, just to mention a few [71].

3.5 Total exchange-correlation energy functionals

Let's consider E[p] as sum of several terms. The basic principle as per Kohn and Sham is to identify
those terms that are known exactly, define others in some convenient way and then put our attention to
the remaining unknown terms. In this derivation, we will only consider closed shell ('spin-unpolarized’)
system for simplicity. The total energy of the system is given by;

Elp] = Ts[p] + V[p] + Ulp] + Exc[p)- (3.5.1)

Kinetic energy of a hypothetical system of non-interacting electrons can be written as;

Occ

Tl =3 Y [ Gr)Vanr) (3.5.2)
k

parameter Z,?CC signify that each term in the sum must be included as many times as there are electrons
occupying the orbital ¢ (7). Total ground state density is exactly equal to p(r), ¢r(r) are Kohn-Sham
orbitals occupied by these electrons whereas ¢ () is its conjugate [72]. Electron density can then be

expressed as;
Occ

p(r) = |ok(r)*. (3.5.3)
k

Electrostatic energy functional V'[p] of the electron density interacting with external potential V(r) is
given by;

Vip = / o(F)V (1), (3.5.4)

U[p] = 1/d7‘1/d?”2p(rl)p(TQ). (3.5.5)
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E.c[p] incorporates everything else that is not exactly defined and is referred to as exchange-correlation
energy. This is the only unknown term in equation (3.5.1). K-S method packages all unknown functionals
into the exchange-correlation energy functional. This enables us to approximate smaller part of energy
(exchange-correlation part) rather than approximating total energy functional [73];

[E(p)| > |Exe(p)]- (3.5.6)

Initial step of solving exchange-correlation energy functional involves disintergrating F,.[p] into two
parts, one large and one small. This is done in such a way that the larger part can be defined and
computed exactly. This is analogous to breaking down total energy into its components. The two
resultant parts are namely exchange and correlation energy functionals.

where E,[p] is the exchange energy functional that is exactly defined and E.[p] the correlation energy
functional that is to be approximated and is analogous to equation (3.4.3). For spin-unpolarized systems
where K-S orbital is doubly occupied, the exchange part is expressed as;

et Z /drl/ k(1) 95 (r2)Pf (Tl)ﬁbl(m)‘ (35.8)

(k,1=1) 1 = 72

Function ES*@[p] is an implicit functional of density that depends on p through the K-S orbitals. If
we consider atoms and molecules near equilibrium geometries, correlation energy is roughly an order of
magnitude smaller than exchange energy.

B2 p]] > | Ecpll- (3.5.9)

This helps us to narrow down and approximate only E.[p] which is relatively small but important bit of
total energy. At this point we have to recall the concept of exchange and correlation holes. Exchange-
correlation energy can be defined as;

Exelp] = l/dnp(m)/dmm, (3.5.10)

2 |7"1—7“2’

where pg.(r1,72) is exchange-correlation hole density. Implying that exchange-correlation energy rep-
resents coulombic interaction between an electron at r; and the surrounding exchange-correlation hole
charge. Hole charge at ry is not static but depends on the current position of electron r;. As before,
exchange-correlation hole is sub-divided into exchange and correlation holes.

Pzc(r1,72) = pu(r1,72) + pe(ri, r2), (3.5.11)

so we can then re-write the exchange functional as;

Eylp] = 1/dr1p(rl)/dr pa(ri;rz) (35.12)

2 |7“1 *7“2|

and the analogous expression for correlation functional as;

Bl =5 [ dnptes) [ dryP2T) (35.13)

2 |7"1 —7“2’
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By comparing equation (3.5.8) and (3.5.13), the exact exchange hole for spin-unpolarized system is
given by;

Pac(r1,m2) = — - i: O (r1)dr(r2)dy (r1)du(ra). (35.14)

% comes in because we are considering closed shell system where Kohn-Sham orbital is doubly occupied.

By giving up exact exchange in favour of approximations, it introduces an error into E,[p]. Fortunately,
this error is cancelled out by similar opposite-sign error in the approximation for E.[p]. This has led to
success for exchange-correlation functionals [74, 75].

3.6 Van der Waals interaction

Van der Waals interaction is a weak intermolecular force found in almost all organic liquids and solids.
Solids held together by Van der Waals bonds are characterized by low melting point and are softer
than those that are held together by strong ionic, covalent and metallic bonds. Although van der Waals
(vdW) forces are much weaker than covalent or ionic interactions, they are crucial for cohesion of layered
materials [76]. They are weak but always attractive, purely quantum forces that exists between every two
(or more) fragments of matter and thus become important for large and realistic systems. Van der Waals
interactions balance with electrostatic and exchange repulsion interactions and together they control for
example packing of crystals, orientation of molecules on surfaces, formation of aggregates and structures
of deoxyribonucleic acid (DNA) among others. For us to treat van der Waals interactions within DFT,
we can divide the molecular system into atomic fragments and apply a pairwise approximation. Total
energy of a system can be expressed in the following way in order to incorporate vdW interactions;

Eprr—disp = Exs—prr + Edgisp, (3.6.1)
where Exg_prr is the normal self-consistent Kohn-Sham energy and Eg;s), is dispersion correction.

Grimme DFT-D2 method [77] entails adding a semi-empirical dispersion potential to the conventional
Kohn-Sham DFT energy in which empirical dispersion correction is given by;

N

ij
Ba =53 > S famp i), (3.6.2)

=1 j=1+1 ’LJ

where N stands for number of atoms, fg,), is the damping function, Céj (basically geometric mean of
Cé and C%) is coefficient that describes strength of interaction between atoms and R;; is the distance
between i and j atoms, N is the number of atoms in the system and -Sg is the global scaling parameter
that is dependent on DFT functional used i.e for PBE (S¢ = 0.75), BLYP (S¢ = 1.2) and B3LYP (Sg
= 1.05). In order to avoid near-singularities for small interatomic distances, a damping function ( fgmp)

must be employed;
1

Jamp(Big) = a1y

(3.6.3)

where R, is the sum of atomic vdW radii.

On the other hand dispersion term used in Tkatchenko and Scheffler method (TS) [76] is formally
identical to that of Grimme DFT-D2, however in TS method, dispersion coefficients and damping
function are charge-density dependent. As a result, it is able to account for variations in vdW contribution
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of atoms due to their local chemical environment. This method is based on the idea that accurate
interatomic Cg (dipole-dipole) dispersion coefficients can be calculated using a London-type formula
from rescaled atomic dispersion coefficients and polarizabilities. Its dispersion correction for a material
under periodic boundary condition can be expressed as;

N N
1 CéAB

Eqisp = -3 Z Z Z/Rdemp(RAB,L), (3.6.4)
A=1B=1 L AB,L

where the summations are over all atoms N and all translations of the unit cell L = (I3, Iz, I3), the prime
indicates that A # B for L = 0.

Damping function ensures that C6/R% term contributes to Edisp only for distances that are longer than
typical bonding distance in order to avoid bogus interaction. If we rescale corresponding quantities
calculated for free atoms based on proportionality between atomic volumes and polarizabilities («) we
obtain;

TS _ ijf afr‘ee.

Q- = Vf?"ee A (365)
A
vell . . . , , , .
The term v;‘m is ratio of effective volume occupied by atom in solid/molecular environment to volume
A

of free non-interacting atom.

From the above equation (3.6.5), we can then express effective dispersion coefficients of free atoms and
atoms in molecules by applying proportionality as;

2

Vi cfree (3.6.6)
6AA> Y

ree
VA

TS _
CﬁAA -

which we can then rationalize by applying London dispersion formula. The combination rule that
determines strength of dispersion interaction between different atoms can be expressed as;

2C644C6BB

ap aac ]
arCean + o4 CbBB}

Coap = [ (3.6.7)

Csaa and Cgpp gives strength of interaction when atom A and atom B are interacting among them-
selves whereas Cgap gives strength of interaction when interacting with each other.

For non-overlapping electron densities, fermi-type damping function is used to eliminate spurious inter-
action at too short distances.

1
Famp(rABE) = . (3.6.8)
rABL \
1 + ETPD |:—d <S’R~R2f}£> 1:|
In this method, Sg is specific for a given choice of exchange-correlation functional used whereas param-
eter d is fixed at 20. For PBE (Sg=0.94) and szg is the sum of atom-in-molecule vdW radii.

3.7 Many Body Perturbation Theory (MBPT)

MBPT provides a convenient framework for calculation of electronic excitations. Electronic structure
of materials and its response to an external perturbation are crucial for many experiments. What
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experimentalists do is probe a system via bombardment, look at the response, change a parameter and
start the process again. This is applicable in many spheres of life like; deformation of molecules upon
absorption of radiation in cancer research, defect creation in nuclear waste, design of more efficient solar
cells among others. To study electronic excitation spectrum of a solid, one performs photoemission
experiments where photons with a certain energy are used as projectiles to knock out electrons.

During direct photoelectron spectroscopy a photon with energy Aw impinges on the sample and ejects
an electron whose kinetic energy can be measured. Binding energy of this electron is given by difference
between kinetic and photon energy [78];

E; = Egin — hw.
Expressing binding energy in the above form suggests that electrons are independent though in reality,
they are correlated through the coulomb interaction and the ejection of an electron is always a many-body
process.

Alternatively, binding energy, is equal to the difference between the total energy of a system of the
N-particle ground state 1Y and the energy of (N-1) particles @ZJZN*l that remains after emission.

E;=EN - ENL (3.7.1)

In inverse photoemission/photoelectron spectroscopy, electrons are injected into the sample and the
energy of the emitted photon measured. This results to an increase in electron number from N to N+1.
Binding energy for inverse photoelectron spectroscopy is given by;

E; = ENt' BV, (3.7.2)

Photo-absorption experiments can also help us measure the difference between the ground-state and
excited state of N-particle system by measuring the energy of a photon that is absorbed by the system.
The minimum energy difference of this process is called the optical or neutral gap and is given by;

A = B i(N) — B, (N). (3.7.3)

There also exist a scenario whereby if one ionizes the system in a photo-emission experiment, the
absorbed photon can gain enough energy that propels it to leave the system. From the known energy of
the photon and the measured energy of the escaping electron, we can determine its ionization potential
(1);

I = Eptqi(N — 1) — Etotar(IN). (3.7.4)

From the data obtained from inverse photo-emission experiment we can also measure electron affinity
(4);
A= Etotal(N) - Etotal(N + 1) (375)

The difference between ionization potential and electron affinity is defined as the fundamental gap (A);

A=1- A (3.7.6)

There also exists a relationship between the chemical hardness of a material and fundamental gap,
chemical hardness is twice the fundamental gap (2A). Nevertheless, orbital energy difference of a
system can be expressed as;

A = Egomo — Ervmo, (3.7.7)

where HOMO and LUMO are acronyms for highest occupied and lowest un-occupied molecular orbitals

respectively. Optical gap (A) is less than fundamental gap (A) by the binding energy of the resulting
exciton in photo-absorption experiment [79, 80].
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3.8 Green function and self-energy

This is suitable approach for studying excited-state properties of a material. To calculate Green function
one requires the self-energy operator which is non-local and energy dependent. GW is derived systemat-
ically from many-body pertubation theory. If we measure kinetic energy of photoemitted electron along
a certain direction k during photoemission experiment and apply the law of conservation of not only
energy but also momentum, we obtain excitation spectrum E(k) of a solid [31].

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

From sudden approximation of photoemitted /probing electron proposed by Hedin and Lundqvist in 1969,
spectrum is directly related to single-particle Green function provided the limit of kinetic energy is large
enough.

iG(z,2) = £(N|T [zﬁ(x)qﬁf(x')] IN), (3.8.2)

for t > t it bears the positive sign and negative for t < ¢ , the above equation can then be simplified
to give;
y

G( ’) _ <N‘¢($)&T(;p/)‘]\f>’ (electon, fort > t/)
)= <—N!1ﬂ(m)1[ﬁ(:p’)|N>, (hole, for t > t)

where |N) is the exact N-electron ground state, () is a field operator in the Heisenberg representation
which annihilates an electron at = (r,t) and T is the time ordering operator. Physical interpretation
of the Green function is that for ¢ > ¢, it is the probability that a hole created at x will propagate to
« and for t > t', it is the probability that an electron added at 2’ will propagate to x.

Consequently, Green function describes photoemission processes and can give us information about one-
electron excitation spectrum, expectation value of any single particle operator in the ground state and
the ground state energy of a system [82]. Field operator can be used to express Heisenberg equation of
motion as;

O (z)

i = [qﬁ(x),ﬁ}, (3.8.3)
where
= / d3mz31(x)h0(z)¢(x)+% / PBrdr' vt ()i @ Yo(er), (3.8.4)

which gives equation of motion for Green function as;

/ / /

{ia - ho(@} Glo,a') /dx”M(x, )G 7)) = 6w — o), (3.8.5)

ot

where hg is the sum of local external potential and kinetic energy operator and sum of self-energy and
hartree potential gives mass operator (M) which can be defined as;

/dle(x,xl)G(xl,x’) _ —i/d3r1v(r-r1) < NI [ (e, )0, 1 (r1, 03¢ )] V). (38.6)

The quantity on the right hand side of equation (3.8.6) gives a special case of a two-particle Green
function (G2);

G2(1,2,3,4) = (1)) (N|T [1/3(1)1/3(3)W(4)W(2)] V). (3.8.7)
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For simplicity, we express (rq, t1) as 1 and the same applies to co-ordinates 2, 3 and 4. If we apply the
trick proposed by Schwinger in his functional derivative method to evaluate self-energy, we introduce
time varying field ¢(r,t) that will be used to evaluate self-energy [83]. This field will later be set to zero
after obtaining self-energy. We can therefore express this field in Dirac notation as;

[¥n(r,1)) = U(t,to)[dn(r, b)), (3.8.8)

where time development operator, Uis expressed as;

O(t,t0) = T exp [—i /t quB(T)], (3.8.9)
and
o(1) = / Pro(e, )00 () (r, 7). (3.8.10)

Operators in Dirac and Heisenberg representation are related through the following equation;
o(r, t) = Ut (£, 0000 (r, 1)U (¢, 0). (3.8.11)
Field operator (¢p) should satisfy the following condition;
9

=D - [1[@7 H(o= 0)} , (3.8.12)

We can then write Green function as;

| (NOIT [07(00, ~00)in (1)},(2)] IN)
iG(1,2) = N T0 (oo —o)INO) : (3.8.13)

If we differentiate G in the above equation w.r.t ¢, we obtain;

5G(1,2)

5(3) = G(1,2)G(3,3") — Ga(1,2,3,3"). (3.8.14)

Applying equation (3.8.14) above for Gy in equation (3.8.5) to define M, the term GG gives Hartree
potential (V) which is related to M and ¥ by;

Y=M-VH, (3.8.15)

We can then re-arrange equation of motion for Green function to be;

{th — H[)(l’):| Gz, ') — /da:”E(x,m")G(a;N,ml) =0z — ). (3.8.16)
vH Ho, ¥ and hg are related by;
Hy=ho+ VT 4+ ¢, (3.8.17)
by applying identity gives;
§(G71@) 10G Gt

5o 9 55 o0

G =0, (3.8.18)
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implying that ‘; —G‘;?qj G, we can then evaluate ¢~ by using equation (3.8.16) as
a2 Hy - %, (3.8.19)
ot
to give;
¥(1,2) = z'/d3d4G(1,3T)w(1,4)r(3,2,4), (3.8.20)

where T is vertex function. Screen (V) and bare (v) coulomb potential and inverse dielectric function
(1) are related by;

W(1,2) = /d3e—1(1,3)u(3 —2). (3.8.21)

Inverse dielectric matrix measures the screening in the system [34] and is obtained as in classical theory
by considering the change 0V in the average potential due to a small variation d¢ in the external

potential and is given by ¢ 1(1,2) = g‘;((;)) where V is the sum of Hartree and external potential,

V = VH 4 ¢; vertex function can then be expressed as [85];

§G71(1,2) 6%(1,2)
1,2,3)= ————12=05(1-2)5(2—-3) + ’
( ) oV (3) ) IV (3) (3.8.22)
51— 2)5(2—3) + / d(4567)§2&’§;G(4, 6)G(7,5)I(6,7. 3).
The derivative 2‘2/ can be expressed as (5G)/(—€) by applying chain rule which yields;
— = . 8.2
3V G(6G™/oV)G (3.8.23)

Using above mentioned identity and definition of vertex function, we can fourier transform equation
(3.8.16) with ¢ set to zero to obtain;

W — Ho(N] Gr, ¥ ,w) — /d3 S W) G w) = 8(r 1), (3.8.24)

From Dyson equation, if we want to calculate a given parameter X, we can derive a linear expression
relating known parameter Xy and X through kernel Y to give;

X = Xo + XY X. (3.8.25)

In this analogy, if Gg is the Green function corresponding to > = 0, then we can have its Dyson equation
as;
G = Go + Go2G, (3.8.26)

where the first term Gg(1,2) is a direct propagation from point 1 to 2 without exchange-correlation
interaction and > contains all possible exchange-correlation interactions with the system that an electron
can move from 1 to 2. Gg correspond to Hy = HHtree | *¢ hence we can re-arrange equation
3.8.26 as;

G = G + GoAXG. (3.8.27)

where AY, = ¥ — V% and V¢ is some local and energy-independent exchange-correlation potential.
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3.9 Polarizability and response function

Total potential (Vio) of a system can be expressed as the sum of external potential (V.,;) that arises
from perturbation upon exposing a system to a photon and induced potential (Vipduced)-

V;fot - ‘/ezt + Vvinduced- (391)
As a solution to boson equation, we can express equation (3.9.1) as;
OVing = vip, (3.9.2)

where p is the induced charge. Dielectric function can be expressed as;
o Vet _ 6(%01% — sznd)

= = 3.9.3
‘ 5‘/;5015 5‘/tot ( )
which can be simplified as;
vip
=1- . 3.9.4
‘ (5‘/tot ( )
Inverse dielectric function is given by;
Vi vd
1 tot p
= =1 . 3.9.5
‘ 5‘/€$t * 5‘/€£Et ( )

However, linear response which gives change in total potential upon change in time varying field can be
written as;
op

—1
= =1 . 9.
5V =€ +vx (3.9.6)

X

Alternatively, we can express dielectric function using induced and total potential as;
. 5V,e;rt . 6‘/tot - 5‘/@nd

= = 3.9.7
‘ (ﬂ/tot 5‘/;50t ’ ( )
which can be simpilified to give;
vdp
=1- 3.9.8
¢ 5‘/tot ( )

Polariability (P) which gives the change in the charge density upon a change in total (external +
induced) field can be expressed as [81];

vdp
P = 3.9.9
5‘/;0157 ( )
s.e=1—vP. (3.9.10)
Inverting equation (3.9.10), we obtain;
elt=[1—-vP ", (3.9.11)
Comparing equation (3.9.6) and (3.9.11) yields;
X = P + Poy, (3.9.12)
which can be re-arranged to give;
P
= . 9.1
X=1T"p, (3.9.13)

Equation (3.9.13) gives information of how a given system will respond when perturbed, which is the
basis of optical excitation.



Section 3.10. Hedin's equations Page 22

3.10 Hedin’s equations

Hedin's equations are used to relate self energy (X), screened coulomb interaction (W), interacting
Green function (G), non-interacting Green function (Gy), polarizability (P), vertex function (I') and
bare coulomb potential (v) using a set of Dyson equations that are applied in GW approximation [36].
These equations are;

»(1,2) = i/d(34)G(1,3T)W(1,4)F(3,2,4). (3.10.1)
G(1,2) = Go(1,2) + /d(34)G0(1,3)E(3,4)G(4, 2). (3.10.2)
§2(1,2)
T(1,2,3) = 6(1 —2)8(2—3) + /d(4567) G(4,6)G(7,5)T(6,7,3). (3.10.3)
0G(4,5)
W(1,2) = v(1,2) +/d(34)v(1,3)P(3,4)W(4, 2). (3.10.4)
3.11 GW approximation
Hartree-Fock hamiltonian (hgF) is given by;
hirp = h+ Veg, (3.11.1)
where exchange potential is expressed as;
/ 1 ) isw / /
Vez(rr;w) = ——— /e Go(rr;w)dw . (3.11.2)
|r-r | 27

Zero-order Green function given by Go(r,r’;w) can be written as;

oy Di(r) 7 (r)
Go(r,r;w) = zi:w_gﬁidsgn(gi 0 (3.11.3)

where signum function (sgn) of a real number(e; — p1) is defined as;

-1 if (&, —p) <0
sgn(e; —p) =40  if(g;—p)=0.
1 if (Ei — ,u) >0

As a comparison, Kohn-Sham (hxgs) and GW (hgw ) hamiltonians can be expressed as;
hxgs =h+ Ve haw = h + Xaw, (3.11.4)

which can be written explicitly as;
i
o7

I

Yowl(ei — p) /ei‘sle’(r,r’;w)W(r,r,;w —w)dw'. (3.11.5)
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Equation (3.11.5) can also be obtained if we fourier transform equation (3.10.4) from time to energy
variables. We can then evaluate correlation part of self-energy for non-interacting G as;

occ

Imzc(r'rl; w < :u) =n Zwkn(r)wZn(r/)ImEc(r'r/;Ekn - w)e(gkn - w>> (3116)
kn
and unocc
ImSC(er ;w > p) = —7 Z en (D)WL, (Y IMWE(hE 5w — 1) 0(w — k), (3.11.7)

where W€ is the difference between screened and bare coulomb interaction (W€ = W — v). This
difference can be given in spectral representation as;

0 ! ! 00 i !
’ ’ D y ; / D ’ ;
Wer,r': w) :/ d Dlrriw) +/ g 2w (3.11.8)
0

oo w—w —i0 w—w +1id’

where D is proportional to imaginary part of W and defined to be antisymmetric in w;

!/ 1 ! ’
D(r,r;w) = —=ImWe(r,r;w )sgn(w), (3.11.9)
T
D(r,r;—w) = —D(rr;w). (3.11.10)
If T(rr';w) = —%Ich(r,r';w)sgn(w — 1), then we can represent spectral function of correlation part
of self-energy as;
/ L T ’ /; ’ 0o T , /; ’
S0 s w) :/ dw (””)Jr/ d L) (3.11.11)
oo W—wW —i0 L w—w +1id

We can further express real part of ¢ as sum of two of its components, that is screened-exchange
(SEX) term and coulomb-hole (COH) term as;

ReX = Yspx + Scon, (3.11.12)
through which .
ReXgpx (ny;w) sz (DVE(F ) ReW (r,F ;0w — &), (3.11.13)
and < Dirru
nrw
ReXcom(ny;w) sz i wfg_cj (3.11.14)

ReXcopn gives interaction energy of the quasi-particle with induced potential due to screening of elec-
trons around it.

3.12 Bethe Salpeter Equation (BSE)

In Solid State Physics, BSE formalism is used to describe the electron-hole pair (i.e the exciton), which
can be created when a system absorbs a photon. Ultimate goal of BSE is to determine a value of
the microscopic dielectric function, which directly relates to some measurable quantity. It is aimed at
determining absorption and electron-energy loss spectra which correctly describes important excitonic
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effects [87]. This is attained by solving BSE for the two particle correlation function L that describes
electron-hole interaction.

L(1,2,3,4) = —Ga(1,2,3,4) + G(1,3)G(2,4), (3.12.1)

where G is one-particle Green function and G5 is a two-particle Green function. Polarizability function
is given by; P(1,2) = —iL(1,2,1",2") and dielectric function, e(w) = 1 — vP(w). The two-particle
Green function G5 describes the propagation of two particles, L, is the disconnected part that consists
of two one-particle Green function.

L, =1iG(1,3)G(4,2). (3.12.2)

L and L, which stands for interacting and non-interacting two-particle correlation functions respectively,
are related through the following expression;

L(1,2,3,4) = Lo(1,2,3,4) — Go(1,2,3,4). (3.12.3)
Since L satisfies a Dyson-like equation [38] then;

L(1,2,3,4) = Ly(1,2,3,4) + /d5678L0(1,2,5,6) [v(5,7)6(5,6)5(7,8) + x(5,6,7,8)] L(7,8,3,4).

(3.12.4)
The standard approximation for interaction kernel, x is given by;
10%(5,6)
=27 3.125
X = 5G(7,8) (3.12.5)

Practically, BSE can be solved by diagonalizing a two-particle excitonic Hamiltonian which provides
information about the excitonic eigenstates and eigenvalues as follows;
HPere ALY = Ere Ay (3.12.6)
(ve) (v’ )N T A A e
Valence states are indicated by the indices v, v’ while c, ¢ are used for conduction bands. If we consider

only the resonant part of the excitonic Hamiltonian by allowing only positive frequency transitions to
mix, we obtain macroscopic dielectric function which can be expressed as [39];

em(w) =1—limv, , (3.12.7)

3(n1,n2)(n1] expler ’n2>A(nm2)’2
lim vo(q) ;

Eixc —w —1n

where A(An””) and E5*¢ are the eigenvectors and eigenvalues respectively, of the (resonant) two-particle
Hamiltonian. Label n; represents a couple of band and wave vector indices whereas 3 stands for
self-energy.

3.13 Relationship between absorption coefficient and dielectric func-
tion of a material

Absorption coefficient determines how deep into a material light of a particular wavelength can penetrate
before it is absorbed [90]. In a material with a low absorption coefficient, light is only poorly absorbed
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and if the material is thin enough, it will appear transparent to that wavelength. Materials with higher
absorption coefficients are more readily to absorb photons, which excite electrons into the conduction
band [91]. The absorption coefficient () is related to the extinction coefficient (k) by the formula;

_ ik

S (3.13.1)

(07

Dielectric function of a material describes the electrical and optical properties verses frequency, wave-
length or energy. It describes the polarisation and absorption properties of the material and is given by
the following equation;

Ve =n+ik, (3.13.2)

where n is refractive index and k the extinction coefficient as already stated. Frequency, wavelength
and velocity of light are related by the formula ¢ = fA. If we substitute wavelength, equation (3.13.1)

yields;
a= 47Tff. (3.13.3)

After obtaining dielectric function that describes the interaction of photon with matter at the BSE level,
we analyze it using well-known equations that relates the real and imaginary part of dielectric function
in order to extract optical constants such as the absorption coefficient, extinction coefficient, refractive
index, reflectivity and plasma frequency that in turn helps us determine if the materials under this study
could be used in solar cell designs, opto-electronic devices, plasmonic applications to mention but a few.

3.14 Microscopic frequency dependent dielectric function

Total charge and current of a system can be expressed as the sum of external and induced quantities.
Microscopic frequency dependent longitudinal dielectric constant eL(rr/,w) can be defined as;

V./drleL(rr/,w)EtOt(r/,w) = 4 pt(r | w). (3.14.1)

where E' is the total external field and p®®*(r',w) is the external charge. The quantity on the right

hand side of equation (3.14.1) can be written as;
AT pt (1 w) = V.E“H (1 w). (3.14.2)

Substituting equation (3.14.2) onto equation (3.14.1) gives;
/ dr' e (rr , W) EP (r W) = BN | w) + V x F(r',w), (3.14.3)

where F(r’,w) is an arbitrary vector. For slowly varying external fields, inverse dielectric function
e (', w) is given by;

EtOt(T/,W) _ /d’l”lél(T‘/,w) Eext(r/,w) +V x F(r/7w) . (3144)

For cubic crystals <e_1V X F>0 = 0 giving;

E"(q,w) = ;' (q,w) B (g, w), (3.14.5)
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implying that; )
er(q,w) = <<e£1(r7'l,w)>>; . (3.14.6)

Equation (3.14.6) can be generalized as;

er(q,w) # <<e£1(rr1,w)>>: . (3.14.7)

The difference between equation (3.14.6) and equation (3.14.7) is due to the local field effects that is
connected to the absence of the continuous translation invariance present in the homogenous electron
gas. If we impose the condition for plasma oscilation in the solid onto equation (3.14.6) we obtain;

e(q,wp(9)) = Reler(g,wp(a)] + ilm[er (g, wp(9))] = 0, (3.14.8)

where wy,(q) is the plasma frequency. Practically, a well-defined plasma oscilation occurs if Re [ef,(q, wp(q))] =
0 and Im[er(q,wp(q))] << 1. The latter condition implies that damping of the plasma is small.

3.15 Optical transitions

There are two kinds of photonic transitions namely interband transition and intraband transition. In
the former, an electron makes a transition to a state in a different band whereas in the later, an
electron makes a transition to a state in the same band. Intraband transition occurs only in metals, for
semiconductors and insulators only the interband transition accounts for all possible transitions because
every band is either fully occupied or fully unoccupied hence eliminating intraband transitions. For
metallic systems, there exists a non-vanishing probability that an electron can be excited from one
state below the Fermi level to a state above the Fermi level both belonging to one and the same band.
Interband contribution to dielectric function which can further be split into direct and indirect transitions
can be expressed as;

einter(@) = €2 (w) + e (w), (3.15.1)

inter inter

is obtained directly from first principle calculations. The imaginary part of the dielectric function for
interband transition is calculated by the following formula [92]:

657213,‘67’ (w) =

/{f ) = £ (B )y < |(mb{pink) (.152)

Qr3enm?2
87r eomo Bk (Emk,nk: _ h2w2)
where f is the Fermi-Dirac distribution, p is the momentum operator and E,,; nt. = Eni — Epg which
is the energy difference between single-particle Bloch state. The real part is obtained from the Kramers-
Kronig relation as [93];

/

00 2)¢,,"
(1) 2 € (w )w ’
. w)=1+-P ————dw 3.15.3
Eznter( ) /0 w'?2 — 2 i77 ’ ( )

where P is the principal value of the integral and 7 is the small complex shift (CSHIFT) used to smoothen
the spectrum. On the other hand, the intraband contribution is given by;

5intra<w) = ez(rlefra( ) + “Enim@’) (3154)
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which is calculated based on equation (3.15.5) and (3.15.6) below that depends on photon energy (w),
location of plasma frequency (wp,) and the inverse of lifetime (y) [94]. For the real part of dielectric
function, intraband contribution is given by;

M )1 3.15.5
Eintra(w) -+ w2 +’Y2 ( .10. )

For the imaginary part of dielectric function, intraband contribution is given by;

2
2 yw
e (W) = 2

=— & 3.15.6
w3 +CU'72 ( )

Plasma frequency is expressed as [92];

w? = e Z/ OB 25(Enk — Ep)d®k (3.15.7)
P 8m3hZeg ~ 0K ’

in which, E, is the energy eigenvalue of the Bloch state at n'* band at k point and Ef is the
Fermi-level.

3.15.1 Drude term contribution to dielectric function at DFT level

All compounds studied in this work were found to be metallic hence Drude contribution was extracted.
We will take a case study of in-plane dielectric function of VSey since spectral behaviour in x-axis is
similar to that in y-axis in order to give a brief outline of the process involved in incorporating intraband
term to total part of dielectric function. From equation (3.15.7), plasma frequency depends primarily on
the k-point among other parameters hence convergence was done though it was somehow challenging
to obtain converged values of Drude plasma frequency. For VSes, in-plane Drude plasma frequency
squared at DFT level is 16.095 eV when k-point grid of 16 16 7 whose k-point density is 16000 was
found to have converged with respect to w%(eV)? as shown in Figure 3.1 as well as summarized in
Appendix B.

w
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Figure 3.1: Convergence of the Drude plasma frequency squared of VSe, with respect to k-points at
DFT level for both in-plane and out-of-plane
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The converged value of w%(eV)Q = 16.095 eV for the in-plane was then substituted onto equation
(3.15.5) and (3.15.6) with an inverse lifetime () set to 0.01 eV in order to obtain intraband contribution
to both real and imaginary part of dielectric function of VSes as shown below. From equation (3.15.6),
intraband contribution to dielectric function becomes infinite at w = 0 hence was excluded.

¢, (w) at DFT level (in-plane) 0 ¢ (w) at DFT level (in-plane)
201 e : — Intraband |4 sfo
' — Interband |
T — Total Al
oy S sl )
10} — Intraband
I — Interband ||
-20 gl ' —  Total
o ; 5 o w2 0o ~os i 5 50

Photon energy (eV) Photon energy (eV)

Figure 3.2: Real part of dielectric function of VSe, Figure 3.3: Imaginary part of dielectric function of
at DFT VSe; at DFT

3.15.2 Drude term contribution to dielectric function at BSE level

o ¢, (w) at BSE level (In-plane) o e (w) at BSE level (in-plane)
mf/ ' S A | — Intraband ||
x| a | — Interband ||
B sl — Total
G —or - ! | \B\] 15 b AN G N
ool === Intraband | | A
--- Interband
= ---  Total °
~1005 T : : g 0o s 50

Photon energy (eV) Photon ehergy (eV)

Figure 3.4: Real part of dielectric function of VSe, Figure 3.5: Imaginary part of dielectric function of
at BSE VSey at BSE

A point to note is that at very low photon energy (0 < w < 1eV) for imaginary part and (0 < w < 3eV)
for real part of dielectric function at BSE level shown in Figure 3.4 and 3.5; it is evident that intraband
contribution is important for better description of optical behaviour of metallic systems. In higher energy
ranges, its contribution is negligible. Different energy ranges were considered for real and imaginary
part of dielectric function in order to enhance clarity on the magnitude of contribution of intraband to
total dielectric function.
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It is also worth noting that technically, it is not possible to extract Drude intraband plasma frequency at
BSE level in VASP. Hence, wp obtained after careful convergence at DFT level was applied in extracting
intraband contribution to dielectric function at BSE level as an approximation with the condition that
wp(DFT) =~ wp(BSE) imposed. From literature, it is well known that DFT fails to give good optical
results, hence in this study all optical constants i.e refractive index, absorption coefficient, extinction
coefficient and reflectivity were analyzed at BSE level.

3.16 Plasmonic materials

A plasma is a medium with equal concentration of positive and negative charges, of which atleast one
charge type is mobile [95]. This mobile charge is free to move in response to applied field and on average,
is almost electrically neutral. This implies that ion and electron densities are nearly equal. Resolution
in optical imaging systems is limited by the diffraction limit [96], a limit that arises because the near-
field or evanescent components of the optical field that are needed to resolve sub-wavelength spatial
information are not collected by the usual lens or mirror systems of optics. This is where plasmonics
become necessary.

Plasmonics is a field that incorporate optics onto nanotechnology [97]. As already mentioned, optics
does not naturally fit onto the nanometer world because of the fact that the diffraction limit hinders
the length scales that can be probed to an order of several hundred nanometers [98]. Plasmonics help
miniaturize optical components and integrate them on-chip while leveraging on the large bandwidth
of light. Plasmonic devices generally require metallic components which possess abundant electrons.
Plasmonics has seen an exponential growth, due mainly to the sheer diversity of applications, from optical
cloaking to superlensing as well as single molecule surface enhanced raman spectroscopy, parasite therapy
and optical circuits with high speed optical switching [99]. Plasmonic materials may also revolutionize
the lighting industry by making light emitting diodes bright enough to compete with incandescent
bulbs [100]. LEDs have several advantages over incandescent and fluorescent lamps, including high
reliability, long lifetime and high efficiency.

A characteristic frequency at which the material changes from a metallic to a dielectric response is called
the plasma frequency (wp), at this frequency the real part of dielectric function vanishes to zero [101].

From connection between optical and electrical properties of a solid through conductivity tensor, trans-
parent materials are expected to be reasonably poor electrical conductors while highly reflecting materials
are expected to be reasonably good electrical conductors [101]. On the other hand, there is a possibility
that a material can have its plasma frequency just below the visible frequencies. This implies that it will
be a good electrical conductor yet transparent at visible frequencies [102]. It is important to mention
that there exist a relationship between steepness of the dip at plasma frequency and relaxation time,
the longer the relaxation time, the sharper the plasma structure.

Relaxation time is basically the amount of time in which electrons are accelerated before undergoing
next collision. In an experimental set up, relaxation time is affected by purity, crystal quality of metal
and temperature [102]. In metals, plasma frequencies are typically in the visible to ultra-violet for high
density metals. For low density metals and doped semiconductors, it is in the infrared or far-infrared.
Metals are opaque and highly reflective below the plasma frequency and become transparent above

wp [102].

The following are conditions to be fulfilled by a metal in order to be used as a plasmonic material. It
should have high plasma frequency of about 9 eV, low total damping rate I" that translates to high mean
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relaxation time of conduction electrons (for silver, I' = 0.02) and it should show high chemical stability
in many enviroments. Cost, figure-of-merit (which is given by the expression [Re(e,)]?/Im(e,y,) where
€m is the permittivity of the plasmonic material [103]), as well as ease of processing and feasibility of
integration should also be put into consideration. Silver, gold, copper and aluminium are used in most
plasmonic applications. Silver and copper are known to degrade in air whereas gold is stable in air [104].
However, copper forms a native oxide layer in air whereas silver is sensitive to sulfidation and tarnishes
to form a layer of silver sulfide, which results in an increase in optical loss. This automatically transform
to large values of the imaginary part of dielectric function.

Generally, metals often degrade upon exposure to air or oxygen or even humidity and this might pose
additional problems in their plasmonic integration. In real materials, the plasma frequency is shifted from
the bare plasma frequency due to screening by interband transitions, which are single particle excitations
from the valence to conduction bands (screened plasma frequency in silver is 3.8 eV compared to the
bare plasma frequency value of 9.6 eV) [99]. We can express the dielectric function of a material
according to Drude model as;

w2

: P
elw) =€1(w) +1ea(w) = €pp — ————— 3.16.1
() = 1(6) i) = i~ ST (3.16.1)
where €;,,; is the contribution due to interband transitions and is unity for perfectly free electron gas,
damping factor I' = 1 where 7 is the mean relaxation time of conduction electrons, w, is plasma
frequency. For bulk plasma, plasma frequency is defined as;

4 2
w2 =T (3.16.2)

p m*

where n is the conduction electron density, m* is the effective optical mass of conduction electrons and
e is charge of an electron. The above expression can further be re-written as;

5  me?

wi = (3.16.3)

eom*

Optical performance of a metal for many plasmonic applications is dictated by relative position of
plasma frequency [105]. One of the limiting factors in all plasmonics is loss, which arises due to many
processes such as radiative damping, electron confinement, structural imperfections and metal heating
losses [106].
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COMPUTATIONAL DETAILS

4.1 OQutline of calculation

All calculations were performed using the VASP code [107] that is based on density functional theory
which solves Kohn-Sham equations using projector augmented wave method. In this formulation, the
interaction between ions and electrons is described using a soft pseudopotential [108] which allows energy
convergence with relatively small number of plane waves. The generalized gradient approximation in the
scheme of Perdew-Burke-Ernzerhof was adopted for the exchange correlation functional. lonic relaxation
was done using conjugate gradient minimization method [109], to minimize the Hellman-Feynman forces
among the constituent atoms. Grimme DFT-D2 [77] and Tkatchenko-Scheffler [110] method long range
van der Waals corrections were used to account for inter-layer attraction in layered systems. The cut-off
energy for the plane wave basis and self-consistent convergence criteria threshold were set at 700 eV
and 1 x 10 ~8 eV respectively [111]. A k-point density of 1000 per atom in the reciprocal space was
used ensure k-point convergence unless otherwise stated. This means for a material that had 3 atoms
in the unit cell i.e VSey, the number of divisions for k-points was 3000.

Phonon dispersion curves were obtained using linear response method and some done using finite dis-
placement method as implemented in PHONOPY code [112]. To obtain accurate optical properties, a
three-stage calculation was done. In the first stage, a DFT calculation was performed, which enabled
us to obtain the electronic structure of materials of interest by solving Kohn-Sham equations. In the
second stage, a GW calculation based on input from the DFT calculation was undertaken, from which
quasi-particle energies were computed. At this stage the Kohn-Sham exchange correlation potential
(Vi) was effectively replaced by energy dependent electron self-energy. Self-consistent GW calcula-
tion was done in which only G (Green function) was iterated keeping W (screened coulomb interaction)
fixed at its initial DFT value. In the third stage, a Bethe-Salpeter Equation (BSE) calculation that was
based on GW data was performed to determine optical absorption spectra which considers excitonic
effects. At this level of approximation, electron-hole interactions are included in order to improve the
description of optical properties.
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4.2 Work flow

As stated above, this study was carried out using VASP which is an acronym for Vienna Ab initio
Simulation Package developed by George Kresse and co-workers in Vienna, Australia [113-115]. Input
files of materials of interest are INCAR (a central input file of VASP that determines what is to be
calculated and how it should be done); KPOINTS (determines the k-points setting) and POSCAR
(contains ionic positions). They were obtained from materials project database and carefully manipulated
to adopt the above mentioned criteria of cut-off energy and k-point grid density. POTCAR files (that
contains pseudopotentials) were later generated from existing POSCAR using pymatgen tool [116].
Volume optimization was then carried out in which the initial structure was subjected to uniform scaling
resulting in thirteen volumes. At each volume, partial relaxation was done, whereby, atomic positions
and cell shapes were allowed to relax at a constant volume [117]. By fitting the obtained data of volume
and total energy onto third order Birch-Murnaghan equation of state [118], we deduced the energetically
favoured ground state structure of each compound of interest. Cohesive and formation energy were then
obtained for relaxed ground state structure as well as full set of lattice constants in addition to volume
of the cell.

After determining the preferred ground state polymorph, careful mechanical study was initiated to
compute elastic constants whereby the resulting stiffness matrix was then fed onto the online elastic
tensor analysis tool [119] to extract mechanical properties data of the compound at hand. These
include; eigenvalues, Poisson’s ratio, bulk, shear and Young's modulus. They were established from
three averaging schemes namely Voight, Reuss and Hill. Born stability criterion were then cross checked
to confirm its mechanical stability. Phonon studies were done using PHONOPY code, in conjuction
with VASP to predict if only hard modes or both hard and soft modes exist in the material which
enables one to check its dynamical stability. For polymorphs that met the energy stability test based on
cohesive and formation energy, dynamical stability test based on phonons and mechanical stability test
based on elastic constants; band structure calculations were done to gauge if the material is metallic,
semiconducting or insulating. Further, GW and BSE computation was carried out at the end to get
better description of the complex dielectric function, which enabled extraction of optical constants based
on Kramer-Kronig relations [120]. Figure 4.1 is a schematic diagram showing step by step computation
from DFT to BSE.



Section 4.2. Work flow

Page 33

KPOINTS INCAR T

\ MATERIALS

PROJECT
POSCAR |[Resl
Relative stability ¢/v Volume optimization

E ATION OF
Cohesive and «

SIAIE T Lattice constants
formation energies
Ground state
ELITE tensor analysis tool . .
Voight, Reuss, Hill

ELASTIC CONSTANTS

Born stability criterion / Averaging schemes
Mechanical stability

PHONONS

POTCAR

B Soft modes?
(VASP+PHONOPY)

Dynamical stability

Semiconducting? v\ l

2
BANDS > Metalli

Insulating? -«

@ —

Absorption coefficient Refractive index

SR \
Plasma frequency

Figure 4.1: Work flow

DFT+GW+BSF

DFT



Section 4.3. Convergence test Page 34

4.3 Convergence test

This is a procedure used in computer simulation to establish an appropriate value of parameter under
study. It is achieved by increasing its value until the result stops changing. It is a feature applicable to
plane wave basis set where accuracy of computed results is controlled by a single parameter as compared
to localised basis set. Convergence of the total ground state electronic energy and other energy-related
parameters in VASP or any other computational code depends on two parameters namely the cut-off
energy used to fix the number of plane waves in the basis set and k-spacing (k-points). Spending some
time to investigate these two parameters could lead to an overall increase in computational efficiency
without compromising the accuracy of the obtained numerical results.

4.3.1 K-points convergence

The objective of k-points convergence is to find a sufficiently dense mesh for integrating the first Brillouin
zone. The latter is defined to be the Wigner-Seitz primitive cell of the reciprocal lattice or simply a set
of points in the k space that can be reached from the origin without crossing any Bragg plane [121].
Reciprocal lattice gives information about periodicity of lattice in reciprocal units. Reciprocal space is
often used than real space in diffraction to characterize materials. This is because diffraction occurs in
inverse proportion to the spacing between objects causing diffraction. The Figure 4.2 shows Brillouin
zone (BZ) of hexagonal VSs along high symmetry points (I'-M-K-T'-A-L-H-A-L-M-K-H), where a*, b*
and c* represent reciprocal lattice vectors.

Figure 4.2: An example of BZ

The first Brillouin zone is often used to depict all of the Bloch states without redundancy for periodic
medium. Brillouin zone was sampled using Monkorst Pack method [122]. For hexagonal structures,
Gamma (I') centered grid was used due to symmetry consideration. Appropriate grid size was used
depending on the nature of the structure at hand. This study involved metallic systems, hence required
an order of magnitude more k-points than semi-conducting and insulating counterparts [123]. A point
to note is that all optical calculations were done using Gamma centered grids for both hexagonal and
non-hexagonal structures.
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4.3.2 Cut-off energy convergence

Cut-off energy is an arbitrary minimal value of energy. We always have to ensure cut-off energy is high
enough to give accurate computational results. However, as the case of k-points, there is an optimum
point beyond which further change in cut-off energy brings about no appreciable change in parameter
under study. An example of cut-off energy convergence with respect to some elastic coefficients for
trigonal VS, is shown in Figure 4.3. It is noticeable that cut-off energy below 600 eV was insufficient
to obtain converged values of elastic coefficients.
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Figure 4.3: cut-off energy convergence for trigonal VS,

4.4 Equation of state

Equation of state is a constitutive expression that gives a mathematical relationship between two or
more state variables associated with a material i.e its internal energy, volume, pressure, temperature
etc. It is applicable in describing properties of solids, fluids and even mixtures of fluids where we invoke
an appropriate mixing rule. Generally, it is semi-empirical in nature. In our study, we applied third order
Birch-Murnaghan equation of state [118] that is based on Taylor series expansion of pressure in terms
of an Eulerian strain (f); internal pressure is a measure of how the internal energy of a system changes
when it expands or contracts at constant temperature. It is a partial derivative of internal energy with
respect to volume at constant temperature [124]. At absolute zero the entropy of a system is constant,
so that the thermodynamic identity 0F = -P3dV is the change in energy accompanying a change 9V in
volume [125], which can be re-arranged as;

OE

(4.4.1)

If we apply chain rule, we can rewrite pressure as;

P (2 (21), a2

that can be written in terms of bulk modulus and Eulerian strain as;

P(f) = 3Bof (1 +2f)3 [1+2<B;—4>f+...]. (4.4.3)
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Eulerian strain is expressed in terms of reference and equilibrium volume as;

-2
V3
— —-1]. 444
(%) ] (444)
Substituting equation (4.4.4) onto equation (4.4.3) we obtain;
ASENAAY 3 A%
=2) -2 1+2(B,—4) |(=2) -1 4.4,
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where V, V,, B, and B/O are reference volume, equilibrium volume, bulk modulus and derivative of bulk
modulus with respect to pressure respectively.

1=3

P(V) =B,

Bulk modulus is proportional to the curvature of the equation of state at the equilibrium volume together
with its derivative are higher order derivatives of energy function and are related through;

P ’E
B,=-V op =V ok , (4.4.6)
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Bulk modulus is a coefficient of elasticity of a substance that is expressed as the ratio between pressure
that acts to change the volume of the substance and the fractional change in volume produced [126]
whereas B'O is a dimensionless parameter. As a norm, in ab initio study we often express energy as a
function of volume. This is attained by intergrating equation (4.4.5) with respect to volume, which

yields;
A AN A%
(o] 3 ] : o ‘
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where V,, is the equilibrium volume of the system under study.

WV, B,
16

E(V)=FE,+ B, + 7 (4.4.8)

4.4.1 Non-spherical atom correction energy

In this study, in order to apply equation of state as expressed in equation (4.4.8), we had to subtract
correction energy for non-spherical atoms manually from the total energy obtained in OSZICAR file for
each atom for all volumes considered before plotting the equation of state. This is because by default,
VASP calculates only the spherical contribution from the gradient corrections inside the PAW spheres.
Thereafter, by fitting corrected volume-energy data onto the above Birch-Murnaghan equation of state,
we obtained the equilibrium lattice parameters. Non-spherical atom correction energies used for PBE
functional for each element considered in this study are provided in Table 4.1.

Table 4.1: Non-spherical atom correction energies

Element Vanadium Niobium Sulphur Phosphorus  Selenium Tellurium

Correction energy (eV) -3.3152551 -3.1171561 -1.0776041 -1.8895267 -0.89447059 -0.73063186
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4.5 Phonons

A phonon is a quantized mode of vibration occurring in a rigid crystal lattice such as atomic lattice of a
solid. Phonons play an important role in many of the physical properties of solids such as thermal and
electrical conductivity [127]. At equilibrium, a crystal is dynamically stable if its potential energy always
increases against any combinations of atomic displacements. In addition, vibrational properties of a
crystal determine a wide range of macroscopic behaviour like specific heat, sound velocity and infrared
and Raman absorption [128]. Analysis of the forces associated with a systematic set of displacements
provides a series of phonon frequencies. In the harmonic approximation, this is equivalent to the condition
that all phonons have real or positive frequencies. Presence of imaginary frequencies indicates instability
hence phonon dispersion curves can also help us gauge dynamical stability of a material [129]. The
problem of lattice dynamics is to find the normal modes of vibration of a crystal. It seeks to calculate
the energies or frequencies (w) of the phonons as a function of their wave vector. Even if the total
energy of a structure can be minimized, its stability cannot be assured hence phonon calculation is done
to provide test for dynamical stability of a given structure. Using ab initio approach, we can calculate
vibrational frequencies of a material using either linear response method or finite displacement method.

4.5.1 Linear response method

In this technique, first order change in charge density and potential gives rise to second order change in
energy. It is analogous to conventional DFT calculation but instead with derivatives of potential, wave-
functions and charge expressed with respect to atomic displacements. It is computationally economical
since it takes advantage of periodic perturbation by calculating force constant at a single wave vector
(I"), which is then fourier transformed to give projections for other wave vectors.

4.5.2 Finite displacement method

The convenience of this technique is that the number of displacements to be evaluated in order to
construct dynamical matrix can be reduced by symmetry. This implies that only symmetry inequivalent
displacements are considered and the remainder of the Hessian matrix [130] is filled using symmetry
considerations. Displacements with a very small magnitude often give results that are similar to the linear
response. lts advantage is that one can investigate phonon anharmonicity by increasing the amplitude of
displacements. In most of the compounds considered in this study, phonon calculation was undertaken in
high symmetry directions using 2 x 2 x 2 supercell, with varying number of atoms for each compound.
In varying the size of the cell, one needs to re-adjust the number of k-points in the irreducible part of the
brillouin zone. In this regard, Aflow was used. Aflow is a method for high-throughput computational
materials design, that automates calculations using ab initio electronic structure methods (such as
setting density of k-point grid in VASP). It can calculate physical properties such as; relaxed geometries,
electronic and phonon band structures, magnetic properties and thermodynamic properties [131] .
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4.6 Cohesive and formation energy

4.6.1 Cohesive energy

This is the energy that must be supplied to the solid to separate its constituents into neutral free atoms
at rest and at infinite separation. The calculation of the cohesive energy requires a value of the total
energy for the solid and of the free atoms. The energy calculations for both product (compound) and
reactants (constituent atoms) have to be performed at the same level of accuracy in order to attain
precise value for cohesive energy (E o) [132].

Boon = B3, — | B3 + B33 (46.1)

where E35744 is energy of compound whereas E37 and E5%@ are energies of constituents elements,
that is transition metal and chalcogen or pnictogen respectively.

4.6.2 Formation energy

This is the difference between cohesive energy of products, E..; (products) and cohesive energy of
reactants, E., (reactants). Chemical reactivity equation of MXz compounds considered in this study
is given by equation (4.6.2), where one mole of transition metal (M) reacts with two moles of either
chalcogen or pnictogen (X);

M(s) + 2X(s) — MXy(s). (4.6.2)

Their formation energies can then be expressed as:

Er = Z Eon(products) — Z E.on(reactants), (4.6.3)

or

Ecoh(M) + 2Ecoh(X)
3

Ep(MX3) = Eupp(MXs) — [ (4.6.4)

From equations (4.6.1) and (4.6.4), negative values cohesive and formation energies will indicate that
the compound is stable against decomposition into its constituent atoms and elemental solids.

4.7 Ab initio calculation of elastic constants

Basis for elastic constant calculation relies on generalized Hooke's law (see Appendix A). Elastic costants
are important for understanding the response of material when subjected to small strains and perceiving
the relationship between crystal structure and bonding. They define the behaviour of a material that
undergoes stress, deforms, and then recovers and returns to its original shape after stress ceases. Thus,
the elastic behavior plays an important role in understanding the structural stability [133]. There is also a
tendency towards correlation between elastic constants and melting temperature of a solid [134]. Elastic
constants for single crystals are obtained by straining the lattice by distorting the primitive vectors and
allowing it to relax all the internal parameters in order to minimize the total energy [135]. In principle,
we can compute elastic constants using two ways in ab initio methods namely the energy-strain approach
and the stress-strain approach.
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4.7.1 Energy-strain approach

Energy-strain approach is based on the computed total energies of properly selected strain states of
the crystal. The crystal is strained in order to obtain corresponding stiffness values preserving as
much symmetry as possible. For each strain type, several magnitudes of strains are applied and the
corresponding total energies computed. Stiffness is then derived from the curvature of energy-strain
relation. Some of the imposed strains may be related to a single elastic constant while others are
described as a linear combination from which elastic constant tensor is evaluated. The number of
independent elastic constants in a material which depends as well on lattice symmetry and point type
determines the number of neccesary distortions.

4.7.2 Stress-strain approach

Stress-strain approach relies on the feature of VASP to directly calculate the stress tensor. The elastic
tensor is determined by performing six finite distortions of the relaxed unit cell and deriving elastic
constants from the stress-strain relationship. A point worth noting is that, within the stress-strain
approach, just one evaluation is in principle, sufficient to obtain elastic constants whereas within the
energy-strain approach, several magnitudes of strain have to be evaluated in order to obtain elastic
constants from an analytic fit to the total energy data. Moreover, the discussion above applies to single
crystals (one single block where all the symmetry operations of the structure are valid for the whole
block). For polycrystalline materials (those that consists of single crystals but of very small sizes of
order of micrometers but randomly distributed such that there is no preferred orientation), we derive
its elastic moduli by macroscopic averaging. There are several averaging schemes used to derive elastic
moduli for polycrystalline materials from its single crystal elastic constants.

In this work, we used stress-strain approach. After extracting our stiffness matrix, it was analyzed using
online elastic tensor analysis tool (ELATE) developed by Gaillac and Coudert [119] to obtain average
properties (of bulk, Young's and shear modulus together with Poisson's ratio), eigenvalues of the stiffness
matrix and variations of the elastic moduli among other mechanical properties. Elastic constants can
also be used to gauge how mechanically stable a material is, to do so we applied the so called Born
stability criteria [136] which are necccesary and sufficient conditions that a material has to fulfil for us to
classify it as either stable or unstable. Moreover, Voight, Reuss and Hill averaging schemes (discussed
in Appendix A) were used to calculate bulk modulus, shear modulus and Poisson's ratio among other
mechanical properties of materials.

4.8 Optical constants

Optical properties of a material determine the interaction with electro-magnetic radiation in the visi-
ble range. Measurable quantities such as the index of refraction or the reflectivity and their spectral
variations are used to characterize materials. Optical methods are among the most important tools for
elucidating the electron structure of matter. After obtaining dielectric matrix at BSE level, we derived
reflectivity R(w), absorption a(w), refractive index n(w), energy loss L(w) and extinction coefficient k(w)
from real €1 (w) and imaginary part ez(w) of the dielectric function as per the following equations [137];

n(w) = \2 [ e3(w) + e3(w) + el(w)] ’ . (4.8.1)
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alw) = +/2(w) { e2(w) + e3(w) — el(w)} ’ . (4.8.2)
k2 (w) = % [ (w) + (w) el(w)} . (4.8.3)
L(w) = —— W) (4.8.4)

(4.8.5)

Real part of dielectric function signifies polarization response whereas imaginary part denotes the optical
loss. Reflectivity can also be written in terms of refractive index and extinction coefficient as;

(n—1)2 4 k?

R = v

(4.8.6)
In this study, equations (4.8.1), (4.8.2), (4.8.3) and (4.8.5) were applied. It should also be observed that
these equations are only valid if measured at the same wavelength since they are wavelength dependent
and can only represent optically isotropic material, in case of an anisotropic media, the dielectric constant
becomes a matrix [138]. These constants are functions of wavelength, frequency, energy and physical
states such as physical density, crystallinity, grain size and orientation.

As already stated in section 3.13, absorption coefficient a/(w) determines how far into a material light
of a particular wavelength can penetrate before it is absorbed. The refractive index n(w) of a substance
is the ratio of speed of light in vacuum to its speed in the material under study. In metals, free carrier
effects are almost always studied by reflectivity techniques due to high optical absorption of metals at
low frequencies. Energy loss in metals is attributed to electronic transitions. Extinction coefficient is
given by the sum of scattering and absorption of the electromagnetic waves going through the sample.
In semiconductors, free carrier effect is usually more accurately described using absorption techniques.
Optical loss mechanisms are interband transitions, intraband transitions and scattering losses due to
presence of defects. All these optical properties helps us determine if for instance, a material can be
used in solar cell designs. Many device applications in semi-conductor lasers and light-emitting diodes
(LEDs) rely on specific optical responses of a material.



5

RESULTS AND DISCUSSION

In this chapter, we report numerically obtained structural, mechanical, dynamical, electronic and optical
properties of transition metal dipnictogenides (NbPy and VP32) that are non-layered and transition metal
dichalcogenides (NbSy, NbSey, NbTez, VSg, VSey and VTey) that are layered. For layered TMDs,
Grimme DFT-D2 and Tkatchenko-Scheffler (TS) were applied to account for interlayer van der Waals
interaction.

5.1 Niobium diphosphide

Relative study of NbPs was not conducted since only one polymorph with a monoclinic configuration
has been observed experimentally.

5.1.1 Structural properties of NbP,

Figure 5.1: NbP2

Figure 5.1 shows crystal structure niobium diphosphide, where larger atoms are niobium and the smaller
ones phosphorus. VP4 exhibit similar atomic arrangement as NbP5. Acquired numerical values of lattice
parameters and volume are shown in Table 5.1, symmetry check using AFLOW [131] was carried out
which confirmed NbP5 is monoclinic. Proper structural determination of a given material is critical for
understanding its properties and functionalities.
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Table 5.1: Structural and energetic properties of NbP2
a(Ay  bA) c(A) a®) B() (°)  Vo(A)®  Eon(eV/atom) Egorm(eV/atom) Z
Calc 8.963 3.297 7.601 90 119.13 90 196.24  -5.3525 -0.6827 4
Exp [35] 8.878 3.266 7.529 90 119.13 90 190.70 - - 4

Calculation of the above structural, energetic parameters and other properties of NbPo were purely done
using PBE since NbP; is not layered. Computed structural parameters were comparable to experimental
ones as shown in Table 5.1. The cohesive and formation energies obtained were both negative, indicating
that NbPs is stable against decomposition into its constituent atoms and elemental solids. Throughout
this study, cohesive and formation energies are in eV per atom, values of mechanical properties are given
in gigapascals (Gpa) and Z stands for the number of formula units per unit cell.

5.1.2 Mechanical properties of NbP,

The Table 5.2 below shows the calculated values of independent elastic coefficients for NbPs. Bulk
modulus, Young's modulus, shear modulus and Poisson’s ratio are expressed using B, E, G and v notation
respectively as presented in Table 5.3. Eigenvalues of stiffness matrix for all compounds considered are
also available in Appendix B.

Table 5.2: Calculated values of independent elastic coefficients
Ciy Cio Ci3 Cis  Co Cas Cas Cas Css Cuy Cys Css Ces
382.83 60.70 105.80 -6.83 276.81 91.23 1190 281.18 4.47 14589 28.08 106.82 95.77

Table 5.3: Calculated B, E, G, v and B/G
B E G ” B/G
Voight (V) 161.81 279.39 11524 0.2122 1.40
Reuss (R)  158.61 264.05 107.99 0.2225 1.47
Hill (H) 160.21 271.74 111.61 0.2173 1.44

Three averaging schemes were adopted in computing B, G, E and v namely Voight, Reuss and Hill
methods. They are significant for making comparison and checking accuracy of the computed val-
ues. Elastic constants of NbPs fulfilled all the Born Stability conditions for monoclinic structures and
predicted eigenvalues were all positive implying that it is mechanically stable. Furthermore, from the
elastic constants, Zener anisotropy factors (A1, Ag, As) extracted [139] were all different from one,
consistent with the anisotropy of NbPs. Bulk, shear and Young's moduli were calculated via well-known
combination of some specific elastic coefficients [140] which varies from one crystal system to another.

Bulk modulus (B), describes volumetric elastical tendency of an object to deform in all directions when
uniformly loaded. We can loosly express it as an extension of Young’s modulus in 3D. Young's modulus
(E), is the tendency of an object to deform along an axis when opposing forces are applied along that
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axis. Shear modulus (G), describes tendency of an object to shear (the deformation of shape at a
constant volume) when acted upon by opposing forces.

From predicted bulk and shear moduli values, we can further extract information about materials’
Poisson's ratio which is the ratio of transverse contraction strain to longitudinal extension strain in the
direction of stretching force as well as calculated B/G ratio. Pugh proposed that if the B/G value
is less than the critical value (1.75), the material is considered brittle [141], otherwise it is ductile.
From calculated B/G values in Table 5.3, NbP;y is brittle. Ductile materials have relatively small
Young's modulus and can withstand large strains and large energy absorption before fracture as shown
in Figure 5.2 i.e steel and aluminium. On the other hand, brittle materials have relatively large Young's
modulus and fracture at much lower strains i.e glass and cast iron. Ductile fracture is preferred in most
applications. However, brittle materials can be used to craft components for optical communication,
computers and other technological devices.

Stress

N

Strain

Figure 5.2: Ductile vs Brittle
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5.1.3 Dynamical and electronic properties of NbP,
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From Figure 5.5 and Figure 5.6 above, it is visible that NbP5 is dynamically stable due to presence of only
positive vibrational frequencies and is metallic in nature as per the calculated electronic band structure
done along high symmetry points of the Brillouin zone and electronic density of states. Occurrence of
bands at fermi level (indicated by zero mark) in Figure 5.3 and Figure 5.4 implies that valence bands and
conduction bands overlap such that no appreciable amount of energy is required to excite an electron
to jump from valence to conduction band.
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5.1.4 Optical properties of NbP,
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Within an energy range of 0 eV and 5 eV, pronounced absorption peaks occur in infrared region for all
the directions and minimum reflectivity occur in infrared region. There is no distinct pattern of refractive
index and extinction coefficient. Within the visible regime, maximum photon absorption occur at the
edge of visible region for all directions. Since maximum absorption within visible range occur at the edge
of visible region, we predict that NbP5 is violet in colour. Reflectivity within the visible region shows a
distinct pattern in that reflectivity in x is minimum, followed by y and maximum in z. From Figure 5.13,
Plasma frequency occur in infrared region for all the three directions, hence NbP5 is not a promising
plasmonic material. A low plasma frequency reduces the applicability of NbP, to modern plasmonic
applications, where high plasmonic quality in the UV-visible frequency regime is desired [142]. Recall
that screened plasma frequency is located at the point whereby the total contribution of intraband and
interband term of real part vanishes to zero .

5.2 Vanadium diphosphide

There exist only one polymorph of VPs that is monoclinic.

5.2.1 Structural and energetic properties of VP,

Table 5.4: Structural and energetic properties of VPy

a(A) b(A) c(A) a®)  B(C) 7(°)  Vo(A)®  E.on(eV/atom)  Ejopm(eV/atom)

YA
Calc 8.4560 3.1070 7.1730 90 117.23 90 164.60 -4.841 -0.617 4
Exp [37] 8.4641 3.1054 7.1698 90 119.17 90 164.55 - - 4

Entire study of VP2 was purely done using PBE only, this is because VP, is non-layered, calculated cell
parameters were comparable to experimental ones, its space group is C 2/m and lattice type is base
centered monoclinic cell. From the data in Table 5.4, VP3 can be synthesized since it is energetically
stable as indicated by negative cohesive and formation energy.
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5.2.2 Mechanical properties of VP,

Table 5.5: Calculated values of independent elastic coefficients
Cn Ciz2 Gz Cyp Coz  Css Cyq Css Co
268.21 57.17 86.55 381.27 77.39 301.04 122.12 155.83 114.92

Note that Ci5, Cos, Css and Cys had zero values as expected from symmetry. Calculated elastic
coefficients shown in Table 5.5 satisfied Born stability condition for monoclinic structures and all eigen
values were positive which validates its mechanical stability.
Table 5.6: Calculated B, E, G, v and B/G
B E G v B/G
Voight (V) 154.75 299.54 1272 0.1774 1.22
Reuss (R) 152.32 287.29 121.15 0.1857 1.26
Hill (H) 153.53 293.43 124.18 0.1815 1.24

B/G values obtained using three averaging schemes are all less than 1.75 as shown in Table 5.6, hence
we predict that VP is a brittle material.

Figure 5.14: 3D directional Young's modulus
Figure 5.14 indicate VP35 is 'softer’ with respect to compression in certain directions which reinforces
the fact that compounds under this study exhibit significant mechanical anisotropy.
5.2.3 Dynamical and electronic properties of VP,

As mentioned before, VP5 and NbPy are isostructural materials, phonon dispersion and electronic band
structure of VP4 are similar to those of NbPs. From electronic and phonon bands and density of states
beneath, it is indisputable that VP is metallic and dynamically stable.
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5.2.4 Optical properties of VP,
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Like NbP4y, VP4 also shows optical anisotropy in that behaviour of dielectric function is different in all

directions. Within energy range of 0 eV and 5 eV, prominent absorption peaks occur within the visible
regime for x and z whereas for y it occur outside the visible region. There is no distinct pattern of
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reflectivity, refractive index and extinction coefficient. Within the visible regime, maximum absorption
occur at around 2.5 eV, 2.64 eV and 2.2 eV for x, y and z directions respectively. Probably, when light
shines onto VP along x and y directions, it will appear blue whereas when incoming photon hits along
the z-axis, it will appear green. For all directions, screened plasma frequency is located in the infrared
region as shown in Figure 5.25 hence VP3 is not a promising candidate for plasmonic related fields. The
plasmon is a well established collective excitation of metals in the visible and near UV but at much lower
frequencies, dissipation destroys all trace of the plasmon and typical drude behaviour sets in [143].

5.3 Vanadium diselenide (VSe,)

VSes had only one polymorph which is trigonal and of space group P3m1.

5.3.1 EOS done with various functionals

The fact that VSes is layered implies that PBE could not give accurate structural results, hence equation
of state calculations was done using three functions i.e PBE, PBE+D2 and PBE+TS. Inclusion of ivdW
term helps account for interlayer attraction that is dominated by van der Waals forces.
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Figure 5.28: PBE+TS

Equilibrium volume obtained when PBE and PBE+TS were used shift towards the right and left of
PBE+D2 respectively. Similar trend was observed in their lattice constants.

5.3.2 Structural and energetic properties of VSe,

Figure 5.29: VSey

Figure 5.29 shows crystal structure of vanadium diselenide, where larger atoms are vanadium and the
smaller ones selenium. Similar atomic arrangement existed for other layered TMDs considered in this
work namely NbSes, VSy, NbSs, VSes, VTes and NbTes.

From structural data in Table 5.7, though PBE predicted well the in-plane cell parameters, it overesti-
mated the out-of-plane value. PBE+TS underestimated both in-plane and out-of-plane lattice constants
which automatically translates to its volume being underestimated as compared to given experimental
values. PBE-+D2 on the other hand underestimated in-plane lattice parameters but overestimated
out-of-plane lattice parameter hence compensating each other resulting in ground state volume that is
closer to experimental. Therefore, PBE+4D2 described better the structural parameters of VSes and
from calculated cohesive and formation energies, trigonal VSes is energetically stable.
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Table 5.7: Structural and energetic properties of VSes

Functional a=b(A) c(A)  Vo(A)® a) B() () Econ(eV/atom) Ejform(eV/atom) Z
PBE 3.3520 6.9970 68.10 90 90 120 -4.314 -0.694 1
PBE4+TS  3.3350 5.9490 57.30 90 90 120 -4.582 -0.962 1
PBE+D2  3.2240 6.7300 60.58 90 90 120 -4.578 -0.958 1
Exp [34] 3.3480 6.1220 59.43 90 90 120 - - 1
Exp [39] 3.3587 6.1075 59.67 90 90 120 - - 1
Exp [144]  3.3400 6.1200 59.13 90 90 120 - - 1

5.3.3 Mechanical properties of VSe,

Table 5.8: Calculated values of independent elastic coefficients for VSes
Cn Ciz G Gy Gz Cy
PBE 104.54 1896 190 -0.21 4.03 1.46
PBE+D2 133.62 2230 21.79 -6.76 58.39 18.60
PBE+TS 99.46 1518 224 -0.69 9.96 2388

Calculated elastic coefficients shown in Table 5.8 and eigenvalues obtained indicates that VSey is me-
chanically stable since it fulfilled all Born stability criterion for trigonal structures. It is also worth noting
that PBE+D2 predicted values of elastic coefficients of greater magnitude compared to other functionals
especially Cy4, Csg3 and Cyy.

Table 5.9: Calculated B, E, G, v and B/G

PBE B E G v B/G
Voight (V) 28.739 52259 21.830 0.1970 1.32
Reuss (R) 3.959 6.841 2822 0.2120 1.40
Hill (H) 16.349 29.552 12326 0.1990 1.33
PBE+D2

Voight (V) 50.819 87.152 35.890 0.2142 1.42
Reuss (R) 43.950 66.557 26.674 0.2476 1.65
Hill (H) 47.384 76.919 31.282 0.2295 1.51
PBE4+TS

Voight (V) 27.578 52.498 22.194 0.1830 1.24
Reuss (R)  9.008 13.933 5.608 0.2420 1.61
Hill (H) 18.293 33.274 13.901 0.1970 1.32

B/G values obtained using three functionals and all averaging schemes were less than 1.75 as shown in
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Table 5.9 implying VSe, is brittle.

5.3.4 Dynamical and electronic properties of VSe,

Since PBE+D2 mimicked well VSey structural properties, further study of bands, phonons and optical
properties was done using it. VSey exhibits metallic character and is dynamically stable in its trigonal
phase as backed by figures of electronic and phonon dispersion respectively.
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5.3.5 Optical properties of VSe,
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Behaviour of dielectric function is similar in x and y directions (in-plane). Within photon energy range
of 0 eV and 3 eV, maximum absorption occur in-plane than out-of-plane as shown in Figure 5.34. There
is no distinguished pattern for reflectivity and refractive index. Generally, in-plane extinction is higher
than out-of-plane. Within visible range, maximum absorption peaks occur at around 2.97 eV and 2.83
eV for in-plane and out-of-plane respectively as shown in Figure 5.38, based on the obtained energy
values, VSe, is violet in colour. Out-of-plane plasma frequency occur in infrared region at around 0.7 eV
whereas in-plane occur at around 2 eV, 4.25 eV and 9 eV as shown in Figure 5.40. From the obtained
values of screened plasma frequency, VSe, is a promising plasmonic material when light falls on it along
the x and y axes (in-plane) because its in-plane screened plasma frequencies lies within the visible and
ultraviolet region. The electromagnetic response of metals in the visible region and near ultraviolet is
dominated by the negative epsilon concept [143].
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5.4 Vanadium disulphide (VS,)

5.4.1 Relative stability test of VS,
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Figure 5.41: Relative stability
Table 5.10: crystal system information
a 1013525 | P63/mmc Hexagonal
b 849060 P1 Triclinic
c 1013526 R3m Trigonal
d 9561 P3m1 Trigonal
e 655446 P1 Triclinic
f 611224 P1 Triclinic

Out of nine possible polymorphs of VSs, six were found competing based on Figure 5.41 above done using
PBE+D?2 functional. Hexagonal crystal system whose space group is P635/mmc and m.p ID 1013525
as shown in Table 5.10 was found to be the energetically favoured ground state structure which is also
backed up by Figure 5.42 which is a screen shot showing phase diagram of compounds composed of
vanadium and sulphur taken from materials project database. Further studies was conducted for this

specific polymorph.
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5.4.2 EOS done with various functionals

As the case of VSes, structural properties of stable VS, was carried out using three functions giving the
following EOS.
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5.4.3 Structural and thermal properties of VS,

Table 5.11: Stable hexagonal VSg

Functional a=b(A) c(A) o) B() () Vo(A)? Econ(eV/atom) Ejprm(eV/atom) Z
PBE 3.181 13.551 90 90 120 118.740 -4.784 -0.870 2
PBE+TS 3.143 11.696 90 90 120 100.080 -5.047 -1.133 2
PBE+D2 3.177 12.770 90 90 120 106.379 -4.977 -1.063 2
m.p (PBE) 3.180 14.43 90 90 120 126.389 - -1.314 2

The obtained values of equilibrium volume are of the following order from high to low; PBE, PBE+TS,
PBE+D2. Structural results using PBE are comparable to those given in materials project. Since VSy
is a layered material, further studies was done using PBE+4D2 to account for ivdW correction.

5.4.4 Mechanical properties of hexagonal VS,

Table 5.12: Calculated values of independent elastic coefficients
Cn Ciza Gz Gz Cuu GCee
PBE 191.03 69.76 3.41 15.15 5.73 60.64
PBE+D2 187.77 70.12 260 450 4.18 58.82
PBE+TS 182.01 66.14 234 567 510 57.94

From predicted mechanical characteristics given in Table 5.12, VS, fulfilled Born conditions for hexagonal
structures hence mechanically stable.



Section 5.4. Vanadium disulphide (VS3) Page 59

Table 5.13: Calculated B, E, G, v and B/G

PBE B E G v B/G
Voight (V) 61.150 89.850 35.794 0.25511 1.71
Reuss (R) 14.156 25.280 10.513 0.20236 1.35
Hill (H) 37.653 57.644 23.153 0.24485 1.63
PBE+D2

Voight (V) 58.966 85.030 34.751 0.25967 1.70
Reuss (R) 4.473 12571 6.093 0.03165 0.73
Hill (H) 31.720 49.419 19.922 0.24033 1.59
PBE+TS

Voight (V) 56.815 84.106 33.555 0.25327 1.69
Reuss (R) 5584 15483 7.459 0.03789 0.75
Hill (H) 31.199 50.464 20.507 0.23042 1.52

All the three functionals and averaging schemes gave B/G ratio less than 1.75, implying VS, is a brittle
material.
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5.4.5 Dynamical properties of VS,
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From Figure 5.48 and Figure 5.46, hexagonal VS, is dynamically stable and metallic. This is also
supported by their phonon and electronic density of states.

5.4.6 Optical properties of VS,
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Figure 5.50: VSo absorption coefficient Figure 5.51: VSy reflectivity
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Figure 5.56: Real part of dielectric function
Behaviour of dielectric function is similar in x and y direction (in-plane) but different for z direction

(out-of-plane). Out-of-plane absorption occur at onset of visible region whereas pronounced in-plane
absorption peaks occur within the visible range. There is no distinct pattern of reflectivity and extinction
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coefficient. Out-of-plane refractive index exceeded in-plane refractive index upto around 1.55 eV beyond
which in-plane dominates. Within the visible regime, in-plane reflectivity exceeds out-of-plane reflectivity.
On the other hand, still within the visible region, prominent wide absorption peak occur at around 2.7
eV and 2.55 eV for in-plane and out-of-plane respectively. This implies that if photon impinges on
VS, in any direction, it will probably appear blue in colour because maximum in-plane and out-of
plane absorption occur between 2.5 and 2.7 eV which corresponds to blue colour in the electromagnetic
spectrum. Screened out-of-plane plasma frequencies occur at around 1.6 €V and 1.8 eV. Several in-
plane plasma frequencies are noticeable at around 0.8 eV, 3.0 eV, 3.3 eV, 43 eV, 6.5 eV, 6.8 eV and
8.4 eV as shown in Figure 5.56 hence VSs is a promising material for plasmonic applications since
plasmon frequencies lies within the visible and UV regime. At lower frequencies, from the near infrared
downwards, dissipation asserts itself and the dielectric function is essentially imaginary [143].

5.5 Vanadium ditelluride (VTe;)
VTey had two possible structural polymorphs namely trigonal and monoclinic.

5.5.1 Relative stability test of VTe,
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Figure 5.57: Trigonal

Out of the two competing polymorphs, monoclinic phase of VTe, whose space group is C2/m is preferred
ground state structure since its equilibrium energy is lower than that for trigonal phase as shown in Figure

5.57 and 5.58.
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Figure 5.58: Monoclinic

5.5.2 EOS of monoclinic VTe, for various functionals

EOS calculation of stable VTe, was carried out using four functionals as given below.
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Optimization at fixed volume set was done using PBE, PBE+D2, PBE+TS and PBEsol. The order of
equilibrium volumes per formula unit predicted using various functionals from high to low were PBE >
PBE+D2 > PBE+TS > PBEsol. Note that PBEsol was applied for ditellurides since PBE, PBE+D2
and PBE4TS did not imitate well their structural properties especially for NbTes.

5.5.3 Structural and energetic properties of monoclinic VTe,

Table 5.14: Structural and energetic properties VTeo

a(A)  bA)  c(A) (") B() () Vo(A)®  Eon(eV/atom) Ejorm(eV/atom) Z
PBE+D2 3543 14.691 9.293 67.529 90 90 446.93 -4.162 -0.674 6
PBE+TS 3.490 14471 9.153 67.529 90 90 427.13 -4.128 -0.640 6
PBE 3.586 14.869 9.406 67.529 90 90 463.41 -3.809 -0.321 6
PBEsol 3.486 14.455 9.144 67.529 90 90 425.79 -3.110 -0.334 6
Exp [37] 3.595 14.341 9.069 70.430 90 90 440.51 - - 6

From obtained structural data shown in Table 5.14, PBE+4D2 gave computed volume that was closer to
experimental though slightly overestimated. PBE overestimated by a larger margin whereas PBE+TS
and PBEsol underestimated predicted volume by larger magnitude.
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5.5.4 Mechanical properties of VTe,

Table 5.15: Calculated values of independent elastic coefficients
Ci G Gy Gy Gz Gz Cyy Gy GCee
PBE 96.78 15.87 13.21 26.95 1565 74.12 13.74 2785 17.79
PBE+D2 93.67 21.68 15.27 46.32 14.08 80.95 14.66 30.33 23.85
PBE+TS 9272 1133 9.739 1540 13.02 6856 1291 28.64 15.38
PBEsol 08.06 1545 16.93 17.05 1296 75.69 1359 2731 17.49

Note that Ci5, Co5, C35 and Cy had zero values. From predicted numerical results of independent
elastic coefficients given in Table 5.15, VTey fulfilled Born stability conditions for monoclinic crystal
systems and the obtained eigenvalues were all positive hence it is mechanically stable.

Table 5.16: Calculated B, E, G, v and B/G

PBE B E G v B/G
Voight (V) 31.922 53.833 22.082 0.2190 1.45
Reuss (R) 19.498 29.967 12.046 0.2440 1.62
Hill (H) 25,71 41918 17.064 0.2280 1.51
PBE+D2

Voight (V) 35.889 61.057 25.096 0.2165 1.43
Reuss (R)  25.724 39.414 15.833 0.2446 1.62
Hill (H) 30.807 50.264 20.465 0.2281 1.50
PBE4+TS

Voight (V) 27.205 49.900 20.891 0.1940 1.30
Reuss (R) 12.819 21.839 8.979 0.2160 1.43
Hill (H) 20.012 35.880 14.935 0.2010 1.34
PBEsol

Voight (V) 31.276 52.226 21.374 0.2217 1.46
Reuss (R) 11.215 23.020 9.941 0.1579 1.13
Hill (H) 21.246 37.709 15.657 0.2042 1.36

B/G values obtained using four functionals that were analyzed based on three averaging schemes gave
values less than 1.75 as shown in Table 5.16, signifying VTes is a brittle material.



Section 5.5. Vanadium ditelluride (VTez)

Page 65

5.5.5 Dynamical and electronic properties of VTe,

Further study of VTes was conducted using PBE+D?2 since it reproduced well its structural properties
better than other functionals. VTes is metallic as shown in Figure 5.63 and Figure 5.64 and is dynamically
stable as backed by Figure 5.65 and 5.66 respectively.
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5.56.6 Optical properties of VTe,
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Generally, absorption and reflectivity is higher in x direction followed by z and y directions respectively
within photon energy range of 0 eV and 4.5 eV as backed by Figure 5.67 and 5.68. Refractive indices as
well extinction coefficients also depict optical anisotropy. From Figure 5.71, maximum absorption occur
between 1.8 eV and 2.0 eV which corresponds to red colour in the electromagnetic spectrum hence we
predict that VTes is red in colour. Although absorption is minimum for y direction, its corresponding
reflectivity is also minimum within visible region. Within energy range of 0 eV and 5 eV, screened plasma
frequency occur at around 0.4 eV, 0.7 eV, 1.7 eV and 2.0 eV for y direction, 0.7 eV and 1.6 eV for z
direction and no plasma frequency was predicted in x direction for given energy range. VTey is not an
efficient plasmonic material because its screened plasma frequencies occur in the visible regime for only
y-direction as shown in Figure 5.73, most of plasmon excitations occur in the infrared region whereby
very little signal can be transmitted. Below the plasma frequency, very little can be transmitted, above
and especially in the visible region, the material is transparent [143].

5.6 Niobium ditelluride (NbTe;)
NbTez had just one polymorph belonging to monoclinic crystal system of space group C2/m.

5.6.1 EOS done with various functionals

Being a telluride, structural study was carried out using four functionals as in the case of VTe,.
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The trend of computed equilibrium volume per formula unit and lattice parameters predicted using four
functionals was of the following order from functional that gave higher to lower values; PBE > PBE+D2
> PBEsol > PBE+TS.

5.6.2 Structural and energetic properties of NbTe,

Table 5.17: Structural and energetic properties of NbTeg
a(A)  b(A) c(A) () B() () Vo(A)?®  E.on(eV/atom) Ejppm(eV/atom) Z
PBE+D2 3.633 15.028 9.525 68.253 90 90 483.022 -4.806 -0.873 6
PBE4+TS 3.576 14.792 9.375 68.253 90 90 460.64  -4.765 -0.833 6
PBE 3.681 15.224 9.649 68.253 90 90 502.21  -4.394 -0.461 6
PBEsol 3.577 14823 9.439 67.964 90 90 463.93  -4.034 -0.480 6
Exp [46] 3.642 14.736 9.375 69.586 90 90 47156 - - 6

From Table 5.17; PBE, PBE+D2 and PBE+4TS gave predicted values of volume and consequently
lattice constants that had larger magnitude of variation from experimental than when PBEsol was
applied although it underestimated a by large margin as compared to experimental value. For NbTes,
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PBEsol was used for further study as compared to other compounds under study where PBE+D2 was
applied.

5.6.3 Mechanical properties of NbTe,

Table 5.18: Calculated values of independent elastic coefficients for NbTes
Cn Ci2 Cis Cao Cos Css Caq Css Cos
PBE 89.874 17.752 20.227 24558 16.464 85.802 17.894 30.124 21.915
PBE+D2 96.600 25.701 25.489 42.744 21244 102.240 21.181 33.814 28.193
PBE+TS 80.884 11.830 15.394 11578 13.795 81.960 17.128 29.974 18.943
PBEsol 84.700 14.720 19.730 20.460 13.010 84.800 15.470 30.810 20.820

Note that Cy5, Co5, C35 and Cyg had zero values as expected from symmetry. From predicted values of
independent elastic coefficients shown in Table 5.18, NbTes is mechanically stable.

Table 5.19: Calculated B, E, G, v and B/G

PBE B E G v B/G
Voight (V) 34.347 57.817 23.706 0.2195 1.45
Reuss (R) 19.197 34.268 14.249 0.2025 1.35
Hill (H) 26.772 46.051 18.977 0.2133 1.41
PBE+D2

Voight (V) 42939 68.827 27.914 0.2329 153
Reuss (R)  32.107 47.302 18.854 0.2545 1.70
Hill (H) 37.523 58.086 23.384 0.2420 1.60
PBE4+TS

Voight (V) 28.495 52.686 22.102 0.1919 1.29
Reuss (R)  9.207 21.552 9.709  0.1099 0.95
Hill (H) 18.851 37.243 15906 0.1707 1.19
PBEsol

Voight (V) 31.656 55.390 22919 0.2084 1.38
Reuss (R) 13.757 28.286 12.221 0.1573 1.12
Hill (H) 22,707 41902 17.57 0.1924 1.29

From B/G values given in Table 5.19, NbTes is a brittle material.
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5.6.4 Dynamical and electronic properties of NbTe,

Dynamical, electronic and optical study of NbTey was conducted using PBEsol as already stated in
section 5.6.2.
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From the above plots of electronic bands and electronic density of states, NbTey is metallic. Phonon
bands and phonon density states shows that it is dynamically stable.
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5.6.5 Optical properties of NbTe,
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Absorption, reflectivity, refractive index and extinction coefficient shows optical anisotropy and there is
no noticeable trend in its optical spectra. Within the visible range, maximum absorption peaks occur
at around 1.87 eV, 2.38 eV and 2.30 eV. Hence when light is directed onto NbTey in x direction, it
will appear red in colour, when directed in y and z directions, it will appear green in colour. Predicted
screened plasma frequency in z direction is 0.75 eV and 1.9 eV as given in Figure 5.88 whereas there is
no plasma frequency in x and y directions. From the predicted values of screened plasma frequencies,
NbTes is not an efficient candidate for plasmonic applications since plasmon frequencies occur in the
z-axis only partially within the infrared and visible region giving very low plasmon quality.
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5.7 Niobium disulphide

For NbS,, ten polymorphs were considered of which seven were competing.

5.7.1 Relative stability test of NbS,
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Figure 5.89: Relative stability

Table 5.20: crystal system information

a 10033 | P63/mmc Hexagonal

b 2648 Fm2m Orthorhombic
c 554074 Cmc2; Orthorhombic
d 995122 P3m1 Trigonal

e 774873 | P63/mmc Hexagonal

f 1874 P6m2 Hexagonal
g 966 R3m Trigonal

Structures of seven candidate polymorphs were optimized to check their relative stability. From the
Figure 5.89, hexagonal NbSs whose materials project id is 10033 with space group P63/mmc was
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preferably the most stable polymorph. Since this is not the only parameter used to gauge its overall
stability, vibrational and mechanical stability test were further explored for this specific polymorph.

5.7.2 EOS done with various functionals

For preferred ground state structure, structural study was conducted using three functionals as shown
underneath.
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Figure 5.92: PBE+TS

Equilibrium volume obtained when PBE and PBE+TS were used shift towards the right and left of
PBE+D2 respectively. Similar trend was observed in their lattice constants.
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5.7.3 Structural and energetic properties of NbS,

Table 5.21: Structural and energetic properties of NbSo

Functional a=b(A) c(A) o) B(C) () Vo(A)?® E.n(eV/atom) Ejprn(eV/atom) Z
PBE 3.500 12692 90 90 120 134.64 -5.379 -1.020 2
PBE+D2  3.349 12,146 90 90 120 118.00 -5.631 -1.272 2
PBE+TS  3.251 11.789 90 90 120 107.91 -5.693 -1.334 2
Exp [145]  3.330 12.000 90 90 120 11524 - - 2
Exp [146]  3.160 12290 90 90 120 106.28 - - 2
Exp [147]  3.418 11.860 90 90 120 120.00 - - 2
Exp [148]  3.330 11.950 90 90 120 11476 - - 2

From numerical data in Table 5.21, PBE+D2 functional mimics well the structural properties of NbS,
than PBE and PBE+TS. PBE overestimates whereas PBE+TS underestimates as compared to given
experimental data. From energies obtained, NbSs is energetically stable.

5.7.4 Mechanical properties of NbS,

Table 5.22: Calculated values of independent elastic coefficients for NbSo

Cin

Ci2

Cis

Ca3 Cua

PBE
PBE+D2
PBE+TS

142.970
191.890
189.140

47.041
66.856
81.145

1.667
11.580
22.943

44.491 4.785
35.924 10.644
46.233 13.811

From numerical results of elastic coefficients given in Table 5.22, NbSs fulfilled all Born stability condi-
tions for hexagonal crystal systems, hence it is mechanically stable.
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Table 5.23: Calculated B, E, G, v and B/G

PBE B E G v B/G
Voight (V) 47.909 74.823 30.178 0.2397 1.58
Reuss (R) 31.023 27.401 10.128 0.3528 3.06
Hill (H)  39.466 51.664 20.153 0.2818 1.96
PBE-+D2

Voight (V) 66.637 97.353 38.739 0.2565 1.72
Reuss (R) 31.755 47.369 18.927 0.2514 1.68
Hill (H)  49.196 72.362 28.833 0.2549 1.71
PBE+TS

Voight (V) 75.397 93.520 36.156 0.2933 2.08
Reuss (R) 42230 57.504 22585 0.2731 1.87
Hill (H) ~ 58.813 75.538 29.371 0.2859 2.00

Three averaging schemes gave B/G values ranging between 1.58 and 3.06 as shown in Table 5.23. This
shows that NbSs is probably mechanically anisotropic ductile material.
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5.7.5 Dynamical and electronic properties of NbS,

Further study of bands, phonons and optical properties of NbSy was done using PBE+D?2 since it gave
structural data that was much comparable to experimental values.
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From Figure 5.93 and Figure 5.94, NbSs is metallic in nature. Occurrence of a small gap at about 2
eV above the Fermi level implies that n-doping can be applied to achieve band engineering in NbSs. Its
phonon band structure and phonon density of states depicts that it is dynamically stable as shown in
Figure 5.95 and Figure 5.96.
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5.7.6 Optical properties of NbS,
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NbSs possess some degree of optical isotropy in that behaviour of dielectric function is similar in x
and y direction (in-plane) but different for z direction (out-of-plane) which results in identical optical
functions in x and y axis. There is no distinct pattern in refractive index and extinction coefficient.
Within the visible regime, maximum absorption occur out-of-plane between photon range of 1.65 eV
and around 2.63 eV beyond which in-plane absorption exceeds out-of-plane absorption. Between energy
range of 1.65 eV and 2.2 eV, maximum reflectivity occur out-of-plane than in-plane beyond which
in-plane reflectivity exceeds out-of-plane reflectivity. Within the visible range, wide absorption peaks
occur at around 2.0 eV and 2.35 eV for out-of-plane and in-plane respectively. This implies that when
incoming photon hits NbSs along x and y axis, it will appear orange in colour whereas when it strikes
along z axis, it will appear green in colour. Screened in-plane plasma frequency occur at around 1.2
eV, 3.6 eV, 3,8 eV, 5.0 €V and 9.0 eV whereas out-of-plane plasma frequency occur at around 0.3 eV,
1.2 eV, 2.2 eV and 9.0 eV as shown in Figure 5.103. From the predicted values of plasma frequencies,
NbSs is a promising plasmonic material since plasmon excitations occur in the visible and UV region
giving high plasmon quality.
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5.8 Niobium diselenide

5.8.1 Relative stability test for NbSe,
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Figure 5.104: Relative stability

Table 5.24: crystal system information

a 10228 P3m1 Trigonal

b 2207 P63 /mmc Hexagonal

c 568347 C222; Orthorhombic
d 571133 P6m2 Hexagonal

e 571270 P6m2 Hexagonal
f 7007 Fm2m Orthorhombic
g 7597 R3m Trigonal

From Figure 5.104, out of seven competing polymorphs, hexagonal NbSes whose materials project id is
2207 and space group P63/mmc is the energetically favoured stable structure.
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5.8.2 Structural and energetic properties of NbSe,

Table 5.25:  Structural and energetic properties of hexagonal NbSe,

Functional a =b (A) ¢(A) Vo(A)2  a(®) B() () Econ(eV/atom) Ejopm(eV/atom)

PBE 3.5120 13.8450 147.89 90 90 120 -5233 -1.168
PBE+TS  3.3110 13.0540 12394 90 90 120 -5237 1172
PBE+D2  3.3810 133310 13200 90 90 120 -4.910 -0.845
Exp [149]  3.4425 125470 12877 90 90 120 - -
Exp [150]  3.4446 125444 12890 90 90 120 - -

z
2
2
2
2
2

From predicted structural parameters in Table 5.25, PBE4+D2 mimics well NbSes in that its numerical

values are more comparable to experimental ones than when PBE or PBE+TS are used.
energetically stable.

5.8.3 Mechanical properties of NbSe,

Table 5.26: Calculated values of independent elastic coefficients
Ciy Ci2 Ci3 Cs3 Cyq Ce

PBE 156.010 49.174 14317 17.585 16.598 53.418

PBE+D2 173.280 56.948 18.992 37.992 21.291 58.164

PBE+TS 138.740 38.520 10.310 18.560 7.400 50.110

From predicted mechanical characteristics given in Table 5.26, NbSes is mechanically stable.
Table 5.27: Calculated B, E, G, v and B/G

PBE B E G ” B/G
Voight (V) 53.913 84.507 34.109 0.2388 1.58
Reuss (R) 17.468 42314 19.299 0.0963 0.91
Hill (H) ~ 35.691 64.121 26.704 0.2006 1.34
PBE+D2

Voight (V) 63.823 08.145 39.457 0.2437 1.62
Reuss (R) 34.856 67.007 28.403 0.1796 1.23
Hill (H) ~ 49.340 82.807 33.930 0.2203 1.34
PBE+TS

Voight (V) 46.036 71.441 28.775 0.2414 1.60
Reuss (R) 17.770 30.380 12501 0.2151 1.42
Hill (H) ~ 31.903 50.932 20.638 0.2339 1.54

It is also



Section 5.8. Niobium diselenide Page 82

For three functionals and averaging schemes, predicted B/G ratio is less than critical value of 1.75,
hence NbSes is a brittle material.

5.8.4 Dynamical and electronic properties of NbSe,

Electronic band structure, vibrational and optical properties of NbSey were carried out using PBE+D2
since it was suitable than other functionals.
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Figure 5.105: NbSe, electronic Bands Figure 5.106: Electronic DOS
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Figure 5.107: NbSes phonon Bands Figure 5.108: Phonon DOS

NbSes is metallic as backed by Figure 5.105 and Figure 5.106. Occurrence of a gap at around 1.5 eV
above Fermi level shows that possibly, NbSe, can be doped using donor impurities in order to get n-type
semiconductor. Its phonon bands and phonon density of states shows that it is dynamically stable as
supported by Figure 5.107 and Figure 5.108.
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5.8.5

100

Optical properties of NbSe,
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Figure 5.109: NbSes absorption coefficient
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Figure 5.111: NbSes refractive index
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NbSe, possess similar optical properties to those of NbSe. Khan et al [151] pointed out that for
any material, there is no possibility of advancement in photonic devices for optical communication
without proper understanding of its optcal properties. For NbSey, magnitude of in-plane absorption
exceeds out-of-plane absorption upto 0.4 eV beyond which out-of-plane dominates. Intensity of in-plane
reflectivity exceeds out-of-plane reflectivity upto 0.75 eV beyond which out-of-plane reflectivity exceeds
in-plane reflectivity. In-plane refractive index and in-plane extinction coefficient exceeds corresponding
out-of-plane counterparts upto around 1.25 eV and 0.2 eV respectively beyond which out-of-plane
refractive index and extinction coefficient dominates. Within the visible range, out-of-plane absorption
and reflectivity exceeds in-plane ones. Wide absorption peaks occur at the edge of the visible region
hence we predict that when NbSe, is illuminated with light, it will appear violet in colour irrespective
of the interface light shines on. Screened in-plane plasma frequency occur at around 1.0 eV, 4.4 eV
and 8.5 eV whereas several out-of-plane plasma frequencies were predicted at around 6.5 eV, 6.7 eV,
6.9 eV, 7.1 eV and 7.2 eV. lts screened plasma frequencies occur at infrared and ultraviolet region as
shown in Figure 5.115 hence a promising material for plasmonic related applications.

5.9 Summary

This work was intended at exploring structural, electronic, dynamical and optical properties of transition
metal dichalcogenides and transition metal dipnictogenides based on first principles investigations using
VASP code. Although structural and electronic properties of most materials under this study were
previously performed as discussed briefly in chapter 2, analysis of their mechanical, dynamical and
optical properties at either ab initio or experimental level are not currently available to the best of our
knowledge. This study therefore tries to fill this information gap as well as pave way for further studies.



Conclusion and Future work

6.1 Conclusion

We investigated the structural, electronic, mechanical, dynamical and optical properties of transition
metal dichalcogenides (NbSey, NbSg, NbTez, VSes, VSs and VTey) as well as transition metal dip-
nictogenides (NbPy and VP2). For layered transition metal dichalcogenides, PBE+DFT-D2 exchange
correlation functional was found to be most appropriate since predicted structural data were comparable
to experimental than when other functionals were applied except for NbTey where PBEsol was found to
mimic its structural properties better. For transition metal dipnictogenides, PBE functional was used
with no van der Waals correction since they are non-layered. VP5, NbP3y, VSe; and NbTes had only
one polymorph that has been exploited experimentally whereas VSo,NbSs, VTes and NbSes had several
competing polymorphs whose energy difference were a few meV per atom as supported by their relative
stability plots suggesting that if we subject them to pressure, it may undergo structural phase transition
whereby those phases that were unstable at zero pressure may become more relatively stable. For all the
compounds considered, phonon dispersion curves had only positive frequencies throughout the Brillouin
zone implying that they are dynamically stable. Calculated cohesive and formation energies were all
negative implying that the compounds of interest are energetically stable in their ground state against
chemical decomposition onto their constituent atoms hence can be easily synthesized. They also fulfilled
their respective Born stability conditions hence mechanically stable. Apart from NbSs which was found
to be anisotropic ductile material, all the others were predicted to be brittle. From their electronic band
structure plots, all compounds under this study are metallic in their bulk form. From electronic structure
of VSes, NbSes and NbSs, band engineering via introduction of donor impurities can aid in obtaining
semiconducting compounds which can be applied in designing optoelectronic devices. We predict that
NbSes, NbSo, VSey and VSs are promising plasmonic materials in their bulk form whereas NbPsy, VPs,
NbTey and VTey are not.

6.2 Future work

The following questions have to be exploited in future in order to fill the gaps that were beyond the
scope of the current study.

1. If bulk crystal of macroscopic dimensions is thinned down to one atomic layer, will monolayers of

85
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layered TMDs studied transform from being metallic to semi-conducting?

2. Can band engineering i.e via application of strain or doping help improve electronic properties of
compounds under study?

3. How will their optical spectra behave at their monolayer or bilayer level?
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Appendix A

Generalized Hooke’s law

Hooke's law is a principle of physics that states that the force needed to stretch or compress a spring is
proportional to extension provided the elastic limit is not exceeded. It is a first order linear approxima-
tion to real response of spring or other elastic bodies to the applied forces. If the amount of stress is
infinitesimally small then the amount of strain, which is also infinitesimal, is linearly proportional to the
stress. It is an appropriate approximation for most solid bodies, as long as forces and deformations are
small enough. Modern theory of elasticity generalizes Hooke's law to say that strain (deformation) of an
elastic material is proportional to applied stress. However, since general stresses and strains may have
multiple independent components, the proportionality factor may no longer be valid as just a single real
number, but rather a linear map (tensor) that can be represented by a matrix of real numbers. In index
notation, the general equation of Hooke's law can be expressed as:

€ij = DijklOkl (.0.1)

where ¢;; is the strain tensor, S;ji; is forth order compliance tensor and oy, the stress tensor. For
anisotropic materials, Cauchy’s postulate can be applied which states that every component of the
stress tensor is coupled linearly with every component of strain tensor which can then be expressed in
matrix form as [152,153];

[ e11 ] [ S1111 Sti22 Stzz Stz Sz Stz Stuse Sust Stz | [ o1 ]
€92 S9211 S2202  S2233  S2223  S2213  S2212 S2232  S2231  S2001 022
€33 S3311 S3322 53333 S3323 53313 S3312 53332 S3331  S3321 033
€23 S9311  S2322  S2333  S2323  S2313  S2312 S2332  S2331 S2s21 023
€13 | = | Si311 Sizz2 Sizzz Siz2s Si1313 Sizi2 Sizzz Sizst Sisan 013 (.0.2)
€12 S1211 Si222 S1233 Si223 S1213 S1212 S1232 S1231 S1221 o12
€32 S3211  S3222 S3233 S3223 53213 S3212 53232 S3231  S3201 032
€31 S3111 S3122 S3133  S3123 53113 S3112 S3132 53131 S3121 031
L €21 | L So111 So122 So133 So123 So113 Sor1z So1zz So1zr Soi21 | L o021

Normally, to characterize a given homogenous system we need the above 81 independent compliance
coefficients. If we invert the above equation, we obtain;

[ o011 ] [ Ci111 Cri22 Crzz Cri2z Ciniz Criiz Crze Crst Crar | [ e ]
022 C2211 C2220 C233 (223 (213 (o212 Co232 Coa31 Co201 €22
033 Cs3311 C3322 Cs333 U333 Cs313 C3312 C333z Cs331 C3szon €33
0923 Co311 Ca2322 Co3zz Caza3 (2313 Co312 Cozza Cogzr Cagon €23
o13 | = | Ciz311 Ciz22 Cizzz3 Cizez Ciz13 Cizi2 Cizzz Cizzr Cisaa e13 | (.0.3)
o12 Ci211 Cli2oa Si2zz Cli2ez Ci213 Clioiz Craza Crazi Choon €12
032 C3211 C3200 C3233 C3203 C3213 C3212 C3232 C3231 C3201 €32
031 Cs111 Cs122 C3133 Cs123 Cs113 Cs112 Cs132 Cs131 Cs101 €31
[ 021 L Co111 Co122 Co133 Co123 Co113 Cor12 Co1z2 Co131 Coro1 | L €21 |

This equation can be expressed in index notation as;

0ij = Cijri (.0.4)
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Cijrl are components of elasticity/stiffness tensor. For anisotropic materials, the symmetry of the
Cauchy stress tensor (0;; = 0j;) and the generalized Hooke's law o;; = Cjjp €1 implies that Cy i =
Cjirz- Similarly, the symmetry of infinitesimal strain tensor implies that C;jz; = Cjji. These symmetries
are called the minor symetries of stiffness tensor. All these conditions reduces the number of elastic
constants from 81 to 36.

o11 [ Ci111 Criz2 Cuzz Crizz Criis Crie | [ e ]
0922 Co211 C2222 C2233 (223 (213 (o212 €92
033 | _ | Cs311 Cszzz Csszz Czzaz Csziz Cszio €33 (.0.5)
023 C2311 C2322 (2333 (o323 (2313 (o312 €23 o
013 Ci311 Cizzz Cizzz Cizes Ciziz Clsie €13

| 012 | Ci211 Ci222 S1233 Ci223 Ci213 Cro12 | | €12 |

The relationship of shear components ij = ji reduces it further. In principle, we can see that the six
diagonal components in reduced 6 x 6 matrix are related to the normal stress and strains. It is customary
to use Voigt notation in order to reduce the number of indices. 11 +— 1,22 — 2,33 — 3,23 — 4,13 —
5,12 — 6. The remaining 30 components can be divided by two (due to shear relationship). Thus,
6-+15 components of the original matrix results to 21 independent components of the compliance matrix
for anisotropic materials. This results in 21 independent elastic constants [154, 155].

Cn C12 Ci3 Cis Ci5 Cie
Ca2 Coz Cag Co5 (O

C33 C34 C35 Csp

Symmetric Cys Cys Cug

Cs5 Chse

Cij =
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Born stability criteria in various crystal systems

These conditions varies from one crystal system to another. The following table gives information about

each crystal system with their respective point groups and Born stability conditions [

]

crystal system no of independent EC, point groups mechanical stability criteria
C11 — C12 > 0;C44 > 0;C11 +2C12 >0 (.0.7)
Cubic 3 432, 43m, m3m,23,m3
C11 >| Ciz |;Caa > 0; Cee > 0§20123 < C33(C11 + Cr2) (.0.8)
Hexagonal and Tetragonal (1) 5 6mm, 622,62m,6/mmm,6,6,6/m
Cy1 >| Chz |;Caa > 0;2CF; < C33(C11 + C12);2CF; < Co6(Cr1 — Ch2) (.0.9)
Tetragonal (11) 6 4,4,4/m
1 1
Ci1 >| C1z2 |;Caq > 0;CF, < 5044(011—012) = Cu4Ces; Cl < 5033(0114-012) (.0.10)
Rhombohedral (1) 6 32,3m,3m
1 1
Cy1 >| C12 [;Caa > 0;CF, + C; < 5044(011 — C12) = C14Ces; CTy < Ecsa(cn + C12)
Rhombohedral (I1) 7 33 (.0.11)
Ci11 > 0;C11C22 > Ciy; C11C22C33 + 2C12C13Cs3 — C11C55 — Ca2Ciy — C33CE, > 05
C44 > 0;C55 > 0;Cge > 0
(.0.12)
Orthorhombic 9 2mm, mmm, 222
Ciy1 > 0;Caz > 0;C33 > 0;Cas > 0; Cs5 > 05 Ces > 05 (C33C55 — Cag) > 05
(C14Ce6 — Cig) > 05 (Caz + Caz — 2Ca23) > 0;
[C11 + Ca2 + C33 + 2(C12 + C13C23)] > 0;
[C22(C33Cs5 — Cag + 2023C25C35 — C23Cs5 — C35C33] > 05
{2[C15C25(C33C12 — C13C23) + C15C35(C22C13 — C12C23)  (.0.13)
+C25C35(C11C23 — C12C13)] — [Cf5(C22C23 — C3;)
+C35(C11C33 — CZy) + C35(C11Caz — C3,)] + Css9} > 0
where g = C11C2:C33 — C11C25 — C22C%y
—C33C2, + 2C12C13C23
Monoclinic 13 2/m

Voight, Reuss and Hill Averaging schemes

Basically Voight method assumes a uniform strain giving values that are often upper limit numerical
data whereas Reuss method assumes a uniform stress giving lower limit numerical data. On the other

hand, Hill method is an average between the Voight and Reuss [157,158]. Voight bulk and shear moduli
are given by;
2 1
By = §[C11 + C12 +2C13 + 5033] (.0.14)
1
Gy = % [011 4+ Cho + 2033 — 4C13 + 12C55 + 12066] (.0.15)
Reuss bulk and shear modulus are given by;
_ [5C55C66(C11 + Cr2)Cs3 — 207, (0.16)
C11 + Cr2 + 2033 — 4C12 o
Gp— [5C55C66(Ch1 + Ch2)Cas — 2C%] (0.17)
2{3By C55Ces + [(C11 + C12)C33 — 2C%,] (Cs5 + Cee) } -
Hill bulk and shear modulus are given by;
1
By = §(BV + BR) (.0.18)
1
Gy = i(GV‘i‘GR) (.0.19)
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Materials project

This is a scientific online database that provide material researchers with information i.e band structures,
elastic tensors, piezzo-electric tensors among other properties for inorganic compounds, nanoporous
materials, molecules, intercalation electrons, conversion electrodes etc. It also provides ICSD (Inorganic
Crystal Structure Database) number which can be used to access existing experimental data of a material
of choice since each has unique number. In this study, input files were obtained from materials project
whereas POTCAR files were generated using Python Materials Genomics (pymatgen) [159].

Appendix B

Eigenvalues of the stiffness matrix

Table 1: Calculated eigenvalues in Gpa obtained from elastic constants calculation for all compounds
considered in this study

Compound Functional )\; A9 A3 A1 A5 A6

NbP, PBE 83.184 105.500 158.480 180.580 265.140 496.440
VP, PBE 108.190 113.930 162.560 204.510 281.010 473.210
NbS- PBE 4.785 4.785 44453  47.965 95.930  190.050

PBE+TS 13.811 13.811 41.629 53.998 108.000 274.890
PBE+D2 10.644 10.644 34.727 62515 125.030 259.940
VS, PBE 5.727 5.727 15.056  60.635 121.270 260.880
PBE+TS  5.105 5.105 5.628 57.938 115.880 248.190
PBE+D2 4.181 4.181 4.448 58.824  117.650 257.940
NbSes PBE 15.424 16.598 16.598 53.418 106.840 207.340
PBE+TS  7.400 7.400 17.226  50.110 100.220 178.590
PBE+D2 21.291 21.291 34310 58.164 116.330 233.910
VSes PBE 1.456 1.456 3.972 42790  85.579  123.560
PBE+TS 2.8658 2.8662 9.862 42151  84.289 114.740
PBE+D2 17.410 17.629 49.472 56.856 112.290 164.830
NbTes PBE 9.813 10.469 18.112 41570 70.236  119.970
PBE+TS  7.252 7.612 9.370 41.305 68.097  106.83
PBE+D2 11.935 14394 31957 47.613 76.597 142.270
PBEsol 6.877 9.571 16.148  42.057 67.100 115.310
VTey PBE 7.214 7.682 20.582  37.953  73.338 110.450
PBE+TS  4.965 6.801 11.464 39.050 70.834  100.490
PBE+D2  7.609 13.048 36.664 41.135 74.828  116.500
PBEsol 5.458 7.606 12.851 37.194 71.550 114.530
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Drude term

Table 2: convergence of Drude plasma frequency squared with respect to k-points at DFT level in

various directions

Compound x-axis y-axis z-axis k-points k-point density
NbP2 1.679 0.241 2762 10105 18000
VPs 0.788 0.341 1.007 10104 14000
VSe, 16.095 16.095 2.954 16167 16000
NbSe, 10.077 10.077 1.558 12123 14000
NbS» 11.104 11.104 1.271 12123 14000
VS, 9.776  9.776  0.003 12122 10000
NbTes 5220 1.701 2624 883 14000
VTey 5866 1.101 1697 773 10000
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