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ABSTRACT

Calculations were carried out on transition-metal sulphides (Tdf8l transition-
metal arsenides (TMA), in both pyrite- and marcasite-type sirest using plane-
wave (PW) pseudopotential methods within density functional theory)(DFthe
local density approximation (LDA). The structural, electronic andcapproperties
for both pyrite- and marcasite-type structures (naturally ocgurand converted)
have been investigated. The equilibrium lattice parameters imegstigated and are
in good agreement with the experimental values. The heats of formatamations
predict that the naturally occurring pyrite- and marcasite-typectsites are more
stable than the converted ones. In particular, the calculated-pyre Rugcompares
well to the experimental value (with energy difference of 0.38hatei). The bulk
modulus and elastic properties were calculated. The predictedrapisottio shows
that the naturally occurring pyrite- and marcasite-type strucareesore stable than
the converted ones.

Moreover, the electronic density of states and band structure atadogl reveal that
most compositions shows semiconducting behaviour except for the cahpegrite-
type structures, i.e OsAsnd RuAs where a metallic behaviour was observed. The
electronic charge density and charge density difference show crangulation on
bonding atoms, predicting the charge gain/ loss and nature of bondingawdient/
weak ionic between the atoms.

Lastly, optical properties are computed at equilibrium and prebadt naturally
occurring structures have lower absorption and reflectivity than ctiveverted
structures. At different pressures ranging from -10 GPa to 10t@#®apsorption and

reflectivity spectra show a shift from the 0 GPa spectrum for all the @tesct
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CHAPTER 1

INTRODUCTION

In this introductory chapter, we give a general background on the transiiah
sulphide (TMS) and transition-metal arsenide (TMA) systems.siiuetural aspects
based on the pyrite- and marcasite-type, literature reviewgljeetives of the study

and lastly the outline of the thesis will be given.

1.1 General background

The pyrite group minerals of transition-metal dichalcogenides WK= Au, Co, Cu,

Fe, Mn, Ni, Os, Pd, Pt, Ru and X = As, Bi, S, Sh, Se, Te) and theasii@ group

minerals M% (M = Fe, Co, Ni, Ru, Os and X = S, Se, Te, As, Sbh) have undergone

intensive investigations previously [Wilson, 1972; Goodenough, 1972; Bullett, 1982;

Raybaud et al 1997]. The FeiS the naturally occurring phase and the most common

metal sulphide andrystallizes into two forms i.e. cubic pyrite and orthorhombic
marcasite. Pyrite thus far is the most common and the most oit¢ésken for gold
among other shiny brassy yellow minerals and is a favourite among rdektord
because of its beautiful luster and interesting crystals.db common in the earth’s
crust that it is found in almost every possible environment [http://wwverais.net
/mineral/sulfides/pyrite]. On the other hand, marcasite tisnofmistakenly confused
with pyrite, but it is lighter and more brittle. Primarily, masita can be found in low
temperature hydrothermal veins and it is pale yellow to almost whifeesh surfaces
[http://www.minerals.net/mineral/sulfides/marcasite]. The&kroantaining pyrite from
one of the South African mines and marcasite rock are shown ireFigu The other

known TMS are Erlichmanite (OgSand Laurite (Rug classified as the pyrite-type



(b)

Figure 1.1: (a) A rock containing yellowish pyrite [http://www.minerals.net
/mineral/sulfides/pyrite] and (b) a rock containing pale yelbw marcasite

[http://en.wikipedia.org/wiki/marcasite].



minerals and among the TMA is the Omeiite (OgAsd Anduoite (RuAs classified

as the marcasite-type minerals.

However, Rug belongs to one of the families of transition metal dichalcogenides
crystallizing in the pyrite structure and is an interesting natdrom both
fundamental and technological point of view [Sutarno, 1967]. It went through
hydrotreating catalysts and appeared to be one of the most promising new structures.
Unfortunately, there is little information about these systems frterature. In this
thesis, we will focus on these systems, in particular tietsral stabilities which are
necessary to clarify why Ru&xists as pyrite not as marcasite and their structural
aspects are discussed briefly in the next section as pyrite- and reatgasi

We will also investigate the naturally occurring structuresinstjathe converted
pyrite- and marcasite-type structures with respect to theiedbvenergies and
properties.

In the next section, we discuss the structural aspects ofadS MA in pyrite- and

marcasite-type.
1.2 Structural aspects

1.2.1 Pyrite-type

The pyrite-type OsSand Ru$ like Fe$, have the cubic crystal structure with space
group T,? (Paf’s) and space group number 205. The structure is characterized with the
four metal atoms located at 4(a) positions: (0,0,0};(9); (3,0,2) and ¢,3,0) and

eight S atoms in the 8(c) positions: *(u, u, u); Hu%-u,-u); *(-u, u+;,3-u) and
+(1-u,-u, u+3). There are additional symmetry positions (24d) (x, y, z) whete u

0.388 for O< x, y, z< 5 [Hann, 1989]. Each TM atom is coordinated by six S atoms



in a slightly distorted octahedron, and each S atom is tet@hedoordinated to
three TM atoms and its dimer pair [Sithole et al, 2003]. The argstucture of the
pyrite-type is shown in Figure 1.2 and the crystal structuralipositare given in
table 1.1. The OsS&nd Ru$ are metallic in nature with comparable lattice constants
of 5.6196 A and 5.6095 A, respectively [Sutar, 1967]. These minerals have the S
atoms appearing i,airs in the structure and gives strong S-S bonding like the FeS
which has the dimer pair S-S, in contrast to other mineralsMi&&, where only
weak Van der Waals S-S bonds between the S-Mo-S sandwiches layéned
structure exist [Grillo et al, 1999]. Rp&d Os$shave the highest catalytic activity as
pyrite-type disulphides [Raybaud et al, 1997] with Rb&ng the most active catalyst
for the hydrodesulfurization (HDS) of thiophene [Lacroix et al, 1989].

Table 1.1: General atomic positions for the pyrite- and marcag-type
structures

Space Atomic positions*

group

4(a): (0,0,0);(05,3):(5.0,3)and ¢,5,0)
8(c): £(u,u, u); = (ut,3-u, u) *(-u, u+, 3-u) and £ ¢ -u,-u, u+})
Pyrite Pa3 24(d): £(u,v, w); £(w, u, Vv); (v, W, U); (-u¥,-v, w+3);
(WS ,-U+3 ,-V); H(-v, W+ -ut+d); H(v+E ,-wt 2 -u);
+(-wHS -u, v+3); 2(-u,v+3 -wt 1)+ (utd v -w);
+ (-w, u# -v+1) and = (u# ,-v+3 ,-w)

2(a): (000) and ¥, .3

2(c): (0,2,0) and ¢,0,1)

Marcasite | Pnnm | 2(d): (0.7 .7 ) and .0,0)

4(9): (u,v,0); (-u,~v,0); (-ut ,v+3,3) and (u+ ,-v+3 3

8(h): £ (u,v,w); + (-u,-v,w); £ (-u% ,v+3 -w+1) and + (U+5 ,-v+3 ,-w+3)

* [Hann, 1989]




g O

Figure 1.2: Crystal structure of (a) cubic pyrite MS and (b) orthorhombic

marcasite MAs, (where M is taken as Ru or Os).



This high reactivity in RuS has driven a large interest in the fundamental
understanding of its catalytic behaviour [Grillo et al, 1999]. Howewvandlstrength
has been redefined as the cohesive energy of the TMS per TM-S bongpaned
that TMS with too low or too high TM-S bond strengths are prditicaactive,
whereas those with intermediate TM-S bond strength are teddlly active

[Toulhoat et al, 1997].

1.2.2 Marcasite-type
The marcasite-type OsAsind RuAs are characterized by the orthorhombic crystal

structure with space groupj’ (Pnnm) and space group number 58. The structure

consists of two metal atoms (Os/Ru) at 2a position: (0, 0, O)hentbur As atoms at
49 position: (u, v, 0). Additional fourteen positions are generated fronthtikee

different symmetry points (2d);(, 0, 0); (4g) (ul, v1, 0) and (8h) (x, y, z), where u
0.170, v=0.378 and & x, y, z< 5. The OsAgsand RuAs are also metallic in nature

with lattice constants of a = 5.4129 A, b = 6.1910 A, ¢ = 3.0126 A and 83654}

b = 6.1834 A, ¢ = 2.9714 A, respectively [Holse, 1968]. The crystal steuofuthe
marcasite-type with the dimer pair As-As is shown in FiguBeand the experimental
crystal structure positions are indicated in table 1.1.

OsAs and RuAs have the lollingite (FeA$ or rammelsbergite (NiA¥ formation,
where the As atoms form close-packed layers arranged in hexagg@titing
sequence, with metal atoms located at the centres of alttakedral interstices. The
relationship between pyrite and marcasite is often mistpkeonfused. The large
difference in the atomic arrangement of the orthorhombic marcstsiteture to the
cubic pyrite structure is that, on the marcasites the edgeighafrication octahedral

also occurs in linear chains parallel to the orthorhombic axis [Bullet et al,. 1982{



of the marcasite minerals have dimorphs in the pyrite groufhég.dan crystallize as
marcasite and pyrite. Moreover the stability relations betwesmcasite- and pyrite-
type are unclear. However, the thermal stability of pyrite-raaccasite-type depends
mainly on the difference in atomic arrangement on the crystaitsteu[Huang et al,

2001].

1.3 Literature review

This section gives literature on the structural, electronicogmidal properties of the
pyrite and marcasite in the form of Re8gether with Rugwhich is the only mineral
previously studied among the structures DEBHBAs and RuAs. Compounds with
the pyrite and marcasite structure more especially Ra% been studied extensively
both experimentally [Deer et al, 1992; Eyert et al, 1998; Jaegerinah &993,
Ennaoui et al, 1984] and theoretically [Temmerman et al, 1993; Zhah &993;
Sithole et al, 2003]. Among the sulphides minerals,,Fe3he form of pyrite and
marcasite is the most common, and serve as the useful modeimsyest
understanding the chemical and physical properties of this clasgefals [Muscat
et al, 2002].

Structural properties of the pyrite and the closely relatactasite, FeSnineral were
previously studied to better understand the relationship between therws. fThe
crystal structure of the pyrite was the main focus, but otkgerenents looked at the
internal parameters to investigate how the structure is related to thesiteafPauling
et al, 1934; Buerger et al, 1931 and 1937; Brostigen et al, 1969]. In thernws, f
each Transition—Metal (TM) atom is surrounded by six nearest-neigtgudpinur
atoms in a distorted octahedral environment while each S ateratthe centre of a
distorted tetrahedron formed by one S and three TM atoms. Diftpbusmeighbours

exist only in the pyrite and marcasite structures in the for® péirs which are the



characteristic features [Raybaud et al, 1997]. In addition to theatststicture, the
types of bonds between the S-S and Fe-S were also looked at aslendifietences
between the pyrite and marcasite [Sithole, 2000]. Topological methodscarered
out by Hyde et al (1996) and pointed to the difference in the edge-sharaingdcl
and corner-sharing respectively [Hyde et al, 1996].

Among the disulphides, the dominant structure types are the pytitguseé formed
by the 4d compounds Rp&nd Rh$ and the 5d compounds Qs&hd IrS [Raybaud
et al,1997]. Of these structures, the Rb8longs to the family of transition-metal
dichalcogenide crystallizing in the pyrite structure and has beefmopsty studied
using different methods [Sutarno et al, 1967; Pecoraro et al, 1984 ]a Ipiomising
material for the thermal catalytic processing of organic sulpmd aitrogen
compounds in petroleum refining. In electrochemical investigationstutienium
compounds have attracted interest as electrode or photo-electrodmlmacause
of their catalytic properties and favourable stability. In paliic much attention has
been paid to RuSbecause of its potential application in photo-electrochemical
devices [Ezzaouia et al, 1983]. Despite its technological importaneeheoretical
and experimental understanding of its solid-state properties ilis redatively
incomplete [Holzwarth et al, 1985]. The lattice constant for Ru& determined to
be 5.6095 A with the bond lengths Ru-S and S-S reported to be 2.351 A and 2.179 A
respectively by Sutarno, Knop and Reid [Sutarno et al, 1967]. The inviEstgyan
the structural properties of the pyrite- and marcasite-typetates is still of great
interest based on the variety of data reported.

Electronic structure calculations for this class of compounds hast Heen
performed by Li et al (1974), Tossel et al (1977), Khan (1974), Bullég&2) and

Raybaud et al, (1997). However, detailed experimental and theoretidesshave



been conducted mainly on pyrite RL4Sithole, 2000]. In most cases on the study of
pyrite Fe$, it was anticipated to be a semiconductor, with Fermi levaéhgalietween

the by and g by assuming that the ligand-field energy is much greater than the Hund'’s
rule coupling [Bullet, 1982]. The main characteristics of the edaat band structure
may be derived from the assumption that the sulphur pairs may be cedsate
divalent molecular anions,»S with empty antibonding ¢ states. In the distorted
octahedral surrounding the T-M d-band splits in§@hd g manifolds [Raybaud et al,
1997]. Considering RySwhich is much related to FgSdensity of states (DOS)
analysis requires knowledge of the contribution by the states frofRubetoms and

the S atoms which are said to be partial DOS (PDOS) to theldotal DOS. The
semiconducting behaviour of this diamagnetic compound was verified on
polycrystalline samples [Hulliger et al, 1963].

The essential difference in the electronic structure of thecasite phase and the
pyrite phase on FeSs that the marcasite phase has the increased splittithg &
orbitals in the less regular octahedral environment [Hulligei,e1965]. Also Bullet
(1982) performed the first calculations and obtained a large bandgagrite than
marcasite.

The energy band structure is one of the most important factors irmdetey the
solid-state properties of a material [Yang-Fang Chen et al, 198&]sihgle crystal
RuS study was reported to have the band gap in the range 1.9 eV to 5.Ing\thesi
electrolyte-electro reflectance (EER) method [Yang-Fang Cheal, et987]. The
calculated charge densities in a plane containing the (110) andafdyhich has

the nearest-neighbour S-S and Ru-S bonds using the self-consistent hlargse
density of Rugwere reported previously by Holzwarth et al (1985). Thus the charge

density calculations scan best describe the type of bonding between the atoms.



Optical properties of iron pyrite (FgS particularly show unusual properties.
According to magnetic measurements, Fe in Fe&ms to have no magnetic
moments as reported by Benoit (1955), Bither et al (1968) and by Mayaimat
Teranishi (1968) [ Schlegel et al, 1976]. Fe in FsSherefore believed to be in the
low-spin state and divalent with six electrons filling the gdband in accordance
with Hulliger et al [Hulliger et al, 1965]. There has been atgreatroversy as to the
energy gap value reported in literature. Among other scientistteldias et al
[Vaterlaus et al, 1985] determined the energy gap for,RuBe 1.22 eV by optical
transmission and reflectivity measurements and Hulliger repdréeenergy gap to be
1.8 eV [Hulliger, 1963] . However, no detailed analysis of the abear@nd

reflection edges was reported for RuS

1.4 Intentions of the study

In this thesis, we investigate the properties of the TMS {@s& Ru$) and TMA
(OsAs and RuAs) systems in both pyrite- and marcasite-stuctures, using first
principles DFT.

The main objective is to obtain a good understanding of the strualaeionic and
optical properties and compare the results with experiments where possible.
The equilibrium lattice parameters, heats of formations, intgrasmeters (u, v),
bond lengths and equation of states (EOS) together with the elassiacts will be
investigated.

The predicted equilibrium structure (most stable) will be usedaioulate the
electronic properties such as density of states (DOS), chargpitiee and energy
band structures. The DOS and PDOS in particular will showrthigats contribution
of different/ individual atoms in the unit cell and are assigoegatticular features.

The energy band structure will be determined to understand the ofitie energy
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gap in the structures whiatategorizes the material into three main groups, namely:
metals, semiconductors and insulators. We will also observe theotypending
which occurs between interacting atoms from the charge distrisudod charge
density differences plots.

Furthermore, optical properties will be studied to gain further insigitt the
structures by showing the type of transitions occurring in the stasctdihis will
show how the material can absorb (absorption curve) and refleetc{ratly curve) at
different photon energies.

Lastly, the effect of pressure on structural, electronic andagtroperties will be

investigated.

1.5 Outline

The thesis is divided into six chapters: This first chaptesgmted the general
background, structural aspects and literature review of the TMI li@dstructures
as well as the intentions of the study.

The second chapter deals with the quantum mechanical methods ukedcurrent
study: the plane-wave (PW) pseudopotential methods i.e. Cambridge Sedletadial
Energy Package (CASTEP) [Payne et al, 1992; Milman et al, 2000] anda/#bh-
initio Simulation Package (VASP) [Kresse et al, 2002] within DFT.

Chapter 3 is focused on DFT results and discussion on structural meEerth as
lattice parameters, internal parameters (u and v) and bond |leagtipared with the
experimental data. The structural stability of these systerhgevdiscussed from the
heats of formationAH; per atom.

Chapter 4 presents the electronic properties (DOS, PDOS)yen@nd structures and

charge densities) and the experimental data indicated for comparison.
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Chapter 5 gives the optical properties (absorption and refleatioth)e TMS and
TMA and are compared with the experimental data where possible.
In chapter 6, we give the summary and conclusions of the study and finally t

references are presented.
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CHAPTER 2

METHODOLOGY

This chapter gives details of the methods employed in this studywadiheis based

on ab initio quantum-mechanical density functional theory [Hohenberg et al, 1964 and
Kohn et al, 1965]. This theory is solved using the plane-wave (PW) pseadbalot
method within the CASTEP program [Payne et al, 1992; Milman 0alQ]. The
plane-wave pseudopotential method is necessary for performing full ggomet
optimization of the structures, in particular the internal patamrelaxation of the
unit cell. The VASP code [Kresse et al, 2002], in particularsisd to calculate the
elastic constants and validate the heats of formation where nameeptal data is
available.

Recent work has demonstrated that computer simulations based on iab init
techniques can provide remarkable insights into a diverse rangedastrially
important systems [Pasquarello et al, 1998] and the chemistry ofr wate
catalytically important metal oxides [ Lindan et al, 1998]. In theesavay, DFT has
been used by several scientists, among others, P. Raybaud, G. KreBselhoat to
investigate with distinction the properties of TMS and TMA [Raybaud et al, 1997].

In the next section, we discuss the quantum mechanical DFT whichsattev

prediction of the ground state energy of many-body systems.

2.1 Density functional theory

The microscopic description of physical and chemical properties dfemist a
complex problem because it deals with a collection of interactomgsa which may
also be affected by some external field [Kohanoff et al, 2003]. &hsemble of

particles may be in different phases i.e. gas, solid, liquid, etc.
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At the beginning of quantum mechanics, the major issue was to selweathy-body
electronic Schrodinger equation for a set of fixed nuclei positions isttheture of
matter for a system of N interacting electrons in the externaimtwnt field created by
a collection of atomic nuclei ( and may be some other extdeid) {Kohanoff et al,
2003].

However, the effort of devising schemes to solve the problem ily reatthwhile
since the knowledge of the electronic ground state of the systemagigess to many
of its properties, for example, stability of structures; equulibr structural
information; elastic, lattice, electronic and optical properties [Kohanaif 2003].
Hartree then proposed the first approximation in the early 192&abdginning of
guantum mechanics, which postulated that many-electron wavefugtioan be
written as a simple product of one-electron wave functions [Hat@28]. At about
the same time as Hartree (1927-1928), Thomas and Fermi proposetetHatl t
electronic density was the fundamental variable of the many-body probel
derived a differential equation for the density without resorting to-etewron
orbitals [Thomas, 1927; Fermi, 1928]. The Thomas-Fermi approximation was actually
too crude because it did not include exchange and correlation edfettaas also
unable to sustain bound states because of the approximation uséa fkinetic
energy of the electrons [Kohanoff et al, 2003]. However, it has set lya#efor the
later development of density functional theory, which has been the wehoife in
electronic structure calculations in condensed matter physics duringatieand
recently it was also accepted by the quantum chemistry communitydeecd its
computational advantages compared to Hartree-Fock based methods [Born et al,
1927]. In advance from Thomas-Fermi, Hartree approximation tteatsléctrons as

distinguishable particles and as such a step forward was to intrBdudeExclusion
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Principle by proposing an antisymmetrized many-electron wave fungtion the
form of a Slater determinant which introduces particles to exehamgan exact
manner [Fock, 1930; Slater, 1930]. After the introduction of Pauli Exwiusi
Principle, the approximation was known to be Hartree-Fock or selfstensfield,
which has been the way of chemists for calculating the struofum@lecules for a
long period of time [Kohanoff et al, 2003].
In 1964, Hohenberg and Kohn [Hohenberg et al, 1964] formulated and proved a
theorem which validates that the external potential is univocatgrmined by the
electronic density, except for a trivial additive constant and corollary, singe
univocally determines the potential, it also determines the groutedved@e function
w [Kohanoff et al, 2003]. The combination of the theorems forms the badensity
functional theory. The theorems proved that the total ground state eneagyafy-
electron system is a functional of the electron depgitygiven as,
E =E[p(n)]. (2.1)

In 1965, Kohn and Sham [Kohn et al, 1965] proposed the idea of replacing ttie kine
energy of the interacting electrons with that of an equivalent noraatieg system.
Moreover, they derived an effective one-electron Schrédinger equationrdty fi
comparing the functional as the sum of two terms, written as

E o] = To [p] + U [p], (2.2)
where T, is the kinetic energy of non-interacting electrodsfp] is the coulomb
energy which contains the electrostatic energy arising from the bmluattraction
between electrons and nuclei, the repulsion between all electbaiges, and the
repulsion between nuclei. This coulomb energy can be written as,

U [p] = Uen [,0] + Uee [P] + U ion-ion. (2.3)

15



The set of wave functions that minimize the Kohn-Sham energy funcaoagiven

by the self-consistent solutions of the equation:

h:n 0% +Vign (1) +Vy, (N +Vyc () | () = £, (), (2.4)

i
wherey; is the wave function of electronic state; is the Kohn-Sham eigenvalue,
Vion is the static total electron-ion potential angli¥ the Hartree-Fock potential of the

electron which is given by
V, (r):eZJ'Lr),d‘?r'. (2.5)
r=r
The exchange-correlation potentiakdyis given by the functional derivative

_ Eyclp(r)]
Vie(r) = o) (2.6)

p(r), the electron density, is given by
2
=2) [l ()" (2.7)
Therefore, the Kohn-Sham total-energy functional loa written as follows:

E=256 +Uppyn - HMdrdr+Exc[p(r>]—jp(r)vxcdr- (2.8)

occ

The methodology used for solving the Schrédingelaéign and the DFT Kohn-Sham

equation, respectively are compared in Figure 2.1.

2.1.1 Local density approximation

From the discussion above, the exchange-corralgiaiential cannot be obtained
explicitly, because the exact exchange-correlatioergy is not known. This problem
is solved by way of approximation methods suchhaslécal density approximation
(LDA) [Chauke, 2005; Becke, 1988], where the exgeaoorrelation energy density

is assumed to be that of a homogeneous electrowigathe same density as that
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Figure 2.1. A comparison of the methodology for solving the many-body

Schrodinger

equation and effective one-electron Kohn-Sham agtions

respectively [Mattsson et al, 2005; Chauke, 2005].
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seen locally by the electron. LDA has been for gldéime the most widely used
approximation to the exchange-correlation energythW this approximation the

exchange-correlation energy density is defined as

LDA !
Elpl]-2f 250 o 29)

When the electron density varies arbitrarily, iflvmake it complicated to get the

exact expression for thE)L(gA(,o(r)). However, the slowly variation @f(r) will give

the expression for the exchange-correlation enasgy

LDA LDA

Eve [o(N]1=] p(r) £,2 (p(r)A3(r) (2.10)
and the exchange-correlation potential may b#ewrias,

E[A(N)] _ olp(r)exe (r)]
a0(r) 0p(r)

(2.11)

with

Exa (=g 1oN] (2.12)

where £:2%(p) represents the exchange and correlation energglpetron of a

uniform electron gas of density

The approximation above is referred to as the laadsity approximation (LDA)
which turned out to be computationally conveniemd accurate. The LDA typically
underestimates equilibrium bond lengths and ceHlupaters by 1-2 % [Becke, 1988].
Though it can approximate the energy band in semdigctors to be very small
[Kohanoff et al, 2003], it remains the choice fbietexchange-correlation energy
which is taken from the known results of the malegcon interactions in an electron

system of constant density (homogeneous electren ga
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2.1.2 Generalized gradient approximation

The introduction of a dependence on the gradienthefdensity and the class of
corrected exchange-correlation functional in anombgeneous system led to the
development of the gradient correction or genegdligradient approximation (GGA)

which has been introduced by Perdew and Wang [Regeleal, 1986]. The GGA

functional adds the gradient of the den:{ﬂya(r)|, as an independent variable, and

the description of the exchange and correlatioannnhomogeneous system is non-
local with respect to the electrons it surroundse Dbasic idea of GGA is to express

the exchange-correlation energy in the followingrfo
E. o] =[ o) £, Lo0Nd* @) + [ F Jo(),Op(n]ldr  (2.13)
where the functionf= . satisfies a number of formal conditions for thelenge-

correlation hole.

There are a number of different GGA functional, ésample, the Perdew-Wang’ 86
(PW86) correctional functional [Perdew, 1986], PW¥erdew et al, 1991] the
Perdew-Bercke-Ernzerhof (PBE) exchange-correldtioational [Perdew et al, 1996;
Perdew et al,1997], are commonly used in physickae called ‘parameter free’,
whereas BLYP [Becke, 1998] is commonly used in deesn and referred to be
empirical.

The use of GGA has little influence on local prasrand tends to overestimate the
bond lengths and cell parameters, but does leaallyga a significant improvement
in global changes in the total energy, such asethtbat result when two atoms
combine to make a molecule. In the case of 4d-&usttion metals, the improvement
of the GGA over the LDA is not clear and will degern how well the LDA perform

in the particular case [Kohanoff et al, 2003].

19



2.2 Plane-wave pseudopotential method

The plane-wave pseudopotentials technique is a goetthod used to calculate the
variation self-consistent solution to the densiigpdtional theory. It is applied in big
systems subjected to 3D periodic boundary conditidn this method the wave
function is expanded in terms of the plane-waveisbad giving a good

pseudopotential representation of the ions in tistal.

2.2.1 Plane-wave basis

The use of a plane wave (PW) basis set offers ebauwf advantages, including the
simplicity of the basis functions, which make negnceptions regarding the form of
the solution, the absence of basis set superpogtior, and the ability to efficiently
calculate the forces on atoms [Segall, 1997]. Inegal, a continuous, and hence
infinite basis set is required in the representatban arbitrary orbital in terms of a
PW basis set which expand the electronic wave iometof the system. A good
description of the PW basis method is by the udgl@th’s theorem [Ashcroft, 1976]
which allows the expansion of electronic wave fioreg in terms of a discrete set of
plane waves. The expression for the electronic Wwanetions for a periodic solid

according to Bloch’s theorem can be written afed

W, (r) =explkr]fi(r), (2.14)
and enables us to expand the crystal wavefunctiotenms of plane wavegi(r),

written as

fi(r)=>C,cexpiGu.r], (2.15)

where G is the reciprocal lattice vector of theiguiic cell. Thus each electronic

wave function can be written as a sum of plane wave
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Wi (N =2.Ciruc expli(k +G)r ] (2.16)

where k is a symmetry label which lies within fhret Brillouin zone andCik +c are

the coefficients for the plane waves and depenidenbn the specific kinetic energy,

2
(Z—J|k+GC|2. This parameter controls the convergence of thpamsion by
m

choosing the kinetic energy cut-off. In practidee plane wave basis set is restricted
to a sphere in reciprocal space most convenieeflyesented in terms of a cut-off
energy E.., such that for all values of G, the kinetic enesgare less than or equal to

some particular cut-off energle,. Thus only for plane waves obeying
h? 2
—k+G| <Ey 12)
2m

are included in the basis. However, one can desgcribre rapidly varying features

and infinitely large number of basis set could bkieved when the number of plane
waves is increased. Thus when finite cut-off eneiggyntroduced to the discrete

plane-wave basis set, a finite basis set is oldaiAthough this may lead to some

errors in the computation of the total energy, affittnergy should be increased until
the calculated energy has converged.

Substitution of equation 2.16 into equation 2.4 Kohn-Sham expression takes the

form,

h? , . .
Z %|k+G|ZJGG‘ Vi (G-G)+V, (G-G) +V,(G-G) C,,,» =&C, .o (2.18)

i k+G
G

and the various potentials are described in teffirtiseir Fourier transformations.

2.2.2 The pseudopotential method

The psuedopotential method is constructed for eaoiic species which takes into

account the effects of the nucleus and core elestvath their states assumed to be
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fixed [Cohen et al, 1970; Phillip, 1958; Yin et 4882]. In this method, the important
features of a valence electron moving through atahjincluding relativistic effects
are described by weaker pseudopotentials, whiclaceg the core electrons and the
strong attractive coulomb potential inside the ¢otwre [Cohen et al, 1970; Payne et
al, 1992]. Thus the original solid is replaced Isgydo-valence electron and pseudo-
ion cores. These pseudoelectrons have a much wpatential inside the core region
but experiences similar potential outside the cegeon as the original electrons. The
ionic potential (Z/r), valence wave functio#,f, the corresponding pseudopotential
(Vpseudd and pseudo wave functiotVdseuqg are indicated in Figurg.2 [Payne et al,
1992]. The utilization of pseudopotential approxiima method is advantageous,
because it allows the electronic wave function @oelgpanded using a much smaller
number of plane-wave basis states, and a less amaboomputational time would be

required in the calculations. The most general flonpseudopotential is given by

V= 2 mV (m), (2.19)

where|Im) and (Im| are the spherical harmonics axid is the pseudopotential for

angular momenturh However, a pseudopotential using the same patenti all the
angular momentum components of the wave function caled a local
pseudopotential, which is a function that only dejseon the distance dependence of
the potential. An example of the non-local pseudepial is the norm-conserving
pseudopotential (NCP) by Kleinmann and Bylandeg[iiann et al, 1982], and uses
a different potential for each angular momentum ponents of the wave function.
The ultrasoft pseudopotential (USP) which has be#roduced by Vanderbilt
recently [Vanderbilt, 1990] is used in plane-wawdcalations and the pseudo-wave
functions are allowed to be as soft as possibleimthe core region in this scheme. A

wide range of atoms including the transition mesascovered by USP. In this thesis

22



~

/ rc

Vp seudo

Figure 2.2: Comparison of a wavefunction in the coulomb (all-elé&®n) potential
of the nucleus (blue) to the one in the pseudo-potenti@led). The real and the
pseudo wavefunction and potentials match above a certain cutfofadius r

[Payne et al, 1992].
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we use the USP by Vanderbilt [Vanderbilt, 1990] tatal energy calculations within
the CASTEP program [Milmann et al, 2000; Segalbkt2002] for the TMS and

TMA under study.

2.2.3 Brillouin zone sampling

For a periodic system, the k-points appearing enwtlave function belong to the first
Brillouin zone (BZ), by virtue of the Bloch's theon, Equation (2.14) [Saada, 2000].
Via this theorem, the electronic structure in therigmic system can be treated
applying translational symmetry, i.e. an infinitenmber of atoms and electronic states
is transformed into a finite number of atoms aratest in a translationally invariant
unit cell but with an infinite number of wave-verddk-points) in the Brillouin zone.
In order to compute the properties of the matesatsh as the total energy, forces and
stress accurately, it is necessary to integratiar all the occupied electronic states.
In calculation of the energy band, or the chargesig for example, the sum over
these k-points has to be calculated and the chafice sufficiently dense mesh of
summation is crucial for the convergence of theltegSaada, 2000].
However, the computational cost increases lineaih the number of k-points
within the BZ. This computational cost are redubgdpecial k-point schemes which
have been developed to use the fewest possiblénksdor a given accuracy, such as
the Monkhorst-pack scheme [Monkhorst et al, 19&pmposed by Monkhorst and
Pack. This coupling scheme is to date, proposedisatite most commonly used to
generate efficient and accurate sets of speciatpoihere the k-points are distributed
homogeneously in the BZ according to

k=xb, +x,b, + x;b, (2.20)

where h,b,,b; are the reciprocal lattice vectors, and
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X

:'_, I=1,...,n (2.21)
r]i

wheren; are the folding parameters. The density functi@moales approximate these
k-space integrals with a finite sampling of k-psinOther alternative methods for
choosing k-point mesh has been proposed by ChadCahen [Chadi et al, 1973] on

the basis of “shells” analysis, Joannopoulos ande@dJoannopoulos et al, 1973].

2.2.4 CASTEP

The first version of Cambridge Sequential Total fggePackage (CASTEP) was
introduced by Mike Payne in 1986 [Payne et al, 19B2 1992, many features were
added to the code by several scientists. ThosarBsatimong others are arbitrary cell
shape, stresses, partial occupancies for metafsjogal pseudopotentials and real-
space pseudopotentials evaluation [Segall et &12;2Gibson et al, 2006]. Within a
couple of years afterwards, more developments weaele including gradient-

correlated functionals and ultrasoft pseudopotenfdegall et al, 2002; Xiong et al,
2005].

This code employs a plane-wave technique to de#h wmaterials with weak

pseudopotentials. The code usually best addressbems in semi-conductors since
pseudopotential can be either local or non locasgparable Kleinmann-Bylander
form). Although CASTEP is primarily intended for euon large-scale periodic
systems, it can also be applied to supercells owmistl to study defects,

surfaces/interfaces, and molecules. This moduler®fa choice of methods for
electronic relaxation to ground state for metatsulators or semiconductors with a
more traditional scheme, involving minimization dhe total energy. This

minimization can be achieved either by using baydbdnd technique, where each

wavefunction is optimized independently, or by ademm all-bands method that
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allows simultaneous update of all wavefunctionslyotine all-bands scheme is
supported for ultrasoft potentials). The schemes ugepreconditioned conjugate
gradients technique, as described by Mike Payngngat al, 1992]. Plane-wave uses
special k-points sampling for integration over tBeillouin Zone, fast Fourier
transforms (FFT) to evaluate matrix elements, aastenfunction symmetrization for
crystals with point-group symmetry higher than Par metallic systems, CASTEP
introduces partial occupancies for levels closeéh Fermi energy [De Vita et al,
1992]. It suffers from all the typical problems essted with LDA (or more
generally with the use of density functional thgoAm appropriate choice of the k-
points set is important for achieving balance betwaccuracy and efficiency. An
increased k-point set reduces the finite basi€@etction and makes cell relaxation
more accurate at a fixed energy cut-off. A vareftk-points sampling can be chosen
using the CASTEP code for different systems. Iis tiiesis, we use CASTEP to

investigate the properties of the TMS and TMA unrstedy.

2.25 VASP

The Vienna Ab-initio Simulation Package (VASP) cdaes been developed over the
past years to assist in atomistic density functi@maulations [Kresse et al, 2002;
Hafner et al, 2006]. Presently VASP allows us tofgren large scale ab-initio
guantum-mechanical simul-ations and finite tempeeaimolecular dynamic (MD).
The approach taken is based on a finite-temperdtgal-density approximation
(LDA) with the free energy as variational quantégd an exact evaluation of the
instantaneous electronic ground state at each MpP-ssing matrix diagonalization
schemes (based on iterative methods) and effictestge density mixing techniques
[Kresse et al, 2002,]. These techniques avoid tbel@ms occurring in the original

Car-Parrinello method based on the simultaneowgiation of electronic and ionic
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equations of motion [Kresse et al, 2002; Ouyarg),e2004]. In VASP, the interaction
between the ions and electrons is described udiragaft vanderbilt pseudopotentials
(US-PP) or the projector augmented wave method (PENéch, 1994; Kresse et al,
2002]. The two techniques will allow a consideratadduction of the size of the basis
set (i.e. the number of plane-waves per atom) fansition metals and first row
elements on the periodic table. This approach alltve VASP code to treat larger
problems than usual ones. It can also predictéotites acting on atoms and stress on
the unit cell using different techniques. Also @pm@priate sampling of k-points set is
important for achieving balance between accuracyediiciency.

The VASP code was employed in the calculationsooimétion energies and the

elastic constants for both TMS and TMA systemshefdurrent study.

2.2.6 Convergence of energy cut-off and k-points sampling

The energy cut-off and number of k-points are ingoar as they determine the
number of plane waves required to perform the d¢atiicuns.

It has been assured that the accurate groundestatgy of the pyrite and marcasite
structures is obtained, thus by performing convecgetest on energy cut-off with
respect to k-points.

With the CASTEP code cut-off energy of 500 eV waficent for the convergence
of the total energy for the pyrite-type Qs&d marcasite-type OsAstructures
respectively as shown in Figure 2.3. The plots stiwatv the variation of total energy
with cut-off is relatively negligible from the ergr cut-off of 500 eV. This cut-off
energy gives a Fast Fourier Transformation (FF1J gf 36 x 36 x 36 for OsSand
RuS, and 40 x 40x 40 for OsAsind RuAs pyrite-type structures whereas marcasite-
type structures OsAsnd Os$gives 36 x 40 x 20, and RuAand Ru$ indicated 36

x 40 x 18.
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Figure 2.3: Total energy per atom versus energy cut-off for pyriteOsS and
marcasite OsAs (CASTEP calculation).
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This Monkhorst-Pack scheme [Monkhorst et al, 19f@fFT was employed to select
an optimal set of special k-points of the firstlBrin zone such that the greatest
possible accuracy is achieved from the number oftpaised. A k-point mesh of 10 x
10 x 10 was chosen since we noticed that at 8 x8tlke structure has already
converged to a meV as shown in Figure 2.4 for §r@eptype OsS and marcasite-
type OsAs structures. The other structures also show sirtriéards as that in figure
2.4. This k-point mesh corresponds to 45 irredecikipoints for the pyrite-type
structures and a k-points mesh of 6 x 6 x 11 wisishiesponds to 54 irreducible k-
points for the marcasite-type structures was uséidd first Brillouin zone.

The same cut-off energy and equivalent k-point mesls used within VASP to
ensure accuracy and consistency. The requesteddkgpwas 0.11 per Angstrom,
which leads to a 10 x 10 x 10 mesh correspondidpteymmetry-unique k-points for
pyrite-type compositions. Whereas k-spacing fortiagcasite-type structures was 0.2
per Angstrom, which leads to a 6 x 6 x 11 meshesponding to 54 symmetry-

unique k-points.
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30



CHAPTER 3

STRUCTURAL PROPERTIES

This chapter gives the results and discussiongdrantsral and equilibrium properties
of OsAs, RuAs, Os$S and Ru$ using plane-wave pseudopotential methods within

CASTEP and VASP codes as discussed in the preclmayser.

3.1 Equilibrium geometry relaxation

We performed geometry optimization calculations floe TMS (Osg RuS) and
TMA (OsAs,, RuAs) structures in both pyrite- and marcasite-typethini LDA to
compare their equilibrium structural propertieseTattice and internal parameters for
these systems were allowed to vary, thereby mimnmgizhe structure to its most
stable form. Furthermore, we have performed a Seok single point energy
calculations to determine the minimum energy aaretion of the lattice constants
for the TMS and TMA systems. The results are dediat the plots of energy versus
volume in Figure 3.1 and are summarized in table Bhese plots have a minimum
point corresponding to the equilibrium lattice paeder and volume. For example, we
observe similar trends for all the parabolic curaes they reach a minimum where
the energy is lowest corresponding to a particlddtice constant. The energy
difference per atom between the pyrite-type andceste-type vary, i.e. the TMA
has a larger change in energ\E (r 0.46 eV/atom) compared to TMS (.06
eV/atom). This is due to the atomic size differebeéwveen As and S with As being
the largest. Their values are shown in table 3detteer with the experimental
parameters for comparison. The short lines indbéetindicate that experimental data
is not available. The equilibrium lattice paramstecompare well with the

experimental values, for example the lattice patanfer Ru$S pyrite (a = 5.563)
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Figure 3.1: Total energy per atom against volume per atom for pyrite-and

marcasite-type structures: (a) RuAs, (b) RuS, (¢) OsAs and (d) OsS.

agree to within 1 % with the experimental valuele/tihe marcasite RuAss within 2

% in agreement with experimental lattice paranset@he predicted equilibrium

volume for Ru$ pyrite is 14.365Ratom which compare well with the experimental

volume of 14.720 Alatom and RuAsmarcasite structure predicted the equilibrium

volume to be 15.8910%atom which gives a good correlation with the eipental

value of 16.843 Aatom. From our calculations, it is clear that LDAderestimates

the parameters for the systems. The convertedistascas pyrite- or marcasite-type
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Table 3.1: Equilibrium lattice parameters, volumes and heats of formatiopAHs for

pyrite- and marcasite-type structures. The experimental value isigen in

parenthesis.

Structure Lattice parameter Volume Heats of
formation,
(A) 3/afdm) (eV/atom)
Calculated  Expt. Calculated  Expt. Calculated
OsAs, (Mar) a 5.413 5.4129 16.826 16.829 -0.626
b 6191  1®10
c 3.013 OR6
(Pyr) a 5.896 — 17.079 —— -0.168
RuAs; (Mar) a 5.338 54302  15.904 16.843 -0.752
b 6.082 6.1834
c 2.938  9AI4’
(Pyr) a 5.849 — 76.6 — -0.302
0OsS (Mar) a 4.488 05.2 -2.289
b 5.619 —
c 3.618 —
(Pyr) a 5.602 5.6156 14.650 14.782 -2.338
RuS; (Mar) a 4.484 — 14.850 —— -2.458
b 5584 —
c 3.559 e
(Pyr) a 5.565 5.6085 14.366 14.743 -2.507(-2.1264)

“* [Holse, 1968]
@ &Isutar, 1967]
* [Chianelli, 2006]

—— No experimental value
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also show a good correlation with the naturallyurgag ones.

3.2 Heats of formation

The heat of formatiomdH; is convenient for studying the relative structustability
of the competing structures. We have calculated Ak for both pyrite- and

marcasite-type structures by subtracting the eléangriotal energies of individual

atoms from that of the bulk as,

AH ©59) =< [E 10 (058) - Erua (09~ Eraa (S]] CED

whereN is the total number of the atontS;.y is the total energy. The equation
above has been shown for Qsfaly. However, the same procedure has been used to
determine the\H; for the other TMS and TMA systems and the resafésgiven in
table 3.1. The experimental value is given onlyRoiS and thus far nothing has been
reported for the other systems to our knowledge.

We note that the heats of formation for the nalymtcurring pyrite- and marcasite-
types are energetically favorable than the condeitems as expected, for example
the naturally occurring pyrite-type Ru$ the most stable structure with the lowest
AH; of -2.507 eV/atom and compares reasonably well thié experimental value of -
2.126 eV/atom [Chianelli, 2006]. However, the catee RuS marcasite-type
structure gives -2.458 eV/atom and is higher irrgnéhan the pyrite-type structure (-
2.507 eV/atom). The case of pyrite @s8stem also shows similar trend.

The converted pyrite-type structures OsAsd RuAs depict higher energy values of
-0.168 and -0.302 eV/atom, respectively whereasnttarally occurring marcasite-
type structures OsAsand RuAs predicted lower energy values of -0.626 and -0.752

eV/atom respectively. This suggests that the nbyumaccurring marcasite-type
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structures OsAs and RuAs are more stable than their converted pyrite-type

structures.

3.3 Internal parameter relaxation

The equilibrium internal parameters are shown bieté8.2 for the TMS and TMA
systems. The predicted internal parameter u, ferniturally occurring pyrite-type
OsS and Ru$ are 0.3866 and 0.3881 respectively. These u pdessn are in
excellent agreement to within 0 % to the experirmkedata, respectively. The internal
parameter u, for the converted pyrite-type striegudsAs and RuAs with 0.3788
and 0.3789, respectively, are also predicted. W teat this converted structure
agrees well with the real pyrite-type systems.

The predicted internal parameter u, v for the raliyioccurring marcasite-type OsAs
and RuAs are given by 0.1692, 0.3599 and 0.1704, 0.365Yewely, which are in
good agreement with the experimental values 0.1¥G866 and 0.168, 0.379
respectively. These parameters fall within 1 %ha&f €xperimental values. Again the
converted marcasite-type Qs&d Ru$ phases are also reasonable and are predicted

to be 0.2020, 0.3811 and 0.1965, 0.3831, respégctive

3.4 Equilibrium bond lengths

The equilibrium bond lengths for both pyrite- androasite-type structures are given
in table 3.2. The calculated bond lengths for taturally occurring marcasite-type
OsAs and RuAs shows a good correlation between the Os-As and®Rdistances,
with As-As distances showing similar values forthobmpositions.

The predicted Os-As distance is overestimated tbinvil % and Ru-As bond length
is in agreement with the experimental value. TheA&sond lengths for OsAsand

RuAs, comparevell with the experimental values to within 1 %.the converted
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Table 3.2: Equilibrium internal parameters and bond lengths or pyrite- and

marcasite-type compounds.

Structure Internal Parameters Bond length (A)

Calculated  Expt. Calculated Expt.

OsAs (Mar) u 0.1692 0.1%0 Os-As  2.4139 240
v 03599 0.366 As-As  2.4419 296

(Pyr) u 0.3788 —_ Os-A2.4514 _
As-As  2.4749 —

RuAs, (Mar) u 0.1704 0.188 Ru-As 2.4025 0221
v 0.3657 0.379 As-As  2.4442 47

(Pyr) u 0.3789 - Ru-As 2.4320 —
As-As 2.4547 —

0sS (Mar)  u  0.2020 — 0s-52.3250 —
v 03811 —— S-S 2.2526 _

(Pyr) u 0.3866 0.3865 Os-S  2.3447 2852
S-S 2.200 2.218

RuS; (Mar) u 0.1964 — Ru-S2.3132 —
v 0.3831 — S-S 2.1929 S

(Pyr) u 0.3881 0.3879 Ru-S 2.3327 2850
S-S 2.156 2.178

*[Holse, 1968]
*[Sutar, 1967]
@ [Raybaud et al, 1997]

——— No experimental value
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marcasite-type Os&nd Rugthe S-S bond distances vary by 0.0601 A.

The calculated bond lengths for the pyrite—type L2868l Rug are also shown in table
3.2.The predicted Os-S and Ru-S distances are undaegstl within 0.1 % error and
1.0 % of the experimental values respectively. ¢akulated S-S bond lengths for
OsS and Ru$ are within 0 % and 1 % of the experimental valaspectively.
Furthermore, the converted pyrite-type structuresA® and RuAs were also
investigated and results show that the Os-As, RwaAd As-As bond lengths are
predicted. In summary, the predicted bond lengthsbbth pyrite- and marcasite-
types reveal thathe bond strength increases in the order: Ru <wiik, the dimer

pairs S-S for the TMS depicting shorter bond leagtian the As-As dimer pairs.

3.5 Equation of states (EOS) and elastic constants

The equations of state were predicted from planewaseudopotential method by
employing the CASTEP code, which are analysed ttipdi the Birch-Murnaghan'
order equation [Murnaghan, 1944],

oP

5= Voov

) 23.

whereV, is the equilibrium volume and the volume of a unit cell at pressukre,
The EOS plots are given as pressure versus volane Y/V, curves and are
compared for the TMA and TMS in Figure 3.2. We hdeduced the bulk modulB)

for the various structures from Figure 3.2. Thailues are shown in table 3.3 and are
compared with those predicted using the VASP cdte. bulk moduli for both TMS
and TMA compare reasonably well for both CASTEP &#&P and are larger for
pyrite Os$ with pyrite RuAs showing less values. In the naturally occurringtpy
type Ru$ the bulk moduli are in excellent agreement andsé¢hof the naturally

occurring marcasite-type OsAsgree to within 2.5 %. The bulk moduli of the
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converted structures such as Rppgrite-type and RuSmarcasite-type depict a high
percentage difference of about 9 % and 10 % ressedctand this could be ascribed
to VASP not being able to optimize structures &tisely/accurately as CASTEP.

The one dimensional analog of the Murnaghan equdlfturnaghan, 1944] provides
an approximation for describing the nonlinear relatbetween normalized lattice

parameters and pressireas

! B
7,5
. B
Wherer is the lattice constant along one of the crystaka

k=B= —(—a'”rj 3.4
P Jos

0 |

is the linear compressibility, amél is the pressure derivative Bf(i.e. Z—E ).

From the equation 3.3 we calculated the pressureatieges, B’ for the TMA and
TMS and the results are shown in table 3.3. Théeyype structured RuAsand
RuS show lower values of about 2.707 and 2.121 regmdgtwith the marcasite-
type structures OsSand Ru$ predicting higher values of about 6.046 and 6.190
respectively.

Furthermore, the Young's modulv¥) and the Shear modulC) are determined and
were predicted to be higher for the naturally odagr structures than the converted
ones in both pyrite- and marcasite-type. The cdedepyrite-type structures OsAs
and RuAs show very lessY{ C) values as (106.9; 38.22) and (77.58; 27.34)
respectively. Moreover, we calculated the ratidhef bulk modulus to shear modulus
(C/B) for both TMS and TMA systems and the values shown in table 3.3. Note

that a high C/B ratio (> 0.57) is associated wiiittleness whereas a low value
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Table 3.3: Elastic constants, Bulk modulus (B), Young's modulugY) and Shear
modulus (C) of pyrite- and marcasite-type structures for TMA and TMS

Moduli OsAs RuAs OsS Rus
(Mar) (Pyr) (Mar) (Pyr) (Mar) (Pyr) (Mar) (Pyr)
GPa GPa GPa GPa
Cu1 354.5 220.8 34.177.8 2899 517.0 296.%9.3
Ci2 123.7 1521 ¥16.149.7 84.20 81.50 72.8@1.70
Cis 1182 —— 1129— 166.8 —— 165.3——
Ca 467.0 —— 420.4— 4970 —— 458.6——
Cos 4890 —— 3896—— 89.70 —— 81.20——
Css 3190 —— 3105— 4075 —— 346.8——
Caa 91.00 40.80 73.436.20 91.80 1244 84.80 7.60
Css 1804 —— 1624— 1772 —— 166.2 —
Coes 1674 —— 150.0—— 165.0 —— 144.4 —

B:CASTEPEoOS 196.1 180.1 186.0 1744 206.230.2 213.6 204.2
B:VASP(voigt) 191.3 175.0 178.0 159.1 .208 226.7 193.4 204.2
B".CASTEPE€O9 5.775 5.614 4.058 2.707 6.048.977 6.190 2.121
Y:VASP(voigt) 346.1 106.9 314.2 77.58 .850392.0 321.1 350.0

C:VASP(voigt) 144.4 38.22 130.3 27.34 .T43161.7 131.3 1441

C/B:VASP(voigt) 0.755 0.218 0.732 0.172 0.690.713 0.679 0.706

A:VASP(voigt) 0.833 1.188 0.700 2.576 9.000.571 1.085 0.541

40



(< 0.57) corresponds to a ductile nature [Gou e2@D7]. Our predicted C/B values
for the pyrite-type (OsSand Ru$) and the marcasite-type (OsARUAS, OsS and
RuS) structuresare greater than 0.57 whiduggest that the material behaves in a
brittle manner. Only the converted pyrite-type stawes OsAs and RuAs are
associated with a ductile behaviour with their eslubeing 0.218 and 0.172
respectively.

We have determined the elastic constants for thé Bvid TMS systems at a very
small strain using VASP code. We see that the cpiiite-type structures give three
elastic constant€;;, C44 andC,,, whereas the orthorhombic marcasite-type strusture
show nine elastic constan@i;, Ciz, Cis Coz Coz Css Cas, Css and Cge. For the
pyrite-type structures the;Cindicates higher values and thg, @epicts lower values,

whereas the marcasite-type structures predict éhst Ivalues foC,3 and theCs,

. 2C .
shows highest values. Moreover, the formulas—*— = ShearAnistropyFacta
11 12

for the cubic pyrite-type structures and 4Cus
Cii+Cy —2C,

= ShearAnistropyFactao

for the orthorhombic marcasite-type structures wesed to measure the degree of
anisotropy in bonding between atoms for the (1 (Qpl@ne. Our calculated shear
anisotropy factor values for the structures arenshm table 3.3. The cubic pyrite-
type structures OsAsRuAs, OsS and Ru$ give the Shear Anisotropy Factor of
1.188, 2.576, 0.571 and 0.541 respectively. Thisakthat Rug(naturally occurring)

is the most stable with less degree of anisotraomy RuAs (converted) is the least
stable with higher degree of anisotropy. The otibarbic marcasite-type structures

OsAs, RuAsg, Os$S and Rug depict the Shear Anisotropy Factors to be 0.833)@

1.009 and 1.085 respectively. It is evident thaA&u(naturally occurring) is the most
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stable due to less degree of anisotropy and, Reiiverted) is the least stable due to
higher degree of anisotropy.
Generally the naturally occurring structures areremetable than the converted

structures in both pyrite- and marcasite-type.

3.6 Pressure dependence of lattice constants.

In this section we investigate the effect of applleydrostatic pressures on lattice
parameters, internal parameters and bond lengti¥¢% and TMA structures for

both naturally occurring and converted pyrite- amdrcasite-type systems. The
pressure variations were calculated from a mininafirl0 GPa to a maximum of 30

GPa in the intervals of 5 GPa using the CASTEP code

3.6.1 Lattice parameters at applied pressure

Figure 3.3 shows the dependence of lattice paramete the external hydrostatic
pressure for the pyrite-type structures. We observeonsiderable decrease in the
lattice parameters as the pressure is increaseslicisthe volume of the structures is
decreasing. We also note that the TMA (OsAsd RuAsg) have larger volume than
the TMS (Osgand Ru$) which suggests atomic size difference of arséag) and
sulphur (S) atoms, where the As atom has largeusatian S atom. The pyrite-type
plots for the TMA lie above the pyrite-type plot the TMS as expected. We see
that the OsAghas the largest lattice parameter while RisShe lowest for the entire
pressure variations in the plot. However, ©a8d Ru$ decrease rapidly in a similar
trend as the pressure is increased and so is sedf@aOsAs and RuAs structures.
Furthermore the dependence of the lattice parameteder applied external
hydrostatic pressure for the orthorhombic marcdgje structures are shown in

Figures 3.4. We observe a slight decrease inégp@zameters when pressure is incre-
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ased for the structures Qs&d OsAg where the lattice parametesisandb were
predicted to have higher values for OsAkan Os& The plot for the lattice
parameterc of Os$S lies above that of OsAsSimilarly as observed in pyrite-type
(Figure 3.3), the As atoms forces the structuresdoease in dimensions afandb
directions and the unit distance in thdirection actually decreases. The order of the
parameters is observed tolbe a > c in both structures. In the case of marcasite-type
RuS and RuAsg, the plots show similar trends as those depiate®EAs and Osg
which is a clear indication that the marcasite-tybeictures have a similar trend

under hydrostatic pressures.

3.6.2 Internal parameters

The dependence of the internal parameter, u asdidn of hydrostatic pressure for
the pyrite-type structures are shown in Figure @/B.note that the TMS have higher
u values and lies top of the TMA which have smalalues. The TMS (OsSRuUS)

as well as the TMA (OsA} plots show that u increases as the pressurelieased.
We see that the difference in u value for TMS (D$8S) is larger £ 0.002) at
lower pressure (- 10 GPa) with the gap closinghasptessure is increased to 30 GPa.
On the other hand, the converted pyrite-type TMéndr is different, the RuAs
decreases while for the OsAscreases as the pressure is increased and thkiesv
show large difference at higher pressure up to B&.@s a result the plots coincide at
about 5 GPa corresponding to u equals 0.379.

Figure 3.6 shows the dependence of internal pammetand v as a function of the
external hydrostatic pressure for marcasite-typecsires. The plots for the u and v
internal parameters are shown in the upper andrlpameel, respectively. In a similar

manner as the pyrite-types (Figure 3.3), the TM&sphre located above whereas
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those for the TMA are below in each panel. Rectwlt the TMA (OsAs RuAs) real

marcasite-types and TMS (QsRuS) are the converted marcasite-types.
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We see that in the upper panel (row), both the TAmdl TMS curves show a decrease in
u parameters as the pressure is increased. Howneery for the converted is further
apart as compared to u for the real marcasitegyqetures. The v parameter is different
and we observe that the alternation of values Wi#%s and RuAs being the lowest.
Moreover, we note that v increases with pressuréhfoconverted TMS (Os@&nd Ru9)
systems, whereas a slight decrease is observethdoreal TMA (OsAs and RuAsg)
systems. Their values coincide at lower pressuebofit -10 to -5 GPa corresponding to

v approximately equal to 0.3651.

3.6.3 Bond length at applied pressure

The dependence of bond length as a function o&pipdied external hydrostatic pressure
for both pyrite- and marcasite-type structureshiswa in Figure 3.7. The plots show that
as pressure is increased, the bond lengths shorteti the pyrite-type compositions. In
the case of RuSand Osgplots, the S-S bond lengths decrease more raghidly the Ru-

S and Os-S bond lengths as pressure is increasegeudr, the case of RupAand OsAs

is different such that the As-As bond distancesaamays longer than the Ru-As and Os-
As bond distances at various pressures. We alsothetdecreasing trends in the plots as
pressure is increased, similar to the case ohRn8 Osgstructures.

Again, the plots show the dependence of bond lenggha function of applied hydrostatic
pressure of the marcasite-type structures. Thes pladict that as pressure is increased,
the bond lengths decrease for all the marcasite-tgmpositions. For the compositions
RuS and Os§ we see that the S-S bond distances shorten tastethe Ru-S and Os-S
bond distances when pressure is increased. Thedat®s-S bond distances are always

greater than S-S bond distances. On the other hla@dsompositions RuAsand OsAs
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predict the As-As bond lengths to decrease mornelsafihan the Ru-As and Os-As bond
lengths as pressure is increased, with As-As bendths always larger than Ru-As and

Os-As bond lengths at various pressure range.
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CHAPTER 4

ELECTRONIC PROPERTIES

This chapter presents the electronic propertieI kA and TMS systems under study, in
particular the total and partial densities of stadad their corresponding band structures
as well as the charge densities in both pyrite-raaccasite-type.

The DOS and the band structures analysis are ragei® determining whether the
material is semiconducting, metallic or insulatibg virtue of the size of energy gap
produced between the highest occupied and the towesccupied orbital. The charge
density is important to determine the nature ofddog existing within these systems, in

particular the dimer (S-S or As-As bond) and S(A8)-S(As) bond.

4.1 Density of states and band structures at equalrium

The calculated total and partial DOS and band stras for OsAsin both pyrite- and
marcasite-type structures are shown in Figuresaddl4.2 respectively. The pyrite-type
DOS (Figure 4.1 (a)) predict a metallic behaviobowing no energy gap gEat the
Fermi energy (B. This is as a result of strong hybridization f & and As 4p orbitals
at E- with the former being more predominant. We alste reohigh contribution of Os 5d
states to the strong emission of the peak at enef@bout -1.5 eV below the Fermi
energy (E). The contribution of the As orbitals between #mergies of about -2.9 eV
and -5.5 eV is broader and gives a width of 2.6as¥ociated with the 4p states. The
contribution of As 4s orbitals is represented by sharp peaks at about -10.0 eV and -
12.0 eV. The corresponding band structure (Figute(l)) clearly indicates that there is

an overlap of the bands from the valence to conoluttand, as a result no energy band
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gap is observed. This is consistent with our DO&8yess and confirms that the structure
is metallic. Moreover, we also observe that thedbstructure is partitioned by about five
groups of bands formed with respect to the contidibuof Os and As atoms starting from
band energy of 10.0 eV to -15.0 eV and are comdist&h the total DOS peaks in the
plot (Figure 4.1 (a)).

In Figure 4.2, we see that the marcasite-type wtreacOsAs shows a semiconducting
behaviour with energy gap {Fof 0.412 eV. We also observe the strongest earissi
peak at energy of about -2.0 eV from the DOS cbution of Os 5d states below the
Fermi energy (B. However, the 4s orbital contributions of the a&em is different from
those of the pyrite-type OsA¢Figure 4.1). At lowest energies, instead of tlie sharp
peaks, we note a broad band ranging from -9.0 e\ 3@ eV giving rise to a width of
6.0 eV. Similarly, we observe about five groupsbaihds formed starting from band
energy of -10 eV to 15 eV (Figure 4.2 (b)), exciett the marcasite-type band structure
shows a formation of a band gap as observed iD@® plot (Figure 4.2 (a)) which was
not seen in the pyrite-type structure DOS plot (Fegd.1 (a)).

Figure 4.3 and 4.4 shows the total and partial BO®%ell as the band structure of pyrite-
and marcasite-type structures for @s8spectively. The predicted DOS plot for @sS
pyrite-type (Figure 4.3 (a)) shows a semiconductiepaviour with the energy gap of
0.072 eV at Fermi energy. A strong emission of peatkabout -1.0 eV below the Fermi
energy corresponds to the Os 5d states and thes lextehding in OsSpyrite-type from
-7.4 eV to -2.9 eV which form a width of 4.5 eV @ssociated with the S 3p states, while
other 3p states are shifted above the Fermi ené&ngyssion of peaks at about -14.8 eV

and -12.3 eV correspond to the S 3s orbitals. Dneesponding band structure
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(Figure 4.3 (b)) confirms that the energy gap isesbed; similarly the band structure is
partitioned into about five groups at the band giesrranging from -10 eV to 15 eV. The
marcasite-type OsPOS and band structure in Figure 4.4 shows a airtriénd as those
for pyrite-type Osg (Figure 4.3) discussed above. However, their gnbend gaps are
different where the pyrite-type has smaller bang gb0.072 eV compared to 0.477 eV
for the marcasite-type structure.

The total and partial DOS as well as the band strador RuAs pyrite- and marcasite-
type structures are shown in Figures 4.5 and 4&pedively. In a similar manner, the
DOS of the pyrite-type (Figure 4.5 (a)) predict atatlic behaviour showing no energy
gap (E) at the Fermi energy dras in Figure 4.1(a). The contribution of Ru 4dtes
give rise to the higher peak at energy of aboui €\ below the Fermi energy £k
where the contribution of As 4s orbitals is reprgésd by two sharp peaks at about -10.0
eV and -12.0 eV. The energy band structure (Figuse(b)) shows similar behaviour as
those in Figure 4.1 (b) above, and no energy bapdgjobserved. This is consistent with
our DOS analysis and confirms that the structuraesallic.

Figure 4.6 (a) show DOS plot for marcasite-type Bagtructure with similar trend as in
Figure 4.2 (a) with energy band gap of about 0.289 Higher peaks are observed at
energy of about -2.0 eV below Fermi energy)(Evhich are associated with the
contribution of Ru 4d states, with the contributiminAs 4s orbitals different from those
of the pyrite-type RuAs(Figure 4.5 (a)) at lower energies of about -9/0@-15.0 eV.
The band structure for marcasite-type RuffSgure 4.6 (b)) show about five groups of
bands with a band gap at 0.0 eV confirming the aogerved from the total DOS plot

(Figure 4.6 (a)) and the pyrite-type RuA$fhows no energy band gap.
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The total and partial DOS together with the bamdcstire of pyrite- and marcasite-type
structures for RuSare shown in Figure 4.7 and 4.8 respectively. Ru&ite-type DOS
plot (Figure 4.7 (a)) depicts a semiconducting beha with the energy band gap of
0.577 eV at Fermi energy which is in excellent agrent to within 3 % to the one
reported by Raybaud et al [Raybaud et al, 1997]r ©alculated energy gap
underestimated 0.84 eV reported by Holzwarth @¢Halzwarth et al, 1985] to within 31
%. Higher peaks are observed at about -1.5 eV b#iewermi energy corresponding to
the contribution of Ru 4d states and the contrdoubf S 3p states are observed from
energy of about -7.0 eV to -2.5 eV, with 3p stateifted above the Fermi energy. Again,
we note that S 3s orbitals contributed to the padlebout -15.0 eV and -12.0 eV. Figure
4.7 (b) shows the corresponding band structurehf@mpyrite-type Ru$§ confirming the
energy band gap observed from the DOS plot, withitand structure partitioned into
about five groups of bands similar to that in Fegdr3 (b).

Similar trend is observed for the marcasite-typ&RDOS and band structure in figure
4.8 as those of pyrite-type RufFigure 4.7) discussed above, with their energydba
gaps giving a difference of about 0.18 eV.

In summary, the converted pyrite-type structureA$Qsnd RuAs give no energy band
gap at  which shows a metallic behaviour unlike the ndtyraccurring marcasite-type
structures OsAsand RuAs. On the other hand, the converted marcasite$yjetures
Os$S and Ru$ depict bigger energy band gaps than the natucaityirring pyrite-type
structures OsSand Ru$ showing semiconducting behaviour.

The energy band gaps for the TMA and TMS systeni®th pyrite- and marcasite-type

structures are given in table 4.1. The valuesifematurally occurring pyrite-type
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structures OsSand Ru$ agrees to within 13 % and 3 % respectively as et to
those reported by Raybaud et al [Raybaud et al7/][19%e also note that OsAsnd
RuAs does not have a band gap (metallic behaviour) andeéhthey are not comfortable
as pyrite-type structures, whereas the Om&l Ru$ structures showing various band
gaps (semiconducting behaviour) are comfortableagasite-type structures with larger

band gaps than as pyrite-type structures.

Table 4.1: Energy band gaps for TMA and TMS using @STEP code, compared
with available data where possible.

Structure Composition Energy gap (eV)
OsAs Pyrite 0.000
Marcasit 0.412
RuAs Pyrite 0.000
Marcasit 0.289

Os$ Pyrite 0.096(0.110)
Marcasit 0.477
RuS Pyrite 0.577 (0.560

Marcasit 0.757

" Raybaud et al, 1997
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Figure 4.9 shows a comparison of the total DOSboth pyrite- and marcasite-type
plotted in one panel (row) for each structure. Feemi level is taken as the energy zero
(Er = 0), and we observe the presence of energy bapdkg) with respect to Emore
precisely. In order to show the trend of DOS gt\e reduced the energy scale from -5
to 5 eV. The DOS for the naturally occurring pwtiygpe (Os$ and Rup and the
converted marcasite-type (Qs&d Ru$) structures show similar trend and we observe
energy band gaps near the Ehis validates the fact that the pyrite- and rasite-type
(OsS and Rup) have good semiconducting behaviour. The coniobuof the 5d Os
atom and the S atom on Qs8duces the energy band gap and the contribufitmeotd

Ru atom with the S atom on Ruficreases the energy band gap in both pyrite- and
marcasite-type structures.

The naturally occurring marcasite-type structu@sAs and RuAsg), with energy band
gaps at Eand the converted pyrite-type structures (Qs#tsd RuAs), with no energy
band gaps at & show different trends as we observe higher pé&akpyrite-types and
lower peaks for marcasite-types at energies ranfimyg -2.50 eV to -1.0 eVThis
implies that marcasite-type (OsAand RuAs) are good semiconductors and pyrite-type
(OsAs and RuAs) are good in metallic applications. The 5d Os atatith the As atom
contributions on OsAsincreases the energy band gap and the 4d Ru atidmthe As
atom contributions on RuAseduces the energy band gap for both pyrite- amdtasite-

type structures.
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4.2 Charge density

The electronic charge density and charge densftgrdnces for the TMA and TMS
systems in both pyrite- and marcasite-type haven lmadculated using the plane wave
pseudopotential code CASTEP. The contour plots whsen from the planes which
contain the nearest-neighbours M-M, M-X, X-X (M sRu and X = S, As) bonds for
all structures. The charge density plots would lgdit the concentration/ population of
charges around individual atoms while the chargesithe difference plots will predict the
nature of bonding between any pair of two atoms éxésts in a material. In order to
capture all types of bonding, we analyse the slideshe pyrite-type structures in the
[110] direction in a plane containing (110) axesle/tthe marcasite-type structures are
analysed in the [0 01] direction in a plane conteyr{(001) axes.

Note that we will only discuss the charge densitg aharge density difference for one
naturally occurring and one converted pyrite- aratcasite-type structures since all the
bonding behaviour and trend are represented. Theirge densities and charge density
difference plots are shown in Figures 4.10 to 4dspectively. In these plots the red
colour indicates a high density of electronic cleaXgharge gain), the green colour
signifies a neutral region between the atoms aadthe colour shows a less density of
electronic charge (charge loss) around an atom.

Figure 4.10 shows the charge density and chargatgefifference plots for the naturally
occurring pyrite-type RuSstructure. From the total charge density plotuffeg4.10), we
observe a zig-zig bonding pattern between the seamghbours Ru-S and S-S bonds.
This observation is consistent with those exhibitedn thevalence charge density for

pyrite-type Ru$ in a plane containing (110) and (001) axes by Walth et al
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[Holzwarth et al, 1985]. The charge density (Figu#elO (a)) shows a higher
concentration of charge around the Ru atoms (rémugoand more charges which are
less concentrated around S atoms with regions leet®e atoms showing small amount
of charges. The charge density difference (Figud® 4b)) shows directionality of
bonding between Ru-S, S-S and Ru-Ru. The Ru datskdrre clearly visible and we note
a strong bonding between Ru-S which signifies sowved shape directionality of Ru
charge elongating towards the S atom, hence shogdaglent bond between Ru and S
atoms. However, the interaction Ru-Ru shows arcibonding because the formation of
bond is spherical with the S-S bond been less gth@nd depicting weak ionic bonding
within the dimer pair.

The naturally occurring pyrite-type OsStructure gives similar trends as the RaS8d
also bonding between Os-S, Os-Os and the dimmes §a6 looks similar to the Ru-S,
Ru-Ru and S-S and it was convenient to show ordyplbts for one structure i.e. RUS
Moreover, a mixture of covalent and weak ionic bogdwas observed for pyrite-type
Os$S similar to the Rugstructure.

The charge density and charge density differenogs dor the converted pyrite-type
structure OsAsare shown in Figure 4.11. Wealize that Os-As, As-As and Os-Os
bonding occurs in a zig-zig pattern similar to thaturally occurring pyrite-type
structures RusScharge density plot. The charge density plot (Fegull (b)) depicts that
there is a high concentration of charge shown byréldl colour around the Os atoms and
less concentration of charges around the As aténen the charge density difference
plot, we note that the As-As dimer pairs been Esserical which implies weak ionic

bonding. The Os-As region indicates some oval skiapetionality of Os charge
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elongating towards the As atom, hence promptingcthvalent bond between the two
ions. The interaction Os-Os is an ionic bondingsithere is a spherical formation of the
bond between the Os atoms. Thus QgA\gite-type structure depicts covalent bonding
along the Os-As and weak ionic bonding between Agairs and ionic bonding within
the Os-Os ions. Hence the structure has a compietuna of bonding (covalent, ionic
and weak ionic). On the other hand, the convertgdeptype structure RuAspredicted
similar trends as OsAdor the charge density and charge density diffeeenvith the
nature of bonding occurring between the Ru-As, Ruddd As-As for the RuAs
structure similar to OsAsstructure.

The charge density and charge density differencehi® naturally occurring marcasite-
type structure OsAsare shown in Figure 4.12. From the plots, we apable of
analyzing the bonding pattern and the nature ofilmgnbetween the Os-Os, Os-As and
As-As. The charge density plot (Figure 4.12 (a)veh that there is a zig-zig bonding
pattern between the Os and As atoms. Furthermueesharge density depicts that there
is a blue colour around the Os atoms which impéiesharge loss and the red colour
around the As atoms is depicted which signifiesrgdgain. From the charge density
difference (Figure 4.12 (b)), we observe that thgion Os-As show the oval shape
directionality of Os charge extending towards th& Aence implying a covalent bond
between the two ions. However, the As-As bond ss kgpherical, indicating weak ionic
bonding in the dimmer pairs. The Os-Os region shawdepleted formation of bond
between the two transition metals and we can salytttere is no bonding between Os
atoms. Similar trend for the charge density andgdhalensity difference plots for the

naturally occurring marcasite-type structure Ruyvisre observed. We notice that a
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mixture of bonding (covalent and weak ionic) occtdios this naturally occurring

marcasite-type structures.

Figure 4.13 shows the charge density and chargsitgedifference plots for the
converted marcasite-type structure @s®8/e observed similar pattern of bonding as the
naturally occurring marcasite-type OsAfsom the charge density plot which clearly
indicates bonding Os-S and the dimer pairs SF8e charge density plot (Figure 4.13
(a)) depicts that S atoms gained some chargesodire red colour around them and the
Os atoms seems to have lost charges to the S atdimshe blue colour surrounding
them. Charge density difference plot (Figure 443 §hows that region Os-S has some
covalent bonding because of the oval shape direadity of Os charge towards S atom.
The S-S bonding is less spherical, which signifieak ionic bonding. We note that there
is no bonding between the Os atoms from the plat #se OsAs structure.

However, Rug converted marcasite-type structure shows the ¢eend in bonding and
also in the nature of bonding with QsSructure. As such it was worthy enough to show
only the plots for the OsS

Generally we can conclude that bonding in marcdgpe structures is mainly covalent
between the Os-As, Os-S, Ru-As and Ru-S pairs, avithixture of weak ionic bonding

within As-As and S-S regions.
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CHAPTER 5

OPTICAL PROPERTIES

In this chapter, we discuss the optical propeffieshe TMA and TMS systems under
study, in particular the absorption and reflecyivapectra in both pyrite- and marcasite-
type. Furthermore, we will also investigate thduahce of pressure on the absorption

and reflectivity spectra for these structures.

Background

Generally, the difference in the propagation ofetectromagnetic wave of the minerals
through vacuum and some other materials can beridedcby a complex refractive
index,

N=n+iK . (5.1)
In vacuum the refractive indeX is real and equal to unity. It is purely real tbe
transparent materials and the imaginary part beatated to the absorption coefficient
by,

_ 2ka
c

(5.2)

the fraction of energy lost by the wave on pasdimpugh a unit thickness of the
material concerned. For the simple case of normeidénce on a plane surface, the
reflection coefficient can be obtained by matchaagh the electric and magnetic fields at

the surface as,

o [1-N[7 (-7 4K

. 53
I1+N|  (n+1)?+K? 3
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However, when performing calculations of opticabgerties it is common to evaluate the
complex dielectric constant, and then other propesvould be expressed in terms of it.
The complex dielectric constaafa) is given by
£=¢g +ig, =N? (5.4)
whereg, and £, are the real and imaginary constants respectivelycélére relation
between the real and imaginary parts of the refraatidlex and dielectric constants is,
g =n"-K?
£, =2nK. (5.5)
Furthermore a frequent form of optical properties isapiical conductivity given by the

expression,
B . @
og=0,+i0, ——|ZT(£—1). (5.6)

Mostly, this is useful for metals. Furthermore, a propertych may be calculated from
the complex dielectric constant is the loss function, whescribes the energy lost by a

point electron passing through a homogeneous dielectteriaaand is given by,

Im(_—lj . (5.7)

£(w)
In experiment, the absorption(«)and the reflectionR(«) coefficients are the most
accessible optical parameters. In principle, gittem knowledge of both the real and
imaginary parts oN can be determined. However, in practice, the expts are more
complicated than the case of the normal incidemeesidered above. Polarization effects
should be accounted for, and the involvement ofgéx@metry can be quite considerable

(for example, transmission through multi-layerdché or incidence at a general angle).
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Only transitions between properly selected bandsaiiowed i.e. only bands with the
same sign of spin [Phillip, 1977].

We describe the interaction of a photon with thecibns for the TMA and TMS under
study in terms of the time dependent perturbatminthe ground state electronic states.
The electric field of the photon leads to the titms between occupied and unoccupied
states (the magnetic field effect is weaker by @olaof v/c). The collectiveness of
these excitations is referred to as plasmons (whieh most easily observed by the
passing of a fast electron through the system rdkiaa a photon, in a technique known
as Electron Energy Loss Spectroscopy (EELS) [Fiselel, 1985 ], since transverse
photons do not excite longitudinal plasmons). Tiangitions are known to be single
particle excitations when they are independentsé&lrexcitations result in spectra which
can be thought of as a joint density of states éetwthe valence and conduction bands,

weighted by appropriate matrix elements.

5.1 Absorption and reflectivity spectra

The absorption curves against frequency energyhernaturally occurring (RySand
Os$S) and converted (OsAsnd RuAs) pyrite-type structures are shown in Figure 5.1.
The naturally occurring absorption curves are caeghan Figure 5.1 (a) together with
the experimental plot for Ry®y Vaterlaus et al [Vaterlaus et al, 1985]. Theaption
curves show similar trend as the experimental anudeases as the frequency energy
increases, despite their absorption and frequeaoge being slightly different. The
absorption curve for the converted phase of Qeftsl RuAs are shown in Figure 5.1 (b)
and (c) respectively. We see that their absorpisomigher up to 1 and 18 cm®

whereas for the naturally occurring pyrite-typeatid® cm'. This suggests that OsAs
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and RuAs are less stable as pyrite-types since they atadyhagpsorbing. Furthermore,
we observe that RySand Os$ absorption curves reaches a maximum at frequency
energy of about 4.5 and 4.9 eV respectively wita tater being predominant. The
experimental [Vaterlaus et al, 1985] absorptionveureaches a maximum by 1.6 eV
much less compared to our predicted spectra, Rh8w high absorption at frequency
energy of about 4.5 eV with a difference of abo® &/ compared to the experimental.
However, Osgsshow higher absorption at high frequency energy V) than Rugand
these correspond with the high peaks at low engry@n the DOS predictions in the
previous chapter.

Recently the optical properties of the pyrite RgBucture have been investigated using
different approaches owing to its band gap beirgy shbject of much controversy.
Originally the band gap of 1.8 eV was accepted Wwhi@s based on diffuse optical
reflection measurements on the powdered sampledligehy 1963]. However, our
calculated absorption spectra for both Ra8d Os$ structures (Figure 5.1 (a)) predict
the energy band gap of about 1.4 eV and 1.0 e\eotisly. On the other hand Bichsel
et al (1984), estimated the energy gap of a siegystal to be 1.3 from the optical
absorption measurements with the reflection caefiicbeing assumed to be constant
[Bichsel et al, 1984] while Guittard et al suggdstevalue of 1.3 eV to 1.5 eV [Guittard
et al, 1980]. This is evident that our predicteddanergy gap of 1.4 eV from the RuS
absorption curve agrees well with most experimerdales.

Figure 5.2 shows the reflectivity curve against frequency energy for the naturally
occurring (Rug and Os9 and converted (OsAsand RuAs) pyrite-type structures. In

Figure 5.2 (a), we compare the reflectivity speofrRuS and Os& The spectra show
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high reflectivity at lower and higher frequency pestively, where we observe higher
peaks at around 3.5 eV corresponding to the réflgcof about 47.0 % and 44.0 % for
RuS and Os$ respectively. A maximum reflectivity peak is obssat at 20.0 eV with
high reflectivity of about 51.0 % and 50.0 % forRw@and Osgrespectively.However,

at frequency energies higher than 20.0 eV, thecatflity falls off rapidly with Osgand
RuS showing similar reflection. The reflectivity spextof the converted pyrite-type
structures (OsAsand RuAs) are shown in Figure 5.2 (b) and (c) respectivéfg. note a
completely different behaviour between the natwralccurring and the converted
reflectivity spectra for these pyrite-type struesir The converted pyrite-types show
typical metallic reflectivity spectra with high te€tance at low frequency. Both spectra
show reflection of 99.9 % at frequency of about B8 and fully reflected (100 %) at
frequency of about 2.0 eV.

Figure 5.3 (a) shows the predicted absorption afldativity spectra against frequency
energy for the marcasite-type structures. We se¢ bloth naturally occurring and
converted marcasite-type structure show similaogdi®n curves. However, the natural-
ly occurring marcasite-types have lower absorptian the converted phases and this is
consistent with the stability as discussed in olma@ above. Unfortunately, no
experimental optical spectra have been reportedioyetur knowledge. The naturally
occurring marcasite-type structures OsAsd RuAs predicts maximum absorption peak
(of about 2.7 X 1®and 2.5 X 10 cm?) at frequency of about 8.0 eV and 9.0 eV
respectively. At higher frequency of 15 eV, bottustures have the same absorption of
about 2.7 X 10cm’. However, the converted marcasite-type struct@eS and Ru$

predict a maximum absorption of 3.6 X°Hhd 3.8 X 10cmi’ at frequency of about 15.0
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eV respectively. The absorption spectra for thevedied marcasite-type structures show
more absorption than the naturally occurring stmeg at higher frequencies between
10.0 eV and 20.0 eV and the naturally occurringaasite-type structures show more
absorption at lower frequencies between 0.8 eV &Q@deV. Moreover, at frequency
energies higher than 17.5 eV, the absorption faffsrapidly with Os$ and Ru$
(converted structures) still showing more absorptiban OsAs and RuAs (naturally
occurring structures).

Figure 5.3 (b) shows the reflectivity spectra againequency energy for both naturally
occurring (OsAs and RuAs) and converted (RySand Os9 marcasite-type structures.
The naturally occurring phases of Rufsd OsAs show high reflectivity at energies
above 5.0 eV. We observe two peaks at energies\6.énd 10.2 eV for RuAswhich
corresponds to the reflectance of about 47.0 % 3h@ % respectively. A maximum
peak at energy of about 9.5 eV for OsAsrresponding to the reflectivity of 44.0 % is
observed. The converted marcasite-type structusss @hd Ru$ are dominant (high
reflectivity) at lower frequency (2 to 3 eV) andhagher energies (12 to 30 eV) than the
naturally occurring structures OsAand RuAs. We observe maximum reflectivity peaks
at lower frequency energies of about 4.2 eV and 8/0which correspond to the
reflectivity of about 47.5 % and 44.5 %. While aximaum reflectivity peak at higher
frequency energies 19.5 eV and 19.8 eV enhanciagédfiectivity of about 48.0 % and
46.0 % are observed for Ru&d Osgrespectively. Furthermore, at frequency energies
higher than 20.0 eV, the reflectivity falls off rdly with OsS and Ru$ still showing

more reflection than OsAsind RuAs. This suggests that the converted marcasite-type

structures are less stable than the naturally dogumarcasite-type structures.
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5.2 Influence of pressure on the optical properties.

In this subsection, we discuss the influence ofliagphydrostatic pressure on the
absorption and reflectance spectra of both pyetel marcasite-type structures. The
calculations were performed at varied pressure #inGPa to 10 GPa at the interval
of 5 GPa. We will only discuss the naturally octwgrstructures in both pyrite- and
marcasite-type.

Figure 5.4 shows the absorption and reflectancetispéor the naturally occurring
pyrite-type structures. We see that our predictesogtion spectra show similar
trends as the pressure is varied from -10 GPa t6R&. Figure 5.4 (a) shows that as
the pressure increases, the frequency energyrisased while the absorption remains
constant for Os$ while for the Rugis different. At frequency below 2.2 eV (0.5
X10°> cm?), the 0 GPa curve show less frequency range thanother spectra.
However, at high frequency above 3.0 eV (1.0 X d®), it gives similar trend as
OsS. This implies that when varying the pressure, éher always a change in
frequency energy for both Rp8nd Os$ (i.e. as pressure is increased, the frequency
increase while absorption remains unchanged).

Figure 5.4 (b) show reflectivity against frequespgctra for the pyrite-type Rp8nd
Os$S structures. We observe that the reflectivity sgechow similar trends as
pressure is varied from -10 GPa to 10 GPa. The maxi reflectivity of about 52.0
% is observed, corresponding to higher frequen&rggnof about 20.0 eV for both
RuS and Osgstructures. We also notice that the low reflettiaf about 48.0 % and
44.0 % at lower frequency energy of about 3.0 eVhserved for RuSand Os$
respectively. Again, we note a considerable difieesin reflectivity with the 10 GPa
being more dominant and -10 GPa being the lowetqtiency energy around 11.0

eV for both Rugand Osg& Generally, as the reflectivity decays, the 10 GRaore
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dominant and as the reflectivity increases the GHa becomes more dominant for
both Ru$ and Osgstructures.

Figure 5.5 shows absorption and reflectivity verBaeguency energy spectra for the
naturally occurring marcasite-type structures QsAasd RuAs as pressure is
increased from -10 GPa to 10 GPa. It is evideninftbis Figure 5.5 (a) that the
absorption peaks increases with increase in presdlfe observe that at higher
pressure (10 GPa), the absorption spectra are domat frequency energy range
above 5.0 eV for both OsAand RuAs.

The reflectivity spectra for the naturally occugimarcasite-type structures OsAs
and RuAs at lower and higher pressures are shown in Figuse(b). We observe
similar trend for the spectra with higher reflegyivof about 48.0 % at lower
frequency energies up to 6.0 eV, where -10 GPaimsirmant and 10 GPa being the
lowest for both OsAsand RuAs structures. As the frequency increases to abaGt 10
eV, reflectivity decreases to 44.0 % and 38.0 %(@sAs and RuAs respectively

showing more dominance of 10 GPa with -10 GPa bitiedowest.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

We have successfully employed the plane-wave pgaidotials method from the
two codes CASTEP and VASP to study the TMA (OsAUAs) and TMS (OsS
and Ru9) as pyrite- and marcasite-type structures.

Our predicted equilibrium lattice parameters are gmod agreement with the
experimental values. The heats of formation pretiiat the naturally occurring pyrite
and marcasite structures are energetically favéeirddan the converted ones. Only
RuS pyrite structure agrees reasonably well with tkpeeimental data and other
structures have no experimental data for comparison

Bond lengths were also investigated at equilibriamd the predictions for the
naturally occurring pyrite and marcasite structwslbBew a good correlation with the
experimental values and there is no information experimental data for the
converted structures.

The equation of states (EOS) allowed us to deterntie Bulk modulus which
correlated well with predicted values from elastimstants. The Young's moduli and
Shear moduli are also calculated which depict threverted pyrite-type structures to
have less values compared to other structiit@s. leads the ratio of Bulk modulus to
Shear modulus to predict the converted pyrite-tstpectures as ductile and all other
structures show brittleness behavioltris evident from our predicted anisotropies
that the naturally occurring structures are moadblstas compared to the converted
structures.

Furthermore, the hydrostatic pressure was applietithe structural properties i.e.

lattice parameters, bond length and the internagampaters for the marcasite-type
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were most reduce as pressure is increased. Theeype structures show similar
trend for the lattice parameters on pressure vangtplot which is the case for the
marcasite-type structures. Bond lengths decreaspressure is increased for the
pyrite- and marcasite-type structures. All the f@ytype structures show increasing
internal parameter, u, as the pressure is increageédpt for RuAs Whereas the
marcasite-type structures show a decreasing ifltgraemeter, u, as pressure is
increased; the internal parameter, v, increasesdoverted structures and decreases
for naturally occurring structures as pressuredsdased.

The electronic properties were also predicted frive density of states and the
corresponding energy band structures for the opéichstructures at 0 GPa. There is a
good correlation of the predicted energy band geam fthe band structures and the
energy gap from the DOS. Fortunately our predigtifox Ru$ structure on the band
gap agrees well with previously reported data. Tmhag&urally occurring pyrite-type
structures show a semiconducting behaviour, whetbasconverted pyrite-type
structures show a metallic behaviour. All the maiteatype structures are predicted
as semiconductor®ur results revealed that the naturally occurritrgcsures are
more stable as we observed energy gap at Fernii leve

Furthermore, we analysed bonding from the appearahcharge densities and how
the charge is redistributed with respect to centitaims from the charge density
differences. The plots of the charge densitiesdertsity differences showed different
trends and distribution of charges for the pyraed marcasite-type structures. We
noted a mixed bonding (i.e. covalent, ionic and kvieaic) for pyrite-type structures
and only covalent and weak ionic bonding for mateaype structures.

The optical spectra for the TMA and TMS systems ewé@rvestigated and we

observed that the naturally occurring pyrite-tygeucgures show less absorption
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compared to the converted pyrite-type structures thie spectra for the naturally
occurring pyrite-type show similar trend with theerimental one for RuSWe also
observed that there is less reflectivity for théurally occurring than the converted
pyrite-type structures. Furthermore, the naturattgurring marcasite-type structures
showed more absorption at lower frequencies (0.8.eV) and the converted
marcasite-type structures indicate more absorpditohigher frequencies (10 to 20
eV). The reflectivity spectra for the naturally acgng marcasite-type structures are
dominant at frequencies between 5 eV and 10 eVtlamdtonverted marcasite-type
structures show higher reflectivity at higher freqaies above 10 eV.

We further observe that at a constant absorptl@n frequency increases as pressure
is increased for the naturally occurring pyriteayBuS and Os& The reflectivity
against frequency spectra at various pressures siovar trend with the 0 GPa
spectrum for the naturally occurring pyrite-type SRuand Os& The naturally
occurring marcasite-type structures Os/fed RuAs show that as pressure is
increased, absorption and reflectivity increasdsegjuencies above 5 eV, depicting a

similar trend as at 0 GPa.
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APPENDIX A

PRESENTATIONS

. Computational simulation study of marcasite grstructure OsAs 49" Annual

Conference for South African Institute of PlegsiUniversity of Free State (2004).

. Computational simulation studies of marcasite pyrite group structures

Materials Modelling Meeting, University of Liropo (Turfloop Campus) (2005).

. Computational simulation studies of marcasita pyrite group structures (OsAs
RuAs, 0sS and Ru$), 50" Annual Conference for South African Institute of

Physics, University of Pretoria (2005).

. Computational simulation study of marcasite pywite group structures (OsAs
RuAs, OsS and Ru$), Materials Modelling Meeting, University of Limpo

(Turfloop Campus) (2006).

. Computational simulation studies of marcasita pyrite group structures (OsAs
RuAs, 0sS and Ru$), 51° Annual Conference for South African Institute of

Physics, University of Western Cape (2006)
. Computational studies of the properties of pyr@tnd marcasite-type structures

(OsAs, RuAs, OsS and Ru$), 52" Annual Conference for South African

Institute of Physics, University of the Witwegeand (2007)
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