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Abstract

Two classes of materials are investigated using ab intio methods based on density func-
tional theory. The structural properties, electronic structure and thermodynamic prop-
erties of binary and ternary transition metal carbides are discussed in details. In ad-
dition, two actinide compounds will be presented. A new actinide monoxide, ThO, is
predicted to be stable under pressure, and the weakly correlated UN is investigated as
regards to its magnetic properties and electronic structure.

The atomic and electronic structures of various types of single defects in TiC such as
vacancies, interstitial defects, and antisite defects are investigated systematically. Both
the C-poor and C-rich off-stoichiometric Ti

1�cCc composition (0.49  c  0.51) have
been studied. For the electronic structure, the difference of density of states (dDOS) is
introduced to characterise the changes produced by the defects. Concerning the atomic
structures, both interstitial defects and antisites are shown to induce the formation of
C dumbbells or Ti dumbbells. To date, the Ti self-diffusion mechanism in TiC has not
been fully understood, and particularly the Ti diffusion is much less studied in compar-
ison with the C diffusion. Therefore, the self-diffusion of Ti in sub-stoichiometric TiC
is studied, and the formation energies, migration barriers for Ti interstitials, dumbbells
and dumbbell-vacancy clusters are reported. Some of the calculated activation energies
are close to the experimental values, and the migration of Ti dumbbell terminated by C
vacancies gives the lowest activation energy which is in good agreement with the ex-
perimental data. These studies must be continued to obtain a full description (including
phonon contributions, prefactors, etc.) of all the feasible diffusion mechanisms in TiC.

The focus is then shifted from the light transition metal carbides to the heavy transition
metal carbides. Various structures of Ru

2

C under ambient conditions are explored by
using an unbiased swarm structure searching algorithm. The structures with R3m (one
formula unit) and R3̄m symmetry (two formula units) have been found to be lower in
energy than the P3̄m1 structure, and also to be dynamically stable at ambient conditions.
The R3̄m structure is characterised by emergence of the Ru-Ru metallic bonding, which
has a crucial role in diminishing the hardness of this material.

The study of correlation and relativistic effects in Ta
2

AlC is also presented. We have
shown that going from a scalar relativity to a fully relativistic description does not have
a significant effect on the computed electronic and mechanical properties of Ta

2

AlC. In
addition, the calculations show that the structural and mechanical properties of Ta

2

AlC
are strongly dependent on other details of theoretical treatment, such as the value of
the Hubbard U parameter. The comparison between our results and experimental data
point to that Ta

2

AlC is a weakly correlated system, which originates from that the 5d
band is relatively wide in comparison with that of the 3d band.

The existence of a rock salt Thorium monoxide (ThO) under high pressure is theoreti-
cally predicted. A chemical reaction between Th and ThO

2

can produce a novel com-
pound thorium monoxide under sufficient external pressure. To determine the pressure
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range where this reaction can be observed, we have identified two extreme boundaries
by means of different theoretical approaches. The first one is given by a fully relativity
DFT code in local density approximation (LDA). The second one is given by a scalar rel-
ativistic DFT code in generalised gradient approximation (GGA). It is found that ThO
is energetically favoured between 14 and 26 GPa. The f orbitals are filled at the expense
of s and d electrons states of Th metal, under the action of pressure. The d - p hybridi-
sation leads to the stability of metallic ThO. Dynamical stability is also investigated by
computing the phonon dispersions for the considered structures at high pressure.

The electronic structure and magnetic properties of a promising nuclear fuel material,
uranium mononitride (UN), are studied by means of density functional theory (DFT)
and several extensions, such as dynamical mean-field theory (DMFT), disordered local
moment (DLM) approach, and the GW method. The role of the relativistic corrections
is analysed for different levels of approximation. The importance of correlation effects
is assessed through a detailed comparison between calculated electronic structure and
measured photoemission spectrum, which helps to clarify the dual itinerant/localized
nature of the 5f states of U in UN. Important effects are also observed for the 2p states
of nitrogen, which are positioned at much lower energies that are difficult to be well
treated in the conventional electronic structure calculations.
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Chapter 1

Introduction

Science is simply common sense at its best.

Thomas Huxley

Computational materials science is nowadays one of the biggest research fields. It
emerged in the 20th century century, and in the 21st century it has grown very rapidly
and is still getting its full strength. All these advancements are due to the rapid increase
in computational power and the developments of the accurate ab initio methods where
all physical properties are obtained from the basic composition of materials by follow-
ing the rules of quantum mechanics. In particular, methods based on density functional
theory (DFT) are used to study the physical properties of materials, to improve their
properties, and to design new materials with outstanding performances.

In this thesis, two classes of significant materials, transition metal carbides and actinide
compounds are discussed. These materials are both scientifically essential and exten-
sively used for industrial applications. The transition-metal (TM) carbides combine
properties that are typical of ceramic materials with those that are typical of metals
[1, 2]. They can be used in many technological applications due to high melting point,
great hardness, good wear and corrosion resistance as well as high electrical and ther-
mal conductivity [3]. TiC, being a long-term studied refractory material, can be synthe-
sised in the thin film, bulk formats as hard tooling, nuclear protection layer and even
as component of space crafts. Ru

2

C is a novel heavy transition metal carbide, and can
open a new era for materials with mixture of covalent, ionic and metallic bonds. The
heavy, ternary transition metal carbide, Ta

2

AlC is investigated because its mechanical
properties between theory and experiment showing evident disagreements. The inves-
tigations of actinide compounds are always attractive for the entire material community
since they can be considered as potential nuclear fuel materials. A better understanding
of existing materials is essential to create new, more advanced nuclear fuels. Hereby, the
investigations of these materials are not only of great scientific interest for research, but

1



2 CHAPTER 1. INTRODUCTION

also of importance for the applications. UN and ThO are two interesting compounds
that have shown a high potential as nuclear fuels for the new generation of nuclear reac-
tors. Therefore their investigation is of fundamental importance to address the energy-
related challenges of the new century.

A brief introduction to density functional theory is given as a theoretical background
in Chapter 2. With the help of several approximations, we arrive at an effective single-
particle Schrödinger equation from the fully interacting many-body problem. Basic and
significant quantities like electrons density, density of states, and total energy are in-
troduced; the Hubbard model and its implementations in the LDA+U approach and in
the dynamical mean-field theory (DMFT) are also introduced in order to describe the
strongly correlated systems more accurately. Finally, methods to describe the lattice dy-
namics are presented. These key methods derived in the theoretical background have
been used to simulate the transition metal carbides and the actinide compounds. These
results of the mentioned materials from the simulations are presented in Chapter 3.

Two binary carbides, TiC, Ru
2

C and a ternary carbide, Ta
2

AlC are studied in Sections
3.1 and 3.2. The properties of defects in TiC and the self-diffusion of Ti interstitials
and dumbbells are investigated. For the light binary transition metal carbides and ni-
trides, it is known that a large amount of defects (vacancies) may be present on the
non-metal sublattice [4]. Information about other defects in these compounds is scarce.
We have performed a systematic study of single point defects in TiC. A database of cal-
culated properties (relaxed geometry, electronic structure, and defect formation energy)
for these defects (vacancies, interstitials, and antisite defects) in near-stoichiometric TiC
is thus obtained, which may be useful for atomistic and multi-scale modelling as well
as for experimental characterisation of point defects in this material. The phase separa-
tion of the mixed carbide (Ti,Zr)C into TiC-rich and ZrC-rich fractions is of importance
to the mechanical properties of the mixed carbide, which is used as a material for hard
coatings in industrial applications [5, 6]. As a matter of fact, the diffusion of Ti atoms in
TiC is not fully understood. Because of sub-stoichiometric nature of TiC, C vacancies are
easily available, but other possible defects have to be formed thermally. By systemati-
cally studying point defects in TiC, we have found a new, low-energy defect involving
a Ti dumbbell and two carbon vacancies (Ti00

D

). This defect cluster is found to form
spontaneously from interstitial defects and antisites in the presence of C vacancies. The
self-diffusion mechanisms of titanium interstitials, dumbbells, and dumbbell-vacancy
clusters in TiC have been investigated for the first time. The migration barriers for the
defects are also computed to compare with the experimental data.

Section 3.3 deals with the exploration of hard materials, which is one of the most active
fields of research in material science. Recently the attention of the research community
has been focused on the heavy transition metal carbides and nitrides [7, 8]. Under high
temperature and pressure, Ru

2

C was synthesised [9], and the subsequent theoretical
work showed that the structure of Ru

2

C proposed so far on the basis of experimental
data is unstable under ambient conditions [10]. By using an unbiased swarm struc-



3

ture searching algorithm, we achieved two dynamically stable structures of Ru
2

C un-
der ambient conditions. For the ternary carbide, Ta

2

AlC, a large gap has been observed
between the experimentally measured and theoretically calculated bulk modulus [11].
Due to the 5d electrons inside Ta, a heavy metal element, the Hubbard U correction
and relativistic effects are expected to strongly influence the cohesive properties of this
ternary carbide. These effects have been considered in the present study and are found
to minimise the gap between theory and experiments, although they do not solve the
disagreement between theory and experiment.

In the following Section 3.4, it is illustrated that a novel actinide monoxide, ThO can
be stabilised under pressure by a chemical reaction between Th and ThO

2

. In the oxi-
dation - reduction reaction, the occupancy of 5f electrons plays an important role. The
predicted metallic ThO is also dynamically stabilised under pressure as shown by the
calculated phonon dispersion curves. As a matter of fact, another big family of nuclear
fuels candidates, in addition to the oxides, are the carbides and nitrides, which exhibit
excellent thermal conductivity, high metal density, good compatibility with the sodium
coolant [12, 13]. Among them, UN has received significant attention due to the po-
tential usage as a high-temperature nuclear fuel [14, 15] in the Generation-IV reactors
[16, 17]. Due to the importance of strong Coulomb repulsion and strong spin orbital
coupling, DFT in local density approximation (LDA) cannot provide a good description
of UN [18, 19]. In Section 3.5, we use dynamical mean-field theory (DMFT) and the
GW method to investigate the electronic structure and magnetic properties of uranium
nitride.

At last, Chapter 4 provides the conclusions of this thesis. By employing DFT and exten-
sions, we can better understand simple and complex compounds, probe their physical
and chemical properties, and finally discover new materials.



Chapter 2

Theoretical background

Everything should be made as simple as possible, but not simpler.

Albert Einstein

Ab initio methods are computational physics/chemistry methods based on quantum
mechanics. They can be applied to simulate many different properties of solids and
molecules, like total energy and electronic structure. There are various classes, and
density functional theory (DFT) stands out as one of the most popular and successful
methods. All the work included in thesis is carried out by means of DFT, which is an
efficient and relatively accurate method to solve a single-particle problem instead of a
many-body problem of interacting electrons. In this chapter, a general overview will
be presented in Sections 2.1, 2.2, and 2.3, while Section 2.4 is dedicated to more specific
details. In Sections 2.1 and 2.2, the many body problem and the Born-Oppenheimer
approximation are introduced. In the Section 2.3, the key steps of DFT are presented,
including the technicalities to solve the single-particle problem, relativistic effects, and
the particular treatment for heavy metal compounds and spin polarised systems. In
the Section 2.4, two techniques to treat strongly correlated systems and to evaluate the
dynamical stability are also discussed.

2.1 The many body problem

In solid state physics, we are interested in understanding the physical properties of a
system which contains a large number of atoms. Thereby, we are facing a highly com-
plex many-body problem. The properties of the solids and molecules can be determined
by solving the Schrödinger equation [20]:

H (r
1

, r
2

, ..., rN ,R
1

,R
2

, ...,RM) = E (r
1

, r
2

, ..., rN ,R
1

,R
2

, ...,RM), (2.1)
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2.2. THE BORN-OPPENHEIMER APPROXIMATION 5

where H and E are representing the Hamiltonian and total energy of the many-body sys-
tem, and ri and Ri are the electronic and nuclear positions.  (r

1

, r
2

, ..., rN ,R
1

,R
2

, ...,RM)
is the full wave function of nuclei and electrons. In the system containing many atoms,
the Hamiltonian can be written as:

H = �~2
2

MX

k=1

r2

k

Mk
� ~2

2

NX

i=1

r2

i

me
+

1

2

MX

k 6=l

ZkZle2

|Rk � Rl|
+

1

2

NX

i 6=j

e2

|ri � rj|

+
M,NX

i,k

Zke2

|ri � Rk|
= TN + T e + V NN + V ee + V Ne (2.2)

where ~ is Plank constant, Rk is the nuclear coordinate for the kth nucleus, ri the elec-
tronic coordinate for the ith electron, and Mk and me are the nuclear and electronic
masses. Z is the atomic number. The first two terms of the right hand side of Eq.
2.2 are kinetic energy operators of the nuclei and the electrons (TN , Te), and the last
three terms are nuclei-nuclei, electron-electron, and nuclei-electron interaction opera-
tors (VNN , Vee, VNe). In the following part, we consider the most used approximation,
namely the Born–Oppenheimer approximation. This approximation takes advantage
of the fact that the motion of the nuclei is much slower than the electrons. Thus we
can separate the electronic sub-system, and treat it separately from the full nuclear and
electronic problem. The primarily used method for the electronic structure calculations
through this thesis - density functional theory - is introduced after a few additional ap-
proximations.

2.2 The Born-Oppenheimer approximation

The many-particle wave function depends on all electrons and nuclei. In order to sim-
plify the many-particle Schrödinger equation [20], we treat the electronic and nuclear
parts separately. This approximation is justified by two main reasons. First, one can
assume that the nuclei are point-like charges so that the nuclear wave function is trivial.
Second, the nuclei are moving slowly compared with the electrons because of the much
larger mass. Hereby, once the nuclei are suddenly moved, it can be assumed that all
electrons respond instantaneously to this motion. In the Born-Oppenheimer approxi-
mation [21], one separates the motion of the electrons and that of the nuclei so that the
wave function can be written as:

 (RI , ri) =  (RI , ri)�(RI) (2.3)
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with the demand that  (RI , ri) and �(RI) are the solution to the electronic and nuclear
parts separately. Similarly, the Hamiltonian can be separated into two parts. Based on
the previous expansion, we utilise that �(RI) does not depend on r, and therefore the
electronic Hamiltonian He only operates on  (RI , ri), which depends indirectly on the
positions of the nuclei. Finally, we can obtain the electronic and nuclear Hamiltonians
in the Born-Oppenheimer approximation:

He = �~2
2

NX

i=1

r2

i

me
+

1

2

NX

i 6=j

e2

|ri � rj|
+

M,NX

i,k

Zke2

|ri � Rk|
= T + U + V ext (2.4)

Hn = �~2
2

MX

k=1

r2

k

Mk
+

1

2

MX

k 6=l

ZkZle2

|Rk � Rl|
+ Eel(R) = T + U + Eel(R) (2.5)

where the components have the same meanings as the ones in Eq. 2.2. We notice that the
energy of the electronic sub-system is dependent on the atomic coordinates as a set of
parameters, and can be minimised by moving the atoms to their equilibrium positions.
However, it is still cumbersome to solve the interacting many-body problem, due to the
presence of the electron-electron interaction, i.e. the second term of Eq. 2.4. Therefore,
further approximations are needed to simplify Eq. 2.4. One can try to find the expres-
sion for H that can operate directly on  (r

1

, r
2

, ..., rN ,R
1

,R
2

, ...,RM), or find a relation
between the energy and the many particle wave function. Another option to solve the
many-body Schrödinger equation is to approximate the wave function with one single
slater determinant, as it is done in the Hartree–Fock method (HF) [22] . For molecules,
Hartree-Fock provides an excellent starting point compared with many other methods.
The HF method is an independent particle approximation, which states that electrons
are uncorrelated but obey the Pauli exclusion principle. In the coming section, density
functional theory (DFT) is introduced which provides a way to map the many-body
problem onto a single-body problem with an effective potential. This approach makes
it possible to obtain a very efficient method to solve the original many-body problem.

2.3 Density functional theory

Density functional theory is usually implemented as an effective single particle method
by Hohenberg–Kohn [23] and Kohn–Sham [24]. DFT not only simplifies the problem of
the system with many interacting electrons, but also describes every quantity in terms
of the electron density. In the following subsections, the steps from many-body problem
to the singe-particle problem will be discussed in detail.
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2.3.1 The Hohenberg-Kohn theorems

Two Hohenberg–Kohn theorems are the core of DFT, and they are formulated in the
following.

Theorem I : For any system of interacting particles in an external potential Vext(r), there
is a one-to-one correspondence between the potential and the ground-state particle den-
sity n

0

(r). Any ground-state observable is a unique functional of the ground-state par-
ticle density n

0

(r).

Theorem II : A universal functional can be defined for the energy E[n] in terms of
the density n(r) for any external potential Vext(r). For any particular Vext(r), the exact
ground state energy of the system is the global minimum value of the energy functional,
and the density n(r) which minimises the functional is the exact ground state density
n
0

(r). The total energy functional can be written as:

E[n(r)] = FHK [n(r)] +
Z

Vext(r)n(r)dr = T [n(r)] + V ee[n(r)]�
Z

Vext(r)n(r)dr (2.6)

where the FHK includes the kinetic energy of the interacting particles and all electron-
electron interactions. The first theorem emphasises the importance of the ground-state
density, which becomes the key quantity to determine all the ground-state properties.
The FHK in the second theorem is a universal functional, and contains the kinetic energy
and the interaction energy like in Eq. 2.4. Nevertheless, Vext(r) is unique and is deter-
mined for each specific system. This means that the Hamiltonian is fully determined by
Vext(r), which is in turn fully determined by n

0

(r).

2.3.2 Kohn–Sham equations

The Kohn–Sham (K-S) ansatz [24] replaces the N-particle interacting problem with the
problem of one particle moving in an effective potential. The key concept of the K-S
equations is to reproduce the ground state density of the interacting system in the non-
interacting system. In the Kohn-Sham ansatz, the total energy of the ground state is
defined as

E
0

[n(r)] = T [n(r)] +
Z

Vext(r)n(r)dr +
1

2

Z Z
n(r)n(r’)
|r � r’| dr’dr + Eec[n(r)] + EII (2.7)

where the first term is the kinetic energy of the non-interacting electrons, the second
term is the ionic potential due to the nuclei, the third term is the Hartree energy, the
forth term is the exchange-correlation energy including all non-classical interactions
between electrons, and the last term, EII , is the energy given by the nuclei - nuclei
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interactions. The Hartree term corresponds to the interaction with a classical electron
charge density. In (K-S) equations, the electron density is given by:

n(r) =
X

i2occ

| i(r)|2 (2.8)

Using the variational principle with respect to i(r) leads to the one-particle Kohn–Sham
equations as:

✓
�~2
2me

52 +VKS(r)
◆
 i(r) = "i i(r) (2.9)

where "i is the eigenvalue,  i(r) is the K-S eigenfunction, and VKS is the K-S potential.
The latter is given by:

VKS(r) = Vext(r) +
Z

n(r0)

|r � r0|dr
0 + Vxc(r), (2.10)

where we have introduced the exchange-correlation potential defined as:

Vxc(r) =
�Exc[n]

�n(r)
. (2.11)

The above equations show us that K-S equations are solving a single particle problem in
terms of density, which implies that it is easy and applicable for practical performance.
Now, we can construct the total energy for the non-interacting terms:

E[n(r)] = Ts[n(r)] + Eh[n(r)] + Exc[n(r)] +
Z

drV ext(r)n(r) (2.12)

What we should bear in mind is that the K-S equations describe non-interacting elec-
trons moving in the K-S potential. More importantly, K-S equations are effectively
single-particle Schrödinger equations, which are easier to handle than a many-body
problem. In order to find the ground state density, the K-S equations have to be solved
in a self-consistent way. The density obtained from the K-S equations and the density
of the system of interacting electrons should be the same. The only unknown part in
Eq. 2.10 is the exchange-correlation potential, Vxc(r), which accounts for the difference
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between the many-body problem and the single-particle problem. We can obtain what
the exchange-correlation energy does incorporate through the comparison of Eq. 2.6
with Eq. 2.12:

Exc[n(r)] = T [n(r)]� Ts[n(r)] + V ee[n(r)]� Eh[n(r)] (2.13)

In other words, the exchange and correlation energy, Exc, is the sum of the error made
in using a non-interacting kinetic energy, and the error of treating the electron-electron
interaction classically. The HF approximation can give the exact exchange energy, but
the correlation energy is impossible to obtain. Hereby numerous approximations of the
exchange and correlation potential have been proposed in recent years, and Perdew and
Schmidt have suggested a very vivid way to categorise the existing Exc functionals as
shown in Fig. 2.1 [25] to give a overview of the classifications.

Figure 2.1. The schematic illustration of ladder of exchange-correlation functionals
in DFT [25]. Here n(r), rn(r), ⌧(r) are referred to the electron density, the
gradient of the density, the kinetic energy density.  ↵(r) indicates the wave
function.

In the so called local density approximation (LDA) [26],

ELDA
xc [n(r)] =

Z
d3rn(r)✏homXC (n(r)(r)) (2.14)
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where ✏homXC is the exchange-correlation energy per particle. In this approximation, the
exchange-correlation energy of an electron is that of the uniform electron gas with the
same density at that point. The exchange energy in LDA is well-known with a simple
analytical expression [27] and the correlation energy has been calculated with quan-
tum Monte Carlo method [28] and fitted to a parameterization. In principle, LDA is
very qualified for systems with slowly varying densities. However, LDA has many
drawbacks. For example, LDA is well-known to overestimate cohesive energies and
underestimate the lattice constants for metals and insulators [29, 30]. The local density
approximation can be considered to be the zeroth order approximation to the semi-
classical expansion of the density matrix in terms of the density and its derivatives.
LDA usually give reasonable results for slow varying densities, but fails for more com-
plicated systems. One way to improve LDA is to include the gradient of the density
rn(r) in the expression Eq. 2.14. In fact, it is possible to formulate the Generalised
Gradient Approximation (GGA), where the functional is:

EGGA
xc [n] =

Z
d3rn(r)✏XC(n(r), |5n(r)|) . (2.15)

Depending on way of expanding the gradient of the density, a number of GGA func-
tionals have been developed so far. Some popular functionals are B88 [31], PW91 [32]
and PBE [33].

In Supplement IV, we have used LDA, PW91 and PBE to calculate the lattice constants
as well as the equilibrium volumes. The results shows the nature of the over-binding
problem in LDA and the under-binding problem in GGA. Different GGA functionals
may lead to fairly difference results, but the deviations are usually small.

Variational theory

To solve the K-S equations, one needs to rely on variational theory. The idea is to vary
the wave function  (r) and minimise the total energy E. The Bloch theorem allows us
to expand the crystal wave function in terms of a basis set. The completeness of the
basis set would require us to include an infinite number of basis functions, which is
obviously impossible. The basis cutoff is usually chosen so that the value of the crystal
total energy does not vary with increasing the basis set expansion. So the wave function
with the lowest energy is the ground state  

0

(r) with the energy E
0

because:

E
0

= h 
0

|H| 
0

i < h |H| i = E, when 
0

6=  . (2.16)

Thus, we shall find the wave function to minimise the energy:
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E
0

= min
 ! 0

h |H| i (2.17)

2.3.3 Relativistic description

The K-S equation in Eq. 2.9 originates from the Schrödinger equation, Eq. 2.1. However,
in many cases, the Schrödinger equation offers an inadequate description of solids, par-
ticularly when heavy atoms are studied. Basically, the reason is that, in atomic units, the
average velocity of an electron is proportional to Z and c, where Z is the atomic number,
and c is the velocity of light. The Schrödinger equation has no explicit dependence on
the atomic number, which means that d and f electron systems are not well treated. A
better description can be obtained through the Dirac equation, which is the relativis-
tic counterpart of the Schrödinger equation. To formulate DFT for the Dirac equation
one substitutes the density n(r) by the four-current-density Jµ(r), the potential V (r) by
the corresponding four-potential Aµ(r) and the Hamiltonian not only including the rest
mass in the kinetic energy but also taking relativistic many-body effects, such as the
Breit-interaction into account. One can derive the K-S Dirac equation in analogy to the
non-relativistic case (for details see [34, 35]), and reach

[�ic↵r+ �c2 � ec��µ(Aµ + �0µA
xc
0

+ AXC
µ )] k = "k k (2.18)

where e is the electrodynamic charge quantum, and 06 ni 6 1 are the orbital occupation
numbers of the spinor orbitals  i(r). The definitions of the ↵, �, and � coefficients can
also be found in references [34, 35]. In reality, we can simplify this Dirac equation by
replacing the anti-particle to an atomic-like central potential [36]. The simplified Hamil-
tonian is

H = HSe �
X

i

p4i
8m3

ec
2

+
~2

8m2

ec
2

r2V (r)� 1

2m2c2
1

r
dV

dr

X

i

lisi (2.19)

where HSe is the K-S Hamiltonian arising from the regular Schrödinger equation. The
first added term is the mass-velocity term, which acts as a correction to the kinetic en-
ergy. The next term is the Darwin term, i.e. a correction to the potential, and the last
term is the spin-orbital coupling term. The variables pi, me, ls, si stand for the mo-
mentum, mass of an electron, angular momentum and spin moment on the ith site. In
the spin-orbital coupling term, the pre-factor 1

r
dV
dr is the spin-orbital coupling constant,

which is proportional to Z4.
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2.3.4 DFT basis sets

To solve the K-S equations, we need to expand the K-S wave function in certain types
of basis sets. This expansion will allow for a reformulation of the differential equation
problem to an eigenvalue problem, which is much easier to solve. One can write the
wave function by means of the basis functions ' as

| ii =
X

l

cl|'li (2.20)

where we introduce the coefficients cl. Then we can use this expansion in Eq. 2.9, and
by multiplying times h'k| to the left hand side, we obtain:

X

l

clh'k|
�~2
2me

52 +VKS|'li =
X

l

"ih'k|'li. (2.21)

We can define the matrix elements of the Hamiltonian �~2
2me

52+VKS as Hkl, while h'k|'li
= Okl is the overlap matrix. Therefore we arrive at the secular equation:

X

l

cl(Hkl � "iOkl) = 0. (2.22)

The K-S equation has been transformed to a linear algebraic equation shown in Eq.2.22.
By solving this secular equation, the coefficients and the energies of the K-S equation
can be acquired. In practice, a number of basis sets can be used to expand the wave
function, such as atomic orbitals, plane waves, augmented methods, and real space
methods. In this thesis, three different basis sets have been employed to investigate dis-
tinct properties. The different basis sets correspond to different codes for the electronic
structure calculations. In the first three publications, the Vienna ab-initio Simulation
Package (VASP) [37, 38] is used for the calculation of various properties, such as the
density of states, total energy, migration barriers, and vibrational contribution. VASP is
based on the projector augmented wave (PAW) [39] method. In publication IV,VI and
VII, the full-potential local-orbital code (FPLO) [40] is used. Here the wave function
is expanded into a linear combination of atomic orbitals (LCAO). The disordered local
moment (DLM) states are explored in FPLO as well. This method has been employed to
study the relativistic effects on the heavy metal compound-Ta

2

AlC. Within the remain-
ing publications, the calculations have been performed by means of the RSPt [41, 42, 43]
code, which is based on the full potential linear muffin-tin orbital method (FP-LMTO).

Among the three employed basis sets, we can distinguish two sorts of philosophies, one
is the fixed basis set approach, and the other one is the augmentation based approach.
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In the first approach, the wave function is determined by means of an expansion in
fixed basis functions, like the atomic orbitals in LCAO. For the other two basis sets, it is
plausible to sketch the concept of augmentation. The augmentation approach is based
on the separation of the physical space into two distinct parts: muffin-tin spheres and
interstitial region, as schematically depicted in Fig. 2.2. The natural distinction in the
space allows the potential to be treated differently. There are plenty of methods based
on augmentation approach. Briefly, the differences stem from the expansion of the wave
function and the potential in the interstitial region. In the atomic sphere approximation
(ASA), the potential outside the spheres is constant, but it is expanded by auxiliary
orbitals in FP, like plane waves, spherical partial waves. Inside the spheres, instead, the
potential is spherical in both ASA and FP. ASA is particularly suitable for close-packed
structures. For open structures and more complicated systems, ASA is insufficient to
obtain very accurate results, and the FP treatment is mandatory.

Figure 2.2. The physical space is divided into spheres, centred at the atoms, and in-
terstitials between them. In the ASA, the potential is assumed to be spher-
ical inside the spheres and constant in the interstitials. The deep well de-
notes the potential of the core sates.

Linear Combination of Atomic Orbitals

Of all the commonly employed basis sets, the LCAO set is the only one composed en-
tirely of localised, atomic-like orbitals. As a matter of fact, LCAO combined with the
tight binding approximation was first used by Slater [44] to solve several electronic band
structure problems. Later on, Eschrig et al. [45] further developed this theory, and con-
trived an optimised LCAO method that was accurate and more suitable to solve the K-S
equation for a general system. In the FPLO code, one can expand the extended crys-
tal states Bloch functions by LCAO centred at atomic site s in the elementary unit cell
defined by the Bravais lattice vector R. The local orbitals can be expressed as:
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hr|RsLi = �nl�
s (|r�R� s|)YL( \r�R� s) (2.23)

where L is a super index defining n,l,m,�, namely the principle, orbital, magnetic and
spin quantum numbers. In the above definition, �nl�

s (|r � R � s|) are the radial wave
functions, and YL( \r�R� s) are the spherical harmonics. The basis functions are ob-
tained by solving an atomic like problem with a potential of the following form:

vatom(r) = � 1

4⇡

Z
v(r�R� s)d⌦+ (

r

r
0

)m (2.24)

The first term of the formula above is the spherical average of the crystal potential,
and the second term is the confining potential, with a typical value of m being equal
to 4. Nevertheless, we should bear in mind that the valence states must be described
in a way that satisfies the Bloch theorem. Eschrig et al. have obtained the effective ba-
sis by constraining additional attractive potential ( r

r0
)m smoothly localising the orbitals

through compressing the tails of the valence states. This is generally what the second
term controls. In this way, the valence states will be shifted to be closer to the band
centres, and this provides an optimised basis for the extended states. Moreover, the
Bloch wave function indexed by (n,k) and fulfilling the Bloch theorem is constructed as
a linear combination of the localised Slater-type orbitals:

|kni =
X

RsL

|RsLickn
sLe

ik(R+s) (2.25)

where |RsL > refer to the functions in Eq. 2.23. To yield the coefficients and the eigen-
values of the K-S equation in Eq. 2.9, one needs to insert this ansatz into the secular
equation shown in Eq. 2.22.

Projector Augmented Wave

The Projector Augmented Wave method combines the features of the pseudo-potential
method [46] and the linear augmented plane wave method [47]. The PAW method is
an all-electron frozen core electronic structure method, and it describes the wave func-
tion as a superposition of different terms: a partial wave expansion inside the spheres
centered at the atomic sites, and envelope functions outside the spheres. Because of the
heavy computational cost to expand the wave function by plane waves in the core re-
gion, partial waves are used. Outside the augmented region, namely in the interstitial
region, the electrons are described by plane waves or some other convenient basis set.
An all electron wave function can be expanded as
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| i =
X

i

ci|�ii (2.26)

where the all electron partial waves �i are obtained from the solution of the radial
Schrödinger equation inside the spheres. In PAW, the wave function  transforms to
a smooth pseudo wave function  ̃ through the action of an operator ⌧�1, that is defined
as

| i = ⌧ | ̃i. (2.27)

In Eq.2.27, the transformation must be linear, so the transformation operator can be
written as:

⌧ = 1 +
X

R

⌧̂R, (2.28)

where ⌧̂R is non-zero within the augmentation region ⌦R around the atom at R. The
local operator ⌧̂R is defined for each augmentation region. The transformation ⌧ from
the initial function | ̃ii targeting at | ii. The relation between the initial function and
the targeting function can be written for any partial wave as:

|�ii = (1 + ⌧̂R)|�̃ii. (2.29)

Outside the augmented region, the pseudo partial waves, and all electron partial waves
are equivalent. Hereafter, the pseudo wave function inside the augmentation region can
be expanded into a combination of partial waves,

| ̃i =
X

i

ci|�̃ii (2.30)

while the all electron wave function can be written as:

| i = ⌧ | ̃i =
X

i

ci|�̃ii, (2.31)

where ci = hp̃i|�̃i, and pi is a projector state. The coefficients must be linearised functions
of partial wave functions because the transformation is supposed to be linear. Then the
projector function has to fulfil the following equations:
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X

i

|�̃iihp̃i| = 1 (2.32)

which also implies that

hp̃i|�̃ji = �ij (2.33)

Now, the transformation ⌧ is written as:

⌧ = 1̂ +
X

i

(|�ii � |�̃ii)hp̃i| (2.34)

and accordingly the all electron wave function is expressed as:

| i = | ̃i+ |
X

i

(|�ii � |�̃ii)hp̃i|�̃i. (2.35)

The formulas above indicate that the computation in PAW becomes less demanding
than if a plane wave basis set would have been used, due to that the number of plane
waves required to give a good description of the K-S orbitals will be much less. There-
fore, it is crucial to carefully check the convergence of the completeness of the basis.
In principle, the PAW method enables to reproduce the total energy rigorously if the
the expansions are complete. Overall, it can be concluded that PAW is an efficient and
accurate method, which can be widely used to estimate various properties of materials.

Linear Muffin Tin Orbital

The linear muffin tin orbital (LMTO) method [48] has become very popular for elec-
tronic structure calculations. The LMTO method has the following characteristics: 1) it
uses a small basis but leading to high efficiency; 2) the localised d and f states are well
treated, while the delocalised state are approximated in the interstitials; 3) it is accurate
due to the augmentation procedure which gives the correct shape of wave function.
Compared with LMTO-ASA, FP-LMTO method is an all electron method, which means
that no approximations of the shape of the charge density and potential are made [49].
In terms of the basis functions in FP-LMTO, double-minimal or triple-minimal basis sets
can be realised but in ASA, only purely minimal basis can be found. A more detailed
explanation will be provided below. In ASA, the potential is assumed to be spherically
symmetric inside the MT spheres while constant in the interstitial region. For an elec-
tron subjected to a spherical potential, the wave function can be written as:

�MT (", r) = Y m
l (r̂)�l(", |r|) (2.36)
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where Y m
l (r̂) is the spherical harmonic, and �l(", |r|) is the radial part of the wave func-

tion. The radial wave function �l(" ,|r|) is the solution to the radial Schrödinger equa-
tion, and still energy dependent. As we know, the advantage of LMTO is that the orbital
is energy independent, and this is realised by Andersen’s linearisation technique [47, 50]
to decouple the basis function from the energy. Inside the MT spheres, to remove the en-
ergy dependence, the radial wave function is expanded around the linearisation energy
"v to the first order:

�l(", |r|) = �l("v, |r|) + ("� "v)�̇l("v, |r|) (2.37)

where �̇l("v, |r|) is the energy derivative:

�̇l("v, |r|) =
@�l("v, |r|)

@"
|"="v (2.38)

We emphasize that �l("v, |r|) and �̇l("v, |r|) are orthogonal to each other and also to the
core states. The basis function outside the muffin-tin region can be written as:

�I(, r) = Y m
l (r̂)yl(, |r|) (2.39)

where the spherical waves yl(,|r|) are the solutions to the Helmholtz equation. This
results in that yl(,|r|) could be either Bessel or Neumann functions. 2 is equal to 2m

~ ("�
V
0

), where V
0

is the potential outside muffin-tin region. In LMTO one treats  as a
independent parameter from the energy ". Now, the basis function outside MT spheres
are  dependent. Therefore the muffin-tin orbitals can be rewritten as:

�lm("v,, r) = Y m
l (r̂)

⇢
�l("v, |r|) + cot(⌘l)Jl(, |r|), |r| < S

Nl(, |r|), |r| > S

�
(2.40)

where ⌘ is the phase shift, Jl and Nl are the augmented versions of spherical Bessel
and Neumann functions. For 2 being positive, Neumann functions are used, and Han-
kel functions are employed when 2 is negative. Lastly, S stands for the radius of the
muffin-tin spheres.

2.4 Extensions of DFT

In theory, first principles methods should operate only with fundamental physical con-
stants, such as electron charge, Plank constant and speed of light. There are no phe-
nomenological or adjustable parameters, only chemical composition and structure will
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be used generally. Until now, we have explained the basic framework of DFT as a first
principles method to solve the Schrödinger equation. Indeed, there are other methods to
solve it as an alternative to DFT, and different frameworks lead to different approaches
having different approximations. Green’s function based methods are another class of
methods to solve the Schrödinger equation, usually based on many-body perturbation
theory. The well known methods from this class are GW, Bethe-salpeter equation (BSE)
et al.

In K-S DFT, each electron is moving into a time-averaged potential determined by the
other particles, namely the other electrons and nuclei [23, 24]. This situation is shown
in the right side of Fig. 2.3. In practice, this strategy works well for many sorts of
solids, such as s, p electron systems. The crucial point is that the s and p electrons can
be considered as delocalised in the lattice potential shown in the right hand side of Fig.
2.3. However, d, f electron systems show a very localised behaviour that the d and f
electrons spend a long time on a given site, as shown in the left side of Fig. 2.3. Roughly
speaking, they do not like to hop from site to site. In other words, the energy scale
of this hopping is comparable to the strong on-site strong Coulomb repulsion, which
also influences the behaviour of the surrounding electrons. Then, we have a class of
strongly correlated systems [51, 52]. To treat more accurately these materials, one can
rely on physical insight given by the Hubbard model, and introduce a semi empirical
correction in the K-S Hamiltonian. Taking advantage of this correction, one can achieve
the ground state, from which many relevant properties of materials can be obtained.

Basically, first principles methods establish the connection between crystal structure and
physical properties. The total energy is the key quantity to derive various properties,
such as equilibrium volumes, enthalpies of formation, elastic constants, and vibrational
properties. It is known that the study of vibrational modes such as phonons in crystals
and normal modes in molecules is a powerful tool to characterise materials. The most
frequently used techniques to determine vibrational properties are neutron scattering,
infrared spectroscopy, and Raman spectroscopy. All these properties can be derived
from the derivative of the energy through the Born-Oppenheimer approximation and
the Hellmann-Feynman theorem. The phonon frequencies of the crystalline lattice are
fundamental quantitates in the study of phase transitions and thermodynamics [53, 54].
The phonon dispersion curve of crystals can be calculated mainly via two methods,
the supercell approach and the linear response approach based on density functional
perturbation theory.

In the next section, the methods to treat strongly correlated systems are introduced first,
followed by the methods to describe lattice dynamics.
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Figure 2.3. Left side: the electrons (blue dots) move into the potential wells of the
crystal (green manifold). In case of electronic localization, they strongly
influence on each other via Coulomb repulsion (red wiggled line). Right
side: In LDA, electrons (blue dots) move in an effective time-averaged po-
tential due to the other electrons (blue clouds). Figure: courtesy from Taylor
& Francis Group, and Karsten Held, Institute for Solid State Physics, TU Wien

2.4.1 Hubbard model and its applications to real materials

To describe strongly correlated systems, we can take advantage from the Hubbard model
[55, 56, 57]. This is a model of interacting localised electrons on a lattice. The Hamilto-
nian is

H =
X

i,j,m,m0�

tijmm0a+im�ajm0� +
1

2

X

i,��0m,m0,m00,m000

U i,i,i,i
m,m0,m00,m000a+im�a

+

im0�0aim000�0aim00� (2.41)

where i and j are lattice sites. For simplicity, the first sum is usually limited the near-
est neighbours, but can in principle be considered over all lattice sites. m, m’,m”,m”’
are indices for the magnetic quantum number m of a given shell with orbital quantum
number l. � is, as usual, the spin quantum number. The hopping parameter t is the
energy gained by an electron jumping from site to site, tending to be delocalised. a+,
a correspond to the creation and annihilation operators for different orbitals. The sec-
ond term is the energy of the local Coulomb repulsion, which is the cost of energy for
keeping two electrons on the same site, and can be written as:
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Um,m0,m00,m000 =

Z
dr

Z
dr’ ⇤

m(r) 
⇤
m0(r’)

e2

|r � r’|SL 6=l(r, r’) m00(r’) m000(r) (2.42)

where SL denotes a screening factor, which is describing those orbitals that are not in-
cluded in the Hubbard model. It is clear that it is difficult to distinguish the screening
of each l, such as s, p, or d orbitals. Hence, we usually parametrize U in order to obtain
the physical properties in agreement with experimental data. The parameterisation of
the U matrix is made from two scalar parameters U and J. U is the average value of the
local Coulomb interaction. J is the Hund’s exchange. The Hubbard model describes
different electronic behaviour for different values of U and J. Concerning the hopping
term, it becomes rather complicated to use one energy value as a reference if all sites i
are considered. However, in k space the hopping term can be expressed as:

X

k

"ka
+

k ak. (2.43)

Therefore the bandwidth W can be used to measure the role of the hopping, for the sake
of simplicity.

LDA+U

One scheme to improve the treatment of strong Coulomb interactions in DFT is to apply
a HF like correction to the states which are localised [58]. This scheme is generally
known as LDA+U scheme. In LDA+U, the delocalised orbitals, such as s,p orbitals, and
the correlated orbitals, like d, f orbitals are treated differently. The LDA+U Hamiltonian
is composed by the standard DFT Hamiltonian, plus an Hubbard term for the set of
correlated orbitals, as the following:

HLDA+U = HLDA +
1

2

X

R

X

⇠1,⇠2,⇠3,⇠4

U⇠1,⇠2,⇠3,⇠4a
+

R,⇠1
a+R,⇠2

aR,⇠4aR,⇠4 �HDC (2.44)

where ⇠ stands for the atomic quantum numbers l, m, �, and a+, a are the creation and
annihilation operators. HLDA is the LDA Hamiltonian, and HDC is the double counting
term. The problem is that if the explicit U term is plugged in, the Coulomb interaction
will be calculated twice for the correlated electrons. Therefore, this term is to substract
the double counted Coulomb interaction. The solution of this HF problem relates the
interactions between the electrons to the local density matrix. Since the HF approxima-
tion is free of screening effects, the energy obtained in LDA+U is often overestimated.
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The effects of the Hubbard term in LDA+U are many; for example shifting the localised
orbitals relatively to the delocalised orbitals, enlarging gaps, breaking symmetries, etc.
[58, 59].

Basics of Green’s function

Before we head to DMFT, the basics of the Green’s function theory [60, 61, 62] should
first be introduced. Briefly, the Green’s function is just the propagator of one electron
from time 0 to a time t. For a given H, the time-dependent Schrödinger equation deter-
mines the time evolution of the wave function  (t) as:

i
@

@t
 (t) = H (t), (2.45)

and the solution can be written as:

 (t) = e�iHt (0), (2.46)

where  (0) is the initial wave function. Similarly, two propagators can be defined for
retarded (GR(t)) and advanced functions (GA(t)) as:

✓
i
@

@t
�H

◆
GR(A)(t) = �(t), (2.47)

with the solutions:

GR(t) = �✓(t)ie�iHt (2.48)
GA(t) = +✓(t)ie�iHt (2.49)

where ✓(t) is zero when t < 0, and one when t > 0. If there is a perturbation V to H
0

,
which means that H = H

0

+ V , we can write G
1

for the Hamiltonian H
0

+ V in terms of
G

0

for the Hamiltonian H
0

via Dyson equation:

G
1

(t0) = G
0

(t) +

Z t

0

G
0

(t� t0)V G
1

(t0)dt0 (2.50)

Taking the Fourier transformation of the G
0

(t) we can write the energy dependent Green’s
function
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G
0

(E) = lim
⌘!0

1

E + i⌘ �H
0

, (2.51)

where the displacement ⌘ (in the imaginary axis) is introduced since G(E) has poles
for real energies E. The self-energy ⌃ represents the contribution to the single particle
energy due to interactions between the particles. It can be defined as:

⌃(E) = G
0

(E)�1 �G
1

(E)�1 (2.52)

Spectral function and density of states

In solid-state physics, the density of states (DOS) of a system describes the number of
states per interval of energy at certain energy. This quantity is one of the most important
properties in electronic structure calculations. In K-S DFT, after we solve the Eq. 2.22,
we can obtain the eigen values "i, and the density of states in K-S DFT is give by the
same expression:

D(E) =
X

i

�(E � "i). (2.53)

In Green’s function based methods, the density of states can be provided in the form
of spectral function. For non-interacting systems, using the eigen function  i for the
eigen value "i of the Hamiltonian H

0

, we can write the spectral representation of Green’s
function as:

G(E + i⌘) =
X

i

| ii
1

E + i⌘ � "i
h |i. (2.54)

The spectral representation of the Green’s function is directly related to the spectral
function. Clearly, it can be solved when the imaginary part is approaching to zero so
the spectral function can be written

A(E) = � 1

⇡
lim
⌘!0

Tr[G(E + i⌘)] = � 1

⇡
lim
⌘!0

X

i

1

E + i⌘ � "i
, (2.55)

where the trace is intended over all degrees of freedom i. If we take the limit, the previ-
ous equation becomes:
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A(E) = � 1

⇡

X

i

(�⇡)�(E � "i) =
X

i

�(E � "i). (2.56)

This is the spectral function of the Green’s function for non-interacting electrons. Now,
if we compare the two above equations, it is found that the density of states in K-S DFT is
identical to the spectral function in Green’s function. However, this only occurs for non-
interacting electrons. For the interacting particles, when the self-energy is considered,
the spectral function of the full Green’s function is written as:

A(E) = � 1

⇡
ImG(E) = � 1

⇡
lim
⌘!0

X

i

1

E + i⌘ � "i � ⌃i(E)
(2.57)

where the self-energy ⌃ is the correction to the unperturbated eigen value. It is there-
fore the spectral function is not the same as the density of states. This implies that the
interacting particles can be well described in Green’s function but not directly in K-S
DFT. Both the spectral function and density of states represent the same quantity but
they are obtained in different ways.

Dynamical mean field theory

The dynamical mean-field theory (DMFT) has been a breakthrough for the study of
strongly correlated materials [63, 64]. The combination of LDA with DMFT can be an
effective tool to describe realistic materials with Coulomb correlations. Let me remind
you that LDA+U describes the correlation effects with static mean field theory, and it
is still a solution to a single particle problem, namely a HF problem. DMFT can be
obtained in many ways, which differ in the precise mathematical formulas. In our case
we apply DMFT to the effective Hubbard model defined by Eq. 2.44. In DMFT, the
lattice problem is solved by mapping it onto a Impurity Anderson model [65], where
the environment surrounding a given atom is replaced by an effective fermionic bath.
The concept of it is shown in Fig. 2.4 from Ref. [66].

On the left side of Fig. 2.4, the sites containing the strongly correlated electrons are con-
sidered as the impurities where the U term is implemented. Due to the translational
invariance, we can focus on one site only, for example the site at the centre. The sur-
rounding electrons on the other sites can be seen as a fictitious sea as depicted on the
right side of Fig. 2.4. The impurity is coupled to this ”bath” of electrons. The coupling
Vk describes the exchange of electrons between site and bath at an energy ✏k. These Vk

and ✏k enter the problem through the bath Green’s function G
0

. G
0

and Vk determine an
effective impurity problem that can be solved through various techniques, like the An-
derson impurity model. In this way a self-energy is obtained. The full Green’s function
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Figure 2.4. In DMFT, the lattice problem is mapped into a model of a single atom
embedded in an electronic bath. The latter one is defined by the bath
Green’s function and must be determined self-consistently to preserve the
value of the local Green’s function of the mapped site. Figure: courtesy from
Igor Di Marco, Division of material theory, Department of physics and astronomy,
Uppsala University.

G is constructed by inserting the self energy from the impurity into the bare Green’s
function G

0

of the lattice. The problem is solved in a self-consistent way, that is realised
by the convergence of the local Green’s function with the one obtained in the impurity
model.

2.4.2 Lattice Dynamics

In solids, even at absolute zero, the atoms must vibrate around their equilibrium po-
sition, which is known as zero point motion. The amplitude of the motion increases
when the atoms gain more energy thermally. When the amplitudes of vibrations are
very small, so the atoms remain close to their equilibrium positions, the motion can be
analysed by means of simple harmonic oscillators, which is known as harmonic limit.
In this thesis, we only consider the harmonic limit; anharmonic effects that occur in the
case of large displacements are omitted. In quantum mechanics, the behaviour of vi-
brational energy in periodic solids is that the collective vibrational modes are excited in
discrete amounts, and these quanta of energy are phonons. To estimate the dispersion
relation of the phonons, we use the harmonic approximation. In this approach, it is as-
sumed that the crystal is described by a Bravais lattice, where the ions oscillate around
their equilibrium positions with deviations that are small enough in comparison with
the interatomic distance.

The common methods based on DFT to calculate the vibrational properties are the
frozen phonon technique (frozen-phonon approach), and the density functional per-
turbation theory (DFPT) that focuses on the second order of derivatives of the energy.
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Both of these methods treat the system in the harmonic limit. The main idea behind
the frozen-phonon approach is that the interatomic force constant matrix can be di-
rectly obtained by calculating the forces in a supercell with finite displacements. It has
the advantage of easy manipulation but to obtain the exact solution, one has to use
an infinite supercell, which is unrealistic. A finite supercell must be used, and this
leads to an approximated dynamical matrix. The well known code, PHON [67] devel-
oped by Alfé adopted this method, and the big merit of this code is that it can import
Hellmann–Feynmann force from many mainstream DFT codes. An alternative to the
frozen-phonon approach is DFPT, which has been rigorously reviewed by Baroni and
implemented in ABINIT [68] and QUANTUM-ESPRESSO [54]. It is formulated in terms
of the linear response of electron density to certain displacements of the atoms from the
ideal atomic positions [69]. However, unlike in ABINIT and QUANTUM-ESPRESSO,
the implementation of DFPT in VASP is realised in the real space, so a super cell is still
demanded. The PHONOPY, in which both frozen-phonon and DFPT have been coded
[70], is seamlessly interfaced with VASP and employed in Supplement II, and III. PHON
is used to calculate the phonon frequencies in Supplement V.

Frozen-phonon approach

These lattice vibrations can be seen as collective excitations propagating through the
lattice, i.e. phonons. Most of the discussion below follows the lecture notes and the
book of M.I. Katsnelson [71]. The crystal consists of a number of unit cells labelled by the
integer vector l = (lx, ly, lz). The unit cell contains n atoms labelled by k, with positions
rk with respect to the origin of the unit cell. The Cartesian coordinates are denoted with
indices ↵ and �. Holding this assumption, we can expand the ionic potential energy V
as a function of the displacements of the atoms u↵(lk) up to the second order when the
ions reside away from the equilibrium positions [72]:

V ⇡ V
0

+
X

lk↵

✓
@V

@u↵(lk))

◆

0

u↵(lk) +
1

2

X

lka,l’k0�

✓
@2V

@u↵(lk)@u�(l’k0)

◆

0

u↵(lk)u�(l’k0). (2.58)

It is clear that the first term is a constant, which is the total energy when no displace-
ments are presented. The second term is taken at the equilibrium positions, so the sec-
ond term goes to zero since the partial derivative goes to zero, meaning that the forces
acting on atoms at the equilibrium are zero. And the first non-vanishing correction to
the harmonic potential energy is the third term, namely the second order term. The force
constant in the second order term is important to calculate phonons, and is defined as:

�↵� (lk, l’k0, ) =
@2V

@u↵(lk)@u�(l’k0)
. (2.59)
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The force constant matrix elements describe the proportionality coefficients connecting
the forces acting on the nuclei with the displacements suffered by the nuclei. Then the
equation of motion for each ion can be written as:

mkü↵(lk) = �
X

l0k0�

�↵�(lk, l0k0)u�(l0k0) (2.60)

where mk is mass of the the k-th atom in the unit cell l. The equation of motion can be
solved by the ansatz:

u↵(lk; t) =
A↵,k(q)p

mk
ei(qRl�wt)) (2.61)

where A↵,k(q) is the polarisation vector, q vector corresponding to the frequency !(q).
Then we can solve Eq. 2.60 and obtain the linear relation in an eigenvalue problem:

w2(q)A↵,k(q) =
X

�k0

D↵�(k, k
0,q)A�,k0(q) (2.62)

where D↵�(k, k0,q) is given by

D↵,�(k, k
0,q) =

1p
mkm0

k

"
X

l0
�↵�(lk, l0k0)eiq(Rl0�Rl)

#
. (2.63)

This is the dynamical matrix. The above equation gives the eigenvalues (phonon fre-
quencies) and eigenvector (polarisation) relation of the dynamical matrix by diagonal-
izing it.

Linear response approach

Another way to calculate vibrational properties is the linear response approach, that
is based on the second derivatives of the the clamped-ion energy, derived employing
second-order perturbation theory [27, 54, 73]. Let us assume that the external potential,
V

ext

is perturbed by a potential, and both the external potential V(�) and the energy,
E(�) depend on the perturbation strength, �. On the basis of Hellmann-Feynman theo-
rem, the first derivative does not depend on any derivative of n(r) . The second-order
derivative can be written as:
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@E(�)2

@�2
=

Z
@V (r)
@�

@n(r)
@�

dr +
Z

n(r)
@V (r)2

@�2
dr (2.64)

We should emphasise that the second-order derivative of the energy is related to Raman
and infrared spectra, linear optics, and elastic constants. In general, the (2n+1) theorem
states that one can determine the energy to the order 2n + 1 with the n-th order of
wave function from the unperturbed wave function [74, 75]. Therefore, one can solve
the phonon problem within the first order of density, where the wave functions are
solved by the Sternheimer equation self-consistently [76]. Hereby, the second-order
perturbative energy corresponding to the interatomic force constant will be determined.
Phonon frequencies can be solved by diagonalising the dynamical matrix calculated
from the interatomic force constant, which is analogous to Eq. 2.56-2.63. In DPFT, for
arbitrary q at which linear response approach can calculate phonon frequencies, which
is according to the following equation:

D̃lk,l0k0(q) = Clk,l0k0(q)/(mkmk0)
1/2 (2.65)

where D̃lk,l0k0(q) is the dynamical matrix, and mk and mk0 are the atomic masses.



Chapter 3

Results

I have had my results for a long time: but I do not yet know how I am to arrive at them.

Karl Friedrich Gauss

3.1 Structure and energy of point defects in TiC

TiC crystallizes in the NaCl-type structure with the ideal stoichiometric ratio (1:1) be-
tween the components. In practice, however, the full stoichiometry is difficult to reach
because of carbon vacancies that can be stably present in TiC (the fraction of vacant
carbon sites may reach 50%) [77, 78]. The nature of chemical bonding in transition
metal carbides and their structural stability have been studied theoretically using ab
initio calculations, concluding that the bonding may be described as a mixture of co-
valent, ionic, and metallic types. A number of comprehensive reviews can be found
[79, 80, 81, 82, 83]. The bonding in TiC is prevailingly covalent near the stoichiometric
composition [84, 85, 86, 87, 88, 89], whereas at large deviations from stoichiometry (cor-
responding to a decreased carbon content) the metallic component of bonding becomes
more pronounced [79, 80]. This variation of chemical bonding with composition under-
lies the effect of carbon vacancies on the physical, chemical, and mechanical properties
titanium carbide [90, 91, 92, 93, 94, 95].

Experimental studies using electron spectroscopy [96, 97], electron diffraction [77], X-
ray diffraction [98, 99, 100], and neutron scattering [101, 102, 103] have mostly been fo-
cused on the properties of carbon vacancies. These are the most abundant point defects
in sub-stoichiometric TiC

1�x, where x is the site fraction of carbon vacancies. Limited
amount of experimental information is available on the properties of other point de-
fects in TiC. Thus, experimental evidence has been found for the trapping of positrons
at vacant Ti sites in slightly sub-stoichiometric polycrystalline TiC [104], and for the

28
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presence of interstitial carbon atoms in near-stoichiometric TiC thin films prepared by
plasma deposition [105, 106].

The greatest attention and computational effort of theoretical studies of point defects in
TM carbides and nitrides have been devoted to non-metal vacancies. Non-metal vacan-
cies have been reported to induce so-called vacancy states in the pseudo-gap between
the bonding and anti-bonding states in the electronic structure of sub-stoichiometric TiC
and TiN [91, 92, 93]. Theoretical analyses based on the tight-binding (TB) approach have
revealed the origins of stability of carbon vacancies in TiC [107, 108]. Interaction and or-
dering of non-metal vacancies in titanium carbonitride have been extensively studied
using ab inito based modelling approaches [109, 110, 111] to complement systematic
experimental studies of vacancy ordering in refractory carbides and nitrides. Other in-
trinsic point defects than non-metal vacancies in TiC and related compounds have been
mostly neglected, partly due to their high formation enthalpies [113, 114]. However,
a systematic ab initio study of intrinsic point defects has been undertaken [115], which
included vacancies and interstitials (including split interstitial geometries), as well as
their complexes. High migration barriers for the carbon–vacancy and titanium–vacancy
exchanges in TiC have been computed [114, 115].

3.1.1 Atomic and electronic structure of point defects

The calculated changes in the atomic and electronic structure of TiC due to native point
defects will be presented and discussed. We start our considerations with six basic
point defect species in TiC in their simplest (symmetric) conformation: two kinds of
vacancies, Va

C

and Va
Ti

, two antisite defects Ti
C

and C
Ti

, and two interstitial atoms
Ti

I

and C
I

. By breaking the symmetry around each defect in several different ways,
we checked whether an asymmetric conformation of this defect may be mechanically
stable. An asymmetric form of carbon interstitial (C0

I

) has thus been identified. In ad-
dition, split interstitial conformations involving dumbbells (D) oriented along the h100i
and h110i crystallographic directions have been found mechanically stable for both car-
bon and titanium, Ti

D

and C
D

. Concerning the types of defects, we can classify the
defects in TiC into two groups, according to the deviation from the stoichiometric com-
position that they cause. The first (C-depleting) group includes defects that produce
concentration changes leading to sub-stoichiometric Ti

1�cCc (c < 0.5). The other (C-
enriching) group includes defects that produce concentration changes leading to super-
stoichiometric Ti

1�cCc (c > 0.5). When the defects are modelled using large supercells,
a direct comparison of the total DOS of a defect-bearing supercell with that of pristine
TiC does not allow to clearly see the characteristic peaks of the defects, as has been dis-
cussed previously [115]. Therefore, we construct a differential density of states (dDOS),
�ns(E), defined as the sum of projected DOS nis(E) on sites is ( s = Ti,C) in the region
perturbed by defect ↵ (the perturbed region is chosen to include the defect site and two
coordination shells of atoms around it) minus the reference DOS n

0,s(E) projected on the
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Ti and C sites situated as far as possible from the defect site in the same supercell:

�ns(E) =
N↵

sX

is=1

⇥
nis(E)� n

0,s(E)
⇤
. (3.1)

Here N↵
s are the numbers of Ti and C atoms included in the perturbed region, and E

is the electron energy relative to the Fermi level EF . Under such a definition, the states
that are created as a result of formation of a defect (so-called defect states) will be seen
as positive peaks at certain energies, whereas the host states that are annihilated upon
the formation of the defect will be seen as negative peaks of the dDOS. The majority of
electron states of the supercell are not perturbed by the defect, and their contributions
to dDOS will cancel out, which simplifies the analysis.

Figure 3.1. Calculated total DOS (black line) and site-projected DOS of pristine TiC.
The Ti states are shown in blue and those of C in red. The energy is given
relative to the Fermi level EF (green dashed line). Vertical black dashed
lines indicate the edges (top ET or bottom EB) of the lower (region I) and
the upper (regions II and III) valence bands.

The total and site-projected DOS of pristine TiC are shown in Fig. 3.1. As has been
shown previously [86, 116, 117], three typical energy regions in the band structure of TiC
can be identified: region I (also referred to as the lower valence band), the states below
-9 eV, which are dominated by C-2s states; region II (bonding part of the upper valence
band), showing strong peaks due to hybridisation between Ti-3d and C-2p states below
the EF ; as well as region III (anti-bonding part of the upper valence band) showing the
strong hybridisation peaks above the EF . Between the bonding and the anti-bonding
peaks lies a valley of low DOS (dominated by Ti states) at around the EF . The lower
and the upper valence bands (regions I and II) are separated by a full gap where electron
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states are forbidden in a perfect TiC crystal. The calculated dDOS for various defects
in TiC is reviewed and plotted in Figs. 2, 3 of Supplement I. In this thesis, the cases
of carbon vacancy Va

C

, a linear defect cluster {Va
C

–Ti
D

–Va
C

}, and of two C-enriching
defects, C0

I

and C0
Ti

defects are presented in Table 3.1. It is known that a large number of
Va

C

defects can be found in TiC, and a new type of defect cluster {Va
C

–Ti
D

–Va
C

} is also
reported here. For the C-rich defects, it is emphasised that from the calculated dDOS
characteristic defect peaks can be identified and used for detection of these defects (see
further discussions). The symmetric C

Ti

is presented in order to discuss the difference
between the defect states of C

I

and C
Ti

.

Table 3.1 shows the atomic relaxation pattern around a carbon vacancy Va
C

which is
the most abundant point defect in the C-poor TiC. In agreement with previous stud-
ies [107, 109] we find that the distance between two Ti atoms along [100] is increased
from 4.33 Å in the pristine TiC to 4.52 Å near the vacancy, while the distance between
two C atoms is shortened to 4.31Å. The corresponding dDOS, �n, exhibits depletion of
the host states near the hybridisation peak at �2.5 eV and creation of defect states in
the pseudo-gap region around the EF . As Fig. 2 in Supplement I shows, these dDOS
features are exhibited not only by carbon vacancies, but by all the C-depleting defects.
The electronic structure changes produced by C-depleting defects may, therefore, be de-
scribed as reduced covalency and enhanced metallic character of interatomic bonding
in TiC. Another common feature exhibited by point defects of the C-depleting group is
that they affect electron states just inside the valence bands; no defect states are created
in the forbidden energy regions. {Va

C

–Ti
D

–Va
C

} defect is also discussed here since it
has never been discussed in transition metal carbides or nitrides. In the following part
(formation energies of the defects), it will be shown that the cluster is very stable. Due
to its lower symmetry, the defect states of this cluster are spread over a wider energy
range inside the pseudo-gap as compared to the symmetric Ti

C

and Ti
I

configurations.
It is noteworthy that the length of the dumbbell inside the cluster, 1.88 Å, is slightly
larger than the Ti–Ti distance in the [100] dumbbell without vacancies. Because of the
two vacant carbon sites, the dDOS of the cluster shows no hybridisation peaks in the
range from �5 eV to �2.5 eV, in contrast to the dDOS of Ti

D

[100] dumbbell without
vacancies as shown in Fig.2 in Supplement I.

In Supplement I, Fig. 3 shows four different conformations of interstitial carbon that
have been considered in our calculations: symmetric C

I

(mechanically unstable), asym-
metric C0

I

in Table 3.1, and two dumbbell conformations, C
D

[100] and C
D

[110]. The
asymmetric C

I

is the energetically most preferable configuration in comparison with
other forms of interstitial carbon. These forms produce characteristic defect states in the
forbidden energy regions (in the full gap separating the lower and upper valence band
as well as under the lower valence band). The defect states in the gap have prevailingly
C-2p character, with a strong admixture of Ti states. The defect states under the lower
valence band are almost entirely of C-2s character. These states originate from the cova-
lent exchange interactions between the C atoms that occur at short distances (1.2�1.7 Å)
from one another in these defect configurations. The fact that these defect states do not
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Table 3.1. Computed atomic and electronic structure of individual point defects in
Ti

1�cCc around the C-rich region (the stoichiometric composition (0.49 
c  0.51)). The blue balls represent Ti atoms and brown balls - C atoms.
The grey arrows show the direction and magnitude (exaggerated) of atomic
displacements around the defect. Interatomic distances in the relaxed de-
fect structure are indicated by numbers (Å) and red arrows. Vertical and
horizontal thin lines indicate the positions of lattice planes in perfect TiC.
In dDOS plots, the green vertical dashed line indicates the Fermi level, the
black vertical dashed lines are the band edges defined in Fig. 3.1, and the
horizontal line indicates the zero level of dDOS.
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Figure 3.2. Calculated enthalpy of formation �H form as a function of carbon atomic
fraction c in defect-free and defect-bearing Ti

1�cCc supercells, relative to
hcp titanium and diamond carbon. Values of the chemical potential µ, cor-
responding to the slope of �H form(c) in different regions of the Ti–C binary
system, are indicated. Note that, for small concentration of carbon vacan-
cies Va

C

, the µ is positive. It turns to negative values at much higher Va
C

concentrations than those considered in the present work (see Ref. [111]).

overlap in energy with the host electron states allows for detection and analysis of car-
bon interstitials and dumbbells using spectroscopic methods. The electronic structure
of a carbon antisite defect C

Ti

in Table 3.1, is quite different from that of carbon intersti-
tials. Due to the geometry of C

Ti

with six relatively long (> 2 Å) C–C bonds, the antisite
defect just broadens the lower valence band without producing defect states under it.
However, a distinct defect level is formed in the middle of the full gap at �7.5 eV. This
feature allows one to distinguish a carbon antisite from carbon interstitials or dumbbells
that typically produce two defect states in the gap and one state under the lower valence
band. Once the characteristics of the defects have been unveiled, the formation energies
give the information about the probabilities of the defect formation at equilibrium, but
also provide usefull data for the analysis of thermodynamical properties.

3.1.2 Formation energies of point defects

Figure 3.2 shows the calculated enthalpy of formation,

�H form

↵ = E(Ti
1�cCc)� (1� c)E(Ti)� cE(C), (3.2)

For the stoichiometric TiC, as well as for non-stoichiometric Ti
1�cCc, the single point

defects for each type ↵ (vacancy, antisite, or interstitial) in its lowest-energy conforma-
tion are shown here. The plot also includes the results for the supercell containing a



34 CHAPTER 3. RESULTS

{Va
C

–Ti
D

–Va
C

} cluster, because this defect cluster has much lower energy than the in-
dividual point defects Ti

I

or Ti
C

. An arrow in the figure illustrated the fact that a Ti
C

spontaneously transforms into the split antisite configuration to form a titanium dumb-
bell bound to a carbon vacancy, Ti

C

! Ti0
D

⌘ {Ti
D

–Va
C

}. Our calculations reproduce
the well known fact that carbon vacancies Va

C

(also referred to as structural vacancies)
are constitutional defects in C-poor Ti

1�cCc. As Fig. 3.2 shows, the Va
C

branch of con-
centration dependence lies below the line representing the enthalpy of the Ti–TiC phase
mixture. In the C-rich region, C0

I

is the most favoured defect in the comparison with
Va

Ti

and C
Ti

. For every defect species ↵, the formation energy Eform

↵ can be obtained
from the corresponding linear dependence in Fig. 3.2 as:

Eform

↵ =

✓
d�H form

↵

dc
� µ

◆
dc

dn↵
, (3.3)

where n↵ = N↵/Nat

is the concentration of species ↵, relative to the total number
of atoms N

at

, in the supercell. Depending on the ratio of Ti/C atoms, the value of
the chemical potential (slope of the the lowest-energy ”branch” of concentration de-
pendence or that of the common tangent inside a two-phase region) in the Ti–C sys-
tem may vary between two limits, from µ ⇡ �2�H form

0

(two-phase mixture Ti–TiC) to
µ ⇡ +2�H form

0

(two-phase mixture TiC–C), that is, by about four times the enthalpy of
formation of the stoichiometric TiC compound �H form

0

(expressed per atom) [113]. The
value �H form

0

= �0.84 eV/atom for the formation of the stoichiometric TiC (relative to
hcp Ti and diamond C) coincides with the value obtained previously using the same
method [111], and is less negative than the standard value �0.934 eV obtained by Frisk
as a result of thermodynamic assessment [78]. The enthalpy difference between the dia-
mond and graphite structures of carbon, ⇠ 0.0053 eV/atom [118], is small compared to
energies of our interest here. The calculated defect formation energies (including some
high-energy conformations of point defects such as dumbbells) are presented in Supple-
ment I, Table I, where the dependence on the chemical potential is indicated formally
(in the first data column) as well as by providing the values of Eform

↵ specific of C-poor
(c < 0.5, µ = +0.68 eV) and C-rich (c > 0.5, µ = +1.68 eV) compositions.

Therefore, in terms of chemical potential, the formation energy of Va
C

is zero for C-poor
compositions (c < 0.5). The second favoured defects are asymmetric carbon interstitials
C0

I

, but their formation energy is not low enough to stabilise Ti
1�cCc at C-rich com-

positions (c > 0.5): the branch of �H form

↵ (c) corresponding to ↵ = C0
I

lies above the
TiC common tangent line. Next in energy, for the considered concentration range of
Ti

1�cCc, is Ti00
D

cluster of a titanium dumbbell with two carbon vacancies. The forma-
tion energies of other point defects listed in Table I in Supplement I are so high that,
on their scale, even the effect of the chemical potential appears to be rather weak. In
fact, the dependence on chemical potential completely cancels out if one considers cer-
tain composition-conserving combinations of point defects (where individual defects
are not associated into clusters). Table II in Supplement I shows some simple examples
of such combinations. Conservation of composition enables such defect combinations
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to form as thermal excitations in a closed system.

3.2 Self-diffusion of Ti dumbbells in TiC

Information on the migration energies of point defects (and their clusters) is essential
for modelling the diffusion-controlled processes during production (e.g., sintering) of
ceramic materials, as well as for predicting their behavior (high temperature strength,
phase transformations, annealing out irradiation-induced defects, etc.) under the ser-
vice conditions [119]. For example, phase separation of a mixed carbide (Ti,Zr)C into
TiC-rich and ZrC-rich fractions is of importance to the mechanical properties of this
material in industrial applications as a hard coating for cutting tools [5, 6]. This phase
separation is controlled by metal diffusion, and therefore the mechanisms and coeffi-
cients of metal self-diffusion in this mixed carbide system are of practical interest.

The published experimental studies have shown that the radioactive tracer technique
can be employed at slightly sub-stoichiometric compositions (TiC

0.97 [120, 121, 122]
and TiC

0.86[123]) to yield reliable activation energies for both Ti and C atoms. The ac-
tivation energies for the diffusion of carbon atoms are relatively well established, al-
though some discrepancies have been found [123]. High measured values (3.3-4.1 eV)
of the activation energy of C self-diffusion in TiC are believed to correspond to bulk
diffusion, whereas the low values in the range 1.8-2.5 eV to be affected by the grain-
boundary contribution which becomes dominant at low temperatures. Since carbon va-
cancies are constitutional defects in sub-stoichiometric TiC, their concentration is almost
temperature-independent, and the activation energy of C self-diffusion (by a vacancy
mechanism) is due to the migration energy for Va

C

diffusion. Ab initio calculated [115]
value of 3.46 eV for the migration barrier for a carbon–vacancy exchange in TiC is in the
range of high values of experimentally reported activation energies for bulk diffusion of
C in TiC. Less experimental data about self-diffusion of the Me atoms in carbides have
been accumulated. Experimental investigations of Me diffusion in carbides are difficult
because, in the investigated temperature range 2200-2500 K, the metals diffuse 3-4 or-
ders of magnitude slower than C atoms [121, 124]. Another complication is the grain
boundary contribution to the total diffusivity. In contrast to carbon self-diffusion, the
self-diffusion coefficients of Me atoms in TiC and ZrC were found to be concentration-
independent and yield consistent activation energies of 7.65 eV (TiC, Ref. [121]) and
7.46 eV (ZrC, Ref. [124, 125]).

Theoretically, a single Me vacancy mechanism is commonly assumed[126], but the sin-
gle Me vacancy mechanism produces twice as high activation energy of Me atom dif-
fusion as that found experimentally [114], because of the high formation energy of
metal vacancies. More recently, the symmetric {Va

Ti

–6Va
C

} cluster of a Me vacancy
surrounded by six C vacancies was found to be able to migrate in TiC, yielding activa-
tion energies of 6.83 eV (TiC) and 7.46 eV (ZrC) for the vacancy-cluster diffusion mech-
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anism [127]. Although this value is quite close to the experimental values [121, 124], the
migration of such a vacancy cluster is a highly correlated process that implies a very
low value for the pre-factor of the diffusion coefficient, which is at variance with the
experimental data showing anomalously high values of the pre-factors [114, 121, 124].
Thus, the atomic mechanism of Me diffusion in sub-stoichiometric carbides remains un-
clear. To study the diffusion process, the model of atomic self-diffusion in a solid can be
expressed in a temperature dependent Arrhenius form:

D = D
0

exp

✓
�Q

kBT

◆
(3.4)

where Q is the activation energy, kB is the Boltzmann constant, T is the temperature and
D

0

is the prefactor. The activation energy Q for the diffusion of any defect, e.g. Ti
D

and
{Va

C

-Ti
D

-Va
C

} considered here consists of the formation energy of the defect E
form

, and
the barrier for its migration E

migr

, which can be written as:

Q = E
form

+ E
migr

. (3.5)

In Section 3.1, we have reported a new defect with a relatively low formation energy
in TiC, Ti00

D

, so two pathways of its migrations will be discussed here. In addition, the
migration of Ti

D

and Ti interstitial are also investigated. The exploration of Ti cluster
migration provide alternative self-diffusion mechanisms of Ti atom inside TiC.

3.2.1 The migration pathways

Fig. 3.3 schematically shows the migration pathways for Ti
D

[110] and Ti
I

defects that
have been considered in the NEB calculations. The path for a Ti

D

[110] begins with the
dumbbell configuration and occurs via a jump of one of the dumbbell atoms in the [100]
direction to form another dumbbell with a neighbouring Ti atom. As Fig. 3.4 shows (red
curve), this atomic motion is characterised by a very low migration barrier of 0.24 eV
and may easily lead to a chain of subsequent atomic jumps, in the billiard-ball fashion.
The migration of a Ti

I

illustrated in Fig. 3.3(b) goes from a symmetric tetrahedral site,
along one of the four [111] directions of the Ti tetrahedron, to an adjacent tetrahedral
site, passing by the Ti

D

[111] dumbbell configuration in the middle of the pathway.
Due to the tetrahedral symmetry, this migration cannot propagate in the same direction
indefinitely, but has to change the direction at every step. The billiard-ball motion is,
therefore, impossible for this mechanism, and also because of the relatively high value
of the migration energy, calculated to be 0.76 eV, see Fig. 3.4.

Titanium interstitials and dumbbells in TiC have very high formation energies, exceed-
ing 8.2 eV [128]. However, in the presence of carbon vacancies that are constitutional
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Figure 3.3. Schematic diagrams of migration pathways for titanium dumbbell
Ti

D

[110] (a) and titanium interstitial Ti
D

(b). The blue balls represent Ti
atoms, and brown for C atoms. The pathways are indicated by black
dashed lines, with arrows to indicate the migration direction. In both pan-
els, images from top to bottom correspond, respectively, to the the initial
state, the transition state, and the final state.

defects in sub-stoichiometric TiC, these defects may lower their energy considerably to
form clusters with one or two carbon vacancies, Ti0

D

= {Ti
D

–Va
C

} or Ti00
D

= {Va
C

–Ti
D

–Va
C

},
respectively. In such clusters, the Ti

D

has a [100] orientations and is terminated by car-
bon vacancies on one or on both sides. The energy of a Ti

D

[100] dumbbell in sub-
stoichiometric TiC is lowered by about 2.7 eV due to binding the first vacancy to form
the Ti0

D

, and then additionally by about 1.0 eV due to binding the second vacancy to
form the Ti00

D

cluster [128]. The cluster with two carbon vacancies, Ti00
D

, can migrate
in the sub-stoichiometric carbide via two modes of motion, translation and rotational,
illustrated in Figs. 3.5 and 3.6, where in both cases the elementary act of diffusion in-
volves a jump of a single Ti atom, but the initial configuration must be ”prepared”. To
enable the migration processes, the presence of a third carbon vacancy is necessary at a
proper site ahead of the migrating cluster. Taking into account the abundance and fast
diffusion of carbon vacancies in TiC, the probability of Va

C

to occur at the right posi-
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Figure 3.4. Energy profile along the migration path of Ti
D

(red curve) and Ti
I

black
curve as obtained from the CI-NEB simulations. The offset between the
curves corresponds to the difference in energy between the symmetric in-
terstitial Ti

I

and the [110] dumbbell Ti
D

conformations.

tion must be quite high. It can be seen in Fig. 3.7 as the offset between the two curves
showing the calculated energy profiles along the migration path for the rotational (blue
curve) and rotational (red curve) motion of the Ti00

D

cluster. The migration barrier for
a rotational motion of the Ti atom is considerably lower than that for the translational
motion.
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Figure 3.5. Schematic diagrams showing the pathways for a translational migra-
tion of Ti00

D

cluster. The blue balls represent Ti atoms, and brown balls - C
atoms. The pathway is marked by the dashed line, with an arrow to indi-
cate the migration direction. Images from left to right corresponds to the
the initial state, the transition state, and the final state. The migration is
enabled by a free carbon vacancy that is located at the end of the trajectory
in the initial state.
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Figure 3.6. Schematic diagrams showing the pathway for a rotational motion of
Ti00

D

cluster. The blue balls represent Ti atoms, and brown balls - C atoms.
The pathway is marked by the dashed line, with an arrow to indicate the
migration direction. Images from left to right corresponds to the the initial
state, the transition state, and the final state. The migration is enabled by a
free carbon vacancy that is located at the end of the trajectory in the initial
state.

3.2.2 Activation energies

The calculated formation, migration, and activation energies for different mechanisms
of Ti self-diffusion in substoichiometric TiC that have been considered in this work and
previous theoretical studies are summarised in Table 3.2, where the calculated values
are also compared with the experimental activation energy reported by Sarian [121]. Ti
interstitials and dumbbells have the lowest migration barriers, which is important for
nuclear applications of TiC, but their migration energies are so high that the activation
energy of Ti self-diffusion by the mechanisms involving Ti interstitials or dumbbells is
almost as high as that by the divacancy mechanism.

Table 3.2. Experimental [121] and calculated activation energies Q, migration bar-
riers E

migr

and defect formation energies E
form

for Ti self-diffusion in ti-
tanium carbide. The calculated values are given for several self-diffusion
mechanisms considered in this work, as well as in previous theoretical stud-
ies. All energies are in eV.

Method Mediator Name E
form

E
migr

Q
Theory [127] Va

Ti

- Va
C

Divacancy 5.99 3.79 9.87
Va

Ti

- 6Va
C

Cluster 3.01 3.82 6.83
Theory (this work) Ti

I

Interstitial 8.53 0.75 9.28
Ti

D

[110] Dumbbell 9.05 0.24 9.29
Va

C

–Ti
D

–Va
C

Translation 4.33 2.52 6.85
Va

C

–Ti
D

–Va
C

Rotation 4.04 0.93 (3.46)[121] 4.97 (7.50)
Experiment[121] 7.65± 0.16

Due to the low formation energy and high stability of the Ti00
D

cluster, it must be con-
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Figure 3.7. Energy profile along the migration paths of Ti00
D

cluster towards a carbon
vacancy, as obtained from the CI-NEB simulations. The blue line stands for
the rotational migration, and the red for the translational migration, of the
cluster.

sidered as a very promising candidate to be the mediator of Ti self-diffusion in sub-
stoichiometric TiC. If its formation energy is combined directly with the migration bar-
rier heights for the translational and rotational motion, one obtains activation values
that are even lower than the experimental value. However, as has been discussed above,
the migration of the cluster needs to be enabled by the presence of a free carbon va-
cancy at an appropriate site. Although carbon vacancies are easily available, and the
self-diffusion of carbon is fast, the migration barrier for C, calculated to be 3.46 eV [115]
is higher than the barriers obtained for the Ti cluster in the rotational or translational
modes of motion. Therefore, carbon diffusion may be the factor limiting the random
walk of Ti00

D

clusters, in which case the formation energy of the cluster must be com-
bined with the migration energy of carbon, to yield a value Q = 7.50 eV shown in
parentheses in Table 3.2.

3.3 The structures of Ru2C at ambient conditions

Searching for materials with exotic hardness has been one of the long-standing activ-
ities in materials science. Superhard materials are usually composed of covalent light
elements and synthesized under high-pressure conditions, and a well-known example
is the cubic boron nitride (c-BN) [129, 130]. The combination of light elements (like B, C,
N or O) and valence electron-rich transition metals (like Ta, W, Re, Os or Ru) offers an
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alternative route to synthesise super hard materials [8, 131, 132]. In fact, some transition
metal carbides (TMCs) and nitrides (TMNs) are already used for industrial applications,
owing to their outstanding hardness, high melting point and corrosion resistance [2].

This type of synthesis essentially depends on the formation of p-d hybridised cova-
lent bonds between light elements and transition metals (TMs). The basic principle is
that TMs contribute to the high hardness by providing a large number of valence elec-
trons to the compounds. It is observed that the formation of late TMCs/TMNs is not
so favourable due to the higher formation energies of the heavier TMs in comparison
with lighter TMs [90, 133]. To overcome this problem, one can apply an external pres-
sure in the process of the synthesis, which enables to enhance their chemical activities.
The successful high-pressure synthesis of Re

2

C [134], OsN
2

[135] and Re
2

N [136] is the
highlight of this approach, illustrating that the applied pressure can overcome high for-
mation energy barriers. More recently, Ru

2

C has been synthesised successfully at high
pressure and high temperature [9], and then it was quenched to ambient conditions.
However, the shifts of the X-Ray diffraction peaks between 18� and 22� experiences a
sudden change from 2.4 GPa to 0 GPa. Our recent theoretical study [10] shows that the
proposed structure with P3̄m1 symmetry is unstable at ambient conditions but can be
stabilised above 30 GPa through a Lifshitz transition. Hence, a phase transition in the
experiment is likely to occur during the quenching from extreme conditions to ambi-
ent conditions. Obviously, the exploration of the late TMCs/TMNs is promising, and
the established structures may indicate possible ways to synthesise a new family of
TMCs/TMNs. This opens exciting possibilities regarding the search for new hard ma-
terials.

3.3.1 Search for stable phases

The search for low-energy crystalline structures of Ru
2

C was performed through the
CALYPSO structure prediction method [137, 138] based on the particle swarm optimi-
sation (PSO) algorithm. The global minimisation of free energy surfaces was merged
with ab initio total-energy calculations as implemented in the CALYPSO code [138],
and the whole procedure was unbiased by any prior information on the known struc-
tures. Recent successful applications of this method included various crystalline sys-
tems, ranging from elemental solids to binary and ternary compounds [139, 140], and
TMCs/TMNs [141, 142] . As far as we know, the stable TMCs/TMNs and the high
pressure stable phase (P3̄m1) mostly crystallise in a primitive cell containing one or two
formula units (f.u.). Hereby, the cutoff of the number of the primitive cell goes up to two
in this study as boundary conditions. Regarding the structures, CALYPSO found two
trigonal crystalline structures, with space group R3m (1 f.u.) and R3̄m (2 f.u.), respec-
tively. Also considerating of the previously proposed structure (P3̄m1 symmetry) on
the basis of experiments, the R3m structure has been identified as a more energetically
favourable structure at zero pressure. Moreover, both these predicted structures are dy-
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Figure 3.8. The structures of the R3m phase(a) and the R3̄m phase(b) in the hexag-
onal representation. For each of them, the side and top views are prepared
from left to the right hand side. The blue dashed line denotes the unit cell
of Ru

2

C. Ru atoms are coloured as the grey ball, and C atoms are coloured
as the black ball.

namically stable at ambient conditions. Thus, our calculations predict new phases in
the Ru-C binary system and provide two new prototype structures for other late TMCs.
Our main finding is that Ru

2

C is constructed by bilayers of Ru and monolayers of C for
the R3m phase and tetra-layers of Ru and bilayers of C for the R3̄m phase. The XRD
patterns of the predicted structures are simulated and compared with the experimental
data. The electronic structure and the nature of the chemical bonding are also analysed
here. Unlike the common TMCs, metallic bonds in the R3̄m phase are observed, which
supplies a new mechanism to form heavy TMCs/TMNs. However, these bonds lead
also to a strong reduction of the material hardness, which is much lower than expected.
This work provides a careful analysis of the range of the possible stable configurations
for heavy transition metal carbides. Furthermore, this study may inspire further exper-
iments on this promising class of materials at ambient conditions.

3.3.2 Structures and their dynamical stabilities

In this work, the hexagonal representation is used for the unit cells, instead of the rhom-
bohedral representation. The hexagonal unit cell of the R3m phase contains three for-
mula units, as shown in Fig. 3.8a, with the c/a ratio of 5.46. This structure is a clearly-cut
layered structure, and both the Ru and C atoms occupy the 3a Wyckoff sites. A mono-
layer of C sandwiched by two layers of Ru atoms forms the periodic element showing
P6̄m2 symmetry in the unit cell. Each layer is displaced (1/3, -1/3, 0) with respect to its



3.3. THE STRUCTURES OF RU
2

C AT AMBIENT CONDITIONS 43

neighbouring layers. The hexagonal unit cell with R3̄m symmetry, shown in Fig. 3.8b,
contains six formula units and has a very large c/a ratio, 11.41. Overall, the structure of
Ru

2

C is constructed by arranging Ru or C layers along h001i.

Table 3.3. The computed total energy (E
tot

) per formula unit of the three structures
of Ru

2

C at ambient conditions. The formation energies (Eform) per formula
calculated with respect to hexagonal Ru metal and diamond are included.
All energies are in the unit of eV.

Structure Etot(eV)/f.u. Eform/f.u.
P3̄m1 -26.184 1.377
R3m -26.639 0.921
R3̄m -26.940 0.619

The comparisons of the total energy and the formation energy for the competing struc-
tures are shown in Table 3.3. We emphasise that the R3̄m phase, as shown in Fig. 3.8b,
is the structure with the lowest energy. Instead of graphite, diamond is employed as a
reference to calculate the formation energy due to the failure of GGA on predicting the
c-axis lattice constant and interlayer binding energy of graphite [143, 144]. The structure
deduced from experiments (P3̄m1) is also considered and it is clear that the R3̄m phase
is the most energetically favoured. It is found that all the three phases have positive for-
mation energies with respect to hcp Ru and diamond C. This is in full agreement with
Ru-C phase diagram showing that a mixture of Ru metal and graphite is the equilib-
rium state of the system at ambient pressure [145, 146]. From Fig. 3.8, it is also clear that
Ru layers and C layers are not tending to mix evenly in the R3̄m structure, where the
tetra-layers of Ru are separated by bilayers of C. In other words, if Ru and C layers can
be sequenced alternatively or that Ru and C atoms coexist in-plane, Ru

2

C can be easily
synthesised. In addition, the long-range order in the layered structure reminds us of
the intercalation compounds, where the staging phenomenon is realised by a periodic
sequence of intercalated layers in the host matrix, which are metallic layers in general.
It was reported that the atoms in intercalated layers may diffuse into the host matrix
to form the disordered structure [147]. It is commonly recognised that a large amount
of C vacancies exist in most of TMCs/TMNs, and this phenomenon is likely to occur
in Ru

2

C as well. Therefore, the study of the phase transition between the ordered and
disordered structures is plausible in the future and this work is rather beneficial for the
study of the phase diagram at various temperatures/pressures [148].

In addition to the structural properties, the dynamical stability is essential to judge
whether the predicted structures are stable or not. In Fig. 3.9, the phonon dispersion
curves (PDCs) of the R3m and R3̄m structures at ambient pressure are reported. As we
can see from the calculated frequencies, all the phonon modes are positive, indicating
that the two structures are dynamically stable at ambient conditions. An interesting
feature in Fig. 3.9 is that in the R3̄m structure, the highest optical phonon mode ends
up to a very high frequency. The spectra show states up to 40 THz, while only 20 THz
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Figure 3.9. The phonon dispersion curves (PDCs) of the R3m and R3̄m phases of
Ru
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C at ambient conditions. The phonon dispersion curves expand along
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are reached in the spectrum of the R3m phase. This is related to the C-C bonds in the
R3̄m structure, which has a stronger covalent bonds between C-C layers (see further
discussion in the next section). The interlayer distance within the C bilayers in the R3̄m
phase is 1.40 Å, while the distance between C layers separated by Ru atoms is 9.09 Å.
In the R3m phase, instead, the distance between two C layers is 9.09 Å which is much
longer than 5.05 Å found for the R3̄m phase. It has to be emphasised that the c/a for an
ideal hexagonal close-packed structure is 1.633, but both structures show a higher c/a. In
practice, the R3m phase is supposed to be much easier to synthesise, owing to the short
stacking in comparison with the rather complicated stacking along the c direction in the
R3̄m phase. However, the R3̄m phase is more favoured in terms of energy by 0.301 eV
per formula unit. Our results point to that Ru

2

C forms in a tetragonal lattice, and the
predicted two sandwich-like structures are dynamically stable.

3.3.3 Chemical bonding

Due to the observed differences in the structures, one should investigate if these differ-
ences can be reflected by major changes in the nature of the chemical bonding. Therefore
we analyse in detail the Bader charges [149] and the electron localisation function (ELF)
[150], which are reported in Table. 3.4 and Fig. 3.10 respectively. From the values in Ta-
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ble. 3.4, we see that, in the R3m phase, each Ru atom loses 0.37 charge unit and each C
atom gains about 0.74 charge unit. In the R3̄m phase, one more type of Ru atoms (Ru

II

)
is found, which exhibits an almost unaltered charge during the formation process. The
different types of Ru atoms can be better seen in Fig. 3.10, where the ELF is reported
as well. In Fig. 3.10b, describing the R3̄m phase, the Ru atoms at the boundary are of
type I, while the inner bilayers of Ru atoms inside the quasi-rectangle are of type II. The
small shift of charges observed in the Ru atoms of type II suggests that they are closer
to the metallic nature. The larger loss of the charge of Ru

I

in the R3̄m phase reveals that
there is less covalency in comparison with the R3m phase. The amount of charge gained
by the C atoms in the two structures is different as well. The carbon atoms in the R3m
phase obtain almost twice as much charge as in the the R3̄m phase due to the ’frozen’
Ru

II

atoms. As seen above, the connection between the Ru layers is built through the C
monolayer for the R3m phase and the C bilayer for the R3̄m phase.

Table 3.4. The imbalance of valence states per atom from the Bader charge analysis.
A positive sign denotes the loss of electrons, while a negative sign denotes
the gain of electrons. There is no value for the charge of the type II Ru atom
in the R3m phase, due to that there is only one type of Ru atom there.

Strcuture Ru
I

(e) Ru
II

(e) C(e)
R3m +0.37 -0.74
R3̄m +0.42 -0.02 -0.40

Introducing extra atoms may lead to different chemical bonding. As shown in Fig. 3.10a,
the charges in the R3m phase are very localised around the carbon atoms, and the halo
around Ru atoms are more spread leads to the formation of dumbbell shaped halos,
which indicates the formation of C-C covalent bonds. In contrast, a weak covalent bond
forms between Ru-C in the case of the R3̄m phase (see Fig. 3.10b), where the Ru-C-Ru is
replaced by Ru-(C-C)-Ru. It is clear that a strong C-C bond in the R3̄m phase is formed
and this can explain the split bands of C-2s in the electronic structure, see Supplement
III for details. The low ELF regions between Ru

II

atoms emphasise the delocalisation
of charge in the R3̄m phase. This, in combination with the analysis of Table 3.4, makes
us conclude that the Ru

II

atoms form metallic bonds with their neighbors. The metallic
bonds for Ru atoms together with strong covalent bonds in C bilayers stabilise the R3̄m
phase. Thus, the distinct number of Ru/C layers for the two phases account for the
different nature of their chemical bonding.

3.4 Correlation and relativistic effects in Ta2AlC

In recent years, the layered ternary compounds MN+1

AXN , where N = 1, 2 or 3, M is a
transition metal, A is an A-group (mostly IIIA and IVA) element, and X is either C or
N, have attracted increasing interest owing to their unique properties [11, 151, 152, 153,
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Figure 3.10. The valence electron localization function (ELF) in the (110) plane of
the R3m structure (a) and R3̄m structure along the (110) plane, respec-
tively. The dashed black lines represent the position of the Ru layers,
while the dotted lines refer to C layers. In the case of the R3̄m phase, two
different types of Ru atoms are labeled as Ru

I

and Ru
II

, which stand for
type I and type II Ru atoms.

154]. These ternary carbides and nitrides combine properties of both metals and ceram-
ics. Like metals, they are good thermal and electrical conductors. They are relatively
soft with Vickers hardness of about 2-5 GPa. Like ceramics, they are elastically stiff,
some of them like Ti

3

SiC
2

, also exhibit excellent high temperature mechanical proper-
ties. They are resistant to thermal shock, show unusually good damage tolerance, and
exhibit excellent corrosion resistance. Above all, unlike conventional carbides or ni-
trides, they can be machined by conventional tools without lubricant, which is of great
technological importance for the application of the MN+1

AXN phases. These excellent
properties mentioned above make the MN+1

AXN phases another family of technically
important materials. This technological interest triggered a round of theoretical and ex-
perimental research studies aimed to better understand their nature and the underlying
physics.

One of the most interesting and fascinating properties of the MAX phases is the me-
chanical response. They are lightweight and stiff, yet machinable and ductile at room
temperature. For most of the MAX phases, the agreement between the measured and
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Figure 3.11. Comparison of experimental and theoretical (a) bulk moduli B (red)
and (b) Young’s moduli E (blue) of select MAX phases. Figure: courtesy
from Annual Reviews, and Michel W. Barsoum, Department of Materials Sci-
ence and Engineering, Drexel University.

calculated values of bulk modulus is acceptable, as shown in Fig. 3.11 which is taken
from Ref. [11], but one of the exceptions - Ta

2

AlC attracted our attention. In the present
study, we investigate the effect of correlation as well as the effects of relativity on the
electronic and the mechanical properties of Ta

2

AlC.

First of all, lattice parameters and bulk moduli within LDA, GGA-PBE and GGA-PW91
functionals are reported in Table 3.5. Firstly, among these functionals, GGA-PW91 offers
better matching volume but a very low bulk modulus compared with the experimen-
tal data. On the other hand, LDA offers good bulk modulus, but the relaxed equilib-
rium volume is much smaller than the experimental data. This is due to the ”famous”
overbinding in LDA and under binding in GGA. Overall, for most of the functionals,
the bulk modulus and the equilibrium volume are changing in the opposite direction.

When the correlation effects are included, an increase of volume can be found in Table
3.5. Briefly, the Hubbard U shifts the Fermi level (Ef ) in order to control the occupation
of 5d electrons. Concerning the U values, Blügel et .al [156] have estimated the Hubbard
U value by means of random phase approximation (RPA) for pure Tantalum metal,
where 2.58 eV for the eg band and 2.21 eV for the 5d t

2g were obtained as the screened
U values. Hereafter, the maximum U values in this work is assumed to be less than
3.3 eV. One can recognise that in LDA+U (Ueff = 3.3 eV), a good agreement with the
experimental equilibrium volume is acquired. Nevertheless, a large deviation in bulk
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Table 3.5. Calculated and experimental values of the lattice constants, equilibrium
volume and bulk modulus of Ta

2

AlC within VASP.

Methods a(Å) c(Å) Volume(Å3) B(GPa)
Exp. 3.086 13.85 114.4 251

Calculation Ueff (eV)
SR-LDA 0 3.07 13.71 111.69 239
SR-LDA 3.3 3.08 13.86 114.14 182
SR-PW91 0 3.10 13.90 115.67 190
SR-PW91 2.3 3.12 14.01 118.16 183
SR-PBE 0 3.11 13.92 116.49 191
SR-PBE 2.3 3.12 14.02 117.99 185

modulus (182 GPa) is also obtained. The Ueff is the effective Coulomb interaction pa-
rameter that results from a spherical average of U and J, as defined in Ref. [155]. Clearly,
the magnitude of changes of volume and bulk modulus rely on the Ueff . For the rest
of the results, neither any particular exchange-correlation functional nor Ueff can bring
out a well matched data. Based on the above discussions, the different exchange and
correlation functionals and the correction on the strongly correlated 5d orbitals failed to
reproduce experimental data. We know that for heavier elements, in the present case
Ta, the relativistic corrections can play an important role.

Therefore we have included full relativistic (FR) effects in comparison with non-relativity
(NR). For both LDA and PBE cases, the lattice parameters and bulk moduli can be found
in Table 3.6. Through all calculated equilibrium volumes, it is certain that the relativis-
tic effects lower the equilibrium volumes. Among them, the volume obtained in the
framework of FR in PBE is the most close value to the experiments, although it is still
larger than expected. Obviously, LDA still produces too small volumes. The underly-
ing physics can be explained in Fig. 3.12, where the DOS calculated in FR and NR are
shown. As a matter of fact, Eschrig et al. [34] have shown that the three main effects
of relativity on the electronic structure are: 1. scalar-relativistic shift of bands, i.e. the
shift of the band width in comparison with the non-relativity; 2. the splitting of de-
generate bands; 3. breaking of the time-inversion symmetry. In our case, we skip the
scalar relativity, and head to full relativity directly. What follows is that the evident
changes in density of states leading to the shift of the equilibrium volume. It is natural
to compare the states at Ef in Fig. 3.12 for the metallic system. In the case of NR, a val-
ley of states reside at Ef but this valley moves towards lower energies upon switching
FR. This phenomenon is due to the relativistic shift of the 5d bands in Ta shown by the
black dotted arrows. In the broader 5d bands, the splittings can be identified as well.
One can observe the difference in the upper rectangles above -10 eV. In FR, an evident
s-d mixing appears, which does not occur in the case of NR, and the emergence of s
states can strengthen the Ta-C bonds. In the lower lying states, the band broadening
again is observed in the case of FR. Another feature is that the bands are moving down-
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shift into the core region. The above discussions suggest that the hybridisation states
are closer to the core region, which means that Ta-C bonds will become much stronger.
Simply, the relativistic effects decrease the band energy (increase bond energy) which
further lowers the volume. Even though the relativistic effects have been included, the
bulk moduli are still incomparable to the experimental results. From this point of view,
relativity cannot fully resolve this problem.

Table 3.6. Calculated and experimental values of the lattice constants, equilibrium
volume and bulk modulus of Ta

2

AlC within FPLO with fully relativistic
effects.

Methods a(Å) c(Å) Volume(Å3) B(GPa)
Exp. 3.086 13.85 114.4 251

Calculation
FPLO-FR-PBE 3.10 13.91 115.76 194
FPLO-NR-PBE 3.17 13.92 121.14 173
FPLO-FR-LDA 3.04 13.80 110.44 211
FPLO-NR-LDA 3.13 13.83 117.34 190

Surprisingly, switching on both correlation and relativistic effects cannot offer a good
agreement with experiments. If focusing on other Ta based MN+1

AXN phases, it may
give us a hint. Take Ta

3

AlC
4

for example, the calculated equilibrium volume and bulk
modulus are very close to the experimental data. Why does the ”211” phase behave in a
different way compared to the ”413” phase? It is necessary to go through the behaviours
of MN+1

AXN phases with respect to the number of A or X layers. It has been observed
that the bulk modulus decreases with increasing number of Si layer (belonging to A)
per Ti layer (belonging to X) [157], by comparing Ti

2

SiC with Ti
5

SiC
4

. In terms of the
structures, the ”523” phase is a combination of the ”211” and the ”312” phases and has
a intermediate Si concentration between the ”211” and the ”312” phase, which means
that the ”523” phase should have a bulk modulus higher than the ”211” phase. Thus A
layers will to some extent lower bulk moduli. If the bulk moduli of Ta

2

AlC and Ta
4

AlC
3

are compared with each other, Ta
4

AlC
3

has smaller ratio of Al/Ta layers than that of
Ta

2

AlC. Based on this trend, the bulk modulus of Ta
2

AlC should be smaller than 250
GPa. However, the bulk moduli of them are very close to each other [11]. In the present
theoretical study, it is found that exchange and correlation functionals can largely influ-
ence the lattice parameters, and our calculated bulk moduli lie in a wide range being
from 185 GPa to 239 GPa. It is clear that this compound is very sensitive to the way in
which it is treated. Therefore combining with all discussions, the experimental results
are questionable, and we expect that new experimental studies will be conducted.
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Figure 3.12. Comparison of calculated DOS in NR (lower panel) and FR (upper
panel). The orange rectangles highlight two regions. The blue line stands
for Ta-6s states, red for 5d states, and green for C-2p states.

3.5 Stabilisation of rock-salt ThO under pressure

The unique position of Thorium (Th) metal in the Periodic Table makes it a light ac-
tinide that is characterised by a strong s-d hybridisation. The nuclear fuel cycle based
on Thorium shows a few potential advantages over Uranium (U). In addition to the
great abundance of Th, the physical properties along with the a smaller production of
nuclear waste production make Thorium a superior candidate for the fuel material in
the new generation of nuclear reactors. For the last several years, the compounds based
on actinide metals and their versatile properties like polymorphisms, non-stoichiometry
and intermolecular nature are becoming a crucial and challenging area for scientists to
explore their behaviour in nuclear fuel cycle [158]. For minor actinides like plutonium,
the nuclear fuel can serve a transmutation function by incorporating components from
spent fuel. In this scenario, Th has also been recognised as a powerful alternative to the
U-based fuel for last several years [159, 160, 161]. Another important property that is
quite essential for such fuel is the thermal conductivity, and metallic carbides largely
fulfiling that criterion. In the ”d2” column of periodic table, Th does not have a monox-
ide similar to the other elements like Zirconium (Zr), Hafnium (Hf) and Cerium (Ce).

ThC and ThN have been found to be stable at ambient condition [162] with metallic
properties. To date, only thorium dioxide has been extensively investigated both experi-
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Figure 3.13. The reaction energy of Th + ThO
2

= 2ThO as a function of pressure.
The primitive cell shows the structure of ThO. The green spheres are tho-
rium atoms, and the red spheres are oxygen atoms. The two arrow indi-
cate the reversal pressures of the chemical reaction, which are computed
by the two boundaries.

mentally [163, 164] and theoretically [165, 166]. The oxide of such actinide plays a crucial
rule in the nuclear fuel cycle in long run, like UO

2

. Although, there are couple of theoret-
ical and experimental investigations mainly concentrating on the gas phase existence of
ThO [167, 168]. Several attempts have been carried out to synthesise solid ThO, but only
a partial oxygen concentration was achieved by R.J. Ackermann [169] in the formation
of non stoichiometric ThO

1�x. The solid phase of ThO is quite hard to be found in stable
condition due to its decomposition into Th and ThO

2

[170]. The reaction enthalpy is the
best deterministic way to predict the reversibility of chemical reaction. The amount of
external energy that can be incorporated will be able to reverse the chemical reaction,
and thus one can possibly produce the monoxide of Thorium. The scientific goal of the
present study is to examine the existence of ThO under the variation of external pres-
sure. The high pressure exerted on the system can lower the reaction enthalpy and also
gain the activation energy by overcoming the energy barrier, which is a consequence of
pressure induced structural changes of the reactants. We have been careful about the
fact that no other phase transition can occur in the considered pressure range i.e. 0 to
35 GPa. It has been reported that fcc Th metal does not show any phase transition untill
100 GPa [171]. It is worth to mention that the ionic fluorite (CaF

2

) structure of ThO
2

,
which is stable at ambient pressure, transforms to orthorhombic PbCl

2

like structure
around 40 GPa [172]. The computation aided theoretical prediction shows the existence
of stable ThO phase under pressure due to the negative reaction enthalpy. The phonon
dispersion calculations have also been performed in order to validate the dynamical
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stability of ThO phase. The activity of Th with respect to the inert ThO and ThO
2

is
the main driving force that reverses the reaction direction. We have also explored the
transformations of orbital occupations through the crystal field splitting concept. This
prediction of the existence of ThO paves the way to produce the unachievable oxides of
actinides by applying pressure, and can become quite important methodology for the
nuclear industries.
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Figure 3.14. Phonon dispersion curve of ThO at 19 GPa calculated by FPLMTO-
LDA.

3.5.1 Reaction enthalpy and dynamical stability

The enthalpy of the reaction, 4H = 2HThO - [HTh + HThO2] , has been evaluated under
pressure by FPLMTO and VASP. At ambient conditions, the reaction energy is positive
which means that the total enthalpy of Th plus ThO

2

is lower than that of ThO. The re-
versal pressure is 14 GPa in FPLMTO-LDA and 26 GPa in VASP-PBE as the two arrows
indicate in Fig. 3.13. The Figure shows the possibility to form ThO by the chemical reac-
tion under pressure. Because ThO is stable under pressure in terms of energy, it remains
to check whether the structure is dynamically stable or not. Therefore, phonon disper-
sions curves (PDC) at 19 GPa are calculated and shown in Fig. 3.14. The dispersion
expands along the high symmetry directions connecting k-points: �, X, �, L, X, W and
�. It is observed that all the phonon modes have positive frequencies indicating that the
rock salt ThO structure is stable at P=19 GPa. The frequency gaps occur between the
optic and acoustic modes due to the high mass ratio (m(Th)/m(O) =14.5).
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Figure 3.15. The transformation rate of orbital occupation (%) in Th as a function
of pressure for Th, ThO and ThO

2

. The transformation rate of 7s orbitals
is plotted in the left panel, and that of 6d orbitals is located in the middle.
The behavior of 5f orbitals is shown on the right panel. The black curves
denote Th, the red ones ThO and the green ones ThO

3.5.2 Behaviour of electronic structure under pressure

t is very important to investigate the stabilising mechanism through the electronic struc-
ture calculations, along with the enthalpy reversal phenomena. In fact, there are a few
studies that reveal the behaviour of Th [174, 175] under pressure and report the 5f filled
levels at the expense of d electrons. We have undertaken a detailed investigation of the
occupation number of 7s, 6d and 5f orbitals in Th, ThO

2

and ThO respectively under
pressure, as shown in Figure 3.15. The plots reveal that the occupation number for 5f
orbitals is increasing while the occupation in 7s and 6d orbitals decrease as a function of
the pressure. The slopes of the dependencies for of 5f, 7s and 6d orbitals point to that Th
is a more active substance than ThO and ThO

2

. Moreover, 7s electrons contribute to the
transfer to 5f orbitals along with 6d electrons. In this regard, we should mention that
the phase transition of fcc metallic Th to bct metallic phase (f dominant metal) has been
studied by Söderlind et al. [174]. However this kind of transformation is not present
in the case of ThO and ThO

2

, which can initiate the desired reaction under pressure.
The results related to the transformation of 7s and 6d to 5f have also been reported in
experimental studies [176]. Under compression, the more inert phase is the highest oxi-
dation state i.e. ThO

2

, which has a low transformation rate. In a nutshell, the distinctive
transformations of 7s, 6d and 5f orbitals are correlated to the energies of Th, ThO and
ThO

2

, which is also reflected by the enthalpy change.
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Figure 3.16. The total and projected density of states (PDOS) of d, f and p states in
Th, ThO, ThO

2

.

The projected density of states (PDOS) gives a profound description of the electronic
structures of Th, ThO and ThO

2

systems as illustrated in Figure 3.16. It has been found
that 6d states are rather delocalised and the 6d and 5f states primarily govern the DOS
at the Fermi level. 5f states mainly prevail at the conduction band with a tail entering in
the valence band for ThO. A strong hybridisation between 6d and 5f states can be found
in Th metal at -1 eV, which plays the most crucial role in the charge transfer which is
reflected in Fig. 3.15. In ThO, the PDOS shows that the 6d - 5f states show a peak at -1.8
eV and enter the Fermi level and flow to the conduction band. For the oxidation of Th
metal, the characteristics of the electronic structure are altered in ThO. The introduction
of oxygen of Th also leads to the 6d - 2p hybridisation at -8 eV, and the anti-bonding
states at 2 eV and above. Another feature is that the bandwidth of 5f orbitals becomes
very large in comparison with that of Th metal. Under further oxidation of ThO, namely
ThO

2

, the 6d - 2p and 5f - 2p hybridisation are pushed towards to the Ef . Below -5 eV, 6d -
5f hybridizations are associated with f - p and d - p hybridisation in the Th-O interaction.
Overall, the oxidation does impact the electronic structure, and turns Th metal into an
insulator ThO

2

. The newly found ThO combines the characteristics of Th metal and Th
dioxide.
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3.6 The local and non-local correlation effects in UN

The binary uranium systems UX (X = C, N, S, Se, Te, As, Sb) crystallise in the rock-
salt structure. They have been extensively studied both theoretically and experimen-
tally, owing to their interesting and puzzling physical and magnetic properties [177].
Among them, UN has received significant attention due to the potential usage as a high-
temperature nuclear fuel [14, 15, 178] in the Generation-IV reactors [16, 17]. The carbides
and nitrides fuels have shown excellent thermal conductivity, high metal density, good
compatibility with the sodium coolant [12, 13], which allowed them to become the al-
ternative materials to oxide-based fuels, like UO

2

.

Theoretically, most of the studies are focused on the structural properties, magnetic or-
dering, and electronic structure with emphasis on the comparison with photoemission
experiments. Several theoretical studies concluded that standard density-functional
theory (DFT) in local density approximation (LDA) is insufficient to study UN [18, 19].
Petit et al. [179] have studied the localisation of 5f electrons in UN using the self-
interaction corrected (SIC)-LDA [180], and suggested that the valence electrons contain
a number of localized states between f0 and f1. A similar picture to SIC is obtained by
means of the LDA+U approach. For values of U between 1 and 2 eV, and J fixed to 0.51
eV, GGA+U provides a good lattice constant, in agreement with the experimental data
within 1% error [183]. On the other hand, the calculated value of the magnetic moment
in the antiferromagnetic phase (AFM) increases from 0.90µB to 1.57µB per U atom [184],
which is much higher than the experimental value found in the ordered phase. Above
the ordering temperature, an unordered moment of about 2.5 µB per U atom can be
inferred from the measure magnetic susceptibility [185], which is a clear indication of
itinerant magnetism. In both SIC and LDA+U there is a strong tendency to overestimate
the localization of the 5f electrons with respect to their itinerancy. A better analysis of
the dual character of the 5f states of U can be obtained by using approaches account-
ing for proper many-body corrections. By combining DFT and dynamical mean-field
theory (DMFT) [188] one obtains the DFT+DMFT scheme [52, 64, 189] that can describe
the competition between localized and itinerant nature on the same footing, although
neglecting non-local contributions from the self-energy. Yin et al. [186] have employed
a sophisticated DFT+DMFT implementation [187] with the continuous time quantum
Monte Carlo (CTQMC) solver [190, 191, 192] to investigate the electronic structure of the
paramagnetic (PM) phase of UN and found a reasonable agreement with experimental
XPS data. The same agreement is however reached in another theoretical work [193]
based on DFT but including full relativity through the solution of the full Dirac equa-
tion. This highlights not only that the role of correlation effects has still to be clarified
but also that a more advanced probe than angular-integrated XPS must be used to an-
alyze the electronic structure of UN. To solve these doubts Fujimori et al. [194] have
performed angle-resolved photoelectron spectroscopy (ARPES) measurements of both
PM and AFM UN. In their work they aim to understand the changes induced in the
electronic structure, e.g. in the Fermi surface, by the magnetic transition. In addition
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they compare the experimental spectra with the band structure obtained with DFT in
LDA, and an evident discrepancy can be found for excitations of intermediate energy.
Low energy features also arise some doubts, since they lack previously observed non-
dispersive bands, which were associated to localized 5f electrons [195].

3.6.1 Various magnetic states

We first performed DFT simulations in GGA for both NM and FM phases of UN by
means of several codes, which are described in detail in Supplement VII. The obtained
results are in good agreement with each other and also with previous literatures. In the
topmost and middle top panels of Fig. 3.17 we report the total density of states (DOS)
as well as the projected density of states (PDOS) for the N-2p, U-6d and U-5f electrons.
We observe that, in both phases, the U-5f states contribute mostly to the spectral weight
close to the Fermi level, while between -2 eV and -6 eV there are mainly contributions
from the N-2p states. The U-6d states are very broad, and contribute little to the density,
which is confirmed by the occupation of about 0.9 inside the muffin-tin sphere, plus
some additional contribution coming from the interstitial region. In a first approxima-
tion the total DOS can be compared directly with the experimental XPS signal at room
temperature [193], which is reported in the bottommost panel of Fig. 3.17. This plot is
extracted directly from Ref. [186]. Due to the lack of significant structure in the DOS, it
becomes rather difficult to evaluate how well the theoretical spectra agree with exper-
iment. The same differences observed between the FM phase and NM phase in DFT
are rather small because of the relatively small exchange splitting. One of the major
features observed in the XPS data of Fig. 3.17 is a sharp peak close to Fermi level, but
clearly below it. In the DOS of the NM phase this peak is located above the Fermi level
(topmost panel of Fig. 3.17). This suggests the existence of a well defined but unordered
moment at room temperature, even if the latter is an order of magnitude bigger than
the experimental Néel temperature. To verify this hypothesis we have performed DLM
simulations, whose corresponding DOS and PDOS are reported in the middle bottom
panel of Fig. 3.17. As expected, a sharp peak below the Fermi energy is observed, al-
though less defined than in the FM phase or in previous DFT+DMFT simulations [186],
which are also reported in Fig. 3.17. Overall the sharp peak at the Fermi level seems
overestimated in the DFT+DMFT spectrum, when compared with experiment. More-
over, we should stress that none of the theoretical data reported in Fig. 3.17 seems to re-
produce the small shoulder observed in the XPS spectrum at about -2 eV. From the sole
analysis of Fig. 3.17, it is not clear which method among DLM and DFT+DMFT gives
the most realistic spectrum of UN. We can identify two reasons why the DFT+DMFT
calculations of Ref. [186] do not bring a substantial improvement in comparison with
DLM. First, the approximations introduced to treat SOC within the CTQMC solver may
be not fully applicable in this case. In fact the off-diagonal elements in the hybridiza-
tion function are usually discarded, and this may be a problem for a system with fairly
delocalized 5f electrons like UN. Second, because of this delocalization, there may be
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important non-local contributions to the correlation effects. This is also related to the de-
gree of delocalization of the 5f electrons, leading to sizeable non-local Coulomb matrix
elements.

3.6.2 Many-body effects

Local correlation effects on the 5f electrons

In particular we focus on the XWX direction, which has been recently probed experi-
mentally through ARPES [194]. The experimental spectrum is reported in the left panel
of Fig. 3.18, together with approximate band positions (dashed lines) that were esti-
mated from the second derivative of the measured data [194]. In the second and fourth
panels of Fig. 3.18, instead, we have reported the theoretical band structure along the
XWX direction, respectively for the NM and FM phases of UN. The experimental and
theoretical band structures look qualitatively similar but there is no quantitative agree-
ment. The experimental data seem somehow stretched along the energy axis. At a more
careful analysis, instead, we observe that the experimental states close to the Fermi level
are not moved to lower energy, but pushed upwards with respect to the theoretical data.
Moreover the spin-orbit induced gap in the 5f states at -1 eV (W point) is not observed
in the experiment. This last feature can be explained already in terms of the physical
picture given by DLM, which is shown In Fig.2 of Supplement VII. We observe in fact
that the U-5f states between -1 eV and 2 eV are strongly smeared by life-time effects,
which are also present in experimental data at room temperature. In this region the
band structure is not well defined any more. On the other hand, where the N contri-
butions are more important, i.e. from -1 eV and below, then the band structure shows
features similar to those observed in a one-particle approximation. Despite DLM man-
ages to describe this experimental feature, the rest of the band structure cannot be used
as a reference, since SOC cannot be excluded here. A good estimate of these errors
can be obtained by comparing the DLM spectral functions with the FM band structure
shown in the fourth panel of Fig. 3.18.

To clarify the doubts raised by the experimental data we have performed several DFT +
DMFT simulations, whose technical details have been described above. Results for the
PM phase with U=2.5 eV and J=0.7 eV have been reported in the third panel of Fig. 3.18.
Lifetime effects similar to those found in DLM can be observed. For occupied states,
the most relevant effects of the strong Coulomb interaction are observed close to the
Fermi level [196], since the U-5f states are located there. Stronger effects can also be
observed for the unoccupied states, but we will not focus on them in this study. Going
back to the electronic excitation spectrum, for energies below -1 eV the effects of the 5f
self-energies are negligible. In fact the DFT+DMFT data help to understand the band
narrowing close to the Fermi level in terms of Fermi liquid renormalization, but do
not explain the 1 eV disagreement on the position of the N-2p bands. The SPTF solver
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Figure 3.17. Total spin-integrated density of states (DOS) and projected density of
states (PDOS) of UN in different magnetic phases, and compared with
experimental data. Topmost panel: the DOS and PDOS in the NM phase
obtained in DFT-GGA. Middle top panel: the DOS and PDOS in the FM
phase obtained in DFT-GGA. Middle bottom panel: the DOS and PDOS
of the PM phase obtained in the DLM approach based on DFT-GGA.
Bottommost panel: experimental XPS data from Ref. [193] and previous
DFT+DFMT results for the PDOS of the U-5f electrons in UN. Figure from
Ref. [186]. Figure: courtesy from American physical society.
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Figure 3.18. Comparison between experimental ARPES data and theoretical band
structure for UN. Left panel: ARPES spectrum from Ref. [194], where
dashed lines represent approximate band positions estimated from the
second derivative of the ARPES data. Middle panel: NM band struc-
ture from scalar relativistic simulations with SOC. Right panel: FM band
structure from scalar relativistic simulations with SOC. Figure: courtesy
from American physical society.

used in the DFT+DMFT scheme gives a good description of the 5f electrons, due to
their low degree of localization and to the fact that SOC is included in its most general
formulation [197]. However, it is also known that this solver may have a problem in
describing the formation of a local moment at the correlated site [198]. If this is the case,
a better description of the system can be obtained through the FM spectral function,
reported in the fifth panel of Fig. 3.18. In fact some improvements can be observed,
especially in the region close to the Fermi level, where the U-5f band is moved within
the occupied states. However, the position of the N-2p band is even worse than for a
plain NM simulation with DFT.

Full many-body perturbation theory

Given that we have not obtained a good description of UN within the DFT+DMFT ap-
proach, our next step has been to perform QSGW simulations. The resulting band struc-
ture is shown (red lines) in the top panel of Fig. 3.19. DFT results are also shown to offer
a term of comparison. We first observe that the spectrum at low energies is very simi-
lar to the one obtained by DFT+DMFT with SPTF (third panel of Fig. 3.18). This is not
surprising, since the SPTF solver contains diagrammatic contributions similar to those
considered in the GW method. Therefore, in the latter we do not expect to observe the
shift of the U-5f states due to the formation of a magnetic moment, which was discussed
in the previous paragraph. The QSGW band structure shows also a strong renormaliza-
tion of the N-2p states, which are shifted downwards of about 0.5 eV in comparison to
DFT. This shift is not enough to obtain a perfect match of the QSGW spectral functions
with the experimental data of Ref. [194]. The problem of this lack of agreement lays in
that the parent DFT band structure is slightly different that the band structure obtained



60 CHAPTER 3. RESULTS

with other codes, which is shown in the bottom panel of Fig. 3.19. This is probably due
to the reduced basis used to perform GW simulations, which are computationally very
demanding. At the moment this issue is under investigation.

Figure 3.19. Top panel: Band structure along high symmetry directions in the Bril-
louin zone obtained from QSGW simulations of UN in the PM phase. The
red lines depict the band structure as an approximation of the fully inter-
acting spectral densities. The DFT band structure, represented by the blue
lines, is also shown, as term of comparison. Bottom panel: band structure
of UN in the NM phase obtained with a better treatment of relativity and
a larger basis.



Chapter 4

Conclusions

Reason, Observation, and Experience.

Robert G. Ingersoll

The conclusions can be summarised in six categories:

The role of defects in TiC

Titanium carbide is a naturally sub-stoichiometric compound which is known to con-
tain carbon vacancies as constitutional defects. In the results part of this thesis, only the
C-depleting defects are discussed in details. The species as mechanically stable point
defects in C-poor TiC (in the order of increasing energy) have been identified: carbon
vacancy Va

C

, [100] titanium dumbbell terminated by two carbon vacancies Ti00
D

, [100]
titanium dumbbell terminated by one carbon vacancy Ti0

D

, interstitial titanium Ti
I

oc-
cupying a symmetric tetrahedral position, and titanium dumbbell Ti

D

in the [100] and
[110] orientations. The carbon vacancies are obtained to be the constitutional defects in
C-poor TiC, which is in agreement with experimental observations. The electronic struc-
ture of these and other stable (as well as some unstable) conformations of point defects
have been calculated and presented in the form of differential density of states (dDOS)
exhibiting positive peaks at the energies of defect states and negative peaks at ener-
gies of annihilated host states due to the defect formation. For C-depleting defects the
electronic structure changes occur inside the upper valence band, near the pseudo-gap
centered at the EF (defect states) and near the Ti–C bonding peak at �2.5 eV (annihi-
lated host states).
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62 CHAPTER 4. CONCLUSIONS

Self-diffusion of Ti dumbbells

Several self-diffusion mechanisms of Ti
D

in TiC have been proposed, and the activation
energies are also investigated and compared with the experimental data. Concerning
the formation energy, our calculations have revealed that carbon vacancies not only
lower the formation energy of Ti dumbbells, but can also assist the migration of Ti

D

.
The activation energy of the diffusion mediated by Va

C

-Ti
D

-Va
C

cluster migration in
the three dimensional manner turns out to be 6.85 eV, which is in a good agreement of
experimental estimation of 7.66 eV. The discovery of this mechanism may be important
for our future research in which we hope to identify the dominant mechanism of Ti self-
diffusion in different compositional and temperature domains. The other proposed and
investigated mechanisms of self-diffusions are also reasonable in terms of the estimated
activation energies.

Exploration of the structure of Ru
2

C at ambient conditions

The R3m and R3̄m structures were found to be the lowest-energy metastable structures
of Ru

2

C. Both these structures are dynamically stable at ambient pressure, and the com-
pound R3̄m structure is the most energetically stable. In the R3̄m phase, we have ob-
served the appearance of metallic bonds, which are glued with the strong covalent bi-
layer of C. Alternatively, we can consider the structure formed of periodic C - Ru

I

- Ru
II

layers, which indicates that ionic - covalent bonds join metallic Ru layers together with
covalently bonded C layers. In the R3̄m structure, the uneven distribution of Ru and
C atoms leads to a high concentration of Ru-Ru metallic bonds and weakens the Ru-C
covalency. The formed metallic bonds diminish the hardness.

The effects of correlation and relativity in Ta
2

AlC

In Ta
2

AlC, the electrons in the 5d shell have been treated using DFT combined with an
external Coulomb correlation. The bulk modulus of Ta

2

AlC is found to be very sensi-
tive to the external Hubbard U value. The results illustrate that the Hubbard U correc-
tion depletes the occupation number of 5d states leading to a large equilibrium volume.
However, the obtained bulk moduli still cannot reach a good agreement with the exper-
imental data. On the other hand, the much heavier Ta atom motivates us to examine
the relativistic corrections. In the framework of full relativity, the equilibrium volume is
compressed by the downshift of the bands and the stronger boding occurs between the
5d-2p states. The computed bulk modulus still cannot meet the values obtained in the
experiments. Furthermore, going from scalar relativistic to fully relativistic effects does
not have a significant effect.
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The exploration of a new thorium monoxide

A virtual chemical reaction under pressure is performed, and produces ThO in the rock
salt structure. The rock salt ThO can be stable in the range of 14 GPa to 26 GPa, which
is realised by the oxidation-reduction reaction between Th and ThO

2

. This process is
reflected by the chemical enthalpy as a function of pressure. The dynamical stability
represented by the phonon dispersion curves verifies the existence of monoxide of Tho-
rium at the intermediate pressure value of 20 GPa. The hidden reason behind the forma-
tion of ThO has been revealed by the emergence of a strong 6d - 2p hybridisation under
pressure. The 6d and 5f states in ThO behave differently from those in the unoxidized
Th metal or in the higher oxidised compound, namely ThO

2

. The projected DOS indi-
cates the metallic nature of the stable ThO phase, in whose band structure, the mixed 6d
and 5f bands cross over at the Fermi level. This theoretical prediction of the existence
of monoxide of Thorium paves a new way to synthesise intermediate oxidation state
materials. This monoxide of Thorium, being of the metallic nature, can be considered
as a strong candidate material for the nuclear industry.

The local and non-local correlation effects in UN

We have studied the electronic structure of UN and explained several discrepancies
existing between experiment and previous theoretical studies. We have demonstrated
the importance of relativistic corrections, and of strong correlation effects. The latter
have been analysed in terms of local and non-local contributions. We have found out
that the local correlation effects have a primary role at low energies, close to the Fermi
level. At intermediate excitations, instead, non-local correlation effects seem to be more
important. A proper description of N-2p states is reached only through QSGW method.
These features make UN a particular tricky system to study, since it is characterised
by the interplay of strong spin-orbital coupling, local correlation effects and non-local
correlation effects.
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