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Abstract

In this Thesis a set of functional solid oxides for industrial applica-
tions have been addressed by first principles and thermodynamical mod-
elling. More specificially, measurable quantities such as Gibbs free energy,
geometry and electronic structure have been calculated andcompared when
possible with experimental data. These are crystalline andamorphous alu-
minum oxide (Al2O3), Zirconia (ZrO2), magnesium oxide (MgO), indium
oxide (In2O3) and Kaolinite clay (Al2Si2O5(OH)4).

The reader is provided a computation tool box, which contains a set of
methods to calculate properties of oxides that are measurable in an experi-
ment. There are three goals which we would like to reach when trying to cal-
culate experimental quantities. The first isverification. Without verification
of the theory we are utilizing, we cannot reach the second goal -prediction.
Ultimately, this may be (and to some extent already is) the future of first
principles methods, since their basis lies within the fundamental quantum
mechanics and since they require no experimental input apart from what is
known from the periodic table. Examples of the techniques which may pro-
vide verification are X-Ray Diffraction (XRD), X-ray Absorption and Emis-
sion Spectroscopy (XAS and XES), Electron Energy Loss Spectroscopy and
Photo-Emission Spectroscopy (PES). These techniques involve a number of
complex phenomena which puts high demands on the chosen computational
method/s. Together, theory and experiment may enhance the understanding
of materials properties compared to the standalone methods. This is the final
goal which we are trying to reach-understanding. When used correctly, first
principles theory may play the role of a highly resolved analysis method,
which provides details of structural and electronic properties on an atomic
level. One example is the use of first principles to resolve spectra of multi-
component samples. Another is the analysis of low concentrations of defects.
Thorough analysis of the nanoscale properties of products might not be pos-
sible in industry due to time and cost limitations. This leads to limited control
of for example low concentrations of defects, which may still impact the fi-
nal performance of the product. On example within cutting tool industry is
the impact of defect contents on the melting point and stability of protec-
tive coatings. Such defects could be hardening elements such as Si, Mn, S,
Ca which diffuse from a steel workpiece into the protective coating during
high temperature machining. Other problems are the solvingof Fe from the
workpiece into the coating and reactions between iron oxide, formed as the
workpiece surface is oxidized, and the protective coating.

The second part of the computational toolbox which is provided to the
reader is the simulation of solid oxide synthesis. Here, a formation energy
formalism, most often applied to materials intended in electronics devices is
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applied. The simulation of Chemical Vapour Deposition (CVD) and Phys-
ical Vapor Deposition (PVD) requires good knowledge of the experimental
conditions, which can then be applied in the theoretical simulations. Effects
of temperature, chemical and electron potential, modelledconcentration and
choice of theoretical method on the heat of formation of different solid ox-
ides with and without dopants are addressed in this work. A considerable
part of this Thesis is based upon first principles calculations, more specifi-
cally, Density Functional Theory(DFT) After Kohn and Pople received the
Nobel Prize in chemistry in 1998, the use of DFT for computational mod-
elling has increased strikingly (see Fig. 1). The use of other first principles

Figure 1:First principles/DFT publications from ISI Web of Science.

methods such as hybrid functionals and the GW approach (see abbreviations
for short explanations and chapter 4.5 and 5.3.) have also become increas-
ingly popular, due to the improved computational resources. These methods
are also employed in this Thesis.
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Chapter 2

Introduction

2.1 Solid oxides- A complex problem

Solid oxides display a wealth of unique properties, and are employed in count-
less applications, such as protective coatings, refractory materials, as catalysts, in
electronic devices and in glass-making. In this Thesis, we touch upon several dif-
ferent oxides; from Al2O3 and ZrO2 which are large band gap insulators to VO
which is a highly correlated "bad" metal. In order to model these oxides to give
trustable results, there are a number of complex problems which cannot be avoided
if even qualitative predictions are expected from theory. These complex tasks and
the routes to solving them may be divided into a number of subgroups.

Starting with the intrinsic oxide, current methods such as DFT are well capable
of determining accurate structural properties such as bond lengths, molarvolume
and bulk modulus. Also, the supercell size is not a limiting factor in the case of
the pristine system, as an example, an accurate calculation of the 10 atoms unit cell
of rhombohedralα-Alumina would take less than 3 s, using 16 cpus. However,
if low concentrations of dopants are to be studied, the supercell size will become
an issue, due to unfavorable scaling of most first principles compared to empirical
methods. A too small supercell size induces unwanted interactions between defects
in neighboring supercells which often have major impact on the results.

Morover, the charge density is calculated selfconsistently in a DFT-calculation
and should provide the properties of chemical bonding in the studied structure.
But, since the viable functionals within this approach, GGA and LDA are local
in their character [1] (although the gradient of density is included in the case of
GGA) and since they contain some unphysical self-interaction. An example of

7



8 CHAPTER 2. INTRODUCTION

this is the unphysical delocalisation of a hole as a cation vacancy is introduced
in a system (the cation, which is a donor is removed). Another example is the
delocalisation of an electron provided by a donor dopant. Both cases mightlead to
that an oxide erronously seems to turn metallic as it is doped. Approaches such as
Self-Interaction Correction (SIC) [2–4] have been developed in order to take care
of this problem.

The second problem is related to the quasiparticle character of the DFT Kohn-
Sham states. These states will not obey Koopman´s theorem and excited orempty
states are not well described. However, it turns out that close to the bottom of the
conduction the Kohn-Sham band structure for a simple pristine uncorrelated oxide,
without spin-orbit coupling DFT in many cases is quite correct, although shifted
by a fixed value in relation to the experimental band gap. We will touch upon this
rigid shift in later sections. A more sophisticated method of improving the band
gap value, is to add some HF (exact exchange) to the DFT exchange, constructing
a so-called hybrid functional, [5–8]. A nowadays viable alternative to improving
the DFT exchange correlation functional is to switch from mean-field theoryto a
many body approach such as GW. This has been shown to markedly change the
formation energy of different defect charge states [9, 10]. Both these methods will
be discussed in later sections. In Fig. 2.1, the LDA/GGA- and hybrid functionals
are compared in complexity with Hartree-Fock and the GW method, on what may
be calledJacob’s ladder(allthough, this definition of jacob’s ladder is different to
that described by Perdew and Mattsonet al., in which DFT-functionals are kept
and improved [11, 12]. Climbing up the ladder leads to a better estimation of the
band gap and defect properties in semiconductors and insulators.
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Figure 2.1: "Climbing Jacob’s ladder".

A third major difficulty is the insufficient description of the correlation part of
the exchange correlation functional. For transition metal oxides, such as Cr2O3,
VO, V2O3 and Fe2O3 this is especially problematic. The transition metals have a
partially filled 3d-shell, where the electrons are very localized. This induces strong
electron-electron interaction which impacts the correlation part of the exchange-
correlation functional. In order to describe these compounds we may needto to
move beyond DFT, to more sophisticated methods such as GGA+U, SIC or DMFT.
[2, 13, 14], An insufficient description of correlation will give errorsin both mag-
netic and energetic properties. In Figure 2.2, a structure map of an oxide problem
is displayed. The reader may use this map to get ideas of which methods to turn to
if she/he wants to calculate properties of an oxide. The map may also be a guidance
through this Thesis. It should be pointed out, that the viable computations change
continuosly with the increasing computational performance, and thus a method
which is too computationally demanding today might well be applied within a few
years.
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Figure 2.2: Structure map of an oxide problem.
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2.2 Sandvik Business areas and products

Sandvik is an engineering group with three main business areas;Tooling, Materials
TechnologyandMining and Construction. Sandvik produces and develops tools
and tooling systems for metal cutting, wear parts and super-abrasive components,
equipment for mining and construction, steel belts, advanced stainless steels and
alloys as well as medical implants and dental applications. Oxide coatings apply
in several of these products, one of which perhaps is the most common, is as a
coating on cutting tools. Here follows a short introduction to the production ofa
cemented carbide tool. The materials used for the production of cutting tools are
cemented carbides, high-speed steels, synthetic diamond, cubic boron nitride and
special ceramics. Now follows a short, schematic description of the production of
a coated cemented carbide tool. A cemented carbide insert (cutting tool) consists
mainly of tungsten carbide (WC) and cobalt (Co) powder, with some additives
which improve the lifetime and reliability of the insert. The powders are pressed
together with a pressing agent to a so called green body. The green bodyis then
sintered to produce a dense, solid composite. Thereafter the insert is coated by
Physical Vapor deposition (PVD), or chemical vapor deposition (CVD) by several
layers of protecting ceramic materials. In Fig. 2.3, a PVD-reactor is shown.Some
examples of common coatings are (Ti,Al)(C,N) and Al2O3. An Al2O3-coating is
displayed in Fig. 2.3. TiN is commonly used as a top layer to get a yellow color
of the insert. After-treatments are generally performed to improve edge geometry
and to decrease tensile stresses (mainly a problem in CVD) in the coating. In Fig.
2.4, examples of different turning tools are shown.

Figure 2.3: (LEFT) An example of how a PVD-reactor can look like from the
inside. (RIGHT) A SEM image of an Al2O3 coating on top of an intermediate
layer. The cemented carbide substrate is not visible. Courtesy of SandvikTooling.
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Figure 2.4: Examples of different turning tools. Courtesy of Sandvik Coromant.
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2.3 Introduction to defects

By a crystalline defect one generally means a region where the microscopicar-
rangement of ions drastically differs from that of a perfect crystal [15]. In Figure
2.5, we displayintrinsic andextrinsic defects, some of which we have investigated
in this thesis, by a schematic picture, displaying an fcc-type AB compound, con-

Figure 2.5: An example of defects in an fcc-structure of A and B atoms. TheA
/ B vacancies (VA / VB), antisites (AB / BA) are examples of intrinsic defects,
stemming from the AB compound itself. CA and Ci represent the substitutional
and interstitial extrinsic (non-native) defects.

sisting of A and B atoms. Defects which are intrinsic stem from the material itself,
and examples of such are A- and B-vacancies,VA andVB, A- and B-interstitials,
Ai andBi, and antisites of A and B ,AB andBA. Examples of extrinsic defects
are those of another origin than from AB, such as, substitutional C defects, CA

and CB and interstitial C defects,Ci. The different type of defects can be catego-
rized by their extension in space. One-dimensional (point) defects are misplaced
or missing atoms in a lattice, whereas two-dimensional defects can be dislocations.
One example of a dislocation is the edge dislocation, where part of an additional
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atomic plane has been inserted to a crystal. Another example is the screw disloca-
tion, which is created by cutting a crystal along a plane and shearing it one atom
spacing parallel to that plane [16]. Different surfaces such as grainboundaries are
examples of surface defects. Examples of three-dimensional defects onthe macro-
scopic scale are cracks, voids and inclusions.
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Computational methods

3.1 The Schrödinger Equation

For a non-relativistic quantum system [17], consisting ofN electrons andM nu-
clei, we may use the time dependent Schrödinger equation, [18],

ih̄
δψ(~r1, ..., ~rN , ~R1, ..., ~RM , t)

δt
= Hψ(~r1, ..., ~rN , ~R1, ..., ~RM , t). (3.1)

whereψ is the wave function, an eigenstate of the hamiltonian,H.

H = −
h̄2

2me

∑

i=1

∇2
ri

−
h̄2

2MI

∑

I=1

∇2
RI

+
∑

i,I

ZIe
2

|~ri − ~RI |
+

1
2

∑

i,j=1,i6=j

e2

|~ri − ~rj |
+

1
2

∑

I,J=1,I 6=J

ZIZJe
2

|~RI − ~RJ |
.

(3.2)

CapitalM denotes the mass of the ions,R is the position of the ions andZ is the
charge of each ion.m denote the electron mass,r is the position of the electrons
ande is the electron charge.I, J andi, j are indices that run over the ions and
nuclei. The first and second term in Eq. 3.2 are the kinetic energy for electrons
and nuclei, whereas the third, fourth and fifth term are the potential energies of the
electron-nuclei, electron-electron and nuclei-nuclei interactions.

Considering the relative motion of electrons and nuclei, it is reasonable to as-
sume that the electrons will adjust instantaneously to the position of the nuclei as
they move. This is due to the very small mass of the electrons compared to the
nuclei. We may now treat the electrons as if they were moving in an environ-
ment of static nuclei, theBorn-Oppenheimer approximation. Now the Schrödinger

15
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equation can be reduced to its time-independent form,

Hψ(~r1, ..., ~rN , ~R1, ..., ~RM ) = Eψ(~r1, ..., ~rN , ~R1, ..., ~RM ). (3.3)

A detailed derivation of the Born-Oppenheimer (adiabatic) approximation can be
found in Appendix C in [18].

The computational costs of solving the Schrödinger equation for an interact-
ing many body system are huge, forcing us to use simplified theoretical methods.
One less cumbersome method of solving this problem is the independent particle-
approach, which assumes that electrons are uncorrelated, but must obey the Pauli
exclusion principle. In one of the coming sections, Density Functional Theory is
introduced, which transforms the many body problem to a set of one-electron prob-
lems. Another approximation to the many body system is the Hartree-Fock method
[19]. In Hartree-Fock theory the wavefunction is treated explicitly and theeigen-
values follow Koopman’s Theorem, However, due to the insufficient screening of
the Coloumb potential, HF gravely overestimates band gaps of semiconductors.
This problem can to large extent be overcome by introducing additional screen-
ing. In GW theory, the dielectric tensor is applied to screen the Coulomb potential
of the material. This method is described in Section 5. A deeper discussion on
Hartree-Fock theory can be found in the book by Szabo and Östlund [20].

In the main part of the appended papers, DFT has been the method of choice,
therefore follows a more detail description of this method.

3.2 The electron density

The density,n(~r), of a system, without consideration of spin, is the sum of the
square of the wavefunction,ψi(~r),

n(~r) =
N
∑

i=1

|ψi(~r)|2. (3.4)

If spin is included, the wave function will be a spinor [21],

ψi(~r) =

(

φiα(~r)
φiβ(~r)

)

.

where the first and second row of the vector corresponds to spin up and down. Since
the spinor has two components, the density will have four components, forming a
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density matrixρ(~r),

ρ(~r) =
N
∑

i=1

(

|φiα(~r)|2 φiα(~r)φ∗
iβ(~r)

φiα(~r)∗φiβ(~r) |φiβ(~r)|2

)

.

We may expand the density matrix in terms of the densityn(~r) and the magnetiza-
tion densitym(~r) [22],

ρ(~r) =
1
2

[n(~r) · I +m(~r) · σ] (3.5)

WhereI is the unit matrix andσ is a vector containing the Pauli matrices [23].
In this thesis, we will only consider collinear magnetization, where the spins are
arranged along one global quantization axis (assumed to be z). The magnetization
will then be defined as [22],

mz(~r) =
N
∑

i=1

[|φiα(~r)|2 − |φiβ(~r)|2] =
N
∑

i=1

[n↑(~r) − n↓(~r)]. (3.6)

wheren↑(~r) andn↓(~r) is the spin up and down density.

3.3 Density Functional Theory

The theory of this section is mainly based on the book"Electronic structure: Ba-
sic Theory and Practical Methods" by R. M. Martin[18]. The fundamental basis
of Density Functional Theory (DFT) is the replacement of the many body system
with a different auxiliary system which can be solved more easily. In principle,
DFT is an exact theory, but in practice, approximations to part of the hamiltonian
are used. The central theorems of DFT are the Hohenberg-Kohn theorems [24, 25]
which state that,

Theorem I. For a system of interacting particles there is a one-to-one correspon-
dence between the external potential,Vext(~r), and the ground-state particle density,
n0(~r). The ground-state expectation value of any observable will thus be a unique
functional of the ground-state particle densityn0(~r).

〈Ψ|A|Ψ〉 = A[ρ0(~r)]. (3.7)
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Theorem II. For any external potentialVext(~r) it is possible to define a universal
total energy functionalE[n] of the particle densityn0(~r), written as,

E[ρ(~r)] = FHK [ρ(~r)] +
∫

Vext(~r)ρ(~r)d~r. (3.8)

whereFHK [ρ(~r)] includes all the internal energies and the kinetic energy of the
interacting particle system. The global minimum of this functional is the exact
ground-state total energy of the system,E0, and the particle density that minimizes
this energy functional is the ground state density,n0(~r). From the first theorem,
we may conclude that all properties of a system are completely determined by only
the ground state density. This emphasizes the importance of the electron density
within DFT and the solution of the Schrödinger equations will be less cumbersome
since the explicit use of the wave function is no longer needed.

The ground state particle density and the total energy are calculated within the
formulation of Kohn and Sham [26], which assumes that the density of a system of
interacting electrons can be obtained as the density of an auxiliary system ofnon-
interacting particles, moving in an effective potentialV~r. The many body problem
is thus mapped as a single particle problem of electrons, given by theKohn-Sham
equations[26],

HΦj(~r) = ǫjΦj(~r). (3.9)

Where the Hamiltonian of the auxilary system is now represented by,

Ĥ = −
h̄2

2me

∑

i

∇2
ri

+
∑

i

V (~ri). (3.10)

The effective potential,V (~ri), includes the following parts,

V (~r) = Vext(~r) +
1
2

∑

i6=j

e2

|~ri − ~rj |
+
δEXC [n(~r)]

δn(~r)
(3.11)

WhereVext is the external potential describing the interaction between the ion cores
and valence electrons. The second term is the Coulomb potential and the thirdterm
is theexchange-correlation functional. The latter is the only part of the Hamilto-
nian which cannot be evaluated exactly. In the next section a more detailed discus-
sion regarding the different approximations to the exchange correlation functional
will be presented.
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Finally the Schröinger equation for the many body system, mapped onto the
auxiliary single particle system, needs to be solved self consistently by iterative
methods. A schematic picture of the self-consistent procedure would be:

1. Make an initial guess ofn(~r).

2. CalculateV (~r).

3. Find the wave functionΦj(~r).

4. Calculate a new density.

5. If the convergence criteria are reached the problem is solved, if not wereturn to
step 1.

Exchange correlation functional

The theory of this section is based on the references [27] and [1]. First we should
try to understand what the exchange and correlation is. Imagine that electrons dig
a hole around themselves, such that the electron density in the vicinity of each
electron is diminished. This hole is what we call theexchange correlation hole,
hxc, and it may be split into theExchange hole, hx, which applies only to electrons
of the same spin, and theCorrelation hole, hc. The Fermi hole integrates to -1, due
to the antisymmetry of the wave function,

∫

hx(~r1;~r2)d~r2 = −1. (3.12)

whereas the Coulomb hole has contributions from electrons with both spin up and
down and will instead be normalized to 0.

∫

hc(~r1;~r2)d~r2 = 0. (3.13)

To find theexchange correlation energywe consider interaction between the elec-
tron and the hole density;

EXC =
1
2

∫ ∫

n(~r1)hXC(~r1;~r2)
r12

d~r1d~r2. (3.14)
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The exchange correlation energy functionalEXC [n(~r] can be approximated by
some local functional, dependent on the density. TheLocal Density Approximation
[28] of the exchange correlation functional is the most commonly used [29]and has
the following form,

ELDA
XC [n(~r)] =

∫

d3~rn(~r)ǫhom
XC (n(~r)). (3.15)

WhereεXC is the exchange-correlation energy per particle of a uniform electron
gas with densityn(~r). The simple foundation of the LDA functional is that many
solids can often be considered as close to the limit of a homogeneous electron
gas. In general, LDA describes solids similar to an electron gas well, examples
are simple metals, such as, K, Na etc. Surprisingly, LDA in many cases works
very well for solids with properties far from the homogeneous electron gas. There
are several suggested reasons to this: First, the non spherical components of the
exchange correlation hole which are neglected within the LDA, do not contribute in
large extent. Second, within the LDA, the exchange correlation hole is normalized
to -1, which is physically correct. Third, since the LDA works unexpectedly well,
there is reason to believe thatEXC is short ranged in space.

Although LDA might work in many cases, one common problem is the over-
estimation of binding energy. Another functional was carried out by Herman et al.
[30], theGeneralized-gradient approximation(GGA), described as,

EGGA
XC [n(~r)] =

∫

d3rn(~r)ǫXC(n(~r), |∇n(~r)|, ...)

=
∫

d3rn(~r)ǫhom
X (n)FXC(n(~r), |∇n(~r)|, ...)

(3.16)

WhereFXC is a functional of the densityn(~r) and the density gradient|∇n(~r)|.
The GGA exists in many forms, such as B88 by Becke [31], PW91 by Perdew
and Wang [32] and PBE by Perdew, Burke and Enzerhof [33]. The exchange en-
ergy of GGA is always lower than that of the LDA, resulting in a reduction in
binding energy, correcting the LDA over-binding. This often improves agreement
with experiment, although in many cases GGA instead leads to under-binding. In
this thesis, GGA (PW91, PBE, PBE0) has been used, since the experimental cell
parameters were better reproduced by GGA than LDA for the investigated solid ox-
ide systems. More specialized functionals are the AM05 [34–36] and PBEsol [37]
which are functionals designed to include surface effects. Both are implemented in
the latest version of VASP.
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Wave function and basis set

In this section we will briefly mention one of many possible methods of basis
sets into which the wave functions of the Kohn-Sham orbitals can be expanded.
This is the Projected Augmented Wave method (PAW) [38], which has been used
throughout this thesis as implemented within the Vienna ab initio simulation pack-
age (VASP) [39]. An excellent reference on this topic is Ref. [40]. The PAW-
method combines the use of all electron wavefunctions, ultra-soft pseudopotentials
and augmented planar wave methods [29].

In the PAW method, the varying properties of the all-electron wavefunction in
different regions of a solid is used for its description. In the vicinity of the nucli,
the wavefunction is rapidly oscillating. Thus it is suitable to use partial waves to
describe this region. However, in the interstitial region, the wavefunction varies
more slowly and can be well described by plane waves. Based on this idea of
a dual representation of the true wavefunction, we can derive partial waves from
numerical solution of the radial Schrödinger equation;

Φ~k
(E, r) =

∞
∑

l=0

m=+l
∑

m=−l

AlmYlm(~r)Rnl(E,~r). (3.17)

Wherem and l are the magnetic and orbital quantum numbers,Y is the spheri-
cal harmonics andR is the radial wave function. In the core, the partial waves
are taken into account as part of the total electron density, but they are frozen and
not subject to the minimization of the total energy (all electron frozen core).In
the semi-core the all-electron wave function,|Ψ〉, can be transformed to a node-
less, smoothly varying, pseudo wavefunction,|Ψ̃〉. This transformation takes place
within a predeterminedaugmentation sphere, and outside this sphere|Ψ〉 and|Ψ̃〉
coincide. Within each augmentation sphere, both|Ψ〉 and|Ψ̃〉 can be represented
as linear combinations of partial waves,

|Ψ̃n〉 =
∑

i

ci|ψ̃i〉

|Ψn〉 =
∑

i

ci|ψi〉.
(3.18)

The linear transformation between|Ψn〉 and|Ψ̃n〉 is performed by,

|Ψn〉 = T |Ψ̃n〉. (3.19)

Using the transformation operatorT ,

T = 1 +
∑

i

(|ψn〉 − |ψ̃n〉)〈p̃i|. (3.20)



22 CHAPTER 3. COMPUTATIONAL METHODS

Where|pi〉 is the projector function which can be generated by different practical
schemes [40] and is required to be orthogonal to the pseudo partial waves. The
pseudo-wavefunction thus directly shadows the all-electron wavefunction. [40]
There are various types of pseudopotentials, which all have the purpose of replac-
ing a rapidly oscillation wavefunction with a smooth pseudopotential [41]. The
softness of the pseudopotential determines the size of the augmentation sphere,
and the number of plane waves needs to be determined accordingly. Ahard pseu-
dopotential extends over a small augmentation sphere and requires more planar
waves for a satisfying description of the solid, whereas asoftpseudopotential ex-
tends over a larger augmentation sphere, has more smooth oscillations than the
hard pseudopotential and requires fewer planar waves.

The planar waves, describing the interstitial region, are periodic in space, and
follow Blöchl’s theorem;

ψ
j~k

(~r) =
∑

~G

c
j,~k, ~G

ei(~k+ ~G)·~r. (3.21)

This set of planar waves is infinite, and since it is known that the coefficients,
c

j,~k, ~G
, decrease quickly with the increase of the kinetic energy,h̄2

2m |~k + ~G|2, an
energy cutoff to truncate this plane wave expansion can be defined. Thisenergy
cutoff should be chosen to yield converged results.

3.4 Corrections to the supercell approach

In all codes based on plane waves, the supercell approach is employed. Here, a
periodic unit, such as the primitive cell or asupercellconsisting of several primi-
tive cells, is constructed. This is an excellent approach when perfect single crystals
are considered, and also reproduces bulk properties very well. However, if the pe-
riodicity is broken, as in the case of dopants or the construction of surface slabs,
complications due to this periodical repeatment of cells arise. This section is de-
voted to the corrections to the supercell approach which improve the description
of defects within the supercell approach. Recommended references are [42] and
[43]. A major advantage of the supercell method within DFT is that the bandstruc-
ture of the host crystal is well described [43]. However, for a defect containing
supercell, there will be interactions between the neighbouring defects, due to the
periodic boundary conditions. These interactions are physical if high concentra-
tions of ordered defects are of interest. However if the properties of anisolated
defect interacting with a host material is of interest, the following correctionsfor
defect-defect interaction are needed.
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Potential alignment

As a charged defect is introduced into a host, charge neutrality conditionswill
be violated, leading to the divergence of the Coloumb potential. This divergence
is avoided by setting theG component of the electrostatic potential to0. As a
consequence, the spectrum of the Kohn-Sham eigenvalues will only be defined up
to a constant [42]. The value of this constant offset is unknown and occurs both
in the calculation ofEV and the energyE(D, q). In order to achieve consistent
results, the potentials of the charged defect and the host calculation needs to be
aligned. The potential alignment is described as,

∆Epa(D, q) = q[VR(D, q) − VR(0)]. (3.22)

Where[VR(D, q) − VR(0)] is the difference between the potential at a reference
point in the defect and host calculation. This can, in the case of oxides, be done in
two alternate ways:
(I) The electrostatic potential at, preferably, interstitial sites far from the defect in
the defect containing and pristine supercell are aligned.
(II) The eigenvalues of the localized O-2s states in the intrinsic system and the
defect supercell can be aligned. This is however an approximation to the former
method, since the core energies of the intrinsic and defect supercell will be different

DFT band gap error

Although DFT is believed to accurately describe the total energy of an intrinsic
semiconductor, it is wellknown to greatly underestimate the fundamental band gap
energies of semiconductors. If defect formation energy as a function of Fermi en-
ergy is to be studied, the size of the band gap has great importance. Thereare
alternate ways of addressing this problem. One is simply to change method from
DFT to for instanceGW [10], which allows us to describe excited states, in prin-
ciple, providing the correct band gap. Though, GW would by far not allow us to
study such low concentrations, (< 3 at%), as we have investigated in this thesis,
due to the non-beneficial scaling with the number of atoms in the cell. A less time
consuming alternative is to use the LDA+U method, which takes into account or-
bital dependence of the Coulomb and exchange interactions which is absent in the
LDA. The LDA+U approach, [13], will, if a correct Coloumb U is chosen, lead to
an improved description of the band gap but may also improve ground state prop-
erties such as magnetic moments.
A third, simpler approach, is to shift the conduction band upwards in energy by
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∆Eg in order to match the experimental band gap (the scissors operator). Then,
most importantly,∆Hf of shallow donors need to be corrected by an amount given
by ∆EDq

= n∆Eg, weren is the number of donors states. Similarily, if instead,
the VB is shifted downwards,∆Hf of shallow acceptors need to be corrected. This
energy shift might considerably shift the formation energies of defects with many
electrons interacting with the conduction band. The band gap correction, along
with alignment of the electrostatic potential and multipole correction have all been
applied inPaper I. In Figure 3.1, we display a comparison between our calculated
uncorrected and corrected formation energy (Band gap error and Makov Payne).
As can be seen in Figure 3.1, the band gap correction has significant effect on

Figure 3.1: Comparison between the formation energies at oxygen rich andoxygen
poor conditions before and after band gap (BG) and Makov Payne (MP) correction
for interstitial Al in cubicZrO2. For clarity, the transition energies are only marked
for oxygen rich conditions, since they are identical for oxygen poor conditions.

the charge transition energies of interstitial Al in cubicZrO2. The Makov-Payne
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correction does not change the transition energies significantly.

Image charge interaction

Charged defects introduce an additional, aperiodic charge density to the host, al-
tering its periodic charge density. Makov and Payne, [44], suggested amultipole
correction for the interaction of charge images in the neighbouring supercells to
the total energy of a supercell, which is written as,

∆EMP (D, q) = +
q2αM

2ε0V
1/3

c

+
2πqQ
3ε0Vc

+O(V −5/3
c ) (3.23)

WhereαM is the lattice-dependent Madelung constant andVc is the volume of
the cubic supercell. The first and second term is the monopole and quadrupole
correction.ε0 is the dielectric constant andQ is the second radial moment of the
defect charge density. The main objection to using the multipole correction is that
if the charge in the crystal is completely delocalized, then the correction should
be 0. The correction might then overestimate the true image charge interactions.
This is especially a problem in oxides, which often have high dielectric constants,
effectively reducing the strength of interaction between defects in neighboring cells
[43]. As an example, in Figure 3.1, we see that the multipole correction does not
have any significant effect on the transition energy of different charge states of
interstitial Al in cubic zirconia.

Band filling correction

The formation and transition energies of dopants are normally referencedto a dop-
ing concentration in the dilute limit, i.e.≪ 1018 cm−3 [42]. Due to the limitations
of supercell size, the concentration of dopants in our model systems is consider-
ably higher and impurity electrons will form an impurity band instead of a single
localized state. If the impurity band is close enough to the conduction band, empty
states might be filled up in the conduction band. To correct the total energy due to
this bandfilling, these higher energy states have to be subtracted,

∆Ebf (D, q) = −
∑

j≫c,~k

(w~k
η

j~k
ε

j~k
− εc~0). (3.24)

Whereε
j~k

is the single particle eigenstates of the donor electrons andεc~0 is the
lowest populated state for shallow donors.w~k

andη
j~k

are weights of the k-points
and and electron population. Since our aim in this Thesis was to calculate the total
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energies of "highly" doped semiconductors,≤0.3at%), the correction was set to0
in this thesis.

Determining the valence-band maximum

There are several ways to determine the valence band maximum (VBM),EV , of a
pristine supercell. Among others, Ref. [42] have suggested to take the following
limit on EV ,

EV = limq→0∆ET (q). (3.25)

That is, using an infinitely large supercell with a chargeq = 1 (or an infinitely
small charge), where∆ET (q) equals,

∆ET (q) = [ET (0) − ET (q)]/q. (3.26)

In Figure 3.2, a comparison between our evaluated valence band maximum for
pristine, charged, cubicZrO2, by Eq. 3.26 and by simple evaluation from the
calculated DOS is shown. The evaluation from Eq. 3.26 requires relativelylarge
supercells to converge to a constant value, whereas evaluation from DOS gives
almost the same values at the different supercell-sizes. This implies, that determin-
ing the VBM from Eq. 3.26 is less consistent than the evaluation of the VBM from
DOS. Therefore, we have determined VBM from the DOS in this thesis.

3.5 Hybrid functionals-Fitting or relevant physics?

It is quite wellknown that the mixing of some exact exchange with Density func-
tional approximation (DFA) exchange correlation energy often improves the den-
sity functional approximation. This has been applied by Beckeet al.[5, 6], in the
B3PW91 functional and later in the B3LYP functional. In the B3PW91 and B3LYP
functionals the ratio of exact and DFA exchange are determined by fitting to ex-
perimental atomization energies. ThePBE0functional, which we have utilized in
this Thesis (within the Heyd Scuseria and Ernzerhof functional [45–47]), follows a
similar approach, allthough the fraction of exact and DFA exchange are determined
by a conceptual model presented by Perdewet al. [8].

Becke showed in 1993 [5, 6] that the adiabatic connection formula is a proper
starting point for hybrid theory [8],

Exc =
∫ 1

0
dλExc,λ. (3.27)
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Figure 3.2: The valence band maximum of pristine, charged, cubicZrO2 calcu-
lated according to Eq. 3.26,(black squares), and evaluated from DOS asa function
of V/q, (red triangles), whereV is the volume of the supercell andq is the charge.

Here, EXC is the exchange-correlation energy,λ scales the contribution from exact
exchange. The exact exchange energy can be written as,

Ex =< Ψ0|V ee|Ψ0 > −
e2

2

∫

d3r

∫

d3r′ δ(r)δ(r’ )
|r − r’ |

. (3.28)

Thus, the exchange-correlation energy would be,

Ex, λ =< Ψλ|V ee|Ψλ > −
e2

2

∫

d3r

∫

d3r′ δ(r)δ(r’ )
|r − r’ |

. (3.29)

At λ = 0, the Kohn-Sham non-interacting system is recovered [8]. Perdewet al.
[8] proposed a model for the coupling constant dependence,

Ehyb
xc,λ(n) = EDF A

xc,λ + (Ex − Ex
DF A)(1 − λ)n−1. (3.30)

Where Ehyb
x,λ=0 reduces to include only exact exchange and EDF A

c =EDF A
xc -Ex

DF A

andn ≥ 0 is an integer which controls how rapidly the correction to DFA vanishes.
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Perdewet al. then argued that the optimal n should be the lowest order of pertur-
bation which still provides a realistic description of the shape orλ-dependence of
the exact Exc,λ,

Exc,λ≈e2(c0 + c1λ+ ...+ cn−1λ
n−1)

(0≤λ≤1).
(3.31)

They found thatn = 4 gave good match amongst a dataset of molecules be-
tweenEhyb

xc andEDF A
xc,λ both in the value, slope and second derivative. The hybrid

exchange-correlation would then be, forn = 4 and forλ going from 0 to 1,

Ehyb
xc =

∫ 1

0
dλEhyb

xc,λ = EDF A
xc,λ +

1
4

(Ex − Ex
DF A). (3.32)

Since the exact exchange decays very slowly, the PBE0 calculation is very
computationally demanding. Marsmanet al. [47] suggested that the hybrid func-
tional could be decomposed into a long-range and a short-range part. The long-
range part of the exact exchange could then be replaced by a DFA counterpart,
EDF A,lr,µ

x .

EHSE
xc =

1
4
Esr,µ

x +
3
4
EDF A,sr,µ

x + EDF A,lr,µ
x + EDF A

c . (3.33)

Where Esr,µ
x is the short range exact exchange energy, EDF A

c is the DFA correlation
energy andµ is related to thecharacteristic distance, (1/µ), at which the short-
range interactions become negligible. In practice, the short and long range parts are
separated by a decomposition of the Coloumb kernel by means of error functions,

1
r

=
erfc(µr)

r
+
erf(µr)

r
. (3.34)

The HSE functional gives results very close to that of the PBE0 functional [47],
allthough this simplified approach decreases computational time considerably.How-
ever, it should be noted that Fig. 3.5 has a log-log scaling, and that the band gap of
solid semiconductors and insulated are still underestimated.

In general, the inclusion of exact exchange leads to a higher degree ofspatial
localization of the wavefuctions than conventional density functionals, which is
seen in paper 5, where HSE has been applied to MgO and VO, Fig. 3.5.
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Figure 3.3: Comparison of PBE, HSE03 and PBE0 band gaps. Courtesy of Mars-
manet al. [47]
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Figure 3.4: (a) The total DOS of MgO as calculated by HSE03. (b) Total and
orbital-projected partial DOS of VO as calculated by HSE (t2g -blue full line and
eg -green dashed line), and (c) as calculated by GGA-PW91 (t2g -magenta full line,
eg -dashed red line).



Chapter 4

Beyond Density functional theory

4.1 The many body approach

Many body physics is conveniently formulated in terms of theSecond quantiza-
tion representationor Quantum field theoryand was first introduced by Dirac in
1927 [48] and later developed by Jordan and Wigner [49]. The difference between
quantum field theory and quantum mechanics is the quantization of fields. In quan-
tum mechanics (commonly called first quantization), introduced by Heisenberg,
Schrödinger and Dirac in 1925-1926 [48, 50, 51] only the motion of particles are
quantized. In second quantization theory, the electromagnetic field and even the
particles themselves are quantized [52]. Quantum field theory postulated that all
quantum states are represented by state vectors in a Hilbert space, and that all ob-
servables are represented by Hermitian operators acting in this space. Alloperators
may then be expressed in terms of the fundamental creation and annhilation opera-
tors c†vj and cvj for a many body system of fermions. These operators are suitable
to describe a many body system, since they are able to remove and add states of a
system, a property which can be utilized to describe particle propagation. c† and c
follow the anticommutation relations,{A,B}≡AB +BA,

{c†
vj
, c†

vk
} = 0.

{cvj
, cvk

} = 0.

{cvj
, c†

vk
} = δvj ,vk

.

{c†
vcv, cv} = −cv.

{c†
vcv, c

†
v} = c†

v.

(4.1)

31
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In Fig. 4.1 the one- and two-particle operators are represented. The one-particle
operator could for instance describe propagation of a free electron, whereas the
two particle operator would represent two particles interacting. Examples are the
Kinetic energy, which is a one-particle operator and the Coloumb interaction which
is a two particle operator.

Figure 4.1: Graphical representation of the one-and two-particle operator propa-
gating the particle/s from one state,νi to another stateνj . For the two-particle
operator four indices ofν are needed.

A general one and two-particle operatorT , andV can then be defined as [52],

T tot =
∑

vi,vj

T vivj
a†

vi
avj

. (4.2)

V tot =
1
2

∑

vivjvkvl

V vivjvkvl
a†

vi
a†

vj
avl
avk

. (4.3)

It is useful to define the single-particle propagator, theGreen’s function, within
second quantization representation [53]. The Green’s function is one of the key
concepts in the many body theory, used to describe the motion and interaction of
particles and is a good tool to calculate experimental spectra,

G(p, τ) = −i < Ψ0|Tcp(τ)c†
p(0)|Ψ0 > (4.4)

Here, the operators and state vectors are given in the Heisenberg representation, in
which the ground state wave functionΨ0 is time independent, but the creation and
annhilation operators,cv andc†

v, are defined as,

cp(τ) = eiHτ cp(0)e−iHτ . (4.5)
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cp(0) is time-independent,H is the exact Hamiltonian of a system of fermions,τ
is the time andT is the Dyson chronological operator. Using equations 4.4 and 4.5,
we will get,

G(p, τ) = −i < Ψ0|cpe
−iHτ c†

p|Ψ0 > eiE0τ τ >0.

G(p, τ) = i < Ψ0|c†
pe

iHτ cp|Ψ0 > eiE0τ τ <0.
(4.6)

As an example we may consider the Green’s function of a free-particle system,
where the exact ground state wave function|Ψ0 > is the vacuum state|0 >. Then,

Gf (p, τ) = −ie−iǫ(p)τ τ > 0

= 0 τ < 0
(4.7)

ǫ(p) = p2/2m is the free-particle energy andiδ is an infinitesimal number, pre-
venting the Green’s function to diverge at the limite of infinite frequencyω. The
Fourier transform of the Green´s function is,

Gf (p, ǫ) = 1/[ǫ− ǫ(p) + iδ]. (4.8)

Whereǫ(p) specifies the positions of the poles of the free-particle Green’s function
in the complexǫ-plane, which will yield the quasi-particle energies. Next, we will
consider the Green’s function of a noninteracting system of fermions. Since below
the Fermi energy of the system, only the annhilation operator,cp, can act onto a
stateΨ0. Above it, only the creation operator,cp

†, may act onto a state,

cpψ0 = 0 p > pF ,

cpψ
†
0 = 0 p < pF ,

(4.9)

Where,p, is the momentum andpF the Fermi momentum. The Green’s function is
therefore specified by,

G0(p, τ) = −inpe
−iǫ(p)τ τ <0 ,

= −i(1 − np)e−iǫ(p)τ τ >0 ,
(4.10)

np = 1 is the particle density, and therefore,

np = 1 p < pF ,

np = 0 p > pF ,
(4.11)
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The Fourier transform of the Gibb’s function is given by,

G0(p, ǫ) = 1/[ǫ− ǫ(p) + iδp] δp = + δ p > pF

δp = − δ p < pF
(4.12)

For this system, as for the free-particle system, the Green’s function polesyield
the quasiparticle energies. Also, the more concrete interpretation of the Green’s
function is that it describes the propagation of holes forp < pF and the propaga-
tion of particles forp > pF . The spectral representation, which is relevant when
electronic spectra are to be calculated, can be derived from the Green´s function
propagator. This derivation can be found in the books byPines[53] andGalitskii
and Migdal[54]. One should start by introducing an exact number of intermediate
states into the definition of the Green´s function for theN + 1 particle system,

G(p, τ) = −iΣn|(c†
p)n0|2e−i(En−E0)τ τ > 0, (4.13)

and, similarily for theN − 1 particles system,

G(p, τ) = +iΣn|(cp)n0|2ei(En−E0)τ τ < 0, (4.14)

where the exact Hamiltonian acts on the exact intermediate statesn. The states
posess energyEn, momentump and correspond to aN + 1 particle system for
τ > 0 and to aN − 1 particle system forτ < 0. The squared norm of the
creation/annhilation operator corresponds to the particle density,

G(v, τ) =
∫ ∞

0
dω[

A(p, ω)
ǫ− (ω + µ+ iδ)

B(p, ω)
ǫ+ ω − µ− iδ

] (4.15)

whereω is the excitation energy andµ = E(N + 1) − E(N) is the change in
ground state energy as one particle is added (thechemical potential). A(v,ω) and
B(v,ω) are the spectral functions for particle and hole propagation respectively.
From these quantities we may extract experimental spectra, such as inverse and
direct photoemission spectra and Electron Energy Loss Spectra (EELS). We will
not dig further into the concepts of second quantization in this Thesis, although
we will touch upon this issue again in section 5.3., when we return to the Green’s
function and its use in the GW-approach. We would like to refer the reader tobooks
and lectures by Pines, Galitskii, Bruus and Colemanet al. [52–55].
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4.2 Correlation and Hubbard U

In LDA the Coloumb interaction is treated only approximatively as if the system
could be described by a uniform electron gas. However, for localized states such
as d- or f-electrons, this description is not accurate enough and the correlation part
of the DFT exchange-correlation functional (LDA, LSDA, GGA etc.) needs to be
improved. A convenient description of a many-body system is theHubbard model
[56, 57], in which the Hamiltonian of the system is described by, [58, 59],

H =
∑

ijσ{m}

tijm1m2
c†

im1σcjm2σ+
1
2

∑

i{σm}

U i
m1m2m′

1m′
2
c†

im1σc
†
im2σ′cim2

′σ′cim1
′σ

(4.16)
Where the first term is the Kinetic energy and is often called thehopping term, since
it describes the hopping of one electron from one site to another. The second term
is the Coloumb onsite term , which includes the CoulumbU . ij denote the crystal
sites,σ is the spin index andm the different orbitals. The ColoumbU is simply the
energy difference between removing an electron from the occupied stateto vacuum
and that of adding an electron to the unoccupied states from vacuum, referenced to
the energy of the unperturbed system. The correlation between electronsin a solid
will dependU and its size relative to the band width,W . AsU≪W , the hopping
term is dominating and the correlation will therefore be weak. Instead, ifU≫W ,
the second term of Eq. 4.16 dominates and the electrons are strongly correlated.
This is schematically represented in Fig. 4.2 [60]. In the highly correlated case,

Figure 4.2: Schematic picture of a simple band model (semiconductor/insulator),
relating the band width,W with the Coloumb energy,U .
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DFT cannot describe the electronic structure correctly and in general overestimates
W . In the LSDA+U scheme by Anisimov and Lichtenstein[58, 61], a Coulumb
onsite term, EU , is added to the LSDA energy,

ELSDA+U [ρσ(r), nσ] = ELSDA[ρσ(r)] + EU [nσ] − Edc[n
σ]. (4.17)

Here,ρσ(r ) is the spin-δ-electrons’ charge density and ELSDA[ρδ(r )] is the stan-
dard LSDA functional. The last term corrects for the LSDA double-counting. EU

corresponds to,

EU =
1
2

∑

γ

(Uγ1γ3γ2γ4
− Uγ1γ3γ4γ2

)n̂12n̂34, (4.18)

whereU is the onsite Coloumb interaction,

Uγ1γ3γ2γ4
=< m1m3|

1
|r − r’ |

|m2m4 > δs1s2
δs3s4

, (4.19)

for two particles atr andr’ . This is however the unscreened Coloumb interaction,
which would, if used directly, lead to large overestimations to the spherical part of
the Coloumb interaction. Instead one may parametrize the Coloumb interaction in
terms of Gaunt coefficients,ak and Slater integrals,F k. The latter are treated as
parameters adjusted to experiment, in order to get the correctly screened Coloumb
interaction.

< m1m3|
1

|r − r’ |
|m2m4 >=

∑

k

ak(m1,m2,m3,m4)F k. (4.20)

n̂γ1γ2
andn̂γ3γ4

are density matrices, corresponding to,

n̂γ1γ2
=< ΨS2 |m2 >< m1|ΨS1 > .

n̂γ3γ4
=< ΨS4 |m4 >< m3|ΨS3 > .

(4.21)

If the density matrix is idempotent (nγ
2

= nγ) and the Coloumb interaction in
LDA is considered spherically averaged, the method simplifies to the rotationally
invariant version by Lichtenstein, which is implemented in VASP. The last term Edc

corrects for the LSDA double-counting term and is written in theFully Localized
Limit (FLL) as,

Edc[n
σ] =

1
2
Un(n− 1) −

1
2
J [n↑(n↑ − 1) + n↓(n↓ − 1)]. (4.22)
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where U and J are the screened Coloumb and exchange parameters andn =
n↑ + n↓. In the simplified Dudarev approach [62], the Coloumb interaction is
spherically averaged inEU , and U and J are no longer entered separatly in the
double-counting term and the LSDA energy is then given by,

ELSDA+U = ELSDA+
U − J

2

∑

σ

[(
∑

m1
nσ

m1m1
)−(

∑

m1,m2
nσ

m1,m2
nσ

m2,m1
)].

(4.23)
Herem is the orbital index andσ is the spin index. In Fig. 4.3, the effect of
different values of U (using the Lichtenstein approach) on the 3d-statesof V in a
V-doped MgO (001)-surface is displayed.
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Figure 4.3: The comparison of the 3d-states of V (red) and 2p states of oxygen
(black) of Mg63VO64 for (a) GGA, (b) U=2 eV, (c) U=3 eV, (d) U=4 eV, (e) U=5
eV.

4.3 Greens functions and GW theory

Instead of looking for more delicate appoximations to the exchange correlation
functional, one may instead change framework from mean field theory to many-
body perturbation theory. The GW approximation [21, 63] to the exchangecor-
relation improves the HF approximation and is based on the concept of screened
Coloumb interaction [10]. Introducing a screening of the interaction between par-
ticles in a many-body system, leads to the concept of quasiparticles. In Fig 4.4, this
concept is visualised. A quasiparticle is simply an electron and its screening cloud
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[64–66]. The Kohn-Sham equation is now replaced by a quasiparticle equation,

Figure 4.4: Visualisation of the quasiparticle picture. The system of fully inter-
acting particles can be mapped onto a system of noninteracting particles (DFT) or
onto a wakly interacting quasiparticle (Greeen’s functions)

whereΣ is the so-calledself-energy operator, corresponding to the Hamiltonian
in the mean field framework. The quasiparticle energies and wavefunctionsar ob-
tained by solving the equation [67],

(T + V ext + V H)Ψnk(r) +
∫

d3r′Σ(r , r’ ;Enk)Ψnk(r’ ) = Enk(r). (4.24)

WhereT is the kinetic energy,Vext is the external potential, VH is the Hartree
potential,Ψnk andEnk are the quasiparticle wavefunction and energy. The GW ap-
proximation forΣ will be a function of the two-particle Green’s function,G(r , r’ ;Enk)
which may be formulated as [67],

Σ(r , r’ ;E) = i

∫

(dω/2π)e−iδωG(r , r’ ;E − ω)W (r , r’ ;ω). (4.25)
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WhereG(r , r’ ;Enk) describes particles at positionsr and r’ . The Coloumb in-
teraction,Vc, is screened by the dielectric matrixǫ, giving the screened Coulomb
interactionW ,

W (r , r’ , ω) = Ω−1
∫

d3r
′′

ǫ−1(r , r” ;ω)V C(r” − r’ ). (4.26)

The Green’s function may be expressed as,

G(r , r’ ;E) =
∑

nk

Ψnk(r)Ψ∗
nk(r’ )

E − Enk±iδnk
. (4.27)

G has poles at the electron addition and removal energies and observables of G
are the density, and the quasiparticle energy and lifetime. The Greens function can
also be seen as a propagator, describing the propagation of a particle, electron or
hole, from one position to another. We mey derive the equation of motion of the
Green´s function [68],

[i
δ

δt1
−H0(1)]G(1, 2) −

∫

d3Σ(1, 3)G(3, 2) = δ(1, 2). (4.28)

WhereG(1, 2) describes the propagation of an electron or a hole from (r1,t1) to
(r2,t2). Σ has been implicity introduced via its relation toG. The equation of
motion can be simplified for a non-interacting system, whereΣ = 0

[i
δ

δt1
−H0(1)]G0(1, 2) = δ(1, 2). (4.29)

From equation 4.28 and 4.29, the Dyson equation [69, 70] for the Green’s function
can be obtained.

G(12) = G0(12) +
∫

d(34)G0(13)Σ(34)G(42). (4.30)

WhereG0 is the non-interacting Green’s function. The Green’s function has a
direct connection to the spectral functionA, which is closely related to direct and
inverse photoemission spectra [68].

A(r , r’ ;E) =
1
π

|Im(G(r , r’ , E)|. (4.31)

Note that this is the full spectral function, defined from 0 toinf as A(r , r’ ) is
Fourier-transformed, and corresponds to Eq. 4.15 in Chapter 4.Σ, G andW
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Figure 4.5: Hedin’s equations. Theshortcut, settingΓ to a delta function corre-
sponds to the Self-consistent GW approximation.

are connnected together by a set of integral equations (Hedin’s equations[21])
via the polarizability and the vertex function,Γ, as shown in Fig. 4.5. In simple
words the vertex function includes some part which takes into account the attractive
interaction between electrons and holes. The polarizability can be described by a
Dyson like equation, as a function of G andΓ,

P (12) = −i

∫

d(34)G(13)G(41+)Γ(34, 2). (4.32)

and the vertex function,Γ can be described by G and W,

Γ(12, 3) = δ(12)δ(13) +
∫

d(4567)[δΣ(12)/δG(45)]G(46)G(75)Γ(67, 3).

(4.33)
The screening,W , and the self energy,Σ, may also be written with Dyson like
equations,

W (12) = V C(12) +
∫

d(34)W (13)P (34)V C(42). (4.34)

Σ(12) = i

∫

d(34)G(14+)W (13)Γ(42, 3). (4.35)
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The vertex function is a complex quantity to calculate, but more recently, Reininget
al. [71–74] and later by Shishkin and Kresse [75], a nonlocal exchangecorrelation
kernel fxc, which is calculated from the polarizability, Green’s function and the
partial derivative of the self energy with respect to the electron density.The main
idéa is here that the physics of the variation of the self-energy upon excitation,
which gives rise to the electron-hole interaction, can be captured in terms ofdensity
variations only. [74]. The details of this approach is beyond the scope ofthis
Thesis. However, the promising results of the above mentioned authors, maybe
in reach for a more general application within short. Commonly used is the GW
approximation (GWA), whichshortcutsHedin’s pentagon, simplifyingΓ to include
the deltafunctions only.

ΓGW A(12, 3) = δ(12)δ(13). (4.36)

The expression forP ,W andΣ will then be,

P 0(12) = −iG0(12)G0(21). (4.37)

W 0(12) = V C(12) +
∫

d(34)W 0(13+)P 0(34)V C(42). (4.38)

Σ0(12) = iG0(12)W 0(12+). (4.39)

where the superscript 0 denotes the independent-particle approximation.Since the
full Green’s function requires major computational effort to calculate, theindepen-
dent particle Green’s function,G0, is most often used.G0 can as a first guess be
represented by the solution of the Kohn Sham (KS) equations. Here the difference
between the self-energy and the KS potential is treated as a perturbation [68].

Ei = ǫi+ < ΦLDA|Σ(Ei) − V xc
LDA|φLDA > . (4.40)

whereǫi are the KS eigenvalues. The self-energy can then be expanded around the
KS eigenvalues,

< Σ(Ei) >=< Σ(ǫi) > +(Ei −ǫi) < δΣ(ω)/δω|ω=ǫi
> +O[(Ei −ǫ)2]. (4.41)

The G0W0 approximation reproduces the experimental band gaps to within 0.1 eV
for many semiconductors and insulators [76]. A comparison between estimated
band gaps with PBE, HSE03 and G0W0 for a number of semiconductors and insu-
lators is displayed in Fig. 4.6.
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Figure 4.6: Comparison of LDA and G0W0 band gaps. Courtesy of Schilfgaarde
et al.



Chapter 5

The computational toolbox I:
Calculating spectra

5.1 X-ray diffraction patterns from theory

In x-ray diffraction, a focused beam of electrons, generated by an applied voltage
of 30-60 kV, is impinged onto an anode, which is made of a very pure metal such
as Mo or Cu. [77] In the surface layers of the anode, x-rays are produced by two
mechanisms. In the first, the slow-down of the electrons as they impinge the metal
will turn some of their energy into radiation. Since this gives a continous spectrum
of energies, this radiation is calledwhite. In the second mechanism many electrons
are a result of the ionization of atoms from the target material, in particular from the
K-shell. When an electron from a higher shell, usually the L-shell, falls back into
the vacancy in the K-shell, and an X-ray photon with a well-defined wave length,
corresponding to the energy difference between the two levels, is emitted. This type
of radiation is calledcharacteristic. The transition will lead to three possibilities,
resulting from spin-orbit coupling,l = 0, j = 1

2 ; l = 1, j = 1
2 andl = 1, j = 3

2 .
The transition will then follow the selection rule∆l = ±1, yielding a doublet that
is closely spaced and is denoted Kα1 and Kα2. In the same way, the fall-down of
an electron from the M to K-shell yields a doublet, Kβ1 and Kβ2 at higher energy.
Then only one of these singlet states are choosen, by monochromatization of the
beam with a filter. As an example a thin Ni-foil may be used to eliminate Cu Kβ

and recover only Cu Kα radiation. The key equation in the XRD-measurement is
theBraggequation. Here the lattice spacing,d, of the investigated material varies
with the angle of reflection,θ, with the wavelength of the reflected x-ray,λ, and

43
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the order of diffraction,n,

2dsinθ = nλ(n = 1, 2, 3...) (5.1)

Here, both the order of diffraction and thehkl indices of the diffracted planes need
to be specified. Instead Eq. 6.1 can be rewritten to, which allows for each "real"

Figure 5.1: Derivation of the Bragg equation.θ is the angle of the in and outgoing
x-ray against the surface of the specimen.d is the distance between the atomic
layers andλ is the wavelength of thex− ray.

lattice plane hkl, with lattice spacingd, a set of artificial planes with spacingsd/2,
d/3, d/4, d/n... From these relatively simple relations, the x-ray pattern can be
calculated for a structure generated by a first principles method.

2
d

n
sinϑ = λ(n = 1, 2, 3...) (5.2)

In Fig. 5.2, a calculated x-ray pattern of c-TiN, c-AlN, h-AlN and c-TiAlN are
displayed along with data from Århammaret al. [78]. Instead of using the charac-
teristic x-ray radiation produced by x-ray tubes, one can use the radiation which is
produced as a byproduct in an x-ray synchrotron. This method will be described in
the next section.
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Figure 5.2: X-ray diffraction patterns for Ti33Al67N in as-deposited (as-dep) state
and after annealing in vacuum at various temperatures along with calculatedX-ray
diffraction patterns for c-TiN, c-AlN and h-AlN. from Århammaret al. [78].

5.2 Simulating soft X-ray Absorption Spectra

The purpose of this section is to give the reader a brief introduction to the calcu-
lation of soft x-ray spectra. For a more detailed survey on soft x-ray spectroscopy
and excited states computational techniques, the reader is recommended to read the
Dissertation Theses by Barbara Brena and Francesco Sottileet al. [68] and on the
paperRIXS dynamics for beginnersby Jan-Erik Rubenssonet al. [79].

The energies of soft x-ray absorption cover a large region of electromagnetic
radiation energy, between one hundred to a few thousand eV and can thus be used
to study a wide range of elements. Soft x-rays are denotedsoftdue to their lower
energy thanhard x-rays. In Fig. 5.3, a schematic of the absorption of soft x-rays
in X-ray Absorption Spectroscopy (XAS) is displayed. In XAS, the electron is
photoexcited in to an unoccupied level, leaving the atom is in its excited state. A
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Figure 5.3: Schematic representation of the adsorption of soft x-rays in XAS for
an atom or in a molecule. The core (c), valence (v) and unoccupied (u) electronic
states are indicated, andλ is the photon energy. An electron is photo-excited into
an unoccupied level, leaving the atom in an excited state. The process is illustrated
by a simple one-electron picture. Courtesy of Brena [80]

simplified picture used to theoretically model the XAS process is thefrozen-orbital
approximation. In this approximation, the remaining states of the ionized atom are
assumed to be the same as before the atom was photoionized. The transition ofan
electron from an initial state,φi to a final state,φf can then be described by the
Fermi Golden Rule,

Γi→f =
2π
h̄

| < Φf |V |Φi > |2δ(Ei − Ef + h̄ω). (5.3)

Here,V is the operator which describes the interaction between radiation and mat-
ter. δ is a delta function which will be equal to 1 as the excitation energyh̄ω equals
the energy difference between the final and initial state. The transition operator
V may be replaced by the position operatorr , which is denoted the dipole ap-
proximation. Then the higher order terms of the transition operator are neglected.
The dipole approximation is a good approximate description of one-electron tran-
sitions. Cases where the dipole approximation fails are for the lighter transition
metals, where exchange and correlation interactions are strong [81]. The dipole
approximation induces restrictions on which transitions that may take place in an
XAS or XES process. The difference in the azimuthal and magnetic quantumnum-
ber,l andm then need to obey the following selection rules:

∆l = ±1 ∆m = 0,±1 (5.4)
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The cross section is an important quantity in photo-absorption and is a measure of
the number of electrons excited/ionized per unit time, divided by the number of
impinging photons per unit area and time [82]. Within the dipole approximation,
we may express the absorption cross section,σ, as,

σ = 4π2αωh̄| < φf |r |φi > |2δ(Ei − Ef + h̄ω) (5.5)

Where theδ-function has a peak when the photon energyh̄ω coincides with an
electron transition energy [82]. In Fig. 5.4, the calculated XAS spectra for two
differently generated structures of amorphous Al2O3 from Paper II are displayed
along with measured XAS data for amorphous and crystalline Al2O3.
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Figure 5.4: The oxygen K-edge NEXAFS of am-(black dots) and crystalline (green
dots) Al2O3 . The sum of all oxygen 2p partial DOS of the Stochastic Quench-
ing (SQ)- and Molecular dynamics (MD)-generated structure are denoted by black
squares and green crosses. The Z+1 approximation has been applied toall oxy-
gen pDOS. The calculated CB:s have been aligned to the experimental CB of am-
Al2O3. A gaussian smearing od 0.3 ev has been applied both calculated data sets.
The dashed line denotes the Fermi energy of the calculated spectra.
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Z+1 approximation

We applied the Z+1 approximation [83] inPaper II to model the core hole cre-
ated in the absorption process. The theoretical simulation of the core-hole can
be achieved by using an explicit core hole, for instance by generating anatomic
pseudopotential with one core electron missing, or by replacing the regarded atom
by the next heavier element in the periodic table and removing one electron from
this element, the Z+1 approximation. The limitations of this approximation will
mainly be the treatment of the core electrons within the Projected Augmented Wave
Method [38] including the frozen core approximation [40]. The Z+1 approxima-
tion has in earlier works been successfully applied to both finite molecules and
solids [84, 85]. It has also been applied to theα-Al2O3 system, and was found
to improve coherence between calculated and experimental EELS spectra for the
K-edge [86], but to have a negative effect on the simulation of the L-edge. This
was explained by the stronger delocalization of the 2s initial states, which would
lead to a more effective screening of the hole. Instead, for the well confined 1s
states the screening would be less efficient and thus there is a need for taking the
perturbation of electronic structure from the core hole into account.

5.3 X-ray Emission Spectra and Resonant Inelastic
scattering

The difference between the XES and RIXS process is that the core electron is ion-
ized in XES, whereas it is excited to an unoccupied level in RIXS, as is visualized
in Fig. 5.5. This is due to that the energy of the incoming photon is well above
the resonance regime in XES, and in the resonant regime in RIXS. The life time
of this intermediate state and its core hole can range from a few femtoseconds
down to the timescale of electronic transitions themselves [79]. This makes the
theoretical modelling of a RIXS spectrum considerably more complex than thatof
the X-ray emission process. In the two-step model, the RIXS-process is consid-
ered as a simple two-step process [79]. If the RIXS process instead takes place
in more steps than the simple excitation and decay of a core electron, meaning
that the intermediate state undergoes several transitions during the time between
excitation and emission of the soft X-ray photon, the two-step model cannotbe
applied. One additional difference between XES and RIXS is that RIXS obeys
stricter selection rules than XES. Apart from the restrictions on the azimuthaland
magnetic quantum numbers of the initial and final states, the transitions are limited
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Figure 5.5: A schematic picture of the XES and RIXS process. Courtesy ofBrena
[80].

to gerade→ungerade [87] (and vice versa) transitions. Finally, the life time of
the core hole might be important in the simulation of XAS and XES spectra. This
can be considered for example by the use of Time-Dependent DFT (TDDFT) [73].
However, what might be a more serious problem is the interaction between the
core hole and the excited electron. For this, the use of the GW-approach,including
vertex corrections might be best suited [75, 88]. In Fig. 5.6, the calculated DOS of
TiN and TiN, with some concentration of N-vacancies along with a measured XES
spectrum [78] and an XPS-spectrum by Songet al. [89].
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Figure 5.6: Calculated DOS of TiN and TiN0.9375 by GGA-PBE along with the
measured XES spectrum by Århammaret al. [78] and an XPS spectrum measured
by Songet al. [89]
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5.4 Photoemission Spectra

In this section we will consider some concepts of XPS related to the calculation of
XPS spectra [90]. Photemission Spectroscopy is often denoted PES or XPS, due
to the source of radiation, x-rays. In XPS, a monochromatic beam of X-rays is
incident upon a solid surface, causing photoemission from both core andvalence
states of surface atoms into vacuum, Fig. 5.7 [91]. To simplify the theoretical

Figure 5.7: Schematic representation of the adsorption of soft x-rays in XPS for
an atom or in a molecule. The core (c), valence (v) and unoccupied (u) electronic
states are indicated, andλ is the photon energy. An electron is photoionized into
the contnuum, leaving an ionized atom. The process is illustrated by a simple
one-electron picture. Courtesy of Brena [80].

treatment of XPS spectra one often relies on thesudden approximation. Here it
is assumed that there is no interaction between the emitted photo-electron and the
remaining system.

In Fig. 5.8, the DOS calculated by PBE and by G0W0 (data not published),
along with a measured XPS spectrum [92] of VO2 is displayed. In XPS, mainly
the strongly bound core electrons are probed, however, if lower energy ultraviolet
radiation is used, only valence electrons are photoemitted. Therefore onemay
expect that the calculated valence spectrum, using PAW as basis set, where the core
states are frozen, agrees better with a UPS spectrum than with a XPS spectrum. In
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Figure 5.8: Calculated DOS of VO2 by G0W0 and GGA-PBE along with a mea-
sured XPS spectrum of VO2 by Koetheet al. [92]. The results agree well with that
of for VO2 by Gattiet al. [93]

Fig. 5.9 the calculated O 2p DOS of amorphous Al2O3 along with a UPS spectrum
is displayed.

Figure 5.9: UPS data from Perevalovet al. [94, 95] along with the calculated
occupied O 2p DOS of amorphous alumina, generated by SQ and MD and with
α-Al2O3.
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5.5 Electron Energy-Loss Spectroscopy

In Electron Energy-Loss Spectroscopy (EELS) the energy distributionof initially,
nearly mono-energetic electrons, after they have interacted with a specimen[96]
is measured. The different parts of the EELS spectrum also requires different the-
oretical approaches. In Fig. 5.10 an EELS spectrum is displayed [96].What is
then the difference between the calculation of an absorption spectrum and an
EELS spectrum? In simple words, absorption involves only single particle exci-
tations of an electron from the core. The EELS process instead involves collective
motion of electrons (plasmons), single particle excitations and phonon scattering.
The plasmons appear in the low energy region of the EELS spectrum, see Fig.
5.10. Since the plasmons will interact with the specimen to larger extent than the

Figure 5.10: An example of the different regions of an EELS spectrum [97].

single particle excitations, they will depend on the Coulumb potential of the speci-
men, what is often calledLocal Fields(LF). We may understand the origin of this
difference by studying the absorption and EELS spectrum from the macroscopic
dielectric functionǫM .

Abs = ℑ{ǫM }

EELS = ℑ
1

{ǫM }

(5.6)
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This means that, in an EELS spectrum, not only the imaginary part of the dielec-
tric matrix is considered, but also the real part, contributing the the plasmon. Eq.
5.6 can be related to Eq. 4.15 in Section 4.1, in which the spectral function in-
cludes both electron and hole propagation.ǫM is the macroscopic average of the
microscopic dielectric function,ǫG,G’ ,

ǫM = limq→0
1

ǫG,G’−1

(5.7)

, whereG andG′ are vectors in reciprocal space andq is the electron momentum.
The microscopic dielectric function depends on the full polarizability,χ̃00, and the
Coloumb potential,

ǫG,G’(q, ω) = δG,G’ − vG(q)χ̃G,G’(q, ω) (5.8)

The Coloumb potential can be decomposed into,

v = v0 + ṽ (5.9)

ṽ is responsible for the local fields effect andv0 is the long range component ofv.
The long range component is responsible for the difference between absorption and
electron energy-loss. Another common simplification is to replace the full polariz-
ability with the independent particle polarizability in the so calledRandom Phase
Approximation. Then the independent particle polarizability,χ0 can be calculated
from the Kohn-Sham eigenfunctions,φKS , and eigenvalues,EKS ,

χ0 = 2
∑

c,v
| < φc|e

iq·r |φv > |2

ω − (ǫc − ǫv + iη)
(5.10)

φv andφc are the occupied and non-occupied states, with eigenvaluesEv andEc.
In practice, the imaginary dielectric function is calculated within some computa-
tional approach, such as time-dependent DFT or simply from DFT. Then, via the
Kramers-Kronig transformation [98], the real part of th dielectric function can be
calculated. Important information can also be obtained from the higher energy
regions of the EELS spectrum (Fig. 5.10), the so calledELNESand EXELFS.
The Energy-Loss Near Edge Structure (ELNES) describes the regionclose to the
ionization edge. ELNES is almost a copy of the local Density of states and canbe
calculated within RPA. From the Extended Energy-Loss Fine Structure (EXELFS),
the radial distribution function can be extracted, which gives the local coordination
of atoms in a material. The radial distribution function can easily be calculated
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from any first principles (or semiempirical) method and compared with experi-
mental data. InPaper II the radial distribution function for amorphous Al2O3 has
been calculated.

Finally, if the screening of the core hole is weak, its effect on the final state
needs to be considered. This is especially important for the higher energy-loss re-
gion, where single particle excitations are dominant. As was mentioned earlier this
can most simply be achieved by the Z+1 approximation to the core hole. The Z+1
approximation has been applied to theα-Al2O3 system, and was found to improve
coherence between calculated and experimental EELS spectra for the K-edge [86].
In Fig. 5.11, the calculated EELS spectra, within RPA, NLF of amorphous Al2O3

along with an experimental EELS spectrum from Perevalovet al. [94] is displayed.
There is a slight diffence between the two calculated structures, with some loss at
somewhat lower energies in the structure generated from the stochastic quenching
method (seePaper II for explanation of the method) than in the structure gener-
ated from molecular dynamics. For further comparison with experiment, higher
accuracy calculations need to be performed.
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Figure 5.11: The calculated EELS spectra, within RPA, NLF of amorphous Al2O3

along with experimental EELS spectrum from Perevalovet al.[94, 95]. The two
calculated spectra represent the structures generated by the stochasticquenching
method and by Molecular dynamics respectively.





Chapter 6

The computational toolbox II:
Solid oxide synthesis

In this chapter the reader will be introduced to some methods to simulate synthesis
of oxides and semiconducting systems by first principles. Many of these techniques
can also be applied to any other material’s system. A short presentation of the
CALPHAD approach is also included.

6.1 The chemical potential

In the coming sections, some variables which describe a system, called state vari-
ables [99] will be introduced. There are two type of state variables; extensive
variables, which are proportional to the size of the system, and intensive variables,
which at equilibrium have the same value everywhere inside the system. Examples
of extensive variables are the volume,V , the internal energy,U , entropyS and
Gibbs energy,G. Some intensive variables are the pressure,p and the chemical
potential of a componenti, µi. The partial derivative of the Gibbs energy with
respect to the amount of componenti, where the amount of all other components,
Nj is constant, is identical toµi [99].

µi =
(

δG

δNi

)

Nj ,T,p. (6.1)
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Alternatively, one can deriveµi from the Helmholtz free energy per unit volume
[15].

µi = −T

(

δs

δn

)

u
. (6.2)

where T is the temperature,s = S/V is the entropy density,n is the particle den-
sity andu = U/V is the energy density of a system. In this thesis, the chemical
potential of a species is replaced by the total energy, calculated from DFT, of the
same species or compound referred to some reference state. One simple, but im-
portant example calculation is the determination of the oxygen gas total energy,
ET (O2), which is needed as a reference for the calculation of the formation energy
of solid oxides. For oxygen gas to be thermodynamically favorable, it is required
that,

µO2(g) ≤ 2µO(g). (6.3)

or at equilibrium,

µO2(g) = 2µO(g). (6.4)

whereµO2
andµO are the chemical potentials of the oxygen gas molecule and oxy-

gen atom in gas phase, respectively. In Figure 6.1, we display the total energy as a
function of oxygen-oxygen distance, calculated by DFT with the GGA-functional,
is shown.
Density functional theory is known to overestimate the binding energy of O2,
which should lead to underestimation of the formation energies of the solid oxides
[100]. Our binding energy, calculated for the O2 molecule in this thesis, is around
5 eV and compares relatively well to the experimental value of5.17 eV [101]. The
O-O bond distance is found to be1.24 Å, which displays good agreement with the
experimental value of1.21 Å [102].

6.2 Formation Energy

An important concept within this thesis is the formation energy of defects. From
DFT we have the possibility to access the the full Gibbs free energy of formation
of defects in a crystal, and extract parameters such as the internal energy , U(T ),
the entropy,S(T ), and the pressureP (T ) from this theory. Since, in general, the
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Figure 6.1: The total energy of the O2 molecule as a function of O-O distance,
calculated by GGA (PW91). The size of the supercell was20x20x20 Å.

calculation of the internal energy,U(T ), is sufficient to understand the thermody-
namics of defect formation, we have chosen only to calculate this property within
this thesis.

G(T ) = U + U(T ) − TS(T ) + P (T )V (T ). (6.5)

WhereU is the internal energy,T is the temperature andS is the entropy.
To investigate the formation of intrinsic and extrinsic defects within the DFT ap-
proach, we have employed a formalism where the formation energy is defined as
[42, 43, 103]:

∆Hf (Dq, EF , µ) = [ET (Dq) − ET (H)] −
∑

α

nα(µelem
α + ∆µα)

+q(∆EF + EV ).
(6.6)

The first two terms,ET (Dq) andET (H), are the total energies of the supercells
with and without defect, respectively. In the third term,nα is the number of atoms
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added (nα > 0) or removed (nα < 0) to create the defect whileµα = µelem
α +∆µα

is the chemical potential of the particle reservoir.µelem
α can be calculated approx-

imately by DFT as the total energy of the atomα in its Stable-Element Reference
(SER) state [104], but at0K and no external pressure. The final term corresponds
to the contribution to formation energy from electron chemical potential. Here,q
is the charge state of the defect (for neutral defects,q = 0) andEF = ∆EF +EV

is the Fermi energy, referenced to the valence band maximum (VBM) of the defect
free supercell,EV . For a system with two components A and B, forming the AB
phase, the following relation needs to be satisfied for the process to be thermody-
namically allowed,

∆Hf (AB) ≤ ∆µA + ∆µB. (6.7)

If there arex B vacancies, their formation energy at equilibrium can be written as,

∆Hf (AB1−x) = ET (AB1−x) − ET (AB) + xµB. (6.8)

Using the expression for the chemical potential from Eq. 6.6,

∆Hf (AB1−x) = ET (AB1−x) − ET (AB) + x[µelem
A + ∆µA]. (6.9)

We use Eq. 6.7 to replace∆µ(B) by ∆µ(A),

∆Hf (AB1−x) = ET (AB1−x) − ET (AB) + x[µelem
B + ∆Hf (AB) − ∆µA].(6.10)

The single degree of freedom left is now the chemical potential∆µA, which can
be chosen between the limits of A-rich [B-poor,∆µA = 0 and∆µB = ∆Hf (AB)]
and A-poor [B-rich,∆µB = 0 and∆µA = ∆Hf (AB)] conditions.
If one intends to calculate the heat of formation of a compound synthezised by,
PVD, CVD or any other method, much care should be taken, when choosingthe
chemical potential. There are many DFT studies in the litterature, where unrealistic
reference states have been choosen, leading to wrong conclusions. One important
issue is whether one intends to simulate CVD or PVD by first principles [105].
Common in the literature [14, 42, 43, 103], is to consider SER [104] when cal-
culating the chemical potentials. As an example, for the formation of Al2O3, this
would correspond to fcc Al and O2 gas. This choice of referece species, would cor-
respond reasonably well to the synthesis of Al2O3 by oxidizing an Al-foil in air.
Hovever it would be less useful in modelling PVD [105] of Al2O3, even though, as
in reactive sputtering [106], a metal fcc-Al target along with O2 gas is used. The
reason to this is that Al gas will be ionized in the sputtering plasma [107] leading
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to less stable ionized states which will more easily form Al2O3. If we would like to
model CVD, the choice of reference states is perhaps even more complex since all
the species of a non-negligible concentration in the CVD-gas phase shouldbe con-
sidered as reference states. A good way to find the species present atequilibrium in
the gas phase, is to study the actual reaction between precursors at the experimental
conditions in ThermoCalc and then to model these species by first principles.An
example of the resulting heats of formation of different dopants inα-Al2O3 from
CVD and SER reference states is displayed in Fig. 6.2. Finally we should consider

Figure 6.2: Calculated heats of formation from different reference states (PBE
functional) for a number of dopants inα-Al2O3. FromPaper IV.

the last term in Eq. (6.6), which accounts for a change of the defect charge state.
We may then add this term to Eq. 6.10,

∆Hf (AB1−x) = ET (AB1−x) − ET (AB) + x[µelem
B +

∆Hf (AB) − ∆µA] + q(∆EF + EV ).
(6.11)

Finally, we have also accounted for the electron chemical potential, when calcu-
lating the formation energy. This term is of great importance if charged defects
are likely to form. Then, the neutral defect states will no longer correspond to the
lowest energy states and do not give us the right physics of the defectformation.
The formation energy formalism has been applied inpapers I, IV, V, VI, VII and
VIII.
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6.3 Equilibrium concentration

In this section the approach of [15] is followed to derive the defect concentration in
a crystal. We would like to find the Gibbs free energy as a function of the number
of point defects. We first consider the Gibbs free energy,G, of a pristine system at
constant pressure,P , and with volume V0,

G = U − TS + PV 0. (6.12)

The Gibbs free energy of the imperfect crystal, containingn defects, and with
approximately the same volume as the pristine crystal, will be,

G(n) = F 0(n) − TSconf (n) + P (N + n)V 0.

F 0(n) = U − TS.
(6.13)

WhereF0 is the Helmholtz free energy and S is the entropy for a fixed configuration
of defects and Sconfig is the entropy arising from the(N+n)!/N !n! possible ways
to choosen out ofN + n sites to place the defect,

Sconfig = kBln
(N + n)!
N !n!

. (6.14)

For large number of sitesN + n, andn << N , the change in configurational
entropy may be approximated as,

δSconfig

δn
= kBln

(N + n)!
N !n!

≈kBln(
N

n
). (6.15)

Then, we may calculate the change in Gibbs free energy with the number of defects
n,

δG

δn
=
δF 0

δn
+ PV 0 − kBln(

N

n
). (6.16)

Again, if n << N and δF 0

δn ≈ δF 0

δn |n=0 = ε, where we setε to the formation
energy, calculated by DFT, then Gibbs free energy will be minimized by,

c = Ne−(ε+P V 0)/kBT . (6.17)

Wherec = n/V0 is the concentration of defects. This gives the equilibrium con-
centration of defects in a crystal. The self consistent procedure which we have
implemented and used inPaper I to calculate this concentration will be described
in the next section.
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6.4 Self-consistent calculation of the defect concentration

In the previous section we found an expression for the equilibrium concentration
of defects in a crystal (Eq. 6.17). This enables us to, in addition to the internal en-
ergy,U(0), at0K, take into account the contribution from configurational entropy,
Sconfig, at a certain temperature T for the estimation of The Gibbs free energy.

As previously mentioned, the formation energy is dependent on the Fermi en-
ergy or electron chemical potential, which is not a free variable but depends on
the concentration of charged defects and free carriers through the charge neutrality
condition, which is written as,

∑

i

ciqi + n+ p = 0. (6.18)

where ci is the concentration of defects with charge states qi, p is the concentra-
tion of holes andn is the concentration of electrons. Since, reversibly, ci, n and
p depends on EF , the problem of findingEF , ci, n andp need to be solved self
consistently [42]. We have implemented and used this self consistent procedure in
Paper I.

One way to calculaten andp is from the Fermi-Dirac distribution function, ap-
proximated by [108],

fF D = e±(E−EF )/kBT (6.19)

where the sign should be + for holes and - for electrons, andE is either the electron
or hole energy state. The density of states of the electrons and holes havebeen
calculated through an effective-mass like approximation [108], which gives,

ge(E) =
1
4

×
me

π

(3/2)
×
kT

R∞

(3/2)

×
1
a3

0

.

gh(E) =
1
4

×
mh

π

(3/2)
×
kT

R∞

(3/2)

×
1
a3

0

.

(6.20)

Whereme andmh are the effective masses of the electrons and holes respectively,
a0 is the Bohr radius andR∞ is the Rydberg constant. The concentration of elec-
trons,n and holes,p can now be calculated from,

n =
∫ ∞

Ec

ge(E)fF D(E)dE

p =
∫ EV

−∞
gh(E)fF D(E)dE.

(6.21)
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Equations 6.18-6.21 can be used iteratively in a self consistent loop, to determine
the concentration of defects and charge carriers at different temperatures.

6.5 Thermodynamics of gas- and solid phase from
CALPHAD approach

In CALPHAD, Gibb’s energyis used to model the thermodynamical properties of
compounds in the solid, gas and liquid state. The Gibbs energy is a function of
temperature and pressure and temperatures, parameters which can be controlled
in an experiment. [109] Therefore the Gibbs energy is a good choice as function
to model from input of experimental data. A typical empirical formula for the
temperature dependence of the Gibb’s energy,G may be,

G−HSER = a+ bT + cT lnT + dT 2 + eT 3 + fT−1. (6.22)

Where HSER is the enthalpy of the element at in its reference state, 298.15K and
1atm. a, b, c... are fitting parameters used to fit the Gibb’s expression to experi-
mental data. The first term is the part of the Gibb’s energy which remains if the
temperature is 0 K, and can be compared with the calculated enthalpy of formation
at 0 K which is accesible in a first principles calculation. The total Gibbs energy of
a phase is expressed by,

Gm = srfGm + physGm − T ·configSm + EGm. (6.23)

Where "srf" stands for surface of reference, meaning the Gibb’s energy of the phase
components relative to the reference state of the phase.physGm stands for the
contribution to Gibbs energy from physical effects, such as a magnetic transition.
conf Sm is the configurational entropy of the phase andEGm is theexcess Gibbs
energy, which describes the remaining part of the Gibbs energy, that is not included
in the other terms and represents the deviation from ideal behaviour. [109] The first
term is expressed by,

surfGm =
n
∑

i=1

y0
iGi (6.24)

Where0Gi is the Gibbs energy of componenti andyi are the constituent fractions.
The configurational entropy can be expressed as (random mixing is assumed),

confSm = −R
n
∑

i=1

yiln(yi). (6.25)
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WhereR is the ideal gas constant. The Compound Energy Formalism (CEF)[110]
is used in the most of CALPHAD assessments for multicomponent systems. The
compound in question is divided into two or more sublattices, i.e. (A,B)i(C,D)k.
The Gibbs energy for a phase is then described as [109],

Gm =
∑

I0
PI0(Y n)GIn

+RT
∑

s=1
nas

∑

ns

i=1Y i
s +physGm +EGm. (6.26)

Here, the concept ofconstituent array, In of ordern is introduced, which
specifies the constituent/s on each sublattice. 0th order corresponds to only one
constituent on a sublattice with constituent arrayI0. P In

(Y ) is the product of the
site fractions specified byI0. as is the number of sites on sublatticess andyi

s

denotes the site fraction of componenti on sublattices. The excess Gibbs energy
is described as,

EGm =
∑

I1
PI1(Y )LI1

+
∑

I2
PI2(Y )LI2

+ ... (6.27)

WhereLI1
is the interaction parameter defined byI1. It can be derived also from

first principle calculations, if the interactions bewtween constituents on a sublat-
tice. One example would be to consider the interactions between two metals A and
B in a carbide, AxB1−xCy, then the deviation from a random mixture would be
described by the excess energy,

EGm = x(1 − x)LI1
(6.28)

Thermodynamical modelling within ThermoCalc [100], has been applied inPapers
III, VI and V.

6.6 Molecular Dynamics

Molecular dynamics can be used to take temperature (and dynamic) effects into
account. In this Thesis we have employedab initio molecular dynamics(AIMD)
in Papers II,III. In MD, the motions of the atoms are governed by the second law
of Newton.

mi
d2

dt2
~ri = F i = −∆riU(~ri). (6.29)

Where ~F i is the force on the atoms,m is the atomic mass andU is the potential
energy [111]. In AIMD the forces are calculated ab initio. Born-Oppenheimer
molecular Dynamics has been employed in this Thesis, in which the calculations
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of the forces acting on the atoms and the motion of the nuclei are treated separately.
For a detailed description of Molecular dynamics, we would like to recommend the
reader the books by

6.7 First Principles modelling of surface kinetics

In order to capture some of the kinetics on the surface of Al2O3, we employed what
is called theNudged Elastic Band Method(NEB) [112] in Paper III. This method
can be used to investigate energy barriers and different paths for atomsro rearrange
on a surface and is very useful to understand phenomena such as surface adsorption
migration. The idea is to create a chain of "images" along the path between two end
point [106]. In each of these images a self consistant DFT calculation is performed.
The images are held together by springs, to avoid that they relax down to the low
energy endpoints. In the NEB method, only the component of the spring-force
which is parallel to the path and only the component of the real force, actingon
the atoms, which is perpendicular to the path is used. This avoids images to slide
down on along the energy path due to too low spring-forces or overestimation of
barriers due to too high spring-forces.



Chapter 7

Concluding remarks

7.1 Summary of the appended papers

Solid oxides have a vast number of industrial application areas, a few examples
are electronic devices, protective coatings and as bulk refractory materials. In this
Thesis we apply first principles theory to elaborate our understanding oftheir elec-
tronic structure and energetics with the goal of enabling the use of first principles
theory within industry. This requires enough accuracy, but still reasonable compu-
tational effort in order to keep the lead times of an industrial project.

I Energetics of Al doping and intrinsic defects in monoclinic and cubic zir-
conia

This choice of solid oxide system is due to the important role of Al2O3 as a
protective coating. For many years aluminium oxide, Al2O3, has been one of
the most important materials in CVD coatings, used in tools for metal machin-
ing applications and the first Al2O3 coated tungsten carbide cutting insert from
Sandvik Coromant was introduced already in 1975 [113]. ZrO2 has a higher
fracture toughness than Al2O3 due to the phase transformation from mono-
clinic to tetragonal and cubic phase, associated with a volume expansion. This
mechanism is known as transformation toughening, and significantly extends
the reliability and lifetime of products made with stabilized ZrO2. The idea of
combining ZrO2 and Al2O3 as a multilayer or composite is not new, and aims
at combining the properties of both solid oxides. There are several examples
of improved properties of the ZrO2-Al2O3 system with respect to the pure
phases, such as high toughness and hardness of ZrO2-Al2O3 composite coat-
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ings [97], change in colour of periodic oxide multilayers due to constructive
interference [114], and further, Al has proved to have significant effect on the
phase composition and growth of ZrO2 [97, 113]. InPaper I we have applied
first principles theory, using the supercell approach, to investigate the energet-
ics of Al and intrinsic defects in the monoclinic and cubic phase of ZrO2. We
have performed corrections for defect-defect interactions and for the DFT un-
derestimation of the band gap. From analysis of the defect formation energy
as a function of Fermi energy, we find that as the Fermi energy is increased,
Al0

Zr decays into the Al−1
Zr charge state, which needs to be compensated by

V +2
O in order to satisfy charge neutrality requirements. This means that for-

mation energy of AlZr can be significantly decreased if the Fermi energy is
confined in the region between the middle of the band gap and the bottom
of the CB. Such tuning of the Fermi Energy could be done by, for instance,
introducing co-dopants. Furthermore, we have made a quantitative estima-
tion of the Al concentrations in monoclinic and cubic ZrO2, with and without
defects, using a self-consistent procedure to determine the concentrations of
ions, carriers and the Fermi energy as a function of temperature. We findthat
the calculated maximum concentration of AlZr, coordinated in the Al-VO-Al
defect cluster in cubic phase at 2950 K, is enhanced by two orders of mag-
nitude, as compared to the concentration of Al in defect free cubic phaseof
ZrO2, to 4.0 × 1022 cm−3 (∼5 at%). This result is well within experimental
values [115]. The concentration of VO will be half the concentration of Al,
2.0 × 1022 cm−3. This gives an oxygen content of∼ 64 at%, in excellent
agreement with experiment [115, 116]. In monoclinic phase, the maximum
concentration of Al, as Al-VO-Al clusters form is, as expected negligible at
1420 K; 4.0 × 1015 cm−3. We may conclude from this result that if AlZr

is accompanied by VO, forming Al-VO-Al defect clusters, the experimental
concentrations of both defects and in both phases are very well represented by
our calculated data.

II Unveiling the complex electronic structure of amorphous metal oxides

In Paper II, high resolution Near Edge X-ray Absorption Fine Structure (NEX-
AFS) and Resonant Inelastic Scattering spectra (RIXS) are combined witha
new first principles theoretical method to investigate amorphous alumina syn-
thesized by means of Physical Vapor Deposition (PVD). Amorphous oxides
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are key technological materials with applications as gate dielectrics in CMOS
devices and in SONOS and TANOS flash memories [94, 95]. They are also
commonly formed at grain boundaries, in composite and multilayer coatings
[97] and are key components in glass. We are able to describe the electronic
structure of amorphous Al2O3 in detail and show that it contains oxygen-
oxygen pairs, which give rise to the peaks observed in our NEXAFS. Our
results indicate that standard molecular dynamics may not provide the correct
structure of an amorphous material formed during a rapid gas to solid transi-
tion, since it involves a step where the system is equilibrated in the liquid state
at some temperature and is then cooled down as to simulate the liquid-solid
transition. We suggest that our stochastic quenching method, could be applied
to a wide range of amorphous metal oxides.

III Understanding the catalytic effects of H2S on CVD-growth of α-Al2O3:
Thermodynamic gas phase simulations and Density Functional Theory

Alumina is a technologically important material, used in applications such
as electronic devices, ceramics and catalysis [117–119]. In this Paper,we are
interested in understanding of the CVD-synthesis ofα-Al2O3, which is one of
the most important coating processes of Sandvik Tooling AB. The details of
the catalytic effect of H2S onα-Al2O3 CVD-growth hase been a mystery for
decades, and has been investigated only in few studies [120, 121]. Dueto the
use of Al2O3 as a catalyst, there are a number of studies of H2S adsorption
[122–125]. However, these studies do not include other species present in a
CVD-reaction. InPaper III, the influence of H2S on growth of the (0001)-
α-Al2O3 surface during Chemical Vapor Deposition (CVD) is investigated on
an atomic scale. We combine the Calphad approach, DFT, MD and the Nudge
Elastic Band Method (NEB) to elucidate the effects of H2S on the gas phase
thermodynamics and surface kinetics ofα-Al2O3. We find that H2S acts as
mediator for the oxygenation of the Al-surface which will in turn increase the
growth rate of Al2O3. We present a hypothetic reaction scheme where H2S is
recycled at the surface, leading to a surface controlled water-gas shift reaction.
H2S acts as a true catalyst on the Al2O3 surface, dissociating and reforming
with a rate of reaction considerably higher than that of H2O adsorption. The
recyclingof H2S might explain why small additions of H2S can increase the
growth speed. H2S is both kinetically and thermodynamically favored over



70 CHAPTER 7. CONCLUDING REMARKS

H2O at the AlO-surface and will limit gas-phase precipitation, according to
our results. Furthermore, if the surface growth increases, the difference in en-
hanced reactivity at edges might be reduced and explain why H2S helps with
the the dog-bone effect. AlClO may be an important transition state due to that
it interacts strongly with all three surfaces compared to the thermodynamically
more stable Al-containing species such as AlCl3 and AlCl2OH.

IV A theoretical study of point defects incorporated into CVD-grownα-Al2O3

The CVD-growth ofα-Al2O3 is again considered inPaper IV. Here we study
the solubility of defects that are present in the CVD-reactor;C,H, Cl andS.
We compare defect formation energies from different reference states and look
into the compensation of charged defects, which may take place in the CVD-
reactor. Our calculated charge transition and compensation in the band gapis
compared with previous theoretical investigations and available experimental
data. We evaluate the effect of rigid shifts of the band gap to the experimental
gap and compare with the G0W0 method for selected defects.

V Study of the optical gap and native point defects in kaolinite by GGA-
PBE, HSE-functional and GW-approach

In Paper V we studied kaolinite, which is a widely spread clay mineral in
earth’s crust. [126] It has been medicinally and commercially used for hun-
dreds of years in applications ranging from ceramics, cosmetics, pharmaceu-
tics to paper fillers [126]. Kaolinites and clay minerals are characterized by
their chemical inertness, fine particle size, plate like shape as well as the ion
exchange and adsorption capability of their crystal surfaces [126]. The latter
property plays an important role in the environment where kaolinite can ab-
sorb pollutant cations and anions. They are also interesting constituents ofen-
gineered barriers in underground storage sites for radioactive waste, providing
a low permeability to water and a high ion retention capacity. We used GGA-
PBE, HSE and G0W0 to determine the electronic structure, atomic geometry,
and formation energy of native point defects in kaolinite. The optical band
gap of pristine kaolinite is predicted to between 6.2 and 8.2 eV by HSE and
G0W0. We find that the choice of functional has a major impact on the elec-
tronic structure as well as on the defect formation energy. The HSE-functional
induces deep acceptor states and the energy required to fill deep acceptor states
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is higher than that of shallow states. This decreases the stability of negatively
charged states with respect to neutral ones with HSE. G0W0 does not localize
defect states as strongly as HSE but rather resembles PBE results with a rigid
shift of the CBE. We found that the presence of defects, vastly changes the
electronic structure of kaolinite, introducing defect states in the band gap.

VI Energetics and magnetic properties of V-doped MgO bulk and (001)sur-
face: A GGA, GGA+U, and hybrid density functional study

One might expect the magnetic properties of oxide protective coatings to have
no impact on the performance of a cutting tool insert. Though, the magnetic
contribution to the Gibbs energy may be considerable, and impact the stability
of the oxide. This will impact the performance of the oxide if used as a coating
on a cutting tool. InPaper VI, we study the doping of MgO with vanadium
(V). Vanadium is paramagnetic in its metallic state, but due to its partly occu-
pied3d orbitals (Electronic structure:[Ar]3d34s2), we might expect magnetic
ordering as vanadium forms an oxide. The magnetic properties of this oxide
will depend on the competition between exchange- and crystal field splitting.
The oxide VO2 has some interesting electronic properties, displaying a metal-
insulator (Mott-Hubbard) transition at340K [88]. Moreover, VO displays in-
tricate magnetic properties and were in a recent study claimed to be a strongly
correlated metal. We apply GGA-PBE, GGA+U and HSE03 to address this
complex ternary oxide system. The energetics and electronic structure of the
bulk and surface of V-doped MgO is investigated. First we calculate the ex-
change energy of two interacting vanadium atoms in bulk MgO and find that
this interaction is clearly anti-ferromagnetic. This result is reproduced by our
GGA+U calculations. Second, we model the interaction of vanadium with
the cation vacancy in the bulk and find that, the anti-ferromagnetic behaviour
weakens considerably. Finally we have studied the magnetic interaction of
two vanadium atoms on the (001)-surface of MgO and find that they couple
ferromagnetically. The (001)-surface of MgO is found to be metallic with this
level of theory. Applying GGA+U, withU = 5, a reasonable surface geome-
try was achhieved and the surface turns insulating. This implies that V-doping
of the MgO-surface, at the modelled concentration would not give rise to any
long range ferromagnetic interaction. However, appling the hybrid HSE03
functional, the surface again turns metallic.
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VII Tuning magnetic properties of In2O3 by control of intrinsic defects

In Paper VI we investigate intrinsic defects in In2O3. In2O3 has the poten-
tial of displaying a combination of ferromagnetic and semiconducting prop-
erties when doped with TM-ions. It has been commonly agreed that intrin-
sic defects play an important role for the ferromagnetism in diluted magnetic
semiconductors (DMS) [127–130]. Theoretical studies have previously indi-
cated that p-type defects such as cation vacancies and the replacement of O by
N, mediates ferromagnetic coupling between transition metal ions. We study
the electronic structure, charge density and heat of formation for four dif-
ferent intrinsic defects, namelyy; O-vacancy, In-interstitial, O-interstitialand
In-vacancy. From the density of states, we find that the In-interstitial andO-
vacancy are donors, whereas the O-interstitial and In-vacancy are acceptors.
We studied the carrier spatial distribution for the four defects, and foundthat
the p-type defects cause electron-deficiency in the three delocalized p-orbitals,
which leads to the formation of local moments. The n-dopants instead intro-
duce additional electrons into the system. In the case of the n-type oxygen
vacancy, the empty 5s-like states of In will be filled up, introducing no local
moment. The In interstitial could possibly contribute with a magnetic moment,
due to the singly occupied 5p-like state. This is not seen in our calculations
and may be an artefact of the overdelocalization of states by DFT. We find that
negative charging of the p-type defects considerably decreases theirformation
energy, but at the same time, the local magnetic moments are destroyed. We
suggest that both V

′′

In and O
′′

I [131] will be the dominant compensating de-
fects as In2O3.

VIII Room temperature ferromagnetism in pristine MgO thin films

In Paper VII, we try to shed light on some interesting experimental findings
of ferromagnetism in pure oxides (so called d0 ferromagnetism), in this case
MgO. MgO is a promising material for the development of multifunctional
electronic components, and in particular for the design of magnetic tunnel
junctions [132]. A common route to achieve ferromagnetism in oxides is the
addition of small concentration of magnetic transition metals to the oxide,
forming the so-called dilute magnetic semiconductors (DMS) [127, 133, 134],
in which the magnetic and semiconductor properties coexist. The reported d0
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ferromagnetism in undoped oxides like HfO2 and CaO is explained by in-
voking the formation of point defects but the nature of such defects remains
to be clarified. The questions we would like to find an answer of inPaper
VIII is whether MgO can become ferromagnetic in the absence of a magnetic
dopant and what the origin of this phenomenon would be. Previous work on
other oxides suggest that ferromagnetism could be induced by intrinsic de-
fects. Therefore we have investigated the energetics and electronic properties
of a number of intrinsic defects in MgO, to see which of them will most easily
form. Thereafter, we studied the magnetic properties of the most favorable
defect, the cation vacancy, and found that ferromagnetic coupling between
cation vacancies could be responsible for the experimentally observed ferro-
magnetism.

In recent works by Walshet al. the authors find that the removal of the er-
ronous self-interaction in DFT by the Self-Interaction Correction (SIC) ap-
proach, eliminates the long range magnetic interaction. They also apply the
hybrid functional HSE, and find that whether magnetization is induced or not
depends strongly on whether symmetry around the cation vacancy. Despite
these quite convincing results that long range magnetism may be an artefact
of DFT, the question remains why many experimental results from thin films
and nanoparticles indicate that magnetic order can be induced without the in-
clusion of magnetic dopants. This is a quest of forthcoming studies by use of
state of the arts first principles modelling to solve.
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7.2 Conclusions and future work

The number of relevant topics to investigate within the area of solid state oxidesare
countless, as are the possible applications. The importance of following up some
of the theoretical predictions by experimental studies must be stressed out.The
approach to treat the properties of defects in oxides, self-consistently calculating
the concentrations of defects and carriers in this system at elevated temperature
should be further refined and applied to other oxides of relevance. Also, the com-
bined Thermodynamic and first principles modelling of CVD should be furtherap-
plied and developed. Another prospect is the theoretical description of disordered
and amorphous materials. These type of materials become increasingly important
within industrial applications, i.e. metal glass, amorphous Al2O3and unintention-
ally or by intention, at grain boundaries or in thin multilayers. In this Thesis an
approach to describe amorphous metal oxides has been presented, a results which
should be applied to other relevant materials systems. Finally, the calculation of
mechanical properties of solid oxides is of high priority and should be addressed
in the near future.
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