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Chapter 1

Introduction

Silicon dioxide or silica (SiO2) is a material of particular technology in-
terest for its exceptional combination of properties. Indeed, both its
crystalline forms and amorphous phase are widely used in many elec-
tronic and optoelectronic technologies. Quartz clocks are regulated by
the electronic oscillations of an a-quartz (a-SiOz) crystal. The fre-
quency of these crystal oscillations are very precise and quartz clocks
are amongst the most widely used time measurements standards. The
amorphous form (a-SiO2), also known as fused quartz, vitreous silica
or silica glass, is present in many electronic devices as a gate dielec-
tric in metal-oxide-semiconductor (MOS) transistors [1]. Optical fibers
are mostly made of amorphous silica as it shows a very good optical
transmission over a large range of frequencies [2].

In the applications stated above, defects and impurities constitute
an intrinsic part of the materials used. Indeed, atomic species are in-
troduced in the material — either on purpose or accidentally — during
the manufacturing process and are known to play a crucial role in the
properties of the device. In optical fibers, these impurities can cause
an attenuation of the optical signal and a decrease of the bandwidth.
As shown in Fig. 1.1, several absorption bands can contribute to this
attenuation [3]. Point defects in SiOy are also induced under parti-
cle irradiation. These radiation-induced defects can be at the origin of
the degradation of its properties. The oxygen deficient center (ODC

in Fig. 1.1) is one of the most harmful defects in silica as it gives rise
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Figure 1.1: Absorption bands in SiOs. NBOHC and ODC stand for
non-bridging oxygen hole center and oxygen deficient center respectively.
Adapted from Ref. [3].

to an absorption band at ~ 7.6 eV and is the precursor of the E’ cen-
ter after irradiation [1]. The E’ center has been known experimentally
for a long time from absorption and electron spin resonance (ESR) ex-
periments [4, 5], producing the corresponding absorption band at ~5.7
eV, and has been studied extensively using first-principles computations
[6, 7, 8]. Other fundamental defect centers related to the excess or de-
ficiency of oxygen in silica are responsible for other absorption bands
at a specific energy [1, 3]. These so-called color centers are strongly
influenced by the presence of other impurities in the material, and in
particular of hydrogen species. The latter can have both a positive and
detrimental effect on the targeted properties [9, 10] of the sample.

An accurate understanding of the above-mentioned defects and pro-
cesses thus appears to be essential in the development of quality glasses
and in the improvement of their properties. In this line, first-principles
calculations show up to be a very interesting tool to be combined with

experimental studies. First, they can provide a strong support for the
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interpretation of experimental data in which some unexplained phenom-
ena can then be understood on the basis of theoretical results. Second,
first-principles computations can be used in the prediction of the prop-
erties of a particular combination of impurities and of unknown effects
for which no experimental data is available yet. This in turn can lead to
the discovery of new remedies against the radiation-induced degradation
of the properties in silica.

In this introduction, an overview of the theoretical studies of the
properties in SiOs is sketched. The state of the art in the computation
of the properties of the pure crystalline and amorphous phases with ab
initio methods is surveyed. Defects in bulk systems and other properties
obtained from first-principles is also reviewed, with a particular emphasis
on those connected to this work. Finally, the outline of this thesis is

presented.

1.1 Computational studies of silica

The first ab initio computation of SiOy dates back to the late 1980’s
when the electronic structure of a-quartz was obtained using density
functional theory (DFT) [11] in the local density approximation (LDA)
[12] by Chelikowsky and Schliiter [13] as well as by Calabrese and Fowler
[14]. After these two precursory studies on a-SiOg, other crystalline
polymorphs were examined and compared using localized orbitals [15]
and DFT. In particular, Allan and Teter [16] were able to determine
the structural parameters of three polymorphs (a-quartz, a-cristobalite
and stishovite) within less than 2 % of the experimental values. The
structural but also the elastic properties were then obtained for all known
SiOg polymorphs within LDA by Keskar and Chelikowsky [17] and then
later compared to results with the generalized gradient approximation
(GGA) [18] by Demuth et al. [19]. In this latter work, the GGA was
found to predict an incorrect order of stability for the low-density phases
at low pressures, with a-quartz being energetically less favored than

cristobalite or keatite for example. On the other hand, the high pressure
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phase transitions are not properly described by the LDA while the GGA
corrects this wrong behavior as also observed by Hamann [20].

With the constant increase in computation power and with the de-
velopment of elaborate methods and algorithms, other electronic and
optical properties have started to be analyzed through first-principles
calculations. Dielectric and vibrational properties of a-quartz were ob-
tained by Gonze et al. [21] using density functional perturbation theory
(DFPT) [22, 23], with a rather good agreement with experimental re-
sults. For an accurate description of excited state and optical properties
such as the band gap and absorption spectra, other theories are required
in order to better reflect the electronic correlations than in the mean-field
approach provided by DFT. Many-body perturbation theory (MBPT)
[24, 25] brings up the framework for the description of such properties.

It is important to stress that the value of the band gap in SiO» is still
a matter of debate, both theoretically and experimentally [26, 27]. Fig-
ure 1.2 illustrates published values for the band gap in a-quartz (green)
and amorphous silica (blue). The band gap and the optical absorption
spectrum of a-quartz were first computed by Chang et al. [28] using the
GW approximation and the Bethe-Salpeter equation [29]. This study
can be considered as one of the main findings in the field of crystalline
silica as the excitonic character of the absorption spectrum was clearly
proved, based on theoretical arguments. The excitonic properties and
the self-trapping mechanism in a-quartz were then further investigated
by Ismail-Beigi and Louie [30].

Concerning the vitreous phase, the atomistic description of the amor-
phous structure itself is a subject on its own. Structural models can be
obtained using a classical molecular dynamics approach in which the
classical potentials are constructed on the basis of ab initio calculations
as was done by van Beest et al. [31] and Carré et al. [32]. Many studies
have concentrated on the description of the amorphous structure using
periodic supercells of relatively small size [33, 34, 35, 36]. Ginhoven et
al. [37] showed that the properties obtained from a sufficient number
of small models with 72 atoms were equivalent to those obtained with

larger supercells containing ~1500 atoms. We have thus chosen to work
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Figure 1.2: Values published for the experimental (squares) and theo-
retical (triangles) band gaps of a-quartz (green) and amorphous silica
(blue).

with such small models in this thesis. Other cluster-based approaches
have been used to model amorphous silica, in particular for the descrip-
tion of the defect centers [38]. In such techniques, the problem is solved
in a basis made of localized functions (atomic orbitals, gaussians, ...).
Apart from the fact that the computed properties are basis-dependent,
the excited states are problematic due to their intrinsically high degree
of non-locality [39].

The first ab initio (periodic) model of amorphous silica was produced
by Sarnthein et al. [40, 41]. This model was successively used for the
computation of several properties of amorphous silica. It was proven to
reproduce the experimental neutron scattering properties by Pasquarello
et al. [42] as well as the infrared absorption spectrum by Pasquarello
and Car [43]. Further investigations on the vibrational properties showed
that the presence of small rings in the sample was responsible for the ap-
pearance of specific lines in the Raman spectrum [44]. The same model
was also used to obtain the dielectric properties and Raman spectrum
by Umari et al. [45, 46]. The ultra-violet optical absorption was studied
within DFT by Sadigh et al. [47] for varying temperatures and showed

that the temperature dependence of the fundamental absorption edge
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in amorphous silica approximately follows the Urbach rule [48]. The
band gap and the effect of small disorder in amorphous silica has also
been extensively studied by Martin-Samos et al. [27, 49]. To the best of
my knowledge, the optical properties of amorphous silica have not yet
been studied within the Bethe-Salpeter formalism including the effects
of excitons.

Turning to more realistic systems with the presence of defects and
impurities, the computation of the resulting properties using periodic
supercells is a delicate matter. Indeed, the defect itself can interact
with its neighboring images and strongly affect the properties obtained
if the supercell used is too small. Several correction schemes have been
devised in order to account for the finite-size effects in DFT [50, 51, 52]
and a good review for other methods beyond DFT can be found in
Ref. [53].

Defects in amorphous silica have been studied using DFT and the
GW method by several groups. In particular, the charged states of
hydrogen were investigated by Godet and Pasquarello [54]. The neu-
tral hydrogen species was found to be less stable than its positive and
negative charged states. The mechanism of diffusion of the positive
hydrogen has then been shown to be dominantly cross-ring [55]. Other
hydrogen-related defects were also studied by Benoit et al. [56]. Oxygen-
related defects have been described extensively in the literature using
DFT [36, 57, 58, 59]. The oxygen self-interstitial has also been studied
using MBPT by Martin-Samos et al. [60]. The diffusion mechanism of
the O self-interstitial is a process for which the standard DFT approach
fails badly. The agreement with experiment could be recovered by using
a combined DFT/GW scheme [61].

1.2 Scope and outline

Although many of the electronic and optical properties of silica are
known, a thorough description of the radiation-induced defects and their
effects on the properties of the raw material are still not clearly estab-

lished. This particularly ambitious objective lines up the motivations



1.2. Scope and outline 7

for this thesis. Indeed, the properties of pure and defective silica are
investigated using different levels of theory and the results obtained in
the following chapters are a step towards a better understanding of the
physical processes occurring in devices containing silica. Emphasis is
placed on the choice of the methods and approximations used as well
as on their accuracy and reliability to predict the electronic and opti-
cal properties. Several techniques are indeed used, each of them having
their advantages and limits. The results presented encompass a rather
broad scope with possible applications in other fields and opens to per-
spectives of future work. The outline of this thesis is sketched in the
following.

In Chapter 2, the methods used in this thesis are reviewed. Clas-
sical molecular dynamics is presented as an approximation to the full
many-body problem. For systems in their ground-state, the Schrodinger
equation is shown to be more easily solved using density functional the-
ory (DFT) by reformulating the electronic problem in terms of the elec-
tronic density instead of the total wavefunction. As a ground-state the-
ory, DFT is unable to predict excited states properties and MBPT is
presented as a cure to accurately describe band gaps and optical prop-
erties.

The properties of pure silica are presented in Chapter 3. First,
the amorphous silica models are presented and their structural prop-
erties are analyzed. The electronic properties in amorphous silica are
then compared to those of the a-quartz crystal. The value of the band
gap in both the amorphous and crystalline forms is determined by com-
bining Bethe-Salpeter computations and experimental optical spectra,
suggesting. A publication is in preparation.

Hydrogen-containing silica is investigated in Chapter 4. The pos-
itive, neutral and negative charged states of hydrogen in silica are first
introduced. The defect energy levels obtained from DFT and GW com-
putations are then presented. Formation energies for the three charged
states are calculated using the DFT formalism. Preliminary results are

also obtained for GW-corrected formation energies, with some discrep-
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ancies which led to reexamine, in the following chapters, the approxi-
mations used until now.

In Chapter 5, the supercell-size dependence of the GW corrections
of defect energy levels is investigated. The neutral oxygen vacancy in
ideal B-cristobalite is used as a test case. The comparison of a simple
quantity arising from the GW computations in the pure and defective
samples is proposed as a minimal requirement for the supercell size con-
vergence. A publication is in preparation.

The frequency dependence of the microscopic dielectric function is
examined in Chapter 6. In particular, the plasmon-pole approxima-
tion of Godby and Needs is shown to be a very good estimate of the
quasiparticle energies obtained with a full frequency treatment, for the
states close to the Fermi level.

Finally, an alternative to the computationally demanding GW me-
thod is analyzed in Chapter 7. The Tran and Blaha (TB09) exchange-
correlation potential was recently proposed to overcome the well known
“band gap problem” in DFT. It will be shown that indeed the band gaps
are better reproduced with this functional but at the cost of a systematic
degradation of the valence band structure. Further GW corrections
starting from TB09 DFT electronic structure solve this problem and
seem to be rather close to quasiparticle self-consistent GW schemes.
Part of this work has been accepted for publication in Physical Review B
as Ref. [62].

Final conclusions are addressed at the end of this manuscript.



Chapter 2

Methodology

2.1 The quantum many-body problem

In the early decades of the 20" century, an impressive amount of new
progresses has been made in physics and chemistry, in particular in the
knowledge of the composition of matter, molecules and atoms as well
as the physical laws that determine their evolution. When the micro-
and nano-worlds are considered, the laws of classical physics turn out
to be insufficient because of the electronic nature of matter [63, 64,
65]. Indeed, for these length scales and their corresponding energies,
the Planck’s constant h cannot be neglected such that the atoms and
electrons show both particle and wave characteristics. This is known
as the theory of particle-wave duality, originally introduced by Louis de
Broglie in 1924 in his doctoral thesis. As a consequence, the properties
of the electrons cannot be described using classical mechanics. These
findings have inspired the development of the quantum theory of many-
particle systems [66].

In this section, the important concepts of many-body quantum me-
chanics are sketched. First the Schrodinger equation [67] and its
formidable difficulty are presented. The Born-Oppenheimer approxi-
mation [68] is then introduced as a simplification of the full quantum
many-body problem. This important advance alleviates the complicated

many-body problem and will actually be used in all this thesis.

9
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2.1.1 Schrodinger equation

In quantum mechanics, the state of a physical system is completely
described by its many-body wavefunction \IJ%V[B. For systems at equilib-
rium, this wavefunction and its associated eigenvalue can be obtained

through the time-independent Schrédinger equation

HMBgMB — g gMB (2.1)

where the many-body Hamiltonian HMB is the sum of the kinetic energy

T and potential energy v

N
T=-% "2 (2.2)
- = 2m " .
S 23
dmep = |r; — 1} '
=1 j>1i

where m; and ¢; are the mass and the charge of particle .

The two terms of the Hamiltonian stated above are known exactly.
The wavefunction \IJ%VIB of the system can thus in principle be determined
exactly but in practice, the solution is far from being computationally
tractable except for trivial cases. Indeed, all the particle’s motions are
correlated through the potential energy operator such that the many-
body wavefunction is a complicated mathematical representation of the
system including the effects of this correlation. The aim of finding the
wavefunction that satisfies Schrodinger’s equation is thus almost impos-
sible to achieve.

As a consequence, it is not quite surprising that a large part of this
field of physics has been focused on trying to find approximations to
the many-body Hamiltonian HMB and wavefunction \Ili-v[B that can be
managed in a reasonable human and /or computer time, while preserving
the proper physics, or at least keeping the desired accuracy and physical

understanding.
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2.1.2 The Born-Oppenheimer approximation

The complexity of the Schrodinger equation and its consequences led
Born and Oppenheimer [68] (BO) to rationalize the full many-body
problem. As the masses of the nuclei are at least 3 orders of magni-
tude larger than the electron mass, their dynamics are much slower than
those of electrons. Born and Oppenheimer suggested that the motion of
nuclei and electrons could be decoupled such that the full many-body

wavefunction takes the following form :

VI ({ri}, {Ry}) = Pir, ({rih) 2({R;}) (2.4)

The full Hamiltonian can be separated as a sum of electronic fel
and atomic T\nucl contributions to the kinetic energy operator plus the
electrostatic interactions between electrons ‘7;1,61, between nuclei and

electrons Vyuc—el and between nuclei Viucl—nucl

ﬁMB = fel + T\nucl + ‘//\vel—el + vnucl—el + vnucl—nucl (2'5)

From now on and unless otherwise stated, atomic units will be as-
sumed in the rest of this manuscript such that the electron mass me,
the electron charge e, the reduced Planck constant A and the Coulomb
constant ﬁ are all set to one. All the components of the Hamiltonian

in equation 2.5 are then defined as
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~ 1
Ta=-) Vi (2.6)

. 1
Thuel = — Z oL V&, (2.7)

‘//\Ynucl—el = - Z Z ‘I‘,—ZJR,j (29)
Vnuclfnucl Z Z ‘ ZZZ] (210)

where N, and NN,, are the numbers of electrons and nuclei, r; is the
position of electron ¢, R; is the position of nucleus i, M; is the mass of
atom ¢ in atomic units and Z; is the atomic number of nucleus 3.

The slow dynamics of nuclei as compared to the electron’s lead to
consider that the electrons evolve in a potential created by nuclei that
are fixed. In that case, the nucleic kinetic energy term in Eq. 2.5 can
be neglected as the nuclei do not move and the electrostatic interactions
between nuclei is a constant. As a result, the electronic Hamiltonian

He! is expressed as

ﬁfi{j} = fel + ‘/}el—el + ‘?nucl—el (211)

The Schrédinger equation involving this electronic Hamiltonian then

reads

H{py Vir,y (i) = Efg,y Yir, (i) (2.12)

where EfflR } is the electronic energy of the system with the fixed posi-
tions {R;} for the nuclei.
The total wavefunction of the system, including the nuclei, can in

turn be obtained by reintroducing the atomic kinetic energy term :
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|77+ By | @({Ry}) = EFO@,({R ) (2.13)

Though the BO approximation substantially simplifies the many-
body problem by reducing the size of the problem, it is clear that solving
Eq. 2.12 remains a burden as many electrons are involved in the elec-
tronic Hamiltonian. The individual motions of the electrons are indeed
correlated through the electron-electron interaction 1761_61. In order to
solve this problem, other approximations are needed. In the following
sections, different methods for solving this problem will be presented.
The different approaches are introduced in order of increasing com-
plexity. The approach presented in Sect. 2.2 proposes to handle the
complicated electronic interactions by simply including it in an effective
potential that also comprises the nucleic interactions. The problem is
thus reduced to a classical mechanical one. In Sect. 2.3, density func-
tional theory deals with electronic interactions in an average way where
the electronic density is used as the central variable for setting up the
effective (electronic) potential. Finally, many-body perturbation the-
ory in the GW approximation (Sect. 2.4) and Bethe-Salpeter approach
(Sect. 2.5) uses perturbation expansion series of independent interac-
tions to model the fully interacting electronic system, still within the

realm of the BO approximation.

2.2 Classical Molecular Dynamics

Molecular Dynamics (MD) is the study of the evolution of the atomic
configuration of a complex physical system by means of computer sim-
ulations. The movement of the atoms in the system is determined by
numerically integrating Newton’s equations of motion [69]. The BO ap-
proximation is used such that the electrons instantaneously adapt their
dynamics to the atomic displacements. In its classical version, the hamil-
tonian is derived from an effective potential or force field which contains
all the electronic, ionic and electron-ion interactions and depends only

on the atomic positions.
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In this section, the basic theory of classical MD is reviewed. First,
the relevant equations and algorithms used to simulate the motion of
the system’s atoms are introduced. Then the empirical potentials for
silica used in this thesis are presented. Finally, the tools used to analyze

the results and compare to available experimental data are described.

2.2.1 Basic theory
Equations of motion and discretization

The trajectories of the N atoms are described by the laws of motion
or equations of motion (EOM). Newton’s second law is precisely the
equation that describes the relationship between the force F; acting
on an object with mass M; (the atom) and its acceleration A;. The
evolution of the IV atoms in the system is thus described using a set of
N equations :
’R;,
The forces on the atoms are calculated from the derivative of a given

effective potential (see Sec. 2.2.2)

F; = —Vg,V(Ri,...,Ry) (2.15)

For the numerical study of the system, the N second-order differ-
ential equations 2.14 are rewritten as a set of 2NV first-order equations

involving the velocity V; of each atom :

dR;

=V; 2.16

i (2.16)
dv;

M;—"' =F, 2.17

” (2.17)

These two equations are then integrated by discretizing in time as
t = tg,t1,... using a constant time step 7 = t,,41 — t,. Each time ¢, is

then obtained as tg + nr.
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The MD algorithm
The basic MD algorithm follows a standard procedure :

0. The initial configuration of the system at ¢t = ¢ is first set up
: positions {R;}¢ and velocities {V;}¢ of all the particles in the

system.

1. All the forces F; on each atom are then computed using Eq. 2.15

from which the new velocities can be derived using Eq. 2.17.

2. The configuration is then updated by integrating Eq. 2.16 with the

new velocities.

3. Steps 1 and 2 are then iterated for the required number of steps

or until some stationary state is achieved.

Several schemes exist for the integration of equations 2.16 and 2.17.
The algorithm used here (the leap-frog algorithm) is described in the

following.

The leap-frog algorithm In the leap-frog algorithm [70], which is
represented schematically in Fig. 2.1, the positions and velocities of the

particles are evaluated at time ¢, and ¢, 1 respectively, where ¢
2

th+ 3 ¢

R (th1) = R(tn) + 7V (tn+%) (2.18)

V (tus1) =V (ton) + ZF(t) (2.19)

This algorithm has the advantage that it is time-reversible. This
guarantees the conservation of energy or any other conservable quantity
and hence provides a robust algorithm to be used for NVT ensembles
[71].

The NVT ensemble

The direct application of equations 2.15-2.17 produces quantities in the

NVE or micro-canonical ensemble (constant number of particles, con-
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/\ /\ /\
t W W b Tome

Figure 2.1: Schematic view of the leap-frog algorithm. The configura-
tions R of the particles are evaluated at each integer time step t, using
Eq. 2.18 using the velocities V evaluated at the preceding half-integer
time step tnf%'

stant volume and constant energy). However, the properties that are
investigated are most often from the NVT or canonical ensemble where
the number of atoms N, the volume V and the temperature T" are fixed.
For that purpose, the system is coupled to an external heat bath with
the target temperature 7218t

In the Nosé-Hoover temperature coupling, which is the thermostat
that has been used in this thesis, a friction term is added to equation
217 :

where the friction parameter £ has its own equation of motion :

Vi (2.20)

; 3§ ! ZMV2 Nf + 1)kpTtareet (2.21)

where Ny = 3(N — 1) is the number of degrees of freedom of the
system, kp is the Boltzmann constant and the mass parameter @ of the
heat bath determines the coupling strength of the thermostat.

When the kinetic energy of the system (first term in Eq. 2.21) is
larger than the target kinetic energy of the system (second term in
Eq. 2.21), the friction parameter ¢ is increased such that more energy
is extracted from the system in order to cool it down. On the opposite,
when the system’s temperature is lower than the target one, £ is negative

and the friction term causes the system to heat up.
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Actually, the coupling strength changes when the target temperature
is varied. For that reason, the () parameter is usually expressed in terms

of the period 7ny of the kinetic energy oscillations :

2 target
TRl
472

Using 7wy as the parameter for the thermostat is thus more justi-

Q= (2.22)

fied, in particular when annealing, melting or quenching is simulated.
In this thesis, a melt-and-quench procedure has been used to prepare

amorphous silica models (see Sec. 3.1).

2.2.2 Effective potentials

In a molecular dynamics simulation, one very important decision is the
choice of the force field. Different types of force fields exist : bonded,
non-bonded and electrostatic potentials. Usually for a given system, the
total force field is a combination of bonded, non-bonded and electrostatic
potentials.

Bonded interactions assume a predefined topology for the system
which is then described using 2-, 3- and 4-body interactions. A given
particle will usually have few bonded interactions mainly corresponding
to its chemical bonds. These interactions are defined precisely from a
fixed list of atoms. In contrast, non-bonded interactions are defined
for all particles. These are typically the Lennard-Jones potential or
other model pair-potentials. In principle, their range is infinite but in
practice, the long-range part is usually small such that the interactions
are computed only for the atoms within a certain radius. The Coulomb
interaction is a particular case of non-bonded interactions as their range
is much longer. For this reason, the are commonly dealt with using
Ewald sums (see Sec. 2.2.2). Finally, specific constraints can also be

defined with respect to the actual coordinate system.

Effective potentials for silica

Simple two-body unpaired potentials (CHIK) from Carré et al.[32] have

been used in this thesis for the generation of the silica models. These
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potentials have the same form as the old van Beest, Kramer and van
Santen (BKS) potentials [31] but have revealed to yield more accu-
rate static and dynamical properties. In particular, the partial pair-
correlation functions and angular distribution functions show results in
closer agreement with experiment than the BKS potentials. The CHIK
potentials are expressed as the sum of a Coulomb term and a short-range

term in the Buckingham [72] form :

Cap
R6

where R = |R; — Rj| is the distance between particles i and j and

_ dagpe’
R

Vas(R) + Agge Bosf — (2.23)

the coefficients qn, qg, Aag, Bag and C,p depend on the types a and 3
of species 7 and j.

As it can be seen in Fig. 2.2 (in which the inset shows the longitu-
dinal force obtained by applying equation 2.15 to the potentials), the
potentials thus defined (thin lines) have a nonphysical behavior at low
separation such that if two particles appear to be too close to each other
during the simulation, they might collapse due to the infinitely attrac-
tive potential. A strong repulsive part VO%P (R) has thus been added to
each of the potentials for distances under which the resulting force starts
to decrease (branching point). This term has been chosen proportional

to the inverse fourth power of the distance :

Vol (R) = vos + Kop(R— Ro4) (2.24)

The strengths K,g of the hard repulsive parts were set to 10?2
erg/cm?* (~ 33 eV/Bohr) while the parameters vgﬁ and r9 5 were chosen
in order to match the CHIK potentials and their first derivatives at the

corresponding branching points.

Long-range electrostatic interactions and Ewald sums

Electrostatic interactions in a system correspond to the combination
of all Coulomb repulsion or attraction of all pairs of particles with an
(effective) charge. As already mentioned previously, this kind of interac-

tion has long-range effects such that for periodic systems, the number of
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Figure 2.2: Effective potentials used for the generation of the amorphous
silica models (thin lines). For low separation of species, for which the
resulting force starts to decrease (see inset), a repulsive part has been
added (thick lines).
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terms in the electrostatic potential acting on a given atom is very large.
Indeed a given atom interacts with all the other atoms in the unit cell as
well as with all the periodically replicated images of all atoms. Defining

n = (ng, Ny, n.) as the index of the cell, the total Coulomb energy reads

ol = SIS S A (2.25)

. ’Ll’l
Ng Ny Nz 1 g’ >

in which R;;, is the distance between particle 7 in the origin cell
ng = 0 and particle j in cell n = (n,,ny,n,) and the prime in the sum
over 7 means that the ¢ = j term has to be omitted when n = ng.

Using the technique of Ewald summation [73, 74], this slowly con-
verging sum is split into the sum of two rapidly converging ones and a

constant term :

UCoul Udlr rrrec + UO (2.26)

AR RN BNTES e 20

Ng Ny Nz n

o(—(mm/a)?+2mim-(R;—R;))

[ree _ ZWV%” Y Z Z Gt — (2.28)

Mg My Mz

Ul = —% Z ¢ (2.29)

The direct term U is calculated in real space and is rapidly converg-
ing in R;jn due to the complementary error function
erfc(aR;;n) while the Fourier term U™ is calculated in reciprocal space
and converges rapidly due to the decreasing exponential e(~(™m/ @ and

the # dependence.

2.2.3 Conclusion

Classical molecular dynamics provides an efficient and fast way to de-
scribe molecular and solid state systems. As the electronic interactions
are completely included in the effective classical potentials, it consider-

ably reduces the complexity of the system. On the other hand, these
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effective potentials are empirical. Consequently, they have to be chosen
carefully and vary from system to system. Another drawback of CMD
lies in the underlying assumption of classical potentials. As quantum
effects are not explicitly used in the theory, electronic properties cannot
be obtained from CMD.

The CHIK potentials presented in Sect. 2.2.2 yield structural prop-
erties for amorphous silica in good agreement with experiment. Primary
models can thus be generated using CMD and these CHIK potentials
and used as starting point for further refinement. The next section
presents density functional theory that allows for a more accurate and

more suited description of a system composed of nuclei and electrons.

2.3 Mean field approaches and density functional
theory

In this section, the basic ideas of mean field approaches, such as the
Hartree-Fock method and density functional theory are sketched. First
the concept of independent particles is introduced as well as the Hartree
and Hartree-Fock approximations. The ground basis of density func-
tional theory is then presented, namely the Hohenberg-Kohn theorems
and the Kohn-Sham equations. The exchange-correlation approxima-
tions that were used throughout this thesis are then laid out. Finally,
the notions of reciprocal space, basis sets and pseudopotentials are re-

viewed.

2.3.1 Independent particles

Using Born-Oppenheimer approximation the atomic and electronic mo-
tions are separated, the electronic wavefunction of the system can be

determined for a given arrangement of the atoms :

H|W,,) = Eg|U,,) (2.30)

where He! T + Vee + VeN{,.} is the electronic Hamiltonian oper-

ator. In this operator, Te, Vee and VeN{R} correspond respectively to
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the electronic kinetic energy, the electron-electron interaction and the

electron-nuclei interaction.

Ne 2
~ Vi
Te:z_ 2“
=1
Ne 1
Ve =
« Z|ri—rj|
(i)
1<)
Nc NN Z Nc
> ]

If we consider the electrons as non-interacting, the 1766 is neglected.
The N-electrons problem can then be solved by using Slater determi-

nants :

PYi(r1)  ta(ri) ... ¥n(r1)

Yi(r2)  a(r2) ... Yn(r2)

\I/n(rl,l‘g,...,I‘N) = (231)

-

Yi(rn) Pa(ry) ... Yn(ry)

where the one-electron orbitals 1);(r) are eigenfunctions of the one-

electron Schrodinger equation :

(—;w " v<r>) bi(x) = gti(x) (2:32)

The total electronic energy is then obtained as the sum of the energies
of each orbital. Similarly, the electronic density corresponds to the sum

of the electronic density of each orbital.

2.3.2 The Hartree and Hartree-Fock approximations

While verifying the Pauli exclusion principle, the solutions 2.31 com-
pletely neglect the electron-electron interaction. In the Hartree approx-
imation, the many-body wavefunction is written as a product of the

one-electron wavefunctions
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U(ry,re,...,ry) = (r1)Y(r) ... ¥(ry) (2.33)

and the electrons interact via the mean-field electrostatic potential aris-
ing from the other electrons. The effective potential Vg is thus defined
as the superposition of the ezxternal potential Vet created by the ions

and the Hartree potential Vi

Vet (r) = Vi (r) + Vexe(r) (2.34)

The Hartree potential is a functional of the electronic density :

Via(r) = / |1f’;(f)r| dr’ (2.35)

The electronic density is in turn obtained from the one-electron

Schrédinger wavefunctions :

n(r) = ¢r(r)i;(r) (2.36)
J
The wavefunctions are obtained from the solution of the one-electron

Schrodinger equations 2.32 where V(r) is replaced by Veg(r) :

(=577 Vo)) y0) = 2500 (237)

In this way, a Self-Consistent Field (SCF) cycle is defined as illus-
trated in Fig. 2.3 (a). From a starting electronic density, the correspond-
ing effective potential is calculated and used to obtain the wavefunctions.
From these wavefunctions, a new electronic density can be calculated.
This can be iterated until all the elements of the cycle reach a stationary
solution.

In the Hartree approximation stated above, the Pauli exclusion prin-
ciple is clearly not satisfied as the wavefunction should be antisymmetric

upon interchange of two electrons :
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Figure 2.3: Self-Consistent Field cycle (a) in the Hartree approximation
and (b) within Density Functional Theory.

U(ry,ro,...,r5,...,r5,...,ry) = —¥(ry,re,...,rj,. .., T, ...,TN)
(2.38)
In the Hartree-Fock method, the wavefunction is expressed as Slater
determinants as in Eq. 2.31. The Pauli exclusion principle is then satis-
fied trivially by including an exchange term in the one-particle Hartree-

Fock equations :

<—v + Via(r >) / Vil |r, ()dr’=sjwj<r>
(2.39)

The Hartree-Fock equations do not contain any electronic correla-
tion. Indeed, by assuming a single determinant for the electronic wave-
function, the dimensional space of possibilities for the total electronic
wavefunction is reduced. This is indeed a strong hypothesis that can

lead to poor electronic structures.

2.3.3 Density Functional Theory

In the Hartree and Hartree-Fock methods, electronic correlation is ne-

glected such that the computed properties can largely deviate from the
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real ones. One possibility relies in Density Functional Theory (DFT) in
which the electronic exchange and correlation effects are taken into ac-
count by means of a model local potential. In this section, the underlying
theorems of DFT will first be presented. The fundamental approxima-
tions used in DFT are then laid out. Finally, some important aspects of

practical calculations are set down.

Density as the fundamental variable : the Hohenberg-Kohn

theorems

In 1964, Hohenberg and Kohn [11] (HK) published a paper on the in-
homogeneous electron gas that would appear to be a very important
step into the possibility to solve the Schrodinger equation for real sys-
tems. They proposed to address the complicated and fully interacting
electronic problem by replacing it by a much more tractable one. The
electronic density n(r) is considered as the fundamental variable of the
problem and hence the space in which the problem is solved is reduced
by a factor IN. This section presents the two main theorems that come
with this idea.

Theorem 1. The ground-state electronic density n(r) of a system of
interacting electrons uniquely determines the external potential Vey(r)

in which the electrons evolve.

Conversely, the external potential Vex(r) is a universal functional of
the density within some additive constant. It follows that any property
of the system is in fact a functional of the ground-state density ng(r).

In particular, the total energy is obtained as

E[n(r)] = F[n(r)] + /n(r) Vext (r)dr (2.40)
where F[n(r)] is a universal (unknown) functional of the density.

Theorem 2. The universal functional for the energy E[n(r)] is defined
in terms of the electronic density n(r). The ground-state is obtained for

the density no(r) that minimizes this functional.
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As a consequence, the ground-state of the system (and its total en-
ergy) can be obtained using conjugate gradient methods or other itera-

tive minimization procedures [75].

The Kohn-Sham formulation

All the beauty of DFT resides in the existence of a universal functional
F[n(r)] of the density defined in Eq. 2.40 and in the reduction of the
complexity of the problem from a wavefunction in 3N dimensions to the
density in 3 dimensions. However, the functional F[n(r)] is unknown.
Kohn and Sham [12] split up this functional into three terms so that the

energy functional E[n(r)] is rewritten as

E[n(r)] = Ti[n(r)] + Eu[n(r)] + Exc[n(r)] +/n(r) Vext(r)dr  (2.41)
F[n(r)]

where

1 N
Lin(r)] = —5 Y / 0 () V24 (r)dr (2.42)
=1

/
Fuln(r)] = % / n(r)Vir (r)dr = % / Wdr (2.43)
are the kinetic energy of the non-interacting electron gas with density
n(r) and the Hartree energy of the same density. These two terms are
known exactly while the last term  FExc[n(r)] is the
exchange-correlation (XC) energy of the system and is formally defined
by Eq. 2.41. This XC energy functional contains all the many-body ef-
fects of the interacting system and is in general not known. In fact, it
has been calculated exactly only for simple model systems such as the
homogeneous electron gas [76].

Using the second HK theorem (Theorem 2) with the additional con-
straint that the total number of electrons N, has to remain constant
under any variation of the density, the ground-state density of the sys-

tem is found by minimizing the energy :
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o
E — — N, = 2.44
sy [En A ([amar-n)| =0 e
SE[n(r)]
— = = 2.4
o) (245)
in which A plays the role of a Lagrange multiplier for the constraint on

the number of electrons. Equation 2.45 can then be rewritten as :

0Ts[n(r)]
on(r)

where the Kohn-Sham potential Vkg(r) is an effective potential ex-

+ Vks(r) = A (2.46)

pressed as

Vks (I’) = %Xt(r) + VH(I‘) + ch(r) (2.47)

The two first terms in Eq. 2.47 have already been defined in Sect. 2.3.2.
The exchange-correlation potential Vxc(r) is derived from the exchange-
correlation energy Exc[n(r)] :

Vxe(r) = (SE?S([Z)(M (2.48)

With the equations and quantities stated above, the ground-state
energy and density are obtained by solving equations 2.36 and 2.47 to-
gether with the following one-particle Schrodinger equations with the

KS potential as the effective potential :

(_;VZ + VKS(P)> ¥i(r) = eihi(r) (2.49)

This set of equations define a self-consistent cycle (SCF) as illus-
trated in Fig. 2.3 (b). This cycle has to be iterated until a station-
ary state is obtained for all the quantities involved. The Kohn-Sham
equations thus give the theoretical basis for the description of a ground-
state’s system provided that the exchange-correlation energy Exc[n(r)]
in Eq. 2.48 is known, which is usually not the case. Because of that,

approximations for this functional have to be used in practice.
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Exchange-correlation functionals

Many exchange-correlation functionals exist in the scientific community.
In fact, plenty of them have been devised for many specific purposes.
In an ideal world, the exchange-correlation functional should work for
any system and for any property. In practice, this perfect exchange-
correlation does not exist and one then needs to choose one amongst
all the possible approximations on the market. In this thesis, the local
density approzimation[77] (LDA) has been used for most of the results
presented. Another functional proposed by Tran and Blaha [78] has also

been tested in this work for the electronic properties.

Local density approximation In the local density approximation,
the exchange-correlation energy is obtained by assuming that it depends
locally on the exchange-correlation energy density
sggG(n) of the homogeneous electron gas with the same density n =
n(r), which is known exactly from quantum Monte-Carlo simulations
[76] and has been parametrized by Perdew and Wang [77] for any con-
stant density n. The total exchange-correlation energy is then obtained
by integrating the exchange-correlation energy density over the volume

of the system :

Bxc A n(w)] = [ HEC(nfe)dr (2.50)

Surprisingly and despite of its simplicity, LDA has been shown to
give reasonable structral properties such as bond lengths, lattice param-
eters and atomic positions within 1 or 2 % over a large range of systems
[79]. The computation of other energy-derived properties obtained from
finite differences or from the more elegant density functional perturba-
tion theory [22, 80, 81] within LDA can also be achieved with a relative
accuracy of less than 5 % [82] for many systems.

Unfortunately, this approximation is not reliable for all the proper-
ties. Excited states and, in particular, the band gap energy are poorly
described within LDA [83, 84]. In fact, except for the highest occupied

and lowest unoccupied states, the eigenvalues obtained from the solution
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Chemical Accuracy

unoccupied Ya(r’) l O exact exchange and exact partial correlation
occupied 1,(r') exact exchange and compatible correlation
7(r) meta-generalized gradient approximation
Vn(r) generalized gradient approximation

n(r) T O local spin density approximation

Hartree World

Figure 2.4: Jacob’s ladder of density functional approximations, from
Perdew and Schmidt[85].

of the KS equations cannot in principle be interpreted as quasiparticle
energies. They are indeed just Lagrange multipliers used to solve a min-
imization problem of a fictitious system of non-interacting particles that
mimics the fully interacting one. This is not specific to LDA though and
attempts are made to design new functionals capable of describing such

properties.

Other functionals and Jacob’s Ladder Many other approxima-
tions for the exchange-correlation functional exist in the literature be-
sides the LDA. These range from local gradient expansion of the density
[18] to more elaborate schemes involving semi-local or orbital-dependent
terms [39]. Depending on the system and properties as well as on the
desired accuracy one aims to look at, some type of functional might be
preferred, keeping in mind that usually, a better accuracy implies a more
complicated and more computationally demanding approximation.
This multitude of functionals can be classified into different groups
by their level of simplicity or reversely by their level of accuracy. These
groups can be represented in Fig. 2.4 in a so-called Jacob’s ladder of

density functional approximations after Perdew and Schmidt[85].
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In this Jacob’s ladder, the highest rung corresponds to the best ac-
curacy that can be achieved from an exact treatment of exchange and
partial correlation. This kind of technique is very demanding and can-
not be applied to real large systems with the present status of computer
and hardware. On the contrary, the lowest rung represents the LDA ap-
proximation, which is conceptually easy and computationally tractable
for relatively large systems. The other rungs between these two are
other levels in the theory, such as GGA functionals and other Meta- and
Hyper-GGA’s, with their own pros and cons.

Describing the bandgap with a semi-local functional : the Tran-
Blaha exchange-correlation One of the main failure in DFT is the
well known band gap problem and the correct description of excited
states. Indeed, DFT is formally a ground-state theory and this issue has
been known for years [83, 84]. In order to get reliable electronic struc-
tures, one needs to go to many-body perturbation theory (see Sect. 2.4)
but with a considerable increase in computational time. For that rea-
son, many attempts have been made to obtain better band gaps and to
improve the quality of the excited states without using any computa-
tionally demanding many-body techniques. The ASCF method [39] for
atoms and molecules, further generalized to solids by Chan and Ceder as
A-s0l,[86] leads to fundamental band gaps in closer agreement with ex-
periment. However, the full band structure of the excited states remains
quite approximate. Hybrid functionals [87, 88, 89] can have a positive
effect on the accuracy of the bandgap and the position of higher excited
states[90] but are more computationally demanding than standard XC
functionals as they include some part of exact exchange.

In a recent letter by Tran and Blaha [78], a modified version of the
Becke-Johnson exchange potential[91] combined with an LDA (Perdew-
Wang [77]) correlation part was proposed to improve band gap predic-
tions in DFT. This new XC functional (referred to as TB09) has already
been applied to a large variety of systems[92, 93, 94, 95, 96, 97] and was

able to predict bandgaps in close agreement with experiment.
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The TB09 exchange-correlation potential is composed of a modified
version of the Becke-Johnson[91] exchange potential and an LDA corre-

lation part. The exchange part Vil B%(r) takes the following form :

/ /2t
VP9 (r) = VM (r) + (3¢ — 2 (2.51)

where V;2R(r) is the Becke-Roussel potential [98] modeling the Coulomb

potential created by the exchange hole (see Appendix A for the exact

expression) and the parameter ¢ results from the following equation :

1 |Vn(r’)|>1/2
c=a+ dr' — = , 2.52
b <Vce11 /cell n(r’) (2:52)

where Vo is the unit cell volume and where o and 8 were fitted to

experimental gaps in the original paper using a least-square procedure.

The kinetic energy density ¢s(r) reads

1 N
= 5D Vi) Vi) (2:53)
i=1

Limitations of this functional have been pointed out by some au-
thors. First, there is no energy functional from which the potential is
derived [99, 100], which prevents the description of any energy-related
properties, such as defect formation energies or phase stability. Sec-
ondly, it is not intended to be used for systems without an electronic
gap and indeed seems to be an issue for such systems[101]. Finally,
effective masses are reported to be overestimated [97, 102], with an ac-
companying narrowing of the bands. There are other known drawbacks
to the TB09 functional, namely the fact that it is not size consistent
and that it is not gauge invariant.[103]. In this thesis, the band gaps
and electronic structures of several compounds obtained with the TB09
functional will be compared to results obtained with LDA and the more
accurate GW method.
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2.3.4 DFT in practice

All the theory presented here above is very general. The actual im-
plementation of the Kohn-Sham equations and the way the different
quantities are represented depend on the physical system under study.
For atomic or molecular systems, one usually takes localized basis sets
such as atom-centered gaussians or spherical harmonics. In this thesis,
crystalline and amorphous solids are concerned. As it will be shown
later on, amorphous structures can be described using a periodic su-
percell approach. The most appropriate type of basis set for periodic
quantities is then made of plane waves. In this section, some important
aspects for practical calculations in periodic systems such as the Bloch

theorem and the use of pseudopotentials will be presented.

Periodicity and the Bloch theorem

In a solid, the electronic problem is a very complicated one as there is
an infinitely large number of electrons. In practice, the solid is idealized
as a perfect crystal where the atoms are periodically repeated in space.
Because of this periodic arrangement of ions, the electrons evolve in an
effective potential that has the same periodicity as the crystal. The
physical system is completely characterized by the coordinates of the
atoms in the primitive unit cell and the primitive translation vectors
(a1, az,a3) that determine how the unit cell is replicated.

By definition of the periodic crystal, any real space property f(r)
of the system such as its electronic density or the potential is invariant
under any translation of the primitive translation vectors and integer

combinations of them :

fr+R) = f(r) (2.54)

with R = nja; + neas + nsag and nq, na, ng € Z3.

As a periodic quantity, f(r) can be expressed as a Fourier series

flr) = fadCr (2.55)
G
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in which G = m1by + maby + msbs (my, ma, ms € Z) is a reciprocal
space vector and (by, bs, bs) are the reciprocal space primitive vectors
defined as

as X as asg X ap a; X ag
s b2 = and b3 =
Veenl Veen Veenl

by = (2.56)
where Vo) = aj - (a3 X ag) is the volume of the primitive unit cell.
The Fourier coefficients fg in Eq. 2.55 are obtained as
1

fa = (r)e GTdr (2.57)
Veell Jv,q

The periodicity of the effective potential of the system implies that
it must verify the condition of Eq. 2.54. A direct consequence of this
lies in the Bloch theorem [104] :

Theorem 3. In a perfect crystal, one can choose the eigenfunctions of
a Schrodinger equation in a periodic potential V (r) to be written as the
ikr

product of a plane wave part € and a periodic function u,y(r) with the

same periodicity as the potential :

Yk (r) = o'kt Unk (T) (2.58)

where

unk(r + R) = unk(r) (2.59)

and k 1s a reciprocal space vector which can be seen as a quantum number

arising from the translational symmetry of the potential.

In addition to the periodicity of the potential, the function wu,x(r) is
periodic in k such that the electronic problem is entirely characterized
if u,k(r) is known for all k in the first Brillouin zone.

Using the Bloch theorem and a Fourier representation of the periodic

function u,k(r) leads to rewrite the wavefunction of a system as :

1 i(k+G)r
= E 2.60
wnk ‘/cell - Cnk+G € ( )
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In principle the sum in Eq. 2.60 is infinite but in practice, the basis
set defined by the set of G vectors used is truncated and include plane

waves up to a given kinetic energy cut-off E.yt :

k + G|?
2

The truncation in the set of G vectors induces errors in the com-

< Ecut (261)

puted properties. In practice, this error can be reduced by increasing
the kinetic energy cut-off defined in Eq. 2.61 until the desired accuracy
is achieved. In particular, the total electronic energy of the system com-
puted with a given E., will always be smaller or equal to the total

< E}

energy obtained with a smaller F2 cut

cut

It is important to note that the all-electron wavefunction of a system
has a very large oscillatory behavior close to the nuclei, implying a large
kinetic energy cut-off and hence a large computational cost. Therefore,
one usually makes another assumption about the separation of core and

valence electrons leading to the pseudopotential approximation.

Pseudopotentials

In the frozen core approximation, we take advantage of the fact that the
core electrons of the atoms are strongly localized and separated in space
and energy from the other (valence) electrons. Indeed, as their binding
energy is usually much lower, their properties are not much modified by
the surrounding environment. On the contrary, the valence electrons are
the ones participating in the bonding between atoms. Many properties
of a given material thus depend mainly on the dynamical properties of
these valence electrons.

The number of electrons explicitly included in the simulation is thus
decreased. In addition to that, the pseudopotential are constructed in
order to smooth the oscillatory behavior of the wavefunctions close to
the nuclei, as illustrated in Fig. 2.5. This leads to a strong cut-down in
the size of the basis sets needed. The actual procedure to generate a
reliable pseudopotential is not trivial and will not be discussed further

here.
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2.3.5 Conclusion

The physics of a many-electron system is often very complicated due to
the correlated motion of the individual particles on all the other parti-
cles. These so-called exchange and correlation effects are present in all
quantum systems and are almost impossible to account for exactly. Even
though, for many cases, such as ground-state properties, a mean field ap-
proach such as density functional theory, where the exchange-correlation
effects are approximated in an average way, is suitable. DFT is a re-
formulation of the full quantum many-body problem into a much more
tractable one. Ground-state properties are usually obtained with a rela-
tively good accuracy and hence, DFT is often used to compute equilib-
rium lattice parameters, total energy differences, phase diagrams, ... On
the other hand, electronic properties are not well described, in partic-
ular the band gap. In order to get accurate electronic band structures,
exchange-correlation effects should be included in a more appropriate

way and this will be the subject of the next section.

2.4 Electronic structure within many-body per-
turbation theory and the GIW approxima-

tion

The band gaps of semiconductors and insulators are often strongly un-
derestimated within DFT and the standard exchange-correlation ap-
proximations. In order to get an accurate description of the electronic
structure, one has to go beyond mean field theories and consider all the
interactions between electrons. In the Many-Body Perturbation Theory
(MBPT), the energies and wavefunctions of the system are obtained by

solving the quasiparticle (QP) equation :

<—;v2 + Vear(r) + VH(r)> ¥ (r)

4 [ drsto =0 ) = () (202
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This equation is very similar to Eq. 2.49 where the self-energy ¥, a
non-local, energy-dependent and non-hermitian operator, takes the role
of the XC potential V... The solution to the Many-Body problem is
direct if the expression for the self-energy is known but for practical
applications, the self-energy is always approximated as its complexity is
of the same order as the many-electron wavefunction. The challenging
part is to find such approximations that are accurate enough for the
property we aim to look for. In particular, DFT assumes that X is
energy-independent and depends only on the density of the system.

In this section, the main ingredients of Many-Body Perturbation
Theory are presented. First, the fundamental response functions of a
system to a given perturbation are defined. Next, the concept of Green’s
functions and quasiparticles are introduced. The general equations from
Hedin needed to obtain the Green’s functions and self-energy are then
laid out. The GW approximation as well as the particular methods and
technicalities used in this thesis to obtain accurate electronic structure

are then described.

2.4.1 Response functions

When a material is subject to an external potential Vey, the ground-
state density n is affected. This perturbation dn;,q of the density causes
itself another induced potential Vi,q as shown in Fig. 2.6. The total
potential is then the sum of these two potentials Vipt(r) = Vext(r) +
Vina(r).

Let 0Voxt be a small change in the external potential, the change in

the total potential is simply expressed as :

6‘/tot = 5‘/&zxt + 5Vvind (263)

where the induced potential is given by

0Vind = v0ning (2.64)

in which v is the Coulomb interaction.

The dielectric function and its inverse are then defined as
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\\ Vtot(r):
H Vext(r) Jr\/vind(r)

Figure 2.6: Response of a material to a macroscopic external potential.
The total potential Vio(r) at some position r is the sum of the external
potential Vex(r) and the induced potential Viq(r).

5‘/ext -
€ Vo v (2.65)
Vi
—1 tot
€ Vs +v (2.66)

in which the irreducible polarizability P = g@ﬁ and the reducible po-
larizability P = ?{}%}i describe the linear response of the density with
respect to a change in the total and external potential respectively. The
same physics is contained in these two polarizabilities and the connec-

tion between them is easily obtained by combining Egs. 2.65 and 2.66

P =P+ PvP (2.67)

From the dielectric function, one can define the screened Coulomb

interaction W as

W=l (2.68)

The response functions described in this section provide the theo-
retical basis for a perturbative expansion of the many-body problem.
Before setting up the actual equations needed to solve this problem, one
needs to define the central variable that is used in MBPT.
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2.4.2 Green’s functions and the quasiparticle concept

In MBPT, the electronic problem is solved in terms of Green’s functions
or propagators. In the zero temperature limit, the one-particle Green’s

function G is defined in the Heisenberg representation as

Glx1, b1, %2, 1) = =i (ol T [l t1)ul (o, t2)| [W0)  (2:69)

where x; = (r;,0;) stands for space and spin coordinates, ¥, is the
many-body ground-state wavefunction, T is the time ordering operator!
and (x1,t1)/1)T(x2,t2) are the annihilation/creation operators. The
physical interpretation of the Green’s function can be understood in
terms of particle’s propagation. For t; > t9, the Green’s function is the
probability amplitude of finding an electron at point x; at time ¢; which
was added to the system at point x2 and time ¢2. For t; < t9 instead,
the Green’s function is the probability amplitude of the propagation of
a hole from point x; at time 1 to point xo at time ts.

The Green’s function G is the fundamental variable in MBPT, in
the same manner the electronic density is in DFT. All the properties
of the interacting system can thus be extracted from G if it is known
exactly. The electronic density itself is obtained as —iG(11"), where the
number abbreviation for the space, spin and time coordinates is used,
in which 1 = (r1,01,t1), 17 = lim,_,¢+(r1,01,t1 +7) and 7 is a positive
infinitesimal, . When the Green’s function is expressed in a spectral
representation, the electron affinities and ionization potentials appear
to be the poles of G :

r,w) Ul (r, w
Glrx,w) = 2 (w’_)gi 1(2))’ ) (2.70)

The spectral function A(w) (schematically shown in Fig. 2.7), which
is the quantity that is measured in photoemission experiments, is ob-

tained from the one-particle Green’s function as

MT [0(x1, t) YT (x2, t2)] = O(t1—t2)(x1, t1) YT (x2, t2) —0(t2—t1) 9T (x2, t2)1h(x1, t1)
in which 0(t) is the step function.
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Figure 2.7: Spectral function of the one-particle Green’s function.

Alw) = %ImG(w) (2.71)

Figure 2.7 illustrates some features of the spectral function. The full
red line is the spectral function of the fully interacting Green’s function.
The vertical thick blue line is the spectral function of an independent
(KS) particle. What is usually called the quasiparticle energy corre-
sponds to the main contribution in the spectral function. The width of
this main peak in the spectral function is related to the inverse of the
quasiparticle lifetime. It should be emphasized here that if the spec-
tral function is not clearly peaked as in Fig. 2.7, then the quasiparticle
concept might loose its physical meaning.

Another intuitive picture of the quasiparticle concept is illustrated in
Fig. 2.8. The Coulomb potential v(r,r’) at point r’ arising from a bare
electron at position r is shown in (a). In a real material, the electron
gets surrounded by a positive charge cloud due to its negative charge
as shown in Fig. 2.8 (b). More precisely, this cloud correspond to an
induced charge niq(r,r”) at all points r’” due to the electron in r. The
screened Coulomb potential W (r,r’) at point r’ arising from a quasi-
electron at position r is the sum of the bare Coulomb potential v(r,r’)
and all the small (opposite) contributions v(r”,r’) due to the induced

(positive) charge of the cloud.
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v(r,r’)

['] =

(a) Independent electron

v(r,r’)

\V(I‘H,I")

(b) Quasi-electron

Figure 2.8: Illustration of a the Coulomb interaction v for bare electrons
and the screened Coulomb interaction W for quasielectrons.

This can also be inferred from the expression of the screened Coulomb
interaction. Omitting the frequency dependence, the

screened Coulomb interaction reads

W(r,r') = /e_l(r,r”)v(r",r’)dr” (2.72)
=o(r,r’) + / (e Hr,x”) = 1) o’ ,r)dr” (2.73)

f U(I‘,r”’)P(I‘”’,r”)dr”’

where the underbraced term in Eq. 2.73 can be identified as an approxi-
mate mean induced charge. Moreover, by assuming that the values for e
are on average larger than 1, so that the term (¢! — 1) ranges between
-1 and 0, the integral in Eq. 2.73 will be comprised between —uv(r,r’)
and 0. The extreme case of an electron in vacuum, where ¢ = 1, leads
to (e71 — 1) = 0 such that the screened Coulomb interaction is exactly
equal to the bare Coulomb interaction (no screening cloud as there is no
available charge density).

The total energy of the system can also be extracted from the Green’s
function, by means of the Galitskii-Migdal formula [105] or the Luttinger-

Ward formalism [106]. However, these approaches are extremely diffi-
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cult to apply for real systems due to their large computational costs
[105] and mean-field theories such as DFT usually lead to total energies
and other ground-state properties in good agreement with experiment.
The present theory will thus mainly be used for the electronic structure.
In the following, the theory and methods used to solve the many-body

problem are laid out.

2.4.3 Hedin’s equations or how to get the self-energy

In a completely general theory, the Green’s function G and similarly the
self-energy 3 are obtained by solving a set of five self-consistent integro-
differential equations which were originally introduced by Hedin [24] as

illustrated schematically in Fig. 2.9 (a). Hedin’s equations read

$(12) = i/G(lS)F(324)W(41)d34 (2.74)
G(12) = G°(12) +/G0(13)E(34)G(42)d34 (2.75)
I(123) = §(12)6(13)+

gzgz;G(46)G(75)F(673)d4567 (2.76)
P(12) = —i / G(13)G(41)T(342)d34 (2.77)
W(12) = v(12) +/v(13)]5(34)W(42)d34 (2.78)

in which I'(123) is the vertex function, W is the dynamical screened
interaction and P is the irreducible polarizability.

In this way, the many-body problem is expressed in a form that casts
up the essential physics. The polarizability P, which is the response
of the system to the addition of an electron or hole, is set up from
the creation at 1 = (ry,¢;) of an electron and a hole (the two Green’s
function) that will propagate respectively to 3 and 4. The propagation
depends on how the electron and the hole interact with each other, which
is described by the vertex function I'(342).



2.4. MBPT and GW 43

Figure 2.9: (a) Schematic view of the set of integro-differential equations
from Hedin. (b) The GW approximation to Hedin’s equations neglecting
vertex corrections.

2.4.4 The GW approximation

Solving the full set of self-consistent Eqs 2.74-2.78 is practically impossi-
ble for real systems. For this reason, it is customary to neglect the vertex
term, i.e. I'(123) = §(12)0(13) in Eq. 2.76. Using this approximation,
the Hedin’s pentagon of Fig. 2.9 (a) reduces to the schematic view of
Fig. 2.9 (b). In particular, the self-energy is written as the product of
the Green’s function GG and the dynamical screened Coulomb potential

W, leading to the so-called GW approximation

Y(r, v, w) = ;/G(r,r’,w +w’)W(r,r',w’)eiwl5+dw’ (2.79)
7r

Getting back to the physical interpretation of Hedin’s equations, it
is not quite surprising that the GW approximation has been successfully
applied for charged electronic excitations. Indeed, experimental photoe-
mission (PES) and inverse photoemission spectra (IPES) are rather well
described within the GW method. For charged excitations, when a hole
is created in the valence band while the electron is ejected from the sys-
tem, the latter is completely out of the system such that its interaction
with the hole (described by the vertex I') can be neglected as a first ap-
proximation. Conversely, when an electron is added to the conduction

band of a system, a hole is created in some other external system and
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the interaction between these two particles can also be considered as in-
significant. It follows that the response of the system actually depends
only on the propagation of the hole in the valence (for a N — N —1 elec-
tronic excitation) or of the electron in the conduction (fora N — N +1

electronic excitation).

Non self-consistent GIW

Although the system of GW equations sketched in Fig. 2.9 (b) should
in principle be solved self-consistently, most calculations hitherto have
been carried out in a non self-consistent way leading to the so-called one-
shot GW or GoWy. The idea of this one-shot approach is to stop after
one cycle, provided that the starting point is close to the final result.
In this thesis, the screened interaction Wy is calculated from a DFT-
LDA bandstructure calculation, unless otherwise noted. This screened
interaction Wy is in turn used to obtain the self-energy ¥y = iGqW.
It is important to stress here that while self-consistent GW is supposed
to give the same results whatever the starting point is, the one-shot
approach depends by essence on the initial Green’s function Gjy.

Assuming that w?P = %st the GoWy method is usually applied
within a perturbative approach. The first-order perturbation is obtained
from the expectation value of the difference between the self-energy X
and the XC potential Vi :

)

et =+ (U] 562 = Vie@)a(e =) [9fF) - (2:80)

In principle, Eq. 2.80 should be solved self-consistently as the self-
energy has to be evaluated at the corresponding QP energy 5?P. Noting
that the difference between QP and KS energies is relatively small, a
first-order Taylor expansion of the self-energy around 5?8 is used to
QP |

obtain its value at ¢;
0% (r, 1, w)

Ow kS

S(r,v';e) & B(r, 1 eK5) 4 (697 - £9)

(2.81)
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Figure 2.10: Frequency dependence of X.

This leads to rewrite Eq. 2.80 as

ggp = 5?8 + Z; <w§<S| ¥(r,r'; sfs) — Vie(r)d(r — 1) WZKS> (2.82)
with Z; being the renormalization constant :

0%(r,r',w)

Zi= |- <%KS‘ ow

-1

\w;‘%] (2.83)
w:a?s
This procedure is sketched in Fig. 2.10 and has been shown to yield

very good results [107] for many applications.

Plasmon-pole models

The frequency dependence of the screened interaction W requires a large
sampling of points on the frequency axis. When a plasmon-pole model
(PPM) is used, all the spectral weight of the imaginary part of 6&1@/ (q,w)
is assumed to be concentrated at the plasmon frequency wgg/(q) with
amplitude Agg/(q) :

Imegq (q,w) = Age(q) X [6(w — daa(q))] (2.84)
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Using the Kramers-Kronig relations, the real part of the dielectric
function is then obtained as
Qég/(Q)

Re eélc;/(qa w) - 5GG’ + B) ~9

- % (q) (2.85)

with Q¢ = —Aca (DG g (9)-

This parametrized form for the dielectric function allows to reduce
the computational cost for the calculation of the screened interaction.
Indeed, the PPM parameters defined above are obtained from the di-
electric function evaluated at one or two frequencies depending on the
strategy used, while a full frequency treatment requires its computa-
tion for a large number of frequencies. The first approach, proposed
in the famous GW implementation by Hybertsen and Louie [108], is
to choose the PPM parameters in order to reproduce the static limit

e(_;lG, (q,w = 0) and to enforce Johnson’s frequency sum (f-sum) rule

(a+G)-(q+G')
la+ GJ?

/00 wlm eg g (q, w)dw = 272 nG—g’ (2.86)
0

In the Godby and Needs [109] model, the parameters are fixed so that
the static limit and another imaginary frequency iwgy, (usually taken as
the plasma frequency wp = \/4mng) are both reproduced. Even though
both procedures are crude approximations, the latter has been proved to
yield results in much better agreement with a full-frequency treatment
for states close to the Fermi level [110, 111, 112].

2.4.5 Interpolation of GIW eigenvalues

The computation of an accurate density of states requires a dense sam-
pling of k-points in the Brillouin zone. From a computational point of
view, such large meshes are prohibitive when using the GoWjy method.
For optical properties, randomly shifted k-point meshes are usually pre-
ferred as the optical spectra converge more quickly but their computa-

tion in GW is not straightforward. Therefore it is preferable to avoid
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a full calculation by interpolating the GW eigenvalues on a very dense
mesh from the results obtained on a coarser k-point grid.

One possible technique is the Wannier interpolation [113, 114]. For
valence states, this technique is reasonably easy to apply. Indeed, the
valence wavefunctions are well localized and the generation of the Wan-
nier functions is almost instantaneous. On the other hand, applying this
procedure for the conduction states is not an easy task as these states
are usually more delocalized. For this reason a different and much more
straightforward procedure has been implemented here and used through-
out this thesis.

The polyfit energy approximation

For simple materials such as SiO3, the GW corrections are mainly a
function of the energy. The fluctuations due to wave vector and state
dependencies are present but can be neglected when the computation
of band structures and densities of states are performed for plotting
purposes. Moreover, it provides a more accurate interpolation than the
scissor approximation (simple rigid shift of the conduction bands) that
is usually assumed for sp semiconductors.

The QP corrections Ae$™ to the Kohn-Sham eigenvalues XS for
state i = (n, k) obtained in the GW approach are obtained from Eq. 2.82
as

AeEW = e _ Ks (2.87)

i i

In the polyfit energy approximation, the eigenvalues are interpolated
using a least-squares polynomial fit by parts on the energies. In this
way, the dependence of the GW correction Af-:iGW on the band index
and k-point i = (n,k) is replaced by a function of the KS eigenvalues
only :

AEW 5 AGW (KS) (2.88)

)
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First, the electronic bands are split into N separate groups depending
on their energy range, using forbidden energy bands for the N — 1 limits

of the different intervals (so-called energy pivots) :

I} = [—00,&]

lo = [€as Eat] (2.89)

In = [{N—1,09]

For each interval I, a polynomial of order m,, is employed as a fit
for the GW corrections :

ACW (K8 = pma(KSy  for  KYc 1, (2.90)

« 3 (2

The polynomial can be constrained to go through the endpoints of
each group of bands in order to preserve the bandwidths. An example
of this fitting procedure is given in Fig. 2.11 for the case of a-SiO9 with
third-order polynomials. The upper panel shows the polynomial fits
obtained for the GW corrections.

This interpolation scheme is obviously not perfect. The error §; made
for each state 7 gives an estimate of the overall error of the fit. For each
explicitly calculated state, it is evaluated as the difference between the

polyfit and the real correction AeiGW from Eq. 2.87 :

0; = AW (KS) — AEW (2.91)

The errors for a-SiO4 are given in the lower panel of Fig. 2.11. For
the valence states, this error is always smaller than 0.1 eV whereas for
the highest excited states displayed in the figure, the error goes up to
0.25 eV. As previously stated, this procedure is expected to give this
kind of errors for sp semiconductors. For other compounds where strong

hybridization occurs, such as in transition metal oxides or other complex
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Figure 2.11: Interpolation of GW corrections to the KS eigenvalues with
the polyfit energy approximation. Example for a-SiO9 in LDA. Upper
panel : GoW)y corrections for the valence (blue crosses) and conduc-
tion (red circles) states with respect to DFT eigenvalues. The vertical
dashed green lines corresponds to the energy pivots chosen to separate
the different groups of bands. The black lines are the polynomial fits
obtained for each group of band. Lower panel : Error made by the polyfit
approximation used in the upper panel.
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systems, the error can be much larger as the GW corrections are usually

different depending on the character of the state considered.

GW band structures The polyfit approximation provides a very fast
method to obtain GW band structures without the need of constructing
localized Wannier functions or using other human-demanding method.
The band structures are easily obtained by application of the energy
interpolation defined in Eq. 2.90. The exact same process is applied in
order to get GW-corrected randomly shifted k-point grids used in the

computation of optical properties.

GW density of states The use of the polyfit approximation is also
very convenient for a direct calculation of the GW density of states from
the DFT density of states. The density of states g(F) is defined as
dN(E

o() = <LE) (2.92)
where N.(F) is the number of states in the system whose energy is
lower than E. Let NPYT(E) be the number of states lower than energy
E in DFT. Provided that the GW corrections expressed by a poly-
fit approximation AGW(E) do not give rise to any permutation, i.e.

G
w > —1, it is clear that

NPFY(E) = NSW(E 4+ AYY(E)) (2.93)

By taking the derivative of Eq. 2.93 with respect to F and rear-
ranging the terms, the GW density of states ¢g&" (E’') at the energy
E' = E + ASW(E) is obtained straightforwardly as a function of the
DFT density of states gPF T (E) :

gDFT(E)

dAGW (E)
1+ dE

g“V(E) = (2.94)
The same technique can be used to obtain GW partial (angular and
atom projected) densities of states. This procedure is of course assuming

that the ratio’s of state characters are unchanged by the GW corrections.
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GW effective masses If the effective mass myg from a Kohn-Sham
calculation is known, the computation of the GW effective masses with
the polyfit is also straightforward. The effective mass of a hole (elec-
tron) whose energy is close to a maximum (minimum) of the valence

(conduction) band is obtained as :

dQEKS -1
ics = [dlc?]

The effective mass using QP energies e = K5 1+ AGW(KS) from

(2.95)

a GW polyfit interpolation can be thus derived as

. [d2eQp7 !
. )
d2 KS dZAGW KS
= ‘4 (™) (2.97)
dk? dk?
—_———
L correction term

Using Faa di Bruno’s formula [115] for the second derivative of a

composite function, the correction term in Eq. 2.97 is obtained as :

dEKS 2
) < - ) (2.98)
€

where the second term vanishes from the fact that we are close to a

d2€KS d2AGW

dZAGW(EKS) B dAGW N
ks dk? de?

dk?  de

minimum or maximum. Finally, the GW effective mass is obtained as :

d2eKS  QAGW d2eKs77!
£ 2.99
mew {de T e s dk:Z] (2.99)
2_KS GW -1
N (2.100)
k2 de |.xs
o Mg
- ey (2.101)
£ |eks
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2.4.6 Conclusion

The GW method described in this section provides an accurate method
to compute reliable quasiparticle electronic structure of materials. In
particular, the band gap, which is well underestimated within DFT, is
corrected by the GW technique, leading to values in much closer agree-
ment with experiment. The main advantage of the method is that the
quasiparticle eigenvalues are obtained as a first-order perturbation of a
previous Kohn-Sham set of eigenvalues. The polyfit approximation, a
very efficient and straightforward procedure to interpolate GW eigen-
values and densities of states, was developed and used in many parts of
this thesis.

In spite of the considerable improvement in the computation of the
band gap, the GW method is unsuitable for excitations involving two
particles such as optical absorption. Indeed, it does not include any
two-particle interaction term in its derivation. Electron-hole or ezci-
tonic interactions are thus neglected and optical spectra are not well
reproduced for materials in which these are important, such as SiOs.
The following section describes the theory needed in order to correctly

include excitonic effects.

2.5 Optical properties and the Bethe-Salpeter

equation

In an absorption process, an electron is promoted to a conduction band,
leaving a hole in the valence band and creating an interacting electron-
hole pair. The one-particle Green’s functions used are not sufficient to
describe the evolution of the coupled electron-hole pair as their motions
are correlated. In the Bethe-Salpeter (BS) formalism, the response of the
system is described in terms of two-particles propagators involving four-
point quantities. In this section, the main ingredients needed to obtain

accurate optical spectra by means of the BS equation are presented.



2.5. Optical properties and the Bethe-Salpeter equation 53

2.5.1 The 2-particles propagator

Whereas the one-particle Green’s function defined in Eq. 2.69 describes
the propagation of one particle (electron or hole), the 2-particles Green’s
function G(1'2'12) is the mathematical object describing the probability

amplitude for two particles to go from one starting configuration to

another :
initial configuration final configuration
N G(12'12) —
(1,2) — (1',2)

where the time coordinate of (1’,2’) and (1,2) are ¢’ and ¢ respectively?.

Formally, it is defined as

G(1'2'12) = (=) (Wo| T [w (1wt @l @) [w)  (2102)

The two-particle excitations (coupled electron-hole pair) can be ob-
tained from the poles of the the two-particle Green’s function. Now that
the mathematical object containing all the physical information useful
for two-particles excitations is defined, all what is left is to find the

equation that describes the concurrent motion of the electron and hole.

2.5.2 The Bethe-Salpeter equation

The key quantity for this purpose is the four-point or electron-hole po-
larizability polarizability L

L(1234) = L°(1234) — G(1234) (2.103)
L°(1234) = iG(13)G(42) (2.104)

The independent electron-hole polarizability LY in Eq. 2.103 namely

describes the evolution of an electron and a hole separately. The 4-point

2This way of specifying the time coordinates implies that the Green’s function is
in fact the particle-hole Green’s function, as needed for the computation of optical ab-
sorption. Other time orderings can exist, defining particle-particle Green’s functions
used for example in the description of Auger processes.
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polarizability comes from the solution of the so-called Bethe-Salpeter
equation (BSE) :

L(1234) = L°(1234) + / L°(1256) K (5678)L(7834)d5678  (2.105)

with the BS kernel K being defined as

_ _ .d>(13)
K(1234) = §(12)6(34)v(13) + sz(24) (2.106)
The modified Coulomb interaction v is equal to :
0 for G=0 (2.107)
u(q) =
v(q) for G#0 (2.108)

The BS kernel in Eq. 2.106 is made up of two terms. The first one
corresponds to the Coulomb interaction between the electron and the
hole. The second represent the change in the self-energy with respect to
a change of the Green’s function. As the self-energy is usually unknown,
some approximation has to be used for this last term. Using the GW
approximation for which the self-energy is expressed as X = iGW, the

second term of Eq. 2.106 becomes

.dX dGW

dw
=— —_— 2.11
WG (2.110)
~ W (2.111)

Going from Eq. 2.110 to Eq. 2.111 follows from the fact that the term
G %—‘g, which can be seen as the excitation self-screening (the change in
the screening due to the excitation itself), is expected to be small [116].

Finally the BS equation reduces to
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L(1234) = L°(1234)+
/ L°(1256)(5(56)5(78)v(57) — §(57)86(68)W (56)) L(7834)d5678
(2.112)

2.5.3 Formulation as an eigenvalue problem

In order to solve the BS equation 2.112, it is easier to reformulate the
problem as an effective eigenvalue problem. As the purpose of the prob-
lem is the description of electron-hole pairs, a clever idea is to use a basis
made of the wavefunctions obtained from the solution of a one-particle
Hamiltonian. The elements in the basis of this transition space are then
built from the product of two single-particle wavefunctions v;%; such
as, for example, products of KS %KS or QP le'P wavefunctions obtained
from a prior DFT or GW calculation. It is expected that a relatively
small number of wavefunctions will be sufficient to form a complete set
for the range of solutions that are looked for. Any four-point function
F'(1234) is then expanded in this basis as :

FA238) = 3 6 (D@ Pl rgny s (300, (4) - (2.113)

(nin2)(ngna)

where the n;’s stand for spin, k-point and band index and Fl,, n,)(nsny)

is given by

Flnina)(nsna) :/F(1234)¢n1(1)1,/};;2(2)1%3(3)¢n4(4)d1234 (2.114)

The independent electron-hole polarizability in Eq. 2.104 can then

be expressed in transition space as

fnz - fnl

€ny — Eny — W

0 —
L(nlng)(n3n4)(w) - ( )67117135712714 (2'115)

and is diagonal in this representation.
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By defining an effective or excitonic two-particle hamiltonian H*¢ :

exc

H(n1n2)(n3n4) = (6712 - 5”1)57117135712”4 + (fm - an)K(HIHZ)(n3n4)
(2.116)

the BS equation 2.105 can be rewritten in this transition space as

—1
L(nlnz)(mm) = [H(e:;fm)(%n4) —Iw F (2.117)

where [ is the identity matrix and F'is given by

(nin2) 1 (nsna) (W'dK) (dv'K)

F— (k) 1 0 (2.118)
(cvk) 0 -1

Supposing that the material under study is a spin-unpolarized semi-
conductor and considering we are only interested in the long wavelength

(q — 00), the excitonic hamiltonian has the following block structure :

(nin2) | | {nane), (v'dk)  (dv'K)
( v Ck) res Hcoupl

X —
(CUk) _Hcoupl* _ [jres*

(2.119)
The matrix elements of the resonant part are obtained as

H{Sik)(v’c’k’) = (eck — Evk)Ovur Ocer Okier

+ 2@(1)01()(“/6/1(/) — W(Uck)(v’c’k’) (2120)

where the elements of v and W are defined as
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U (wek) (v//k) :/ Yy (v)Yk (r)0(r, ')k (') e () drdr’ (2.121)

Wit (erie) = / o) (1) (1,1, w0 = )47 ()b (') drde
(2.122)

in which the static approximation (w = 0) to the screened Coulomb
interaction is used.

For bulk systems, the coupling terms are usually neglected, leading to
the so-called Tamm-Dancoff approximation [117]. This approximation
to the BS kernel is known to accurately describe optical absorption in
solids while largely reducing the computational cost [118].

Once the solution of Eq. 2.117 is obtained, the macroscopic dielec-
tric function can be computed from the two-point contraction x(12) =

L(1122) of the resulting 4-point polarizability :

ear(w) = 1 — lim v(q)o0(d, ) (2.123)
q—0

whose imaginary part is the absorption spectrum.

The solution of Eq. 2.117 requires a diagonalization of a very large
matrix in order to get the excitonic eigenvalues and wavefunctions. As
our concern is to get optical spectra, an iterative method based on the
Haydock algorithm [118, 119] is used instead. This technique provides a
much faster way to compute the optical spectra but does not explicitly
solve Eq. 2.117 such that the excitonic wavefunctions are not obtained.

The convergence of the BS technique with respect to the k-point grid
is crucial. In fact, accurate optical spectra require a large sampling. This
in turn implies that the screened Coulomb interaction should be calcu-
lated with this dense mesh. This is very computationally demanding
and can be avoided by using a model dielectric function [120, 121] in

which the static dielectric constant is used as a parameter.
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2.5.4 Conclusion

In the Bethe-Salpeter formalism, accurate optical properties can be
achieved from first-principles calculations. The problem is solved in
a so-called transition space made of products of wavefunctions. This
allows to rewrite the BS equation as an eigenvalue problem. The opti-
cal spectra are then obtained from a solution of this eigenvalue problem
either from a full diagonalization or from an iterative algorithm (the

Haydock technique).



Chapter 3

Pure silica

Since the publication of the random network theory of glass structure
by Zachariasen [122] and the early X-ray studies of Warren and co-
workers[123, 124] in the 1930s, the structure of amorphous silicon diox-
ide (a-SiO2) is known to form a network of randomly interconnected
tetrahedra. These tetrahedra are composed of one silicon atom at the
center and four oxygen atoms at the corners where each oxygen atom is
shared by two tetrahedral units such that the total number of O atoms
is twice that of the number of Si atoms. This short-range (SR) arrange-
ment is illustrated for two corner-sharing tetrahedra in Fig. 3.1 in which
the main SR structural properties such as bond lengths and angles can
be identified.

Before studying the electronic and optical properties, an essential
preliminary step is to generate a-SiOs models that are representative
of a real vitreous structure. It has been shown that a sufficiently large
set of small models is able to reproduce the structural features of exper-
imental glass samples [37]. This chapter presents the results gathered
from several a-Si0o models. First, the procedure used to generate the
models combining classical MD (CMD) and ab initio refinement within
DFT is presented. An extensive analysis of the structural properties is
then performed in order to assess the quality of the models. The models
are then used for electronic structure analysis in DFT and GW. Finally,

the optical properties are presented.

29
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©

3.1 Generation of amorphous silica models

Figure 3.1: Tetrahedral structure of a-SiOs.

The amorphous silica models used in this thesis were prepared in two
steps [35]. In the first step, an amorphous system is obtained within
classical molecular dynamics using a melt-and-quench procedure. The
resulting structure is then relaxed using DF'T. The models thus obtained
will be shown to describe the overall structural properties with a good
accuracy.

The initial configurations for each model needed at the beginning
of the MD simulations are set up by arranging randomly the atoms
in a box whose volume is fixed to reproduce the experimental density
p = 2.2g/cm®. Twenty different models each containing 72 atoms have
been prepared using CMD and then further relaxed within DFT. Ten
additional models with 648 atoms have also been produced with CMD
in order to compare their structural properties to the smaller models.
The CHIK potentials and the additional repulsive part for small radii
presented in sect. 2.2.2 were used for the MD simulations. The inte-
gration of the EOMs is done using the leap-frog algorithm and a time
step 7 = 1 fs. For the temperature coupling, the Nosé-Hoover thermo-
stat has been used with a time constant myg = 0.02 ps for the coupling
strength. The melting and quenching is performed using the following

temperature profile as illustrated by the solid red line in Fig. 3.2



3.1. Generation of amorphous silica models 61

7000 | I I B | | I 1 I .

6000 ”

2 5000

!

Total energy (in MJ/mol)

|
|
|
|
|
|
|
| | | | | |
0 100 200 300 400 500 600 700 800
Time (in ps) i
|

Temperature (i
NI
S & S
S & S
S S &

I

I1I IV

—_

=)

)

[a)
1

I IT

I

I

|

|

|

|

I

|

|

|

|

|

| |

{ | | | { | |

0 100 200 300 400 500 600 700 800
)

Time (in ps

Figure 3.2: Melting and quenching of a-SiOy. Temperature profile.

e The samples are melted at high temperature (5000 K) for 100 ps
(Iin Fig. 3.2).

e The system is then quenched down to 300 K at a cooling rate
~v1=10 K/ps from 5000 K to 1000 K and ~,=5 K/ps from 1000 K
to 300 K (II and III in Fig. 3.2).

e The system is then annealed at 300 K during 160 ps (IV in Fig. 3.2).

Figure 3.2 also shows the real temperature of the system as obtained
in Eq. 2.21. The inset of the figure shows the evolution of the total
energy of the system. At the end of the simulation, the configuration is
taken as an input for further ab initio refinement of the structure.

The internal coordinates of the atoms have been relaxed in DFT
using the Broyden-Fletcher-Goldfarb-Shannon (BFGS) algorithm until
the forces on all the atoms were less than 1.107° Ha/Bohr. Other com-
putational and technical details concerning the parameters for the DFT

calculations are described in the next section. This first-principles relax-
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Figure 3.3: Supercell of a-SiOy. The silicon and oxygen atoms are shown
in green and red respectively. The purple and light blue highlighted
atoms spot the presence of small rings of size n = 3-4.

ation resulted in slight changes in the structure, the overall connectivity
of the network being unchanged. One of these models is illustrated in
Fig. 3.3.

From the twenty models generated, 5 have been rejected because of
a wrong coordination of some silicon and/or oxygen atoms or because of
the presence of two edge-sharing tetrahedra. In the following sections,
statistics are collected on the 15 remaining models. Appendix B gathers

the properties of all the models generated in this work.

3.2 Structural properties

Before going further in the analysis of the electronic and optical proper-
ties of pure a-SiO9, it is necessary to validate the models obtained from
the combined CMD+DFT approach. For that purpose, the properties
of the samples are compared to available experimental data. Basically,

the structural properties in amorphous solids can be separated in four
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ranges : . the structural unit (tetrahedron), II. the connection between
these units (bond angles, ...), III. the overall network connectivity and
IV. the long range density fluctuations. In this section, the two first
ranges will be analyzed through the radial distribution functions, the
bond lengths, the angular distribution functions and the bond angles
whereas the rings statistics will be used to characterize the network
connectivity. The last range will not be discussed in this thesis as it

involves inhomogeneities that are on a more macroscopic scale.

3.2.1 Radial distribution functions and bond
lengths

The total g(r) and partial radial distribution functions (RDF)
gsi—o(7), gsi—si(r) and gsi—o(r) of pure a-SiOy are shown in Fig. 3.4.
The CMD RDF is given by the dashed orange line while the ab initio
relaxed one is the full black line. Obviously, the CMD already yields a
very good initial configuration for the models and DFT does not bring
any major change in the RDF’s.

Bond lengths can be extracted from Fig. 3.4 and can be compared
to experimental values [125]. For each pair Si-O, Si-Si and O-O, the two
first peaks are clearly identified and are attributed to first and second
neighbors. The results for both the CMD and ab initio relaxed (LDA)
values are reported in Table 3.1.

The distances obtained are within 1 — 2% of the experimental values
and in good agreement with previously reported theoretical values [33,
35, 36, 40]. This is already a first validation of the models generated.
The first neighbor distances mainly characterize the short-range order
while second neighbors give some information about the connectivity

between the tetrahedral units.

3.2.2 Angular distribution functions and bond angles

Another important aspect in the structure of an amorphous model con-
sists in the bond angles. In a binary compound such as SiO», six different
types of bond angles can be identified and the corresponding angle distri-

bution functions are represented in Fig. 3.5. For the O-Si-O (inside the
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Figure 3.4: Total and partial radial distribution functions in a-SiOs,.

Table 3.1: Bond lengths in a-SiOs (in A). The average 7 Si-O, Si-Si and
0-0 distances for the first and second neighbors are given for the CMD
simulations as well as for the ab initio relaxed models. The standard
deviation o is also reported.

MD LDA Expt. [125]
T o T o
Si-O 1%t 1.63 0.04 1.61 0.02 1.62
ond 400 0.47 4.05 045 4.15
Si-si 1%t 3.12 0.11 3.16 0.12 3.12
ord 5920 0.53 5.15 0.53 5.18
0-O 1% 265 0.10 2.60 0.09 2.65
ond 507 0.35 498 0.34 4.95
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Figure 3.5: Angle distribution functions in a-SiOs.

tetrahedral unit) and Si-O-Si (between two tetrahedra) distributions,
there is only one main peak in the distribution. The other bond angles
clearly have two peaks in their distributions. Each peak can be identified
to a particular angle in Fig. 3.1. For example, the first (blue) O-O-O
peak corresponds to angles with the three atoms belonging to the same
tetrahedron (O1-O2-O3) whereas the second one (green) appears to be
connected to angles with the oxygen atoms in two adjacent tetrahedra
(01-02-0s).

Table 3.2 reports the mean and standard deviation of the different
bond angles illustrated in Fig. 3.5. For the Si-Si-Si, the small peak at
about 60° is attributed to models where small rings (n = 3 — 4) as
already noted in [126]. The agreement is good with the experimental
values and other CMD/DFT values.

3.2.3 Rings statistics

The medium-range structure (network connectivity) can be character-
ized by analyzing the rings in the amorphous structure. Many different
types of rings can be defined. The type of rings analyzed here follows
the shortest path criterion [128] : a ring is the shortest path between two
of the nearest neighbors of a given atom. This definition differs slightly
from the King’s criterion [129] in which a ring is the shortest path that
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Table 3.2: Mean and standard deviation of bond angles in a-SiO2 (in

O>.

peak MD LDA Expt./Theor.
0 o 0 o

0-5i-O main 1094 6.4 1094 5.5 109.5 [125]
Si-O-Si  main 148.8 13.7 149.3 14.3 147.9-151 [125, 127]
Si-Si-Si - main 108.1 19.9 1085 19.3 107.7 [36]
0-0-0 a 500 54  59.0 5.1 60 [126]

b 120.3 254 121.3 254
0-0-Si ¢ 353 33 352 28 35 [126]

d 124.7 26.8 126.1 26.5
0-Si-Si e 155 70 153 7.2

f 108.8 15.0 109.0 14.2

comes back to a given atom starting from one of its neighbors. In that
case, some rings in the network might not be taken into account (see
[128] for a detailed discussion).

The number of rings of each size is shown in Fig. 3.6. The number
of rings has been normalized to one tetrahedron. The five small panels
correspond to five different models that were generated and the main
panel is the average ring size distribution of the fifteen 72-atom models
generated and the average ring size distribution of ten 648-atom mod-
els. It is clear that separately, the small models do not reproduce the
ring size distribution of the larger models but averaging over the fifteen
small models leads to satisfactory agreement and reproduces previously
published results [128].

3.2.4 Conclusion

Fifteen models have been prepared and validated in this section. These
models will be used in the following sections to investigate the electronic

and optical properties of amorphous silica.
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distribution of the fifteen 72-atom models generated (in blue) and of ten
648-atom models generated (in orange).

3.3 Electronic structure

Electronic structure calculations have been performed on the relaxed
models presented in the previous sections. The ground-state densities
have been computed using DFT. Using Bader analysis, the charge trans-
fer from silicon to oxygen has been obtained and the Bader charges were
used to compute atom and angular momentum projected densities of
states. The band gap and the excited states have been computed us-
ing the GW approximation. Comparisons with crystalline SiO4 in the
a-quartz structure (a-SiO2) have also been performed for some of the
above-mentioned properties.

In all the calculations of this chapter, norm-conserving pseudopo-
tentials (see Sect. 2.3.4) have been employed and the LDA has been
used as the exchange-correlation functional in DFT. The wavefunctions
were expanded using plane waves up to 40 Ha energy cut-off. The re-
laxations in the previous section were done with the I'-point only. The
GW calculations have been performed using the Godby and Needs (GN)
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plasmon-pole model (see Chapter 6 for a detailed analysis of the model
in the case of a-SiO3) for the frequency dependence of the dielectric
function. This dielectric matrix was expanded using plane waves with a
maximum energy cut-off of 6 Ha. The extrapolar method [130, 131] has
been used with a compensation energy of 2 Ha in order to reduce the
number of empty states included in the computation of the polarizability

and the self-energy.

3.3.1 Valence density of states

The valence density of states (DOS) has been obtained for the 15 models
selected previously and compared to X-ray photoemission spectra [132].
Two different methods were used and are illustrated in Fig. 3.7. The
DOS obtained with the tetrahedron method [133] on a 2x2x2 k-point
mesh followed by a gaussian smearing is given by the filled blue curve for
DFT and by the filled orange curve for GW (obtained using Eq. 2.94)
while a simple gaussian smearing on a I'-point only computation is rep-
resented by the full blue line (DFT only). A good agreement between
the two DFT DOS is achieved, which corroborates the sufficient conver-
gence on the number of k-points. Both the DFT and GW DOS agree
reasonably well with experimental curves in black and red (enlarged for
the higher valence states) though GW tends to broaden the DOS and
push the states further from the Fermi level.

Except for a much more peaked structure, the DOS of a-SiOs is
essentially similar to the a-SiOy one. One can identify mainly three
groups of electronic states : the first group ranges from -20 eV to -16
eV and totalizes 4 electrons, the second, from -5 eV to -10 eV, with 4
electrons also, and the upper valence group, from the Fermi level to -5
eV, summing up the last 8 electrons. These groups will be analyzed in

more detail from the projected DOS.

3.3.2 Charge transfer

The valence electronic charges have been reported in Table 3.3. The
Hirshfeld [135] and Bader [136] analysis have both been computed from

the ground-state densities. As expected from the electronegativities of
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Figure 3.7: Valence density of states (DOS) and integrated density of
states (IDOS) of a-SiO2 and a-SiO9 in DFT (filled blue curve) and GW
(filled orange curve). The DOS are normalized to one SiO unit. The
DOS have been obtained with the tetrahedron method (2x2x2 k-point
mesh for a-SiO2 and 4x4x4 k-point mesh for a-SiOg,) smeared with a
gaussian whose FWHM=0.4 eV. For a-SiO2, the green line is the DFT
DOS obtained with a simple gaussian smearing (same FWHM) on a I'-
point computation. The integrated DFT DOS is given by the dashed
blue line. The X-ray photoemission spectra [132, 134] are illustrated by
the black and red lines.
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Table 3.3: Valence Bader and Hirshfeld electronic charges in a-SiOg
and a-SiO2 (in electrons).

Bader Hirshfeld
a-Si09  a-Si0y  a-Si09  «a-SiO9y
Silicon 0.89 0.91 3.56 3.58
Oxygen  7.55 7.55 6.22 6.21

the oxygen and silicon atoms, there is a transfer of electrons from the
silicon atoms to the oxygen atoms. The Bader charges lead to a much
larger transfer than the ones obtained with the Hirshfeld method. This
large quantitative difference is a known effect of the two analysis.

The atomic charges for a-SiOy and a-SiO9 differ by a very small
amount (on the order of the errors of the methods). Indeed, the local
environments of the atoms in both solids are very similar : both share
the same tetrahedral unit and the Si-O bond length (1.61 A) in a-SiO is
almost equal to the average value in a-SiOs. One can note that the Bader
electronic charges are close to the usual assumption of the Si*t and 02~
configurations in SiOy (Si~32* and O~1*~ from Bader). These Bader
charges have thus been used to define an equivalent Bader radius for each
atom for which the integrated charge inside the corresponding sphere is
equal to the Bader charge. For the silicon atom, this radius is ~ 1.56
Bohr in both a-SiOy and a-SiOs . For the oxygen atom, the equivalent
Bader radius is ~ 2.53 Bohr and ~ 2.57 Bohr in a-SiOs and a-SiOq
respectively. The angular projected DOS have been computed inside

the spheres defined by these equivalent Bader radii.

3.3.3 Partial densities of states

The partial densities of states (pDOS) are shown in Fig. 3.8. They have
been normalized to each atom’s Bader volume in which the projections
were performed. In this case, the pDOS are then given per unit of
volume and can be superimposed with the DOS per volume, for a better

comparison. On the other hand, this normalization increases the scale
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for the silicon by a factor ~ 9 and cuts out some information about the
real proportion of silicon/oxygen states.

The projected densities of states allows to better identify the three
groups in the valence. The lowest lying group has a strong oxygen
s-character and a very small amount of silicon s- and p-states and is
clearly identified as the oxygen 2s. The states between -5 eV and -10
eV are mainly composed of oxygen p- and some silicon s- and p-orbitals
(sp hybrid states) and correspond to bonding O2,-Si,ps states. The
remaining group between -5 eV and the Fermi level is almost entirely

made of oxygen p-states and is attributed to Og, non-bonding orbitals.

3.3.4 Band gap and excited states

The experimental band gap in a-SiO2 and a-SiO9 is still a matter of
debate [26, 137] with values ranging from 7.5 to 11.5 eV [138, 139, 140,
141] (see Table 3.4). While it is generally accepted that the optical
absorption in a-SiOq is slightly red-shifted (0.1-0.5 eV) with respect to
a-Si0y [137, 142], no strong evidence has been put forward about the
difference between their respective band gaps [27, 49].

The theoretical band gaps obtained within DFT and the GW ap-
proximation are reported in Table 3.4. As expected, DFT strongly un-
derestimates the band gaps of both materials. The GW corrections open
the gap to values closer to the experimental ones. In both cases, the GW
correction amounts to approximately 3.2 eV. This is not in agreement
with what is shown in [49], where the GW correction for amorphous
structures is larger than for a-quartz. They explain this difference from
the presence of small rings (3- and 4-membered) in a-SiO9, which are
not found in a-SiOg (which only contains 6- and 8-membered rings).
This straight conclusion is surprising and indeed, the large diversity of
ring sizes and the presence of small rings (see the highlighted atoms in
Fig. 3.3) in the amorphous models presented here do not lead to signif-
icant differences in the GW corrections. The discrepancy between the
values obtained and the experimental values is rather to be found in one

of the approximation used, namely the use of a one-shot GW instead of
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Figure 3.8: Partial densities of states in a-SiOs. The thick blue, blue
green and red lines correspond to the GW s-; p- and d-projected DOS
for silicon in three upper panels and for oxygen in the three lower panels.
The thin black lines correspond to the DFT pDOS in each panel. The
total DF'T and GW DOS are given as the filled blue and orange curves.
All the DOS have been normalized to the volume onto which they were

computed.
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Table 3.4: Theoretical and experimental (direct) band gaps in a-SiOq
and a-SiO2 (in eV).

LDA GoWy Theor. Expt.
5.6%, 5.36,9.3¢ 9.3, 11°, 11-11.5f
9.4-9.68,10.1" 8.8-8.9', 7.64-9.56]
a-Si0y  6.06  9.27  5.8% 5.9 9.4™10.1"  8.29-9.55°, 8.9P

a-3i02 ~ 53 ~ 85

*DFT-LDA [40] and [27] P DFT-LDA [60] °GoWo@QLDA [60] 9[139] ©[26]

f1138] &GoWoQLDA [49] " COHSEX [27] '[140] 1[141] *DFT-LDA [60]

'"DFT-LDA [27] ™ GoWo@QLDA [60] ™ GoWo@LDA [28], COHSEX [27] and
QPscGW [97] ©[141] P [140]

a fully or partially self-consistent scheme. This is unfortunately out of
reach for large systems with the present computational resources.

As shown in Table 3.4 and from the above discussion, the value of
the quasiparticle band gap of a-SiOs is not yet clearly determined. This
issue will be put forward again when discussing the optical properties in
the next section. As a matter of fact, a good description of the excited
states, and in particular of the band gap, is a prerequisite for optical
calculation.

The electronic structure for the excited states is also obtained within
the GW method. The GW density of states has already been presented
in Fig. 3.7 and 3.8. The overall energy dependence of the GW corrections
obtained using the polyfit energy approximation is shown in Fig. 3.9 for
one model with two different sets of k-points : (a) the I'-point (referred
to as Pfitp) and (b) a 2x2x2 mesh (referred to as Pfitags). The rigid-
shift approximations Scissp and Scissggo from the two k-point sets are
also shown in the figure as the dashed lines in (a) and (b). The error
arising from using the polyfit on these two k-point sets is shown in (c)
and the corresponding GW DOS aligned to the Fermi level are plotted
in (d). The inset in (d) is an enlarged view of the conduction DOS. As

shown in (c), the error amounts to maximum 0.1 eV for valence states
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Figure 3.9: GW corrections in a-SiOs.
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and 0.2 eV for conduction states and the use of the Pfity as compared
to the Pfitogs leads to a red shift of the conduction DOS by ~0.1 eV.

From the GW DOS obtained from the previous polyfits, one can
calculate a joint density of states J(w) (JDOS) as :

J(w) = / No(E)N.(E + w)dE (3.1)

where Ny(E) and N.(E) are the valence and conduction DOS respec-
tively. As a very rough approximation, the optical absorption spectrum
can be considered proportional to this JDOS (neglecting oscillator ma-
trix elements and excitonic effects). It corresponds to the density of
possible independent transitions of a given energy and is illustrated in
Fig. 3.10 (a).

The inset in Fig. 3.10 (a) shows that the JDOS obtained from Pfitr is
red-shifted by ~0.1 eV, as expected from the conduction shift mentioned
previously. The lower panel (b) illustrates the minimum, maximum and
mean errors in the transition energies obtained from the two polyfits
where the mean error for each polyfit is roughly constant. This justifies
the use of the polyfit interpolation of the quasiparticle energies used in
the electron-hole basis sets for the computation of optical properties.
Additionally, the use of a polyfit obtained from a GW calculation at
the I'-point gives rise to a small and constant lowering of the transition

energies and can thus be corrected for a posteriori.

3.4 Optical properties

The joint density of states presented in the previous section provides
an approximation for the imaginary part of the dielectric constant, ne-
glecting excitonic effects and transition probabilities (also called optical
matrix elements). Instead, by using the JDOS weighted by these opti-
cal matrix elements, one can define the non-interacting or random-phase
approximation (RPA) of the dielectric function. As clearly illustrated
in Fig. 3.11 (b) for a-SiOz, the RPA macroscopic dielectric function
do not reproduce the experimental spectra (black line) when using the

DFT eigenvalues (full red line). Adding the GW corrections using a
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Figure 3.10: (a) Joint density of states using the polyfit approxima-
tions Pfitp (thin blue line) and Pfitass (thin orange line) as compared
to the exact one (thick black line) and to the rigid-shift approximations
Scissp (green line) and Scissggs (red line) taken respectively on the T’
and 2x2x2 k-point grids GW calculations. The red ruler in the inset
shows the error from Pfitp. (b) Maximum, minimum (upper and lower
thin lines) and mean (thick line) errors in the transition energies using
Pfitr (blue) and Pfitogs (orange). The mean errors using the rigid-shift
approximations Scissp and Scissoos are given as the green and red lines
respectively.
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Figure 3.11: (a) Schematic illustration of the rigid-shift and polyfit
approximations (b) Independent-particle approximation of ez(w) in a-
quartz. The full red line corresponds to the RPA approximation using
the Kohn-Sham (LDA) levels while the dashed green and full blue curve
corresponds to the RPA approximation using the GW-corrected levels
obtained respectively from a rigid shift of the KS conduction states and

from a polyfit interpolation. The experimental spectrum is shown in
black.

rigid-shift (dashed green line) or a polyfit approximation (full blue line)
does not improve the agreement with the experiments. As mentioned in
Sect. 2.5, this discrepancy is due to the lack of electron-hole interaction
in the computation of the dielectric function.

In this section, the optical properties are obtained from the solution
of the Bethe-Salpeter equation. The optical spectra of crystalline and
amorphous silica will be presented. Emphasis will be put on the differ-
ent levels of approximations that can be used. Results obtained with
a rigid shift of the unoccupied states are compared to those obtained
with the polyfit interpolation. Additionally, the use of a model dielec-
tric function [120, 121] for the static screening matrix in the BS kernel
is found to yield very satisfactory results as compared to a computa-

tion performed with the exact dielectric function. Finally, it is shown
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that the actual quasiparticle band gaps of a-SiOs and a-SiOs can be
deduced through reverse engineering by comparing the theoretical and

experimental spectra.

3.4.1 Optical spectra of a-quartz

Using the formalism introduced in Sect. 2.5, the absorption spectra of
a-Si02 are in a much better agreement with the experimental ones.
This has already been shown for the crystalline form in previous studies
(28, 30, 97]. First, these results for a-SiO2 are reproduced analyzed
in details. In particular, the rigid-shift approximation is found to be
insufficient and a more decent approximation for the electron-hole basis
set as given by the polyfit interpolated values leads to a much better
agreement with experiment. The procedure is used to obtain optical
spectra for the amorphous phase, which has not yet been done to our
knowledge.

The imaginary part of the macroscopic dielectric function of a-SiOs
computed with the quasiparticle eigenstates from a rigid shift (in red)
and from a polyfit interpolation is illustrated in Fig. 3.12 where the
experimental spectrum [143] is given as the thick black line. In the
same figure, the corresponding RPA dielectric function obtained using
the same QP eigenstates is given by the dot-dashed lines. The results
were obtained with a 4x4x4 randomly shifted k-point grid including 18
occupied and 24 unoccupied states in the electron-hole basis set. The
BS kernel has been constructed using the DFT-RPA screened Coulomb
interaction.

First of all, the inclusion of excitonic effects by using the BS equa-
tion clearly improves upon RPA but the overall structure appears to be
slightly too low in energy. This is most probably due to the QP gap
which is underestimated with respect to its (not so well known) exper-
imental value. Indeed, Kresse et al. [97] obtained a value of 10.1 eV
for the direct gap at I' by using quasiparticle self-consistent GW [144]
(sc-QPGW). On the other hand, Chang et al. came up with the same
value for the gap from a one-shot GW but using a plasmon-pole that

artificially increases the band gaps [111, 112] (see also Chapter 6). Using
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Figure 3.12: Macroscopic dielectric function ez(w) in a-SiOy : rigid-
shift (in red) and polyfit (in green) approximations (BS spectra : full
lines. RPA spectra : dot-dashed lines). The black line corresponds to
the experimental spectrum [143].

an additional scissor for both the rigid-shift and polyfit approximations
in order to get this same value for the direct gap (results referred to as
ScissT and Pfit*"*%) lead to the optical spectra in Fig. 3.13.

When this additional correction for the QP gap is used, the agree-
ment with experiments in much better for Pfitsss. In particular, the
position of the peaks are much closer to the experimental ones and to
other reported theoretical results as shown in Table 3.5. For the Sciss™
results, the agreement is as good for the first peak but worsens for the
other peaks. This follows from the fact that the energy dependence of
the GW particle corrections is not taken into account. This results in a
red-shift of the transition energies as previously shown in the joint den-
sity of states for a-SiO2 in Fig. 3.10 which in turn leads to the squeezing
observed in the dielectric spectrum.

The comparison of the dielectric function obtained with the Pfit5¢!ss
approximation with and without excitonic effects reveals that the two
first peaks are clearly excitonic, as already mentioned by Chang et
al. [28]. However, they also described the third and fourth peaks as
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Figure 3.13: Macroscopic dielectric function ez(w) in a-SiOg : rigid-
shift (Scisst, in red) and polyfit (Pfit>ss, in green) approximations plus
scissor (BS spectra : full lines. RPA spectra : dot-dashed lines). The
black line corresponds to the experimental spectrum.

Table 3.5: Position of the peaks of €3(w) in @-SiOy (in €V). The relative
positions of the 2, 39 and 4*® peaks with respect to the first one is given
between parenthesis. Theoretical results obtained by Chang et al. [28]
and Kresse et al. [97] are also reported.

nth peak 1st ond 3d 4th
Pfitsciss 10.55 11.5 (0.95)  14.15 (3.6) 16.8 (6.25)
Sciss™ 103 112 (0.9) 13.65 (3.35) 16 (5.7)
Chang et al. 101 113 (1.2)  13.5(34) 175 (7.4)
Kresse et al. 10.3  11.45 (1.15)  14.0 (3.7) 17 (6.7)

Expt. [142, 145] 1045 11.55 (1.1)  14.2 (3.75) 16.7 (6.25)
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being largely excitonic while this is not so clear in Fig. 3.13. Indeed,
in the range from 13 to 18 eV, the GW-RPA spectrum show features
that are very similar to the BS spectrum. An analysis of the excitonic
wavefunctions would certainly help the interpretation but goes beyond
the scope of this thesis.

In the work by Chang et al., the set of QP eigenvalues used to con-
struct the electron-hole basis set has been obtained from a one-shot GW
calculation starting from a DFT-LDA calculation, as in this work. On
the contrary, they used the Hybertsen and Louie (HL) plasmon-pole
model [108] and included some kind of self-consistency in the BS com-
putation while the Godby and Needs model [109] has been used here.
The former has been shown to artificially increase the band gap with
respect to a full-frequency GW computation [110, 111, 112] (see also
Chapter 6). As a matter of fact, the one-shot GW is unable to deter-
mine the correct QP gap of a-SiOs while self-consistent GW with vertex
corrections seems to remedy this problem as shown by Kresse et al. [97].
The HL model also leads to an overestimation of the dispersion of the
quasiparticle eigenvalues, which could explain the necessity to include
self-consistency in their BS approach. Here, though the GW gap itself
is underestimated, the relative position of the peaks is well described.
This indicates that the dispersion is fairly well represented, without any
self-consistency in the BS computation, similar to what was done in
Kresse et al. [97].

Table 3.6 reports the values of the macroscopic dielectric constants
and the birefringence value An = n, —n, ~ /€. — /€, (e and o stands
for the extraordinary and ordinary rays, along and perpendicular to the
trigonal axis respectively) obtained with the different approximations.
The KS-RPA values are surprisingly close to the experimental values.
On the contrary, the GW-RPA (whatever the scheme used for the inter-
polation of the QP eigenvalues) leads to a large underestimation while
the BSE recovers a good agreement, the best interpolation scheme being
the Pfitsciss,

As already mentioned previously, the RPA screened Coulomb in-

teraction W from the Kohn-Sham DFT eigenvalues has been used in
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Table 3.6: Electronic contribution to the macroscopic dielectric con-
stants and birefringence An in «@-SiO9 using the different approxi-
mations mentioned in the text, as compared to experiment [146] and
to results obtained using density functional perturbation theory with
(DFPT*¢%) and without (DFPT) a scissor correction of 1.8 eV [21].
The two components e2*=¢e%J and €% correspond to the the dielectric
constant in the hexagonal plane and in the z direction (along the trigonal

axis) respectively.

€2r=c4y € An
KS-RPA 2377 2403 0.0084

GW-RPA Pfit*s 2052  2.067 0.0052
Scisst 2.079  2.095 0.0055

Pfit 2.097  2.113  0.0055

BSE Pfitsss 2335  2.365 0.0098
Scisst 2.387  2.417  0.0097

Pfit 2419  2.451 0.0103

Expt 2.356  2.383 ~0.009
DFPT 2.527  2.566 0.0122
DFPTsciss 2.353  2.385 0.0104
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Figure 3.14: Macroscopic dielectric function ez(w) in @-SiO2 with (in
green) and without (in blue) using a model dielectric function. The
experimental spectrum is shown in black.

the construction of the excitonic hamiltonian (see Eq. 2.120). This is a
customary procedure whose justification lies in the fair agreement with
experiment of the KS-RPA value of the static (electronic) dielectric con-
stant €5 = €1(w = 0). Another commonly used approximation for the
screened Coulomb interaction used in the BS equation is to derive it
from a model dielectric function [120, 121] (MDF). The only (external)
parameter for the MDF is precisely the value of the static dielectric
constant €5, =~ 2.39 (chosen here as the average of the two compo-
nents in Table 3.6). One then avoids the computation of the full RPA
dielectric function for each g-point and reduces drastically the compu-
tational time. The results with a MDF-derived (blue line) and with the
full KS-RPA (green line) screened Coulomb interaction are compared in
Fig. 3.14. The agreement is very good, in particular for the position of
the peaks which are almost unaffected.

Using a MDF, the convergence with respect to the number of k-
points is much easier. Up to here, all the spectra presented were obtained
using a randomly shifted 4x4x4 k-point grid. As shown in Fig. 3.15,

the macroscopic dielectric function is not completely converged with this
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Figure 3.15: Convergence in k-points of the macroscopic dielectric func-
tion €3(w) in a-SiOg. The red, green and blue curves correspond respec-
tively to a 2x2x2, a 4x4x4 and a 6x6x6 k-point grid.

grid but the position of the peaks is only slightly affected, even for the
smaller k-point grid. The first peak is pretty much the same with the two
larger grids while the lowest one leads to a cutting-down in amplitude.
On the other hand, the second peak shows some structured variation at
~ 13.2 €V in the 4x4x4 grid that are not present in the experimental
spectrum while the third and fourth peaks are pretty much converged.
These observations will serve as a basis for the amorphous models as
these imply a much larger cost in computational time and memory and
for which BS calculations are performed with only one k-point.

The results obtained in this section shed some light on the actual
value of the direct gap in a-SiO,. It is based on the comparison of
the experimental spectrum of e3(w) with the theoretical one, solution of
the BS equation. The relative peak positions are fairly well reproduced
as observed in Table 3.5 and this constitutes some indirect evidence of
the reliability of the overall energy dispersion of the GoW eigenvalues of
both the valence and conduction states though the value of the band gap
is clearly underestimated. The band gap can thus in turn be obtained by

shifting the spectrum in order to reflect the absolute peak positions. Its
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actual value appears to be approximately equal to the sc-QPGW value
of 10.1 eV. Of course, in the process discussed above, several approxi-
mations are used, but based on the errors in the relative positions of the
peaks, one can reasonably estimate the error on the band gap inferred
here to be about 0.2 eV. This is consistent with recent experimental
results in a-SiOy and a-SiOy [26] and thus partially solves the problem
of the band gap in quartz. A full analysis of the excitonic wavefunctions
should indeed be performed in order to confirm these findings and is

thus a possible route for future work.

3.4.2 Optical spectra of amorphous silica

For a-SiOg9, a similar procedure involving the polyfit interpolation of
the GoWj eigenvalues followed by an additional rigid shift has been
used. The results presented here are performed with a model dielectric
function. As for a-SiOs, the RPA-KS static dielectric constant ey, is
rather well described with a mean value of 2.14 to be compared with
the experimental value ranging from 2.11 to 2.18 [147, 148] and with the
theoretical value of 2.14 from Ref. [46]. This value has been used as the
parameter for the MDEF.

The macroscopic dielectric function has been obtained for four dif-
ferent models. The computations were carried out separately on four
different k-points. Three different directions of the q vector of light
were obtained and averaged for each model and k-point. The resulting
macroscopic dielectric function is given in Fig. 3.16 (a) to (d) for each
model (in blue). A common additional rigid shift of 1.27 eV had to
be chosen in order to align the first peak with the experimental spectra
[142]. The GW-RPA dielectric function is given by the dot-dashed green
line. Another possibility is to align each model separately, in which case
the shifts needed to align the first peak are respectively 1.38, 1.42, 1.17
and 1.1 eV for the models in (a)-(d). These two alternatives have been
used for the averaging procedure.

The theoretical spectra obtained are not in a so good agreement with
the experiments as for the a-SiOs case. The first peak is rather well

described in amplitude while its position is fixed by construction. On
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Figure 3.16: Macroscopic dielectric function in a-SiO2. Four different
models (in blue) are shown in panels (a) to (d). The BS and GW-RPA
spectra are given by the full blue and dot-dashed green lines respectively.
The experimental spectrum [142] is given by the black line.

the other hand, the second peak is clearly underestimated and its max-
imum value does not correspond with the experimental position of the
peak. As discussed in the previous section for a-SiOs, the second peak
is quite affected by k-point convergence. This discrepancy is thus likely
to be attributed to the underconverged k-point grid (only one k-point
in each computation). The missing spectral weight is expected be recov-
ered by including more than one k-point in the electron-hole basis set
which in turn could reconcile the theoretical position of the peak with
the experimental one. Concerning the other two peaks, their respective
position is relatively well reproduced in each model. In the crystalline
case, these peaks were not as influenced by k-point convergence as the
second one, which tends to justify the validity of these peaks. The aver-
aged spectra for the four models is given in Fig. 3.17 and the positions
of the peaks are reported in Table 3.7. Except for the first peak which
is slightly broadened when using a common shift, the resulting spectra

are not much changed when using a common shift or separate shifts
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Figure 3.17: Macroscopic dielectric function in a-SiOs averaged over
four models. The BS and GW-RPA spectra are given by the full and
dot-dashed lines respectively. The blue and green colors correspond to
the spectra obtained with a common additional shift for the models and
a separate shift for each model respectively. The experimental spectrum
[142] is given by the black line.

for each model. In particular, the positions of the peaks remain almost
unaffected.

In view of the above discussions, the value of the QP band gap in
amorphous silica can also be inferred from the value of the additional
rigid shifts needed to align the theoretical spectra with the experimental
one. The direct QP band gaps obtained for the four models presented
are respectively 9.85, 9.73, 9.73 and 9.68 eV, with a mean value of 9.75
eV. This latter value is slightly smaller than the QP gap in a-quartz
and is consistent with the known trend of small disorder implying a
small closure of the gap. Similarly to what was found in the work by
Martin-Samos et al. [49], the quasiparticle corrections to the LDA gap
(including the additional shifts) are slightly larger for the amorphous
phase than for a-quartz. On the contrary, the actual values obtained
in Ref. [49] are smaller than those obtained here. The reliability of the
QP gaps determined in this work is supported by the optical absorption
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Table 3.7: Position of the peaks of e2(w) in a-SiO2 (in eV). The rela-
tive positions of the 2, 39 and 4*" peaks with respect to the first one
are given between parenthesis. Experimental results [142, 145] are also
reported.

nth peak 1st 2nd 3d 4th
Pfitsciss 10.5 11.45 (0.95) 14.1 (3.6) 16.6 (6.1)
Expt. [142, 145] 10.5 11.85 (1.35) 13.9 (3.4) 16.6 (6.1)

results, which were not investigated in Ref. [49]. The results obtained
for a-SiO4 are of course more questionable than those of a-SiOs due to
k-point convergence and further computations with larger k-point grids
should be performed in order to reproduce the experimental spectrum

more accurately and verify the correctness of the gap inferred.

3.5 Conclusion

Models of amorphous silica containing 72 atoms have been prepared
using classical molecular dynamics and ab initio relaxation. The result-
ing structures have been analyzed in detail. Their structural proper-
ties (bond lengths, bond angles, rings statistics) are in good agreement
with experimental data and with previously published results. Using
DFT and the GW approximation, the electronic structure of a-SiOs
has been compared to the most commonly found crystalline polymorph
. a-quartz. The optical properties have then been investigated by solv-
ing the Bethe-Salpeter equation. The one-shot GW technique has been
found to be insufficient to reproduce the QP gap in SiOs. It has been
shown that the direct QP gap can be obtained from a reverse-engineering
procedure instead. The present results indicate that the direct QP gap
in a-Si09 (9.75 eV) is slightly smaller than the direct QP gap in a-SiOq
(10.1 V). The models generated here will be used in the next chapter

for the analysis of charged states of hydrogen in amorphous silica.



Chapter 4
Hydrogen-containing silica

Defects are inevitably present in the materials due to their fabrication
process. In the manufacturing of optical fibers, MOS transistors and
other devices using SiO2, hydrogen atoms can be trapped in the bulk
material in several forms : molecular Hy, neutral H°, O-H*, Si-H™, .. ..
Their presence can affect the electronic and optical properties. More-
over, when the device is used in a given environment, with high temper-
ature, potential irradiation and other possibly harmful conditions, these
sites can be excited, resulting in other defect centers and a degradation
of the properties [1, 149]. In this chapter, the neutral and charged states
of hydrogen are investigated by means of DF'T and GW electronic struc-
ture calculations. The structure of these defects is first presented. The
corresponding energy levels are computed from GW computations. De-
fect formation energies obtained from DFT are then presented. Finally,
some GW-corrected formation energies are put up in a perspective of

future work.

4.1 Structure of the different charged states

The hydrogen atom has been investigated in the neutral, positive and
negative charge states. In each case, a variety of minimum 15 different
initial configurations in 5 different models of amorphous silica have been
gathered. For both the positive and negative charged states, at least

9 of the closest atoms were relaxed in order to reach a total energy
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Figure 4.1: (a) Structure of the positively charged hydrogen in a-SiOs.
(b) Density profile in a plane along the O-H bond. The high density
regions are shown in red while the low density regions appear in blue.

convergence of less than 0.05 eV. For the neutral state, only the hydrogen
atom was relaxed in order to get the same convergence criterion. The
resulting structures are fundamentally different from each other.

In the neutral state, the hydrogen atom HO is localized in the larger
voids of the system. The silica network is not distorted at all from the
inclusion of this neutral hydrogen. Using a Bader charge analysis, its
electronic charge is almost equal to one, showing that charge density
corresponding to the electron provided by the H atom remains close to
the proton. The state is clearly of s-character from a partial density of
states analysis.

The positively charged hydrogen gets bonded to an oxygen atom as
shown in Fig. 4.1 (a). The O-H bond length is about 1 A while the
bonds between the O atom and its first neighboring Si atoms increase
to ~ 1.75A as compared to the mean Si-O distance in pure a-SiOs,
resulting in slightly distorted tetrahedrons. The charge density along
the O-H bond is illustrated in Fig. 4.1 (b), in which a charge transfer
from the O atom to the H atom is clearly seen. From a Bader analysis,
the O atom, whose electronic charge without the H atom is ~ 7.55,
looses ~ 0.5 electrons in favor of the H atom whose Bader electronic
charge is ~ 0.75. The remaining charge comes from the other atoms of
the unit cell.

In the negative charged state, the H atom forms a Si-H bond instead

with a quite large deformation of the tetrahedron to which the Si atom
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Figure 4.2: (a) Structure of the negatively charged hydrogen in a-SiOs.
(b) Density profile in a plane along the Si-H bond. The high density
regions are shown in red while the low density regions appear in blue.

(b)

belongs to (see Fig. 4.2 (a)). The Si-H bond length is about 1.5 A and the
Si-O bonds are largely affected. The bond between the Si atom and the
H-opposed O atom (O7) amounts to ~1.8 A while the three other Si-O
bond lengths are increased to ~1.7 A, resulting in a larger tetrahedron.
In Fig. 4.2 (b), the charge density along the Si-H bond shows a larger
extent of the charge around the H atom than in the positive charge case.
Indeed, the Bader electronic charge of the H atom is ~ 1.6 electrons,
and a small part (0.1 electron) of the remaining charge goes to the Si
atom.

The structural properties found in this work are in fair agreement
with other ab initio investigations of hydrogen in crystalline [150] and
amorphous silica [54]. In the latter work, another kind of defect struc-
ture was found for the negative charged state in addition to the one
observed here. This could be due either to the initial configurations
used for finding the most stable configurations or to the fact that these
structures are less favored energetically or to the different exchange-
correlation used in this work. Indeed, the LDA has been chosen in this
work as it correctly predicts the order of stability of the low-density SiOq
polymorphs whereas the GGA leads to unrealistic phase transitions with
cristobalite being more stable than quartz [19]. Nevertheless, the elec-
tronic structure and formation energies will be analyzed in the following

sections for the different structures obtained here.
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Figure 4.3: Schematic illustration of the defect energy levels of hydrogen
in a-SiOy in (a) positive charge state HT, (b) neutral charge state H°
and (c) negative charge state H™. For each charge state, the DFT (left)
and GW (right) energy levels are shown.

4.2 Defect energy levels

As most point defects or impurities do, hydrogen introduces energy lev-
els in the electronic structure of a-SiOy. These defect states can be
evaluated from standard DFT calculations or from GW computations.
Fig. 4.3 shows schematically the energy levels introduced by the hydro-
gen in a-SiOs.

In the positive charge state, a level is lowered in the Os4 region at
~ —21 eV due to the bond formed between the H atom and an O atom.
There is no occupied state in the gap but an unoccupied level appears
close to the conduction band minimum. This absence of occupied defect
state in the gap will lead to take this positive charge state as a reference
for the calculation of the GW formation energies in the next section.

In the neutral charge state, the hydrogen introduces one occupied
level with spin up and one unoccupied level with spin down in the gap.
These two levels correspond to the 1s H orbital. In GW, the occu-
pied Hi level is merged or almost merged with the valence band. The
position of the unoccupied level with respect to the conduction band

minimum is almost unaffected by the GW corrections.
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In the negative charge state, one doubly occupied state is introduced
around 2.5 eV above the valence band maximum. Two other gap states
close to each other are also introduced around 0.7 eV and correspond to
the non-bonding Oy, from the oxygen opposed to the Si-H bond (O; in
Fig. 4.2 (a)). GW corrections do not change significantly the position

of all these states with respect to the valence band maximum.

4.3 Defect formation energies

The defect formation energies (DFE) of the hydrogen atoms have been

calculated in DFT using the following equation

Ex(D?) = Eiot (DY) + B (q) — Efgt — Y nipii+qlep + &+ AV) (4.1)

1

in which D7 is a defect D in charge state ¢ (HT, HY or H™), Ey (DY)
is the total energy of the system containing the defect. E™(q) is the
electrostatic correction term for ¢ # 0 [151]. This term, which amounts
to 0.92 eV, has been obtained from the computation of the electrostatic
energy of a periodic array of a point charge in a neutralizing background
of the opposite charge, divided by the dielectric constant. Etr(‘f{ is the
total energy of the reference system (pure amorphous silica). n; is the
number of atoms of type ¢ that have been added to (n; > 0) or re-
moved from (n; < 0) the system to form the defect with p; being their
corresponding chemical potentials. ep is the Fermi level referenced to
the maximum of the valence band, €, is the energy of the valence band
maximum in the reference system and AV is an alignment potential
that accounts for the difference in the mean KS potential between the
defective and reference systems [52].

The formation energies of the positively charged, neutral and nega-
tively charged hydrogen atoms are represented in Fig. 4.4 and reported
in Table 4.1 together with the results obtained by Godet and Pasquarello

[54]. The formation energies are slightly different but as already men-
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Table 4.1: Average hydrogen formation energies in DF'T for a Fermi en-
ergy at the valence band maximum and charge transition level e(4/—)
between the positive and negative charge states of hydrogen. The stan-
dard deviation of the formation energies obtained in the different con-
figurations and models is given between parenthesis. All values are in
eV.

Ef" (ep=0) Ef(ep=0) Ef" (ev=0) e(+/-)
This work -1.41 (0.18) 2.31 (0.05) 5.84 (0.31) 3.62 (0.18)
Ref. [54] -1.28 (0.20) 2.24 (0.04) 5.22 (0.44) 3.25 (0.24)

tioned, the exchange-correlation used is not the same and could explain
the different results observed here.

A common criticism about DFE computed using DFT relies in the
presence of defect states in the gap. Because of the well known band
gap underestimation, these gap states are likely to be misplaced. This
in turn has effects in the formation energy. In the following, a combined
DFT+GW scheme recently proposed by Rinke and coworkers [61, 152]
is tested in order to compute GW-corrected defect formation energies.

The method is depicted schematically in Fig. 4.5. For the positively
charged hydrogen, because there is no occupied state within the gap,
the formation energy is computed within DFT (point 1). In order to
get the formation energy of the neutral state (point 2), the change in
energy from the positive to the neutral charge state is split in two parts
. the “relaxation” energy AE™(g;, R; — Ry) at fixed charge ¢; (hori-
zontal transitions : 1 — b or a — 2) and the energy to add one electron
or electron affinity A(q1, R;) for a given configuration R; (vertical tran-
sitions : b — 2 or 1 — a). As the initial and final states are equal, the
two paths should give the same formation energies.

The relaxation energy is calculated within DFT while the electron
affinities are computed with the GW method. In a sense, one takes
the best of both worlds : energy differences between different configu-
rations without change in the particle number are supposed to be well
described in DFT while GW is expected to give reliable electron addi-

tion and removal energies for a given configuration. For the energy to
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Figure 4.4: Defect formation energies of hydrogen in a-SiOy (DFT).
The shaded areas indicate the standard deviation of the values.

add one electron, these can be obtained either from the electron affin-
ity of the system with N electrons or as the ionization energy of the
system with N + 1 electrons. In principle, these are equivalent but in
practice, the approximations used (one-shot GW, plasmon-pole model,

..) introduce differences between them and it has been shown that it is
preferable to take the average of the two in order to get reliable electron
addition energies [153].

A similar procedure is applied for the formation energy of the nega-
tive hydrogen, starting from the formation energy of the neutral hydro-
gen.

The results for one particular case are given in Table 4.2 and illus-
trated in Fig. 4.6. The energy to add one electron is clearly different
whether it is computed from the affinity A(q) of with the ionization en-
ergy I(q — 1) of the system with the additional electron. In particular,
for the negative charge state, the difference between the two goes up
to 2.3 eV in the case of the 2 — ¢ — 3 path. The different ranges
of formation energies thus obtained are shown by the colored areas in
Fig. 4.6. Using the mean value of A(q) and I(q — 1) leads to values in
good agreement for the two different paths [153].
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Figure 4.5: GW formation energies.

Table 4.2: Hydrogen formation energies in GW for a Fermi energy at
the valence band maximum. The paths indicated in the table reference
to the points in Fig. 4.5. All values are in eV.

Path A(q) I(¢—1) (A+1I1)/2 DFT

EF" (ep=0) -1.36

1o 15a—2 28  3.69 3.27

Ei" (ep=0) 2.37
1-5b—2 281  3.59 3.20

- 2 5c—3 492 7.24 6.08

B (er=0) 6.04

2—>d—3 5380 6.30 6.00
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Figure 4.6: GW-corrected defect formation energies of hydrogen in a-
SiO4. The shaded areas indicate to the range of values obtained depend-
ing on the path used and on the computation of the electron addition

energies.
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For the neutral charge state, this procedure leads to an increase
of the formation energy and the neutral hydrogen is even less favored.
For the negative hydrogen, the formation energy obtained from this
scheme is almost identical to the DFT formation energy. The position
of the charge transition level e(4/—) is thus almost unaffected by this
correction scheme for this particular case.

Unfortunately, no other conclusive results could be obtained for other
cases. Specifically, the agreement between the two different paths was
not recovered by using the mean value of A(N) and I(N + 1), with
deviations as large as 1 eV. The reasons for these discrepancies are not
yet fully understood. One possible perspective would be to examine the
defect formation energies of hydrogen in the a-quartz system by means of
this DFT+GW scheme. Indeed, the amorphous character complicates
the identification of the possible origins of the problems encountered
here. This thus opens perspectives of future work as it will certainly
help understand these problems by using a simpler system.

The applicability of this DFT+GW scheme for the charged states of
hydrogen in a-SiOs is thus questionable. In fact, the method was ini-
tially applied in Ref. [61] to the silicon self-interstitial for which the struc-
tural changes from one charged state to another are quite small. This
is very different here where the stable configurations for each charged
state are very different from one another and could explain the prob-
lems encountered here. This complicates the search of the minimum
steady-state in DFT for points a, b, ¢ and d in Fig. 4.5. If the sys-
tem gets stuck in some metastable state, which does not correspond to
the global ground-state minimum, the method used here can lead to
wrong results such as those obtained for the other cases tested while the
results obtained in Table 4.2 were surprisingly consistent. Therefore,
more technical aspects of the computations performed until now will be
reexamined in the following chapters in order to better understand the
discrepancies encountered here.

On the technical aspects, one possible source of error might be found
in the actual GW corrections. In fact, it is customary to neglect finite-

size effects in the GW corrections obtained in a relatively small supercell
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and use them as is to adjust the DFT energy levels of larger supercells.
This leads to the next chapter for the analysis of the size effects in GW

corrections.
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Chapter 5

Size effects in GW

corrections

In the previous chapter, the hydrogen energy levels in a-SiOy have been
obtained in DFT and further adjusted within the GW approximation.
In this latter correction process, supercell size effects are assumed to be
negligible. The GW defect energy levels 5(?;?/ are then usually obtained
from supercell size corrected DFT levels sdDel“;T(L — 00) to which GW

corrections without any correction for size effects are added :

5&2?/ = 5dDeI;T(L - OO) + Age‘t/"v([’small) (5'1)

This size-independency of the GW corrections is a customary as-
sumption that has been used in other studies [154, 155, 156]. It is based
on the fact that the screening effects are rather localized but to my
knowledge, it has never been formally checked so far. In order to do
that, one should test these size effects for a large range of defects in
different systems with different charged states. This chapter is a step in
this direction as it starts with the analysis of the size effects in the GW
defect energy level of one defect in its neutral state.

The tests have been performed for an oxygen vacancy in the idealized
form of SiOy known as -cristobalite or high cristobalite. The structure
of cristobalite and the oxygen vacancy are first presented. The supercells

used in the study of the size effects are then described. The defect energy
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Figure 5.1: Structure of ideal (-cristobalite and oxygen vacancy. (a)
Conventional (cubic) cell of ideal S-cristobalite and (b) Oxygen vacancy
in the conventional cell. The silicon atoms that were initially bonded to
the missing oxygen atom get closer to each other and form a bond (in
blue).

levels obtained in DFT and GW are then given and final conclusions on

this topic are drawn.

5.1 Oxygen vacancy in [-cristobalite

Ideal S-cristobalite is a SiOs polymorph usually found at high temper-
atures (in volcanic rocks for example). In this form, the SiO4 tetrahe-
drons are arranged in a very ordered way as shown in Fig. 5.1 (a). The
structure is in fact a face-centered cubic system where the silicon atoms
are positioned as in the diamond structure and the oxygen atoms are
inserted in the middle of the Si-Si bonds. The (pure) primitive unit
cell has been relaxed in DFT-LDA and the obtained lattice parame-
ter (a=13.83 Bohr) has been used for the construction of the defective
supercells. The great advantage is that the study of finite-size effects
with this structure is easier as one can use supercells as multiples of the

primitive (6 atoms) or conventional (24 atoms) unit cell.
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Figure 5.2: Energy levels of oxygen vacancy in ideal -cristobalite. The
band structure is given along the M-I'-R-X-I'-M path in the conven-
tional cell. The black and grey lines correspond to valence and conduc-
tion states respectively. The blue and red line are the two gap states
introduced by the oxygen vacancy, the lowest one (defl) being occupied
with 2 electrons while the highest one (def2) remains unoccupied in the
neutral charge state.

In Fig. 5.1 (b), the structure of the oxygen vacancy V% in its neutral
charge state that is studied in this chapter is shown. The two silicon
atoms to which the missing oxygen was bonded have been relaxed in the
conventional unit cell. These two atoms gets closer to each other (2.93
A, to be compared with the standard Si-Si distance of 3.17 A), making a
new Sig,s-Sig,s bond, as shown from a partial density of states analysis.

The presence of the oxygen vacancy introduces two defect energy
levels in the band gap as shown in Fig. 5.2 (DFT band structure along
the M-I'-R-X-I'-M path in the conventional cell). The lowest energy
level (blue line, referred to as “defl”) is occupied with two electrons
and correspond to the bonding sp® hybridized states forming the Si-Si
bond mentioned above. The highest energy one (red line, referred to as
“def2”) is unoccupied and is attributed to antibonding sp® states.

In the following sections, the convergence of the position of these

defects with respect to the size of supercell used will be analyzed in



104 Chapter 5. Size effects in GW corrections

Table 5.1: Supercells of cristobalite.

Name nxnxn Cell Ny Vsc (Bohr?) ddf (Bohr) Ny

Cin 1x1x1 C 23 2643.9 13.83 6
Py 2x2x2 P 47 5287.9 19.56 12
Py;3s 3x3x3 P 161 178465 29.33 12
Copp 2x2x2 C 191 211514 27.66 6
Pus 4x4x4 P 383 423029 39.11 12
Css3 3x3x3 P 647  71385.3 41.48 6

details. In particular, the GW corrections to the DFT energy levels will

be obtained for four different supercells.

5.1.1 Supercells

The different supercells that have been used corresponds to multiples of
the unit cell (containing 6 atoms) and the primitive cubic cell (contain-
ing 24 atoms). One can then successively build supercells of increasing
size as given in Table 5.1 where the multiplying factor n, the initial cell
type (primitive P or conventional C) that is multiplied, the number of
atoms in the supercell N, and the volume Vgc of the supercell. The
minimum distance between defects in neighboring images dfrﬁi; and the
defect coordination number Ny (the number of defect images at a dis-
tance d?rf’lfn of the defect in the origin cell) are the main parameters that
controls the convergence of the defect energy levels with respect to the
supercell size and are also given in the table.

Each of the supercells defined in Table 5.1 have been used to obtain
the defect energy levels within DFT. The GW corrections were calcu-
lated for the first four of them. Indeed, the computational time and
memory requirements become rapidly very high as shown in the follow-

ing.
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5.1.2 Computational details

The parameters used for the simulations were carefully chosen as small
as possible in order to reduce the computational needs to their minimum
for an acceptable convergence criterion of 0.05 eV. For the ground-state
calculations, an energy cut-off of 30 Ha has been used for the plane
wave basis set. For the Ci17 and Paogo supercells, a non-shifted 2x2x2
k-point grid has been used whereas only the I'-point was needed for the
larger supercells. The calculation of the dielectric matrix was expanded
using an energy cut-off of 6 Ha for the plane waves. In order to get an
accuracy of 0.05 eV on the defect energy positions, the number of unoc-
cupied states included amounts to 18-20 times the number of occupied
ones. For both the dielectric matrix and the self-energy corrections, the
extrapolar method [130] with a compensation energy of 2 Ha has been
used so that the number of unoccupied states required for the desired ac-
curacy could be decreased to only 5 times the number of occupied states
in all the supercells. An estimate of the computational requirements is

given in Appendix C for the five first supercells.

5.2 Size effects in the defect energy levels

In DFT, the finite-size effects on the defect energy levels have been ex-
tensively studied for many systems [50, 51, 157, 158, 159, 160]. The
convergence for the two defect levels in DFT is shown in Fig. 5.3 with
respect to the inverse of the volume (left) and with respect to the in-
verse of the minimum distance between defects. The energy levels are
referenced to the valence band maximum. It is interesting to note that
the energy levels obtained from C,,-type supercells (multiples of the
conventional cell, blue squares) seem to converge faster than those from
Prnn-type supercells (multiples of the primitive cell, green triangles)
even when the minimum distance between defects is larger. This can be
understood in terms of the defect coordination number Ny of P,,,-type
supercells which is twice that of C,,;,,-type supercells.

The infinite size energy levels can be obtained by extrapolation using

for example egef(L) = egef(L — 00) + aL ™! with cells Cago and Cags.
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Figure 5.3: Convergence of the defect energy levels in DFT.

The corresponding values for defl and def2 are 0.74 eV and 5.23 eV and
are shown in Fig. 5.3 by the dot-dashed line.

Turning to the GW computations, the GW energy levels and GW
corrections are given in Figs 5.4 and 5.5. While the difference between
the GW energy levels in the two larger supercells is less than 0.05 eV, the
ones obtained in the 23- and 47 atom supercells differ by up to 0.3 eV.
This observation is also present in the GW corrections with differences
of ~ 0.2 eV between the two smallest and the two larger supercells. As
the system studied here is neutral, for which supercell size effects are
usually small, the convergence with respect to the supercell size could
be important not only at the DFT level but also at the GW level. This
indeed questions the reliability of GW defect energy levels calculated
with small supercells, such as, for example, in Refs. [154, 155].

In the calculation of the GW corrections, the first step involves the
computation of the dielectric function eggr/(q). This dielectric func-
tion is then used to build the screened Coulomb interaction that enters

Eq. 2.79 for the evaluation of the self-energy corrections.
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Table 5.2: Macroscopic dielectric constants in pure cristobalite and in
defective supercells.

Ci11 Pa22a P33z Caoa  Pure
2.17 210 2.03 2.02 2.00

As the self-energy corrections depend on the screened Coulomb inter-
action, it is worth examining the latter in more in details. It is derived

from the microscopic dielectric function of the defective system as

1
Wir,r') = / T CLOLT (5.2)

In the above integral, the inverse dielectric function e~ !(r,r") for
large distances r — r” should be close (equal for an isolated defect
in an infinite medium) to the macroscopic dielectric constant eo, =
1/ 6&1:(},:07 q=0 Of the pure compound. If the value of ex obtained from
a finite supercell computation differs too much from its value in the
pure system, it will invariably induce deviations in the self-energy. The
comparison of this quantity in the defective and pure system is thus
expected to provide an indication of convergence of the GW corrections
with respect to the size of the supercell. As shown in Table 5.2, the
value of €5, in the two smaller supercells does not reproduce the pure
bulk value, while this is the case for the two larger supercells.

The dielectric constant in the two larger supercells is converged
within 1.5% of the pure bulk one and the GW defect energy levels are
equal to each other within the 0.05 eV convergence criterion. This con-
firms that the comparison of the static dielectric constant in the pure
bulk and in the defective supercell is an important parameter to be
considered. This analysis could be done in other compounds and with
other point defects in different charged states in order to validate the
proposition and suggest an actual convergence criterion on the dielectric

constant.
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5.3 Conclusion

The defect energy levels induced by an oxygen vacancy in the neutral
charge state have been obtained using the DFT and GW methods for
several sizes of supercells in the ideal S-cristobalite. The GW correc-
tions are shown to depend on the supercell size, in particular for small
cells. Results with larger cells (383 atoms, 647 atoms, ...) would most
likely show that the GW corrections are reasonably converged for the
larger cells used here. Due to computational resources, the GW correc-
tions could not be performed for those cells. Regarding the macroscopic
dielectric constant, it is very close to the one of the pure system for
the 161- and 191-atom cells while the relative difference for the 23- and
47-atom cells amounts to ~9% and ~5% respectively. The macroscopic
dielectric constant can thus be suggested as a convergence criterion for
the GW corrections. In fact, the long range part of the microscopic di-
electric function (i.e. the G = G’ = 0 term) could be fixed to its value in
the pure bulk system. In that case, we would expect the GW corrections
to be converge more rapidly with the supercell size. Another possible
test would be to add a Coulomb cut-off for the long-range interactions.
This has been shown to improve the convergence of the GW corrections
with respect to the supercell size [161].

Further investigations should of course be performed for larger cells
and in the case of charged states. Finally, this same procedure could
be applied to other compounds in order to draw some rule of thumb

depending on the macroscopic dielectric function of the pure system.
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Chapter 6

Assessment of the
plasmon-pole

approximation

In the previous chapters, the Godby and Needs (GN) plasmon-pole
model (PPM) has been used for the GW calculations. In a plasmon-pole
approximation, the frequency dependence of the inverse dielectric ma-

! is assumed to have a particular form given by Eqs 2.84 and 2.85

trix €~
where all the spectral weight of the imaginary part is reduced to a sin-
gle delta peak. This particular assumption for the frequency depen-
dence can have a strong effect on the computed QP eigenvalues. In this
chapter, the QP electronic structure and the RPA dielectric function
of a-SiOy are obtained using two different PPMs and compared to re-
sults without any PPM approximation by performing a full-frequency

computation.

6.1 QP eigenvalues with and without plasmon-
pole models
In order to obtain the full-frequency results, the contour deformation

technique (CD) has been employed. It is of course much more computa-

tionally demanding but leads to a more accurate evaluation of the corre-



112 Chapter 6. Assessment of the plasmon-pole approximation

lation term of the self-energy. For a detailed discussion of the technique,
the reader is referred to Ref. [162]. The GN PPM and the Hybertsen
and Louie (HL) PPM (see Sect. 2.4.4) have been studied here. The
wavefunctions were expanded in a plane-wave basis set with an energy
cut-off of 40 Ha. A non-shifted 2x2x2 k-point grid has been used for
the computation of the self-energy terms while the same grid was shifted
by (0, 0, %) for the evaluation of the screened Coulomb interaction W.
This smaller grid (with respect to the one used in Chapter 3) was used
in order to facilitate the full-frequency treatment. It leads to a roughly
systematic underestimation of the gap by ~0.1 eV with respect to a fully
converged k-point grid. The energy cut-off for the this screening matrix
was set to 6 Ha. The QP energies have been converged within 0.05 eV
for the chosen k-point grid.

In Fig. 6.1 (a), the effects of using a PPM approximation are probed
by looking at GoWjy corrections A% to the KS-LDA eigenvalues 1.pa.
The results computed with the GN and HL. PPMs are compared to those
calculated without resorting to any approximation on the frequency-
dependence of the dielectric matrix (i.e. using the CD technique). In
the range of energies close to the Fermi level, the results obtained with
the GN PPM are in excellent agreement with the CD results, not only
for the band gap but also for the absolute values of the GoW; shifts.
The latter are critical for band offsets studies [110, 163]. For the lowest
energies (Ogs-like states, between -20 and -15 eV), the reliability of the
GN PPM is not as good. On the other hand, these states are very low
in energy and are often not taken into account for the computation of
other properties such as optical properties (see Sect. 3.4).

When using the HL. PPM, the QP eigenvalues differ largely from the
CD results for the whole range of energies. In particular, the band gap is
overestimated with respect to its full-frequency value. The fundamental
and direct band gaps obtained with the CD technique and with the two
PPMs are gathered in Table 6.1 together with the LDA gap and the real
QP gap as inferred in Sect. 3.4.

The LDA and GoWj band structures and density of states (DOS)
are plotted in Fig. 6.2. The GoWj results are obtained using the polyfit
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20 -15 -10 -5 0 5 10 15
KS-LDA energies e,pa (in V)

Figure 6.1: (a) Quasiparticle corrections obtained with and without
plasmon-pole models (b) Error of each PPM investigated in this study
with respect to full-frequency results (CD). The CD results are shown
by the blue circles while the GN and HL. PPMs correspond to the green
crosses and red pluses respectively. The shaded areas correspond to the
valence states.

Table 6.1: Fundamental E; and direct F,q band gaps in a-SiO2 com-
puted within LDA and G°W?© using the CD technique, the GN and the
HL PPMs. The real QP gap reported here corresponds to the value of
the gap obtained in this work in Sect. 3.4.

LDA CD GNPPM HLPPM Real QP gap
E, 577 889 888 9.36 ~ 9.8
E,q 606 9.16  9.16 9.65 ~10.1
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interpolation presented in Sect. 2.4.5. Only the upper valence bands
corresponding to the bonding Siz, 3,-O2, and antibonding O, orbitals
are shown in the figure.

It is proven here that the GN PPM is quite accurate approximation
as compared to full-frequency results in a large of frequencies around
the gap. As already demonstrated in Sect. 3.4, the one-shot GW is
not sufficient to correctly predict the QP gap in a-SiOs. Quasiparticle
self-consistent GW with vertex corrections [144] has been shown [97] to

yield a better agreement for the QP gap.

6.2 Analysis of the plasmon-pole models and di-

electric function

The properties of the dielectric matrices obtained with the CD technique
and with the PPMs are analyzed in order to further investigate the rea-
sons leading to the discrepancies in the QP eigenvalues. In Fig. 6.3,
the real part of the dielectric matrix Re~!(iw) along the imaginary fre-
quency axis for q = 0 at G = G’ = 0 computed with the PPMs is
compared to the more accurate values obtained with the CD technique.
It is clear that the GN PPM is much closer to the CD result. Indeed, the
GN PPM parameters are determined from the value of e ! for the static
limit (w = 0") and for another frequency iw, along the imaginary axis,
the value of which corresponds to the intersection of the CD and GN
curves in Fig. 6.3. It is thus not surprising that the GN PPM reproduces
the behavior of the dielectric matrix along the imaginary axis fairly well.
In contrast, the HL. PPM strongly underestimates the behavior of the
CD results over the whole frequency range.

The real part of e (w) along the real frequency axis is shown in the
upper panel of Fig. 6.4 for q = 0 at G = G’ = 0. Both PPMs reproduce
the static limit w = 0" by construction. Even though the two PPMs are
both crude approximations, the GN PPM is closer to the exact behavior
of Re~!(w), in particular for frequencies larger than the position of the
main pole. The GN PPM is also a better approximation for frequencies

smaller than 10 eV (see inset). These small frequencies correspond to
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Figure 6.3: Real component of the RPA microscopic dielectric func-
tion e ! at G = G/ = 0 and q = 0 plotted along the imaginary axis.
The contour deformation technique, the Godby-Needs PPM and the
Hybertsen-Louie PPM are given by the solid blue, the dot-dashed green
and the dotted red lines.

the range needed for the evaluation of the QP corrections to the states
close to the band gap.

The imaginary part of ¢! is shown in the middle panel of Fig. 6.4.
The arrows indicate the position of the Dirac delta peaks for the PPMs
where all the spectral weight of Ze!(w) is concentrated. The GN pole
peak seems to better account for the overall peak structure of Ze ! (w).
In the lower panel of Fig. 6.4, the integrand of the f-sum rule (Eq. 2.86)
is shown. The blue shaded area is the integral corresponding to the
CD results while the green and blue rectangles corresponds to the GN
and HL PPMs. For higher G, G’ vectors, the position of the peaks for
the GN and HL PPMs is affected differently. The sum rule imposed
by the HL model pushes the delta peak ever further on the real axis
as can be seen in the upper panel of Fig. 6.5. This seems to result in
an overestimation of the pole contribution along the imaginary axis, in
particular for the low frequency region.

Turning to the analysis of the f-sum rule, it is trivially fulfilled by the
HL PPM by construction, while in the GN PPM, the parameters fix the

integral of the imaginary part of the inverse dielectric function. When
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Figure 6.4: Real (upper panel) and imaginary (middle panel) compo-
nents [at G = G’ = 0 and q = 0] of the RPA microscopic dielec-

tric function e~

as computed with the contour deformation technique

(full blue line), the Godby-Needs PPM (dot-dashed green line), and the
Hybertsen-Louie PPM (dotted red line) plotted along the real axis. The
inset in the upper panel is a zoom of the real component for frequen-
cies between 0 and 16 eV. The lowest panel shows the imaginary part
multiplied by the frequency, as an illustration of the f-sum rule.
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Figure 6.5: Position of pole (upper panel) and fulfillment of the f-sum
rule (lower panel) for the diagonal elements (G = G’) of e~! within the
GN (dot-dashed green) and HHL (dotted red) PPMs as a function of
the corresponding kinetic energy (3 |G|?). The blue curves corresponds
to the results obtained with CD technique for different number of unoc-
cupied bands N}, included in the calculation of e~!. The CD band gap
is converged with ~400 unoccupied states.
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Te Y(w) is calculated explicitly, the integral depends on the number of
empty states included in the sum. In the lower panel of Fig. 6.5, the
fulfillment of the sum rule is shown as a function of the kinetic energy
: |G|? of the diagonal matrix elements of Ze ! (w). The compliance with
the sum rule is slowly achieved by the CD technique. On the other hand,
the band gap and the QP eigenvalues in the range of energies between
-10 eV and 15 eV are converged with only 400 bands, for which the sum
rule is obviously not fulfilled for most diagonal matrix elements. For the
GN PPM, the fulfillment is rather poor.

From the discussion stated above, the fulfillment of the f-sum rule
is neither a minimum nor a sufficient condition to ensure reliable QP

energies.

6.3 Conclusion

The reliability of the GN and HLL PPMs has been studied by comparing
them to results obtained with a full-frequency treatment using the CD
technique. These results show that the GN PPM is able to reproduce
the QP eigenvalues obtained from the CD method with good accuracy
for a large range of energies around the Fermi level. The analysis of
the PPMs also shows that the fulfillment of the f-sum rule is not an
essential requirement for getting accurate results.

As a consequence, it is clear that the band gap obtained in Sect. 3.3.4
is underestimated by the one-shot GW method starting from an LDA
electronic band structure. The HL. PPM seems to give a better estimate
of the QP gap but for the wrong reasons. In order to improve the
prediction of the QP gap, it is thus necessary to go beyond the one-shot
approach. The self-consistent GW schemes being very computationally
demanding, it is advised to use a better starting point than LDA. The
next chapter analyzes the TB09 exchange-correlation potential which
has been claimed to give much more accurate band gaps while remaining

in a KS-like formulation.
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Chapter 7

Analysis of the TB09
exchange-correlation

potential

In the previous chapters, it was shown that DFT with the LDA as the
exchange-correlation functional was unable to predict correctly the band
gaps and defect energy levels in SiO2. The application of a one-shot GW
using the DFT-LDA electronic structure as a starting point also revealed
the limits of the method. One would then need to use more sophisticated
approaches involving some kind self-consistent solution of Hedin’s equa-
tions such as QPscGW [144, 164] or self-consistent COHSEX+GoW)y
[165].

Alternatively, Tran and Blaha [78] recently proposed a modified ver-
sion of the Becke-Johnson potential [91] leading to an improved descrip-
tion of the band gaps in semiconductors and insulators. This new XC
functional (referred to as TB09) has already been applied to a large va-
riety of systems [92, 93, 94, 95, 96, 97, 166] and was able to predict band
gaps in close agreement with experiment. In this chapter, the TB09
functional is analyzed in details for a series of ten semiconductors and
oxides (see also Ref. [62]).

121
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7.1 Band gaps and widths

In the following, a systematic comparison of electronic band structures
obtained from the LDA and TBO09 functionals is performed. These are
compared with the more accurate band structures obtained through one-
shot GW calculations, and available experimental data. Several oxides
and other technologically or theoretically interesting materials are inves-
tigated : silicon, germanium, silicon dioxide, tin monoxide and dioxide,
zinc oxide, calcium sulfide, calcium oxide, magnesium oxide and lithium
fluoride. As shown in Table 7.1 and Fig. 7.1, the TB09 delivers band
gaps in much better agreement with experiment than the simple LDA.
The GoWy calculations are performed starting from LDA eigenvalues
and wavefunctions (referred to as GoWy@QLDA), but also from TB09
eigenvalues and wavefunctions (referred to as GoWy@QTB09). The dif-
ference is non-negligible. In fact, the one-shot GW band gaps obtained
starting from TBO09 are close to those from quasiparticle self-consistent
GW calculations, at a much reduced cost. For the specific case of a-
SiO9, the GoWoQTB09 band gap is much closer to the value inferred in
Sect. 3.4.

7.2 Band structures

The experimental lattice parameters have been used for all the com-
pounds studied. The GW eigenvalues and densities of states have been
interpolated using the polyfit approximation developed in Sect. 2.4.5.
The discussion presented in this section is based on the band structures
and densities of states presented in Appendix D (except for Si, Ge and
a-Si03) in which the computational details used for the calculations are

also reported.

7.2.1 Silicon and germanium

The silicon and germanium band structures and densities of states (DOS)
are presented in Figs. 7.2 and 7.3 respectively. The DOS are compared
to experimental X-ray photoemission spectra [177, 178] (XPS). It is clear
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Table 7.1: Fundamental (Eg) and direct (Eg q) band gaps of all the ma-
terials in this study in the LDA, TB09, GoWy@QLDA and GoW,QTB09
approximations. Experimental and QPscGW values are also reported

28, 97, 144, 167, 168, 169, 170, 171, 172, 173, 174, 175, 176].

TB09 @LDA @TB09 QPscGW Expt.

Si

5102

ZnO
SnO

SnOy
CaS

CaO

MgO
LiF

DFT GoWoy

LDA

0.51  0.98 1.21 1.38
256  3.04 3.25 3.44
0.20 0.71 0.70 0.93
0.23 0.89 0.73 1.12
5.77  9.82 8.96 10.09
6.06 10.01  9.27 10.36
0.67 3.44 2.32 3.73
0.27 048 0.74 0.78
217 3.17 2.92 3.82
0.89 4.35 2.72 4.17
215 3.31 4.28 4.89
3.89  4.76 5.57 7.06
297 401 5.13 5.77
3.49  5.30 6.02 7.39
455 7.04 6.49 10.36
3.87  5.62 6.46 7.85
4.73 832 7.48 8.97
8.82 1431 13.45 15.09

1.24
3.30

0.95

9.7
10.1

3.8

1.38
3.88

4.28

7.57

9.16
15.9

1.12
3.20

0.66
0.80

~9
~9
3.6

0.7
2.77

3.6

4.43
5.80
5.34
7.0
7.0
7.3
7.83

14.2
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Figure 7.1: Comparison of the theoretical and experimental band gaps
(in eV) for all the different materials considered in this study. The
different XC approximations for both DFT and GW calculations are
given as black dots (DFT-LDA), red squares (DFT-TB09), green dia-
monds (GoWp@QLDA), blue triangles (GoWp@QTB09), and yellow dots
(QPscGW). Corresponding band gap values are also reported in Ta-
ble 7.1. Inset: Table of the mean error (ME), the mean absolute error
(MAE), the mean relative error (MRE, in %), and the mean absolute
relative error (MARE, in %) for the various XC functionals.
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from the figures that both LDA and TB09 provide a rather fair descrip-
tion of the valence DOS. The main features of the band structure are
indeed correctly reproduced by both XC approximations. The more
elaborate GoWy-corrected DOS does not give rise to any major change
in the valence electronic structure. The direct and indirect band gaps
have already been presented in Table 7.1 while the valence band widths
as well as first conduction band widths are given in Table 7.2. The
valence band widths computed with the different approximations are
reported in Fig. 7.4, together with those of the other compounds stud-
ied in this chapter. As expected, the band gaps obtained with TB09 are
fundamentally improved over LDA. GoWy@QTB09 opens the gap further,
overshooting the experimental values. When compared to XPS results,
our DFT results show that both XC functionals yield too small band
widths. Further GoWj correction even worsens this narrowing although
the relative error with respect to experiment is reasonable in all four

cases.

7.2.2 Silicon dioxide

Silicon dioxide has already been presented extensively in Chapter 3. Its
QP gap has been shown to be underestimated by ~4 eV within DFT-
LDA. It is thus a more challenging case than Si and Ge, to test the
accuracy of the electronic structure obtained with the TB09 functional.

Figure 7.5 shows the band structures and DOS obtained with LDA,
TB09, GoWy@QLDA and GoWyQTB09. The fundamental gap is indirect,
from K to I'. The band gaps and different band widths of a-quartz
obtained with the different XC approximations, in DFT and GoW, are
reported in Table 7.1 and Table 7.2.

As expected, the TB09 fundamental and direct gaps are closer to
the reported experimental values (see Table 3.4 in Chapter 3) than the
LDA ones and to the gaps obtained in Sect. 3.4. Comparing the DOS
with recent XPS experiment [134], it is clear that the TB09 drastically
underestimates the valence band widths. Applying GoW} corrections

rectifies this error, leading to a GoWy@TB09 valence band structure
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Figure 7.2: Band structure and DOS of bulk silicon in the diamond
structure computed in DFT with (a) the LDA XC, (b) the TB09 XC and
in one-shot GW using (c¢) DFT-LDA and (d) DFT-TB09 as a starting
point. In the left panel, the dashed (black) lines correspond to the DFT-
LDA band structure and the full (red) lines represent the DFT-TB09
band structure. In the middle panel, the dashed (green) lines correspond
to the GoWy@QLDA band structure and the full (blue) lines represent
the GoWp@TB09 band structure. In the right panel, the valence DOS
is compared to XPS spectrum [177] (black line).
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Figure 7.3: Band structure and DOS of bulk germanium in the diamond
structure computed in DFT with (a) the LDA XC, (b) the TB09 XC and
in one-shot GW using (c) DFT-LDA and (d) DFT-TB09 as a starting
point. The XPS spectrum is from Ref. [178]. The color scheme is the

same as in Fig. 7.2.
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Table 7.2:

Valence band widths (VBW) and first conduction band
widths (1CBW) of all the materials in this study. Experimental values
[164, 170, 179, 180, 181, 182, 183, 184, 185, 186] are also reported when

available.
DFT GoWo
LDA TB09 QLDA @TB09 Expt.
Si VBW 11.96 11.72 11.19 11.43  12.50
1CBW 3.71  3.51 3.69 3.54
Ge VBW 1250 12.26 11.86 11.92  12.60
1CBW 4.16  4.06 4.14 4.16
Si02  VBWg,, 3.27  2.65 3.66 3.70 4.0
VBWo,, sis, 5, 4.81  3.98 5.09 5.15 5.0
VBWo,, 2.38 1.99 2.17 2.19 2.5
1CBW 2.92 272 3.20 3.51
Z/nO VBW 6.19 541 6.43 6.49 9.0
1CBW 7.11  6.55 7.53 7.25
SnO VBW 9.11  9.12 9.67 10.00 12.0
1CBW 2.98  3.22 3.35 3.60
SnOy VBW 8.38  6.78 8.29 8.32 10.4
1CBW 5.08 4.13 5.48 4.97
CaS VBW 3.18  2.59 3.13 3.18 3.9
1CBW 3.09 3.07 3.43 4.28
CaO  VBWo,, 2.68 1.92 2.82 2.72
VBWo,, 1.22  0.86 0.88 1.42
VBWy,, I'-X 1.76 1.36 1.89 1.85 1.2
VBWo, I'-X 0.55  0.37 0.40 0.76 0.6
1CBW 3.47  2.55 3.72 4.36
MgO VBW 4.71  3.71 5.05 5.01 4.8
1CBW 6.79  6.10 7.28 6.68
LiF VBW 3.12  2.00 3.39 3.21 3.5
1CBW 5.84  5.64 6.24 6.21




128 Chapter 7. Analysis of the TB09 XC potential

16
[ ) || * A
14f T ME(eV) -0.88 -149 0.83 -0.73
MAE (eV) 118 163 115 111
o MRE (%) 42 -148 24 87
2 12| MARE(%) 282 29.6 24.6 299
N
=
S 10 4
z n
o
g 8 *
fla]
-, [
L2 6 ]
= |
=
=
<
S 4 Ly ® LDA
& ] B TB09
2 m L ¢ G,W,@LDA 1
A G,W,@TB09
0 L

0 2 4 6 8 10 12 14 16

Experimental band width (eV)
Figure 7.4: Comparison of the theoretical and experimental band widths
(in eV) for all the different materials considered in this study. The dif-
ferent XC approximations for both DFT and GW calculations are given
as black dots (DFT-LDA), red squares (DFT-TB09), green diamonds
(GoWp@LDA), and blue triangles (GoWy@QTB09). Corresponding band
width values are also reported in Table 7.1. Inset: Table of the mean
error (ME), the mean absolute error (MAE), the mean relative error
(MRE, in %), and the mean absolute relative error (MARE, in %) for
the various XC functionals.
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Figure 7.5: Band structure and density of states of a-quartz computed
in DFT with (a) the LDA XC, (b) the TB09 XC and in one-shot GW
using (¢) DFT-LDA and (d) DFT-TBO09 as a starting point. The XPS
spectrum is from Ref. [134]. The color scheme is the same as in Fig. 7.2.
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very close to the GoWp@LDA one. The band gaps obtained with the
GoWo@QTBO09 approach are also even closer to the QPscGW ones [97].

7.2.3 Zinc oxide

The band structures and DOS are given in Fig. D.1. As already shown in
other previous studies, [187, 188, 189, 190] LDA fails to provide a correct
description of the Zn 3d levels and gives rise to a strong hybridization
of these levels with the O and Zn p-states. The same authors suggest to
add a Hubbard U term in order to lower the position of the Zn 3d-states
and actually decouple them from the p-states. This results at the same
time in an increased band gap closer to measurements. In any case,
the same hybridization problem is observed when using the TB09 even
if a tiny internal band gap around —4 eV is obtained. Nevertheless,
considering all these states as a single group, the valence band width
is once more clearly narrowed with the TB09 (5.41 eV) compared to
LDA (6.19 eV). The GoW) corrected band structures are much closer to
each other, at least for the highest p states (from —4 eV to the Fermi
level). In Table 7.2, the present theoretical results are compared to the
experimental band width (9 eV) [181, 191] corresponding to the sum of
p states (5.3 eV), d states (2.5 eV) and the separating internal band gap
(1.2 eV). This experimental band width is also in rather good agreement
with the XPS spectrum reported in Fig. D.1.

The TBO09 yields a band gap value of 3.44 eV which is again in much
better agreement with experimental one (3.6 eV [169]) than the LDA
(0.67 eV). The GoWy correction to LDA leads to a larger band gap
(2.34 eV), still too low with respect to the experimental value while
starting from the TBO09 electronic structure leads to a GoWj gap of 3.73
eV, close to the QPscGW value.

7.2.4 Tin oxides

The band structures and DOS are given in Figs. D.2 and D.3. The
highest group of valence bands of both oxides is rather well described
even if some discrepancies appear between LDA and TB09, especially
for the band width in the case of SnOs. For SnO, it is clear that the
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highly localized d states (lying at ~23-24 eV below the Fermi level)
are better described with the TB09 as they are pushed down in energy,
closer to the GoWj corrected ones. The O s-states (around ~18-20 eV
below the Fermi level) are better positioned with TB09 than with LDA
as confirmed by the GoWj results. In contrast with SiOs and ZnO, but
similarly to Si and Ge, the valence band widths in SnO are not narrowed
with the TB09 leading to a surprisingly good description of the valence
states for this particular case.

The fundamental band gap of SnO is indirect from I' to M. TB09
leads to larger fundamental and direct band gaps than LDA but both
DFT fundamental band gaps are still lower than the measured values.
The addition of a GoWj leads to indirect band gaps in very close agree-
ment with the experiment whereas the direct experimental gap at I is
overestimated by GoWo@QTB09 but is closer to the QPscGW result.

For tin dioxide, the flat bands corresponding to d states (around
—22 eV to —20 eV) are also somewhat better positioned in energy with
the TB09 than within LDA but are slightly narrowed. The group of
bands around —16 eV to —18 eV which is composed of O s states and
some Sn s and p states is clearly shrunk with the TB09 compared to the
LDA and GoWj structures. The highest valence bands are also strongly
contracted with TB09.

Concerning the band gap, it is clearly underestimated within DFT-
LDA while the TBO09 leads to a value larger than the experimental one
[171], very close to the QPscGW one. The GoWy@QLDA band gap is
still lower than in experiments while the GoWy@QTB09 theoretical gap

is closer to the measured value.

7.2.5 Calcium sulfide and calcium oxide

The band structures and DOS of CaS are given in Fig. D.4. The funda-
mental band gap is indirect from I" to X. The TB09 leads to increased
values of the band gaps as shown in Table 7.1 while the LDA under-
estimates the experiments. The GoWy@QLDA band gaps are closer to
experiment. GoWo@QTBO09 strongly overestimates the direct band gap at
I' while the direct band gap at X and the indirect band gap are within
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5% of the experimental values. Unfortunately, no QPscGW results were
available in literature for this large band gap semiconductor.

The upper valence band composed of sulfur p-states is again clearly
narrowed by TB09. In contrast, LDA is in much better agreement with
the GoWy values. The band widths obtained with GoWy@LDA and
GoWo@TBO09 are in close agreement with each other.

The band structures and DOS of CaO are shown in Fig. D.5. The
conduction band structure is somewhat different with the LDA and the
TB09. In LDA, there is a local minimum in the conduction band at I’
while this band is pushed upwards with the TB09. In both cases, the
gap is indirect from I' to X. The band gaps obtained are gathered in
Table 7.1. There is some controversy on the exact value and on the indi-
rect character of the fundamental gap such that no reliable experimental
value could be compared with our results.

Concerning the valence electronic structure, the upper valence bands
are once more narrowed by TB09 when compared to LDA or GoWjp-

corrected band structures.

7.2.6 Magnesium oxide

The band structures and DOS of MgO are shown in Fig. D.6. The band
gap is underestimated within DFT-LDA while the TB09 leads to a value
larger than the experimental value. The GoWy@LDA band gap is closer
to experiments while GoWy@TB09 pushes the gap even further away
from the measured value. In fact, the
GoWy@QTBO09 gap is very close to the reported QPscGW result.

The valence bands are clearly shrunk when using the TB09. Com-
paring the DOS with XPS experiments [192] shows evidently that the
distance between the two peaks in the DOS of the upper valence band
is much smaller than the experimental value when using the TB09 while
the LDA and the GoWy-corrected band structures are in much better
agreement. The valence band widths and band gap values obtained with
the different methods are collected in Table 7.1 and Table 7.2.
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7.2.7 Lithium fluoride

The band structures and DOS are shown in Fig. D.7. There is a strong
narrowing of the valence band when using the TB09. Comparing the
DOS with XPS experiments [186] shows obviously that the valence band
is much smaller than the experimental value when using the TB09 while
the LDA and the GoWjy-corrected band structures are in better agree-
ment. The two-peak structure in the XPS spectrum is also much better
rendered with the LDA DOS whereas the TB09 is far from the experi-
ment. Both GoWy-DOS fairly reproduce this peak structure.

The valence band width and band gap values obtained with the dif-
ferent methods are gathered in Table 7.1 and Table 7.2. As for the other
materials, the band gap is underestimated within DFT-LDA while the
TBO09 corrects this, yielding a value of 14.31 eV in much closer agreement
with the experimental value [176] of 14.2 eV. The GoW) correction opens
the LDA band gap closer to experiment while GoWy@QTB09 opens the
gap even further, overshooting the experimental value by almost 1eV. It

is again very close to the QPscGW band gap.

7.3 Optical spectra of a-SiO,

From the overall accurate prediction of the experimental band gaps, the
TBO09 or the GoWy@QTB09 would be expected to be a good candidate to
build the electron-hole basis set needed in a BS calculation. This has
been tested for the case of a-SiOg and the resulting optical spectra is
shown in Fig. 7.6 (a) and (b) for TB09 and GoWy@QTB09 respectively.
Using the DFT-TBO09 for the electron-hole basis set leads to an op-
tical spectra that is red-shifted by about 1.5 eV as shown in (a) while
the GoWp@QTBO09 in (b) yields a reasonable agreement of the position
of the peaks of e2(w). On the other hand, in both cases, the amplitude
of the peaks and the overall weight of the spectrum is strongly under-
estimated. As shown from the corresponding RPA spectra, this is not
due to the excitonic effects but rather comes from the optical matrix
elements. These are computed from the TB09 wavefunctions and are

not comparable to those obtained from the LDA computations. This
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Figure 7.6: Optical spectra of a-SiOs from the TB09 functional. For
TB09, GoWy@QLDA and GoWy@QTBO09, the electron-hole basis sets in
the BS or RPA computation are built from the TB09 eigenvalues and
wavefunctions, from the GoWy@QLDA eigenvalues and LDA wavefunc-
tions and from the GoWy@QTBO09 eigenvalues and TB09 wavefunctions
respectively.
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discrepancy can most likely be traced back to the fact that it is not,
strictly speaking, a Kohn-Sham system, as there is no energy functional
from which the TB09 potential derives [99, 100]. As a consequence, the
f-sum rule is not guaranteed to be fulfilled by the RPA-TB09 dielectric
function, while this is the case for LDA [193].

7.4 Effect of the ¢ parameter

As shown in the previous section, the TB09 functional allows to deter-
mine the band gaps of materials without any large additional computa-
tional cost and with a relatively good agreement with experiment. The

exchange potential of the TB09 functional takes the form

VB9 (1) — oVBR(r) + (3¢ — 2)71\/5 2::(%)’ (7.1)

All the terms in Eq. 7.1 have been defined in Sect. 2.3.3. We focus

here on the ¢ parameter which is usually obtained following the standard

self-consistent procedure (Eq. 2.52) proposed by Tran and Blaha. This
parameter will also be varied manually in order to better identify its
effects on the band gap and on the electronic structure.

Defining the narrowing factor as the ratio of the upper valence band
width in LDA to the upper valence band width in TB09, the experimen-
tal fundamental gap of the materials shows an overall linear correlation
to the narrowing factor as shown in Fig. 7.7. It is indeed clear that
the narrowing of the bands is more pronounced for materials with wider
band gaps. This gives some hint on how the TB09 leads to larger gaps.
Indeed, exact exchange methods such as Hartree-Fock lead to an over-
estimation of the band gaps. Similarly, the TB09 opens the gaps by
mixing in more local exchange in the system thanks to the adjustment
of the ¢ parameter. As a consequence of a more attractive exchange
potential, the electrons are more localized and their electronic bands are
narrowed.

Following this discussion, the effect of the ¢ parameter on the com-
puted band width is shown in Fig. 7.8 for a-SiOs, ZnO, SnOs and MgO.
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Figure 7.7: Graph of the narrowing factor (VBWrpa/VBWrpgg) of the
upper valence band as a function of the fundamental band gap E, of the
materials considered in the present study. Materials with larger band
gaps exhibit a stronger narrowing of the valence bands.

The modification of the upper valence band width and the conduction
band is shown for various values of the ¢ parameter ranging from 1.0
to 1.7. As already mentioned in Ref. [78], the band gap is increases as
a function of the ¢ parameter. On the other hand, it is clear from the
figure that the band widths are decreased when the ¢ parameter is in-
creased. This is also observed in the other compounds investigated and
confirms the conjecture that the TB09 leads to band gaps larger than
LDA by introducing a larger contribution of local exchange which at the
same time contracts the electronic bands. Unfortunately, any attempt
to obtain a better estimation of this ¢ parameter would never correct the
TBO09’s failure to describe the ground state correctly. The band widths
obtained with LDA (black horizontal dashed lines) are always closer to
the more reliable GoW) results (green horizontal continuous lines) than
those obtained with the TBO09.

Recently the authors of the TB09 proposed an improvement [194]
of the original XC by redefining the parameters o and [ entering in

the evaluation of the ¢ parameter of the functional using a larger set
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of materials. They claimed that the TB09 and its revised version yield
very accurate electronic band structures and gaps. According to the
present study, the ground state valence band structures obtained with
the TBO09 is not guaranteed to reproduce the GoWj band structures nor
the experiment. In particular, for large band gap materials, the valence

band widths are strongly contracted.

7.5 Conclusion

A systematic investigation of the electronic structure obtained either
from the LDA or TB09 XC functionals has been performed for ten semi-
conductors and oxides. The results show that although very appealing
for its efficiency and simplicity and for its performance in reproducing
experimental band gaps of pure bulk materials, the TB09 must be used
with great caution if any other property than the band gap itself is un-
der investigation. In particular, optical properties for a-SiOs5 reveal a
severe deficiency of the TB09 functional in the fact that the RPA di-
electric function do not fulfill the f-sum rule. The perspectives of this
kind of approaches are yet promising and there are possible avenues for
the design of better XC functionals. Their forms should be given for the
XC energy so that they correspond to real Kohn-Sham system where
the exchange-correlation potential is derived from the XC energy func-
tional. In order to better reflect the actual many-body effects, a local
XC functional should take into account some part of semi-locality such
as what is done with the TB09 functional.

Comparisons with GoWj results using both the DFT-LDA and the
DFT-TB09 as starting points have been carried out for all the materials
revealing that the TB09 can strongly underestimate the band widths.
This contraction of the bands is found to be more pronounced for mate-
rials with a larger band gap. This follows from the fact that the TB09
opens the gaps by virtually adding a larger part of local exchange to the
system through the adjustment of the ¢ parameter. This stronger ex-
change part results in a stronger localization of electron hence narrowing
the band widths.
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As a consequence, the ground-state electronic band structure is not
well described for medium to large band gap materials. This is expected
to be detrimental for any further investigations such as defect studies,
analysis of surfaces or interfaces, etc. It is shown that any modification
of the ¢ parameter aiming to reproduce exactly the experimental band
gap would not lead to any improvement. Indeed, the band widths of the
materials are roughly proportional to the inverse of this parameter and
will invariably be compressed.

Finally, the TB09 could be tested as a starting point for QPscGW
computations in the perspective of reducing the number of self-consistent
iterations needed to converge the QP wavefunctions and energies. In-
deed, for the case of a-SiOg, the GoWyQTB09 eigenvalues seem to be
already rather close to the real QP ones as shown from the inspection
of the BS spectrum obtained using these for the electron-hole basis set.
The TB09 thus opens the perspectives of a better description of excited
states in SiOs.

This study has been accepted for publication in Phys. Rev. B as
Ref. [62].
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Conclusion and

perspectives

This PhD project started four years ago, with the ambitious objective
of describing the electronic and optical properties of amorphous silica
containing various radiation-induced defects. Above all, this implies a
very strong understanding of the properties in the pure, nondefective,
bulk material. Clearly, modeling the amorphous state is not trivial and
particular care has to be taken for the generation of such models. A
large part of the work performed during this thesis concerned this as-
pect as well as the analysis and determination of the properties of the
pure phase in order to assess the reliability of the models. From there on-
wards, impurities and defects can be introduced in the samples in order
to investigate their effects on the properties of the perfect bulk system.
This also appeared to be intricate and problematic in some cases. As a
consequence, this thesis covers a mix of both technical and more phys-
ically oriented topics and results. The main outcomes are summarized
in the following lines.

From a methodological point of view, the polyfit interpolation scheme
has been developed in order to facilitate the interpolation of the quasi-
particle energies obtained from GW computations. Indeed, these cannot
be obtained easily for large k-point meshes as needed for BSE compu-
tations or for a given k-point path for the visualization of the band
structure along specific symmetry lines. The polyfit interpolation is
easier to apply than other techniques such as the Wannier interpola-

tion. Besides, it is almost completely automatic and does not require
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any human time for the generation of the quasiparticle band structure.
Densities of states, random k-point meshes and effective masses are also
obtained straightforwardly. This approach is of course not perfect as it
neglects the dependence of the GW corrections on the character of the
state considered but it appeared to be very satisfactory in the case of
SiO2 and for most compounds presented in Chapter 7. Moreover, the
polyfit has been proven to be efficient in many of the topics presented
in this work and has already been used for publications.

On the scientific part, twenty models of amorphous silica were gen-
erated and analyzed in detail. In particular, their structural properties
have been proven to be well described. Their electronic structure has
been successfully obtained within DFT and perturbative GW and com-
pared to XPS experiments. The different models were also characterized
using atomic charge analysis and projected densities of states. We have
shown that those pure silica models were in good agreement with ex-
periments and previous theoretical studies. As already mentioned, this
preliminary step was essential in order to assess the quality of the mod-
els.

One important scientific outcome of this thesis lies in the determi-
nation of the actual quasiparticle gap in amorphous silica (9.75 eV) and
a-quartz (10.1 eV). This longstanding problem, for which experimen-
tal studies have often been contradictory, has been solved by means of a
reverse-engineering procedure. The correct gap was found by a matching
procedure in which the positions of the peaks in the absorption spectrum
obtained from the solution of the Bethe-Salpeter equation were aligned
to those of experiments. The resulting optical spectrum of a-SiOs ob-
tained in this thesis is also a significant achievement though its accuracy
should be improved by further computations using more refined grids.
It is interesting to note that the band gaps of both the crystalline and
the amorphous form obtained using the above-mentioned procedure are
larger than those obtained from a perturbative GW. This pushed the
need to validate the main approximation of the latter method, namely

the use of a plasmon-pole model.
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Concerning the defects, the positively charged, neutral and nega-
tively charged states of hydrogen have been investigated. Their struc-
ture and formation energies have been obtained using DFT and shown
to reproduce previous studies. The induced gap states have been suc-
cessfully determined within GW. Preliminary results for GW-corrected
formation energies have been discussed and led to consider a reexamina-
tion of the technical details and approximations used in this correction
procedure.

The first technical issue discussed in this thesis is the supercell size
convergence of the GW corrections. This important point has often been
neglected while no formal study had ever been performed to address
this problem. It has been shown for a defect model, the neutral oxygen
vacancy in cristobalite, that supercells with 24 or 48 atoms are not
large enough to converge the quasiparticle corrections, while such small
cells have been used in the past to compute defect energy levels within
GW . The macroscopic dielectric constant was found to be a relevant
parameter for testing the convergence of the quasiparticle corrections
with respect to the supercell size. This is still work in progress though
and other cases should be tested, such as other charged states.

Two plasmon-pole models have been thoroughly tested and compared
to full-frequency results. The Hybertsen and Louie PPM showed large
deviations with respect to the latter results. On the contrary, the Godby
and Needs PPM that was used in this work has been proven to be a very
good estimate of the full-frequency results. Another important outcome
from this detailed analysis concerns f-sum rule. Indeed, its fulfillment
does not seem to be a necessary condition to ensure reliable results as
it is clearly not satisfied with the GN PPM despite its good accuracy.
This thus validated the previous GW results from that point of view.
As a side effect, the one-shot GW with LDA as a starting point is thus
unable to predict the band gap in SiOg (as inferred previously) and
more involved theories such as quasiparticle self-consistent GW should
be used to solve this issue.

From a computational point of view, even a partial self-consistency

in the GW method is very demanding. For that reason, a better starting
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point than LDA is strongly advised. The Tran and Blaha exchange
potential, as claimed by their authors, was shown to yield much better
band gaps than LDA, coming up as an interesting candidate as a starting
point for self-consistent GW. On the other hand, the valence band
widths were found to be strongly contracted, in particular for large band
gap materials such as SiOs. Another issue concerns the optical matrix
elements that seem to be largely underestimated, as observed in the
optical spectrum. This thus questions the reliability of this already
widely used functional.

Following the previous lines, many technical issues have been clar-
ified, which opens perspectives for future work. In particular, the de-
scription of defects is far from being a closed subject. The electron
addition and removal energies in defective systems are still a subject of
debate and the present study brings up possible solutions. Indeed, these
computed electron affinities may vary depending on the charge state in
which they are computed. The GW defect formation energies of hydro-
gen in SiOs, which is still an open issue, could be reexamined in view of
the analysis performed for the finite-size effects.

Another somewhat related point concerns the determination of the
universal method needed to compute accurate band gaps. The reverse-
engineering procedure applied for SiO2 can indeed be generalized and
used for other compounds but is not completely ab initio as it involves
comparison with some experimental data. It can nevertheless be used
to confirm and support results obtained with other methods such as the
quasiparticle self-consistent scheme with vertex corrections. This latter
approach seems to be universal but is at present out of reach for large
systems such as the ones involved here.

Concerning the methods, there are many possible improvements to
the polyfit interpolation developed in this work. In particular, the state
and character dependence can be accounted for by using an approach
based on the overlaps of the wavefunctions. Instead of interpolating
the GW corrections using a simple energy dependence, the interpolated

values would be obtained from an overlap-weighted average of the GW
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corrections of other states. This procedure is in fact already in progress
and will very likely be continued soon.

On a broader view, the different topics addressed in this thesis form a
sound basis for other studies. As stated in the introduction, an accurate
knowledge of the defects at the nanoscale and of their effects on the
properties is essential in order to develop new materials and improve
existing ones. Ab initio computations can now be used to predict the
properties of a particular compound and/or combination of defects and
impurities before actually synthesizing it. In this context, first-principles
approaches are becoming a standard for the discovery of new and high-

quality materials.
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Appendix A

Expression of the

Becke-Roussel potential

The expression of the Becke-Roussel potential reads

VBR (r) — —b(lr) (1 ool —%x(r) ew@)) (A1)
where b(r) is computed as
23 (r) e~ () e
b(r) = <é7r)n(r)> (A.2)

and x(r) is obtained from the solution of a non-linear equation involving
the density n(r), the gradient Vn(r) of the density, the laplacian V?n(r)
of the density and the kinetic energy density t4(r) as defined in Eq. 2.53 :

z(r 672‘%(1')/3 n(r 5/3
(x)(r)_2 _ gﬂm(()r) (A.3)
with
Q(r) = é (V?n(r) — 2yD(r)) (A4)
n(r))?
D(x) = 2t (r) i(Vn((r))) (A.5)
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and v = 0.8 is a fixed parameter.



Appendix B

Structural properties of the

amorphous silica models

Some of the relevant structural properties of each model generated in this
thesis are reported in this appendix. The radial distribution functions
for the Si-O and O-O bonds are shown in the first columns of Figs. B.1
to B.3. The Si-Si-Si bond angle distribution is illustrated in the second
columns while the rings statistics for each model are represented in the
last columns. The figures also report the total energy AE, of each
model with respect to the one with the minimum total energy (model
05). Models with a wrong coordination (02, 07, 10 and 17) or with
edge-sharing tetrahedra (15) have been rejected. This kind of defects
is indeed present in a real SiO2 glass but in a much smaller proportion
than that of the models. These models are thus not expected to be

representative of the real material.
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Figure B.1: Structural properties of models 01 to 08.
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Figure B.2: Structural properties of models 09 to 16.
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Figure B.3: Structural properties of models 17 to 20.



Appendix C

Size effects in GW
corrections : computational

requirements

C.1 Memory

The computational requirements for GW computations in large super-
cells are extremely large. Indeed, for the wavefunctions, many unoc-
cupied states need to be stored in memory in addition to the valence
states. The number of states included and the number of plane waves
levvg needed are roughly proportional to the volume of the cell so that
the size of the wavefunctions is roughly proportional to the volume
squared. For the dielectric and screening functions, the size of the matri-
ces (Npw X Npy ) involved are also proportional to the volume squared.
The memory requirements are gathered in Table C.1 for the five first
supercells (as defined in Table 5.1).

As shown in this table, the memory needed grows fast. Hence,
this project has been done on the large Curie cluster (see for example
http://www-hpc.cea.fr/en/complexe/tgcc-curie.htm) within a PRACE pre-
paratory access. The computations were performed in conjugation with
algorithmic and optimization developments. These include develop-

ments towards an hybrid programming model consisting in a mix of
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Table C.1: Memory requirements in GW calculations for large systems.
NPW\,g is the number of plane waves used to represent the wavefunctions
(WF) and Npy, is the number of plane waves used in the dielectric
matrix. The names of the supercells correspond to those defined in
Table 5.1.

Name N,  NMw  WFsize (GB) Nfy e size (GB)

Ci1 23 ~20750 ~0.1 ~1850 ~0.1
Py 47 ~41500 ~0.4 ~3700 ~0.4
Pss3 161 ~140000 ~4.9 ~12550 ~4.7
Cap 191 ~166000 ~6.9 ~14850 ~6.6
Pus 383 ~332000 ~28.3 ~29700  ~26.3

shared memory (OpenMP) and message passing interface (MPI) stan-
dards. Indeed, this kind of computations for these large systems would
not have been possible without such developments as the maximum
available memory for each MPI process is limited. On the cluster used,

the largest nodes consist of 32 processors which share 128 GB of memory.

C.2 Timings

The most computationally demanding part when the self-energy correc-
tions are needed for a few states only, as it is the case when gap states
are involved, is the computation of the dielectric function. Table C.2
reports the timings for the computation of the dielectric function in the
different supercells.

This study is still work in progress and other developments have been
performed that would allow the computation of the dielectric function

for larger systems, such as the 383-atom supercell.
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Table C.2: Timings in GW calculations for large systems. Nypr is
the number of MPI processes while Nipreaqs is the number of threads
for each MPI process, the total number of cores used being the product
Naipt X Nihreads- 1he names of the supercells correspond to those defined

in Table 5.1.

Name Nyt Nupr Nihreads Time (hours) Total time (hours)

Cin 23 23 1 ~0.5 ~12
Pogy 47 65 1 ~13 ~865
P33 161 116 4 ~11 ~5200
Co22 191 140 8 ~17 ~18700
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Appendix D

Band structures with the
TB09 functional

The computational details for all the compounds studied in Chapter 7
and the band structures of ZnO, SnO, SnO4, CaS, CaO, MgO and LiF
are given in this appendix. In all the figures D.1 to D.7, the band struc-
tures and densities of states (DOS) are shown as obtained from DFT
with (a) the LDA XC, (b) the TB09 XC and from one-shot GW using
(¢c) DFT-LDA and (d) DFT-TB09 as a starting point. In the left pan-
els, the dashed (black) lines correspond to the DFT-LDA band structure
and the full (red) lines represent the DFT-TB09 band structure. In the
middle panels, the dashed (green) lines correspond to the GoWy@QLDA
band structure and the full (blue) lines represent the GoWy@QTB09 band
structure. The corresponding DOS are shown in the right panels. When
available, the experimental XPS spectrum is shown by the black line in

the right panels.

D.1 Silicon and germanium

Silicon in the diamond structure has been studied with the experimental
lattice parameter [195] a=5.43 A. Silicon has an indirect band gap from T
to a point located about 80% of the way along the path I'-X. Germanium

possesses the same zinc-blende crystalline structure (Fd3m) with an
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experimental lattice parameter [195] a=5.66 A and has an indirect band
gap from I' to L.

The wavefunctions have been expanded in a plane wave basis set with
a kinetic energy cutoff of 20 Ha. The k-point grids used were 6x6x6
unshifted and 8x8x8 unshifted meshes for silicon (Si) and germanium
(Ge) respectively. For the GW calculations, the size of the dielectric
matrix used was determined by a kinetic energy cutoff of 10 Ha for
Si and 20 Ha for Ge. The band structures and DOS are presented in
Chapter 7 (Figs 7.2 and 7.3).

D.2 Silicon dioxide

The a-quartz polymorph (P3221) has been considered with the exper-
imental lattice parameters and internal coordinates from Wyckoff [195]
(a=4.91 A, ¢=5.40 A, ug;=0.465, 20=0.415, yo=0.272, 20=0.12). An
energy cut-off of 40 Ha for plane waves and a 4x4x4 k-point mesh have
been used. Finally, the dielectric matrix was expanded with an energy
cutoff of 8 Ha. The band structures and DOS are shown in Chapter 7
(Fig. 7.5).

D.3 Zinc oxide

Zinc oxide (ZnO) is a widely studied material due to its application as a
transparent conducting oxide. The wurtzite structure (P63mc - B4) of
ZnO has been considered here with the experimental lattice parameters
from Kihara and Donnay. [196] It is also a benchmark case for band gap
predictions as there is no consensus on the theoretical gap obtained from
DFT or GW methods, with reported GW values ranging from 2.1 eV
to 4.2 eV (see Ref. [111] and references therein).

The pseudopotential for the zinc atom includes the whole n=3 shell
in the valence configuration. A T'-centered 8x8x5 k-point mesh has
been used and the plane-wave energy cut-off used for the wavefunctions
and dielectric matrix are 150 Ha and 20 Ha respectively. The band

structures and densities of states are shown in Fig. D.1.
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Figure D.1: Band structure and density of states of ZnO. The XPS
spectrum is from Ref. [197]. The range of energies from -6 eV to the
Fermi level has been magnified with respect to the rest of the XPS
spectrum.

D.4 Tin oxides

Two forms of tin oxides have been considered : stannous SnO and stannic
SnO3 oxide. Stannous oxide crystallizes in the P4/nmm (B10) structure
while stannic oxide adopts the rutile form
(P43/mnm). Their experimental lattice parameters and internal co-
ordinates are taken from Refs. [198] and [199] respectively. For both
systems, an energy cutoff of 100 Ha was used for the wavefunctions.
The k-point meshes used were 4x4x3 and 4x4x6 for SnO and SnO-
respectively. The dielectric matrix was expanded using a cutoff energy
of 10 Ha. The band structures and densities of states are shown in
Figs. D.2 and D.3.

D.5 Calcium sulfide

Calcium sulfide (CaS) has been studied in the rock salt structure (Fm3m

- B1) using the experimental lattice parameters. [195] The energy cut-
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Figure D.2: Band structure and density of states of SnO. The XPS
spectrum is from Ref. [182].
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Figure D.3: Band structure and density of states of SnOy. The XPS
spectrum is from Ref. [182].
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Figure D.4: Band structure and density of states of CaS.

off used for the wavefunctions was 45 Ha and the reciprocal space was
discretized using 29 k-points in the irreducible Brillouin zone. The di-
electric matrix was expanded using an energy cut-off of 10 Ha. The

band structures and densities of states are shown in Fig. D.4.

D.6 Calcium oxide

Calcium oxide (CaO) has been investigated in the rock salt structure
(Fm3m - B1). The experimental lattice parameters [200] have been
used. An energy cut-off of 38 Ha and 29 k-points in the irreducible Bril-
louin zone have been used for the wavefunctions. The dielectric matrix
was expanded using an energy cut-off of 10 Ha. The band structures

and densities of states are shown in Fig. D.5.

D.7 Magnesium oxide

The most stable phase of magnesium oxide (MgO) is in the rock-salt
structure (Fm3m). The experimental lattice parameter a=4.203 A has
been used [201]. The fundamental gap, which is direct at I', amounts

to 7.83 eV. [175] The wavefunctions were expanded using 80 Ha as the
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Figure D.5: Band structure and density of states of CaO.

energy cutoff for the plane waves and 44 k-points in the irreducible
Brillouin zone. An energy cut-off of 16 Ha has been used for the plane
wave representation of the dielectric matrix. The band structures and

densities of states are shown in Fig. D.6.

D.8 Lithium fluoride

The rock-salt structure (Fm3m) of lithium fluoride (LiF) has been stud-
ied using the experimental lattice parameter [202] a=4.028 A. The wave-
functions were expanded using 40 Ha as the energy cutoff for the plane
waves and 29 k-points in the irreducible Brillouin zone. A kinetic energy
cut-off of 16 Ha has been used for the plane wave representation of the
dielectric matrix. The band structures and densities of states are shown
in Fig. D.7.
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Figure D.6: Band structure and density of states of MgO. The XPS
spectrum is from Ref. [192].
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Figure D.7: Band structure and density of states of LiF. The XPS spec-
trum is from Ref. [186].



Appendix E

List of publications

M. Stankovski, G. Antonius, D. Waroquiers, A. Miglio, H. Dixit,
K. Sankaran, M. Giantomassi, X. Gonze, M. and Co6té and G.-
M. Rignanese, G°W?Y band gap of ZnO: Effects of plasmon-pole
models, Phys. Rev. B 84, 241201 (2011).

A. Miglio, D. Waroquiers, G. Antonius, M. Giantomassi, M. Stan-
kovski, M. Coté, X. Gonze and G.-M. Rignanese, Effects of plas-
mon pole models on the GOW?O electronic structure of various ox-
ides, Eur. Phys. J. B 85, 322 (2012).

D. Waroquiers, A. Lherbier, A. Miglio, M. Stankovski, S. Poncé,
M. J. T. Oliveira, M. Giantomassi, G.-M. Rignanese, and X. Gonze,
Band widths and gaps from the Tran-Blaha functional : Compar-

ison with many-body perturbation theory, accepted in Phys. Rev.
B.

D. Waroquiers, M. Giantomassi, M. Stankovski, G.-M. Rignanese
and X. Gonze, Quasiparticle gap and optical spectra in amorphous

silica with excitonic effects, in preparation.

D. Waroquiers, M. Giantomassi, G.-M. Rignanese and X. Gonze,
Finite size effects in defect energy levels from a GW approach, in

preparation.

167



168 Appendix E. List of publications

e F. Da Pieve, D. Waroquiers, M. Stankovski, T. Rangel, M. Gi-
antomassi, G.-M. Rignanese, J. Paul, D. Lamoen and X. Gonze,
Electronic properties of pure and Al-doped TiO2 for pigment appli-

cations: Blue shift of the band gap and polaronic states, submitted
to Phys. Rev. B.

e F. Da Pieve, D. Waroquiers, M. Stankovski, M. Verstraete, M.
Giantomassi, G.-M. Rignanese, J.Paul and X. Gonze, Electronic
properties of native defects in TiOx by many body perturbation
theory, to be submitted to Phys. Rev. B.

e B. Bertrand, S. Poncé, D. Waroquiers, M. Stankovski, M. Gi-
antomassi, M. Mikami and X. Gonze, Accurate electronic structure

of oxynitride green phosphors for white-LED, in preparation.



Bibliography

1]

G. Pacchioni, L. Skuja, and D. L. Griscom. Defects in SiO2 and
Related Dielectrics: Science and Technology. Springer, 2000.

R. Olshansky. Propagation in glass optical waveguides. Rev. Mod.
Phys., 51, 341 (1979).

L. Skuja. Optically active oxygen-deficiency-related centers in
amorphous silicon diozide. J. Non-Cryst. Solids, 239, 16 (1998).

R. A. Weeks. Paramagnetic Resonance of Lattice Defects in Irra-
diated Quartz. J. Appl. Phys., 27, 1376 (1956).

C. M. Nelson and R. A. Weeks. Trapped FElectrons in Irradiated
Quartz and Silica: I, Optical Absorption. J. Am. Ceram. Soc., 43,
396 (1960).

G. Pacchioni and G. Ierano. On the origin of the 5.0 and 7.6
eV absorption bands in oxygen deficient a-quartz and amorphous

silica. A first principles quantum-chemical study. J. Non-Cryst.
Solids, 216, 1 (1997).

T. Uchino, M. Takahashi, and T. Yoko. E’ Centers in Amorphous
Si0s Revisited: A New Look at an Old Problem. Phys. Rev. Lett.,
86, 5522 (2001).

S.T. Pantelides, Z.-Y. Lu, C. Nicklaw, T. Bakos, S.N. Rashkeev,
D.M. Fleetwood, and R.D. Schrimpf. The E’ center and oxygen
vacancies in Si0z. J. Non-Cryst. Solids, 354, 217 (2008).

169



170

[9]

[12]

[15]

18]

[19]

BIBLIOGRAPHY

G. Pacchioni and M. Vitiello. EPR and IR spectral properties of
hydrogen-associated bulk and surface defects in SiOs : Ab initio
calculations. Phys. Rev. B, 58, 7745 (1998).

L. Skuja, K. Kajihara, M. Hirano, A. Saitoh, and H. Hosono.
An increased F2-laser damage in [‘wet’ silica glass due to atomic
hydrogen: A new hydrogen-related E’-center. J. Non-Cryst. Solids,
352, 2297 (2006).

P. Hohenberg and W. Kohn. Inhomogeneous Electron Gas. Phys.
Rev., 136, B864 (1964).

W. Kohn and L. J. Sham. Self-Consistent FEquations Including
Ezchange and Correlation Effects. Phys. Rev., 140, A1133 (1965).

J. R. Chelikowsky and M. Schliiter. Electron states in a-quartz: A
self-consistent pseudopotential calculation. Phys. Rev. B, 15, 4020
(1977).

E. Calabrese and W. B. Fowler. Electronic energy-band structure
of a-quartz. Phys. Rev. B, 18, 2888 (1978).

Y. P. Li and W. Y. Ching. Band structures of all polycrystalline
forms of silicon diozide. Phys. Rev. B, 31, 2172 (1985).

D. C. Allan and M. P. Teter. Local Density Approzimation Total
FEnergy Calculations for Silica and Titania Structure and Defects.
J. Am. Ceram. Soc., 73, 3247 (1990).

N. R. Keskar and J. R. Chelikowsky. Structural properties of nine
silica polymorphs. Phys. Rev. B, 46, 1 (1992).

J. P. Perdew, K. Burke, and M. Ernzerhof. Generalized Gradient
Approzimation Made Simple. Phys. Rev. Lett., 77, 3865 (1996).

T. Demuth, Y. Jeanvoine, J. Hafner, and J. G. Angyan. Polymor-
phism in silica studied in the local density and generalized-gradient
approximations. J. Phys.: Condens. Mat., 11, 3833 (1999).



BIBLIOGRAPHY 171

[20]

[21]

22]

23]

[24]

D. R. Hamann. Generalized Gradient Theory for Silica Phase
Transitions. Phys. Rev. Lett., 76, 660 (1996).

X. Gonze, D. C. Allan, and M. P. Teter. Dielectric tensor, effective
charges, and phonons in a-quartz by variational density-functional
perturbation theory. Phys. Rev. Lett., 68, 3603 (1992).

X. Gonze. Adiabatic density-functional perturbation theory. Phys.
Rev. A, 52, 1096 (1995).

X. Gongze. Perturbation expansion of variational principles at ar-
bitrary order. Phys. Rev. A, 52, 1086 (1995).

L. Hedin. New Method for Calculating the One-Particle Green’s
Function with Application to the Electron-Gas Problem. Phys.
Rev., 139, A796 (1965).

L. Hedin and S. Lundqvist. Effects of Electron-Electron and
FElectron-Phonon Interactions on the One-Electron States of Solids.
volume 23 of Solid State Physics, page 1. Academic Press, 1970.

E. Vella, F. Messina, M. Cannas, and R. Boscaino. Unraveling
exciton dynamics in amorphous silicon dioxide: Interpretation of
the optical features from 8 to 11 eV. Phys. Rev. B, 83, 174201
(2011).

L. Martin-Samos, G. Bussi, A. Ruini, E. Molinari, and M. J. Cal-
das. Si0y in density functional theory and beyond. Phys. Status
Solidi B, page 1061 (2010).

Eric K. Chang, Michael Rohlfing, and Steven G. Louie. Fzcitons
and Optical Properties of a-Quartz. Phys. Rev. Lett., 85, 2613
(2000).

E. E. Salpeter and H. A. Bethe. A Relativistic Equation for Bound-
State Problems. Phys. Rev., 84, 1232 (1951).

S. Ismail-Beigi and S. G. Louie. Self-Trapped Excitons in Silicon
Diozide: Mechanism and Properties. Phys. Rev. Lett., 95, 156401
(2005).



172

[31]

[32]

[33]

[34]

[35]

[36]

[39]

[40]

BIBLIOGRAPHY

B. W. H. van Beest, G. J. Kramer, and R. A. van Santen. Force
fields for silicas and aluminophosphates based on ab initio calcu-
lations. Phys. Rev. Lett., 64, 1955 (1990).

A. Carré, J. Horbach, S. Ispas, and W. Kob. New fitting scheme to
obtain effective potential from Car-Parrinello molecular-dynamics

simulations: Application to silica. Europhys. Lett., 82, 17001
(2008).

K. Vollmayr, W. Kob, and K. Binder. Cooling-rate effects in amor-
phous silica: A computer-simulation study. Phys. Rev. B, 54,
15808 (1996).

T. Koslowski, W. Kob, and K. Vollmayr. Numerical study of the
electronic structure of amorphous silica. Phys. Rev. B, 56, 9469
(1997).

M. Benoit, S. Ispas, P. Jund, and R. Jullien. Model of silica glass
from combined classical and ab initio molecular-dynamics simula-
tions. Eur. Phys. J. B, 13, 631 (2000).

L. Martin-Samos, Y. Limoge, J.-P. Crocombette, G. Roma,
N. Richard, E. Anglada, and E. Artacho. Neutral self-defects in
a silica model: A first-principles study. Phys. Rev. B, 71, 014116
(2005).

R. M. Van Ginhoven, H. Jonsson, and L. R. Corrales. Silica glass
structure generation for ab initio calculations using small samples
of amorphous silica. Phys. Rev. B, 71, 024208 (2005).

G. Pacchioni. Ab initio theory of point defects in oxide materials:
structure, properties, chemical reactivity. Solid State Sciences, 2,
161 (2000).

R. M. Martin. Flectronic Structure : Basic Theory and Practical
Methods. Cambridge University Press, 2004.

J. Sarnthein, A. Pasquarello, and R. Car. Structural and Electronic
Properties of Liquid and Amorphous SiOs: An Ab Initio Molecular
Dynamics Study. Phys. Rev. Lett., 74, 4682 (1995).



BIBLIOGRAPHY 173

[41]

[42]

[43]

[44]

[47]

[48]

[49]

[50]

J. Sarnthein, A. Pasquarello, and R. Car. Model of vitreous SiOs
generated by an ab initio molecular-dynamics quench from the
melt. Phys. Rev. B, 52, 12690 (1995).

A. Pasquarello, J. Sarnthein, and R. Car. Dynamic structure factor
of wvitreous silica from first principles: Comparison to neutron-
inelastic-scattering experiments. Phys. Rev. B, 57, 14133 (1998).

A. Pasquarello and R. Car. Dynamical Charge Tensors and In-
frared Spectrum of Amorphous SiOs. Phys. Rev. Lett., 79, 1766
(1997).

A. Pasquarello and R. Car. Identification of Raman Defect Lines
as Signatures of Ring Structures in Vitreous Silica. Phys. Rev.
Lett., 80, 5145 (1998).

P. Umari, X. Gonze, and A. Pasquarello. Concentration of Small
Ring Structures in Vitreous Silica from a First-Principles Analysis
of the Raman Spectrum. Phys. Rev. Lett., 90, 027401 (2003).

P. Umari, X. Gonze, and A. Pasquarello. Density-functional per-
turbational theory for dielectric temsors in the ultrasoft pseudopo-
tential scheme. Phys. Rev. B, 69, 235102 (2004).

B. Sadigh, P. Erhart, D. Aberg, A. Trave, E. Schwegler, and
J. Bude. First-Principles Calculations of the Urbach Tail in the
Optical Absorption Spectra of Silica Glass. Phys. Rev. Lett., 106,
027401 (2011).

F. Urbach. The Long-Wavelength Edge of Photographic Sensitivity
and of the Electronic Absorption of Solids. Phys. Rev., 92, 1324
(1953).

L. Martin-Samos, G. Bussi, A. Ruini, E. Molinari, and M. J. Cal-
das. Unraveling effects of disorder on the electronic structure of
SiOy from first principles. Phys. Rev. B, 81, 081202 (2010).

C. G. Van de Walle and J. Neugebauer. First-principles calcula-
tions for defects and impurities: Applications to Ill-nitrides. J.
Appl. Phys., 95, 3851 (2004).



174

[51]

[58]

[59]

BIBLIOGRAPHY

S. Lany and A. Zunger. Accurate prediction of defect properties
in density functional supercell calculations. Model. Simul. Mater.
Sc., 17, 084002 (2009).

S. E. Taylor and F. Bruneval. Understanding and correcting the
spurious interactions in charged supercells. Phys. Rev. B, 84,
075155 (2011).

A. Alkauskas, P. Dedk, J. Neugebauer, A. Pasquarello, and C.G.
Van de Walle. Advanced Calculations for Defects in Materials:
Electronic Structure Methods. John Wiley & Sons, 2011.

J. Godet and A. Pasquarello. Ab initio study of charged states of
H in amorphous Si0Oz. Microelectron. Eng., 80, 288 (2005).

J. Godet and A. Pasquarello. Proton Diffusion Mechanism in
Amorphous SiOz. Phys. Rev. Lett., 97, 155901 (2006).

M. Benoit, M. Pohlmann, and W. Kob. On the nature of native
defects in high OH-content silica glasses: A first-principles study.
Europhys. Lett., 82, 57004 (2008).

L. Martin-Samos, Y. Limoge, N. Richard, J. P. Crocombette,
G. Roma, E. Anglada, and E. Artacho. Ozygen neutral defects
in silica: Origin of the distribution of the formation energies. Eu-
rophys. Lett., 66, 680 (2004).

N. Richard, L. Martin-Samos, G. Roma, Y. Limoge, and J.-P.
Crocombette. First principle study of neutral and charged self-
defects in amorphous SiOz. J. Non-Cryst. Solids, 351, 1825 (2005).

G. Roma, Y. Limoge, and L. Martin-Samos. Aspects of point de-
fects energetics and diffusion in SiOy from first principles simula-
tions. Nucl. Instrum. Meth. B, 250, 54 (2006).

L. Martin-Samos, G. Roma, P. Rinke, and Y. Limoge. Charged
Ozygen Defects in SiOy: Going beyond Local and Semilocal Ap-
proximations to Density Functional Theory. Phys. Rev. Lett., 104,
075502 (2010).



BIBLIOGRAPHY 175

[61]

[62]

P. Rinke, A. Janotti, M. Scheffler, and C. G. Van de Walle. Defect
Formation Energies without the Band-Gap Problem: Combining
Density-Functional Theory and the GW Approach for the Silicon
Self-Interstitial. Phys. Rev. Lett., 102, 026402 (2009).

D. Waroquiers, A. Lherbier, A. Miglio, M. Stankovski, S. Poncé,
M. J. T. Oliveira, M. Giantomassi, G.-M. Rignanese, and
X. Gonze. Band widths and gaps from the Tran-Blaha func-

tional : Comparison with many-body perturbation theory. Accepted
in Phys. Rev. B (2013).

N. Bohr. I. On the constitution of atoms and molecules. Philo-
sophical Magazine Series 6, 26, 1 (1913).

N. Bohr. XXXVII. On the constitution of atoms and molecules.
Philosophical Magazine Series 6, 26, 476 (1913).

A. Sommerfeld and H.L. Brose. Atomic structure and spectral
lines. Number v. 1 in Atomic Structure and Spectral Lines.
Methuen & Co., 1934.

A. Pais. FEinstein and the quantum theory. Rev. Mod. Phys., 51,
863 (1979).

E. Schrodinger. An Undulatory Theory of the Mechanics of Atoms
and Molecules. Phys. Rev., 28, 1049 (1926).

M. Born and R. Oppenheimer. Zur Quantentheorie der Molekeln.
Annalen der Physik, 84, 457 (1927).

I. Newton, A. Motte, and J. Machin. The Mathematical Princi-
ples of Natural Philosophy. Number v. 1 in The Mathematical
Principles of Natural Philosophy. B. Motte, 1729.

R.W Hockney, S.P Goel, and J.W Eastwood. Quiet high-resolution
computer models of a plasma. J. Comput. Phys., 14, 148 (1974).

G. Ciccotti, W.G. Hoover, and Societa Italiana di Fisica.
Molecular-Dynamics Simulation of Statistical-Mechanical Sys-

tems: Varenna on Lake Como, Villa Monastero, 23 July-2 August



176

BIBLIOGRAPHY

1985. Number v. 97 in Proceedings of the International School of
Physics ”Enrico Fermi”. North-Holland, 1986.

R. A. Buckingham. The Classical Equation of State of Gaseous
Helium, Neon and Argon. Proceedings of the Royal Society of

London. Series A, Mathematical and Physical Sciences, 168, pp.
264 (1938).

P. P. Ewald. Die Berchnung optischer und elektrostatischer Git-
terpotentiale. Ann. Phys., 64, 253 (1921).

A.Y. Toukmaji and J. A. Board. Fwald summation techniques in

perspective: a survey. Comput. Phys. Commun., 95, 73 (1996).

M. C. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D.
Joannopoulos. Iterative minimization techniques for ab initio
total-energy calculations: molecular dynamics and conjugate gra-
dients. Rev. Mod. Phys., 64, 1045 (1992).

D. M. Ceperley and B. J. Alder. Ground State of the Electron Gas
by a Stochastic Method. Phys. Rev. Lett., 45, 566 (1980).

John P. Perdew and Yue Wang. Accurate and simple analytic
representation of the electron-gas correlation energy. Phys. Rev.
B, 45, 13244 (1992).

F. Tran and P. Blaha. Accurate Band Gaps of Semiconductors and
Insulators with a Semilocal FExchange-Correlation Potential. Phys.
Rev. Lett., 102, 226401 (2009).

R. O. Jones and O. Gunnarsson. The density functional formalism,
its applications and prospects. Rev. Mod. Phys., 61, 689 (1989).

S. Baroni, P. Giannozzi, and A. Testa. Green’s-function approach
to linear response in solids. Phys. Rev. Lett., 58, 1861 (1987).

X. Gonze and C. Lee. Dynamical matrices, Born effective charges,
dielectric permittivity tensors, and interatomic force constants
from density-functional perturbation theory. Phys. Rev. B, 55,
10355 (1997).



BIBLIOGRAPHY 177

[82]

[83]

[84]

S. Baroni, S. de Gironcoli, A. Dal Corso, and P. Giannozzi.
Phonons and related crystal properties from density-functional per-
turbation theory. Rev. Mod. Phys., 73, 515 (2001).

L. J. Sham and M. Schliiter. Density-Functional Theory of the
FEnergy Gap. Phys. Rev. Lett., 51, 1888 (1983).

L. J. Sham and M. Schliiter. Density-functional theory of the band
gap. Phys. Rev. B, 32, 3883 (1985).

J. P. Perdew and K. Schmidt. Jacob’s ladder of density functional
approximations for the exchange-correlation energy. AIP Confer-
ence Proceedings, 577, 1 (2001).

M. K. Y. Chan and G. Ceder. Efficient Band Gap Prediction for
Solids. Phys. Rev. Lett., 105, 196403 (2010).

M. Ernzerhof and G. E. Scuseria. Assessment of the Perdew-—
Burke—-Ernzerhof exchange-correlation functional. J. Chem. Phys.,
110, 5029 (1999).

J. Heyd, G. E. Scuseria, and M. Ernzerhof. Hybrid functionals
based on a screened Coulomb potential. J. Chem. Phys., 118, 8207
(2003).

J. Heyd, G. E. Scuseria, and M. Ernzerhof. Erratum: “Hybrid
functionals based on a screened Coulomb potential” [J. Chem.
Phys. [bold 118], 8207 (2003)]. J. Chem. Phys., 124, 219906
(2006).

M. A. L. Marques, J. Vidal, M. J. T. Oliveira, L. Reining, and
S. Botti. Density-based mixing parameter for hybrid functionals.
Phys. Rev. B, 83, 035119 (2011).

A. D. Becke and E. R. Johnson. A simple effective potential for
exchange. J. Chem. Phys., 124, 221101 (2006).

D. J. Singh. Electronic structure calculations with the Tran-Blaha
modified Becke-Johnson density functional. Phys. Rev. B, 82,
205102 (2010).



178

[93]

[94]

[97]

[98]

[99]

[100]

[101]

BIBLIOGRAPHY

H. Dixit, R. Saniz, S. Cottenier, D. Lamoen, and B. Partoens.
Electronic structure of transparent oxides with the Tran-Blaha
modified Becke-Johnson potential. J. Phys.: Condens. Mat., 24,
205503 (2012).

W. Hetaba, P. Blaha, F. Tran, and P. Schattschneider. Calculat-
ing energy loss spectra of NiO: Advantages of the modified Becke-
Johnson potential. Phys. Rev. B, 85, 205108 (2012).

W. Feng, D. Xiao, Y. Zhang, and Y. Yao. Half-Heusler topologi-
cal insulators: A first-principles study with the Tran-Blaha modi-
fied Becke-Johnson density functional. Phys. Rev. B, 82, 235121
(2010).

P.V. Smith, M. Hermanowicz, G.A. Shah, and M.W. Radny. Spin-
orbit and modified Becke-Johnson potential effects on the electronic
properties of bulk Ge: A density functional theory study. Comp.
Mater. Sci., 54, 37 (2012).

G. Kresse, M. Marsman, L. E. Hintzsche, and E. Flage-Larsen.
Optical and electronic properties of SisNy and a-Si0y. Phys. Rev.
B, 85, 045205 (2012).

A. D. Becke and M. R. Roussel. Fzchange holes in inhomogeneous
systems: A coordinate-space model. Phys. Rev. A, 39, 3761 (1989).

A. Karolewski, R. Armiento, and S. Kiimmel. Polarizabilities of
Polyacetylene from a Field-Counteracting Semilocal Functional. J.
Chem. Theory Comput., 5, 712 (2009).

A. P. Gaiduk and V. N. Staroverov. How to tell when a model
Kohn—Sham potential is not a functional derivative. J. Chem.
Phys., 131, 044107 (2009).

D. Koller, F. Tran, and P. Blaha. Merits and limits of the modi-
fied Becke-Johnson exchange potential. Phys. Rev. B, 83, 195134
(2011).



BIBLIOGRAPHY 179

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

Y.-S. Kim, M. Marsman, G. Kresse, F. Tran, and P. Blaha. To-
wards efficient band structure and effective mass calculations for
III-V direct band-gap semiconductors. Phys. Rev. B, 82, 205212
(2010).

E. Réasénen, S. Pittalis, and C. R. Proetto. Universal correction
for the Becke-Johnson exchange potential. J. Chem. Phys., 132,
044112 (2010).

N. W. Ashcroft and N. D. Mermin. Solid state physics. Saunders
College Publishers, 1976.

B. Holm and F. Aryasetiawan. Total energy from the Galitskii-
Migdal formula using realistic spectral functions. Phys. Rev. B,
62, 4858 (2000).

J. M. Luttinger and J. C. Ward. Ground-State Energy of a Many-
Fermion System. II. Phys. Rev., 118, 1417 (1960).

W. G. Aulbur, L. Jénsson, and J. W. Wilkins. Quasiparticle Cal-
culations in Solids. In Henry Ehrenreich and Frans Spaepen, edi-
tors, Quasiparticle Calculations in Solids, volume 54 of Solid State

Physics, page 1. Academic Press, 1999.

M. S. Hybertsen and S. G. Louie. FElectron correlation in semi-
conductors and insulators: Band gaps and quasiparticle energies.
Phys. Rev. B, 34, 5390 (1986).

R. W. Godby and R. J. Needs. Metal-insulator transition in Kohn-
Sham theory and quasiparticle theory. Phys. Rev. Lett., 62, 1169
(1989).

R. Shaltaf, G.-M. Rignanese, X. Gonze, F. Giustino, and
A. Pasquarello. Band Offsets at the Si/SiOy Interface from Many-
Body Perturbation Theory. Phys. Rev. Lett., 100, 186401 (2008).

M. Stankovski, G. Antonius, D. Waroquiers, A. Miglio, H. Dixit,
K. Sankaran, M. Giantomassi, X. Gonze, M. C6té, and G.-M. Rig-
nanese. GOW© band gap of ZnO: Effects of plasmon-pole models.
Phys. Rev. B, 84, 241201 (2011).



180

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

BIBLIOGRAPHY

A. Miglio, D. Waroquiers, G. Antonius, M. Giantomassi,
M. Stankovski, M. Coté, X. Gonze, and G. Rignanese. Effects of
plasmon pole models on the GOWO electronic structure of various
ozides. Eur. Phys. J. B, 85, 322 (2012).

N. Marzari and D. Vanderbilt. Maximally localized generalized
Wannier functions for composite energy bands. Phys. Rev. B, 56,
12847 (1997).

1. Souza, N. Marzari, and D. Vanderbilt. Mazximally localized
Wannier functions for entangled energy bands. Phys. Rev. B, 65,
035109 (2001).

W. P. Johnson. The Curious History of Faa di Bruno’s Formula.
Am. Math. Mon., 109, pp. 217 (2002).

G. Strinati. Application of the Green’s functions method to the
study of the optical properties of semiconductors. Riv. Nuovo Ci-
mento, 11, 1 (1988).

A. L. Fetter and J. D. Walecka. Quantum Theory of Many-Particle
Systems. Dover publications, New York, 1971.

M. Griining, A. Marini, and X. Gonze. Exciton-Plasmon States in
Nanoscale Materials: Breakdown of the Tamm-Dancoff Approxi-
mation. Nano Lett., 9, 2820 (2009).

R. Haydock. The recursive solution of the Schridinger equation.
Comput. Phys. Commun., 20, 11 (1980).

F. Bechstedt, R. Del Sole, G. Cappellini, and L. Reining. An
efficient method for calculating quasiparticle energies in semicon-
ductors. Solid State Commun., 84, 765 (1992).

G. Cappellini, R. Del Sole, L. Reining, and F. Bechstedt. Model
dielectric function for semiconductors. Phys. Rev. B, 47, 9892
(1993).

W. H. Zachariasen. The atomic arrangement in glass. J. Am.
Chem. Soc., 54, 3841 (1932).



BIBLIOGRAPHY 181

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

B. E. Warren. The Diffraction of X-Rays in Glass. Phys. Rev.,
45, 657 (1934).

B. E. Warren, H. Krutter, and O. Morningstar. Fourier analysis
of X-ray patters of vitreous SiOy and By Oy. J. Am. Ceram. Soc.,
19, 202 (1936).

R. L. Mozzi and B. E. Warren. The structure of vitreous silica. J.
Appl. Crystallogr., 2, 164 (1969).

J. P. Rino, I. Ebbsjo, R. K. Kalia, A. Nakano, and P. Vashishta.
Structure of rings in vitreous SiO,. Phys. Rev. B, 47, 3053 (1993).

F. Mauri, A. Pasquarello, B. G. Pfrommer, Y.-G. Yoon, and S. G.
Louie. Si-0-S% bond-angle distribution in vitreous silica from first-
principles 2951 NMR analysis. Phys. Rev. B, 62, R4786 (2000).

S. Le Roux and P. Jund. Ring statistics analysis of topological
networks: New approach and application to amorphous GeSy and
SiOy systems. Comp. Mater. Sci., 49, 70 (2010).

S. V. King. Ring Configurations in a Random Network Model of
Vitreous Silica. Nature, 213, 1112 (1967).

F. Bruneval and X. Gonze. Accurate GW self-energies in a plane-

wave basis using only a few empty states: Towards large systems.
Phys. Rev. B, 78, 085125 (2008).

P.-M. Anglade and X. Gonze. Preconditioning of self-consistent-
field cycles in density-functional theory: The extrapolar method.
Phys. Rev. B, 78, 045126 (2008).

B. Fischer, R. A. Pollak, T. H. DiStefano, and W. D. Grobman.
Electronic structure of Si02, SixGel —x02, and GeO2 from pho-
toemission spectroscopy. Phys. Rev. B, 15, 3193 (1977).

P. E. Blochl, O. Jepsen, and O. K. Andersen. Improved tetrahedron
method for Brillouin-zone integrations. Phys. Rev. B, 49, 16223
(1994).



182

[134]

[135]

[136]

[137]

[138]

[139)]

[140]

[141]

[142]

[143]

[144]

BIBLIOGRAPHY

V. P. Zakaznova-Herzog, H. W. Nesbitt, G. M. Bancroft, J. S.
Tse, X. Gao, and W. Skinner. High-resolution valence-band XPS
spectra of the nonconductors quartz and olivine. Phys. Rev. B, 72,
205113 (2005).

F. L. Hirshfeld. Bonded-atom fragments for describing molecular
charge densities. Theor. Chem. Acc., 44, 129 (1977).

R.F.W. Bader. Atoms in Molecules: A Quantum Theory. Interna-
tional Series of Monographs on Chemistry Series. Clarendon Press,
1994.

F. Messina, E. Vella, M. Cannas, and R. Boscaino. Fwvidence of
Delocalized Excitons in Amorphous Solids. Phys. Rev. Lett., 105,
116401 (2010).

R. Evrard and A. N. Trukhin. Photoelectric properties and the
energy gap of SiO2. Phys. Rev. B, 25, 4102 (1982).

Z. A. Weinberg, G. W. Rubloff, and E. Bassous. Transmission,
photoconductivity, and the experimental band gap of thermally
grown SiO2 films. Phys. Rev. B, 19, 3107 (1979).

P. Van den Keybus and W. Grevendonk. Nonresonant Faraday
rotation in glassy semiconductors. Phys. Rev. B, 33, 8540 (1986).

G. L. Tan, M. F. Lemon, D. J. Jones, and R. H. French. Optical
properties and London dispersion interaction of amorphous and
crystalline S0 determined by vacuum ultraviolet spectroscopy and
spectroscopic ellipsometry. Phys. Rev. B, 72, 205117 (2005).

H. R. Philipp. Optical properties of non-crystalline Si, Si0O, Si0O,
and Si0O,. J. Phys. Chem. Solids, 32, 1935 (1971).

H. R. Philipp. Optical transitions in crystalline and fused quartz.
Solid State Commun., 4, 73 (1966).

M. Shishkin, M. Marsman, and G. Kresse. Accurate Quasiparticle
Spectra from Self-Consistent GW Calculations with Vertex Cor-
rections. Phys. Rev. Lett., 99, 246403 (2007).



BIBLIOGRAPHY 183

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

E. D. Palik. Handbook of Optical Constants of Solids, Volumes I,
11, and III: Subject Index and Contributor Index. Academic Press
Handbook Series. Elsevier Science & Tech, 1985.

F. Gervais and B. Piriou. Temperature dependence of transverse
and longitudinal optic modes in the a and B phases of quartz. Phys.
Rev. B, 11, 3944 (1975).

P.H. Gaskell and D.W. Johnson. The optical constants of quartz,
vitreous silica and neutron-irradiated vitreous silica (I). J. Non-
Cryst. Solids, 20, 153 (1976).

C. T. Kirk. Quantitative analysis of the effect of disorder-induced
mode coupling on infrared absorption in silica. Phys. Rev. B, 38,
1255 (1988).

R. M. Van Ginhoven, H. P. Hjalmarson, A. H. Edwards, and B. R.
Tuttle. Hydrogen release in SiOz: Source sites and release mech-
anisms. Nucl. Instrum. Meth. B, 250, 274 (2006).

A. Yokozawa and Y. Miyamoto. First-principles calculations for
charged states of hydrogen atoms in SiOs. Phys. Rev. B, 55, 13783
(1997).

M. Leslie and N. J. Gillan. The energy and elastic dipole tensor
of defects in ionic crystals calculated by the supercell method. J.
Phys. C: Solid, 18, 973 (1985).

M. Hedstrom, A. Schindlmayr, G. Schwarz, and M. Scheffler.
Quasiparticle Corrections to the Electronic Properties of Anion
Vacancies at GaAs(110) and InP(110). Phys. Rev. Lett., 97,
226401 (2006).

F. Bruneval. GW Approximation of the Many-Body Problem and
Changes in the Particle Number. Phys. Rev. Lett., 103, 176403
(2009).

E.-A. Choi and K. J. Chang. Charge-transition levels of oxygen va-
cancy as the origin of device instability in HfOs gate stacks through



184

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

BIBLIOGRAPHY

quasiparticle energy calculations. Appl. Phys. Lett., 94, 122901
(2009).

S. Lany and A. Zunger. Many-body GW calculation of the oxygen
vacancy in ZnO. Phys. Rev. B, 81, 113201 (2010).

M. Jain, J. R. Chelikowsky, and S. G. Louie. Quasiparticle Ex-
citations and Charge Transition Levels of Oxygen Vacancies in
Hafnia. Phys. Rev. Lett., 107, 216803 (2011).

C. W. M. Castleton and S. Mirbt. Finite-size scaling as a cure
for supercell approzimation errors in calculations of neutral native
defects in InP. Phys. Rev. B, 70, 195202 (2004).

C. W. M. Castleton, A. Hoglund, and S. Mirbt. Managing the
supercell approzimation for charged defects in semiconductors:
Finite-size scaling, charge correction factors, the band-gap prob-
lem, and the ab initio dielectric constant. Phys. Rev. B, 73, 035215
(2006).

S. Lany and A. Zunger. Assessment of correction methods for
the band-gap problem and for finite-size effects in supercell defect
calculations: Case studies for ZnO and GaAs. Phys. Rev. B, 78,
235104 (2008).

C. W. M. Castleton, A. Hoglund, and S. Mirbt. Density functional
theory calculations of defect emergies using supercells. Model.
Simul. Mater. Sc., 17, 084003 (2009).

Carlo A. Rozzi, Daniele Varsano, Andrea Marini, Eberhard K. U.
Gross, and Angel Rubio. Ezact Coulomb cutoff technique for su-
percell calculations. Phys. Rev. B, 73, 205119 (2006).

M. Giantomassi, M. Stankovski, R. Shaltaf, M. Griining,
F. Bruneval, P. Rinke, and G.-M. Rignanese. FElectronic properties
of interfaces and defects from many-body perturbation theory: Re-

cent developments and applications. Phys. Status Solidi B, 248,
275 (2011).



BIBLIOGRAPHY 185

[163]

[164]

[165]

[166]

167

[168]

[169]

[170]

[171]

[172]

[173]

W. Kang and M. S. Hybertsen. Quasiparticle and optical properties
of rutile and anatase TiOz. Phys. Rev. B, 82, 085203 (2010).

S. V. Faleev, M. van Schilfgaarde, and T. Kotani. All-FElectron
Self-Consistent GW Approzimation: Application to Si, MnO, and
NiO. Phys. Rev. Lett., 93, 126406 (2004).

F. Bruneval, N. Vast, and L. Reining. Effect of self-consistency on
quasiparticles in solids. Phys. Rev. B, 74, 045102 (2006).

J. A. Camargo-Martinez and R. Baquero. Performance of the
modified Becke-Johnson potential for semiconductors. Phys. Rev.
B, 86, 195106 (2012).

E. Kasper and D.J. Paul. Silicon Quantum Integrated Circuits:
Silicon-germanium Heterostructure Devices : Basics and Realisa-

tions. NanoScience and Technology. Springer, 2005.

R. B. Laughlin. Optical absorption edge of SiOy. Phys. Rev. B,
22, 3021 (1980).

S. Tsoi, X. Lu, A. K. Ramdas, H. Alawadhi, M. Grimsditch,
M. Cardona, and R. Lauck. Isotopic-mass dependence of the A,

B, and C excitonic band gaps in ZnO at low temperatures. Phys.
Rev. B, 74, 165203 (2006).

Y. Ogo, H. Hiramatsu, K. Nomura, H. Yanagi, T. Kamiya, M. Hi-
rano, and H. Hosono. p-channel thin-film transistor using p-type
ozide semiconductor, SnO. Appl. Phys. Lett., 93, 032113 (2008).

M. Batzill and U. Diebold. The surface and materials science of
tin ozide. Prog. Surf. Sci., 79, 47 (2005).

Y. Kaneko and T. Koda. New developments in II-VIb (alkaline-
earth chalcogenide) binary semiconductors. J. Cryst. Growth, 86,
72 (1990).

M. van Schilfgaarde, T. Kotani, and S. Faleev. Quasiparticle Self-
Consistent GW Theory. Phys. Rev. Lett., 96, 226402 (2006).



186

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

BIBLIOGRAPHY

R. C. Whited and W. C. Walker. Fzxciton Spectra of CaO and
MgO. Phys. Rev. Lett., 22, 1428 (1969).

R. C. Whited, C. J. Flaten, and W. C. Walker. FEzxciton ther-
moreflectance of MgO and CaO. Solid State Commun., 13, 1903
(1973).

M. Piacentini, D. W. Lynch, and C. G. Olson. Thermoreflectance
of LiF between 12 and 30 eV. Phys. Rev. B, 13, 5530 (1976).

L. Ley, S. Kowalczyk, R. Pollak, and D. A. Shirley. X-Ray Photoe-
mission Spectra of Crystalline and Amorphous Si and Ge Valence
Bands. Phys. Rev. Lett., 29, 1088 (1972).

D. E. Eastman, W. D. Grobman, J. L. Freeouf, and M. Erbu-
dak. Photoemission spectroscopy using synchrotron radiation. I.

Overviews of valence-band structure for Ge, GaAs, GaP, InSb,

ZnSe, CdTe, and Agl. Phys. Rev. B, 9, 3473 (1974).

R. P. Gupta. FElectronic structure of crystalline and amorphous
silicon diozide. Phys. Rev. B, 32, 8278 (1985).

R. B. Laughlin, J. D. Joannopoulos, and D. J. Chadi. Bulk elec-
tronic structure of SiOz. Phys. Rev. B, 20, 5228 (1979).

U. Ozgiir, Ya. I. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. Do-
gan, V. Avrutin, S.-J. Cho, and H. Morkog. A comprehensive re-
view of ZnO materials and devices. J. Appl. Phys., 98, 041301
(2005).

J.-M. Themlin, M. Chtaib, L. Henrard, P. Lambin, J. Darville, and
J.-M. Gilles. Characterization of tin oxides by X-ray photoemission
spectroscopy. Phys. Rev. B, 46, 2460 (1992).

Z.J. Chen, H.Y. Xiao, and X.T. Zu. Structural and electronic prop-
erties of CaS Crystal: A density functional theory investigation.
Physica B: Condensed Matter, 391, 193 (2007).



BIBLIOGRAPHY 187

[184]

[185]

[186]

187]

188

[189]

[190]

[191]

[192]

193]

M.A. Bolorizadeh, V.A. Sashin, A.S. Kheifets, and M.J. Ford.
Electronic band structure of calcium oxide. J. Electron. Spectrosc.,
141, 27 (2004).

L.H. Tjeng, A.R. Vos, and G.A. Sawatzky. FElectronic structure
of MgO studied by angle-resolved ultraviolet photoelectron spec-
troscopy. Surf. Sci., 235, 269 (1990).

F. J. Himpsel, L. J. Terminello, D. A. Lapiano-Smith, E. A. Ek-
lund, and J. J. Barton. Band Dispersion of Localized Valence
States in LiF(100). Phys. Rev. Lett., 68, 3611 (1992).

S. Lany and A. Zunger. Anion vacancies as a source of persistent
photoconductivity in II-VI and chalcopyrite semiconductors. Phys.
Rev. B, 72, 035215 (2005).

R. Laskowski and N. E. Christensen. Ab initio calculation of ex-
citons in ZnO. Phys. Rev. B, 73, 045201 (2006).

S. Lany and A. Zunger. Dopability, Intrinsic Conductivity, and
Nonstoichiometry of Transparent Conducting Oxides. Phys. Rev.
Lett., 98, 045501 (2007).

X. H. Zhou, Q.-H. Hu, and Y. Fu. First-principles LDA + U
studies of the In-doped ZnO transparent conductive oxide. J. Appl.
Phys., 104, 063703 (2008).

D. Vogel, P. Kriiger, and J. Pollmann. Ab initio electronic-
structure calculations for II-VI semiconductors wusing self-
interaction-corrected pseudopotentials. Phys. Rev. B, 52, R14316
(1995).

R. H. French, R. V. Kasowski, F. S. Ohuchi, D. J. Jones, H. Song,
and R. L. Coble. Band Structure Calculations of the High-
Temperature FElectronic Structure of Magnesium Ozide. J. Am.
Ceram. Soc., 73, 3195 (1990).

K. Sturm. Optical sum rules for inhomogeneous electron systems.
Phys. Rev. B, 52, 8028 (1995).



188

[194]

[195]

[196]

[197]

[198]

[199]

200]

[201]

[202]

BIBLIOGRAPHY

D. Koller, F. Tran, and P. Blaha. Improving the modified Becke-
Johnson exchange potential. Phys. Rev. B, 85, 155109 (2012).

R. W. G. Wyckoft. Crystal structures, Vol. 1. Number vol. 4 in
Crystal Structures. Interscience Publishers, 1963.

K. Kihara and G. Donnay. Anharmonic thermal vibrations in ZnO.
Can. Mineral., 23, 647 (1985).

P. D. C. King, T. D. Veal, A. Schleife, J. Zuniga Pérez, B. Mar-
tel, P. H. Jefferson, F. Fuchs, V. Munoz Sanjosé, F. Bechst-
edt, and C. F. McConville. Valence-band electronic structure
of CdO, ZnO, and MgO from xz-ray photoemission spectroscopy
and quasi-particle-corrected density-functional theory calculations.
Phys. Rev. B, 79, 205205 (2009).

J. Pannetier and G. Denes. Tin(II) ozide: structure refinement
and thermal expansion. Acta Crystallogr. B, 36, 2763 (1980).

J. Haines and J. M. Léger. X-ray diffraction study of the phase
transitions and structural evolution of tin dioxide at high pres-
sure:ffRelationships between structure types and implications for
other rutile-type dioxides. Phys. Rev. B, 55, 11144 (1997).

D. K. Smith and H. R. Leider. Low-temperature thermal expansion
of LiH, MgO and CaO. J. Appl. Crystallogr., 1, 246 (1968).

S. M. Bobade. A reconstruction of cubic rs-ZnO on MgO (200)
substrate through (100) plane of w-ZnO:rs-ZnO for transparent
electronic application. Appl. Phys. Lett., 100, 072102 (2012).

H. Ott. Die Strukturen von MnO, MnS, AgF, NiS, Snly, SrCl,
BaFs, Praezisionsmessungen einiger Alkalihalogenide. Z. Krystal-
logr. Krist., 63, 222 (1926).



