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Abstract

This thesis investigates the electronic excitations of titanium dioxide (TiOz), iridium
dioxide (IrOs), and tin dioxide (SnOs), which are key materials for photocatalysis and
photovoltaics. To perform this study, we used advanced computational methods, such
as Density Functional Theory (DFT) and Green’s function approach within the GW
approximation.

We studied the rutile and anatase phases of TiO, and SnO,, as well as the rutile phase
of IrOy by calculating their electronic properties at the DFT level. For SnO,, we went
also beyond DF'T by calculating quasiparticle excitations within the GW approximation,
discussing the role of pseudopotential description.The exchange correlation function was
described using the local density approximation (LDA) and the Perdew-Burke-Ernzerhof
(PBE) which is one of the most commonly used parameterizations of the generalized
gradient approximation (GGA).

The structural parameters of the dioxides are found to be in a fair agreement with the
experimental values and previous calculations for all oxides. The band gaps obtained are
also in fair agreement with the previous DFT calculations although there is still a big
gap between the DFT band gap ( EEET ) and experimental gap. The self-consistent GW

Gap

band gap (Eg;’g ) for rutile SnO, , i.e, 3.81 is in better agreement with both previous

studies and experiments , ¢.e, 3.56 compared to GoWq band gap , i.e, 3.08.
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Chapter 1

Introduction.

The escalating global demand for energy and the diverse environmental impacts of fossil
fuel use have required a shift toward renewable and sustainable sources of energy. Fos-
sil fuels, while currently are the dominant sources of energy, contribute significantly to
environmental degradation through the release of greenhouse gases, leading to climate
change and air pollution[l]. Renewable energy sources, such as solar and wind energy,
offer a sustainable alternative that can help mitigate these adverse environmental effects
and provide a more stable and secure energy for the future[2] 3]

The study of the electronic excitations of materials has become increasingly significant in
the development of technologies for photocatalysis and photovoltaics. Among the various
materials investigated, titanium dioxide (TiO,), iridium dioxide (IrOy) and tin dioxide
(SnO3) have received considerable attention due to their unique physical and chemical
properties [4, Bl [6]. These materials exhibit exceptional stability, high refractive indices,
and are capable of harnessing light energy for catalytic and photovoltaic applications
[7,[8]. In order to fully utilize these materials for these applications, a deep understanding
of their key bulk properties is therefore necessary.

This study aims to investigate the electronic structure of TiO,, IrOs, and SnOs in bulk
form. We will employ density functional theory (DFT) and Green’s function approach
within the GW approximation to gain insight into the electronic structure and excitations
of these materials.

DFT will allow us to determine the ground state electronic structure of TiOs, IrO,, and
SnO,, and the electronic band structure and hence the band gap. However, standard
DFT calculations underestimate the band gap, which is a limitation that we address
using the GW method.

GW, as a theory of many bodies perturbation, will be used to improve the accuracy of
the electronic band gap obtained from the DFT calculation of SnOy by accounting for
electron-electron interactions more precisely. The GW approach gives a more accurate
description of electronic excitations, providing the quasiparticle energies. By applying
GW, we aim to obtain a corrected band structure that better reflects the true excita-
tions within these materials, which is essential for predicting their optical behavior in
photocatalytic and photovoltaic applications.
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1.1 Photocatalysis and Photovoltaics.

Photocatalysis involves the acceleration of a photoreaction in the presence of a cata-
lyst. TiOs, IrO2, and SnO, are widely used as photocatalysts because of their ability to
generate electron-hole pairs upon exposure to light, which can then participate in redox
reactions. These properties are exploited in various applications, such as water splitting
for hydrogen production, pollutant degradation, and sterilization processes [9} [10].
Photovoltaics, on the other hand, involve the conversion of light into electrical energy.
Materials with suitable band gaps and efficient charge carrier dynamics are crucial for
the development of high-efficiency solar cells. The ability of TiOs, IrOs, and SnO, to
absorb sunlight and generate charge carriers makes them promising candidates for use in
photovoltaic devices [3], [6].

1.2 Importance of TiO,.

Even after half a century of research, the investigation of the fundamental properties of
TiO, crystal phases remains important and fruitful [I1} 12]. TiO, is one of the most stud-
ied materials for photocatalysis and photovoltaics due to its excellent properties. TiO,
also has a high oxidizing power over similar materials as semiconductor photocatalyst. In
pursuit of the development of renewable energy, it has become one of the most promising
semiconducting photocatalysis materials.

All of these drive continuous and sustainable investigations on TiO, from various physical
and chemical aspects. TiO, has three basic crystalline phases: brookite, anatase, and
rutile, but the anatase and rutile phases are of great interest to us. It is chemically
stable, non-toxic, and cost-effective[§]. It has a suitable band gap of 3.0-3.2 eV, [10], 12,
13|, 4], which allows it to absorb ultraviolet light effectively. This makes TiO, ideal for
applications in environmental cleanup and conversion of solar energy [10] [15]. However,
for photocatalyst applications, the TiOs band gap is too big (~ 3.0 eV for the rutile
phase and ~ 3.2 eV for anatase phase)[12], while the preferred band gap should be ~ 2.0
eV. Numerous investigations on this issue have been carried out [16].

In photocatalysis, TiOs is used for the degradation of organic pollutants and in water
splitting reactions to produce hydrogen. Its high stability and strong oxidation power
make it effective in these applications. For photovoltaics, TiOs is often used as a photoan-
ode in dye-sensitized solar cells (DSSCs), where it facilitates the separation and transport
of charge carriers generated by sunlight absorption [15].

1.3 Importance of IrQO,.

IrO, is known for its excellent catalytic properties, particularly in oxygen evolution re-
actions (OER). IrO5 has a high work function and exhibits good electrical conductivity,
which makes it suitable for use in electrochemical and photoelectrochemical cells [17].
In photocatalysis, IrO, is often used as a co-catalyst to improve the efficiency of water
splitting reactions. Its ability to efficiently catalyze the OER makes it a critical com-
ponent in systems designed for the production of hydrogen through water splitting. In
photovoltaics, IrO5 can be used to improve the stability and performance of photoelectro-
chemical cells, where it facilitates the separation of charge carriers and enhances overall
cell efficiency [17].
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1.4 Importance of SnO,.

SnO, is another material of interest for photocatalysis and photovoltaics. SnO; has a
wide band gap of about 3.6 eV, which makes it transparent to visible light and suitable for
applications that require transparency and conductivity, such as in transparent conductive
oxides (TCOs)[18].

In photocatalysis, SnOs is used in combination with other materials to enhance its photo-
catalytic activity. It serves as a support for other photocatalysts, improving their stability
and efficiency. In photovoltaic applications, SnO, is used as a conductive layer in solar
cells, where it helps to collect and transport electrons. Its high electron mobility and
stability under UV light makes it a valuable material in these applications [18].

1.5 Optical Properties and Their Importance.

The optical properties of materials, including absorption, reflection, and refraction, are
critical in determining their effectiveness in photocatalysis and photovoltaics. These
properties are influenced by the electronic structure and excitations within the mate-
rial. Understanding fundamental optical properties provides information on how these
materials interact with light and how their performance can be optimized for specific
applications[19].

For bulk systems, methods such as the GW approach and the Bethe-Salpeter equation
(BSE) are employed to accurately describe electronic excitations and optical responses.
These methods account for many-body interactions and provide a comprehensive under-
standing of the electronic structure and optical properties of the material[20, 1) 22] 23]
241, 25]

1.6 Research Objectives.

This research aims to provide a comprehensive understanding of the electronic properties
of TiO,, IrO,, and SnOy. The specific objectives are as follows:

1. Analyze the impact of pseudopotentials on accuracy.
2. Investigate the electronic structure of TiO,, IrO,y, and SnOs using DFT.

3. Investigate the quasiparticle energies by applying the GW approximation to achieve
a more accurate description of the electronic structure of SnO,, analyzing variations
due to different pseudopotentials, and comparing with experimental data and pre-
vious works.

1.7 Novelty and Contributions.

This research offers novel insights into the electronic excitations of TiO,, IrO5, and SnOq
by combining advanced computational methods DFT and GW.

The main novelty and contribution of this study is understanding of electronic
structure and quasiparticle energies by applying DFT in conjunction with the GW
approximation. This work provides a detailed and comparative analysis of the electronic
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structures of TiOg, IrOs, and SnO,. The study explores the impact of different pseu-
dopotentials on band gap predictions, helping to address discrepancies with experimental
data, and contributing to more reliable models of these materials.

1.8 Mode of work and Challenges faced.

The successful completion of this thesis was achieved through a collaborative effort be-
tween my supervisor and myself, utilizing both independent work and guided mentorship.
The following is a detailed account of our working mode, individual contributions, and
the challenges faced during the study:

1.8.1 Mode of work.

e | researched and wrote the theoretical framework, focusing on the DFT and GW
approximation under the guidance of my supervisor. This required a review of the
extensive literature to establish a solid understanding of these methods and their
applications to TiO,, IrO,, and SnO,.

e All DFT calculations were performed using quantum espresso, ensuring the con-
vergence of k-points and the cutoff energy. For SnO,, I extended the analysis to
GW calculations, troubleshooting differences arising from the use of standard and
stringent pseudopotentials. This involved parameter optimization and interpreting
unexpected results such as flat bands. I conducted structural optimizations, band
structure analysis, and studies on electronic properties for all materials.

e The results were interpreted and compared with experimental data and previous
studies to validate the findings. I wrote most of the thesis, detailing the computa-
tional details and results: my supervisor took the lead in the discussion section.

e My supervisor provided critical advice on the implementation of the GW. Her ex-
pertise helped address challenges in convergence tests and ensured an accurate
representation of quasiparticle energies. She generated additional pseudopotentials
when existing ones did not yield accurate results, particularly for SnOs.

e She regularly reviewed my drafts, provided feedback to refine arguments, and en-
sured the alignment of the work with academic standards. Regular discussions
clarified conceptual uncertainties and directed the research toward relevant objec-
tives.

e During my visit to Sorbonne Université-Paris, France, she facilitated access to re-
sources and arranged meetings to discuss advanced topics like the core correction
mismatch,theory on GW, and pseudopotential validation.

1.8.2 Challenges.

e Being geographically distant for most of the project,it required innovative ways to
ensure consistent progress and maintain close communication with my supervisor.
Conducting remote discussions with my supervisor on WhatsApp was challenging
due to unstable internet connections. This required asynchronous communication
and flexible scheduling.
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e Limited computational power occasionally delayed simulations, especially for GW
calculations that require high precision. Efficient resource allocation and batch
processing were essential to overcome this.

e The core correction issue in the Yambo code necessitated generating and validating
new pseudopotentials, adding complexity to the study.

e Adapting to a new work environment during my visit to France was initially chal-
lenging but ultimately enriching for the research.
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Chapter 2

Theory.

2.1 Introduction to DFT

DFT is a quantum mechanical method used to investigate the electronic structure of
many-body systems, particularly atoms, molecules, and solids. It balances accuracy and
computational efficiency, making it valuable in materials science, chemistry, and physics.
The core idea of DFT is that the ground-state properties of a system of interacting
electrons can be determined uniquely by the electron density alone, rather than by the
many-body wavefunction. This simplifies the complex problem of solving the Schrodinger
equation for many-electron systems.

2.1.1 The Hohenberg-Kohn Theorems.

The theoretical foundation of DFT is based on two key theorems proposed by Hohenberg
and Kohn in 1964 [26] which are:

2.1.1.1 First Hohenberg-Kohn Theorem.

The first Hohenberg-Kohn theorem [20] states that the ground-state properties of a many-
electron system are uniquely determined by the electron density p(r). This implies that
there exists a unique functional of the electron density, E[p(r)], which gives the energy
of the ground state when minimized.
Mathematically, this is expressed as:

Elp(r)] = Tlp(r)] + Vext[p(r)] + Vee p(r)], (2.1.1)

where T'[p(r)] is the kinetic energy functional, Vi [p(r)] is the external potential energy
functional, and V.[p(r)] is the electron-electron interaction energy functional [27].

2.1.1.2 Second Hohenberg-Kohn Theorem.

The second Hohenberg-Kohn theorem [26] asserts that the electron density that minimizes
the energy functional E[p(r)] is the true ground-state electron density. Therefore, the
ground-state energy can be obtained by minimizing the energy functional with respect

to the electron density[27]:

OElpv)] _ (2.1.2)

op(r)
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2.1.2 The Kohn-Sham Equations.

While the Hohenberg-Kohn theorems provide the conceptual framework for DFT, they
do not provide a practical method to calculate the electron density. The Kohn-Sham
approach, introduced by Kohn and Sham in 1965 [28], reformulates the many-body prob-
lem into a set of self-consistent single-particle equations. The goal is to minimize the
unknown part of E[p).

In the Kohn-Sham formalism, the interacting system of electrons is replaced by a fictitious
system of non-interacting electrons that have the same electron density as the real system.
The Kohn-Sham equations are:

5V Vi) 015 () = AUt ), (213)

where 1%5(r) are the Kohn-Sham orbitals, €X5 are the Kohn-Sham eigenvalues, and V,g(r)
is the effective potential given by:

Varle) = Vi) + [ 7200 4 Vi) (2.1.4)

Here, Vix(r) is the external potential, the second term is the Hartree potential repre-
senting the classical electrostatic interaction, and Vic[p(r)] is the exchange-correlation
potential[27, 28, 29, 50].

2.1.2.1 Exchange-Correlation Functional.

Vie[p(r)] accounts for the complex quantum-mechanical interactions between electrons.
It includes both exchange interactions (which arise due to the Pauli exclusion principle)
and correlation effects (which arise due to the dynamic correlations between electron
motions).

The exact form of Vi [p(r)] is unknown and various approximations are used [30]:

Local Density Approximation (LDA): Assumes that the exchange-correlation energy
at each point in space depends only on the electron density at that point. It is given by:

BN o) = [ ple)eclptolar (2.15)

Generalized Gradient Approximation (GGA): Improves upon LDA by including the
gradient of the electron density. The exchange-correlation energy in GGA is expressed
as:

BN p(x), Vp(x)) = [ F(p(e). Volo)ir (2.1.6)

In this study, we will use the Perdew-Burke-Ernzerhof (PBE) [31] form of GGA, chosen for
its balance of computational efficiency and accuracy. In DFT, the accuracy of computed
properties strongly depends on the choice of the exchange-correlation functional. PBE
functional is one of the most commonly used parameterizations of GGA. It was designed
to improve the LDA by including the gradient of the electron density, allowing it to better
describe systems with inhomogeneous electron distributions.
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The PBE functional modifies the exchange-correlation energy term by incorporating both
the density p(r) and its gradient Vp(r). This extension provides a more accurate descrip-
tion of the spatial variation of the electron density, particularly important in complex
materials such as TiOs, IrOy, and SnO,, where the electron density varies significantly
near atomic sites and between bonds. The PBE exchange-correlation energy EXEE[p] can
be expressed as:

Bl = / p(r)ee” (p. Vp)dr, (2.1.7)

PBE(p, Vp) represents the exchange-correlation energy density.

where €,

Features of PBE Functional: The PBE functional is widely used due to its balance
of computational efficiency and reasonable accuracy for a wide range of materials. Its
design features include:

e Non-empirical Derivation: Unlike some GGA functionals that rely on empirical
fitting to reproduce experimental data, PBE is derived based on fundamental prin-
ciples. It satisfies several exact conditions known for the exchange-correlation func-
tional, such as the correct asymptotic behavior and the gradient expansion for
slowly varying densities.

e Improved Treatment of Bonds: The gradient correction of PBE allows it to better
describe the bond lengths, binding energies, and the electronic structure of mate-
rials where the electron density is not uniform. This is particularly beneficial for
transition metal oxides.

e Moderate Band Gap Improvement: Although PBE improves on LDA by yielding
more accurate geometries and total energies, it still underestimates band gaps in
semiconductors and insulators, similar to other GGAs. For applications requiring
precise band gap predictions, PBE can serve as a starting point, with corrections
applied through methods such as the GW approximation.

2.2 GW Approximation.

The GW approximation is a powerful and widely used method in condensed matter
physics and quantum chemistry, primarily employed to improve the description of elec-
tronic excitations in materials. Introduced by Hedin in 1965 [20, 22| 25], this approach
goes beyond mean field theories like DF'T by incorporating many body effects, specifically
through the calculation of self-energy operator . The self-energy accounts for electron-
electron interactions, providing a more accurate quasiparticleE] energies which represent
the energies of electrons as influenced by the surrounding electron environment.

In the GW formalism, the self-energy > is approximated as the product of the single
particle Green’s function GG and the screened Coulomb interaction W, leading to:

'In the GW framework, a quasiparticle describes an electron or hole modified by its interactions with
the surrounding electronic environment. Its properties, such as energy, are determined by incorporating
self-energy corrections through the GW approximation. This method accounts for many-body effects,
providing a more accurate description of electronic excitations and band structures compared to standard
density functional theory.
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2
YW in equation represents the approximation of many-body interactions in the GW
formalism, where G is the Green’s function describing the propagation of a quasiparticle,
and W is the dynamically screened Coulomb interaction. This expression captures the
nonlocal and energy-dependent nature of the self-energy.
To better understand X%V, we decompose it into its exchange and correlation
contributions. This decomposition is achieved by expressing the screened interaction W
as the sum of the bare Coulomb potential V' and its screening corrections. Consequently,
equation (2.2.2) explicitly separates W into terms arising from the bare interaction GV
and a correction due to the screening G(W — V):

. _‘_m
YW (e v, w) = ! / dw' e G (r, 1 w + )W (r, x| ). (2.2.1)

—00

GW GW
Zx EC

YW =GV + GW - V) =28V 4 »W, (2.2.2)

Evaluation of X%W is a complicated task. Usually, the GW self-energy is computed using

noninteracting inputs, typically Kohn-Sham wavefunctions and energies. However, in
certain cases, a self-consistent GW approach becomes necessary to achieve more accurate
or reliable results.

2.2.1 Evaluation of .

To evaluate G, we begin by using the non-interacting Green’s function Gq, which is

derived from the Kohn-Sham energies and wave functions [32].

The expression for the Green’s function Go(r, r’, w) in terms of the Kohn-Sham eigenstates
KS and eigenvalues €59 is given by:

()i (r)
Go(r,r',w) = Z a‘)‘_ eKEkj: - (2.2.3)
nk n

which in reciprocal space reads as :

1
k = — 224
Golk) = =it (2.2.4)
2.2.2 FEvaluation of W.
To evaluate
W(r,r' | w) = /dr”e_l(r,r”,w)v(r”,r’) (2.2.5)

one computes the inverse dielectric function e !(r,r”, w) using the Random Phase Ap-
proximation (RPA) [22] 25]. Representing this quantity on the plane-wave basis set, it is
necessary to calculate the matrix:

cca (@w) = daer + v(q+ G)xea (q,w), (2.2.6)

where G and G’ are reciprocal lattice vectors that index the matrix elements in the
reciprocal space representation, the vector q denotes the wavevector within the first
Brillouin zone, representing the momentum transfer and w corresponds to the frequency
of the perturbation, linking to dynamical effects.
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The reducible polarizability is given by

XGG'(Q,(A}) - Z[5G1G2 - X(()}le <q7 ) (q+ G )]GG“XG”G’(q’ ) (2'2'7)
G//

where [33]

XGG’ q,w =2 Z/ 3pcvk q, G)pc’uk(qa Gl)ka—q(]- - fck) X

1 1
— 2.2.8
<w+evk o — € a0t w+e£§s—eﬁ§q—i0+> (22:8)
and
pex(a+G) = / dr 1) e g (r)e "G YIS (r). (2.2.9)

However, it is important to point out that in many GW calculations, in practice, it is

not the e~ of Eq. (2.2.6), together with Eqs. (2.2.7) and (2.2.8)), that is used in the
calculation of the integral of Eq. (2.2.5) to obtain W.

Usually, the approach used is the Plasmon-Pole Model that we will review briefly here
below.

2.2.2.1 Plasmon-Pole Model.

The dependence on w of the e~ of Eq. (2.2.6) can be modeled as a single pole function
as [33]

Raer(q)
(w — QGG’(CI) -+ Z'OJr)fl — (w + QGG’( ) — ’LOJF) 1

caa (a,w) ~ doar + (2.2.10)

where the two plasmon-pole parameters RGG/(q) (residual) and QGG/(q) (energy) are

then fitted to match the behavior of ¢! (Egs. and (2.2.8)) at w = 0 and

w = iwp where wy, is a user-defined imaginary plasmon frequency
Therefore, we have

Qear = wp\/ . geeCt WP)?GG’ , (2.2.11)
EEQG’ (q7 0) - Ea‘G’ (qv wp)
_1 , Q ,
Reg = GG (q’2 0)f%cc (2.2.12)

The choice of wy, is that it is higher than the plasmon peak in the energy-loss spectrum.
This ensures the Plasmon-Pole Model captures the main features of the dielectric function.
However, this parameter should be checked as it should not affect the results.

2.2.3 Evaluation of ..
Following Eq. we have

Y(r, v, w) =Xr,r') + X%r, v, w) (2.2.13)
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where the expression of ¥* is [33]:

¥ = (nk|X¥(r, 1) |nk) =

U q + G)|pnm(ka q, G)|2fm(k - q)

(2.2.14)
and the expression of X¢ is [33]:

Siale) = (k) =03 [ 85 S ik a Gl 0, )

GG/
/dw'Gmk q(w—wega (q,w'). (2.2.15)

2.2.4 The Quasiparticle Energies.

To obtain the quasiparticle energies, it is considered that the Kohn-Sham (KS) equa-
tion describes noninteracting particles moving in an effective potential that includes the
external potential, the Hartree term, and the exchange-correlation potential, which is:

2 KS r
[—Zw;xm Ix P et 4 Vi[5S ﬂ SRS () = ESESE), (22.16)

2 lr —r/|

while the quasiparticle energies are in principle extracted from a similiar equation:

[_Zz%xt() /PGW“')drf} T e L

2 r — /|

(2.2.17)
in which the self-energy ¥ accounts for dynamic many-body effects and providing a more
accurate description of electronic excitations.
By comparing Eqs. [2.2.16] and 2.2.17] it is possible to observe a very similar structure,
except that in[2.2.16]the many-body effects are described by the local exchange-correlation
potential V.. and, instead in the many-body effects are described by the non-local
self-energy X..
Therefore, it is often assumed that in many cases, the KS elgenvalues XS already provide
a reasonable estimate of the band structure. Therefore, ¥(r,r’ EGW) Vie(r)d(r — 1)
is small and justifies the use of first-order perturbation theory to obtain approximate
energies:

eV m e+ (YO[S(e™) = Vie(m)[er®). (2.2.18)

(2

However, a solution of this nonlinear equation still requires the knowledge of the frequency
dependence of the self-energy, which is not known in general.
Therefore, we use the linear expansion:

0X(r,r',w)
S(r, v, WYY = B(r, 1, €59) 4 (FW — egs)a—w s (2.2.19)
which leads to:
eV €S + Z (U |S(eF) = Vie| ) (2.2.20)

where Z; is the quasiparticle normalization factor,

I%(%)

— ¢K5>>_1. (2.2.21)
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Equation [2.2.21] relies only on Kohn-Sham inputs, but the derivative of X is also needed.
In our case, after calculating %(r, 1/, €X5) = X (v, ') + 3.(r, 1/, €X9) a numerical method

(finite-difference) is used to calculate the derivative. [33]

2.3 GyW, vs Self-Consistent GW.

The quasiparticle energy calculated using Eq. [2.2.20, with ¢X¥ from methods such as
PBE or LDA as the starting point, is referred to as the GoW}, approximation.
Here below we write the steps of a GoW, calculation :

1. Input: Obtain Kohn-Sham energies and wavefunctions from a DF'T calculation.

2. Calculate Gj: Compute the non-interacting Green’s function using DFT eigenval-
ues and eigenstates.

3. Calculate W,: Compute the screened interaction from the dielectric function con-
structed using the DFT eigenvalues.

4. Compute X: Calculate the self-energy ¥ using Gy and W,

5. Quasiparticle Corrections: Apply corrections to the Kohn-Sham energies to
obtain the quasiparticle energies in the GoWj approximation e-W.

In the self-consistent GW method, the goal is to iteratively refine the quasiparticle en-
ergies calculated with GoW, by recalculating both the Green’s function (G) and the
screened Coulomb interaction (W). This ensures that the starting point (e.g., energies
and wavefunctions) aligns consistently with the GW approximation, improving accuracy
over the one-shot Gy, approach.

Here below we write the steps of a GW calculation :

1. Initial Step (Starting Point): The process begins with an initial guess for the
Green’s function (Gy) and the screened interaction (Wy). These are typically de-
rived from Kohn-Sham energies and wavefunctions obtained using DFT. Then as
for the GoW,, the quasiparticle energies eV are calculated.

i

2. Update the Green’s Function (G): The Green’s function is recalculated:

KS r *,KS r
Gr,r'w)=>_ e (P) Vi () (2.3.1)

— w ey +in
3. Update the Screened Interaction (W): The screened Coulomb interaction W
is updated

4. Calculate the Self-Energy (X): The self-energy operator 3 is computed using
the current Green’s function and screened Coulomb interaction.

5. Recompute Quasiparticle Energies: With the updated X, the quasiparticle
energies are recomputed.
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6. Check for Convergence: The process repeats until the differences in the quasi-
particle energy, between successive iterations are below a predefined threshold, in-
dicating self-consistency.

The results are independent of the initial Kohn-Sham starting point, making them more
robust. Self-consistent GW provides a more accurate description of the quasiparticle en-
ergies, particularly for systems with strong electronic correlations or significant screening
effects. Self-consistent GW is more expensive than a single GyWj calculation.

2.4 The Gaps.

To clearly understand the electronic excitations of a system, it is important to have a
clear definition of the gaps. In Fig. [2.1| we represent (left) the top valence and bottom
conduction bands, and we show the electronic EgagT, i.e. the lowest difference in energy
between these two bands. The bands are then corrected by GW, and in the center we
show the quasiparticle gap EgGa‘I’)V, which usually corrects the understimation of the DFT
electronic gap. In this thesis, we shall be calculating these two gaps.

There exists also the optical gap EgaSpE which takes into account the electron-hole interac-
tion. It is calculated using the Bethe-Salpeter equation [22] on top of a GW calculation.

NS

EGh
<55 >
Figure 2.1: The energy gaps : electronic gap Epr" (left), quasiparticle gap Egy and
optical gap E,.F.
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Chapter 3

Computational Details.

In this chapter, we will present the pseudopotentials used and step-by-step convergence
processes of all parameters and also report the final converged parameters.

3.1 Choice of Pseudopotentials.

In computational material science, pseudopotentials are essential for simplifying the com-
plex interactions between core and valence electrons, allowing for efficient yet accurate
simulations. The choice of pseudopotentials significantly affects the results of electronic
structure calculations, making it crucial to select appropriate pseudopotentials that bal-
ance accuracy and computational efficiency[34], 35].

The pseudopotentials we tested and that are reported in the tab have been generated
using the ONCVPSP (Optimized Norm-Conserving Vanderbilt PSeudoPotential) code
[36] and were chosen for the study of TiOg, IrO2, and SnO,. They have been tested and
their accuracy has been proven in the following studies, together with their compatibility
with the computational methods employed to calculate structural, electronic, and optical
properties.

In particular, the pseudopotentials that have been finally chosen for the description of
the structural, electronic, and optical properties have been bolded.

Table 3.1: Pseudopotentials used for Ti, Ir, Sn, and O, along with their electronic con-
figurations (Elec. Conf.), relativistic effects (Rel. Effects), and the database from which
they were downloaded. The only exception are those labelled with an asterics (*) which
were generated by my supervisor always using the ONCVPSP code.

Element Elec. Conf. Rel. Effects Database
T 3523p545%3d> SR sgl5 (PBE-1.0) (Tisgl5)
3523p%4s*3d? SR sgl5 (PBE-1.2)
4d"5525p? SR sgl5 (PBE-1.0)

Sn 4d'°55%5p? SR Dojo (PBE v0.5) Standard (SnDjStn)
45%4p54d'055%5p? SR Dojo (PBE v0.5) Stringent (SnDjStr)
4524p%4d'055%5p? SR Dojo (PBE v0.5) Stringent (SnDjNoCcStr)*
4524p54d1055%5p? SR Dojo (LDA v0.5) Stringent (SnLDADjStr)*

Ir 5525p°5d 65> FR Dojo (PBE v0.4) (IrDjFR)

5525p°5d765> SR Dojo (PBE v0.5)(IrDjSR)

0] 2522p* SR sgl5_oncv (PBE-1.0) (Osgl5)
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3.1.1 Titanium (Ti).

Titanium is a key element in the study of TiOy. We tested two norm-conserving pseu-
dopotentials that can accurately represent the 3s23p%4523d? electronic configuration. This
configuration is crucial for capturing the correct electronic structure of titanium in the
compound. Scalar relativistic (SR) effects were included in the pseudopotential to ac-
count for relativistic corrections, which are significant but not overwhelming for elements
like titanium. This balance ensures that the calculations remain computationally feasible
while maintaining high accuracy. The pseudopotentials were downloaded from the sgl5
library and correspond to PBE versions 1.0 (Tisgl5) and 1.2.

3.1.2 Iridium (Ir).

For iridium, which plays a crucial role in IrO,, two norm-conserving pseudopotentials
from the Dojo library were employed. These pseudopotentials were selected for their ac-
curacy in representing the 5s25p%5d”6s? configuration of iridium while maintaining com-
putational efficiency. Given iridium’s high atomic number, one pseudopotential includes
scalar relativistic effects (IrDjSR), while another incorporates fully relativistic effects
(IrDjFR). Fully relativistic effects were incorporated into the pseudopotential to account
for relativistic energy shifts, which are essential for accurate electronic structure calcu-
lations. The inclusion of fully relativistic effects ensures that the significant spin-orbit
coupling in iridium is accurately modeled, thereby improving the reliability of the results.
We decided to use norm-conserving pseudopotential with SR and with FR because for
material such as Ir, the relativistic corrections can significantly impact the optical prop-
erties that we plan to calculate in the GW-BSE framework.

For GW-BSE calculations on heavy materials like iridium, using FR pseudopotentials is
generally preferable to obtain an accurate description of electronic and optical properties
because these pseudopotentials fully account for relativistic effects, including spin-orbit
coupling. Using SR pseudopotentials might neglect these effects, leading to less accurate
results, especially for optical properties.

3.1.3 Tin (Sn).

Initially, tin (Sn) in SnOs was modeled using the sg15 PBE_1.0 with SR approach and
an electronic configuration of 4d'°5525p%. This pseudopotential was chosen because norm
conserving potentials are effective for elements with semi-core states, allowing for a flexible
representation of the valence wavefunctions. The scalar relativistic effects were included
to account for relativistic corrections, which are significant for tin due to its atomic
number.

However, the band structure calculations revealed unexpected flat bands, which indicated
that the pseudopotential might not have accurately captured the electronic properties of
tin. This unexpected result suggested to discard this pseudopotential and to use another
one, maybe with also a more accurate electronic structure calculations for SnOs,.

We downloaded the NC PBE_0.5 with SR corrections from the Dojo database. Specifi-
cally, one pseudopotential has the electronic configuration 4d'°5s%25p?, which we labeled
as Standard (SnDjSta), while another has the electronic configuration 4s%4p54d'°5s25p?,
which we labeled as Stringent (SnDjStr). We considered two pseudopotentials with dif-
ferent electronic configurations to investigate whether it is important to complete the
inner shell for an accurate description of the optical properties of SnOs.
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Furthemore, in the developing of our research we realised that the Dojo pseudopotentials
have been all generated by applying a core correction. Core correction improve the
accuracy in the DFT calculations, but they are not implemented in the Yambo code for
the GW and So this leads to a mismatch. When computing the quasiparticle correction,
we perform 3 — V. ( see Chapter [2| Eq. ).

Therefore, my supervisor generated with the ONCVPSP code, a pseudopotential with
exactly the same parameters used to generate SnDjStr except for the inclusion of the
core corrections. This will permit us to estimate the errors we make on the quasiparticle
energies.

Moreover, always because of our progression on the investigation into the properties
of SnO,, compelled my supervisor to generate another additional pseudopotential, still
based on the characteristics of the SnDjStr but with LDA exchange-correlation functional
instead of PBE.

3.1.4 Oxygen (O).

Oxygen is a common element in the three compounds (TiOg, IrO,, and SnO;) and was
modeled using a PBE norm-conserving pseudopotential from the sgl5 library (Osgl5).
This pseudopotential accurately represents the 2522p? electronic configuration of oxygen.
Although oxygen is a light element, scalar relativistic effects were included to account
for any minor relativistic corrections that could impact the accuracy of the electronic
structure calculations. The inclusion of these effects ensures a more precise representation
of the oxygen’s behavior in the compounds studied.

3.1.5 Justification of Pseudopotential Choices.

The pseudopotentials chosen for titanium, tin, iridium, and oxygen were selected to
strike a balance between accuracy and computational efficiency, ensuring reliable results
while minimizing computational costs. Scalar relativistic corrections were used for tita-
nium, iridium, tin and oxygen to capture essential relativistic effects without the need for
fully relativistic pseudopotentials, which would be more computationally demanding. For
Ir, fully relativistic effects were also included due to the significant spin-orbit coupling
present, ensuring accurate modeling of its electronic structure.

This careful selection of pseudopotentials ensures that the electronic structure and related
properties of TiOq, IrO,y, and SnO, are represented accurately in the simulations.

3.2 Convergence of DFT Calculations.

3.2.1 Cutoff Energy Convergence.

In this section, we present the cutoff energy (FE.,) convergence analysis for the three
materials: TiO,, IrOy and SnO,. The cutoff energy was varied, and the corresponding
total energies were noted until they converged. The convergence criterion was based on
the difference in total energy between consecutive F., values until a desired precision
limit of below 1 meV was achieved.
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Figure 3.1: E.y convergence plots for rutile TiO, anatase TiO, , rutile IrOs, rutile SnO,
and anatase SnOy respectively. For each compound, a 224 k-points grid was used to
sample the Brillouin zone except for anatase phases where 422 k-points grid was used.
The pseudopotentials used are: Tisgl5, SnDjStn, IrDjFR and Osgl5.
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In Figure , we present the convergence plots for TiO, (using the Tisgl5 pseudopotential
for Ti), IrOs (using the IrDjFR pseudopotential for Ir), and SnOs (using the SnDjStn
and SnDjStr pseudopotentials for Sn). For all oxides, the Osglh pseudopotential was
used for oxygen. Each compound was sampled over a 224 k-point grid in the Brillouin
zone except for anatase phases where 422 k-points grid was used.

The convergence plots show that the total energy stabilizes as E.. increases, indicating
that the selected cutoff energy is sufficient to capture the system’s electronic properties
accurately. The estimated differences in the total energies with the final chosen cutoff
energy are within the desired precision limits of below 1 meV, leading to a high degree
of accuracy in our results. The values of F., used in the calculations are reported in
tab3.2] together with the pseudopotentials used. For IrOq, when using the IrDjSR pseu-
dopotential for Ir, we will apply the same E.; as used with the [rDjFR pseudopotential.

Table 3.2: Final cutoff energy values for different phases of TiOs, IrO5, and SnO,. The
values were determined based on convergence tests using a 224 k-points grid.

Compound | Phase | Final Cutoff Energy (Ry) | Pseudopotentials
TiOq Rutile 60 Ry Tisgl5/0sglh
TiO, Anatase 80 Ry Tisgl5/0sgl5
IrO, Rutile 70 Ry IrDjFR/Osgl5
SnO, Rutile 80 Ry SnDjSta/Osglh
SnO, Rutile 220 Ry SnDjStr/Osgl5
SnOs Anatase 80 Ry SnDjSta/Osglh
SnO, Anatase 220 Ry SnDjStr/Osgl5

3.2.2 K-points Convergence.

This section presents the k-points convergence analysis for TiOs, IrO,, and SnOs using
the same pseudopotentials used for E.,; convergence of Figure [3.1]

For each system, the number of k-points was varied, and the total energies were calculated
to ensure convergence. The final k-points grid was chosen based on the stability of the
total energy as the number of k-points increased.

The convergence was performed using the fixed cutoff energy values reported in tah3.2
The convergence plots in Figure [3.2| show how the total energy stabilizes as the number
of k-points increases. This stabilization indicates that the selected k-points grid is dense
enough to ensure accurate electronic structure calculations. The differences in total
energies between the selected k-points and denser grids were within acceptable precision
limits, ensuring reliable calculations.
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Figure 3.2: K-points convergence analysis for for rutile TiO, (a), anatase TiO, (b), rutile
IrO; (c), rutile SnO, (d) and anatase SnO, (e) using the respective converged Ec, in [3.2]
The pseudopotentials used are: Tisgl5, SnDjStn, IrDjFR and Osgl5.
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The final values of k-points used in the calculations are reported in tah3.3] together with
the pseudopotentials used. Also in this case, for IrO, when using the IrDjSR pseudopoten-
tial for Ir, we will apply the same k-point grid as used with the IrDjFR pseudopotential.

Table 3.3: Final k-points grid for different phases of TiO,, IrO5, and SnO,. The values
were determined based on convergence tests using a fixed E.,; specified in Tabl.

Compound | Phase | Final k-points Grid | Pseudopotentials
TiO, Rutile TXTx9 Tisgl5/0sglh
TiO, Anatase 9x9x7 Tisgl5/0sglh
IrO, Rutile 6 X6 x 8 IrDjFR/Osgl5
SnOy Rutile 5x5x7T SnDjSta/Osgl5
SnOy Rutile 7TxT7x9 SnDjStr/Osgl5
SnO, Anatase 9x9xT7 SnDjSta/Osgl5
SnO, Anatase 8 X 8x 6 SnDjStr/Osgl5

3.3 Convergence of GW calculations for SnO,.

3.3.1 Convergence of Parameters

GW calculations were performed for both rutile and anatase SnO, using both SnDjStn
and SnDjStr pseudopotentials. Before performing GW calculations, both self-consistent
and non-self-consistent calculations were performed, adjusting the number of k-points
and bands according to the convergence results of the GW.
The GW convergence is achieved when AEg,, = Egagv — EgaI;T is less than 1 meV.

For accurate GW calculations, the convergence of some parameters was crucial. The con-
vergence was done on a total of 5 parameters: BndsRnXp, NGsBlkXp, GbndRnge,
EXXRLvcs and VXCRLvcs. Below is the interpretation of each parameter and how

it relates to the GW predictions of the band gap:

e BndsRnXp: Defines the range of electronic bands (both empty and filled) used in
constructing the screened interaction W within the GW approximation. Specifi-
cally, this parameter limits the set of bands included in the calculation of the ¢~*
(equation, which directly impacts the accuracy and computational cost of the
GW self-energy calculation.

e NGsBIkXp: This specifies the size of the dielectric matrix ¢! (equation in
terms of the number of G-vectors (plane waves) used to represent the screened
Coulomb interaction W in the GW approximation. Essentially, it controls the
number of plane waves considered in the screening calculation. The dielectric func-
tion is constructed as a matrix, and NGsBlkXp determines the cutoff for G-vectors

in this matrix, influencing the accuracy of the screening process. Also, it specifies
the number of G-vectors in X¢ (equation [2.2.15))

e GbndRnge: This specifies the range of electronic bands (occupied and unoccupied)
used in calculating ¢ (equation [2.2.15))

e EXXRLvcs: Specifies the cutoff for the number of reciprocal lattice vectors (G-
vectors) included in the calculation of the exact exchange (EXX) component of
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screened Coulomb interactions. This parameter determines the plane-wave cutoff
energy for the G-vectors used to build the exchange operator >* (equation [2.2.14)).

e VXCRLvces: is a parameter that controls the plane-wave cutoff for the G-vectors
used in the calculation of the exchange-correlation potential V..

To achieve convergence, we followed a specific procedure. First, we fixed EXXRLvcs and
VXCRLves at 10000 Ry and then converged BndsRnXp, NGsBlkXp, and GbndRnge.
After this, we increased EXXRLves and VXCRLves, keeping the other three parameters
fixed at their respective converged values until full convergence.

After converging all the parameters above, it was worthwhile to check over the k-points.
For this step it was necessary to start from the code Quantum Espresso and redo the
self-consistent and non-self-consistent calculations for larger k-points grids. It can be
easily seen that the grid 557 is enough to fully converge.

The results of this procedure are shown for rutile SnOy with the SnDjSta pseudopotential
in Table |3.4] Table 3.5 and Table Moreover, the above procedure was then repeated
for rutile SnO, with DjSnStr pseudopotential and for anatase SnO, with DjSnSta and
DjSnStr pseudopotential. All results are in Appendix ?7.

Table 3.4: Rutile SnOy convergence results of BndsRnXp, NGsBlkXp and GbndRnge
using SnDjSta.

BndsRnXp | NGsBlkXp (Ry) | GbndRnge | AEg,,(eV)
100 ) 100 0.748164
100 7 100 0.823922
100 9 100 0.850917
100 12 100 0.874582
100 15 100 0.887867
100 18 100 0.893494
100 21 100 0.896071
100 24 100 0.897637
300 9 300 0.808824
500 9 200 0.823545
800 9 800 0.829289
1100 9 1100 0.831138
1300 9 1300 0.831926

In Table |3.4} it can be seen that keeping BndsRnXp and GbndRnge constant and in-
creasing NGsBlkXp, stablised the AE,,, at 0.887867eV when NGsBlkXp is 15 Ry.
NGsBIkXp was then kept constant but this time at lower value to reduce the computa-
tional cost, BndsRnXp and GbndRnge were increased until again the AF,,, at 0.831138
eV. This marked the end of the convergence of the first three parameters.

These converged parameters were then adopted to converge EXXRLvcs and VXCRLves
which converged at 10000 RL (Reciprocal Lattice units) Table 3.5

Table|3.6|shows that the k-points grid 557 is sufficient to converge, and the final converged
parameters are reported in Table 3.7 These converged parameters were adopted for GW
calculations reported and discussed in Chapter [5]
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However,in the case of anatase structure,owing to a lack of time, we were unable to
complete the final calculation with all converged parameters for GW in the case of both
SnDjSta and SnDjStr pseudopotentials. In Chapter [5 the calculation we report for GW
with SnDjSta was performed with 553 k points, BndsRnXp = 800, NGsBIkXp = 21 Ry,
GbndRnge = 800 and EXXRLves = VXCRLves = 10000 RL.

Table 3.5: Rutile SnO, convergence results of EXXRLves and VXCRLves using SnDjSta
pseudopotential. We used for these calculations: BndsRnXp=1100, NGsBlkXp=15 Ry
and GbndRnge=1100.

EXXRLvcs/VXCRLves (RL) | AEga,(eV)
8000 0.957464
10000 0.956478
12000 0.954322

Table 3.6: Rutile SnO, convergence results of k-Points using using SnDjSta pseudopo-
tential. We used for these calculations: BndsRnXp=>500, NGsBlkXp=9 Ry and Gbn-
dRnge=>500.

K-Points | AEg,,(eV)
779 0.829721
357 0.823545

Table 3.7: Converged parameters used in GW calculations for both phases of SnO, and
both SnDjSta and SnDjStr pseudopotentials .

Phase PP BndsRnXp | NGsBlkXp (Ry) | GbndRnge | K-Points | EXXRLvces/VXCRLves (RL)
Rutile SnDjSta 1100 15 1100 557 10000

SnDjStr 800 21 800 668 10000
Antase | SuDSta 1100 21 1100 664 10000

SnDjStr 800 21 800 664 10000
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Chapter 4

Results and Discussion on TiO-s and
II‘OQ .

In this Chapter, we focus on TiOs in both the rutile and anatase phases, which was
the first material we studied. It served as a starting point for establishing a framework
to investigate the structural properties and electronic excitations of oxides. The exten-
sive literature available on this material provided a significant advantage, enabling us to
validate and compare our findings effectively.

We also began studying the structural properties and electronics excitations of IrOs,.
However, the metallic nature of this material introduces additional complexity in the cal-
culation of its optical properties. Recently, Ledén et al. [37] proposed a new methodology
that offers an effective strategy for performing GW calculations beyond the Plasmon-
Pole approximation, while being less computationally expensive than full-frequency ap-
proaches. However, due to the complexity of the problem, we determined that a longer
timeframe would be required to properly implement and develop this method.

As a result, we focused solely on the structural properties of IrOs, specifically analyz-
ing the role of scalar and relativistic corrections in pseudopotentials. This serves as a
foundation for future investigations into the electronic excitations of this material.

4.1 Structural Properties.

4.1.1 TiOs.

Titanium is a transition metal present in the 4" column of the periodic table having
atomic numbers 22, while oxygen is a gas found in the 16th column of the periodic
table[38]. The rutile structure of TiOs is tetragonal with space group P4s/mnm (No
136) and optimized lattice parameters of approximately a = b = 4.55 A and

¢ = 2.93 A, comparable with previous reports[39]. In this structure, each Ti atom
is coordinated by six O atoms in an octahedral configuration. These TiOg octahedra
share edges along the ¢ axis and corners in the ab plane, forming a dense and compact
arrangement [40].

The atomic positions in the unit cell are as follows:

e Ti atoms: (0,0,0) and (%, %, %)

e O atoms: (u,u,0) and (5 + u,% — u, %), where u ~ 0.305

N[
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(a) (b)

Figure 4.1: optimized rutile and anatase structures of the primitive unit cell of TiOs.

The anatase structure of TiO, is also tetragonal, but with a different space group, 1/, /amd
(No 141), and the optimized lattice parameters a = b = 3.80 A and ¢ = 9.67 A com-
parable with the previous reports[39] . Similar to rutile, each Ti atom is surrounded by
siverelax.outx O atoms in an octahedral geometry. However, in anatase, the TiOg octa-
hedra are arranged differently, sharing only corners, resulting in a more open structure
compared to rutile.

The atomic positions in the unit cell are as follows:

e Ti atoms: (0,0,0) and (%, %, i)
e O atoms: (0,0,u) and (0, 3, ; + u), where u ~ 0.208

The optimized rutile and anatase structures of the primitive unit cell of TiO, are shown
in Figure [4.1]

In Table we reported the optimized values of the lattice parameters and bond lengths.
We note that Ti forms an octahedron with the surrounding 6 oxygen, therefore we report
two Ti-O bond length, which corresponds to axial and planar direction of the octahedron.
In particular, Ti-O distances are larger along the axial direction than in the planar
direction of the octahedron.

Table 4.1: Lattice parameters and bond lengths for TiO2 in rutile and anatase phases.

Material ~ Phase Refs. a(A) c¢(A) Bond Lengths (A)
TiO, Rutile This work  4.55 2.93  Ti-O: 1.94, 1.95
TiO, Rutile [41] 459 295  Ti-O: 1.95, 1.98

TiO, Rutile Exp. [12] 4.59 295 Ti-O: 1.95,1.98
TiO, Rutile Exp. [14] 4.59  2.96 Ti-O: 1.95,1.98
TiO, Anatase  This work  3.80 9.67 Ti-O: 1.95,2.00
TiO,  Anatase [41] 3.78 9.50 Ti-O: 1.93, 1.98
TiO,  Anatase Exp.[12,[14] 3.78 9.50  Ti-O: 1.94, 1.97
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4.1.2 II‘OQ.

Likewise, iridium is a transition metal present in the 9*" column of the periodic table
having atomic numbers 77 [38].The rutile structure of IrOs is tetragonal with space group
P4s/mnm (No 136) and the optimized lattice parameters of approximately a = b = 4.531
A and ¢ = 3.147 A. In this structure, each Ir atom is coordinated by six O atoms in an
octahedral configuration. These IrOg octahedra share edges along the ¢ axis and corners
in the ab plane, forming a dense and compact arrangement[40)].

The atomic positions in the unit cell are as follows:

e Ir atoms: (0,0,0) and (%, %, %)

e O atoms: (u,u,0) and (% + u,% —u, %), where u ~ 0.305

Figure 4.2: optimized rutile structure of the primitive unit cell of IrOs,.

The optimized rutile structure of the primitive unit cell of IrOs is shown in Figure (4.2
In Tabld4.2] we report the optimized values of the lattice parameters and bond lengths.
We note that Ir forms an octahedron with the six surrounding oxygen atoms. Therefore,
we report two Ir-O bond lengths, which correspond to the axial and planar directions of
the octahedron. In particular, Ir-O distances are larger along the axial direction than in
the planar direction of the octahedron.
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Table 4.2: Lattice parameters and bond lengths for IrOy in rutile and anatase phases
Tisglb.

Material Phase Refs. a(A) c(A) Bond Lengths (A)

IrOy (DjIrFR) Rutile This work 4.54 3.17  Ir-0:1.98, 2.01

IrOy (DjIrSR) Rutile This work 4.53 3.17  Ir-0:1.97, 2.01
IrOy Rutile [42] 454 316  Ir-0:1.97, 1.76
IrOy Rutile Exp.[43] 4.51 3.16

4.2 Electronic Properties.

4.2.1 TiOs.

z A
Special K points Special K points

(a) (b)

Figure 4.3: Electronic band structure of rutile TiOy (a) and anatase TiOy (b) along the
high symmetry directions computed using the selected parameters in Table [3.2] and [3.3]

In Figure , we present the electronic band structure of TiOs calculated at the DFT /PBE
level along the high-symmetry directions. The computed band gaps for rutile and anatase
TiO4 are 1.94 eV (direct gap) and 2.21/2.27 €V (indirect /direct gap), respectively, in good
agreement with the previous findings of Chiodo et al. [41] (see Table [4.3)).

However, the electronic gaps for the two phases are underestimated by 1.06 eV for rutile
and 0.93-0.99 eV for anatase with respect to the experimental data available [10] 12,
13, T4]. Such a behavior is not surprising, as DFT with standard local or semi-local
exchange—correlation functionals usually underestimates significantly the band gap [22,
23]. These discrepancies are caused by the lack of the discontinuity of the exchange-
correlation potential in going from the valence to the conduction band [44]. To overcome
this an efficient strategy is to use the GW approximation, which considers the energies
of the quasiparticles [24].

In Chiodo et al. [41], calculations of the optical properties using GW-BSE were also
performed. For reasons of time, we did not continue with TiO,, as we preferred to focus
on SnQO,, which is a less-studied material with more aspects yet to be understood.
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Table 4.3: DFT/PBE band gaps for rutile and anatase TiO,. The rutile direct gap at I’
is reported and for anatase indirect band gap at X-I" and direct band gap at I' are also
reported.

Material ~ Phase Refs. Eghy
TiO2 Rutile This work 1.94
TiO2  Rutile 1] 1.93
TiO2  Rutile Exp. [I0,12, 03,14 3.0
TiO2  Anatase This work 2.21/2.27
TiO2  Anatase [41] 2.15/2.43
TiO2  Anatase  Exp. [12] 13| 14] 3.2

4.2.2 IrQO..
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Figure 4.4: Electronic band structure of rutile IrO, using two pseudopotentials along the
high symmetry directions computed using the selected parameters in Table [3.2] and [3.3]

In Figure , we present the electronic band structure of IrO, calculated at the DFT /PBE
level along the high-symmetry directions. DFT calculations show that IrO, is a conductor,
with an overlap between the valence band and the conduction band, typical of a metallic
material.

From the comparison of the two band structures calculated with the IrDjFR and IrDjSR
pseudopotentials, we can observe some differences, which we expect will also affect the
GW calculations. This clearly shows the importance of relativistic corrections for IrQOs.
When we started investigating how to proceed for GW corrections we became aware of
these two important works [37, [45]. Here, it is pointed out that the properties of metallic
systems are challenging to describe with simple models like the plasmon pole approxi-
mation (PPA), and more accurate and sometimes prohibitive full-frequency approaches
are usually required. In Refs. [37, 45] a new numerical approach is proposed that takes
into account the frequency dependence of screening through the multipole approximation
(MPA), an accurate and efficient alternative to current full-frequency methods that was
recently developed and validated for semiconductors and overcomes several limitations of
PPA.

In this case as well, we decided to stop at this point, as performing GW calculations for
a metal is a challenging task that requires more time and study than we currently have.
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We believe that addressing questions regarding the role of relativistic corrections in the
GW band structure of metallic IrO, deserves a dedicated, independent study.

page 38 of



Chapter 5

Results and Discussion on SnO».

In this chapter, we discuss the electronic properties of SnO,. We describe its structure and
examine how it depends on the choice of pseudopotentials. Additionally, we investigate
the quasiparticle gap calculated in GW.

In the following discussion, it is important to note that the widely accepted value of 3.6
eV is considered the band gap of SnO,. However, this value refers to the optical gap
which would be correctly calculated in GW-BSE. What we calculate is the quasiparticle
gap in GW, without BSE. The difference between GW and BSE has been estimated to
be 30 meV. Therefore, in the following, we will anyway compare the quasiparticle GW
gap with the experimental optical gap of 3.6 eV. [46]

5.1 Structural Properties.

Tin (Sn) is a 14" group metal with atomic number 50 which is also found in the form
of various oxides in nature. The rutile structure of SnO, is tetragonal with space group
P4s/mnm (No. 136), and the optimized lattice parameters of approximately a = b = 4.82
and ¢ = 3.25 A, comparable to previous studies[40] and the little variation could be
due to pressure effects in the previous study. Similarly to TiOs, each Tin(Sn) atom
is coordinated by six oxygen (O) atoms in an octahedral configuration. These SnOg
octahedra share edges along the ¢ axis and corners in the abplane, forming a dense and
compact arrangement.
The atomic positions in the unit cell are as follows:

e Sn atoms: (0,0,0) and (%, %, %)

e O atoms: (u,u,0) and (3 +u, 3 —u,1), where u ~ 0.305
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Figure 5.1: Shows the optmized rutile and anatase structures of the primitive unit cell of
SHOQ.

Likewise, the anatase structure of SnO, is tetragonal, but with a different space group,
I}, /amd (No. 141), and the optimized lattice parameters a = b = 3.66 A and ¢ = 8.12
A. Similarly to rutile, each Sn atom is surrounded by six O atoms in an octahedral
geometry. However, in anatase, the SnOg octahedra are arranged differently, sharing
only the corners, which results in a more open structure compared to rutile.

The atomic positions in the unit cell are the following:

e Sn atoms: (0,0,0) and (%,1, 1)

202014
e O atoms: (0,0,u) and (0, %, % + u), where u = 0.208

The optimized rutile and anatase structures of the primitive unit cell of SnO, are shown
in Figurdb.1]

In Tabldb.I] we reported the optimized values of the lattice parameters and bond lengths.
We note that Sn forms an octahedron with the surrounding 6 oxygen. Therefore, we
report two Sn-O bond lengths, which correspond to the axial and planar direction of the
octahedron. In particular, Sn-O distances are larger along the axial direction than in
the planar direction of the octahedron. It is important to observe that DFT/LDA give
results closer to experiments than DFT/PBE.

Table 5.1: Lattice parameters and bond lengths for TiO2, SnO2, and IrO2 in rutile and
anatase phases.

Material ~ Phase Refs a(A) c¢(A) Bond Lengths (A)

Sn0O2 Rutile This work (SnDjSta) 482 325  Sn-0O:2.09,2.09
Sn0O2 Rutile This work (SnDjStr) 482 324  Sn-O:2.09,2.09
SnO2 Rutile  This work (SnDjNoCecStr) 4.83 3.24  Sn-O: 2.09,2.09
Sn0O2 Rutile  This work (SnDjLDAStr) 4.73 3.19  Sn-O: 2.05,2.06

Sn0O2 Rutile [47] 4.74  3.19
Sn02  Rutile 0] 472 3.19
Sn02  Rutile Exp. |43, 48] 474 3.19

SnO2  Anatase This work (SnDjSta) 3.66 8.12  Sn-O:2.04,2.06
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5.2 Electronic Properties (DFT and GW).
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Figure 5.2: Electronic band structure of rutile SnO; (a) and anatase SnO, (b) along the
high symmetry directions computed using the selected parameters in Tablg3.2] and [3.3]

In Figurewe present the electronic band structure of SnO, calculated at the DF'T/PBE
level along the high-symmetry directions and using SnDjSta and DjSnStr pseudopoten-
tials. For rutile SnOy there is no significant difference between the two pseudopoten-
tials, which implies that there is no effect of including the 4s and 4p in the valence at
the DFT/PBE level. For anatase SnOj, we did calculations only with SnDjSta at the
DFT/PBE level and we obtained an indirect gap at [ and the indirect gap along I'-X .

In Fig. [5.3] we also compared the DFT bands calculated with the SnDjStr pseudopoten-
tial with the pseudopotential SnDjNoCcStr which do not include core corrections. Also
in this case we do not observe variations. Instead, when using the SnLDAStr pseudopo-
tential, we employ LDA instead of PBE, resulting in a rigid shift of ~ 0.5 eV in the bands.

In Table we report the direct gap at I' that we calculated for rutile SnO,, confirming
that LDA gives larger gap than PBE and therefore seems to be closer to experiment.
This behaviour is due to the fact that LDA more accurately describes local chemical
interactions and the crystalline structure of SnO,. This can be observed when compared

to the experimental values (see Tab. ).

For rutile phase, comparing our DFT/PBE and DFT/LDA results with similar calcula-
tions in literature we have found a good agreement. The very high value of the LDA gap
from Ref. [49] is due to the fact that scalar relativisitc corrections have not been included
in the pseudopotential. The electronic gaps are strongly underestimated with respect to
the experimental data available.

In the GoW, framework, starting with the SnDjNoCcStr pseudopotential, the calculated
band gap was significantly underestimated by 1.55 eV compared to the experimental
value of 3.56 eV. This demonstrates the inherent limitations of this pseudopotential in
accurately describing the electronic structure. We again performed a GoW, calculation
but this time using the SnDjLDAStr pseudopotential and a great improvement was ob-
served, yielding a smaller error of 0.48 eV compared to the experiment and 3 times less
than the error due to the SnDjNoCcStr pseudopotential.
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Although this represents a significant improvement over SnDjNoCcStr, it underscores the
challenges associated with relying solely on the GoW, approximation for accurate band
gap predictions.

To address this gap, we performed self-consistent GW calculations using the SnDjLDAStr
pseudopotential. This approach provided a much better agreement with the experiment,
achieving a band gap only 0.25 eV higher than the experimental value. This result
highlights the critical role of self-consistency in GW calculations, which corrects the
quasiparticle energies iteratively and mitigates the dependence on the starting point.
The improvement in accuracy achieved with self-consistent GW is attributed to the en-
hanced treatment of electron-electron interactions and screening effects, which are less
accurately captured in a single-shot GoW, calculation. Furthermore, the choice of pseu-
dopotentials proved to be pivotal: the SnDjLDAStr pseudopotential provided better
structural and electronic descriptions, leading to closer agreement with the experimen-
tal data. The systematic reduction in error from the experimental values, moving from
SnDjNoCcStr/GoWq to SnDjLDAStr/GoWoand finally to SnDjLDAStr/self-consistent
GW, demonstrates the necessity of both stringent pseudopotentials of LDA and self-
consistency to achieve reliable band gap predictions for SnO,. These findings emphasize
the importance of methodological refinement and suggest that future studies of similar
systems should prioritize self-consistent GW calculations with well-constructed pseudopo-
tentials, especially when high accuracy is required.
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Figure 5.3: Band structure of SnOy calculated with SnDjStr, SnDjLDAStr and SnD-
jNoCcStr pseudopotentials.
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Table 5.2: Band gaps for rutile and anatase SnO,. Rutile direct gap is at I' and for
anatase only the direct band gap is reported.

Material Methodology Refs. EZIT EGY AEGY
Rutile SnO2 SnDjSta/GoW This work 0.62 1.58  0.96
Rutile SnO2 SnDjStr/GoW, This work 0.64 1.98 1.34
Rutile SnO2  SnDjNoCcStr/GoWy This work 0.67 2.01  1.34
Rutile SnO2  SnDjLDAStr/GoW, This work 1.13  3.08 1.95
Rutile SnO2  SnDjLDAStr/GW  This work 1.13 3.81  2.68
Rutile SnO2 PP/LDA/GyW, [50] 094 2.89 1.95
Rutile SnO2  PP/LDA/GoW, 0] 089 275 1.86
Rutile SnO2  PP/LDA/GoW, [49] 1.80 3.85  2.05
Rutile SnO2  PP/B3LYP/GyW, [51] 3.5
Rutile SnO2 PP /HSE/GoW, 52 3.65
Rutile SnO2 Exp. [53] 3.56

Anatase SnO2 SnDjSta This work 2.30 3.65 1.35
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Chapter 6

Conclusions and Perspectives.

In this thesis, we investigated the electronic stucture and quasiparticle energies of TiOs,
IrO,, and SnO, using advanced computational methods. These materials hold signifi-
cant promise for applications in photocatalysis and photovoltaics because of their unique
physical and chemical properties.

The study utilized a combination of DFT and GW to analyze the electronic structures
of the materials. The work highlights the following key contributions:

e The electronic band structures of TiO,, IrOy, and SnOy were computed, showing
the need for GW corrections to address the band gap underestimations typical of
standard DFT methods (using PBE or LDA). This correction is particularly crit-
ical for accurately modeling their performance in photocatalytic and photovoltaic
applications.

e The structural and electronic analysis of IrOs revealed its complex behavior as a
metallic material, highlighting the significant impact of relativistic corrections on its
electronic structure. This observation underscores the need for advanced methods,
such as the GW beyond Plasmon-Pole Model to fully capture its behavior.

e For SnO,, the GW approximation provided detailed insights into quasiparticle cor-
rections. These findings enhance the importance of self-consistent GW.

The outcomes of this study deepen the understanding of the fundamental properties of
TiO,, IrO,, and SnO,, and also demonstrate the efficacy of combining different compu-
tational techniques for material analysis.

The future works could include the calculation of optical properties of SnOy in BSE
and calculations of quasiparticle energies for IrO, but beyond the Plasmon-Pole Model.
Moreover, other future work could extend these investigations by exploring the role of
the size (clusters and surfaces) and defects or dopants.

In conclusion, this thesis provides a comprehensive understanding of the electronic prop-
erties of three key materials, offering valuable insights for their application in the critical
domains of photocatalysis and photovoltaics.

44



Appendix

Table 6.1: Rutile SnOy convergence results of BndsRnXp, NGsBlkXp and GbndRnge

using SnDjStr pseudopotential.

BndsRnXp | NGsBlkXp (Ry) | GbndRnge | AEg,,(eV)

100 15 100 1.30859

100 18 100 1.316601
100 21 100 1.321412
100 24 100 1.326048
800 9 800 1.195445
1100 9 1100 1.196192
1300 9 1300 1.196936

Table 6.2: Rutile SnO, convergence results of EXXRLves and VXCRLves using SnDjStr
pseudopotential. We used for these calculations : BndsRnXp=1100, NGsBlkXp=21 Ry

and GbndRnge=1100.

EXXRLves/VXCRLves (RL) | AEg.p(eV)
10000 1.33744
15000 1.333864
25000 1.33214
50000 1.331956

Table 6.3: Rutile SnOy convergence results of K-Points using SnDjStr pseudopotential.
BndsRnXp=500, NGsBlkXp=9 Ry and GbndRnge=>500.

K-Points | AEg,,(eV)
557 1.196093
668 1.200019
779 1.202953

Table 6.4: Anatase SnOy convergence results of BndsRnXp, NGsBlkXp and GbndRnge
using SnDjSta pseudopotential.

BndsRnXp | NGsBlkXp (Ry) | GbndRnge | AEg,,(eV)
100 15 100 1.50875
100 18 100 1.51321
100 21 100 1.515246
100 24 100 1.516003
800 9 800 1.163322
1100 9 1100 1.167056
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Table 6.5: Anatase SnOs convergence results of EXXRLves and VXCRLvcs using
SnDjSta pseudopotential. We used for these calculations : BndsRnXp=1100, NGs-
BlkXp=21 Ry and GbndRnge=1100.

EXXRLvcs/VXCRLves (RL) | AE, ., (eV)
8000 1.576298
10000 157314
15000 1.575002
25000 1.57165
50000 1.569083

Table 6.6: Anatase SnO, convergence results of K-Points using SnDjSta pseudopotential.
BndsRnXp=500, NGsBlkXp=9 Ry and GbndRnge=500.

K-Points | AEg,,(eV)
953 1.012343
664 1.019788
775 1.02585

Table 6.7: Anatase SnO, convergence results of BndsRnXp, NGsBlkXp and GbndRnge
using Stringent pseudopotential.

BndsRnXp | NGsBlkXp (Ry) | GbndRnge | AEg,,(eV)
100 9 100 1.970032
100 12 100 1.987193
100 15 100 2.000422
100 18 100 2.007309
100 21 100 2.011673
100 24 100 2.013983
800 9 800 1.496381
1100 9 1100 1.492461

Table 6.8: Anatase SnOs convergence results of EXXRLves and VXCRLvcs using
Stringent pseudopotential. We used for these calculations : BndsRnXp=800, NGs-
BlkXp=21 Ry and GbndRnge=800.

EXXRLvcs/VXCRLvces (RL) | AE, ., (eV)
8000 1.595253
10000 1.590275
12000 1.591948
15000 1.592242
20000 1.590502

page 46 of



Table 6.9: Anatase SnO, convergence results of K-Points using Stringent pseudopotential.

BndsRnXp=500, NGsBlkXp=9 Ry and GbndRnge=500.

K-Points | AEg,,(eV)
953 1.356662
664 1.362541
775 1.369108
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