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Abstract

Oxides are of considerable technological importance, and are employed in a variety of appli-
cations such as a substrate, and in heterostructures. Two widely used paradigmatic oxides:
SrTiO3 and MgO, possess many interesting properties such as, superconductivity observed
in reduced bulk SrTiO3, an emergent two-dimensional electron gas (2DEG) at the LaAlO3-
SrTiO3 interface, and tunneling magnetoresistance in MgO-based heterostructure, among
others. Motivated by these findings, this thesis provides an in-depth analysis of the two
oxides, SrTiO3 and MgO, and extends it to an oxide heterostructure, NdNiO2/SrTiO3(001)
with a 2DEG at the interface.

In this work, a first-principles study of the excited-state properties in the energy ranging
from the optical to x-ray resulting from light–matter interaction in spectroscopic experi-
ments, in SrTiO3 and MgO is presented. Density functional theory is employed to describe
the ground-state properties, but it is necessary to include many-body effects for a correct
description of the excited-state properties. With the single-shot G0W0 approach, electronic
properties such as the band gap, can be improved to a large extent. However, to accurately
describe the charge neutral excitations in experiments, it is essential to include excitonic
effects which is accounted for by solving the Bethe-Salpeter equation (BSE). A comprehen-
sive overview of the electronic, optical and x-ray absorption spectroscopy (XAS) properties
of SrTiO3 and MgO, by employing many-body perturbation theory (MBPT) is presented.
A systematic study of the ground state and optical properties was performed using different
exchange-correlation (xc) functionals. It was found that the onset of the optical spectrum
within the independent particle and G0W0 approach is largely affected by the starting xc
functional, and these deviations reduce significantly by including the excitonic effects. The
good correspondence with experiment observed for both the optical and XAS spectra calcu-
lated by solving BSE, highlights the importance of electron-hole interactions. Going beyond
previous work, here the origin of the spectroscopic features are presented to reveal the orbital
character of the underlying transitions in reciprocal space, by projecting the electron-hole
coupling coefficients from the BSE calculations. Furthermore, the excitons are analyzed by
visualizing the excitonic wave function in real space to unravel their spatial extension and
shape. Based on this analysis, a Wannier-Mott character is confirmed for the first bound
exciton of the optical spectra of SrTiO3 and MgO. The first bound exciton of O K-edge XAS
of SrTiO3 displays a fascinating two-dimensional spread in (001) plane with t2g and 3p-like
states near the Ti and oxygen sites, respectively. Additionally, the role of quasiparticle cor-
rections was explored for the emergent 2DEG at the interface due to the occupation of Ti
3d states of the oxide heterostructure, NdNiO2/SrTiO3(001). The 2DEG is characterized
by a high intensity peak at the onset of the spectrum resulting from the excitation of the
occupied Ti 3d states at the interface, and is preserved after the G0W0 corrections, but with
a reduced intensity.
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Kurzfassung

Oxide sind von beachtlicher technologischer Bedeutung und werden in einer Vielzahl von An-
wendungen eingesetzt, z.B. als Substrat und in Heterostrukturen. Die beiden weit verbreite-
ten paradigmatischen Oxide SrTiO3 und MgO weisen zahlreiche interessante Eigenschaften
auf: beispielsweise Supraleitung in reduziertem SrTiO3, die Entstehung eines zweidimen-
sionalen Elektronengases (2DEG) an der LaAlO3-SrTiO3 Grenzfläche, sowie den Tunnel-
magnetowiderstand in MgO-basierten Heterostrukturen. Ausgehend von diesen Erkennt-
nissen wird in dieser Dissertation zunächst eine eingehende Analyse der Oxide SrTiO3

und MgO durchgeführt und die Untersuchung anschließend auf die Oxid-Heterostruktur
NdNiO2/SrTiO3(001) mit einem 2DEG an der Grenzfläche erweitert.

In dieser Arbeit wird eine ab initio-Studie der Eigenschaften angeregter Zustände im
optischen Energiebereich bis hin zum Röntgenbereich vorgestellt, die sich in SrTiO3 und
MgO aus der Licht-Materie-Wechselwirkung in spektroskopischen Experimenten ergeben.
Die Dichtefunktionaltheorie wird zur Beschreibung der Eigenschaften des Grundzustands
verwendet. Für eine korrekte Beschreibung der Eigenschaften des angeregten Zustands
müssen jedoch Vielteilcheneffekte einbezogen werden. Mit dem Single-Shot G0W0-Ansatz
können elektronische Eigenschaften wie die Bandlücke in hohem Maße verbessert werden.
Um die ladungsneutralen Anregungen in Experimenten genau zu beschreiben, ist es jedoch
unerlässlich, exzitonische Effekte einzubeziehen, was durch die Lösung der Bethe-Salpeter-
Gleichung berücksichtigt wird. Es wird ein umfassender Überblick über die elektronischen,
optischen und röntgenabsorptionsspektroskopischen (XAS) Eigenschaften von SrTiO3 und
MgO unter Verwendung der Vielteilchen-Störungstheorie (MBPT) gegeben. Eine systema-
tische Untersuchung des Grundzustands und der optischen Eigenschaften wurde unter Ver-
wendung verschiedener Austausch-Korrelations-Funktionale (xc) durchgeführt. Dabei wur-
de festgestellt, dass der Ansatz des optischen Spektrums, sowohl bei Betrachtung als un-
abhängige Teilchen als auch bei Verwendung des G0W0-Ansatzes, in hohem Maße durch
das anfängliche xc-Funktional beeinflusst wird. Die Abweichungen verringern sich erheb-
lich, wenn die exzitonischen Effekte einbezogen werden. Sowohl für die optischen als auch
die XAS-Spektra, die durch Lösung der Bethe-Salpeter-Gleichung berechnet wurden, er-
gibt sich eine gute Übereinstimmung mit experimentellen Ergebnissen, was die Bedeutung
der Elektron-Loch-Wechselwirkungen unterstreicht. Mit der Darstellung der Ursache der
spektroskopischen Merkmale, die den Orbitalcharakter der zugrundeliegenden Übergänge
im reziproken Raum zeigt, indem die Elektron-Loch-Kopplungskoeffizienten aus den BSE-
Berechnungen projiziert werden, geht die vorliegende Arbeit über frühere Studien hinaus.
Außerdem werden die Exzitonen durch Visualisierung ihrer Wellenfunktion im Realraum
analysiert, um ihre räumliche Ausdehnung und Form zu entschlüsseln. Auf der Grundlage
dieser Analyse wird bestätigt, dass das erste gebundene Exziton in den optischen Spektren
von SrTiO3 und MgO einen Wannier-Mott-Charakter besitzt. Das erste gebundene Exziton
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der XAS O K-Kante von SrTiO3 zeigt eine faszinierende zweidimensionale Ausbreitung in
der (001)-Ebene mit t2g- und 3p-ähnlichen Zuständen in der Nähe der Ti- bzw. Sauerstoffstel-
len. Darüber hinaus wurde die Rolle von Quasiteilchenkorrekturen für das entstehende 2DEG
an der Grenzfläche aufgrund der Besetzung von Ti 3d-Zuständen der Oxid-Heterostruktur
NdNiO2/SrTiO3(001) untersucht. Das 2DEG ist durch einen Peak hoher Intensität am An-
fang des Spektrums gekennzeichnet, der aus der Anregung der besetzten Ti 3d-Zustände an
der Grenzfläche resultiert und auch nach den G0W0-Korrekturen erhalten bleibt, allerdings
mit einer geringeren Intensität.
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Chapter 1

Introduction

“Understand well as I may, my
comprehension can only be an
infinitesimal fraction of all I want
to understand.”

Ada Lovelace

Condensed matter physics focuses on the study of the micro- and macroscopic properties
of matter, resulting from the electromagnetic forces between the atoms. Development of
quantum theory in the early twentieth century laid the foundation for the description of
matter at the atomic level. However, due to high complexity in the description, approxi-
mations were introduced to solve the problem. One of the earliest approach was introduced
by Hartree [1] to describe the averaged Coulomb interaction between the electrons. This
was further developed independently by Fock [2] and Slater [3] to include the exchange in-
teraction of the electrons to satisfy Pauli’s exclusion principle. Although the Hartree-Fock
approximation does not include the critical correlation effects, it provides a reasonable de-
scription of molecular systems. Nevertheless, this wave function based approach becomes
cumbersome with the increase in particle number. The introduction of density functional
theory (DFT) based on the electronic density, and a mean-field treatment of exchange and
correlation by Hohenberg and Kohn [4], and formulated by Kohn and Sham [5], overcame
the shortcomings of the earlier methods. DFT has emerged as one of the most widely used
approach to study the structural, electronic, magnetic as well as spectroscopic properties of
technologically relevant materials. W. Kohn was awarded the Nobel prize in Chemistry in
1998 for his pioneering work in the development of DFT.

The success of DFT goes hand in hand with the evolution of computer power; and the
progress made in understanding matter, and the technological advancement in computer
technology enables us to calculate these properties with demanding numerical requirements.
The first mechanical general-purpose computer was proposed by Charles Babbage, known as
the Analytical engine, in the year 1837. Ada Lovelace, an English mathematician and writer,
perceived the applications of the Analytical engine beyond calculations, and published the
first algorithm intended to be carried out by such a machine, due to which she is often
regarded as the first computer programmer. Although, it was not until 1941, almost a
century later, that the very first general-purpose computer, Z3 was built by Konrad Zuse.
The invention of the transistor [6] in 1947 revolutionized the modern digital computer, and
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Chapter 1. Introduction

the subsequent introduction of integrated circuit boosted computing power. Development
of the metal-oxide-semiconductor integrated circuit eventually led to the invention of the
microprocessor, which was responsible for the increase in use the of personal and commercial
computers. Moreover, introduction of supercomputers in the 1960s contributed immensely
to the rapid development in computational science.

Computer technology relies on semiconductors. However, increasing miniaturization is
leading to the point where the energies of electronic devices are reaching quantum mechanical
regime [7], and an alternative to conventional semiconductors is needed. In this regard, the
complex transition metal oxides (TMO) have emerged as a potential alternative. SrTiO3 is a
prominent band insulator TMO with an indirect band gap of 3.25 eV [8]. Superconductivity
in reduced bulk SrTiO3 was first reported in 1964 by Schooley et al. [9]. Santander-Syro
et al. [10] and Meevasana et al. [11] reported the presence of a two-dimensional electron
gas (2DEG) at the SrTiO3 surface by cleaving it in vacuum. Moreover, SrTiO3 based
oxide heterostructures have generated a lot of interest because of the observed interface
superconductivity [12] and ferromagnetism [13–15]. Motivated by these fascinating emergent
physics, this work presents an in-depth analysis of the ground and excited-state properties of
the paradigmatic bulk perovskite SrTiO3. Another oxide used as a substrate material, and
in various heterostructures with applications related to tunnelling magnetoresistance [16–
18], is the wide band gap material MgO. The ground and excited-state properties of bulk
MgO are also studied in this work.

Superconductivity in Sr-doped NdNiO2 on SrTiO3 (001) recently reported in Li et al. [19]
has generated a lot of interest in infinite-layer nickelates. Motivated by these finding the
infinite-layer nickelate films [NdNiOn/SrTiO3 (001)] were studied in the work of Geisler and
Pentcheva [20]. For n = 2, emergence of a 2DEG was reported at the interface due to the
occupation of Ti 3d states. Motivated by these results, here quasiparticle effects are explored
to determine signatures of an emergent 2DEG at the interface of an oxide heterostructure,
NdNiO2/SrTiO3 (001) based on Ref. [20].

Spectroscopy is a widely employed experimental technique to obtain material information
such as electronic structure, chemical composition, and dielectric function, among others.
Valence and core states are excited to unoccupied states in experimental techniques such
as optical and x-ray absorption spectroscopy (XAS). The main focus of this work is to
describe the spectroscopic properties resulting from the interaction of the probing field
with matter. Due to the induced excitation in the system, it is necessary to go beyond
the ground-state calculations (DFT) to describe such processes. The GW approximation
(GWA) [21] is employed to describe the underlying physics in terms of quasiparticle effects,
hence including the critical many-body corrections. The GW approach can describe the
single-particle excitation that occurs in many spectroscopic experiments very well, i.e. the
excitation of an electron from the occupied to the unoccupied state, and the creation of a
hole. With GWA an improved description of important electronic properties such as the
band gap in oxides, and dielectric function is achieved to interpret the spectrum as reported
in Refs. [22–25]. Another important effect are the electron-hole interactions that can lead
to the formation of excitons, which play a dominant role in describing the spectral features.
These excitonic effects are included by solving the Bethe-Salpeter equation [26, 27].

This work provides an in-depth description of the optical and XAS spectra of two paradig-
matic oxides, SrTiO3 and MgO by employing many-body perturbation theory (MBPT). It
is shown that the many-body corrections may also aid in identifying emergent physics at the
interface of an oxide heterostructure [NdNiO2/SrTiO3 (001)]. The results presented here are
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Chapter 1. Introduction

ab initio, and are free of parameters from experiments, and therefore, serve as an important
benchmark, and provide fundamental insights for the interpretation of experimental data
both from static and time-dependent processes.

The thesis is structured as follows: In Chapter 2 the important fundamental theoretical
concepts to evaluate the ground- and excited-state properties are presented. In addition,
a brief overview of the most commonly employed spectroscopic techniques in condensed
matter physics to obtain the optical and XAS spectra and their theoretical modelling, used
in this work is provided.
To lay the foundation for the excited properties of bulk SrTiO3 and MgO, the ground-state
properties of these oxides are introduced in Chapter 3. A systematic study of the influence of
the starting exchange-correlation functional on the spectrum showed that the functional has
a large influence on the onset of the independent particle and the G0W0 spectra, and these
deviations decrease significantly upon including the excitonic effects by solving BSE. The
incorporation of electron-hole interactions is critical to best describe the optical spectrum
in these two oxides [28, 29] consistent with previous findings in Refs. [30–32]. Moreover,
analysis of the interband transitions of prominent features in the spectrum in reciprocal
space unravels the orbital character and hybridization of the participating transitions. The
real-space projection of the spatial extension of the first bound exciton of SrTiO3 and MgO
optical spectra confirms a Wannier-Mott type character, i.e. the exciton wave function spans
over several unit cells, previously reported in Refs. [33, 34] and Ref. [35], respectively. A
model BSE (mBSE) [36, 37] approach which uses an analytical model to describe the static
screening, is employed to circumvent the computationally demanding G0W0, and allows us
to include the excitonic corrections with BSE on a denser k mesh when compared to the
G0W0+BSE (full-BSE) approach. For SrTiO3 and MgO, the optical spectra with mBSE is
in close agreement with the full-BSE approach.
Next, the excitation of core electrons in bulk MgO is studied in Chapter 4. A theoretical
description of the O and Mg K-edge XAS spectra is presented by including the electron-
(core)hole interactions. Including these electron-(core)hole interactions is again found to
be pivotal to achieve the best correspondence with experiment [38]. Using the real-space
projection, the first bound exciton in the O K-edge XAS shows a localized spread of up to
only three unit cells.
Furthermore, in Chapter 5 the calculated XAS spectra of SrTiO3 at the O K and Ti L2,3 -
edge are discussed. The electron-(core)hole interactions are included by solving BSE, and
a good concurrence with experimental spectra [39, 40] is observed. Upon resolving the
interband transitions in reciprocal space for the four prominent peaks in the L2,3 edge, the
contribution to the peaks previously based on the crystal-field symmetry in Ti L2,3 -edge
XAS [40] as Ti 3d t2g, Ti 3d eg, Ti 3d t2g, and Ti 3d eg, respectively, is confirmed. Moreover,
the real-space projection of the first bound exciton for the O K edge has a 2D-like spread
in the (001) plane with predominant t2g states near the Ti sites and 3p-like states near the
O sites, and is identified as a charge-transfer type exciton.
In Chapter 6, the study is extended to an oxide heterostructure by including many-body ef-
fects. In the independent particle (IP) picture two systems are studied: ideal, NdNiO2/SrTiO3

(001), and oxidized interface, NdNiO2/NdNiO3/SrTiO3 (001) based on Ref. [20]. In the for-
mer system an emergent 2DEG is observed due to the occupation of Ti 3d states at the
interface, whereas the 2DEG is quenched in the latter. For the ideal system, the IP spec-
trum exhibits a characteristic peak at the onset which is several orders of magnitude larger
when compared with the system without the 2DEG. Upon including the quasiparticle cor-
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Chapter 1. Introduction

rections in the ideal system, the peak at the onset of the spectrum is preserved, albeit
with a reduced intensity. The theoretical spectrum may aid in identifying the signatures
of the 2DEG in such heterostructures by optical spectroscopy without the need of invasive
techniques.
Finally, in Chapter 7 the preliminary results for the optical spectrum of SrTiO3 (001) surface
are presented.
To conclude, the observations and insights are summarized in Chapter 8.
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Chapter 2

Theoretical background

Our sorrows will never be sad
enough. Our joys never happy
enough. Our dreams never big
enough. Our lives never
important enough. To matter.

Arundhati Roy, The God of Small
Things.

The term “atom”, the indivisible, was first coined by the ancient Greeks. The idea, that
to understand the physical and chemical properties of matter, which in turn is composed of
atoms; formed one of the earliest basis for scientific development towards a better under-
standing of matter. It was only in the late nineteenth century, with the systematic studies
of elements carried out by D. I. Mendeleyev and the subsequent inception of the periodic
table in 1869 [41], that provided the basis for further discoveries. With the discovery of the
electron in 1897 and the first model of the atomic structure by Sir Joseph Thompson, which
was subsequently refined by Sir Ernest Rutherford, his student, marked the beginning of
the study of atomic structure. In 1913, N. Bohr [42] provided explanation for the atomic
structure with the aid of a set of laws, later known as “quantum mechanics”, as to why
matter at atomic length scale does not obey the laws of classical mechanics. The invention
of Schrödinger’s equation [43] in 1926 marked an important milestone in the field of quan-
tum mechanics. This was soon adopted for atoms with multiple electrons and extended to
systems with numerous atoms such as molecules [44] and solids [45].

In this chapter, the theoretical approach to describe matter at the atomic scale, and meth-
ods, on how to calculate the ground state properties of such multi-electronic systems are
presented. Beyond the ground state properties, the fundamentals to describe excited-state
properties involving excitation of electrons from the valence or core levels to unoccupied
levels are also discussed. Various approximation are needed to describe such complex pro-
cesses satisfactorily, and these approaches within the framework of many-body perturbation
theory are explained.
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Chapter 2. Theoretical background

2.1 The structure of matter

The approach presented in this and the subsequent sections follow the description provided
in the textbook- “Electronic structure calculations for solids and molecules: theory and
computational methods” by Jorge Kohanoff [46].
Matter comprises of interacting particles and can be described in the atomic scale in terms
of atomic nuclei and electrons that interact via the Coulomb, electrostatic forces. The
Hamiltonian of such a system can then be written as [46]:

Ĥ =−
P∑
I=1

~2

2MI
∇2
I −

N∑
i=1

~2

2m
∇2
i +

e2

2

P∑
I=1

P∑
J 6=I

ZIZJ
| RI −RJ |

+
e2

2

N∑
i=1

N∑
j 6=i

1

| ri − rj |
− e2

P∑
I=1

N∑
i=1

ZI
| RI − ri |

.

(2.1)

Here, the P nuclear coordinates are represented by the set R = {RI , I = 1, ..., P}, and
N electronic coordinates by r = {ri, i = 1, ..., N}, and MI and ZI represent the masses
and nuclear charges, respectively. The electronic wave function must be antisymmetric,
as electrons are fermions, i.e. any exchange of two electrons should result in a change of
sign. In principle, one can derive the properties for the above equation by solving the
time-independent Schrödinger’s equation:

ĤΨn(R, r) = EnΨn(R, r). (2.2)

Here, En are the energy eigenvalues and Ψn(R, r) are the corresponding eigenstates/wave
functions. The wave functions must obey antisymmetry w.r.t. exchange of electronic coor-
dinates in r and symmetry/antisymmetry w.r.t. nuclear variables in R.
However, in practice, it is impossible to treat this problem within a full quantum mechanical
framework. The only exception are cases such as hydrogenoid atoms or the H+

2 molecule,
wherein a complete analytic solution is attainable. It is not easily possible to decouple the
Schrödinger’s equation into a set of equations and as a consequence, one has to work with
3(P +N) coupled degrees of freedom.
Within the adiabatic approximation, the motion of the electrons and nucluei are decoupled,
and the solution to the Eq. (2.2) can be expressed in the following form [46]:

Ψ(R, r, t) =
∑
n

Θn(R, t)Φn(R, r). (2.3)

Where Θn(R, t) are the nuclear wave functions and Φn(R, r) are the adiabatic electronic
eigenstates. These satisfy the following time-independent Schrödinger’s equation:

ĥeΦn(R, r) = EnΦn(R, r). (2.4)

The electronic Hamiltonian is written as:

ĥe = T̂ + V̂ne + Ûee. (2.5)

Where T̂ is the electronic kinetic energy operator, V̂ne the electron-nuclear interaction and
Ûee the electron−electron interaction. Due to three order of difference in mass of the nucleus
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Chapter 2. Theoretical background

and electron, the former is treated as a classical point object and this approximation is
termed as the Born-Oppenheimer approximation. Owing to the mass difference, the nuclear
components of the wave function are spatially more localized than the electronic component
of the wave function. Therefore, in the classical limit, the nuclei are fully localized and
treated as classical point particles, and consequently, the dynamic interactions between
the electrons and nuclei are neglected. This approximation of treating the interaction of the
nuclei independent of the electronic degrees of freedom may be considered drastic. However,
it is a good starting point to solve the many-electron problem, and to simplify the complexity
of Eq. (2.1). The electronic Hamiltonian in Eq. (2.5) is then expressed as [46]:

ĥe = − ~2

2m

N∑
i=1

∇2
i − e2

P∑
I=1

N∑
i=1

ZI

| RI − ri |
+

e2

2

N∑
i=1

N∑
j6=1

1

| ri − rj |
. (2.6)

2.2 Many-body theory of electronic systems

The ground state energy of N interacting fermions is given by:

E = 〈Φ|T̂ + V̂ext + Ûee|Φ〉 = 〈Φ|T̂ |Φ〉+ 〈Φ|V̂ext|Φ〉+ 〈Φ|Ûee|Φ〉. (2.7)

Here |Φ〉 is the ground state wave function for the N -electron system, T̂ is the kinetic energy
operator, V̂ext represents the interaction with the nuclei (V̂ne) in Eq. (2.5) and Ûee is the
electron−electron interaction. The Dirac’s bra-ket notation is adopted and the many-body
wave function is represented by a state vector |Φ〉. Upon projecting this state onto a state
vector 〈r|, a real-space expression is obtained and this characterizes a system localized in
space [46], i.e. Φ(r) = 〈r|Φ〉. Thus, the expectation value in state |Φ〉 for an operator P̂
is [46]:

〈Φ|P̂ |Φ〉 =

∫
Φ∗(r)P̂Φ(r)dr. (2.8)

For the above equation, the integral is a 3N -dimensional integral in the electronic variables.
It is critical to ensure that the square of the many-electron wave function remains unchanged
whenever only two electrons are exchanged. Moreover, the antisymmetry of the wave func-
tion for the fermions (electrons) under such transformations must be confirmed. The field

operators ϕ̂†α(r) and ϕ̂α(r) ensure that the wave function |Φ〉 satisfies the antisymmetry

property. ϕ̂†α(r) is the creation operator which transforms a system with N particles to a
(N + 1) state with an addition of electron of spin α at position r. ϕ̂α(r) is the annihilation
operator, adjoint of creation operator, that transforms the system from the N to (N − 1)
particles by removing an electron. The operators obey the anti-commutation relations such
that:

{ϕ̂α(r), ϕ̂†β(r′)} = δα,βδ(r− r′). (2.9)

Thus, the one-body density matrix is expressed as:

ρ1(r, r′) =
∑
α

〈Φ|ϕ̂†α(r)ϕ̂α(r′)|Φ〉. (2.10)

Subsequently, the two-body density matrix is [46]:

ρ2(r, r′) =
1

2

∑
α,β

〈
Φ|ϕ̂†α(r)ϕ̂†β(r′)ϕ̂β(r′)ϕ̂α(r)|Φ

〉
. (2.11)
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Chapter 2. Theoretical background

In atomic units, the expectation value of the operators T̂ and V̂ext involving a single particle
is written as:

T = 〈Φ|T̂ |Φ〉 = −1

2

N∑
i=1

〈Φ|∇2
i |Φ〉 = −1

2

∫ [
∇2

rρ1(r, r′)
]
r′=r

dr,

Vext = 〈Φ|extV̂ |Φ〉 = 〈Φ|
N∑
i=1

υext(ri)|Φ〉 =

∫
ρ(r)υext(r)dr.

(2.12)

And the expectation value of electron−electron interaction, Uee, expressed in terms of two-
body operator can be written as:

Uee = 〈Φ|Ûee|Φ〉 =
1

2

N∑
i=1

N∑
j 6=1

〈Φ| 1

|ri − rj |
|Φ〉 =

∫ ∫
ρ2(r− r′)

|r− r′|
drdr′. (2.13)

2.2.1 The Hartree and Hartree-Fock Approximation

To simplify the many-body problem, one of the first approach was proposed by Hartree
[1]. Within the self-consistent field (HCSF), Hartree proposed that the electron in an atom
felt the electrostatic field which was composed of the potential of the nucleus, and the field
created by the remaining electrons. With the help of the variational principle, this method
is implemented by first postulating a total wave function of the product form:

Φ(r) =
N∏
i=1

ϕi(ri). (2.14)

The total energy for the ansatz wave function has to be first calculated in order to apply
the variational principle with respect to the one-electron orbitals ϕi. The Hamiltonian for
a many-electron system is written as [46]:

H(R,r) =
N∑
i=1

ĥ1(i) +
1

2

N∑
i=1

N∑
j 6=i

υ̂2(i, j). (2.15)

Where ĥ1(i) is a one-electron operator that describes the interaction of an electron with all
the nuclei in the system and the external field, υext, and is written as:

ĥ1(i) = −1

2
∇2

ri + υext(R,ri). (2.16)

The Coulomb electron−electron interaction which is missing in ĥ1(i) is taken into account
with the second term in Eq. (2.15) as:

υ̂2(i, j) =
1

|ri − rj |
. (2.17)

The one-electron orbitals in Eq. (2.14) do not include the spin index, and the Hami-
tonian in Eq. (2.15) is thus, spin-independent. The one-electron operator ĥ1, and the
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Chapter 2. Theoretical background

electron−electron interaction υ̂2, contribute to the total variational energy. The opera-
tor ĥ1(i) depends only on the ith electron, and with the assumption that the one-electron
orbitals are normalized to one, the contribution to the energy is [46]:

Eii =

∫
ϕ∗i (ri)ĥ1(i)ϕi(ri) dri. (2.18)

Following a similar approach, the two-electron contribution can be expressed as:

Jij =

∫
ϕ∗i (ri)ϕ

∗
j (rj)υ̂2(i, j)ϕj(rj)ϕi(ri) dridrj . (2.19)

In terms of partial densities of the single electrons ρi(i) = |ϕi(ri)|2, the above term is

Jij =

∫ ∫
ρi(i)υ̂2(i, j)ρj(j) dridrj =

∫ ∫
ρi(i)ρj(j)

|ri − rj |
dridrj . (2.20)

These are known as the Coulomb integrals. Summing up the energy contribution of the
two-electron interaction by considering the double counting of the Jij and Jji (a factor of
1⁄2), and the one-electron contribution, the total energy within the HCSF approximation
is [46]:

EHSCF =
N∑
i=1

Eii +
1

2

N∑
i=1

N∑
j 6=i

Jij . (2.21)

The variational equation of the above equation is expressed with Lagrange multipliers εi as:

δ

{
EHSCF −

N∑
i=1

εi

(∫
|ϕi(ri)|2 dri − 1

)}
= 0. (2.22)

The Lagrange equations result in a set single-particle Schrödinger’s equations that are in
an effective, state-dependent potential which includes the interaction of the other electrons
with the electrostatic field [46]

εiϕi(r) =

(
−1

2
∇2 + υ

(i)
eff (R,r)

)
ϕi(r), (2.23)

with

υ
(i)
eff (R,r) = υext(R,r) +

∫ ∑N
j 6=i |ϕj(r′)|2

|r− r′|
dr′. (2.24)

For a particle i, the second term in Eq. (2.24) represents the classical electrostatic potential
due to the charge distribution of the other electrons, which is felt by i. The Hartree potential
is self-interaction free due to the fact that the charge density omits the charge associated
with particle i. In terms of eigenvalues, the energy within the HSCF approximation is
expressed as [46]:

εi = Eii +
N∑
j 6=i

Jij (2.25)

Considering the double counting of the electron−electron interaction, the energy is modified
as:

EHSCF =

N∑
i=1

εi −
1

2

N∑
i=1

N∑
j 6=i

Jij . (2.26)
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The self-consistent method is applied to the N coupled differential equations (2.23). Starting
with a trial wave function, these equation can be solved by minimizing the energy with
respect to a set of variational parameters or, by employing the solutions of Eq. (2.23) to
recalculate the effective potential in Eq. (2.24). Self-consistency for such an approach is
achieved when the input and output wave function or potential are the same.

The Hartree approximation suffers from a major drawback due to the fact that the elec-
trons are considered as indistinguishable particles. Electrons are fermions, and due to Pauli’s
principle no two electrons with same spin can be at the same position as the many-fermionic
wave function must change sign whenever there is an exchange of particle. Pauli’s principle
can be satisfied with the aid of Slater determinant as [3]:

ΦHF(x1,x2, . . ,xN ) =
1√
N !

∣∣∣∣∣∣∣∣∣∣
ϕ1(1) ϕ2(1) . . . ϕN (1)
ϕ1(2) ϕ2(2) . . . ϕN (2)
. . . .. . . .. . . .

ϕ1(N) ϕ2(N) . . . ϕN (N)

∣∣∣∣∣∣∣∣∣∣
(2.27)

Here ϕi(j) is the one-electron spin orbital of the ith electron comprising of the spin and
spatial components. Furthermore, the variable xj = (rj , σj) is composed of the spatial and
spin coordinates of electron (j ). The change in the sign of the wave function while exchanging
two electrons is ensured by the determinant. Hartree-Fock (HF) or self-consistent field is
the approximation consisting of the wave function representation in Eq. (2.27). Within the
HF approximation, the wave function of a two-electron system is [46]:

Φ(x1,x2) =
1√
2

[ϕ1(1)ϕ2(2)− ϕ1(2)ϕ2(1)], (2.28)

The one-electron contribution to the total energy is

E(1) =

∫ ∫
Φ∗(x1,x2)[ĥ1(1) + ĥ1(2)]Φ(x1,x2) dx1dx2. (2.29)

This simplifies to the energy contribution similar to the one in HCSF as:

E(1) =
N∑
i=1

∫
ϕ∗i (1)ĥ1(1)ϕi(1) dx1 =

N∑
i=1

Eii. (2.30)

In addition, the two-electron contribution is [46]:

E
(2)
ijklmn =

∫ ∫
ϕ∗1(i)ϕ∗2(j)υ̂2(k, l)ϕ1(m)ϕ2(n) dx1dx2, (2.31)

where the indices i,j,k,l,m,n assume the values 1 and 2, and i 6= j,k 6= l,m 6= n. For the
condition i = k = m and j = l = n, the integrals are equivalent to the Coulomb integrals in
the Hartree method, such that:

Jij = E
(2)
ijijij =

∫ ∫
ϕ∗1(i)ϕ∗2(j)υ̂2(i, j)ϕ1(i)ϕ2(j) dxidxj , (2.32)

And for the condition i = k = n and j = l = m, the exchange integrals are [46]:

Kij = E
(2)
ijijji =

∫ ∫
ϕ∗1(i)ϕ∗2(j)υ̂2(i, j)ϕ1(j)ϕ2(i) dxidxj , (2.33)
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Total energy is composed of the Coulomb and exchange term, where the former is the
classical electrostatic energy between the two charge distribution. The latter is the energy
due to the antisymmetric property of the wave function that reduces the total energy, i.e. has
a negative sign due to the odd permutation of the Slater determinant. The total energy is
computed for an N -electron system with a factor 1⁄2 to account for the double counting.

E(2) =
1

2

N∑
i=1

N∑
j=1

(Jij −Kij), (2.34)

Moreover, the case of i = j is included in the sum as the diagonal exchange integrals Kii

exactly cancels the self-interaction arising form the Coulomb integrals, Jij . The total energy
is expressed as [46]:

EHF =

N∑
i=1

Eii +
1

2

N∑
i=1

N∑
j=1

(Jij −Kij). (2.35)

Minimizing the EHF with respect to ϕ∗i (r), and satisfying the orthonormalization constraint
of the spin orbital, subsequent application of the variational optimization results in the
Hartree-Fock equations [47]:

F̂ϕi(x) =
N∑
j=1

λijϕj(x). (2.36)

In the above equation λij is the Lagrange multiplier and F̂ is the Fock operator written as:

F̂ = ĥ1 +
N∑
j=1

(
Ĵj − K̂j

)
. (2.37)

The terms Ĵj and K̂j are the Coulomb and exchange operators [46], respectively. The
operator Ĵj corresponds to the classical interaction of an electron distributions, also called
as the direct term, whereas, K̂j is the exchange term with no classical analogue and is a
direct result of the antisymmetry property of the wave function. In terms of the eigenvalues
of the Fock operator (εi), the Hartree-Fock energy is [46]:

εi = Eii +

N∑
j=1

(Jij −Kij) , (2.38)

and subsequently,

EHF =

N∑
i=1

εi −
1

2

N∑
i=1

N∑
j=1

(Jij −Kij). (2.39)

The Hartree equations and Hartree-Fock equations differ with respect to the exchange in-
tegrals, where for the HF approach the coupling terms are introduced between the different
single-particle states in the differential equation. The exchange potential in the HF ap-
proach is non-local as it depends on the position of the other electrons. On the other hand,
for the Hartree potential the one-electron wave function is independent of the presence of
other electrons and thus has a local potential. With the introduction of Slater determinant
in the HF approach and using variational principle, it is possible to calculate ground state
energy of a many-body system. However, the major drawback of the approach is the missing
critical correlation of the electrons, discussed in the next section.
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2.2.2 The pair correlation function

In a many-body system, the presence of an electron deters other electrons from approach-
ing it due to the Coulomb repulsion. This phenomenon can be described in terms of the
electron−electron pair distribution, or pair correlation function, which can be defined as:

ρ(r, r′) = ρ(r)ρ(r′)g(r, r′). (2.40)

Where, g(r, r′) is the pair distribution function and ρ(r, r′) is the probability of finding an
electron at r when another electron is present at r’. Therefore, the value of the pair dis-
tribution function varies from zero at r = r′ to one at infinite distance. This non-trivial
phenomenon is termed as correlation.

2.3 The electron density approach: Density functional theory

2.3.1 Thomas-Fermi theory

L. H. Thomas [48] and E. Fermi [49], independently, proposed the method for calculating
the energy of an electronic system with the electronic density as the fundamental variable.
They provided an expression for the total electronic energy where the kinetic, exchange and
correlation contributions were derived from the homogeneous electron gas. Building upon
this idea, the total energy for the inhomogeneous system can be written as:

Eα [ρ] =

∫
ρ(r)εα [ρ(r)] dr, (2.41)

where εα [ρ(r)] is the energy density contribution α (kinetic, exchange, and correlation)
and is calculated locally at the value assumed by the density at every point in space. In
the spirit of Thomas − Fermi − Dirac (TFD) the expression for the total energy for the
inhomogeneous electronic system is:

ETFD[ρ] =Ck

∫
ρ(r)

5/3dr +

∫
ρ(r)υext(r)dr+

1

2

∫ ∫
ρ(r)ρ(r′)

|r− r′|
drdr′ − CX

∫
ρ

4/3(r)dr + EC[ρ].

(2.42)

Ck = 2.871 hartree, CX = 0.739 hartree and EC is the correlation, all the values are derived
from the homogeneous electron gas [50–52]. The total energy in the TFD expression for
the electronic variables depends only on the electronic density, i.e. the total energy is a
functional of the density. Although the approach of treating the inhomogeneous system as
locally homogeneous is sensible for condensed phases such as metals, it has shortcomings for
atomic and molecular system. Due to improper treatment of the kinetic energy term, the
calculated total energies are incorrect, the density profile diverges at the nucleus and does
not decay exponentially at distances away from the nucleus [46].

2.4 Modern density functional theory

In 1964, Hohenberg and Kohn [4] provided an approach to achieve improved accuracy of the
kinetic energy, where the energy is expressed exclusively in terms of the electronic density.
This approach is based on two theorems.
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2.4.1 The Hohenberg-Kohn theorems

Theorem 1: The external potential is univocally determined by the electronic density,
besides a trivial additive constant.

Proof: An assumption is made for the opposite to be true, i.e. the external potential is
not univocally determined by the density. This assumption makes it possible to find two
external potentials υext and υ′ext such that the their ground state density ρ is the same. Let
Φ and E0 = 〈Φ|Ĥ|Φ〉 be the ground state wave function and energy respectively, of the
Hamiltonian, Ĥ = T̂ + V̂ext + Ûee. Similarly, let Φ′ and E′0 = 〈Φ′|Ĥ ′|Φ′〉 be the ground
state wave function and energy of the Hamiltonian, Ĥ ′ = T̂ + V̂ ′ext + Ûee. According to
Rayleigh−Ritz’s variational principle [46]:

E0 < 〈Φ′|Ĥ|Φ′〉 = 〈Φ′|Ĥ ′|Φ′〉+ 〈Φ′|Ĥ − Ĥ ′|Φ′〉

= E′0 +

∫
ρ(r)[υext(r)− υ′ext(r)]dr.

(2.43)

Upon exchanging the roles of Φ and Φ′ (Ĥ and Ĥ ′):

E′0 < 〈Φ|Ĥ ′|Φ〉 = 〈Φ|Ĥ|Φ〉+ 〈Φ|Ĥ ′ − Ĥ|Φ〉

= E0 −
∫
ρ(r)[υext(r)− υ′ext(r)]dr.

(2.44)

Upon adding the two inequalities, E0 + E′0 < E′0 + E0, which is absurd. Therefore, for the
same electronic density for the ground state, there cannot be υext 6= υ′ext, unless they differ
by a trivial additive constant.

Corollary: Since υext is univocally determined by ρ(r), consequently, the ground state wave
function Φ is determined by ρ(r). The wave function should be obtained by solving the full
many-body Schrödinger equation.

Theorem 2: Let ρ̃(r) be a non-negative density normalized to N . The variational energy
E v which is a functional of the density as a consequence of the previous theorem, can be
defined as:

Ev[ρ̃] = F [ρ̃] +

∫
ρ̃(r)υext(r)dr, (2.45)

with

F [ρ̃] = 〈Φ[ρ̃]|T̂ + Ûee|Φ[ρ̃]〉. (2.46)

In the above equation, Φ[ρ̃] is the ground state of a potential with ρ̃ as the ground state
density, thus, E0 = Ev[ρ] verifies

E0 < Ev[ρ̃]. (2.47)

for any ρ̃ 6= ρ, and E0 is thus the ground state energy.

Proof:

〈Φ[ρ̃]|Ĥ|[ρ̃]〉 = F [ρ̃] +

∫
ρ̃(r)υext(r)dr

= Ev[ρ̃] ≥ Ev[ρ] = E0 = 〈Φ[ρ]|Ĥ|[ρ]〉.
(2.48)
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The inequality applied to the electronic density follows from the Rayleigh−Ritz’s variational
principle for wave function. Therefore, the variational principle states that,

δ

{
Ev[ρ]− µ

(∫
ρ(r)dr−N

)}
= 0, (2.49)

and the Thomas-Fermi equation can be generalized as:

µ =
δEv[ρ]

δρ
= υext(r) +

δF [ρ]

δρ
. (2.50)

Information on the solution of the full many-body Schrödinger equation is available once the
functional F [ρ] is known. Here F [ρ] is a universal functional that does not depend explicitly
on the external potential, but only on the electronic density [46]. In the formulation of
Hohenberg-Kohn, F [ρ] = 〈Φ|T̂ + Ûee|Φ〉, where Φ is the many-body wave function of the
ground state. These two theorems form the foundation of density functional theory or DFT.

2.4.2 The Kohn-Sham equations

The ground-state energy of the many-body system is calculated by adopting the Kohn-
Sham (KS) treatment. The energy of a system is determined by mapping the problem of
interacting electrons in an external potential onto a system of non-interacting electrons in
an effective potential, known as the KS potential. The density of such a non-interacting KS
system is same as that of the interacting system. Such a system of non-interacting electrons
can be exactly described by antisymmetric wave function comprising of the one-electron
orbitals in the Slater determinant. The ground state density matrix is [46]:

ρ1(r, r′) =

∞∑
i=1

fiψi(r)ψ∗i (r
′). (2.51)

Where, ρ1(r,r’) is the density matrix with ψi(r), the one-electron orbitals and fi, the cor-
responding occupation numbers. Therefore, according to Eq.(2.12) the exact expression for
the kinetic energy of the non-interacting electrons is:

T = −1

2

∞∑
i=1

fi〈ψi|∇2|ψi〉. (2.52)

The exact kinetic energy of this non-interacting KS system is calculated with the same
ground state density as the real interacting system as:

Tks[ρ] = −1

2

N∑
i=1

∫
ψ∗i (r)∇2ψi(r)dr. (2.53)

The total energy functional w.r.t. Eq. (2.45) as a functional of charge density is:

E[ρ] = Tks[ρ] +

∫
ρ(r)υext(r)dr +

1

2

∫ ∫
ρ(r)ρ(r′)

|r− r′|
drdr′ + EXC[ρ]. (2.54)

Here, the first term, Tks[ρ] is the KS kinetic energy calculated for the KS orbitals, and υext

is the external potential acting on the interacting system. The third term is the Hartree
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energy. The last term consists of the unknowns, i.e. the difference between the kinetic
energy of the non-interacting and interacting system, and the electron-electron interaction
beyond the Coulomb term (Hartree energy). An effective potential for the KS system can
be expressed as:

υeff(r) = υext(r) +

∫
ρ(r′)

|r− r′|
dr′ +

δExc[ρ]

δρ(r)
. (2.55)

The effective single-particle Schrödinger equation for the effective potential υeff(r) are then
written as: (

−1

2
∇2 + υext(r) + υH(r) + υXC(r)

)
ψi(r) = εiψi(r) (2.56)

These are known as the KS equations. The effective potential in the above equation depends
on the density and indirectly on the orbitals. Therefore, any change in the orbitals effects
also the potential on which they in turn depend. This is then resolved by solving KS
equations self-consistently. Therefore, in a given external field it is possible to determine
the electronic density and ground-state properties such as energy, elastic moduli, equilibrium
geometry, etc. In the next section, approaches to develop reliable approximations to the
exchange-correlation functional are presented.

2.5 Exchange and Correlation in DFT

The exchange and correlation contributions discussed in the previous section are defined in
the following way by employing the exchange-correlation hole as [46]:

ρ̃XC(r, r′) = ρ(r′)
[
g̃(r, r′)− 1

]
. (2.57)

Here the exchange-correlation hole ρ̃XC is a fictitious charge depletion due to exchange
and correlations effects, and also accounts for the kinetic correlations. The term g̃(r, r′)
is the exchange and correlation pair distribution, such that g̃(r, r′) = gX(r, r′) + g̃C(r, r′).
An important aspect of the XC hole is that it is a non-local object, where the exchange-
correlation charge density at r′ depends on r. Subsequently, the exchange-correlation energy
is:

EXC[ρ] =
1

2

∫ ∫
ρ(r)ρ̃XC(r, r′)

|r− r′|
drdr′, (2.58)

Useful properties of g̃(r, r′) and ρ̃XC(r,r′ are [46]:

� g̃ is symmetric under exchange of r and r′, g̃(r, r′) = g̃(r′, r),

� The exchange-correlation hole contains exactly one displaced electron,
∫
ρ̃XCdr =∫

ρ̃XCdr
′ = −1, and is the sum rule which must be verified by any approximation to

the exchange-correlation hole.

To develop improved approximations for the EXC[ρ], one of the basic approach is to analyze
the nature of the ρ̃XC(r, r′) [53].
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2.5.1 The local density approximation (LDA)

One of the most simplest and widely used approximation is the local density approximation,
suggested by W. Kohn and L. J. Sham [5] based on the homogeneous electron gas (HEG).
The HEG represents a simplified model for metallic systems and the εXC for such a system
can be calculated with good accuracy. The exchange part for HEG is exactly given by
Dirac’s expression [51]:

εDX = −3

4

(
3

π

) 1
3

ρ
1
3 = −3

4

(
9

4π

) 1
3 1

rs
= −0.458

rs
a.u. (2.59)

Here, rs = (3/4πρ)
1
3 , is the mean inter-electronic distance in atomic units. Furthermore,

approximations for correlation εC are available, for example, the work of Ceperley and
Alder [54] provides accurate results based on the quantum Monte Carlo simulations, and
by Perdew and Zunger [55], among others. Therefore, for a HEG, the contribution to the
exchange-correlation energy density is expressed in terms of the exchange and correlation
term as, εXC = εX + εC.

The exchange-correlation energy is then written in terms of energy density of the HEG
within the LDA as:

ELDA
XC [ρ] =

∫
ρ(r) εXC[ρ(r)]dr. (2.60)

Here, εXC is the exchange-correlation energy density per particle of a HEG with ρ(r), i.e. the
εXC is locally substituted by the one of the HEG with the same density at point r.

In order to include spin dependency in LDA, the spin density functional theory (SDFT) is
employed which considers the two spin densities, ρ↑(r) and ρ↓(r). As a consequence, in the
Eq. (2.54), the non-interacting kinetic energy term splits into spin↑ and spin↓ contribution.
The Hartree and the external energy depends only on the full density ρ(r), however, the
exchange-correlation depends on the individual spin densities and thus the effective potential
in Eq. (2.55) becomes spin dependent. Thus, the local spin density approximation L(S)DA
is an extension of LDA where the εXC is expressed for a spin-polarized system as [46]:

E
L(S)DA
XC [ρ↑(r), ρ↓(r)] =

∫
ρ(r) εXC [ρ↑(r), ρ↓(r)]dr, (2.61)

where ρ(r) = (ρ↑(r) + ρ↓(r)).

LDA has been widely used in DFT due to its simplicity and low computation cost. For
systems with homogeneous or slowly varying density across the average electron distance,
LDA works fairly well. The bond lengths and bond angles are also well reproduced for sys-
tems with strong bonds (covalent,ionic or metallic) [46]. One of the drawbacks within LDA
is that the self-interaction is not canceled, which is critical for strongly localized states [25].
Moreover, the energy band gap in semiconductors and wide band gap materials are severely
underestimated [24]. For strongly correlated systems like NiO, the opening of the energy
gap at the Fermi level is due to the correlation, and this is not captured within LDA [56] due
to the treatment of the correlation functional. To overcome all these different limitations is
an overwhelming task, and one way to improve LDA is the introduction of inhomogeneity
of the density in a semi-local manner. This can be achieved by expanding the EXC[ρ] as a
series in terms of the density and its gradients, and is discussed in the next section.
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2.5.2 Gradient expansions

The exchange-correlation energy within the gradient expansion is written as:

EXC[ρ] =

∫
ρ(r) εXC[ρ(r)] FXC[ρ(r),∇ρ(r),∇2ρ(r), . . .]dr. (2.62)

In the above expansion, the inhomogeneity of the electronic density is included by carrying
out as expansion of the density in terms of the gradient and higher order derivative.

2.5.2.1 The generalized gradient approximation (GGA)

For densities varying slowly in space, the second order gradient expansion corresponds
to [46]:

EXC[ρ] =

∫
AXC[ρ]ρ(r)

4/3dr +

∫
CXC[ρ]|∇ρ(r)|2 /ρ(r)

4/3dr, (2.63)

that is asymptotically valid for such densities.
Similar to Eq. (2.61), the EXC term for a spin-polarized system can be written as:

EGGA
XC [ρ↑(r), ρ↓(r)] =

∫
ρ(r) εGGA

XC (ρ↑(r), ρ↓(r),∇ρ↑(r),∇ρ↓(r)) dr. (2.64)

In 1996, Perdew, Burke, and Ernzerhof (PBE96) [57] proposed the widely used exchange
and correlation functional. This functional satisfies as many formal properties and limits
as possible, and only neglects the ones deemed energetically less important. The semi-local
approach for the functional is satisfactory as it does not involve any fitting parameters and
in addition, verifies numerous exact conditions for the XC hole. In 2008, a revised version
of PBE was introduced [58], PBEsol, to improve the equilibrium properties of bulk solids
and their surfaces. The improvement over PBE employed the restoration of the second-
order gradient expansion for the exchange energy which results in a better description of
the equilibrium properties of solids such as the lattice constant [58–60]. PBE96 and PBEsol
are the two functionals that have been employed in this work to calculate the ground state
properties.

2.5.2.2 Meta-generalized gradient approximation (meta-GGA)

Considering the fourth order gradient expansion of the exchange-correlation energy in Eq. (2.62)
leads to the approximation beyond GGA. In 1999, Perdew et al. [61] constructed a meta-
generalized gradient approximation (meta-GGA) that incorporated additional semi-local
information via the Laplacian of the density, i.e. the kinetic energy density. The construc-
tion similar to Eqs. (2.61), (2.64) is,

EGGA
XC [ρ↑(r), ρ↓(r)] =

∫
ρ(r) εGGA

XC (ρ↑(r), ρ↓,∇ρ↑(r),∇ρ↓)τ↑, τ↓ d3r. (2.65)

Here, τσ(r) is the kinetic energy density defined for occupied KS orbital as:

τσ(r) =
1

2

occup∑
α

|∇ψα,σ(r)|2. (2.66)
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2.5.2.3 Strongly Constrained and Appropriately Normed (SCAN)

in 2015, Sun et al. [62] proposed the first meta-meta-GGA that is fully constrained and obeys
all 17 known exact constraints that a meta-GGA can. In addition, it is also exact/nearly
exact for a set of “appropriate norms” which includes rare-gas atoms and nonbonded inter-
actions. The earlier non empirical meta-GGAs such as the Tao-Perdew-Staroverov-Scuseria
(TPSS) [63] did not accurately calculate the critical pressures of structural phase transitions
of solids. The SCAN functional overcomes this problem with the aid of the dimensionless
parameter:

α = (τ − τκ)/τunif > 0. (2.67)

The term τκ is the single-orbital limit of τ , and the uniform density limit τunif are,

τκ =
|∇n|2

8n
,

τunif =
3

10
(3π2)

2/3 n
5/3.

(2.68)

Various cases for the dimensionless parameter are: α � 1 describes weak bonds, α = 0
to covalent single bonds and α ≈ 1 corresponds to metallic bonds. SCAN has been tested
in diversely bonded systems [64] and was shown to be good to model a wide range of
structures without being fitted to any bonded system. Also in the work of Buda et al. [65]
SCAN was employed for a class of thin film materials and models successfully the ground-
state structural and electronic properties. Moreover, an overall agreement with experiment
was achieved compared to LDA and GGA, at a comparable computational cost. SCAN
is used in this work and good agreement was achieved with respect to the structural and
ground-state properties [see Chapter 3].

2.5.3 Hybrid functional

Previously discussed functional such as the semi-local ones, PBE96 and PBEsol, systemat-
ically underestimate band gaps [28, 66, 67] with respect to experiment. Moreover, with
PBE96 the calculated lattice constants and bulk moduli are over- and underestimated
[28, 66–68], respectively. To overcome the band gap problem, it has been shown [69, 70]
that so-called hybrid functionals can be employed, which include a portion of Hartree-Fock
exchange. However, the drawback of using these functionals is the drastic increase in the
computation cost. The screened hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE)
[71–75] provides an effective alternative to the demanding HF based hybrid functional. In
HSE, by substituting the Coulomb potential (1/r), with a screened one, the spatial decay of
the HF exchange interaction is accelerated. As a consequence, a substantial decrease of the
computational cost for calculations in extended systems is achieved. In the HSE functional,
the Coulomb potential for exchange is divided into a short-range (SR) and long-range (LR)
components,

1

r
=

1− erf(λ r)

r︸ ︷︷ ︸
SR

+
erf(λ r)

r︸ ︷︷ ︸
LR

. (2.69)

Here, λ is the screening parameter which determines the separation range. Subsequently,
the exchange-correlation energy is calculated as,

EHSE
XC = βEHF,SR

X (λ) + (1− β)EPBE,SR
X (λ) + EPBE,LR

X (λ) + EPBE
C . (2.70)
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Where, EHF,SR
X is the short-range HF exchange, EPBE,SR

X and EPBE,LR
X are the short-range

and long-range components of the PBE exchange functional, respectively, obtained by in-
tegration of the model PBE exchange hole [72, 76]. Also, EPBE

C is the PBE correlation
energy and β is the HF mixing constant which is commonly set to 0.25. Under the condi-
tion λ→∞, HSE is identical to PBE, i.e. the long-range component equals to the Coulomb
operator.

Within the HSE06 [77] functional, the screening parameter is λ = 0.11bohr−1. In this work
HSE06 functional has been employed for calculation of ground-state properties, and as the
starting exchange-correlation functional for excited-state properties [see Chapter 3].

2.5.4 LDA+U

A strong localization of the d and f orbitals is observed in materials such as transition
metal oxides (TMOs) and rare-earth compounds. When electrons are strongly localized
their motion is correlated and the resulting wave function has a many-body character. The
strong Coulomb repulsion between electrons prevails over their kinetic energy, forcing them
to localize on atomic-like orbitals, described by Mott [78]. A major drawback of DFT is the
failure in predicting the insulating character of these materials. One of the simplest models
to overcome this was suggested by Hubbard [79]. Moreover, the band gap underestimation,
discussed in the previous section, can be corrected by employing a Hubbard-type term,
U. Within DFT, this is achieved by the so-called “DFT+U ” formalism that employs an
on-site Coulomb interaction U similar to the Hubbard Hamiltonian. In addition, also the
Hund’s exchange, J, is employed to reduce the interactions between different orbitals, them-
selves spin-dependent (Pauli’s principle). This approach was first introduced by Anisimov
et al. [80, 81]. One widely used DFT+U approach is the one by Dudarev et al. [82]. Em-
ploying the spherical averaged matrix elements of the screened Coulomb electron-electron
interaction, denoted by Ū and J̄ , the energy functional is expressed as [82]:

ELSDA+U = ELSDA +
Ū − J̄

2

∑
σ

(σjρσjj)
∑

j,l

ρσjlρ
σ
lj

 . (2.71)

The spin is denoted by σ, ρjl is the density matrix of d electrons and dj runs over over
projections of the orbital momentum (−2,−1, ..2). Within the approach of Dudarev, only
the Ueff = Ū − J̄ enters as the parameter. In this work the Dudarev approach has been
employed to improve the band gap in bulk SrTiO3 [see Chapter 3].

2.6 Implementation of DFT

The ground state calculation in this work has been performed within the implementation of
VASP and exciting code. Few of the important concepts regarding the implementation of
DFT are discussed in the following sections.

To solve the KS equations (2.56) for periodic systems, which is the case for the calcu-
lations in this work, one frequently used method is the variational method. In addition,
it is important to ensure the satisfaction of the Bloch’s boundary conditions such that the
combination of basis orbitals representing a solution of the Schrödinger equation confirm to
the translational periodicity of the system. A variational method is selected such that the
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wave function of φk j(r) of Bloch vector k with band index j is sought as a linear combination
of basis functions ϕn(k, r) as [83]:

φk j(r) =
N∑
n=1

Ck,jϕn(k, r). (2.72)

satisfying the Bloch boundary conditions, with Ck,j as the expansion coefficients of the wave
function, and N is the number of basis functions taken into account. One most commonly
used approach in DFT is to expand the wave function into plane waves or Fourier series
as [83]:

φ(k, j) =
∑

|k+G|≤Kmax

CG
k,j e [i(k+G)r]. (2.73)

Here, G represents all the reciprocal lattice vector up to the largest value of Kmax, and CG
k,j

are the variational coefficients.

Employing plane wave basis set has many advantages: plane waves are orthogonal and they
are diagonal in momentum space. Moreover, they are more straightforward to implement.
The different approaches to solve the KS equation are: the augmented plane wave method
(APW), the pseudopotential method, and projector augmented wave method, which are
discussed in the subsequent sections.

2.6.1 Full-potential linearized augmented plane wave method (FLAPW)

In the APW approach introduced by Slater [84], the space is divided into spheres centered
at each atom site, known as the muffin-tin (MT), and the remaining space comprises of the
interstitial region. The MT spheres are chosen so that they do not overlap and generally
fill the maximum space. The potential inside the MT is approximated to be spherically
symmetric and the interstitial potential is constant.

The single wave functions are expressed as trial functions

φk,j(r) =
∑

|k+G|≤Kmax

CG
k,j ϕG(k, r), (2.74)

in terms of the APW basis function expressed as [83]:

ϕG(k, r) =

{∑
lm α

µ,G
L (k)ul(r

µ|E)YL(r̂µ) muffin-tin µ

ei(k+G)r interstitial region.
(2.75)

The MT spheres are denoted by µ, and the position r inside the MT sphere is with respect
to the center of the sphere. L abbreviates the azimuthal and magnetic quantum numbers, l
and m, respectively. ul is the solution of the (energy dependent) radial Schrödinger equation
in the MT sphere, µ and YL(r̂µ) are the spherical harmonics. The matching coefficients for
connection with the interstitial plane wave are denoted by αµ,GL .

Linearized method invented by Andersen [85], and Koelling and Arbman [86] overcomes
the dependence of the radial functions upon the energy for which they are solved within the
APW approach. The continuity at the sphere boundaries requires that the solution energies
correspond to KS eigenvalues, and as a consequence, in the one-electron energies the KS

20



Chapter 2. Theoretical background

secular equation becomes highly non-linear. This is solved by employing the radial functions
and their derivatives at the reference energy El, u

µ
l (r) and u̇µl (r), respectively as [83]:

ϕG(k, r) =

{∑
l,m

(
αµ,Glm (k)uµl (r) + βµ,Glm (k)u̇µl (r)

)
Ylm(r̂µ) muffin-tin µ

ei(k+G)r interstitial region.
(2.76)

In the above equation, the coefficients are determined such that each basis function and the
first radial derivative are continuous across the MT boundary.
Within the FLAPW, the full-potential refers to the choice of basis set in the full-potential
and charge density, and not employing the shape approximations in the MT spheres and
in the interstitial region. To implement this, the constant interstitial potential V 0

I and the
spherical MT V 0

MT (r) are relaxed to include the interstitial
∑
V G
I eiGr and the non-spherical

terms in the MT sphere [83]:

V (r) =

{∑
L V

L
MT (r)YL(r̂) muffin-tin µ∑

G V G
I eiGr interstitial region.

(2.77)

The all-electron full-potential exciting code is based on the LAPW+lo, where in the lo-
cal orbitals (lo) are employed to improve the representation of the semicore states. The
exciting code is employed in this work to calculate the excited-state properties of SrTiO3 and
MgO [see Chapters 3, 4, 5]

2.6.2 Pseudopotential method

The pseudopotential method is employed to remedy the requirement of large number of plane
waves to describe the fast oscillations of the valence wave functions in the core region. These
rapid oscillations of the valence wave functions near the core region ensure the satisfaction
of the orthogonality and the Pauli’s principle, so that the wave functions are unique and
independent. In the frozen core approach for the pseudopotential, the core electrons are
eliminated in the calculations and the valence wave functions are described by pseudo wave
functions which can be expanded with a much smaller number of plane wave basis set.
In an alternate approach, such as the normconserving pseudopotential, the core potential is
replaced by a pseudopotential with nodeless wave function. Starting with an all-electronic
(AE) configuration, the KS one-particle eigenstates and wave functions, εAEl and ψAEl ,
respectively, for angular momentum l are obtained. By choosing a Rcut value for the core
radius, the core and valence regions are identified. The logarithmic derivative [83]:

LDl(ε) =
d

dr
lnl ψ(r; ε)

∣∣∣∣
Rcut

=
ψ′l(Rcut; ε)

ψl(Rcut; ε)
(2.78)

is a function of energy ε. The AE wave function ψAEl is replaced with the smooth nodeless
function ψPSl , and ensuring the correspondence of the LD at Rcut as the AE wave function.
It is important to satisfy two conditions while developing the pseudopotential,

� The norm of the AE and pseudo wave function must be the same to ensure that
identical electron densities are generated for Rcut

� The AE and pseudo wave function must be the identical outside Rcut
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The softness of the pseudopotential, i.e. the number of plane waves required to expand the
wave functions, is determined by the Rcut. The larger the Rcut, the softer the pseudopo-
tential, and too short Rcut results in a hard pseudopotential. In the method introduced by
Vanderbilt [87], the ultrasoft pseudopotential, relaxes the norm conserving requirement and
the plane waves required for the calculation decrease substantially.

2.6.3 Projector augmented wave (PAW) method

The computationally efficient method, projector augmented wave (PAW) [88] was introduced
by Blöchl, and this provided the basis for the development of Vienna Ab initio Simulation
Package (VASP), which has been employed in this thesis [see Chapters 3, 6]. The projector
augmented wave (PAW) method [88] is an extension of augmented wave methods and the
pseudopotential approach, which combines their traditions into a unified electronic structure
method [89].

To begin with, the AE wave functions (one-electron KS wave functions) are mapped onto
fictitious pseudo (PS) wave functions. A linear transformation is employed to transfer the
AE wave functions to PS wave functions such that [88]:

T = 1 +
∑
R

T̃R. (2.79)

Here, each T̃R is an atom-centered local contributor that acts only within the the augmen-
tation region ΩR enclosing the atom, and the AE and PS wave functions are concurrent
outside ΩR. This is reminiscent of the MT region in LAPW approach and core region in
the pseudopotential method. Within the augmentation region, by specifying the PS partial
waves |ψ̃i〉 and the corresponding target AE partial waves |ψi〉, such that |ψi〉 = (1+T̃R)|ψ̃i〉.
The PS partial waves should be complete within ΩR, and should be similar to the corre-
sponding AE partial waves outside the augmentation region. Every PS wave function inside
ΩR can be expanded into PS partial waves as [88]:

|Ψ̃〉 =
∑
i

|ψ̃i〉ci within ΩR. (2.80)

As |ψi〉 = T |ψ̃i〉, the AE wave function is:

|Ψ〉 = T |Ψ̃〉 =
∑
i

|ψi〉ci within ΩR. (2.81)

The expansion coefficients are the same for the above expression, and the AE wave functions
are [88]:

|Ψ〉 = |Ψ̃−
∑
i

|ψ̃i〉ci +
∑
i

|ψi〉ci within ΩR. (2.82)

As T is linear, the coefficients ci can be written as an inner product with a set of projector
functions, P̃i [88] as: ci = 〈Pi|Ψ̃i〉, with 〈P̃i|ψ̃j〉 = δij .

The linear transformation T between the AE wave functions and PS wave functions is:

T = 1 +
∑
i

(|ψi〉 − |ψ̃i)〈P̃i| (2.83)
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The AE wave function can be obtained from the PS wave function by employing the linear
transformation as [88]:

|Ψ〉 = |Ψ̃ +
∑
i

(|ψi〉 − |ψ̃i〉)〈P̃i|Ψ̃〉. (2.84)

The transformation T is determined by the following quantities:

1. the AE partial waves, |ψi〉

2. one PS partial wave, |ψ̃i〉 identical to the corresponding AE partial wave outside ΩR

for each AE partial wave

3. one projector function |P̃i〉 for each PS partial wave in ΩR and satisfying the relation
〈P̃i|ψ̃j〉 = δij

For any local local operator Â acting on the AE orbital, a pseudo operator Ã within PAW
can be defined such that [88],

Ã = T †ÂT

= Â+
∑
i,j

|P̃i〉(〈ψi|Â|ψj〉)− (〈ψ̃i|Â|ψ̃j〉)〈P̃j |. (2.85)

Here i, j run over all projectors of all the atoms, and only the on-site terms contribute
i.e. only indices for the same atom are summed over. With this, the observables such as
charge density and total energy can be evaluated. Two approximations were introduced by
Blöchl to implement the scheme in practice [88]: (a) plane waves are included only up to a
cutoff, Epw, which is the maximum of G2/2, (b) the number of AE partial waves, PS partial
waves, and P̃ is limited.

2.7 Single particle excitations

For material characterization, spectroscopic measurements are an important component.
These processes perturb the system and promote it to an excited state which may involve
the excitation of electrons from an occupied to an unoccupied state. Density functional the-
ory discussed in the previous section provides a good picture for the ground state properties.
However, for studying such perturbed system, we have to go beyond DFT. Many-body per-
turbation theory (MBPT) provides the necessary foundation to describe the spectral prop-
erties starting from the first-principles calculations. With the aid of single-particle Green’s
function, L. Hedin in 1965 introduced a system of coupled integro-differential equations [21]
to treat the perturbation and describe the excited system. Due to the unavailability of an
exact solution of the full system of Hedin’s equations, they may be iterated so as to obtain
useful approximations. The approach presented here follows Ref. [90–93].

2.7.1 Green’s function and the Quasiparticle concept

The single-particle Green’s function G is defined as [90, 94, 95]:

G(r, t, r′, t′) = −i〈N |Î{ψ̂(r, t)ψ̂†(r′, t′)}|N〉. (2.86)
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Here, Î is an time-ordering operator, and ψ̂†(r, t), and ψ̂(r, t) are the creator and anni-
hilator operators, respectively, for a N particle system. Therefore, when t > t ’/t < t ’,
this expression provides the probability amplitude to find an electron/hole at time t and
position r that evolved from an electron/hole which was created at t ’ and r’. To find the
excitation energies one has to find the poles of the Green’s function in the complex energy
plane. To achieve this, the Heisenberg picture is used, where the wave functions are time
independent but the operators are time dependent. The electronic Hamiltonian (2.5) from
the many-particle system is rewritten as:

ĥe =
N∑

(i=1)

ĥ0(ri) +
1

2

N∑
(i 6=j)

ν(ri − rj). (2.87)

Here, the kinetic energy and the external potential are grouped into the term ĥ0(ri), and ν
(Coulomb operator) denotes the bare Coulomb interaction with the same external potential
for every electron. The equation of motion [94] for the field operators are:

i
∂

∂t
ψ̂(r, t) =

[
ψ̂(r, t), ĥe

]
. (2.88)

Evaluating the commutator in the Heisenberg picture and applying the anti-commutation
relations yield the following:

i
∂

∂t
ψ̂(r, t) =

[
ĥ0(r) +

∫
ψ̂†(r′, t)ν(r, r′)ψ̂(r′, t)

]
ψ̂(r, t). (2.89)

Consequently, the equation of motion for the Green’s function in Eq. (2.86) is [92]:[
i
∂

∂t
− ĥ0(r)

]
G(rt, r′t′) = δ(t− t′)δ(r− r′)−

i

∫
dr′′ν(r, r′′)× 〈N |Î

[
ψ̂†(r′′, t)ψ̂(r′′, t)ψ̂(r, t)ψ̂†(r′, t′)

]
|N〉.

(2.90)

The term under the integral G2(rt, r′′t, r′′t+, r′t′) in the above equation is the two-particle
Green’s function which includes all two-body correlations in this system. The one-particle
Green’s function can be calculated from equation of motion of two-particle Green’s func-
tion, which in turn introduces the three-particle Green’s function. All possible many-body
interactions in the system can be described by applying the Green’s functions iteratively,
resulting in an infinite series of higher order Green’s functions. However, it is impossible
to solve such nth order Green’s function for large n. To solve this problem, the non-local,
time-dependent self-energy Σ̄(rt, r′t′) is used [92]

−i
∫
dr′′ν(r, r′′) G2(rt, r′′t, r′′t+, r′t′) ≡∫

dt′′
∫
dr′′Σ̄(rt, r′′t′′)G(r′′t′′, r′t′).

(2.91)

The Hartree potential, which is the dominant term in Equation (2.90), is separated out
as [92]:

νH(r) =

∫
dr′ν(r, r′′)〈N |ψ̂†(r′, t)ψ̂(r′, t)|N〉

=

∫
dr′ν(r, r′′)n(r′).

(2.92)
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Here, n(r) is the electron density. Therefore, the equation of motion of the Green’s function
of Eq. (2.90) can be presented as in integral equation involving the self-energy, Σ = Σ̄− νH

as [92]: [
i
∂

∂t
− ĥ0(r)− νH(r)

]
G(r, t, r′, t′) = δ(t− t′)δ(r− r′)∫
dt′′

∫
dr′′Σ(rt, r′′t′′)G(r′′t′′, r′t′).

(2.93)

If G0 is the Green’s function that is a solution to ĥ = ĥ0 + νH (the kinetic energy, and
external and Hartree potential), then Eq. (2.93) is:

G(1, 2) = G0(1, 2) +

∫
G0(1, 3)Σ(3, 4)G(4, 2)d(3, 4). (2.94)

Within the above formalism, the abbreviated notation (1, 2, ...) is for the set of position
and time (r1t1, r2t2, ...). Also,

∫
d(1) is a shorthand notation for the integration of the

corresponding variables. 1+ refers to the addition of a positive infinitesimal to the time
argument 1 [see Eq. (2.91)]. Equation (2.94) is the Dyson’s equation [96, 97] and links
the non-interacting Green’s function, G0, to the interacting one, G [92]. Moreover, the
self-energy quantifies the difference between a non-interacting and an interacting electron,
quasielectron. The Green’s function, G0, if Σ = 0, results in the following Dyson equa-
tion [91]:

G = G0 +G0ΣG. (2.95)

The first term G0(1, 2) is a direct propagation from 1 to 2 without exchange-correlation
interaction and Σ contains all possible exchange-correlation interactions of the electron with
the system while propagating from 1 to 2.

The Green’s function provides access to experimentally measurable quantities such as
the spectral function, A(ω) [90] and the poles of G correspond to the electron addition
and removal energies. A Quasiparticle as introduced by Landau [98–101] can be described
as an ensemble of an electron/hole and its polarization cloud of virtual electron-hole pairs
surrounding it. While interacting with each other, these quasiparticles can decay into other
quasiparticles, leading to a finite lifetime [90].
Within the classical theory of Green’s functions, the solution to Eq. (2.90) can be written
in the spectral representation [91] as:

G(r, r′, ω) =
∑
k

Ψk(r, ω)Ψ†k(r
′, ω)

ω − Ek(ω)
, (2.96)

here, Ψk are the solutions of the quasiparticle equation,

H0(r)Ψk(r, ω) +

∫
d3r Σ(r, r′, ω)Ψk(r

′, ω) = Ek(ω)Ψk(r, ω). (2.97)

The index k represents the Bloch wavevector and band index in a crystal. Σ is not Hermitian,
and both the real and imaginary part of Σ are symmetric. Subsequently, eigenvalues Ek,
are complex and the quasiparticle wave functions are not orthogonal. In a non-interacting
system, Σ is Hermitian and Ek is real with a quasiparticle of infinite lifetime.
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Alternately, from G spectral representation can be obtained by introducing a complete set of
(N±1) electron states in between the field operators. Subsequently, a Fourier transformation
is performed [91] such that,

G(r, r′, ω) =

∫ µ

−∞
dω′

A(r, r′, ω′)

ω − ω′ − iδ
−
∫ ∞
µ

dω′
A(r, r′, ω′)

ω − ω′ + iδ
. (2.98)

The density of states A or the spectral function is given by [91]:

A(r, r′, ω) =
1

π
Im G(r, r′, ω)sgn(ω − µ)

=
∑
k

hk(r)h∗k(r
′)δ[ω − µ+ e(N − 1, k)]

+
∑
k

pk(r)p∗k(r
′)δ[ω − µ− e(N + 1, k)],

(2.99)

where, ψ are the field operators in the Heisenberg picture with,

hk(r) = 〈N − 1, k|ψ̂(r, 0)|N〉, (2.100)

pk(r) = 〈N + 1, k|ψ̂†(r, 0)|N〉. (2.101)

Here, |N±1〉 is the kth eigenstate of the N±1 electrons with an excitation energy (positive):

e(N ± 1, k) = E(N ± 1, k)− E(N ± 1). (2.102)

and E(N ± 1) is the ground state energy of the N ± 1 electrons. Furthermore, µ is the
chemical potential where µ = E(N + 1)− E(N).
Since the poles of G in Eq. (2.96) and Eq. (2.98) must be the same, the real parts of Ek(ωk)
represent the excitation energies of the N ± 1 electrons. In an infinitely large system, the
poles are very close to each other such that they branch out. For such a system, excitation
spectrum can be interpreted in terms of quasiparticles with energies ReEk(ωk) with lifetimes,
1/Im Ek(ωk). Therefore, from Eq. (2.95), the spectral function, A is given as [91]:

A(ω) =
1

π

∑
k

|Im Gk(ω)|

=
1

π

∑
k

|Im Σk(ω)|
|ω − εk − Re∆Σk(ω)|2 + Im Σk(ω)|2

.

(2.103)

Here, for the non-interacting system H0, Gk is the matrix element of G in an eigenstate,
ψk. The peak of A coincides at Ek = εk + Re∆Σk (Ek), quasiparticle peak with a lifetime
of 1/|Im Ek(ωk)| and renormalization factor (for the Lorentzian form)

Zk =

[
1− ∂Re∆Σk (Ek)

∂ω

]−1

< 1. (2.104)

Fig. 2.1 illustrates peaks for two cases, namely, the non-interacting and interacting sys-
tem. The δ (cf. Fig. 2.1 a) peaks correspond to the spectral peaks at the eigenvalues for
the corresponding single-electron Hamiltonian (non-interacting). These peaks are infinitely
sharp because of the infinite lifetime of the excitations of the system. When interaction
is “switched on”, the lifetimes of such excitations are finite. Many of the δ−peaks merge
together to form a main structure, identified as the “quasiparticle” peak εqps in Fig. 2.1 b,
with a peak width of Γs.
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Figure 2.1: Comparison of the spectral function (adopted from Ref. [93]): (a) non-interacting system, and
(b) quasiparticle system, with the peak at εqps , and peak width of Γs.

2.7.2 Hedin’s equation

Approximations are required for the equation of motion of the Green’s function in Eq. (2.93)
and for Eq. (2.94) as a full solution to these is not available. L. Hedin provided the expansion
of the Green’s function and the self-energy in terms of the screened instead of the bare
Coulomb interaction [21]. The operator identity from Ref. [102] is utilized in Eq. (2.91) by
introducing a small perturbation field Λ such that,

G2(1, 3, 2, 3+) = G(1, 2)G(3, 3+)− δG(1, 2)

δΛ(3)
. (2.105)

The resulting equation is multiplied by G−1 and the resulting expression for the self-energy
is [92]:

Σ̄(1, 2) = δ(1, 2)

∫
d(3)ν(1, 3)G(3, 3+1)− i

∫
d(3, 4)ν(1, 3)G(1, 4)

δG−1(4, 2)

δΛ(3)

= δ(1, 2)νH(1)− i
∫
d(3, 4)ν(1, 3)G(1, 4)

δG−1(4, 2)

δΛ(3)
.

(2.106)

Here, Σ̄ includes the Hartree potential νH, unlike Σ. The following definitions are intro-
duced [92] which are later used to derive Hedin’s equation,
Dielectric function:

ε−1(1, 2) =
δV (1)

δΛ(2)
. (2.107)

Total potential:

V (1) = Λ(1) + νH(1). (2.108)

3-point vertex:

Γ (1, 2, 3) = −δG
−1(1, 2)

δV (3)
. (2.109)

Irreducible polarizability:

P (1, 2) = −iδG(1, 1+)

δV (2)
=
δn(1)

δV (2)
. (2.110)
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Reducible polarizability:

χ(1, 2) = −iδG(1, 1+)

δΛ(2)
=
δn(1)

δΛ(2)
. (2.111)

Screened Coulomb interaction:

W (1, 2) =

∫
d(3)ε−1(1, 3)ν(3, 2). (2.112)

Subsequently, Hedin’s equations are [21]:

P (1, 2) = −i
∫
G(4, 2)G(2, 3)Γ (3, 4, 1)d(3, 4) ,

W (1, 2) = ν(1, 2) +

∫
ν(1, 3)P (3, 4)W (4, 2)d(3, 4) ,

Σ(1, 2) = i

∫
G(1, 4)W (1+, 3)Γ (4, 2, 3)d(3, 4) ,

Γ (1, 2, 3) = δ(1, 2)δ(1, 3) +

∫
δΣ(1, 2)

δG(4, 5)
G(4, 6)G(7, 5)Γ (6, 7, 3)d(4, 5, 6, 7) ,

G(1, 2) = G0(1, 2) +

∫
G0(1, 3)G(4, 2)Σ(3, 4)d(3, 4).

(2.113)

Similar to G, also Γ and W satisfy Dyson-like equations. Together these equations form
Hedin’s pentagon shown in Fig. 2.2 and in principle they must be solved self-consistently.

2.7.3 The GW approximation

In this section the GW approximation is discussed based on Hedin’s equation. The high
computational demand of calculating the vertex, Γ , introduced in the previous section,
makes the iterative self-consistent calculation of Hedin’s equation impossible. To overcome
this challenge, Hedin [21] suggested to consider only the zeroth order of the vertex of the
pentagon [cf. Fig. 2.2, the non-shaded part]. The term, Γ is now written as:

Γ = δ(1, 3)δ(1, 2). (2.114)

Consequently, the approximation makes the self-consistent cycle shorter and less demanding.
Neglecting the vertex correction, polarizability is written as [21]:

P̃ (1, 2) ≈ −iG(1, 2+)G(2, 1). (2.115)

Within this approximation, both the electron and the hole fully interact with the system,
but do not interact with each other, i.e. no electron-hole interaction. Furthermore, the
self-energy is written as:

Σ(1, 2) ≈ iG(1, 2)W (2, 1). (2.116)

This is called the GW approximation, where W is the screened Coulomb interaction. Fourier
transformation on the frequency axis enables to calculate the self-energy contribution to the
quasiparticle energies, written as [103]:

Σ(r, r′, ω) =
i

2π

∫
e−iδω

′
dω′G(r, r′, ω − ω′)W (r, r′, ω′)

+
i

2π

∫
e−iδω

′
dω′G(r, r′, ω − ω′)ν(r, r′).

(2.117)
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Figure 2.2: Hedin’s pentagon [21]: The unshaded part represents the GW approximation where the vertex
correction Γ is neglected.

Here, the first term represents the dynamical contributions which define the correlation part
of the self-energy, Σc, and the second term represents the exchange part of the self-energy,
Σx. In the Hatreee-Fock approximation (HFA), the non-local exchange potential can be
expressed as:

Σx(r, r′) = −
occ∑
n

ψn(r)ψ∗n(r′)ν(r− r′). (2.118)

The self-energy for the HFA is then written (in time domain) as:

ΣHF (r, r′) = iG0(r, r′;−η)ν(r, r′). (2.119)

Thus, with respect to HFA, the GW approximation exchange-correlation contribution to
the self-energy replaces the bare interaction (ν) by a dynamically screened interaction W .
Within random phase approximation (RPA), W in Eq. (2.116) is

W (r, r′, ω) =

∫
ε−1(r, r′′, ω)ν(r′′, r′)dr′′, (2.120)

where, ν(r, r′) = 1/|r−r′| is the bare Coulomb interaction, and ε is the dynamical dielectric
constant, and is written as:

ε(r, r′, ω) = δ(r, r′)−
∫
ν(r, r′′)P (r′′, r′, ω)dr′′. (2.121)

Subsequently, the Fourier transform of P for the non-interacting system with the non-
interacting Green function G0 is [91]:

P (r, r′) =

occ∑
k

unocc∑
k′

ψ∗k(r)ψk′(r)ψ∗k′(r
′)ψk(r

′)

×
{

1

ω − εk′ + εk + iδ
− 1

ω + εk′ − εk − iδ

}
.

(2.122)

Here, ψk and εk are the wave functions and eigenenergies, respectively.
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2.7.4 Implementation of GW approximation: first iteration - G0W0 scheme

In this section a brief overview is provided on the implementation of the GW approximation
scheme. The “single-shot GW” or G0W0 has been used in this work which corresponds to
the Fig. 2.2, i.e. ignoring the vertex correction in Hedin’s equation. It is a single iteration
of the GW cycle starting from an appropriate Green’s function, G0.
The quasiparticle equation (2.97) is reformulated as [93]:

ĥ0(r)ψQP
i (r) +

∫
Σ(r, r′; εQP

i )ψi(r
′)QPdr′ = εQP

i ψQP
i . (2.123)

Here, ψQP
i (r) and εQP

i are the quasiparticle wave functions and energies, respectively, the
wave functions are not orthonormal due to the nonlinearity of the above equation, and Σ
is the non-local and non-Hermitian operator, already defined as self-energy. Furthermore,
there is a formal similarity of the quasiparticle to the KS equation, where the latter is [93]:

ĥ0(r)ϕKS
i (r) + Vxc(r)ϕKS

i (r) = εKS
i ϕKS

i (r). (2.124)

Here, Vxc is the local exchange-correlation potential. In numerous cases the KS eigenvalues
εKS
i agree qualitatively with experiment providing a reasonable estimate of the band struc-

ture. When the quasiparticle and KS wave functions are similar, the self-energy correction
is small and first-order perturbation theory can be used to obtain approximate energies:

εQP
i ≈ εKS

i +
〈
ϕKS
i |Σ(εQP

i )− Vxc|ϕKS
i

〉
. (2.125)

With linear expansion, a solution of the nonlinear equation is obtained, which requires the
knowledge of the frequency dependent self-energy,

Σ(r, r′; εQP
i ) ≈ Σ(r, r′; εKS

i ) + (εQP
i − εKS

i )
∂Σ(r, r′; εKS

i )

∂ω
. (2.126)

Thus,
εQP
i ≈ εKS

i + Zi
〈
ϕKS
i |Σ(εKS

i )− Vxc|ϕKS
i

〉
, (2.127)

where, Z is the quasiparticle renormalization factor, written as:

Zi =

(
1−

〈
ϕKS
i

∣∣∣∣∂Σ(εKS
i )

∂ω

∣∣∣∣ϕKS
i

〉)−1

. (2.128)

W decomposes into bare Coulomb interaction ν and remainder, W − ν, the self-energy is
expressed in terms of exchange and correlation parts as [93]:

ΣGW = iGKS0 W = iGKS0 ν + iGKS0 (W − ν)

= ΣGW
x + ΣGW

c .
(2.129)

Here, G0 is computed from the KS equation. This decomposition is used in Eq. (2.117),

ΣGW
x (r, r′;ω) =

i

2π

∫ ∞
−∞

GKS0 (r, r′;ω + ω′)ν(r, r′)eiω
′ηdω′, (2.130)

ΣGW
c (r, r′;ω) =

i

2π

∫ ∞
−∞

GKS0 (r, r′;ω + ω′)
[
W (r, r′;ω′)− ν(r, r′)

]
dω′. (2.131)

Summarizing the steps of G0W0 [93]:

30



Chapter 2. Theoretical background

1. Starting with the DFT calculation, obtain the KS energies εKS , wave functions ϕKS
i

and compute in addition the exchange part of the self-energy ΣGW
x .

2. The polarization matrix, P is calculated according to the Eq. (2.122) from the KS
energies and orbitals.

3. The dielectric matrix, ε, is calculated from Eq. (2.121).

4. The screened Coulomb interaction, W , is obtained for the matrix multiplication of the
inverse of the dielectric function and the Coulomb matrix.

5. The correlation term
〈
ϕKS
i |ΣGW

c |ϕKS
i

〉
is evaluated from Eq. (2.131).

6. In the final step the quasiparticle energies are obtained from Eq. (2.127) and (2.128).

2.8 Two particle excitation

The propagation of single-particles such as electrons/holes resulting from excitations was
discussed in the previous section and was described as a quasiparticle. During an optical
excitation, the electron excited from the occupied to the unoccupied state generates a hole
and they are not separate entities, but interact with each other via a Coulomb-like field, as
illustrated in Fig. 2.3. The negatively charged electron and the positively charged hole form
an electron-hole pair/“exciton” which is electrically neutral.

Figure 2.3: Formation of exciton in charge-neutral excitation.

By employing approximations within the many-body perturbation theory, the two-particle
Green’s function provides the basis to study the optical properties by taking into consid-
eration the excitonic effects. The Bethe-Salpater equation (BSE) [26] for the two-particle
Green’s function is reduced to an effective non-Hermitian eigenvalue problem with a dynam-
ically screened interaction [104]. A large part of this section follows References [90, 104–106].
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2.8.1 Bethe-Salpeter equation

The BSE [104] for a four-point polarization function is expressed as:

L(1, 2; 1′2′) =− i G1(1, 2′)G1(2, 1′)

− i
∫
G1(1, 3)G1(4, 1′)Ξ(3, 5; 4, 6)L(6, 2; 5, 2)d(3, 4, 5, 6).

(2.132)

Using L0(1, 2; 1′, 2′) = −iG1(1, 2′)G1(2, 1′) to describe the propagation of two independent
particles, the above equation is then:

L(1, 2; 1′2′) = L0(1, 2; 1′, 2′)

+

∫
L0(1, 4; 1′, 3)Ξ(3, 5; 4, 6)L(6, 2; 5, 2′)d(3, 4, 5, 6).

(2.133)

In the term L0, the particles interact with the system and not with each other. Moreover, Ξ
is the kernel that determines the electron-hole interaction i.e. includes the critical excitonic
effects and is written as [104]:

Ξ(3, 5; 4, 6) = i
δ
∑

(3, 4)

δG1(6, 5)
. (2.134)

The interaction kernel Ξ can be represented with respect to the one-particle Green’s function
as:

Ξ(3, 5; 4, 6) =
δ(

∑
H(3, 4)

∑
(3, 4))

δG1(6, 5)
. (2.135)

Here,
∑

and
∑
H are the self-energy and the Hartree part of the self energy, respectively,

and
∑
H is, ∑

H(3, 4) = −iδ(3, 4)

∫
d(5)ν(1, 5)G1(3, 3+). (2.136)

For charge-neutral excitations, which is the main focus of this work, only electron-hole
pairs are considered and electron-electron or hole-hole pairs are ignored under the condition
that t1 = t′1 and t2 = t′2. Thus, terms like L0 in Eq. (2.133), describes the independent
propagation of an electron/hole through the system and is only dependent on the time
difference t2 = t1 [104]. This approach is adopted for the subsequent description.

From the GW approximation from Eq. (2.116), the self-energy is now used for Ξ,

Ξ(3, 5; 4, 6) = −iδ(3, 4)δ(5, 6)ν(3, 6) + iδ(3, 6)δ(4, 5)W (3, 5)

+ iG1(3, 4)
δW (3, 5)

δG1(6, 4)
.

(2.137)

The first term in Eq. (2.137) is the repulsive exchange interaction, the second term describes
the screened electron-hole attraction and the last term represents the change in screening
from disregarding excitations. To decrease the computational cost of Ξ, it is further approx-
imated by assuming static interaction, i.e. the screening is frequency independent and the
interactions are instantaneous, and is written as [106]:

Ξ(3, 5; 4, 6) ≈− iδ(3, 4)δ(5, 6)ν(r3, r6)δ(t3 − t6)

+ iδ(3, 6)δ(4, 5)W (r3, r5)δ(t3 − t5).
(2.138)
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Therefore, through time restrictions and the approximation of Ξ, the resulting BSE only de-
pends on one time difference. The macroscopic dielectric function [90], εM (ω), is connected
to the microscopic inverse dielectric function εGG′(q, ω) by

εM (ω) ≡ lim
q→0

1

ε−1
G=0,G′=0

(q, ω)
. (2.139)

Here, G is a reciprocal lattice vector, and q belongs to the first Brillouin zone. The op-
tical absorption spectrum is the imaginary part ε2(ω) of εM (ω). Within linear response
theory, the polarizability PGG′(q, ω) and εGG′(q, ω) are connected via ν, the bare Coulomb
interaction [90] such that,

ε−1
G=0G′=0

(q, ω) = 1 + νG(q)PGG′(q, ω). (2.140)

These equations will be recalled in the subsequent discussion.

2.8.1.1 BSE in matrix form

This section presents the approach to solve the BSE. A large part of the discussion follows
the implementation in the exciting code which has been extensively used in this work. A
detailed review is available in Refs. [106–110]

The two terms in the BSE (Eq. (2.137)), L0(1, 4; 1′, 3) and L(6, 2; 5, 2), depend on four
points in space and time. These can then be represented as matrices in the basis formed by
product of single-particle wave functions φik [106]. Within the independent particle picture,
these products form the “transition phase” where initial and final state of the transition are
represented by the single-particle wave functions. This basis set can be split into two parts,
resonant and anti-resonant, where the former is transitions from the valence/occupied to
conduction/unoccupied states with positive transition energies and the latter is transitions
from unoccupied to occupied states with negative transition energy. The basis with the
functions ΥR and ΥA for resonant and anti-resonant space, respectively, is defined as [105,
106]:

ΥR
αq(r, r′) = φvk+(r)φ∗ck−(r′), (2.141)

ΥA
αq(r, r′) = φc(−k−)(r)φ∗v(−k+)(r

′). (2.142)

Here, the index v/c denote the occupied/unoccupied states, and the k-point set is chosen
so that k± = k ± q

2 . Also, α is a combined index, α ←→ {v, c,k} which, together with
index q, uniquely labels the single-particle transitions from φvk− to φck+ [106]. The basis
function obeys the time-inversion symmetry, such that for a Bloch eigenstate φnk of the
single-particle Hamiltonian with eigenvalue εnk, the orbital φn(k)(r) = φ∗n(−k)(r) is also an

eigenfunction with the same eigenvalue [105], i.e. εnk = εn(−k). Thus,

ΥR
αq(r, r′) = ΥA

αq(r, r′). (2.143)

Therefore, the matrix elements of L are [106]:

Lij(q) =

∫
d3r1d3r′1d3r2d3r′2Υ∗iq(r1, r

′
1)L(r1, r2, r

′
1, r
′
2)Υjq(r′2, r2). (2.144)
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The indices i and j combine the indices of the transition (α) and of the resonant or anti-
resonant subspace (R/A). As a consequence of the basis set, the single-particle correlation
function L0 in Eq. (2.137) becomes diagonal, whereas the inverse of the functions then
follows:

L−1
0 (q, ω) = −

[(
Eip(q) 0

0 Eip(q)

)
− ω

(
1 0
0 −1

)]
. (2.145)

Here,
Eip
α,α′(q) = (εck− − εvk+)δα,α′ , (2.146)

where, the quasiparticle energies are εck± .
The BSE in Eq. (2.137) can be expressed as a matrix equation in the basis of Eq. (2.141)
and (2.142). In a crystalline system, the response function can be written as a sum of
functions defined for each point in the Brillouin zone (L =

∑
qLq). Consequently, the BSE

is solved for every q-point [106], such that,

L(q, ω) = [L−1
0 (q, ω)− Ξ(q)]−1. (2.147)

Substituting L0 from Eq. (2.145) in the above equation results in:

L(q, ω) = −[H(q)− ω∆]−1. (2.148)

Where, H(q) includes all frequency-independent terms and ∆ =

(
1 0
0 −1

)
. H(q) is the

effective Hamiltonian or the BSE Hamiltonian, and the eigenstates of H(q) are also the
eigenstates of L. Employing the time-reversal symmetry [105] and symmetry property of
Eq. (2.143), the resulting Hamiltonian is hermitian and is written as [106]:

H(q) =

(
A(q) B(q)
B(q) A(q)

)
. (2.149)

Here, the diagonal block is,

A(q) = Eip(q) + 2γxVRR(q)− γyWRR(q). (2.150)

And the coupling block is,

B(q) = 2γxVRR(q)− γyWRA(q). (2.151)

The resonant-resonant and resonant-antiresonant screened Coulomb interaction, WRR(q)
and WRA(q), respectively, are introduced along with the resonant-resonant exchange inter-
action VRR(q) [106]. The spin degree of freedom is included with the help of the factors γx

and γy such that, spin-singlet excitation are obtained with (γx = γy = 1) and spin-triplet
with (γx = 0, γy = 1).

2.8.2 Solving the BSE

2.8.2.1 BSE as an eigenvalue problem

The resolvent L(q, ω) = −[H(q) − ω∆]−1 [see Eq. (2.148)] is determined by employing the
solutions of the generalized eigenvalue problem (GEVP) [106],

H

(
Xλ

Yλ

)
= Eλ∆

(
Xλ

Yλ

)
. (2.152)
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From Ref. [111] it follows,

[H− ω∆]−1 =
∑
λ

1

Eλ − ω

(
Xλ

Yλ

)(
Xλ

Yλ

)†
+

1

Eλ + ω

(
Yλ

Xλ

)(
Yλ

Xλ

)†
. (2.153)

Here ∆ is the effective two-particle. Employing direct diagonalization scheme [105, 111]
to obtain the solution of the full BSE, the GEVP in Eq. (2.152) can be mapped onto an
auxiliary EVP of half its size. The resulting Hamiltonian is:

S = (A− B)
1
2 (A + B)(A− B)

1
2 . (2.154)

Furthermore,
SZλ = E2

λZλ. (2.155)

The solutions of the above equation are used to reconstruct the eigenvalues and eigenvectors
of Eq. (2.152). Provided that (A + B) and (A − B) are positive definite, the solutions of
Eq. (2.152) are [106]:

Xλ + Yλ = (A− B)
1
2 (
√

Eλ)−1 Zλ, (2.156)

and
Xλ −Yλ = (A− B)

1
2

√
Eλ Zλ. (2.157)

Within the Tamm−Dancoff approximation (TDA) [112], the coupling between excitations
and de-excitations is neglected. This implies, that the coupling blocks between the resonant
and anti-resonant subspace are neglected (B = 0), where the eigenvalue problem is modified
to:

HTDAXλ = AXλ = EλXλ. (2.158)

2.8.2.2 Dielectic properties from the BSE solutions

From the eigenstates of the BSE Hamiltonian through the matrix elements Lαα′(q, ω) of
Eq. (2.148) and the plane-wave matrix elements, Mα(G,q) = Mcvk−(G,q), the Polarizabil-
ity, PGG′(qω), is obtained as [106]:

PGG′(qω) =
1

Ω

∑
αα′

Mα(G,q)Kij(ω)M∗α′(G
′,q). (2.159)

Here Ω denotes the crystal volume. From Eqs. (2.148) and (2.153), Eq. (2.159) is expressed
in terms of the BSE eigenvectors and eigenvalues as:

PG,G′(qω) =
∑
λ

(
1

ω − Eλ + iδ
+

1

−ω − Eλ − iδ

)
τ∗λ(G,q)τλ(G,q). (2.160)

Here transition coefficients τλ are introduced [106] such that,

τλ(G,q) =
1√
Ω

∑
α

(Xλ + Yλ)†α M∗
α(G,q). (2.161)

These terms are a sum of weighted plane-wave matrix elements and the weights are computed
from the respective BSE eigenvectors. The signs of the imaginary broadening factors iδ are
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chosen to ensure that the resulting response function is retarded [104]. Therefore, the
macroscopic dielectric function εM (G + q, ω) is:

εM (G + q, ω) =
1

1 + νG(q)PGG(q, ω)
. (2.162)

For momentum transfer Q = G + q, the dielectric function is [106]:

εM (Q, ω) =

[
1 + νG(q)

∑
λ

(
1

ω − Eλ + iδ
+

1

−ω − Eλ − iδ

)
|τλ(G,q)|2

]−1

. (2.163)

Here, the oscillator strengths are calculated from the square moduli of the transition coef-
ficients τλ.

In brief, the description of the calculation of the spectrum is as follows [106]:

The solution of the BSE hamiltonian discussed in Ref. [107] stated as an effective two-particle
hamiltonian Eq. (2.164) and discussed in the previous section, is employed to calculate the
two-particle electron-hole wave function.∑

v′c′k′

Hvck,v′c′k′A
λ
v′c′k′ = EλAλvck. (2.164)

The equation describes the transitions from the valence, v, to the conduction band, c, region
and the eigenvalues Eλ and eigenvectors Aλ

vck represent the excitation energies and mixing of
the transitions for the two-particle system, respectively. The magnitude of the e-h coupling
coefficient of a particular transition are calculated from the BSE eigenvector Aλ in reciprocal
space as:

wλck =
∑
v

| Aλvck |2, wλvk =
∑
c

| Aλvck |2 . (2.165)

The magnitudes can then be plotted in reciprocal-space to obtain a pictorial representation of
the intensity of the e-h contribution. In this work, similar to previous works [109, 113] among
others, the magnitudes are denoted as circles which are projected on the band structure in
reciprocal space. Such representations are discussed in the subsequent chapters to get a
deeper insight into the origin of the prominent features and peaks in the spectrum. In
addition, the BSE eigenvectors Aλ provide information about the spatial distribution of the
exciton in real space, acting as coefficients in the two-particle excitonic wave functions:

Ψλ(rh, re) =
∑
vck

Aλvckψ
∗
vk(rh)ψck(re). (2.166)

The electronic/hole part of the excitonic wave function can be plotted by fixing the hole/electron
position in a simulation box. All the coordinates are in real space. The wave function in
real space provides information on the extent of the spread of the exciton, and also reveals
the type of exciton, namely the Wannier-Mott, Frenkel and charge-transfer. This method
has been employed in the present work, and the plots are presented and discussed in the
next chapters.
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2.8.3 Model BSE: mBSE

Alternative to the complete G0W0+BSE calculation, there is also a less computationally
involved analytic model for the static screening,[36, 37, 114], according to the equation:

ε−1(q) = 1− (1− ε−1
∞ )e

−π2|q +G|2

4λ2 . (2.167)

where ε∞ is the ion-clamped static dielectric function, λ is the range separation parameter
obtained by fitting the curve to the screened Coulomb kernel diagonal values obtained from
the G0W0 calculation and q and G are the wave and lattice vectors, respectively. The
mBSE is carried out starting from the DFT one-particle energies and applying the scissors
operator with a shift corresponding to the difference between the G0W0 and DFT band gaps.
This method reduces the computation cost by eliminating the G0W0 step. To obtain better
convergence at the lower energy range in the optical spectrum, it is necessary to perform
calculation with a dense k mesh. This can be achieved by the mBSE method.

2.9 Spectroscopy

The focus of this thesis is to unravel the effects of many-body interactions that occurs in
spectroscopy. Spectroscopy is a powerful tool to characterize materials that yields impor-
tant properties such as the electronic structure, chemical composition, and dielectric function
among others. A good theoretical description allows us to calculate as accurately as possible
the quantities measured in spectroscopic experiments. In this section a brief overview of few
of the spectroscopy techniques which are often used in conjunction with theory to charac-
terize materials is presented. In the most simple description of a spectroscopic experiment,
the set up consists of a source, a sample (system), and an analyzer. The sample interacts
with the incoming perturbing field which results in excitations due to the exchange of energy
between the field and the sample. Therefore, the outgoing field comprises of the exchange
information, which is then analyzed to characterize the spectrum from the excitations in
the sample. For the incoming perturbing field, experimental procedures employ either elec-
trons (electron-energy-loss spectra (EELS)) or photons (visible and ultraviolet absorption,
reflectivity and transmission spectra). A combination of both electron and photon is used
in electron photoemission (PE) and inverse photoemission (IPE) spectra. The source must
be characterized prior to the interaction with the system; for example, in EELS the elec-
tron beam can be parameterized by the average kinetic energy of the incoming electrons,
and in PE or absorption spectroscopy, the incoming light radiation is characterized by its
intensity, energy, polarization, and the angle of incidence. On the other hand, the analyzer
measures the intensity of the outgoing field or the number of particles at a given energy and
momentum. The information on the loss of energy or the change in momentum is related
to the exchange between the field and the system, and provides insight into the excitations
within the system.

In Fig. 2.4 (adopted from Ref. [90]), we present the three prototypical spectroscopic
techniques namely – direct PE, IPE and absorption. In the PE process [see Fig. 2.4(a)]
the system interacts with an incoming photon hν, and an electron with kinetic energy Ek is
ejected. This electron is then measured at some distance by the analyzer. Within the sim-
plest approximation, the independent particle (IP) picture, the photoelectron is considered
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to be completely decoupled from the sample, i.e. the properties of the photoelectron can be
described completely independently of other electrons in the system. Thus, the change in
energy is indeed the energy of the “hole” that was previously occupied by the photoelec-
tron. Hence, one can generalize that photoemission measures the density of occupied states.
Correspondingly, IPE [see Fig. 2.4(b)] yields information about the density of unoccupied
states. Thus, the resulting spectrum of such a system is the weighted sum over all possible
excitations of the electrons. Therefore, according to Fermi’s golden rule, the spectrum S(ω),
as function of the frequency of the incoming field ω is:

S(ω) ∝ |Pif |2δ(Ef − Ei − ω). (2.168)

Here |Pif |2 is the energy-independent probability for one electron to be excited from the
initial state |i〉 of energy Ei to final energy Ef with final state |f〉, with the energy conversion
ensured by δ. Moreover, in absorption experiments [see Fig. 2.4(c)] also an electron from

Figure 2.4: Schematic representation of the excitation involved in: (a) direct photoemission, (b) inverse
photoemission, and (c) absorption spectroscopy (adopted from Ref. [90]).

the occupied state is excited to the unoccupied state. However, the excited electron remains
inside the system, unlike in the PE/IPE spectroscopy. One of the most critical effects to
consider in such absorption experiments is the fact that the excited electron and hole cannot
be treated as independent entities, as the electron interacts with the hole.

2.9.1 Photoemission spectroscopy

Angle-resolved photoemission spectroscopy (ARPES) is one of the most widely employed
photoemission spectroscopy. From the photoelectric effect [115, 116], in an ARPES exper-
iment when the incident photon energy is higher than the work function of the sample,
electrons from the sample are ejected, and the outgoing photoelectrons have an energy as
per the following relation [116]:

Ekin(k) = hν − EB(k)− φ. (2.169)
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Here, Ekin (k) is the energy of the ejected photoelectron with a momentum (k), hν is the
incoming field, EB(k) is the binding energy of the electron, and φ is the work function
of the material. Within Hedin’s sudden approximation [117], the ejected electron in the
photoemission process does not perturb the system while propagating, and also does not
interact with the hole it creates. This simplifies into the picture of an instantaneous creation
of a hole in the system. Such am approximation of non-interacting particles can be realized
within the IP picture and results in δ peaks [see Fig. 2.1(a)] as discussed in Sec. 2.7.1.
However, in the PE spectrum, one observes wide peaks. Such peaks can only be explained
as a result of the interaction among the particles in the system [see Fig. 2.1(b)], known
as quasiparticle peak (quasielectron/quasihole). The resulting spectral function is thus
obtained as in Eq. (2.103). Due to the dynamical effects in the PE process i.e. interaction
of particles in the system, emergence of satellite structures are observed in the PE spectrum
whose intensities are much lower compared to the quasiparticle peaks. More details on
ARPES can be found in Ref. [118]. Although, it is possible to describe such PE spectra rather
well within the quasiparticle approach, an important effect to consider are the excitonic
effects which are discussed below, to achieve the best agreement with experiment.

2.9.2 Absorption spectroscopy

When an incoming radiation interacts with a sample, its intensity varies as a function
of frequency or wavelength. The experimental technique that measures this absorption
(across the electromagnetic spectrum) falls under absorption spectroscopy. It is termed as
a “neutral excitation” owing to the fact that the incoming photon results in the excitation
of the electron from a ground state to an excited state, subsequently forming a positively
charged hole. The electron and hole are attracted to each other by the electrostatic Coulomb
force due to the opposite charge, and this electron-hole pair forms a bound exciton which
is electrically neutral. These bound excitons can transfer energy without transporting any
net electric charge.

To describe such absorption spectrum we have to go beyond the independent parti-
cle/quasiparticle picture and include the critical electron-hole interactions/excitonic effects.
In this work, we have included the excitonic corrections by solving the Bethe-Salpeter equa-
tions, already discussed in Sec. 2.8.1.

2.9.2.1 Spectroscopic ellipsometry

Ellipsometry is one of the most widely used spectroscopic techniques to obtain the op-
tical spectrum. It is an optical measurement technique that characterizes light reflec-
tion/transmission from samples and measures the change in polarized light upon light reflec-
tion/transmission on/by a sample. Ellipsometry measures two values, ψ and ∆, representing
the amplitude ratio and phase difference, respectively between light waves known as p and
s polarized light waves. Moreover, the spectroscopic ellipsometry measurements are per-
formed in the ultraviolet/visible region, and measurement in the infrared region has been
performed widely. The fundamental ellipsometric relationship is [119]:

ς ≡ rp
rs
≡ tan ψ exp(i∆). (2.170)

Here rp and rs are the Fresnel reflection coefficients for p and s polarized light, respectively.
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In theory, for isotropic bulk samples, the dielectric function can be directly calculated from
the measured ellipsometric quantities. However, in practice, the measured dielectric function
usually has contributions from surface effects and/or adsorbates [120], and is termed as the
pseudodielectric function 〈ε〉. These contributions result in a pseudoabsorption (ε > 0) far
below the first optical transition. To describe these surface effects, typically a Bruggeman
effective medium approximation (EMA) is employed assuming 50% each of bulk and void
[120]. Spectroscopic ellipsometry is most commonly employed to study the valence electron
excitations.

2.9.2.2 Electron energy-loss spectroscopy

Electron energy-loss spectroscopy (EELS) involves measurement of the energy distribution
of electrons subsequent to interaction with a sample, and the energy loss due to inelastic
scattering [121]. When electrons pass through a sample, they undergo scattering (change in
direction) due to the interactions with the atoms in the sample. These interactions involve
electrostatic (Coulomb) forces and for simplicity the scattering can be divided into elastic
and inelastic. In elastic scattering the interaction is between the incident electron and an
atomic nucleus (in the sample), whereas, an elastic scattering is a result of the Coulomb
interaction between the incident electron and atomic electrons (in the sample).

Plasmon excitation is a prominent form of inelastic scattering in solid, and is due to pres-
ence of weakly bound outer-shell electron (valence electron in semiconductors/insulators,
and conduction electron in metals) to the atoms but are coupled to each other via electro-
static forces. Due to the Coulomb repulsion, these electrons are displaced by the incident
fast-moving electron, and forms a correlation hole (a region of size ∼ 1nm with net positive
potential) that trails behind the electrons. Consequently, when the electron moves through
the sample, it looses energy due to the backward attractive force of the correlation hole.
This gives rise to plasmons, and each of these pseudoparticles carry a quantum of energy,
Ep = hfp, where fp is the plasma frequency in Hertz.
In elastic scattering, as the nuclear mass greatly exceeds the rest mass of an electron, ex-
change of energy is very small. During the elastic scattering by a single atom, the differential
cross section is the probability of scattering per unit solid angle Ω is calculated as [122]:

dσe
dΩ

=

[
4Z2

k2
0T

]
(θ2 + θ2

0)−2. (2.171)

Here Z is the atomic number, k0 is the electron wavenumber (2π/wavelength) and T is the
nonrelativistic incident energy. In addition, θ is the scattering angle of the electron, and
θ0 ≈ Z1/3/k0a0 is the angular width of the scattering distribution, and a0 is the first Bohr
radius (5.29× 10−11 m).

On the other hand, inelastic scattering, due to the similar mass of the incident electron
and the sample electron (electrons of the atoms), results in appreciable energy exchange (loss
of energy), typically a few eV up to hundreds of eV. The double-differential cross section
for inelastic scattering is given by a small-angle approximation:

d2σi
dΩdE

=

(
4χ2

q2

)(
R

E

)(
df

dE

)
,

=

(
a2

0R
2

T

)[(
1

E

)(
df

dE

)]
(θ2 + θ2

E)−1.

(2.172)
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Here, χ is the relativistic factor (the fractional increase in relativistic mass of the incident
electron), q is the magnitude of the scattering wave vector, R is the Rydberg energy (13.6
eV), and df/dE is the energy-differential optical oscillator strength, which is a function
of E (energy loss) and not of θ, the scattering angle. Since E -dependence, df/dE, is
characteristic of the specimen, it renders EELS very useful.

Moreover, the energy-loss spectrum is related to the dielectric properties of the sam-
ple. The term in Eq. (2.172), (1/E)(df/dE), can be replaced by the energy-loss function,
Im[−1/ε(E)] = ε2/(ε

2
1 + ε22), where ε(E) is the complex permittivity with ε1 and ε2 are

the real and imaginary parts, respectively. Employing the Kramers-Kronig transformation,
Re(1/ε) is obtained. Due to the aforementioned connection, energy-loss spectra can be pro-
cessed to yield ε1(E) and ε2(E) over a wide range of photon energy, varying from the visible
to the x-ray region. Therefore, EELS is often used as an experimental technique for the
study of both valence and core electron excitation.

2.9.2.3 X-ray absorption spectroscopy

With the aid of tunable x-ray beams using synchrotron radiation, x-ray absorption spec-
troscopy is used to obtain the structural electronic, and magnetic properties of matter. On
scanning the X-ray energy through the binding energy of a core shell, an abrupt increase
in absorption cross-section is observed. This results in the so-called absorption edge, where
each edge represents a different core–electron binding energy. This edge is characteristic for
each element and thus, XAS is an element-specific technique. The structure in the vicinity
of the edge is often referred to as x-ray absorption near-edge structure (XANES) and at
higher energies the extended X-ray absorption fine structure (EXAFS) region is found. The
electronic density of states effects determine the spectral shape in the near-edge region and
XANES yields information primarily on the electronic properties and the local geometry of
the absorbing atom. On the other hand, single scattering events of the outgoing electron on
the neighboring atoms dominate the EXAFS region, and thus the spectral shape provides
information about the local geometry around the absorbing site.

The edges are named according to the principle quantum number (n) of the excited
electron, i.e. n = 1, 2 and 3 correspond to the K, L and M edges, respectively. An in-depth
description on the XAS is provided in Ref. [123, 124]. IThe different detection modes in
XANES are: transmission, electron yield, florescence and partial fluorescence yield, EELS
and x-ray Raman, and XANES microscopy.
During XANES, the x-ray interacts with the sample and the subsequent intensity of the x-
ray is measured in transmission experiments. A homogeneous sample is a vital prerequisite
of transmission detection. Upon absorption of an ionizing X-ray, a photoelectron is ejected
and a highly excited core-hole state is left behind. This core-hole can relax by an emission of
an Auger electron, or by x-ray fluorescence. For higher-energy excitation fluorescence decay
dominates, and this decay of the core hole can be used for the absorption measurement. The
mean free path of the photon resulting from the fluorescent decay is of the same magnitude
as the incoming x-ray, implying saturation effects in the absence of a dilute sample [123].

2.9.3 TiO2: Experimental spectra for valence and core electron excitation

As a prototypical example for the excitation of valence and core electron, and to gain more
insight into the resulting spectra, we present the experimental optical and XAS spectra spec-
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tra of TiO2. Fig. 2.5 shows the optical spectrum of pristine (blue line) anatase TiO2 [125],

Figure 2.5: Optical spectrum of anatase TiO2 from Ref. [125]: Real part of the dielectric function obtained
with spectroscopic ellipsometry.

where the electric field is polarized along the a-axis in Fig. 2.5(a) i.e. E ⊥ c, and along the
c-axis in Fig. 2.5(b) i.e. E ‖ c. The quasiparticle indirect and direct band gap measured
with ARPES is marked in the Fig. 2.5(a) at 3.47 and 3.97 eV, respectively. The peak at
3.79 eV marks the direct optical band gap, and with combined ARPES and SE, the binding
energy of the exciton belonging to the first peak at I is 180 meV. In addition, the results are
also presented for the crystal doped with excess electron density (red line) by introducing
oxygen vacancy. The figure shows the effect of excess electron and the electric orientation
to study the transitions (band gaps). Moreover, the presence of charge-transfer exciton
in anatase TiO2 was subsequently confirmed in Ref. [126]. Due to the similar octahedral
environment of Ti in anatase or rutile TiO2 and in SrTiO3, this serves as a good starting
point to understand the spectrum of SrTiO3 in the next chapters.

Figure 2.6: Representative spectra of the Ti L2,3 edge from Ref. [123].
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Fig. 2.6 presents the representative Ti L-edge XAS of rutile and anatase TiO2 and Ti2O3

[123]. The two peaks in the L2 and L3 are attributed to transitions to Ti t2g and eg. The
peaks in the spectra are distinct for different Ti oxidation states (Ti3+ and Ti4+ ) and for
different coordination states ([4]Ti, [5]Ti, [6]Ti). Titanium in the Ti3+ state has two peaks in
the L3 edge with the higher energy peak being somewhat asymmetric without any splitting.
At the L2 edge, the splitting and relative intensities of the t2g and eg peaks decreases in the
order [6]Ti > [4]Ti > [5]Ti. Moreover, [5]Ti has an additional small peak on the low energy
side of the L2 edge which may be attributed to the differences between the t2g orbitals.
Thus, we see that the XAS spectrum provides a good description to distinguish the different
local environment of a given material.
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Chapter 3

Results I: Electronic and optical
properties of bulk SrTiO3 and MgO

“You may never know what
results come of your actions, but
if you do nothing, there will be no
results.”

Mahatma Gandhi

Two paradigmatic oxides − SrTiO3, a perovskite material, and MgO, a wide band gap ma-
terial, are studied in this chapter. At first, the ground-state structural and electronic prop-
erties of these two materials are discussed, along with the effects of the exchange-correlation
functional on the ground-state properties. An in-depth analysis of the optical spectrum
calculated by including many-body corrections and excitonic effects is presented. Starting
from the independent particle approximation, the influence of quasiparticle corrections on
the electronic structure via the band structure, and on the optical spectra is discussed.
Subsequently, the electron-hole interactions are accounted for by solving the Bethe-Salpeter
equation (BSE) highlighting that inclusion of excitonic corrections is critical to obtain the
best agreement with experiment. The knowledge of the ground-state electronic structure
is utilized to analyze the orbital contributions of the interband transitions responsible for
the prominent peaks in the spectrum with the aid of BSE eigenvectors. In addition, the
real-space projection of the exciton wave function is presented to characterize the exciton,
and to the determine the extent of localization of the wave function. A large part of this
chapter has been published in Refs. 28, 29.

3.1 Introduction: SrTiO3 and MgO

SrTiO3 undergoes a cubic to tetragonal transition at 105 K, associated with an antiferrodis-
tortive (AFD) rotation of the TiO6 octahedra [127–129], [see Fig. 3.1(b)]. It is a quantum
paraelectric where ferroelectricity (FE) is suppressed by quantum oscillations [130]. More-
over, a superconducting behavior [131] in observed, from application of electric field or small
doping, whose origin is strongly debated. SrTiO3 serves also as a substrate material for high
TC superconductors and in oxide electronics [7]. Despite being a band insulator in the bulk
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Figure 3.1: Top view of the cubic (a) and tetragonal (b) phase of SrTiO3 with the antiferrodistortive rotation
of the TiO6 octahedra and the 10-atom simulation cell in the latter. Sr, Ti and O ions are shown in green,
light blue and red, respectively.

with a charge transfer type of a band gap between occupied O 2p states and empty Ti 3d
states, SrTiO3 hosts a two-dimensional electron gas at its interface e.g. with LaAlO3 [132]
and at the surface [10, 11].

Bulk SrTiO3 has been intensively studied with different first-principles methods [66–
68, 133]. Due to the unique behavior and the strong interplay between structural distor-
tions and electronic properties, it requires a high accuracy in the theoretical description.
Available local and semi-local functionals either underestimate [66, 67] (local density ap-
proximation, LDA) or overestimate [66, 67] (generalized gradient approximation, GGA) the
lattice parameters and both underestimate strongly the band gap. Moreover, GGA in the
implementation of Perdew, Burke and Enzerhof (PBE96) [57] significantly overestimates
the rotational angle of the AFD phase [66, 67]. On the other hand, hybrid functionals
can improve the description of both the structural [66–68, 133] and electronic [66, 67, 133]
properties, but at a significantly higher computational cost.

Studying the spectral properties resulting from the excitation of valence or core electrons is
the major focus of this work. In this chapter we focus on the excitation of valence electrons
to unoccupied states to gain insight into the electronic structure, and optical properties
such as, dielectric function and exciton binding energies. Various experimental methods
have been employed to obtain the optical spectrum of SrTiO3 such as reflectivity [134],
ellipsometry [8], x-ray absorption spectroscopy [135], among others. In this work, for the
cubic phase, the optical spectrum measured by Benthem, Elsässer and French [8] using
valence electron-energy loss and ultraviolet spectroscopy (VEELS and VUV), and for the
AFD phase, the temperature-dependent ellipsometry data by Gogoi and Schmidt [33], are
compared with our theoretical spectra. In early theoretical work, the optical spectrum has
been mostly calculated within the independent particle (IP) picture [136, 137]. However,
the IP picture fails to describe optical excitation correctly due to the lack of many-body
corrections. As discussed in Chapter 2, employing the GW approximation, introduced by
Hedin [138], enables us to overcome this problem. Several studies performed previously GW
calculations (mostly single shot G0W0) on SrTiO3 [139–141], and showed an improvement in
the spectra over the IP picture. Beyond the GW approximation, electron-hole interactions
significantly alter the spectrum which can be accounted for by solving the Bethe-Salpeter
equation (BSE) [104]. Two previous G0W0+BSE studies on cubic SrTiO3 [30, 142] show
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significant improvements of the spectrum, pointing towards the important role of excitonic
contributions for this material, whereas some deviations still remain.

MgO is one of the most widely studied oxides which is used as a substrate material and
in various heterostructures with applications related to tunneling magnetoresistance [16–
18]. The structural and electronic properties of MgO with a measured band gap between
7.7 [143] and 7.83 eV [144] have also been widely studied with first-principles calculations [23,
25, 35]. Unsurprisingly, the density functional theory (DFT) calculations with semi-local
functionals significantly underestimate the band gap [23, 25, 32]. Many-body perturbation
theory calculations employing Hedin’s GW approximation [138] yield an increased band
gap [23, 35], which is still lower than the experimental one. The optical spectrum for MgO,
calculated by Wang et al. [32] using LDA as the exchange-correlation (xc) functional for
the DFT calculation and subsequently including GW and excitonic corrections, agrees with
experiment [145] with respect to peak positions up to 12 eV, whereas the amplitude of
the peaks beyond the first one is overestimated due to the limited number of unoccupied
bands employed in the BSE corrections. Schleife et al. [25] studied the frequency-dependent
dielectric function for different MgO polymorphs – wurzite, zinc blende, and rocksalt –
in the IP approximation using the GGA functional in the PW91 parametrization [146].
Good agreement with experiment concerning the peak positions was obtained by including
excitonic corrections with BSE, based on the Kohn-Sham (KS) eigenenergies and a scissors
operator to describe the quasiparticle eigenenergies [31, 147].

In this chapter, first the results for bulk SrTiO3 calculated with Vienna Ab initio Sim-
ulation Package (VASP) [148, 149], employing pseudopotentials in combination with the
projector augmented wave (PAW) method [150] are presented. The performance of the
recently implemented meta-GGA xc functional – strongly constrained and appropriately
normed SCAN [62] is determined. The lattice constant and band gap calculated with SCAN
are compared to the values obtained with GGA (PBE96 [57], PBEsol [58, 151]) and the
screened hybrid functional of Heyd, Scuseria and Ernzerhof [71–75](HSE06), for both the
cubic, and AFD phase. Regarding the optical spectrum, the effect of the xc functional on
the optical spectrum is systematically studied, using GGA (PBE96,PBEsol), meta-GGA
(SCAN) and hybrid functional (HSE06). In addition, the contribution of interband transi-
tions to the excitonic features are analyzed and compared to the performance of a model
BSE approach [36, 37] [see Ref. (2.167)] to describe the spectrum. Moreover, the effect of
the tetragonal distortion on the optical spectrum is explored, that to our knowledge has
not been addressed so far from first-principles. In addition, the optical properties of bulk
SrTiO3 calculated with exciting code [108] employing the all-electron full-potential (lin-
earized) augmented planewave + local orbital [(L)APW+lo] method are presented. The
reciprocal-space analysis of the origin of prominent features in the spectrum, and the real-
space projection of two prominent excitons are discussed.

For MgO, the description of the optical spectrum including many-body effects is presented.
The optical spectrum calculated with two different starting functionals (PBEsol and HSE06)
including the G0W 0 and BSE corrections are discussed and compared with experiment [143,
152], and previous theoretical work [31, 147]. Beyond previous work a thorough analysis of
interband transitions contributing to the peaks in the optical spectrum, and the real-space
projection of the first exciton is presented. Finally, the spectrum obtained with model BSE
is discussed and compared with the full BSE (G0W 0+BSE) spectrum.
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3.2 Structural and electronic properties of SrTiO3

3.2.1 Cubic Phase

The equilibrium lattice constants and bulk moduli of the cubic phase (space group Pm3̄m)
are presented in Table 3.1 obtained with different xc functionals. All the calculation details
are provided in Appendix A.1. With PBE96 the equilibrium lattice constant (3.938 Å) is
∼ 1% larger, while the values obtained with PBEsol (3.896 Å), SCAN (3.901 Å), and HSE06
(3.896 Å) are very close to the experimental value of 3.905 Å [153]. The results obtained
within PBE96, PBEsol and HSE06 agree with previous studies [66–68, 133]. On the other
hand, the bulk modulus is underestimated within PBE96 (167 GPa) and overestimated by
SCAN and HSE06 (192 and 191 GPa, respectively), while PBEsol gives the closest value
to experiment (179 GPa [154]). Overall, SCAN predicts structural properties similar to the
hybrid functional HSE06, but with a much lower computational effort that is comparable to
GGA (PBE96). The band structure obtained with SCAN and HSE06 is displayed in Fig. 3.2.

Table 3.1: Comparison of the lattice constant and bulk modulus calculated with different functionals for the
cubic phase of SrTiO3.

PBE96 PBEsol SCAN HSE06 B3LYP B3PW Exp.

a0 (Å) Present 3.938 3.896 3.901 3.896 3.9051

Ref.66 3.943 3.898 3.904

Ref.67 3.941 3.897 3.902

Ref.68 3.94 3.94 3.90

Ref.133 3.912

B0 (GPa) Present 167 185 192 191 1792

Ref.66 168 185 192

Ref.67 169 184 193

Ref.68 169 177 177

1 Reference 153.
2 Reference 154.

The valence band within SCAN has an energy range of -4.7 eV − 0.0 eV and is somewhat
broader for the HSE06 calculation. The valence band maximum (VBM) is at R, whereas the
conduction band minimum (CBM) is at Γ . The values for the direct (Γ − Γ ) and indirect
(R − Γ ) band gap obtained with the different functionals are given in Table 3.2. With
PBE96, the indirect and direct band gaps are 1.81 and 2.18 eV, respectively, 44% and 42%
smaller than the experimental values. Similar values (1.83 and 2.19 eV) are obtained within
PBEsol, consistent with Wahl et al. [66]. SCAN shows a notable improvement with indirect
and direct band gaps of 2.26 and 2.64 eV, respectively, that reduces the underestimation
to 30%. For HSE06, the band gap values (3.35 and 3.73 eV) are slightly overestimated
but are closest to the experimental values (3.25 and 3.75 eV) and concurrent with Ref. 67.
Other hybrid functionals such as B3LYP [155] and B3PW [156] strongly overestimate the
band gap [133]. Additionally, the projected density of states (PDOS) in Fig. 3.2 reveals the
contribution of each ion. In agreement with previous studies, the valence band is dominated
by O 2p states, whereas the CBM comprises Ti t2g states (total width of ∼ 2.5 eV), followed
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Figure 3.2: Comparison of the band structure of cubic SrTiO3 along the high symmetry directions with
SCAN functional without and with Ueff and HSE06. For SCAN with Ueff = 7.45 eV the band gap is close to
the HSE06 and the experimental value.

by a narrower Ti eg band, consistent with the octahedral coordination of Ti. Finally, a
broader unoccupied Sr 4d and 5s band emerges between 7 and 12 eV, with HSE06 this band
is shifted about 1 eV higher.

Table 3.2: Comparison of the indirect (R − Γ ) and direct (Γ − Γ ) band gap calculated with different
functionals for the cubic phase of SrTiO3.

Band gap (eV) PBE96 PBEsol SCAN HSE06 B3LYP B3PW Exp.

Indirect,
R− Γ

Present 1.81 1.83 2.26 3.35 3.251

Ref.66 1.80 1.82 3.07

Ref.67 1.74 1.75 3.20

Ref.68 1.99 3.57 3.63

Direct,
Γ − Γ

Present 2.18 2.19 2.64 3.73 3.751

Ref.66 2.18 2.18 3.47

Ref.67 2.11 2.10 3.59

Ref.68 2.35 3.89 3.96

1 Reference 8.

3.2.2 Orbital projection of the ionic contributions on the band structure

The orbital-resolved contributions of Sr, Ti and O is presented in Fig. 3.3. The orbital-
resolved contributions of the ions are projected on the ground state band structure cal-
culated with VASP, where the size of the circles represent the magnitude of the orbital
contribution. We will refer to these contributions later in the chapter to analyze the origin
of prominent peaks of the optical spectrum in reciprocal space. In Figs. 3.3(g)–3.3(i) the
orbital contributions from the Ti ion are plotted. The five lowest conduction bands (up to
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Figure 3.3: Orbital-resolved contributions of Ti (a-c), Sr (d-f) and O (g-i) projected on the ground state
band structure within VASP.

8 eV) are dominated by the Ti 3d states, namely t2g (lowest three CB) and eg (the fourth
and fifth CB). In the energy range of 8-14 eV, the contribution of the Ti states is very low
when compared with those of Sr and O states. From 14 eV onwards, mixed contribution
from Ti 4s and 4p states over the entire Brillouin zone is observed.

Sr 4d states [see Figs. 3.3(d)–3.3(f)] are predominant along the entire k path in the energy
range 5-10 eV. Moreover, the Sr 5s states extend from 5 eV up to 16 eV, and a significant
contribution from the Sr 5p states is observed in the energy range of 10-17 eV alongX−M−Γ
and R−X, and around R.

Lastly, the contribution of O ions is presented in Figs. 3.3(g)–3.3(i). The O 3s states
are mainly observed in the energy range 5-12 eV, with predominant contribution along
Γ −X −M . The mixed contribution of the Sr 4s and O 3s states for band number 28 is
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consistent with Sponza et al. [30]. Furthermore, O 3p are dominant up to 15 eV along the
entire k path, with relatively lower contribution around Γ . In the energy range 15-22 eV,
the O 3p states predominate around Γ . The O 3d states are visible only above 15 eV with
contributions along X −M − Γ , and around R at ∼19 eV.

3.2.3 Effect of Ueff on cubic SrTiO3

Compared to PBE96, SCAN improves both the structural properties and the band gap [see
Section 3.2.1]. Nevertheless, the latter is still significantly underestimated with respect to
the experimental value. Therefore, we have explored the influence of an on-site Hubbard
term Ueff applied on the empty Ti 3d states, on the structural and electronic properties.
The results for PBE96+U and SCAN+U are summarized in Table 3.3 and confirm the well-
known trend of a monotonic increase of both the lattice constant and the band gap with U .
The lattice constant with SCAN is very close to the experimental one for Ueff = 0 eV, the
overall overestimation is only 1% for Ueff = 7.45 eV, similar to the PBE96 value at Ueff = 0
eV. In contrast, for PBE96+U , Ueff = 7.45 eV, the lattice constant is 2% larger than the
experimental one. The effect on the band gap is reversed: the SCAN value is already higher
(2.26 eV) than the PBE96 value (1.81 eV). Moreover, SCAN+U with Ueff = 7.45 eV reaches
nearly the experimental value, whereas the gap with PBE96+U for the same Ueff is still
0.6 eV smaller. The band structure and PDOS for SCAN+U with Ueff = 7.45 is shown in
Fig. 3.2. Interestingly, U influences mainly the Ti t2g states, leading to an upward shift of
the CBM, while the effect on the eg states is negligible.

Table 3.3: Comparison of the lattice constant and band gap for PBE96 and SCAN without and with Ueff of
cubic SrTiO3.

Ueff (eV) 0 4.5 7.45 Exp.

a0 (Å)
PBE96 3.938 3.962 3.977 3.8901, 3.9002

SCAN 3.901 3.925 3.940

Eg (eV)
(R− Γ )

PBE96 1.81 2.29 2.66 3.253

SCAN 2.26 2.83 3.23

Eg (eV)
(Γ − Γ )

PBE96 2.18 2.75 3.17 3.753

SCAN 2.64 3.28 3.72

1 Reference 154.
2 Reference 153.
3 Reference 8.

3.2.4 Antiferrodistortive Phase

SrTiO3 undergoes a phase transition from the cubic to a tetragonal phase [127, 128] at 105
K, as shown in Fig. 3.1, which is characterized by rotations of neighbouring TiO6 octahedra
around the c-axis in antiphase to each other, described by (a0, a0, c−) according to Glaser’s
notation. Unoki and Sakudo [129] reported an octahedron rotation of 1.4° at 77 K and
2.1° at 4.2 K. The results for the AFD phase obtained with the different functionals are
summarized in Table 3.4. The trends for the lattice parameter are similar to the cubic phase:
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Table 3.4: Comparison of the structural properties of the AFD phase of SrTiO3 with different functionals
along with previous data. Here, a = a∗/

√
2 and c/a = c∗/(

√
2a∗), where a∗, c∗ are the lattice parameters of

the 20-atom cell. θ is the angle of the octahedral rotation, ∆E = Ecubic − EAFD is the energy gain between
cubic and tetragonal phase and Eg gives the indirect (R − Γ ) and direct (Γ − Γ ) band gap of the AFD
phase.

PBE96 PBEsol SCAN HSE06 B3PW Experiment

a (Å)

Present 3.930 3.885 3.899 3.895

3.8981(65 K)
Ref.66 3.933 3.886 3.900

Ref.67 3.937 3.889 3.90

Ref.133 3.910

c/a

Present 1.004 1.006 1.001 1.001

1.00092(10 K)
Ref.66 1.004 1.006 1.001

Ref.67 1.0032 1.004 1.0012

Ref.133 1.0006

θ (deg)

Present 5.0 5.64 2.4 2.5
2.13(4.2 K),
2.014(50 K)

Ref.66 4.74 5.31 2.63

Ref.67 3.54 3.81 2.01

Ref.133 1.95

∆E
(meV/f.u.)

Present 8.9 13.2 1.6 0.67

Ref.66 7.0 11.0 2.0

Ref.67 8.5 0.44 0.35

Ref.133 0.21

R− Γ Present 1.91 1.95 2.29 3.38 3.199 5

Ref.66 1.79 1.93 3.11

Γ − Γ
(meV)

Present 2.21 2.23 2.65 3.73 3.78 5

Ref.66 2.12 2.21 3.48

1 Reference 153.
2 Reference 129.
3 Reference 157.
4 Reference 158.
5 Reference 33, gaps measured at 4.2 K.

while PBE96 overestimates the lattice constant by ∼ 1%, PBEsol, SCAN and HSE06 give
results very close to the experiment. PBE96 (1.004) and PBEsol (1.006) overestimate the c/a
ratio, in agreement with Wahl et al. [66]. On the other hand, SCAN and HSE06 (1.001),
lie very close to the experimental value and to the results with other hybrid functionals
such as B3PW [133]. Most importantly, the rotational angle is strongly overestimated
by PBE96 (5.0°) and PBEsol (5.64°), more than doubled compared to experiment. In
contrast, SCAN (2.4°) and HSE06 (2.5°), render a significant improvement over PBE96 and
PBEsol. Consequently, we see a substantial influence on the electronic properties illustrated
in Fig. 3.4, which is discussed below.
The degree of tetragonal distortion correlates also with the energy gain between the two
phases. Due to the strong overestimation of the rotation angle, with PBE96 (8.9 meV/u.c.)
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Figure 3.4: Comparison of the band structure of the AFD and cubic phase of SrTiO3 calculated with SCAN
and HSE06 in the 10-atom unit cell. The magnified section in the energy range 3.5 to 5.5 eV and 5.0 to 7.0
eV for SCAN and HSE06 respectively, in the top panel shows the splitting of the bands in the AFD phase
predominantly along Γ − Z.

and PBEsol (13.2 meV/u.c.) the energy difference is an order of magnitude larger than for
SCAN (1.6 meV/u.c.) and HSE06 (0.67 meV/u.c.). The PBE96 result is in agreement with
previous studies [66, 67]. The overall effect of the AFD distortion on the band gap is a
slight enhancement by 84 and 115 meV for PBE96 and PBEsol, respectively, summarized
in Table 3.4. For SCAN and HSE06, the values are smaller, 22 and 25 meV, respectively,
owing to the smaller rotational angle. The slight change is of similar value but opposite in
sign to the measurement of Gogoi and Schmidt [33] at 4.2 K (3.199 eV). This may be related
to the thermal expansion and vibrational effects that are not considered here. We note that
the experimental values in Ref. 33 show a nonmonotonic dependence on temperature with
increase up to 105 K and a subsequent decrease. We will address this later when we discuss
the optical properties in Section 3.4.1. A comparison of the band structure of the cubic and
AFD phases, calculated in the 10-atom unit cell is displayed in Fig. 3.4. The larger unit cell
results in a downfolding of the Brillouin zone, i.e. the former R-point now coincides with Γ ,
resulting in a direct band gap for the AFD phase. Overall, the changes in the VB and the
lower CB are minute, stronger changes are observed at ∼ 5 eV above the Fermi level, where
a pronounced splitting of bands occur along Γ −Z, especially around Z. Somewhat weaker
effects are observed above 7 eV, where the Sr 4d states are dominant. Moreover, we note
a stronger band splitting within PBE96 due to the large overestimation of the rotational
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angle.

3.3 Electronic properties of MgO

We start by comparing the electronic properties of bulk MgO obtained from DFT calcula-
tions with three different starting functionals, namely PBE96, PBEsol and HSE06. All the
calculation details are provided in Appendix A.2. Table 3.5 presents the band gap calcu-
lated with the VASP code. With PBE96 (4.49 eV) and PBEsol (4.58 eV), the band gaps
are considerably underestimated, consistent with previous calculations [23, 25, 35]. On the
other hand, HSE06 renders a band gap of 6.58 eV closest but still below the experimental
value of 7.7 and 7.83 eV [143, 144]. The G0W 0 band gap obtained with PBEsol (7.52 eV)
is closest to experiment, whereas a somewhat lower value (7.26 eV) is obtained with PBE96
which is in agreement with 7.25 eV from Ref. 23. The latter study [23] has also addressed
the effect of the self-consistent quasiparticle correction cycle on the optical properties: self-
consistency in G while keeping W0 constant (GW0) increased the band gap to 7.72 eV, while
fully self-consistent GW led to an overestimated band gap of 8.47 eV and was attributed to
the missing vertex corrections in the self-consistency cycle. While the size of the band gap
may be reproduced by considering (partial) self-consistency in GW , our results show that
the inclusion of excitonic effects [see Sections 3.6 and 4.3] is essential in order to describe the
relevant features and the shape of the spectrum. We note that the G0W 0 band gap with the
hybrid HSE06 functional is also overcorrected (8.53 eV). This is consistent with previous
findings that the effects of the starting xc functional are large at the IP approximation level,
but the differences are reduced when considering quasiparticle [159] and eventually excitonic
effects [28]. Since PBEsol and HSE06 provide better electronic properties as compared to

Figure 3.5: (a) KS and G0W 0 band structure and (b-d) total and projected density of states (PDOS) of bulk
MgO calculated with PBEsol within VASP.

PBE96 the analysis is continued with those. In Fig. 3.5(a), the KS and G0W 0 band struc-
ture with the PBEsol functional is plotted along high-symmetry points, showing a direct
(Γ −Γ ) band gap. The inclusion of quasiparticle effects in the G0W 0 calculation leads to a
nearly rigid shift of the unoccupied KS bands to higher energies. The top of the VB consists
mainly of O 2p states [see the projected density of states in Figs. 3.5(b)–3.5(d)] with low
dispersion along the L − Γ − K direction, whereas the lower bands are more dispersive.
The bottom of the CB comprises hybridized O 3s, 3p, and Mg 3s states that are highly
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dispersive along the L − Γ −X and K − Γ directions [see Figs. 3.5(c) and 3.5(d)]. In the
range of 4.5 − 11 eV beyond the CB minimum, 3s, 3p, and Mg 3s states prevail, whereas
above 11 eV O 3p states become predominant, followed by Mg 3p and 3d states above 15
eV [see Fig. 3.5(d)].

Table 3.5: Comparison of the band gap of bulk MgO from the DFT and the G0W0 calculation with different
starting functionals.

Exc IP G0W0 Experiment

Eg (eV)
(Γ − Γ )

PBE96 4.49 7.26
7.71,
7.832PBEsol 4.58 7.52

HSE06 6.58 8.53

3.3.1 Orbital projection of the ionic contributions on the band structure

Figure 3.6: Oxygen (a-c) and Mg (d-f) orbital-resolved contributions projected on the ground state band
structure within VASP.

In Fig. 3.6, the orbital-resolved contributions from the O and Mg ions are projected on the
ground state band structure calculated with VASP where the size of the circles represent
the magnitude of the orbital contribution. These contributions later aid to analyze the
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origin of prominent peaks of the optical spectrum in reciprocal space and to identify the
orbital character of the participating interband transitions. In Figs. 3.6(a)–3.6(c), we have
plotted the orbital contributions from the O ion. It is observed that from CBM up to 8 eV,
O 3s states dominate the contribution whereas O 3p states are predominant in the energy
range 8-12.5 eV. A weak 3s contribution of oxygen is observed above 12 eV, whereas O 3p
are dominant along Γ −X −W −K from 15 to 22 eV. In addition, in Figs. 3.6(d)–3.6(f),
the corresponding Mg contributions are presented, indicating hybridization between O and
Mg-orbitals with dominant contribution from Mg 3p and 3d orbitals from 12.5 eV and 7
eV onwards, respectively. Furthermore, we observe that until 10 eV the contributions are
dominated by the Mg 3s along the whole k path with contributions from the 3p states along
L−Γ , W −K−Γ and significant contributions from 3d states along Γ −X−W −K. In the
interval 10-15 eV, the contributions are significantly larger from the 3p and 3dxz, dyz states
along L − Γ −X and K − Γ accompanied by the hybridization with the 3s states. Above
15 eV the contributions are a mixture of Mg 3p and 3d states with the latter dominating
above 20 eV.

3.4 Optical properties of SrTiO3 calculated with VASP

3.4.1 Cubic phase of SrTiO3

In this Section we discuss the optical spectrum of cubic SrTiO3 obtained using different
xc functionals (PBE96, SCAN and HSE06). A previous study of Sponza et al. [30] used
LDA as the starting xc functional in the ground state calculation. The spectrum obtained
within the IP picture is compared to the ones including many-body effects within the G0W0

approximation and excitonic effects by solving the BSE. The calculated optical spectra
are illustrated in Fig. 3.7 together with the experimental results of Benthem, Elsässer and
French [8]. The experimental spectrum contains three main features: a first peak with an
onset slightly above the experimental band gap of 3.25 eV, extending up to 6 eV, a smaller
peak at around 6.3 eV and another broad peak between 7.5 and 11 eV.

Table 3.6: Comparison of the band gap of the cubic phase of SrTiO3 in the IP and G0W0 approximation
with different starting functionals.

Exc IP G0W0 Exp.

Eg (eV)
R− Γ (Γ − Γ )

PBE96 1.81(2.18) 3.64(4.00)
3.25(3.75)1SCAN 2.26(2.64) 3.73(4.09)

PBEsol 1.83(2.19) 3.83(4.17)
HSE06 3.35(3.73) 4.07(4.44)

1 Reference 8.

3.4.1.1 IP approximation

The spectrum obtained within IP picture with the different functionals reproduces the two
main peaks, however their positions depend strongly on the functional chosen: the onset
of the spectrum is at ∼ 2.0 (PBE96, PBEsol), ∼ 2.5 (SCAN) and ∼ 3.5 eV (HSE06),
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respectively, and correlates with the size of the band gap with the respective functional [see
Table 3.6]. The maximum of the first peak appears at 4.3, 4.5, 4.8 and 6.5 eV, respectively.
For SCAN it coincides with the first peak in the experimental spectrum. A similar trend is
observed for the second peak which extends from 7.0 to 10 eV (PBE96, PBEsol), 7.5 to 11
eV (SCAN) and 8.5 to 12.5 eV (HSE06). The maximum of the experimental peak appears
between the SCAN and HSE06 ones.

3.4.1.2 G0W0 + BSE corrections

The main effect of G0W0 is a blueshift of the spectrum which is strongest for PBE96 (∼
2.0), and decreases for PBSEsol (∼ 1.8), SCAN (1.5 eV) and HSE06 (1 eV). Although the
differences in the four spectra are noticeably reduced, they are still shifted w.r.t each other
(however much less than in the IP picture): the onset with PBE96 as a starting point is
at 4.0 eV, followed by PBEsol (4.2 eV), SCAN (4.3 eV), and HSE06 (4.8 eV). Thus, the
G0W0 spectra with PBE96 and PBEsol as a starting point lie about 1 eV higher than
the experimental one and the ones with SCAN+G0W0 and HSE06+G0W0 are even further
shifted to higher energies. A comparison of the band gaps with different starting functionals

Figure 3.7: Optical spectrum obtained within the IP picture, G0W0 approach and with BSE correction for
the cubic phase of SrTiO3, starting with different xc functionals, PBE96, PBEsol, SCAN and HSE06. For
comparison the experimental spectrum [8] is shown. The arrows indicate the indirect band gaps for the
respective functional.

before and after G0W0 in Table 3.6 shows a substantial overcorrection with G0W0 for all the
three functionals under consideration: 3.64 eV (PBE96), 3.83 eV (PBEsol), 3.73 eV (SCAN)
and 4.07 eV (HSE06). This is consistent with previous results which obtained 3.55 eV and
4.08 eV, using PBE96 and normconserving or ultrasoft pseudopotentials, respectively [139],
5.07 eV, using LDA and normconserving pseudopotentials [160], and 3.65 eV with LDA and
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the Full-Potential Linear Muffin-Tin Orbital method [161].

The inclusion of the BSE correction has a substantial effect on the spectrum indicat-
ing strong excitonic contributions for SrTiO3, consistent with Sponza et al. [30]. Overall,
BSE leads to a significant improvement of the agreement to the experimental spectrum
and among the four xc functionals. Due to the strong spectral weight transfer, the onsets
of all the theoretical spectra are redshifted. The onsets of the theoretical spectra lie in
the energy range of 3.5 to 3.8 eV, the PBE96+G0W0+BSE starts somewhat earlier, while
SCAN+G0W0+BSE and PBEsol+G0W0+BSE are almost on top of the experimental onset,
and the HSE06+G0W0+BSE starts at a slightly higher energy. This relative shift remains
also for the higher energy features. While PBE96, PBEsol and SCAN show now best agree-
ment to experiment with respect to the first peak, whereas, HSE06 renders best description
of the third peak, indicating a superior description of the empty Sr 4d states compared to
the other functionals. A prominent effect of BSE is the appearance of a sharp peak at 6.4
eV(PBE96), 6.9 eV(PBEsol), 6.6 eV(SCAN), and 7.0 eV (HSE06). These peaks may be
associated with the smaller peak in the experimental spectrum at 6.3 eV, but is much more
pronounced. Sponza et al. [30] have discussed the role of off-diagonal terms to the screening
to reduce the peak. Further sources of the difference in height may be dynamic screening
(beyond ω = 0), electron-phonon or polaronic effects. Moreover, a similar peak is observed
at 6.12 eV in anatase TiO2 [162].

3.4.2 Analysis of spectral features in reciprocal space

To get a deeper insight into the origin of peaks contributing to the optical spectrum, we
have plotted in Fig. 3.8(a) the respective oscillator strengths and the underlying interband
transitions in reciprocal space [see Figs. 3.8(b)–3.8(e)]. While previous assignments of peaks
were based on the band structure and a successive reduction of the number of bands con-
tributing to the spectrum [30], we have further analyzed the first four most prominent
transitions with the aid of the BSE eigenvectors expressed in the electron-hole product ba-
sis Φi =

∑
c,v,kA

i
c,v,kφc,kφv,k starting from the SCAN calculation. In order to alleviate the

computational cost and memory requirement for the BSE fatband calculation, we have used
a reduced number of five unoccupied bands. The comparison with the spectrum with 11
unoccupied bands in Fig. 3.8(a) shows that this is sufficient to describe correctly the relevant
peaks up to 7 eV. In Figs. 3.8(b)–3.8(e), we plot the coefficients |Aic,v,k| of the exciton wave
functions for the four transitions along high symmetry lines in reciprocal space, where the
radius of the circle reflects the magnitude of a particular e-h pair contribution. In particu-
lar, the absolute magnitude (unitless) of the coupling coefficient can be extracted from the
projection on the y-axis, multiplying the value by 500. The first transition [Fig. 3.8(b)] is
localized at Γ and corresponds to the direct gap of 3.85 eV between the top O 2p bands the
bottom of the CB comprised by Ti t2g states, leading to a shoulder in the optical spectrum,
in agreement with the experimental analysis [33]. The binding energy of this bound exciton
is 0.246 eV in close agreement with 0.22 eV obtained previously [30, 142]. We note that
by fitting the experimental data to Elliot’s formula for a Wannier-Mott exciton Gogoi and
Schmidt [33] obtained a weaker binding of 22 meV and a broadening of 40 meV. The second
transition [Fig. 3.8(c)] corresponds to the first peak at 4.07 eV and involves the same states,
but is more dispersive along Γ − X. The third prominent transition [Fig. 3.8(d)] at 4.76
eV is between the next (lower lying) set of O 2p states and the Ti t2g states at the CBM,
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Figure 3.8: (a) Optical spectrum of cubic SrTiO3 obtained with BSE with 11 (magenta solid line) and 5
(brown solid line) unoccupied states. For the latter case the oscillator strength (with uniform scaling) is
given. For comparison the experimental spectrum (black solid line) [8] is shown. (b-e) The electron-hole
contribution of the marked transitions in reciprocal space where the radius of the circle corresponds to the
magnitude of the electron-hole coupling coefficient.

again localized strongly at Γ . A transition at 5.20 eV exhibits only weak coupling along
Γ −M and is not shown here. The fourth transition [Fig. 3.8(e)] we have considered is the
excitonic peak at E = 6.58 eV, which involves the O 2p states at VBM and the Ti eg states,
consistent with the analysis of Ref. 30. This transition is again more delocalized along the
Γ − X direction and due to the low dispersion of the contributing O 2p and in particular
Ti eg states, results in a high intensity peak. We determine a binding energy of 0.185 eV
for this exciton. Considering the similar octahedral environment of Ti in anatase or rutile,
which implies similar t2g-eg splitting, this peak may be common to titanites, e.g., a similar
peak has been observed at 6.12 eV in anatase TiO2 [18], but its exact origin needs to be
investigated in future studies.

3.4.3 Antiferrodistortive phase of SrTiO3

While so far only the optical properties of the cubic phase have been studied theoretically
with G0W0 and BSE [30, 142], we explore here the influence of the AFD distortion on the
optical spectrum of SrTiO3 employing the many-body and excitonic corrections. The spectra
for the cubic and AFD phases obtained with G0W0 and BSE for the starting functionals
SCAN and HSE06 are plotted in Figs. 3.9(a) and 3.9(b). In particular, the in-plane (εxx)
and out-of-plane (εzz) components of the dielectric function of the AFD phase are compared
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Figure 3.9: Comparison of the optical spectra after the BSE correction for the cubic and AFD phase of
SrTiO3 for SCAN and HSE06 as starting functionals. The εxx (in-plane) and εzz (out-of-plane) part of
Im[ε(ω)] of the optical spectrum are plotted along with the corresponding band structure in the region
around the peak at 6.5 eV to analyze the origin of changes between the tetragonal (purple) and cubic
(orange) phases. The experimental spectra at 4.2/300 K denoted with black solid/dashed line are from
Ref. 33.

to εxx of the cubic phase. Overall, the spectra for the cubic and tetragonal phases are very
similar with an almost indistinguishable onset, due to the very small enhancement in the
band gap of 25 meV (SCAN) and 22 meV (HSE06), caused by the small rotational angle
of ∼ 2.4°. The main differences are observed around the excitonic peak at ∼ 6.5 eV, with
a slight reduction and splitting of the peak for the SCAN functional and somewhat weaker
effect for the HSE06. The observed changes correlate with the modification in the band
structure which are most pronounced in this region, as discussed in Section 3.2.4. For better
comparison we have plotted in Figs. 3.9(c)–3.9(f) the HSE06 and SCAN band structures in
this region prior and after the G0W0 calculation. The AFD distortion breaks the symmetry
along Γ −Z and Γ −X. For the Γ −X direction there is a slight shift of the center of mass
of weakly dispersive bands towards lower energies which explains the shift of the peak of
εxx compared to εzz.

Temperature-dependent measurements were performed by Gogoi and Schmidt between 4.2
and 300 K in the energy range 0.6−6.5 eV using ellipsometry [33]. The spectra for 4.2 and
300 K plotted in Figs. 3.9(a) and 3.9(b), show a sharpening of the peaks around 4.3 and 6.3

60



Chapter 3. Results I: Electronic and optical properties of bulk SrTiO3 and MgO

eV at low temperatures, which was attributed to the suppression of vibrational contributions
at low temperatures [33]. Since these effects are not considered in the theoretical calculation,
it is difficult to discern the effect of the structural transition itself from those effects as well
as of the possible microstructure formation at low temperatures in experiment.

3.5 Optical properties of SrTiO3 calculated with exciting

It has been shown in the previous section that inclusion of excitonic effects is critical to
achieve the best agreement of the optical spectrum with experiment [28, 30]. Moreover,
the reciprocal-space analysis of prominent features in the spectrum aids in a better under-
standing of the underlying interband transitions. To further improve our understanding
of exciton, the real-space projection of the exciton wave function is beneficial. This also
assists in identifying important features of the exciton such as the extent of localization and
and the type of exciton. Such a real-space analysis is possible with the all-electron code,
exciting code where the electron/hole part of the exciton wave function can be plotted
by fixing the hole/electron of the exciton. In the subsequent sections the optical spectrum
of SrTiO3 obtained with the exciting code is discussed. The optical properties, and the
reciprocal and real-space analysis of prominent features of the spectrum are presented.

3.5.1 Comparison of the optical spectrum within the G0W0+BSE and
IP+BSE approach

In Figs. 3.10(a) and 3.10(b) comparison of the spectrum obtained with and without the in-
clusion of quasiparticle corrections (G0W0) is presented. The latter is calculated by including
the excitonic effects directly on the KS wave functions by employing a scissor operator (shift)
to mimic the quasiparticle corrections, hence denoted as BSE spectrum. The shift is the
difference of the band gap from DFT (1.91 eV) and G0W0 (3.8 eV) calculation, i.e. ≈ 1.9
eV. The BSE calculations are performed with six occupied and five unoccupied bands, and
are sufficient to achieve a good agreement with the experimental spectrum [8] in the energy
range of our interest, i.e. up to 7 eV [see Section 3.4.2]. All the calculation details are
provided in Appendix A.4. Only minor differences are observed between the two spectra
(BSE and G0W0+BSE) up to 6 eV, and a very good agreement for the shoulder at 4.0
eV is achieved regarding the intensity and energetic positions of the initial two prominent
peaks at 4.3 and 4.8 eV energy in ε2 [see Fig. 3.10(b)]. In the real part of the spectrum the
prominent peaks at 3.95 and 4.8 eV are also consistent. The only difference observed is for
the peak at 6.6 eV for the BSE spectrum which is at 0.2 eV lower than the G0W0+BSE
spectrum, and also has reduced intensity. The remaining analysis of the optical spectrum
in bulk SrTiO3 is carried out for the BSE spectrum.

3.5.2 Analysis of spectral features in reciprocal space

In Fig. 3.11(a) we plot the calculated IP and BSE spectra (discussed in the previous section),
and the experimental spectrum of Benthem, Elsässer and French [8] for comparison. The
imaginary part of the spectrum obtained within IP approximation reproduces the two main
peaks, with the onset of the peak coinciding with the calculated DFT band gap (1.91 eV).
The first peak is observed at 4.25 eV and the second peak at around 7 eV. Best agreement
with the experimental spectrum up to 8 eV is achieved only after including the excitonic
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Figure 3.10: Optical spectrum of bulk SrTiO3: (a) real part and (b) imaginary part of the dielectric function
with PBEsol as the starting functional, respectively. A Lorentzian broadening of 0.15 eV is employed for
all the calculated spectra. The G0W0+BSE and BSE spectrum are shown by orange and blue solid lines,
respectively. For comparison the experimental data from Exp. [8] (black solid line) is displayed.

effects by solving the BSE. We observe a large redistribution of spectral weight compared
to the IP spectrum, accompanied by a red shift of the onset of the spectrum by ∼0.8 eV.
The shoulder at 4.0 eV followed by the two prominent peaks at 4.3 and 4.8 eV are in good
agreement with experiment. The prominent peak at 6.58 eV is identified as the peak at 6.3
eV in the experimental spectrum. The increased intensity of the peak is consistent with the
spectrum obtained with the VASP code [see Section 3.4] and in the earlier work of Sponza et
al. [30]. Recent first-principles studies in bulk SrTiO3 in Ref. [163, 164] have also reported
an intense peak at ∼ 6.58 eV. Four prominent peaks are marked in Fig. 3.11(a) which are
analyzed in reciprocal space [see Figs. 3.11(b)–3.11(e)]. The green line in Fig. 3.11(a) marks
the energy below which we find bound excitons. The first bound exciton at 3.9 eV with a
binding energy of 230 meV is in close agreement with [28, 30, 142] and is analyzed in real
and reciprocal space in Sec. 5.3.

The shoulder at 4.0 eV [see Fig. 3.11(b)] arises due to transitions from VBM to CBM
around the Γ -point in reciprocal space. The orbital projections in Figs. 3.3(g)–3.3(i) of the
CB reveal predominant Ti 3d states, in particular the 3t2g states. The second peak at 4.3
eV involves interband transitions from the topmost VB to the lowest CB along Γ −X with
Ti 3dxz character where in the CB is almost flat along Γ −X. Moreover there are also Ti
3t2g states around Γ , participating in the transition. The next peak with highest intensity
at 4.8 eV stems from transitions to the CB with Ti 3t2g states from deeper-lying VB with
O 2p character along Γ − X and around Γ . The final peak at 6.5 eV [see Fig. 3.11(e)],
results from transitions from the top of the VB to the higher-lying CB along Γ −X as well
as around Γ . In this energy range, the CB consists of Ti 3eg states and is consistent with
the analysis of the optical spectrum with VASP [see Section 3.4.2] and the previous work of
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Figure 3.11: Analysis of prominent features in the optical spectrum: (a) imaginary part of the DF with IP
(cyan line) and BSE (blue line), and the blue vertical bars represent the oscillator strength (arb. units). A
Lorentzian broadening of 0.15 eV is employed for the calculated spectrum. The direct band gap at 4.06 eV
is marked by a vertical green line. Experimental spectrum from Benthem et al. [8] (black solid line) is shown
for comparison. (b–e) Electron-hole coupling coefficients represented as circles in reciprocal space for the
peaks at different energies marked in (a), where the size of the circle is proportional to the magnitude of the
e-h contribution.

Sponza et al. [30].

3.5.3 Projection of exciton in real-space

In Fig. 3.12 we present the reciprocal-space, real-space and 2D projection of the first bound
exciton at 3.90 eV, and exciton at 6.5 eV of the optical spectrum in Figs. 3.12(a)–3.12(c)
and 3.12(d)–3.12(f), respectively. The first bound exciton of the optical spectrum [see
Fig. 3.11(a)] at 3.9 eV stems from transition from VBM to CBM that are strongly localized
around Γ [see Fig. 3.12(a)]. In Fig. 3.12(b) we display a 2D projection in the (001) plane,
through the center of the spread of the wave function at the fixed position of the hole (near
Oxygen, 0.51,0.51,0.00), and shows that the exciton is delocalized over several unit cells
along [100]. We observe maximum contribution near the Ti sites with t2g states, consistent
with the contributions discussed in Sections 3.4.2 and 3.5.2. The first bound exciton displays
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Figure 3.12: Optical spectrum: Analysis of the excitons in the (a, d) in reciprocal space. (b, e) show the
density associated with the electronic part of the excitonic wave functions for a selected cross section in
real space wherein the color code visualizes the spatial extension of the wave functions: Blue colors refer to
vanishing or low densities; orange to red colors refer to elevated densities. The hole is fixed near the oxygen
(fractional coordinate: 0.51, 0.51, 0.00) in the unit cell marked by the box in the center of the simulation
box for the real space projection (c, f). Only TiO2 layers are shown for clarity.
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the Wannier-Mott character and corroborates with the findings in Refs. [33, 34].

We also studied the exciton at 6.5 eV, the corresponding peak is marked in the optical
spectrum in Fig. 3.11(a). The binding energy of this non-bound exciton is calculated to
be 2.3 eV. The reciprocal-space analysis in Fig. 3.12(d) shows that the peak results from
the transitions from the top of the VB to the higher-lying CB along Γ − X as well as
around Γ [see Sec. 3.5.2]. The real-space projection in Fig. 3.12(e) illustrates the eg orbital
character which is maximum near the Ti sites. Thus, from the reciprocal and the real-space
projection we reaffirm the participation of predominant Ti 3eg states resulting in the high
intensity peak at this energy. A more interesting feature emerges in the real-space projection
in Fig. 3.12(f), where we observe the two-dimensional (2D) spread in the x-y plane of the
electronic wave function in the three-dimensional(3D) lattice. This 2D behavior is along
[001] and is confined up to only four unit cells along [001]. Moreover, the spread of the wave
function points towards a exciton with a character between the Wannier and Frenkel type,
and may be considered as a charge-transfer (CT) type. This fascinating 2D character of the
exciton is at a relatively high energy (6.5 eV), when compared to the 2D character of the
bound exciton observed in anatase TiO2 [126] at 3.76 eV. Moreover, 2D exciton was reported
previously in hexagonal Boron nitride [165] which is a layered 2D system that forms a 3D
lattice due to van der Waals forces. Similar 2D excitons were also observed in other layered
structures such as the transition metal dichalcogenides [166, 167]. Nevertheless, in SrTiO3,
similar to anatase TiO2, a bulk 3D material exhibits a 2D exciton wave function spread in
a specific lattice plane, and requires further investigation to analyze the effects of doping
and electron-phonon coupling, among others.

3.6 Optical properties of MgO calculated with VASP

3.6.1 IP approximation + G0W0 corrections

The calculated optical spectra with VASP are plotted in Fig. 3.13 together with the ex-
perimental ones [143, 152]. The imaginary part of the experimental spectrum shows four
prominent peaks [marked in Fig. 3.13(b)]: the first two at ∼7.7 eV and 10.7 eV are of
nearly equal intensity, the third and fourth peak are at 13.32 and 16.9 eV, respectively,
with a smaller intensity of the latter. We start our analysis by considering the results from
the IP approximation using the KS eigenvalues calculated with the functionals PBEsol and
HSE06. The imaginary part of the dielectric function has its onset at 4.58 and 6.58 eV
for PBEsol and HSE06, respectively, below the experimental spectrum, due to the under-
estimation of the band gap [see Table 3.7]. Moreover, prominent peaks in the imaginary
part of the spectrum are observed at ∼8.5, 11, and 15.5 eV for PBEsol and at around
11, 13, and 17.5 eV for HSE06, corresponding to pronounced band transitions that coin-
cide with points of inflection in the real part of the spectrum. Inclusion of many-body
effects within the G0W0 approximation results in a blueshift by ∼3 eV (PBEsol) and 2 eV
(HSE06) compared to the IP spectra, due to the increased band gaps within G0W0. This
strong effect is attributed to the weak dielectric screening in MgO [32]. In Figs. 3.13(b)
and 3.13(d) sharper features emerge in ε2 with peaks at ∼11.8, 14, and 19 eV (PBEsol),
that are shifted to higher energies at ∼ 12.5, 15, and 20.5 eV (HSE06). The real part of
the spectrum in Figs. 3.13(a) and 3.13(c) exhibits weaker/smoothened features compared to
experiment [143] [see Figs. 3.13(b) and 3.13(d)]. The macroscopic static electronic dielectric
constant, ε∞ =Re ε(ω = 0) obtained with PBEsol and HSE06 is presented in Table 3.7.
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Figure 3.13: Optical spectrum of bulk MgO obtained with VASP: (a), (c) real part and (b), (d) imaginary
part of the dielectric function for PBEsol and HSE06 as the starting functional, respectively. A Lorentzian
broadening of 0.3 eV is employed for all the calculated spectra. The IP, IP+G0W0, and G0W0+BSE results
are shown by brown solid, green dash-dotted, and red solid lines, respectively. Additionally, the experimental
data from Exp. 1 [143] (black solid line), and Exp. 2 [152] (black dashed line) are displayed.

Within the IP approximation, ε∞ is overestimated for PBEsol (3.29) compared to the ex-
perimental value 2.94 [143], similar to previous results with GGA-PW91 (3.16) [31]. We
also included the local field effects in the IP calculation and find that the dielectric con-
stant decreases from 3.29 to 3.04 (PBEsol) and 2.76 to 2.57 (HSE06). A similar trend was
observed in the work of Gajdoš et al. [168] for semiconductors as Si, SiC, AlP, GaAs, and
for insulator as diamond (C). On the other hand, with the hybrid functional, ε∞ is under-
estimated (2.76). Upon including quasiparticle effects (G0W0), the values are substantially
reduced to 2.78 (PBEsol) and 2.53 (HSE06).

Table 3.7: Comparison of the macroscopic static electronic dielectric constant ε∞ of bulk MgO in the IP
approximation and after G0W0 and BSE with different DFT functionals.

Exc IP G0W0 BSE Experiment

PBEsol 3.29 2.78 3.08
2.94[143]HSE06 2.76 2.53 2.81

3.6.2 G0W0 + BSE corrections

Also for MgO, we consider the effects arising from electron-hole interaction by solving the
BSE on top of G0W0. By progressively varying the number of CB (VB) for a fixed number
of VB (CB), we determine the contributions of the bands to the spectral features, plotted
in Fig. 3.14. With a fixed number of five unoccupied bands, starting with only one occupied
band [see Fig. 3.14(a)], the spectral features are missing at the onset of the curve upto 12
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eV. With inclusion of two VB in the calculation, features emerge at the onset with drastic
improvement in the spectral shape and peak intensity. However, only after including four
VB in the calculation, we achieve the best agreement with experiment with respect to the
peak intensity at the onset and in the energy range 14−19 eV. Furthermore, to check the
convergence for unoccupied bands [see Fig. 3.14(b)] we fix the occupied bands to four and
start with only one CB in the calculation. This results in spectral features upto 14 eV in
good agreement with experiment. By increasing the CB to three, the peak intensity at ∼17.5
eV improves. Finally, by including a total of five CB the best agreement with experiment is
achieved until 30 eV. Therefore, all the BSE calculations are performed with four occupied
and five unoccupied bands to evaluate the optical spectrum up to 30 eV. In Fig. 3.13, we

Figure 3.14: The contribution of the valence and conduction bands to the optical spectrum of bulk MgO
is studied by varying the number of valence/conduction bands while keeping the conduction/valence bands
fixed in the BSE calculation.

see that the inclusion of excitonic effects leads to a redistribution of the spectral weight to
lower energies with respect to the G0W0 spectrum and the emergence of a sharp peak at
the absorption onset. With PBEsol as the starting point in Fig. 3.13(b), the agreement
with experiment with respect to spectral shape is improved, but the onset of the imaginary
part of the dielectric function is ∼0.7 eV lower than experiment [143, 152]. The prominent
peaks are at ∼7.0 eV, 10 eV, 12.4 eV, and 16 eV. In the real part of the spectrum, the sign
reversal at 12.8 eV indicates a plasmonic resonance.

On the other hand, using HSE06 as the starting functional, the real and imaginary part
of the spectrum are in excellent agreement with experiment [see Figs. 3.13(c) and 3.13(d),
respectively]. The peak positions of the distinct features and the plasmonic resonance at
13.4 eV coincide with the experimental ones [152]. The four peaks of ε2 at ∼8, 10.5, 13, and
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17 eV are largely aligned with experiment, as shown in Figs. 3.13(c) and 3.13(d). Further
analysis of the origin of the peaks in reciprocal space are provided in Section 3.7.

The improved description with respect to the energetic positions and, to a lesser extent,
intensity of the peaks can be attributed to the description of the ground state with a hybrid
functional HSE06, the larger number of unoccupied bands considered in the BSE calcula-
tion and to performing BSE on top of G0W0. Furthermore, the agreement to experiment
concerning the macroscopic static electronic dielectric constant ε∞ is improved after BSE to
3.08 (PBEsol) and 2.81 (HSE06), respectively [see Table 3.7], also consistent with a previous
value of 3.12 [31], where excitonic corrections were included using the KS eigenenergies and
a scissor shift approach. We note that increasing the number of unoccupied bands to 9, leads
to slightly higher values for ε∞ 3.16 (PBEsol) and 2.90 (HSE06), the latter being in excellent
agreement with experiment. In particular, more empty states are necessary for the calcula-
tion of the real part of the dielectric function from the Kramers-Kronig relation. Due to the
high computational cost and an enhanced memory demand with more unoccupied bands, we
proceed with five unoccupied bands for the further analysis. Furthermore, for the binding

Figure 3.15: Comparison of the G0W0+BSE spectrum calculated with PBEsol as the starting functional
with exciting (red solid line) and VASP (blue solid line) in bulk MgO. The spectra are compared with the
experiments of Roessler et al. [143] (black solid line) and Bortz et al. [152] (black dashed line). A Lorentzian
broadening of 0.3 eV is employed for the theory spectra.

energy of the first exciton we obtain 442 meV with PBEsol and 596 meV with HSE06. A
similar value of 429 meV was obtained by Fuchs et al. [35] employing the KS eigenenergies
(GGA) with a scissor shift of 2.98 eV and subsequently including excitonic corrections. The
overestimation of the binding energy w.r.t experiment (80 meV [143]) may be attributed to
the fact that the ionic contributions to the static screening is not considered [169, 170].

3.7 Optical properties of MgO calculated with exciting

3.7.1 Analysis of the spectral features in reciprocal space

In order to identify the origin of the most prominent peaks, we have performed calculations
with the all-electron exciting code. We provide all the calculation details in Appendix A.3.

68



Chapter 3. Results I: Electronic and optical properties of bulk SrTiO3 and MgO

The real and imaginary part of the dielectric function for the G0W0+BSE with PBEsol
as the DFT functional and similar parameters (four occupied and five unoccupied bands)
are plotted in Fig. 3.15 and show good agreement with experiment as well as the VASP
result with respect to the energetic positions of the peaks. In Fig. 3.16 we present the
optical spectrum calculated with exciting, where the most prominent peaks are marked
in Fig. 3.16(b) and the corresponding e-h contributions are studied in Figs. 3.16(c)–3.16(f).
The e-h coupling coefficients for a particular transition displayed as circles in Figs. 3.16(c)–
3.16(f) are calculated from the BSE eigenvector, from Eq. (2.165). In Fig. 3.16(a), the

Figure 3.16: Optical spectrum of bulk MgO with PBEsol including many-body corrections calculated with
the exciting code: (a) real and (b) imaginary part of the dielectric function. A Lorentzian broadening 0.3
eV is employed for the calculated spectrum for the G0W0+BSE corrections (red line) and the red vertical
bars represent the oscillator strength (arb. units). The direct band gap at 7.26 eV is marked by a vertical
green line. Experimental spectra from Roessler et al. [143] (black solid line) and Bortz et al. [152] (black
dashed line) are shown for comparison. (c−f) electron-hole coupling coefficients represented as circles in
reciprocal space for the peaks at different energies marked in (b), where the size of the circle is proportional
to the magnitude of the e-h contribution.

green line marks the fundamental band gap, below which the bound excitons lie. The first
exciton at 6.82 eV has a binding energy of 435 meV, close to the value obtained with VASP,
as discussed in the previous section. This bound exciton contributes to the shoulder at
the onset of the spectrum. The interband transitions responsible for the exciton and its
real-space distribution are discussed in the the next section.

The first peak at 7.3 eV [see Fig. 3.16(c)] arises due to transitions from the top of the VB
to the bottom of the CB around the Γ -point in reciprocal space. A comparison with the
site and orbital- projected DOS (Fig. 3.5) reveals a mixed O 3s, 3p, and Mg 3s character.
The second peak at 9.4 eV involves interband transitions from the topmost VB to the lowest
CB along L − Γ −X and Γ −K. The CB is more dispersive along L − Γ and has mixed
O 3s and 3p character with Mg 3p contributions near L. The next peak at 10.4 eV stems
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from transitions to the CB from deeper-lying valence bands along L − Γ −X and Γ −K.
The final peak at 12.2 eV, plotted in Fig. 3.16(f), results from transitions from the top of
the VB to the higher-lying CB around X as well as along K − Γ . In this energy range,
the CB consists of O 3p and Mg 3s and 3dxy,dxz states along Γ − X and K − Γ . The

Figure 3.17: (a) Analysis of the first bound exciton in the optical spectrum in reciprocal space. (b) The
density associated with the electronic part of the excitonic wavefunctions for a selected cross section [along
(561̄)] in real space. The color code visualizes the spatial extension of the wave functions: Blue colors refer
to vanishing or low densities, orange to red colors to elevated densities. The hole is fixed near the oxygen
(fractional coordinate: 0.52, 0.52, 0.52) and is marked by a white cross, (c) shows the simulation box for the
real space projection.

influence of lattice screening on the optical spectrum is a topic of current research and so
far there is no established framework to treat the exciton-phonon coupling that renormalizes
the absorption spectra. Such effects should be assessed in future work.

3.7.2 Projection of exciton in real-space

For the analysis we fixed the hole slightly off the oxygen position (0.52,0.52,0.52) and plotted
the electronic part of the wavefunction in real-space for the first exciton of the optical
spectrum in Fig. 3.17. The first bound exciton of the optical spectrum [Fig. 3.17(a)] consists
of transition from the VBM to the CBM that are strongly localized around Γ . Since the
excited electron is distributed solely over the lowest, highly dispersive CB, the bound exciton

70



Chapter 3. Results I: Electronic and optical properties of bulk SrTiO3 and MgO

was previously described in the Wannier-Mott two-band model by Fuchs et al. [35]. In
Fig. 3.17(b) we display a cut along the (561̄) plane through the center of the spread of the
wave function near the fixed position of the hole, that shows that the exciton is delocalized
over several unit cells which supports the Wannier-Mott character [see Fig. 4.4(c)]. Moreover
the intensity of the spread has a maximum at the oxygen sites and is weaker at the Mg sites.
The reciprocal space projection in conjunction with the orbitally projected band structure
[see Fig. 3.6] shows main contribution of hybridized O 3s and Mg 3s states at the CBM.

3.8 Model BSE

Fuchs et al. [35] have pointed out the importance of using a dense k-mesh for BSE in order
to obtain convergence of the optical spectrum in the lower energy range. However, this
goes hand in hand with a high computation cost in the G0W0 calculation. One way to
circumvent this is to perform a model BSE (mBSE) [see Section 2.8.3] calculation directly
using the DFT wave functions and considering only the required number of bands which
cover the energy range of interest [35]. The omission of the G0W0 step allows us to use
a higher k-mesh and thus improve the convergence. Here, we discuss the result obtained
by using a model for the static screening with parameters fitted to the screened Coulomb
kernel diagonal values obtained from G0W0 calculation, a detailed description can be found
in the previous chapter, Section 2.8.3, and was previously used in Refs. 171, 172.

Figure 3.18: Comparison of the computed inverse of the dielectric function ε−1 (black dotted line) with
respect to |q+G| from the G0W0 calculation and the fitted curve (red line) obtained from Eq. (2.167): (a)
SrTiO3 , (b) MgO.

3.8.1 SrTiO3

The mBSE is carried out starting from the SCAN one-particle energies and applying the
scissors operator with a shift corresponding to the difference between the G0W0 and SCAN
band gaps. A Γ -centered 11×11×11 k-mesh was used in this calculation for the five-atom
cubic phase. Fig. 3.18(a) shows the inverse of the dielectric function ε−1 from G0W0 and
the fit to the model in Eq. (2.167). The parameters, obtained from the fit, ε−1

∞ = 0.190,
λ = 1.411 Å−1, are used as input for the mBSE calculation. The spectra from the full
G0W0+BSE and the DFT+mBSE calculations are shown in Fig. 3.19(a). The features up
to 6 eV are similar in energy and magnitude. In the mBSE calculation the excitonic peak
at 6.5 eV is slightly shifted to lower energy and lower in magnitude, whereas the feature
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above 7.5 eV is shifted by ∼ 0.4 eV to higher energy, in better agreement with experiment.
Fig. 3.19(b) shows the e-h pair contribution for the first exciton. In agreement with BSE
[see Fig. 3.8(b)], the transition is dominated by O 2p at VBM and Ti t2g bands at CBM
and is localized at the Γ point. The binding energy of the first exciton (0.233 eV) is close to
the G0W0+BSE value (0.246 eV). Overall, the main characteristics of the optical spectrum
for cubic SrTiO3 are well reproduced in the mBSE approach. We note that the agreement
between the full and mBSE calculation may be less satisfactory as e.g. for Ruddlesden-
Popper iridates [172], possibly due to the larger deviations between DFT+U one-electron
and G0W0 quasiparticle energies.

Figure 3.19: Cubic phase of SrTiO3: (a) Comparison of the G0W0+BSE and mBSE optical spectrum and
(b) the first bright state from mBSE. The radius of the circle corresponds to the electron-hole coupling
coefficient and have the same scale as Fig. 3.8. Experimental spectrum from Benthem et al. [8] (black solid
line) is shown for comparison.

3.8.2 MgO

The mBSE approach for bulk MgO is performed on a 21×21×21 k-mesh with a range
separation parameter λ = 1.44 Å−1, ion-clamped static dielectric function ε−1

∞ = 0.38974
obtained by fitting to the model in Eq. (2.167). In addition, a scissor shift of 1.95 eV
is applied, corresponding to the difference between the KS energies obtained with HSE06
and the quasiparticle band gap. Fig. 3.18(b) shows the comparison of the inverse of the
dielectric function ε−1 from G0W0 and the fit to the model, similar to SrTiO3. In Fig. 3.20
the spectrum from mBSE and full BSE obtained with HSE06 as the starting functional on a
k-mesh of 15×15×15 are displayed. Overall, very good agreement is obtained. In particular,
in the energy range of 7 − 11 eV we even observe a better agreement with experiment for
mBSE when compared with full BSE associated with the increase in k-point density. For
energies higher than 11 eV, the positions of the peaks are also well reproduced with the
mBSE approach with slight increase in the intensity when compared with the full BSE
spectrum. The good agreement between the mBSE and full BSE spectra is attributed to
the fact that the electronic structure does not change significantly from DFT to G0W0 [see
Fig. 3.5(a)], the prevailing effect being a rigid shift of the CB. The binding energy of the
first exciton from mBSE is 610.8 meV.
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Figure 3.20: Comparison of the spectrum of bulk MgO obtained with mBSE on top of DFT (k-mesh of
21×21×21) and with G0W0+BSE corrections (k-mesh of 15×15×15). The spectra were calculated with
HSE06 as the starting functional and compared with the experiments of Roessler et al. [143] (black solid
line) and Bortz et al. [152] (black dashed line). A Lorentzian broadening of 0.3 eV is employed for the theory
spectra.

3.9 Summary

A systematic investigation of the role of the xc functional on the structural, electronic and
optical properties of cubic and tetragonal SrTiO3 is presented. SCAN and HSE06 give the
best agreement to experiment with respect to the structural properties, i.e., lattice constant
and rotational angle of the TiO6 octahedra in the AFD phase. Concerning the optical
properties, the effect of the xc functional is gradually reduced by including many-body
effects. A good agreement between the theoretical and experimental spectra is obtained only
after solving BSE, revealing the crucial role of excitonic effects for SrTiO3, in agreement with
previous studies based on an LDA functional [30]. Overall the three functionals show good
description of the first peak with a slightly higher onset for HSE06. A pronounced excitonic
peak appears at 6.4−7.0 depending on the starting functional which can be associated with
the 6.3 eV peak in the experimental spectrum. Additionally, to explore the influence of
the tetragonal distortion on the optical spectrum, a comparison of the spectra of the AFD
and cubic phases is presented. While the experimental spectrum of Gogoi and Schmidt [33]
shows a sharpening of peaks when the temperature is reduced from 300 to 4.2 K due to the
suppression of vibrational contributions, the theoretical spectra reveal the most pronounced
effect around the 6.5 eV excitonic peak. This is associated with the changes in band structure
due to symmetry breaking along the Γ −X and Γ − Z directions. Although the observed
effects on the optical spectrum are small due to the weak distortion, the methodology and
analysis employed here allows deeper insight into the electronic structure of SrTiO3 and is
a starting point to address more complex phenomena such as, for example, polaronic effects
in future studies.

For the cubic phase of SrTiO3, analysis of the electron-hole coupling coefficients plotted
in reciprocal space reveal the origin of the main contributions of the peaks in the optical
spectrum. Furthermore, the first bound exciton, and the exciton at 6.5 eV are analyzed in
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real space by plotting the electronic part of the exciton wave function. The first exciton
results from transitions localized around Γ from the VBM to CBM with Ti t2g character.
From the real-space projection, a Wannier-Mott character is confirmed. The peak at 6.5
eV with a relatively high intensity compared to the experiment stems from transitions from
VBM to the higher-lying CB (with Ti eg character) along Γ −X as well as around Γ . The
real-space projection shows a 2D-like spread of the excitonic wave function along (001) plane
in the 3D lattice, and can be identified as a CT-like type of exciton.

Moreover, a comprehensive study of the optical spectrum of bulk MgO with the VASP
and exciting codes is presented. For the spectrum, the effects of two different functionals
(GGA-PBEsol and the hybrid HSE06) are studied and it was found that an excellent agree-
ment with the experiment is obtained with HSE06 with respect to the energetic positions
of the peaks. Analysis of the electron-hole coupling coefficients in reciprocal space allows
us to identify the valence to conduction band transitions contributing to the peaks in the
spectrum. In particular, the peak at 7.3 eV arises due to transitions localized around Γ
from the top of the VB to the bottom of the CB with mixed O 3s, 3p, and Mg 3s char-
acter, followed by a peak at 9.4 eV stemming from similar interband transitions but along
L− Γ −X and Γ −K with mixed O 3s, 3p, and Mg 3p character near L. The third peak
at 10.4 eV is from transitions to the bottom of CB from deeper lying valence bands and
the final peak at 12.2 eV results from a transition to higher lying CB with hybridized O 3p
and Mg 3s and 3dxy, dxz character. Moreover, the real-space projection of the electronic
part of the wave function of the first exciton in the optical spectrum shows a delocalized
Wannier-Mott character, consistent with previous studies in reciprocal space [35].

For both bulk SrTiO3 and MgO, a mBSE approach is found to give a good description
of the main features of the spectrum at a lower computational cost. In general, the mBSE
approach represents an interesting alternative in cases where the single particle energies
(possibly after application of a scissors operator) give a good description of the quasiparticle
energies.
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Chapter 4

Results II: X-ray absorption
spectrum of bulk MgO

“Not everything that is faced can
be changed. But nothing can be
changed until it is faced.”

James A. Baldwin

In this chapter excitation of 1s state to the unoccupied states in bulk MgO is studied.
The O and Mg K edge in bulk MgO is presented by including the many-body corrections
(G0W0) and electron–(core)hole interactions by solving the Bethe-Salpeter equation (BSE).
Similar to the critical effect of inclusion of electron-hole interactions for the optical spec-
trum observed in the previous chapter, also for x-ray absorption spectroscopy including the
electron–(core)hole interactions is found to be critical to obtain concurrence with the ex-
perimental spectrum. In addition, to gain insight into the origin of prominent features of
the spectrum, the underlying interband transitions in reciprocal space are determined from
the BSE eigenvectors. Finally, the real-space projection of the excitonic wave function of
the first bound exciton of the O K-edge spectrum is presented. A large part of this Chapter
has been published in Ref. 29.

4.1 Introduction

In X-ray absorption spectroscopy (XAS), using synchrotron radiation is a well-established
technique that provides information on the electronic, structural and magnetic properties
of matter. XAS probes excitations from the strongly localized core states, wherein the
core-level electrons are excited to the unoccupied states. For such excitations, the incident
photon energy must be equal or higher than the binding energy of this core-level elec-
tron. Moreover, XAS is an element-selective technique as the energy of an absorption edge
corresponds to the core-level energy, which is characteristic for each element. As already
discussed in the previous chapter, MgO is a wide band gap material which finds application
as a substrate material and in various heterostructures. Recently, MgO was employed in
transient x-ray spectroscopy and time-dependent density-functional theory (DFT) calcula-
tions aiming to unravel the propagation of excitations across the interface in metal-insulator
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heterostructures [173–176].
In bulk materials, a common approach to model XAS is the final state rule (FSR) [177], it

is based on Fermi’s Golden rule, where the effects of screening of the core-hole (the so-called
final-state effects) are calculated in a supercell. The supercell method, also referred as the
supercell core-hole (SCH) method, is an approach often employed to study the excitation
of deep-lying core-states. These states are highly localized and do not interact with the
surrounding electron cloud, and a local treatment of the electron-hole correlation typically
yields good results. However, the local treatment fails to describe the spectrum accurately
for shallow core state where the interaction with the other electrons and the core state
may be considerable [109, 178]. Alternative to the SCH approach, XAS can be described
by considering quasiparticle and excitonic effects within many-body perturbation theory
(MBPT) by using GW and solving the BSE. Rehr et al. [179] showed that while both
approaches (SCH and BSE) led to similar overall features in the O and Mg K-edge spectra
of MgO, BSE calculations result in better agreement with experiment at high transition
energy due to the non-local treatment of the exchange interaction.

Recent implementations of BSE in all-electron codes [109, 180] with explicit treatment of
core states have demonstrated very good agreement with experiment for the XAS spectra
of TiO2 (rutile and anatase), PbI2, and CaO [109]. We have adopted the latter approach
implemented in the exciting code to study the O and Mg K edge in bulk MgO.

4.2 Influence of Local-Field effects

Figure 4.1: Comparison of the O and Mg K-edge spectra at increasing values of |G+q| vectors to account
for the local field effects.

For materials with dominant Local field effects (LFE), the spectrum is strongly affected
by the correlation effects because of the electron-hole exchange interaction in the BSE cal-
culation [109]. The interactions arise due to the local field acting in the system, which
stems from the anisotropic character of the electronic charge distribution, i.e. the system
is non-homogeneous on the microscopic level [90]. In such systems, an external spatially
constant perturbing field induces fluctuations on the scale of the lattice constant, and re-
sults in additional internal microscopic fields. To study the influence of LFE on the O
and Mg K edge, we performed calculations by varying the Coulomb potential described by
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the |G+q|max parameter, gqmax, in the exciting code. This parameter accounts for the
number of |G+q| vectors included in reciprocal space in the calculation of the electron–
(core)hole interactions in the BSE calculation [109]. The influence of LFE is characterized
by a shift in the peak positions and changes in the relative intensities of peaks in the XAS
spectrum when included via the gqmax term. A comparison with varying |G+q| vectors
is presented in Figs. 4.1(a) and 4.1(b), for the O and Mg K edge, respectively. We observe
that the influence of including LFE is negligible for both the XAS spectra on the intensity
of the peak. Moreover, no shift is observed in the energetic positions of the peaks in the
spectra. Therefore, in the BSE calculations, the cutoff is set to 4.5 a−1

0 and 1.5 a−1
0 for the O

and Mg K edge, respectively, also referred in the Appendix A.3. Moreover, the influence of
LFE is studied again for the Ti L2,3-edge in SrTiO3 in Chapter 5, where we indeed observe
significant effects on the spectra.

Figure 4.2: (a) and (c) comparison of the independent particle (brown dashed line) and BSE (brown solid
line) spectra, and (b) and (d) comparison of the G0W0 (red dashed line) and G0W0+BSE (red solid line)
spectra, of the O and Mg K edge, respectively. The solid lines mark the respective energetic positions below
which we observe bound excitons.

4.3 X-ray absorption spectra

Within the MBPT approach, the starting ground-state calculations were performed with
the PBEsol exchange-correlation functional, and subsequently the quasiparticle corrections
were included with the single-shot G0W0. Finally, the critical excitonic corrections were
accounted for by solving the BSE. We find that for the BSE calculation a total of eight
unoccupied bands are sufficient to obtain agreement with experiment and converge the
oscillator strengths in the energy interval up to 30 eV from the onset of the spectrum. All
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the calculation details are provided in Appendix A.3.

In Figs. 4.2(a) and 4.2(b), we plot the independent particle (IP) and BSE spectra, and
G0W0 and G0W0+BSE spectra, respectively, for the O K edge, and in Figs. 4.2(c) and 4.2(d),
for Mg K-egde. The G0W0+BSE employs the starting eigenenergies from quasiparticle
correction (single step G0W0), whereas the BSE spectrum is solved starting from the Kohn-
Sham eigenenergies. For the O K edge [see Fig. 4.2(a)], the IP reproduces the distinct three
peak spectral feature. The IP spectrum has a shoulder at the onset at ∼512 eV and three
prominent peaks at ∼514, 518, and 530 eV. Upon including the excitonic effects, the three
prominent peaks are redshifted to lower energies by 5 to 6 eV, with a redistribution of the
spectral weight at the onset. The shoulder from the IP spectrum vanishes and the first
prominent peak in the BSE spectrum emerges at 508 eV, followed by the remaining two
peaks at around 517 and 527.5 eV. Fig. 4.2(b), shows that the inclusion of the quasiparticle
corrections via G0W0 leads to an increase in the intensity of the peaks compared to the IP
spectrum. Upon including the excitonic effects, the BSE spectrum is redshifted by about 4
eV relative to the G0W0 spectrum. Moreover, the intensity of the peaks remain unaltered
for both the spectra. The prominent peaks for the G0W0+BSE are observed at around 503,
512 and 522 eV.

For the Mg K edge in Fig. 4.2(c), within the IP approximation, we observe a broad
peak at the onset at ∼1258 eV, followed by a shoulder at 1261 eV. The most prominent
peak in the spectrum is observed at 1265 eV and two more equal intensity peaks at 1273
and 1275. The spectral features are drastically altered with the inclusion of the excitonic
corrections as illustrated in the BSE spectrum. Two main affects are observed: firstly, a
large redistribution of the spectral weight, and secondly, the onset of the spectrum redshifts
by around 4 eV. A sharp peak emerges at the onset of the BSE spectrum at ∼1255 eV,
followed by two peaks at 1260 and 1263 eV. Furthermore, we find three peaks with similar
intensity at 1270, 1272 and 1274 eV. Fig. 4.2(d) shows the comparison of the spectra with
the G0W0 and G0W0+BSE corrections. We again see a large redistribution of the spectral
weight in G0W0+BSE spectra accompanied by a drastic decrease in the intensity of the
peaks due to the inclusion of excitonic effects. The onset of the G0W0+BSE spectrum is
redshifted by ∼ 4 eV, with prominent peaks at around 1249.5, 1255 and 1258 eV, and equal
intensity peaks at around 1265, 1267 and 1269 eV.

4.3.1 O K-edge XAS

The theoretical XAS spectrum of the O K edge is plotted in Fig. 4.3(d) together with the ex-
perimental spectrum from Luches et al. [38], who performed x-ray absorption measurements
on MgO films of varying thickness grown epitaxially on Ag(001) as well as on polycrystalline
bulk samples. Typically, the GW approximation is not widely explored for core-level states,
only recently there are first promising reports for its application to molecular 1s levels [181].
In our calculations we do not correct the core energies obtained from DFT. Thus we shift
the BSE spectrum to align with the experiment, as done in earlier works [106, 109]. For the
O K edge a shift of 34.4 eV is applied to the G0W0+BSE spectrum to align the first peak
with experiment. The same shift is also applied to the independent quasiparticle approxi-
mation (IQPA) spectrum. While the spectrum within the IQPA obtained after the G0W0

correction captures the four peak-feature, a very good agreement to experiment concerning
the spectral shape and the relative positions of the three prominent peaks at ∼ 537, 546, and
557 eV is obtained only after the G0W0+BSE corrections, discussed in the previous section.
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The spectrum is also consistent with earlier work of Rehr et al. [179] using FSR and BSE.
The reduced intensity of the third peak in the G0W0+BSE spectrum can be attributed to
the limited number of unoccupied bands considered in the calculation.

Figure 4.3: XAS spectrum of the O K edge using G0W0+BSE calculated with the exciting code: (a)
calculated absorption spectra with G0W0+BSE (red line) and within the (IQPA (brown shaded area) are
compared with experimental spectra from Luches et al. [38] (black line). A shift of 34.4 eV was applied to
the calculated spectra to align to the first peak of the experiment and a Lorentzian broadening of 0.55 eV
is adopted to mimic the excitation lifetime. The green line at 535.2 eV marks the direct band gap. The red
vertical bars represent the oscillator strength (arb. units). (b–g) Excitonic contributions to the final states
in the CB of the peaks marked in (a).

The green line in Fig. 4.3(a) marks the direct band gap and the states below it correspond
to bound excitons. The first bound exciton is found at 534.5 eV with a binding energy of 690
meV, its real-space distribution is discussed in Section 4.4. The binding energy is comparable
to previous results for other oxides, e.g. 0.5 eV was reported for β-Ga2O3 [182], and 285
meV, 345 meV, and 323 meV for the α, β, and ε phase of Ga2O3 [110], respectively. The
G0W0+BSE spectrum is characterized by six prominent peaks with high oscillator strength
[Fig. 4.3(b)]. Their origin in terms of transitions to the CB is visualized in Figs. 4.3(b)–
4.3(g). Six prominent features with high oscillator strength are marked which are analyzed
further in Figs. 4.3(b)–4.3(g). Analysis of the transitions for the onset of the spectrum at
535.3 eV shows that these are localized around Γ at the bottom of the CB [Fig. 4.3(b)] and
comprise predominantly of O 3p character hybridized with O 3s [see Figs. 3.6(a)–3.6(c)], and
Mg 3s character [see Fig. 3.6(d)]. The second peak at 536.9 eV also arises from transitions
to the lowest CB, but is more dispersive along L − Γ − X and K − Γ . The subsequent
peak at 537.7 eV stems from transitions to the lowest CB, but is localized midway along
the L − Γ with some contribution along K − Γ and has hybridized O 3s, 3p, and Mg 3s
character. Furthermore, the peak at 539.5 eV results from transitions to the second lowest
unoccupied band localized at X and dispersive along K − Γ with Mg 3dxz [see Fig. 3.6(f)]
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Figure 4.4: XAS spectrum of the Mg K edge including G0W0+BSE corrections calculated with the exciting

code: (a) calculated absorption spectra with G0W0+BSE (red line) and within IQPA (brown shaded area) are
compared with experimental spectra from Luches et al. [38] on a MgO film on Ag(001), with grazing/normal
incidence of the photon beam (black dash-dotted/solid line), and on polycrystalline MgO (black dashed line).
A shift of 58.8 eV was applied to the calculated spectra to align with the first peak of the experiment and a
Lorentzian broadening of 0.55 eV is adopted for the theoretical curve to mimic the excitation lifetime. The
vertical green line at 1306.6 eV marks the direct band gap. The red vertical bars represent the oscillator
strength (arb. units). (b–k) Excitonic contributions to the final states in the CB of the peaks marked in (a).

as well as O 3p character. Transitions to higher unoccupied bands around W and Γ with
mixed O 3p and 3d and Mg 3p, t2g character result in a peak at 546.5 eV. The final peak
at 557.2 eV arises from transitions to CB at energies above 25 eV with O 3p and Mg 3p, eg
contributions along X −W −K − Γ .

4.3.2 Mg K-edge XAS

Fig. 4.4(a) displays the Mg K edge from the G0W0+BSE calculation with PBEsol as the
starting exchange-correlation functional and the experimental spectrum from Luches et
al. [38]. The experimental spectrum has four prominent peaks at 1308.3, 1314.4, and 1316.2
eV, followed by a broader peak at 1326.6 eV, with a noticeable difference in peak intensities
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for normal and grazing incidence of the MgO film on Ag(001) and for the polycrystalline
sample. Similar to the O K edge, a shift of 58.8 eV is applied to the G0W0+BSE spectrum
to align it to the first peak in the experimental spectrum and the same shift is applied to
the IQPA spectrum. While the IQPA spectrum for the O K edge shows overall agreement
with the G0W0+BSE result, for the Mg K edge the IQPA spectrum fails to describe the
general features of the experimental spectrum. On the other hand, including the core-hole–
electron interaction leads to a large redistribution of the spectral weight, accompanied by
the emergence of a high intensity peak at the onset of the BSE spectrum [see Section 4.3].
Overall, the G0W0+BSE Mg K edge is in very good agreement with the experimental spec-
trum of [38] and with previous BSE and FSR calculations [179] concerning peak positions
and relative intensity.

The green line in Fig. 4.4(a) denotes the presence of bound excitons below this energy, the
first bound exciton being at 1305.81 eV with a binding energy of 760 meV. Ten prominent
peaks with high oscillator strength are marked which are analyzed further in Figs. 4.4(b)–
4.4(k). The first peak at 1307.4 eV arises from transitions to the bottom of CB with Mg
3p character, hybridized with Mg 3s states [see Figs. 3.6(a) and 3.6(b)]. The second peak
at 1308.2 eV comprises transitions along the L − Γ − X with Mg 3p character and along
K−Γ with mixed Mg 3s and 3p character. The third peak at 1310.1 eV includes transitions
to the lowest CB concentrated halfway between Γ − X with hybridized Mg 3s and O 3s
and 3p character [see Figs. 3.6(a) and 3.6(b)]. Moreover, the peaks at 1313.8, 1315.6, and
1316.7 eV arise from transitions to higher energy CB (>10 eV) and are dispersive along
the whole k-path with hybridized O 3p and Mg 3s and 3p as well as Mg 3dxz character
[see Figs. 3.6(d)–3.6(f)]. The peaks at 1323.6, 1325.7, 1327.6, and 1329.5 eV stem from the
transitions to the unoccupied bands with E >20 eV predominantly along X −W −K with
prevailing hybridized Mg 3p and eg character.

4.4 Real-space projection of the first bound exciton in O K-
edge XAS

Similar to the approach in Chapter 3, in this section the spatial extension in real space
of the exciton wave function of the first bound exciton of O K-edge XAS is presented.
For the analysis, the hole is fixed slightly off the oxygen position (0.52,0.52,0.52), and the
electronic part of the exciton wave function in real-space is plotted in Fig. 4.5. The exciton
involves transitions from the 1s state to the CBM in reciprocal space, and is dispersive along
L− Γ −X and K − Γ [see Fig. 4.5(a)]. This goes hand in hand with a strong localization
observed in real space, evident from the real-space projection in Fig. 4.5(b) along the (5̄16̄)
plane that exhibits a localization of the wave function. The spread is confined to two to
three unit cells only [see Fig. 4.5(c)]. The 2D cut through the center of the wave function
spread [see Fig. 4.5(b)] illustrates the orbital contributions with s and p character near the
O sites, whereas the contributions around the Mg sites have s-like character. This can be
attributed to the strong hybridization of the O 3s, 3p, and Mg 3s states around the CBM,
discussed above.
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Figure 4.5: Analysis of the first exciton in the (d) O K-edge XAS in reciprocal space. (b) The density
associated with the electronic part of the excitonic wavefunctions along (5̄16̄) in real space. The color code
visualizes the spacial extension of the wave functions: Blue colors refer to vanishing or low densities, orange
to red colors to elevated densities. The hole is fixed near the oxygen (fractional coordinate: 0.52, 0.52, 0.52)
and is marked by a white cross. (c) The simulation box for the real-space projection.

4.5 Summary

The O and Mg K-edge XAS in bulk MgO is presented including the electron-(core)hole in-
teraction by solving BSE. Starting with the IP approximation, it is observed that the single-
particle excitations do not render the correct XAS spectra. Inclusion of electron-(core)hole
interaction is found to be paramount to achieve the best agreement with experiment. Fur-
thermore, by visualizing the transitions to the unoccupied bands in reciprocal space, the
origin of the relevant peaks in the spectra is determined. In the O K-edge spectrum, the
peak at ∼ 537 eV originates from the transitions to unoccupied bands with hybridized O
3s, 3p, and Mg 3s character, the peak at 546 eV stems from O 3p, 3d hybridized with Mg 3p
and t2g states, and the peak at 557 eV emerges from transitions to the CB with hybridized
O 3p and Mg 3p and 3d character. Moreover, for the Mg K edge, the prominent peak at
1308.2 eV comprises of transitions along the L − Γ − X with Mg 3p character and along
K −Γ with mixed Mg 3s and 3p character. The real-space projection of the electronic part
of the wave function of the first exciton in the O K-edge spectrum is strongly localized and
spreads up to only three unit cells.
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Chapter 5

Results III: X-ray absorption
spectrum of bulk SrTiO3

“There’s always something to
occupy the inquiring mind.”

Margaret Atwood, The
Handmaid’s Tale

Bulk SrTiO3 is revisited in this chapter to study the core excitation by including the many-
body corrections (G0W0), and electron–(core)hole interactions [by solving Bethe-Salpeter
Equation (BSE)]. Similar to the findings for the K edges in bulk MgO, it is observed that the
excitonic effects (electron–(core)hole interactions) play a pivotal role to obtain concurrence
with experimental X-ray absorption spectroscopy (XAS) of the O K edge and Ti L2,3 edge
spectra. The interband transitions in reciprocal space are discussed in detail for the O K and
Ti L2,3 XAS to determine the origin of the prominent peaks in the spectrum. Finally, to
characterize the first bound exciton and few important excitons, the real-space distribution
is presented.

5.1 Introduction

The x-ray absorption spectroscopy (XAS) spectrum in bulk SrTiO3 has been studied exten-
sively both theoretically and experimentally. Due to a wide range of application of cubic
SrTiO3 [see Chapters 1 and 3], and as a paradigmatic oxide, it is of particular interest in
our work. From the experimental Ti L2,3 -edge XAS, it is observed the L2,3 -edge spectrum
separates into the L3 edge (2p3/2) and L2 edge (2p1/2), and due to the cubic crystal field
in SrTiO3, the 3d orbitals split into the t2g and eg manifolds which is reflected by the peak
splitting [40]. The four peak structure is commonly observed in tetravalent Ti compounds
with TiO6 coordination, for example, TiO2 [see Chapter 2, Section 2.9.3]. In ligand field
this four-peak structure can be understood as a result of the twofold spin-orbit splitting of
the 2p level (L3 and L2 lines) and in addition the twofold splitting of the 3d level by the
octahedral ligand field into t2g and eg states [183]. Subsequently, the usual labeling of peaks
is adopted [40] as L3 → Ti 3d t2g, L3 → Ti 3d eg, L2 → Ti 3d t2g, and L2 → Ti 3d eg.

The Ti L2,3 -edge XAS in bulk SrTiO3 was theoretically calculated in the work of F.M.F. de
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Groot and coauthors [40], employing the atomic multiplet theory with inclusion of the cubic
crystal field [184]. Moreover, the theoretical spectrum was compared with the experimental
where the XAS was recorded in total electron yield mode and the spectrum was measured
with the SX700(I) monochromator. The calculated theoretical spectrum was consistent
with experiment with respect to the energetic positions and to a large extent the relative
intensities of the peaks. In the work of R. Laskowski and P. Blaha [185], the Ti L2,3 edge
was calculated by solving the Bethe-Salpeter Equation (BSE) and showed good agreement
with respect to the peak positions and relative intensities. In addition, Vinson et al. [186]
calculated the Ti L2,3 -edge XAS with a hybrid approach for BSE calculations of core exci-
tation spectra, employing atomic core-level states and projector augmented wave transition
matrix elements, a core-level BSE solver, and a many-pole self-energy model to include the
self-energy shifts and final-state broadening. In the work of P. Kruger [183], a multichannel
multiple scattering method theory [187] was used to calculate the Ti L2,3 edge. With the real-
space multiple-scattering method, a first-principles description of the electronic structure of
the extended system is provided, and energy-dependent particle-hole-multiplet coupling is
accounted for with a configuration interaction calculation of the scattering matrix (T ) of
the absorbing atom. Here, the calculated spectrum was also found to be in good agree-
ment with experiment. Moreover, recently Woicik et al. [188] have provided a combined
first-principles BSE calculations with the cumulant representation of the core-hole Green’s
function within real-time, time-dependent density functional theory (DFT) to address the
multielectron charge-transfer effects in XAS. The results were found to be in agreement
with experiment with respect to the energetic positions, although, the relative intensities
had some discrepancies.

Furthermore, the O K-edge XAS calculated in Liang et al. [189] shows a good agreement of
the spectrum with experiment calculated by solving BSE over the delta-self-consistent-field
(∆ SCF) with full core-hole calculation. In the ∆ SCF approach the core-excited atom is
treated as a single impurity accompanied by the removal of one electron from the excited core
level. The calculation is performed by placing the core-excited atom in a sufficiently large
supercell and employing constrained-occupancy DFT in order to find the the equilibrated
electron density.

The theoretical approaches so far have calculated the spectrum and the satellite fea-
tures, and have assigned the the features (underlying transitions) based on the crystal-field
symmetries and projected density of states. In this chapter we present the analysis of the
prominent features of the spectrum in reciprocal-space to clearly identify the leading tran-
sitions responsible for the peaks. Furthermore, the real-space projections of the spread of
the excitonic wave function unravels the interesting characteristics of the excitons, thus
providing critical insights to exploit these unique features for future applications.

5.2 X-ray absorption spectra

The x-ray absorption spectra of the O K edge and Ti L2,3 edge are presented in this section.
The ground-state calculations were performed with the PBEsol exchange-correlation func-
tional and the excitonic corrections were accounted for by solving BSE. A total of twenty
unoccupied bands for O K edge and ten unoccupied bands for Ti L2,3 edge are employed
to perform the BSE calculation, and are found to be sufficient to achieve a good agreement
with experiment.
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5.2.1 Ti L2,3 edge

The Ti L2,3 spectrum due to the excitation of the Ti 2p states to the unoccupied states is
presented in this section to study the spectroscopic features in detail.

5.2.1.1 Influence of Local-Field effects and cross terms

Figure 5.1: Ti L2,3 edge: (a) Spectra obtained including only Ti 2p1/2 (L2) and Ti 2p3/2 (L3) as initial states.
The cross terms, L2,3−(L2+L3) are also shown for comparison. (b) Influence of local-field effects: Increasing
values of |G+q| vectors to account for the effects of the local field.

We first study the effect of mixing between the two initial states, Ti 2p3/2 and Ti 2p1/2

on the overall Ti L2,3 spectrum. In Fig. 5.1(a) we plot the Ti L2,3, L2, L3 spectra, and
the so-called cross terms [L2,3 − (L2) + L3)]. The presence of the cross terms (blue solid
area) indicates that a part of the intensity of the L3 sub-edge is transferred to the L2 edge.
Moreover, both the L2 and L3 edges contain a small part from the 2p1/2 and 2p3/2 states,
respectively, consistent with the work of Laskowski and Blaha [185]. The branching ratio is
modified as a result of the destructive and constructive cross terms.

To study the local-field effects on the Ti L2,3 spectrum, we calculate the spectrum by
varying the Coulomb potential described by the |G+q|max parameter [see Fig. 5.1(b)]. We
already get a good agreement with experiment with respect to the spectral features with
27 |G+q| vectors (cutoff of |G+q|max = 2a−1

0 ). However, the intensity of the peaks is
underestimated compared to the experiment. The intermediate values of |G+q|max realize
satisfactorily the screened Coulomb interaction between core-hole and electron. Further-
more, as the exchange interaction mixes the transition of the sub-edges, illustrated by the
cross terms in Fig. 5.1(a), we observe that the relative intensity of the peaks are only repro-
duced at high values for |G+q|max. Thus, upon increasing the |G+q|max cutoff to 7.5a−1

0

we obtain the spectra with an improved agreement regarding the intensity of the L2 edge
with the experiment. Further increasing the cutoff to 9.5a−1

0 has negligible effect on the
intensity. Thus, we proceed with a cutoff to 8.0a−1

0 for the remaining calculation of the Ti
L2,3 spectrum. We note that even at such high values of |G+q|max, the relative intensity
of the L2 edge remains underestimated, and increasing the cutoff drastically increased the
memory requirement and rendered the calculation infeasible.
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5.2.1.2 Analysis in reciprocal space

Figure 5.2: XAS spectrum of the Ti L2,3 edge employing BSE corrections: (a) calculated absorption spectra
with BSE (blue line) and within the IP approximation (cyan shaded area) are compared with experimental
spectra from De Groot et al. [40] (black line). A shift of 20.4 eV was applied to the calculated spectra to
align to the first peak of the experiment and a Lorentzian broadening of 0.20 eV is adopted to mimic the
excitation lifetime. The green line at 458.3 eV marks the direct band gap. The blue vertical bars represent
the oscillator strength (arb. units). (b–e) Excitonic contributions to the final states in the CB of the peaks
marked in (a).

The theoretical XAS spectrum of the Ti L2,3 edge is plotted in Fig. 5.2(a) together with
the experimental spectrum from F. M. F. De Groot [40]. Once again, in our calculations we
do not correct the core energies obtained from DFT and thus, we shift the BSE spectrum
to align with the experiment, as done in earlier works [29, 106, 109]. A shift of 20.4 eV is
applied to the BSE spectrum to align the first peak with experiment. The same shift is also
applied to the IP spectrum.

The spectrum within the IP picture fails to capture the four peak feature, and a good
agreement with experiment concerning the spectral shape and the relative positions of the
prominent peaks at 456, 548, 561.5, and 463.5 eV is obtained only after BSE corrections (A1,
A2, B1, and B2, respectively). The calculated spectrum is also consistent with earlier work
of Laskowski and Blaha [185] employing a BSE solver based on the plane wave expansion of
the dielectric function. The reduced intensity of third (B1) and fourth (B2) peak in the BSE
spectrum can be attributed to the local-field effects [185] (discussed in the previous section)
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which could not be captured with the cutoff of 8.0a−1
0 for the |G+q|max. The separation

between the L2 and L3 edge, calculated as B2-A2 is 5.5 eV, and is in very good agreement
with the calculated value of 5.65 eV [185], and 5.4 eV [190]. Furthermore, within each edge
the peaks are separated by approximately 2.1 eV (A2−A1) and 1.9 eV (B2−B1), and is
comparable with value of 2.3 eV in Ref. [190]. Following the description from Ref. [191] for
the calculation of the branching ratio, L3/(L2+L3) where L2 and L3 represent the area for
the respective edges, our calculation yields a value of 0.58, and is in close agreement with
the experimental value of 0.467 [40]. Moreover, the branching ratio of approximately 1:1 is
consistent with Ref. [185].

The green line at 458.3 eV in Fig. 5.2(a) marks the direct band gap and presence of
bound excitons below this energy. The first bound exciton at the Ti L2,3 edge is found at
455.3 eV with a very high binding energy of 3.0 eV, and similar binding energies were also
observed for Ti L2,3 in bulk SrTiO3, and for anatase and rutile TiO2 [185]. The real-space
distribution of the excitonic wave function of this bound exciton will be discussed in Sec. 5.3.
The BSE spectrum is characterized by four prominent peaks with high oscillator strength
[see Fig. 5.2(a)]. Their origin in terms of transitions to the conduction bands is visualized
in Figs. 5.2(b)–5.2(e). The A1 peak at 456.1 eV with a high oscillator strength originates
from transition from Ti 2p to unoccupied bands with Ti 3d states. From Fig. 3.3(g)–3.3(i),
we observe that these conduction bands have predominantly Ti t2g character hybridized
with the O 3p. The A2 peak at 458.2 eV results from transitions to the bands with mixed
Ti t2g and eg states [see Fig. 5.2(c)]. Although the contribution from the eg states are less
dominant than the t2g states, they are critical for the emergence of the peak. The transitions
are localized around Γ and along Γ −X to unoccupied bands with Ti 3d states, unlike the
transitions of the first peak which are dispersive along the entire k path. The B1 peak
at 461.8 eV comprises transitions to the conduction bands with Ti t2g character along the
entire k path and eg character around M and along Γ −X [see Fig. 5.2(d)]. The final peak
B2, at 463.7 eV arises from transitions to bands in the energy range 3.5 to 7 eV with Ti
eg states with dispersive 3dz2 states along the entire k path [see Fig. 5.2(a)] and also bands
with mixed Sr eg and 5s states [see Figs. 3.3(d) and 3.3(f)].

Our analysis reaffirms the transitions designated to the peaks namely: A1 → Ti 3d t2g,
A2 → Ti 3d eg, B1 → Ti 3d t2g, and B2 → Ti 3d eg [40].

5.2.2 O K edge

Next, we present the spectrum calculated for the excitation of O 1s to the unoccupied states
in bulk SrTiO3.

5.2.2.1 Analysis in reciprocal space

We plot the theoretical O K-edge XAS obtained within the IP approximation and the
subsequent inclusion of electron–(core)hole interactions by solving BSE in Fig. 5.3(a), and
compare them with the experimental spectrum from [39]. A shift of 26.5 eV is applied to
the calculated spectra to align the first peak in the BSE spectrum with the experimental
one, and the same shift is applied to the IP spectrum.

Although the spectrum with the IP approximation reproduces the overall shape of the ex-
perimental spectrum, it is only after including the electron–(core)hole interaction with BSE
that we achieve the best agreement with experiment [see Fig. 5.3(a)]. The BSE spectrum is
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Figure 5.3: XAS spectrum of the O K edge edge employing BSE corrections: (a) calculated absorption spectra
with BSE (blue line) and within the IP approximation (cyan shaded area) are compared with experimental
spectra from Palina et al. [39] (black line). A shift of 26.5 eV was applied to the calculated spectra to align to
the first peak of the experiment and a Lorentzian broadening of 0.35 eV is adopted to mimic the excitation
lifetime. The green line at 530.7 eV marks the direct band gap. The blue vertical bars represent the oscillator
strength (arb. units). (b–g) Excitonic contributions to the final states in the CB of the peaks marked in (a).

in agreement with experiment with respect to the energetic positions of the four prominent
peaks at 530.6, 533.1, 535.6, and 542.9 eV and also shows good correspondence with the
previous work of Liang et al. [189].

The green line at 530.7 eV in Fig. 5.3(a) indicates the energy below which we observe
bound excitons. The first bound exciton is at 530 eV and has a binding energy of 470 meV
which is comparable with the O K edge in MgO (690 meV) [29], 0.5 eV for β-Ga2O3 [182],
and 285 meV, 345 meV, and 323 meV for the α, β, and ε phase of Ga2O3 [110], respectively.
We will discuss the real-space distribution of this exciton in Sec. 5.3. In Fig. 5.3(a) the six
prominent peaks are marked which are analyzed in reciprocal space [see Figs. 5.3(b)–5.3(g)].
Analysis of the transitions for the first prominent peak at 530.6 eV shows that these are
delocalized along the Brillouin zone at the bottom of the CB and comprise predominantly Ti
3d character, in particular Ti 3dxz. The second peak at 533.1 eV arises from transitions to
the CB with Ti 3eg character and is also delocalized along the entire k path. The subsequent
peak at 535.6 eV stems from transitions to the CB with significant contributions from the Sr
4eg states and mixed O 3p, Sr 4eg, and Sr 5s states along Γ −X−M−Γ −R. Furthermore,
the peak at 539.4 eV results from transitions to unoccupied band with predominant Sr 5s
character hybridized with Sr 4dxz states along Γ − R −X and mixed O 3p, Sr 5s, and Sr
4dx2−y2 along X −M [see Figs. 3.3(h), 3.3(d), and 3.3(f), respectively]. The peak at 542.9
eV is due to transitions to higher-lying CB with predominant Sr 5s and hybridized with Sr
5p and Sr 4dx2−y2 [see Figs. 3.3(d)–3.3(f)]. In addition, we also observe Ti 4s and 4p states,
and O 3p states in this energy range. The final peak at 456.3 eV comprises of transitions
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to CB above 16 eV with mixed contributions from Ti 4s, Sr 4dxz, and O 3p states along
X −M − Γ and Sr 4 t2g states along Γ −R−X.

5.3 Real-space projection of exciton in SrTiO3

In this section we present the real-space projection of the electronic part of the exciton wave
function similar to the approach in Chapter 4, Sec. 4.4.

5.3.1 The Ti L2,3 edge

For the Ti L2,3 edge we studied the first bound exciton at 455.3 eV and the exciton at 458.2
eV in Fig. 5.4. The hole was fixed near Ti (0.51,0.51,0.51) to plot the electronic part of the
excitonic wave function. The first bound exciton [see Fig. 5.4(a)] arises from transitions from
the VBM to the CBM and is delocalized along the entire k path. The spread in Fig. 5.4(b)
is strongly localized and extends only up to two unit cells and goes hand in hand with the
delocalized transition to the CB in reciprocal space. Moreover, we observe t2g character near
the Ti sites and p orbitals near the oxygen sites. This illustrates the hybridization between
the Ti t2g and O 3p states consistent with the orbital contribution in Fig. 3.3. Fig. 5.4(c)
shows the spread of the wave function in the 3D lattice and illustrates strong localization
in real space.

The exciton at 458.2 eV is a bound excition with a binding energy of 100 meV and stems
from transitions to unoccupied bands with mixed Ti t2g and eg states. Although we ob-
serve significant Ti t2g character in the reciprocal space [see Fig. 5.4(d)], in the real-space
projection the eg states at the Ti sites are more dominant [see Fig. 5.4(e)] in the center of
the spread. We observe maximum eg contribution upto two unit cell near Ti sites from the
center of the spread (where the hole is fixed) and Ti t2g character near the Ti sites away
from the center (third/fourth unit cell).

5.3.2 The O K edge

Finally, we discuss the first bound exciton at 530 eV and at 533.1 eV in Fig. 5.3 for the
O K-edge XAS. The first bound exciton results from transitions to the three lowest CB,
and is significantly localized around Γ with weak contributions along the entire k path [see
Fig. 5.5(a)]. The participating CB have predominantly Ti t2g states hybridized with O
3p states, illustrated in the orbital-projection in Fig. 3.3(h) where the O 3p contribution
is observed along the entire k path. The 2D cut through the center of the wave function
spread in the x-y plane is presented in Fig. 5.5(b). We observe large contribution from
the t2g states near the Ti sites for up to four unit cells with also O 3p states near the O
sites. This is concurrent with our analysis in reciprocal space. In addition, the 3D lattice
presented in Fig. 5.5(c) brings out a very interesting feature, i.e. the 2D spread of the wave
function in the x-y plane. We note that the 2D spread spans to only one unit cell along
[001], and is confined in the vertical direction when compared to the first bound exciton in
the optical spectrum with a Wannier-Mott type character [see Chapter 3]. The real-space
projection of the exciton may be considered to have an intermediate character between a
Wannier and Frenkel limit, i.e. the charge-transfer (CT) type.

The exciton at 533.1 eV is a non-bound exciton with a binding energy of 2.4 eV and the
real-space projection of this exciton is presented in Fig. 5.5(e) and 5.5(f). The exciton stems
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Figure 5.4: Ti L2,3 edge: Analysis of the excitons in the (a, d) in reciprocal space. (b, e) show the density
associated with the electronic part of the excitonic wave functions for a selected cross section in real space.
The hole is fixed near the Ti (fractional coordinate: 0.51, 0.51, 0.51). (c, f) show the simulation box for the
real space projection.
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Figure 5.5: O K edge: Analysis of the excitons in the (a, d) in reciprocal space. (b, e) show the density
associated with the electronic part of the excitonic wave functions for a selected cross section [along (001)]
in real space. The hole is fixed near the oxygen (fractional coordinate: 0.51, 0.51, 0.00). (c, f) show the
simulation box for the real space projection.
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from transitions to CB in the energy range of 3 to 7 eV and the transitions are dispersive
along the entire k path [see Fig. 5.5(d)]. The CBs have predominantly Ti eg states mixed
with O 3p states as seen in Figs. 3.3(c) and 3.3(h). The 2D projection renders strong
eg character near Ti sites along with O 3p character near the O sites [see Fig. 5.5(e)]. The
wave function spread in Fig. 5.5(f) shows that it spans only up to one unit cell in the (001)
and (010) plane with almost 2D spread within the plane.

5.4 Summary

We studied the XAS spectrum in bulk SrTiO3 with the exciting code. The O K and Ti
L2,3 edge calculated by solving BSE show a good agreement with experiment with respect
to the peak positions, underlining the importance of including the electron–(core)hole in-
teractions. For the Ti L2,3 edge, the relative intensities of the peaks are affected due to
the local-field effects [185]. We determined the origin of the relevant peaks in the spectra
and plotted the transitions to the unoccupied bands in reciprocal space. For the Ti L2,3

edge, the analysis of the origin of the four prominent peaks in reciprocal space confirm the
transitions to the CB with the following character [40]: Ti 3d t2g, Ti 3d eg, Ti 3d t2g, and Ti
3d eg, respectively. The real-space projection of the first bound exciton reveals a strongly
localized spread of the exciton wave function and goes hand in hand with the reciprocal-
space analysis wherein the transitions to the CB are delocalized along the entire k path.
Moreover, we observe t2g character near the Ti and 3p states near the oxygen sites. In the
O K-edge spectrum, the first two peaks with high oscillator strength at 530.6 and 533.1 eV,
respectively, stem from transitions to CB that are delocalized along the entire k path. For
the former peak, transition are to CB with Ti 3dxz character and for the latter to CB with
Ti 3eg character. In addition, the real-space projection of the exciton wave function for the
first bound exciton shows a strong 2D spread in the 3D lattice with predominant t2g states
near the Ti, and 3p states near the O sites, and is identified as a CT type exciton.
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Chapter 6

Results IV: Effect of quasiparticle
corrections on the electronic
properties of the
NdNiO2/SrTiO3(001) interface

“All that I saw and learned was a
new delight to me...”

Marie Curie

After the successful analysis of the many-body effects in bulk material, we now study these
effects in an oxide heterostructure, with a special focus on the interface. In this chapter we
study the NdNiO2/SrTiO3(001) heterostructure, where emergent two-dimensional electron
gas (2DEG) is observed at the interface [20]. For comparison, we also consider the system
with an oxidized interface, NdNiO2/NdNiO3/SrTiO3(001), where the 2DEG is quenched.
The occupied Ti 3d states at the interface of the NdNiO2/SrTiO3(001) heterostructure
give rise to the 2DEG, whereas the oxidized interface inhibits the formation of the 2DEG.
Moreover, a comparison of the spectra of the two systems with bulk SrTiO3 and NdNiO2 aids
in identifying the contributions from the individual layers to the features in the spectrum.
The dielectric function of the system with 2DEG within the independent particle approach
exhibits a peak at the onset of the spectrum which is several orders of magnitude larger
when compared with the system without the 2DEG. Furthermore, upon including many-
body corrections within the GW approximation (single-shot G0W0) for the ideal system
with 2DEG, the signatures of 2DEG are retained after the quasiparticle corrections. The
peak at the onset of the spectrum is preserved, although with a reduction in the intensity.
Comparison of the spectrum of the ideal system with bulk NdNiO2 and SrTiO3 highlights
the dominant contribution from the perovskite layers in the energy range 5–10 eV.

6.1 Introduction

The emergent two-dimensional electron gas (2DEG) at the interface of prominent systems
such as the LaAlO3/SrTiO3(001) [192, 193] are known to display intriguing physics like su-
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perconductivity [12]. The very recent observation of superconductivity in Sr-doped NdNiO2

and PrNiO2 films grown on SrTiO3(001) [19, 194] has sparked considerable interest in
infinite-layer nickelates, since their formal Ni1+ (3d9) valence state renders them close to
cuprates [195–199]. In the quest for a fundamental understanding of the underlying mecha-
nisms, several aspects are noteworthy and so far unresolved. On the one hand, superconduc-
tivity could not be confirmed experimentally in Sr-doped bulk NdNiO2 [200]. On the other
hand, superconductivity was not observed in LaNiO2 films on SrTiO3 (001) [19] despite its
similar electronic structure to NdNiO2 in the bulk, apart from the Nd 4f states [201]. In
the recent work of Geisler and Pentcheva [20], interface polarity was observed to be a key
aspect in understanding the superconductivity in infinite-layer nickelates. It was found that
the polar discontinuities at the interface of the infinite NdNiO2/SrTiO3(001) layer result in
an emergence of a 2DEG at the interface involving occupation of Ti 3d states. The vertical
confinement of the electron gas at the interface restricts motion in the vertical direction and
leads to quantization of the energy levels.

Spectroscopy is employed to characterize a wide range of properties in materials. The
emergent 2DEG at the LaAlO3/SrTiO3(001) heterostructure was studied by Palina et al. [39]
with x-ray absorption spectroscopy. A comparison of the spectral features of the heterostruc-
ture with the 2DEG, and the pristine bulk samples aid in the identification of signatures of
the 2DEG. Also, such experimental techniques can provide insight on the density of states,
and orbital characters. Motivated by these findings, we present in this chapter the calculated
spectra of the NdNiO2/SrTiO3 heterostructure with and without 2DEG at the interface,
based on the work of Geisler and Pentcheva [20] to present a fingerprint analysis of the
emergent 2DEG at the interface. Within the independent particle (IP) picture, we indeed
observe a very high intensity peak at the onset of the spectrum in the system with 2DEG,
compared to a low intensity peak for the system without the 2DEG at the interface. A
comparison with the layer-resolved density of states with the bulk NdNiO2 and SrTiO3 con-
firms the occupation of Ti 3d states at the interface, leading to the formation of the 2DEG.
Moreover, on performing many-body corrections with the single step GW approximation,
the 2DEG is retained at the interface as observed in the layer-resolved density of states, and
the peak at the onset of the spectrum is also reproduced, although with a reduced intensity.
Our results promote optical spectroscopy as a technique to gain fundamental insights into
the emergent physics at this polar interface.

We model the NdNiO2/SrTiO3(001) interface by fixing in-plane lattice constant to the
experimental one of SrTiO3, a0=3.905 Å [202]. The supercells contain six layers of per-
ovskite substrate and three layers of NdNiO2 [NdNiO2/SrTiO3(001)], for the interface with
2DEG, and four layers of SrTiO3 and five layers of NdNiO2 with an oxidized interface
[NdNiO2/NdNiO3/SrTiO3(001)]. The computational details are provided in Appendix A.5.

6.2 Structural and electronic properties

6.2.1 Ionic relaxation in the supercells

The optimized geometries of the supercells with ideal [NdNiO2/SrTiO3(001)] and the ox-
idized interface [NdNiO2/NdNiO3/SrTiO3(001)] are presented in Figs. 6.1(a) and 6.1(b),
respectively, along with the vertical displacements. In the system with the oxidized inter-
face [see Fig. 6.1(a)], the distances between the Nd layer decrease from the interface (3.38 Å)
to the central (3.26 Å) NdNiO2 layer. On the other hand, the distances for the supercell
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with the ideal interface are around 3.25 Å. For the SrTiO3 layers, in both the supercells, the
distances remain constant at around 3.92 Å. Moreover, the Nd-Sr distance at the interface
for the ideal interface is 4.10 Å, whereas for supercell with the oxidized interface is 4.07 Å
and these trends are consistent with earlier work [20]. In addition, the displacement of the
Ni ion at the oxidized interface is inwards by 0.14 Å, and is almost negligible at the central
NdNiO2 layer.

The B-sites (Ti) in the perovskite layer also experience inward vertical displacement
from the interface (0.04 Å) towards the central layer (0.01 Å). In contrast, for the ideal
interface, the Ni ion in the NdNiO2 layer is displaced outwards by (0.12 Å) at the interface,
and the B-sites in the perovskite layer undergo ferroelectric-like displacements such as a
pronounced inward displacement at the interface (0.30 Å) and decay subsequently to 0.07 Å,
at the central layer, in line with film geometry of earlier work [20]. Having established the

Figure 6.1: Optimized geometry of the two supercell: (a) oxidized interface with no 2DEG
[NdNiO2/NdNiO3/SrTiO3(001)] and (b) interface with 2DEG [NdNiO2/SrTiO3(001)]. Layer-resolved den-
sity of states: (d) oxidized and (e) ideal interface, highlighting the emergence of a 2DEG at the interface for
the latter; (c and f) bulk NdNiO2, and (e and h) bulk SrTiO3.

agreement of the two structures with previous study of Geisler and Pentcheva [20], in order
to study the emergence/absence of 2DEG at the ideal/oxidized interface; we continue with
these two systems.
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6.2.2 Electronic structure of the supercells

To gain more insight into the electronic structure of these two systems, we plot the layer-
resolved density of states (DOS) in Figs. 6.2(b) and 6.2(e). For comparison, we also plot
the density of states for bulk NdNiO2 and bulk SrTiO3 in Figs. 6.2(a) and 6.2(d), and
Figs. 6.2(c) and 6.2(f), respectively. In the NdNiO2/SrTiO3(001) supercell, the DOS at

Figure 6.2: Layer-resolved density of states: (b) oxidized interface [NdNiO2/NdNiO3/SrTiO3(001)] and (e)
ideal interface [NdNiO2/SrTiO3(001)], highlighting the emergence of a 2DEG at the interface for the latter;
(a and d) bulk NdNiO2, and (c and f) bulk SrTiO3.

the central layer of the SrTiO3 is in correspondence with the bulk SrTiO3 [see Figs. 6.2(e)
and 6.2(f)] and illustrate the presence of a band gap. However, the Ti ions gain charge in the
localized 3d state from the central towards the interface layer. This phenomenon results in
the emergence of a 2DEG at the polar interface with occupied Ti 3d states, consistent with
previous work [20], confirming the suitability of the supercell to model heterostructure with
2DEG. The charge gain of the Ti ions and the band bending decreases from the interface
to the central SrTiO3 layer (non-zero charge), accompanied by an emergent electric field in
the perovskite layers.

In contrast, the NdNiO2/NdNiO3/SrTiO3(001) supercell does not show any signature of
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a 2DEG formation at the interface [see Fig. 6.2(b)]. The conduction band minimum has
characteristic Ti 3d states and does not cross the Fermi level at any of the SrTiO3 layers.
The non-reduced interface indeed inhibits the formation of 2DEG [20].

6.3 Optical properties

6.3.1 Optical properties within the Independent particle (IP) picture

In order to study the influence of the inclusion of many-body effects we begin our analysis
with the IP approach, which is the first step in the process of including the GW correc-
tions. We plot the optical spectra i.e., the real and imaginary part of the dielectric function
(DF) for the system with 2DEG (ideal interface) and without 2DEG (oxidized interface)
in Figs. 6.3(a), 6.3(b), and Figs. 6.3(c), 6.3(d), respectively. In addition, we also present
the IP dielectric function for bulk NdNiO2 and bulk SrTiO3 [see Figs. 6.3(e), 6.3(f), and
Figs. 6.3(g), 6.3(h), respectively]. For the system with the 2DEG, we observe a prominent
peak with a large intensity at the onset of the spectrum for the in-plane DF (εxx) in both,
the real (ε1) and imaginary (ε2) part of the DF [see Figs. 6.3(a) and 6.3(b), respectively].
A relatively low intensity peak is present for the out-of-plane DF (εzz) at the onset of the
spectrum for ε1 and ε2. The difference in the intensities of in-plane and out-of-plane DF
reflects the anisotropy of the system. For ε1, the intensity of the peak at the onset of εxx is
around 1.3 times large than εzz, whereas for ε2, the intensities of εxx and εzz are nearly of
equal magnitude. Also, we observe two peaks at ∼0.7 and 1.3 eV for the εzz in the imaginary
part of the DF. At ∼0.5 eV, εxx in the real part undergoes a sign reversal, indicating the
presence of a plasmon, and at around 10 eV, both εxx and εzz, exhibit a sign reversal.

In contrast, for the system without the 2DEG, peaks with low intensity is observed at the
onset of the spectrum, wherein the magnitude of ε1 and ε2 for in-plane is smaller than
out-of-plane [see Figs. 6.3(c) and 6.3(d), respectively]. Moreover, the intensity of the peaks
is smaller by several factors when compared to the 2DEG system. In addition, εxx and εzz
experience sign reversal at ∼ 10 eV for the real part, similar to the system with 2DEG.

For the NdNiO2/SrTiO3(001) system with 2DEG, we attribute the high intensity peak at
the onset of the spectrum to the 2DEG at the interface. This prominent peak results from
the presence of electrons due to the occupation of Ti 3d states at the interface, available for
excitation to the unoccupied bands, and can be considered as a signature of the presence of
2DEG in the system.

Furthermore, we present the IP spectra for bulk SrTiO3 and bulk NdNiO2 and compare
them with those of the two supercells. In addition, we provide in the insets magnification
of the spectra of ε1 and ε2 for the supercell with ideal interface [see Figs. 6.3(a) and 6.3(b)].
A characteristic double peak at ∼5 and 8 eV is marked in ε1 with Cyan arrows for both the
supercells. These peaks coincide with the peak positions as marked for the bulk SrTiO3 [see
Fig. 6.3(e)]. The DOS in Fig. 6.1(e) for the perovskite renders unoccupied Ti 3d and Sr 4d
states in the energy range of 5 to 8 eV. Therefore, peak at ∼5 eV results due to the transition
from O 2p to Ti 3d and the second peak at 8 eV is from O 2p to Sr 4d transitions [30].
Thus, we attribute the double peaks marked in the spectra for the two supercells to the
transitions in the SrTiO3 layer. Similar peaks were also observed in a previous work on
bulk SrTiO3 [28, 30] in the IP spectra at similar energies. Furthermore, a plasmon peak
is observed at around 10 eV for bulk SrTiO3 that coincides with the ones observed in the
spectra of the two supercells. In the bulk NdNiO2, no distinct double peaks are observed
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Figure 6.3: The IP spectra in the real and imaginary part of the DF of the two system: (a and b) interface
with 2DEG, (c and d) oxidized interface without 2DEG, (e and f) bulk SrTiO3, and (g and h) bulk NdNiO2.
The blue arrows mark the peaks observed in both the supercell attributed to transitions in the SrTiO3 layer
(also marked in bulk SrTiO3).
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[see Figs. 6.3(g) and 6.3(h)]. Once again, the difference in the spectra between εxx and εzz
is attributed to the anisotropy in the bulk NdNiO2. Below 1 eV we also note double peaks
in εxx, and a single peak in εzz, for the imaginary part of the DF identified as the Drude
peak, due to the non-zero occupation of the Nd 5d states at Fermi energy.

6.3.2 Inclusion of many-body effects with G0W0 approach

Going beyond the IP approach, we now include the many-body effects with single-shot
G0W0 to study the effects of quasiparticle corrections on the 2DEG at the interface, and
the subsequent influence on the electronic structure and optical spectra. Moreover, we also
compare the spectra with the ones from bulk SrTiO3 and bulk NdNiO2 to reveal respective
contributions.

6.3.2.1 The Layer-resolved density of states

We first present in Fig. 6.4, the layer-resolved DOS after the G0W0 calculation for the
NdNiO2/SrTiO3(001) supercell with 2DEG, along with the DOS of bulk SrTiO3 and bulk
NdNiO2. For the supercell, in the perovskite layers we observe that the gap between the
occupied O 2p and unoccupied Ti 3d and Sr 4d increases from the central layer towards the
interface [see. Fig. 6.4(b)]. These observation are in agreement with previous findings of
improvement in the band alignment subsequent to the inclusion of many-body effects with
G0W0 in Refs. [23, 24]. Moreover, the 2DEG at the interface is retained, albeit with band
bending. We also observe the electric field in the perovskite layer, similar to the ground-
state DOS. In addition, there exists a noticeable band bending in all the layers throughout
the system when compared with the DOS of the ground state. A comparison of the DOS
with bulk SrTiO3 highlights shift in the occupied O 2p, Ti 3d and Sr 4d, resulting in the
increase of the bad gap, concurrent with the system with ideal interface [see. Fig. 6.4(c)].
The improvement in the band gap is also noticeable at the central SrTiO3 layer and increases
towards the interface.

In the NdNiO2 layers of the supercell, we observe depletion in the self-doping of Nd 5d states
and confirm the cuprate-like electronic structure, consistent with the earlier work of Geisler
and Pentcheva [20]. In contrast, in the bulk NdNiO2, the Nd 5d states do not deplete [see
Fig. 6.4(a)] and also the band bending in the Nd 5d states is smaller in comparison to the
NdNiO2 layers in the supercell. The unoccupied Nd 5d states in the bulk extend up to 6
eV above the Fermi level whereas, in the supercell the states are observed up to 7.5 eV in
all the NdNiO2 layers. However, for the ground state we observed that the unoccupied Nd
5d states extended up to 7 eV in all the NdNiO2 layers in the supercell and in the bulk.
Furthermore, in the bulk NdNiO2, the occupied Nd 5d states around the Fermi energy are
enhanced in comparison to the ground state DOS.

6.3.2.2 Optical properties within the G0W0 approach

The spectra calculated by including the many-body effects are presented in Fig. 6.5. Two
significant changes for the supercell are observed when compared with the IP spectra: first,
a considerable change in the intensity of the peaks at the onset in εxx and εzz for both the
real and imaginary part of the DF [see Figs. 6.5(a) and 6.5(b)], and second, shift of the
peaks in the spectra to higher energies in the energy range of 4 to 12 eV [see Fig. 6.5(b)].
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Figure 6.4: The layer-resolved density of states for the DFT+G0W0 calculation: (a) bulk NdNiO2, (b)
supercell with 2DEG at the interface, and (c) bulk SrTiO3.

Including quasiparticle corrections with the G0W0 results in a redistribution of the spectral
weight compared to the IP spectra accompanied by a blueshift of the peak positions for
the prominent peaks. For the supercell with the 2DEG, similar to the IP spectra, peaks
are observed at the onset of the spectra in εxx and εzz, although the intensities are signif-
icantly reduced. However, the prominent peaks are signatures of the 2DEG as discussed
in Section 6.3.1 and corroborate the presence of occupied Ti 3d states at the interface [see
Fig. 6.5(b)] after the inclusion of quasiparticle corrections. The blueshifted peaks are illus-
trated in the inset for ε1 [see Figs. 6.5(a) and 6.5(b)], where the double peaks in the IP
spectrum at 5 and 8 eV shift to 7 and 10 eV, respectively. The shift in the occupied O 2p
and unoccupied Ti 3d and Sr 4d DOS discussed in the previous section for the SrTiO3 layers
explains the blueshift in the peaks. As a result of the spectral weight redistribution, the
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Figure 6.5: The comparison of the IP and DFT+G0W0 spectra in the real and imaginary part of the DF:
(a and b) supercell with 2DEG at the interface, (c and d) bulk SrTiO3, and (e and f) bulk NdNiO2. The
blue arrows indicate the peaks observed in the supercell attributed to transitions in the SrTiO3 layer (also
marked in bulk SrTiO3)

intensity of these peaks, and the whole spectrum in general, is reduced. In addition, the
double peak structure below 2 eV in εzz for the imaginary part is retained, similar to the
IP spectrum. Moreover, for ε1, the sign reversal at 0.5 eV in εxx and at 10 eV in εxx and
εzz is absent.

In addition, we also plot the spectra for the bulk SrTiO3 and NdNiO2, subsequent to the
inclusion of the many-body corrections with G0W0. For the bulk SrTiO3, the distinct
double peak in ε1 is reproduced similar to the IP spectrum. The double peak in the IP
spectra is shifted after G0W0, i.e. from 5 eV to 7 eV, and 8 eV to 10 eV, accompanied
by a reduction in the intensity of the peaks [see Figs. 6.5(c) and 6.5(d)]. Our findings
are consistent with the previous work on SrTiO3 [28, 30]. In the real part of the DF, we
observe in general a reduction in the intensity of the peaks accompanied by a blueshift of
the spectrum, consistent with the trend in the imaginary part of the DF, resulting from the
inclusion of the quasiparticle effects. In contrast, for the bulk NdNiO2, an increase in the
intensity of the peaks is observed at the onset of the spectrum for εxx and εzz in the real
and imaginary part [see. Figs. 6.5(e) and 6.5(f)], identified as the Drude peak. This can be
traced back to the increase in the Nd 5d states around the Fermi level [see. Fig. 6.4(a)] after
the G0W0 corrections in bulk NdNiO2. Furthermore, we also observe emergence of peaks
in εxx and εxx at around 2.7 eV. We note that the redistribution of the spectral weight in
bulk NdNiO2 from the G0W0 calculations results in the enhancement of the peak intensities
when compared to the IP picture, contrary to the bulk SrTiO3. This can be due to the
increased occupied states at the Fermi energy both of the Nd 5d and Ni 3d states after the
many-body corrections.
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6.4 Summary

We presented the electronic and optical properties of oxide heterostructures, supercell with
an emergent 2DEG at the interface- NdNiO2/SrTiO3(001), and the supercell without the
2DEG- NdNiO2/NdNiO3/SrTiO3(001), at the IP level. Within the IP picture, the optical
signature of the 2DEG in the ideal interface is characterized by a high intensity peak at the
onset of the spectrum due to the occupied Ti 3d at the Fermi level at the interface. This
peak is several magnitudes larger than the one observed for the system without the 2DEG,
i.e. the presence of an oxidized interface inhibits the formation of the 2DEG.

Subsequent to the inclusion of many-body effects with the single-shot G0W0 for the
NdNiO2/SrTiO3(001) supercell with the ideal interface, the peak at the onset of the spec-
trum is reproduced, although a significant reduction in the intensity is noted. Moreover,
characteristic double peaks are observed at energies above 4 eV in the spectra (IP and
G0W0), indicative of the significant Ti 3d and Sr 4d contribution of the SrTiO3 layers in
the system, inferred from the bulk SrTiO3 spectra. The typical blueshift in the spectrum
compared to the IP spectrum is indicative of the many-body effects due to the quasiparticle
corrections. Our results show that optical spectroscopy may be employed to probe signa-
tures in heterostructures of the emergent physics of 2DEG at interfaces, without the need
of invasive techniques.
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Results V: Quasiparticle effect on
the electronic properties of
SrTiO3(001)

“...learning was an act of
rediscovery, knowledge a form of
remembering.”

Jhumpa Lahiri, The Lowland

The previously discussed many-body perturbation theory (MBPT) is extended to study
the SrTiO3 (001) surface, and the preliminary results are presented in this chapter to unravel
the surface effects on the optical spectrum.

The calculations were performed on a supercell with a fixed in-plane lattice constant of
3.896 Å, the equilibrium lattice constant of bulk SrTiO3 calculated with PBEsol functional.
The supercell is symmetric and contains four layers of SrTiO3 with TiO2 termination. A
vacuum of 15 Å is present between the surfaces and the supercell is relaxed along the [001]
direction [see Fig. 7.1(a) and 7.1(b)], employing a k mesh of 11×11×1.

7.1 Structural and electronic properties

The vertical relaxation of the ions is presented in Fig. 7.1(b), where the maximum displace-
ment is observed for the Sr ion (0.14 Å outwards) in the SrO layer just below the surface.
The Ti ion at the surface layer experiences an inward displacement of 0.11 Å. The displace-
ments reduce to 0.02 Å for Ti (inwards) and Sr (outwards) in the subsequent TiO2 and SrO
layers, respectively. Furthermore, a displacement of only 0.02 Å(inwards) is observed for the
O ion at the surface TiO2 layer that reduces to 0.01 Å in the subsequent SrO (outwards)
and TiO2 (inwards) layers. The trend for the ionic displacements in the layers is concurrent
with Heifets et al. [203], with respect to the TiO2-terminated SrTiO3 (001) surface.

The layer-resolved density of states in Fig. 7.1(c) shows the ionic contributions in each
layer. For all the layers, the contribution in the energy range of -5 to 0 eV is dominated by
the O 2p states. We observe an upward shift of O 2p bands from the central to the surface
TiO2 layer. The calculated band gap of ≈1.5 eV in the central TiO2 layer is close to the
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Figure 7.1: (a) Side view of the SrTiO3(001) surface with (b) vertical displacements of the ions after relax-
ation, and (c) the layer-resolved density of states.

PBEsol bulk band gap of 1.83 eV [from Chapter 3]. The contributions from the Ti 3d states
are predominant from 1 to 6 eV, followed by contributions from Sr 4d upto 10 eV. The band
gap calculated for the supercell is 1.01 eV, reflected in the surface TiO2 layer.

The layer-resolved contributions of the Ti ions are projected on the band structure in
Fig. 7.2(b), 7.2(c) and 7.2(d) for the surface, intermediate and central TiO2 layers, re-
spectively. Consistent with bulk SrTiO3 [see Chapter 3], the lower conduction bands have
predominant contribution from the Ti 3d states. The conduction band minimum (CBM)
has predominant contribution from the Ti in the central TiO2 layer [see Fig. 7.2(d)] with
t2g character. Also, contribution to the CBM from the Ti ion with t2g character in the
intermediate TiO2 layer is observed [see Fig. 7.2(c)]. The Ti in the outermost layer, has
significant contributions in the energy range of 1.5 eV to 8 eV, with small contribution to
the CBM (around 1.1 eV).

7.2 Optical properties

The real and imaginary part of the optical spectrum of the supercell calculated by solving
Bethe-Salpeter equation (BSE) on a k mesh of 9×9×1 with 100 frequency grid points is
presented in Fig. 7.2(e) and 7.2(f), respectively. For comparison the calculated optical
spectrum of bulk SrTiO3 (from chapter 3) and experimental spectrum from Benthem et
al. [8] are also plotted. A total of 42 occupied bands (all 2p states from 14 oxygen ions)
and 30 unoccupied bands (all 3d states of the five Ti ions) were employed to account for
the excitonic effects, and the spectrum is converged upto 7 eV. Due to the anisotropy in the
structure, the in-plane (εxx) and out-of-plane (εzz) components of the dielectric function
are plotted for the supercell. For the imaginary part of the spectrum [see Fig 7.2(f)], the
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Figure 7.2: The Ti ions are marked in (a) whose contributions are plotted in the band structure in (b). (c)
the optical spectrum of the bulk SrTiO3 (brown solid line) and experiment (black solid line) are compared
with the optical spectrum of the SrTiO3 (001) surface (magenta), with εxx(solid line) and εzz (dashed line).

shoulder at 4 eV for εxx for the supercell is more pronounced than the bulk. A major
feature is that the peak at 6.7 eV for εxx has a lower intensity than in the bulk (indicated
by the arrows in Fig. 7.2), and the intensity of the peak is thus in better agreement with
the experiment which may imply that the discrepancy between theory and experiment is
due to surface effects in the measured spectrum. For εzz, plateaus at around 6, 7.5 and 10
eV, and a shoulder at 11.3 eV are observed. The first prominent peak is observed at ≈11.8
eV and the second peak is at 13 eV. For the real part of the spectrum [see Fig 7.2(e)], the
εxx shows features consistent upto 5 eV with the bulk spectrum. A sign reversal in the
εxx which is indicative of plasmon, is observed for the supercell at around 5.6 and 8.5 eV,
consistent with bulk. Moreover, for the εzz a sign reversal is observed at ≈13 eV consistent
with εxx for the surface and bulk.

An overall good agreement with the bulk spectrum for εxx in both the real and imaginary
part of the dielectric function shows that the MBPT may be employed to describe spectro-
scopic properties of the surface. Moreover, the peak at 6.7 eV for the surface is in better
agreement with the experiment regarding the intensity when compared with the bulk, indi-
cating a possible dominant role of surface effects on the spectrum. Moreover, strong differ-
ences are observed between εzz and εxx for both the real and imaginary part of the dielectric
function, which cannot be solely attributed to the anisotropy. Employing a supercell-based
approach to calculate the optical spectrum for a Si(001) 2×1 surface, in particular on the εzz,
has been discussed before by Tancogne-Dejean et al. [204]. The reciprocal-based scheme em-
ployed in the calculation of the dielectric function are not adapted to consider the local-field
effects for the out-of-plane component of the spectrum of a surface, which may contribute
to the differences [204]. Therefore, to address the discrepancy in the out-of-plane dielectric
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function, one approach is to investigate the influence of the vacuum region on the εzz. In
addition, although 42/30 (occupied/unoccupied) bands were found to be sufficient to de-
scribe the spectrum until 7 eV, for an accurate convergence an increased number of bands
is required for energies higher than 7 eV.
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Chapter 8

Summary

“We can only see a short distance
ahead, but we can see plenty
there that needs to be done.”

Alan Turing

Excitation of valence and core electrons in two paradigmatic oxides, SrTiO3 and MgO,
have been presented in this work by employing state-of-the-art density functional theory
(DFT) approach including many-body perturbation theory (MBPT). The optical properties
of SrTiO3 and MgO were calculated by first including the quasiparticle corrections with
the single-shot G0W0 approach, and subsequently including the excitonic effects by solving
the Bethe-Salpeter equation (BSE). Furthermore, the x-ray absorption spectra of the two
oxides were calculated, and the electron-(core)hole interactions were accounted for by solving
BSE. Inclusion of MBPT leads to a significant improvement of the bulk spectra and a good
correspondence with experiment is achieved. In addition, the role of many-body corrections
with the G0W0 approach was explored for the NdNiO2/SrTiO3 (001) heterostructure to
study the emergent properties at the interface.

The electronic and optical properties of SrTiO3 and MgO were calculated with the
pseudopotential-based Vienna Ab initio Simulation Package (VASP) and the all-electron
exciting code. To unravel the influence of the starting exchange-correlation (xc) func-
tionals PBE96, PBEsol, SCAN and HSE06, the spectra at different levels of theory were
compared for SrTiO3 calculated with VASP. It was found that the onset of the spectrum
within the independent particle (IP) and G0W0 approach is largely affected by the starting
functional. These deviations at the onset of the spectra reduce significantly by accounting
for the excitonic effects by solving BSE. A very good agreement of the optical spectra with
experiment [8] is achieved only after including the critical electron-hole interactions. For
the optical spectrum, the four functionals show a good description of the first peak with the
onset for HSE06 slightly higher in energy. A pronounced excitonic peak appears at 6.4−7.0
eV depending on the starting functional which can be associated with the 6.3 eV peak in the
experimental spectrum. The calculated optical spectrum with the exciting code employing
PBEsol as the starting functional, was found to be in good correspondence with experiment.
To gain more insight into the origin of the peaks in the spectra, the participating interband
transitions were plotted in reciprocal space with the help of BSE eigenvectors. The first
bound exciton with a binding energy of 230 meV stems from transitions localized around
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Γ from the valence band maximum (VBM) to conduction band minimum (CBM) with Ti
t2g character. The real-space projection of the exciton shows a delocalized spread over sev-
eral unit cells and is a Wannier-Mott type exciton, previously reported in Refs. [33, 34].
The peak at 6.5 eV with a relatively high intensity compared to the experiment stems from
transitions from VBM to the higher-lying CB, with Ti eg character along Γ −X and around
Γ . The real-space projection of the spatial extension of the exciton shows a 2D-like spread
of the excitonic wave function along (001) plane with Ti eg character which is maximum
near the Ti sites, and may be identified as a charge-transfer (CT) type of exciton.

For the optical spectrum of bulk MgO calculated with the VASP and exciting code, a
good correspondence with experiment with respect to the energetic positions and intensity
of the peaks is achieved after including the excitonic effects. Analysis of the origin of the
features in reciprocal space shows that the first peak at 7.3 eV arises due to transitions
localized around Γ from the VBM to the CBM with mixed O 3s, 3p, and Mg 3s character,
followed by a peak at 9.4 eV stemming from similar interband transitions but along L−Γ−X
and Γ −K with mixed O 3s, 3p, and Mg 3p character near L. The third peak at 10.4 eV
is from transitions to the bottom of CB from deeper lying valence bands and the final peak
at 12.2 eV results from a transition to higher lying CB with hybridized O 3p and Mg 3s
and 3dxy, dxz character. The first bound exciton has a binding energy of 435 meV, and the
real-space projection shows a delocalized spread in space which extends up to several unit
cells. This exciton is a Wannier-Mott type, in agreement with the analysis in Ref. [35].
By employing a model BSE (mBSE) [36, 37] approach based on the analytical model for
the static screening, the computationally demanding G0W0 is circumvented, and allows us
to include the excitonic corrections with BSE on a denser k mesh when compared to the
G0W0+BSE (full-BSE). For both bulk SrTiO3 and MgO, the mBSE approach provides a
good description of the main features of the spectrum, and a good agreement with the
full-BSE approach, at a lower computational cost.

The O and K-edge XAS in bulk MgO were obtained by solving BSE, calculated with
the exciting code. Similar to the optical spectrum, inclusion of the electron-(core)hole
interactions is essential to achieve the best agreement with experiment [38]. Analyzing the
origin of the prominent peaks in the spectrum in reciprocal space for the O K-edge spectrum
reveals that the peak at ∼ 537 eV originates from the transitions to CB with hybridized O
3s, 3p, and Mg 3s character, the peak at 546 eV stems from O 3p, 3d hybridized with Mg 3p
and t2g states, and the peak at 557 eV emerges from transitions to the CB with hybridized
O 3p and Mg 3p and 3d character. For the Mg K edge, reciprocal analysis reveals that
the prominent peak at 1308.2 eV comprises of transitions along the L − Γ − X with Mg
3p character and along K − Γ with mixed Mg 3s and 3p character. The peaks at 1313.8,
and 1316.7 eV arise from transitions to CB with energy >10 eV and are dispersive along
the whole k -path with hybridized O 3p and Mg 3s, 3p, and 3dxz character. The first bound
exciton in the O K-edge spectrum has a binding energy of 690 meV, and the real-space
projection is strongly localized, and spreads up to only three unit cells.

Also for bulk SrTiO3, O K and Ti L2,3 XAS were studied with the exciting code. The O
K and Ti L2,3 edge calculated by solving BSE agree very well with the experiment [39, 40]
with respect to the peak positions and relative intensities, underlying the importance of
including the electron–(core)hole interactions. For the Ti L2,3 edge, the analysis of the origin
of the four prominent peaks in reciprocal space confirms the transition to the unoccupied
bands with the following character [40]: Ti 3d t2g, Ti 3d eg, Ti 3d t2g, and Ti 3d eg,
respectively. The first bound exciton has a binding energy of 3 eV and the real-space
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projection reveals a strongly localized spread of the exciton with t2g character and 3p states
near the Ti and oxygen sites, respectively. In the O K-edge spectrum, the first two peaks
with high oscillator strength at 530.6 and 533.1 eV, respectively, stems from transitions to
CB that are delocalized along the entire k path. The former peak stems from transition to
CB with Ti 3dxz character and the latter arises from transitions to CB with Ti 3eg character.
Furthermore, the first bound exciton has a binding energy of 530 meV and the real-space
projection shows a strong 2D spread in the 3D lattice with predominant t2g and 3p states
near the Ti and oxygen sites, respectively, and is identified as a CT type exciton.

The many-body study is extended to the oxide heterostructure, NdNiO2 /SrTiO3 (001)
based on the work of Geisler and Pentcheva [20]. Motivated by the findings of Li et al. [19],
the DFT+U study of infinite-layer nickelate films grown on SrTiO3 [NdNiOn/SrTiO3 (001)]
in Ref. [20] reported an emergent two-dimensional electron gas (2DEG) at the interface for
n = 2,. In this work also, a 2DEG is observed at the interface of NdNiO2 /SrTiO3 (001)
due to the occupied Ti 3d states at the interface (ideal interface), in correspondence with
Ref. [20]. A high intensity peak observed at the onset of the spectrum within the independent
particle (IP) approach signifies the presence of a 2DEG at the interface. The ideal surface
is compared with the supercell with an oxidized interface, NdNiO2/NdNiO3/SrTiO3 (001),
where the 2DEG is quenched. The absence of a high intensity peak at the onset of the
IP spectrum characterizes the system without the 2DEG. Subsequent to the inclusion of
many-body effects with G0W0 for the ideal interface, the peak at the onset of the spectrum
is reproduced, although a significant reduction in the intensity is noted. A characteristic
double peak at energies above 4 eV in the spectra (IP and G0W0) is observed, indicative of
the large Ti 3d and Sr 4d contributions of the SrTiO3 layers in the system, inferred from
the bulk SrTiO3 spectrum. The results show that optical spectroscopy may be employed to
probe signatures in heterostructures of the emergent physics of 2DEG at interfaces, without
the need of invasive techniques.

In this work an in-depth analysis of the optical and XAS spectra over a large energy
range have been presented. The results demonstrate that the excited state properties for
both the valence and core level excitations can be calculated with a very good accuracy with
MBPT. The analysis of the origin of the prominent peaks in the spectra, and the projection
of exciton in real space allow us to study the nature of excitations, and assist in unravelling
the spatial extension and shape, and thus enabling us to predict/confirm the nature of the
excitons. The findings and observations allow us to extend MBPT to study the emergent
physics on the surface of the paradigmatic oxides, for e.g., SrTiO3(001) [Chapter 7]. In
addition, oxide heterostructures and superlatices are an interesting class of systems, and
the findings from the many-body study is expected to be helpful in the interpretation of
experimental measurements in the search of these novel materials.
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The calculations are performed with the Vienna Ab initio Simulation Package (VASP) (ver-
sion 5.4.4) [148, 149], using pseudopotentials in combination with the projector augmented
wave (PAW) method [150]. For the exchange-correlation functional we chose the general-
ized gradient approximation (GGA) in the implementation of Perdew, Burke, and Ernzerhof
(PBE96) [57], PBEsol [58, 151], SCAN [62] and the hybrid functional, HSE06 [71, 74]. Cal-
culations were performed with the exciting code [108] (version Nitrogen) employing the
all-electron full-potential (linearized) augmented planewave + local orbital [(L)APW+lo]
method. All the structures are visualized with VESTA [205]. For the band structure cal-
culation in VASP, the Wannier90 [206] package is used. The band structure path has been
determined using AFLOW [207].

A.1 Electronic and optical properties of SrTiO3 calculated
with VASP

Cubic/tetragonal SrTiO3 was modeled in a 5-/10-atom unit cell with a total of 40/80 valence
electrons (Ti: 3s23p64s23d2, Sr: 4s24p65s2 and O: 2s22p4). We used the GW PAW potentials
recommended for excited state properties. A Γ -centered 11×11×11/7×7×7 k-mesh was used
for the 5-/10-atom cell, unless otherwise specified. For comparison to the tetragonal phase,
in some cases the cubic phase was also calculated using a 10-atom unit cell. The cut-off
energy for the plane waves is 650 eV. For the AFD structure the initial data was taken
from Ref. [158] measured at 50 K with lattice parameters a∗ = b∗ = 5.507Å =

√
2a and

c∗ = 7.796Å and a rotational angle of 2.1°. To reduce the computational demand, instead
of this 20-atom cell we have used a reduced primitive triclinic 10-atom cell shown in Fig.
3.1 with a = b = c = 5.510Å, α = β = 120.034◦ and γ = 89.942◦, marked in Fig. 3.1b.
The effect of an on-site Coulomb repulsion parameter [208] for SrTiO3 was calculated with
the implementation of Dudarev [82] with and effective Ueff = U − J with U and J being
the Coulomb repulsion and exchange terms. For the single-shot G0W0 and BSE calculation,
100 frequency grid points were selected, with a cut-off energy of 650 eV and a total number
of 192/384 bands for the 5/10 atom cell. To consider excitonic effects the BSE was solved
within the Tamm-Dancoff approximation (TDA) [112] on top of the G0W0 quasiparticle
calculation. In the BSE calculation the number of valence/conduction bands were 9/11 for
the five atom cell and 18/22 for the ten atom cell. The optical spectrum is plotted for
the εxx of the imaginary part of the dielectric function ε2, unless otherwise mentioned. A
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Gaussian broadening of 0.3 eV is used for the IP and G0W0 spectrum and 0.1 eV for the
BSE spectrum.

A.2 Electronic and optical properties of MgO calculated with
VASP

In bulk MgO, the equilibrium lattice constant determined with the different functionals
amounts to 4.24 Å (PBE96), 4.21 Å (PBEsol), and 4.20 Å (HSE06), the experimental one
being 4.212 Å[209]. For the calculation of the optical spectrum with VASP, we have per-
formed single-shot G0W 0 on top of the KS wave functions obtained with two DFT function-
als, PBEsol and HSE06 and subsequently included excitonic corrections by solving the BSE.
For all the BSE calculations the Tamm-Dancoff-approximation (TDA) [112] is adopted. The
calculations are performed for a two-atom unit cell with a Γ -centered 15×15×15 k -mesh
(unless otherwise specified) with a plane-wave cut-off energy of 650 eV. GW PAW pseu-
dopotentials for excited properties were employed in all the calculations with two valence
electrons for Mg: 3s2 and six for O: 2s2, 2p4. 192 unoccupied bands are used for both the
DFT and single-shot G0W 0 calculations with 100 frequency-grid points. For the optical
spectrum a Lorentzian broadening of 0.3 eV is used.

A.3 Optical and XAS properties of MgO calculated with
exciting

Employing PBEsol [58, 151] as the starting exchange-correlation for the ground-state cal-
culation, single-shot G0W 0 calculations are also performed with the exciting code [108]
together with BSE [107] for the optical and the XAS spectra, adopting TDA [112]. A
Γ -centered 11×11×11 mesh shifted by (0.09, 0.02,0.04) is employed for the calculations.
Muffin-tin radii of 1.058 and 0.767 Å for Mg and O, respectively, are used with a basis set
cut-off RMT |G + k|max = 7, and the lattice constant is set to the PBEsol value of 4.21 Å.
The energy threshold to include the local field effects in the excited properties, |G + q|max,
is set to 4.5 a.u.−1 for the optical spectrum and O K-edge, and 1.5 a.u.−1 for the Mg K-edge
absorption spectra. The exchange-correlation functional PBEsol is employed for the Kohn-
Sham (KS) states and a total of 192 unoccupied bands are considered in the ground state
and G0W 0 calculation. For the optical spectrum in the BSE calculation, four occupied and
five unoccupied bands are considered, while eight unoccupied bands were taken into account
for the XAS spectra. A Lorentzian broadening with a width of 0.55 eV is applied to the
spectra to mimic the excitation lifetime.

A.4 Optical and XAS properties of SrTiO3 calculated with
exciting

Employing PBEsol as the starting exchange-correlation for the ground-state calculation,
excitonic efgects are accounted for by solving the BSE adopting TDA for the optical spec-
trum and XAS spectra, similar to Sec. A.3. A Γ -centered 11×11×11 mesh is employed
for the ground-state calculations with a total of 192 unoccupied bands. Muffin-tin radii
of 1.16, 1.06 and 0.767 Åfor Sr, Ti, and O, respectively, are used with a basis set cut-off
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RMT |G + k|max = 8.0, and the lattice constant is set to the PBEsol value of 3.896 Åfrom
VASP [28]. The energy threshold to include the local field effects in the excited-state prop-
erties, |G+q|max, is set to 3.5 a.u.−1 for the optical spectrum and O K edge, and 8.0 a.u.−1

for the Ti L2,3 edge. For the BSE calculation, Γ -centered 9×9×9 mesh shifted by (0.097,
0.273, 0.493) was employed for the optical spectrum and O K edge, and a 7×7×7 mesh
for the Ti L2,3 edge. For the optical spectrum in the BSE calculation, six occupied and
five unoccupied bands are considered, while 10 and 20 unoccupied bands were taken into
account for the Ti L2,3 and O K-edge XAS, respectively. A Lorentzian broadening with a
width of 0.15 eV is applied to the optical spectrum, 0.20 eV for the Ti L2,3 edge, and 0.35
eV for the O K edge to mimic the excitation lifetime.

A.5 Optical properties of NdNiO2/SrTiO3 interface

The DFT calculations were performed with VASP, using the projector augmented wave
(PAW) method [150]. For the exchange-correlation functional we used the generalized gra-
dient approximation in the implementation of Perdew, Burke, and Ernzerhof [210]. The
on-site Coulomb repulsion parameter [211], where we applied the implementation of Du-
darev [212] with an effective Ueff = 4.0 eV. Here Ueff = U − J with U = 4.5 eV and J = 0.5
eV, being the Coulomb repulsion and exchange terms, respectively, as employed in the pre-
vious work [20]. We model the NdNiO2/SrTiO3 (001) interface by using fixed in-plane
lattice constant for SrTiO3 with a0=3.905 Å, the experimental lattice constant [202]. The
supercells contain six layers of SrTiO3 substrate and three layers of NdNiO2, for the ideal
interface, and four layers of SrTiO3 and five layers of NdNiO2 for the oxidized interface. We
used the GW PAW potentials recommended for excited state properties. A total of 374/372
valence electrons for the ideal/oxidized interface were employed, (Nd: 5s25p65d16s2 with 4f
electrons frozen in the core). The cut-off energy for the plane waves set to 560 eV for all the
calculations. Within the Independent particle (IP) picture, for the supercell, we employed
a Γ−centered k mesh of 15× 15× 1 and for bulk NdNiO2, k mesh of 15× 15× 18. Due to
high computation requirement in the G0W0 calculation, we adopted a k mesh of 7×7×1 for
the supercell with ideal interface, and 11× 11× 13 for bulk NdNiO2. For the bulk SrTiO3,
k mesh of 13× 13× 13 was employed for both, IP and G0W0 calculation. Moreover, for the
single-shot G0W0 calculation, 100 frequency grid points were selected, with a total of 1152
bands for the supercell, and 192 bands for the bulk NdNiO2 and SrTiO3.
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[31] A. Schleife, C. Rödl, F. Fuchs, J. Furthmüller, and F. Bechstedt, Phys. Rev. B 80, 035112
(2009).
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[35] C. Fuchs, A. Rödl, A. Schleife, and F. Bechstedt, Phys. Rev. B 78, 085103 (2008).

[36] F. Bechstedt, R. D. Sole, G. Cappellini, and L. Reining, Solid State Commun. 84, 765 (1992).
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Vydrov, and J. G. Ángyán, Phys. Rev. B 79, 155107 (2009).

[61] J. P. Perdew, S. Kurth, A. Zupan, and P. Blaha, Phys. Rev. Lett. 82, 2544 (1999).

[62] J. Sun, R. A., and J. P. Perdew, Phys. Rev. Lett. 115, 036402 (2015).

[63] J. Tao, J. P. Perdew, V. N. Staroverov, and G. E. Scuseria, Phys. Rev. Lett. 91, 146401 (2003).

[64] J. Sun, R. C. Remsing, Y. Zhang, Z. Sun, A. Ruzsinszky, H. Peng, Z. Yang, A. Paul, U. Wagh-
mare, X. Wu, M. L. Klein, and J. P. Perdew, Nature chemistry 8, 831 (2016).

[65] I. G. Buda, C. Lane, B. Barbiellini, A. Ruzsinszky, J. Sun, and A. Bansil, Scientific Reports
7, 44766 (2016).

[66] R. Wahl, D. Vogtenhuber, and G. Kresse, Phys. Rev. B 78, 104116 (2008).

[67] F. El-Mellouhi, E. N. Brothers, M. J. Lucero, and G. E. Scuseria, Phys. Rev. B 84, 115122
(2011).

[68] S. Piskunov, E. Heifets, R. I. Eglitis, and G. Borstel, Comput. Mater. Sci. 29, 165 (2004).

[69] R. L. Martin and F. Illas, Phys. Rev. Lett. 79, 1539 (1997).

[70] P. J. Hay, R. L. Martin, J. Uddin, and G. E. Scuseria, The Journal of Chemical Physics 125,
034712 (2006).

117



BIBLIOGRAPHY

[71] J. Heyd, G. E. Scuseria, and M. Ernzerhof, J. Chem. Phys. 118, 8207 (2003).

[72] J. Heyd and G. E. Scuseria, The Journal of Chemical Physics 120, 7274 (2004).

[73] J. Heyd and G. E. Scuseria, The Journal of Chemical Physics 121, 1187 (2004).

[74] J. Heyd, J. E. Peralta, G. E. Scuseria, and R. L. Martin, J. Chem. Phys. 123, 174101 (2005).

[75] J. E. Peralta, J. Heyd, G. E. Scuseria, and R. L. Martin, Phys. Rev. B 74, 073101 (2006).

[76] M. Ernzerhof and J. P. Perdew, The Journal of Chemical Physics 109, 3313 (1998).

[77] A. V. Krukau, O. A. Vydrov, A. F. Izmaylov, and G. E. Scuseria, The Journal of Chemical
Physics 125, 224106 (2006).

[78] N. F. Mott, Proceedings of the Physical Society. Section A 62, 416 (1949).

[79] J. Hubbard and B. H. Flowers, Proceedings of the Royal Society of London. Series A. Mathe-
matical and Physical Sciences 276, 238 (1963).

[80] V. I. Anisimov, J. Zaanen, and O. K. Andersen, Phys. Rev. B 44, 943 (1991).

[81] V. I. Anisimov, I. V. Solovyev, M. A. Korotin, M. T. Czyźyk, and G. A. Sawatzky, Phys. Rev.
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B. Mallett, H. Berger, A. Magrez, C. Bernhard, M. Grioni, A. Rubio, and M. Chergui, Nature
communications 8, 13 (2017).

[126] E. Baldini, T. Palmieri, A. Dominguez, A. Rubio, and M. Chergui, Phys. Rev. Lett. 125,
116403 (2020).

[127] P. A. Fleury, J. F. Scott, and J. M. Worlock, Phys. Rev. Lett. 21, 16 (1968).

[128] G. Shirane and Y. Yamada, Phys. Rev. 177, 858 (1969).

[129] H. Unoki and T. Sakudo, J. Phys. Soc. Jpn. 23, 546 (1967).

[130] K. A. Müller and H. Burkard, Phys. Rev. B 19, 3593 (1979).

[131] K. Ueno, S. Nakamura, H. Shimotani, A. Ohtomo, N. Kimura, T. Nojima, H. Aoki, Y. Iwasa,
and M. Kawasaki, Nature Mater. 7, 855 (2008).

[132] A. Ohtomo and H. Y. Hwang, Nature 427, 423 (2004).

[133] E. Heifets, E. Kotomin, and V. A. Trepakov, J. Phys.: Condens. Matter 18, 4845 (2006).

[134] M. Cardona, Phys. Rev. 140, 651 (1965).

[135] D. J. Lee, Y. K. Seo, Y. S. Lee, and H. J. Noh, Solid State Commun. 150, 301 (2010).

[136] Y. X.Wang, W. L. Zhong, C. L.Wang, and P. L. Zhang, Solid State Commun. 120, 133 (2001).

[137] C. B. Samantaray, H. Sim, and H. Hwang, Microelec. J. 36, 725 (2005).

[138] H. L., Phys. Rev. 139, A739 (1950).

[139] Z. Ergönenc, B. Kim, P. Liu, G. Kresse, and C. Franchini, Phys. Rev. Mat. 2, 024601 (2018).

[140] G. Cappellini, S. Bouette-Russo, B. Amadon, C. Noguera, and F. Finocchi, J. Phys.: Condens.
Matter 12, 15 (2000).

[141] M. S. Kim and C. H. Park, Journal of the Korean Physical Society 56, 1 (2010).

[142] P. K. Gogoi, L. Sponza, D. Schmidt, T. C. Asmara, C. Diao, J. C. W. Lim, S. M. Poh, S. ichi
Kimura, P. E. Trevisanutto, V. Olevano, and A. Rusydi1, Phys. Rev. B 92, 035119 (2015).

[143] D. M. Roessler and W. Walker, Phys. Rev. 159, 733 (1967).

[144] R. C. Whited, C. J. Flaten, and W. W. C., Solid State Communications 13, 1903 (1973).

[145] E. D. Palik, Handbook of Optical Constants of Solids, volume 2, Academic, Orlando, 1991.

[146] J. P. Perdew and Y. Wang, Phys. Rev. B 45, 13244 (1992).

[147] A. Schleife and F. Bechstedt, Journal of Materials Research 27, 2180 (2012).

[148] G. Kresse and J. Furthmüller, Comput. Mater. Sci. 6, 15 (1996).

[149] G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996).

[150] G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).

120



BIBLIOGRAPHY

[151] J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov, G. E. Scuseria, L. A. Constantin,
X. Zhou, and K. Burke, Phys. Rev. Lett. 102, 039902 (2009).

[152] M. L. Bortz, R. H. French, D. J. Jones, R. V. Kasowski, and F. S. Ohuchi, Physica Scripta
41, 537 (1990).

[153] L. C. E. Sozontov and J. Zegenhagen, Phys. Status Solidi A 181, 387 (2000).

[154] K. H. Hellwege and A. M. Hellwege, Ferroelectrics and Related Substances, 1969.

[155] C. Lee, W. Yang, , and R. G. Parr, Phys. Rev. B 37, 785 (1988).

[156] A. D. Becke, J. chem. Phys. 98, 5648 (1993).

[157] A. Heidemann and H. Wettengel, Z. Phys. 258, 429 (1973).

[158] W. Jauch and A. Palmer, Phys. Rev. B 60, 2961 (1999).

[159] H. Jiang, R. I. Gomez-Abal, P. Rinke, and M. Scheffler, Phys. Rev. Lett. 102, 126403 (2009).

[160] G. Cappellini, S. Bouette-Russo, B. Amadon, C. Noguera, and F. Finocchi, Journal of Physics:
Condensed Matter 12, 3671 (2000).

[161] C. Bhandari, M. van Schilfgaarde, T. Kotani, and W. R. L. Lambrecht, Phys. Rev. Mat. 2,
013807 (2018).

[162] Z. Yong, P. E. Trevisanutto, L. Chiodo, I. Santoso, R. Barman, T. C. Asmara, S. Dhar, A. Kot-
lov, A. Terentjevs, F. D. Sala, V. Olevano, M. Rübhausen, T. Venkatesan, and A. Rusydi, Phys.
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