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Abstract
The successful incorporation into electronic devices of any novel material, whether nano-scaled
or in bulk form, requires an understanding of the relationship between the structural and elec-
tronic properties of these materials. Soft X-ray core-level spectroscopy involves the creation
of core-holes, which result in the transition of the valence electrons. These transitions provide
invaluable information about the electronic and structural properties of a material. Ab initio
calculations based on density functional theory allow the experimental observations to be in-
terpreted, which makes it possible to link the electronic properties to the underlying atomic
arrangements. We used these experimental and theoretical methods to study two different
classes of metal oxides.

The conventional imaging material, amorphous selenium, used in direct conversion digital flat-
panel X-ray detectors, is an adequate photoconductor only for low-energy applications such
as mammography. Research into alternative materials with sufficiently high quantum yields,
even at photon energies above 60 keV, is required to overcome the shortcomings of amorphous
selenium. Owing to their high electron density, PbO-based photoconductors are promising
alternatives. This thesis presents an investigation of the electronic and structural properties and
the relationship between them for various differently prepared PbO films.

MoO3 belongs to a class of materials known as transition metal oxides. Owing to their lay-
ered structure, it is possible to isolate a single or a few layers of the material to produce
two-dimensional nanosheets. Because of their reduced dimensionality, these materials have
several potential applications, including in electronic logic devices, photovoltaic devices, pho-
todetectors, and biosensors, and they could be used for biomedical diagnosis and therapy.
These materials also exhibit a higher theoretical specific capacitance, making them excellent
materials to use in supercapacitors. Due to enhanced many-body effects caused by reduced
dimensionality, we showed that the two-dimensional MoO3 nanosheets experience a variety of
X-ray induced excitations, including dd transitions, electron-hole bound states (excitons), and
spin-flip excitations (magnons).

ii



Acknowledgements
Behind every success, there is support of countless individuals. Since it is not possible to men-
tion all of them here, I would like to mention those whose support has been vital for my research.

Above all, I would love to express deep and sincere gratitude to my research supervisor Profes-
sor Alexander Moewes for providing continuous advise, encouragement, resources and showing
great patience throughout my graduate studies. His great dedication to research and deep insight
have been invaluable both at academic and personal level. I would also mention past and present
Beamteam members for their fruitful academic discussions and guidance from the start of my
graduate studies.

Part of the research described in this dissertation was performed at the Canadian Light Source,
a national research facility of the University of Saskatchewan, which is supported by the
Canada Foundation for Innovation (CFI), the Natural Sciences and Engineering Research Coun-
cil (NSERC), the National Research Council (NRC), the Canadian Institutes of Health Research
(CIHR), the Government of Saskatchewan, and the University of Saskatchewan. This disser-
tation also involves research which used resources of the Advanced Light Source, a U.S. DOE
Office of Science User Facility under contract no. DE-AC02-05CH11231. I am also grateful
to Compute Canada for providing the computational resources needed for the research projects
presented in this dissertation.

This research would have not been possible without the technical help of beamline staff. I am
particularly thankful to Dr. Wanli Yang from the Advanced Light Source, and Dr. Teak Boyko
and Dr. Tom Regier from the Canadian Light Source. I would like to acknowledge the financial
support I received from the University of Saskatchewan, the College of Graduate Studies and
Department of Physics & Engineering Physics. I am also grateful to Compute Canada for
providing the computational resources for the work presented in this dissertation.

Finally, I would like to thank my wife Saba and my sister Zoni. Zoni has been a source of
constant support, encouragement and motivation to set and achieve my academic goals. Saba
has supported me continuously and unconditionally throughout the stressful times making the
completion of this thesis possible.

iii



Contents

I Background 1

1 Introduction 2
1.1 Indirect and Direct Conversion . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Photoconductors for Direct Conversion . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Two Dimensional Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Photon-Electron Interaction 9
2.1 Time-Dependent Perturbation Theory . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Hamiltonian of Photon-Electron System . . . . . . . . . . . . . . . . . . . . . 11
2.3 Photon Absorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4 Photon Emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.5 Photon Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.5.1 First-Order Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.5.2 Second-Order Scattering . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.5.3 Scattering Cross Section . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.6 Dipole Selection Rules for Isolated Atoms . . . . . . . . . . . . . . . . . . . . 30

3 Density Functional Theory 34
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.2 Hohenberg-Kohn Theorems . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3 Non-interacting Electron Gas . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.4 Kohn-Sham Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.5 Exchange-Correlation Energy Functional Properties . . . . . . . . . . . . . . . 42

3.5.1 Asymptotic Behaviour . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.5.2 Self-interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.5.3 Uniform External Potential Limit . . . . . . . . . . . . . . . . . . . . 44

3.6 Local Spin Density Approximation . . . . . . . . . . . . . . . . . . . . . . . . 46
3.7 Generalized Gradient Approximation . . . . . . . . . . . . . . . . . . . . . . . 47
3.8 Basis Set Expansion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.8.1 Augmented Plane Wave Method . . . . . . . . . . . . . . . . . . . . . 51
3.8.2 Linearized Augmented Plane Wave Method . . . . . . . . . . . . . . . 52
3.8.3 Linearized Augmented Plane Wave + Local Orbitals Method . . . . . . 53
3.8.4 Augmented Plane Wave + local orbitals Method . . . . . . . . . . . . . 53

3.9 DFT-Based Computations with WIEN2k . . . . . . . . . . . . . . . . . . . . . 54

4 Experimental 56
4.1 Particle-In / Particle-Out Measurements . . . . . . . . . . . . . . . . . . . . . 56
4.2 Soft X-ray Absorption Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 58

iv



4.2.1 Transmission Mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.2.2 Fluorescence Yield Mode . . . . . . . . . . . . . . . . . . . . . . . . 58

Total Fluorescence Yield . . . . . . . . . . . . . . . . . . . . . . . . . 60
Partial Fluorescence Yield . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2.3 Electron Yield Mode . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.2.4 Saturation Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.3 Soft X-ray Emission Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . 68
4.4 Fluorescence Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

II Research 74

5 Amorphous and Polycrystalline PbO Films 75
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.2.1 XAS and XES: Assigning Main Peaks . . . . . . . . . . . . . . . . . . 79
5.2.2 Additional States at the bottom of CB for a-PbO Samples . . . . . . . . 79
5.2.3 Additional States inside the VB of a-PbO Samples . . . . . . . . . . . 81
5.2.4 Effect of Thermal Annealing . . . . . . . . . . . . . . . . . . . . . . . 83
5.2.5 Model Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

Relaxed vs. Unrelaxed (Unperturbed) Structures . . . . . . . . . . . . 86
O interstitial Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
O Dislocation Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
O Vacancy Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.3 Band Gaps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.4 Conclusion/Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.5 Methods and Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

5.5.1 Crystal Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.5.2 Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.5.3 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.5.4 DFT Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.6 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6 Thermal Annealing Induced Changes in PbO Films 93
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
6.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.2.1 X-ray Absorption Spectroscopy . . . . . . . . . . . . . . . . . . . . . 96
6.2.2 Hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

Anisotropy of Samples/Polarization Dependence . . . . . . . . . . . . 98
Defects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
Non-uniformity of the Samples . . . . . . . . . . . . . . . . . . . . . . 100

v



6.2.3 Non-Resonant X-Ray Emission Spectroscopy . . . . . . . . . . . . . . 100
6.2.4 Resonant X-Ray Emission Spectroscopy . . . . . . . . . . . . . . . . . 101
6.2.5 Band Gaps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
6.4 Experiments and Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6.4.1 Preparation of Samples . . . . . . . . . . . . . . . . . . . . . . . . . . 108
6.4.2 Data Collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
6.4.3 DFT Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.5 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

7 Two-dimensional MoO3 111
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
7.2 Methods and Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

7.2.1 Samples and Measurements . . . . . . . . . . . . . . . . . . . . . . . 114
7.2.2 Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

7.3 Crystal Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
7.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

7.4.1 Mo M-edge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
7.4.2 O K-Edge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

7.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
7.6 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

8 Conclusion 127

Appendix 129

Bibliography 130

vi



List of Figures
1.1 X-ray to charge conversion techniques. . . . . . . . . . . . . . . . . . . . . . . 3
1.2 X-ray absorption coefficient for various potential materials for direct conversion. 4
1.3 Cross-sectional view of polycrystalline and amorphous PbO. . . . . . . . . . . 6
1.4 Reduced screening in 2D materials. . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 Excitonic states in 2D vs 3D materials. . . . . . . . . . . . . . . . . . . . . . . 8

2.1 Crystal momentum conservation during absorption and emission of a photon. . 18
2.2 Photon scattering. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3 Feynman diagrams depicting photon scattering. . . . . . . . . . . . . . . . . . 25
2.4 First- and second-order scattering for a crystal. . . . . . . . . . . . . . . . . . . 27

3.1 Kato’s theorem. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2 Second Hohenberg-Kohn theorem. . . . . . . . . . . . . . . . . . . . . . . . . 37
3.3 Exchange and correlation energy density for a homogeneous electron gas. . . . 46
3.4 Graphic illustration of the principle of local spin density approximation (LSDA). 47
3.5 GGA exchange and correlation energies. . . . . . . . . . . . . . . . . . . . . . 49
3.6 Muffin-tin approximation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.1 Experimental geometry setup for particle-in/particle-out measurements. . . . . 57
4.2 PbO RIXS map and linear absorption coefficient. . . . . . . . . . . . . . . . . 61
4.3 Comparison between radiation damage caused distortions in TEY and in PFY. . 66
4.4 Almost normal vs. grazing incident beam angle. . . . . . . . . . . . . . . . . . 69
4.5 Experimental setup. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.1 NXES and XAS spectra for various PbO samples. . . . . . . . . . . . . . . . . 78
5.2 Presence of additional state in CB for amorphous PbO. . . . . . . . . . . . . . 80
5.3 RXES spectra for initially amorphous PbO before and after thermal annealing. . 82
5.4 Calculated spectra for model structures. . . . . . . . . . . . . . . . . . . . . . 84
5.5 Graphical summary of the key findings. . . . . . . . . . . . . . . . . . . . . . 89

6.1 O K XAS for initially amorphous PbO samples annealed at various temperatures. 97
6.2 Suppression of O partial DOS for PbO samples at higher annealing temperatures. 99
6.3 NXES spectra for PbO samples annealed at various temperatures. . . . . . . . . 102
6.4 RIXS map for PbO samples annealed at different temperatures. . . . . . . . . . 103
6.5 RXES spectra for the PbO sample annealed at 500 ◦C. . . . . . . . . . . . . . . 104
6.6 Presence of additional features in RXES depending on excitation energy. . . . . 106

7.1 Crystal structure of bulk and 2D model of α-MoO3. . . . . . . . . . . . . . . . 116
7.2 Comparison of Mo M2,3-edge XAS measured in TFY and TEY modes for 2D

and 3D samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
7.3 Calculated and measured Mo M2,3-edge XES and XAS for 2D and 3D samples. 119

vii



7.4 Measured and calculated Mo M3-edge XAS for 2D sample showing presence
of excitons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

7.5 Measured and calculated RIXS at Mo M3-edge for the 2D sample. . . . . . . . 122
7.6 Measured and calculated O K-edge XAS and XES for the 3D sample. . . . . . 124
7.7 Measured and calculated O K-edge XAS and XES for the 2D sample. . . . . . 124

viii



List of Abbreviations
ALS Advanced Light Source
APW Augmented PlaneWave
BGO Bismuth Germanium Oxide
CB Conduction Band
CFT Crystal Field Theory
CLS Canadian Light Source
CVD Chemical Vapour Deposition
DFT Density Functional Theory
DOS Density of States
FY Fluorescence Yield
GGA Generalized Gradient Approximation
ITO Indium Tin Oxide
LAPW Linearized Augmented PlaneWave
LDA Local Densiry Approximation
LO Local Orbital
LSDA Local Spin Density Approximation
mBJ Modified Becke-Johnson
MTF Modulation Transfer Function
NXES Non-resonant X-ray Emission Spectroscopy
PBE-GGA Perdew-Burke-Ernzerhof Generalized Gradient Approximation
PFY Partial Fluorescence Yield
REIXS Resonant Elastic and Inelastic X-ray Scattering
XPS X-ray Photoelectron Spectroscopy
RXES Resonant X-ray Emission Spectroscopy
SDD Silicon Drift Detector
SEM Scanning ElectronMicroscopy
SGM Spherical GratingMonochromator
TEY Total Electron Yield
TFY Total Fluorescence Yield
VB Valence Band
XAS X-Ray Absorption Spectroscopy
XES X-Ray Emission Spectroscopy
XRD X-Ray Diffraction

ix



Dedicated to my mother for her unconditional support and love.

x



Part I

Background

1



Chapter 1

Introduction
The interaction of X-ray photons with the electrons in a material can change the electronic
state of the material; thus, exposure to X-rays provides information about the energy and/or
momentum eigenstates of the exposed matter. In the broadest terms, this dissertation involves
an investigation of the electronic structure of bulk and two-dimensional (2D) materials us-
ing synchrotron-generated soft X-rays and computational quantum-mechanical modeling to
interpret the properties of the observed photon-electron interaction. This manuscript style dis-
sertation consists of two parts. Part I (chapters 1, 2, 3, and 4) is concerned with the theoretical
aspects of electron-photon interaction and synchrotron-based experimental methods used to
obtain information about the electronic structure of a material. In part II, published (chapters 5
and 6) and submitted (chapter 7) manuscripts are presented. This introductory chapter presents
a brief overview of the motivation behind the particular materials that were investigated.

1.1 Indirect and Direct Conversion

The conventional X-ray imaging technique for digital radiography is referred to as indirect con-
version and is schematically shown in Fig. 1.1a. This technique involves a two-step conversion,
from X-rays to visible photons, and from visible photons to collectable charges [1–5]. X-rays
are first converted to visible light by a scintillator composed of a luminescent material, usually
a layer of caesium iodide, via absorption and subsequent emission of the absorbed energy in
the form of visible light. Behind the scintillator is an array of pixels, each coated with a layer
of photodiode material, usually amorphous silicon. The absorption of visible photons in the
photodiode generates electron-hole pairs, and an applied bias voltage results in an electronic
signal in the form of an electrical current.

However, this imaging technique has two major drawbacks [6]. First, there is an overall greater
loss of signal because of themultiple conversion steps involved. Second, the photons are emitted
isotropically, and as they travel through the scintillating medium, they experience scattering,
resulting in a lateral spread of the signal. This causes leakage of the signal to neighbouring
pixels, depicted as a Gaussian signal profile in Fig. 1.1a, and it is a major cause of poor image
resolution. This image blur can be reduced to a limited extent by using a scintillating material
with vertical needle-like structures above the pixel array, which partially confines the photons
within individual vertical needles [7, 8].

To maximize the sensitivity of a detector, the quantum efficiency, which is the ratio of the
number of collectable charges generated per photon absorbed, should be as high as possible.
The quantum efficiency in parts depends on X-ray to visible photon conversion efficiency. X-ray
to visible photon conversion efficiency scales with the scintillator thickness [9]. The greater

2



1.1. Indirect and Direct Conversion

X-ray
Scintillator

Pixel array

Signal

(a) Indirect conversion.

X-ray
Photoconductor

Pixel array

Signal

V

+ -

(b) Direct conversion.

Figure 1.1: X-ray to charge conversion techniques.

the thickness, the higher the number of incident X-ray photons that are absorbed, and hence, a
greater number of visible photons are emitted. However, increased scintillator thickness causes
the visible photons to experience greater dispersion, resulting in the image becoming even more
blurred [10, 11].

An alternative imaging technique known as direct conversion (Fig. 1.1b) overcomes the short-
comings of the indirect technique by altogether eliminating the intermediate step, as X-rays are
directly converted to collectable charges [12–16]. This is achieved by directly depositing a layer
of the photoconductor material on the pixel array. An incident X-ray photon is absorbed via
the photoionization of an inner-shell electron in the photoconductor. The liberated electron,
referred to as a photoelectron, has a kinetic energy of Eb − Eγ where Eb is the binding energy
of the electron that interacts with an X-ray photon of energy Eγ. This energetic photoelectron
interacts further in the material, imparting its kinetic energy to other electrons, creating a cas-
cade of lower-energy secondary free electrons and holes. A bias voltage is applied to enable
electrons and holes to drift to their respective electrodes, resulting in an electronic signal.

The direct conversion imaging technique has several advantages over the indirect imaging tech-
nique. By reducing the number of conversion steps, the sensitivity of the detector can be
increased by an order of magnitude [17, 18]. Direct conversion detectors also have a higher
modulation transfer function (MTF) [19], which is a measure of the sensitivity of the detector
at different spatial frequencies. A higher MTF implies higher image contrast and resolution.
Because the collectable charges are driven by an applied electric field, increasing the photo-
conductor thickness does not affect the lateral dispersion of the charges generated. This, unlike
the direct method above, makes it possible to increase the quantum efficiency of the detector by
increasing the thickness without sacrificing image quality [20].

3



Chapter 1. Introduction

10 30 50 70 90 110

10

100

1000

 

 

 PbO
 PbI

2

 HgI
2

 CdTe
 CsI
 GaAs
 a-Se

L
in

ea
r 

A
tt

en
ua

ti
on

 C
oe

ff
ic

ie
nt

 µ
 (

1/
cm

)

Photon Energy (keV)

Figure 1.2: X-ray absorption coefficient for various materials [21].

1.2 Photoconductors for Direct Conversion

Currently, only amorphous selenium (a-Se) is used on a large scale as a photoconducting mate-
rial for direct conversion detectors [22, 23]. For low-energy applications, such asmammography
with photon energies in the range of 20 to 30 keV [24], a-Se is an excellent choice because it
has a sufficiently high linear attenuation coefficient µ to effectively convert X-rays to collectable
charges [25]. The coefficients µ as a function of photon energy for a-Se and several other
potential photoconductors for direct conversion applications are shown in Fig. 1.2. Away from
the absorption edges, which are sharp jumps in µ at specific energies, µ and thus the quantum
efficiency decrease for all the materials with increasing X-ray photon energy. In particular, for
high-energy applications, such as chest X-rays with photon energies above 60 keV, a-Se is an
inadequate photoconductor.

One way to overcome the low quantum efficiency at higher X-ray energies is to utilize a thicker
layer of a-Se. However, increasing the thickness of the photoconductor requires the generated
charges to travel even longer distances to reach their respective electrodes, which inevitably in-
creases electron-hole recombination and carrier trapping [26], drastically reducing the amount
of charge collected. To minimize recombination and carrier trapping, the photoconductor thick-
ness t should not exceed µτE (t ≤ µτE), where µ represents the carrier mobility, τ is the
mean lifetime of the carrier, and E is the applied electric field. This suggests that the thickness
of the photoconductor can be increased by increasing the applied electric field proportionally.
Increasing the applied field has the additional benefit of decreasing the W± value of a ma-
terial, which is defined as the energy required to create a single electron-hole pair. As the
applied voltage is increased, the resulting stronger electric field polarizes the material, which in
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general reduces itsW± value. A lower value ofW± indicates a higherX-ray-to-charge conversion.

However, there is a practical limit on the voltage that can be applied safely to the electronic
components of a device. a-Se-based detectors are already operated at a relatively high electric
field of 10 V/µm [27] due to their lower quantum efficiency. Maintaining this strong elec-
tric field while further increasing the thickness requires an even higher applied voltage which
can be detrimental to the other electronic components in the device. Furthermore, increasing
the applied voltage causes charge injection and a higher dark current [28], which is the cur-
rent present even when the photoconductor is not exposed to any radiation, and which should
be kept as small as possible. Thus, for higher energy applications, other materials that have
an adequately high quantum efficiency even at higher X-ray energies must be considered instead.

The absorption probability increases with increasing electron density; thus, high atomic num-
ber (Z) materials would have to be used to overcome the shortcomings of a-Se-based detectors.
Several candidate materials have been considered for use in direct conversion imaging, includ-
ing PbO, PbI2, HgI2, CdTe, and GaAs [29–33]. The linear X-ray absorption coefficient as a
function of the X-ray energies for these materials, along with a-Se, is shown in Fig. 1.2. All
of these materials, except GaAs, have higher values of µ than a-Se at energies above 40 keV.
In particular, PbO has a special place in this list of materials because on the one hand it has
the largest linear attenuation coefficient, and on the other hand, heavy K-edge fluorescence is
absent up to 88 keV. K fluorescence is a source of noise because, as mentioned previously, the
emission process is inherently isotropic and as the emitted photons travel in random directions
in the material, they can interact with the other electrons, creating electron-hole pairs, leading
to signal leakage to neighbouring pixels.

Because a photoconductor material must be deposited uniformly over a large area of the pixel
array [34], it rules out the possibility of using crystalline PbO. Therefore, polycrystalline (p-
PbO) or amorphous (a-PbO) variations must be considered. Although p-PbO has high quantum
efficiency, it has poor charge collection efficiency owing to the presence of grain boundaries
inherent to polycrystalline materials. A grain boundary is an interface between two small
crystallites that tends to reduce the electrical conductivity because of the scattering of charge
carriers at these interfaces. If the charges captured into deep traps, introduced by grain bound-
aries, are released over much larger time scales, it on the one hand reduces the charge collection
efficiency, whereas on the other hand it results in image lag for dynamic imaging applications.
Image lag is the presence of residual signals even after X-ray exposure, which blurs the image,
an effect often seen on video imaging of sports events where fast-moving objects appear blurred.

Our collaborators, Semeniuk et al., developed a modified ion-assisted deposition technique
[35] to grow a-PbO on indium tin oxide (ITO) substrate. An SEM cross-sectional view of
the p-PbO grown using conventional deposition techniques is shown in Fig. 1.3a and that of
a-PbO in Fig. 1.3b. Bombardment with energetic oxygen ions during the deposition process
is responsible for the amorphous nature of this new material and elimination of the grain

5



Chapter 1. Introduction

(a) The SEM cross-sectional view of the p-PbO. The
inset to the figure shows the surface of the p-PbO layer.

(b) The SEM cross-sectional view of the a-PbO. The
inset to the figure shows the surface of the a-PbO layer.

Figure 1.3: Cross-sectional view of p-PbO and a-PbO. Reprinted including
captions from reference [35] with permission.

boundaries. a-PbO is more stable under ambient conditions than p-PbO, and also has a larger
linear attenuation coefficient owing to its higher density. A major part of this research involved
mapping the electronic structure of a-PbO and comparing it to that of p-PbO and several other
PbO samples. Thermal annealing is known to change the electronic properties of materials. A
detailed investigation of the extent to which annealing at different temperatures modifies the
electronic structure of these materials was carried out. The observed modifications were then
related to the structural changes using density functional theory (DFT)-based calculations.

1.3 Two Dimensional Materials

Since the discovery of graphene [36, 37], a two-dimensional (2D) monolayer of carbon atoms,
research leading to the discovery and characterization of other lower-dimensional materials,
including nanosheets (2D), nanotubes/nanowires (1D), and nanoparticles (0D), has intensified.
These materials have already been used in several electronic devices. Owing to their quantum
confinement effects, nanomaterials have extraordinary electronic properties and can be metals,
semiconductors, and insulators or even superconductors. Furthermore, the important discovery
that different types of nanosheets can be stacked together to create so-called van der Waals
heterostructures has opened up new exciting possibilities. Different types of layers can be
stacked to fine-tune the electronic structure such as the bandgap of these materials. Nanosheets
can be made from materials that have layered structures because even though these materials
have a strong network of covalent bonds within each layer, different layers are held together
only by weak van der Waals forces. Owing to this weak interaction between the layers, it is
relatively easy to isolate a single layer using several of the exfoliation methods routinely used.
Approximately 700 2D materials are predicted to be stable. In this section, we briefly introduce
the important changes in electronic properties when one of the dimensions of a material is
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+- +-

𝜀(
𝒓)

Distance

3D

2D

3D Exciton 2D Exciton

1

Figure 1.4: Reduced screening and hence smaller dielectric constant, ε(r), in 2D
materials due to majority of the electric field lines outside the material, resulting

in larger binding energy between the electron and the hole.

reduced to the nanoscale. This is relevant for the 2DMoO3 material we intensively investigated
and which is presented in chapter 7 of this dissertation.

Many-body effects in 2D materials are enhanced owing to reduced screening and confinement
effects. An exciton is a bound state consisting of an electron and a hole attracted by Coulomb
interaction, which together behave as a quasiparticle. The excitons in 3D and 2D materials,
along with the effective dielectric functions, are schematically shown in Fig. 1.4. For a bound
electron and hole in a 3D material, most of the electric field lines lie within the material, result-
ing in a very effective screening. On the other hand, for an exciton in a 2D material, most of
these lines lie outside the material where there is no material to polarize to reduce the electric
field. Hence, in 2D materials, the interaction between electrons and holes is stronger, resulting
in a higher binding energy.

The effective dielectric functions ε for 2D and 3D materials behave very differently because of
the differences in the screening effectiveness. In 3Dmaterials, as the distance between a positive
and a negative charge increases, the screening becomes increasingly effective, but saturates to a
maximum value, which is approximately 10 for several materials. For 2D materials, however,
the screening initially increases with increasing distance and reaches a maximum value when
the separation approximates the size of the nano-dimension, before decreasing to 1 again. This
occurs because, as the distance between an electron and a hole increases in 2D materials, even
more field lines lie outside the material, resulting in almost no screening at all.

A schematic of the dispersion curves Eex(q) for the exciton states corresponding to 2D and 3D
materials is presented in Fig. 1.5. These states can be compared to 2D hydrogen-like atomic
states with zero energy equal to the conduction band (CB) edge energy Ec. Discrete bound
states exist at energies below the CB energy dispersion curve and a continuum of excitonic
states above this curve. As in the hydrogen atom, the bound states are labelled by the principal
quantum number n.
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Chapter 2

Photon-Electron Interaction
X-ray spectroscopy is used to study the interaction of photons with matter, which includes the
absorption, emission, and scattering of photons, among other processes. Core-level soft X-ray
spectroscopy is used to investigate the excitation of a core electron via soft X-ray radiation. One
can obtain detailed information about the electronic structure of the material under investigation
by carefully examining the characteristics of the photons and electrons that are emitted when
a material is irradiated [38, 39]. Knowledge of the energy and momentum of the incident and
emitted photons allows to infer various properties of thematerial, such as the band gap, chemical
bonding, and crystal structure. Therefore, it is worthwhile to understand the theoretical aspects
of photon-electron interaction.

In this chapter, we describe in detail the processes whereby photons undergo absorption,
emission, and scattering. During an absorption event, energy is transferred to the material,
and the number of photons decreases by one. Photon emission involves the release of energy
in the form of a photon when a material relaxes from an initially excited state, increasing the
number of photons by one. In photon scattering, however, the number of photons remains
unchanged, but the momentum and energy of a photon in the final state may be different
from that in the initial state. The probability of these processes depends on two factors: the
characteristics of the incident photon beam and the electronic structure of the material. Time-
dependent perturbation theory is required to calculate the probabilities of these processes. For
simplicity, we set me = h̄ = c = 1 and qe = −1, where me and qe are mass and charge of
an electron, respectively. Most of the derivations presented in this chapter are inspired by the
classic textbook on quantum mechanics by Sakurai [40].

2.1 Time-Dependent Perturbation Theory

Irrespective as to whether a photon is absorbed, emitted, or scattered, the general quantum
mechanical problem we are considering entails determining the probability that the total system
is observed in state |b〉 at time t after the perturbation starts, where initially the system is in state
|a〉. Usually, the initial quantum state is an eigenstate of the unperturbed Hamiltonian. The total
Hamiltonian of the system is written as a sum of the unperturbed part (H0) and perturbation
part (δH)

H(t) = H0 + δH(t). (2.1)

This is referred to as ’time-dependent perturbation’ because δH is an explicit function of t. The
eigenstates of H0, which are assumed to be known exactly, satisfy
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Chapter 2. Photon-Electron Interaction

H0 |n〉 = En |n〉, (2.2)

where |n〉 denotes an eigenstate of H0, with energy En, at t = 0. This eigenstate at time t is
simply

|n(t)〉 = e−iEnt |n〉. (2.3)

Let the system initially be in state |a〉; that is, ψ(t = 0) = |a〉. The state of the system at time t
can be written as a superposition of the eigenstates of H0

|ψ(t)〉 =
∑

n

Sna(t)|n(t)〉, with |a〉 =
∑

n

Sna(0)|n〉, (2.4)

where Sna(t) are the expansion coefficients, and the subscript a emphasizes that the initial state
is |a〉. If the system is unperturbed (δH = 0), then all Sna(t) become constant. In this case, if
these coefficients are evaluated at one instant of time, the evolution of the quantum state of the
system is completely known. However, if the perturbation is turned on such that δH , 0 for
t > 0, the expansion coefficients will no longer be time-independent.

Sna(t) also denote the probability amplitudes, meaning that |Sna(t)|2 is the probability of ob-
serving the system in eigenstate |n(t)〉 at time t. Usually, one would be interested in a particular
final eigenstate |b(t)〉. For |n(t)〉 = |b(t)〉, the probability amplitude is determined by projecting
|ψ(t)〉 onto |b(t)〉

Sba(t) = 〈b(t)|ψ(t)〉. (2.5)

If we can determine, by some method, Sna(t) for all n, the evolution of the perturbed system is
exactly known. Unfortunately, approximation methods are unavoidable in practice. The time
perturbation theory assumes that the perturbation is very small, allowing one to approximate
Sba(t) as a sum of successively smaller terms

Sba = S(1)ba + S(2)ba + · · · . (2.6)

The total probability of observing the system in eigenstate |b〉 when the system initially exists
in state |a〉 is

Pba(t) = |Sba(t)|2 =
���S(1)ba (t) + S(2)ba (t) + · · ·

���2 . (2.7)

Let δHD be defined by (perturbation Hamiltonian in Dirac picture)

δHD(t) ≡ eiH0tδH(t)e−iH0t , (2.8)
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then the first-order expansion term for Sba(t) is given by

S(1)ba (t) =
1
i

∫ t

0
dt1 〈b|δHD(t1)|a〉, (2.9)

whereas the second-order term is given by

S(2)ba (t) =
1
i2

∫ t

0
dt2

∫ t2

0
dt1〈b|δHD(t2)δHD(t1)|a〉. (2.10)

2.2 Hamiltonian of Photon-Electron System

The system we are interested in is composed of electrons and photons. The total Hamiltonian
of such a system is

H(t) = Hγ + He + δH(t), (2.11)

where Hγ and He represent the Hamiltonians of the photons and electrons (subject to the
potential of nuclei at fixed locations), respectively. δH represents the perturbation Hamiltonian
of the photons and electrons, and it is this term that gives rise to absorption, emission, and
scattering of photons from electrons. Hγ is given by

Hγ =
∑
k,ε

k
[
a†kεakε +

1
2

]
, (2.12)

where k and ε represent the photon wave and polarization vectors, respectively, and k represents
themagnitude of k. Furthermore, a†kε creates, whereas akε annihilates a photon of wave vector k
and polarization ε. The quantum state of a collection of photons, denoted by |ψγ〉, is represented
by

|ψγ〉 = |nk1ε1 , nk2ε2 , · · · 〉, (2.13)

where the integer nkiεi represents the number of kiεi-type photons. Considering that |ψγ〉 is an
eigenstate of Hγ, it satisfies

Hγ |nk1ε1 , nk2ε2 , · · · 〉 = Eγ |nk1ε1 , nk2ε2 , · · · 〉, (2.14)

with
Eγ =

(
nk1ε1 +

1
2

)
ω1 +

(
nk2ε2 +

1
2

)
ω2 + · · · , (2.15)
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Chapter 2. Photon-Electron Interaction

where (nkiεi + 1/2)ωi is the total energy of kiεi-type photons. The eigenstates of the pure
electronic Hamiltonian, defined as usual, are denoted by upper-case letters and satisfy

He |A〉 = EA |A〉, (2.16)

where EA is energy of the eigenstate |A〉. The total unperturbed Hamiltonian H0 is the sum of
the unperturbed electron and photon Hamiltonians:

H0 = Hγ + He. (2.17)

In the Coulomb Gauge (∇ ·A = 0), the perturbation Hamiltonian of the system is [41, 42]

δH =
∑

i

[
pi ·A(ri, t) +

1
2

A2(ri, t) +
1
2
σi ·∇i ×A(ri, t) − φ(ri, t)

]
, (2.18)

where A(r, t) represents the vector potential operator, which is given by the superposition of the
creation and annihilation operators

A(r, t) =
1
√

2V

∑̃
kε̃

1
√
ω

[
ak̃ε̃ ε̃(k̃)e

ik̃·r−iωt + a†k̃ε̃ ε̃(k̃)e
−ik̃·r+iωt

]
. (2.19)

The momentum operator in Eq. 2.18 is not the kinetic momentum (Ûr), but rather is related to it
via

pi = Ûri −A(ri, t). (2.20)

For an electromagnetic plane wave, the scalar potential φ is zero. In addition, σ = (σx ,σy,σz)

represents a vector of the Pauli matrices, and the term containing σ in the definition of A
above represents the interaction of the electron spin with the magnetic field. Although this term
will be ignored in the remainder of this chapter, the presence of this term in the perturbation
Hamiltonian is the reason why the field of spintronics exists. Only those terms proportional to
p ·A and A2 are retained to describe the interaction of photons with matter:

δH(t) =
∑

i

[
pi ·A(ri, t) +

1
2

A2(ri, t)
]

. (2.21)

2.3 Photon Absorption

The photon absorption process involves the complete absorption of a photon that excites the
material to a higher-energy state. The energy difference between the final and initial states is
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2.3. Photon Absorption

equal to the energy of the photon absorbed. Specifically, we are interested in the probability to
find the system in state |b〉 at a time t after the perturbation has been turned on, where initially
the system is in state |a〉;

|a〉 = |A〉|nkε〉 −→ |b〉 = |B〉|nkε − 1〉. (2.22)

The non-zero contribution to the absorption transition amplitude in the first-order perturbation
comes only from those terms in δH that contain one copy of the operator a to annihilate (absorb)
a photon. A2 contains terms that are proportional to a†a†, a†a, aa† and aa. These terms change
the number of photons by 0 or ±2. A change of zero in the photon number corresponds to
photon scattering, as discussed later in this chapter, whereas a change of ±2 describes the
simultaneous absorption or emission of two photons. To the lowest order, the contribution of
these multiphoton processes to absorption can be ignored. The term p ·A in δH does contain
terms proportional to one copy a. Thus, to describe absorption to the first-order, the only part
of δH that needs to be considered is

δH(1) =
∑

i

pi ·A(ri, t). (2.23)

Because photon absorption is being considered, the terms containing a† in the above sum can
be ignored. This is because these terms describe photon emission and thus do not contribute to
the absorption process. Furthermore, only those terms on the right-hand side of Eq. 2.19 for
which k̃ε̃ = kε make a non-zero contribution to the absorption of a kε-type photon. With this
in mind, the transition amplitude reduces to

SBA =
1
√

2V k

∫ t1

0
dt1 ei(EB−EA−ω)t1 〈nkε − 1|〈B |

[∑
i

akεeik·ripi · ε

]
|A〉|nkε〉. (2.24)

Using the fact that
akε |nkε〉 =

√
nkε |nkε − 1〉, (2.25)

and assuming that initial and final states are eigenstates of H0, we obtain

SBA =

√
nkε

2Vω
〈B |

∑
i

eik·ripi · ε |A〉
∫ t

0
dt1 ei(EB−EA−ω)t1 . (2.26)

The transition amplitude is proportional to the square root of the number of photons initially
present. If there are no photons, the material cannot make a transition from |A〉 to |B〉 as one
might have expected. Surprisingly, this is not the case when we consider emission later in this
chapter.

The temporal integral in Eq. 2.26 appears again when considering the emission and scattering
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Chapter 2. Photon-Electron Interaction

of a photon; thus, it is worthwhile to discuss how to manipulate it. Because the transition prob-
ability is determined by |SBA |

2, the modulus squared of this integral appears in the expression
involving |SBA |

2. A straightforward integration yields

����∫ t

0
dt1 eiβt1

����2 = ����eiβt − 1
iβ

����2 = sin2
(
t × β

2

)
(
β
2

)2 , (2.27)

where β ≡ (EB − EA −ω). One of the representations of the Dirac delta function is

lim
γ→∞

1
π

sin2(γx)
γx2 = δ(x). (2.28)

Given this representation of the Dirac delta function and assuming a large t, Eq. 2.27 simplifies
to ����∫ t

0
dt1 ei(EB−EA−ω)t1

����2 = πtδ([EB − EA −ω]/2) = 2πtδ(EB − EA −ω). (2.29)

In the last step above, the property δ(ax) = δ(x)/|a| was used. Therefore, for a large value of t,
the modulus squared of the scattering amplitude becomes

|SBA |
2 =

nkε
2Vω

�����〈B|∑
i

eik·ripi · ε |A〉

�����2 2πtδ(EB − EA −ω). (2.30)

|SBA |
2 represents the probability of observing the electronic subsystem (the full system also

contains photons) in state |B〉 time t where initially the system is known to be in state |A〉.
Importantly, |SBA |

2 is proportional to t. The transition rate T is defined as the transition
probability per unit time:

TBA =
|SBA |

2

t
, (2.31)

which leads to the following expression for the transition rate

TBA =
πnkε
Vω

�����〈B |∑
i

eik·ripi · ε |A〉

�����2 δ(EB − EA −ω). (2.32)

The above result applies to the transition between a single initial state and a single final state.
If there are several final states with energy EA +ω, we need to perform the summation on the
right side of Eq. 2.32 over all such final states
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TBA =
πnkε
Vω

∑
B

�����〈B |∑
i

eik·ripi · ε |A〉

�����2 δ(EB − EA −ω). (2.33)

The absorption cross section is defined as the transition rate divided by the incident photon flux
density, denoted by I0 (the number of photons per unit time per unit cross-sectional area);

σBA =
TBA

I0
. (2.34)

For nkε photons in volume V travelling at speed c = 1, the flux density is simply

I0 = nkε
1
V

. (2.35)

A summation over all the final states |B〉 is performed to obtain the following equation for the
absorption cross section for the discrete final states:

σ(ω, ε) =
π

ω

∑
B

�����ε · 〈B |∑
i

eik·ripi |A〉

�����2 δ(EB − EA −ω) (2.36)

In the dipole approximation it is assumed that eik·ri = 1, thus,∑
i

eik·rpi =
∑

i

pi, (2.37)

and using the commutation relation

[ri, He] = ipi, (2.38)

we can replace pi in terms of ri. Using the fact that |A〉 and |B〉 are eigenstate of He, one can
write

〈B |
∑

i

pi |A〉 = −i〈B |
∑

i

[ri, He]|A〉 = i(EB − EA)〈B |
∑

i

ri |A〉. (2.39)

The term dipole approximation originates from the fact that the operator qr is the dipole
moment operator (here −r because we have set q = −1). Using this approximation and noting
that EB − EA = ω, the absorption cross section for discrete final states becomes:

σdip(ω, ε) = πω
∑

B

�����ε · 〈B |∑
i

ri |A〉

�����2 δ(EB − EA −ω). (2.40)
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Continuum Final States

If the final states form a continuum with a density of states ρ(EB), we need to replace
∑

B by∫
dEBρ(EB) in Eq. 2.36

σ(ω, ε) =
π

ω

∫
dEBρ(EB)

�����〈B |∑
i

eik·ripi · ε |A〉

�����2 δ(EB − EA −ω). (2.41)

Thus,

σ(ω, ε) =
π

ω

�����〈B|∑
i

eik·ripi · ε |A〉

�����2 ρ(EA +ω). (2.42)

In the above we assumed that the quantity

|MBA |
2 ≡

�����〈B |∑
i

eik·ripi · ε |A〉

�����2 (2.43)

is the same for the transition to all these continuum sets of states. However, if there are different
sets of final states with the same energy EA + ω but different values of |MBA |

2, we need to
consider the contribution of each of these sets separately. In such a case

σ(ω, ε) =
π

ω

∑
j

�����〈B j |
∑

i

eik·ripi · ε |A〉

�����2 ρBj (EA +ω), (2.44)

where different sets of the continuum final states are indexed by j and ρBj is the partial density
of states of the j th set. For example, consider the case of transitions from 1s to 2p, where the
2p states form a continuous band. It is possible that the transitions to these final states with
different 2p characteristics (2px , 2py, and 2pz) have different transition probabilities. In such a
case, the summation over different continuum sets of the final states indexed by j in Eq. 2.44
would correspond to a sum of three sets of continuum states, namely px , py and pz:

σ(ω, ε) =
π

ω

(��Mpx1s
��2 ρpx (E1s +ω) +

��Mpy1s
��2 ρpy (E1s +ω) +

��Mpz1s
��2 ρpz (E1s +ω)

)
. (2.45)

Crystal Momentum Conservation

If the Hamiltonian of a system of particles has continuous translational symmetry, then by
Noether’s theorem, the momentum of the system is conserved in the absence of external applied
forces. In a perfect crystal, however, the translational symmetry of the Hamiltonian is discrete;
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thus, the momentum of an electron is not conserved as it moves through the crystal, even in the
absence of external forces. The momentum of the total system (electrons and nuclei) is still
conserved because the total Hamiltonian has continuous translational symmetry. Nonetheless,
if an electron moves in a perfectly periodic external potential, Eq. 2.36 implies the conservation
of a different momentum-like vector quantity known as crystal momentum or quasi-momentum
when the net external force is zero. The rate of change of the crystal momentum of an electron
is proportional to the net external force, whereas the rate of change of its true momentum is
proportional to the sum of external forces and internal forces resulting from the interaction with
the nuclei.

Single-particle wave functions for a periodic external potential are Bloch waves, which have the
form [43, 44]

|φqn(r jσj)〉 = uqn(r j)e−iq·ri |σj〉, (2.46)

where q denotes the crystal momentum, n the band index, and σj the spin (↑ or ↓). We can
approximate the total wave function |Φ〉 of N identical fermions as a single Slater determinant
constructed from N single-particle spin-orbitals:

|Φ〉 =
1
√

N !
det{φ1φ2 · · · φN }. (2.47)

Consider two Slater determinants |Φ〉 and |Φµ,ν〉. This notation means that |Φµ,ν〉 is composed
of the same spin-orbitals as |Φ〉 except that the spin-orbital |φν〉 is replaced by |φµ〉, i.e.;

|Φ〉 =
1
√

N !
det{φ1φ2 · · · φν · · · φN }, |Φµ,ν〉 =

1
√

N !
det{φ1φ2 · · · φµ · · · φN }. (2.48)

Let G(ri) be a general single-particle operator. Here, ’single-particle operator’ implies that it is
a function of the coordinates of only one particle as opposed to for example 1/|ri − r j | which
would be a two-particle Coulomb interaction operator. It can be verified that [45]

〈Φµ,ν |
∑

i

G(ri)|Φ〉 = 〈φµ |G(r)|φν〉. (2.49)

In other words, if the two Slater determinants differ only in one of the spin-orbitals, the sum-
mation over all the particle coordinates cancels out given that the spin-orbitals |φµ〉 and |φν〉
are used to compute the above matrix elements instead of the two Slater determinants. This is
merely a consequence of the orthonormality of single-particle spin-orbitals.

Fig. 2.1a illustrates a typical photon absorption process in core-level spectroscopy. The ground
state is approximated by filling up the N lowest energy spin-orbitals. For a crystal, these orbitals
are Bloch waves. This figure illustrates the three bands indexed n, n′ and n′′. One can think of
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(a)Absorption: The initial ground state of N electrons
is constructed by filling N lowest energy spin-orbitals.
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(b) Emission: The initial state is an excited state with
|φqn〉 being empty and |φq′′n′′〉 occupied at a higher
energy. In the final state, |φq′n′〉 is empty, whereas

|φqn〉 is occupied.

Figure 2.1: Photon absorption and emission processes in the lowest order pertur-
bation conserve crystal momentum.

the band n to be a core-level and and n′ to be a band inside the valence band (VB). Both of these
bands are fully occupied at absolute zero for a semiconductor. n′′ can be thought of as an empty
band in the conduction band (CB). The initial quantum state of the crystal is|A〉 = |G〉, where
the letter G emphasizes that it is the ground state. After absorption of a photon, an initially
occupied spin-orbital |φqn〉 (the spin-orbital with crystal momentum q in band n) becomes
unoccupied, whereas an initially unoccupied spin-orbital |φq′′n′′〉 (the spin-orbital with crystal
momentum q′′ in band n′′) becomes occupied. Our goal is to determine how q′′ is related to q.
These two spin-orbitals are Bloch waves given by

|φqn〉 = uqn(r)eiq·r, |φq′′n′′〉 = uq′′n′′(r)eiq′′·r. (2.50)

In terms of Slater determinants, the final state|B〉 differs from the initial state |A〉 in only one of
the spin-orbitals; |φqn〉, which appears in the Slater determinant of the initial state, is replaced
by |φq′′n′′〉 in the final state. Using the notation described above, the final state can be expressed
as:

|B〉 = |Aq′′n′′,qn〉. (2.51)

From Eq. 2.36, the single-particle operator in this case is
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2.3. Photon Absorption

G(r) = eik·rε · p = −ieik·rε ·∇. (2.52)

It follows from Eq. 2.49 that

〈B |
∑

i

(−i)eik·riε ·∇i |A〉 = −i〈φq′′n′′ |eik·rε ·∇|φqn〉. (2.53)

Substituting Eq. 2.50 into Eq. 2.53, the above becomes

〈B |
∑

i

(−i)eik·riε ·∇i |A〉 = −ε ·
∫

dr u∗q′′n′′
[
q uqn + i∇uqn

]
ei(q−q′′+k)·r. (2.54)

The functions uqn and uq′′n′′ have the same periodicity as that of the crystal

uqn(r +RN ) = uqn(r), uq′′n′′(r +RN ) = uq′′n′′(r). (2.55)

Owing to the periodicity of these functions, the integral in Eq. 2.54 in different unit cells differs
only by a phase factor. Thus, integration only in the unit cell at RN = 0 is needed, because
this result can be multiplied by the appropriate phase factors to determine the contribution to
the total integral from different unit cells. Finally, the contributions from all the unit cells are
summed

〈B |
∑

i

(−i)eik·riε ·∇i |A〉 = −ε ·

[∑
N

ei(q−q′′+k)·RN

] ∫
V

dr u∗q′′n′′
[
q uqn + i∇uqn

]
ei(q−q′′+k)·r.

(2.56)
The subscriptV on the integral sign above is included to remind that the integration is performed
over the volume of a single unit cell at RN = 0. The periodic nature of the crystal implies that
[45]:

∑
N

ei(q′′−q+k)·RN =


N , if q − q′′ + k = Q

0, otherwise.
(2.57)

Here, Q is a reciprocal lattice vector. Thus, we can conclude that the following conservation
law holds when a photon is absorbed by a material:

q + k = q′′ +Q . (2.58)

In the dipole approximation, this rule becomes q = q′′ +Q (by setting k = 0). Furthermore,
by the addition of an appropriate reciprocal lattice vector, q and q′′ can be restricted to the
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Chapter 2. Photon-Electron Interaction

first Brillouin zone, and in this case the above reduces to q = q′′. In other words, the crystal
momentum is conserved. Crystal momentum conservation in the soft X-ray regime means that,
in a band diagram, transitions occur vertically for a direct band transition and requires a phonon
for momentum conservation for an indirect transition.

2.4 Photon Emission

Photon emission is a process that involves electronic transition from an excited higher-energy to
a lower-energy state via emission of a photon. The emitted photons carry information about the
occupied electronic states in the material under study. In this section, this process is described
as a first-order perturbation. If the initial state contains nkε photons of the kε-type, then the final
state contains nkε + 1 such photons. In other words, it is necessary to calculate the probability
of the following transition:

|a〉 = |A〉|nkε〉 −→ |b〉 = |B〉|nkε + 1〉. (2.59)

The part of δH that needs to be considered for emission is the same as that for the absorption
given in Eq. 2.23; however, this time, the non-zero contribution comes from a†kε instead of akε

SBA =
1

√
2Vω

∫ t

0
dt1 ei(EB−EA+ω)t1 〈nkε + 1|〈B |

[∑
i

a†kεe−ik·ripi · ε

]
|A〉|nkε〉. (2.60)

The photon creation operator increases the occupation number by one

a† |nkε〉 =
√

nkε + 1|nkε + 1〉, (2.61)

which allows to simplify the emission transition amplitude as

SBA =

√
nkε + 1

2ωV

∫ t

0
dt1 ei(EB−EA+ω)t1 〈B |

[∑
i

a†kεe−ik·ripi · ε

]
|A〉. (2.62)

Unlike the case of absorption, the SBA is non-zero even when nkε is zero. This result is purely
quantum mechanical and cannot be explained semi-classically. Semi-classically, in the absence
of photons, the external perturbation is zero; hence, there should not be any transition between
different eigenstates when the initial state |A〉 is an eigenstate of the unperturbed Hamiltonian
(the electronic Hamiltonian semi-classically). The system should remain in this state indefi-
nitely with only the phase of the state varying by a factor e−iEAt with time t.

When nkε is zero, the resulting emission is termed spontaneous, and when it is non-zero, it is
termed stimulated. It should be noted that quantum mechanically these two seemingly different
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2.4. Photon Emission

phenomena are captured by the same equation above, with spontaneous emission simply being
a special case. The transition rate TBA, given by |SBA |

2/t, becomes

TBA =
π(nkε + 1)

Vω

�����〈B |∑
i

e−ik·ripi · ε |A〉

�����2 δ(EB − EA +ω). (2.63)

The number dn of allowed single-photon states in a small volume dk in k space is

dn =
V
(2π)3

dk. (2.64)

In spherical coordinates, we have dk = k2dkdΩ. It follows, from ω = k dispersion relation,
that dω = dk, thus,

dn =
V
(2π)3

ω2dωdΩ. (2.65)

The transition rate per solid angle in the direction k̂ (a unit vector in the direction of k) and per
frequency is obtained by multiplying Eq. 2.63 by dn

d2TBA

dωdΩ
=
(nkε + 1)ω

8π2

�����ε ·∑
i

〈B |e−ik·ripi |A〉

�����2 δ(EB − EA +ω). (2.66)

If there are several discrete final states with energy EA −ω, we need to sum over all of them, as
well as over the two possible polarization states of the emitted photons.

d2TBA

dωdΩ
=

ω

8π2

∑
ε

∑
B

(nkε + 1)

�����ε ·∑
i

〈B |e−ik·ripi |A〉

�����2 δ(EB − EA +ω) . (2.67)

In Eq. 2.67, (nkε + 1) was not taken outside of the summation over ε because different numbers
of photons for the two different polarization states can exist initially. As discussed for the
absorption case, if there are several sets (labelled by j) of the continuum final electronic states
at the same energy EA −ω but with different transition probabilities, we need to replace

∑
B by∫

dEBj ρBj (EBj ) and sum over all these sets of final continuum states;

d2TBA

dωdΩ
=

ω

8π2

∑
ε

∑
j

(nkε + 1)
∫

dEB j ρB j (EB j )

�����ε ·∑
i

〈Bj |e−ik·ripi |A〉

�����2 δ(EB j − EA +ω). (2.68)
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Chapter 2. Photon-Electron Interaction

Because of the presence of delta functions in the above equation, the energy integral is trivial,
resulting in:

d2TBA

dωdΩ
=

ω

8π2

∑
ε

∑
j

(nkε + 1)

�����ε ·∑
i

〈B j |e−ik·ripi |A〉

�����2 ρBj (EA −ω). (2.69)

By using the dipole approximation, Eq. 2.39, and the relation EB − EA = −ω (which follows
from the presence of the delta function), the differential transition rate to the discrete final states
simplifies to

d2TBA

dωdΩ
=
ω3

8π2

∑
ε

∑
B

(nkε + 1)

�����ε ·∑
i

〈B |ri |A〉

�����2 δ(EB − EA +ω). (2.70)

Crystal Momentum Conservation

Fig. 2.1b illustrates a typical emission process for a crystal as related to core-level spectroscopy.
The initial state |A〉 is an excited state. This excited state differs from the ground state in one
of the spin-orbitals. In the excited state, |φqn〉 is empty and instead another higher energy
spin-orbital |φq′′n′′〉 is occupied. This excitation might be the result of the previous absorption
of a photon. Note, here we do not assume that q′′ = q, because after the absorption of a photon,
there might be interaction with the lattice vibrations (phonons) resulting in a change in q′′. In
the final state |B〉, |φqn〉 becomes occupied while a higher energy spin-orbital |φq′n′〉 becomes
empty. Using the notation described in the previous section, the initial and final states of the
material can be written as (Slater determinants)

|A〉 = |Gq′′n′′,qn〉, |B〉 = |Aqn,q′n′〉. (2.71)

Following the same procedure as in the previous section, the following conservation rule can
be deduced:

q′ = q + k +Q. (2.72)

In the dipole approximation, this rule becomes q′ = q +Q. Furthermore, by restricting q and
q′ to the first Brillouin zone, the above rule simplifies to q′ = q. Similar to the absorption case
above, the crystal momentum is also conserved during the emission process. It is important to
note that interactions with phonons during these transitions were not considered.
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(b) In the first-order, the A2 term contributes to photon
scattering and it involves a direct transition from |A〉
to |B〉. The p · A interaction term contributes in the
second-order and involves a transition from |A〉 to |B〉

via intermediate states.

Figure 2.2: Photon scattering.

2.5 Photon Scattering

Photons incident on a material can be scattered either elastically or inelastically, and the changes
in photon energy and momentum correspond to specific electronic transitions in the material.
In the scattering process, the number of photons in the final state is the same as that in the initial
state. However, in the inelastic case, the scattered photons have a lower energy than the incident
photons. The physical problem under consideration is shown in Fig. 2.2a. A photon of wave
vector k and polarization ε interacts with the material changing its quantum state from |A〉 to
|B〉. The wave vector and polarization of the scattered photons are k′ and ε′, respectively. A
detector that subtends a solid angle dΩ, is used to detect the photons scattered in direction k̂′.
The aim is to determine the number of photons in a time interval t scattered into the solid angle
dΩ. The initial and final states of the combined system are represented by |a〉 and |b〉. The
number of scattered photons is related to the probability of finding the system in state |b〉 at
time t after the perturbation has been turned on, that is, the following transition is of interest:

|a〉 = |A〉|nkε , nk′ε ′〉 −→ |b〉 = |B〉|nkε − 1, nk′ε ′ + 1〉. (2.73)

In the above equation, it is assumed that initially there are nkε photons of kε-type, whereas the
final state has nkε − 1 such photons. Additionally, initially there are nk′ε ′ photons of k′ε′-type,
whereas in the final state, nk′ε ′ + 1such photons exist.

The terms proportional toA2 and p ·A in δH describe two different types of scattering processes,
which are summarized in Fig. 2.2b. The A2 interaction term contributes as a first-order
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Chapter 2. Photon-Electron Interaction

perturbation, and it describes a process where the material makes a direct transition from an
initial state |A〉 to a final state |B〉. The p ·A term contributes as a second-order perturbation
responsible for a transition from |A〉 to |B〉 via an intermediate state. The intermediate state is
in fact a superposition of several eigenstates of He, but for simplicity only two eigenstates, |M1〉
and |M2〉, are depicted in Fig. 2.2b. Only the states with energy in the vicinity of EA +ω make
an appreciable contribution to the intermediate state. The scattering processes of each of these
types are discussed in detail below.

2.5.1 First-Order Scattering

The scattering matrix elements in the first-order perturbation are given by Eq. 2.9. To describe
the process of photon scattering, we need to select those terms in δH that are the product of
one copy of a photon annihilation operator to annihilate the incident photon and one copy of a
photon creation operator to create the scattered photon. Each term in p ·A contains one copy
of a creation or one copy of an annihilation operator. Thus, for the first-order perturbation,
this term does not contribute to photon scattering. A2 contains terms that are the product of a
creation and an annihilation operator. Therefore, for the first-order perturbation, the only part
of δH needed is

δH(1) =
∑

i

1
2

A2(ri, t). (2.74)

A2 can be determined using Eq. 2.19 by writing one factor of A in terms of the summation over
k1ε1 and the other factor in terms of the summation over k2ε2

A2(ri, t) =
1

2V

∑
k1ε1

∑
k2ε2

1
√
ω1ω2

[
ak1ε1ε1(k1)eik1·ri−iωt + a†k1ε1

ε1(k1)e−ik1·ri+iωt
]

(2.75)

×

[
ak2ε2ε2(k2)eik2·ri−iωt + a†k2ε2

ε2(k2)e−ik2·ri+iωt
]

.

Even though A2 is a sum of several terms, only those terms where k1ε1 = kε and k2ε2 = k′ε′,
or k1ε1 = k′ε′ and k2ε2 = kε can possibly contribute to the scattering process. Among these,
only the terms proportional to akεa†k′ε ′ and a†k′ε ′akε have a non-vanishing contribution. The
other two similar terms, a†kεak′ε ′ and ak′ε ′a

†

kε , do not contribute as they describe the creation
of a kε-type photon and annihilation of a k′ε′-type photon, which is obviously not the process
being considered here. After simple manipulation, the following equation for the scattering
amplitude is obtained:

S(1)BA(t) =

√
nkε(nk′ε ′ + 1)
i2V
√
ωω′

〈B |Ô |A〉ε · ε′
∫ t

0
dt1ei(EB−EA−ω+ω

′)t1 , (2.76)
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Figure 2.3: Feynman diagrams depicting photon scattering.

where Ô, called the scattering operator, is defined by

Ô ≡
∑

i

e−i(k−k′)·ri . (2.77)

Eq. 2.76 has an interesting quantum mechanical interpretation. Fig. 2.3a shows the Feynman
diagram for first-order scattering, where the incident photon is absorbed at the same time t1 as
the outgoing photon is emitted. The quantum state of the material also changes from |A〉 to |B〉
at t1. The question is: what is the total probability that, in a time interval from 0 to t, an incident
photon is absorbed and an outgoing photon is emitted? Classically, it would be the sum of
the differential probabilities that this happens in each infinitesimal time interval dt1. Quantum
mechanically, the total probability is not the sum of the differential probabilities; rather, the
probability amplitude is the sum of the differential probability amplitudes. The differential
scattering amplitude of this quantum event occurring in the interval [t1, t1 + dt1] is:

dS(1)BA =

√
nkε(nk′ε ′ + 1)

iV
√
ωω′

〈B |Ô |A〉ε · ε′ei(EB−EA−ω+ω
′)t1 dt1. (2.78)

We need to add (here, integrate because time is continuous) the scattering amplitudes over
small time intervals dt1 from 0 to t to determine the total scattering amplitude. Only after this
addition (integration) is performed to obtain S(1)BA, is it squared to determine the total probability
of absorbing an incident and emitting an outgoing photon from 0 to t.

Crystal Momentum Conservation

Let us again consider the case for a perfect crystal, but this time for the first-order scattering,
which is illustrated on the left in Fig. 2.4. Let the initial state |A〉 be the ground state (|A〉 = |G〉)
approximated as a single Slater determinant constructed from the N lowest energy spin-orbitals.
The final state |B〉 which is also approximated as a single Slater determinant differs from the
ground state in that the |φq′n′〉 is replaced by |φq′′n′′〉;
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Chapter 2. Photon-Electron Interaction

|B〉 = |Aq′′n′′,q′n′〉. (2.79)

Using Eq. 2.49, we obtain

〈B |
∑

i

e−i(k−k′)·ri |A〉 = 〈φq′′n′′ |e−i(k−k′)·r |φq′n′〉

=
∑

N

ei(k′+q′′−k−q′)·RN

∫
V

dr u∗q′n′uqn ei(k′+q′′−k−q′)·r. (2.80)

It follows from Eq. 2.57 that the right side in the above equation is non-zero only if

k′ + q′′ = k + q′ +Q . (2.81)

In the dipole approximation and restricting q′′ and q′ to the first Brillouin zone, the above rule
reduce to q′′ = q′. Furthermore, in this approximation∑

i

e−i(k−k′)·ri =
∑

i

1 = Ne, (2.82)

Thus, in dipole approximation

〈B |Ô |A〉 = Ne〈B |A〉 = NeδAB, (2.83)

if both the initial and the final states are orthogonal and normalized,which is the case the case
if they are eigenstates of He. Here, Ne is total number of electrons. The scattering amplitude
now becomes

S(1)BA,dip =
NeδAB

iV
√
ωω′

ε · ε′
∫ t

0
dt1ei(EB−EA−ω+ω

′)t1 . (2.84)

2.5.2 Second-Order Scattering

Because (p ·A)2 contains terms that are products of photon annihilation and creation operators,
the term proportional top ·A in δH will contribute to scattering in the second-order perturbation.
The part of δH that needs to be considered is:

δH(2)(ri, t) =
∑

i

pi ·A(ri, t). (2.85)
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Figure 2.4: First-order scattering (left): The initial state |A〉 is the ground
state. In the final state |B〉, |φq′n′〉 is empty, while |φq′′n′′〉 is occupied. Second-
order scattering (right): The initial state is the ground state. In the intermediate
state |M〉, |φqn〉 becomes unoccupied while a higher-energy spin-orbital |φq′′n′′〉

becomes occupied. In the final state, |φq′n′〉 is empty, while |φqn〉 and |φq′′n′′〉 are
occupied. In the dipole approximation; q = q′′ = q′. For both types of scattering,

the initial and final states are the same.

Using the completeness relation for the eigenstates of He:∑
M

|M〉〈M | = 1, (2.86)

the scattering matrix elements can be rewritten as

S(2)BA(t) =
1
i2

∑
M

∫ t

0
dt2

∫ t2

0
dt1〈b|δHD(t2)|M〉〈M |δHD(t1)|a〉. (2.87)

Here, S(2)BA contains the sum of two types of terms

S(2)BA(t) ∝
∫ t

0
dt2

∫ t2

0
dt1[

〈b| · · · a†k′ε ′(t2) · · · akε(t1) · · · |a〉︸                                    ︷︷                                    ︸
Absorption before emission

+ 〈b| · · · akε(t2) · · · a
†

k′ε ′(t1) · · · |a〉︸                                    ︷︷                                    ︸
Absorption after emission

]
. (2.88)

The first term describes the absorption before emission, whereas the second term corresponds
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to absorption after emission. The Feynman diagrams for these two types of second-order pro-
cesses are shown in Fig. 2.3b and 2.3c. If the initial state is the ground state, absorption after
the emission term does not contribute. Let us elaborate on the meaning of the first term in
Eq. 2.88. We ask the question: given that the outgoing photon is emitted at t2, what is the
probability that an incident photon has already been absorbed at an earlier time t1? Because
t1 can be any time instant before t2, the scattering amplitude for this process is obtained by
summing the contributions from all earlier times (t1 < t2). Therefore, the integral over t1
runs from 0 to t2. Because an outgoing photon can be created at any instant t2 between 0 and
t, the contributions from all possible values of t2 need to be added (integration over t2 from 0 to t).

A similar interpretation holds for the absorption after the emission term, but in this case, we
would be adding contributions where an incident photon is absorbed at t2 while an outgoing
photon has already been created at an earlier time t1. It should be noted that the sum (integral)
of the scattering amplitudes for all these different possibilities needs to be performed before
squaring to determine the total probability. Eq. 2.87 can be simplified to

S(2)BA(t) = −

√
nkε(nk′ε ′ + 1)
i2V
√
ωω′

∫ t

0
dt2ei(EB−EA−ω+ω

′)t2×∑
M

(
〈B|T(k′, ε′)|M〉〈M |T(−k, ε)|A〉

EM − EA −ω − i ΓM2
+
〈B |T(k, ε)|M〉〈M |T(−k′, ε′)|A〉

EM − EA +ω′ − i ΓM2

) , (2.89)

where the sum over all the eigenstates |M〉 of the unperturbed electronic Hamiltonian appears
in Eq. 2.89. The parameter ΓM has been added by hand to account for the finite lifetime
broadening of state |M〉, and it is related to lifetime τM via

ΓM =
1
τM

. (2.90)

The first term inside the bracket of Eq. 2.89 represents absorption before emission, whereas the
second term represents emission after absorption. The transition operator T is defined by

T(k, ε) ≡ ε ·
∑

i

pieik·ri . (2.91)

Crystal Momentum Conservation

Now, consider the specific case of a perfect crystal depicted on the right in Fig. 2.4. Assume
that the initial state |A〉 is the ground state, such that only the absorption before the emission
term contributes. The ground state of the interacting electron system is approximated as
a Slater determinant constructed from the N lowest energy single-particle spin-orbitals. In
the intermediate state, |φqn〉 becomes unoccupied, while a higher energy spin-orbital |φq′′n′′〉
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2.5. Photon Scattering

becomes occupied. Using the notation described previously, the intermediate state is written
as |M〉 = |Aq′′n′′,qn〉. In the final state |B〉, |φq′n′〉 is empty while |φq′′n′′〉 is occupied, hence,
|B〉 = |Aq′′n′′,q′n′〉. Using Eq. 2.57 (from [45]), it is found that 〈M |T(−k, ε)|A〉 is non-zero
only if

k + q = q′′ +Q1, (2.92)

and 〈B |T(k′, ε′)|M〉 can be different from zero only if

k′ + q′ = q′′ +Q2, (2.93)

where Q1 and Q2 are arbitrary reciprocal lattice vectors. The product 〈B|T(k′, ε′)|M〉 ×
〈M |T(−k, ε)|A〉 can be non-zero if both Eq. 2.92 and 2.93 hold true simultaneously. By
subtracting Eq. 2.93 from 2.92, we find that:

k′ + q′ = k + q +Q , (2.94)

where Q = Q2 −Q1 is another reciprocal lattice vector. Assuming dipole approximation and
restricting q, q′, and q′′ to the first Brillouin zone, the crystal momentum conservation law
reduces to

q = q′′ = q′. (2.95)

The scattering amplitude in the dipole approximation becomes

S(2)
BA,dip(t) = −

(EB − EA)
√

nkε(nk′ε′ + 1)
2V
√
ωω′

∫ t

0
dt2ei(EB−EA−ω+ω

′)t2×∑
M

∑
i

(
ε · 〈B|ri |M〉 ε ′ · 〈M |ri |A〉

EM − EA −ω − i ΓM2
+
ε · 〈B|ri |M〉 ε ′ · 〈M |ri |A〉

EM − EA +ω′ − i ΓM2

)
.

(2.96)

2.5.3 Scattering Cross Section

The total scattering amplitude (up to the second order) is the sum of the first- and second-order
scattering amplitudes; SBA = S(1)BA + S(2)BA. The transition rate TBA (= |SBA |

2/t), which represents
the transition probability per unit time, is given by,

TBA =
πnkε(nk′ε′ + 1)

2V2ωω′
δ(EB − EA −ω +ω

′)×�����〈B|Ô |A〉ε · ε ′ −∑
M

(
〈B|T(k′, ε ′)|M〉〈M |T(−k, ε)|A〉

EM − EA −ω − i ΓM2
+
〈B|T(k, ε)|M〉〈M |T(−k′, ε ′)|A〉

EM − EA +ω′ − i ΓM2

)�����2 ,
(2.97)
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and the differential transition rate per solid angle per outgoing bandwidth ([ω′,ω′ + dω′]) is
obtained by multiplying the above by dn defined in Eq. 2.65;

d2TBA

dω′dΩ
=

nkε(nk′ε′ + 1)
(4π)2V

(
ω′

ω

)
δ(EB − EA −ω +ω

′)×�����〈B|Ô |A〉ε · ε ′ −∑
M

(
〈B|T(k′, ε ′)|M〉〈M |T(−k, ε)|A〉

EM − EA −ω − i ΓM2
+
〈B|T(k, ε)|M〉〈M |T(−k′, ε ′)|A〉

EM − EA +ω′ − i ΓM2

)�����2 .
(2.98)

The differential cross section is obtained by dividing the above by the incident photon flux density
(nkε/V). Summing over all the final electronic states and two possible photon polarization states
of the scattered photons, we obtain

d2σBA

dω′dΩ
=

1
(4π)2

(
ω′

ω

) ∑
ε′

∑
B

(nk′ε′ + 1)δ(EB − EA −ω +ω
′)×�����〈B|Ô |A〉ε · ε ′ −∑

M

(
〈B|T(k′, ε ′)|M〉〈M |T(−k, ε)|A〉

EM − EA −ω − i ΓM2
+
〈B|T(k, ε)|M〉〈M |T(−k′, ε ′)|A〉

EM − EA +ω′ − i ΓM2

)�����2
.

(2.99)

Simply stated, d2σBA/dω′dΩ represents

No. of photons with frequency between ω′ and ω′ + dω′ scattered in dΩ per time
No. of incident photons with frequency ω per time per area

×
1

dω′dΩ
.

The above equation is central to the description of X-ray spectroscpic techniques employed
in this research. This equation relates the number of scattered photons of certain energy and
momentum to the the electronic structure of the material.

2.6 Dipole Selection Rules for Isolated Atoms

Regardless of whether the absorption, emission, or scattering of photons is considered, the
transition amplitudes in the dipole approximation involve matrix elements of the dipole operator
r given by 〈ψ′|r|ψ〉. The aim here is to explore the restrictions on |ψ′〉 and |ψ〉 such that these
matrix elements can be non-zero. For an isolated atom, the potential is centrosymmetric and,
as a result, the wave functions can be labelled by the n, `, m`, and ms (atomic orbitals) quantum
numbers. The dipole matrix elements in such a basis are:

〈n′`′m`′ms′ |r|n`m`ms〉 =
∑

i

〈n′`′m`′ms′ |ri |n`m`ms〉ei, (2.100)
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where ri is the ith component of r, and ei is a unit vector in the ith Cartesian coordinate direction
(r1 = x, r2 = y, r3 = z). The derivations in this section are inspired by van Dommelen’s online
free access quantum mechanics book [46]. The following well-known commutation relations
are used to derive the selection rules:

1. [x, Lz] = −iy

2. [y, Lz] = ix

3. [z, Lz] = 0

4. [ri, Li] = 0

5.
[
[ri, L2], L2] = 2

(
ri L2 + L2ri

)
6.

[
[ri, L2], L2] = (ri L2 − L2ri)L2 − L2(ri L2 − L2ri).

Here, L2 and Lz represent the operators for the square of themagnitude of the angularmomentum
and the z-component of the angular momentum, respectively, and have the properties

L2 |n`m`ms〉 = `(` + 1)|n`m`ms〉, Lz |n`m`ms〉 = m` |n`m`ms〉. (2.101)

Using commutation relation (3), we find

0 = 〈n′`′m`′ms′ |[z, Lz]|n`m`ms〉 = (m` −m`′)〈n′`′m`′ms′ |z |n`m`ms〉. (2.102)

Thus, if 〈n′`′m`′ms′ |z |n`m`ms〉 is non-zero, then it must be true that m`′ = m`. Similarly, using
commutation relations (1) and (2), a set of the following two equations is obtained:

〈n′`′m`′ms′ |x |n`m`ms〉 = −i(m` −m`′)〈n′`′m`′ms′ |y |n`m`ms〉, (2.103)

and
〈n′`′m`′ms′ |y |n`m`ms〉 = i(m` −m`′)〈n′`′m`′ms′ |x |n`m`ms〉. (2.104)

Solving Eq. 2.103 and Eq. 2.104 simultaneously, it is found that if 〈n′`′m`′ms′ |x |n`m`ms〉 and
〈n′`′m`′ms′ |y |n`m`ms〉 are both non-zero, then m`′ = m` ± 1.

Commutation relation (5) yields

〈n′`′m`′ms′ |[[ri, L2], L2]|n`m`ms〉 = 2
[
`(` + 1) + `′(`′ + 1)

]
〈n′`′m`′ms′ |ri |n`m`ms〉 (2.105)
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while (6) results in

〈n′`′m`′ms′ |[[ri, L2], L2]|n`m`ms〉

=
[
`2(` + 1)2 + `′2(`′ + 1)2 − 2``′(` + 1)(`′ + 1)

]
〈n′`′m`′ms′ |ri |n`m`ms〉.

(2.106)

Equating Eq. 2.105 and 2.106 yields the following[
(` − `′)2 − 1

] [
(` + `′ + 1)2 − 1

]
〈n′`′m`′ms′ |ri |n`m`ms〉 = 0. (2.107)

Thus, if 〈n′`′m`′ms′ |ri |n`m`ms〉 is non-zero, then[
(` − `′)2 − 1

] [
(` + `′ + 1)2 − 1

]
= 0. (2.108)

This equation has four solutions:

`′ = −` − 2, `′ = −`, `′ = ` − 1, `′ = ` + 1. (2.109)

Since `′ and ` are positive integers, the first two solutions are ruled out and it is concluded that

If 〈n′`′m`′ms′ |ri |n`m`ms〉 , 0, then `′ = ` ± 1 (2.110)

The total angular momentum J is the sum of the orbital angular momentum L and the spin
angular momentum S, and its eigenvalues are given by j( j + 1), where j satisfies

|` − s | ≤ j ≤ ` + s, m j = m` +ms. (2.111)

For an electron, ms = ±1/2. The condition that `′ = ` ± 1 implies j′ = j or j ± 1. Similarly,
m`′ = m` or m` ± 1 implies m j ′ = m j or m j ± 1.

For an electron subject to a centrosymmetric potential, the eigenfunctions must have either even
(+) or odd (−) parity: φ(r) = φ(−r) or φ(r) = −φ(−r). The operator r is odd. The parity of a
given wave function for a single particle is given by (−1)`. The total parity of a many-electron
systems is determined from the single-particle wave functions via:

Π = (−1)
∑

i `i . (2.112)

For dipole-allowed transitions, the parity of the final state must be different from that of the
initial state. The selection rules for the dipole-allowed transitions are summarized below:
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• ∆` = 0

• ∆m` = 0,±1

• ∆s = 0

• ∆ms = 0

• ∆ j = 0,±1

• ∆m j = 0,±1, but m j = 0 to m j = 0 is
not allowed if ∆ j = 0.

• Π′ = −Π.
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Chapter 3

Density Functional Theory
3.1 Introduction

It is often the case that the underlying fundamental principles of a physical phenomenon are rel-
atively simple, but it is infeasible to compute the consequences directly from the first principles,
usually because of the large number of interacting particles involved. A typical material con-
tains approximately 1023 particles, and not even the most powerful computers in the world can
compute eigenfunctions and eigenvalues for such large systems directly from the Schrödinger
equation. Density functional theory (DFT) guarantees that, in principle, one can calculate all
the properties of a many-body interacting system exactly without having to determine wave
functions using the Schrödinger equation. DFT is an exact theory, however, it still requires
various approximations to determine electronic properties. The first part of this chapter focuses
on the exact formalism of the theory, and later parts contain discussions on various approxi-
mations made which make DFT a practical powerhouse for calculating electronic structures in
condensed matter physics.

DFT promises that every property of an N-body electronic system can be determined from
the ground-state electron density. This may seem an unreasonable statement at first because
density depends only on three spatial variables, whereas the wave functions depend on 3N
variables (three spatial variables per particle). Is this not accompanied by a loss of information,
considering that density depends on fewer parameters? To answer this question, an attempt is
made to briefly use physical intuition at the start that density indeed contains more information
than we might think. As an example, consider the ground-state electronic density of the system
shown in Fig. 3.1. The positions of the cusps in the electron density determine the coordinates
of the nuclei. Integrating the electron density over space yields N , the number of total electrons.
Furthermore, the charge of the ithnucleus is given by Kato’s theorem [47, 48]:

Zi = −
1

2n(r)
∂n̄(r)
∂r

����
r=Ri

, (3.1)

where Ri is the position of the ith nucleus, and n̄(r) represents the spherically averaged electron
density of the ground state. This example illustrates that it is not unreasonable to think that
a correspondence exists between the ground-state electron density and the external potential
(Coulomb potential due to nuclei). It turns out that every observable, not just the number of
particles or the external potential the electron system is subject to, can be determined from
knowledge of the electron density alone.
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𝑍" 𝑍#

Figure 3.1: Kato’s theorem: Cusps in electron density determine location of and
charges on the nuclei.

3.2 Hohenberg-Kohn Theorems

Two important theorems proven by Hohenberg and Kohn in 1964 [49–51] are the theoretical
pillars on which DFT formalism is constructed. These theorems prove that the ground-state
electron density uniquely determines the Hamiltonian of the system and, hence, the expectation
value of all the observables, including the energy of the ground state. The theoretical aspects
of DFT discussed in this chapter are mainly based on the reference [52]. The total Hamiltonian
of the N-electron system is given by

Ĥ = T̂e + Ŵ + V̂ext , (3.2)

where T̂e, Ŵ , and V̂ext represent the kinetic energy of electrons, and the electron-electron,
and electron-nuclei Coulomb interaction operators, respectively. Note that the nuclear kinetic
energy does not appear in Eq. 3.2, because here the Born-Oppenheimer approximation is as-
sumed. The nuclei are considered to be frozen in position and only the electrons are taken to
be mobile. This is justified because the nuclei are much heavier than the electrons; hence, the
former are much slower than the latter. Once the nuclei are considered fixed, the nuclei-nuclei
Coulomb interaction term is reduced to a mere constant; thus, it is not included in Eq. 3.2 either.

T̂e and Ŵ are both universal in the sense that they are the same for any N-electron system; this
means that one needs to be provided only with Vext in order to determine the Hamiltonian and
hence the ground state, denoted by Ψ0, of the system. It follows that Ψ0 is a functional of Vext ;
Ψ0 = Ψ0[Vext(r)]. Because the ground-state electron density n is uniquely determined by Ψ0,
the ground-state electron density is also a functional of Vext ;

n = n[Ψ0[Vext(r)]] −→ n = n[Vext(r)]. (3.3)

Hohenberg-Kohn’s first theorem guarantees that Eq. 3.3 can be inverted, that is, one can write

Vext = Vext[n(r)]. (3.4)

First Theorem
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Chapter 3. Density Functional Theory

The ground-state electron density n(r) of a many-electron system uniquely determines the ex-
ternal potential Vext(r) up to an arbitrary additive constant.

This seemingly simple theorem has significant implications. Sine T̂ and Ŵ are fixed as they are
the same for any N-electron system, it immediately follows that the total Hamiltonian is also a
functional of the ground-state density

Ĥ = Ĥ[n(r)]. (3.5)

Furthermore, because any eigenstate Ψi, including the ground state and excited states, is de-
termined by the Hamiltonian, it necessarily follows that Ψi is a functional of the Hamiltonian.
Consequently, every energy eigenstate of the system is a functional of the ground-state electron
density

Ψi(r) = Ψi[n(r)]. (3.6)

Because the expectation value of any observable Ô when the system is in one of its eigenstates
is determined by Ψi, it follows that

〈Ô〉[n] = 〈Ψi[n]|Ô |Ψi[n]〉. (3.7)

In other words, the expectation value of any observable, whether the system is in the ground
or any excited state, can be determined from the electron density of the ground state alone.
Specifically, the expectation value of the energy of the ground state becomes a functional of the
density as well:

E[n] = Te[n] +W[n] + Eext[n], (3.8)

where

Te[n] = 〈Ψ0[n]|T̂ |Ψ0[n]〉, (3.9)

We[n] = 〈Ψ0[n]|Ŵ |Ψ0[n]〉, (3.10)

and
Eext[n] = 〈Ψ0[n]|V̂ext |Ψ0[n]〉. (3.11)

Second Theorem
The density that minimizes the energy E[n] determined using the variational principle is the
correct density of the ground state.

The second theorem can be considered as a recipe for determining the exact ground-state
electron density. The density that minimizes E , subject to the constraint
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Figure 3.2: Second Hohenberg-Kohn theorem: The density that minimizes the
energy functional is the exact ground-state density.

∫
dr n(r) = N , (3.12)

is the true ground-state density resulting in the exact ground-state energy, as schematically
illustrated in Fig. 3.2. Mathematically, this density can be found using the Lagrange multiplier
method:

δ

δn(r)

(
E[n] − µ

∫
dr n(r)

)
= 0, (3.13)

where µ is a Lagrange multiplier.

3.3 Non-interacting Electron Gas

Owing to the lack of a good approximation for the kinetic energy functional Te[n], Kohn and
Sham suggested an alternative approach to determine Te[n] for an interacting system. Their
method involves a fictitious non-interacting electron system. Therefore, it is instructive to
consider this case first. For a non-interacting system, the electron-electron interaction term
is zero (Ŵ = 0). Let Ts[n] denote the kinetic energy term for this system. The total energy
functional in this case is given by

Es[n] = Ts[n] +
∫

drn(r)Vext . (3.14)

Applying the variational method to this expression of Es[n] results in

δTs[n]
δn(r)

+Vext(r) = µ =
δEs[n]
δn(r)

. (3.15)

The density that satisfies Eq. 3.15 is the true ground-state density, which can be determined
from the above equation if the functional form of Ts[n] is known. Unfortunately, even for
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this simple non-interacting case, Ts[n] is not exactly known, and some approximate forms are
unavoidable. For a perfect crystal, the ground state is non-degenerate. For a non-interacting
system where the ground state is non-degenerate, the ground state wave function can be written
as a single Slater determinant:

Ψs(r1σ1, r2σ2, · · · , rNσN ) =
1
√

N !

�����������
φ1(r1σ1) φ2(r1σ1) · · · φN (r1σ1)

φ1(r2σ2) φ2(r2σ2) · · · φN (r2σ2)
... ... . . . ...

φ1(rNσN ) φ2(rNσN ) · · · φN (rNσN )

�����������
, (3.16)

where riσi denotes the spatial and spin coordinates of the ith electron, and φ j satisfies[
−
∇2

2
+Vext(r)

]
φ j(rσ) = ε jφ j(rσ). (3.17)

The ground-state energy is then determined by adding the energy of the N lowest occupied
spin-orbitals, and the ground-state electron density given by

n(r) =
occ.∑

i

|φi(rσ)|2. (3.18)

Kinetic energy is given by

Ts[n] =
occ.∑

i

〈φi(rσ)|
−∇2

2
|φi(rσ)〉. (3.19)

The aforementioned procedure is a way to obtain the exact density of the ground state and the
expected value of the kinetic energy of the ground state for a non-interacting system. Although
it would have been preferable to obtain an expression for the kinetic energy purely in terms of
the density of the ground state, we ended up calculating it using the Schrödinger equation and
wave functions. One might think that this completely undermines the reason for using DFT,
which would obviate the need to solve for the wave functions to determine all the properties
of a system. However, all is not lost because, unlike the interacting case, calculating the
wave functions from the Schrödinger equation for a non-interacting system is computationally
feasible. For the kinetic energy functional, this compromise is made. There are, however, DFT
formalisms, known as orbital-free DFT, which entirely avoid wave functions, but are not as
accurate yet and are an active area of research.
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3.4 Kohn-Sham Equation

Because the ground-state density is the central entity in DFT, it is important to develop a
methodology that allows for the systematic determination of this quantity. The Kohn-Sham
equation is an effective single-particle non-interacting Schrödinger equation with an effective
external potential Ve f f that yields ground-state density which is exactly the same as the ground-
state density of the real system of interacting electrons [53]. One might think that how it is
even possible that two different potentials, namely Vext and Ve f f , can result in the same density
when the first theorem of Hohenberg-Kohn guarantees one-to-one correspondence between the
densities and potentials. Recall that the theorem guarantees one-to-one correspondence only for
a given electron-electron interaction. Two different potentials can result in the same density if
the electron-electron interaction is allowed to be different for the two systems. The Kohn-Sham
spin-orbital φi with energy eigenvalue εi satisfies[

−
∇2

2
+Ve f f (r)

]
φi(r) = εiφi(r). (3.20)

The true ground-state electron density of the fictitious and the real system is given by

n(r) =
occ∑

i

|φi(r)|2, (3.21)

where the summation in this equation is over the N lowest energy Kohn-Sham spin-orbitals.
Our goal is to determine Ve f f for the non-interacting fictitious system that produces the same
ground-state density as that of the actual interacting system subject to the true external potential
Vext(r). First, we write the total energy of the system as:

E[n] = Te[n] +W[n] + Eext[n], (3.22)

where Te[n] and W[n] are the exact kinetic energy and electron-electron interaction Coulomb
potential energy functionals, respectively. Eext[n] represents the electron-nuclei Coulomb
potential (or any external potential the electrons are subject to) energy functional. Writing Eext
as a functional of the density is trivial

Eext[n] =
∫

drn(r)Vext(r). (3.23)

The functional F[n] defined by
F[n] = T[n] +W[n] (3.24)

is a universal functional as it is the same for any given value of N . Unfortunately, it is a much
more challenging task to write this functional explicitly as a functional of density. First, F[n] is
rewritten in the following form:
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F[n] = Ts[n] +
1
2

∫
drdr′

n(r)n(r′)
|r − r′|

+ Exc[n]. (3.25)

Now, each of the three terms on the right in Eq. 3.25 are considered more closely. Ts[n]
represents the kinetic energy of the non-interacting fictitious system. Even though the fictitious
system has exactly the same electron density as the actual system, the two systems do not have
the same expectation value of the kinetic energy. To clarify this, let the exact ground state wave
function of the interacting system be Ψ0(r1σ1, r2σ2, · · · , rNσN ). The total ground state wave
function for the fictitious system is represented by a single Slater determinant constructed using
Kohn-Sham orbitals and is written compactly as

Φ0(r1σ1, r2σ2, · · · , rNσN ) =
1
√

N !
det{φi(r jσj)}. (3.26)

Let n̂ denote a single-particle density operator whose expectation value is electron density n(r).
Then

〈Φ0 |n̂|Φ0〉 = 〈Ψ0 |n̂|Ψ0〉 = n(r), (3.27)

but the expectation values of the kinetic energies are not identical:

Ts[n] = 〈Φ0[n]|T̂ |Φ0[n]〉 , 〈Ψ0[n]|T̂ |Ψ0[n]〉 = Te[n]. (3.28)

In general, Φ0 is expected to yield only the exact ground-state density. The other properties
evaluated from the two wave functions are not expected to be identical. This is consistent with
the fact that Ψ0 , Φ0. However, the Kohn-Sham spin-orbitals produce good approximations
even for the excited states when the electrons in the system under study interact only weakly.
The excited states are formed by occupying higher-energy Kohn-Sham spin-orbitals. On the
other hand, for strongly correlated systems, the Kohn-Sham orbitals produce only the correct
density and energy corresponding to the ground state. In other words, the more accurately
the system can be approximated as non-interacting, the more exactly the excited states can be
approximated using the Kohn-Sham spin-orbitals determined for the fictitious system.

The second term in Eq. 3.25 represents the electron-electron Coulomb interaction energy
functional, called the Hartree energy functional, and it is given by

EH[n] =
1
2

∫
drdr′

n(r)n(r′)
|r − r′|

. (3.29)

This form assumes a classical Coulomb interaction between two diffused electron gases located
at r and r′. However, this is not really correct in terms of quantum mechanics because it ignores
the pairwise interaction between electrons and also includes self-interaction. The problem with
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this expression is first briefly considered because this helps to obtain a deeper understanding of
the correction terms. The exact electron-electron Coulomb interaction energy is given by,

E =
1
2

∫
drdr′

n(2)(r, r′)
|r − r′|

, (3.30)

where n(2)(r, r′) is referred to as the two-particle density. The expression n(2)(r, r′)drdr′ repre-
sents the probability of finding an electron in volume dr centred at location r and simultaneously
another electron in volume dr′ centred at location r′. The correct electron-electron Coulomb
interaction energy is then determined by multiplying n(2)(r, r′) by 1/|r− r′| and integrating over
all positions r and r′. The factor 1/2 is present to correct for the double counting. In the Hartree
expression, n(2)(r, r′) is replaced by n(r)n(r′). This replacement is incorrect for two reasons.
The probability of finding one electron at r and another electron at r′ would be the product
of the two probabilities only if the electrons were truly independent. However, because of the
Coulomb repulsion and exchange antisymmetry, the probability of finding one electron at r and
simultaneously another electron of the same spin nearby is small. Even if the two electrons had
different spins, the probability of finding them very close to each other is still small owing to
the strong Coulomb repulsion at short distances. In other words,

lim
r→r′

n(2)(r, r′) = 0, but lim
r→r′

n(r)n(r′) = n2(r) , 0. (3.31)

For example, the helium atom in its ground state contains two 1s electrons with opposite spins.
n2(r) is non-zero everywhere, as the 1s wave function does not have any nodes. In other words,
the Hartree approximation allows the two electrons to be very close to each other, which is
obviously unrealistic.

The second troublewith replacing n(2)(r, r′) by n(r)n(r′) is that the latter includes self-interaction
(an electron interacting with itself). Here, n(2)(r, r′) is the probability of finding an electron at
r and simultaneously a different electron at r′. Imagine the simplest case of a hydrogen atom
with one electron in the 1s orbital. In this case, n(2)(r, r′) is zero for any r and r′, in which case
electron-electron interaction energy should be zero. However, even in this case, n(r)n(r′)would
be non-zero, which would result in a non-zero EH , because n(r)n(r′) is positive and non-zero
for any values of r and r′ as the 1s orbital does not have any nodes. Thus if one uses Hartree
expression, corrections must be made to account for its inaccuracies.

The exchange-correlation functional Exc[n] in Eq. 3.25 includes a correction to the kinetic
energy determined by assuming free electrons, and a correction to the electron-electron interac-
tion energy determined using the Hartree approximation. In principle, this theory is still exact.
All difficulties are transferred to Exc[n]. If it were possible to determine the exact functional
Exc[n], E[n] would still be an exact functional for the total energy.
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Now, we return to the question of Ve f f which is determined by applying the variational method
to Eq. 3.22

δ

δn(r)

(
Ts[n] +

1
2

∫
drdr′

n(r)n(r′)
|r − r′|

+

∫
drn(r)Vext(r) + Exc − µ

∫
drn(r)

)
= 0. (3.32)

Evaluating the functional derivative leads to

δTs[n]
δn(r)

+

(∫
dr′

n(r′)
|r − r′|

+Vext(r) +Vxc(r)
)
= µ. (3.33)

Compare this equation with Eq. 3.15 which applies to the non-interacting case. These two
equations are identical if the term enclosed within parentheses in Eq. 3.33 is taken to be the
effective external potential:

Ve f f = VH(r) +Vext(r) +Vxc(r) , (3.34)

where
VH(r) =

∫
dr′

n(r′)
|r − r′|

, (3.35)

and
Vxc(r) ≡

δExc

δn(r)
. (3.36)

The ground-state electron density of an interacting N-electron system subject to an external
potential Vext would be the same as that of an N-electron non-interacting system subject to
an external potential Ve f f given by Eq. 3.34. Vxc is not exactly known; therefore, there exist
various approximate forms for it. The different flavours of DFT differ only in Vxc. Constructing
a reasonably accurate exchange-correlation energy functional is a challenging task and is an
area of active research. Several approximations are routinely employed in DFT calculations to
determine the electronic structures of different materials. In the next section, some properties
the exact Vxc must satisfy are discussed before examining a couple of common approximations,
namely the local density approximation (LDA) and generalized gradient approximation (GGA).

3.5 Exchange-Correlation Energy Functional Properties

3.5.1 Asymptotic Behaviour

Consider an overall electrically neutral and spatially localized material consisting of N nuclei,
each with a charge of +1 and N electrons, each with a charge of −1. At a large distance from
the source, the external potential due to the nuclei approaches that of a single point charge with
a total charge of +N .
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lim
r→∞

Vext(r) = −
N
r

. (3.37)

Similarly, far from a localized source, we can approximate |r − r′| ≈ r . Thus,

lim
r→∞

VH(r) = lim
r→∞

∫
dr′

n(r′)
|r − r′|

=
1
r

∫
dr′n(r′) =

N
r

. (3.38)

n(r′)must be concentrated near the nuclei and should vanish at large distances from the surface
of the material. For an electron that escapes far away from the localized material, Ve f f is
equivalent to the Coulomb potential due to N positive and N − 1 negative (the remainder of
the electrons) charges. In other words, the effective potential should approach that of a single
positive charge [54];

lim
r→∞

Ve f f (r) = −
1
r

. (3.39)

It follows From Eq. 3.34 that Vxc should satisfy the following condition:

lim
r→∞

Vxc(r) = −
1
r

. (3.40)

3.5.2 Self-interaction

The exchange energy in DFT is defined in terms of Kohn-Sham orbitals as

Ex ≡ −
1
2

∑
i j

∑
σσ′

〈φi(rσ)φ j(r′σ′)|
1

|r − r′|
|φ j(rσ)φi(r′σ′)〉. (3.41)

The remaining part of the correction to the total energy is defined as the correlation energy Ec
(= E − Ex). Here, it is shown that the above definition of exchange energy includes a term that
corrects for self-interaction in EH . In Dirac notation, EH can be written more compactly as

EH =
1
2

∑
i j

∑
σσ′

〈φi(rσ)φ j(r′σ′)|
1

|r − r′|
|φi(rσ)φ j(r′σ′)〉. (3.42)

The self-Hartree energy corresponds to the i = j and σ = σ′ terms in this equation:

E sel f
H =

1
2

∑
i

∑
σ

〈φi(rσ)φi(r′σ)|
1

|r − r′|
|φi(rσ)φi(r′σ)〉. (3.43)

Similarly, the self-exchange energy is determined by setting i = j and σ = σ′ in Eq. 3.41

43



Chapter 3. Density Functional Theory

E sel f
x = −

1
2

∑
i

∑
σ

〈φi(rσ)φi(r′σ)|
1

|r − r′|
|φi(rσ)φi(r′σ)〉. (3.44)

Clearly, the self-exchange energy is the exact negative of the self-Hartree energy; hence, they
cancel each other out: E sel f

x + E sel f
H = 0.

3.5.3 Uniform External Potential Limit

A spatially infinite interacting electron system subject to a uniform external potential results
in an homogeneous electron density. Such a model system is very useful and is routinely
employed as a first-order approximation in many theoretical calculations. It is particularly
useful to describe delocalized electrons in metals and serves as a basis for constructing the
exchange-correlation energy functional in the local density approximation (LDA). A good
exchange-correlation energy functional should accurately describe such a system in the limiting
case of uniform electron density. Consider an electron gas subject to a uniform background
positive external potential inside a cube of length L and zero outside. As V = L3 approaches
infinity, the system becomes infinite. For such an infinite uniform system, bothVH(r) andVxc(r)
become constant; hence, the effective potential in Eq. 3.34 becomes constant as well:

Ve f f = constant. (3.45)

In such a case, the Kohn-Sham spin-orbitals become plane waves

φi(r,σ =↑) =
1
√

V
eiqi ·r | ↑〉, φi(r,σ =↓) =

1
√

V
eiqi ·r | ↓〉, (3.46)

with the energy eigenvalues given by

εi =
q2

i

2
. (3.47)

At zero kelvins (or a sufficiently low temperature), all the states below the Fermi level are occu-
pied, and those above this level are unoccupied. The magnitude of the vector qi corresponding
to the highest occupied level is known as the Fermi wave vector, denoted by qF . By filling
the same orbital with two electrons with opposite spins, it is possible to show that the electron
density is uniform and is given by

n =
q3

F

3π2 . (3.48)

The Wigner-Seitz radius rs is defined such that a sphere with this radius has the same volume as
the volume per electron (the total volume of the system divided by the total number of electrons).
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rs =

(
3

4πn

)1/3
(3.49)

The total electron density is given by the sum of spin-up and spin-down electron densities:

n = n↑ + n↓. (3.50)

The dimensionless spin-polarization parameter χ is defined as

χ =
n↑ − n↓

n
, (3.51)

where χ = 0 corresponds to the unpolarized case, χ = +1 to all the electrons in spin-up states,
and χ = −1 to all the electrons in spin-down states. In general, the exchange and correlation
energies are given as follows:

Ex[n, χ] =
∫

drex[n, χ], Ec[n, χ] =
∫

drec[n, χ], (3.52)

where ex[n, χ] and ec[n, χ] represent the exchange energy density and correlation energy
density, respectively. The correlation energy density can be determined by substituting plane
wave Kohn-Sham orbitals into Eq. 3.41. The results for the unpolarized and fully polarized
cases are [52, 55]:

eh
x[n, 0] = −

3
4

(
3
π

)1/4
n4/3 and eh

x[n,±1] = −
3
4

(
6
π

)1/4
n4/3, (3.53)

where the superscript h denotes a homogeneous electron density. The exchange energy density
for other values of the polarization can be expressed in terms of the two special cases above:

eh
x[n, χ] = eh

x[n, 0] +
(
eh

x[n,±1] − eh
x[n, 0]

)
f (χ). (3.54)

The function f (χ) is defined by

f (χ) =
(1 + χ)4/3 − (1 − χ)4/3 − 2

2(21/3 − 1)
. (3.55)

The correlation energy, on the other hand, is not exactly known in an analytic form, but there
exist very accurate models with free parameters that are determined using quantumMonte Carlo
computational methods. First, a highly accurate total exchange-correlation energy is calculated
for a set of systems. The correlation part is then determined by subtracting the exchange part
from the total exchange-correlation energy. Fig. 3.3 displays plots of the exact εc for the
unpolarized and fully polarized electron gas determined using the Wang interpolation formula
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Figure 3.3: Exchange and correlation energy density for a homogeneous electron
gas.

[52, 56]. This figure also shows the exact εx for these two cases. The correlation energy for
intermediate polarization values can be determined using:

eh
c [n, χ] = eh

c [n, 0] +
(
ec[n,±1] − eh

c [n, 0]
)
χ4 f (χ) − αc(n)(1 − χ4)

f (χ)
f ′′(χ)

, (3.56)

where αc(n) is a density-dependent parameterized function determined by the curve fitting
method by using both Monte Carlo calculations and by imposing the constraints known for
extreme electron density cases.

3.6 Local Spin Density Approximation

Local spin density approximation (LSDA) is one of the simplest approximations to the exchange-
correlation energy functional, and even more sophisticated approximations incorporate LSDA.
The approximation is based on the homogeneous electron gas discussed above [57–60]. The
term local refers to the fact that this functional does not depend on any derivative of the
density. An atom, molecule, or an extended solid has spin-up and spin-down electron densities
n↑(r0) and n↓(r0), respectively, at location r0. The exchange-correlation energy density at r0
is approximated as the exchange-correlation energy density of a homogeneous electron gas
with the same spin-up and spin-down densities. In this approximation, we do not assume
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Figure 3.4: Graphic illustration of the principle of local spin density approxima-
tion (LSDA).

that the electron density of the real material is constant. Fig. 3.4 depicts a material with a
non-uniform electron density. The differential exchange-correlation energy in a small volume
at r1 is dExc = eh

xc(n1↑, nn↓)dr. Similarly, the differential exchange-correlation energy inside a
small volume element at a different location r2, with different average spin-up and spin-down
densities, is approximated as dExc = eh

xc(n2↑, n2↓)dr. The total exchange-correlation energy is
given by

E LSDA
xc [n↑, n↓] =

∫
dr eh

xc(n↑(r), n↓(r)). (3.57)

The exchange-correlation potential is approximated as

V LSDA
xc,↑ (r) =

deh
xc(n↑, n↓)

dn↑

�����
n↑=n↑(r)

and V LSDA
xc,↓ (r) =

deh
xc(n↑, n↓)

dn↓

�����
n↓=n↓(r)

. (3.58)

LSDA is not a good approximation for systems or regions in a system where the density varies
rapidly, such as those close to the nuclei. A length scale over which variation in density is
measured is the Fermi wavelength, λF = 2π/qF . Here, qF is the magnitude of the wave vector
of the highest occupied levels for the homogeneous electron gas which has the same density
globally as the system of interest has locally. The condition for the accuracy of the LSDA can
be written as

|∇n(r)|
n(r)

λF(r) << 1. (3.59)

3.7 Generalized Gradient Approximation

Generalized gradient approximation (GGA) is an improvement over LDA. The exchange-
correlation energy depends not only on the local density but also on the density gradient
[61–64]. In this approximation, the exchange-correlation energy is written in the following
general form:
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EGGA
xc [n↑, n↓] =

∫
dr eGGA

xc

(
n↑(r), n↓(r),∇n↑(r),∇n↓(r)

)
. (3.60)

The spin-polarized exchange energy can be calculated from the non-polarized case using the
Oliver-Perdew spin-scaling relation [65]:

Ex[n↑, n↓] =
1
2

Ex[2n↑]
����
n=2n↑

+
1
2

Ex[2n↓]
����
n=2n↓

. (3.61)

Here, Ex[n] = Ex[n↑ = n/2, n↓ = n/2] represents the exchange energy for the unpolarized case
(with the two densities being equal and exactly half of the total density). Because this equation
is true in general, not specifically for GGA, the GGA superscript is omitted. GGA functionals
are usually constructed in terms of a small reduced density gradient parameter s defined by

s(r) =
|∇n(r)|/n(r)

2qF(r)
. (3.62)

In the above, qF(r) is defined by Eq. 3.48, but evaluated for the local density n at location r.
Thus, qF in the above equation effectively becomes a function of r.

Several GGA functionals have been developed over the years. One commonly used functional is
the PBE, named after Perdew, Burke, and Ernzerhof [61]. In this approximation, the exchange
energy density for the unpolarized case is given by:

ePBE
x [n,∇n] = eh

x[n, 0] + κeh
x[n, 0]

[
1 −

1
1 + βπ2s2/3κ

]
, (3.63)

where κ = 0.804 and β = 0.066725. For the spin-polarized case, the exchange-energy density
functional from Eq. 3.60 is found to be

ePBE
x [n↑, n↓,∇n↑,∇n↓] =

1
2

ePBE
x [2n↑,∇(2n↑)] +

1
2

ePBE
x [2n↓,∇(2n↓)]. (3.64)

The PBE correlation energy density is given by

ePBE
c [n↑, n↓,∇n↑,∇n↓] = eh

c [n↑, n↓] + nc0φ
3 ln

(
1 +

(1 + At2)βt2

c0(1 + At2 + A2t4)

)
, (3.65)

where

c0 = 0.031091, t =
|∇n|

2n
√

4qF/π
, φ =

[
(1 + χ)2/3 + (1 − χ)2/3

]
2

, (3.66)
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and

A =
β/c0

exp
(
−eh

c [n↑, n↓]/nc0φ3) . (3.67)

In Fig. 3.5, ePBE
x and ePBE

c , given in Eq. 3.63 and 3.65, respectively, are plotted for the
unpolarized case with n = 1a−3

0 , where a0 is the Bohr radius. The horizontal axis represents
the magnitude of the density gradient. At ∇n = 0, the PBE-GGA reduces to the LSDA case
as expected. The important feature to note is that the LSDA underestimates the correlation
energy, whereas it overestimates the exchange energy. Owing to this accidental self-correction,
the LSDA estimates the total energy more accurately than expected. It can also be seen in
this figure that this self-correction is only partial and becomes worse at larger values of |∇n|.
Therefore, GGA is clearly a more suitable option for the systems with larger values of density
gradient.

3.8 Basis Set Expansion

In computational DFT packages, a basis set is employed to represent the eigenstates of the
Kohn-Sham equation. The eigenfunction, denoted by φ, of the Kohn-Sham equation can be
expanded in a basis set {ψ j} as

φ(r) =
M∑

j=1
c jψ j(r). (3.68)
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If the complete basis set is chosen, an exact solution can be obtained for φ. This corresponds to
choosing M = ∞, which is not practical. However, if a good basis set is chosen, only a few basis
functions are required to approximate the eigenstates well. Choosing a good basis set, however,
requires prior knowledge of the eigenstates. In this section, which is mainly based on a book
by Cottenier [66], a few different basis sets incorporated in WIEN2k [67, 68] are discussed to
determine the solution to the Kohn-Sham equation. The eigenfunction φ can be represented as
a column vector with the entries consisting of the expansion coefficients:

|φ〉 =


c1

c2

...
cM


. (3.69)

In this representation, the Kohn-Sham Hamiltonian becomes a matrix with its entries given by

Hi j =

〈
ψi

����−∇2

2
+Ve f f

����ψ j

〉
. (3.70)

The elements of the so-called overlap-matrix S are defined by

Si j =
〈
ψi

��ψ j
〉

. (3.71)

Note that for an orthonormal basis set, the overlap-matrix is the identity matrix; Si j = δi j . The
Kohn-Sham equation, expressed in the {ψ j} basis set, transforms to

M∑
n=1
[Hi j − εSi j]c j = 0. (3.72)

The solution to this equation is determined by computing the expansion coefficients c j and
eigenvalues ε. The nontrivial solutions to Eq. 3.72 exist only if the determinant of the matrix
{Hi j − εSi j} is zero;

det{Hi j − εSi j} = 0. (3.73)

Eq. 3.72 and 3.73 together determine M eigenvalues and M corresponding eigenfunctions
labelled by m;
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Figure 3.6: Muffin-tin approximation: Division of the unit cell into interstitial
region (I) and muffin-tin regions (labelled Sα).

|φm〉 =


c1

m

c2
m
...

cM
m


with eigenvalue εm, m = 1, 2, 3, · · · , M (3.74)

3.8.1 Augmented Plane Wave Method

The augmented plane wave (APW) method assumes the muffin-tin approximation for Ve f f in a
crystal lattice for the purpose of constructing a basis set. In this approximation, the potential
is considered to be spherically symmetric within suitably chosen spheres centred on different
atoms (Fig. 3.6). Outside of these spheres (i.e., in the remainder of the region inside the unit
cell), the potential is considered to be constant and is denoted by I [69, 70]. The sphere centred
on the atom located at rα has a radius Rα and the region within this sphere is denoted by Sα.
Let r be written inside the region Sα as r = rα + r′α (Fig. 3.6). A basis function in the Sα region
is written as a linear combination of atomic-like functions and as a plane wave in region I

ψ
q
j (r, ε) =


∑
`m Aα j

`m(q)u
α
`
(r′α, ε)Ỳ m(θ

′
α, φ′α), if r in Sα

1√
V

ei(q+Qj )·r, if r in I,
(3.75)

whereQ j is a reciprocal lattice vector, andV is the unit cell volume. Ỳ m is a spherical harmonic,
and uα

`
is a radial function that satisfies[

−
d2

dr′α
2 +

`(` + 1)
r′α

2 +Ve f f (r′α) − ε
]

r′αuα` (r
′
α, ε) = 0. (3.76)
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Requiring the APW basis functions ψq
j to be continuous at the sphere boundaries results in the

following expression for the unknown coefficients Aα j
`m:

Aα j
`m(q) =

4πi`ei(k+qj)·rα
√

Vuα
`
(Rα, ε)

j`(|q +Q j |Rα)Y ∗`m(q +Q j

∧
), (3.77)

where j` is a Bessel function of the first kind of order `, and q +Q j

∧
is a unit vector in the q +Q j

direction. This defines a basis set for a specific q. For a given q-mesh, the same procedure is
repeated for each vector q to construct the basis functions.

A serious drawback of this technique is that it is necessary to set ε equal to an eigenvalue
(ε = εm, m = 1, 2, 3 · · · , M). However, these eigenvalues are exactly those that need to be
calculated in the first place. The usual procedure is to start with a guess for εm to construct the
APW basis set. Next, the Hamiltonian and the overlap matrix are determined. If the guessed
value is correct, then Eq. 3.73 would be satisfied; otherwise, the guessed value is refined, and
the above procedure is repeated until Eq. 3.73 is satisfied. This procedure needs to be repeated
for all the M eigenvalues, which is computationally highly demanding. A way to avoid this
problem is to linearize the radial function uα

`
discussed in the following section.

3.8.2 Linearized Augmented Plane Wave Method

In Eq. 3.76, ε must be set equal to a Kohn-Sham eigenvalue εm. Instead of the computationally
demanding brute force method described above, u is linearized at ε = ε0 [71, 72]:

uα` (r
′
α, ε) = uα` (r

′
α, ε0) + (ε − ε0) Ûuα` (r

′
α, ε0), (3.78)

where Ûu denotes derivative of u with respect to ε. Substitution thereof into Eq. 3.75 defines the
linearized augmented plane wave (LAPW) basis functions

ψ
q
j (r) =


∑
`m

[
Aα j
`m(q)u

α
`
(r′α, ε0) + Bα j

`m(q) Ûu
α
`
(r′α, ε0)

]
Ỳ m(θ

′
α, φ′α), if r in Sα

1√
V

ei(q+Qj )·r, if r in I.
(3.79)

In Eq. 3.79, Aα j
`m(ε − ε0) is replaced by Bα j

`m. In this basis set, we need to determine u and its
derivative only at a fixed energy (e.g., that of O 2p). The unknown coefficients Aα j

`m and Bα j
`m

are fixed by requiring that ψq
j and its first derivative are continuous at the sphere boundary.

If there are valence and/or semi-core states (not fully confined within the muffin-tin sphere)
corresponding to different values of ` (such as the p and d states), an improved basis set is used
to include terms corresponding to uα

`
for different ` values and with different energies, denoted

by ε1,`:
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ψ
q
j (r) =


∑
`m

[
Aα j
`m(q)u

α
`
(r′α, εα1,`) + Bα j

`m(q) Ûu
α
`
(r′α, εα1,`)

]
Ỳ m(θ

′
α, φ′α), if r in Sα

1√
V

ei(q+Qj )·r, if r in I.
(3.80)

3.8.3 Linearized Augmented Plane Wave + Local Orbitals Method

It sometimes happens that states with the same ` value but different principal quantum numbers
n both need to be processed as non-core, because there is significant leakage of the charge
density outside of the muffin-tin, such as for the 4p and 3p states in bcc-Fe [66]. What value
of εα1,` should be used for bcc-Fe — one suitable for 2p, 3p, or one somewhere in between? It
turns out that none of these options result in an efficient basis set, and the trick is to expand the
LAPW basis set by including a new set of functions that are known as local orbitals (LO) and
are defined by

ψα,LO
`m (r) =


[
Cα
`muα

`
(r′α, εα1,`) + Dα

`m Ûu
α
`
(r′α, εα1,`) + Eα

`muα
`
(r′α, εα2,`)

]
Ỳ m(θ

′
α, φ′α), if r in Sα

0, otherwise.
(3.81)

These functions are zero outside the muffin-tins; hence, they are considered to be local. Inside
the muffin-tins, uα

`
(r′α, εα1,`) and Ûu

α
`
(r′α, εα1,`) are defined as in the LAPW, linearized at εα1,`,

which is the energy corresponding to the higher of the two orbitals (3p for bcc-Fe). Here,
uα
`
(r′α, εα2,`) is linearized at energy ε

α
2,` corresponding to the lower n value (2p for bcc-Fe). Note

that Ûuα
`
(r′α, εα2,`) is not included because the band corresponding to the lower n value exhibits a

very small dispersion; hence, a single radial function at the the sharp band energy is sufficient.
The coefficients Cα

`m, Dα
`m, and Eα

`m are evaluated by requiring ψα,LO
`m to be normalized, and

the values of ψα,LO
`m and its derivative (with respect to r′α) to vanish at the α muffin-tin sphere

boundary. The incorporation of LO in LAPW increases the size of the basis set slightly and
the computational time, but it markedly improves the accuracy; hence, LO is almost always
included [66].

3.8.4 Augmented Plane Wave + local orbitals Method

The disadvantage of the APW method is the energy dependence of the basis functions. This
problem is overcome by the LAPW + LO method by linearizing the radial functions at fixed
suitable energies. However, this method increases the basis set. The APW + lo method
overcomes the shortcomings of both these methods by using the original APW functions [73]
given by
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ψ
q
j (r) =


∑
`m Aα j

`m(q)u
α
`
(r′α, εα1,l)Ỳ m(θ

′
α, φ′α), if r in Sα

1√
V

ei(q+Qj )·r, if r in I,
(3.82)

and local orbitals (lo) (which are different from the LO constructed in LAPW + LO);

ψα,lo
`m (r) =


[
Bα j
`muα

`
(r′α, εα1,`) +Cα j

`m Ûu
α
`
(r′α, εα1,`)

]
Ỳ m(θ

′
α, φ′α), if r in Sα

0, otherwise.
(3.83)

Here, εα1,` has fixed value for a given band. Bα j
`m and Cα j

`m are determined by imposing ψα,lo
`m to

be normalized and vanish at the muffin-tin boundary. The coefficients Aα j
`m , which depend on

q, are determined by requiring ψq
j to be continuous.

3.9 DFT-Based Computations with WIEN2k

For the work presented in this dissertation, WIEN2k [74], which is a DFT-based package, was
routinely used to calculate electronic properties including X-ray spectra. WIEN2k incorporates
full-potential LAPW + lo method. Here, a simplified and practical guide on how one can
perform these calculations is provided. The main input for this program is a crystal structure
usually determined experimentally. An initial guess of the electron density is made assuming
atomic orbitals surrounding nuclei. From the electron density, Kohn-Sham Hamiltonian is
constructed. The solution to the Kohn-Sham equation results in a set of Kohn-Sham orbitals.
The refined electron density is calculated from these orbitals. Total energy, total charge on a
nucleus within the muffin-tin, and the force on each atom is calculated from the refined electron
density. If these properties have not yet converged, the Kohn-Sham Hamiltonian is constructed
again from the refined electron density, and the above cycle is repeated until charge, force, and
energy convergence is achieved.

The accuracy of electronic properties calculated depends on the density of q points chosen
inside the first Brillouin Zone. To ensure a good q-mesh is used while keeping the computation
time at bay, a coarse q-mesh is initially selected to perform the computations. This mesh is
gradually made more dense until energy, band gap, and convergence of other properties of
interest is achieved. In general, smaller unit cells require a denser mesh because the size of the
Brillouin zone scales inversely with the size of the unit cell in real space.

To simulate X-ray spectra accurately, one must include the effect of a hole present during the
final state during such measurements. During X-ray emission measurements, there is typically
hole at lower binding energy, such as in the valence band. Since these higher energy states are
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delocalized, it has a minimal effect on the electronic structure, and thus no correction is required
for the calculated emission spectra. For the X-ray absorption spectra, there is presence of hole
in a core state in the final state. This results in a lowering of the onset of the absorption and
also can result in significant changes in the shape of the spectra, especially near the absorption
onset region. To account for this effect in the calculations, a supercell is created, a core electron
is removed from one of the atomic sites of interest, and a charge of −1 is added as the crystal
background charge to keep charge neutrality. DFT calculations are then performed on this
modified structure.

A similar approach is employed to compute the effects of defects in the crystal. First a supercell
of sufficiently large size is created, and a desired defect is included by hand in this supercell.
Following this, force minimization DFT calculations are performed to find the new equilibrium
positions of the atoms. Once this is achieved, electronic structure is computed as usual using
this new structure. Comparison of the calculated spectra with the measured ones allows one to
verify the the presence or absence of the crystal defect explored.
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Chapter 4

Experimental
4.1 Particle-In / Particle-Out Measurements

To accurately describe the spectroscopic experiments on extended specimens, as opposed to
isolated atoms, it is necessary to take into account two additional facts. First, the photon flux
of the incident beam as it travels in the sample decreases exponentially due to photon absorp-
tion/scattering. Second, the greater the distance is from the surface, the exponentially smaller
the probability is of the emitted photons and electrons reaching the surface of the sample. This
section is devoted to considering the general problem of particle-in/particle-out spectroscopy.
An important equation is derived that relates the parameters of the incident beam to the fraction
of the emitted particles that are ultimately able to reach the surface of the sample, and hence
contribute to the measured signal. This equation is a handy tool for describing the X-ray ab-
sorption and emission spectroscopic techniques discussed later in this chapter.

The geometry of a typical experimental setup is illustrated in Fig. 4.1, where the beam of
incident particles forms an angle θ and that of the emitted particles forms an angle θ′ with the
surface of a sample of thickness t. In addition, x and y are the distances the incident particles
travel from the surface and the emitted particles travel to the surface, respectively, and z is the
perpendicular distance (depth) from the surface. Let F(E , E′)dE′ represent the probability per
unit length of an incident particle with energy E interacting with the material, leading to the
emission of another particle with energy between E′ and E′ + dE′. F(E , E′) is related to the
photon scattering expression developed in chapter 2, and this connection is made more explicit
in the last section of this chapter. Let µtot(E) and µtot(E′) represent the total linear attenuation
coefficients for the incident and emitted particles, respectively. The differential count rate (per
unit time) of the particles reaching the surface is modelled as a product of three terms:

d3C(E , E′) =
[
F(E , E′)

dΩ
4π

dE′dx
]
×

[
I0 Ae−µtot (E)x

]
×

[
e−µtot (E

′)y
]

. (4.1)

The first term in the square brackets in Eq. 4.1 is equal to the number of additional particles
emitted into solid angle dΩ per incident particle as the beam travels from x to x + dx. Because
the solid angle subtended by a full sphere is 4π sr, the factor dΩ/4π in the above equation
represents the fraction of this angle the detector subtends. Furthermore, writing Eq. 4.1 in
this specific form, it is implicitly assumed that the particles are emitted isotropically. We need
to multiply the first term in the above equation by the total number of incident particles of
energy E arriving at position x per unit time. This is the second term in the square bracket in
this equation, where A is the cross-sectional area of the incident beam and I0 is the incident
flux density (particles per time per cross-sectional area) at the surface. The incident flux at
the sample surface (at x = 0) is simply I0 A, but it exponentially decreases with increasing x.
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4.1. Particle-In / Particle-Out Measurements

Figure 4.1: Experimental geometry setup for particle-in/particle-out measure-
ments.

Furthermore, the additional emitted particles of energy E′ also experience attenuation as they
must travel a distance y inside the material before reaching the surface. The last factor inside
the square brackets in Eq. 4.1 represents the attenuation of the emitted particles. It follows
from simple geometric considerations that:

x =
z

sin θ
, y =

z
sin θ′

. (4.2)

We first replace x and y in terms of z and dx by dz/sin θ in Eq. 4.1 before integrating over the
thickness of the sample:

d2C(E , E′) =
dΩdE′I0 AF(E , E′)

4π sin θ

∫ t

0
dz exp

[
−z

(
µtot(E)
sin θ

+
µtot(E′)
sin θ′

)]
. (4.3)

The result of the integration is

d2C(E , E ′) =
dΩdE ′I0 AF(E , E ′)

4π[µtot (E) + µtot (E ′) sin θ/sin θ ′]

[
1 − exp

(
−t

[
µtot (E)

sin θ
+
µtot (E ′)

sin θ ′

] )]
. (4.4)

If the sample is very thick;

t
[
µtot(E)
sin θ

+
µtot(E′)
sin θ′

]
>> 1, (4.5)

then Eq. 4.4 simplifies to

d2C(E , E′) =
dΩ
4π

dE′AI0(E)
F(E , E′)

µtot(E) + µtot(E′) sin θ/sin θ′
. (4.6)
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This equation is central to the description of photon-in/photon-out and photon-in/electron-out
spectroscopic techniques for thick samples discussed next.

4.2 Soft X-ray Absorption Spectroscopy

Soft X-ray absorption spectroscopy (XAS) is a well-established element- and site-specific
technique used to probe the partial density of unoccupied electronic states and local structural
properties in matter [75–79]. Unlike the hard X-ray regime, experiments must be performed
in an ultra-high vacuum environment because of the extremely small attenuation lengths of
soft X-rays. During a typical XAS measurement, the incident photon energy is scanned over
the absorption edge of the element of interest, and the fraction of photons absorbed by the
material is observed. A high-energy and energy-tunable source of X-ray radiation, such as a
synchrotron, is required to excite a deep core-electron of a specific atom to an unoccupied state.
Several different detection methods are used for XAS measurements, including transmission,
total electron yield (TEY), total fluorescence yield (TFY), and partial fluorescence yield (PFY).

4.2.1 Transmission Mode

The transmission method involves placing the detector behind a sample of thickness t and
measuring the transmitted photon flux density I when the incident photon flux density is I0.
The total attenuation coefficient of the incident photons, denoted by µtot , can be determined in
a straightforward way from the Beer-Lambert law

µtot(ω) = −
1
t

ln
[

I(ω)
I0(ω)

]
. (4.7)

Here, ω is the incident photon energy (or equivalently frequency because we have set h̄ = 1)).
Even though it is the most direct method, it poses several practical challenges. First, the
thickness of the samples must be uniform. A spatial variation in the sample thickness across
the irradiated region can severely damp strong absorption features, known as the ’thickness
inhomogeneity effect’ [80–82]. Second, the samples should be sufficiently thin to transmit
measurable radiation, but not overly thin such that very little radiation is absorbed, resulting in
a poor signal-to-noise ratio. Because of the small attenuation lengths of soft X-ray photons,
samples less than 100 nm in thickness are required, which is not practical in most cases [83].

4.2.2 Fluorescence Yield Mode

Because the transmission method requires unreasonably thin samples, the most widely used
alternative techniques for collecting absorption spectra at soft X-ray energies are based on yield
methods. After the creation of a core-hole, relaxation can occur via photon emission. Fluores-
cence yield (FY)-based methods rely on measuring the number of photons leaving the sample
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4.2. Soft X-ray Absorption Spectroscopy

surface as the incident photon energy is varied. FY-based methods are assumed to be indirect
ways of measuring the absorption coefficient of incident photons for a particular absorption
edge of interest. XAS measurements are collected either in total (TFY) mode or in partial
fluorescence yield (PFY) mode, depending on whether the experimental station is equipped
with an energy-discriminating photon detector.

Here, a simplified model is presented to help us understand and interpret FY-based XAS. To
begin with, the total X-ray attenuation coefficient is written as

µtot(ω) = µi(ω) + µb(ω), (4.8)

where µi represents the absorption coefficient for a given edge of an element of interest, such as
the OK-edge. Further, µb represents the absorption coefficient of the incident photons attributed
to all the background processes, including contributions from the other lower binding energy
edges of the element of interest and the lower binding energy edges of all the other elements in
the sample. We can write µb as

µb(ω) =
∑

j

µ j(ω) + µband(ω), (4.9)

where µ j and µband represent contribution to the linear absorption coefficients by the j th back-
ground edge and by the electronic transitions from the valence band to the continuum, respec-
tively. If Ei is the absorption onset energy for the edge of interest, the emitted photon energies
ω′ are smaller than Ei for a semiconductor when scanning over the ith edge. Consequently, only
background processes contribute to the absorption of emitted photons:

µtot(ω
′) = µb(ω

′). (4.10)

The differential number of photons emitted per time per solid angle per frequency can be
modelled as

F(ω,ω′) = εγi(ω,ω′)µi(ω) +
∑

j

εγ j(ω,ω′)µ j(ω) + εγband(ω,ω′)µband(ω)︸                     ︷︷                     ︸
≡V(ω,ω′)

, (4.11)

where εγi(ω,ω′), the fluorescence efficiency, is defined such that εγi(ω,ω′)dω′ is the probability
that the absorption of an incident photon due to the ith edge results in the emission of another
photon with energy between ω′ and ω′ + dω′. In addition, εγ j(ω,ω′) and εγband(ω,ω′) are
defined in an analogous manner, but for the background processes. Using these definitions and
approximations, Eq. 4.6 becomes

d2CFY(ω,ω′) =
dΩ
4π

dω′AI0(ω)

[
εγi(ω,ω′)µi(ω) +V(ω,ω′) +

∑
j εγ j(ω,ω′)µj(ω)

µtot (ω) + µtot (ω′) sin θ/sin θ ′

]
. (4.12)
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Total Fluorescence Yield

The TFY count rate is obtained by integrating Eq. 4.12 over the solid angle Ω and the emitted
photon energiesω′. A photon leaving the surface in any direction contributes to the TFY signal;
however, owing to the thick sample approximation, the emitted photons will be able to reach
only the surface of the sample that is targeted by the incident beam. Thus, Eq. 4.12 only needs
to be integrated over half a sphere. In spherical coordinates with the z-axis along the surface
normal, the polar angle is 90◦ − θ′. The azimuthal angle φ is measured from an arbitrary chosen
reference line in the plane of the sample surface. This implies that dΩ = cos θ′dθ′dφ.

The integration over φ is trivial; it only yields a factor of 2π because the integrand is independent
of φ. This independence is a mere consequence of the fact that we assumed the emission to be
isotropic. However, the integrand depends on θ′, because as θ′ decreases, the photons emitted
in the direction given by θ′ spend more time traveling inside the sample before reaching the
surface. Nevertheless, the strongest contribution to the integral is still obtained when θ′ is ap-
proximately 90◦ (normal emission angle). Combining this information, the following equation
is obtained for the TFY count rate:

CTFY(ω)

I0(ω)
=

Aµi(ω)

2

∫ ∞

0

∫ 0

π
2

dω′dθ′
εγi(ω,ω′) cos θ′

µtot(ω) + µtot(ω′) sin θ/sin θ′
+

B(ω)
I0(ω)

, (4.13)

where

B(ω)
I0(ω)

=
A
2

∫ ∞

0

∫ 0

π
2

dω′dθ′
[
V(ω,ω′) +

∑
j εγ j(ω,ω′)µ j(ω)

]
cos θ′

µtot(ω) + µtot(ω′) sin θ/sin θ′
, (4.14)

represents the count rate per incident flux density due to the background processes. Because it
is usually a smoothly varying function of ω, it can be suitably eliminated from the TFY by the
following procedure. For ω < Ei, the first term in Eq. 4.13 is zero because µi(ω < Ei) = 0,
thus,

CTFY(ω)

I0(ω)

����
ω<Ei

=
B(ω)
I0(ω)

. (4.15)

In other words, in this region of the X-ray absorption spectrum, the TFY is only ascribed to
background processes. A function linear in ω is fitted to the above in the region ω < Ei, and
it is assumed that this functional dependence remains unchanged for ω > Ei over the scanned
energy region. This fitted function is then subtracted from Eq. 4.13 to obtain a background free
(clean) count rate:
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Figure 4.2: PbO RIXS map and linear absorption coefficient.

CTFY(ω)

I0(ω)

����
clean
=

Aµi(ω)

2

∫ ∞

0

∫ 0

π
2

dω′dθ′
εγi(ω,ω′) cos θ′

µtot(ω) + µtot(ω′) sin θ/sin θ′
. (4.16)

If εγi(ω,ω′) and the denominator in the integrand in the above equation do not vary appreciably
with ω, which would be the case if µtot(ω

′) sin θ/sin θ′ >> µtot(ω), the double integral in the
above equation becomes independent of ω. In this case, we can write

CTFY(ω)

I0(ω)

����
clean
∝ µi(ω). (4.17)

The important conclusion here is that the TFY count rate, normalized by the incident photon
flux density and with the background removed, is proportional to the absorption coefficient of
the ith edge only if µtot(ω

′) sin θ/sin θ′ >> µtot(ω) condition is met.

Partial Fluorescence Yield

An expression for the PFY count rate can be obtained in a similar manner by integrating Eq.
4.12 over a small window of emitted photon energies, between ω′1 and ω′2, instead of over the
entire emitted spectrum. For the O K-edge, one would integrate roughly between 522 and 529
eV (depending on the resolution of the photon detector used), because, as can be seen in Fig.
4.2a, the emitted photon energies resulting from the O K-edge absorption lie within this energy
range. Because the PFY detector (generally an SDD detector) subtends a small solid angle ∆Ω
in a fixed direction, it can be assumed that the right side of Eq. 4.12 remains constant over the
detector solid angle; thus,
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CPFY(ω,ω′)
I0(ω)

=
∆Ω

4π
Aµi(ω)

∫ ω′2

ω′1

dω′
εγi(ω,ω′)

µtot(ω) + µtot(ω′) sin θ/sin θ′
+

B(ω)
I0(ω)

. (4.18)

The second term in the above equation is the normalized PFY count rate due to the background
processes within the chosen energy window, and in this case, it is given by

B(ω)
I0(ω)

=
∆Ω

4π
A

[∫ ω′2

ω′1

dω′
V(ω,ω′) +

∑
j εγ j(ω,ω′)µ j(ω)

µtot(ω) + µtot(ω′) sin θ/sin θ′

]
. (4.19)

Usually, the emission peak associated with the edge of interest is well separated from the
emission peaks resulting from the background edges. However, if there is an emission peak
resulting from some background edge that overlaps with the peak of interest within the chosen
energy window, one can fit multiple Gaussian functions to the raw emitted spectrum to separate
the count rate only from the edge of interest. The advantage of the PFYmethod over TFY is that
for PFY, B(ω)/I0(ω) can be considerably smaller, leading to a higher signal-to-noise ratio, and
by the same procedure described above, one can more satisfactorily remove the background.
The PFY count rate from which the background has been removed then becomes

CPFY(ω,ω′)
I0(ω)

����
clean
=
∆Ω

4π
Aµi(ω)

∫ ω′2

ω′1

dω′
εγi(ω,ω′)

µtot(ω) + µtot(ω′) sin θ/sin θ′
. (4.20)

If the numerator and denominator in the integrand above are both independent of ω, we obtain:

CPFY(ω)

I0(ω)

����
clean
∝ µi(ω). (4.21)

For most semiconductors, µtot(ω
′) is approximately constant for ω′1 < ω′ < ω′2 . To illustrate

this point, a measured 2D color contour plot depicting the count rate as a function of ω and ω′
at the O K-edge is shown in Fig. 4.2a. In this case, the emitted photons of interest had energies
between 523 and 529 eV (horizontal axis). It can be seen in Fig. 4.2b that, over this photon
energy range, µtot(ω

′) is a smooth function [84], and linearization of µtot(ω
′) at the energy at

which the emission is maximized (approximately 526 eV), yields

µtot(ω
′)[1/µm] = −0.022(ω′[eV] − 526) + 12.21. (4.22)

This implies that if ω′ differs from 526 eV by 3 eV, µtot differs from 12.21 µm−1 by 0.07 µm−1,
thus, changing by only 0.5% over the selected window of the emitted photon energies. This
allows the denominator in the integrand in Eq. 4.20 to be taken out of the integral sign;

CPFY(ω,ω′)
I0(ω)

����
clean
=

(∆Ω/4π)Aµi(ω)

µtot(ω) + µtot(ω
′
0) sin θ/sin θ′

∫ ω′2

ω′1

dω′εγi(ω,ω′), (4.23)
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where ω′0 is an arbitrarily chosen value between ω′1 and ω′2 (in this case, ω′0 = 526 eV). It is
not too important what exact value of ω′0 is selected within the chosen energy window, because
µtot is practically the same for any value of ω′0 inside this energy window.

4.2.3 Electron Yield Mode

The interaction of photons with matter can result in the emission of electrons as well as photons,
and the total electron yield (TEY) method involves measuring the total number of electrons
leaving the sample surface as the incident photon energy is varied. The TEY signal is measured
by creating a conducting path to the sample and recording the current generated by electrons
flowing into the sample. This current is generated because the emission of electrons results
in the sample becoming positively charged. Only those electrons that reach the surface with
kinetic energies greater than zero can contribute to the TEY signal.

Photoelectrons are core electrons that are excited directly via the photoelectric effect described
by the photon absorption process discussed in chapter 2. Photoelectrons have kinetic energies
equal to the difference between the incident photon energy and the core electron binding energy.
In the region around the absorption edge, the photoelectrons generated due to absorption by
the edge scanned over do not have sufficient kinetic energy to create, via inelastic collisions,
a significant number of secondary electrons; thus, they do not contribute significantly to the
background-removed TEY signal in this region of the X-ray absorption spectra [85]. As the in-
cident photon energy is increased well above the absorption edge, these photoelectrons acquire
sufficiently high kinetic energy to contribute appreciably to the emission of secondary electrons.

The creation of a core-hole via photon absorption leaves the system in a highly unstable state,
and relaxation can occur via the Auger effect [86, 87]. The Auger effect is a process whereby
an electron from a higher energy orbital decays to fill the core-hole, imparting its energy to
another higher energy electron that might be ejected from the sample. However, most of these
Auger electrons are also unable to reach the surface as a result of inelastic collisions with other
electrons and nuclei. Nevertheless, these collisions create a cascade of secondary low-energy
electrons and a significant fraction of them are able to reach the sample surface. Frazer et
al. [85] experimentally demonstrated that Auger electrons, in the soft X-ray regime, contribute
appreciably to the TEY signal only indirectly via the emission of secondary electrons. Note
that the kinetic energies of Auger electrons are element specific [88] and do not change with the
incident photon energy.

The energy distribution profile of the secondary electrons is relatively independent of the energy
of the photoelectrons and Auger electrons, and the majority of the emitted secondary electrons
have kinetic energies less than 50 eV [89, 90]. The collisions of the Auger and photoelectrons,
which result in the emission of secondary electrons, effectively amplify the TEY signal.
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Attempts to model the TEY count rate in a manner similar to TFY/PFY are somewhat problem-
atic because the secondary electrons do not originate from the location at which the absorption
event occurs. Regardless, the attempt can start bymodelling the differential probability of Auger
and/or photoelectrons being emitted, henceforth collectively referred to as primary electrons,
as follows:

FPri(ω, E′) =
[
εai(ω, E′) + εpi(ω, E′)

]
µi(ω) + b(ω, E′), (4.24)

where εai(ω, E′) is defined such that εai(ω, E′)dE′ represents the probability that, after the
absorption of an incident photon of energy ω by to the ith edge, the core-hole is filled via the
creation of an Auger electron with kinetic energy between E′ and E′ + dE′. εpi(ω, E′) has a
similar meaning except that it describes the creation of a photoelectron due to the photoelectric
effect. b(ω, E′) defined by

b(ω, E′) = V(ω, E′) +
∑

j

[
εa j(ω, E′) + εpj(ω, E′)

]
µ j(ω), (4.25)

represents the probability of the creation of primary electrons due to all the background pro-
cesses. Specifically, V(ω, E′) corresponds to the contribution resulting from the creation of
a primary electron due to the excitation of valence band electrons, and the two terms that
are summed over j represent contribution to the creation of primary electrons due to all the
background edges. With this model, Eq. 4.6 becomes

d2CPri(ω, E′) = dΩdE′AI0(E)
[εai(ω, E′) + εpi(ω, E′)]µi(ω) + b(ω, E′)

µtot(ω) + µtot,e(E′) sin θ/sin θ′
. (4.26)

Here, d2CPri(ω, E′) is the differential count rate due to the primary electrons. This count rate
needs to be multiplied by the appropriate factor to account for the secondary electrons that
dominate the TEY signal. In this regard, let S(E′, E′′)dE′′ represent the number of secondary
electrons with energy between E′′ and E′′ + dE′′ that are generated by a single primary electron
of kinetic energy E′. Because of the thick sample approximation and low attenuation length of
the electrons, electrons cannot escape from the sample over the half sphere on the side opposite
to the incident beam; thus, the integration over the solid angle only needs to be performed over
half a sphere on the side targeted by the incident beam.

Unfortunately, secondary electrons can be generated anywhere, not necessarily at the point
where the absorption event takes place, and each time a new secondary electron is generated,
it can move in any direction [91]. This complicates the mathematical description because θ′
appearing in Eq. 4.26 applies when the detected electron is emitted at the absorption event and
then travels in a straight line to reach the surface. The approach to address this difficulty is to
replace µtot,e/sin θ′ by µ̄tot,e, where 1/µ̄tot,e is the average escape depth of secondary electrons.
Now it becomes possible to write
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d3CSec(ω, E′, E′′) = dΩdE′dE′′AI0(E)S(E′, E′′)
εai(ω, E′)µi(ω) + b(ω, E′)

µtot(ω) + µ̄tot,e sin θ
. (4.27)

In Eq. 4.27, we omitted εpi(ω, E′) because the photoelectrons generated as a result of absorption
due to the edge scanned over do not considerably contribute to the emission of secondary
electrons. However, the background edges of lower binding energy lead to photoelectrons with
sufficiently high kinetic energy, resulting in a significant contribution to the secondary electrons
from the background; thus, the b(ω, E′) termwas retained. Now, the triple integral is performed,
and noting that the integration over the half-sphere solid angle returns a factor of 2π, we obtain

CTEY(ω)

I0(ω)
=

2πAµi(ω)

µtot(ω) + µ̄tot,e sin θ

∫
dE′dE′′εai(ω, E′)S(E′, E′′) +

B(ω)
I0(ω)

, (4.28)

where

B(ω)
I0(ω)

=

∑
j

2πA(ω)
µtot(ω) + µ̄tot,e sin θ

∫
dE′dE′′b(ω, E′)S(E′, E′′), (4.29)

is the contribution from all the background processes and can be eliminated from the TEY by
the same procedure as for the TFY/PFY discussed above by simply fitting a function linear
in ω in the pre-edge region of the X-ray absorption spectra. The TEY signal from which the
background has been removed, then becomes

CTEY(ω)

I0(ω)

����
clean
=

2πAµi(ω)

µtot(ω) + µ̄tot,e sin θ

∫
dE′dE′′εai(ω, E′)S(E′, E′′). (4.30)

Assuming that εai(ω, E′) is independent of (or only weakly dependent on) ω, the integral above
can be considered a constant, and we obtain the following important result:

CTEY(ω)

I0(ω)

����
clean
∝

µi(ω)

µtot(ω) + µ̄tot,e sin θ
. (4.31)

The above assumption is justified because the Auger electron energies, denoted by E′, for a
given element over a selected edge (such as the OK-edge) do not vary withω and the probability
of decay via the Auger process can be taken as constant over a given edge of the element probed.

Because of the low escape depth of secondary electrons, the TEY method effectively becomes
a surface probe and is not representative of the bulk if the surface has been modified, such as by
oxidation. Even for perfect crystals, the TEY signal is not truly representative of the bulk owing
to the fact that not just the surface layer, but a few top layers have different surroundings and
electronic structures than the bulk. In most cases, the surface layers contribute approximately
10% to the TEY signal [92].
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Figure 4.3: Comparison between radiation damage caused distortions in TFY
and in PFY. Three successive scans at the O K-edge for Na2RuO3 and Na2RuO4.
The dotted and solid curves correspond to normalized TEY and normalized PFY,
respectively. For both samples, TEY is more prone to distortions caused by

radiation damage.

The effective electron escape depth, (1/µ̄tot,e), is assumed to be independent of the energy
of the incident photons. However, the poor conductivity of the sample can induce a buildup
of positive charge as the scan continues, effectively reducing the electron escape depth with
increasing photon energy. The buildup of a positive charge can also affect the electronic structure
of the near-surface layers, distorting the X-ray absorption spectra even further.
A rarely discussed disadvantage of TEY over PFY/TFY is that the former technique is more
prone to data distortions caused by radiation damage to a sensitive sample. Fig. 4.3 shows three
successive scans at the O K-edge for Na2RuO3 on the left and for Na2RuO4 on the right. The
dotted and solid lines correspond to the TEY and PFY, respectively. For each scan, the TEY and
PFY were recorded simultaneously. The PFY did not vary appreciably across successive scans;
however, the TEY from successive scans, especially scan 1 compared with scan 2, differed
markedly for both samples. The instability of the TEY here provides experimental evidence
that this technique is a surface probe that is more prone to artifacts resulting from radiation
damage. The incident photon flux density is the highest near the surface; hence, the top layers
of the sample are more severely damaged by radiation.
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4.2.4 Saturation Effect

The yield-based TFY/PFY/TEY methods suffer from saturation effects; that is, the count rates
(after the background removal) are not proportional to µi, resulting in distortions such as the
suppression of peaks in the measured X-ray absorption spectrum [93–95]. The most strongly
affected regions are those where µtot is the largest. In this section, this effect for the PbO O
K-edge is roughly estimated. For the TEY signal to be free of saturation effects, the value of Q
(which is the factor that appears in Eq. 4.31), defined by

Q(ω) =
1

µtot(ω) + µ̄tot,e sin θ
, (4.32)

must remain relatively constant when ω changes. This is the case if µ̄tot,e sin θ >> µtot . On the
other hand, if µ̄tot,e sin θ becomes comparable to µtot , Q cannot be considered to be a constant.
This can occur if the effective electron escape depth is unusually large for a material, or if the
incident angle θ is too small (grazing incident beam). As µi increases, µtot also increases,
whereas Q decreases, which results in CTEY/I0 increasing less than linearly with µi. However,
the escape depth of the secondary electrons is not very large because of electron-electron,
electron-impurity, and electron-phonon scattering [96–99]. For most materials, the electron
escape depth is approximately 4 nm [92] corresponding to µ̄tot,e = 1/4 nm−1, which is approx-
imately two orders of magnitude larger than the typical incident photon attenuation lengths at
soft X-ray energies. This lack of proportionality between the absorption coefficient and TEY is
particularly noticeable for photons with energies above 150 eV [100].

The extent of the saturation effect in the TEY signal for the PbO O K-edge can be roughly
quantified. To do so, the largest and smallest values of Q over the region of interest are first
estimated. If these two values are very close to each other, the saturation effects can be con-
cluded to be negligible. Q is the largest when µtot is the smallest, and is the smallest when µtot
is the largest. This implies that Q is maximized when ω is just below the absorption onset, and
is minimized at the strongest absorption peak.

Just before the O K-edge absorption threshold, it is noted that µtot = 12.1 µm−1, which can be
obtained from the plot in Fig. 4.2b. Using a typical value of θ = 65◦ and µ̄tot,e = 1/4 nm−1,
the value of Q just before the absorption onset is found to be 4.22 nm; Qmax = 4.22 nm. Q
would differ the most from this value when µtot is the maximum. To estimate this, it should first
be noted that the edge jump is approximately 1.6 µm−1; however, calculations performed on
PbO reveal that the maximum increase in µtot is approximately three times the size of the edge
jump (due to fine-structure peaks near the resonant excitations). Thus, the maximum value of
µtot is 12.1 µm−1 + 3 × 1.6 µm−1, which turns out to be 16.9 µm−1. Based on these numbers,
it is concluded that Qmin = 4.14 nm, corresponding to a decrease of approximately 2% in Q
when compared with its value near the absorption onset. This 2% decrease is the maximum
suppression of the TEY signal because for all the other values of ω, µtot is smaller than its value
at the highest peak, resulting in a decrease in Q that is smaller than 2%.
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In contrast to TEY, TFY/PFY-based methods are even more strongly affected by saturation
effects because the emitted photons have larger escape lengths than the emitted electrons. For
PFY to be free of saturation effects, the following function must remain constant over the
incident energies of interest:

Q(ω) =
1

µtot(ω) + µtot(ω
′
0) sin θ/sin θ′

(4.33)

For PbO, µtot(ω
′
0) ≈ 12.2 µm−1 at ω′0 = 526 eV. Note that ω′0 is chosen to be somewhere in

the selected window of the emitted photon energies. An analysis similar to that above, with
θ = 65◦ and θ′ = 90◦ − θ (a common experimental setup), yields that at the O K-edge for PFY,
the maximum decrease in Q from its value just before the absorption edge, is approximately
11%, clearly indicating a greater distortion than the TEY-based method.

In Fig. 4.4 on the left, an extreme case of grazing-incident/normal-detector angle is illustrated,
where θ ≈ 0◦ and θ′ ≈ 90◦. This setup results in the strongest saturation effects. If µtot ≈ µi,
then Q becomes equal to µi, thus, CPFY/I0 becomes a constant. In this case, the incident photon
beam is fully attenuated well within the depth from the surface, from which all the emitted pho-
tons can escape the sample; hence, theCPFY becomes proportional to the incident flux density I0.

On the other hand, a normal-incident/grazing-detector angle minimizes the saturation effects,
as depicted on the right in Fig. 4.4. In this case, only a fraction of photons are emitted in the
region from where they can escape to reach the surface. As µi increases, proportionally more
photons are emitted within the gray area shown in this figure from where they can escape. The
saturation effects are more severe in more concentrated samples [101, 102], and distortions can
be reduced to a certain extent by choosing this setup at the cost of reduced probing depth.

4.3 Soft X-ray Emission Spectroscopy

Soft X-ray emission spectroscopy (XES) is a complementary technique to XAS, allowing one
to probe the partial density of the occupied states. An incident photon with energy higher than
the absorption edge excites a core electron, resulting in a highly unstable core-hole, which is
subsequently filled by an electron from a higher orbital via emission of a photon, among other
processes. The emitted photons are collected by an energy-discriminating detector, and the total
counts as a function of the emitted photon energy are plotted. There exist two different types of
XES measurements depending on the incident photon energy.
If the incident energy ω is selected to be well above the absorption edge ionizing the probed
atomic site, the resulting spectrum is termed the non-resonant emission spectrum (NXES). On
the other hand, if ω is tuned with a feature in XAS, the resulting spectrum is classified as a
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Figure 4.4: Illustration of a grazing-incident/normal-detector angle (left), re-
sulting in the strongest saturation effects as all the photons are emitted in the
gray region from where they can reach the surface. A normal-incident/grazing-
detector angle (right), resulting in minimization of the saturation effects. Here,
only a fraction of photons are emitted in the region from where they can reach the

surface.

resonant emission spectrum (RXES). Valence band energies are sensitive to local electronic and
structural environments, and the photons emitted by the decay of these valence band electrons
carry this vital information. By tuning the incident energy during the RXES measurements,
one can selectively excite the non-equivalent sites of the same element.

The XES measurement technique is similar to the FY-based XAS methods, with the difference
being that the incident energy is fixed, and energy discrimination of the emitted photons is
maintained instead of integrating over ω′. Thus, the same model, which was developed to
describe the FY-based XAS, can be used to describe the differential count rate for XES;

dCXES(ω,ω′)
dω′

=
∆Ω

4π
AI0(ω)

[
εγi(ω,ω′)µi(ω) +V(ω,ω′) +

∑
j εγ j(ω,ω′)µj(ω)

µtot (ω) + µtot (ω′) tan θ

]
. (4.34)

The background is removed by fitting a single suitable polynomial, usually second order in ω′,
to two selected regions in the data: the first below the emission band of the edge of interest
(denoted by index i), and the second above both this emission band and the elastic peak. The
count rate from which the background has been removed is given by:

dCXES(ω,ω′)
dω′

����
clean
=
∆Ω

4π
dω′AI0(ω)

[
εγi(ω,ω′)µi(ω)

µtot(ω) + µtot(ω′) tan θ

]
. (4.35)

For the emission scans, ω is kept fixed. If the denominator inside the square brackets in the
above equation does not vary appreciably with ω′ over the energies of the emission band or
bands of interest, which is the case if µtot(ω) >> µtot(ω

′) tan θ, then
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Figure 4.5: Experimental geometry setup that allows control over the first-order
scattered photons (elastic scattering in dipole approximation).

dCXES(ω,ω′)
dω′

����
clean
∝ εγi(ω,ω′). (4.36)

This signifies that the XES is proportional to the fluorescence efficiency at the selected incident
energy.

4.4 Fluorescence Efficiency

In this chapter, fluorescence efficiency has been introduced without relating it to the underly-
ing electronic transitions involving the quantum states of the material.This section presents a
clear connection between the fluorescence efficiency and the electron and photon interaction
discussed in chapter 2.

Because of the specific experimental setup used at several beamlines, such as REIXS at CLS,
the part of the differential scattering cross section that needs to be considered is considerably
simplified. Selecting an angle of 90◦ between the incident beam and the detector is an ingenious
way to manipulate scattering due to the A2 term in the perturbation Hamiltonian (Fig. 4.5).
The electromagnetic field polarization in the plane determined by k and k′ (the horizontal plane
at many beamlines) is denoted by Π, whereas the polarization perpendicular to this plane (the
vertical plane at many beamlines) is denoted by σ. If the incident beam is Π polarized, then
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ε · ε′ = 0 regardless of the polarization of the scattered beam. Because the scattering due to
A2 is proportional to ε · ε′, one would not see a contribution from this term. In chapter 2,
the scattering associated with this term was shown to be elastic in the dipole approximation.
However, occasionally, the experimenter does not wish to suppress elastic scattering because it
provides a mean to calibrate the energy dispersive photon detector. If one chooses a σ polarized
incident beam, even though ε · ε′ is still zero forΠ polarized, it is equal to 1 for the σ polarized
scattered beam. Thus, a stronger σ polarized elastic scattering is observed with this setup.

For measurements not intended for calibration, the incident beam is selected to be Π polarized
to minimize the elastic scattering; thus, we can ignore the A2 term. The initial state is assumed
to be the ground state. If one is not detecting forward elastic scattering (k′ε′ = kε with the
detector placed behind the sample), then the number of k′ε′-type photons can be taken to be
zero initially (nk′ε ′ = 0) for both ε′ = Π and ε′ = σ. For a very small ΓM (equivalently very
large τM)

ΓM <<
ωω′

ω +ω′
, (4.37)

we can replace (EM − EA) by ω, and (EB − EM) by ω′, because due to the long lifetime of the
intermediate state assumed here, the energy of the intermediate state, denoted by EM , becomes
sharp. Therefore, in the dipole approximation with these additional assumptions, the scattering
cross section given in Eq. 2.99 reduces to

d2σs
i

dω′dΩ
=
ωω′3

(4π)2
∑
ε′B

�����∑
Mi

ε ′ · 〈B|
∑

k rk |Mi〉ε · 〈Mi |
∑

k rk |A〉
EMi − EA −ω − iΓMi/2

�����2 δ(EB − EA −ω +ω
′), (4.38)

where |Mi〉 denotes the state resulting from absorption due to the ith edge, and EMi is the energy
of such a state. From Eq. 2.40, it follows that the contribution to the absorption cross section
by the presence of the ith edge in the dipole approximation is

σa
i (ω, ε; A→ Mi) = πω

∑
Mi

|ε · 〈Mi |
∑

krk |A〉|2 δ(EMi − EA −ω). (4.39)

The total differential scattering cross section can be approximated as

d2σs

dω′dΩ
=

d2σs
i

dω′dΩ
+

∑
j

d2σs
j

dω′dΩ
+

d2σs
v

dω′dΩ
, (4.40)

where σs
i represents the contribution from the ith edge and σs

j by the j th background edge,
whereas σs

v represents the contribution from transitions involving the excitation of valence band
electrons. σa

i is related to the absorption coefficient µa
i via
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µa
i =

σa
i

Ve
. (4.41)

In the above, Ve is the volume over which the spatial integral in Eq. 4.39 is carried out, that
is, the sample excitation volume. In the case of a crystal with a single-particle approximation
model, Ve is conveniently chosen to be the unit cell volume because the integral over each unit
cell returns the same value.

For a polycrystalline sample (or powdered sample) with randomly oriented crystallites, the
average value of the scattering cross section and absorption coefficient over all directions must
be considered. Let σ̄ and µ̄i denote the average values of σ and µi, respectively. Writing Eq.
4.11 in the given form, it is implicitly assumed that

εγi(ω,ω′)µ̄a
i (ω) =

1
Ve

d2σ̄s
i

dω′dΩ
. (4.42)

Therefore,

εγi(ω,ω′) =
1
σ̄a

i

d2σ̄s
i

dω′dΩ
. (4.43)

Here, σ̄a
i represents an average value over all the directions of the quantity on the right in Eq.

4.39. Similarly, d2σ̄s
i /dω

′dΩ is an average of the quantity on the right in Eq. 4.38. One can
derive an analogous expression in a similar manner for electron efficiency, denoted by εei(ω,ω′).

Because σa
i is proportional to the unoccupied density of states and XAS is proportional to

µi (after the subtraction of the background), it follows that XAS probes the partial density of
unoccupied states. The proportionality between PFY/TFY XAS and µa

i requires εγi(ω,ω′) not
to change appreciably as the incident energy is scanned over the ith absorption edge. Similarly,
proportionality between TEY XAS and µa

i requires εei(ω,ω′) to be independent of the incident
energy over the region of interest. In general, FY-based XAS measurements are more prone
to distortions resulting from changes in the fluorescence efficiency than TEY-based XAS mea-
surements due to changes in electron emission efficiency. This is true owing to larger variations
in the fluorescence efficiency than in the Auger electron emission efficiency as the excitation
energy is changed [103].

The fluorescence efficiency, seen as a function of ω′ for a given value of ω, is proportional to
the emission transition rate when absorption and emission are decoupled. Hence, NXES is a
probe for the occupied partial density of states.
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Non-Interfering Intermediate States

Further simplification becomes possible if intermediate states do not interfere. In this case, the
summation Mi in Eq. 4.38, can be removed from the absolute value bars, which results in

d2σs
i

dω′dΩ
=
ωω′3

(4π)2

∑
ε ′BMi

|ε ′ · 〈B|
∑

k rk |Mi〉|
2 |ε · 〈Mi |

∑
k rk |A〉|2(

EMi − EA −ω
)2
+

(
ΓMi/2

)2 δ(EB − EA −ω +ω
′). (4.44)

We can rewrite this equation in a form that allows us to obtain an intuition of the scattering
process. The finite lifetime broadened absorption cross section given in Eq. 4.39 is

σa
Mi
(ω, ε) = πω

���ε · 〈Mi |
∑

k
rk |A〉

���2 ΓMi/2π
(EMi − EA −ω)2 + (ΓMi/2)2

, (4.45)

which is obtained by making the following replacement

δ(EMi − EA −ω) −→
ΓMi/2π

(EMi − EA −ω)2 + (ΓMi/2)2
. (4.46)

The emission rate per solid angle per frequency due to the decay from |Mi〉 intermediate excited
state is

d2TMi (ω
′, ε′)

dω′dΩ
=
ω′3

8π2

∑
ε ′B

���ε′ · 〈B |∑
k
rk |Mi〉

���2 δ(EB − EA −ω +ω
′). (4.47)

In the above equation, the presence of the delta function ensures that the energy of the final states
is; EB = EA +ω −ω

′ (i.e., the energy is conserved). Now, Eq. 4.44 can be neatly rewritten as

d2σs
i

dω′dΩ
=

∑
Mi

[
τMi

d2TMi (ω
′, ε′)

dω′dΩ

] [
σa

Mi
(ω, ε)

]
, (4.48)

where τMi = 1/ΓMi is the lifetime of the excited state |Mi〉. The form of this equation implies
that the contribution to the double differential scattering cross section from each term in the
above sum is proportional to the product of the absorption probability from |A〉 to |Mi〉 and
emission probability from |Mi〉 to all the set of final states |B〉 with energy EA+ω−ω

′. Because
the emission transition rate represents transition probability per time, we need to multiply it by
the time the the system remains in state |Mi〉 to obtain the total transition probability. This is the
reason why τMi appears in Eq. 4.48. Mathematically, emission and absorption processes in this
case become decoupled. Note, the emission and absorption processes are still coherent (one
single process). Here, it simply implies that mathematically we can treat them as two separate
processes if the intermediate states do not interfere. There are occasions when emission and
absorption processes truly become incoherent such as when phonons are also involved.
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Chapter 5

Amorphous and Polycrystalline PbO Films
This was first of the two projects on PbO-based materials and the goal was to understand the
electronic structure near the Fermi level of various PbO-based materials differ. The interest
in these materials was due to their potential application as a photoconductor material in direct
X-ray imaging sensors. It is well understood that the band gap in amorphous samples is smaller
compared to their counterpart crystalline materials due to smearing of the band edges caused by
a lack of translational symmetry. Wewere interested in determining if we can identify additional
DOS near Fermi level in the amorphous sample, and with the help of DFT-based calculations,
whether we can pinpoint the physical nature of the imperfections resulting in observed changes
in measured spectra.

The experiments were performed at REIXS and SGM beamlines at CLS, and at BL 8.0.1 at
ALS, USA. Amorphous and polycrystalline samples were deposited on ITO substrate, while
α-PbO and β-PbO were used in powder form as reference samples. The amorphous and poly-
crystalline samples were prepared by Alla Reznik’s group at the Lakehead University, Thunder
Bay, while the reference samples were prepared by Yuanming Pan’s group at the University of
Saskatchewan, Saskatoon. My contribution involved performing the synchrotron based mea-
surements, carrying out DFT-based calculations, analysing the results, writing the first draft,
and subsequent editing incorporating input from the co-authors.

X-ray spectroscopic Study of Amorphous and Polycrystalline
PbO Films, α-PbO and β-PbO for Direct Conversion Imaging

[104]
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Abstract

We investigated the electronic structure of Lead Oxide (PbO) – one of the most promising pho-
toconductor materials for direct conversion X-ray imaging detectors, using soft X-ray emission
and absorption spectroscopy. Two structural configurations of thin PbO layers, namely the poly-
crystalline and the amorphous phase, were studied, and compared to the properties of powdered
α-PbO and β-PbO samples. In addition, we performed calculations within the framework of
density functional theory and found an excellent agreement between the calculated and the mea-
sured absorption and emission spectra, which indicates high accuracy of our structural models.
Our work provides strong evidence that the electronic structure of PbO layers, specifically the
width of the band gap and the presence of additional interband and intraband states in both
conduction and valence band, depend on the deposition conditions. We tested several model
structures using DFT simulations to understand what the origin of these states is. The presence
of O vacancies is the most plausible explanation for these additional electronic states. Several
other plausible models were ruled out including interstitial O, dislocated O and the presence of
significant lattice stress in PbO.

5.1 Introduction

There is growing research interest in the wide band gap photoconductors used as X-ray-to-charge
transducers in direct conversion medical imaging detectors [105, 106]. In direct conversion
detectors, a uniform layer of photoconductor material deposited on imaging electronics is used
to convert the absorbed X-rays directly to collectable charge carriers (electron-hole pairs).
Since X-ray image detectors always need to cover a large area, the use of a single crystalline
photoconductor in direct conversion detectors is not feasible. Thus, one has to concentrate
on polycrystalline or amorphous modifications of higher atomic number materials deposited
directly on the imaging array.

Potential polycrystalline X-ray photoconductor materials compatible with large area detector
technology include PbI2, HgI2, TlBr, ZnxCd1−xTe, and PbO. Despite intensive research none of
these materials are currently optimized for commercial use. The major obstacles include their
poor transport properties and low carrier ranges governed by the mobility-lifetime product, in-
herent to polycrystalline materials and due to the charge carrier trapping at the grain boundaries.
Indeed, if drifting X-ray-generated carriers are captured into deep traps from which there is no
escape over the time scale of interest, the charge collection efficiency is reduced resulting in
loss of detector sensitivity [107–110] and image blur [24, 111].

Currently, only amorphous Selenium (a-Se) is being used commercially in direct conversion
detectors although its X-ray detection quantum efficiency is not large enough. The major ad-
vantage of a-Se over polycrystalline materials in the development stage listed above is that both
types of carriers are mobile in this material at practical electric fields. The disadvantage of
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a-Se is its comparatively low Z (atomic number) that makes it suitable only for applications
with soft X-rays such as mammography. For a wider diagnostic energy range, i.e. for general
radiographic and fluoroscopic applications, a-Se has to be replaced with a higher Z material.

PbO holds a special place in the above list of potential photoconductors because, like a-Se,
it has a long and successful history of utilization in optical imaging: thin layers of polycrys-
talline PbO are employed in so-called Plumbicon video pick-up tubes extensively used both for
broadcast and for fluoroscopy and digital subtraction angiography in conjunction with image
intensifiers. However, the technological transfer from thin films used in optical imaging to
thick layers needed for X-ray imaging is less successful: the first prototype of a PbO flat panel
detector for radiography showed a very high spatial resolution but suffered from incomplete
charge collection and image lag, which is caused by the presence of residual current after the
exposure [24, 105, 112–114]. This is not surprising considering its polycrystalline structure.
To overcome these problems, we have recently proposed to modify the PbO deposition method
to achieve an amorphous (or glassy) PbO structure and to eliminate grain boundaries [115].

Here, we report on the electronic structure of amorphous PbO studied with synchrotron-based
soft X-ray emission (XES) and absorption spectroscopy (XAS) and compare structures of
differently synthesized PbO samples including the conventional polycrystalline PbO. XAS in
conjunction with XES is a powerful experimental technique which directly probe the valence
and conduction bands of a material.

Surprisingly, despite its extensive commercial use, relatively little is known about the electronic
structure of various lead oxides. Even though a few previous studies have investigated the elec-
tronic structure, such as density of states and band diagrams using first principle calculations
[116–120], a very limited amount of experimental characterization has been reported on this
class of materials. To the best of our knowledge there has been only one XAS and XES study
on α-PbO [117]. No XAS and XES work has been published on either β-PbO or PbO films
deposited under conditions used in flat panel detector technology.

To better interpret our experimental results, we also performed DFT calculations. Our work
shows that the presence of O vacancies in the amorphous sample introduces additional electronic
states near the bottom of the conduction band and within the valence band. These states can be
eliminated by thermal annealing.
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Figure 5.1: Top left panel: Calculated (Cal) and experimental non-resonant
X-ray emission spectra (NXES). Top right panel: Calculated and experimental
XAS. The dotted lines represent ground state calculated XAS, and solid lines
represent XAS calculated with a supercell in which an O 1s core-hole is present
reflecting the final state of the absorption process. Bottom panels: The 2nd
derivatives of the respective experimental spectra from the top panels (colour

coded) in order to determine the band edges.
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5.2 Results and Discussion

5.2.1 XAS and XES: Assigning Main Peaks

Wewill first discuss the experimental and calculated XAS spectra for all the PbO samples shown
in Fig. 5.1 on the right. For more detailed description of how these spectra were calculated,
please refer to the subsections ‘DFT calculations’, and ‘Crystal structures’ in the section ‘meth-
ods and materials’. The top three spectra shown in this panel correspond to the three amorphous
samples; a-PbO-1, a-PbO-2, and a-PbO-3. Note that when we mention a-PbO we are referring
to any of the three amorphous samples.

There are three main features (i, ii, iii) for all the amorphous PbO (a-PbO) and polycrystalline
PbO (p-PbO) samples. All these three features have O 2p and Pb 6s character. These bands
also appear for measured XAS for both powdered α-PbO and β-PbO samples, but the relative
intensity of peak iii is strongly suppressed in both powdered samples. They are all present in
the calculated XAS for both α-PbO and β-PbO. However, the relative intensity of peak ii is
underestimated in the calculated XAS spectrum for the alpha phase, while the relative intensity
of peak iii is underestimated in the calculated XAS spectrum for β-PbO. For all the calculated
XAS spectra with an O 1s core-hole present, the main features are shifted to lower energy by
about 0.5 eV, but the onset in absorption is shifted by less than 0.05 eV.

The experimental and measured XES spectra are shown in Fig. 5.1 on the left. Three features
(a, b, c) appear for all PbO samples. All of these three bands have O 2p character to a varying
degree because O K-edge X-ray spectroscopy probes the localized density of states of p sym-
metry at the O sites. The most intense feature labeled ’c’ is just below the Fermi level, and it
has the strongest O 2p character. Band ‘b’ is a hybrid of Pb 6p and O 2p.

The peak labeled ‘a’ in all the PbO samples is very weak. It has Pb 6s and O 2p hybridization.
This is in disagreement with the traditional view that in PbO, Pb 6s2 electrons behave as a
chemically inert lone pair. The mixing of Pb 6s with O 2p states supported by our DFT
calculations and emission spectra clearly shows that these 6s electrons involve in bonding with
O atoms and hence are not chemically inert. This finding is in agreement with other studies
based on DFT calculations [119, 121, 122]. Another study has suggested the presence of fine
structure in Pb L-edge due to tunneling of Pb 6s2 electrons [123]. At our beamlines, we did not
have access to high enough energy photons to probe the Pb L-edge.

5.2.2 Additional States at the bottom of CB for a-PbO Samples

We now turn to the discussion of a band tailing effect present in the electronic structure of
a-PbO samples. The density of states near the bottom of the CB for all a-PbO tails off more
gradually into the band gap instead of the relatively sharp decrease for all other PbO samples.
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Subsequently we find a ∼0.7 eV lower onset in absorption for all the amorphous PbO samples
(a-PbO) than for the p-PbO and powdered PbO samples. This is consistent with the recently
proposed picture of polycrystalline PbO as a network of very thin (micrometer-size) platelets
each of which is single crystalline [116]. Fig. 5.2 illustrates the presence of these additional
states for the a-PbO-1 sample. Even though we show only a-PbO-1 in this figure, the tailing
effect is seen in all amorphous samples.

Two different methods are used to extract more detailed information about how these states
are distributed. The first method involves subtracting the a-PbO-1 XAS from the p-PbO XAS
(bottom graph in Fig. 5.2). This allows determining how the band edge for the amorphous
sample, a-PbO-1, differs from that of the polycrystalline sample shedding light on the distri-
bution of these additional states. The result shows a Gaussian distribution with the presence
of both interband and intraband states in the CB. Moreover, the band edge for the p-PbO
sample is at 529.9 eV while the peak in this Gaussian distribution is located at 530.2 eV indi-
cating that the additional DOS peak is located inside the CB (intraband) for the a-PbO-1 sample.

Similar information is obtained performing a peak deconvolution analysis on the measured XAS
spectrum for a-PbO-1. This is shown in the top panel of Fig. 5.2. In this figure, the blue and
green curves added together give the black curve, which agrees very well with measured XAS
for a-PbO-1 shown in red color in Fig. 5.2. This method again shows a Gaussian distribution
with the maximum in DOS located at 530.1 eV, and presence of both inter- and intraband
additional states. Therefore, both of these analyses point to the same conclusion.

Broadening of band edges is a general property of amorphousmaterials [124]. This effect results
from the lack of long-range order in the amorphous structure and consists of spatially separated
and energetically distributed additional states [125]. In an amorphous solid, the electrostatic
potential, caused by the coulomb forces of individual nuclei, varies randomly in space. This
disorder in the potential originates due the absence of long-range order in nuclei coordinates
resulting in lack of lattice-like structure for such materials.

As a result of disorder, the sharp band edges are smeared out resulting in electronic states within
the otherwise energy forbidden gap. Since both measured spectra and peak deconvolution
analysis show the presence of an additional band near the bottom of CB, we will look more
closely at what mechanism could possibly explain this but for now we conclude that as a result
of these two effects, the XAS onset is shifted to a lower energy for the amorphous samples.

5.2.3 Additional States inside the VB of a-PbO Samples

We will now turn to the discussion of how the valence bands for a-PbO-1 and p-PbO differ. In
order to probe the valence bands more thoroughly, we turn to resonant X-ray emission spec-
troscopy measurements (RXES). This method involves resonant excitation of a core electron
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(here O 1s) to the conduction band coupled with the relaxation of a valence band electron to the
core level and subsequent emission of a photon. Changes in the emission spectra are observed
as the excitation energy is changed along the absorption edge.

The RXES measurements for a-PbO-1 are shown in Fig. 5.3. The right panel of this figure
shows the excitation energies chosen along the absorption edge to obtain the corresponding
emission spectra excited at that respective energy displayed in the left panel. When exciting at
energies of 529.42 eV or larger, the XES spectra look exactly like all the other PbO samples
we investigated (shown in Fig. 5.1). However, two new bands on the left of the main peak are
clearly seen when exciting the a-PbO-1 sam- ple at 529.42 eV or below.

We submit that these new features are due to emission from additional states present only in
the amorphous film samples. Our claim is further supported by our DFT calculations on model
structures discussed below. These additional states lie well within the band. Furthermore, the
top of the valence band shows very little or no broadening effect for the amorphous sample.
Thus the valence band edge is not shifted in energy unlike the conduction band edge. RXES
measurements performed on the p-PbO sample do not exhibit any appreciable difference in the
emission spectra when exciting resonantly anywhere along the absorption edge.

5.2.4 Effect of Thermal Annealing

Thermal annealing is a process that allows atoms in a crystal lattice to relax and therefore
slightly rearrange thus reducing the long-range disorder. How effectively can thermal annealing
reduce the disorder in our a-PbO samples? In order to answer this question, the a-PbO-1 sample
is thermally annealed as discussed in the samples section. We perform RXES measurements on
the annealed a-PbO-1 sample and observe how the results differ from the RXES measurements
taken before annealing.

Measured RXES spectra are shown in Fig. 5.3. The right side panel in this figure shows the
absorption edge before and after the thermal annealing. The band edge becomes sharper and
the additional band originally present on the left side of the main absorption feature is totally
eliminated. The absorption spectrum looks very similar to p-PbO. The right side panel of Fig.
5.3 shows RXES spectra collected at various excitation energies along the absorption edge.
There is no noticeable difference in the emission spectra as the excitation energy is lowered all
the way to the very bottom of the CB edge. Therefore, the additional features in the valence band
also disappear due to thermal annealing. We conclude that thermal annealing recrystallizes the
amorphous samples to the extent that their electronic structure becomes very similar to the
polycrystalline sample.
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5.2.5 Model Calculations

So far, we have only focused on the experimental evidence indicating the presence of the addi-
tional electronic states, but we would also like to know the physical explanation behind it. We
first briefly discuss how amorphous materials differ from crystalline materials. In perfect crys-
talline samples, the nuclei are arranged in a perfect periodic manner and hence such materials
exhibit perfect translational symmetry. However, many real materials, even though classified
as crystals, have some imperfections and disorder present. On the other hand, on a large length
scale the electrostatic potential in an amorphous sample is totally random due to the lack of
long-range order in spatial coordinates of the nuclei. Even though classified as amorphous,
over a short-range many real amorphous materials still retain order, which is similar to the
corresponding crystalline materials [126].

All the real materials fall somewhere between the two extreme cases of being perfectly amor-
phous and being perfectly crystalline. In most materials the disorder arises from the imperfec-
tions caused by atomic vacancies, interstitial atoms, substitutional/impurity atoms, dislocated
atoms etc. We make the assumption that, over a short-range, the amorphous PbO almost still
retains the structure of the crystalline PbO with only one type of imperfection present on such
scale. We test this hypothesis using DFT calculations. We make a number of plausible modifi-
cations to the experimental PbO crystal structure and then perform DFT calculations to evaluate
the effects of these structural changes on the resulting spectra. The spectra calculated for these
model modifications are compared to the measured spectra to determine the validity of such
models for the short-range order in the amorphous sample.

For a proposed model to be reasonable, it should reproduce the measured trends, which are the
presence of the additional spectral weight below the main absorption feature in XAS and the
shift of the CB edge to lower energy. In the XES for the amorphous sample, the model should
produce additional DOS in such a way that the VB edge, unlike the CB edge, does not shift in
energy. Note that we are not trying to model the amorphous sample on a large scale, which is
currently computationally impossible.

We are trying to see if there is still short-range order, and if so then to first approximation what
kind of imperfection is present at such length scale. We test only one type of imperfection at a
time to keep it computationally feasible and see what effect it has on the X-ray spectra. We will
not discuss energies of these different model configurations. It would make sense to discuss
the energies of the configurations if we were making claims about the long-range order. We are
arriving at our conclusion (which model can account for the additional spectral weight?) from
the spectral shape only. We test the following four different short-range structural models:
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Relaxed vs. Unrelaxed (Unperturbed) Structures

To determine whether the observed changes in DOS are due to differences in stress we perform a
geometry optimization calculation on the α-PbO structure determined experimentally [127]. If
there is significant stress in the experimentally determined structure, the crystal will not be in a
state where the computed forces on the atoms are minimal (real forces must be zero). Therefore,
a geometry optimization, in which the forces are minimized, will lead to a different structure
resembling the relaxed crystal.

For the experimental structure, the computed net force on the Pb atom is -20.062533 mRy/Bohr
along the c axis of the unit cell, while there is no net force on the O atom. This corresponds to
a net force of -20.062533 mRy/Bohr per unit cell along the c axis. For the optimized structure,
the forces are negligible on both Pb and O atoms and the coordinates for the O atom remain
unchanged, while there is 2.5% decrease in the c coordinate of the Pb atom. The Pb atom co-
ordinates change from (0, 0.25, 0.7655) to (0. 0.25, 0.7464) while O atom coordinates remain
unchanged at (0.25, 0, 0). Please refer to the subsection ‘crystal structures’ for more details
about the crystal structures.

For a real crystal there must be a zero net force on each unit since it is in a state of equilibrium.
If an external force is applied resulting in increased stress, the atomic/molecules positions will
change in such a way that net force is again zero. In order to balance this force of 20.062533
mRy/Bohr there must be an additional force of the same magnitude, but in opposite direction
which implies the presence of normal stress of 0.355080 mRy/Bohr3 along the c axis for the
experimental structure. (this force can arise due to various imperfections in the real crystal).

Our hypothesis is that on a small scale, the amorphous sample has regions resembling re-
laxed and regions resembling unrelaxed structure. If true, we should see a contribution from
the both structures to the experimental spectra accounting for the additional DOS discussed
above. We find that the differences between relaxed and experimental crystal structures produce
negligible changes in the calculated X-ray spectra as shown in Fig. 5.4a. Hence, we rule out
thismodel as a possible explanation for the observed additional DOS in the experimental spectra.

O interstitial Model

The O interstitial structure is modelled by introducing an extra O atom between two adjacent
layers in the experimental structure of α-PbO, and subsequently minimizing the forces by per-
forming a geometry optimization. Again our hypothesis is that on a small scale, the amorphous
sample contains regions of unperturbed experimental structure, and regions of small perturba-
tion due to O interstitial atoms.
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Calculated absorption and emission spectra for this model shown in Fig. 5.4a are very different
than for the experimental (unperturbed) structure, and a linear combination of these two spectra
can’t reproduce the measured spectra for the amorphous sample.

O Dislocation Model

In this model we modify experimental structure by removing one of the O atoms from the
layered structure of α-PbO and place it between two adjacent layers followed by a structural
optimization cal culation. This model again can’t explain the additional DOS observed because
a linear combination of the spectra for perturbed and unperturbed structures can’t reproduce
measured spectra for the amorphous sample. This model is also ruled out since the DFT calcu-
lations do not produce the spectra that follow the experimental trends.

O Vacancy Model

A 2 × 2 × 1 supercell from experimentally determined α-PbO structure is constructed and one
of the O atoms is removed from the supercell creating an O vacancy. Geometry optimization
calculations are performed on this modified structure resulting in a structure shown on the right
side in Fig. 5.5. Our hypothesis is that on a small scale, the amorphous sample contains regions
of experimentally determined structure, and regions of O vacancy structure, but these structures
do not represent the large scale random arrangements of the atoms for the amorphous samples.
This is a promising candidate model and the calculation results for this model are discussed in
detail below.

Our DFT calculations for α-PbO with an O vacancy agree very well with the measurements for
both conduction and valence bands for the amorphous samples. The right side of Fig. 5.4b
shows calculated O K-edge XAS spectra for α-PbO with (O K-edge for an atom near the O
vacancy) and without O vacancy (the same atom without any vacancy). The first peak in XAS
which appears at 531.80 eV for α-PbO shifts to 530.38 eV for α-PbO with O vacancy. This
amounts to a shift of 1.42 eV. Fig. 5.3 shows that the main peak in measured XAS for the
amorphous sample appears at 531.80 eV with a shoulder at 530.40 eV (determined by peak
deconvolution analysis). These two peaks are 1.40 eV apart. Since the measured spectra are
a sum of the absorption from unaffected and affected sites near the O vacancy, both of these
features appear in the experimental spectra for the amorphous samples. Thus with this model,
we can explain the additional spectral weight in the conduction band that we measured and
discussed above.

Our confidence in this model is further strengthened by comparing the changes in valence band
with experimental XES. When we resonantly excite the a-PbO-1 sample along the very bottom
of the conduction band, the XES spectrum shows a usual expected peak at 525.57 eV and an
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additional peak at 524.28 eV (see left side of Fig. 5.3). These two measured peaks are 1.29 eV
apart. The right hand side of Fig. 5.4b shows that the peak in emission for the α-PbO without
O vacancy appear at 525.60 eV while for the structure with O vacancy this peak is shifted to
the left by 1.21 eV and is located at 524.39 eV. Thus, this model also explains the extra feature
at 524.28 eV in the experimental RXES spectra for the amorphous samples. We conclude that
PbO with an O vacancy is responsible for observed changes in valence and conduction band for
the amorphous samples.

5.3 Band Gaps

Since XAS and XES probe the unoccupied and occupied partial density of states, respectively,
it is relatively straight forward to display both spectra on a common energy axis and determined
the band gap experimentally. The experimental values of the band gaps for the samples are
determined using the second derivative method [128]. In this method, the band edges are
determined by the first maxima (above the noise level) in the second derivative of the absorption
and emission spectra (bottom panels in Fig. 5.1). This simple method has advantages over the
more widely used linear extrapolation method because these values are more reproducible and
less ambiguous (than values from linear extrapolation).

We also have to estimate and correct for the shift in the CB edge due to the presence of an O
1s core-hole since XAS probes the CB in the presence of an O 1s hole – not the ground state
which is what band gap refers to. This is determined by comparing the calculated ground state
XAS with the calculated excited state XAS. A 2× 2× 2 supercell is created and one 1 s electron
from one of the O atoms is removed to simulate core-hole effect. Since it is not feasible to run
calculations using a large enough supercell, the core-hole concentration is too high. As a result,
this method overestimates the core-hole effect, but this is not an issue here since for all the calcu-
lated spectra this correction is less than 0.05 eV, much smaller than the experimental uncertainty.

The reported experimental band gap values for α-PbO and β-PbO are about 1.9 eV and 2.5 eV,
respectively [105, 120]. Our experimental data show the band gaps for both the α-PbO and
β-PbO samples are 1.9 ± 0.2 eV. The β-PbO band gap is too small due to the α-PbO impurity.
As for our PbO films, measured band gap values are 1.4 ± 0.2 eV for all three a-PbO samples
and 2.1 ± 0.2 eV for the p-PbO sample. Therefore, the experimental value for p-PbO agrees
well with α-PbO. However, for the a-PbO samples, the experimental band gap is 0.7 eV smaller
than the p-PbO sample, and does not agree with the literature values for any of the PbO phases.
This narrowing of the band gap is not surprising given the findings discussed above that the
conduction band shifts to lower energy for the a-PbO due to the presence of additional states,
while the valence band edge is unaffected.

The PBE-GGA potential produces calculated band gap values of 1.3 eV for α-PbO and 2.1 eV
for β-PbO, while the mBJ potential gives 1.7 eV for α-PbO and 2.3 eV for β-PbO. Although
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lowering their band gap value to 1.4 eV.

mBJ provides a better agreement with the experimental values, it still underestimates the band
gap for both PbO phases. The mobility band gap for all a-PbO is measured to be 1.9 eV. This
is again not surprising because the additional DOS in an amorphous material is expected to be
localized and hence do not contribute to the current [124].

5.4 Conclusion/Summary

This work provides strong experimental and theoretical evidence that the electronic structure
of PbO photoconductors depend on the growth condition. An amorphous PbO layer deposited
using the ion-assisted thermal evaporation technique, exhibits band tailing of about 0.7 eV at
the bottom of the conduction band. This band tailing effect is not observed in polycrystalline
PbO film deposited by basic thermal evaporation technique (Fig. 5.5). The band gap of the
amorphous sample subsequently decreases by about 0.7 eV in comparison to the polycrystalline
PbO sample. These findings are summarized in Fig. 5.5 which illustrates the presence of both
interband and interaband additional DOS near the bottom of CB, but only intraband additional
DOS in the VB for the amorphous PbO samples. As a result, only the CB edge exhibits band
tailing. We also show that on a small scale, the amorphous sample does have some periodicity
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giving rise to a well-defined localized additional DOS.

This narrowing of the band gap is likely due to the presence of O vacancies in the amorphous
sample, even though on a larger scale the Pb to O ratio is 1:1. Thermal annealing can eliminate
these additional states in the amorphous samples. The width of the band tail below the
conduction band is larger than that in a-Se – the only amorphous photoconductor employed
today in direct conversion imaging detectors. Therefore, technology optimization must target
reducing the density of states (DOS) in the vicinity of the conduction band that in turn requires
further study the electronic structure to provide a better insight on the exact DOS distribution.

5.5 Methods and Materials

5.5.1 Crystal Structures

Two of the most common phases of PbO are the layered alpha and beta phases. α-PbO has a
tetragonal space group (P4/nmm) with unit-cell parameters: a = 5.6253 Å, b = 5.6253 Å, c =
5.0259 Å, α = β = γ = 90◦ which are determined using neutron diffraction at 300 K [127]. The
atomic nuclei coordinates are: Pb: (0, 0.25, 0.7655), O: (0.25, 0, 0).

β-PbO has an orthorhombic space group (Pbcm) with unit-cell parameters: a = 5.8931 Å, b
= 5.4904 Å, c = 4.7528 Å, α = β = γ = 90◦. These experimental unit cell parameters are
also determined by neutron diffraction at 295 K [129]. The atomic nuclei coordinates are: Pb:
(0.2297, -0.0116, 0.25), O: (-0.1347, 0.0917, 0.25).

5.5.2 Samples

The seven differently prepared lead oxide samples include polycrystalline PbO (p-PbO) de-
posited on ITO covered glass substrate, two amorphous PbO deposited on ITO covered glass
substrate (a-PbO-1, a-PbO- 2), one amorphous PbO deposited on Aluminum substrate (a-PbO-
3) powdered α-PbO, and β-PbO are studied.

One of the samples is prepared by thermally annealing a-PbO-1, which transforms it to a poly-
crystalline (a-PbO-1 annealed). The 7 µm thick p-PbO sample is prepared by the basic thermal
vacuum evaporation technique. In this technique, high purity (5 N) PbO powder is evaporated
at ∼1000 ◦C in the atmosphere of molecular oxygen, directly supplied to the chamber. Evap-
orated PbO particles condense on the 2.5 × 2.5 cm2 ITO covered glass substrate. The grown
p-PbO layer consists of a porous network of randomly oriented platelets ∼ 1 × 1 × 0.1 µm3 in
size. The platelets inside are mainly composed of the alpha (tetragonal) phase of PbO, although
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grown layers start with a thin seeding layer of beta (orthorhombic) phases of PbO [105, 130, 131].

The a-PbO layers are deposited with the ion assisted thermal evaporation technique where the
major difference from the p-PbO deposition process is that molecular oxygen is supplied to
the chamber through the commercial ion source, ionizing the oxygen and accelerating the ions.
This advancement of the deposition process triggers a phase change of the growing layer from
polycrystalline to amorphous [115]. The a-PbO-1 sample is thermally annealed at 400 ◦C for
one hour. In order to prevent any chemical reaction between PbO and ambient gasses, annealing
takes place under the protective atmosphere of Ar gas.

5.5.3 Measurements

The count rates in both X-ray absorption and emission spectra are proportional to the square of
the scattering matrix element between the initial and the final states multiplied by the density of
states. In absorption spectroscopy, the transition matrix elements are vanishing for transitions
from 1s to occupied states due to the Pauli-exclusion principle, and are appreciable only for
those transitions where ∆` = ±1, which is referred to as dipole selection rule. Hence, the O
K-edge XAS probes the partial density of unoccupied p-states in the conduction band. Similarly,
the O K-edge XES probes the partial density of occupied p-states in the valence band.

Three different beamlines, REIXS [132] and SGM [133] at CLS, and BL 8.0.1 [134] at ALS
are used for our measurements. Resolving power, E/∆E , values for the monochromator at the
SGM, REIXS, and BL 8.0.1 are 5000, 8000, and 7000, respectively. These correspond to an
energy resolution value ∆E of 0.1 eV, 0.06 eV and 0.07 eV at 500 eV for XAS respectively.
E/∆E values for the spectrometer at the REIXS and BL 8.0.1 are 2000 and 800, respectively,
which translate to an energy resolution of 0.25 eV and 0.6 eV at 500 eV for XES respectively.

All spectra are collected at the O K-edge at room temperature with a sample to detector angle of
45◦. All of the spectra are calibrated by measuring O K-edge XAS and XES spectra for bismuth
germanium oxide (BGO) and comparing their features to the known energy values (517.9 eV
and 526.0 eV for XES, and 532.7 eV and 538.6 eV for XAS).

5.5.4 DFT Calculations

The WIEN2k package software is used to perform calculations in the framework of density
functional theory [74]. Experimentally determined crystal structures for pure phases of α-PbO,
and β-PbO, discussed above, are used as input [127, 129]. For all the crystals, the PBE-GGA
exchange correlation potential is employed. The energy value to separate core and valence
states used is -6 Ry. A value of 7.00 is used for RMTKMAX. RMT values are set by using almost
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touching atomic radii spheres. The following convergence criteria are used for ground state
calculations: E = 0.0001 Ry, F = 1 mRy/au, Charge = 0.001 e. For α-PbO and β-PbO, the
k-mesh inputs of 26 × 26 × 20 and 20 × 22 × 25 are used, respectively.

The ’final state rule’ states that the X-ray spectra depend on the final quantum state. For the
K-edge absorption, the final state has a core-hole in the 1s level. To incorporate this effect, a
supercell of 2 × 2 × 2 is created for all three crystals, one of the core electrons (1s) is removed
from one of the oxygen atoms in the supercell and is added to the background lattice charge.
GGA calculations are known to underestimate band gaps. A modified version of the exchange
potential (mBJ) proposed by Becke and Johnson, which takes PBE-GGA calculation results as
input, is used to calculate the band gap values [135].
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ThermalAnnealing InducedChanges inPbO
Films
This was a second project on PbO-based materials which are a good candidate photoconductor
material to be used in direct conversion imaging devices. In the first project on PbO discussed
in Chapter 5, we discovered that thermal annealing at 400 ◦C of the initially amorphous PbO
sample resulted in a transition to polycrystalline form with the additional DOS in the conduction
band, valence band, and the gap region disappeared resulting in an increase in the band gap.

The question rose how electronic structure of the initially amorphous PbO changes at various dif-
ferent temperatures. Are there gradual changes with increasing temperature, or are there phase
transitions at certain annealing temperatures? To answer this question, five amorphous PbO
were prepared first. Five of them were then annealed at various different temperatures. These
samples were prepared by Alla Reznik’s group at the Lakehead University, Thunder Bay. DFT-
based calculations were performed to interpret the results. My contribution involved collecting
the synchrotron based data, analyzing the data, performing DFT calculations, writing the first
draft, and subsequently editing it incorporating changes and comments suggested by co-authors.
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Chapter 6. Thermal Annealing Induced Changes in PbO Films

Abstract

We investigate how the electronic structure of amorphous lead oxide (a-PbO) films deposited
on ITO substrate is changed after annealing at various temperatures. Both experimental soft
X-ray spectroscopic and density functional theory (DFT) based computational techniques are
used to explore the electronic structure of this material. X-ray emission, resonant X-ray inelastic
scattering, and X-ray absorption spectroscopic techniques are employed to directly probe the
valence and conduction bands. We discover that the films are very stable and remain amorphous
when exposed to temperatures below 300 ◦C. An amorphous-to-polycrystalline (α-PbO phase)
transformation occurs during annealing at 400◦. At 500 ◦C, an alpha-to-beta phase change is
observed. These structural modifications are accompanied by the band gap value changing from
1.4 ± 0.2 eV to 2.0 ± 0.2 eV upon annealing at 400 ◦C and to 2.6 ± 0.2 eV upon annealing at 500
◦C. A difference between surface and bulk structural properties is found for all samples annealed
at 500 ◦C and above; these samples also exhibit an unexpected suppression of O 2p density of
states (DOS) near the bottom of the conduction band, whereas additional electronic states appear
well within the valence band. This study provides a significant step forward to understanding
the electronic properties of two polymorphic forms of PbO needed for optimization of this
material for use in X-ray sensors.

6.1 Introduction

Lead oxide (PbO) is a promising photodetecting semiconductor for its potential use in direct
X-ray-to-charge conversion devices such as direct conversion medical imaging detectors [105,
106, 131]. ‘Direct conversion’ means that X-rays are absorbed in a photoconductive layer that
directly creates electron-hole pairs, which are subsequently separated by a bias field to generate
a signal. The charges are moved by an electric field making it possible to create an image with a
thick detector layer without significant loss of resolution. Commercial direct conversion detec-
tors for mammography with a layer of amorphous selenium (a-Se) as X-ray-to-charge transducer
opened a new era in breast imaging due to supreme detectability of small breast lesions.

Currently, a-Se is the only commercially viable photoconductor for X-ray imaging and this limits
widespread application of the direct conversion scheme. Indeed, a-Se is a low atomic number
Z material, and therefore is efficient only when ’soft’ x-rays are used (like in mammography).
Replacing a-Se with a higher Z material, namely, PbO holds a promise to extend diagnostic
capabilities of the direct conversion detectors over radiographic and fluoroscopic energy range.

PbO has enormous potential for applications in radiographic and fluoroscopic imaging. It has
two distinct advantages over a-Se: (1) higher X-ray detection efficiency than a-Se due to its
higher Z and thus permitting effective absorption of higher energy X-rays by a thinner layer,
and (2) lower electron-hole pair creation energy, and hence a higher x-ray-to-charge conversion
gain. In addition, the PbO deposition process (thermal evaporation in vacuum) is compatible
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with flat-panel detector electronics.

Moreover, the non-crystalline polymorphic form of the material – amorphous PbO (a-PbO) – is
suitable for real-time fluoroscopic imaging, since, in contrast to its poly- crystalline counterpart,
a-PbO does not exhibit a signal lag, i.e., a residual current following an X-ray pulse. The later
was considered as a major obstacle for the commercialization of poly-PbO layers in the direct
conversion X-ray detectors [24, 105, 107–113, 115]. Although the nature of lag in poly-PbO
is still unclear, it was linked to the structural peculiarities of poly-PbO film, that is essentially
a porous network of individual long platelets primary oriented in the growth direction. In
contrast, a-PbO is dense, homogeneous and free of lag.

While the elimination of signal lag represents a break- through in PbO technology, more com-
prehensive research is needed to optimize a-PbO technology and to grow detector- grade a-PbO
layers. We recently reported a detailed structural characterization by Raman spectroscopy,
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS), and morphological ex-
aminations with scanning electron microscopy (SEM) of both, amorphous and poly-PbO [115].
Furthermore, a study on the electronic structure of amorphous and polycrystalline PbO films
was recently published by us [104].

The work presented here is a characterization the electronic properties of a-PbO and analy-
sis of its fundamental metastability at elevated temperatures with respect to its polycrystalline
counterpart. Our goal in this study is to explore in detail how thermal annealing affects the
electronic structure of the amorphous PbO deposited on indium tin oxide (ITO) covered sub-
strate. The amorphous phase is stable in ambient conditions. However, it is fundamentally
metastable with respect to the crystalline phase. When the amorphous sample is exposed to
a sufficiently high temper- ature, it undergoes gradual recrystallization. Firstly, this is another
proof of the existence of amorphous Lead oxide, which was only recently synthetized [115].
Secondly, understanding of the recrystallization kinetics and associated changes in electronic
properties is important for applications where elevated temperatures will be involved during the
manufacturing or utilization.

The density of states near the Fermi level is probed using synchrotron-based resonant X-ray
emission (RXES), non-resonant X-ray emission (NXES), X-ray absorption spectroscopy (XAS),
and resonant inelastic X-ray scattering (RIXS) methods. These spectroscopic techniques are
invaluable tools to probe the unoccupied density of states in the conduction band, and occupied
density of states in the valence band, from which many electronic properties can be determined
such as the all-important band gap value.

Furthermore, X-ray spectra are calculated using density functional theory (DFT) to accurately
interpret experimental results and estimate shift in XAS due to presence of core-hole in order
to determine band gap values more accurately. We provide strong evidence that the amor-
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phous PbO films are very stable when exposed to a temperature as high as 300 ◦C. However, an
amorphous-to-crystalline (α-PbO) transition occurs after exposure to 400 ◦C, and a transition
to beta phase is observed after exposure to 500 ◦C and higher temperature.

6.2 Results and Discussion

6.2.1 X-ray Absorption Spectroscopy

Soft X-ray absorption spectroscopy is a powerful tool to probe the unoccupied DOS near the
Fermi level for materials. The XAS spectra shown in Fig. 6.1 were collected at O K-edge in
partial fluorescence yield (PFY) mode after the samples had been annealed at various tempera-
tures. The reader should not confuse annealing temperature with the measurement temperature,
as all the measurements were done at room temperature. The XAS spectra (Fig. 6.1) reveal that
the conduction band electronic structure is highly dependent on the annealing temperature for
these PbO films. The changes in the unoccupied DOS, due to structural transformations, occur
rather suddenly at specific annealing temperatures.

We will first discuss the two samples annealed at 200 ◦C (A200), and 300 ◦C (A300), and the
reference sample on which no thermal annealing was done (labelled ‘untreated’). The XAS
spectra for these three samples are identical and we make three important observations: i) the
absorption onset, which is due to transitions of O 1s electrons to the lowest unoccupied states,
remains the same, ii) peaks in these spectra are relatively smeared out, and iii) the presence of
a shoulder ‘a’ to the first main feature.

‘i’ and ‘ii’ can be explained by the amorphous nature of these materials verified by XRD mea-
surements. Due to lack of crystal lattice periodicity, the energy bands become more dispersive,
resulting in all the features in the XAS spectra being broadened and introducing states within
the otherwise forbidden energy gap. In an earlier study [104], we have shown that the shoulder
‘a’ to the first main peak ‘b’ is due to the presence of oxygen vacancies supported by DFT
calculations. Thus, we conclude that the amorphous PbO films show very strong structural
stability if exposed to a temperature that is 300 ◦C or below.

Significant changes to the electronic structure in the conduction band are observed for the sam-
ple annealed at 400 ◦C (A400) as seen in Fig. 6.1. Specifically, the absorption onset shifts to
higher energy due to the elimination of states originally present due to O vacancies and lack of
long-range order of the crystal potential. However, this sample annealed at 400 ◦C is unstable
as it shows changes in XAS with time. We measured XAS on this sample at two different times,
once three days after the annealing process and once two months after the annealing process.
The differences in the XAS performed on freshly annealed (A400 – fresh) and two months old
annealed (A400 – old) sample can be seen in Fig. 6.1. Notably, the relative proportion of
the first two absorption features drastically changes as the peak ‘b’ becomes weaker while ‘c’
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Figure 6.1: Top panel: OK-edgeXAS spectra for PbOfilms annealed at different
temperatures. Up to 300 ◦C the samples remain amorphous, and the XAS exhibits
broader features with additional states near the bottom of the conduction band
attributed to O vacancies. There is an amorphous-to- polycrystalline transition
at 400 ◦C, and an alpha to beta phase change at 500 ◦C, however, peak ‘b’ is
unexpectedly suppressed for these two samples annealed at 500 ◦C and 600 ◦C.
Green and orange curves illustrate the instability of the polycrystalline sample
with time. Bottom panel: 2nd derivative of the spectra to extract conduction

band edge.
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gets stronger with time. These results suggest that an amorphous- to-crystalline transformation
occurs at an annealing temperature of 400 ◦C. XRD measurements confirm that the freshly
annealed sample at 400 ◦C is mainly in α-PbO phase.

The two samples annealed at 500 ◦C (A500) and 600 ◦C (A600) display the most striking
modifications to the XAS spectra as evident from Fig. 6.1. Both of these samples have nearly
identical XAS spectra. Among all the samples investigated, the feature ‘d’ at 544.8 eV is the
most prominent for these two samples.

However, the most surprising aspect of these two spectra is almost complete suppression of peak
‘b’ while peak ‘c’ is enhanced. XRDmeasurements reveal that the two samples annealed at 500
◦C and 600 ◦C are in the beta phase of PbO (β- PbO). However, XAS performed on a powdered
β-PbO reference sample, and also the calculated XAS spectrum using DFT show very poor
agreement with the XAS spectra for these two films (Fig. 6.2). On the other hand, there is an
excellent agreement between the measured XAS for the reference β-PbO and calculated XAS.
We need to further investigate why XRD measurements suggest these samples are in β-PbO
phase, while XAS measurements have poor agreement with measured and calculated β-PbO.
Several hypotheses discussed below were tested to answer this question.

6.2.2 Hypothesis

Anisotropy of Samples/Polarization Dependence

We now test some plausible hypotheses in order to explain the suppression of peak ‘b’ in the
XAS for the samples annealed at 500 ◦C (A500) and ◦C (A600). We do this by modelling
a number of structures and comparing the trends to our measurements. β-PbO has a layered
crystal structure with each layer containing four sub-layers [129]. The two inner O sub-layers
are sandwiched between two outer Pb sub-layers.

With this structure in mind, our hypothesis is that the difference in XAS arises due to the fact
that re-crystallization of annealed amorphous layers has a preferred growth direction, and that
the XAS for the powdered sample has contributions from all random orientations. In other
words, the sample on film is anisotropic, while the powdered sample is isotropic. Based on
this anisotropy, we expect the XAS spectra to depend on the incident X-ray beam angle for the
sample on ITO substrate.

A variation in the incident angle between 30◦ and 70◦ (measured from the normal to the film-
surface) did not result in any appreciable changes in XAS. The film was also rotated around an
axis parallel to the normal to the film-surface at various angles but the resulting XAS spectra
still exhibited very weak peak ‘b’. Furthermore, changing polarization of the incident beam
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these two annealed samples is inconsistent with that of the beta phase.
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from horizontal to vertical did not have any effect either. Thus this hypothesis has been ruled
out as a possible explanation.

Defects

We also tested various types of local defects/modifications toexplain the suppression of peak
‘b’. Several different model structures were created by introducing a modification/defect toa 2 ×
2 × 2 supercell generated from experimentally determined crystalline structure. The modified
structure was then optimized performing force and volume minimization DFT calculations [74].

In an O vacancy model, one of the O atoms was removed from the supercell, and the resulting
structure produced calculated XAS spectra that could not account for the suppression of feature
‘b’. Similarly, the other two models tested include an O interstitial model where one O atom
was introduced between two adjacent layers of PbO, and an O vacancy plus O interstitial model
where both an O vacancy and an interstitial O were introduced simultaneously. Neither of these
two models were successful at reproducing the trends in experimental XAS for the samples
annealed at 500 ◦C and 600 ◦C.

Non-uniformity of the Samples

Disagreement between the XAS performed on annealed samples (which shows poly-PbO struc-
ture on XRD), and XAS performed on powdered β-PbO can be explained by assuming a depth
dependent structural profile of these two samples annealed at 500 ◦C and 600 ◦C. XRD mea-
surements were performed using X-rays from Cu Kα-edge which have attenuation length of
about 5 microns for these samples. On the other hand, the attenuation length is two orders of
magnitude smaller (about 70 nm) at the O K-edge. This suggests that atleast within 70 nm of
the surface, the samples are not in a beta phase.

Now the next question arises whether, within 70 nm of the surface, the sample is a different
lead oxide compound. To answer this question, we calculated XAS spectra for other commonly
known compounds and phases of lead oxides,namely, α-PbO2, Pb2O3, Pb3O4, β-PbO2 and
Pb12O19. None of these calculated spectra were consistent with the measured XAS for the two
samples annealed at 500 ◦C and 600 ◦C.

6.2.3 Non-Resonant X-Ray Emission Spectroscopy

X-ray emission spectroscopy allows to probe the occupied partial density of states of a material.
This technique is site specific as one can tune incident energy to selectively excite atomic sites
of interest. For the case herein, emission spectra at the O K-edge were collected for all of these
samples in order to probe the valence band of these materials. We first discuss non-resonant
emission spectroscopy (NXES) measurements where the incident energy is tuned to well above
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the O K-edge absorption onset and fine-structure peaks.

NXES spectra for 25 ◦C, 400 ◦C, and 500 ◦C are shown in Fig. 6.3 where once again we have
omitted the other samples because the emission spectra for all the samples annealed upto 300
◦C are identical, and so is the case for the samples annealed at 500 ◦C and above. There are
four main features in these emission spectra. Peak ‘e’ appears in all of the samples,while ‘f’
is present only for the sample annealed at 500 ◦C, discussed in more detail below. Similarly,
closest to Fermi level, peak ‘g’ is present for both 25 ◦C and 400 ◦C samples, but it shifts to the
right for the 400 ◦C sample. For the sample annealed at 500 ◦C, the feature near the Fermi level
is actually a convolution of two peaks labelled ‘g’ and ‘h’. While feature ‘g’ is present for all
the samples, the peak ‘h’ appears only for the 500 ◦C sample. A detailed peak deconvolution
analysis is discussed later.

As alreadymentioned, the samples annealed at 25 ◦C, 200 ◦C, and 300 ◦C are all amorphous and
we refer the reader to an earlier study by our group for detailed discussion of emission spectra
for the amorphous PbO samples [104]. Specifically, we showed in this study the existence of
additional features in emission spectra well within the valence band due to presence of oxygen
vacancies. The sample annealed at 400 ◦C is polycrystalline and its emission spectrum does
not exhibit any additional or defect density of states in the emission spectrum. Again, for more
detailed discussion, we refer the reader to our earlier work. Here we will focus on the two
samples annealed at 500 ◦C and 600 ◦C, and discuss the changes in emission with excitation
energy.

6.2.4 Resonant X-Ray Emission Spectroscopy

Because thermal annealing has the most dramatic effects on the bottom of the conduction band
for these materials, we would like to probe these electronic states in a more detailed manner
using resonant X-ray emission spectroscopy (RXES). During RXES measurements, the inci-
dent energy is selected to be near one of the absorption edges (here O K-edge). The changes in
emission spectra are observed as the excitation energy is varied. The excitation and relaxation
processes are coupled in this case.

A common way to display resonant emission spectra is called RIXS (resonant inelastic X-ray
scattering) map. RIXSmaps for the untreated, A400, A500, andA600 samples are shown in Fig.
6.4, where each horizontal slice represents RXES spectrum at a particular excitation energy.
Since A500 and A600 samples show the strongest changes in RIXS map when compared to the
untreated sample, we will focus on these two samples in this section. Both of these samples
have identical RIXS map hence in this section we will discuss only A500, while keeping in
mind the discussion applies to A600 as well.

Fig. 6.5 displays the measured RXES at various excitation energies for A500 with smaller
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untreated (amorphous) sample, and for samples annealed at 400 ◦C, and 500 ◦C
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Table 6.1: Energies of various features present in RXES shown in Fig. 6.5.

Feature e f g h

Energy (eV) 520.1 521.6 525.9 526.6

embedded plot illustrating where in the conduction band the sample was excited to obtain the
corresponding color coded emission spectra. The relative strength of the two features near
the Fermi level, labelled ’g’ and ’h’, changes with excitation energy. As the excitation energy
increases along the absorption edge, the feature ‘h’ becomes stronger. No further changes
in emission are observed when exciting at 534.06 eV (feature ‘c’ in absorption spectrum) or
higher energies, evident from the identical blue and red curves in Fig. 6.6, which correspond to
excitation energies of 534.06 eV and 555.31 eV, respectively. Both of these bands have different
Pb orbital characteristics. The band ‘h’ results from mixing of O 2p and Pb 6s orbitals, while
band ‘g’ arises from O 2p and Pb 6s hybrid orbitals.

Two different features ‘e’ and/or ‘f’ appear near the bottom of the valence band depending on
the excitation energy. Peak ‘e’ is present at all excitation energies, while ‘f’ is absent at very
low excitation energies(below 531.31 eV). Table 6.1 summarizes the position of these features
on energy axis. Features in the lower end of the valence band have very strong Pb 6s and O 2p
characteristics.

To see more clearly that the feature ‘f’ appears only when exciting well within the conduction
band, we have fit Gaussian functions to the two spectra collected at excitation energies of 531.31
eV and 534.06 eV. These two energy values correspond to excitation energies at feature ‘b’ and
‘c’ from the absorption spectrum (Fig. 6.2). Fig. 6.6 clearly reveals that this feature is absent
when the incident photon energy is selected to be 531.31 eV. Furthermore, the relative ratio of
two features near Fermi level (‘h’ to peak ‘g’) increases with higher excitation energy, which
explains why the maximum in RXES near the Fermi edge shifts to the right with increasing
incident photon energy.

The more surprising result, however, is the appearance of feature ‘f’ only present at the 534.06
eV excitation energy, which is not present in either calculated XAS or measured XES for β-PbO
powdered sample (the dotted lines in Fig. 6.5). We expect this feature to stem from Pb 6s
and O 2p mixing. A plausible explanation is the presence of non-equivalent oxygen sites that
bind to Pb atoms differently giving rise to feature ‘e’ and ‘f’ in the emission. Thus, unlike
the absorption spectra where a peak is suppressed for A500, an additional unexpected feature
appears in the emission near the lower end of the valence band.
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at two different excitation energies (at feature ‘b’ and ‘c’ in absorption in Fig. 6.6)
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only at the higher excitation energy. The same is true for the sample annealed at

600 ◦C (not shown).
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6.2.5 Band Gaps

Having discussed the absorption and emission spectra, we are now in a position to extract where
on the energy axis the valence band edge, Ev, and the conduction band edge, Ec, lie allowing us
to determine band gap. Since XAS probes the conduction band while NXES probes the valence
band, Ec and Ev values can be obtained from these spectra, however, there is a caveat we need
to address first.

The final quantum state during an XAS measurement has an O 1s core-hole, which interacts
with the excited electron via coulomb interaction effectively shifting the onset in absorption to
a lower energy. Thus, in order to determine accurately the bottom of the conduction band, it is
necessary to correct for this energy shifting due to the core-hoe. The amount of shifting can
be estimated by calculating XAS spectrum for the excited state modelled by a supercell where
one 1s core electron from an O atom is removed and is added to the crystal background, and
comparing the conduction band onset with the calculation for the unperturbed ground state.
For both α-PbO and β-PbO, this shifting was calculated to be small (0.05 eV) compared to
experimental uncertainty in the extracted band gap values (±0.2 eV).

The band edges (uncorrected for core-hoe shift) are found by locating maxima near band edges
in the second derivative of the spectra. This method yields band gap values which are more
reproducible, accurate, and less subjective than the conventional linear extrapolation method.

The bottom panel in Fig. 6.1 shows second derivative of XAS spectra for untreated, A400,
and A500 samples, while the second of the XES spectra for these samples are displayed in Fig.
6.3. The experimentally determined band gap value for the amorphous samples (untreated,
A200, and A300) is 1.4 ± 0.2 eV, which is considerably smaller than for the other PbO films.
Narrowing of the band gap for the amorphous samples is expected as a higher degree of disorder
leads to smearing of the band edges by introducing states within the otherwise forbidden energy
region. It is interesting to note that this reduction in band gap is caused solely by a shift of
conduction band states (not the valence band).

At 400 ◦C, there is an amorphous-to-polycrystalline transformation causing the band gap to
increase to 2.0± 0.2 eV. As the annealing temperature is further increased to 500 ◦C and 600 ◦C,
the energy gap increases again to 2.6± 0.2 eV. This increase in gap is mainly due to suppression
of peak ‘b’ in the XAS spectra discussed earlier. We have reported in an earlier study [104]
that the calculated band gap values using DFT are 1.7 eV, and 2.3 eV for α-PbO and β-PbO
respectively.

The colour changes with annealing temperature are consistent with band gap changes. The
samples with lower band gaps (A200, A300, A400, and untreated) are red, while A500 and
A600 are light yellow in colour due to increased value of band gap.
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6.3 Conclusion

In this studywe have provided strong evidence that the electronic structure of initially amorphous
PbO films can undergo a significant change when exposed to temporarily high temperatures.
All the measurements were done at room temperatures (not to be confused with annealing
temperature which refers to temporary exposure to high temperatures). The amorphous PbO
films display a very high structural stability up to an annealing temperature of 300 ◦C and the
band gap remains 1.4± 0.2 eV. This value is relatively smaller due to the presence of additional
DOS near the bottom of the conduction band.

As the annealing temperature is increased to 400 ◦C, the amorphous sample transforms to
polycrystalline and due to the elimination of additional DOS near the bottom of the conduction
band, the energy gap widens to 1.9± 0.2 eV. However, this sample annealed at 400 ◦C is unstable
as its physical and electronic structures change with time.The strongest effect on the electronic
structure is observed for the samples annealed at 500 ◦C and 600 ◦C. These samples crystallize
into beta phase of PbO in the bulk but display different structural and electronic properties close
to the surface.

Soft X-ray spectroscopy in conjunction with XRD measurements and DFT calculations provide
strong evidence that these samples within 70 nm from the surface are not in beta phase, and
display a very unexpected suppression of O 2p DOS near the conduction band edge, exhibiting
additional feature near the lower end of the valence band.

In order to explain this suppression O 2p DOS, we tested O vacancy, O interstitial, and O
vacancy plus interstitial (an O vacancy and an O interstitial was introduced simultaneously
in the same structure) model systems using DFT calculations. The calculated X-ray spectra
could not reproduce experimentally measured spectra and hence these plausible models were
ruled out as an explanation for the reduction of states in the conduction band. Similarly, DFT
calculated spectra for other common lead oxides, namely, α-PbO2, Pb2O3, Pb3O4, β-PbO2 and
Pb12O19 were also inconsistent with our measured spectra. The band gap for these twosamples
was determined to be 2.6± 0.2 eV. We believe findings of present study are of great importance
towards successfully implementing PbO based direct conversion photodetectors.

6.4 Experiments and Techniques

6.4.1 Preparation of Samples

Seven differently prepared PbO film samples are investigated in this project. Six of these sam-
ples are deposited on ITO covered glass substrate, while one of the samples is in powder form
(β-PbO). The six samples on ITO covered substrate were all initially prepared using the same
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method and were amorphous. In this technique, high purity (5N) PbO powder is evaporated at
almost 1000 ◦C. Evaporated PbO particles condense on the 2.5 × 2.5 cm2 ITO covered glass
substrate. PbO layers are deposited with the ion-assisted thermal evaporation technique where
molecular oxygen is supplied to the chamber through the commercial ion source, ionizing the
oxygen and accelerating the ions. This presence of energetic oxygen ions during the deposition
process is initially responsible for the amorphous nature of these materials [115].

In order to investigate how exposure to heat changes the electronic structure of these films,
five of these six samples were then thermally annealed for one hour at different temperatures,
nemely, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C, and 600 ◦C (labelled A200, A300, A400,A500, and
A600, respectively). In order to prevent any chemical reaction between PbO and ambient gasses,
annealing took place under the protective atmosphere of Ar gas. All of these samples had the
same thickness of about 2 µm measured with a stylus profilometer (KLA-Tencor AlphaStep
D-100). Note that one of the samples was not annealed and it is referred as ‘untreated’ in this
study.

6.4.2 Data Collection

Three different beamlines, REIXS [132] and SGM [133] at CLS, and BL 8.0.1 at ALS [134]
are used for our measurements. Resolving power values, E/∆E, for the monochromator at the
SGM, REIXS, and BL 8.0.1 are 5000, 8000, and 7000, respectively. These correspond to an
energy resolution ∆E of 0.1 eV, 0.06 eV and 0.07 eV at 500 eV for XAS, respectively. E/∆E
values for the spectrometer at the REIXS and BL 8.0.1 are 2000 and 800, respectively, which
translate to an energy resolution of 0.25 eV and 0.6 eV at 500 eV for XES, respectively. All
spectra are collected at the O K-edge at room temperature.

All of the spectra are calibrated by measuring O K-edge XAS and XES spectra for bismuth
germanium oxide (BGO), and comparing the features to the known energy values (517.9 eV
and 526.0 eV in XES, and 532.7 eV and 538.6 eV in XAS).

6.4.3 DFT Calculations

The WIEN2k [74] software package is used to perform calculations in the framework of den-
sity functional theory. Experimentally determined crystal structures for pure phases of α-PbO
[129] and β-PbO [127] were used as input. The PBE-GGA exchange correlation potential was
employed. The energy value to separate core and valence states used was −6 Ry. A value of
7.00 is used for RMTKMAX. RMT values are set to almost touching atomic radii spheres. The
following convergence criteria are used for ground state calculations: E = 0.0001 Ry, F =1
mRy/au, Charge = 0.001 e. GGA calculations are known to underestimate band gaps. mBJ
exchange potential, proposed by Becke and Johnson, which takes PBE-GGAcalculation results
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as input, is used to calculate the band gap values [135].

To incorporate the core-hoe effect, a supercell of 2 × 2 × 2 was used in which one of the core
electrons (1s) was then removed from one of the oxygen atoms in the supercell and is added to
the background lattice to maintain overall charge neutrality.

We have previously tested various types of local defects/modifications [104]. Several different
model structures were employed by introducing modifications or defects to a 2× 2× 2 supercell
generated from experimentally determined crystalline structure. The modified structure was
then optimized performing force minimization DFT calculations [74]. These modifications to
the crystal structures in reference [104] resulted in introduction of additional features,instead
of suppression of a feature that is observed here uponannealing. Hence, we can rule out these
models.
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Chapter 7

Two-dimensional MoO3
In this chapter, the work involving comparison between the electronic structure of two dimen-
sional MoO3 and bulk MoO3 is presented. Mo being a 4d transition metal, strong electron
correlation effects are expected for both these materials. However, in materials with reduced
dimensionality, there is theoretical prediction and experimental confirmation that many-body
effects are enhanced. In this studywe use the synchrotron based experimental and computational
techniques to probe and explain these effects inMoO3 of lower dimensionality. Two-dimensional
MoO3 was prepared by Sumeet Walia at the RMIT University, Melbourne, while bulk MoO3
was purchased from Sigma-Aldrich in powder form.

The manuscript presented here is currently being submitted for publication (July 2021). My
contribution includes collecting experimental data, analysing it, performing DFT based calcu-
lations, making figures and writing this draft.
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Chapter 7. Two-dimensional MoO3

Abstract

TheMo 4d shell in the ground state of MoO3 is widely believed to be unoccupied. However, this
assumption lacks clear experimental and theoretical corroboration. Using X-ray absorption and
emission spectroscopy along with resonant inelastic X-ray scattering, we provide experimental
evidence of two-dimensional MoO3 exhibiting enhanced many-body effects due to its reduced
dimensionality. The observed phenomena include many-body effects such as dd and spin-
flip excitations, valence-hole and excited electron, and core-hole and excited electron bound
excitonic states. Moreover, density functional theory and ligand field-based calculations were
performed to investigate and interpret the experimental spectra. Considering that these many-
body effects can only be observed by the interaction of X-ray photons with MoO3 if the 4d states
are partially occupied, our experimental and theoretical approach clearly demonstrates a partial
occupation of the Mo 4d states, refuting the assumption that the ground state is a 4d0 state.
Both the two- and three-dimensional samples exhibited strong core-hole effects that reduce the
absorption onset at both the Mo M2,3- and O K-edge. The band gap of the three-dimensional
sample is experimentally found to be 3.1 ± 0.2 eV; however, for the two-dimensional material,
strong many-body effects, even at the O K-edge, prevent an accurate determination of this value.
The presence of these quasiparticles influences the band dispersions near the Fermi level, and
thus has a key role in the performance of possible MoO3-based devices.

7.1 Introduction

The discovery of graphene, an isolated monolayer of carbon atoms, in 2004 [36, 37] has stim-
ulated research interest into several other two-dimensional (2D) novel materials. Owing to
their large surface-to-volume ratio and quantum confinement effects caused by reduced di-
mensionality [137, 138], 2D nanosheets can exhibit exotic electronic properties, which can be
significantly different from their three-dimensional (3D) bulk counterparts. As the race to pro-
duce ever smaller and faster electronic chips approaches its end owing to quantum mechanical
limits, the discovery of low-dimensional materials has opened new possibilities.

Despite being a generally strong and flexible material, the commercialization of graphene on a
large scale has faced several challenges. The synthesis of high-quality graphene is a complex
and expensive process and involves the utilization of toxic chemicals at high temperatures, pos-
ing health risk [139]. Furthermore, first-principle calculations have demonstrated that graphene
sheets are thermodynamically unstable for sizes less than 20 nm [140, 141]. Owing to their
versatile and tunable structural properties, transition metal chalcogenides (TMCs) and oxides
(TMOs) are appealing alternatives suitable for a wide range of applications, including electronic
logic devices, photovoltaic devices, photodetectors, electrocatalysts, biosensors, energy storage
devices and biomedical diagnosis and therapy [142–148].
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These materials can exist as a single planar layer, multiple layers of a given TMC/TMO, or even
as a superlattice [149–152] of two or more different TMC/TMO nanosheets. The electronic
properties of these materials can be tailored as required by controlling factors such as material
thickness, stacking order, external strain, and ion intercalation during their synthesis. Accord-
ingly, the performance of electronic devices can be optimized. Owing to their different charge
storage mechanisms, TMOs exhibit higher theoretical specific capacitance than graphene [153,
154], making them an excellent choice for use in supercapacitors as well. In a recent study, a
capacitance of 200 F/g at 10 mV/s was successfully achieved experimentally for 2D MoO3,
which is comparable or even superior to that of other nanostructured metal oxides [155].

This study focuses on a particular TMO, namely nanosheets of MoO3. MoO3 exhibits a thermo-
dynamically stable 2D crystal structure and excellent charge-storage capabilities. Reportedly,
in its ground state, the Mo 4d orbitals in MoO3 are unoccupied [92, 156, 157]. However,
this assumption has not been verified using either first-principle calculations or experimental
techniques. Synchrotron-generated soft X-rays allow the Mo d orbitals to be probed directly;
thus, the validity of the above assumption can be tested. If the ground state is a 4d0 state, the
absorption and subsequent emission of an X-ray photon should not change the configuration of
the Mo d orbitals at the Mo M2,3-edges; hence, neither dd transitions nor spin-flip excitations
should be observed during inelastic X-ray scattering.

We report a comprehensive experimental and theoretical study of the valence (VB) and con-
duction (CB) band electronic structures of 2D MoO3 (MoO3-2D) and compare them with their
3D counterparts (MoO3-3D). These materials are investigated using core-level soft X-ray ab-
sorption and emission spectroscopy (XAS and XES; depending on the context, ‘S’ represents
either ‘spectroscopy’ or ‘spectrum’ in this article), which are powerful methods to probe the
unoccupied and occupied partial electronic density of states (DOS), respectively, in addition to
many-body effects and spin excitations.

Both oxygen K- and molybdenum M2,3-edges are studied, and significant differences between
MoO3-2D and MoO3-3D are observed. For example, the 2D sample demonstrates different
types of excitations, including excitons, magnons, and dd transitions. Both density functional
theory (DFT) and ligand field-based calculations, in addition to the experimental measurements,
indicate that the ground state of these materials is not of the 4d0 configuration. Significant core-
hole effects are observed for both samples at the O K- and Mo M-edges, which provides
additional evidence for the strong electron correlation effects. These findings are important
for optimizing the performance of electronic devices based on MoO3-2D. The presence of
quasiparticles alters the band dispersions near the Fermi level, which can strongly influence the
transport properties of charge carriers.
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7.2 Methods and Materials

7.2.1 Samples and Measurements

The 2D MoO3 film was grown on a Pt-coated SiO2 wafer using the chemical vapor deposition
technique [158]. The 3DMoO3 was purchased from Sigma-Aldrich in powder form and pressed
into clean indium foil for measurements.

All data were collected at room temperature under ultra-high vacuum conditions with pressures
not exceeding 5× 10−7 Torr. Experimental data were collected using the REIXS [132] beamline
at the Canadian Light Source (CLS), Canada, and the BL 8.0.1 [134] beamline at the Advanced
Light Source (ALS), USA. For the XES measurements, the spectrometer resolving powers
(E/∆E) at REIXS and BL 8.0.1 were 2000 and 800, respectively; for XAS measurements, the
monochromator resolving powers at these two beamlines were 7000 and 8000, respectively.

The experimental spectra were energy-calibrated using measured XAS and XES for bismuth
germanium oxide (BGO) and elastic scattering from a metal plate (copper). Known BGO XAS
features are located at 532.7 and 538.7 eV, whereas the XES features are located at 519.9 and
526.6 eV. Elastic scattering features in XES were also used to calibrate the monochromator and
spectrometer at these beamlines.

7.2.2 Calculations

The DFT-based code WIEN2k [74] was used to compute the electronic structure and X-ray
spectra of the samples. WIEN2k incorporates full-potential linearized augmented plane-wave
+ local orbital (lo) methods for electronic structure calculations. Generalized gradient approxi-
mation based on the exchange correlation functional proposed by Perdew, Burke, and Ernzerhof
in 1996 [61] was employed for all the DFT-based calculations.

The final state during XAS measurements contains a core-hole, which lowers the absorption
onset energy and changes the spectral shape. To simulate the core-hole effect, a core electron
was removed from one of the atomic sites of interest in a 2 × 2 × 1 supercell for the 3D model
and added to the crystal background to maintain overall charge neutrality. For the core-hole
calculations of the 2Dmodel structure, the unit cell for the ground state calculations was already
sufficiently large to ensure a hole density similar to that of the 3D model. For larger cell param-
eters in real space, a proportionally smaller k-mesh in the first Brillouin zone of the reciprocal
space was chosen.
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Multiplet calculations for the transition metal element (Mo) were performed using Quanty
[159]. A ligand field Hamiltonian was set up to elucidate the non-integer occupancy of the
Mo 4d shell in the ground state of MoO3. The crystal field parameters and spin-orbit coupling
constant were optimized by least square fitting of the calculated XAS and XES to the measured
values. To account for the interactive configuration between Mo and O, the Slater integrals
F(2k)

dd representing the intra-atomic Coulomb interaction were scaled to 98% of their atomic
value, the Slater integrals F(2k)

pd for direct Coulomb interactions between the p and d orbitals
were scaled to 72%, and the exchange interaction integrals G(2k+1)

pd were scaled to 77% of their
atomic value. A super-exchange field of 0.120 meV acting on the z-component of the spins of
the 4d electrons was introduced to investigate the spin-flip excitations.

7.3 Crystal Structures

α-MoO3-3D exhibits an ABAB-type layered stacking structure, as displayed in Fig. 7.1a, where
individual layers are approximately 6.1 Å thick. Different layers are held together via weak van
der Waals forces, whereas the atoms within a layer are bonded by a strong network of covalent
bonds. The van der Waals spacing between adjacent layers is 0.8 Å. α-MoO3-3D possesses an
orthorhombic crystal structure belonging to the space group pnma (62). It consists of a distorted
MoO6 octahedral geometry where allMo sites are equivalent; however, O sites are found in three
distinct local environments (nonequivalent O sites are named O1, O2, and O3 in Fig. 7.1). O1,
indicated in black, is bonded to one Mo atom. The corner-sharing O2 site displayed in yellow
is bonded to twoMo sites; the edge-sharing O3 site indicated in red is bonded to threeMo atoms.

Based on the experimentally determined structure of α-MoO3-3D using neutron diffraction
[160], a two-layer model was constructed to represent MoO3-2D. In the plane of the layers
spanned by vectors a and c, a 2 × 2 supercell was created. Along b, the unit cell was extended
such that the supercell contained two layers and a 10 Å vacuum (Fig. 7.1b). This model had
a stacking of ABVABV-type, where V represents a 10 Å thick vacuum slab, which guarantees
minimal interaction between the different pairs of planes.

The supercell was then optimized by performing DFT-based force minimization calculations.
Fig. 7.1b demonstrates the resulting optimized structure. Although the initially equivalent O
and Mo sites are no longer equivalent in this optimized structure, we have maintained the same
colour coding and labelling for these atoms to identify the sites that were initially equivalent.
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Figure 7.1: (a) Crystal structure of bulk α-MoO3. (b) Model crystal structure
of 2D MoO3. A 2 × 2 supercell is created in the ac plane, with a 10 Å vacuum

distance included along direction b.
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Figure 7.2: Comparison ofMoM2,3-edgeXASmeasured in TFY andTEYmodes
for 2D and 3D samples. Notably, feature ‘B’ is dominantly present in 2D sample
in addition to peaks ‘A’ and ‘C’ being shifted to lower excitation energies owing
to stronger many-body effects caused by reduced dimensionality [137, 138].

7.4 Results and Discussion

7.4.1 Mo M-edge

Fig. 7.2 demonstrates the Mo M2,3-edge XAS for the two samples. Spectra for the 2D (blue)
and 3D (red) samples were measured in total fluorescence yield (TFY) and total electron yield
(TEY) modes. Owing to the extremely low transition rate, the TFY spectrum of the 3D sample
was noisier.

The two key differences between the two samples were: (1) the presence of an additional feature
(labelled ‘B’) immediately above the M3 peak (labelled ‘A’) in the MoO3-2D sample and (2)
the reduction in spin-orbit splitting, resulting in a shift of the M2 peak (labelled ‘C’) to lower
excitation energy for the MoO3-2D sample. The presence of this additional feature (‘B’) was
more prominent in the TFY signal. Mo 3p1/2 and Mo 3p3/2 core-hole calculations indicate that
both peaks ‘A’ and ‘C’ are strongly influenced by the presence of a core-hole. A greater shift to
lower excitation energies for peak ‘C’ in theMoO3-2D sample implies that this material exhibits
strong exciton effects when a 3p1/2 core-hole is present.

Fig. 7.3 illustrates the calculated and measured Mo M2,3-edge XAS and XES for the two
samples. The measured XES is displayed only for the 2D sample because the 3D sample had

117



Chapter 7. Two-dimensional MoO3

extremely low emission rates. The ‘DFT-GS’ labelled XAS and XES were calculated without
the inclusion of a core-hole. XAS exhibited a strong core-hole effect. However, due to the
correlated nature of these materials, the DFT-based calculated XAS did not agree well with the
measured XAS.

In Fig. 7.3, the XAS labelled ‘Quanty’ was calculated with the Quanty code [159] using a
ligand field multiplet approach. This calculation for the 2D sample was in excellent agreement
with the measurements. For the multiplet calculation, a ligand field Hamiltonian was set up to
account for the non-integer population of the 4d orbitals in the ground state.

The crystal field contribution to the Hamiltonian was introduced using the following parameters:
10Dq = 0.606 eV, Ds = −0.754 eV, and Dt = −0.338 eV, suggesting a distorted octahedral
field. The spin-orbit coupling parameter ζ3p was scaled to 90% of its atomic value. Optimiza-
tion of these parameters resulted in a 4d occupancy of 3.53 for the ground state.

Bader charge analysis performed on the DFT-based calculated electron density resulted in a
charge of +2.64 on the Mo atoms. Because isolated Mo atoms have an electron configuration
of 4d55s1, the Bader charge analysis indicated that the electron configuration of Mo atoms in
MoO3 is 4d3.36. Thus, the DFT and multiplet calculation methods yielded similar oxidation
states (= 6− occupancy of 4d) for Mo in MoO3.

Excitons

Many-body effects in 2D materials are magnified due to the strong interaction between the hole
and excited electron [161], resulting in significant changes in the absorption probability. In
particular, strong absorption features appear below the CB edge because of nonzero binding
energy between the electron and hole. The binding energy can be of the order of 1 eV for certain
2D materials [162]. In this section, we explore the presence of such states in the MoO3-2D
sample and use DFT calculations to verify their nature.

The left-side panel in Fig. 7.4 displays the measured XAS near the region of the Mo M3-edge
absorption onset. The TFY signal exhibits a feature at 391.8 eV, which is absent in the TEY
signal. Due to the absence of this feature in TEY, the CB edge could be determined by locating
the maximum in the second derivative [128] of the TEY counts near the absorption onset.
The CB edge was located at 392.7 eV; thus, this additional feature in TFY is found at 0.9 eV
below the CB edge. Owing to weak photon emission, the TFY for the 3D sample had a poor
signal-to-noise ratio; hence, the presence of this feature could not be determined.

Although DFT-based calculations are typically not suited to model many-body effects, we can
use this theory as a first approximation [163]. Given that the M3-edge absorption is due to
excitation of a 3p3/2 electron to the 4d shell (VB), the excited electron interacts via Coulomb
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Figure 7.3: Calculated andmeasuredMoM2,3-edgeXES (top) andXAS (bottom)
for 2D (blue) and 3D (red) samples. Spectrum labelled ‘Quanty’ is calculated
using Quanty multiplet code with a ligand field Hamiltonian. ‘DFT-CH’ and
‘DFT-GS’ are DFT-based calculated spectra with and without inclusion of a Mo

3p3/2 core-hole.
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Figure 7.4: (Left panel) Measured Mo M3-edge XAS for 2D sample. TFY
signal indicates an additional excitonic feature around 391.8 eV. (Right panel)
Calculated unbroadened XAS with and without a Mo 3p3/2 core-hole. Presence
of core-hole results in strong absorption features near 391.8 eV suggesting ob-
served feature near this energy is due to interaction between core-hole and excited

electron.

interaction with the hole created in the 3p3/2 orbital. This interaction can be modelled by
creating a 3p3/2 hole on one of the Mo sites before performing the DFT calculations.

The calculated XAS with and without a 3p3/2 hole for MoO3-2D are displayed in the right-side
panel in Fig. 7.4. The calculated spectra indicate three extremely narrow and strong features
in the region between 391.4 and 392.2 eV, and the onset of the continuum in the presence of
the 3p3/2 hole at 392.7 eV. The narrow and discrete nature of the calculated features suggests
that these occurred due to excitons. Based on the position of these features on the energy axis,
we conclude that the observed peak at 391.8 eV is due to the interaction between the 3p3/2 hole
and excited electron. Moreover, as there were several features between 391.4 eV and 392.2 eV
in the calculated spectra, they appeared as one broad feature in the measurements.

These calculated narrow features are strong, which is inconsistent with the measurements.
However, DFT in the presence of even weak many-body effects is known for not accurately
reproducing the relative intensities of different features. Because of the extremely high strength
of the calculated features between 391.4 eV and 392.2 eV, we did not broaden the calculated
spectra to facilitate comparisonwith themeasurements. Additionally, the features corresponding
to the excitonic states only appear in the TFY, but not in the TEY, for the MoO3-2D sample.
Therefore, the relaxation from these intermediate excitonic states occurred preferentially via
radiative processes.
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Magnons and dd Excitations

The resonant inelastic X-ray scattering (RIXS) spectra collected at two different excitation en-
ergies (indicated in the XAS inset) across the Mo M2,3-edges are displayed in Fig. 7.5a and
7.5b for the MoO3-2D sample. Zooming in around the elastic peak (at 0 eV energy loss) region,
several small energy loss features are observed, as displayed in Fig. 7.5c and 7.5d for the two
different excitation energies. To distinguish the existing different features, several Gaussian
peaks were fit to the measured RIXS spectra. For both excitation energies, the location of the
elastic feature and its full width at half maximum (FWHM) were determined via elastic scat-
tering from a metal plate (copper) at these excitation energies. During the peak deconvolution
procedure, the FWHM and position of the elastic features were constrained to the parameters
obtained through the analysis of elastic scattering from the metal plate.

To interpret the nature of these features, ligand field multiplet calculations were performed using
the Quanty code [159]. RIXS spectra were calculated with and without a super-exchange field
of 0.120 meV acting on the spin of the electrons, as indicated in Fig. 7.5e and 7.5f.

Let us first discuss the calculated and measured RIXS at the greater of the two excitation ener-
gies, as displayed in Fig. 7.5d and 7.5f. There are four distinct features labelled ‘i’ to ‘iv’, which
are found at energy loss values of 0.00 (elastic), 0.12, 0.49, and 0.82 eV, respectively. There
was an excellent agreement in energy between the measured and calculated RIXS features if the
super-exchange interaction was included. In particular, feature ‘ii’ in the calculated spectrum
only appeared if the exchange interaction was included, which evidently signifies the presence
of spin excitations. The greater width of the measured spectra was due to the limited resolution
of the spectrometer (0.25 eV) and monochromator (0.10 eV), in addition to broadening caused
by the finite lifetime of the intermediate RIXS state.

Optimization of the physical parameters governing the ligand field Hamiltonian via standard
linear least squares fitting of the calculated spectra to the experiment indicated that the 4d shell
in the ground state had a total electron occupancy of 3.53. This is at odds with the accepted
view that the 4d shell in the MoO3 ground state is unoccupied.22,23 Owing to this nonzero
partial occupancy of the d shell, multiplets (electron-electron interaction) and crystal field split-
ting caused the 4d orbitals to be non-degenerate. We modeled the crystal field with tetragonal
symmetry, which can be understood as a distorted octahedral structure. Thus, dd excitations, as
labelled in Fig. 7.5c and 7.5d, became possible.

The absorption of an incident photon promoted one 3p3/2 electron to a 4d orbital, leaving a hole
in the 3p3/2 state in the intermediate RIXS state. The atom then could relax via the radiative
transition of a 4d electron to fill the 3p3/2 hole. An elastic feature can be observed if the final
state configuration of the 4d orbitals is similar to the initial state; otherwise, the electrons in the
4d orbitals are effectively rearranged, and a dd excitation is observed.
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Figure 7.5: (a) and (b) Measured Mo M3-edge RIXS for 2D sample at two
different excitation energies indicated on inset XAS. (c) and (d) Measured Mo
M3-edge RIXS, zoomed in around the elastic feature, with Gaussian peak de-
convolution analysis. At higher excitation energy, both dd (‘iii’) and spin-flip
excitations (‘ii’) are present. (e) and (f) Calculated RIXS with and without the

inclusion of super-exchange interaction.
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7.4. Results and Discussion

Because feature ‘iii’ was insensitive to super-exchange interactions, we attributed it to dd ex-
citations. A broader and weaker feature (‘iv’) was not reproduced in the calculated spectrum.
Bimagnon features are typically broader. Thus, it is plausible that feature ‘iv’ was observed due
to either bimagnons or dd excitations. A bimagnon corresponds to an excitation that involves
two spin flips, where the energy loss for a bimagnon excitation is approximately twice the energy
loss of a single spin-flip excitation [164]. Because the single spin-flip feature ‘I’ was located
at 0.12 eV and feature ‘iv’ was located at 0.82 eV, we can eliminate the bimagnon possibility.
Therefore, we can attribute this feature to dd excitation as well.

Fig. 7.5c displays the measured RIXS spectrum when the 2D sample was excited at the energy
indicated on the embedded XAS in Fig. 7.5a, while Fig. 7.5e displays the calculated RIXS.
Three features labelled ‘i’ to ‘iii’ were observed in the measured spectrum. Feature ‘iii’ is
due to the background; the other two features are located at 0.00 (elastic) and 0.43 eV. A
comparison with the RIXS calculated with and without the exchange interaction indicates that
‘ii’ is insensitive to the inclusion of a magnetic field. Thus, it was concluded that ‘ii’ appeared
due to the presence of dd excitations. However, two intermediate features between ‘i’ and ‘ii’
present in the calculated spectrum were not observed in the measured spectrum.

7.4.2 O K-Edge

The spectra measured at the O K-edge for the MoO3-3D andMoO3-2D samples are displayed in
Fig. 7.6 and 7.7, respectively. The right-side panels in these figures display the XAS collected
in partial fluorescence yield (PFY) and total electron yield (TEY) modes. O K-edge XAS is a
probe of the O p character of the unoccupied DOS in the CB. Three features labelled ‘A,’ ‘B,’
and ‘C’ were present in the lower part of the CB for both samples. The bonding between O
and Mo must be considered to understand the electronic nature of these features in XAS. The
valence electron configurations of Mo and O are 4d55s1 and 2s22p4, respectively. As a central
atom, Mo is bonded to six O ligands in a distorted octahedral geometry with three nonequivalent
O sites (Fig. 7.1). As a first approximation, we can explain the origin of these XAS peaks in
terms of the crystal field theory (CFT).

The calculated DOS (not displayed) indicates that the band corresponding to peak ‘A’ located
at 530.9 eV is a mixture of Mo dxy, dyz, and dxz (t2g states in terms of CFT), as well as O p
orbitals. The DOS further indicates that peak ‘B’ (532.6 eV) corresponds to a hybrid of O 2p
andMo 4dz2 (eg), and peak ‘C’ (534.1 eV) corresponds to a band that is a hybrid of O 2p andMo
4dx2−y2 (eg). In a perfect octahedral geometry with metal as the central atom, the two eg orbitals
corresponding to dz2 and dx2−y2 are degenerate. However, distortion of the octahedron lifts the
degeneracy of these states. In particular, if the bonds along the principal axis are elongated,
compared to the ideal octahedral geometry, the energy of the eg orbital lying primarily along
this axis decreases and that of the other eg orbital increases. In our case, the dz2 orbital appeared
at a lower energy than the dx2−y2 orbital, indicating an elongation along the z-axis. For both
samples, the indicated three features in the spectra were located at the same energies; however,
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7.5. Conclusion

the relative intensities of ‘B’ and ‘C’ were greater for the MoO3-2D sample.

The left-side panels in Fig. 7.6 and 7.7 present the measured O K-edge XES collected at several
different excitation energies, in addition to the DFT-based calculated XES, for the two samples.
The colour-coded arrows in the right-side panels indicate the features in XAS to which the inci-
dent photon energy was resonantly tuned to obtain the corresponding XES. The blue-coloured
XES curves labelled ‘D’ in these figures correspond to non-resonant XES (NXES), where the
excitation energy was selected to be well above the absorption edge. The resulting XES is
proportional to the VB partial DOS if the many-body effects are negligible. Three features
labelled ‘I,’ ‘II,’ and ‘III’ were present for both samples. However, feature ‘IV’ only appeared in
the MoO3-2D sample and it was the strongest when this sample was resonantly excited at peak
‘B’ in the XAS. This additional band, ‘IV’, overlaps with the CB. Presence of ‘IV’ only for the
2D sample is yet another experimental evidence that, due to the confinement of the electrons in
a plane, many-body effects are enhanced in the MoO3-2D material.

The final state in the resonant emission contains an additional electron in the CB and a hole in
the VB due to the filling of the core-hole by a VB electron. The interaction between the excited
electron and hole likely lead to the emission of high energy photons, as the energy of the final
state is reduced because of the interaction between the VB hole and CB excited electron [165].

The value of the band gap can be determined experimentally for the 3D sample using the 2nd
derivative method. The maxima in the 2nd derivative of NXES and XAS near the band edges
unambiguously determine the band-edge values [128] displayed in the bottom panels of Fig.
7.6. O K-edge NXES and XAS were used to determine the experimental band gap values.
This value for MoO3-3D was 3.2 ± 0.2 eV, which is consistent with the literature value of
approximately 3.1-3.3 eV [166, 167].

The experimentally determined band gap value was corrected for the core-hole effect as the
core-hole in the final absorption state reduces the absorption onset in XAS. Using DFT-based
calculationswith anO1s core-hole included, the upper limit of the core-hole effectwas estimated
to be 1.1 eV, which is unusually high for the O K-edge. For MoO3-2D, the band gap could
not be determined accurately using core-level spectroscopy because of the presence of strong
many-body effects even at the O K-edge. This was caused by the overlap between the O K XAS
and XES owing to the additional feature ‘IV’ in XES.

7.5 Conclusion

The presence of spin excitations, dd excitations, and excitons was directly measured via core-
level soft X-ray spectroscopy. This extensive probing of the many-body effects and spin
excitations can provide the needed deeper understanding of how the reduced dimensionality
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affects the electronic structure of MoO3 nonosheets. An extremely strong core-hole effect was
observed due to strong interactions between the O 1s core-hole and excited electron, and it was
approximately 1.1 eV determined by our DFT calculations. The experimentally determined
band gap for the 3D sample was 3.1 ± 0.2 eV. However, due to strong many-body effects,
the band gap of the 2D sample could not be determined. The presence of dd excitations and
magnons is incompatible with MoO3 being a 4d0 ground state system, as is frequently assumed.
Bader charge analysis performed on the DFT-based calculated electron density and ligand field
calculations performed using the Quanty code indicated that the Mo oxidation state was +2.64
and +2.47 (as opposed to +6), respectively, which further confirmed that the ground state is not
a 4d0 state.
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Chapter 8

Conclusion
Ultimately, several physical properties of a material depend on its electronic structure.The
ability to tune the incident photon energy to selectively excite a specific orbital electron of an
element of interest is the key to mapping the electronic structure of a material. Because core
electrons of different elements have different energies, core-level soft X-ray spectroscopy is a lo-
calized and element-specific probe. In addition, valence band and conduction band delocalized
states are also involved in electronic transitions during either X-ray absorption or emission mea-
surements, global electronic properties are accessible as well via these spectroscopic techniques.

Due to its high electron density, and absence of any K-edge fluorescence in the entire di-
agnostic energy range, PbO is a promising candidate material for direct conversion medical
imaging applications. Because deposition of a single crystal over a large pixel area is infea-
sible, polycrystalline-PbO must be considered instead. However, due to the presence of grain
boundaries, inherent to a polycrystalline material, polycrystalline-PbO suffers from incomplete
charge collection, image lag, and dark current. A solution that our collaborators, Alla Reznik’s
group, found is to involve energetic oxygen ion bombardment during the deposition process,
resulting in a PbO film which is amorphous instead of polycrystalline.

In this dissertation, a detailed investigation, using synchrotron-based soft X-ray spectroscopy, of
the electronic structure of the amorphous and polycrastelline PbO film is presented. The band
tailing effect is the result of random distribution of impurities/defects in a host lattice which
introduces electronic states within the energy gap near the Fermi level. An amorphous material
has presence of large number of various defects which usually results in a smooth broadening
of the peaks in absorption and emission spectra, resulting in reduction in the band gap. This
effect was observed for the amorphous PbO sample we investigated. In addition, it was also
discovered that there is presence of both occupied and unoccupied electronic states near the
band edges which appear as relatively sharp peaks in the measured X-ray spectra. With the
help of DFT-based computations, these peaks were identified to be the result of O vacancies
in the amorphous sample. Due to the presence of these additional states, the band gap of the
amorphous PbO is considerably decreased from 2.1 to 1.4 eV.

The effect on the amorphous PbO films when temporarily exposed to high temperatures was
also studied. This was done by thermally annealing the initially amorphous samples at different
temperatures. The amorphous sample was found to be stable when exposed to temperatures
up to 300 ◦C. However, an amorphous to α-PbO transition occurs at an annealing temperature
between 300 ◦Cand 400 ◦C, and anα-PbO toβ-PbO transition occures between 400 ◦ and 500 ◦C.

The transition metal oxide MoO3 exhibits an array of desirable and novel electronic properties,
which lead to potential applications in various devices such as solar cells, super capacitors, and
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gas sensors. Several electronic properties, such as band gap and charge mobility, are strongly
affected by many-body effects. Therefore, it is of fundamental importance to study and map
these effects in MoO3 in order to realize the full potential of this promising material.

Due to confinement effects, many-body effects are predicted to be enhanced in lower dimen-
sional materials. Soft X-ray induced magnons, excitons and dd excitations in MoO3 nanosheets
were investigated. Directly probing the Mo d and O p orbitals in the valence and conduction
bands with synchrotron-based absorption and emission spectroscopy, it was found that MoO3
exhibits strong many-body effects due to its reduced dimensionality. Detailed density functional
theory and multiplet calculations for the transition metal are carried out to pin point the nature
of the electronic transitions observed. It is shown both experimentally and theoretically that in
the ground state of MoO3, the Mo d orbitals are not completely empty, refuting the typically
4d0 configuration assumed in the literature.

Even though we have been able to make connections between several observed features in
X-ray spectra and the underlying structural properties of these materials, there remain a few
unanswered questions . Initially amorphous PbO, which were annealed at 600 and 700 ◦C,
exhibited unexpected suppression of density of states compared to both calculated andmeasured
spectra for the β-PbO phase. Further studies in this direction are required to determine the
physical reason behind this suppression. For the two-dimensional MoO3, we have not mapped
energy versus momentum dispersion curves for excitons and magnons. In further studies, these
dispersion curves can be mapped by positioning the sample at different angles with respect
to the incident beam and/or changing the incident photon energy. This allows to control the
moment transferred to the sample and observe the corresponding energy loss for both exciton
and spin-flip excitations.
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