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Electron Compton scattering and its application to

condensed matter phenomena

Alina Talmantaite

Abstract: Investigation of electron Compton scattering using electron energy loss spec-

troscopy has been carried out to study projected electron momentum density distributions in

amorphous carbon films, as well as two technologically important materials: few-layer WS2

films, which undergo indirect-to-direct band gap transition in the monolayer limit, and VO2

flakes which exhibit a metal-to-insulator transition upon cooling to below ≈67 ◦C.

An important concept underlying the Compton scattering measurements is the so-called im-

pulse approximation, the validity of which is crucial for the interpretation of the Compton

scattering data in terms of electron momenta in the sample. Hence, a simple material –

amorphous carbon film – has been selected to test the impulse approximation at low electron

scattering angles, which provides the possibility for a faster, more efficient data collection and

eliminates the need for the core electron background subtraction from the acquired electron

momentum density profiles via complex computational methods. Further, plasmon back-

ground subtraction has been investigated in the context of electron beam damage-resistant

materials, as well as options to carry out high spatial resolution (sub-nm) Compton measure-

ments using scanning-transmission electron microscopy.

As for electron Compton measurements in monolayer and bilayer WS2, suitable experimental

conditions have been first established in order to avoid any sample damage associated with the

electron beam irradiation. Here, Compton scattering experiments were carried out in order

to study the differences in the projected electron momentum densities in the two structures

resulting from the changes in the band gap type. The results were also verified via CASTEP

density functional theory calculations. Furthermore, considering that the WS2 samples con-

tained quite significant amorphous surface carbon contamination, theoretical calculations

were appropriately adjusted for an improved match to the experimental measurements.

Finally, Compton scattering measurements were carried out on VO2 flakes to study the

properties of electrons in the metallic and insulating phases. Just as in the measurements of

WS2 films, optimisation of experimental conditions which minimise electron beam damage
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Abstract iii

and maximise electron count rate has been of high importance. The measured data was then

compared to the theoretical predictions found in the literature, which combine both density

functional theory and quantum Monte Carlo calculations to obtain the difference Compton

profiles.

Publications: Talmantaite A, Hunt MRC, Mendis BG. Electron Compton scattering and

the measurement of electron momentum distributions in solids. Journal of Microscopy.

2020;279(3):185-8.

Mendis BG, Talmantaite A. Towards electron energy loss Compton spectra free from dynam-

ical diffraction artifacts. Microscopy and Microanalysis. 2022;1–10.



Contents

Abstract ii

List of Figures vii

List of Tables xiii

1 Introduction 1

1.1 Calculations of ground state electronic structure in solids . . . . . . . . . . . 1

1.2 Measurements of ground state electronic structure in solids . . . . . . . . . . 6

1.2.1 Compton scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.2 Alternative techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2 VO2 and TMD materials background 18

2.1 VO2 and metal-insulator transitions . . . . . . . . . . . . . . . . . . . . . . . 18

2.1.1 Structure of VO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.1.2 Applications of VO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.1.3 Compton scattering experiments in MIT materials and VO2 . . . . . . 25

2.2 Transition metal dichalcogenides (TMDs) and WS2 . . . . . . . . . . . . . . . 30

2.2.1 Structure of TMDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.2.2 Applications of 2D transition metal dichalcogenides and WS2 . . . . . 32

2.2.3 Compton scattering experiments in transition metal dichalcogenides . 35

iv



Contents v

3 Experimental techniques 38

3.1 Transmission electron microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.1.1 TEM structure and operation . . . . . . . . . . . . . . . . . . . . . . . 39

3.1.2 TEM operation modes . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.1.3 Scanning transmission electron microscopy (STEM) . . . . . . . . . . 44

3.2 Electron Energy Loss Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . 47

3.2.1 EELS detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.2.2 EEL spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4 Experimental methodology 52

4.1 TEM and EELS system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.2 Electron Compton scattering experiments in amorphous carbon . . . . . . . . 53

4.3 Electron Compton scattering in WS2 . . . . . . . . . . . . . . . . . . . . . . . 55

4.4 Electron Compton scattering in VO2 . . . . . . . . . . . . . . . . . . . . . . . 59

5 Electron Compton scattering in amorphous carbon films 61

5.1 Impulse approximation theory . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.2 Impulse approximation experiments . . . . . . . . . . . . . . . . . . . . . . . 63

5.3 Plasmon background subtraction and J(pz) profiles . . . . . . . . . . . . . . . 65

5.4 Compton spectra in STEM mode . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.4.1 Modelling of the Compton profile obtained in STEM mode . . . . . . 72

5.4.2 Model comparison with experimental data . . . . . . . . . . . . . . . . 74

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6 Electron Compton scattering in WS2 80

6.1 Characterisation of WS2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

6.2 Electron beam damage studies in WS2 . . . . . . . . . . . . . . . . . . . . . . 82

6.3 Electron Compton scattering in WS2 . . . . . . . . . . . . . . . . . . . . . . . 89

6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97



Contents vi

7 Electron Compton scattering in VO2 98

7.1 Characterisation of VO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

7.2 Confirmation of the MIT in VO2 sample . . . . . . . . . . . . . . . . . . . . . 102

7.3 Electron beam damage studies in VO2 . . . . . . . . . . . . . . . . . . . . . . 104

7.4 Electron Compton scattering in VO2 . . . . . . . . . . . . . . . . . . . . . . . 109

7.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

8 Outlook 114

8.1 Strategies to optimise electron Compton scattering measurements . . . . . . . 114

A 117

A.1 Python code for modelling Compton profile in STEM mode . . . . . . . . . . 117



List of Figures

1.1 Diagram of the self-consistent approach to solve Kohn-Sham equations. . . . 4

1.2 Schematic representation of the differences between (a) pseudo-wavefunctions

ψpseudo and real wavefunctions ψ, and (b) corresponding pseudopotentials

Vpseudo and all-electron potentials Vall e− . . . . . . . . . . . . . . . . . . . . . 5

1.3 Compton scattering between a photon and an electron. . . . . . . . . . . . . . 6

1.4 Schematic representation of a Doppler-broadened Compton profile. . . . . . . 7

1.5 Schematic representation of a Compton profile plotted as a function of both

photon energy loss ~ω and the projected electron momentum pz. . . . . . . . 10

1.6 Competing interaction mechanisms between X-rays of energy hν0 and an ab-

sorbing material of atomic number Z. . . . . . . . . . . . . . . . . . . . . . . . 11

1.7 Schematic representation of ARPES experimental set-up and energy and mo-

mentum conservation laws used in reconstruction of electronic dispersion. . . 14

1.8 Electronic band structure of monolayer and bilayer WS2 films deposited on

graphene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.9 Schematic representation of an ACAR experimental setup. . . . . . . . . . . . 16

1.10 Comparison between 2D radial anisotropy of projected electron momentum

distribution of Pd measured via Compton scattering and ACAR. . . . . . . . 17

2.1 Resistance-temperature plot of a VO2 film showing a metal-insulator transition. 19

2.2 Crystal structure and band structure of VO2. . . . . . . . . . . . . . . . . . . 19

2.3 Splitting of the d orbitals in a cubic (octahedron type) crystal field. . . . . . 21

2.4 Strain-temperature phase diagram of insulating M1, M2 and triclinic (T)

phases of VO2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

vii



List of Figures viii

2.5 A schematic density of states (DOS) diagram of a generic Mott-Hubbard in-

sulator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.6 Electronic band structure diagram for VO2(M1) and partial DOS for both

VO2(R) and VO2(M1) phases. . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.7 A UV light detector made of VO2. . . . . . . . . . . . . . . . . . . . . . . . . 24

2.8 I-V curves for MIT FET, MOSFET and Tunnel FET. . . . . . . . . . . . . . 25

2.9 Compton profile of metallic Rb4C60. . . . . . . . . . . . . . . . . . . . . . . . 26

2.10 Difference Compton profiles in LaCoO3. . . . . . . . . . . . . . . . . . . . . . 27

2.11 Theoretical and experimental Compton profiles for an insulating VO2(M1)

phase and the difference profile between the two. . . . . . . . . . . . . . . . . 28

2.12 Comparison of experimental and theoretical Compton profiles for polycrys-

talline VO2 across the MIT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.13 Comparison of experimental difference Compton profile and theoretical calcu-

lations within QMC and DFT (LDA+U) frameworks. . . . . . . . . . . . . . 29

2.14 2D TMD structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.15 Qualitative picture of the d band filling in TMDs from groups IV-VII, X. . . 32

2.16 Electronic band structures of one to four layer WS2. . . . . . . . . . . . . . . 32

2.17 PL spectra of WS2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.18 Quantum emitter array using monolayer WS2 as an active material. . . . . . 34

2.19 Heterostructure-based photodector integrated into an optical fibre. . . . . . . 35

2.20 Isotropic difference Compton profiles for polycrystalline WS2 comparing vari-

ous theoretical models and experimental data. . . . . . . . . . . . . . . . . . . 36

2.21 Compton scattering in few-layer graphene. . . . . . . . . . . . . . . . . . . . . 37

3.1 Secondary signals arising from interactions between an electron beam and a

specimen. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2 Structure of a TEM equipped with an electron energy loss spectrometer . . . 40

3.3 Tungsten FEG tip and its energy levels at 0 K. . . . . . . . . . . . . . . . . . 41

3.4 Electron beam diffraction from the objective lens. . . . . . . . . . . . . . . . . 41



List of Figures ix

3.5 Schematic representation of spherical aberration in an electromagnetic lens. . 42

3.6 Electron ray path diagram in imaging and diffraction modes in TEM. . . . . 43

3.7 Electron ray path diagrams representing both bright and dark field imaging

modes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.8 Electron probe and imaging differences between TEM and STEM. . . . . . . 45

3.9 Electron optics of STEM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.10 Diagram of magnetic multipoles used in spherical aberration correction. . . . 47

3.11 A series of quadrupole (Q) and octupole (O) lenses representing a spherical

aberration correction unit in STEM. . . . . . . . . . . . . . . . . . . . . . . . 47

3.12 Working principles of a magnetic prism in EELS. . . . . . . . . . . . . . . . . 48

3.13 Composition of a typical EEL spectrum. . . . . . . . . . . . . . . . . . . . . . 49

3.14 Characteristic X-ray emission upon relaxation of an ionised atom. . . . . . . 51

4.1 TEM and EELS system used for electron Compton scattering experiments. . 53

4.2 Compton scattering experiments in TEM using a tilted electron beam. . . . . 54

4.3 Transmitted electron beam in bright field and centred dark field modes. . . . 55

4.4 Monolayer (a) and multilayer (b) regions of the WS2 sample deposited on an

amorphous holey carbon TEM grid. . . . . . . . . . . . . . . . . . . . . . . . 56

4.5 Electron beam and diffraction pattern alignment for electron Compton scat-

tering experiments in monolayer, bilayer and bulk WS2. . . . . . . . . . . . . 57

4.6 Convergent beam electron diffraction patterns for bulk WS2 showing the inci-

dent beam directed away from the zone axes. . . . . . . . . . . . . . . . . . . 58

4.7 TEM image of a VO2 flake, (a), and a corresponding electron diffraction pat-

tern, (b), taken at room temperature. . . . . . . . . . . . . . . . . . . . . . . 59

5.1 Compton scattering process between the primary and target electrons. . . . . 62

5.2 The measured values of energy loss at the peaks of Compton spectra across

a range of beam tilt angles compared with the predictions of the impulse

approximation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.3 EELS spectra containing Compton profiles at high, (a), and low, (b), scattering

angles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65



List of Figures x

5.4 Plasmon peaks measured at a range of different energy and momentum transfer

values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.5 Sample damage caused by long exposure to electron beam causes widening and

shifting of the plasmon peak, (a). (b) shows the corresponding highly damaged

sample area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.6 Plasmon fitting to a Lorentzian function, (a), and a resulting J(pz) profile

containing a secondary peak at large pz, (b). . . . . . . . . . . . . . . . . . . 69

5.7 Plasmon tail fitting to power law function, (a), and a resulting J(pz) profile,

(b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.8 Compton profiles obtained at high and low scattering angles. . . . . . . . . . 70

5.9 Valence, (a), and total, (b) Compton profiles of graphite. . . . . . . . . . . . 71

5.10 Schematic representation of Compton scattering in diffraction space in STEM

mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.11 Full Compton profiles in low and high momentum transfer regimes (I). . . . . 74

5.12 Full Compton profiles in low and high momentum transfer regimes (II). . . . 75

5.13 Comparison between the predicted and experimental Compton lineshapes (I). 76

5.14 Comparison between the predicted and experimental Compton lineshapes (II). 77

5.15 Comparison of the modelled Compton profiles to the initial Compton lineshape

obtained experimentally using a parallel electron beam. . . . . . . . . . . . . 78

5.16 Difference profiles between the modelled J(pz) profiles using the 3.9 nm−1

primary electron momentum spread and the original J(pz) profiles obtained

using a parallel electron beam. . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.17 Difference J(pq) profiles reflecting bonding anisotropy along directions parallel

and perpendicular to the basal plane in graphite. . . . . . . . . . . . . . . . . 79

6.1 EDX spectrum of a WS2 monolayer. . . . . . . . . . . . . . . . . . . . . . . . 81

6.2 Aging of WS2 and MoS2 domains. . . . . . . . . . . . . . . . . . . . . . . . . 82

6.3 HRTEM images of a monolayer WS2 domain under different magnifications

and corresponding diffraction pattern. . . . . . . . . . . . . . . . . . . . . . . 83

6.4 HRTEM images of a twisted bilayer WS2 domain under different magnifications

and corresponding diffraction pattern. . . . . . . . . . . . . . . . . . . . . . . 84



List of Figures xi

6.5 DFT calculations of DOS evolution with an increasing number of mono-sulfur

vacancies in MoS2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.6 Defect formation in monolayer WS2 as a function of electron beam irradiation

time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

6.7 Diffraction patterns of WS2 monolayer. . . . . . . . . . . . . . . . . . . . . . 88

6.8 EELS spectra containing Compton peaks for WS2 samples of various thickness. 89

6.9 Compton profiles J(pz) for different WS2 monolayer flakes. . . . . . . . . . . 91

6.10 Diffraction patterns and Compton scattering setup for WS2 bilayer flakes. . . 92

6.11 Compton profiles J(pz) for two WS2 bilayer flakes. . . . . . . . . . . . . . . . 92

6.12 Comparison of Raman and PL spectra for monolayer (1L), bilayer (2L) and

folded single-layer (1L+1L) MoS2 samples. . . . . . . . . . . . . . . . . . . . . 93

6.13 Compton profiles for monolayer and bilayer WS2 . . . . . . . . . . . . . . . . 94

6.14 Compton profiles for monolayer, bilayer and bulk WS2 calculated via DFT

(PBE). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.15 Theoretical difference Compton profiles adjusted for different levels of hydro-

carbon contamination in monolayer and bilayer WS2. . . . . . . . . . . . . . . 96

7.1 EDX spectrum of a VO2 flake. . . . . . . . . . . . . . . . . . . . . . . . . . . 99

7.2 Room temperature XRD spectra for the VO2 sample. . . . . . . . . . . . . . 100

7.3 HRTEM image and an electron diffraction pattern of a VO2 flake(s). . . . . . 101

7.4 High temperature XRD spectra for the VO2 sample. . . . . . . . . . . . . . . 103

7.5 ’Top-down’ view of the diffraction patterns for VO2 sample across a heating

and cooling cycle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

7.6 EELS spectra capturing vanadium 2p and oxygen 1s energy loss near edge

structure (ELNES) of a (001) oriented V2O5 sample over 20 minutes of 200

keV electron beam irradion time. . . . . . . . . . . . . . . . . . . . . . . . . . 105

7.7 HRTEM images of a VO2 flake taken over 240 s of electron beam irradiation. 106

7.8 Electron diffraction patterns of a VO2 flake taken over 240 s of electron beam

irradiation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107



List of Figures xii

7.9 Reference and measured EELS spectra of the VO2 sample capturing vanadium

L and oxygen K-edges. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

7.10 EELS spectra containing Compton peaks for insulating VO2(M1) (a) and

metallic VO2(R) (b) phases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

7.11 Sum of the component EELS spectra, representing isotropic Compton peaks

for metallic VO2(R) and insulating VO2(M1) phases. . . . . . . . . . . . . . . 112

7.12 Isotropic projected electron momentum density profiles and their difference

for metallic VO2 (high temperature) and insulating VO2 (room temperature)

phases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

8.1 Comparison between indirect (a) and direct (b) electron detectors. . . . . . . 115



List of Tables

2.1 Crystal structures and lattice constants of VO2(M1) and VO2(R) polymorphs. 20

2.2 Band gaps Eg and hexagonal lattice parameters a and c for monolayer and

bulk WS2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.1 Electron binding energies in free W(1s2 2s2p6 3s2p6d10 4s2p6d10f14 5s2p6d4 6s2)

and S(1s2 2s2p6 3s2p4) atoms in eV. . . . . . . . . . . . . . . . . . . . . . . . 58

4.2 Electron binding energies in free V(1s2 2s2p6 3s2p6d3 4s2) and O(1s2 2s2p4)

atoms in eV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.1 Comparison of functions fitted to the plasmon peak. . . . . . . . . . . . . . . 68

7.1 Experimental interplanar distances measured from the diffraction pattern and

the corresponding crystallographic planes for the VO2 flake. . . . . . . . . . . 102

xiii



Declaration

The work in this report is based on research carried out in the Department of Physics, Durham

University, United Kingdom. No part of this report has been submitted elsewhere for any

other degree or qualification and it is all my own work unless referenced to the contrary in

the text.

Copyright © October 2022 by Alina Talmantaite.

“The copyright of this thesis rests with the author. No quotations from it should be pub-

lished without the author’s prior written consent and information derived from it should be

acknowledged.”

xiv



Acknowledgements

First and foremost I would like to thank my parents for their unconditional support through-

out this journey and comforting words when they were most needed.

I am extremely grateful to my PhD supervisor Dr Budhika G. Mendis for his infinite patience

and guidance throughout my PhD. I could not have asked for a better mentor!

I would also like to thank my second supervisor Dr Michael R. C. Hunt for interesting and

enlightening conversations about 2D materials.

I am also grateful to Mr Leon Bowen and Dr Diana Alvarez Ruiz for their enthusiasm to help

with any electron microscopy-related issues.

I would also like to express my appreciation to Sam Thompson for fantastic XRD measure-

ments of VO2.

In addition, I would like to thank Prof Ariel Ismach and his team at Tel Aviv University for

supplying WS2 samples.

Finally, I am especially grateful to all of my friends and my housemate, Behzad, for being a

source of joy in my life on a daily basis.

xv



Chapter 1

Introduction

One of the key drivers of technological innovation is development of novel functional mate-

rials which could improve and completely redesign existing technology in a variety of fields

such as energy generation, data storage, transport and biomedical sciences [1–5]. Successful

integration of materials with tailored physico-chemical properties into device architectures is

a challenging process; it requires comprehensive understanding of the material’s electronic

structure and ability to alter it for specific device functions and operational conditions.

The work presented in this thesis focuses on the development of electron Compton scattering

as a method to study ground state electronic structure of technologically important materials.

Hence, this chapter sets the background for theoretical band structure calculations within

the framework of density functional theory and overviews both photon- and electron-based

Compton scattering experiments, providing details on the probe-sample interaction mecha-

nism, interpretation of the experimental data and a brief historical account of the development

of the technique. Finally, it summarises alternative frequently encountered methods to mea-

sure the electronic structure of a material such as angle-resolved photoemission spectroscopy

and angular correlation of electron-positron annihilation radiation.

1.1 Calculations of ground state electronic structure in solids

In principle, all observable properties of an arbitrary solid emerge from its unique config-

uration of electrons and nuclei governed by the Pauli exclusion principle and interparticle

Coulomb interactions. Due to the substantial mass difference between electrons and nuclei,

it is frequently assumed that electrons adjust to nuclear motion adiabatically and therefore

1



1.1. Calculations of ground state electronic structure in solids 2

remain in their instantaneous ground state at any given time. This is known as the Born-

Oppenheimer approximation (BOA), due to which the total wavefunction describing the solid

can be separated into electronic and nuclear components [6]. Within the BOA, the ground

state of the solid is then described by a many-body electronic wavefunction Ψ0, which is in

theory obtained solving a many-body Schrödinger equation

ĤΨ = EΨ, (1.1.1)

where E is the total energy of the state Ψ corresponding to the Hamiltonian operator Ĥ. Here,

the Hamiltonian is composed of a kinetic energy operator T̂ , electron-electron potential V̂ee,

and external potential V̂ext representing electron interactions with nuclei, i.e.

Ĥ = T̂ + V̂ee + V̂ext. (1.1.2)

However, due to a vast number of electrons comprising any practically useful material (1 g

of iron, for instance, contains approximately 3 × 1023 electrons), the number of parameters

describing the many-body electronic wavefunction becomes too large for the Schrödinger

equation to be solved even with the most advanced computing technology. Therefore, over

the decades, a lot of effort has been placed into development of various approximations to

the Schrödinger equation, among which density functional theory (DFT) has emerged as one

of the most successful and widely applied techniques.

In DFT, the fundamental variable describing an arbitrary system – whether it is a solid

or a molecule – is its electron density at a position r, n(r). Hence, all the properties of

the system are expressed as functionals of electron density. The mathematical basis for

this framework was laid by the Hohenberg-Kohn theorems [7] which assert that the external

potential created by the nuclei, Vext(r), is a unique functional of the ground state electron

density n0(r). In particular, given n0(r), the Hamiltonian describing the system and therefore

all associated many-electron eigenstates and physical properties of the solid or the molecule

are fully determined. Furthermore, Hohenberg and Kohn state that for a given external

potential Vext(r), there exists a total energy functional E[n(r)] which attains its minimum

value for the ground state electron density n0(r) and represents the ground state energy of

the system.

Despite reformulation of the many-body theory in terms of density functionals, Hohenberg

and Kohn theorems do not provide a practical method to extract properties of materials

directly from electron density. However, a major breakthrough in development of DFT was
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achieved by Kohn and Sham [8], who showed that an interacting N-body system generating

a particular ground state electron density can be replaced by a simpler auxiliary system of

the same ground state electron density but composed of N non-interacting particles. Conse-

quently, the ground state energy of the original system can be obtained by solving a set of

single-particle Kohn-Sham equations:[
− ~2

2m0
∇2 + Vext(r) + VH(r) + VXC(r)

]
ψi(r) = εiψi(r), (1.1.3)

where εi is the total energy of the single particle of mass m0 in a state ψi, and the Kohn-

Sham Hamiltonian is a sum of the kinetic energy operator and an auxiliary effective potential

consisting of electron-nuclei interaction potential Vext(r) , Hartree potential VH(r) describ-

ing electron-electron Coulomb interaction, and exchange-correlation potential VXC(r). The

latter term corresponds to the exchange-correlation energy, which compensates for the differ-

ence between the exact total energy and the energy known from the remaining terms of the

Hamiltonian. In particular, the exchange-correlation potential accounts for the interactions

between electrons due to Pauli exclusion principle, electron self-interaction in the Hartree po-

tential and discrepancies between single-particle and many-body kinetic energies. The exact

form for the exchange-correlation functional for an arbitrary solid is not known; nonetheless,

there are a number of methods which can be used to approximate it. One of the simplest

ones is local density approximation (LDA), in which the exchange-correlation functional for

a solid of electron density n(r) is replaced with a known functional for a homogeneous free

electron gas of the same density [6]. However, in the systems where electron density varies

considerably, LDA fails to produce a sufficient degree of accuracy and can be replaced by an

appropriate parametrisation of generalised gradient approximation (GGA), which takes into

account the gradient of the electron density. Once an explicit expression for the exchange-

correlation functional is selected, Kohn-Sham equations can be solved for self-consistency as

outlined in Fig. 1.1.

It is important to note that in the case of crystalline materials (or isolated molecules modelled

via construction of a periodic supercell), the DFT exploits Bloch’s theorem to generate the

single particle states ψi (a.k.a. Kohn-Sham orbitals) as a sum of plane waves

ψi(r) =
∑
G
ci,(k+G)e

i(k+G)·r (1.1.4)

where G is a reciprocal lattice vector, k is a wave vector within the 1st Brillouin zone,
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Figure 1.1: Diagram of the self-consistent approach to solve Kohn-Sham equations (adapted
from [6]).

and ci,(k+G) are the coefficients of the plane waves1. Technically, the above equation is a

sum over an infinite number of reciprocal lattice vectors, but for computational purposes

a cut-off value can be selected, for which ci,(k+G) coefficients are negligibly small. While

the plane wave approach produces a simple way to define single-particle wavefunctions and

Kohn-Sham equations, it requires a large number of plane waves to describe tightly bound

core electrons and rapidly oscillating valence electron wavefunctions within the core region.

Hence, considering that most physical properties of solids depend on valence electrons, the

plane-wave DFT additionally employs a pseudopotential approximation [9], which replaces the

Coulomb potential of the nucleus and core electrons with a weaker pseudopotential acting

on the so-called pseudo-wavefunctions. Outside the core region of a cut-off radius rc, the

pseudo-wavefunctions match the wavefunctions of valence electrons, but within the core they

1Isolated atoms, molecules and clusters can also be modelled using localised basis sets; however, application
of such methods is beyond the context of this thesis.
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Figure 1.2: Schematic representation of the differences between (a) pseudo-wavefunctions
ψpseudo and real wavefunctions ψ, and (b) corresponding pseudopotentials Vpseudo and all-
electron potentials Vall e− (adapted from [10]).

are smooth and have no nodes, as shown in Fig. 1.2. The two most commonly used types

of pseudopotentials are norm-conserving and ultrasoft pseudopotentials [6]. The difference

between the two lies in the charge density they generate inside the core region rc. The norm-

conserving methods preserve the charge density of the original all-electron core; however,

the accuracy they provide comes at the expense of increasing computational complexity.

For certain elements, the constructed pseudo-wavefunctions are not significantly smoother

than all-electron wavefunctions and therefore still require a large plane wave basis set. The

ultrasoft pseudopotential methods, on the other hand, relax the charge density conservation

and generate smooth pseudo-wavefunctions. The accuracy of ultrasoft methods is maintained

by additional computational processes; however, the overall computational complexity is

greatly reduced due to a relatively small number of plane waves required to describe pseudo-

wavefunctions.
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Figure 1.3: Compton scattering between a photon and an electron.

1.2 Measurements of ground state electronic structure in solids

1.2.1 Compton scattering

Usually Compton scattering is thought of as an inelastic scattering process between a high

frequency photon and a charged particle, such as an electron, which results in an increase of

the photon wavelength and its deflection from the original direction of propagation, as shown

in Fig. 1.3. The change in the photon wavelength is captured by the well-known Compton

shift equation:

∆λ = h

m0c
(1− cosφ), (1.2.1)

where ∆λ is the shift in photon wavelength, h is the Planck constant, m0 is the electron rest

mass, c is the speed of light and φ is the scattering angle [11–13].

Derivation and experimental verification of Eqn. 1.2.1 [14, 15] demonstrated the particle na-

ture of electromagnetic radiation and became one of the most prominent breakthroughs in

physics of the early 20th century. It earned A.H. Compton the Nobel prize in 1927 and laid

foundations for the development of modern quantum mechanics. The given wavelength shift

equation, however, describes a photon interaction with a free stationary electron and implies

that there is a one-to-one correspondence between the scattering angle and the measured

energy loss for monochromatic radiation. Hence, it does not fully reflect experimental re-

sults for real materials, which show broader Compton scattering peaks than expected from

experimental geometry and spectrometer resolution. The observed Doppler broadening of

the Compton lineshape, which is shown schematically in Fig. 1.4, was first successfully re-

lated to the electron motion in the target material by DuMond [16] and served as one of the

earliest evidence of the validity of Fermi-Dirac statistics and the Pauli exclusion principle for

electrons.
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Figure 1.4: Schematic representation of a Doppler-broadened Compton profile (adapted from
[17]). The broken line represents scattering by a free stationary charged particle (such as an
electron) as defined by Eqn. 1.2.1.

The relation between the electron momentum density distribution and the measured Compton

scattering spectrum as an energy loss distribution is not always straightforward. The following

further outlines Compton scattering kinematics for a relatively simple case of non-relativistic

X-ray scattering for the purpose of illustrating the correspondence between the measured

spectrum and the electron momentum density. A more detailed account of the scattering

interaction can be found in [11].

Considering the scattering setup displayed in Fig. 1.3, Compton experiments measure the

energy and intensity of a monochromatic photon scattered at a fixed scattering vector q into

a solid angle dΩ. As the photon energy is determined with a resolution dω2, one essentially

measures a double differential scattering cross section (DDSCS), d2σ
dΩdω2

[11, 12]. However, direct

transformation of the DDSCS into an electron momentum density profile J(pz) can be carried

out only if certain experimental conditions are satisfied. For non-relativistic X-rays, which

have energy of a few tens of keV, the coupling between the probe and the target electron

system is defined by an interaction Hamiltonian,

Hint =
∑
j

e2

2m0c2 A(rj)2 −
∑
j

e2

2m0c
A(rj) · pj , (1.2.2)

where A is the magnetic vector potential of the photon, p is the electron momentum operator

and the summation is carried out over the target electrons [11]. When the impinging photon

energy satisfies resonance conditions, i.e. ~ω1 ≈ EN − EI , where EN is the energy of an

intermediate electron state |N〉 that is associated with photon absorption and re-emission,

the interaction Hamiltonian is dominated by the A · p term. However, under experimental

conditions when the photon energy is far from the resonance absorption, one reaches the
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Compton regime of inelastic scattering, and the interaction Hamiltonian consists of first order

A2 terms [11, 12]. This corresponds to the Born approximation, when the coupling between

the incident electromagnetic field and the target system is weak. Consequently, the DDSCS

for inelastic scattering of non-relativistic X-rays can be expressed as:

d2σ

dΩdω2
=
(
dσ

dΩ

)
Th
S(q, ω), (1.2.3)

where
(
dσ
dΩ

)
Th

is the Thomson scattering cross section and S(q, ω) is the dynamic structure

factor [11–13]. The latter describes the dynamics of the scattering electrons and is given by

S(q, ω) =
∑
F

∣∣∣∣∣∣〈F |
∑
j

exp(iq · rj) |I〉

∣∣∣∣∣∣
2

δ(EF − EI − ~ω), (1.2.4)

where |I〉 and |F 〉 are the initial and final electronic states of the solid, which have energies

EI and EF respectively [11]. Further, in order to express the DDSCS in terms of the Compton

profile capturing the electron momentum density distribution, one has to consider inelastic

scattering within the impulse approximation, which assumes that relaxation of background

electrons and nuclei in the target is negligible during the photon-electron collision [11, 12].

Therefore, any changes in the potential energy can be ignored, and energy conservation

equations can be simplified to kinetic energy terms. It implies that the difference between

the total initial and final electron state energies in the argument of the Dirac delta function

in Eqn. 1.2.4 can be replaced by the difference of their kinetic energies. Then, defining the

momentum of the initial electron state as p ≡ pf − ~q, where pf is the momentum of the

electron in the final free state, one can eventually write the DDSC as

d2σ

dΩdω2
=
(
dσ

dΩ

)
Th

m0
~q

∫∫
ρ(px, py, pz = pq)dpxdpy, (1.2.5)

where the Compton profile is expressed as

J(pz) =
∫∫

ρ(px, py, pz = pq)dpxdpy, (1.2.6)

and represents the projection of the target electrons’ probability density distribution ρ(p)

along the scattering vector q, which is set to lie in the z-direction [11]. In its essence, the

impulse approximation describes scattering by free electrons, which have a momentum dis-

tribution of bound electrons. It is satisfied when the scattering experiments are carried out

using photon energies that are much higher than the binding energies of the electrons in the

sample [11, 12]. Under the impulse approximation, the energy transfer from the photon to a
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recoil electron is then given by:

EI − EF = ~2q2

2m0
+ ~q · p

m0
. (1.2.7)

The first term in Eq. 1.2.7 can be interpreted as the Compton shift for scattering by a

stationary electron and the second term is a Doppler shift, which shows that the change in the

photon energy is linearly dependent on the component of electron’s ground-state momentum

along the scattering vector q [11, 12]. Finally, at low photon beam energies (�m0c
2) Eqn. 1.2.7

can be simplified to

EI − EF = 2EI
m0c

sin(φ2 )pz, (1.2.8)

from which the projection of electron momentum along the scattering vector (pz) can be easily

derived from the photon energy loss data [12]. Also note that the Compton profile J(pz) is

subject to a normalisation rule: ∫ +∞

−∞
J(pz)dpz = Z, (1.2.9)

where Z is the number of electrons participating in scattering [11, 12]. Integration of the

Compton profile according to Eqn. 1.2.9 is frequently used to convert the measured photon

count rate (i.e. the y-axis of the energy loss data) into electron momentum density J(pz)

axis. A schematic of a Compton profile expected from the measurements satisfying Born and

impulse approximations is shown in Fig. 1.5. It consists of both valence and core electron

contributions. The valence electrons move at relatively low speeds producing small Doppler

shifts and narrow Compton peaks. The core electrons, on the other hand, move at higher

speeds and create a wide background in a Compton spectrum [11, 12]. As physical and chemical

properties of materials are determined by valence electrons, the core electron contribution

can be calculated using density functional theory (DFT) and subtracted [18].

In the context of photon Compton scattering, circularly polarised electromagnetic radiation

can be utilised to study spin-polarised projected electron momentum densities. In particular,

for circularly polarised radiation the DDSCS includes a spin-dependent magnetic contri-

bution, which can be separated from the usual charge scattering terms by either switch-

ing the polarisation handedness of the impinging radiation or the direction of the material

magnetisation [19]. Under the impulse approximation, the magnetic Compton profile is then

expressed as:

Jmag(pz) =
∫∫

[ρ↑(p)− ρ↓(p)]dpxdpy, (1.2.10)

where ρ↑ and ρ↓ are the spin-up and spin-down electron momentum densities [19]. Note that
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Figure 1.5: Schematic representation of a Compton profile plotted as a function of both
photon energy loss EI−EF and the projected electron momentum pz

[11]. Within the impulse
approximation, the energy transfer exceeds the core electron binding energy EB, and the
Compton profile consists of both core and valence electron contributions.

while the overall magnetic moment of a sample consists of both spin and orbital magnetic

moment contributions, magnetic Compton scattering is only sensitive to the spin-related

contribution [20, 21].

The early Compton scattering experiments conducted using X-rays from conventional X-ray

sources such as Cu Kα at 8.4 keV or Ag Kα at 22.2 keV faced some practical difficulties as-

sociated with competing photon-matter interactions [11]. As shown in Fig. 1.6. the primary

contribution to the photon scattering cross section under the usual experimental conditions

arises from the photoelectric effect, which greatly diminishes the Compton signal and hinders

the study of a large number of chemical elements. Hence, up until the 1980s good quality

Compton data using an X-ray probe could be obtained only for the lightest elements such

as hydrogen, helium, neon, molecular oxygen and nitrogen [11]. Measurement of Compton

profiles for heavier elements was eventually achieved due to the developments in γ-ray ex-

perimental methodology in the 1970s. It offered stable, monochromatic probes provided by

radioisotopes such as 241Am (59.54 keV), 198Au (412 keV) and 51Cr (320 keV) [11]. Also,

contrary to X-rays, which satisfied the impulse approximation only for the valence elec-

trons and presented difficulties in modelling and subtraction of the core electron contribution

from the measured Compton profiles, γ-ray experiments ensured impulsive collisions with

all the electrons in the sample. This allowed for a straightforward prediction of the core

electron Compton profiles from the free-atom wavefunctions. However, the advantages of-

fered by the γ-ray probes came at the expense of a reduced experimental resolution and an
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Figure 1.6: Competing interaction mechanisms between X-rays of energy hν0 and an ab-
sorbing material of atomic number Z. The solid lines indicate experimental conditions under
which the scattering cross-sections for different effects are equal [11].

increase in the measurement time, which reached weeks compared to days needed for X-ray

measurements [11].

Electron Compton scattering

The concepts governing Compton scattering of photons and the interpretation of the photon

energy loss data in terms of the target electron momentum density distribution can be equally

applied to experiments in which a probing particle is an electron. In this case, the DDSCS

within an impulse approximation can be expressed as

d2σ

dΩdE =
[

2m0e
2

(~q)2

]2
m0

(2π)2q

kb
ka

∫∫
ρ(px, py, pz = pq)dpxdpy, (1.2.11)

where E is the energy loss and ka, kb are the wave numbers of the primary and scattered

electron respectively [22].

The first electron Compton scattering experiments on atoms and molecules such as as helium,

nitrogen and methane were conducted by A.L. Hughes et al. in the late 1930s using an

apparatus consisting of an electron gun, collision chamber and an electrostatic analyzer [23, 24].

The experiments were not entirely successful and therefore essentially halted until the early

1970s, when higher precision results for a number of different gases such as Ne, Ar, H2 and

CO2 were obtained [25, 26]. Substantial developments of the technique were carried out in the
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1980s after B.G. Williams et al. proposed a new approach to measure Compton profiles using

transmission electron microscopes (TEM) equipped with electron energy loss spectrometers

(EELS) [27]. This method enabled the measurement of electron momentum density profiles of

thin solid films that were otherwise inaccessible via earlier electron Compton measurements

due to beam damage and multiple scattering effects.

Generally, TEM-based Compton scattering experiments offer a few major advantages over

the traditional photon-based experiments: (i) several orders of magnitude higher inelastic

scattering cross section at typical scattering angles, (ii) higher electron source brightness,

(iii) a sample size threshold as small as a few nanometres in area, (iv) higher momentum

resolution and (v) compatibility with simultaneous electron diffraction and energy dispersive

X-ray (EDX) measurements [11, 28–30]. However, a higher inelastic scattering cross section

also introduces a higher probability for multiple scattering of primary electrons within insuf-

ficiently thin samples. It predominately occurs via a combination of a large-angle (quasi-)

elastic and low-angle inelastic scattering events, which in turn create a relatively high back-

ground that is not easy to subtract due to a large width of the Compton peak [31]. Hence,

while the first TEM-based experiments on carbon materials [27, 32] demonstrated the feasibil-

ity of the technique, the potential applications at that time were still limited by the sample

thickness, as well as insufficient performance of the associated instrumentation and radiation

damage. For this reason, quite sparse experimental studies were primarily focused on the

optimisation of experimental conditions.

Subsequent developments in the TEM optics and electron detection made in the following

decades have greatly improved the quality of Compton measurements, however, it remains

a quite underdeveloped and rarely applied technique. In recent years, only a handful of

experiments have been carried out on materials such as graphite, few-layer graphene and

nanodiamonds [28, 33–35]. Just as in photon Compton experiments, these measurements have

been conducted in a high energy transfer regime (i.e., significantly above the binding energy of

the recoil electron) in order to satisfy the impulse approximation. This results in a relatively

low electron count rate, while the Compton profiles thus obtained include contributions from

both valence and core electrons. Therefore, one of the goals of the work presented in this thesis

is to investigate electron Compton scattering in amorphous carbon films in a ‘low energy’

transfer regime at small electron scattering angles. In this regime, only valence electrons are

Compton scattered, which can remove the core electron background subtraction procedures

and increase the electron count rate. The potential of this technique can further be tested

using technologically important 2D materials, which in principle eliminate the aforementioned
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experimental issues associated with the sample thickness and multiple scattering. The 2D

systems at the focus of this thesis are monolayer and bilayer WS2 films, which undergo a

direct-to-indirect band gap transition with an increasing sample thickness. Lastly, in this work

the sensitivity of electron Compton scattering is investigated by studying the effects of the

metal-to-insulator phase transition on the projected electron momentum density distribution

in VO2. The current advances in both photon and electron Compton scattering experiments

in the relevant 2D and metal-insulator transition material groups are further presented in

Chapter 2, which also outlines the dominant projected electron momentum measurement

strategies.

1.2.2 Alternative techniques

Angle-resolved photoemission spectroscopy

Angle-resolved photoemission spectroscopy (ARPES) is one of the major experimental tech-

niques used to study electronic structure of solids. It is based on the photoelectric effect,

which describes the energetics of electron emission from a solid upon its irradiation with

photons of sufficient energy (i.e. above the work function of the solid). Photoemission is

typically described as a phenomenological three-step process, which involves (i) optical exci-

tation of a bound electron to an excited Bloch eigenstate in bulk material, (ii) propagation of

the excited electron towards the surface and (iii) transmission of the photoelectron through

the surface potential barrier into vacuum2 [36]. Relaxation of the system during the photoe-

mission process is neglected within the framework of the impulse approximation (or sudden

approximation), which assumes that there are no interactions between the system and the

electron after the collision.

ARPES experiments are carried out using monochromatic radiation (e.g. from a synchrotron

X-ray beam line, a gas discharge lamp or laser source), which is directed at a monocrys-

talline sample [37]. Photoemitted electrons are then collected by an electron analyser, which

measures their kinetic energy Ekin for a given direction of emission and hence completely

determines their momentum kout in vacuum [36], as shown in Fig. 1.7(a). Subsequently, Ekin

2From a rigorous quantum mechanical perspective, the photoemission process should be treated as a one-
step process, i.e. an optical transition between the initial N-electron eigenstate of the semi-infinite crystal
to the final (N-1)-electron eigenstate described by a certain probability and subject to appropriate boundary
conditions at the surface of the crystal. However, due to the complexity of the quantum mechanical description,
the three-step process is preferred in practice [36].
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Figure 1.7: (a) Schematic representation of ARPES experimental set-up and major experi-
mental variables. Electronic dispersion of a sample is reconstructed from the measured Ekin
and kout of photoemitted electrons using energy (b) and momentum (c) conservation laws [37].

and kout are used to determine electron binding energy EB and momentum k in bulk us-

ing total energy and momentum conservation laws (shown schematically in Fig. 1.7(b) and

1.7(c)). Note that while the momentum component parallel to the surface of the sample k//
is conserved, the perpendicular component k⊥ is not. Hence, ARPES is particularly suited to

study low-dimensional materials, which have negligible electronic dispersion along the surface

normal [36, 38]. As for three-dimensional materials, which require full knowledge of the crystal

momentum k to reconstruct electronic dispersion E(k), perpendicular momentum component

kin⊥ can be derived from band structure calculations, determined from additional photoemis-

sion measurements for which kout// = 0 or from complementary experimental techniques such

as very-low-energy electron diffraction [36, 39]. An example of electronic dispersion maps for

WS2/graphene heterostructures measured via ARPES is shown in Fig. 1.8 [40].

Over the years, functionality of ARPES technique has been expanded to include spin, spatial

and temporal resolution features in order to facilitate studies of magnetic properties of ma-
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Figure 1.8: Electronic band structure of (a) monolayer, 1 ML, and (b) bilayer, 2 ML, WS2
films deposited on graphene [40]. Measurements were carried out via ARPES using 100 eV
photon probe with a spot size of 600 nm. Angle Θ corresponds to the twist angle between
WS2 and graphene.

terials, local electronic structure and its dynamic changes respectively [37]. Careful tuning of

experimental conditions allows for energy resolution of the order of ≈1 meV, temporal resolu-

tion of up to 11 fs and angular resolution reaching 0.05◦ on modern ARPES instruments [37].

Angular correlation of electron-positron annihilation radiation

Measurement of angular correlation of electron-positron annihilation radiation (ACAR) is

one of the more commonly encountered experimental techniques used to study electron mo-

mentum density distribution in solids. A diagram of an ACAR experimental setup is shown

in Fig. 1.9. Here, a positron with an energy of . 1 MeV is emitted by a radioactive source

(typically 22Na, 58Co or 64Cu) and implanted into a sample, where it thermalises with the

crystal lattice through inelastic interactions such as electron-hole pair generation, ionisiation

events, plasmon and phonon excitations [41]. In a highly crystalline material, a thermalised

positron further diffuses as a delocalised Bloch wave and eventually annihilates with an elec-

tron in the sample emitting a pair of γ-photons. Decay into a single or multiple photons is

also possible, but probabilities of these processes are low [41].

In the centre-of-mass frame of electron-positron annihilation, the two photons are emitted in

anti-parallel directions with an energy of 511 keV each. However, due to the net momentum

of the electron-positron pair in the laboratory frame, deviations in the photon energy and

emission trajectory occur (Fig. 1.9) [41]. The measured deflections in the photon angular

distribution are in principle related to two-photon momentum density, but thermalisation of

the positron in the sample implies that the photon momenta essentially describe the electron



1.2. Measurements of ground state electronic structure in solids 16

Figure 1.9: Schematic representation of an ACAR experimental setup. Image adapted from
[42].

momentum density in the crystal. Due to strong Coulomb repulsion between positrons and

atomic cores, the main contribution to annihilation events and therefore momentum den-

sity profiles comes from valence electrons [41, 42]. It is also important to note that the data

of ACAR experiments are subject to certain distortions, i.e. electron wavefunctions are al-

tered by the positron within the sample; hence, the measurements have to be corrected and

interpreted appropriately.

Depending on the type of an ACAR detector, which can have either a long-slit or two-

dimensional geometry, the measured electron momentum densities are represented either as

1D or 2D projections. These are very similar to electron momentum density profiles measured

via Compton scattering, as shown in Fig. 1.10. 3D electron momentum density can also be

reconstructed by taking 2D measurements along various crystallographic directions [42–44].

Momentum resolution attainable in ACAR measurements depends on the angular resolution

of the detectors, positron spot size and the sample temperature [45]. In principle, the detector

angular resolution can be improved by increasing the detector-detector distance; however,

that in turn reduces the count rate. Recently, 2D-ACAR measurements have been performed

with (0.21×0.17) a.u.2 momentum resolution, where the momentum components are normal

to the detector-detector direction [46].

In addition to electron momentum density studies via angular-correlation experiments, electron-
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Figure 1.10: Comparison between 2D radial anisotropy of projected electron momentum
distribution of Pd measured via Compton scattering and ACAR [46]. 2D Compton projections
were generated from 10 1D Compton spectra. ACAR measurements show larger anisotropy at
low momenta and lower anisotropy at high momenta compared to the corresponding Compton
measurements. This occurs due to preferential sampling of valence electrons via ACAR [46].

positron annihilation can be used to study defects via measurements of positron lifetime and

Doppler broadening of the γ-photons [41, 42,47]. While ACAR experiments require samples of

high crystallinity where positrons propagate as delocalised Bloch waves, samples of sufficiently

high defect density exhibit positron trapping in localised states before annihilation with elec-

trons. Trapping occurs in low-density regions of the sample such as vacancies, dislocations

and grain boundaries [41, 42,47]. This leads to an increase in positron lifetime, the measurement

of which provides information on the total electron density in the area where electrons and

positrons annihilate. Local electron momentum density distribution of these vacancy-type

defects is further characterised by the Doppler broadening experiments. Doppler broadening

can also be used to study overall electron momentum density distribution of the sample;

however, its resolution is inferior to that of ACAR experiments [41, 47].



Chapter 2

VO2 and TMD materials

background

Meeting growing global technological demands while achieving sustainable development goals

is one of the biggest challenges society will face in the coming decades. This can be addressed

in part by development of next-generation low-power electronic and optoelectronic devices,

which utilise novel materials with superior physical and chemical properties. Two of such

materials - VO2 exhibiting reversible metal-insulator transition and two-dimensional semi-

conducting WS2 - are at the focus of the electron Compton scattering experiments presented

in this thesis. Hence, this chapter describes physical and electronic structure of the given ma-

terials, outlines a number of their potential applications and overviews the state of progress

in the associated Compton scattering experiments.

2.1 VO2 and metal-insulator transitions

2.1.1 Structure of VO2

The first report on a temperature-dependent transition between metallic and insulating states

in vanadium dioxide (VO2) was published by Morin in 1959 [48]. The material and its pecu-

liar resistance behaviour, as depicted in Fig. 2.1, has attracted a lot of attention, not only

due to a wide range of potential applications (Sec. 2.1.2), but also due to the underlying

transition mechanism, the fundamental description of which has remained controversial up

to this day [49, 50].

18
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Figure 2.1: Resistance-temperature plot of a VO2 film showing a metal-insulator transition
(MIT) with changes in resistivity reaching three orders of magnitude [51]. The MIT is as-
sociated with the VO2(M1) and VO2(R) polymorphs. Heating and cooling processes show
a hysteresis loop which is typically associated with different phase transition paths due to
strain, lattice defects and doping [52].

Figure 2.2: Crystal structure and band structure of insulating monoclinic VO2(M1) crystal
(a) and metallic tetragonal (rutile) VO2(R) crystal (b). Vanadium atoms are labeled in red,
while oxygen is in blue. The solid lines represent unit cells for each phase, and the dashed
lines show the unit cells of the opposite phase for direct comparison. In VO2(R), the nearest
V-V atoms are 0.287 nm apart, while in VO2(M1) V-V pairs with interatomic distances of
0.312 nm and 0.265 nm are formed. The bottom sections of each panel show electronic band
structure near the Fermi level for the respective crystal structures [50, 53].
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Table 2.1: Crystal structures and lattice constants of VO2(M1) and VO2(R) polymorphs
(adapted from [54]).

VO2 polymorphs Crystal structure
(space group)

Lattice constants in bulk
a (Å) b (Å) c (Å) β (◦)

VO2(M1) Monoclinic (P21/c (14)) 5.38 4.52 5.74 122.6
VO2(R) Tetragonal (P42/mnm (136)) 4.55 4.55 2.86

VO2 can generally take a number of crystalline phases, each of which exhibits interesting and

complex physical and chemical properties due to strong electron correlation [52, 54,55]. How-

ever, the resistance behaviour shown in Fig. 2.1 is associated with VO2(M1) and VO2(R) poly-

morphs, linked to each other via a reversible, temperature-driven metal-to-insulator transition

(MIT) accompanied by a structural tetragonal-to-monoclinic phase transition. The changes

in the system occur essentially instantaneously [56] at a transition temperature of approxi-

mately 68 ◦C, above which insulating VO2(M1) turns into metallic VO2(R). In the metallic

VO2(R) phase, V4+ ions are located at the vertices and body centre of a tetragonal unit cell,

as shown in Fig. 2.2(b). Each V4+ ion is further surrounded by six O2- ions, forming an

octahedral VO6 structural unit. Once the temperature of the systems drops below the criti-

cal temperature, the highly symmetric tetragonal unit cell becomes distorted, i.e. vanadium

atoms tilt with respect to their positions in the VO2(R) phase and form V-V pairs stacked

along the rutile c-axis (cr) with two different interatomic lengths, as shown in Fig. 2.2(a).

Compared to vanadium atoms, positional changes in oxygen octahedra are minor. Conse-

quently, the resulting insulating VO2(M1) phase is then described by a monoclinic unit cell

that is essentially twice as large as its tetragonal counterpart [50, 53]. The lattice parameters

of both polymorphs are presented in Table 2.1.

The electronic structure of VO2 in both metallic and insulating phases was first described

via band theory by Goodenough, who proposed that the MIT is caused by the lattice

distortion [57], i.e. a Peierls transition. In particular, due to the octahedral crystal field,

3d orbitals of a V4+ ion are split into higher energy eg states and lower energy t2g states,

which are occupied by one electron (Fig. 2.3). In addition, the structure of VO2 further

lifts degeneracy of the t2g states, splitting them into d|| and π* orbitals [49, 50,57–59]. In the

metallic VO2(R) phase, the d|| and π* bands overlap and contain electronic states at the

Fermi level as shown in Fig. 2.2(b). In the insulating VO2(M1) state, on the other hand, the

V-V pair formation and their tilting induces an upwards shift of the π* band with respect

to the Fermi level and a further splitting of the d|| band into bonding-antibonding orbitals

(Fig. 2.2(a)) [49, 50,57,58].
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Figure 2.3: Splitting of the d orbitals in the cubic (octahedron type) crystal field. The dx2−y2

and d3z2−r2 orbitals pointing towards O2- ions have higher energy and form the eg band. The
dxy, dyz and dzx orbitals, on the other hand, point between the O2- ions and form the lower
energy t2g band [60].

Figure 2.4: Strain-temperature phase diagram of insulating M1, M2 and triclinic (T) phases
of VO2. The structural changes in the material were tracked by the shift in its phonon
frequency ω0 via Raman spectroscopy. The shaded region and the solid black line represent
qualitative measurements, for which peak shift analysis was not sufficiently precise (adapted
from [61]).



2.1. VO2 and metal-insulator transitions 22

Figure 2.5: A schematic density of states (DOS) diagram of a generic Mott-Hubbard insulator
representing light transition metal oxides. Here, Coulomb repulsion U causes the split of the
d band into upper and lower Hubbard bands (UHB and LHB respectively) [63].

Interpretation of the MIT in VO2 via Peierls transition provides a qualitative description of

the band gap opening in the monoclinic phase; however, it fails to provide a correct estimate

of the band gap size, which reaches approximately 0.6 eV [50] according to experimental mea-

surements. Furthermore, discovery of insulating monoclinic VO2(M2) and triclinic VO2(T)

phases induced by temperature or strain (Fig. 2.4) further suggests that structural distortion

may not be the only cause driving MIT in VO2
[61]. Hence, in order to overcome inadequacies

of the Peierls-type model for MIT, Zylbersztejn and Mott proposed a Mott-Hubbard model,

where metal-to-insulator and phase transitions are initiated by strong electron-electron cor-

relations rather than electron-lattice interactions [53, 62]. Here, calculations of the VO2 band

structure are carried out using an additional Hubbard correlation energy (U) term, which

accounts for Coulomb repulsion between electrons. Zylbersztejn and Mott considered that

in the metallic VO2(R) phase electron correlations in the d|| band are screened by the π*

band; however, the extent of the screening in the insulating phase is reduced due to antifer-

romagnetic displacement of vanadium atoms perpendicular to the cr axis, which causes an

upwards shift of the π* band [53, 62]. For this reason, the d|| band splits into upper and lower

Hubbard bands separated by a band gap Eg, as illustrated in Fig. 2.5. Nonetheless, extensive

studies of MIT in VO2 have shown that, just as Peierls transition, the Mott-Hubbard model

alone does not provide an accurate description of physical properties, such as ground state

magnetic and electronic features, for both insulating and metallic phases of the material [50].

Currently, electronic band structure calculations for VO2, an example of which is shown in
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Fig. 2.6, typically require both electron correlations and a monoclinic crystal structure for

the insulating phase, but the debate whether either of the conditions is sufficient or necessary

to open an insulating band gap still remains [50, 53]. Hence, in order to achieve clarity on

the nature of metal-to-insulator and crystallographic phase transitions, particular focus is

nowadays placed on experimental studies of intermediate non-equilibrium phases of VO2 and

its response to different perturbations [53].

Figure 2.6: (a) Electronic band structure diagram for VO2(M1) and partial DOS for both (b)
VO2(R) and (c) VO2(M1) phases calculated using DFT with a hybrid HSE (Heyd, Scuseria,
and Ernzerhof) functional [59].

2.1.2 Applications of VO2

Ever since the discovery of MIT in VO2, the material has attracted a lot of interest for poten-

tial applications in a variety of optical and electronic devices, such as field-effect transistors,

sensors, switches, smart windows and memory devices. This section outlines only a few major

VO2-based devices, but a more thorough description of its application can be found in [64].

Along with the transition between metallic and insulating states, VO2 also exhibits sharp

changes in the infrared transmission. Together with modulation of the material via doping

and construction of nanoarray structures or composite films, VO2 shows promising charac-

teristics to be used as an energy-saving thermochromic window coating [52, 65]. In particular,
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Figure 2.7: A diagram of a UV light detector made of VO2 (a), I-V curves of the detector in
the dark and under UV light of different intensities (b), photocurrent strength as a function
of UV illumination intensities (c). The inset in (c) shows the device’s response time which is
approximately 126 ms (adapted from [52]).

VO2-based coatings could transmit near-infrared radiation at ambient temperatures below

the critical MIT temperature (Tc), while blocking it above Tc. However, optimisation of

such coatings in terms of critical temperature, IR and luminous transmittance has been a

challenging task and their commercial application has not been realised yet [52, 65].

MIT in VO2 can also be utilised in the development of optical switches and photodetectors [52].

For instance, it has been shown that VO2 microwires undergo a photoinduced MIT in ul-

traviolet (UV) light [66] with responsivity several orders higher than that of graphene, MoS2,

GaS and GaSe [52, 67]. A schematic of the VO2 photodetector, its characteristic I-V curves

and photocurrent measurements are shown in Fig. 2.7.

Furthermore, it has been recognised that VO2 can be a promising alternative to silicon in field-

effect transistors (FET), breaking the inherent size limitations of silicon-based FETs [52, 68].

One of the major challenges associated with FET scaling are unscalable voltage supply, high

leakage power and unsatisfactory current on/off ratios. These issues can be addressed by

increasing the steepness of the sub-threshold current-voltage (I-V) slopes, which is limited to



2.1. VO2 and metal-insulator transitions 25

Figure 2.8: I-V curves for MIT FET, MOSFET and Tunnel FET [68].

approximately 60 mV/decade in current at room temperature in conventional metal-oxide-

semiconductor FET (MOSFET). As shown in Fig. 2.8, which compares I-V curves for MOS-

FET, tunnel FET and MIT FET, the latter produces very steep sub-threshold I-V slopes of

approximately 4 mV/decade in current; however, problems remain with the VO2-based FET

integration with other devices and general practicability due to hysteresis and significant DC

offset voltage [68].

2.1.3 Compton scattering experiments in MIT materials and VO2

Compton scattering experiments provide a versatile tool to study electronic structure in ma-

terials exhibiting metal-to-insulator transitions [69–72]. Such experiments are predominantly

carried out in X-ray synchrotron facilities, which can support a wide range of experimental

conditions (e.g. temperature, pressure) necessary for a MIT to occur. The resulting changes

in the ground state electron momentum density distribution of a MIT material are frequently

described by the difference of the Compton profiles measured on both sides of the transition

point, as illustrated in Fig. 2.9. It shows Compton scattering data for Rb4C60, which under-

goes a pressure-driven MIT at approximately 0.8 GPa [69]. Information on the symmetry of

the electron orbital states can be further provided by taking Compton measurements along a

number of crystallographic directions; they can then be used to reconstruct two-dimensional

differential electron momentum density maps. An example of these anisotropies in LaCoO3,

which undergoes a spin-state change and a MIT at≈500 K, is shown in Fig. 2.10. Even though

Compton scattering experiments can provide an insight into the underlying MIT mechanism
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Figure 2.9: Total Compton profile of metallic Rb4C60 taken at 0.2 GPa is represented by the
solid line (left scale).The difference profile between Compton profiles measured at low and
high pressure (0.2 GPa and 2 GPa respectively) is marked by dots (right scale) [69].

and electronic behaviour of the material around the transition point, such measurements

remain fairly rare.

As for VO2, which is the target MIT material in this thesis, only a handful of Compton

studies can be found in the literature [73–77]. The earliest theoretical calculation of Compton

profiles for the high-temperature metallic phase dates back to 1976 [73]. The study, which was

carried out using Hartree-Fock-Slater model and molecular-cluster approximations, predicted

anisotropies of the order of 1% between a spherically averaged Compton profile and the pro-

files for [100] and [001] crystallographic directions. It was also speculated that a measurable

difference of the Compton profiles can be obtained by comparing both high-temperature and

low-temperature phases [73]. However, subsequent experimental measurements of isotropic

Compton profiles of VO2 using 59.54 keV gamma-rays found the aforementioned theoreti-

cal model to be incorrect, even though the measurements were taken for a low-temperature

insulating phase [74].

Both theoretical and experimental Compton profiles for the low-temperature insulating VO2(M1)

phase were also studied in a relatively recent publication by Vashistha et al [75]. Here, spheri-

cally averaged Compton profiles were calculated using the DFT-LCAO (linear combination of

atomic orbitals) method with Perdew-Burke-Ernzerhof (PBE) and Becke schemes to account

for electron correlation and exchange respectively. Experimental Compton profiles for a poly-

crystalline VO2(M1) sample were measured using an 241Am gamma radiation at 59.54 keV
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Figure 2.10: Difference Compton profiles in LaCoO3 measured at 303 K and 573 K reflecting
Co 3d electron orbital states (a). The measurements were taken for six directions spanning
an angular range of 45 degrees between [100] and [110] crystallographic directions. A 3D view
of differential 2D electron momentum density (b) and its contour plot (c) are reconstructed
from the Compton profiles in (a)(adapted from [70]).

energy. Calculated and measured Compton profiles, as compared in Fig. 2.11, show a discrep-

ancy in the projected electron momentum range between 0 a.u. and 3 a.u. The mismatch

between the profiles is attributed to chemical bonding, which is typically underestimated

within the DFT-LCAO scheme [75].

The first study of changes in electron momentum density across the MIT in VO2 powder using

both simulation and experiment was carried out by Ruotsalainen et al. in 2018 [76]. The

group measured spherically averaged Compton profiles using X-ray synchrotron radiation

at 87 keV energy, and compared the experimental data with a homogeneous electron gas

(HEG) model and DFT calculations, where electron exchange and correlation for metallic

and insulating VO2 phases were treated using LSDA (local spin density approximation) and

LSDA+U schemes respectively. Experimental results, as displayed in Fig. 2.12, show major
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Figure 2.11: Theoretical and experimental Compton profiles for an insulating VO2(M1) phase
(upper panel) and the difference profile between the two (lower panel) [75].

fluctuations in difference Compton profiles in the pz range between -4 a.u. and 4 a.u., which

indicates that the MIT in VO2 affects only the valence electron states [76]. As expected, the

measured data compares poorly with the HEG model, which is known to provide a poor

description of valence electrons in oxide materials [76]. The DFT calculations, on the other

hand, show a fairly good overall agreement with the experimental data, i.e. the calculations

reproduce pz values for nodes, minima and maxima of most fluctuations in the difference

Compton profile, but overestimates their absolute magnitude [76]. The differences between

theory and experiment are assumed to arise due to errors in electron exchange and correlation

effects, assumptions on the magnetic nature of the insulating VO2 phase and neglect of

thermal motion in the high temperature metallic VO2 within DFT [76].

Theoretical calculations were further improved by Kylänpää et al., who used both a quantum

Monte Carlo (QMC) method and DFT (LDA+U) to simulate difference Compton profiles

across the MIT in VO2
[77]. The calculations were compared to experimental data obtained

by Ruotsalainen et al. in Fig. 2.13. Expectedly, QMC calculations show a good agreement

with the experimental data, within a multiplicative factor of x5 for the magnitude, due to a

more accurate treatment of electronic correlations in QMC compared to DFT. The LDA+U

approach in DFT also provides an improvement to the calculations made by Ruotsalainen et

al. due to the optimisation of the Hubbard U term with QMC [77].
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Figure 2.12: Comparison of experimental and theoretical Compton profiles for polycrystalline
VO2 across the MIT. The projected momentum densities JR and JM refer to metallic and
insulating phases respectively [76].

Figure 2.13: Comparison of experimental difference Compton profile (scaled) [76] and theoret-
ical calculations within QMC (with 1σ statistical error) and DFT (LDA+U) frameworks [77].
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2.2 Transition metal dichalcogenides (TMDs) and WS2

2.2.1 Structure of TMDs

The existence of 2D materials such as graphene and monolayer TMDs was long doubted

for their seeming violation of the Mermin-Wagner theorem, which states that at finite tem-

peratures the long range order in 2D crystals would be broken by thermal vibrations [78].

Nonetheless, identification of a free-standing graphene sample by Novoselov and Geim [79] in

2004 showed that these materials can be stabilised by lateral rippling, which suppresses ther-

mal vibrations that are otherwise expected in perfectly flat 2D structures [80]. This discovery

initiated intensive research of the 2D material family, which now includes 2D allotropes of

elements like phosphorus [81] and germanium [82], 2D ceramics (MXenes) [83], metal-organic

frameworks [84] and polymers [85].

Amongst a wide range of 2D materials, monolayer TMDs have been recognised as one of

the most attractive structures to study fundamental physical phenomena and develop new-

generation electronic and optoelectronic devices (Sec. 2.2.2). As shown in Fig. 2.14, they

are composed of three stacked atomic sub-layers X-M-X, where M is a group IV-VII, IX, X

transition metal (e.g. Ti, Nb, W), and X is a chalcogen (e.g. S, Se). The elements in both

M and X planes are bound by strong covalent M-X bonds, while the layers in bulk material

are held together by weak van der Waals forces in various stacking orders [86]. Metal atoms

in TMDs typically have either octahedral or trigonal prismatic coordination, which generates

either tetragonal or hexagonal lattice symmetry respectively (Figs. 2.14(a) and 2.14(b)).

In a monolayer TMD with a particular metal and chalcogen combination, only one of the

given phases is thermodynamically stable [86]. Furthermore, the preferred metal coordination

governs the splitting of its non-bonding d orbitals. As shown in Fig. 2.15, the latter are

located in the gap between bonding and antibonding bands of covalent M-X bonds (σ and σ*

respectively). In TMDs with trigonal prismatic coordination, the d bands are split into three

groups: a1, e and e’, corresponding to dz2 , dx2−y2,xy and dxz,yz orbitals [86]. As for TMDs

with octahedral coordination, two groups are formed: eg and t2g representing dz2,x2−y2 and

dyz,xz,xy orbitals respectively [86]. Progressive filling of the d bands with electrons determines

electronic character of the material, i.e. TMDs with filled bands are semiconducting, while

those with half-filled bands are metallic. However, deviations from this picture occur due to

unaccounted distortions in coordination of certain M-X combinations. The band structure of

a TMD is further affected by chalcogen species but its impact is minor: heavier chalcogens

tend to broaden the d bands, which in turn decreases the size of a band gap [86]. In WS2,
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Figure 2.14: Top and side views of a generic TMD monolayer showing (a) tetragonal lattice
symmetry generated by octahedrally coordinated transition metal atoms and (b) hexagonal
lattice symmetry generated by trigonal-prismatically coordinated transition metal atoms. In
the literature, these phases are referred to as 1T and 1H phases respectively. The shaded
areas represent unit cells with a lattice parameter a. Image adapted from [87].

Table 2.2: Band gaps Eg and hexagonal lattice parameters a and c for monolayer and bulk
WS2

[88,89]. Markers T and E correspond to theoretical and experimental values respectively.

Structure a (Å) c (Å) Eg (eV)
Monolayer WS2 3.16 (T) — 2.05 (T)
Bulk WS2 3.15 (E) 12.32 (E) 1.35 (E)

which is one of the most widely studied TMDs, thermodynamically stable phase has trigonal

prismatic metal coordination, hexagonal lattice and semiconducting character. The lattice

parameters and the band gap size for both monolayer and bulk WS2, are listed in Table 2.2.

Further prominent changes in electronic structure occur in semiconducting TMDs, which

have similar band structures and undergo a transition from a direct band gap in a monolayer

limit to an indirect gap in bulk material. These changes are captured in Fig. 2.16, which

shows band structure diagrams for one to four layer WS2. First principles calculations show

that the bottom of the conduction band and the top of the valence band are energetically

stable at the K point with varying layer number, while the valence band near the Γ point

and the conduction band near the Q point (which is located approximately in the middle

between the Γ and K points) undergo significant changes. Specifically, the electronic states

at the K point are mostly associated with the dx2−y2,xy,z2 states of the transition metal and

some mixture of p orbitals of the chalcogens, which are insensitive to interlayer coupling. The
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Figure 2.15: Qualitative picture of the d band filling in TMDs from groups IV-VII, X. The
filled states are shown in dark blue and the empty ones are light blue. Trigonal prismatic
and octahedral coordinations are denoted by D3h and D3d point group symmetries. TMDs
with filled d bands and the Fermi level EF positioned in the band gap have a semiconducting
character [86].

Figure 2.16: Electronic band structures of one to four layer WS2 calculated via DFT (GGA).
Note the valence band splitting at the K point due to spin-orbit coupling in all of the struc-
tures. Image adapted from [90].

states near the Γ and Q points, on the other hand, are influenced by contributions of the

chalcogen pz orbitals. Close proximity between pz orbitals of neighbouring layers in ≥2 layer

TMDs facilitates large electron interlayer hopping, which in turn alters band energies near

the Γ and Q points and causes the direct-indirect energy band gap transition. Experimentally

these changes can be observed via PL spectroscopy, as shown in Fig. 2.17.

2.2.2 Applications of 2D transition metal dichalcogenides and WS2

Unique physical and chemical properties of semiconducting TMDs have opened new prospects

for the development of electronic and optical components in a wide variety of fields. Due to

their tunable band gap, TMDs can be integrated into FETs and diodes, which can further

be used in gas sensing, solar cells and LEDs [91]. Also, due to their exceptional mechanical

properties, TMDs are able to withstand a high level of deformation, which is relevant in
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Figure 2.17: (a) An optical image of WS2 flakes on a Si substrate with a SiO2 cap-layer, (b)
corresponding PL images excited at 2.41 eV, where only monolayers exhibiting a direct band
gap are visible. (c) Relative PL intensity as a function of the WS2 layer number. The inset
in (c) shows PL spectra for monolayer and bilayer WS2. (d) PL spectra of WS2 (normalised
with respect to the peak A). Peak I represents indirect band gap transitions, while peaks
A and B represent direct-gap transitions between the conduction band and the split valence
band at K points (see Fig. 2.16). Image adapted from [90].

the development of flexible electronic devices [91]. This section further outlines a number

of interesting TMD applications, focusing mainly on WS2 as an active material. A more

detailed summary of TMD-based devices can be found in [92,93].

2D TMDs have been recognised as convenient materials for implementation in memristors,

i.e. electrical devices with programmable resistance that retain the history of their state [94].

They mimic basic biological functions of synapses and therefore can be used for neuromorphic

computing and development of artificial intelligence. The standard operational mechanisms

employed in memristors typically require large operating currents, which are incompatible

with low-power consumption goals1 [94,95]. However, it has been shown that a memristor

incorporating WS2 required low program current of 1 µA in the ON state, displayed fast

switching times of 13-14 ns and successfully replicated synaptic functions [95].

1Powerful computers, which can be used for pattern recognition, can consume ≈1 MW of electricity com-
pared to ≈20 W needed to power the human brain [95].
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Another promising field for 2D TMD integration is quantum photonics, where it could be used

to make single-photon emitters. These light sources are central to next-generation quantum

communications, information and computing technologies, and ideally produce indistinguish-

able single photons at high generation and extraction efficiencies [96, 97]. An example of a

quantum emitter based on a monolayer WS2 flake deposited on top of a silica nanopillar

array of 170 nm in height is shown in Fig. 2.18(a). The spectra representing PL intensity at

the location of a nanopillar and away from it are depicted in panels 2 and 1 respectively in

Fig. 2.18(b), while panel 3 shows a PL intensity spectrum of a WS2 monolayer deposited on

190 nm nanopillars. Multiple lines in the PL spectra suggest that the nanopillar sites facil-

itate emission of a number of different photons; however, their spread is reduced at higher

pillar sites, leading to a higher probability of the desired single-photon emission per site [96].

Figure 2.18: Quantum emitter array using monolayer WS2 as an active material. (a) Shows an
integrated PL intensity raster scan of the flake measured at 10 K. The bright spots correspond
to unpierced nanopillar sites and the inset shows a dark-field optical micrograph of the same
area. (b) Shows the PL spectra measured at a location away from a nanopillar and nanopillar
sites . Note the X0 and X− peaks as well as the broad emission band measured at a flat WS2
site, which appear due to unbound, weakly localised or defect-related exitons. Image adapted
from [96].

Structural characteristics of monolayer TMDs and other 2D materials also allow for the assem-

bly of heterostructures – stacks of multiple 2D materials held together by van der Waals forces.

Mechanical, electronic and optical properties of these assemblies differ from the properties

of the constituent layers and hence assist the development of practical applications [98, 99].

One of the device classes in which heterostructures are found particularly useful is photode-

tectors. While individual 2D materials frequently have either slow response time or unsat-
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Figure 2.19: Heterostructure-based photodector integrated into an optical fibre. Schematic
representations of the device and the heterostructure are shown in (a) and (b) respectively.
(c) Shows a scanning electron micrograph of the device, where the scale bar represents 20
µm. Image adapted from [100].

isfactory responsivity for photodetection, these issues can be overcome by an appropriate

heterostructure design, where a built-in electric field at layer interfaces facilitates effective

electron-hole pair separation and therefore improves photodetection properties [100]. An ex-

ample of a heterostructure-based photodetector is shown in Fig. 2.19. It consists of a mul-

tilayer graphene–MoS2–WS2 assembly integrated into an optical fibre with gold electrodes,

which concentrates all the input power onto the heterostructure.

2.2.3 Compton scattering experiments in transition metal dichalcogenides

Layered transition metal dichalcogenides provide an interesting system to study via Compton

scattering. In theory, the technique can capture interlayer coupling and electronic changes

associated with an indirect-to-direct band gap transition in materials like WS2 and MoS2.

So far, a thorough study tracking these changes in TMDs has not been carried out; how-

ever, there are a number of Compton scattering studies investigating bulk TMDs such as

WS2
[101], WSe2

[101], WTe2
[102] and FeS2

[103]. Interestingly, in these experiments Compton

scattering data is used to test the performance of Hartree-Fock (HF) calculations and various

electron exchange and correlation functionals within DFT. Hence, the data is presented pre-

dominantly as difference profiles between theoretical and experimental Compton profiles, as

shown in Fig. 2.20. Analogous measurements were also carried out on doped TMDs such as

TaS0.5Se1.5
[104] and Cr0.5X0.5Se2 (X=Mo, W) [2], and a mixed TMD MoTeSe [105]. Note that

all the outlined experiments involve TMD irradiation with gamma rays either from 137Cs or
241Am sources.

In the context of a broader class of 2D materials, Compton scattering experiments have been

carried out so far only on few-layer graphene [35]. An important feature of these experiments



2.2. Transition metal dichalcogenides (TMDs) and WS2 36

Figure 2.20: Isotropic difference Compton profiles for polycrystalline WS2 comparing vari-
ous theoretical models and experimental data (image adapted from [101]). Theoretical cal-
culations were carried out within pseudopotential (PP) HF, DFT and their hybrid schemes
(B3LYP, B3PW), as well as using a spin polarised relativistic Korringa–Kohn–Rostoker (SPR-
KKR) method. Experimental data was obtained using a 137Cs gamma ray source at 661.65
keV energy. Substantial differences between experimental and theoretical Compton profiles in
the low momentum region are attributed to the limitations of theoretical models in predicting
electron momentum densities [101].

is that they were conducted using a 120 keV electron beam in TEM as a source of radiation, as

opposed to X-ray or gamma radiation in experiments on TMDs and MIT materials described

in section 2.1.3. Furthermore, the study also compares the Compton profile for few-layer

graphene with the one for graphite, as illustrated in Fig. 2.21. It was concluded that the

electron density is more delocalised in graphene compared to bulk graphite.
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Figure 2.21: (a) Experimental electron Compton profile of valence electrons in few-layer
graphene (in black). A polynomial fitting to the data is shown in blue and a theoretical
profile calculated via full-potential linearized augmented plane wave (FLAPW) approach in
DFT is shown in red. (b) Comparison of theoretical and experimental difference Compton
profiles of valence electrons ∆Jv(pq) = Jgraphene

v (pq)−Jgraphite
v (pq) (ECOSS stands for electron

Compton scattering from solids) [35].



Chapter 3

Experimental techniques

Electron Compton scattering experiments presented in this thesis involve two major experi-

mental techniques – transmission electron microscopy (TEM) and electron energy loss spec-

troscopy (EELS). Hence, this chapter outlines the main principles underpinning the opera-

tion of a transmission electron microscope, including electron-matter interactions, microscope

structure, operational modes and instrumental limitations. The chapter also briefly overviews

scanning transmission electron microscopy – a technique that incorporates features of scan-

ning electron microscopy into the standard TEM operation. Lastly, it discusses EELS, which

is key in detection and measurement of inelastically scattered electrons.

3.1 Transmission electron microscopy

The ideas behind electron microscopy emerged in early 20th century, not long after de Broglie

proposed that all matter exhibited wave-like behaviour [106]. Due to wavelengths of electrons,

which can be five orders of magnitude smaller than those of visible light photons, electron

microscopes surpassed the resolution limits of optical microscopes. In combination with

diffraction and spectroscopic techniques, electron microscopes are nowadays one of the most

versatile tools used to study materials on an atomic scale.

As electrons couple strongly to matter, interactions between the electron beam and a speci-

men produce a variety of secondary signals, summarised in Fig. 3.1. In transmission electron

microscopes, which use a high-energy (e.g., 200 keV) electron beam to penetrate a thin sam-

ple, both elastically and inelastically scattered electrons can be used to obtain information

characterising crystal structure [107], orientation [108], defects [109] and strain [110]. Inelasti-

cally scattered electrons can further provide information about dielectric response [111] of the

38
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Figure 3.1: Secondary signals arising from interactions between an electron beam and a
specimen [106].

material, electronic structure and bonding [112] of constituent atoms. The ionising interac-

tions between the beam and the sample can also generate characteristic X-rays and Auger

electrons, which may be used to derive quantitative information about sample elemental

composition [106].

Despite a vast amount of information that can be obtained via TEM, the technique is limited

by a number of factors. In order to be able to record any transmitted electron signal, the

samples typically have to be under 100 nm in thickness. Therefore, bulk specimens are thinned

down using, for instance, ion milling [113] which can introduce structural and chemical changes

in the sample and leave unwanted artefacts in the TEM data [106]. Further complications

may arise due to electron beam damage: higher resolution and signal-to-noise ratio typically

require higher electron dose and acceleration voltage, which can be detrimental to sensitive

samples such as 2D materials [114]. Higher resolution also implies that only very small sections

of a sample can be studied, making TEM a poor sampling tool [106].

3.1.1 TEM structure and operation

One of the most important parts of a TEM is the electron source, which produces a nearly

monochromatic and partially coherent electron beam (Fig. 3.2). There are two main types of

electron sources: thermionic and field-emission electron guns. Each of these has a different

energy spread, lifetime, current stability and brightness [106]. Field-emission guns are the
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Figure 3.2: Structure of a TEM equipped with an electron energy loss spectrometer [115].

best electron sources and produce a beam originating from (thermally assisted) electrons

tunnelling out of a fine tungsten needle in the presence of an electric field (Fig. 3.3). As

the electron beam is emitted from a large area, electromagnetic condenser lenses are used

to demagnify the source size and control illumination on the sample (i.e., focused or parallel

beam). The strongest and the most important lens in a TEM is the objective lens, which,

together with intermediate and projector lenses (the three are denoted as imaging lenses in

Fig. 3.2), create and magnify diffraction patterns and images of a sample. These are then

projected on either a phosphor screen or a camera, or directed to spectrometers such as an

electron energy loss spectrometer for further analysis.

However, the electromagnetic lens system in a TEM is not perfect and limits the maximum

resolution of the microscope. The most relevant aberrations within the experimental frame-

work of this thesis are diffraction and spherical aberrations. The former originates from the

wave nature of electrons and a finite size of the objective lens aperture, due to which the
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Figure 3.3: (a) shows energy levels in a FEG at 0 K. In the presence of a strong electric field,
the vacuum level band is bent, allowing electron tunneling thought the potential barrier. (b)
shows a tungsten FEG tip [106].

Figure 3.4: As the electron beam diffracts from the objective lens aperture, its propagation
can be thought of in terms of spherical wavelets which interfere with each other. The figure
shows the wavelets that interfere constructively and create an Airy pattern on the image
plane of the objective lens, which defines the fundamental resolution of a TEM (adapted
from [116]).

electron beam spreads as secondary Huygens wavelets and a point object has the profile of

an Airy disc. (Fig. 3.4). In order to reduce the effects of diffraction aberration, one could

increase the size of the objective lens aperture; however, that would increase spherical aber-

ration (Cs) - a defect resulting from radial inhomogeneities in the magnetic field of the lens.

As shown in Fig. 3.5, differences in the magnetic field change the extent of electron deflection,

such that higher angle rays are more strongly focused, causing point objects to be imaged as
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Figure 3.5: Schematic representation of spherical aberration in an electromagnetic lens [106].

discs. [106]. While the highest attainable resolution (information limit) of a Cs-limited TEM

is approximately 1 Å, sub-Å resolution can be achieved using Cs correctors implemented in

the most advanced TEMs.

3.1.2 TEM operation modes

Versatility of a TEM in detailed analysis of materials partially originates from a number of

modes the instrument can operate in. One of its major advantages is accessibility of both

real-space images and diffraction patterns of a sample. The switching between imaging and

diffraction modes is controlled by changing the strength of an intermediate lens, as shown in

Fig. 3.6. In the imaging mode, the object plane for the intermediate lens is set to the image

plane on the objective lens, while in the diffraction mode the object plane is adjusted to the

back focal plane of the objective lens [106].

The imaging mode can be divided into two sub-modes - bright field and dark field imaging.

The bright field mode uses an objective aperture to select a transmitted beam to form an
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Figure 3.6: Electron ray path diagram in imaging and diffraction modes in TEM [117].

image, as shown in Fig. 3.7(a). In this case, electrons scattered by the sample are blocked,

Figure 3.7: Electron ray path diagrams representing a bright field imaging mode which uses a
transmitted electron beam, (a), and a dark field imaging mode which uses a scattered beam,
(b) [106].
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and the sample appears dark with respect to vacuum. In the dark field mode, the primary

electron beam is tilted, and the scattered beam is selected for imaging (Fig. 3.7(b)). As a

result, the sample in the image appears light in comparison to dark vacuum. Furthermore,

the dark field mode can also be used to carry out momentum resolved spectroscopic energy

measurements of the scattered beam. For instance, by controlling the beam tilt angle one

can detect Compton scattered electrons, which are in the focus of this thesis.

In combination with electron images, one can further obtain diffraction patterns, which convey

crystallographic information about the sample (for instance lattice parameter, grain orienta-

tion and defects). The symmetry of the pattern, i.e. positions of particular diffracted spots

and potential systematic absence thereof, reveals the structure and orientation of the unit

cells comprising the material. The intensity of individual spots for weak, kinematic scattering

is described by the square modulus of the structure factor, |Fhkl|2, where the structure factor

coherently sums the electron waves scattered by every atom within a given unit cell. It is

defined as:

Fhkl =
∑
i

fiexp [2πi(hui + kvi + lwi)] , (3.1.1)

where fi denotes an atomic scattering factor of the ith atom, which is located at a position

(ui, vi, wi) within the unit cell, and terms h, k, l are the Miller indices of the (hkl) planes

involved in scattering. Note that the exponential term in equation 3.1.1 takes into account

the phase difference between electrons scattered by different but parallel (hkl) planes and

determines the conditions under which the scattering amplitude is zero.

Despite the benefits of describing diffraction in terms of the structure factor, a more common

approach to it is the well-known Bragg’s law, which describes the conditions under which the

electron beams diffracted by parallel (hkl) planes interfere constructively, i.e.:

2dhklsinθ = nλ, (3.1.2)

where dhkl is the interplanar distance between (hkl) planes, θ is the Bragg angle, λ is the

wavelength of electrons and n is the order of reflection, which is typically set to 1.

The details on how the mentioned operational modes are used to set up particular experiments

are presented in Chapter 4.

3.1.3 Scanning transmission electron microscopy (STEM)

Despite significant technological improvements in aberration correction in conventional TEM

and its capacity to transfer information on sub-Å level, scanning TEM (STEM) has emerged
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Figure 3.8: Electron probe and imaging differences between TEM (denoted as CTEM in the
image) and STEM [121].

as the preferred technique in sample characterisation on an atomic scale. Its advantages over

TEM include imaging modes that are more straightforward to interpret and a possibility

to use multiple detectors at the same time [118,119]. While standard measurements in TEM

employ a wide, nearly parallel electron beam to illuminate the sample, STEM operates by

rastering a highly convergent electron probe across the specimen (Fig. 3.8). A simplified

diagram of STEM electron optics is presented in Fig. 3.9. Here, the condenser and objective

lenses demagnify the electron source and focus the beam to a spot, the size of which can

be made smaller than the size of atoms in a specimen using aberration correction [120]. The

motion of the probe across the sample is controlled by scan coils. Moreover, unlike in TEM,

image formation in STEM does not require any post-specimen electromagnetic lenses.

STEM can operate in both bright field and annular dark field modes. Bright field images

are formed by a detector positioned along the optic axis, which detects the low-angle scat-

tered electrons. STEM and TEM bright field images are related through the principle of

reciprocity [120]. However, the most widely used imaging mode in STEM is the annular

dark-field mode, which uses electrons scattered at high angles to provide atomic number (Z)

contrast images. One of the major advantages of this mode is direct correspondence between

the obtained image and atomic sample structure, which is not always achieved in high res-

olution TEM or bright field STEM images. Furthermore, the annular dark field mode also

accommodates simultaneous measurements of inelastically scattered electron using EELS.
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Figure 3.9: Electron optics of STEM. An electron beam produced by an electron gun is
focused to a fine spot by condenser and objective lenses. The probe is further rastered across
a specimen using scanning coils [120].

Due to rotational symmetry of the probe-forming electromagnetic lenses, resolution of STEM

images is mostly limited by spherical aberration. Hence, a lot of effort has been placed into

its correction by breaking the rotational symmetry via introduction of magnetic multipole

elements such as quadrupole and octupole lenses displayed in Fig. 3.10 [122]. The aberration

correcting element in STEM typically consists of a series of quadrupoles and octupoles in

order to produce a beam with negative spherical aberration, which counteracts the positive

spherical aberration of the objective lens (Fig. 3.11). The alternating combination of the

multipoles is necessary due to characteristic behaviour of the octupole lens: it can introduce

negative spherical aberration only along a pair of axes perpendicular to the direction of

beam propagation, say x and y in Fig. 3.11. The coplanar axes at 45° to x and y axes, on

the other hand, introduce positive spherical aberration [123]. Therefore, in order to have a

negatively aberrated beam, a quadrupole lens has to be used to create a line focus, which

is then directed along the negative aberration axis of an octupole. If, for instance, the first

pair of quadrupole and octupole lenses creates a negatively spherically aberrated line focus
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Figure 3.10: Diagram of magnetic multipoles used in spherical aberration correction (electron
beam comes out of the page) [122].

in x direction, further multipole elements reshape the beam and introduce negative spherical

aberration along the y-axis. Then, the final quadrupole lens recreates a round beam with

desired negative spherical aberration [123].

Figure 3.11: A series of quadrupole (Q) and octupole (O) lenses representing a spherical
aberration correction unit in STEM. It creates an electron beam with negative spherical
aberration to counteract positive spherical aberration of the objective lens. Image is adapted
from [123].

3.2 Electron Energy Loss Spectroscopy

Electron energy loss spectroscopy (EELS) is one of the major spectroscopic techniques used

in a TEM. It studies energy changes in the initially near-monochromatic electron beam after
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Figure 3.12: Magnetic prism changes the direction of electron motion, dispersing the electrons
according to their energy [106].

it has passed through a sample. The measurable energy losses which result from inelastic

interactions span a range of up to ~2 keV. Generally, losses of up to 50 eV correspond to

beam interactions with valence electrons, and losses beyond 50 eV are due to interactions

with the core electrons [106]. The technique provides a vast amount of information on the

sample, including its chemistry, electronic structure and dielectric response.

3.2.1 EELS detector

The main component of the EEL detection system is a magnetic prism, shown in Fig. 3.12.

It works similarly to a glass prism, which disperses white light into its components. Here,

however, a uniform magnetic field created by the prism exerts a Lorentz force on electrons

and changes their trajectory [106]. The extent of deflection, and therefore the position at

which the electron hits the dispersion plane, depends on its the velocity (or equivalently its

energy), as defined by Eqn. 3.2.1:

R = mv

eB
. (3.2.1)

Here, e, v and m are the electron charge, speed and relativistic mass [31], and R is the radius

of its circular orbit within the magnetic field B.

Unlike the glass prism, the magnetic prism also as acts as a focusing element, i.e. electrons

of the same energy which are travelling in on- or off-axis directions are brought to the same
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Figure 3.13: Typical EEL spectrum contains peaks associated with zero-loss, plasmon exci-
tations and ionising interactions between the beam and core electrons in the sample [106].

focal point in the dispersion plane, finally forming a spectrum that relates electron energy

loss and intensity.

3.2.2 EEL spectrum

The most prominent feature in the EEL spectrum (Fig. 3.13) is the zero-loss peak (ZLP). Due

to the finite resolution of the spectrometer, it contains not only elastically scattered electrons,

but also those electrons that lose energy of the order of meV due to phonon exitations,

etc [106]. The full width at half maximum (FWHM) of the ZLP defines the resolution of the

spectrometer, although is often subtracted from the spectra.

The low-loss part of the EEL spectrum also contains peaks associated with both bulk and

surface plasmon excitations, which refer to collective oscillations of weakly bound valence

or conduction electrons, resulting in regions of fluctuating electron density within or on the

surface of the material. It is the most commonly occurring inelastic excitation, which has a

differential scattering cross section of a Lorentzian shape:

dσθ
dΩ = 1

2πa0

(
θE

θ2 + θ2
E

)
. (3.2.2)

Here, θ is the scattering angle, θE is the characteristic scattering angle1 and a0 is the Bohr

radius [106]. The bulk plasmon energy typically spans the range of 5-30 eV, and for materials

1The characteristic scattering angle is the most likely scattering angle for a given electron beam energy
and energy loss value E. It is given by θE ≈ E

γm0v2 . It simplifies to θE ≈ E
2E0

for non-relativistic electrons of
energy below ≈100 keV [106].
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that have a free-electron structure it can be expressed as:

EP = ~ωP = ~

√(
ne2

ε0m0

)
, (3.2.3)

where ωP is a plasmon frequency, ~ is a reduced Planck’s constant, ε0 is the permittivity

of free space and n is the density of free electrons of mass m0 and charge e. The surface

plasmons, on the other hand, are of lower energy compared with those of the bulk, and due to

their low intensity become important only in the thinnest samples [31]. The low-loss spectrum

may further contain peaks corresponding to inter-band transitions. These also occur in the

energy loss region of up to ~25 eV and can be used in phase identification via a "fingerprinting"

technique, which compares the recorded low-loss spectrum with the stored spectra of known

samples [106].

Generally, the low-loss spectrum can be interpreted as the dielectric response of the sample

to the incident electron beam. As the intensity of the spectrum is a function of the imaginary

part of the dielectric function, Kramers–Kronig relations can be used to derive its real part.

This information can also be obtained using optical spectroscopy; however, the advantage of

EELS is that it offers better spatial resolution, and a single EEL measurement in the range

of ~1.5-3 eV corresponds to optical analysis in the wavelength range of 400-800 nm (i.e., UV

to infra-red) [106].

Finally, ionising interactions between the beam and core electrons in the sample are repre-

sented in the high energy-loss part of the spectrum (>~50 eV), where they give rise to peaks

named core-loss edges. These carry elemental information about the sample, and, depending

on both their short and long range fine structure, one can obtain data on bonding, coordi-

nation and density of states [106]. Clearly, the information derived from the high-loss energy

range is similar to energy-dispersive X-ray (EDX) measurements, which detect characteristic

X-rays emitted upon relaxation of an ionised atom (Fig.3.14). The EDX measurements of

light elements have a low X-ray fluorescence (i.e. low probability of X-ray emission during

relaxation), while EELS is much more efficient since, in principle, it can detect all ionisation

events, irrespective of the atom relaxation mechanism. In this respect, both EELS and EDX

are considered to be complementary techniques.
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Figure 3.14: Ionisation of a K-shell electron is followed by electron relaxation from the L
shell, (a). The process results in the emission of the characteristic X-ray, the energy of which
depends on the energy difference between the involved shells, and hence on the type of the
ionised atom [106]. (b) shows an EDX spectrum of a 2D MoS2 sheet containing Fe3O4 and
Pt nanoparticles (the Cu peaks are due to the background signal from the TEM specimen
grid) [124].



Chapter 4

Experimental methodology

Electron Compton scattering experiments presented in this thesis are carried out on 3 groups

of materials: amorphous carbon film, transition metal dichalcogenide WS2 and metal-to-

insulator transition exhibiting VO2. Each of these systems requires customised experimental

setup in order to capture the relevant changes in the projected electron momentum densities.

Hence, this chapter describes the equipment and experimental conditions used to carry out

Compton scattering experiments in each material. In addition, it also briefly outlines the

sample preparation procedures for WS2 thin films and VO2 flakes.

4.1 TEM and EELS system

The experiments outlined in this thesis were carried out using a JEOL 2100F TEM equipped

with a Gatan GIF Tridiem EELS detector and an Oxford X-Max 65T SDD X-ray detector, as

shown in Fig. 4.1. The TEM uses a ZrO/W(100) Schottky field emission gun, which produces

a bright and highly stable electron beam accelerated up to a maximum energy of 200 keV [125].

The HRTEM and diffraction images were recorded with Orius CCD camera (in experiments

with amorphous carbon) and Rio CMOS camera (in experiments with WS2 and VO2). Both

EELS and TEM imaging detectors were controlled via Digital Micrograph software, while the

energy-dispersive X-ray measurements were carried out via Aztec software.

52
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Figure 4.1: TEM and EELS system used for electron Compton scattering experiments.

4.2 Electron Compton scattering experiments in amorphous

carbon

Investigation of the validity of impulse approximation and plasmon background subtraction

in electron Compton scattering was carried out on 10 nm-thick holey carbon grids. Normally,

EELS is performed using a beam centred along the optic axis of the TEM; however, Compton-

scattered electrons are deflected at fairly large angles away from the optic axis. Therefore, in

order to direct these electrons towards the spectrometer, a centred dark field mode is used,

in which a parallel electron beam is tilted at a finite angle with respect to the sample surface
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Figure 4.2: Compton scattering experiments in TEM using a tilted electron beam.

normal (Fig. 4.2).

The impulse approximation defines a one-to-one correspondence between the particle scatter-

ing angle and the energy of the Compton profile peak. Hence, in order to establish whether

the soft collisions between the beam and the sample electrons can be modelled within this

approximation, the changes in energy of the Compton profile peak were studied as a function

of the beam tilt angle. The data obtained were further compared with a theoretical predic-

tion for relativistic electrons, the details and derivation of which are presented in Sec. 4.1.

EEL spectra were acquired using a 20 µm objective lens aperture and energy dispersions of

0.3-0.5 eV/channel. Defining d = 1
q , where q is the length of the scattering vector, one can

obtain the electron scattering angle, 2θ, using Bragg’s law:

λ = 2dsinθ, (4.2.1)

where λ is the wavelength of the primary electron and θ is the beam tilt angle. Applying the

small angle approximation (i.e. sinθ ≈ θ), the electron scattering angle is then expressed as

2θ = qλ, (4.2.2)

where q is measured via Digital Micrograph as the distance between the transmitted electron

beams in bright field and centred dark field modes in diffraction space, as shown in Fig. 4.3.

The projected momentum densities of amorphous carbon films were obtained after subtracting

the plasmon background, assuming that the zero-loss peak ZLP contribution to the Compton

profile is negligible.
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Figure 4.3: Transmitted electron beam in bright field and centred dark field modes.

Electron Compton scattering measurements were also carried out using a collapsed TEM

beam as an approximation to the standard STEM set-up. Under these conditions, the beam

convergence angle is determined by the size of the condenser lens aperture. Two beam

convergence angles were tested in the experiments - 4.9 mrad and 12.3 mrad, corresponding

to 3.9 nm−1 and 9.7 nm−1 momentum spread in the primary electron beam. The resulting

EELS spectra and Compton profiles were analysed as those obtained using a parallel electron

beam, i.e. the scattering angle was defined with respect to the centre of the STEM probe

disc in reciprocal space.

4.3 Electron Compton scattering in WS2

The WS2 sample studied in this work was prepared by Pranab Kishore Mohapatra and Assael

Cohen from Tel Aviv University, Israel. The film was grown on a sapphire substrate via

“growth-etch” metal-organic chemical vapour deposition (GE-MOCVD) at a temperature of

850 ◦C and 50 Torr pressure [126]. The method involves a pulsed delivery of tungsten carbonyl

(W(CO)6) and di-tert-butyl sulfide (DTBS) precursors with a supply of H2O vapour between

the growth cycles [126]. Here, H2O vapour acts as an etchant for part of WS2 nuclei and carbon

contaminants ensuring the growth of large WS2 domains. After the growth, the WS2 film was

transferred onto a TEM grid using the surface-energy-assisted process [126,127]. Specifically, a

layer of polystyrene was spin-coated on the substrate and baked to secure good adhesion
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Figure 4.4: Monolayer (a) and multilayer (b) regions of the WS2 sample deposited on an
amorphous holey carbon TEM grid. The films contain a number of protruding contaminating
particles, which are shown magnified in the inset of (a). These are most likely associated with
the WS2 growth or transfer processes.

between WS2 and the polymer. The assembly was then immersed into deionised water

resulting in delamination of WS2/polystyrene film from the substrate due to hydrophobic and

hydrophilic properties of the WS2 and sapphire respectively. The film was then transferred

onto the TEM grid and the remaining polystyrene coating was dissolved with toluene [126,127].

TEM micrographs of the deposited monolayer and multilayer domains of WS2 are shown in

Fig. 4.4.

Due to scarcity of suitable multilayer WS2 regions in the given sample for electron Compton

scattering experiments, another sample of multilayer/bulk WS2 was prepared using a shear

exfoliation method. For that, WS2 powder purchased from Sigma-Aldrich was dispersed in

IPA and mixed using a Silverson L5M homogeniser for an hour at 3000 rpm. The resulting

dispersion was drop-cast onto a holey carbon TEM grid, which was then blotted on a filter

paper and air-dried.

In order to investigate layer-dependent variations in WS2 electronic band structure via elec-

tron Compton scattering, the EELS spectrum must be acquired along well-defined crystallo-

graphic scattering directions, unlike in amorphous carbon, which is isotropic. As shown in

Fig. 2.16, the most significant changes in WS2 band structure with an increasing number of

layers occur along the Γ-K direction of the reciprocal lattice. Therefore, in order to measure

these changes, the electron beam has to be tilted so that only electrons scattered along the

[101̄0] K-reciprocal direction are selected by the objective aperture. Fig. 4.5 shows the setup
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Figure 4.5: Electron beam and diffraction pattern alignment for electron Compton scattering
experiments in monolayer (a), bilayer (b) and bulk (c) WS2.

in diffraction space for monolayer, bilayer and bulk WS2. As bilayer regions are rotationally

misaligned, the scattering vector for the bilayer is chosen to pass inbetween the two K-points

of the individual layers. The measurement of the bulk sample also required additional steps

in the setup of the experiment due to dynamical electron scattering effects (Sec. 6.3). In

particular, the sample had to be tilted away from the zone axes in order to minimise the

high intensity Bragg reflections, as shown in Fig. 4.6. Despite tilting away from the zone

axis, strong scattering in WS2 meant that a large number of Bragg beams were still observed

during Compton EELS measurement (Fig. 4.5(c)).

Due to the strong plasmon background and potential inaccuracies associated with its subtrac-

tion, Compton scattering experiments for monolayer and bilayer were carried out at 39.5 mrad

scattering angle, which places the Compton peak at approximately 420 eV. This energy is
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Figure 4.6: Convergent beam electron diffraction patterns for bulk WS2 showing the incident
beam directed away from the zone axes. The image contrast in (b) is digitally increased
compared to (a) in order to see the Kikuchi bands.

Table 4.1: Electron binding energies in free W(1s2 2s2p6 3s2p6d10 4s2p6d10f14 5s2p6d4 6s2)
and S(1s2 2s2p6 3s2p4) atoms in eV. Table adapted from [128].

Z K L1 L2 L3 M1 M2 M3 M4
74 W 69529 12103 11546 10209 2823 2577 2283 1874
16 S 2476 232 170 168 20.20 10.36

Z M5 N1 N2 N3 N4 N5 N6 N7
74 W 1811 599 495 428 261 248 38 36

Z O1 O2 O3 O4 O5 P1
74 W 80 51 41 9.0 8.0

also higher than the carbon K-edge core loss peak due to any hydrocarbon contamination

on the specimen surface. Under these experimental conditions only the electrons of binding

energy of up to ≈420 eV are sampled. Therefore, for WS2, 70 electrons per formula unit

will contribute to the Compton peak (Table 4.1). For the bulk material, the scattering angle

was 33.4 mrad; however, extraction of the Compton profile remained complicated despite the

effort to reduce multiple scattering artefacts.

The measurements were taken using a 20 µm objective aperture and EELS energy dispersion

of 0.5 eV/channel. Also, due to the sensitivity of the monolayer WS2 to a high energy electron

beam, the irradiation intensity was minimised by increasing the first condenser lens strength

(i.e. spot size) to the highest value possible. The total fluence during Compton measurements

was kept below the critical value (see Section 6.2 for more details). The projected momentum
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Figure 4.7: TEM image of a VO2 flake, (a), and a corresponding electron diffraction pattern,
(b), taken at room temperature.

densities of WS2 films were obtained assuming that at these high electron scattering angles

the ZLP and plasmon contribution to the Compton profile is negligible after background

subtraction.

4.4 Electron Compton scattering in VO2

The VO2 sample for TEM was prepared via a drop-casting method using VO2 powder ob-

tained from Sigma-Aldrich. A small amount of powder was dispersed and ultrasonicated in

IPA in order to produce electron-transparent VO2 flakes. The dispersion was then drop-cast

onto a holey carbon TEM grid, which was subsequently blotted on a filter paper and air-

dried. An image and a corresponding diffraction pattern of one of the deposited flakes are

shown in Fig. 4.7

As outlined in Sec. 2.1.1, the phase change in VO2 occurs at approximately 68 ◦C, beyond

which the insulating material becomes metallic. Therefore, in order to track changes in VO2

electronic structure, electron Compton scattering measurements were carried out at both

room temperature (≈21 ◦C) and 90 ◦C, at a scattering angle of 40 mrad. Under these experi-

mental conditions, the Compton profiles peak at about 430 eV and consequently represent 25

electrons per formula unit, as indicated in Table 4.2. Furthermore, due to the polycrystalline

nature of the flakes and difficulty in consistently obtaining Compton measurements along

a specific crystallographic direction, isotropic Compton profile measurements were obtained

by summing a number of EELS spectra acquired along arbitrary scattering directions. As
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Table 4.2: Electron binding energies in free V(1s2 2s2p6 3s2p6d3 4s2) and O(1s2 2s2p4) atoms
in eV. Table adapted from [128].

Z K L1 L2 L3 M1 M2 M3 M4 M5 N1 N2
23 V 5470 633 525 518 72 44 43 8 6.740
8 O 538 28.48 13.62

in experiments with WS2, the measurements were taken using a 20 µm objective aperture,

0.5 eV/channel EELS energy dispersion and minimised electron irradiation intensity. The

sample heating was carried out with Gatan model 900 heater and Gatan model 914 tomog-

raphy holder, which can maintain constant temperatures of up to 100 ◦C. As the holder

temperature is not calibrated, a higher temperature of 90 ◦C was deliberately selected (it is

not expected to deviate from the real temperature by more than a few degrees), and the sam-

ple was kept at this temperature for 30 minutes in order to ensure consistent phase transition

in all the VO2 flakes.



Chapter 5

Electron Compton scattering in

amorphous carbon films

Traditionally, electron Compton scattering experiments are carried out in a high energy

transfer regime in which electron scattering angles are relatively large. This approach ensures

validity of the impulse approximation and provides a way to convert the obtained Compton

profile into an electron momentum distribution of the probed material. However, experiments

conducted in this regime present a number of complications such as low electron count number

and a need to subtract the core electron contribution from the Compton profile via density

functional theory (DFT) methods.

In this chapter, an alternative experimental method employing low energy transfer is studied

with the aim to improve data collection efficiency and eliminate the need of the core elec-

tron background subtraction from the acquired electron momentum density profiles. Here,

experiments are carried out on an amorphous carbon film, studying Compton scattering at

low angles. Particular emphasis is placed on investigating the validity of the impulse ap-

proximation and relatively simple plasmon background subtraction methods. The chapter

also explores the possibility of conducting similar experiments in STEM mode, which could

potentially enable extraction of Compton profiles at high spatial resolution.

5.1 Impulse approximation theory

Interpretation of the Compton spectrum in terms of the momentum distribution of target

electrons relies on the validity of the impulse approximation, which assumes that relaxation

61
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Figure 5.1: Compton scattering process between the primary and target electrons.

of background electrons and nuclei in the target is negligible during the collision [12, 32]. Under

this condition, any changes in the potential energy can be ignored. In TEM, where highly

energetic electron beams are accelerated to a substantial fraction of the speed of light, rela-

tivistic effects must be considered, giving the following energy and momentum conservation

relations:

E1 + Ei = E2 + Ef , (5.1.1)

p1 + pi = p2 + pf , (5.1.2)

E2 = (T +m0c
2)2 = (pc)2 + (m0c

2)2, (5.1.3)

where E1, p1 and E2, p2 are the energies and momenta of the primary and scattered electron;

Ei, pi and Ef , pf are the initial and final energies and momenta of the target electron

(Fig. 5.1); T is the kinetic energy of an electron of rest mass m0, and c is the speed of

light. Equations 5.1.1-5.1.3 can be used to obtain the relation linking the energy, ∆T , and

momentum, ∆p, transferred by the primary electron:

∆T (m0c
2) = 1

2c
2 |∆p|2 − 1

2(∆T 2)− c2pi ·∆p− Ti∆T. (5.1.4)

Further, assuming that |p1| ' |p2|, the magnitude of the momentum transfer is given by

|∆p| = 2 |p1| sinφ2 . Substituting into equation 5.1.4, where the 1
2∆T 2 term can be neglected

assuming that ∆T � m0c
2, equation 5.1.4 can be rewritten as:

∆T (m0c
2) = 2c2 |p1|2 sin2φ

2 − c
2pi ·∆p− Ti∆T. (5.1.5)
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Setting both the initial kinetic energy of the target electron, Ti, and initial momentum, pi,

to zero gives the energy transfer at the peak of the Compton profile, ∆Tp, as a function of

the scattering angle, φ:

∆Tp = 2sin2φ

2

(
2T1 + T 2

1
m0c2

)
. (5.1.6)

Here, equation 5.1.3 was used to express p1 in terms of the kinetic energy T1 of the primary

electron.

In order to express the energy transfer in terms of the momentum of a target electron projected

along the scattering vector, pz, one can substitute ∆T = ∆Tp + δT into equation 5.1.4,

where the term Ti∆T can be neglected since Ti � m0c
2. Considering that ∆Tp(m0c

2) =
1
2c

2 |∆p|2 − 1
2(∆T 2), we obtain:

pz = −δTm0
|∆ p| = −δT

√
m0

2∆Tp
. (5.1.7)

Equation 5.1.7 is used to calculate the projected momentum pz at a given energy loss. Using

this method the Compton peak in the energy loss spectrum can be transformed into a J(pz)

curve representing projected momentum distribution of electrons in the solid.

5.2 Impulse approximation experiments

The validity of the impulse approximation was investigated by comparing the measured values

of electron energy loss at the peaks of Compton spectra with the values predicted by equation

5.1.6. The Compton profiles were acquired in TEM mode with tilted illumination, so that

only those electrons that are scattered along the optic axis of the microscope are collected

by the EELS entrance aperture, as shown in Fig. 4.2. A holey carbon film was selected as

a suitable test specimen having a number of benefits such as its thinness (which minimises

multiple scattering artefacts), lack of anisotropy due to the amorphous nature of the sample

and availability of several reports on Compton scattering in carbon-based materials which

can be used as reference [28, 33].

The energy loss of the Compton peak as a function of the scattering angle for a holey carbon

specimen is shown in Fig 5.2. The errors in the scattering angle are determined by the radius

of the objective aperture and the errors in the energy loss were estimated at the limits of

95% of the Compton peak intensity. Generally, the impulse approximation is expected to

break down in the low energy transfer regime [12]. However, Fig. 5.2 shows that the observed

scattering behaviour is described by the impulse approximation even at low scattering angles,
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Figure 5.2: The measured values of energy loss at the peaks of Compton spectra across a
range of beam tilt angles (points) compared with the predictions of the impulse approximation
(solid line).

between 20-30 mrad, where the energy transfer is below the carbon K shell binding energy.

A core hole is an extreme example of change in potential during inelastic scattering and can

introduce peak shifts of up to a few eV in EELS core loss edges [129,130]. Assuming a 1 eV

peak shift due to breakdown of the impulse approximation gives an uncertainty of only 0.01

atomic units in pz (equation 5.1.7) for the smallest scattering angle in Fig. 5.2. Therefore,

Compton profiles in the low energy transfer regime are expected to still provide accurate

measurements. Following appropriate plasmon subtraction methods discussed below, these

spectra can be transformed into momentum density profiles (equation 5.1.7) containing the

contributions only from the valence electrons. This is a significant improvement over the

traditional method of acquiring Compton profiles at high energy loss, where both the core

and valence electrons participate in scattering, requiring the contribution of the former to be

removed via computational techniques [28, 33,34]. Since the impulse approximation has been

shown to be approximately valid even at low energies, Compton profiles due to only the

valence electrons can be directly acquired, thereby avoiding the need for any computation-

based data analysis. The shorter acquisition times for the low energy Compton profiles is a

further advantage.
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Figure 5.3: EELS spectra containing Compton profiles at high, (a), and low, (b), scattering
angles. In the latter, plasmon background has to be subtracted in order extract the Compton
profile.

5.3 Plasmon background subtraction and J(pz) profiles

In order to obtain and compare projected momentum density profiles, J(pz), of amorphous

carbon films, the plasmon background has to be subtracted from the Compton spectra. At

high electron scattering angles, the intensity contribution from plasmonic excitations in the

range of the Compton profile is negligible; however, it becomes increasingly significant at

lower scattering angles, where the energy transfer is below the binding energy of the carbon

K-shell, as shown in Figs. 5.3 (a) and (b).

Potential plasmon background subtraction techniques were first examined by looking at the

behaviour of plasmon spectra over a number of different scattering angles. As mentioned in

Section 3.2.2, the cross-section for plasmon excitations is defined by a Lorentzian distribution,

the peak of which is expected to be shifted to higher energy loss with an increasing scattering

angle [31]. However, as shown in Fig. 5.4, a near constant plasmon shape and peak position

is observed, which suggests that these spectra originate mainly from double scattering rather
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Figure 5.4: Plasmon peaks measured at a range of different energy and momentum transfer
values. The increase in intensity at the high-energy tale at momentum transfer q = 6.2 nm-1

is an artefact from a Compton peak located at a close proximity to the plasmon peak.
Furthermore, the spectra for q = 9.4 nm-1 and q = 12.5 nm-1 strongly overlap.

than single inelastic scattering events. In other words, the (tilted) primary electron beam is

elastically scattered towards the optic-axis and also undergoes low angle plasmon inelastic

scattering. The single inelastic scattering contribution is expected to be negligible due to the

narrow Lorentzian distribution for plasmon excitation. In this way, the plasmons measured

at the relatively large beam tilt angles used for Compton scattering are essentially identical

to plasmons measured at a zero tilt angle, suggesting that a spectrum of the latter could

be subtracted as background from the former to extract the Compton profile. Nonetheless,

the applicability of this method is highly dependent on the extent of beam damage to the

sample, which causes widening and shifting of the plasmon peak to lower energy loss, as was

observed in our experimental conditions and is shown in Fig. 5.5(a). Here, a highly damaged

sample area (Fig. 5.5(b)) was analysed in order to amplify otherwise less prominent beam

damage effects observed during the regular Compton scattering experiments. The widening

of the plasmon peak during sputter damage is caused by a higher density of defects within

the material, while the shift to lower energies is due to a reduction in the electron density

(recall that for a free electron solid the plasmon peak energy varies as the square root of the

electron density [31]). Therefore, the described background subtraction technique can only be

used on more robust materials or with beam energies below the knock-on threshold.
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Figure 5.5: Sample damage caused by long exposure to electron beam causes widening and
shifting of the plasmon peak, (a). (b) shows the corresponding highly damaged sample area.

Further, plasmon background subtraction using single analytical functions, such as a Gaussian

or Lorentzian, was tested but did not produce satisfactory results: the extracted Compton

spectrum and the resulting J(pz) profile contained a secondary peak at high pz values, as

depicted in Figs. 5.6(a) and 5.6(b). This arises due to the fact that the plasmon has a longer

tail compared to either a single Guassian or Lorentzian profile. A similar problem arises

with the fitting of analytic functions to atom scattering factors. The solution adopted in the

literature is to use either multiple Gaussians [131] or multiple Gaussians and Lorentzians [132].

Thus, a plasmon peak was also fitted to a function consisting of a linear combination of

Gaussian and Lorentzian functions in order to obtain a more realistic approximation of the

J(pz) profile. The functions and their respective reduced χ2 statistics are summarised in

Table 5.1. The table also compares integrated areas1 of the resulting Compton profiles, which

are generally subject to a normalisation rule: the integral of the profile has to be equal to the

number of electrons participating in scattering [12]. Since the peak of the Compton profile

was below the carbon K-edge, only the valence (i.e. 2s2 and 2p2) electrons are scattered.

Therefore, integration of half of the Compton profile should yield 2 valence electrons. Both the

1Note that in order to determine integrated areas correctly, axes conversion is necessary. While the con-
version between energy loss and pz (i.e. x-axis) is well defined by equation 5.1.7, conversion between electron
counts and J(pz) (i.e. y-axis) was carried out using the normalisation rule of the Compton profile and a
previously outlined finding of near constant plasmon shape over a wide range of electron scattering angles.
In particular, y-axis of the Compton profile in the high angle scattering regime was first scaled to give an
integrated area of 3 (half of the Compton profile representing half of the 6 electrons in carbon was analysed).
Then, representation of the plasmon height in the new scaling was established and used to scale spectra
obtained at low electron scattering angles.
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Lorentzian and Gaussian + Lorentzian fits produced reasonable χ2 values and an integrated

area close to the expected result. A single Gaussian, on the other hand, was a poor fit to the

data.

Table 5.1: Comparison of functions fitted to the plasmon peak.

Fitting function Reduced χ2 statistics Integrated area
Gaussian 4.50 2.74
Lorentzian 0.82 2.02
Gaussian + Lorentzian 0.53 2.00
Power law 1.13 1.81

Among the tested functions, those with Gaussian and Lorentzian components failed to pro-

duce the expected smooth slope of the Compton profile, with the Gaussian + Lorentzian fit

minimising the secondary peak at high pz values but not completely eliminating it. There-

fore, rather than fitting the entire plasmon shape, attention was focused on fitting only the

tail region accurately. This approach results in large fitting errors close to the plasmon peak,

but it is assumed that the intensity of the Compton profile is sufficiently small in that region.

The power law function, commonly used for EELS background subtraction [31], was fitted to

the plasmon tail region. The power law background subtraction method, on the other hand,

produced both reasonable J(pz) profile lineshape and integrated area, as shown in Figs. 5.7(a)

and 5.7(b). It should be noted that the improved result for power law background subtraction

is likely to be due to the fact that fitting was carried out within the plasmon tail region only.

It does not imply that the power law is a better description of the plasmon intensity than,

say, Gaussian or Lorentzian functions. In Fig. 5.8, the Compton profile obtained via plasmon

subtraction using power law is compared to the one measured in the high energy transfer

regime. As expected, the decay length of the Compton profile obtained in the hard collision

regime is longer due to the contribution from the core electrons. The Compton profiles for

both all and valence-only electrons are also similar to those reported for graphite [28], depicted

in Fig. 5.9.
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Figure 5.6: Plasmon fitting to a Lorentzian function, (a), and a resulting J(pz) profile con-
taining a secondary peak at large pz, (b).
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Figure 5.7: Plasmon tail fitting to power law function, (a), and a resulting J(pz) profile, (b).

Figure 5.8: Compton profiles obtained at high (red) and low (blue) scattering angles.
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Figure 5.9: Valence, (a), and total, (b) Compton profiles of graphite obtained by Feng et
al. [28] In (a), the TEM data is compared to theoretical calculations produced by Reed et
al. [133] In (b), electron Compton profiles are compared to those obtained using X-rays (Bonse
et al. [134]) and γ-rays (Tyk et al. [135]).
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5.4 Compton spectra in STEM mode

Extraction of Compton profiles at high spatial resolution could, in principle, be possible using

TEM in a scanning mode (STEM). Here, the electron beam can be focused to a spot, so that

Compton scattering occurs from only a small region of the sample. With an aberration-

corrected STEM the size of the electron beam is comparable to an individual atom, which

enables element specific information. This is useful for analysing materials that contain more

than one element, such as the transition metal dichalcogenides (TMDs) investigated in this

thesis (Chapter 2). However, due to the convergence of the beam, a spread in primary electron

momentum is obtained (as opposed to minimal momentum spread in a parallel electron beam

used in previously described Compton scattering experiments). In order to study the effect of

the momentum spread and feasibility of these measurements, Compton profiles representing

electron scattering in an amorphous carbon film were modelled and compared to preliminary

measurements carried out in a JEOL 2100F TEM using a convergent electron beam at 200

kV.

5.4.1 Modelling of the Compton profile obtained in STEM mode

First, consider a STEM electron beam at normal incidence to the specimen. Due to the

spread in the primary electron momentum, the measured Compton profile can be thought

of as a sum of component Compton profiles originating from distinct momentum transfer

values. The spread of the electron momentum can be represented by a circle of radius R in

diffraction space, as shown in Fig 5.10. In order to account for a range of scattering vectors

contributing to the measured Compton profile, the following modelling method was applied:

1. A square grid filling a circular STEM probe was constructed. The grid points are spaced

0.3 nm−1 apart and have coordinates (xi, yi), measured from the centre of the probe.

2. Each grid point represents a distinct scattering vector qi, the length of which is defined

as |qi| =
√

(qc − xi)2 + y2
i , where qc is the magnitude of the scattering vector measured

from the centre of the STEM probe (see Fig. 5.10).

3. Using φ = qλ (where λ is the electron wavelength) and equation 5.1.6, the energy loss

of Compton profile peaks ∆Tp originating from distinct scattering vectors were found.
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Figure 5.10: Schematic representation of Compton scattering in diffraction space in STEM
mode. The circle of radius R defines the momentum spread of the STEM probe. It can be
divided into a set of points, each of which corresponds to a distinct scattering vector, qi, and
creates a component Compton profile. The latter are then summed to create a lineshape of
the full Compton profile.

4. Starting from the J(pz) curves obtained in previous experiments with a parallel electron

beam in TEM mode (Section 5.3), the Compton lineshape for each grid point was

generated using equation 5.1.7. In particular, for scattering vectors representing low

and high momentum transfer regimes, the J(pz) profiles measured at q = 12.3 nm−1

and q = 14.9 nm−1 were used (see Figure 5.8).

5. The intensity contribution of each component Compton profile was considered to be

proportional to 1
q4
i

[136].

6. Finally, the component Compton profiles were summed to give a lineshape of the full

Compton profile.

Note that the algorithm assumes single Compton scattering events and ignores any potential

contributions from diffracted and thermal diffuse-scattered electrons. The calculation was

carried out using Python (Appendix A.1), testing two different STEM probe momentum

spread values, 3.9 nm−1 and 9.7 nm−1. These correspond to STEM probe convergence

semi-angles of 4.9 mrad and 12.3 mrad at 200 kV respectively. The models for the Compton

spectra in both low and high momentum transfer regimes were obtained and are shown in the

Figs. 5.11 and 5.12. At higher convergence angle, the Compton peaks decay slower on the high

energy loss side and are more asymmetric than the peaks modelled at low convergence angles.

This arises due to wider energy loss range spanned by the former and gradual stretching of

the component Compton profiles representing increasing scattering vector.
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Figure 5.11: Full Compton profiles (in green, scaled down for clarity) in low and high mo-
mentum transfer regimes, (a) and (b) respectively. Modelling was carried out considering
4.9 mrad STEM probe convergence semi-angle and 3.9 nm−1 momentum spread. 5 out of
109 component profiles considered in both regimes are represented in grey. Note non-zero
intensity values in the negative energy loss range, which are unphysical and arrise due to
imperfections in the model.

5.4.2 Model comparison with experimental data

The model described in section 5.4.1 was tested on a dataset obtained using a convergent

electron beam in a JEOL 2100F at 200 kV. The dataset contains measurements representing

Compton scattering at primary electron momentum spread values of 3.9 nm−1 and 9.7 nm−1

(i.e. 4.9 mrad and 12.3 mrad convergence semi-angles respectively) in both high and low

momentum transfer regimes. The momentum spread values were controlled by changing the

size of the condenser lens aperture.

The comparison between the measurements taken at a 4.9 mrad convergence semi-angle and

the expected Compton lineshape is presented in Figs. 5.13(a) and 5.13(b). The peak intensity

of the simulated and experimental Compton profiles were normalised for direct comparison.

In both low and high momentum transfer regimes, the model Compton lineshapes show

similar gross features to the ones measured experimentally. However, it consistently under-

estimates the Compton peak positions by approximately 25-35 eV. This could occur due to

the breakdown in the small angle approximation (equation 5.1.6) and insufficient detail in

the scattering process described in the model. For instance, it assumes a point-like EELS

spectrometer aperture, while realistically its finite width could allow a wider range of scat-

tering vectors, which could further modify the Compton peak position. Furthermore, the

model only considers the STEM bright-field disc, and does not take into account the full

details of the diffraction pattern, which includes the amorphous carbon ’halos’ and thermal
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Figure 5.12: Full Compton profiles (in green, scaled down for clarity) in low and high mo-
mentum transfer regimes, (a) and (b) respectively. Modelling was carried out considering
12.3 mrad STEM probe convergence semi-angle and 9.7 nm−1 momentum spread. 5 out of
740 component profiles considered in both regimes are represented in grey. Note non-zero
intensity values in the negative energy loss range, which are unphysical and arrise due to
imperfections in the model.

diffuse scattering. Also note that in the low momentum transfer regime (Fig. 5.13(a)), the

inconsistencies beyond ≈283 eV energy loss arise due to the presence of the carbon K edge

and Compton scattering contribution from core electrons which is not accounted for in the

model. The opposite occurs in the high momentum transfer regime (Fig. 5.13(b)), i.e. the

high energy loss side of the modelled Compton peak is a closer match to experimental data

but the region up to the carbon K edge is overestimated. Here, the model assumes the

contribution from core electrons, which experimentally is not present.

The measurements and modelled Compton peaks at 12.3 mrad probe convergence semi-angle

are shown in Figs. 5.14(a) and 5.14(b). As in experiments at 4.9 mrad convergence semi-angle,

there is a mismatch between the predicted and measured positions of the Compton peaks;

however, it is more prominent at 12.3 mrad semi-angle and spans a range of approximately

30-90 eV.

Even though the modelled Compton spectra deviate from the experimental spectra (par-

ticularly with respect to their peak positions), feasibility of the Compton profile extraction

at high spatial resolution via STEM can still be tested. Generally, for the technique to be

useful, the experimental Compton profiles must be able to measure changes in the J(pz)

profiles arising from bond anisotropy in a given crystal. This implies that for an amorphous

carbon film, which represents an isotropic system, the difference between the J(pz) profiles

obtained using both parallel and convergent electron beam has to be smaller (ideally neg-
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Figure 5.13: (a) compares the predicted (pink) and experimental (grey) Compton lineshape
in the low momentum transfer regime (q=11.5 nm−1, measured at the peak). (b) compares
the lineshapes in the high momentum transfer regime (q=16.1 nm−1, measured at the peak).
The experiments and modelling were carried out considering a probe momentum spread of
3.9 nm−1.

ligible) than the difference between the J(pz) profiles reflecting anisotropy in an equivalent

crystalline system such as graphite. It is also important to note that 1 Å atomic resolution in

aberration-corrected STEM is reached using an electron probe converging at 31 mrad semi-

angle at 200 kV, giving a much higher momentum spread value than those studied in this

section. Although this rules out element specific information, the modelled Compton profiles

can sill give an indication whether extraction of the Compton profile at slightly coarser length

scales can be pursued.

For this reason, the modelled Compton profiles in the energy loss and intensity scale were

first converted into J(pz) profiles and compared to the initial J(pz) profiles used to model

them. These are represented in Figs. 5.15(a) and 5.15(b), corresponding to low and high

momentum transfer regimes respectively. The modelled Compton profiles resulting from a

9.7 nm−1 STEM probe momentum spread do not fit the initial J(pz) curves, mostly due

to their asymmetry and, therefore, cannot be considered, while those resulting from a 3.9

nm−1 spread provide a closer match. However, further investigation of the difference profiles

in Fig. 5.16(a) and 5.16(b) shows that for both momentum transfer regimes the difference

between the Compton profiles at their peaks is ≈ 0.15 − 0.20, which is substantially higher

than the difference arising from bond anisotropy in graphite, as shown in Fig. 5.17 [34]. The

diffraction limited resolution of the 3.9 nm−1 probe is 6 Å; hence, the current state of the

model indicates that sub-nm Compton profile extraction would not be possible using STEM

microscope. A better model providing a more precise match to the experimental data could
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Figure 5.14: (a) compares the predicted (yellow) and experimental (grey) Compton lineshape
in the low momentum transfer regime (q=13.5 nm−1, measured at the peak). (b) compares
the lineshapes in the high momentum transfer regime (q=17.0 nm−1, measured at the peak).
The experiments and modelling were carried out considering a probe momentum spread of
9.7 nm−1.

potentially improve the results, but the changes are not expected to be significant enough to

facilitate STEM measurements.

5.5 Conclusions

In this chapter, experimental conditions for improved data collection and analysis of electron

Compton scattering were established using an amorphous carbon film. It has been shown

that the impulse approximation is still appropriate in describing electron Compton scattering

in the low energy transfer regime. Here, only valence electrons participate in scattering and

provide momentum density profiles for which core electron background subtraction using

computational techniques such as DFT are no longer required. It has also been demonstrated

that even a crude plasmon background subtraction using a power law provides projected

electron momentum density profiles that reasonably match the expected results. In addition,

a method for plasmon background subtraction for samples resistant to electron beam damage

has been outlined.

Further, possibility of the Compton profile extraction at high spatial resolution via STEM

has been explored. Modelling of the Compton signal resulting from the primary electron

momentum spread in a STEM probe has not provided a satisfactory match to experimental

data. Also, further analysis has shown that the J(pz) curve extracted from the STEM Comp-

ton profile is not accurate enough for measuring bond anisotropy in a crystalline material
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Figure 5.15: Comparison of the modelled Compton profiles to the initial Compton lineshape
obtained experimentally using a parallel electron beam. (a) corresponds to the low momentum
transfer regime and (b) to the high momentum transfer regime.

and extracting sub-nm Compton profiles.
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Figure 5.16: Difference profiles between the modelled J(pz) profiles using the 3.9 nm−1

primary electron momentum spread and the original J(pz) profiles obtained using a parallel
electron beam. (a) corresponds to the low momentum transfer regime and (b) to the high
momentum transfer regime.

Figure 5.17: Difference J(pq) profiles reflecting bonding anisotropy along directions parallel
and perpendicular to the basal plane in graphite. Experimental data (solid line) is compared
to theoretical calculations (broken lines) [34, 133,135]. Note that here pq ≡ pz.



Chapter 6

Electron Compton scattering in

WS2

Over the last 15 years, layered semiconducting transition metal dichalcogenides (e.g. MoS2,

MoSe2, WS2, WSe2) have received a surge of attention due their interesting physical and

chemical properties, which stem from their layer-dependent band structure. Bulk TMDs

generally exhibit an indirect band gap, the magnitude of which increases with decreasing

number of layers. However, crossover into the monolayer limit causes a band gap transition

from indirect to direct. This band gap tunability together with excellent electrical transport

properties make these materials attractive for applications in a wide range of devices such as

transistors, light-emitters, gas sensors and photodetectors.

In this chapter, experimental electron Compton scattering measurements are carried out on

monolayer, bilayer and bulk WS2 samples with the aim to track changes in the projected

electron momentum density as a function of the number of layers. Particular care is taken

to establish optimal experimental conditions in order to preserve the sample integrity under

the electron beam over the duration of a Compton measurement, as well as to determine any

Compton artefacts arising from hydrocarbon contaminants on the sample surface.

6.1 Characterisation of WS2

The chemical composition of the WS2 sample was first confirmed via EDX, which shows peaks

corresponding to tungsten and sulfur (Fig. 6.1). The spectrum also contains strong copper

peaks from the TEM grid, as well as peaks from a number of contaminants – carbon, oxygen

80
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Figure 6.1: EDX spectrum of a WS2 monolayer.

and calcium. The origin of calcium contamination (whether it is related to WS2 growth,

transfer, storage or handling) is not obvious; however, adsorption of carbon and oxygen

species is expected. In particular, experimental investigations into long-term stability of TMD

monolayers under ambient conditions have shown their tendency to adsorb hydrocarbons and

susceptibility to oxidation due to presence of moisture in air (Fig. 6.2) [137]. Also note that a

significant contribution to the carbon signal arises from the amorphous carbon support onto

which WS2 is deposited. The quality of WS2 films was further investigated using HRTEM.

Figs. 6.3(a) and 6.3(b) show high resolution micrographs of a monolayer WS2 film reflecting

its hexagonal atomic arrangement. The corresponding diffraction pattern for the domain is

shown in Fig. 6.3(c). Due to the age of the sample, WS2 surface contains a relatively high

amount of carbon species; however, the diffuse halo expected from amorphous carbon is only

weakly present (and can only be seen on adjusting the greyscale) in the diffraction pattern

due to the stronger Bragg scattering from heavy tungsten atoms in WS2. The measurement

of the WS2 lattice parameter from the diffraction pattern gives a value of 3.2 Å (the distance

between the transmitted beam and the (101̄0) reflection is 3.5 nm−1), which closely matches

the expected value of 3.16 Å for a monolayer [89]. Therefore, despite the age of the samples,

the structure of WS2 is well preserved. Analogous HRTEM images and a diffraction pattern

for a WS2 bilayer are shown in Fig. 6.4. Here, a moiré pattern forms due to a misalignment

between the two layers of WS2, which is indicated by the presence of ‘pairs’ of Bragg spots

in the diffraction pattern (Fig. 6.4(c)). The angle between a pair of Bragg spots shows a 17◦
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Figure 6.2: (a) Scanning electron micrographs of a fresh WS2 grown on sapphire by MOCVD,
(b) aged domain after 1 year storage in container with drying desiccant and (c) without
desiccant, (d) fresh MoS2 domains grown on SiO2/Si substrate by MOCVD, and aged MoS2
domains after (e) 6 months and (f) 1 year storage without drying desiccant respectively [137].

misalignment between the two WS2 layers.

6.2 Electron beam damage studies in WS2

One of the major factors affecting the quality of electron Compton scattering measurements

is the sample’s susceptibility to beam damage [32]. A range of unwanted electron irradiation

artefacts such as defect formation, sputtering, sample heating and charging arise via two

major direct damage-incurring mechanisms: (1) knock-on collisions between fast electrons

and atoms, and (2) inelastic, predominantly electron-electron interactions [138]. The extent of

the negative impact of these processes depends on a number of experimental parameters and

sample properties such as primary beam energy, exposure time, current density, specimen

chemical composition, thickness and local contamination levels. Hence, in order to preserve

the sample’s original condition, a lot of effort is put into optimisation of experimental method-

ology and, in some cases, development of protective coatings made of amorphous carbon or

graphene [138–141].
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Figure 6.3: HRTEM images of a monolayer WS2 domain under different magnifications in
(a) and (b), and corresponding diffraction pattern in (c). The red and yellow dots in (b) are
a guide to the eye for approximate atomic positions for tungsten and sulfur atoms.
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Figure 6.4: HRTEM images of a twisted bilayer WS2 domain under different magnifications
in (a) and (b), and corresponding diffraction pattern in (c).

In the 2D-TMD material family, electron irradiation damage mostly develops via knock-on

collisions which generate vacancies. They occur predominantly in chalcogen sites due to a

lower knock-on damage threshold compared to transition metal elements [142] and have the
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Figure 6.5: DFT calculations of DOS evolution with an increasing number of mono-sulfur
vacancies in MoS2

[142]. V1-V4 labels refer to 1-4 sulfur vacancies in a 3×3×1 MoS2 supercell
respectively.

potential to alter the sample’s mechanical, optical and electronic properties1. The impact of

mono-sulfur vacancies on the DOS in 2D MoS2 is illustrated in Fig. 6.5. Here, DFT calcula-

tions show that an increasing vacancy concentration reduces the band gap of the material and

shifts its electronic behaviour from semiconducting to metallic. It can be assumed with rea-

sonable confidence that similar effects would be present in WS2 films; however, these changes

would only occur at very high vacancy levels.

In order to preserve the sample structure to the highest level during Compton scattering mea-

surements, establishment of the maximum measurement time at the available electron beam

energy and current is of high importance. Hence, structural changes in WS2 monolayer aris-

ing due to electron irradiation were tracked using HRTEM. The observed dynamics of defect

formation is shown in Fig. 6.6, which consists of eight snapshots of the WS2 flake taken over

a duration of 105 seconds exposure. The beam voltage was 200 kV and both the condenser

aperture size and beam spot size were identical to those used for Compton measurements.

Fig. 6.6 shows that the first visible defects/defect clusters appear after 30 second exposure

time; however, their density starts to increase only after a minute. Considering that the

HRTEM images were acquired with a partially convergent electron beam, it can be inferred

that Compton scattering experiments, which use parallel and therefore a less intense beam,

can be safely carried out using 1 minute beam exposure time in addition to a few seconds

1Even though in this work electron irradiation artefacts are highly undesirable, defect generation in 2D
materials via an electron beam can also be carried out deliberately in order to modulate their band gap,
conductivity and carrier polarity for targeted applications [142, 143].
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needed to set up the measurement.

Figure 6.6: Defect formation in monolayer WS2 as a function of electron beam irradiation
time. Note the presence of hydrocarbon contamination on the sample. The scale bar repre-
sents 5 nm.



6.2. Electron beam damage studies in WS2 87

Deterioration of material structure can also be studied through electron diffraction, where the

extent of irradiation damage is quantified by tracking the intensity decay of the diffraction

spots or rings as a function of electron dose2. In the literature, it is typically measured by the

critical electron fluence, at which the intensity of diffraction spots or rings is reduced to 1/e

(≈ 37%) of its initial value. Due to complications associated with the accurate measurement

of electron fluence in the TEM used in this work, changes in the intensity of the diffraction

spots were studied as a function of the beam exposure time. The electron beam settings were

again matched to those used in the Compton measurements, and the resulting diffraction

patterns together with the intensity decay are shown in Fig. 6.7. A 33̄00 higher order diffrac-

tion spot, marked in Fig. 6.7(d), was selected for analysis in order to avoid artefacts from

(i) variable intensity background from two major carbon contamination diffraction rings and

(ii) any potential intensity afterglow of low order diffraction spots on the CMOS detector.

Fig. 6.7(e) shows the intensity decay of the selected diffraction spot over the duration of 3

minutes. There is a slight increase in its value after 1 minute exposure, the cause of which

is not obvious. Nonetheless, the measured intensity stays well above 37% of its initial value,

which confirms the suitability of 1 minute-long Compton measurements (in fact Fig. 6.7(e)

suggests that loss of long range crystallinity, as measured by selected area electron diffraction,

only occurs after ≈2 minutes).

Finally, the integrity of the monolayer WS2 sample over the duration of 1 minute beam

exposure was studied via relative thickness measurement using EELS. The method uses the

log-ratio algorithm, which measures the sample thickness t in the units of local inelastic

mean free path λ, using the zero-loss electron intensity I0 and total transmitted intensity It
captured in the EELS spectrum, i.e.:

t

λ
= ln

(
It
I0

)
. (6.2.1)

The output (t/λ) of the relative log-ratio algorithm is therefore interpreted as the average

number of scattering events per incident electron. Note that in practice It can be replaced

by the intensity of the low loss spectrum spanning an energy loss range of up to ≈100 eV,

since this part of the EELS spectrum has the higher integrated intensity. Measurement

of the relative WS2 thickness before and after exposure to the electron beam for 1 minute

yielded a decrease from 0.051 to 0.048. These values are larger than those expected for a

2Note that some materials are more sensitive to electron dose rate rather than accumulated dose [144];
however, the focus of this investigation is on damage under the experimental conditions used for Compton
measurements, and therefore separate studies on the effect of dose rate on WS2 damage were not carried out.



6.2. Electron beam damage studies in WS2 88

WS2 monolayer due to carbon contamination. Hence, it can be inferred that the material is

stable under the Compton measurement conditions, and the slight decrease in thickness can

possibly be associated with contamination sputtering.

Figure 6.7: Diffraction patterns of WS2 monolayer exposed to the electron beam for (a) 0 s,
(b) 60 s and (c) 180 s. The diffraction spot used for damage analysis is marked on the pattern
in (d), which is digitally enhanced in order to reveal the weaker intensity contribution from
diffraction rings of amorphous carbon. The resulting intensity fluctuation of the selected spot
over the duration of 3 minutes is shown in (e), where the black line is a guide to the eye.
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Figure 6.8: EELS spectra containing Compton peaks for monolayer (a) and twisted bilayer
(b) WS2 samples. The spectra also contain a carbon K-edge with an onset at 284 eV due
to hydrocarbon contaminants on the sample surface. The Compton peak in the bulk WS2
sample (c) is severely suppressed due to dynamical electron scattering. The small peak with
an onset at 165 eV is the sulfur L-edge.

6.3 Electron Compton scattering in WS2

Electron Compton scattering measurements in monolayer, 18◦ twisted bilayer and bulk WS2

samples were carried out as per directions outlined in Section 4.3 with the aim to capture

changes in the electronic band structure as a function of the number of layers (Sec. 2.2.1).

In monolayer and bulk material, electron scattering along the Γ-K direction of the reciprocal

lattice (i.e. (101̄0) crystal planes) was measured, while in the twisted bilayer the scattering

vector passed inbetween the two K-points of the individual WS2 layers. The measured raw

EELS spectra for the three crystals are shown in Fig. 6.8. Here, only the spectra for mono-

layer and bilayer samples contain prominent Compton peaks, while the Compton scattering

signal in the bulk material is dramatically suppressed. This occurs due to dynamical electron

scattering effects, which become more significant with an increasing sample thickness [106].

In particular, due to a short primary electron wavelength and small specimen thickness, the

intersection between a fairly flat Ewald sphere and the broadened reciprocal lattice points, or

"relrods", results in a large number of diffracted beams. In thicker samples, where electrons
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can undergo diffraction multiple times, the Bragg beams become a potential source for further

Compton scattering events and therefore produce a set of Compton peaks distributed along

the energy loss axis in the EELS spectrum [136]. Collectively, they form a single Compton

profile which can significantly deviate from the kinematical Compton profile in terms of its

shape and position. Also, due to the inverse proportionality between the scattering cross-

section and the fourth power of the scattering angle (or length of the scattering vector) [136],

the contribution of the diffracted beams that are closer to the EELS aperture becomes in-

creasingly higher. For this reason, multiple scattering effects will be more prominent on the

low energy loss side of the measured Compton peak [136], introducing further deviations from

its kinematical counterpart. Despite the efforts to reduce multiple scattering effects in bulk

WS2 by careful positioning of the primary electron beam and the EELS aperture with respect

to the sample (described in Sec. 4.3), dynamical diffraction effects were unavoidable and the

Compton profile remained concealed in the background of the EELS spectrum. Note that in

principle diffracted beams in monolayer and bilayer WS2 could also act as potential sources

for Compton scattering; however, their intensity is at least two orders of magnitude lower

than the intensity of the primary electron beam, and therefore their impact on the shape of

the Compton profile can be considered negligible.

Furthermore, it is important to note that a significant fraction of the Compton signal in

monolayer and bilayer WS2 (Figs. 6.8(a) and 6.8(b)) may originate from amorphous hy-

drocarbon contaminants adsorbed on the surface of the material. Evidence for hydrocarbon

contaminants can be seen in the HRTEM images in section 6.1 (Fig. 6.3), as well as the pres-

ence of a carbon K-edge in the EELS spectra. Their impact, however, can be minimised by

looking at the difference in Compton profiles between samples (e.g. changes between mono-

and bilayer WS2), as shown further in this section.

Conversion of the Compton profiles, such as those in Fig. 6.8(a) and 6.8(b) into the projected

electron momentum density of states J(pz) was carried out following similar methods as

to those applied in the studies of amorphous carbon films (Chapter 5). In particular, the

plasmon background was subtracted using a power law fit, and the contribution of the ZLP

and the carbon K-edge was considered to be negligible across the high energy loss side of

the Compton peak. The energy loss axis was then converted into the projected electron

momentum scale using Eqn. 5.1.7. As mentioned in Sec. 1.2.1, conversion between electron

counts and the projected electron momentum density scales is done indirectly by integrating

the Compton profile to the number of electrons participating in scattering. In the case of

WS2, this becomes less well-defined due to the contribution of hydrocarbon contaminants
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Figure 6.9: (a) Compton profiles J(pz) for different WS2 monolayer flakes (M1-M3). The
peak areas are normalised to 1. Their difference profiles are shown in (b), (c) and (d).

to the overall Compton scattering intensity. For this reason, the Compton profiles J(pz) for

both monolayers and bilayers were integrated to 1.

In this work, three WS2 monolayer flakes were studied via electron Compton scattering.

Their corresponding J(pz) profiles are shown in Fig. 6.9(a). The curves strongly overlap,

with the largest deviations occurring in the projected momentum range between 0 and 1 a.u.

(Figs. 6.9 (b)-(d)). Here, the spectra are also the noisiest and the largest differences between

them reach approximately 3% of the maximum Compton profile height. This value represents

an upper limit of the systematic errors involved in the measurement for monolayers, which

from Fig. 6.9(a) is seen to be highly reproducible. As for bilayers, two flakes were measured;

however, the misalignment angles between them are different, i.e. in bilayer 1 it is 18◦, while

in bilayer 2 it is 12◦. Also, due to non-ideal experimental setup procedures, the scattering

vector in bilayer 2 is slightly off the optimal scattering direction, as shown in Fig. 6.10. The

J(pz) profiles of both flakes and their difference are shown in Figs. 6.11(a) and 6.11(b) re-
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Figure 6.10: Diffraction patterns and Compton scattering setup for WS2 bilayer flakes B1
and B2 in (a) and (b) respectively. The red circles mark the optic axis and the broken red
lines indicate Compton scattering vectors.

spectively. The bilayers show slightly more pronounced differences around pz = 0 compared

to the monolayers. The differences are more systematic than random (cf. Fig. 6.9), which

suggests it could be a real effect. This could occur not only due to inconsistencies with the

scattering vector selection but also due to differences in interlayer coupling resulting from

rotational misalignment. It is known that in bilayer van der Waals materials such misalign-

ments create moiré superlattices, which can dramatically alter crystal properties due to the

additional periodic potential felt by the electrons. For instance, in bilayer graphene with a

twist angle of 1.05◦ and enhanced interlayer electron coupling, the usual linear dispersion

of the Dirac cones of the two layers becomes flat leading to unconventional superconductiv-

Figure 6.11: (a) Compton profiles J(pz) for two WS2 bilayer flakes (B1, B2). The peak areas
are normalised to 1. Their difference profile is shown in (b).
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Figure 6.12: (a) Comparison of Raman spectra for monolayer (1L), bilayer (2L) and folded
single-layer (1L+1L) MoS2 samples. The thin lines superimposed on each spectrum represent
Lorentzian fits to the experimental data, and the broken horizontal lines mark frequency
differences between the A1g and E1

2g vibrational modes. (b) Comparison of PL spectra for
monolayer (1L), bilayer (2L) and folded single-layer (1L+1L) MoS2 samples. The arrows
highlight the peaks associated with Raman emission in MoS2 and the substrate, as well as
B, A, A− and I excitons. Image adapted from [148].

ity in the material [145,146]. Similar electronic band structure distortions are predicted for

TMD bilayers such as WSe2, in which the top valence moiré band becomes almost flat at

interlayer twist angles of up to about 5◦ [147]. However, these unusual physical phenomena

occur when the material reaches extremely low temperatures (typically below 3 K). Also, it

has been shown that interlayer rotational misalignment in bilayer TMDs may lead to weak-

ened interlayer coupling, where the bilayer is formed by folding the monolayer [148]. Such

structures can behave like single layer crystals. For instance, folded MoS2 monolayer shows

enhanced photoluminescence characteristic to single layer MoS2, and the Raman spectrum

with intermediate frequency difference between the A1g and E1
2g vibrational modes compared

to the frequency differences corresponding to monolayer and perfectly stacked bilayer MoS2

(Fig. 6.12). Due to the material growth and transfer methods applied in the production of

WS2 samples studied in this work, there is a significant amount of monolayer folding that

is observed (Fig. 4.4(b)). Therefore, it could be assumed that certain bilayer flakes could

suffer from reduced interlayer coupling and would produce Compton profiles similar to those

of monolayers, as is observed in bilayer 2 in Fig. 6.11(a).

Further, the two J(pz) profiles corresponding to the M1 and B1 measurements of monolayer

and bilayer WS2 samples respectively are compared in Fig. 6.13(a). Their difference profile

in Fig. 6.13(b) was expressed as a fraction of the monolayer Compton intensity at pz = 0 in
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Figure 6.13: Compton profiles for monolayer and bilayer WS2 (a) and their difference profile
expressed as a fraction of the monolayer intensity at pz = 0 (b).

order to eliminate scaling inaccuracies and facilitate easier comparison of the major profile

features with subsequent theoretical calculations. Experimental data displayed in Fig. 6.13

shows that the Compton peak for the monolayer is taller and narrower than the one for

the bilayer, with the largest deviations occurring in the pz range between 0 and 1 a.u. This

implies that the electron density in the monolayer is more delocalised along the Γ-K direction.

In addition to the experimental measurements, electron momentum density profiles projected

in the Γ-K direction for WS2 monolayer, bilayer and bulk structures were also calculated using

DFT by Prof S. Clark. The calculations were carried out using Castep electronic structure

code, which uses a plane-wave pseudopotential method to solve a set of single-electron Kohn-

Sham equations (Sec. 1.1) [149]. For WS2, electron-ion interactions were described using an

ultrasoft pseudopotential formalism, while the Perdew-Burke-Enzerhof (PBE) generalised-

gradient approach was used to approximate electron exchange and correlation. The plane-

wave basis set cut-off and k-point sampling for Brillouin zone integrations was converged to

better than 1 meV/atom. Geometry optimisations were performed and considered converged

when the forces were below 0.05 eV/Å. The calculated Compton profiles and the difference

profiles are shown in Figs. 6.14(a) and 6.14(b) respectively. For ease of comparison with the

experimental data, the calculated profiles were normalised to 1, while the difference profiles

were expressed as a fraction of the monolayer and bilayer intensities at pz = 0. Note that

in the case of bilayer WS2 the DFT calculations were carried out for an AB-stacked crystal,

which does not have the interplanar rotational misalignment observed in the real sample.

DFT calculations show that the most significant changes in the projected electron momentum

density of WS2 crystals occur as the material transitions from monolayer to bilayer, in which
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Figure 6.14: Compton profiles for monolayer, bilayer and bulk WS2 calculated via DFT
(PBE) (a) and their difference profiles (b). The latter are expressed in terms of fractions
(J(pz)[M ]− J(pz)[B])/J(0)[M ] and (J(pz)[B]− J(pz)[Bk])/J(0)[B], where the markers M,
B and Bk stand for monolayer, bilayer and bulk.

valence electrons become more localised. Further addition of WS2 layers and a transition into

the bulk state brings additional but less pronounced changes to the J(pz) profile at around

pz = 0. This implies a higher degree of electron localisation in bulk samples than in bilayers.

As mentioned in Sec. 2.2.1 these layer-dependent changes in the electronic band structure are

influenced by the chalcogen pz orbital contribution at the Γ point.

Further comparisons of the experimental and theoretical data in Figs. 6.13(a) and 6.14(a)

show that experimental profiles for both monolayer and bilayer WS2 are considerably wider

than predicted. Fractional ∆J(pz) profiles in Figs. 6.13(b) and 6.14(b), on the other hand,

show a fairly good match between the relative spectra intensities around pz = 0, and the

crossing point of the pz axis is at approximately 1.5 a.u. for both experiment and simulation.

However, the simulation also predicts an intensity dip at ≈0.4 a.u., second crossing point at

approximately 2.8 a.u. and a further levelling of the difference profile, which is not reproduced

experimentally.

The differences between predicted and measured peak lineshapes could occur due to an ad-

ditional Compton scattering contribution from amorphous hydrocarbon contamination on

the surfaces of both samples that is not accounted for in the simulation. It can be approx-

imately removed from the experimental data by taking the difference Compton profile, as

in Fig. 6.13(b), which consequently shows a better match to the calculated difference pro-

file. The impact of incomplete subtraction of the Compton signal originating from carbon

contaminants can be further investigated by making appropriate adjustments to the theo-

retical difference Compton profiles. In particular, by adding or subtracting a small fraction
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Figure 6.15: Theoretical difference Compton profiles adjusted for different levels of hydrocar-
bon contamination in monolayer and bilayer WS2.

of the Compton profile measured for an amorphous carbon film (Fig. 5.8, q = 14.9 cm−1),

one can obtain difference profiles that reflect the experimental conditions more accurately.

Such carbon-adjusted difference profiles are displayed in Fig. 6.15. Here, the blue-shaded

profiles correspond to a fractionally higher carbon signal in monolayer WS2 compared to the

bilayer, which remains undersubtracted in the difference profile. The green shaded profiles

represent the opposite situation, where the bilayers have a higher fraction of the Compton

signal associated with carbon contamination. The adjusted difference profiles show a large

intensity variation around pz = 0, and an appearance of additional crossing points at low pz

values for the profiles containing higher levels of carbon in the bilayer. The crossing point at

pz ≈ 1.5 a.u. tends to move along the pz axis but stays within the random noise limit of the

corresponding experimental data. At higher pz values, the differences between the ∆J(pz)

profiles gradually decrease.

In practice, it is not obvious how much carbon contaminants are accumulated on the surface of

both monolayer and bilayer WS2. However, it is reasonable to assume a uniform hydrocarbon

accumulation rate with the progressive aging of the sample. This would imply that the

Compton profile for monolayer WS2 should contain a higher fraction of carbon-associated

signal, and therefore a higher likelihood of Compton artefacts arising due to hydrocarbon

profile undersubtraction. Comparing the adjusted difference Compton profiles in Fig. 6.15

with experimental data in Fig. 6.13(b), one can see a closer resemblance between theoretical

predictions for the ∆J(pz) curves corresponding to additional ≈ 2.5% − 5% hydrocarbon

contribution in the monolayer, giving a good match of the profiles to the experimental data
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in terms of intensity at pz = 0, crossing point at pz ≈ 1.5 a.u. and the value of the minimum

close to pz = 2 a.u. The intensity dip at 0.4 a.u. is however largely unaffected at these

levels of carbon contamination. Its absence in the experimental profile cannot therefore be

explained by surface hydrocarbons.

6.4 Conclusions

In this chapter, experimental conditions for electron Compton scattering experiments in

monolayer and bilayer WS2 samples have been established, taking great care to avoid any

sample damage associated with electron beam irradiation. The measured Compton profiles for

a monolayer film have shown a high level of reproducibility, with an upper limit for systematic

errors approximately 3% of the maximum Compton profile height. As for bilayers, slightly

more prominent differences have been observed, which could have stemmed from imperfect

experimental setup and reduced interlayer coupling in certain flakes.

Difference Compton profiles between monolayer and bilayer WS2 flakes have been studied and

compared to the corresponding theoretical calculations carried out via DFT. Experimental

and theoretical difference profiles have shown a good match of the profile intensity close to

pz = 0 and the crossing point at pz ≈ 1.5 a.u.; however, the theoretical profile lineshape

beyond 3 a.u. was not reproduced in the experiment. In addition, the effect of residual

hydrocarbon contamination on the difference Compton profiles has been studied, showing

quite significant changes in the difference profiles arising due to different fractional levels of

carbon signal in monolayer and bilayer WS2. An improved match to experimental data was

found for difference profiles where the monolayer contained up to 5% excess carbon compared

to the bilayer, which is consistent with the expected trends for our sample.



Chapter 7

Electron Compton scattering in

VO2

For over six decades, VO2 has kept the attention of the scientific community due to its

reversible metal-to-insulator transition, the mechanism of which is yet to be fully understood.

The transition, which is also typically accompanied by tetragonal-to-monoclinic crystal lattice

changes, occurs at approximately 68 ◦C and hence provides a lot of potential for applications

in wide variety of optic and electronic devices.

In this chapter, experimental electron Compton scattering measurements are conducted on

both metallic and insulating VO2 phases with the aim to determine changes in the isotropic

projected electron momentum density. Also, particular focus is placed on sample characteri-

sation and establishment of optimal experimental conditions, under which the electron beam

damage effects on the material throughout the Compton measurements are minimised.

7.1 Characterisation of VO2

The chemical composition of the VO2 sample was studied using EDX, which showed the

expected peaks for vanadium and oxygen (Fig. 7.1). The spectrum also contains prominent

peaks for copper and a weaker peak for carbon, which arise from the TEM grid bars and the

amorphous carbon support. The spectrum further indicates presence of sodium, potassium

and calcium contaminants. These elements are frequently found in ceramics and could have

been introduced in the process of the VO2 powder production. Furthermore, depending on

the VO2 powder production method, which is not known, the sample may also contain varying

98
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Figure 7.1: EDX spectrum of a VO2 flake.

amounts of additional vanadium oxide phases such as V2O3 or V2O5. In order to establish

the phase purity of the sample, the as-received powder was studied via X-ray diffraction

using Bruker D8 ADVANCE diffractometer equipped with Oxford Cryosystems Cryostream

800 Plus cooler. The measurements carried out by Sam Thompson (Dept. of Chemistry,

Durham University) are presented in Figs. 7.2(a) and 7.2(b). The measured spectrum of

the sample displayed in black largely matches the library spectrum of the VO2(M1) phase,

which is displayed in blue in Fig. 7.2(a). However, Fig. 7.2(b) shows that the sample also

contains a significant amount of V2O3, which is a low-temperature MIT material undergoing

a trigonal-to-monoclinic phase transition at -113 ◦C (160 K) upon cooling [150]. It constitutes

approximately 15% of the sample, but it is only a rough estimate as not all phases in the

powder were characterised and the fits to data were not perfect.

Next, VO2 flakes deposited onto a TEM grid (Sec. 4.4) were studied via HRTEM and electron

diffraction, which revealed their highly polycrystalline nature, as shown in Fig. 7.3(a). It can

be seen that the grains in the flake are of relatively small (nanometre) size and strongly

overlap, thereby preventing momentum resolved electron Compton scattering measurements

on single crystals. The diffracted beams in Fig. 7.3(b) almost form a ring pattern, from which

the crystal structure of the VO2 flake can be confirmed. At room temperature, VO2 has a

low-symmetry monoclinic lattice structure (M1) in which interplanar distances are defined

by the equation:
1
d2 = 1

sin2β

(
h2

a2 + k2sin2β

b2
+ l2

c2 −
2hlcosβ
ac

)
, (7.1.1)
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Figure 7.2: Room temperature XRD spectra for the VO2 sample obtained from Sigma Aldrich.
The measured data is displayed in black in both (a) and (b). The overlaid blue spectrum in
(a) confirms that the sample is mostly composed of VO2(M1) phase, which undergoes MIT at
approximately 68 ◦C. The overlaid green spectrum in (b) corresponds to an impurity phase
V2O3.
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Figure 7.3: HRTEM image (a) and an electron diffraction pattern (b) of a VO2 flake(s). The
inset in (a) shows the morphology of several VO2 flakes.

where d is the spacing between crystal planes defined by (hkl) Miller indices. Lattice param-

eters are denoted by a, b, c indices and β is the angle between a and c vectors. For V2O3,

which has trigonal lattice symmetry with lattice parameters a = b = 4.95 Å, c = 14.00 Å,

α = β = 90◦, and γ = 120◦, interplanar distances are defined as those for the hexagonal

lattice1, i.e.:
1
d2 = 4

3

(
h2 + hk + k2

a2

)
+ l2

c2 . (7.1.2)

Equations 7.1.1 and 7.1.2 can be used to calculate interplanar distances for the given VO2

and V2O3 unit cells. These can then be compared and matched to experimental values

derived from the diffraction pattern. As usual, the distance q between the transmitted and

diffracted electron beams is an inverse of the interplanar distance d. The calculated and

measured values of the d-spacings together with the corresponding crystallographic planes

and phases are represented in Table 7.1. Here, majority of experimental interplanar distances

(diffraction rings 2-8) are found to correspond to the predicted distances in VO2 and V2O3

crystals, which also confirms that crystalline V2O3 impurities are imbedded in VO2 matrix.

The 1st diffraction ring, on the other hand, could not be indexed. As shorter lengths of the

scattering vector imply larger unit cells, similar calculations were carried out for V2O5, V3O7,

V4O7, V5O9 and V6O13 crystals but they did not provide satisfactory results.

1This applies to simple trigonal unit cells that share the same primitive vectors as the hexagonal lattice.
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Table 7.1: Experimental interplanar distances measured from the diffraction pattern for the
VO2 flake in Fig. 7.3(b). These are matched to the corresponding crystallographic planes of
VO2 and V2O3 crystals.

Experimental Calculation
Ring number dhkl (Å) Phase hlk dhkl (Å)

1 6.2(1) - - -

2 3.7(3) V2O3 102, 012 3.66

3 3.2(0) VO2 110 3.20

4 2.8(4) V2O3 104 2.71

5 2.1(5) VO2 012 2.13

6 2.0(3) VO2 210, 120 2.03, 2.02

7 1.6(9) V2O3
VO2

116, 205
112, 022

1.70
1.65

8 1.4(9) VO2 130, 310 1.43

7.2 Confirmation of the MIT in VO2 sample

As mentioned in Sec. 2.1.1, a reversible insulator-to-metal phase transition occurs in the

monoclinic VO2 phase (M1), which changes into tetragonal (R) at 68 ◦C upon heating. Due

to a very short electron wavelength, the subtle structural changes in the lattice associated

with MIT are difficult to confirm from electron diffraction patterns; hence, they were tracked

via XRD measurements. A spectrum of the bulk powder taken at ≈177 ◦C (450 K) is shown

in Figs. 7.4(a) and 7.4(b) in black. In Fig. 7.4(a) it is overlaid with the expected spectrum for

the tetragonal VO2(R) phase, which shows a good match to the data. The crystalline V2O3

phase represented by the green spectrum in Fig. 7.4(b) remains stable at high temperatures.

Further, the change in the VO2 peak positions across a heating and cooling cycle spanning

the temperature range between -73 ◦C and 177 ◦C (200 K – 450 K) is shown in Fig. 7.5. It

represents a ‘top-down’ view of the diffraction patterns, where the “heat” of the colour corre-

sponds to peak intensity in XRD spectra. The phase transitions, indicated by an abrupt shift

of certain peaks, occur at approximately 65 ◦C (≈338 K) upon heating and at approximately

67 ◦C (≈340 K) upon cooling. The deviation between the two temperatures is a result of

hysteresis in the different phase transition paths caused by strain or lattice defects [52].
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Figure 7.4: XRD spectra for the VO2 sample obtained from Sigma Aldrich. The data mea-
sured at 450 K is displayed in black in both (a) and (b). The overlaid blue spectrum for
VO2(R) in (a) confirms that the sample undergoes the expected phase transition. The green
spectrum in (b) corresponds to crystalline V2O3 impurity.



7.3. Electron beam damage studies in VO2 104

Figure 7.5: ’Top-down’ view of the diffraction patterns for VO2 sample across a heating and
cooling cycle. The phase transition is indicated by sudden changes in the position of certain
peaks.

7.3 Electron beam damage studies in VO2

As in previous experiments with WS2, electron Compton scattering experiments in VO2

are limited by the electron flux, beyond which the material reaches an undesirable level

of damage incurred by electron beam irradiation. Generally, transition metal oxides are

susceptible to radiolysis, which results in reduction of metal ions [151]. For instance, V2O5

gradually transforms into VO [151,152], which is confirmed by changes in EELS and electron

diffraction patterns as a function of electron irradiation time in Fig. 7.6. At low electron

flux, reduction typically occurs at the sample surface and gradually extends into the bulk,

while at high flux, structural changes occur in both surface and bulk of the material [151].

Also, reduction to the base metal together with amorphisation and sputtering of the metal

oxide has been observed, although that typically requires STEM probes of very high current

density [151]. Furthermore, exposure of vanadium oxides to the electron beam may also lead

to an increase in sample crystallinity, which is explained by both an increase in temperature

of the irradiated sample surface and its oxidation with beam-generated ozone. Such reactions

have been studied in a V2O5 system irradiated by a 1 MeV electron beam [153].

Similar electron irradiation effects as observed in V2O5 are likely to occur in VO2 samples

studied in this work. Hence, in order to establish the maximum Compton measurement

time whilst preserving the sample’s high structural integrity, VO2 flakes were first studied

via HRTEM, as shown in Fig. 7.7. It consists of eight snapshots of the VO2 domain taken
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Figure 7.6: EELS spectra (left) capturing vanadium 2p and oxygen 1s energy loss near edge
structure (ELNES) of a (001) oriented V2O5 sample over 20 minutes of 200 keV electron
beam irradion time, (a)-(f). Decrease in the O K-edge intensity indicates loss of oxygen
from the crystal lattice and the shift of the V L3 peak to lower energy loss values implies a
change in the vanadium oxidation state from V5+ to V2+. The electron diffraction patterns of
the sample (right) corresponding to the same beam exposure times (a)-(f) show a structural
change from V2O5 to VO. Image adapted from [152].

over 240 seconds of electron beam irradiation. The beam accelerating voltage was 200 kV and

both the condenser aperture size and beam spot size were identical to those used for Compton

measurements. Due to the highly polycrystalline nature of the flake, rigorous tracking of the

early stages of defect formation via HRTEM turned out to be quite difficult, although higher

image contrast fluctuations can be observed at later stages of the measurement. Nonetheless,

fast Fourier transform (FFT) of the images shown in the corresponding insets in Fig. 7.7 show

a slight increase in flake crystallinity with an increasing measurement time. Considering that

the HRTEM images were acquired with a partially convergent electron beam, it is important

to note that the extent of these effects would be lower in Compton scattering experiments,

which use parallel and therefore a less intense beam.

The state of lattice crystallinity can also be observed via changes in diffracted beam intensity

in the sample. Generally, it is quantified as a function of electron fluence; however, an

accurate measurement of the fluence in the TEM used in this work was not possible. For

this reason, the changes in intensity of diffraction patterns were studied as a function of the

beam exposure time, as depicted in Fig. 7.8. It captures six electron diffraction patterns and
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Figure 7.7: HRTEM images of a VO2 flake taken over 240 s of electron beam irradiation.
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Figure 7.8: Electron diffraction patterns of a VO2 flake taken over 240 s of electron beam
irradiation. The exposure time for each electron diffraction pattern was kept the same. The
diffraction spots representing [012] planes in VO2(M1) (Table 7.1) and the diffuse scattering
background used for damage analysis are marked by the green and blue squares in the pattern
(a) respectively. The resulting intensity fluctuations of the selected areas are shown in (f),
where the solid lines are a guide to the eye.
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temporal intensity profiles of the diffracted beams and diffuse scattering background marked

by green and blue squares in Fig. 7.8(a) respectively. Overall, the figure shows a gradual

increase of the diffracted beam intensity with time, which could indicate improving sample

crystallinity (for instance, an improvement in stoichiometric ratio due to oxidation). On the

other hand, loss of sharpness of the diffraction spots can be observed throughout the duration

of the measurement, as well as an increase in the intensity of the diffuse scattering. This could

possibly be associated with tilting of oxygen octahedra, lattice deformations or a reduction

in grain size.

Further, electron beam damage effects in the VO2 sample were studied using EELS, in par-

ticular vanadium L3, L2 and oxygen K-edges. Due to the presence of the V2O3 phase, which

constitutes roughly 15% of the sample, the features of the core loss edges will be somewhat

distorted compared to the pure VO2 phase. Nonetheless, due to the dependence of the vana-

dium L-edge position on its oxidation state, as well as direct proportionality between the

intensity of the oxygen edge and the number of oxygen atoms within the irradiated sample

area, EELS spectra can still provide information about potential oxygen sputtering and over-

all stability of the sample under the electron beam. Both reference spectra [154] and measured

EELS spectra showing the relevant core loss edges of the samples studied in this work are

displayed in Fig. 7.9. Over 4 minutes of beam exposure time, the measured vanadium L3 and

L2 white lines (Fig. 7.9 (c)) show high stability in terms of their shape and relative intensity.

Their positions fluctuate by up to 0.8 eV with respect to the initial positions at 517.0 eV and

523.4 eV respectively, while maintaining the inter-peak distance of 6.4 eV (for reference, the

chemical shifts of the V-L3 white line between V+5, V+4 and V+3 oxidation states have been

measured to be 1.5 eV and 0.5 eV [154]). The position fluctuation seems to be random and

could be caused by the shift in the ZLP. As for the oxygen K-edge in Fig. 7.9 (c), no sig-

nificant changes occur in its shape throughout the measurement time and its position moves

very slightly in sync with the V-L3 and V-L2 white lines. Note that the suspected lattice

deformations and tilting of oxygen octahedra (see previous paragraph) may still occur, but

any resulting changes to the L3, L2 white line fine structure in the vanadium core loss edge

may be too subtle to detect within the energy resolution (≈2 eV) of the EELS measurement.

Considering the electron beam damage data obtained by HRTEM, electron diffraction and

EELS of the core loss edges for the VO2 flakes, it is difficult to determine the exact dynamical

processes occurring in the sample under electron beam illumination. While both HRTEM

imaging and core loss edge spectroscopy show a certain degree of sample stability with a po-

tential increase in its crystallinity, diffraction patterns reveal an increase in diffuse scattering
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Figure 7.9: (a), (b) Reference EELS spectra showing vanadium L and oxygen K-edges in
V2O3, VO2 and V2O5

[154]. In these oxides, vanadium is in V+3, V+4 and V+5 oxidation
states respectively. (c) Measured EELS spectra of the VO2 sample capturing vanadium L
and oxygen K-edges. In (c), the spectra are scaled for clarity and the broken lines are placed
at 517.0 eV, 523.4 eV and 531.0 eV.

throughout the measurement time. Hence, as a precaution, two sets of electron Compton

scattering data representing 1 min and 2 min measurements were obtained and compared.

7.4 Electron Compton scattering in VO2

Electron Compton scattering measurements in insulating VO2(M1) and metallic VO2(R)

phases were carried out as per methodology outlined in Section 4.4 with the aim to capture

changes in the electronic band structure resulting from the phase transition at ≈68 ◦C. Due

to a certain degree of uncertainty in determining the optimal measurement time (Sec. 7.3),

two data sets representing 1 min and 2 min long measurements were collected. An example
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Figure 7.10: EELS spectra containing Compton peaks for insulating VO2(M1) (a) and metal-
lic VO2(R) (b) phases. The spectra also contain vanadium L3,2 edges with an onset at 513
eV.

of raw EELS spectra measured along an arbitrary electron scattering direction for VO2(M1)

and VO2(R) phases are shown in Fig. 7.10. Besides the plasmon peak background on the

low energy loss side of the Compton peak, the spectra also display vanadium L-edges at

approximately 513 eV.

In order to compare electron Compton data with existing photon Compton measurements and

corresponding theoretical predictions (Sec. 2.1.3), isotropic electron Compton profiles were

obtained for both metallic and insulating phases of VO2 by summing seven EELS spectra,

such as those displayed in Fig. 7.10, from different flakes. Due to the inconvenient position

of the vanadium L-edge, the low energy loss sides of the Compton peaks were analysed (note

that by increasing the scattering angle, the Compton peak could be shifted to energy loss

values beyond the vanadium L-edges; however, that would result in a significant decrease of

the scattering cross-section). The resulting isotropic electron Compton profiles from which

the plasmon background is subtracted via the power law fit are shown in Fig. 7.11. As

in previous experiments with amorphous carbon films and WS2 (Chapters 5 and 6), they

were subsequently converted into projected electron momentum density profiles J(pz), i.e.

the energy loss axis was converted into projected momentum scale pz using Eqn. 5.1.7 and

the electron count axis was converted into J(pz) scale by integrating the Compton profile

to the number of electrons participating in scattering. In the case of VO2 under the given

experimental conditions, half of the Compton profile represented 12.5 electrons. The resulting

J(pz) profiles for the VO2(M1) and VO2(R) phases and their differences are displayed in

Fig. 7.12. The difference profiles are normalised to the J(pz) value at pz=0 for the high

temperature (R) phase. As shown in Fig. 2.12 and Fig. 2.13, the expected changes in the

isotropic projected electron momentum density profiles are of the order of 0.1%; however,
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random noise in both sets of data is significantly higher and, in principle, would conceal any

of the predicted changes. Furthermore, there are quite significant differences between the

J(pz) profiles corresponding to 1 min and 2 min measurements of the component electron

Compton profiles. Considering current random noise levels, the difference profiles should

fluctuate around zero, yet systematic deviations occur across the entire pz range. This could

potentially be an artefact of the plasmon background subtraction via the power law. While

the method worked reasonably well in the experiments with amorphous carbon, its application

in systems displaying very subtle changes in the projected electron momentum density might

lack in accuracy. Under these circumstances, data analysis techniques would benefit from

more rigorous plasmon background modelling and subtraction (Chapter 8). Also, in order

to reduce the experimental error of the measurements and capture the relevant changes in

the isotropic projected electron momentum density, the count number at the peak maximum

should reach approximately 107. This gives a Poisson fractional noise of 1√
107 , below the

0.1% error required to detect the expected changes in J(pz). From Fig. 7.11 it is clear that

the counts in the current measurements are smaller than the required value by a factor of

at least three orders of magnitude. While substantial increase of the measurement time of

the component spectra could be detrimental to the VO2 flakes due to the beam damage

effects, increasing the number of measured flakes is also not quite realistic. In this case,

the required count number could possibly be reached by making Compton measurements at

lower scattering angles where the scattering cross-section is larger. This would in turn further

stress the necessity of very accurate plasmon background subtraction.

7.5 Conclusions

In this chapter, a VO2 powder purchased from Sigma-Aldrich was characterised via XRDmea-

surements, confirming that it consists predominantly of a VO2(M1) phase, which undergoes

a structural monoclinic-to-tetragonal crystal lattice transition (and hence an insulator-to-

metal transition) at ≈65 ◦C upon heating. An impurity phase V2O3 was also detected and

confirmed to constitute approximately 15% of the sample. Further, VO2 flakes were stud-

ied via HRTEM imaging, electron diffraction and EELS, establishing optimal experimental

conditions for electron Compton scattering experiments and taking care to avoid undesirable

levels of sample damage due to prolonged exposure to the electron beam. The subsequent

Compton experiments, however, did not produce satisfactory results, i.e. isotropic J(pz) pro-

files measured for both low and high temperature VO2 phases and different cumulative times
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Figure 7.11: Sum of the component EELS spectra measured for 1 min, representing isotropic
Compton peaks for insulating VO2(M1) (a) and metallic VO2(R) (b) phases. Analogous
spectra representing 2 min component measurements are in (c) and (d) respectively. The
small peak at approximately 628 eV is the vanadium L1 edge.

were subject to systematic errors associated with insufficiently accurate plasmon background

subtraction. Furthermore, high noise levels with a potential to conceal any predicted differ-

ences in J(pz) profiles between the two phases were observed. Nonetheless, a few changes

to the experimental methodology and data analysis techniques were suggested, which would

likely improve the quality and accuracy of experimental results.
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Figure 7.12: Isotropic projected electron momentum density profiles for metallic VO2 (high
temperature, 90 ◦C) and insulating VO2 (room temperature) phases corresponding to 1 min
(a) and 2 min (b) component measurements. The profiles were generated from EELS spectra
binned at 2 eV resolution. Their (normalised) difference profile is shown in (b) and (d)
respectively.



Chapter 8

Outlook

The electron Compton scattering experiments carried out in this work to study various con-

densed matter phenomena provide an interesting perspective for further developments of the

technique. Hence, this chapter briefly outlines potential avenues for further improvements of

the Compton experimental methodology, which could provide measurements at higher sensi-

tivity, resulting in eventual expansion of the range of materials that could be studied by this

technique.

8.1 Strategies to optimise electron Compton scattering mea-

surements

Investigations of the projected electron momentum densities in amorphous carbons films,

monolayers and bilayers of WS2, and MIT in VO2 flakes have shown a variable degree of suc-

cess with a very prominent trade-back between Compton-scattered electron count number and

radiation damage induced by the beam. However, an improvement in the counting statistics

in electron Compton measurements (or EELS more broadly) can be achieved by employing

novel direct electron detectors. The usual EELS detector design, shown schematically in

Fig. 8.1(a), relies on scintillator-coupled CCD detectors, which typically use an yttrium alu-

minium garnet (YAG) single crystal to convert impinging electrons into photons [155]. These

are subsequently transferred via fibre optics to a CCD sensor placed in the dispersion plane

of the spectrometer. However, the electron-to-photon conversion together with the photon

transfer to the CCD reduce its detector quantum efficiency and hence the signal-to-noise

ratio (SNR) of the resulting Compton or EELS spectrum. The direct electron detectors, on
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Figure 8.1: Comparison between indirect (a) and direct (b) electron detectors. Image adapted
from [155].

the other hand, are designed to withstand the direct exposure of the sensor to the incident

electrons and therefore preserve the level of efficiency that is otherwise lost in the scintilllator

and fibre optic components of the indirect electron detectors (Fig. 8.1(b)). Furthermore,

direct electron detectors offer a higher degree of signal localisation and shorter acquisition

times, which is important in the studies of materials that are sensitive to the electron beam

exposure [155,156].

Further improvements in the Compton-scattered electron count rate can be achieved by

conducting experiments at lower electron scattering angles, where the scattering cross-section

is higher (provided that probe-matter interactions are still described well by the impulse

approximation). This places the Compton profile on the ’tail’ of an intense plasmon peak,

which has to be subtracted in order to obtain the projected electron momentum density profile

of the sample. As was seen in Compton experiments with amorphous carbon (Chapter 5,

sometimes simple subtraction routines provide reasonable results, but they may fail when

Compton scattering is used to track very subtle changes in the electronic structure, such as

the MIT phase transformation in VO2. Under these circumstances, DFT may be employed

in order to model and subtract the plasmon background. This is typically carried out by

simulating the macroscopic dielectric function of a given material ε, which is related to the

double differential inelastic scattering cross section, i.e.:

d2σ

dΩdE = − 1
(qπea0)2 Im[ε−1(q, ω)], (8.1.1)

where dE is the energy transfer of electrons scattered in the solid angle dΩ, a0 is the

Bohr radius, e is the electron charge, m0 is the free-electron mass and q is the momentum

transfer [157].

As for experiments with WS2, several modifications of the experimental and computational
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methodology could be made in order to obtain both better quality data and theoretical pre-

dictions. Firstly, the measurements carried out at 200 keV electron beam energy showed

the material’s susceptibility to sputter damage. This could be avoided using a lower energy

electron beam, for instance at 80 keV as seen in the Compton experiments with few-layer

graphene [35]. It would in turn facilitate longer Compton measurement time and therefore

yield improved counting statistics. Further, in order to produce DFT theoretical predictions

that are a better reflection of the experimental conditions, simulation of a WS2 bilayer could

include a rotational interlayer misalignment via construction of a supercell. However, satis-

fying periodic boundary conditions for such a supercell is challenging and inevitably results

in a large number of atoms (>100) that increases the computation time considerably.



Appendix A

A.1 Python code for modelling Compton profile in STEM

mode

import numpy as np

from matplotlib import pyplot as plt

###################################################################

# R=1.95 #radius of a STEM probe in units of q (nm-1) CL3

R=4.85 #radius of a STEM probe in units of q (nm-1) CL2

q_c=17.0 #variable scattering vector measured from the centres of STEM

probes

l=2.53*10**-3 #electron wavelength at 197 kV in nm

T_1=197000 #primary electron energy in eV

m0c2=511000 #in eV

m0_SI=9.1*10**(-31) #electron rest mass in kg

###################################################################

## Division of the STEM probe into dots

t = np.linspace(0,2*np.pi,100);

x = R*np.sin(t);
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y = R*np.cos(t);

#now create uniform mesh over square with some given cell size cs

cs = 0.3;

nm=int(2*R/cs)

xm = np.linspace(-R,R,nm);

ym = np.linspace(-R,R,nm);

[X,Y] = np.meshgrid(xm,ym);

#check for points inside the circle

inside = X**2+Y**2<R**2

plt.plot(x,y,’r’,X[inside],Y[inside],’.b’)

#the coordinates you are looking for are given in (X(inside),Y(inside))

plt.show()

# ## Finding scattering vectors of each point

q=np.empty(shape=(len(X[inside])))

for i in range(len(q)):

q[i]=np.sqrt((q_c-X[inside][i])**2+(Y[inside][i])**2)

two_theta=q*l #Find the electron scattering angle two_theta

(small angle approximation applied) in rad

T_p=2*np.sin(two_theta/2.0)**2*(2*T_1+(T_1**2/m0c2)) #Assign the energy

transfer at the peaks of CPs defined by the angles above

print np.shape(T_p)

###################################################################

#Generation of component Compton profiles

data=np.loadtxt(’pz_q149_full.txt’) #import a generic J(pz) curve

# data=np.loadtxt(’pz_q123_full_final.txt’) #import a generic J(pz) curve:

pz=data[:,0]

intensity=data[:,1]

plt.plot(pz,intensity)
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plt.show()

#create empty arrays of the length of [T_p x (length of pz)] for be filled in

by for-loops --- for SI units and eV

delta_T_SI=np.empty(shape=(len(T_p),len(pz)))

eloss=np.empty(shape=(len(T_p),len(pz)))

#create separate x-axes for every T_p based on the generic curve

for i in range(len(T_p)): #creates a list of integers up to of value of the

length of T_p

delta_T_SI[i]=-pz*1.99*10**(-24)*np.sqrt(2*T_p[i]*1.6*10**(-19)/m0_SI)

#redefines pz according to different T_p values

eloss[i]=T_p[i]+delta_T_SI[i]/(1.6*10**(-19))

#create an empty array where replicas of a generic y-axis will go

intensity2=np.empty(shape=(len(T_p),len(intensity)))

#create y-axes for every x-axis above.

for i in range(len(T_p)):

intensity2[i]=intensity

#calculate areas of the set of the peaks

area=np.empty(shape=(len(T_p)))

for i in range(len(T_p)):

area[i]=np.trapz(intensity2[i],-eloss[i,:])

# #turn the areas above into unit areas

# intensity_unit=np.empty(shape=(len(T_p),len(intensity2[1,:])))

# for i in range(len(T_p)):

# intensity_unit[i]=intensity2[i,:]/area[i]

#turn the areas above into unit areas+adjusted by scattering x-section.

intensity_unit=np.empty(shape=(len(T_p),len(intensity2[1,:])))
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for i in range(len(T_p)):

intensity_unit[i]=1/((q[i])**4)*intensity2[i,:]/area[i]

# intensity_unit[i]=intensity2[i,:]/area[i]

#check if the intensities above indeed give unit+adjusted areas

area_unit=np.empty(shape=(len(T_p)))

for i in range(len(T_p)):

area_unit[i]=np.trapz(intensity_unit[i],-eloss[i,:])

print area_unit

for i in range(len(T_p)):

#plt.plot(eloss[i,:],intensity_corr[i,:]/np.max(intensity_corr),’r,’)

plt.plot(eloss[i,:],intensity_unit[i,:],’r,’)

plt.show()

###################################################################

#sum the component CPs via interpolation

from scipy import interpolate

tck=np.zeros(shape=(len(T_p)),dtype=tuple)

for i in range(len(T_p)):

tck[i] = interpolate.splrep(np.flip(eloss[i,:],0), np.flip(intensity_unit

[i,:],0), s=0)

xnew=np.linspace(-300,1400,num=1400)

ynew = np.zeros(shape=(len(T_p),len(xnew)))

for i in range(len(T_p)):

ynew[i]= interpolate.splev(xnew, tck[i], der=0)

for i in range(len(T_p)):

plt.plot(xnew,ynew[i])
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yfinal= np.zeros(shape=(len(xnew)))

for i in range(len(T_p)):

yfinal=yfinal+ynew[i,:]

for i in range(len(T_p)):

plt.plot(eloss[i,:],intensity_unit[i,:]/np.max(intensity_unit),’r,’)

plt.plot(xnew,yfinal/np.max(yfinal),’b.’)

plt.show()

#data export

beam_sum=np.array([xnew,yfinal/np.max(yfinal)])

np.savetxt(’HLbeamCP_CL2_new.txt’,np.column_stack(beam_sum),fmt=’%f’)
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